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ABSTRACT

This study aims to investigate the effect of changing skins material on the strength of
sandwich plates with circular hole when subjected to mechanical loads. Theoretical, numerical and
experimental analyses are done for sandwich plates with hole and with two face sheet materials.
Theoretical analysis is performed by using sandwich plate theory which depends on the first order
shear deformation theory for plates subjected to tension and bending separately. Finite element
method was used to analyse numerically all cases by ANSYS program.

The sandwich plates were investigated experimentally under bending and buckling load
separately. The relationship between stresses and the ratio of hole diameter to plate width (d/b) are
built, by studying the effect of hole size on strength of sandwich plates. The maximum stress were
developed at the hole region in sandwich plates clarified the dropped in their strength. So, the
experimental maximum stress was found by means of multiplying the experimental nominal stress
obtained from Stress-strain curve by the stress concentration factor.

All results which obtained, theoretically, numerically and experimentally are compared to find
that the hole weaken the strength of sandwich plates because of the stress concentration and that
weakness is depending on the hole size and the face sheets materials.

Keywords: sandwich plate, hole size, sandwich plate theory, stress concentration.
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1. INTRODUCTION

A sandwich structure results from the assembly by bonding -or welding- of two thin facings
or skins on a lighter core that is used to keep the two skins separated. Sandwich is built up of three
elements as shown in Fig.1: two faces, core and joints.

Every part has its specific function to make as a unit. The aim is to use the material with a
maximum of efficiency. The two faces are placed at a distance from each other to increase the
moment of inertia, and thereby the flexural rigidity, about the neutral axis of the structure.

The faces carry the tensile and the compressive stresses in the sandwich. The core has several
important functions. It has to be stiff enough to keep the distance between the faces constant. It
most also be so rigid in shear that the faces do not slide over each other.

To keep the face and the core co-operating with each other the adhesive between the faces and
the core, must be able to transfer the shear forces between the faces and the core. The adhesive must
be able to carry shear and tensile stresses. It is hard to specify the demands on the joints. A simple
rule is that the adhesive should be able to take up the same shear stress as the core.

The quality of the bond is fundamental for the performance and life duration of the piece. In
practice we have, Daniel, et al., 2003.

0.025 mm < adhesive thickness < 0.2 mm

Many applications for sandwich plates in many engineering fields namely: aerospace,
biomedical, civil, marine, and mechanical engineering because of their ease of handling, good
mechanical properties and low fabrication cost.

Sandwich plates and sandwich beams are widely used in engineering applications and
industrial fields as previously described. Holes and other openings are extensively used as structural
members, mainly for practical considerations. Holes are commonly found as access ports for
mechanical and electrical systems or simply to reduce weight. Cutouts are also needed to provide
access for hydraulic lines, for damage inspection, to lighten the loads, provide ventilation and for
altering the resonant frequency of the structures. Also cutouts have wide use with composite
material such as in aircraft fuselage, ships, and other high performance structures. In addition, the
designers often need to incorporate cutouts or openings in a structure to serve as doors and
windows. In some cases holes are used to reduce the weight of the structure.

The study here is compared between two groups of sandwich plate: one consists of Low
carbon steel as face sheets and polyvinylchloride as a core. The other group consists of aluminum
alloy 7075-T6 sheets (AA7075-T6) and polyvinylchloride as a core. The sandwich plate was either
solid or had a central circular hole with diameter (10, 15 or 20mm) and subjected to tension,
bending and buckling loads to study the effect of hole size on its strength. Qing-Sheng, and
Wilfried, 2004, modeled laminated plates with holes by an inclusion problem with anisotropic
matrix. The effective stiffness's are calculated by different homogenization methods and the
microscopic deformation of a RVE is modeled by the finite element method for the plate with
arbitrarily shaped holes. All of the effective stiffness coefficients, especially stretching—shear
coupling coefficients are evaluated. Podruzhin, and Ryabchikov, 2004, studied distribution of
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bending stresses in anisotropic plates with stress concentrators. Stresses in the vicinity of the tips of
defects of the type of a crack or rigid inclusion are determined. The effect of holes and interaction
between the defects on the stress intensity factors is analyzed, Ali, and Masood, 2010. The aim of
the work presented in this research is to deal with some of the aspects in the FEM with some of the
aspects in the FEM analysis of sandwich panels containing holes which comprised with foam core.
In this research, the FEM modeling was produced, analyzed and computed considering laboratory
conditions. An extensive parametric study was investigated under different load conditions;
different geometrical parameters, such as; dimensions, face thickness, core thickness, size and
location of the opening.

2. STATIC ANALYSIS OF SANDWICH PLATE STRUCTURES
2.1 Sandwich Plate Theory
The theory of sandwich plates is based on the following basic hypotheses, Berthelot, 2010.:
1. The thickness of the core is much greater than that of the skins: h > hy, h,.
2. The in-plane displacement in the core ucand v, in the x and y directions are linear functions of
the z coordinate.
3. The in-plane displacements u« and v in the x and y directions are uniform through the thickness
of the skins.
The transverse displacement w is independent of the z coordinate: the strain ¢, is neglected.
5. The core transmits only the transverse shear stresses Gy;, Gy;: the stresses Oxx, Oyy, Oxy and 6z,
are neglected in the core.
6. The transverse shear stresses ox, and oy, are neglected in the skins. Lastly, the theory
considers the elasticity problems of small deformations.
By using these assumptions the governing equations are derived for isotropic symmetric
sandwich plates for the in-plane and flexural field Eq.(1) and for transverse shear field Eq.(2):

&

Ny A11 A1z Aie Bii Biz Bis] g’g"
Ny Ap Azy Aze Bix By Bagl| Evy
ny — A1 Az Aes Bie Bz Bes V,?y 1)
M, Cin Ci2 G Din Dip Digl| x,
My Ciz Cyy Cy Dip Dy Dyg iKy
Myl LCie Ca6 Ce6 Dic Dzs  Deel K,y |
_Qy] Fpa F45 Vyzl )
[ Qx F45 Fssl|y2,

In the case of isotropic symmetric sandwich plates (a sandwich plate is isotropic when the
core of the sandwich plate is made of an isotropic (such as foam) or transversely isotropic material
(such as honeycomb) and the face-sheets are made of identical isotropic materials or quasi-
isotropic laminates, Springer, and Kollar, 2003, hence:
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Ajj = A5, Cj=—Cj
Aij = 24}, Dij = hC}

A1 = Az = D16 = D36 =0
F45 = 0

Ay = 2(Qij) b

1
Disj = E (Qij)khh1(h + h1) (4)
F44 = F55 = th, F45 = 0

and
1 v 0
E 1 0
sk] — —— |V
[l]] (1—v2)0 0 1-v ()
2

In the case of statics problems, the fundamental equations of sandwich plates are:

0%u 0%u 9%y
Ay axzo + Age ayzo + (A2 + Age) axa; =0
0%u, 0%v, 0%v,
(A2 +A66)M+A66W+‘4226—yz =0
0%y 0%y 0% 0wy _
D115+ Des 7 + Dy, _axa; — Fs5 ( Pyl QDx) =0 (6)

0%y 0% 0% ow,
(D12 + Dee) oxdy + Dge axzy + D5, ayzy — Fyy (E + (Py) =0

2%w 1) 2°w ¢
F55(ax20+a_;:)+F44(ay20+a_yy)+q =0

2.2 Tension

A sandwich plate consists of two identical skins made of an isotropic material with thickness
h; and of an isotropic core with thickness h. The plate is clamped along the edges x = 0 and free at x
=a. This plate is subjected to axial load in x-direction at the free end and there is no coupling
between in-plane and flexural behaviors so the stress equation is, Berthelot, 2010.

Oxx Q1 Q2 O g’gx
Oyy| =1Q1z Q2 0 ||&w ()
Oxy 0 0 Qesl]yl,

By substituting Eq.(1) in Eq.(7):
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Ux X

ayy] = [QI[A"][N] ®

Oxy

where the coefficients Aj;are the components of the inverse matrix of [Ajj]. In the case of tension
along the x direction, the tension and twisting results Ny and N,y are zero:

Oxx = Q11471 Ny 9)
where Q4,is defined in Eq.(5) and:

- (10)

1 = S (10
Ny = P/b (11)
By substituting Egs.(5, 10 and 11) in Eq.(9):

1
T = A= uDb

(12)

2.3 Bending

The square sandwich plate, see Fig.2, having two identical skins constituted of an isotropic
material with thickness h; and of an isotropic core with thickness h. The plate is simply supported
along the edges x = 0 and x = a while the other two edges y = a/2 and y = - a/2 may be simply
supported. By Levy Solutions, this plate is subjected to the transverse load:

= . ommx
PE = Y ppsin (13)
m=1,2,...
where:
2 X
mmx
Pm = E] p(x) sianx (14)

0

When the plate is subjected to a line load p(x) = q along x = % see Fig.2, Eq.(14) will be,
Ansel, 1999.:

2q . mm
Pm = —sin— (15)
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The fundamental bending relations are given by Eq.(6), the coefficients A;;, D;; and F;; being
defined by Eq.(4) imply for a symmetric sandwich plate:

u, =0, v,=0 (16)

These conditions are satisfied by functions of the form [3]:

X
@, =A cos;
X
¢y =B sin? 17
X
w, = C sin—

By substituting Eq.(16) and Eqg.(17) in Eq.(6):
B=0>= ¢,=0 (18)

From Egs.(15, 17 and 18), we derive that the case of bending is cylindrical bending and the
deformation state of the sandwich plate is described as, Berthelot, 2010.

u, =0, v, =0,
Py = QOX(X), Py = 0 (19)
W, = Wo(x)

By substituting Eq.(19) into Eq.(6):

d*w,  doy

hG(de +—=)+a=0 (20a)
d?e, dw,

D gz = h6 (G + ) =0 (20b)

By considering the case of a plate simply supported along the edges x =0 and x = a:

doy
dx

=0 (21)

Integration of EQ.(20a) with respect to x and substituting the result in Eq.(20b), then
integration of the final result with respect to x again leads to:

d(px q 2 C
- +—x+A4 22
dx 2Dy, TDL” (22)

Associated with condition Eq.(21) for the supports, leads to:
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dex q
ax 2D x(x —a) (23)

For the symmetric isotropic sandwich the coefficients and there is no coupling between in-
plane and flexural behaviors, then:

0
d0x
Oxx Q11 Q12 0 0,y
Oyy| =5|Q12 Q22 0 v (24)
o 2 y
xy 0 0 Qe
0 , %9,
| dy 0x |
The substitution of Eq.(23) into Eq.(24) leads to:
h q
Oxx = EQll D_llx(x —a) (25)
For Q4 and D, defined in Eq.(5) and Eq.(4) respectively and:

_P ~ 2 form =135 26
q=- Pm=— form=13, (26)
Then Eq.(25) for the maximum bending stress at x = %will be:

P
(27)

P = 40 + hy)hy

2.4 Stress Concentration Factors

The stress concentration factor, listed in Table 1 K can be defined as the ratio of the peak
stress in the body (or stress in the perturbed region) to some other stress (or stress like quantity)
taken as reference stress:

0.
Kt — max (2 8)

O-TLOTfl

where the stresses o,,4, represent the maximum stresses to be expected in the member under the
actual loads and the nominal stresses o,,,,, IS reference normal stress. In the case of the theory of
elasticity, a two-dimensional stress distribution of an elastic body under known loads is a function
only of the body geometry and is not dependent on the material properties as shown in Eq.(27).
Suppose that the thickness of the plate is t, the width of the plate is b, and the diameter of the hole is
d. The reference stress could be defined in two ways, Walter, 1997.
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1. Use the stress in a cross section far from the circular hole as the reference stress. The area at
this section is called the gross cross-sectional area. Thus define:

P
Onom = ht (30)
so that the stress concentration factor becomes
o Oy rht
th — max — max (31)

o P

Use the stress based on the cross section at the hole, which is formed by removing the circular hole
from the gross cross section. The corresponding area is referred to as the net cross-sectional area. If
the stresses at this cross section are uniformly distributed and equal to a,,:

P

= =t (32)

On

2.2 F.E Static Modeling of Sandwich Plate

Four nodes element (SHELL181) is used to analyze rectangular sandwich plates under tension
and buckling loads respectively and square sandwich plates under bending load.

SHELL181 used for layered applications for modeling laminated composite shells or
sandwich construction. The accuracy in modeling composite shells is governed by the first order
shear deformation theory. To define the thicknesses and materials properties of the three layers of
the sandwich plates, section definition can use.

2.2.1 In plane loads (tension and buckling loads)

. The sandwich plates are built-in at edge (x=0) and free at edge (x=a, y=0 and y=b) and the in
plane loads load is applied at the free end (x=a). the modeling and meshing of sandwich plates
under tension and buckling is same, while the solution of each case is different.

The best meshed method for solid plate is that 20 elements along the vertical edges of plate
(x=0 and x=a) by interring the element edge length is 5, while 30 elements along horizontal edges
of plate (y=0 and y=b) by interring the element edge length is 5, as shown in Fig.3.

The best meshed method for plate with central circular hole is that, Erdogan, and Ibrahim,
2006, as shown in Fig.4:

e Draw square area has edge length equal to double of hole diameter (A;).

e Draw rectangular area represented the plate (Ay), then glue the two areas.

e Draw circular area in the middle (As3), then subtracting it from the other areas to obtain the
finally shape (plate with central hole).

e The outer edge are meshed as in solid plate (lines 1 & 2 have 20 elements while lines 3 & 4
have 30), but the edges of square area (lines 5, 6, 7 and 8) and the curves of circle are
meshed by interring the element edge length is 0.1 as shown in.
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2.2.2 Bending
The sandwich plates are simply supported at edges (x=0 and x=a) while free
at edge (y=0 and y=a) and loaded by transverse line load at x=a/2.
The solid plate meshed as in tension Fig.3, while the plates with central circular hole as
shown in Fig. 5:
e Draw square area represented the plate (Ay).
e Draw circular area in the middle the square area (A;), then subtracted it from the square area.
e The vertical edges of plate(x=0 and x=a) have the element edge length is 1 while the
horizontal edges of plate(y=0 and y=a) have the element edge length is 5.
e The curves of the circle have the element edge length is 0.1.

2.3 Experimental Method for Size Effect-Related Static Analysis
The experimental analysis will be done by several steps:

2.3.1: Selection basic materials and manufacturing the sandwich plates

Tensile test used to find the mechanical properties of the basic materials which represented by
Low Carbon Steel and AA7075-T6 for face sheets and PVC for core of sandwich plates. The stress-
strain curves of the tensile for these materials are shown in Fig.6 and mechanical properties
obtained from them are listed in Table 2.

After selecting the basic materials, these materials are cutting to the suitable dimensions
depended on the thin plate theory.

Tensile test is done again for three sandwich specimens each one is bonded by different
adhesive (Polyester, Epoxy and Titan). The load-deformation curves show that the sandwich
specimen bonded by Epoxy adhesive has the highest load as shown in Fig.7.

Depending on the results the Epoxy adhesive will be used to bond the sandwich plates.

2.3.2 Tensile test of the sandwich plates

Tensile tests are passes in room temperature at maximum load 200KN and 2mm/min for all
specimens. The results of the tensile test are the maximum elastic loads from load-deformation
curves which using to obtain the theoretical stress by Eq.(12) and in ANSY's program input data and
the maximum elastic stresses from stress-strain curves.

2.3.3 Bending test of the sandwich plates

The bending tests are passed through the room temperature under maximum load 10KN and
speed 3mm/min for all sandwich plate specimens.

The results of the bending test are the maximum elastic loads from load-deformation curves
which using to obtain the theoretical stress by Eq.(27) and in ANSY's program input data and the
maximum elastic stresses from stress-strain curves.
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2.3.4 Buckling test of the sandwich plates

The buckling tests are passed through the room temperature under maximum load 10KN and speed
2mm/min for all sandwich plate specimens. The results of the buckling test are the maximum elastic
loads from load-deformation curves.

3. RESULRS AND CONCLUSION

The main conclusion from the results of this study is that the hole in the plate is weaking its
strength under mechanical loads. The weakness in strength of plate appears as decreasing in
nominal stress of sandwich plate because of concentration stresses around it as shown in Fig.8 for
analytical nominal stress of sandwich plates with hole under tension as well as Fig.9 and Fig.10 for
analytical and experimental nominal stress of sandwich plates with hole under bending

Fig.8 shows that the AA7075-T6/PVC/AA7075-T6 can be had strength more than
ST/PVCI/ST sandwich plates. The effect of the hole in the plate under tensile makes strength be
dropped at (d/b = 0.1), then the curves can be risen at (d/b = 0.15). The behavior can be explained
by the increase in diameter of hole may be reduced the stress concentration but did not eliminate the
influence. The second drop of the curves can be clarified by that the hole diameter at this point (20
mm) was approximately equal to the half of plate width (100 mm) and that will reduce the stress
concentration effect as compared with other hole dimensions.

This discussion can be applied to both of Fig.9 and Fig.10, but it can be noted that the
ST/PVC/ST sandwich plate were had strength more than the AA7075-T6/PVCAAT075-T6 plate
sandwich. After (d/b = 0.15), this difference in strength between the two sandwich materials was
decreased as well as the effect of increasing in a hole size and can be stabled for each materials.

Fig.11 and Fig.12 were represented the relationship between the analytical and numerical
maximum stress of sandwich plates under tensile load respectively. The two figures can be shown
two important things. The first thing, the use of (Kyy) stress concentration factor with gross nominal
stress or (Ky,) stress concentration factor can be obtained same results of the maximum stress with
maximum difference (5.88%). The second thing, the maximum strength in the hole can be caused
the weakness of sandwich plates and beams.

Fig.13, Fig.14 and Fig.15 can be showed the relationship between the analytical, numerical
and experimental maximum stress of sandwich plate under bending load. In these figures, it can be
noted the obvious difference between the two maximum stresses obtained from (cnom*Kyg) and
(on*Kyy) for each sandwich materials, because of the studied sandwich plates were square and the
effect of the width in Eq.(27) can be canceled.

The numerical values of stress concentration factors can be shown in Fig.16 and Fig.17. From
these figures, it can be noted that the curves of Ky, have same behavior while the curves of Ky
appears different behavior. Where Ky, is proved the fact of reducing the stress concentration with
increasing of hole size, Ky can be behaved randomly with increasing of hole size.

The buckling load decreased when the hole size is increase because of the hole became region
to concentrate the stresses and weaken the plates. ST/PVC/ST sandwich plate is undergoing
buckling load more than AA7075-T6/PVC/AAT7075-T6 sandwich plate as shown in Fig.18 and
Fig.19 for numerical and experimental buckling load of sandwich plate respectively.
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When the deformation shape modes are discussed, the solid plates have different forth
deformation shape mode for the two sandwich materials shown in Fig.15 a and b.

While the deformation shape modes are differed and changed for sandwich plates with hole
but they remain the same in each sandwich materials as shown in Fig.16 a and b. The hole not only
causes a decrease in resistance but is changing the deformation shape modes of the sandwich plate
since each sandwich materials varies in response the deformation shape modes are differed for each
one because of the different in faces materials.

The comparisons between the theoretical, numerical and experimental results are shown in
Fig.17 and Fig.18.
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NOMENCLAUTURE

Yay: shear strain components of middle-plane in (z) directions respectively.
2., €9 . strain components of middle-plane in (x, y) directions respectively.
v: Poisson’s ratio.

K., Ky, Ky curvatures components of the middle-plane.

0, net stresss, MPa.

Onom: Nominal stress, MPa.

@, Py.: rotation of the cross section in the x-y and x-z planes respectively.
A;j, Bij, Cij, Dyj: extensional stiffness, the coupling stiffness, and the bending stiffness.

Ajj: inverse extensional stiffness.

a: length of plate , mm.

b: beam and plate width, mm.

D;;: inverse extensional stiffness.

Es, Ec: Young modulus of skin and core respectively, Pa.

F¢: transverse shear stiffness.

Gy, G.: shear modulus of skin and core respectively, Pa.

h: thickness of core, mm.

h4, h,: thickness of lower and upper skins respectively, mm.

h;: total thickness of each plate, mm.

Kin, Ki4: stress concentration factors.

My, My, My bending and twisting moments N. mm.

m: no. of half wavelengths in x and y directions.

Ny, Ny, Nyy: in — plane force resultant, N.

P: external applied load, N.

Pm: the transverse load coefficient of Levy Solutions.

Q;j: transformed stiffness.

Qx, Qy: transverse shear resultants.

g: external load.

U,, vy, W, middle-plane displacement components along (x, y and z) directions respectively.
x: distance in x — direction, mm.

z: distance from neutral axis in Zgirection-
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Figure 1. Sandwich materials. Figure 2. Sandwich plate under bending load.

Figure 3. Mesh of solid sandwich plate.

Figure 4. Mesh of sandwich plate with hole under tension and buckling.
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4
Aa
1
3
Figure 5. Mesh of sandwich plate with hole under bending.
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Figure 6. Tensile test curves: (a) Steel, (b) AA7075-T6, (c) PVC.
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Figure 7a. Tensile test curve of specimens to adhesive selection.
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Figure 7b. Maximum load (KN) of adhesive
selected Specimens tensile test.
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Figure 9. Analytical elastic nominal maximum
stress of sandwich plates subjected to bending

load.
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Figure 8. Analytical elastic nominal

maximum stress of sandwich plates subjected

to tensile load.

Experimental Nominal Stress (MPa)
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263. 53
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Figure 10. Experimental nominal stress of

sandwich plates under bending load.
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Figure 11. Analytical maximum stresses of
sandwich plates under tensile load.
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Figure 12. Numerical maximum stress of
sandwich plates under tensile load.

Figure 13. Analytical maximum stresses of
sandwich plates under bending load.
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Figure 14. Experimental maximum stresses of
sandwich plates under bending load.
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Figure 15. Numerical maximum stress of sandwich plates under bending load.

139




@) Number 6

=

Volume 20 June

2014 Journal of Engineering

| —+— (ST/PVC/ST) Ktg  —a— (ST/PVC/ST) Kin (AATO75-T6/PVC/RATOTS-TE) Ktg  ——{AATO75-T6/PVC/AATO75-T6) Kin

Numerical Stress Concentration Factors

dfb

—+— (ST/PVC/ST) Ktg —&8— (ST/PVC/ST) Ktn
(AA7075-T6/PVC/AATO75-T6) Ktg === (AA7075-T6/PVC/AATO75-T6) Ktn

Numerical Stress Concentration Factors

d/b

Figure 16. Numerical stress concentration
factors of sandwich plates under tensile load.
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Figure 18. Experimental buckling load of
sandwich plates under compression load.

First mode

Figure 17. Numerical stress concentration
factors of sandwich plates under bending load.
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Figure 19. Numerical buckling load of
sandwich plates subjected to compression.
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Third mode Fourth mode
Figure 20a. Deformation shape modes of ST/PVC/ST solid sandwich plates under buckling.

First mode

Third mode Fourth mode
Figure 20b. Deformation shape modes of AA7075-T6/PVC/AAT075-T6 solid sandwich plate
under buckling.

First mode Second mode
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Third mode Fourth mode
Figure 21a. Deformation shape modes of ST/PVC/ST sandwich plate with hole under buckling.

First mode Second mode

Third mode Fourth mode
Figure 21b. Deformation shape modes of AA7075-T6/PVC/AAT7075-T6 sandwich plate with hole
under buckling.
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Table 1. Stress concentration factors for beams and plates under tension and bending loads.

Tension

ST/PVC/ST D 10 15 20

PLATES and K;,; |3 3.06 | 3.12

AA7075- 5

T6/PVC/AA7075 K; |27 |26 |25

-T6 PLATES

Bending

ST/PVC/ST D 10 15 20

PLATES K.,y |22 |212|2.13
K |2 1.8 | 1.7

AA7075- d 10 15 20

T6/PVC/AA7075 | K., |22 |2.11|2.13

-T6 PLATES K;, 198|179 |1.79

Table 2. Mechanical properties of constitutions materials.

Mechan!cal Steel AA7075- PCV
Properties T6
Young
Modulus(GPa) | 212 72 4
Yield
Stress(MPa) 255.128| 447.84 7.746
Maximum 515 35 1103
Stress(MPa) | 32°-118 : ,
Possin's Ratio 0.3 0.33 N
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