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Behaviour of fibre composite sandwich structures under short and
asymmetrical beam shear tests

AC Manalo
Centre of Excellence in Engineered Fibre Composites, Faculty of Engineering and Surveying,
University of Southern Queensland, Toowoomba 4350, Australia

Abstract

The behaviour of structural fibre composite sandwich beams made up of glass fibre composite
skins and phenolic core material was investigated under three-point short beam and
asymmetrical beam shear tests. The effect of the shear span-to-depth ratio (a/D) on the
strength and failure behaviour of the composite sandwich beams was examined. The results
showed that with increasing a/D ratio, the failure load of the sandwich beam is decreasing. On
the contrary, the coupling effect of flexural stresses increases with increasing a/D ratio.
Noticeably, the fibre composite sandwich beams tested under asymmetrical beam shear
exhibited higher failure load compared to beams tested under short beam shear. Analysis
showed that the shear stress in the core is more dominant than flexural stress when the a/D
ratio is 1 for the sandwich beams under short beam test and 1 to 3 for the sandwich beams
tested under asymmetrical beams shear test. The proposed prediction equation which accounts
for the combined effect of shear and flexural stresses due to the changing a/D ratio, presented
a good agreement with the experimental results, showing that it can reasonably estimate the

failure load of structural fibre composite sandwich beams.

Keywords: Fibre composites; sandwich beams; phenolic core; shear; short beam;

asymmetrical beam.
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1. Introduction

Fibre composite sandwich structures are being increasingly used in applications requiring
high bending stiffness and strength, combined with low weight. Sandwich structures generally
consist of face sheets (skins) made of fibres which sandwiches the lightweight core material
in the middle. In a sandwich structures, the strong and stiff skins carry most of the in-plane
and bending loads while the core mainly bears the transverse shear and normal loads [1].
Fibre composite materials are now commonly used for the top and bottom skins due to their
high mechanical performance and low density. On the other hand, the core keeps the skins
apart from each other to provide a sandwich construction with high flexural stiffness and
strength with a relatively lightweight structure. The material combination and geometry of
composite sandwich structures vary depending on their intended applications, which results in
different governing failure mechanisms [2]. Their usage is mainly in the aerospace, aircraft
and marine industries because of their fuel efficiency in transportation vehicles, but at present,
there is a strong interest in the development and applications of sandwich structures for civil
and building material systems [3]. The light weight of this type of structure facilitates
handling during assembly and reduces installation costs as well as transportation costs.

The large number of timber structures that need replacement in rural and regional
Australia [4] has resulted in much research aimed towards the development of new and
innovative fibre composites structures to address the need of the construction industry for a
more durable and cost-effective infrastructure. Recently, a new generation composite
sandwich panel made up of glass fibre composite skins and modified phenolic core has been
developed in Australia [5]. Manalo et al. [6] have evaluated the flexural behaviour of these
sandwich structures which indicates its strength has high potential for structural applications.
Similarly, the higher in-plane shear strength of the sandwich structures due to the presence of

vertical fibre composite skins showed that this composite material can be used for shear webs
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of a structural beam [7]. Furthermore, gluing these composite sandwich panels together
resulted in a more stable and stronger section for structural glue-laminated fibre composite
sandwich beam [8]. In another study, Fam and Sharaf [9] explored the feasibility of producing
and evaluated the performance of sandwich panels made from polyurethane core and glass
fibre reinforced polymer (GFRP) skins with ribs of various configurations. Results of their
study showed that by integrating the GFRP ribs, the strength and stiffness of the sandwich
panels increased by 44-140% depending on the configuration of the ribs compared to a panel
without ribs. Moreover, the shear failure of the polyurethane foam core is minimised
indicating that the potential use of the developed sandwich panel in structural engineering and
construction applications. However, an accurate knowledge of the behaviour of fibre
composite sandwich structures under different ‘loading conditions is a fundamental
requirement before they can be used effectively for construction and building applications.

In construction application, a thicker and stronger core is needed to efficiently transfer
the bending stress between the top and the bottom skins than in automobile and marine
applications [10]. It has been demonstrated that most sandwich construction fails due to shear
failure of the core material [11]. In particular, the shear strength of the core is a critical
parameter and is an important consideration when designing composite sandwich structures.
The brittle nature of the core causes a sudden collapse and could become the limiting factor in
designing such structures. These important aspects have to be addressed in order to advance
the use of sandwich structures in civil engineering applications. Until recently, the failure
mechanisms in thick composite sandwich structures were not well understood and very
limited work has been reported on the shear behaviour of sandwich structures [12]. Similarly,
there still exists a problem to describe accurately the true shear behaviour of composite

sandwich structures due to lack of an accurate test method. Thus, a more in-depth
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understanding on the shear behaviour of fibre composite sandwich structures will help fill the
knowledge gap that currently exists in civil infrastructure.

Several test methods were developed to determine the shear properties of fibre
composite sandwich structures. The losipescu shear test was first developed for measuring the
shear strength of metal rods [13]. In the carly 80’s, Walrath and Adams [14] developed a test
fixture known as the ‘modified Wyoming fixture’, which was included in the ASTM standard
D5379-93 [15] and is widely used in determining the shear properties of fibre composite
materials. Although the lospescu shear test is appropriate in determining the shear strength
and modulus of fibre composite materials, the relatively small size of the fixture used in this
test limits its application for a composite sandwich structures. Another is the V-notched rail
shear test [16] which incorporates the attractive features of the existing losipescu and two-rail
shear tests. This test method depends on-the excellent gripping of the specimen on the test
fixture however; it is very difficult to attain adequate gripping with standard fixture especially
for high shear strength composite materials. Picture frame test on the other hand is regarded
as the most accurate test giving the modulus of rigidity for a fibre composite sandwich panel
[17] but this test method requires complex specimen preparations and special test fixtures.
The ASTM C273-11 [18] suggested a standard test procedure for obtaining the shear
properties of the sandwich core materials. In this test method, the core materials or the
composite sandwich panel is adhesively bonded to two steel adherents loaded in tension.
Generally, it was found that the usage of this test method was suitable for low shear modulus
core but was not applicable for composite sandwich with high density core material.
Delamination between the plies of fibres occurred during the test for composite sandwiches
with modified phenolic core material while delamination between the glue line and the core
material occurred using only the core material. Most of these test methods entails complex

specimen preparation and have several difficulties in conducting the actual test which
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indicated the need for performing simple tests but can provide a reliable and accurate
measurement for the shear behaviour of fibre composite sandwich structures.

In this paper, the shear behaviour of structural fibre composite sandwich beams was
evaluated under two simple shear test methods, namely short beam and asymmetrical beam
shear tests. The effects of the shear span-to-depth (a/D) ratio on the strength-and failure
behaviour of the sandwich beams were analysed. Simplified prediction method to calculate
the failure load of the fibre composite sandwich beams accounting for the effect of a/D ratio
was presented. The predicted failure load was then compared with the experimental results.

2. Experimental program

This section presents the materials and test methods to evaluate the shear behaviour of
structural fibre composite sandwich beams.

2.1 Material properties

The structural composite sandwich panel used in this study is made up of glass fibre
composite skins co-cured onto the modified phenolic core material using a toughened phenol
formaldehyde resin [5]. The novel fibre composite sandwich panel has a nominal thickness of
20 mm. The sandwich panels are produced in limited thicknesses for reasons of cost
effectiveness and efficiency as a sandwich structures with a thick phenolic core will result in a
significantly long curing time. The fibre composite skin is made up of 2 plies of bi-axial (0/90)
E-CR glass fibre fabrics with a chopped strand mat and has a total thickness of 3.0 mm. The
modified phenolic foam core material is made primarily from natural plant products with a
proprietary formulation of CarbonLOC Pty. Ltd., Australia. The effective mechanical
properties of the skin and the core material of the fibre composite sandwich panel were
determined from testing of coupon specimens following the ISO and ASTM test standards [15,

19-23] in earlier studies by Manalo et al. [6-8] and are listed in Table 1.
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2.2 Test specimen

The sandwich beam specimens were cut directly from the composite sandwich panels
provided by the manufacturer. All specimens have a nominal thickness or depth, D and width,
b of 20 and 50 mm, respectively. As the main objective of the study is to investigate the shear
behaviour of fibre composite sandwich structures, beams with a/D ratios of only1 to 6 were
examined. Six replicates for each specimen type and span were prepared and tested. The
descriptions of the test specimens are listed in Table 2. In this table, a and L represent shear
span and total length of the sandwich beam, respectively while SB and ABS corresponds to
the specimens tested under short beam and asymmetrical beam shear, respectively. These
shear test methods are described more in details in the following section. Due to the limitation
of the test fixture, an a/D of 4 is not possible for ABS test hence 3.5 was instead performed.
2.3 Test set-up and procedure

There are a number of test methods developed to measure shear properties of fibre composite
materials [24], however, until-now very limited test methods can reliably evaluate the shear
behaviour of structural fibre composite sandwich beams. In this study, two simple types of
shear tests were performed to evaluate the shear behaviour of fibre composite sandwich
structures, namely short beam shear and asymmetrical beam shear tests. In both test methods,
the load was applied through a 100 kN electromechanical universal testing machine with a
loading rate of 1.3 mm/min. An overhang length of 20 mm on both ends of the test specimens
was provided to avoid slipping of the beam during testing. The loading pins and the supports
had a diameter of 10 mm to prevent any indentation and crushing failure on the core of the
fibre composite sandwich beams. All specimens were tested up to failure to determine the
strength and failure mechanisms. The applied load and the crosshead displacement were

measured and recorded using a material testing software TestWorks 4.
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2.3.1 Short beam test

Three-point bending test using short beam specimen is suitable as a general method of
evaluation for the shear properties in fibre-reinforced composites because of its simplicity
[25]. This test method was performed in accordance with ASTM C393 standard [26] and
involves loading a short sandwich beam under three-point bending (see Fig. 1a) to ensure
shear failure of the core. The short beam (SB) test is considered as the simplest test method to
evaluate the shear strength of materials. However, it provides a conservative estimate of the
shear strength of composite sandwich materials as the beam is also subjected to a maximum
bending stress in the location of maximum shear.

2.3.2 Asymmetrical beam shear test

The asymmetrical beam shear (ABS) test is proven effective in inducing shear failure and has
provided a good estimation of the in-plane shear strength of fibre composite sandwich
structures with high strength core material [7]. In this test method, the specimens were
eccentrically loaded at two trisected points and the supports were applied at the remaining two
points. This loading configuration generates a high shear stress and a nearly zero moment at
the centre of the specimen. The test set-up for the asymmetrical beam shear test is illustrated
in Fig. 1b. A steel spreader beam was used to transfer the single load applied by the loading
machine to the specimen asymmetrically.

3. Evaluation of fibre composite sandwich beam behaviour

Approaches to estimate the stress in the core and skin of the composite sandwich beams under
either shear or flexural load are presented in this section. These equations are used to evaluate
the effect of a/D ratio on the behaviour of the sandwich beams tested under SB and ABS.

3.1 Approach to estimate shear strength

The average shear stress, zof the composite sandwich beams can be estimated by dividing the

shear force acting on the maximum shear region with the transformed area of the sandwich
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beam section and accounting for the different material properties of the skin and the core as
given in Eqg. (1). However, instead of transforming the composite sandwich section using the
ratio of the modulus of elasticity of the materials as suggested by Triantafillou [27], all the
materials were transformed into equivalent core using the ratio of the shear modulus of the
skin and the core in the proposed prediction equation. This relationship is considered as the
modulus of elasticity of the phenolic core is only 1/10 of that of the modulus of elasticity of
the skin; however, its shear modulus is almost 2/10 of that of the skin. For the beams tested
under SB and ABS methods, the maximum shear force acting on the sandwich beam section

is equal to half that of the applied load P as indicated in Fig. 1.

{orgp

where tand c are the thicknesses of the skin and core and the skin, respectively and G5 and G

1)

T =

are the shear moduli of the skin and core, respectively. In this prediction equation, the failure
of the sandwich beam will occur when the shear strength of the phenolic core, z is reached.
3.2 Approach to estimate bending strength

Simple beamtheory can be used to calculate the flexural stress in any layer of a fibre
composite sandwich beam section. The maximum flexural stress, oy carried by the outermost
fibres of the skin for a composite sandwich beam is calculated as Eq. (2) while the maximum
flexural stress, o carried by the core is given in Eq. (3). In these equations, the bending

moment M is determined based on the loads applied to the sandwich beam.

o, =2, @
o. =%EC (3)
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where Es and E. are the moduli of elasticity of the skin and core, respectively while EI is the
flexural stiffness. In the composite sandwich structures tested in this study, the contribution of

the core and the skin were considered in the calculation of El and is given as Eq. (4).

3 Y 3
gl =g PO g be g
6 2 12

(4)

4. Experimental results and observations

The results of the experimental evaluation of the behaviour of the fibre composite sandwich
beams under SB and ABS test methods are discussed in this section.

4.1 Failure load

Table 3 summarises the mean maximum load carried by the sandwich beams tested under
short beam and asymmetrical beam shear tests. For all the tested specimens, the maximum
load corresponds to the failure load as the specimen failed immediately after the formation of
the first shear crack in the core material. As expected, the failure load of the fibre composite
sandwich beams with lower a/D ratio is higher than that of beams with larger a/D ratio. The
results also show that the beams with the same a/D tested under ABS failed at a higher load
than the specimens tested under SB. More importantly, the variability of the failure load for
the tested specimen is less than 10% showing the consistency of the tested specimens and that
the experimental procedures were conducted within acceptable error of margin.

4.2 Load and crosshead displacement behaviour

Fig. 2 shows the load and the displacement of the machine crosshead during the entire test
regime for fibre composite sandwich beams with different a/D ratios tested under SB and
ABS. As indicated in the figure, the failure in the sandwich beam specimens is represented
with a load drop in the load-crosshead displacement relation curve. Generally, the load
increased linearly with the displacement of the crosshead until final failure for most

specimens except for some specimens where a slight decrease in stiffness was observed. This



©CO~NOOOTAWNPE

decrease in stiffness can be due to the initiation of flexural cracking in the core material. As
expected, the longer beams deflected more than shorter beam specimens. A sudden load drop
was observed which indicated the final failure of the beam. For composite sandwich beams
tested under SB test and with a/D ratio higher than 4, there was a slight nonlinearity observed
in the load-deflection curve before the final failure as shown in Fig. 2a. This is due to the
initiation of the compression failure of the top composite skin. It can be clearly noticed from
the figure that the specimens tested under ABS failed at a higher load compared to SB. For
beams with an a/D ratio of 1, there was no significant different in the slope of the load-
deflection curve between SB and ABS. This is due to the dominant contribution of shear
deformation in the behaviour of the beams. However, for an a/D ratio of 2 to 6, the beams
tested under SB deflected more than that of beams tested under ABS under the same level of
applied load. This indicates the higher flexural stress experienced by the SB beams which
resulted in a higher transverse displacement.
4.3 Failure behaviour
Figs. 3 and 4 show the typical failure behaviour of the fibre composite sandwich beams tested
under SB and ABS methods, respectively. The experimental results show that the sandwich
beam specimens failed after the formation of the first shear crack in the core. In this position,
a diagonal shear crack propagates through the core material at the location of the maximum
shear. In all the tests, shear cracks originates under the loading point and propagates towards
the bottom of the sandwich beam. As indicated in the figures, the inclination of shear cracks is
approximately 45 degrees. This failure is brittle and sudden which is accompanied by a loud
noise after the appearance of the first shear crack.

In both test methods, the specimens with a/D ratio of 1 and 2 failed due to shear
failure of the core with minor debonding failure between the skin and the core at the bottom

part of the beam (Figs. 3a, 3b, 4a and 4b). For all the tested specimens, there was no observed

10
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indentation failure suggesting the suitability of 10 mm diameter roller for the loading points
and supports. This can also be possible due to the presence of the stiff glass fibre composite
skins which spreads out the compressive stresses under the loading area preventing any
localised failure in the core. For beam specimens with a/D ratio of 3 to 6 and tested under SB
(Figs. 3c to 3f), the debonding failure between the fibre composite skin and the core at the
bottom of the sandwich beam extended up to the edge of the beam which preceded after the
shear cracking of the core. On the other hand, the debonding failure of the sandwich beam
tested under ABS is confined in the region of maximum shear as shown in Figs. 4c to 4f. For
specimens tested under SB and with a/D ratios of 5 to 6, initiation of compressive failure of
the top skin was observed (Figs. 3e to 3f). This beams exhibited a slight nonlinearity in the
load and deflection curve before final failure as shown in Fig. 2a.
5. Discussions
The behaviour under SB and ABS tests and the effects of the a/D ratio on the shear strength
and failure mechanisms of the fibre composite sandwich beams are discussed in this section.
5.1 Comparison of shear strength between short beam and asymmetrical beam specimens
Many researchers agreed that an appropriate test method should be adopted to evaluate the
shear behaviour of sandwich structures. Sideridis and Papadopoulus [25] indicated that a good
test method should require no special equipment for specimen preparation and be capable of
being performed on readily available testing machines. These requirements were achieved
using the two shear test methods as the specimen preparation for both tests involve only
cutting the sandwich beam into required specimen dimension from a panel. Similarly, both
these test methods use the same test equipment and fixtures. The only difference is that the
specimen needed for ABS is longer than SB for the same a/D ratio as indicated in Table 1.
Another important consideration for a reliable shear test method is that a ‘nearly’ pure

shear should be induced on the specimen and the test method should give reproducible results.
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As shown in Fig. 1, the shear force existing on the sandwich beam are the same for both test
methods at the same level of applied load. The results indicated a higher shear strength for
fibre composite sandwich beam specimens tested under ABS than that of specimens tested
under SB eventhough both test methods showed an almost failure behaviour for the same a/D
ratio. The lower failure load for the specimens tested under SB can be explained by the
coupling effects of flexural stresses experienced by the sandwich beams. As indicated in
section 2.3.1, in addition to the maximum shear at the middle of the beam carried by the
sandwich beam under SB, the specimen is also subjected to a maximum bending moment in
this location. According to Chaterjee et al. [24], the failure of beams under SB often occurs
due to a combination of flexural and shear stresses and most of the time is originated under
the loading point. In fact, the maximum bending stress on the sandwich beam under SB is
twice that of beam under ABS at the same level of applied load and with the same a/D ratio.
This follows that the contribution of flexural stresses in the SB beams is higher than ABS
beams.

5.2 Effect of a/D ratio on effective shear stress

Fig. 5 shows the average shear stress of the fibre composite sandwich beams calculated using
Eq. (1). The results indicate that the a/D ratio has a significant effect on the shear stress of the
composite sandwich beams. In all the a/D ratios, shear cracking of the core was observed on
the fibre composite sandwich beams at the region of maximum shear. In both test methods,
the average shear stress in the sandwich beam decreases as the a/D ratio increases. Similarly,
Yoshihara and Furushima [28] pointed out that the shear stress of timber beams tends to
increase with decreasing a/D ratio. In a composite sandwich structures, Dai and Thomas Hahn
[29] and Awad et al. [30] indicated that shorter sandwich beams exhibited higher shear stress
than beams with longer span. This is expected as the coupling effect of the flexural stress

increases with increasing a/D ratio which contributes to the initiation of failure in the core.

12
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Noticeably, the shear stress of the fibre composite sandwich beams tested under ABS is
significantly higher than that of SB for the same a/D ratio. This is due to a higher bending
moment existing on the specimens subjected to SB test than that of ABS specimens. As
shown in Fig. 3, the maximum bending moment experienced by specimens with the same a/D
ratio and tested under ABS is only half that of the SB specimens.

The maximum calculated average shear stress of the composite sandwich beams with
a/D ratio of 1 tested under SB and ABS method is 5.3 and 7.2 MPa, respectively. This shear
stress is 60% and 82% of the shear strength of the modified phenolic core material listed in
Table 1. This decreases to 2.1 and 3.3 MPa for sandwich beams with a/D ratio of 6 tested
under SB and ABS, respectively which are only 24% and 37% of the shear strength of the
phenolic core material. While the two test methods are conducted to evaluate the shear
strength of the sandwich beams, this result suggests that the flexural stress has played a major
part in the overall behaviour of the fibre composite sandwich beams especially for beams with
large a/D ratios. Thus, it is important that the contribution of bending stress in the sandwich
beams should be considered. in the analysis and prediction of the sandwich beam behaviour.
5.3 Effect of a/D ratio on bending stress
The bending stress in the skin and core of the fibre composite sandwich beams with different
a/D ratios is shown in Fig. 6. These stresses are calculated using equations (2) and (3),
respectively. As shown in the figure, the bending stresses in both the skin and the core
increases with increasing a/D ratio. For sandwich beams tested under SB and with a/D ratio of
greater than 5, it can be noted that the maximum bending stress in the skin and the core is
around 188.8 MPa and 13.9 MPa, respectively. These stress values are almost comparable to
the compressive strength of the skin and the flexural strength of the core determined from
coupon test (listed in Table 1). This explains the reason why the initiation of compressive

failure of the skin was observed for specimen with large a/D ratio. The results also indicated
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that even at an a/D ratio of 1, the specimen experiences bending moment which influences the
failure mechanisms of the fibre composite sandwich beams. Because of the combined stress
condition, it is more likely that the failure caused by the bending moment for SB specimens
with larger a/D ratio precedes the shearing failure of the phenolic core which leads to the final
failure of the sandwich beam. On the other hand, the maximum bending stress experienced by
the skin and core of the specimens tested under ABS can be as low as 53.1 MPa and 3.9 MPa,
respectively for an a/D ratio of 1 and are only 145 MPa and 10 MPa, respectively for an a/D
ratio of 6. This result suggests that the sandwich beams tested under ABS are experiencing
lower flexural stress that that of beams tested under SB. Consequently, this indicates that a
more representative shear strength of a fibre composite sandwich structures can be determined
using the ABS test method.

5.4 Effect of a/D ratio on failure mechanisms

It is important to examine the effect of a/D ratio on the failure mechanisms of fibre composite
sandwich structures. The results of this study showed that the failure of the fibre composite
sandwich beams tested either in SB or ABS occurred along the intended shear plane. As
expected, the shear failure of the core for all the tested specimens was sudden and
catastrophic. This can be explained by the brittle behaviour of the core wherein the shear
failure occurred after the formation of the first shear crack. When shear failure of the core
occurred, the sandwich beam lost its capacity to carry load instantly without any residual
load-carrying capacity beyond the peak load. There was no observed indentation failure on all
the tested specimens suggesting the high compressive strength of the core material and its
suitability for civil engineering applications. This supports the observations by Sideridis and
Papadopoulus [25] and Awad et al. [30] wherein they have indicated that composite beams
are expected to fail in shear at small a/D ratios while the mode of failure becomes flexural at

large a/D ratio. However, they also indicated that there is an intermediate a/D ratio for which

14
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the behaviour is transitional, and the mode of failure can either be shear or flexure or a
combination of both. For the structural composite sandwich beams investigated, this
intermediate a/D ratio was found to be around 5. For specimens with a/D ratio of 5 or greater,
the initiation of the compressive failure of the top skin was observed. This preceded. shear
failure, and in some cases, initiated shear failure of the core. The initiation of the compressive
failure of the top fibre composite skin also explains the slight non-linearity observed in the
load-deflection relationship curve shown in Figure 2. Moreover, the shear stress in the core
and the bending stress in the skin and the core for SB beams with a/D ratios of 5 and 6 are
almost similar.

5.5 Effect of a/D ratio on shear crack angle

The angle of inclination of the shear crack developed in the sandwich beam was recorded and
analysed. Figure 7 shows the inclination of shear crack developed on the tested fibre
composite sandwich beams for different a/D ratios. The results showed that the a/D ratio has
some effect on the shear crack angle on the core material. For short beams, the shear crack
angle is between 40 and 50 degrees. However, the inclination of shear crack ranges from 40 to
60 degrees for larger-a/D ratios. This is explained by the higher contribution of flexural
stresses for longer beams which is characterised by a vertical crack in the core. The average
value of all the measured inclination shear crack angles is around 46 degrees. This is very
close to the expected inclination angle of crack due to shear which is approximately 45
degrees.

5.6 Effect of a/D ratio on combined shear and bending stresses

Fig. 8 shows the ratio shear stress to bending stress in the core, t/c. for sandwich beams with
different a/D ratios and tested under SB and ABS methods. The results shows that the t/c;

decreases as the a/D ratio increases. For specimens with a/D equal to 1, the t/o. ratio is almost

1.8 for ABS but only 0.9 for SB while the t/c, ratio for specimens with an a/D ratio of 6 is
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only 0.30 and 0.15 for ABS and SB, respectively. Yoshihara and Furushima [28] indicated
that when the ratio of actual shear stress to bending stress is larger than the ratio of the
allowable shear stress to the allowable bending stress, a timber specimen would easily fail by
shearing. As the experimental results show that the specimens tested under ABS has almost
double t/o ratio than that of specimens tested under SB, this suggests that the ABS test
method is more effective in inducing shear failure on fibre composite sandwich structures
than SB and can be used more reliably to evaluate the shear strength of sandwich beams. This
is due to the lower bending moment experienced by the ABS than SB beams. As indicated in
Figure 1, the bending moment for ABS specimens is only half that of SB.

Another important information that can be obtained from the /o, ratio is the possible
type of failure that may occur on the sandwich structures. According to Sideridis and
Papadopoulus [25], when the ratio of the allowable shear stress to that of allowable bending
stress of the core is greater than t/a, shear failure is more likely to occur. On the other hand,
the failure mechanism will more likely be dominated by flexural stress if this ratio is less than
t/oc. Using the material properties listed in Table 1, the ratio of the allowable shear stress to
that of allowable flexural stress of the phenolic core is approximately 0.61. Referring to Fig. 8,
this suggests that the failure of the fibre composite sandwich beams with a/D ratio of 1 tested
under SB method and the sandwich beams with a/D ratio of 1 to 3 tested under ABS method
is governed by shear failure of the core. This also follows that the flexural stress has a
significant contribution on the failure behaviour of the fibre composite sandwich beams if the
a/D ratio is greater than 1 for SB specimens and greater than 3 for ABS specimens.

6. Prediction of failure load for sandwich beams with different a/D ratios
The observed failure mode for fibre composite sandwich beams with short a/D ratio was a
shear failure in the phenolic core material while for beams with higher a/D ratio was a

combination of flexure and shear. Thus, the approach to estimate the failure load due to either
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shear or flexural failure only will not give reliable results. Awad et al. [30] highlighted that
the available shear equations can be used only for sandwich beams with a/D less than 2 and
the bending equation for beams with a/D greater than 4.5. However, there is still no reliable
estimation method to predict the capacity of sandwich beams subjected to combined shear and
bending or with a/D ratios between 2 and 4.5. In this section, simplified prediction equation to
calculate the shear strength of the structural composite sandwich beams which accounts for
the effect of a/D is proposed and comparison with the results of the experiments is conducted.

6.1 Proposed prediction equation

It is noted from experimental investigations that the failure of fibre composite sandwich beam
tested under SB and ABS methods occurred under the loading point. In this location, the shear
force and bending moment induced in the fibre composite sandwich beams are at their
maximum values. Thus, although the shear stress is more dominant to cause failure, the
flexural stress in the core is of considerable magnitude and should be accounted in the
prediction of failure load. Under such condition, the phenolic core is subjected to a combined
effect of the shear and flexural stresses. In this case, it may appear that a maximum stress
criterion can be used in predicting failure of the fibre composite sandwich beam. In the
proposed prediction equation, the failure of the composite sandwich beam is expected when
the sum of the ratios of the actual shear and flexural stresses in the phenolic core material to
that of the allowable stresses approaches unity and is given as Eq. (5). Similarly, a basic
quadratic criterion approach of the interaction of the ratios of the actual to that of the
allowable shear and bending stresses was considered as expressed in Eq. (6).

Zaa , Tact _q1 (5)

T oy

all all

2 2
(T_J +(°“_j _10 )
Tail Ol
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In these relations, T, and tay are the actual and allowable shear stresses of the phenolic core,
respectively while the o4 and oy are the actual and allowable bending stresses in the core,
respectively. The allowable stresses of the phenolic core material are listed in Table 1 and the
actual stresses ta and o, are calculated based on Egs. (1) and (3), respectively. The
predicted failure load of sandwich beams tested under SB and ABS methods which accounts
for the combined effect of shear and flexural stresses are given in Egs. (7) and (8),
respectively for a linear prediction in Eq. (5) while the predicted failure load of the sandwich
beams under SB and ABS methods for a quadratic criterion in Eq. (6) are given in Egs. (9)

and (10), respectively.

SB _linear = (7)
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6.2 Predicted failure load and comparison with experiments

Table 4 summarises the predicted failure load of the fibre composite sandwich beams under
SB and ABS methods and the percentage difference between the actual failure load is given in
Table 3. Similarly, a comparison between the results of the theoretical prediction of the failure
load of the structural fibre composite sandwich beams and the results of the experimental
investigation are shown in Fig. 9. In the figure, SB_exp and ABS_exp correspond to the
experimental failure load while SB_linear, ABS_linear, SB_quadratic, and ABS_quadratic
correspond to the calculated failure load using Egs. (7) to (10), respectively.

As can be seen from Table 4 and in Fig. 9a, a good agreement between the predicted
failure load using the quadratic prediction given in Eqg. (9) and that measured from the
experiment was observed for sandwich beams. tested under SB with a/D ratios of 2 to 6 but
over predicts the failure load for sandwich beams with an a/D ratio of 1 by 28%. However, a
good agreement between the predicted and the actual failure load for sandwich beams with an
a/D ratio of 1 is attained using the linear relation in Eq. (7). For beams with a/D ratio of 2 to 6,
using Eq. (7) conservatively predicts the failure load by 20 to 35%. This can be explained by
the dominant stress existing in the sandwich beams which affects its failure mechanisms. As
indicated in Section 5.6, the sandwich beam tested under SB and with an a/D ratio of 1 is
more likely to fail by shear failure of the core as the ratio of the actual shear stress and
bending stress is greater than the ratio of the allowable shear stress to that of allowable
bending stress. On the other hand, the flexural stress is the more dominant stress to cause
failure for sandwich beams with a/D ratios of 2 to 6. Thus, it can be concluded that a fibre
composite sandwich beam tested under SB and fails in core shear can be accurately predicted
using a linear interaction between the shear and bending stresses while the sandwich beam
which is subjected to a higher bending stress than shear stress can be predicted reliably using

a quadratic relation.

19



©CO~NOOOTAWNPE

The predicted failure load based on the linear interaction of shear and bending stresses
in Eq. (8) gives an only 5-11% lower than the actual failure load for sandwich beams tested
under ABS method for all the investigated a/D ratios. On the other hand, the quadratic
approach provides a far too high predicted load compared to the experimental values.
Comparison showed that the difference between the predicted and actual failure load using Eq.
(10) ranges from 13 to 26%. Fig. 9b further shows that the linear approach delivers a better fit
of the experimental data than that of the quadratic relation of shear and bending stresses to
specimens tested under ABS method.

The discrepancy between the predicted and actual failure load could be due to the actual
dimensions of the sandwich beams and the material properties used in the prediction equation.
In addition, the complex state of stress under the loading point where the failure initiated
could not be accounted for in the proposed prediction equations. Moreover, the a/D ratios
investigated in this study are considered by most researchers as the intermediate a/D ratios in
which the behaviour is transitional, and the mode of failure can either be shear or flexure or a
combination of both. Still the proposed prediction equations provided a conservative but
reasonable estimation of the failure load of the fibre composite sandwich beams with different
a/D ratios. The results further suggests that the shear strength of the fibre composite sandwich
beam can be predicted accurately when all the materials in the beam section is converted into
an equivalent core material using the shear moduli of the constituent materials. Similarly, the
contribution of the shear and flexural stresses should be accounted for in the prediction of the

failure load of the structural fibre composite sandwich beams.
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7. Conclusions

The behaviour of structural fibre composite sandwich beams with different shear span-to-
depth (a/D) ratios was evaluated using short beam (SB) and asymmetrical beams shear (ABS)
test methods. The results showed that the shear strength of the fibre composite sandwich
beams is affected strongly by the a/D ratios. The beams with lower a/D ratio failed at a higher
load compare to the beams with larger a/D ratio. The shear strength of the sandwich beams
decreases with increasing a/D ratios. On the contrary, the flexural stress increases with
increasing a/D ratio. In general, the shear strength of the sandwich beams tested under ABS is
significantly higher than that of the sandwich beams tested under SB for the same a/D ratio.
The results also showed that the behaviour of the fibre composite sandwich beam is governed
by the strength of the phenolic core material. In all the tested sandwich beams, the failure of
the core occurred under the loading point where the shear force and bending moment are
maximum. The fibre composite sandwich beams with lower a/D ratio failed due to shear
failure of the core while the beams with a larger a/D ratio failed due to core shear with some
initiation of compressive failure of the skin. Analysis showed that the shear stress in the core
is more dominant than flexural stress when the a/D ratio is 1 for beams tested under SB and 1
to 3 for beams tested under ABS.

The proposed equation accounting for the combined effect of shear and flexural
stresses -in a sandwich beam section reasonably predicted the failure load of the fibre
composite sandwich beams. Comparison showed that the predicted failure load agreed well
with the experimental results. The predicted failure load is only 5-11% lower than the actual
failure load for specimens tested under ABS method using the linear relationship between the
shear and bending stresses. The proposed linear approach can also predict accurately the
failure load of the sandwich beams tested under SB with a/D ratios of 1 and 2 but the

quadratic interaction between the shear and bending stresses gives a better prediction of the
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failure load for beams with a/D ratio of 3 to 6. Further, the analysis showed that the shear
strength of a structural composite sandwich beam can be reliably estimated when all the
materials are transformed into an equivalent area based on the shear properties of the
constituent materials. However, the results of this study can be limited only to fibre composite
sandwich structures with a high strength core material. Further investigation is warranted for
its practical applications in sandwich structures with other core material systems.
Acknowledgements

The author gratefully acknowledges the CarbonLOC Pty. Ltd., ‘Australia for providing the
fibre composite sandwich panels used in this study. The support of Andrew Lillis in the

preparation and testing of the test specimens is greatly acknowledged.

References

[1] He, M, Hu, W. A study on composite honeycomb sandwich panel structure. Materials and Design
2008; 29: 709-713.

[2] Karlsson, KF, Astrom, BT. Manufacturing and applications of structural sandwich components,
Composites Part A 1997; 28: 97-111.

[3] Bakis, CE, Bank, LC, Brown, VL, Cosenza, E, Davalos, JF, Lesko, JJ, Machida, A, Rizkalla, SH,
Triantafillou, TC. FRP composites in construction — state of the art review. ASCE Composite for
Construction Journal 2002; 6(2): 78-87.

[4] Dutton, S, Cartwright, B. 2001. Findings of a study into the feasibility of building a polymer
composite bridge-as a technology demonstrator project, Technology Diffusion Program, Final
Report, CRC-ACS.

[5] Van Erp, G, Rogers, D. A highly sustainable fibre composite building panel. Proc. International
Woaorkshop on Fibre Composites in Civil Infrastructure — Past, Present and Future. 1-2 December
2008, University of Southern Queensland, Toowoomba, Queensland, Australia.

[6] Manalo, AC, Aravinthan, T, Karunasena, W, Islam, MM. Flexural behaviour of structural fibre
composite sandwich beams in flatwise and edgewise positions. Composite Structures 2010; 92(4):
984-995.

[7] Manalo, AC, Aravinthan, T, Karunasena, W. In-plane shear behaviour of fibre composite
sandwich beams using asymmetrical beam shear test. Construction and Building Materials 2010;
24(10): 1952-1960.

[8] Manalo, AC, Aravinthan, T, Karunasena, W. Flexural behaviour of glue-laminated fibre composite
sandwich beams. Composite Structures 2010; 92(11): 2703-2711.

[9] Fam, A, Sharaf, T. Flexural performance of sandwich panels comprising polyurethane core and
GFRP skins and ribs of various configurations. Composite Structures 2010; 92: 2929-2935.

[10] Styles, M, Compton, P, Kalyanasundaram, S. The effect of core thickness on the flexural
behaviour of aluminium foam sandwich structuress. Composite Structures 2007; 80: 532-538.

22



©CO~NOOOTAWNPE

[11] Kampner, M, Grenestedt, JL. On using corrugated skins to carry shear in sandwich beams.
Composite Structures 2007; 85: 139-148.

[12] Aviles, F, Couoh-Solis, F, Carlsson, LA, Hernandez-Perez, A, May-Pat, A. Experimental
determination of torsion and shear properties of sandwich panels and laminates composites by the
plate twist test. Composite Structures 2011; 93: 1923-1928.

[13] losipescu N. New accurate procedure for single shear testing of metals. Journal of Materials 1967;
2(3): 537-566.

[14] Walrath, DF, Adams, DE. Current status of the losipescu shear test method. Journal of Composite
Materials 1987; 21(6), pp. 494-507.

[15] ASTM D 5379/D 5379M (1993). Standard test method for shear properties of composite
materials by the V-notched beam method. 1916 Race St., Philadelphia, Pa 19103.

[16] ASTM D 7078/ D7078 (2005). Standard test method for shear properties of composite materials
by the V-notched rail shear method. 1916 Race St., Philadelphia, Pa 19103.

[17] Adams, DO, Moriarty, JM, Gallegos, AM, Adams, DF. The V-notched rail shear test. Journal of
Composite Materials 2007; 41 (3), pp. 281-297.

[18] ASTM C273 (2011). Standard Test Method for Shear Properties of Sandwich Core Materials.
1916 Race St., Philadelphia, Pa 19103.

[19] International Standard (1998). Fibre-reinforced plastic composites — Determination of flexural
properties. 1ISO 14125:1998.

[20] International Standard (1995). Plastics - Determination of tensile properties - Part 1: General
principles. 1SO 527-1:1995.

[21] ASTM Standard D638 (1991). Standard test method for tensile properties of plastics. ASTM
D638-91, ASTM International, Philadelphia, Pa 19103.

[22] International Standard (1999). Fibre-reinforced plastic composites — Determination of
compressive properties in.the in-plane direction. ISO 14126:1999.

[23] ASTM Standard C365(1994). Standard test method for flatwise compressive properties of
sandwich cores. ASTM C365-94, ASTM International, Philadelphia, Pa 19103.

[24] Chaterjee, S, Adams, D, Oplinger, DW. Test methods for composites: A status report, Volume IlI:
Shear test methods. Technical Report DOT/FAA/CT-93/17, National Technical Information
Service, Springfield, Virginia.

[25] Sideridis, E, Papadopoulus, GA. Short-beam and three-point-bending tests for the study of shear
and flexural properties in unidirectional-fibre-reiforced epoxy composites. Journal of Applied
Polymer Science 2004; 93: 63-74.

[26] ASTM Standard C393 (2000). Standard test method for flexural properties of sandwich
constructions. ASTM C393-00. ASTM International, Philadelphia, Pa 19103.

[27] Triantafillou, TC. Composites: A new possibility for the shear strengthening of concrete, masonry
and wood. Composites Science and Technology 1998; 58: 1285-1295.

[28] Yoshihara, H, Furushima, T. Shear strength of wood measured by various short beam shear test
methods. Wood Science Technology 2003; 37: 189-197.

[29] Dai, J, Thomas Hahn, H. Flexural behaviour of sandwich beams fabricated by vacuum-assisted
resin transfer moulding. Composite Structures 2003; 61: 247-253.

[30] Awad, ZK, Aravinthan, T, Manalo, AC. Geometry effect on the behaviour of single and glue-
laminated glass fibre reinforced polymer composite sandwich beams loaded in four-point bending.
Materials and Design 2012; 39: 93-103.

23



4> a4 EOR
e > @ Jal2la), a
20| L |20 20 ‘ L ‘ 20
- Lt > + ) Lt >

Ve = 0.5P Viax = 0.5P
V V

M = 0.5Pa

Muax = 0.25Pa
M M
(a) SB test (b) ABS test

Figure 1. Test set-up, shear and moment diagrams
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Figure 3. Failure behaviour of sandwich beams tested under SB method



(@) D=1 (b) /D =2

\NNM /

@l
‘5
3
1§
o 3
]
!
u.
8
k

(c)a/D=3

(€) a/D =5

(fa/D =6

Figure 4. Failure behaviour of sandwich beams tested under ABS method



10

OSB OABS

8
© (M|
=
6
g o U
S ¢ 0O
7 4 o O
3 (H |
o o o
B o

0

0 1 2 3 4 5 6 7
a/D ratio

Figure 5. Average shear stress of the sandwich beam with different a/D ratios

200 > 15
o o O
o ¢ o 9
%5 160 i g 12
= o . > o o P9
»n 120 o o 9
O ) (m]
= (m] = (1]
e 2 0
2 80 > 6
Lé a é (m]
@ 40 2 3
©SB OABS ©SB OABS
0 i i 0 i i
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
a/D ratio a/D ratio
() Skin (b) core

Figure 6. Bending stress in the sandwich beams with different a/D ratios



70

©SB-1 OSB-2 A SB-3 OSB-4 SB-5 =SB-6
®ABS-1 MABS-2 AABS-3 @ABS-3.5 XABS-5 +ABS-6
o 60 —
o
S X =
x
Q 1 :
S 50 ? 2 L] 6]
© &
s ? ° -
o i
) i
40 ¢ E A—0-O
30
0 1 2 3 4 5 6 7

a/D ratio

Figure 7. Shear crack angle on the core for different a/D ratios

2
0 ©SB  DABS
1.5
)
€,
& ¢ O
O
0.5 o 0
(H
202 o 0O
202 'S
0
0 1 2 3 4 5 6 7
a/D ratio

Figure 8. Ratio of shear stress to bending stress in the core with different a/D



w
o

N
a1

N
o

o SB_exp
SB_linear

- — - -SB_quadratic

[EEY
a1

Load (kN)

Load (kN)

4 5 6

a/D ratio
(a) SB method

Figure 9. Comparison of predicted and actual fatlure load

N
o

[
a1

10

M

O ABS_exp

ABS_linear

- - --ABS_quadratic

=

-

[ |

=

4 5 6
a/D ratio

(b) ABS method




Table 1. Mechanical properties of the skin and core of the composite sandwich panel

Test Test standard Property Skin Core
Flexure ISO 14125 [19] Modulus (GPa) 12.82 1.32
Peak stress (MPa) 317.37 14.32
Tensile ISO 527-1 [20] - skin Modulus (MPa) 15.38 1.03
ASTM D638 [21] - core Peak stress (MPa) 246.80 5.97
Poisson’s ratio 0.25 0.29
Compression  1SO 14126 [22] — skin Modulus (MPa) 16.10 1.35
ASTM C365 [23] - core Peak stress (MPa) 194.77 22.99
Shear ASTMb5379 [15] Modulus (MPa) 2.47 0.53
Peak stress (MPa) 23.19 8.80

Table 2. Description of test specimens

Shear span-to-depth, a/D ratio

Shear span (a), mm

Total span (Lt), mm

SB ABS
1 20 80 100
2 40 120 160
3 60 160 220
35 70 - 250
4 80 200 .
5 100 240 340
6 120 280 400

Table 3. Failure load of composite sandwich beams under SB and ABS test methods.

a/D ratio SB (kN) ABS (kN)
Peak load  Std. deviation Peak load  Std. deviation
1 18.22 0.93 24.97 1.28
2 16.65 1.05 19.63 0.90
3 13.69 0.51 16.17 1.15
3.5 -- -- 1541 0.58
4 10.23 0.41 -- -
5 8.83 0.45 12.71 0.80
6 7.38 0.33 11.29 0.69




Table 4. Predicted failure load and difference with the actual failure load.

/D ratio SB (kN) ABS (kN)

Eq.[7] %diff. Eq.[9] % diff. Eq.[8] %diff. Eq.[10] % diff.

1 18.27 03 2531 280 2285 92 2886 135

2 1311 -27.1 1837  9.36 1832  -71 2537 226

3 1019  -344  13.68 0.1 1538 51 2157 < 257
3.5 - - - - 1424  -82 2009 233

4 828  -236  10.67 4.0 - - < -

5 699 -263 871  -l4 1161  -94 1594 203

6 614 201  7.46 1.1 1013 -11.4 ~ 1360  17.0




