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Abstract

The objective of this work was to determine experimentally the ¯exural behavior of composite sandwich beams and compare the
results with predictions of theoretical models. Sandwich beams were fabricated by bonding unidirectional carbon/epoxy face sheets
(laminates) to aluminum honeycomb cores with an adhesive ®lm. All constituent materials (composite laminates, adhesive and core)

were characterized independently. Special techniques were developed to prevent premature failures under the loading pins and to
ensure failure in the test section. Sandwich beams were tested under four-point and three-point bending. Strains to failure in the
face sheets were recorded with strain gages, and beam de¯ections, and strains in the honeycomb core were recorded by using moireÂ

techniques. The beam face sheets exhibited a softening non-linearity on the compression side and a sti�ening non-linearity on the

tension side. Experimental results were in good agreement with predictions from simple models which assume the face sheets to
behave like membranes, neglecting the contribution of the honeycomb core, and accounting for the non-linear behavior of the face
sheets. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Sandwich construction is of particular interest and
widely used in many structures, because the concept is
very suitable for lightweight structures with high in-
plane and ¯exural sti�ness. Sandwich panels typically
consist of two thin face sheets or skins and a lightweight
thicker core. Commonly used materials for face sheets
are composite laminates and metals, while cores are
made of metallic and non-metallic honeycombs, cellular
foams, balsa wood or trusses. The face sheets are typi-
cally bonded to the core with an adhesive, and carry
most of the bending and in-plane loads. The core pro-
vides the ¯exural sti�ness and out-of-plane shear and
compressive strength. The structural performance of
sandwich panels depends not only on the properties of
the skins, but also on those of the core, the adhesive
bonding the core to the skins, and the geometrical
dimensions of the components. Important issues in
sandwich structures are the quality of the structure, the
failure mechanisms that are developed under various
loading conditions, e�ects of nonlinear material beha-
vior and e�ects of geometric nonlinearities.

A great deal of work has been published on the
behavior of sandwich structures in the last few decades.
Many analytical and computational models are avail-
able to describe the behavior of sandwich beams, panels
and shells under di�erent loading conditions. The fun-
damentals of sandwich construction and reviews of
analytical and computational methods are described in
recent works by Zenkert [1], Noor et al. [2] and Reddy
[3]. For the bending problem of sandwich beams, theo-
retical models are classi®ed as three-dimensional, two-
dimensional, detailed and simpli®ed models. Depending
on the span to depth ratio, beams are referred to as thin
(ratio greater than 10), moderately thick (ratio between
4 and 10) and thick (ratio less than 4).
Many of the models proposed to date are approx-

imations to the three-dimensional elasticity theory
based on assumptions for the displacements, strains
and/or stresses through the thickness. These assump-
tions allow the reduction of the three-dimensional pro-
blem to a two-dimensional one. The simplest
approximation, applicable to slender beams, is the Ber-
noulli±Euler beam theory based on the assumptions of
linear in-plane displacements and constant through the
thickness transverse displacement. In the case of thicker
beams, when the contribution of shear deformation is
important, ®rst-order shear theories are proposed where
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in-plane displacements are assumed to vary linearly in
the thickness direction, and the through the thickness
transverse shear deformation is assumed to be constant.
Higher order theories have also been proposed, where
higher order polynomial approximations are assumed
for the in-plane and out-of-plane displacements.
The validity of the various approximations depends on

the geometry of the beam, properties of the component
materials and loading conditions. Most theories assume
linear elastic behavior for the component materials and
small de¯ections. However, material and geometric non-
linearities are important issues. It is known, for example,
that carbon ®ber composites exhibit sti�ening non-linearity
in longitudinal tension and softening non-linearity in
longitudinal compression. In addition to modeling
material behavior, the relative motions of the face sheets
must be taken into account as in the so-called ``multi-
layer build-up'' theory [4,5]. The high ¯exibility of the
core relative to the face sheets imposes other limitations
on linear analyses. When transverse de¯ections become of
the order of the beam depth, non-linear analyses may be
necessary [6]. Several papers have discussed the non-linear
load de¯ection behavior of sandwich plates [7,8]. It has
been discovered experimentally and by ®nite elements
that, strains in the face sheets deviate from linearity
prior to detection on the load/de¯ection curve and that
these deviations are di�erent for the two face sheets of
the sandwich beam [9].
The limits of applicability of linear theories must be

investigated as a function of geometric and material
parameters of the sandwich beams. The combined
e�ects of material and geometric non-linearities must be
investigated experimentally to verify existing models
and to assist in the development of new ones. The
objective of this work is to experimentally determine the
behavior of composite sandwich beams under bending
and compare the results with predictions of theoretical
models.

2. Experimental procedure

2.1. Component materials

The sandwich beam face sheets were unidirectional
eight-ply carbon/epoxy laminates (AS4/3501-6). The
composite sheets were fabricated by autoclave molding.
Uniaxial tensile and compressive tests were conducted
primarily in the longitudinal direction in order to obtain
the relevant constitutive behavior of the facing material.
The longitudinal tensile and compressive stress-strain
behavior for the AS4-3501-6 carbon/epoxy is shown in
Fig. 1. It can be seen that the material exhibits a char-
acteristic sti�ening nonlinearity in tension and softening
nonlinearity in compression. The basic properties of the
unidirectional material are tabulated in Table 1.

The core material used in this study was aluminum
honeycomb PAMG 8.1-3/16-001-P-5052 (Plascore Co.,
5052 aluminum alloy, 130 kg/m3, 8.1 lb/ft3 density, 4.76
mm, 3/16 in cell size, 0.025 mm, 0.001 in foil gauge).
Specimens of 2.5 cm (1 in) thickness were obtained. The
material is highly anisotropic. The in-plane sti�nesses
E1 and E2 and the out-of-plane sti�ness E3 (along the
cell axis) were obtained by means of ¯exural and pure
compression tests. The out-of-plane shear modulus was
obtained by means of a rail-shear test. Honeycomb core
properties are tabulated in Table 2.
The adhesive used to bond the face sheets to the core

was FM73 M ®lm adhesive (Cytec-Fiberite). It is a
0.050 mm (0.002 in) thick toughened epoxy layer rein-
forced with non-woven polyester fabric. The shear
properties of the adhesive were determined by using the
Arcan ®xture. Shear properties obtained from this test
and other properties given by the manufacturer are
tabulated in Table 3.

2.2. Fabrication of sandwich beams

A 2.54 cm (1 in) wide honeycomb core was machined
from the 2.54 cm (1 in) thick sheet along the sti�er (E1)
direction. The 2.54 cm (1 in) wide composite face sheets
were machined from the unidirectional panels. These
face sheets were then bonded to the top and bottom of
the honeycomb core with FM73 M ®lm adhesive and
the assembly was cured under pressure in an oven fol-
lowing the recommended curing cycle for the adhesive.
Beams for four-point ¯exural testing were 45.7 cm (18

in) long. Because of the low shear strength of the core,
shear damage occurred in the core at low loads near the
points of load application. In order to prevent pre-
mature failures and to insure failure in the pure bending
section, the outer core sections subjected to shear were
reinforced by ®lling the cells with epoxy. The best
results were obtained when this cell reinforcement was
tapered o� gradually into the pure bending section as
shown in Fig. 2.
Strains on the outer and inner surfaces of the face

sheets and at the interface with the adhesive bond, were
recorded with strain gages. Both longitudinal and
transverse strains were recorded. The de¯ection of the
beams was measured with a displacement transducer
(LVDT) and also monitored with a coarse moireÂ grating
(31 lines/cm, 80 lines/in). The displacement ®eld in the
core was recorded with a ®ner moireÂ grating of 118 lines/
cm (300 lines/in). Before applying the moireÂ gratings, the
lateral surface of the core was coated with a silicone
rubber layer to make the surface smooth and re¯ective.

2.3. Testing procedure

Sandwich beams were loaded under four-point and
three-point ¯exure in a servohydraulic machine, while
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recording load, strain gage, moireÂ and LVDT data. All
specimens were loaded to failure. The four-point bend-
ing tests produced compressive face sheet failures at
strains of over 1.5%. The three-point bending tests were
carried out until core failure occurred. A large number
of four-point bending tests (over 15) and three three-
point bending tests was conducted.

3. Results

3.1. Beams under four-point bending

The applied bending moment was plotted versus the
outer surface longitudinal strains for the beam under
four-point bending in Fig. 3. The same type of sti�ening

and softening non-linearities observed before for the
face sheet materials are seen here. Failure was governed
by the compressive strength of the face sheet, which in
this case reached a value of 1930 MPa (280 ksi), which
was higher than the compression strength for this
material measured under direct compression. The ulti-
mate compressive strain recorded was 1.6%.
Before comparing the experimental results with avail-

able models, the variation of the longitudinal strain
through the face sheet thickness was investigated.
Results from another test in Figs. 4 and 5 show the
variation with applied moment of longitudinal strains
on the outer and inner surfaces of the face sheets. It is
seen that these strains are not constant through the
thickness. Analysis of the data indicates that the inner
surface strains are between 3.5 and 4.2% lower (in
absolute terms) than the corresponding outer surface
strains. A linear strain variation through the entire
beam section would imply strain di�erences of 4%.
The strain ®eld in the core was investigated by the

moireÂ technique discussed before. A moireÂ fringe pat-
tern corresponding to longitudinal displacements in the
core is shown in Fig. 6. A linear strain variation through

Table 1

Mechanical properties of unidirectional AS4/3501-6 carbon/epoxy

Property Value

Fiber-volume ratio, Vf 0.65±0.70

Longitudinal Elastic Modulus, E1 (GPa) (Msi) 146.6 (21.26)

Transverse elastic modulus, E2 (GPa) (Msi) 10.35 (1.50)

In-plane shear modulus, G12 (GPa) (Msi) 7.6 (1.1)

Major Poisson's Ratio, �12 0.28

Minor Poisson's Ratio, �21 0.02

Longitudinal tensile strength, F1t (MPa) (ksi) 2386 (346)

Longitudinal compressive strength, F1c (MPa) (ksi) 1627 (235)

In-plane shear strength, F12 (MPa) (ksi) 71 (10.3)

Ultimate tensile strain, "u
1t (%) 1.45

Ultimate compressive strain, "u
1c (%) 1.36

Ultimate in-plane shear strain, u
12 (%) 1.50

Transverse tensile strength, F2t (Mpa) (ksi) 64 (9.3)

Transverse compressive strength, F2c (Mpa) (ksi) 228 (33)

Table 2

Mechanical properties of aluminum honeycomb (PAMG 8.1-3/16-001-

P-5052)

Property Value

Density, � (kg/m3) (lb/ft3) 129 (8.1)

Longitudinal modulus, E1 (MPa) (ksi) 8.27 (1.2)

Transverse modulus, E2 (MPa) (ksi) 1.31 (0.2)

Axial (out-of-plane) modulus, E3 (MPa) (ksi) 2410 (350)

Out-of-plane shear modulus, G13 (MPa) (ksi) 580 (84)

Fig. 1. Longitudinal tensile and compressive stress/strain behavior of AS4/3501-6 unidirectional carbon/epoxy.
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the thickness in the pure bending zone would imply the
following form for the strain and displacement

"1 z� � � cz � @u
@x

�1�

u x; z� � � cxz �2�

since u�0; z� � 0 �along vertical axis of symmetry�:

The moireÂ fringes, being loci of equal displacements,
have the form of hyperbolas and are equidistant along
any horizontal line. Furthermore, there is evidence that
the neutral axis has shifted toward the tension side
because of the di�erent nonlinearities of the tension and
compression face sheets.
The state of stress in the face sheets is not purely uni-

axial because of the constraining e�ects of the core.
Transverse strains were recorded in several tests. The
transverse strain is plotted versus the longitudinal one in
Fig. 7. The plot for the compression side is nearly linear,
whereas it is very nonlinear for the tension side. In the
linear region both curves have a common slope or strain
ratio. A strain ratio (in absolute terms) of 0.38 was
obtained, which is higher than the Poisson's ratio of the
material, �12 � 0:28. From this information a transverse
stress �2 is calculated for the face sheets as

�2 � ÿ0:007�1

3.2. Beams under three-point bending

Under three-point bending and without any special
core reinforcement, all beams failed prematurely due to
shear crimping of the core. The failure load, being twice
the shear force, remained nearly constant for varying
span lengths. This implies that as the span length
decreases, the applied maximummoment, and thereby the
maximum face sheet strains at failure, decrease (Fig. 8).

Table 3

Mechanical properties of FM73 M ®lm adhesive

Property Value

Density, � (kg/m3) (lb/ft3) 1180 (74)

Longitudinal modulus, E1 (MPa) (ksi) 1700 (247)

Out-of-plane shear modulus, G13 (MPa) (ksi) 110 (16)

Out-of-plane shear strength, F13 (MPa) (ksi) 33 (4.8)

Out-of-plane ultimate shear strain, u
13 (%) 0.63

Fig. 2. Sandwich beam with reinforced and unreinforced honeycomb

cores.

Fig. 3. Applied moment versus longitudinal strains for sandwich beam under four-point bending.
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The results also indicate that even in cases of increased
shear loading of the core, the bending moment is carried
almost entirely by the face sheets.

3.3. Modeling

The objective of the modeling was to predict the rela-
tionship between applied loading (moment) and stresses
or strains in the sandwich beams, based on the properties
and dimensions of the components of the beam. Refer-
ring to the schematic of a sandwich beam in Fig. 9, the
neutral axis is located at a distance.

Fig. 4. Applied moment versus longitudinal strains on surface of tension facing of sandwich beam under four-point bending.

Fig. 5. Applied moment versus longitudinal strains on surfaces of compression facing of sanwich beam under four-point bending.

Fig. 6. MoireÂ fringe pattern in the core corresponding to longitudinal

displacements (12 lines/mm; 300 lines/in).
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Fig. 7. Transverse versus longitudinal strain on facings of sandwich beam under four-point bending.

Fig. 8. Applied moment versus maximum facing strain for beams of di�erent span length under three-point bending.

Fig. 9. Schematic of sandwich beam.
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e � Efchfd� Echc�hc � hf �=2
�Eft � Efc�hf � Echc

�3�

and for a weak core, Ec � Eft;Efc,

e � Efcd

�Eft � Efc�hf
�4�

where

d � hc � hf

The bending sti�ness for a weak core is

D � h3f
12

Eft � Efc� � � EftEfchfd
2

Eft � Efc
�5�

For thin facings, hf � hc we have

D � EftEfchfd
2

Eft � Efc
�6�

The normal stresses in the face sheets and core are

�ft � ÿMz

D
Eft

�fc � ÿMz

D
Efc

�c � ÿMz

D
Ec �7�

For a weak core and thin face sheets

�ft � ÿ�fc � M

dbhf

where b=width of beam.
The experimentally obtained stress/strain relation-

ships of the face sheet material in tension and compres-
sion and that of the core were used to obtain moment/
strain relations. Di�erent cases/assumptions were con-
sidered in modeling the sandwich beams tested under
pure bending as outlined in Fig. 10. In the ®rst case, a
linear variation of strain through the thickness is
assumed with a neutral axis through the centroid of the
cross section. This is only valid in the linear range of the
face sheet material. At higher loads, the nonlinear
response of the face sheets must be considered, although
other simplifying assumptions can be made. For exam-
ple, the core contribution could be neglected since its

Fig. 10. Strain and stress distributions through the thickness of a

sandwich beam for di�erent cases/assumptions: (a) linear facing

material with core contribution; (b) non-linear facing material with

linear strain variation in facing and core contribution; (c) non-linear

facing material with constant strain in the facing and core contribu-

tion; (d) non-linear facing material with constant strain in facing and

without core contribution.

Fig. 11. Experimental and predicted moment/strain curves for two

facings of a composite sandwich beam under four-point bending

(dimension are in mm).
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modulus is much smaller than the facing modulus
Ec � Ef� �. The strain, and hence the stress, in the face
sheets can be assumed to vary linearly or to be constant
through the face sheet thickness. The latter assumption
is valid when the face sheet thickness is much smaller
than the core thickness hf � hc� �.
In the present case two models were implemented, one

by assuming linear variation of strain through the face
sheet thickness and the other by assuming a constant
strain through the face sheet thickness. In both models
the core contribution was neglected. The nonlinear
behavior of the face sheet material was considered in an
incremental computational scheme. Results are plotted

in Fig. 11 and compared with experimental moment/
strain results. It appears that the assumption of constant
strain gives better agreement with experimental results.
The small discrepancies observed are not attributed to
the model but rather to the di�culty in obtaining reliable
stress/strain curves in direct longitudinal compression.
The contribution of the core to the moment/strain

relations was found to be negligible. The e�ect of core
modulus was investigated using a model with the
assumption of constant strain through the face sheet
thickness. Results are shown in Figs. 12 and 13 for the
compression and tension face sheet, respectively. It
appears that the in¯uence of the core is negligible until

Fig. 12. E�ect of core modulus on the moment/strain relationship for sandwich beam under four-point bending (compression facing).

Fig. 13. E�ect of core modulus on the moment/strain relationship for sandwich beam under four-point bending (tension facing).
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its sti�ness is one-hundred times that of the core used in
this study, or equivalently 1/200 times the face sheet
modulus.

4. Summary and conclusions

An experimental study was conducted on the beha-
vior of composite sandwich beams under four-point and
three-point bending. The sandwich beams were pre-
pared with unidirectional carbon/epoxy face sheets and
aluminum honeycomb core. Strains in the face sheets
and the core were measured with strain gages and moireÂ
gratings. The bending behavior of the beams, whether
loaded under four-point or three-point bending, is gov-
erned by the face sheets. Therefore, the moment/strain
relations for the face sheets display the same type of
non-linear behavior as the composite material itself, i.e.,
a sti�ening non-linearity in tension and a softening non-
linearity in compression. A linear variation in strain
through the thickness was determined in both core and
skins. The contribution of the most widely used cores to
the bending sti�ness can be neglected. In the case of
pure bending, failure takes place on the compressive
facing of the beam where the ultimate compressive stress
and strain can reach values higher than any recorded for
the composite material under direct compression. When
shear is present, failure of the sandwich beam was gov-
erned by the low shear strength of the honeycomb core,
2415 kPa (350 psi). Experimental results were in good
agreement with predictions of simple models assuming
the face sheets to behave like membranes and neglecting
the contribution of the core, but accounting for the non-
linear behavior of the face sheets.
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