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ABSTRACT
Design and Optimization of Joints to Mitigate Shock in Military Vehicles under
Blast and Impact Loading
by
Umakanth Sakaray
Dr. Mohamed B. Trabia, Examination Committee Chair
Professor and Chairperson of Mechanical Engineering
University of Nevada, Las Vegas
And
Dr. Brendan J. O’Toole, Examination Committee Chair
Associate Professor of Mechanical Engineering
University of Nevada, Las Vegas
Shock from a blast loading may risk the lives of the occupants of a military vehicle
and damage the sensitive electronic components within it. The objective of this work is to
develop an approach to mitigate shocks due to mine blast loading and impact loading by
proper design of joint(s) in the military vehicles. Two types of vehicle configurations are
studied for this purpose. The first vehicle is studied to examine ways to mitigate shock
due to mine blast while the second vehicle is studied to mitigate shock due to projectile
impact load. The proposed research includes design of joints in a way to
disrupt/reflect/absorb the incident shock loading due to these transient events. The overall

purpose of the study is to determine optimal types and configurations of joints that

dissipate energy and incorporate the advantageous joint designs.
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CHAPTER 1

INTRODUCTION
1.1 Background

In the modern world, light combat vehicles and armored vehicles are playing a
key role in supporting the troops and other heavily armored combat vehicles. As such,
during the real combat situations they are subjected to extreme loading scenarios. Fierce
battlefield environments make these vehicles susceptible to damage and‘the survivability
of the occupants becomes questionable. Appropriate design of these vehicle structures
against severe on field conditions is vital to ensure occupant survivability and vehicular
operational needs [1].

Several types of armored vehicles are used in modern wars. While heavily
armored vehicles play a major role, medium and light vehicles usually help in
consolidating positions. While all types of combat vehicles need to be designed keeping
in view of their severe environments, light combat vehicles are at greater risks when
subjected to shock loads. These shock loads primarily occur due to impacts from
projectiles or blaéts. An area of critical concern is the propagation of shocks within
combat vehicles to the locatién of the driver and the other personnel in the crew
compartment as well as attachment points for optical and electronic devices [2]. Faiiure

of equipments due to shock and vibration may render the whole system ineffective
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leading to life threatening situations. Detailed study of shock propagation can help reduce

these effects by appropriate design of all the structural sub-assemblies.

1.2 Blast and Shock Wave Theory
1.2.1 Blast Waves

A shock wave resulting from an explosive detonation in free air is termed an air-blast
shock wave; or simply a blast wave. The blast environment will differ depending on
where the explosion takes place. In the case of an airburst, when blast wave hits the
ground surface, it will be reflected. The reflected wave will coalesce the incident wave
and a mach front is created as shown in the Figure 1.1. The point where the three shock
fronts meet — incident wavé, reflected wave and the mach front — is termed the triple
point [3].

e Incident wave

Reflected wave

Path of triple point

Mach front

Shelter

Ground surface

Figurel.1: Blast Environment From an Airburst
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In the case of a surface burst, the reflection happens instantaneously against the
ground surface and a shock wave is created; this is termed a global reflected wave, as
shown in Figure 1.2. At a short distance from the burst, the wave front can be

approximated by a plane wave.

round reflected wave

G
Va4
Assumed plane wave
front
% Shelter

Detonation point

Figure 1.2: Surface Burst Blast Environment

The pressure-time history of a blast wave can be illustrated with a general shape
as shown in Figure 1.3. The illustration is an idealization for an explosioﬁ in free air. The
pressure-time history is divided into positive a positive and negative phase. In the
positive phase, maximum overpressure, P;’, rises instantaneously and decays to
atmospheric pressure, p,, in time T*. The positive impulse, i, is the area under the
positive phase of the pressure-time curve. For the negative phase, the maximum negative
pressure, Py, has much lower amplitude than the maximum over pressure. The duration
of the negative phase, T, is much longer compared to the positive duration. The negative

impulse, 7, is the area under the negative phase of the pressure-time curve.
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Do+ P s+

T T

Figurel.3: Pressure - Time History From a Blast

The pressure-time history in Figurel.3 can be approximated by the following

exponential form [3].
P() = py + P (1———)e'T" EGR))
pO s T+

where p(t) is the overpressure at time ¢, and 7" (the positive duration) is the time for the
pressure to return to atmospheric pressure, p, By selecting a value for the constant b,
various pressure-time histories can be described. The peak pressure, P,*, is dependent on
the distance from the charge and the weight of the explosives. In addition, if the peak
pressure, the positive impulse and the positive time duration are known, the constant b
can be calculated, and then the pressure-time history is known. Equation (1.1) is often

simplified with a triangular pressure-time curve;

pt)=p, + P (1- ;’;—) 1.2)
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Conventional high explosives tend to produce different magnitudes of peak
pressure. As a result, the environments produced by these chemicals will be different
from each other. In order to establish a basis for comparison, various explosives are
compared to equivalent TNT values [4]. With the help of a scaling parameter Z, it is
possible to calculate the effect of a detonated explosion, conventional or nuclear, as long
as the equivalent weight of charge in TNT is known. The scaling parameter is represented
as in equation (1.3).

R
= e (1.3)
where R is the distance from the detonation and W is the equivalent weight of TNT.

The peak pressure, the positive duration time and the positive impulse are now

functions of Z, and the pressure-time history in Figure 1.3 can be described as

P (2), 1.4)

%(2),%(2)
1.2.2 Blast Wave Reflections
When a blast wave strikes a surface, which is not parallel to its direction of
propagation, a reflection of the blast wave takes pace. The reflection can be either normal
reflection or an oblique reflection. There are two types of oblique reﬂectidn, either
regular or Mach reflection; the type of reflection depends on the incident angle and shock
strength.
1.2.2.1 Normal Reflection
A normal reflection takes pace when the blast wave hits perpendicular to a
surface, as shown in Figurel.4. The medium has a particle velocity, U, before the

incident shock wave, U passes the medium; after passage the particle velocity increases
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to U, Furthermore, the overpressure increases from p, to p, (p,, refers usually to
atmospheric overpressure), the temperature increase from T, to 7, and the sonic speed

increases from a, to a, (ax is approximately 340 m/s in undisturbed air).

Incident shock at My Reflected shock at M;

Py= Po+ P, Ty, ay

| I

Py= Do+ Ps+, Ty, Ay

L

|

DPx= Do 1y, Ay, , U.=0 DPr= Do+ Pr+, 1., ar

Figure 1.4: Normal Reflection From a Rigid Wall

When the blast wave hits a rigid surface, the direction will be shifted rapidly, and,
as a consequence, the particles at the surface possess a velocity relative to those further
from the surface that are still in motion. This relative velocity is equal in magnitude and
opposite in direction to the original practical velocity and gives the effect of a new shock
front moving back through the air; the reflected shock, U, However, since the air
conditions have changed, the reflected shock will have different properties. The reflected
overpressure increases to p, temperature increases to 7, and sonic speed will be a,.

It is common to describe the velocity of shock waves in terms of Mach number,
which is defined as the actual velocity (of the shock front) in the medium divided by the
sonic speed of the undisturbed medium. For example, the shock front will have a velocity

with a Mach number M, into air that had a velocity with M, at the incident shock.
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The properties of the reflected blast wave can be described in terms of a reflection
coefficient, defined as the ratio of reflected overpressure to the overpressure in the
incident blast wave. It can be shown that for an ideal gas with a specific gas constant ratio

1.4, the reflection coefficient A is, according to Baker [5]

o P=p. _BMZ+4
P, D, Mf+5.

(1.5)

Equation 1.5 it can be seen that for a shock front moving with M, equal to one, i.e.
at sonic speed, the reflection coefficient will be two. This means that the overpressure is
twice in the reflected blast wave. With increasing speed for the shock front, M,, the
reflection coefficient approaches eight. In a real blast wave, the specific gas constant ratio
is not constant, and the coefficient is pressure-dependent; the reflection coefficient
increases with increasing pressure.
1.2.2.2 Regular Reflection

In a regular reflection the blast wave has an incident shock at M, with an angle of
p. The reflected shock at M, has an angle of 6 as shown in Figure 1.5. The angle of
reflection is not generally equal to the angle of incidence. The air conditions in front of
the incident shock (region 1) are still at pressure p, and temperature 7,. Behind the
incident shock (region 2), the air conditions are the same as for free air shock, with
pressure p, and temperature 7Ty the air conditions from the reflected shock (region 3),

have the pressure p, and temperature 7,.
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2 Incident shock at M,

Reflected shock at M,

Figure 1.5: Oblique Reflection

1.2.2.3 Mach Stem Formation

There is a critical angle that depends on the shock strength, where an oblique
reflection cannot occur. According to Baker (1973) [5], Ernst Mach [Mach and Sommer
(1877)] showed that the incident shock and the reflected shock coalesce 'to form a third
shock front. The created shock front is termed the Mack stem or Mach front, which is
moving approximately parallel to the ground surface, as shown in Figurel.6, with
increasing height of the shock front. The point where the three shock fronts meet is
termed the triple point. The Mach front and the path of the triple point are also shown in

Figure 1.1.
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Reflected shock Incident
shock

Triple point

Mach stem

Figure 1.6: Mach Stem Formation

1.2.3 Shock Waves

The fundamental shock wave equations, known as the Rankine-Hugonoit
equations, are derived from the equations for conservation of mass, momentum, and
energy in the medium by choosing a fixed reference in space (the shock front), where the
material motions are derived with respect to that region Consider the one-dimensional
model in Figure 1.7, where the material is moving with a velocity of Uo against the shock
front, and the material velocity is U, after passing the shock front. The pressure is Po and
the density po before the material reaches the shock front, and the pressure is P; and the

density p1 after the passage [3].
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Figure 1.7: Model for One-Dimensional Shock Wave

Consider the conservation of mass flow per unit time and area in the model in
Figure 1. 7. It can be expresses for times 7, and ¢, as
m= p,U,AAt = p)U ,AAt < p Uy = pU,. (1.6)
Considering the conservation of momentum, mass times the change in velocity is
equal to the impulse of external forces. By using equation 1.6 the conservation of
momentum can be derived as
mU,-U,)=P,—P,, (1.7
where m is the flow of mass per unit area. The change in internal energy and kinetic
energy is equal to the work done by external forces. It can be shown, as in Baker [5] that

the conservation of energy per unit mass can be expressed as

E —E,=(P+P)—-1). (1.8)

o P
Equations (1.6), (1.7) and (1.8) are the Rankine-Hugonoit equations. The Hugoniot curve
expresses fhe relationship for and specific volume as shown in Figure 1.8. However, the
material state is described by a discontinuous jump from one state to another, known as

the Rayleigh line.

10
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Figure 1.8: Hugoniot Curve and Rayleigh Line, k is the Slope of the Rayleigh Line

1.3 Modeling Blasts

In this section, the discussion will concentrate on two blast loading techniques
available in the explicit finite element code, LS-DYNA.
1.3.1 ConWep

ConWep stands for Conventional Weapons. ConWep is a blast function which

can be used to simulate blast load without having to explicitly model the high explosive.
The blast function in LS—DYNA can be implemented for two cases, one for the free air
detonation of a spherical charge and the other for surface detonation of a hemispherical
charge. The surface detonation condition can be applied to simulate mine blasts as it can
account for effects up to 5-20 cm below the surface of the ground. However ConWep
does not account for other factors like depth of burial and soil properties, which can have

significant impact on the final energy imparted on the target. ConWep air blast function

11
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has inputs of TNT equivalent mass, type of blast (surface or air), location in space of
detonation, and surface identification of which the pressure will be applied. From this
information, ConWep calculates the appropriate pressure to be applied to the designated
surface. ConWep function accounts for the angle of incidence of the blast wave, but does
not account for the shadowing, confinement and secondary pressure wave effects.
However, Randers and Pehrson [6] implemented empirical blast models by using the
ConWep function inherent in the explicit finite element simulation tool DYNA3D. They
tested the computational models against experiments to good agreement, and concluded
that the ConWep function is adequate for use in mine blast applications.

1.3.2 Arbitrary Lagrangian Eulerian (ALE)

Blast phenomenon involves interaction of fluid with a structure and an effective
method of modeling the fluid-structure interaction system is the Arbitrary Lagrangian-
Eulerian (ALE) approach. ALE is very helpful when analyzing structural motions of
severely deformed objects, such as in high explosive impact problem. The Arbitrary
Lagrangian-Eulerian (ALE) approach combines the use of the Lagrangian and Eulerian
reference frames. A Lagrangian reference frame acts by fixing a grid to the material of
interest then as the material deforms the grid deforms with it. The Eulerian Reference
Frame, which is"fixed in space, allows for material to flow through the grid. However, it
does not track the path of any individual particle. An ALE approach allows for both a
flexible grid and a grid that allows for material to flow through it. In essence, it takes the
best part of both reference frames and combines them in to one. It allows for the grid to

track the material to some extent, but when the grid deforms excessively and distorts the

12
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aspect ratio of the grid beyond an acceptable point it adjusts the grid and measures the
flux of the material during the adjustment of the grid [7].

ALE technique application in blast modeling involves modeling the high
explosive charge and surrounding fluid in an Eulerian mesh, which is then coupled with a
Lagrangian mesh (the target). The ALE method models the explosion and resulting
pressure profil.e throughout the Eulerian mesh. The fluid-structure interaction is based on
penalty-contact methodology: the Eulerian elements are coupled with quadrature points
on the face of the Lagrangian elements. Mahmadi et al. [7] used two levels of ALE
technology (Eulerian Multi-Material and ALE formulations) to demonstrate the air blast
phenomenon. A comparison between the numerical and experimental pressure histories
of the blast showed good correlation. Also, this method has already been successfully
implemented in many applications like sloshing tank problem, land mine simulation [8]
and air bag simulation [9]. However, ALE modeling of blasts is computationally

expensive than ConWep.

1.4 Literature Review
The following discussion will concentrate on work done by various researches on several
sub structures of a light armored vehicle.
1.4.1 Armored Vehicle Hull

Extensive research is done by U.S. Army Reséarch Laboratory to analyze the
dynamic response of combat vehicles. Tank-automotive and Armaments Research,
Development and Engineering Center (TARDEC), US Army has been effectively using

Modeling and Simulation (M & S) to evaluate new designs prior to selection and testing,

13
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support operational and development testing, evaluate field mishaps and/or accident
situations, product improvement programs and alternative payloads [10].

Gupta et al [2] studied the dynamic response of the U.S. Army Armored
Personnel Carrier, APC M113. A continuous hull structure model is used to represent the
actual vehicle (Figure 1.9). A detailed analysis was carried out using finite element
approach (using ADINA code) to evaluate the post-impact response at specific locations
in the model. A shock response analysis was applied to the acceleration histories of the

critical locations to obtain shock spectra at these locations.

Figure 1.9: Simple Model of M113 Vehicle [2]

The spectra indicated that the simplified model contained no structural
frequencies below 5 KHz, but the impact point exhibited a uniformly spaced sequence of
harmonics continuing beyond the cut-off frequency of 5 KHz and having periods equal to
multiples of the load duration. Their study also indicated that no structural frequencies
higher than 440 Hz can be detected at all the locations except the impact point where the

same sequence of harmonics were noticed.

14
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It was realized that a continuous model may not be able to accurately determine
the dynamic response of the vehicle as it did not incorporate all the essential features of
the vehicle. Therefore, the driver and cargo hutch openings, as well as engine access and
rear door cutouts were included in a basic hull model of M113 to allow comparison with
experiments [1]. The FE model with of the basic Mil3 metallic hull with multiple access
openings is shown in the Figure 1.10.

Some differences were observed between computed and experimental
frequencies. The computed mode shapes at the low frequency range exhibited very liftle
response which is attributed to the floor while the roof underwent considerable outward
bending deformation. The lowest three flexible modes from the modal experimental
analysis primarily showed the deflection of the roof with a large deflection centered over
commander’s cupola and the cargo hatch. A fundamental frequency of 33.27 Hz was
computed from the model but was not detected in the experiments. The difference
between the computations and the experiment was mainly attributed to the position of the

exciters in the experimental model.
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Figure 1.10: Finite Element Model of Basic M113 with Multiple Access Openings [1]

In order to get a better picture of the overall dynamic response, three major sub-
assembly models of an armored vehicle i.e. the hull, the turret and the gun were
assembled together using PATRAN3 code to generate the full-up vehicle model [11]. The
model is shown in the Figure 1.11.

The assembled FE model was used to simulate free vibrational response for the
lowest 30 eigenfrequencies to facilitate comparison with experiments. A comparison of
the eigenfrequencies and the mode shapes from the FE model with those from the
experimental modal analysis results indicated poor agreement. It was noticed that several
component masses attached to the experimental hull were not accounted for in the
computational model. In order to account for these masses, an implicit modeling
approach with respect to missing components was adopted using concentrated masses
attached to corresponding nodes and uniformly distributed in the associated area in which

these components are actually attached to the hull-turret éssembly. After these changes,
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the computational and experimental modal analysis results were in good agreement with

each other.
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Figure 1.11: Finite Element Model of Hull-Turret-Gun assembly [11]

Unruh et al. [12] instituted a program of shock measurements in a scaled
simulated armored vehicle to support an effort of shock protection of secondary
components in combat vehicles. The scaled model was subjected to airblast, land mine
blast and kinetic energy projectile impact. However, few researchers studied effects of
mine blasts on military vehicles. For example, both Norman [13] and Hoskins et al. [14]
employed an approximate energy method to study the vulnerability of tank bottom hull
floor panels subjected to shallow-buried mine blast. Gupta [15] investigated the modeling
and analysis of a blast defector for a tactical vehicle due to detonation of a mine buried in
dry vs. saturated sand. Laine et al. [16] performed numerical simulations with a multi-
material Euler processor to determine incident‘ impulses and pressure histories from
detonations of fully buried, flushed and surface anti-tank mines for dry pofous sand and

saturated clay. Lafrance [17] conducted a series of tests, in which anti-tank blast mines
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were detonated underneath military support vehicles to develop an optimal protection
system for the crew of such vehicles.
1.4.2 Space Frame Structures

Space frame structures are extensively used in the automobile industry in building
vehicles. They increase the fuel efficiency by decreasing weight. They also add stiffness
to the entire structure. However, from structural point of view, monolithic space frame
structures are not considered as realistic solution for complex structures such as
automotive bodies. This is mainly due to cost-effectiveness of manufacturing processes
involved in building these structures. As a result, most space frames structures are
designed as assemblies of components with simpler geometries. In contrast to
commercial vehicles, space frame structures in armored vehicles may be subjected to
severe deformations. Joints in space frames play a very important role in maintaining the
structural integrity of a combat vehicle during such transient events. Non-linear shock
transfer performance of joints has substantial influence on the dynamics of assembled
structures as they induce a large amount of damping into the structure [18]. Study of
shock transmission through the various jointed (both mechanical and adhesive)
components of the combat vehicle is of particular interest to the Army. The_re‘is aneed to
guarantee the survivability and minimize the damage caused to both the primary and
secondary electronic systems present inside the combat vehicle. Another area of concern
is to reduce or damp the shock transmission caused by a projectile impact. Hence it is
important to study the dynamic behavior of space frame structures under extreme loads
before they are used in light armored vehicles to ensure the safety of critical equipments

and the crew.
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The introduction of low-priced computers revolutionized the method of structural
analysis. Though once considered as impractical and too complicated as an analysis
technique, the matrix method of structural analysis is easily programmed and commonly
used. This also facilitated in development of several models by researchers to study the
dynamic analysis of space frames. Masuda et al [19] presented a dynamic response
analysis method which can deal with frames with finite rotations in the three-dimensional
space. The method mainly concentrated on studying the dynamic instability (a state at
which small increment in loading produces sudden changes in maximum response) in the
presence of strong geometric non-linearity and three-dimensional behavior. Karpurapu et
al [20] proposed a kinematic model for linear or non-linear analysis that is specially
suitable for the three-dimensional framed structures of general shape. The transformation
matrices proposed in the model was purely based on geometric properties which made
the model to be used in both linear and non-linear analysis of space frames. Goman Wai
et al [21] suggested a displacement based finite element technique which can handle
genuinely large deflections with rotations more than 15°. An incremental secant stiffness
approach was used which considered the effects of joint flexibility for the nonlinear
analysis of two and three dimensional frames. The model was advantageous in handling
large deflections accurately in three dimensional space and fast rate of convergence.
Chan [22] also presented a simple, efficient and practical procedure for dynamic and
static large deflection analysis of space frames. The special feature of the method was its
ease of implementation in computer program and fast rate of convergence for
equilibrium. Research has also been done on developing tools that help in optimizing

geometric parameters of space frames by imposing stress and free frequency constraints
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[25]. In addition to these computational models, several commercial finite element codes
are capable of performing dynamic analysis of complex structures. However there is a
need to verify the effectiveness of these different models in case of space frame structures
used in armored vehicles because of the extreme nature of the loading involved.

Space frame structures are built with a number of beams joined together by
suitable method. The beam members in armored vehicles may undergo severe
deformation in the presence of high transient events like projectile impacts and blasts. To
ensure the safety of the crew inside armored vehicles, the whole structure should collapse
within the crushable zone to absorb the impact energy. This can be easily achieved by
reducing the structural stiffness of the structure by the addition of imperfections like
dents and bents [24]. However, high stiffness in a structure is required to protect the
sensitive electronic equipment by reducing the vibrations and noise. Hence the design of
the beams in the space frame structures of armored vehicles should concentrate on
increasing the energy absorption not compromising on the stiffness. Sandwich beams
comprising stiff and strong face sheets and low density cores seem to be possible solution
for light armored vehicles as they provide superior quasi-static bending strength. The
resistance of sandwich beams to dynamic loads remains to be fully investigated in order
to quantify the advantages of sandwich construction over monolithic designs for

application in shock resistant structures [26].
1.5 Objective of the Research

The present work is part of a collaborative effort between the Army Research

Labs (ARL) and University of Nevada, Las Vegas. Light combat vehicles play a key role
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in supporting heavy armored vehicles in actual battle field. As such they are subjected
extreme loads in the form of projectile impacts or blasts. To be effective on the
battlefield, they must be capable of sustaining operation in the face of mechanical shocks
due to blast loads. Shock from a blast loading may risk the lives of the occupants of a
military vehicle and damage the sensitive electronic components within it. The objective
of this work is to develop an approach to mitigate shock in military vehicles. The targeted
representative models for actual armored vehicles chosen for this purpose are: a recently
developed space frame structure and a vehicle hull structure representing the APC M113
A2 vehicle. A non-mdnolithic space frame structure is developed by ARL as part of its
program for the development of efficient light armored vehicles. The space frame
structure is chosen to analyze the shock transmission due to a fragment/ impact load,
while the vehicle hull structure is used to study shock transmission due to a mine blast.
The following procgdure is adopted to minimize shock in these vehicles.
1. Identify critical locations in the models that can be benchmarked as positions for
attenuating shock.
2. Use finite element techniques to model and analyze the vehicles.
3. Design proper joi’nts in the vehicle structure to disrupt/deviate/absorb such shock
loads.
4. Optimize geometric parameters of the proposed joint for the vehicle hull model
and for the existing joints in the vehicle space frame model to minimize shock

transmission across the critical locations.
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CHAPTER 2

DESCRIPTION OF MODELS

2.1 General Aspects of Armored Vehicles

There has been a considerable improvement in the performance of armored
vehicles due to the addition of several structural features In this section an overview of
important sub segments of an armore_d vehicle is provided. Additionally, an effort is
made to explore different types of projectiles that an armored vehicle can be exposed to.

Four structural areas may used to identify vehicles: suspension system, turret,
main gun, and commander's station. Most armored vehicles have these four areas though
not all vehicles do. Reactive armor, camouflage, and increased use of sandbags' can
greatly alter the shape of vehicles. Figure 2.1 shows details of a general armored vehicle
[34].

No Muzzle Break or Blast Deflector
Commander's Cupola

Machine Gun
Main Gun Tube

~Glacis Plate

~~Lower Front Plate

Figure 2.1: Details of a General a Armored Vehicle [34]
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2.1.1 Suspension System
This is the least reliable area for identification as it is often concealed by
vegetation or by terrain. Characteristics of the suspension system of combat vehicles are:

e Tracked vehicle.

Number of road wheels.

Spacing between road wheels.

Number of support rollers.

Armored skirt.
2.1.2 Turret

A turret can be characteristized using the following:

Position on the hull: well forward, center, or to the rear.

Shape of turret: rounded, elongated, or boxy.

¢ Presence, absence, or location of searchlight.

Externally mounted storage racks and other equipment.
2.1.3 Main Gun
Armament varies from machine guns to large cannons. In turreted vehicles,
normally the heaviest armament is in the turret. Main gun identification features include:
e The presence and location along the gun tube of a bore evacuator.
e The presence of a muzzle brake or blast deflector. Types of muzzle brakes:
= Single baffle.
= Double baffle.
=  Multi-baffle.

e The presence or absence of a thermal jacket.
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2.1.4 Commander's Station
This is usually a simple hatch or a cupola. A cupola is a small turret-like
| projection on the top of the turret that houses the commander's station, either on the right

or left side. A cupola usually mounts a machine gun.

2.2 Projectiles
2.2.1 Kinetic Energy Projectiles

The kinetic energy (KE) projectile uses high velocity and mass to penetrate its
target. Penetration depends directly on the projectile's velocity, weight, and the angle at
which it hits. Projectiles may have incendiary (tracer) pellets to aid in aiming and provide
an incendiary effect. Incendiary projectiles can be used to penetrate a target and ignite its
contents [34].
Types of KE projectiles include:
2.2.1.1 Ball

Normally of a relatively small caliber (5.56 to 14.5 millimeters) and fired from
pistols, rifles, and machine guns. The round's projectile penetrates soft targets on impact
at a high velocity.
2.2.1.2 Antipersonnel (APERS)

Payload of APERS consists of a large number of hardened steel darts (flechettes).
Detonation of the projectile sprays a cloud of flechettes into the target area. APERS
rounds intended for direct fire artillery defense at close range are usually fuzed to

detonate on muzzle action. They are also known as flechette, beehive, or cannister.
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2.2.1.3 Armor Piercing (AP)

AP are designed to penetrate armor plate and other types of homogeneous
materials. Armor piercing projectiles have a special jacket encasing a hard core or
penetrating rod which is designed to penetrate when fired with high accuracy at an angle
very close to the perpendicular with respect to the target.
2.2.1.4 Armor Piercing Discarding Sabot (APDS)

APDS consists of a sub-caliber penetrator rod encased in a light metal or plastic
sabot. Centrifugal force and air pressure cause the sabot to discard on leaving the gun
barrel. The penetrator rod is spin-stabilized.
2.2.1.5 Armor Piercing, Fin-Stabilized Discarding Sabot (APFSDS)

APFSDS is similar to APDS, but the penetrator is fin-stabilized.

2.3 Chemical Energy

The chemical energy (CE) projectile uses some form of chemical heat and blast to
achieve penetration. It detonates either at impact or when maximum penetration is
achieved. Chemical energy projectiles carrying impact-detonated or delayed detonation
high-explosive charges are used mainly for direct fire from systems with high accuracy
and consistently good target acquisition ability. Types of CE projectiles are discussed:
below.
2.3.1 High Explosive (HE)

It causes blast, fragmentation, and incendiary damage to the target. HE is the most
common type of mortar and artillery round.

2.3.2 High Explosive Anti-Tank (HEAT)
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It is designed to detonate a shaped charge on impact. At detonation, an extremely
high velocity molten jet is formed. This jet penetrates a large thicknesses of armor,
continues along its path, and sprays molten metal inside the target. If the jet hits an
engine or ammunition, it may start a fire or cause an explosion. Rotation reduces the
effectiveness of HEAT rounds, so spin-stabilized projectiles usually do not use HEAT
warheads. HEAT rounds generally range in size from 60 to 120 mm. As a rule of thumb,
a HEAT round can penetrate armor up to five times the warhead's diameter (e.g. a
100mm round can penetrate 500mm). Tanks, anti-tank weapons, and automatic cannons
usually use thes¢ types of projectiles. Figure 2.2 shows how a warhead penetrates rolled

homogeneous steel armor. The details are discussed below.

IMPACT IGNITION PENETRATION SPALUNG

Figure 2.2: Warhead Penetrates Rolled Homogeneous Steel Armor [34]

2.3.2.1 Impact
The nose cone crushes; the impact sensor activates the fuze.

2.3.2.2 Ignition

The ogive crush switch activates the electric detonator. The booster detonates,
initiating the main charge.

2.3.2.3 Penetration
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The main charge fires and forces the warhead body liner into a directional gas jetthat
penetrates armor plate.
2.3.2.4 After-Armor Effects (spalling)

The projectile fragments and incendiary effects produce blinding light and destroy
the target's interior.

2.3.3 High Explosive Plastic (HEP)

It flattens against the target on impact then explodes. The armor is not penetrated,
but the shock wave knocks a scab off the inside of the armor plate which bounces around
the interior of the target at high speed. Unlike HEAT, HESH projectiles have a secondary
antipersonnel capability. Also known as high explosive squash head (HESH).

2.3.4 Flame Weapons

Flame weapons are characterized by both physical (flame and overpressure) and
psychological casualty-producing abilities. The intense flame may also exhaust the
oxygen content of inside air causing respiratory injuries to occupants shielded from the
flaming fuel. Flame does not normally need to be applied with pinpoint accuracy to
accomplish its mission. Flame weapons include flamethrowers, incendiary grenades,
white phosphorus (WP) artillery shells, and fuel-air/thermobaric munitions. Fuel-air (aka
thermobaric) munitions disperse fuel into the atmosphere forming a fuel-air mixture that
is detonated. The fuel is usually contained in a metal canister and is dispersed by
detonation of a central burster charge carried within the canister. Upon proper dispersion,
the fuel-air mixture is detonated. Peak pressures created within the detonated cloud reach
300 pounds per square inch (psi). The ability of thermobaric weapons to provide massed

heat and pressure effects at a single point in time cannot be reproduced by conventional
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weapons without massive collateral destruction. Flame weapons can be used against
fortified positions, interior buildings, tunnels (to include subways and sewers), and open
areas. They can also be used to control avenues of approach for personal and lightly
armored vehicles. When employed properly, even if the round or burst misses, enough
flaming material and overpressure enters the position or area to cause casualties and
disrupt operations. Thermobaric munitions will provide a more effective and selective
flame capability that is easier and safer to employ at all levels of tactical operations

without the side effect of large area destruction due to uncontrolled fires.

2.4 Armor Protection
Armor protection must dissipate a projectile's energy and thus prevent total penetration.
Shielding against kinetic energy (KE) projectiles should ini‘tially stop or deform the
projectiles in order to prevent or limit penetration. KE survivability considerations
include oblique impact, or impact of projectiles at other than a perpendicular angle to the
target surface, which increases the apparent thickness of the armor and decreases the
possibility of penetration. The potential for ricochet increases as the angle of impact from
the perpendicular increases.
2.4.1 Improved Armor Technology

Improvements in armor technology are becoming much more common
worldwide. Many older tanks and armored vehicles are being retrofitted with improved
armor, so it is not just newer vehicles which protection. These advanced armor
configurations improve the vehicles' survivability against all weapons, but for the most

part they are specifically designed to protect against HEAT (high explosive anti-tank)
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warheads. This is a complex technical subject, and growing more so every year, but
essentially these improved types of armor fall into four categories.
2.4.1.1 Reactive Armor
| Reactive armor comes in several varieties, but the principle is essentially the

same on all. The armor consists of blocks of explosives sandwiched between two metal
plates and bolted on the outside of the vehicle. Small-arms and artillery shrapnel will not
set off the blocks. However, when a HEAT round strikes the block, the explosive ignites
and blows outwards. The blast and the moving steel plates disperse and deflect the jet of
the HEAT warhead, dramatically reducing its ability to penetrate armor. Many countries
are now fielding different versions of reactive armor, which can be easily be retrofitted
onto older vehicles.
2.4.1.2 Laminated Armor

It consists of flat layers of steel armor plate with layers of ceramics, fiberglass, or
other nonmetallic materials in between. This armor is highly effective against all types of
weapons, but is difficult and expensive to manufacture.
2.4.1.3 Composite Armor

Composite armor consists of a nonmetallic core (usually some kind of ceramic)
around which the rest of the steel of the hull or, more corﬁmonly, the turret, 1s molded.
This is much more effective than conventional steel armor against all types of weapons,
but less so than laminated armor. However, it is less difficult and expensive to
manufacture. Hulls made of composite armor do not have to be slab sided, like those
made of laminated armor.

2.4.1.4 Applique Armor
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Applique armor is essentially extra plates mounted or welded on top of the hull
or turret of a vehicle. They can be made of any material, but are frequently made of
ceramic or laminated materials. Like reactive armor, applique armor is an easy and cost-

effective way of improving the protection of older vehicles.

2.5 Latest Developments

TARDEC has taken up several projects for modernizing armored vehicles. The work
being done is consistent with Strategic Planning Guidance, the Army Science and
Technology Master Plan (ASTMP), the Army Modernization Plan and the Defense
Technology Area Plan (DTAP) of the United State Defense. The present work is part of
one of its projects, Combat Vehicle and Automotive Technology (C05) performed in
collaboration with the Army Research Lab (ARL). This project investigates, designs and
develops advanced armor materials, advanced structural armors ballistic defeat
mechanisms, and armor packaging solutions to achieve light weight, ballistically-superior
armors/structures that provide the last line of defense for Future Combat Systems (FCS)
and Future Force vehicles. The effort also provides for analysis, modeling, and
characterization of advanced armor solutions designed to protect against collateral
damage froni residual debris generated by the Active Protection (AP) threat defeat
mechanisms. The major focus is on providing technology solutions that decrease weight,
reduce space claims and lower the cost for protection against medium kinetic energy
(KE) projectiles, chemical energy (CE) war heads, Explosively Formed Penetrators
(EFPs) and blast fragrhents from mines. Ballistic protection technologies developed

under this project will be evaluated and incorporated into the Integrated Survivability
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Advanced Technology Demonstration (IS ATD). The goal of the IS ATD is to provide

“convincing evidence” of the superiority of a “layered” approach to survivability [36].

2.6 The APC M113

The M113A1, informally known as the Gavin, is a lightly armored full tracked air
transportable personnel carrier designed to carry personnel and certain types of cargo.
The M113-family was developed from M59 and M75 by Ford and Kaiser Aluminum and
Chemical Co. in the late 19507s. The vehicle is capable of: amphibious operations in
streams and lakes; extended cross country travel over rough terrain; and high speed
operation on improved roads and highways. The M113 is a lightly armored personnel
carrier that provides good mobility combined with fair firepower and protection. The
M113 APC is used to transport and position combat troops and supplies. The.
M113/A1/A2/A3 is capable of LAPES (low altitude parachute extraction system) and
LVAD (low velocity air drop) operations. The details of APC M113 A1, APC M113 A2
and APC M113 A3 will be discussed in this section.
2.6.1 APC M113 A1l Armored Personnel Carrier
The first major upgrade came in 1964 with the introduction of the M113A1 package
which replaced the original gasoline engine with a 212 horsepower diesel package. The
new power train was soon incorporated into the existing vehicle family as the M113A1
(Figure 2.3), M577A1, and M106A1, as well as several new derivati;/e systems. Some of
these new derivatives were based on the armored M113 chassis (the M125A1 mortar
carrier and M741 "Vulcan" air defense vehicle) while others were based on an unarmored

version of the chassis (including the M548 cargo carrier, M667 "Lance" missile carrier,
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and M730 "Chaparral" missile carrier). Continuing modernization efforts led to the

introduction of the A2 (Figure 2.4) package of suspension and cooling enhancements in

1979.

Figure 2.3: APC M113A1 Armored Personnel Carrier [35]
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Figure 2.4: APC M113A2 Armored Personnel Carrier {35]

2.6.2 APC M113A3 Armored Personnel Carrier

The M113A3 is a full-tracked armored personnel carrier provides protected
transportation and cross country mobility for personnel and cargo. A light armored
vehicle weighing 27,200 pounds, it carries 11 infantry personnel in addition to the vehicle
driver and track commander. It is capable of sustained speeds of 41 mph on level roads

and accelerates from O to 35 mph in 27 seconds (this compares to 69 seconds for the

M113A2).
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Figure 2.5: APC M113A3 Armored Personnel Carrier [35]

The M113A3 is a product improved version of the M113A2 with improved
transmission and engine. The U.S. Army first identified the need to up-power the
M113A2 carrier in the mid-1970s. This need was driven by increases in vehicle weight
and a requirement to increase the mobility and survivability of the system. Steering is
improved with an automotive-type steering yoke and foot brake arrangement which
improves driver control, lessens fatigue and simplifies driver training from that of the
A1/A2 steering/braking laterals. Due to load matching ability and increased steering
capability, cross country performance is also improved.

Crew survivability is increased by the addition of spall suppression liners and
locating the fuel tanks externally, on the rear of the vehicle. The inside of the vehicle
(sides, roof and rear) are covered with spall suppression liners which limit troop injuries
from the effect of overmatching weapons by restricting the spread of spall when a round

penetrates the hull. External fuel tanks free up 16 cubic feet of usable space inside the
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vehicle and reduce the fire hazard inside the crew compartment. Two tanks and
independent valving provide redundancy in the fuel system allowing continued operation
when one tank is damaged. External differences between M113A2 and M113A3 include

external fuel tanks and provisions for the installation of an add-on-armor kit.

Figure 2.6: Different views of an APC M113 [35]
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Table 2.1: Specifications of APC M113 [35] (Table continued in the next page)

General
Length 191.5"
Width 105.75"
Height 86.5"
Clearance 16"

Weight, combat loaded

27,180 1b. (12,329 kg)

Maximum weight

31,000 1Ib. (14,061 kg)

Net weight 23,880 Ib. (10,832 kg)

Air drop weight 22,128 1b. (10,037 kg)

Personnel capacity 2+11

Fuel tank capacity 95 gallons (360 liters)

Ground pressure 8.63 psi (0.60 kg/cm?2)
Performance

Speed on land 41 mi/h (66 km/h)
Speed in water, with track 3.6 mi/h (5.8 km/h)
Cruising range 300 mi (483 km)
Turning radius Pivot to infinite
Slope 60%

Side slope 40%

Trench crossing

66 in. (168 cm)

Vertical wall climbing

24 in. (61 cm)

Braking (20-0 mi/h) 40 ft.

Engine
Make and model Detroit Diesel 6V53T
Displacement 318 in.3 (5.2 liter)
Fuel Diesel (DF2)
Rated horsepower 275 hp
Gross horsepower-to-weight ratio 20.2 hp/ton

Transmission, Automatic

Make and model | Allison X200-4B
NOTE: Table is continued in the next page
Steering Hydrostatic
Brake type Multiple wet plate
Running Gear
Suspension Torsion bar
Road wheels 5 per side, 24 inch diameter (61 cm)
Track type Steel single pin, detachable rubber pad
Number of shoes 63 left, 64 right
Track pitch 6 in. (15.2 cm)
Track width 15 in. (38 cm)
Shock absorbers 3 per side
Wheel travel 9.0 in. (22.9 cm)
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Electrical System
Generator
Amperes 200, 300 optional
Volts, dc 28
Batteries 4, type 6TL, 120 amp-hr, 12-volt each

Armament
50 cal MG | 2,000 ready rds.
Armor

Basic hull 5083 Aluminum
Bolt-on armor kit Steel armor
Mine armor Steel armor
Gun shield kit Steel armor
Spall suppressant Composite panel

Fire Extinguishers
Fixed 51b. (2.3 kg) CO2 for engine compartment
Portable 51b. (2.3 kg) CO2

2.7 Model 1

The Armored Personnel Carrier (APC) designated as APC M113 A2 is labeled as
Model 1 for studying the shock transmission due to a mine blast load in this thesis. The
work performed by Das Gupta et al. [11] provided basic inputs for the construction of the
model. Overall length, width and height of the vehicle are 4.863 m, 2.686 m and 2.5 m
respectively while the height till the flat roof is 1.422 m. As can be seen from Figure 2.7,
the vehicle consists of several complex assemblies and sub assemblies which are integral
part of the vehicle. If all these models are incorporated in a Finite Element Model there is
a high possibility of accurately predicting the dynamic behavior of the vehicle under a
mine blast. However, some parts like doors, hatches do not play a major role in the
overall structural integrity of the vehicle. In addition to this, incorporating all the details
makes the overall study process computationally expensive. Hence, a more simpiified

model is chosen for this study. The simplified model of the vehicle designed in the solid
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model is shown in the Figure 2.7. The details of the geometry are shown in the Figure 2.8

and Table 2.2.

Figure 2.7: Model 1
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Figure 2.8: Dimensional Details of Model 1
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Table 2.2: Key Point details (Dimensions accurate to a tenth of a mm)

Keypoints X Coordinate (m) Y Coordinate (m) .Z Coordinate (m)
P; 0.0000 1.4224 0.5425
P, 2.6860 1.4224 | | 0.5425
P; 2.6860 0.4826 0.0000
Py 0.0000 0.4826 0.0000
Ps 0.0000 1.4224 4.8260
Pe 2.6860 1.4224 4.8260
Py 2.6860 0.4826 4.8260
Pg 0.0000 0.4826 4.8260
Py 0.3810 0.4826 0.0000
Pio 0.3810 0.4826 4.8260
P 0.3810 0.0000 0.4826
P12 0.3810 0.0000 4.8260
Pi3 2.3050 0.4826 0.0000
P4 2.3050 0.4826 4.8260
Pis 2.3050 0.0000 4.8260
Pis 2.3050 0.0000 0.4826
Commander 1.5350 0.0000 2.0620

Driver 0.7658 0.0000 0.8775
Panel 0.0000 0.7959 0.6031

2.7.1 Critical Loéations on the Vehicle

As can be seen from the Figure 2.8, the whole vehicle is built in the form of a hollow box
with walls of specified thickness. The study is concentrated on the effects of shock
propagation in the whole structure due to a mine blast located at a specified depth below

the vehicle. The effect of this destructive mine blast on the vehicle crew safety and the
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effectiveness of the electronic component is studied using this model. The critical points
identified for this study are the locations of the driver seat, the commander seat and the
instrument panel location. The severity of the shock at these locations is measured in

terms of peak and RMS accelerations.

2.8 Model 2

This model is related to the development of a light weight space frame for the IS
ATD vehicle. The final design of the IS ATD vehicle is still under development; however
a targeted model of the vehicle is shown in the Figure 2.9. The space frame is
incorporated within the vehicle as shown in the Figure 2.10. A representative model of
the IS ATD vehicle, called AX-1 is used by the ARL for testing its behavior under gun
firing, mobility racking and mobility bending load cases. The proposed AX-1 model is
shown in the Figure 2.10. This model represents the upper half of the IS ATD vehicle.
The space frame is a non-monolithic type with several joints and struts making up the
entire structure. In the present study, Model 2 i.e. AX-1 deals with the response of the
structure against gun firing case. However, in this model parts like doors, hatches etc
have not been considered as they do not play significant role in the overall structural
integrity of the vehicle. In addition to this, incorporating all the details makes the overall

study process computationally expensive.
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Figure 2.9: IS ATD Vehicle [31]

2.8.1 Details of Model 2

The overall dimensions of the space frame are 4.05 m in length, 1.94 m in width
and 0.76 m height while the height at the frontal portion of the space frame is 0.25 m.
The detailed locations of each node are shown in the Table 2.3. Numbers in the figure
indicate nodes (joining locations) and the origin‘is located at the middle of the strut along
the nodes 5, 8 and is indicated by the letter ‘o’ in the figure. It is to be noted that the
space frame is symmetric about the plane XY. The details of the length of joints at each
nodal point are shown in Tables. A simple notation has been used to describe the length
of joints at each node and the type of cross section used. For example, LNg.; indicates
length of the joint at node location 8 along the line 8-7 and LN7_g indicates length of the
joint at node location 7 along the line 7-8 (Joints can be easily identified with changed
color at each node location as shown in the Figure 2.10). Three types of cross sections
rectangular tubing, angle and C-section have been used to construct the whole model.
They are indicated by R, A and C respectively and are used in tables to indicate the type

of cross section (CS) used at each joint. The details of the cross sections used in building
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the space frame are shown in Figures 2.11, 2.12, 2.13 and Table 2.5. Since the model is

symmetric about the plane XY, details on only one side are provided.

Figure 2.10: Simple Line Model with Node Point Locations of the AX-1 Space Frame
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Table 2.3: Node Point Coordinates of the AX-1 ‘Space Frame

Node | X-Coordinate | Y-Coordinate | Z-Coordinate
1 0.919 0.138 0.597
2 2.616 0.207 0.597
3 2.618 0.206 -0.597
4 1.891 -0.512 0.597
5 2.460 -0.512 0.597
6 -1.441 -0.259 -0.597
7 -1.441 -0.259 0.597
8 0.000 0.000 0.597
9 1.008 0.249 0.972

10 -0.759 -0.512 0.972
11 -0.759 -0.512 0.972
12 0.400 - -0.512 0.972
13 1.008 -0.512 0.972
14 1.891 -0.512 0.972
15 2.460 -0.512 0.375
16 2.460 -0.512 0.597
17 1.891 -0.512 0.597
18 1.008 -0.512 0.972
19 -1.441 -0.512 0.597
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Table 2.4: Length of Joints at Nodes

Location | Length | CS | Location | Length | CS | Location | Length | CS

INis 0.196 | R; | LN73g 0.148 | R; | LNjgs 0120 R

| BAPIRTS 0.142 | R; | LNy 0.148 | R; |LNjug | 0.057 (| C

LN 0.077 | Ry | LNy 0.253 | R; | LNj3y 0002 |[C

LNi4 0.077 | R4 | LNi9s 0.148 |[R; | LNo; 0.143 | R;

LNi.17 0.147 | Ry | LNjoqo |0.148 |R; | LNoy3 0.051 |R3

LNi» 0.195 | R; [LNisp [0.002 |C |LNuy;; |0057 |C

LNy, 0.190 |R; |LNjo9 |0.143 |R; [LNy7ys [ 0.143 | R

LNy 17 0.089 |R; |LNyg1 [0.057 |C |LNj7y4 [0.057 |C

LN2.20 0.077 [Ry |LNjpig {0143 |R; [LNj7.6 |0.143 | Ry

LN 0.077 | R; | LNjos 0.143 | R; | LNy, 0.124 | R,

LNs.7 0.197 |R; |LNji0 | 0.057 |C | LNy 0.120 | R,

LNs.10 0.134 | Ry | LNjgjo |0.143 | R; | LNy 0.143 | R,

LNg i3 0.134 |R; |LNjg2z | 0.057 |C |LNyys |0.051 |R;

LNg-] 0.198 R] LN13-17 0.143 R] All dimensions are in m.
LNg.s 0.077 | R4 | LNyg, 0.124 | R,
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Figure 2.12: Angle Cross Section Parameters
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Figure 2.13: Rectangular Cross Section Parameters
Table 2.5: Cross Sectional Parameter Values for the Space Frame
CS Type D - W t, Ir

R 0.102 0.102 0.0127 0.013

R, 0.102 0.102 0.0127 0.013

R; 0.076 0.076 0.0127 0.013

R4 0.023 0.140 0.0318 0.008

C 0.076 0.038 0.0127 0.013

A (Angle Bar) 0.057 0.067 0.0159 0.016
R (Strutl) 0.076 0.076 0.0064 0.006
R (Strut2) 0.051 0.051 0.0064 0.006
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CHAPTER 3

DETAILS OF FINITE ELEMENT MODELS
3.1 Units
In this work, SI units have been used throughout the modeling and analysis.

Basic Units

Length: meter (m)

Mass: kg

Time: sec

Derived Units

Displacement: meter or m

Velocity: meter/sec or m/s

Acceleration: meter/sec’ or m/s

Force: Newton (N) or kg.m/s2

Stress: Newton/meter® or N/m” or Pascal (Pa). Also MPa = 10° Pa is used.

Strain: m/m (dimensionless)

3.2 Model 1
3.2.1 Steps for Finite Element Analysis

As discussed before, Model 1 represents the main model for studying the shock
transmission across the bottom panel of the armored vehicle due to a mine blast. The
steps in creating the finite element analysis of this model are described below:

e Step I: Create the geometry using ANSYS 8.0 preprocessor.
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e Step II: Define material properties, meshing, boundary conditions and application
of appropriate loading condition that can simulate the mine blast.
e Step III: Solve the model using the explicit finite element code LS-DYNA.
e Step IV: Post-process results using LS-POST or HyperView.
3.2.2 Modeling
Finite element model of the simplified APC M113 vehicle is created using
ANSYS 8.0 Preprocessor. The geometry of the entire vehicle is created by entering the
key point locations as specified in Table 2.2. These key points are joined to obtain linés.
The lines are then used to obtain rectangular or trapezoidal areas. The created geometry is

shown in the Figure 3.1

Figure 1: Simplified APC M113 Model
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3.2.3 Meshing

The areas created were meshed using shell elements. Shell elements have been
used to reduce computational time compared to using solid elements. 3D eight noded
shell elements have been used for meshing the entire vehicle. Belytschko-Lin-Tsay type
shell element formulation is used because of its computational efficiency. This element
formulation requires less mathematical operations than the Hughes-Liu element
formulation type [32]. Mesh stability study conducted by Naraparaju [30] showed that a
uniform mesh of 0.04 m can be used to model projectile impact on the vehicle. Therefore,

the model is meshed with a uniform size of approximately 0.04 m as shown in the Figure

3.2

Figure 3.2 Meshed APC M113 Model
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3.2.4 Boundary Conditions
3.2.4.1 Effect of Ground Surface

In order to simulate the resting of the vehicle on the ground surface, an infinite
rigid wall is defined below the vehicle. This is the bnly boundary condition defined for
the vehicle model 1. The rigid wall acts as an obstacle and does not allow any penetration
of the referred elements (All elements of the vehicle in this case) under any loading
conditions. A rigid wall does not take in to account the effect of soil properties or its
individual fragments or combination of it. In érder to assess the effect of vehicle-ground
friction on the displacement response of the vehicle, a parametric study is conducted. It
has been found that there is no significant change in the displacement response when
coefficient of friction is added to the model. Hence, its effect is not considered in this
case. The rigid wall boundary condition is shown in the Figure 3.3. The distance between
the vehicle bottom panel and the rigid wall is 0.43m. However, if the effect of gravity is
considered, there is a possibility that during the simulation process the vehicle may fall
under gravity. To avoid this, a small simulation time of 30 ms, sufficient to neglect such

an effect is considered.
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Figure 3.3 Rigid Wall Boundary Condition

3.2.4.2 Effect of Gravity

The effect of acceleration due to gravity on the dynamic response of the vehicle is
considered in the model. An acceleration value of 9.81 m/s” is defined to consider this
effect.
3.2.5 Loading Conditions

To simulate the mine blast, ConWep (Conventional Weapon) code, which is
embedded in LS-DYNA is used. Many subroutines are implemented in the ConWep blast
algorithm. First, the angle of incidence and distance between the surface segment and
detonation point are calculated. The angle of incidence is the angle between the surface
normal and the vector from the mid-surface node to the point of detonation, Figure 3.4.

The time of arrival (T,), time duration (Tg), peak incident and reflect pressures (P; and
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P,), and incident and reflected pressure decay coefficients (a and b) can be determined

based on these inputs [33]. The equations used in this process are listed below.

Increasing 0

v

Blast Surface

Surfac
<_Normal

0>0

Explosive

Figure 3.4 ConWep Illustration

t=M,-Ta - (3.1)

Where M, is model time

Incident Pressure, P(f) = Pi(l——t—) exp(‘%j 32)
T, d
Reflected Pressure, P(¢) = Pr(l - %—j exp(" l%. ) (3.3)
d d
Pressure Load, L(8) = Prcos®(6) + Pi (1 +cos?(8)-2 cos(H)) (3.4)

A blast load of TNT equivalent 0.5 Kg is given at the location (1.343, -0.430, 2.654)
m to simulate the mine blast. This position is located at the center of the bottom panel and
0.43 m below it. The bottom panel is given as the target surface where the pressure due to

the mine blast is applied. The load location is shown in the Figure 3.5.
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Figure 3.5 Load Location

3.2.6 LS-DYNA Cards
3.2.6.1 Control Card

Control cards are optional cards in an LS-DYNA input file and can be used to
change the defaults, activate solution options such as mass scaling, adaptive remeshing,
and an implicit solution. A control card defines the properties such as termination time,
time step controls, warpage angle for shell, hourglass effect, rigid wall effect etc. A

sample control card is given below.

*CONTROL_TERMINATION
$$ ENDTINM ENDCYC DTHIN ENDENG ENDHAS
0.2 0 0.0 0.0 0.0

o ENDTIME in the card defines the termination time.

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o ENDCYC defines the termination cycle. The termination cycle is optional and will be
used if the specified cycle is reached before the termination time.

o DTMIN is the reduction factor for initial time step size to determine minimum time
step.

o ENDENG is the percent change in energy ratio for termination of calculation. If
undefined, this option is inactive.

o ENDMASS is the percent change in the total mass for termination of calculation. This
option is relevant if and only if mass scéling is uséd to limit the minimum time step.

3.2.6.2 Database Card
Database card is written just after the title card. Database card defines the type of

output format for results. The database card is shown below.

*DATABASE BINARY D3PLOT
$$ DT/CYCL LCDT
0.0025
0

o DT/CYCL defines the time interval between the outputs. DT/CYCL is 0.25E-02,

implies 10 D3Plots are generated for total simulation time of 0.025 seconds.

o LCDT is the optional load curve ID specifying the time intervals between the
dumps.
3.2.6.3 Nodout Card
The Nodout card is used to define the number of data points intended when plotting a
graph. The Database History Node card is used to define specific nodes for which the
graphs are plotted. The Nodout card can be used to produce less number of D3plots with

large number of data points. A sample card is shown below.
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*DATABASE NODOUT

58 DT BINARY

2 .0000e-03 1

*DATABASE HISTORY MNODE

£s ID1 IDz ID3
1152 1505 6205

o DT is 2.0000E-03 implies 100 data points are retrieved for a termination time of

0.2s.
o - BINNARY is 1 indicates the ASCII file is written.

3.2.6.4 Material Card

Material types and properties are defined in the material cards. The material
properties used for the vehicle hull are those of Aluminum 7039-T64 [30]. In the actual
stress strain curve, as shown in Figure 3.6, the stress goes up in a linear fashion to the
yield point, then it increases non-linearly until it reaches the ultimate value. In the last
phase, stress drops down until it reaches the failure point. For the purpose of FEA, this
stress strain curve is simplified into a bilinear elastic plastic curve. In LS-DYNA, plastic-
kinematic material model is selected. This material model covers for the stress strain
curve in the elastic region (until yield stress) and also in the plastic region (beyond yield
stress). The stress-strain curve is assumed to be linear within each of these regions. Such
a simplified stress strain curve is shown in Figure 3.6 below. The slope of the stress-
strain curve (from origin to the yield point) is defined as the Elastic Modulus of the
material. The slope of the stress-strain curve (beyond yield point) is defined as the

Tangent Modulus for this material model. To determine the linear portion of the curve in

s, +S
the plastic region, the yield point is connected to the point(s ; ,——'—'—f—"] .
2.
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Figure 3.6 Typical and Simplified (Bilinear Material Model)

Stress-Strain Curves

A sample material card is shown below and the various parameters used in the

definition follow the card.

*MAT PLASTIC KINEMATIC
-JERORE PR, YNSRI, R FUUO R U VA S S

§ HID RO E PR SIGY ETAN BETA

1 2700.06.S000E+10 0.33 B000000 56200000 0.0
§-——+————B-———t-———9-———+---10
$ SRC SRP FS
0.0 0.0 0.13

o MID defines the material identification. RO defines the mass density (kg/m3 ).

o E defines the Young’s modulus (N/m?). PR defines the Poisson’s ratio.

o SIGY defines the Yield stress (N/mz).
o ETAN defines the Tangent modulus (N/m?).

o BETA defines the Hardening parameter.

o SRC defines the strain rate parameter, C, for Cowper Symonds strain rate model
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o SPR defines the strain rate parameter, P, for Cowper Symonds strain rate model.
o FS defines the failure strain for the eroding elements.
3.2.6.5 Loading Cards
ConWep blast function has inputs of TNT equivalent mass, type of blast (surface
or air), location in space of detonation, and surface identification of which the pressure
will be applied. ConWep calculates the appropriate pressure t;) be applied to the
designated surface from this information. ConWep blast function is given using the

*LOAD_BLAST card. A sample card is shown below.

*LOAD_BLAST ,
$UGT XBO YBO ZBO TBO IUNIT ISURF
0.50000 0.50000 -0.4300 2.6540 0 2 2

o WGT indicates the TNT equivalent mass of the explosive used;
o (XBO, YBO, ZBO) indicates the coordinates of the detonation point;
o TBO indicates time of explosion,
o IUNIT indicates the unit system used (2 is for SI units) and
o ISUREF consists of 2 options for the type of blast which are air burst (option 1) and
surface burst (option 2). In the present case option 2 is selected to confirm the
load as mine blast. The detail of the card is shown below
To apply the ConWep blast function in LS-DYNA, two load curves should be given.
These load curves are the requiremeﬁt for the explicit code to run the simulation
involving ConWep blast function. These are just used as a requirement and do not play
any other role in the simulation process. The target surface where the pressure needs to be
applied is given using the cards *LOAD_SEGMENT_SET and *SET_SEGMENT card.

The *LOAD SEGMENT _SET card used is shown below. The first value is used to refer
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the target surface elements define by *SET_SEGMENT and the second value -2 is used
to indicate that the load applied is due to ConWep blast function.

*LOAD SEGHENT SET
1,-2

3.2.7 Results

The benchmarks for the shock analysis include the peak accelerations and the
average values over the entire simulation period at the three critical locations specifies
before (which are the commander seat, driver seat, and the instrumentation panel). The
acceleration responses at the critical locations are shown in the Figure 3.7, 3.8, and 3.9.
The average value of acceleration at a particular lécation is calculated by taking the
summation of the accelerations at each time instant and dividing by the number of output

points (n) for each curve.

n

2%

Avg(x) = | ln (3.5)

The values recorded at each location are shown in the Table 3.1 for the original
design. The value in the last row in the table i.e. mean of the averages indicates the
average of average accelerations at the three critical locations. These results show that
these values are high and should be reduced to ensure survivability of occupants and to

avoid damage of sensitive electronic equipment.
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Table 3.1 Results for Model 1

. . commander 4789
Maximum acceleration _
(m/s?) driver 16480
instrumentation panel 11965
. commander 1148
Average acceleration i
(m/s?) driver 2650
instrumentation panel 1149
Mean of the averages
(m/s?) 1649
6000 , : — : :
: : : : Commander
SUUU- .............. .............. .............. ............ .
C<I; 4000 ............................................................................ o
I3
=
5 3000kl -
®
< 2000
1000 |y i I i
0

i i i i !
0 0.005 0.01 0.015 0.02 0.025 0.63
Time{secs)

Figure 3.7 Acceleration Curves for Commander Location
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Figure 3.8 Acceleration Curves for Driver Location
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Figure 3.9 Acceleration Curves for Panel Location

To assess the effects of blast load on the overall vehicle structure, it is important to
understand the way shock is propagating through it. Pressure contour plots, Figure 3.10
can be used to better understand shock propagation. While the maximum pressure occurs
at the bottom panel, significant pressure is observed throughout the vehicle.

Non-linear structural response can be gauged by means of parameters like
displacements and stresses. These parameters provide better understanding of the vehicle
behavior under these highly transient events. Displacement contours are shown in the

Figure 3.12. von Mises stress value is used for stress calculations since it can be used to
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indicate failure. The yield strength value for the vehicle material (Aluminum - Al 7039
T64) is 380 MPa. When von Mises stresses in the model exceed this value, there would
be plastic deformafion in the structure. Hence, effective shock absorption can take place
when the structure is plastically deformed. Figures 3.11 shows the von Mises stress
contours. The maximum von Mises stress in the vehicle is 61’MPa, which is significantly
below the yield stress value of the material. Hence there is no plastic deformation and this
can be confirmed from the plastic strain contours in Figure 3.13 which shows zero value
through out the vehicle model. The reasoﬂ for zero plastic deformation can be attributed
to the fact that the blast load of 0.5 Kg is significantly low to deform the structure
plastically. However, even at this load the acceleration values at the critical locations are
significantly high. In order to reduce the shock at these locations other means need to be
pursued.

In this work, shock reduction by joint design approach is considered. In what will be
described later, attaching a joint attached to the bottom panel and the rest of the vehicle is
considered to introduce geometric non-linearity. Due to this, the propagation of shock is
disrupted, and reflected to some extent, before it reaches to the critical areas in the

vehicle.
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Figure 3.10 Pressure Contours for Model 1 at 30 ms
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Figure 3.11 von Mises Stress Contours for Model 1 at 30 ms
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Figure 3.12 Displacement Contours for Model 1 at 30 ms
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Figure 3.13 Plastic Strain Contours for Model 1
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3.3 Model 2
3.3.1 Steps for Finite Element Analysis

Model 2 represents the main model for studying the shock transmission across the
IS-ATD vehicle due to a projectile impact. The steps in creating the finite element
analysis of this model are described below:

e Step I: Create the geometry using HyperMesh preprocessor.

. Stép II: Define material properties, meshing, boundary conditions, contacts
between different sub-assemblies and application of appropriate loading condition
that can simulate the mine blast.

o Step III: Solve the model using the explicit finite element code LS-DYNA.

o Step IV: Post-process results using LS-POST or HyperView.

3.3.2 Modeling

The finite element model of the AX-1 model is created using HyperMesh
Preprocessor. The geometry of the entire vehicle is created by entering the key point
locations specified in Table 2.3. These key points are joined to obtain lines. These lines
are then used to create the beam elements. In this model, 3D beam elements have been
used to construct the entire frame structure. The explanation for creating 3D beam
elements is provided in the section 3.3.3.1. Similarly to create the armor, initially key
points, then lines and areas are used to obtain the rectangular, trapezoidal or circular areas
according to the geometry of the AX-1 model. However, in order to account for the shell
and beam thickness’, the areas created are placed at an offset distance equal to half the
shell and beam thickness. The created geometry is shown in Figure 3.14 while the frame

is shown in Figure 3.15.
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Figure 3.14: AX-1 Model

Figure 3.15: Frame of AX-1 Model

3.3.3 Meshing
The areas representing the armor are meshed using shell elements. Shell elements

have been used to reduce computational time when compared to solid elements. Similar
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mesh parameters as used in Model 1 are applied to Model 2. The meshed model is shown
in the Figures 3.16. Since the space frame cannot be viewed completely in Figure 3.16, a
separate figure is shown in Figure 3.17 removing the armor areas. To mesh the frame, 3D
beam elements are used. Various boundary conditions, contact definitions, loading
conditions and different LS-DYNA cards used for creating the input file of the finite

element model are described in the subsequent sections.

r1l
34
2
.
H
£

Figure 3.16: Meshed AX-1 Model
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Figure 3.17: Mesh of the Space Frame in AX-1 Model

3.3.3.1 Modeling 3D Beam Elements

As described earlier, the whole frame structure is created in the form of lines.
However, different segments within the space frame structure possess different
orientations. To ensure that each cross section is defined such that it is perpendicular to
the axis of each segment, a separate node, known as orientation node is defined for each
‘segment. If the beam is curved, each and every element in the structure must have a
separate orientation node so that the orientation of cross-section is perpendicular to any
given element. Figure 3.18 shows the definition of beam elements in LS-DYNA. The
beginning and end of the element are defined using nodes nl1 and n2. Node n3 is added to
create a plane (r-s plane) along with nodes nl and n2 that is normal to the cross section of
the element (s-t plane). From the Figure 3.18, we see that since n3 is defined in the r-s

plane, the cross section of the beam element is oriented along the s-t plane.
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Since the geometry of the space frame is defined by lines, single orientation node can
be used to define 3D beam elements along that line. An example for one segment of the
space frame is shown in the Figure 3.19 where a segment AB with tubular cross section

uses single orientation node, C for all the elements.

Figure 3.18: Defining the Beam Element
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Figure 3.19: Example for Generating Beam Elements with Single Orientation Node

3.3.4 Defining 3D Beam Elements in LS-DYNA

For example, as shown below, a beam element with ID (EID) 1, is defined by start

and end nodes N1 and N2 with N3 being the orientation node. Here PID stands for the

part Id.

*ELEMENT BEAH
§553>>EID>>>>>PID> o3>3 N1>>>05 > N2> 555> > N3

1 1 1 3 12

2 1 3 4 13

3 1 4 5 14
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To define the cross-section parameters, *SECTION_BEAM card is used. A sample is

shown below. The various parameters are described below.

*3ECTION BELM
$5>>>>5>>8ID>>>>>>ELFORM>>>>SHRF>>>>QR/ IRID>>>>>>CST
9 1 1.0 -5 2.0
$55553 0 TSI 0222 TS25 50000 >0 TTL> >33 0 TT20 202>
0.05715 0.05715 0.05715 0.05715

*INTEGRATION BEAM
$5>52>>IRID>>»>530NIP>>> 322> > RAS>>>>>ICST

5 0 0.0000 3
§55>>3WaD 530305053 TF>5 552500 D> 3020 >0 Tl
0.05715 0.01588 0.05715 0.01588

6 SID- Section ID

o ELFORM- Element formulation with 1 indicates Hughes-Liu element formulation
with cross section integration has been used.

o SHRF- Shear Factor

o QR/IRID- Integration Rule, negative value indicates that user defined integration
rule has been used. User defined integration rule is defined using the card
*INTEGRATION_BEAM. Absolute value of IRID is used to refer it in this card.

o TS1- Beam thickness in s-direction at node nl

o TS2- Beam thickness in s-direction at node n2

o TT1- Beam thickness in tl—direction at node nl

o TT2- Beam thickness in T-direction at node n2

o NIP — Number of integration points

o RA - Relative area of cross section.

o ICST- Standard CS type.[2- C section, 3-Angle section, 5-Rectangular tubing]
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o W, TF, D, TW- Parameters for tﬁe cross section. These are defined as described in
the section.
3.3.4 Contact Definitions
The AX-1 model has sevefal snap joints that are used to connect the armor with the
frame. Several contact definitions that are available in LS-DYNA are used to represent
these joints.

e To represent the joints connecting the frame and the armor,
*CONTACT_AUTOMATIC_TIED_NODES_TO_SURFACE, contact definition
is used. A set of four elements on the armor are used to tie with the
corresponding beam location in the frame. This is shown in Figure 3.21, which
gives an enlarged image of the zooming window used in Figure 3.20.

e To represent the surface contact between the armor and the frame members, a
*CONTACT_AUTOMATIC_NODES_TO_SURFACE card definition is used. A
band of elements on the armor are used to contact with the corresponding frame
elements as shown in Figure 3.21. All the red colored joints shown in the Figure
3.17 are connected using the contact definition card
*CONTACT_AUTOMATIC_TIED_NODES_TO_SURFACE card and the
places where the frame elements contact the armor are connected using the card
*CONTACT_AUTOMATIC_NODES_TO_SURFACE card.

In this way for the whole AX-1 model, 16 tied contacts and 14 surface contacts with

the frame members. The complete finite element model with contacts and no boundary

conditions is shown in the Figure 3.22.
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Figure 3.20: AX-1 Model from ARL
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Figure 3.21: Zoom Window Details of FE Model in Figure 3.17.
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Figure 3.22: FE Model of AX-1

3.3.5 Boundary Conditions

The AX-1 frame (no armor) has structurally tested under static loading conditions
at the University of Delaware- Center for Composite Materials (UD-CCM) facility. The
structure is mounted and to be tested in the upright position. To meet this requirement in
the FE model, corresponding nodes confirming to these locations on the back end of the
frafne and the armor are fixed not allowing motion in any direction. The FE model with

contacts and boundary condition is shown in the Figure 3.22.
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Figure 3.23: FE Model with Boundary Conditions

3.3.6 Loading Conditions

In this study, two load locations are chosen. The first load case corresponds to the
impact on the side wall of the AX-1 model (shown in Figure 3.24) while the second load
case corresponds to the impact at the front panel as shown in the Figure 3.25. The
impulse curves used for these models are shown in Figures 3.26, 3.27. In order to
observe the behavior of the model under varying loads, a parametric study is conducted
on both load cases. A 50 KN incremental load has been used for the study. The values of

1200KN and 200 KN as shown in the impulse curves are chosen due to the fact that the
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model at these load values does not undergo permanent deformation and the plastic strain

value lies below the failure strain value.

: Load Case #1

Figure 3.24
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Figure 3.26: Load Curve for Load Case #1
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Figure 3.27: Load Curve for Load Case #2
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3.3.7 LS-DYNA cards
3.3.7.1 Control Card
The detail of this card has already been explained in the Model 1. However, for the

Model 2 ENDTIME is given as 0.025 s. A sample control card used is shown below.

*CONTROL_TERHINATION

$¢ ENDTIM ENDCYC DTHIN ENDENG ENDHAS
0.025 1] 0.0 0.0 0.0
*CONTROL_TIMESTEP
$$ DTINIT TSSFAC ISDO TSLINT DTZHS LCTH ERODE MSIST
0.0 0.9 0 0.0 0.0
*CONTROL_SHELL
$$ TURPANG ESORT IRNXX ISTUPD THEORY BUWC MITER PROJ
20.0 1 -1 1 -2 2 1
*CONTROL_ENERGY
8¢ HGEM RUEN SLNTEN RYLEN
2 2 2 2

3.3.7.2 Database Card

The database card used for this model is shown below.

*DATABASE BINARY D3PLOT
$$ DT/CYCL LCDT
0.0025
o

3.3.7.3 Nodout Card

The nodout card used for this model is shown below.

*DATABASE NODOUT
Z5E-04

3.3.7.4 Material Card
For both the armor and the frame similar material model as described in Model 1

are used.
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3.4 Results

Some of the important parameters used for both loading case are listed below.

=  LS-DYNA Solver (Version 970) is used with Double Precision.

=  Analysis termination time = 0.025 sec.
3.4.1 Results for Load Case #1

Load case # 1 corresponds to the projectile impacting the side wall of the armor as
shown in Figure 3.24. To understand the flow of shock through the model, displacement
contours are observed and shown in Figures 3.28 and 3.29. We observe that shock
transmits through majority of the structure even though the impact is locally concentrated
‘on the side wall. To understand the effect of this impact load on the material, von Mises
stress contours are used. These are shown in the Figure 3.30. It can be seen that the
maximum stress on the armor occurs neaf the boundary condition location with an
approximate value of 239 MPa. The yield stress value for the material of the armor and
the frame is 380 MPa. Hence there is no plastic deformation in the armor due to this
loading. However, plastic strain contours (Figure 3.31) on the frame suggest that there is
a plastic strain of around 7% which is below the failure value of 13%. Any increase in
load may result in the damage of the frame which is undesirable. These results also

suggest that majority of the load is taken by the frame members.
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Figure 3.28: Displacement Contours for Load Case #1 at 25ms
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Figure 3.29: Displacement Contours of Frame for Load Case #1 at 25ms
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Figure 3.30: von Mises Stress Contours for Load Case #1 at 25ms
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Figure 3.31: Plastic Strain Contours for Frame with Load Case #1 at 25ms
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3.4.2 Results for Load Case # 2

Load case # 2 corresponds to the projectile impacting on the frontal portion of the
armor as shown in Figure 3.25. The displacement contours on the armor and the frame
are shown in Figure 3.32 and Figure 3.33 respectively. The Figures indicate that the
shock propagation is more pronounced in this case. This is due to the fact that the applied
load is higher and the von Mises stress contours shown in Figure 3.34 reflect this.
Maximum stress of 417 MPa occurs at the location of applied load, which is higher than
the yield stress value of 380 MPa for the material of the armor. Hence there is plastic
deformation at this location and this is reiterated from the plastic strain contours of Figure
3.35. The maximum plastic strain is around 7% which is less than the failure strain value
(13%) of the material. To see that if there is any plastic deformation in the frame
members, plastic strain contours (shown in Figure 3.36) are observed. We see that almost
negligible plastic strain occurs in these members. The maximum plastic straih at the load
location is expected since there are no direct frame members in contact with the armor at

this location.
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Figure 3.32: Displacement Contours for Load Case #2 at 25ms
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Figure 3.33: Displacement Contours of Frame for Load Case #2 at 25ms
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Figure 3.34: von Mises Stress Contours for Load Case#2 at 25ms
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Figure 3.35: Plastic Strain Contours with Load Case#2 at 25ms
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Figure 3.36: Plastic Strain Contours for Frame with Load Case#2 at 25ms

3.4.3 Effect of Joint Stiffness

Joints at eight nodal locations are chosen to examine the effect of stiffness of the
joints on the overall structural response of the model. These nodes are selected as they
represent majority of the joints in the model and also they are in close vicinity to the
applied load cases. The first four nodes are 1, 8, 18, 17 as shown in Figure 2.10 and the
other four nodes correspond to the symmetrical nodes of the first four nodes about the
XY plane. The stiffness variation is performed by changing the lengths of the joints at the
nodal locations. It is‘ to be noted that no change in cross sectional properties of the joints
is performed while changing the stiffness. Two stiffness cases are considered. The first
case (case A) corresponds to smallest length of the joints. Length of each joint at the
eight nodal locations in this case is approximately equal to 0.04 m. In the second case

(case B), the lengths of the joints are increased to the maximum extent. However,
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considering the real time application, the joint lengths are increased to be approximately
around twice the lengths when compared with the of initial case. The details of the two
cases are summarized below in the Table 3.2.

Table 3.2 Stiffness Variation Details for Model 2

% Change in Mass of Joints
Approximate Length of | Mass of Joints at Eight at Eight Nodal Locations
Case # | Each Joint (m) Nodal Locations (Kg) with Initial Case
Case A 0.04 49.70 47% Decrease
Case B Twice Initial Case 152.84 62% Increase

3.4.3.1 Results and Discussion

The nonlinear response of the model for the above two cases is considered for both
the side impact load (Load Case #1) and front impact load (Load case # 2) cases. The
displacement contours for the minimal stiffness case with Load Case # 2 are shown in the
Figures 34 and 35. The displacement contours for the maximum stiffness case with Load
Case # 2 is shown in the Figures 36 and 37. Comparing these results, we see that the
displacement. values in case A gives lesser values than the case B. For case A, the
maximum displacement is 0.083 m and for the case B the value is 0.078. However, the
propagation of shock is similar in both cases.

The .displacement contours for the minimal stiffness case with Load Case # 1 is
shown in the Figures 3.41 and Figure 3.42. The maximum displacement values for both
loading cases and stiffness cases are summarized in Table 3.3. The displacement contours
for the maximum stiffness case with Load Case # 1 is shown in the Figures 3.43 and
Figure 3.44. Comparing these results, we see that the displacement values in the case A
gives lesser values than the case B. For the minimum stiffness case, the maximum

displacement is 0.061 m and for the maximum stiffness case the value is 0.063 m. This is
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contrary to what is expected since a stiffer structure should give less displacement values.
However, if we examjne the results closely, we observe that in these cases, the location
where the load is applied is not in the near vicinity of vafying stiffness. The displacement
contours for the minimal contours suggest that the propagation of shock extends far
beyond the location where the load is applied. However, propagation of shock is limited
towards the load application panel in the maximum stiffness case. Displacement contours
on the frame rhembers give a clear indication that the deformation occurs more locally at
the point of application of load. The high stiffness location beyond this point ensures that
shock is not propagated through the entire structure.

These results indicate that changing the stiffness cén influence the overall
behavior of the structure and a stiffer structure gives better response. However adding
stiffness to the structure also increases its overall mass. Hence, there is a need to find an

optimal stiffness for the structure without greatly increasing the mass.

Table 3.3 Displacement Results

Displacement Results inm | Load Case # 1 Load Case # 2
Case A 0.061 0.083
Case B 0.063 0.078
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Figure 3.37: Displacement Contour for Case # 1 with Load Case # 2 at 25ms
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Figure 3.38: Displacement Contours of Frame for Case # 1 with Load Case # 2 at 25ms
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Figure 3.39: Displacement Contour for Case # 2 with Load Case # 2 at 25ms
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Figure 3.40: Displacement Contours of Frame for Case # 2 with Load Case # 2 at 25ms
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Figure 3.41: Displacement Contours of for Case # 1 with Load Case # 1 at 25ms
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Figure 3.42: Displacement Contours of Frame for Case # 1 with Load Case # 1 at 25ms
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Figure 3.43: Displacement Contours of for Case # 2 with Load Case # 1 at 25ms
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Figure 3.44: Displacement Contours of Frame for Case # 2 with Load Case # 1 at 25ms
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CHAPTER 4

BOTTOM JOINT DESIGN AND OPTIMIZATION- MODEL 1
4.1 Joint Design for Shock Mitigation

Mine blast loading can cause significant damage to critical locations within the
vehicle. A new joint design is proposed to reduce the shock at these locations. This joint
design needs to meet the following requirements:

* Maximize energy absorption due to impact or blast loadings.

= Minimize propagation of shock from the directly affected region to the critical
locations.

= Ease of assembly and disassembly.

* No permanent damage to the remainder of the vehicle beyond the directly affected
i:;art and the joint.

To satisfy the above requirements, an L-shaped bottom joint is proposed. A
typical joint configuration, connecting the bottom panel to the rest of the vehicle, is
shown in Figure 4.1. In this design, the bottom plate is connected to the rest of the vehicle
using an angle shaped joint. The joint connects the bottom panel with the vertical walls of
the vehicle. The bottom panel is designed to withstand mine blast loads, while the joint is

designed to absorb and interrupt the shock propagation throughout the
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vehicle structure, thus preventing major damage due to shock loading to the remainder of
the vehicle. Different views, of the joint and the connecting plates are displayed in

Figures 4.2 and 4.3.

Bottom Portion

Top
" Portion

Bottom Plate

Figure 4.1 Vehicle Model with Joint (Bottom portion is made transparent to view joint)
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Joint

Vehicle Wall

Bottom Panel

Figure 4.2 Typical Joint Configuration (Bottom portion of the vehicle including joint)
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Figure 4.3 Sectional View of the Vehicle Model with Joint

A joint could be connected to the main vehicle model in various ways. One way is by
the use of adhesive which allows for good bonding. Another possible way is to weld the
joint to the adjacent plates. However upon damage or for repair, disassembly of the joint
will become vefy difficult. For the ease of assembly / disassembly, bolting the joint to the
vehicle structure would be a more appropriate method [30]. In this study, only bonding
connection method is explored since the explicit code LS-DYNA provides pre-defined

contact cards which can be approximated to perfect bonding conditions.
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4.2 Parametric Finite Element Analysis

The entire finite element model consists of two parts - vehicle and the joint. The
joint is assumed to be bonded to the vehicle, which means that the bond material follows
the same behavior as the adjacent material. Appropriate size of the joint for mitigating
shock will be determined by optimization studiés. Shell elements are used for the vehicle
and joint structures. For creating a parametric model, the entire vehicle joint model is
divided into fixed and variable portions.
4.2.1 Fixed Code

The vehicle structure (without joint) itself is divided into two parts: the bottom
panel and the rest of the vehicle. The vehicle structure model, e‘xcluding the bottom panel
and the joint, is as shown in Figure 4.4. Elements on this portion have a fixed size and
shape. This fixed region is modeled and meshed in ANSYS 8.0, discussed in Section
3.2.3. This part of the vehicle is discretized into 21,186 shell elements that approximate
size 0.04 m square as shown in Figure 4.5. An LS-DYNA input file is created using the
ANSYS model and the other necessary cards like boundary conditions, material
properties, control, and database cards etc, are added to form the fixed portion of the LS-

DYNA input file.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.4 Model Geometry — Fixed Part

Figure 4.5 Mesh - Fixed Part

4.2.2 Variable Code

The variable part consists of the joint and the vehicle bottom panel. The joint
geometry is described by using four dimensions; thicknesses, t3 and t4, and lengths, L3
and Lj. as shown in Figure 4.6. If the value of either L3 or L, changes, the geometry is

altered and consequently the mesh of the dynamic part of the model needs to be changed.
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Hence, a parametric modeling and meshing approach is adopted for this part. For this
purpose, a MATLAB code is written to perform the operations that are required to create

and mesh the dynamic part of the model based on the joint dimensions.
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Figure 4.6 Joint Design Variables

4.2.2.1 Modeling Procedure

Initially keypoints, then lines and finally areas are created to form the joint and
the vertical plate. The dimensions of all of these areas are entirely dependent on the
values of the four variables (t3, t4, Lz and L4). The joint is divided into eight areas (A2
through A9) as shown in Figures 4.7 and 4.8. The horizontal portion of the joint which
connects the bottom panel of the vehicle is divided into four arcas (A2 through A5),
while the rest of the four areas (A6 through A9) constitute the vertical portion of the joint

which connects the upper part of the vehicle structure. In Figure 4.7, the points 1, 2, 3,
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and 4 correspond to the keypoints Pj, Pj2, Pis and Py, respectively as shown in Figure
2.6. The coordinates of these keypoints are listed in Table 2.7. This area represents the
portion excluded in the fixed code of the vehicle model, shown in Figure 4.5. The
geometry (rectangular definition) of Al is fixed and its shape varies according to joint
parameters. Beginning with this fixed shape and based on the values of the design
variables, the coordinates of the points necessary to create areas which form the joint’s
horizontal portidn (A2 through A9) and the vertical portion (A10 through A14) are found

out as explained in several steps below.

1 2
3 AZ 1 1
9 10
A5 Al A3
11
12 , ; ;
Hz BV
4 e

LI

Figure 4.7 Top View Showing the Joint Areas A2-A5 and

Outline of the Vehicle Bottom Section

Step 1: Modeling of Joint Areas A2 through A5
The joint outline (represented by the points 5, 6, 7, and 8) shown in Figure 3.10, is

modeled at a small offset value from the areca Al (points 1, 2, 3, and 4). This offset value
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is set equal to half the sum of the variable T (vehicle hull thickness) and t;. This offset is
necessary to allow for the thickness of the shell elements used for the vehicle and the
joint. The innermost hollow region (formed by points 9, 10, 11 and 12) is of the same
shape as the joint outline (points 5, 6, 7, and 8). The width of the areas A2, A3, A4 and
A5 is set equal to the variable dim-ension Li. From this information, the locations of the
points 9, 10, 11, and 12 can be computed. The equations used to compute the coordinates
of the points 5 through 12 relative to the coordinates of the fixed points 1 through 4 are
shown in Table 4.1 below. Once the locations of all the points (1 through 12) are known,

the appropriate set of points are joined to create areas A2, A3, A4, and AS.

Table 4.1 Relations for Computing the Coordinates’” of Points 5 through 12

KP # | X Coordinate | Y Coordinate Z Coordinate

5 | xi+{(T+H)/2) |y, +(T+12)/2) zy + ((T+,)/2)

6 | xyt((TH)/2) | yi + (T+1)/2) 7> — ((T+12)/2)

7 I x3+((T+H4)/2) |y + (T+H)/2) 7y — ((T+t2)/2)

8 X3+ ((TH1)/2) | yi + (T+12)/2) z1 + ((T+1,)/2)

9 X) - (T+t)/2) | y) + (T+2)/2) z) + (L3 + (T+1)/2)

10 | x; - (T+)/2) | yi + ((T+12)/2) 73— (Ls + ((T+t2)/2)
11 | x3+ (T+t)/2) | yi + ((T+t2)/2) 7y — (L3 + ((T+12)/2)
12| x3+ (T+H0)/2) | yi + (T+1p)/2) z; + (L3 + ((TH+2)/2)
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Figure 4.8 Joint Areas A6-A9 and Outline of the Vehicle Bottom Section

Step 2: Modeling of Joint Areas A2 through A5

Areas A6, A7, A8, and A9 of the joint are vertical in direction and represent the
upper portion of the joint. The height of these areas is set equal to the value of the joint
dimension L4. The vertices of the areas A6 through A9 are marked by points 5 through 8
and 13 through 16. The coordinates of points 5-8 are computed using the relations in
Table 4.1. The equations uéed to compute the coordinates of the points 13 through 16
relative to the coordinates of the fixed points 1-4 are shown in Table 4.2. The ® value in
the table represents the slope of the line due to coordinates Py and Py, shown in the Table

.

L2
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Table 4.2 Relations for Computing the Coordinates” of Points 13-16

KP # | X Coordinate Y Coordinate Z Coordinate

13 Xy + ((T+3)/2) yi + Lat ((TH3)/2) 7+ (((T+t4)/2)/ (D)

14 X1 + ((T+t3)/2) yi+Lat (TH3)2) | 22— ((TH)/2)

15 | x5+ ((T+t3)/2) yi + Lot (TH3)/2) | 20— ((T+t)/2)

16| x3 +((T+t3)/2) yi+ Lot (TH3)2) | 2 + (((TH)2)/ (D)

Figure 4.9 Complete Joint Model (Areas A2-A9)

Step 3: Modeling of Bottom Panel (Areas A10 through A14)
- The vehicle bottom panel, shown in Figure 3.5, is created by dividing it into five
areas (A10 through A14) as shown in Figure 4.10. The model is developed such that

there is an exact size and shape match between the areas A2, A3, A4, and A5 on the joint
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and the areas A10, Al1l, A12, and A13 on the bottom panel respectively. It can be noted
that the area A14 matches the hollow shape in the middle of the joint, shown in Figure
4.9. The entire joint is created at an offset distance, equal to half the sum of ‘t;” and ‘T,
from the bottom panel in the y-direction. This is done to account for the shell thicknesses
of the vertical plate ‘t;” and the vehicle hull *T’. The coordinates of the points 17 through

24 used to create these areas are computed using the relations shown in Table 4.3.

18

A0 |  Al4 A12

/‘ | 19

Figure 4.10 Difterent Areas of the Bottom Plate
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Table 4.3 Relations for Computing the Coordinates’ of Points 17 through 24

KP # | X Coordinate Y Z Coordinate
Coordinate

17 % = (THD)2) ” 21+ (T+)2)

18 | Xy~ ((T+t4)/2) i 2y — ((T+4)/2)

19 | x3+((T+14)/2) yi 23— ((T+ t4)/2)

20 X3+ ((T+ t4)/2) M 74+ ((T+ t4)/2)

21 [ xi—L3—((T+ yi z) + (L1 + (T+ 14)/2))
t4)/2)

22 \yi—Li—((T+ yi 23— (L + (T+ t9)/2)
t4)/2)

23 |y3+ L+ (T+ Yi 22— (L) +(T+ 14)/2)
W/2)

24 | ys+ Ly +((T+ M zi + (L1 +(T+ t4)/2)
t4)/2) N

4.2.2.2 Meshing

The mesh on the joint and the vehicle bottom panel varies depending on the size
of the joint used; hence parametric meshing is adapted for these parts. Figure 4.11 shows
the side view of the joint region. The mesh on the joint areas A2 to A5 is first created.
Similar mesh patterns are then used on the corresponding areas A10 to A13 of the bottom

panel. The complete mesh creation is explained in the steps below.

111

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



N A b
9 10
L,
A5 <
A3
12 — I l — ; ~ ]
e

'Figure 4.11 Side View of the Joint Areas A2-AS5

Step 1: Meshing Area A2 — Calculations of Number of Division along its Length

The basic element size (length and width), denoted as ‘w’, is fixed at 0.04 m. The
process of meshing the area A2 is discussed first. The number of element divisions (N¢)
on the line connecting the points 5 and 6, is determined by dividing the length of the line
(z6-25) by the element edge length value ‘w’. The value obtained is roundéd off to the
nearest integer and is used as the number of element divisions on the line connecting the
points 5 and 6. The line, connecting the points 9 and 10, also has the exact same number

of divisions.
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Step 2: Meshing Area A2 — Calculations of Number of Division along its Height

Mesh divisions along the height of the area A2 or the line connecting the points 5
and 9 is dependent on the va]ue‘of L;. The number of mesh divisions is required to be
even so that there is always a line of nodes midway between the lines connecting the
points 5 and 9, and points 6 and 10. The element edge length is set to be at least ‘w’. The
length of the line connecting the points 5 and 9 is divided by ‘w’ and the resultant value
is rounded off to the nearest lower even integer to obtain the element divisions (Ne) on
the line connecting the points 5 and 9.
Step 3: Meshing Areas A3 through A5 of the Joint

Similar approach is used to create the mesh pattern for the remaining areas A3,
A4 and AS. The mesh patterns for these areas are as shown in Figure 3.15. For a sample
value of 0.25 m for ‘L3°, the number of element divisions would be computed as: N, =
0.25/w. Since ‘w’ = 0.04, N, = 6.25 which when rounded off to the nearest integer yields
the value of N¢; = 6. Figure 4.12 shows the meshed model of the areas A2 through AS.It
can be observed that any two neighboring areas share the same nodes at the line of
contact.
Step 4: Meshing Areas A6 through A9 of the Joint

The size and mesh of the areas A6, A7, A8, and A9 of the joint are dependent on
the dimension ‘L4". Similar procedure as described in Step 3 is used to create the mesh
pattern shown in Figure 3.15. For a sample value of 0.190 m for ‘L,’, N.; would be
0.190/w. Since ‘w’ = 0.04 here, N3 =4.75 which when rounded yields the value of N¢3 =
5. The mesh of areas A6 through A9 is shown in Figure 4.13. Figure 4.14 shows the

complete joint mesh. From Figure 4.14, it can be observed that the number of divisions
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along the length of the joint areas A6, A7, A8, and A9 matches exactly with the number
of divisions along the length of joint areas A2 through A5 so that there is a node to node
coordination between there two sets of areas. This allows for the continuous flow of
shock from joint areas A2 through AS to A6 through 9.
Step 5: Meshing Areas A10-13 of the Bottom Panel

The bottom panel areas A10, A11, A12, and A13 are meshed in exactly same
manner as the corresponding areas (A2, A3, A4, and A5) on the joint respectively. The
bottom panel mesh is shown in Figure 4.15. The exact mesh pattern of the bottom panel
with that of the bottom portion of the joint helps in smooth propagation of shock through
out the joint and the rest of the vehicle structure when subjected to a shock load in the

form of mine blast. The complete vehicle joint meshed model is shown in Figure 4.16.
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Figure 4.12 Meshed Joint - Areas A2, A3, A4, and A5
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Figure 4.16 Meshed Complete Vehicle Joint Model

4.2.3 Parameters for LS-DYNA Analysis
4.2.3.1 Contact Surfaces

The complete vehicle-joint model is analyzed using the explicit code, LS-DYNA. The
structural interaction between the joint and the vehicle is given using pre-defined contact
cards available in the code. The bonded contact between the joi'nt and the vehicle is
simulated the card CONTACT TIED SURFACE_TO _SURFACE card. For this contact
card, a master surface (on the vehicle wall) and a slave surface (on the joint surface) are
selected. As the name implies, the slave surface always follows the master surface to
ensure that the joint surfaces deformation follows thosé of the corresponding ones at the
bottom panel. A sample contact card is shown below. This contact definition requires
input of three mandatory cards. The first card gives details of the surfaces in contact. The

second card is used to give the values of friction between the interacting surfaces while
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the final card is given to variety of scale factors on for the surfaces. The detail of the

éards is explained below.

*COMNTACT TIED _SURFACE TO SURFACE

§ In
1
$ 81D HSID SSTYP H3TYP
z 10 3 3
3 F3 FD Do Vi VDG PENCHE BT DT
0.0 0.0 0.0 g.a c.0 Q 0.0 1000000.0
§ SF3 SFHM 35T HST SFST SFHT FSF VSF
1.0 1.0 0.0 0.0 1.0 1.0 1.0 1.0

o SSID, MSID defines the slave set ID and master set ID respectively.

o SSTYP set to a value of three indicates that the slave set type is by part ID.

o MSTYP set to a value of three indicates that the master set type is by part ID
indicating that the values under SSID and MSID are the part numbers of the
corresponding surfaces. In this case, part 2 is the slave surface and part 10 is the
master surface. Parts are numbered in the same way as the areas have been
numbered in Figures 4.9 and 4.10. Hence part 2 corresponds to area A2, part 3
corresponds to area A3, and so on.

o Other parameters such as FS, FD, DC, and VC which correspond to the various
friction coefticients and scale factors are left unchanged as the default values
In this model, there exist eight different areas of the joint that needs to interact

with eight different surfaces of the vehicle. This contact definition is given to each pair of
surfaces. Each contact pair consists of one slave surface (on the joint) and one master
surface (on the vehicle). For the areas A10, A11, A12, and A13, shown in Figure 4.10, of
the bottom panel (excluding the central trapezoidal area), designated as the master
surfaces, the corresponding areas A2, A3, A4, and A5, shown in Figure 4.9, of the joint

are designated as the slave surfaces. Similar contact cards are defined between each of
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the rest of the vertical joint areas (A6, A7, A8, and A9) and the main vehicle structure
(area A1 or part 1). There are eight pairs of areas which need interaction and hence there
are eight contact definitions. The systematic way of defining these contact cards ensures
that there is smooth shock wave propagation through out the vehicle-joint model. The
details of various contact pair definitions are shown in Table 4.4.

Table 4.4 Contact Pair Definitions

Contact Pair # Master Surface Slave Surface
(Part Id) (Part 1d)
1 10 2
2 11 3
3 12 4
4 3 5
5 1 6
6 1 7
7 1 8
8 1 9

4.2.3.2 Blast Load Definition

The blast load 1s simulated using the ConWep blast function. A blast load due to a
charge of 0.5 Kg of TNT is used to simulate the structural response on the vehicle-joint
model. The location where the load is positioned is similar to the one described for the

no-joint vehicle case i.e., at (1.343, -0.430, 2.654) m.

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2.3.3 Effect of Gravity
The effect of acceleration due to gravity on the dynamic response of the vehicle is

considered in the model. An acceleration value of 9.81 m/s® is defined to consider this

effect.
4.2.3.4 LS-DYNA Input Cards

A rigid wall card is used to simulate the vehicle resting on the ground as discussed in
section 3.2.6.5. Aluminum 7039-T64 is used as the material for the vehicle structure and
the joint. A single material'card, similar to the one discussed in section 2.3.5.4., is used to
define the material properties for all the parts in the complete vehicle-joint model. Other
LS-DYNA input cards such as the control cards, database cards, and Nodout card are
similar to those discussed in section 3.2.6. The termination time is set at 0.025 s as in the
case discussed in Section 3.2. The accelerations at the three critical locations are

computed at every le-5 s.

4.3 Joint Design Optimization
4.3.1 Design Variables

The objective of this optimization study is to reduce the shock and vibration measures
at the critical locations of the vehicle by the introduction of a joint of suitable size. The
lengths L3 and L, and thicknesses 7, and /> of the joint, shown in Figure 3.9, are selected
as design variables. In order to reduce accelerations at the critical locations, different

combinations of these design parameters are tried until an optimal set of dimensions are

obtained.
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4.3.2 Objective Function
The average of the means of the accelerations at the commander, driver, and panel
locations is selected as the objective function to be minimized. The optimization problem

can be stated as

f:(avgwc+avg_d+avg_p% 4.1)

This objective function needs to be minimized by varying the design variables within

the constraint set.

4.3.3 Problem Statement with Constraint Set

The optimization problem can be stated as:

e e . am < + am o + am P
Minimize, f(t3 Jt,. L5, L, ): = 3 = (4.2)
r <1, <2T
4
T
4
Subjected to the constraints: Xp —Xp, <. < 2h xR (4.3)
16~ °7 8
Yhe ¥R o YR T YR
4 T 2

where, avg_c, avg_d and avg_p are the means of the accelerations at the commander,
driver, and panel locations.

T = mean vehicle hull thickness = 0.03175 m
ypi = ¥y coordinate of the " point as indicated in Figure 4.17

Xpi = X coordinate of the it point as indicated in Figure 4.17
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Figure 4.17 APC M113 Hull Model with Keypoints that Define it

It can be seen that the constraints are imposed in such a way that the final joint
parameters are within the practical limit of application. The constraints are included in
the objective function using penalty terms. Penalty terms are introduced for the limits of
the design parameters such that if any of the constraints are violated, then the objective
function is not evaluated. The modified objective function after including the penalty

terms is given by:

m

Minimize, F = Af+ZQ, (4.4)
i=|

If g <0,thenA=1,Q=Rg’+B.

If g >0.thenA=0, Q=0.
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R and B are penalty parameters, whose value is 10" and 600,000 respectively. The
variable A is introduced in the formulation to avoid calculating objective function when a
constraint is violated as the problem is computationally demanding. g; (x) is equation of
constraint i.
4.3.4 Optimization Technique
Figure 4.18 shows the flow of the overall optimization process. The process is
described in the steps below:
* Step 1: Once the optimization program is run, generate the values for the design
variables according to the Simplex algorithm.
* Step 2: Create the LS-DYNA FE input file using the values of the design
variables obtained in Step 1.
* Step 3: Run the input file created in Step 2 using LS-DYNA explicit code solver
within the MATLAB environment.
»  Step 4: Calculate the objective function
= Step 5: Record the various values of accelerations from the LS-DYNA data output
files. Check for the termination criteria. If YES, STOP and terminate. If NO, Go to
Step 1 where new values for the design variables are generated according to Simplex
algorithm.
The optimization process uses Fuzzy Simplex algorithm developed by Trabia and Lee
[27]. This algorithm is used in this study since it can usually reach the minimum point
faster than regular simplex algorithm. Also it provides with greater flexibility to vary the

search direction which helps immensely in a highly non-linear problem like a blast. The
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initial simplex is created according to Spendley, et al. [28] by generating ‘n+1” equally-

spaced points according to the equation,

Xf‘_fX0+5|Uf+ 252U_/, 4.5)
jeljwi
Nn+l+n-1
where, 51 = nn \[211 o
_ Aa+l-l
0= @

Here « is the simplex size factor. Since the two thickness variables are of smaller
order than the two length variables, the initial simplex is scaled by introducing a scaling
vector such that, X S;; = Xj; s;.

Based on extensive testing of the problem, it is decided to have the value of « = 0.005,
and s = (1, 1, 2, 2) . The termination criterion is set based on a difference in the
consecutive objective function values. This is known as the error parameter and its value

issetat 0.1.

124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Run Optimization
Program

l

LS-Dyna Original
input File

'

Run LS-Dyna
Input File

'

Extract Data from LS-Dyna
Output File. Calculate Objective
Function

—>

Are Termination Criteria Met?

Modify LS-Dyna Input File
According to the Optimization
Program

Figure 4.18 Flow Chart Showing the Procedure of the Optimization Program
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4.4 Results

The vehicle joint model is run with the loading conditions and different analysis
parameters as described in the Section 3.2.3. To better survey the search space, three
initial guesses, Table 4.5, are tried. These initial guesses correspond to the lower, mid-
range, and upper limits of the four variables respectively. Values of the objective function
at the three initial guesses correspond are better than the no-joint case, Table 4.6, which
indicates that introducing a joint generally interrupts the flow of the shock. Table 4.6 also
shows that the Case 1 (lower limits of the four variables) is the most effective in reducing
transmitted shock.

Table 4.5 Various Initial Guesses used for Optimization Searches

Joint
13 (m) 14 (m) Ly(m) | Ly(m) |f
Mass(Kg)
Case 1 0.0080 0.0080 0.1220 0.1220 1392 67
Case 2 0.0357 0.0357 0.1762 0.1429 1421 378
Case 3 0.0633 0.0633 0.2350 0.2350 1577 983

Table 4.6 Final Results of Optimization Searches

13(m) | f4(m) | Ly (m) [ Ly (m) M;;)slzllég)
C‘;SC 0.0103 | 0.0098 | 0.2292 | 0.2412 159
Cgse 0.0285 | 0.0404 | 0.2372 | 0.2029 500,
Cgse 0.0620 | 0.0632 | 0.2383 | 0.2401 089
126
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Table 4.7 Accelerations for the Results of Case #1

commander 3076
Maximum acceleration (m/s?) driver 16102
instrumentation panel 9409
commander 773
Average acceleration (m/s?) driver 2000
instrumentation panel 774
Maximum acceleration (m/s%) commander 3076

Table 4.8 Accelerations for the Results of Case #2

commander 13523

Maximum acceleration (m/s?) ' driver 18398
instrumentation panel 8161

commander 930

Average acceleration (m/s?) driver 1890
instrumentation panel 931

Maximum acceleration (m/s”) commander 3523

Table 4.9 Accelerations for the Results of Case #3

commander 4682

Maximum acceleration (m/s?) driver 13083

instrumentation panel 19762

commander 1268

Average acceleration (m/s%) driver 1991

instrumentation panel 1268

Maximum acceleration (m/s”) commander 4682
127
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Figure 4.19 Acceleration Curves of Commander Location for Results of Case #1
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Figure 4.21 Acceleration Curves of Panel Location for Results of Case #1

Optimization results for these three guesses are shown in Table 4.6. Studying the
results of this table shows the following:

» Regardless of the initial guess, the search leads L3 and L, toward their upper limits.

o The values of 13 and 1, barely change in Case 1.

e While the results of the search in Case 2 are close to those of Case 1, the values of 13
and ¢4 are significantly different, which indicate that a fairly lérge area with values
close to minimum exists within the search space.

o The search of Case 3 (upper limits of the four variables) is the least successful. It

starts and ends with the highest objective function values of the three cases.
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The acceleration results for each individual case are presented in Table 4.7, 4.8, and
4.9, respectively. The acceleration vs. time curve for the vehicle with the optimized joint
of Case 1 is shown in Figure 4.19. Studying these results shows reduction of averages of
acceleration waves is not necessarily associated with reduction of the maximum values of
accelerations. However reducing averages of accelerations indicates reducing energy
transferred into the points of interest. In Case 1 and 2, a reduction of the maximum values
of acceleration is observed for the commander and instrumentation panel. The maximum
vonmises stress contour for the case#l is shown in the Figure 4.20. It can be seen that the

maximum stress just reaches the yield stress value.

LS-DYNA user input .

Time = 0.030001 Fringe Levels
Contours of Effective Stress (v-m) 3.801e+008
max ipt. value B
min=458362, at elem# 20065 3.422e+008 _
max=3.80137e+008, at elem# 229861

3.042¢+008
2.662¢+008
2.283¢+008 _
1.903¢+008 _
1.523e+008 _
1.144¢+008
7.639¢4007
3.843¢+007 _

e
a}?ﬁe‘%ﬁ;

4.584¢+005 |

Figure 4.20 Von Mises Stress Contour Plot — Case #1 at 30 ms

131

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5

OPTIMIZATION- MODEL 2
5.1 Joint Design Characteristics

This chapter deals with optimizing structural design of components and joints of
the space frame structure of the AX-1 model under ﬁrojectile impact loading. The space
frame consists of several joints that connect individual beam members to form the whole
structure. Monolithic design of such a complex structure is not considered a realistic
option due to cost-effectiveness of manufacturing processes.

Usually, the conceptual stage of product development entails identifying components
and their joining methods by decomposing the entire product geometry. However,
decomposing schemes depend mainly on the designers’ experience. This may cause
certain problems related to structural stiffness and manufacturability of the final design.
In the present design of space frame, manufacturability of the joints has already been
dealt with. However, it is important to ensure that the overall structural stiffness is
sufficient to cope with highly transient loads.

A major design consideration is reducing the overall weight of the structure as
low mass of the vehicle is proportional to fuel consumption. Usually in commercial
automobiles, body accounts for approximately one third of the vehicle weight.
Considerable mass decrease can be achieved by using aluminum without compromising

the performance, which is a reflection of increased adaptation of aluminum for vehicle
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body building in many commercial mass-produced vehicles. The entire AX-1 model is
made of aluminum. Any further reduction in the mass of the space frame will improve its
performance.

The results of Chapter 3 suggest that varying the length of the branches of the
joints within the frame can have significant effect on the overall behavior of the space
frame under impact loads at various locations. It is not confirmed yet that the current joint
loéationls c are sufficient to provide optimal performance under impact loading. The
objective of this chapter is to minimize the mass of the structure by varying the frame

design while considering stress and deformation effects.

5.2 Parametric Finite Element Analysis
Parametric finite element analysis is created to evaluate the joint design
parameters:
e The length of the branches of the joints and
e The position of the joint locations.

In this study, joints at eight locations are identified for variation. The first foﬁr
correspond td the numbers shown in Figure 5.1. The other four joints are the symmetric
joints of the first four joints. A numbering scheme is used for identitying each branch of a
particular joint. The numbers used for identifying branches of joints at locations 1 and 3
are shown in Figure 5.2. As can be seen from the figure, branches are numbered in an
counter-clockwise fashion starting from the left most joint branch. Each branch of joint is
identified using the variable B;;, where i stands for location number and j stands for

branch number. For example, B, ; indicates the first joint branch of joint location 1. Since
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most of the joints in the AX-1 model are associated in some way or the other with the rest
of the IS-ATD vehicle, only Joint # 3 and its corresponding symmetric joint are chosen
for identifying appropriate location by variation. However, appropriate values for the
lengths of joint branches and joint locations for mitigating shock transmission are to be
determined from optimization studies. For creating the parametric model, the entire

model is divided into fixed and variable codes.

Figure 5.1: Nodal Locations for Parametric Study
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Figure 5.2: Numbering Scheme for Joint Branches
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5.2.1 Fixed Code

The fixed code represents the portion of the finite element model where no
variations are performed. The fixed region is modeled and meshed using HyperMesh
pre— processor. All the details of Model 2 discussed in Chapter 3 remain pertinent for this
code too. The fixed code of the FE model is shown in the Figure 5.2, which shows that
the fixed code represents the part of the vehicle without the eight joint locations. An LS-
DYNA input file is created using the HyperMesh model and the other necessary cards
like boundary conditions, material properties, control, and database cards etc, are added
to form the fixed portion of the LS-DYNA input file. These cards are exactly similar to

those described in Chapter 3.

Figure 5.2: Fixed Portion of the Code
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Figure 5.3: Mesh of Fixed Portion of the Code
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Figure 5.3: Mesh of Fixed Portion of the Code (Complete)

5.2.2 Variable Code

Modeling of the variable cpde 1s done for two different cases. The first case is
concentrated on modeling the space frame to obtain a parametric relation for the joints
and their branches at the eight described locations. This parametric relation is used in
conjunction with the optimization algorithm to obtain optimal values of lengths of the
branches at the eight joint locations.

The second case derives the parametric relationship to vary both the length of
branches of the joints and the location of the joints. The varying part of Model 2 consists
of the joints at the eight nodal locations and the associated branches of beams emerging
out of them. These elements constitute all the branches that are missing in the static part
of the AX-1 model. The elements at these locations are generated so that the total

numbers of elements always remain the same when compared with the base model
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(Model 2) described in Chapter 3. The variable part of the model is generated by using a
program written in Matlab. The details of the modeling are discussed below.
5.2.3 Modeling Case 1

In this section, discussion is concentrated on modeling joint 4 and its associated
branches. The joint 4 and its associated branches are shown in the Figure 5.4. As shown
in the Figure 5.4, the variable Qi,j describes the number of elements of the one of the
joints at joint location 4. Variable Bi,j represents certain number of elements along the
same branch. The number of elements at this branch are chosen in such a way that the
total number is at least half of the total number of elements used along the branch. Si,j
represents the number of elements obtained by the sum of Bij and Qi,j as given in
equation 5.1, which is always constant. The value of Si,j remains the same even though
there is a change in any of the variables. In this case, the independent variable is Qi,j i.e.
for changing the length of the joint branch by varying the number of elements. The

variable Bi,) 1s calculated according to equation 5.2.

B,+0,=5, (5.1)
B,=S8,-0, (5.2)

i b

Similar procedure is used for obtaining parametric relations for all the other branches of

this joint location and all the other remaining seven locations.
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Figure 5.4: Variables for Case 1 Parametric Modeling

5.2.4 Modeling Case 2

Modeling of the variable part in this case is divided in to two parts.
Part 1 consists of modeling to obtain a parametric relationship so that movement of joint
locations is possible. In this work, movement of just a single joint location and its
corresponding opposite location is considered. The joint location 3 is chosen to perform
this movement.
Part 2 consists of modeling all the branches for obtaining a parametric relationship
between joints and their associated branches.
5.2.4.1 Modeling and Meshing of part 1

Initially, the model without the joint location at 3 is as shown in the Figure 5.5. As

can be seen from the figure, the joint at location 3, its associated branches, and some part
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of the frame elements along joint 3 are missing. The objective of this part is to model
joint 3 and its associated branches so that the joint location is free to move along the
described points 5 and 6. The initial location of this joint 3 and its associated branches is
given as shown in Figure 5.6. The location of joint 3 is dependent on the variable y. The
various steps in modeling this part are described below.

Step 1: In this stage, coordinate information is recorded for the locations 1, 2, 5, 6, 7, and
3 (Figure 5.6) using the base model described in Chapter 3. Table 5.1 gives the recorded
coordinate details.

Table 5.1 Coordinates for Locations Associated with Joint 3

Location Coordinate
! (anbrc))
2 (a2,b5,¢2)
. (I, m,n)
: (as.bs.cs)
0 (ag be, o)

7 (as,bc7)

Step 2: In this step, the number of elements used for creating each branch is evaluated

and recorded. Since a constant approximate mesh size of 0.04 m is used throughout
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modeling, the number of elements used at each branch can be evaluated using the

equation 5.3.

len
N},i = 3%04 (5.3)

where len;, :\/(a, —1Y +(b,—m)’ +(c,-n)’ ; ¥V i=12567

Step 3: In this step, the movement of joint location 3 is performed. Equation 5.4 is used to
evaluate the new coordinates of the joint location using the movement variable y. For
example, if the value of y is negative, then the new location of 3, given by 3° is generated

as shown in the Figure 5.7 using 5.4
(,m,n)+(»,0,0)=("',m',n") (5.4)

The range of variable y is described by the equation 5.5 given below

v > 0,(Location3, Location6) (5.5)
v <0,(Location3, Location5)

y =0, Location3

The range of variable y can be identified from the Figure 5.6. Step 4: At this point of
code, element size is evaluated albng each branch depending on the number of elements
calculated in step 2. The following equation 5.6 is used to calculate the element size

along each branch.

e len'm
Size,, = %/3,: (5.6)

where len',, = \/(a, =1y + (b, -m'y’ +(c, -n) Vi

il
—
o
i
N

~]
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Step 5: Depending on the element size calculated in step 4, nodes are generated along
each branch. The nodes along the branches Bss, B3 and B;; are calculated using the

following equations.

a=[a,—(a,*Size;s*n)],vn=1to(N,, -1)
b=b,,Vn=1to(N,, -1)

Bss: (5.7
c=cs,Vn=1to(N;, -1)
a=la, +(a, *Size; *n)].Vn=1t0(N,, -1)
b=b,,Yn=1to(N,, -1 .
B oV =110MN; 1) (5.8)
c=cy,Vn=1to(N,,-1)
a=a,,Vn=1to(N,,-1)
b =[b, — (b, *Size,, *n)].Vn= -1
B, h =[b, — (b, *Size;; *n) ],V n =110 (N, -1); (5.9)

c=c,,Vn=1to(Ny, -1);

In order to generate nodes along branches B;; and Bj ), slopes of them need to be

calculated. The slopes (m, & m, ) are calculated according to the following equations.

b —
m, = b -a) (5.10)
(b3 =, )
[) ]
m, = ()_al (5.11)
(by —ay)
The inclinations (¢, & ¢, ) are calculated using the equations stated as follows
9, =Tan " (m,) (5.12)

¢, =Tan™ (m,)
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The equations used to generate nodes along B3, and B3, are given below. An
example for the pattern of nodes that are generated for the joint movement along the

negative X-axis is shown in the Figure 5.8.

a =la; +(a, *Size, , *cos(4,)*n) .Vn=1to(N,, -1)
b =[b, + (b, * Size, , *sin(#,) *n)],Vn=1to (N,, -1)

Bsa (5.13)
c=¢,,Vvn=1t0(N,, -1)
a=|a, —(a, *Sizel2 *cos(4,)*n)],Vn=1to (N3,| -1)

Bs.: b=[b, +(b, *Size,, *sin(¢)*n) |, Vn=1to(N,, -1) S

c=c¢,Vn=1to(N,, -1)

Step 6: Using the nodes generated in step 5, elements are generated along successive
nodes. A meshed model for the joint movement along the positive X-direction is shown
in the Figure 5.9.

Step 7: The database of all the branches associated with the joints at 3°, 1, 2, 4 and their

corresponding opposite locations are created at the final step.
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146

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o~ x-‘:

:i ‘:"
'
(9%

»e

4

Figure 5.7: New Coordinates of Joint Location 3

Figure 5.8: Case 2 Modeling Example for Left Movement of Joint
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Figure 5.9: Mesh Details for the Joint Movement towards the Positive X-axis

5.2.4.2 Modeling part 2
Modeling part 2 is exactly similar to the one discussed in section 5.2.3. Using this
procedure change in length of joint branches can be performed in conjunction with

change in the location of joint 3.

5.3 Parameters for LS-DYNA Analysis
All contact surfaces, boundary conditions and other control cards described for Model

2 in Chapter 3 remain relevant during parametric study too.

5.4 Objective Function and Constraint Set
The mass of the eight joint locations is selected as the objective function to be
minimized. The optimization problem can be stated as
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f=>m (5.15)

This objective function needs to be minimized by varying the design variables within the

constraint set.
“L<B  <2S,, (5.16)

-n<y<n (5.17)
where, m, = Mass of all the joint branches at i" joint location
S, , = initial length of ﬂlC joint branch
B, ;= Variable defining length of a joint branch at i" joint location and j‘h branch

y = distance movement of joint at 3

n = Limit for distance movement =0.45 m

5.5 Optimization Technique

As we can see from the above description, it is evident that the present optimization
problem is highly non-linear. Usually, successive quadratic programming is used to solve
non-linear problems. A Successive quadratic programming iteratively solves a nonlinear
programming problem by using a quadratic approximation to the optimization problem
and a linear approximation to the constraint equations. As the series of quadratic
programming problems are solved, these intermediate solutions generate a sequence of |
points that must remain in the feasible region or sufficiently close to this region to
converge to the optimum. The logic used with this method is to search along the line

between the new and previous point to maintain a feasible or near feasible solution.
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A new method called Successive Heuristic Quadrature Approximation Technique, SHQA
was developed by Trabia and Ceylan [28]. This method is successfully implemented to
solve a nonlinear problem in stress corroded cylindrical containers. This method
combines successive quadratic approximation with a controlled random search. If the
problem is quadratic, then the quadratic approximation will help improve the search
quickly. The controlled random search will be more effective if the problem is highly
nonlinear as in this case.

The procedure for optimization process in this problem remains exactly the same as
that of Model 1 described in Chapter 4. However, the AX-1 Model joint optimization
problem is solved using Successive Heuristic Quadrature Approximation Technique,
SHQA.

5.5.1 SHQA Algorithm:

The following steps describe the details of this algorithm for 2 two variable problem. The
whole optimization problem is solved using the MATLAB environment. The detail of the
whole procedure is given in the flow chart shown in Figure 6 and is described below.

a) Input the upper bound and lower bound values of the variables.

b) Calculate the range of each variable from the information in (a) and divide this

range to create p equally spaced data points.

¢) Generate ¢ number of points for all the design variables using the equation 5.7.

qg=p , (5.18)

d) Calculate the objective function for all the points generated in (c)
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e) Obtain a mihimal point of the surface obtained by fitting a quadratic polynomial
to the data poipts generated in (c). Add this point to the ¢ number of points
already generated in (c).

f) Evaluate the range of the function values for the ¢+/ points generated.

g) Identify z number of points lying in the lower half of the function range value and
generate the lower and upper bounds of the design variables within these z points.

h) Generate additional random points (g+/-z) within the range of the design
variables from (g).

i) Providé termination criteria.

J) Go to step (a) again for the next iteration and repeat the process.

An example of the controlled random search process for a two variable problem is
shown in the Figure 5.10. The process begins by generating ¢ initial points within the
domain described by A. the next domain, B is generated based on z points with lower
lower function values. The complementary area i.e. ¢-z is generated next. In this manner,
controlled random search proceeds in coordination with successive quadratic
approximation that uses current ¢ points to find the minimum of the surface. This process

is repeated till the termination criteria is met.
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Figure 5.10: SHQA for a Two-Dimensional Problem

5.6 Results

5.6.1 Case 1

The optimization results for the case 1 are concerned with finding the optimized
values of length of joint branches at the four joint locations as discussed before. The
results for the side and front impact cases are summarized in Tables 5.1 and 5.2. Each
color in the table indicates branches at a particular joint. For example, the five design
variables in the green color indicate joint branches at the joint location 1. Since structural
stiffness of the assembled structure under a given loading condition is evaluated as the
zmagnitude of total displacements, maximum displacement in the space frame structure is
evaluated for each function evaluation. The details of various parameters used in the

Tables 5.1 and 5.2 are given below.
Jt — Joint Location Number

Br — Joint Branch Number
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[.G. - Initial Guess

F.R.- Final Resﬁlts

V- Maximum VonMises Stress in MPa
D- Maximum Displacement in m

/— Objective Function

Table 5.2 Side Impact Results

Design Variables (B;; ) \Y D !
(MPa K
» ] 5 3 2 ) | (m) ((Kg)
Br# 1{21314 5111231415161 12|3]|4|5]1]2]|3]4]5
1.G 2151445151424 |5121412|4|4|3[4]2]|4]314| 398 |0.0448 | 94
FR [ Fi312123 (320121312t i29212|2|1{2]2]2] 410 [0.0454| 68
Table 5.3 Front Impact Results
Design Variables (B; ) v D | f
(MPa) Ke
T I 2 3 4 (m) [(Ke)
Br# 1121341511 (2|3}4(5]6|1]2[314{5(1(2({3]41{5
I1.G (2514455421452 412]414131412[4{314| 398 |0.0448|94
FR [1[3]z2f23 3 2]t|2]3]1|2]1]2]2]2]2]t1[2]2]2] 402 [0.0458| 68
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We see that for both the side and front impact results, a 28 % reduction in mass is
obtained. But this is accompanied by an increase in stress and maximum displacerﬁent.
Figure 5.10 and Figure 5.11 shows plastic strain contours for the optimized final design
values in case of side and front impacts respectively. We observe that maximum plastic
strain value is 6.6 % in the front impact case and 7.8 % in the side impact case, both of
which are less than the failure strain value of 13%. We can say that though the final
optimal desigll gives an increase in stress values there is no failure in the material. Also,
the maximum displacement value approximately lies close to the initial value. Hence the
final design can be accepted due to the fact that this design gives enhanced reduction in

mass with out causing any failure in the material of the space frame.

Fringe Levels
7.860e-002 _
7.074e-002 _

6.288¢-002 _
5.502e-002 _
4.716e-002 _
3.930e-002

3.144e-002 _ ‘
2.358e-002 _
1.572e-002 —gz
7.860e-003 _.
0.000e+000 _'

Figure 5.11: Maximum Plastic Strain Contours for Optimized Case at 25ms (Side Impact)
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Fringe Levels
6.603e-002
5.942e-002
5.282e-002 -
4.622e-002 __
3.962e-002 _

3.301¢-002 _
26416002
1.981e-002
1.321e-002 _

7]
£.603¢-003 _%
»

0.000¢+000 _

Figure 5.12: Maximum Plastic Strain Contours for Optimized Case at 25ms (Front
Impact)

5.6.2 Case 2

The results from case 1 suggested that significant reduction in mass can bé attained using
the least possible length of the joint branches. Howevef, this result does not evaluate
whether the locations used for joints are optimum. Hence, an optimization is conducted
by adding the variable y in this case. The final results obtained are shown in the Table
5.4. It cab be seen that the joint location is shifted 0.35 m towards the front portion of the
frame. Results indicate that there is a decrease in maximum stress and displacement in
the optimized case when compared to the initial guess case. However, the decrease in the

objective function is only 15 % which is considerably less than 28 % obtained in case 1.
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Table 5.4 Side Impact Results for Case 2

Design Variables (B;; ) A% D | f
(MPa) (m) |(Kg)
I 2 3 4 )
Jt# >
Bl‘#] 2031451231456 112{3(4|5|1|2|3/4|5 y=-0.35
IL.G |2|5]4|4|5|514]2]4|5(|2]|4|2]|4|4|3|4|2]|4|3]4]| 398 |0.0449| 94
FR (V322 3321|2032 t]2]2]2 212221 395 |0.0417]80

5.6.3 Single Variable Optimization

In this case, the only variable is y i.e. movement of joint 3. The lengths of the joint
branches are k.ept at a constant value i.e. these correspond to the optimized values
obtained in case 1. In addition to the constraint described in equation 5.17, another

constraint is imposed which is stated as follows
Slnax S (S/ + S_r ) / 2 (5 1 9)

where s, = maximum von Mises stress; s, = failure stress; s, = yield stress

Optimization results are shown in Table 5.5 suggest that moving the joint location
towards the negative x direction i.e. front portion of the frame gives an increase in the
maximum displacement while decreasing the maximum stress value. And moving the
joint location towards the positive x-direction i.e. towards the back portion of the space
frame suggest that a decrease in maximum displacement can be obtained while
contributing to the increase in the stress values. The zero value of the y variable indicates
no movement of the joint location. These results are the same as seen from the results in

Table 5.4. The small variation in the value of fis due to the fact that moving the joint
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location varies the length of the branches associated with it. This variation contributes to
the change in mass. Multiple conclusions can be drawn from these results.

o If the final objective of the design is to decrease mass with minimum possible
increase in stress it is advisable to move the joint location towards front portion of
the space frame.

o If the objective is to have a more stiff structure with little increase in stress value,
it is recommended to move the joint location towards the back portion of the
space frame.

o If a significantly more stiff structure is desired with out coﬁcentrating on increase
in the stress values it is advised to keep the joint location at the same position with
out moving it.

Table 5.5 Results for Movement of Joint at 3

y (in m) V D f
-0.350 398 0.054 68.0
-0.260 398 0.053 67.5
-0.250 403 0.052 67.4
-0.150 399 0.051 67.0
-0.084 400 0.051 66.9
-0.061 400 0.051 66.9
-0.050 400 0.051 66.9
0.033 401 0.050 66.9
0.050 402 0.050 66.9
0.150 403 0.049 67.0
0.152 403 0.049 67.0
0.154 403 0.049 67.0
0.250 405 0.048 67.3
0.255 405 0.048 67.3
0.301 407 0.048 67.5

0 410 0.045 68.0
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CHAPTER 6

CONCLUSION
To get a coherent picture of the entire work, a brief summary is provided in this
chapter. The objective of this thesis is stated as follows

e Create simplified finite élement models of the military vehicles to study shock
transmission due to impact and blast loads.

e Study the effect of joint design by creating parametric finite element models of
the military vehicles.

¢ Conduct optimization studies to evaluate effective joint design parameters which

can mitigate shock transmission to a considerable extent.

6.1 Results for Model 1

Model 1 (APC M113 A2) is taken as the main model for studying the shock
transmission due to a mine blast load. The acceleration results at the critical locations in
the vehicle without a joint at the bottom panel are shown in the Figure 6.1, Figure 6.2 and
Figure 6.3. Table 5.1 shows the peak and the average values of the acceleration curves at
the three critical locations. To reduce the accelerations at these locations a joint at the
bottom panel is proposed. The initial guess and the final design paraméters for the model

with joint are shown in Table 6.2. The average and maximum accelerations at the critical
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locations for the final design is shown in Table 6.3.Comparing the results for the vehicle,
we can say that significant reduction in accelerations are obtained by using a joint at the
bottom panel. The acceleration results at the critical locations in the vehicle with a joint at

the bottom panel are shown in the Figure 6.4, Figure 6.5 and Figure 6.6.
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Figure 6.1 Acceleration Curves for Commander Location (No Joint)
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Figure 6.2 Acceleration Curves for Driver Location (No Joint)
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Table 6.1: Acceleration results for the no-joint vehicle

commander 4789 ]
Maximum driver 16480
acceleration (m/sz) instrumentation
11965
panel
commander 1148
Average . driver 2650
acceleration (m/s”) instrumentation 1149
, panel
Objective hll}(:tl()ﬂ 1649
value f

Table 6.2: Initial guess and Final Design Parameters

13 (m) Ly (M) L; (m) Ly(m) ya

Initial

0.0080 0.0080 0.1220 0.1220 1392
Guess

Final 0.0103 0.0098 0.2292 | 0.2412 1182

Table 6.3: Optimized acceleration results for Final Design

commander 3076
Maximum driver 16102
acceleration (m/s? i entatio
( ) instrumentation 9409
panel
commander 773
Average driver 2000
acceleration (m/sz) instrumentation 774
panel
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6.2 Results for Model 2

| Model 2 (IS-ATD) is taken as the main model for studying the shock transmission
due to a projectile impact. The optimization results for this model are concerned with
finding ‘the optimized values of length of joint branches at the four joint locations as
discussed in section 5.7. The results for the initial guess and final results in terms of
number of elements for the joints are shown in Table 6.4 and Table 6.5. Table 6.4 gives
details for the side impact case while Table 6.5 provides results for front impact case. As
can be observed from these results 28% reduction in mass is achieved without causing
any failure in the material. The details of various parameters used in the Tables 5.1 and

5.2 are given below.

165

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Jt — Joint Location Number

Br — Joint Branch Number

I.G. - Initial Guess

F.R.- Final Results

V- Maximum VonMises Stress in MPa

D- Maximum Displacement in m

f— Objective Function

Table 6.4 Side Impact Results
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Design Variables (B;; ) \Y% D I
(MPa
T : g ; )| m) |Ke)
Bri L2345 |(213(4|5{61(2|3(415|1]2]314]5
1.G [2(5(4]4|5|5(4(2]4|5|2(4(2]4|4|3|4|2|4|3(4]| 398 |0.0448| 94
FR | F{3[212(3 3223|121 |2]212{2]|1]|2]2]|2}| 410 |0.0454]| 68
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Table 6.5 Front Impact Results

Design Variables (B;; ) \Y D f
(MPa :
T ; ; ; )| ) (Ke)
Br# 1]12(31415)11({21314i516]1|2|314|5]1(2[|314]5
LG 251414 ]5|5{4(214 15242414314 |2]4]|3|4] 398 |0.0448| 94
FR (V312233 (2}112(3]112(112(2]|21211]2]|2]2]| 402 |0.0458| 68

6.3 Conclusions
6.3.1 Model 1

e Use of a suitable designed L-shaped joint at the bottom panel of a military vehicle
helps in significant reduction in the accelerations at critical locations due to a
mine blast.

e Parametric finite element modeling, meshing and dynamic analysis of the vehicle-
joint structure and joint design optimization is carried out with the help of
commercial FEA codes and MATLAB.

e Optimization results show that the objective function value is reduced
considerably by reducing the thickness of the joint and extending it.

6.3.2 Model 2

¢ Significant reduction in mass is achieved by properly designing joints of a vehicle
space frame.

e An optimal stiffness of the structure is achieved which helps in minimizing the
mass without greatly increasing the stress values in the structure subjected to

impact loads at various locations.
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e Parametric finite element modeling, meshing and dynamic analysis of the space
frame structure and its joint design optimization can be carried out with the help

of commercial FEA codes and MATLAB.

6.4 Scope for Future work
6.4.1 Model 1

» [Experimental validation needs to be conducted for the results obtained in this
model.

* Study should be extended to a joint design using bolts to get a more realistic
evaluation.

» Study should be conducied by changing blast load location to properly analyze the
joint capabilities,

s Study should be extended for higher blast loads to analyze the plastic deformation
capabilities of the joint in mitigating shock propagation.

e Present study is conducted using a simplified armored vehicle model; explicitly
modeling all the remaining components and their interactions can provide with
more realistic results.

e The robustness of the joint needs to be tested for other types of loads, such as
projectile impacts.

6.4.2 Model 2
s [Experimental validation needs to be conducted for the results obtained in this

model.
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e This study is conducted only on the space frame of the armored vehicle and its
armor; explicitly modeling all the remaining components and their interactions
can provide with more realistic results.

e In the optimization study, only one geometric parameter is considered for the
joints; other cross-sectional parameters should be added to the optimization
problem to get more significant results.

e Study should be extended for higher impact loads to analyze the effective stiffness

value for the entire structure.

e The robustness of the final design needs to be tested for other types of loads, such

as blast loads.
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