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Curvilinear architecture and structures are becoming a worldwide trend for its streamlined appearance and
synchronicity with the surroundings. Nonetheless, the conventional construction materials might not be able to
achieve the desired curvilinear geometries in an effective and economic manner. In this regard, glass fiber-
reinforced polymer (GFRP) curved sandwich panel with polyurethane foam core is able to meet the require-
ment of the construction efficiency and economy as well as satisfy the need for a lower energy consumption.
However, few studies are available on the mechanical behavior of such panels. In this regard, this work was to
conduct an experimental and numerical investigation on the singly curved GFRP sandwich panels to evaluate the
flexural performance. In particular, the effect of the foam density, inclined angle, core thickness and stacking
sequence of face sheet on the load-carrying capacity and failure mode was addressed. Four failure modes were
identified. The singly curved GFRP sandwich panel showed an improved stiffness when compared to the flat
panel, but showed more complicated failure mechanism. The stiffness of the curved panel with inclined angle 30°
was 250 % higher than that of the flat panel in the test results. It was shown that the strength and stiffness
increased as the density and thickness of the foam core increased. In addition, a finite element analysis was
conducted via MSC.Marc and validated by the experimental results. A parametric study was performed to address
the design parameters. It was found that the specimens with inclined angles of 30° and 45° showed the greatest
stiffness.

1. Introduction

Curvilinear architecture has seen a rapid development in recent
years [1]. It releases the imagination and creation of architects in
designing new buildings and infrastructures [2]. In this regard, the new
construction technology finds its opportunity in an increasing number of
modern structures. This is primarily due to the fact that the conventional
construction techniques are often based on a formwork system and thus,
have difficulty in constructing the free-form appearance with acceptable
cost in terms of the time and effort [3]. In addition to the cost consid-
eration, the thermal performance needs to be particularly concerned, as
the modern curvilinear buildings often come with a higher energy
consumption due to their relatively complex architectural geometry [4].
Thus, customized thermal insulation is typically needed, and it has
become one of the most important measures of the overall thermal
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performance of the building envelope. Nonetheless, conventional ther-
mal insulation approaches, such as the concrete sandwich panels [5] and
the exteriorly insulated walls [6], are relatively complex in details and
might result in a low efficiency in the construction of curvilinear
architectures.

Curved fiber reinforced polymer (FRP) sandwich panel, consisting of
FRP face sheets and polyurethane (PU) foam core, provides an effective
solution to the aforementioned cost-efficiency and thermal performance
[7]. For instance, curved glass fiber-reinforced polymer (GFRP) sand-
wich panels have been adopted as an esthetical envelope of the Tongz-
hou bridge in Beijing, China (Fig. 1a) [8], the shell of the wind turbine
blade (see Fig. 1b) [9] and the floating and stationary facilities in bridge
anti-collision application [10]. FRP material is widely known to have a
low density, high strength, ease of construction and excellent desig-
nability [11,12]. In addition, PU foam has a low thermal conductivity
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and has been widely used as a thermal insulation material. The proposed
panel in this work combines the advantages of both FRP and PU foam
and thus, is able to realize the rapid construction and achieve the
excellent thermal performance [13,14]. Several pioneering curvilinear
architectures have been constructed worldwide [15-17], such as
Hoofddorp bus station (Netherlands) [18], Yitzhak Rabin center (Israel)
[19], Novartis main gate building (Switzerland) [20,21], Wuhan factory
gate building (China) [22] and Beijing bridge enclosure (China) [23].

Nonetheless, existing research was mainly focused on the curved FRP
sandwich panels with rigid core, and few studies investigated the static
behavior. In particular, many scholars from the aerospace industry have
focused on the vibration behavior [24-27]. On the other hand, some
experimental and numerical studies focused on the extreme events such
as the blast loading [28-35]. As aforementioned, the thermal perfor-
mance is an essential factor in the design of curved sandwich panels, and
this is true for both the aerospace and civil industries [36-38]. In
addition, the static behavior, especially buckling performance of curved
sandwich panels were evaluated by few scholars. Frostig et al. [39]
proposed a high-order theory for sandwich-beam behavior with trans-
versely flexible core. Skvortsov and Bozhevolnaya [40-42] assessed the
existing theoretic models for singly-curved sandwich panels under static
loads, and they proposed a new model to predict the overall static
behavior of the panel. Afshin et al. [43] investigated the static response
of cylindrical sandwich panels with flexible core based on the high-order
theory of sandwich structures. Pope et al. [44] and Davenport et al. [45],
on the other hand, studied the buckling characteristics of isotropic and
orthotropic curved sandwich panel under the combination of axial
compression and shear. Hause et al. [46] conducted a theoretical study
on the post-buckling behavior of geometrically imperfect anisotropic
doubly-curved sandwich panels subjected to various loading condition.
Gao et al. [47], Hosseini et al. [48] and Kundu et al. [49] also carried out
buckling analysis on curved composite sandwich panels via finite
element method. It is identified that in many scenarios the concentrated
load is the most detrimental loading condition for curved FRP sandwich
panels with soft core or truss core. However, few studies have focused on
the concentrated loads. Xiong et al. [50] conducted experimental and
numerical studies on the flexural behavior of a composite curved panel
with pyramidal metallic truss core. Xie et al. [51,52] investigated the
flexural behavior and failure mechanisms of curved sandwich beams
with polyethylene terephthalate (PET) foam. The effects of thickness
and curvature radius were evaluated, and the results showed that the
ultimate load-bearing capacity and stiffness of the CSBs decreased by
17.7 % and 61.8 % as the curvature decreased from 1150 to 300 mm. In
addition, as for the flat FRP sandwich panel with foam core, four failure
modes have been identified in previous research [53], whereas the
failure modes of the curved panels with foam core still needed more
investigation.

In order to investigate the flexural performance of the curved sand-
wich panel with foam core as well as to augment the data for the field, a
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series of three-point bending tests under concentrated loads were con-
ducted on the singly curved sandwich panels. Moreover, the influences
of different geometrical and physical parameters on the load capacity
and failure modes of the panels are addressed. In addition, a finite
element analysis was conducted via MSC.Marc to reveal the damage
progress and to perform the parametric study.

2. Experimental program
2.1. Material properties

In this work, the singly curved sandwich panels consist of GFRP face
sheets and PU foam core. The glass fiber sheets were HITEX-G430S
unidirectional fabric with density of 430 g/m? and were manufac-
tured by Nanjing Hitech Composites Co., Ltd. The resin system was
SWANCOR 2511-1A/BS epoxy resin and produced by Swancor (Tianjin)
Wind Blade Materials Co., Ltd. The PU foam was closed-cell and pro-
duced by Kezhao New Materials Co., Ltd. The GFRP face sheets were
manufactured through vacuum-assisted resin transfer molding
(VARTM) process and computer numerical control (CNC) machining, as
shown in Fig. 2.

The thickness of one single layer of GFRP face sheets (after molding)
was approximately 0.45 mm, and the fiber volume fraction was
approximately 37.6 %. The tensile, compressive and shear properties
were assessed according to Chinese standards GB/T 1447-2005, GB/T
1448-2005, GB/T 3355-2014, respectively. Each test was performed on
five coupons and the results are shown in Table 1. The coupons were
prepared through VARTM process and CNC machining. The sizes of the
coupons were 250 x 25 x 2.4mm in tensile tests, and
250 x 25 x 2.9 mm in shear tests. In order to avoid the buckling failure,
the sizes of the coupons in compressive tests were 10 x 10 x 2.4 mm in
0° direction and 10 x 6 x 2.4 mm in 90° direction. The loading rate was
2 mm/min for each test. The GFRP sheets showed a linear elastic
behavior until failure under compression and tension. The material
properties of PU foam core are shown in Table 2. The stress-strain re-
lationships of PU foam coupons are shown in Fig. 3. It could be seen that
the strength and modulus increased as the density increased. It could
also be found that for PU foam the compressive strength was not equal to
the tensile strength, and the compressive stress-strain relationship had a
relatively longer yield plateau, as shown in Fig. 3(a). In addition, the
tensile failure of PU was brittle, as shown in Fig. 3(b), and the shear
failure became brittle when the density was greater than 77.6 kg/m>, as
shown in Fig. 3(c). It is worth noting that the PU foam with density of
77.6 kg/m°> exhibited a nonlinear behavior in the shear test.

2.2. Specimen design

A total of eleven singly-curved sandwich panels were manufactured,
and also, one flat sandwich panel was made for comparison purpose, as

Shey

Cross-sectional view A-A

(b)

Fig. 1. Curved GFRP sandwich panels as (a) the envelope of a bridge (Beijing, China) and (b) the shell of the wind blade.
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(b)

Fig. 2. Manufacture process of singly curved GFRP sandwich panel with foam core: (a) VARTM process and (b) CNC machining.
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Table 1
Mechanical properties of GFRP sheets.
Tension Compression Shear
0° 90° 0° 90° +45°
Ep. (GPa) Fr, (MPa) Er (GPa) Fr, (MPa) E;. (GPa) Fr. (MPa) Er. (GPa) Fr. (MPa) Grr (GPa) Frr
(MPa)
38.9 773 10.6 27.2 38.1 220.1 11.2 95.8 3.29 45.7
(2.0 %) (2.1 %) (3.7 %) (4.4 %) (3.1 %) (6.0 %) (4.6 %) (4.9 %) (3.6 %) (3.9 %)
Note: The value in the parentheses represents the coefficient of variation.
Table 2
Mechanical properties of PU foam core.
Density designation Density Tension Compression Shear
ke 3
(kg/m’) E, (MPa) F, (MPa) E, (MPa) F, (MPa) G (MPa) F, (MPa)
D1 53.6 5.93 0.27 4.88 0.24 2.18 0.21
(1.02 %) (2.36 %) (5.56 %) (1.33 %) (5.42 %) (3.30 %) (5.71 %)
D2 77.6 12.52 0.58 11.34 0.50 4.96 0.3
0.71 %) (2.80 %) (4.83 %) (1.15 %) (4.20 %) (3.43 %) (5.00 %)
D3 125.6 28.19 0.84 27.54 1.23 12.68 0.47
(0.44 %) (1.92 %) (4.40 %) (1.05 %) (2.36 %) (2.76 %) (4.47 %)
D4 168.5 43.16 1.30 47.96 2.23 20.81 0.65
(0.42 %) (2.83 %) (5.46 %) (1.42 %) (2.87 %) (2.93 %) (5.54 %)
D5 211.0 60.75 1.92 68.39 3.44 28.55 0.86
(0.89 %) (3.34 %) (5.73 %) (1.93 %) (2.70 %) (2.94 %) (5.47 %)
Note: The value in the parentheses represents the coefficient of variation.
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Fig. 3. Experimentally determined stress-strain relationships of PU foam: (a) compression, (b) tension and (c) shear tests.

shown in Table 3. The foam density, inclined angle, core thickness and
stacking sequence of face sheet were considered in the specimen design,
including five densities, four inclined angles, two foam thicknesses and
four stacking sequences. Therefore, the specimen was designated as
follows (taking D1-30-20-A as an example): the first part D1 represents

the density of PU foam core (see Table 2); the second part 30 indicates
the inclined degree of the panel; the third part 20 represents the thick-
ness of the PU foam core; and the last part A is the stacking sequence of
GFRP face sheet (0° indicates that the fiber is parallel to the longitudinal
direction of the specimen). The fiber in 90° direction is designed to
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Table 3
Details of the specimens.
Specimens Foam density  Inclined Thickness of the Stacking
(kg/ms) angle (°) core h. (mm) sequence (°)
D1-30-20- 53.6 30 20 0/90/0
A
D2-30-20- 77.6 30 20 0/90/0
A
D3-30-20- 125.6 30 20 0/90/0
A
D4-30-20- 168.5 30 20 0/90/0
A
D5-30-20- 211.0 30 20 0/90/0
A
D3-00-20- 125.6 0 20 0/90/0
A
D3-60-20- 125.6 60 20 0/90/0
A
D3-90-20- 125.6 90 20 0/90/0
A
D3-30-15- 125.6 30 15 0/90/0
A
D3-30-20- 125.6 30 20 0
B
D3-30-20- 125.6 30 20 0/90/0/90/0
C
D3-30-20- 125.6 30 20 0/0/90/0/0
D

prevent the splitting failure of the GFRP face sheet. In the four stacking
sequences, the longitudinal layer increases from one layer to four layers
individually. The thickness of face sheet can be estimated based on the
thickness of one single layer. The schematic diagram of the specimens is
shown in Fig. 4. More detailed information of each specimen is pre-
sented in Table 3.

2.3. Experimental setup and instrumentation

The test setup is shown in Fig. 5(a). In order to realize the arch
structure, the translation degree of the support should be restricted. In
addition, the rotation degree was also restricted. Since all the specimens
were thin panels with low bending rigidity, the rotation constraint
would show less influence on the failure mechanism compared to that of
releasing the rotation constraint when subjected to the concentrated
load. The specimen ends were first glued to steel plates to adequately fix
the two ends of the panel, and then the steel plates were bolted at the
foundation, as shown in Fig. 5(b). Three linear variable displacement
transducers (LVDTs) were installed to measure the overall and the local
compressive deformations of the panel, and twelve strain gauges were
installed on the top and bottom GFRP face sheets (six at each side), as
shown in Fig. 5(c). The loading was applied in the manner of
displacement-control, and the loading rate was 1 mm/min.

3. Experimental results
3.1. Experimental observations and failure modes
Four types of local damages were observed during the tests,

including core shear (CS) crack, face crushing (FC), face wrinkle (FW)
and indentation (INT), as shown in Fig. 6. Furthermore, four failure

Load
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modes of the singly curved sandwich panel with foam core were iden-
tified and shown in Table 4: (I) Failure mode CS, in which pure shear
crack of PU core occurred without causing other damages; (II) Failure
mode FC-INT-CS, in which face sheet showed compressive failure first,
and then indentation and core shear crack occurred; (III) Failure mode
INT-CS, in which indentation occurred first and finally core shear crack
occurred; (IV) Failure mode INT-FW-CS, in which indentation occurred
first and then face sheet wrinkled, and finally the core cracked due to
shear.

The failure mode CS was observed for the specimens D1-30-20-A, D3-
60-20-A, D3-90-20-A, D3-30-15-A, D3-30-20-C and D3-30-20-D. In this
mode, the PU foam core under the loading roller did not exhibit a sig-
nificant deformation during the loading process, and when the
maximum load was reached, the PU core suddenly shear-cracked and
the load sharply decreased. The top and bottom FRP face sheets were
then separated by the diagonal shear crack. The failure mode CS showed
to be sudden and brittle.

The failure mode FC-INT-CS was seen during the loading process of
specimens D3-00-20-A, D3-30-20-A and D4-30-20-A. In this mode, the
localized compressive deformation of the PU foam core under the
loading roller was not significant during the initial loading stage.
However, the indentations occurred and rapidly developed when
reaching the maximum load. At the maximum load, the face sheets
under the loading roller yielded and the capacity of the panel decreased.
For specimen D3-00-20-A, a plastic hinge at the midspan was formed
and consequently, the stress flow in the panel transitioned from that of a
beam system to that of a catenary system, and the bottom face sheet
started to carry tensile force. For the other two specimens D3-30-20-A
and D4-30-20-A, the PU core showed shear crack right after the face
yielded and the capacity decreased.

The failure mode INT-CS was only observed for specimen D2-30-20-
A. When the load reached 0.9P;qx (Pmayx is the maximum load), the
indentation rapidly developed and the load gradually increased. After a
large indentation occurred under the loading roller and a significant
deformation was seen for the entire sandwich panel, the core shear crack
suddenly occurred and the capacity dramatically decreased.

The failure mode INT-FW-CS was observed for specimens D3-30-20-
B and D5-30-20-A. During the initial loading process, no local defor-
mation was observed under the loading roller. When the load reached
0.6Ppax, the indentation started to form and gradually developed. When
the maximum load was reached, the top face sheet near the loading
roller wrinkled and the capacity slightly decreased. Finally, the shear
crack of PU core occurred, leading to a sudden drop of the load.

In addition, some experimental phenomena were observed during
the tests. First, the PU foam exhibited an intensive and slight sound
when approaching the failure load. Second, the panel was able to hold
the load at a low level after the core shear occurred. Finally, most of the
deformation can be recovered when uploading the panel, since the
bottom GFRP face sheet was still in a good condition.

3.2. Load-displacement relationships

3.2.1. Load-displacement relationships at midspan

The load-displacement curve was obtained through the displacement
transducer placed at the top face sheet at the midspan. A total of eleven
load-displacement curves were obtained and can be categorized into
four groups with respect to the four failure modes, as shown in Fig. 7.

Y, GFRP face sheet: tr
00,)] PU core E he
4% GFRP face shee ts
‘ B=80 mm
A-A

A

>
Ll

Fig. 4. Schematic diagram of singly curved GFRP sandwich panel.
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Loading roller

GFRP arch
sandwich panel

Specimen[ + (glued)

Steel plates:
+ (bolted)

Foundation

(b)

=5

k=g

B=250 mm
Section A-A

Fig. 5. Experimental setup and instrumentation: (a) overall view, (b) schematic view, and (c) layout of the LVDTs and strain gauges.

Core shear (CS)

Face wrinkle (FW)

Face crushing (FC)

Indentation (INT)

Fig. 6. Four types of damages of specimens.

Detailed experimental results are summarized in Table 4. The initial
stiffness of panels was evaluated using the tangent of the linear stage.
Fig. 7(a) shows the load-displacement curves of failure mode CS. The
load-displacement relationships were linear at the beginning. As the
load increased, the stiffness of the panel slightly decreased when the
foam core developed into its plastic zone. Additionally, the large
displacement might also result in a reduced stiffness. It is seen that the

load suddenly dropped to a great amount, when the shear crack of PU
core occurred. After that, the load was shown to slightly increase as the
top and bottom face sheets were still partially connected to each other
by the residual part of the core.

Fig. 7(b) shows the load-displacement curves of failure mode FC-INT-
CS. The curves were linear at the beginning, and then, a slight stiffness-
soften segment could be seen. Due to the local stress concentration, top
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Table 4
Experimental results of the specimens.

Specimens Initial stiffness (kN/mm) Maximum load (kN) Failure mode
D1-30-20-A 0.141 0.567 Cs
D2-30-20-A 0.301 1.260 INT-CS
D3-30-20-A 0.564 2.195 FC-INT-CS
D4-30-20-A 0.819 3.512 FC-INT-CS
D5-30-20-A 0.994 3.968 INT-FW-CS
D3-00-20-A 0.159 6.065 FC-INT-CS
D3-60-20-A 0.503 2.176 CS
D3-90-20-A 0.323 2.210 CS
D3-30-15-A 0.472 1.689 CS
D3-30-20-B 0.424 1.295 INT-FW-CS
D3-30-20-C 0.716 2.505 CS
D3-30-20-D 0.767 3.040 CS

face sheet near the loading roller was compressed to the crushing failure
and turned into white color, and the stiffness saw a relatively large
decrease. When approaching the maximum load, the face sheets under
the roller indented and the load showed a slight drop. For the curved
sandwich panels, the core shear crack took place soon after the inden-
tation. However, for the flat sandwich panel, the load continued to in-
crease while showing a comparable stiffness to that of the linear stage.
This is due to the formation of the plastic hinge at the midspan, that is,
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the structure transitioned from a beam system into a catenary system.

Fig. 7(c) shows the load-displacement curve of failure mode INT-CS.
It consists of four segments, including linear, stiffness-soften, plateau
and core shear crack segments. The stiffness-soften segment resulted
from the development of plastic zone of the foam core and the large
displacement. When the load approached the maximum, the indentation
took place. Then, the capacity was able to hold until the core shear crack
occurred. In the plateau segment, an evident indentation and a large
vertical displacement of the panel were observed.

Fig. 7(d) shows the load-displacement curves of failure mode INT-
FW-CS. The curves were similar to other failure modes in the linear
and stiffness-soften segments. However, the FRP face sheets showed a
considerable indention. After that, the face wrinkle occurred near the
loading roller. The capacity had a slight drop for specimen D3-30-20-B
when the face wrinkled. Then, the load dramatically dropped when
the core was shear-cracked. Similar to other failure modes, the capacity
was not totally lost after the shear crack of core occurred.

3.2.2. Load-compression relationships at midspan

The load-local compression relationships of specimens are shown in
Fig. 8. These local compressions were calculated from the measured
differences between the top and bottom displacement transducers. The
failure process of the panel as well as the local damage of the indentation
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Fig. 7. Load-displacement curves at midspan of specimens: (a) failure mode CS, (b) failure mode FC-INT-CS, (c) failure mode INT-CS and (d) failure mode INT-

FW-CS.
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Fig. 8. Load-compression curves at midspan of specimens: (a) failure mode CS, (b) failure mode FC-INT-CS, (c) failure mode INT-CS and (d) failure mode INT-FW-CS.

can be identified from the local compression.

Failure mode CS is featured by the core shear crack, and thus, the
local compression at the loading roller was not evident. This is validated
by the maximum compression of specimen D1-30-20-A whose measured
compression was less than 0.7 mm, as shown in Fig. 8(a). In addition,
the local compression was able to recover after the core shear crack.
Failure mode FC-INT-CS consists of the face yield and indentation. The
local compression, therefore, increased dramatically when the face
sheets started to yield, as shown in Fig. 8(b). When indentation
occurred, the load had a drop, while the local compression continued to
increase until the core was shear-cracked. However, residual deforma-
tion existed for this type of failure mode. Failure modes C and D both
showed an evident indentation, as shown in Figs. 8(c) and 8(d), and the
local compression and the residual deformation were larger than those
of other failure modes.

In conclusion, the specimens with the face sheets having relatively
low stiffness or damage, showed a remarkable local compression due to
the stress concentration at the loading roller. Therefore, the de-
formations of the top and bottom face sheets were not the same. In this
regard, a unified function may not be feasible in defining the deformed
geometries of the panels.

3.3. Load-strain response

The load-strain relationships of specimens having different inclined

angles are shown in Fig. 9. Since the damage mainly occurred at the top
face sheet, the load-strain relationships obtained from the top face sheet
are reported and discussed.

For failure mode CS, FRP face sheets did not show any damages other
than the core shear crack. The vertical deformation and local compres-
sion of the panel were limited, and the curves are almost linear until
failure, as shown in Fig. 9(a). For failure mode FC-INT-CS, the face
sheets near to the loading roller yielded and damaged. After the
indentation, the face sheets near the loading roller started to carry
tensile force, as shown by the strain readings in Fig. 9(b). For failure
mode INT-CS, the load-strain relationship is shown in Fig. 9(c). It can be
found that the initial curve was almost linear until the indentation
occurred. Since the density of the foam core of specimen D2-30-20-A
was low, its modulus and strength were small. Therefore, the stiffness
ratio of GFRP face sheets to the PU foam core was relatively large. After
the indentation, the vertical deformation of the panel was large due to
the low shear modulus of the foam core. Moreover, the area of the
indentation was larger than that of failure mode FC-INT-CS. Strain gauge
6 T was located closest to the loading roller and its reading continued
increasing after the indentation, while the other strains, measured by
strain gauges 1-5 T, turned into tensile strains. For failure mode INT-
FW-CS, the load-strain relationship of specimen D3-30-20-B is shown
in Fig. 9(d). Due to the thin GFRP face sheet (having only one layer of
fabric), the stiffness ratio of face sheets to the foam core was relatively
low, and the area of indentation was limited to the loading roller. The
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strain gauge 6 T was located at the edge of the indentation region, and
thus, its strain reading changed from compressive to tensile as the
indentation occurred. The other strains gradually turned into tensile
strains due to the large vertical deformation of the curved sandwich
panel.

3.4. Strain distribution

Typically, for the proposed curved sandwich panel the top and bot-
tom face sheets are to carry compression and tension, while the core is to
sustain the shear force. Nonetheless, different geometries may result in
different stress and strain distributions. To study and compare the strain
distributions of each specimen, the load P of 0.37 kN was selected for all
specimens, as they were all in the linear stage.

The strain distribution curves of specimens having different inclined
angles are shown in Fig. 10. For curved specimens, the strain distribu-
tions were similar to each other and due to the arch effect, axial forces
are generated at the ends. However, for flat panel, no axial force was
provided, and the tension and compression in the top and bottom face
sheets of flat panel only resulted from the bending moment, and were
equal in magnitude and opposite in directions, as shown in Figs. 10(a)
and 10(b). For the curved panels, the axial forces existed due to the arch
effects, and thus, the axial forces, tension and compression, in top and
bottom face sheets resulted from both the axial forces applied at the ends
and the bending moments due to the concentrated load. Thus, the strain
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distributions of the curved panels were different from the flat ones.
Additionally, the strain distributions of all curved panels are in a similar
form, while the magnitudes are different due to the different geometries
and physical parameters of all specimens.

4. Analysis and discussion
4.1. Failure modes

The four failure modes consisted of one or more local damages, of
which the core shear crack was the most common one. When loading the
specimens to their ultimate failures, the core shear crack always
occurred with a sudden drop of the load. The indentation was another
common damage observed in the tests. A stress concentration was pro-
duced under the loading roller, leading to indentation through the
plastic compressive deformation of the foam core and local flexural
deformation of the face sheets. The indentation is to be avoided for the
sandwich structures in practical applications. The face crushing was
failure mode in strength limit state, which was caused by the compres-
sive axial force in the top face sheet and the concentrated load. The face
wrinkle occurred after a large indentation. The separate location of the
wrinkle was in the core, while not at the border between the core and the
top face sheet as the strength of the core was less than that of the glue
polymer.

In addition, the effects of design parameters were discussed. First, the
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Fig. 11. Comparisons of load-displacement curves at midspan influenced by design parameters: (a) foam density, (b) inclined angle, (c) core thickness and (d)

stacking sequence of face sheet.
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foam density is related to the strength and modulus. When the foam
density increased, the strength and modulus of the sandwich core
increased and the failure modes changed from CS to FC-INT-CS, as
shown in Fig. 11(a). Second, the inclined angle influenced the stress
distribution. The failure modes changed from FC-INT-CS to CS as the
inclined degree increased, as shown in Fig. 11(b). Third, the sandwich
core is to carry the shear force and contributes to the shear deformation
of the overall deformation. When the thickness of the core increased, the

Engineering Structures 314 (2024) 118389

failure modes changed from CS to FC-INT-CS, as shown in Fig. 11(c).
Finally, the stacking sequence, particularly those layers in 0° direction,
had a great influence on the local deformation. When the layers in
0° direction increased, the failure modes changed from INT-FW-CS to
FC-INT-CS and then to CS, as shown in Fig. 11(d).
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Fig. 12. Mechanical behavior influenced by design parameters: (a) initial stiffness and (b) load-carrying capacity.
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4.2. Stiffness and capacity

The capacity and stiffness of the panel are summarized in Table 4. As
for the capacity, it could be found that the maximum load of panel was
determined by the failure mode. If the failure mode was core shear, the
capacity is to be predicted by the shear strength of foam core and the
shear contribution from GFRP face sheets. However, if the other failure
modes occurred and included complex local damages, the maximum
load might not be readily available. In order to predict the strength of
the panels failed in various modes, finite element analysis was con-
ducted. Additionally, the influences of the two damages, core shear
crack and indentation, were demonstrated in Fig. 11. It is seen that the
core shear crack could lead to a sudden drop of the load, while the
indentation had two effects on the capacity: First, if the indentation
resulted from the face yield, the area of indentation was limited, near the
loading roller, and in this case the capacity had a sharp and large drop;
Second, if the indentation resulted from the development of the plastic
zone of the foam core, the area of indentation was greater at the loading
roller, and the load slowly decreased as the indentation developed. As
for the stiffness, it includes the bending and shear stiffness. The initial
stiffness was used to study the effects of design parameters.

Fig. 12 presents the relationship between design parameters and
mechanical characteristics. D3-30-20-A is selected as the control spec-
imen. It was shown that the load-carrying capacity and stiffness of the
panel increased as the density of foam core increased. The comparison
between the curved and flat sandwich panels was also conducted. It is
evident that the curved panel provides a higher stiffness than the flat.
The load-carrying capacity of the flat panel, however, was much greater
than that of the curved. This is due to the catenary action formed in the
flat panel whose both ends were clamped. As for the core thickness. It is
found that a higher capacity and stiffness was achieved as the thickness

Semi-struture model
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of the core increased. Unsurprisingly, the load-carrying capacity and
stiffness of the sandwich panel increased as more layers in 0° direction
were provided.

4.3. Finite element analysis

4.3.1. Modeling

To assess the failure modes and further to carry out the parametric
study, the finite element analysis (FEA) was conducted using MSC.Marc.
MSC.Marc is able to solve the nonlinear problems involving large
deformation and material nonlinearity. In the finite element model
(FEM), 4-node quadrilateral thick shell element (75 # shell) was used to
simulate GFRP face sheets and the 8-node hexahedral solid element (7 #
solid) was used to simulate the foam core. The two elements shared the
same nodes at the interface based on the full bond assumption. In order
to reduce the computational cost, one half of structure was modeled, as
shown in Fig. 13(a). In addition, a mesh convergence test was conducted
through element refinement, and the element size was then determined.

The boundary conditions were determined by referring to the
experimental setup. The two ends of the specimen were totally fixed.
The load was directly applied to the nodes of the top face sheet. Addi-
tionally, a cylinder was built to simulate the loading roller and the load
was applied to the nodes at the top of the cylinder, as shown in Fig. 13
(b). All the loads were applied in the manner of displacement-control.

The elastic-plastic compressive behavior and the tension crack of PU
foam were considered. The von Mises yield surface and isotropic hard-
ening criterion were adopted to define the elastic-plastic behavior. In
particular, in the plastic behavior was determined by material charac-
terization tests. The measured stress-equivalent plastic strain relation-
ships are shown in Fig. 14, which could be obtained by deducing the
elastic strain in the uniaxial stress-strain relationship. To consider the

Load
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GFRP face sheets
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Fig. 13. Mesh and boundary conditions of FEM: (a) typical FEM mesh and (b) refined FEM mesh for specimen D3-30-20-B.
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possible errors in experimental tests and achieve a conservative design,
the design value of compressive yield strength was set as 0.92 of the
experimental strength for specimens with a density of 125.6 kg/m>. It is
noted that this strength factor cannot be directly applied to other
specimens as these factors were not the same for all specimens with
different densities. When defining the tension crack, the tensile strength
was set as 0.85-0.87 of the experimental strength for specimens with a
density of 125.6 kg/m?®, and the softening modulus was set as 0.1 of the
initial modulus. The crushing strain was set sufficiently large so as to
avoid the crushing failure of the foam core. Additionally, the shear
retention factor was set as 0.01 to simulate the brittle shear crack of the
core.

4.3.2. Validation

The finite element model was validated by the experimental results,
as shown in Table 5. In particular, the failure modes and the load-
carrying capacities were compared and discussed.

It is seen that the modeling method has a good agreement with the
experimental results, as shown in Fig. 15. For the failure mode CS, taking
specimen D3-30-15-A for example, it could be found that the FEA
accurately simulated the failure mode, and the predicted load-
displacement curve agreeed well with the experimental results. For
the failure mode FC-INT-CS, the control specimen D3-30-20-A was
chosen to conduct the simulation. The failure process, including face
crushing, indentation and core shear crack, was successfully captured.
The simulated curve also has a good agreement with the experimental
results. The failure mode INT-CS was only observed on specimen D2-30-
20-A. The factors defined in FEA were adjusted to avoid the premature
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failure of GFRP face sheets due to the foam core with density of 77.6 kg/
m® (designated as D2) having a much larger shear deformation than
other specimens having different densities. The compressive strength of
GFRP face sheet was set as 250 MPa. The compressive and tensile
strength of PU foam core was set as 1.1 and 0.65 times of the experi-
mental results, respectively. The failure modes and the load-
displacement relationships could be accurately simulated, as shown in
Fig. 15(c). For failure mode INT-FW-CS, the loading roller was built and
the contact elements were used to achieve a better simulation. The
simulated curve was shown in Fig. 15(d). It is found that the indentation
could be simulated, though the load was higher than the experimental
result. Additionally, the face wrinkle cannot be simulated without
considering initial imperfections.

4.3.3. Parametric study

Based on the proposed modeling method, a parametric study was
conducted to address the influence of design parameters, including the
inclined angle and the core thickness, on the failure mode and load-
carrying capacity. The foam density and the stacking sequence were
not considered in the parametric design due to the fact that the sound
conclusion could be drawn through experimental results. The specimens
were designated using the same rule as those in the experimental tests.

First, the inclined angle was varied from 0° to 90° by every 15°,
namely from flat panel to semi-circle panel. The results are shown in
Fig. 16(a). The flat panel has a different stress flow with other curved
panels and thus, only a part of the load-displacement relationship is
presented. It is found that the stiffness of the curved panels has uni-
formly greater stiffness than that of flat panel. The specimens with in-
clined angles of 30° and 45° show the greatest stiffness. The failure mode
changed from FC-INT-CS to CS as the inclined angle increased. For the
curved panels, the capacity increased at first and then remained stable.

Second, the thickness of the foam core was varied from 15 to 30 mm
by every 5 mm. The results of FEA are shown in Fig. 16(b). It could be
found that with the core thickness increasing, the stiffness of specimens
increased. Additionally, the failure modes changed from CS to FC-INT-
CS as the core thickness increased. The load-carrying capacity also
increased with the core thickness increased. Nonetheless, the amplitude
of such increase gradually became smaller as the indentation occurred.

5. Conclusions

In this work, an experimental test was conducted on the GFRP curved
sandwich panels. A total of 12 panels were manufactured and tested to
investigate the influences of the key design parameters on the load-
carrying capacity and failure modes of the panel, including the foam
density, inclined angle, core thickness and stacking sequence of the face
sheet. In addition, finite element analysis was conducted to reveal the
failure mechanism of the specimens. The following conclusions can be
drawn from this work:

Table 5

Comparisons between the experimental and FEA results.
Specimens Initial stiffness (kN/mm) Maximum load (kN) Failure mode

Test FEA Error (%) Test FEA Error (%) Test FEA

D1-30-20-A 0.141 0.132 -6.38 0.567 0.601 6.00 Cs Cs
D2-30-20-A 0.301 0.276 -8.31 1.260 1.242 -1.43 INT-CS INT-CS
D3-30-20-A 0.564 0.547 -3.01 2.195 2.217 1.00 FC-INT-CS FC-INT-CS
D4-30-20-A 0.819 0.748 -8.67 3.512 3.488 -0.68 FC-INT-CS FC-INT-CS
D5-30-20-A 0.994 1.007 1.31 3.968 3.828 -3.53 INT-FW-CS INT-CS
D3-00-20-A 0.159 0.150 -5.66 6.065 7.838 29.23 FC-INT-CS FC-INT-CS
D3-60-20-A 0.503 0.439 -12.72 2.176 2.257 3.72 Cs Cs
D3-90-20-A 0.323 0.342 5.88 2.210 2.215 0.23 CS (&
D3-30-15-A 0.472 0.457 -3.18 1.689 1.803 6.75 CS CS
D3-30-20-B 0.424 0.380 -10.38 1.295 1.345 3.86 INT-FW-CS INT-CS
D3-30-20-C 0.716 0.723 0.98 2.505 2.742 9.46 CS CcS
D3-30-20-D 0.767 0.742 -3.26 3.040 3.165 4.11 CS (&
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Fig. 15. Comparison of load-displacement curves at midspan between experimental and numerical results: (a) failure mode CS (specimen D3-30-15-A), (b) failure
mode FC-INT-CS (specimen D3-30-20-A), (c) failure mode INT-CS (specimen D2-30-20-A) and (d) failure mode INT-FW-CS (specimen D3-30-20-B).

performance. However, the stress concentration due to concen-
trated load at the curved sandwich panel might lead to indenta-
tion and reduced capacity.

(3) The strength and stiffness of the singly curved GFRP sandwich
panel increased as the foam core density and the core thickness
increased. In addition, the ply stacking sequence should be
designed to carry the load directly, but the multidirectional-
stacked ply is recommended to avoid the sheet splitting.

(1) The singly curved GFRP sandwich panels exhibited four types of
local damages, including core shear crack, face crushing, face
wrinkle and indentation, which were identical to the flat panel.
Additionally, four failure modes were identified, and each failure
mode may consist of one or more local damages.

(2) The singly curved sandwich arch showed an improved stiffness
and small deformation. The stiffness of the curved panel, when
inclined to 30°, was 250 % higher than that of the flat panel. An
appropriate inclined angle is essential to achieve a high structural
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