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Abstract: [Objectives] The effects of the thickness of the face sheet, angle of the wall plate and height of the core
layer on the anti-explosion performance of carbon fiber reinforced composite trapezoidal corrugated sandwich
structures were investigated. [Methods] First, based on the 3D Hashin failure criterion, a subroutine module of the
damage evolution of fiber reinforced composites is developed using the VUMAT user subroutine interface in
ABAQUS. Second, through comparison with experiments in the public literature, the effectiveness of the dynamic
response simulation method of carbon fiber reinforced composites based on a development subroutine under
explosion impact loading is verified. Finally, a parametric study on the explosion resistance of carbon fiber
reinforced composite trapezoidal corrugated plates is carried out based on the numerical method. [Results] The
results show that, compared with increasing the thickness of the blast face sheet, increasing the thickness of the back
blast face sheet can improve the explosion resistance of the sandwich plate more obviously; when the folding angle
of the core wall plate decreases from 45° to 30°, the explosion resistance increases by 1.3%; when it decreases from
60° to 45°, the explosion resistance increases by 6.3%; and when the core height increases from 8 mm to 20 mm, the
explosion resistance increases by 27.7%. [Conclusions] The results of this study can provide references for the
explosion-proof design of carbon fiber reinforced composite sandwich structures.
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front surface, fiber fracture on the back surface, and
shear failure at the clamping boundary, could be
observed on plain-weave CFRP laminates of different

0 Introduction

Compared with traditional metal materials,

carbon fiber reinforced polymer (CFRP) offers the
advantages of small specific gravity, high strength,
and high designability. It is thus widely used in
military fields, such as ships, aircraft, and tanks,
and its anti-explosion performance has received
increasingly more attention.

Yazid et al. M found in an experimental approach
that various damages, such as fiber buckling on the
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thicknesses under blast impact, while interlayer
delamination mainly occurred in the mid-thickness
area of the laminates. Langdon et al >4 studied
many factors affecting the mechanical properties of
fiber reinforced composites, including structural
form, laminate thickness, and lamination angle. The
damage modes of fiber reinforced composites under
blast impact mainly include interlayer delamination,
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fiber fracture, debonding at the fiber and matrix
interface, and matrix cracking, and they usually
coexist. Plain-weave composites provide better anti-
explosion performance than that of composites char-
acterized by unidirectional lamination. Xin et al. (5
proposed a progressive damage model based on the
fracture energy method to predict the response and
failure of laminates made from fiber reinforced
composites under impact loading. Zhao et al. [
studied the energy dissipation mechanism of foam
sandwich plates by combining numerical simulation
with experiment. The results showed that the
energy dissipation effect of sandwich plates was
better than that of solid plates under the same
conditions and that the energy dissipation effect
was the best in the case of a thin front face sheet
and a thick back face sheet. Li et al. ® used
numerical simulation software to study the anti-
explosion performance of functionally graded
aluminum foam sandwich plates. The results
revealed that the density arrangement of the
sandwich plate core had a great influence on the
energy dissipation effect of the sandwich plate.

The current research on the anti-explosion
performance of CFRPs mainly has the following
problems:

1) The dynamic response process of the structure
is difficult to obtain in the blast impact experiment.
Moreover, the blast impact involves complex
processes, such as shock wave propagation and
fluid-solid interaction, which add to the difficulty in
analyzing the failure mechanism of the structure.

2) CFRP is brittle to a certain extent, compared
with metal materials featuring good ductility.
Consequently, the internal damage is difficult to
evaluate with the naked eye when CFRP is
subjected to blast impact loading.

3) Accurately predicting the damage evolution of
composites is difficult as the damage evolution
criteria for them in the current commercial finite
element software are mostly two-dimensional.

On the above basis, the authors of this paper will
focus on the CFRP trapezoidal corrugated plate and
study its anti-explosion performance by numerical
simulation. Specifically, the user-defined subroutine
interface VUMAT in software ABAQUS is used to
write a subroutine based on the 3D-Hashin® failure
criterion and thereby simulate the damage evolution
of fiber reinforced composites. Then, the
experimental results in public literature are used for
verification. Finally, the authors calculate and

analyze the effects of the thicknesses of the upper
and lower face sheets, the folding angle of the wall
plate, and the core height on the anti-explosion
performance of CFRP trapezoidal corrugated
sandwich structures. This paper is expected to
provide references for the explosion-proof design of
CFRP sandwich structures.

1 Calculation model

1.1 Finite element model

The trapezoidal corrugated sandwich structure
comprised an upper plate, a lower plate, and a core
in the middle, which were all made from CFRP in
this study. The carbon fiber (T300-3K) was a plain-
weave structure, and the matrix was the vinyl resin
(430LV).

The length and width of the trapezoidal
corrugated plate were 280 mm x 280 mm. Square
fixtures of the same size were placed on both sides
of the corrugated plate, and rigid body constraints
were applied to the fixtures to simulate the
clamping effect on the target plate. Circular
openings with a radius of 100 mm were created in
the center of the fixtures to serve as the load-
bearing surface for the blast impact and the
deformation area in the target plate. Only a 1/4
scaled model was constructed, and the
corresponding symmetrical boundary conditions
were applied to the model in the numerical
calculation, due to the symmetry of the sandwich
plate and the blast loading. The woven structure
outperforms one characterized by unidirectional
lamination in integrity, with the same material
properties in the transverse and longitudinal
directions of the lamination. The directions of the
fiber and the matrix in traditional unidirectional
lamination were denoted by Direction 1 and Direc-
tion 2, respectively, to avoid ambiguity. Fig. 1(a)
presents the definitions of the two directions and
the related dimensions of the trapezoidal corrugated
structure.

The in-plane grid size of the structure was about
1 mm, and the number of grids in the direction of
thickness was the same as that of laminated layers,
with each layer being 0.26 mm thick. To simulate
delamination failure, the authors adopted the
cohesive element (COH3D8) with a cohesive
thickness of 0.01 mm (Fig. 1(b)).

The coupled Eulerian-Lagrangian (CEL) method
in the software ABAQUS was used to simulate the
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Fig. 1 Numerical model of CFRP trapezoidal corrugated plate under blast loading

blast impact loading. Specifically, Euler grids filled
with multiple materials were defined, and the non-
reflecting boundary conditions were applied to the
outer surface of the Euler domain to simulate the
infinite air domain. The Euler grids were kept at the
size of 1 mm and filled with the PE4 explosive to
prevent the shock wave pressure to attenuate
excessively fast, and the remaining area was filled
with air, as shown in Fig. 1(c). The charge of the
PE4 explosive was 2 g and the stand-off distance
was 90 mm in all the conditions calculated in this
study.

The thickness t; of the front face panel, the
thickness t, of the back face panel, the folding angle
0 of the core wall plate, and the core height H, were
taken as variables according to the structural
characteristics of the trapezoidal corrugated plate to
study the influence of each variable on the anti-
explosion performance of the trapezoidal corrugat-
ed sandwich plate. The thickness of the core was
0.78 mm, and the width of the platform was 7 mm,
as shown in Fig. 1(a).

1.2 Material model

1.2.1 Composite

The Hashin failure criterion has been widely
used in numerical simulation of the explosion and
impact of composite materials [0, The built-in
material model in ABAQUS only complies with the
2D-Hashin failure criterion and does not take into
account the damage mode of interlayer delamina-
tion. For this reason, the authors adopted the
subroutine interface in ABAQUS to write the strain-
based 3D-Hashin failure criterion in the FORTRAN
language and thereby predict the properties of
composites more accurately.

The Hashin failure criterion divides the damage
to composite materials into four modes, namely,
fiber_ tension, fiber compression, matrix tension,

and matrix compression, but these damage modes
are specific to unidirectional lamination. In
contrast, the authors defined the damage to plain-
weave carbon fiber into tension and compression in
Direction 1 and Direction 2, respectively. To
characterize the damage among the laminated
layers of composites, the authors introduced the
interlayer damage mode by referring to the Ye 2
criterion.

A total of five damage factors were introduced
into the calculation model, namely, the tensile
damage factor e, in Direction 1, the compressive
damage factor e, in Direction 1, the tensile damage
factor e, in Direction 2, the compressive damage
factor e, in Direction 2, and the interlayer damage
factor e,q. They can be calculated by Egs. (1) -(5),
respectively. Material damage occurs when the
damage factor ¢; > 0 (i = ft, fc, mt, mc, Id).

(g mn e

-l R0 M e
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Al R Se
where ¢ is the stfain; Xe, Ye, X: ) and Y are the

strains corresponding to the tensile strength and
compressive strength in Direction 1 and Direction 2,
respectively; Z is the strain corresponding to the
tensile strength in the direction perpendicular to the
lamination; $i; and S{, are the strains under the
shear strength perpendicular to the lamination; the
subscripts 11 and 22 denote the positive sides of
Direction 1 and Direction 2, respectively; the

subscript 33 indicates the direction of thickness; the
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subscripts 12 and 13 represent the plane perpen-
dicular to Directions 1 and 2 and the one perpen-
dicular to Direction 1 and 3, respectively. The
material parameters of plain-weave CFRP laminates
are listed in Table 1.

Table 1 Parameters of plain-weave CFRP laminates [*]

Paramter Value
Elastic modulus E,, in Direction 1/GPa 62.3
Elastic modulus E,, in Direction 2/GPa 62.3
Elastic modulus Eg; in direction of thickness/GPa 8.5
Poisson's ratios v,,, V,,, and v, 0.06
Shear modulus G,,/GPa 7.1
Shear moduli G, and G, /GPa 3
Tensile strength X, in Direction 1/MPa 610
Compressive strength X_ in Direction 1/MPa 314.7
Tensile strength Y, in Direction 2/MPa 610
Compressive strength Y, in Direction 2/MPa 314.7
Tensile strength Z, in direction of thickness/MPa 55.6
Compressive strength Z, in direction of thickness/MPa 500
Shear strength S ,/MPa 101.7
Shear strength S,, and S,,/MPa 59.4
Density p/(kg-m~) 1467

The damage variable H; (0<H;<1) was introduced
to characterize the damage degree of the material.
H;=0 is the starting point of material damage; H;=1
indicates that the material fails completely and the
element is deleted; the stiffness matrix of the
material degenerates when 0 < H; < 1, and a larger
H; corresponds to a more substantial reduction of
the stiffness matrix. The above design suggests that
the damage variable H; can be fitted by the
following equation:

0, e; <0
H = in’ 030 (6)
o

i

where n is a dimensionless constant and can control
the evolution speed of the damage variable H;. The
authors set n = 0.55 after trial calculation as it is
closer to the experimental results.

1.2.2 Cohesive element

The cohesive element (COH3D8) is a unique
element in ABAQUS to simulate the cohesive
effect, and two categories are defined in simulation
and calculation, namely, damage initiation and
damage evolution.

Damage initiation is determined by the following
equation:

2 2 2

) G E o

ON Js Jr
where gy, o5, and oy are the maximum tensile stress
in the direction normal to the cohesive plane and
the maximum shear stresses on the two orthogonal
planes, respectively; o,, o, and o, are the tensile
stress in the direction normal to the cohesive plane
and the shear stresses on the two orthogonal planes
in the actual calculation. A judgment is made that
the damage to the cohesive element starts and the
element enters the stage of damage evolution when
the sum of the squares of the three items in Eq. (7)
is equal to one. The evolution process is controlled
by energy, and the cohesive element is deleted
when the following equation holds

RO
Gxv) \Gs) \Gy) 8)

In Eg. (8), Gy, Gg, and Gy are the tensile fracture
energy in the direction normal to the cohesive plane
and the shear fracture energy on the two orthogonal
planes, respectively; G,, G,, and G, are the
corresponding dissipated energy in the actual
calculation. The material parameters of the cohesive
element are listed in Table 2.

Table 2 Material parameters of cohesive element [

Paramter Value
E,/GPa 4.3
Elastic moduli G,/GPa 2.0
G,/GPa 2.0
ov/MPa 100
Failure stresses os/MPa 80
ar/MPa 80
G /(I 1500
Fracture energy Gy/(J-m™) 2000
G /AT m™) 2000

1.2.3 Explosive and air

The Euler domain was filled with explosives and
air, with the PE4 explosive described by the Jones-
Wilkins-Lee (JWL) state equation and air described
by the ideal gas state equation. The specific para-
meters are presented in Tables 3-4.

2 Effectiveness verification of
numerical method

2.1  Numerical model

To verify the effectiveness of the proposed
numerical model, the authors selected the results of
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Table 3 Parameters in JWL state equation for PE4

explosive 13

Paramter Value
Density/(kg-m*) 1770
A/GPa 617.5

B/GPa 16.9

R 4.4

Ry 1.2

w 0.25
Detonation velocity V/(m's ) 7100

Initial internal energy E,/(T'kg ) 5.707x10°

Note: A, B, R;, R,, and w are the parameters in the JWL
state equation.

Table 4 Parameters in gas state equation for air (4]

Paramter Value
Density /(kg-m*) 1.225
Atmospheric pressure/Pa 1.013%10¢
Volume constant R 287.05
Initial temperatre 8/°C 20
Absolute zero #,/°C —273

the blast impact experiment on plain-weave CFRP
in Ref. [1] for comparative verification. Similarly,
the modeling method of constructing a 1/4 scaled
model was adopted, and the corresponding
symmetrical boundary conditions were applied to
the symmetrical surface. In the experiments, the
equivalent of the PE4 explosive was 2 ¢, and the
detonation distance was 90 mm. The experimental
specimen was a square laminated plate made from
plain-weave CFRP. A steel fixture was placed on
both sides of the specimen, and rigid body
constraints were applied to it to simulate the
clamping effect on the specimen (Fig. 2(a)). The
steel pipe where the explosive was placed would
reflect the shock wave. For this reason, a circular
steel pipe was also created in the numerical model
to satisfy the rigid body constraints. The contact
between the medium in the Euler domain and the

Upper and
lower fixtures

Specimen

(a) Overall geometric model

75 mm
(b) Grid division

inner surface of the steel pipe was set to implement
the reflection effect of the steel pipe on the shock
wave, as shown in Fig. 2(a). The side length of the
laminate was 150 mm, and the circular surface in
the middle with a diameter of 90 mm was the blast
impact area. The grid size in the circular loading
area on the specimen was 1 mm, and that in the
clamping area was 2 mm. The number of laminated
layers was eight, and each layer was 0.26 mm thick,
as shown in Fig. 2(b) and Fig. 2(c).

2.2 Calculation results

Circular shear failure occurred on the clamping
boundary of the plain-weave CFRP laminate under
blast impact loading, and cross-shaped cracks ap-
peared in the center of the laminate. The crack
lengths were 34 and 34.5 mm, respectively (Fig. 3(a)).
The laminate fractured on the front face at its
clamping boundary when the specimen was cut
along the center line after the experiment.
Moreover, clear delamination could be observed in
the mid-thickness area of the laminate, with a
delamination length of 12.1 mm (Fig. 3(b)).

In the numerical simulation results, the state
variable Sy, represents the tensile damage and
compressive damage in Direction 1 and Direction 2.
According to Fig. 3(c), the damage to the laminate
is mainly concentrated at its clamping boundary
and in its center, and the maximum value of the
damage variables is invariably above 0.95. This
indicates that the material in the red area is almost
completely damaged and that the element is about
to be deleted. The superimposition of the four
damage variables suggests that the damage at the
clamping boundary is roughly circular while that in
the central area is cross-shaped. The crack length is
34 mm when Sp,,=0.8 is taken as the crack boundary,
as shown in Fig. 3(a). The damage profile in Fig. 3(b)
reveals that serious damage occurs at the clamping
boundary and that evident delamination damage
also occurs in the mid-thickness area on the

Cohesive layers

(c) Cohesive element

Fig.2 _Numerical model of CFRP laminate
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Fig. 3 Comparison of experimental and simulation results

laminate, with a delamination length of 10 mm.

The above results reveal that the CFRP laminate
in the experiment presents salient damage charac-
teristics that are generally consistent with those in
the numerical calculation results. The error in the
length of the cross-shaped cracks is within 2%, and
that in the length of the delamination damage is
about 17.5%, indicating that the numerical simula-
tion method is reasonable and effective.

3 Calculation results and analysis

A total of four sets of calculation conditions were
designed to investigate the influences of the
thicknesses of the upper and lower face sheets
(0.78, 1.56, and 2.34 mm), the folding angle of the
core wall plate (30°, 45°, and 60°), and the core
height (8, 14, and 20 mm) on the sandwich
structure (Table 5).

3.1 Dynamic response process of structure

The typical dynamic response process of the
trapezoidal corrugated sandwich plates under blast
impact loading was described by taking the TC-1
condition as an example. The pressure in the air-
filled area was about one standard atmospheric
pressure at the initial moment. The detonation
products and the shock wave spread rapidly to the
surrounding area with the explosive-filled area as
the center after the explosive was detonated. In this
case, the pressure inside and at the boundary of the
shock wave exceeded 20 MPa, as'shown in Fig. 4(a)

Table 5 Parameter design of trapezoidal corrugated
sandwich plate

~ Thicknesst; Thicknesst, ~ Core Folding angle Relative
Condition of front face of back face  height ¢ of core mass per

sheet/mm  sheet/mm  H_/mm wall plate/(*} unit area
TC-1 1.56 1.56 14 45 1.00
TC-2 0.78 1.56 14 45 0.81
TC-3 2.34 1.56 14 45 1.19
TC-4 1.56 0.78 14 45 0.81
TC-5 1.56 2.34 14 45 1.19
TC-6 1.56 1.56 14 30 0.97
TC-7 1.56 1.56 14 60 1.08
TC-8 1.56 1.56 8 45 0.99
TC-9 1.56 1.56 20 45 1.01

and Fig. 4(b). The front face sheet of the sandwich
structure began to deform under compression when
the shock wave reached it. However, the deforma-
tion of the front face sheet was non-uniform since
the platform area on the trapezoidal corrugated core
provided strong support for the upper plate, as
shown in Fig. 4(c) and Fig. 4(d). The non-uniform
deformation of the front face sheet caused
delamination damage in its mid-thickness area, as
shown in Fig. 4(e). The upper plate supported by
the platform also showed substantial deformation as
the transfer of the blast impact loading continued,
which led to the serious buckling deformation of
the core (Figs. 4(e) —4(f)). The deformation of the
back face sheet gradually increased as the blast

\
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impact loading further transferred from the core to
the back face sheet. In contrast, the front face sheet
entered the rebound stage at this time. The lagging
deformation of the back face sheet turned the core
in compression into one in tension, consequently
resulting in more serious delamination between the
front face sheet and the core (Fig. 4(g)). The
deformation ranges of the plates on both sides and
the core expanded due to the transmission of the
stress wave and the connection within the structure.
Nevertheless, the deformation became uniform, as
shown in Fig. 4(h).

As shown in Fig. 5, the maximum deformation at
the center of the front face sheet is 8.62 mm and
occurs at about 0.1 ms under the blast impact
loading, and that at the center of the back face sheet
is 5.23 mm. The maximum velocity at the center of
the front face sheet is much larger than that of the
back face sheet as the former can reach 200 m/s
while the latter is not more than 100 m/s. The
velocity trend of the back face sheet obviously lags
behind that of the front face sheet in the time
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Fig. 6 presents the contours of the damage
variables of the structure. It shows that the
trapezoidal corrugated sandwich plate is mainly
subject to tensile damage in Direction 1, with the
most severe damage at the core. This is because the
core buckles markedly under blast impact loading,
resulting in a large tensile strain in Direction 1. The
damage to the front face sheet is mainly
concentrated on the upper surface of its joint with
the core platform. The reason is that the
deformation in this area is not uniform under the
restriction of the core platform, resulting in a large
tensile strain in Direction 1. The damage to the
back face sheet is mainly manifested as
compressive damage in Direction 1. This can be
attributed to the compression of the back face sheet
by the core during the transfer of the impact
loading, as shown in Figs. 6(a) — (d). The
delamination damage can mainly be divided into
four types, namely, the delamination of the front
face sheet, the delamination of the back face sheet,
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Fig. 4 Dynamic response process of trapezoidal corrugated plate under blast impact loading
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Fig. 6 Damage to trapezoidal corrugated plate made from fiber reinforced composite

that between the front face sheet and the core, and
that between the back face sheet and the core.
Among them, the delamination damage to the front
face sheet is mainly concentrated in the central blast
impact area, and the delamination damage in
Direction 2 is more severe than that in Direction 1;
the back face sheet undergoes no delamination. The
damage to the cohesive element among the plates
on both sides and the core is mainly manifested as
follows: The delamination damage between the
front face sheet and the core is greater than that
between the back face sheet and the core; the
delamination damage in direction 2 is greater than
that in Direction 1; the delamination damage is
mostly concentrated at the edge of the platform area
on the core (Fig. 6(e)). In the figure, Spes is the
damage state variable of the cohesive layer.

3.2 Influence of face sheet thickness on
dynamic response of structure

In this aspect, the authors investigated the
responses of trapezoidal corrugated sandwich plates
with front face sheets of three different thicknesses
and back face sheets of three different thicknesses,
respectively, under the same blast impact loading.

The center of the front face sheet is most affected
by blast impact loading. A thinner front face sheet
corresponds to more serious damage, more evident
delamination, and even complete material damage.
In the last case, surface damage occurs, and the
subsequent blast impact loading directly acts on the
core, consequently aggravating the buckling
deformation of the core. The impact resistance of
the front face sheet and the overall stiffness of the
structure enhance as the thickness of the front face
sheet increases. Moreover, the deformations at the
center. of the front face sheet and the back face

sheet decrease, with a salient decrease in the
deformation of the front face sheet (Fig. 7(a)). The
tensile damage in Direction 1 is taken as an
example for analysis. The results reveal that the
tensile damage to the front face sheet decreases as
the thickness of the front face sheet increases. In
addition, the buckling deformation of the core
decreases due to the enhanced overall stiffness of
the structure, leading to a decrease in tensile
damage (Fig. 7(b)). In the figure, Sy, is the
damage state variable in Direction 1.

The overall stiffness of the structure improves as
the thickness of the back face sheet increases, and
the overall deformation of the structure decreases.
The delamination damage increases slightly as the
deformation at the center of the front face sheet
decreases slightly. The reason is that thickening the
back face sheet will also increase the inertia force
of the back face sheet, and the back face sheet
imposes a stronger counterforce on the front face
sheet in this case, which reduces the deformation at
the center of the front face sheet. Nevertheless, the
stronger counterforce aggravates the uneven
deformation of the front face sheet, resulting in
more serious delamination damage. A thicker back
face sheet means higher stiffness and strength. As a
result, the deformation at the center of the back face
sheet will decrease significantly as the back face
sheet thickens (Fig. 8(a)). Similarly, the tensile
damage in Direction 1 was analyzed as an example.
The results reveal that as the thickness of the back
face sheet increases, the damage to the front face
sheet does not change markedly. In contrast, the
tensile damage to the core caused by buckling
deformation becomes more serious, and the damage
to the back face sheet decreases significantly, as
shown in Fig. 8(b).
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The explosion resistance of the trapezoidal
corrugated sandwich plate can be enhanced by
thickening either the front face sheet or the back
face sheet if the maximum deformation at the center
of the back face sheet is taken as the evaluation
criterion for the anti-explosion performance of the
sandwich plate. Figs 9(a) -9(b) show that the
explosion resistance of the sandwich plate increases
by 5.1% when the thickness of the front face sheet
increases from 1.56 mm to 2.34 mm. The increase

is 10% when the thickness of the back face sheet
rises from 1.56 mm to 2.34 mm. In summary,
thickening the back face sheet is more effective
than thickening the front one, as shown in Fig. 9(c).

3.3 Influence of folding angle of core
wall plate on dynamic response of
structure

In this aspect, the authors examined the
responses of trapezoidal corrugated sandwich plates
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with core wall plates of three different folding
angles under the same blast impact loading. The
analysis of the calculation results indicates that the
support the core provides for the front face sheet
enhances as the folding angle of the core wall plate
increases, and the overall stiffness of the structure
rises accordingly, ultimately reducing the
deformation of both the front face sheet and the
overall structure; the uneven deformation of the
front face sheet worsens, resulting in more serious
delamination damage to the front face sheet; the
enhancement of the support the core provides also
results in the transfer of more impact loading from
the core to the back face sheet. Consequently, the
delamination damage between the core and the
back face sheet aggravates, and the deformation at
the center of the back face sheet increases
accordingly (Fig. 10(a)). The contours of the tensile
damage in Direction 1 suggest that the damage to
the front face sheet does not change markedly as
the folding angle of the core wall plate rises, while
that of the back face sheet increases saliently.
Moreover, the damage to the core is most serious
when the folding angle 6 of the wall plate is 45°,
and the damage range of the core is the largest
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when 6 is 60°. The reason is that a larger folding
angle of the core wall plate corresponds to a smaller
span of the trapezoidal corrugated core. When 6 is
60° , plates undergo buckling
deformation, and their tensile damage is smaller
than that in the case of only one core wall plate
subject to instability, as shown in Fig. 10(b).

Table 5 shows that the change in the weight of
the structure caused by that in the folding angle of
the wall plate is insignificant and thus largely
negligible. The explosion resistance of the
trapezoidal corrugated sandwich plate increases by
6.3% when the folding angle of the core wall plate
is reduced from 60° to 45° if the maximum
deformation at the center of the back face sheet is
taken as the evaluation criterion for the anti-
explosion performance of the sandwich plate. The
increase is only 1.3% when the folding angle is
reduced from 45° to 30°, as shown in Fig. 10(c).
Therefore, the anti-explosion performance of the
sandwich plate can be improved by reducing the
folding angle of the core wall plate within a
particular range. Nevertheless, the effect is trivial
when the folding angle is reduced from 45° to 30°.
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Fig. 10 Responses of trapezoidal corrugated plates with different folding angles

3.4 Influence of core height on dynamic

response of structure

The authors also explored the responses of
trapezoidal corrugated sandwich plates with three
different core heights under the same blast impact
loading. The analysis of the calculation results
reveals that the overall stiffness of the structure
increases as the core height rises, and the overall
deformation of the structure decreases accordingly;
a higher core will lead to a larger span of the wall
plates. Consequently, the core iis _more likely. to

become unstable under the action of the blast
impact, ultimately weakening the support it
provides. Then, the deformation at the center of the
front face sheet will increase, but the delamination
damage to the front face sheet will decrease.
Moreover, the deformation at the center of the back
face sheet will decrease accordingly, as shown in
Fig. 11(a). The contours of the tensile damage in
Direction 1 shown in Fig. 11(b) suggest that the
damage to the face sheets on both sides does not
change significantly while the damage to the core
decreases as the core height increases.
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Fig. 11 Responses of trapezoidal corrugated plates with different core heights

According to Table 5, the change in the weight of
the structure caused by that in the core height is
also insignificant and thus essentially negligible.
The maximum deformation at the center of the back
face sheet is taken as the evaluation criterion for the
anti-explosion performance of the trapezoidal
corrugated sandwich plate. In this case, the
explosion resistance of the sandwich plate increases
by 27.7% when the core height is raised from 8 mm
to 20 mm, as shown in Fig. 11(c). Therefore, the
anti-explosion performance of the sandwich plate
can be improved by increasing the core height.
Nevertheless, increasing the core height will not
only lead to a larger weight of the structure but also
result in more space resources occupied in practical
applications, which requires designers to make a
trade-off according to the actual situation.

4 Conclusions

The authors constructed a numerical model of the
progressive damage and failure of composites in
compliance with the 3D-Hashin failure criterion
and compared the results with the experimental
counterparts.  Then, they investigated the
parametrization of carbon fiber all-composite
trapezoidal corrugated sandwich plates oriented
towards anti-explosion performance with the model
constructed. The main conclusions are as follows:

1) The numerical simulation results can be used
to effectively predict CFRP's damage characteris-
tics and response process under blast impact
loading.

2) The explosion resistance of the sandwich plate
increases by 5.1% when the thickness of the front
face sheet rises from 1.56 mm to 2.34 mm. The
increase is 10% when the thickness of the back face
sheet rises from 1.56 mm to 2.34 mm. Therefore,

the anti-explosion performance of the trapezoidal
corrugated sandwich plate can be improved by
increasing either the thickness of the front face
sheet or that of the back face sheet. In addition,
increasing the thickness of the back face sheet can
improve the anti-explosion performance of the
sandwich plate more substantially than thickening
the front face sheet.

3) The explosion resistance of the sandwich plate
can be increased by 6.3% when the folding angle of
the core wall plate is reduced from 60° to 45°. In
contrast, the increase is only 1.3% when the folding
angle is reduced from 45° to 30°. In summary, anti-
explosion performance can be enhanced by
reducing the folding angle of the core wall plate
within a particular range. Nevertheless, the
improvement in the anti-explosion performance is
trivial when the reduction is from 45° to 30°.

4) The explosion resistance of the sandwich plate
is improved by 27.7% when the core height is
increased from 8 mm to 20 mm. The anti-explosion
performance of the trapezoidal corrugated sandwich
plate can be enhanced by increasing the core height
to the extent allowed by the space configuration and
weight control.
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