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Abstract: As an important protective facility on offshore platform, the blast wall is of great significance
in resisting oil and gas explosions. Honeycomb structures are widely used due to their unique
deformation and mechanical properties under dynamic impact loads. The aim of this research is to
develop an optimized design for an offshore sandwich blast wall with different honeycomb cores.
The uniqueness of this paper is providing the quantitative optimization scheme for topological
configurations and unit cell geometric parameters of honeycomb structures according to mass
consistency and the proposed synthetic evaluation index of anti-blast performance. By using the
numerical simulation software ANSYS/LS-DYNA, the CONWEP algorithm was first validated and
then adopted to conduct the dynamical performance analysis of the honeycomb blast wall. For
comparison purposes, simulating studies on a series of different blast walls were carried out by
considering various influential parameters. According to different criteria, the blast resistance of the
sandwich honeycomb structures was evaluated. It is found that the sandwich plate with concave
arc honeycomb core has the best anti-blast performance compared to that of arrow honeycomb core
and concave hexagonal honeycomb core. For the concave arc honeycomb structure, the geometric
parameters such as concave angle and aspect ratio of honeycomb unit cell have great influence on the
blast-resistance performance. Moreover, the concave arc honeycomb structure with positive gradient
arrangement has better anti-blast performance than the negative one. The curved blast wall with the
curvature of 1/20 achieves better anti-blast performance than the flat blast wall.

Keywords: offshore sandwich blast wall; numerical simulation; CONWEP algorithm; anti-blast
performance; auxetic honeycomb

1. Introduction

During the long-term operation of oil and gas exploration, offshore jacket platforms,
as the most important type of offshore facilities, will be confronted with emergencies,
such as accidental blasts caused by gas release and hydrocarbon fires [1–5]. Due to the
large overpressures, blast accidents may cause damage to the platform structures or the
staff, thus leading to huge losses and endangering the safety of human life. Therefore,
various explosion-proof measures should be taken to protect key equipment from explosion
loads [6,7]. Among these measures are blast walls that can effectively absorb the explosion
energy and reflect the explosion pressure wave, which are widely used in offshore platform
structures to ensure the safety of the process structure and personnel. They have the
advantages of being low in cost, quick to install, and high in strength [8–11].
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As a commonly used explosive barrier, the corrugated plate blast wall has been used
widely. The studies concerning their structural response and anti-blast performance have been
carried out [6–11] by using numerical simulation and experimental methods. Kang et al. [12]
simulated the effects of different loads on blast walls through CFD and compared the
dynamic responses of blast walls. Syed et al. [13] used nonlinear finite element analysis to
present realistic responses to a variety of high-impact pressure loads generated by oil and
gas explosions, and compared them with experiments. Su et al. [14] used the finite element
software LS-DYNA to simulate the propagation of explosion shock wave and compared
it with the test, thus obtaining the propagation law of the shock wave. However, some
scholars [10,15,16] pointed out that the impact of explosion load has been underestimated
in the actual anti-explosion design process, and thus the existing corrugated plate structure
will be confronted with greater risk of failure.

Nowadays, the honeycomb structure, as an excellent anti-impact structure, has been
widely used in various industries involving passive protection due to its excellent energy-
absorption capacity [17–21]. By combining one honeycomb core layer and two high-
strength plates, a sandwich structure can be constructed with both the advantages of
stiffness and strength of the thin face-sheet and lightweight flexible core [22,23]. Therefore,
it is a good option to design a sandwich blast wall with different honeycomb cores to
achieve superior material and structural properties subjected to blast loading.

The hexagonal honeycomb structure is one of the most commonly used honeycomb
structures [24]. Recently, auxetic honeycomb structures [25] with a macro negative Poisson’s
ratio effect, which have better resistance to impact deformation and energy absorption
than conventional honeycomb structures, have attracted the attention of many scholars.
Li et al. [26] analyzed the in-plane uniaxial and biaxial crushing characteristics of three
kinds of honeycomb structures, including regular hexagon, concave hexagon, and the
mixture of regular hexagon and concave hexagon. More and more innovative designs of
auxetic honeycomb structures have been developed to improve better performances in
anti-impact, such as arrowed honeycomb structures [17], concave hexagon structures [19],
gradient honeycomb structures [27], and so on. Jin et al. [27] proposed an innovative
sandwich structure with auxetic re-entrant cell honeycomb cores, and studied the influence
of different arrangements on the dynamic response of the honeycomb sandwich structure.
The results show that graded cores and cross arrangement of the honeycomb sandwich can
significantly improve the impact resistance of the honeycomb sandwich structure under
an explosive load. Alqwasmi et al. [28] studied the behavior of sacrificial sandwich mild
steel panels of axially oriented, octagonal, tapered tubular cores subjected to a near-field
impulsive blast. Those studies showed the characteristics of different honeycomb structures
under impact loading, and will provide guidance for the further study on the sandwich
structures with different honeycomb cores.

Experiments and corresponding finite element simulations have been performed by
some researchers to investigate the structural response of honeycomb sandwich panels
loaded by blasts. An auxetic honeycomb under the close-in detonation test has been carried
out by Qi et al. [29], and the corresponding numerical simulation has been done by using a
simplified method called the blast impact impulse model (BIIM). Luo et al. [20] used the
method of load curve to simulate behavior of corrugated plate blast walls and honeycomb
sandwich blast walls under blast loading. Imbalzano et al. [30] conducted numerical
simulation by using the CONWEP method on the dynamic performance of sandwich
panels composed of honeycomb structures and metal panels with a negative Poisson’s
ratio under pulse load, and found that the composite panel has better energy-absorption
capacity than a single panel. Some researchers have studied the simulation of explosion by
using the meshless method, which has the advantages of dealing with large deformation
and material fracture [31–34].

As has been discussed, a great deal of work on honeycomb sandwiches under impact
loading have been done. Nevertheless, investigations on the quantitative influences of
configurations and geometric parameters of the honeycomb structure on the dynamic



J. Mar. Sci. Eng. 2022, 10, 1743 3 of 24

performance of the structure is rarely examined [35]. Moreover, to the best of the authors’
knowledge, there are few studies on the optimization design of sandwich blast walls on
offshore platforms, especially considering the advantages of the superior energy-absorption
characteristics of the auxetic honeycomb cores with the curved configuration of the sand-
wich blast wall. The aim of this research is to provide the quantitative optimization scheme
for topological configurations and unit cell geometric parameters of the auxetic honeycomb
structure according to mass consistency and the proposed synthetic evaluation index of
anti-blast performance, so as to obtain a good result for the offshore blast wall under blast
loading. By using the numerical simulation software ANSYS/LS-DYNA, the CONWEP
algorithm was first validated and then adopted to conduct the dynamical performance
analysis of the honeycomb blast wall. Moreover, the anti-blast resistance of the honeycomb
structures is evaluated through different criteria. For comparison purposes, simulating
studies on a series of different blast walls are carried out, considering the following effects
to obtain the optimal design of the blast wall, including (1) different type of honeycomb
cells (namely the arrow type, concave hexagonal type, concave arc type, and gradient
honeycomb), (2) different geometric parameters (such as concave angle, aspect ratio, and
gradient direction of honeycomb unit cell), and (3) different curvatures of the sandwich
blast wall configuration. This study could serve as guidance for performance optimization
of offshore sandwich blast walls.

2. Description of the Honeycomb Structure
2.1. Geometric Characteristics of the Sandwich Blast Walls

As stated above, the sandwich blast walls with different honeycomb cores, namely
the arrow honeycomb structure, concave hexagonal honeycomb structure, and concave arc
honeycomb structure, are constructed. The cross-section of each honeycomb unit cell is
shown in Figure 1.
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Figure 1. Cross-section of different unit cell. (a) Arrow; (b) Concave hexagon; and (c) Concave arc.

Figure 2 shows the geometrical illustration of the honeycomb core with height of H
and thickness of T. In order to ensure the mass consistency of different honeycomb cores,
the concept of relative density [36] was used to design the honeycomb cores. Let N1 and
N2 represent the number of cells along the height direction and thickness direction of the
honeycomb structure, respectively. Thus, the relative density of the arrow honeycomb core
∆ρA, the relative density of the concave hexagonal honeycomb core ∆ρCh, and the relative
density of the concave arc honeycomb core ∆ρCa, are given as follows:

∆ρA = t
(2h/ cos θ1 + l/ sin θ2)N1N2

HT
(1)

∆ρCh = t
2N1N2h/ sin θ + N1(N2 + 1)l + N2(N1 − 1)a

HT
(2)

∆ρCa = t
N1N2(π − 2θ)h/ cos θ + N1(N2 + 1)l + N2(N1 − 1)a

HT
(3)
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Figure 2. Dimensions of the structure.

Here, for comparison purposes, the relative densities of the three types of honeycomb
cores ∆ρA, ∆ρCh, and ∆ρCa should be equal; accordingly, the numbers of the honeycomb
cell and the dimensions of each honeycomb cell can be determined. The cell numbers and
dimensions of the three honeycomb cores have been calculated while keeping the relative
densities consistent, as listed in Table 1.

Table 1. Dimensions of each unit cell of the honeycomb core.

Type h (m) l (m) θ1 (◦) θ2 (◦) N1 N2 t (m) a (m)

Arrow 0.05455 0.06298 30 60 13 5 0.00069 /
Concave hexagonal 0.04 0.05 45 10 5 0.00075 0.07333

Concave arc 0.04 0.05 45 10 5 0.00092 0.04990

2.2. Anti-Blast Index of Honeycomb Structure

Multiple indicators are adopted to understand the anti-blast performance of the
honeycomb, such as the maximum deflection (δmax) and specific energy absorption (SEA).

The maximum deflection (δmax) serves as a commonly used index to assess the defor-
mation under blast loading. A smaller δmax generally appears on the sandwich structure of
stronger anti-blast performance.

SEA is defined as the amount of energy absorbed per unit mass of a honeycomb
structure, which can be defined as

SEA =
TEA

M
(4)

TEA =
∫ ε

0
σ(ε)dε, (5)

where M is the mass of the honeycomb structure, and TEA is the total plastic energy
absorption of the honeycomb structure, which can be calculated as in Equation (5).

The higher value of SEA represents the better anti-blast performance of sandwich structures.
As can be seen from the definition of the above two indices δmax and SEA, both the

two indices should be considered in the actual anti-blast design of the sandwich blast
wall. Here, to give a comprehensive assessment of the anti-blast performance of sandwich
structures, the ratio P of SEA to δmax could be defined as follows:

P =
SEA
δmax

, (6)

which indicates the specific energy absorption per unit impact depth of the structure.
It can be seen that the higher value of P represents the better anti-blast performance of
sandwich structures.

3. Numerical Simulation Method and Verification
3.1. FE Models of the Sandwich Honeycomb Blast Wall

The numerical simulations were conducted by using ANSYS/LS-DYNA software,
which is a powerful explicit finite element analysis (FEA) tool. The sandwich blast wall
consists of two face plates and five layers of honeycomb cores. Because the sandwich panel
is symmetric, only a 1/4 model was established, as shown in Figure 3. The dimension of
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the sandwich panel is 1 m × 0.8 m. The thickness of both the face plates is 2 mm, and the
thickness of each core structure is 200 mm; thus, the total thickness of the panel is 204 mm.
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Figure 3. Sandwich blast wall dimensions.

Honeycomb cores were modeled by using SHELL163 element. The thin plates of the
sandwich structure were modeled by using SOLID164 element. The interactions between
the face plates and cores were defined as *CONTACT_TIED_SHELL_EDGE_TO_SOLID.

Due to the large difference between the size of honeycomb unit cell and the face plate,
the size of the grids will have significant influences on the simulation results. After grid
sensitivity analysis, the grid size is defined as 0.01 m, which will both ensure the accuracy
and efficiency of the calculation. Figure 4 shows the FE models of the three sandwich
panels with different configuration of honeycomb core.
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Figure 4. The FE model of sandwich panel. (a) configuration I, Arrow-shape; (b) configuration II,
Concave hexagon-shaped; and (c) configuration III, Concave arc-shaped.

3.2. Material Model

During the explosion process, huge explosion shock waves usually lead to plastic
deformation or even fracture of the material. Therefore, it is essential to resolve the proper
material modeling. In this study, the 316 stainless steel is selected as the material of
face-sheets, and the three types of honeycomb cores are made of A5052 aluminum.

The strain rate is directly related to the yield limit of the material and has an impor-
tant influence on the simulation results. Here, the Cowper–Symonds constitutive model
(Cowper et al., 1957 [37]; Storheim et al., 2015 [38]) is used to describe the plastic strain
hardening of 316 stainless steel [39] and A5052 aluminum [40], which can reflect strain rate
effect as follows:

σy =

1 +
( .

ε

C

) 1
P

(σ0 + Epε
eff
p

)
(7)

Ep =
EtanE

E− Etan
, (8)

where σ0 is the initial yield stress,
.
ε is the strain rate, ε

e f f
p is the effective plastic strain, EP is

the plastic hardening modulus, and C and P are the strain rate parameters, respectively.
In the simulations, the mechanical behaviors of 316 stainless steel and A5052 aluminum

were modeled with material type 3 (*MAT_PLASTIC_KINEMATIC) in LS-DYNA, which is
a bilinear elastic–plastic constitutive relationship that contains formulations incorporating



J. Mar. Sci. Eng. 2022, 10, 1743 6 of 24

isotropic and kinetic hardening. The material attributes and parameters of the two material
models are given in Table 2.

Table 2. Material attributes of 316 stainless steel and aluminum A5052.

Material Attributes 316 Stainless Steel Aluminum A5052

density (ρ) (kg/m3) 7850 2700
elastic modulus (E) (GPa) 210 62

Poisson’s ratio (ν) 0.3 0.3
yield stress(σ0) (MPa) 353.7 225

tangent modulus(Etan) (GPa) 3.6 50
Strain rate parameter (P) 5.2 4
Strain rate parameter (C) 1704.5 6000

3.3. Blast Loading and Boundary Setting

In the existing research, different methods are adopted to simulate explosions, in-
cluding the arbitrary Lagrangian–Eulerian (ALE) algorithm, the CONWEP algorithm, the
coupling algorithm, and the pressure–time history curve method [41,42]. Nevertheless,
the pressure–time history curve method is a simplified method that is unable to give good
results to the real blast wave load. Moreover, both the ALE and coupling algorithms
require the establishment of large air domains containing structures that will result in huge
computational efforts. Therefore, in this paper, the CONWEP method was used to conduct
numerical simulation due to its advantage of keeping a balance between computational
accuracy and computational effort.

The equivalent TNT method was adopted with the explosive equivalent defined as
100 kg and the start time of explosion set as 0 s by using the keyword *LOAD_BLAST.
Moreover, the keyword *LOAD_SEGMENT_SET was used to apply the explosion load to
the explosion surface. In the simulations, the explosive was detonated in front of the centre
of the structures with a distance of 5 m, as shown in Figure 5.
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Because the sandwich panel is symmetric about the X-Z and Y-Z planes, a fully
clamped boundary condition was prescribed on the perimeter of the plate.

3.4. Verification of CONWEP Method

First, in order to verify the correctness and accuracy of the CONWEP method in
calculating the peak overpressure during blast, the empirical formulas were used for
comparison. According to [43], the peak overpressure Pm could be calculated as follows:

Pm = 10α/145 (9)
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α = 2.391− 2.214U + 0.0351U2 + 0.658U3

+0.0142U4 − 0.243U5 − 0.0159U6

+0.0493U7 + 0.00228U8 − 0.00397U9
(10)

U = −0.757 + 1.35lg(2.52Z) (11)

Z = R/W1/3 (12)

where Pm is the peak overpressure, Z is the ratio of distance, R is the distance between the
explosive and the plate, and W is the equivalent mass of TNT.

According to the empirical formulas, the peak overpressure of this verified experiment
was calculated and listed in Table 3. By comparing the value of the peak overpressure
obtained from the CONWEP method and the empirical formulas, it can be found that the
two results are very close, with an error of only 0.29%. This proves that the CONWEP
method adopted in this paper has high computational accuracy.

Table 3. Comparison of peak overpressure.

CONWEP Method Empirical Formula Error

Peak overpressure 279.419 MPa 278.604 MPa 0.29%

Next, the CONWEP method was used for the verification simulation of a clamped
circular steel plate under blast loading, which is consistent with the research made by
Neuberger [44] and compared with both the explosion test results [44] and the FE simulation
results of Ni [45], as shown in Figure 6.
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In Neuberger’ test [44], a circular steel plate with a diameter of 1 m and a thickness
of 0.02 m was designed to be subjected to an equivalent TNT of 3.75 kg, and the distance
between the explosive and the circular steel plate is 0.2 m. All sides of the circular steel
plate are fully fixed constraints.

Here, the verification model of this study, consistent with [44], are established by using
SHELL163 element in ANSYS/LS-DYNA. The same material parameters of the simplified
Johnson–Cook constitutive model are adopted, which are consistent with [44], as shown
in Table 4.

Table 4. Material properties of simplified Johnson–Cook constitutive model.

Properties ρ (kg/m3) E (GPa) ν A (MPa) B (MPa) n c

Value 7830 210 0.28 950 560 0.26 0.014

Figure 7 shows verification FE model and the simulated deformation of this study.
It can be seen that the verification results are consistent with both the experiment results
and simulation results of [45]. Furthermore, the time–history curve of central deflection
of the circular plate were drawn in Figure 8, so as to give a detailed comparison between
the verification results with the simulation of [45]. In addition, the maximum value of
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the center deflection of the circular steel plate is listed in Table 5 and is compared with
the test results of [44] and simulation of [45]. It could be found that the results obtained
in this paper is 53.75 mm, which is closer to the test results of 54.0 mm with the error of
0.46%. From the verification, it can be concluded that the CONWEP method has high
computational accuracy, which is feasible for the simulation of the blast.
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Figure 8. The central displacement time–history curve of circular plate.

Table 5. Comparison of center deflection results.

Results of Ref. [44] Results of Ref. [45] Results of This Study

The center deflection 54.00 mm 57.32 mm 53.75 mm
Error \ 6.15% 0.46%

4. Simulation Results of Different Sandwich Blast Walls
4.1. Deformation Mode Comparison of Different Sandwich Blast Walls

To investigate the deformation modes of different sandwich structures under blast
loading, numerical simulations were performed on three kinds of honeycomb cores and
the results were compared.

Typical deformation modes of the sandwich panel with an arrow honeycomb core
(configuration I), a concave hexagonal honeycomb core (configuration II), and a concave
arc-shaped honeycomb core (configuration III), is shown in Figure 9a–c, respectively. By
comparing the deformation of the three kinds of configurations, it can be found that
although the deformation range of configuration III is larger than that of the other two
kinds, the maximum deflection is smaller than that of the other two kinds.



J. Mar. Sci. Eng. 2022, 10, 1743 9 of 24

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 9 of 25 
 

 

 

Figure 8. The central displacement time–history curve of circular plate. 

Table 5. Comparison of center deflection results. 

 Results of Ref. [44] Results of Ref. [45] Results of This Study 

The center deflection 54.00 mm 57.32 mm 53.75 mm 

Error \ 6.15% 0.46% 

4. Simulation Results of Different Sandwich Blast Walls 

4.1. Deformation Mode Comparison of Different Sandwich Blast Walls 

To investigate the deformation modes of different sandwich structures under blast 

loading, numerical simulations were performed on three kinds of honeycomb cores and 

the results were compared. 

Typical deformation modes of the sandwich panel with an arrow honeycomb core 

(configuration I), a concave hexagonal honeycomb core (configuration II), and a concave 

arc-shaped honeycomb core (configuration III), is shown in Figure 9a–c, respectively. By 

comparing the deformation of the three kinds of configurations, it can be found that alt-

hough the deformation range of configuration III is larger than that of the other two kinds, 

the maximum deflection is smaller than that of the other two kinds. 

 
(a)  

0.000 0.005 0.010 0.015 0.020
−0.06

−0.05

−0.04

−0.03

−0.02

−0.01

0.00

Z
-d

is
p

la
ce

m
en

t/
m

Time/s

 This paper

 Ref.[45]

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 10 of 25 
 

 

 
(b) 

 
(c)  

Figure 9. Deformation of sandwich panel with different honeycomb core. (a) arrow honeycomb 

structure; (b) concave hexagonal honeycomb structure; and (c) concave arc-shaped honeycomb 

structure. 

The cross-section views of the deformation contour of three configurations show that 

two different deformation modes appear on the three configurations. The “center dishing 

deformation” appears on configuration I and configuration II due to their more concen-

trated compression deformation around the center of the structure; thus, it could be re-

garded as a compress-dominated deformation. Parallelogram bending appears in config-

uration III because its deformation is more uniformly distributed in the whole structure, 

which could be regarded as a bending-dominated deformation. 

4.2. Assessment of Anti-Blast Resistance of Different Blast Walls 

The maximum deflection δmax was defined as the deflection of the central points of 

the front face plate, which is the biggest in the whole sandwich structure. The values of 

δmax of the three configurations have been calculated and listed in Table 6. By comparing 

the δmax, it can be seen that the sandwich plate with concave arc honeycomb (configuration 

III) has the smallest deformation of 0.0575835 m, whereas the sandwich plate with concave 

hexagon honeycomb (configuration II) has the biggest deformation of 0.1346310 m. From 

this viewpoint, the result demonstrates that the sandwich plate with concave arc honey-

comb (configuration III) has the best performance to resistant deformation caused by blast 

loading. 

On the other hand, the anti-blast resistance of the blast wall could be evaluated from 

the SEA of the sandwich structure. The values of SEA of three configurations have been 

calculated and listed in Table 6. By comparing the SEA, it can be seen that the concave arc 

honeycomb (configuration III) has the smallest SEA of 1138.625587 J/kg, whereas the con-

cave hexagon honeycomb (configuration II) has the biggest SEA of 1516.538976 J/kg. From 

Figure 9. Deformation of sandwich panel with different honeycomb core. (a) arrow honeycomb
structure; (b) concave hexagonal honeycomb structure; and (c) concave arc-shaped honeycomb structure.

The cross-section views of the deformation contour of three configurations show that
two different deformation modes appear on the three configurations. The “center dishing
deformation” appears on configuration I and configuration II due to their more concentrated
compression deformation around the center of the structure; thus, it could be regarded as
a compress-dominated deformation. Parallelogram bending appears in configuration III
because its deformation is more uniformly distributed in the whole structure, which could
be regarded as a bending-dominated deformation.
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4.2. Assessment of Anti-Blast Resistance of Different Blast Walls

The maximum deflection δmax was defined as the deflection of the central points of
the front face plate, which is the biggest in the whole sandwich structure. The values of
δmax of the three configurations have been calculated and listed in Table 6. By comparing
the δmax, it can be seen that the sandwich plate with concave arc honeycomb (configuration
III) has the smallest deformation of 0.0575835 m, whereas the sandwich plate with concave
hexagon honeycomb (configuration II) has the biggest deformation of 0.1346310 m. From
this viewpoint, the result demonstrates that the sandwich plate with concave arc honeycomb
(configuration III) has the best performance to resistant deformation caused by blast loading.

Table 6. Anti-blast indices of the three configurations.

Configuration δmax (m) SEA (J/kg) P (J/(kg·m))

I (Arrow) 0.1272280 1363.178882 10,714.45658
II (Concave hexagon) 0.1346310 1516.538976 11,264.41144

III (Concave arc) 0.0575835 1138.625587 19,773.46961

On the other hand, the anti-blast resistance of the blast wall could be evaluated from
the SEA of the sandwich structure. The values of SEA of three configurations have been
calculated and listed in Table 6. By comparing the SEA, it can be seen that the concave
arc honeycomb (configuration III) has the smallest SEA of 1138.625587 J/kg, whereas the
concave hexagon honeycomb (configuration II) has the biggest SEA of 1516.538976 J/kg.
From this viewpoint, the result demonstrates that the concave hexagon honeycomb (config-
uration II) has the best energy absorption ability during blast process, which seems to be
inconsistent with the evaluation based on the index of maximum deformation δmax.

As stated above in Section 2.2, the comprehensive index of ratio P could serve as the
good option to evaluate the anti-blast performance of the sandwich blast wall. Thus, the
values of P have been calculated and listed in Table 6. Comparing the three indices in
Figure 10, it can be seen that the sandwich panel with the concave arc honeycomb core
(configuration III) has the biggest P of 19,773.46961 J/kg·m, which proves that configuration
III could provide the best protection to the equipment under blast loading among the three
types of honeycomb structures.
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Figure 10. Anti-blast indices of three honeycomb structures.

4.3. Deformation Mechanism of Concave Arc Honeycomb

In order to give a detailed deflection histories of the sandwich plate with concave arc
honeycomb (configuration III) structure during the blast loading, three positions, namely
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front face plate, back face plate, and honeycomb core, were selected to monitor their
deflections, and the corresponding cures were plotted in Figure 11. It can be seen that the
biggest deflection appears on the center of front face plate, whereas the back face plate
has a smaller deflection. The honeycomb core crushing length, which is defined as the
difference between the central points of the two face plates, has the smallest values.
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Figure 11. Deflection histories of the concave arc honeycomb.

In order to understand the deformation mechanism of the concave arc honeycomb
better, displacement distribution along the X direction caused by plastic deformation was
studied. For comparison purposes, five points located at each layer were selected as shown
in Figure 12, and the displacement along the X direction was plotted in Figure 13. It could be
found that uniform deformation appears on most of the points along the X direction except
for the only point located on the front face plate. This uniformly distributed deformation of
configuration III will provide better protection to the body subjected to blast loads.
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5. Optimization for Anti-Blast Performance of Concave Arc Honeycomb Structure
5.1. Optimization Parameters Seletion

From the analysis results and assessment results presented above in Sections 4.1 and 4.2,
it has been proven that the concave arc honeycomb core could be selected as the fundamental
configuration to be constructed for the sandwich blast wall. However, as is known, different
geometric parameters of the honeycomb unit cell, such as concave angle (θ) and aspect ratio
(l/h), will also play important roles on the performance when submitted to blast loading.

Moreover, the graded honeycombs, consisting of gradient cells with interesting me-
chanical properties, have attracted much attention [46]. The mechanical properties could be
altered by altering the geometric parameters of the honeycomb unit cell. It has been proven
that for the honeycomb structure, the gradient arrangement along the impact direction has
a great impact on the in-plane impact resistance of the honeycomb material. Therefore, in
the following section, honeycomb structure with different gradient assessment direction
will be checked for better explosion resistance.

Thus, after we have selected the concave arc honeycomb core as the fundamental
configuration, the next step is to optimize the different geometric parameters, so as to
obtain the best anti-blast performance.

5.2. Optimization of Concave Arc Honeycomb
5.2.1. Optimization of Concave Angles

Seven concave angles (θ) including 15◦, 25◦, 35◦, 45◦, 55◦, 65◦, and 75◦, have been
chosen to design the concave arc honeycomb core, whereas other parameters should be
kept consistent when changing the concave angle.

Figure 14 shows the established FE model of the concave arc honeycomb sandwich
structures with different concave angles. Numerical analysis of these models has been
carried out based on the same simulation method.
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The contours of the deflection (δmax) of the sandwich structures with different concave
angles (θ) were shown in Figure 15. It can be seen that the deformation could be classified
into two types of deformation modes; specifically, center dishing appears when θ is smaller
than 35◦, and parallelogram bending appears when θ is bigger than 45◦.
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Figure 15. Deformation of different concave angles. (a) 15◦; (b) 25◦; (c) 35◦; (d) 45◦; (e) 55◦; (f) 65◦; (g) 75◦.
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Figure 16a shows δmax-θ curve, from which it can be seen that the maximum deflection
δmax of the sandwich honeycomb structure gradually decreases with the increase of the
concave angle θ. The results show that the bigger the θ is, the better performance can be
obtained to reduce the amount of the maximum deformation.
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Figure 16. The curves of anti-blast indices of different concave angle. (a) δmax-θ curve; (b) SEA-θ
curve; and (c) P-θ curve.

Figure 16b shows the SEA-θ curve, from which it can be seen that the SEA of the
sandwich honeycomb structure gradually decreases with the increase of θ. The results
show that the smaller the concave angle is, the better performance can be obtained to
absorb more energy produced by the blast.

Moreover, the ratio (P)- concave angle (θ) curve has been plotted and shown in
Figure 16c, from which it could be seen that with the increase of θ, the ratio P increases at
first and then decreases. When θ is 45◦, the ratio p reaches the maximum. It can be seen
from Figure 14 that when θ increases, the arc becomes more and more straight. When the
concave angle is large enough, the concave arc structure itself will lose the characteristic of
negative Poisson’s ratio and the advantage of energy absorption, so that the value of P will
be reduced.

5.2.2. Optimization of Aspect Ratio of Concave Arc Honeycomb Structure

Figure 17 shows the concave arc honeycomb structure model with 6 aspect ratio (l/h)
including 1.0, 1.1, 1.2, 1.3, 1.4, and 1.5.

The deformation contours of the sandwich honeycomb structures with different as-
pect ratios are plotted in Figure 18. It can be seen that only one deformation mode (i.e.,
parallelogram bending) appears.
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Figure 19a shows the curve of maximum deformation (δmax)–aspect ratio (l/h), from
which it can be seen that the maximum deformation δmax of the honeycomb structure
gradually increases with the increase of the aspect ratio l/h. The results show that smaller
the aspect ratio l/h is, the better performance can be obtained to reduce the amount of the
maximum deformation.
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Figure 19. The curve of anti-blast index and different aspect ratio (l/h).

Figure 19b shows the SEA-θ curve, from which it can be seen that the SEA of the
sandwich honeycomb structure gradually increases with the increase of the aspect ratio.
The results show that the bigger the aspect ratio l/h is, the better performance can be
obtained to absorb more energy produced by the blast.

Moreover, the ratio P–aspect ratio l/h curve has been plotted and shown in Figure 19c,
from which it can be seen that with the increase of the aspect ratio l/h, the ratio P increases
at first and then decreases. When the aspect ratio l/h= 1.1, the ratio P reaches the maximum.

In conclusion, after parameter optimization, the sandwich plate with concave arc
honeycomb core when θ = 45◦ and l/h = 1.1 achieves the best blast-resistance performance,
and thus can be regarded as the optimized blast wall-1(OBW-1).

5.2.3. Optimization of Gradient Honeycomb Structures

As discussed in Section 5.2.1, studies proved that the gradient arrangement of the
honeycomb cells along the impact direction has a great impact on the impact resistance. In
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this section, the concave arc honeycomb structures with positive and negative gradients are
constructed to further investigate the influence of gradient direction of the honeycomb core.
Specifically, the concave angles of the positive gradient arrangement are set as 35◦, 45◦, 55◦,
65◦, and 75◦, as shown in Figure 20a. On the contrary, the concave angles of the negative
gradient arrangement are set as 75◦, 65◦, 55◦, 45◦, and 35◦, as shown in Figure 20b.
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Figure 21a and b shows the deformation modes of the two types of honeycomb struc-
tures with different gradients. Although the same deformation mode (i.e., parallelogram
bending) appears on the two honeycomb structures, their deformation distributions have a
significant difference.
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Figure 21. Deformation of different gradient. (a) Positive gradient; and (b) Negative gradient.

In order to give a detailed deflection history of the positive gradient honeycomb
structure and the negative gradient honeycomb structure during blast loading, the cures
were plotted in Figure 22a,b. It can be seen from Figure 22a that the deformation of the
front face plate and back face plate of the positive gradient honeycomb structure is quite
different, which leads to the large compression deformation of the honeycomb core. In
contrast, according to Figure 22b, the deformation difference between the front and back
plates of the honeycomb structures with negative gradient is not large, which makes the
compression deformation of the honeycomb core very small.
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Figure 22. Deflection histories of centre points of face plates and honeycomb core. (a) Positive
gradient; and (b) Negative gradient.

Moreover, compared with Figure 22a,b, it can be seen that the deformation of the
front plate with the positive gradient is larger than that of the front plate with the negative
gradient. The back face plate deformation of the two gradients is basically the same.
According to the comparison results, although the deformation of the positive gradient is
larger than that of the negative gradient, the compressive deformation of the honeycomb
core layer with the positive gradient is much larger than that of the negative gradient.

The different anti-blast indices (namely δmax, SEA, and P of the two types of honey-
comb structures with different gradients) have been calculated as listed in Table 7 and
compared in Figure 23. Because the value of P of the positive gradient honeycomb structure
is much larger than that of the negative gradient honeycomb structure we can find that the
concave arc honeycomb structure with a positive gradient has better anti-blast performance,
which could be regarded as the optimized blast wall-2(OBW-2).

Table 7. The indices of two gradients.

Type δmax (m) SEA (J/kg) P(J/(kg·m))

Positive gradient 0.0532216 1149.959731 21,607.01164
Negative gradient 0.0430880 768.0236468 17,824.53692

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 19 of 25 
 

 

  
(a)  (b)  

Figure 22. Deflection histories of centre points of face plates and honeycomb core. (a)Positive gra-

dient; and (b) Negative gradient. 

Moreover, compared with Figure 22a,b, it can be seen that the deformation of the 

front plate with the positive gradient is larger than that of the front plate with the negative 

gradient. The back face plate deformation of the two gradients is basically the same. Ac-

cording to the comparison results, although the deformation of the positive gradient is 

larger than that of the negative gradient, the compressive deformation of the honeycomb 

core layer with the positive gradient is much larger than that of the negative gradient. 

The different anti-blast indices (namely δmax, SEA, and P of the two types of honey-

comb structures with different gradients) have been calculated as listed in Table 7 and 

compared in Figure 23. Because the value of P of the positive gradient honeycomb struc-

ture is much larger than that of the negative gradient honeycomb structure we can find 

that the concave arc honeycomb structure with a positive gradient has better anti-blast 

performance, which could be regarded as the optimized blast wall-2(OBW-2). 

Table 7. The indices of two gradients. 

Type δmax (m) SEA (J/kg) P(J/(kg·m)) 

Positive gradient 0.0532216 1149.959731 21,607.01164 

Negative gradient 0.0430880 768.0236468 17,824.53692 

 

Figure 23. Anti-blast index diagram of two gradients. 

5.3. Optimization of Curvature on the Performance of Blast Wall 

0.00 0.01 0.02 0.03 0.04 0.05
0.00

0.01

0.02

0.03

0.04

0.05

0.06

 Front face plate

 Back face plate

 Honeycomb core

D
ef

le
ct

io
n

(m
)

Time(s)

0.00 0.01 0.02 0.03 0.04 0.05
0.00

0.01

0.02

0.03

0.04
 Front face plate

 Back face plate

 Honeycomb core

D
ef

le
ct

io
n

(m
)

Time(s)

Positive gradient Negative gradient
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

 δmax (m)

 SEA(J/kg)

 P(J/(kg·m))

δ m
ax

(m
)

0

250

500

750

1000

1250

1500

1750

2000

S
E

A
(J

/k
g

)

0

5,000

10,000

15,000

20,000

25,000

30,000

P
(J

/(
k

g
·m

))

Figure 23. Anti-blast index diagram of two gradients.

5.3. Optimization of Curvature on the Performance of Blast Wall

Conventionally, the blast walls constructed on offshore structures are flat panels.
However, some studies [47] have shown that the curved panels generally have better
performance under various loadings because they can support the external loads effectively
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by virtue of their spatial curvature. In this section, blast walls of different curvatures have
been simulated, and the effect of the curvature on the blast resistance has been analyzed
through numerical simulation results.

The diagram of the blast wall on the top side of the offshore platform is shown in
Figure 24. The size of the blast wall is set as length L = 10 m, height H = 4.4 m, and thickness
T = 0.204 m, as shown in Figure 25. The above two kinds of optimized blast wall (i.e.,
OBW-1 and OBW-2) were selected as the fundamental configuration.
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Figure 25. Dimensions of the blast wall.

To investigate the influence of the curvature of the blast wall on the blast resistance,
eight different blast walls with curvature including 1/15, 1/20, 1/25, 1/30, 1/35, 1/40,
1/45, and 0, were analyzed. The schematic diagram of blast wall models with different
curvatures is shown in Figure 26. The mass of TNT is 100 kg and its position is shown in
Figure 27. A fully clamped boundary condition was adopted around the curved blast wall.
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Figure 26. Configurations of blast wall with different curvature (m−1).
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Figure 27. Diagram of TNT position. (a) vertical view; and (b) left view.

Figure 28a,b shows the δmax–k curve and the TEA–k curve of the global blast wall,
respectively. It can be seen that with the increase of curvature k, both the energy absorbed
by the blast wall and the maximum deflection gradually increases. In addition, the com-
prehensive blast resistance index P was calculated according to δmax and TEA, and the
result of P shows that when the curvature is 1/20, the value of P is the maximum, which
demonstrates that when the curvature is 1/20, the anti-blast performance is the best.
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Furthermore, the deformation contour of the blast wall of OBW-1 and OBW-2 with
curvature of 1/20 is shown in Figure 29a,b. It can be seen that the maximum deflection
δmax of OBW-1 and OBW-2 is 0.3961 m and 0.3915 m, respectively. The result demonstrates
that under the same explosive situation, the two kinds of optimized sandwich blast walls
of OBW-1 and OBW-2 can achieve equivalent blast-resistance performance.
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5.4. Influence of Constraint Conditions

The blast wall may be constructed in different places on the offshore platform with
different boundary conditions. In this section, three different types of boundaries (shown
in Figure 30) are studied to analyze their influence on the performances of OBW-2.
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The deformation contour of the blast wall with different boundary conditions were
shown in Figure 31. The different anti-blast indices, namely δmax, TEA of different boundary
conditions have been calculated as listed in Table 8. It can be seen that the blast wall with
four-sided constraints has the smallest deformation, although the explosion-proof wall with
three-sided constraints has the largest deformation due to the asymmetry of constraints. By
combining the internal energy and the maximum deformation, it can be concluded that the
blast wall with four sides fixed has the best anti-blast performance.
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Table 8. The indices of different boundary conditions.

Boundary δmax (m) TEA (J)

Two sides fixed 0.9799 1310
Three sides fixed 1.115 1280
Four sides fixed 0.3915 1250

6. Conclusions

In this paper, the sandwich panel with different types of honeycomb cores including
arrow-shaped, concave hexagonal-shaped, and concave arc-shaped cores, were designed
and compared to construct an optimized blast wall on an offshore platform. The commercial
finite element software ANSYS/LS-DYNA was used to carry out simulations of blast walls
under explosive loading based on the CONWEP algorithm. The parametric studies were
carried out to examine the effects of the concave angle and the aspect ratio of the unit cell,
and also the different gradient rearrangement direction and the curvature of the blast wall.
According to different criteria, the blast resistance of the sandwich honeycomb structures
was evaluated, and the optimized blast wall of OBW-1 and OBW-2 were obtained. Some
important conclusions can be drawn as below:

(1) The sandwich plate with concave arc honeycomb core has the best anti-blast performance
compared to that of arrow honeycomb core and concave hexagonal honeycomb core.

(2) The increase of the concave angle could reduce the amount of the maximum deforma-
tion of the sandwich concave arc honeycomb structure; however, it will lead to more
energy absorption. Comprehensively speaking, when the concave angle is 45◦, the
best anti-blast performance can be obtained.

(3) The influence of the aspect ratio of the concave arc honeycomb on the blast resistance is
smaller, and when the aspect ratio is 1.1, the best anti-blast performance can be obtained.

(4) The concave arc honeycomb structure with positive gradient arrangement has better
anti-blast performance than that of the negative gradient.

(5) The curved sandwich honeycomb blast wall shows better energy absorption ability than
the flat blast wall, and when the curvature is 1/20 the best anti-blast performance can be
obtained. Moreover, the blast wall with four sides fixed has better anti-blast performance.
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