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ABSTRACT

TOPOLOGY OPTIMIZATION OF A SANDWICH STRUCTURAL
COMPONENT AGAINST HIGH IMPULSE LOADINGS

Senel, Barkin
M.S., Department of Mechanical Engineering
Supervisor : Assoc.Prof. Dr. Ozgiir Aslan

Co-Supervisor : Asst.Prof.Dr. Besim Baranoglu

June 2021, 49| pages

Sandwich structures are used in many areas today due to their lightness, economy and
durability. Application in armoured military vehicles is one of these areas. Accord-
ing to previous studies in the literature, sandwich structures provide a great advantage
over monolith structures. Today, researchers try to develop sandwich structures in
terms of material or topology optimization to further increase this advantage. Nu-
merical analysis trials applied before experimental studies, on the other hand, help
this development in terms of time and cost. In this thesis, different core geometry
types selected are modelled in the SolidWorks package program. Then, the analy-
ses were made in the ABAQUS/Explicit finite element program. Initially, analyses
were performed under fixed parameters for evaluation and comparison purposes only.
According to the results, the material parameters were determined according to the
material parameters to be used in production and the analyses continued in this way.
However, in this study, no material optimization was made, only the topology was
focused. In addition, while the geometries are modelled, it is aimed to determine the
selected geometry types in a way that will not cause problems in terms of production.
With these determined parameters and analyses, an optimum core geometry has been

proposed, which is also easy in terms of production.
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YUKSEK DARBELI YUKLEMELERE KARSI SANDVIC YAPISAL
BILESENIN TOPOLOJi OPTIMIZASYONU

Senel, Barkin
Yiiksek Lisans, Makine Miihendisligi
Tez Yoneticisi : Dog. Dr. Ozgiir Aslan

Ortak Tez Yoneticisi : Dr. Ogr. Uyesi Besim Baranoglu

Haziran 2021, 49| sayfa

Sandvig yapilar, hafif, ekonomik ve dayanikli olmasindan dolay1 giiniimiizde bir ¢cok
alanda kullanilmaktadir. Zirhli askeri araglardaki uygulamalar da bu alanlardan biridir.
Literatiirde daha dnceden yapilan ¢alismalara gore, sandvi¢ yapilar, monolit yapilara
karg1 biiyiik avantaj saglamaktadir. Giliniimiizde arastirmacilar, bu avantaj1 artirmak
icin malzeme veya topoloji optimizasyonu acisindan sandvig¢ yapilar gelistirmek i¢in
calismaktadir. Deneysel ¢calismalardan 6nce uygulanan niimerik analiz denemeleri ise
bu gelistirmeye zaman ve maliyet agisindan yardimci olmaktadir. Bu tez ¢alismasinda,
secilen farkli ¢cekirdek geometri tipleri SolidWorks paket programinda modellenmistir.
Daha sonra ise ABAQUS/ Explicit sonlu elemanlar programinda analizleri yapilmistir.
Baglangicta, sadece degerlendirme ve karsilagtirma amaciyla sabit parametreler altinda
analizler gerceklestirilmistir. Cikan sonuglara gore malzeme parametreleri, liretimde
kullanilacak malzeme parametrelerine gore belirlenip analizler yapilmistir. Fakat bu
calismada, malzeme optimizasyonu yapilmamis, sadece topolojiye odaklaniimistir.
Ayrica geometriler modellenirken, secilen geometri tiplerinin iiretim acgisindan sorun
cikarmayacak sekilde belirlenmesi amaglanmugtir. Belirlenen bu parametreler ve analiz

sonuclari ile, iiretim agisindan da kolay olmak iizere optimum bir ¢ekirdek geometrisi



Onerilmistir.

Anahtar Kelimeler: sandvi¢ yapi, darbe yiiklemeleri, sayisal analiz, optimizasyon
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CHAPTER 1

INTRODUCTION

1.1 General Overview

Today, the defence industry is becoming increasingly important due to the increas-
ing terrorist attacks and geopolitical reasons and this situation increase the need of
using more durable products. Especially, developing countries like our country need
more improvement in this area to reduce foreign dependency. Considering over truths,
Turkey must be able to plan and make its national vehicle that can be utilized under
the command of the Turkish security forces. Many programs, both by the government
and the private sector, have been implemented in recent years to ensure national se-
curity investigations (Fig.[L.I)[1]]. As a result, foreign dependency has decreased and

the rate of domestic product use in the defence industry has been also increased.

Total Cost of Defence Projects
(USD bn)
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Figure 1.1: Graph of the Number of Projects by Years

In particular, the need for locally produced armoured land vehicles is increased, and



accordingly studies and projects on this subject have gained momentum. The products
that come out of these projects have been added to the inventory in recent years and
the product variety in the inventory has also increased (Fig. [I.2)[2]. Before these
products are delivered, they are expected to be successful in various tests and meet
the general standards. One of the major expectations of armed forces vehicles is the
survival of the passengers during assaults. In order to accomplish this purpose, cars
are usually fitted with heavy steel armour. However, even if this provides protection,
it also makes the vehicle heavier. The safety of the passengers is also contingent on
the mobility of the vehicles in a hot war environment. A lighter armoured carrier can
transport personnel to the safe zone, as it can move faster than a heavier vehicle with
the same level of damage. Therefore, it is an primarily required that the vehicle is

lighter and faster, as well as providing necessary.

(a) PARS III 6x6 (b) ACV-AD (c) ACV-19

Figure 1.2: Different Armoured Vehicle Products

Sandwich structures are widely used in many engineering sectors, including auto-
motive manufacture (car, armour vehicle and plane). Sandwich panels are classified
into three types: (1) natural based of fiber (2) synthetical based of fiber, and (3) metal-
based [3]]. Because of their high stiffness-to-weight ratio, high strength-to-weight ratio
and high energy absorption potential,, the initial design geometry used in lightweight
armour construction has been proposed as sandwich structures. The framework of
a sandwich structure consists of a light, dense core sandwiched between thin, rigid
face sheets. Sandwiches have high flexural stability with a thicker and lighter core
between face sheets, and better energy absorption can be assured by sandwich struc-
tures by the use of collapsible structures as core materials. Compared to monolith
panels, sandwich panels have better strength-to-weight ratios. As a result, they can
support comparable loads with less structural material, which can lead to lower ma-

terial purchasing and transportation costs. Sandwich structures are a cost-effective
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option because their core materials are less expensive than other composite reinforce-
ment materials. Additionally, their inherent durability lowers their maintenance costs

(41051161

Previous studies have shown that sandwich structures used as base plates in this type
of armoured vehicles provide better strength than monolithic structures and recent re-
search indicates that incorporating a sandwich structure into a vehicle’s body panel by
enhancing the structure with multi-layered plates rather than a single monolith struc-
ture can decrease the overall weight of the vehicle by at least 30 % while maintaining
structural integrity and increasing the limit of ballistic of that structure [7/][8][9][10].
These studies show that the energy absorption capacity of the sandwich structure is
determined by the core geometry and the strength of the material used for this struc-
ture. A variety of micro-architectured materials have been produced in the past years
for use as the cores of sandwich structures or panels. When the important studies
on core geometry are examined [11], it is observed that the important differences in
energy absorption point observed between monolithic structures and sandwich struc-
tures as energy absorption characteristics are also found in the core geometries of
sandwich structures, and the maximum deflection values measured in plates and de-

flection character are mainly dependent on the core geometry of sandwich plates.

In this thesis, finite element analysis analysis of the sandwich structure with 4 different
core geometries with under blast loads, were performed by the finite element method
with ABAQUS / Explicit package program. Then the behaviours of core geometries
and whole structures during and after explosion were compared. Afterwards, consid-

ering the ease of production, the most suitable structure for explosion was proposed.

1.2 Literature Review

Many studies with finite element modeling in the literature say that solid plate per-
forms worse than sandwich structure with different core geometries (triangular, folded

and honeycomb)[[L1][12][13][14]

According to Hutchinson and Xue, the triangular, corrugated and square core geome-

tries, most commonly used as a sandwich structure, can withstand explosions larger
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than a monolithic plate of equal mass[7]. In this study, it is shown the square and
folded core structure performs better than the triangular core structure, although the
different thicknesses of the lower and upper plates and the exact optimizations regard-
ing the geometry are not considered. Furthermore , Dharmasena et al. analysed three
level of impulse load on the square core sandwich panel and solid plates with same
weight per unit area and although there was a front face bending and cell wall buck-
ling, and this buckling increased as the impulse increased, they proved that the back
face deflections of honeycomb sandwich panels are lower than those of solid plates of

equal mass [19].

According to studies in the literature, researchers focused on design parameters such
as the thickness of the core structure, density of core and panel thickness in sand-
wich structures[23[][24]][25][26].0n the other hand, according to Xue and Hutchinson
square honeycombs or grid shape are also useful as cores for all-metal sandwich plates
because they combine strong stiffness and strength in out-of-plane shear and in-plane

stretch with excellent crushing strength and energy absorption [20]].

Also according to Fleck and Deshpande studied that the blast resistance of sandwich
beams has been studied using a modelling technique. This technique is based on three
different phases. First stage is the fluid-structure interaction during the explosion.
During phase II cores deformed and the velocity of the bottom panel and cores bal-
anced respectively. The structure is brought to a halt by plastic twisting and stretching

in phase III [16]].

Deshpande and Fleck, also demonstrated that the strain hardening capability of the
core has minimal impact on the average through-thickness compressive strain pro-
duced within the core for ratio of core mass to face surface mass. As a result, mod-
elling the core as an ideal plastic-locking solid is sufficient and also according to them
the momentum transmitted through sandwich plates is way smaller than that transmit-

ted into a monolithic plate of the same mass [[15].



1.3 Assumptions

In these analyses, all sandwich geometries have the same material, the same boundary

conditions and the same stand of distance were determined for the comparison.

1.4 Limitations

This study has limits on weight per unit area, maximum deflection and manufactura-
bility. The geometry created should not exceed 200 kg per unit area and the maximum
deflection should be 300 mm. Another limit condition is the availability of the armour
steel material to be used in the proposed sandwich structure. Moreover, the thickness
ratio used for spot welding the upper and lower plates to the core structure is generally

three to one.

1.5 The Aim

In this study, it is aimed to minimize the damage induced to the personnel inside the
vehicle due to the absorption of blast energy thanks to the base plate and core geom-
etry of the sandwich structure at the moment of explosion of armoured vehicles. In
addition, the sandwich structure is intended to provide the required level of protection
such as STANAG 4569 [22] and AEP-55 [21]]. In this regard, the main purpose is to
analyse the geometries sent by FNSS Defence System, under constant conditions and
to determine and recommend the optimum geometry according to the results of the

analysis.



CHAPTER 2

THEORY IN 1-D

This section is devoted to provide a comprehensive perspective on the development
of the model to be created for the finite element analysis. In particular, the sandwich
structure geometry is modelled as to behave as Johnson-Cook material and ConWep
explosion models will be implemented. In general, a comprehensive literature search
was conducted. And also, the theory part necessary for the preparation of the finite el-
ement model is examined. In the first part, the theory of the behaviour of the sandwich

structure under explosion is examined.

2.1 Analytical Models for the Sandwich Structures Under Blast

According to Taylor [29], the structural reaction of sandwich systems is divided into
three stages: first is the one-dimensional fluid structure interaction problem during
the explosion case, which results in a uniform velocity being forced on the exterior
face surface; second is the phase of core crush, during which the velocities of the
panels and core equalize by momentum transfer; the third stage is the deceleration
process, which involves plastic bending and stretching to bring the beam to a halt[[16].
This calculation is used to determine the transverse displacement of chosen sandwich
panel as a function of blast loading magnitude. Over the last century, the fundamental
features of an explosion’s shock wave have been thoroughly established by a mix
of detailed large-scale tests and modeling. Cole[30] and Swisdak[31] give useful
descriptions of the key phenomena, which are briefly summarized here in support of

the current investigation.



2.1.1 Stage I: Fluid-Structure Interaction

Consider the simplistic idealization of a plane wave striking naturally and evenly on
an infinite sandwich structure. The time scale of the explosion is relatively quick for
the front face of a sandwich structures to function as a solid plate of mass per unit
area my for most realistic geometries and blast cases. In this section, Taylor’s one-
dimensional analysis is used and studied an incoming wave in a fluid with density p,,
and a steady velocity c,, moving in the direction of increasing x determined vertical
to the sandwich panel. The source point is set at the sandwich panel’s top face, and
the face’s transvestic deflection is shown as w(t) in terms of time, t. The pressure for

the initial wave can then be calculated as follows:

pi(x, 1) = poe” 7N 2.1)

where 6 is time constant. Using the standard definition of an exponentially shaped
blast wave with a constant value of time ¢. The peak pressure p, is usually in the region
of 10-100 MPa, far above the sandwich plate’s static failure stress. The reflected wave

would seen if the front face were static and fixed in emptiness.

pr(x, 1) = p,e 7/l (2.2)

This term refers to the reflection of the wave moving in the x direction. However, the
front face not fixed, it is increases the pace a static body with a mass per unit area(m)
and moves with a w(t). As a result, the flow affecting the front face has a common

velocity w(t) and reduction wave p,,.

Dr(x, 1) = —pycyW (t + i) (2.3)

w

is emitted from the top face. As a result, the total pressure p(x, ¢) caused by reached

and reflected waves is

. . X
p(x,1) = p1 + pyy + pr = pole” W 4 gm0 _ g e W (t + —) (2.4)

w



By applying initial conditions such as w = 0, a simpler net pressure equation can be
obtained. Additionally giving the governing ordinary differential equation for panel

move to the front face of sandwich structure as

mw + p,cW = 2poe”? (2.5)

Taylor also demonstrated the dynamic response applied by structural support limits
to the front face by adding the kw term to the Equation [2.5] And also, according to
Taylor, I is the highest achievable impulse provided by

I= f 2poe?dt = 2py0 (2.6)
0

But in the case of a stationary static front face is this maximal impulse realized.

In conclusion, the stage I of the analysis consists of the incoming (and reflected) first
shock wave accelerating the front face to a velocity vy. During this first step, the
sandwich beam’s core and back face stay constant. The acquired velocity of a front
face with an impulse of magnitude 10° Nsm™2 in air is approximately v, is equal
13m/s for the air blast, if the thickness of metal is equal to 10 mm. Also, the first

stage can be neglected depending on the core thickness used in sandwich structure.

2.1.2 Stage II: Cores Crush

The core geometry is expected to be compressed by the advancing exterior face panel
during the phase II of the motion, and as a result, the exterior face panel is slowed
down by the core geometry while the core and the back face of the sandwich struc-
ture are step up. For the sake of clarity, assume a one-dimensional slice through the
thickness of the sandwich structure and ignore the momentum decrease caused by the
impulse given by the supports. The reason for this calculation is that the time span
of this step is much shorter than the average structural reaction time of the structure.
And also,the sandwich structure’s ensuing retardation is caused by plastic bending
and expanding in next phase of the move. The core geometry is regarded as a hard,

typically plastically crushable solid with a nominal crush strength o, up to a nominal

8



densification strain €p. It is claimed that the core is durable after densification has

occurred.

At the end of this section, the core compression strain €. and the common velocity v,
at the surface and the core are used to evaluate. These values €. and v, are sufficient to
calculate the deviation in the next stage. Moreover, in order to obtain extra informa-
tion on the core crush phase, such as the period for core crush 7., a one-dimensional

plastic shock wave analysis is needed.

This is how the conservation of momentum in the second stage is determined

2mys + pec)vy = mpvy 2.7)

In addition, compression strain €. can also be written as

. 4
e =207 p (2.8)

A

2p0+2

where p=p.c/my. The impulse given by the support reactions during the core com-
pression process is ignored in the Stage II study. This theory fails as short structures

are exposed to massive impulses.

This approach supposes that the core compresses evenly through its thickness under
continuous tension. In fact, the core can compress randomly as a result of buckling
of elements within the core and inertial effects. To determine the progress of strain
within the core, a plastic shock wave analysis can be fulfilled. Suppose that following
the effect of the front face layer on the core, a plastic shock wave of velocity c,,
travels into the core and after a time ¢, the shock wave has moved by a distance X.
The velocity v, of the shock wave, the undeformed core, and the rear face of the
sandwich beam, while downstream of the shock wave, the core has compressed to
the densification strain €, and shares the velocity v; with the front face. Shock wave

transmission behaviour can be estimated.

From conservation of momentum such as;



[my + pc(c = X)v, + [mf + pXvy = mypvy (2.9)

And conservation of energy

1 1 1
Emfv% = E[mf + p.(c — X)]vi + E[mf +ch]vf, + o, vepX (2.10)

Moreover front face panel displaces by

Sy=vo—t— 2 @.11)
2mf

And the rear face panel displaces by

5. = —X¢ (2.12)

Also we can write the non-dimensional core compression time which is 7, in terms

of non-dimensional impulse / move to structure as below

T. = = E[i— 2 - 4] (2.13)

According to Qiu et al’s finite element calculations, the additional mechanism is ten-
sile stretching of the exterior face near the supports, as well as extra crushing of the

core under rapidly rising stress[17].

2.1.3 Stage III: Dynamic Structural Response of Sandwich Structure

The core, top and bottom panel of sandwich structures have a constant velocity v, at
the end of stage II as mentioned above. The last stage of sandwich reaction consists
of dissipating the kinetic energy gained by the structures between phase I and II by
a combination of beam bending and spreading. The structure is assumed to have a
length 2L, mass per unit length m, and an initial velocity v,. Especially, Jones [27]

has studied large deflection solution for large vy and Symmonds has studied small
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deflection [28]. The beam’s active plastic straining is caused by a combination of
plastic bending and stretching, with shear yielding being ignored. Outcome longitu-
dinal force N, and the bending moment M, have been described for the structure. In
the dynamic analysis, it is assumed that displacements occur only in a direction trans-
verse to the original axis of the beam and thus stretching is a result of only transverse

displacements.

The move of the structure can be divided into two stages, as in Symmonds’ small
deflection research. The central part of the beam moves at the original velocity v in
step I, while parts of length ¢ at either end rotate around the supports. As a result,
time intervals of curvature exist only at the ends of the rotating sectors, while axial
straining occurs over the entire length of the rotating sectors. The displacement of the

mid-point w; can be written like this

M. mL* N,
wlzvalz—O 4+—f2—2
No 3IM,

(2.14)

At the next stage, the moment varies from —M,, at the beam end to +M,, in the middle

of the length. The midspan of the structure’s maximum deflection is

Vi (2M, 2 oM,
W= \/—f+(—0+w1) _ =0 (2.15)

Also, the maximum deflection of back and top panel of sandwich structure at the

midspan can be shown non-dimensionally as

f )
_ W 81 {zag

=—=—= 1 -1 2.16
W L 2 * 3&1@2 ( )

and

o=w+c 2.17)

respectively. The deflection of the sandwich structure’s interior face is owing only to
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third phase of the deformation cycle, while the deflection of the exterior face is the
total amount of the deflections in stage III and the deflection due to core compression

in second phase. The tensile strain €, in the panel is written as

€, = l(Y) (2.18)

By adjusting this strain ¢, to equal the tensile ductility €, of the face sheet steel,
an expression for the absolute non-dimensional impulse /. that the sandwich structure

can withstand with no tensile failure of the face sheets is achieved and sum of Equation

and Equation gives

2

_ 2 +/2€

P BT | g (2.19)
¢ 8a3 (0%)

The above equations include the first, second and third phase of the reaction of the
sandwich structures at the time of explosion and this equations also gives the deflec-
tion, response time, core compression, maximum tensile strain and blast impulse in
the sandwich structure. Otherwise, core compression is set at the condensation limit
ep at higher pulses and w is known to scale roughly linearly with 1. At low impulses,
the structural reaction time rises linearly with 7, but at high impulses, the structure

acts like a strained plastic string, and T is almost independent of the magnitude of 1.

2.1.4 Optimal Geometry Against Air Impulses

The only design parameter for sandwich structure is defined as H/L parameter, where
H is core thickness and L is half of plate length. In the case of an optimally designed
sandwich structure the core contains about one third of the plate’s mass for air blasts.
Also, the compression strain €., is variated over the considered range but it is generally
less than 20%. Moreover, for optimal structures, if the D,,;, which is maximum al-
lowed deflection, is equal to 0.25, sandwich structures outperform more efficient than
solid plate in an air blast. And again, if D,,;, > 0.3, the profit of sandwich plate over

the solid plate is stretching has an advantage on energy distribution. These patterns

12



match those obtained from a three-dimensional finite element analysis with a limited

set of parameters.
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CHAPTER 3

3D- FINITE ELEMENT MODEL

In this section, the details of the 3D finite element model and analysis are explained to
compare in terms of plastic equivalent strain, von Mises stress and displacement.The
core geometry, material model and parameters and boundary conditions used are dis-
cussed in detail in this section. For the analysis ABAQUS/ Explicit is used as the finite

element software and the results are demonstrate by using its visualization tools..

3.1 Geometry

The geometries required to build the model are selected depending on the initial 1D
analysis, and the core geometries were determined accordingly. For the analysis to
be made, four core geometries are selected at the beginning, the final core types are
determined and a geometry is proposed as final design. These selected geometries are
triangular core structure, hourglass core structure, honeycomb core structure and grid

core structure.

The selected geometry types are drawn in the SolidWorks CAD program. The length
of the drawn pieces is determined as 1840 mm with a width of 600 mm. The heights
and sheet thicknesses of the geometries are adjusted according to the equal weight of

each geometry per unit surface.

For the triangular core geometry, the height is taken 75.21 mm and the sheet material
thickness is 2.92 mm (Fig. [3.1)). For the hourglass core geometry, the height is deter-
mined as 73.87 mm and the thickness of the sheet material is determined as 1.97 mm.

(Fig. [3.2). For honeycomb and grid core geometry, the material height and the sheet

14



thickness are defined as 70 mm and 1 mm, respectively (Fig[3.3]and Fig. [3.4).

Figure 3.1: Triangular Core Geometry

Figure 3.2: Hourglass Core Geometry

The weight per unit surface area of the created geometries are equalized so that an
accurate comparison can be provided. An equal volume is obtained by adjusting the
thickness of the bottom, top plate and core of the sandwich structures drawn. In this
way, the weight per unit surface of the geometries with equal surface area is equalized.

These values are shown in the table 4.1l
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Figure 3.3: Honeycomb Core Geometry

Figure 3.4: Grid Core Geometry

Table 3.1: Mass, Volume and Ratio Table of Created Geometries

76
76
76
76

84
84
84
84

2) | Mass (kg) | Mass/Area(kg/m?)

Surface A.(m

1.104
1.104
1.104
1.104

)

Volume (m
0.010721737

0.010721869

0.010721293

0.010721792

Geometry

Triangular Core

Hourglass Core

Honeycomb Core

Grid Core

2 candidate geometries are

2

After the analysis made with 4 different core geometries
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chosen depending on their performance. These core geometry types, determined on
basis of the first analysis results, are created in the test panel dimensions as 405 mm
x 405 mm. Again, in these geometries, the weight per unit surface area is equalized
and the analysis are performed in the same way. In addition, in the 2 selected ge-
ometries, the bottom and top panel sheet thicknesses are taken as 3 mm and the sheet
thickness of the core structure is defined as 1 mm. In order to facilitate spot welding

of geometries for production.

After the final analysis, the necessary topology optimization is made on the suitable

core type and a final geometry is proposed.

After the geometries are created and scaled, after the material model is selected.

3.2 ConWep Blast Model

The gaseous components of explosives detonated in air quickly compress the air and
move the air at a speed close to the initial velocity of the explosive. After the explo-
sion, a shock wave with discontinuities in pressure, temperature and velocity occurs
with the expansion of the gases released. The shock wave consists of highly com-
pressed air particles that exert pressure on all surfaces they come into contact with as
it passes through the air. After the explosion, The pressure at a fixed point in space
decays exponentially over time. The time period of an ideal blast wave pressure pulse
is normally calculated in fractions of milliseconds. The air blast charge intensity at a
point depends on the explosive material used, its mass (m), and the distance between
the explosion point and the target point (r). The maximum pressure (P) of an explosive

in a free space can be calculated by

P= K[g] 3.1)

and where K is the explosive material constant.

The wave distribution emanating from the source may not always be linear (Fig. [3.5).
Moreover, the resulting blast loads for a weak shock are doubled when the shock wave

is reflected. But, reflection coeflicients of 8 have been recorded for strong shocks
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under ideal gas conditions, and up to 20 when real gas effects such as dissociation and

ionization of air molecules are taken into account.

Spherical Wave Distribution Direct Wave Distribution

Source of Point

Figure 3.5: Different Wave Distribution Shapes

ConWep (COnventional WEaPons), a blast simulation code developed in 1997 by the
US Army Corps of Engineers, was used to estimate the pressure and impulse loads
applied to the surface of the test structures examined here [32][33]. The load blast is
defined in this case by the ConWep function, which replaces wave propagation with
a pressure function. The main feature of the ConWep model is that the pressure is
applied to each element separately in a finite element model. Equivalent pressure

value created with the developed ConWep model can be written as

P(t) = P,pcos” 0 + Py, (1 + cos § — 2 cos 6) (3.2)

where 6 is the incidence angle of wave. Also, P,.r and P;, are pressure value of the

reflected pressure wave, the value of the incident pressure wave, respectively.

It can also be said that the ConWep method is based on the application of a rela-
tion whose load curve is known to the structure. Using the Friedlander relation, the

following equation can be written.

(3.3)

-7, “Ax(@t-T,
P(t):Pmax[l_ TO ]exp[ XY(Z )]

Where P,,,, 1s maximum pressure, Ty and 7, are the time that the pressure is positive
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and the time the pressure reaches to the target, respectively. Also, A is the unitless
waveform number connected to P,,,, it represents the coefficient that can take dif-
ferent values for different blasts. These parameters are derived from Kingery and
Bulmash calculations [34]]. Using the maximum pressure, thrust and time values, the
unitless A coefficient is found. Then, using Friedlander equation, blast pressure values

in different time periods are derived.

3.3 Johnson-Cook Material Model

In 1983, G. R. Johnson and W. H. Cook developed a material model, which is named
Johnson-Cook material model, with their work [35]]. The Johnson-Cook model is a
multiplier rule. It’s a strain-dependent, temperature-dependent viscoplastic model that
works well with high strain rates. This model generally uses for under dynamic impact
and the materials are affected high strain rates, large strain and high temperature. This

model basically constitutes two behaving, which are plasticity and damage.

3.3.1 Johnson-Cook Plasticity Model

Johnson-Cook plasticity is an isotropic hardening model in which the static yield

stress is thought to be of the following form.

o = [A + B(Epl)"] (1 - 9'") (3.4)

where 0¥ is flow stress, €”' is plastic strain, and c is a thermal softening coefficient.
Moreover, A,B and n is a define material parameter and yield stress of material, hard-
ening modulus and hardening exponent, respectively. Also 6" is defined as a non-

dimensional temperature and is determined as

0, for 6 < Osransition

0 = (9 - Htransilion)/(emelt - gtransition)a for Htransition < 0 < Hmelt

1, for 0 > 6,,.;;
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where 6 is the room temperature, 6,,.;; is melting temperature and 6,,4,iri0n 1S the tran-
sition temperature defined as the temperature at or below which the yield stress is

unaffected by temperature.

When 6 > 0,,.;;, the material will not behave like a solid, and there will not be shear
resistance because 0°=0. For most materials, the (6 — O, ansition)/ Omeir — Osransition)s

condition is generally used for blast analysis.

For Johnson-Cook material model, strain rate dependence assumes that

7 = '@ O)R (é"’) 3.5)

and

. 1
2 _ el [E(R _ 1)] for 3o, (3.6)

Where € is the yield stress at non-zero strain rate and €&, C are the material parameters
measured below the transition temperature. So, the yield stress is expressed include

rate dependency as

=pl

1+C ln(e_—)] (1-67) 3.7)

o0 = [A + B(E”l)”] p
0

In this equation the values A, B, n, m, 6,,4,5irion, Omerr and for rate dependence, C
and &, should be defined in the material model [35]].

3.3.2 Johnson-Cook Damage Model

A dynamic failure model is provided by the Johnson-Cook material model, which is
only suitable for metals with a high strain rate of deformation. The Johnson-Cook
dynamic damage model is based on the equivalent plastic strain at integration points
of elements and damage is assumed when the damage parameter surpasses 1. This

damage parameter, w, can be written as
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—pl
= [A_%] (3.8)

€r

whereA€” is amount of increase of the equivalent plastic strain and E?l is the strain at

failure [?]. The summation of the equation is applied to all of the analysis’ increments.

_p[
€
a dimensionless pressure-deviatoric stress ratio p/g where p is the stress of pressure

. . . . . =pl .
is thought to be based on the rate of non-dimensional plastic strain rate, e /&, and

and q is the von Mises stress. Also, non-dimensional temperature, 0 is defined in the

Johnson-Cook damage model. So, the general equation can be combined as

~pl
1+ dyln [6—) (1 + dsb) (3.9)

d] + dzexp (d3§)

—pl
6? =
€0

where d,,d,, ds, d4, ds 1s material failure parameters and when defining the equation,

of Johnson-Cook damage model, it is necessary to ensure these values.

The application of the Johnson-Cook dynamic damage model requires the use of
Johnson-Cook plasticity, but generally does not require the Johnson-Cook strain rate
dependency. Only if the Johnson-Cook strain rate dependency is established, the rate-

dependent term in the Johnson-Cook dynamic damage criterion is included.

Initially, only a single material is assign to the complete geometry for the numerical
analysis . High strength armour steel, which are widely used in the defence industry,
is selected as the material. QP1180 ultra-high strength steel,is used as the reference
material. Also, Johnson-Cook material model is adopted as the material model. The
material parameters for QP1180 are provided by FNSS Defence System. The material
densities are taken as 7.85 x 10~ tonne/mm?>. Also, the young modulus and poisson’s
ratio is 210000 MPa and 0.3, respectively. Johnson-Cook plasticity parameters of this
material are provided in Table [3.2]

Table 3.2: QP1180 High Strength Steel Johnson-Cook Material Plasticity Parameters

A (Mpa) | B (MPa) n m| C |é&s™h
977.5 1191 0.5141 | 0 | 0.003 | 0.001
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As mentioned before, after the analysis made with the initial geometries, two ge-
ometries are selected. According to materials supplied from FNSS defence indus-
try, S7T00MC steel is used for 3 mm sheet plate and TRIP1180 steel for 1 mm steel.
Johnson-Cook plasticity parameters of these selected materials are presented for S7T00MC

steel in Table [3.3]and TRIP1180 steel in Table 3.4

Table 3.3: S7T00MC High Strength Steel Johnson-Cook Material Plasticity Parameters

A (MPa) | B (MPa) n m T, | T.| C |e&s™h
730.24 | 2464.49 | 1.1244 | 1.2895 | 1200 | 20 | 0.003 | 0.001

Table 3.4: TRIP1180 High Strength Steel Johnson-Cook Material Plasticity Parame-
ters

A (Mpa) | B (MPa) n m T, |T,| C |é&s™h
761.94 112.89 | 0.2597 | 2.109 | 1200 | 20 | 0.003 | 0.001

3.4 Load and Interaction

In this section, determination of bursting force load and distance, defining boundary
conditions and other settings related to the boundary conditions of the analysis will

be presented.

In this study, all the finite element analysis are dynamic explicit analyses. Very
small time increments are used in this method for the efficient and an explicit central-

difference time integration rule is adopted. The step time period is 0.003 seconds.

In the blast simulation using the ConWep method described in the previous sections, 1
kg TNT is determined as the explosion mass for the first geometries used. Then, Con-
Wep analyses are carried out using 1 and 3 kg TNT for the two selected geometries

and a final core geometry is proposed.
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ﬂ Back Face

CORE

e

I Front Face I

300 mm

Figure 3.6: Explosion Schematic Example and Boundary Conditions Used in Refer-
ence Geometries

In the analysis, the stand of distance is taken as 300 mm to the sandwich structure as
shown in the figure (Figure in all geometries and simulations. This distance has
been determined according to the standards. The reference point set 300 mm away
from the front surface of the sandwich structure is defined by the ConWep method
ABAQUS / Explicit. The system is analysed by calculating the effects of the blast
on the reference point on the structure. In addition, detonation time is set as 0.0001

seconds for all analyses performed in this study.

In the definition of the boundary conditions, the short edges are kept as fixed as shown
in the figure (Figure[3.7). This definition of boundary conditions is made only for the
lower and upper panels and the core geometry is left free to observe the motion at the

moment of explosion.

For analysis made with two selected geometries and the geometry to be proposed,
the boundary condition on the four edges of the lower and upper panel is defined as
fixed/encastre thus the effect of displacement and rotation in 3 axes is zero. Again in

this condition, no boundary condition is defined for the core geometry.
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Figure 3.7: Example of Boundry Conditions Used in Reference Geometries

In addition, all the analysis are performed with the parallelization option of the ABAQUS

solver by utilizing 40 cores for each analysis.

3.5 Mesh

This section presents the mesh structure in the created finite element model. Explicit
element library is used when meshing all geometries and also linear elements are

selected as the geometric order.

In all analyses, mesh is made by using hexagonal elements. However, in elements
with complex geometries, a triangular element type is used to mesh more easily. The
element types used are named as C3D8R and C3D4 in the ABAQUS software. Also
reduced integration is used. The locking phenomena reported in the C3D8 element
are not visible due to the reduced integration. The C3D8R element’s integration point
is positioned in the centre of the element, since it is a reduced type. To capture a stress

concentration at a structure’s boundary, smaller elements are required.
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Figure 3.8: Total Element Number vs Max. Stress at the End Of Analysis Graph

Table 3.5: Total Element Number and Computational Time Comparison

Element Lenght (mm) | Total Element Number | Computational Time (s)
5.5 260074 762
5 323640 879
3.5 612009 2300
2 1435800 2760

Before meshing the geometries, mesh sensitivity analysis is performed for a single
geometry. Geometries are meshed with different mesh resolutions. Then, the total
number of elements - the maximum stress at final time plot is evaluated (Figure 3.8).
With this graph drawn, the actual time elapsed during the analysis is calculated (Table

3.3)), and the optimal element size to be applied is found when meshing.

Considering the analysis results, there is a difference between the 5.5 mm and 5 mm
element lengths according to the calculated stress values. However, below 5 mm ele-
ment length, the stress value converges into a acceptable range. Also, when the total
time is taken into account, there is approximately 2.5 times the difference according to
the closest value and 3 times the difference according to the fine mesh. Considering
this time difference, 5 mm was chosen as the ideal element size and adopted to all

geometries.

25



The total number of elements formed after mesh parameters is shown in Table

, such as honeycomb core geometry,

1n some geometries

The total number of elements

te high due to the dense core structure Parallel to this, the analysis time has also

is qui

been prolonged.

1€S

Total Element Number of All Reference Geometri

Table 3.6

Total Element Number

173040
323640
2783106

324093

Core Geometry

Triangular Core Geometry

Hourglass Core Geometry

Honeycomb Core Geometry

Grid Core Geometry

Mesh details of triangular core geometries (Fig. [3.9), hourglass core geometries (Fig.

(Fig. B.12)

[3.10), honeycomb core geometries (Fig. [3.11)) and grid core geometries

are shown below.

lar Core Geometry

iangu

Mesh Detail of Tr

Figure 3.9
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Figure 3.12: Mesh Detail of Grid Core Geometry

After the mesh created in the ABAQUS/Explicit software, the geometries were anal-
ysed. Afterwards, the results of the geometries were examined in the visualization
tool of ABAQUS and comparisons with the desired parameters are made in the next

section.
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CHAPTER 4

NUMERICAL RESULTS OF FINITE ELEMENT
SIMULATIONS

The previous section was about comprehensive explanations of generating geometry,
ConWep method, material models and mesh standards. In this section, we present
the numerical simulations to show the analysis of the generated 3-D models. Also,
necessary optimizations are made and a new core geometry is proposed according to

the numerical results.

9 node points selected from the region where the deformations are most intense are
taken as a 3x3 system and the evaluations are made by taking the average of the values
shown by these nodal points. The results obtained after the analysis of the geometries
created by equalizing the amount of mass per unit surface area and the analysis with
constant material parameters gave us the opportunity to compare the Von Mises stress,

equivalent plastic strain and deformation.

First of all, the results obtained by comparing the equivalent plastic strain, Von Mises
stress and displacement results of the models created with equal reference values gives
an idea about the energy absorption and deformation properties of the reference ge-
ometries against blast loads. Then, according to these values, analyses will be contin-

ued over two core geometries.

The deformation maps of the models used as the reference core geometry, as well as

the plastic equivalent strain, von Mises stress and displacement results from the node

set regions are shown below (Fig. Fig. Fig. Fig. @4.4).
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U, Magnitude
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+3.375e+00
+0.000e+00

Node Set ' §
Figure 4.1: Deformed State of Triangular Core Geometry and Selected Node Set

Region

Figure 4.2: Deformed State of Hourglass Core Geometry and Selected Node Set Re-
gion

U, Magritude

+0.000e+00

Node Set
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U, Magritude
+3.580e+01

+0.000e +00

Node Set

Figure 4.3: Deformed State of Honeycomb Core Geometry and Selected Node Set
Region

U, Magnitude
+2.657e+01
+2.436e+01
+2.215¢+01
+1.993e+01
+1.772e+01

+0.000e+00

Node Set

Figure 4.4: Deformed State of Grid Core Geometry and Selected Node Set Region

By averaging the values taken from the selected nodal regions, the values are calcu-
lated and the four core geometries are compared with each other in this way. The plots

created with these values are shown in Fig. 5] Fig. {.6|and Fig. 4.7
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Figure 4.7: Graph of Normalized Displacement Comparison of 4 Different Models
Created

The first observation we have made for results of the analysis is that the triangular
core, hourglass core, the honeycomb and the grid core structures exhibit two differ-
ent characteristics. The energy absorption capacity of the triangular core and hour-
glass core structures, which is topologically more prone to buckling, is higher than
the honeycomb and the grid structures, but due to the magnitude of the deformation
that occurred during explosion, the values of the relative displacements are measured

higher.

In addition, when the current fixed boundary conditions and strain values are com-
pared, the honeycomb and the grid core geometries are observed quite stiff the von
Mises stress distributions scatter from the focal point to the edges and the maximum
strain value occurs in the region where the boundary conditions are defined, not at the
maximum displacement point. As shown in the Figure [4.3|and 4.4 while this situation
does not create a problem when comparing the performance of the geometries within
itself, it will not provide realistic data in terms of predicting the general protective

performance of the mine kit to be designed.
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In accordance with the previous analysis, honeycomb and grid core structures, which
are mechanically more resistant to buckling and bending, have lower energy absorp-
tion capacity than other geometries, besides the deformation remains mostly in the
elastic regime and the displacement values are low. When these two different geome-
tries are compared among themselves, hourglass core and grid core, which is cheaper
and easier to manufacture compared to the honeycomb core, are selected as candidate
geometries and it is concluded that they should form the basis for further analysis to

be carried out.

Selected core geometries are plotted in mine test kit dimensions, as previously men-
tioned, measuring 405 mm x 405 mm. In addition, in order to equalize the areal
density, the spacing of the grid geometry are increased and the height of both geome-
tries has been adjusted to 74 mm. For the convenience of manufacturing the thickness
of the upper and lower panels taken as 3 mm and the sheet thickness of the core ge-
ometry is 1 mm. Because the ratio used in spot welding is generally three to one.

Hourglass core geometry and grid core geometry are shown in Figure .8 and Figure

Figure 4.8: Modified Hourglass Core Geometry
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Figure 4.9: Modified Grid Core Geometry

The mass/area ratios of the created geometries are again equalized (Table [4.1)) and

analyses are performed for the same boundary conditions. In addition, the material

used is assigned as STO0MC for the lower and upper panels, TRIP1180 for the core

geometry, as it is stated in the previous sections, and the Johnson-Cook material model

is selected for the material response.

Table 4.1: Mass, Volume and Ratio Table of Created Geometries

Geometry Volume (m®) | Surface A.(m?) | Mass (kg) | Mass/Surface A.(kg/m?)
Hourglass Core | 0.0142698 0.164025 11.2 68.29
Grid Core 0.0138697 0.164025 10.9 66.45

In addition, the TNT mass used for the explosion in these analyses is set as 1 kg and 3

kg.The stand of distance is also set to 300 mm. The mesh structure used is determined

to be the same as the reference analyses.

After the analysis, the average of the 9 nodal values taken from the 3x3 system deter-

mined from the selected regions is taken and the von Mises stress, equivalent plastic

strain and displacement values of the geometries are compared. In addition, von Mises
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stress and equivalent plastic strain values in the core are found for the hourglass core
geometry. The total analysis time and detonation time are not changed, and they are

kept constant as 0.003 seconds and 0.0001 seconds used in the reference analyses.

For hourglass geometry deformation maps with 1 kg TNT and selected node set re-
gions after the analysis are shown in Figure [4.10] and with 3 kg TNT and selected
node set region are shown in Figure d.T1] Figure .12 shows the deformation images
formed by 1 kg TNT explosion and the selected node set region, and Figure {.13]
shows the deformed state maps and node set region formed by 3 kg TNT explosion
for grid geometry. In addition, the node set region selected from the core structure in
hourglass geometry and the node set region selected from the core structure in grid

geometry are shown in Figure [4.14]
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Figure 4.10: Deformed State of Hourglass Core Geometry with 1 kg TNT and Se-
lected Node Set Region
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Figure 4.13: Deformed State of Grid Core Geometry with 3 kg TNT and Selected

Node Set Region
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The plots created by averaging the values taken from the regions shown in the figures
allow us to compare the core geometries among each other. The graphs of von Mises
stress, plastic equivalent strain and displacement for the blast load 1 kg and 3 kg TNT
and for reference material (QP1180) and materials to be used in production (S700MC,
TRIP1180) separately.
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When the strain values under fixed boundary conditions are compared, since the grid
core geometry is still quite stiff, the maximum von-Mises stress is observed at the
edges rather than focal point, and the maximum strain value for 1 Kg and 3 Kg TNT
explosion occurs in the region where the boundary conditions are defined. Figure
[4.18| shows that equivalent plastic strain values approximately same which is 15%.
Although, for hourglass core geometry, this value is observed at maximum displace-
ment region, these values is observed at edge region for grid core geometry. This
situation increases the possibility of failure at the connection points inside the vehicle
in the grid core sandwich structure. Figure 4.20] shows us that there is a difference
between the displacement values of the grid and hourglass core geometries. While
the hourglass core structure was displaced by about 100 mm, the grid core structure

was displaced by about 40 mm under 3 Kg TNT blast loads.

Although the equivalent plastic strain values in 1 Kg and 3 Kg TNT explosion are
close in both geometries, the highest maximum displacement point is observed in the
hourglass core geometry. This shows that the core structure performance is more de-
sirable during the explosion. In addition, the values shown in Figure #.21] Figure#.22]
Figure [4.23] and Figure 4.24] show that the core geometry of the hourglass structure
absorbs more energy. For example, it is observed 7% equivalent plastic strain values
for grid core geometry, but hourglass core geometry has 20% equivalent plastic strain
values in core geometry under 3 Kg TNT blast loads. According to Figured.24] von
Mises stress values reaches approximately same values, which is 900 MPa, but for
hourglass core geometry, stress value stabilizes more quickly under 3 Kg TNT blast

load.

Figure {.21| and Figure [4.23| show that the strain values of the hourglass structure are
lower than the grid structure and the hourglass core structure undergoes more severe
plastic deformation than the grid core structure. Grid core structure mainly deforms
elastically. This shows that the energy transmitted from the source is absorbed within
the core geometry for the hourglass structure. In the grid structure, the energy is less
damped and transmitted to the upper plate. This is caused by the hourglass structure

being topologically more prone to buckling.
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CHAPTER 5

CONCLUSION AND DISCUSSION

In this thesis, as mentioned in the literature [7], sandwich structures, which are more
advantageous in terms of energy absorption than monolith structures, and the be-
haviour of different core geometries against high impulse loading were investigated.
Structures such as honeycomb geometry, which are widely used in the literature, were
selected for reference analysis, and different core geometry types were also prepared
for reference analysis. The optimum geometry was determined in the final analyses
made with the selected geometries after the reference analysis. The hourglass core
structure and the grid core structure used in the final analyses basically showed two
different characteristics. During the study, convenience was taken into account in
terms of production, rather than just a topology optimization. In addition, material
optimization was not aimed, all analyses were made with fixed parameters. Desir-
able geometry was determined by considering ease of fabrication, von Mises stress
and plastic strain values. It is determined that the hourglass core geometry is more
effective than the grid core geometry. The displacement values obtained as a result of
the analyses are within the desired limits. In addition, while creating the geometry,
the mass/surface area ratio was kept within the limits. While reaching this result, the
high energy absorption value of the hourglass core structure and the stiffer behaviour
of the grid core structure were found to be the most important factors. It is observed
that the shock wave transmitted from the source to the structure is more absorbed by

more buckling core structure.

In the light of this information, further research can be conducted in order to inves-
tigate the performance of the mine-kit mounted a real armoured vehicle. Using the

distribution of real armoured vehicle weights and the effect of gravity when defin-
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ing boundary conditions will provide clearer results on the numerical analysis side
and will provide realistic data for predicting the overall protective performance of the
mine kit. In addition, further optimization can be made in the core structure geometry

to increase the energy dissipation.
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