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A B S T R A C T

Polymeric foam filled truncated metallic conical sandwich shells with corrugated cores were proposed, and
their energy absorption characteristics under axial compression were systematically investigated. The types of
foam filling include: (i) foam filling inner cavity (FFIC), (ii) foam filling corrugated channel (FFCC), and (iii)
foam filling inner cavity and corrugated channel (FFICCC). Test specimens were fabricated by combining the
step-by-step molding method with the method of in-situ foam filling. Firstly, the crashworthiness of FFIC, FFCC
and FFICCC subjected to axial compression was experimentally characterized. Secondly, numerical simulations
with the method of finite elements (FE) were performed, with good agreement achieved between measurements
and simulations. Subsequently, based upon the validated FE models, interaction mechanisms between foam
filler and metallic shell were explored, and the influences of wall thickness, semi-apical angle and loading
speed on energy absorption were quantified. The three different foam filled structures were found to exhibit
higher energy absorption than their unfilled counterpart. Particularly, the specific energy absorption (SEA)
of the FFCC was higher than that of the unfilled structure, attributed mainly to the participation of all foam
fillers in the interaction with metal shells that was rarely found in other types of foam-filled structure.
1. Introductions

The rapid development of advanced transportation vehicles in avi-
ation, navigation and other fields led to increasing research efforts
on their safety and crashworthiness. Although thin-walled metal tubes
have been extensively exploited as energy absorption devices for trans-
portation vehicles [1], the hunt for lighter and more efficient energy-
absorbing structures remains a pressing necessity. For instance, metal
tubes with various cross-sectional forms, such as cylindrical [2,3],
square [4], triangular [5], rectangular [6], and multi-corner [7,8],
were extensively studied as energy absorbers. In addition, compared
with straight tubes, it had been demonstrated that tapered tubes had
higher SEA (specific energy absorption, i.e., energy absorption per unit
mass) and lower PF (peak force), more stable and controllable deforma-
tion, and better designability [9,10]. More recently, multi-celled tubes
[11–13] and foam filled tubes [14–17] were also proposed for enhanced
crashworthiness.

It has been demonstrated that the energy absorption (EA) capacity
of a metal tube can be significantly enhanced by using the tech-
nique of foam filling. High porosity cellular aluminum (Al) foams
and polyurethane (PU) foams have been commonly used as the filling
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material, due mainly to the following attributes: (a) Lightweight, for
the porosity of a foam is typically high (>80%) and can even reach
99% [18]; (b) The foam exhibits an obvious plateau stress as it is
crushed, i.e., the stress in the plastic deformation stage of its stress
versus strain curve remains practically constant [19]; (c) The foam can
realize a crushing force efficiency close to 1. Nonetheless, the foam
typically has a low mean crushing force such that its total energy
absorption is also small, thus requiring a large volume of foam material
to achieve energy absorption under severe collision. To address this
critical issue, it has been proposed to fill a thin-walled metal tube
with the foam for enhanced EA, as this may not only take advantage
of the high energy absorption characteristics of the metal tube and
solve the problem of low total energy absorption of individual foam,
but also exploit the interaction effect between the tube wall and the
foam. Nonetheless, it had been found that foam filling could indeed
lead to significantly enhanced EA, but the SEA was barely improved,
since the structural mass was increased by foam filling. Therefore, how
to efficiently design the style of foam filling to maximize the interaction
effect and achieve enhancement in terms of both EA and SEA has
become a critical issue for foam filled tubes.
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At present, several new fillers based on cellular and porous solid
materials, in particular cellular metals (e.g. closed aluminum foams,
polymer-open cell aluminum foams and metal hollow spheres) for
preparing filled tubular structures have been developed and stud-
ied [20–25]. However, the few existing studies on foam filled tubes
mainly concerned filling relatively simple structures, and the filling
was mainly filled in a large space of the tube structure. For instance,
polyurethane foam was used to fill a thin-walled conical shell to im-
prove its crush energy absorption capability [26]. It was discovered that
for a tube with thicker wall, in comparison to its empty counterpart,
foam filling had minimal influence on its energy absorption; however,
under oblique loading, the foam filled tube exhibited better crashwor-
thiness. Similarly, filling a corrugated tube with foam led to elevated
EA of the hybrid structure, but not the SEA and, the smaller the density
of foam, the more the reduction in SEA [27]. In addition, foam filling
was found to increase the CFE of the structure, and the smaller the
foam density, the more the increase in CFE. Yao et al. [28] investigated
the crashworthiness of aluminum foam-filled grooved tube under axial
compression, and achieved similar conclusions: the foam filled tube
exhibited a larger mean crushing force and CFE than the empty tube,
but a lower SEA. In the foam filled tubes mentioned above, the low
SEA was mainly attributed to the small contact area between the foam
and metal tube, such that the interaction effect between the two was
not strong. Subsequently, based upon numerical simulations, filling a
multi-tubular circular tube with foam was found to effectively increase
the contact area between the foam and tube, and hence the foam
filled structure acquired a higher SEA than its empty counterpart [29].
However, due to the complexity of fabrication for such structures, the
corresponding experimental research was lacking. In response to the
difficulty in the fabrication of foam filled complex structures, the filling
method of in-situ foaming was proposed [30]. This method enables
filling complex structures with polymer foams, thus providing a good
choice for the preparation of foam filled structures. However, there was
almost no research on applying this preparation method to complex
tubular structures for energy absorption applications.

In addition to conventional metal tubes with monolithic walls, tubes
with sandwich walls have also been envisioned as high-performance
energy absorbers. In particular, sandwich structures with fluid-through
cellular cores have been extensively studied due mainly to ultra-
lightweight, high specific stiffness/strength, and high SEA [31–34]. In
recent years, other attributes of these highly porous sandwich structures
have also been exploited, such as good fillability and designability,
thus enabling multifunctionality. For instance, upon filling the in-
terstices of the sandwich core with foam [35,36], honeycomb [37],
water [38], sand [39], ceramic [40] and other materials, the hybrid-
cored sandwich exhibits better single performance or multi-functional
characteristics, such as active heat dissipation, sound absorption, and
blast/penetration resistance. However, existing research on such novel
sandwich constructions was mainly about plates and beams, with
much less research on sandwich-walled tubes. Recently, with focus
placed upon applying sandwich construction to energy absorbing tubes,
the present authors [41–44] proposed a truncated conical sandwich
shell with corrugated core (TCSS) and conducted a detailed study on
its energy absorption performance using a combined experimental,
analytical and numerical approach. It was demonstrated that the novel
TCSS exhibited excellent crashworthiness. However, at present, how
foam filling would affect the crashworthiness of such sandwich tubular
structures remains elusive. This issue is addressed in the present study,
both experimentally and numerically.

Three different types of foam filled metallic truncated conical sand-
wich shell with corrugated core were proposed: (i) foam filling inner
cavity (FFIC), (ii) foam filling corrugated channel (FFCC), and (iii) foam
filling inner cavity and corrugated channel (FFICCC). Test specimens
were prepared using a combination of the step-by-step molding method
and the in-situ foam filling approach. Energy absorption behaviors of
the specimens under axial compression were experimentally character-

ized. Numerical simulations with the method of finite elements (FE) to
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Table 1
Geometric parameters of TCSS specimens.
𝑡
(mm)

𝑅i−u
(mm)

𝑅o−u
(mm)

𝑅i−d
(mm)

𝑅o−d
(mm)

𝑤
(mm)

𝜃
(◦)

Height
(mm)

𝛼
(◦)

0.2 57.7 66.7 95.0 104.9 2.0 14.9 145.0 18

explore further the underlying physical mechanisms and the influence
of different foam filled constructions. Strengthening mechanisms, para-
metric influences, and dynamic loading were also analyzed based on
FE simulations.

2. Experiment

2.1. Materials and specimen preparation

Truncated conical sandwich shells with corrugated cores (TCSS)
were fabricated via a step-by-step molding process, with geometrical
dimensions as illustrated in Fig. 1 and Table 1. Aluminum alloy 1060Al
was selected as the parent material of all the TCSS structures fabricated.
Detailed fabrication process had been described in a previous work [41]
and hence was omitted here for brevity.

To enhance further the energy absorption capability of the already
excellent energy absorbing TCSS structures, the liquid self-foaming PU
foam was selected as the foam filler, for it could be conveniently
foamed in-situ in complex voids or channels. Preparation of the PU
foam was illustrated schematically in Fig. 2: the two preformed liquids
A and B were fully mixed, and then poured into a prebuilt mold;
subsequently, polymerization reaction between the diisocyanate and
polylo was initiated, which caused rapid solidification of the mixture,
thus producing the in-situ PU foam.

Based on the in-situ foaming technique, Fig. 3 presented the basic
filling scheme to construct the three different foam-filled TCSS struc-
tures proposed by the present study: (i) foam filling inner cavity (FFIC),
(ii) foam filling corrugated channel (FFCC), and (iii) foam filling inner
cavity and corrugated channel (FFICCC).

2.2. Axial crushing tests

Quasi-static compression tests of as-fabricated foam filled TCSS
specimens were carried out with a hydraulic testing machine (maxi-
mum load: ±100 kN, maximum displacement: ±100 mm). As shown in
Fig. 4, the bottom platen was fixed, the upper platen only moved along
the axial direction, and the specimen was freely placed between the
upper and bottom platens. The upper platen moved downward with a
speed of 1 mm/min, and the maximum compression distance was fixed
at 50 mm. Both the displacement and compressive force were recorded
by the signal acquisition system.

2.3. Compression characteristics (crashworthiness)

To evaluate the crashworthiness of an energy-absorbing structure,
relevant parameters include [45]: total absorbed energy (EA), specific
energy absorption (SEA), peak force (PF ), specific energy absorption
per unit volume (SEAV ). In the field of vehicle collision, an energy-
absorbing structure is said to have good crashworthiness if it exhibits
high EA, SEA, SEAV and low PF [9]. Desired parameters in this research
which are used could be obtained from load–displacement curve are as
follows:

2.3.1. Total absorbed energy (EA)
The total energy absorption EA, which describes the energy absorp-

tion capacity of each pair of specimens, is defined as the integration of
the force vs. deformation curve:

𝐸𝐴 =
𝛿
𝐹 (𝑥)𝑑𝑥
∫0



M. Yang, B. Han, Y. Mao et al. Thin-Walled Structures 179 (2022) 109677
Fig. 1. Geometric parameters of truncated conical sandwich shell with corrugated core.
Fig. 2. Preparation of PU foam.
Fig. 3. Preparation of foam filled TCSS with varying filling approach, including foam filling inner cavity (FFIC), foam filling corrugated channel (FFCC), and foam filling inner
cavity and corrugated channel (FFICCC).
Fig. 4. Schematic of a foam filled TCSS specimen under axial compression. Right side
presented photos of as-fabricated FFIC (upper) and FFICCC (bottom) specimens.
3

Fig. 5. Mesh sensitivity of the PF and SEA.

where 𝐹 (𝑥) is the crushing force as a function of crush distance x, and

𝛿 is the axial crushing distance.
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Fig. 6. Finite element model and related settings.
Fig. 7. True stress versus true strain curve of 1060Al obtained via quasi-static uniaxial tension based on ISO6892-1.
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.3.2. The specific energy absorption (SEA)
The specific energy absorption, SEA, which is defined as the energy

absorbed per unit mass, provides a way of comparing energy absorption
capacity of structures with different masses and is given by:

𝑆𝐸𝐴 = 𝐸𝐴
𝑚

(1)

where m is the total mass of the pair of specimens.

2.3.3. Mean crushing force (MCF)
One of the most significant parameters for quantifying the behavior

of axially compressed tubes is the mean crushing force, which is ob-
tained by dividing the measured absorbed energy to the total crushing
distance 𝛿:

𝑀𝐶𝐹 = 𝐸𝐴
𝛿

(2)

.3.4. Specific energy absorption per unit volume (SEAV)
The specific energy absorption per unit volume, SEAV, which is

efined as the energy absorbed per unit volume:

𝐸𝐴𝑉 = 𝐸𝐴
𝑉

(3)

here V is the volume of the energy absorber. The SEAV often used
or sandwich structures.
4

. Finite element modeling

.1. FE model

Foam filled TCSS specimens under quasi-static axial compression
ere simulated using the nonlinear explicit FE algorithm ABAQUS/
xplicit. The FE model developed was shown in Fig. 5, in which two
igid bodies were used to simulate the upper and bottom platens of the
xperiment. The upper rigid body slid downward in the axial direction,
hereas the bottom rigid body was fully stationary. The compression
istance, 50 mm, was identical to that adopted in the experiment.

The FE model could be divided into three parts, i.e., the all-metallic
runcated conical sandwich shell (TCSS), the foam fillers, and the upper
nd bottom rigid bodies. General contact was defined throughout the
E model, and the coefficient of friction was set as 0.2 [41,46,47].
he TCSS was all modeled using the S4R element, with 5-integration
oints through the thickness, this element formulation gives greater
omputational efficiency compared to other element formulations [48],
he foam fillers were modeled with the eight-node solid elements
C3D8R), while the upper and lower rigid bodies were modeled using
our-node rigid elements (R3D4). Upon checking the convergence of
umerical solutions, the optimal mesh size for the TCSS and foam fillers
ere selected as 1.5 × 1.5 mm and 2 × 2 mm, respectively. For instance,
ig. 5 depicts the PF and SEA of the TCSS under quasi-static axial
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Fig. 8. Quasi-static uniaxial compressive stress versus strain curve of PU foam:
comparison between experiment and FE simulation.

Table 2
Material parameters of crushable foam model for PU foam.

Density
(kg/m3)

Elastic
modulus (MPa)

Poisson
ratio [26]

Compression yield
stress ratio [26]

Plastic Poisson
ratio [26]

41 12.60 0 1 0

loading as a function of mesh size. It was evident from the graph that
a 1.5 mm mesh size can produce accurate results. Similar graphs were
obtained for other foam filled TCSS tubes that were not reported here
for the sake of brevity.

The material of the present TCSS was 1060Al. The material prop-
erties were tested in accordance with standard: ISO6892-1. The stress–
strain curve obtained from quasi-static uniaxial tensile test of 1060Al,
together with its fundamental mechanical properties, showed in Fig. 7.
In the FE simulation, the stress–strain curve was used as the material
property, and the isotropic hardening model was employed. The foam
filling was described using an isotropic crushable foam material model,
the stress–strain curve was used as the material property, shown in
Fig. 8; other foam properties adopted in the FE simulation were listed in
Table 2. For validation, the numerically calculated stress versus strain
curve (marked by black triangles) was checked against that measured
experimentally (marked as red line), as shown in Fig. 8. It was seen that
the present numerical simulation of the foam material was accurate (see
Fig. 6).

3.2. Validation against experimental measurements

Fig. 9 compared the experimentally measured force versus dis-
placement curves and deformation modes of FFIC, FFCC, and FFICCC
under quasi-static axial compression with those numerically simulated,
whereas Table 3 listed the key evaluative indicators, i.e., PF, EA and
SEA. The force versus displacement curve exhibited large recipro-
cating fluctuations, induced by the continuous formation of plastic
hinges [41]. The FE simulations agreed well with experiments in terms
of both force versus displacement curves and deformation modes. How-
ever, there was a certain error between the finite element results and
the experimental results. The experimental curves were albeit slightly
lower than the simulated ones, mainly attributed to the presence of
various defects (e.g., pits, degumming, and initial buckling) induced
during the fabrication process of the TCSS [41]. In addition, at the
beginning of the compression experiment, the indenter and the spec-
imen were not completely fitted at the beginning, but in the finite
element model, the indenter and the specimen were completely fitted.
5

Fig. 9. Comparison of quasi-static axial compressive force versus displacement curve
and deformation mode between FE simulation and experimental measurement: (a) FFIC,
(b) FFCC and (c) FFICCC.

So, the measured initial stiffness was much lower than that calculated
numerically, leading to the deformation delay of the experimental
curve in Fig. 9. Correspondingly, at a specific compression distance, the
energy absorption measured from experiment was consistently lower
than that obtained from FE simulation.
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Fig. 10. Numerically simulated deformation mode of FFIC, FFCC and FFICCC with different crushing distances.
e
m
F

Table 3
Peak force (PF ) and specific energy absorption (SEA): comparison between FE
simulation and experimental measurement under quasi-static uniaxial compression.

Specimens S-FFIC S-FFCC S-FFICCC

PF (kN)
Simulation 20.40 26.65 27.39
Experiment 18.11 22.76 25.63
Error 12.6% 17.1% 6.9%

EA (kJ)
Simulation 0.78 0.91 1.12
Experiment 0.69 0.87 0.99
Error 12.0% 4.6% 13.1%

SEA (kJ/kg)
Simulation 3.22 5.79 4.16
Experiment 2.82 5.56 3.67
Error 14.2% 4.1% 13.4%

3.3. Foam-shell interaction effect

It could be seen from Table 3 that the FFIC had the lowest SEA and
EA, the FFICCC had the highest EA, while the FFCC had the highest
SEA. This was mainly attributed to different deformation mechanisms.
Fig. 10 showed the deformation modes of FFIC, FFCC and FFICCC
with different crushing distances. It could be seen that the deformation
always started at the ends of the structure, and the entire crushing pro-
cess was accompanied with the formation of continuous folds. In fact,
the formation of each fluctuation in the load versus deflection curve
corresponds to the formation of one folds [41]. To further explore the
influence mechanism of foam filling, cross-sectional views of the three
foam-filled structures after deformation were illustrated in Fig. 11. It
could be seen that, for the FFIC, there was almost no mutual interaction
between the foam filler and the TCSS. Compared with the unfilled
structure (i.e., the TCSS), the increase in EA was mainly due to energy
absorption of the foam itself. However, due to the large internal space
and corresponding increase in structural mass, the SEA of the structure
decreased. In contrast, during the deformation process of the FFCC, the
foam was squeezed into the gaps of adjacent plastic hinges of the metal
shells, resulting in an obvious interaction between the PU foam and the
metal shells. The EA of the structure was greatly improved with only
a little mass increase, as the interstices of the sandwich core in which
the foam fillers resided only took a small portion of the total structural
volume. The corresponding increase in SEA was also significant. Such
significant enhancement was barely obtained in alternative foam-filled
energy-absorbers reported in previous studies, which can be attributed
to the particularity of the TCSS. As for the FFICCC, its energy absorption
characteristics were somewhere in between the FFIC and the FFCC.

To better understand the interaction effect induced by foam filling,
the crashworthiness of a single TCSS and a single conical foam structure
under axial compression were numerically calculated, with relevant
force versus displacement curves obtained. Fig. 12 compared the re-

sults with those of the foam-filled structures (i.e., FFIC, FFCC, FFICCC). i

6

Fig. 11. Numerically simulated deformation mechanisms of FFIC, FFCC and FFICCC.

Note that the foam model was a conical structure, with its taper and
height consistent with experimental specimens, and its mass equal to
the mass of foam fillers in the corresponding foam-filled structure. It
was seen that the stress versus strain curve of each foam-filled TCSS
was higher than that of the TCSS + Foam, and the discrepancy was
attributed to the interaction effect. The area under the curve of TCSS +
Foam was almost the same as that under the curve of FFIC, as shown
in Fig. 12(a). The EA of FFIC was basically a simple superposition of a
single foam and a single TCSS, with almost no interaction effect. From
Fig. 12(b), however, it could be seen that the area under the curve
of FFCC was much larger than that under the curve of TCSS + Foam.
This means that the energy absorption of FFCC was much larger than
the simple superposition of a single foam and a single TCSS, as the
interaction effect between foam and TCSS was strong in FFCC. Similar
results were obtained for FFICCC, but the interaction effect was mainly
due to foam fillers in the sandwich core, not those in the inner cavity,
and hence its SEA was expected to be much smaller than that of FFCC.

Table 4 presented the values of EA, Mass and SEA for each con-
stituent of the three foam-filled structures. The EA of a single foam
xhibited the following trend: FFICCC > FFIC > FFCC, which was
ainly determined by the mass of the foam. The mass of foam in a

FCC was much smaller than that in either FFIC or FFICCC. In addition,
t could be seen from Table 4 that the SEA of single foam varied from
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Table 4
Comparison of PU Foam, TCSS, and foam-filled TCSS.

FFIC FFCC FFICCC

EA (kJ)

TCSS 0.60 0.60 0.60
Foam 0.19 0.03 0.24
TCSS+Foam 0.79 0.63 0.83
Foam-filled TCSS 0.79 0.91 1.12

Mass (g)

TCSS 134.73 134.73 134.73
Foam 110.39 24.54 134.93
TCSS+Foam 245.12 159.27 269.66
Foam-filled TCSS 245.12 159.27 269.66

SEA (kJ/kg)

TCSS 4.42 4.42 4.42
Foam 1.72 1.22 1.75
TCSS+Foam 3.20 3.92 3.08
Foam-filled TCSS 3.20 5.74 4.16

1.72 via 1.22 to 1.75 kJ/kg, while that SEA of TCSS was 4.42 kJ/kg.
Therefore, when the interaction effect was not obvious, simply filling
the foam into TCSS would cause the SEA of the foam-filled structure
lower than that of the TCSS. This was why the SEA of either FFIC or
FFICCC was inferior to the TCSS. In the FFCC, the strong interaction
effect between foam and TCSS and small increase in structural mass
led to 30% increase in SEA relative to the TCSS.

4. Discussions

In this section, the influences of wall thickness (t), semi-apical angle
(𝜃) and dynamic impact velocity on the crushing behaviors of three
different foam-filled structures (i.e., FFIC, FFCC, and FFICCC) were
quantified using FE simulations.

4.1. Effect of wall thickness

Fig. 13 displayed how the thickness (t) of face sheet and corrugation
members affected the crashworthiness of foam-filled TCSS under quasi-
static axial compression. It could be seen that when t was constant, the
curve of FFICCC was higher than FFCC, and the curve of FFCC was
higher than FFIC. The curves of FFIC, FFCC and FFICCC all increased
with the increase of t. To further analyze the influence of the change
in t on energy absorption characteristics, the EA, SEA, PF and SEAV of
the foam-filled structures were calculated and compared with those of
TCSS in Fig. 14.

It could be seen from Fig. 14(a) that the EA of TCSS, FFIC, FFCC
and FFICCC all increased nearly linearly with the increase of t, and the
four structures compared varied in the following order, 𝐸𝐴FFICCC >
𝐸𝐴FFCC > 𝐸𝐴FFIC > 𝐸𝐴TCSS. The results of from Fig. 14(b) showed
that the SEA of TCSS, FFIC, FFCC and FFICCC all increased with the
increase of t, but the increasing speed gradually slowed down, and the
following order was obtained, 𝑆𝐸𝐴FFCC > 𝑆𝐸𝐴FFICCC > 𝑆𝐸𝐴FFIC. The
SEA of FFCC was consistently higher than the TCSS, but its superiority
gradually decreased with the increase of t because foam filling played
an increasingly smaller role as t was increased. When t was relatively
small (𝑡 = 0.2 or 0.4 mm), the SEA of FFICCC was equivalent to the
TCSS. However, when t was enlarged (𝑡 = 0.6 or 0.8 mm), the SEA of
FFICCC became smaller than the TCSS and, as t was further increased,
the difference between the two structures also increased. The increase
of t led to smaller SEA of FFICC relative to TCSS, because there was
almost no interaction effect between the foam and TCSS and the mass
of foam filling was large.

It could be seen from Fig. 14(c) that the PF of FFIC was almost equal
to that of the TCSS and, as t was increased, the difference between
the two diminished. This was mainly due to the low strength of foam
compared to the metal structure (TCSS). In comparison, the PF of
FFCC was consistently higher than that of either TCSS or FFIC, but this
advantage gradually decreased as t was increased. The foam filled in

the corrugated channel had a good support and interaction effect on

7

Fig. 12. Force versus displacement curves of PU Foam, TCSS, and foam-filled TCSS:
(a) FFIC, (b) FFCC and (c) FFICCC.

the surrounding TCSS, which could effectively suppress the occurrence
of initial buckling in FFCC. The PF of FFICCC was almost equal to that
of FFCC over the entire range of t considered.

Since the change of t hardly changes the overall volume of the foam-
filled structures considered, the variation trend of SEAV was consistent
with that of EA, as shown in Fig. 14(d).
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4

a

Fig. 13. Effect of thickness on force versus displacement curves.
Fig. 14. Effect of thickness on EA, SEA, PF and SEAV.
d
i
w

.2. Effect of semi-apical angle

To understand how the semi-apical angle (𝜃) affects the energy
bsorption characteristics of foam-filled TCSS, this section studied
8

ifferent structures: TCSS, FFIC, FFCC, FFICC. To fully reflect the
nfluence of foam filling, the mass of the TCSS in foam-filled structures
ith different 𝜃 remained unchanged, equal to the mass of TCSS in

experimental specimens (i.e., S-FFIC, S-FFCC, S-FFICCC). The results of
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EA, SEA, PF and SEAV obtained via FE simulations were presented in
Fig. 15.

The results of Fig. 15(a) showed that the EA of TCSS first increases
and then decreases with increasing 𝜃, peaking when 𝜃 = 10◦–15◦. In
contrast, varying 𝜃 had a relatively low influence on the EA of FFIC,
FFCC and FFICCC which, overall, decreases slightly with the increase
of 𝜃. With the semi-apical angle fixed, it was seen from Fig. 15(a) that
𝐸𝐴FFICCC > 𝐸𝐴FFCC > 𝐸𝐴FFIC > 𝐸𝐴TCSS. However, the results pre-
sented in Fig. 15(b) demonstrated that the SEA of foam-filled structures
was ranked as: 𝑆𝐸𝐴FFCC > 𝑆𝐸𝐴FFICCC > 𝑆𝐸𝐴FFIC. In addition, the SEA
of FFCC was higher than that of TCSS at each 𝜃. The SEA of FFICCC
was less than that of TCSS when 𝜃 = 15◦, but greater at other values
of 𝜃 and, when 𝜃 = 0◦ or 20◦, the SEA of TCSS differed most from
hat of FFICCC. When 𝜃 = 0◦ or 20◦, the SEA of FFIC was similar to
hat of TCSS, but smaller at other 𝜃; when 𝜃 = 10◦–15◦, the SEA of
CSS differed most from that of FFIC. Similar to the case of EA, with
he increase of 𝜃, the SEA of TCSS increases at first and then decreases,
eaking when 𝜃 = 10◦–15◦. The SEA of FFIC gradually increases with
he increase of 𝜃. In contrast, with the increase of 𝜃, the SEA of FFCC
nd FFICCC both increases at first and then decreases, peaking when
= 10◦.

It could be seen from Fig. 15(c) that, with the value of 𝜃 fixed,
he PF of the structures varied as: 𝑃𝐹 FFICCC > 𝑃𝐹 FFCC > 𝑃𝐹 FFIC >

𝐹 TCSS. The PF of FFICCC was relatively close to the FFCC, while the
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F of FFIC was relatively close to the TCSS. The PF of either FFIC or
TCSS remained almost unchanged with the increase of 𝜃, and gradually
decreased when 𝜃 was greater than 10◦. The PF of FFICCC and FFFCC
gradually decreased as 𝜃 was increased.

The results presented in Fig. 15(d) revealed that 𝑆𝐸𝐴𝑉 FFICCC >
𝑆𝐸𝐴𝑉 FFCC > 𝑆𝐸𝐴𝑉 FFIC > 𝑆𝐸𝐴𝑉 TCSS. The SEAV of FFIC, FFCC,
nd FFICCC all increased with the increase of 𝜃, which was mainly
ecause the volume of the structure decreased with increasing 𝜃. As 𝜃
as increased, the SEAV of TCSS increased at first and then decreased,

eaching a maximum at 𝜃 = 15◦.

.3. Dynamic loading

Energy absorbing structures often experience dynamic impact loads,
o it is important to study their dynamic responses under such loading.
n the current study, to represent the behavior of both metal and
oam materials under dynamic loading, the following relationship was
sed:

̇ = 𝐷(
𝜎d
𝜎s

− 1)m (4)

where 𝜎s and 𝜎d denote the quasi-static and dynamic yield stresses,
and D and m are dynamic constants. For the aluminum alloy (1060Al)
and PU foam considered here, relevant parameters were listed in Ta-
ble 5 [26].
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Table 5
Dynamic material parameters of Al and PU foam [26].

Material D (s−1) m

Aluminum 1060Al 1 288 000 4
PU foam 4638 2.285

To investigate the influence of impact velocity (v), only the loading
elocity was changed in the FE model, the geometric size of the
tructure was consistent with the size of the experimental specimens,
s Fig. 1 and Table 1, and the crushing distance was 50 mm. The force
ersus displacement curves of PU foam, FFIC, FFCC and FFICCC for
elected values of v thus calculated were displayed in Fig. 16. The axial
orce of PU foam increased as v was increased. And the axial force of
foam-filled conical structure increased as v was increased, regardless
f foam filling type. As v was increased, the maximum axial force may
xceed the initial peak force. Consequently, for unified comparison,
he initial peak force was selected in subsequent data analysis. From
ig. 17 it was seen that the PF of FFIC, FFCC and FFICCC all increased
inearly with increasing v, with nearly the same variation trend. Similar
onclusions held for the SEA of foam-filled structures, as shown in
ig. 17.

. Concluding remarks

The energy absorption characteristics of three different foam-filled
runcated conical sandwich shells with corrugated cores, i.e., foam
 i
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filling inner cavity (FFIC), foam filling corrugated channel (FFCC)
and foam filling inner cavity and corrugated channel (FFICCC), were
systematically investigated, both experimentally and numerically. In-
fluences of wall thickness, semi-apical angle and loading speed on key
crashworthiness parameters (EA, SEA, PF and SEAV ) were quantified.
Main findings were summarized as follows:

1. The Energy absorption (EA) of foam-filled structures (FFIC, FFCC,
FICCC) was higher than that their unfilled counterpart (i.e., TCSS).

2. The specific energy absorption (SEA) was affected by the foam
illing method, and not all foam-filled TCSS showed obvious strengthen-
ng effect. Only for the case of foam filling corrugated channel (i.e., the
FCC), the interaction effect between foam and metallic shells was most
bvious, thus contributing to the highest SEA.

3. With increasing wall thickness, the EA, SEA, PF and SEAV of all
oam-filled structures increased, but the difference among FFIC, FFCC
nd FFICCC gradually decreased.

4. Both the EA and SEA of foam-filled structures first increased
nd then decreased as the semi-apical angle was increased, peaking at
= 10◦∼15◦. Compared with the unfilled TCSS, the foam-filled TCSS

xhibited obvious superiority in energy absorption especially at 𝜃 = 0◦

r 20◦. Moreover, foam filling could efficiently increase the SEAV, with
erformance ranked as: 𝑆𝐸𝐴𝑉 FFICCC > 𝑆𝐸𝐴𝑉 FFCC > 𝑆𝐸𝐴𝑉 FFIC >
𝐸𝐴𝑉 TCSS.

5. The PF and SEA of FFIC, FFCC and FFICCC all increased linearly
ith impact velocity.

The results of the present study provide useful guidance for design-

ng energy absorbing structures with superior crashworthiness.
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Fig. 17. Effect of impact velocity on PF and SEA of foam-filled structure: (a) FFIC, (b) FFCC and (c) FFICC.
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