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Abstract: A novel 316L stainless steel Vertex Modified BCC (VM-BCC) lattice unit cell
with attractive performance characteristics is developed. Lattice structure, as well as
the sandwich panel, are constructed. Numerical simulation is utilized to simulate the
quasi-static compression, dynamic compression and blast behavior considering the rate-
dependent properties, elastoplastic response and nonlinear contact. Finite element results
are validated by comparing with the experimental results. Parametric studies are conducted
to gain insight into the effects of loading velocity, equivalent TNT load and explosion
distance on the dynamic behavior of the lattice pattern and sandwich panel. Testing results
indicate that the proposed 316L stainless steel VM-BCC structure exhibits more superior
plateau stress and specific energy absorption (SEA) than those of the BCC or Octet one. The
proposed novel lattice will provide reference for improving the protective efficiency in key
equipment fields and enhancing overall safety.

Keywords: 316L stainless steel; lattice structure; dynamic compression; blast resistance;
mechanical property; energy absorption

1. Introduction

In the fields of building materials and other defense equipment, structural materials
with effective protective efficiency and reliable overall safety have an important strategic
position. Cellular materials provide a possible way for efficient load-bearing and effective
protection. They have attracted widespread attention from researchers owing to their
extraordinary mechanical and functional properties in terms of high specific strength and
specific stiffness, remarkable energy absorption capacities and attractive multi-functional
characteristics [1-3]. Generally, cellular materials include stochastic foams and periodic
lattice structures [4]. Among them, owing to the topological designability, customizable
performance and function behavior of periodic lattice structures, they have more vigorous
vitality and have been widely utilized in fields of load bearing, wave shielding, heat
exchange, vibration attenuation and so on [5-8]. Moreover, thanks to the advent and rapid
development of the advanced additive manufacturing technology, application scenarios of
lattice structures are being further expanded.

In the past few decades, mechanical properties of additively manufactured lattice
structures have been extensively studied [9-19]. Research results indicate that the topology
configuration, unit cell size, number of unit cell, strut diameter, relative density and
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loading condition will all have effects on the mechanical parameters such as equivalent
modulus, yield strength and energy absorption of the lattice structures. In addition, additive
manufacturing process parameters affect the mechanical properties of structural materials
to a great extent, and different combinations of process parameters will result in lattice
structures with different mechanical properties [20]. Random manufacturing defects also
inevitably exist in the surface and interior of additively manufactured lattice structures,
and the influence of defects on the performance characteristics of lattice materials cannot
be neglected [21-23]. However, it should be noted that most existing research focuses on
the static behavior of lattice materials and studies on their dynamic mechanical properties
are still very limited.

Mechanical design is an inexhaustible source of vitality for lattice structures. Tradi-
tional design methods mainly include crystal design, hierarchical design, gradient design,
node enhanced design, dual phase design and so on [24-26]. Researchers have proposed
various design methods and constructed rich innovative configurations, striving to con-
tinuously improve the specific stiffness and specific strength characteristics of structural
materials, and achieve more efficient load-bearing and protection effects. Research results
indicate that the Octet lattice [27], which is a typical stretch-dominated configuration, is a
recognized structural material with superior load-bearing capacity and energy absorption
characteristics. When evaluating the stiffness and strength features of new configurations,
it is also often used as a performance reference.

In addition to the traditional design methods mentioned above, biomimetic design is a
novel design approach. Researchers mimic the structure, function, process, and ecosystem
of nature to break through the forefront of science and solve practical engineering problems.
For example, researchers can imitate the topological structure of living organisms, such
as Chinese sturgeon [28], Shell [29], Mantis-shrimp [30] and so on. However, it should be
noted here that, although some work has been carried out, the innovative development
and mechanical design of new structural configurations based on biomimetic concepts are
still a highly noteworthy direction.

The skeletal system of deep-sea glass sponge is an attractive biological tissue, and
innovative configuration design based on it is of great significance. Fernandes et al. [31] pro-
posed a new lattice configuration with enhanced strength property and improved deforma-
tion stability based on the skeleton of deep-sea glass sponges. Besides, Wang et al. [32,33]
proposed novel MFCC and VM-BCC lattice configurations, and their quasi-static com-
pression mechanical behavior are investigated. Testing results indicate that the VM-BCC
lattice surpasses the Octet one comprehensively in the aspects of performance and energy
absorption under quasi-static compression. However, it should be noted that only the quasi-
static mechanical behavior of the VM-BCC lattice has been studied, and its dynamic and
anti-explosion mechanism characteristics are still unclear, which deserves more attention.

The goal of this paper is to investigate the dynamic compression and blast behavior of
the 316L stainless steel VM-BCC lattice structure, as well as the sandwich panel through the
finite element simulation method, which has been demonstrated to be a powerful tool for
evaluating the behavioral characteristics of metal structural materials [34,35]. Its dynamic
behavior is also compared with those of the BCC, CM-BCC, V-BCC and Octet patterns. The
rest of this study is organized as follows. Section 2 describes the structural design process.
Introduction and verification of the finite element models are given in Section 3. Static and
dynamic compression results, blast resistance behavior are illustrated in Sections 4 and 5,
respectively. Finally, key conclusions are drawn in Section 6.
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2. Structural Design

In this section, the structural design process, as well as the geometric configurations,
are illustrated (see Figure 1). The body-centered cubic (BCC) lattice structure, with a radius
of 0.694 mm, is a well-known bending-dominated topology configuration. Based on the
most fundamental BCC configuration as the starting point for the topology variation, to
increase the loading capacity of the lattice pattern, four vertical and eight horizontal struts
are introduced. Through this variation, the varied BCC (V-BCC) lattice unit cell is harvested.
The radius of the 12 struts of the cube is 0.5 mm, and the radius of the internal diagonal
members is 0.425 mm.
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Figure 1. (a) Geometric configurations of the BCC, CM-BCC, V-BCC, Octet and VM-BCC lattice
patterns; (b) VM-BCC design inspired by deep-sea glass sponge.

Inspired by the biomimetic design concept, the Tri-Axis Cubie (TAC) cell is inserted
into the Simple Cubic (SC) cell, and 24 diagonal struts are added to the cell to connect the
end nodes of the TAC with the corner vertices of the SC cell to design Center Modified BCC
(CM-BCC) lattice. The radius of the diagonal struts connecting the part is 0.28 mm, and
the radius of the remaining struts is 0.5 mm. The CM-BCC lattice overcomes the weakness
of the low stress level of the BCC lattice, and will be described later. Then, inspired by
the geometry character of the skeletal system of deep-sea glass sponge (see Figure 1b),
connecting joints of the diagonal struts are shifted away from the corner vertices and the
Vertex Modified BCC (VM-BCC) lattice is innovated. The radius of the diagonal struts
connecting the part is 0.405 mm, and the radius of the remaining struts is 0.5 mm. In order
to better demonstrate the advantages of the designed structures, mechanical performance
of the most typical stretch-dominated Octet lattice structure with radius of 0.39 mm is also
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studied in this paper. It should be noted here that the determination of the radius value of
the struts is to ensure the constant effective relative density of 0.176. All the unit cell sizes
are 7 mm X 7 mm X 7 mm, and the structure sizes are 42 mm x 42 mm X 42 mm.

3. Finite Element Analysis
3.1. Static and Dynamic Compression Computational Model

Commercial finite element software ABAQUS/Explicit (version 2022) is adopted to
simulate the quasi-static and dynamic compression behavior of the BCC, CM-BCC, V-
BCC, Octet and VM-BCC lattice patterns. As shown in Figure 2a, the lattice pattern is
placed between two rigid plates, with the lower one fixed and the upper one applying the
load. Herein, U1, U2, U3, UR1, UR2 and UR3 represent the translational and rotational
degrees of freedom in three directions, respectively. The displacement load is applied
during quasi-static compression, and the velocity load is applied during dynamic condition.
Three different loading velocities, i.e., 4.2 m/s, 21 m/s and 42 m/s, are considered. The
corresponding strain rates are 100/s, 500/s and 1000/s, respectively. Timoshenko B31
beam element and R3D4 rigid element are adopted to discrete the lattice pattern and
plate, respectively. In order to avoid mutual penetration and to match the actual working
conditions, a general contact with friction coefficient of 0.2 is defined between the lattice
pattern and the rigid plates. Meanwhile, the frictionless self-contact of lattice struts is
also defined.

(a) 1Constant velocity (b)

800

XIXIXIXIXIXY
oozl
KNX XX
Fix (U1=U2= U3 UR1=UR2=UR3=0) Hon 00 ST 020

Figure 2. (a) Front-view schematic of the compression computational model; (b) Uniaxial tensile true
stress—strain curve for static compression simulation. Herein, the true stress—strain curve is that of
the average of the three dog-bone specimens.

For the parent material, 316L stainless steel is used, and isotropic elastoplastic consti-
tutive model is adopted. The composition of 316L stainless steel includes iron, chromium,
nickel, molybdenum, and a small number of other elements. In quasi-static numerical
simulation, the stress—strain curve of parent material is obtained from uniaxial tensile test
on dog-bone specimens. Herein, the curve in Figure 2b is the true stress—strain curve, and
is converted from the nominal tensile stress—strain curve. The true stress-strain curve
is that of the average of the three dog-bone specimens, and it can be used as input for
simulation [33]. The material parameters for characterizing dynamic mechanical behavior
are set based on the quasi-static curve, and the JC constitutive model is used to consider
strain rate effects. In dynamic compression condition, the strain rate effect on mechanical
properties of 316L stainless steel material needs to be considered. The Johnson-Cook (JC)
model is utilized [27], with rate-dependent hardening coefficient C = 0.028 and &, = 0.001.
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3.2. Air Blast Computational Model

The sandwich panel, composed of intermediate lattice patterns and two panels at both
ends, is modeled to simulate the mechanical responses under air blast loading. All the
constituent materials are 316L stainless steel, and detailed material properties have been
described in Section 3.1. As shown in Figure 3, the dimension of the whole lattice sandwich
panel is 63 mm X 63 mm X 42 mm. To save computing resources and reduce computation
time, 1/4 model is established by applying the symmetric boundary conditions and the
other two sides are fixed (see Figure 3). The lattice core is also discreted with the B31
beam element, and the panels are discreted with the S4R shell element with a thickness of
1 mm. To simulate the blast behavior, CONWEP model is adopted [36], which is defined
as an equivalent TNT load at a certain distance above the center of the target structure.
The CONWEP model is a commonly used empirical model for explosion, which can be
used for free air field explosion and close range explosion calculations. It considers the
compressibility and lightweight characteristics of air, ignoring its stiffness and inertia
effects. Therefore, when using it for air explosion analysis, there is no need to model the
air dielectric, only the structural model needs to participate in the calculation of explosion
response. Meanwhile, to simulate the interaction relationship, the tangential behavior is set
as frictionless and the “hard” contact normal behavior is also defined.

Fix(U1=U2=U3=UR1=UR2=UR3=0)

YSYMM(U2=UR1=UR3=0)
Figure 3. Air blast symmetry model on the lattice sandwich panel.

3.3. Mesh Sensitivity Analysis

Herein, to determine the appropriate element size for simulation, mesh sensitivity
analysis has been conducted on the V-BCC lattice pattern. The reaction force F, as well as
the displacement AL of the upper panel, is extracted, and the stress ¢ and strain € can be
calculated as

F
AL
=1 @

where A and L are the initial cross-sectional area and height of the lattice pattern, respec-
tively. The initial cross-section area is determined as the square of unit cell size.
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Based on the harvested stress—strain curve, Plateau stress 0y, and specific energy
absorption (SEA) can be calculated as [1]

onle) = - [ oe)de ©)

fo‘s Fdé _ o o(e)de

SEA =
M o*

(4)

where M and p* are the mass and density of the lattice pattern, respectively. Herein, when
calculating the plateau stress, the strain is taken as 0.35.

The simulated stress—strain curves of the V-BCC lattice pattern under different element
sizes are illustrated in Figure 4a. It can be observed that, as the element size decreases,
the performance curve shows a downward trend and tends to stabilize. Correspondingly,
all the plateau stress values are summarized in Figure 4b. The plateau stress values are
11.25 MPa, 11.59 MPa, 12.11 MPa, 12.66 MPa, 13.44 MPa, 20.21 MPa and 21.25 MPa for the
element sizes of 0.8 mm, 1.0 mm, 1.2 mm, 1.5 mm, 2 mm, 3 mm and 5 mm, respectively. It
should be noted here that the experimental plateau stress is 11.27 MPa at a compression
strain of 0.35 [33]. The maximum error is only 2.76% between simulation and experiment
when element size is chosen as 1.0 mm. When element size changes from 1 mm to 0.8 mm,
the plateau stress value changes little. Finally, the element size is determined as 1.0 mm. In
this situation, the number of elements and nodes are 16,542 and 14,491, respectively.
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Figure 4. (a) Effect of element size on the stress—strain curves of the V-BCC lattice pattern; (b) Plateau
stress values of the V-BCC lattice pattern at different element sizes.

3.4. Validation of Numerical Results

To validate the accuracy of computational model, simulated compression stress—strain
curve as well as deformation state of the V-BCC lattice pattern are compared with those
from the experimental test (see Figure 5) [33]. It can be observed that simulated performance
curve match well with the experimental curve. However, the simulated curve is slightly
lower, which may be due to the effects of manufacturing defects. The symbol S in Figure 5b
is the abbreviation for stress. When compressive strain is 0.2, an apparent 45° localized
large deformation can be harvested in simulation. When compressive strain is 0.4, localized
deformation occurs in the upper region of the shear band, which can be seen from the
simulated state. Similar deformation behavior can also be seen in [33]. Moreover, the
plateau stress values obtained from simulation and experiment also have good consistency
(see Figure 4b), further demonstrating the accuracy of the computational model.
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Figure 5. Comparison of the (a) compression stress—strain curves and the (b) deformation state
between simulation and experiment.

4. Static and Dynamic Compression Results

4.1. Static Compressive Behavior

Quasi-static compression stress—strain curves of the BCC, CM-BCC, V-BCC, Octet and
VM-BCC lattice patterns are shown in Figure 6a. The curves display typical performance
characteristics of cellular materials: linear elastic stage, initial yield stage, platform stress
stage and densification stage. The BCC lattice pattern exhibits a steadily improving perfor-
mance curve as the loading progresses, while apparent oscillations exist in the performance
curves of other configurations. The BCC lattice pattern has the lowest performance curve,
while the VM-BCC one has the highest performance curve. The corresponding deformation
processes of all the five lattice patterns are illustrated in Figure 6¢c. The BCC lattice pat-
tern exhibits macroscopic overall deformation characteristics, and the V-BCC one exhibits
apparent 45° localized large deformation followed by localized deformation in the upper
region. The CM-BCC lattice, as well as the Octet one, exhibits a deformation process from
top to bottom. However, the VM-BCC lattice exhibits a distinctive deformation behavior.
When compression strain is 0.1, deformation is mainly concentrated in the central region.
As the structure is compressed further, although the deformation in the central region is
still significant, larger deformation exists in the vertical struts at other positions, resulting
in a decrease in the load-bearing capacity of the structure. The oscillation of the curve is
caused by the large deformation of the vertical struts.

Deformation processes of all the lattice patterns are closely related to the plateau
stress and SEA values in Figure 6b. Plateau stress values of the BCC, CM-BCC, V-BCC,
Octet and VM-BCC lattice patterns are 6.85 MPa, 10.16 MPa, 11.59 MPa, 13.75 MPa and
15.94 MPa, respectively. SEA values of the BCC, CM-BCC, V-BCC, Octet and VM-BCC
lattice patterns are 10.98J/g, 16.27 ] /g, 18.59]/g,22.02 ] /g and 25.54 ] / g, respectively. It
can be seen that the VM-BCC lattice possesses the highest plateau stress and SEA values,
even higher than the stretch-dominated Octet configuration. When compared to the
Octet configuration, the increases in plateau stress and SEA values are 15.93% and 15.99%
respectively, demonstrating the superiority of VM-BCC lattice pattern.
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Figure 6. Quasi-static compression (a) stress—strain curves; (b) plateau stress and SEA; (c) deformation
processes of the BCC, CM-BCC, V-BCC, Octet and VM-BCC lattice patterns.

4.2. Dynamic Compressive Behavior

Herein, dynamic compression stress—strain relationships as well as deformation features
of the BCC, CM-BCC, V-BCC, Octet and VM-BCC lattice patterns are studied. Three different
loading velocities, i.e., 42 m/s, 21 m/s and 42 m/s, are considered, which correspond to
low-speed impact, medium-speed impact and high-speed impact, respectively.

4.2.1. Low-Speed Impact Behavior

In Figure 7a, compression stress—strain curves of the BCC, CM-BCC, V-BCC, Octet and
VM-BCC lattice patterns under low-speed impact condition are plotted. The performance
curve results are similar to those shown under the quasi-static loading condition, with
the only difference being a slight overall improvement. Deformation features of the five
lattices are given in Figure 7c. Due to the low loading speed, deformation processes under
low-speed impact are also similar to those under quasi-static condition.
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Figure 7. Low-speed impact compression (a) stress—strain curves; (b) plateau stress and SEA; (c) de-
formation processes of the BCC, CM-BCC, V-BCC, Octet and VM-BCC lattice patterns.

Then, based on the harvested low-speed impact stress—strain curves, plateau stress and
SEA values are calculated in Figure 7b. Low-speed impact plateau stress values of the BCC,
CM-BCC, V-BCC, Octet and VM-BCC lattice patterns are 8.62 MPa, 12.90 MPa, 14.11 MPa,
17.29 MPa and 19.91 MPa, respectively. Low-speed impact SEA values of the BCC, CM-BCC,
V-BCC, Octet and VM-BCC lattice patterns are 13.81 J/g, 20.66 ] /g, 22.61]/g, 27.71]/g
and 31.90 ] /g, respectively. The VM-BCC lattice still possess the highest plateau stress and
SEA values under low-speed impact conditions. When the traditional BCC configuration is
modified into the VM-BCC one, platform stress and SEA values under low-speed impact
can increase by 130.97% and 130.99%, respectively.

4.2.2. Medium-Speed Impact Behavior

Dynamic compression stress—strain curves of the BCC, CM-BCC, V-BCC, Octet and
VM-BCC lattice patterns under medium-speed loading condition are illustrated in Figure 8a.
Different from those under the quasi-static or low-speed impact condition, further improve-
ment is harvested in the performance curves, and the oscillations of the curves are greater.
The stress—strain curves under medium-speed impact show a typical trend: initial peak
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stress, plateau stress stage and densification stage, and the curves fluctuate significantly
throughout the entire compression process. Deformation processes of all the lattice patterns
are given in Figure 8c, exhibiting a transition state between low-speed and high-speed
impact conditions.
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Figure 8. Medium-speed impact compression (a) stress—strain curves; (b) plateau stress and SEA;
(c) deformation processes of the BCC, CM-BCC, V-BCC, Octet and VM-BCC lattice patterns.

The plateau stress and SEA values under medium-speed impact condition are sum-
marized in Figure 8b. Medium-speed impact plateau stress values of the BCC, CM-BCC,
V-BCC, Octet and VM-BCC lattice patterns are 9.64 MPa, 15.02 MPa, 16.26 MPa, 20.23 MPa
and 22.81 MPa, respectively. Medium-speed impact SEA values of the BCC, CM-BCC,
V-BCC, Octet and VM-BCC lattice patterns are 15.45]/g, 24.06 ] /g, 26.04 ] /g, 32.41 ] /g and
36.54 ] /g, respectively. Under the medium-speed impact condition, plateau stress or SEA
value of the VM-BCC lattice is 2.37 times that of the BCC configuration and 1.13 times that
of the Octet configuration.
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4.2.3. High-Speed Impact Behavior

Herein, compression stress—strain curves of the BCC, CM-BCC, V-BCC, Octet and VM-
BCC lattice patterns under high-speed impact condition are plotted in Figure 9a. The curves
show the typical trend of cellular materials under dynamic loading conditions. Similar
to the previous results, the overall performance of VM-BCC structure is in the highest
position. Deformation processes of all the lattices under high-speed impact condition are
also extracted in Figure 9c. Apparent layer-by-layer deformation process can be seen in the
lattices. Take the Octet and VM-BCC configurations as an example. When the compression
strain is 0.1, deformation exists in the bottom position of the Octet and VM-BCC lattices.
When the compression strain is 0.2, the first and sixth layers of the Octet lattice deform,
while the second and fifth layers of the VM-BCC lattice deform. When the structures are
compressed further, deformation is transmitted to other layers, ultimately leading to the
densification of the whole structure.
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Figure 9. High-speed impact compression (a) stress—strain curves; (b) plateau stress and SEA;
(c) deformation processes of the BCC, CM-BCC, V-BCC, Octet and VM-BCC lattice patterns.
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Figure 9b plots the plateau stress and SEA values of all the structures under high-
speed impact condition. Plateau stress values of the BCC, CM-BCC, V-BCC, Octet and
VM-BCC lattice patterns are 11.39 MPa, 15.90 MPa, 18.61 MPa, 21.27 MPa and 28.08 MPa,
respectively. SEA values of the BCC, CM-BCC, V-BCC, Octet and VM-BCC lattice patterns
are 18.25]/g,25.48]/g,29.81]/g, 34.07 ]/ g and 44.99 ] /g, respectively. Compared with the
previous results, it can be found that, under high-speed loading conditions, the structures
have better mechanical properties and energy absorption characteristics. Under high-speed
impact conditions, the plateau stress or SEA value of the VM-BCC lattice is 2.47 times that
of BCC configuration and 1.32 times that of Octet configuration, further demonstrating the
superiority of VM-BCC lattice pattern.

4.3. Mechanical Property and Energy Absorption

In this section, in order to compare the mechanical properties and energy absorption
characteristics more intuitively, we have summarized the plateau stress and SEA values of
all the structures under static and dynamic compression conditions, and relevant results
are plotted in Figure 10. It can be observed that, as the loading speed increases, plateau
stress and SEA of all the structures show an increasing trend. Compared with the plateau
stress or SEA values under quasi-static loading condition, 66.13%, 56.50%, 60.57%, 54.69%
and 76.16% increases can be achieved in the BCC, CM-BCC, V-BCC, Octet and VM-BCC
lattice patterns respectively under high-speed impact loading conditions, indicating a
significant strain rate effect on the performance characteristics. Furthermore, by comparing
the plateau stress and SEA values of different structural configurations, we can find that
the plateau stress or SEA of VM-BCC lattice is 2.47 times that of the BCC one and 1.32 times
that of the Octet one. The intuitive comparison results demonstrate the effective design
and superior performance of the VM-BCC lattice, providing guidances for the design of
innovative structural configurations with lightweight and high-strength characteristics.
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Figure 10. (a) Plateau stress and (b) SEA of the BCC, CM-BCC, V-BCC, Octet and VM-BCC lattice
patterns under different loading velocities.

5. Blast Resistance Behavior
5.1. Effect of Equivalent TNT Load

In Figure 11, blast resistance behavior of the BCC, CM-BCC, V-BCC, Octet and VM-BCC
lattice patterns under different equivalent TNT loads are investigated. Herein, three dif-
ferent equivalent TNT loads, i.e., 10 g, 12 g and 14 g, are considered. The blast location
is selected at 14 mm above the center of the target structure. It can be observed that the
deflection of the back face shows a similar trend, and a larger deflection can be obtained at
a larger equivalent TNT load. When the distance from center of plate increases, back face
deflection decreases. When focusing on the deflection of back face in different configura-
tions, it can be found that the maximum deflection exists in the back face of the VM-BCC
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configuration, and the minimum deflection exists in the back face of the BCC one. As
the distance from the center of plate increases, deflection in the back face of the VM-BCC
configuration shows a rapid downward trend, while the downward trend of deflection in
the back face of the other configurations is relatively moderate.
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Figure 11. Back face deflection curves of the BCC, CM-BCC, V-BCC, Octet and VM-BCC lattice
patterns at (a) 10 g; (b) 12 g; (c) 14 g equivalent TNT loads. (d) Maximum back face deflection values
at different equivalent TNT loads.

Based on the harvested back face deflection curves, maximum back face deflection
values at different equivalent TNT loads are summarized in Figure 11d. When the equiva-
lent TNT load is 10 g, the maximum back face deflection for the BCC, CM-BCC, V-BCC,
Octet and VM-BCC lattice patterns are 1.55 mm, 3.01 mm, 2.47 mm, 2.74 mm and 4.60 mm,
respectively. When the equivalent TNT load is 12 g, the maximum back face deflection
for the BCC, CM-BCC, V-BCC, Octet and VM-BCC lattice patterns are 1.62 mm, 3.37 mm,
2.81 mm, 3.02 mm and 5.19 mm, respectively. When the equivalent TNT load is 14 g, the
maximum back face deflection for the BCC, CM-BCC, V-BCC, Octet and VM-BCC lattice
patterns are 1.74 mm, 3.76 mm, 3.07 mm, 3.32 mm and 5.88 mm, respectively.

5.2. Effect of Explosion Distance

Figure 12a—c illustrates the back face deflection curves of the BCC, CM-BCC, V-BCC,
Octet and VM-BCC lattice patterns under different explosion distances. Herein, three
different explosion distances, i.e., 14 mm, 18 mm and 22 mm, are considered. The equivalent
TNT load remains unchanged at 10 g. It can be observed that the deflection of the back face
shows a decreasing trend as the explosion distance increases. Similar to those shown in
Section 5.1, the maximum deflection exists in the back face of the VM-BCC configuration,
and the minimum deflection exists in the back face of the BCC one.
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Figure 12. Back face deflection curves of the BCC, CM-BCC, V-BCC, Octet and VM-BCC lattice
patterns at (a) 14 mm; (b) 18 mm; (c) 22 mm explosion distances. (d) Maximum back face deflection
values at different explosion distances.

Then, maximum back face deflection values at different explosion distances are plotted
in Figure 12d. When the explosion distance is 14 mm, the maximum back face deflection
for the BCC, CM-BCC, V-BCC, Octet and VM-BCC lattice patterns are 1.55 mm, 3.01 mm,
2.47 mm, 2.74 mm and 4.60 mm, respectively. When the explosion distance is 18 mm, the
maximum back face deflection for the BCC, CM-BCC, V-BCC, Octet and VM-BCC lattice
patterns are 1.48 mm, 2.71 mm, 2.25 mm, 2.66 mm and 4.49 mm, respectively. When the
explosion distance is 22 mm, the maximum back face deflection for the BCC, CM-BCC,
V-BCC, Octet and VM-BCC lattice patterns are 1.34 mm, 2.48 mm, 2.07 mm, 2.54 mm and
4.23 mm, respectively.

In order to better analyze the blast resistance behavior of the five structures, stress
distribution characteristics of their final state (see Figure 13) are extracted during the
explosion process. Herein, take the 10 g equivalent TNT load and 14 mm explosion
distance as an example. It can be seen that stress of the BCC internal structure as well
as the back face are the lowest, while that of the VM-BCC internal structure as well as
the back face are the highest, and the stress is mainly concentrated below the explosion
location of TNT. The stress distribution results are consistent with the distribution rule of
the maximum back face deflection in Sections 5.1 and 5.2, which is also the direct cause of
its distribution characteristics.
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Figure 13. Stress distribution characteristics of the structural patterns, intermediate core layer and
back face under 10 g equivalent TNT load and 14 mm explosion distance.

6. Conclusions

Inspired by the geometry character of the skeletal system of deep-sea glass sponge,
a novel 316L stainless steel Vertex Modified BCC (VM-BCC) lattice is proposed, and its
quasi-static compression, dynamic compression and air blast behavior are investigated and
compared with those of the traditional body-centered cubic (BCC), modified configurations
and the stretch-dominated Octet one. Finite element results are validated through experi-
mental tests. Parametric studies are conducted to study the effects of compressive loading
velocity, equivalent TNT load and explosion distance on the mechanical properties and
deformation behavior of the lattice specimens. The key conclusions are summarized as

(1) Under quasi-static loading condition, plateau stress and SEA of the VM-BCC lattice
is higher than that of the BCC or Octet one. Even compared with the typical stretch-
dominated Octet configuration, 15.93% and 15.99% increases in plateau stress and
SEA in the VM-BCC pattern can also be harvested, respectively.

(2) As the loading speed increases, plateau stress and SEA of all the structures show
an increasing trend, indicating a significant strain rate effect on the performance
characteristics. Under high-speed loading conditions, the plateau stress or SEA of
VM-BCC lattice is 2.47 times that of BCC one and 1.32 times that of Octet one.

(3) Under air blast loading conditions, a larger back face deflection can be obtained
at a larger equivalent TNT load and a smaller explosion distance. The maximum
deflection exists in the back face of the VM-BCC configuration, and the minimum
deflection exists in the back face of the BCC one.

Overall, this study proposes a novel Vertex Modified BCC (VM-BCC) lattice, and its
superior quasi-static compression, dynamic compression and air blast behavior have been
demonstrated. We think, that the proposed VM-BCC lattice will offer inspiration for the
design of protective structural materials in the area of building materials, and also provide
reference for improving the protective efficiency in key equipment fields and enhancing
the overall safety.
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