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Influence of Design Variables on Failure Loads of Sandwich Beam
Jongman Kim™*

ABSTRACT

Sandwich structures have been widely used in the applications of vessel industry, where high structural
stiffness is required with small addition of weight. It is so significant to think of the effect of the variables in
the design process of the sandwich structure for the concentrated loads. This paper describes the influence of
design variables, such as core density, core thickness and face thickness ratio, on the strength of sandwich
beam. The theoretical failure loads based on the 2-D elasticity theory agree well with the experimental yield or
failure loads, which are measured at the three point bending laboratory test using AS4/3501-6 facing and
polyurethane foam core sandwich beam. The comparison of those yield or failure loads was also done with the
ratio of the top to bottom face thickness. The theoretical optimum condition is obtained by finding the
intersection point of failure modes involved, which gives optimum core density of the sandwich beam for
strength and stiffness. In the addition, the effect of unequal face thickness for the optimized and off-optimized
sandwich beams for the strength was compared with the ratio of loading length to beam length, and the
variations of strength and stiffness were discussed with the relative ratio of core to face mass.
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1. Introduction Many sandwich constructions have been widely used in the
naval vessels and vehicles[1], where are needed high stiffness
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and strength to weight ratios. The sandwich effect of
increasing the second moment of area makes stronger and
stiffer materials, such as carbon fiber, Kevlar and aluminum
alloy, used as thin face layers and balsa wood, expanded
polymer foams, synthetic foams, and honeycombs, be
employed as a core layer. The face and core layers are
firmly bonded with many excellent structural adhesives.

The endeavor of improving the stiffness and strength to
weight ratio on the sandwich beam requires more accurate
theoretical analysis to- predict the load-carrying capability of
the structure. However, it is so complicated as not to
describe the high stress and strain concentration in the
sandwich structures due to the localized loads by simpler
theories. An improvement in the analysis of sandwich beam
has been introduced by the higher order theory of Frostig et
al[2-4]. where each face is treated as being independent beam
and core includes shear deformation and finite stiffness in the
through-the thickness

constant shear stress through the thickness of the core in the

direction. The assumption of the

higher order theory does not seem correct in the
neighborhood of the concentrated loading region. An elasticity
solution, originally developed by Pagano[5] showed a good
comparison with higher order theory and finite element
analysis[6]. The 3-D elasticity solution for layered orthotropic
plate was employed to the modeling of 2-D sandwich beam
for concentrated- loads[6]. Though this solution is restricted to
the simply supported boundary condition, it can be applied to
the structures with any numbers of layers and easily adapted
for its

performed for the sandwich beam specimens with the simply

implementation. The beam bending tests were
supported end conditions, which could be used for the results
applicable for the quasi-static impact.

Recent developments on the mechanical properties of foam
to the

theoretical analysis and its optimization for stiffness on the

materials have given the significant information
sandwich structures[7]. An analytical method for finding the
value of core density, core thickness, and face thickness,
which minimize the weight of the sandwich beam of given
stiffness, has been reported[8].

In this paper, the prediction of failure loads is carried out
by 2-D specialized form of the elasticity solution and
compared with the experimental yield loads, which are
determined by reading the loads at the intersection point of
the slope lines between the linear region and nonlinear region
because the sandwich structure generally shows nonlinear
range in the typical

on the good agreements

certain
Based

behavior above a

load-displacement  curve.

between the theoretical prediction and experimental results in
the linear region[9], the optimization of sandwich beam for
the strength is worked[10]. Further research is working on the
nonlinear response of foam core sandwich beam. The effects
of core density and face thickness are investigated with
These kinds of
information will give invaluable information on the design of

optimized and off-optimized beams.
sandwich beam for high ratio of strength to weight under the
concentrated loads.

2. Theoretical Background

As mentioned in the introduction, 2-D elasticity analysis of
the sandwich beam for the concentrated loads was employed
from the 3-D elasticity solution of Pagano[5] and was used
for the failure analysis and its optimization for the strength.
restricted
properties and the number of layers. However, the restriction

This solution is not to the specific material
of simply supported boundary condition is applied to this
elasticity solution. The elasticity analysis had the loading
spread uniformly over the length equal to 0.65 times the top
face thickness, to avoid the singularity associated with a point
load. The detailed equations and solution procedures are
mentioned in the Reference[10].

The significance of this elasticity

concentrated loading was shown in the comparison with first

theory for the

order shear deformation theory[10]. Though this solution is
limited by linear elastic range and failed to predict ultimate
failure loads, it will give important insight in the design of
sandwich beam for high ratio of strength to weight under the
concentrated loads.

3. Experimental

Two kinds of densities in the polyurethane foam (160
kg/m’, 320 kg/m’) with the thickness of 3.18 mm, 6.35 mm
and 12.7 mm from General Plastics Co. were chosen as core
material and [0,/90;]; AS4/3501-6 carbon/epoxy was used for
each face. Each face was bonded with a core layer by using
Hysol EA 9309NA for 24 hrs at room temperature with a
slight pressure of 0.14 MPa. Panels were constructed using
standard processing techniques in a hot press. Before making
the sandwich beam specimen, the characterizations of the
polyurethane foam were performed to measure its compressive
yield properties and its shear properties according to the
ASTM procedures[11].
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Fig. 1 Three-point bend test of sandwich beam specimen.

The sample dimension is 254 mm in width by 203 mm
in length, and the specimens were cut from the panels. The
span length of 3-point bending test is 152.4 mm, and the
support and loading pins had a diameter of 6.35 mm as
shown in Fig. 1. Three-point bend tests of the specimens
were performed, according to the ASTM D 790. Load was
applied by the MTS 880 machine with a constant stroke rate
of 127 mm/min, and was recorded by the data acquisition
function of MTS 880 machine.

4. Effects of Core and Face Properties

The variables considered in the optimized design of

sandwich structures for stiffness are core density,
thickness and face thickness. In this paper, the effect of those

parameters on the failure loads of the sandwich beams under

core

the concentrated loading will be discussed in the following.

4.1 Effect of Core density

In the elasticity solution analysis, three failure modes are
considered, which are compressive face failure, core shear
failure, and core failure in compression from the experimental
observation of the samples used.

First of all, face failure is assumed to occur if the critical
compressive strain reaches a value of 1.4 %, which is equal
to the critical strain in tension, for the AS4 carbon fiber on
the basis that the failure strain in compression is lower than
it is in tension[12]. Two failure modes were taken from the
core layer. One of them is core shear failure. The other one
is core failure in compression, which is also described as
indentation failure. Each core failure is assumed to occur if
the maximum yield stresses in the core reach its own
compressive or shear yield strengths. The failure loads are
taken by the failure mode with the lowest yield load.

Predicted yield loads show good agreements with the
experimental yield loads in Fig. 2. The relative optimum
yield load is obtained at the core density of 568 kg/m’ and
the core thickness of 1.81 mm at the constant beam mass of
0.0166 kg. The failure loads of sandwich beam up to 568
kg/m’ core density are controlled by the core shear failure
mode and the failure loads of the sandwich beam more than
568 kg/m’ core density are dominated by the face failure
mode.

The failed specimen of 160 kg/m® core density sandwich
beam with 6.35 mm core thickness in Fig. 2b shows the
shear failure in core as it is predicted in Fig. 2a. In the
failed specimen of 320 kg/m® core density with the core
thickness of 3.175 mm, both core shear failure and face
strain failure are shown in Fig. 2¢. Face failure seems to be
followed after core shear failure as a secondary failure mode
as based on the Fig. 2a.
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a) Comparison of measured yield or failure loads with predicted
loads and modes.

b) Shear failure mode for 160 kg/m’ core density.

¢) Shear failure and face failure mode for 320 kg/m’® core density

Fig. 2 The variation of yield load of [0,/90:]; equal faces thickness
sandwich beams with core densities. (Exsperimental yield
loads of 160 kg/ms, 6.35 mm and 320 kg/m°, 3.175 mm core
sandwich beams are added).
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Fig. 3 The companson of experimental yield or failure loads of
160 kg/m®, 6.35 mm and 320 kg/m, 3.175 mm core
sandwich beams with different ratio of [0/90:]; faces with
the prediction of elasticity analysis.

4.2 Effect of Face Thickness Ratio

The effect of unequal face thickness ratio on the yield or
failure loads of sandwich beam with the total 16 ply faces is
also investigated with the constant core mass. The failure
loads are controlled by core failure mode in compression and
core shear failure mode, and the experimentally measured
loads are agreed well with the predicted failure loads, as
shown in Fig. 3.

The interesting point of the prediction of failure loads is
that the failure loads are not improved with the thicker top
(loaded) face with in the
dominated region of core shear mode. The failure loads of
320 kg/m’ core density sandwich beam with the core
thickness of 3.175 mm is higher than those of 160 kg/m’,
6.35 mm core sandwich beam, which can be also explained

respect to the bottom face

in Fig. 2a.

The effect of top to bottom face thickness ratio on the
yield loads at 320 kg/m’
investigated with the experimental failure loads in Fig. 4. An

core density sandwich beam is

interesting point is that the same slope, as shown in Fig. 4,
exists for sandwich beams having the same core densities
with different core thickness under the concentrated loads.
More than a certain ratio of top to bottom face thickness,
which depends on the core thickness, the failure mode
dominating the failure loads is changed to the core shear

failure mode.

5. The Optimum Core Density and Face
Thickness Ratio
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Fig. 4 The effect of core thickness on the yield or failure loads

of sandwich beam with the core density of 320 kg/m3 and
[02/90:]; faces.

It is significant to find the core density and face thickness
ratio to the optimum condition for the strength to weight
ratio in the design of the sandwich structure. The
investigation of the influence of those variables on the failure
loads is also important for both optimized and off-optimized

beams.

5.1 Influence of Core Density

An optimization of the beam with the respect to the core
density is pursued with a certain face mass and an assumed
value of the core mass relative to the mass of the two faces
and gives the true optimum core density at the intersection
point of the three failure modes, which are face failure, core
shear failure and core failure in compression.

As an example, the optimization procedure is applied to
the sandwich beam with [0,/90,)s equal faces in Fig. 5. The
true optimum core density is 456 kg/m’ and the core
thickness is 6.91 mm. The optimum ratio of the core mass to
face mass is 96.1 %.

The optimum ratio of the core mass to face mass in the
design for maximum strength to weight ratio is compared
with experimental results in Fig. 6. The used specimens show
clear deviation in the selection of the optimum core mass for
strength at a given face mass, which explains the reason not
reaching the optimum loads for maximum strength. They
were not made with the consideration of the optimum
condition for the optimum strength to weight ratio before
testing.

The true optimum core densities for strength and for
stiffness are compared in Fig. 7, indicating that the optimum
core density for strength is higher than that for stiffness
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Fig. 6 A comparison between the optimum mass ratio and the
mass ratio of the specimens with [02/90;}; equal faces.

under the concentrated loads, which is the ratio of 0.0045 of
the loading length to beam length. To make it clear, a
different ratio of loading length to beam length of 0.045 is
arbitrarily chosen. The optimum condition for the loading
length ratio of 0.0045 is 456 kg/m® core density with the
core thickness of 6.91 mm, and that for loading length ratio
of 0.045 is 603 kg/m’ core density with the core thickness of
8.33 mm.

In the point of the sandwich beam for the maximum
strength to weight ratio, the optimum core density at the
loading length ratio of 0.045 is higher than that at the ratio
of 0.0045. An optimum core density for stiffness also
requires the higher core density when the loading length is
varied from 0.0045 to 0.045. The optimum core density for
the maximum strength to weight ratio is higher than about 35
% with the increase of loading length of 10 times, while the
optimum core density for stiffness is varied to the higher
value of 20 %. It seems that the optimum core density for

normalized to 3915 N and stiffness to 821 N/mm.

Fig. 7 Predicted effect of varying the core density at different

loading lengths. Faces are 8 plies of 3each of AS4/3501-6,
and constant core weight of 160 kg/m’, 6.35 mm.

strength is higher than that for stiffness in the concentrated
loading region.

5.2 Influence of Face Thickness Ratio

The strain concentration in the neighborhood of the
loading region due to the concentrated loads was explained
the elasticity solution[10].

unequal face thickness for the optimized and off-optimized

successfully by Therefore, an
sandwich beams could be an important parameter to affect
the failure loads of the sandwich beam.

At the optimum condition for the strength to weight ratio
on the both ratios of loading length to beam length, the
effect of increasing the thickness of the top (loaded) face is
seen in Fig. 8a. The beam strength is not much improved
with the thicker top (loaded) face thickness with respect to
the bottom (unloaded) face at the optimum condition.
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Fig. 8 An effect of unequal face thickness in the optimized and

off-optimized sandwich beams with the total 16 ply face
thickness at the two different concentrated loading lengths.
Strength is normalized to 2278 N.

In the off-optimized sandwich beam with 260 kg/m® core
density, which is the same core mass as the optimum
condition to each loading length ratio, the variation of failure
loads is investigated with the ratio of top to bottom face
thickness in Fig. 7b. The thicker loaded face is so effective
in the improvement of the strength of the off-optimized
sandwich beam.

6. Influence of the Ratio of Core Mass to
Face Mass

The strength and stiffness of sandwich beam with 260
kg/m® core density are investigated with the ratio of core
mass to face mass at the both loading length ratio of 0.0045
and 0.045 in Fig. 9. As the loading length ratio is increased

[==)

05 1 15 2
Ratio of core to face mass

n
3]

Fig. 9 Variations of the strength and stiffness of the optimized
sandwich beams with the different loading length ratios of
0.0045 and 0.045.

from 0.0045 to 0.045, the strength of the beam against the
concentrated loads is increased, which indicates less strain
concentration in the neighborhood of the concentrated loads.
Although the stiffness is increased with the ratio of the core
mass to face mass, the stiffness is insensitive to the variation
of loading length.

7. Summary and Conclusion

The influences of the core density and face thickness ratio
on the failure load of sandwich beam with the 2-D elasticity
solution are discussed. Experimentally measured yield or
failure loads show good agreements with the predicted failure
loads. The reasonable selection of both core density and face
thickness ratio based on the optimization procedure could
result in the optimum strength to weight ratio of sandwich
beam. This paper specially contributes to show the effects of
design variables on the sandwich beam for the maximum
strength to weight ratio on different concentrated loading zone
lengths. The thicker loaded face with respect to the unloaded
face could be more effective to resist the localized loads in
the off-optimized sandwich beam for the strength. When the
sandwich beam is designed for the strength to weight ratio
under the concentrated loads, the effects of both core density
and face thickness ratio on the failure load should be
considered to satisfy the structural requirements.
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