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A B S T R A C T

Sandwich structures were built up by two glass fibre reinforced polymer (GFRP) thin-walled panels and square
hollow sections (SHS) in between through adhesive bonding or mechanical bolting. Experiments in compression
were conducted in order to understand the failure modes including global and local buckling, load-bearing
capacities, load-displacement curves and load-strain responses. Accordingly the effects of different connection
methods and different spacing values between the SHS sections were clarified. Sudden debonding failure be-
tween GFRP panels and inner SHS columns was found on adhesively bonded specimens; while mechanically
bolted specimens showed evident lateral deformation and progressive failure until the ultimate junction se-
paration failure on the GFRP SHS columns. Local buckling was found on GFRP thin-walled panels of specimens
with a larger spacing between the two SHS sections. Finite element analysis and analytical modelling were
performed to estimate the load-displacement curves and the critical stress for the local buckling on GFRP thin-
walled panels, where consistent agreements with experimental results were received.

1. Introduction

Sandwich structures generally consist of two facesheets and a core
where the facesheets can be made of glass fibre reinforced polymer
(GFRP) composites and the core can be lightweight materials such as
polymer foams and natural woods [1,2]. Such sandwich structures with
GFRP composites are featured with light weight and satisfactory me-
chanical performance, and therefore presenting successful structural
applications in many fields such as aerospace, aeronautical and marine
industries [3]. In civil engineering applications, such sandwich struc-
tures [4–6] have attracted increasing interests in structural applications
especially in modular buildings [7], e.g. beams [8–12], floors [13,14],
cladding [15,16] and bridge decks [17–20].

Numerous studies were conducted for GFRP sandwich structures
under bending [8–12,18,20], the work to investigate of their behaviour
under compression for column or wall applications are relatively lim-
ited although it is understood that GFRP composites may be more cri-
tical in compression due to low elastic modulus and shear strength
[21,22]. The compressive behaviours of GFRP wall panels in sandwich

structures using glass/polypropylene(PP) composites as the facesheet
and polystyrene(PS) foam as the core were examined by Mousa and
Uddin [23,24]. Concentric and eccentric compression experiments were
carried out on such sandwich structures for application of wall panels;
and debonding between the facesheets and core was found as the main
failure mode for such sandwich wall panels under compression. Fur-
thermore, experimental results including the global buckling loads,
lateral deflections and wrinkling stress were analysed and analytical
formulations and finite element (FE) analysis were well validated ac-
cordingly. Slender sandwich panels with different rib configurations
using GFRP laminates as facesheets and polyurethane (PU) foam as the
core were developed by Mathieson and Fam [25] and experimental and
numerical work was conducted to investigate their performance under
axial compression. The effects of slenderness ratio on the failure modes
and load-bearing capacities of such sandwich wall panels were analysed
and clarified in Ref. [26]. Another sandwich wall panels using hand lay-
up GFRP as facesheets and PU foam as the core were developed by
Abdolpour et al. [27]. Experiments were performed to study the me-
chanical performance of two scenarios: single sandwich unit and
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jointed sandwich units. It is found that the global buckling and GFRP
local wrinkling are the dominant failure modes and further the axial
load capacities of single and joint wall panels can be evaluated using
proposed analytical formulas. The effects of foam density and slender-
ness ratios were examined by CoDyre and Fam [28] to understand the
compressive strength of sandwich panels made of GFRP facesheets and
polyisocyanurate foam core. Other studies on circular sandwich col-
umns made of GFRP fabrics (as facesheets) and different cores including
polyvinyl chloride (PVC) foam [29] or PU foam [30] are also conducted
for structural applications.

One of the typical connection methods to build a sandwich structure
using composites is adhesive bonding, which bonds the two facesheets
and the core together [31–33]. Alternatively, mechanical bolting [34]
has been used to form various GFRP structures including sandwich
assemblies as reported in Refs. [35–39]. In comparing to adhesive
bonding, mechanical bolting has characteristics of easy assembly and
disassembly [40] and quasi-ductile behaviour [41]; while may be as-
sociated with higher stress concentration [42–45] at the bolted region.
GFRP web-flange sandwich structures were developed using standard
and blind bolts by Satasivam and Bai [46] and experimentally ex-
amined four point bending. It was shown that such GFRP web-flange
sandwich structures [14,46], also known as multi-cellular structures
[47], have improved flexural stiffness over individual GFRP sections
and been used for bridge deck and building floor applications [48,49].
However, studies on such web-flange sandwich structures formed with
adhesive bonding or mechanical bolting under compression are still
needed especially for their potential column or wall applications.

This paper presents an experimental investigation on the axial
compressive performance of GFRP sandwich assemblies with bonded or
bolted connections. GFRP sandwich wall specimens were fabricated by
two pultruded GFRP flat panels as face sheets sandwiching square
hollow sections (SHS) using adhesive bonding or mechanical bolting.
Experimental results on the failure modes, load-bearing capacities,
load-displacement curves and load-strain responses were obtained and
compared with numerical and theoretical modelling. The effects of
connection types (adhesive bonding or mechanical bolting) and spacing
between the core SHS sections on the overall load-bearing capacities
and failure modes are discussed. Finite element (FE) analysis was also
carried out to validate the experimental results in terms of the load-
displacement curves with consideration of second order effects.

2. Experimental investigation

2.1. Materials

Pultruded GFRP flat panels and square hollow sections (SHS) are
used in this study to fabricate sandwich specimens. The nominal length
of the used GFRP flat panels and SHS columns are 3000mm to present
the full scale for one-story column or wall applications. The nominal
thickness of GFRP flat panels is 8 mm and the section dimension of
GFRP SHS is 102× 102×9.5mm. Pultruded GFRP materials have
unidirectional fibres in the longitudinal direction and are regarded as
an orthotropic material. The material properties of used pultruded
GFRP flat panels and SHS columns in the longitudinal and transverse
directions were determined by coupon tests. Tensile properties of GFRP
flat panels were determined as the average of five coupon specimens in
accordance with ASTM D3039. The material properties of GFRP SHS in
the longitudinal direction were determined through 100mm height
short column compression tests [50]. All the resulting properties are
summarized in Table 1, where the elastic modulus of GFRP panels in
the longitudinal direction (fibre orientation) and transverse direction is
30.5 GPa and 9.5 GPa, respectively; and the elastic modulus of GFRP
SHS in the longitudinal direction is 28.1 GPa.

2.2. Specimens

Four GFRP sandwich specimens were prepared and experimentally
studied. Those specimens were assembled by connecting two pultruded
GFRP panels (as facesheets) and two pultruded GFRP SHS columns (as
core) in between. Two different connection methods, i.e. adhesive
bonding and mechanical bolting, are employed to assembly those
sandwich specimens. Specimens are labelled based on their connection
methods, e.g. “AB” represents adhesive bonding, and “MB” represents
mechanical bolting. The configuration of those sandwich specimens
after assembly is presented in Fig. 1. The spacing (c) between two SHS
sections is an experimental parameter to investigate its effect on the
mechanical performance of the sandwich specimens, with consideration
of two spacing values of 96 and 246mm. The nominal height of all
specimens is 3000mm, and the detailed dimensions of all specimens are
measured and summarized in Table 2.

For all sandwich specimens, the longitudinal direction is the pul-
trusion fibre orientation, corresponding to the material properties
provided in Table 1. AB series specimens were assembled using Plexus
MA310, a two-part methacrylate adhesive with the nominal glue
thickness of 0.6 mm. This adhesive has a tensile strength range of
24.1–31.0MPa, a tensile modulus range of 1.0–1.2 GPa, and a shear
strength of 20.7–24.1MPa [51]. The surfaces of GFRP panels and SHS
columns were firstly roughed using angle grinders and then cleaned
using acetone solvent. After that, part A and B of MA310 adhesive were
mixed together at the weight ratio of 1:1. The mixed MA310 adhesive
was applied on one GFRP panel, and two SHS columns were bonded on
the GFRP panel according to the geometric spacing defined in Table 2.
To maintain consistent thickness of the adhesive layer, chopped steel
wires with the diameter of 0.6mm were used as spacer at the interfaces
of GFRP SHS and face sheets. Heavy steel blocks were placed on the
SHS columns to ensure the full contact of adhesive between the SHS
columns and panels. The adhesive was cured at room temperature for
72 h. After that, the specimen was flipped and the GFRP panel on the
other side was bonded to the inner SHS columns following the same
procedures. MB series specimens were assembled by tightening M10
bolts (class 10.9) through the central line of the GFRP SHS section, as
shown in Fig. 1. The pitch between each bolt row is 100mm. The
overall length of the used M10 bolts is 150mm, and the thread length is
35mm. The nominal tensile strength of the bolts is 1000MPa. The
nominal diameter is 12.5 mm for of all bolt holes, and the nominal
clearance distances are 51mm (to the side edge) and 100mm (to the
end edge). For each MB series specimen, in total 58 through bolts are
used for assembly.

2.3. Setup and instrumentation

Testing machine (YAW-10000 J) with a loading capacity of
10,000 kN is used to apply the compression loading on the GFRP
sandwich specimens. The overall setup is shown in Fig. 2(a) and (b).
The bottom end of the specimen sat on the steel base ground between
two pieces of steel angles and was fixed by tightening using two
through bolts. One side of each steel angle was welded on the steel base
ground to ensure no displacement and rotation there. For the top end
setup, the two pieces of steel angles were mounted by bolts to the

Table 1
Material properties of pultruded GFRP materials.

Direction Elastic modulus (GPa) Ultimate strength (MPa)

Face sheet Longitudinal 30.5 387.9
Transverse 9.5 59.3

SHS Longitudinal 28.1 220.7
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loading end plate (see Fig. 2(a)). The top loading plate of the loading
machine has a sphere inside, resulting in the pinned boundary condi-
tion for the top end.

The compressive loading rate was 1mm/min in a displacement
control mode for all specimens. The axial shortening displacement is
measured by a linear variable displacement transducer (LVDT) installed
at the central axis of the top loading plate. Lateral displacements on
both front and back sides of the specimens are measured at the positions
of 1/4, 1/2 and 3/4 height of the specimens as illustrated in Fig. 3.
Strain gauges were adhered along the central line of specimens at 1/4,

1/2 and 3/4 height on both the front and back sides, as shown in Fig. 3.
At each height position, strain gauges are placed in both longitudinal
and transverse directions. In total 12 strain gauges are used for each
specimen. During the experiments, failure modes were monitored and
recorded by several video cameras in the laboratory.

3. Finite element analysis

Finite element (FE) analysis was performed to evaluate the me-
chanical performance of GFRP sandwich specimens using software
ANSYS 15.0. Both GFRP SHS and panels were modelled using element
SOLID45 which is an 8-node 3D solid structural element with three
translational degrees of freedom. Element size was set as 20mm to
receive fine meshing results for these GFRP components. The material
properties used in FE modelling were defined according to the experi-
mentally acquired values listed in Table 1.

Fig. 4(a) show the cross-section of AB specimens, in which the ad-
hesive bonding between the inner GFRP SHS sections and outer GFRP
panels were also modelled using SOLID45 elements and the thickness
was set as 0.6mm. The bonding between GFRP panels and SHS sections
was achieved by node coupling method, i.e. the coincident nodes

Fig. 1. Configurations of GFRP sandwich specimens.

Table 2
Dimensions of GFRP sandwich specimens.

Specimen a c w h Tc Tp

AB-1 299.6 97.5 117.6 3005 10.3 ± 0.3 7.9 ± 0.2
AB-2 450.6 249.7 117.9 3005 10.2 ± 0.5 8.0 ± 0.3
MB-1 301.3 98.8 116.5 3005 10.2 ± 0.4 7.8 ± 0.3
MB-2 451.5 250.6 116.3 3005 10.1 ± 0.5 7.9 ± 0.2

Note: a=specimen width; c=spacing between SHS sections; w=specimen
depth; h=specimen height; Tc = thickness of SHS sections; Tp= thickness of
panels.

Fig. 2. Experimental setup: (a) front view; (b) side view.

Fig. 3. Experimental instrumentation: (a) Front view; (b) Side view.
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between adhesive layers and GFRP panels/SHS sections were coupled
for all degrees of freedom. For MB specimens assembled using through
bolts, the bolted connection was modelled by coupling the coincident
nodes only at the bolted regions between the GFRP SHS sections and
GFRP panels, as shown in Fig. 4(a). For each bolt position, the coin-
cident nodes were coupled for all degrees of freedom. All the contact
areas of MB specimens between the outer surface areas of the GFRP SHS
sections and the corresponding inner areas of the GFRP panels were
modelled using a pair of contact elements, i.e. Conta174 and Targa170.
As shown in Fig. 4(a) for MB specimens, the outer surface areas of the
two GFRP SHS was defined as target element Targa170, and the inner
surface areas of GFRP panels was defined as contact element Conta174.
This contact behavior allows free separation in the normal direction but
defines the contact stiffness as the surface material with consideration
of minor penetration (10% of the depth of the underlying element
Conta174 [52]). In the tangent direction, the friction coefficient was set
as 0.42 [53].

Regarding the boundary conditions, all the nodes on the bottom end
of the specimens were constrained for all degrees of freedoms to re-
present the fixed boundary condition as shown in Fig. 4(b). For the top
end, a steel plate with dimensions of 500×500×50mm was mod-
elled for the actual loading plate during the experiments. The coin-
cident nodes at the interface between the steel loading plate and the top
end of the GFRP sandwich specimen were coupled as well to simulate
the constraining effects of the steel angles. The translational degrees of
freedom of the nodes in the central line of the top end of the steel plate
were restrained in X and Z directions, leaving Y direction free for ro-
tation to represent the pinned boundary condition for the top end, as
shown in Fig. 4(b).

An initial lateral deflection of 1/500 of the specimen height in the Z
direction was defined in the middle section of the specimen as the in-
itial imperfection to introduce geometric nonlinearity. After that, axial
displacement loading was applied on the nodes of the central line of the
top end on the steel plate and geometric non-linear analysis was further
performed.

4. Experimental results

4.1. Failure modes

Detailed observations on the failure modes and progressions of each
specimen were made during the experiments. For Specimen AB-1, at the
early stage of loading, adhesive bond cracking sounds were heard oc-
casionally after the load increased to above 300 kN. No obvious lateral
deformation was visually observed to indicate overall buckling. When
the axial load reached around 1075 kN, a sudden loud sound were
heard due to the separation of the panel on the back side from the inner
SHS columns as shown in Fig. 5. The face sheet on the back side was
severely buckled, but the inner SHS columns and the face sheet on the
front side remained without noticeable buckling as no obvious lateral
deformations were observed. Observation on the debonding area in-
dicated that the debonding started from the middle of the specimen and
extended to the ends (see Fig. 5). On the tip region of both ends, it was
found that some adhesive was still in contact and not debonded. After
the separation between the back face sheet and inner SHS sections, the
sandwich specimen is considered as entirely failed and the experiment
was stopped.

For specimen AB-2, the failure progression was similar to AB-1.
With the increase in loading, adhesive cracking sounds were heard after
the load became over 400 kN. The ultimate debonding failure occurred
when the axial load reached 1038 kN, with a loud sound. As shown in
Fig. 6, for this specimen both the front and back face sheets were se-
verely buckled and separated with the inner SHS components. Again
there was no obvious lateral deformation observed on the SHS com-
ponents; and the experiment was stopped after the ultimate debonding
failure.

For specimen MB-1, with the increase in the loading, overall
buckling was visually observed in the early loading step (see Fig. 7(a))
and the lateral deformation continued increasing afterwards. When the
axial load was approaching the peak load (1126 kN), several cracking
sounds were heard while no cracking due to buckling was visually

Fig. 4. FE modelling with (a) cross-sectional views of AB and MB specimens.
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observed from the specimen surface. After the peak load, the load
slightly dropped to 1082 kN and end crushing in association with the
delamination of the back side GFRP face sheet (under compression) and
the junction separation of SHS column were observed, as shown in
Fig. 7(b) and (c). After this failure, the axial load dropped substantially
and the experiment was stopped thereafter.

Overall buckling initiation and increasing lateral deformation were
also observed for specimen MB-2 at early loading stage. When the axial
load reached 977 kN, wrinkling was found from the 1/3 height region
(between 10th and 11th rows of bolts) of the back face sheet (see
Fig. 8(a)), and the load dropped substantially to 780 kN. After that, the
axial load continued to increase. At the load of 1048 kN, wrinkling was
also found from the upper region (around at the height of 2.7 m, see
Fig. 8(b)) of the front face sheet. The load then continued to increase
and the ultimate failure was found from the back face sheet around at
the height of 1.2 m, see Fig. 8(c), where both face sheet wrinkling and
also junction separation of the SHS sections occurred and this time this
specimen lost its load capacity. It should be noted that no bending or
shear failure on the through bolts were found. At the regions where the
ultimate junction separation of GFRP SHSs occurred, several long-
itudinal and transverse dents on the GFRP face sheet were found near
the bolt hole regions as shown in Fig. 8(d) likely due to the local effects
of bolting.

4.2. Load-axial displacement curves

Fig. 9 presents the load-axial displacement relationships for all
specimens. It shows that for AB specimens, the load-displacement
curves are highly linear until a sudden drop when the ultimate failure
(debonding) occurs. For specimen MB-1, it has a slight drop at a peak
load of 1126 kN, and keep carrying the loading until the ultimate
failure (see Fig. 9) at load 1082 kN. For specimen MB-2, three load

Fig. 5. Failure mode of specimen AB-1.

Fig. 6. Failure mode of specimen AB-2.

Fig. 7. Failure modes of specimen MB-1: (a) global buckling initiation; (b) side
view of end crushing; (c) cross-sectional view of end crushing.
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drops can be seen corresponding to the face sheet wrinkling observed in
Fig. 8. Based on the comparison of the load-axial displacement curves of
specimens with the same sectional width (AB-1 and MB-1, or AB-2 and
MB-2), it is found that AB specimens have a slightly higher stiffness
(slope of the curves) than MB specimens. This may be due to the
composite action offered by different connection approaches. Adhesive
bonding is considered with full composite action [14] while the me-
chanical bolting with partial composite action depending on the
number and spacings of the mechanical bolts and their mechanical
properties etc [46]. Also, the difference of effective widths between AB
and MB specimens may lead to the difference in the axial stiffness. As
further presented in Table 4 and Fig. 15, for the specimens with the
same width but different connection method, AB specimens have a

shorter effective width comparing to MB specimens; this further results
in a higher critical local buckling stress for the face sheets and also a
higher axial stiffness of the specimen. Ultimate axial displacements of
each specimen at its ultimate load are summarized in Table 3. The ul-
timate displacements of specimen AB-1 and AB-2 are 11.4mm and
9.7mm and they are less than the corresponding values of specimens
MB-1 (15.2 mm) and MB-2 (14.9mm). It is understandable as the AB
specimens experienced sudden debonding failure without the global
buckling initiation while MB specimens showed progressive failure
after the global buckling initiation.

FE modeling results are included in Fig. 9 to compare with the ex-
perimental results. Overall, the load-displacement curves from FE
analysis showed good agreement with the experimental results

Fig. 8. Failure modes of specimen MB-2: (a) back face sheet wrinkling; (b) front face sheet wrinkling; (c) further back face sheet wrinkling and column junction
separation; (d) longitudinal and transverse local damages near bolt hole regions.
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especially for the linear developments at the initial stages. It should be
noted that the FE results did not well describe the load-displacement
behaviours for MB specimens after wrinkling of face sheets as such
failure mode were not considered in the FE modelling.

4.3. Load-lateral displacement curves

The load-lateral displacement curves are presented in Fig. 10. LVDT
results measured from the 1/4 (D2 and D5), 1/2 (D3 and D6) and 3/4
(D4 and D7) height positions on both front and back sides of each
specimen at the ultimate loads are summarized in Table 3. For specimen
AB-1, the readings from D2, D3, D4 on the front side are negative values
and D5, D6, D7 on the back side are positive values, suggesting that the
specimen is under an overall lateral deformation towards to the front
side. Prior to the adhesive debonding occurred on the back side at the
axial load of 1075 kN, the largest lateral displacements from LVDTs D3
and D6 in the middle of the specimen are only 7.6 mm and 8.1mm (see
Table 3) respectively. After the sudden adhesive debonding failure, the
lateral displacements D5, D6 and D7 on the back side panels increased
substantially. The lateral deformations on specimen AB-2 are similar to
AB-1. All the readings are relatively small (less than 6mm) until the
adhesive debonding failure occurred at ultimate load of 1038 kN. After
the sudden adhesive debonding failure, all the lateral displacements
increased substantially. It should be noted that from the lateral dis-
placements of AB series specimens are low before the ultimate failure as
evidenced in Fig. 10(a) and (b), suggesting insignificant global buck-
ling.

For MB specimens, the load-lateral displacement curves presented in
Fig. 10(c) and (d) show that lateral displacements developed con-
tinuously with relatively large values, unlike the sudden increase in AB
series specimens. The largest lateral displacement readings before
failure (D3 or D6, see Table 3) at the middle height of GFRP face sheets

are 45.0 mm or 47.6mm from specimen MB-1, and 49.3mm or
42.2mm from specimen MB-2. These large lateral deformations on MB
series specimens made the bucked deformation visible during the ex-
periments, and further suggesting that the global buckling may be in-
itiated for the specimens.

4.4. Load-strain responses

The load-strain responses of each specimen are presented from
Figs. 11–14, with the corresponding positions of strain gauges marked
in Fig. 3. On the front side of the specimens, strain gauges G1, G3, G5
represent the longitudinal strains on the 1/4, 1/2 and 3/4 height po-
sitions; and G2, G4, G6 correspond to the transverse strains on the same
positions. On the back side of the specimens, strain gauges G7, G9, G11
represent the longitudinal strains on the 1/4, 1/2 and 3/4 height po-
sition; and G8, G10, G12 correspond to the transverse strains on the
same positions. Fig. 11 presents the load-strain responses on specimen
AB-1, where both longitudinal and transverse strain responses appear
linear. It is also shown that the slopes of longitudinal strains (G7, G9,
G11) on the back side are higher than those (G1, G3, G5) on the front
side. This is because the overall lateral deformation of the specimen as
presented in Fig. 10(a), in addition to the axial loading, caused the
different compression on the front and back sides. The maximum
compressive strain is −0.37% on G3 gauge located on the middle
height of the front face sheet at the ultimate load of 1075 kN. The
maximum transverse strain is 0.11% on G2 located on the 1/4 height
position of the front face sheet at the ultimate load.

Fig. 12 presents the load-strain responses of specimen AB-2. Again
at the initial loading stage all the strain responses are linear. However
different to specimen AB-1, the transverse strain from G8 showed a
clear turning of direction after the compressive load of about 900 kN.
This sudden change of strain values indicates that local deformation
(buckling) at this location of the GFRP face sheet. The longitudinal
strain development from G7 (on the same position of G8) also show
change in slope, in support of the observation of the local buckling
behaviour. The maximum compressive strain at the ultimate load of
1038 kN is −0.27% on gauge G9 located on the middle of the back side;
and the maximum transverse strain is 0.08% on G10 located on the
middle height position on the front side.

Fig. 13 presents the load-strain responses of specimen MB-1. When
the compressive load increased over 1000 kN, strain behaviours from
G3, G5, G9, G11 on the 1/2 and 3/4 height positions gradually changed
their development trends. This suggests the overall bending because of
the initiation of global buckling and this is in accordance with the
observed lateral deformation as shown in Figs. 7(a) and Fig. 10(c).
Fig. 14 presents the load-strain responses of specimen MB-2 where more
obvious change in the strain developments with loading are found.
Clear turning points in the responses from gauges G7, G8 and G9 at load
of 750 kN indicated local buckling occurred on the 1/4 and 1/2 height
on the back face sheet. Although this local buckling was not observed
visually during experiment, this region where the local buckling oc-
curred was in general consistent with the further observed face sheet
wrinkling (see Fig. 8(a)) on the lower area of the back face sheet. Other
changes in the direction of strain developments are from gauges G7, G9

Fig. 9. Load and axial displacement curves for all specimens from both ex-
periments and FE modelling.

Table 3
Major experimental results of GFRP sandwich specimens.

Specimen Peak load
P (kN)

Ultimate load
Pu (kN)

Axial displacement
at Pu (mm)

Lateral displacement at Pu (mm)
(Front side)

Lateral displacement at Pu (mm)
(Back side)

D2 D3 D4 D5 D6 D7

AB-1 1075 1075 11.4 3.0 7.6 4.5 3.7 8.1 3.6
AB-2 1038 1038 9.7 5.1 5.2 3.3 2.3 5.7 4.9
MB-1 1126 1082 15.2 17.4 45.0 30.6 22.1 47.6 33.3
MB-2 1048 1001 14.9 32.7 49.3 25.8 20.9 42.2 15.5
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and G10 at the load of 830 kN, further confirming the occurrence of
local buckling there on the back face sheet.

5. Discussions

5.1. Load-bearing capacity

The global buckling load of the sandwich specimens can be esti-
mated using Eq. (1):

=P
EI

kL
( )

( )E
eq

2

2 (1)

where (EI)eq is the equivalent flexural stiffness of the section, k is the
effective length ratio and L is the length of the specimen.

Table 4
Comparisons between analytical and experimental results of ultimate compressive stress.

Specimen beff (mm) Analytical results (MPa) Experimental results (MPa) Comparisons

σe σLB σu σLB,exp σu /σe σu /σLB σLB,exp/σLB

AB-1 96 110.0 552.1 88.2 / 0.80 0.16 /
AB-2 246 114.8 81.5 70.3 60.9 0.61 0.86 0.75
MB-1 196 109.9 149.8 94.9 / 0.86 0.63 /
MB-2 346 114.8 48.1 73.6 52.7 0.64 1.53 1.10

Note: beff= effective plate width; σe= global buckling stress; σLB= local buckling stress; σu= experimental ultimate compressive stress; σLB,exp= experimental local
buckling stress.

Fig. 10. Load and lateral displacement curves: (a) AB-1; (b) AB-2; (c) MB-1; (d) MB-2.

Fig. 11. Load-strain responses of specimen AB-1.
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In this study, the boundary condition on the ends corresponds to one
end pinned and the other fixed, therefore k is 0.7. The equivalent
flexural stiffness of the section can be calculated using the below
equation:

= + = +

+

EI EI EI E
b t

b t d

E b b t

( ) ( ) ( ) 2
12

2
12

( )
12

eq panels SHS p
p p

p p

c
c c c

3
2

4 4

(2)

where Ep and Ec are the elastic moduli of GFRP panels and SHS col-
umns, bp and tp are the width and thickness of GFRP panels, and bc and
tc are the width and thickness of GFRP SHS sections; d is the distance
between the central axis of the SHS sections and the central axis of the
GFRP panels, i.e. (bc + tp)/2.

It should be noted that full composite action is assumed in Eq. (2)

for the connection between the GFRP face sheets and inner SHS sec-
tions. However, only the bonded connection may provide full compo-
site action [49]; while partial composite action was found on bolting
connected web-flange sandwich systems [46]. The critical global
buckling stress of all sandwich specimens are calculated using Eq. (1)
and summarized in Table 4 for further comparison. It also can be found
that the critical global buckling stress of MB specimens are over-
estimated indicating the partial composite action for the sandwich
specimens with bolted connections.

For specimens AB-2 and MB-2 with a larger spacing c (246mm)
between the two SHS sections, local buckling may more likely occur on
the GFRP face sheets between the two SHS sections, due to the relative
high width-thickness ratios [50,54]. The critical local buckling load can
be calculated, taking into consideration the boundary conditions of the
GFRP face sheets of the AB or MB specimens with different connections.
For the former, the boundary condition of the GFRP face sheets may be
close to simple supported at the top and bottom edges while as clamped
due to the adhesive bonding at the two sides, i.e. CCSS as shown in
Fig. 15. The equivalent plate width is therefore the clear spacing be-
tween the two SHS sections. The critical local buckling load for or-
thotropic GFRP plate with boundary condition of CCSS [55–57] can be
calculated using the below equation:

= + +N
b

D D D D44.9 24 ( 2 )Local cr
CCSS

eff
,

2

2 11 22 2 12 66
(3)

where beff is the width of the plate, and D11, D22, D12, D66 are the
bending stiffness coefficients of the plate relating to material properties
[57,58]. Eq. (3) was further used for MB series specimens. However the
effective plate width beff may be considered as the distance between the
two through bolts in the two SHS sections from the same row (as in-
dicated in Fig. 15). Using Eq. (3), the critical local buckling stress of AB
and MB series specimens are calculated and summarized in Table 4.

In Table 4, the experimental ultimate compressive stress σu of spe-
cimens AB-1 and AB-2 are 88.2MPa and 70.3MPa, corresponding to
the stress ratio of 0.80 and 0.61 to the calculated global buckling stress

Fig. 12. Load-strain responses of specimen AB-2.

Fig. 13. Load-strain responses of specimen MB-1.

Fig. 14. Load-strain responses of specimen MB-2.

Fig. 15. Boundary conditions for GFRP face sheets in theoretical estimation of
local buckling stress: (a) cross-sectional view; (b) front view.
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σe. This is in support of the observed failure mode of AB series speci-
mens, i.e. sudden debonding without global buckling. For MB speci-
mens, the experimental ultimate compressive stress σu are 94.9MPa
and 73.6MPa, corresponding to the stress ratio of 0.86 and 0.64 to the
global buckling stress σe; while the calculated values can be over-
estimated because of the assumption of full composite action as dis-
cussed above. In addition, for specimen MB-1, the stress ratio 0.86 can
already reasonably suggest the global buckling initiation, as observed
during the experiment (Fig. 7(a)). For specimen MB-2, the stress ratio is
0.64 and much lower than the theoretical global buckling stress. This is
due to the occurrence of local buckling on MB-2 specimen associated
with a larger width between the two through bolts from the same row
(see Fig. 8(a) and b). The calculated local buckling stress σLB is
48.1MPa and less than the calculated global buckling stress σe for
specimen MB-2.

The comparisons of local buckling stress between the calculated and
experimental values in Table 4 show satisfactory agreements for spe-
cimens AB-2 and MB-2. For these two specimens AB-2 and MB-2 with a
larger spacing between the two SHS sections, the calculated local
buckling stress σLB are 81.5MPa and 48.1MPa, and lower than the
global buckling stress σe. σLB of specimen MB-2 is close to the experi-
mental local buckling stress σLB,exp of 52.7MPa and local buckling was
evidently observed from the failure mode (face sheet wrinkling, see
Fig. 8(a) and b) and from several load-strain responses (G7, G8, G9 and
G10 in Fig. 14). For specimen AB-2, the ratio of local buckling stress
between experimental and theoretical results is 0.75. This may be due
to the approximation of boundary conditions of GFRP face sheets in
specimen AB-2. The boundary conditions of two sides in the long-
itudinal directions were considered as clamped. However, the con-
strains from the adhesive bonding and the thin thickness of the face
sheets may still allow rotation at the side ends. This may result in
overestimation of the critical theoretical local buckling stress σLB in Eq.
(3). On the other hand, theoretical calculations on the local buckling
stress σLB for specimens AB-1 and MB-1 are 552.1MPa and 149.8MPa
and they are higher than their experimental ultimate compressive stress
σu as well as the theoretical global buckling stress σe. This explains that
there is no local buckling observed from these two specimens.

5.2. Effects of spacing between SHS sections

As evidenced in load-strain responses presented in Figs. 11–14, the
spacing value c shows clear effect on the local buckling of the GFRP face
sheets between the two SHS sections. Specimens with a larger spacing
value (AB-2 and MB-2) exhibited local buckling mode (as shown in
Figs. 12 and 14); while the ones with a smaller spacing (AB-1 and MB-1)
did not (see Figs. 11 and 13). Also the actual spacing between the two
clamped side edges in MB specimens is larger than that between the two
SHS sections due to the inner positions of bolts. It also modified the
boundary conditions and therefore affected the critical local buckling
stress for the GFRP face sheets between the two bolts as discussed
previously. In the development of such GFRP sandwich assemblies for
column or wall applications, the spacing between SHS sections should
be carefully determined as it affects the failure mode and overall load-
bearing capacities.

5.3. Comparison of bonded and bolted connections

From the observed failure modes, adhesively bonded specimens AB-
1/2 exhibited sudden debonding. The bolted specimens MB-1/2 ex-
hibited progressive failure associated with the evident global buckling
initiation, and finally failed on the junction separation on the inner SHS
sections. From the load-axial displacement curves, AB specimens
showed a slightly higher axial stiffness than MB specimens. This reflects
the difference in composite action offered by bonded or bolted con-
nections. From the load-lateral displacement curves, evident lateral

deformation observed from MB specimens (see Fig. 10c and d) while
limited lateral deformation from on AB specimens (lateral displace-
ments less than 10mm, see Fig. 10a and b). The differences in the load-
bearing capacities of GFRP sandwich assemblies with these two types of
connections are minor (within 5%).

6. Conclusions

This paper investigated the performance of GFRP sandwich assem-
blies in compression for column or wall applications. GFRP sandwich
specimens were assembled by connecting two pultruded GFRP panels
and two GFRP SHS using two approaches, i.e. adhesive bonding or
mechanical bolting. The failure modes, load-bearing capacities, load-
displacement curves and load-strain responses were obtained from ex-
periments and compared with theoretical and FE modelling. The effects
of different connection methods and the spacing between SHS sections
were discussed. The following conclusions can be drawn from this
study:

1. Adhesively bonded sandwich specimens (AB-1/2) experienced
sudden debonding failure between the GFRP face sheets and inner
SHS sections without global buckling in the experimental study.
Mechanical bolted sandwich specimens (MB-1/2) exhibited evident
lateral deformation and global buckling initiation. Progressive fail-
ures were found from the bolted sandwich specimens. Specimen MB-
1 with a smaller spacing value of 96mm between two inner SHS
sections showed end crushing and web-flange junction separation at
the end, after the obvious lateral deformation without local buckling
of the GFRP face sheets. Specimen MB-2 with a larger spacing of
246mm exhibited clear local buckling of face sheet wrinkling
during the loading and it ultimately failed by the junction separation
of SHS columns at the middle height of the specimen.

2. Load and displacement curves showed slightly higher axial stiffness
of AB specimens than the MB specimens with the same section
width. This may be due to the different degrees of composite action
between the adhesive bonding and mechanical bolting and differ-
ence in the effective widths between two GFRP SHSs. Adhesive
bonding provided full composite action between the GFRP face
sheets and inner SHS sections; while mechanical bolting is asso-
ciated with partial composite action. FE results on the load-axial
displacement curves show good agreements with experimental re-
sults for both AB and MB specimens before failure. Load and lateral
displacement curves of MB specimens showed more obvious lateral
deformation than AB specimens. This also indicates global buckling
initiated on MB specimens while not on AB specimens. Load-strain
responses evidenced local buckling occurred on the GFRP face
sheets of specimens AB-2 and MB-2.

3. It can be therefore identified that the spacing between the two SHS
sections play an important role on the local buckling of the GFRP
face sheets. Specimens AB-1 and MB-1 with a smaller spacing value
of 96mm did not exhibit local buckling on the face sheets while the
local buckling was clearly found from specimens AB-2 and MB-2
with a larger spacing between the two inner SHS sections. Analytical
results based on orthotropic plate theory was able to estimate the
local buckling stress for the face sheets with satisfactory agreement
with the experimental results.

The results from this study may demonstrated the compressive
performance of the developed GFRP sandwich structures for potential
column and wall applications by assembly of GFRP flat panels as face
sheets and SHS as core sections. Different connection methods such as
adhesive bonding and mechanical bolting and spacing values between
core SHS sections as major design parameters may result in different
failure modes, composite action degrees and load-bearing capacities.
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