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Abstract

In this study the behavior of sandwich steel beams having different core shapes was
studied. The finite element (FE) analysis program (ABAQUS) was used. The verified
model was used to study the effect of core shape, panel direction on the load carrying
capacity of the sandwich beams. The present numerical results indicated that, the load
carrying capacity of the sandwich steel beams have half sin curve core section in the
longitudinal direction is more efficient than the sandwich steel beams have full sin
curve core section in the same direction and sandwich steel beams have truss core
section. The load carrying capacity of the half sin curve core section in the longitudinal
direction of sandwich steel beam subjected to 3-point bending is greater than that of the
half sin curve core section in the transverse direction of sandwich steel beam by about
52.8 %.

1. Introduction

During the last decades, the use of lightweight core (corrugated core, polymeric foam
and honeycomb) besides two face sheets to compose the sandwich structures was
widely investigated. The core saves the position of the face sheets of the sandwich
beam, increased its buckling, shear and bending resistance [1-3]. The use of sandwich
structures becomes familiar in civil and mechanical engineering. Due to the light
weight, high stiffness, high strength and energy absorption of sandwich composite
structures, it is used in automotive, sporting and aerospace applications [4].

Libove et al. [1] studied the sandwich plates having a corrugated core. Many studies
were performed to study the effect of the core materials of the sandwich beams besides
the materials of its two facings [5-10]. The buckling and bending behavior of sandwich
beams composed of a metal seven-layer and crosswise corrugated core has been
analyzed [6]. The analysis assured that, the seven-layer beam experienced higher
bending capacity, stiffness and less buckling than the three-layer one [6]. The sandwich
structures having re-entrant honeycomb core experienced higher energy absorption with
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homogeneous stress distribution than that having truss and conventional honeycomb
core [10]. Sandwich beams having thin sheets and cores with high mass specified high
energy absorptions and loads but suffer from buckling of the sheets [11].

The mechanical behavior of metallic sandwich structures and the affecting factors such
as loading rate and temperature was widely studied [12-19]. The beams cores can be

shaped from metallic cellular include metallic foams [20-22], corrugated, square,

trapezoidal, hexagonal honeycomb and tetrahedral lattices and pyramidal cores [17, 23—

29]. From the previous research, the effect of the core shapes and arrangements on the
failure loads and modes of the sandwich steel beams and steel slabs was slightly
studied. In this paper, the effect of the core shape and core arrangement on the flexural
capacity of sandwich steel beams under 3-point bending was numerically studied. A
finite element 3D model was performed using the commercial FE program ABAQUS to
simulate the sandwich beam with a core having half sin curve, full sin curve and truss
core section. The model was verified using an experimental work from previous
research. After words, the verified model was used to simulate sandwich beams having
steel core with different shapes and configurations. Then the results of all the studied
beams were compared to find the best shape and configuration that experienced the
highest load carrying capacity.

2. Numerical work

2.1 Finite element model and boundary conditions

The commercial FE program ABAQUS was used to model the entire steel sandwich
beams. The 3D eight node solid element, fully integrated (C3D8) was used for all
elements [51]. All the simulated sandwich beams were tested in bending under central
loads (3PB). A sensitivity analysis was performed to test the convergence of the model
and to choose the suitable mesh size to simulate the tested beams. Based on this
analysis, mesh size of 5 mm was chosen. The supports and the loading punch were
modeled as solid element with steel having high yield and ultimate strengths. Tie
contact was used to simulate the contact either between the supports and the beam or
between the loading plate and the beam. Also surface to surface contact was used to
model the interactions between the core layers and the plates (frictionless and pressure
was used in the tangential and normal directions respectively). The load was applied
using displacement control by applying displacement to a reference point located on the
top of the loading punch in the direction of gravity. The load was calculated from the
reactions at the two reference point located at the two supports (steel blocks). A rigid
body constraint was used to model the relation between the reference points and the top
surface of the loading punch or the bottom of the supports blocks.

2.2. Materials modelling

All elements of the simulated beams and slabs were modelled as elastic plastic steel
with strain hardening. A bilinear stress—strain relationship in tension and compression
was used to simulate the steel of the beams as shown in Fig. 1.
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Fig.1 Stress-strain curve of the modeled steel

2.3 Verification of the simulated model

A Sandwich steel beam experimentally studied by Vaidya et al. [20] was used to verify
the present model. The core of the simulated sandwich beam was composed of four
corrugation sheets welded together to obtain one unit as shown in Fig. 2. The thickness
of the each layer was 0.762 mm. The total and loaded span of the beam was 203.2 and
152.4 mm respectively. The upper and lower substrates consisted of two plates having
the same thickness of 3.0 mm and width of 50.8 mm. The material properties of the core
and substrates (upper and lower) are given in Table 1. The load was applied using a
circular bearing plate with a diameter of 38.1 mm. The load was calculated from the
reaction at the two reference point located at the two supports as shown in Fig. 3a (Front
view). The mesh of the beam is shown in Fig. 3b (3D view).
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Fig. 2: The sandwich steel beam with half sin curve core section
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Table 1: The material properties of a sandwich steel paneled beam.

Element | E,GPa p, gm/cm® v fy, ,MPa fu, MPa
Core 200 0.0787  0.285 210 340
Plates 210 0.0787 0.29 460 520

a) Frontview b) 3D view
Fig. 3: FE mesh of the simulated sandwich beam.

The numerical results of the load deflection response for the sandwich beam with half
sin curve core section were compared with the corresponding experimental data as
shown in Fig. 4. A good agreement between the experimental and numerical results is
achieved. The ultimate load obtained numerically was 9.19 kN, which was 128 % of
that found experimentally. The experimental and numerical difference in results may be
accredited to stress-strain relation assumptions of the steel in the FE model (Bilinear
curve). The program was stopped due to the distortion buckling of the model (see Fig.
5).

2.4. Parametric study

In the following sections the proposed simulated model will be used to simulate the
sandwich beams with different core arrangements. The total height of the beams was
kept constant. The dimensions of the top and bottom plates were kept constant
(thickness= 3 mm and width = 50.8 mm). The thickness of the core corrugation was also
kept constant (0.782 mm). All beams were of the same loading span and boundary
conditions.
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Fig. 4: The load deflection response for the simulated steel sandwich beam.
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a) Before loading b) At failure

Fig. 5: Development of plasticity in sandwich steel beam with half sin curve core sec.

2.5 Simulated beams

The sandwich steel beam with modified core of half sin curve having thickness t1 and
having two steel plates of thickness t for each was the same as the sandwich beam with
half sin curve core. The shape and thickness of the corrugated core of the two beams
remained constant. The total depth and loaded span of the sandwich beam is also
remained constant while the width of the beam was changed. For the sandwich steel
beam with modified core of half sin curve, the direction of the core configuration
corrugated core of the two beams are listed in Table 2.will be converted to be in the
transverse direction, see Fig. 6.

57

Fig. 6: Sandwich steel beam with half sin curve core in longitudinal dir.
Table 2: Dimension of the half sin curve in longitudinal and transverse direction.

Type of sections h, mm t, mm t, mm b, mm
Half sin curve in traverse direction 24 3 0.782 57
Half sin curve in long. direction 24 3 0.782 57

h= Height of core, t= Thickness of upper and lower plates, t;= Thickness of the core sheet and b= breath
of upper and lower plates.

So, it is a mandatory to study the verified sandwich steel beam with half sin curve core
section with new breadth of 57 mm to make fair comparison with the modified beam,
Fig.7. The sandwich steel beam was solved with new breadth of 57 mm which is the
same breadth of the modified beams. All boundary conditions of the new beam were not
changed. All dimensions of the beam section, the material properties of the core
configuration and the two skin plates were not also changed with the verified beam, as
shown in Table 3.
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Fig. 7: Sandwich steel beam with half sin curve core in transverse direction with

57mm

breadth.

Table 3: Dimensions of the half sin curve in longitudinal and transverse

directions.
Height  lower pl Core Beam
Core shape g WET . thickness  breadth
mm thickness
mm mm
mm
Half sin curve in trans. Dir.(verified) 30 3 0.762 50.8
Half sin curve in long. Dir. ( modified ) 30 3 0.762 57
Half sin curve in trans. Dir. (calibrated) 30 3 0.762 57

The suggested core shapes are the full sin curve and the truss shape, see Fig. 8. The two
beams of new core shapes (the full sin curves, Fig. 8a and the truss shape, Fig. 8b) were

of the same core direction as the modified beam with core of half sin curve. The

thickness of the corrugated core of the two beams was remained constant. The total
depth and span of the sandwich two beams were also remained constant. The
dimensions of cores of the full sin curve and the truss shape are listed in Table 2.

(A) Full sin curve core

24

57

(B).

Fig. 8: The suggested core configuration shapes in the present work
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The two configurations (truss core, full sin curve core) studied in the previous section in
the longitudinal direction were simulated here by re-arrangement them in the transverse
direction. As shown in Fig. 9. This is similar to that of the verified model direction. The
core thickness of the two beams with transverse core direction (the full sin curves, Fig.
9a and the truss shape, Fig.9b) was remained constant. The total depth and span of the
sandwich two beams were also remained constant. The dimensions of cores of the full
sin curve and the truss shape are listed in Table 2.

3. Results and discussion

In this section the results obtained will be explained and discussed. The effect of core
direction and core shapes on the sandwich beam carrying capacity will also discussed in
details. The maximum load carrying capacity and the corresponding deflection of the
simulated beams are given in Table 4.

a) Transverse half sin core b) Longitudinal half sin core

c) Transverse full sin core d) Longitudinal full sin core

e) Transverse truss core f) Longitudinal truss core
Fig. 9: Half sin, Full sin and truss cores configurations in transverse and longitudinal direction
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Table 4: The load capacity of the beam in longitudinal dir. & transverse dir.

c h Longitudinal dir. Transverse dir.
OreShaPe  MMax. load (kN) | Def. (mm) Max. load (kN) Def. (mm)
Truss 11.765 14.718 8.39 55
Full sin curve 12.45 17.11 9.21 4.8
Half sin curve 14.683 17.00 9.612 9.24

3.1 Effect of core direction

Fig. 10 shows the load—deflection curves response of the sandwich steel beam with
different core shapes having transverse and longitudinal directions. The beams had the
same material properties and dimensions. From the figure it is observed that, the beam
with half sin curve in the longitudinal directions experienced higher maximum load
capacity compared with that with core in transverse direction (Fig. 10a). This may be
due to the continuous shape of the corrugations in the longitudinal direction the
enhanced the beam flexural capacity and reduced the beam deflections. The longitudinal
core also may help in bearing a portion of the tensile stresses located in the bottom plate
of the beams and then enhanced the beam capacity. The longitudinal core enhanced also
the stiffness of the beam as the inertia of the section increased. The maximum load
capacity of the transverse core arrangement was 9.6 kN, afterwards the load decreased
with low rate with increasing the deflection due the core crushing. Similar trend was
observed for the beams with core in the longitudinal direction. The load carrying
capacity of the beams with core in the longitudinal direction was about 15 kN, then the
load also decreased due to the core deformation. The percentage of enhancement in the
load capacity of the beam with longitudinal core was about 52.8 % over that with
transverse cores which reveals the great effect of the core direction on the capacity and
behavior of the beams with core having half sin curve shape.

The two beams with full sine curve have the same stiffness and dissimilar maximum
load capacities (Fig. 10b). The beam with core having full sin curve core in the
longitudinal direction experience higher maximum load carrying capacity than that with
the same core in the transverse direction. The percentage of enhancement in the load
capacity for the beam with core having full sine curve core in the longitudinal direction
was about 35.2% over the same beam with core in the transverse direction. As discussed
before, the core in the longitudinal direction show higher resistance to the tension and
compression stresses than that in the transverse direction as the sheet is continuous in
the direction of the stresses and located near top and bottom plates.

To ensure the great effect of the core direction on the beam carrying capacity, the two
beams with truss core in longitudinal and transverse directions were also simulated and
tested in flexure. The beam with core in longitudinal direction experienced higher
stiffness that the same beam having core in transverse direction (Fig. 10c). Moreover,
the beam with core in longitudinal direction experienced higher maximum load capacity
that the same beam having core in transverse direction. The percentage of enhancement
in the load carrying capacity of the beams with longitudinal truss core was about 40%
over that with transverse truss core. These results assured the performance of the core in
the longitudinal direction in resisting the loads exerted on.

299



- , . 18 r
18 The core in long. Dir. The core in long. Dir.
15 - = =The core in trans. dir. 15 | The core in trans. Dir.
12
1S
g9
g
S 6
|
3
O 1 1 1 1 1 1 1 1l
0 5 10 15 20 25 30 35 A4 0 5 10 15 20 25 30 35 4«
Def., mm Def., mm
a) Half sin curve core b) Full sin curve core
18 r ) )
The core in long. Dir.
15 f ==--- The core in trans. Dir.
> 12
4
=5 9
3
6
3
0 1 1 1 J

0 5 10 15 20 25 30 35 40
Def., mm

c) Trusscore
Fig. 10: Effect of the core direction on load- deflection response of the sandwich beam

3.2 Effect of core shape

In this section, the effect of core shape on the behavior and the maximum load carrying
capacity of the sandwich beams will be discussed. Fig. 11 shows the load—deflection
curves of the sandwich steel beams with half sin curve core, full sin curve core and truss
core in longitudinal direction and transverse directions. For the beams having core in the
transverse direction the beam with full sin core experienced the higher stiffness than the
other beams (Fig. 11a). On contrast the beam with half sin curve experienced the higher
maximum loads capacity than the other beams. The same results were also observed for
the same beams having core in the longitudinal direction. In general, the deformation of
the corrugated beams begins with crushing of the top layer(s), followed by core
crushing then plate bending and shear interact to each other (Fig. 12). The failure of all
the beams in the longitudinal direction was crushing of the core with a symmetric shape
(Fig. 12b,d,f) while for beams in the transverse direction the failure began with buckling
of the one of the core panels (Fig. 12a,c,e).
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Fig. 11: Load- deflection response of sandwich steel beam with different core shapes.

4. Conclusions
The numerical results of the sandwich steel paneled beams carried out in this study,
support the following conclusions:

e The load carrying capacity of the sandwich steel beams with half sin curve core
section in the longitudinal direction is more efficient than the sandwich steel
beams with full sin curve core section and the sandwich steel beams have truss
core section.

e The direction of the paneled core which established in the longitudinal axis of
the beams have the great effect on increase the load carrying capacity of the
sandwich steel beams for the three core types.

- S
b TAIRATOCS L

a) Half sin curve core in trans. Dir. b) Half sin curve core in long. Dir.

¢) Fullsin curve core in trans. Dir. d) Full sin curve core in long. Dir.
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e) Truss core in trans. Dir. f) Truss curve core in long. Dir.
Fig. 12: Failure of the modelled beams

e The load capacity of the half sin curve core section in the longitudinal direction
of sandwich steel beam subjected to 3-point load is greater than the same of with
core section in the transverse direction of sandwich steel beam by about 52.8%.
on the other hand The percentage of enhancement in the load carrying capacity
of the beams with longitudinal truss core was about 40% over that with
transverse truss core while The percentage of enhancement in the load capacity
for the beam with core having full sine curve core in the longitudinal direction
was about 35.2% over the same beam with core in the transverse direction.

References

[1] Zenkert D, Nordisk I. The handbook of sandwich construction. Cradley heath. West
Midlands: Engineering Materials Advisory Services Ltd. (EMAS); 1997.

[2] Gibson LJ, Ashby MF. Cellular solids: structure and properties. Cambridge
University Press; 1999.

[3] Allen HG. Analysis and design of structural sandwich panels: the commonwealth
and international library: structures and solid body mechanics division. Elsevier; 2013.
[4] Schaedler TA, Carter WB. Architected cellular materials. Annu Rev Mater Res
2016; 46:187-210.

[5] Libove C, Hubka RE. Elastic constants for corrugated-core, Sandwich plates.
Washington: NACA,; 1951. Technical Note 2289.

[6] Magnucka-Blandzi E, Bending and buckling of a metal seven-layer beam with
crosswise corrugated main core — Comparative analysis with sandwich beam,
Composite Structures 183 (2018) 35-41.

[7] Triantafillou TC, Gibson LJ. Failure mode maps for foam core sandwich beams.
Mater Sci Eng 1987; 95:37-53.

[8] Yang S, Qi C, Wang D, Gao R, Hu H, Shu J. A comparative study of ballistic
resistance of sandwich panels with aluminum foam and auxetic honeycomb cores. Adv
Mech Eng 2013; 5.

[9] Zhou Z, Zhou J, Fan H. Plastic analyses of thin-walled steel honeycombs with re-
entrant deformation style. Mater Sci Eng, a 2017; 688:123-33.

[10] Tiantian Li, Lifeng Wang, Bending behavior of sandwich composite structures
with tunable 3D-printed core materials. Composite Structures 175 (2017) 46-57

[11] Schneider C, Zenkert D, Deshpande V.S, Kazemahvazi S, Bending energy
absorption of self-reinforced poly (ethylene terephthalate) composite sandwich beams,
Composite Structures 140 (2016) 582-589.

302



[12 Reis E.M, Rizkalla S.H, Material characteristics of 3-D FRP sandwich panels,
Constr. Build. Mater. 22 (6) (2008) 1009-1018.

[13] Sharaf T, Shawkat W, Fam A, Structural performance of sandwich wall panels with
different foam core densities in one-way bending, J. Compos. Mater. 44 (19)

(2010) 2249-2263.

[14] Manalo A, Aravinthan T, Fam A, Benmokrane B, State-of-the-art review on FRP
sandwich systems for lightweight civil infrastructure, J. Compos. Constr. 21 (1)

(2016) 04016068.

[15] McCracken A, Sadeghian P, Corrugated cardboard core sandwich beams with bio-
based flax fiber composite skins, Journal of Building Engineering 20 (2018) 114-122
[16] Dweib M.A, Hu B, O’donnell A, Shenton H.W, Wool R.P, All natural composite
sandwich beams for structural applications, Compos. Struct. 63 (2) (2004) 147-157.
[17] Sadeghian P, Hristozov D, Wroblewski L, Experimental and analytical behavior of
sandwich composite beams: comparison of natural and synthetic materials, Sandw J.
Struct. Mater. 20 (3) (2018) 287-307.

[18] CoDyre L, Mak K, Fam A, Flexural and axial behaviour of sandwich panels with
bio-based flax fibre-reinforced polymer skins and various foam core densities, Sandw J.
Struct. Mater. (2016) (Dec 5:1099636216667658).

[19] Khalifaa Y. A, El-Dakhakhni W. W, Campidelli M, Tait M. J, Performance
assessment of metallic sandwich panels under quasi-static loading, Engineering
Structures 158 (2018) 79-94.

[20] Vaidya S, Zhang L, Maddala D, Hebert R, Wright J. T, Shukla A, Kim J, Quasi-
static response of sandwich steel beams with corrugated cores, Engineering Structures
97 (2015) 80-89.

[21] Radford D.D, McShane G.J, Deshpande V.S, Fleck N.A, The response of clamped
sandwich plates with metallic foam cores to simulated blast loading. Int J Solids Struct
2006; 43:2243-59.

[22] Zhang J, Qin Q, Han X, Ai W, The initial plastic failure of fully clamped
geometrical asymmetric metal foam core sandwich beams, Composites Part B 87 (2016)
233e244.

[23] Coté F, Deshpande V, Fleck N, et al. The out-of-plane compressive behavior of
metallic honeycombs. Mater Sci Eng, a 2004; 380:272-80.

[24] Li X, Zhang P, Wang Z, et al. Dynamic behavior of aluminum honeycomb
sandwich panels under air blast: Experiment and numerical analysis. Compos Struct
2014; 108:1001-8.

[25] Li X, Wang Z, Zhu F, et al. Response of aluminium corrugated sandwich panels
under air blast loadings: Experiment and numerical simulation. Int J Impact Eng 2014;
65:79-88.

[26] Mohr D, Doyoyo M. Experimental investigation on the plasticity of hexagonal
aluminum honeycomb under multiaxial loading. J Appl Mech Trans ASME 2004;
71:375-85.

[27] Sypeck D, Wadley H. Multifunctional microtruss laminates: textile synthesis and
properties. J Mater Res 2001; 16:890-7.

[28] Kooistra G, Deshpande V, Wadley H. Compressive behavior of age hardenable
tetrahedral lattice truss structures made from aluminium. Acta Mater 2004;52:4229-37.
[29] Paczos P, Wasilewicz P, Magnucka-Blandzi E, Experimental and numerical
investigations of five-layered trapezoidal Beams, Composite Structures 145 (2016) 129-
141

303



