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Abstract—Application of aluminium alloys are increased in lightweight protective structures subjected to
impact loading due to its low density and other useful properties. Extruded aluminium panels extend their
application in many fields, with impacts and other types of high-speed loading conditions, like offshore
platforms, bridge decks, train and ship components and lightweight protection systems. The present study
reveals that the mechanisms of hardened steel projectile penetration of aluminum alloy sandwich panels with
empty, triangular corrugated cores have been analytically investigated. A mathematical model developed
based on cavity expansion theory for sandwich plate with triangular corrugated core and the results were
compared with the published data values. The results showed close values with the numerical results. For
highest penetration resistance with reduced areal density, variations of different geometrical parameters of
corrugated structures on residual velocity parameters were analyzed. The penetration resistance increases
with increase in parameters of web thickness, web angle, core thickness and plate thickness.

Keywords —Corrugation,Perforation, Ballistic resistance, high-speed loading conditions, velocity

l. INTRODUCTION

Sandwich panels are extensively and increasingly used due to its lightweight properties. A sandwichplate is
usually having a three-layer structure, comprised of a thick core between two thin, flat face sheets. The core
of the sandwich construction keeps the faces apart and stabilizes them by resisting vertical deformations due
to its outstanding strength and also enables the whole structure to act as a single thick plate by virtue of its
improved shear strength. Development of core materials has drawn attention to many researchers since
1940s in an effort to reduce the weight of sandwich panels [1].The application of sandwich panels can also
be further extended in many fields such as acoustic insulation, thermal insulation and fire safety. Sandwich
structures are being widely used in a number of critical engineering applications, such as vehicles, ships,
aircrafts, andspacecraft, due to their excellent comprehensive characteristics. (Vasanthy and Jeganathan
2007, Vasanthy et.al., 2008, Raajasubramanian et.al., 2011, Jeganathan et.al., 2012, 2014, 2020 & 2021 ,
Sridhar et.al., 2012, Gunaselvi et.al., 2014 & 2020, Premalatha et.al., 2015, Seshadri et.al., 2015, Shakila
et.al.,, 2015, Ashok et.al., 2016, Satheesh Kumar et.al., 2016 & 2019).Recent study of application of the
laser-welded corrugated-core sandwich constructions has been done to extend its application towards
defense protective system [2]. Sandwich cores were classified into four types as ascertained by Figure 1:
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Fig 1. Types of core (a) Solid (b) Honeycomb (c) Web (d) Corrugated

Il. DESCRIPTION OF SANDWICH PLATE WITH CORRUGATED CORES

Corrugated core sandwich structures have low density and improved physical and mechanical properties,
which can offer a wide range of design concepts for lightweight. The mechanical properties of corrugated
composite sandwich structures with sinusoidal plate core were studied where the compressive strengths and
dynamic response of corrugated metal sandwich plates with unfilled and foam-filled sinusoidal plate cores
were investigated analytically and numerically both[3]. The corrugated core panel for prismatic core has its
best performance in the longitudinal orientation, attributable to the greater buckling resistance while
honeycomb core panels are more weight efficient than the best prismatic core panels at low load capacity
but the benefit diminishes with the increment in load requirement. The larger the yield strain of the material
used to manufacture the panel, the greater the performance, and the larger the benefits of the prismatic core.
[4].The continuous corrugated core shape needs to bedescribed by a finite set of discrete variables, by means
of numeric interpolation [5].

Metallic sandwich panels with unfilled cellular cores can exhibit superior bending stiffness and strength
compared to solid (monolithic) plates of the same alloy and mass per unit area (areal density)[6]. Aluminum
sandwich plates with corrugated aluminum core and glued bonds are used extensively in industry and
construction, both as structural elements as well as cover plate elements and interior walls. (Manikandan
et.al., 2016, Sethuraman et.al., 2016, Senthil Thambi et.al., 2016, Ashok et.al., 2018, Senthilkumar et.al.,
2018, Sundar and Jeganathan 2019 & 2020, Anandan et.al., 2019, Murugavel et.al., 2019, Arokiaswamy
et.al., 2019 & 2020, Ganesh Babu et.al., 2020, Gomathi et.al., 2019 & 2020, Manju et.al., 2020, Leema Rose
et.al., 2020).

1. IMPACT RESPONSE OF SANDWICH PLATE

Lightweight materials and structures utilized in transportation systems are sometimes subjected to dynamic
loads due to impact events or the impingement of shock waves created by nearby explosions. The
development of multifunctional materials and structures that provide dynamic load mitigation capabilities in
addition to their normal structural requirements are therefore important to a number of fields such as crash
protection, petro-chemical safety, infrastructure protection and many military applications. A smaller fraction
of the shock impulse is transmitted into sandwich panels compared with monolithic plates of equal mass per
unit area (areal density)[7].

D.W. Zhou et al,[8] perform ballistic limit for oblique impact of thin sandwich panels and spaced plates and
concluded that sandwich panels are more resistant to perforation during hypervelocity impact than
monolithic structures with the same thickness as the face sheets. The layered beams without spacing were
more efficient than separated beams of equal areal density because maintenance of contact between layered
plates and increased bending stiffness increased the impact force acting on the projectile and thus led to
greater deceleration and flattening.
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Recent experimental studies indicate that metallic sandwich panels with low relative density cellular cores
(optimized for structural load support and shock resistance) have approximately the same ballistic
performance as monolithic structures of equal areal mass.The ballistic impact resistance of a simple metallic
plate of fixed thickness depends upon its density, strength, ductility, and its strain and strain rate hardening
characteristics. Experimental impact tests were carried out to validate the numerical model byBrenda L.
Buitrago[9]. Good agreement was found between numerical and experimental results; in particular, the
numerical simulation was able to predict the ballistic limit of the sandwich panel with a difference of 2%.
The influence of both skins and the core in the energy-absorption capabilities of the sandwich panel was
studied in a broad range of impact velocities. Most of the impact energy was absorbed by the skins. For
impact velocities above 250 m/s, approximately 45% of the impact energy was absorbed by the front skin
and 40%by the back skin. For impact velocities close to ballistic limit, the front skin absorbed almost the
60% of the energy[10].

Most studies on high-velocity impact behavior of sandwich structures are based on experimental tests.
Although experimental studies provide information on the sandwich structure tested, since impact
phenomena depend on numerous parameters, knowledge of its influence on ballistic behavior requires a
broad test programme, which is time consuming and expensive. The models most widely used to analyze the
perforation of sandwich structures are analytical models and numerical ones. In order to develop an
optimized corrugated core structure, study of response of various design parameter involved is required
which is not feasible with the experimental procedure. Numerical and analytical methods offer easy, cost
effective and time-saving with an acceptable accuracy.Dahiwale and Panigrahi[11] studied the effect of
different parameter in impact analysis of triangular corrugated core sandwich panel using finite element
analysis (FEA). The analysis was carried out by varying the design parameter of corrugated structure such
as:-

a) Web thickness

b) Core thickness

c) Web angle

d) Front plate thickness

e) Back plate thickness

Residual velocity varies significantly with the variation of all these parameters and the best improvement in
ballistic performance was studied for both base and web impact. This numerical model is found to be
promising in optimizing the design parameter for triangular corrugated core sandwich panel. Similar kind of
analytical model is being developed in this study to analyze analytically and validate the numerical result.

A mathematical model has been developed to calculate the residual velocities by taking the input various
parameter. Very few literatures are available on analytical model of ballistic performance of sandwich panel
with corrugated core. A well-defined mathematical formulation has been stated by Recht andlpson in
ballistic perforation dynamics for monolithic solid plate based on Cavity Expansion Theory[12].

Borvik et al[13] had carried out a comparison of analytical calculations based on cavity-expansion theory
with results obtained through non-linear finite element (FE) simulations and experimental results for
aluminium plates with conical-nose steel projectiles. But the analysis is done on a solid aluminum plate.
Taking the help of that cavity expansion theory, the analytical model has been developed for sandwich plate
with corrugated core. The results are then compared with the result of numerical solution developed
byDahiwale and Panigrahi for optimization of design parameter of triangular corrugated core.

V. ANALYTICAL MODEL

The cavity-expansion theory has received much attention over the years for developing mathematical model
for impact analysis. The major approximations used to develop the perforation equations are:-

a) The projectiles are rigid bodies.

b) The analysis is simplified to 1D motion in the radial plate direction.
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c) The target behaves as thin which suggests independent layers that are compressed are normal to the
penetration direction.

d) Ductile hole growth mechanism is assumed where the plate perforation process could be
approximated with cylindrical cavity expansion.

To formulate, let us consider a rigid ogive-nose prOJectlle mass “m”, shank length “L”, nose length “I” and
radius “a”, impacting on a solid metallic plate of size x*b*h as shown in Fig 2 where x,b,h repersents length,
width and thickness of the solid target plate respectively.
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1

Fig 2. Dimensions of a solid plate with ogive nose projectile

The perforation models take the projectile as a rigid body and only include forces from cylindrical cavity-
expansion. From the kinetic energy—work balance, we have

T~ = natho, (1)
Where, m is the projectile mass, Vs is striking velocity, V; is residual velocity, a is the projectile shank
radius, h is the plate thickness,o; is the true radial compressive stress on the projectile nose from dynamic
elastic—plastic cylindrical cavity-expansion analysis.

The ballistic limit velocity Vy, is the striking velocity below which the projectile fails to perforate the target,
thus Vy, is obtained from Eq. (1) with V, =0 and Vs =Vy,. In addition, the radial stress on the projectile nose
from the cavity-expansion analysis is approximated as the quasi-static value os; that is, o5 is the value of o,

as the cavity-expansion velocity V approaches zero. Thus,
1
_ [2ma*fa)?
bl = m

(2)

os IS the quasi-static true radial compressive stress required to open a cylindrical cavity from zero initial
radius in an elastic—plastic material. An accurate equation for residual velocity in terms of the ballistic limit
velocity can be obtained from Egs. (1) and (2), and is given by

1

V.=V I(VLZ)Z - 1r 3)

Eq. (3) was first proposed by Recht and Ipson [12].They found Vy, from ballistic tests and were then able to
predict V..

For the elastic—perfectly plastic material, the 1D, compressive response is 6= Ee in the elastic region and 6=
Y in the incompressible, plastic region. For the von Mises yield criterion, csare given as:-

o= i+ )

Where Y is the yield stress and E is Young’s modulus.
For an elastic power- law, strain hardening material, von Mises yield criterion [14], os becomes

o, = %{1 4 [(%)]n fob f(x)dx} b=1- @ (5)
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U 6
1-x ' n (6)

flx)dx =

To calculate Vy, and V fromEgs. (2) and (3) we need the mass m of the projectiles.
For conical-nose rod projectiles with shank length L, nose length 1, shank diameter 2a, and density pp, the
mass is given by:-

!
m = mp,a’ (L + §> (7)
While for ogive-nose rod projectiles, the mass is calculated from
m = np,a*(L + kql) (8)
Where
1
4 1 49?2 —1 4p —1)2
k1=(4(p2__(p+_>_—(p((p 1).sin_1 U1 ('02 ) (9)
33 (ap-1y ¢
and

o2l 4] e

Here, ¢ is the caliber-radius-head for the ogive-nose. Usually the caliber-radius-head j is selected and the
ogive-nose length is calculated from Eq. (10). From Eqgs. (2),(5) & (8) or (9), the ballistic limit velocity can

be written as
/ O
Vor = j [2 (L n k1l> (E)l (1)

The above equations from Equations (1)-(11) are for the solid plate of thickness “h”. In order to apply the
above analytical model in metal sandwich plate with corrugated cores, the sandwich plate must be of same
areal density (mass per unit area) with that of solid plate as the projectile have to penetrate more than one
resistance as shown in Fig3.

i 1
R IR ISZS

Fig3. Representation of penetration of projectile through corrugated core sandwich plate; (a) 1%
impact on face plate, (b) 2" impact on web plate and (c) 3" impact on back face plate.

Geometrical parameter of corrugated core of triangular type are depicted in the following Fig. 4 and

represented in Table.1
.

VAVANY

Fig4. Geometrical representation of Triangular corrugated core sandwich plate

h
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Tablel. Geometrical parameter of Triangular corrugated core sandwich plate.

Seri Corrugated core sandwich plate
al Parameter Representation
No. S

1 h' Thickness of front/back

plate

2 c Core thickness

3 t Web thickness

4 a Web angle

For triangular corrugated core plates as shown above, the areal density is given as:
pa = (22" +cp)p(12)

Where p’ is the relative density of corrugated core and p is the density of solid plate. The core relative
density p’ is the ratio of density of the core to the density of the solid metal (in other words, volume fraction
of the metal in a unit cell of the core). From the geometry of the unit cell, a relation between p’ and

geometrical parameter can be obtained. For triangular core, the relation for core relative density is given by:-
t

= 13
P t + cosa ( )

But for a solid plate of length x, breadth b and thickness h, p, is mass per unit area, so

mass m

Pa = area x.b 14
_mass_m./z _m/z_ p 15
p“_area_x.b./z_v' - P (15)

From Egs (12),(13) and (15), we can derive a relation between thickness of solid plate “h” and design

parameter of triangular core corrugated plate and which is expressed as:-

c.t
h=2h+——— (16)
t+c.cosa

Using the above analytical formulation, a mathematical model program is being developed using MATLAB
where striking velocity Vs, various material properties and design parameter of triangular corrugated core
plate are provided as input to the program and residual velocity V, is determined as the output of the
program. Further, the effects of various design parameters on residual velocity are analyzed and the results
are validated with the results of numerical simulation carried out byDahiwale and Panigrahi.

V. RESULTS AND DISCUSSION

Impact analysis has been computed analytically to investigate the effect of geometrical parameters of the
triangular corrugated panel on residual velocities. The parameters are:

a) thickness of front and back plate

b) thickness of core

c) thickness of web

d) web angle
The analysis was carried out on target of metallic sandwich plate with triangular corrugated core made up of
aluminum and rigid ogive-nose projectile made up of steel. The striking velocities used for the analysis is
508m/s and material properties which are constant throughout the analysis are given in Table 2.
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Table2. Inputs for the analytical analysis.

Ser Inputs
ial | Param Representation Values
No. | eters
1 Y Yield stress 262MPa
9 E Young’s 69GPa
Modulus
3 n Elastic 0.085
exponent
4 a Shank Radius 6.45mm
5 Pp Projectile 7.83*13(’)3
Density Kg/m
6 L Shank length 67.5mm
7 I Nose Length 21.4mm

A comparative study of the effect is done with that of numerical result to check the validity of the model
which is done by plotting residual velocities versus each geometric parameter of triangular corrugated core
plate. Results obtained are depicted in the following sections:

A. Effect of web thickness(t)

Web thickness is varied from 5 to 12.5 mm, the residual velocities of the projectile decreases with increase
of web thickness which closely matches the pattern with that of numerical results. The decrease in velocity
attributes two factors, one which increases the projectile deflection with increase of thickness and secondly,
elastic bending of web offers resistance to projectile motion through the web. The effect of residual velocity
with variation of web thickness is depicted in following Fig 5. The difference of value for analytical solution
and numerical solution is calculated and error percentage is found to be lying between 2-6% which justifies
the analytical model to be used for corrugated plate. The error is mainly due to various assumptions made
during formulation and the core geometry is converted to equivalent solid plate thickness. But the error is
minimal and the model shows promising to be applied for impact analysis problem of metallic sandwich
plate.

e
o

N —— — Numerical result

5

Analytical result

O s
8 8
:

Residual Velocity(m/s)
8

5 6 7 8 9 10 1 12 13
Web thickness(mm)

Fig. 5 Effect of Web thickness on Residual Velocity of the projectile

B. Effect of Web angle (o)

Increasing the web angle from 40 to 80 degree, the residual velocity decrease as it does in above case. As
seen in Fig 6, the residual velocity decrease in similar fashion with that of numerical result with error which
varies from 2% to 5% in different angle of web. The decrease in velocity suggest that with the increase of
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inclination, the projectile experience larger deflection which increases the resistance to the motion speed,
thus reducing the residual velocity to an appreciable amount.

400
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Fig6. Effect of Web angle on Residual Velocity of the projectile
C. Effect of core thickness (c)

The residual velocity shows the same decreasing pattern with the increase of core thickness and it is similar
to the pattern obtained in numerical analysis which justifies the analytical model application to the impact
analysis. The decrement pattern of residual velocity shown in Fig 7 is due to the fact that at higher core
thickness, the projectile spends greater amount of time passing through the structure resulting in energy
dissipation thus reducing the velocity.
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Fig.7 Effect of Core Thickness on Residual Velocity of the projectile

D. Effect of plate thickness (h’)

Increasing the plate thickness of front as well as back plate affects the residual velocity in a linear fashion.
The plates of sandwich structure acts as solid plate of their respective thickness, and based on cavity-
expansion theory as explained in above analytical modelling section, the residual velocity decreases linearly
with increase of plate thickness. As seen from the Fig 8, the residual velocity decreases linearly with
increase of plate thickness.
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Fig.8 Effect of Plate Thickness on Residual Velocity of the projectile

Varying the geometric parameter of corrugated plate significantly increases the areal density of the sandwich
structure with corrugated core which in turn affect the density and mass of the structure. So, the geometric
parameters of the triangular corrugated core structure should be optimized in order to maintain the lightness
of structure with the optimized result to resist the penetration of impact of a projectile. The optimization is
done through the sensitivity analysis as carried out in numerical analysis by Dahiwale and Panigrahi. The
sensitivity analysis suggests that the geometric parameter which has the most negative slope should be
considered as the optimum choice to improve the perforation resistance and compensate with the increase of
areal density.

VI. CONCLUSION

In current prospect, an analytical model based on cavity-expansion theory (CCET) has been reformulated in
MATLAB and used to calculate the ballistic perforation resistance of sandwich plate with triangular
corrugated core when impacted by steel projectiles. The effect of various geometrical parameters of the
corrugated structure such as plate thickness, web thickness, web angle and core thickness etc. on residual
velocity is examined. The results obtained are compared with the experimental results and the analytical
model providing promising results with numerical one with error variation from 2% to 6% on different
parameters. The difference in results between experimental and analytical model is mainly due to the
assumptions made in formulation of mathematical model. The geometrical parameters of corrugated
structure is converted to equivalent solid plate thickness of same areal density which results in varying
results between analytical and numerical results but the pattern of response of residual velocity to
geometrical parameters of corrugated structures are approximately similar. This justifies the validation of the
analytical model developed for impact analysis of sandwich plate with corrugated structures. In the analysis,
it is found that the residual velocity decreases with increase of geometrical parameters. The analytical model
is found to be very promising in carrying out impact analysis for metal sandwich plate with corrugated cores
to develop the optimized structure for effective perforation resistance.
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