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Abstract  Sandwich wall panels with reinforced
concrete (RC) frames are increasingly being used in the
construction industry due to their excellent structural
performance and thermal insulation. These panels consist
of a lightweight core material sandwiched between two
outer layers of facing material and an RC frame. Energy
absorption and shear resistance of polyurethane foam core
signify several structural features for design of sandwich
panels. In the present study, it mainly focuses on the
optimization of core and skin thickness of sandwich panel
infilled with RC frame. The optimization was carried out
using FEA (ABAQUYS) software. Initially an experimental
investigation was performed for infilled sandwich panel.
The behaviour of sandwich panels with RC frame was
analysed under inplane loading. A numerical model was
developed and validated by comparing the simulation
results with the experimental results in terms of stiffness
and displacement of RC frame with polyurethane sandwich
panel. The optimal thickness of core and skin were
identified and the structural performance of RC frame with
polyurethane sandwich panel under inplane loading was
analysed. Polyurethane sandwich panel gained 28.9%
higher stiffness than the masonry infilled RC frame. Based
on the analytical and experimental results, the minimal core
thickness of 60 mm was considered as the optimal core
thickness and 0.45 mm was considered as optimal skin
thickness.

Keywords RC Frame, Sandwich Panel, Steel Skin,
Polyurethane Foam Core, Optimization

1. Introduction

Concrete is an inevitable construction material and it is
ruling the roost over several decades in the domain of
construction due to its adaptability. Especially, reinforced
concrete plays a vital role in the construction arena since it
has numerous advantages. In the present era, several new
construction materials and components won popularity in
all the dimensions of construction [1-4]. Sandwich panels
are one such popular building component that has been
accepted and preferred universally. Owing to its less
moisture absorption, low thermal conductivity and higher
fire resistance, it is preferred in many construction sites.
Simplicity in installation, aesthetic appearance, reduction
in construction cost and flexibility in replacement of
damaged panels become added advantages for sandwich
panels [5-8].

Generally, sandwich panel consists of two facets with
thin layers and a thick core inside the facets. The core
material is normally low strength material, but its higher
thickness provides the sandwich composite with high shear
resistance with low density. Normally, foams in the form
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of metallic or honeycombs are used as core material.
Higher energy absorption and lightweight properties make
foams suitable for core. In this study, polyurethane (PU)
honeycomb core has been used, which demands higher
stiffness under the in-plane loading [9-14].

Sandwich panels with RC frames have lots of advantages
in the seismic resistance point of view. Higher rigidity and
lesser self-weight help the sandwich panels to perform
better under seismic loads. By and large sandwich panels
act like an | beam with facings and a core corresponding to
flanges and center web respectively [15-19]. Fig.1
illustrates the structure of the PU sandwich panel.
Normally, facing distributes compressive, tensile stresses
and core resist shear and restricts buckling [22]. The
effectiveness of truss shear connectors ensures composite
behaviour of panel [23]. The ultimate flexure load is
influenced by the panel's compressive strength and
thickness of composite [24]. The contribution of the
connectors to the stiffness of the structure is low, and the
slabs tested exhibit high deformability and degree of
cracking even under service loads [25], while resisting
bending moment demanded and demonstrated the same
failure scenario [26]. The panels' semi-composite
behaviour is assured by the interior polystyrene layer of the
composite [27]. With increasing connection angle and
diameter, panel strength and stiffness were improved [28].
In this study, the behavior of PU sandwich panel with RC
frame has been scrutinized and optimizations were carried
to find the ideal skin thickness of the sandwich panel based
on the stiffness and bending criteria. The performance of
sandwich panel with RC frame is compared with RC frame
infilled with masonry. Based on the analysis results, the
optimal design parameters are suggested for the
polyurethane foam core sandwich panels to develop an
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efficient infill component in structures.

2. Experimental Program

2.1. Material Properties

Cellular polyurethane foam having 60 mm thickness and
steel plates of 0.45mm thickness were used inside the frame.
Tests were conducted to determine the elastic modulus and
compressive strength of cellular polyurethane foam as per
ASTM D 1621 specification. The different material
properties are shown in Table 1.

Table 1. Material properties of steel and Polyurethane
Properties Units Steel Polyurethane
Conductivity W/mK 50 0.5
Density Tonne/mm?® 7.8x10° 1.7x10°
Specific heat Jig°c 0.466 1.57

2.2. Frame and Panel Description

In order to determine the optimal thickness of core and
skin of the sandwich panels on reinforced concrete frames,
plane loading tests were performed on the RC frames of
size 3.04 x<3.48 feet infilled with PU wall panel.

RC columns having dimensions of 6 %6 inches with 4
longitudinal bars of 8 mm were used and stirrups were
placed at a spacing of 6 inches c/c with 8 mm diameter bars.
RC beams were constructed having dimensions of 6 %< 6
inches with 6 longitudinal bars of 6 mm and were used and
shear reinforcement placed at a spacing of 6 inches c/c with
6 mm diameter bars.
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Figure 1. Structure of the sandwich panel [22]



Civil Engineering and Architecture 11(6): 3305-3313, 2023

Experimental study has been carried for different
configurations, such as different core and skin thickness as
shown in figure 2. The core thicknesses of 40 mm, 60 mm,
80 mm, 100 mm, 120 mm and 150 mm have been used to
find the optimal core thickness of the panel. Similarly, the
skin thicknesses of 0.05 mm, 0.15 mm, 0.30 mm, 0.45 mm,
0.60 mm, 0.75 mm, 0.90 mm, 1.05 mm, 1.20 mm, 1.35 mm,
and 1.5 mm have been used to find the optimal skin
thickness of the panel. The frames comprising different
core and skin thicknesses were subjected to in plane
loading and the optimal core and skin thickness were
identified. Numerical analysis has been carried out using
FEA (ABAQUS) software.

Figure 2. RC frame infilled with PU Sandwich wall panel test setup

3. Result and Discussions

3.1. Bare Frame Analysis

The FEA (ABAQUS) software was used to conduct an
analytical investigation of a masonry and PU sandwich
panel infilled RC frame, as depicted in Figure 7. Material
properties for concrete with a grade of M25 and steel with
a grade of Fe415 were inputted into the model. The Quad
3D element type was utilized to model the linear shape of
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the column and beam with rectangular meshes selected
accordingly. In the finite element model, the embedded
connection technique was used to connect the concrete and
reinforcement, while tie connections were utilized to
connect the concrete to the mesh.

To ensure accurate analysis, a Mesh Convergence Study
was carried out with mesh sizes ranging from 20 to 140
mm? at an incremental rate of 20 mm?2. The displacement
values with respect to mesh size are shown in Figure 3, and
it was observed that beyond 50 mm?, there is minimal
deviation in displacement. Therefore, an average mesh size
of 70 mm? was selected for further analysis.

For the analysis, a uniformly distributed load 1 kN was
applied with fixed support conditions at the bottom of the
frame. Material properties were determined through
experimental investigations, wherein the Young's modulus
and Poisson ratio of the cylinder were derived from the
compressometer test as 25 N/mm? and 0.2, respectively.

Computational analysis has been carried out using
ABAQUS and the computed stiffness and displacement
were found to be 7.35 kKN/mm and 41.97 mm respectively.
Figure 4 shows the developed numerical model of the bare
frame for the plane loading.

3.2. Analysis of Single Frame with Infilled Masonry

Numerical model has been developed for the laboratory
model constructed by (Umar et.al, 2021). Based on the
experimental investigation, they have calculated the
stiffness of masonry infilled RC frame as 26.89 kN/mm.
The displacement of masonry infilled RC frame was
calculated as 40.05 mm. Whereas the stiffness and
displacement from numerical analysis were computed as
27.76 kN/mm and 40mm respectively. Figure 5 shows the
developed numerical model of the masonry infilled RC
frame for the in-plane loading.
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Figure 3. Displacement values for different size of meshes
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Figure 4. Numerical model of bare frame under laeral loading
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Comparison of experimental and computational analysis
results clearly indicated that the computed values are in
close proximity with the experimental values. Figure 6
shows the load Vs deflection graph obtained from
numerical analysis.

3.3. Analysis of Single Sandwich Panel (Honey Comb
Core)

3.3.1. Thickness Optimization of Skin of Sandwich Panel

In order to optimize the core and skin thickness,
sandwich panel is considered for analysis. Several core and
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skin thickness were taken in to account for scrutiny. Table.
2 shows the displacement and stiffness values of sandwich
panel for different core and skin thickness obtained from
the numerical analysis. Computational results indicated
that the increase in thickness of the skin tends to increase
the stiffness of the frame. Hence the minimal core thickness
of 60 mm was considered as the optimal core thickness for
the experimental investigation. Figure 7 shows the
developed numerical model of the sandwich panel for the
plane loading and figure 8 shows the comparative analysis
of thickness optimization.
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Figure 6. Load vs Displacement

Table 2. Thickness Optimization for Skin for various core thickness

Skin Thickness (mm) Core Thick (mm) Analytical Stiffness (KN/mm) | Experimental Stiffness (kN/mm)
0.05 60 16.05 18.33
0.05 80 20.86 23.83
0.05 100 26.09 29.80
0.05 120 29.36 33.54
0.05 150 33.56 38.34
0.15 60 48.05 54.89
0.15 80 62.38 71.26
0.15 100 78.00 89.10
0.15 120 88.03 100.56
0.15 150 100.59 114.90

0.3 60 96.06 109.73
0.3 80 124.72 142.47
0.3 100 155.91 178.10
0.3 120 175.99 201.03
0.3 150 201.17 229.80
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Table 2 continued

0.45 60 144.07 164.57
0.45 80 187.02 213.63
0.45 100 233.81 267.08
0.45 120 263.99 301.56
0.6 60 192.09 219.42
0.6 80 249.38 284.87
0.6 100 311.72 356.08
0.6 120 351.99 402.08
0.6 150 402.25 459.49
0.75 60 240.10 274.27
0.75 80 311.72 356.08
0.75 100 389.56 444.99
0.75 120 439.95 502.55
0.75 150 502.77 574.31
0.9 60 288.10 329.10
0.9 80 373.97 427.19
0.9 100 467.51 534.04
0.9 120 527.98 603.11
0.9 150 603.50 689.38
1.05 60 336.13 383.96
1.05 80 436.30 498.39
1.05 100 545.55 623.18
1.05 120 616.14 703.82
1.05 150 704.23 804.44
1.2 60 384.17 438.84
1.2 80 498.75 569.72
1.2 100 526.32 601.22
1.2 120 546.45 624.21
1.2 150 568.18 649.03
1.35 60 432.34 493.86
1.35 80 548.55 626.61
1.35 100 619.96 708.18
1.35 120 675.68 771.83
1.35 150 719.42 821.79
15 60 480.31 548.66
15 80 558.66 638.16
15 100 621.12 709.51
15 120 735.29 839.92
15 150 819.67 936.31
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Figure 7. Numerical model of the single bay frame with sandwich panel
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Figure 8. Analytical stiffness for various composite thickness
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Figure 9. Experimental stiffness for various composite thickness
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(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

9]

Aristomenis V. Tsantilis, Thanasis C. Triantafillou,
Innovative seismic isolation of masonry infills using
cellular materials at the interface with the surrounding RC
frames, Eng. Struct. V 155 (2018) 279-297.

Huanjun Jiang, Xiaojuan Liu, Junjie Mao, Full-scale
experimental study on masonry infilled RC moment-
resisting frames under cyclic loads, Eng. Struct. V 91 (2015)
70-84.

Arton D. Dautaj, Qani Kadiri, Naser Kabashi, Experimental
study on the contribution of masonry infill in the behavior
of RC frame under seismic loading, Eng. Struct. V 165
(2018) 27-37.

M. Mohammadi, V. Akrami, R. Mohammadi-Ghazi,
Methods to improve infilled frame ductility, J. Struct. Eng.
V 137 (2011) 646-653.

M. Preti, N. Bettini, G. Plizzari, Infill walls with sliding
joints to limit infill-frame seismic interaction: large-scale
experimental test, J. Earthg. Eng. V 16 (2012) 125-141.

Andrew Kauffman, M. Ali, Memari, Performance
evaluation of different masonry infill walls with structural
fuse elements based on in-plane cyclic load testing,
Buildings V 4 (2014) 605-634.

Jurko Zovkic, Vladimir Sigmund, lvica Guljas, Cyclic
testing of a single bay reinforced concrete frames with
various types of masonry infill, Earthg. Eng. Struct. Dynam.
V 42 (2013) 1131-1149.

Qunxian Huang, Zixiong Guo, J. S. Kuang, Designing
infilled reinforced concrete frames with the ‘strong frame-
weak infill” principle, Eng. Struct. V 123 (2016) 341-353.

S.Li, X. Li, Z. Wang, G. Wu, G. Lu, L. Zhao, Finite element
analysis of sandwich panels with stepwise graded aluminum
honeycomb cores under blast loading, Compos. Appl. Sci.
Manuf. 80 (2016) 1-12.



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Civil Engineering and Architecture 11(6): 3305-3313, 2023

S. Li, X. Li, Z. Wang, G. Wu, G. Lu, L. Zhao, Sandwich
panels with layered graded aluminum honeycomb cores
under blast loading, Compos. Struct. 173 (2017) 242—-254.

D. Karagiozova, G. S. Langdon, G. N. Nurick, T. Niven,
The influence of a low density foam sandwich core on the
response of a partially confined steel cylinder to internal air-
blast, Int. J. Impact Eng. 92 (2016) 32-49.

D. D. Radford, G. J. McShane, V. S. Deshpande, N. A.
Fleck, The response of clamped sandwich plates with
metallic foam cores to simulated blast loading, Int. J. Solids
Struct. 43 (2006) 2243-2259.

W. Li, G. Huang, Y. Bai, Y. Dong, S. Feng, Dynamic
response of spherical sandwich shells with metallic foam
core under external air blast loading — numerical simulation,
Compos. Struct. 116 (2014) 612-625.

L. Jing, Z. Wang, L. Zhao, Dynamic response of cylindrical
sandwich shells with metallic foam cores under blast
loading—numerical simulations, Compos. Struct. 99 (2013)
213-223.

S. Li, Z. Wang, G. Wu, L. Zhao, X. Li, Dynamic response
of sandwich spherical shell with graded metallic foam cores
subjected to blast loading, Compos. Appl. Sci. Manuf. 56
(2014) 262-271.

M. Z. Hassan, Z. W. Guan, W. J. Cantwell, G. S. Langdon,
G.N. Nurick, The influence of core density on the blast
resistance of foam-based sandwich structures, Int. J. Impact
Eng. 50 (2012) 9-16.

J. Shen, G. Lu, Z. Wang, L. Zhao, Experiments on curved
sandwich panels under blast loading, Int. J. Impact Eng. 37
(2010) 960-970.

G. Chen, P. Zhang, J. Liu, Y. Cheng, H. Wang,
Experimental and numerical analyses on the dynamic
response of aluminum foam core sandwich panels subjected
to localized air blast loading, Mar. Struct. 65 (2019) 343-
361.

H. Yin, G. Wen, S. Hou, Q. Qing, Multiobjective
crashworthiness optimization of functionally lateral graded
foam-filled tubes, Mater. Des. 44 (2013) 414-428.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

3313

C. Qi, S. Yang, L.-J. Yang, Z.-Y. Wei, Z.-H. Lu, Blast
resistance and multi-objective optimization of aluminum
foam-cored sandwich panels, Compos. Struct. 105 (2013)
45-57.

A. G. Hanssen, Y. Girard, L. Olovsson, T. Berstad, M.
Langseth, A numerical model for bird strike of aluminium
foam-based sandwich panels, Int. J. Impact Eng. 32 (2006)
1127-1144.

A. Hafeez ur Rahman DR&DO thesis Effectiveness of
Honeycomb Structure in main battle. (2013)

Benayoune, A. A. A. Samad, D. N. Trikha, A. A. A. Ali,
and S. H. M. Ellinna, “Flexural behaviour of pre-cast
concrete sandwich composite panel - Experimental and
theoretical investigations,” Constr. Build. Mater, vol. 22,
no. 4, pp. 580-592, 2008, doi: 10.1016/j.conbuildmat.2006
.11.023.

N. Mohamad, A. I. Khalil, A. A. Abdul Samad, and W. I.
Goh, “Structural behavior of precast lightweight foam
concrete sandwich panel with double shear truss connectors
under flexural load,” ISRN Civ. Eng., vol. 2014, 2014, doi:
10.1155/2014/317941.

G. Carbonari, S. H. P. Cavalaro, M. M. Cansario, and A.
Aguado, “Flexural behaviour of light-weight sandwich
panels composed by concrete and EPS,” Constr. Build.
Mater, vol. 35, pp. 792-799, 2012, doi: 10.1016/j.conbuild
mat.2012.04.080.

H. Hou, K. Ji, W. Wang, B. Qu, M. Fang, and C. Qiu,
“Flexural behavior of precast insulated sandwich wall
panels: Full-scale tests and design implications,” Eng.
Struct., vol. 180, no. December 2018, pp. 750761, 2019,
doi: 10.1016/j.engstruct.2018.11.068.

F. Gara, L. Ragni, D. Roia, and L. Dezi, “Experimental
behaviour and numerical analysis of floor sandwich panels,”
Eng. Struct, wvol. 36, pp. 258-269, 2012, doi:
10.1016/j.engstruct.2011.12.011.

D. G. Tomlinson, N. Teixeira, and A. Fam, “New Shear
Connector Design for Insulated Concrete Sandwich Panels
Using Basalt Fiber-Reinforced Polymer Bars,” J. Compos.
Constr,, vol. 20, no. 4, pp. 1-13, 2016, doi:
10.1061/(asce)cc.1943-5614.0000662.


https://www.researchgate.net/publication/303540934_EFFECTIVENESS_OF_HONEYCOMB_STRUCTURE_IN_MAIN_BATTLE_TANK_DESIGN?enrichId=rgreq-1c8a3dd26d120032e07db52e12242844-XXX&enrichSource=Y292ZXJQYWdlOzMwMzU0MDkzNDtBUzozNjYwMDk5MDgyNTI2NzJAMTQ2NDI3NDk3MDM2Ng%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/publication/303540934_EFFECTIVENESS_OF_HONEYCOMB_STRUCTURE_IN_MAIN_BATTLE_TANK_DESIGN?enrichId=rgreq-1c8a3dd26d120032e07db52e12242844-XXX&enrichSource=Y292ZXJQYWdlOzMwMzU0MDkzNDtBUzozNjYwMDk5MDgyNTI2NzJAMTQ2NDI3NDk3MDM2Ng%3D%3D&el=1_x_3&_esc=publicationCoverPdf

