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ABSTRACT
Response of a material impacted by projectiles especially bullets, or blast fragments, is
extremely important in determining the range of impact it can sustain. As explicit finite element
codes improve and advances material models become available, the hydrocodes find more
widespread application in many industries. In this thesis, a study of ballistic response is
implemented using simulation of thin metal targets in LS -DYNA. Parametric studies are
conducted to study the effects of various factors on the damage process. Further in the study an
attempt has been made to study the response of composite targets to the projectile impact. For
the composite target, a finite element model is implemented with Chang-Chang failure criteria.
Comparisons of the finite element simulations to the experimental data include general as
well as the time history response. Results indicate that the residual velocities from the
experimental tests correlate well with the ones from finite element validation.
A parametric study is then conducted with the validated models. Parameters including as
projectile velocity, projectile mass, projectile geometry boundary conditions, target thickness
target yield strength, target failure strain and friction between the target and the bullet are
considered, which affect the Ballistic Impact process.
This study demonstrates the accuracy and effectiveness of the finite element simulation
of the impact tests on thin metallic targets with the help of Finite Element softwares.
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CHAPTER 1
INTRODUCTION
High velocity impact is of interest to many different fields and has been the subject of
much research, especially in the last 50 years. Over this period of time, the methods used to
analyze impact have changed dramatically, as have the disciplines interested in these
analyses. Researchers are still trying to get a clear cut picture of the impact behavior. Mainly
this applies to the defense industry. Armor resilience and impact resistance are extremely
important in warfare applications.
Many theories and procedures emerged to study the impact and blast phenomena.
Blast phenomena leads to fragment evolution which in turn leads to impact. In space travel
applications impact plays a vital role in designing the sacrificial shield against the debris.
Latest innovations like friction stir welding and repair require the data of impact to read the
impact event to exactly assess the damage and repair parameters. Low velocity impacts can
cause severe damage to soft material like muscle tissue. In early days metals armors were
used, now with advent of composites light weight armor materials are introduced which are
more portable. Lighter materials increase the mobility and portability.
1.1 Introduction to Armor Systems
Military systems especially supporting the ground forces are being transformed to
move faster, more agile and more mobile as to counteract the warfare tactics. Bomb attacks
on armored vehicles claimed lives of Defense troops. As a result, an increased demand for
improved armor has led to the development of new armor materials. Already in some fields
Polymer Matrix Composites, Ceramics and Metal mobility. Research is still going on in this
field to completely replace the armor shield with composite materials which offer good
strength to weight ratios.
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1.2 Introduction to Body Armors
Throughout history, lightweight and flexible materials have been sought to reduce the
weight of body armor systems to enhance mobility, while providing protection against
specified threats. Early materials included leather and even silk, which were used in
conjunction with metal plates to provide the needed protection in making vests. These vests
provided protection against bomb and grenade fragments, which accounted for the high
majority of injuries and deaths among soldiers. Although nylon and E-glass fibers continue to
find some use today due to their low cost, high performance fibers are now the standard for
most fiber reinforced armor applications. High performance fibers are typically used in the
form of woven fabrics for vests and for helmets. Figure 3 shows the Interceptor vest and
composite.
1.3 Ballistic Testing
Impact studies are performed by civil aviation firms concerned with turbine blade
containment; by spacecraft designers concerned with the effects of space debris; and by
survivability analysts concerned with protecting aircraft or other vehicles from man-made
threats. The interests and needs of this last group are the primary motivation for this work.
The job of vulnerability analyst is to determine the vulnerability of a system, such as an
aircraft, to a wide array of threats and work to mitigate the effects of these threats. An
important measure of vulnerability is the probability of kill given a hit (Pk/h), which is
evaluated on a system or aircraft level and probability of a component dysfunction given a hit
(PCD/H) which is determined for a single component. If the threat is taken to be some type of
projectile, then PCD/H is, among other things, a function of projectile mass and velocity. Thus,
if several components lie on a particular shot-line, then the mass and velocity of the projectile
at impact must be known for each component along that shot line. This can be done using
experiments, analytical models, empirical penetration equations or a combination of any of
2

these methods. The majority of design level vulnerability analyses are performed using
penetration equations embedded within higher level vulnerability models. Though each of the
methods for determining projectile residual velocity and mass has certain benefits, they each
have limitations as well.
The limitations of experiments involving impact are obvious. Because they are by
design destructive tests, they can be costly to perform, in terms of materials, labor and time.
Furthermore, they are somewhat stochastic by nature, making it difficult to repeat any given
experiment or apply the results to a vulnerability analysis. A schematic arrangement of test
setup for projectile impact is shown in Figure 1.1.

Figure 1.1 Schematic test arrangement for ballistic test [1]
Most common method for assessing the lightweight armor materials for ballistic performance
is by placing a witness plate behind the armor panel which determines the outcome of the
ballistic test as shown in the Figure [1].
Complexity involved in measurement increases with velocity. Ballistic events are
commonly performed using powder gun which is similar to the gas gun, but makes use of gun
powder instead of gas to propel the bullet. Ideally one would be able to measure the projectile
3

displacement or velocity during an impact event. While the analytical models are physicsbased, they use simplifying assumptions in order to reduce the governing equations to oneand two-dimensional equations. These models also only look at one aspect of the problem,
and are not capable of examining every possibility or aspect of a complex penetration
problem [1].
Empirical equations, also referred to as penetration equations, are extremely valuable
because of their simplicity and ease of use, but they also have shortcomings. First, they are, in
essence, curve-fits of experimental data and are therefore limited to the range of conditions
and quality of results of the experiments. Secondly, as mentioned above, experimental results
are not necessarily precise, and it is not feasible to conduct a real-world impact experiment
for every possible scenario that might be encountered, thus limiting the databases from which
these equations are created.
With the ever increasing power and speed of computers, and the refinement of finite
element (FE) codes and explicit dynamic solvers, it is possible to use numerical analysis and
computer simulation to model ballistic impact events. Once a model is created, simulation
results can be compared with available experimental test data, and the FE model can be
refined until the user is confident of the results generated by the simulation. Certain FE
modeling parameters, such as material properties at high strain rates, depend on experimental
data, but since the FE simulations are not based on curve-fits to impact test data, simulation
results are not affected by possible experimental error in some trials in a set of test data.
Because of this, there can be greater confidence in the FE results, compared to penetration
equations, in regions where test data is not available. FE simulations can be used to model
impact experiments before they are performed, in order to reduce cost and increase
efficiency. They can also be used to augment and refine the existing penetration equations,
filling in gaps where experimental data does not exist or is insufficient.
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A projectile is considered compact if it is in the shape of a cube, parallelepiped or
cylinder, with a length-to-diameter ratio (L/D) of approximately one. A real world scenario
which would include compact projectiles is a missile warhead detonating external to an
aircraft, where the fragments from the warhead can be modeled as compact projectiles and
the aircraft components as flat plates. In this work, the PATRAN pre-processor, and the LSDYNA explicit dynamics solver, is used to model the above scenario. The residual velocity
of the fragment is determined from the simulation and also ballistic limit was found. The
results of these computer simulations are then compared to experimental data, as well as
predictions from two sets of penetration equations. A more complete presentation of the
analyses and results can be found in [2].
1.4 Composites in Ballistic Applications
Composites on the offer very high strength to weight ratios and are hot favorites in
aviation and other fields where light weight components that offer high endurance are
desired. Composite materials unlike metals lose structural integrity and strength to a great
extent upon impact. Composites are combinations of two or more materials embedded in
another material called matrix. The reinforcing material can be metal, ceramic or polymer.
The combination offers properties superior to individual components. The orthotropic
property of composite allows us to design to our requirements still keeping the overall weight
minimum. High strength to weight ratio, High creep resistance, High tensile strength, and
High toughness are main factors behind the use of composites in many applications.
Three types of composites are:
1. Particle-reinforced composites (as shown in figure 1.2)
2. Fiber-reinforced composites (as shown in figure 1.3)
3. Structural composites ( as shown in figure 1.4 )
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Figure 1.2 Examples of Particle Reinforced Composites [2]

Figure 1.3 Fiber orientation in fiber reinforced composites [2]

Figure 1.4 Tensile Strength of fibers in longitudinal and transverse direction of a unidirectional fiber composite [2]
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Figure 1.5 Structural composites [2]
1.5 Modulus of Fiber-Reinforced Composites:
Fibers have a very high modulus along their axis, but have a low modulus
perpendicular to their axis. If the fibers are all parallel, the modulus of a fiber reinforced
composite depends upon which direction you're measuring. The modulus of the entire
composite, matrix plus reinforcer, is governed by the rule of mixtures when measuring along
the length of the fiber:

Ec = EfVf + Em

(1.1)

Ec is the modulus of the entire composite along the length of the fiber.
Ef is the modulus of the fiber along the length of the fiber.
Vf is the volume percent occupied by the fibers.
Em is the modulus of the matrix (usually not dependent upon direction)
Vm is the volume percent occupied by the matrix (equal to (1-Vf)).
High performance fibers typically used in the form of vests and either woven or nonwoven reinforcements within polymer matrix composite for helmets in defense. Polymer

7

matrix composites are now slowly substituting the places where metals are heavy to use.
Fibers can be woven into a number of configurations, some of which are illustrated in Figure
1.1. Fibers for armor applications have traditionally been in unidirectional, plain or basket
weave composites. Woven structures have been studied to enhance the multi-hit capability of
the composites.

Figure 1.6 Woven Fiber Structures [7]
Low velocity impacts are found to cause matrix cracking, fiber breakage and
delamination. High Impact in composites generally causes little global structural response
and more of local deformation as shown in Figure 5. In general there are many parameters
that define the damage nature in composite structures, such as delamination, which is
sensitive to compression loadings. Therefore study of the parameters affecting the damage in
impact is important.
1.6 Background and Literature Review
The experimental work in this research focuses on compact steel projectile impacting
aluminum target with low range velocities. A projectile is considered compact if it is in the
shape of a cube, parallelepiped or cylinder, with a length-to-diameter ratio (L/D) of
approximately one. A real world scenario which would include compact projectiles is a
missile warhead detonating external to an aircraft, where the fragments from the warhead can
be modeled as compact projectiles and the aircraft components as flat plates called as
Fragment Simulation Projectiles. The study of high velocity impact is of importance to many
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fields, and it is a topic that has been studied for many years, especially following World War
II. As a result, there is an abundance of high-velocity impact models.
These models can be divided into several different categories based on two types of
criteria. First is the type of model, which is analytical, numerical or empirical, though
empirical models may incorporate elements of analytical analysis. In the context of this work,
empirical models are synonymous with penetration equations and will be discussed below.
The second criterion is the type of impact being modeled, and this can be categorized based
upon projectile size, shape or material, target material or thickness, or the velocity at impact.
In terms of projectile shape, these are generally classified as blunt, such as cylinders or cubes,
or pointed, such as ogival or spherical. The size of the projectile is based upon either the mass
or the dimensions, such as the length to diameter ratio, or a combination of both factors.
Target thicknesses are generally classified as thin, which have a thickness less than or equal
to the projectile diameter; moderately thick, which is generally up to several times the
projectile diameter; or semi-infinite, where total penetration is assumed to never occur. In this
present analysis work validation is done for three cases of different target thickness and L/D
ratio.
1.6.1 Analytical Models
Some of the earliest analytical models were developed for moderately thick targets
impacted by rigid projectiles, the simplest of which are one-dimensional and one stage and
are derived from energy and momentum balance equations [3]. Awerbuch and Bodner [4]
refined the one-stage model into a three-stage, one-dimensional model. This model, coupled
with the one-stage model equation, can be used to determine the residual velocity of the
projectile. However, it is only applicable to thick targets and rigid projectiles. Later, Ravid
and Bodner [5] published a five American Institute of Aeronautics and Astronautics 3-stage,
two-dimensional model. The main differences between the five-stage and three-stage models
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are that the five stage model eliminates physical ambiguities and empirical factors and allows
for target failure modes other than plugging.
1.6.2 Finite Element Models
With the widespread use and increased power of computers physics-based numerical
analyses of impact problems has become possible. Examples of numerical methods used are
the finite difference and the finite element methods, either using an Eulerian (fixed) or
Lagrangian (deformable) mesh. Currently the most widely used codes are finite element with
Lagrangian meshing [6]. While there have been many numerical analyses of impact, they
typically involve either low velocities (1000 fps or slower), hypervelocity impact (beyond
10,000 fps), non-blunt projectiles, long rods, or penetration but not perforation of the target.
A series of impact and penetration simulations were performed by Sedgwick et al in 1978
using the HELP 2-dimensional Eulerian continuum mechanics code. Impact between steel
cylindrical projectiles impacting thin aluminum plates was modeled. At high velocities the
residual velocities predicted by the model compared well with experimental results, but
experimental data scatter at lower velocities impaired accurate comparisons [7]. In 1984,
Hallquist [8] conducted a simulation of impact between a rigid sphere and a thin elasticplastic plate using DYNA-3D. No experimental data was published, but the failure
mechanism for the plate functioned correctly. Chen [9] performed a series of eight tests in
1989 to verify that a Langrangian code, PRONTO-2D, could accurately predict the residual
velocity of a conical nosed projectile after the penetration of a 2.5 cm thick, 6061-T6
aluminum target. Because the elements used to model the target would not allow the
formation of a hole between elements only a quarter of the projectile and target were
modeled, allowing elements to be pushed aside to simulate penetration. The accuracy of the
simulations was described as good but no actual numbers and percentage errors were
published.
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In 1990 Bamman [10] used DYNA-2D to predict the ballistic limit of a 6061-T6
aluminum target. The target was 3.2 mm. thick and assumed to be rate and temperature
dependent deviatoric plastic with a failure. Only two cases were conducted, but the results
were described as very accurate. In 1993 Barrett [11] used DYNA-3D to model ballistic
impact involving both aluminum and composite targets and used several different material
models. The residual velocity, number of plates penetrated, hole sizes, size of the plastically
deformed region, the projectile deflection angle, and the post impact attitude of the projectile
were examined. The results of the simulations were compared to experimental data obtained
from tests performed by the Boeing Company in the 1970s. Using a strain-rate dependent
elastic-plastic material model for the target and an elastic-plastic material model for the
projectile, he was able to predict the residual velocity of the projectile with an average error
of 32.0%, where error was defined as the difference between the experimental and simulation
residual velocities, divided by the change in velocity for the experiment. The projectiles used
were mild steel cylinders, with L/D values of between 1.03 and 4.77, and masses of 43 to 400
grains. The initial velocities used were between 537 and 2480 feet per second, with the
majority being less than 2000 fps. The target thicknesses were between 0.032 and 0.375
inches, with the majority of the targets being less than 0.125 inches in thickness. A threedimensional Lagrangian FE code was developed in 2002 by Yoo and Lee [12] in order to
analyze large deformations in contact and penetration. Comparisons were made between
experimental data and numerical results for ductile metal spheres and long rods impacting
thin ductile metal plates at high velocities. For the ballistic limit of the plates impacted by
spherical projectiles, the agreement between the simulations and empirical data was poor for
0° obliquity impact, but improved at higher obliquity angles. The long rod (L/D = 15)
comparisons were for very high velocity impacts (< 1 km/s) and the residual length and
velocity agreement between the simulations and empirical tests was very good.
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1.6.3 Penetration Equations
In general, a penetration equation is a set of equations that are used to predict the
outcome of an impact event, such as the residual velocity or mass of the projectile after
impact. Empirical penetration equations are essentially curve-fits and take the general form
f(x1, x2… xn), where x1, x2… xn are parameters such as projectile size and target thickness. It is
important to note that results of these equations are only accurate if the case for which it is
being used is close to that of the experimental data to which the equations are fit [1]. For this
work, the results of the FE simulations were compared to the predictions of two empirical
penetration equations, THOR [12] and the JTCG/ME equations for kinetic energy penetrators
[14]. Both of these sets of equations are used extensively in the vulnerability community and
are incorporated into higher level vulnerability codes such as COVART (Computation of
Vulnerable Area and Repair Time).American Institute of Aeronautics and Astronautics 4 the
THOR equations were developed under the code name “Project THOR” in the early 1960s.
For perpendicular impact of a steel projectile, the equation for the residual velocity (Vr) of the
projectile is a function of the projectile mass (M), cross sectional area (A), initial velocity
(Vi), and target thickness (t), where a, b, c, and d are empirical constants.

Vr = Vi − 10 a (tA) b M cpVi d

(1.2)

The empirical constants were determined by a least squares fit of the experimental data,
which also included oblique (non-perpendicular) impact. In the late 1970s the Joint Technical
Coordinating Group for Munitions Effectiveness (JTCG/ME) sought to ensure consistency in
the use of penetration equations for aircraft vulnerability analyses. The penetration data and
methodology available at the time was reviewed and analyzed, resulting in the “JTCG/ME
Penetration Equations Handbook for Kinetic-Energy Penetrators” [15]. For these equations,
for mild steel fragments the residual velocity is a function of the projectile initial velocity and
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presented area and the target ballistic limit, density and thickness. The ballistic limit in turn is
a function of the projectile mass and presented area, and the target density and thickness, as
well as the angle of obliquity [14].
1.7 Overview
Importance of nature of the Ballistic Impact of both Metal and Composite has been
generally recognized both on Space, Civil Aviation, and Military and Automotive industries.
Heavy metal armors are deployed for very high speed applications and composite materials
are for gaining high strength to weight ratios. Efforts are taking place to replace metals to
save overall weight of the Component. Therefore impact problems become important. A
dropped wrench, bird strike or runway debris can generate localized delaminated areas due to
foreign object damage (FOD). Because of the failure mechanism in composite, there is still
no generally accepted analytical model to predict the impact damage of composite laminates.
The micro failure modes commonly observed in composite laminates are
1. Fiber Breakage
2. Fiber Micro Buckling and Matrix Crushing
3. Transverse Matrix Cracking
4. Fiber Breakage
5. Debonding at the fiber-matrix interface
6. Delamination
The debonding and delamination can only be viewed in three dimensional representations
which were shown in this research.
As Explicit Finite Element codes improve and advanced material models finding
more application in many industries. The ability of the finite element solver to model the
damage that arises from the impact load will provide the suitability and applicability for
composite structures. The derivation of a finite element model for impact is governed by
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certain behavioral characteristics of the impact process. These damage loads often suggest
dynamic impact as an appropriate choice. Prediction of the Ballistic limit is a very difficulty
task for which complete success may not be possible. Therefore extensive experimental work
is being done to date to understand which parameters affect the impact failure in composite
structures.
1.8 Definition of the Problem
Impact and penetration of a Tool Steel projectile in to AL 2024 T-3 was performed
for the experimental data in [1]. Once the simulation results agreed with the experimental
data a parametric study was conducted to study the effect of different factors on the impact
event.
Further simulations were performed on impact of Tool Steel projectile on
Polypropylene/ E-Glass composite. Material properties were taken from work of Vaidya and
Bartus and Deka [18]
1.9 Scope of this Research
Prior to sophisticated FEA programs, experimental analysis was the instrument used
to examine impacts that exhibited any degree of complexity. Experimental analysis is
expensive and requiring many testing prototypes, test equipment, and test environment. In
high-speed or impact testing, damage or destruction of the prototype is required before
meaningful quantitative information about design can be obtained. A significant advantage of
FEA over the experimental method is the examination of a virtual prototype in a virtual
environment. This allows for a more concurrent analysis of the design during the designing
process, thus reducing engineering costs and testing while increasing product performance.
The understanding of physics involved in impacts is necessary to carry out good numerical
analyses.
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The scope of this thesis includes the analytical study of high velocity cylindrical
projectile impact on thin metal plates used in vehicle armor applications using explicit finite
element solver LS-DYNA. The simulation results are verified with experimental results.
Ballistic limit or maximum velocity of the projectile that a target can stop with penetration
was found. A parametric study is conducted to find the effects of different parameters like
velocity of the impact, plate thickness, geometry of the projectile, friction, failure strain.
Further a study is conducted on low velocity cylindrical projectile impact of laminated
composite used in body armor applications. Solid eight node hexahedral element with one
point integration was used in both the analysis. The main focus of the study is to provide
comprehensive details on the formulation of impact analysis and parameters affecting the
process.
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CHAPTER 2
MECHANICS OF PENETRATION
2.1 Introduction to Penetration Mechanics
The penetration mechanics, also known as the impact and penetration mechanics, is
an interdisciplinary subject. A comprehensive discussion of the relevant background would
be quite extensive. However, this thesis focuses on the ballistic response during the impact.
2.2 Penetration and Failure in Metal Targets
Metals are isotropic materials i.e., having same properties in all directions. Models of
penetration and perforations are based on laws of conservation and compatibility. As an
impact occurs, the kinetic energy of the projectile is imparted to the plate. Some of the energy
is used to deform the plate. Other energy is given off as light and heat, the remainder of the
energy is imparted to the fragments as kinetic energy. Measuring or determining each of
these energies is very difficult.
For penetration and perforation analysis, the only important aspect is to predict the
kinetic energy (i.e. mass and velocity) of the fragments. Once this kinetic energy is
determined, conservation of mass and energy, sometimes in terms of momentum, is applied
to the projectile/target system. The analysis is still quite complex because the events that
occur at the projectile/ target interface are somewhat unknown. Although many studies have
been performed, only highly controlled velocities, shapes, sizes and trajectories have been
examined. As a result, numerous approximations and assumptions must be made in order to
apply to these analyses to fragments. Impact is a much localized phenomenon. Stress and
strain effects are usually limited to within 3-6 projectile diameters of the impacted zone [18].
Impacted target materials may fail by a combination of several modes including spalling,
plugging, petaling, ductile or brittle fracture, and adiabatic shearing. Figure 12 shows some of
these failure modes.
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Figure 2.1 Common failures occurring in projectile impact [3]
A target is considered thick if the distal boundary is influential only after substantial
travel of the projectile into the target. For thin targets distal side responds immediately for
impact on the frontal side. Spalling is tensile failure of the target material due to the reflection
of the initial compressive waves from the far side of the target. Failure by spalling can occur
on either the front or back of a target and is characterized by the formation of petals or ejects.
In ductile failure, the impact impulse overcomes the peripheral dynamic shear strength of the
target material, pushing it outward and toward the impact surface to form a crater that is
much larger than the projectile diameter [21]. At the same time, the projectile pushes into the
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target, and there is hydrodynamic erosion and inversion of the penetrator material against the
preceding face of the target.
The penetration process due to high-velocity impact can be represented by four
phases: transient, primary penetration, secondary penetration, and recovery [22]. The first, or
transient, phase is characterized by a very short pressure spike and occurs when the projectile
first contacts the target surface. The primary penetration phase is described as the period
during which the projectile acts as a contributing force, imparting its kinetic energy to the
target in a hydrodynamic manner. The secondary phase (more than one phase may occur
simultaneously), sometimes referred to as cavitation, begins after the projectile is completely
deformed and effectively removed from the system as a source of energy. It is marked by
target deformation not caused directly by the KE of the projectile material. Instead, the
energy density behind the expanding shock wave continues to deform the target material. The
fourth, or recovery, phase refers to the period during which the crater recovers or contracts
slightly. Material just below the target surface anneals and re-crystallizes.
Projectile failure occurs simultaneously with target failure. Thus, penetration models involve
both things. The projectiles deform and flatten/spread out as they strike the target, generating
high resisting contact forces. For low L/D ratios, either model gave reasonable predictions.
Expectedly, this also suggests that a combination of both phenomena actually takes place.
Another penetration model is similar to the erosion model, but of a more
hydrodynamic nature. The particular treatment here is taken from [24]. In this model, the
front end of the projectile and the impacted surface are modeled as flowing liquids. The
regions directly behind these surfaces are then modeled as rigid bodies. The projectile is
consumed from the impact end as it penetrates the target material and is transformed into a
Further it predicts that most of the impacted target material is displaced forward and outward
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by the projectile during penetration and that a small amount is ejected backwards. Maximum
strain criterion is used to show the failure of the material.
In present analysis no data is available regarding the deformation of the projectile and
mass loss of the projectile, so the projectile’s deformation is ignored in the target. In the event
of Impact there is an exchange of energy takes place.

E trans = IE plate + KE plate + KE eroded + IE eroded

(2.2)

Law of Conservation is observed in any physical phenomena. Kinetic energy of the
projectile is spent in raising the internal energy and kinetic energy of the plate and some part
of the energy is lost in the form of eroded material. This is described by the equation (2.2),
where E, IE, KE denote total energy, internal energy, kinetic energy, subscripts trans and
plate denote transmitted and related to plate. The superscript eroded denotes eroded mass.
Blunt projectiles like cylinders are found to cause plugging because of pure shear failure,
while the conical projectiles are found to cause petaling effect. The amount of energy
dissipated also differs with the geometry.
2.3 Composite Failure and Damage
Composites are orthotropic materials i.e., having different properties in perpendicular
directions. Parameters which significantly affect the properties of a composite are shape, size,
orientation and distribution of the reinforcement and various other features such as matrix,
grain size in case of polymer matrix composites. These together with volume fraction
constitute what is called the microstructure of the composite. The orientation of the
reinforcement within the matrix affects the isotropy of the system. When the reinforcement is
in the form of equiaxial particles, the composite behaves essentially as an isotropic material
whose elastic properties are independent of direction. Manufacturing process may result in
different orientation of the reinforcement and hence the loss of isotropy; thus composite
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becomes anisotropic in nature. High velocity impact will cause localize compression of the
composite and subsequently shearing the fibers and spalling of the resin during impact, the
fibers take the shear loading. Once the projectile has slowed, the composite deforms causing
fiber stretching, pullout, and delamination of the composite layers (plies) and thus lower load
carrying ability.

Figure 2. Rigid projectile impacting a composite [4]
2.4 Failure Theories for Composites
Macro mechanical failure theories have been proposed adapting isotropic failure
theories that account for anisotropy in stiffness and strength of the composites.
a) Maximum stress theory: The maximum stress criterion of the corresponding to the
strength in fundamental failure modes. If any of the limits exceed the corresponding
stress value, material is deemed to have failure when
σ1 = F1t when σ1>0

(2.3)

= -F1c when σ1<0

(2.4)

σ 2 = F2t when σ1>0

(2.5)

= -F2c when σ1<0

(2.6)

│τ6│= F6

(2.7)

Where
F1t is the longitudinal tensile strength
F1c is the longitudinal compressive strength
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F2t is the transverse tensile strength
F2t is the transverse tensile strength
F2c is the transverse compressive strength
F6 is the shear strength
b) Maximum strain theory: Unlike the maximum shear stress theory, maximum strain
criterion merely substitutes strain in the above mentioned five criteria. Failure occurs
when strain components along the principal axes exceed the corresponding ultimate
strain I that direction. There fore failure has occurred in the composite laminate when
ε1 = ε1tu when ε1>0

(2.8)

= ε1cu when ε1<0

(2.9)

ε2 = ε2tu when ε2>0

(3.0)

= ε2cu when ε2<0

(3.1)

γ6 = 2│ε2│= γ6u

(3.2)

Where
ε1tu is ultimate longitudinal tensile strain
ε1cu is ultimate longitudinal compressive strain
ε2tu is ultimate transverse tensile strain
ε1tu is ultimate longitudinal tensile strain
γ6 is ultimate in-plane-shear strain
c) Chang-Chang Composite Failure model: Five material parameters are used in three
failure criteria. These are:
1. S1, longitudinal tensile strength
2. S2, transverse tensile strength
3. S12, shear strength
4. C2, transverse compressive strength
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5. α, nonlinear shear stress parameter
S1, S2, S12 and C2 are obtained from material measurement. Α is defined by material shear
stress-strain measurements. In plane stress, the strain is given in terms of the stress as

ε1 =

1
(σ 1 − ν 1σ 2 )
E

(3.3)

ε2 =

1
(σ 2 − ν 2σ 1 )
E

(3.4)

2ε 12 =

1
τ 12 + ατ 123
G12

(3.5)

Where ε, σ, ν, τ denote Strain, Principal stress, Poisson’s ratio, Shear stress and subscripts
denote the principal directions. The third equation defines the nonlinear shear stress
parameter α
The fiber matrix shearing term augments each damage mode:

τ 122

3
+ ατ 124
2G
4
τ = 212
S12
3
+ αS124
2G12 4

(3.6)

Failure is assumed whenever
Fmatrix

⎛ σ
= ⎜⎜ 2
⎝ 2 S12

2
⎡⎛ σ
⎞
⎟⎟ + ⎢⎜⎜ 2
⎢⎣⎝ 2 S 12
⎠

2
⎤σ
⎞
⎟⎟ − 1⎥ 2 + τ
⎥⎦ C 2
⎠

(3.7)

Failure is assumed whenever Fcomb>1. If Fcomb>1, then the material constants E2, ν1, ν2 are
set zero.
Very little work was performed in the development of a numerical model for fiberreinforced layered composites. Therefore further study on composite targets was
conducted to study the response in ballistic impact event. Unlike metals, composites lose
structural integrity and strength with an impact. A key element in this development effort
was in identifying and quantifying the different failure modes as the projectile penetrates
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the composites. A schematic of these processes is shown in Fig. 2. The initial penetration
zone is dominated by punching shear failure, followed by ply tensile failure and then
delamination.

Figure 2.3 Schematic of failure modes at different depths of the laminate
A, B, C represent the Transverse Shear, Tensile and Delamination regions of the
impacted Composite [5]
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CHAPTER 3
FINITE ELEMENT FORMULATION
3.1 Introduction to FE Codes

Today good numbers of FE codes are now available in commercial market that are
capable of performing challenging engineering problems making use of the advanced
computational capabilities offered by modern day processors. Some of the popular FE
processors are LS-DYNA, MSC DYTRAN, MSC NASTRAN, ABAQUS, ANSYS, MSC
MARC, COSMOS, I-DEAS. Pre-processors like MSC PATRAN, HYPERMESH and
MENTAT are capable of generating finite element models for the codes mentioned above.
Apart from performing they are capable of general post processing and time history
processing.
In current analysis MSC PATRAN is used as main pre-processor LS-PREPOST
which has options for adding the cards for preparation of the code for processing in
LS-DYNA which is the processor and LS-PREPOST as the post processor.
Finite element analysis involving short-time large deformation dynamics such as
crashworthiness evaluation requires the solution of transient dynamic problems over a short
time length. Explicit and implicit solution techniques or a combination of both have been
used as the basis for FE crash codes. Explicit computational algorithms typically used the
central difference method for integration, wherein the internal and external forces are
summed at each node point, and a nodal acceleration is computed by dividing by the nodal
mass. The solution is advanced by integrating this acceleration in time.
The implicit method uses the Newark forward difference method for integration [22],
whereby a global stiffness matrix is computed, inverted, and applied to the nodal out-of
balance forces to obtain a displacement increment. The advantage of this method is that timestep size may be selected by the user. The disadvantage is the large numerical effort required
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to form, store, and factorize the stiffness matrix. The major practical difference between the
explicit and the implicit solution technique is the requirement on the time step size, Δt.
The explicit solution technique is stable only if time-step Δt is smaller than Δtcr (Δtcr
is the critical time step for shell elements, is given by Δtcr =Ls / C, where Ls is the
characteristic length and c is the speed of sound, C = E / ς (1 −ν 2 ) ). The implicit 45 method
is not bound by the time-step size and is therefore unconditionally stable for larger time steps.
Hence an implicit solution typically involves a large number of expensive time steps.
Although the number of time steps required for an explicit solution can be larger than that of
implicit methods, the small time-step size requirement makes the explicit method suitable for
short transient solutions. The major advantage of the explicit method is that there is no
requirement for solving simultaneous equations, which means that no global matrix inversion
is required, thus reducing computational time.
3.1.1 Time Integration

High-speed/impact is certainly a dynamic event. Time integration routines are
required in numerical analysis to solve for accelerations, velocities, and displacements of the
dynamic problem, characterized by the system equation:
M

d2
u + Ku = F (t , u )
dt 2

(3.1)

Where M is the system mass matrix, K is the system stiffness, and u is the system
displacement vector to a load vector of F. The time-step method may be classified as either
explicit or implicit. Explicit methods are usually used in central deference, while implicit
methods are usually incorporated into FE analysis. In an explicit scheme, the next time step
of nodal displacement u can be determined by the preceding time steps of displacements.
Using central difference equations, the velocity and acceleration are expressed as

d
u
dt

j +1

=

1
(u
Δt

j +1

− u j)

(3.2)
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1 d
d
d2
[ u j +1 − u j −1 ]
uj =
2
2Δt dt
dt
dt

(3.3)

Where j is the current step, j+1 is the next step, and j-1 is the previous step in time. Δt
is the increment between time steps. Substitution of the current time step j for the velocity
and acceleration from equations (3.1) and (3.2) yields an equation for the displacement at the
next time step J+1 of
Mu j +1 = Δt 2 F j + (2 M − Δt 2 K )u j − Mu j −1

(3.4)

With uj+1 known, the j+1 velocity can be known and the j acceleration determined between
the past data value (j-1) and the future data value j+1. A careful time step-size must be
selected in order to provide stability to explicit algorithms. Usually LS-DYNA calculates the
time step-size automatically. The time step-size should decrease in order for the solution to
be stable.

Figure 3.1 Graph showing load rise time [6]
3.2 Classification of Loading

Four classification of loading are generally recognized in engineering: is static,
fatigue, high-speed/rapid loading and impact or shock. These classifications are categorized
by the rate of loading or the rise time upon the mechanical System or component. Figure 15
shows the diagram that defines the load rise time on a system. Static and Fatigue Loading:
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Static loading occurs when the rise time of the load is three times greater than the
fundamental period (Tn) of the mechanical system. The usual methods of analyses of stress,
strain, and displacements along with static material properties are used to analyze the system.
Fatigue loading is a time-varying load whose rise time from one magnitude to another
magnitude still remains greater than three fundamental periods.
High Speed or Rapid Loading: This occurs when the rise time of load applications
ranges between 1.5 to 3 times the fundamental periods of the mechanical system. Vibration
methods of stress and deflection analysis should be used in the loading category. Impact
Loading: If the time of load application is less than 0.5 times the fundamental period of the
mechanical system, the loading is defined as impact. The static methods of stress, strain, and
deflection analysis are meaningless under impact conditions. This is due to propagation,
reflection, and interference of elastic/plastic waves traveling within the engineering solid.
Accurate calculations of stresses and strains most of be based on wave analysis methods,
which are exceedingly complex for practical use, and thus must be solved for a limited
number of simple cases. Other methods such as contact mechanics, energy methods, and FEA
must be used to estimate the effects of impact analysis on mechanical systems that exhibit
complexity.
Reasons for using the FEA Method in High Speed and Impact Loading conditions are
analytical methods are useful in making predictions and understanding the dominant features
of impact problems, given the engineering problem can be simplified to a simple geometry.
Thus, geometry complexity limits the use of analytical methods.
In general, high-speed/impact problems present a complexity of geometry, stiffness,
mass distribution, impact angle, contact areas, and multiple impacts. In these cases, the only
tool for complex analysis of impact or high-speed is some form of numerical methodology.
Two classes of numerical methods exist for the analysis of impact problems- the finite
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difference method and the finite element analysis method. The finite difference method has
the advantage of examining hypervelocity (high velocity) impacts involving severe damage
or plastic flow and analogous to fluid flow/elastic deformation. FEA is applicable to slowerimpact scenarios and as the advantage in addressing irregular geometries and boundary
conditions.
3.3 Lagrangian Approach

In Lagrangian coordinate system the coordinates move with the material, it is suitable
for following the regions of relatively low distortions and possibly large deformations. The
Lagrangian coordinate system will deform with material and therefore accurately define
material interfaces as shown in figure (3.2) below. The history of the state of the material in a
cell is known completely. Compared to the Eulerian method the Lagrange method tends to be
faster computationally as no transport of the material through the mesh needs to be calculated
thus saving computation time. Draw back in Lagrangian formulation is excessive distortion
leading to much smaller time steps. But using proper element deletion criteria the advantages
of Lagrangian formulation can be utilized.

Figure 3.2 Undeformed and Deformed shading in Lagrangian coordinate systems.
Different colors represent different materials. [7]
Other Approaches of Formulation
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Other popular methods of formulation are Eulerian, Discrete Lagrangian formulation and
Smooth Particle Hydrodynamics. Eulerian meshes are stable because they can sustain large
deformation and also flow calculation is possible. But need a very fine mesh, the
computational cost is high compared to Lagrange and also materials borders are unclear.
Compared to the Eulerian method the Lagrange method tends to be faster computationally as
no transport of the material through the mesh needs to be calculated thus saving computation
time. Discrete element method can be efficient, but the computation cost is very high because
breakable spotwelds should to be defined. Smooth Particle Hydrodynamics approach
produces a better result but the final state of the failed element cannot be known. It doesn’t
have tensile stability. So it can be concluded that the Lagrange formulation with effective
plastic strain can be the best of the choices with least computation cost for high speed
impacts.
3.4 Solid Element Formulation

Figure 3.3 Eight node hexahedron solid element [6]
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Single point integration solid is used in the element formulation to save computational time
which is not possible in case of fully integrated solids. Fully integrated solids may be used in
the case of materials with higher Poisson’s ratios.
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CHAPTER 4
FINITE ELEMENT MODELING OF PROJECTILE IMPACT MODEL
4.1 Modeling Details

In this analysis the plate material is AL2024 T-3 projectile material is Tool Steel.
Actual plates dimensions are not available so preliminary runs were conducted to model the
plate to exactly behave as in real world scenario. To understand the effect of L/D ratio
experiments were run for different thicknesses and L/D ratios [1].The target is a square plate
and the bullet is a cylinder. The actual dimensions of the AL 2024 T-3 plate are not provided
in the experimental data. Finite element model is prepared in PATRAN and key file is
generated for LS-DYNA. In impact event the damaged area is localized so one way biased
meshing is used. Experimental can be obtained from [1].
So preliminary analysis runs were conducted to find out the effect of plate dimensions
and constraints. As the event is high speed one it has been found that the boundary conditions
have negligible effect. But even then boundary conditions are not found to contribute towards
the failure results. Reduction in the plate dimensions and symmetric boundary conditions
reduced the computation time. Since the impact is much localized, one way biased meshing is
implemented which allows dense in the impacted region and coarse mesh at the edges saving
computation cost. The cylinder is modeled by extruding the butterfly meshed circular lamina.
The problem can be also modeled with shell modeling approach with through
thickness integration points. Though shell modeling approach provides details of transverse
loading phenomena, it cannot exhibit transverse deformations in out-of-plane loading. Solid
modeling approach (hexagonal solid element) is used in modeling both the target and the
bullet so that it shows exact through thickness deformation and realistic view of the event.
Single point element formulation is used as it is much stable. Moreover the model doesn’t
contain any materials with Poisson ratio close to 0.5, which eliminates the need for fully
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integrated solid formulations. Lagrangian 3-D codes are very effective for analyzing
penetrations and deformations. So Lagrangian approach is being used in our present case to
study the deformation that is occurring during the impact.
Although there is no experimental data is available to compare stresses generated
during impact to those given by the simulations, stress plots from the simulation do provide
some validation that FE model created is behaving as expected. Plots from the stress strain
curves show stress waves being propagated to edges and then reflected back towards the
center of the target. In this analysis rigid body formulation is used for the projectile No
deformations are taken into consideration so density of the material is the only thing that
plays an important role as the density is related to mass. Hence just varying the density we
can vary the mass of the projectile.
4.2 Finite Element Models of AL2024 T-3 Target and Tool Steel Projectile

In order to save computational time and to take advantage over symmetry of the target
and the projectile are modeled as quarter models by invoking symmetric boundary
conditions. Since the impact is much localized the impacted region is meshed densely and
rest is meshed coarsely with the help of one-way biased technique, this saves a lot of
computation time. Through thickness meshing is kept uniform. Proper care is taken to
maintain lesser aspect ratio. Initially a 2-dimensional mesh is generated and swept along the
normal direction.
In the figure 4.1 one way biased meshing is shown. Proper care was taken to maintain
aspect ratio less than 5. In figure 4.2 butterfly meshing is shown. Projectile-Plate impact
model with symmetric boundary conditions

32

Figure 4.1 Quarter model of AL 2024 T-3 plate with one way biased meshing

Figure 4.2 Quarter model of cylinder with butterfly meshing
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Figure 4.3 Quarter model with symmetric boundary conditions
4.3 Material Properties and Dimensions of the Metal Plate and Projectile

Table 4.1describes the properties of AL 2024 T-3, the plate material. The tangent modulus in
the table is used to account for the bi-linear behavior of the material.
Table 4.1 Material properties of AL 2024 T-3

Density, ρ

2780 kg/m3

Young’s Modulus, E

73.1E9 Pa

Poisson’s Ratio,ν

0.3

Tangent Modulus, Etan

1.47E9 Pa

Yield Strength, σ

345E6 Pa

Table 4.2 describes the material properties of the projectile, Tool Steel.
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Table 4.2 Material properties of Tool Steel

Density, ρ

7924 kg/m3

Young’s Modulus , E

210E9 Pa

Poisson’s Ratio, ν

0.28

Table 4.3 describes the geometric detail of the Plate.
Table 4.3 Dimensions of AL 2024 T-3 Plate

Length

82.5 mm

Width

82.5 mm

Thickness

3.175 mm

Table 4.4 describes the geometric details of the Projectile, L/D denotes the length to diameter
ratio of the cylinder.
Table 4.4 Dimensions of Tool Steel Projectile

Diameter (mm)

7.5946 mm

L/D

0.713

4.4 Composite modeling

Similar to AL 2024 T-3 plate the composite plate is also modeled in PATRAN the
key-file is generated for LS-DYNA. The Ply to Ply contact is defined using AUTOMATIC
CONTACT ALGORITHM with friction equal to 0.1. A [90]s, which symmetric layup of
alternating 0◦ and 90◦ plies was used. The material models used for composite
MAT_COMPOSITE_DAMAGE does not support failure and deletion of the elements from
the calculation. This results in sever distortion of the elements and fall in time step size.
Sometimes it might result in termination of calculation as the software cannot decrease the
time step anymore. In order to overcome this problem MAT_ADD_EROSION feature of LSDYNA is used this helps in removal of the elements that are approaching element distortion.
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The figure 4.4 shows the eight plies of the composite laminate in a sequence.
Coloration is given to each ply to differentiate between individual plies.

Figure 4.4 8 Ply Composite Laminate
Figure 4.5 shows fine meshing of the impacted region and coarse meshing at the

edges.

Figure 4.5 one way biased meshing of the plate
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Figure 4.6 Meshed Projectile

Figure 4.6 shows the meshed model of the projectile with butterfly meshing.
4.5 Material Properties and Dimensions of Composite Plate and Tool Steel Projectile

Material properties of Polypropylene/E-Glass composite are shown in table 4.5, XT, YT, ZT ,
denote the tensile strength in X, Y, Z directions, Yc denotes the compressive strength in Y
direction and SC denote the shear strength in X-Y plane.
Table 4.5 Material properties - Polypropylene/E-Glass [21]

Density

1850 kg/m3

E11, E22

14E9 Pa

E33

5.3E9 Pa

G12

1.8E9 Pa

G31, G32

0.75E9 Pa

ν 21

0.08

ν31

0.14

ν 32

0.15

XT

0.45E9 Pa

YT

0.45E9 Pa

ZT

0.15E9 Pa
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YC

0.25E9 Pa

SC

0.032E9 Pa

Table 4.6 shows the material properties of the Projectile, Tool Steel.
Table 4.6: Material Properties of Tool Steel

Young’s Modulus, E

210E9 Pa

Poisson Ratio

0.28

Density

7870 kg/m3

Table 4.7 describes the geometry of a single ply of the composite laminate.
Table 4.7 Dimensions of Single ply

Length

50mm

Width

50 mm

Layer Thickness

0.68 mm

Table 4.8 denotes the dimensions of the projectile which is a cylinder
Table 4.8 Dimensions of Projectile

Radius

6.35 mm

Length

3.25 mm

4.5 Description of Cards

LS-DYNA is a highly developed Numerical code; it consists of vast library of
features. Every feature in LS-DYNA is described by a Card. Various material models are
designed to suit the different materials and fields of application.
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In this research work mainly MAT_PLASTIC_KINEMATIC, MAT_RIGID,
MAT_COMPOSITE_DAMAGE are used.
4.5.1 MAT_PLASTIC_KINEMATIC

Material model MAT_PLASTIC_KINEMATIC was used to model the target. It has a
provision for element deletion with element failure strain when set to certain value. This
helps in removal of failed elements from calculation thus decreasing the computation time.
Isotropic hardening or kinematic hardening or combination of the both can be used by
varying a parameter β from 0 to 1. In isotropic hardening, the center of the yield surface is
fixed but the radius is a function of the plastic strain. In kinematic hardening, the radius of the
yield surface is fixed but the center translates in the direction of the plastic strain.
4.5.2 MAT_RIGID

This material provides a convenient way of turning one or mode parts comprised of
beams, shells, or solid elements into rigid body. Approximating a deformable body as rigid is
a preferred modeling technique in many real world applications. Elements which are rigid are
bypassed in the element processing and no storage is allocated for storing history variables;
consequently, the rigid material is very cost efficient.
4.5.3 MAT_COMPOSITE_DAMAGE

The material model used for Composite should have orthotropic material properties
and also failure criteria. Chang-Chang Composite Failure Model developed by Chang is
damage model. MAT_COMPOSITE_DAMAGE model failed elements are not deleted from
computation. Since Lagrangian formulation is used severe distortions due to large
deformations of even one element will drastically reduce the time step size needed to find a
stable solution of the governing equations that will either stop computation or make them
extremely slow. This phenomenon is overcome by using MAT_ADD_EROSION, regarding
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the material in the element to have failed when maximum principal strain is reached at its
centroid and deleting the failed element from the analysis.
4.5.4 INITIAL_VELOCITY_RIGID_BODY

Velocity for the bullet is given with INITIAL_VELOCITY_RIGID_BODY this card
gives velocity to all the nodes of the body and overrides any individual nodal velocities.
4.6 Modeling Contact

Contact treatment forms an integral part of many large-deformation problems.
Accurate modeling of contact interfaces between bodies is crucial to the prediction capability
of the finite element simulations. LS-DYNA offers a large number of contact types. Some
types are for specific applications, and others are suitable for more general use. Many of the
older contact types are rarely used but are still retained to enable older models to run as they
did in the past. Users are faced with numerous choices in modeling contact. This document is
designed to provide an overview of contact treatment in LS-DYNA and to serve as a guide
for choosing appropriate contact types and parameters.
4.7 How Contact Works

In LS-DYNA, a contact is defined by identifying (via parts, part sets, segment sets,
and/or node sets) what locations are to be checked for potential penetration of a “slave” node
through a “master” segment. A search for penetrations, using any of a number of different
algorithms, is made every time step. In the case of a penalty-based contact, when a
penetration is found a force proportional to the penetration depth is applied to resist, and
ultimately eliminate, the penetration. Unless otherwise stated, the contacts discussed here are
penalty-based contacts as opposed to constraint-based contacts. Rigid bodies may be included
in any penalty-based contact but in order that contact force is realistically distributed, it is
recommended that the mesh defining any rigid body be as fine as that of a deformable body.
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Though sometimes it is convenient and effective to define a single contact that will handle
any potential contact situation in a model, it is permissible to define any number of contacts
in a single model. It is generally recommended that redundant contact, i.e., two or more
contacts producing forces due to the same penetration, be avoided by the user as this can lead
to numerical instabilities [23].
4.7.1 CONTACT_ERODING_SURFACE_TO_SURFACE

Erosion criterion in the contact provides additional advantage by deleting failed
elements from the calculation. It incorporates additional features like allocation of storage so
that erosion can occur, treatment of solid elements basing on boundary.
4.7.2 CONTROL_TIMESTEP

In explicit analysis LS-DYNA computes its own time step. Lagrangian formulation
users often come across messages of negative volume and abnormal termination. The time
strep scale factor in CONTROL_TIMESTEP has a default value of 0.9 which is not sufficient
for a stable calculation. So the TSSFAC value may be lowered to 0.67 for a stable
calculation.
4.7.3 CONTROL_CONTACT

This card allows controlling the sliding interface penalties in case of contacts. Small
interpenetration does happen always and obvious in case of high speed or impact loading.
So value of SLSFAC may be raised beyond 0.1. Besides this it allows controlling the friction,
contact thickness and offsets.
4.7.4 DATABASE_BINARY _D3PLOT

This card plots output data at predefined intervals of time. This helps in user to animate the
different stages of analysis by animation.
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4.7.5 CONTROL_HOURGLASS

This option switches the hourglass formulation. By default LS-DYNA controls the hourglass
modes with available equal to 0.1. But for the present problem an hourglass coefficient of 6
and variable of 1 is very effective in preventing negative volumes and controlling the zero
energy modes.
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CHAPTER 5
RESULTS AND DISCUSSIONS
5.1 Validation

The proposed model was analyzed in LS-DYNA for given loading and boundary
conditions. The outputs were studied in post processor LS-PREPOST and were compared
with results in literature and good correlation was found between the simulation and results of
Staley and Baker [1]. Table 5.1 shows three different cases of the impact. Residual velocity
of the impacted projectile is the only data provided in the experimental data. The simulation
results were in good agreement with the experimental values.
Table 5.1 Cases analyzed with FEA and compared with experimental results

Case

Mass
(kg)

Projectile
Diameter
(m)

1

0.001943

0.0075946

0.713

.003175

2

0.01555

0.0149098

0.767

0.0127

3

0.01555

0.0149098

0.767

0.00476
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L/D

Plate Thick ness
(m)

Table 5.1 (cont’d): Cases analyzed with FEA and compared with experimental results

Cases

Incident
velocity (m/s)

Experimental
Residual Velocity
(m/s)

Simulation
Residual velocity
(m/s)

Percentage
Variation

1

1115.8728

545.896

540.40

1.017

2

1495.9587

630.936

700.5658

9.93

3

1791.3096

1739.4936

1830.9

4.992

5.2 Parametric study

A Parametric study was performed to understand the variation of the ballistic
response. Following cases in the tables were studied on validation case no. 1 of table 5.1.
table 5.2 describes the three cases with variation velocities and case 4 of Ballistic limit.
Ballistic limit was found by trial and error method. The remaining parameters like target
thickness, projectile mass, projectile geometry, failure strain are kept constant.
Table 5.2 Case: Velocity variation

Case no Velocity (m/s)
1

1200

2

1250

3

1300

4

Ballistic Limit

The table 5.3 describes the case of varying mass of the projectile for the model in case no. 1of
table 5.1. The mass of the projectile is scaled by scaling the density of the projectile. The
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remaining parameters like target thickness, projectile mass, projectile geometry, projectile
velocity, failure strain are kept constant.
Table 5.3 Case: Projectile Mass variation

Case no

Mass(kg)

1

0.00259

2

0.003239

3

0.003887

To understand the affect of geometry in impact on plate, shape of the projectile is changed to
spherical geometry for the validation case no.1 of the table 5.1.Two sphere diameters are
studied as shown in table 5.4. The remaining parameters like target thickness, failure strain
are kept constant.
Table 5.4 Case: Geometry variation (Sphere)

Case no Radius(m)
1

0.1495

2

0.2

For the model in validation case no.1, the projectile geometry is changed to sphere to a radius
0.2 in and velocity is varied as shown in three cases shown in table 5.5 keeping all the other
parameters as constant.
Table 5.5 Case: Spherical Projectile velocity

Case no Velocity(m/s)
1

1115.873

2

1200

3

1250
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For the validation case no.1 table 5.1, failure strain of target material is varied to observe the
effect on the impact result keeping all other parameters constant.
Table 5.5 Case: Failure Strain Variation

Case no Failure strain
1

1.75

2

1.80

3

1.90

Three cases were studied for composite by varying the incident velocities as shown in the
table 5.6
Table 5.6 Case: Projectile Residual Velocity Variation in Composite Plate Impact

Case no Velocity (m/s)
1

125

2

187

3

200

Figurative description of all the above mentioned cases was shown in the next section.
Each case is expressed diagrammatically in four stages. Residual velocity of the projectile,
kinetic energy of the projectile and the internal energy rise in the target were plotted for each
of the cases.
Experimental work of this research doesn’t have any data related to stress and strain
of the plate. No information was stated regarding the deformation of the projectile. So kinetic
energy of the projectile and internal energy rise in the plate are used to study the energy
distribution.
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5.3 Validation case 1

Figure 5.1.1 Plate deformation

Figure 5.1.2 Residual Velocity of the Bullet
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Figure 5.1.3 Kinetic Energy Lost by the bullet

Figure 5.1.4 Internal energy rise in the plate
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From the figure 5.1.1 the sequence of stages of impact can be seen. Global bending or
dishing is observed in the third stage. The residual velocity curve depicted by the figure 5.1.2
shows linear variation up to 0.05 milliseconds and there by there was an influx up to 0.6
milliseconds. This may be due to the shearing action caused during plugging. Following the
Law of conservation of momentum, exchange of energies takes place between the projectile
and the plate. It can be observed from the figure 5.1.3 which shows kinetic energy lost by the
projectile and figure 5.1.4 which shows the internal energy gained by the plate.
5.3.2 Validation Case 2

Figure 5.2.1 Plate deformation

The figure 5.2.1 shows the sequence of stages of impact event. It can be observed that
the target does not undergo much deflection in normal direction. Instead of dishing little
spalling can be observed around the area of the impact.
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Figure 5.2.2 Residual velocity of the projectile

Figure 5.2.3 KE lost by bullet

The figure 5.2.2 shows residual velocity of the projectile, the profile of the curve
appears different from the previous case. The influx was found to be less and curve goes
almost linear. The kinetic energy lost by the plate was depicted in the figure 5.2.3 and
internal energy gained by the projectile was given by figure 5.2.4.
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Figure 5.2.4 IE rise in the Plate
5.3.3 Validation: Case 3

Figure 5.3.1 Plate deformation
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Figure 5.3.2 Residual velocity of Bullet

Figure 5.3.3 KE lost by Bullet

Figure 5.3.4 IE rise in the Plate
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The figure 5.3.1 shows the sequence of stages of impact of the plate. In comparison
with two previous cases the dishing was found to be comparatively less. Spalling was to be
more compared to other case this can be because of higher thickness of the target. The
amount of energy lost to the eroded mass increases with the thickness.
5.4 BALLISTIC LIMIT

Figure 5.4.1 Plate deformation

Figure 5.4.1 above shows the plate in validation case no.1 of table 5.1 at the ballistic limit. It
clearly explained the behavior of the plate at the ballistic limit. The phenomena of dishing
took place which could be seen in the last stage of the sequence. The dishing or stretching
was at its maximum in the case of ballistic limit.
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Figure 5.4.2: Residual velocity

Figure 5.4.3 KE lost by projectile

Figure 5.4.2 shows the velocity degradation as the projectile was completely stopped
by the target .Figure 5.4.3 shows kinetic energy of the projectile was completely lost by the
projectile in duration of 3 milliseconds. Following the Law of Conservation the kinetic
energy lost by the projectile was gained by the target as shown by internal energy rise in the
figure 5.4.4. Some portion of energy may be lost to friction and heat generation.
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Figure 5.4.4 IE gained by plate
5.5.1 Case: Projectile Mass: 0.00259kg

Figure 5.5.1 Plate deformation
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Figure 5.5.2 Residual velocity of Bullet

Figure 5.5.3 KE lost by Bullet

Figure 5.5.1 shows the impact sequence when projectile in the validation case 1 of
table 5.1 was increased to 0.00259 kg. The figure 5.5.2 shows the velocity degradation with
respect to time. The residual velocity increased compared to the validation case 1. The
projectile reaches stable velocity soon after 0.5 milliseconds.

56

Figure 5.5.4 IE rise in the Plate
5.5.2 Case: Projectile mass: 0.003239 kg

Figure 5.6.1 Plate deformation

The figure 5.6.1 shows the stages impact event with mass of projectile increased to
0.003239kg in the validation case 2.
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Figure 5.6.2 Residual velocity of projectile

Figure 5.6.3 KE lost by projectile

Figure 5.6.2 shows the velocity degradation of the projectile with respect time
residual velocity increased to 821 m/s. Figure 5.6.3 shows the amount of kinetic energy lost
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by the projectile. The amount of internal energy gained by the plate was shown by the figure
5.6.4.

Figure 5.6.4 IE rise in the Plate
5.5.3 Case: Projectile Mass: 0.003887kg

Figure 5.7.1 Plate deformation
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Figure 5.7.1 shows the stages of impact projectile of mass increased to 0.003887kg in the
validation case 1 of table 5.1

Figure 5.7.2 Residual velocity of Bullet

Figure 5.7.3 KE lost by Bullet

From the figure 5.7.2 the residual velocity of the projectile increased to 882m/s with
increase in projectile mass. The kinetic energy lost by the bullet and the internal rise in the
target are shown in the figure 5.7.3 and figure 5.7.4 respectively. The amount of internal
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energy rise in the target doesn’t appear to increase much. This shows that there was constant
energy absorption by the eroded mass.

Figure 5.7.4 IE rise in the Plate
Projectile Mass Variation
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Figure 5.7.5 Residual velocity variation with variation in projectile mass
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The three cases of the varying mass of the projectile as tabulated in table 5.2 can be
summarized as shown in the figure 5.7.5. Increase in residual velocity with increase in mass
of the projectile increases.
5.6.1 Case: Projectile Velocity: 1200 m/s

Figure 5.8.1 Plate deformation

Figure 5.8.1 shows the sequence of stages of projectile impact for velocity of the projectile
increased to 1200m/s. The figure 5.8.1 shows the increased residual velocity of the projectile.
The kinetic energy lost by projectile and internal gained by the projectile were shown by the
figures 5.8.3 and 5.8.4.
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Figure 5.8.2 Residual velocity of Bullet

Figure 5.8.3 KE lost by bullet

63

Figure 5.8.4 IE rise in the Plate
5.6.2 Case: Projectile Velocity: 1250m/s

Figure 5.9.1 Plate deformation
Figure 5.9.1 shows the stages of the projectile with incident velocity increased to

1250 m/s. The kinetic energy lost by the projectile and Internal energy gained by the Plate
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were shown by the figures 5.9.3 and 5.9.4. The internal energy rise in the target was almost
same as the kinetic energy gained by the target.

Figure 5.9.2 Residual velocity of Bullet

Figure 5.9.3 KE lost by Bullet
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Figure 5.9.4 IE rise in the Plate
The internal energy rise in the target was less compared to previous velocity case.
5.6.3 Case: Projectile Velocity: 1300m/s

Figure 5.10.1 Plate deformation

The figure 5.10.1 shows the four stages in impact of projectile with incident velocity 1300
m/s. The residual velocity graph with respect to time was shown in figure 5.10.2.
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Figure 5.10.2 Residual velocity of Bullet

Figure 5.10.3 KE lost by Bullet

The figure 5.10.3 and 5.10.4 show the kinetic energy lost by the bullet and the internal gained
by the projectile. The internal rise in the target was lesser than the two of previous cases of
velocity.
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Figure 5.10.4 IE rise in the Plate
Incident Velocity Variation
1000
900

Residual Velocity (m/s)

800
700
600
500
400
300
200
100
0
1180

1200

1220

1240

1260

1280

1300

1320

Incident velocity (m/s)

Figure 5.10.5 Variation of Residual Velocity with Incident velocity
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5.7.1 Case: Sphere Radius: 0.003797m

Figure 5.11.1 Plate deformation
Figure 5.11.1 shows the stages of impact of spherical projectile with 0.003797m incident

at a velocity of 1115.873 m/s. The figure 5.11.2 shows the residual velocity of the
projectile.

Figure 5.11.2 Residual velocity of Projectile
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The kinetic energy lost by the projectile and internal energy gained by the target shown in the
figures 5.11.3 and 5.11.4.

Figure 5.11.3 KE lost of projectile

Figure 5.11.4 IE gained by the projectile

The kinetic energy lost by the projectile was more compared to the internal energy rise in the
target. This difference may be taken for dishing, petal formation and friction due tom increase
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in contact area when compared to blunt projectile. The profile of the velocity curve was much
smoother than that of blunt projectile.
Case5.7.2: Sphere Radius: 0.00508 m

Figure 5.12.1 Plate Deformation

Figure 5.12.1 shows the stages of impact of spherical projectile with 0.00508m incident at
a velocity of 1115.873 m/s.

The figure 5.12.2 shows the residual velocity of the

projectile. The residual velocity increased with increase in the projectile diameter, this
may be because of the increase in volume and mass of the projectile. The kinetic energy
lost by the projectile was more compared to the internal energy rise in the plate, this
energy may be attributed to friction due to increased surface area, hence more dishing.
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Figure 5.12.2 Bullet Velocity vs Time

Figure 5.12.3 Bullet KE vs Time
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Figure 5.12.4 Plate IE vs Time
Sphere Diameter Variation
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Figure 5.12.5 Variation of Residual velocity with Sphere Diameter
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0.006

The figure 5.12.5 shows the variation of residual velocity of the spherical projectile with
change in the sphere diameter. Increase in the residual velocity may be accounted for increase
in the mass due to increased volume.
Case 5.8.1: Spherical Projectile Velocity: 1115.873 m/s

Figure 5.13.1 Plate Deformation

The figure 5.13.1 shows the stages of impact of spherical projectile of diameter
0.00508m on the plate. The figure 5.13.2 shows the residual velocity, the figures 5.13.3 and
5.13.4 show the kinetic energy lost by the projectile and the internal energy rise in the target.
Amount of the internal energy rise in the target was less compared to the kinetic energy loss
of the projectile.
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Figure 5.13.2 Bullet Velocity vs Time

Figure 5.13.3 Bullet KE vs Time
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Figure 5.13.4 Plate IE vs Time
Case 5.8.2: Spherical Projectile: Velocity: 1200m/s

Figure 5.14.1 Plate Deformation
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Figure 5.14.2 Bullet Velocity

Figure 5.14.3 Bullet KE vs Time

The figure 5.14.1 shows the stages of impact of spherical projectile of diameter 0.00508m on
the plate. The figure 5.14.2 shows the residual velocity, the figures 5.14.3 and 5.14.4 show
the kinetic energy lost by the projectile and the internal energy rise in the target. Amount of
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the internal energy rise in the target was less compared to the kinetic energy loss of the
projectile.

Figure 5.14.4 Plate IE vs Time
Case 5.8.3: Spherical Projectile Velocity: 1250 m/s

Figure 5.15.1 Plate Deformation
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Figure 5.15.2 Bullet Velocity vs Time

Figure 5.15.3 Bullet KE vs Time

The figure 5.15.1 shows the stages of impact of spherical projectile of diameter 0.00508m on
the plate. The figure 5.15.2 shows the residual velocity, the figures 5.15.3 and 5.15.4 show
the kinetic energy lost by the projectile and the internal energy rise in the target. Amount of
the internal energy rise in the target was less compared to the kinetic energy loss of the
projectile.
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Figure 5.15.4 Plate IE vs Time
Variation of Incident Velocity of Sphere
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Figure 5.16.5 Variation of residual velocity of sphere with incident velocity

The figure 5.16.5 shows the variation of residual velocity with variation of incident velocity
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of the sphere. The residual velocity was found to be close for 1115.873 m/s and 1200 m/s but
increases drastically after 1200 m/s.
5.9.1 Case: Failure strain of plate 1.75

Figure 5.16.1 Plate deformation

Figure 5.16.2 Residual velocity of Bullet
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Figure 5.16.3 KE lost by Bullet

The figure 5.16.1 shows the stages of impact of plate with plastic strain value. The figure
5.16.2 shows the residual velocity, the figures 5.16.3 and 5.16.4 show the kinetic energy lost
by the projectile and the internal energy rise in the target.

Figure 5.16.4 IE rise in the Plate
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5.9.2 Case: Failure strain 1.80

Figure 5.17.1 Plate deformation

Figure 5.17.2 Residual velocity of Bullet:
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Figure 5.17.3 KE lost by Bullet

The figure 5.16.1 shows the stages of impact of plate with plastic strain value. The figure
5.16.2 shows the residual velocity, the figures 5.16.3 and 5.16.4 show the kinetic energy lost
by the projectile and the internal energy rise in the target.

Figure 5.17.4 IE rise in the Plate
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5.9.3 Case: Failure strain 1.90

Figure 5.18.1 Plate deformation

Figure 5.18.2 Residual velocity of Bullet
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Figure 5.18.3 KE lost by Bullet

Figure 5.18.4 IE rise in the Plate

The figure 5.18.5 shows the variation of residual velocity with failure strain. The decrease in
the residual velocity was not much but showed a linear variation
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Failure Strain Variation
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Figure 5.18.5 Variation of residual velocity with failure strain
5.10.1 Case: Composite Impact Projectile Velocity 125m/s

Figure 5.19.1 Plate deformation

87

1.86

Figure 5.19.2 Delamination of plies

Figure 5.19.1 shows the various stages of composite impact by tool steel projectile. The
delamination in the composite laminate happens towards the rear end plies. A much clear
sketch of delamination can be seen in the figure 5.19.2.

Figure 5.19.3 Residual velocity of Projectile
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Figure 5.19.4 KE lost of projectile

Figure 5.19.5 IE gained by the plies

The figure 5.19.3 and 5.19.4 show the kinetic energy lost by the projectile and the internal
energy gained by the individual plies of the composite plate. The initial small influx in the
curves of the figure was due to the transverse shear stress and tensile fracture of the fibers.
The different letters on the curve represent different plies in the laminate.
Thus the curve with letter ‘A‘ on it represents the first ply from top and it experiences the
maximum shear, in a sequence the ply at the rear i.e., ply ‘G’ experiences the least shear and
more of delamination.
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The plies ‘B’, ‘C’, ‘D’ experience internal energy rise only after ply ‘A’ because they are
subjected to tensile fracture.
5.10.2 Case: Composite impact Projectile velocity: 187m/s

Figure 5.20.1 Plate deformation

Figure 5.20.2 Delamination of the plies
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Figure 5.20.1 shows the various stages of composite impact by tool steel projectile. The
delamination in the composite laminate happens towards the rear end plies. Sketch of
delamination can be seen in the figure 5.20.2

Figure 5.20.3 Residual velocity of Projectile

Figure 5.20.4 KE lost of projectile

The figure 5.20.3 and 5.20.4 show the kinetic energy lost by the projectile and the internal
energy gained by the individual plies of the composite plate. Bigger influx in the curves of
the figure was due to the high initial transverse shear stress and tensile fracture of the fibers.
The different letters on the curve represent different plies in the laminate. Thus the curve with
letter ‘A‘ on it represents the first ply from top and it experiences the maximum shear, in a
sequence the ply at the rear i.e., ply ‘G’ experiences the least shear and more of delamination.
The plies ‘B’, ‘C’, ‘D’ experience internal energy rise only after ply ‘A’ because they are
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subjected to tensile fracture. But clearly the amount of the energy spent for delamination was
more compared to the previous case. This may accounted for the increase in velocity of the
projectile.

Figure 5.20.5 IE gained by the projectile
5.10.3 Case: Composite Impact Projectile velocity: 200m/s

Figure 5.21.1 Plate deformation
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Figure 5.21.2 Delamination

Figure 5.21.1 shows the various stages of composite impact by tool steel projectile. The
delamination in the composite laminate happens towards the rear end plies. Sketch of
delamination can be seen in the figure 5.21.2

Figure 5.21.3 Residual velocity of Projectile

The figure 5.21.3 and 5.21.4 show the kinetic energy lost by the projectile and the internal
energy gained by the individual plies of the composite plate. Bigger influx in the curves of
the figure was due to the high initial transverse shear stress and tensile fracture of the fibers.
The different letters on the curve represent different plies in the laminate.
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Thus the curve with letter ‘A‘ on it represents the first ply from top and it experiences the
maximum shear, in a sequence the ply at the rear i.e., ply ‘G’ experiences the least shear and
more of delamination. The plies ‘B’, ‘C’, ‘D’ experience internal energy rise only after ply
‘A’ because they are subjected to tensile fracture. The amount of the energy spent for
delamination was more compared to the previous case. This may accounted for the increase
in velocity of the projectile. The plies ‘B’ and ‘C’ are found to experience highest tensile
stress. Least amount of energy was spent for delamination.

Figure 5.21.4 KE lost by projectile

Figure 5.21.5 IE rise in the plies
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Variation of Incident Velocity
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Figure 5.21.6 Variation of residual velocity with incident velocity
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CHAPTER 6
CONCLUSIONS AND RECOMMEDATIONS
6.1 Conclusions

The main purpose of this study was to simulate the Ballistic response of thin metallic
target using Finite Element software and study effect of different parameters. A study was
conducted on a composite Laminate to study its Ballistic response at different velocities. A
Finite Element model was modeled in MSC PATRAN, boundary conditions and loads were
applied to it, keyfile was generated and edited before submission to LS-DYNA.
The outputs were viewed, required animation results and graphs were plotted in LSPREPOST. Parametric studies were conducted after the validation results were found to be in
good correlation with the experimental data.
Parametric studies were conducted on same model by varying mass of projectile, by
varying the incident velocity, by changing the dimensions of spherical projectile, by varying
the velocity of spherical projectile, by varying the failure strain of the target plate for same
cylindrical projectile as in validation case. Thickness of the plate was kept the same only in
case of the spherical projectile the geometry of the projectile was changed to sphere.
The increase in the mass resulted in higher residual velocity but the kinetic energy lost
by the projectile didn’t vary much. The increase in incident velocity resulted in increased
residual velocity of the projectile, the amount of kinetic energy lost by the projectile
decreases because of increased incident velocity. So increase in kinetic energy of the
projectile with mass and with velocity was different. This shows that eroded mass absorbs
higher portion of energy with increase in speed. It can be concluded that higher the velocity
of the incident velocity the more localized was the impact. The increase in mass resulted in
dishing of the plate. Plugging was the phenomena that occurred in case of blunt projectiles.
Contact area during sliding was less.
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The change of the geometry to sphere was studied initially with sphere dimension and
later with velocity variation keeping geometric dimension constant. The residual velocity of
the increased in the first case because increased dimension resulted in increased volume and
hence the mass. The amount internal energy rise could be accounted for petaling of the metal
surface due to spherical shape of the projectile. The failure strain didn’t contribute much to
the impact. A linear variation of residual velocity with the failure strain was observed. The
composite laminates were modeled in MSC PATRA and analyzed in LS-DYNA. The
composite impact was observed to quite complex when compared to metal impact.
In composites the failure criteria is different from the metals because of their
orthotropic nature. The composite materials possess different physical, thermal and material
properties. This can be the reason for abrupt loss of structural integrity with impact damage.
The resin which binds the fibers is an isotropic material; it is also brittle in nature. The matrix
cracking takes place and the fibers fail due to principal stress and crush or shear failure. So if
this phenomenon is clearly understood, composites can be wisely applied even in the
applications where still the metals are only used. The composite laminate was analyzed for
three different velocities. The residual velocities showed linearity. The energy distribution
varied with velocity, a greater delamination tendency was observed at lower velocities. The
incident velocity increased the energy required for shear and tensile failure of specimens
increased.
6.2 Recommendations

From conclusions the studies may be carried out on sharp projectiles. Crack growth
criteria may be used to study the fracture toughness in delamination. Affect of yaw angles
may be analyzed for different speeds. In current research study only normal incidence is
considered.
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For getting a much real world simulation the media of transition like fluid medium
may be implemented with some viscosity and damping effect. Also thermal effects are to be
considered to study the frictional heat generated and possible outcomes in the process.
Composites are still a field of in complete understanding. So there is lot of analysis to
be carried to unveil the complex behavior in composites for applications in high speed and
impact events.
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