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1 Introduction

Sandwich structures consist of two thin facesheets (skins) with high stiffness and
strength that are bonded to a relatively thick core. This sandwich system forms a
lightweight structure with high strength and stiffness, and predominantly loaded
under bending and/or twisting. The facesheets are usually made of metals or fiber-
reinforced composite laminates, and the core is typically made of balsa wood, foams
or honeycombs of polymeric or metallic material. The skins carry the tensile and
compressive loads, and the core sustains the shear loads and holds the skins in
positions away from the neutral axis of the structure, which maximizes the flexural
stiffness of the structure [1]. Foams are among the most efficient core materials for
weight-saving applications. The core and skin materials can be altered during
manufacturing, which give sandwich constructions flexibility in design for various
deflection requirements, bending stiffness and impact resistance requirements (see
for example [2–4]).

Sandwich structures are widely used in many engineering applications, such as
aircraft, naval structures and wind turbine blades. In wind turbine blades, sandwich
composites with polymeric foam or honeycomb core and fiber-reinforced polymer
(FRP) skins are a promising solution to obtain sufficiently lightweight blades with
high bending stiffness and strength. In naval structures, sandwich composites with
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foam core and fiber-reinforced composite skins are used to create a light, corrosion-
resistant and stiff structure. In these applications, sandwich constructions are often
subjected to various environmental conditions, which eventually alter their mechan-
ical properties. Siriruk et al. [3, 4] studied the degradation in the mechanical behavior
due to exposure to sea water in polymeric sandwich composites. They also showed
that fracture toughness decreases after sea water exposure. Kolat et al. [5] studied the
influence of core material selection and environmental conditions on the fracture
toughness of sandwich structures with sea water conditioning, reporting that fracture
toughness of systems with polyurethane and coremat core increases, while it
decreases for wood and plywood core systems. Joshi et al. [6] analyzed the influence
of moisture diffusion on viscoelastic sandwich composites deformation, and
assumed the elastic and time-dependent properties of the foam core to depend on
the moisture concentration. They conducted coupled analyses of moisture diffusion
and deformation to predict the viscoelastic sandwich systems performance.

Due to the presence of polymers in sandwich composites, these structures show
quite pronounced viscoelastic response, which can influence their overall life per-
formance. Du et al. [7] determined the creep properties of sandwich composites, and
showed that higher relative humidity produced a significant acceleration in creep
strain. Shenoi et al. [8] studied creep for a typical sandwich structure using a Burger
model and a power law model, and compared the model with experimental results.
Garrido et al. [9] conducted experimental and analytical studies on the creep
behavior of sandwich composite to propose a creep model to simulate the sandwich
panel’s creep deformations in long-term.

Scudamore and Cantwell [10] showed that long term sea water exposure caused
degradation of the bond between the epoxy matrix and the aluminum core, and led to
skin-core interface cracks. Li and Weitsman [11] also characterized the fracture
toughness of dry and wet foams (after exposure to sea water), and showed that
absorption of sea water increases the toughness of the foam materials due to the
softening of the wet polymeric foam, as the glass transition temperature was reduced.
Ishai et al. [12] and Ishiaku et al. [13] showed the significant strength reduction of
foams and polymeric sandwich composite due to moisture absorption. Belingardi
et al. [14] characterized polymeric sandwich composites properties using a series of
static/quasi-static tests and showed the dependency of the structural response of the
sandwich to the foam core strength properties. Kim et al. [15] and Jeon et al. [16]
investigated a multi-scale experimental and modeling approaches on the time depen-
dent response of different constituents of sandwich composite. They characterized
how their interaction impacts the overall creep performance of smart polymer
sandwich constructions.

In the current study, we conduct experiments to investigate the mechanical
behaviors of polymeric sandwich composites and their constituents, with the goal
of understanding the effect of the constituents’ response on the overall performance
of sandwich composites. The sandwich composites and their constituents are also
subjected to different environmental conditions (dry and wet due to immersion in
fluid, at the temperature of 50 �C). See discussion in Fan et al. [17–19]. We also
model the mechanical response of sandwich composites and their constituents. A
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previously developed nonlinear viscoelastic material model is used to simulate
bending test for foam beams. The constitutive model is implemented in a user
subroutine (UMAT) in ABAQUS FE analysis. FE analysis is then used to describe
mechanical responses of the sandwich composites and their constituents.

2 Experiments

Tests were conducted on materials that are known to be time-dependent: polymeric
foams and sandwich composites made with those foams. In particular, there were
two sandwich composite systems, which were manufactured using out-of-autoclave
Vacuum Assisted Resin Transfer Molding. The layups were selected as [90]4, to
ensure a higher viscoelastic response of the material. The first system is glass fiber-
reinforced polymer (GFRP) having E-glass fibers (quasi-unidirectional Vectorply
E-LR 0908) and epoxy (Pro-set LAM 125/LAM237, with an infusion ratio of 100:28
resin:hardener by weight ratio for the skins), and polyurethane (PU) foam, (General
Plastics FR-3704, nominal thickness 19.1 mm) for the core. We refer to this system
as “GFRP/PU”. The resin cure cycle consisted of 14 h at room temperature, followed
by 8 h at 82 �C in a convection oven. This system was studied as an example of a
sandwich for wind turbine applications. The second system is a sandwich with skins
made of carbon fibers (quasi unidirectional Torayca T700S) and vinylester (Hetron
FR 992, with additives cobalt naphthenate and methyl ethyl ketone peroxide, with an
infusion ratio of 100:0.15:1.25 by volume), and a polyvinylchloride (PVC) foam
core (DIAB Divinycell H100, nominal thickness 25.5 mm). We refer to this system
herein as “CFRP/PVC”. The vinylester had a cure cycle of 45 min at room temper-
ature and 4 h at 82 �C. This system was considered for naval application.

The two sandwich systems were subjected to two different conditions: the GFRP/
PU sandwich and its constituents (GFRP skins and PU) were immersed in deionized
water at 50 �C (herein named as “Condition 1”), while the CFRP/PVC sandwich and
its constituents (CFRP skins and PVC foam) were immersed in artificial sea water at
50 �C (herein named as “Condition 2”). The expression “artificial sea water” stands
for a solution of deionized water and 3.5% wt. content of NaCl. Table 1 provides the
immersion testing conditions for the samples, with different durations dictated by
experimental constraints. “Condition 1” and “Condition 2” are meant to simplify the
discussion in this paper, with the understanding that each condition includes a time
range for skins, foam and sandwich samples.

Table 1 Immersion testing conditions

Temperature Immersion fluid Sample Duration (days)

50 �C Deionized water GFRP skins, PU foam 150

50 �C Deionized water GFRP/PU sandwich 188

50 �C Artificial Sea water CFRP skins, PVC foam 107

50 �C Artificial Sea water CFRP/PVC sandwich 53
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Baseline and conditioned sandwich composites and their constituents were
subjected to several types of mechanical tests on a hydraulic axial machine (MTS
810). Typically, bending tests (quasi-static, creep and stress relaxation) were
conducted on foam and sandwich samples, while quasi-static axial tests were run
for monolithic FRP samples, following the requirements of the appropriate ASTM
standard. The selection between creep and stress relaxation was based on the load
capacity of the sample under exam. The bending test setups are shown in Fig. 1. The
bending tests consist of three- and four-point bending tests, depending on the top
part of the fixture (wedge with a roller, or fixture with two rollers). In some cases, the
wedge became unavailable, leading to a number of four-point bending tests on
conditioned samples, while baseline samples had been tested under three-point
bending. However, the model presented in this paper is capable of capturing the
different bending conditions, and the softening of the samples as a result of condi-
tioning is successfully computed.

3 Constitutive Material Models for the Constituents

3.1 Nonlinear Viscoelastic Model for Foam

The nonlinear viscoelastic model for the polymeric foams is based on the quasi-linear
viscoelastic (QLV) model of Muliana et al. [20]. The QLV constitutive model was
originally proposed by Fung [21]. The polymers are assumed to be isotropic and
homogeneous. From the experimental observations, the magnitude of strain is rela-
tively small, thus engineering stress and strain measures are considered in the model.

The three-dimensional (3D) QLV model for isotropic materials is shown in
Eq. (1):

σij tð Þ ¼
ðt
0�

2G t � sð Þ dFij

ds
dsþ δij

ðt
0�

λ t � sð Þ dFkk

ds
ds ð1Þ

Fig. 1 (Left) three-point bending test on PU foam; (right) four-point bending test on PVC foam
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where δij is the Kronecker delta and λ is a material parameter, one of the two Lame’s
constants, defined as:

λ ¼ KB � 2=3ð ÞG ð2Þ

where G and KB are the shear modulus and bulk modulus, respectively. These
material parameters depend on time. The corresponding Poisson’s ratio, ν0, is
assumed to be constant, and this leads to:

G tð Þ ¼ E tð Þ
2 1þ ν0ð Þ ð3Þ

KB tð Þ ¼ E tð Þ
3 1� 2ν0ð Þ ð4Þ

where E(t) is the extensional relaxation modulus of the polymer, expressed as:

E tð Þ ¼ E1 þ
XN
n¼1

Ene
�t
τRn ð5Þ

τRn is the characteristic of relaxation time, En is the coefficient in the time-dependent
part, N is the number of terms in the Prony series, and E1 is the relaxed modulus.
The nonlinear strain measure in a generalized 3D QLV model is defined as:

F ε tð Þð Þ ¼ A eBε tð Þ � 1
h i

ð6Þ

ε tð Þ ¼ ffiffiffiffiffiffiffiffiffi
εijεij

p ð7Þ
dFij

ds
¼ ABeBε

� tð Þ dεij
ds

ð8Þ
dFkk

ds
¼ ABeBε

� tð Þ dεkk
ds

ð9Þ

With the above nonlinear strain measures and Eo ¼ AB, the constitutive relation
becomes

σij tð Þ ¼ 2C1

ðt
0�

K t� sð ÞE0e
Bε dεij

ds
dsþ δijC2

ðt
0�

K t� sð ÞE0e
Bε dεkk

ds
ds ð10Þ

where
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C1 ¼ 1
2 1þ ν0ð Þ ð11Þ

C2 ¼ 1
3 1þ 2ν0ð Þ �

1
3 1þ ν0ð Þ ð12Þ

The normalized time dependent function is

K tð Þ ¼ K1 þ
XN
n¼1

Kne
�1
τRn ð13Þ

K 0ð Þ ¼ K1 þ
XN

n¼1
Kn ¼ 1:0 ð14Þ

The above model is implemented in a user material subroutine (UMAT) of
ABAQUS FE analyses. The numerical algorithm is discussed in Muliana et al. [20].

3.2 Elastic-Plastic Model for Skins

The elastic-plastic material model [22, 23] is used to simulate the behavior of FRP
skins in the sandwich composite. A rate-independent plasticity model is considered
in order to capture the elastic-plastic response of the FRP skins. From the experi-
mental observation for mechanical deformation of the FRP skins, the strains are
relatively small, which allow for additive decompositions of the elastic and plastic
deformations. Thus, the total strain rate is given as:

_ε ¼ _εel þ _εpl ð15Þ

where _ε is the total (mechanical) strain rate, _εel is the elastic strain rate, and _εpl is the
plastic strain rate. Equation (15) is an approximation when the elastic strains are
infinitesimal. The rate of deformation tensor is work-conjugate to the Cauchy stress
tensor and is used to define the strain rate:

_ε ¼ 1
2

∂v
∂x

þ ∂v
∂x

� �T
 !

ð16Þ

The linear elastic isotropic constitutive equation can be written as

σ ¼ C : εel ð17Þ

where C denotes the fourth-order elastic stiffness tensor.
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The yield function is often expressed in terms of an equivalent stress, i.e. a scalar
measure of the magnitude of the Cauchy stress tensor. Von Mises equivalent stress
is:

σ ¼ σ σ½ � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3
2
S : S

r
ð18Þ

where the deviatoric tensor is

S ¼ dev σ½ � ¼ σ � tr σ½ �
3

I ð19Þ

Using Von Mises equivalent stress definition, the yield function is written as:

f σ, εpl
� � ¼ σ σ½ � � k εpl

� � ð20Þ

and the yield surface is

f σ, εpl
� � ¼ 0 ð21Þ

The k εpl
� �

term shows the isotropic hardening. The hardening parameters are state
variables that are introduced to allow the model to describe some of the complexity
of the inelastic response of real materials. In perfect plasticity, which is the simplest
plasticity model, the yield surface acts as a limit surface and there are no hardening
parameters. In this study, from observed experimental tests of FRP skins, an elastic-
perfectly plastic deformation model is adopted.

4 Results and Discussion

As mentioned earlier, two systems of sandwich composites (GFRP/PU and CFRP/
PVC) and their constituents have been tested. The sandwich composites and foams
were tested under bending, while the fiber reinforced polymeric skins were tested
under uniaxial tension. The constitutive models discussed above are used to describe
the mechanical response of the skins and foams. These models are implemented in
finite element (FE); the response of baseline and conditioned sandwich composites
under bending is simulated and compared to the experimental results. Quasi-static
ramp tests were performed on skins (under tension), foam and sandwich composites
(under bending). In addition, creep/relaxation tests under bending were performed
for the foam and sandwich composites. The overall goals are: (1) to understand the
different response of the constituents in sandwich composites and their effects on the
overall mechanical response of sandwich composites; (2) to investigate the effect of
environmental conditions on the mechanical response of composites and their
constituents.
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4.1 Uniaxial Tension Response of Skins

Uniaxial static tests are performed on baseline (dry) GFRP and CFRP skins, and
conditioned (“wet”, removed from immersion tanks and not dried) specimens
(GFRP skins under Condition 1, CFRP skins under Condition 2). Samples had a
25.7 mm nominal width, consistent with ASTM standard for uniaxial testing, and a
nominal thickness of 1.5 mm. The experimental results and simulations are shown in
Figs. 2, 3, 4 and 5. The calibrated material parameters are given in Table 2. From
Table 2, it is seen that, due to degradation caused by the immersion in fluid at 50 �C,

Fig. 2 Static uniaxial tests and model of baseline GFRP skins with [90]4 layup

Fig. 3 Static uniaxial tests and model of conditioned GFRP skins with [90]4 layup
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the monolithic composites become softer, which is indicated by a reduction in the
elastic modulus. The CFRP composite shows inelastic deformations (elastic-plastic
behavior) before failure, while the GFRP composite shows a nearly linear elastic
response. Fluid immersion also decreases the yield stress in GFRP.

Fig. 4 Static uniaxial tests and model of baseline CFRP skins with [90]4 layup

Fig. 5 Static uniaxial tests and model of conditioned CFRP skins with with [90]4 layup

Table 2 Mechanical properties of GFRP and CFRP skins

Material E (MPa) σy (MPa)

Glass/epoxy Baseline 6800 –

After Condition 1 6200 –

Carbon/vinylester Baseline 8000 16

After Condition 2 7000 12
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4.2 Bending Tests on Foams

The FE analysis is used to simulate bending in polymeric foams. The nominal
dimensions of the foam test specimens are 150 mm length � 57.3 mm width �
19 mm thickness for PU and 150 mm length� 57.2 mm width� 25.5 mm thickness
for PVC. Loading was applied consistently with the geometry of the fixture (either at
the middle of the beam, for three-point bending tests, or at two loading locations, at
30 mm from beam supports, for the four-point bending tests, Fig. (6). The simply
supported mechanical boundary conditions are assumed for both three- and four-
point bending models, based on the presence of rollers in the actual fixture. In order
to model a simply supported beam, one side of the beam is constrained to prevent
displacement in vertical/lateral (y) direction and on the other side of the beam the
displacements in axial (x) and lateral (y) directions are restricted. The FE mesh of the
beam is generated using the nonlinear three dimensional continuum elements
(C3D20) and a convergence study has been performed in order to determine the
number of elements required in the analyses.

The load-displacement plots for the foam samples subjected bending tests, and
their model for the baseline state and the conditioned state (after immersion) are
shown in Figs. 7, 8, 9 and 10. The overall responses of foam under bending are
nonlinear. Using the experiments (Figs. 7, 8, 9 and 10), material parameters are
calibrated. The material properties are shown in Table 3. The nonlinear constitutive
model based on QLV discussed above is used to describe the nonlinear quasi-static
ramp response, without incorporating the time-dependent parameters. From Table 3,
we can see that by immersion in fluid at elevated temperature, the stiffness of foam
samples is reduced.

Fig. 6 Boundary
conditions of three- and
four-point bending tests
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4.3 Bending Response of Sandwich Composites

In the previous sections, FE analyses were performed for skins and foam cores. In
this part, the response of the sandwich composite under static bending will be
modeled. The specimen is a beam consisting of foam core and fiber-reinforced
polymer skin, with loading perpendicular to fiber direction. The first system is a
GFRP/PU sandwich composite with nominal dimensions 150�26�22 mm3 for
baseline conditions, and 150�57�22 mm3 for immersion conditions, with a skin
thickness of 2 mm. The second system is a CFRP/PVC sandwich composite
with nominal dimensions 150�26�27.8 mm3 for baseline condition, and

Fig. 7 Static bending tests and model of baseline polyurethane foam under three-point bending
(top) and four-point bending (bottom)
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Fig. 8 Static bending tests (3 point bending) and model of conditioned polyurethane foam

Fig. 9 Static bending tests and model of baseline PVC foam under (top) three-point bending and
(bottom) four-point bending



150�57.327.8 mm3 for immersion conditions, with a skin thickness of 1 mm. To
simulate the sandwich composite in FE, the foam and skin are separated using
partitioning. The nonlinear three-dimensional continuum elements (C3D20) are
used, and a convergence study is carried out for the proper number of elements.
Note that the width of the condition specimens is about twice the width of the
baseline specimens. This difference in width will affect the load magnitude applied
to the sandwich composites.

The nonlinear responses of the sandwich composites are shown in Figs. 11, 12, 13
and 14 for the two different systems. In the quasi-static tests for baseline GFRP/PU
sandwich composites, there is good agreement between model and experimental
results before failure at a deflection of about 4 mm. In the conditioned GFRP/PU
sandwich composites, there is also a good agreement between model and experi-
ments before a crack occurs in the sandwich, with a resulting drop in load around a
4 mm displacement. The model of the quasi-static test on baseline CFRP/PVC
sandwich composites is in acceptable agreement with the experiments. The result
of experimental tests on conditioned CFRP/PVC sandwiches shows that a delami-
nation occurs after loading. By taking into account the delamination around 350 N
loading, the model captures the experimental behavior. In the GFRP/PU sandwich
composites, failure is observed mostly due to foam cracking, while in the CFRP/
PVC sandwich composites failure is governed by skin-core delamination. The
different responses in these two sandwich composites are associated with the
responses of the constituents. The PVC foam core shows a much stronger and stiffer

Fig. 10 Static bending tests (four-point bending) and model of conditioned PVC foam

Table 3 Computed material
properties for foams

Material E (MPa) B

PU foam Baseline 24 9

After Condition 1 20 7

PVC foam Baseline 75 7.2

After Condition 2 50 6
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response than the PU core, which explains that cracking is unlikely to occur in PVC
foam core. The CFRP skins show a ductile behavior; thus, higher deformation in the
skins combined with foam core of high stiffness and strength leads to skin-core
delamination. The GFRP skins indicate a brittle-like behavior, which explains that
failure in GFRP/PU sandwich is due to breaking of the skin on the tension face,

Fig. 11 Static bending tests (three-point bending) and model of baseline GFRP/PU sandwich
composites

Fig. 12 Static bending tests (three-point bending) and models of conditioned GFRP/PU sandwich
composites
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followed by cracking of the foam. Figures 15 and 16 illustrate the axial stress and
strain contours in the GFRP/PU sandwich composite and CFRP/PVC sandwich
composite, respectively, from FE simulation of conditioned sandwich specimens.
Due to cracks, the tensile stress in the GFRP skin drops, leading to increase in the
axial strain in the foam. Delamination in the CFRP/PVC sandwich composites leads
to much higher strain in the foam core.

Fig. 13 Static bending tests (three-point bending) and model of baseline CFRP/PVC sandwich
composites

Fig. 14 Static bending tests (three-point bending) and model of baseline CFRP/PVC sandwich
composites
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Fig. 15 Axial stress and strain contours in GFRP/PU sandwich composite before and after crack
(from simulation)

Fig. 16 Axial stress and strain contours in CFRP/PVC sandwich composite before and after
delamination (from simulation)
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4.4 Time-Dependent Response of Foams and Sandwich
Composites

To determine the time-dependent properties of the foam core, creep and stress
relaxation tests under bending were conducted (Figs. 17, 18, 19 and 20). The
calibrated time-dependent parameters for the PU and PVC cores in terms of the
normalized time-dependent parameters in Eq. (13) are given in Table 4. It is seen that

Fig. 17 Creep response under bending (three-point bending) of baseline polyurethane foam

Fig. 18 Stress relaxation response under bending (three-point bending) and model of conditioned
polyurethane foam
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Fig. 19 Creep response under bending (three-point bending) and model of baseline PVC foam

Fig. 20 Stress relaxation under bending (four-point bending) and model of conditioned PVC foam

Table 4 Normalized time-dependent foam properties

Material/Condition K1 K1 K2 τ1(sec) τ2(sec)

Baseline PU foam 0.83 0.05 0.12 250 15,000

Conditioned PU foam 0.74 0.1 0.16 350 15,000

Baseline PVC foam 0.75 0.1 0.15 250 15,000

Conditioned PVC foam 0.5 0.12 0.38 250 15,000
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the long-term relaxation modulus decreases in both PU and PVC foams upon
conditioning in their respective fluids at 50 �C.

FE analyses are used to simulate the creep/relaxation response in sandwich
composites, and are compared to experimental results. In this part, we used the
material properties in Table 4 for capturing the time-dependent response of sandwich
composites. The stress relaxation test and simulation results are shown in Figs. 21
and 22 for the GFRP/PU sandwich composites, and in Figs. 23 and 24 for CFRP/

Fig. 21 Stress relaxation under bending tests (three-point bending) and model of baseline GFRP/
PU sandwich composites

Fig. 22 Stress relaxation under bending tests (three-point bending) and model of conditioned
GFRP/PU sandwich composites
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PVC sandwich composites. Stress relaxation tests and simulations for both baseline
and conditioned GFRP/PU and CFRP/PVC sandwich composites are in good
agreement with each other. The experimental and FE models of sandwich compos-
ites show that we can use the material properties of foam and skin to model the
behavior of sandwich composite.

Fig. 23 Stress relaxation under bending tests (three-point bending) and model of baseline CFRP/
PVC sandwich composites

Fig. 24 Stress relaxation under bending tests (three-point bending) and model of conditioned
CFRP/PVC sandwich composites
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5 Conclusions

We have presented a viscoelastic model for predicting the response of sandwich
composites subjected to mechanical loading in different environmental conditions,
by incorporating different responses of the constituents (skins and foam cores).
Experimental tests have been conducted on GFRP and CFRP skins and on PU and
PVC foam cores. The purpose of the testing is to calibrate material parameters used
in the model. Experimental tests done on sandwich composites are used for validat-
ing the model. The model is capable of predicting the behavior of the sandwich
composite under mechanical loadings in different environmental conditions, both
under quasi-static ramp and creep/relaxation loading conditions.

By investigating the result of the tests and model, we can conclude that the time-
dependent response in sandwich composites is mainly due to the viscoelastic
response of the foam, while the viscoelastic response of skin is less significant.
Also immersion in fluid can alter the mechanical properties of the constituents in
sandwich composites, consistent with results in the literature. Themechanical response
of baseline sandwich composites can be quite different with respect to that experienced
after immersion. Delamination happens in conditioned CFRP/PVC sandwich, while
delamination is not seen for the baseline specimen. Furthermore, deformations in the
sandwich composites are also governed by the different responses of the constituents
(skin and foam core). The GFRP/PU sandwich composites experience foam cracking
prior to complete failure, both for the baseline and conditioned samples. As mentioned
above CFRP/PVC conditioned sample shows skin-core delamination prior to complete
failure. It is shown in this study that the proposed multi-scale model together with a
nonlinear viscoelastic constitutive model is capable of describing the overall mechan-
ical response of sandwich composites reasonably well.
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