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Energy Absorption of All-Metallic
Corrugated Sandwich Cylindrical
Shells Subjected to Axial
Compression
The energy adsorption properties of all-metallic corrugated sandwich cylindrical shells
(CSCSs) subjected to axial compression loading were investigated by the method combining
experiments, finite element (FE) simulations, and theoretical analysis. CSCS specimens
manufactured using two different methods, i.e., high-speed wire-cut electric discharge
machining (HSWEDM) and extrusion, were tested under axial compression. While speci-
mens fabricated separately by HSWEDM and extrusion both exhibited a stable crushing
behavior, the extruded ones were much more applicable as lightweight energy absorbers
because of their good energy absorption capacity, repeatability, and low cost. The numer-
ically simulated force–displacement curve and the corresponding deformation morpholo-
gies of the CSCS compared well with those obtained from experiments. The specific
folding deformation mode was revealed from both experiments and simulations. Subse-
quently, based upon the mode of folding deformation, a theoretical model was established
to predict the mean crushing force of the CSCS construction. It was demonstrated that
CSCSs with more corrugated units, smaller value of tc /tf and W/Ro could dissipate more
impact energy. Such sandwich cylindrical shells exhibited better energy absorption than
monolithic cylindrical shells, with an increase of at least 30%. Ultimately, the dynamic
effect under the impact load was further evaluated. The dynamic amplification coefficient
of CSCS decreased with the increase of the wall thickness. [DOI: 10.1115/1.4048200]
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1 Introduction
Along with continuously increasing operation speed of transpor-

tation vehicles, especially in bullet trains, collision safety becomes a
critical issue. Thin-walled metallic structures have been extensively
used to construct energy absorbing systems due to high weight
ratio, low cost, and attractive energy absorption [1]. During colli-
sion, these structures can absorb significant amounts of kinetic
energy via plastic deformation to improve passenger survivability.
Existing research on the energy absorption of thin wall structures
mainly focus on single-cell, multi-cell, and foam-filled tubular
structures [2].
Single-cell tubular structures, which collapse in progressive

folding when subjected to axial impact, had been studied exten-
sively [3–8]. Alexander [3] first presented a theoretical model to
determine the mean crushing force of a cylindrical shell collapsing
in the concertina mode. By introducing the curvature of folding
length to Alexander’s solution, an improved theoretical model
was subsequently developed, which included the effective crush-
ing length [4,5]. For rectangular tubes, a basic folding mode
was proposed for the in-extensional collapse mode named as
“super folding elements,” consisting of toroidal surface, horizontal
hinge line, and inclined traveling hinge line [6]. With plastic
energy dissipated in the folding elements, the mean crushing
force was calculated via energy balance. This approach was
extended to cover extensional collapse modes [5,7] and arbitrary
angled multi-corner prismatic columns [8]. Further, a variety of
cross-sectional shapes have been extensively studied for single-cell
tubular structures, such as the polygonal shape [9–13], the star
shape [14], the sinusoidal shape [15], and the non-convex multi-
corner shape [16].
For rectangular tubes, it was observed that a large quantity of

kinetic energy was dissipated in the toroidal surface and the inclined
traveling hinge line, which were formed near the corner zones [6].
Thus, the number of corners on tubular section greatly affects the
energy absorption performance of a tubular structure [6]. Besides,
the presence of corners enclosed in the tubular structure is beneficial
for stable progressive folding deformation [17]. Therefore, exten-
sive studies about the crushing behaviors of multi-cell tubular struc-
tures had been carried out. For typical instance, the crushing
responses of single-cell, double-cell, and triple-cell tubular struc-
tures under axial compression were investigated and compared
[18], with closed-form solution of mean crushing force presented
for each type of tubular structure; based on the method of “super
folding elements,” a simplified folding mode to calculate the
mean crushing force was proposed for square multi-cell tubular
structures [19]. Further research on the crushing resistance of
angle elements were also carried out [20–22]. For additional
improvement in energy absorption efficiency, novel designs were
also proposed, e.g., multi-cell tubes with lateral variable thickness
[23], multi-corner tubes with bulkheads [24], and hierarchical
lattice topology tubes [25].
Meanwhile, it has been demonstrated that tubular structures filled

with cellular materials, such as foams and honeycombs, led to
enhanced energy absorption in comparison with those without
fillers. The low density and constant stress when compressed
make high porosity cellular materials ideal filling materials for thin-
walled tubular structures. Interaction effects between filling

materials and tubular walls were found to be the main mechanism
underlying significant increase in energy absorption [19]. Tubular
structures filled with conventional polyurethane foams [26–28], alu-
minum foams [29–32], and honeycombs [31,33] were studied.
More recently, functionally graded materials were introduced as
the filling material to improve the crushing stability of energy
absorption structures [34–37].
However, a great amount of thin-walled tubular materials men-

tioned above do not undergo much large plastic deformation
[38]. In addition to these tubular structures, sandwich panels
cored with cellular materials, such as periodic lattice trusses and
hybrid lattice trusses, had been extensively investigated for their
high energy absorption capacity and weight saving in the field of
impact protection [39–46]. To further improve the energy absorp-
tion performance, cellular material filled bi-tubal structures were
also envisioned, which may be named as sandwich shells. The
energy absorption properties of sandwich polygonal shells having
foam-filled cores were studied numerically and it was found that
these structures exhibit outstanding energy absorption characteris-
tics [47]. Zhang et al. [2,38] investigated the crushing behavior
of honeycomb filled sandwich cylindrical shells and found that
these structures were excellent energy absorbers. Thus far, numer-
ical simulation with the method of finite elements (FEs) has been
the main method used in previous studies, except for the study of
Liu et al. [48], who fabricated all-metallic sandwich shells with
star-shaped tube cores and experimentally characterized their
energy absorption properties. However, in their study, the cores
and the facesheets were not bonded, causing insignificant coupling
effects between the two. Other researchers fabricated sandwich
cylindrical shells having fiber-reinforced composite lattice cores
and investigated the strength and vibration responses of such struc-
tures [49–54], but did not explore their energy absorption
characteristics.
In our previous study [55], thin-walled corrugated sandwich cylin-

drical shells (CSCSs)made of 1060 aluminumweremanufactured by
the method involving tamping and shape correction, in which the
thickness of facesheets/cores was 0.4 mm/0.2 mm or 0.2 mm/
0.1 mm; all the components were then bonded using structural adhe-
sive. Consequently, at large deformation, debonding of the adhesive
interface could not be avoided, which weakened the coupling effects
between facesheets and corrugated core webs and thus energy
absorption. In addition, there was yet a theoretical analysis to
explore the energy absorbing mechanisms of the CSCSs. It should
also be mentioned that, with the previous preparation method, the
upper limit of wall thickness was ∼0.4 mm due to the inevitable
springback during fabrication. To address these deficiencies,
further developments were conducted in the present study. New
CSCS specimens were manufactured using two completely different
methods, i.e., high-speed wire-electrode discharge machining and
extrusion process, so that debonding between facesheets and core
members were avoided and the wall thickness could exceed 1 mm.
More stable crushing behaviors of the CSCSs were therefore
expected particularly at large deformations, in comparison with the
thin-walled ones in our former work [55]. To predict the mean crush-
ing force of the structure, the folding deformationmodewas explored
in detail and a theoretical model was developed. In addition, the
effects of impact velocity and wall thickness on energy absorption
were discussed.
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2 Terminology of Axial Crushing
When subjected to axial compression, the typical crushing beha-

vior of a thin-walled monolithic cylindrical shell and the corre-
sponding terminology are depicted in Fig. 1. Let Hs represent the
original height of the shell and d denote the actual crushing dis-
tance. The absorbed energy at d is defined as E(d ). Let the mean
crushing force and maximum force in the interval (0–d ) be
named as Fm(d ) and Fmax(d ), respectively. The total energy absorp-
tion efficiency TE(d ) is defined as the quotient of E(d ) and Fmax(d )
[29]. The maximum efficiency is reached when TE(d ) is maximized.
Let the crushing distance corresponding to the maximum TE(d ) be
defined as dmax. Correspondingly, Fm and Fmax at dmax refer to the
mean crushing force and the maximum force in the entire crushing
behavior, as expressed in Eq. (1). In addition, the crushing force
efficiency AE and the stroke efficiency SE are defined in Eq. (2)

Fm = Fm(dmax) Fmax = Fmax(dmax) (1)

AE =
Fm

Fmax
SE =

dmax

Hs
(2)

3 Experiments
3.1 Specimen Preparation and Experimental Procedure.

Corrugated core sandwich cylindrical shells were fabricated
by either high-speed wire-electrode discharge machining
(HSWEDM) or extrusion process (Guangdong Jiahua Aluminum
Profile Co., Ltd.), as shown in Fig. 2, with shell height Hs=
80 mm, radius of outer facesheet Ro= 35 mm, radius of inner
facesheet Ri= 27.5 mm, core width W= 5 mm, facesheet thickness
tf= 1.2 mm, and core web thickness tc= 1.0 mm. HSWEDM and
extrusion are both mature fabrication processes for metal materials.
For HSWEDM, the threading holes for cutting wire in the 6061 alu-
minum bar were fabricated by the drilling machine in the first place.
Then, according to the designed cross section, unwanted material
was removed from the aluminum bar by the rapidly recurring
cutting wire, which was placed between the two electrodes. The
process of extrusion began by heating the 6063 aluminum bar to
450 °C. Then the heated bar was transferred into the 1500 tons
extrusion equipment. A ram applied the pressure to the dummy
block, in turn, pressed the aluminum bar to push it through the
die of the designed cross section with the extrusion speed of
1.5m/min. Finally, the extruded bar was cut into CSCS samples
after the precipitation heat treatment (205 °C, 1 h). It can be seen
in Fig. 2 that the sandwich shells prepared by these two processes
were integrally formed, in which the corrugated core and the

facesheets were directly connected by the base material, rather
than adhesive bonding or welding. The strength and toughness of
the aluminum itself were much better than the adhesive layer or
the welding layer. Thus, the debonding phenomenon in our previ-
ous study [55] could be avoided to the utmost.
Given the formability of parent material, aluminum 6061T4 and

6063T5 were separately used for high-speed wire-electrode dis-
charge machining (HSWEDM) and extrusion. The tensile tests of
each material were carried out following ASTM Standard
E8M-04 and the corresponding material properties were presented
in Fig. 3. The power strengthening model of 6063T5 was also
given in Fig. 3 to calculate the flow stress, which was used in sub-
sequent theoretical analysis.
Quasi-static axial compression tests of as-fabricated CSCS spec-

imens were carried out using the setup of Fig. 4. The upper pressure
plate was fixed, while the lower pressure plate was moved upward
to compress the test specimen at a rate of 1 mm/min. The exerted
crushing distance and the reaction force in the pressure plate were
acquired with a data acquisition system. Besides, a video capture
system companied with a lighting equipment was used to access
the deformation evolution of each specimen under axial compres-
sion. Three identical specimens from each fabrication method

Fig. 1 Terminology in a typical crushing behavior of thin-walled monolithic cylindrical
shell

Fig. 2 Corrugated core sandwich cylindrical shells fabricated
by HSWEDM and the extrusion process
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were tested. The HSWEDM specimens were denoted as W1–W3,
while the extrusion specimens as E1–E3.

3.2 Experimental Results. Figure 5 presented the experimen-
tally measured force versus displacement curves of W1–W3 and
E1–E3, together with representative deformation configurations
indicating the deformation history. Final configurations of the spec-
imens were displayed in Fig. 6, whereas high magnification views
of their surfaces were presented in Fig. 7. Corresponding values
of Fm, Fmax, AE, and SE are listed in Table 1.
As shown in Fig. 5, the force versus displacement curves for both

groups of CSCS specimens exhibited good repeatability. Thus, for
brevity, only representative deformation configurations at different
compressive strains were displayed for each group. It could be seen
from Figs. 5(c) and 5(d ) that all specimens showed five folds along
the axial direction and the deformation behavior during compres-
sion were almost the same. Under compression, the force versus dis-
placement curve initially underwent a linear stage before reaching
the peak force. After the peak force was reached, a sudden drop fol-
lowed until point I where the first fold was formed. With further
compression, additional folds (four in total; Fig. 5) formed in a
similar deformation process, with alternating peak and valley
loads appearing in the curve. The final configurations of all the
specimens after compression as shown in Fig. 6 were also similar,
except for the ruptures observed in HSWEDM specimens. It was
noticed that an axisymmetric folding mode formed and the folds
expanded to ten sub-folds along the circumferential direction of
each specimen. This folding mode was referred to here as the

“localized axisymmetric folding mode,” which was also identified
in our previous work [44].
Although the deformation processes and final deformation con-

figurations of the two specimens groups were similar, there were
some differences induced by the different fabrication methods as
well as different material makes. It was indicated from
Figs. 6(d )–6( f ) that the extrusion specimens had good ductility
without ruptures.Moreover, the final configurations, load versus dis-
placement curves and corresponding calculated parameters were
highly consistent for each extrusion specimen. On the contrary,
local ruptures were observed in all the specimens fabricated via
HSWEDM (Figs. 6(a)–6(c)), especially in W3. As shown in
Fig. 6(c), the fracture failure of W3, also named as a “zipper type”
failure, was induced which started from either the top or bottom of
specimen W3 and gradually developed along its axial direction
like opening a zipper [30]. Ruptures occurred during crushing had
direct effects on the force versus displacement curves of the
HSWEDM specimens. It could be seen from Figs. 5(a) and 5(b)
that curves of the HSWEDM specimens did not exhibit the same
good consistency as the extrusion ones. However, as shown in
Table 1, the mean crushing forces of the HSWEDM specimens
were not influenced obviously by these ruptures, for most of the
regions in these specimens enjoyed relatively stable deformation. It
could also be seen from Table 1 that the extrusion specimens had a
higher value of AE, indicating better energy absorption.
To further explain the differences arising from the preparation

process, Fig. 7 displayed high magnification cross-sectional views
of both HSWEDM and extrusion specimens. From Fig. 7(b), it
was seen that the edges of the HSWEDM specimen were uneven,

Fig. 3 Material properties obtained for 6061T4 and 6063T5 from quasi-static uniaxial
tension

Fig. 4 Experiment setup of CSCS specimen subjected to quasi-static axial
compression
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looking like serrations. These serrations at the edges were prone to
cause crack initiation and propagation during compression, with
local ruptures gradually developed along the crack at sufficiently
large compressive strains. The uneven edges might be induced by
non-even wire tension during the HSWEDM. On the contrary, the
extrusion specimen exhibited even and smooth edges. Therefore,
the extrusion specimens enjoyed better ductility than those made
via HSWEDM.
Overall, the better energy absorption capacity and repeatability

made the extrusion CSCSs a more ideal energy absorption structure
compared with the HSWEDM ones. Besides, the fabrication costs
of the former were relatively low, because the unit price of extrusion
parts was about one tenth of that of HSWEDM parts when the quan-
tity of the production exceeded 1000. Additional comparison of the
two different fabrication methods was presented in the Appendix.

4 Numerical Simulations
In this section, FE simulations were conducted to explore the

mechanisms underlying folding deformation, which was somewhat
periodic (Figs. 5 and 6), as observed during compressive tests. Only
extrusion specimens were considered, as they exhibited better
experimental repeatability.

4.1 The Finite Element Model. Numerical simulations corre-
sponding to the present experiments were conducted with ABAQUS/
EXPLICIT. In the FE model shown in Fig. 8(a), the pressure plates
were modeled as rigid plates. Eight-node solid elements (C3D8R)
were used for both the facesheets and the corrugated core, with
element size 0.3 mm × 0.3 mm × 0.3 mm. A mesh sensitivity
study was carried out to identify the minimal element size needed

Fig. 5 Force versus displacement curves of (a) W1–W3 and (b) E1–E3 specimens; representative
deformation configurations of (c) W1 and (d ) E1 specimens
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for numerical convergence, which was shown in Fig. 8(b). In the
finite element model, general contact was used between all the con-
tacting surfaces with the Coulomb friction coefficient fixed at 0.2.
The bot pressure plate was assumed to be fixed and the top pressure
plate was moved along the 1-direction (i.e., axial direction; Fig. 8),
at a sufficiently slow speed of 1 m/s. It has been valid (results not
shown for brevity) that the kinetic energy in the whole model was
quite small compared with the plastic dissipation during the crush-
ing process, suggesting that the loading process in the simulation
could be treated as the quasi-static crushing process. The 6063T5
aluminum was modeled as an isotropic solid and obeyed the von
Mises J2-flow theory, with relevant material parameters obtained
from Fig. 3.

4.2 Validation Against Experiment Results. Figure 9 com-
pared the numerically simulated force versus displacement curve
and deformation configuration with those obtained from experi-
ments. The simulated curve showed a qualitative agreement with
the experimental curve; Fig. 9(a). The peak and valley trends of
the two curves coincided quite well. Based on the curve, the numer-
ically calculated values of Fm, Fmax, AE, and SE were displayed in
Table 1. It was seen that the difference between experimental and
simulated results were small and acceptable. As presented in
Fig. 9(b), the simulated final collapse configuration was almost
identical as that observed in the experiment: there were in total

five folds along the axial direction and ten sub-folds along the cir-
cumference for the CSCS specimen considered.

4.3 The Folding Deformation. The present experimental and
simulated results both indicated that axisymmetric collapse formed
under axial compression. Here, two adjacent cells along the circum-
ferential direction of the sandwich shell were used to explore the
deformation mechanism underlying the formation of the first fold.
As shown in Fig. 10, the blue lines represented the base configura-
tions of undeformed cells (named as the base lines), while the red
lines represented the folding lines of deformed cells in the first
fold. With increasing compression, the folding lines gradually devi-
ated from the base lines, indicating the actual folding deformation of
both the facesheets and corrugated members. It should be noticed
that all the red lines deviated from the blue lines to the same side,
and this regularity was unique in CSCS structures. In Sec. 5, this
novel folding mode was used to develop a theoretical model to
predict the mean crushing force of CSCS structures.

5 The Theoretical Model
5.1 Basic Collapse Elements. Figures 11(a) and 11(b) pre-

sented the two basic collapse elements for folding deformation,
i.e., the “super folding elements” for either in-extensional or exten-
sional folding mechanisms. However, continuous and smooth dis-
placement field for in-extensional mode is presented in Fig. 11(c)
and the plastic flow of a metal sheet through a toroidal surface is

Fig. 6 Photos of CSCS specimens after compression: (a) W1, (b) W2, (c) W3, (d ) E1, (e) E2, and (f ) E3

Fig. 7 High magnification cross-sectional view: (a) location on
specimen, (b) HSWEDM specimen, and (c) extrusion specimen

Table 1 Experimental and simulated results for all the CSCS
specimens

Fm (kN) Fmax (kN) AE SE

W1 100.22 156.93 0.63 0.68
W2 96.61 163.83 0.58 0.68
W3 104.97 161.96 0.64 0.68
E1 102.02 137.23 0.74 0.65
E2 102.35 137.57 0.74 0.65
E3 100.19 135.08 0.74 0.68
FE (extrusion) 115.5 150.76 0.76 0.67
Difference 13.7% 10.3% 2.7% 1.5%
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shown in Fig. 11(d ) [5,7,8]. The energy absorbed in the
in-extensional basic folding element [8] was given by

E1 =Mo(16HI1b/h + 2πC + 4I3H
2/b) (3)

where

I1 =
∫π/2
0

dϕ�������������������
tan2 ψo + cos2 ϕ

√ −
π

2
− ψo

( )
(4)

I3 = cotψo

∫π/2
0

cos α
����������������
tan2ψo + sin2α

√
dα (5)

Similarly, energy dissipation in the extensional collapse element
[5,8] could be expressed as

E2 =Mo 8
H2

h

π

2
− ψo

( )
+ 2πC + 2H(π − 2ψo)

[ ]
(6)

5.2 Mean Crushing Force for Corrugated Sandwich
Cylindrical Shells. As shown in Fig. 12(a), the curved cylindrical
facesheets and corrugated panels in the cross section were simpli-
fied as a group of straight lines to calculate the dissipated energy
[56]. Based on this simplification, folding deformation of the sand-
wich structure could be divided into four types of basic constituent
element, named as I–IV in Fig. 12(b). The total absorbed energy of
the entire sandwich structure was calculated by summing up the
energy dissipation of each element. Each type of basic constituent
element consisted of two plates, named as Panel A and Panel B
in Fig. 12(b). As for type I–II, Panel A and Panel B referred to
the facesheets and the corrugated core, respectively, while for
type III–IV, both Panel A and Panel B referred to the facesheets.
Based on the folding deformation revealed from FE simulations

(Fig. 10), the folding lines in the four constituent elements were
determined, as illustrated in Fig. 12(b) with blue dash lines. Accord-
ing to the simulated folding mode displayed in Fig. 10, type I–II ele-
ments deformed in in-extensional folding mode (Fig. 11(a)), while
type III–IV elements deformed in extensional folding mode
(Fig. 11(b)). For a CSCS structure after compression, there were

Fig. 8 (a) Finite element model of a CSCS specimen under axial compression and
(b) results of convergence analysis

Fig. 9 Comparison between experimental and simulated results: (a) force versus displace-
ment curves and (b) final deformation configurations (left for experiment and right for FE
simulation)

Fig. 10 Folding mode during formation of the first fold (Color
version online.)
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totally 20 type I–II constituent elements and 10 type III and type IV
constituent elements, respectively. Energy dissipation of each con-
stituent element could be calculated separately, based on the defor-
mation mechanism of “super folding element,” so as to determine
theoretically the mean crushing force of the CSCS.
For type I elements deformed in in-extensional folding mode, the

energy dissipated EI could be written according to Eq. (3), as

EI = 1/16σo(hIA + hIB)
2(32HII1b/(hIA + hIB) + 4II3H

2/b)

+ 1/2πσo(CIAh
2
IA
+ CIBh

2
IB
)

(7)

where

II1 =
∫π/2
0

dϕ�������������������
tan2 ψ Io + cos2 ϕ

√ −
π

2
− ψ Io

( )
(8)

II3 = cotψ Io

∫π/2
0

cos α
������������������
tan2 ψ Io + sin2 α

√
dα (9)

The subscripts I–IIII were added to the above equations in order
to discriminate different types of element, while subscripts A and B
represented different plates in one element. For example, hIA indi-
cated the thickness of plate A in type I element.
As the folding deformations for type I and type II elements were

almost the same, the expression of energy absorption EII was iden-
tical to type I and hence not displayed for brevity.
For type III elements, plate A and plate B has identical thickness

and length. Therefore, the energy dissipated EIII was expressed
according to Eq. (6) as

EIII = 1/4σoh
2
A 8

H2

hA

π

2
− ψ IIIo

( )
+ 4πCA + 2H(π − 2ψ IIIo)

[ ]
(10)

Again, the expression of EIV was similar to EIII and hence not
presented.
Energy balance dictated that the mean crushing force could be

expressed as [8]

Pm = 5(2EI + 2EII + EIII + EIV)/(Hξ) (11)

The identified parameters were: length of cross section C, wall
thickness h, angle ψo of a given element, effective crush distance
coefficient ξ, and flow stress σo. The value of ξ was 0.73 according
to Ref. [8] and the flow stress was calculated from the energy

Fig. 11 (a) Basic collapse elements for in-extensional folding mechanisms, (b) basic col-
lapse elements for extensional folding mechanisms, (c) basic collapse elements for
in-extensional mode with continuous and smooth field, and (d ) plastic flow of a metal
sheet through a toroidal surface [5,7,8]

Fig. 12 Classification of folding elements
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equivalent stress, as [32]

σo =
������
σuσy
1 + n

√
(12)

However, the half-length of the fold H and the radius of toroidal
surface b were unknown and needed to be solved. Thus, the crush-
ing force was a function of H and b. Since the actual crushing
process leads to the minimum mean crushing force [6], one has

∂Pm

∂H
= 0,

∂Pm

∂b
= 0 (13)

Substituting Eq. (11) into Eq. (13), H and b could be determined,
and thus the mean crushing force Pm was obtained. The resulting
explicit expression of Pm was too onerous to be written, so only
numerical solutions of Pm were obtained with MATLAB. In MATLAB,
the energy dissipated in the basic folding elements EI–EIV was
calculated separately according to Eqs. (7)–(10) in the first place,
where the unknown parameter H and b were included in the expres-
sions.After summingup the dissipated energy in all folding elements,
the expressions of Pm with respect to H and b were got according
to Eq. (11). Afterward, the “fsolve” function was used to solve
H and b in Eq. (13) and finally Pm was calculated based on the
known H and b.
It should be noticed that, when applying the method of “super

folding elements,” the thickness of the two plates in one element
was identical, represented by h. However, for type I–II elements
in the current study, the facesheets (Plate A) and the corrugated
plates (Plate B) might have different thicknesses. Thus, with
equal thickness assumed for both the facesheets and corrugated
plates, h was replaced by the average thickness of Plate A and
Plate B, i.e., (hA + hB)/2. The effectiveness of this equivalence
and the likely difference arising from it were evaluated in Sec. 6.

6 Discussions
6.1 Comparison Between Finite Element Simulation

Results and Theoretical Predictions. To validate the present the-
oretical model, correlation of the calculated mean crushing force
between model predictions and FE simulations was illustrated in
Fig. 13. The numerically simulated crushing force was taken as
the abscissa, while the theoretically predicted one was taken
as the ordinate. The correlation could be reflected by deviation of
the coordinates from the line with a slope of 1. For example, excel-
lent agreement could be obtained when the point fell onto this line,
while the difference between numerical and theoretical results
would increase as the coordinate deviated from the black line. As
a reference, 20% difference lines were also plotted in Fig. 13.
In Fig. 13(a), the coordinates for cases when the facesheet thick-

ness tf lied in the range of 0.6 mm–1.3 mm resided in the yellow

elliptic regions. Specifically, tc/tf was selected as 0.5, 0.8, and 1.0
for each tf. It was seen from Fig. 13(a) that the correlation
between the theoretical and simulated results was satisfactory. For
the cases of tc/tf= 1, the calculation points exactly fell onto the
line with a slope of 1, demonstrating excellent correlation. As tc/tf
was decreased to 0.8, the deviation increased, but all the points
still stayed within the 20% difference region. When tc/tf was fixed
at 0.5, the deviation increased further and some coordinates fell
out of the 20% difference region. The increased deviation was
induced by increased inconsistency in the thickness of facesheets
and corrugated plates, which reduced the accuracy of theoretical
model predictions. Recall that, when calculatingMo in type I–II ele-
ments, h in Eq. (3) was hypothetically replaced by (hA + hB)/2,
namely, (tc + tf )/2. In other words, the results of Fig. 13(a) sug-
gested that inconsistency in the thickness of facesheets and corru-
gated plates led to difference of theoretical predictions.
As for the specific case of tc/tf= 1, Fig. 13(b) presented the sim-

ulated and theoretical results for tf varying from 0.1 mm to 1.3 mm.
Excellent correlation was found for all the coordinates. Thus, the
theoretical model was effective for predicting the mean crushing
force of the CSCSs when its facesheets and corrugated members
have approximately the same thickness.

6.2 Parametric Study. Next, a parametric study was carried
out using the theoretical model developed to quantify the effects
of N, W/Ro, and tc/tf on mean crushing force, as shown in Fig. 14.
It should be noticed that for all the cases examined, the weight of
the CSCS structure remained constant. The effect of N on Pm for
cases of different tc/tf but fixed W/Ro (W/Ro= 0.21) was presented
in Fig. 14(a). As N was increased, Pm increased but the rate of
increase slowed down. Given a specific N, the CSCS with a
larger tc/tf exhibited a larger Pm. Figure 14(b) presented the effect
of N on Pm for cases of different W/Ro but fixed tc/tf (tc/tf = 1.0).
Similar to Fig. 14(a), Pm increased and the rate of increase
slowed down when N was increased. Nevertheless, the influence
of W/Ro on Pm was a little complicated. For cases with N less
than 12, Pm increased with increasing W/Ro; while for cases with
N exceeding 17, a larger W/Ro usually led to a higher Pm. As refer-
ence, the Pm of a monolithic cylindrical shell (i.e., the single-cell
shell) with equal mass, calculated using the formula detailed in
Ref. [57], was also added to Fig. 14. All the present CSCS structures
showed much better energy absorption capacities than the mono-
lithic cylindrical shell.

6.3 Dynamic Impact. Generally, compared with quasi-static
compression, the mean crushing force of a thin-walled tubular struc-
ture would increase when subjected to dynamic impact. For CSCS
structures considered in the current study, since their parent materi-
als (aluminum alloys) are insensitive to strain rate, the effect of

Fig. 13 Correlation of the theoretically predicted and numerically calculatedmean crushing
forces for sandwich structures with (a) different thickness ratios tc/tf and (b) fixed thickness
ratio (tc/tf=1)
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dynamic crushing mainly results from inertia forces arising from the
acceleration of shell walls [30]. The dynamic amplification coeffi-
cient Damp was thence introduced to describe the dynamic effects,
defined as

Pm,d = DampPm (14)

For a single-cell square tube, Hanssen et al. [30] presented the
following expression of Damp:

Damp = 1 + Cine
C − h

h

ρo
σo

v2o

( )1/2

(15)

where C, h, and vo denoted separately the cross section width of the
square tube, the wall thickness, the impact velocity, and Cine is a
constant. It was seen from Eq. (15) that Damp was proportional to
vo and inversely proportional to h.
By using FE simulation results and empirical theoretical predic-

tions based on single-cell square tubes (i.e., Eq. (15)), the effect of
impact velocity and wall thickness on Damp was qualitatively illus-
trated in Fig. 15. The FE model was the same as that described in
Sec. 4. The material properties used in the dynamic simulations
were also the same as those used in the static case, since the alumi-
num alloy was not sensitive to the strain rate [30]. Differently, the
pressure plate was given a mass of 600 kg and had an initial veloc-
ity. In the theoretical analysis, C in Eq. (15) was the average length
of folding elements displayed in Fig. 12, and the constant Cine was
obtained to have a value of 0.3 by fitting the simulated results.
Figure 15(a) presented the force versus displacement curves of a

CSCS with tf= tc= 0.8 mm for selected impact velocities. Due to
inertia effects, the curve of high impact velocity was higher than

that of low velocity, i.e., the mean crushing force somewhat
increased as the impact velocity was increased. The Damp calculated
from FE simulations for CSCSs having different wall thicknesses
(assuming tf= tc) was presented in Fig. 15(b). It was seen that
Damp decreased with the increase of the wall thickness. For a spe-
cific wall thickness, a higher impact velocity led to a higher Damp.
Theoretical predictions of Damp were also plotted with dash lines
in Fig. 15(b). Although there were some fluctuations for the Damp

versus thickness curves obtained from FE simulations, the trend
of the curve obtained from simulations was qualitatively coincident
with that predicted via theoretical analysis. The quantitative differ-
ence was mainly attributed to the much more complex cross-
sectional shape of the present CSCS structure, compared with
single-cell square tubes.

7 Conclusions
The energy adsorption performance of CSCSs was systematically

investigated using the method combining experiments, simulations,
and theoretical analysis. Main conclusions were summarized as
follows:

(1) CSCS specimens fabricated via either the high-speedwire-cut
electric discharge machining (HSWEDM) or extrusion
approach both exhibited stable crushing behavior under quasi-
static axial compression, even at large deformations. Axisym-
metric collapse occurred and the final folding deformation
was consisted of periodic sub-folds along the circumference
(ten such folds in total for the present specimens) as well as
periodic sub-folds in the axial direction (five such folds in
total, but could have more if the CSCS specimens had a

Fig. 15 Effect of dynamic impact on (a) displacement versus force curves and (b) Damp
versus wall thickness curves for CSCSs with tf=tc

Fig. 14 Mean crushing force versus the number of corrugated units along the circumfer-
ence of CSCS structure for (a) fixed W/Ro with varying tc/tf and (b) fixed tc/tf with varying
W/Ro. Single-cell shell denoted the monolithic cylindrical shell with equal mass.
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larger height), named here as the “localized axisymmetric
folding mode”. Benefited from the stable folding deformation
mode, the CSCSs possess good energy absorption capacity
and high reliability in actual application of impact resistance.

(2) CSCS specimens fabricated via HSWEDM experienced local
ruptures under axial compression, while those fabricated via
extrusion showed good ductility and no rupture occurred
throughout the compression. Besides, the fabrication cost
of the extrusion specimens was much less than the
HSWEDM ones. Excellent energy absorption, high repeat-
ability and low cost make the extruded CSCSs ideal energy
absorption structures.

(3) For all theCSCS specimens, the simulated force versus displa-
cement curves as well as the corresponding folding deforma-
tionmode comparedwell with those obtained experimentally.
With the method of super folding elements, a theoretical
model was constructed on the basis of this new type of
folding mode to calculate approximately the mean crushing
force of the CSCS structure. Excellent correlation between
numerically simulated and theoretically predicted results
was obtained, particularly when the facesheets and corrugated
members had roughly the same thickness.

(4) Under dynamic impact, the dynamic amplification coeffi-
cient Damp of the CSCS structures decreased with the
increase of wall thickness (assuming the facesheets and

corrugated members had identical thickness) and increased
as the impact velocity was increased.
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Nomenclature

b = radius of toroidal surface in the super folding elements
d = actual crushed deformation
h = shell thickness of super folding elements
n = power-law coefficient
C = length of the super folding elements
E = total energy absorbed
H = half-length of the fold
N = number of corrugated units
W = core width
tc = core thickness
tf = facesheets thickness
vo = impact velocity
AE = crush force efficiency

Cine = dynamic amplification constant
Damp = dynamic amplification coefficient
Fm = mean crushing force

Fmax = maximum force
Hs = original height of cylindrical shell
Ri = radius of inner facesheet
Ro = radius of outer facesheet
SE = stroke efficiency
TE = total efficiency
ϵu = strain corresponding to ultimate stress σu
ξ = effective crush distance coefficient

σ0.2 = stress at 0.2% plastic strain
σo = flow stress
σu = ultimate stress
Φ = circumferential coordinates of the toroidal surface
ψo = angle of super folding elements
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Appendix: Comparisons Among Different Fabrication
Methods
Table 2 compared CSCS specimens fabricated using the two dif-

ferent methods in the current study work and the preparation
method adopted in our previous study [51]. The unit price in
Table 2 referred to the production cost of one specimen when the
production quantity exceeded 1000. Adhesive #1/#2 represented
specimens fabricated in Ref. [51].
It was seen that specimens fabricated in this work showed better

crush force efficiency (AE) and specific energy absorption (SEA)
compared with those fabricated in the previous work. Besides, the
method used in the previous work was proposed based on labora-
tory conditions and hence not viable for mass production.
However, both the HSWEDM and extrusion processes adopted in
the present study are mature industrial preparation methods. It
was therefore not surprising that the present specimens exhibited
better energy absorption capacity and practicability in comparison
with those reported in Ref. [51]. It could also be seen from
Table 2 that the SEA of HSWEDM specimens was 14% higher
than that of extrusion specimens, while the unit price of extrusion
specimens was only 1% of that of HSWEDM specimens.
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