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a b s t r a c t

Foam-based composite structures are widely used in the field of construction market for roofing and clos-
ing walls. This paper presents a mechanical characterization of a lightweight sandwich panels with foam
core. The faces of the panels are made of thin steel sheets, and for the core, closed-cell polyurethane foam
with a density of 40 kg/m3 was used. Mechanical testing consists of quasi-static four-point bending,
transversal tensile and compression tests. All experimental tests were conducted at room temperature
in accordance to EN 14509:2013 Standard. With the data obtained from experimental tests, load–dis-
placement curves and mechanical properties are presented. Following the experimental tests, the elastic
characteristics (shear modulus, tensile E-modulus, compression modulus), strength properties (ultimate
shear strength, transverse tensile strength, compression strength) and energy absorption performances
were determined.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 8th International Con-
ference on Advanced Materials and Structures - AMS 2020.
1. Introduction

In recent years, due to their special characteristics, foams have
become attractive for various top industries and household appli-
cations [1–3]. The most important attributes of foam materials
are high capacity to absorb impact energy and high strength per
unit weight. Other advantages are good thermal insulation prop-
erty and variable density when compared to solid materials [4–
6]. Moreover, the polymeric foams are commonly used in struc-
tural engineering applications due to the weight saving and stiffen-
ing performances they can offer in the design process (e.g.,
sandwich cores) [7–9]. Therefore, foam-based composite struc-
tures are of major interest especially in the field of lightweight con-
struction. They can be easily produced in numerous structural
forms by a comprehensive variety of manufacturing methods using
chemical or physical blowing agents [10–12].

Over the years, many experimental, analytical and numerical
investigations have been carried out on polymeric foams and
reinforced polymeric foams, while limited studies are conducted
on real sandwich structures. Linul et al. [13–15] investigated the
influence of density, temperature, loading speed and anisotropy
on the compressive mechanical behaviour of rigid polyurethane
(PUR) foams. They found that the density and test temperature sig-
nificantly influence the main properties of the PUR foams, while
the loading speed and foam anisotropy do not show major differ-
ences [13]. Moreover, the authors determined the optimal density
of the PUR foam (in the range of 40–300 kg/m3), using efficiency
diagrams and energy absorption methods [14]. Moreover, waste
tire particles [16] short glass-fibres, glass micro-spheres and
chopped glass-fibre strands [17] aluminiummicrofibers [18] coffee
grounds [19] potato protein [20] buffing dust [21] cellulose
nanocrystals [22] wheat straw lignin [23] have been used to
improve the mechanical properties of the sandwich core materials.
Researchers found that compared to neat foam, the reinforced
foams were characterized by superior dimensional stability and
higher mechanical/physical/thermal properties. Linul and Marsav-
ina [24] studied the three point bending behaviour of five different
sandwich beams. Depending on the type of faces (material and
thickness) and core density (40 and 200 kg/m3), the authors
obtained different collapse mechanisms (face yield and face wrin-
kling). Based on the experimentally determined properties, they
created the characteristic failure-mode maps. The various failure
.
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modes of sandwich beams were studied by Daniel and Gdoutos
[25]. They varied certain parameters (e.g. beam dimensions, load-
ing or state of stress) and identified the transition from one failure
mode to another. In addition, the authors compared analytical pre-
dictions with experimental results. In order to reveal the operative
collapse mode as a function of geometry of sandwich beam with
PVC foam core subjected to three point bending, Steeves and Fleck
[26,27] developed different failure mechanism maps. They
observed that the analytic expressions become inappropriate and
the analytic models are inaccurate for sandwich beams with thick
faces relative to the core thickness [27].

Most studies have focused on the individual characterization of
the sandwich core (compression tests), or the creation of sandwich
beams failure-mode maps (three-point bending tests). Therefore,
this paper aims at a complete characterization of a foam-based
sandwich panel by performing four-point bending, tensile and
compression tests. The obtained mechanical characteristics can
be used for the analytical determination of the capable load of
large sandwich structures.

2. Materials and methods

2.1. Materials and sample preparation

Double skin metal faced insulating panels with a polyurethane
foam core were chosen in order to determine the main mechanical
properties. The panels faces are made of steel with a modulus of
elasticity of E = 2.1�105 MPa, while the core has a density of
40 kg/m3. The density of the core material was determined by
dividing the mass of the sample by its volume.

For the complete mechanical characterization of the foam-
based composite structure, bending, tensile and compression sam-
ples were prepared. All samples were obtained according to EN
14509:2013 Standard [28] from a large sandwich panel with
lightly profiled faces. The samples were taken from a range of posi-
tions covering the width of the composite panel. Fig. 1 shows the
geometrical parameters of the bending sample, as well as the
dimensions and positioning of the metal load spreading plates.

According to EN 14509:2013 Standard [28] tensile and com-
pression samples shall be of square cross-section having side
dimensions between 100 mm and 300 mm. Therefore, the tensile
and compression samples presented a prismatic shape with the
dimensions 120 mm (height) � 100 mm (width) � 100 mm (thick-
ness), and 70 mm (height) � 100 mm (width) � 100 mm (thick-
ness), respectively. Fig. 2 shows a manufactured sample from
each mentioned category, together with their fixing in the loading
devices of the used testing machine.
Fig. 1. Dimensions of the bending sample and p
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2.2. Experimental program

The experimental evaluation of the sandwich panel consisted in
performing several types of cvasi-static tests, namely: four-point
bending, transverse tensile and compression tests. The four-point
bending (Fig. 2a) and transverse tensile (Fig. 2b) tests were carried
out using a Zwick/Roell Z005 testing machine with a load-cell
capacity of 5 kN, equipped with a Test Xpert II v1.43 software.
Due to the large dimensions of the samples imposed by the EN
14509:2013 standard [28] and also the need to develop a higher
force, the compression tests (Fig. 2c) were performed on the LBG
TC100 universal test machine. The machine is equipped with a
load-cell capacity of 100 kN, respectively with a TC Soft 2004 Plus
software specialized in data processing.

All the experimental tests were performed at room tempera-
ture, under normal humidity conditions, with a loading velocity
of 10 mm/min. The tests followed the EN 14509:2013 standard
[28] instructions.

3. Results and discussions

Following the four-point bending, tensile and compression
tests, the force–displacement curves were obtained. Fig. 3a shows
the most representative curve resulting from the four-point bend-
ing tests. The curve shows a narrow area of sample settlement in
the test device, followed by an extended linear-elastic area
[29,30]. The linear-elastic zone is followed by a yield of the sand-
wich structure faces, and finally by the shearing of the core. The
failure occurs suddenly with a core shear at an angle of about 45
degrees (Fig. 3b). The shear band is located between the upper-
right loading point and the lower-right support point. From
Fig. 3a it can be observed that the core shear occurred at a displace-
ment of 11.12 mm.

Based on the results obtained from the four-point bending tests
and the geometrical parameters of the samples, the ultimate shear
strength fCv was calculated using equation (1):

f Cv ¼ kv
Fu

2Be
ð1Þ

where Fu is the ultimate load carried by the sample failing in shear,
kv is the reduction factor for cut ends in pre-formed cores, B is the
width of the sample and e is the depth between the centroids of
the sandwich faces. Because the investigated sandwich panel was
formed in-situ, in this case the kv factor was considered equal to 1.

In addition, the shear modulus of the core material, Gc, was cal-
culated from the slope of the straight part of the load–displace-
ment curve, using the Equation (2):
ositioning of the metal load plates, in mm.



Fig. 2. Obtained samples (top) together with their fixing in the loading devices of the used testing machine (bottom).

Fig. 3. (a) Four-point bending force–displacement curve; (b) deformation sequences of the sample during four-point bending test.
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Gc ¼ DFL
6BdcDws

ð2Þ

where L is the span of test sample at shear failure, dc is the thickness
of the core material, Dws is the shear deflection and is calculated
with equation (3):

DwS ¼ Dw� DwB ð3Þ
where Dw is the deflection at mid-span for a load increment DF
taken from the slope of the linear-elastic part of the load–displace-
ment curve and DwB is the bending deflection calculated as follows:

DwB ¼ DFL3

56;34BS
ð4Þ

with Bs as the flexural rigidity, which is determined with Equa-
tion (5):

BS ¼ EF1 � AF1 � EF2 � AF2

EF1 � AF1 þ EF2 � AF2
e2 ð5Þ
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where EF1 and EF2 are the E-modulus of the top and bottom faces,
while AF1 and AF2 are the cross-section areas of the top and bottom
sandwich faces.

Therefore, by using Equation (1), an average value of 0.227 MPa
for the ultimate shear strength fCv was obtained. Moreover, by
replacing the data from Equations (3)–(5) in Equation (2), a value
of 4.298 MPa was determined for shear modulus of the core mate-
rial Gc.

The tensile force–displacement curve is shown in Fig. 4a. Both
on the graph (Fig. 4a) and on the broken sample (Fig. 4b) it can
be seen that the investigated sandwich panel highlights a brittle
behaviour under tensile loads [31,32]. The failure of the sample
occurs in the upper part of the core and not in adhesive, this vali-
dating the test.

Dividing the ultimate tensile load by the cross-sectional area (A)
of the sample, the maximum transverse tensile strength (fCt, max) of
the sandwich panel can be calculated. After replacing the data, an
fCt, max value of 0.160 MPa was obtained. In addition, the deforma-



Fig. 4. (a) Tensile force–displacement curve; (b) deformation sequences of the sample during transverse tensile test.
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tion corresponding to the tensile strength (DfCt, max) was found
around 6.487%.

Furthermore, in order to determine the tensile E-modulus of the
core (ECt), the Equation (6) was used:

ECt ¼ FudC

wuA
ð6Þ

where dc is the sample thickness andwu is the ideal displacement at
tensile ultimate load based on the linear-elastic part of the load–
displacement curve. Thus, the E had an average value of 2.265 MPa.

Regarding the compression behaviour (Fig. 5a), it can be seen
that the force–displacement curve is totally different from the
other two previously obtained (Fig. 3a and 4a). In this case, the
curve shows three characteristic areas typical of cellular materials
[33–35]. Initially, a very short linear-elastic area is identified that
ends with the yield of the material. From this area the compressive
modulus (E), the yield stress (ry), respectively the deformation (ey)
corresponding to the ry are determined. Beyond this area is a long
plateau area, which highlights a permanent hardening. Character-
istic of this area is the plateau stress (rpl), which is determined as
Fig. 5. (a) Compression force–displacement curve; (b) deform
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an average of the stresses corresponding to 20% (r20%) and 40%
(r40%) strain, respectively. Finally, the curve ends with the densifi-
cation area, where the specimen compaction takes place. This area
begins with the onset strain of densification (ed), corresponding to
the densification stress (rd). The rd represents 1.3 of therpl. Char-
acteristic of plateau-densification areas is also the energy absorp-
tion capacity (Wd), represented by the area under the curve. This
was determined using the Equation (7) [36–38].

Wd ¼
Z e

0
rde ð7Þ

The PUR foam showed a compressive modulus of 1.59 MPa. The
values of strength properties (ry rpl and rd) and energy absorp-
tion performances (Wd) are shown in Fig. 6. The main value
obtained for densification strain was 42.19%.

In the design calculations of buildings, halls, etc., it is necessary
to know in advance their strength. Of course, the mechanical prop-
erties of sandwich structures are determined in laboratory condi-
tions, on standardized samples. However, using the properties
determined on standardized samples and imposing various
ation sequences of the sample during compression test.



Fig. 6. Strength and energy absorption properties of PUR foam core.
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conditions (face yield, core shear and strength condition), capable
load calculations can be made on sandwich panels with dimen-
sions that far exceed the values of those tested in the laboratory.

4. Conclusions

This paper investigates the mechanical behaviour of foam-
based sandwich panel at different quasi-static loads. For this pur-
pose, four-point bending, tensile and compression tests were per-
formed on both the sandwich panels (bending and tensile tests)
and the core material (compression tests). Steel sheets were used
as sandwich faces, while a polyurethane foam with a density of
40 kg/m3 represented the sandwich core. The following conclu-
sions can be drawn:

� Following the four-point bending tests, a core shear of the sand-
wich panel was obtained. A value of 0.227 MPa for the ultimate
shear strength and 4.298 MPa for shear modulus of the core
material were obtained.

� In transverse tensile test, the foam-based composite structure
showed a brittle behaviour until final failure, the fracture taking
place in the core and not at the core-face interface. No plastic
deformations were observed on the tested specimens. In this
case, the maximum transverse tensile strength and tensile E-
modulus of the core had the values of 0.160 and 2.265 MPa,
respectively.

� The compressive force–displacement curves highlighted three
distinct areas, as follows: linear-elastic, plateau and densifica-
tion. Values of 0.046 MPa for compression strength and
1.59 MPa for compression modulus were obtained. In addition,
the energy absorption performances were around of 0.037 MJ/
m3, while the densification strain was 42.19%.

� The obtained mechanical properties can be used in the analyti-
cal calculations of sandwich panels for capable loads.
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