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ABSTRACT

In this work dynamic response of trapezoidal corrugated core sandwich
panels subjected to oblique blast loading are studied both numerically and
experimentally. The stand-off distance which has been determined from
sandwich panel to center of the nearest face of the explosive cylinder is
considered 300 mm. the experiments was performed at Four blast tube
with different included angles of 0°, 15°, 30° and 45° respect to sandwich
target plate. The results of numerical simulation, obtained using coupled
Eulerian — Lagrangian (CEL) method at ABAQUS/Explicit software.
Maximum mid- point deflection of back and front faces are compared with
experiment results. The results show that with increasing angle of tilt of
explosive the amount of back face deflection at angles of tilt 15°, 30° and
45° respect to the case of 0°, 4.68%, 5.86% and 9.77% decreases
respectively. It is found that at the z direction, deformation profile is
completely dome-shaped while the profile in the x direction is almost
conical. The achieved results can be used to optimization designing of
military vehicles and employed for civil infrastructure.
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1 INTRODUCTION

ECENTLY, designers by knowing the source of the explosion have been designing the walls of structures and

the body of equipment's obliquely in front of the explosion. For example in order to carry out security missions
and protect the occupants of military vehicles against mines, booby traps and roadside bombs, the personnel carrier
is designed to be integrated and has a "V" shaped floor [1-5]. On the other hand, sandwich structures in many
industries are used to protecting people and objects from explosion and impact. The sandwich structures employs for
absorbs a large amount of energy from explosions and impacts and prevents damage to targets [6-12]. Accordingly,
a large amount research studies have been carried out on the sandwich panels under direct blast loading and some
investigation has been represented on the plate under oblique blast loading. At the following some of them are
represented, respectively, Cai et al. [13] represented Multi-objective optimization for designing metallic corrugated
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core sandwich panels under air blast loading. They considered a finite element model for the represent of dynamic
responses of trapezoidal corrugated core sandwich panel and validated by experiments. Zhang et al. [14] employed
numerical simulation for analysis of corrugated core sandwich panels subject to near-field air blast loading. It is
depicted that the profits of a sandwich panel over an equivalent weight solid plate to tolerate near-field air blast
loading are more obvious at lower stand-off distance. Zhang et al. [15] performed the experiments on the laser-
welded triangular corrugated core sandwich panels under blast loading. It was demonstrated that with the increase of
both face sheet thickness and core web thickness of sandwich panel back face deflection decreased. It is also
developed that an effective way to improve the blast resistance of panel could be increase the thickness of front face.
Experimental analysis of foam filling on the dynamic response of metallic corrugated core sandwich panel subject to
air blast loading illustrated by Cheng et al. [16] It is found from their results that foam filling is an effective method
to enhance blast resistance of sandwich panels. At another study Zhang and his research group [17] investigated the
effects of foam filling strategies of corrugated steel core sandwich panels by conducting air blast experiments. It is
inspiring that the back side filling strategy is the least effective at decreasing the levels of fracture failure and plastic
deformation. Dynamic and blast response of sandwich panels with layered graded aluminum honeycomb cores
under blast loading has been carried out by Li et al. [18] it is found that the effect of back face sheet thickness on the
deflection is less evident than that of the front face sheet. An experimental analysis for dynamic response of metallic
trapezoidal corrugated-core sandwich panels under air blast loading represented by Zhang et al. [19] Zhou et al. [20]
examined the blast response of sandwich panels with metallic face-sheets and polyvinyl chloride (PVC) foam
ungraded/ graded cores. It is observed from their results that blast resistance of face sheet and core in graded panel
with an optimal core gradation would bring profits, but also was confronted to face the risk of delamination failure.
The experimental and 3D simulations of “V” shape plates with different angles (60°, 90°, 120°, 150° and 180° (flat
plates)) under localized blast load have been presented by Yuen et al. [21].They revealed that smaller contained
angle plates divert more gas pressure accordingly less mid-point deflection of the plate. In the other work Yuen and
his research group [22] analyzed the effects of orientation of blast loading onto a quadrangular plate using
experiments and numerical simulations. However, their research was performed in two separate part. In first part the
explosive was tilted at different angles (0°, 15°, 30° and 45°) with respect to the target plate and in other part the
target plate was tilted at two different angles (15°and 45°) with respect to the explosive. Each two configuration
show that tilting the explosive charge or the target plate reduced damage to the target plate. On the other hand, part
of the blast load conducted onto the target plate was deflected with increasing angle of tilt; the maximum deflection
of the plate was reduced. In the other study 3D numerical modeling using the finite element (FE) code
ABAQUS/Explicit presented by Markose et al. [23] and the maximum central deflection, impulse transmitted and
damage mode of “V” shaped plates was obtained. Chennamsetty et al. [24] proposed the experimental and numerical
analysis of Hastelloy® X plates under oblique shocks. Their results demonstrated that at oblique shocked samples,
the deformation start from the edge nearer to the muzzle. Adhikary et al. [25] conducted the effect of cylindrical
charge orientation on the response of high strength concrete panels subject to blast loading. They considered two
orientations of the cylindrical charge with respect to target panel. Their results showed that the rebar fracture was
occurred when axis of the cylindrical charge oriented perpendicular to the longitudinal axis of panels whereas only a
few minor cracks were observed when axis of the cylindrical charge oriented perpendicular to the longitudinal axis
of panels.

The main objective of this paper is to investigate dynamic response of trapezoidal corrugated core sandwich
panels under oblique blast loading. On the other hand the results of experiments and numerical simulations
performed to characterize and determine the effects of orientation of blast loading onto corrugated core sandwich
panels. At experimental analysis the charge, located at shock tube in the center of the target plate, was tilted to
different specified angles with respect to the target plate. It is simulation of oblique blast loading on sandwich panel
at small — scale version. Numerical solution has also been done in order to obtain more information and documents
for explosive orientation on the spatial distribution of loading on the corrugated sandwich structure.

2 MATERIALS AND GEOMETRY

2.1 Face sheet and trapezoidal corrugated core

The front/back face sheets and trapezoidal corrugated core were manufactured from structural steel St37 (the
interface sheets were placed between the core layers). The face sheet size is 270 x 270 mm with thickness of
t, =t, =1mm . The corrugated cores were made by bending approach, has a thickness of 7z, =0.7mm and the same
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dimensions as the face sheets (see Fig.1). Another parameters at trapezoidal unit cell are H. =14mm , B, =Tmm

and @ =45". Schematic of the unit cell geometry of sandwich panels is shown in Fig.2.

I Back face sheet

3 EXPERIMANTAL SETUP

Fig.1
Schematic of the trapezoidal sandwich panel.

Fig.2

Schematic of the trapezoidal unit cell of sandwich panels.

The blast test structure is placed in the blast chamber in its proper place on the fixture. The explosive charge (C4) is
then placed in a special holder and covered with foam. Then, in order to prevent from moving, it is fastened to the
holder with the help of adhesive tape. The electronic detonator then gently sinks into the explosive in its groove. The
electric detonator wire is wiring out of the blast chamber. The detonator wire is connected to the explosion control

device. Fig.3 shows experimental setup.
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3.1 Blast tubes and clamps

Fig.3
Configuration of full experimental setup.

In this research, four types of blast tubes made of St37 with have been used, which can be considered rigid. The
inner diameter of the tubes is 100 mm and their outer diameter is 120 mm. The ends of the tubes are cut by a wire-cut
machine to form angles of 0, 15, 30 and 45 degrees with respect to the horizon (parallel to the target sandwich
panel). The height of the tubes from the location of the charge to the target plate (stand — off distance) is 300 mm.
These tubes are threaded from the other side to connect to the upper clamp. Fig.4 shows the mentioned tubes with

the desired dimensions.
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Fig.4
Four types blast tube with angle of 0°, 15°, 30°, 45°.

In order to keeping constant of sandwich panels and blast tubes two clamp made of St37 designed. The thickness
of clamps is 25 mm, length and width of them has same dimensions as 270 mm. target sandwich panels was placed
between clamps and closed peripherally around four edge with eight M16 bolts and nuts to the clamps. The blast
tubes threads at the middle of clamps. Fig.5 represents mentioned setup.

Fig.5
Clamps, blast tube and sandwich panel.

The main purpose of this study is to investigate the effect of oblique blast loading on St37 sandwich panels. To
investigate this important, four experiments were performed. The blast wave was created by the detonation of a 10 g
cylindrical C4 explosive with a radius of 14 mm and a height of 10.5 mm.

In these experiments, for the first specimen, a blast tube with the angle of tilt equal to zero degree (parallel to the
target panel) was used. At the second, third and fourth tests, were used blast tubes with the angle of tilt equal to 0°,
15°, 30°and 45° respect to the target sandwich panel, respectively. After testing of each specimen, the test kit is
taken out of the blast room and the deformed panel is separated from the respective clamps and the amount of
deformation of the front and back face sheets of the panel is measured and recorded by a caliper.

4 ANALYSIS OF EXPERIMENTAL RESULT

Back face sheet of the sandwich structures are deformed from a flat profile to a dome-shape geometry in all tests.
(See Fig. 6) This indicates that the explosive charge is applied uniformly to the panel surface. Also, trapezoidal cells
of the core are engraved on the dome-shaped area after the blast wave hits. It can be seen in Fig. 6.

Fig.6
Sandwich panels after explosion.
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As can be seen in the results of Table 1, the maximum transverse deflection of the front and back face sheets
(maximum damage) of the sandwich panel when occurs that the explosive charge is parallel to the target sandwich
panel. On the other hand, the angle of tilt of explosive is 0°. The minimum transverse deflection also occurs when
the explosive is at a 45° respect to the target sandwich panel. In other words, it can be clearly seen that by increasing
the angle of tilt of explosive from 0° up to 45° respect to the target sandwich panel, the maximum transverse
deflection of the front and back sheet face decreases. These results are due to the fact that when the angle of tilt
increases respect to the target panel, the wave forehead meets the shock tube wall sooner and absorbs more energy.
Also, by observing the results, it can be observed that the amount of back face deflection at angles of tilt 15°, 30°
and 45° respect to the case of 0°, 4.68%, 5.86% and 9.77% decreases respectively. For the front face sheet the
maximum deflection, 1.21%, 2.66% and 8.71% reduces.

Table 1
Summary of experimental results.
Configuration Angle of tilt Sandwich ~ Maximum front face =~ Maximum back face
of charge (°) panel no. deflection(mm) deflection(mm)
—1
0 10R010 20.65 12.80

L N N

15° ~— Iy

15 15R010 20.40 12.20
/ \ / N\
305> By
30 30R010 20.10 12.05
/ \ / \
-/
45 45R010 18.85 11.55

5 NUMERICAL SIMULATION
5.1 Coupled eulerian-lagrangian approach

For describe the deformation of a volumetric element as a function of time in solid and fluid mechanics, the
Lagrangian and Eulerian approaches are presented respectively [26]. In the Lagrangian prediction, the nodes of
Lagrangian element move with the material. In this situation, the interface between the two parts is precisely traced
and recognized. In Eulerian description materials can transfer freely through the Eulerian domain. Therefore,
Eulerian mesh remains undistorted which can track the motion of material in the Eulerian domain. This is one of the
most important advantages of this method. Coupled Eulerian-Lagrangian approach allows Eulerian and Lagrangian
material interact in one model [27-30]. Contact between them is modeled using a general contact. In this work the
explosive and interface environment (air) are simulated as separate bodies in Eulerian domain. Eulerian elements is
completely filled with them which are assigned using Eulerian volume fraction in Abaqus software. Fig.7 represents
simulated set — up using CEL method.
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Fig.7
Simulated model with Eulerian environment.

'
2.l

The surrounding air was simulated as an ideal gas based on state specified at Eq. (1) as follow [14]:

Pz(y—l)pe where }/:H_[Cij’ e=C,T €))

v

where p is the gas density, y is the adiabatic component, C,, is the specific heat at constant volume, R is the global

gas constant, e is internal energy, T, P are the gas temperature and pressure respectively. The air parameter are listed
at Table 2.

Table 2

Material properties for air (as an ideal gas) [14], [31].
p(Kg /m3) R (J/kg K) (K) e C, (KJ/KgK)  Ambient pressure(Mpa) e (KJ/Kg)
1.225 287.058 288.8 1.4 0.718 0.101325 2.068x 10°

The Jonson — Wilkins — Lee (JWL) Equation of state was employed to model the detonation of C4 as following
equation [18]:

Ped|i-| 2|l 4p|1-| -2 ||eR¥ L 2E )
Ry Ry v

In Eq. (2) 4, B, Ry, R, and @ are material constants that related to the type of explosive. P is the blast pressure
and V is the relative volume and E is the specific internal energy of explosive. Table 3 represent the value of JWL
equation of state as follow:

Table 3

Material properties for C4 [31].

Density (kg/m’) DetonationWawe speed(m/s) A(Gpa) B(Gpa) R; R, 9] E (MJ/kg)
1601 8193 609.8 12.95 4.5 1.4 0.25 5.621

The Johnson Cook (JC) strength model was specified to simulate the strength properties of St37 sandwich panel
which presents the flow stress as a function of equivalent plastic strain, temperature and strain rate as follow [32-
33]:

n =pl _ m
s e )
)

melt —+ room

In Eq. 3) 4, B, C, n, m and & are the JC parameters that listed at Table 4 for steel ST37. & is the von Mises
and T

‘el are the

flow stress, &7 Uis the equivalent plastic strain, gP! s the equivalent plastic strain rate. 7, T,

material temperature, room temperature and melting temperature of the material respectively.
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Table 4
Material properties and JC parameters for steel St37 [34].
Tro0m (K) Terr (K) o (17s) A(Mpa) B(Mpa) C(Mpa) m N
298 1811 1.00 350 789 0.022 1.00 0.830

For simulation of the fracture behavior of the material in the sandwich panels the JC failure model is expressed
as Eq. (4) [35]. In which o,, is the hydrostatic pressure and D, to Ds are the damage model constants that listed in

Table 5.

gP! T-T
Z01 =| Dy +Dyexp| 22 ||| 14Dy tn| E— ||| 14 Dg | ————zom__ )
D 1 2 4 5 T T
o &0 melt —* room

Table 5
JC damage model constants for steel St37 [34].

D, D, D D, D5

0.05 3.44 -2.12 0.002 0.61

For description damage of an element the linear evaluation procedure is used. It can be illustrated in damage low
as below:

A
r

Damage = 0 < Damage <1 %)

In Eq. (5) Ae is the equivalent plastic strain increment and & is the equivalent fracture strain.

6 COMPARISION OF NUMERICAL AND EXPERIMANTAL RESULT

Fig.8 demonstrates numerical and experimental solution results for mid-point deflection of the front and back face
sheets of the sandwich panel. As it is clear from the results, there is a good validation between the numerical
solution and experimental results. Numerical results also indicates that with increasing the amount of angle of tilt of
charge from 0° up to 45° the mid-point deflection decreases. Fig.9 and Fig.10 also show the qualitative profile of the
back face deflection in z and x direction respectively for the experimental and numerical solution at angle of 15°.
The numerical simulation results show a similarity with experimental studies and there is no significant difference
between them.

r
L5

&

E ¥ 4 a0 2010
E20 + H
EX na 1oss L .
(=]
3 18 ® Numerical - Back face won $
2 16 # Numerical - Front face
% ® Experimental - Back face
= * Experimental - Front face
514
[= 13 1280
™ 1220 206 .
T2 [ ] s ws o Fig8
1184 nsr . . .
= 10 we ®  Comparison between central numerical and experimental of
0 5 10 15 20 25 30 35 40 45 back face sheet deflection.

Angle of tilt of explosive

Fig.9
Displacement profile in z direction for 15°.
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Fig.10
Displacement profile in x direction for 15°.

7 NUMERICAL RESULTS

The distribution of displacement versus distance from back face sheet center in x and z direction of sandwich panels
illustrated in Fig.11 and Fig.12. The maximum deformation is at the midpoint of the sheet and the displacements
decrease with distance from it. At the z direction, deformation profile is completely dome-shaped while the profile in
the x direction is almost conical. This is because that core resistance is greater in the x direction than in z direction.
It is evident from Fig.11 that in the middle part towards the center of the curves, a concavity has been created.
Radius of this concavity increases with increasing the angle of tilt of explosive. Also due to passing through the
region of regular reflection of the blast wave to the Mach stem region, the amount displacement at the angle of 45
degrees is significantly reduced compared to other angles.

In explosive loads, when the incident wave hits the surface of the sheet, a regular reflection wave will be created
up to a certain angle. Unlike the sound wave, the angle of reflection will not be equal to the angle of incident. By
exceeding the mentioned angle, regular reflection will not occur. Reflected wave coalesces with the incoming
incident wave and forms the Mach Stem. The Mach stem is usually initiated for angles greater than 40 degrees to
detonate in air [36].

A comparison of the Johnson-Cook damage parameter as well as its evolution over time for the back face sheet
center of sandwich panel is shown in Fig.13. As it is known, this parameter is increasing over time and is at its
lowest value for a 45° angle and at its maximum value for a 0°.

As indicated in Fig.14 the increasing the mass of explosive has a significant influence on the maximum
displacement of back face sheet center. It is evidence that with increasing the mass of explosive the maximum
displacement decreases. It is also obvious that at larger mass of explosive, the decrease in the deformations is more
pronounced with increasing angle of tilt of explosive. When the explosive was tilt respect to the angle of 0° the half
of explosive goes further from target sandwich plate.

12| “+Angle of tilt = 0°
“*Angle of filt = 15°
10 ~+Angle of i = 30°

“*Angle of filt=45°

@

Displacement (mm)

Fig.11
Distribution of displacement versus distance from back face

0
» 4 A D 0 0 b 2 % 4 0 Sheet center in x direction.

Distance from back face sheet centre (mm)

“*Angle of filt = 0°
=-Angle of tilt = 15°
~+Angle of titt = 30°|
“*Angle of tilt = 45°

Displacement (mm)
[=2]

Fig.12
Distribution of displacement versus distance from back face

S0 40 s X 00 10 2 0 40 %0 Sheet center in z direction.

Distance from back face sheet centre (mm)
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8 CONCLUSIONS

In this research, dynamic response of corrugated core sandwich panels under oblique blast loading was presented.
Four experiments at the angle of tilt of explosive 0°, 15°, 30° and 45° respect to sandwich plate are performed.
Using CEL approach in Abaqus commercial software numerical analysis was investigated. The effects of angle of
tilt of explosive on the maximum displacement of back face sheet center in x and z directions, Johnson-Cook
damage parameter and increasing mass of explosive were taken into account. The results of this study are listed as

follows:

It is seen that the amount of back face deflection at angles of tilt 15°, 30° and 45° respect to the case of 0°,
4.68%, 5.86% and 9.77% decreases respectively. For the front face sheet the maximum deflection, 1.21%,
2.66% and 8.71% reduces. Because of passing through the region of regular reflection to the Mach stem
region (irregular reflection), the amount displacement at the angle of 45 degrees is significantly reduced
compared to other angles.

It is found that at the z direction, deformation profile is completely dome-shaped while the profile in the x
direction is almost conical. This is because that core resistance is greater in the x direction than in z
direction

JC parameter is increasing over time and is at its lowest value for a 45° angle and at its maximum value for
a0°.

It is seen that with increasing the mass of explosive the maximum displacement decreases. It is also
obvious that at larger mass of explosive, the decrease in the deformations is more pronounced with
increasing angle of tilt of explosive.
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