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The aim of the article is to compare the experimental investigation of deflection of the sandwich compo-
site beam with theoretical models. The experimental test specimens were composed of three layers. Skins
were made using epoxy-resin-impregnated glass laminates with plain weave. The light weight foam
Divinycell H100 was used as sandwich core. The three-point bending test was carried out. Fibre-optic
strain gauges, SOFO SMARTape Compact deformation sensors, were used for determining the deflec-
tion of the sandwich composite structure. Experimentally obtained data were used for comparison with
theoretical models — sandwich theory with the transverse shear, sandwich theory without the transverse
shear, laminate theory with the transverse shear and laminate theory without the transverse shear.
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1 Introduction

Due to its advantageous properties like stiffness,
high impact strength, corrosion resistance, low ther-
mal conductivity and low acoustic conductivity, the
sandwich composite structures are commonly used in
civil engineering, space, marine and automobile indus-
try etc. [1 — 4]. The sandwich composite structures are
composed of two main parts — the skin and the core.
The skin is thin layer with a very high stiffness. The
main function of the skin is to carry tension, compres-
sion and bending moments which affect the sandwich
composite structure. The skin is bonded to the sand-
wich core. The core of the sandwich structure is thick
and lightweight. The function of the core is to carry
transverse shear applied to the structure. So it means,
sandwich composite structures have high shear stiff-
ness to the weight ratio and high tensile strength to the
weight ratio. The presence of one or more types of
materials having different mechanical properties in
each layer causes abrupt change of the properties be-
tween layers. Abrupt change of properties between the
layers causes interlaminar stress which can lead to de-
struction of the structure [5]. A good knowledge of the
sandwich composite structure behaviour is important
for efficient manufacture techniques, long-term pre-
diction of behaviour and also for economics and de-
signing the sandwich composite structures.

Nowadays, a lot of theories describing behaviour
of the sandwich composite structures exist. The sim-
ple two-dimensional model called the classical lami-
nated plate theory is based on Kirchhoff model and is
used in case of the isotropic plates. The classical lami-
nated theory can be used for thin plates [6, 7]. This

theory ignores deformation due to the transverse
shear and reflects that the normal load remains
straight to the core [8]. The classical plate theory is
based on displacement analysis and it satisfies require-
ments of the continuity of displacement along the
thickness [9]. The first-order shear deformation theory
is proposed by Mindlin and Reissner. This theory as-
sumes constant transverse shear stress, but needs us-
ing shear correction factors [10]. The first-order shear
deformation theory is required in case of strong ani-
sotropy of mechanical properties or for thick sand-
wich plates [11]. The higher-order shear deformation
theory is more accurate method than the classical lam-
inated theory and first-order shear deformation the-
ory. This theory assumes higher variations of surface
parallel displacements through the thickness of the
laminates [7]. Comparison of these theories with ex-
perimental results can be found in literature, e.g. [12],
[13] etc.

The aim of the atticle is the comparison of experi-
mental investigation of deflection of the sandwich
composite beam with theoretical models. The lami-
nate theory with transverse shear, the laminate theory
without transverse shear, the sandwich theory with
transverse shear and the sandwich theory without
transverse shear were used for comparison with exper-
imental results. This paper loosely follows the article
[14] dealing with methodology of measurement.

2 Theoretical models

The three-layered sandwich composite was used in
the experimental part. The same type of the sandwich
composite was considered in theory part. Considered
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sandwich composite with direction x, y and g is men-
tioned in Fig. 1.
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Fig. 1 Sandwich composite structure

2.1 Laminate theory without transverse shear

Classical laminate theory does not include trans-
verse shear and describes behaviour of laminate struc-
ture. The laminate structure consists of # layers. This
theory assumes that

e cach layer of laminate structure is orthotropic

and quasihomogenous,

e the transverse size of the laminate is small
compared to the other two dimensions of the
laminate. This theory assumes two-directional
stress field,

o displacements of all points are really small,

o the joint between layers is faultless and really
thin. This causes continuous displacements.
Displacements in transverse direction change
linear,

e the transverse deformation is neglected,

e linear dependence between stress and defor-

mation.

Then the constitutive equation of the symmetric
laminate in the case of bending without transverse
shear can be expressed by equation [15]

M, Di1 D1z D] Kx
My | =[Dy; Dy Dyl H®y l 1
M,, Di¢ Dze Deell¥xy

where Dy are the elements of the bending stiffness
matrix. The elements of the matrix Dy are calculated
for each layer and consider if the layer is tensioned or
compressed. M, and M, are the bending moments, M,,
is the twisting moment. K, &, and &, are the curva-
tures.

Then the deflection at the middle of the span of
the laminate beam y,... loaded by three-point bending
can be determined by equation

3
Ymax = %D 11 @)
where F, L, b and D are the force, beam length
between supports, beam width, and elements of the
inverse matrix D" to the bending stiffness matrix D,
respectively. The elements of the bending stiffness

matrix D are calculated from equation

1
Dyj = 5 Xi=1(Cyj), (R — hi_y) €)

where Cj are the elements of the stiffness matrix
and these elements are function of Poisson number
and Young's modulus of elasticity, £ is the layer (&£ =
1,2, ... n) and A is the layer thickness.

2.2 Laminate theory with transverse shear

This laminate theory includes transverse shear.
This theory assumes that
o the core carries shear as well as bending,

e the core is isotropic,
e the core is considered as one layer,
o Kirchoff hypothesis is not valid.

The constitutive equation of the symmetric lami-
nate in the case of bending with transverse shear can
be expressed by [15]

M Dy; Dy Dig 0 O [Fx
My| Dy, D,, Dys 0 O |[%
Miy|=|Dis Dy Dgs 0 0 o 4
Q, 0 0 0 Fyy Fys||Vyz
Qx 0 0 0 Fu5 Fssllyl,
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where Dj are the elements of the bending stiffness
matrix. The elements of the matrix Dj are calculated
for each layer and consider if the layer is tensioned or
compressed. Fjare the elements of the shear stiffness
matrix. M, and M, are bending moments, M,, is twist-
ing moment. Q. and (), are transverse shear, k., &, and
Ky ate curvatures, 7. and ».. are slopes.

The deflection in the middle of the span of the
laminate beam .. loaded by three-point bending is
determined from equation

Ymax = L D3y + LR 5)
max = 4gp 011 T 4p 755

where F, L b, D*/;, and F*55 are the force, beam
length between supports, beam width, elements of the
inverse matrix D" to the matrix D, and elements of the
inverse matrix IF* to the shear stiffness matrix F, re-
spectively. The elements of the shear stiffness matrix
F are calculated from equation

F;j = Z;cl:l(cij)k (hg — hy-1) (6)

where Cj are the elements of the stiffness matrix

and these elements are function of Poisson number

and Young’s modulus of elasticity, £ is the layer (£ =
1,2, ... n) and A is the layer thickness.

2.3 Sandwich theory without transverse shear

This sandwich theory does not include the trans-
verse shear. This theory assumes that
e deformations are small,

e Hook’s law is valid,

e the core thickness is greater than thickness of
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the skins,

e displacements of the core in direction x and y
changes linearly in the transverse direction,

e displacements of the skin core in direction x
and y are constant through the sandwich
thickness,

e the transverse displacement is independent
on coordinate g and it can be assumed that
the deformation in direction gis equal to zero,

o the effect of the shear stress is neglected.

The constitutive equation of the symmetric sand-
wich composite structure in the case of bending with-
out transverse shear can be expressed by equation (1).
The elements of the matrix Dy are calculated for each
layer and does not consider if the layer is tensioned or
compressed. The deflection in the middle of the span
of the sandwich composite beam y,.. loaded by three-
point bending is determined from equation (2).

2.4 Sandwich theory with transverse shear

This sandwich theory includes the transverse
shear. This theory assumes that

e deformations are small,

e Hook’s law is valid,

e the core thickness is greater than thickness of
the skins,

e displacements of the core in direction x and y
changes linearly in the transverse direction,

e displacements of the skins core in direction x
and y are constant through the sandwich
thickness,

e the transverse displacement is independent
on coordinate z and it can be assumed that
the deformation in direction z is equal to zero,

e the core carries only transverse shear stress,

e skin carries only bending.

The constitutive equation of the symmetric sand-
wich composite structure in the case of bending with
transverse shear can be expressed by equation (4)
where the elements of the matrix Dj are calculated for
each layer and it does not consider if the layer is ten-
sioned or compressed. The deflection in the middle of
the sandwich composite beam span y,. loaded by
three-point bending is determined from equation (5).

3 Sandwich composite structure

Five sandwich composite test specimens were used
for experiments. The length of test specimen was 700
mm, width 75 mm and thickness approximately 22

mm. The experimental sandwich composite test spec-
imen was composed of three layers. Skin was made
from epoxy-resin-impregnated glass laminate with
plain weave with weight 600 g/m?2. The thickness of
the skin is 0.8 mm. The light weight foam Divinycell
H100, manufactured by DIAB GROUP, was used as
the sandwich core. The foam core Divinycell H100 is
a combination of polyurea and PVC. The thickness of
the foam core was 20 mm and density 100 kg/m3. Two
SOFO® SMARTape Compact deformation sensors
were placed in every sandwich composite test speci-
men. The fibre-optic extensometers were embedded
between skin and light weight foam core. One of them
was installed between upper skin and foam core and
the second extensometer was installed between bot-
tom skin and sandwich foam core. Two components
toughened with methacrylate adhesive system Aral-
dite® 2021 were used for installation of fibre-optic
sensors and for bonding skins to the sandwich foam
core. Each SOFO® SMARTape Compact defor-
mation sensor was installed in the middle of sandwich
composite test specimen width. The diagrammatic
scheme of the tested sandwich composite structure is
shown in Fig. 2. Photo of the tested sandwich beam
with embedded SOFO® SMARTape Compact defor-
mation sensors is shown in Fig. 3.

epoxy—resin impregnated glass laminates

/ SOFO sensor
O@Q Divinycell H100 o
o 37,5 ‘
° 75

Fig. 2 Diagrammatic scheme of the tested sandwich
composite structure with embedded SOFO® SMARTape
Compact deformation sensor

SOFO SMART: ape Compact Deformation Sensor .

Fig. 3 Tested sandwich composite structure with embed-
ded SOFO® SMARTape Compact deformation sensor

4 Experiments
4.1 Sandwich beam

Three-point bending test was carried out. The
length of the sandwich composite test specimen was
700 mm and support distance 600 mm. The bending
load was applied only by means of own weight of the
steel cylindrical supports. Cylindrical support diameter
was 50 mm and length 80 mm. Weight of one support
was approx. 1.2 kg. It means load induced by one sup-
port was approx. 12 N.
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The SOFO® SMARTape Compact deformation
sensors with measuring length 600 mm were used for
measuring the sandwich composite deformation. This
sensor is embeddable between composite layers due
to its extremely small cross-section. These sensors are
insensitive to temperature variations, corrosion, vibra-
tions, and immune to electromagnetic field. The meas-
urement range is 1.5 % of the length in shortening and
1.5 % of the length in elongation. The resolution is
0.002 mm. The SOFO® SMARTape Compact defor-
mation sensors are transducers that transform a strain
variation into a change in the path unbalance between
two optical fibres that are measured with the SOFO
reading unit [16]. The SOFO measuring system for
static quantities with SBD ver. 6.3.53 software from
SMARTEC S.A. was used for recording the measure-
ment readings. Arrangement of the experiments is
shown in Fig. 4.

amARTEC I zarias e S

Fig. 4 Arrangement of the excperiments [17]

The three-point bending test took three months.
This period was chosen due to the suppression of the
aging effects. Each test specimen was load in different
way. Test specimens loading is shown in Fig. 5.

Deformations of the sandwich composite beam
were measured by the SOFO® SMARTape Compact
deformation sensors. The deformations were meas-
ured constantly during three months. Measurement
were recorded every hour by the SOFO measuring
system for static quantities. Deflections were deter-
mined for every record value of the deformations ob-
tained from upper and lower sensor. Deflection was
calculated from equation of the deflection line. Finally,
the average value of deflection for every load was cal-
culated and this calculation was based on values of de-
flection obtained from upper and lower sensors.

The three-point bending load was carried out in la-
boratory. Temperature and air humidity in laboratory
were also measured during three-point bending test.
Temperature in the laboratory was held at (20 + 1) °C
and relative air humidity was (41 + 5) %.

Obtained deformations measured by fibre-optic
SOFO® SMARTape Compact deformation sensors
bonded between upper skin and core (upper sensor)
and bottom skin and core (lower sensor) are for illus-
tration mentioned in Fig. 6.
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Fig. 6 Example of deformations of the measured sand-
wich composite structure (test specimen 7)

4.2 Mechanical tests of the sandwich layers

The theoretical models use material properties of
each layer for evaluation of the deflection. Young’s
modulus of elasticity, shear modulus and Poisson’s
number belong among these properties. Because of its
mechanical tests of the layer’s materials were carried
out.

The tensile test of epoxy-resin-impregnated glass
laminate for skins was carried out. The tensile test was
carried out parallel to the plain weave (ditection 0°)
and under angle 45° to the plain weave (direction 45°).
Five test specimens for each direction were tested.
The length of the test specimen was 250 mm, width
25 mm and thickness 0.8 mm. The tensile test of
epoxy-resin-impregnated glass laminate with plain
weave was carried out according to Czech standard
EN ISO 527-4 [18]. The tensile strength of epoxy-
resin-impregnated glass laminate with plain weave
from experiments is 226 MPa in direction 0° and 62
MPa in direction 0°. Deformation of the laminate is
1.8 % in direction 0° and 3 % in direction 45°.
Young’s modulus of the laminate is 13.9 GPa in direc-
tion 0° and 5.9 GPa in direction 45°. The detailed re-
sults of tensile test of epoxy-resin-impregnated glass
laminate with weight 600 g/m?2 with plain weave are
described in [17]. Due to the composition of used
epoxy-resin- impregnated glass laminate, laminate is
considered as isotropic and homogenous material.
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The shear modulus was determined using Poisson’s
number and Young’s modulus of elasticity.

The compression test of the sandwich core was
carried out according to standard ASTM D 1621 [19].
Six test specimens were used for the compression test.
The length of the test specimen was 150 mm, width
20 mm and thickness 30 mm. Dependence of the load
on displacement is shown in Fig. 7.

The shear test according to standard ASTM C273
[20] was used for determination the core shear modu-
lus. Four test specimens of the foam have been used
for the shear test. The length of the test specimen was
240 mm, width 50 mm and thickness 20 mm. Depend-
ence of the load on displacement is shown in Fig. 8.
Experimentally obtained values correspond with val-
ues of mechanical properties obtained from manufac-
turer.

Other core material properties were used from the
material list of the core Divinycell H100 obtained
from manufacturer (DIAB GROUP) — Young’s mod-
ulus of elasticity 130 MPa and shear modulus 35 MPa
[21].
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Fig. 7 Compression test of the sandwich core (light
weight foam Divinycell H100)
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Fig. 8 Shear test of the sandwich core (light weight foam
Divinycell H100)

5 Results

The three-point bending test was used for deter-
mining the deflection of the test specimen. The
SOFO® SMARTape Compact deformation sensors

with measuring length 600 mm were used for measur-
ing the deformations of the tested sandwich beams.
The sensors were placed between upper skin and
sandwich core (upper sensor) and between lower skin
and sandwich core (lower sensor). The SOFO®
SMARTape Compact deformation sensors transform
a strain variation into a change in the path unbalance
between two optical fibres that are measured. The ob-
tained values were used for evaluating the deflection.
The deflection in the middle of the sandwich beam
span was calculated from equation of the deflection
line.

Test specimens were load by different ways (see
Fig. 5). Test specimen 3 was repeatedly load by forces
12 N and 36 N during three months. The deflection
was determined as average value obtained from re-
peated loading. Test specimen 4 was load with con-
stant force 12 N and the deflection was determined as
the average value of the deflections obtained during
three months. Test specimen 5 was repeatedly load by
forces 12 N and 60 N during three months. The de-
flection was determined as the average value obtained
from repeated loading at force 60 N. Test specimen 6
was load by forces 12 N, 36 N, 84 N, 108 N, 132 N,
156 N and 180 N. Test specimen 7 was load by forces
24 N, 48 N, 72 N and 96 N. Each load was carried out
for approx. two weeks. The deflection was determined
for all values of the loading as average value of the de-
flection for given load. Obtained deflections for all
test specimens are shown in Fig. 9. There are shown
deflections obtained by upper and lower sensors.

1,4
1

08 -

0,6 " ot

0,4

Deflection [mm]

0,2

0
0 50 100 150 200 250
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Fig. 9 Deflection of the test specimen — three-point
bending test

6 Discussion

Experimentally obtained values of deflection were
compared with theoretical models. The laminate the-
ory with transverse shear, laminate theory without
transverse shear, sandwich theory with transverse
shear, sandwich theory without transverse shear was
used for comparison with experiments. The Young’s
modulus of elasticity of the skin and Poisson’s num-
ber of the skin were determined from the tensile test
of the skin. Shear modulus of the skin was calculated
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from the definition of Poisson’s number. Values of
Young’s modulus of elasticity of the core and shear
modulus of the core were taken from DIAB GROUP
[21]. The comparison of experimentally obtained de-

flection with theoretical models is shown in Fig. 10.
1,4
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—¥-sandwich theory without transverse shear A
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200
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Fig. 10 Comparison of experimentally obtained deflec-
tion with theoretical models

It is evident from the comparison (see Fig. 10) that
the sandwich theory without transverse shear, lami-
nate theory with transverse shear and laminate theory
without transverse shear are not suitable for this sand-
wich composite structure. The sandwich theory with-
out transverse shear considers the thick core but it is
not usable because it does not consider transverse
shear. In real structure, transverse shear exists and the
core carries it. The laminate theory with transverse
shear considers that layers are thin, i.e. it does not con-
sider that core is a thick layer. This model shows
higher values of deflection than theoretical models
without transverse shear due to this model considers
transverse shear. According to the expectation the
laminate theory without transverse shear shows the
worst results. The reason of these results is that the
model considers that each layer is thin and does not
consider transverse shear.

Compared to other theories, the sandwich theory
with transverse shear shows agreement with experi-
ments. This result was expected due to assumptions of
this theory. This theoretical model considers the core
as homogenous thick layer and calculates with trans-
verse shear. However, this theory shows differences
between calculated values of deflection and experi-
mentally obtained values of deflection. These differ-
ences are significant for higher values of the load. It is
caused by the significantly plastic deformations of the
core (see Fig. 7) while sandwich theory considers only
elastic deformations.

7 Conclusion

e The experimental behaviour of the three-lay-
ered sandwich beam made of foam Divinycell
H100 core sandwiched between epoxy-resin-
impregnated glass laminates using embedded

fibre-optic sensors is described in this paper.

e The three-point bending test was used for de-
termining the sandwich beam deflection. The
embedded fibre-optic sensors were used for
measuring the deformations.

e The paper compared obtained deflections
with theoretical models — sandwich theory
with transverse shear, sandwich theory with-
out transverse shear, laminate theory with
transverse shear and laminate theory without
transverse shear.

o  Comparison of the experimental results with
theoretical models (sandwich theory without
transverse shear, laminate theory with trans-
verse shear and laminate theory without
transverse shear) shows that these theoretical
models are not suitable for determination of
the deflection of this type of the sandwich
composite structure. These theories are sim-
ple and show third of the deflection com-
pared to the experimentally obtained deflec-
tions.

e The comparison of experimentally obtained
values of deflection with sandwich theory
with transverse shear shows that this theory is
suitable for this type of the sandwich compo-
site structure.

e This theory is suitable for this sandwich struc-
ture because it considers that the core is thick
and considers transverse shear which the core
carries. However, there exist differences be-
tween values of deflections obtained experi-
mentally and determined by the sandwich the-
ory with transverse shear. It is caused by the
significantly plastic deformations of the core
while the sandwich theory considers only
elastic deformations. The higher values of ex-
perimentally obtained deflections are caused
due to core crushing.

e It means that the sandwich theory with trans-
verse shear determines lower values of deflec-
tion. This must be considered in designing the

sandwich composite structures.
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