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In this paper, an innovative and efficient sandwich panel is proposed for the structural walls
for quickly assembled post-disaster housing, as well as load bearing panels for pre-fabricated
modular construction and semi-permanent buildings. This study focuses on the flexural and
shear behavior of the innovative sandwich panels, which is composed of two 3-D high density
polyethylene (HDPE) skins, and high-density Polyurethane (PU) foam core. An experimental
study was carried out to validate the effectiveness of this panel for increasing the ultimate
bending strength. A series of experimental tests were performed on medium-scale specimens
to characterize their core shear behavior. Then, some supplementary tests were run to
determine the panels’ flexural and shear stiffness. The numerical and experimental

First-order Shear Deformation

investigations show that the 3-D-HDPE sheets, manufactured with a studded surface;
Theory (FSDT)

considerably enhance the pull-out and delamination strength. Good agreement has been
observed between the numerical and experimental tests.

© 2018 Growing Science Ltd. All rights reserved.

1. Introduction

Innovative foam-filled sandwich composite structures have attracted attention in the past decade,
mainly because of their great comparative advantages such as light weight, high strength, corrosion
resistance, durability and speedy construction. These types of sandwich panels are becoming a major
role player in modular and rapid assembly construction with a variety of applications in residential and
commercial buildings worldwide (Thomsen et al., 2006). These products are popular because they are
light, easy to install and have good thermal and acoustic properties. In recent years, considerable
research efforts have been continuously looking for new construction materials and efficient designs
for such sandwich panels. Various forms of sandwich construction are being produced by combining
different skin and core materials, with various geometries and configuration. In addition to their
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applications as non-structural building elements, sandwich panels with polyurethane (PU) foam-core
and exterior and interior facing materials such as gypsum, engineered wood or some composite
materials are being used as structural members in building construction (Thomsen et al., 2009).

With regard to the literature, a wide range of studies on the foam-filled composite panels are on
those made of polyurethane (PU) foam-core (Allen, 2013). Fam et al. (2010) explored the feasibility of
fabrication and flexural performance of panels composed of low-density polyurethane foam core
sandwiched between two GFRP skins. Reis and Rizkalla (2008) presented an innovative 3-D glass fibre
reinforced polymer (GFRP) panels with foam-core designed to overcome delamination problems,
typically encountered in traditional sandwich panels. Sharafi et al. (2010) studied the flexural behaviour
of sandwich panels fabricated by laminating two glass fibre reinforced polymer skins to a prefabricated
polyurethane foam core. They showed that flexural strength and stiffness increased substantially, as the
core density was doubled. Manalo (2013) investigated the structural behaviour of an emerging
prefabricated wall system made up of glass fibre reinforced rigid polyurethane foam and Magnesium
Oxide board. Their results indicated that the behaviour of the composite walls is governed by the
strength of the board. Wang et al. (2014) focused on the bending behaviour of an innovative sandwich
panels with GFRP face sheets and a foam-web core (GFFW) panels, where t]heir experimental study
demonstrated that the ultimate bending strength and initial bending stiffness can be significantly
enhanced by increasing web thickness. Kumar and Soragaon (2014) studied on the effect of change
thickness of fibre reinforced polymer (FRP) facing sheets and inserts on the flexural behaviour of
sandwich panels with a constant total thickness. Tuwar et al. (2015) evaluated three different
polyurethane foam configurations for (GFRP) foam-core sandwich panels. Lv et al. (2017) studied on
bending properties of 3-D honeycomb sandwich structure composites with three different cross section
shapes. Sharafi (2010) and Sharaf and Fam (2010) addressed the flexural performance of sandwich
panels composed of a polyurethane foam core and GFRP skins. They also presented numerical
modelling of the flexural behaviour of sandwich panels composed of woven glass fibre reinforced
polymer skins and polyurethane foam core, including various patterns of glass fibre reinforced polymer
ribs, as well as different densities of cores (Sharaf and Fam, 2012). In a similar study, Dawood et al.
(2010) evaluated the two-way bending behaviour of 3-D GFRP sandwich panels consisting of GFRP
skins with a foam core and through-thickness fibre insertions. In a comprehensive study, Mostafa et al.
(2015a) studied composite sandwich panels composed of GFRP skin with polyvinylchloride and
polyurethane foam core, reinforced with shear keys under static bending load, while the semicircular
shear keys inserts were made of chopped strand glass fibre impregnated with epoxy resin. They
conducted series of quasi-static tests, while the flexural response of the sandwich panel with and
without shear keys has been evaluated under four-point bending test. A significant improvement in the
flexural stiffness and strength of the panel incorporated with shear keys accompanied with a good
correlation with the analytical results were observed. They also tested light weight sandwich structures
through four-point bending tests to characterize their flexural behaviour (Mostafa et al., 2015b), and
tried to extend the knowledge of mechanical properties of the sandwich structures, by studying the
effects induced by inserting semi-circular shear keys between the skin and the foam core (Mostafa,
2015). Since, one of the major failure modes in foam made structures, is the crack growth and brittle
fracture, some of the scholars have been investigated the fracture toughness and crack growth resistance
of such materials under different tensile and shear loads (Marsavina et. al. 2013,2014; Aliha et al. 2018).

The results of previous studies indicate that the stiffness and strength of a majority of conventional
foam-filled sandwich panels hardly meet the structural requirements for use in building floors or walls,
at least for standard spans and loads, mainly due to some different failure modes such as delamination
of the skins from the core, buckling or wrinkling of the compression skin, flatwise crushing of the core
or rupture of the tension skin. The main weaknesses of these panels stem from the low stiffness and
strength of the core, and the skin’s susceptibility to delamination and buckling, owing to the local
mismatch in stiffness and the lack of reinforcements bridging the core and the skins (Correia et al.,
2012). The use of stitches for connecting the two side skins (Potluri et al., 2003), or use of reinforcing
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ribs (Dawood et al., 2010) are two popular strengthening techniques being employed for improving the
mechanical performance of standard sandwich panels.

This study proposes a new geometry design and material to enhance the properties of the foam-filled
sandwich panels with regard to such failure modes. A 3-D high density Polyethylene (HDPE) sheets
are used as the skins with a thickness as 2 mm, and high-density PU foam is used as the core with a
total thickness as 100 mm, as illustrated in Fig. 1. Using the HDPE sheets, manufactured with
approximately 1200 studs per square meter, higher pull-out and delamination strength, as well as better
stress distribution, and buckling performance can be achieved. The studs also improve the resistance
of the face sheets and foam-core from debonding and increasing the interface strength between the
foam-core and the face sheets. This innovative sandwich panel was developed at the centre for
infrastructure engineering (CIE) in the Western Sydney University to be used as modular walls and
floors in rapid assembly buildings for semi-permanent post disaster housing.

HDPE skins with approximately 1200
integrated studs per square meter
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Studliner facing Foam core

1

Fig. 1. Introduced sandwich panel with HDPE skins and PU foam-core

2. Material characterization

This section reports the detailed descriptions of the tests carried out for material characterization of
the constituent materials i.e. PU rigid foam and 3-D HDPE skin sheets. To evaluate the basic material
properties, in addition to using the manufacturers’ data, some experimental tests were performed.

2.1 Polyurethane foam used in the sandwich panel

Polyurethane high-density rigid foam with a density of 192 kg/m* was selected for the core material,
according to the results the preliminary finite element models. Table 1 shows the PU foam’s
manufacturing and mechanical properties, provided by the manufacturer, and validated in the
laboratory according to the ASTM 1730 standard specification for rigid foam for use in structural
sandwich panel cores (Garrido et al., 2016; ASTM-E1730, 2015).

Table 1. Mechanical and manufacturing properties of the selected PU rigid foam
Mechanical Properties of the PU foam

l(?(egr;lig}; Compre551211\e/:I l})lee;ld strength Tensile (yl\l/lefl)(i)strength Shear yield strength (MPa)
192 3.51 1.896 1.034
Manufacturing Properties
Cream time Gel time Tack free time Free rise cup density
35-40 sec 94 + 4 sec 115+ 5 sec 280 — 300 kg/m?

Using a uniaxial load machine (Fig. 2), three cubic specimens (dimensions: S0mmx50mmx50mm)
were tested based on the ASTM E1730 and ASTM D1621 (ASTM-D1621, 2010) standards at a loading
rate of 5 mm/min in order to identify the structural properties of the rigid PU foam.



Fig. 2. Uniaxial load test for determining the compressive behaviour of PU foam

Table 2 shows the yield stress and elastic modulus for each specimen, and Fig. 3 illustrates the stress-
strain curves in the elastic region and failure graph, respectively. The curves show that this type of PU
foam, which is made of a 100:110 weight ratio mixture of AUSTHANE POLYOL AUW763 and
AUSTHANE MDI, can undertake considerable deformation before the failure. These stress-strain
curves are relatively linear in the elastic region, with a yield region at an average stress of 3.51 MPa,
and an average elastic modulus of 135.5 MPa.

Table 2. Yield stress and elastic modulus of PU specimens

oy (MPa) E (MPa)
Test 1 3.6 130
Test 2 3.52 137.9
Test 3 345 132.9
Test 4 35 141.3
Test 5 3.48 136.7
Average 3.51 135.5
Standard Deviation 0.056 5.05
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Fig. 3. Results of the uniaxial load test on PU foam, left: total behaviour and right: elastic range

The yield behaviour can be explained by the buckling of the foam's internal walls. Scanning
Electron Microscopic images (SEM), provided before and after compression test, shown in Fig. 4,
substantiate such behaviour. A long and rather flat plateau was followed. Then, a densification
(hardening) region was created by a gradual stress increase when the cell walls were stacked prior to
final densification. In this range of loading, no visible signs of failure were observed. Residual
displacement of the collapsed foam however, occurs once the unloading stage was complete.
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Fig. 4. Images from the scanning electron microscope on the PU specimens (a) before and (b) after the compression test.

2.2 High density Polyethylene sheets

The face sheets of the sandwich panels are made of 3-D HDPE (High Density Polyethylene) sheets
primarily produced as a concrete embedment liner to provide protection from mechanical damage and
a corrosive and erosive environment. In addition to resistance to chemical and environmental threats,
its relatively high strength, and in particular its 3-D studded face with approximately 1200 studs per
square meter, can effectively contribute to the sandwich composites’ structural performance by
providing high pull out strength, minimum lateral movement of the skin, and stronger bonding. Four
different thicknesses of the sheets were initially investigated (2mm, 3mm, 4mm and 5mm), and at the
end the sheets with 2mm tackiness were selected for the sandwich composite. Table 3 shows some
mechanical properties of the selected sheet, provided by the manufacturer and validated by
experimental tests in the laboratory, in accordance with the ASTM D5199, ASTM D1505 and ASTM
D6693 provisions (ASTM-D6693, 2015) at a loading rate of 5 mm/min.

Table 3. Specifications of the HDPE sheets

Tested Property Test Method Nominal value
Thickness (mm) ASTM D 5199 2
Density (g/mm?) ASTM D 1505 0.94
Sher strength at yield (MPa) 5.2
Elongation at Break (%) 500

Stud pull-out strength (kN/m?) >670
Notched Constant Tensile Load, hours ASTM D 5397 400
Coefficient of Linear Thermal Expansion, per °C ASTM D 696 1.20E-04
Low Temperature Brittleness, °C ASTM D 746 77
Dimensional Stability, % (each direction) ASTM D 1204 1

Water Absorption, % ASTM D 570 0.1

In order to identify the structural behaviour of the skin, in-plane tensile tests were conducted on two
principal perpendicular directions (lengthwise and crosswise) of the HDPE sheets, using a universal
hydraulic testing machine. Five repeated specimens for each direction of the HDPE face sheet were
tested as shown in Fig. 5. Typical tension specimens consisted of flat strips with a total width of 19 mm
and a total length of 115 mm, according to ASTM D6693 standard (ASTM-D6693, 2015). Fig. 6 shows
the coupon test results. The 3-D HDPE sheets exhibited a relatively linear elastic response up to a strain
of 0.15 mm/mm at the yield stress of 19.7 MPa in the lengthwise direction; and to a strain of 0.11
mm/mm at the yield stress of 20.6 MPa in the transverse (crosswise) direction, indicating relatively
similar behaviour in the elastic range. Since the coupon specimens were cut from 3-D panels, the minor
differences in behaviour could be due to the combination of the presence of the studs in different
directions, or manufacturing homogeneity of the sheets. A non-linear plastic stress—strain relationship
was observed in the higher ranges of strain. Results show the HDPE modulus of elasticity in lengthwise
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direction is Er=19.7/0.15 =131.33 MPa, and in crosswise direction is Ec =20.6/0.11 = 187 MPa. In
the computer model average value of Estup = 159 MPa is used to model the HDPE as isotropic material.

(b)

Fig. 5. HDPE coupon test and specimens’ dimensions

Applied Lo.ad Yeild Stress Yeild. Applied Load veild Stress Yeild
Test No. |atYield Point (Mpa) Elongation TesLNo. | atYleld Folnt (Mpa) Elongatlicn
(N) (%) (M) i (%)
1 243 20.3 15 1 258 21.5 11
2 221 184 16 2 243 20.1 11
3 243 203 15 3 238 19.8 10
4 234 19.5 14 4 256 213 10
5 237 19.8 14 5 246 20.5 14
Avrage 236 19.7 15 Avrage 248 20.6 11
standard 9 0.75 11 Standard 26 072 16
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3. Experimental Program

General speaking, the flexural stiffness of sandwich beams/panels can be calculated using First-order
Shear Deformation Theory (FSDT) (Sharafi et al., 2012a, 2012b; Carlsson & Kardomateas, 2011). The
FSDT can also be used to estimate the shear stiffness of each sandwich beam type by fitting the results
collected from four-point flexural tests. In this regard, a perfect bond must be assumed to exist between
the core and the facings. The bending stiffness can be computed accounting for the deflection
components that are associated with bending and shear deformations (Sharafi et al., 2014a, 2014b;
Hayes, 2003). This study examined the core shear properties of introduced polyurethane infill-foam
composite panels subjected to flexure in such a manner that the applied moments produce curvature of
the sandwich facing planes. Also, in this regard, core shear ultimate stress (Fs"!"), facing bending stress
(o), transverse shear rigidity (U) and core shear modulus (G) of introduced sandwich panel are
calculated based on ASTM C393/C393M (ASTM-C393/C393M, 2011) and ASTM D7250/D7250M
(ASTM-D7250/D7250M, 2011) using six medium-scale sandwich specimens with 45cm length, 20cm
width and 10cm as total thickness of composite section. The detailed descriptions of the tests carried
out on specimens which are four-point quarter-span loading and three-point mid-span loading flexural
tests (Fig. 7) are discussed in this section.

‘ L=5/2 = 200mm ‘
5 = 400mm 5= 400mm T
=~

f ey |

three-point mid-span loading four-point quarter-span loading

Fig. 7. Four-point quarter loading and three-point mid span loading configurations

The four-point bending test in accordance with ASTM C393/C393M under quarter point loading
configuration is performed for core shear ultimate stress (Fs"") and facing bending stress (o)
calculations. This test method is limited to obtaining the core shear strength or core-to-facing shear
strength, and to obtaining load-deflection data for use in calculating sandwich beam flexural and shear
stiffness using practice D7250/D7250M. The test setup is illustrated in Fig. 8(a). An INSTRON test
machine (model no. 5500R) was used. High resistance rubber pads (with a Shore A durometer hardness
of 60, a nominal width of 25 mm and a nominal thickness of 3 mm) were inserted at the loading and
supporting points to distribute the load uniformly and reduce the stress concentrations. Three specimens
were investigated, where they were tested in one-way bending with the span of 400 mm, under two
equal point loads, applied at 100 mm from each support. The specimens have been inserted into the test
fixture and then were aligned so that the longitudinal axis of the specimen was perpendicular (within
1°) to the longitudinal axes of the loading bars, and the bars were parallel (within 1°) to the plane of
the specimen facings. The specimens were loaded to failure at a displacement rate of 6 mm/min. The
bottom deflection at mid-span was recorded using a Linear Potentiometer (LP) having a minimum
accuracy of +/-1%. A data acquisition system was used to record the load, displacement, and deflection
during testing. In this study applied force versus crosshead displacement, and applied force versus
deflection data were recorded continuously. In addition, the visual method was used to determine any
initial failure (Fig. 8 (b)).
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Fig. 8. (a) Four-point quarter-span loading flexural test setup; and (b) multi-mode of failure in the vicinity of the mid-
span

The applied force versus crosshead displacement and mid-span deflection are shown in Figs. 9 and 10,
respectively.
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Fig. 9. The applied force versus crosshead displacement for
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Fig. 10. The applied force versus mid-span deflection for
four-point quarter-span loading flexural test

4. Calculation of core shear ultimate stress and facing bending stress

In this section, shear ultimate stress (Fs"!") and facing bending stress (c) of innovated sandwich panel
are calculated using the typical cross section shown in Fig. 11; parameters and formulas based on

ASTM C393/C393M.

Facing

Facing

F.*" = core shear ultimate stress=P,___/ (d+c)b (MPa)
o = facing bending stress = PS/[4t(d+c)b ] (MPa)

Where:

P, .. = maximum force carried by test specimen before failure (N)
b = sandwich specimen width (mm)

d = sandwich total thickness (mm)

¢ = core thickness (mm)

t = facing thickness (mm)

Fig. 11. Sandwich panel thickness dimensions (ASTM-C393/C393M, 2011)
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The results and calculation of core shear ultimate stress and facing bending stress are summarized in
Table 4.

Table 4. Calculation of core shear ultimate stress and facing bending stress of innovated sandwich panel

ult
&nﬁ) (l\leSPa) (Mc;’a) Failure mode and location*

Specimen 1 76.19 1.9 97.2 M)(G)(B/C)
Specimen 2 79.72 2 101.7 M)(G)(B/C)
Specimen 3 71.95 1.8 91.8 M)(G)(B/C)

Average 75.95 1.9 96.9 (M)(G)(B/C)

Standard deviation 3.89 0.1 5
CV (%) 5.12 5.2 5.2

* (M)(G)(B/C): (Multi-mode)/(Gage)/( Bottom facing/Core) (ASTM-C393/C393M, 2011).

The facing bending stress is calculated as a reference value at the maximum applied force. Since
this test method is restricted to the core or core-to-facing shear failures, the facing stress does not
represent the facing ultimate strength. To obtain the facing ultimate strength, the test method ASTM
D7249/D7249M can be used (ASTM-D7249/D7249M, 2017). The results show that the foam core in
composite section, withstand twice shear stress as the bare foam material.

5. Calculation of transverse shear rigidity and core shear modulus

Transverse shear rigidity (U) and core shear modulus (G) of innovated sandwich panel can be
calculated based on the results of the four-point quarter-span loading tests and a series of similar three-
point mid-span loading supplementary tests based on ASTM D7250/D7250M. The formulations for
calculating are presented in Table 5 (ASTM-D7250/D7250M, 2011).

Table 5. Transverse shear rigidity and core shear modulus based on ASTM standards

8} G

Loading Configuration (Transverse shear rigidity) (Core shear modulus)

One D7249/D7249M Standard 4-Point Loading
and
One 3-Point Mid-Span Loading
One D7249/D7249M Standard 4-Point Loading
and
One 4-Point Third-Span Loading
One D7249/D7249M Standard 4-Point Loading
and
One 4-Point Quarter-Span Loading
One 3-Point Mid-Span Loading
and
One 4-Point Quarter-Span Loading
One 3-Point Mid-Span Loading
and
One 4-Point Third-Span Loading
One 4-Point Quarter-Span Loading
and
One 4-Point Third-Span Loading

OP1S1(141S:12/S2-121) .
J4AL(1269(P1S 1P Aa/P2S 2 Ar)-1331) Rl e
OP1S1(2538812/522-2783) ,
J4A1(34263(P1S1Ax/P2S23A1)-30613) U(d-20/[(d-0°b]
9P1S1(1128812/522-1331) .
J4A1(20304(P1S13Ax/PaS A )-14641) ie-E =375l
P1S1(8S1%/1182%-1) )
JAAI((16P1S A2/ 1 1P2S2*A)-1) U(d-20/[(d-0°b]
P1S1(18812/2382%1) .
JAAI((27P1S1*A2/23P2S2*A)-1) PHEHg =]
P1S1(99S1%/9282%-1)
12A1((297P1S13A2/368P2S23A1)-1)

P1S1(S1%/S22-1)

U(d-24)/[(d-)%b]

Two 3-Point Mid-Span Loading JAAL((P1SPAL/P2SEAY-1) U(d-2t)/[(d-t)*b]
U = transverse shear rigidity (N) P1 = applied force for configuration #1 (N)
G = core shear modulus (MPa) P2 = applied force for configuration #2 (N)
A1 =beam mid-span deflection for configuration #1 S1 = length of support span for configuration #1
corresponding to force P1 (mm) (mm)
Az = beam mid-span deflection for configuration #2 Sz = length of support span for configuration #2
corresponding to force P2 (mm) (mm)

According to ASTM D7250/D7250M transverse shear rigidity are calculated based on ten load-
deflection selective steps of the least maximum applied force regarding both loading configurations
(Tables 6 and Fig. 12).
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Table 6. The least maximum applied forces and their related mid-span deflections.

4-Point Quarter Span Loading 3-Point Mid Span  Loading

Pmax AMan Pmax Amidﬂ&n
Specimen 1 76.19 21.9 56.23 24.9
Specimen 2 79.72 22.4 52.54 (minimum) 23.8
Specimen 3 71.95 (minimum) 19.1 53.98 24.2
Average 75.95 21.1 54.25 24.3
Standard deviation 3.89 1.8 1.86 0.56
CV (%) 5.12 8.42 3.5 2.3

60000 20000

52540 71950

50000

1 2 3 4 5 13 7 g 9 10
P(N) P (N)

Fig. 12. Selected load-displacement levels of four-point quarter (right) and three-point mid span (left) loading
configurations

The results and calculation of transverse shear rigidity and core shear modulus are summarized in
Tables 7.

Table 7. Transverse shear rigidity (U) and core shear modulus calculations (G)
3-Point ~ Mid Span Loading 4-Point  Quarter Span Loading

Pi(N) A1 (mm) S1 (mm) P> (N) Az (mm) So(mm)  Uster (N)  Gstee (MPa)

Step 1 (adjusting) 1850 1.2 400 2499 0.8 400 adjusting adjusting
Step 2 4550 2.5 400 7757 2 400 88500 4.4
Step 3 9200 4.6 400 14980 3.5 400 98000 49
Step 4 14785 6.9 400 23990 53 400 147600 7.4
Step 5 19925 9.1 400 33358 7.4 400 205300 10.3
Step 6 25648 11.9 400 42890 9.7 400 203900 10.2
Step 7 31698 14.5 400 52110 12 400 225000 11.2
Step 8 37180 16.9 400 59970 14.4 400 262300 13.1
Step 9 44305 20.1 400 66480 16.7 400 383500 19.2
Step 10 (main) 52540 23.8 400 71950 19.1 400 417000 20.8
Average over time 225700 11.3

6. Numerical investigation

Numerical simulations were carried out to find the non-linear behaviour of the sandwich panel and
compare with the experimental measurements of the flexural behaviour of the composite sandwich
beams. The simulations of the four-point static bending test of the composite sandwich, the FE
modelling was performed using ANSYS R15 where a quasi-static three-dimensional model has been
developed to simulate and predict the mechanical performance of the composite sandwich panel under
bending. For FE modelling, the same dimensions, and the same loading rate (6 mm/min) were
considered as for the experimental program. The PU foam was meshed using Hexahedral dominant,
Quadrilateral and Triangular meshing. The HDPE sheets were meshed using Multizone
Hexahedral/prism with Quadrilateral and Triangular elements while the studs meshed using hexahedral
elements (Sharafi, et al. 2015, 2017a, 2017b). The mechanical properties of the PU foam and the HDPE
sheets, obtained from experiments, were used for calibrating the inputs.
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6.1 Flexural behaviour

The FE results show equivalent (Von-Mises) stress of foam has been concentrated at two strips
between loading effect points and supports and other areas are under very low stress. The first yielding
symptom of foam occurs when the equivalent (Von-Mises) stress of foam reaches to manufacture
minimum identified yielding stress (2.8 MPa). However, the real yielding stress occurs at 3.51 MPa.
Fig. 13 shows Von-Mises stress-strain diagram of foam.

18 40
16 35
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Stress(Mpa)
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& 0
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Fig. 13. Equivalent (Von-Mises) stress — strain diagram Fig. 14. Equivalent (Vonélt\l/ﬂlslei:lsl)erstress ~ strain diagram of

of foam

With regard to the skins, by applying more pressure, equivalent (Von-Mises) stress of Studliner
reaches to yielding stress, where the maximum strain of Studliner is 0.048 mm/mm. Maximum
equivalent stress appears at the edges of Studliner. In addition, shear stress at studs keeps increasing as
the applied load continues increasing. Fig. 14 shows Von-Mises stress-strain diagram of the skins.
Then, as similar as experimental tests, at 60" second the model start to collapse and large deformation,
debonding and demolition between foam and skins appear on the loading point until 70th second (Figs.
15-18).

Fig. 16. Large deformation and debonding between the skin and foam core at collapsing mode
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Fig. 18. Large deformation and maximum strain of
composite panel just before collapse

Fig. 17. Large deformation and debonding of Studliner
at collapsing mode

By applying more pressure to the specimens, the ultimate fracture occurs on the mid-span at the
maximum deflection point. The fracture profile is shown in Fig. 19.
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Fig. 19. The fracture profile and maximum deflection at mid-span of composite panel.

Fig. 20 shows maximum Von-Mises stress-strain diagram of the composite panel. As it can be seen,
in elastic range (as strain < 2%) the composite panel has a semi linear demeanour but, after yielding
point shows a hyper elastic behaviour.
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Fig. 20. Equivalent (Von-Mises) maximum stress — strain diagram of composite panel

Results indicate that under flexure, the foam core and skins displacement are in sync, which
demonstrate well integrated behaviour of the introduced composite panel, as shown in Fig. 21 and Fig.
22.

Fig. 21. Homologous deflection of Studliner skins and foam core
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Fig. 22. Sync behaviour of maximum mid-span displacement of the skin and foam in time

6.2 Shear Behaviour

XY component of shear stress has a uniform distribution on the skin and core, which demonstrates
the good performance of skin studs in shear transfer. When the XY component of shear stress reaches
to yielding point at both of core and skin, maximum XY shear component occurs at edges of the skin
and core, under loading point. In addition, there is not any shear concentration in the skin studs on XY
plane. YZ component of shear stress has a uniform distribution on the skin and core. This component
has a strip of concentration at the loading line on the surface of the core as well as surface and body of
the foam core. These strips continue toward supports in foam core. The YZ component of shear stress
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reaches to yielding point at both the core and skin, where there is not any shear concentration at studs
of skin on the YZ plane.

Fig. 23. Distribution of component of shear stress on the skin and foam core at collapsing mode

The distribution of XZ component of shear stress on the skin is as similar as XY component. The
distribution of this component on studs is completely uniform. Maximum XZ shear component occurs
at the edges of skin. The XZ component of shear stress on the core has some local concentration and at
other areas has a very low intensity. The XZ component of shear stress reaches to yielding point at both
of foam and the skin. These distributions are illustrated in Fig. 23. As shown in Fig. 24, results indicate
that the XY component of shear stress show relatively linear behaviour at low strains (< 2%) and
nonlinear behaviour at higher amounts. The diagram of YZ component of shear stress-strain is linear.
In addition, the XY component of shear stress show nonlinearity with a positive slope until collapsing
mode.

Shear stress

YZ

Strain

Fig. 24. Schematic stress-strain diagrams of XY, YZ and XZ component of shear at composite panel

7. Conclusion

Foam filled sandwich panels are one of the most popular and widely investigated types of composite
structures. In this study an innovative sandwich panel comprising 3D-HDPE skin layers and a high-
density foam core was proposed and the flexural and shear behaviour was investigated by experimental
and numerical research. The results showed that using 3D skins with 1200 studs per square meter, the
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composite sandwich panels resulted in a strong and stable composite section than individual sandwich
sections alone. Results of the quasi-static three-dimensional model and the material nonlinear
simulations of the sandwich panels also indicate that under flexure, the foam core and skins
displacement are in sync, which demonstrate well integrated and ductile behaviour of the introduced
composite panel.
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