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Abstract: Studies have shown that the proper selection of core materials in sandwich structures
improves the overall structural performance in terms of bending stiffness and strength. The core
materials used in such systems, such as foam, corrugated, and honeycomb, are frequently applied
in aerospace engineering. However, they are a costly option for civil engineering applications. This
paper investigates the bending performance of the proposed GFRP softwood sandwich beams as-
sembled using pultruded GFRP with adhesive connection methods for potential applications in
prefabricated building construction. The ultimate load capacity, load—deflection responses, failure
modes, bending stiffness, load—axial-strain behaviour, and degree of composite action were experi-
mentally evaluated. The effects of varying shear-span-to-depth ratios a/d between 2 and 6.5, as well
as different timber fibre directions of the softwood core, on the overall structural performance were
clarified. The results showed that changing the timber fibres’ orientation from vertical to longitudinal
shifted the failure mode from a brittle to progressive process. Moreover, the adhesive bonding was
able to provide full composite action until the failure occurred. Finally, numerical modelling was
developed to understand failure loads, deformation, failure modes, and strain responses, and to
evaluate bending stiffness and composite action. The results showed satisfactory agreement with
the experiments.

Keywords: fibre-reinforced polymer; softwood timber; mechanical properties; adhesive bonding;
sandwich structures

1. Introduction

FRPs or fibre-reinforced polymers have been commonly and increasingly used in
the past few decades as strengthening systems made of composite materials to repair
existing structural elements such as timber, steel, and concrete or as load-carrying structural
members, for example, sandwich structural systems [1-9]. The use of GFRP or glass-
fibre-reinforced polymer has particularly been growing due to its substantial advantages
such as ease of installation, resistance to corrosion, high strength-to-weight ratio, and,
most importantly, cost-effectiveness when compared with other composite materials such
as CFRPs or carbon-fibre-reinforced polymers [10-19]. Sandwich structures have been
increasingly used in civil engineering applications, which are a type of structure made of
two fabricated GFRP face sheets and bonded to a lightweight material called a core [20].
In such structure systems, the face sheet layers provide an enhancement in the strength
and bending stiffness, while the core provides the majority of the shear stiffness [21-25].
FRP web-flange sandwich structures have been successfully used in the applications of
bridge deck construction [26-29]. Several studies have shown that selecting the proper type
of core materials in FRP web-flange sandwich structures enhances the overall structural
performance in terms of stiffness and strength, as well as prevents out-of-plane buckling of
the face sheets [30-33]. Core materials used in such systems, such as foam, corrugated, and
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honeycomb, are frequently applied in aerospace engineering [34,35]. However, they are a
costly option for civil engineering applications.

Low-cost and high-performance solid cores could address this problem in civil engi-
neering applications. In recent years, wood-based cores have attracted attention for their
many benefits. Wood is a strong and durable material that can withstand high loads and
pressures. It provides excellent structural strength when used as a core material in sand-
wich panels [36-38]. Their light weight makes them more convenient than other materials,
such as metals or concrete. Consequently, wood core sandwich panels are lighter, making
them easier to transport and install [39]. Aside from this, wood is an excellent natural
insulator that provides good thermal insulation. Using sandwich panels with a wood core
can help regulate temperatures, reducing energy consumption [40]. Additionally, wood
has good acoustic insulation properties, making sandwich panels with a wood core ideal
for sound-proofing buildings. Most importantly, wood is a renewable resource, and its
use during construction helps promote sustainability. Consequently, wood core sandwich
panels have a lower carbon footprint than traditional sandwich panels. Overall, sandwich
panels that use wood as their core material can provide excellent strength and thermal and
acoustic insulation, and improve environmental sustainability [41,42]. Considering these
advantages, wood core sandwich panels could be a suitable option for a wide range of uses,
including building construction, transportation, the maritime industry, and aerospace. This
study therefore investigates the mechanical performance of sandwich structures comprising
pultruded GFRP panels as face sheets and lightweight Australian Radiata pine softwoods
as core material that has not yet been well studied despite having great potential.

In this study, the sandwich panels were manufactured from Australian Radiata pine
softwood as the core material and pultruded-glass-fibre-reinforced polymer (GFRP) as the
face sheets. The bending performance of such developed GFRP softwood sandwich beams
was focused. The geometries of the sandwich beams were designed in a way to allow
easy assembly by connecting the face panel onto softwoods through adhesive bonding.
Experimental results on the failure modes, load-bearing capacities, load—displacement
curves, and load-strain responses were obtained and discussed. The effects of different
timber fibre directions as well as varying shear-span-to-depth ratios on the overall structural
performance were clarified, and the degree of composite action was further investigated and
understood based on the measured strain results. Finally, finite element (FE) models were
developed to describe the deformation, strain responses, and failure loads, and to evaluate
composite action and structural stiffness. The novelty of this study was the development of
a high-performance sandwich panel at a reasonable price. A key scientific challenge of this
panel is its ability to remain functional under structural loads as the modulus of elasticity
varies between the skins and the core. The outcome of this study will help us understand
the feasibility of the sandwich concept and can benefit civil engineers in the build-out of
sustainable infrastructure for the future.

2. Experimental Program
2.1. Materials

The proposed sandwich beams consisted of pultruded-glass-fibre-reinforced polymer
(GFRP) composites which were supplied by Exel Composites, Australia, as the face sheets
that were adhesively bonded to a softwood core. The epoxy adhesive bond used in the
fabrication process was two components of epoxy (BPR135G3/BPH137G). The core material
of the sandwich beam specimens was unseasoned softwood timber called (Pinus radiata) or
radiata pine, a plantation species that is widely grown in Victoria, Australia. The softwood
cores were made with two different fibre directions as vertical or longitudinal grain, as
shown Figure 1.
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Figure 1. GFRP-softwood sandwich beam during fabrication.

The longitudinal grain represents the timber fibre direction in parallel with GFRP
fibres, as well as the span direction of sandwich beams. The vertical grain represents the tim-
ber fibre direction perpendicular to the GFRP fibres’ direction or the span direction. Using
the Glulam (glued laminated timber) technique, the softwood core was manufactured as in-
dividual layers based on the proposed grain directions, which were assembled using a struc-
tural adhesive. Small blocks with dimensions of (60 mm x 90 mm x 45 mm) adhered to-
gether with wood grain in the vertical direction to form the required span. For the core with
longitudinal grain, two pieces of timber with dimensions of (45 mm x 60 mm x required
span) were glued together. The advantages of the core manufacturing approach are to
minimise the variability in the properties of timber as naturally grown material [43] and
allowing dimensional flexibility beyond the natural size of timber. The material properties
of the proposed GFRP-softwood sandwich beams components are summarised in Table 1.
The softwood timber material properties were tested and obtained according to the ASTM
D143-94 standard [44]. The GFRP face sheets were cut from a pultruded flat panel along the
fibre direction. According to [31], the pultruded GFRP material consisted of E-glass fibres
with 47.8% in volume embedded in polyester resin. The fibre architecture comprised one
unidirectional roving layer between two mat layers. The modulus and strength properties
of the GFRP obtained according to relevant standards and methods [45-47] are summarised
in Table 1. Under the tensile test in accordance with ASTM D638 [48], the epoxy adhesive
properties were obtained and are presented in Table 1.
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Table 1. Material properties of GFRP, softwood timber, and adhesive.

Parameters Magnitude Unit
Tensile strength parallel to wood grain direction 58.4 MPa
Tensile strength perpendicular to wood grain direction 4.6 MPa
Compressive strength parallel to wood grain direction 50.4 MPa
Compressive strength perpendicular to wood grain direction 10.6 MPa
Shear strength parallel to wood grain direction 16.5 MPa
Tensile modulus of elasticity parallel to wood grain direction 11.8 GPa
Tensile modulus of elasticity perpendicular to wood grain direction 1.6 GPa
Compressive modulus of elasticity parallel to wood grain direction 104 GPa
Compressive modulus of elasticity perpendicular to wood grain direction 1.6 GPa
Shear modulus of elasticity parallel to wood grain direction 15 GPa
Shear modulus of elasticity perpendicular to wood grain direction 0.8 GPa
Density of the softwood 523 kg/m?
Adhesive modulus of elasticity 4.6 GPa
Adhesive shear modulus 15 GPa
Adbhesive tensile strength 40.2 MPa
Tensile strength in longitudinal direction of GFRP 393 MPa
Tensile strength in transverse direction of GFRP 23 MPa
Tensile modulus of elasticity in longitudinal direction of GFRP 322 GPa
Tensile modulus of elasticity in transverse direction of GFRP 52 GPa
Shear modulus of GFRP 3.5 GPa
Shear strength of GFRP 20.2 MPa
Poisson ratio 0.3

2.2. Specimen Details and Preparation

The 6 mm thick pultruded GFRP flat panels as face sheets were prepared by cutting
the panels into the required dimensions using a water jet cutter. The softwood cores
were 90 mm in width and 60 mm in depth. A 1 mm thick layer of epoxy adhesive was
used to join the face sheet and core together. The adhesive layer was controlled by using
1 mm diameter spacers between the two materials (GFRP and softwood). In order to
secure the bond quality (and therefore a satisfactory composite action), all adherents
were cleaned by acetone after sanding and degreasing all surfaces in accordance with
the procedure outlined in the Eurocomp design code and handbook [49]. The softwood
core was first bonded to the top face sheet and allowed to cure for four days before the
application of the bottom face sheet. Weights were used to provide pressure while the
adhesive cured for 14 days at room temperature (see Figure 1). The fabricated specimens
after curing are shown in Figure 2 where the longitudinal fibre direction can be seen. The
dimensions of the overall cross-section of the sandwich beam were the same for all the
specimens, as shown in Figure 3b, where d (74 mm) is the overall sandwich beam depth
and b (90 mm) is the sandwich beam width. The other parameters P, a, and L are the
applied load, shear span, and span of the tested beam, respectively. The specimens had
shear-span-to-depth ratios a/d of 2, 4, and 6.5 and they are labelled with a letter followed
by a number in subscript, where the letter represents the fibre direction of the timber
core, i.e., L for longitudinal and V for vertical; the number in subscript represents the
shear-span-to-depth ratio a/d. The geometric parameters of each of the GFRP-softwood
beam specimens are listed in Table 2.

Table 2. Geometric parameters of GFRP-softwood sandwich beams.

Specimens ! a/d L b d 2
(mm) (mm) (mm) (mm)
L2 2 495 90 74 165
V2 2 495 90 74 165
L4 4 945 90 74 315
V4 4 945 90 74 315
L6.5 6.5 1440 90 74 480
V6.5 6.5 1440 90 74 480

1 The first letter of the specimen label represents the fibre direction of the timber core: (L) longitudinal and (V)
vertical. The number is the shear-span-to-depth ratio a/d.
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Figure 3. (a) Experimental setup of V6.5; (b) LVDT instrumentation and strain gauge.

2.3. Experimental Setup and Instrumentation

The sandwich beam specimens were simply supported and tested under four-point
static bending in accordance with ASTM C393 [50], as shown in Figure 3a. A bending load
on the sandwich specimens was implemented using a Baldwin 500 kN testing machine
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for the specimens with an a/d of 2 or a 250 kN Amsler machine for the other specimens.
Rubber pads were used under the loading points to distribute the load and prevent local
crushing. A displacement control mode was adopted during the loading processes at a
rate of 0.5, 1, or 2 mm/min corresponding to shear-span-to-depth ratios a/d of 2, 4, or
6.5, respectively. The deflections were measured using three linear potentiometers (linear
variable differential transformers—LVDTs), as shown in Figure 3b. Strain gauges were
installed in the longitudinal direction along the depth of each specimen, as shown in
cross-sections A and B in Figure 3b, to investigate the degree of composite action there.
Strain gauges as shown in cross-section C in Figure 3b were positioned to represent a point
halfway between the support and the point load and, hence, measure the strain in the
region of maximum shear. All strain gauges were checked with an ohmmeter prior to the
testing to ensure their accuracy and functionality.

3. FE Modelling

FE modelling was conducted using Ansys in order to describe and simulate the
mechanical responses of the sandwich beam specimens made of GFRP-softwood in terms
of strain responses, load vs. deflection, and failure modes, as well as the composite
action between the softwood core and GFRP panels. Three-dimensional (3D) models were
established according to the detailed dimensions of the sandwich beams made of GFRP-
softwood, and Figure 4a shows an example of specimen L4. Y and Z axes were defined
in the coordinate system to represent the cross-sectional plane of the GFRP-softwood
sandwich beams, where the span direction represents the X axis of the modelled GFRP-
softwood specimens. The adhesive, GFRP, and timber were modelled using Solid186 in
the FE model as a higher-order, 3D, 20-node brick-like element where all edges have a
mid-node, which is capable of supporting a large strain value along with large deflection.
The element size was controlled to be a maximum of 5 mm in the model, where this size of
the element was capable of providing stable and accurate modelling results.

(b)

Downward displacemen

GFRP panel

i o i |

Adhesive

Softwood

Adhesive

S o o |

GFRP panel

Constrained in y
and z directions

Figure 4. FE modelling of specimen L4: (a) overall model with boundary conditions; (b) cross-sectional
views of specimen L4.

The GFRP and timber materials were defined as linear elastic orthotropic, as shown in
Figure 4b, with the modulus properties listed in Table 1. The epoxy adhesive was modelled
as an isotropic linear elastic material (see Figure 4b) with the shear and elastic modulus
given in Table 1. The FE model was subjected to a simply supported boundary condition
where the nodes of the specimens at the support locations were constrained in the X, Y,
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Adhesive failure

and Z directions at one end, and the Y and Z directions at the other end where all nodes
of the degree of freedom in X are free as commonly practiced [51]. In the Y direction, the
translational degree of freedom at the top nodes was allowed at the position of loading,
and a vertical downward load was applied at loading locations in the form of displacement,
as shown in Figure 4a. In the solution process, the results such as the reaction forces at
the locations of supports as well as the mid-span deflection were recorded in order to
perform a comparison with experimental results. At the LDVT locations, the deflections
were recorded as well in order to capture the deflection shapes. When any stress component
at a certain location exceeded the corresponding given material strength, the ultimate loads
of the modelled specimens were then determined in Table 1.

4. Results and Discussion
4.1. Failure Modes

Depending on the different timber fibre direction of the core as well as a varying shear-
span-to-depth ratio a/d of the six GFRP-softwood sandwich specimens, the experimental
investigation exhibited different failure modes. The specimen with a shear-span-to-depth
ratio a/d of 2 and longitudinal timber fibre direction (L2) was failed progressively. At
98 kN, shear failure at the timber core occurred close to the neutral axis N.A where the
maximum shear stress was expected to occur. When the maximum load capacity of 101 kN
was reached, the adhesive failed at the load and support locations, causing a longitudinal
crack of the timber in the top and the bottom of the core, as shown in Figure 5a.

Adhesive failure

T S I—
002121 2327985 . 463469 694142 924816
.117458 .348132 .578806 .809479 1.04015

Longitudinal cifac

(d)

Timber shear failure

— —
.914E-03 .304392 .607871 .911349 1.21483

-152653 .456131 -75961 1.06309 1.36657
Figure 5. Failure modes on the specimens with a/d of 2: (a) failure modes of specimen L2 with
longitudinal timber fibre direction; (b) failure modes for modelled specimen L2; (c) failure modes of
specimen V2 with vertical timber fibre direction; (d) failure modes for modelled specimen V2.

For specimen L4 with an a/d of 4, progressive failure was observed, resulting in a
gradual decrease in load and stiffness, as seen in Figure 6a. The first failure was GFRP
compressive failure at 84 kN under the loading points, which was immediately after the
elastic region, leading to indentation failure of the timber core due to the high local stress;
this was followed by timber tensile failure at the bottom of the core between the loading



Polymers 2023, 15, 2102 8 of 21

points. Figure 7a shows specimen L6.5 with an a/d of 6.5 and a bending sudden failure of
the timber core at the maximum load capacity of 68 kN, which causes delamination failure
of GFRP. The specimens of a/d of 2 and 4 with vertical timber fibre directions V2 and V4
showed similar failure behaviours (see Figures 5c and 6c¢) at their maximum load capacities
of 64.3 kN and 53.9 kN for specimens V2 and V4, respectively, where sudden shear failures
were observed on the timber core between the loading point and the support. Likewise,
this also caused delamination failure of the GFRP.

(b) Compression failure of GF

L I
.413E-03 .223349 .446285 669222 .892158
.111881 .334817 557754 .78069 1.00363

r}“ shear
253 2
re |

mbe
! Timber shear failure

m22 % 1.00562 1.34081

Figure 6. Failure modes on the specimens with a/d of 4: (a) failure modes of specimen (L4) with
longitudinal timber fibre direction; (b) failure modes for modelled specimen (L4); (c) failure modes of
specimen (V4) with vertical timber fibre direction; (d) failure modes for modelled specimen (V4).

For specimen V6.5 with an a/d of 6.5, the failure was sudden at the maximum load ca-
pacity of 37.1 kN, which was governed by GFRP compressive failure presented in Figure 7c.
The failure modes of the specimens from the FE analysis are provided in Figures 5-7. In
these figures, the colours change gradually from blue to red where the red colour indicates
the failure locations when any stress component at those locations exceeds the correspond-
ing material strength given in Table 1. The results showed that sandwich beams with an
a/d of 2 failed in shear and adhesive failure. Combined failure modes of shear in timber
and compression in GFRPs were seen for specimens L4 and V4 with an a/d of 4. Bending
failure in timber and compressive failure in GFRPs were observed for specimens L6.5 and
V6.5 with an a/d of 6.5. From the FE modelling results, the failure modes of the tested
specimens can be described reasonably well.
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Figure 7. Failure modes on the specimens with a/d of 6.5: (a) failure modes of specimen (L6.5) with
longitudinal timber fibre direction; (b) failure modes for modelled specimen (L6.5); (c) failure modes of
specimen (V6.5) with vertical timber fibre direction; (d) failure modes for modelled specimen (V6.5).

4.2. Load—-Displacement Behaviour

Figure 8 shows the comparison for the load (or moment)-deflection responses up
to the failure of the specimens with a shear-span-to-depth ratio a/d of 2. The load (or
moment)—deflection responses for specimens with a shear-span-to-depth ratio a/d of 4 are
shown in Figure 9, whereas Figure 10 illustrates the load (or moment)-deflection responses
for specimens with a shear-span-to-depth ratio a/d of 6.5. From the mentioned figures,
the load (or moment)-deflection curves for the specimens with longitudinal-timber-fibre-
direction cores are presented with continuous solid black lines, where the curves for the
specimens with vertical-timber-fibre-direction cores are in dashed black lines.

Specimen L2 with a shear-span-to-depth ratio a/d of 2 and longitudinal timber fibre
direction showed approximately linear responses for load (or moment) and deflection until
the first failure occurred, as shown in Figure 8. After the first failure, several drops were
observed due to progressive failure of different modes (such as timber shear and adhesive
failures). The first drop of the load was at 98 kN due to timber shear. However, the load
increased again with almost the same stiffness prior to the first drop. At almost the same
load before the first load drop, the second drop of the load was observed, and the load
increased again with almost the same stiffness before the first and the second drops; the last
load drop occurred due to adhesive failure at the ultimate load of 101.7 kN. The maximum
moment capacity of the tested specimens can be calculated from Equation (1), where M
is the moment capacity of the GFRP-softwood sandwich specimen in bending, Pu is the
ultimate load of the tested specimen, and a is the shear span. The results are presented in
Table 3 and the maximum moment capacity of L2 was 8.4 kN-m.

My = —— 1)
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Figure 8. Comparison of deflection responses with load and bending moment for specimens with a
shear-span-to-depth ratio a/d of 2, from both experiments and FE analysis.
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Figure 9. Comparison of deflection responses with load and bending moment for specimens with a
shear-span-to-depth ratio a/d of 4, from both experiments and FE analysis.
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Figure 10. Comparison of deflection responses with load and bending moment for specimens with a
shear-span-to-depth ratio a/d of 6.5, from both experiments and FE analysis.
Table 3. Major experimental results of the tested sandwich beam specimens.
Experimental Bending Shear Ultimate Failure Mid-Span Bending
Specimens (PI8)exp Stiffness Elexy Deformability Load P, Moment M,
(kN-mm?) x 108 % kN kN-m
L2 18.18 1.24 38.29 101.74 8.39
V2 12.59 1.17 54.26 64.30 5.30
L4 4.07 1.48 16.89 85.98 13.54
V4 2.58 0.98 20.20 53.93 8.49
L6.5 1.13 1.31 7.24 68.25 16.38
V6.5 0.72 0.84 9.18 37.09 8.90

Specimen V2 with vertical timber fibre direction exhibited a linear load-deflection
behaviour, as shown in Figure 8, until sudden brittle failure occurred, where the ultimate
load was 64.3 kN and the moment capacity was 5.3 kN-m.

For specimen L4 with a shear-span-to-depth ratio a/d of 4 and longitudinal timber
fibre direction, the load—deflection response was approximately linear, as shown in Figure 9,
until the first failure occurred. The specimen developed progressive failure with three
significant drops, leading to a decrease in the load and stiffness gradually. The first drop of
the load was due to GFRP compressive failure under the loading points at the ultimate load
of 86 kN (moment of 13.5 kN-m). The load increased again until reaching 65 kN, where the
second drop of the load occurred due to indentation failure of the timber core caused by the
high local stress at the loading points. The last drop occurred at 58 kN due to tensile failure
of the softwood core. In contrast to specimen V4 with vertical timber fibre direction, the
load—deflection behaviour was linear until brittle sudden failure occurred at the ultimate
load of 53.9 kN and moment capacity of 8.5 kN-m.

The GFRP-softwood sandwich specimens with a shear-span-to-depth ratio a/d of
6.5 for longitudinal or vertical timber fibre direction, L6.5 or V6.5, exhibited similar load—
deflection behaviours, as shown in Figure 10, which were linear until sudden brittle failure
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occurred at their ultimate loads. The ultimate load for L6.5 and V6.5 was 68.3 kN and 37.1
kN, respectively, where the corresponding maximum moment capacity was 16.4 kN-m and
8.9 kN'm for L6.5 and V6.5, respectively. The deformed shapes for the tested sandwich
specimens were measured along the span, as shown in Figure 3b. Figure 11 illustrates the
deformation shape for all the tested specimens at the different load levels. All the tested
sandwich beam specimens showed a stable and gradual increase in displacement with the
increase in load and also indicated that beam theory may be applicable in this study.
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Figure 11. Comparison of experimental and FE analysis of deformed shapes for the tested sandwich
beam specimens: (a) V6.5; (b) L6.5; (c) V4; (d) L4; (e) V2; (f) L2.
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The load (or moment)-deflection responses of the GFRP-softwood sandwich beam
specimens were obtained from the FE analysis, and the comparisons with the experimental
results are presented in Figures 8-10. The FE results are presented as continuous solid red
lines for the specimens with longitudinal-timber-fibre-direction cores, while the specimens
with vertical-timber-fibre-direction cores are presented as dashed red lines. The load (or
moment)—deflection curves from the FE analysis showed good agreement with experimen-
tal results, especially for the linear developments in the initial stages. Overall, as seen in
Table 3, the comparisons of the results of failure loads that were obtained from the FE anal-
ysis were satisfactorily compared to the experimental results with a maximum difference of
12.2%. Furthermore, the deformation shapes of the modelled specimens compared well
with the experimental results at the same load levels, as presented in Figure 11.

4.3. Load-Strain Behaviour and Composite Action

The load—axial-strain curves at the mid-span are shown in Figure 12a,b for the tested
GFRP-softwood sandwich specimens. At the mid-span, the strain values were measured
by strain gauges that were attached corresponding to the positions as marked in Figure 3b
(Section B). Overall, the load-strain curves, presented in Figure 12a for the specimens with
longitudinal-timber-fibre-direction cores and illustrated in Figure 12b for the specimens
with vertical-timber-fibre-direction cores, showed linear behaviour up to the ultimate loads.
These could indicate that satisfactory bonding quality was maintained between the GFRP
panels and softwood core at the mid-span section during the loading process for all tested
specimens. The ultimate strain values at the mid-span top (compression) and bottom
(tension) of GFRP panels for all tested are listed in Table 4.

Table 4. Comparison of strain results between experimental and FE analysis.

% Strain at Mid-Span Top % Strain at Mid-Span Bottom % Strain at Shear-Span
Specimens

Exp. FE % D Exp. FE % D Exp. FE % D

L2 —0.39 —0.46 —15.22 0.42 0.45 —6.67 1.26 1.13 11.5

V2 —0.48 —0.49 —2.04 0.49 0.50 -2 0.91 0.85 7.06

L4 —0.76 —0.81 —6.17 0.72 0.81 —11.11 1.01 0.87 16.09
V4 —0.72 —0.75 —4 0.83 0.75 10.67 0.74 0.79 —6.33
L6.5 —1.02 —1.01 0.99 0.98 1.01 —2.97 0.71 0.67 5.97
V6.5 —0.78 —0.80 —2.56 0.76 0.86 —11.62 0.50 0.58 —13.8

It can be noticed that the ultimate strain magnitudes in both tension and compression
sides increased when the shear-span-to-depth ratio a/d increased, and this was caused
by the deflection developments when the shear-span-to-depth ratio a/d increased. Com-
parisons of the ultimate strains in the FE and experimental results for all the modelled
specimen scenarios are presented in Table 4. The comparison of the bending strains at
the bottom and top that were located at the mid-span, which were obtained from the FE
analysis, was satisfactory as compared to the experimental results, with deviations ranging
from —15.2% to 10.7%.

The axial strain distributions at the mid-span along the section depth of all the tested
GFRP-softwood sandwich specimens at different load levels are shown in Figure 13. All
scenarios exhibited similar behaviour, where a linear axial strain distribution from the
upper GFRP panel through the depth of the softwood core to the lower panel at the midspan
was observed. Such results may indicate that full composite action between the bonded
GFRP and timber was achieved at the mid-span. The full composite action was maintained
at the mid-span for the tested specimens until the first failure occurred, as evidenced by
the linear strain distributions along the depth. The strain distribution from FE modelling
is also provided in Figure 13 as separate red points, and satisfactory agreements with the
experimental results can be seen.
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Figure 12. Load-axial-strain responses at mid-span for experimental specimens: (a) with longitudinal-
timber-fibre-direction cores; (b) with vertical-timber-fibre-direction cores.
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Figure 13. Comparison of experimental and FE axial strain distributions along the depth of a cross-

section at mid-span for the tested sandwich beams specimens: (a) V6.5; (b) L6.5; (c) V4; (d) L4; (e) V2;
(f) L2.

Due to the difference in shear-span-to-depth ratio a/d as well as the varying tim-
ber fibre direction of the core, strain gauges were attached at the shear span of the
GFRP-softwood sandwich specimens corresponding to the locations marked in Figure 3b
(Section C). The shear strain was determined from Equation (2) by using the vertical,
horizontal, and diagonal strain readings.

Y =2e; — €y — €y

@
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where 7 is the shear strain; ¢; is the measured strain at the shear span in the diagonal
direction; while €, and ¢, are the measured strain at the shear span in vertical and horizontal
directions, respectively. Figure 14 illustrates the load-shear-strain curves for the tested
GFRP-softwood sandwich beam specimens. Specimens L2 and L4 showed linear load-
shear-strain behaviour initially up to around 60% to 65% Pu, where slightly nonlinear
responses were noticed, as shown in Figure 14d,f. The other scenarios such as V2, V4, V6.5,
and L6.5 exhibited similar behaviour where linear load—shear-strain curves were observed
up to the failure.

45 80
a0 | (a) 70 | (b)
35 60
30
- 50
Z 25 o
520 §4o
°
815 §30
- it
10 20
5 —V6.5 10 —L6.5
—V6.5_FE —L6.5_FE
0 (] -
0 0.1 0.2 0.3 _0.4 0.5 0.6 0.7 0 01 02 03 04 05 06 07 0.3
Strain (%) Strain (%)
70 100
e | (©) % | (d)
80
50 70
Z 40 Z 60
4 ~
¢v3° g 40
3 |
20 30
20
—V4_FE 10 —L4_FE
0 0
0 01 02 03 04 05 06 07 08 09 1 0 02 04 06 08 1 1.2
Strain (%) Strain (%)
70 120
(e) f
60 100 ()
50 80
Z40 z
= = 60
g% g
40
_120 -
—V2 FE —L2_FE
0 = 0
0 01 02 03 04 05 06 0.7 08 09 1 0 0.4 0.8 1.2 1.6 2 2.4

Strain (%) Strain (%)

Figure 14. Comparison of experimental and FE shear strains at shear-span for tested sandwich
specimens: (a) V6.5; (b) L6.5; (c) V4; (d) L4; (e) V2; (f) L2.
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The ultimate shear strain values at the timber core for all tested specimens are listed
in Table 4. It can be noticed that the ultimate shear strain magnitudes were greater for the
specimens with a shear-span-to-depth ratio a/d of 2, where shear deformability was also
expected to be higher. Thus, the ultimate shear strain values decreased when the shear-span-
to-depth ratio a/d increased. Table 4 presents a comparison of the FE and experimental
results for the ultimate shear strains from all the modelled specimen scenarios, where a
satisfactory agreement was seen with the maximum difference of 16.1%

4.4. Effect of Shear-Span-to-Depth Ratio and Timber Fibre Direction of Core

The experimental bending stiffness EI of the GFRP-softwood sandwich specimens can
be determined from the linear elastic region of the load—deflection curves results given
in Figures 8-10. The results were calculated using Timoshenko beam theory with shear
deformations taken into account using Equation (3) [52].

_ PL® (3a 4a® Pa 3

=4l (L - m) GA ®)
where ¢ is the deflection at the mid-span for the simply supported beams under four-point
bending, P is the applied load, L is the span length, E is the longitudinal elastic modulus,
I is the second moment of area, a is the shear span (the distance from the support to the
nearest point load), A is the cross-sectional area of the core, and G is the in-plane shear
modulus of the softwood core. The specimens with longitudinal-timber-fibre-direction
cores and shear-span-to-depth ratios a/d of 2 to 6.5 (L2, L4, and L6.5) had a shear modulus
G value of 1.52 GPa; while the specimens with vertical-timber-fibre-direction cores (V2, V4,
and V6.5) had a shear modulus G value of 0.75 GPa. Both shear modulus G values were
determined from shear tests on the small clear specimens of softwood according to the
ASTM D143-94 standard [44] (see Section 2.1 for details).

The shear deformability for all the tested GFRP-softwood sandwich specimens can be
determined from this term (Pa/GA) of Equation (3), and the results are listed in Table 3. It
can be found that the shear deformability is more noticeable for the sandwich beams that
have smaller shear-span-to-depth ratios. Thus, the shear deformability for the sandwich
beams with a shear-span-to-depth ratio of 2 was greatest among the other specimens. As
presented in Table 3, the percentage of deformation due to shear was 38.3% to 54.3% for
specimens with a shear-span-to-depth ratio of 2. The shear deformation percentage was
17% and 20% for L4 and V4, respectively. The lowest shear deformation percentage was
found for the specimens with a longer span, which had a shear-span-to-depth ratio of 6.5.
In those specimens, the shear deformability contributed only 7.3% and 9.2% of the total
deformations for specimens L6.5 and V6.5, respectively.

As mentioned above, the experimental bending stiffness EI of the GFRP-softwood
sandwich beams can be calculated from Equation (3). The values of P and  were taken from
the linear elastic portions of the experimental load—deflection curves given in Figures 8-10,
and the results are presented in Table 3. It can be noticed that the bending stiffness for the
specimens with longitudinal-timber-fibre-direction cores had slightly higher bending stiff-
ness values, in comparison to the specimens with vertical-timber-fibre-direction cores. This
was caused by the values of the tensile and compressive modulus of elasticity, where the
softwood core with longitudinal timber fibre direction had a much greater tensile and com-
pressive modulus of elasticity than the specimens with vertical-timber-fibre-direction cores.
The FE comparisons with experimental results in bending stiffness for all the modelled
specimen scenarios are presented in Table 5. The comparison of bending stiffness obtained
from the FE analysis showed satisfactory agreements as compared to the experimental
results with the maximum deviation of —8.6%.
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Table 5. Comparison of bending stiffness and failure load results between FE analysis and experi-

mental results.

FE Bending Stiffness Failure Load (kN)
Specimens Elfg % D o
(PIS)r (kN-mm?) x 10° (Elpxp/EIrr) Exp- FE %D
L2 19.11 1.33 —4.51 101.7 107.6 —5.48
V2 13.42 1.28 —8.59 64.3 73.2 -12.15
L4 391 1.38 7.24 86 95.8 -10.23
V4 2.66 1.01 —-297 53.9 61.4 —12.21
L6.5 1.16 1.32 -0.76 68.2 75.5 -9.67
V6.5 0.69 0.80 5 37.1 41.0 -9.51

5. Conclusions

This paper investigated the bending performance of the proposed GFRP softwood

sandwich beams assembled using pultruded-glass-fibre-reinforced polymer (GFRP) with
adhesive connection methods for potential applications in prefabricated construction. The
failure modes, load—deflection responses, ultimate load, bending stiffness, load—axial-strain
behaviour, and degree of composite action were experimentally evaluated. The effects of
varying shear-span-to-depth ratio a/d, as well as different timber fibre directions of the
softwood core, on the overall structural performance were clarified. Moreover, numerical
modelling was developed to understand failure loads, deformation, failure modes, and
strain responses, and to evaluate bending stiffness and composite action. The following
conclusions can be drawn from this study:

All tested GFRP-softwood sandwich specimens, with the core configurations of either
longitudinal or vertical timber fibre direction, exhibited similar load—deflection be-
haviours, which were approximately linear until the first failure occurred. The increase
in moment capacity was similar for the specimens with a shear-span-to-depth ratio
a/d of 4 (L4 and V4) by around 60% in comparison to L2 and V2 (a/d of 2). However,
there was a different improvement in moment capacity for L6.5 (95%) and V6.5 (68%)
in comparison to L2 and V2, respectively.

The results showed that timber with longitudinal fibre and shear-span-to-depth ratios
a/d of 2 and 4 showed different drop patterns due to progressive failure, while that
with a shear-span-to-depth ratio a/d of 6.5 showed sudden drop at the ultimate load
due to brittle failure. In contrast, the timber core with vertical fibres exhibited sudden
failure at the ultimate load for specimens with a/d ratios of 2, 4, and 6.5.

The strain results showed that the adhesive bonding used in this study was able to
provide a full composite action between the GFRP panels and softwood core during
the loading process up to failure for all tested specimens. Furthermore, a gradual and
stable deformation was observed along the span and depth of each GFRP-softwood
sandwich specimen. It can be therefore identified that excellent bonding quality and
full composite action were maintained at different load levels along the span.

The timber fibre direction of the softwood cores used in this study affected the bending
stiffness EI of the GFRP-softwood sandwich beams. The specimens with longitudinal-
timber-fibre-direction cores had greater bending stiffness in comparison to the spec-
imens with vertical-timber-fibre-direction cores. It was also found that the shear
deformability was more pronounced for the sandwich beams that had a smaller shear-
span-to-depth ratio, where specimens with a shear-span-to-depth ratio of 2 showed
about 38.3% to 54.3% shear deformability.

The FE modelling approach used in this study for the proposed GFRP-softwood
sandwich beams showed results in satisfactory agreement with the experimental
results with a maximum deviation of 16.1%. Furthermore, the FE results well described
the failure modes and composite action.
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Sustainable building materials are becoming increasingly important in the construction
industry. These composite sandwich panels can be used to manufacture building floors,
walls, and roofs, as well as other structural applications such as composite railway sleepers.

Author Contributions: Conceptualization, A.D.A. and Y.B.; Methodology, A.D.A. and Y.B.; Soft-
ware, A.D.A. and WE; Validation, A.D.A. and W.F,; Investigation, A.D.A.; Data curation, A.D.A.;
Writing—original draft, A.D.A.; Visualization, A.D.A.; Supervision, Y.B. and W.F,; Project administra-
tion, Y.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: The raw /processed data required to reproduce these findings cannot
be shared at this time, as the data also form part of an ongoing study.

Acknowledgments: Researchers would like to thank the Deanship of Scientific Research, Qassim
University, for funding the publication of this project; they also wish to acknowledge Long Goh and
John Beadle for their assistance in conducting the experiments at the Civil Engineering Laboratory of
Monash University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bakis, C.E.; Bank, L.C.; Brown, V.L.; Cosenza, E.; Davalos, J.F,; Lesko, J.J.; Machida, A.; Rizkalla, S.H.; Triantafillou, T.C.
Fiber-Reinforced Polymer Composites for Construction-State-of-the-Art Review. J. Compos. Constr. 2002, 6, 73-87. [CrossRef]

2. Bank, L.C. Progressive Failure and Ductility of FRP Composites for Construction: Review. J. Compos. Constr. 2013, 17, 406—419.
[CrossRef]

3.  Saafi, M.; Asa, E. Extending the Service Life of Electric Distribution and Transmission Wooden Poles Using a Wet Layup FRP
Composite Strengthening System. J. Perform. Constr. Facil. 2010, 24, 409—416. [CrossRef]

4. Polyzois, D.; Kell, ].A. Repair and rehabilitation of wood utility poles with fibre-reinforced polymers. Can. J. Civ. Eng. 2007, 34,
116-119. [CrossRef]

5. Ferdous, W.; Almutairi, A.D.; Huang, Y.; Bai, Y. Short-term flexural behaviour of concrete filled pultruded GFRP cellular
and tubular sections with pin-eye connections for modular retaining wall construction. Compos. Struct. 2018, 206, 1-10.
[CrossRef]

6. Hou, M,; Wang, Q.Y.; Zhu, Y.M.; Yuan, S.C. Square Short Wood Columns Strengthened with FRP Sheets under Compressive Load.
Appl. Mech. Mater. 2012, 256-259, 1008-1011.

7. Fang, H.; Bai, Y; Liu, W,; Qi, Y.; Wang, J. Connections and structural applications of fibre reinforced polymer composites for civil
infrastructure in aggressive environments. Compos. Part B Eng. 2019, 164, 129-143. [CrossRef]

8. Manalo, A.; Aravinthan, T. Behaviour of glued fibre composite sandwich structure in flexure: Experiment and Fibre Model
Analysis. Mater. Eng. 2012, 39, 458-468. [CrossRef]

9.  Keller, T,; Giirtler, H. Composite Action and Adhesive Bond between Fiber-Reinforced Polymer Bridge Decks and Main Girders.
J. Compos. Constr. 2005, 9, 360-368. [CrossRef]

10. Nguyen, T.-C; Bai, Y.; Zhao, X.-L.; Al-Mahaidi, R. Effects of ultraviolet radiation and associated elevated temperature on
mechanical performance of steel /CFRP double strap joints. Compos. Struct. 2012, 94, 3563-3573. [CrossRef]

11. Ramoda Correia, J. Pultrusion of Advanced Fibre-Reinforced Polymer (FRP) Composites; Woodhead Publishing: Sawston, UK, 2013;
pp. 207-251.

12. Satasivam, S.; Bai, Y. Mechanical performance of bolted modular GFRP composite sandwich structures using standard and blind
bolts. Compos. Struct. 2014, 117, 59-70. [CrossRef]

13.  Shi, H.; Liu, W.; Fang, H.; Bai, Y.; Hui, D. Flexural responses and pseudo-ductile performance of lattice-web reinforced GFRP-wood
sandwich beams. Compos. Part B Eng. 2017, 108, 364-376. [CrossRef]

14.  Zhu, D,; Shi, H.; Fang, H.; Liu, W.; Qi, Y.; Bai, Y. Fiber reinforced composites sandwich panels with web reinforced wood core for
building floor applications. Compos. Part B Eng. 2018, 150, 196-211. [CrossRef]

15. Satasivam, S.S. Modular FRP Sandwich Structures for Building Floor Construction; Monash University: Clayton, Australia, 2017.

16. Almutairi, A.D.; Bai, Y.; Zhao, X.-L.; Ferdous, W. Full Scale Evaluation of GFRP Confined Softwood after Long-Term Exposure to
High Humidity Environment. Forests 2023, 14, 343. [CrossRef]

17. Bai, Y.; Satasivam, S.; Yang, X.; Almutairi, A.; Christofer, H.I.; Ding, C. Large Scale Structural Applications. In Composites for
Building Assembly; Springer: Berlin/Heidelberg, Germany, 2023; pp. 357-384.

18.  Almutairi, A.D.; Bai, Y.; Wang, Y.; Jeske, J. Mechanical performance of fibre reinforced polymer confined softwood timber for pole

applications. Compos. Struct. 2020, 235, 111807. [CrossRef]


https://doi.org/10.1061/(ASCE)1090-0268(2002)6:2(73)
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000355
https://doi.org/10.1061/(ASCE)CF.1943-5509.0000117
https://doi.org/10.1139/l06-105
https://doi.org/10.1016/j.compstruct.2018.08.025
https://doi.org/10.1016/j.compositesb.2018.11.047
https://doi.org/10.1016/j.matdes.2012.02.052
https://doi.org/10.1061/(ASCE)1090-0268(2005)9:4(360)
https://doi.org/10.1016/j.compstruct.2012.05.036
https://doi.org/10.1016/j.compstruct.2014.06.011
https://doi.org/10.1016/j.compositesb.2016.10.009
https://doi.org/10.1016/j.compositesb.2018.05.048
https://doi.org/10.3390/f14020343
https://doi.org/10.1016/j.compstruct.2019.111807

Polymers 2023, 15, 2102 20 of 21

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.
49.

50.

Ferdous, W.; Bai, Y.; Almutairi, A.D.; Satasivam, S.; Jeske, J. Modular assembly of water-retaining walls using GFRP hollow
profiles: Components and connection performance. Compos. Struct. 2018, 194, 1-11. [CrossRef]

Qiao, P; Yang, M. Impact analysis of fiber reinforced polymer honeycomb composite sandwich beams. Compos. Part B Eng. 2007,
38, 739-750. [CrossRef]

Allen, H.G. Analysis and Design of Structural Sandwich Panels; Elsevier: Amsterdam, The Netherlands, 1969.

Manalo, A.C.; Aravinthan, T.; Karunasena, W. Flexural behaviour of glue-laminated fibre composite sandwich beams. Compos.
Struct. 2010, 92, 2703-2711. [CrossRef]

Fam, A.; Sharaf, T. Flexural performance of sandwich panels comprising polyurethane core and GFRP skins and ribs of various
configurations. Compos. Struct. 2010, 92, 2927-2935. [CrossRef]

Fang, H.; Sun, H.; Liu, W.; Wang, L.; Bai, Y.; Hui, D. Mechanical performance of innovative GFRP-bamboo-wood sandwich beams:
Experimental and modelling investigation. Compos. Part B Eng. 2015, 79, 182-196. [CrossRef]

Manalo, A.C.; Aravinthan, T.; Karunasena, W.; Islam, M.M. Flexural behaviour of structural fibre composite sandwich beams in
flatwise and edgewise positions. Compos. Struct. 2010, 92, 984-995. [CrossRef]

Lombardi, N.J.; Liu, J. Glass fiber-reinforced polymer/steel hybrid honeycomb sandwich concept for bridge deck applications.
Compos. Struct. 2011, 93, 1275-1283. [CrossRef]

Liu, Z.; Majumdar, PK.; Cousins, T.E.; Lesko, ].]. Development and Evaluation of an Adhesively Bonded Panel-to-Panel Joint for
a FRP Bridge Deck System. J. Compos. Constr. 2008, 12, 224-233. [CrossRef]

Keller, T.; Rothe, J.; de Castro, J.; Osei-Antwi, M. GFRP-Balsa Sandwich Bridge Deck: Concept, Design, and Experimental
Validation. J. Compos. Constr. 2014, 18, 4013043. [CrossRef]

Dey, TK,; Srivastava, I.; Khandelwal, R.P; Sharma, U.K.; Chakrabarti, A. Optimum design of FRP rib core bridge deck. Compos.
Part B Eng. 2013, 45, 930-938. [CrossRef]

Keller, T.; Schollmayer, M. Plate bending behavior of a pultruded GFRP bridge deck system. Compos. Struct. 2004, 64, 285-295.
[CrossRef]

Satasivam, S.; Bai, Y.; Zhao, X.-L. Adhesively bonded modular GFRP web-flange sandwich for building floor construction.
Compos. Struct. 2014, 111, 381-392. [CrossRef]

Zi, G.; Kim, BM.; Hwang, YK.; Lee, YH. An experimental study on static behavior of a GFRP bridge deck filled with a
polyurethane foam. Compos. Struct. 2008, 82, 257-268. [CrossRef]

Satasivam, S.; Bai, Y.; Yang, Y.; Zhu, L.; Zhao, X.-L. Mechanical performance of two-way modular FRP sandwich slabs. Compos.
Struct. 2018, 184, 904-916. [CrossRef]

Mallick, PK. Fiber-Reinforced Composites: Materials, Manufacturing, and Design; CRC Press: Boca Raton, FL, USA, 2007; Volume 2.
Osei-Antwi, M.; de Castro, J.; Vassilopoulos, A.P.; Keller, T. Structural limits of FRP-balsa sandwich decks in bridge construction.
Compos. Part B Eng. 2014, 63, 77-84. [CrossRef]

Galos, J.; Das, R.; Sutcliffe, M.P.; Mouritz, A.P. Review of balsa core sandwich composite structures. Mater. Des. 2022, 221, 111013.
[CrossRef]

Labans, E.; Kalnins, K.; Bisagni, C. Flexural behavior of sandwich panels with cellular wood, plywood stiffener/foam and
thermoplastic composite core. J. Sandw. Struct. Mater. 2019, 21, 784-805. [CrossRef]

Pelinski, K.; Smardzewski, J. Static response of synclastic sandwich panel with auxetic wood-based honeycomb cores subject to
compression. Thin-Walled Struct. 2022, 179, 109559. [CrossRef]

Shalbafan, A.; Luedtke, J.; Welling, J.; Thoemen, H. Comparison of foam core materials in innovative lightweight wood-based
panels. Eur. ]. Wood Wood Prod. 2012, 70, 287-292. [CrossRef]

Vahedi, N.; Correia, ].R.; Vassilopoulos, A.P.; Keller, T. Effects of core air gaps and steel inserts on thermomechanical response of
GFRP-balsa sandwich panels subjected to fire. Compos. Struct. 2023, 313, 116924. [CrossRef]

Truxel, A.; Aviles, F.; Carlsson, L.; Grenestedyt, J.; Millay, K. Influence of face/core interface on debond toughness of foam and
balsa cored sandwich. J. Sandw. Struct. Mater. 2006, 8, 237-258. [CrossRef]

Zanuttini, R.; Negro, F. Wood-Based Composites: Innovation towards a Sustainable Future; Multidisciplinary Digital Publishing
Institute: Basel, Switzerland, 2021; p. 1717.

Shir Mohammadi, M.; Nairn, J.A. Balsa sandwich composite fracture study: Comparison of laminated to solid balsa core materials
and debonding from thick balsa core materials. Compos. Part B Eng. 2017, 122, 165-172. [CrossRef]

ASTM D143-94; Standard Test Methods for Small Clear Specimens of Timber. ASTM: West Conshohocken, PA, USA, 2000.
ASTM D3039; Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials. ASTM: West Conshohocken,
PA, USA, 2000.

Lee, S.; Munro, M.; Scott, R.F. Evaluation of three in-plane shear test methods for advanced composite materials. Composites 1990,
21, 495-502. [CrossRef]

ASTM D2344; Standard Test Method for Short-Beam Strength of Polymer Matrix Composite Materials and Their Laminates.
ASTM: West Conshohocken, PA, USA, 2000.

ASTM D638; Standard Test Method for Tensile Properties of Plastics. ASTM: West Conshohocken, PA, USA, 2010.

Clarke, ].L. European Structural Polymeric Composites, G, ProQuest. In Structural Design of Polymer Composites: Eurocomp Design
Code and Handbook; E and FN Spon: London, UK, 1996.

ASTMC393-00; Standard Test Method for Flexural Properties of Sandwich Constructions. ASTM: West Conshohocken, PA, USA, 2000.


https://doi.org/10.1016/j.compstruct.2018.03.074
https://doi.org/10.1016/j.compositesb.2006.07.014
https://doi.org/10.1016/j.compstruct.2010.03.006
https://doi.org/10.1016/j.compstruct.2010.05.004
https://doi.org/10.1016/j.compositesb.2015.04.035
https://doi.org/10.1016/j.compstruct.2009.09.046
https://doi.org/10.1016/j.compstruct.2010.10.007
https://doi.org/10.1061/(ASCE)1090-0268(2008)12:2(224)
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000423
https://doi.org/10.1016/j.compositesb.2012.09.028
https://doi.org/10.1016/j.compstruct.2003.08.011
https://doi.org/10.1016/j.compstruct.2014.01.003
https://doi.org/10.1016/j.compstruct.2007.01.010
https://doi.org/10.1016/j.compstruct.2017.10.026
https://doi.org/10.1016/j.compositesb.2014.03.027
https://doi.org/10.1016/j.matdes.2022.111013
https://doi.org/10.1177/1099636217699587
https://doi.org/10.1016/j.tws.2022.109559
https://doi.org/10.1007/s00107-011-0552-0
https://doi.org/10.1016/j.compstruct.2023.116924
https://doi.org/10.1177/1099636206062570
https://doi.org/10.1016/j.compositesb.2017.04.018
https://doi.org/10.1016/0010-4361(90)90422-S

Polymers 2023, 15, 2102 21 of 21

51. Bai, Y,; Qiu, C. Load-Dependent Composite Action for Beam Nonlinear and Ductile Behavior. J. Struct. Eng. 2020, 146, 04020028.
[CrossRef]
52. Timoshenko, S.; Goodier, ].N. Theory of Elasticity, 3rd ed.; McGraw-Hill: New York, NY, USA, 1969.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1061/(ASCE)ST.1943-541X.0002563

	Introduction 
	Experimental Program 
	Materials 
	Specimen Details and Preparation 
	Experimental Setup and Instrumentation 

	FE Modelling 
	Results and Discussion 
	Failure Modes 
	Load–Displacement Behaviour 
	Load–Strain Behaviour and Composite Action 
	Effect of Shear-Span-to-Depth Ratio and Timber Fibre Direction of Core 

	Conclusions 
	References

