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Abstract Studies on determining and analyzing the
crushing response of tubular structures are of significant
interest, primarily due to their relation to safety. Several
aspects of tubular structures, such as geometry, material,
configuration, and hybrid structure, have been used as
criteria for evaluation. In this review, a comprehensive
analysis of the important findings of extensive research on
understanding the crushing response of thin-walled tubular
structures is presented. Advancements in thin-walled
structures, including multi-cell tube, honeycomb and
foam-filled, multi wall, and functionally graded thickness
tubes, are also discussed, focusing on their energy
absorption ability. An extensive review of experimentation
and numerical analysis used to extract the deformation
behavior of materials, such as aluminum and steel, against
static and dynamic loadings are also provided. Several tube
shapes, such as tubes of uniform and nonuniform (tapered)
cross sections of circular, square, and rectangular shapes,
have been used in different studies to identify their
efficacy. Apart from geometric and loading parameters,
the effects of fabrication process, heat treatment, and
triggering mechanism on initiating plastic deformation,
such as cutouts and grooves, on the surface of tubular
structures are discussed.

Keywords monolithic structure, crashworthiness, energy
absorber, static and dynamic loadings, multicellular tube
structure, filled tube

1 Introduction

With the advancement of combustion engines, the use of
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high-speed vehicles in daily life is increasing day by day.
Safety requirements should be enhanced to mitigate
probable accidental damages. The occurrence of impact
or collision involving automobiles is a common phenom-
enon associated with their use. In this context, engineers
and researchers are continuously attempting to develop
structures that can absorb most of the energy transferred to
a vehicle during collision, such that minimum or no
damage can occur to the passengers. The capability of a
structure to absorb impact energy in a stable manner and
provide safety to its occupants is known as crashworthi-
ness. The geometry and material of a structure are
important aspects to consider when developing an efficient
energy-absorbing component.

Numerous studies have been conducted on different
structures, such as monolithic tubes with different cross
sections, multi-tubular and corrugated tubes, sandwich
structures with a honeycomb or foam core, and multi cell
tubes. The performance of structures against crushing
loads (longitudinal, oblique, and eccentric loading com-
pression) has been evaluated in terms of peak force (Fy,ax),
mean crushing force (F), energy absorption capacity (E,p),
specific energy absorption (SEA), crash force efficiency
(CFE), and stroke efficiency (SE), which are defined as
follows [1]:

1) Peak force (Fin.x)

The maximum initial load attained by a collapsible
structure during an impact is known as peak force.

2) Mean crushing force (F)

To clearly visualize impact load on the force—
displacement graph with reference to the initial peak force,
mean crushing force, which reflects the structure deforma-
tion pattern, should be plotted.

3) Crash force efficiency (CFE)

It is the ratio of the average or mean crushing load to the
initial peak load. It should be high for a good absorber.

F
CFE = —. 1
Fmax ( )
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4) Stroke efficiency (SE)

As a tube deforms, it shortens and forms many folds, by
which force resistance increases. Therefore, SE is defined
as the ratio of the crushed height (%) to the original height

(@)

SE = A 2

5) Energy absorption capacity (E,,)

It refers to the area under the force—displacement curve
that exhibits the energy absorption capability of the
structure. It is measured by integrating the load (F) with
respect to the deformed or crushed height.

h
Ep = fOF(h)dh. 3)

6) Specific energy absorption (SEA)
It is defined as the energy absorbed per unit mass of the
crushed component.
E
SEA = =% 4
m
All the aforementioned parameters are measured
through the force versus displacement curve, as shown in
Fig. 1.
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Fig. 1 Force vs. displacement curve of tubular structures used
for measuring crashworthiness parameters.

This study summarizes the crushing response of thin-
walled energy-absorbing structures that are mostly used in
the automobile industry. Structures that collapsed via
splitting or inversion deformation mode are beyond the
scope of this study because these deformation modes are
not frequently used in vehicle bodies [2]. The structures
included in the present study are classified as shown in Fig.
2 based on the extensive survey of the literature that
pertains to static and dynamic loading conditions.

This paper is structured in sections. Section 2 focuses on
the methodologies adopted by different researchers based
on experimental and numerical analyses. Section 3

discusses the different monolithic structures with loading
condition and chosen material. Section 4 presents
advancements in monolithic structures. Section 5 indicates
the results and discussion. Section 6 provides guidance on
future developments of the tubular structure. Section 7
provides the concluding remarks about the better crash-
worthiness functioning of the structures used as an energy-
absorbing component.

2 General approaches

Researchers have studied the crashworthiness performance
of tubular structures by adopting methodologies that help
analyze the effects of different geometric parameters using
experimental and simulation tests under quasi-static and
dynamic loading conditions.

2.1 Experimental setup

The crashworthiness characteristics of tubular structures
are examined through an experimental test under two
different loading conditions: Quasi-static and dynamic.
The quasi-static analysis approach is frequently used to
design structures that are subject to dynamic loading. It
helps simplify the analytical approach. Quasi-static
analysis is conducted using a compression testing machine
with a velocity within the range of 2-10 mm/min. A
dynamic test evaluates the behavior of a structure against
the actual condition of crashing that shows the unstable
deformation modes due to the dominance inertia effect.
Impactor mass and its velocity, which control the impact
energy subjected on the structure, are of primary
consideration to perform the dynamic test.

2.2 Numerical simulation setup

For numerical simulations, different finite element analysis
codes, such as ABAQUS, ANSYS (e.g., AUTODYNE and
LS-DYNA) and COMSOL, are available. The crushing
phenomenon has been simulated by placing the target
structure in between two rigid plates. The Belytschko—
Tsay shell element has been considered by most research-
ers to model tubular structures. The structure in this study
comprises a nonlinear property of a selected collapsible
material, and fixed and moving plates are considered a
rigid body. Contact between the rigid surface (both plates,
i.e., movable and fixed plates) and the tube structure is
provided as an automatic surface-to-surface contact. For a
large deformation case under quasi-static loading, simula-
tion time can be reduced by adopting some techniques
mentioned in LS-DYNA user’s manual [3], which are as
follows:

o Loading rate should be increased, with the inertia and
strain rate effects being disregarded.

e Mass scaling is adopted for a stable time step size.
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Fig. 2 Classification of a tubular structure.

e Density should be increased to avoid the time step
problem.

Clausen et al. [4] overcame the problem of simulation
time by introducing mass scaling into LS-DYNA.
Tarigopula et al. [5] introduced a velocity-ramping
technique to analyze the behavior of structures under
quasi-static loading in LS-DYNA. Velocity is ramped from
initial velocity to appropriate velocity and remains
constant throughout the analysis. A curve is defined by a
half sine wave function to provide the velocity-ramping
condition.

2.3 Prediction of energy absorption

A crushable component has a specific deformation
characteristic, based on which the energy-absorbing
capacity can be predicted. Deformation or failure can
vary for different tubular structures made of various
materials. Three methods (analytical, experimental, and
simulation) are used by researchers to analyze the energy

absorption capacity of tubular components. In the
analytical approach, deformation modes are an important
factor that predicts energy absorption capability.
Abramowicz and Jones [6] considered two folding
elements (Type-I and Type-lI) for a corner tube, as
shown in Fig. 3 [6], to predict energy absorption capacity.

The energy absorption for Type-l, i.e., in-extensional
mode (E;), is given by

16NI 4I,N?
:Po<l‘1”t+2nw+ s )

Tt

E, )

For Type-II, i.e., extensional mode (£,), it is defined as

2N?
E2:P0< P

where ¢ signifies the thickness of the tube, P, = Y#* /4, 1
designates the radius of toroidal shell, ¥ denotes the yield
strength of material, and /; and /5 are a constant integral
value that depends on cross-section.

+ 2w + nN> : (6)

(b)

Fig. 3 Mode of collapse element: (a) Type-I and (b) Type-1I. w: Width of the tube; a, y: Folding angle of corner element; N: Distance
between the plastic hinges of folding element. Reproduced with permission from Ref. [6] from Elsevier.
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Energy absorption in the case of a Type-II folding
element was rederived (Eq. (7)) by Abramowicz and Jones
[7]. This improved kinematic mechanism consists of three
forms of energy: Energy associated in extension, rebending
of curved surfaces, and along the stationary hinge lines:

4N?q

Ey = 2P|~

+aw+ N(n—2a)|. (7

Alexander [8] developed a theoretical model for a
circular tube that deforms in axisymmetric or concentric
deformation mode by considering inward folding. There-
after, Abramowicz and Jones [9] derived an expression for
the same deformation mode with inward and outward
folding to determine energy absorption capacity. The
authors considered two forms of energy: one is associated
with plastic hinges (E3) during the formation of one lobe
(Eq. (8)) and the other one is associated with circumfer-
ential forces (E4) (Eq. (9)):

E; = 4nP,(nR + N), ®)
N

E,=2nYiN* 1+ =), 9

—on ( +3R> ©)

where R represents the mean radius of circular column.

Hong et al. [10] experimentally and numerically
discussed the collapse modes for triangular tubes. The
authors incorporated a multi-corner folding mechanism
proposed by Wierzbicki and Abramowicz [11,12] to derive
the mathematical expression for triangular tubes. The four
collapse modes for triangular tubes were suggested, and
then the authors derived the analytical expression for mean
load based on the folding mechanism of each mode. The
triangular tubes frequently exhibited Mode C collapse; for
thick walls, Mode B collapse was observed. The expres-
sions derived for Modes 4 and B provided lower and upper
limits for the mean force, respectively.

For Mode A (all three edges move outwardly),

F wy 1/3
o =2666(=) " 10
P, ; (10)
For Mode B (all three edges move inwardly),
F wy 1/2
o =2443(2) " 612 11
P, o)t 11

For Mode C (one edge moves outwardly and the two
others move inwardly),

Pz _ 34.04@) By 2.84(?)2/3 121, (12)
S

For Mode D (one edge moves inwardly and the two
others move outwardly),

F 1/3 2/3
—:35.16(¥) +3.85(¥> 1417 (13)

P,

Apart from the two conventional folding mechanisms,
i.e., extensional and in-extensional folding elements of
tubes, a third inward-contracted folding element has been
observed for triangular tubular structures [13]. Sun and Fan
[13] explored the crushing behavior of triangular tubes
under quasi-static loading via experimental and theoretical
observations. The total five forms of energy (E5) are
associated with this third folding element and defined as

2
Es=P, {3nzv+3nw+ (23—“+ ﬂ)NT} (14)

Jones [14] introduced a concept known as the energy
absorption effectiveness factor to evaluate a good
component for absorbing impact energy. It is defined as
the ratio of the total energy absorbed by the component to
the energy absorbed up to the failure point by the same
volume of material. A high factor is considered a good
choice.

In experimental and numerical approaches, energy
absorption can be predicted on the basis of the obtained
load—displacement plot of tubular structures under com-
pressive loading. Luo et al. [15] explored the response
surface methodology to introduce a quadratic term that
provides better result than the single-factor variation to

obtain more accurate outcomes from a numerical approach
[16].

3 Monolithic structures

Tubular structures are used as energy absorbers or as
condenser—evaporator systems [17] in automotive applica-
tions. The major concern is how tubular structures absorb
impact energy. Uniform and taper tubes with different
cross sections, mostly circular, square, and rectangular,
have been used to explore their energy absorption
capability through experimental, numerical, and analytical
approaches. This section summarizes the response of
conventional tubular structures with reference to materials
and loading conditions (quasi-static and dynamic).

3.1 Circular tube

Circular uniform cross-sectional tubes are widely used as
absorbers because of their easy fabrication compared with
other cross sections. The major parameters that determine
the behavior of circular tube structures are diameter,
height, thickness, and material. The deformation mode is a
key indicator of the crashworthiness performance of
structures. Available studies have reported three deforma-
tion modes by which kinetic energy dissipates during
crushing. These deformation modes are
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1) Concertina or axis-symmetric mode,
2) Diamond mode of collapse, and
3) Inversion and splitting of tubes.

3.1.1 Steel
Circular tubes made of mild, stainless (AISI 304), A36,
and folding sheet steel have been examined against static
and dynamic loadings.
3.1.1.1 Static loading
Studies on deformation patterns can be described properly
under static loading compression. In 1960, Alexander [8]
analyzed the crushing behavior of circular tubes, assumed
the material as plastic rigid with plain strain condition, and
provided an approximate analytical formulation (Eq. (15))
for mean load, which exhibited a good relationship with
the results obtained from experimental tests.
F = Kvi">\/D, (15)
where K is a constant and D represent the mean diameter
of tube.

The method used here was inapplicable to large
deformations because it considered only a concertina
mode.

Thereafter, Pugsley [18] provided an analytical relation-

ship for mean load (Eq. (16)) that is applicable to a large
deflection that reflects diamond modes:

F t
F 1.6 x R +0.12, (16)
where F, indicate the end load that causes yielding.
Alexander [8] considered stationary plastic hinges for
the entire compression process. This work was modified by
Wierzbicki et al. [19] to study moving plastic hinges
through experimental observation. An earlier analysis was
performed by considering assumptions of constant crush
length for each crushing zone, which was not observed

during the actual condition because of moving plastic

hinges. Wierzbicki et al. [19] included a new term
eccentricity described by parameter m, which showed the
folding position with respect to the original radius of a
tube. The eccentricity factor m was set as 0.5 for the
folding that shared the same distance as the original
position and as 0 and 1 for completely external and internal
folding’s, respectively. The crushing force for the entire
crushing process was calculated using this arbitrary
eccentricity parameter. Thereafter, Singace et al. [20]
derived an eccentricity parameter and compared its value
with the experimental findings.

Several modification techniques, such as providing
cutouts, rings in the circumference of structures, and heat
treatment, have been adopted by many researchers to
provide a stable deformation mode. Gupta and Gupta [21]
demonstrated the effects of annealing and cutouts on
structures and found that the use of cutouts (Fig. 4) can
prevent global buckling dominant in long tubes.

Gupta [22] studied the effect of cutout size by varying
hole diameter and provided information regarding the
deformation mode for tubes under annealed and non-
annealed conditions. The non-annealed tube collapsed in
concertina mode, and the annealed tube failed in diamond
mode. Two opposite holes at mid height provided
progressive deformation even for the case of a long tube,
with the possibility of Euler buckling deformation mode.
The presence of grooves throughout the surface at certain
intervals also enhanced the performance of the structure
[23]. The grooved tubes were analyzed through analytical
[23] and experimental [24] approaches by varying the
distance of grooves on the internal and external surfaces of
the tubes. This process helped to control plastic deforma-
tion at a predefined interval, as depicted in Fig. 5(a) [24].
The implementation of short-interval grooves-controlled
deformation, whereas long-interval grooves exerted no
influence on the deformation pattern.

Mokhtarnezhad et al. [25] conducted experimental,
numerical, and analytical investigations to explore the
effect of an external grooved surface, as shown in Fig. 5(b).
The grooved surface helped to provide an axisymmetric
collapse mode that offered high load uniformity through-
out the stroke length.

Fig. 4 Front and top views of a deformed tube with two opposite holes at mid height. Reprinted with permission from Ref. [21] from

Elsevier.
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shell/tube, respectively; b, d: Width and depth of groove, respectively; A: Groove distance; H: Length of rings between grooves.

Reproduced with permission from Refs. [24,25] from Elsevier.

3.1.1.2 Dynamic loading

In case of quasi-static loading, approximate results are
used to assess the initial stage of deformation character-
istics of tubular structures. Dynamic loading, which
reflects the actual condition by incorporating the inertia
effect, is preferred to attain reliable results. The strain rate
effect is a prominent factor under the dynamic loading
condition. Karagiozova and Jones [26] studied the effect of
strain rate on the crushing response of tubes under varying
geometric and boundary conditions of the tubes along with
impactor velocity. The obtained mean crushing load was
predicted well using Alexander’s modified theoretical
solution [8], which included the strain rate sensitivity
factor.

Wang and Lu [27] studied the crushing response of
cylinder tubes (steel and aluminum) with a velocity range
of 114-385 m/s and discovered a new deformation pattern
known as the “mushrooming effect.” With this effect, the
wall of a tube thickened under dynamic loading, and
various deformation modes were obtained at different
velocity ranges, as illustrated in Fig. 6 [27].

Tabiei and Nilakantan [28] explored the effect of mine
blasts underneath infantry vehicles on occupants. They
adopted a new concept of energy-absorbing seat mechan-
ism (EASM) that helps reduce reaction force by absorbing
the kinetic energy of a blast from a mine underneath a
vehicle. An analytical relation was developed and
implemented to reduce the dependency on extensive
computational studies and destructive testing. The trigger
mechanism was also adopted by the authors of Refs.
[29,30] to explore crushing behavior under dynamic
loading. The effect of an elliptical cutout [29] on the
surface of high-strength steel (HSS) tubes was studied
using the finite element code LS-DYNA; cutout position
and symmetry and variation in major axis were identified

Fig. 6 Steel samples: Collapse modes at velocities of 385, 277,
227, 173, and 0 m/s (from left to right). Reprinted with permission
from Ref. [27] from Elsevier.

as the influencing parameters for the collapse behavior of
structures.

A press-fitted steel ring around the circumference of a
cylindrical steel tube was examined by Isaac and Oluwole
[30]. These authors considered the effects of the
parameters of ring thickness and number, slenderness
ratio, and tube thickness, on the performance of the used
structure under axial and oblique loading conditions, as
shown in Fig. 7 [30]. The explicit finite element code
ABAQUS using the Johnson—Cook material model was
adopted for analysis. The tube with a ring exhibited better
energy performance than the normal circular tubes.

3.1.2 Aluminum

Different forms of aluminum alloys (e.g., commercially
available pure aluminum, AA-1050, AA-5052, AA-6060,
and AA-6061, considering temper condition) were focused
on in the present study for the crashworthiness perfor-
mance of different tubular structures.
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Reproduced with permission from Ref. [30] from Elsevier.

3.1.2.1 Static loading

The performance of tubes was analyzed with reference to
cutouts, grooves, and heat treatment while designing the
parts [24-26,31]. In several cases, the aluminum thin-
walled structure exhibited opposing results to those of steel
tubes. The specimens regarded as annealed deformed in
concertina mode, and the non-annealed specimens pre-
sented a diamond deformation mode. The effect of cutouts
on components made of aluminum displayed the same
behavior as that of steel tubes.

Chen and Ozaki [32] provided corrugation on the
circumference of a cylindrical structure, which reduced
fluctuations in the load—displacement curve. Eyvazian
et al. [33] studied two types of corrugation, i.e., radial
corrugation (Fig. 8(a)) and longitudinal corrugation
(Fig. 8(b)), with variations in corrugation depth and size
on circular aluminum tubes to demonstrate the failure
mode of the structures.

(b)

Fig. 8 Schematic of circular tubes with (a) radial corrugation and
(b) longitudinal corrugation.

Experimentation demonstrated that the radial corruga-
tion provides a low initial peak force because it acts as a
buckling initiator with minimal load fluctuations. By
contrast, the lateral corrugation presents a higher peak
force value with more fluctuations in the load—
displacement curve.

Other studies have been conducted to improve the
energy absorption capacity of structures. Salehghaffari
et al. [34] introduced two novel structural enhancement
approaches to improve the crashworthiness of metal tubes.
In the first design, shown in Fig. 9(a) [34], two tubes with
interference theory were developed, in which a steel tube
was used as the ring that was driven into the aluminum
tube to expand the tube. Energy dissipated in three forms:
Expansion of the aluminum tube, friction between the
aluminum and steel rigid tubes, and the formation of a
plastic concertina fold. The second layout, shown in
Fig. 9(b) [34], was developed by generating grooves on the
tube’s surface to achieve progressive folding that will help
enhance crashworthiness performance.

Nia and Khodabakhsh [35] explored the effect of radial
distance on the crushing behavior of an aluminum AA-
1050 circular tube that was tested experimentally and
numerically. This radial distance, called dimensionless
number (7), was calculated in terms of the outer radius
(R,) and inner radius (R;) of the tube, as shown in
Eq. (17):

2(R0 7Ri)

: 17
R+ R (17)

]7:

The result indicated that if the value of # was between
1.2 and 1.52, then the structure exhibited maximum energy
absorption; if # was 0.66, then the maximum specific
energy was presented. Although the aluminum tube
demonstrated good performance under the impact, the
primary concern was the high initial peak force, which
caused severe injury to occupants. Focusing on this issue,
Ghamarian and Abadi [36] and Kumar et al. [37] studied
the effects of a capped cylindrical tube under quasi-static
axial loading on deformation mode and energy absorption
capacity. The obtained results of the capped tube through
experimental and numerical analyses were compared with
those of an open-end tube. The initial peak was reduced by
15%—-30% for the end capped tube compared with the
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(b)

Fig. 9 Schematic of specimens with developed designs of (a) tube with expanding rigid ring press-fitted at the top and (b) tube with wide
external grooves. d,, d;: Outer and inner diameter of expanding steel ring; L;, L,: Length of tubes. Reproduced from Ref. [34] from

Elsevier.

conventional open tube, with identical energy absorption
capacity.

Modifications in terms of triggering mechanism have
been introduced to achieve the smooth plastic flow of
tubes. Airoldi and Janszen [38] introduced a triggering
mechanism into a hollow tube, which was part of the
landing gear of an aircraft. This mechanism reduced the
maximum initial peak force when impact occurred, which
was useful for the crashworthy analysis of landing gears.
The buckling initiator [39], as shown in Fig. 10 [39], was
used as another means to reduce the initial peak during
impact for landing gear applications and other roadside
energy absorber applications.

Liu and Day [40] described the bending collapse
behavior of a tube through global energy theory. The key

Fig. 10 Circular tube with buckling initiator. Reprinted with
permission from Ref. [39] from Elsevier.

parameters for deriving an empirical relationship were
applied moment and bending angle, assuming that all crush
energy was absorbed and distributed along the formed
plastic hinge line.

3.1.2.2 Dynamic loading

Compared with steel, aluminum experiences less strain rate
effect under dynamic loading condition [24]. The fatigue
life of AA-7050-T7451 was examined through the
continuum damage mechanism model [41] with the help
of the obtained plastic flow through the impact of pit,
residual stress, impact pit radius, and depth.

Galib and Limam [42] performed experimental and
numerical analyses on an AA-6060-T5 circular tube with
an impact velocity of 60 km/h. The major observation was
focused on initial peak load, D/t ratio, and deformation
pattern. The numerical results for the mean crushing force
exhibited good correlation with the experimental results
given that D/t ratio varied from 10 to 65. In case of
dynamic loading, mean force increased by up to 10%. The
effect of a buckling initiator [43] on two types of hat cross
sections, i.e., bonded- and riveted-type tubular structures
made of AA-1050 and AA-5052, was studied. The bonded
structure provided better results because its increased crush
strength compared with the riveted type. Wang and Lu [27]
demonstrated the mushrooming effect on aluminum and
found that it exhibited less strain rate sensitivity to all
deformation features, similar to a steel tube. Figure 11 [27]
shows the mushrooming of aluminum tubes at different
velocities.

3.2 Square/rectangular tube

Energy absorbers have extensive application areas, and
structure shape will change in accordance with the
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Fig. 11 Aluminum samples: Collapse mode at velocities of 361,
220, 137, and 0 m/s (from left to right). Reprinted with permission
from Ref. [27] from Elsevier.

requirements of a particular application. Therefore,
researchers have focused on structures other than the
conventional circular tubular structure. This section
includes detailed information regarding tubular structures
with square/rectangular cross sections fabricated via the
extrusion or welding of wall sheets. Studies are categorized
on the basis of material and loading condition.

3.2.1 Steel

3.2.1.1 Static loading

Lu et al. [44] investigated the effect of splitting on the
capability of structures to absorb impact energy apart from
the earlier studied form of deformation to absorb energy. In
their study, a structure with a square cross section absorbed
energy in three forms: energy associated with the splitting
of the tube at the starting point of contact that led to
fracture initiation, progressive deformation with curl
formation as friction energy, and tearing energy. Huang
et al. [45] predicted the energy absorption of a tube
splitting (i.e., tearing energy, friction energy, and bending
energy) mechanism with theoretical formation and com-
pared it with the experimental output. Three semi-angles
(45°, 60°, and 75°) were selected for the pyramidal die on
the tube splitting test, the arrangement of which is shown
in Fig. 12 [45]. The results suggested two methods for
increasing the SEA of square tubes: By increasing shell
thickness and by providing curvature on a die instead of a
sharp die.

During an actual crash, energy absorbers are subjected to
axial loading, followed by bending collapse. Under this
condition, a crash box system fails because of the axial
force and bending moment. Han and Park [46] studied the
effect of oblique loading on a mild steel thin-walled
column that collapsed due to axial and bending effects. The
theoretical expression for mean crash load was obtained in
terms of geometric parameters and critical angles, which

Cross head of machine
I T 1—> |

) |_w T-type mandrel
t

—p— | Square tube

5 mm sawcut
L 7N N /v
7 N
s N

Pyramidal die

Adjustment block

- -

Machine base

Fig. 12 Schematic representation of tube splitting arrangement.
Reproduced with permission from Ref. [45] from Elsevier.

provided a good correlation with the experimental
findings.

DiPaolo et al. [47] experimentally investigated the axial
collapse behavior of a welded AISI 304 stainless steel
square tube. The primary objective was to achieve a
suitable configuration that could influence the structure’s
folding formation during crushing. Deformation control
methods, which were in the form of grooved patterns on
the sidewalls of the structure, as shown in Fig. 13(a) [47],
and end constraint, as shown in Fig. 13(b) [47], provided
stability to the load—deflection curve.

(a) (b)

Fig. 13 Constraint used for a square box component:
(a) Grooves on the sidewalls of the tube and (b) grooved end
cap for end constraint. Reprinted with permission from
Ref. [47] from Elsevier.

Xu et al. [48] investigated the crushing response of a
tailor-welded blank (TWB) HSS tube structure that was
fabricated via a laser welding process with different weld
line locations. The TWB structure used in the study was
not joined at the center but supported by two opposite
plates. The effects of weld line location and material
combination on the response of crashworthy parameters
were studied. The result showed that the angle between the
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weld line and the crushing position was a significant
parameter.

3.2.1.2 Dynamic loading

Square tubes were analyzed experimentally, followed by a
theoretical prediction [6,7] under dynamic loading. Strain
rate affects the quasi-static compression of steel tubes. The
obtained deformation of different samples showed that the
unstable collapse behavior offered minimal plastic hinges
that initiated buckling. Otubushin [49] used the experi-
mental result mentioned by Abramowicz and Jones [6] to
validate nonlinear finite element results, in which an
isotropic elastic material model with strain hardening was
selected and the Cowper—Symonds equation was used.

A hat-shaped square crash box system was investigated
in Ref. [50] to predict the effect of combined elasto-plastic
condition at the time of impact and strain rate sensitivity.
The authors found that buckling occurred on opposite sides
of the crash system under dynamic condition. This
phenomenon can be avoided by using high plastic stress
with a high-strain-rate material.

Glimriik and Karadeniz [51] introduced the geometric
feature of a trigger bump (semicircular cross section) into a
square hat crash box system (Fig. 14) and analyzed its
crashworthy property by performing a simulation. Defor-
mation behavior improved by using the trigger. Further
simulation was performed to determine the effects of
trigger position, size, and number on the crush response of
the structure.

=) N

| i
View G

Section u—u

Fig. 14 Square hat tube with trigger.
permission from Ref. [51] from Elsevier.

Reproduced with

Zhang and Huh [52] investigated the performance of a
square tube structure with longitudinal grooves on all its
faces, as shown in Fig. 15(b) [52], and one with
longitudinal grooves on opposite faces, as shown in
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Fig. 15(c) [52]. A series of simulation tests with an impact
velocity of 10 m/s was performed, and the energy-
absorbing characteristics were compared with those of a
simple square tube, as shown in Fig. 15(a) [52].
Deformation behavior was defined in terms of £, SEA,
and F,,, with variations in tube width, groove length, and
groove number. Along with E,,, SEA was enhanced by up
to 82.7% and peak load was decreased by up to 22.3%
compared with those of conventional tubes.

3.2.2 Aluminum

3.2.2.1 Static loading

Langesh and Hopperstad [53] studied the performance of
extruded aluminum AA-6060 with variations in thickness
and temper conditions (T4 and T6). The deformation
modes were symmetric, which was primarily due to the
temper condition of the alloy. The model of Abramowicz
and Jones [6] was used to evaluate mean crushing load,
which was considered satisfactory. Thereafter, numerical
validation [54] was performed, and the result was
compared with the result of [53] to compare the accuracy
of the theoretical prediction and the assumption made in
relation to extrusion geometry and temper condition. The
results were compared with the experimental results,
showing that the peak and mean load were approximately
less than 10%. Jensen et al. [55] used AA-6060 with
temper condition T6 to study different aspects of
deformation, i.e., the transition of progressive deformation
to global buckling with varied lengths. The local (b/h
ranges from 17.78 to 40) and global (L/b ranges from 5 to
24) slenderness variables were important factors that
marked critical global slenderness. They were described
as deformation states with either a direct global buckling or
a change from progressive to global buckling.

Tubular structures can absorb energy via piercing
deformation mode. In this method, energy dissipation is
achieved with the involvement of fracture or the tearing of
structures at the contact point, leading to continuous stable
curling. Stronge et al. [56] experimentally studied the
effect of tube splitting on a square tube, in which energy
dissipated in the form of fracture energy as the tube was
pierced. This system predicted the energy associated with
plastic deformation and the energy due to frictional work
but hardly identified the tearing energy at four corners,
which was the focus of Lu et al. [44]. Huang et al. [45]
investigated the splitting of a square aluminum tube and
provided the change in die shape (pyramidal die) used by
Stronge et al. [56].

The effects of oblique and axial loadings are considered
important parameters for analyzing the crushing response
of energy absorber components. Reyes et al. [57]
experimentally and numerically investigated oblique
loading effect on an aluminum AA-6060 square tube
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Fig. 15 Numerical models of (a) conventional square tube, (b) square tube with grooves on all faces, and (c) square tube with grooves on
opposite faces. Reprinted with permission from Ref. [52] from Elsevier.

structure. The oblique impact condition was analyzed with
three impact angles (5°, 15°, and 30°) measured from the
center line of the structure. The result showed that energy
absorption dropped drastically by introducing a 5° load
angle; further increase in load angle led to compact energy
absorption. Under oblique loading, a uniform structure
collapsed in Eulerian buckling mode; consequently, it did
not absorb impact energy up to the survival of occupants.
Therefore, structures under such loading should be
appropriately designed to reduce the chance of Euler
mode deformation, followed by stable folding during
crushing. Nia et al. [58] introduced a buckling initiator into
a tube structure to avoid Euler mode and then tested it
experimentally and numerically under oblique loading
condition. The initiator was used in the form of cutting at
the tube corner (Fig. 16) [58].

The effects of the position and number of initiators were
the focus of their study. The authors found that the
deformation mode changed from normal buckling to
progressive buckling with the use of initiators. Zhang
et al. [59] developed two types of patterns that were

(@)

constructed using pyramidal elements, as shown in
Fig. 17(a), on a square tube. Type A, as presented in
Fig. 17(b) [59], was used to trigger the extensional mode,
which was applicable to thin tubes. Type B, as shown in
Fig. 17(c) [59], was for absorbing more energy with the
formation of a new octagonal deformation mode. The
obtained results showed that Type A absorbed 15%—32.5%
of energy, and Type B exhibited an increased value of
54%-93% compared with a conventional tube.

Arnold and Altenhof [60] conducted a quasi-static
experimental test on aluminum AA-6061 with temper
conditions T4 and T6 and a hole discontinuity (Fig. 18) at
the mid length of the tube. Under T4 condition, the tube
was deformed in a progressive manner. Cracking with
splitting led to a deformation under T6 condition. With the
same geometric features and loading condition, AA-6061-
T4 absorbed approximately 80% more energy than AA-
6061-T6.

Cheng et al. [61] focused on the crush behavior of AA-
6061-T6 with three geometric discontinuities: circular,
slotted, and elliptical holes. CFE and SEA were improved

(b) (©
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Fig. 16 Schematic of square tubes with different trigger positions: (a) Trigger at the top, (b) trigger symmetric on two planes, and
(c) trigger asymmetric on three planes. Reproduced with permission from Ref. [58] from Elsevier.
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(@ (b)

Fig. 17 Schematic of new design structure: (a) With pyramidal element, (b) Type A, and (c) Type B patterns. p, g: Side of pyramidal
element; s: Apex height. Reproduced with permission from Ref. [59] from Elsevier.

Fig. 18 Schematic of a square tube with a hole at mid length. dj:
Slot diameter. Reproduced with permission from Ref. [60] from
Taylor & Francis.

with the use of cutouts but peak force was reduced
compared with those of a conventional tube. Zhang and
Zhang [62] performed experimental and numerical tests on
AA-6061-O square tubes with varying thicknesses. The
crushing performance of the square tube was explored
through the identified collapse mode and the crush
resistance provided by corner elements.

3.2.2.2 Dynamic loading

For identical crushing lengths, aluminum tubes exhibit
higher mean force against impact loading [53] compared
with that against static loading. Meanwhile, impact
velocity does not significantly affect the variation in
force [6]. A linear relationship was observed between
energy and displacement under T4 condition, but the same
energy level was determined for the T6 scatter pattern. The

experimental results were predicted well by performing a
simulation in Ref. [54]; a parametric study that explores
crashworthiness performance by optimizing constrained
parameters was emphasized. Fyllingen et al. [63] con-
ducted stochastic simulation on a tube with a thickness of
3.5 mm subjected to dynamic loading. The results were
compared with the experimental output [55]. They found a
similar collapse mode (progressive buckling, global
buckling, and transition phase from progressive to global)
and maximum force, but the average force for the structure
was underpredicted.

3.3 Frusta tube

The primary indicator for a good energy absorber is the
load—displacement curve, which depends on all factors of
crashworthiness being determined. Frusta tube structures
exhibit a stable deformation curve, such as a uniform cross
section, and demonstrate high response in case of large
tubes due to their varying cross sections. Euler buckling
occurs for uniform sections. The crushing response of
frusta tubes under static and dynamic loadings is high-
lighted in this section.

3.3.1 Static loading

Mamalis and Johnson [64] investigated the response of an
AA-6061-T6 annealed frusta or truncated-cone-type struc-
ture to explore the effects of taper angle (5° and 10°) and
thickness. The experimental results were compared with
those of a circular tube with the same height and outer
diameter (larger end diameter for the frusta). The thick tube
presented a concentric ring of folds, and the thin tube
formed a diamond lobe after achieving initial first folding
as an asymmetric mode of deformation. In addition to
collapse mode, slenderness ratio (¢/d) also affected
structure performance. Thereafter, Mamalis et al. [65]
developed a theoretical model for peak force and mean
force with the assumption that no change will occur in the
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initial smaller diameter as it deforms. The obtained results
and theoretical model were primarily affected by slender-
ness ratio and taper angle. With an increase in slenderness
ratio (keeping mean diameter constant while thickness
increased), peak force also increased. A small increment in
mean force caused a large variation in load amplitude in the
load—deformation curve. As the taper angle increased (5°,
10°, and 14.35°), the peak force decreased. The mean force
was minimally affected, followed by a progressive collapse
that reflected an increase in CFE. Reid and Reddy [66]
explored the effect of a mild steel square tube with tapered
faces on the response behavior of the load—deformation
curve under quasi-static and dynamic loading conditions.
Two distinct models, i.e., single-tapered and double-side
tapered tubes, were compared with a uniform straight tube.
The tapered tubes exhibited better stability in the load—
deformation curve.

In a similar context, Nagel and Thambiratnam [67]
performed a parametric study by using the finite element
code ABAQUS to demonstrate the performance of a
rectangular frusta tube with double taper, triple taper, and
all-four-side taper. Along with the variation in faces,
varying thicknesses and semi-apical angles were also
considered for the analysis under quasi-static axial loading.
The initial peak load increased significantly with an
increase in wall thickness and decreased with an increase
in taper angle. References [36,37] focused on the
deformation characteristics of a circular end capped tube
and found that the capped structure reduced the initial
maximum load by 15%-30% compared with an uncapped
tube. The researchers adopted capped and uncapped
structures on frusta tube to explore its crashworthy
properties under quasi-static and dynamic loading condi-
tions.

El-Sobky et al. [68] highlighted the influence of a
capped end or a constrained structure by performing a
quasi-static experimental test. Four types of constrained
motion were studied: (1) Top constrained, (2) base
constrained, (3) fully constrained, and (4) non-constrained
frusta. Among all the constrained structures, the top-
constrained frusta achieved maximum energy absorption
by providing a radial end constraint. The influences of
semi-apical angle (15°-60°) and thickness (1-3 mm) on
the crushing response of frusta tubes were studied by
Alghamdi et al. [69]. Five types (Mode-1, Mode-II, Mode-
I, Mode-IV, and Mode-V) of collapse modes were
identified (Fig. 19) [69]. These modes were the combina-
tion of the lower end having an outward inversion and the
upper end having an inward inversion and an extensible
collapse.

Frusta with a tapered angle of 75° exhibit a folding
crumpling deformation mode [70]. In this mode, the
structure can absorb the maximum amount of energy
compared with other deformation modes because plastic
deformation is highly associated with the formation of a
number of plastic hinges.
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Gupta et al. [71] studied the influence of taper angle
(16.5°-65°) on the deformation mode of an aluminum
conical frusta tube. The experimental findings indicated that
a diamond failure mode appeared for a taper angle of up to
30°. Meanwhile, frusta with higher taper angles (44.8°, 53°,
and 65°) failed due to the formation of rolling and stationary
plastic hinges. Increased taper angle resulted in increased
proneness to the formation of plastic hinges, which led to
maximum energy absorption. A cap surface also reduced the
initial maximum force. In this context, modifications in
geometry with variations in angle and structure were studied
by Prasad and Gupta [72]. The authors conducted a
comparative study of collapse modes and load deformation
behavior of aluminum spherical domes and tube under
quasi-static and dynamic impact conditions. The frusta
geometry was varied as the taper angle increased from 44.5°
to 67.1° and the slenderness ratio (¢/d) ranged from 0.00554
to 0.02152. For a hemispherical cap, R/t value ranged from
15.3 to 240.9. The deformation mode was sensitive to the
compression rate. In case of a spherical dome and an
increase in R/f value, mean collapse load increased; in case
of frusta, mean load and energy absorption capability
increased with an increment in d/t. Niknejad and
Tavassolimanesh [73] introduced a mathematical model
for the plastic deformation of a capped-end frusta tube with
inversion collapse. The proposed analytical model was used
to predict the instantaneous load versus displacement at the
time of the inversion process.

The effect of geometric modification in the form of
corrugation and cutouts has been studied for tapered tubes,
as mentioned in the earlier section (circular and square/
rectangular tubes), to explore their deformation behavior.
Chahardoli and Nia [74] performed experimental and
numerical analyses on the crushing response of a capped
end taper tube made of steel alloy 430 with a circular hole.
The variations in hole position, thickness, and diameter
and the number of planes and holes in a plane were the
most affected parameters for the collapse mode of the
structure. The obtained results showed that an open-ended
absorber exhibited better performance than cap-ended
frusta. CFE and initial maximum force were affected by
the variation in hole position. When a hole was located
near the loading end, the initial peak force for open-ended
and cap-ended frusta tubes decreased with an increase in
CFE.

3.3.2 Dynamic loading

Mamalis et al. [75] investigated the response of a tapered
tube under axial and oblique dynamic loading conditions.
The collapse modes of a tapered tube with two semi-apical
angles (5° and 10°) were compared with the those of a
uniform circular tube. The effects of #/d and taper angle
were highlighted while explaining the deformation pattern.
The peak load increased with an increase in ¢/d but
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Fig. 19 Mechanism of deformation. Reproduced with permission from Ref. [69] from Elsevier.

decreased with an increase in taper angle. Nagel and
Thambiratnam [76,77] extended this work with variations
in loading condition (impactor mass and velocity) and
geometric features (thickness, tapered angle, height, and
width of tube). The results were compared with those of a
uniform rectangular section, and the researchers concluded
that the tapered tube was more sensitive to thickness and
impact velocity. Nagel and Thambiratnam [78] determined
the crashworthiness performance of a tapered rectangular
tube under oblique dynamic loading condition with
variations in loading parameters (angle of obliquity and
impact velocity) and geometric parameters (wall thickness,
taper angles, number of taper faces, height, and width). An
increase in load angle reduced the energy absorption
capacity, which could be avoided with an increase in the
number of taper faces. In addition to loading angle,
thickness also influenced energy absorption during pro-
gressive collapse, but width and length were insignificantly
dominant. The effect of geometric irregularities was also
studied under dynamic loading condition. Tastan et al. [79]
examined tapered tubes by introducing lateral circular
cutouts as shown in Fig. 20 [79].

Simulations were performed using the finite element
code LS-DYNA to explore the effect of lateral cutouts on

crashworthiness performance. The authors focused on the
surrogate-based optimization method to find the optimal
value of properties and features, such as taper angle, cutout
diameter, cutout position, and number of cutouts to obtain
high CFE and SEA. CFE and SEA for taper tubes with
cutouts increased by 27.4% and 26.4% compared with
taper tubes without cutouts.

3.4 Composite tubular structures

The deformation behavior of structures made of composite
materials differs from that of metallic ones. Composites are
brittle and follow different energy-dissipating modes, such
as through fiber breakage, delamination, and matrix cracks
[80]. Metallic thin-walled components exhibit a ductile
property and allow deformation through a controlled and
progressive manner. Irrespective of the greater SEA of
composite materials compared with steel and aluminum,
they have a limited field of applications, such as the
aerospace and sport car industries, due to their anisotropic
behavior [81] and difficulty in design and analysis. The
analysis of composite structures depends on fiber type and
orientation, matrix resin type, and testing condition
(temperature and load) that determine energy absorption
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Fig. 20 Schematic of tapered tubes (a) without cutouts and (b) with circular cutouts. Dy, D;: Smaller and larger end diameter of frusta
tube respectively; ¢: Taper angle of frusta tube. Reproduced with permission from Ref. [79] from Elsevier.

capacity and failure mode [82]. Solaimurugan and
Velmurugan [83] studied the effects of fiber orientation
and stacking sequence on the specific energy absorption
capacity of a glass/polyester composite tube under axial
compression.

Kim et al. [84] comparatively studied circular composite
tubes with different reinforcing fibers (Kevlar, carbon, and
carbon—Kevlar hybrid fibers) with epoxy resin. The
experimental results showed that the carbon/epoxy tube
exhibited better energy absorption capability than Kevlar.
Hamada et al. [85] studied carbon fiber/polyether ether
ketone tubes under a quasi-static axial compression test to
acquire information regarding the formation of splaying
mode. Song et al. [86] derived an expression for the
instantaneous velocity and displacement of metal tubes
(aluminum, copper, and steel as inner tube materials)
wrapped by a glass/epoxy composite, which was validated
with the experimental results. The quasi-static and
dynamic compression tests demonstrated four similar
modes of deformation, namely, compound diamond,
compound fragmentation, delamination, and catastrophic
failure, as shown in Fig. 21 [86].

Mirzaei et al. [87] developed an expression for a hybrid
tube (aluminum tube wrapped with glass—epoxy compo-
sites) under quasi-static loading, which was based on
Alexander’s model [8]. The expressions for mean crushing
force and fold length were derived by considering the

(b)

Fig. 21
failure. Reprinted with permission from Ref. [86] from Elsevier.

effects of the stacking sequence of fiber, the ply orientation
of each layer, composite and metal properties, the
thickness of metal and composite, and other geometric
dimensions. The composite structures are required to
perform efficiently; two factors are important to achieve
this objective: to initiate the failure of the structure by
adopting trigger techniques and to maintain the stability of
the crumble zone [88].

Thuis and Metz [89] discussed the splaying and
fragmentation modes of the deformation of carbon/aramid
hybrid composite components with trigger inclusion. The
splaying mode absorbed more impact energy than the
fragmentation mode. Siromani et al. [90] compared the
effects of three trigger mechanisms (chamfered end,
inward folding, and outward splaying crush caps) with
the response of a flat-ended composite tube.

Huang and Wang [91] introduced a bevel trigger into a
carbon-reinforced composite tube and analyzed its defor-
mation behavior experimentally and numerically under
quasi-static loading. The bevel trigger helped control the
initiation of failure by reducing initial peak, enhancing its
deformation stability. Chiu et al. [92] investigated the
effect of tulip triggered on a carbon—epoxy composite tube
subjected to quasi-static and dynamic loading having
loadings with a strain rate of up to 100 s '. The authors
concluded that the strain rate had no effect on the specific
energy absorption capability of the composite because it

(d

Collapse modes of combined tube: (a) Compound diamond, (b) compound fragmentation, (c) delamination, and (d) catastrophic
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completely depended on the manner of fiber failure
propagation.

Similar to metallic tubes, composite tubes also provide
corrugation for enhancing energy with the uniform
deformation of structures. Mahdi et al. [93] numerically
studied corrugation along a circumference of cotton fiber/
propylene tube. Corrugation helped deform the structure at
a predefined region, which continued to form progressive
crushing. The energy absorption capability of such type of
tube primarily depended on the number of corrugations
provided on the shell and aspect ratio. The performance of
a corrugated tube made of laminated woven roving glass
fiber/epoxy was explored under axial [94] and lateral
loading conditions [95]. The effect of corrugation in the
radial direction was compared with that in a uniform
composite tube under axial loading. The radial corrugated
composite tube (RCCT) exhibited good energy absorption
capability. In case of lateral loading, no significant effect
on energy absorption was observed. The RCCT tube failed
initially via debonding of the face surface, leading to the
mushroom type of failure.

Apart from a circular cross section, square and
rectangular sections fabricated with different composite
materials have also been focused on in crashworthiness
studies. Mamalis et al. [96] reported the crashworthiness
behavior of square tubes fabricated with two composite
materials: A fiberglass composite with random fiber
orientation and a commercial glass fiber. The effects of
variations in thickness and crushing length were studied
under axial and dynamic loadings. Carbon fiber-reinforced
plastic (CFRP) square tubes were analyzed under axial
static compression [97] by considering the effects of the
length, thickness, and volume of fiber and reinforcing
plies, in addition to geometric aspect ratio and laminate
properties. The brittle deformation formed was categorized
in three modes (Fig. 22) [97]: Mode-I progressive end
crushing, Mode-II local shell buckling, and Mode-III mid-
length collapse. Among the three modes, Mode-I exhibited
a stable deformation as failure due to the splaying and
bending of laminates rather than shearing in the transverse
direction.

Thereafter, the authors performed a dynamic test [98] to

® <

analyze the effect of strain rate. The studies conducted in
the published literature [97,98] were validated by perform-
ing simulations [99] using the finite element code LS-
DYNA 3D. Zarei et al. [100] numerically and experimen-
tally explored the crushing behavior of a square tube made
of a thermosetting composite by using the multi design
optimization technique. The crashworthiness performance
of the optimally designed composite tube was compared
with that of an optimum aluminum tube. The energy
absorption of the optimum composite tube was 17% more
and it had 26% less weight than the optimum aluminum
tube.

The nature of composite deformation is brittle; thus,
considerable work has centered on how brittle structures
can be turned into ductile structures. In this regard,
Bambach et al. [101] worked on a composite steel-CFRP
tube to achieve high energy absorption by combining the
properties of steel. Bambach et al. [102] investigated a
spot-welded square tube made of HSS reinforced with
carbon fiber polymer (Fig. 23) under static and dynamic
loading conditions.

The results were compared with the results of earlier
studies mentioned in Ref. [103]. The steel with a spot-
welded composite tube presented a fracture at the corner
due to the wide range of spot weld that caused debonding
and curling. Bambach [104] investigated different combi-
nations of metal and composite. The author studied three
combinations of metals, namely, steel, stainless steel, and
aluminum, with a CFRP square hollow section (SHS) tube
and compared the performance of different configurations.
The result indicated that the strength, mean crushing force,
and specific energy absorption improved by up to 1.9,
1.87, and 1.55 times, respectively, with the use of a CFRP—
metal SHS tube. The bonding between the metal and the
fibers was further investigated using an element approach
(effective width method) [105].

4 Advancements in monolithic structures

Researchers have given considerable attention to thin-
walled tubular structures, mostly circular and square

Fig. 22 Modes of failure of specimens under compressive loading: (a) Mode-I, (b) Mode-II, and (c) Mode-IIl. Reprinted with

permission from Ref. [97] from Elsevier.
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Fig. 23 Spot-welded steel-CFRP SHS tube. Reprinted with
permission from Ref. [102] from Elsevier.

sections. With the advancement in numerical methods,
researchers have progressed to exploring the deformation
mechanism of complex structures.

This section focuses on modified structures that enhance
crashworthiness performance under impact loading. Struc-
tures are modified with the addition of fillers (either foam
or honeycomb) to conventional tubular structures (studied
in Section 3), multicellular structures, multiwall structures,
structures with functionally graded thickness (FGT), and
hierarchical and self-locking structures.

4.1 Fillers used in tubular structures

Simple tubular structures have provided good results, as
studied earlier, and should be further improved by filling
additional structures. With the addition of fillers, individual
performance improved the overall crashworthiness char-
acteristics of structures. In this section, tubular structures
filled with foam (either metallic or nonmetallic) and
honeycomb core are studied.

4.1.1 Foam-filled tubular structures

The response of foam at different impact velocities should
be identified for the efficient use as core in filled tubes’
energy-absorbing components. In this context, Zheng et al.
[106] explored the collapse characteristics of a metallic
foam rod by using wave models. The behavior of stress,
strain, and velocity in the foam rod during impact was
derived by considering two wave models: Transitional
mode for medium-velocity impact and shock mode for
high-velocity impact. The authors considered two impact
conditions: The impact of rod—target and the impact of
striker—rod. Zheng et al. [107] further investigated a
unified framework of plastic shock wave models to predict
high-precision stress induced at the time of shock that
arose from both impact conditions. The energy absorption
capacity of cellular structures under dynamic loading is
frequently integrated with three factors (inertia stability,
shock wave effect, and material strain rate hardening),
making the prediction of the dynamic effects difficult
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[108]. Liu et al. [108] developed a model that incorporated
the three factors associated with micro lattice structures.
They also explored the effects of individual factors through
finite element method simulations.

Reid et al. [109,110] and Reddy and Wall [111]
performed static and dynamic tests on polyurethane foam-
filled square, rectangular, tapered, and circular tubes made
of mild steel sheet. The load stability and energy absorption
capacity were compared with those of an empty tube, and
the effect of the interaction between the foam and metal was
explained through theoretical models. The deformation in
compact form rather than in non-compact form (Fig. 24)
[109] as foam filler was used, which enhanced energy
absorption two times, compared with an empty tube.

Fig. 24 Deformed specimens: (a) Non-compact form and
(b) compact form. Reprinted with permission from Ref. [109]
from Elsevier.

Seitzberger et al. [112] experimentally studied the
crushing response of steel columns with three cross
sections, i.e., square, hexagonal, and octagonal, filled
with aluminum foam (Fig. 25). The analysis showed that
the square section was a good choice compared with the
hexagonal and octagonal sections.

-
-
.
»
—

-

Fig. 25 Crushed specimens: (a) Square, (b) hexagonal, and
(c) octagonal filled with aluminum foam. Reprinted with
permission from Ref. [112] from Elsevier.

Giiden and Kavi [113] explored the effect of a
constrained structure (Fig. 26) filled with foam and
without foam on deformation behavior. A quasi-static
analysis was performed on a multi-aluminum tube filled
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Constraint
Al tube

Constraint steel tube

Fig. 26 Constrained multi-tube structure: (a) Hexagonal packed empty, (b) hexagonal packed aluminum foam filled, (c) square packed
empty, and (d) square packed aluminum foam filled tube. Reproduced with permission from Ref. [113] from Elsevier.

with aluminum foam and empty tubes with square and
hexagonal constraints. Comparative analysis showed that
single tubes and multi-tubes with fillers provided better
result than empty multi-tubes.

Abramowicz and Wierzbicki [114] studied foam inter-
action with a tube when compression occurred. The
suggested approach was applicable to structures under
static loading and could be incorporated for the stain rate
effect by adjusting the flow stress of metal and foam.
Seitzberger et al. [115] investigated the crushing response
of a steel tube with aluminum filler. The interaction of the
tube and the filler improved efficiency, which provided
stability in deformation mode and enhanced the energy
absorption capability of structures. The interaction of
aluminum tubes filled with aluminum foam provided a
thickening effect that helped convert diamond mode into
concertina mode. Hanseen et al. [1] studied the conversion
of this mode and found that foam density was the major
deciding parameter. At critical density, modes were
changed to concertina, which helped maintain load
uniformity throughout compression. Similarly, concertina
modes were observed in an aluminum tube filled with
polyurethane foam at high densities of foam material [116].
Hanseen et al. [117] worked on the bonding effect of an
aluminum foam-filled extruded square tube under a quasi-
static experimental test. Apart from bonding influence,
other important parameters, such as extruded wall thick-
ness, cross section, wall material, and foam type and
density, were investigated. Thereafter, Hanseen et al.
[1,118] reported the effects of dynamic loading on square

(b)

and circular foam-filled tubular structures with the addition
of a trigger. The results indicated that the strain rate
sensitivity of the foam-filled structures exhibited minimal
dependency, similar to non-filled structures. A theoretical
model was also developed to calculate mean crushing
force. The theoretical model, i.e., Eq. (18), for the average
crushing force of foam-filled structures (F!) consists of
three parts. The first part showed the mean crushing force
for an empty tube (F), the second part showed the plateau
stress (0,,) of the foam, and the third part showed the
interaction effect. This equation exhibited agreement with
the experimental results.

F: =F +§0pw2 + Co\ /0,011, (18)
where o, represents the extruded wall stress.

Equation (18) was derived by Santosa et al. [119] based
on simulation results to find the mean force of a square
tube structure. Structure performance was studied with two
cases: By adhesive and by providing friction between the
filler and the tube. A strengthening coefficient (C,) was
considered in Eq. (19), with a value of 1.8 for unbounded
(providing friction) and 2.8 for bonded (providing
adhesive).

Fy =F + 0,C,b. (19)

Kavi et al. [120] predicted the energy absorption
capability and deformation mechanism of different foam
(aluminum and polystyrene)-filled structures (Fig. 27)

Fig. 27 (a) Aluminum foam-filled tube, (b) polystyrene foam-filled tube, and (c) concertina collapse mode. Reprinted with permission

from Ref. [120] from Elsevier.
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[120]. With the use of foam filler, the diamond deformation
mode that was dominant in empty tubes changed to the
concertina failure mode, as shown in Fig. 27(c) [120]. An
analysis of the foam filler was also performed on a tapered
tube given that it exhibited good characteristics of
deformation behavior, as studied in the earlier section.

Mirfendereski et al. [121] numerically investigated the
performance of rectangular tapered tubes (double, triple,
and four tapers) made of mild steel filled with poly-
propylene foam under static and dynamic loading condi-
tions. The effect of wall thickness was more important than
that of taper angle on the deformation behavior of the
foam-filled structures; for energy absorption capability,
both parameters exerted the same importance. Ahmad et al.
[122] studied the effect of foam-filled conical tubes, as
shown in Fig. 28(a) [122], under oblique dynamic loading
condition, as shown in Fig. 28(b) [122], and presented the
energy response by considering the angle of obliquity and
other geometric variations (wall thickness, taper angle, and
tube height). Energy absorption for the foam-filled conical
tubes was maximum at a taper angle of 5° compared with
an empty tube.

The filler material should exhibit good capability to
absorb impact energy, along with low density and light
weight. Meguid et al. [123] conducted experimental and
simulation studies on an ultralight foam-filled tubular
structure, in which PVC foam as filler (tubular cross
section with different internal radii) and an aluminum tube
with a thickness variation of 0.1-0.5 were used. Relative
stiffness was studied with reference to the internal radius of
the foam and tube thickness.

4.1.2 Honeycomb filler

Santosa and Wierzbicki [124] conducted a comparative
study of aluminum honeycomb- and aluminum foam-filled
square tubes in terms of weight and solidity ratio (ratio of

Specimen fixed at
the bottom with
iy stationary rigid body
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thickness to width) under quasi-static loading using the
nonlinear finite element code PAM-CRASH. In the case of
the honeycomb filler, the strength-to-weight ratio was
higher when the solidity ratio was greater than 1.2%; for
the foam filler, the solidity ratio increased by up to 2.3%.
The aluminum honeycomb filler was more efficient in
weight than the foam filler. However, under combined
loading (compressive + bending), the structure with
aluminum foam provided better result than the aluminum
honeycomb filler because honeycomb only performed
better under unidirectional loading.

Zhang et al. [125] compared the different honeycomb
sandwich columns shown in Fig. 29 [125] (Kagome,
triangle, hexagon, square-3, square-4, and diamond) with a
foam-filled tube by considering the adhesive effect on the
energy absorption capability of the structures. The tube
with Kagome honeycomb sandwich core was found to be a
better energy absorber, and the quadrilateral composite
column exhibited less value.

Yin et al. [126] numerically analyzed the crashworthi-
ness response of honeycomb-filled single and bi-tubular
polygonal tubes, as shown in Fig. 30 [126]. The multi-
objective particle swarm optimization technique was used
to find SEA and minimum initial crushing force.

Hussein et al. [127] investigated the crushing perfor-
mance of four types of tube combinations: A square empty
aluminum tube, shown in Fig. 31(a) [127]; an aluminum
honeycomb-filled tube, shown in Fig. 31(b) [127]; a
polyurethane foam-filled tube, shown in Fig. 31(c) [127];
and an aluminum tube filled with polyurethane and
aluminum honeycomb, shown in Fig. 31(d) [127], under
quasi-static loading condition. The square aluminum tube
filled with polyurethane and aluminum honeycomb
performed better in terms of mean crushing force
(increased by 349%), energy absorption (increased by
334%), and SEA (increased by 109%) compared with the
hollow square tube.

Cross-head of testing
machine

Special test rig

Support plate

Support ring

Specimen
' Load-bearing surface

i

Lz zzzzzz7Z

Fig. 28 (a) Finite element model under oblique loading condition and (b) experimental setup for oblique loading. P: Applied load.

Reproduced with permission from Ref. [122] from Elsevier.
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Fig. 29 Geometric configurations of honeycomb sandwich columns: (a) Kagome, (b) triangle, (c) hexagon, (d) square-3, (e) square-4,
and (f) diamond. Reprinted with permission from Ref. [125] from Elsevier.

Fig. 30 Configuration of honeycomb-filled single and bi-tubular polygonal tubes (N=3, 4, 5, 6, 7, 8, and 00): (a) Single polygon tubes
and (b) bi-tubular polygon tubes. Reprinted with permission from Ref. [126] from Elsevier.

4.2  Multi-cell tubular structures

The energy absorption capacity of tubular structures is
influenced by many factors, such as material, boundary
condition, cross section of the structures, and thickness.
Among the aforementioned factors, cross-section geome-
try is one of the important. Therefore, improvement is
required in cross sections by incorporating cells into a
simple tubular framework. Similar to square and rectan-
gular tubes, polygon tube structures [128,129] have been
analyzed numerically to determine their crashworthy
performance. Zhang and Huh [130] performed a compara-
tive analysis of different polygon structures (N =3 to N =
10, where N represents polygon faces) and observed three
types of deformation modes: In-extensional, extensional,

and mixed modes. The polygon with even faces presented
regular deformation compared with the polygon with odd
faces.

Studies on polygon structures have focused on angle
plate, i.e., in the form of different cross-sectional tube
structures, such as triangle, rectangle, and pentagon.
Researchers have designed a new structure in the form of
a multi-angle plate called a multi cell tubular structure.
Zhang et al. [131] analytically and numerically explored
the deformation behavior and energy absorption capability
of a square multi cell tubular structure made of aluminum
alloy AA-6060 T4 under quasi-static and dynamic loading
conditions. Multi-cell tubes were divided into three parts:
Corner, shown in Fig. 32(a) [131]; crisscross, shown in
Fig. 32(b) [131]; and T-shaped, shown in Fig. 32(c) [131],
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(b)

Fig. 31

d

Prepared samples: (a) Empty square aluminum tube, (b) aluminum honeycomb-filled tube, (c) polyurethane-filled tube, and

(d) tube filled with honeycomb and foam. Reprinted with permission from Ref. [127] from Elsevier.

to derive a theoretical model for mean crushing force based
on super folding element theory. The crisscross part was
efficient as an energy absorber. Energy absorber efficiency
increased by 50% for the 3 x 3 cell tube compared with the
single-cell column.

Fig. 32 Division of multi-cell section: (a) Corner, (b) crisscross,
and (c) T-shaped. Reprinted with permission from Ref. [131] from
Elsevier.

Tran et al. [132] performed theoretical predictions and
numerical simulation to optimize the design of an
aluminum multi-cell square tube that was tested under
dynamic oblique loading. Theoretical analysis was based
on the simplified super folding element [133]. Mathema-
tical expressions were derived for mean crushing force,

mean horizontal force, and mean bending force by
considering different angle elements (right corner, T-
shaped, crisscross, 3, 4, 5, and 6 panels) shown in Fig. 33
[132].

The multi-cell tubular structures, shown in Fig. 34(b)
[134], with laterally variable thickness [134] were studied
experimentally and numerically. Theoretical prediction of
energy dissipation and mean crushing force was conducted
by considering three angle element parts, namely, corner
L-shaped, T-shaped, and crisscross, as shown in Fig. 34(a)
[134].

Zhang and Zhang [135] studied the performance of
multi-cell columns with different sections (Fig. 35) under
axial quasi-static loading and showed that multi-cell
columns were more energy efficient than single-cell
columns. The numerical analysis results were validated
with the experimental results, and a theoretical model for
mean crushing load was derived.

Similarly, Tang et al. [136] conducted a numerical
simulation of a cylindrical multi-cell tube structure and
found that cylindrical multi-cell columns were more
efficient in terms of energy absorption than a square
column with a single cell or multiple cells. Multi-cell
structures were also studied with the use of filler materials
to evaluate the effect of filler addition. Yin et al. [137]
optimized the crashworthiness performance of six types of
foam-filled multi cell aluminum alloy, AA-6060 T4 tubular
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Fig. 33 Multi-cell tube cross section with different angle elements. Reprinted with permission from Ref. [132] from Elsevier.
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Fig. 34 (a) Angle element with varying cross sections and
(b) specimen for axial testing. Reprinted with permission from
Ref. [134] from Elsevier.

structures (Fig. 36) [137] with different numbers of cells (n
=1,2,3,4, 6, and 9) by using the nonlinear finite element
code LS-DYNA. All the structures were selected for multi-
objective particle swarm optimization to obtain the
optimum value of SE4 and the maximum peak collapse
force. The foam-filled multi-cell thin-walled structure with

nine cells exhibited better crashworthy performance than
the other studied foam-filled multi-cell thin-walled struc-
tures.

Hong et al. [138] performed a quasi-static axial test on
multi-cell tube with two section types: Triangular lattice,
shown in Fig. 37(a) [138], and Kagome lattice, shown in
Fig. 37(b) [138], structures. The multi-cell tubes demon-
strated better ability to absorb energy as they deformed
progressively.

Tabacu [139] studied the collapse behavior of an
aluminum AA-6061-O circular tube with a multi-cell
insert (Fig. 38) under an oblique impact velocity of 5 m/s.
A series of simulations was conducted to validate the
proposed analytical model for mean crushing force, which
was found to be in good agreement with the result obtained
in simulations.

4.3 FGT tubular structures

Comprehensive research of thin-walled functionally

Fig. 35 Multi-cell tube with different sections. Reprinted with permission from Ref. [135] from Elsevier.

n=3

n=4 n=>5 n==6

Fig. 36  Schematic representation of foam-filled tubular structures with different cell configurations. Reprinted with permission from

Ref. [137] from Elsevier.
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T

Fig. 37 Multi-cell tubes: (a) Triangular lattice and (b) Kagome
lattice. Reprinted with permission from Ref. [138] from Elsevier.

Insert walls

Fig. 38 Schematic of a circular tube with inserts. #: Insert wall
thickness; R: Radius of shell/tube. Reproduced with permission
from Ref. [139] from Elsevier.

graded structures has been performed in recent years.
Implementing graded thickness on structures subjected to
any loading condition will help to enhance their efficiency
to absorb substantial impact energy. The development of
structures in terms of FGT provides maximum utilization
of materials in accordance with the deformation zone. This
approach provides a thin-walled structure that can absorb
the maximum amount of impact energy to enhance SEA. It

Front. Mech. Eng. 2020, 15(3): 438-474

also helps to decrease the initial peak load, which is the
primary cause of global bending. Different cross-sectional
(circular, square, and frusta) thin-walled tubular structures
have been developed as FGT to explore crashworthiness
performance. Thickness is varied either in the longitudinal
direction (for the circular section) to reduce the initial peak
at the start of impact [140—143] or in the transverse
direction in case of corner-type structures (mostly square
cross sections) [144,145] to increase energy absorption
efficiency (Fig. 39).

Chirwa [140] first reported the inversion buckling of a
circular tapered tube with graded thickness in the long-
itudinal direction. The energy absorption capacity
increased by up to 50% compared with the taper structure
with uniform thickness and the same mass. Li et al. [143]
performed a comparative study of circular tapered FGT
tubes with straight and tapered tubes with uniform
thickness under dynamic oblique loading. The study
demonstrated that FGT tubes were more reliable than
their counterpart’s structures with uniform thickness.
Gupta [146] reported the effect of nonuniformity of
thickness along the height of a tapered tube and explored
deformation modes. Apart from thickness nonuniformity,

taper angle and d /¢ ratio was also considered for a detailed
study of deformation mode. All frusta tubular structures
collapsed in the axisymmetric deformation mode. They
included initial concertina fold, followed by a plastified
zone, where plastic hinge expanded when further compres-
sion occurred. Zhang and Zhang [147] investigated the
advantage of a conical steel tube with graded thickness
(CTGT) under oblique loading condition. The effects of
structure layout (Fig. 40 [147]), load angle, inertia, strain
rate, and forming on CTGT were analyzed computationally
using a finite element model and further validated through
experiments.

The tube-shrinking process [148] was used for nonlinear
thickness distribution, and the crashworthiness perfor-
mance of circular frusta was explored. As thickness and
material hardening increased during the tube-shrinking
process, energy absorption was increased by 120%, even
for low mass values. The result of the tube-shrinking
process increased the mean force considerably faster than
the maximum force, reflecting uniformity in the load—
displacement curve with an increase in CFE.

Zhang et al. [144] explored square tubes with two types
of graded thickness (single surface gradient and double
surface gradient) in the transverse direction (Fig. 41 [144])
under axial loading. The mean crushing force of
the gradient tubular structures increased by 309%—35%
compared with that of a square tube with uniform
thickness.

Fang et al. [149] extended the work of Zhang et al. [144]
in the form of multi-cell tubes with transverse variable
thickness (Fig. 42 [149]) under axial dynamic loading.
FGT multi-tubes provided significant increases in CFE,
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Fig. 39 FGT variation in tubes: (a) Longitudinal direction and (b) transverse direction.
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Fig. 40 (a) Thickness nonuniformity and (b) structural layout of CTGTs under oblique load. Reproduced with permission from
Ref. [147] from Elsevier.

SSG DSG
(@ (b)

Fig. 41 Prepared specimens: (a) Square tube with uniform and graded thickness and (b) two configurations of graded thickness.
Reproduced with permission from Ref. [144] from Elsevier.
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Fig. 42 FGT multi-cell tubes: (a) 3D view and (b) 2D view. Reprinted with permission from Ref. [149] from Elsevier.

EA, and SEA compared with a uniform thickness multi-
tubular structure.

An optimization design technique with numerical
analysis [150] was also adopted to improve the crash-
worthiness performance of gradient multi-cell tubular
structures. The performance of a square tube with long-
itudinal graded thickness was numerically analyzed, and it
performed better than the tube with uniform thickness.
Further multi-objective optimization technique was
selected to increase SEA and minimize initial peak force.

4.4 Multi-tubular structures

These structures are a combination of two or more tubes
with different cross sections placed asymmetrically or
concentrically.

Haghi Kashani et al. [151] developed a square bi-tubular
structure with two arrangements of the inner tube: Parallel
and diamond, as shown in Fig. 43. The structures were
investigated experimentally and numerically under quasi-
static loading to predict the energy absorption capability.
The results showed that the bi-tubular arrangement
absorbed more energy than the sum of the energy of
each tube. Apart from tube arrangement, the authors also
focused on the effect of change on height in either the inner
or outer tube and concluded that bi-tubular structures
performed better when the inner part was shorter.

(@ (b)

Fig. 43 Configuration of bi-tubular specimens: (a) Parallel and
(b) diamond arrangements. Reprinted with permission from
Ref. [151] from Elsevier.

Other published literature has emphasized circular bi-
tubular structures with variation in inner tube cross section.
In this context, Sharifi et al. [152] explored the energy
absorption capability of bi-tubular circular structures made
of AL-6063-0, placed coaxially, and compressed under
quasi-static loading. Interaction effect, thickness, and
diameter were considered major deciding parameters to
enhance the performance of bi-tubular structures. The
authors used two techniques, varying length [151] and
creating grooves on the tube surface, to reduce initial peak
load. The tight contact between coaxially placed tubes
caused high load fluctuations and an irregular collapse
mode. Meanwhile, the large distance between tubes caused
individual deformation of the tubes.

The performance of bi-tubular and tri-tubular structures
for circular and square sections was compared by Goel
[153] with the addition of foam filler. The circular section
gained more energy than the square section. Foam
interaction was also investigated. The variation in the
inner part, while keeping the outer part circular, of a bi-
tubular structure was studied by Azimi and Asgari [154]
under axial and oblique loading conditions. Apart from the
configuration of bi-tubular structures, the effect of foam
filler was also considered. The obtained results showed that
bi-tubular structures were preferable under oblique loading
condition. Similarly, Vinayagar and Kumar [31] modified a
bi-tubular structure with a fixed outer circular section,
while the inner section was changed to triangle, square,
and hexagon. Crashing performance was studied by
keeping the dimensions of the outer section constant
with a variation in the inscribed polygon section. The
combination of a circular tube with a hexagonal inner
section was a good energy absorber candidate compared
with the other combinations.

In addition to the aforementioned studies, the effect of
the number of tubes made of AA-6101 and placed
coaxially was examined by Nia and Chahardoli [155]
under quasi-static axial load. The results implied that SEA
and CFFE increased compared with those of a monolithic
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structure with the same mass, height, and thickness. The
distance between multi-wall tubular structures plays an
important role in the overall deformation characteristics. In
this context, Estrada et al. [156] discussed the crushing
behavior of circular, square, and hexagonal bi-tubular
structures in terms of radial clearance with cutouts as crush
initiators.

4.5 Hierarchical and self-locking energy absorbers

In addition to filled tubes, multi-cell and multi-wall tubular
structures, a new hierarchical lattice structure has been
explored in the published literature [157-161]. This
structure is a combined form of multi-cell and filler to
develop different cross-sectional hierarchical energy-
absorbing components. Sun et al. [157] adopted the
effectiveness of hierarchical lattice sandwich walls as
core to increase the anti-crushing performance of a
triangular structure. The authors explored the folding
mechanism of hierarchical structures that helped enhance
anti-crushing characteristics. A theoretical expression for
mean crushing force (F) was derived based on this fold
mechanism. The performance of the proposed structure
was compared with those of single-cell and multi-cell
structures and found that F was improved 34 times.
Another study by Sun et al. [158] examined the effect of
in-plane crushing on the same hierarchical structures. The
structure did not improve yield strength but helped resist
the buckling of cellular structures.

Luo and Fan [159] numerically and analytically studied
the energy absorption capability of rectangular sandwich
walled tubes (SWTs) made of AA-6061-O. The authors
compared the SWT structure with a square tube with the
same mass. The SWT absorbed more energy because it

restricted the bending that appeared in conventional tubes
of the same wavelength. The multi-cell structure formed a
number of lobes during crushing that helped absorb
substantial impact energy. Theoretical analysis was also
proposed on the basis of the folding mechanism. In the
same context, Li et al. [160] investigated the performance
of a hierarchical tubes (HT) in the form of hexagonal multi-
cell through experiment, simulation, and theoretical
prediction. The specific energy absorption of HT was
two times that of a single cell tube.

The authors found that three forms of folding (sub-cell,
global, and mixed mode folding) appeared during the
crushing of HT. Theoretical analysis was performed on the
basis of such folding mechanism to compare experimental
and numerical findings. Fan et al. [161] performed
experimental, numerical, and analytical studies on the
higher order of a hierarchical rectangular tubular structure.
During deformation, three folding mechanisms defined
absorber performance. With additional hierarchical orders,
the F of structures reached its full intensity in plastic
strength.

Tubular structures under lateral loading are ineffective
for absorbing the maximum amount of impact energy.
Therefore, the design and shape of structures should be
improved to enhance crashworthiness properties under
lateral loading. In this regard, Chen et al. [162] proposed a
novel self-locked energy-absorbing structure with dumb-
bell shape (Fig. 44) made of mild steel that interlocked to
provide lateral constraint during compression. The authors
discussed the shape and stacking arrangement of the
dumbbell-shaped structure that helped prevent the splash-
ing of the tube, which occurred in the case of a circular
tube with the same arrangement.

Yang et al. [163] discussed the effect of lateral dynamic
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Fig. 44 Schematic of the (a) dumbbell-shaped novel tube, (b) cross-sectional view, and (c) self-locking tube. Reprinted with permission

from Ref. [162] from Elsevier.
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impact loading on the deformation characteristics of 201-
stainless steel self-locking tube structures. At low impact
velocity, the authors found four stages of deformation
(shock wave progression, energy conversion, densifica-
tion, and bounce back); as velocity increased, they changed
into three stages of deformation (global compression,
compression followed by crushing, and progressive
crushing). Yang et al. [164] suggested that the structure
proposed in Refs. [162,163] did not fully utilize the
capability of tubes to absorb impact energy. Thus, the
structure was redesigned with the enclosed and unenclosed
forms of a self-locking energy absorber. Eight types of self-
locking structure were explored under quasi-static loading
(Fig. 45 [164]). The unenclosed structure exhibited higher
stability under compression, but the enclosed structure
provided better load-carrying capacity.

The nested tubular structures are easier to design
compared to the multi-cell with structures. Thus, many
researchers [165—-169] have explored the performance of a
stacked tube to determine the potential of such system to
absorb impact energy. Stacked or nested systems are
designed for specific applications with a limited stroke
length. A nested tube has a number of energy-absorbing
systems in the same space, showing its ability to absorb
maximum impact energy per unit length compared with a
single tube [165]. A parametric study was performed by
Baroutaji et al. [165] to investigate the performance of a
nested tubular structure under lateral quasi-static and
dynamic loadings. Three types of nested tube structures
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(Fig. 46 [165]) that consisted of circular and oblong tubes
were studied. Under low-velocity impact, strain rate had no
significant effect. Under quasi-static and dynamic load-
ings, the response of the force—displacement curve was the
same.

Olabi et al. [166,167] performed experimental and
numerical analyses on oblong and circular nested tube
systems to demonstrate the effect of constraints. The
crushing behavior of a nested tube was improved with the
use of constraint in the form of a circular rod. Wang et al.
[168] explored the response of a nested tube system
through experiment, simulation, and theoretical analysis
against lateral impact. The theoretical solution was derived
by considering the effects of strain hardening and strain
rate. Tarlochan and Ramesh [169] developed a composite
sandwich tubular structure in the form of a nested insert
and analyzed it under axial quasi-static loading. The results
were compared with those of metallic (aluminum and steel)
counterparts and good potential was demonstrated in terms
of crashworthiness performance.

5 Discussion

Simple tubular structures were studied with reference to
geometry (uniform structures, such as circular, rectangular,
and square, along with nonuniform structures, such as
conical and rectangular/square frusta), selected material
(steel, aluminum, and composite), and loading axis (axial
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Fig. 45 Self-locking energy absorber with enclosed and unenclosed forms. Reproduced with permission from Ref. [164] from Elsevier.
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and oblique) with quasi-static and dynamic impacts. The
effects of multi-cell and foam-filled structures also focused
on crashworthiness performance. Important observations
were made on the basis of obtained failure modes, the
response of the load—displacement curve, and crashworthi-
ness parameters, such as F,., F, CFE, E,,, and SEA.

5.1 Failure modes

The important factor for a structure at the moment of crash
is how it absorbs energy from impact by deforming itself.
The characteristics of structure deformation predict its
ability, i.e., the structure may or may not be appropriate for
a certain application. The studied literature mentioned
different failure modes, such as concertina or axis-
symmetric, diamond, Euler buckling, a mix of both
concertina and diamond, splitting, and tearing [44,45,
170]. Splitting and tearing occur when constraint motion
exists to absorb energy, which is unlikely in conventional
collapse. In case of splitting and tearing, impact energy
loss is initially absorbed in the form of friction energy;
after tearing, energy loss occurs, leading to further
progressive collapse, such as in conventional structures
without any constraint. These failure modes are generally
evident in a square section because such section has corner
elements. The diamond and mix mode occur mostly when
large deformation exists [18], leading to the possibility of
Euler buckling [171] for uniform tube structures. In large
structures, Euler buckling must be avoided because of their
low energy absorption at the time of impact due to the
lateral inertia effect. A tapered section was selected,
different failure aspects were analyzed; and frusta tube
response was good, even for long tubes [76], which can
replace the uniform section at the same level. The
corrugation or grooves on the surface of tubular structures
is another means to reduce the bending mode of failure. It
helps to deform a structure in a controlled manner and form
concertina mode that is a considerable choice for high
performance under impact condition [23-25,32,33]. Pro-
viding cutouts minimizes the chances of Euler buckling
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Fig. 46 Nested tubular structures incorporating the same outer circular part with different inner parts such as: (a) An oblong cross-
section, (b) two circular tubes of different diameters, and (c) two circular tubes of the same diameter. Reprinted with permission from
Ref. [165] from Elsevier.

deformation mode. Material behavior is also a dominant
factor for selecting the characteristic of the deformation
pattern. The annealed condition for steel collapses in
diamond mode, and the non-annealed condition follows
concertina mode; for aluminum, modes are obtained in
reverse pattern [22]. Failure patterns are affected by the
addition of a cellular type of structure, such as foam or
honeycomb. With the addition of such structure, the
diamond mode changes to the axis-symmetric mode of
deformation [111].

5.2 Load—compression curve

A curve represents the dissipation of impact load when a
collapse happens. In case of conventional uniform
structures, a load drops at a low value after it fluctuates
continuously upon reaching the maximum initial peak. The
load—displacement curve behavior should be smooth [66]
as the structures deform, reflecting efficient functioning
under the event of a crash. The initial maximum force is
considered an important factor in the design phase of an
energy absorber that is associated with safety. It should be
kept under a certain limit rather than at the maximum value
because it is desirable at the time of impact. This behavior
can be easily predicted by simply observing the response
of the load—displacement curve.

The response of a multi-cell tubular structure was
compared with that of a single-cell structure, and similar
deformation characteristics, shown in Fig. 47(a) [172],
were found, except for the change in initial maximum
force. In the foam-filled multi-cell tubes shown in
Fig. 47(b) [172], load increases as collapse progresses.
This phenomenon happens as deformation progresses to
the densification of foam, and interaction with the structure
leads to an increase in load.

The deformation response of a tapered tube filled with
foam is affected by wall thickness but not by taper angle
[121,173]. Deformation must begin at an early stage of the
impact for a smooth curve flow, which maintains a steady
fluctuation in a significant limit of the mean load.



466

90 T T T T T T
)4
goL | — Single cell, 7=2.5 mm ,_’/I .
- = Double cell, #=2 mm M
70k | - Triple cell, 7= 1.67 mm '
Z
&
£
on
g
=
2
@]
10f
O 1 1 1 1 1
0 50 100 150 200 250 300
Crushing distance/mm
(@
Fig. 47

with permission from Ref. [172] from Elsevier.
5.3 Crushing efficiencies

A comparative study of different cross sections (circular,
square, rectangular, hexagon, triangular, pyramidal, and
conical) showed that the SEA4 of a cylindrical tube was the
maximum, whereas the difference in F,,, and F was the
minimum for a frusta tube [174]. The initial peak should be
minimum to avoid a large reaction force, which is felt by
the adjacent object, whose safety is important. The use of
cutouts in tubular structures minimizes initial peak force,
helping initiate deformation at low loads.

An increase in the number of grooves decreases initial
peak force and follows a progressive deformation that
provides stability to the structure and improvement in
mean crushing force [23]. Corrugation direction is a
deciding factor for a good energy absorber. Two types of
corrugation, radial and lateral, have been studied. E,;, is
enhanced with radial corrugation. Cutout sections, mostly
circular and elliptical cutouts, were provided to structures
to reduce the initial peak force that acts as a trigger. With an
increase in the major axis of elliptical cutouts, uncontrolled
folding occurs, decreasing the £, of structures [29]. Initial
peak force can be controlled by providing constraint
deformation in the form of capped and uncapped
structures. It was reduced by 15%—30% when capped
tubes were used in place of uncapped tubes, but no
considerable variation in E,, occurred [36,37]. In case of a
frusta tube, an increase in ¢/d ratio increases maximum
force and mean force; an increase in semi-apical angle
decreases maximum force [65].

Structures filled with cellular solids, such as foam or
honeycomb, have attracted designers because they have
higher absorption capacity than empty structures. SEA was
increased by 30% for a single cell filled with foam and
40% for double and triple cells filled with foam compared
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with a non-filled structure [172]. The honeycomb filler is
not as effective as the foam filler because it resists only
unidirectional impact force and does not consider the
combined effects of compression and bending [123]. Foam
density plays an important role, given that an increase in
density results in a dense region that increases F.
Densification decreases folded length to prevent the
possibility of Euler buckling mode. A comparison of a
foam-filled single-cell structure with a multi-cell structure
presented 50%—100% increase in the E,, of the multi-cell
tube, indicating that the multi-cell structure is a better
choice than the foam-filled tubular structure [175]. The
multi-cell structure depends on the angle element that
determines the ability of the structure to absorb energy. The
angle elements used are mostly T-shaped, L-shaped, and
crisscross with uniform thickness and gradually varying
thickness [134].

6 Future guidance

The primary objective of researchers is to develop a
lightweight component that exhibits good crashworthiness
performance during a crash scenario. To achieve this
objective, several points, such as material behavior,
absorber cross section, and loading condition should be
appropriately examined. In this review paper, aluminum
alloy, steel, and composite materials are explored in detail.
Aluminum alloy is dominant over the other materials for
the same area of crashworthiness. Further research on
lightweight composite materials must be performed to
define them as promising candidates in the field of energy-
absorbing components.

Among all conventional tubular components, tapered
tube exhibits better performance against oblique loading
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impact. Tapered structures with circular and square/
rectangular sections are extensively focused on by
researchers. Other possible polygon sections should be
added to future work to explore performance under the
same loading condition.

Advanced tubular components derived from conven-
tional structures exhibit good performance under axial
loading, but studies on the response of structures under
lateral loading condition remain highly limited. In this
context, studies on nested tubular structures that exhibit
high crashworthiness performance are also limited. These
structures should be explored further to predict their
performance and deformation behavior under lateral
loading.

The performance of cellular materials used as fillers
exerts considerable impact on crashworthiness perfor-
mance. Cellular structures, namely, honeycomb and foam,
are investigated in this study under static and dynamic
loadings. The analysis of components filled with foam is
difficult because it relates to the microstructure, which
must be properly understood during the loading process.
Mathematical models that incorporate such complexity and
provide a deep understanding of the crushing response of
foam-filled structures have been developed by researchers.
These models should be included in the future to discuss
the crashworthiness performance of energy absorbers
under dynamic loading.

7 Summary

Mechanical behavior, energy absorption, and collapse
mode are essential to study when developing or designing
a tubular structure. Tubular structures with different cross
sections have been studied in the published literature with
variations in geometric parameters (slenderness ratio, tube
length, tapered angle for tapered tube, multi-cell, and
thickness throughout the length). Loading parameters
(impact condition, either quasi-static or dynamic, and
load angle for oblique loading) have also been considered
important prospects for deformation behavior. Foam- and
honeycomb-filled cellular structures provide desirable
output related to crashworthiness performance. From the
experimental and numerical outcomes of several papers,
the important factors used for the efficient functioning of
energy absorbers are as follows.

e The slenderness ratio and length of tubes are major
factors that determine their deformation characteristics and
affect the performance of energy absorbers. As slenderness
ratio increases, F,, and F also increase; as length
increases, structures will fail via bending, which reduces
Ey.

e Corrugation on tubular structures reduce the chances
of Euler buckling and helps deform structures in a
progressive manner with the formation of concertina

mode. The direction of corrugation determines the
performance of collapsible structures. When providing
radial corrugation, structures deform in concertina mode,
which enhances E,;; lateral corrugation increases initial
peak, which is undesirable.

e A trigger mechanism helps initiate crushing while
reducing initial F,,,. It is mostly created near the loaded
end.

e The deformation characteristic and energy absorption
of frusta tubes are primarily affected by a semi-apical
angle.

e The bending failure of long tubes can be controlled by
creating a slot on structure’s surface. Hole diameter and
position are key parameters that determine the deformation
behavior of collapsible structures.

e In case of foam-filled structures, density is a significant
variable that affects crushing response under impact
loading. Given that they become dense during collapse,
the chances of buckling are reduced, and the possibility of
non-axis-symmetric mode changes to axis-symmetric
mode. Honeycomb-filled structures provide unidirectional
strength, and thus, are unsuitable for applications in which
compression and bending simultaneously occur.

e In a multi-cell structure, the circular section provides
better results compared with the other sections.

The key component of energy absorbers is a tubular
structure that can be in a different form depending on the
basis of application. The structures should be properly
designed based on available studies and their failure
modes. For example, circular structures exhibit good
capability to absorb impact energy but deform in Euler
buckling mode while collapsing under oblique loading.
Material selection also plays an important role. Circular
tubes made of aluminum and steel have different
capabilities to absorb impact energy. The difference is
due to the rupture strain of materials. A high value (for
steel) leads to improper use of the available materials to
absorb energy. A low value (for aluminum alloy) indicates
a sufficient amount of energy absorbed under static and
dynamic loadings. Extensive literature on collapsible
structures has concluded that effective points are related
to deciding parameters for a desirable output that will assist
in designing a structure with excellent crashworthy
properties. These points are as follows.

e For a good energy absorber, the structure should not
only depend on energy absorption capability but also on
other factors, such as smooth graph, high CFE, and
minimal difference in F,,,, and F.

o Circular tubular structures have good crashworthy
properties in uniform section compared with other sections
for short stroke or deformation. Frustum tubes exhibit
good performance even for long strokes. Therefore, the
choice of collapsible structures should depend on the
application.

e The combination of conventional tubular and
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multicellular (honeycomb or foam) structures shows good
capability to absorb impact energy irrespective of the high
cost of fabrication.

e Geometric modifications, such as multi-cell and
gradually varied thickness or FGT structures, are exten-
sively focused on, and crashworthiness response is studied.
Both modifications in structure have different objectives to
participate in crushing behavior. Multicellular structures
are used to improve energy absorption with the utilization
of a number of cells and angle elements. The use of FGT
structures is to adopt materials in accordance with
deformation location. Locations with severe deformations
require a large material zone (thick part of FGT structures)
while reducing the amount of materials for a less
significant part of the structures.

e Apart from changing the shape of thin-walled
structures, using filler in the form of foam or honeycomb
in tubular structures is a better approach for improving
energy absorption capability. The interaction effect
between the tube and the filler material, along with the
individual deformation characteristics, leads to absorbing
substantial impact energy.

e The interaction among tubes in multiwall tubular
structures provide better crushing response compared with
a monolithic tubular structure. It improves the structure’s
ability to absorb the maximum amount of impact energy
because the maximum amount of materials is involved
during collapse.

Nomenclature

Frax Peak force

F Mean crushing force

Ey, Energy absorption capacity
SEA Specific energy absorption
CFE Crash force efficiency

SE Stroke efficiency

m Mass of component

h Crushed height

L, L, L, Original height of shell/tube

Y Yield strength of material
Thickness of shell/tube

~

Length of rings between grooves

ST

Width of grooves

~

Groove distance
Depth of groove
Diameter of shell/tube
Applied load

Load angle

< & v O X

Velocity of striker

X

Slot diameter

) Taper angle of frusta

X Length between two straight hinges

E, End load that causes yielding

R Radius of shell/tube

w Width of shell/tube

n Dimensionless number

D Mean diameter of shell/tube

d Mean diameter of conical/frusta tube

R Mean radius of circular column

K Constant

0 Rotation angle

F! Average crushing force for foam-filled structure

op Plateau stress

C, Dimensionless term for interaction effect

G, Extruded wall stress

R, Outer radius of tube

R; Inner radius of tube

4 Insert wall thickness

Dy Smaller end diameter of frusta

D, Larger end diameter of frusta

t, b Gradient thickness

L, I Constant integral value in Eq. (5) that depends on cross
section

2N Initial distance between the plastic hinges of a folding
element

a,y Angle defined in Fig. 3

P, Y£/4

E\, E,, Es, E4, Es Energy absorption associated with crushing

T Radius of toroidal shell element

S Apex height

D, Outer diameter of tube

D; Inner diameter of tube

d, Outer diameter of expanding ring

d; Inner diameter of expanding ring

D, q Side of pyramidal element
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