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Abstract 
 
A combination of aluminum columnar member with composite laminate to form a hybrid structure can be used as collapsible energy 

absorbers especially in automotive vehicular structures to protect occupants and cargo. A key advantage of aluminum member in com-
posite is that it provides ductile and stable plastic collapse mechanisms with progressive deformation in a stable manner by increasing 
energy absorption during collision. This paper presents an experimental investigation on the influence of the number of hybrid epoxy-
glass layers in overwrap composite columnar tubes. Three columnar tube specimens were used and fabricated by hand lay-up method. 
Aluminum square hollow shape was combined with externally wrapped by using an isophathalic epoxy resin reinforced with glass fiber 
skin with an orientation angle of 0°/90°. The aluminum columnar tube was used as reference material. Crushed hybrid-composite colum-
nar tubes were prepared using one, two, and three layers to determine the crashworthy capacity. Quasi-static crush test was conducted 
using INSTRON machine with an axial loading. Results showed that crush force and the number of layers were related to the enhance-
ment of energy absorption before the collapse of columnar tubes. The energy absorption properties of the crushed hybrid-composite co-
lumnar tubes improved significantly with the addition of layers in the overwrap. Microscopic analysis on the modes of epoxy-glass fiber 
laminate failure was conducted by using scanning electron microscopy.  
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1. Introduction 

Considerable research and development have been con-
ducted to design safe automotive vehicular structures in recent 
decades. Reducing the weight of structures, which mainly 
utilize internal combustion engines, is important to optimize 
exhaust gas and to enhance the fuel economy target [1]. In 
connection with this need, lightweight materials, such as alu-
minum, can be utilized. Aluminum alloy has been extensively 
used in vehicular components, such as pistons, engine blocks, 
chassis, hoods, fenders, and doors. However, aluminum parts 
are difficult to produce because aluminum exhibits strain con-
centration and low ductility. A considerable amount of electri-
cal energy and large facilities are also needed because of the 
poor spot welding characteristics of aluminum.  

Composite material is another lightweight material. This ma-
terial is a combination of two or more chemically distinct and 

insoluble phases with a recognizable interface, such that its 
properties and structural performance are superior to those of 
the constituents that act independently. These combinations are 
known as metal-matrix and ceramic-matrix composites, which 
are heterogeneous and anisotropic materials. Owing to these 
combinations, recycling used composite materials and design-
ing composite structures are difficult. Meanwhile, fiber-
reinforced composite materials are essentially used in automo-
tive vehicular cabs and interior components, such as seats and 
paneling, because of their good resistance to corrosion during 
their in-service life, competitive cost, high specific strength, 
high damping capability, and high stiffness ratios coupled with 
a low specific weight, especially at elevated temperatures [2]. If 
composite materials are applied to vehicles, not only the weight 
of the vehicles is decreased but also their noise and vibration [3]. 

In a continuous manufacturing process for the production of 
composite structures and materials, large statistical variations 
occur in their mechanical properties, which might be due to 
uncertainties in the volume fraction of the resin content, the 
degree of cure and process-induced residual stresses during 
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composite manufacturing, the probability of defects and void 
formations inside the composites, and so on [4, 5]. Hence, a 
probabilistic or reliability analysis of the composite failure or 
the manufacturing process conditions and the product quality 
is needed [6, 7]. Such an analysis plays a vital role in strength 
evaluation of composite structures. In contrast to the determi-
nistic analysis of composite materials, probabilistic analysis 
provides a better understanding of the effect of the variations 
inherently involved in geometry, material properties, or manu-
facturing process [7]. The latter makes it easier or more practi-
cal to predict how sensitive the scatter of the output parame-
ters is, for example, the composite performance, failure crite-
rion, and cure degree, with respect to the input design parame-
ters [8]. The general mechanical behavior of a composite ma-
terial is orthotropic, that is, transversely isotropic if only unidi-
rectional fibers are used, and the coefficient of thermal expan-
sion of polymer-matrix materials is usually higher than that of 
fibers [9]. A way for an evaluation of the robustness of the 
process is also provided. 

When more than one type of material is utilized in a rein-
forced structure, the structure is known as hybrid. Hybrids 
generally have better properties than single-material structures, 
but they are more costly. For example, hybrid composites are 
anisotropic, that is, heterogeneous materials with significant 
properties in one or two directions, which do not deform plasti-
cally and are attractive structural materials in the form of a 
fiber-reinforced polymer-matrix composite wrap. In these cases, 
composites are primarily specified because they can be used to 
produce cost-effective, lightweight components of relatively 
complex geometries [10, 11]. Hybrid composites can be rou-
tinely applied to engineering structures for rebuilding and new 
construction of piles, piers, and columns, including in manu-
facturing plants, bridges, high-rise buildings, and harbors. They 
achieve a balance among stiffness, high strength, high ductility, 
membrane-related mechanical properties, and formwork-free 
construction [12-14]. Hybrid-composite materials not only 
have better mechanical qualities than other metallic materials 
for specific strength and fatigue characteristic but could also be 
manufactured in accordance with the needs of the user, such as 
increasing the strength by changing the fiber orientations along 
the axis of the structures [15-17]. 

Numerous researchers have investigated the axial crushing 
behavior of metal/composite hybrid tubes; they have shown 
that various factors and parameters, including geometry and 
shape, stacking sequence of composite lay-up, metal surface 
treatment, loading speed, foam filling, and specimen length, 
contribute to the collapse of hybrid tubes and affect the crash-
worthiness characteristics [16]. Huang et al. [17] and El-Hage 
et al. [18] numerically studied the axial crushing of circular 
and square hybrid tubes and showed that the best orientation 
angle for fiber ply orientation pattern was hoop reinforcement. 
Bouchet et al. [19] reported the effect of the surface treatment 
of metal tube prior to composite layer bonding on the energy 
absorption capability. 

A large number of quasi-static crushing investigations have 

been conducted on metal/composite hybrid tubes, in which 
fiber-reinforced polymer is combined with metallic tubes to 
improve their mechanical properties and to evaluate the influ-
ence of fiber reinforcement on crush response [19, 20]. Shin et 
al. [21] performed quasi-static axial crush and bending col-
lapse tests on hybrid tubes produced by wrapping glass fi-
ber/epoxy prepregs around square aluminum tubes. The ply 
orientations were 0°, 90°, 0°/90°, and ±45° to the tube axis. 
The mean crush force and energy absorption capacity of the 
hybrid tubes were higher than those of the aluminum tubes. 
Song et al. [22] conducted quasi-static and impact tests on 
hybrid tubes of E-glass fiber/epoxy-wrapped aluminum, steel, 
and copper circular tubes. The fiber orientation angles in the 
overwrap were either ±15°, ±45°, or 90°. They reported the 
effects of such factors as strain rate, composite wall thickness, 
fiber ply orientation pattern, and mechanical properties of 
metal tube. They also reported the four main collapse modes 
for hybrid tubes, such as compound diamond, compound 
fragmentation, delamination, and catastrophic failure. Hanefi 
and Wierzbicki [23] proposed an analytical model for the es-
timation of the mean axial crush force of circular steel tubes 
externally overwrapped with hoop-wound composite layers, in 
which the core ply orientation of fiberglass angle was 90°. 
They assumed that the folding mode of some hybrid tubes was 
symmetric and matched existing ones of steel tube. The mean 
crush force and specific energy absorption increased with steel 
shell thickness and overwrap thickness. 

The utilization of different triggering mechanisms on en-
ergy absorption characteristics has been investigated [24, 25]. 
Bevel triggers with a 45° chamfer around one tip end of pure 
aluminum columnar tube itself and hybrid-composite tube 
edges are widely used [23-30].  

This study conducted experimental quasi-static crush tests 
on samples of pure aluminum columnar tube and hybrid alu-
minum-composite columnar tubes with three different thick-
nesses of reinforcing composites. Many important features of 
the columnar tube crush response were identified. The crusha-
bility of aluminum columnar itself and the fracture of the 
composite layers were considered through representative pho-
tos and scanning electron microscopy (SEM) micrographs. 
The performance properties of hybrid aluminum-composite 
columnar tube specimens were compared with those of a pure 
aluminum columnar tube specimen to evaluate the crashwor-
thy capacity of hybridized epoxy-glass fiber aluminum co-
lumnar members. The results exploited by this work would be 
useful to enhance essential data needed for proper construction 
and effective design architecture of composite structural mem-
bers in terms of plastically collapsing (Aluminum) and fractur-
ing (External reinforcement) columnar tubes, as well as ease 
of actual crashworthy applications.  

 
2. Materials and methodology 

2.1 Specimen fabrications 

The specimens used in this study were extruded aluminum 
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columnar and hybrid-composite columnars made with a com-
bination of an aluminum square hollow section and an exter-
nal protection using isophathalic epoxy resin reinforced with 
glass fiber skin, as shown in Figs. 1(a) and (b). The materials 
used were as follows: (i) EN-AW7108-T6 aluminum alloy 
extrusion for columnar tubes; (ii) SE4849 Type 30 E-glass 
carbon fiber rovings (Owens corning); (iii) Shell Epon 828 
epoxy resin and shell Epikure-cure curing agent W. 

The aluminum columnar tube was obtained from a local 
market. Three hybrid columnars were fabricated by hand lay-
up process with different layers of composite overwrap. Each 
layer was constructed by filament winding continuous glass 
fiber-epoxy composite prepregs overwrapped into an alumi-
num columnar tube. The main ply orientation of the fiber an-
gle in the overwrap was [0°/90°] or unidirectional with respect 
to the axis of the longitudinal tube. The aluminum tube walls 
were not cleaned or treated with any chemicals prior to fila-
ment winding. The filament-wound hybrid tubes were cured 
completely before being extracted in an air circulating oven 
under 7 × 105 Nm−2 for 235 min at a temperature of 120°C. 
The process was conducted in accordance with the recom-
mended curing cycle of the manufacturer. 

Fig. 2 shows the cured cycle for the epoxy-glass fiber com-
posite. During curing, the tube was slowly rotated to ensure 
even distribution of matrix around the tube. After curing the 
composite overwrap, the columnar hybrid tubes were cut to a 
length of 120 mm by using a diamond-tipped cutting wheel. 
Both ends of the tube were faced off to make them perpen-

dicular to the tube axis. A bevel trigger with a 45° chamfer 
angle was machined onto one loading end of each tube edges 
to function as a crush initiator. The overwrap thickness was 
controlled by varying the number of layers in the reinforce-
ment. Each layer consisted of multiple windings or back and 
forth passes to cover the mandrel surface with crisscrossed 
fiber banding. 

Section layers also existed in the tube wall. One was cross-
wind fibers in approximately 0.25 mm of the glass fiber-epoxy 
composite thickness, measured from the inner width. The 
other one was glass strand matt on the outer width of the co-
lumnar tube to hold the unidirectional glass fibers during the 
hand lay-up process. The specimens were grouped into four 
different categories on the basis of their number of layers and 
thickness to analyze the performance level. Four specimens 
were used, and each specimen was screened before the test. 
They were designated as ACT0L (50 mm square), HCCT1L 
(55.52 mm square), HCCT2L (57.90 mm square), and 
HCCT3L (59.74 mm square) and then weighted. ACT0L was 
also represented as non-layered (“0L”) aluminum columnar 
tube (“ACT”), whereas HCCT1L was indicated as hybrid-
composite columnar tube (“HCCT”) with one layer (“1L”). 
These columnar tube specimens had external width-to-wall 
thickness ratios of 31.25, 12.73, 10.43, and 9.23, which corre-
ponded to specimens ACT0L, HCCT1L, HCCT2L, and 
HCCT3L, respectively. Table 1 shows the dimensions of the 
overwrap thickness and the mass per unit length of the materials. 

 
2.2 Experimental crush test procedures 

All specimens were tested axially at room temperature us-
ing a computer-controlled INSTRON universal testing ma-
chine (Model type: MTS 8100 AG-I) with 100 kN maximum 
load capacity of an eccentric compressive head of upper platen 
[19]. Prior to the test, the rigid steel platens were lubricated to 
avoid any radial frictional forces caused by flexure. An axial 
crush force was then applied progressively over the top end of 
the nominal width of the hybrid aluminum-composite colum-
nar tube specimen with a crosshead speed maintained at 
6.75 mm/min until specimen failure. The force-deformation 

      
        (a)                          (b) 
 

 
(c) 

 
Fig. 1. Preparation of test specimens: (a) aluminum columnar tube; (b) 
hybrid aluminum-composite columnar tubes; (c) schematic views of a 
columnar tube (ta = aluminum wall thickness, tc = composite wall
thickness, th = hybrid wall thickness). 

 
 

 
 
Fig. 2. Cured cycle of the epoxy-glass fiber hybrid materials of test specimens. 
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values were recorded automatically through the integrated 
data acquisition set-up.  

Fig. 3 shows the test arrangement of a quasi-statically 
crushed hybrid-composite columnar tube. The tube was 
placed between the parallel rigid steel platen of the test ma-
chine without any additional clamping. The load signal was 
captured directly by a computer through a load cell connected 
to the machine. For each tube, quasi-static crush testing was 
conducted three times for repeatability or to evaluate the ten-
dency of experimental results. 

The crush performance data and axial resistive force-
deformation curves of equivalent specimens were obtained 
using Fig. 4. The shaded area under the curve, such as crush 
absorbed energy, and maximum peak crush force on the curve, 

namely, maximum compressive-resistance force, were calcu-
lated. The following crashworthiness parameters were meas-
ured. The crush responses were obtained with mean crush 
force, Pmean, as the mean of all forces, and maximum resistive 
force, Pmax, as the folding initiation force or in many cases as 
the initial peak force. This maximum resistive force, Pmax, was 
divided by the cross-sectional area of the columnar tube 
specimen to gain the specific resistive force. The force can be 
computed using Eq. (1). 

 
max

specific .
PP

A
=                                  (1) 

 
Crush force efficiency is the ratio of mean crush force and 

maximum crush force to evaluate the performance of a struc-
ture during the crush process [Eq. (2)]. 

 
mean

max
100% .c

P
P

h ´=   (2) 

 
The shaded area under the plotted force-deformation curve 

can be represented as a value of the total energy absorbed (Fig. 
4). The total crush absorbed energy was determined by inte-
grating the test data for the entire test period from 0 mm up to 
approximately 80 mm crush distance, as shown in Eq. (3), 
with dmax as the maximum deformation length. 

 
max

total
0

.( )
d

E P s ds= ò   (3) 

 
This energy was divided by the mass of the crushed portion 

of the tube specimen to obtain the specific crush energy ab-
sorbed. This factor is the most important in designing any 
structures that need a reduced weight, such as automobiles and 
aircrafts. This factor can be computed using Eq. (4), with m1 
as the mass of the columnar tube. 

 

1

total
specific .

EE
m

=   (4) 

 
All aluminum columnar tube and hybrid aluminum-

composite columnar tube specimens were constrained to de-
form in the axial crush resistive force direction up to 80 mm 

Table 1. Geometrical details of the fabricated aluminum hybrid-composite columnar specimens. 
 

Description Specimen 
designation 

No. of lay-up in the 
overwrapped 

Aluminum wall 
thickness, ta(mm) 

Composite wall  
thickness, tc(mm) 

Hybrid wall thickness,  
th = ta+tc(mm) 

Mass per length 
(g/mm) 

Aluminum columnar ACT0L - 1.60 - th = ta=1.60 0.654 

HCCT1L 1 1.60 2.76 4.36 0.782 

HCCT2L 2 1.60 3.95 5.55 0.926 
Hybrid-composite 

columnars 
HCCT3L 3 1.60 4.87 6.47 1.069 

 
 

 
 
Fig. 3. Principle of crush test set-up at INSTRON machine. 

 
 

 
 
Fig. 4. Schematic diagram of typical force-deformation profile in 
quasi-static experimental crush test. 
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deformation length. Finally, different modes of deformation 
and failure mechanisms, such as folding, buckling, bending, 
cracking, and delaminating, were examined by SEM. 

 
3. Results and discussion 

3.1 Experimental results of tested specimens 

Force-deformation and energy-deformation curves related 
to different columnar tube specimens were extracted to clearly 
compare the crashworthiness properties of all columnar tube 
specimens. The obtained results of the force-deformation plot 
of each specimen through experiments were correlated with 
the different phases of deformation modes and failure mecha-
nisms of each tested specimen. Fig. 5 shows the comparison 
of average force-deformation curve and energy-deformation 
characteristics of the results of the four tested specimens 
through experimental procedures.  

Fig. 5(a) shows the increase and decrease in crush resistive 
force levels. The initial phase of the increased crush resistive 
force corresponded to the pre-buckling stage of collapse, 
whereas the structure offered a minimum deformation length 
with maximum crush resistive force or high load resistance. 

The corresponding crush resistive force level was designated 
as the first peak crush resistive force. Once the structure at-
tained its first peak crush resistive force, it exhibited a non-
linear mode of collapse and offered a reduced level of crush 
resistive force until the subsequent peak crush resistive force. 
The corresponding stage of collapse was termed as buckling, 
in which the axially crushed specimen began to collapse from 
the top nominal width toward the axis of axial crush direction.  

The post-buckling stage of collapse followed after the buck-
ling, in which the deformation rate of laminate over the buck-
led regions was non-linear in trend. The corresponding stage 
of force-deformation curve showed significant crush resistive 
force fluctuations. A similar trend was observed in all force-
deformation plots. The positive slope of the oscillation of 
force-deformation plots indicated the progressive mode of the 
collapse of the hybrid aluminum-composite columnar tube. 
The amount of deformation and force-deformation character-
istics showed that the hybrid-composite structures exhibited a 
non-linear mode of collapse with brittle-type fracture indica-
tions on the crushed regions. A comparison between force-
deformation curves of the aluminum columnar tube and hy-
brid aluminum-composite columnar tubes indicated that the 
maximum peak crush resistive force in the aluminum colum-
nar tube ACT0L was 70.64 kN less than those of the hybrid 
aluminum-composite columnar tubes HCCT1L, HCCT2L, 
and HCCT3L with the same length of 120 mm. Fig. 5(a) indi-
cates that the mean crush resistive forces of the aluminum 
columnar tube ACT0L and the hybrid aluminum-composite 
columnar tubes HCCT1L, HCCT2L, and HCCT3L were 
28.95, 39.91, 50.33, and 63.53 kN, respectively.  

As shown in Fig. 5(b), a comparison between the energy-
deformation curves of the aluminum columnar tube and hy-
brid aluminum-composite columnar tubes indicated that the 
energy absorption of the aluminum columnar tube ACT0L 
was 2475.07 J lower than those of the hybrid aluminum-
composite columnar tubes HCCT1L, HCCT2L, and HCCT3L 
when the deformation length of 80 mm was reached. There-
fore, with a combination of these tubes, the energy absorption 
of the hybrid aluminum-composite columnar tubes was 
greater than that of the aluminum columnar tube. The alumi-
num columnar tube was crushed primarily because its maxi-
mum peak crush resistive force was low. The energy absorp-
tion of the hybrid aluminum-composite columnar tubes, espe-
cially HCCT3L, was greater than that of the aluminum co-
lumnar tube itself. 

As a result, the pure aluminum columnar tube had lower 
energy absorption and initial peak crush resistive force than 
the hybrid aluminum-composite columnar tubes. However, 
the energy absorption of the hybrid aluminum-composite co-
lumnar tubes was higher than that of the pure aluminum co-
lumnar tube itself. Many automotive industries use an alumi-
num columnar tube as front space frame to absorb crash en-
ergy. Strict safety standards nowadays have precipitated the 
development of a hybridized energy absorber with high en-
ergy absorption and low initial peak crush resistive force. 

(a) Comparative average of force-deformation properties of different 
columnar tube specimens 

 

(b) Comparative average of energy-deformation properties of different 
columnar tube specimens 

 
Fig. 5. Comparison of force-deformation plots and comparison of 
energy-deformation characteristics of hybrid aluminum-composite 
specimens. 
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3.2 Progressive deformation of hybrid aluminum-composite 
columnar tubes 

Representative photographs of the axial crush force on alu-
minum hybrid-composite columnar tubes were taken during 
the quasi-static experimental crush test, as shown in Figs. 6-
9(a). The crushing behavior, deformation patterns, and amount 
of energy absorption of the specimens were investigated. The 
influences of crashworthiness parameters of aluminum hybrid-
composite materials on these properties were studied. The 
representative photographs of triggered specimens were cate-
gorized as non-layered, one-layered, two-layered, and three-
layered in the overwrapped thickness. The photographs pre-
sented the steps of the transient deformation process in the 
columnar tubes and were taken at different phases during the 
test. The corresponding axial crush resistive force-deformation 
plots and the corresponding energy-deformation characteris-
tics of all the columnar tube series are shown in Figs. 6-9(b) 
and in Figs. 6-9(c), respectively. The curves marked with peak 
crush resistive force were correlated with the representative 
specimen photos for convenience in viewing the progress of 
the progressive crushing force. 

Fig. 6 shows the representative photographs of the quasi-
statically crush test of non-layered aluminum columnar tube 
(ACT0L). The development of the folding shapes was ana-
lyzed to determine the influence of the transient deformation 
process on the initiation of buckling, location of wrinkles, and 
their dependence on the crashworthy response. This response 
was the characteristics of progressive buckling once the struc-
ture folded sequentially [20]. The specimen buckled in 
dropped off resistive force started at the first peak resistive 
force of deformed distance from top end. The specimen buck-
led inward and generated axisymmetric folds with a uniform 
lob pattern during quasi-static axial crushing. Owing to con-
tinuous loading, the specimen deformed further gradually 
through rolling plastic deformation and generated stationary 
hinges with longitudinal cracks at four sharp corners. The 
formation of stationary hinges and axial cracks was always 
perpendicular to the direction of loading axis of rigid platens. 
The stress concentration at four corners caused tearing in the 
corner from top wall until the final buckling pattern with a 
80 mm crush distance. This phenomenon is shown in Fig. 6(a). 
The strain propagation in the direction of loading can be fol-
lowed when analyzing these patterns because of the domi-
nance of the crushing force during the initial phase of defor-

mation. Owing to the formation of crack stationary, the de-
formation process was in progressive axisymmetric mode. 

The axial crush force against crush deformation curve 
shown in Fig. 6(b) rapidly increased to a maximum peak resis-
tive force significantly and then remained relatively constant. 
Given that no layer was present in the columnar tube ACT0L, 
the maximum resistive force was reached rapidly. However, 
after the first peak crush force was attained, the asymmetric 

Table 2. Failure mechanisms of each fabricated hybrid aluminum-composite columnar tube specimen during progressive deformation. 
 

Type of mode of failure at every expected peak crush resistive force 
Specimen designation Maximum peak crush 

resistive force 
1st peak crush resistive 

force  
2nd peak crush  
resistive force 

3rd peak crush resistive 
force 

4th peak crush  
resistive force 

ACT0L Buckling Folding patterns Splitting Small wrinkles Compacting 

HCCT1L Buckling Frond bending Splitting Matrix cracking Delamination 

HCCT2L Buckling Frond bending Splitting Matrix cracking Delamination 

HCCT3L Buckling Frond bending Splitting Matrix cracking Delamination 
 

 

(a) Photographs of different phases or progressive deformation  
 

 
(b) Force-deformation curve of experimental results 

 

 
(c) Energy-deformation curve of experimental results 

 
Fig. 6. Axial crush test of a non-layered specimen, ACT0L. 
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folding pattern was completely initiated in the aluminum shell. 
The folding could continue dramatically when the progressive 
deformation proceeded with oscillating values of a small resis-
tive force. 

Fig. 7 shows the representative photos of one-layered epoxy-
glass fiber hybrid-composite columnar tube, HCCT1L. In this 
case, the specimen crushed with regular asymmetric folds, 
frond bending, and post-buckling of deformation mode, as 
shown in Fig. 7(a). The initial phases of crushing showed 
circumferential delamination. A small wedge from debris was 
formed on top wall, and major crack developed in the mid-wall 
thickness. The wrapped composite material was constrained 
into folds of the aluminum tube. The fibers splitted toward the 
inner and outer, thereby resulting in the separation of two mate-
rials at the interface. Small-amplitude wrinkles were also ob-
served along the deformation length of the columnar structures. 
This phenomenon is known as plastically rolling of deforma-
tion when the initial asymmetric folding pattern of columnar 
tube develops within a sustained plastic flow.  

Fig. 7(b) shows the axial crush force against the crush de-
formation curve from the quasistatic crush test of one-layered 
specimen. In general, the characteristic of force-deformation 
history of one-layered specimen was different from that of 
nonlayered specimen. HCCT1L showed the typical deforma-
tion patterns, such as delamination, longitudinal splitting, and 
frond bending. Furthermore, a small amount of fiber fractures 
was also observed because of the significantly low number of 
composite layups. The gradual facilitation of one layer in 
HCCT achieved a linearly increased mean crushing force after 
a deformation length of 80 mm. However, initial peak crush-
ing force was observed in the curve of the one-layered speci-
men. This peak crushing force was caused by fiber cracking 
formation and changing of deformation process mode from 
progressive asymmetric to nonsymmetric folding pattern as 
specimen collapse proceeded. Specimen collapse occurred 
completely after the first and maximum crushing forces. The 
required second peak crushing force for test continuation was 
abruptly reduced as a result of folding pattern formation in 
ACT. As failure progressed, another folding of lob patterns 
was formed from the part of the hybrid columnar tube that 
remained intact. This lob pattern showed the second peak 
crushing force. However, this lob pattern was not as smooth as 
that formed in the pure ACT because of microcrack propaga-
tion in the composite material. Hence, the second peak crush-
ing force was remarkably smaller than the first peak crushing 
force. This observation also showed low efficiency in improv-
ing crashworthy capacity. 

Fig. 8 shows the representative photos of two-layered ep-
oxy-glass fiber HCCT, namely, HCCT2L, under quasistatic 
loading. This specimen was crushed with stable fronds at 
catastrophic mode of deformation in the HCCT. The deforma-
tion pattern of this specimen matched that of HCCT1L. Fig. 
8(a) illustrates an irregular nonsymmetric (or nonuniform) 
deformation, which formed as columnar length buckled to-
ward inner and outer width and resulted in separation of two 
materials at the interface. The initial phases of crushing force 
showed progressive crushing of triggering profile, which led 
to circumferential delamination. The later phases of the crush-
ing force showed a sudden growth and propagation of longi-
tudinal cracks at its major width location because of the higher 
radial stress concentration at that location. As a result of this 
phenomenon, the composite wall segment underwent post-
buckling mode, thereby influencing improved crushing force. 
Subsequently, the fibers at the major width location were sub-
ject to fracture surface in collapse mode. The influence of 
these deformation patterns on the crushing force can be seen 
in Fig. 8(a). The stacking sequence of formation of the sta-
tionary cracks at the top wall cross section and the subsequent 
region of fiber surfaces were extended to the next major width 
location of the HCCT.  

Fig. 8(b) plots the axial crush force against the crush defor-
mation curve of the two-layered specimen. The plots revealed 
that oscillations were followed by maximum and initial peak 
crush force. The force deformation history of this HCCT 

 
(a) Photographs of different phases or progressive deformation 

 

 
(b) Force-deformation curve of experimental results 

 

 
(c) Energy-deformation curve of experimental results 

 
Fig. 7. Axial crush test of a one-layered specimen, HCCT1L. 
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showed a peak crushing force higher than that of columnar 
tube series HCCT1L and ACT0L as a result of the absence of 
the circumferential delamination in collapse mode. This com-
posite tube (HCCT2L) showed a continuous increase in aver-
age crushing force as a result of adding two layers in composite 
overwrapped thickness. It behaved increasingly linearly at the 
beginning up to peak crushing force. It also showed that the 
fluctuating force influenced the longitudinal cracks of station-
ary hinges and failed to plastically fold the ACT. The compos-
ite layup or overwrap thickness of glass fiber skin influenced 
the rising slope of the curve. The specimen collapse com-
menced, and cracks were formed along the circumference at 
the top wall up to the middle wall of the specimen. This phe-
nomenon occurred because the crushing force was higher than 
the threshold of the specimen. This phenomenon necessitated 
the sharp crush force reduction to continue the test. Based on 
the observation of the progressive failure, it effectively im-
proved the average crushing force and in crashworthy capacity 
of the HCCT after a deformation length of 80 mm. 

Fig. 9 shows the representative photographs of the deforma-
tion shapes obtained through the quasistatic crush test of three-
layered epoxy-glass fiber HCCT, namely, HCCT3L. The 
crushing performance of HCCT3L was completely different 
from that of HCCT2L and HCCT1L. Fig. 9(a) illustrates that 
the hybrid columnar tube HCCT3L showed uniform crushing 
force with a catastrophic failure mode in the composite co-
lumnar tube and progressive deformation mode in the ACT 
because the two materials were separated at the interface. The 
initial phase of crushing force showed progressive crushing of 
triggering profile. However, a sudden growth of cracks fiber 
was observed immediately after the crushing force of the trig-
gering profile, and these cracks propagated along the colum-
nar length. Hybrid columnar tubes have an energy absorbing 
capacity that is equal to the combined energy absorbing ca-
pacities of pure aluminum and composite columnar tubes. 
After circumferential delamination, primary longitudinal 
cracks developed at four sharp corners as a result of stress 
concentrations. Each side of HCCT was split into petals that 

(a) Photographs of different phases or progressive deformation 
 

 
(b) Force-deformation curve of experimental results 

 

 
(c) Energy-deformation curve of experimental results 

 
Fig. 8. Axial crush test of a two-layered specimen, HCCT2L. 

 
 

(a) Photographs of different phases or progressive deformation 
 

 
(b) Force-deformation curve of experimental results 

 

 
(c) Energy-deformation curve of experimental results 

 
Fig. 9. Axial crush test of a three-layered specimen, HCCT3L. 
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moved inward and outward. The stationary cracks formed at 
the interface locations from one roving to another. HCCT3L 
lost its crushing force bearing capacity in the later crushing 
phases because of stationary crack propagation. The wedge 
was developed through crosswind fibers. It was larger than 
that in the aforementioned two kinds of HCCTs. The collapse 
mode of HCCT3L was stable. According to the observation of 
the failure mode, the aluminum tube wrapped with three lay-
ers of composite material effectively improved energy absorp-
tion capacity. HCCT3L was crushed with the stable post-
buckling failure mode. The wrapped composite material was 
constrained into folds of the aluminum tube. During deforma-
tion of the aluminum tube, the composite material played an 
important role in preventing the aluminum tube from folding. 
The failure of the HCCT was in progress given that the inner 
ACT could function as crack initiator and controller. 

The relationship between axial crush force and deformation 
curve of HCCT3L is shown in Fig. 9(b). The curve indicates 
that the crushing force linearly increased and then dropped 
immediately after the peak crush force. The specimen failure 
occurred at the trigger location, and crushing force capacity 
decreased. The decreasing crushing force capacity was con-
sumed by lamina bending followed by the breakage of resin 
bonds. The separation of plies from one another occurred at 
the middle shell thickness of the columnar tube wall because 
of the delamination process. Crushing force value linearly 
increased after triggering profile. Moreover, lamina bending 
completely failed within the specimen, and the specimen set-
tled in the flat plate at the bottom. The crushing force value 
continued to increase until the maximum value was reached. 
At this point, specimen buckling started and the crushing force 
value decreased abruptly. HCCT3L also showed global buck-
ling from the top of the wall structure. The fold formations 
became difficult as a result of adding epoxy- glass fiber layers 
in the overwrapped thickness. The composite layup evidently 
plays a significant role in the selection of the crashworthy 
capacity. On the contrary, high crashworthy capacity could be 
obtained from the HCCT with three-layer epoxy-glass fiber 
composite material. Hence, the performance of HCCT3L is 
more efficient than that of other HCCTs, namely, HCCT2L 
and HCCT1L. Therefore, HCCT3L is the best choice in the 
energy absorbing system design. 

As mentioned in the previous section, the crashworthiness 
parameters were calculated; these parameters include  maxi-
mum peak crush resistive force (Pmax), specific resistive force 
(Pspecific) (i.e., the ratio of maximum peak crush resistive force 
[Pmax] to the cross-sectional area of the columnar tube speci-
men), absorbed crash energy (Etotal) (i.e., the area under force 
deformation curve), specific energy (Especific) (i.e., the ratio 
between absorbed energy [Etotal] and crushed columnar speci-
men mass [m1], which is the crushed volume of specimen 
multiplied with density of composite), mean crush resistive 
force (Pmean) (i.e., the ratio of absorbed energy [Etotal] to the 
total axial deformation length [dtotal]), and crush resistive force 
efficiency (ηc). The distinct deformation modes of each sam-

ples were also identified and examined to determine the fail-
ure mechanisms that are responsible for the transient deforma-
tion process of hybrid aluminum-composite columnar, and the 
obtained results are tabulated in Table 2. 

 
3.3 Crashworthiness capacity 

As previously referred in Figs. 6(b)-9(b) (Middle), the 
crushing force started at a critical point called folding initia-
tion force or maximum crushing force, and then the crushing 
force traveled along the columnar tube structures. Both fold-
ing initiation force and mean crushing force of HCCT were 
significantly higher than those of ACT. Increased peak crush-
ing force and mean crushing force were associated with the 
addition of a number of composite layers. This finding clearly 
indicated that the number of composite layup in the columnar 
tube wall thickness of tested specimens significantly influ-
enced the peak crushing force. 

The average result of crush performance properties of  
HCCTs with different overwrap thickness is shown in Fig. 10. 
The values of maximum crushing force and mean crushing 
force of HCCT3L are significantly higher than those of one- 
and two-layer laminations. The folding initiation force de-
creased as the number of layers decreased from three-layer 
overwraps to one-layer overwrap. The peak crushing force 
and the mean crushing force were nearly constant in the over-
wrap thickness of epoxy-glass fiber skins. This constant pre-
sented the critical thickness of hybrid epoxy-glass fiber co-
lumnar tubes.  

Attention should be directed to the crushing force efficiency 
of the energy absorber device to evaluate its crashworthiness 
capacity. The diagram depicted in Fig. 10 includes the maxi-
mum crushing force, mean crushing force, and crushing force 
efficiency. As mentioned, crushing force efficiency is an im-
portant measurement of crush performance properties of 
HCCTs. The ratio of mean crushing force and maximum 
crushing force is a considerable value to present the collapse 
mechanism of composite, namely, progressive collapse or 
catastrophic collapse. The high value of crushing force effi-
ciency in the HCCTs compared with that of the ACT proved 
that catastrophic collapse occurred in all hybrid epoxy-glass 

 
 
Fig. 10. Comparisons of mean crush force, maximum crush force, and 
crush force efficiency for ACTs. 
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fiber columnar tubes. Catastrophic collapse was affected by 
overwrap thickness of the specimen. The values of maximum 
and mean crushing forces obtained by HCCT3L  are slightly 
higher than those obtained by HCCT2L and HCCT1L. There-
fore, the crashworthy capacity maximum crushing force, mean 
crushing force, and crushing force efficiency of all HCCTs 
were significantly higher than those of ACT. 

 
3.4 Level of crush energy and specific energy absorptions 

As previously shown in Figs. 6(c)-9(c) (Bottom), the com-
parison of the amount of crush energy and specific crush en-
ergy absorbing properties of extruded ACT with those proper-
ties of HCCTs for ~80 mm of quasistatic axial crushing force 
is illustrated in Fig. 11. The value of crush energy absorbing 
capacity of a structure depends on the area under the axial 
crush force-deformation curve. Fig. 11 also shows that energy 
absorption of HCCTs was significantly higher than that of 
aluminum tube. The highest energy absorption by HCCTs was 
observed at three-layered composite materials, and this value 
decreased with a decreasing number of layers. The energy 
absorption was also a function of the number of layers associ-
ated with aluminum thickness in the HCCT. The energy ab-
sorption of the hybrid columnar tubes relative to the aluminum 
tube increased with an increasing number of layers. Specific 
crush energy absorption is defined as the ratio of the energy 
absorbed per unit mass of the columnar tube. The thickness of 
specimens had the reverse effect on specific crush energy. 
Increasing the number of layers had a direct effect on increas-
ing the specific crush energy. Specific crush energy in HCCTs 
showed improvement with the addition of a number of epoxy-
glass fiber layers or composite overwrap. Therefore, the ep-
oxy-glass fiber layers or composite overwrapped thicknesses 
played a major role in determining the enhancement energy 
absorption capacity. Consequently, columnar tubes with in-
creased crush force showed increased crush energy and spe-
cific crush energy absorption. 

According to Fig. 11, the energy absorption capacity in-
creased to 24.8% once overwrap thickness was increased from 
2.78 mm (1-layer epoxy-glass fiber material) to 3.47 mm (2-
layer epoxy-glass fiber material) and increased to 62.2% once 

overwrap thickness increased from 2.78 mm to 4.51 mm (3-
layer epoxy-glass fiber material). The results indicated that the 
capacity of energy absorption in HCCTs depended on the 
number of layers of columnar tubes. The HCCT with three 
layers in the overwrap composite thickness could absorb a 
large amount of energy. Hence, the large overwrap composite 
thickness of HCCTs influenced the crushing force. According 
to the investigation, the glass fiber-epoxy composite overwrap 
associated with ACT increased significant amount of specific 
crush energy absorption compared with ACT. The energy 
absorption capacity HCCT3L was higher than that of other 
columnar tube specimens. However, ACT0L without any 
epoxy-glass fiber material showed minimal specific crush 
energy absorption capacity. This finding showed that the 
weight is also an effective factor that influences specific crush 
energy absorption. 

 
3.5 Collapse modes of HCCTs 

In the crush tests, the barreling shape of the deformed 
specimen can function as a result of friction between the rigid 
platens and the specimen. This interfacial friction plays an 
important role on the collapse mode. Moreover, the deforma-
tion mode is characterized by depending on the relative fric-
tion value. The mode of collapse of aluminum tube shell and 
hybrid composite columnar shell was observed. Correspond-
ing graphs that illustrate the axial crush force against crush 
deformation length dataset were recorded up to 67% (which is 
equal to total axial crushed distance of 80 mm) of the speci-
men through an automatic data acquisition device.  

The modes of collapse for all aluminum and hybrid colum-
nar tube specimens were analyzed experimentally and com-
pared. The aluminum columnar shells formed axisymmetric 
elastic mode of buckling followed by plastic rolling toward 
loading axis on the end of the column. After elastic and plastic 
rolling, the symmetric mode of buckling changed into non-
symmetric diamond modes of lobs. The formations of station-
ary cracks and several folds were also observed. A similar 
mode of collapse was observed in composite-wrapped colum-
nar specimens. However, the size and position of diamond 
lobs differed from those of aluminum columnar shells. Fig. 12 
shows comparison photographs of final collapse shapes ob-

 
 
Fig. 11. Comparisons of total crush energy and specific crush energy 
absorbing properties of ACTs. 

 
 

 
 
Fig. 12. Final collapsed shape of extruded aluminum columnar and 
epoxy-glass fiber skin overwrapped hybrid columnar profiles. 
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tained from axial crush test of the hybrid tubes wrapped with 
the composite materials. Some fibers buckled toward the inner 
width, whereas the other fibers buckled toward the outer width. 
The matrix was nearly completely fractured and removed. 
Longitudinal cracks were developed between fibers along the 
length of the tube. The crosswind fibers were fractured up to 
the crush front. 

 
3.6 Local crushing morphology 

A detailed SEM analysis was concentrated over the lami-
nate failure regions to understand clearly the characteristics of 
hybrid composite columnar shell during the axial crushing 
force. The overall crush morphology into laminate failure 
regions includes interlaminar/interlaminar crack propagation, 
frond bending, longitudinal splitting, flexural damage, and 
friction between laminates [21].  

In this study, the crushing in failure mode was characterized 
by the wedge-shaped laminate cross section with multiple 
short or long interlaminar and longitudinal cracks that formed 
partial lamina bundles. One such failure of resin laminate was 
epoxy-glass fiber splitting. The epoxy-glass fiber/resin lami-
nates split into two fronds during axial loading and were fol-
lowed by laminate bending. The laminate bent further because 
of continuous axial crushing, thereby leading to local buckling. 
The buckled regions of the laminate started to delaminate 
from the aluminum surfaces. The fracture surfaces from all the 
samples were coated and examined by using an optical micro-
scope (Philips, model: XL30) at magnification factors of 50-
1000 times and voltage accelerations of 12 kV. The imaging 
software Motic Image was utilized to capture the image and 
analyze the fiber laminate failure modes. The image analysis 
shows that the epoxy-glass fiber laminate split into two divi-
sions of fronds, which bent toward the columnar axis and 
away from the columnar axis. The former one was called in-
ternal frond, because it bent toward the axis of loading. The 
later one was external frond, which bent away from the axis of 
loading. In between the external and internal fronds of junc-
tions, wedge-shaped fiber bundles were noticed. This wedge 
acted as a resisting member for the extension of axial crack. 

Fig. 13 shows the microscopic details of lamina failure 
mode of HCCT3L columnar tube collapse. Fig. 13(a) illus-
trates the cross-sectional view, whereas Figs. 13(b)-(d) illus-
trate the SEM micrographs. The progressive failure was ob-
served from top end of the columnar shell and propagates 
perpendicularly to the loading direction of rigid steel platen, 
i.e., around the circumference of the columnar shell. In the 
crack tip of the main central interwall crack (Point ➀ in Figs. 
13(a) and (b)), matrix cleavages and debonded fibers were 
observed. Figs. 13(c) and (d) illustrate fracture surface of the 
warp and fill direction in the delamination region (Point ➁ in 
Fig. 13(b)). At point ➁, the tube wall was in contact with the 
rigid steel platen and bent outward. Therefore, a mixture of 
various microscopic failure modes exists. Matrix squeezing 
via crushing force and fiber fracture bending force via rigid 

steel platen were also observed. 

 
4. Conclusions 

Repeated axial crush tests were conducted on aluminum  
HCCTs over a range of incident crush absorbed energies to 
determine their axial crush performance. The conclusions 
drawn from the experimental results are summarized as fol-
lows: 

(i) The quasistatic axial crashworthy capacity of aluminum  
HCCTs can be improved with an overwrap thickness of ep-
oxy-glass fiber skin. 

(ii) The crush force and number of layers of the specimens 
play a major role in determining the rate of enhancement en-
ergy absorption and are dependent on stacking sequences. 

(iii) The overall energy absorption mechanism of crushed  
HCCTs are further shown to be in the matrix crack and micro-
crack propagation, frond buckling, splitting, and friction be-
tween laminates or overwrap because of structure recovery 
from collapse. 

(iv) Given that the folding pattern is asymmetric for all 

                   (a)                           (b) 
 

             (c)                           (d) 
 
Fig. 13. SEM micrographs of crushing zone of hybrid composite tube 
showing fiber in failure modes: (a) crack tip of the main central inter-
wall crack; (b) terminal view of epoxy-glass fiber laminate; (c) fracture 
surfaces of fill direction of epoxy-glass fiber laminate; (d) resin-rich 
carbon fiber in delamination region. 
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HCCTs, the folding initiation force, crush force efficiency, 
and specific crush energy absorbed by HCCT3L are more 
efficient compared with other columnar tubes, namely, 
ACT0L, HCCT1L, and HCCT2L. The columnar tube 
HCCT3L is also the best choice in the design of an energy 
absorbing system that deals with square geometry tube struc-
tures, and it can be used in any structure. 

(v) Crashworthiness parameters, such as maximum crush 
force, mean crush force, and crush energy absorption, and the 
changes of collapse category from catastrophic to progressive 
have improved significantly because of the use of number of 
layers. 

(vi) This study also indicates that material parameters, such 
as the number of layers in the overwrap, and ACT wall thick-
ness can be adjusted to influence the desired crush perform-
ance of hybrid columnar tube materials and structures. 

(vii) Additional results for the microscopic analysis of crush 
resistance by SEM microscopy techniques were acquired to 
obtain a clear overview of the final collapse of the specimen. 
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