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Abstract
This study presents a numerical investigation on the use of previously unexplored hybrid sandwich protective structural 
configurations with aim to resist airblast loading. A honeycomb, corrugated sheet, and woven interlaced core configura-
tions are used to develop the hybrid system. An experimental result reported in the previous literature is used for valida-
tion of the finite element analysis models using Abaqus/Explicit finite element software with a conventional weapon 
blast related parametric codes. Then an extended numerical study is conducted further on various hybrid sandwich 
inner core topologies for maximizing protection against an air blast induced shock wave. The study demonstrated that 
a protective system, combining square honeycomb metallic cores with X-shaped corrugated sheets and fortified against 
in-plane compression and buckling, showed excellent shielding capabilities against airblast loading. This configuration 
also exhibited the highest energy dissipation, the least effective plastic strain, minimal back sheet displacement, and a 
favorable damage profile.
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Ethiopia. 2Department of Civil Engineering, Addis Ababa Science and Technology University, Addis Ababa, Ethiopia. 3Department of Civil, 
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Article highlights

•	 The paper proposes a new hybrid sandwich protective 
structure to resist blast loading.

•	 A new hybrid sandwich protective panel construction 
is also introduced.

•	 Among the various panels studied, the hybrid panel 
that utilized both honeycomb and cross-shaped cores 
demonstrated effective blast shielding capability.
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1  Introduction

Blast loading poses risks to lives and structures. Metallic 
sandwich panels, incorporating honeycomb, corrugated, 
and woven cellular cores, demonstrate potential for 
damage mitigation through plastic deformation. How-
ever, further research is required to assess the energy 

dissipation capabilities of these hybrid structures against 
airblast loading. In sandwich structures, the inner cellular 
cores play an important role in protecting a given asset 
and serve as a shield against abnormal loads such as 
impact, blast and synergetic effects of combined blast-
impact loads [1]. In addition to this, according to [2], 
in order to mitigate the damage induced by abnormal 
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loads, the main technology recommendations on which 
the sandwich structures shall be designed are continu-
ity of structures, reserve strength in excess of live loads, 
redundancy in load bearing paths and increased energy 
absorptions.

Metallic sandwich panels can be divided into different 
types such as honeycomb, lattice truss, folded, woven, 
auxetic, and tubular cores [3, 4]. Consequently, whenever 
a sandwich panel is composed of those cellular cores 
namely honeycomb, lattice truss, folded, woven interlace 
etc., it is termed as hybrid sandwich protective structure.

Existing research in this field primarily examines the 
performance of various sandwich structures under blast 
loading. Some studies focus on stainless-steel alloy with 
honeycomb cores [3–8], while others investigate corru-
gated sheets embedded in sandwich panels under differ-
ent compression loads [2, 9–12]. Additionally, there are 
works on auxetic sandwich structures to withstand blast-
induced shock waves [8, 13, 14]. Both connected and un-
connected layer connection systems are recommended 
for constructing protective panels [1–3], and 3D printed 
cellular metallic cores with monolithic facet panels have 
also been explored [13, 14].

However, detailed quantification of damage response 
and effectiveness of sandwich panels comprised by hybrid 
cellular metallic cores with numerous unforeseen struc-
tural configurations to resist an air burst is limited. Thus, 
the present study employed Abaqus/Explicit finite ele-
ment analysis (FEA) to develop the spatial 3D FEA models 
considering both the geometrical and material nonlinear 
properties. The airblast loading simulation was performed 
using conventional weapon (ConWep) code. The back 
sheet nodal displacement, damage and energy dissipation 
response of the FEA models were evaluated in terms of an 
extracted effective plastic strain, viscous, artificial, plastic, 
total energy and displacement–time history plots. The 
innovation of the present study is that, all the proposed 
novel hybrid systems were designed by simultaneous use 
of a honeycomb, corrugated sheet, and woven interlaced 
core configurations.

In the present study, section one is all about the intro-
duction about numerical investigation of hybrid metallic 
structures subjected to air burst. Section two deals with 
the finite element analysis accompanied by detailed 
description of the numerical model, element, material, 
and damage models, data acquisition procedures, loading, 
boundary conditions, and dynamic analysis steps. More-
over, the validation for the finite element model is also 
presented. Section three presents the parametric analysis 
results and discussions. It begins with describing the pro-
posed parameters following with variation in back sheet 
nodal displacement, field stress and various energy values. 
In addition to this, the damage model of the finite element 

models are all presented. In section four, the conclusion of 
the analyzed and discussed sections are all made.

2 � Finite element analysis

In this study a three-dimensional model of a metallic sand-
wich panel with different hybrid cellular core configura-
tions were developed.

2.1 � Description of numerical model

The experimental study conducted by [4] was used 
for finite element analysis model validation. Figure  1 
depicts schematic plot of experimentally reported 
metallic alloy sandwich panel with square cellular metal 
core. [4] Employed a honeycomb sandwich with a 
610 mm × 610 mm planar area accompanied by 5 mm thick 
two cover solid plates and 51 mm high cellular metal core 
with 0.76 mm thickness laid on by 30.5 mm spacing. An 
air burst type with 3 kg charge mass and 100 mm stand-
off distance was imposed on the panel and distinguished 
panel displacement, panel indentation profile, and core 
crushing damage profiles were evaluated.

Taking advantage of symmetry, only one-quarter of 
the model with 305 mm × 305 mm planar area accom-
panied by 5 mm thick two cover solid plates and 51 mm 
high cellular metal core with 0.76 mm thickness laid on 
by 30.5 mm spacing of the panel was modeled. The fol-
lowing sections present numerical modelling techniques 
and procedures employed in development of the models.

2.2 � Element and material models

A reduced integration eight-node 3D solid homogenous 
hexagonal brick element was used to model both end 
plates. On the other hand, a reduced integration linear 

Fig. 1   Square honeycomb core sandwich panel for airblast test [4]
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quadrilateral element with a four-node shell accompa-
nied by 5 Simpson thickness integration points were 
employed to model cellular metallic cores. The John-
son–Cook material model, which includes analytical 
forms of hardening law, thermal and strain rate depend-
ence was used as it is suitable for impulsive loads [4]. The 
flow yield stress in the Johnson–Cook material model is 
given by Eq. 1 [15, 16]:

where �′
0
 is a reference strain rate, c �ple  is equivalent plastic 

strain, �′ple  is equivalent plastic strain rate, A, B, C, n, m are 
experimentally derived material constants, and in general 
the first bracket depicts the strain rate effect on the yield 
strength of the material and the second bracket terms 
accounts a thermal softening effect on the yield strength 
of the material. As shown in Eq. 2, � is a normalized tem-
perature defined in terms of absolute, melting, and transi-
tion temperature [15, 16].

where, T, TM , Ttr  is an absolute, melting temperature and 
transition temperature, respectively.

2.3 � Damage model

Damage in the Johnson–Cook material model was incor-
porated in the Johnson–Cook plasticity model accom-
panied by a value of equivalent plastic strain at element 
integration points which then further enables the mate-
rial damage model to capture the gradual reduction in 
the load carrying capacity of a material. These values 
extracted from equivalent plastic strain at element 
integration points are sufficient to capture the gradual 
decrease in the load carrying capacity of a material 
leading to a total loss of strength. Abaqus initiates the 
creation of cracks during the simulation by searching for 
regions that are experiencing principal stresses and/or 
strains greater than the maximum damage values speci-
fied by the traction–separation laws [16]. Equation 3 
lists a Johnson–Cook damage model (D) as a function of 
equivalent plastic and increment and failure states [17].

where Δ�� is an equivalent plastic strain updated at every 
time increment and εf� shown in Eq. 4 is an equivalent 
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[16, 17]

According to [17], failure in this model is perceived to 
occur when the damage parameters (D) listed in Table 1 
are exceeded a value of unity. In the previous literature, [4, 
15, 17] verified that the following Johnson Cook’s constitu-
tive and damage material models captured the dynamic 
properties of a honeycomb sandwich panel loaded with 
TNT explosives. Thus, the Johnson Cook constitutive mate-
rial model and damage parameters employed in the pre-
sent study are consistent with [4, 15, and 17] and are listed 
in Table 1.

2.4 � Data acquisition, interaction and boundary 
condition

The top cover plate and back sheet displacement history 
of a finite element model along the distance of a cover 
plate was extracted by using Abaqus’s nodal and path dis-
placement extraction method. Two paths from the front 
and back cover plate faces were assigned as a source of 
data for displacement versus distance of the cover plate 
history curves. Furthermore, for nodal displacement–time 
history curve plots, a back sheet cover plate SET_NODE 
point, positioned directly beneath the TNT explosive 
charge mass, was assigned and traced (see Fig. 2).

The top and bottom side of honeycomb core were 
connected to top and bottom faces of a plate by using 
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Table 1   Johnson Cook’s constitutive and damage material model 
input values for both the hybrid sandwich panel [17]

Parameter Description Unit Values

E Elastic modulus GPa 161
υ Poison ratio – 0.35
ρ Density Kg/m3 7850
�
′
0

Strain rate factor s−1 0.001
T
tr

Transition temperature °C 20
T
M

Melting temperature °C 1527
A – MPa 400
B – MPa 1500
C – – 0.045
n – – 0.4
m
D
1

D
2

D
3

D
4

D
5

–
Initial failure strain
Exponential factor
Triaxiality factor
Strain rate factor
Temperature factor

–
–
–
–
–

1.2
−0.77
1.45
−0.47
0.0
1.6
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Fig. 2   Path, tied constraint, and boundary condition schemes of a honeycomb panel

the Abaqus/Explicit tie constrained command. After 
making sure that the face of the cellular cores were 
adjusted at their initial surface and tie rotational degree 
of freedom whenever applicable, the plate and cellular 
cores were assigned as master and slave nodes respec-
tively. This constraint then ensures interface between 
cellular core and plate remains welded preventing rela-
tive displacement between respective interfaces. On 
the other hand, the interaction between the location of 
the explosive material and loaded face of the plate was 
assigned as a source and master surface respectively.

While doing so, the FEA model was developed by 
taking advantage of symmetry and only quarter of the 
sandwich structure with cellular metal core was mod-
elled. Thus, symmetric boundary conditions on X and Y 
axis were applied at respective symmetric planes in X 
and Y axis on which the X-symmetry boundary condition 
restraints the translational degree of freedom at X-axis 
and rotational degree of freedoms at Y-and Z-axes. Like-
wise, the Y-symmetry boundary condition restraints the 
translational degree of freedom at Y-axis and rotational 
degree of freedoms at X-and Z-axes [16]. Moreover, since 
the referenced model was clamped against both transla-
tion and rotation, end sides of the finite element analy-
sis model were fixed against translation and rotation 
by using a fixed restraint system on which both transla-
tional and rotational degree of freedoms about X, Y, and 
Z axes are all fixed (see also Fig. 2).

2.5 � Blast loading and time steps

Air burst pressure was imposed on front face of a plate in 
accordance with ConWep code Eq. 5 shows the pressure 
that acts on front face of plate [4].

where, P is total pressure on front face of a plate,Pi is inci-
dent pressure, ta is arrival time, tp is positive phase dura-
tion, t is total time duration, θ is exponential decay factor 
for incident wave.

A 3 kg explosive charge mass with 100 mm standoff 
distance from the center of the experimental reference 
model or edge nodal point of the FEA model was studied. 
A dynamic explicit type of step was deployed with a deto-
nation and total analysis time of 0 and 1.5 ms respectively. 
The time increments were set to be in Abaqus/Explicit 
default setting and since the analysis was initiated by first 
activating the Nlgeom and global stable increment esti-
mator module, it was fully a nonlinear-dynamic analysis.

2.6 � Equivalent plastic strain and energy 
formulations

As stated in [16], the equivalent plastic strain (PEEQ) is a 
scalar variable utilized to represent a material’s inelastic 
deformation. When PEEQ exceeds zero, it indicates mate-
rial yielding. In ABQUS/Explicit, PEEQ is employed to for-
mulate damage indices, as mentioned in Eq. 3.

(5)P = Pi

[

1−
t−ta

tp

]−
(t−ta )

�
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Energy output is often an important part of an Abaqus/
Explicit analysis. Energy balance (Etotal) for the entire model 
is shown in Eq. 6. [16]:

where EI is the internal energy, Ev is the viscous dissipation 
on which it is the energy contribution to the total energy 
made by irreversible deformational work per unit time 
and volume, EFD is the frictional energy dissipation, EKE is 
the kinetic energy, EW is the work done by the externally 
applied loads, and EPW, ECW, and EMW are the work done by 

(6)
EI + EV + EFD + EKE− EW − EPW− ECW− EMW = Etotal = Constant

contact penalties, by constraint penalties, and by propel-
ling added mass, respectively.

2.7 � Finite element analysis model validation

Figure 3 illustrates a comparison between the experimental 
results [4] and the FEA numerical model for displacement 
values of the top (front) and bottom (back sheet) of the 
cover plate versus distance from the center of the plate. The 
maximum nodal displacement for the FEA was 150 mm and 
showed good agreement with experimental result and this 
mesh density was used for extended finite element analysis.

Fig. 3   Comparisons of top and bottom cover plate displacement versus distance from center of a plate

Fig. 4   Damage profile of a square honeycomb structure: (a) Experiment [4]; and (b) FEA



Vol:.(1234567890)

Research Article	 SN Applied Sciences           (2023) 5:248  | https://doi.org/10.1007/s42452-023-05476-8

Moreover, both the experimental and FEA model showed 
good agreement in terms of high densification and inden-
tation damage profile of the sandwich structure (Fig. 4). 
Moreover, as it is evident on both the experimental and 
FEA model results, a promising and visible cell wall buckling 
failure was predominantly observed on the exact location 
beneath the explosive. Besides this, going further away from 
the location of the detonation point, the core cells exhibited 
negligible buckling and folding. It can be confirmed that the 
FEA model captured the progressive transition from elastic 
to plastic buckling and folding of cellular metallic core walls.

3 � Parametric study analysis, result 
and discussions

3.1 � Description of parameters

The validated square shaped honeycomb sandwich 
structure (SHC) with a 305  mm × 305  mm planar area 

accompanied by 5 mm thick two cover solid plates and 
51 mm high cellular metal core with 0.76 mm thickness 
laid on by 30.5 mm spacing of the panel was used to serve 
as a control model for the extended parametric study. 
Figure 5 shows the geometrical dimensions and 3D FEA 
model for SHC.

By taking the validated sandwich panel with square 
honeycomb cores (SHC) as a control model, additional 
eight novel sandwich panels with hybrid core configura-
tions were proposed and evaluated under air burst type 
of blast scenario. The proposed eight novel hybrid sand-
wich panel configurations include honeycomb, corrugated 
sheet, and woven interlaced cores. Figure 6 and Table 2 
exhibits the cross-sectional dimensions and 3D FEA parts 
and assembled panels of the proposed new hybrid core 
configurations.

The proposed panels consist of a 0.76  mm cellular 
wall thickness enclosed by top and bottom cover plates 
(each 5 mm thick). To ensure proper contact between the 
hybrid core configurations, a 1 mm inserted plate was 

Fig. 5   Square honeycomb sandwich structure: (a) Geometrical dimension; (b) FEA cellular core part; and (c) Assembled 3D FEA model
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placed between the top and bottom cores, facilitating 
layer contact in all the sandwich panels. This construction 
aligns with the connected type of sandwich construc-
tion described in [1–3, 13, 14]. The metallic cellular cores, 
inserted plate, and cover plates were tied together, effec-
tively welded to prevent relative degrees of freedom.

From the proposed hybrid sandwich panel core con-
figurations, the first one was a SHC_CYC configuration, 
where the panel had a top square shaped honeycomb core 
accompanied by a corrugated Y-shaped metallic sheets at 
the bottom (Fig. 6a and Table 2). A CYC_SHC on the other 
hand represented a hybrid sandwich structure with a cor-
rugated Y-shaped metallic sheet at the top comprised by 
a square honeycomb core at the bottom (see Fig. 6b and 
Table 2).

The third proposed hybrid core configuration was a 
SHC_CXC configuration, where the panel had a square 
shaped honeycomb core located at the top accompanied 
by a corrugated X-shaped metallic sheets at the bottom 
(Fig. 6c and Table 2). A CXC_SHC on the other hand rep-
resented the fourth model with a corrugated X-shaped 
metallic sheet at the top comprised by a square honey-
comb core at the bottom (see also Fig. 6d and Table 2).

The fifth hybrid core configuration was a SHC_WSC 
configuration, where the panel had a top square shaped 
honeycomb core accompanied by a sliced, woven square 
shaped metallic sheets at the bottom interlaced and ori-
ented orthogonal to each other (Fig. 6e and Table 2). A 

WSC_SHC on the other hand represented the sixth model 
with a sliced and woven square shaped metallic sheets at 
the top interlaced and oriented orthogonal to each other 
accompanied by a square honeycomb core at the bottom 
(see Fig. 6f and Table 2).

The seventh proposed hybrid core configuration was a 
SHC_WTC configuration, where the panel had a top square 
shaped honeycomb core accompanied by a sliced and 
woven triangular shaped metallic sheets at the bottom 
interlaced and oriented orthogonal to each other (Fig. 6g 
and Table 2). A WTC_SHC on the other hand represented 
the last eighth hybrid sandwich structure with a sliced 
and woven triangular shaped metallic sheets at the top 
interlaced and oriented orthogonal to each other accom-
panied by a square honeycomb core at the bottom (see 
also Fig. 6h and Table 2).

Three charge masses, 1 kg, 2 kg, and 3 kg trinitrotoluene 
(TNT) explosives located at 100 mm from the free end-
node of the structures were considered. Moreover, with 
the validated sandwich structure with only honey comb 
core (SHC) was deployed as a control model and shielding 
capability of the other proposed novel hybrid sandwich 
panels were assessed based on the percentage difference 
in equivalent plastic strain, and energy-time histories of 
both SHC and hybrid sandwich structures.

Variation in peak equivalent plastic strain (PEEQ) val-
ues and viscous dissipation energy percentage differ-
ences of a sandwich structure with different hybrid core 

Fig. 6   Cross-sectional dimensions of the proposed hybrid metallic sandwich panels: (a); SHC_CYC; (b); CYC_SHC; (c); SHC_CXC; (d); CXC_
SHC; (e); SHC_WSC; (f) WSC_SHC; (g); SHC_WTC; (h) WTC_SHC
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configurations were computed as shown in Eq. (7) and (8) 
respectively.

where PEEQ,i and PEEQSHC are the peak equivalent plastic 
strain value of the proposed hybrid sandwich panels and a 
square honeycomb sandwich structure (SHC) respectively.

(7)

Variation in peak equivalent plastic strain

=

(

PEEQ,i − PEEQSHC

PEEQSHC

)

× 100

where Ed,,i and Ed,,SHC are the viscous, artificial, plastic, and 
total energy dissipations of the proposed hybrid sandwich 
panels and a square honeycomb sandwich structure (SHC) 
respectively.

(8)

Variation in energy dissipation =

(

Ed,,i − Ed,,SHC

Ed,,SHC

)

× 100

Table 2   List of proposed hybrid metallic sandwich panel core configurations

Designation Top core part Bottom core part Assembled model 

SHC_CYC

Square Honeycomb Corrugated Y-shaped Core

CYC_SHC

Corrugated Y-shaped Core Square Honeycomb

SHC_CXC

Square Honeycomb Corrugated X-shaped Core

CXC _SHC

Corrugated X-shaped Core Square Honeycomb

SHC_WSC

Square Honeycomb Woven Square Core

WSC_SHC

Woven Square Core Square Honeycomb

SHC_WTC

Square Honeycomb Woven Triangular Core

WTC_SHC

Woven Triangular Core Square Honeycomb
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Fig. 7   Equivalent plastic strain–time history plot for a 1 kg TNT explosive charge mass

Fig. 8   Equivalent plastic strain–time history plot for a 2 kg TNT explosive charge mass
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3.2 � Variation in equivalent plastic strain values

Figures  7, 8 and 9 presents the equivalent plastic 
strain–time histories of the honeycomb and hybrid sand-
wich panels. To capture the damage propagation, extent 
of damage, and corresponding protective behavior of 
the structure, the equivalent plastic strain values were 
extracted from the back sheet of the protective system. 

From the plots, it is evident that the least equivalent plas-
tic strain values were obtained for CXC_SHC, SHC_CXC, 
and WSC_SHC sandwich panel structures depicting good 
shielding capability.

Figure 10 depicts effectiveness of use of hybrid sand-
wich panels when compared with the square honeycomb 
sandwich panel (SHC). Comparing the control honeycomb 
sandwich structure (SHC) with the other proposed novel 
hybrid sandwich structures accompanied by three TNT 
explosive charge masses (1 kg, 2 kg, and 3 kg), CXC_SHC, 
SHC_CXC, and WSC_SHC hybrid sandwich panels showed 
the least peak effective plastic strain values revealing bet-
ter damage mitigation capability and robustness against 
small scaled distance blast scenarios.

As discussed in Sect. 3 (Eq. 7), for a 1 kg TNT explosive 
charge mass, use of CXC_SHC, SHC_CXC, and WSC_SHC 
hybrid sandwich panels offered a 71.6%, 59.8%, and 
44.3% shield robustness capability. Likewise, for a 2 kg 
TNT explosive charge mass, use of CXC_SHC, SHC_CXC, 
and WSC_SHC hybrid sandwich panels also had a 34.7%, 
31.6%, and 28.7% protective robustness capability. Moreo-
ver, for a 3 kg TNT explosive charge mass, use of CXC_SHC, 
SHC_CXC, and WSC_SHC hybrid sandwich panels offered 
a 29.5%, 27.6%, and 25.7% additional capacity to mitigate 
damage induced by the shock wave. The redundancy, 

Fig. 9   Equivalent plastic strain–time history plot for a 3 kg TNT explosive charge mass
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load path continuities, reinforced mechanisms against in-
plane compression and buckling are the reasons for the 
low effective plastic strain values observed on CXC_SHC, 
SHC_CXC.

Conversely, for the three TNT explosive charge masses, 
SHC_CYC, CYC_SHC, and SHC_WTC hybrid sandwich 
panels revealed less damage mitigation capability and 
robustness against small scaled distance blast scenarios. 
For a 1 kg TNT explosive charge mass, use of SHC_CYC, 
CYC_SHC, and SHC_WTC hybrid sandwich panels offered a 
2.8%, 13.4%, and 16.3% shield robustness capability. Like-
wise, for a 2 kg TNT explosive charge mass, use of SHC_
CYC, CYC_SHC, and SHC_WTC hybrid sandwich panels also 
had a 9.5%, 15.0%, and 8.5% decrement in effective plastic 
strain values. Moreover, for a 3 kg TNT explosive charge 
mass, use of SHC_CYC, CYC_SHC, and SHC_WTC hybrid 
sandwich panels offered a 14.8%, 19%, and 12.6% capacity 
to mitigate damage induced by the shock wave (Fig. 10).

3.3 � Variation in energy values

The variation in energy dissipation values of the hybrid 
sandwich panels was assessed by the use of a viscous, arti-
ficial, plastic, total energy-time history plots which are all 
extracted from the whole structure components including 
both the solid cover plates and inner metallic cores.

3.3.1 � Viscous Dissipation Energy

Figures  11, 12 and 13 exhibits the viscous dissipation 
energy-time history plots of both control honeycomb 
and hybrid sandwich panels. In order to capture the dam-
age mitigation capability, the viscous dissipation energy 
values were extracted from the sandwich structures as a 
whole (both metallic cellular cores and cover plates). When 
comparing with the control honeycomb sandwich struc-
ture (SHC) with the other proposed novel hybrid sandwich 
structures accompanied by three TNT explosive charge 
masses, it was found that the largest values of viscous dis-
sipation energy capability were obtained from SHC_CXC, 
CXC_SHC, and CYC_SHC sandwich panel structures eluci-
dating good shielding capability.

In addition to the viscous dissipation energy-time his-
tory plots, Fig. 14 presents a comprehensive plot of peak 
viscous dissipation energy capability and TNT explosive 
charge masses. For the considered TNT explosive charge 
masses, SHC_CXC, CXC_SHC, and CYC_SHC hybrid sand-
wich panels revealed larger viscous dissipation energy.

For a 1 kg and 2 kg TNT explosive charge masses, use of 
CXC_SHC, SHC_CXC, and CYC_SHC hybrid sandwich panels 
offered a 588.59%, 349.4%, 112.8%; and 215.2%, 229.8%, 
and 38.5% increment in viscous dissipation energy. Moreo-
ver, for a 3 kg TNT explosive charge mass, use of CXC_SHC, 
SHC_CXC, and CYC_SHC hybrid sandwich panels offered a 

Fig. 11   Viscous dissipation energy-time history plot for a 1 kg TNT explosive charge mass
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Fig. 12   Viscous dissipation energy-time history plot for a 2 kg TNT explosive charge mass

Fig.13   Viscous dissipation energy-time history plot for a 3 kg TNT explosive charge mass
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178.7%, 231.3%, and 41.1% increase in viscous dissipation 
energy. The redundancy, load path continuities, reinforced 
mechanisms against in-plane compression and buckling 
can be rendered as the controlling factors (reasons) for 
the high viscous dissipation energy values observed on 
CXC_SHC, SHC_CXC.

Conversely, for the considered TNT explosive charge 
masses, SHC_CYC, SHC_WTC, and WTC_SHC hybrid 

sandwich panels revealed less dissipation energy absorp-
tion capability and robustness against airblast loading 
scenarios. For a 1 kg TNT explosive charge mass, use of 
SHC_WTC, SHC_CYC, and WSC_SHC hybrid sandwich pan-
els offered a 4.8%, 6.8%, and 11.1% increment in energy 
dissipation. Likewise, for a 2 kg TNT explosive charge mass, 
use of WSC_SHC, SHC_WSC, and WTC_SHC hybrid sand-
wich panels also had a 1.2%, 10.2%, and 21.2% increase 
in viscous dissipation energy. Moreover, for a 3 kg TNT 
explosive charge mass, use of SHC_WTC, WSC_SHC, and 
WTC_SHC hybrid sandwich panels offered a 10.7%, 11.1%, 
and 13% increment in viscous dissipation energy (Fig. 14).

3.3.2 � Variation in Artificial Energy Values

Figures 15, 16 and 17 depicts the artificial energy-time 
history plots of both honeycomb and hybrid sandwich 
panels. From the plots, for different blast scenarios with 
1 kg, 2 kg, and 3 kg TNT explosive charge masses, it is evi-
dent that the highest artificial energy value was obtained 
for SHC, CXC_SHC, and SHC_WSC sandwich panel struc-
ture. Whereas, for the same blast scenarios, SHC_CYC, and 
SHC_WSC exhibited the least artificial energy (see Figs. 15, 
16 and 17).
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Fig. 14   Comparison of peak viscous dissipation energy values for a 
panels subjected to various TNT explosive charge mass

Fig. 15   Artificial energy-time history plot for a 1 kg TNT explosive charge mass
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Fig. 16   Artificial energy-time history plot for a 2 kg TNT explosive charge mass

Fig. 17   Artificial energy-time history plot for a 3 kg TNT explosive charge mass



Vol.:(0123456789)

SN Applied Sciences           (2023) 5:248  | https://doi.org/10.1007/s42452-023-05476-8	 Research Article

Likewise, Fig. 18 presents a summary of peak artificial 
energy and TNT explosive charge masses. Comparing 
with a control core configuration (SHC), for a 1 kg TNT 
explosive charge masses, use of CXC_SHC, and SHC_WSC 
hybrid sandwich panels offered a 29.5% variation in artifi-
cial energy. Moreover, As discussed in Sect. 3 (Eq. 8), for a 
2 kg and 3 kg TNT explosive charge mass, use of CXC_SHC, 
and SHC_WSC hybrid sandwich panels offered a 16% and 

13% variation in artificial energy values respectively (see 
Fig. 18).

3.3.3 � Variation in plastic energy

Figures 19, 20 and 21 illustrates the plastic energy-time 
histories of the honeycomb and hybrid sandwich panels. 
From the plots, for different blast scenarios with 1 kg, 2 kg, 
and 3 kg TNT explosive charge masses, it is shown that the 
trend in plastic energy variation of the considered hybrid 
sandwich panels was flat (see also Figs. 19, 20 and 21). Like-
wise, Fig. 22 presents a summary of peak plastic energy 
and TNT explosive charge masse values. Comparing with 
a control core configuration (SHC), for a 1 kg, 2 kg, and 3 kg 
TNT explosive charge masses, the maximum energy differ-
ence was found to be 7% exhibiting a flat trend.

Moreover, Fig. 22 exhibits a summary of peak plastic 
energy and TNT explosive charge masses. Comparing with 
a control core configuration (SHC), for a 1 kg to 3 kg TNT 
explosive charge masses, use of hybrid sandwich panels 
revealed similar and flat trend of variation.

3.4 � Variation in total energy

Figures 23, 24 and 25 depict the total energy-time history 
plots for both honeycomb and hybrid sandwich panels. 
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Fig. 18   Comparison of peak artificial energy values for panels sub-
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Fig. 19   Plastic energy-time history plot for a 1 kg TNT explosive charge mass
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Fig. 20   Plastic energy-time history plot for a 2 kg TNT explosive charge mass

Fig. 21   Plastic energy-time history plot for a 3 kg TNT explosive charge mass
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The plots reveal that CYC_SHC, SHC_WTC, and SHC_WTC 
sandwich panel structures obtained the highest total 
energy values for different blast scenarios with 1 kg, 2 kg, 
and 3 kg TNT explosive charge masses, respectively. On 
the other hand, for the same blast scenarios, WSC_SHC 
exhibited the lowest total energy.

Furthermore, Fig. 26 provides a summary of peak total 
energy values for different TNT explosive charge masses. 
For a 1  kg TNT explosive charge, SHC, SHC_CYC, and 

CYC_SHC hybrid sandwich panels exhibited maximum 
total energies of 30.5 J and minimum energies of 10.7 J. 
Similarly, for a 3 kg TNT explosive charge, the WTC_SHC 
hybrid sandwich panel demonstrated maximum and mini-
mum total energies of 187.5 J and 152.5 J, respectively.

3.5 � Variation in back sheet displacement

The nodal displacement–time history curves were 
extracted from the bottom cover plate (also known as 
back sheet). Figures 27, 28 and 29 illustrate the displace-
ment–time history curves of both honeycomb and hybrid 
sandwich panels. From the plots, it can be observed that 
for different blast scenarios with a 1 kg, 2 kg, and 3 kg TNT 
explosive charge masses, CXC_SHC panel exhibited the 
least back sheet nodal displacement values. Conversely, 
for the blast scenarios with 2 kg and 3 kg TNT explosive 
charge masses, the honeycomb sandwich panel (SHC) 
showed the highest back sheet nodal displacement–time 
history values.

Additionally, Fig. 30 presents a summary of peak back 
sheet nodal displacement and TNT explosive charge 
masses. For a 1 kg and 2 kg TNT explosive charge, CXC_
SHC hybrid sandwich panel showed the least recorded 
back sheet nodal displacement values of 25.9 mm and 
34.4 mm respectively. In contrary, for 2 kg and 3 kg TNT 
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Fig. 22   Comparison of peak plastic energy values for panels sub-
jected to various TNT explosive charge mass

Fig. 23   Comparison of total energy versus time history curves for a hybrid sandwich panel subjected to 1 kg TNT charge mass
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Fig. 25   Comparison of total energy versus time history curves for a hybrid sandwich panel subjected to 3 kg TNT charge mass

Fig. 24   Comparison of total energy versus time history curves for a hybrid sandwich panel subjected to 2 kg TNT charge mass
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explosive charge masses, the hybrid sandwich panel with 
simultaneous use of honeycomb and cross-shaped cores 
(CXC_SHC) sandwich panel revealed the highest nodal dis-
placement values of 110.1 mm and 107.8 mm, respectively.

3.6 � Variation in damage profile

The damage profiles of all panels were determined from 
the equivalent plastic strain (PEEQ) contours, taking into 

account various parts of the FEA models, including the 
bottom cover plate and interior cellular hybrid metallic 
cores. Figure 31, 32 and Fig. 33 display sample damage 
profiles of the back sheet, top cover plate, and metallic 
cellular cores of sandwich structures subjected to 1 kg and 
3 kg TNT explosive charge masses, respectively. Near the 
explosive location, the sandwich structure with a honey-
comb core experienced crushing and folding of cores. The 
square honeycomb sandwich panel showed significant 
damage from all blast-induced shock wave cases. Far from 
the explosive location, inelastic buckling was observed in 
the cores, with no deformation on both cover plates and 
cellular metallic cores where the sides are restrained (see 
Figs. 31a, 32a, and 33a).

Furthermore, in Figs. 31a to i and Fig. 32a to i, consider-
ing the damages induced by blast scenarios with 1 kg and 
2 kg TNT explosive charge masses, the equivalent plastic 
strain-based damage profile extracted from the bottom 
and top cover plates showed that, except for the square 
honeycomb sandwich panel (SHC), all other eight pro-
posed hybrid sandwich panels, especially the CXC_SHC 
hybrid sandwich panel, exhibited the least damage pro-
files. This indicates that the CXC_SHC hybrid sandwich 
panel possess good shielding capability against blast-
induced shock waves.
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Fig. 26   Comparison of peak total energy values for panels sub-
jected to various TNT explosive charge mass

Fig. 27   Comparison of displacement–time history curves for panels subjected to 1 kg TNT explosive charge mass
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Fig. 28   Comparison of displacement–time history curves for panels subjected to 2 kg TNT explosive charge mass

Fig. 29   Comparison of displacement–time history curves for panels subjected to 3 kg TNT explosive charge mass
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Consequently, for a blast scenario with 3  kg TNT 
explosive charge mass, a hybrid sandwich structure on 
which the square honeycomb core was laid on the top 
and a corrugated Y-shaped sheet was positioned at the 
bottom (SHC_CYC) FEA model, the square honeycomb 
cores which were susceptible at the first hit suffered 
significant tear and plastic buckling (Fig. 33b). On the 
other hand, when the blast induced load was imposed 
to the reverse direction of the FEA model (CYC_SHC), 

the Y-shaped corrugated cores withstand the 3 kg TNT 
explosive charge mass and transfer it to the honeycomb 
cores which were positioned at the bottom side. Because 
of this, the square honeycomb cores exhibited simul-
taneous inelastic deformations and buckling (see also 
Fig. 33c).

When the 3  kg TNT explosive charge mass was 
imposed on a hybrid sandwich structure in which the 
square honeycomb core was laid on the top and a cor-
rugated X-shaped sheet was positioned at the bottom 
(SHC_CXC) FEA model, the square honeycomb cores 
which were susceptible at the first hit experienced sig-
nificant crushing and inelastic bending. It is worth to 
note that even though the top square honeycomb cores 
showed damage, the X-shaped cores provide robust pro-
tection against the blast load (Fig. 33d).

Likewise, when the blast induced blast load was 
imposed to the reverse direction of the FEA model 
(CXC_SHC), the X-shaped corrugated cores withstand 
the 3 kg TNT explosive charge mass and revealed an 
outstanding performance against the blast load (see 
also Fig. 33e). For the same TNT explosive charge mass, 
a hybrid sandwich structure on which the square honey-
comb core was laid on the top and a woven square core 
were positioned at the bottom (SHC_WSC) FEA model, 

Fig. 31   PEEQ contour plot for back sheet imposed to 1 kg TNT explosive charge mass: (a) SHC; (b) SHC_CYC; (c) CYC_SHC; (d) SHC_CXC; (e) 
CXC_SHC; (f) SHC_WSC; (g) WSC_SHC; (h) SHC_WTC; (i) WTC_SHC FEA model
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the square honeycomb cores which were susceptible at 
the first hit experienced significant crushing and plastic 
buckling (Fig. 33f ).

As shown in Fig. 33g, when the blast induced shock 
wave was imposed to the reverse direction of the FEA 
model (WSC_SHC), even though the horizontal compo-
nent of the square shaped woven core was completely free 
from damage, the vertical component of the square woven 
core on the other hand experienced significant inelastic 
buckling.

The damage profile and extent of damage including 
folding of inner cores of the hybrid sandwich panels were 
captured by the FEA models. From Fig. 33h and Fig. 33i, it 
was shown that both the sandwich structure with triangu-
lar shaped woven core located at top and bottom experi-
enced significant crushing and folding of cores when the 
explosive is located nearby. On the contrary, away from 
the blast source, the cores revealed inelastic buckling and 
at the far end sides where the sides are restrained there 
was no deformation (see Fig. 33h and i). The nature of the 
proposed structural core configuration offers the system 
to have better redundancy, load path continuities, rein-
forcing mechanisms against in-plane compression and 

buckling leading to reduced damaged profiles observed 
in CXC_SHC, SHC_CXC configurations.

4 � Conclusion

This study evaluated damage response of a metallic 
hybrid sandwich structures and their capability on the 
use of sandwich panels for protective structures against 
airblast. Eight metallic hybrid sandwich panels with dif-
ferent unexplored core configurations were investigated 
under the action of three various TNT explosive charge 
masses. The hybrid system was designed by simultane-
ous use of a honeycomb, corrugated sheet, and woven 
interlaced core configurations. The damage response of 
the system was evaluated by extracting the equivalent 
plastic strain–time history of the cover plate beyond the 
loaded face (bottom cover plate), damage profile for 
different parts of the cellular panels, back sheet nodal 
displacement–time history, and different energy dissi-
pation-time history plots of the whole body including 
both cover plates and cores. The main conclusions are 
as follows:

Fig. 32   PEEQ contour plot for top cover plate imposed to 2 kg TNT explosive charge mass: (a) SHC; (b) SHC_CYC; (c) CYC_SHC; (d) SHC_CXC; 
(e) CXC_SHC; (f) SHC_WSC; (g) WSC_SHC; (h) SHC_WTC; (i) WTC_SHC FEA model
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•	 An increase in the TNT explosive charge mass from 1 to 
3 kg exhibited an increase in equivalent plastic strain, 
back sheet nodal displacement, and corresponding 
extent of damage extents.

•	 Comparing the hybrid sandwich panels CXC_SHC, 
SHC_CXC, and WSC_SHC structures with the control 
sandwich panel, the former revealed lower equivalent 
plastic strain values ranging from 25.7 to 71.6% show-
ing an effective protective and damage mitigation 
capability.

•	 Use of SHC_CXC, and CXC_SHC metallic hybrid sand-
wich panels showed the highest energy dissipation 
values. Moreover, for all blast scenario cases with 1 kg, 
2 kg, and 3 kg TNT explosive charge masses, SHC_CXC, 
and CXC_SHC revealed the least back sheet nodal dis-
placement values.

•	 The plastic energy-time history for a blast scenario with 
1–3 kg TNT explosive charge masses imposed on vari-
ous hybrid sandwich panels showed a flat trend reveal-
ing insignificant variation.

•	 For damages induced by a blast scenario with 1 kg and 
2 kg TNT explosive charge mass, the equivalent plastic 
strain-based damage profile extracted from the bot-
tom and top cover plates revealed that, except for the 
square honeycomb sandwich panel (SHC), all other 

eight proposed hybrid sandwich panels, especially the 
hybrid model with simultaneous use of square honey-
comb and cross-shaped metallic cores, showed the 
least damage profiles.

•	 The lower effective plastic strain values and higher 
energy dissipation capability observed in CXC_SHC, 
SHC_CXC configurations were attributed due to redun-
dancy, load path continuities, reinforcement against in-
plane compression and buckling of the proposed core.

Finally, this study is limited to the investigation of 
metallic hybrid sandwich protective structures under 
airblast-induced shock waves only. Further research can 
expand on this work by evaluating metallic hybrid sand-
wich panels incorporating auxetic and biomimetic layers 
subjected to contact blast loading.
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