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Abstract

Structural composites have been used in aerospace artdrstraogineering due to their
high strength to weight ratio. Composite laminates Heen successfully and
extensively used in blast mitigation. This dissertagigamines the use of the
homogenization approach to design and simulate blastaescomposites. Three case
studies are performed to examine the usefulness of differethods that may be used in
designing and optimizing composite plates for blast registaThe first case study
utilizes a single degree of freedom system to simula&téldst and a reliability based
approach. The first case study examines homogeneous pldtdseaptimal stacking
sequence and plate thicknesses are determined. The secbtiikd case studies use the
homogenization method to calculate the properties of ceteponit cell made of two
different materials. The methods are integrated dytiamic simulation environments
and advanced optimization algorithms. The second cadg ist2-D and uses an implicit
blast simulation, while the third case study is 3-D antufites blast using the explicit
blast method. Both case studies 2 and 3 rely on multitbl®egenetic algorithms for the
optimization process. Pareto optimal solutions arerdehed in case studies 2 and 3.
Case study 3 is an integrative method for determiningnapstacking sequence,
microstructure and plate thicknesses. The validityefdifferent methods such as
homogenization, reliability, explicit blast modeling andltirobjective genetic
algorithms are discussed. Possible extension of theoeheto include strain rate effects

and parallel computation is also examined.
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CHAPTER 1 INTRODUCTION

1.1 Motivation and Background

Composite materials are being used for structural applitatiue to their high strength-
to-weight ratio and flexibility in obtaining desired masgéproperties by intelligently
combining different materials. This issue becomes atitidhen structural applications
require mechanical properties that are not availableautiently used or known
materials. However, the lack of plasticity mechanisgmasling to premature failure is a
major downfall of structural composites [1-2]. This liatibn may be overcome if the
composite material is designed in such a way that dakwhases are allowed to falil
first, while the strong phases take over the stresstreas redistribution so that the
overall composite material does not fail. Micro aatasynthesis may be used to
reinforce the weak phases with the strong phases. sshe regarding the insufficient
ductility of composites becomes significant when blaststance is of interest. Blast
resistance may also be increased in laminated compbygigetjusting the composite’s
different layer’s stiffness such that the stressweia in the composite material does not
result in failure of the weak layer. This concept rhayealized via multi-objective
topological optimization using the microstructural hoeioigation method. This
dissertation examines this possibility.

This dissertation introduces the homogenization technigtleetdesign of blast resistant
composites. The methods that will be integrated intalésggn model will include finite

element (FE), computational fluid dynamics (CFD), Malective genetic algorithms
1



(MOGA). Reliability theory is also discussed as a viab&thod for design. Typically,
design optimization utilizes gradient-based methods.s¥ggest using non-gradient
based methods because the design variables of our pralelehserete rather than
continuous. The integration of homogenization techniquddsign and simulation is
shown to cause little degradation in accuracy while enhgrefficiency due to
computational constraints.

Design of blast resistant composites is of greatesterMost terrorist attacks are
performed using some type of explosive device. Similarig of the greatest threats to
soldiers on the modern battlefield are improvised expodevices (IEDs). New
techniques are required to design and optimize armor fdrrelistance. We suggest
that through optimizing microstructures using the previoughpduced methods that a
new generation of blast resistant composites may bgreski The new technique could
be used to design armor for a range of applications frasopal body armor to
structural applications such as embassies.

While the methods that are presented in this dissamtat® not new, the way in which
the methods are being utilized and integrated is a new agpaoa framework. Through
combining advanced simulation programs and optimizatiethods a new way of
designing composite plates is introduced and examined usingdicpase studies. The
validity of integrating different methods is exem@diwhen comparing specific cases
such as the behavior of blast loading upon pure homogenexdeasats versus the
optimal composite plate designs. Implicit blast metheqgdy the same pressure wave
irrelevant of the material properties or size of tlegl However, the explicit blast

method allows pressure update based on stiffness and tieasefdso extremely
2



important when optimizing structures under blast loadinge &4plicit blast simulation
method is described in detail and is shown to be a negaessaponent because the blast
pressure transfer is directly tied to the material prtigseof the plate. Therefore, each
composite plate experiences a different magnitude o$wresransfer. This is crucial in
terms of optimization, as the microstructure needetodulated each iteration.
The integration of homogenization, explicit blast maatglnd optimization algorithms
such as multi-objective genetic algorithms is not a rbask. Homogenization in 3-D is
much more complicated than it is in 2-D. It requireser@mulations to extract the
homogenized properties than is required in 2-D. Eacheofigthods requires different
inputs and outputs as well as different formatting. Mlgtexecutables must be created
to connect all the parts of the integrated optimizagiovironment. 3-D explicit blast
simulation is extremely complex and requires knowlealge broad range of engineering
practices including fluid dynamics, structural dynamiasdfstructure interaction,
structural mechanics and material science. The combmatithese different methods
will yield new optimal microstructures that should havgoad resistance to blast
loading.

1.2 Dissertation Outline
The remainder of the dissertation is structured asvistl A literature review is
presented in Chapter 2. Methods usedfast resistant composite design optimization
are discussed in Section 3. Chapter 4 describes teesttaes and is followed by

Conclusions and proposed Future Work in Chapter 5.



CHAPTER 2 LITERATURE REVIEW

2.1 Structural Composites
Composite materials are one of the most widely usddrraés today and are used for an
array of applications ranging from aircraft, spaceceaftpmobiles, trains to civil
structures. Many bulk materials with metallic behaviolirduprocessing are
polycrystalline and therefore have approximately isotroplalvior. Isotropy does have
certain areas of application, but composites cathliniches where common metals
perform poorly at. Using composites, the material @aprbcessed in such a way that
that strength and stiffness of the material is aligs@that the structure maintains the
loading along the stiff directions whereas the weak tioes attain only a fraction of the
loading required to result in failure.
While composites exhibit poor transverse properties, thafgpstrength, which is the
strength normalized by the density and the specific stiffiod the composite, is greater
than that of homogeneous materials [3]. Thereforewiight of composite structures is
much less than that of other homogeneous metals sutdeds Gomposite materials
include but are not limited to large-particle (particulatenposites, dispersion-
strengthened composites, polymer-matrix composites, /metiilx composites, ceramic-
matrix composites, carbon-carbon composites and hybnmpasites. Two general kinds
of structural composites are laminar composites and sangaieels.
Composites may be built in layers or laminaes, in tvkiere is a specific fiber
orientation in each laminae. A sequence of laminaedfasred to as a laminate. The
method for determining the fiber orientations, raw malesaad number of laminaes is

determined through experimental, analytical and numeecahiques. These techniques
4



include but are not limited to impact testing, tensile amdpressive testing, classical
lamination theory, multi-continuum theory, and fintliement modeling [3].

The anisotropic nature of composite laminate matermajaires a methodology for
understanding how laminates respond to loads, how the ahjie fibers within

different layers influences the behavior, and how cimgnthe material properties in a
group of layers may influence the response.  Simjléne stress and strain distribution
depends not only on the type and magnitude of loading, $utla fiber orientation,
stacking sequence and material distribution. The mdtragimplifying the analysis of
fiber-reinforced composite materials is known as clasenination theory (CLT) [4].
CLT is also known as the Kirchhoff Hypothesis. Theoity makes some basic
assumptions regarding the deformation of the lamingiestly, CLT assumes that
normals remain straight (no bending) [4]. Secondlymads maintain their original
length after deformation. Finally, normals remainmakafter deformation (90 degrees
with the neutral plane). These assumptions are repeesschematically in Figure 2-1 a)
and b) and Figure 2-2. Figure 2-1 a) shows the loaded lanaindtEigure 2-1 b) shows
a x-z cross section of the laminate. Figure 2-2 shbevsléformed laminate and the
normal lines after deformation. Another set of agsions that are required are related
to the actual bonding between laminaes. Perfect bomebatthe layers is assumed (no
gap). There is no slip between layers and shear fortlesotvseparate the layers. The
overall laminate behaves like a single laminae withagyea properties. The geometric

mid-plane in Figure 2-2 is considered the reference surface.
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Figure 2-1: (a) Schematic representation of loaded laminate (liseometry of layered

composite laminate

Figure 2-2: Schematic representing the Kirchoff hypothesiassumption that

normals remain normal after deformation

CLT is very similar to plate theory. The differertmetween the two is that plate theory
assumes linear elastic isotropic properties, wheredsaSkumes that the material
properties are anisotropic. This means that the stiesn-gelations are more complex

and the stiffness matrix of a composite laminate hasym@re terms than the two
6



independent terms of linear elastic stiffness matri€asally, CLT assumes the plane-
stress assumption, which means that the out of pteegssnamely,is set to zero. The
orientation of the plate is then parallel to the plane.

The displacements and non-zero strains that ameet desult of the Kirchhoff

hypothesis and its assumptions are summarized below [4].

u(xy.2) =u(x ) - 2242 @
X

V% y,2) =V (xy) -2 @
y

W(x y.2) = W(x,Y) 3

£,(XY,2) = £, (X, Y) + 2K, (X, Y) (4)

£, (%Y, = €30, Y) + 263 (x,y) ©)

(%3, = V3, 06Y) + 25, () ©)

Where the strain and displacement values sueh@s.’ are the values of strain and
displacement at the geometric midplane am&lthe curvature. The relationship between
loading and strain for laminates using CLT thearghown below. The matrix that

relates the loading and midplane strains is knosvine ABD matrix [4].

N, | Ar A, As By B, Byg 1l € S
N y A, A, Ag B, By, Byll€ 3
N x| — As A As By By By ||V >(()y (7)
M, By, B, By Dy D, Dgl|« S
M y B, By, By D, D, Dyll« 3
M xy L Bie Bx Bg Dig Dy D 1K )?y




There are specific formulas for calculating the doefhts in the ABD matrix. N and M
are the line loads and moments respectivelis the strain at the midplane ands the
curvature at the midplane.

Multi-continuum theory (MCT) is another theory used donplifying the analysis of
composite laminates. MCT is a true mechanics basedeféheory for composites.

The theory is independently applied to both the fiber aattixy without modeling
individual fibers throughout the structure. It is called MiGzcause both the fiber and the
matrix are modeled as a continuum [4]. MCT modelsrtdependent mechanics of fiber
and matrix deformation and failure. It also recognibesrelationship between stresses
in local fiber and matrix stresses. Typically, a€larl theory, the average composite
stresses are calculated. Given average stresseschtCdalculate the fiber and matrix
stresses. Similar to rule of mixtures (ROM) technigaasanalytical model is used to
decompose the composite stress and strain fields intoafttematrix stress and strain
fields. The difference is that for MCT the anal@licnodel is much more complex. MCT
can include a non-linear finite element analysis of aaeii that includes progressive
material stiffness and strength degradation.

We can define the averaged stress over the domain as [4]:
5= 5(9av (8)
V /D

This is the method used by traditional failure theorieskvire applied at the continuum
level. We can then define an average stress ovdibtre(o) and an average stress over

that matrix f) .



7, = f,, a0V, ©)

1
%:Wh%mm3 (10)

Therefore we retain the identity of the constitseantd refer to their coexistence as a
multi-continuum. Then the average stress ovectimeposite domain is:

0=¢,0,+@,0, (11)
Whereg, is the fiber volume fraction anfl; is the matrix volume fraction. MCT may

be used to extract continuum (averaged) constitffiéyer and matrix) stress and strain
fields during the course of a routine finite eletamalysis. Failure theory is then applied
at the constituent level. This provides more infation regarding the failure or damage
state of a material. The computational efficiea€MCT is also paramount to other
methods [4].

Composites may be produced by intelligently desigrthe macro, meso, micro and
nanostructures to combine different materials.ofgosite is the combination of any
two or more materials in order to achieve an enbianenit in properties. Composites may
be, but are not limited to, the combination of fiyenetals, ceramics and polymers as

well as combinations of three or more of the prasip listed materials.

2.2Fiber Reinforced Composites
Fiber-reinforced composite (FRC) materials are cogitp materials that are composed of
fibers that are surrounded by a matrix of a diffiém@aterial type. The idea of utilizing

the weak and strong phases of a material to athentomposite for a given loading
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application is the central idea to FRC. Fibers mastllgned with the loading direction,
the loading must be transferred from the fiber to theixpand finally the fibers must
stay aligned to restrain the loading [3]. While FRCdqgrer well along the fiber
direction, the transverse properties and shear proparggsoor because of being
governed by the matrix. This is not a bad thing as lorntgeaapplication of the final
structure has been carefully studied and all possible lweads been considered.

Fibers usually have diameters on the order @n5100um [5]. Stiffness and strength of
fibers range between 70-800 GPa and 1000-7000 MPa respectivelyre Baihins as
high as 5% are attainable [5].

Matrix materials are typically polymer based and arerrefl to as resins. Resins make
up between 30-40 percent of the composite by volume. Thé&rabkso acts as a barrier
to protect the fibers from the environment. There aretypes of resins, which are
thermosets and thermoplastics. The main differenteeir behavior under temperature.
Thermosets cure when they are heated during which igielercrosslinks are formed
[3]. Subsequent heating will only degrade the resin. ®mther hand thermoplastics
can be continually heated and cooled. This processecatilized to repair portions of
the resin. The stiffness and strength of resins aratéh5 GPa and 50-100 MPa

respectively. Resins are also strain rate dependeniseeoéthe temperature effect.

2.3Metallic Composites
New synthesis methods have been created to producgere@sations of composites with
enhanced mechanical properties. Suiyuan et al. [6] producedrdogeezl self

lubrication composites with different amounts of gréghiThe Cu based composites
10



were produced using powder metallurgy by atomizing Cu_10Ni_3Sn_3Pb)(altoy
with 0.5 wt.% Y203 as the matrix [6]. Lower graphite petagas yielded better
mechanical and frictional properties, while larger grapbateentages resulted in
enhanced lubrication properties. Enhanced surface propgetiesally result in a better
overall mechanical behavior to loading and crack propagation.

Metallic composites may also be in the form of nambgas and nanocomposites. The
electrical and mechanical properties of nanocomposiesged through implantation of
Gold and Titanium into polydimethysiloxane were repoligdNiklaus and Shea [7].
They were able to show the electrical conductivity dodng’s modulus were directly
tied to the implantation parameters and the volunatifnas. It was shown that
percolation theory could describe the conductivity anéhsists of the composite very
well. The interactions between nanoparticles hafferent effects upon the material
properties.

Another type of metallic based composite is the nrmatdlix cast composite. Tests have
been performed on Mg2Si particulate Aluminum matrix castposites [8]. The effect
of tool rotation speeds and welding upon both the micrastreiand mechanical
properties was examined. Optical and SEM techniques wede U$e composite was
tested for microhardness and tensile strength. It h@srsthat changes in synthesis
processing and the composite microstructure have strflagti@en on composite

properties [8].
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2.4Blast
Explosives have been used to defeat both structures anie f@opver a thousand years.
Some of the first bombs used in anger were thoughtue b@en used by the Mongols
against the Japanese during the Mongol invasion of Japanheftéuan Dynasty [9].
During the 28 century the invention of Trinitrotoluene (TNT), smokslg®wder and
nuclear weapons radically expedited the effectiveness atadtaging ability of
explosives [10]. Through knowledge of mechanics, fluid dynamnd fluid structure
interaction, the process of physical, chemical and nuelgalosions have been
rigorously examined. Great improvements have been mdbeegard to gaining a
detailed understanding of blast phenomena [10].
Explosions are classified as a sudden or instantaneleaseef energy. This process
proceeds rapidly with in a very short period of time [1Ekamples of physical
explosions are volcanic eruptions and failure of pressugasdontainment vessels such
as a diver’'s oxygen tank. Finally, chemical explosiare the result of combining two
different materials such as oxygen with hydrocarbonstw@sults in combustion [11].
Explosives may be created from different phases ofna&gencluding solids, liquids
and gases. Generally, high explosive materials ameeidifrom solid base materials.
There are two main types of explosives: Primary andi®k&ry. Primary explosives
may detonate easily and sometimes just on contachstfong’s mixture which contains
Potassium Chlorate and Red Phosphorus is extremelyigem@siplosive material and is
usually considered a primary high explosive [12]. Primaplasives such as blasting
caps are used to detonate secondary explosives. A cosswondary explosive is

Trinitrotoluene (TNT) [10-11].
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During a detonation of a high explosive material (chaiithe pressure may rise to
around 30 GPa and the temperature may get as hot as 4000fc€ th® gas is both hot
and extremely pressurized, the currently occupied volgrfere¢ed outward in order to
equilibrate. Consequently, this moving hot pressure wangpesses the air around it.
This compressed air is what is called the blast wavis. within this blast wave that most
of the energy is released. This blast wave will tasa maximum value of pressure
greater than ambient pressure. At a given time duringqleston process, the pressure
behind the blast wave can drop below the ambient pres&atng a partial vacuum.
The pressure as a function of distance and the pressduaction of time are shown in
Figure Figure 2-3 (a) and Figure 2-3 (b) respectively. In FigeBeb)Psis the peak
over pressureRyis the ambient pressurg,is the arrival time ant andty. are the

positive and negative impulses times respectively. Adeaseen in Figure 2-3 (a) the
pressure profile is a function of the distance froeyghint of detonation. The reason for
the specific shape of the curves is due to the supersowioflthe blast wave. The blast
wave compresses the air in front of the expanding gagsieh makes the air denser.

This change in density increases the resistance tadakewave itself.

rs
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Figure 2-3: (a) Pressure as a function of distance from exgdion (b) peak over
pressure as a function of time after explosion

The effect of blast loading upon structures has beenrstm@epend mostly upon the
energy that is released during an explosion and thendesta the explosion from the
structure. Currently, and as a matter of conveniengdo®ixe charges are described in
terms of an equivalent charge of TNT. For examplkeatomic bomb Fat Man, that was
dropped on Nagasaki, Japan on August 9, 1945 had a yield ofé®hdata Joules,
which equates to 21 kilo tons of TNT [13]. By always usiij lequivalents then a

scaling parameter Z may be defined as

Z= 7 . (12)
WE

HereR is the offset distance from the explosion in metads\Vl is the equivalent charge
weight in kilograms. Approximate values of the peak oesgurePso where first
performed by Brode in 1955 [14]. Here he determined two diffeegimes foPs,

P, = % +1(bar) (Pso > 10 bar) 13(a)

_ 0975, 1455 585
= + +

P z Z? A

- 0.019bar) (0.1 bar << 10 bar) 13(b)

A different relationship determined in 1987 by Mills [15] whExgis expressed in kPa is
described as.

_l772 114+ 108

= 14
SO Z3 Zz Z ( )

Another important concept during blast loading is the @feaflected pressures. When

blast waves are prohibited from propagating due to an obskatles perpendicular to
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the propagation direction then the pressure igcedd and actually increases the
overpressure to maximum reflected pressure. Apprabe value of the peak reflected

pressure is given by Equation (15).

+
p =2, {—”’0 4PS°} (1)
7P, + Py,

WherePsy is the form used in equation 13(a).

2.5 Strain rate effects upon materials
The strain rate has a significant affect when aereng the response of elastic-plastic
materials exposed to blast loading. If a blaspant or other loading event causes a
plastic deformation, the strain rate has a direlettion to the actual value of the yield
stress. Figure 2-4 shows the effects of stram ugbn a general stress strain curve for a
metallic specimen. In order to take into accotetéffect of strain rate upon materials
many different empirical models have been propodge following section will
introduce these models as well as examine a speeifie of an Aluminum plate that is

subjected to a blast loading.

Figure 2-4 Strain rate effect upon stress-strain awe of general metallic material
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The equations used to model the constitutive relationstip®tallic materials that
incorporate the strain rate effect are empiricallyedasOne of the most commonly used
strain rate equations is the Johnson-Cook equation [16].

o =[a+Be][1+cin (2)] (16)
Here the stress is a function of the empiricallyed®ined parameters A,B and C as well
as a reference strain ratg and the current plastic strap and plastic strain ratg,.

The Johnson-Cook equation may only be used for determirgngiidiss under high
strain rates. The equation was modified by Kang satthay be used for a wide range

of strain rates. This was done by making the relatiprstguadratic relationship [16].

1+ Cyln (_Z) + G, (ln (—Z)ﬂ (17)

Finally, one of the most widely used relationships fodeling strain rate dependence

o= [A +B£{}]

upon yield stress is the Cowper-Symonds equation. The Ceévypaonds relation is
used in many commercial finite element codes and tigrigad constants for a lot of

different metals have been experimentally determined [17]

£

o =[A+ Bl l1 + (?p)l/”l (18)

The two main parameters describing effects of stramirathis expression are P and C
which are empirical parameters that are differenafometals. The Cowper-Symonds
equation will be used to modify the yield stress in tist €ase study presented in the
latter sections of this dissertation.

In order to show the significance of the Cowper-Symgrager law a finite element

example will be presented. In this example a plat&l@iinum is subjected to a blast
16



load produced by the detonation of TNT. The model is caagrof air, TNT and
Aluminum. Two separate cases are compared. The disst is without the strain rate
effect and the second case includes the strain ratet.eff he specifics of the finite
element model are presented in chapters 3 and 4 underplieit dédast modeling.
Aluminum has a young’s modulus of 70 GPa, a yield stb€S5 MPa, a Poisson’s ratio
of 0.33 and a density of 2700 kglm The Cowper-Symonds parameters C and P are
6500 and 4 respectively. An isometric view of the fieement model is shown with
the pressure wave at t = 0.07 ms in Figure 2-5. The V@edVitress at the top of the

Aluminum plate subjected to the blast load is plottedHerttvo cases in Figure 2-6.

LS-DYNA keyword deck by LS-Prepost :
Time = r.usageﬂs ¥ 3 Fringe | syais
Contours of Pressure 2.437e+06
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Figure 2-5 3-D view of blast model incorporating strain rate décts
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Figure 2-6 Comparison of Von-Mises stress as a function of tenwith and without
strain rate effects

As is evident in Figure 2-6 the addition of the Cowper-Swisostrain rate effect
equation to the numerical solution has a significant ehp&vhen studying strain rate
effects in solid modeling it is important to check thaistrate value and determine
whether or not solid mechanics applies. The maximuamstalculated in the model is
approximately 100/s. This value is much smaller than thed=sry value of about 8.
If the strain rate was above®19then the material would act like a fluid and notlalso

body. Contours of strain rate are shown in Figure 2-7.
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Figure 2-7 Strain rate contours in 3-D blast model

In the case in which strain rate effects are négteAluminum reaches its static yield
strength of 55 MPa with in a fraction of a microsecofwh the other hand when utilizing
the Cowper-Symonds power law which realistically dibss strain rate effect it is
evident that the Aluminum plate does not yield and thasthain rate effect allows the
plate to attain a stress of over 100 MPa while remairasgie. When modeling
structural materials that encounter blast waves tleaterstresses above the elastic limit
it is necessary to include the strain rate effects dso important to check the wave
velocity in the material to be sure that the velo@tipelow the speed of sound in the
material. The speed of sound in Aluminum is 5090 m/s. stiless waves in the material
were traveling at about 3200 m/s. Therefore, a shock wasenot created because the

Mach number was below 1.
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2.6 Failure of composites due to impact and blast
Composites are typically strong as long as they a@eld in the fiber direction for fiber
composites or loaded in a direction that was preprocésds/e a relatively high
stiffness. When a composite is subjected to a blast sumsleas a CFRP laminate being
subjected to a uniform pressure wave that is oriented heoortize laminate plane, the
fibers do little to restrain the deformations. Simylathe impact resistance of most
composites is good as long as the developed stressegaes avith the strong
directions of the composite. In the transversectivzas composites usually have a poor
blast and impact resistance. Five major failure meshanbf composite failure under
impact and blast are listed in the literature [5].
These five mechanisms include fiber failure due to fiber fracind matrix microcracks
leading to macro fracture of the composite. Debondingdmat the fiber and the matrix
may lead to failure because the stress may no |dregshared by the fiber and the matrix
which can cause one phase to fail. Composites mayadllslue to delamination of
adjacent laminates, which results from interfacigleststresses exceeding the shear
strength. Finally, fiber pull out from the matrix ancessk relaxation may lead to macro
failure of the composite.
Fiber composites are easily damaged by impacts becausasliitte or no plastic
deformation during loading [5]. They behave elasticallfatlure, and unlike metals that
can still bear the load after deformations, composiesine irreversibly damaged after
large deformation. In summary, composites are impaotda prone due to low
transverse and inter laminae shear strength anddittie plastic deformation. Yet, by

appropriately choosing the laminar stacking sequenceniketeopy can be reduced and
20



blast or impact resistance might be increased [5].

Many experiments have been performed to examine teerelsistance of composite
materials. Fedorenko et al. [18] utilized experimenttd degarding the dynamic
response and strength of simple FRP shells to prapfieeent composite lay-ups for
blast proof structures. They showed that compositepartdrmed homogeneous metals
when used as load bearing shells for blast resistantugtesct A specific criterion for
selecting composite fibers was described. Bambach [@Sltested solid Aluminum
beams strengthened with CFRP sheets. Epoxy was usedddhz CFRP to the
Aluminum beams. Static and impact tests were perfoondtie specimens. Explosives
were applied to the fully clamped Aluminum beam specinemseate an impact load.
Results showed that as the beams plastically defotinee@FRP sheet bonded to the
beam absorbed a large amount of energy [19]. Althowsghkets showed an increase in
blast resistance, many of the other layers debondeddrenanother. Another
composite, with the trade name GLARE, has been suggestedew generation of blast
resistant material [20]. GLARE is a fiber metal landnthat is a new hybrid structures
composite that consists of a combination of metal & Sheets. Langdon et al. [20]
reported on blast experiments on GLARE and initial findirgs\&d that the GLARE
composite preformed similarly but with enhanced charsties to those of monolithic

Aluminum plates. The GLARE layup is shown in Figure 2-8.
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Figure 2-8: GLARE composite lay-up (Taken from [20])

2.7 Optimization
2.7.1 Topology Optimization and Homogenization

Topology optimization is of great interest to tleeaspace and automobile industries.
Topology optimization allows for the design of stiwres with holes or cavities that
reduces weight while maintaining desired stiffne$ke introduction of homogenization
techniques by Bende and Kikuchi reintroduced topology optimizationstouctural
design [21]. Traditional topology optimization ptems are defined over an elastic
regionV with a specific boundarg and outward normal n. With in different regions of
the domain displacements, zero traction and noo-zactions are prescribed. The goal
of topology optimization is to effectively and efiently distribute a minimal amount of
strong material with an elasticity tensor &hd a weak material with elasticity tensér C
in order to minimize structural compliance. Fig@r® schematically represents the

topology optimization problem [22].
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Figure 2-9: Schematic illustration of topology optimization showingractions

The mathematical formulation of the topology prabls shown below [22]:

minc() = [ £W(C! + @ xCHewdv 19

x0{og

such thatu O H} satisfiesL Ov(xC' + (L- x)C?e(u)dv+ J'Altjtda forallvOOH, (20)

and g()():;L)(dv—uso (21)
vol(V)

Wherey is 1 for a strong material and O for a weak materin the previous Equations

is the displacement field is the admissible displacemeniss the virtual displacements

field, ¢ is the infinitesimal strain field, t is the tramtis, and is the maximal volume

fraction of the strong material.

Topology optimization has been successfully apgiedptimize structural geometry like

trusses and frames [21, 23], and to optimize coitgpates and membranes [24-26].

The objective functions in topology optimizatioreadypically compliance and/or weight,

but other objectives such as dynamic responselamnchbelastic characteristics have also

been considered [27-28]. The idea of enhancingkmic structural response has been

examined with different methods in the past. Tim®@ummotive industry has examined
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using shape optimization and topology optimizationnfi@chanical design of automobile
parts [29]. Size and shape optimization were demoastiatapable of solving topology
problems for either discrete or continuous structures [Bd]mitation of shape
optimization is having domains with free boundaries, wdetepology optimization sets
a range of possible material alternatives and chobsesgtimal material alternative for
given constraints and conditions. The topology oation must be formulated
correctly to ensure that the problem is not ill posad.initial topology shall be chosen
with parameterized boundaries to reduce the difficulty afidg with the free boundary
[30].

Homogenization theory achieved a breakthrough for simulaticomposite structures.
It enables deriving macro field Equations from micro fieldrabgeristics. Essentially, a
unit cell representing the composite is simulated using kretram fields and the stress
outputs are used to determine the average or homogenizedtopéthe unit cell.
Sanchez and Palencia [30] examined wave propagation mogeteeous media using
homogenization theory. Keller [31] studied the flux throagborous media using
techniques in homogenization. Bakhvalov and Panasenkadurtted some of the first
numerical techniques for solving the homogenization EquatjsDe Krujf et al. [33]
presented an optimization algorithm for material desigwo dimensions when
considering multiple objectives. The optimization aigon was formulated as a
minimization problem that was subject to volume and symnueinstraints. A Pareto
front of optimal solutions was obtained by using the ralljective weighted sum

method to address both stiffness and conductivity critd8h [ Finally, Guedes and
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Kikuchi [34] introduced an adaptive finite element technique lfsteity representation
in homogenization of composites.

2.7.2 Sensitivity Analysis
Traditional optimization methods use gradient-based ifgos to determine optimal
solutions. Gradient-based methods utilize objective fungfadient values to update
optimal designs. These derivatives (or gradients) playndamental and critical role
with design optimization, inverse analysis and religbilThe gradients are more
commonly referred to as sensitivities [22]. They arerredeto as sensitivities because
they represent a measure of how sensitive a responsenmadabjective) is to changes in
the design variables. Sensitivities are also useftrade-off studies to estimate the

effects that changes in design variables will have stesy performance.
Mathematically, the design variables may be expresséd:e[xl, Xyyeen X ...xn] (22)
X; is theith variable and = 12,....,n,

x is the vector of design variables.

The objective functions are described as:

ffpen ) (23)
The inequality constraints of the optimization gewsb are defined as:

0:,9,,--,0, (24)
The sensitivities of the objective functions and tlonstraints are the gradients of the

objective functions and the constraints respectiiZ2].

0f (x), Og(x) (25)
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In the case of topological optimization problems trebfam is usually formulated as a

non-linear programming (NLP) problem so that the desig;tnve_( Is determined in

order to minimize or maximize the objective functionallxes while satisfying inequality
constraints. Due to the nonlinearity of the problemmust be solved in an iterative
manner. At each iteration, the objective functioruealand constraint function values are
evaluated in order to update the design. Objective funetraluations require expensive
computational time, especially if the model being optadiss a finite element model.
The number of design variables is directly coupledhéonumber of required FE or
model runs that must be completed to determine sengifiir updating model designs.
Sensitivity analysis is a method for determining the seitgs for a given problem
without evaluating all the sensitivities though the tgbimethod of changing single
design variables and determining their individual changésetobjective functions and
constraints. In order to simplify the manner in whaghwill discuss the different
methods of sensitivity analysis it will be assumeat through discretizing the governing
Equations of finite element a residual equation may bairdd in the form [22]:

RU) =0 26
This residual Equation must be solved for the displacerssorU. This process is
referred to as the primal analysis. The algorithm t&ateid by assuming an initial guess
U°. Updates are made by solving Equation 26.

KAU =RU") 27]

K is defined as the tangent stiffness matrix where:

_—drR
K = 1 uh (28)
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AU is calculated and used to updeke Iterations continue until the convergence criteria
is met. The objective functiorfg;) and constraintgg() may be expressed in general

terms as:
O(x) =N (x),%) (29)
Then using the chain rule, the sensitivity may be obthas [22]:

np=90dyv on (30)
oU dx 0x

In Equation (30) the derivativegsg anda—lj are both explicitly known whereas the

0X

derivative%—! is implicitly known. Therefore, when the numberdesign variables is
X

high then the FE simulation must be repeated numenmes.ti The process must be
repeated for every iteration. Methods for alleviatimg problem include the efficient

adjoint sensitivity method and the direct differembiatmethod. With regard to the direct
differentiation method, the derivativ%ti may be obtained by solving what is called the
X

pseudo problem [22].

Kd_U :a_R

=== 31
dx oOx

Gradient based algorithms such as Newton, steepest @eckhtetcher-Reeves may be

used for the design of composite laminate structuresimdtkased blast resistance.
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2.7.3 Multi-Objective Optimization
Classical optimization approaches have always coreidesingle objective function
while dealing with all other objectives as constrairfike objective function is the
mathematical formulation of the criteria by whichsdlutions must be compared [35].
These functions must be formulated and computed basdthoges in the design
variables. The fundamental difference between siagjective and multi-objective
optimization is the ability of multi-objective optinazon to avoid the artificial fixes
needed for single-objective optimization methods to addrageoffs between different
objectives. For instance, to meet one desired objeatigemight not achieve the other
optimal objective but achieve both to some extent. iBrashieved by getting candidate
designs to lie in the Pareto front, typically knovenRareto-optimal solutions [36].
Two categories of multi-objective optimization methodsidentified in the literature
[37]. The first category utilized classical single ohjeebptimization methods while
reformulating the problem to address multi-objectivesmaring preferences [35].
Methods in the first category include techniques suchaweighted sum method, the
constraint method and the hierarchical optimization oek{B5].
The weighted sum method has been widely used. Theitasiof weighted sum
method is that all objective functions are combinefibtm a single function in which

each individual objective is weighted differently.
k

f (%)= w f; (%) (32)
i=1

where
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Zwi =1 (33)

The hierarchical method finds optimal solutions by ordernitgrion based on relative
importance. If we consider the iteratdo range from X then the K criterion would be
considered to be the least important. The objectivethan minimized separately and
constraints are added after each successive objectiv@ofurscminimized to reflect the
previous functions. The method is described after [35].

1) find the minimum value for the'and most important criterion (objective).

5@ = [xl(l),xél),...,x(l)]T (34)
where
£, (x®) = min f,(x),x0X (35)

2) Find the minimum of th&" objective where this process is repeated fe2,3,...k.
x® :[xl“),x“),...,xg”]T (36)
where

f,(x®)=min f,(x),x0 X (37)

At each iteration, constraints are added to the opditioin problem.

fj—l()_() < [1’—“ gljo_olj f,-_l(>_<j_l) foj=2,3,...k (38)

The second category of multi-objective optimizatinethods establishes an optimization
method that is multi-objective in nature. Rosegld88] suggested using genetic search

to simulate the behavior of single celled organisvith multiple objectives. Multi-
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objective optimization techniques may utilize either gradi@mon-gradient based
algorithms.

In recent years multi-objective optimization has beglized in optimizing composite
materials and structures for enhanced behavior and prepefte new method
combines the best features from local search algorikensimulated annealing and tabu
search [39]. Multiple start points are used to reduc@assibility of determining local
optimal structures as opposed to global optimums. Theaues tested through
optimizing the stacking sequence of composite platedssr@ pressure vessels. To
guantify the effectiveness of the hybrid method, it ispared with other methods such
as Non sorted genetic algorithm (NSGA-11) and Pareto &akd Evolutionary Strategy
(PAES) and Multi-Objective Particle Swarm OptimizatOPSO) [40]. Rao and
Shyju [40] introduced an experienced based algorithm for mbijkietive design of
hybrid laminate composite structures. Abouhamze and Shakteduced a multi-
objective optimization algorithm for determining the optistacking sequences of
laminated cylindrical panels using genetic algorithms andaheetworks [41]. An FE
code capable of determining the first natural frequenayedisas buckling loads of the
composite laminate is integrated with the optimizatityorithm. Outputs are used to
train neural networks and Genetic Algorithms (GA) is usefihtl the optimal solution.
Gillet et al. [42] studied the influence of design varialelsoth single and multi-
objective optimization of elementary plates and strestutComponent materials and all
possible orientations were modeled using finite elemeatiysis (FEA). The results of
the FEA code were used to access the sensitivitideafesign variables. Based on the

most important parameters a design rule was formufatemptimizing high performance
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composites. GA was shown to be successful when agplieoth single and multi-

objective optimization [42].
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CHAPTER 3 METHODS FOR DESIGN OPTIMIZATION OF BLAST

RESISTANT COMPOSITES

3.1Homogenization
The homogenization method is used to calculate the gve@nstitutive parameters of a
composite material. This is necessary for analysislmfmogeneous material because the
elasticity tensoE;y varies at the microscopic scale. The homogenizatethad may be
applied to periodic composites in which the compositeistsef a periodic unit cell that
is repeated as shown in Figure 3-1. An assumption musate im which the
microstructure is much smaller than the part or stredthat will be used in a particular
application. The selected unit cell shall respect thesseparation concepkikio < Leen <

Lmacro We consider a periodic composite body as showigunr& 3-1.
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Figure 3-1: Periodic composite and modeling of a discretizedhit cell
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The material behavior at the macroscopic scale is ibescby coordinate system X
while the microscopic scale is defined by coordinate sydeUsing the
homogenization method for elasticity one can consider:

Y =[oY1,[0Y2,[0Y3]  (3-D) (39)
Y =[0,Y1,[0,Y2] (2-D) (40)
Y1 is the horizontal length, Y2 is the verticald¢im and Y3 is the depth of the unit cell.
For an inhomogeneous material the microscopic aligwhentu may asymptotically

expanded with relation to the base cell $743].

u=u’(xy)+7ut(xy)+n> u*(xy)+-- (41)
y=xlIn (42)
Considering Equation (41), only the first ordenterof the asymptotic expansion are

used to calculate the strain fields. The straild fimn be broken down into two different

components when using only first order terms fraquéion (41) as follows:

0 =1/2(A0 /3, + A/ )eb = 1/2 (6uP/6x; + 6uP/8x;)

(43)

g =12/, +ar/y ) (44)
The overall microscopic strain fielg is therefore a combination of the of the straitdfie
due to the average displacement over the unitgedind the fluctuation strain;, which

is due to the first order inhomogeneous naturé@tomposite unit cell [43]. The size of
the unit cell is allowed to go to zero. Then four linearly indadent strain fields are

applied to the unit cell in order to calculate shiéness matrix of the composite. Four

unit tensors are applied in 2-D and nine unit temsoe applied in 3-D. In 2-D the four
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unit tensors are’™; =[1,0,0,0],6°??; =[0,1,0,0],6°*?; =[0,0,1,0] and:"?®"; =[0,0,0,1].

The homogenized stiffness tensor may be written as:

pq

1 *
El = v [ Eipe (20 — g0 )y (45)
Y

By applying these test strains along with the changgetanO, the fluctuation strain is the

solution to the following variation type problem.

[Eipa & V)eXdY = [E,, & (V)epdY Ov DV (46)
Y Y

The four independent strain fields must be applied to Equéti®)to calculate*i,-. All

s*i,- are then substituted into Equation (45) to find all efshffness coefficients in the
homogenized stiffness tendBt;.. The stiffness matrix is symmetric such tEg = Ejw
= Ejjik = Exij. This symmetry reduces the number of required test steddsfto 3 for 2-D

simulation and 6 for 3-D simulation [43].

3.2Blast Load Simulation using Computational Fluid Dynamics

Fluid flows are governed by three basic principles: Tdweservation of mass, Newton’s
second lawF = ma, whereF is the externally applied forceis the fluid mass anal is
the fluid acceleration and the conservation of engtd}y These three fundamental
principles may be represented as differential Equati@wsmnputational Fluid Dynamics
(CFD) is the method in which the governing partial diffeéie@ Equations (PDE) are
solved numerically. Occasionally CFD incorporatessiiations to integral Equations
rather than PDEs depending on the physical nature of tidepn [44]. The first use of
CFD is attributed to Kopal who numerically solved theE8y compiling tabular data

for supersonic flow around sharp cones in 1947 [45]. Yefijrdteactual CFD codes
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were developed by Fay and Riddel for boundary layer soluinddall et al. [46-47] for
inviscid flow analysis.

CFD modeling may be used to realistically model the pressare generated due to a
point explosion of conventional high explosive materiBlhe model allows for
considering parameters such as burial of explosive rah{énmodeling underground
generated blasts), height from surface of explosivemagteadial distance from
explosive charge as well as the TNT equivalent or wemgkilograms. CFD allows for
the simulation and examination of many different boupdanditions. CFD modeling
typically integrates finite elements, finite diffenand finite volume methods to model
fluid dynamics. A Lagrangian frame of reference is Usedolid modeling while an
Eulerian frame of reference is used for modeling fluid dyioa.

The fluid interaction is calculated by numerically apgmtating the governing partial
differential Equations for Newtonian fluids. The Equasidthat govern the motion of a
Newtonian fluid are the continuity Equation, the Navi@okes Equations, the energy
Equation and the Equations of state for all modeled fl4ils These Equations can be

summarized as:

—+— =0 47
ot 0x, ('Ouk) (47)
ou; ou,  op . o (,0u ). 9| [au  ou
4 =- + A—K |+ —| g — +—L ||+ o 48
Par A ox,  0x, 0x, ( axJ ox; {‘{axj ox, ﬂ A (48)
2
~0u, |du.
p6_9+puk de :—pau" + 9 kaT + ou, + U ou O Y, (49)
ot 0X,, ox, 0x; | 0Xx, 0X, ox; 0x | 0x
p=p(o,T) (50a)
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p= oRT (50b)
e=¢e(p,T) (51a)

e=c,T B1b
A gas law such as the ideal gas law usually representsi@gb@(a). The ideal gas law

is given in Equation 50(b). Similarly, a thermodynaneilationship shown in Equations

51(a) and 51(b) is required to close the system of Equatiegaation 51(b) is the form

of the thermodynamic relationship for a caloricallyfeetr gas (constant specific heat).

3.3Finite Element Simulation of Structural Response
The blast loading upon the composite plate is simulated tise finite element (FE)
method. The FE method is used to discretize the platdimite elements that are based
upon the material properties of the given layers, tbehanics that govern the
constitutive relationships, and the type of element @hell, 2-D, 3-D). The finite
elements are solved at the nodal locations, whichharedrtices as well as other
locations along the border of the element. The mitéent values are interpolated using
shape functions that are coupled to the element. &hdatd FE Equation that governs
the relationship between force and displacement ftic staalysis is called the global
stiffness Equation which represents a set of simultarsmlusons and is shown below

[49].

F=KU{)u() (52)
F is the global force vector, K is the global stiffe@satrix, which is a function of the

displacement vector U. U is a function of the radwstor r. The previous Equation
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may be modified to account for dynamic behavior. Thélpra of interest requires a
dynamic model to simulate the effects of a nonlineasthiave due to high explosives
upon the 2-layer plate. A transient analysis is usaralkculate the stresses and strains as
a function of both position and time. This makeo#gble to monitor the evolution of
the stress to identify locations and times of maxinstmass in order to intelligently make
changes to the material and the geometry to inctdaseresistance of the composite
plate. The standard Equation used to describe transiegtnitymotion is given in
Equation 53 [49].

MU} + [CHUM} + [K(U@)]U )} = (F(©)}

M+ R0 O+ KU () ={F @) 53)
WhereU is the time history of the nodal acceleratiodsjs the time history of the nodal
velocities andJ is the time history of the nodal displacemeriils, U andU are alll
function of their locatiom along the plate as well as functions of time. mbelinear
response of the model is taken into account making iffreess matrix a function of the
displacement. M is the mass matrix of the comp@sitk C is the damping matrix for the
composite. The Newton-Raphson method is used to dwveanlinear problem of the
iterative transient analysis. The direct integratieethod is used to solve the Equation of
motion. At each step or sub step the Equation of magioriegrated. Then the groups
of static equilibrium Equations are solved simultaneouslye Newmark method, which
is an implicit integration method is used for the in&igin. While there are many
different direct integration schemes to use, the Newmmeathod is utilized extensively

by commercial FEA software codes [49].
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3.4Explicit Finite Element Modeling Multi-physics
Previously, simulations that dealt with fluid structureractions were handled by
solving the problem using a two step process. The fluid prolsieypically solved first
in order to determine the pressure distributions in thid fhedium and on the object of
interest that is being affected by the moving fluid. Imteof blast optimization for
composite plate design, the fluid flow equations woulddieesl first to determine the
pressure distribution upon a plate using a numerical siionlenethod such as CFD.
Then the pressure distribution as a function of timee@osition would be solved and
forwarded to another numerical simulation such as FEWs approach leads to two
different issues. The pressure distribution is eidver or underestimated and is not
updated as the geometry of the composite plate changesaislizof deformation due to
blast pressure. This approach of implicit blast simartais the one that will be used in
case study 2. While computationally effective, it is et most accurate approach.
For more accurate and efficient solutions, it is suggketitat the use of an explicit blast
model is necessary. Explicit blast modeling may be paddrusing coupled transient
dynamic softwares such as LS-DYNA. LS-DYNA coupl#D and FEA in order to
create a more realistic simulation environment. Tiegns that modeling blast for use in
optimization routines may be done in one step rattaer two steps. The optimally
obtained solutions will also be better optimal soluibecause they were obtained for
specific blast waves which are appropriately transferrédg@omposite plate while
taking into account the stiffness of the plate. Itl@sn shown that the pressure transfer

shape and magnitude are directly related to the plate pespert
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To exemplify this relationship a comparison betweenrethliferent metallic
homogeneous and isotropic plates will be conducted. Arbe materials used are
Aluminum, Titanium and Tungsten. The plates are modelé&iDYNA and have
dimensions of 300 x 300 x 170 mm. Two hundred grams of high&axel®NT are
detonated 150 mm away from the homogeneous plate. fdedimensional stiffness
matrices and densities are included for each matértad. stiffness matrices are shown
below and the material properties are listed in

Table3.1 Everything else in the blast model is identical.

1103.7 51.1 51.1 0 0 0
51.1 103.7 51.1 0 0 0
51.1 51.1 103.7 0 0 0
0 0 0 26.3 0 0
0 0 0 0 26.3 0

0 0 0 0 0 26.3

Aluminum (GPa)

1158.5 81.6 81.6 0 0 0
81.6 1585 81.6 0 0 0
81.6 81.6 1585 0 0 0
0 0 0 38.4 0 0
0 0 0 0 38.4 0

0 0 0 0 0 38.4

Titanium (GPa)

511.3 198.8 198.8 0 0 0
198.8 511.3 198.8 0 0 0
198.8 198.8 511.3 0 0 0
0 0 0 156.2 0 0
0 0 0 0 156.2 0

0 0 0 0 0 156.2

Tungsten (GPa)
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Table 3.1 Material Properties

Material Density (kg/r)
Aluminum 2700
Titanium 4340
Tungsten 19300

The 3-D Finite element model is shown below in Figure 38e model represents a ¥
portion of the full system. This allows for the ugesymmetrical boundary conditions on
the interior portion of the model. The model consistdree different materials. TNT is
used as the explosive material and is shown in yellble air is shown in green between
the explosive material and the isotropic plate. Theeps&ashown in blue and red, yet the
material properties are identical for both the red aadthe so that the plates may be
considered 1 plate. This was done so that in laterttestesffect of stacking plates with
different material properties may be examined.

Specific boundary conditions were used to simulate thiestie behavior of the system.
These boundary conditions include the symmetric boundangitdans, represented by a
zero y displacement is placed on the inner x-z féed onaterials and a zero x
displacement is forced upon the y-z face of the mod@kaé bottom outside edge of the

plate is restricted from moving in the y direction.
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Figure 3-2 3-D finite element model used for Explicit blasmodeling

An arbitrary Lagrangian Eulerian multi-material grosused for simulating the fluid
dynamics. Damping is applied to the model becausealiworld structures experience
some form of damping. The damping is applied to all paittsawalue of 10% of the
critical damping. Frequency range damping is applied for frexeebetween 100 Hz
and 10kHz. Solid elements are used for all material typBEse Jones-Wilkins-LEE
(JWL) equation of state (eos) is utilized for the deteation of detonation products and
pressures. The JWL eos defines the pressure as a fuott&lative volume and internal
energy per unit volume [50]. The JWL eos is describedduaton 54.

p= A{l—%}eﬂv + B(l—%jeﬂv +% (54)
Wherew, A, B, Ry andR; are user defined inputs. The gamma equatioresspd in
terms of an ideal gas is the equation of state teseonulate the air. An anisotropic-
elastic material model is used for the isotropa&t@l The high explosive burn material is

assumed to be TNT with a density of 1600 K/ detonation velocity of 2000 m/s and
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a PCJ pressure of 20W/n? is typically used in numerical analysis of TNT detiios.

The density of air was assumed to be 1.29 kgfnagmentation was neglected in the
explicit blast model. The deformation of the modeh@nitored to make sure that the
behavior of the model is realistic. A graph of defolioravs. time for a homogeneous
Tungsten plate under blast load is shown in Figure 3-3.
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Figure 3-3 Displacement vs. time curve for Tungsten plate

The results for the examination of explicit blast mMimdeupon the pressure distribution
around different materials using the same input filestavers below. Figure 3-4 shows
the pressure vs. time curves for Aluminum, Titanium andgsten. While the pressure
varies as both a function of position and time alomgttip of the plate, a specific element
located at the global origin of the model was usedl iceges for comparison. This
element is highlighted and shown in Figure 3-5. As casebe in Figure 3-4, the
maximum pressure distribution at the global origin islm&tarly related to the material
properties of the system.

The Titanium model attained the highest pressure proftle avmaximum above 500

MPa. The Aluminum model came in second with a valugs6fMPa and finally, the
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Tungsten model achieved a pressure slightly below 100 MParelEte pressure
differences between each case are not intuitivee parameters that were changed
between each model included the stiffness, Poisson’'saiadi@ensity. Tungsten has the
highest uniaxial stiffness with a modulus of 400 GPa. Wiitkanium and Aluminum
are much closer to one another with moduli of 103 GEar@rGPa respectively. The
pressure distribution does not seem to follow the stiffteend. The densities are
arranged in identical order to that of the stiffnesgét$, Tungsten being the densest and
Aluminum being the least dense. Finally, if the Poissoatios are examined there is
evidence of a greater Poisson’s effect upon the behaiibe @ystem. The values of the
Poisson’s ratios for the three materials are dsvist Tungstermn = 0.28, Aluminunm =
0.33 and Titaniune = 0.34. The Poisson’s ratio trend seems to followathpressure
distribution trend. In fact blast modeling is not expddtefollow linear relationships.
Many of the governing equations are complex partial diftexkequations and the
equations of state contain quadratic or higher termsselt@emplexities can lead to
interesting and counterintuitive results.

While it is not definitive which parameter has the gretagéfect upon the data, it has
been shown that the pressure distribution is dir¢ettl/to the mechanical properties of
the materials. If the geometry of any of the thregqd is changed further, evidence on
the significance of explicit blast modeling can be fursteown. This means that explicit
blast modeling is required when modeling systems that inep®sive detonations.

To fully understand the parameter’s effects on theegyst full scale parametric analysis
should be performed. This evaluation is outside thpesod this work and may be

proposed as recommendations for future work.
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Figure 3-4 Pressure vs. time curves in air directly above thglate for three different
materials

LS-DYNA keyword deck by LS-Prepost
Time = 0

Figure 3-5 Location of element above the plate for pressure cormpsons
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Figure 3-6 Von Mises stress vs. time for three differennaterials
The maximum Von Mises stress in the top layer was toed to determine which
material experienced the greatest stress. The nlatexerienced Von Mises stresses in
that trended in the same manner as the pressure profiés concept is verified by the
fact that the stress should follow the applied loade Titanium experienced the greatest
pressure and therefore exhibited the largest Von MisessstiSimilarly, the Tungsten
had the smallest pressure transfer and in turn revdasddast amount of Von Mises
stress.
In light of the previous analysis the explicit blastdabis much more informative than
previously used methods of blast analysis. It is necgtsapdate the pressure profile
as the material resisting the blast is changed. Thisepdibecomes even more important
when the blast model is tied into an optimization envirenim As the material properties
become further apart, the effect of using the same peepsoifile greatly increases the

error in the calculated stress distribution.
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3.5Effect of damping upon composite structures subjected tolast
In the previous section it was stated that damping isexpfi the model to simulate real
world behavior. After the application of the pressuex@vthe structure is in a state of
free vibration. This means that it has been distuntmad fts equilibrium position and
then allowed to vibrate without any external forcasrelality all real structures exhibit
damping, otherwise once excited by an external load tloeydwoscillate or vibrate
indefinitely. To incorporate damping into the simulatigpi¢ally viscous damping
mechanisms are used. The following equation is sitalaguation 50 but rewritten for

purposes of discussing damping in the explicit blast model [51].
[M ]{U}+ [C]{U}+ [K{u} ={F @t} (55)

Equation (55) is a matrix equation that describes the dignauation of the finite element
model. Once the pressure is no longer applied to tiie &lement model from the blast

load theF(t) termgoes to zero. The structure is then in free vibrati@hanly if
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damping is applied will the structure come to rest. Equgié) may be rewritten with

no external force to represent free vibration.
MKu}+[clu}+[xfu} =0 (56)
This equation may be divided through by m to yield:
el K
o)+ oo} =0 -

Finally, the equation may be rewritten in termshaf natural frequencies of the system

[51].

il + 2w, + w,?u =0 (58)
Wherew,, = /k/m (59)
And{ = — = — (60)

2mwny Cer
Herec,, is the critical damping coefficient adds the damping ratio which is also known
as the fraction of critical damping.
While these equations are written with regard single degree of freedom system, the
method still applies to a 3-D dynamic system. @magneither the mass or the stiffness,
results in a change of the natural frequency, thiea damping coefficient and the
damping ratio.
This concept becomes extremely important with régaithe optimization problem.
When optimizing structures for blast resistancehbbe stiffness and the mass of each
design will be different. This means that the ratfrequencies will be different for all
design iterations. If one design iteration exBsilmiscillatory motion at its natural

frequency then resonance will occur. Thereforegmlag must be added to the finite
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element simulation to damp the motion of the structtivasare subjected to the blast
loading.
LS-DYNA has many different methods for simulating dammhdynamic motion.
These methods include: damping frequency range, damping stjfflaasping mass,
damping global and damping relative. The damping frequengg nail be used to
model damping in all explicit blast simulations. Thisthod requires a fraction of
critical damping term and the frequency range of inter€hts method is advantageous
to the optimization environment because before eaddtidarthe natural frequency of a
particular design is unknown. This method will allaw the greatest number of design
to include damping with little loss of accuracy. A vatdd 0% fraction of critical
damping will be used for all cases. Any vibratory motiothe frequency range
between 1 and 100,000 Hz will be damped according to thedfnaaticritical damping.
Damping is only applied to the composite plate and not taitha the finite element
model.

3.6 Multi-Objective Genetic Algorithm
The multi-objective genetic algorithm (MOGA) allows fbetformulation of multi-
objective optimization problems without the need to spatedights on the various
objective function values. This is achieved by considettie concept of non-dominant
solutions (analogous to Pareto optimal solution) suggestee&byd2]. MOGA directly
identifies non-dominated design points that lie on thet®dront. The advantage of the
MOGA method over conventional weighted-sum method$as MOGA finds multiple
points along the entire Pareto front whereas the wailgbum method produces only a

single point on the Pareto front. Moreover, MOGA wrencapable of finding points on
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the Pareto front when the Pareto front is non-condexvever, the use of a genetic
algorithm (GA) search method in MOGA causes the MOGAhoeto be much more
computationally expensive than conventional derivativedasulti-objective
optimization algorithms.

The concept of genetic algorithms comes from the bioddgioncept of “survival of the
fittest” [53]. Through examining the process of evolutmigorithms may be formed that
represent this process of natural selection. Theitigoworks by first selecting
possible solutions and then testing these solutions éarpglrformance. Out of the
tested solutions a portion of the good solutions are selaotéthe remaining solutions
are discarded or eliminated. The solutions that are kepghan forced to undergo
reproduction, crossover and mutation. This leads to ageeeration of potentially
better solutions. This overall process is repeatedthmtitonvergence criteria is
satisfied. This method is advantageous because it ssatulough a broad solution
space and does not restrict the solution to a smalleaitho[53].

Schaffer proposed a vector evaluated genetic algorithm@sdflberg suggested using
nondomination rank order to avoid GA convergence to a spujfe [55]. Hornet al
[56] proposed a niched multi-objective genetic algorithmreltemparison sets are used.
In their method, Srinivas and Deb [57], individuals arected by looking at their
relative dominance. A niche count is considered to cdttitee shared fithess. The
niche count is the number of neighboring solutions tdwisa. One solution is
considered to share its fitness with its neighbors aackdHitness is calculated by
dividing its fitness by its niche count. Srinivas and [¥4 proposed nondominated

sorting genetic algorithms (NSGA). NSGA basically fitigs nondominated set of
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points and gives them a large fitness value. Then fh@emdmaining points it finds the
nondominated ones and assigns them a smaller fithess Valggrocess continues until
all the entire population is classified into severadominated and nondominated sets.
Sharing is applied to preserve diversity. Knowles anch€{b8] kept an archive of the
nondominated points so that when a new member is gedéraeaiot only compared to
the members of the current population but to all the mesribéhe archive. Rammohan
et al. [59] showed such a technique to result in a coraitlecomputational savings in
complex optimization environments. Debal[60] proposed NSGA-II, a fast and elitist
multi-objective evolutionary algorithm based on nondomimaterting approach. Konak
et al[61] provided a broad survey about MOGA from literatOGA is successfully
applied to different problems including but not limited to togyl optimization, system
reliability and crashworthiness [62-65]. It is importanthbte the uniqueness of the
concept of domination used by NSGA. By performing pair-wesagarison of each
possible design through the entire space of the objdativtions, NSGA proved capable
of identifying Pareto optimal solutions through the nondomeasearch approach.

One of the most powerful aspects of MOGA is its aptlh handle optimization problems
in which the design variables are discrete and notragois. Typically, optimization is
done using gradient based methods. While sometimes tthemfranethods are
inefficient and require multiple start point, they gaeld reasonably good results. Where
gradient methods are lacking include problem statemethsiecrete design variables.
There is no gradient to follow when the variables calabeled for example as either O
or 1. MOGA handles discrete problems very well becMG&A uses binary encoding.

Many gradient based methods would require artificialrélte handle the discrete design
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space. Additionally, MOGA can also handle continuousgtevariables. Therefore,
when the problem involves both discrete and continuougreariables, then MOGA is
the proper method for analysis.

3.7Reliability Analysis
The response of the structure or the composite lamioaeertain type of loading
depends upon the manner in which the load is applied, theitondg of the load, as well
as the stiffness and strength characteristics ofttbhetare. The manner in which we
determine if the design is acceptable or not under a givedimtpdepends on whether
certain criteria or requirements are attained or Bxamples of these requirements are
limiting the amount of allowable damage, deflection,sstrer combination of any of
these values. Another important method is to limitgitebability of failure. The
probability of failure can be defined by defining limit st We will define each of
these requirements as a limit state [66]. If a Istatte is violated, then the structure
reached a condition that is detrimental or undesirable.
While all violations of limit states do not end in cattaphe, there are some that do. One
example of catastrophic failure is the 1-35W MississRper bridge (officially known
as Bridge 9340). The bridge catastrophically collapsed withatting on August 1,
2007 killing 13 people and injuring 145. These types of events ameasen that
reliability analysis is necessary when designing and momgatructures subjected to
complex loading conditions. Reliability analysis iediso calculate the probability that a
limit state function is violated.
Reliability analysis takes into account the fact thatling is uncertain and not

deterministic at a certain instant in time [66]. MoreQ reliability analysis also realizes
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that material strength or strain limits are also utase and can be described using
probability distribution functions.

In simple terms, the structural reliability problenmdze explained by considering a load
Q that is resisted by a resistafiteWe can then transform the logdto a load effect
using structural analysisiVe can then describe bafrandR with a probability
distribution functionFs( ) andFg( ). Smay either be deterministic or random in nature,
but bothSandR must have the same units. Considering a structuraeete failure

will occur if the value ofSis greater thaR. The mathematical description of probability
of failure is shown below [66].

p;, =P(R<9) (61)
or in terms of the limit state functida(R,S).

p; =P[G(RS)<0] (62)
We can define the vector of all the variables thatierite the probability of failure as:

X =X, Xy yeeeniXi ] (63)
where the violation of the limit state can be retentas:

G(x)<0 ©
The integration of the joint probability density functiohvariablegx, », ... , ) at the

region ofG(X) =0 is defined as the probability of failure. A top down vieia two

random variable joint density function is shown in Figg+&.
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Figure 3-8 Joint density function of resistance and load effex
Equations 51 and 52 are represented by the area @he®e Therefore, the probability

of failure may be written as:

p, =P(R-S<0) = TsjrfR(r)fs(s)drds (65)

—00 —00

If RandSare independent and considering the random variable X bedabove then
probability of failure can be written in a single igtal form known as convolution

integral.
p; =P(R-S<0) = TFR(X) fs(x)dx (66)

WhereFg(x) is the cumulative density function (CDF), whil&) is the probability
density function (PDF) of loads There are a few distributions fBrandSthat can be
used to analytically integrate the previous Equation. é€aeple is the normal
distribution function. For those cases where tls&ridution is not normal or where the
violation of the limit state is non-linear, numeritathniques must be used to perform
the convolution integral shown in Equation 66. Whenallirgegration is not possible
then one proposed method is to use Monte Carlo technidWeste Carlo methods use
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random sampling to simulate a large number of tests amdaite used to predict the
results [66]. In simplistic terms, a random samplihthe random variable Xvill be
performed to yield a sample value X he value of the limit state function with respect
x is then evaluated. If the limit state is violatedrtithe element has failed or has
attained an undesirable condition. This process is teg@aultiple times with a
randomly chosen vector x that contains theatues. If this process is repeated N

number of times then the probability of failure will &eproximately [66]:

(67)he numerator in the previous equation repregéet number of tests n, which the
limit state was violated. Due to the uncertaintyidg blast and the number of variables
that influence both blast and its effect upon flstidicture interaction, a Monte Carlo
simulation is suggested for the method of apply&lgbility analysis to the multi-
objective optimization of blast resistant compasit@echniques to reduce the

computational expenses of Monte Carlo simulatiohle examined.
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CHAPTER 4 CASE STUDIES
The following chapter describes three different caseiss used to portray the different
methods that may be utilized to optimize composite sirastto resist blast loading. The
first case study uses reliability based methods and sifggetive optimization to
optimize stacking sequence and thickness for a homogera@usd single degree of
freedom problem. The second case study uses an integiratddtion environment to
optimize 2-D axisymmetric plates subjected to blast l@pdsing homogenization,
multi-objective optimization, computational fluid dynasiand finite element analysis.
Finally, the & case study uses similar methods to tHec@se study that are updated for
3-D analysis.
4.1First Case Study: Design Optimization of Stacking Sequenad metallic
Composite Laminates
4.1.1 Introduction
An explosion is an event where a significantly laagegount of energy is released over a
short time period. A blast wave is the volume of congedsair that expands outward
from the detonation source and is located in front @fritt gas that generated due to the
detonation of an explosive. Most of the energy reldas contained in the blast wave.
Positive and negative specific impulses as well asdhes of over pressure above
ambient pressure are used to describe and characterlzasheave time history. As the
blast wave moves farther from the detonation souneepver pressure decays [10]. It has
been shown that fluid structure interaction has a sugmt effect upon the pressure
distribution and transfer [11]. The material behavior urmigh strain rate loading must

also be considered for realistic modeling [67]. While agkadging the importance of
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the above issues in rational simulation of blast esjefgtailed blast simulation might be
useful to verify design efficiency. However, we emphashat the complexity of blast
events necessitates considering uncertainty in blastaesidesign. Deterministic blast
simulations cannot provide a robust design given thefgignt sensitivity of blast
simulation to many uncertain parameters that goveyrbtast [68]. Therefore, a
reliability-based approach is suggested for the design dfiglsistant composites.
Armor is usually used to protect military vehicles fromasbbr impact loading.
Historically, steel is the most commonly used matdoiabrmor. In recent years uranium
has also been used for its ability to transmit low lahdsto its high density. There are
also demands for lighter materials for armor toease vehicle mobility and reduce
energy consumption. In this study, a simplified dynamadel is developed to simulate
dynamic behavior of a composite plate under blast agspre. For an uncertain blast
event, the probability of failure of each layer is eé¢d using Monte Carlo method. By
assigning a high probability of failuréo(v target reliability index to the energy
absorbing layer and a relatively low probability of faglnigh target reliability indekxto
the strong layer, the thickness of the composite lageyptimized. A case study for the
design of a two layer composite plate made of Alumirunch Titanium subjected to an
uncertain blast event is presented and the resultérofeaelement (FE) simulation of the
composite plate are discussed.
4.1.2 Methods
(1) Composite system
Elastoplastic dynamic responses of mass-spring-dampensj8®] are used to model a

composite plate subject to air pressures due to blast.ofheosite plate, consisting of
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two layers: layer “R” and layer “A”, as shown in FiguFel, is modeled as two lumped
mass system. Layer “R”, which is subjected to the lpeetsure, is considered as
reflecting layer and layer “A” is considered as absaylétyer. Therefore, constitutive
response of layer “R” is modeled as elastic and thityef “A” is modeled as idealized

elastoplastic. The equation of motion of this systethas formulated as

Mt + Cu + F,(u,u) = P(t) (68)

where, u andu are acceleration, velocity and displacement veabt&o degree of

freedom (DOF) respectively as shown in Figure 4-1. anditffexent components can be

expressed as

M:{m’* O}C:{CA+CR —CR}
0 my —Ci Cr

. fS,A(uAaUA)"' kR(uA - UR) _ 0
F.(,u)= { K (U, ~u,) } P(t) = {P}

(69)
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Figure 4-1 Lumped mass modeling of a composite plate

wherem andc are mass and damping constant per unit area respectiygly, ,u,) is
resisting stress as shown in Figure 4-2 from elastoplestistitutive of layer “A”kg is
the stiffness per unit area of layer “R” computed as tbdulus of elasticitfer over the
layer thicknesslr. P is the applied blast pressure with respect to timeyer [&R”.
Subscript “A” and “R” represent layer “A” and “R” respeetly. For our interest, the
maximum stresg in layer “R” and the maximum demanding strginn layer “A”

during the response time are computed as
fr = maxk[ug(t) —u(O1} (70)
e, = maxu ,(t)/d,} (71)

where,d, is the thickness of layer “A”. It is noticeableatltihe stresk transferred to

object as shown in Figure 4-2 will be constrairethe yield strength of layer “Afgya.

fs,A (UA Uy )A
f _____

sy,A

/ i,

sy,A

Figure 4-2 Elastoplastic model of layer “A”
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(2) Reliability computation
Reliability analysis has been used to incorporate unoégsiin applied load to a
structure and mechanical material properties of the steuctor structural design
[66],[70]. A limit state of each layer is defined to édith undesirable conditions for the
composite plate. For the limit state of layer “Rhgtmaximum stresk in the layer
during dynamic response to a blast wave should be lessyikéd strengthfsyr of
material for layer R to reflect all energy appliedhe tayer. Therefore, the limit staB

of layer “R” is defined as

- f, (72)

In this case, layer “R” is considered to fail for desurpose wheer is less than or
equal to zero. Considering that the use of layer “A” rsafosorbing applied blast energy
in the layer as strain energy, this layer needs tlal.ylé the strain energy capacity of
layer “A” is incapable of absorbing the demanding strainggnéar layer “A”, the layer

response is undesirable. Therefore, the limit skatef layer “A” is defined as

G,=¢; —¢, (73)
where, & is failure strain of material for layer “A”. Theilare of layer “A” will take
place wherG, is less than or equal to zero. The integration of joiabability density
functions (PDF) of andéa for the violation region of limit statéa < 0 will give the
probability of failureps o of layer “A”. The probability of failurgxr of layer “R” is also
computed by integrating joint PDF fafr andfr in the region oGr < 0. These

integrations are numerically evaluated using Monte GMIO) simulation. MC
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simulation has been proven efficient for modeling uraety in complex systems
[71],[72]. To simplify the design problem, the probabilityfafure is converted to

reliability index[3 using the relationship as:

p=-(p;) (73)
where @ is the standard normal cumulative density function RCDt is important to
note that although a series system is used to modem#dwhanical response of the
composite plate, system reliability is not applied topate the probability of failure of

the plate as the combined reliability of a series sys$egoverned by one layer.

(3) Optimization
The objective of the optimization process is to idgritie optimal thickness of each
layer to have a certain level of reliability of tbemposite plate subjected to an uncertain
blast event. To find the optimal thickness combinatiothefcomposite plate layers,

that gives the desired reliability index, denofgghe: the optimization problem can be

posed as:
. 2
min (ﬂ —ﬂtarget) st. d,,<d<d,,.0d
ﬂA:| |:ﬂtargetA:|
where f = s Broger = 1, (74)
|:ﬂR et ﬂtarget,R

d — dA ,dmm — dmin A ,dmax — dmax,A
d R dmin R dmax R
wheredmin anddmax arex,,,;, vectors containing the lower and upper boundsefdyer

thickness respectively.
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(4) Explosion model for finite element analysis
For the analysis of the structural response of theposite plate subjected to a high
explosive (HE) detonation, the Jones Wilkins Lee (J\ation of state was used to
calculate the products of detonation for the FE armlyidie model assumes that the
energy released during detonation is contained in th@@ssed wave that travels in
front of the hot gases. All of the high explosive matevas transformed into products of

detonation as described by Equation (75)
W ) wE
=Al-— |exp~RV)+B|1-—— [exp- RV |+ — 75
pA{Rlvjp(Rl)[szjp(Rz) (75)

wherep, V andE represent the pressure, the volume and the inteneagy of the
detonation products respectively.B, Ry, R, andw are the JWL empirical constants for a
certain HE. For modeling air, a linear polynomiquation of state is used to initialize the
initial thermodynamic state of the material. Timedr polynomial may be used to
simulate gas with the gamma law [73]. Pressurédfeal gas is given as:
p=( —1){ﬁ E} 76}
Po
wherep represents the pressure of the gasyaegluals the ratio of the specific heat of the
gas at constant pressugover that at constant volursg o andoare current density
and reference density respectivdiyrepresents the internal energy.
4.1.3 Case Study

A case study of a two layer composite plate madgtahium and Aluminum is
considered. Titanium is considered as a materidi@buter side layer “R” reflecting
blast energy while Aluminum is considered as a natef the inner side layer “A”
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absorbing the blast energy. Material properties of Titar(ltSTM Grade 1) and

Aluminum are presented in Table 4.1 Aluminum Type 6061-0 is fosats relatively

high failure strain.

Table 4.1 Characteristics of the two layers of the compositegik

Density Modulus Tensile and compressive Failure
Material
(kg/nT) (GPa) strength (MPa) strain
Titanium 4500 105 240 -
Aluminum 2700 70 55 25%

It is important to note that strain rate-independenstiutive material properties are

used in this case study. For accurate modeling, it mighebessary to consider strain

rate-dependent dynamic constitutive material propertieste€ftre, accurate simulation

would require modifying the proposed analytical model t@awtfor the significance of

the high strain rate of blast loading on the mateoaistitutive model used during

analysis. This can be done by using different dynatagt@plastic models that vary

according to the corresponding strain rate for eachstey® This modification is beyond

the scope of this article but its significance is exathinelow using the finite element

method.

To simulate blast pressure, Friedlander decay function[f40][75] is used here

such as

P= Pm(l— t

ot
e
t

62

(77)



wherePn, is the maximum magnitude of the positive pressure due st fles the time

duration of the positive pressure amas the shape factor for the blast model.
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Figure 4-4 Transferred stresd,

The selected blast produced an incident pressure of 80 Miha onter composite

surface plate [76]. Selection of the blast incident pexformed with the intention to

produce significantly high stress in the composite larinatthis modely anda are
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selected as 0.0018 sec and 1.0 respectively. The blast méatehidated in Figure 4-3.
Dynamic responses of the composite plate due to thelbdastvere analyzed according
to the layer thicknesses of Titanium and Aluminum varyiognf& mm to 100 mm and

from 50 mm to 150 mm respectively. The damping coeffisiéort both layers are
assumed as viscous dampingevkm [51]. Here, the damping ratipof 1% is used for

both layers. It is also assumed that bonding betweerayers holds perfectly during the

blast loading.

Max stress in Titanium (MPa)

110
130
100 150 Aluminum (mm)

Titanium (mm)

Figure 4-5 The maximum stress in Titanium
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Demanding strain in Aluminum (%)

1
100 150 Aluminum (mm)

Titanium {mm)

Figure 4-6 The maximum strain in Aluminum

The ratio of transferred strefgsto the maximum blast stress 80 MPa is formulated with
respect to the mechanical response of the combinatiofntaofum and Aluminum
thicknesses using the mechanical model described above &g(68) to (71). The ratio
transferred of stredg is shown in Figure 4-4. As expected, the yield strengtkB& of
Aluminum governed the ratio of the transferred stresslf the selected thickness
ranges. The maximum strdgsn Titanium and the maximum demanding Streimn
Aluminum with respect to the combinations of Titanium Ahgminum thicknesses are
computed in Figure 4-5 and Figure 4-6 respectively.

As shown in Figure 4-5, the maximum stress in Titaniuorelses when Titanium layer
(layer R) thickness increases. The maximum demandiam stf Aluminum for layer A
is computed under its failure strain 25% for all selectedyais region as shown in

Figure 4-6.
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4.1.4 Results and Discussion
Considering uncertain blast event, the magnitude of plassurd®,, was assumed
normally distributed to have a coefficient of vawatiCOV) of 30% [76]. In the mean
time, the yield strengths of Titanium and the failuraistof Aluminum were assumed to
be normally distributed with COVs of 10% for both proptiBy assigning these
uncertainties to the limit state functions in Equatitf®) and (73), probability of failure
for layer R and A with respect to layer thicknesses amgpated and formulated as
reliability index in Figure 4-7 and Figure 4-8 respectively. @maisand random variants
for the magnitude of blast pressure are generated to exaheaprobability of failure.
The same set of the magnitude of blast pressure vaaentssed for each combination of
layer thicknesses to get consistent response surfatabifty for both layer “R” and

“A” increases with increase of layer thicknesses.

fa ; é
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Figure 4-7 Reliability index surfaces of Titanium layerfg
To determine optimum thicknesses of Titanium and Aluminunafouncertain blast

event, we considered the following parametBesget, r= 4 for Titanium layer
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(corresponding to probability of failure of 0.003%) gagyet, A= 3.5 for Aluminum layer
(probability of failure of 0.023%p;4,ge: = 4

Reliability index for conventional strength desigmassigned to Titanium layer while a
relatively low reliability index is assigned to Alumimuayer by considering layer A as a
consumable and replaceable layer. Based on these rigiglility indices, the optimal
combination of Titanium layer 40 mm and Aluminum layer 138 far the composite
plate can be obtained as shown in Figure 4-9 by overlajaiegntour tor contour in

Figure 4-10.

Reliability index for layer A

Titanium (mm) 0 50 Aluminum {mm)

Figure 4-8 Reliability index surfaces of Aluminum layera
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Figure 4-93r contour

If more than two optimal solutions exist, due to signiiicaon-linearity of the beta
surfaces, the optimal solution can be determined by namgithe use of materials, that
gives the minimum overall cost and weight of the posite plate. In this case, a cost
function can be utilized as a secondary objective hascbst of the composite plate is a
function of Titanium and Aluminum layer thicknesse$naar cost model was used here:
Cost=w,d, +w,d, (78)
wherewr andwa are the unit cost or weight of Titanium and Aluminunpessively.
Hence the optimal design is the one that minimizestst and achievés= Brarge: FOr
the optimal thickness of Titanium layer 40 mm and Alumirayer 130 mm, the
corresponding cost function shown in Figure 4-10 can baulated for example using

density of the two materials in Table 4.1.
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Figure 4-10 OverlappingPa and Br contours to show the optimal combination of

layer thicknesses (as marked in black dot) and the correspding weight cost

function for reference

The optimal composite plate to resist this uncertain lefstt having a mean maximum

pressure 80 MPa with 30% COV is then determined to havalahatkness of 170 mm

(40 mm Titanium and 130 mm Aluminum). While the optimal costgoplate thickness

seems to be relatively thick, it is worth noting thatwmeght of this composite plate per

unit area is equivalent to 68 mm steel plate. The dynagsponses for this composite

plate is computed using the above mechanical model gmndsented in Figure 4-11 for

Aluminum layer and Figure 4-12 for Titanium layer.

The residual strain of Aluminum approaches 3.3% as showigure 4-11while

Titanium layer stress reaches 115 MPa right after Bashown in Figure 4-12. By

comparing stress evolutions in Titanium and Aluminum Igy&itanium is restrained

during Aluminum yield. Although Aluminum layer thickness isetenined by assuming

that the layer is consumable, the maximum strain 3&8ms relatively high for practical
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use. It is important to note that a realistic blashéewvell not generate uniform pressure
on the surface of the composite plate and materidts tyipically happens locally.
Therefore, while the above method provides a simplifiedcgmbr for design of the
composite plate, FE analysis of the composite p&28 (mm x 300 mm) is necessary to

examine the effect of the blast event.
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Figure 4-11 Dynamic responses of Aluminum layer of the compdsiplate consisting
of 40 mm Titanium and 130 mm Aluminum due to blast air pressug wave as shown

in Figure 4-3
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Figure 4-12 Dynamic responses of Titanium layer of the composiplate consisting
of 40 mm Titanium and 130 mm Aluminum due to blast air pressug wave as shown
in Figure 4-3
The FE analysis examined the structural response cbthposite plate subjected to a
high explosive (HE) detonation. Using values from litera for the blast parameters an
explosive charge of 0.2 kg of C4 detonated in air at aetodistance of 160 mm from
the composite plate. C4 is a particular type of highasipé that contains three major
ingredients: explosive, plasticizer and marker. Thecstpé most commonly used in C4
is research development explosive (RDX) also knowryalsiite (GHeN¢Os) [10].

Table 4.2 Constants for JWL [73]

HE p (kg/nt) A (GPa) B (GPa) Ry R w

C4 1600 609.77 12.95 4.5 1.4 0.25

The plasticizer is a plastic binder and the marker id tsé&race the origin of the HE. The

C4 was considered to have dimensions of 30 mm x 60 mm x 6 mproduce a
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maximum pressure 104 MPa, which is determined as the averdges8plus the

standard deviation 24 MPa of the maximum blast pressure sgmdat the center of the

100
Pressure gg
(MPa) 0

0.0 0.2 0.4
Time (ms)

composite plate.

HE

Air

Titanium 40 mm

Aluminum 130 mm

Figure 4-13 Blast modeling using finite element analysis of 40mmTitanium and 130
mm Aluminum composite plate to 104 MPa peak blast pressuia the center of the

plate

300

200

100

Applied pressure (MPa)

0 30 60 20 120 150
Distance from the center of the plate (mm)

Figure 4-14 The applied pressure distribution along y-axis
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The simulation was performed using LS-DYNA®. LS-DYNAGtiansient dynamic
finite element software that has been proven effeetiveodeling blast events [50]. The
finite element mesh was performed using the Euler fottionlaThe Arbitrary
Lagrangian Eulerian [30] formulation was used to augnien&uler formulation. Solid
elements of the 8-noded hexahedrons in LS-DYNA® were wsatesh both the air and
the composite plate. The FE model consists of 14,240 etepweinich equates to 29,888
nodes. The detonation was performed using material modedr8allquist [50] . This
model represents a high explosive burn material. Thstaots for the JWL model
corresponding to Equation (75) are presented in Table 4.24¢]arter of the
composite plate subject to HE is modeled as shown in Fgafe The maximum
applied air pressure distribution at the top of theegpltomputed from the center of the
plate to the end as shown in Figure 4-14. Although the maxiprassure at the center of
the plate was constrained to 104 MPa, a pressure of 300 é¢Bared at 30 mm from the
center of the plate.

Due to the excessively high pressure of 300 MPa, the p&stio up to 3.3% is
developed locally at 1.5 ms after blast in Titanium laagshown in Figure 4-15. A
higher volume fraction of the Aluminum layer alsolggat plastic strain of 0.58% as
shown in Figure 4-15. Von Mises stress evolutions atémeer of the composite plate
are presented in Figure 4-16. Stress at the top of thaitdlum layer reaches yield while
that stresses at the bottom do not reach the yieldgstref 55 MPa. It is noticeable that
while Titanium layer stresses both at the top and dhi@im are under the elastic limit of

Titanium, the stress level at the top of Aluminum feggeproaches its yield strength.
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Figure 4-15 Plastic strain contours at time 1.5 ms

The FE analysis proved that both Titanium and Aluminurdgeat locally due to the blast
event. Therefore, it might be necessary to incrdase¢arget reliability index for layer

“R” to prevent unexpected localized yield of the layer ttublast load effect as shown in
Figure 4-14. However, the target reliability index for tlesign of absorbing layer “A”
thickness might be decreased to consider the high wariafithe applied air pressure
distribution on the plate surface as shown in Figure.4Fhd FE analysis results can thus
be used to enhance the proposed design method and migheatimining several
combinations of materials which are relatively strong ductile such as ceramics or

mild steel for high blast resistance.

Cowper and Symonds model [17] is used to scale the yieldgttr of the materials

according to the strain rate as:

é 1/p
foya (€) = fsy[1+[qj ] (79)
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wherefsy g andfsy are dynamic and static yield strenghs respectipedndH are material
constants taken as 4 and 6500 /s for Aluminum [77] and 9 ant I@0Titanium [78]
respectively. The plastic strain contours and the VaedIstresses in the composite
plate considering strain rate-dependent yield strengttieedfvo materials are presented

in Figure 4-17 and Figure 4-18 respectively.
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Figure 4-16 Von Mises stress along the mid-axis
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Figure 4-17 Plastic strain contours at time 1.5 ms considerirgjrain rate effect
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Comparing the plastic strain predictions in Figure 4-15 agdrEi4-17, it is apparent
that the Titanium layer almost does not yield whersthain rate-dependent material
properties are considered for the FE analysis. Moreageshown in Figure 4-18, the
stress at the top of Titanium layer reaches 440 MRanbEitanium strain-dependent
yield strength and the stress at the bottom of Alumitay@r also does not reach to the
static yield strength of Aluminum of 55 MPa. The comparibetween the two finite
element models with and without strain rate-dependeepties indicates that it is
important to consider strain rate-dependent propertidseafaterials. It is therefore
noted that the simplified analytical method describety emderestimates the mechanical
properties of materials and can be considered as catsermethod. It is expected that
altering the proposed analytical and optimization mésho consider strain rate-

dependent material properties might result in thinnen@dtplates than those suggested

early.
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Figure 4-18 Von Mises stress along the mid-axis consideringan rate effect
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4.1.5 Conclusions
In this study, a simplified reliability-based design noetlof blast-resistant composite
plate is presented along with a case study. The comgaiteconsists of resisting and
absorbing layers to reflect and absorb the blast enBiffgrent levels of target
reliability indices are assigned to each layer to cangide different purposes of each
layer. A design example of a two layer compositegpfatide of Aluminum and Titanium
subjected to an uncertain blast event is presented.tA él@ment analysis of the
optimized Titanium and Aluminum composite plate proved tifa ability of the plate to
resist blast events. However, the FE model showeddbessity to alter the target
reliability values in design to account for possiblealogelding. The FE analysis also
showed the importance of considering strain rate-depémnaserial properties in the
analysis. The proposed designh method can be used forzatnge design of composite

plates for enhanced blast resistance.

4.2 Second Case Study: Design Optimization of Two Dimensional Cquosite
Plate

The second case study considers the design of blasane$wgo-layer metallic
composite plate in which two materials, Aluminum andiitim, are distributed in each
layer. The mechanical properties of Aluminum include yigidrgith (55 MPa), ultimate
tensile strength (115 MPa), density (2700 k§j/ifoung’s modulus of Elasticity (70
GPa) and Poisson’s ratio (0.33) while for Titaniumg/istirength (170 MPa), ultimate
tensile strength (234 MPa), density (4500 kj/ifoung’s modulus of Elasticity (116

GPa) and Poisson’s ratio (0.34) [79].The composite paaewo-layer cylindrical plate
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with a 250 mm radius and a thickness that can range betee80 mm per layer. The
plate is subjected to an under soil buried explosive.

4.2.1 2-D Homogenization Method Applied to the Two-Layer Composite
The process of determining the properties for a given lafyetre composite for a single
iteration is discussed here. This process is repeatel fterations during the
optimization processes. A two dimensional (2-D) unlit @ethe composite material is
considered here for determining the properties of eaehn.|lde unit cell is discretized
into 3x3 sub cells as shown in Figure 4-19. The unit celists of 9 total elements.
Each of the elements is then assigned either thaialgieperties of Aluminum or
Titanium. Since this is a 2-D problem, only three independeit strain fields need to be
applied to the model in order to extract the materigb@rioes. The three strain fields are

shown in Figure 4-19.

i ._’ EE HE
HE BN 'EBE
(@) (b) (c)

Figure 4-19: Three load cases showing unit strain in (a) x diction, (b) y direction

and (c) shear.
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There are a total of 16 nodes in each unit cell mod&dr Ahe displacements are applied,
the FEA model is solved for the unknown stresses abdkl locations. The
homogenization method allows for the calculation efdkieraged properties of the unit

cell. The four independent components of the stiffmeasix can be calculated as:

€ Sy S, 0]|a
D12 (=|Se Se 0 oy (80)
Vio 0 0 SelTn

1 -V, 1 1
==.5,=—2,5,=—andS,=—
S11 El SlZ E1 22 E2 66 Glz

Then the stresses are summed for each directiodigideéd by the number of total
nodes. This new stress value represents the avstitags for the homogenized unit cell.

The homogenized properties of the unit cell ara twdculated as:

_ 0.0,
V= (81)
(011022 t0, (012 - 021))
El — 011(011022 _012021) (82)
(011022 t0, (012 - 021))
E2 — (011022 B 012021) (83)
Oy,
Gy, =Ty (84)

Where the subscript numbers on the left hand did&oations (81-84) represent the

modulus direction, the subscript numbers on theaaeestress values;) represent the
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load case number and the stress direction respectnely a is the average shear stress
from load case 3.

4.2.2 CFD Model
CFD allows for modeling of the transient solid anddlinteractions. The model consists
of 2 kg of TNT that is detonated at a location 150 mm belensoil surface. The
explosion is simulated and the pressure transfer toaimposite plate is monitored for 1
ms. The composite plate is centered above the explosaterial at a height of 260 mm
above the soil surface as shown in Figure 4-20. The niodehulated in a 2-D plane in
which quadrilateral elements are used for discretizingithalation space. ANSYS-
AUTODYN was used to simulate the pressure wave generateua lhygh explosive

material [80].

|ALTERYN-20 4110 fram Century Bypamice:
| Waterial Locatiort

S

Figure 4-20: Mesh of CFD model showing buried TNT and compogtplate.
Five materials were used in the simulation processsaid, TNT, Aluminum and
Titanium. The gas dynamics are calculated using the Bigerithm, while the solid

dynamics are simulated with the Lagrangian algorithm. [BB¢ air was simulated as an
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ideal gas. The Jones-Wilkins-Lee Equation of state id tessimulate the explosion of
the TNT [80]. The time history of the pressure wave masrded by placing gauges
along the lower surface of the composite plate whHezdlast will first impact the
composite plate. The pressure of the blast wave wasuded in modeling the transient
structural behavior of the plate in finite element asialyThe gauges were placed every
25 mm along the surface of the plate.

4.2.3 FEA Model
The FE model is simulated using ANSYS. The composite plais modeled as a 2-D
axisymmetric model using transient analysis. As dismisdove, the homogenization
method was used to determine the properties of the compéaite The properties used
by the FE model are the modulus of elasticity in the raiaction, the modulus of
elasticity in the y direction, Poisson’s ratio ahd shear modulus. The density of the
layers is calculated using the rule of mixtures methibe.thickness of each layer of the
composite plate is a design variable. This necessifag¢asse of an automatic meshing
routine in the FE model. Eight node Plane 82 elemestssed for meshing the two-
layer composite plate. Plane 82 elements have two degfréleedom per node and have
the capability to simulate plasticity, creep, stregiening, large displacement and large
strain [81]. A zero |y| displacement boundary conditsofoiced upon the lower right
node to restrain the model. This is the equivalent boyratardition to constraining a 3-
D cylinder from moving in the y direction along its cinoference. A 3-D expansion of
the 2-D mesh is shown in Figure 4-21 (a).
At each load step in the FE analysis, a specific loatll@ioutput from the CFD

simulation is applied to the bottom layer of the comjgogslate. The load profile shown
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in Figure 4-21 (b) is an example of a specific profile wsea given time for analysis. It
may also be observed that location of maximum preskgs not occur at the center of
the plate, nor is the blast wave uniform. The FE ana$aigion is obtained using the

Newton-Raphson method. For each time step, the stsgsbualion in both layers of the

composite plate is saved for post processing.

FANSYS

/EXRANDED
Noncommercial use only

50 100 150 200 290
radiallocation (mm)

(a) (b)
Figure 4-21: (a) Finite element model showing the two-layeiomposite plate
considered in the case study with ¥4 removed for clarity ah(b) pressure

distribution att = 0.35 ms.

4.2.4 Design Optimization
The optimization for the case study was performedguaigorithms that were coded into
an optimization software called DAKOTA (Design Analy#iit for Optimization and
Terascale Applications) toolkit[82]. DAKOTA implemerdlgorithms for both gradient
and nongradient-based methods; uncertainty quantificattbrsampling, reliability, and
stochastic finite element methods; parameter esomatith nonlinear least squares
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methods; and sensitivity analysis with design of experisnand parametric study
methods. These methods may be used individually andearotlin or as a specific
component integrated within advanced strategies like sugtgaed optimization,
mixed integer NLP, or uncertainty optimization [82]. DAK® s a flexible and
extensible problem solving software for the design and asalysomplex
computational models and may be integrated with high paaince computers.
Two objective functions representing the maximum stressremgth ratio and the

weight of the composite denotedfaandf, are defined as:

f; =m%msn{ma;§?;),mi§f’i)} & f, :mZi‘inrsz o (85)

In this formulationf; is the maximum stress-to-strength ratio in alivittal layers and

f, is the weight of the compositi.is the total number of layers in the composite;

max(a;)max(a;l) is the maximum tensile stress observed imtfiéayer due to the

applied stress waver”" ¢Tis the ultimate tensile strength of tm€ layer; max(arﬁ) is

the maximum compressive stress observed imthiyer due to the applied stress wave;

o is the ultimate compressive strength oftfelayer.rr is the radius of the

composite plateT.T,, is the thickness of the" layer andan is the density of then™
layer calculated using the rule of mixtures basethe unit cell of that layer. The
optimization problem is formulated as a multi-oltge nonlinear optimization that
targets to minimize the maximum stress-to-strengftlo and to minimize weight of the

composite while meeting the bounds for layer thedges as follows:

Minimize f,,f, Subjectto T™<T <TM™ 1<ms<N (86)
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For our case study, we have a two-lay¢=(2V = 2) axisymmetric composite plate with

r = 250 mm The thicknesses of each layer in the model may varyeenT ™ =10 mm

andT."® = 30mm. The layers are given elastic properties that vatwéen 116 GPa for

Titanium and 70 GPa for Aluminum. These bounds are thieragtlimits of the design
space for a given layer.

There are a total of 20 design variables, 18 of whichherelastic properties and 2 of the
design variables are the thickness of each layehdptimization process the vector of
design variables (DV) is passed by the optimization enviemtnio the simulation
algorithm to compute the objective function values: maxmnsiress-to-strength ratio
overall layers and the weight of the composite plabe design variables are updated
using GA method. The optimization finishes when t@ging criteria is met and the
final design variables are then saved.

NSGA was used with the steps shown schematically in Eigt#2 using DAKOTA as

the optimization toolbox. A population size of 50 is etdd and generated randomly
without duplicates. Binary representation is used. Fagsorneer and mutation, design
variables are selected randomly from two parents to pragcehildren.

Crossover rate is selected as 0.8, while mutationsatelécted as 0.1. Domination-based
fitness assessment is used to force the algorithm to roaaeds the non-dominated
frontier. All non-dominated designs are assigned a lafy@r then from what remains,

all the non-dominated ones are assigned a layer of caod until all designs have been

assigned a layer. Then, these values are negatect foigther-is-better fitness
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convention. For replacement elitist strategy is uskerasmost fit members are selected
and the rest are discarded.

Niche pressure is applied to prevent the algorithm fronverging to a single solution.
The solutions that are too close to the current desgreanoved except the ones that are
defined as the maximal or minimal in all but one objeatimeension. A distance of 0.01
and 0.1 for stress-to-strength ratio and weight, resjedgtare selected. Test for
convergence includes the tests for how the expanse dfaht is changing, density of the
non-dominated front and goodness of the non-dominated frbatmBximum number of

function evaluations is set to 100.

Initialize
population
S 72 : Design variables (DV)
Evaluatethe population members | == ———~—=—==——=—~— [

¥ ? f,:Stress/strength ratio

> Crossover | f,:\Weight
L 2 P ]

Mutation
- N Z— S— DV FE MODEL URELE
Evaluate new population members — =
Fithess assessment f,&f; Stress profile
2
Replacement
L
Post-processing (Niche pressure)
NO
Stoppingcriteria

met?

Return final
population

Figure 4-22: Flowchart of optimization method and its integrationwith the blast

simulation.
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4.2.5 Results and Discussion
The optimization process allowed identifying Pareto+ogtisolutions for the material
microstructures across the two layers to minimizesthess-to-strength ratio and weight.
The MOGA method produced a Pareto front in which eacbt®@oint represents a
microstructure for layer 1 with thickness 1 and a micumsure for layer 2 with thickness
2. The results of the MOGA optimization are presemeeéigure 4-23 and in Table 4.3.
Figure 4-23 shows microstructure and thickness of each flalyéyur example solutions
along the Pareto front. The black represents the Titaphase and the white represents
the Aluminum phase. Each of the points shown in Figt28 represents an optimal
solution. Table 4.3 presents ten solutions some of whelabeled along the Pareto

front.

I-:IJ:=

50— = O 1l 2mm

White: Aluminum
Black: Titanium
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Figure 4-23: Pareto front for weight and stress-to-strength rab as two objective

functions with different material microstructures and thicknesses per layer.
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As it can be observed from Figure 4-23, the solutions leitler stress-to-strength ratios
such as point 1 have the highest overall composite welghthe other hand, solutions
like point 9 have a low composite weight but a relativegh stress-to-strength ratio.
Any composite structures that exhibited stress-to-stheragios above 1.0 are excluded.
Those solutions with stress-to-strength ratios bel@aafie all viable solutions and
should have a good blast resistance. It may also bevebsieom Figure 4-23 that the

amount of Titanium used in the composite is greatly redwehen moving from low

Table 4.3 Summary of results presenting ten Pareto solutiohs

Solution#| T1 (mm)| T2 (mm) Stress/StrengiWeight Micro 1 Micro 2
1 26.7 28.7 .396 43.4 .:
2 29.9 25.9 436 40.6 .:
3 26.1 28.7 .500 36.5 q
4 17.7 28.4 .561 34.1 -
5 13.5 29.2 .618 31.0 :
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6 11.2 28.7 675 28.9 e I
.

7 11.2 28.7 711 27.4 — 1
H N I

8 11.2 28.7 754 26.9 H
= "B

9 17.7 21.8 790 25.5 : .

10 11.2 16.8 945 21.0 HE )
. I N

* Micro: microstructure white areas represent Aluminuhilevblack represents Titanium

stress-to-strength ratios to high ones approaching 1.Cawélatively low weight. This is
important because Titanium is a much heavier metal and exrensive to process than
Aluminum. By considering other constraints such as eosbjution may be chosen from
any of those solutions on the Pareto front. It is alvilpom Figure 4-23 and Table 4.3
that changes in the material’'s microstructure as agethe two layers’ thicknesses allow
for changing the stiffness distribution across the coitppsate and therefore producing
stresses in the composite lower than the materegth of each layer. Some of the non-
dominated solutions produced stress-to-strength ratios aroéimehlle reducing the
overall weight to close to 60% of the maximum possieght using only Titanium in
each layer. Allowing the thickness to change between3@mm per layer reduced the

overall stress even further.
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A unit cell of 3x3 for each layer was chosen for shreulation environment because
discretizing the solution space increases the numhegofred calculations
exponentially. Using MOGA, 1000 evaluations resulted in 67 ismisit 16 of these
solutions were infeasible because they yielded a stwessength ratio greater than 1.0.
For the 3x3 case 1000 evaluations is only about 0.38% odtdlesblution space. In
order to cover 0.38% of the 4x4 case would require 16,384,000a&walkk. Currently,
the run time is 43.7 hours, while increasing the unit cell towlsuld require 7.16%
hours. The exponential growth of the solution space amdime is the reason why the
3x3 arrangement is the smallest microstructure thatyeiltl useful information
regarding the composite lay-up, while being able to soleeregasonable amount of time.
Unless a parallel computing approach is considered, whichigaificantly reduce the
computational time, a 3x3 microstructure is the mostlsieitearmulation of the problem.
Further work is underway to re-formulate the optim@atalgorithm considering parallel
computing capabilities.

Although gradient-based methods would require less compuahtine, a decision was
made to use MOGA based on our preliminary investigationdi@mbased methods
worked well when using a rule of mixtures method to daterrelastic properties. This
is because the design variables were continuous.e Inamogenization method the
design variables are discrete and filters must be wsegtddient-based methods. This
adds extra computation time and introduces artificiarBlt Genetic algorithms may be
used with both continuous and discrete design variablesire=4-24 shows a schematic
representation of the Pareto fronts for both gradiedtren-gradient based methods for

the optimization of blast resistant composites. BRguMOGA for the multi-objective
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optimization, artificial fixes were avoided. Moreovasing the binary encoding, artificial
filters were avoided, which would normally be requiregradient based optimization
was used. Based on the weights chosen and the seedihgheogradient-based
optimization methods might converge to a very good salutitbwever, given the ability
of MOGA to converge independent of the types of weightssen and the seeding point,
it clearly surpasses gradient-based methods for the pnadalasidered in this paper.
Also, another advantage of the MOGA method is thimdis multiple points along the
entire Pareto front whereas the weighted-sum methother conventional methods
would produce only a single point on the Pareto fronts &hdemonstrated in Figure
4-24. Figure 4-24 shows the results of 2 different optitimrauns using the same
simulation loop shown in Figure 4-22 but with the optirti@acomponent run with both
MOGA and gradient based methods. The two integratechizatiions were allowed to
run for same total number of functional evaluations.ait lse observed from the figure,
that MOGA was able to identify a Pareto Front in whiod o ptimal solutions were much
better alternatives than the solutions of the gradiaséd methods. Gradient based
methods are highly dependent upon starting point, which iamsisue with genetic
algorithm methods. Gradient based methods should becaélentually identify
equivalent optimal solutions, but the required computatiome would be much greater.
A major limitation of the above work is its use ofglicit method to model the transfer of
the blast wave to the composite plate. The use oiog@imulation has been shown in
case study 1 for validating the results of the optitioneof plate sequence and will be
shown later in case study 3 for 3-D homogenization arst bimulation. Furthermore,

the second case study neglected the significancean séte on the behavior of
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materials. Which was shown to significantly affee thsults in the FE simulation of

case study one.
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Figure 4-24: Comparison of gradient and genetic algorithm Paretéronts

4.2.6 Conclusions
The fundamental problem of design optimization of a twe+ldlast resistant composite
plate is examined. A composite plate subjected to aundorm blast load is considered.
CFD is used to obtain spatial and temporal distributidribe blast load. FEA is used to
calculate the stress evolution in the plate due tblde load. The design optimization
process was performed where both material micro-struandgehickness were
concurrently optimized. A multi-objective genetic algomit optimization method is
developed and used. A case study of a two-layer axisymmdtimainum and Titanium
composite plate subjected to blast is discussed. Thegsbolv that several

microstructures and thickness alternatives can be usedddinonstrated that the use of
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the homogenization method can provide design alterndtivddast resistant composites

that are not available using classical design methods.

4.3Third Case Study: Design optimization of Three Dimensional @mposite

Plate

The third case study considers the design of blastaasisto-layer composite plate in
which two materials, Tungsten and Titanium, are distributedch layer. The composite
plate is a two-layer rectangular plate. The reattaxgcomposite plate is modeled in 3-D.
The model is a simulation of the structural dynamsposse of a composite plate to an
above ground high explosive detonation.

The third case study will be similar to the second sasgy, but it is modeled using 3-D
homogenization. The two dimensional FEA code for thedgamization is replaced by
3-D homogenization and the implicit blast simulatiorelaced by an explicit blast
simulation where a new combined multi-physics methoddd.ug he explicit model is
simulated in LS-DYNA and is used to calculate the stessdution in the plate, which is
then used to update the objective functions. The ogttmaiz algorithm is performed
under DAKOTA computational environment. The 3-D homogeriratbde developed
in ANSYS environment includes 56 design variables (27 desigables per layer and
the thickness of each layer). Design parameters inthelmaterial properties of
Tungsten and Titanium. The stiffness tensors determingx ihomogenization step are
transferred to the transient dynamic analysis sirngdtlast. Tensor values are still

appropriate for being extracted from static homogenirat® more accurate
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homogenization approach to perform homogenizatmteutransient analysis is
currently being developed by other researcherdseatUniversity of lllinois at Urbana
Champagne. The general flowchart for the ordepefrations of the integrated

simulation and optimization environment is showrrigure 4-25.

v

71

Explicit Blast Modeling é _

Figure 4-25 Order of operation for integrated optimzation environment

4.3.1 Three Dimensional Homogenization
The 2-D homogenization method used in sectionstidisufficient for use with an
explicit blast model. The reason for this is théen using the explicit blast model a 3-D
FE simulation is necessary to capture the multispisyenvironment. If a 3-D blast
model is necessary, or more accurate, then a 3pienization technique must be
implemented such that all material properties @@ and used in the blast simulation.
The technique in 3-D homogenization is similariie technique in 2-D homogenization.
A unit cell is created and certain strain casesasppied to the model in order to solve
backwards for the homogenized properties of theaal. While three unit strains were
applied to the unit cell in 2-D homogenization,rétstrains need to be applied in 3-D

homogenization. Assumptions were also made albeuransversely isotropic nature of
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the composite plate in 2-D. The new homogenization tgaershall make no
assumptions about isotropy. Therefore, the new 3-D tgebmwill extract all of the
stiffness values for the 6x6 stiffness tensor. Thisalldw the FE model to simulate the
anisotropic behavior of the composite as well as agtetermining the true
microstructure that can result in the minimal objexfunction values when integrated
with the optimization routine. This way we will haagealistic and accurate
representation of the composite plate given a cem@rostructure. The 6 unit strain
cases are shown in Figure 4-26.

The first three images in the first row of Figure 4-2@resent uniaxial unit strains.
Moving in a clockwise direction, the first image is atwtiain in the x direction, the
second image is a unit strain in the z direction andlyinde last image is a unit strain in
the y direction.

The second row of images are unit shear strains. iidenfiage is a unit x-z shear strain,

the second image is unit y-z shear strain and the firege is a unit x-y shear strain.

Figure 4-26: 6 unit strain cases used for 3-D Homogenization
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The appropriate boundary conditions are necessary whanatang the homogenized
unit cells of the model. This becomes even more impbima3-D. Each of the 6 faces
of the unit cell must have the correct displacementlitions imposed upon them to
accurately determine the 6x6 stiffness matrix. While inmgpene type of condition will
yield the modulus of elasticity of the material, impgsanother type will yield the terms
in the stiffness matrix. These terms are relatetdeanodulus of elasticity, but are not
exactly the same.

The above idea may be shown through examining the stiffnassx of an isotropic unit

cell. The unit cell of an isotropic material only lihsee constants and is shown below.

C11 G2 G2 O 0 07
Ciz CG1 G 0 0 O
Cz G Gy 0 0 0
0 0 0 Cy 0 0 (87)
0 0 0 0 Cy4u O
L 0 0 0 0 0 Cyyl
Where
_ (-v)E
€ = (1+v)(1-2v) (88)
vE
G2 = G ®9
C44_ = G £ (90)

- 2(1+v)
Caais usually referred to as the isotopic shear modultiseomaterial. If we assume that
the isotropic material for the test case is Alumintimen the modulus of elasticity of
Aluminum is 70 GPa. The Poisson’s ratio of Aluminurf.i33, therefore the first

coefficient in the matrix G would be 103.71 GPa. If the unit cell is isotropic Aluminum
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and a unit x strain is imposed upon the right hand sideeodinit cell as shown in Figure
4-26 and the left x face is restrained with a O displao¢@ndition, then following
Hooke's lawo = Ee. The calculate@ would be 70 GPa. Yet, this is not the value that
we want to calculate numerically. The value thadseto be calculated isC

The boundary conditions control which terms you canutatle when placing strains on
the unit cell. The boundary conditions come from tHendlien of Hooke’s law in 3-D.

The equations of generalized Hooke's law are repeateddreegdmination [79].

E | v

0, = E _Sx + E(Sx + Sy + Sz)] (91)
E | v

oy = o |& + (sx + &, + sz)] (92)
E | v

o, = E _SZ + E (Sx + Sy + Sz)] (93)

If we use the strain values that are depicted in Figlzé then we should obtain the
coefficients of the stiffness matrix. Setting= 1, &y =0 ande,= 0 Equations 91 to 93

become:

= _wf Ci1 (94)

T (1+v)(1-2v)

vE Cio (95)

Oy = (1+v)(1-2v) -

0, = ————= Cy (96)

~ A na-z0)
This exercise validates the values of the appliedstiniFigure 4-26 and relates the
coefficients of the stiffness matrix to Hooke’s geneeal law.
In order to calculate the stiffness matrix termg tGe following assumptions must be

made. The unit cell has unit dimensions and is 1x1x1. Themwa unit displacement of
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1 is applied on any of the faces, then the strain bes@wnit strain. This is shown

below.

&= AL—L = % =1 (97)
Therefore, when a unit strain is applied on 1 face therd faces must be held to zero
displacement. For example, if the first load cds®ag in Figure 4-26 is applied then a
unit strain is placed on the right y-z face and a 0 adesgphent in the x direction is
imposed on the left y-z face. A zero displacement bayretandition in the y and z
directions are placed on both x-z and x-y faces respéct This methodology will yield
the first row and first column of the stiffness matrFollowing this method but applying
a unit strain in the y and z directions will yield th#fisess terms in the 2 and 3 rows and
columns respectively. The appropriate boundary condif@rthe x unit strain case are
shown below in Figure 4-27 for clarity. The directidihes triangles are pointing with are

each labeled next to the triangles in the figure widirtappropriate displacement

condition.
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Figure 4-27 Boundary conditions for 3-D Homogenization

The next set of boundary conditions that must be apptepyiformulated are the
boundary conditions for the shear strain cases. Tdmsadary conditions are much
different than the unit strain cases. The sheainggaefined for the unit cell as the
change in angle between the two axes of the uniaftell deformation. This is depicted
in 2-D for a deformed rectangular object in Figure 4-28.nHrigure 4-28 it can be
shown that the shear strain in the x-y plane ineefias:

wy = 2 —f =01 + 62 ~ tanQ1) + tan(@2) = Auldy + AviAX. (98)
These assumptions are typically used during small defanmabalysis. With regard to
the homogenization method the last definitiory @fill be used so that for the numerical
analysis:

y = Auldy + AvIAX. (99)
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Figure 4-28 In plane deformation showing shear strain

The correct boundary conditions necessary to nuntigricalculate the shear modulus in
the three planes is described below. Figure 4-29 shovmthedary conditions on a unit
cell for a unit shear strain in the x-z plane. THesendary conditions are used to
determine the shear modulug,GThe two grayed out faces in the figure are the faot
back x-z faces. These two faces are constraine@eoadisplacement in the y direction.
The arrows in the figure specify the direction of thpleed displacement. The arrow on
the front y-z face has a positive displacement of Oa2le the back y-z face has a
displacement of -0.25. Similarly, the top x-y face hadisplacement of 0.25 and the
bottom x-y face has a displacement of -0.25. The usptl@acement is obviously divided

to the four faces for symmetry.
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Figure 4-29 Boundary conditions for unit shear strain for 3-D Hbmogenization
The deformed and un-deformed shapes of the unit cell undgt@t shear strain is shown
using a finite element model in Figure 4-30. The previosislied boundary conditions

may be used to calculate the shear modulus in the theslanes, namely Gand G..
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Figure 4-30 Unit shear strain applied to a finite Ement model
Mathematically the relationship between stresajrstind the compliance matrices in all

directions is described by Equation 100 after [4].

gli i Sll 812 813 S14 S15 816 1 Uli
£2i SZl S22 SZS S24 S25 S26 UZi
£3i — S31 S32 833 834 S35 S36 USi (1 O O)
y 23 S41 S42 S43 S44 S45 S46 Z-23i
y 13i S51 S52 853 854 S55 S56 Z-13i
y 12i L S61 S62 S63 S64 S65 S66 _ Z-12i

The numerical subscripts in Equation 100 repredentoading directions shown in
Figure 4-26, where 1 refers to x, 2 refers to y amdfers to z. The subscriptefers to
the actual load case. For example the first walitshown in Figure 4-26 is being loaded

in the 1 or x direction and refers to the i = lda@ase.o;; is the average stress in the 1
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direction for the ith load case. Equation 100 has 36g@nrthe compliance matrix. The
compliance matrix is symmetric so there are actidllyndependent variables only.

If there are no shear-extensional coupling term$ieaisshear coupling terms in the
matrix then the number of independent variables magdheced. Interms of actual
material property values, the relationship may be rewrdateEquation 101. In order to
evaluate which compliance matrix type should be usedaam@dric analysis of different
3-D microstructures must be performed to determine whétkeshear-extensional and
shear-shear coupling are negligible or not. Once thelamee matrix is identified, it is

forwarded to the explicit FE blast model.
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4.3.2 Explicit FE Blast Modeling
In order to realistically simulate the pressure wavetdwehigh explosive detonation
near the composite plate surface a new explicit F& bt@del is required. The
difference between the implicit blast model and thdiekplast model is that the

explicit blast model considers the plate deformatiomnduanalysis. Previously, in the
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second case study, the blast model was performed imtlependent steps. The CFD
model was used to determine the pressure on the platesiari of time and location.
The pressure data was then transferred to the FE mAdednsient analysis was
performed using the pressure data from the CFD model. s$te is that the CFD model
assumed a particular composite plate stiffness basadpecific microstructure and
material properties. In the mean time, the integraf#onization environment
continuously updates the microstructure based on theedrgeserated due to the
original pressure wave that encountered a different pliétedifferent stiffness. This
process is obviously flawed and an update of the compuatie stiffness is necessary.
This update is known as explicit blast modeling. To acclyregpresent the true transfer
of the pressure wave to the composite plate, the commueahtiuid dynamics and the
structural analysis must be coupled (integrated) and perfamuet step for each
iteration.
The explicit blast model is simulated in LS-DYNA. [I5¢NA is a general purpose
transient and dynamic finite element software tlaat $olve complex multi-physics
problems [50]. LS-DYNA couples the CFD analysis withstreictural analysis. Once
the two analyses are coupled into one step, then thexialgiroperties that were
determined using the homogenization technique will be used to updgieessure wave
in each optimization step. The process will continué the convergence criteria are
met and an optimal set of microstructures is found.

(1) Three Dimensional Explicit Blast Model
The model and parameters used in the optimization loo@ medified to represent a

robust repeatable model that could be used to compare casesiiéwo different
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materials and utilize materials with very differgmbperties to portray the usefulness of
the integrated optimization environment.

The new blast model was created using LS-DYNA'gdielement software. The finite
element model is shown below in Figure 4-31. Tlelehis a ¥4 symmetric simulation

of an air burst explosion on a composite platee ffinee materials in the model are TNT,
air and the composite plate as shown in Figure.493% model is used to solve both the
flow field due to the explosion as well as the stusal response of the composite plate

under blast loading.

LS-DYNA keyword deck by LS-Prepost

TNT

Air

Composite layer 1

Composite layer 2

Figure 4-31 Finite Element blast model developed ihS-DYNA

The model uses an Arbitrary Lagrangian-Euleriamiglation to perform automatic
rezoning of the mesh. Rezoning changes the nodalibns of the FE model to capture
simulation zones where load effects are changipgliia This process works by
performing a Lagrangian time step first. Thenadwmection step is performed that
includes multiple parts. Advection is the procefsezoning the mesh by making
incremental changes to the nodal locations of ttehn The advection step works by
first determining which nodes should be moved. Bbendary nodes are then moved to
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their updated positions. Moving the interior nodes fodldhis step. Finally, the
transport of element centered variables and momenteraedoulated. These values are
used to update the nodal velocities.

The model is simulated for t = 2 ms in which the titepsize is taken as 0.001 ms. The
analysis includes contact behavior as well as ston@nealgy assumptions.

The Equation of state used for the TNT is the sambeagdrification model used in case
study 1 the Jones-Wilkins-LEE (JWL) eos. The parametiettse JWL equation were
listed previously in Table 4.2The JWL eos is used in conjunction with material m@&del
in LS-DYNA, which determines the lighting time of thgghiexplosive material. The
third case study also uses the gamma law as in caselstodymulate an ideal gas.

The three different material types all used differmmstitutive relationships. The TNT
was modeled using a high explosive burn material. The pgrepesed in the high
explosive burn model include density, detonation velocity@napman-Jouget pressure.
The air was modeled using a Null material type, whiciesehainly on the density for
calculations. Finally, the composite plate was modegeag an anisotropic elastic model
for metals. Two element section types were usedeimtbdel, a solid section is used for
the plates and a solid ALE section was used for theSpecific boundary conditions
were imposed on all nodes located along all of the 6 boyridees of the model to
simulate ¥4 of the total blast-plate model. Frequencge@amping was used for
frequencies between 1 and 100,000 Hz. All the parameterdarseaiculating the
properties of the composite plates in this model atedlis» Table 4.4. The TNT has a
density of 1600 kg/f a Chapman-Jouget pressure of 2 MPa and a detonatimityelb

2000 m/s. Strain rate effects were neglected becaegedperties are extracted from the
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homogenization step and there has been no methodologgrftogenizing strain rate
parameters such as Cowper-Symonds power law paraméiiscs.strain rate only
becomes critical under loadings that exceed the elasit. The blast loading was
designed to produce stresses beneath the yield pointaiayeaportion of material
models.

Table 4.4 Material Properties of Tungsten and Titanium

Titanium Titanium Tungsten
E 103 GPa 400 GPa
P 4340 kg/m? 19300 kg/m*
v 0.34 0.28
oy 170 MPa 760 MPa

The results of a specific set of microstructures arukti@isses are shown below for three
different time steps in the simulation process. Fgi#32 shows the pressure wave att =
0.1 ms right after detonation of the high explosive ni@te The dark color (blue)
represents the ambient pressure and the pressure waesvis with the lighter colors
according to the scale bar shown at the right haredithe figure. Figure 4-33 shows

the pressure wave att =0.16 ms.
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LS-DYNA keyword deck by LS-Prepost
Time = 0.00010173

Contours of Pressure

min=4, at elem# 1

max=1.66412e+06, at elem# 8005

Fringe Levels
1.664e+06
1.4QBe+{IB%
1331406 |
1.165e+06 _
9.985e+05 _
B.321e+05 _
6.656e+05 |
4.992e405
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1.ﬁﬁde+{]5:|
-0.000e+00

Figure 4-32 Pressure wave right after detonation of explosive neial (t = 0.1 ms)
The pressure wave is fully developed in Figure 4-33 and 8rshb the moment right
before the pressure wave encounters the composite flagedark (red) color shown in

the Figure 4-32 represents the highest compressive pressoecbiast wave.

LS-DYNA keyword deck by LS-Prepost
Time = 0.00016322

Contours of Pressure

min=-13.8433, at elem# 3201

max=746769, at elem# 5606

Fringe Levels
7.468e405
B.?21eﬂ]5%
5.974e+05 |
5227405 _
4.481e+05 _
3.734e+05 _
2.987e+05 |
2.240e+05
1.493e4+05
7.466e+04 ]
1.384e+01

Figure 4-33 Pressure wave right before interaction with compa& plate (t = 0.16

ms)
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This portion of the blast wave is the part of the widnag contains the greatest amount of
energy release. Figure 4-34 is taken at t = 0.19 ms &he moment in time in which
the blast wave is being transferred to and reflected fhrencomposite plate. The

magnitude of the stress accumulates very rapidly icoheposite plate layers.

LS-DYNA keyword deck by LS-Prepost :
Time = l].[ll_]l]1!?l’;v2vﬁ ¥ P Fringe Levels
Contours of Pressure 1.071e+06

::Ianxjg?fizi%:rgf o 9.620e+05 ]
B.527e+05 |
74340405 _
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Figure 4-34 Pressure wave after encountering composite plate ohgtion (t = 0.19

ms)

LS-DYNA keyword deck by LS-Prepost :
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Figure 4-35 Stress distribution in the composite plate afteft = 0.6 ms)
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The final results shown are a rotated view of the cortpptate, seen from the negative
x direction. Figure 4-35 shows this relative view atdt&ms. The maximum bending
stresses in the model fluctuate between the z anddirtgestresses. While the pressure
wave transfers all of the energy with in 1 ms, tluelet is simulated for 2 ms to capture
all of the dynamic behavior and interaction. The outpube model is the overall
composite weight and a time history of the stressugiami in all of the composite plate
nodes.

4.3.3 Design Optimization
The design optimization process is similar to thatlusecase study 2. Two objective
functions representing the maximum stress-to-strengjthaad the weight of the

composite denoted &sandf;, are defined as:

f,= m%msn{m"ﬁ?:"), m"ﬁfﬁ )} & f,=3N_10.09T,pm (100)

In this formulationf; is the maximum stress-to-strength ratio in alivigial layers in

Pa and; is the weight of the composite in k§jl is the total number of layers in the
composite;max(a;)max(a;l) is the maximum tensile stress observed irmﬂeayer
due to the applied stress wave!" ¢UTis the ultimate tensile strength of i layer;
max(arﬁ) is the maximum compressive stress observed imthayer due to the applied
stress wavey > is the ultimate compressive strength ofifielayer, 0.09 is 0.09

which is the top area of the composite pldig;, is the thickness of the” layer andan,
is the density of thel” layer calculated using the rule of mixtures basedhe unit cell

of that layer. The optimization problem is formeldtas a multi-objective nonlinear
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optimization that targets to minimize the maximumsgfto-strength ratio and to
minimize weight of the composite while meeting the lsufor layer thicknesses as
follows:

Minimize f,,f, Subjectto T™<T <TM™ 1<ms<N (101)

For our case study, we have a two-layé=(2V = 2) 3-D composite plate with base and

height of 300 mm The thicknesses of each layer in the model may vetween
TM™ =50mm and T, =120mm. There is a linear constraint betwdgrandT, such

thatT, + T, = 170 mm. The layers are given elastic stiffness matricas thry between
103 GPa for Titanium and 400 GPa for Tungsten. & hesinds are the extreme limits of
the design space for a given layer.

There are a total of 56 design variables, 54 otWwhire the elastic properties and 2 of the
design variables are the thickness of each lagehd optimization process the vector of
design variables (DV) is passed by the optimizagionronment to the simulation
algorithm to compute the objective function valuaaximum stress-to-strength ratio
overall layers and the weight of the compositeepladte design variables are updated
using GA method. The optimization finishes whes $topping criteria is met and the
final design variables are then saved.

NSGA was used with the steps shown schematicafygare 4-36 using DAKOTA as
the optimization code. A population size of 50aested and generated randomly
without duplicates. Binary representation is us&d.crossover and mutation, design
variables are selected randomly from two parengsdaduce two children. Crossover

rate is selected as 0.8, while mutation rate ecgedl as 0.1. The associated crossover
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type is shuffle random and the mutation type is replad®rm. The fitness type is
domination count with a replacement type with a lipetow 6. The algorithm uses a
shrinkage percentage of 0.9 and a metric tracker for converg@&eecallowable percent
change is 0.05 and the numbers of generations are 40m&tamum number of function
evaluations is set to 1000. The integrated optimizatgorihm for explicit blast

modeling and 3-D homogenization is shown schematicallygar€ 4-36.

= f1: probability of Tailure Blast model
Initialize . £2: weight Tr—
population !

Evaluatethe population members ==
- 0 Design variables (DV)
‘

Evaluate new population members

L _ L |
| Fitness assessment | f1 & f2 i . - h
| Replacement | Layerl Layer 2

| Post-processing (Niche pressure) |

L NO Stoppingcriteria
met?

| YES

bv — —

Return final
population

Figure 4-36 Flowchart of optimization method and its integrationwith the blast
simulation for the second case study

4.3.4 Results and Discussions
The integrated 3-D simulation and optimization environnadlowed for the

identification of Pareto-optimal solutions for thergmosite microstructures and
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thicknesses of layers 1 and 2 when minimizing two objedtimetions with the purpose
of increasing blast resistance. The two objective funstare stress/strength ratio as
well as overall composite structure weight. The MOgpimization method identified
points on the frontier of the solution space in whiabrepoint represents 2
microstructures and 2 respective thicknesses. Theiassbmicrostructures are directly
related to 2 different densities and 2 different stiffnestrices. The results of the
microstructural topology optimization are presenteBigure 4-37, Table 4.5 and Table
4.14. Figure 4-37 shows 8 optimal solutions along the Paretb fThe initial starting
point for the optimization gave a stress/strengtlo ratti21.5 and an overall composite
weight of 187 kg. The original starting point is not shaw Figure 4-37 because both
the stress/strength ratio and weight are significgatlyrom the optimal solution space.
The optimal solutions shown in Figure 4-37 are obviouslymiatter solutions than the
starting point values and both stress/strength ratio a&ghivhave been significantly
reduced compared to the starting point. The 8 optimalisnsiaire the best solutions
found using the MOGA method. These solutions are nonrdorhsolutions that attempt
to simultaneously satisfy minimizing objective one anckcidye two. The solutions
range from number 1 being the lightest with the largesss/strength ratio to number 8
being the heaviest with the smallest stress/strength réhe solutions make sense and
are logically ordered. Along with each point in Figurd@#the percentage of Tungsten
and Titanium in each layer is indicated. When moving fpmints 1- 8 the percentage of
Tungsten in each layer increases drastically. Tablsht®s microstructure and
thickness of each layer for four example solutions@khe Pareto front and the initial

starting point. Additionally, three different crosstsens are shown so that all elemental
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locations and material type can be presented.ciidss sections represent the different
layers of the microstructure. With reference tguFe 4-38 the cross sections and unit
cells have the same coordinate systems as thefigiine cross sections are ordered 1-3,
where the front face of the unit cell in Figure 8+&presents cross section 1, the middle
face cross section 2 and the back face is cros®sex In Table 4.5 the black represents
the Tungsten phase and the white represents taeidih phase. Each of the points
shown along the Pareto front represents an opsoiation and a design alternative.
These are all non-dominant solutions and priorth@opost-processing techniques are
equally viable alternatives. A summary of thetladl points shown in Figure 4-37 is
presented in Table 4.14. Figure 4-42 is usedrageeaence to Table 4.14 to show which
element numbers go with which material type.
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Figure 4-37 Pareto front for blast resistant 3-D coposite plate optimization with 2

objective functions
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As Figure 4-37 portrays the Pareto front points with losteess to strength ratios like
point 1 have the largest mass, while solutions like poimave the largest stress/strength
ratio and smallest mass. The boundaries of the spdugipace are a pure Titanium plate
and a pure Tungsten plate. The Titanium plate yieldigheest structure, but
experiences stresses above the elastic limit. ©ottier hand, a pure Tungsten plate
yields the largest possible weight, but gives a verydtress/strength ratio. The case of a
pure Titanium plate gives a total weight of 67 kg but hsisess/strength ratio of 2.3.
The ratio of 2.3 means that the structure yielded and alpar@um plate would fail
under the blast loading. The pure Tungsten plate would va8igtkg (about 5 times that
of Titanium), but gives a stress/strength ratio of 0.3%ek\comparing these values to
the solutions along the Pareto front it can be olesktlat the Pareto front solutions
provide better designs than either of the two extrerhgisns at the boundaries of the
solution space. It also shows that the plate cdigbeened significantly while still
obtaining stress/strength ratios below 1. Pareto froint 6 gives a stress/strength ratio
around 0.4 similar to a pure Tungsten case, but is almogtRlighter than the pure
Tungsten. Point 8 which is the heaviest optimal solutged only about 30% Tungsten
per layer, which is still much lighter than a pure Tungst@se. Structures that gave
stress/strength ratios above 1.0 where eliminated fneroptimal results category. A
stress/strength ratio above 1.0 meant that the cotepsisicture yielded. For the
purposes of this case study, yielding was considered aefaititerion. The structures
with stress/strength ratios below 1.0 will have a goostluksistance to the type of blast

produced in the LS-DYNA simulation. It should also besdahat when optimizing the
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structures that experience stresses below the elasititHat the strain rate effect such as
the Cowper-Symonds model does not need to be included. y@tdmg is included in
the simulation and optimization loop then the strate effect should be included to give
the optimal microstructure for that given scenariccotporating strain rate effects in the
homogenization approach requires developing a new homogenigathnique that is
strain dependent. This part is outside the scope of thisrtrtion and is the study
subject of other research teams [83]. The analysiswesdherefore limited to solutions

within the elastic limit to avoid the significance ofasn rate on the behavior.

& F 7
A i

Figure 4-38 Unit cell and coordinate system reference

As was previously discussed the amount of Tungsten usbkd scomposite plate layers is
greatly reduced when moving from the high weight low stse&sions to the low weight

high stress solutions. This is shown when moving alon@#neto-front from points 1-8.

One can consider other constraints on the solutiorespazh as cost in order to choose

one of the non-dominant solutions from the Pareto fromterms of today costs,

commercially pure ASTM grade 1, annealed Titanium cogtsden 100-120 ($US/kg),
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while commercially pure Tungsten costs around 225 ($US/kg) B4len examining the
difference in cost between points 1 and 8 the pricerdiffce is quite significant. Figure
4-41 depicts a cost comparison analysis in $US of thewelatice difference between
points 1-8. Since Tungsten is much more expensive thanidin, it is obvious in
Figure 4-41 that point 8 has the greatest Tungsten comeémaint 1 has the least
amount of Tungsten. Solution 8 costs about $13,500 manestiiution 1. Within the
scope of the blast model simulated in LS-DYNA, solutiogave a max stress/strength
below 0.6 and solution 8 gave a stress/strength ratidlglgtove 0.1, therefore based
solution 1 stress/strength lowest weight and leastmagtbe chosen by the designer as
the optimal solution. If 0.6 is considered to high ofrass/strength ratio, then points 4
or 5 may be more acceptable. By introducing cost ahi@anobjective, the end user can
appropriately pick the correct design alternative thatleir application.

Figure 4-39 and Figure 4-40 show stress/strength ratio astofunf iteration number
and the weight as a function of iteration number retspedy. The optimal solution
numbers are identified on both of the figures. It casdsn that the optimal solutions are
identified and are extracted at much different iteratiombers. This is directly tied to
the MOGA method. The method is not gradient based amdftire, the functional
values can change drastically between iteration nusmldéers shown in the figures that
all of the optimal solutions were found after about b&the functional evaluations were
performed. The overall trend of Figure 4-40 is decreasinghieipresents a decrease in
the overall weight of the structures. On the othedh&igure 4-39 exhibits no major
trend for the range of the data. This relates to theahmicrostructure of the iteration

number. Certain microstructural topologies cause lexgeases in the stress/strength
116



ratio. This is due to the material properties of themusite plate, which are directly tied
to the microstructure. Two different iterations witmsar weights and material ratios
can yield much different stress/strength ratios whemitlcrostructure is different. A
microstructural difference is actually seen by thetbitasdel as a change in the stiffness
matrix. A change in the stiffness matrix results ichange in the stress distribution in
the composite plate. This exemplifies a need for mstcoatural homogenization rather
than using methods such as rule of mixtures. A ruleixtunes method would yield the
same stress/strength ratio for materials of equallweigd material ratios, even when

they had different microstructures.
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Figure 4-41 Cost comparison of design alternatives
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Through optimizing the layers microstructures as wethakness one can tailor the

stress distribution in the composite plate. The optsaktion allows for lowering the

stress, decreasing the overall composite weight or neglgoist.

Table 4.5 Initial start point and 4 example optimal solutiondabeled on the Pareto

Front (White: T, Black: W)

# Microstructure CS1

CS2

CS3

Initial start point (50mm/120mm)
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The stiffness matrices and composite densities fordeample solutions along the
Pareto Front are presented in Table 4.6 - Table 4.13. @paitude of the terms in the
stiffness matrices decease when moving from solutiors8ltgion 1. Similarly, the
densities that are directly tied to the microstructuckthe percentages of Tungsten and
Titanium in each layer decreases when moving from sol&itw solution 1 along the
Pareto front. It is important to note the shear-steyans and shear extensional terms in
all of the stiffness matrix terms. Using simple R@Mhniques it would be impossible to
determine any of these terms. This highlights one ofith@ficant advantages of
homogenization techniques when determining the propertiesarhposite system.
These shear extensional and shear-shear terms becommtamhpader blast loading
because they significantly affect the stress distidlbut Certain cases greatly increase the
Von Mises stress due to extra shear terms, while o#ts®scsuch as those shown in

Figure 4-37 reduce the shear-terms and yield a low stresgfgirratio.

121



Table 4.6 Stiffness matrix (GPa) Solution 8 Layer p = 1.38E+04 kg/n

330 139 132 -2.04 -0.319 -7.1
139 340 136 -1.5 -0.333 -7.47
136 136 338 -1.43 -7.1 -4.5
-2.04 -1.5 -1.43 96 -3.61 0.951
-0.319 -0.333 1.46 -3.61 92.3 -1.69
-7.1 -7.47 -4.5 0.951 -1.69 99.8
Table 4.7 Stiffness matrix (GPa) Solution 8 Layer p = 1.15E+04 kg/m
286 119 117 491 0.604 -5.55
119 275 124 9.83 1.27 -3.38
124 124 274 10.7 -5.55 -2.17
491 9.83 10.7 83.9 -2.55 0.962
0.604 1.27 1.74 -2.55 76.5 4.17
-5.55 -3.38 -2.17 0.962 4.17 77.9
Table 4.8Stiffness matrix (GPa) Solution 7 Layer p = 6.56E+03 kg/rﬁ
191 91.8 90.2 0.755 -0.483 -3.35
91.8 184 89.9 0.84 -0.0198 -3.11
89.9 89.9 185 1.04 -3.35 -1.03
0.755 0.84 1.04 46 -1.26 0.136
-0.483 -0.0198 0.226 -1.26 46.8 0.656
-3.35 -3.11 -1.03 0.136 0.656 48.3
Table 4.9 Stiffness matrix (GPa) Solution 7 Layer » = 6.00E+03 kg/rﬁ
286 119 117 491 0.604 -5.55
119 275 124 9.83 1.27 -3.38
124 124 274 10.7 -5.55 -2.17
491 9.83 10.7 83.9 -2.55 0.962
0.604 1.27 1.74 -2.55 76.5 4.17
-5.55 -3.38 -2.17 0.962 4.17 77.9
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Table 4.10 Stiffness matrix (GPa) Solution 2 Layer p = 9.33E+03 kg/n

229 104 105 0.23 -2.12 4.85
104 228 103 0.279 -1.1 5.08
103 103 233 0.374 4.85 2.77
0.23 0.279 0.374 60.8 2.15 -1.31
-2.12 -1.1 -2.72 2.15 62.3 0.0226
4.85 5.08 2.77 -1.31 0.0226 59.2
Table 4.11 Stiffness matrix (GPa) Solution 2 Layer = 8.77E+03 kg/m
286 119 117 4.91 0.604 -5.55
119 275 124 9.83 1.27 -3.38
124 124 274 10.7 -5.55 -2.17
491 9.83 10.7 83.9 -2.55 0.962
0.604 1.27 1.74 -2.55 76.5 4.17
-5.55 -3.38 -2.17 0.962 4.17 77.9
Table 4.12 Stiffness matrix (GPa) Solution 1 Layer p = 9.88E+03 kg/n
235 106 108 -0.723 -2.11 4.87
106 242 108 -1.55 -1.15 5.15
108 108 245 -1.87 4.87 2.92
-0.723 -1.55 -1.87 66 2.5 -1.61
-2.11 -1.15 -2.62 2.5 64.5 -0.736
4.87 5.15 2.92 -1.61 -0.736 60.9
Table 4.13 Stiffness matrix (GPa) Solution 1 Layer = 8.77E+03 kg/n
286 119 117 4.91 0.604 -5.55
119 275 124 9.83 1.27 -3.38
124 124 274 10.7 -5.55 -2.17
491 9.83 10.7 83.9 -2.55 0.962
0.604 1.27 1.74 -2.55 76.5 4.17
-5.55 -3.38 -2.17 0.962 4.17 77.9
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Figure 4-42 Elemental Numbering Scheme for results table
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While a direct comparison cannot be made between tagdies1,2 and 3 there are major
differences and advantages between the three methodsehated in these case studies.
Case study 1 utilized classical optimization methods tionog# the stacking sequence of
homogeneous plates. Yet, the addition of reliabilityelslamethods was useful in
determining the optimal stacking sequence and thickness sulligected to uncertain
events such as blast waves due to high explosives. Mardbe fact that no
microstructural homogenization was considered allowedidering strain rate
dependence of the layers. The integration of stréeffects and reliability theory is

the major contribution in case study 1. Case study Aded the homogenization
method, yet was performed using 2-D microstructures andr@plicit blast modeling

and multi-objective genetic optimization. This technigaglected the significance of
the plate stiffness on the pressure developed due to blaistshort coming occurred due
to the implicit modeling, where the CFD technique was sépéifeom the structural
analysis. Nevertheless, the method proved the valtleedfomogenization technique to
reveal optimal solutions. The final case study, chisdy 3, was the most general and
complete method for optimizing composites for blasistasce. The method included an
integrated simulation environment that included: 3-D homoggoizaxplicit blast
modeling and an updated multi-objective genetic optimizatidre third case study
yielded more realistic solutions when compared withetirdier case studies. For each
design alterative each layers microstructure, stiffmegtsix, density and thickness were
extracted. While all of the case studies were infoneadind gave useful information
regarding design of optimal blast resistant structahesthird case study was the most

advanced of the three. The final case study also shdwaethe integrated method may
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be used to create microstructures that greatly reducdtnwelgle limiting stress/strength
ratios similar to that of very dense, heavy thick platade of the base materials.

4.3.5 Conclusions
This section presented the case study for the desigopimization of 3-D two-layer
blast resistant composite plates. The LS-DYNA exghilast model was used for
simulating the multi-physics of the structural-fluiddraction. The simulation
simultaneously obtained the flow field of the blast eag well as the resulting stress
distribution in the composite plate. FEA was used terdahe the three dimensional
homogenized unit cell properties of each of the layetisdrcomposite plate. The
DAKOTA design optimization techniques allowed determiniagef®o front optimal
solutions that concurrently optimized both microstrucaumé thickness. A robust multi-
objective optimization algorithm was developed and showteld a Pareto-front. A
case study of a 3-D 2 layer Tungsten and Titanium compualsaite subjected to blast
loading using explicit blast modeling is discussed. Theltsesf the integrated
optimization simulation showed that multiple microstures and thickness alternatives
are possible. The 3-D method shows a significant adyaraad is much more realistic
than the 2-D case presented in case study 2. Case stistyiBtroduces the anisotropic
nature of 3-D microstructures that was not readily oleseiv the 2-D case study. The
integration of the homogenization method and MOGA cadysre design alternatives
for blast resistant composites using two materials ABatitht are not available using

classical methods such as gradient based optimizatebmgnticit blast modeling.
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4.4Conclusions
Three different blast resistant composite plate desmighoptimization case studies were
examined and discussed in this chapter. Each of thesttaies introduced innovative
ways of optimizing composite structures for blast rasisapplications. The methods
used for each of the case studies were presented ingénegeal theoretical forms and
then presented in each study how they were specificafiiemented with regard to each
case. Each of the three studies resulted in optioraposite structures for the particular
model parameters.
Case study 1 introduced a reliability-based approach to gigndef a 2-layer blast
resistant composite composed of 1 plate of Aluminumlaplate of Titanium. The
reliability approach was utilized to take into accouset tincertainty of blast events. The
probabilistic nature of blast is more significant inrgée degree of freedom analysis.
The plates were modeled as either resisting or absoebirgy. An optimal stacking
sequence and thickness per layer was presented. The mddblt analysis were
simulated in an advanced FE explicit blast model tdyéne validity of the optimally
determined solution. Although the model validated the pepdeshowed the need to
alter reliability index values to account for yieldingheélmodel also showed the need for
strain rate dependent models for instances where yieldingcdur.
Case studies 2 and 3 were very similar to one anothernrs of overall scope, but
utilized much different methods simulation models. Gasdy 2 was performed in 2-D
while case study 3 was performed in 3-D. For each case-amform blast was
subjected to a composite plate. The mechanical propefties composite plates were

determined using the homogenization method. The homogenizagéithod was used in
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case study 2 to obtain the homogenized isotropic propefftee2-D microstructure,
where as in case study 3 it was used to obtain the 3-@r@g6tropic elastic stiffness
matrix of the 3-D microstructure. This is one of thajor differences between case study
2 and 3.

3-D homogenization showed that the composite microstristiffness matrices
contained shear-extensional and shear-shear coupling t€ase study 2 simulated fluid
flow and structural response separately and is theredfgged to as implicit blast
modeling, on the other hand case study 3 used a multi-plsysiatation in which the
flow fields and the structural response are solved samediusly. The differences
between explicit and implicit modeling were discussethénmethods section. Finally,
the common method used by both case study 2 and 3 wagstiinézation algorithm
which was multi-objective genetic algorithms. This methas the only method that
could be used with both continuous and discrete desigabkesi Gradient based
methods required artificial filters that corrupted tb&ison space and required more
computational time. Overall, both case study 2 and 3 slerye/n to produce multi-
objective optimal design alternatives yielding both nstnacture and thickness per
layer. Case study 3 is the updated and improved 3-D verkaase study 2.

Although the case studies presented above represerieativefmeans of optimizing
composite microstructures and macrostructures, thergibi@mponents that may be

added to increase the accuracy and validity of the dedtigmmatives.
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK

5.1Conclusions
The microstructural homogenization method was examinedefsign of blast resistance
of composite plates. It was shown that mechanicaglept@s are directly coupled with
the microstructure of the composite plates. Whermgmated with blast simulation
software and an optimization framework it was determthatlhomogenization is a
capable and efficient method for extracting properties fumit cell composites. It was
shown that the homogenization technique was useful iniigiegt optimal
microstructures for composite plates that performeuifgsgntly better than the case of
homogeneous plates under blast load.

* Homogenization is the process of extracting compositeemnal properties
through finite element methods by applying known strainldiéb a composite
unit cell. Homogenization was examined in both 2-D and 3bth cases were
capable of extracting material properties of unit cellse 2-D case was more
computationally efficient than the 3-D case due to thmabrer of required strain
fields. 3-D proved to be more realistic in that itsvedle to identify the shear-
shear and shear-extensional terms in the 6x6 stiffneagsxmThe 3-D
homogenization revealed the anisotropy of many compositeeitst The 3-D
homogenization when coupled with the explicit blast sanah and MOGA was
a necessary component for identify Pareto optimalastcactures.

* While homogenization was successfully applied to 2-D andpBeblems it has
some limitations. The homogenization method is onlydvali extracting elastic

stiffness values. This is the reason that all cdsgsésulted in stress/strength
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ratios above 1.0 were excluded. This meant that plastiavior and strain rate
effects did not need to be considered in the analisin rate effects only affect
the plastic properties and not the elastic propertidss i$ a limitation that
requires further research.

The difference between implicit and explicit blast modgis related to the
manner in which the pressure wave is transferred to tinpasite plate during
simulation. The implicit method assumes that athposite plates experience the
same pressure wave as a function of time and spagwiciElrlast modeling
includes the effect that displacement has upon the presanséer to the
composite plate. Different materials with differg@moperties displace different
amounts under blast loading. This means two plates vifdrett

microstructures will experience a different amounpr@ssure transfer. The
explicit method is a mechanically realistic methodiofulating pressure transfer
due to blast on a composite plate. When integrated witioenization and
optimization it is necessary to use explicit ratimantimplicit methods in order to
truly identify the optimal solutions.

Strain rate effects mean that the yield point and sbaffee stress-strain curve are
functions of the strain rate. The strain rate sla®wvn to have a significant impact
on the stress distribution in plates subjected to Wasking. For this reason,
iterations that exhibited stress/strength ratios alo®aevere eliminated. All of
the optimally identified solutions had stress/strengtlos as a function of time
that was below 1.0. This means that these cases yieldad and that material

properties that were extracted using 3-D homogenizatioa e@npletely valid.
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Developing a homogenization approach considering straareftect is another
challenge to be considered in the future.

The connection between the homogenization and blastasiorumethods was an
integral step required for the simulation and analysidaxdt resistant composites.
The homogenization step was used to calculate properdies/éine used as inputs
to the blast simulation. The two dimensional homogeniaatiep was connected
to the 2-D implicit blast simulation. This integrated 2¥iethods were successful
at extracting properties from the 2-D unit cells, butgteperties were assumed to
be transversely isotropic after mixing and the pressaeimplicitly applied to

the blast simulation. The three dimensional homogeioz method extracted
anisotropic properties that were forwarded to the exgidlagt simulation. The
integration of 3-D methods resulted in more realistimposite unit cells and
changes in microstructures meant that both stiffnegscas and pressure
distributions were updated at each iteration.

Gradient based optimization methods can be used to @ptimicrostructures for
blast resistance, but they have limitations. To use@macethods with discrete
variables artificial filters must be added to the integpigprocess. This increases
computational time and the gradient of the objective fanstis not necessarily
following the gradient of the functions because the tiesgn variables are
modified from those that are output from the optimi@aroutine. The objective
functions of gradient methods is also combined using gighted sum method,
which in fact can be seen as a single objective funetmmhnot multi-objective.

The results of gradient based methods are significafféigted by the initial start
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point. MOGA was chosen because it solves some dintitations of gradient
methods. MOGA is multi-objective in nature and doesr@qtiire combining
objectives and using weights on the objective functidi®GA was also
selected because the optimization of microstructyelogy of blast resistant
composites requires both continuous and discrete variaNlesrtificial filters

are needed to modify the design variables. Finally, MQG#s methods derived
from nature such as crossover and mutation to updatketiign variables so the
start point is not nearly as significant as it igradient methods. A hybrid
optimization is also possible and may be the mostiefit method for this type of
problem. A hybrid method would use both gradient and non-gmnadiethods to
find optimum solutions. The MOGA method could be used terca large
solution space and gradient methods could be used to seaichn optimum that
was generated using MOGA. The hybrid method would use théeMzarlo
method to randomly sample the solution space.

Reliability analysis is used to analyze systems in witading and/or material
properties are uncertain and can be represented by probdisiribution
functions. Blast loading is a complicated processcamdbe modeled as an
uncertain event with a probability distribution functioReliability analysis was
used to optimize plate stacking sequence and plate tsgkriReliability analysis
was used to determine a limit state function which divateessrable from
undesirable conditions under blast loading. A probabifitipidure was
determined as the integration over the failure domathejoint density function.

It was shown that the probability of failure may bpresented by a reliability
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index and then using either the first-order-second-momethtoaier the Monte
Carlo method, the probability of failure could be deterihin€@he Monte Carlo
method was successfully applied to the stacking sequeabteprand obtained
optimal solutions that were validated with the FE gsial

Design Analysis Kit for Optimization and Terascalgphications (DAKOTA) is a
multi-level object oriented framework for design optiniiaa, uncertainty
guantification, sensitivity analysis and parameter esiimaleveloped by Sandia
National Laboratories (SNL). DAKOTA contains algbms for optimization
with both non-gradient and gradient based methods. DA&KCEbntrols the
integrated simulation and optimization environment. #nopen source code
written in C++ that is adaptable to a variety of problgpes and constantly
updated. DAKOTA has an extensive library of methods,egjras and
optimization algorithms that may be formulated aslsidpjective or multi-
objective problems. DAKOTA proved capable of determiningnagitdesign
variables for both microstructure and thickness of blesistant composite plates.
Three different case studies were used to exemplifydhaity of the previously
described methods to the optimization problem. Case dfadwyajor
contribution was the use of reliability analysis td i the design of structures
subjected to uncertain events such as blast loading. Caselsalso revealed the
need and value of incorporating the strain rate eftettt¢ design of blast
resistant composite plates. The methods integrateas® study 1 could only be
used for the optimization of stacking sequence of homagsnelates. Case

study 2 introduced the homogenization technique to the desmitiafstructures
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for blast resistant composites. The blast load in sagly 2 was simulated using
the implicit blast method. DAKOTA was then used asftamework for
optimizing design using multi-objective genetic algorithr@ase study 2 was
completely formulated in 2-D. Finally, case study 3duteee dimensional
homogenization and explicit blast modeling integrated vinthRAKOTA
framework to optimize three dimensional composite osttuctures. Case study
3 identified the best methods introduced in this dissentaind identified the

most realistic optimal solutions.

5.2 Future Work

First and probably most important, is the addition efstrain rate dependent
model to the integrated optimization environment of casdy 3. The strain rate
dependence problem was presented in section 2.5. larsthbd the yield point is
a function of the rate of strain being applied to a n@teMany different
methods are available to simulate this effect, wighrttost commonly used in FE
being the Cowper-Symonds model. This power law uses expetally
determined constai andC to model the strain rate effect. This method was
actually used during the verification process of case study fact it worked
very well, but in terms of case study 3 in which twoemiats Tungsten and
Titanium are arranged in a specific microstructure tigen® direct means of
calculating these constants. In order to obtain thekms the particular
microstructure of interest would have to be createddawéloped into a macro

component that is then tested at different strairsrafes a first order
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approximation the rule of mixtures method could be used tovgeagedC andP
values that are then included in the explicit blast satmh. This idea needs to be
further examined as future work to determine how to includkeetffeect.

Similar to the latter issue of strain rate dependentieisalculation of the
strength of the composite layers. Homogenization id tseetermine the elastic
properties of the microstructure, but the ROM methagsed to calculate the
strength of the composite. This may also suffice fastaorder approximation,
but more advanced testing and analysis should be perfaonaedermine the
error incurred through assuming a ROM relationship. Thikvgodirectly

related to the work being done by Dr. Dan Tortorellihat Wniversity of Illinois

at Urbana-Champagne. Professor Tortorelli is ingafitig using
homogenization methods for the determination of botlelhstic and plastic
properties of a composite material. The addition ofrreshod to the currently
used methods would allow the model to be tested undenidasts that yield and
even fracture the composite plate models. Other melhgiés for calculating
strength of composites are given by Meyer et al. [8b]case study three all
design alternatives that gave stress/strength rdimgeal were excluded, because
yielding was considered a failure criterion and withoutglastic homogenization
method the results were going to be erroneous.

Computational efficiency is a main challenge in the suggedesign loop.
Currently a quad core 64-bit work station with xenon pramsssinning at 3.33
GHz with 48 gigs of RAM is used for the optimization gges. 1000 functional

evaluations takes approximately 23 hours. The addition aflpprocessing
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should allow decreasing the solution time, achieving a mocarate Pareto front
and allow for an exponentially greater number of tatattional evaluations.
Two computer clusters that may be utilized at UNM acatled at the high
performance computer center. These two clusters #ee Eeequena and Nano
respectively. Pequena has 22 xenon cores that run at B66&r@ has 8 GB of
RAM per core. Nano has 36 xenon cores running at 3.0 GiHA% GB per
core. Multi-threading the process would greatly increaseapplicability of the
integrated methods for blast resistant design optinoizati

While reliability methods were applied to the problem atking sequence of
homogeneous isotropic plates, it should also be exteondbé problem of
topological microstructural optimization of blast stant composites. LS-DYNA
is very useful in determining the fluid dynamics and stmattdynamics of blast
loading, but there are still uncertainties in any espi® loading that should be
modeled using reliability analysis. Reliability analysti®uld also be used to take
into account the uncertainty in composite strengthe dddition of reliability
based methods to the integrated optimization and siimalahvironment as
shown in case study 3 would be extremely advantageougeddd
microstructures that meet reliability based designraiter his is important
because many design codes now require the design requirémtaks into

account uncertainty in design.

137



REFERENCES

1.

10.

11.

12.

Langdon, G.S., Nurick, G.N., Lemanski, S.L., SimmavisC., Cantwell, W.J.,
and Schleyer, G.K.[Failure Characterisation of Blast-Loaded Fibre-Metal
Laminate Panels Based on Aluminium and Glass-Fibre Reinforced
Polypropylene.Composites Science and Technology, 2007. 67(7-8): p. 1385-
1405.

Tsai, L. and Prakash, \Btructure of Weak Shock Waves in 2-D Layered Material
Systemslnternational Journal of Solids and Structures, 2005. 42(22 - 750.

Murphy,Composites2008.

Hyer, M.W.,, Stress Analysis of Fiber-Reinforced Composite Materigtslated
ed. 2009, Lancaster: DEStech Publications.

Hancox, N.L.,Impact behaviour of fibre-reinforced compositematerials and
structures ed. S.R.R.a.G. Zhou. 2000, Boca Raton Woodhead Publishing d.td an
CRC Press LLC.

Suiyuan, C., Jing, W.,, Yijie, L., Jing, L., and Chsimgng, L.,Synthesis of New
Cu-based Self-lubricating Composites with Great Mechanicklurnal of
Composite Materials, 2011. 45(1): p. 51-63.

M. Niklaus, H.R.S., Electrical conductivity and Young’s modulus of
flexiblenanocomposites made by metal-ion implantationof polydimethylsiloxane:
The relationship between nanostructureand macroscopic properfesa
Materialia, 2011. 59: p. 830-840.

H. Nami, H.A., M. Sharifitabar, H. Shamaballiicrostructure and mechanical
properties of friction stir welded Al/Mg2Simetal matrix cast contposlaterials
and Design, 2011. 32: p. 976-983.

Conlan, T.Scrolls of the Mongol Invasion of Japan

P.D. Smith, J.G.HBIast and ballistic loading of structurd994, Oxford ; Boston
Butterworth-Heinemann.

Ngo, T., Mendis, P., Gupta, A., and Ramsalast Loading and Blast Effects on
Structures — An OverviewtJSE, 2007(Special Issue: Loading on Structures): p.
76-91.

Comet, M., Pichot, V., Siegert, B., Schnell, €iszek, F., and Spitzer, D.,
Phosphorus-based nanothermites: A new generation of energetic materials.
Journal of Physics and Chemistry of Solids, 2010. 71: p. 64-68.

138



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Malik, J.S.,The yields of the Hiroshima and Nagasaki nuclear explosions
Alamos National Laboratory Los Alamos.

Brode, H.L.,Numerical solution of spherical blastwave®ournal of Applied
Physics, 1955.

Mills, C.A., The design of concrete structure to resistexplosions and weapon
effects in Proceedings of the 1stint. Conference on concrete for hazard
protections 1987: Edinburgh,UK. p. 61-73.

W.J. Kang, S.S.C., D. Huh, D.T. Chungpdified Johnson-Cook model for
vehicle body crashworthiness simulatidnternational Journal of Vehicle design,
1999. 21(4-5): p. 424-435.

Cowper, G.R. and Symonds, PStrain hardening and strain rate effects in the
impact loading of cantilever beamk958: Brown University, Division of Applied
Mechanics.

A. G. Fedorenko, M.A.S., and A. G. Ivan@iiterion for Selecting Composite
Materialsfor Explosion Containment Structures (Reviewgombustion,
Explosion, and Shock Waves, 2005. 41(5): p. 487-495.

M.R. Bambach, X.L.Z., H. JamBpergy absorbing characteristics of aluminium
beams strengthened with CFRPsubjected to transverse blastlfaathational
Journal of Impact Engineering, 2010. 37: p. 37-49.

G.S. Langdona, G.S., Chi, Y., Nurick, G.N., and HaupR&sponse of GLARE
panels to blast loadindg=ngineering Structures, 2009. 31: p. 3116-3120.

Bendsoe MP, K.N.Generating optimal topologies in structural design using a
homogenization metho@omputational Methods Applied Mechanics Engineering
1988. 71: p. 197-224.

Tortorelli, D.A.,Solid Mechanics: Analysis and Desi@910, Urbana, IL.

Pederson, POn the minimum mass layout oftrusses Symp. Struct. Optim.,
AGARD Conf. Proc1969: Turkey. p. 11.1-11.18.

Zhou M, R.G.I.N.DCOC: an optimality criteria method for large systems, Part
I: Theory.Structural Optimization 1992. 5(1-2): p. 12-25.

Cheng G, O.NAnN investigation concerning optimal design of solid elastic plates.
International Journal of Solid Structures, 1981. 17(3): p. 305-323.

139



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Sigmund, O.Materials with prescribed constitutive parameters: an inverse
homogenization probleminternational J of Solid Structures 1994. 31(17): p.
2313-2329.

Rodrigues HC, F.P.A material based model for topology optimization of
thermoelastic structuresnternational J of Numerical Methods Engineering 1995.
38(12): p. 1951-1965.

Haslinger, JFinite element approximation for optimal shape design: theory and
applications 1988, New York: Wiley.

Fonseca, JDesign of microstructures of periodic composite materid@97,
University of Michigan: Ann Arbor.

Sanchez-Palencia, EEquations aux derivees partielles dans un type de milieux
heterogenes.Computes Rendus de I'Academie des Sciences de Paris 1971.
272(A-B): p. A1410-A1413.

Keller, J.B. Effective behavior of heterogeneous medhaStatistical mechanics
and statistical methods in theory and application: a tribute to EllioMantroll,
L. U., Editor. 1977, Plenum Press. p. 429-443.

Bakhvalov N, P.G.Homogenization: averaging process in periodic media
Nauka, Moscow.

De Kruijff N, Z.S., Li Q, et al.Topological design of structures and composite
materials with multiobjectiveslnternational Journal of Solids and Structures
2007. 44: p. 7092-7109.

Guedes, J.M.Nonlinear computational models for composite materials using
homogenization1990, University of Michigan: Ann Arbor.

Osyczka, A.Multicriterion optimization in engineeringl984, Chichester, W.
Sussex: E. Horwood, Halsted Press.

Pareto, V.Manual of political economyl971, New York: Macmillan.
Miettinen, K. Nonlinear multiobjective optimizatiod999, Boston: Kluwer.

Rosenberg, R.SSimulation of genetic populations with biochemical properties
1967, University of Michigan: Ann Arbor.

Silva, G.C.d., Bahiense, L., Ochi, L.S., and Boavesitlatdo, P.O.,The dynamic
space allocation problem: Applying hybrid GRASP and Tabusearch
metaheuristics2012, 2011. 39: p. 671-677.

140



40.

4].

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Rao, A.R.M. and Shyjui, P.P.A Meta-Heuristic Algorithm for Multi-
ObjectiveOptimal Design of Hybrid Laminate CompositeStrucioegputer-
Aided Civil and Infrastructure Engineering, 2010. 25: p. 149-170.

M. Abouhamze, M.S. Multi-objective stacking sequence optimization of
laminatedcylindrical panels using a genetic algorithm and neural networks.
Composite Structures, 2007. 81: p. 253—-263.

A. GILLET, P.F.a.P.S.Single- and Multi-objective Optimizationof Composite
Structures: The Influenceof Design Variabledournal of COMPOSITE
MATERIALS, 2011. 44(4): p. 457-480.

Sigmund, O.Pesign of material structures using topology optimizatib894,
Technical University of Denmark: Lyngby.

Wendt, J.F.,Computational Fluids Dynamics An Introductio@009, Berlin:
Springer_Verlag.

Z., K., Tables of Supersonic flow around con&947, Massachusetts Institute of
Technology: Cambridge. p. Center of Analysis.

Fay, J.A. and Riddel, F.RTheory of Stagnation Point Heat transfer in
Dissociated AirJournal of Aeornautical Scinces, 1958. 25(2): p. 73-85.

Hall, H.G., Eschenroeder, A.Q., and Marrone, BWint-nose Inviscid Airflows
with Coupled Nonequillibrium processe®urnal of Aerospace Sciences, 1962.
29(9): p. 1038-1051.

Currie, 1.G.,Fundamental Mechanics of Fluided. L.L. Faulkner. 2003, Boca
Raton: CRC Press.

D. L., L.,A First Course in the Finite Element Meth&led. 2002, Pacific Grove:
Brooks/Cole.

Hallquist, J.O.L.S-DYNA Theory Manua2006: Livermore.

Chopra, A.K., ed.Dynamics of Structures: Theory and Applications to
Earthquake Engineerin@nd ed.

Deb, K., Multi-objective optimization using evolutionary algorithm2001,
Chichester: John Wiley.

Ross, T.J.Fuzzy Logic with Engineering Application8004: John Wiley and
Sons, Ltd.

141



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Schaffer, J.D.Some experiments in machine learning using vector evaluated
genetic algorithms1984, Vanderbilt University: Nashville.

Goldberg, D.E.,Genetic algorithms in search, optimization, and machine
learning 1989, Reading: Addison-Wesley.

Horn J, N.N., Goldberg D.E.A niched Pareto genetic algorithm for
multiobjective optimizationin Proceedings of the first IEEE conference on
evolutionary computatiari994: Orlando.

Srinivas, N. and Deb, KMultiobjective optimization using nondominated sorting
in genetic algorithmsEvolutionary Computation 1995. 2(3): p. 221-248.

Knowles J., C.D.The Pareto archived evolution strategy: a new baseline
algorithm for Pareto multiobjective optimisatiom Proceedings of the 1999
congress on evolutionary computatid®99. Washington, DC, USA.

Rammohan R, F.B., Su MF, et aHybrid genetic optimization for design of
photonic crystal emitter&Engineering Optimization, 2010. 42(9): p. 791-8009.

Deb, K., Pratap, A., Agarwal, S., and Meyarivan, A.,fast and elitist
multiobjective genetic algorithm: NSGA-IIEEE Transaction of Evolutionary
Computations, 2002. 6: p. 182-197.

Konak A., C.D.W.a.S.AMulti-objective optimization using genetic algorithms: A
tutorial. Reliability Engineering and System Safety 2006. 91: p. 992—-1007.

Wang S.Y., T.K., and Wang M.YAn enhanced genetic algorithm for structural
topology optimization. International Journal for Numerical Methods in
Engineering 2006: p. 18-44.

Kelesoglu, O.Fuzzy multiobjective optimization of truss-structures using genetic
algorithm.Advances in Engineering Software 2007. 38: p. 717-721.

Taboada H.A., E.J.F.a.D.W.C.D.WOMS-GA: A multi-objective multi-state
genetic algorithm for system reliability optimization design problefBEE
Transactions on Reliability 2008. 57(1): p. 182-191.

X., L., Liy Q., Yang, X., Li, W., and Zhang, WA two-stage multi-objective
optimisation of vehicle crashworthiness under frontal impdoternational
Journal of Crashworthiness 2008. 13(3): p. 279-288.

Melchers, R.E.Structural Reliability Analysis and Predictiod999, New York:
John Wiley and Sons. Ltd.

142



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Xia, Y., Wang, Y., Zhou, Y., and Jeelani, Effect of Strain Rate on Tensile
Behavior of Carbon Fiber Reinforced Aluminum Laminatdaterials Letters,
2007. 61: p. 213-215.

Borenstein, E. and Benaroya, HSensitivity Analysis of Blast Loading
Parameters and Their Trends as Uncertainty Increadesirnal of Sound and
Vibration, 2009. 32: p. 762—-785.

Biggs, J.M., edIntroduction to Structural Dynamicd982, McGraw-Hill: New
York, NY.

Nowak, A.S. and Collins, K., edReliability of Structures2000, McGraw-Hill:
New York, NY.

Beer, M. and Spanos, P.B.Neural Network Approach for Simulating Stationary
Stochastic ProcesseStructural Engineering and Mechanics, 2009. 32: p. 71-94.

Kim, J.J., Reda Taha, M.M., and Ross, TEktablishing concrete cracking
strength interval using possibility theory with an application to predict the
possible reinforced concrete deflection intenkhgineering Structures, 2010. 32:
p. 3592-3600.

Morka, A., Kwasniewski, L., and Wekezer, J.\Mssessment of Passenger
Security in Paratransit BuseBICTR Journal of Public Transportation, 2005. 8: p.
47-63.

Park, H., Lee, K., Lee, S.W.,, and Kim, KOynamic Analysis of Nonlinear
Composite Structures under Pressure Wave Loaddagirnal of Composite
Materials, 2006. 40: p. 1361-1383.

Kim, H.J., Yi, N.H., Kim, B.S., Nam, J.W., HaHJ, and Kim, J.J.Debonding
Failure Analysis of FRP-Retrofitted Concrete Panel under Blast Ingadi
Structural Engineering and Mechanics, 2011. 38: p. 479-501.

Altunc, A.B., Kim, J.J., Al-Haik, M., and Reda Tal\d,M., Reliability-Based
Design of Blast-Resistant Composite Laminates Incorporating Carbon
NanotubesComposite Structures, 2011. 93: p. 2042-2048.

Bodner, S.R. and Symonds, PEperimental and theoretical investigation of the
plastic deformation of cantilever beams subjected to impulsive loadBLE
Applied Mechanics, 1962. 29: p. 719-728.

Symonds, P.S. and Chon, CApproximation techniques for impulsive loading of
structures of time-dependent plastic behaviour with finite deflectioms

143



79.

80.

81.

82.

83.

84.

85.

Mechanical Properties at High Rates of Strai®74, The Institute of Physics:
London and Bristol, Oxford. p. 299.

Callister, W., D., JrMaterials Science and Engineering An Introductiéred, ed.
K. Santor. 2003, Hoboken: John Wiley and Sons.

ANSYS-AUTODYNn Interactive non-linear dynamic analysis softwe2807.
ANSYS,Element Referenc@011.

Eldred, M.S., Adams, B.M., Gay, D.M., and SwilleR.L.DAKOTA, A Multilevel
Parallel Object-Oriented Framework for Design Optimization, Par@me
Estimation, Uncertainty Quantification, and Sensitivity Analysisversion 4.1
Reference Manual006: Livermore, Ca.

B. Erzar, P.F.Experiments and mesoscopic modelling of dynamic testing of

concrete.Mechanics of Materials, 2011. 43: p. 505-527.

William D. Callister, D.G.R., edFundamentals of Material Science and
Engineering: An Integrated Approack008, John Wiley & Sons: Hoboken, N.J.

Meyers, M.A., edDynamic Behavior of Materialsl994, John Wiley and Sons:
Hoboken, NJ.

144



APPENDIX

LS-DYNA EXPLICIT BLAST CODE

$# LS-DYNA Keyword file created by LS-PREPOST 2.4 -
10Jun2009(09:59)

$# Created on Jun-28-2011 (15:01:36)

*KEYWORD

*TITLE

$# title

LS-DYNA keyword deck by LS- Prepost

*INCLUDE

Isdynainput.k

*CONTROL_ALE

$# dct nadv meth afac bfac cfac
dfac  efac
2,1,2,-1.000000,0.000,0.000,0.000,0.000
$# start end aafac vfact prit ebc
pref nsidebc

0.0001.0000E+20 1.000000 1.0000E-6 0 0
0.000 0
*CONTROL_CONTACT
$# slsfac rwpnal islchk shlthk penopt thkchg
orien enmass
0.100000 0.000 1 0 0 0
1 0
$# usrstr usrfrc  nsbcs interm  xpene ssthk
ecdt tiedprj

0 0 0 0 0.000 0
0 0
$# sfric dfric edc  vfc th th_sf
pen_sf

0.000 0.000 0.000 0.000 0.000 0.000
0.000
$# ignore frceng skiprwg outseg spotstp spotdel
spothin

0 0 0 0 0 0
0.000
$# isym nserod rwgaps rwgdth rwksf icov
swradf ithoff

0 0 0 0.000 1.000000 0
0.000 0
$# shledg

0
*CONTROL_CPU
$# cputim

0.000
*CONTROL_DAMPING
$# nrcyck drtol drfctr drterm tssfdr irelal
edttl idrflg
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0 0.000 0.000 0.000 0.000
0.000 0
*CONTROL_ENERGY
$# hgen rwen sinten rylen
1 2 1 1
*CONTROL_OUTPUT
$# npopt neecho nrefup iaccop opifs
ikedit iflush
0 0 0 0 0.000
0 0
$# iprtf ierode tetl0 msgmax ipcurv
0 0 2 50 0
*CONTROL_SHELL
$# wrpang esort irnxx istupd theory
miter  proj
0.000 0 0 0 2
1 0
$# rotascl intgrd lamsht cstyp6 tshell
nfail4 psnfail
1.000000 0 0 1 0
0 0
$# psstupd  irquad
0 0
*CONTROL_TERMINATION

$# endtim endcyc dtmin endeng endmas

0.001000 0O 0.000 0.000 0.000
*CONTROL_TIMESTEP
$# dtinit tssfac  isdo tslimt dt2ms
erode mslst

0.000 0.000 0 0.000 0.000
0 0
$# dt2msf dt2mslc  imscl

0.000 0 0
*DATABASE_ELOUT
$# dt binary lcur ioopt
1.0000E-6 1 0 1
*DATABASE_NODOUT
$# dt binary lcur ioopt  dthf
1.0000E-6 1 0 1 0.000
*DATABASE_BINARY_D3PLOT
$# dt Icdt beam npltc psetid
1.0000E-6 0 0 0 0
$# ioopt

0
*DATABASE_EXTENT_BINARY
$# neiph neips maxint strflg sigflg
ritflg  engflg

0 0 0 0 1
1 1
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bwc

nfaill

Ictm

binhf

epsflg



$# cmpfly ieverp beamip dcomp shge
n3thdt ialemat

0 0 0 1 1
2 0
$# nintsld pkp_sen  sclp unused msscl
iniout iniout

0 0 1.000000 0 0
OSTRESS STRESS

*PART
$# title
boxsolid
$# pid secid mid eosid hgid
adpopt  tmid
1 1 3 0 0
0 0

*SECTION_SOLID
$# secid elform aet

1 1 0
*MAT_ANISOTROPIC_ELASTIC
$# mid ro cl1 cl2 c22
c23 c33
3,&ro0l1,&c111,&c121,&c221,&c131,&c231,&c331
$# cl4 c24 c34 c44 c15
c35 c45

&cl41,&c241,&c341,&c441,&c151,&c251,&c351,&c451

$# 55 cl6 c26 c36 c46
c66  aopt

&c551,&c161,&c261,&c361,&c461,&c561,&c661,0.000

$#  xp yp zp al a2
macf

0.000 0.000 0.000 0.000 0.000
1

$# vl v2 v3 di d2
beta ref

0.000 0.000 0.000 0.000 0.000
0.000 0.000

*PART
$# title
boxsolid
$# pid secid mid eosid hgid
adpopt  tmid
2 1 4 0 0
0 0

*MAT_ANISOTROPIC_ELASTIC

$# mid ro cl1 cl2 c22

c23 c33
4,&r02,&c112,&c122,&c222,&c132,&c232,8c332
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Stssz

therm

grav

cl3

c25

c56

a3
0.000
d3

0.000

grav

cl3



$# cl4 c24 c34 c44 cl5
c35 c45

&cl42,&c242,&c342,&c442,&c152,&c252,&¢352,&C452

$# 55 cl6 c26 c36 c46
c66  aopt

&c552,&c162,&c262,&c362,&c462,&c562,&c662,0.000

$#  xp yp zp al a2
macf
0.000 0.000 0.000 0.000 o0.000
1
$# vl v2 v3 di d2
beta ref
0.000 0.000 0.000 0.000 0.000

0.000 0.000

*PART

$# title

boxsolid

$# pid secid mid eosid hgid
adpopt  tmid

3 2 2 2 0

0 0

*SECTION_SOLID_ALE
$# secid elform aet

2 11 1
$# afac bfac cfac dfac start
aafac

0.000 0.000 0.000 0.000 0.000
0.000
*MAT_NULL
$# mid ro pc mu terod
ym pr

2 1.290000 0.000 0.000 0.000
0.000 0.000
*EOS_LINEAR_POLYNOMIAL
$# eosid cO cl c2 c3
c5 c6

2 0.000 0.000 0.000 o0.000
0.400000 0.000

$# €0 v0
0.000 1.000000

*PART

$# title

boxsolid

$# pid secid mid eosid hgid
adpopt  tmid

4 3 1 1 1

0 0

*SECTION_SOLID_ALE
$# secid elform aet
3 11 1
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c25

c56

a3
0.000
d3

0.000

grav

end

0.000

cerod

0.000

c4

0.400000

grav



$# afac bfac cfac dfac start
aafac

0.000 0.000 0.000 0.000 0.000
0.000
*MAT_HIGH_EXPLOSIVE_BURN
$# mid ro d pcj Dbeta
g sigy
1,1600.0000,2000.0000,2.0000E+6,0.000,0.000,0.000,0
*EOS_JWL
$# eosid a b ri r2
e0 VO
1,3.045E+11,0.6500E+10,4.500000,1.400000,0.250000,0
*HOURGLASS
$# hgid ihg gm ibg gl

gb/vdc qw
1 0 0.000 3 0.000
0.000 0.000

*INITIAL_DETONATION
$# pid X y z It
0 0.000 0.000 0.210000 0.000
*SET_PART_LIST TITLE
layerlé&?2
$# sid dal da2 da3 da4
1 0.000 0.000 0.000 0.000
$# pidl pid2 pid3 pid4d pid5

pid7  pid8

1 2 0 0 0
0 0
*ALE_MULTI-MATERIAL_GROUP_PART
$# pid

4
*ALE_MULTI-MATERIAL_GROUP_PART
$# pid

3

*DAMPING_FREQUENCY_RANGE
$# cdamp flow fhigh  psid
0.1,1,1.0000E+5,0
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0.000

.000

omeg

.000,0.000

g2
0.000

pid6



ANSYS HOMOGENIZATION CODE

IPREP7

[INPUT,ANSYSINPUT,IN

BLOCK,0,1/3,0,1/3,0,1/3,
BLOCK,1/3,2/3,0,1/3,0,1/3,

BLOCK,2/3,1,0,1/3,0,1/3,

BLOCK,0,1/3,0,1/3,1/3,2/3,
BLOCK,1/3,2/3,0,1/3,1/3,2/3,

BLOCK,2/3,1,0,1/3,1/3,2/3,

BLOCK,0,1/3,0,1/3,2/3,1,
BLOCK,1/3,2/3,0,1/3,2/3,1,

BLOCK,2/3,1,0,1/3,2/3,1,

BLOCK,0,1/3,1/3,2/3,0,1/3,

BLOCK,1/3,2/3,1/3,2/3,0,1/3,

BLOCK,2/3,1,1/3,2/3,0,1/3,

BLOCK,0,1/3,1/3,2/3,1/3,2/3,
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BLOCK,1/3,2/3,1/3,2/3,1/3,2/3,

BLOCK,2/3,1,1/3,2/3,1/3,2/3,

BLOCK,0,1/3,1/3,2/3,2/3,1,
BLOCK,1/3,2/3,1/3,2/3,2/3,1,

BLOCK,2/3,1,1/3,2/3,2/3,1,

BLOCK,0,1/3,2/3,1,0,1/3,
BLOCK,1/3,2/3,2/3,1,0,1/3,

BLOCK,2/3,1,2/3,1,0,1/3,

BLOCK,0,1/3,2/3,1,1/3,2/3,
BLOCK,1/3,2/3,2/3,1,1/3,2/3,

BLOCK,2/3,1,2/3,1,1/3,2/3,

BLOCK,0,1/3,2/3,1,2/3,1,

BLOCK,1/3,2/3,2/3,1,2/3,1,

BLOCK,2/3,1,2/3,1,2/3,1,

ET,1,SOLID45

MPTEMP,,,,.,,,

MPTEMP,1,0
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MPDATAEX,1,,E28
MPDATA,PRXY,1,,v28
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATAEX,2,,E29
MPDATA,PRXY,2,,v29
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATAEX,3,,E30
MPDATA,PRXY,3,,v30
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATAEX,4,,E31
MPDATA,PRXY ,4,,v31
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATAEX,5,,E32
MPDATA,PRXY,5,,v32
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATAEX,6,,E33
MPDATA,PRXY,6,,v33

MPTEMPHHHH
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MPTEMP,1,0
MPDATAEX,7,,E34
MPDATA,PRXY,7,,v34
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATAEX,8,,E35
MPDATA,PRXY,8,,v35
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATAEX,9,,E36

MPDATA,PRXY,9,,v36

MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATA,EX,10,,E37
MPDATA,PRXY,10,,v37
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATAEX,11,,E38
MPDATA,PRXY,11,,v38
MPTEMP,,,,,,,,
MPTEMP,1,0

MPDATAEX,12,,E39
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MPDATA,PRXY,12,,v39
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATA,EX,13,,E40
MPDATA,PRXY,13,,v40
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATA,EX, 14, E41
MPDATA,PRXY,14,,v41
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATA,EX,15,,E42
MPDATA,PRXY,15,,v42
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATAEX,16,,E43
MPDATA,PRXY,16,,v43
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATA,EX,17,,E44
MPDATA,PRXY,17,,v44
MPTEMP,,,,,,,,

MPTEMP,1,0
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MPDATA,EX,18,,E45

MPDATA,PRXY,18,,v45

MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATA,EX,19,,E46
MPDATA,PRXY,19,,v46
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATA,EX,20,,E47
MPDATA,PRXY,20,,v47
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATAEX,21,,E48
MPDATA,PRXY,21,,v48
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATAEX,22,,E49
MPDATA,PRXY,22,,v49
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATA,EX,23,,E50

MPDATA,PRXY,23,,v50

155



MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATA,EX,24,,E51
MPDATA,PRXY,24,,v51
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATA,EX,25,,E52
MPDATA,PRXY,25,,v52
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATA,EX,26,,E53
MPDATA,PRXY,26,,v53
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATAEX,27,,E54

MPDATA,PRXY,27,,v54

LESIZE,ALL,1/3, ,, ,1,, 1,

FLST,2,27,6,0RDE,2
FITEM,2,1
FITEM,2,-27

VGLUE,P51X
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CM,_Y,VOLU
VSEL,,,, 1
CM,_Y1,VOLU
CMSEL,S,_Y

"

CMSEL,S,_Y1
VATT, 1,, 1, O©
CMSEL,S,_Y
CMDELE,_Y

CMDELE,_Y1

|*

|*

LESIZE,ALL,1/3, ,, ,1,, .0,
CM,_Y,VOLU

VSEL,,,, 1

CM, Y1,VOLU

CHKMSH, VOLU'
CMSEL,S, Y

"

MSHAPE,0,3d

MSHKEY, 1

VMESH, Y1
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MSHKEY,0

!*
CMDELE, Y
CMDELE, Y1

CMDELE, Y2

|*

CM,_Y,VOLU
VSEL,,,, 30
CM,_Y1,VOLU

CMSEL,S,_Y

*DIM,G,ARRAY,64,6

*GET,G(1,1),NODE,1,S,X
*GET,G(2,1),NODE,2,s,x
*GET,G(3,1),NODE,3,s,x
*GET,G(4,1),NODE,4,s,x
*GET,G(5,1),NODE,5,s,x
*GET,G(6,1),NODE,6,5s,x
*GET,G(7,1),NODE,7,s,x
*GET,G(8,1),NODE,8,s,x

*GET,G(9,1),NODE,9,s,x
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*GET,G(10,1),NODE,10,s,X
*GET,G(11,1),NODE,11,s,X
*GET,G(12,1),NODE,12,s,X
*GET,G(13,1),NODE,13,s,X
*GET,G(14,1),NODE, 14,s,X
*GET,G(15,1),NODE, 15,s,X
*GET,G(16,1),NODE, 16,s,X
*GET,G(17,1),NODE,17,s,X
*GET,G(18,1),NODE, 18,s,X
*GET,G(19,1),NODE,19,s,X
*GET,G(20,1),NODE,20,s,X
*GET,G(21,1),NODE,21,s,X
*GET,G(22,1),NODE,22,s,X
*GET,G(23,1),NODE,23,s,X
*GET,G(24,1),NODE,24,s,X
*GET,G(25,1),NODE, 25,s,X
*GET,G(26,1),NODE, 26,s,X
*GET,G(27,1),NODE,27,s,X
*GET,G(28,1),NODE, 28,s,X
*GET,G(29,1),NODE,29,s,X
*GET,G(30,1),NODE,30,s,x
*GET,G(31,1),NODE,31,s,X

*GET,G(32,1),NODE,32,s,x
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*GET,G(33,1),NODE,33,s,x
*GET,G(34,1),NODE,34,s,X
*GET,G(35,1),NODE,35,s,x
*GET,G(36,1),NODE,36,s,x
*GET,G(37,1),NODE,37,s,X
*GET,G(38,1),NODE,38,s,x
*GET,G(39,1),NODE,39,s,x
*GET,G(40,1),NODE,40,s,X
*GET,G(41,1),NODE,41,s,X
*GET,G(42,1),NODE,42,s,X
*GET,G(43,1),NODE,43,s,X
*GET,G(44,1),NODE, 44,s,X
*GET,G(45,1),NODE,45,s,X
*GET,G(46,1),NODE, 46,s,X
*GET,G(47,1),NODE, 47,5,
*GET,G(48,1),NODE, 48,s,X
*GET,G(49,1),NODE,49,s,X
*GET,G(50,1),NODE,50,s,x
*GET,G(51,1),NODE,51,s,X
*GET,G(52,1),NODE,52,s,X
*GET,G(53,1),NODE,53,s,x
*GET,G(54,1),NODE,54,s,X

*GET,G(55,1),NODE,55,s,x
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*GET,G(56,1),NODE,56,s,x
*GET,G(57,1),NODE,57,s,x
*GET,G(58,1),NODE,58,s,x
*GET,G(59,1),NODE,59,s,x
*GET,G(60,1),NODE,60,s,x
*GET,G(61,1),NODE,61,s,x
*GET,G(62,1),NODE,62,s,x
*GET,G(63,1),NODE,63,s,x

*GET,G(64,1),NODE,64,s,x

*GET,G(1,2),NODE,1,S,y
*GET,G(2,2),NODE,2,s,y
*GET,G(3,2),NODE,3,s,y
*GET,G(4,2),NODE 4,s,y
*GET,G(5,2),NODE,5,s,y
*GET,G(6,2),NODE,6,s,y
*GET,G(7,2),NODE,7,s,y
*GET,G(8,2),NODE,8,s,y
*GET,G(9,2),NODE,9,s,y
*GET,G(10,2),NODE,10,s,y
*GET,G(11,2),NODE,11,s,y
*GET,G(12,2),NODE,12,s,y

*GET,G(13,2),NODE,13,s,y
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*GET,G(14,2),NODE, 14,s,y
*GET,G(15,2),NODE,15,s,y
*GET,G(16,2),NODE, 16,s,y
*GET,G(17,2),NODE,17,s,y
*GET,G(18,2),NODE,18,s,y
*GET,G(19,2),NODE,19,s,y
*GET,G(20,2),NODE,20,s,y
*GET,G(21,2),NODE,21,s,y
*GET,G(22,2),NODE,22,s,y
*GET,G(23,2),NODE,23,s,y
*GET,G(24,2),NODE,24,s,y
*GET,G(25,2),NODE,25,s,y
*GET,G(26,2),NODE,26,s,y
*GET,G(27,2),NODE,27,s,y
*GET,G(28,2),NODE,28,s,y
*GET,G(29,2),NODE,29,s,y
*GET,G(30,2),NODE,30,s,y
*GET,G(31,2),NODE,31,s,y
*GET,G(32,2),NODE,32,s,y
*GET,G(33,2),NODE,33,s,y
*GET,G(34,2),NODE,34,s,y
*GET,G(35,2),NODE,35,s,y

*GET,G(36,2),NODE, 36,5,y
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*GET,G(37,2),NODE,37,s,y
*GET,G(38,2),NODE,38,s,y
*GET,G(39,2),NODE,39,s,y
*GET,G(40,2),NODE,40,s,y
*GET,G(41,2),NODE,41,s,y
*GET,G(42,2),NODE,42,s,y
*GET,G(43,2),NODE,43,s,y
*GET,G(44,2),NODE,44,s,y
*GET,G(45,2),NODE,45,s,y
*GET,G(46,2),NODE, 46,s,y
*GET,G(47,2),NODE,47,s,y
*GET,G(48,2),NODE,48,s,y
*GET,G(49,2),NODE,49,s,y
*GET,G(50,2),NODE,50,s,y
*GET,G(51,2),NODE,51,s,y
*GET,G(52,2),NODE,52,s,y
*GET,G(53,2),NODE,53,s,y
*GET,G(54,2),NODE,54,s,y
*GET,G(55,2),NODE,55,s,y
*GET,G(56,2),NODE,56,s,y
*GET,G(57,2),NODE,57,s,y
*GET,G(58,2),NODE,58,s,y

*GET,G(59,2),NODE,59,s,y
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*GET,G(60,2),NODE,60,s,y
*GET,G(61,2),NODE,61,s,y
*GET,G(62,2),NODE,62,s,y
*GET,G(63,2),NODE,63,s,y

*GET,G(64,2),NODE,64,s,y

*GET,G(1,3),NODE,1,S,z
*GET,G(2,3),NODE,2,s,z
*GET,G(3,3),NODE,3,s,2
*GET,G(4,3),NODE 4,5,z
*GET,G(5,3),NODE,5,s,2
*GET,G(6,3),NODE, 6,5,z
*GET,G(7,3),NODE,7,s,z
*GET,G(8,3),NODE,8,s,2
*GET,G(9,3),NODE,9,s,2
*GET,G(10,3),NODE,10,s,z
*GET,G(11,3),NODE,11,s,2
*GET,G(12,3),NODE,12,s,z
*GET,G(13,3),NODE,13,s,2
*GET,G(14,3),NODE, 14,s,z
*GET,G(15,3),NODE, 15,s,z
*GET,G(16,3),NODE, 16,s,z

*GET,G(17,3),NODE,17,s,z
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*GET,G(18,3),NODE, 18,5,z
*GET,G(19,3),NODE, 19,s,2
*GET,G(20,3),NODE, 20,5,z
*GET,G(21,3),NODE, 21,5,z
*GET,G(22,3),NODE, 22,5,z
*GET,G(23,3),NODE,23,s,2
*GET,G(24,3),NODE, 24,5,z
*GET,G(25,3),NODE, 25,5,z
*GET,G(26,3),NODE, 26,5,z
*GET,G(27,3),NODE, 27,5,z
*GET,G(28,3),NODE, 28,5,z
*GET,G(29,3),NODE, 29,5,z
*GET,G(30,3),NODE, 30,5,z
*GET,G(31,3),NODE,31,s,2
*GET,G(32,3),NODE,32,s,2
*GET,G(33,3),NODE,33,5,2
*GET,G(34,3),NODE, 34,5,z
*GET,G(35,3),NODE,35,5,2
*GET,G(36,3),NODE, 36,5,
*GET,G(37,3),NODE,37,s,2
*GET,G(38,3),NODE,38,s,2
*GET,G(39,3),NODE,39,5,2

*GET,G(40,3),NODE,40,s,z
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*GET,G(41,3),NODE,41,s,z
*GET,G(42,3),NODE,42,s,z
*GET,G(43,3),NODE,43,s,2
*GET,G(44,3),NODE, 44,s,z
*GET,G(45,3),NODE,45,s,z
*GET,G(46,3),NODE, 46,s,z
*GET,G(47,3),NODE,47,s,2
*GET,G(48,3),NODE, 48,s,z
*GET,G(49,3),NODE,49,s,z
*GET,G(50,3),NODE,50,5,2
*GET,G(51,3),NODE,51,s,2
*GET,G(52,3),NODE,52,s,z
*GET,G(53,3),NODE,53,5,2
*GET,G(54,3),NODE,54,s,z
*GET,G(55,3),NODE, 55,5,z
*GET,G(56,3),NODE, 56,5,
*GET,G(57,3),NODE,57,s,2
*GET,G(58,3),NODE,58,5,2
*GET,G(59,3),NODE,59,5,2
*GET,G(60,3),NODE, 60,5,
*GET,G(61,3),NODE,61,s,2
*GET,G(62,3),NODE,62,s,2

*GET,G(63,3),NODE,63,s,z
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*GET,G(64,3),NODE,64,s,z

*GET,G(1,4),NODE,1,S,yz
*GET,G(2,4),NODE,2,s,yz
*GET,G(3,4),NODE,3,s,yz
*GET,G(4,4),NODE 4,s,yz
*GET,G(5,4),NODE,5,s,yz
*GET,G(6,4),NODE,6,5,yz
*GET,G(7,4),NODE,7,s,yz
*GET,G(8,4),NODE,8,s,yz
*GET,G(9,4),NODE,9,s,yz
*GET,G(10,4),NODE,10,s,yz
*GET,G(11,4),NODE,11,s,yz
*GET,G(12,4),NODE,12,s,yz
*GET,G(13,4),NODE,13,s,yz
*GET,G(14,4),NODE,14,s,yz
*GET,G(15,4),NODE,15,s,yz
*GET,G(16,4),NODE, 16,s,yz
*GET,G(17,4),NODE,17,s,yz
*GET,G(18,4),NODE,18,s,yz
*GET,G(19,4),NODE,19,s,yz
*GET,G(20,4),NODE,20,s,yz

*GET,G(21,4),NODE,21,s,yz
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*GET,G(22,4),NODE,22,s,yz
*GET,G(23,4),NODE,23,s,yz
*GET,G(24,4),NODE,24,s,yz
*GET,G(25,4),NODE,25,s,yz
*GET,G(26,4),NODE,26,s,yz
*GET,G(27,4),NODE,27,s,yz
*GET,G(28,4),NODE,28,s,yz
*GET,G(29,4),NODE,29,s,yz
*GET,G(30,4),NODE,30,s,yz
*GET,G(31,4),NODE,31,s,yz
*GET,G(32,4),NODE,32,s,yz
*GET,G(33,4),NODE,33,s,yz
*GET,G(34,4),NODE,34,s,yz
*GET,G(35,4),NODE,35,s,yz
*GET,G(36,4),NODE,36,s,yz
*GET,G(37,4),NODE,37,s,yz
*GET,G(38,4),NODE,38,s,yz
*GET,G(39,4),NODE,39,s,yz
*GET,G(40,4),NODE,40,s,yz
*GET,G(41,4),NODE,41,s,yz
*GET,G(42,4),NODE,42,s,yz
*GET,G(43,4),NODE,43,s,yz

*GET,G(44,4),NODE, 44,s,yz
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*GET,G(45,4),NODE,45,s,yz
*GET,G(46,4),NODE,46,s,yz
*GET,G(47,4),NODE,47,s,yz
*GET,G(48,4),NODE,48,s,yz
*GET,G(49,4),NODE,49,s,yz
*GET,G(50,4),NODE,50,s,yz
*GET,G(51,4),NODE,51,s,yz
*GET,G(52,4),NODE,52,s,yz
*GET,G(53,4),NODE,53,s,yz
*GET,G(54,4),NODE,54,s,yz
*GET,G(55,4),NODE,55,s,yz
*GET,G(56,4),NODE,56,s,yz
*GET,G(57,4),NODE,57,s,yz
*GET,G(58,4),NODE,58,s,yz
*GET,G(59,4),NODE,59,5s,yz
*GET,G(60,4),NODE,60,5s,yz
*GET,G(61,4),NODE,61,s,yz
*GET,G(62,4),NODE,62,s,yz
*GET,G(63,4),NODE,63,s,yz

*GET,G(64,4),NODE,64,s,yz

*GET,G(1,5),NODE,1,S,xz

*GET,G(2,5),NODE,2,s,xz
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*GET,G(3,5),NODE,3,s,xz
*GET,G(4,5),NODE,4,s,xz
*GET,G(5,5),NODE,5,5,xz
*GET,G(6,5),NODE,6,5,xz
*GET,G(7,5),NODE,7,s,xz
*GET,G(8,5),NODE,8,5,xz
*GET,G(9,5),NODE,9,5,xz
*GET,G(10,5),NODE, 10,s,xz
*GET,G(11,5),NODE,11,s,xz
*GET,G(12,5),NODE,12,s,xz
*GET,G(13,5),NODE,13,s,xz
*GET,G(14,5),NODE, 14,s,xz
*GET,G(15,5),NODE, 15,s,xz
*GET,G(16,5),NODE, 16,s,xz
*GET,G(17,5),NODE,17,s,xz
*GET,G(18,5),NODE, 18,s,xz
*GET,G(19,5),NODE,19,s,xz
*GET,G(20,5),NODE, 20,s,xz
*GET,G(21,5),NODE,21,s,xz
*GET,G(22,5),NODE,22,s,xz
*GET,G(23,5),NODE,23,s,xz
*GET,G(24,5),NODE, 24,s,xz

*GET,G(25,5),NODE, 25,s,xz
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*GET,G(26,5),NODE, 26,s,xz
*GET,G(27,5),NODE,27,s,xz
*GET,G(28,5),NODE, 28,s,xz
*GET,G(29,5),NODE, 29,s,xz
*GET,G(30,5),NODE,30,5,xz
*GET,G(31,5),NODE,31,s,xz
*GET,G(32,5),NODE,32,s,xz
*GET,G(33,5),NODE,33,5,xz
*GET,G(34,5),NODE,34,s,xz
*GET,G(35,5),NODE,35,5,xz
*GET,G(36,5),NODE,36,5,xz
*GET,G(37,5),NODE,37,s,xz
*GET,G(38,5),NODE,38,s,xz
*GET,G(39,5),NODE,39,s,xz
*GET,G(40,5),NODE, 40,s,xz
*GET,G(41,5),NODE,41,s,xz
*GET,G(42,5),NODE,42,s,xz
*GET,G(43,5),NODE,43,s,xz
*GET,G(44,5),NODE,44,s,xz
*GET,G(45,5),NODE,45,s,xz
*GET,G(46,5),NODE, 46,s,xz
*GET,G(47,5),NODE,47,s,xz

*GET,G(48,5),NODE,48,s,xz
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*GET,G(49,5),NODE, 49,s,xz
*GET,G(50,5),NODE,50,s,xz
*GET,G(51,5),NODE,51,s,xz
*GET,G(52,5),NODE,52,s,xz
*GET,G(53,5),NODE,53,5,xz
*GET,G(54,5),NODE,54,s,xz
*GET,G(55,5),NODE,55,5,xz
*GET,G(56,5),NODE,56,5,xz
*GET,G(57,5),NODE,57,s,xz
*GET,G(58,5),NODE,58,s,xz
*GET,G(59,5),NODE,59,s,xz
*GET,G(60,5),NODE,60,s,xz
*GET,G(61,5),NODE,61,s,xz
*GET,G(62,5),NODE,62,s,xz
*GET,G(63,5),NODE,63,5,xz

*GET,G(64,5),NODE,64,s,xz

*GET,G(1,6),NODE,1,S,xy
*GET,G(2,6),NODE,2,s,xy
*GET,G(3,6),NODE,3,s,Xy
*GET,G(4,6),NODE,4,s,xy
*GET,G(5,6),NODE,5,5,Xy

*GET,G(6,6),NODE,6,s,xy
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*GET,G(7,6),NODE,7,s,xy

*GET,G(8,6),NODE,8,s,xy

*GET,G(9,6),NODE,9,s,xy

*GET,G(10,6),NODE,10,s,xy
*GET,G(11,6),NODE,11,s,xy
*GET,G(12,6),NODE,12,s,xy
*GET,G(13,6),NODE,13,s,xy
*GET,G(14,6),NODE,14,s,xy
*GET,G(15,6),NODE,15,s,xy
*GET,G(16,6),NODE,16,s,xy
*GET,G(17,6),NODE,17,s,xy
*GET,G(18,6),NODE,18,s,xy
*GET,G(19,6),NODE,19,s,xy
*GET,G(20,6),NODE,20,s,xy
*GET,G(21,6),NODE,21,s,xy
*GET,G(22,6),NODE,22,s,xy
*GET,G(23,6),NODE,23,s,xy
*GET,G(24,6),NODE,24,s,xy
*GET,G(25,6),NODE,25,s,xy
*GET,G(26,6),NODE,26,s,xy
*GET,G(27,6),NODE,27,s,xy
*GET,G(28,6),NODE,28,s,xy

*GET,G(29,6),NODE,29,s,xy
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*GET,G(30,6),NODE,30,5,xy
*GET,G(31,6),NODE,31,s,xy
*GET,G(32,6),NODE,32,s,xy
*GET,G(33,6),NODE,33,5s,Xy
*GET,G(34,6),NODE,34,s,xy
*GET,G(35,6),NODE,35,5s,xy
*GET,G(36,6),NODE,36,5,xy
*GET,G(37,6),NODE,37,s,xy
*GET,G(38,6),NODE,38,s,xy
*GET,G(39,6),NODE,39,s,xy
*GET,G(40,6),NODE,40,s,xy
*GET,G(41,6),NODE,41,s,xy
*GET,G(42,6),NODE,42,s,xy
*GET,G(43,6),NODE,43,s,xy
*GET,G(44,6),NODE,44,s,xy
*GET,G(45,6),NODE, 45,s,xy
*GET,G(46,6),NODE, 46,s,xy
*GET,G(47,6),NODE,47,s,xy
*GET,G(48,6),NODE, 48,s,xy
*GET,G(49,6),NODE,49,s,xy
*GET,G(50,6),NODE,50,5,xy
*GET,G(51,6),NODE,51,s,xy

*GET,G(52,6),NODE,52,s,xy
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*GET,G(53,6),NODE,53,s,xy
*GET,G(54,6),NODE,54,s,Xy
*GET,G(55,6),NODE,55,s,xy
*GET,G(56,6),NODE,56,s,xy
*GET,G(57,6),NODE,57,s,Xy
*GET,G(58,6),NODE,58,s,xy
*GET,G(59,6),NODE,59,s,xy
*GET,G(60,6),NODE,60,s,xy
*GET,G(61,6),NODE,61,s,Xy
*GET,G(62,6),NODE,62,s,Xy
*GET,G(63,6),NODE,63,s,xy

*GET,G(64,6),NODE,64,s,xy

FINISH
/ISOL

LSCLEAR,ALL

*cfopen,loadcasel 2x,txt
*ywrite, B(1,1), B(1,2), B(1,3), B(1,4), B(1,5), B(1,6)
(E10.4,''E10.4, ''E10.4,''E10.4, ''E10.4, ''E10.4)

*cfclos

*cfopen,loadcaseL?2y,txt
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wwrite, C(1,1), C(1,2), C(L,3), C(1,4), C(1,5), C(L,6)
(E10.4, ',E10.4, 'E10.4, ,E10.4, E10.4, ' E10.4)

*cfclos

*cfopen,loadcasel 2z,txt
*wwrite, D(1,1), D(1,2), D(1,3), D(1,4), D(1,5), D(1,6)
(E10.4,''E10.4, ''E10.4,''E10.4, ''E10.4, ''E10.4)

*cfclos

*cfopen,loadcaselL2yz,txt
*ywrite, E(1,1), E(1,2), E(1,3), E(1,4), E(1,5), E(1,6)
(E10.4,''E10.4, ''E10.4,''E10.4, ''E10.4, ''E10.4)

*cfclos

*cfopen,loadcasel2xz,txt
*vwrite, F(1,1), F(1,2), F(1,3), F(1,4), F(1,5), F(1,6)
(E10.4,''E10.4, ''E10.4,''E10.4, ''E10.4, ''E10.4)

*cfclos

*cfopen,loadcaseL2xy,txt
*wwrite, G(1,1), G(1,2), G(1,3), G(1,4), G(1,5), G(1,6)
(E10.4,''E10.4, ''E10.4,''E10.4, ''E10.4, ''E10.4)

*cfclos
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OBJECTIVE FUNCTION CALCULATION CODE

/I fobj.cpp : Defines the entry point for the conso
1

#include "stdafx.h"
#include <cstdlib>
#include <ijostream>
#include <fstream>
#include <vector>
#include  <string>

using namespace std;

/lint main(int argc, char **argv)
int main()

/[Read weights and strengths of each layer
float w1, w2; //weights of layers1 & 2
float s1,s2; //strength of layers 1 & 2
ifstream finws( "WS.IN" );
if  (finws){

le application.

cerr << "\nError: failure opening WS" << endl;

exit(-1);
}
finws >> w1;
finws >> w2;
finws >> s1;
finws >> s2;

finws.close();

I Find max sress for each layer
int i
int timelLl1; //number of time/data points in vonmisses for |
int timelL2; //number of time/data points in vonmisses for |

1l timeL1=2002;
1l timeL2=2002;

float Sdummy; //stresses to be read from file

float SmaxL1, SmaxL2; //max stresses from layers 1&2
I int dummy;// to get 2002

float timedummy; //to gettime values

ifstream finvm( "vonmises" );

if (ffinvm) {
cerr << “\nError: failure opening vonmisses"
exit(-1);

finvm >> timeL1;
SmaxL1=0.001;
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for (i=0; i<timeLl; i++){
finvm >> timedummy;
finvm >> Sdummy;
if (Sdummy > SmaxL1){
SmaxL1=Sdummy;

}

finvm >> timelL2;
SmaxL2=0.001;
for (i=0; i<timel2; i++){
finvm >> timedummy;
finvm >> Sdummy;
if (Sdummy > SmaxL2){
SmaxL2=Sdummy;
}
}

finvm.close();

float  SrL1, SrL2; /[Stress/strength ratios for layers 1 & 2

SrL1=SmaxL1/s1;
SrL2=SmaxL2/s2;

float Wtotal;
Wtotal=w1l+w2;

float Srmax; //max stress to strength ratio
Srmax=SrL1;
if (SrL2 > SrL1){

Srmax = SrL2;

}
ofstream foutr( "RESULTS.OUT");
if ('foutr) {
cerr << “\nError: failure creating file RESULTS"

system( "PAUSE");
exit(-1);

foutr << Wtotal << endl;
foutr << Srmax << endl;

foutr.close();

return 0O;
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ANSYS INPUT CODE

/I generateinput.cpp : Defines the entry point for
application.

1

#include "stdafx.h"

/lint _tmain(int argc, _TCHAR* argv[])
1K
1 return O;

In

/*

the console

DAKOTA: Design Analysis Kit for Optimization an
Applications

Copyright (c) 2006, Sandia National Laboratorie

This software is distributed under the GNU Gene

For more information, see the README file in th

directory.

d Terascale

S.
ral Public License.

e top Dakota

*/
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#include  <cstdlib>
#include  <iostream>
#include  <fstream>
#include  <vector>
#include  <string>

#ifdef HAVE_CONFIG_H
#include  "dakota_config.h"
#endif // HAVE_CONFIG_H
#ifdef HAVE_STD

#include  <cmath>

#else

#include  <math.h>

#endif //HAVE_STD

using namespace std;

int main( int argc, char ** argv){
int num_vars;
string vars_text;
int i
int numnodes, numnodesL1, numnodesL2;
numnodes=54;
numnodesL1=27;
numnodesL2=27;
float t1, t2;

12=0;

I Read number of nodes from the given file
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I ifstream finns("numnodes.txt");
1 if (ifinns) {
I cerr << "\nError: failure opening numnodes.txt"
1 exit(-1);
1 }
1 finns >> numnodes;
I finns.close();
struct EValues{
float Ebinary; //Values of E's from the optimization tool
float Ereal; //do necessary calculations on Ebinary
¥
1 float sumE;//sum of the ratios
EValues *E;
E= new EValues[numnodes];
float dA, dB, EA, EB, tcA, tcB, VA, vB;
/Iread the multipliers for E (Young modulus for Mat
Material 2)

/lorder of Material properties in MaterialAB.txt fi

eB, t(c)A, t(c)B, VA, Vb

ifstream finab( "Material AB.txt" );
if (Yfinab) {
cerr << "\nError: failure opening MaterialAB"
exit(-1);
}
finab >> dA,;
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finab >> dB;
finab >> EA,
finab >> EB,;
finab >> tcA;
finab >> tcB;
finab >> VA,
finab >> vB;

finab.close();

/IRead the decision variables file and find sum of them

1l ifstream fin(argv[1]);

ifstream fin( "DESVARS.IN" );
if  ('fin) {
cerr << "\nError: failure opening DESVARS" << endl;
exit(-1);
}

fin >> num_vars >> vars_text;

I if (num_vars != numnodes) {

I cerr << "Error: Wrong number of variables for T OPO" <<
endl;

I system("PAUSE");

I exit(-1);

1 }

I sumE=0.0;
fin >> t1;
fin.ignore(256, \n');
for (i=0; iknumnodes; i++){

fin >> EJi].Ebinary;
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I sumE+=E[i].Ebinary;
fin.ignore(256, \n");
}
/10: for Material A, 1 : for Material B

fin.close();

I Calculate E values to be passed to ANSYS if they are 0, replace
them with a small number (0.0001)

for (i=0;i<numnodes;i++){

E[i].Ereal= float (E[i].Ebinary*EB+(1-E[i].Ebinary)*EA);
1 if(E[i].Ereal==0.0){
I E[i].Ereal=0.0001;
1 }
}
I Write input file for ANSYS that contains E value s of nodes
ofstream fout( "ANSYSINPUT.IN" );
if ('fout) {
cerr << “\nError: failure creating INPUT" << endl;
system( "PAUSE");
exit(-1);
}
fout.precision(2); /1 16 total digits

fout.setf(ios::scientific);

fout.setf(ios::right);

for (i=0;i<numnodes;i++){
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fout << "E" <<i+l << "=" << EJ[i].Ereal << endl;

if (E[i].Ebinary==0){

fout << W< i+] <<
} else {
fout << W< i+ <<

}

fout.close();

/[Calculate densities of Layers 1 and 2
float rol, ro2;
ro1=0.0;
ro2=0.0;

for (i=0;i<numnodesL1;i++){

"=" << VA <<endl

"=" << vB<<endl

rol=rol+ float (E[i].Ebinary*dB+(1-E[i].Ebinary)*dA);

}

rol=rol/(numnodesL1);

for (i=numnodesL1;i<numnodes;i++){

ro2=ro2+ float (E[i].Ebinary*dB+(1-E[i].Ebinary)*dA);

}

ro2=ro2/(numnodesL?2);

/Iwrite densities to a file
ofstream foutro( "RO.IN" );

if ('foutro) {

cerr << "\n Error: failure to create RO" << endl;

system ( "PAUSE");

exit(-1);
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}

foutro << rol << endl;

foutro << ro2 << endl;

foutro.close();

/I Calculate t2

t2=0.17-11;

I Write the file that contains layer thickness and

ofstream foutt( "T.N" );
if (foutt) {
cerr << "\nError: failure creating T"

system( "PAUSE");
exit(-1);
}
1 fout.precision(2); // 16 total digits
I fout.setf(ios::scientific);

I fout.setf(ios::right);

foutt << t1 << endl;

foutt << t2 << endl;

foutt << t1+t2 << endl;

foutt.close();

/I Calculate weight and strength of Layers 1 and 2
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/I Weight calculation
float w1, w2;
w1=0.09*t1*rol;

w2=0.09*t2*ro2;

/I Strength calculation
float stl, st2;
st1=0.0;
st2=0.0;
for (i=0;i<numnodesL1;i++){
stl=stl+ float (E[i].Ebinary*tcB+(1-E[i].Ebinary)*tcA);
}
stl=st1l/(numnodesL1);
for (i=numnodesL1;i<numnodes;i++){
st2=st2+ float (E[i].Ebinary*tcB+(1-E[i].Ebinary)*tcA);
}

st2=st2/(numnodesL?2);

/[ write weights & strengths to a file

ofstream foutws( "WS.IN" );
if (foutws) {
cerr << "\n Error: failure to create WS" << endl;

system (  "PAUSE");
exit(-1);

}

foutws << w1l << endl;

foutws << w2 << endl;

foutws << stl << endl;
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1

1

1

1

1

foutws << st2 << endl;

foutws.close();

Write sum of the ratio of Material 1
ofstream fouts("sumE.txt");
if (Mfouts) {
cerr << "\nError: failure creating INPUT" << en
system("PAUSE");
exit(-1);
}
fouts.precision(1); // 16 total digits
fouts.setf(ios::scientific);

fouts.setf(ios::right);

fouts << sumgE;

fouts.close();

return 0O;
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LS-DYNA INPUT CODE

/ fobj.cpp : Defines the entry point for the conso le application.
1

#include "stdafx.h"
#include <cstdlib>
#include <ijostream>
#include <fstream>
#include <vector>
#include  <string>

using namespace std;

/lint main(int argc, char **argv)

int main()
{ o
int i
/[Calculate t values to be written to Isdynainput f ile
float tL1,tL2; /lthickness of layer 1 and 2
float t1,t2, t3, t4, t5, t6, t7, t8 ,t9, t10; /Ivalues tobe

written to Isdynainput file

float tldummy, t2dummy; Il to keep the 1/5th of ayer thicknesses

/lread T.IN

ifstream finT( "T.N" );

if (finT) {
cerr << "\nError opening file T!" <<endl;
system ( "PAUSE");
exit (-1);

}

finT >> tL1;

finT >> tL2;

tldummy=tL1/5;
t1=tldummy*1;
t2=t1*2;

t3=t1*3;

t4=t1*4,

t5=t1*5;

t2dummy=tL 2/5;
t6=t5+t2dummy*1;
t7=t5+t2dummy*2;
t8=t5+t2dummy*3;
t9=t5+t2dummy*4;
t10=t5+t2dummy?*5;

finT.close();
/IGet densities of layers 1 and 2
float rol, ro2;

ifstream finro( "RO.IN" );
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if (finro){

cerr << "\nError opening file RO!" <<endl;
system ( "PAUSE");
exit (-1);

finro >> ro1;

finro >> ro2;

/[Calcluate c values (E averages) to be written int

1 int numnodes;//numer of nodes
int numrows; //number of rows in the laodcase files
numrows=64;

I Read number of nodes from the given file

I ifstream finns("numnodes.txt");

1 if (ffinns) {

I cerr << "\nError: failure opening numnodes.txt"
1 exit(-1);/

1

1 finns >> numnodes;

1 finns >> numrows;

I finns.close();

1 int j;
/[Struct to hold data from ANSYS
struct LoadValues{
float ellxl, ellx2, el1x3, el1x4, el1x5, ellx6;
be derived from loadcaselL1x
float ellxyl, ellxy2, ellxy3, ellxy4, ellxy5,
ellxy6; //values to be derived from loadcaselL1xy
float ellxzl, ellxz2, el1xz3, ellxz4, el1xz5,
ellxz6; //values to be derived from loadcaselL1xz
float ellyl, elly?, elly3, elly4, elly5, ellyé6;
be derived from loadcaselLly
float ellyzl, ellyz2, ellyz3, ellyz4, ellyz5,
ellyz6; //values to be derived from loadcaselLlyz
float ellzl, ellz2, el1z3, ellz4, el1z5, ell1z6;
be derived from loadcaselL1z
float el2x1, el2x2, el2x3, el2x4, el2x5, el2x6;
be derived from loadcaselL2x
float el2xyl, el2xy2, el2xy3, el2xy4, el2xy5,
el2xy6; //values to be derived from loadcaselL2xy
float el2xzl, el2xz2, el2xz3, el2xz4, el2xz5,
el2xz6; //values to be derived from loadcaselL2xz
float el2yl, el2y2, el2y3, el2y4, el2y5, el2y6;
be derived from loadcasel 2y
float el2yzl, el2yz2, el2yz3, el2yz4, el2yz5,
el2yz6; //values to be derived from loadcaselL2yz
float el2z1, el2z2, el2z3, el2z4, el2z5, el2z6;
be derived from loadcaselL2z
h

LoadValues *value;
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<< endl;

/Ivalues to

/Ivalues to

/Ivalues to

/Ivalues to

/Ivalues to
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value=  new LoadValues[numrows];
/[Targeted E values
1 float Et11, Et12, Et13, Et21, Et22, Et23, Et31,
be read from file

/[E values calculated by averaging columns

float c111;

float c121, c221;

float ¢131, c231, c331;

float c141, c241, c341, c441;

float c¢151, c251, c351, c451, ¢551;

float c¢161, c261, c361, c461, c561, c661;

float c¢112;

float c¢122, c222;

float ¢132, c232, c332;

float c142, c242, c342, c442;

float c¢152, c252, c352, c452, c552;

float ¢162, c262, c362, c462, c562, c662;

I float SQdiff;//squared difference of E values

/Iread loadcaselL1x.txt

ifstream finL1x( "loadcaselL1x.txt" );

if (ffinL1x) {
cerr << "\nError opening file loadcaselL1x!"
system ( "PAUSE");
exit (-1);

}

for (i=0; i<numrows; i++){
finL1x >> value[i].el1x1;
finL1x >> value[i].el1x2;
finL1x >> value[i].el1x3;
finL1x >> value[i].el1x4;
finL1x >> value[i].el1x5;
finL1x >> value[i].el1x6;

finL1x.close();

/lread loadcaseL1xy.txt

ifstream finL1xy/( "loadcaseL1xy.txt" );

if (ffinL1xy) {
cerr << “\nError opening file loadcaseL1xy!"
system ( "PAUSE");
exit (-1);

for (i=0; i<numrows; i++){
finL1xy >> value[i].el1xy1;
finL1xy >> value[i].el1xy2;
finL1xy >> value[i].el1xy3;
finL1xy >> value[i].el1xy4;
finL1xy >> value[i].el1xy5;

190

Et32, Et33;// to

<<endl;

<<endl;



finL1xy >> value[i].el1xy®6;
}
finL1xy.close();

/Iread loadcaselL 1xz.txt

ifstream finL1xz( "loadcaselL1xz.txt" );

if (ffinL1xz) {
cerr << “\nError opening file loadcaselL1xz!" <<endl;
system ( "PAUSE");
exit (-1);

for (i=0; i<numrows; i++){
finL1xz >> value[i].el1xz1;
finL1xz >> value[i].el1xz2;
finL1xz >> value[i].el1xz3;
finL1xz >> value[i].el1xz4;
finL1xz >> value[i].el1xz5;
finL1xz >> value[i].el1xz6;

finL1xz.close();

/Iread loadcaselL 1y.txt

ifstream finL1y( "loadcasel1y.txt" );

if (ffinL1ly){
cerr << “\nError opening file loadcaselL1y!" <<endl;
system ( "PAUSE");
exit (-1);

}

for (i=0; i<numrows; i++){
finL1ly >> value[i].elly1,;
finL1ly >> valuel[i].ellyZ2;
finL1ly >> valuel[i].elly3;
finL1ly >> valuel[i].elly4;
finL1ly >> valuel[i].elly5;
finL1ly >> valuel[i].elly6;

}
finL1y.close();

/lread loadcaselL1lyz.txt

ifstream finL1yz( "loadcaselL1lyz.txt" );

if (ffinL1lyz) {
cerr << “\nError opening file loadcaselL1lyz!" <<endl;
system ( "PAUSE");
exit (-1);

for (i=0; i<numrows; i++){
finL1lyz >> value[i].ellyz1;
finL1lyz >> value[i].ellyz2;
finL1lyz >> value[i].ellyz3;
finL1lyz >> value[i].ellyz4;
finL1lyz >> value[i].ellyz5;
finL1lyz >> value[i].ellyz6;

}

finL1yz.close();
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/Iread loadcaselL1z.txt

ifstream finL1z( "loadcaselL1z.txt" );

if (ffinL1z){
cerr << “\nError opening file loadcaselL1z!" <<endl;
system ( "PAUSE");
exit (-1);

for (i=0; i<numrows; i++){
finL1z >> valuel[i].el1z1,;
finL1z >> valuel[i].el1z2;
finL1z >> valuel[i].el1z3;
finL1z >> valuel[i].el1z4;
finL1z >> valuel[i].el1z5;
finL1z >> valuel[i].el1z6;

finL1z.close();

/Iread loadcaselL2x.txt

ifstream finL2x( "loadcasel2x.txt" );

if (ffinL2x) {
cerr << “\nError opening file loadcaselL2x!" <<endl;
system ( "PAUSE");
exit (-1);

}

for (i=0; i<numrows; i++){
finL2x >> valuel[i].el2x1;
finL2x >> valuel[i].el2x2;
finL2x >> valuel[i].el2x3;
finL2x >> valuel[i].el2x4;
finL2x >> valuel[i].el2x5;
finL2x >> valuel[i].el2x6;

finL2x.close();

/Iread loadcaseL2xy.txt

ifstream finL2xy/( "loadcaseL2xy.txt" );

if (ffinL2xy) {
cerr << “\nError opening file loadcaselL2xy!" <<endl;
system ( "PAUSE");
exit (-1);

for (i=0; i<numrows; i++){
finL2xy >> value[i].el2xy1;
finL2xy >> value[i].el2xy2;
finL2xy >> value[i].el2xys3;
finL2xy >> value[i].el2xy4;
finL2xy >> value[i].el2xy5;
finL2xy >> value[i].el2xy®6;

}
finL2xy.close();

/Iread loadcaselL2xz.txt
ifstream finL2xz( "loadcaselL2xz.txt" );
if (ffinL2xz) {
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cerr << "\nError opening file loadcaselL2xz!" <<endl;
system ( "PAUSE");
exit (-1);

for (i=0; i<numrows; i++){
finL2xz >> value[i].el2xz1;
finL2xz >> value[i].el2xz2;
finL2xz >> value[i].el2xz3;
finL2xz >> value[i].el2xz4;
finL2xz >> value[i].el2xz5;
finL2xz >> value[i].el2xz6;

finL2xz.close();

/Iread loadcasel 2y.txt

ifstream finL2y( "loadcasel 2y.txt" );

if (ffinL2y) {
cerr << “\nError opening file loadcaselL2y!" <<endl;
system ( "PAUSE");
exit (-1);

}

for (i=0; i<numrows; i++){
finL2y >> valuel[i].el2y1;
finL2y >> valuel[i].el2y2;
finL2y >> valuel[i].el2y3;
finL2y >> valuel[i].el2y4;
finL2y >> valuel[i].el2y5;
finL2y >> valuel[i].el2y6;

}
finL2y.close();

/Iread loadcasel2yz.txt

ifstream finL2yz( "loadcaselL2yz.txt" );

if (ffinL2yz) {
cerr << “\nError opening file loadcaselL2yz!" <<endl;
system ( "PAUSE");
exit (-1);

for (i=0; i<numrows; i++){
finL2yz >> value[i].el2yz1;
finL2yz >> value[i].el2yz2;
finL2yz >> value[i].el2yz3;
finL2yz >> value[i].el2yz4;
finL2yz >> value[i].el2yz5;
finL2yz >> value[i].el2yz6;

}
finL2yz.close();

/Iread loadcasel2z.txt

ifstream finL2z( "loadcaselL2z.txt" );

if (ffinL2z) {
cerr << “\nError opening file loadcaselL2z!" <<endl;
system ( "PAUSE");
exit (-1);

}
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for (i=0; i<numrows; i++){
finL2z >> valuel[i].el2z1;
finL2z >> valuel[i].el2z2;
finL2z >> valuel[i].el2z3;
finL2z >> valuel[i].el2z4;
finL2z >> valuel[i].el2z5;
finL2z >> value][i].el2z6;

}

finL2z.close();

c111=0.0;
€121=0.0;
€221=0.0;
€131=0.0;
€231=0.0;
€331=0.0;
€141=0.0;
€241=0.0;
€341=0.0;
c441=0.0;
€151=0.0;
€251=0.0;
€351=0.0;
c451=0.0;
€551=0.0;
€161=0.0;
€261=0.0;
€361=0.0;
c461=0.0;
€561=0.0;
€661=0.0;

c112=0.0;
€122=0.0;
€222=0.0;
€132=0.0;
€232=0.0;
€332=0.0;
€142=0.0;
€242=0.0;
€342=0.0;
c442=0.0;
€152=0.0;
€252=0.0;
€352=0.0;
c452=0.0;
€552=0.0;
€162=0.0;
€262=0.0;
€362=0.0;
c462=0.0;
€562=0.0;
€662=0.0;
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/[sum values from the laodcase files
for (i=0; i<numrows; i++){
cl11=cl11+valueli].el1x1;
c121=cl121+valueli].el1x2;
c221=c221+valueli].elly2;
c131=c131+valueli].el1x3;
c231=c231+valueli].elly3;
€c331=c331+valueli].el1z3;
cl41=cl41+valueli].el1x4;
c241=c241+valueli].elly4;
c341=c341+valueli].el1z4;
c441=c441+valueli].ellyz4;
c151=c151+valueli].el1x5;
c251=c251+valueli].elly5;
¢351=c351+valueli].el1z5;
c451=c451+valueli].ellyz5;
c551=c551+valueli].el1xz5;
cl161=c161+valueli].el1x6;
c261=c261+valueli].elly6;
€c361=c361+valueli].el1z6;
c461=c461+valueli].ellyz6;
c561=c561+valueli].el1xz6;
€c661=c661+valueli].el1xy6;

cl12=cl12+valueli].el2x1;
cl122=cl22+valueli].el2x2;
c222=c222+valueli].el2y2;
c132=c132+valueli].el2x3;
€232=c232+valueli].el2y3;
€332=c332+valueli].el2z3;
cl42=cl42+valueli].el2x4;
c242=c242+valueli].el2y4;
c342=c342+valueli].el2z4;
c442=c442+valueli].el2yz4;
c152=c152+valueli].el2x5;
c252=c252+valueli].el2y5;
c352=c352+valueli].el2z5;
c452=c452+valueli].el2yz5;
c552=c552+valueli].el2xz5;
c162=cl162+valueli].el2x6;
c262=c262+valueli].el2y6;
€362=c362+valueli].el2z6;
c462=c462+valueli].el2yz6;
c562=c562+valueli].el2xz6;
€c662=c662+valueli].el2xy6;

}

/laverage values from the loadcase files to find E matrix

cl111=cl11l/numrows;
c121=c121/numrows;
c221=c221/numrows;
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/*

¢131=c131/numrows;
¢c231=c231/numrows;
¢331=c331/numrows;
cl41=c141/numrows;
c241=c241/numrows;
¢c341=c341/numrows;
c441=c441/numrows;
¢151=c151/numrows;
¢251=c251/numrows;
¢351=c351/numrows;
c451=c451/numrows;
¢551=c551/numrows;
c161=c161/numrows;
c261=c261/numrows;
¢361=c361/numrows;
c461=c461/numrows;
¢561=c561/numrows;
c661=c661/numrows;

c112=c112/numrows;
c122=c122/numrows;
c222=c222/numrows;
¢132=c132/numrows;
€232=c232/numrows;
¢332=c332/numrows;
cl142=c142/numrows;
c242=c242/numrows;
c342=c342/numrows;
c442=c442/numrows;
¢152=c152/numrows;
¢252=c252/numrows;
¢352=c352/numrows;
c452=c452/numrows;
¢552=c552/numrows;
¢162=c162/numrows;
€262=c262/numrows;
¢362=c362/numrows;
c462=c462/numrows;
¢562=c562/numrows;
€662=c662/numrows;

if(c111<100)
c111=0.0;
if(c121<100)
c121=0.0;
if(c221<100)
c221=0.0;
if(c131<100)
c131=0.0;
if(c231<100)
€231=0.0;
if(c331<100)
€331=0.0;
if(c141<100)
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c141=0.0;
if(c241<100)
c241=0.0;
if(c341<100)
341=0.0;
if(c441<100)
c441=0.0;
if(c151<100)
¢151=0.0;
if(c251<100)
251=0.0;
if(c351<100)
¢351=0.0;
if(c451<100)
c451=0.0;
if(c551<100)
€551=0.0;
if(c161<100)
c161=0.0;
if(c261<100)
261=0.0;
if(c361<100)
€361=0.0;
if(c461<100)
c461=0.0;
if(c561<100)
561=0.0;
if(c661<100)
661=0.0;

if(c112<100)
¢112=0.0;
if(c122<100)
122=0.0;
if(c222<100)
222=0.0;
if(c132<100)
¢132=0.0;
if(c232<100)
232=0.0;
if(c332<100)
332=0.0;
if(c142<100)
c142=0.0;
if(c242<100)
c242=0.0;
if(c342<100)
€342=0.0;
if(c442<100)
c442=0.0;
if(c152<100)
¢152=0.0;
if(c252<100)
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€252=0.0;

if(c352<100)

¢352=0.0;
if(c452<100)

c452=0.0;
if(c552<100)

¢552=0.0;
if(c162<100)

c162=0.0;
if(c262<100)

c262=0.0;
if(c362<100)

¢362=0.0;
if(c462<100)

c462=0.0;
if(c562<100)

c562=0.0;
if(c662<100)

c662=0.0;

*/

ofstream foutin( "Isdynainput.k" );
if (Yfoutin) {

cerr << "\nError: failure creating file Isdynainput.k"

endl;

system( "PAUSE");

exit(-1);
foutin << "*PARAMETER" << endl;
foutin << "R" << "t1 " << 0-t1 << endl;
foutin << "R" << "2 " << 0-t2 << endl;
foutin << "R" << "t3 " << 0-t3 << endl;
foutin << "R" << "t4 " << 0-t4 << endl;
foutin << "R" << "5 " << 0-t5 << endl;
foutin << "R" << "t6 " << 0-t6 << endl;
foutin << "R" << "7 " << 0-t7 << endl;
foutin << "R" << "t8 " << 0-t8 << endl;
foutin << "R" << "9 " << 0-t9 << endl;
foutin << "R" << "t10 " << 0-t10 << end!;
foutin.precision(1); // 16 total digits

foutin.setf(ios::scientific);
foutin.setf(ios::right);

foutin << "R" << "rol " << rol << endl;

foutin << "R" << "cl11 " << cl1l11 << endl;
foutin << "R" << "cl21 " << c121 << endl;
foutin << "R" << "c221 " << 221 << endl;
foutin << "R" << "cl131 " << c131 << endl;
foutin << "R" << "c231 " << 231 << endl;
foutin << "R" << "c331 " << €331 << endl;
foutin << "R" << "cl41 " << cl141 << endl;
foutin << "R" << "c241 " << 241 << endl;
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foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<
foutin <<

foutin.close();

return 0O;

}
/*

R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R

<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<

"c341
"c441
"c151
"c251
"c351
"c451
"c551
"cl61l
"c261
"c361
"c461
"c561
"c661
"ro2

"cl12
"cl22
"c222
"c132
"c232
"c332
"cl42
"c242
"c342
"c442
"c152
"c252
"c352
"c452
"c552
"cl62
"c262
"c362
"c462
"c562
"c662

[I\Write response/results file
Il ofstream foutr("RESULTS.OUT");

ofstream foutr(argv[2]);

if (tfoutr) {

<< €341 << endl;
<< c441 << endl;
<< c151 << endl;
<< 251 << endl;
<< 351 << endl;
<< 451 << endl;
<< ¢551 << endl;
<< c161 << endl;
<< €261 << endl;
<< €361 << endl;
<< 461 << endl;
<< 561 << endl;
<< €661 << endl;
<< ro2 << endl;

<< cl1l12 << endl;
<< c122 << endl;
<< €222 << endl;
<< c132 << endl;
<< €232 << endl;
<< €332 << endl;
<< cl1l42 << endl;
<< €242 << endl;
<< €342 << endl;
<< c442 << endl;
<< c152 << endl;
<< €252 << endl;
<< €352 << endl;
<< 452 << endl;
<< 552 << endl;
<< c162 << endl;
<< €262 << endl;
<< €362 << endl;
<< 462 << endl;
<< €562 << endl;
<< €662 << endl;

cerr << "\nError: failure creating file RESULTS"
system("PAUSE");
exit(-1);

foutr.precision(15); // 16 total digits
foutr.setf(ios::scientific);
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*/

foutr.setf(ios::right);

foutr << SQiff << endl;
foutr << sumE << endl;

foutr.close();

ofstream foute("E.txt");

if (foute) {
cerr << "\nError: failure creating file E" << end l;
system("PAUSE");
exit(-1);

}

foute.precision(15); // 16 total digits

foute.setf(ios::scientific);

foute.setf(ios::right);

foute << E11 << '\t' << E12 << '\t' << E13 << end| ;
foute << E21 << '\t' << E22 << '\t' << E23 << end| ;
foute << E31 << '\t' << E32 << '\t' << E33 << end| ;

foute.close();
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DRIVER CODE

/*

This is code written CANTILEVER PROBLEM
with one objective on Nov 5, 2008 using
cantilever_asis/cantilever_oneobj_asis.C

*/
#include  "stdafx.h"
#include  <cstdlib> /I Defines the macros traditionally defined in
the Standard C library header stdlib.h
#include  <iostream> /[Declares objects that control reading from
and writing to the standard streams.
#include  <fstream> /IDefines several classes that support
iostreams operations on sequences stored in externa [ files.

#include  <vector> //logical operators
#include  <string>  //Defines the container template class basic_string

and various supporting templatesThe string class is a container that
enables the use of strings as normal types, such as using comparison
and concatenation operations, iterators, and STL al gorithms and copying

and assigning with class allocator managed memory.
#ifdef HAVE_CONFIG_H

#include  "dakota_config.h"

#endif //HAVE_CONFIG_H

#ifdef HAVE_STD

#include  <cmath>

#else

#include  <math.h>

#endif  //HAVE_STD

using namespace std;

int main( int argc, char **argv){

system( "ansysin.exe" = );

system( "ansyscall3x3x3L1.exe" );
system( "ansyscall3x3x3L2.exe" );
system( "Isdynain.exe" );

system( "Isdynacall.exe" );

system( "fobj.exe" );
I system("PAUSE");

return 0O;

}
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