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• Lightweight hollow sphere structure
was designed to reduce the weight by
37.7%~69.8%.

• Parametric study was carried out to im-
prove the blast resistance of hollow
sphere structure.
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ture exhibited better blast resistance
than the closed-cell hollow sphere
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• Blast-proof mechanism and blast resis-
tance of hollow sphere structure was
identified.
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Closed-cell and open-cell hollow sphereswere designed to develop lightweight cellular structureswith excellent
blast resistance, and the mechanical response of the hollow sphere structure (HSS) under blast loading was in-
vestigated numerically using ANSYS®/LS-DYNA®17.0. In this paper, the blast wave pressure decay rate was
served as the main index of blast resistance while areal specific energy absorption and frame deformation
were used as auxiliary indexes. The results indicated that the weight of HSS was reduced by 37.7%–69.8% com-
pared to solid structures with the same physical size, and the blast resistance of HSS was significantly affected
by the hollow sphere diameter and wall thickness, frame length and width, opening size and opening density.
Closed-cell HSS with smaller hollow sphere diameters and thicker wall, or smaller frame lengths and widths
would achieve the optimal blast resistance. Meanwhile, the blast resistance of HSS could be improved by
adopting a smaller opening size, but the effect of opening density did not follow any rule, which was affected
by the number and position of openings. Comprehensively, the blast resistance of HSS was enhanced when
there was opening only at the face blast surface rather than at both the face blast surface and back blast surface.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The hollow sphere structure (HSS) is a type of foam structure that
combines the structural characteristics of open-cell and closed-cell
foams [1–3]. Compared to the existing open-cell and closed-cell
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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foams, the HSS has excellent mechanical performance and damping
performance, high energy absorption rate and specific rigidity, low rel-
ative density and specific heat rate, and favorable damping and sound
attenuation effects, which has been widely used in various areas, such
as vehicle, rail transit and aerospace [4–7].

Most of the research on blast protection was focused on structures,
such as aluminum foam, negative Poisson's ratio structure and high-
performance fibers. Extensive efforts have been devoted to investigate
mechanical properties and impact resistance of the hollow sphere, in-
stead of blast protection [8–10]. For example, Gasser et al. [11] studied
the effect of wall thickness and radius on the mechanical properties of
the face-centered cubic HSS. Vesenjak et al. [12] found that the effect
of topological structure and strain rate sensitivity on the impact resis-
tance of HSS was significant, while the wall thickness did not, and the
face-centered cubic arrangement had the best impact resistance. Zeng
et al. [13] analyzed the effect of density gradient distribution on theme-
chanical response of hollow spheres under impact load and proposed
that placing the “hardest” layer as the first layer and the “weakest”
layer as the last layer to enhance the energy absorption rate of the
sphere and reduce the force of the sphere structure on the protected
structure. Li et al. [14] carried out the deformation mode and failure
mechanism of the metal thin-walled hollow spheres under dynamic
compression and found that the wall thickness-to-diameter ratio mark-
edly affected the dynamic behavior of the sphere. Smith et al. [15] re-
vealed the mechanical properties of HSS and identified several
important mechanical parameters, such as compressive plastic
Poisson's ratio, compressive unloading modulus, tensile unloading
modulus, tensile yield stress and tensile fracture strain, etc. Shufrin
et al. [16] found that the hollow sphere exhibited negative Poisson's
ratio effect, and assemblies of spheres with the wall thickness to radius
ratio smaller than 0.01 were able to provide the macroscopic Poisson's
ratios close to −1.0. Yang et al. [17] analyzed the impact resistance of
the gradient metal hollow sphere foam structure, found that the HSS
with many gradients and negative gradients had the best impact resis-
tance. Songet al. [18] investigated the effect ofmicroporosity on theme-
chanical properties of the thin-walled hollow spheres, and found that
the Young's modulus and yield strength of the spheres were unaffected
by any increase in microporosity. Qi et al. [19] studied the blast resis-
tance and multi-objective design optimization of aluminum foam-
cored sandwich panels by using the maximum back face deflection
and areal specific energy absorption as blast-resistant indexes.

There has been a wealth of research on the mechanical response,
blast resistance and deformation mechanism of aluminum foam under
blast loading. However, the structural parameters and arrangement of
each aluminum foam cell are different, so they are difficult to change
and optimize [20–22]. Compared with aluminum foam, the structural
parameters and arrangement of hollow spheres are easier to be de-
signed and optimized, and the uniformity of the hollow spheres could
be achieved. It is worth noting that the effectiveness of HSS against
blast loading is yet investigated and the blast-resistance behaviors and
influencing factors are not well understood.

The closed-cell and the open-cell HSS were investigated in this
paper. The ANSYS®/LS-DYNA® 17.0 finite element analysis software
was used to study the effect of structural parameters of HSS on the
blast resistance to enhance the blast resistance of the lightweight and
high-strength blast-proof structure.
Non-reflecting boundary conditions

Nodal restraints at 
upper and lower 
surface

Fig. 1. Finite elementmodel, and boundary conditions of the ambient layer and air domain.
2. Finite element analysis

The finite element model (FEM) was established by Solidworks
2016, Hypermesh 2017, ANSYS®/LS-DYNA® 17.0 and LS-PrePost 4.3
software. Solidworks 2016 was used to build geometric models of
HSS. Hypermesh 2017 was a pre-processing for meshing and setting
of calculation parameters, so the element quality, calculation accuracy
and convergence were guaranteed. ANSYS®/LS-DYNA® 17.0 was
utilized for the calculation of FEM. LS-PrePost 4.3 was used to view
and output the calculation results.

The FEM consisted of ambient layer, air domain and HSS, established
in g-cm-μs unit, was shown in Fig. 1. In order to eliminate the effect of
the diffraction blast wave on the transmission blast wave, the length
and width of ambient layer and air domain remained the same as the
frame. The heights of ambient layer and air domain were 0.5 mm and
59.5 mm, respectively. The distance between the ambient layer and the
front surface of HSS was 30 mm. Meanwhile, the boundary conditions
of ambient layer and air domain were set as shown in Fig. 1 to ensure
that the Friedlander blast wave propagation in the air domain was stable.
The ambient layer and air domainweremodeled as hexahedral elements
with the element size of 0.5 mm, and the Arbitrary Lagrange-Euler (ALE)
approach was adopted. The HSS was meshed using hexahedral elements
and the Lagrange approach was adopted. The fluid-structure interaction
*CONSTRAINED_LAGRANGE_IN_SOLID was applied among the ambient
layer, air domain and HSS. The contact between hollow spheres was
defined as *CONTACT_ERODING_SINGLE_SURFACE, and the contact be-
tween hollow sphere core and frame was defined as
*CONTACT_ERODING_SURFACE_TO_SURFACE.
2.1. Blast loading

In this study, the Friedlander method was used to simulate the dy-
namic responses of HSS subjected to blast loading.While the peak over-
pressure (1500 kPa) and the positive phase duration (1.0 ms) of blast
wave were determined, the pressure-time (P-t) curve (Fig. 2a) of
Friedlander blast wave could be expressed by Eq. (1) [23–25]. Then,
the P-t curve was converted into internal energy-time (E-t) curve
(Fig. 2b). Finally, the keyword *BOUNDARY_AMBIENT_EOS was used
to load the internal energy-time (E-t) curve and the relative volume-
time (V-t) curve (Fig. 2c) into the ambient layer to obtain Friedlander
blast wave in the air domain.

P tð Þ ¼ P0 þ Pþ 1−
t−ta
Tþ

� �
e
−
b t−tað Þ

Tþ ð1Þ

where P(t) is the blast wave overpressure as a function of time, P0 is the
ambient pressure, P+ is the peak pressure of blast wave, T+ is the posi-
tive phase duration, b is the time constant, ta is the arrival time of blast
wave.
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Fig. 2. Time histories of (a) pressure, (b) internal energy and (c) relative volume of incident Friedlander blast wave.
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2.2. Geometric model of HSS

The HSS composed of a front face frame, frame column, back face
frame and hollow sphere core, as shown in Fig. 3. A fully clamped
frame was mounted outside the hollow sphere core, and the opening
size of frame should be smaller than the hollow sphere diameter to pre-
vent the hollow spheres frommoving out of the frame. Meanwhile, the
opening size of frame should not be too small to ensure that the blast
Tf

Th

Tb

Tf =Tb =1.13 mm, Th=7.74 mm, Ttot =10.00 mm 

Hollow sphere core

Front face frame 

Back face frame 

Frame column 

Fig. 3. The schematic diagram of HSS.
wave could encounter the hollow sphere core. HSS shared the other
geometric dimensions in the varied simulation conditions: thicknesses
of front face frame (Tf = 1.13 mm) and back face frame (Tb =
1.13 mm), thickness of hollow sphere core (Th = 7.74 mm) equals to
the height of frame column (H = 7.74 mm), total thickness of HSS
(Ttot = 10.00 mm), opening size of frame (A = 0.60 mm) and the size
of frame beam section (B = 0.30 mm), as indicated in Figs. 3 and 4.
The frame length (L) and width (M) are equal and range from
9.93 mm to 40.87 mm, as shown in Fig. 4.

The hollow sphere core was composed of a large number of hollow
sphere with the same dimensions arranged regularly in the spatial peri-
odicity. Its performance was affected by the spatial arrangement.
Bravais [26] divided the space lattice structure into 7 major systems
and 14 specific lattice structures. Among them, the face-centered
cubic structure had superior energy absorption effects [27,28]. There-
fore, the face-centered cubic arrangement of the hollow sphere core
was used in the analysis (see Fig. 5). The closed-cell hollow sphere
and open-cell hollow sphere were taken as the research object, as
shown in Fig. 6(a–b). In the parametric study, the structural parameters
of all hollow spheres were varied as shown in Tables 3–4, including hol-
low sphere diameter, hollow sphere wall thickness, layer of hollow
sphere core, number of hollow spheres, opening size and opening den-
sity of hollow sphere. For open-cell HSS, there were four types of open-
ing (see Fig. 7(a–d)): (a) open one hole at the face blast surface;
(b) open one through-hole at the face blast surface and back blast sur-
face; (c) openmultiple holes at the face blast surface; (d) openmultiple
holes at the face blast surface and back blast surface.
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2.3. Material model

The linear polynomial equation of state *EOS_LINEAR_POLYNOMIAL
was applied on both the ambient layer and air domain. The blast wave
pressure was expressed as Eq. (2).

P ¼ C0 þ C1μ þ C2μ2 þ C3μ3 þ C4 þ C5μ þ C6μ2� �
E ð2Þ

μ ¼ 1
V
−1 ð3Þ

where P is the blast wave pressure, E is the internal energy, V is the rel-
ative volume, ρ and ρ0 are the present and initial densities of air, C0, C1,
C2, C3, C4, C5 and C6 are the 0th, 1st, 2nd, 3rd, 4th, 5th and 6th polynomial
equation coefficients, respectively.

Thematerialmodel *MAT_NULLwas employed for the ambient layer
and air domain. In addition, aluminum alloy AlSi10Mg was applied to
construct the hollow sphere and frame in the simulation, and the
elastic-plastic material model *MAT_PLASTIC_KINEMATIC was
employed. The material parameters are given in Table 1 [29–31].
Fig. 5. The schematic diagram of face-centered cubic arrangement.
2.4. Validation of FEM

To validate the accuracy of Friedlander method and numerical
model, structural response of aluminum foam sandwich panel (AFSP)
under blast loading was simulated based on the experimental and nu-
merical results of Zhu et al. [32]. The AFSP consisted of two layers of alu-
minumalloy (Al-2024-T3) and an aluminum foamcore (Fig. 8). The TNT
charge was 20 cm above the front face of AFSP.

The deformation of AFSP under blast loadingwas simulatedwith the
LBE (LOAD_BLAST_ENHANCED) method and the Friedlander method.
The blast loading of LBE method was defined by the keyword
*LOAD_BLAST_ENHANCED, and the keyword *LOAD_BLAST_SEGMENT
was applied to define the loading surface of ambient layer. First, the de-
formation process of AFSP was simulated by LBE method, and the blast
wave pressure-time (P-t) curve loaded onto the AFSP was obtained.
Then, the P-t curve obtained by the LBE method and V-t curve were ap-
plied to the ambient layer for simulating the Friedlander blast wave.

The blast wave impulse and maximum deformation of the back face
was obtained by numerical simulation, as shown in Table 2. The maxi-
mum relative error of the blast wave impulse was 10.22%
(LBE&Experiment), and themaximum relative error of the back face de-
formation was 6.67% (Friedlander&Experiment) and 9.25%
(Friedlander&LBE). It could be found that the blast wave impulse and
the maximum back face deformation obtained by Friedlander method
were in good agreement with the results obtained by experiment [32]
and LBE method. Therefore, the satisfactory correlations indicated that
the adopted Friedlander method was valid.
3. Numerical results and discussion

The effect of hollow sphere diameter, hollow sphere wall thickness,
frame length and width of closed-cell HSS, as well as the opening size
and openingdensity of open-cell HSS on theblast resistancewere inves-
tigated (see Tables 3–4). Fig. 9 showed the pressure-time curve of inci-
dent blast wave in front of HSS, with a peak overpressure of
1042.68 kPa, which was lower than the peak overpressure of loaded
Friedlander blast wave (1500 kPa). The main reason was that the blast
wave energy was attenuated when the blast wave propagates in the
air. The termination time of FEM was set to 1.2 ms. First, the positive
phase duration of incident blast wave was less than 1.0 ms. Second,
the transmission blast wave pressure curve, and the energy and dis-
placement curves of HSS had remained stable at 1.2 ms.
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Fig. 7.Openingmorphology of hollow sphere (a) open one hole at the face blast surface, (b) open one through-hole at the face blast surface and back blast surface, (c) openmultiple holes
at the face blast surface and (d) open multiple holes at the face blast surface and back blast surface.

Table 1
Material parameters of air and AlSi10Mg alloy [29–31].

Parameters ρ0 (kg/cm3) C0/MPa C1 C2 C3 C4 C5 C6 E0/MPa V0

Ambient layer 1.29 −0.1 0.0 0.0 0.0 0.4 0.4 0.0 0.25 1.0
Air domain 1.29 −0.1 0.0 0.0 0.0 0.4 0.4 0.0 0.25 –

Parameters Mass density/(g/cm3) Young's modulus/GPa Yield stress/MPa Poisson's ratio

AlSi10Mg 2.65 70 251 0.32
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Table 3
Parametric study of closed-cell HSS configuration on its blast resistance.

Structural parameters Value

D (mm) 0.70 1.04 1.46 2.00 2.45 3.17
ρa (g/cm2) 1.65 1.45 1.29 1.12 1.03 0.96
n 15 10 7 5 4 3
N 5468 1445 424 203 98 38
Baseline T = 0.20 mm L = 15.46 mm
Nodes 1930 654 798 2886 2886 3960
Elements 1536 432 528 1920 1920 2636
T (mm) 0.05 0.10 0.20 0.30 0.40 0.50
ρa (g/cm2) 0.80 0.92 1.12 1.27 1.39 1.47
Baseline D = 2.00 mm L = 15.46 mm n = 5 N = 203
Nodes 3076 2640 2886 2720 3010 3612
Elements 1536 1218 1920 2044 2400 3000
L (mm) 9.93 15.46 21.06 29.60 40.87
ρa (g/cm2) 1.21 1.12 1.08 1.06 1.04
N 63 203 423 903 1823
Baseline D = 2.00 mm T = 0.20 mm n = 5
Nodes 2886
Elements 1920

Table 4
Parametric study of open-cell HSS configuration on its blast resistance.

Structural
parameters

Value

d (mm) 0.000 0.126 0.190 0.290 0.379 0.473 0.565 0.716
ρa (g/cm2) 1.12 1.118 1.118 1.117 1.115 1.113 1.107 1.098
Baseline D = 2.00 mm T = 0.20 mm L = 15.46 mm n = 5 N = 203
Nodes 2886 2886 2883 2880 2874 2850 2838 2811
Elements 1920 1918 1912 1908 1902 1880 1870 1848
DH (‰) 0.00 2.99 5.96 11.82 23.77 34.30 35.55 67.33
ρa (g/cm2) 1.12 1.118 1.115 1.113 1.108 1.103 1.102 1.089
Baseline d = 0.19 mm D = 2.00 mm T = 0.20 mm L = 15.46 mm n = 5 N =

203
Nodes 2886 2883 2880 2871 2859 2861 2859 2847
Elements 1920 1912 1904 1880 1856 1852 1848 1816
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3.1. Blast-resistant indexes of HSS

The areal density (ρa), blast wave pressure decay rate (η), maximum
back face frame deformation (Df) and areal specific energy absorption
(ASEA) were used as blast-resistant indexes for the HSS performance
after normalization [33–36]. The areal density (ρa) represents the
mass within the unit area of the structure, and the total mass of the
structure is lower when the areal density is smaller. The blast wave
pressure decay rate (η) reflects the protective performance of HSS on
blast wave. The maximum back face frame deformation reflects the
buffered energy absorption of HSS when it is subjected to blast loading
[37]. The areal specific energy absorption (ASEA) of HSS refers to the
total energy absorbed by themass per unit area, which not only reflects
the energy absorption capacity, but also indicates the effect of areal den-
sity [38–41]. The areal density, blast wave pressure decay rate and areal
specific energy absorption are expressed as Eqs. (4), (5) and (6).

ρa ¼
m

L2
ð4Þ

η ¼ PI−PT

PI
� 100% ð5Þ

ASEA ¼ EH
ρa

ð6Þ

wherem is the total mass of HSS, PI is the incident blast wave pressure,
PT is the transmission blast wave pressure, and EH is the total energy ab-
sorption of HSS.
Table 2
Comparison of experimental and numerical results.

Configuration W
(g)

TFB
(mm)

TAF
(mm)

ρR
(%)

Impulse

Experim

6.0%-20-20 20 1.0 20 6.0 18
6.1%-30-20 30 1.0 20 6.1 22
9.7%-20-20 20 1.0 20 9.7 18
9.8%-30-20 30 1.0 20 9.8 23
10.1%-30-30 30 1.0 30 10.1 22
9.9%-40-30 40 1.0 30 9.9 25

Configuration: Relative density of Aluminum foam - Mass of TNT charge - Aluminum foam cor
W: Mass of TNT charge; TFB: Front and back face thickness of AFSP.
TAF: Aluminum foam core thickness; ρR: Relative density of Aluminum foam.
3.2. Blast resistance of closed-cell HSS

3.2.1. Effect of hollow sphere diameter on blast resistance
The effect of the hollow sphere diameters (D = 0.70–3.17 mm)

on blast resistance was studied with the same baseline structural pa-
rameters: hollow sphere wall thickness (T = 0.20 mm), and frame
length and width (L = 15.46 mm), while the layer of hollow sphere
core (n = 3–15), and number of hollow spheres (N = 38–5468)
were variable, as shown in Table 3.

Small element size and time step, and excellent element quality in-
dicates improved calculation accuracy, but it also increases calculation
time. Therefore, the scale factor for LS-DYNA computed time step is
set to 0.6, and the number of elements and nodes are different for the
HSS with different physical shapes. The hollow sphere was modeled as
hexahedral elements, and the element size are selected based on the fol-
lowing standards: (1) the aspect ratio of element is close to 1.0, i.e. the
/(N·s) Back face deformation/mm

ent [32] LBE Experiment [32] LBE Friedlander

.29 16.42 4.90 5.04 5.13

.57 21.39 6.10 6.01 6.24

.08 16.42 4.40 4.63 4.57

.00 21.39 5.10 5.32 5.28

.36 21.39 2.40 2.27 2.48

.55 25.91 3.90 3.84 4.16

e thickness.
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element is approximately a regular hexahedral; (2) the element size of
hollow spheremust be able to ensure that the surface shape of the finite
element model of hollow sphere is close to the real hollow sphere. The
number of nodes and elements of single closed-cell hollow sphere are
listed in Table 3. Comprehensively, the element size of the hollow
sphere ranges from 0.025 mm to 0.1 mm, and the air are modeled as
fixed hexahedral elements, of which the element size is 0.5 mm.
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Fig. 10(a–c) shows the transmission blast wave pressure, the dis-
placement of back face frame and the energy absorption of HSS under
different hollow sphere diameters, and Fig. 11(a–d) compares the
blast resistancewith six sets of hollow sphere diameters. It could be ob-
served that the areal density, the blastwave pressure decay rate, and the
back face frame deformation all decreased as hollow sphere diameter
increased. However, the total energy first increased and then decreased
as hollow sphere diameter increased, and the total energy and ASEA
were the largest at hollow sphere diameter of 2.00 mm. The areal den-
sity decreased by 4.18% from 1.65 g/cm2 to 0.96 g/cm2, the transmission
blast wave pressure increased by 2652.92% from 2.57 kPa to 70.75 kPa,
the maximum deformation of frame decreased by 54.40% from
0.182 mm to 0.083 mm and the ASEA change ranged from
0.86 J·cm2·g−1 to 9.37 J·cm2·g−1 as the diameter of hollow sphere in-
creased by 352.86% from 0.70 mm to 3.17 mm.

When the hollow sphere diameter was less than 2.00 mm, with the
decreasing hollow sphere diameter, the number of gaps in the HSS was
larger, but the size of gaps was smaller. The deformation of the small-
diameter hollow sphere was very small, the hollow sphere core was
not fully compressed, and most of the energy was transmitted to the
back face frame. So the hollow sphere core absorbed less energy and
the frame experienced the majority of the deformation. The small-
diameter HSS dispersed the blast wave intomore gaps, thereby improv-
ing the capacity to attenuate blast wave energy. When the hollow
sphere diameter was more than 2.00 mm, the number, layers and the
total mass of hollow spheres decreased, resulting in a decrease in the
amount of gaps in the HSS and an increase in the size of gaps. The
blast wave was easily transmitted to the back of the structure through
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the gaps, keeping the deformation of HSS fairly small and reducing the
energy absorbed by the structure.

3.2.2. Effect of hollow sphere wall thickness on blast resistance
The effect of the hollow sphere wall thicknesses (T =

0.05–0.50 mm) on blast resistance was studied. HSS shared the same
baseline structural parameters: hollow sphere diameter (D =
2.00 mm), frame length and width (L = 15.46 mm), layer of hollow
sphere core (n = 5) and number of hollow spheres (N = 203).

The blast resistances with six kinds of hollow sphere wall thick-
nesses are presented in Fig. 12(a–d). It could be found that the greater
the hollow sphere wall thickness was, the greater the HSS areal density,
blast wave pressure decay rate, and back face frame deformation were.
However, the total energy increased first and then decreased as hollow
spherewall thickness increased, and the total energy and ASEAwere the
largest when hollow spherewall thicknesswas 0.30mm. The areal den-
sity increased by 83.75% from 0.80 g/cm2 to 1.47 g/cm2, the transmis-
sion blast wave pressure decreased by 86.89% from 146.81 kPa to
19.24 kPa, the maximum frame deformation decreased by 22.11%
from 0.104 mm to 0.081 mm and the ASEA ranged from
1.07 J·cm2·g−1 to 13.56 J·cm2·g−1 as hollow sphere wall thickness in-
creased by 900.00% from 0.05 mm to 0.50 mm.

The hollow spheres with wall thicknesses of 0.10 mm and 0.05 mm
exhibitedmuch less blast resistance than the hollow sphereswith awall
thickness exceeding 0.20 mm. This is mainly because thinner hollow
sphere generates deformation much easier, which increases the gaps
between the hollow spheres and allows blast waves to easily pass
through the hollow sphere core, thereby reducing the blast resistance
of HSS. Fig. 13 shows the deformation of the hollow spheres with a
wall thickness of 0.05 mm. It can be seen that the hollow sphere expe-
riences relatively large deformation. When the hollow sphere wall
thickness exceeds 0.20 mm, the indexes of HSS do not change signifi-
cantly because the deformations of the hollow sphere itself and the
gaps between the hollow spheres are not obvious. Therefore, HSS with
hollow sphere wall thicknesses of 0.20 mm, 0.30 mm, 0.40 mm, and
0.50 mm shared very similar blast-resistant performance.

3.2.3. Effect of frame length and width on blast resistance
The effect of the frame lengths andwidths (L=9.93–40.87mm) on

blast resistance was studied. HSS shared the same baseline structural
parameters: hollow sphere diameter (D = 2.00 mm), hollow sphere
wall thickness (T = 0.20 mm), layer of hollow sphere core (n = 5),
while the number of hollow spheres (N = 63–1823) was variable.

As shown in Fig. 14(a–d), the frame length andwidth appear to have
a significant effect on blast resistance of HSS. A larger frame length and
width resulted in smaller areal density and blast wave pressure decay
rate as well as greater total energy of structure and back face frame de-
formation. The areal density of HSS decreased from 1.21 g/cm2 to
1.04 g/cm2 by 14.05%, the transmission blast wave pressure increased
by 1324.70% from 6.76 kPa to 96.31 kPa, the maximum deformation of
the frame increased by 17,428.57% from 0.014 mm to 2.454 mm, and
the ASEA increased by 35,754.55% from 0.11 J·cm2·g−1 to
39.44 J·cm2·g−1 as the frame length and width increased by 311.58%
from 9.93 mm to 40.87 mm.
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The HSS had the most inferior blast resistance as the frame length
and width increased because a larger frame was more easily deformed
and created larger gaps between hollow spheres, causing the blast
wave to pass through the hollow sphere core more easily.

3.3. Blast resistance of open-cell HSS

Based on the study of the areal density and blast resistance of the
closed-cell HSS, the configurations of hollow sphere diameter of
Fig. 13. Deformation of hollow sphere (T = 0.05 mm).
2.00 mm, hollow sphere wall thickness of 0.20 mm and frame length
and width of 15.46 mm were identified for the open-cell HSS, and the
number of nodes and elements of single open-cell hollow sphere is
listed in Table 4. Meanwhile, the entire open-cell HSS had the same
baseline structural parameters: layer of hollow sphere core (n = 5),
number of hollow spheres (N = 203). The open-cell structure com-
posed of closed-cell hollow spheres by drilling square holes to examine
the effect of opening size and opening density on the blast resistance of
HSS. Opening density (DH) can be expressed by Eq. (7).

DH ¼ SH
S

� 100% ð7Þ

where SH is the opening area, S is the external surface area of hollow
sphere.

3.3.1. Effect of opening size on blast resistance
The effect of the opening sizes (d=0.000–0.716mm) on blast resis-

tance was studied, as shown in Fig. 15(a–d). The blast wave pressure
decay rate, frame deformation, total energy and ASEA varied throughout
the simulation. The areal density ranged from 1.119 g/cm2 to
1.096 g/cm2, the transmission blast wave pressure ranged from
11.13 kPa to 31.55 kPa, the maximum deformation of the frame ranged
from 0.062 mm to 0.090 mm and the structural ASEA ranged from
8.57 J·cm2·g−1 to 10.08 J·cm2·g−1 as the opening size increased
468.25% from 0.126 mm to 0.716 mm.

When the opening size of the hollow sphere is small, it is difficult for
the blast wave to enter the inside of the hollow sphere through the
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opening. When the opening size of the hollow sphere is large, the hol-
low sphere is prone to deform and then damage. Large deformation en-
larges the gap between the hollow spheres and makes it easier for blast
wave to propagate into the hollow sphere core. The closed-cell hollow
spheres are tangent arranged, so the arrangement between the open-
cell HSS altered during the process, and enlarges the distance between
the hollow spheres. Therefore, the open-cell hollow spheres are more
easily misaligned than closed-cell spheres.

3.3.2. Effect of opening density on blast resistance
The effect of the opening density (DH=0.00–67.43‰) on blast resis-

tance was studied. All open-cell HSS had the same opening density d=
0.190mm.No obvious effect laws for opening density could be obtained
from Fig. 16(a–d). It can be observed from Fig. 7(a–b) that the blast
wave is more easily transmitted through the through-hole hollow
sphere directly to the back of HSS. After the blastwave enters thehollow
sphere through the opening, the energy dissipation only occurs inside
the hollow sphere. Therefore, the blast resistance of HSS with one hole
at the face blast surface (DH = 2.99‰) is better than that of the
through-hole structure (2 holes, DH = 5.96‰) at the face blast surface
and back blast surface. Similarly, according to Fig. 7(c–d), the blast resis-
tance of the structure with multiple holes at the face blast surface (DH

= 34.30‰) is better than that with multiple holes at the face blast sur-
face and back blast surface (DH=35.55‰ andDH=67.33‰). It is found
that the opening size and opening density significantly affect the blast
resistance, as does the opening location (DH = 34.30‰ and DH =
35.55‰). Therefore, the blast resistance of open-cell HSS is superior to
the closed-cell HSS under certain conditions.

Three blast-resistant indexes were examined (blast wave pressure
decay rate, areal specific energy absorption, andmaximumdeformation
of back face frame), which essentially conflicted with each other and
showed incongruent change laws [19]. The areal density of the structure
and the stiffness of the hollow sphere increase. Therefore, the plastic de-
formation of the small-diameter hollow sphere was small, and the hol-
low sphere core was not fully compressed. Most of the energy was
transmitted to the back face frame, resulting in a decrease in energy ab-
sorption of hollow sphere core and an increase in the deformation of the
frame. Greater structural deformation generally results in more energy
absorption. However, these two blast-resistant indexes (areal specific
energy absorption and maximum back face frame deformation) were
in conflict, which was consistent with the results obtained by Qi et al.
[19]. In our case, the blast wave pressure decay rate should be used as
the main evaluation index of structural blast-resistant performance in
terms of its resistance against blast wave pressure [42].

3.4. HSS dynamic response process

When theHSS is subjected to blast loading, its dynamic response can
be divided into four phases. The starting and ending moments of each
phase are slightly different for different HSS. Figs. 17(a–e) and 18(a–
b) show the deformation and stress distribution of HSS at various time
slots, as well as time histories of front face frame and back face frame
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deformation, of which the hollow sphere diameter is 2.00 mm, the hol-
low sphere wall thickness is 0.20 mm, the frame length and width is
15.46 mm, the layer of hollow spheres is 5 with a total of 903 hollow
spheres.

Phase I (0–30 μs): The HSS is not deformed before the HSS is sub-
jected to the blast wave, as shown in Fig. 17(a). When the blast wave
is applied to the front face frame, the front face frame starts to deform
and generates a certain initial velocity. The hollow sphere core is com-
pressed by the front face frame, while the back face frame remains al-
most stationary, as shown in Fig. 17(b).

Phase II (30–164 μs): Due to the combined effects of the hollow
sphere core movement and the blast wave applied on the back face
frame, the back face frame starts to deform and the front face frame con-
tinues to compress the hollow sphere core until the back face frame
reaches itsmaximumdeformation. The hollow sphere core produces se-
vere compression and deformation resulting in a sizable change in the
spatial position of the hollow spheres and in the arrangement of the hol-
low spheres, as shown in Fig. 17(c).

Phase III (164–270 μs):With the constant decay of the incident blast
wave pressure, the stretched front face frame, back face frame as well as
the compressed hollow sphere core start to rebound. After the impact of
the blast wave on the HSS, the bulging phenomenon occurs on the front
face frame. When the blast wave propagates inside the hollow sphere
core, the reflection pressure is generated due to the reflection by the
back layer hollow spheres. Therefore, the front layer hollow spheres
start to move in reverse under the action of the reflection pressure,
resulting in a bulge on the front face frame and a positive displacement,
as shown in Figs. 17(d) and 18(a).

Phase IV (270–1100 μs): When the frame and the hollow sphere
core rebound to a certain extent, the front face frame begins to vibrate
near the equilibrium position while the back face frame remains rela-
tively stable and plastic deformation occurs, as shown in Figs. 17
(e) and 18(b).

3.5. Energy absorption properties of HSS

Fig. 19 shows the energy absorbed by various parts of HSS,where the
energy absorbed by the hollow sphere core accounts for 98.40% of the
total energy absorbed by the HSS, and the internal energy accounts for
81.57% of the total energy. However, the energy absorbed by the
frame accounts for 1.60% of the total energy absorbed by the HSS, and
the internal energy accounts for 99.81% of the total energy. Therefore,
the energy absorbed by the hollow sphere core is much higher than
the energy absorbed by the frame. It is because the energy absorbed
by the hollow sphere core is derived from the deformation of a large
number of hollow spheres, and the energy absorbed by the frame is
mainly derived from the deformation of the front face frame and the
back face frame. The deformation of the back face framemainly depends
on the overall compression of the hollow sphere core and the impact of
the blast wave, which mainly indicate the overall displacement of the
hollow sphere core along the direction of the blast wave propagation;
that is, the larger overall displacement of the hollow sphere core as a
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total, does not indicate that all of the hollow sphere cells have larger de-
formation. Therefore, the maximum back face frame deformation does
not sync with the maximum energy absorption of HSS.

The time histories of pressure along the blast wave propagation di-
rection are displayed in Fig. 20. The incident blast wave pressure is
1042.68 kPa, the reflected blast wave pressure in front of the front
face frame is 3507.79 kPa, the blast wave pressure inside the hollow
sphere core is 588.53 kPa (3 mm from the front face frame) and
288.95 kPa (6 mm from the front face frame), and the transmission
blast wave pressure behind the back face frame is 87.33 kPa. It appears
that the blast wave energy continues to decay when thewave propaga-
tion distance inside the HSS increases. Since the blast wave is reflected
and diffracted by HSS and the deformation of HSS itself, the blast
wave energy dissipation is evident. The blast wave is also superimposed
inside the HSS and generates internal friction to drive blast wave prop-
agates and attenuates in the HSS.

In the closed-cell hollow sphere, the blast wave is reflected and
diffracted in the gaps among the hollow spheres while continually
dissipating energy. When the blast wave interacts with the hollow
spheres, the structure resonates and attenuates the blast wave en-
ergy through the deformation of HSS, as well as the reflection of
the surface of the hollow sphere. In open-cell hollow spheres, the
hole is opened on the surface so that the blast wave can enter into
the spheres to increase the collision area between the blast wave
and the wall of the sphere. The reflection and diffraction of the
blast wave interior of the sphere and in the gaps among the hollow
spheres is strengthened, thereby improving the structure's ability
to attenuate blast wave energy [42].

4. Conclusion

In this work, the blast resistance, deformation models and energy
absorption of HSS with closed-cell and open-cell hollow spheres were
investigated numerically. Meanwhile, the areal density, blast wave
pressure decay rate, maximum back face frame deformation and areal
specific energy absorption of HSS were compared and analyzed. The
conclusions can be summarized as follows.

(1) The HSS not only has light weight, but also exhibits excellent
blast resistance. The areal density of the solid structures with
the samephysical size is 2.65 g/cm2, but themaximumareal den-
sity and minimum areal density of the HSS is 1.65 g/cm2 and
0.80 g/cm2, so theweight of HSS is reduced by 37.7%–69.8% com-
pared solid structures with the same physical size.

(2) The blast resistance of HSS is significantly affected by the hollow
sphere diameter, wall thickness, frame length and width, open-
ing size and opening density. The blast wave attenuation of the
closed-cell HSS is more effective when the closed-cell hollow
sphere diameter is smaller, the sphere hollow wall thickness is
larger, or the frame length and width are smaller.

(3) The open-celled HSS generally yields better blast resistance com-
pared with the closed-cell HSS under a certain opening size and



Fig. 17. Deformation and stress distribution of the HSS at (a) 0 μs, (b) 30 μs, (c) 164 μs, (d) 270 μs and (e) 1100 μs.
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opening position. The blast resistance of HSS with open one hole
at the face blast surface is superior to the blast resistance of HSS
with open one through-hole along the blast wave propagation
direction, and the blast resistance of the structure with open
multiple holes at the face blast surface is better than that with
open multiple holes at the face blast surface and back blast sur-
face.

(4) The blast wave is mitigated by the HSS via the gaps between or
inside the hollow spheres. Strong reflections and diffractions
occur in the gaps, which cause resonance and deformation of
HSS to mitigate blast wave.
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E0 Initial internal energy
EH Total energy absorption of HSS
H Frame column height
L Frame length
M Frame width
m Total mass of HSS
N Number of hollow spheres
n Layer of hollow sphere core
P Blast wave pressure
P0 Ambient pressure
P+ Peak pressure of blast wave
PI Incident blast wave pressure
PT Transmission blast wave pressure
S External surface area of hollow sphere
SH Opening area of hollow sphere
t Time
T Hollow sphere wall thickness
T+ Positive phase duration
Tf Thickness of front face frame
Tb Thickness of back face frame
Th Thickness of hollow sphere core
Ttot Total thickness of HSS
TFB Front and back face thickness of AFSP
TAF Aluminum foam core thickness
V Relative volume
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V0 Initial relative volume
W Mass of TNT charge
ρ Density of air
ρ0 Initial density of air
ρa Areal density
ρR Relative density of Aluminum foam
η Blast wave pressure decay rate
C0, C1, C2, C3, C4, C5, C6 0th, 1st, 2nd, 3rd, 4th, 5th and 6th polynomial equa-

tion coefficients
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