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ABSTRACT: Sandwich plate manufacturing technology is evolving day by day and it has led to the
higher strength and load-bearing capacity of new fabricated models in comparison to previous models.
Due to their high ratio of strength to weight and great energy absorption characteristic, they are widely
used in various industries including aerospace, marine, and bridge construction. However, the problem
with most of these types of plates is that the core crushes due to loading and thus leads to beam failure.
In the present study, the load-bearing capacity and ultimate strength of a novel type of sandwich beam
with steel faces and elastomeric foam core are numerically and experimentally investigated. The use of
this type of core in sandwich beams has not been reported in previous research. Although elastomeric
foams have a lower modulus of elasticity, they show reversible behavior in large deformations, and
therefore they can be used in structures such as bridges, where high absorption of energy is expected.
In this paper, by fabricating sandwich panels, in addition to determining the mechanical properties of
materials, the effect of adding elastomeric core on the deformation of the sandwich beam and its energy
absorption was studied; Furthermore, the simulation of sandwich structure and steel plates under three-
point bending load was done with the help of Abacus software. Experimental and parametric studies
showed that there is good compliance between experimental investigations and numerical results. Thus,
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it can be considered as a bridge deck in larger dimensions in future studies.

1- Introduction

Conventional sandwich beams consist of two thin face
sheets and a thick core. The face sheets are made of hard,
high-strength, and high-density materials such as steel or
composites which are joined by low-density materials called
cores. Sandwich beams with different designs are used in
different industries. Depending on the application of these
members, different materials for cores and faces are used to
fabricate them [1].

With the advent of new manufacturing technologies,
sandwich panels have gained a wider position as structural
and non-structural members in various industries. The wide
variety of sandwich beams with different design variables
as well as modern design methods has made it possible
to produce members with valuable capabilities and high
efficiency in various industrial applications. Today, the
unique performance of sandwich beams has made their use
common in various industries, including maritime transport,
aerospace, and automotive industries [2, 3]. According to
studies by Murton [4], the weight of sandwich panel bridge
decks is about one-fifth of reinforced concrete decks.

If it is decided to fill the entire space between the top
and bottom faces with a material, it will be selected from
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materials with high volume and low weight, which also have
adequate strength and stiffness. The best materials for this
purpose are foams. Foam cores are inexpensive and have a
high rigidity to weight ratio, however, low strength and low
tensile modulus are considered as their disadvantages. These
foams include polyvinyl chloride (PVC), polyurethane, and
polypropylene foams [5].

Since the core used for the sandwich beams studied in
this article is made of foam, more attention has been paid
to the research done on foam cores. Tagarielli et al. [6] used
a type of PVC foam, which had high strength and modulus
of elasticity, as the core in sandwich panels. They indicated
that the initial modulus of elasticity observed under tension
was 10 GPa, the tensile strength was 220 MPa, and the
compressive strength when micro buckling occurred in the
foam was 150 MPa. They also mentioned that the shear
strength for this foam was 1 MPa. Triantfillou and Gibson
[7] used a type of polyurethane foam with a modulus of 1.6
GPa and a strength of 127 MPa to investigate the failure
mechanisms of sandwich panels. Corigliano et al. [8] used
a type of syntactic foam that had high mechanical properties
and mainly demonstrated a linear behavior in the stress-
strain curves under tension and compression. The foam used
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Fig. 1. Schematic of 3D FRP sandwich panel [11].

by Mines and Alias [9] consisted of two types of PVC foam.
Moreover, Flores and Li [10] used Rohacell foam, which
had relatively high mechanical properties compared to the
foams used in industry.

Tarek Hassan and Reis [11] reinforced the sandwich
panels made up of fiber-reinforced polymer (FRP), as shown
in Fig. 1, by inserting three-dimensional fibers in the core
which leads to connecting the top layer to the bottom layer
to investigate the increase in the strength of the sandwich
panel.

They plotted the load-displacement curve of 1.5 and
2.5” thick panels as shown in Fig. 2. Based on the obtained
results, they concluded that the behavior of the panel was
linear before the initiation of the first crack in the core foam
and then became nonlinear. Finally, it was found that the
reason for the failure of all specimens was the rupture of the
face sheets.

In 2015, Hashem et al. [12] evaluated a trapezoidal-
shaped structure consisting of two glass fiber-reinforced
polymer (GFRP) faces and a low-density trapezoidal
polyurethane foam core, as shown in Fig. 3 for sandwich
beams. The specimen was made on small scale and then
subjected to a static bending test to investigate the ultimate
load capacity and force-displacement behavior of the
panels. The initial failure state for all specimens was the
local buckling of the top compressive face sheet; finally,
due to the crushing of the brittle core, the sandwich beam
was collapsed.

Camata and Shing [13] studied the fatigue of sandwich-
panel bridge decks with FRP faces and honeycomb core
experimentally and numerically. The purpose of their study
was to determine the performance of this type of beam
under cyclic loadings. They identified that the delamination
of the face sheets and their separation from the honeycomb
core is the main mode of failure in this type of beam.

2- Methodology
Sandwich structures have been widely used in
various industries such as aerospace, marine, and bridge
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Fig. 2. Three-point bending test on sandwich panels.

construction due to their high strength-to-weight ratio and
energy absorption. Besides, the finite element method has
provided a valuable tool for simulating these beams [14-
15]. As it has been mentioned, in most cases, the rupture
and failure of brittle cores is the main cause of beam
failures, which is why in this paper the failure modes
related to the core are eliminated due to the elastomeric
properties of the core material and instead, the hyperelastic
performance that can model the nonlinear behavior of the
foam is used in finite element models. Due to the lack
of similar research history on sandwich beams with steel
faces and elastomeric foam cores, the results of this study
can provide useful outcomes for the use of this type of
sandwich beams.

3- Results and Discussion

Although extensive studies have been carried out on load-
bearing behavior and different types of failure in sandwich
beams with various faces and cores, sandwich beams with
elastomeric foam cores have not been studied so far. The
results presented in this study showed that the behavior of the
core in these beams is different from the behavior assumed for
sandwich beams with brittle cores. It might be assumed that
the use of this type of foam does not sufficiently increase the
load-bearing capacity of the beam and to increase the load-
bearing capacity the use of common brittle foams is more
appropriate, however, a look at the results of this study shows
that the use of elastomeric foams has specific advantages,
including the elimination of core failure modes in comparison
to brittle foams which lack such advantage.

Experimental studies performed on elastomeric foam
showed entirely different and highly nonlinear stress-strain
relationships under different loads, including tension,
compression, and shear. Therefore, foam behavior was
simulated based on hyperelastic theory. To reproduce the
stress-strain curve, the proposed energy functions in different
references were used; among these functions, the most
convergent results with experimental results were obtained
by the first-order Mooney-Rivlin function.



A.R. Rahai et al., Amirkabir J. Civil Eng., 53(11) (2022) 1037-1040, DOI: 10.22060/ceej.2020.18510.6884

50.8 mm)

2 .

Floane 120 yie oy
I it

S

Nsitive Spoeciamens

Fig. 3. Trapezoidal sandwich beam [12].

The results showed that using elastomeric core in sandwich
beams improves the mechanical properties of the specimens
such as energy absorption and maximum load-bearing
capacity compared to those where only steel plates are used.
However, this increase is different for sandwich panels with
different face sheets. Despite the fact that using elastomeric
plates demonstrated weak performance in transferring stress
between the top and bottom face sheets, advantages such
as regaining the load-bearing capacity after the face sheets’
failure were a valuable advantage of using these sandwich
beams.

One of the disadvantages of using these foams as the core
was low stiffness and large deformation of the beam due to
elastomeric properties; it can be eliminated by increasing the
elasticity modulus of elastomeric foams.

Due to the low stiffness of the elastomeric foam and
therefore the reduction of the forces between the face and
the core layers, no damage of the delamination of the face
sheets from the foam core was observed in these beams.
Based on the experimental observations and finite element
models simulation in this study, it was observed that the
ratio of energy absorption increment was more significant
compared to the ratio of load-bearing capacity increasing in
these beams.

4- Conclusion

Sandwich beams with elastomeric cores show reversible
behavior in large deformations. Therefore, they are very
suitable for applications such as bridge decks where high
absorption of energy is required. These types of foams have
some residual strength in case of face sheets damage, unlike
crushing foams which completely lose their load-bearing
capacity when the face sheets lose their strength. Thus, by
strengthening the shear capacity of the core, this type of
structure can be studied and evaluated as a bridges deck that
needs to absorb a high amount of energy.
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Fig. 1. Schematic of a 3D FRP sandwich panel [11]
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Table 1. Dimensions of the proposed FE sample for
foam tensile testing [17]
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Fig. 5. Elastomeric plate tensile testing device.
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Fig. 6. Stress-elongation diagram of elastomeric foam tensile test.
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Table 2. Fixed coefficients of the Mooney-Rivlin model [11].
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Fig. 7. Proposed SP sample for tensile testing of steel [18]
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Table 3. Dimensions of the proposed SP sample for
foam tensile testing [18].
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Fig. 8. Steel tensile testing machine.
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Fig. 9. Stress-strain diagram of steel under tensile test.

Cod g3V Wlbo gdus 5 2Kl Ol Y ol jl oolitl b (63Y g5 (sladiges yobate 'yl 4 g Slou) S5 5V gh

(s (5,135, )
A SS9 S islejl ploul Wy A S5 09y 4l 1 yio Lo ¥ 250>
2Wgs Swilse lasuive .F Josa And e L5 SP sl b1y ooV cladiges Job dbdjl — i lages
Table 4. Mechanical properties of steel Slaseio and o GLi YO« MPa il 1) iiS casglin & JS l3gas

P ol S5 Jodo 3 Cawl ot 02l L3 ¥ Jgds 5 0V s Siiw]
E(Mpa) | # | xXe/
Ve | YV X \E |y YAD

al 3Y58 (bl Jgho B g (gl cupd p Vb pogatce py

£vo-



Lhod yiglol gl (63 s8 Wlbuo i dlal B Jgis

Table 5. Geometric dimensions of steel plates for bending tests
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Fig. 10. Parametric dimensions of Table S for steel samples

ool 0dd 48,5 (a3 > o Juo

0 4L Jlesl e po b ZWICK ols I ookl b Lialoj] oyl plo]
el Sl oges B g 5 Ve b g s 1 sio o
2 b mewy Jlesl Hb cov Tl w8 elul p badiges oyl
5 088 SBY Bgas (talojl el Jolpe i 4 AV 9 W) (sla S
4 bgye Gilofl plogl olpe OF 9 VY (sla S 1 5 (6150 5l an
ol ol ol L SB-v &gl

Sluogasd 5l osliznl b g aBilejl bl 4 asg b aell s
odd (il Jre 5V oh (sladiges (B Cromd I odal Cowd 4y (Sl
b sl 3 g ad pll LugSUl asby j> dhiiaw Lied islejl g
A5 dunlie ob b (o20e ¢ il
Y 58 Sl dgaze lall (g jlwands —Y-Y

Olasuie (63Yg Gl dgazme slinl Jio (gilwans <y
Sawodl g SVl s A JSS 5 F Jos Billae SO

2 Displacement Control

£Yo)

Wb s 1) (sl ol 5 by Sl 4 2 b

e Gilodse 5 (2Bl oy 4 Gise ol > {N-IY]
2 Jlisl gblad iall Gue b abed jb pj o0Yed slaayg,
Sloiio l 02lital 156 ) et 5 (2Bl lodiges 55l e
sloasly jl Cond 2 )3 il oo (iod b i 53 5 pegiY]
ilodie a e 5 00d 03 s aleil o) Il 3 alSiylej]

w23 (BBl g (odse mls dulie

Vg9 Sl (gg, daidw Lied ialojl -V-Y
301 Gl 1y Fo o a V cuws ] ASTM-Dvass st
) G [Vo] e 5 cpgri Canl 03,8 duog wilad 4 Colbus
delod 3 )libuol opl 55 55,8 ity (e Canglie AasMo (sly 1) VS
s dho 0 dgas o] glads a5 il (clalginl LWL aolSass ¢ (¢,)l35,L
2lg LAYYXOAYY XYY &g 3kl )3 adiges sl cpimed 4
Ul 51 olel ol 1355 malyd s 4 Lol el osids dlpsin e Juo

o o3l LS O oo 3 oadyiulejl (cladiges slul s odlitul dg3g

1 Zweben



A ZZ "R d AR RFCYISIAL JL»: N o)l.mﬁ HY 0)9d s).:af).:.nl u]lm& (e Ayl

Fig. 11. Example SB-1 - under bending test - before loading
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Fig. 12. SB-1 sample - under bending test - after loading
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Fig. 13. Sample SB-2 - under bending test - before loading
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Fig. 14. SB-2 sample - under bending test - after loading
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Fig. 15. Numerical model of the SB-1 sample - before loading
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Fig. 16. Numerical model of the SB-1 sample - after loading
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Fig. 17. Numerical model of the SB-2 sample - before loading
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Fig. 18. Numerical model of the SB-2 sample - after loading
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Fig. 19. Load diagram - displacement of the SB-1 specimen under bending test
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Fig. 20. Load diagram - displacement of the SB-2 specimen under bending test
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Fig. 21. Schematic figure of stress distribution on the thickness of sandwich beam a) normal stress
distribution; B) Shear stress distribution [21].
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Table 6. Dimensions of sandwich beams shown in Figure 22.
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Fig. 22. Parametric dimensions of sandwich samples and supports shown in Table 6.
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Fig. 23. Dartek machine for bending test
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Fig. 24. Sample sandwich during loading
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Fig. 25. Example of a moment sandwich that reaches a 90 degree angle.
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Fig. 26. Sandwich sample after loading.
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Fig. 27. Numerical model of the SPSB sandwich sample before loading
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Fig. 28. Numerical model of the SPSB sandwich sample after loading.
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Fig. 29. Load diagram - SPSB-1 specimen displacement under flexural load.
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Fig. 30. Load diagram - SPSB-2 specimen displacement under flexural load.
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