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Abstract. This paper presents analytical and case studies of sandwich structures. In this study, the
Euler—Bernoulli beam equation is solved analytically for a four-point bending problem. Appropriate
initial and boundary conditions are specified to enclose the problem. In addition, the balance coef-
ficient is calculated and the Rule of Mixtures is applied. The focus of this study is to determine the
effective material properties and geometric features such as the moment of inertia. The effective pa-
rameters help in the development of a generic analytical correlation for complex sandwich structures
from the perspective of four-point bending calculations. The case study is built for a sandwich struc-
ture made of two materials; Aluminum and Steel. This case is solved using MATLAB®). The main
outcomes of the Al-Steel sandwich structure are the maximum lateral displacements and longitudinal
stresses varying with number of sandwich layers.

1 Introduction

The EulerBernoulli beam theory states that stresses vary linearly with the distance from the neutral
axis [1, 2]. The classic formula for determining the longitudinal stress in a beam, as shown in Figure
1 under simple bending, is given in Equation (1.1):

o Ml
T

(1.1

where G, is the longitudinal stress in Pa, M is the moment about the neutral axis in Nm, c is the
perpendicular distance from the neutral axis in m and [ is the second moment of area about the

neutral axis in m*.
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Fig. 1 Longitudinal stress (Gy) , shear stress (T,), shear force (V) and bending moment (M) in a beam

Deflection in the beam is shown in Figure 2 in a bending beam, the strain can be expressed by the
radius of the neutral axis and the distance of the surface from the neutral axis. A correlation can be
written as shown in Equation (1.2):
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Fig. 2 Longitudinal strain(€,) in a bending beam

CD  (R+c)® R
= (R+e) - e 1.2)
AB RO R
where R is the radius of the neutral axis, ¢ is the distance from the neutral axis and 0 is the slope in

radians.
Thereafter, the strain €, at layer at C'D' is shown in Equation (1.3), where the line CD is in the

original layer so that the length CD = AB.

_dp-cp b -cp D

£, = 1 1.
* CD AB AB (1.3
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Since A'B’ and AB are on the neutral axis, there will no change in length; hence, Equation (1.4) is
written as:
AB = AB (1.4)

By substituting Equation (1.2) in Equation (1.3), Equation (1.5) can bewritten:

o= (1.5)

Since the beam is only subject to moments and it is in static equilibrium, the forces across the
cross-section surface are entirely longitudinal (Fig. 3). The force on each small area in the cross-
sectional area is given by Equation (1.6):

AP =6, -b-dy (1.6)

where o, is the longitudinal stress in Pa, b is the width of the beam in m, and dy is the differential in
the y direction.
This result in moment is shown in Equation (1.7):

AM =c-(0Oy-b-dy) 1.7

where c is the perpendicular distance from the neutral axis in m.
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Fig. 3 Bending moment in the cross-sectional area of a beam

By summing the moment over the complete cross-sectional area, Equation (1.8) is given as:
M =X%(G,-c-b-dy) (1.8)

Considering the elasticity of the material, using Hooke’s law [3], Equation (1.9) is given as:
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where E is Young’s modulus in Pa.
By substituting Equation (1.5) in Equation (1.9), 6, can be re-written in Equation (1.10):

C
L =E— 1.1
c R (1.10)

Figure 4 shows the shape of the neutral axis when the beam is bending.

As it is known, when the angle is very small, tan6 = % can be written as 0= %. By the definition
of 0 in radians (0 = %, where s is length of arc and R is radius), since ds is very small so dx = ds,
resulting in Equation (1.11): ,

1 _dd _do _dy (1.11)
R ds dx dx*

By substituting Equation (1.10) and Equation (1.11) into Equation (1.8), Equation (1.12) is given

as:

E E
M=— 2 ’bdy=="-1 1.12
c“b-dy ( )

where [ is the moment of inertia in (m*).

do

dy
ds

dx

Fig. 4 Shape of neutral axis of a bending beam

By substituting Equation (1.11) in Equation (1.12), Equation (1.13) is derived as shown:

>y M

— = — 1.13

dx? EI (1.13)
Since it is known that 6 = %, Equation (1.13) can be rewritten in the form of Equation (1.14):

M
0= [ —dx (1.14)
EI
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In the end, the displacement y can be derived as shown in the form of Equation (1.15):

y:/edx://%dx (1.15)

These equations [4] will later be applied to derive the correlation of displacement in the four-point
bending beam.

In four-point bending [5, 6], a total force is applied to two locations at equal distance from the
supports placed at two ends of the beam, as shown in Fig. 5. The resulted shear force and the bending
moment are also shown in Fig. 5.

The advantage of four-point bending is that the moment is constant in the middle of the beam,
however, it is function of x at both ends [7] as shown in Equation (1.16):

M(x):7 0<x<L

m="1 Li<x<(L-L,) (1.16)
P(L—

M@):% (L—L,)<x<L

where P is the total load in four-point bending in N, L;is the distance between the supporting points
and the loading points on each side in m, and L is the distance between the supports in m as shown in
Fig. 5.
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Fig. 5 Bending moment (M) and shear force (V) diagrams of a four-point bending beam

By substituting Equations (1.16) in Equations (1.14) and (1.15), the following correlations can be
derived as shown in Equations (1.17) to (1.22).
When 0 <x<L;and M = %,
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Px?
0, =-—4C 1.17
1 4E1+ 1 (1.17)
Px3
& = Cix+C 1.18
1 12E1+ 1x+Cr ( )
WhenL; <x< (L—L;) and M = 21,
PL]X
0, = 1.1
2= 557 +C3 (1.19)
PLx>
& = Cyx+C 1.20
2= p7 +C3x+Cy (1.20)
When (L—L,)<x<Land M = P(Lz_x),
Px* PlLx
O3 =—— +-—4C 121
3= "ap1 T opr O (1.21)
Px>  PLxX®
& = — 4 Csx+-C 1.22
3= g1 T apy ¥ e (1.22)

Since we have six unknowns Cy, C;, C3, Cy4, Cs, and Cg we need atleast six boundary conditions
(BCs) to solve the equations to get the lateral displacement 6 and angular displacement 6. The BCs
are given in Equations (1.23) to (1.27).

x=0, 5, =0 (1.23)

x:Ll, 81 :52, 91 :92 (1.24)
L

x=2, 0, =0 (1.25)

x=L—1L, 5, = &3, 0, =03 (1.26)

x=1L, 8;,=0 (1.27)

By solving the equations [8], the following results of lateral and angular displacements are ob-
tained, as shown in Equations (1.28) to (1.33),
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Px> PL} PLL

_ e Ly <x<L
=151 T 451 aE 0<x<Li)
(1.28)
Px* PL*x PL|Lx
S = 17 _ 0<x<L
V= 12E1 T 4Bl T 4EI (O=x=Ly)
(1.29)
Ple PLL]
— _ L <(L—L
=25 ~ (L <x<(L—Ly))
(1.30)
PLix* PLL PL3
&= T (L <x < (L—Ly))

4EI  4EI ' 12EI
(1.31)

Px> PL PL} PL* PLL
O3 =——— - — ——
4EI * 2EI 4EI 4EI = 4EI

(L—L,)<x<L)
(1.32)
Px* PLx¥* PLx PL’>x PLLx PL> PI}L PI*L,

8= —
3 12EI+ 4E1 4FE1 4FE1 + 4E1 + 12E1+ 4E1 4E1

(L=L))<x<L)
(1.33)

where L is the distance between the supports, P is the total load of four-point bending, E is the
Young’s modulus and / is the moment of inertia.

In this study, a beam is analyzed by overlaying two different materials together to form a sandwich
structure. Each layer of the material is uniformly distributed throughout and perfectly bonded, free of
voids. The lamina is initially in a stress-free state (no residual stresses) and behaves as linear elastic
material.

2 Analytical study

Stress calculations in the beam are performed with respect to the neutral axis. The neutral axis of
the beam goes through the centroid of its cross-section [9]. The centroid can be calculated using
correlations given in Equations (2.1) to (2.3):

_ JzdA
=15 @.1)
dA
¢ =1 22)
A:/f@&, y= 1) 23)

where C;, C, are the coordinates of the centroid; A is the area; z, y are the values of the z-coordinate
and y-coordinate, respectively; f(z) is a function which describes the shape. Since the beam is
symmetric, C,, the coordinate of the centroid on the z-axis, is in the center.

In this study, the beam is made of two different materials with thicknesses #; and #, and areas A
and A,, respectively, as shown in Fig. 6 (a). The number of sandwiched layers was analyzed, as shown
in Fig.6 (b), (c) and (d). In these samples, the total thickness was kept constant and the individual
material thicknesses were divided equally by the number of sandwiched layers, s; for example, s = 1
for Fig. 6 (a), s = 2 for Fig.6 (b) and s = 3 for Fig. 6 (c).
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(d)

Fig. 6 The cross-sectional area of a beam with different numbers of sandwiched layers

It is valid to assume that, under tensile loading, the Young’s modulus E of the beam with total
cross-sectional area A can be described as shown in Equation (2.4):
A Ay
E=EF, 1 +E, 2 2.4)
where E| and E; are Young’s moduli of different materials with the respective net cross-sectional
areas, A and A,, respectively.

This beam contains two kinds of different materials. When it is bending, different materials have
different stiffness because of the different Young’s modulus, E. Therefore, the Rule of Mixtures [10]
is introduced to find the combined material properties.

One of the methods of analyzing the composite beams is to use an equivalent area to represent the
increase (or decrease) in stiffness. Therefore, it is important to bring in the conception of the balance
coefficient, n [11]. The new equivalent cross-section is assumed to be made completely from the first
material, and the balance coefficient, n is multiplied by the area of the second material for scaling the
stiffness difference, as shown in Fig. 7.

The expansion factor, also known as the balance coefficient n, is given in Equation (2.5):

n—
E;

E\ > E; (assumed) (2.5)

The location of the centroid and the moment of inertia change because of the difference in the
Young’s moduli. The new value of centroid, Cy, is calculated as shown in Equation (2.6):

c _ A ‘Y Di+nAy-Yy Dy
Y S'(A1+HA2)

(2.6)

wherei=1, 3,5, 7,..., 2s— 1, D; and D;; are the centroid coordinates of each layer and calculated
as shown in Equations (2.7) to (2.10):
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D= — 2.7
1= (2.7)
t t
Dy="14+2 (2.8)
s 2s
n bn
D;=D; ,+—+—, when s > 2 2.9
s s
nh b
Div1=Di_1+—+—, when s > 2 (2.10)
s s

The moment of inertia of each layer can be calculated using the parallel axis theorem [12, 13], as
shown in Equation (2.11):
I =Ina +)*A (2.11)

where [ is the moment of inertia for each layer, Iy a is the local moment of inertia of the layer, y is
the distance from the neutral axis, and A is the cross-sectional area of the layer.

z z
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Fig. 7 Applying balance coefficient to scale the areas

All the moment of inertia terms can then be added together to calculate the total moment of inertia
I, of the lamina, as shown in Equation (2.12):

L=Y (I1,L,....hs1.by) (2.12)

where I} , I, ---, 1, s are given in Equations (2.13) to (2.16):

b-(t*l)3 51 2
I = S b-—.-(D; — 2.1
1 B + 5 (D1-Gy) (2.13)
.b- 13 3 t
,2:”1§s)+n.b.;.(1)2_cy)2 (2.14)
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b(%)’

t
b1 =— b2 (Dyy 1 —Cy)?,  whens>2 (2.15)
S
b (2)° ¢
1232”1§s)+n-b-2.(1)25—cy)2, when s > 2 (2.16)
A

where #; and t, are the thicknesses of material 1 and material 2, s is half of the number of layers of
the beam (number of sandwiches), b is the width of the material 1, n is the balance coefficient, and C,
is the position of the neutral axis of the composite beam, as given in Equation (2.6).

The longitudinal stresses can also be determined from the basic beam bending equation [14], as
given in Equation (1.1). The longitudinal stresses in each layer are given in Equations (2.17) and
(2.18):

Mly—C
Oyl = M (2.17)
I
nM |y —C.
Ox2 = b} ] (2.18)
t

where 6,1 and O, are the longitudinal stresses in the first material and the second material, respec-
tively, and y is the position based on the reference axis (placed at the bottom of the sample), the total
moment of inertia /;, n is the balance coefficient and M is the bending moment. Please note that the
positive value of (y — Cy) indicates compressive longitudinal stresses and negative value of (y —Cy)
indicates tensile longitudinal stresses.

Similarly, deflection and angles can be calculated using Equations (1.28) to (1.33) by substituting
the lamina’s Young’s modulus and moment of inertia.

The maximum deflection is in the center at x = % and can be calculated by substituting the value
of x in Equation (1.31). The maximum deflection 8,y is given in Equation (2.19):
PL,

@(4& —3L?) (2.19)

8max = 8center =

where dcenter is the deflection in the centre, L is the total length, L; is the distance between the support
point and the loading point, E is the combined Young’s modulus (Equation (2.4)) and /; is the total
moment of inertia about the neutral axis (Equation (2.12)).

3 Case study

A case study is devised to demonstrate the analytical model discussed above. the size of the beam was
decided as (420 mm) length x (50 mm) width x (50 mm) height [S]. In this cases study, a sandwich
structure is built using two different materials: Aluminum and Steel. The distance between an inner
and an outer support is chosen to be one third of the distance between the two outer supports [S]. The
values of parameters used in this case study are given in Table 1.

In this study the behavior of both material is assumed to be linear elastic isotropic [12] and at
room temperature pressure (RTP). The material properties of both Aluminum and Steel are given in
Table 2.
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Description Variable Units Value
Distance between the two support points on the beam L mm 420
Distance between the support and the load points Ly mm 140
Total Thickness of the beam t mm 50
Total Thickness of the Aluminum f mm 30
Total Thickness of the Steel t mm 20
Width of the beam b mm 50
Loads P N 100

Table 1 Description and values of the parameters for four-point bending

Mechanical Property Aluminum  Steel
Young’s Modulus (GPa) E =69 E,=207
Shear Modulus (GPa) 25 83
Poisson’s Ratio (dimensionless) 0.33 0.3

Table 2 Mechanical material properties of Aluminum and Steel [5]

The case study is focused on the number of layers in the sandwich structure. It is to be noted that
the net volume of each material was kept constant when number of layers were changed (as shown in
Figure 7).

The lateral displacement under four-point bending can be calculated using Equations (1.29), (1.31)
and (1.33). Using the parameters and properties provided in Table 1 and Table 2, the lateral displace-
ment is plotted against the longitudinal direction under four-point loading as shown in Figure 8. The
Figure 8 shows the deformation for number of sandwiched layers: s =2, s =5, and s = 20. It can be
noticed that the there is no significant variation in the lateral displacement profiles with the change of
number of sandwiched layers.

The maximum longitudinal stress can be calculated in a sandwich structure for both materials
(i.e. Aluminum and Steel) using Equations (2.17) and (2.18). Using the parameters and properties
provided in Table 1 and Table 2, the maximum stress in both materials is calculated under four-point
loading by varying the number of layers. The obtained results are given in Figure 9.

With the increase of sandwiched layers the neutral axis shifts and so as the value of the second
moment of inertia changes. Since the longitudinal stress is function of the position of the neutral
axis and the second moment of inertia, therefore it changes as well. This results in variation in the
longitudinal stress values. As shown in Figure 8, the maximum longitudinal stress in softer material
(i.e. Aluminum in this case) drops. An opposite trend can be noticed for the stiffer material (i.e.
Steel in this case). The variation in maximum longitudinal stresses are higher when the number of
sandwiched layers is less than 10. When the number of the sandwiched layers reaches to 20, the
variation becomes small.

Similarly, the maximum lateral displacement can be calculated using Equation (2.19). Using the
parameter values and mechanical properties provided in Table 1 and 2, the maximum lateral dis-
placement under four-point bending can be calculated by varying the number of layers. The obtained
results are given in Figure 10.

In this particular case, the maximum variation in the maximum lateral displacement is around 4
%. Therefore, it can be deduced that the maximum lateral displacement does not vary significantly by
changing the number of layers, however, as shown in Figure 10, the maximum lateral displacement
value increases with the increase in the number of sandwiched layers. It can also be noticed that the
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Late(gal displacement in the sandwich beam under four-point bending
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Fig. 8 Lateral displacement in the sandwich beam under four-point bending; for number of sandwiched layers: s =2, s =
5,and s =20

Maximum Stress vs Number of Sandwiched Layers
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Fig. 9 Maximum longitudinal stress of the Aluminum o, ; and Steel Oy in the sandwich structure varying with number
of sandwiched layers: s =2 to s = 100
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113 Maximum Displacement vs Number of Sandwiched Layers
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Fig. 10 Trend of maximum deflection 8« with the number of sandwiched layers: s =2 to s = 100

variation in maximum lateral displacement is higher when the number of sandwiched layers is less
than 10 and almost negligible when numbers of layers are greater than 20.

4 Conclusion

In this study, analytical correlations for displacements and longitudinal stress are derived from the
Euler—Bernoulli beam equation for a four-point bending of a sandwich structure. Appropriate initial
and boundary conditions are specified to enclose the problem. The Rule of Mixtures is applied to
calculate the position of the neutral axis and the moment of inertia. The resulting correlations can
be used to calculate the displacements and longitudinal stresses at any point in a complex sandwich
beam. The study is extended to Aluminum—Steel sandwich, where parametric values for a four-point
beam are devised. Results shows that the stresses decreases in softer material and increase in stiffer
material with the increase of number of sandwiched layers. In this particular case, it was found that
there is less than 4% variation is the maximum lateral displacement. Results also showed that the
maximum displacement increases with the increase of number of sandwiched layers.
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