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INTRODUCTION 

Nowadays, composite materials have been commonly used in many application areas such as aerospace, automotive, 
military and defence, and civil engineering [1-6], which depends on its superior stiffness, strength properties and higher 
flexural strength. Sandwich panel consists of two thin fibre reinforced plastics skins and the lightweight core structure. 
There are lots of investigations on the material types and core designs under different loading conditions [7-11]. It is 
known that various core structures have been proposed and studied in order to improve overall mechanical properties 
subjected to quasi-static and dynamic loading conditions, such as honeycomb cores [12-14], contoured cores [15], egg-
box cores [16, 17], corrugated cores [18,19], foams [20, 21] and lattice cores [22, 23]. 

As a typical lightweight sandwich structure, a number of studies have been undertaken to investigate the mechanical 
properties of the sandwich panel with more elaborate core designs. For example, Sun et al. [12] investigated periodical 
grids to reinforced honeycomb core of sandwich structures, which indicated sandwich structure with grid-reinforced 
honeycomb could provide advanced structural properties. Rejab et al. [24] studied a series of experimental investigation 
and numerical analysis on the corrugated-core sandwich panel under compressive response, which provided a higher 
strength-to-weight ratio. Recently, composite contoured-core sandwich panels were designed and explored by Haldar et 
al. [15], which provided the superior compressive property compared to other core designs. In addition, the egg-box core 
sandwich panels have been manufactured using compression moulding technique, which offers higher compression 
strength at dynamic loading than quasi-static loading [16]. In order to provide higher stiffness and strength-to-weight 
ratio, polymethacrylimide (PMI) foam is used to fill in sandwich panels subjected to quasi-static and dynamic responses 
[25]. It was indicated that core density had a significant effect on the compressive strength of the sandwich panel. 
Furthermore, lattice truss core design is attracted much attention in many researchers, which includes octet-truss lattice 
core [26], pyramidal truss core [27-29], and 3D lattice truss core [30, 31]. 

Typically, two types of composite prepreg materials are used to manufacture composite sandwich panels, which refers 
to carbon fibre reinforced plastic (CFRP) and glass fibre reinforced plastic (GFRP). There have been many studies in 
recent years to develop the novel core designs [24, 32-34]. For example, Haldar et al. [15] summarised the variation of 
the quasi-static compressive response with core density made of CFRP and GFRP materials. It was known that as core 
density increased, CFRP material provided the superior properties compared to GFRP material. Meanwhile, Haldar et al. 
investigated on corrugated design based 3D printed sandwich panels subjected to quasi-static compression [35]. It was 
found that the increase in the contact area between the core and skins contributed to better mechanical properties. Quanjin 
et al. [36] studied the compressive properties on the spherical-roof contoured-core cell with different amounts of diamond-
shaped notches. It was concluded that with the number of diamond-shaped notches increasing, compressive strength and 
modulus generally showed the decreasing trend. Although several works have been explored to develop core design and 
material type on the sandwich structure [37-39], there are limited studies on contoured-core design and aramid fibre 
reinforced plastic used as the potential lightweight sandwich panel. From the latest studies [15, 16], the contoured-core 

ABSTRACT – It is a challenging task to manufacture the novel lightweight sandwich panel with 
different composite materials. The aim of this paper is to study the energy-absorbing characteristics 
of single spherical-roof contoured-core cell with carbon, glass and aramid fibre reinforced plastics, 
which were fabricated through compression moulding technique. The quasi-static compression test 
was carried out to investigate the compressive properties and crushing behaviour of the single 
contoured-core cell. It was demonstrated that the single spherical-roof contoured-core with aramid 
fibre reinforced plastic provided the highest specific energy absorption value of 0.69 kJ and the 
lowest compressive stiffness of 30.43 kN/mm compared to carbon and glass fibre reinforced 
plastics. Furthermore, it was observed that matrix cracks, fibre fracture and laminate bending 
are the main failure modes of the single contoured-core cell under quasi-static loading.    
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sandwich panel provided the excellent energy-absorbing characteristics compared to other existed core designs. 
Therefore, it is a significant and meaningful study on this novel core with spherical-roof dome design. 

This paper investigates the energy-absorbing characteristics of single spherical-roof contoured-core (SRCC) cell under 
quasi-static compressive loading. The single-cell specimens were made from three types of materials: carbon fibre/epoxy, 
glass fibre/epoxy and aramid fibre/epoxy. Specimens were manufactured using the compression moulding technique with 
contoured-core aluminium moulds. Moreover, compressive stiffness, peak load (Fpeak), energy absorption (EA), specific 
energy absorption (SEA), and crushing behaviour are involved in this study. 

MATERIALS AND METHODS 

Materials Preparation 
The resin system used was EpoxAmiteTM 100 epoxy laminating system with 102 Hardener, supplied by Smooth-on, 

Inc, USA, which was mixed based on a recommended weight ratio of 100:29 [6]. It is a liquid type epoxy system used 
for various commercial applications, which relies on its unfilled, exceptional physical and better performance properties 
after curing process. Table 1 briefly provides the typical properties of the applied epoxy resin system. Three types of 
fabric sheets were supplied by Wuxi Weppom Composite Materials Co., China, which refers to carbon, glass and aramid 
fabric sheets. Table 2 summarises the physical specification of three types of fabric sheets. 

Table 1. Typical properties of EpoxAmiteTM 100 epoxy laminating system. 

Specifications EpoxAmiteTM 100 Resin with 102 Medium Hardener 
Mix ratio by volume 3:1 
Mix ratio by weight 100:29 
Mixed viscosity (Pa•s) 0.65 
Pot life (Hour) 0.37 
Cure time (Hour) 10-15 
Specific gravity (kg/l) 1.11 
Compressive strength (MPa) 75 
Tensile elongation 3.15 

Table 2. Specifications of carbon fibre, glass fibre and aramid fibre sheets. 

Specifications Carbon fibre Glass fibre Aramid fibre 
Fibre material type Carbon type Glass type Aramid type 
Yarn count 3K 6K 3K 
Weave pattern Twill Plain Plain 

Reinforcement yarn Warp pattern 3K 6K 3K 
Weft pattern 3K 6K 3K 

Fibre count (10 mm) End count 5 2.2 n/a 
Pick count 5 2.2 n/a 

Size thickness (mm) 0.3 0.4 0.8 
Fabric area weight (g/m2) 200 251-277 220 

Specimen Fabrication 
Three types of composite laminates materials were prepared using hand layup technique and a compression moulding 

technique. The aluminium 6061 contoured-core moulds were fabricated using the CNC machine. The male and female 
moulds were sprayed using the mould release agent (Mold Max® 20) to simplify the removal process. Composite 
laminates were properly laid into the aluminium mould and compressed together by platens of the hot press machine 
equipment for 24 hours for curing process, as shown in Figure 1(a). Figure 1(b) presents the fabrication of multi-cell 
specimens. 

 

 
    (a)            (b)            (c) 

Figure 1. Fabrication procedure: (a) compression moulding technique; (b) initial samples; (c) the spherical-roof 
contoured-core structural dimension. 



Quanjin Ma et al. │ International Journal of Automotive and Mechanical Engineering │ Vol. 17, Issue 4 (2020) 

8267   journal.ump.edu.my/ijame ◄ 

The single spherical-roof contoured-core (SRCC) cell was cut using a vertical cutting machine, and the structural 
dimension is presented in Figure 1(c). Figure 2 demonstrates the SRCC cell with CFRP, GFRP, aramid fibre reinforced 
plastic (AFRP) materials. The boundary edges of specimens were polished using a Forcipol 2V series grinding machine, 
which is a sufficient method to ensure the boundary condition and cutting quality of specimens. 

 

 
        (a)        (b)        (c) 

Figure 2. Images of (a) CFRP, (b) GFRP, and (c) AFRP single spherical-roof contoured-core cell. 

Weight of the SRCC cell was measured using 8028-series professional digital scale with three decimal places, which 
provided accurate weight values. Table 3 summarises the several parameters of specimens in this study, which includes 
nominal thickness, nominal height, width, mass, and the number of piles. Three specimens were fabricated for each type 
of materials to two plies of carbon and glass fibre laminates, and one ply of aramid fibre laminate was used to manufacture 
around 1 mm thickness, respectively. 

Table 3. Summary of single spherical-roof contoured-core cell specimens 

Specimen ID Nominal thickness (mm) Nominal height (mm) Width (mm) Mass (g) No. of plies 
CFRP1 1 25 50 2.59 2 
CFRP2 1 25 50 2.50 2 
CFRP3 1 25 50 2.47 2 
GFRP1 1 25 50 3.01 2 
GFRP2 1 25 50 3.06 2 
GFRP3 1 25 50 3.00 2 
AFRP1 1 25 50 2.92 1 
AFRP2 1 25 50 2.98 1 
AFRP3 1 25 50 3.12 1 

CFRP: carbon fibre reinforced plastic, GFRP: glass fibre reinforced plastic, AFRP: aramid fibre reinforced plastic 

Experimental Procedure 
The quasi-static compression loading tests used Instron 3369 model universal testing machine with a maximum load 

capability of 50 kN. The compression loading speed of the upper crosshead was set constant at 2 mm/minute, and 
specimens were unbonded condition under compression loading [36]. Specimens were crushed 80% of the initial height, 
and was used to study the crushing failure behaviour of a spherical-roof contoured-core cell. Crushing behaviour of the 
specimens with each 5 mm displacement was taken using a recorded camera during the quasi-static compression test. 
Figure 3(a) illustrated the schematic overview. The initial specimens with three types of materials were vertically put 
between two compressive platens with the unbonded condition, as shown in Figure 3(b). 

 

   
(a)               (b) 

Figure 3. Experimental setup: (a) schematic overview; (b) quasi-static compression loading with three types of 
composite materials. 

RESULTS AND DISCUSSION 

Load versus displacement traces with three types of used composite materials are shown in Figure 4. CFRP and GFRP 
specimens showed a similar trend in the elastic deformation stage as reached the first peak loading point, which agreed 
with similar studies [13-14][36]. There are elastic and plastic deformation stages during in crushing deformation stage. 
In the elastic deformation stage, the crushing loading gradually increased to the first peak load, such as 0.49 kN for CFRP 
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specimen, 0.78 kN for GFRP specimen, and 0.42 kN for AFRP specimen. In the plastic deformation stage, the crushing 
loading dropped abruptly and floated or densification. AFRP specimens generally revealed an increasing loading trend 
as it deformed in the plastic deformation stage. It was observed that the crushing loading dropped with a small value after 
the first peak loading point, and slightly increased as compression displacement increased.  

Comparison analysis on load versus displacement traces with three types of composite materials is briefly exhibited 
in Figure 5. The load increased to its peak load value with a series of small oscillations around the first peak value, which 
obtained 0.47 kN for CFRP specimen, and 0.78 kN for GFRP specimen. It was attributed to the matrix cracks around the 
spherical roof and four supporting points. Interestingly, the AFRP specimen showed a rapid upward trend compared to 
CFRP and GFRP specimens, which reached the maximum load value of 1.1 kN at 20 mm displacement.  
 

   
(a)                (b) 
 

 
(c) 

Figure 4. Graphs of load versus displacement traces in (a) CFRP, (b) GFRP and (c) AFRP. 

 
Figure 5. Comparison analysis on load versus displacement traces with three types of composite materials 

Figure 6 shows the effect of three types of composite materials on compressive stiffness. The compressive stiffness 
of GFRP specimens is higher than CFRP and AFRP specimens, with an average value of 42.74 kN/mm. The compressive 
stiffness of AFRP specimens obtained the lowest average value of 30.43 kN/mm. It was found that specimens with carbon 
fibre reinforced plastic material had the highest stress requirement in the elastic deformation stage. However, the specimen 
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with aramid fibre reinforced plastic material shows the lowest stress. It is obtained a slight increasing trend in load versus 
displacement curves with three types of composite materials. As the load increases, the novel core cell continues to 
compress and collapse, which results in the densification stage. 

 

 
Figure 6. Effect of three types of composite materials on compressive stiffness. 

Figure 7 presents the effect of material type on the first peak load of the single spherical-roof contoured-core cell. The 
minimum average value of peak load is 0.42 kN for AFRP specimen, whereas, the maximum average is 0.78 kN for 
GFRP specimen. Figure 8 shows the effect of material type on energy absorption (EA) and specific energy absorption 
(SEA) parameters. It was found that AFRP specimen obtained the highest specific energy absorption value with 0.69 kJ, 
and CFRP specimen was the lowest value with 1.44 kJ. Interestingly, it was observed that the GFRP specimen displayed 
the highest energy absorption value with 2.71 kJ. The SEA of the current spherical-roof contoured-core cell was compared 
with bonded aluminium egg-box and the best energy-absorbing systems from the references [40, 41]. It was observed that 
the spherical-roof panels provided the better energy-absorbing capacity, which was around two times greater than the 
corresponding aluminium egg-box panels. 

Images of three types of composite materials on the single spherical-roof contoured-core cell are shown in Figure 9, 
which are based on compression displacement subjected to the quasi-static loading. During the compression test, the 
compression platens contacted with the spherical-roof dome and started to crush the specimens. Matrix cracks occurred 
around the spherical-roof dome, which was as a result of the stress concentration [42]. It was observed that, four 
supporting points with a curved region were curled up as the loading increased. Moreover, specimens with three types of 
composite materials showed the same crushing failure behaviour, and the collapse specimen reached the flattened 
condition, which is in agreement with similar research findings [15, 16, 36]. 
 

 
Figure 7. Effect of composite materials on Fpeak.  
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Figure 8. Effect three types of materials on EA and SEA. 

 
Figure 9. Photographs of single SRCC cell under quasi-static loading. 

The top view images of specimens before and after the test for the three types of composite materials are compared 
in Figure 10. It could be observed that spherical-roof apex has been flattened inside. This mainly caused by the matrix 
cracks, fibre fracture and laminates bending according to its structural design. It was concluded that matrix cracks, fibre 
fracture and laminates bending were typical failure modes of the single contoured-core cell under quasi-static loading. It 
was proven that the crushing failure behaviour of specimens had no essential relationship with material type. It was 
observed that matrix cracks occurred around the spherical-roof dome region. Meanwhile, the curved region around the 
four bottom support points, which showed the typical failure behaviour with unbonded core condition [15, 16, 36]. 

 

 
Figure 10. Images of single SRCC cell before and after the quasi-static loading. 
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The crushing failure behaviour mapping schematics were drawn to understand the failure region and its features, as 
shown in Figure 11. It was found that failure mapping mainly occurred at the spherical-roof dome region and the curved 
region. In order to analyse the failure region accurately and specifically, two kinds of zone regions on top view are 
proposed. The failure region of the spherical-roof dome was measured to obtain its area. Here, zone 1 region is square 
shape and drawn using yellow colour, which has two diagonals of 8 mm. Zone 2 region is coloured with blue, which 
showed the same shape and size according to its structural design. It was found that failure cracks mainly occurred around 
the spherical-roof apex, which is in zone 1 region. Curling edges were folded and damaged by cracks propagated, which 
followed the zone 2 region boundary. It is highlighted that the damaged mapping schematic diagrams of the spherical-
roof contoured-core cell are obtained as in Figure 11. It was concluded that crushing failure has mainly occurred at zone 
1 region and zone 2 region boundaries. 
 

 
Figure 11. Damaged mapping schematic diagrams of single SRCC cell. 

CONCLUSION 

The energy-absorbing characteristics of the single spherical-roof contoured-core (SRCC) cell were carried out under 
the quasi-static loading. The crushing behaviour, failure modes, load versus displacement curves were explored through 
quasi-static loading. Within the limitation of this study, the following conclusions can be drawn: 

i. It was obtained that the compressive stiffness of GFRP specimens is higher than CFRP and AFRP specimens, 
with an average value of 42.74 kN/mm. 

ii. The three types of composites materials showed the same damage failure behaviour, which are matrix cracks 
and laminate bending. 

iii. In order to analyse the failure behaviour characteristic and regions of spherical-roof contoured-core cells, zone 
region concept was proposed. It was highlighted that the crushing failure of this core structure mainly occurred 
in zone 1 region and around zone 2 region boundaries. 
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