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Abstract

In the current research study, the blast performance of sandwich panels with graded polyurethane foam core and aluminum face
sheets with the same mass and different layering arrangements was studied experimentally and numerically. An explosive shock
tube apparatus was employed to conduct the blast tests. The metallic sandwich panels with single-layer, double- and triple-
layered cores were designed and fabricated at ambient pressure. The maximum displacements of face sheets at the center were
measured in the experiments. All the sandwich panels exhibited a similar plastic deformation mode, which was characterized by a
uniform global dome with the maximum transverse deflection taking place at the center of the panel. The ANSYS/Autodyn finite
element code was also employed for further discussion on the structural response, fluid—structure interaction effect, deformation
pattern, velocity response, and energy absorption capacity of the sandwich panels. For the validation of the numerical model, the
simulation results in terms of the displacement of back and front face sheets at the center were compared with the corresponding
experimental data. The results indicated that the graded foam core strategy would greatly affect the level of plastic deformation
of the back face sheets. It was also concluded that in comparison with the back face sheet deflection of the PIMT30 (single-layer
core) configuration, PAHMLT30 (triple-layered core with relative densities in descending order) and P2ZHLT30 (double-layered
core) configurations gave a decrease by 16.8% and 8.3%, respectively, while P2LHT30 (double-layered core with relative densities
in ascending order) and P3ALMHT30 configurations gave an increase by 15.4% and 25%, respectively. Also, by consideration
of total energy dissipation as a criterion of blast performance, the results showed that the energy absorption of PAHMLT30 and
P2HLT30 configurations were reduced by 30.2% and 13.8%, respectively, compared to the PIMT30 panel.
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1 Introduction

Over the past decade, sandwich panels made from fiber-
reinforced polymer (FRP) or metallic face sheets sepa-
rated by a core have had wide and extensive considerable
applications in various industries, such as naval, sport-
ing goods, building, aerospace, and automobile [1-3].
This issue can be owing to their noteworthy character-
istics in terms of low thermal conductivity, aerodynamic
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smoothness, stiffness-to-weight and high strength ratios,
ease of manufacture, impressive acoustic insulation, and
design ability compared to other structures like mono-
lithic and multi-layered plates [4-9]. The mentioned
unique properties have proposed sandwich panels as an
ideal structure component to construct modern light-
weight composite tubes and shells, roof panels, and clad-
ding walls with high structural efficiency, particularly
while they are subjected to extreme dynamic loads such as
air blasts. For the case of uniform blast loading tests, the
features result in the dispersion of the shock transmitted
to the panel and thus protect anything placed behind it.
It is noteworthy to mention that the amount of explosive
energy transmitted to the sandwich panel exposed to com-
pression loading is controlled by the stress—strain curve of
the low-density foam core [10-12]. As a result, changing
the mass and equivalent stiffness of the sandwich panel
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plays a vital role in the plastic deformation and failure
pattern of the structure while changing the core proper-
ties. Therefore, engineers need to figure out what is the
most appropriate core configuration.

During the past 10 years, stepwise graded materials were
widely employed as a core in sandwich panels. In these
materials, the mechanical properties of the material can vary
gradually or layer-by-layer within the material itself [13—15].
Note that due to the design and control of the characteristics
and properties of the layered/graded core structure, these
materials show great potential to be selected as an effective
core material in energy absorption systems. Under such a cir-
cumstance, the blast energy is greatly absorbed and the blast
resistance of sandwich structures is improved since the face
sheets and the core are designed in such a way that the core
carries the shear load and the skins carry the bending load.
According to the description provided, a great deal of inves-
tigation into the dynamic response of sandwich construction
has been performed over the past decade [16-22]. A brief
review of the related important investigations is given next.

Mostafa et al. [23] conducted a series of experiments
on rigid polyurethane foam (RPF) intending to develop a
cost-effective lightweight protection method for explosive
transporting storage and container facilities. Different densi-
ties of RFP were reinforced by 10%, 20%, and 30% of sand
particles. To relate the results of indoor blast tests to real-life
scenarios, explosive scaling laws were used. Langdon et al.
[24, 25] reported an experimental and numerical study on
the air blast behavior of sandwich structures with E-glass
fiber-reinforced vinyl ester face sheets and PVC foam cores
and compared it with the response of equivalent mass com-
posite-only structures made of glass fiber-reinforced vinyl
ester. The localized load was generated by the detonation of
a plastic explosive (PE4) close to the structure at a standoff
distance of 50 mm. The panels exhibited different failure
modes by the increase of impulse value such as delamina-
tion of the front face sheet, core compression, delamination
of the back face sheet, fiber fracture, fragmentation of the
core, and debonding between the core and face sheet. Com-
plete core penetration was observed in the sandwich pan-
els, while no penetration happened in the equivalent mass
(EM) composite-only panels. EM panels were manufactured
using the same composite material as the sandwich panel
face sheet. The structures with denser cores represented
lower damage levels. It was also reported that EM panels
had better performance than the panels with PVC foam core.
The performance of PVC foam and aluminum alloy foam
(ALPORAS) cored sandwich panels exposed to low-velocity
impact loading was investigated both experimentally and
numerically by Rajaneesh and his colleagues [26]. Experi-
ments were carried out at an impact velocity of 5.8 m/s by
a hemispherical punch of mass 8.7 kg. It was found that the
energy absorption and penetration force are increased by
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selecting the PVC foam core (H250) instead of the ALPO-
RAS foam core at the same density. Moreover, the mass of
the sandwich structure could be decreased using the PVC
foam core (H80) instead of the ALPORAS foam core at the
same compressive strength.

Zhou et al. [27] described the outcomes of a combined
numerical study and experimental investigation to assess the
perforation performance and resistance of sandwich panels
with PVC foam cores. It was found that the characteristics
of the foam core strongly affect the perforation performance
of plain foams and their sandwich structures. Eventually, it
was concluded that compared to sandwich structures tested
in the air, panels impacted in a watery environment suggest
a lower perforation resistance. Furthermore, in another study
presented by Zhou et al. [28], several experiments were con-
ducted on sandwich panels with carbon fiber face sheets and
the triple-layered core that was produced by bonding foams
of various densities together. It was obtained that most of
the structures experienced failure in a through-thickness
shearing mode and left an obvious cylindrical hole in the
multi-layered core. In 2017, Ye and his colleagues [29] con-
ducted a laboratory-scale experimental investigation on the
resistance of clamped sandwich structures with PVC foam
cores impacted by metallic foam projectiles. It was figured
out that compared to the ascending order of core densities,
the descending order has many advantages in the mechanical
resistance of the sandwich panel. Dogru and Giizelbey [30]
focused on reducing the damage of soldier boots under blast
loads by using thermoplastic polyurethane (TPU), Carbon-
Kevlar fiber composite (CKF), and multi-walled carbon
nanotube (MWCNT) materials to reinforce the boot sole.
Polyurethane MWCNT with a weight fraction from 1 to 5%
was prepared, and the tensile tests showed that 1% MWCNT
had the best mechanical properties. Hence, TPU reinforced
with 1% MWCNT along with 10 layers of Carbon-Kevlar
fiber composite was selected as the base material for three
boot types. The results exhibited that the best reduction in
landmine explosion was achieved by approximately 12%
with the fully damped soldier boot. Later on, the free air-
blast response of steel sandwich structures with three dif-
ferent core materials was investigated to design an armored
door with high blast resistance as well as minimum struc-
tural weight [31]. The blast response of sandwich panels
with vulcanized rubber (VR) and RFP cores was numeri-
cally compared with hollow sandwich structures. Different
mass ranges of TNT charge from 1 to 10 kg at 1-m standoff
distance were tested. The results proved that using the RFP
core in the sandwich panel was more efficient than the oth-
ers where the average permanent transverse deflection of
the RPF sandwich panel was, respectively, 49% and 53%
less than the VR and hollow sandwich structures. Empiri-
cal design formulae were presented based on the parametric
numerical study for prediction of the maximum transverse
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deflection of the sandwich panels with steel face sheets and
different core materials subjected to free air blast loading.
In 2018, Mishra and his colleagues [32] investigated the
tensile properties of layered FG polymer nanocomposites
based on the ASTM standard D 638-03 for different weight
fractions of 0.25 wt.%, 0.5 wt.%, 0.75 wt.% and 1 wt.%. To
synthesize the 5-mm-thick FGPNC sheet, the epoxy-alumina
nanocomposites were cast in a vertical acrylic mold. For the
case of FGPNC, flexural modulus and flexural strength were
improved by 23% and 10%, respectively, compared to the
layered sample of neat epoxy loading from the neat epoxy
side. Besides, these amounts were 17% and 6% when the
sample was loaded from the 1 wt.% side. Aydin et al. [33]
compared the failure mechanism and deformation mode
of FG sandwich panels and aluminum plates under impact
loading by a 9-mm Parabellum projectile. It was found that
the FG sandwich panel has a better ballistics performance.
For multifunctional applications, Hohe et al. [34] worked
on the design of FG cellular sandwich cores by perform-
ing several experiments and numerical simulations. Two
types of particle-based cellular base materials were tested
by hollow spheres and particulate advanced pore morphol-
ogy foams. Lin et al. [35] fabricated an FGM panel using
high-density polyethylene and aluminum alloy materials.
Axisymmetric bending of the fabricated panels was investi-
gated under different loading conditions using the universal
testing machine. Besides, an explicit refined plate theory
was extended to accurately predict the thermo-mechanical
behavior of the panels. By using a direct method, several
formulas were derived to predict the effective stiffness
coefficients of composite elastic beams made of FGMs
and foams [36]. Garg et al. [37] found that among several
material variation laws such as sigmoidal, exponential, and
power, sandwich FGM beam having exponentially varying
FGM core (C-Type-E1) and ceramic face sheets has the best
performance. Jing et al. [38] studied the dynamic response
of sandwich beams with metallic skins and three different
core configurations under low-velocity impact loading using
a drop-weight testing device. Negative and positive layered-
gradient cores along with the non-gradient monolithic core
were considered in the study. More investigation in this field
can be found in Refs. [39-42]. Li et al. [43] investigated

Front face sheet

Back face sheet

Fig.1 A typical sandwich panel with triple-layered polyurethane
foam core (The core thickness is 30 mm while the back and front face
sheet thicknesses are 1 mm)

the thermal post-buckling behavior of sandwich structures
with functionally graded honeycomb cores. Xiao et al. [44]
studied the compression behavior of graded auxetic reentrant
honeycomb and presented the deformation mode, crushing
stress, and Poisson's ratio distribution. Jin et al. [45] numeri-
cally investigated the blast behavior of functionally graded
reentrant honeycomb sandwich panels. Numerical results
reveal that the specific energy absorption and panel perma-
nent deflections were promoted considerably. Chen et al.
[46] investigated the dynamic response and design optimi-
zation of clamped sandwich panels with aluminum alloy face
sheets and a layered-gradient closed-cell aluminum foam
core subjected to air-blast loading. Two surrogate model
methods, namely response surface method (RSM) and radial
basis function (RBF), were employed to construct objective
response functions. The single-objective adaptive response
surface method (ARSM) and multi-objective genetic algo-
rithm (MOGA) were also used for the defined optimization
problem. The optimization results indicated the trade-off
relationships among the minimum deflection, minimum
structural mass, and maximum energy absorption. Further-
more, Zhou and Jing [47] studied the dynamic response of
clamped square sandwich panel with layered-gradient metal
foam core subjected to blast loading. A new yield criterion
along with analytical solutions to predict the maximum per-
manent deflection of the panels was proposed. It was found
that the uniform core sandwich panel is better than that of
the gradient core one and the negative gradient sandwich
panel is superior to that with a positive gradient core in blast
resistance for the same equivalent mass. In another related
study by this research group, Jing et al. [48] found that all
the layered-gradient core sandwich panels have a weaker
blast resistance capability than the ungraded sandwich pan-
els because of the reduction in the structural integrity of the
specimens. For a given effective impulse, the specific energy
absorption value of the positive gradient sandwich panels is
the largest, followed by that of the ungraded sandwich pan-
els, whereas that of the negative gradient sandwich panels
is the lowest.

Despite a great deal of research on the sandwich panels
with polymer foam core under impact and blast loads, there
is no single source available on the blast performance of the
metallic sandwich panel with a graded polyurethane foam
core that provides complete data on the deformation mecha-
nism and energy absorption capacity of the panels. Thus,
in the present study, a series of experiments have been car-
ried out on the sandwich panels with aluminum face sheets
and polyurethane foam core with different relative densities
of 4%, 8%, and 12%, while the mass, as well as the thick-
ness of the panel, is constant. The polyurethane foam was
selected as the core of the panel due to its several advantages
such as lower material costs, higher impact damping and
resistance, and superior acoustical and thermal insulating
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Table 1 Sandwich panel testing groups

Configuration type Geometry Configuration code Core layer
thickness
(mm)
1
g?oi '_* PIMT30 30
2
o | — P2LHT30 15+15
L
4% ‘—* P2HLT30 15415
3
M| L
e ~—* P3LMHT30 104+10+10
M
41‘;/‘) 8% '7* P3HMLT30 10+10+10

properties. Of interest in this paper is an analysis of the
effect of different layering configurations and core thick-
nesses, and the number of core layers on the response of the
panel under the same loading condition. According to the
experimental results, corresponding numerical simulations
have been performed using ANSYS/Autodyn finite element
code. A three-dimensional numerical model is developed for
the investigation of the behavior of sandwich panels under
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blast loading. The numerical simulation results are investi-
gated from different points of view as the process of the blast
and structural response, fluid—structure interaction pressure
characteristics, the deformation and velocity response, and
the energy absorption capacity. Details of the experimental
study and numerical simulations are described in the fol-
lowing sections.
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Fig.2 Specimens prepared for quasi-static compression tests (a =380
mm, b=70 mm, ~=50 mm)

50

Foam 4%
= = = Foam 8%
404 = =Foam 12%

454

351
230-

525-
S 20
=

154
104

511

Displacement (mm)

JE—T7S
401|--- 8% /
- =12% /
/
Eso— /
/
< y
2 20
/
2
@ Vs L
7/ .
10 P Lt
-~ Phd
- Pid
=T —
0 -----------I T T
0 1 2 3

Volumetric strain

Fig.3 Behaviors of polyurethane foams with different density ratios:
a Quasi-static response; b stress—strain curve

2 Experimental procedure
2.1 Material and specimen

The sandwich structure used in the present study consists of
two metallic face sheets made from Al-6061-T6 aluminum
alloy and a core of polyurethane foam with closed cells. The
flexible polyurethane foam was synthesized by the rapid

Fig.4 Explosive shock tube apparatus

reaction of methylene diphenyl diisocyanate (MDI) and pol-
yether polyol under ambient temperature. It should be men-
tioned that all foam cores have the same base polyurethane
chemistry, and foam cores with the same density were cut
from a single piece. The structures were designed and fab-
ricated at the Imam Hossein University at ambient tempera-
ture. The core and the face sheets were bonded together using
epoxy resin and cured for about 48 h at room temperature.
The overall dimensions for the back face sheets were 250 mm
long, 250 mm wide, and 1 mm thick, while the front face
sheets and core were cut into circular samples with a radius
of 77 mm. The thicknesses of the front face sheet and the core
height were 1 mm and 30 mm, respectively. In this series of
experiments, the total mass and thickness of the panel were
constant. An actual sandwich panel specimen with a triple-
layered polyurethane foam core is shown in Fig. 1.

As listed in Table 1, three types of sandwich panels with
different layering configurations for the core were consid-
ered and different relative densities of 4% (50 kg/m?), 8%
(100 kg/m?), and 12% (150 kg/m>) were utilized. The letters
used in the configuration code column represent the materi-
als, number core of layers, and thickness: P stands for polyu-
rethane foam core, while the number after P is the number of
core layers; H stands for high-density core, L stands for low-
density core, M stands for middle-density core, and T stands
for the height of the panel. For instance, the P3HMLT30
configuration has a 30-mm-thick triple-layered polyurethane
foam core with different core densities of high, middle, and
low in descending order from the blast side (see Table 1).

Configuration 1 consisted of a single-layered polyure-
thane core with an average density ratio and height of 8%
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Fig.5 Experimental setup: a The mounting of the sandwich panel specimen at the front face of the tube; b The explosive charge and electric
detonator located at the end of the tube using the Teflon holder

Fig.6 Clamping arrangement 250 mm
and loading for blast tests: a the ? 154 —
geometry of sandwich panel
specimen; b back clamping o © o S 0202
frame ~ee T ~
o/ RN ©
! } o
; i } 250 G
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2D/ Time: 380 ps

Fig. 7 Two-dimensional finite element model for blast wave calculation: a initial state of the 2D model; b pressure contour of the 2D model

before remapping
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and 30 mm, respectively. Configuration 2 was comprised of
a double-layered core where each layer's height was 15 mm.
Configuration 3 consisted of a triple-layered core where each
layer's height was 10 mm. The average density ratios of con-
figurations 2 and 3 were 8% as well. It should be noted that
in the second and third arrangements, the back and front face
sheets swapped their positions. It is noteworthy to mention
that in these configurations, the first core layer was the one
first subjected to the blast load.

To measure the compressive properties of polyurethane
foam core for different density ratios, several quasi-static
compression tests were carried out at a speed testing of
3 mm min~! by using a SANTAM testing machine (Model
STM-150) according to the ASTM D1621-00 standard. The
specimens were cut into a size of 80 mm X 70 mm X 50 mm
as shown in Fig. 2.

The quasi-static load was applied until the polyurethane
foams with a relative density of 4%, 8%, and 12% were
compressed to nearly 2.2%, 10%, and 15% of their original
thickness, respectively. Four replicates per specimen were
tested, and the results were averaged. Figure 3 represents the
quasi-static behavior and stress—strain curve of polyurethane
foams with different density ratios.

As shown in Fig. 3, the engineering stress—strain curves
obtained from compression tests exhibited three deformation
regions of the linear elastic region, plateau stress region, and
densification region for all experiments. A large strain range
was observed in the plateau stress region, which confirmed
the high energy absorption ability of polyurethane foam
cores against low-stress levels. The quasi-static behavior had
also a clear trend for different core density ratios in which
in comparison with the high- and middle-density foams, the
lower-density foam had a lower stiffness and strength, as
well as a larger strain range for the plateau stress region.
Thus, the polyurethane foams exhibited great potential in
being employed as core materials in sandwich panels against
extreme dynamic loading such as blast load.

2.2 Experimental setup

In this series of experiments, an explosive shock tube appa-
ratus was employed to conduct the blast tests as shown in
Fig. 4. The apparatus consisted of an explosion chamber
made of Steel 4340 with 720 mm length, 77.5 mm inner
radius, 101.5 mm outer radius, and 24 mm thickness.

The panel and the steel frame were attached to the front
face of the tube with twelve M 12 bolts as shown in Fig. 5a.
The explosive charge (C4) with a mass of 4 g was molded
into a 12-mm-radius flat cylindrical disc and placed at the
end of the tube with a constant distance of 676 mm. The
charge was detonated via a 0.6 g leader of explosive centrally
attached to a detonator. For each test, a Teflon holder was
used as shown in Fig. 5b. The clamping arrangements and
loading are shown in Fig. 6.

As shown in Fig. 6, the back face sheet was secured
between the frame and tube with fully clamped boundary
conditions where the core and front face sheets were
placed within the tube. Therefore, the dashed line in
Fig. 6a shows the core and front face sheets.

3 The methodology of numerical
simulations

Due to the expansion of computational mechanics methods
and computer technology, numerical simulation in finite
element commercial software has become a practical tool
to assess the physical response of a structure, which leads
to accurate design. In this paper, numerical simulations
of the conducted experiments were carried out by a
commercial code ANSYS/Autodyn using a coupled
Eulerian and Lagrangian solver approach. The software
permits changing degrees of complexity in dealing with
the behavior of different structures subjected to extreme
dynamic loading. The details of the numerical simulations
have been provided in the following subsections.

3.1 Two-dimensional blast loading

As mentioned in the previous section, for all blast tests, a
440.6 g disc-shaped explosive charge was used to generate
the blast loads. The explosive charge dimensions were greatly
smaller than that of the specimens and explosion chamber. To
decrease the computation cost related to the initial step of the
calculations, the remapping capability existing in Autodyn
was used which includes the detonation and development of
the explosive charge. For saving computational time as well as
providing accurate loading in the explosion chamber, the pres-
sure field within the chamber was expanded by mapping the
pressure field obtained from a two-dimensional simulation. The

Table 2 Air and explosive

‘ . Material p (kg/m3) Det. wave speed (m/s) A (GPa) B (GPa) R, R, w e (MJ/
material parameters for Eulerian kg)
models

C4 [51] 1601 8193 609.77 12.95 4.5 14 025 6.057
Air [50] p (kg/m3) Specific heat ratio y e (MJ/kg)
1.225 1.4 0.2068
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two-dimensional Euler domain was created with a much more
refined mesh than the full three-dimensional grid. As shown
in Fig. 7, the internal region of the explosion chamber, which
comprises the explosive charge and the air, was first modeled
by using the two-dimensional multi-material Euler formula-
tion in Autodyn. Due to the cylindrical shape of the explosive
charge, the two-dimensional axial symmetry condition was
utilized until the blast waves interfaced with the explosion
chamber. In the numerical simulation, the internal region of
the chamber was modeled with 0.25 mm X 0.25 mm elements
that led to the creation of 1,408,000 Euler multi-material simu-
lation elements. The initiation point of the explosive charge
was modeled as shown in Fig. 7, which meets the conducted
experiments. The two-dimensional simulation was terminated
before the interaction between the explosion chamber and the
shockwaves. Next, the pressure field was mapped into the three-
dimensional computation domain that comprises the aluminum
face sheets and polyurethane foam core. By using the Eulerian
solver, the air was modeled in the three-dimensional simula-
tion, which allowed the blast waves to propagate and was fully
coupled with the Lagrangian solver. The size of the Eulerian
domain was 800 mm X 110 mm X 110 mm which consisted of
the air within the cylindrical explosion chamber and the air
circumambient in the exposed area of the sandwich panel.

3.2 Material models
3.2.1 Equation-of-state

A general material model needs equations establishing a rela-
tionship between stress, internal energy, and deformation.
The stress tensor is divided into a stress dilatory and uniform
hydrostatic pressure in most cases. The stress tensor is related
to the material's resistance to shear distortion. The relation-
ship between the local specific energy, the local density, and
the hydrostatic pressure is introduced as the equation of state.
An equation of state expresses the material hydrodynamic
response and for the case when the yield stress of the material
is less than the hydrodynamic pressure, it can be a preliminary
response for solid materials at high rates of deformation. How-
ever, performing dynamic experiments is a practical method to

Table 3 Shock equation-of-state parameters for Al 6061-T6 and AISI
4340 steel

Property Al 6061-T6 [53] AISI
4340 steel
[54]

G (GPa) 26 76.90

¢, (m/s) 5240 4578

s 1.40 1.33

r 1.97 1.67

C, J/kg K) 885 460

@ Springer

acquire the characteristics of material behavior at high strain
rates. In addition to the hydrostatic pressure calculation, defin-
ing and considering the relationships between shear strain and
stress for a solid material with finite shear strength is essen-
tial. Relationships for the definition of the elastic-to-plastic
transition behavior, both in release and compression, and also
a relationship to introduce the onset of fracture are needed.
The yield stress criterion is a function of the strain rate, strain
degree, and the temperature of deformation or only involves
constant yield stress.

In this paper, the C4 material model existing in the Autodyn
material library was utilized to model the C4 explosive charges
used in all experiments. To describe the explosive material
in the numerical simulations, the Jones—Wilkins-Lee (JWL)
equation of state was implemented, which is expressed as [49]

p =A<1 _ P )e_&% +B<1 _ )e_Rzﬂm + wpe
R, py Rypo
ey

where A, B, R, and R, are standard constants. Also, @ and e
are the specific heat and internal energy, respectively. p and
po are the density and reference density, respectively.

Furthermore, the ideal gas equation-of-state was used to
model the air, which is defined as [50]

p = —1pe 2)

where y is the adiabatic exponent. The air and explosive
material constants for the Eulerian models are given in
Table 2 [50, 51].

To express the hydrodynamic response of the aluminum
face sheets, the polyurethane foam core, and the explosion
chamber made of steel 4340, a linear shock equation-of-state
was used. This equation-of-state is only employed for solid
bodies. In the majority of dynamic experiments carrying out
measurements of shock velocity (U) and particle velocity (up )
it has been obtained that there is a linear empirical relation
between the two mentioned parameters for many liquids and
most solids over a broad range of pressure. This relation is
expressed in the following form [52]

U =cy+su, 3)

where s and ¢ are the linear Hugoniot slope coefficient and
bulk sound velocity, respectively.

The most prevalent form of the Mie—Gruneisen equation-
of-state that prepares the relation between internal energy
and pressure with reference to the shock Rankine—Hugoniot
equations is expressed in the following form [52]

p—py=Tp(e—ey) 4

where ey and pj are the Hugoniot specific energy as well
as pressure. These parameters are only functions of density.
By assuming the Gruneisen coefficient (I') as I'p = I'yp,, the
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Table 4 J-C material parameters
for Al 6061-T6 and AISI 4340
steel

Material properties Notations Al 6061-T6 [53] AISI 4340
steel [59]

Modulus of elasticity E (GPa) 68.9 205
Poisson’s ratio v 0.33 0.3
Density p (kg/m?) 2700 7850
Yield stress and strain hardening A (MPa) 324.1 792

B (MPa) 113.8 510

n 0.42 0.26
Strain rate hardening &y (1/s) 1 1

C 0.002 0.014
Temperature softening T, (K) 293.2 293.2

Tt K) 925 1793

m 1.34 1.03
Specific heat C, (J/kgK) 896 477
Fracture strain constant D, -0.77 0.05

D, 1.45 3.44

D, 0.47 -2.12

D, 0 0.002

Dy 1.6 0.61

Hugoniot pressure, as well as specific energy, are defined as
Egs. (5) and (6), respectively, from fitting experimental data.
The Gruneisen coefficient is mostly approximated I ~ 2s — 1
in the literature.

pocan(n —1)

py=—2 ®)
T = st - DP

_1pu(n=1
eH_2P0< n > ©
where

_ P
= %

In the above equation, I' is Gruneisen’s gamma at the
reference state. By eliminating I" and e, from the above
equations, the following relation is obtained.

pocdn =D (n =2 - 1)
p= 2
11— stn = D]

where pocé is designated as the elastic bulk modulus at small
nominal strains.

It should be mentioned that for s > 1, as the pressure
tends to infinity, a limiting value of the compression is given
by the above formulation. The denominator of the equation-
of-state presented in Eq. (8) becomes zero. Therefore, the
pressure becomes infinite for # — s(y — 1) = 0, which gives
the maximum density of p = pys/ (s — 1). At this limit, there

+ (Tapee) ®

is a tensile minimum; afterward, negative sound velocities
are computed for the material. It is worth mentioning that the
assumption of constant I'p is likely not reliable, long before
this regime is approached. Moreover, the assumption of lin-
ear variation between the particle velocity (up) and shock
velocity (U) does not hold for a large compression.

The linear U — u,, equation-of-state was implemented in
ANSYS/Autodyn, and the values of three variables, c, s, and
I" were considered as Table 3 for its full definition [53, 54].

3.2.2 The crushable foam strength model

To describe the polyurethane foam behavior, a linear
equation-of-state, as well as a crushable foam strength
model, was used. The crushable foam strength model is a
comparatively straightforward model designed to demon-
strate the crush specifications of foam materials subjected
to a non-cyclic load such as blast loading conditions. The
dependence of the strain rate of the foam material was
included in the model by defining the dynamic increase
coefficient (DIF) 2. According to previous studies [55,
56], in compressive stress—strain curves of PU foams, the
stress values under quasi-static conditions are approxi-
mately 50% of the corresponding dynamic values. The
rate dependency of the PU foam stems from two facts:
(a) the strain-rate dependency of the solid PU of the cell
walls and (b) the compressibility of the air trapped in the
closed cells. In the crushable foam, the behavior of princi-
pal stress versus volumetric strain is the same as in Fig. 3.
This model should be employed with isotropic elasticity
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and incremental elastic update of pressure as the following
equation and stress deviators are used [52].

Pn+1 = pn +K£-:L+l/2Atn+1/2 (9)
S R G e I (10)
where

<o\ n+l1/2

6; 1s the Kronecker delta.

For the current volumetric strain, the amounts of the
resulting principal stresses and the allowable principal
compaction stress are compared with each other. For the
case when the principal stress value is greater than the
maximum allowable compaction stress, it is decreased to
the allowable magnitude. For the case when the tentative
principal stress value (¢;""*') is greater than the maximum
allowable principal compaction stress, it is diminished to
this limit. Also, a negative tentative principal stress greater
than the maximum is reduced to the negative value of the
limit.

*,n+1

. n+1 compaction compaction i
if 67" > 6P (g,) then ot > oM (€
i i i i w1 ’
i

12)

To obtain the final stress update, the principal stresses
are returned to the global system after scaling them
down. It is worth mentioning that the transmission of
the principal stresses back to the compaction stress is
independently carried out in each principal direction,
which shows that the plastic Poisson’s ratio is zero.

The behavior of compaction is described as a piecewise
linear principal stress versus volumetric strain curve, while
the volumetric strain is expressed as the natural logarithm
of the volume ratio presented in Eq. (13),

=1 Yo
= n<7> (13

where V, and V are the original volume and the volume after
deformation, respectively. The stress—strain behaviors of
the polyurethane foams used in the numerical simulations
are presented in Fig. 3. Indeed, several quasi-static
compression tests were performed in this study to obtain
the mechanical behavior of polyurethane foam cores and
the deformation rate (speed of testing) of tested specimens

@ Springer

is not appropriate for blast-loaded structures. However, as
mentioned in Refs. [55, 57], the quasi-static compressive
stress—strain curves of polyurethane foam core possess
very similar characteristics to the dynamic curves and
the stress level is much lower under quasi-static loading
conditions. Chen et al. [55] noted that the strength values of
polyurethane foam cores under quasi-static conditions are
only ~50% of the corresponding dynamic values. Therefore,
in conducted numerical simulations, a correlation factor of 2
was considered for the experimental stress—strain curves of
foam cores with different densities. This dynamic increase
factor was considered to be constant for all rested numerical
simulations and was not changed.

3.2.3 Johnson-Cook plasticity model

As mentioned before, in the current study, aluminum plates
and the thick-walled steel explosion chamber were considered
elastic—plastic materials for finite element simulations.
According to the literature, the Johnson—Cook (J-C)
thermoplasticity model is a practical model to represent the
flow stress behavior of metallic materials against extreme
dynamic loads, large strains, and high temperatures.
Generally, the material response subjected to blast loading
involves consideration of influences of strain, strain rate, and
temperature. In the J-C phenomenological plasticity model,
the effects of quasi-static yielding, strain hardening, strain-
rate hardening, and thermal softening of material are taken
into account. Note that the J-C material parameters related
to these effects have been archived in a database of ANSYS/
Autodyn software. The J-C plasticity model expresses the
von Mises flow stress (o) as the following equation [58]

o= (A+Bey)(1+Ciney, ) (1-77) (14)

where A is the initial yield stress at low strains, B and n are
hardening constant and hardening exponent, respectively, €,
is the effective plastic strain, C is the strain rate constant, e;’;l
is the normalized effective plastic strain rate, m is the
thermal softening exponent, and T, is the homologous
temperature defined as (T = To) / (Toetr = Troom)- 1t
should be mentioned that in Eq. (14), the first bracket defines
stress as a function of strain including strain hardening,
while the second and third brackets represent the effect of
strain rate and thermal softening on the material yield
strength. In the third bracket, for the case, while the melting
temperature is reached, the yield stress approaches zero. In
the present work, the J-C material parameters of both the
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2.097e+03
1.869e+03
1.641e+03
1.413e403
1.185e+03
9.566e+02
7.286e+02
5.005e+02
2.725e+02
4.450e+401

Face sheets

Clamping frame

e

®)

Fig. 8 Setup for the three-dimensional numerical model: a complete assembly; b sandwich panel specimen and back clamping frame
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explosion chamber (AISI 4340 steel [59]) and aluminum
plate (Al 6061-T6 [53]) are depicted in Table 4.

3.2.4 Johnson-Cook Failure model

In the current study, for a description of the ductile failure
of materials, the J-C failure model is used. The J-C failure
model is constructed in an analogous way to the J-C
phenomenological plasticity model and it is comprised of
three independent terms. This model defines the dynamic
fracture strain (ef) in terms of pressure, strain rate, and
temperature as the following equation [58]

& = (D14 D)) (14 D,Ine") (14+D5T°)  (15)
where D, — D5 are damage parameters, ¢* is the mean stress
normalized by the effective stress, and £* is the dimension-
less strain rate. It should be mentioned that in Eq. (15), the
first bracket is the stress dependence, and the second and
third brackets are the strain rate dependence and the tem-
perature dependence, respectively. The total damage of the
material can be expressed as

to highly distorted elements, an inaccurate calculation of
strains and stresses is obtained. Since the time step depends
on the smallest element in the mesh, highly distorted ele-
ments result in a large computational time. To counteract
this issue, several strategies such as adaptive re-meshing,
element erosion, and automatic mass scaling have been
developed. In this paper, the element erosion was used [52].

Erosion is an important numerical mechanism that
automatically removes or deletes elements from the rest of
the mesh during a simulation. The preliminary reason to use
erosion is the elimination of highly distorted elements from a
simulation before they become degenerate completely. This
permits enabling an appropriate and reasonable time step
and leads to the continuation of the simulations up to the
proper termination time. There are several mechanisms for
the initiation of the element erosion such as geometric strain,
minimum time step, material failure, and retained inertia.
In the present study, the geometric strain limit erosion was
employed due to the large deformations that occurred while
the nodes were displaced abnormally. The geometric strain is
a measurement of an element distortion and can be obtained
from the principal strain components as in Refs. [52, 62, 63]

Eof = g\/|(e% +el+e3) — (6,6, + 6085 +£185) +3(e], + €2, + e%)’

a7

Aeg
P=2 (16)
where Ag is the incremental effective plastic strain. It is
assumed that the material is intact until D = 1[5, 60, 61].
At this point, the failure of the material in the element is
initiated. All of the stresses in the elements, which satisfy
this damage, become zero and remain at zero for the specific
element.

3.2.5 Element erosion

In modeling and solving the Lagrangian FE formula-
tions, element distortion eventuates a major problem. Due

The geometric strain erosion option allows the deletion
of elements, while the local element strain becomes greater
than a specified value. In this paper, the constant value of 2
was considered as the maximum plastic strain.

3.3 Numerical modeling

The blast load was modeled with three-dimensional Euler
elements, by remapping the two-dimensional axial symme-
try simulation result, consisting of both the surrounding air
material properties and C4, into the three-dimensional Euler
domain. Figure 8 shows the three-dimensional numerical
model, which consists of the aluminum face sheets (tur-
quoise), the polyurethane foam core (yellow), the explosion

Table 5 Comparison between Configuration code

Maximum central displacement (mm)

Deviation %

the experimental and numerical
results for the maximum central

Experimental

Numerical results

displacement of the back results

and front face sheets of the

sandwich panel O¢ Oy O¢ oy Front Back
PIMT30 28.2 17.0 29.0 15.6 2.8 8.2
P2LHT30 30.7 17.5 335 18.0 9.1 2.8
P2HLT30 23.0 13.5 24.2 14.3 52 5.9
P3LMHT30 32.7 18.0 344 19.5 52 8.3
P3HMLT30 20.6 11.5 21.3 13.0 34 13.0
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Front face sheet

Back face sheet /

Before blast loading

After blast loading

Front face sheet

Back face sheet /

Before blast loading

(@)

After blast loading

b)

Fig. 9 Numerical crosscut deformation profiles of PIMT30 configuration before and after blast loading (5; and J,, are the maximum central dis-

placement of front and back face sheets, respectively)

chamber (red), the clamping frame (red), and the Euler
domain elements containing the surrounding air (dark blue)
and the remapped properties of 44 0.6 g explosive charge
0.38 ms after detonation (pressure contour). One-quarter of
the test setup was modeled to decrease computational costs.
In all models, the Euler element size was considered as 1
mm X 1 mm X 1 mm, while the simulation time duration was
2 ms.

Interactions between the Lagrangian and Euler elements
were defined by using the “fully automatic” Euler-Lagrange
Coupling option existing in ANSYS/Autodyn. The flow-out
boundary conditions were assigned to all finite sides of
the Euler domain (To prevent the influences of detonation
reflections during the propagation process), except on the
upper and lower surfaces of the explosion chamber as this
was a reflective boundary.

Both the face sheets and the core were meshed by three-
dimensional eight-noded solid elements. It should be
mentioned that in the full three-dimensional model, the back
face sheet was divided into two different zones determined
by the mesh geometry. The first zone of the back face sheet
consisted of a circular exposed area with a radius of 77 mm.
The element size in this zone is 2 mm X2 mm X 0.25 mm

in side. The second zone of the back face sheet consisted
of the region under the clamping frame so that the element
size in this zone is 4 mm X4 mm X 0.25 mm. Note that the
mesh geometry of the front face sheet is the same as the
first zone of the back face sheet, while the element size in
the polyurethane foam core side is 2 mm X2 mm X 0.25 mm.
For providing a precise demonstration of the experimental
restraints, the steel clamping frame that was employed to
support the back face sheet is included in the model. The
clamping frame was modeled and its mesh geometry is the
same as the second zone of the back face sheet. It should be
noted that free boundary conditions were assigned to the
front face sheet and the core. Perfect jointing between the
face sheets and polyurethane foam core was assumed.

3.4 Numerical prediction of structural deformation

For calibration of the material parameters used in the
J-C plasticity and failure model, boundary conditions,
and Euler—Lagrange coupling in numerical simulations,
predicted results are contrasted to those obtained from the
conducted experiments in terms of maximum permanent
central displacements of face sheets and crosscut

@ Springer



526 Page 14 0of 25

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:526

Fig. 10 Photographs and
numerical predictions of
crosscut deformation profiles of
sandwich panels with differ-
ent configurations: a PIMT30;
b P2LHT30; ¢ P2ZHLT30; d
P3LMHT30; e P3HMLT30

deformation profiles of sandwich panels. Five different
configurations of the present experimental study were used
to validate the proposed numerical model. It should be
mentioned that to inspect the deformation profiles of the
sandwich panels at the center, the tested panels were cut by
a water jet along the mid-plane.

The measured maximum central displacement of both
the front face sheets and back face sheets and the cor-
responding simulations are documented and compared in
Table 5. It should be noted that for both the front and
back face sheets, the predicted displacements by numerical
simulations were considered as the average out-of-plane
displacement of the central nodes. Figure 9 shows clearly
how the front and back face sheet displacements were
measured. According to this figure, the displacement of
the center of the front and back face sheet relative to the
clamped edges of the back face sheet is measured. The
displacements were measured using a caliper. The effect of

@ Springer

e) P3BHMLT30

structural support provided by the polyurethane foam core
was enfeebled so that at the same time, the front face sheet
experienced larger plastic deformation while the back face
sheet underwent lower plastic deformation due to the less
acting force transmitted by the polyurethane foam core.
The results documented in the deviation column show that
for all cases except the back face sheet of the PAHMLT30
configuration, the numerical simulations over-predicted
the maximum central displacements of both the front and
back face sheets by less than 10%. Apart from that, it can
be concluded that the numerical simulation results are
consistent with conducted experiments for all configura-
tions according to the complex nature of blast loading and
sandwich panels.

To check the correlation between the numerical and
experimental results in terms of deformation modes, the
crosscut deformation profiles for all sandwich panels
with different configurations obtained from numerical
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PRESSURE (kPa)
0.000e-+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00

PRESSURE (kPa)
2.565e+05

2.308e+15
2.052e+15
1.795e+15
1.539e+15
1.262e+15
1.026e+15
7.694e+04
5.129e+04
2.565e+04
0.000e+00

PRESSURE (kPa)
2371e+03

2.134e+13
1.897e+13
1.660e+03
1.423e+03
1.185e+03
9.484e+2
7.113e+)2
4.742e+12
2.371e+)2
0.000e-+0

PRESSURE (kPa)
2.345e+03

2.118e+03
1.885e+3
1.658e+13
1.429e+13
1.199e+13
9.692e+02
7.395e+02
5.097e+02
2.800e+02
5.029e+01

Fig. 11 Typical processes of the charge detonation, explosion product—structure interaction, and sandwich panel deformation: a t=0 ps; b t=5
ps; ¢ t=380 ps; d t=384 ps; e t=404 ps; ft=414 ps; g t=507 ps; h t=527 ps; i t=770 ps; j t=1045 ps; k t=2000 ps

simulations were compared to the experiments and are
illustrated in Fig. 10. The right-handed side of this fig-
ure is the results of numerical simulations, whereas the
left-handed side contains the crosscut deformation pro-
file obtained from experiments. As shown in Fig. 10, the
residual deformation modes were analogous between
the numerical and experimental results, and in general
form, the numerical simulation captured the measured

deformation profile of the sandwich panels for all con-
figurations under blast loading. Therefore, it can be con-
cluded that the predictability of the numerical model is
reliable and the current model can accurately demonstrate
the deformation profile of the structure, while the time
step is close to the maximum displacement. Albeit, there
is a visible discrepancy at this point, with the numerical
modeling predicting a higher deformation than is observed
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PRESSURE (kPa)
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®

(@ (h) ®

DISPL. ABS (mm) DISPL. ABS (mm) DISPL. ABS (mm)

1.479e+00 2.979e+00 1.782e+01
1.373e+00 2.766e-+00 1.654e+01
1.268e+00 2.553e+00 1.527e+01
1.162e+00 2.341e+00 1.400e+01
1.056e+00 2.128e+00 1.273e+01
9.508e-01 1.915¢+00 1.145e+01
8.451e-01 1.702e+00 1.018e+01
7.395e-01 1.490e+00 8.908e+00
6.339¢-01 1.277e+00 7.635e+00
5.282e-01 1.064e+00 6.363e-+00
4.226e-01 8.511e01 5.090e+00
3.169e-01 6.384e-01 3.818e+00
| 2.113e-01 4.256e-01 2.545e+00
1.056e-01 2.128e-01 1.273e+00
0.000e+00 0.000e+00 0.000e+00

) (k)

DISPL. ABS (mm) DISPL. ABS (mm)

2.171e+01 2.130e+01
2.016e+01 1.978e+01
1.861e+01 1.826e+01
1.706e+01 1.674e+01
1.551e+01 1.522e+01
1.396e+01 1.370e+01
1.241e401 1.217e+01
1.085e+01 = 1.065e+01
9.304e+00 9.130e-+00
7.754e+00 7.609e+00
6.203e+00 6.087e-+10
4.652e+00 4.565e+00
3.101e+00 3.043e+00
1.551e+00 1.522e+00
0.000e-+10 0.000e-+H10

Fig. 11 (continued)
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Fig. 12 A schematic illustrating the locations of juxtaposed pressure gauges with the same distance

in the experiment, whereas no failure was captured in the
numerical simulations.

4 Results and discussion

In this section, the numerical simulation results of the
present sandwich panels subjected to blast loading
are investigated from four points of view: 1) blast and
structural response; 2) fluid—structure interaction (FSI)
pressure distributions; 3) deformation pattern and velocity
response; 4) energy absorption capacity. Each aspect is
individually explained in the subsequent subsections.

4.1 Blast and structural response

Reviewing the literature shows that the dynamic response
of sandwich panels subjected to impulsive loading is split
into three different successive phases: FSI phase, core
compression phase, and dynamic structural response phase.

Figure 11 represents a typical process of charge detona-
tion, explosion product—structure interaction, and consequent
sandwich panel response, which was calculated by the finite
element numerical model. The presented model describes
the P3HMLT30 configuration. As aforementioned, in the
two-dimensional blast loading section, the processes of the
charge detonation and initial propagation of detonation waves
were simulated in a two-dimensional axial symmetry model.
Figure 11a shows the initial state of the two-dimensional
model. In Fig. 11b, the C4 explosive charge is detonated and
a shock wave is then produced, which leads to an increase in
the explosive temperature at the detonation point and also
the initiation of a chemical reaction within a small zone just
behind the wave. This small zone is called the reaction zone.

In Fig. 11c, an impedance mismatch occurs and the shock
wave is transferred at lower pressure through the boundary,
for the case, while the shock wave reached the boundary of
the charge material and the surrounding air. Figure 11d shows
the initial state of the three-dimensional model, after remap-
ping the final state of the two-dimensional model to that.
Figure 11e shows the expansion of explosive volume so that
the produced shock wave first impacts the front face sheet
of the sandwich panel at the center. From this time onward,
the interaction between the front face sheet and the explosive
product commenced. The interaction takes place over a time
duration of almost 10 ms until the contact force between the
front face sheet and explosive approximately diminishes to
0. Figure 11f shows the FSI stage, where the front face sheet
has obtained an initial velocity due to the effect of the shock
wave on the plate. At this moment, the velocity of the core
and the back face sheet is zero. This figure also depicts the
backward distortion of explosion products due to the reflec-
tion from the front face sheet. In Fig. 11g, the polyurethane
foam core starts to compress successively and the densifica-
tion of the polyurethane foam core gradually occurs due to the
high compression velocity of the front face sheet, as shown
in Fig. 11h. At this moment, the back face sheet velocity is
zero. The core compression reduces from the central to the
peripheral region. In Fig. 111, the front face sheet is decel-
erated by the polyurethane foam core, while the back face
sheet and the core are accelerated. In this stage, the structure
obtains the same velocity and goes into a new phase, called
the dynamic structural response. In this phase, the structure
deforms under its inertia and its deformation extends towards
and backward with the momentum transmission, as shown
in Fig. 11j. Eventually, the structure is brought to rest by the
dissipation of the kinetic energy due to the plastic bending and
stretching, as shown in Fig. 11k.
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Fig. 13 Pressure—time histories of gauges obtained from numeri-
cal simulations for different configurations: a gauge 1; b gauge 2; ¢
gauge 3
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Fig. 14 Displacement-time history of the back face sheets for all pan-
els at the center point (enlarged review of 0-600 ps)

4.2 FSl pressure distribution

In the current experimental study, the pressure—time his-
tory during the detonation of the explosive charge was
not recorded. Therefore, the effect of graded polyurethane
foam core on FSI pressure distributions was numerically
studied. For this, three successive pressure gauges with a
constant distance of 3 mm were considered along the axis
of the cylindrical explosion chamber to trace the pressure
distribution in the vicinity of the FSI surface. Figure 12
illustrates the locations of the pressure gauges so that the
transmitted shock wave profile is firstly recorded by gauge
1, the pressure of the reflected wave on the top surface of the
sandwich panel is recorded by gauge 2, the effect of graded
foam core as well as the number of core layers on pressure
distribution is recorded by gauge 3 located on the left-hand
side of the undeformed front face sheet. The pressure—time
histories of three configurations, PIMT30, P3HMLT30,
and P3LMHT30 are compared to assess the influence of
graded foam core and the number of core layers on the FSI
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Fig. 15 Displacement-time history of the front face sheets for all
panels at the center point (enlarged review of 0—600 ps)

pressure distributions. The pressure—time histories obtained
from numerical simulations are represented in Fig. 13 for the
above configurations.

It is apparent that the pressure—time histories recorded
by the same gauges overlap for different configurations.
The propagation of the shock wave is directly related to the
stiffness of the obstacle structure. As a consequence, the
graded foam core strategy did not influence the interaction
between the front face sheet and shock wave, because the
compressive modulus of polyurethane foam is here less
than that of the aluminum face sheet by three orders of
magnitude. It should be mentioned that due to shock wave
reflection, a double-humped characteristic is observed from
the pressure—time curves recorded above the front face sheet.
This characteristic is commonly determined by a low and
a high jump for incident shock wave and reflected shock
wave, respectively. An incident shock wave is produced
when the atmosphere around the explosion is intensely
compressed by gases generated by the chemical reaction of
explosives. A closer look on Fig. 13 shows that the pressure
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Fig. 16 Displacement—time history of the core for all panels at the
center point (enlarged review of 0—600 ps)

jump phenomenon is not conspicuous, particularly for the
low jump. This could be probably due to the nonlinear
compressibility influence of air medium that generates a
real enhancement in the amounts of the stagnation pressure
experienced by air particles upon blast arrival. While the
shock wave confronted the top surface of the front face
sheet, the shock wave is reflected instantly and the incident
overpressure is intensified. Subsequently, the reflection wave
quickly declined. It is also concluded that the pressure—time
curve recorded by gauge 3 abruptly increases to relatively
high pressure because the explosive products flow into the
field, which was first occupied by sandwich panels.

4.3 Deformation pattern and velocity response
In this subsection, the numerical results for deformation
pattern and velocity response are described in terms of the

front face sheet, the core, and the back face sheet based on
the configuration of the sandwich panels.
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Fig. 18 Velocity—time history of the back face sheets for all panels at
the center point (enlarged review of 0-600 ps)
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Fig.20 Velocity—time history of the core for all panels at the center
point (enlarged review of 0-500 ps)

Figures 14, 15, 16 show the displacement—time his-
tory of the back and front face sheets and the core at the
center point along with an enlarged review of 0-600 ps,
respectively. It should be mentioned that in Fig. 16, the
difference between the permanent deflections of the front
and back face sheets was considered as the core com-
pression amount. The results show that in P3BHMLT30,
P2HLT30, PIMT30, P2LHT30, and P3ALMHT30 configu-
rations, deformations of the back face sheet commence
at 527 ps, 527 ps, 489 ps, 489 us, and 491 ps, respec-
tively, then gradually increase and approach a plateau of
14.2 mm, 15.6 mm, 17.2 mm, 19.3 mm, and 20.1 mm at
approximately 888 us, 888 us, 804 us, 885 us, and 873 ps,
respectively. Afterward, an oscillation is observed until the
panel rests. It is represented that the deflection of the front
face sheet enhances at a faster pace than the rate at which
the back face sheet deforms. In these configurations, core
crushing starts at 308 ps, 300 ps, 295 ps, 308 ps, and 310
us, respectively, and the curves go up sharply until about
681 us, 683 s, 637 us, 663 us, and 658 ps, respectively.
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Fig.21 Plastic energy dissipation—time history of PIMT30 at the
center point (enlarged review of 0—600 ps)

Then, the crushing speed becomes much slower, and the
curves approach the maximum value at 2 ms, which is
the permanent core compression. It can be also inferred
from the curves that although the layering arrangement
has an obvious influence on the transient and permanent
deflection response of face sheets and core, increasing the
number of core layers does not significantly change the
response of the core.

For better understanding, the influence of graded polyu-
rethane foam core strategy on the back and front face sheets'
permanent deflections of panels is illustrated in Fig. 17. It
is obvious that the front and back face sheet deflections of
P3HMLT30 are smaller than other sandwich panels, espe-
cially P3SLMHT30, and changing the direction of core layers
in the sandwich panel, as well as an increase of the number
of the core layers, play a vital role on mitigation of back
and front face sheet deflections. In other words, employing
a high-density core as the first core layer of the sandwich
panel along with increasing the number of core layers leads
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Fig.22 Plastic energy dissipation—time history of P3HMLT30 at the
center point (enlarged review of 0—600 us)

to the dissipation of more kinetic energy by suffering crush-
ing deformation. A closer look on Fig. 17 represents that
the blast performance with regard to the permanent deflec-
tions of the back and front face sheets could be classified as
an ascending sequence, as follows: P3HMLT30, P2HLT30,
PIMT30, P2LHT30, and P3BLMHT30 configuration. Using
the back face sheet deflection of the PIMT30 configura-
tion as a benchmark, P3HMLT30 and P2HLT30 configu-
rations give a decrease by 16.8% and 8.3%, respectively,
while P2LHT30 and P3LMHT30 configurations give an
increase by 15.4% and 25%, respectively. Also, using the
front face sheet deflection of the PIMT30 configuration as a
benchmark, PAHMLT30 and P2HLT30 configurations give a
decrease by 26.6% and 16.6%, respectively, while P2LHT30
and P3BLMHT30 configurations give an increase by 15.5%
and 18.6%, respectively.

To analyze the dynamic plastic response of the sandwich
panels, the velocity—time history of the back and front face
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sheets and the core at the center point are considered. Fig-

ures 18, 19, 20 illustrate the curves of all sandwich panels

along with an enlarged review of specific time duration. As

shown in Figs. 18, 19, 20, the back face sheet of PAHMLT30,

P2HLT30, PIMT30, P2LHT30, and P3LMHT30 configura-

tions commences to move and accelerate constantly at the

time same as the displacement—time curves. The front face
sheet of each sandwich panel begins to move and acceler-

ate at a faster rate in comparison with the back face sheet
before the above-mentioned time values. Subsequently, the
velocity of the back and front face sheet abruptly decreases,
and afterward, an oscillation is observed until the panels
rest. The sudden drop in the velocity of the back face sheet
is due to the fact that the deformed front face sheet impacts
the back face sheet directly, which indicates the emergence
of the slapping mechanism. This phenomenon also shows
that no failure occurred during the slapping process because
the velocity of face sheets decreases suddenly and there were
no constant values for velocity in a specific period of time.
A closer look on these figures proves that the characteristics
of the velocity—time curves of the PSHMLT30, P2HLT30,
P2LHT30, and P3ALMHT30 sandwich panels are a closer
resemblance to PIMT30 and the graded polyurethane foam
core strategy does not affect the velocity curve. Using the
P1MT30 configuration as a benchmark, the graded polyure-
thane foam core induces a decrease of back face sheet peak
velocity by 14.2%, 6.3%, 11.3%, and 13.3% for P3HMLT30,
P2HLT30, P2LHT30, and P3LMHT30 configurations,
respectively. The percentage differences in front face sheet
peak velocity are -18.9%, -15.8%, 6.1%, and 13.6% for the
above-mentioned configurations, respectively.

4.4 Energy absorption capacity

For clarification of the inherent mechanism underlying the
dynamic plastic deformation response, energy absorption
specifications of sandwich panels are inspected in this
subsection. Figure 21 and Fig. 22 show the plastic energy
dissipation—time history of PIMT30 and P3HMLT30
configurations at the center point along with an enlarged
review of 0-600 s, respectively. As shown in these fig-
ures, at the primary response stage, before 500 us, the
front face sheet and polyurethane foam core first absorb
the blast energy, whereas the plastic energy dissipated by
the back face sheet is approximately zero. Afterward, the
energy dissipated by each constituent gradually increases
and approaches a plateau value. It is noteworthy to men-
tion that the back face sheet starts as an energy absorber,
while the slapping phenomenon occurs. For the case of the
P3HMLT30 configuration, different core layers share the
task of energy absorption from inception. A comparison
between PIMT30 and P3HMLT30 configurations clearly
shows that using graded polyurethane foam core strategy
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Fig. 23 Effect of graded polyurethane foam core strategy on the energy dissipation

in descending order in terms of relative density (HML)
reduces the plastic energy absorption of both face sheets
and polyurethane foam core.

For better understanding, the stacked bar diagram is used
to analyze the plastic energy absorbed by different constitu-
ents of a sandwich panel, as shown in Fig. 23. To quantify
the contribution of panel constituents, the numbers ranging
from O to 1 with a distance of 0.2 were placed upon each
stacked bar.

Using the plastic energy absorbed by the PIMT30 config-
uration as a benchmark, PAHMLT30 and P2HLT30 configu-
rations give a decrease by 30.2% and 13.8%, respectively,
while P2LHT30 and P3ALMHT30 configurations give an
increase by 32.9% and 42.2%, respectively. Also, using the
plastic energy absorbed by the core of the PIMT30 configu-
ration as a benchmark, P3HMLT30 and P2HLT30 configu-
rations give a decrease by 33.8% and 12.6%, respectively,
while P2LHT30 and P3LMHT30 configurations give an
increase by 1% and 7.4%, respectively. It is noteworthy to
mention that in the P2ZHLT30 and P3HMLT30 configura-
tions, due to the presence of a higher-density material as
the first core layer of the sandwich structure, the energy
absorbed by the front face sheet is approximately zero.

5 Conclusion

In this study, by using an explosive shock tube apparatus, a
series of experiments were carried out to analyze the blast-
resistant behavior of metallic sandwich panels with graded
polyurethane foam cores subjected to blast loading. For this,
different types of core configurations were examined, while
the mass and thickness of the panel were constant. The first
configuration consisted of a single-layered polyurethane core
with an average density ratio of 8%, while the second and
third configurations comprised a double-layered and triple-
layered core. It is noteworthy to mention that in the sec-
ond and third arrangements, the back and front face sheets
swapped their positions. The permanent deflections of face
sheets at the center were measured in the experiments. All
the sandwich panels exhibited an analogous plastic defor-
mation mode, which was characterized by a uniform global
dome with the maximum transverse deflection taking place
at the center of the panel. According to the results obtained
from experimental investigations, a corresponding numerical
simulation study was proposed using the explicit analysis
code ANSYS/Autodyn. The main contributions of the cur-
rent numerical study have studied the influence of graded
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polyurethane foam core strategy on the deformation modes
and velocity responses fluid—structure interaction effect, and
energy absorption capacity of sandwich panels. The follow-
ing results were found:

e By using the back face sheet deflection of the PIMT30
configuration as a benchmark, PAHMLT30 and P2HLT30
configurations gave a decrease, while P2LHT30 and
P3LMHT?30 configurations gave an increase.

¢ By using the PIMT30 configuration as a benchmark, the
graded polyurethane foam core induced a decrease in
back face sheet peak velocity for PAHMLT30, P2HLT30,
P2LHT30, and P3LMHT30 configurations.

e By using the plastic energy absorbed by the back face
sheet of the PIMT30 configuration as a benchmark,
P3HMLT30 and P2HLT30 configurations gave
a decrease, while P2LHT30 and P3LMHT30
configurations gave an increase.

e By comparing PIMT30 and P3HMLT30 configurations,
it was found that using graded polyurethane foam core
strategy in descending order in terms of relative density
(HML) reduces the plastic energy absorption of both
face sheets and polyurethane foam core. Besides, in the
P2HLT30 and P3BHMLT30 configurations, due to the
presence of a higher-density material as the first core
layer of the sandwich structure, the energy absorbed by
the front face sheet is approximately zero.

e By considering the aforementioned results, the blast-
resistant behaviors of sandwich panels with different
graded polyurethane foam core strategies were
classified from the best to worst by taking the permanent
deflection of the back face sheet as an index, as follows:
P3HMLT30, P2HLT30, PIMT30, P2LHT30, and
P3LMHT?30.
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