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Abstract. Sandwich materials are potential candidates instead of traditional
materials in several fields as aerospace, civil engineering and automotive
because of their mechanical properties and especially their high ratio bending
stiffness to weight. Three-point bending is a frequent process for forming
sandwich panels before usage. This study presents an analysis of the damage of
the sandwich panels during quasi-static tests in three-point bending. Experi-
mental tests leading to the failure of the core of the sandwich material were
carried out. Finite element analysis was also conducted for the numerical pre-
diction of observed damage. Also, analytical Gibson’s modified model is con-
sidered to obtain the critical loads leading to the failure of the sandwich panels.
This allows constructing a mode map for failure modes of sandwich panels in
three points bending process.
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simulation � Damages � Failure map

1 Introduction

Sandwich plates are increasingly used in a wide range of industrial products [1] varying
from automobiles and airplanes to simple home appliances due to the properties such as
lightweight, vibration reduction, acoustic noise damping, and heat insulation [2]. In
addition, the sandwich panel metal/polymer/metal have been tested in standard or
specialized tests such as shearing, three point bending, four point bending, and
indentation [3–5]. The most common failure mode of the foam core sandwich struc-
tures is core shearing, followed by local indentation collapse and face yielding [3, 5, 6].
The risk of mechanical buckling, and decohesion between the skins and the core
constitute the main weaknesses of sandwich panels. Under bending, a sandwich panel
undergoes various modes of degradation classified in several categories by [7–9]. Kim
and Hwang [10] studied theoretically and experimentally the effect of decohesion
between skin and core on the stiffness of sandwich panels. Idriss et al. [11] have shown
that the crack propagation occurs in three stages: decohesion between the core and the
upper skin, core shear and debonding between the lower skin and the core. However,
among these studies, there is a lack of systematical research on the
steel/polyurethane/steel sandwich structures’ failure mechanism. Based on the afore-
mentioned literature, limited study was conducted on the modeling of damage prop-
agation in polyurethane foam cores. For the above-mentioned reasons, in this paper the

© Springer Nature Switzerland AG 2020
N. Aifaoui et al. (Eds.): CMSM 2019, LNME, pp. 533–544, 2020.
https://doi.org/10.1007/978-3-030-27146-6_58

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-27146-6_58&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-27146-6_58&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-27146-6_58&amp;domain=pdf
https://doi.org/10.1007/978-3-030-27146-6_58


failure mechanism of sandwich panel in three point bending test are investigated by
applying the cellular solids theory [12]. In addition, experiments and numerical sim-
ulations are carried out to validate the theoretical prediction.

2 Analytical Analysis

Several failure modes have been identified for sandwich panels in three-point bending
[12]: (a) face yielding; (b) wrinkling of the compressive face; (c) core shearing, (d) face
debonding, (e) indentation. The last mode of failure occurs when the loading is
extremely localized and can be avoided by increasing the loading area. To analyze the
failure mechanism of the panels, it is necessary to characterize the normal stress and the
shear stress acting on the skins and the core.

The maximum stress occurs in the cross section which has the maximum moment.
In the load case of three-point bending, the maximum moment and the shear can be
easily acquired in terms of the concentrated load P, that:

M ¼ PL
4

ð1Þ

Considering the shear stress as linear through the faces and constant through the
core since the faces are much stiffer and thinner than the core, the normal and shear
stresses can be expressed as [13]:

rpmax ¼ � PL
4epbd

ð2Þ

rcmax ¼ �PLec
8D

Ec ð3Þ

scmax ¼ P
2bd

ð4Þ

where D is the equivalent flexural rigidity, which can be expressed as [13]:

D ¼ Epepd2b
2

þ Ept3pb

6
þ Ece3cb

12
ð5Þ

2.1 Modified Gibson’s Model

Instead of a flat loading head and supports used in the experiments and analysis of [3],
a cylindrical loading head and supports are used in the present experiments and
analysis. Hence some modifications are required. Three main failure modes of sand-
wich panel steel/polyurethane/steel (face yielding, wrinkling face and core shearing)
are considered in this study.
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Face yielding

This mode occurs when the maximum normal stress in faces reaches the yield strength
of the face material

rp ¼ ryp ð6Þ

where

ryp: yield strength of the face material

The critical load for the face yield mode is given by

Pcr1 ¼ 4bepec
L

ryp ð7Þ

Wrinkling face

This mode occurs when the maximum normal stress in faces reaches the local elastic
instability stress, in this case:

rp ¼ rwp ð8Þ

rwp is wrinkling stress in the face material which can be expressed as follow [13]:

rwp ¼
3E1=3

p E2=3
c

12ð3� tcÞ2ð1þ tcÞ2
h i1=3 ð9Þ

where tc: Poisson’s ratio of foam material
The critical load of wrinkling face mode is given as [14]:

Pcr2 ¼ 4bepec
L

E1=3
p E2=3

s 0:28
qc
qs

� �4=3

þ 0:2
qc
qs

� �2=3
" #

ð10Þ

where qs, Es: Density and Young’s modulus of foam’s cell-wall material, respectively.

Core shearing

The shear force is carried mainly by the foam core when the sandwich panel is sub-
jected to a transverse shear force. If the shear stress in the foam core reaches the shear
strength of the foam core material, the initial failure will be in the foam core. The
critical load of core shear mode is written as [14]:

Failure Mechanism of Sandwich Panels 535



Pcr3 ¼ 2bec 2:32
qc
qs

� �3=2

�0:28
qc
qs

" #
rys ð11Þ

where rys Yield strength of foam’s cell-wall material
Table 1 gives the mechanical and geometrical characteristics of sandwich panels

Steel/Polyurethane/Steel (Table 1).

Figure 1 plots the sandwich panel failure loads of different failure modes in terms
of the length between supports L. From this figure it is observed that the critical loads
of the first two failure modes decrease with increasing length between the supports L,
while the critical load of the shear failure of the core is constant. In addition, it is
observed that the panels suffer a failure according to the mode of core shear for lengths
between weak supports. While, for wide distances between supports, it is the folding
mode of the skins which intervenes. In addition, the skin yielding failure mode is less
likely to occur since the corresponding failure limit load is much higher than the other
two modes.

Table 1 Mechanical and geometrical characteristics of sandwich panels Steel/Polyurethane/
Steel

Panel’s
geometry
(mm)

Skin
material
(MPa)

Core material
(Kg/m3MPa)

b ep ec Ep Ϭyp qc qs Es Ϭys

50 0.5 40 200000 400 40 1170 1600 53.4

Fig. 1 Failure loads of sandwich panel steel/polyurethane/steel
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2.2 Failure Mode Map

The failure mode map can be constructed from Eqs. (7) (10) and (11), with dimen-
sionless parameters the relative density of foam qc/qs and ratio of skin thickness to
span length ep/L as the coordinates. The diagram is divided into three regions. Within
each region one failure mechanism is dominant. The regions are separated by three
transition lines, which represent the panel designs for which two mechanisms have the
same failure load. The three transition lines are governed by Eqs. (12), (13) and (14),
respectively, skin folding and skin lamination, skin wrinkling and core shear and that
between core shear and plasticization of skin. These equations are obtained for equal
critical loads for two particular failure modes. It is clear that these transition lines
depend mainly on the strength of face and core materials.

qc
qs

¼ ryp

0:26E1=3
p E2=3

S

 !3=2

ð12Þ

qc
qs

¼ 0:85epE1=3
p E2=3

s

0:62 rsL

 !4

ð13Þ

qc
qs

¼ 1:13rpep
0:65 rsL

� �3=4

ð14Þ

An initial failure mode map according to the geometry and material properties of
sandwich panels steel/polyurethane/steel is predicted in Fig. 2.

Fig. 2 Failure mode map of sandwich panel steel/polyurethane/steel
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3 Experimental and Numerical Procedures

3.1 Experimental Procedures

The core of the sandwich specimens used in this study consists of polyurethane PUR is
closed-cell rigid foam plastic. The foam properties could be obtained from uniaxial
compression tests according to ASTM C 365-57 standard. The skin used in this study
consists of galvanized steel with high specific strength and stiffness. The skin properties
could be obtained from tensile tests according to NF EN 10002-1 standard. The
mechanical properties of the polyurethane foam core and the steel skin were experi-
mentally obtained and reported in Table 2.

Quasi-Static three-point bending tests were conducted with the MTS testing
machine to acquire the load–displacement curves (Fig. 3). All the specimens were
obtained from sandwich panels composed by a polyurethane foam core and steel skins.
Subsequent tests are performed with a displacement rate of 10 mm/min. The specimens
were tested to failure.

Table 2 Mechanical properties of the steel skin and the polyurethane foam core

Steel skins Foam core

Density q [kg/m3] 7800 40
Yield stress r0 [MPa] 440 0.41
Young’s modulus E [MPa] 200000 3.31
Poisson’s ratio m 0.3 0.4
Strength Rm [MPa] 453 0.53

Punch

Sandwich panel

Die

Fig. 3 Experimental set-up of the three-point bending test
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3.2 Numerical Simulations

The FEM software package ABAQUS/Explicit was used to simulate the three-point
bending of sandwich sheets. Figure 4 gives the two-dimensional geometric modeling
with Abaqus software with a mesh size sufficiently refined to ensure precise results and
adequate boundary conditions. Due to the material symmetry, only a half of the section
of the sandwich panel was considered. The core was modeled as foam of an elastic–
plastic material using hardening curves obtained from compression tests. The skin sheet
was modeled as elastic-plastic material.

Damage initiation in the foam core was modeled by a shear damage criterion.
The shear criterion assumes that the equivalent plastic strain at the onset of the

damage. �eplS is a function of the shear ratio and strain rate:

�eplS hS; _�e
pl

� � ð15Þ

where hS = (q + ksp)/smax is the shear stress ratio, smax is the maximum shear stress, and
ks is a material parameter. The damage onset is occurred when:

wS ¼
Z

d�epl

�eplS hS; _�epl
� � ¼ 1 ð16Þ

where xS is a state variable which increases with the equivalent plastic strain.

4 Results and Discussion

Figure 5a shows a shear failure of the core in three-point bending. Since foams have
generally lower mechanical properties than skins, they will be affected by damage
initiation. Figure 5b shows another mode of fracture: debonding skin/core that spreads

Fig. 4 FE model of three-point bending process
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under the skin several millimeters along the length of the panel. This fracture is due to
the presence of defects in the junction between the skins and the foam.

Figure 6 shows the curves of the stored energies ALLKE, ALLIE and
ALLKE/ALLIE versus time. This figure shows that the kinetic energy (ALLKE) does
not exceed 5% of the total energy (ALLIE), which demonstrates that the influence of
inertial force is within the acceptable range.

Figures 7 and 8 show experimental and numerical load-displacement curves of
sandwich panel in three-point bending test. The obtained curves can be divided into
three regions. In the first region, a linear trend is observed with a small deformation.
The second region corresponds to a nonlinear behavior in which the maximum load is
reached, significant drop of the peak load is observed for all sandwich structures. This
sudden drop is due to the foam cracking. In the third region, a plateau was observed
until failure with small evolution and the specimen continued to sustain the load but
never exceeded the previous peak load. It can be seen that a satisfactory agreement was
found between the experimental result and the FEA result. The peak load in numerical
results was slightly higher than the experimental ones. This is due to initial defects in
sandwich composite which is not considered in FEM analysis. Figure 7 plots the

Fig. 5 Failure modes of sandwich panels, a Shear failure of the core; b debonding skin/core

Fig. 6 ALLKE, ALLIE and ALLKE/ALLIE ratio versus time curves
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load-displacement curves by considering the effect of the distance between supports.
From this figure it can be seen that the failure parameters (loads and displacements)
increase with the decrease of the distance between supports as can be expected.
Figure 8 shows that the failure parameters increase with the increase of the foam
thickness. Values of failure loads, failure displacements and stiffness are presented in
Tables 3 and 4.

Fig. 7 Bending curves for different lengths between supports

Fig. 8 Bending curves for different foam thickness

Table 3 Static characteristics of sandwich panel for different length between supports

L = 200 mm L = 300 mm

Failure load (N) 514 411
Failure displacement (mm) 17.7 19.3
Stiffness (N/mm) 82 61
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Total equivalent plastic strain occurred in the sandwich plates are gathered from the
finite elements analyses and illustrated in Fig. 9. As can be seen, the maximum
equivalent plastic strain is located in the foam under the punch and in the lower part of
the foam inclined at about 45° to the punch/panel contact. Notice that failure was
initiated at these locations.

Table 4 Static characteristics of sandwich panel for different foam thickness

e = 40 mm e = 60 mm

Failure load (N) 411 476
Failure displacement (mm) 19.3 22.2
Stiffness (N/mm) 61 73

Fig. 9 Equivalent plastic strain distribution

Fig. 10 Numerical results of the failure loads of the sandwich panel steel/polyurethane/steel
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Figure 10 gives a comparison between the critical loads obtained from the theo-
retical studies, concerning the two modes of damage skin wrinkling and core shearing,
and the loads obtained numerically. From this figure we observe that the maximum
error is 21% which can be explained by the simplifying assumptions used in obtaining
the theoretical failure criteria.

5 Conclusion

The purpose of this paper is to investigate the damage behavior of sandwich panel
steel/polyurethane/steel by considering the effect of the variation of several geometrical
parameters during quasi-static tests in three-point bending. Experimental tests leading
to the failure of the core of the sandwich material were carried out. The FE model was
validated by comparing the load–displacement curves of the sandwich panels between
experimental and FE analysis, the comparisons show a satisfactory agreement between
the experimental and numerical results. Also, analytical Gibson’s modified model is
considered to obtain the critical loads leading to the failure of the sandwich panels. This
allows constructing a mode map for failure modes of sandwich panels in three points
bending process.
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