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Higher-Order Finite Element for Sandwich Plates

S. Oskooei* and J. S. Hansen®
University of Toronto, Downsview, Ontario M3H 5T6, Canada

A finite element model for the analysis of sandwich plates with laminated composites facesheets is developed. In
the model, the facesheets are represented as Reissner-Mindlin plates and the core is modeled as a three-dimensional
continuum in which the through-thickness representation of the displacement fields is of a mixed form. That is,
the u and v deflections are cubic functions of z, whereas w is a quadratic function of z. This representation allows
accurate modeling of a wide range of core types (honeycomb and foam) and in particular core materials that have
low in-plane stiffness compared to the transverse stiffness. Also, these through-thickness trial functions allow an
accurate representation of transverse shear and normal stresses. The presented model provides a powerful general
tool for the analysis of sandwich plates; transverse normal and shear stresses can be determined explicitly at the
core/facesheet interface. Also, because of the core model adopted, good accuracy is obtained when large differences
in transverse vs in-plane core stiffness is present, as well as for cases in which the core stiffness changes rapidly in
the plane of the plate. The capability of the model is illustrated with several examples.

Nomenclature
E; = Young’s modulus in ii direction
f = applied force vector
G = shear modulus in ij direction
0, = lamina stiffness parameter
t, = bottom facesheet thickness
t. = core thickness
t, = top facesheet thickness
ty = half-core thickness
t =ty + 1,
t =ty +1
U = strain energy
u,v,w =displacementin x, y, and z, respectively
w = work done by external forces
Yij = shear strain in ij direction
€ = strain in ij direction
G = stress in ij direction
D = potential energy
W,, ¥, =platerotationaboutx and y direction

I. Introduction

SANDWICH structural design may be selected to satisfy var-

ious engineering objectives, for example, improved buoyancy,
increased local thickness, achieving a specific thermal conductiv-
ity, or enhanced acoustic properties. However, the most common
structural reason is to separate the thin stiff facesheets and thereby
increase flexural stiffness and strength without significantly adding
plate mass. As an illustration, the introduction of a honeycomb core
into a solid material so that the thickness is increased by a fac-
tor of four increases the bending stiffness 37 times and strength
9 times with only a 6% increase in weight.' Such designsyield very
high stiffness to weight as well as strength to weight ratios and are,
therefore, extremely popular in high-performance and aerospace
vehicles.

The facesheet/core components of a sandwich construction typ-
ically have very different physical characteristics, and as such the
analysis of sandwich plates or shells requires a degree of sophis-
tication that is greater than that of classical or Reissner-Mindlin
plate/shell theory. Thus, sandwich plate problems have attracted the
attention of many researchers.Reissner? developeda sandwich plate
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model as a combination of two facesheets that provide only mem-
brane stiffness separated by a core that offered only transverse shear
stiffness; although the through-thicknessstiffness of the core is not
explicitly included, it is assumed the core inhibits relative through-
thickness deformation of the facesheets. This model sets the stan-
dard for most sandwich plate/shell models. Allen® and Plantema®
assumed the in-plane displacement of the core through its thick-
ness is linear; that is, plane sections of the core remain plane af-
ter deformation. A sandwich beam model that allows anisotropic
and composite skins and a core with negligible in-plane stiffness
was treated by Holt and Webber,? Pearce,® and Monforton and
Ibrahim.” Sandwich structures in which the normal deflections of
the skins are independent variables were considered by Ojalvo?
although this analysis ignores the normal stress between the skin
and core. Frostig et al.” studied the behavior of nonsymmetric sand-
wich beams using a superpositionapproach. Frostig et al.! take into
account higher-order effects resulting from the nonlinearity of the
core displacement field, whereas in Ref. 11 the work is extended
to sandwich panels. The theory uses classical plate theory for the
skins and a three-dimensionalelasticity theory for the core. Frostig
and Baruch'? enhanced their model to investigate the localized load
effects of sandwich panels with a flexible core. However, because
of problem complexity, in both models the in-plane rigidity of the
core is ignored. Higher-orderplate theory as used by Reddy'? 4 al-
lows nonlineardistortions of the core, overcoming the shortcomings
encountered in classical theories. Robbins and Reddy' developed
the concept of layerwise laminates to model thick composites. In
higher-order theories, it is assumed the core thickness remains un-
changed, which implies an incompressiblecore, and therefore, both
skins move in unison in the through-thicknessdirection. This may
represent a severe restriction for problems involving point loads
or spatially rapidly varying loads. Furthermore, higher-order the-
ory imposes that the strain fields be continuous and differentiable
with respect to z; this may lead to physically unrealistic results at
laminate ply interfaces where certain strain components may not
be continuous. Thybo Thomsen'® used an improved elastic foun-
dation model that extends models incorporating a Winkler foun-
dation model by accounting for the existence of shear interaction
between the facesheetsand the core. This solutionis applicable only
to problems with concentratedloads or distributedloads that are ap-
plied over a very small area. Thybo Thomsen!” then includes the
interaction between the two facesheets and transverse shear effects
in the facesheets in his next work.

Although the idea of designinga strong, durable, and lightweight
structure is widely accepted, the design tools are not well es-
tablished. That is, many of the existing sandwich models ignore
transverse normal and/or shear stresses even though these stresses
are crucial in failure analyses. The effects of such stresses are
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determined using various postprocessing techniques. As noted by
Thybo Thomsen,'® an accurate resolution of transverse normal
and/or shear stresses becomes crucial for sandwich structures that
are subjected to spatially rapidly varying loads or when core stiff-
ness properties change rapidly. The present model takes the core
modeling ideas of Frostig et al.,'° Frostig and Baruch,!! and Thybo
Thomsen'® and combines them with a facesheet model that in-
cludes transverse shear effects. Furthermore, these modeling ideas
are used to develop a finite element formulation that should give
accurate modeling with a flexibility to analyze a broad range of
sandwich plate problems. To include facesheet shear-deformation
effects, the facesheet model uses Reissner-Mindlin laminated plate
theory. Shear-locking difficulties resulting from the finite element
representationof the facesheets are avoided by adopting bicubic La-
grange trial functions'® for the displacementsu, v, and w. Note that,
by explicitly including transverse shear effects in the facesheets,
stress and delamination analyses of composite facesheets may be
addressed directly, and it is expected that more accurate results
would be obtained. The core is considered to be a three-dimensional
material in which the transverse normal and shear stiffness are
much more important (within the context of a sandwich analy-
sis) than the in-plane properties. Therefore, following models of
Refs. 10, 11, and 16 in which the core in-plane properties are as-
sumed negligible, it is assumed that # and v are cubic polynomials
in z, whereas w is quadraticin z. The present model does not assume
that the core in-plane properties are negligible; however, this partic-
ular representationof u, v, and w will allow the effects of negligible
properties when appropriate. For example, the present model has the
capability of reducing to the modelin Refs. 10 and 11 by setting the
in-plane core stiffnesses E;;, Es, and G, to zero. In the element
development, through-thicknessintegration of the strain energy is
completed analytically; this leads to computational efficiency and
gives the appearance of a two-dimensional finite element proce-
dure. The formulation yields the result that the through-thickness
normal (peeling stress) and shear stress are continuous functions of
z. Hence, at any point through the core, stress information is avail-
able without additional through-thickness interpolation; this leads
to a more accurate stress analysis with directimplications for failure
prediction.

The example results presented demonstrate the accuracy of the
model. It will be shown that this finite element capability provides a
powerful and flexible tool for the analysis of sandwich plates. Thus,
the range of applicationsfor this tool varies from specially designed
material for aerospace applications to thick sandwich slabs used in
civil engineering structures.

II. Mathematical Model

The intent in the current formulationis to use an effective three-
dimensional finite element model but with only a few elements
through the thickness. Also, the through-thicknessintegration will
be carried out in closed form, which will speed up calculations and
simultaneously give the model a two-dimensional appearance.

For the facesheets, it was felt important to include transverse
shear effects to allow the capture of facesheet delamination and
facesheet/core disbonding. Thus, the facesheets are modeled using
through-thicknesstrial functions that are consistent with Reissner—
Mindlin plate theory. It should be noted, however, that the displace-
ment field representation used is not that typically associated with
the Reissner-Mindlin model (ug, vy, wo, ¥y, ‘¥,). Rather, for the
top and bottom facesheets, the variables used are (u,, up, v;, Vp, W)
and (u,,uy, v,, vy, w,), respectively,where the subscripts, and b are
the top or bottom of the particular facesheet under consideration. It
may be seen that this representationis completely analogous to the
standard representation, but it allows a simpler through-thickness
assembly using standard finite element ideas. Furthermore, the ad-
vantage of the standard representationthat the membrane and bend-
ing problems uncouple (linear analysis, symmetric laminate) is a
nonquestioninasmuch as the membrane bending of a facesheet will
never uncouple because the reference surface for the analysisis the
sandwich middle surface.

The core trial functions are also chosen to yield special charac-
teristics. In the work mentioned earlier'®'" it was noted that for

many sandwich core materials the in-plane normal and shear stiff-
nesses E,,, E,,, and E,, are much less than the through-thickness
counterparts £, E,, and E,_; thus, the assumption was made that
E.. =E,, =E,,~ 0. This simplifies the analysis considerably but
perhaps more importantly dictates a particular form for the core
displacement field. That is, # and v must be cubic functions of z
whereas w is a quadratic function of z; there must be this differ-
ence to allow the neglect of the energy associated with E,,, E,,,
and E,,. It is true that foam core materials do not exhibit the dif-
ference in stiffnesses noted earlier; however, it is also true that £,
E,,, and E,, of foam cores are much less than the corresponding
stiffnesses for the facesheets and, therefore, the core strain energy
associated with E,, E,, and E,, is small compared to the corre-
sponding facesheetstrain energy. This again leads to the conclusion
that the core stiffnesses E,, E,,, and E,, may be ignored with the
preceding implications for the through-thickness form of the trial
functions for u, v, and w. Thus, in the current finite element model,
the core u, v, and w are modeled in the form just mentioned. Note
thatin the presentformulationthe core stiffnesses £, E,,,and E,,
are not set to zero as in Refs. 9-12 and 16 but are included; however,
by adopting the trial function in the form indicated it will allow the
strain energy correspondingto these terms to have negligible effect
if it is appropriate. That is, the use of these trial functions will not
induce artificial stiffening.

Based on the preceding discussion, the through-thicknessnodal
arrangementis determined as shown in Fig. 1. The nodal degrees of
freedom associated with each node are as indicated.

Next, the in-plane (x, y) trial functions are considered. One of
the simplest methods to overcome shear locking is using higher-
order approximating polynomials'®; furthermore, higher-order trial
functions also lead to extremely accurate formulations. Therefore,
bicubictrial functionsin (x, y) were adopted to model u, v, and w in
facesheets. From compatibility considerations this in turn dictates
bicubic trial functions in (x, y) for u, v, and w in the core. The
node layout in the plane is also shown in Fig. 1. The trial functions
adopted for the displacements take following form.

Bottom facesheet:

u(x,y,z) =ap(x,y) +a(x, y)z

V(X, y’Z) =b0(x’ Y)+b1(X, Y)Z, W()C, y) =k0(x’ Y) (1)

Core:

u(x, y,2) =co(x, y) + c1(x, y)z + ¢a(x, y)z* + e3(x, y)2°
v(x, y,2) =do(x,y) + di(x, y)z + dy(x, )2* + ds(x, y)2°

w(x,y) =ey(x,y) + ei(x, y)z + ex(x, y)z’ (2)

(S
1
o W

Fig.1 Element schematic.
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Top facesheet:

u(x,y,z) = folx,y) + filx, )z

v(x,y,2) =g(x,y) + gi(x, ¥z, w(x,y) =ho(x,y) (3)

where

ag, ai, by, b1, ko, co,c1,¢1,03,dy,dy,da, ds, e, €1, €1, fo, f1, 80,81, N0

4
are bicubic functions of x and y.
Considering only linear terms, the strain-displacement relation
for the top or bottom facesheetsis

0
— 0 0
0x
0
€ 0 a— 0
Ey Y u
0 0 0 5
| Vyz | = a2 oy v (5)
L%«zJ 2 w
Xy = 0 =
Yoy 0z 0x
0
— — 0
Loy 0x |

The elasticity matrix C for a facesheet lamina is

[QH 0w 0 0 Qm]
0n O 0 O
| 0u Qs O | (6)
| Oss O |
Lsym stJ
where Q;; are the lamina stiffness parameters."”
For the core, the strain-displacementrelation is
- a -—
— 0 0
o0x
0
- - 0O — 0
€ oy
€, 0
0 0 —
€z oz ! o
= 14
Vyz 0 o 9
Yxz 0z ay w
REE i 0 i
0z 0x
0
— — 0
Loy ox ]
and the elasticity matrix C for a lamina is
On 0Qn QO O 0 QO
On 0xn O 0 O
O3 _0 _0 O3 (8)
Ou Qs 0
Oss 0
LSym Q6

Note that no shear correction factors have been included. The ra-
tional for this is twofold: For the face sheets it is felt that shear
deformation does not contribute significantly to the response; for
the core it is felt that the displacement field inherently models the
the shear deformation accurately.

ITII. Finite Element Formulation
The potential energy of the plate is

O =U-W =%/y{‘_’}{€}r dv —[{f}T{ﬁ}ds )

where v is the plate volume and s is its surface; {5} and {€} are the
fullthree-dimensionalset of elastic stressesand strains, respectively;
(i1} are the displacements; and {f } are the surface tractions.

The present development is restricted to linear geometric and
linear elastic considerations. Thus,

{6} =[Ql{e} (10)

where [O] (Ref. 19) is the elasticity matrix that, as noted earlier,
will be different for the various plies in the facesheets as well as in
the core.

Different through-thicknessdisplacementmodels are adopted for
the facesheets and the core. Thus, to develop the finite element
representation, it is convenient to separate the sandwich plate into
three parts: the bottom facesheet, the core, and the top facesheet. The
aim in this separationis to carry out an analytical through-thickness
integration with respect to z and, thereby, effectively reduce the
model to two dimensions(x, y). Inthatregard, note thatthereference
surface for z is the sandwich plate, geometric middle surface.

As an alternative, each of the core, bottom and top facesheets
could have its own reference surface; such a formulation would
yield the same final result.

Bottom Facesheet
The strain energy for the bottom facesheet is

1 _ T
U, =—/ {o}{e} dv (11
2 vb

where, because the facesheet is modeled as a Reissner-Mindlin
plate, the stress-strain relation for each layer of the composite lam-
inate takes the form

Oyx Qll le 0 0 le €,
[%—, sz 0 0 st €,
| O | = | Ou Os5s O | | Vyz | (12)
0

L%ﬂ s 0 Lnﬂ
Oxydy sym Q66 . Vaydy

Using the displacementrepresentation Eq. (1), the strain compo-
nents become
Yy = bl + kU»)’

€ix = Ao + apx2, Eyy =b0»)’ + blv)’z’

yxz =a + k(),xa yxy =(a0,y + bU,x) + (al,y + bl,,\')Z (13)
where () , and (), indicate partial differentiation with respect to x
and y, respectively.

The next step is to integrate the strain energy analytically with
respect to z. Therefore, the strain energy in Eq. (9) is expressed in
terms of {€}by substitutingfor {&} from Eq. (12), and then the strains
are expressed in terms of z based on the polynomial expressionsin
Eq. (13). After integration, the strain energy takes the form

1 [Al [B] 0
m=§//@ﬁaf (DT 0 | {Co)i@)dy dx

xJy A

sym [4]

(14)

where the operator matrix {C,} is given in the Appendix and the
vector of the polynomial coefficients is

(€} =lao, a1, by, by, kol (15)
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Aij =Z(Qij)k(hk = hi ),

k=1

i,j =126

N
B, =EZ(Ql.j)k(h§ -h_), i,j=1,26

k=1

1 -
Dy; =§Z(Qij)k(h2 —hi_)), i,j =126

k=1

Aij = Z(Qij)k(hk —hi1),

k=1

i,j =45 (16)

where 7 is the number of plies in the facesheetand &, and i _ | are
the upper and lower z coordinate of each ply." This result looks
very much like the standard result for laminated composite plates
having terms depending on the first, second, and third degree of
the thickness variable. However, there is one significant difference;
that is, the reference plane is at the middle surface of the sandwich
plate. Therefore, i, and i _ | are measuredrelative to that reference
plane. This offset does not influence A;; but does have a significant
influence on B;; and D;;. With respect to B;;, the most apparent
effectis that even when the facesheet laminate is symmetric in the
conventional sense B;; does not vanish; symmetry is present only
if the entire sandwich is symmetric. In that case the two facesheets
are the mirror image of one another and the B;; are the negative
of one another and cancel only when the finite elements from the
facesheets and core are assembled. The most significant effect of
the offset is in the D;;, which reflects the idea behind a sandwich
structure.

The nextstepis to expressthe polynomial coefficients in the strain
energy Eq. (14) in terms of the through-thicknessnodal coefficients.
With reference to Fig. 1, the required relationshipis

] Il

| o] = | vl A
[ Ll
kU 0 0 tl —t() WoH

where u; , u,, vi, v,, and w, are as shown in Fig. 1.

The final step is to introduce the (x, y) trial functions for u,, u,,
vy, V2, and wy; because this step is the same for both facesheets and
the core, it will be presented for all three simultaneouslylater in this
section.

ijs

- 1
1|
-
=

S O

S O

S O

—
(e}

S O O =
|

—_

—_

|
-

S
s
o

Sandwich Core

The development for the core is similar to that presented earlier
for the bottom facesheet.

The strain energy of the core is

1 ~ T
U. =§/{Cf}{€} dv (18)

whereas the stress-strain relation for each layer of the core takes the
form

Oxx On On 0 O 0 Qs €

Oyy 0»n 0x 0 0 O €

Oz _ 0 0 0 Ox &

Oxz Qi Qus 0 7z

Oyz Oss 0 Vaz
L% k LSym st_ P REN k

Also, the strain-displacementrepresentationfollows from Eq. (2) as

Exx =CU,,\' + Cl,xZ + C2,,\'Z2 + C3,,\'Z3

€, =do, +d\ 2+ dy 2" +ds,7°, €

22

=e; + 2,2
Vye =(di +2dyz +3d:2%) + (e, + €12 + €2,2%)

Viz = (cl + 2c,7 + 3c3z2) + (eo,x +e 2+ ezyxzz)

Yxy = (Cﬂ,y +oeiyz+ e, + C3,yZ3)

+ (dox +di 2+ dy 2+ ds 20) (20)

Substituting the various expressionsinto the strain energy and inte-
grating with respectto z yields the desired result:

[[A] (B8] [D] [E]_l

1//_T—T (D] [E] [F1| . _
Ue=7 | e} HC C.) e }dy dx
2, [F) (o] (CEID
sym [H]
(2D
where the operator matrix {C,} is given in the Appendix and
€.} =lcy, 1, ¢, 3, dy, dy, d>, ds, e, €1, €3] (22)
Aij =Y Qi = by ), ij=16
k=1
I -
B;; =§Z(Qi,~)k(hf —hi_y). i,j =16
k=1
I -
Dij =32 (il = 1), ij =16
k=1
1 Y N . .
Ey =7 2 Qb = hi_), ij=16
k=1
1 - 9 . .
Fij =EZ(Qij)k(hi —hi_l), i,j=1,6
k=1
I & -
Gij =EZ(Qij)k(h2 —hy_y). i,j=1,6

k=1

|
Hy =23 (Qi)(h] = h]_,). i.j=16 (23)

k=1

Note that there is coupling of higher order: B, D, E, F, G, and H.
Also, even-orderedcoupling terms will vanish for a symmetric core
if the facesheets are of equal thickness; however, even then there
are still higher-ordercouplingterms: D, F', and H. As may be seen,
the highest-order terms involve the thickness variable raised to the
seventh power.

Againitis necessary to express the polynomial coefficients in the
strain energy Eq. (21) in terms of through-thickness nodal coeffi-
cients. With reference to Fig. 1 the required relationships are

co -1 9 9 -1 ] Tu,
¢ V| v =27t 2711 =1t | | g
(24)

LCZJ TTe|dg —dp —dgz dp LMSJ
e L—9| o2 =21 th g
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dy [—1 9 9 —1"’ Vs
d, 1 1/ty, =27/ty 27/ty, —1/t, Vs

= 2
4| 16 K 2 =92 —olgz ol | b |
Ld3J L—9| # ool -2l th LvﬁJ
e | 0 1 1 Wy
e | =— | 1/2tg 0 —=1/21 Wy (26)

16
e 22 0 122 | |ws

where u,, ..., vy, ..., Wy, ...are shownin Fig. 1.

Note that, in the actual implementation, the three relations just
given are combined into one expression; the preceding form was
used for presentation purposes.

Top Facesheet

The formulation for the top facesheet parallels that of the bottom
facesheet and will, therefore, be presented quite briefly. The strain
energy is

1 ~ T
U, =§/{Cf}{€} dv (27)

where the stress-strain relation for each composite layer takes the
form of Eq. (12). Using the earlier presented displacement repre-
sentation [Eq. (3)], the strain components become

€x = fO,x + fl,xZa Eyy =80,y + 81,y2

Yy: = &1 + h(),y, Yxz =f1 + h(),x
yxy =(f0,y + g(l,x) + (fl,y + gl,x)z (28)

Making the appropriate substitutionsand integrating with respect
to z yield

1 [ [A] [B] 01
v, =5 / / EyCY [D] 0 | (G} )dydr (29)
xJy Lsym [A]

where the operator matrix {C,} is given in the Appendix and the
vector of the polynomial coefficients is

{Etf}T =[fo, f1. &0» &1> ho] (30)

Expressing the polynomial coefficients in terms of through-thick-
ness nodal coefficients yields

fo , -t O 0 0 U
|Vf1—, | |V—1 0 0 0 Uy
|go | = | 0 L L 0 | | Ve | 31)

1
0
8 0 0o -1 1 0 vy
|Jl0,| L 0 0 0 0 - toJ |J%J

where ug, u;, vg, v7, and wg are as shown in Fig. 1.

In-Plane Modeling

Because the preceding energy expressions have been integrated
withrespectto z, the problemhasbeenreducedto a two-dimensional
problem in the 15 nodal parameters u, u,, us, us, Ug, Uy, Vi, v,
V3, Vs, Vg, V7, Wa, Wy, and we. The representation of the through-
thicknessmodelingin terms of these 15 parametersallows a straight-
forward assembly of the contributions from the facesheets and the
core that is typical of finite element procedures. Therefore, every
node has the 15 nodal parameters as nodal degrees of freedom; that
is, from the point of view of the analysis, the 7 through-thickness
nodes have effectively collapsedinto a single node lying at the plate
middle surface. The preceding matrices and relations are the starting
point for the in-plane two-dimensional finite element analysis. The
in-plane (x, y) trial functions for the u, v, and w nodal coefficients
are taken as bicubic Lagrange polynomials based on the excellent
performance of such elements.!® Each bicubic element when fully
assembled has 112 nodes and 240 degrees of freedom, and the cor-
responding element stiffness matrices and element consistent force
vectors are generated following standard finite element procedures.
Numerical integrationuses fourth-order Gauss-quadrature that pro-
vides exact integration of the strain energy expressions. From an
implementation point of view, assembly of the global matrices is
done in a two-step procedure. In the first step the element contribu-
tions from the top and bottom facesheets and the core are calculated
separately as subelement stiffness matrices and are then assembled
through the thickness to yield the full element matrix. The second
step involves the assembly of these full element matrices to form
the global stiffness matrix. A similar approachis used for the global
force vector.

IV. Numerical Examples

Based on the described model, a finite element code was de-
veloped that allows any combination of applied loads, boundary
conditions, and material properties, that is, very soft core material,
isotropic, anisotropic, high stiffness, etc. The code was tested ex-
tensively to verify correctness and accuracy using a range of com-
parison problems: rigid-body motion, strain energy convergence,
uniformly distributed in-plane loads, uniform lateral load, and con-
vergence to classical plate theory results for thin plates. All tests
showed excellent results. To illustrate the formulation capabilities,
two example problems of sandwich plates loaded by concentrated
forces are presented here; both cases are selected from the recent
works by others'!:!® and are problems of particular interest for
sandwich plates. An example of a sandwich plate subjected to a
uniform load can be found in previous publications by the present

authors 202!

Concentrated Load: Thybo Thomsen Problem

To illustrate the capabilities of this formulation, a comparison to
the results of work presented by Thybo Thomsen'® was undertaken
inasmuch as it provides an excellent means of fully evaluating the
element capabilities. The problem of interest is a sandwich plate
subjectedto a concentratedload on the top facesheet. The geometry
and boundary conditions are shown in Fig. 2; geometric and load
symmetry means only a quarter of plate need be analyzed. The plate
geometry and material characteristics are summarized in Table 1.

Fig.2 Sandwich plate subjected to point load.
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Table 1 Plate description: Thybo Thomsen problem

Parameter Value
Plate dimensions 500 X 500 mm
Thicknesses
Core 30.0 mm
Facesheets 3.0 mm
Material properties
Core E. =0.1GPa, v, =0.35
Facesheets Ey; =33.6 GPa, Ey = 8.4 GPa

Vip = 0.32, G12 = 3.1 GPa

Concentrated load P =1000.0 N
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Fig.3 Top facesheet deformation w: Thybo Thomsen problem.
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Fig.4 Core/topfacesheetinterface stress distribution: Thybo Thomsen
problem.

As the finite element mesh was refined, the solution converged
very quickly, and it was found thata 5 X 5 mesh provided excellent
accuracy. All of the results to follow are presented along the plate
centerline:0 <x <250, y =250. The deflection of the top facesheet
is presentedin Fig. 3; the results of the Thybo Thomsen solution and
ANSYS finite element are presented for comparison. In addition,
Fig. 4 shows the distribution of the peel and shear stresses at the
interface between the core and the top facesheetand Fig. 5 presents
the in-plane o, at the upper and lower surface of the top facesheet.

Comparing the present results with those of Ref. 16 reveals the
capability of the current model. The maximum deflection of the top
facesheetas predicted by the presentmodelin Fig. 3 lies between the
maximum presented by elastic foundation model and the ANSYS
finite element analysis of Thybo Thomsen’s work. In this ANSYS

Table 2 Plate description: Frostig problem

Parameter Value
Plate dimensions 300 X300 mm
Thicknesses
Core 19.1 mm
Facesheets 0.5 mm
Material properties
Core E.=525MPa, v, = 0.3
Facesheets E| = Exn =27.4GPa

vi2=0.3,G2 = 1.6 GPa

Concentrated load P =50.0kg
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-3.0E8

50 100 150 200
X (mm)

Fig. 5 Top facesheet in-plane stress o,: Thybo Thomsen problem.

model, 1800 isoparametric eight-node solid elements with three
translational degrees of freedom at each node were used. As can
be seen, even with the very large number of elements, the deflection
results are less than those of the present model, and because both
analyses are displacementbased, it may be inferred that the current
results are more accurate. It is felt the differences result from the
use of linear elements that yields the stiffer behavior.

Concentrated Load: Frostig Problem

As a second example, a comparison to the analysis by Frostig
etal.!! of a sandwich plate loaded by concentrated force on the top
facesheet is undertaken. Because of the similarity with the Thybo
Thomsen problem, the geometry and boundary conditions of the
sandwich plate are not illustrated. The plate description for this
example is given in Table 2.

Again, with mesh refinement, the solution converged very quick-
ly, and it was found that a 5 X5 mesh provided excellent accu-
racy. Results are presented along the plate centerline: 0 <x <150,
y =150.

Calculated deflections of the top and bottom facesheets are com-
pared with the reference results in Fig. 6. Excellent agreement be-
tween the present and reference results may be observed with the
exception of the bottom sheet deflection under the point of load
application. From physical considerations it would seem that the
reference result may be unrealistic. Figure 7 shows the distribution
of the peel stress at different locations through the core, and Figs. 8
and 9 presentsthe shear stress distributionin the core. In all previous
models, because of the omission of the in-plane core stiffness, core
stresses in the x and y directions vanish. This is not the case in the
present approach, and these stresses are presented in Figs. 10 and
11, respectively. Note that in the region of the point of load these
stress components vary rapidly and assume quite large values. The
in-plane stresses at the top and bottom of the top facesheet are pre-
sented in Figs. 12 and 13, and the significant influence of localized
bending near the load application point is to be noted.
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Fig. 11 Core in-plane stress o: Frostig problem.
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Fig. 13 Top facesheet in-plane stress o : Frostig problem.

V. Conclusions

The presented model provides an accurate and robust tool for
the analysis of sandwich plate response. Because Reissner-Mindlin
plate theory has been used to model the facesheets, shear deforma-
tion of the facesheetsis explicitly included in the analysis, and this
allows a continuous distribution of transverse shear stress across
the plate thickness. The three-dimensional representation used to
model the core response is thought to capture the important char-
acteristics of the core; therefore, it is felt this allows a good model
of the physical problem. Finally, example calculationsillustrate that
the solutionconvergesvery quickly and gives very good results even
with a small number of elements.

Appendix: Operator Matrices
The operator matrix {C,}is given by
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The operator matrix {C. }is given by
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The operator matrix {C, }is given by
(O, 0 0 0 0]
0o 0 (O, 0 0
Oy 0 Ox 0 0
= 00 (A3)
0 0 0 O, ©0
0 Oy 0 O« 0
0 0 0 L O,
| 0 1 0 0 O«
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