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Abstract

The threat from bomb blast like landmines, improvised explosive devices, mortars cause most of
the injuries in battlefield. Foot being in closest proximity with ground suffers majority of injuries
in case of a landmine blast. Therefore, a protective measure is needed to ensure safety of lower
portion of the body. For this purpose, various blast resistant structures such as monolithic steel
plates, sandwiched corrugated plates, sandwich metallic foams, sandwich honeycomb structure
have been developed to mitigate the effects of blast wave. Among them, the sandwich
honeycomb structure which are comprised of a soft metallic core sandwiched between two
metallic plates have been preferred over other structures due to their light weight and high
energy absorption capability. The experiments on ceramics have shown that these materials are
more effective for attenuation of pressure wave than metals. Therefore, it is advisable to combine
ceramic plates with soft honeycomb sandwich structure. Though a few efforts have been made in
this direction, a systematic study is still needed to understand the effect of the addition of
ceramic plate on the blast resistant characteristics of a sandwiched structures. Therefore, the
finite element simulations of near field blast loading on honeycomb sandwich structure with and
without ceramic plate attached are performed. Results show that inclusion of ceramic plates on

sandwiched structures results in better pressure attenuation and energy absorption.
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Chapter 1

Introduction and Literature Review

1.1 Introduction

Threats from ongoing terrorist activities, wars between nations, and the Naxalite insurgency are
not a new concern to deal with. Research on the development of protective equipment like
bulletproof jackets for bullets, fragmentation vests, advanced combat helmets, ballistic goggles,
and blast-resistant boots for mortars, landmines, and Improvised Explosive Devices (IEDs) are
the main areas of interest and concern. The foot, being in closest proximity to the ground suffers
the majority of injuries in case of a landmine blast, and thus it requires special attention to ensure
the safety of the lower portion of the body from the blast wave; preventing lethal leg and spine
injuries, causing handicap, paralysis, limb amputation , and even death. Although many blast-
resistant structures like monolithic steel plates, sandwiched corrugated plates, sandwich metallic
foams, and sandwich honeycomb structures have been developed to mitigate the effects of the
blast wave. However, due to the continuous increase in the amount of explosives in mortars,
IEDs, and landmines, there remains a need to improve blast-resistant structures to mitigate the
effects of the blast wave by enhancing energy absorption, pressure attenuation, reducing
maximum deflection, limiting jerk, and damping vibrations. Among blast-resistant structures, the
sandwich honeycomb structure which is comprised of a soft metallic core sandwiched between
two metallic plates has been preferred over other structures due to its light weight and high
energy absorption capability. The experiments on ceramics have shown that these materials are
more effective for the attenuation of pressure waves than metals. Therefore, it is advisable to
combine ceramic plates with a soft honeycomb sandwich structure to increase the blast resistance
of the structure. In view of the above considerations, finite element simulations of near-field
blast loading on a honeycomb sandwich structure with and without a ceramic plate attached are
performed in this thesis. In addition, a structure completely made of ceramic material is also
analyzed and compared with an aluminum sandwich honeycomb structure with and without a

ceramic plate. The relevant background is briefly presented below.



1.2 Landmine

Landmines are explosive devices that might be activated by pressure (the weight of a human or a
vehicle), tripwires, or proximity sensors. Generally, these explosive devices are camouflaged
under the soil to prevent any enemy from entering the territory (refer Fig. 1.1). There are two
types of landmines: anti-personnel landmines, designed to harm an individual who comes in
proximity to the landmine, and anti-tank landmines, designed to target armored vehicles, which
require much higher pressure to activate. Nowadays, landmines are also laid by terrorist
organizations to harm military forces and civilians. Anti-personnel mines can cause severe
injuries, including eye injuries, shrapnel wounds, hearing loss, burns, muscle tears, and
amputations, even causing fatalities. The body part that is closest in proximity to the landmine is
the lower limb, causing severe damage to it. Therefore, studying the effect of anti-personnel

landmines on the lower limb is essential to finding ways to reduce the severity of injuries.

Fig. 1.1 Landmine clearers showing landmines recovered from the site [1].
1.3 Landmine blast explosion on human leg

Explosion are one of the main cause of deaths in the war zone, activation the explosive forms an
outward propagating blast wave causing rapid pressure rise and deformation, the pressure
gradually decreases with time and distance after passing through maxima called as peak pressure,
after a positive phase of wave a negative phase is developed and vacuum is generated, these time
history of pressure is known Friedlander wave [2]. Being in contact with the ground, the lower
limb experiences the majority of injuries in a landmine blast, typically accounting for 54% of
battle wounds [3, 4]. The injuries consist of tibia fracture, fibula fracture (refer Fig. 1.2),

compartment syndrome etc. About 32.4 % victims dies immediately after the landmine blast and



rest 67.6 % survived the permanent injuries [5]. It has been observed that these injuries are
directly linked to peak overpressure [6] and numerous studies have been done to investigate
critical pressure to cause these injuries. According to published research, the minimum tibia axial
force to cause is approximately 6-8 KN [6, 7]. Several Structures have been effectively
developed for reducing the peak pressure, such as monolithic steel plate [8], ceramics [9],
sandwiched corrugated plates [10], sandwich metallic foams [11], and sandwich honeycomb
structure [12]. But due to the increase in mass of explosives in landmines, it is necessary to do
regular improvements in the existing blast resistant structures or redesigning the structures to
attenuate the peak pressure and absorbs energy associated to blast wave. The most commonly

used sandwiched structures for application of blast resistance are discussed in the following
section.

Femur

Patella

Fibula
Tarsals (7)

Phalanges (14)

Fig. 1.2 Schematic representing basic anatomy of human leg [13].

1.4 Sandwich Structure

Various experimental and theoretical analyses have been done to mitigate the effects of blast
waves, lightweight sandwich structures which comprised of soft core sandwiched between two
metallic backing plates, can deform heavily under compressive loading, absorbing significant
amount of energy associated with the blast wave by means of plastic deformation, also these

structures possess higher bending strength and outperforms monolithic structures significantly



hence could be a potential candidate for blast resistance application [13-15] , serving the purpose
of energy absorption and impact effects mitigation. The idea behind the use of sandwich
structure is to combine the advantage of stiffness and strength of thin face sheets and lightweight
of thicker flexible core to accomplish preeminent structural properties. Typical design of a
sandwich structure is shown in Fig. 1.3, and the components of sandwich structure are discussed

briefly in the following section.

Back Face
Sheet

. e
Sandwich | I I | ‘ H ] e (¢
Structure T T
I
Front Face

Blast Wave Sheet

Fig. 1.3 Schematic showing the sandwich structure and its components.
1.4.1 Face Sheets

There are various roles associated to the face sheets in sandwich structure, from providing
bending stiffness and structural integrity to the structure, to acting as barrier to fragments and
debris formed during the explosion, also the key function of face sheets is to distribute load
evenly across the core which helps in achieving more uniform deformation and enhanced energy
absorption capabilities. There are typically two types of face sheets in these structures: the front

face sheet and the back face sheet, each serving distinct purposes:

e Front Face sheet: The face sheet facing the blast is generally known as front face
sheet (refer Fig. 1.3), the front face sheet is designed to evenly distribute the
applied load across the entire cross-section. This uniform distribution of the load
minimizes the localized deformation of the core and thereby promoting uniform
deformation of the core and hence enhancing the energy absorbing capability of
the structure. It also prevents shrapnel and hot gases from breaching the core and
critical areas of personnel. Additionally, the front face sheet acts as a protective



1.4.2 Core

shield against the shrapnel and hot gases from breaching the critical areas of the
personnel.

Back face sheet: The face sheet opposite to the blast side, backed at another side
of core is known as back face sheet (refer Fig. 1.3). The back face sheet provides
structural integrity and bending stiffness to the sandwich structure, regulating the
back face deflection, and preventing the fragments formed during crushing of

core, from penetrating into the foot of personnel.

The thick low density layer sandwiched between the two face sheets is known as core (refer Fig.

1.3), due to its soft nature, core provides minimal resistance to deformation, allowing it to

deform easily under compressive load, and attenuate the pressure associated with the blast wave,

additionally the core absorbs significant amount of energy associated with blast wave by the

means of plastic deformation and compression of air entrapped inside cells under compressive

loading conditions. There are different types of core used in various applications, discussed

briefly in the following section.

Polymeric Foam cores: These foams are made up of polymers like polyurethane,
polystyrene, PVC foams etc. These lightweight foams provide decent strength to
weight ratio, and can absorb significant energy. Polymeric foams are good
insulators and can prevent heat transfer from blast wave to foot. Also the
manufacturing of polymeric foams is relatively easier.

Metallic Foam cores: Metallic foams provide very high strength to weight ratio
making them lightweight and high strength structures making them suitable for
blast resistance application, although the manufacturing of metal foams is a
relatively tougher job.

Metallic honeycomb cores: Metallic honeycomb cores are mostly used structures
for applications under dynamic loading, these structures consist of cells of
different shapes and sizes, oriented perpendicularly to the loading direction (out
of plane loading), or they may be oriented parallel to the direction of loading

(known as in-plane loading) The name honeycomb derives from the hexagonal



honeycomb structure inspired by a beehive, which is known for its structural

strength.

Among the above core types, honeycomb structures are preferred over others due to their
versatility in customizing properties through adjustments in cell shape, size, cell wall thickness,
and orientation within the honeycomb configuration, all tailored to meet specific design
objectives of the structure. Although the sandwiched honeycomb structures are effective blast
resistant structures and are optimized significantly, further modification and improvements need

to be implemented in the structure to withstand the larger masses of explosives.

1.5 Review of pertinent literature

1.5.1 Blast mitigating structures

Various structures have been designed and developed to mitigate the effect of blast wave, from
the simplest being the monolithic steel plate [18] to more sophisticated structures like steel-
ceramics composite [19], sandwiched corrugated plates [20], sandwich metallic foams [21],
sandwich honeycomb structure [12, 14, 15, 18, 19, 21-24]. Among them, the sandwich
honeycomb structures have been preferred over other structures due to their light weight and

high energy absorption capability.
1.5.2 Deformation behavior of sandwich honeycomb structure

Dharmasena et al. [14] showed that the honeycomb sandwich structures (HSSs) exhibit higher
energy absorption and lower back face deflection than monolithic structures of identical
materials. Theobald et al. [22] showed that thicker core of honeycomb in sandwich structure is
better as it leads to greater blast resistance. They also showed that the honeycomb core performs
better than aluminum foam panels. Different materials for honeycomb's core have also been
explored to achieve enhanced blast resistant characteristics [23]. For instance, Karagiozova et al.
[23] demonstrated that aluminum HSSs outperformed polystyrene HSSs in reducing initial
pressure pulses. Numerous researchers have contributed to the development of blast resistant
materials by studying the effect of geometrical and material parameters on the strength and
efficiency of structures [12, 14, 22, 24, 25]. Qi et al. [26] found out that the use of material with
lower stiffness in front face sheet results in higher energy absorption, while material with high

6



stiffness used in back face sheet results in lower back face deflection. Apart from studying the
effect of materials on front and back face sheets, the effect of inclusions of additional layers have
also been investigated. For example, Yehia A. et al. [27] found that inclusion of polyethylene
elastomeric foam between AS4/3501-6 carbon/epoxy face sheet and H100 Divinycell foam core
increased the blast resistance of sandwich panels. The experiments evidences shows decrease in

back face deflection with increase in front face thickness and core thickness [24]

Thomas and Tiwari [12] studied the effect of geometrical parameters of sandwich
honeycomb structure like cell wall thickness, face sheet thickness, cell size, core thickness, and
standoff distance subjected to air blast. A very detailed study on sandwich honeycomb structures
has been conducted to investigate the effects of shape of cells, cell size, cell wall thickness on the
performance of sandwich honeycomb structures [8-15, 22-24]. Also, the effect of material and
thickness of face sheets have been investigated for sandwich honeycomb structures [26]. The
structures with negative poisson’s ratio, famously known as auxetic structures are also studied
for blast applications and are found to be effective, because of experiencing uniform deformation
under blast loading due to negative poisson’s ratio effect [28,29]. Also, Xiaochao Jin et al. [30]
showed that the graded honeycombs i.e. multiple layered honeycombs are better than the
monolayer honeycombs in both energy absorption and back face deflection considerations.

1.5.3 Deformation Behavior of Ceramics

Ceramics are very effective as armor in anti-ballistic applications like in tanks, armor, engine
parts etc. [19, 25, 31-37] due to their high strength, hardness, and low density. Ceramic as an
anti-ballistic has been studied widely by research scholars over years [19, 25, 31-37], but very
fewer efforts are made to study the ceramics under blast. Due to high energy absorbing capacity,
there lies a potential to use ceramics under blast loading applications [38, 39]. Changel Zhang et
al. [19] aimed to study the damage characteristics of ceramic composite structures under
explosive loading through experiments and finite element modeling. They found that ceramic
composite structures; ceramic sandwiched between glass fibers with backing plate of steel, are
found to be more effective than structures without ceramic plates, as ceramic exhibits robust
wave-weakening ability, while the steel back plate absorbs a major portion of detonation energy.

Alumina (AD99) and silicon carbide (SiC) ceramics display similar anti-detonation performance



at matched surface densities, with distinct fracture mechanisms, AD99 failing predominantly by

intergranular fracture, while SiC failed by transgranular fracture. [19].
1.6 Issues for investigations

Sandwich structures subjected to blast loading are studied in detail and are optimized
significantly. Ceramic materials such as silicon carbide, alumina etc., although possessing
desired properties for the blast wave mitigation such as energy absorption, robust wave-
weakening ability, have not been studied much under the case of blast loading, very few
investigations have been done to understand the behavior of ceramic under blast [25];
investigating the behavior of ceramics under blast could lead to promising results for the
application of blast resistance and hence necessitate to undertake a study of ceramics subjected to

blast loading.
1.7 Objectives and scope of thesis

It can be noticed from the above discussion that the experiments on ceramics have shown that
these materials are more effective for attenuation of pressure wave than metals. Therefore, it is
advisable to combine ceramic plates with soft honeycomb sandwich structure. Though a few
efforts have been made in this direction, a systematic study is still needed to understand the
effect of the addition of ceramic plates on the blast resistant characteristics of sandwiched
structures. Therefore, the finite element simulations of near field blast loading on honeycomb
sandwich structure with and without ceramic plate attached are performed. Additionally, the
structure completely made up of ceramic material is also simulated, analyzed, and compared
with the honeycomb sandwich structure with and without ceramic plate attached. The study aims
to find the optimum structure for the application of blast loading.

1.8 Organization of thesis

The remaining portion of the thesis is organized as:

In chapter 2, the modeling strategy to simulate the behavior of structure under near field blast

loading is discussed in detail which covers introduction to near field blast, constitutive models



used for simulation, the coupled Eulerian-Lagrangian technique is discussed, subsequently the

finite element model is elaborated.

The Chapter 3 consists of the observations, results, and discussion of the simulation performed in

chapter 2, finally the important results and possible future work are also summarized.



Chapter 2

Development of finite element model

2.1 Introduction

This chapter covers the comprehensive modeling strategy employed to simulate the deformation
behavior of sandwich structures subjected to near field blast loading. The chapter begins with
introducing near field blast discussed in Sec. 2.2, followed by the thorough description of the
material models utilized in the simulations including stress-strain response, damage evolution,
and nonlinear characteristics. The coupled Eulerian-Lagrangian simulation technique (CEL), an
advanced technique that combines the strengths of Lagrangian and Eulerian framework enabling
effective capturing of parameters under complex interactions between blast wave and structural
components is described in Sec. 2.4. Finally, the material properties, and the finite element
model of structures is described in Sec. 2.5 and Sec. 2.6 respectively. The geometry, mesh
generation strategy, boundary conditions and loading scenarios used for simulations are

discussed briefly in section 2.5.1.
2.2 Near field blast

The quantification of a blast on a structure is generally described by the parameter derived using
empirical relationship known as scaled distance, SD. The idea behind the above differentiation
between near field and far field blast is that even a smaller amount of explosive can cause
significant damage if detonated very close to the structure. Additionally, the effects of a larger
mass of explosive cannot be felt at a greater distance. Considering the above discussion, the

empirical relation of scaled distance is given as [40].

SD = d/AW (2.1)

Where, d is the distance between the point of interest and the point of detonation in meter, and
W is mass of explosive in kg. If the scaled distance is less than 1.18 then the blast is considered
near field blast [41], otherwise, it is considered as far field blast. The loading conditions taken
for consideration in the thesis falls in the category of near field blast loading.

10



2.3 Constitutive models

The dynamic mechanical behaviors of honeycomb core made of ceramic and soft material like
Aluminum are compared to choose a suitable material for anti-mine boot application. In this
study, the deformation behavior as well as damage in Aluminum is assumed to be characterized
by Johnson-Cook constitutive law (JC) and Johnson-Cook damage law [42]. However, the
ceramic (SiC) is assumed to follow Johnson Holmquist model 2 (JH2) model [43]. These models

are described briefly in the following.
2.3.1 Johnson-Cook Plasticity Theory

The typical stress-strain diagram for ductile material is shown in Fig. 2.1. The elastic region is
assumed to follow Hooke’s law (O-A), after that the flow stress is assumed to follow Johnson-

Cook plasticity (A-C) and damage (B-C) is assumed to follow Johnson-Cook damage model.

%
%%
%A

Elastic stage E (1-D)E

k 1 1 Stiffness

degradation
_ F| y c=l)

o EP‘ G Erl &

Fig. 2.1 Typical stress-strain diagram of ductile material (reproduced from Hu and Zhang, 2019

[44]).

X

The equivalent stress, o, in Jonson Cook model is considered to evolve as:
m
1- (2= ] 22)

14 Cl (ép)
n\—
€o Tm - Tr

Here, the €,, €, and €,are plastic strain, plastic strain rate, and reference strain rate

0eq = [A+B(€,)" | x

respectively. Further, T is actual temperature, T, is room temperature, and T,,, represent melting
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temperature. Further, the parameters A, B and C are material constants representing yield
strength of the material, work hardening coefficient of material and strain rate sensitivity
coefficient, respectively. Moreover, the constants n and m are work hardening exponent and
thermal softening coefficient, respectively.

2.3.2 Johnson-Cook Damage Model

To simulate the failure in Aluminum, the Johnson-Cook damage model is invoked which is

governed by the following equation:

14D, Inln <Z—p>l X [1 +Dg (TT __7;i )] (2.3)

Eil:9 = [Dl + Dze_D3n] X

In the equation 2.3, the constants D; — Ds are known as damage parameters, while eI‘? is

equivalent strain at failure. Further n = ;—H is stress triaxiality, where o represent hydrostatic
eq

stress. The damage in material is assumed to start when the state variable w reaches the value
unity, defined as:

"= jﬂ 2.4)

€ (1, €7)
After damage initiation, the stiffness, o, of the element which has started failing is assumed to

degrade as:

0 = (1— D)o, (2.5)
Where the parameter D is known as damage parameter which is assumed to evolve from zero to
unity following the given damage evolution law:
p = (Lea &) 2.6)

14
Us

Where, L., represents the characteristic length of the element and E}) is the effective plastic

displacement at complete degradation/failure.

2.3.3 Johnson and Holmquist model-2 (JH-2)

12



Brittle materials like silicon carbide are modeled using Johnson-Holmquist Model-2 material
model. These materials contain inherent flaws like triple junctions, weak grain boundaries,
inclusions, second phases, pores etc. inside them which get triggered upon loading and act as
stress concentration sites. Under loading conditions, the crack tip experiences the stress field at
the crack tips, causing the propagation of crack above critical limit of stress, further the
propagation of cracks leads to merging of different cracks causing material stiffness degradation,
when acted by the tensile force, the single crack propagates predominantly and ultimately leads
to catastrophic failure of material. As on application of compressive load the material
experiences closing of cracks, which results in enhancement of strength of the material, therefore
unlike ductile materials the brittle materials are pressure sensitive solids and the strength of
material depends upon both, the amount of damage the materials has undergone as well as the

hydrostatic pressure experienced by the material as shown in Fig. 2.2.
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Fig. 2.2 The variation of strength with respect to pressure at different damage levels in a brittle
material. The curves obtained by plotting o* versus P* in Eq. 2.7, Eq. 2.8, and Eq. 2.9 in JH2

model.

The JH-2 Model considers the normalized strength of material as a function of both damage and
hydrostatic pressure experienced by material. In JH2 model, the normalized equivalent stress,
0" = dgloyg, (oyg, being strength at Hugnoit elastic limit) in a brittle material is considered to

evolve as:

13



o.=0; —D(of — a;). (2.7)
Here, o7, and o} are the strength of intact solid and damaged solid and are named as intact and

fractured strength, respectively. These are defined as:

o = AP* +THNA + Clnline), (2.8)
and,

o =B(PHYM(1+Clnlne). (2.9)

In Egs. (2.8) and (2.9), the parameters4, B and C are normalized intact yield strength,

normalized fractured yield and strain rate sensitivity coefficient, respectively. Further, T*, and P*

represent temperature and pressure normalized by corresponding quantities at Hugnoit elastic

limit. Moreover, €* in Eq. (2.8) and (2.9) is normalized strain in solid. The damage parameter D
in Eq. (2.7) is defined as:

> AeP

o

€
f
Where, €P is equivalent plastic strain and e]’Z is plastic strain at failure.

(2.10)

2.4 Coupled Eulerian-Lagrangian technique

A coupled Eulerian-Lagrangian (CEL) approach is employed to simulate the deformation
behavior of structure under near field blast loading, so that the effect of reflected waves can be
captured. The CEL simulation technique is a computational method used primarily in fluid
dynamics and structural mechanics to model problems involving interactions between a fluid and
solid objects within it. The Eluerian and Lagrangian frameworks are described briefly in the

following section.
2.4.1 Eulerian Framework

The Eulerian approach focuses on analyzing the properties at a fixed point with respect to time,
for which it involves using a fixed grid to discretize and solve the governing equations of fluid
flow as shown in Fig. 2.3 (b). In this framework, the fluid properties (velocity, pressure, etc.) are
defined at fixed points in space and time, regardless of whether there are solid objects present in

the flow.
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2.4.2 Lagrangian Framework

The Lagrangian approach involves tracking individual objects or particles (often solid bodies) as
they move under deformation. Thus, it involves mesh which deforms with material as shown in
Fig 2.3 (a). In this framework, the equations of motion are solved for each individual object,
accounting for its position, velocity, and other relevant parameters as it interacts with the

surrounding.

(a) E

St

| (544

B

Initial configuration Final configuration

Fig. 2.3 Schematic (a) representing lagrangian based mesh and schematic (b) representing

eulerian based mesh (reproduced from Colom and Alba, 2015 [45]).

The CEL technique integrates both Eulerian and Lagrangian frameworks within a single
simulation. It allows for the simultaneous simulation of fluid dynamics (Eulerian) and the
dynamics of solid bodies or particles (Lagrangian) that move within the fluid. This coupling is
essential for accurately capturing the interactions between the fluid flow and the solid objects.

The technique typically involves:

1. Eulerian Solver: Solving the fluid flow equations on a fixed computational grid to

compute fluid properties like velocity, pressure, and temperature.
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2. Lagrangian Solver: Tracking the motion and deformation of solid objects or particles
within the fluid using equations of motion, considering forces like drag, buoyancy, and
other fluid-solid interaction forces.

3. Interaction Handling: Exchanging information between the Eulerian and Lagrangian
solvers to ensure that the forces and boundary conditions on both fluid and solid sides are

appropriately accounted.

CEL is commonly used in problems where the interaction between the fluid flow and solid
structures is significant, such as in aerodynamics (aircraft wings), hydrodynamics (ships),
biomechanics (blood flow in arteries), and automotive engineering (vehicle), and effect of blast
wave on structures. The other techniques like conventional weapon method, smooth particle
hydrodynamics can capture the effect of far field blast on a structure to a considerable accuracy,
but they are unable to capture the behavior of structure under near field blast accurately. The
scenario of near field blast on a structure can only be accurately captured using the CEL

technique and hence chosen to carry out the finite element simulations [46, 47].
2.5 Finite Element modeling

A coupled Eulerian-Lagrangian approach is employed to simulate the deformation behavior of
structure under near filed blast loading, so that the effect of reflected wave can be captured. For
this purpose, a cubical domain (600 mm X 600 mm X 600 mm) is discretized using Eulerian
EC3D8R elements available in commercially available software package Abaqus 2017. The
domain comprise of air (600 mm X 600 mm X 300 mum) in upper half, soil (600 mm X
600 mm x 300 mm) in the lower half, and TNT (38 mm x 38 mm X 38 mm) buried inside
the soil at the depth of 25 mm from air-soil interface, the properties of air, soil and TNT are
assigned to domain using predefined fields in material assignment option of commercially
available software package Abaqus 2017. The regions in the domain for TNT, air and soil are
shown in schematic shown in Fig. 2.4 (a). The volume of the region for TNT is determined

corresponding to its weight of 90 g.

2.5.1 Boundary conditions
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Domain: The bottom surface of the domain is assumed to behave as a reflecting surface and it is
also constrained to move in all the directions (refer Fig 2.4(b)), while the other outer surfaces of
the domain are provided with outflow nonreflecting condition refer Fig 2.4(b)). Note that the
outflow boundary conditions allow the blast wave and other flow variables to exit the
computational domain smoothly, while non-reflecting boundary conditions are designed to
prevent artificial reflections of blast waves at the boundaries, ensuring that the simulation

accurately represents an open or infinite domain.

Structure: The structure under consideration is designed to attenuate pressure and absorb energy
associated with the blast wave. Each node of the top surface is roller supported and are
constrained to move in z direction as shown in Fig. 2.5. The reactions forces at each node are
extracted, summed, and divide by cross-sectional area to determine the average pressure exerted

on the top surface.

Air > >

(a) (b)

Fig. 2.4 Schematic showing modeling strategy employed for simulation; (a) Schematic of model

used for simulating landmine blast on a structure; (b) Abaqus model.

2.5.2 Description of structure

As displayed in Fig. 2.5 is metallic/ceramic structure under consideration which is modeled by

employing three dimensional brick and shell Lagrangian elements. In this study, two types of
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structures are considered. In the first study, finite element simulations of blast loading on a
ceramic plate, which is discretized using C3D8R elements, is performed. In the second study, the
deformation behavior of honeycomb sandwiched structure is analyzed. In this case, Lagrangian
S4R elements are used to model honeycomb cells, while the plates of sandwich structure are

modeled by Lagrangian C3D8R elements.

Fig. 2.5 Figure showing the boundary conditions applied to the honeycomb sandwich structure.

Further, in all the simulations pertaining to the sandwiched structure, the structure is considered
to be composed of five layers. The first and fifth layers are 3 mm thick plates, referred to as
bottom and top plates in the following discussion, while the third layer is 1 mm thick plate. Two
layers of 24 mm thick auxetic honeycomb structures, referred to as second and fourth layers, are
sandwiched between these plates as shown in Fig. 2.6. Note that the fourth layer is oriented at
90° with respect to the fifth layer to increase symmetry of the structure Further, in the all the
simulations of sandwiched structure, the total thickness of structure is taken to be 55 mm, two
materials, ceramic and Aluminum for various layers in the structure (refer Fig. 2.6). Thus, three
different cases have been considered to understand the effect of material on the blast resistant
characteristic of sandwich honeycomb structure. In case 1, all the layers of structure are assumed
to be made of aluminum (refer Fig. 2.6 (a)), whereas the entire structure is considered to be made
of silicon carbide (ceramic) in case 2 (refer Fig. 2.6 (b)). In the case 3, the bottom and middle
plates are assumed to be made of ceramic, while the layers of honeycomb are assumed to be
made of aluminum (refer Fig. 2.6 (c)). The figures for all the three cases are given below:
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The aluminum and steel components are assumed to follow the Johnson-Cook (J-C) material
model, and the J-C damage model described in the previous section, while JH2 model (refer Sec.
2.3) is employed to characterize the deformation behavior of the ceramic. The soil is modeled

using the Mohr-Coulomb constitutive theory.

3 mm (Al) i.
f I4 mm (Al)
1 mm (Al 4
Ll :124 (A)
mm
3 mm (Al %
(a)
3 mm (Ceramic) —#—.

24 mm (Ceramic)
24 mm (Ceramic)

I‘M mm (Al)
EA mm (Al)

1 mm (Ceramic) _L
1

b

3 mm (Ceramic) -

3 mm (Al) _1‘_1:|

1 mm (Ceramic) —L
T

3
T

3 mm (Ceramic)

(©
Fig. 2.6 Different structures under considerations for simulating near field blast loading; (a) Case
1, (b) Case 2; (c) Case 3.

2.6 Material properties

The values of material properties for Aluminum [48-50], Silicon carbide [51], Air [52], TNT
[53], and Soil [54] are given in the following Tables 1-5, respectively from the page no. 20.

The finite element simulations for the cases discussed in Section 2.5.2 are conducted using CEL
technique available with commercially available software package Abaqus 2017. The results

from these simulations are thoroughly analyzed and discussed in the subsequent chapter.
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Table 1. The values of J-C parameters for Aluminum taken from [48-50].

Aluminum (Sl
unit)

J-C plastic
model

Damage evolution (Fracture energy) 2630009(]/m3)

Young Modulus (GPa)

Poisson's ratio

70 0.3
T transition )
A (MPa) B (MPa) N T melt (K) (K) M C strain rate
520 477 0.52 893 293 1 10.001 0.0005
density d1 a2 d3 d5
(kg/m>)
2700 0.096 0.049 3.465 0.016 ]1.099

Table 2. The values of JH2 parameters for Silicon carbide taken from [51].

Reference 'V'ax"‘.““m . . :
density of the | S163kg ] tjns"e. 037 Gpa | Maximum failure strain |,
material (p,) /m ydrostatic €f max
0 stress (T)
Maximum
Shear normalized 204.78
modulus (G) 183 GPa intact strength 1 Bulk modulus (K, ) GPa
Oi min
Intact Maximum
normalized 0.96 normalized 0.8 Second pressure 0
strength ' fractured ' coefficient (K,)
parameter (A) strength o5 max
Intact strength compl:lri;sive
arameter Third pressure
Fz ressure 0.65 stress at 14.56 GPa coefficient (K, ) 0
ex gnent) ) Hugoniot elastic 3
P limit (HEL)
Pressure
Fractured component at
normalized the HEL. If not
strength 0.35 specified, it will 5.9 GPa
parameter (B) be derived from
Pugy
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Fractured .
Fraction of
strength )
arameter elastic energy . o
P 1.0 loss converted 1.0 Failure criteria, FS 0.2
(pressure i
to hydrostatic
exponent) energy (8)
M)
Strength
parameter for Parameter for
strain-rate 0.0 plastic strain to 0.48
dependence fracture D,
©
Parameter for
Reference plastic strain to
strain rate €, 1.0 fracture 0.48
(exponent) D,
Table 3. The values of Properties for air taken from [52].
Eos Air
Gas Constant Ambient pressure Specific Heat 3?2222,'[; Density
(J /kg.K) kPa (J /kg.K) (Ns/m?) (kg/m?)
287 101 718 1.85 x 107> 1.23
Table 4. The values of Properties for TNT taken from [53].
JWL TNT C,(GPa) Ry
C;(m/s) C, (GPa) 3.74 4.15
6930 373 w R2
Density (kg/m3) e, (kJ/m3) 0.35 0.9
1650 6.06 x 10°
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Table 5. The values of Properties for Soil taken from [54].

Eos Soil
Elastic : . A : . . .
Poisson Friction Dilation Cohesion Yield Abs plastic | Density
modulus ratio Angle angle stress (MPa) strain (kg/m3)
(MPa) g g g
50 0.3 24° 12° 0.1 0.0 2200
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Chapter 3

Results and Discussion

The important results obtained from the finite element simulation of the structures subjected to
near field blast loading, performed using CEL technique in commercially available software

package Abaqus 2017 are discussed in the following subsections.
3.1 Results and discussion

3.1.1 Evolution of deformation in sandwich structure

Figs. 3.1 (a)-(c) show the contour plots of equivalent plastic strain, €”, at the end of the
simulations for sandwich structures pertaining to case-I, Il and Ill, respectively. It can be seen
that the aluminum structure deforms in wider and deeper region due its higher ductility (Fig.3.1
(@), whereas the structure of ceramic shows more localized deformation and fails much earlier in
comparison to the aluminum structure. Interestingly, the sandwich structure comprised of first
and third layers of ceramics along with aluminum honeycomb and aluminum top plate deform
more drastically and uniformly than above two cases. When the blast wave hits the front face
sheet, the ceramic starts failing and distributes load on the structure throughout the cross section

leading to the more uniform deformation of the structure subjected to near field blast loading.
3.1.2 Evolution of pressure on top surface of structure

The evolution of pressures on top plates of sandwich structure for all three cases is shown in Fig.
3.2. This figure shows that ceramic plate is able to attenuate the pressure effectively; however
the pressure rises almost vertically after the failure of ceramic plate. The sandwich structure
made of aluminum only performs better than ceramic sandwich structure, but its pressure
attenuation capability is poor than the case Il structure whereas two plates of ceramic are used.
Thus, the present study suggests that use ceramic plate to sandwich aluminum honeycomb is

advisable.

3.1.3 Energy absorption in sandwiched structure
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Fig.3.3 shows energy absorbed by three sandwich structures under blast loading. It can be seen
that integrating ceramic plate to the aluminum honeycomb structure results in longer life of the
structure; hence this structure outperforms the sandwich structure made of aluminum only, in
terms of energy absorption. The sandwich structure completely made of ceramic fails
catastrophically due to brittle nature of silicon carbide and is not able to absorb energy to

satisfactory level.

Fig. 3.1 Contour plots of equivalent plastic strain of different sandwich structures under blast
loading. (a) Aluminum structure; (b) Ceramic structure; (¢c) Aluminum honeycomb structure with

first and third layers made up of ceramic.
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3.2 Conclusions

The important conclusions from the previous chapters are summarized below:

Deformation behavior

The aluminum sandwich structure exhibited extensive deformation over a broader and
deeper area due to its higher ductility. In contrast, the ceramic structure showed localized
deformation and early failure due to its brittle nature. The composite sandwich structure
with ceramic layers and an aluminum honeycomb core demonstrated more uniform
deformation. The ceramic layers effectively distributed the blast load across the structure,
leading to a more stable deformation pattern under near-field blast conditions

Pressure attenuation

The aluminum-only sandwich structure performed better in terms of pressure
management compared to the ceramic-only structure but was less effective than the
composite structure. The composite structure with alternating ceramic and aluminum
layers provided the best pressure attenuation; the ceramic plate effectively attenuated the
blast pressure initially but after failure of the top aluminum plate, rapid rise in pressure is
observed.

Energy absorption

The composite sandwich structure with ceramic and aluminum layers absorbed the most
energy, thereby extending the lifespan of the structure under blast loading. The
aluminum-only structure had a moderate energy absorption capability. The ceramic-only
structure failed catastrophically and was unable to absorb energy effectively due to the

brittle nature of silicon carbide.

In conclusion, the combined structure, which integrates ceramic plates and an aluminum

honeycomb core, exhibits the best performance in terms of uniform deformation, pressure

attenuation, and energy absorption. This configuration is highly recommended for applications

requiring robust blast resistance.
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3.3 Future scope

Although the suggested structure is effective and aligns in accordance with the existing literature
[8], the experimental evidence is yet to be generated to completely justify the findings of the
thesis. Therefore, experiments of blast loading on honeycomb structure with suggested design

can be performed in the future.
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