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Abstract

In recent years, explosive loads have received considerable attention from differ-
ent events, accidentally or intentionally, over many structures around the world.
The growing intensity of wars and terrorist attacks and the complexity of tech-
nological advancement to improve quality of life, also provide the need for a more
detailed interpretation of the interaction of blast loads caused by explosives on
structures. In addition, the risk of lives and property subjected to explosive
loads, is also of great concern.

These issues have motivated researchers to extensively study the effect of
blast loads on structures experimentally, analytically and numerically, for the
past several decades in order to understand their effects. Two forms of loading
conditions on structures have been studied, namely local and uniformly distrib-
uted loads. As regards localised loading on structures which is the focus of this
research, Nurick and Radford [2] experimentally studied localised blast loads on
circular plates by using small cylinder (CY) explosive charges in order to inves-
tigate the total deformation, burn diameter, inflection diameter, cap diameter
and grain elongation of the plates. Charge diameters measuring 18mm, 25mm,
33mm and 40mm were centrally placed on top of a 12mm polystyrene foam pad
in order to create a stand-off between the explosive and plate. The diameter of
the loaded area and thickness of the plates are 100mm and 1.6mm respectively.
The results range from Mode I (large inelastic deformation) to Mode II (capping
at the central area).

Previous attempts to predict the effect of blast loading on structures have
been carried out by many researchers using rectangular, triangular and other
related loading conditions defined within a specified area on the plate’s top sur-
face. Although these previous attempts predicted the deformation reasonably
well however, these conventional methods only consider the resulting blast load
on the structure and not the shape and detonation point of the explosive charge.
In order to take account of the shape (geometry) and material behaviour of the
explosive charge on interaction with structures, Grobbelaar and Nurick [4] nu-
merically modelled the experiments reported by Nurick and Radford [2]. The
explosive pressure was modelled using the Jones-Wilkins-Lee (JWL) equation of
state incorporated in the ABAQUS/Explicit 5.8 code. The spacial distribution
of the explosive detonation products and their interaction with the plate were
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investigated in order to understand the behaviour of the explosive. The central
or midpoint deformation and profiles of the plate were investigated and com-
pared reasonably well with those of the experiments as reported in Grobbelaar
and Nurick [4].

However, these studies carried out by Nurick and Radford [2] and Grobbelaar
and Nurick [4] and many other previous researchers focused on cylinder and
sheet explosives and not other shapes of explosives. The effect of other shapes
of explosives on interaction with a structure having the same masses have not
been reported in the literature. The quest for a much wider understanding of
the effect of other shapes of explosive on interaction with structures, forms the
main objective of this current research. This current work is an extension of the
research carried out by Nurick and Radford [2] and later numerically investigated
by Grobbelaar and Nurick [4]. It is a three-part research in that it considers
the influence of shapes of explosive on structures experimentally, theoretically
and numerically. Cylinder explosives (CY), Truncated Cone explosive (TC) and
Inverted Truncated cone (ITC) explosives are specifically investigated in this
research.

A total of 33 experiments are carried out for the three different shapes of
explosives, of varying masses detonated centrally above the test plates. The
maximum diameters of the CY explosives are 18mm, 25mm and 33mm. For
the TC and ITC explosives, the minimum diameters are 12.6mm, 17.5mm and
23.1mm with corresponding maximum diameters of 18mm, 25mm and 33mm.
Also, the heights of the explosives range from 2.1mm to 14.7mm. A loaded area
of diameter 100mm on the test plate is formed by two clamp plates measuring
200mm by 200mm, with central holes of diameter 100mm and thickness 20mm.
Results of the central deformation range from Mode I (large inelastic deforma-
tion) to Mode Ilc (capping at the central area) with the impulses ranging from
6.10Ns to 14.89Ns.

The mechanism of expansion of the detonation products based on the shape
of the explosives is analytically and numerically investigated. In order to predict
the various shock-wave profiles of the various shapes of explosives, it is assumed
that the detonation front is circular and at the Chapman-Jouget (C-J) state (
where the pressure and velocity remain unchanged during the process of det-
onation). A close correlation between the analytical and numerical predicted
shock-wave profile is reported in this work. The numerical predictions of the
plate deformation, are carried out using the ABAQUS/Explicit 6.4 and AUTO-
DYN 6.0 hydrocodes. Non-linear geometric and material effects are considered
in the numerical simulations for the plates using the Johnson-Cook constitutive
equation. The explosive behaviour and loading on the structure is modelled
using the Jones-Wilkins-Lee (JWL) equation of state. The explosive elements
are modelled with Arbitrary-Lagrangian-Eulerian (ALE) mesh while those of the
plates are modelled using Lagrangian mesh. Mesh sensitivity tests are carried out
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for the explosive and plate in order to find a reasonble mesh size to predict the
experiment. It is found that an initial mesh size of 0.4mm by 0.4mm and 0.4mm
by 0.8mm used for the explosives in AUTODYN 6.0 and ABAQUS/Explicit 6.4
respectively predicted the experimental results reasonably well. For the plate,
an initial element size of 0.4mm by 0.8mm is used in both codes.

In conclusion, it is generally found that the shape of an explosive influences
the deformation of the plate and impulse measured by the pendulum. The TC
explosive loaded plates show the highest central deformation, followed by the
CY and ITC explosive loaded plates respectively. On the other hand, the ITC
loaded plates generally show the highest impulse, followed by the CY and TC
explosive loaded plates respectively. Furthermore, the results of the numerical
predictions compare reasonably well with the experiments, as regards the central
deformation and profile of the plates.



Chapter 1

Background to Study

1.1 Introduction

The study of the interaction of blast loads on structures has been carried out for
many decades. This interaction on structures has been found to be very complex,
and a better understanding of this process is essential. With regard to metal
structures, this interaction may cause permanent deformation, which sometimes
leads to undesired damage of the structure. Various modes of deformation of
structures have been defined and reported in Menkes and Opat [1] and Nurick
and Radford [2]. As defined by [1], the modes of failure of an aluminium beam
subjected to impulsive loads are given as follows:

1. Mode I - large inelastic deformation
2. Mode II - tensile tearing at the support

3. Mode III - transverse tearing at the support

Nurick and Radford [2] and Nurick et al [3] further subdivided mode I and
mode IT deformations for circular plates as given in figure 1.1. Knowledge of the
interaction of blast loads on structures can help to predict the effect and eventu-
ally lead to better designs in order to save lives. The search for answers regarding
the influence of blast loads on structures is a growing research environment which
has been going on for the past several decades.

Experimental, analytical and numerical research on localised and uniformly
distributed blast loads on structures have been extensively studied. Previous
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Figure 1.1: Figure showing subdivision of Mode I and Mode II failures for circular
plates subjected to localised blast loading.

research reported in the literature did not consider the effect of TC (Truncated-
Cone) and ITC (Inverted Truncated-Cone) explosives on interaction with struc-
tures. This research is therefore focused on the effect of TC and ITC explosives
on interaction with a circular plate so as understand their effect. The exper-
imental work in this research is an extension of previous research carried out
experimentally by Nurick and Radford [2] and later numerically investigated by
Grobbelaar and Nurick [4] in order to understand the spacial distribution and
behaviour of explosives. With the exception of cylinder (CY) charges, experi-
ments and simulations on small charges of Truncated-Cone (T'C) and Inverted
Truncated-Cone (ITC) explosive shapes are not reported in the literature and
the author is unaware of any such work that has been carried out.

1.2 Objectives and Scope

In the past, most research work on explosive-structure interaction considered
pressure loading on the surface of the structure, where the geometry of the
explosive is not modelled as can be found in Chung Kim Yuen [5] and Bimha et al
[6]. In order to realistically model the geometry of the explosive, Grobbelaar and
Nurick [4] numerically modelled cylindrical (CY) explosives from experimental
results reported in Nurick and Radford (2] incoporating the Jones-Wilkins-Lee
(JWL) equation of state. The main objective of Grobbelaar and Nurick’s work
[4] was to model the blast loaded plates subjected to CY explosives of varying
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mass using ABAQUS/Explicit 5.8 m which the geometry of the explosive was
considered. Grobbelaar and Nurick [4] modelled cylinder-shaped (CY) explosives
of a range of ratios of height-diamecter shown in fgure 1.2, In figure 1.2, the
minimum ratio of explosive diameter to thickness represents a thin cylinder in
diagram A and a maximum ratio represents s thicker explogive in diagram B.

D1H1=16 D2/iH2 =1.7
- Dz -
- [0 —I-I +
IT RT3 T L0 TR TR £, ;3
A B

Figure 1.2; Figure showing range of diameter to thickness ratio of CY explosive.

The main objective of carrying out this current research however, 1s to extend
the work carried out experimentally by Nurick and Radford (2] and numerically
by Grobbelaar and Nurick [4] in erder to investigate experimentally, theorctically
and numerically the influence of othor shapes of explosives. The mechanism of
expansgion and the prediction of shock-wave profiles from the explosives during
and after detonation are both investigated theoretically and mmmenically, in order
to further understand the load distribution on structures. The dimensions and
shapes of the three explosives investigated in this work are shown in figure 1.3

In nrder to investigate the effects of shape of the cxplosives, masses of the
CY, TC and ITC explosives are kept equal and the deformation of the plate
and impulse compared for each shape of explosive. The masses, diameters, and
height of the eylinder explosives in this work are within the range of masscs
with those nsed in Nuorick and Radford [2] with a minimum and maximum mass
of 2.6g and 3.9¢ respectively. The bwrn diameter s also investigated in this
work. As defined by Nurick and Radford [2], the burn diameter is a boundary
of eornplete discolouration shown in figare 1.4,
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Figure 1.3 Figure showing range of dimensions of CY, 1C and FU'C explosives,
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Figure 1.4 Figure showing burn diameter caused by blast load.

1.3 MNethodology

(Outlines of the methodology that is ctaployed in this work in order Lo experi-
mentally, analytically and numerically investigate the influence of shape of solid
explosives on a structure are siven below as follows:

L. The experimental work is a stand-off operation in which a polystyrenc foam
of thickness 20 min is placed betwesn the plate top surface and the explosive
and carried out in a blast laboratory. The stand-off distance betwesn the
explogive and the plate is unchanged throughout the experiment. The
type of explosives used in this research is plastic explosive (PE4). Each
cxplosive is detonated at the center of the top surface as shown in figure
1.3. Plastic moulds with varying dimensions are used to form the various
shapes of explosives. The targel structure in Lhis work is mild steel plate of
diameter 100mm and Lhickness 1.6mm which are kept uniform throughout
the cxperiments. Values of the central {midpoint ) deformation, plate profile
and impulse are recorded.

2. The various shaprs of shock-waves generated by Lhe explogives during and
after detonation, are theoretically and analytically investigated. The det-
onation fronl is assumed to be spherical and also at Lthe C-J state. A
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2-dimensional approach is used to explain the mechanism of expansion of
the detonation products and their spacial distribution.

3. The finite element simulation of the experiments are carried out using
both ABAQUS/Explicit 6.4 and AUTODYN 6.0 codes. ALE (Abitrary-
Lagrange-Eularian) mesh is used to model the explosive in both codes.
An axi-symmetric model as opposed to a three-dimensional model is used
to carry out the simulations in order to reduce computational time. The
Jones-Wilkins-Lee (JWL) equation of state (EOS), reported in Lee et al
[7] which relates the pressure, density, detonation wave speed and internal
energy of the explosive, is incorporated in both numerical codes, in order
to model the blast load on the plate. Adiabatic, strain-rate and non-linear
geometric effects of the test plates are also incorporated in the numerical
simulations using the Johnson-Cook constitutive equation.

1.4 OQOutline of Thesis Structure

1.4.1 Chapter 2

In chapter 2, a literature review of explosive detonation theory including the
simple (ZND) and simplest (C-J) detonation theories are given. The development
of equations of state of explosives and their applications to numerical simulations
for the predictions of blast loaded structures are also discussed. More emphasis
is given to the Jones-Wilkins-Lee (JWL) equation of state. A review of several
constitutive equations for mild steel including the Johnson-Cook constitutive
equation is discussed.

1.4.2 Chapter 3

In chapter three, the procedure for the experimentation of this work is de-
scribed. The thickness and diameter of the plate measuring 1.6mm and 100mm
respectively, remain unchanged throughout the experimentation. From the test
plates, samples of nine "dog-bone" specimens are cut out in order to determine
the stress-strain properties of the test plates at quasi-static conditions. Plastic
moulds shaped in the form of CY, TC and ITC explosives are prepared in or-
der to obtain the various shapes of explosives to carry out the experiments. A
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total of 33 experiments are carried out for the investigations. The experiments
focused on the deformation of the plate and impulse from the blast measured by
the pendulum.

1.4.3 Chapter 4

This chapter presents and explains the experimental results. The results are
presented in the form of photographs, tables and graphs. Results of the plate
central deformation are presented in two forms. In the first set, plate deformation
results subjected to varying shapes of explosives of the same mass are presented.
In the second set of results where the masses of the explosives are varied, but of
the same shape are also presented. The impulses of the blast loads measured by
the pendulum are also presented in this chapter.

1.4.4 Chapter 5

This chapter focusses on the method of solution used to predict the experimental
results presented in chapter 4 in order to investigate the effects of shape of
a solid explosive on interaction with a structure. Method of constructing the
shock-wave profiles theoretically are presented and compared to the shock-wave
profile from the simulations using the ABAQUS/Explicit 6.4 and AUTODYN
6.0 software packages. Emphasis is placed on predicting the central deformation
and final plate profiles. Furthermore, adiabatic conditions of the plate caused by
high strain rate is incorporated in the numerical simulations using the Johnson-
Cook constitutive equation. A test of convergence for the numerical simulation
is addressed in order to find a solution for the element size of the plate and
explosive that can be used to reasonably predict the experiments.

1.4.5 Chapter 6

Numerical investigations of the expansive nature of the three shapes of explosives
are presented in this chapter. Details of the simulations of the experiments
carried out in chapter 3 are presented. Interaction of the explosive load for each
shape of explosive on the plate are investigated numerically and compared with
the proposed theoretical shock-wave profiles discussed in chapter 5. Effect of
changing the size of the explosive elements on the detonation speed and pressure
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are also investigated.

1.4.6 Chapter 7

The numerical results from the simulations are presented in this chapter. The
results are presented in the form of tables and graphs. Plots of the predicted
central deformation and plate profiles for 18mm, 25mm and 33mm CY, TC and
ITC are presented.

1.4.7 Chapter 8

The experimental and predicted central deformation and profile of the plates are
compared in this chapter. Comparison is carried out in order to investigate the
reliability of the ABAQUS/Explicit 6.4 and AUTODYN 6.0 codes to predict the

effects of shape of explosive on a structure.

1.4.8 Chapter 9

Chapter nine discusses the results obtained from the experiments and predic-
tions. The effective mass of each shape of explosive in relation to the central
deformation of the plate is discussed. Discussion of the impulse in relation to
the mass of explosive and the area of interaction of the blast load is also carried
out in this chapter.

1.4.9 Chapter 10

In this chapter, conclusions recommendations and future work on the effects
of shape of solid explosives are made based on the findings of this research.
It is concluded that the shape of a solid explosive does have an effect on the
deformation of a structure and the blast impulse.



Chapter 2

Literature Review

2.1 Introduction

Several attempts have been made in order to answer questions regarding the be-
haviour and performance of explosives. The quest for answers to some of these
investigations has led to a growing research environment. Two main areas of in-
terest in the search for answers are discussed in this chapter. First, an attempt is
made to give a brief historical background and development of the theory of det-
onation including the development of equation of state for explosives. Secondly,
a historical background and the development of hydrocodes for simulations of
explosives is discussed which includes a review of the simulations of blast loaded
plates.

2.2 Explosive Detonation Theory

An explosion is the effect produced by extremely rapid evolution of gases, usually
at elevated temperatures, while an explosive is defined as any material or device
which, by the rapid release of its potential energy, is capable of producing an
explosion. The use of explosives is not new in the field of science and engineering.
The Chinese are known to have used gunpowder prior to the thirteenth century as
reported in Skidmore [8]. Alfred Noble’s invention of dynamite in the latter half
of the nineteenth century introduced the control and exploitation of detonating
explosives in which the rate of material consumption is of the order of 10°cm/s
as reported in Skidmore [8]. Since then, various kinds of explosives and devices
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have been developed including the invention of the initiator by Alfred Nobel as
reported in Dremin [9].

The use of explosives during the Second World War, gave rise to the invention
of several kinds of weapons including shaped charges. Some of the works on
explosive technology focus on the use of explosive shaped-charges for mining
and drilling purposes. A typical shaped charge and its effects on a target is
shown in figure 2.1.

A shaped (hollow) charge consists of an explosive with cavity lined with metal
as shown in figure 2.1 as defined in Meyers [10]. The effects of a shaped charge
can be very devastating on a target as shown in figure 2.1. Detonation of the
explosive accelerates the metal liner, in a convergent trajectory, producing a jet
that travels with a velocity of V, higher than that of the detonation velocity Vo.
Many works on shaped-charges have been carried out as can be found in Baker
et al [11], Katayama et al {12}, Molinari [13], Brown et al [14] and Held [15]. In
Refs. [11] to [15], several metal liners with varying shapes and their effects were
investigated.

Explosives can be divided into high and low explosives. High explosives are
usually nitration products of organic substances, such as toluene, phenol, pe-
nataerythritol, amines, glycerine and starch. RDX and TNT are examples of
pure high explosives. Pure explosives can be combined with wax, plasticizer or
other additives so as to obtain a desired stability and performance. An example
of such composition of a pure explosive and a plasticizer is PE4 (RDX/wax) ex-
plosive used in this research. High explosives detonate because the shock-wave
speed during the process of detonation is greater than the characteristic sound
speed of the explosive material. According to a published work found in [16],
the pressure produced by an explosive can go up to 500,000 times that of the
Earth’s atmosphere, the detonation wave speed up to 10Km/s, temperature up
to 5,500Kelvins and power up to 20x 10° Watts/cm?. Low explosives are mostly
solid combustible materials that decompose but do not normally detonate. This
means that low explosives burn, a process referred to as deflagration. In defla-
gration, the shock-wave velocity is less than the characteristic sound speed of
the explosive material.

The safety of the environment and people working with explosives is also
of importance. Explosives not well handled or stored in an environment of
favourable conditions can undergo self detonation which means that there is
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a cause for concern on the handling and storage of explosives. It has been well
established that thermal runaway and ignition of different materials is depen-
dent upon size, shape and surface and environmental temperature as well as the
physical properties of the material. This means that for any given geometry,
there is a critical size and surface temperature above which the heat generation
within the solid exceeds the heat that is dissipated to the surroundings as re-
ported in Shouman [17]. Research on the safety of explosives can be found in
Shouman [17] and Jenkins et al [18]. In [18], studies were carried out for the
detection of chemicals from landmines so as to reduce the effects of civilian ca-
sualties. Rogers and Rogers [19] studied the safety of explosives and specifically
investigated several safety tests relating to impact, friction, shock and sparks.
Thermal stability tests, time to explosion tests and critical temperature tests
were all investigated by Rogers and Rogers [19]. Work on temperature effects
on confined explosive charges can also be found in Chidester et al [20]. In [20],
twenty large scale experiments were conducted on confined charges subjected to
external heat. It was demonstrated that the rate of heating influenced the rate
of decormposition of the explosive and was reported that slow heating causes a
more violent thermal explosion than faster heating rate.

When the decomposition of an explosive with the evolution of gas and heat
takes place exceedingly fast, proceeding through the explosive at a rate of several
thousand meters per second and leaving in its wake gases at high temperatures
and pressures, the process is called detonation as defined in Rinehart and Pearson
[21]. With the rapid expulsion of gases at extremely high pressures, shock waves
are generated during the process of detonation. Such waves are referred to as
detonation waves.

Since the phenomenon of detonation was discovered by Berthelot, Vieille,
Mallard and Le Chatelier in 1881 and 1882 as reported in Ficket and Davis
[22], the study of explosive detonation theory has been widely researched and
applied in the field of science and technology. Many studies have been carried out
extensively as discussed in Langweiler [23], Guirguis et al [24], Ficket and Davis
[22], Rinehart and Pearson [21], Leal-Crouzet et al {25}, Skidmore [8], Dremin
[9], Lubyatinsky and Loboiko [26] and Zukas and Walters [27]. It has also been a
challenging and difficult subject to explain experimentally due to the extremely
high rate of reaction of the explosive particles, generating pressures in the order
of gigapascals (GPa) and temperatures over 5000 Kelvins which makes it very
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difficult to measure the performance of explosives.

2.2.1 The ZND Model (Simple Model)

Following the discovery of detonation, was the formulation of the ZND theory.
It was independently developed by Zeldovich (1940), Von-Neumann (1942), and
Doering (1943) (ZND) as reported in Ficket and Davis [22]. The relatively simple
description of steady plane detonation called the ZND theory is based on the
Euler equations. In the ZND theory, the chemical reaction is initiated by a
shock-wave and its pressure is greater than that of the detonation particles.

As reported in Ficket and Davis [22] the following assumptions of the ZND
model, are given:

1. The flow is one-dimensional,

2. The shock is a jump discontinuity, because transport effects (heat conduc-
tion, diffusion, radiation, viscosity) are neglected,

3. The reaction rate is zero ahead of the shock and finite behind and the
reaction is irreversible (proceeds in the forward direction only),

4. All thermodynamic variables other than the chemical reaction composition
are in local thermodynamic equilibrium everywhere.

The zone in which the chemical reaction takes place is the detonation zone,
which has a characteristic length depending on the rate of reaction of the explo-
sive as shown in figure 2.2. At the start of the detonation process, a shock is
generated which compresses the explosive material behind it. This pressure is
referred to as the Von-Neumann spike as shown in figure 2.2.

As the material compresses behind the shock-wave, it heats up at local hot
spots and initiates a chemical reaction for the detonation process. This process
continues to regenerate itself throughout the process of detonation. With this self
generating system within the explosive, the pressure and velocity of the explosive
at the detonation front remain unchanged at steady detonation, throughout the
process until all the charge is consumed. The Taylor-wave (rarefaction wave )
following the reaction zone as shown in figure 2.2, represents the pressure of the
detonation product after completely detonation. The length of the Taylor-wave
is also dependent upon the thickness and boundary conditions at the rear of the
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Figure 2.2: Figure showing structure of a detonation wave [31].

explosive. For unconfined and thin explosives, the Taylor-wave is shorter com-
pared to confined and thicker explosives. For confined charges, it is well known
that the speed of the detonation products is higher compared to an unconfined
explosive as discussed in Aslam and Bdzil [28].

Since the reaction is not instantaneous, this means that a finite time as well
as a finite distance of translation of the detonation products within the zone
is a reasonable assumption. As shown in figure 2.3, the temperature, pressure
and density in diagrams (a), (b) and (c) respectively, vary within the reaction
zone as time proceeds. For diagram (d), it can be seen that the reaction is
not instantaneous, and takes some time for any explosive material to completely
react at the Chapman-Jouget (C-J) plane.

Investigations of the detonation reaction zone of solid explosives were carried
out using a photoelectric technique as described in Lubyatinsky and Loboiko
[26]. The reaction zone lengths and times for TNT, RDX, PETN and DATB
based explosives were investigated and calculation of the length of the reaction
zone was given as shown in equation 2.1.

T
X; = Jo (Vo — Up)dt (2.1)

where Vp is the detonation velocity, Up the particle velocity and T; the reaction
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Figure 2.3: Figure showing schematic of variation of Temperature, Pressure,
Density and Fraction of explosive reaction with detonation zone [21].

zone time. Table 2.1 summarises the reaction zone lengths and times calcu-
lated by Lubyatinsky and Loboiko [26] for HMX and TNT (hot pressed) based

explosives.

Explosive | pc;(g/cm®) | Xj(mm) | Ty(ps)
HMX 1.85 0.25 0.04
TNT 1.62 1.5 0.33

Table 2.1: Table showing reaction zone lengths and times for HMX and TNT
based explosives

Studies of the reaction zone length in relation to the critical charge diameter
of H6 (RDX/TNT) explosive for underwater blast weapons was carried out as
reported in Swinton et al [29]. It was reported that the reaction zone length was
estimated as 2.0mm, corresponding to a critical diameter of 4.4mm. Rinehart
and Pearson [21] reported reaction zone lengths of 2mm for RDX and 3mm for
TNT (fine powder). A formula for calculation of the reaction zone time is shown
in equation 2.2 as reported in [26]. Equation 2.2 was derived by combining the
data found in Dremin et al [9] and those found in Lubyatinsky and Loboiko [26]
for the studied explosives with the exception of DATB explosives.
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T =Thexp (...fl) (2.2)
P

P; is the pressure at the Chapman-Jouget (C-J) state, Py is the pressure of the
reference point and Ty the initial time. However, it was reported in Dremin [9]
that the structure of a heterogenous charge as regards the particle size of the
explosive, the nature of filler in pores and the state of the high explosive (liquid

or solid) has a weak effect on the time of detonation transformation.
Determining the detonation velocity of explosives, is widely reported in Stew-
art and Yao [30], Cooper and Kurowski [31] and Scilly [32] and will be discussed

later.

2.2.2 The Simplest Model and C-J State

In the simplest model, the length of the reaction zone is assumed to be zero and
the reaction is instantaneous with the reaction zone and shock-wave collapsing
into a single jump discontinuity at which the reaction is complete as shown in
figure 2.4. In most applications, the simplest model is adopted for practical
calculations of an EOS. As reported in Ficket and Davis [22], the following
assumptions of the simplest model can be made:

1. The flow is one-dimensional,

2. The material emerging from the discontinuity is assumed to be in ther-
modynamic equilibrium, and is described by a thermodynamic equation of
state,

3. The Jump discontinuity is steady (independent of time) so that the ma-
terial emerging from the front is independent of time. The flow following
this point may be time-dependent.

Consider the schematic diagram of an ideal detonation as shown in figure 2.4.
The left side of the detonation front represents a stream of detonation products
moving with velocity Up and at elevated temperatures. The right hand side of
the detonation front shows the unreacted explosive charge with zero velocity,
and normal room temperature.

At the detonation front of negligible thickness, the velocity of detonation Vp,
is at the Chapman-Jouget (C-J) state as given in equation 2.3.
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Figure 2.4: Figure showing schematic of an ideal detonation process of a solid
explosive [21].

V= C 4 U (2.3)

Equation 2.3 is referred to as the C-J condition, where C and Up are the char-
acteristic sound speed and particle velocity respectively. Figure 2.5 shows the
state of an explosive during the process of detonation as given in Cooper and
Kurowski [31]. The point A shows the state of the explosive with no shock
whalst, (C7) shows the state of the material under the initial shock pressure, the
Von-Nuemann pressure. At (), the explosive iz still not reacted but highly
compressed and also ar elevated temperatures.

The condition of the explosive at point (C) triggers the chemical reaction
and hence the process of detonation. The hugoniot of the detonation products
is defined along EBD whilst the hugoniot of the unreacted explosive at elevaied
pressite is defined along AFC. The lines ABC and AED, are defined as Rayleigh
lines. These are lines showing the relationship between the inifial and final state
on a Pressure-Volume plane. Point (B) is referred to as the C-J point, the point
at which the laws of conservatiom of mass, momentum and energy are applicable.
The slope of the Ravleigh line is given as -V3/V* and that at any other point
on the hugoniot is given by -U3/V2. At point (E), the slope of the hugoniot is
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Figure 2.5: Figure showing detonation jump condition from the unreacted state
to the CJ state on the Pressure-Volume plane [31].

less than that at the C-J point. This means that the velocity of the detonation
products is less than that of the detonation front and hence the reaction zone
will continually increase its length, an unrealistic assumption. At point D, the
reaction zone and Taylor-wave will overtake the shock front, also an unrealistic
assumption, which does not support the laws of conservation. The only possible
point for the conservation of mass, energy, and momentum to exist is at point
(B), referred to as the C-J point.

2.2.3 Conservation Equations

In summary, the basic jump equations of conservation at the C-J plane during
the process of detonation as reported in Zukas and Walters [27], are given in
equations 2.4, 2.5 and 2.6:

Conservation of Mass

by _ M _ Vo
Ppo Ve Vo —Ug

Conservation of momentum

(2.4)



2. Literature Review 19

Vo

Pcy = pyUcyD = (2.5)

Conservation of Energy

1
Ecs — Eo = = (Pgy + Po) (Vo — Vi) (2.6)
2

The development of equations of state are generally based on the conservation
equations given in equations 2.4, 2.5 and 2.6. The subscript CJ shows the state
at the Chapman-Jouget condition whilst subscript O refers to the state at the
initial condition. p is defined as the density, V, is the specific volume, D is the
detonation Velocity and E, the specific energy. Langweiler [23] also reported
equations containing directly measurable constants for the quantities involved
in the hydrodynamic theory of detonation. It was revealed that the detonation
velocity is the lowest possible value in the case of positive material velocity by
finding the minimum of a Vp — Up curve.

2.2.4 Equations of State (EOS)

Equations of state means some calibrated fitting form, describing material prop-
erties in a limited region, that allows a user to compute, in reasonable approx-
imation, the behaviour of a physical system. The choice of a form of equation
should be carefully made so as to realistically define the state of the material
as it undergoes changes. Davis [33] discussed the concepts and formulae that
are pertinent to the development and use of an EOS for explosive products,
taken from hydrodynamics, thermodynamics and the physics of gases collected.
The intention of the paper was to address the development of EOSs in which
the equations of conservation of mass, momentum and energy for flow in one
dimension are considered.

Two forms of EOS exist for explosives: Those that include temperature effects
(complete EOS) and those that do not include temperature effects (incomplete
EOS). For a complete equation of state, the mixture of the molecules and heat
of formation are considered and it is a function of (p,v,T). The EOS of each
molecule that may be present is determined. A mixture rule is then used to
determine the EOS for all possible combinations of the detonation products. The
EOS at chemical equilibrium is finally determined by finding the combination
with the minimum free energy.
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A number of complete EOSs have been proposed as reported in Davis [34],
Pastine [35], and Hueze [36]. In Davis [34], a simple complete EOS was for-
mulated and calibrated for PBX9404 and PBX9501. Davis [34] formulated a
complete EOS for unreacted solid explosives based on a reference isentrope (zero
change in entropy) derived using walsh mirror image approximation and cal-
ibrated for unreacted PBX9501. However, Davis [34] further stated that the
emphasis of the work was not to present a final perfect EOS, but on how cal-
ibration can be carried out. Pastine [35] developed E,V,T and PVT EOSs of
reaction products at high pressure and temperature. The paper reported that
the equation is predicted only on the independent particle concept, the exis-
tence of a pair potential that is function only of the molecular separation and
on a model in which the substance described can be strictly solid-like, strictly
fluid-like, or some combination of both. Hueze [36] proposed a complete EOS
for both detonation products and initial explosives that provides access to all
thermodynamic properties including temperature, entropy and free energy.

Development of the Williamburg equation of state to model the internal en-
ergy of non-ideal detonation was formulated by Brown and Braithwaite [37] as
given in equation 2.7

_ Ep m 14 Byvou\Y
E(V,S) = 'va—1jB1 ( 1+ Bj (2.7)
where v, and o are given in equations 2.8 and 2.9
Yo =Y+ Y (2:8)
j=1
D wy;=v—1 (2.9)
j=1

The Williamburg EOS is a comparatively simple semi-empirical EOS for de-
scribing adiabats, shocks and other states from low to detonation pressures. It
is based on a generalisation of a scaling law for the inverse-power potential and
has shown to give excellent fits to single adiabats for the detonation products of
two explosives, from which good fits to shocks can be calculated without further
parameterization as reported in [37]. However, the Williamburg EOS does not
apply to explosives of very high detonation velocities and that the thickness of
the reaction zone is not considered negligible. Furthermore the energy and mo-
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mentum in the Von-Nuemann spike cannot be neglected as reported in Dunnett
[38].

An incomplete equation of state is in the form of (p,v). The Jones-Wilkins-
Lee (JWL) EOS [7], is an example of an incomplete EOS used for the estimation
of the pressure for detonation products in hydrocodes. Although the JWL EOS
has its limitations as regards the lack of temperature effect, it has also proven to
be a useful tool for practical engineering problems as regards its computational
efficiency as discussed in Ficket and Davis [22] and Dunnett et al [38]. The JWL
EOS is empirical and assumes a Grunneisen gamma constant. Jones et al [39)
constructed an incomplete EOS for the reaction products of SX-2 using liquid-
state pertubation theory for the simple fluid constituents and semi-empirical
descriptions for the solid components. Cylinder tests were used to determine the
JWL constants.

In Davis [41], an EOS for detonation products was proposed with the usual
(p,v) form as given in equation 2.10.

ng{k—wﬂv){wb(w%)ﬂ (2.10)

where F(v) has a value of 0 at large specific volume and increases monotonically
as the specific volume decreases, approaching a constant value at small volume, b
is a constant and E*(v) is the specific internal energy on the principal isentrope.
The equation allows independent calibration of the adiabatic gamma and the
Gruneisen gamma. According to Davis [41], the basic premise of the work is to
allow Engineers who normally make adjustments with EOS to compensate for
errors using computer codes for practical applications.

Development of the JWL Equation of State

Prior to the formulation of the JWL EOS, numerous forms of equations were
proposed for describing the adiabatic expansion of detonation products. (See
Ficket and Davis [22], Cowan and Ficket [42], and Ficket and Wood [43]). These
equations were believed to be inaccurate for the estimation of the explosive
performance as reported in Ficket and Davis [22]. To improve the work carried
out in [42], and [43], Wilkins [44] developed an equation of state which predicts
with reasonable accuracy, results for experimental geometries emphasizing the
early stages of detonation product expansion as given in equation 2.12. The
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combination of a previous equation proposed by Jones and Miller [45] and that

proposed by [44], gave rise to the formulation of the Jones-Wilkins-Lee (JWL)
EOS given in equation 2.13. The equations proposed by [44] and [45] are given
in equation 2.11 and 2.12 respectively.

Jones:
P=Ae ™ -B+CT (2.11)
Wilkins: e
_ % _ W Ry WE
P = Vo + B(1 RV) v (2.12)
(Q-1)
where o0 = a
Q—-1-w)
JWL: .
= A(] = -2 RV _ W Ry WE
P=A( R1V)e + B(1 sz)e o+ v (2.13)

The JWL EOS provides a simple empirical formula for the pressure of the
detonation products which can be easily calibrated for use in hydrocodes. The
JWL also has the ability to accurately describe the adiabat at the C-J state.
However, the lack of temperature information limits the kind of thermodynamic
information that can be deduced directly. The coeflicients A and B are deter-
mined from E,, D, P¢y and py once a guess is made for Ry, R; and w using
computer codes as described in Lee et ol [7]. Cylinder and spherical tests were
used to characterise the expansion behaviour used to describe the expansion
behaviour of the detonation products.

The JWL EOS has been used in several numerical codes to model the pressure
of detonation products with good correlation compared to experimental results
as can be found in Grobbelaar and Nurick [4]. Yang [46] modelled and verified
blast damage induced in rocks using ABAQUS/Explicit code. The blast load
was modelled using the JWL EOS. It was however pointed out that further
developments of the ABAQUS/Explicit code is needed in order to include non-
ideal behaviour of the explosive gas particles and their ability to penetrate cracks
in rocks.

2.2.5 Cylinder Test

The cylinder test is used to fit the parameters of a particular equation of state of
an explosive. In brief, the cylinder test is a simple experiment in which a cylinder
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filled with explosive is detonated at one end as shown in figure 2.6 in order to
describe the adiabatic expansion of the detonation products at the C-J state.
The subsequent motion of the cylinder accelerated by the expanding detonation
products is measured using a diagnostic technique as described in Lee et al [7].
The radial motion of the wall is recorded by a streak camera using shadow graph
technique also described in [7]. A computer code then uses the radial motion
to calculate the radial velocities of the wall. Effects of explosive diameter and
change in cylinder wall velocity as a function of position along the cylinder were
investigated in Lee et al [7]. It was found that a 1" (2.5 cm) diameter of charge
approximates to an infinite diameter behaviour.

Detonator Copper Wall
1‘3cm—{ et / 30.5 cm J]DZGCm
' o 4
High l l KN ) ;I:m
Explosive ‘,_'Lv

Planewave lens CompB

Figure 2.6: Schematic of a standard cylinder test geometry [7].

According to Merchant et al [47] however, EOS deduced in this way have typ-
ically failed to be of use in modelling weapon scenarios. This is as a result of the
fact that the plane waves predicted in hydrocodes never really exists, as pertu-
bations from the walls of the cylinder gave a drag to the edges of the detonation
wave, curving it. This consequently increases the detonation velocity deduced,
higher than that of a curved surface wave. It was addressed in Merchant et al
[47], where EOS parameters for HMX based explosive EDC37 were successfully
recalculated using the Withan-Bdzil-Lambourn (WBL) model which accurately
models its wave-front characteristics. It is also mentioned that for the first time,
a cylinder test derived EOS has successfully modelled varied scenarios without
recourse to abitrary adjustment of the high explosive (HE) material parameters
at a run time. Other works involving the cylinder test experiment can be found
in Aslam and Bdzil [28] and Stewart [30].
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2.2.6 Effect of Explosive Charge Diameter on Detonation
Velocity

The effects of diameter on the detonation velocity is shown in figure 2.7 for
confined and unconfined explosives. In both situations, the velocity of detonation
increases as the charge diameter increases but reaches an asymptotic value as the
diameter becomes very large. For a confined explosive, the detonation velocity
reaches an asymptotic value much earlier compared to an unconfined charge as
reported in Rinehart and Pearson [21].
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Figure 2.7: Graphs showing effect of diameter of explosive on detonation velocity
for confined and unconfined charges.

Below a certain diameter referred to as the critical diameter (D.), detonation
does not take place as detonation only happens above this diameter as discussed
in Rinehart and Pearson [21], Ficket and Davis [22] and Zukas and Walters [27].
The charge diameter in relation to the velocity of detonation Vp as formulated
by Whelan et al [48], is given in equation 2.14 based on experimental results.
The equation was formulated for cylindrically-shaped RDX-driven composite
explosives, where D* and a* are curve fitting constants.

V2 = (D*)*[1 —(a*/d)}] (2.14)
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The equation shows that the bigger the diameter of the charge, the velocity
of detonation reaches its asymptotic value of D*. For values of d equal to a*
(critical diameter), detonation does not occur. It was also reported by Whelan et
al [48] that a simple relationship between the critical diameter and the reaction
zone length can be formulated as given in equation 2.15.

d. = 2.208a* (2.15)

2.2.7 Effect of Explosive Charge Height on Impulse

Figure 2.8 shows the detonation of an explosive charge and an increase in the
length of the Taylor-wave as detonation takes place. However, it is shown in
figure 2.8 (c), that at some distance from the detonation front, the particles at
the rear end begin to lose momentum and move in the opposite direction. This
means that the height does not contribute much to the impulse after a critical
value which depends on the dimensions of the explosive, is reached.

In this regard, an effective height is reached, when the detonation particles
moving away from the detonation front, do not actually contribute to the im-
pulse. This height is referred to as the "effective height" and also addressed in
Meyres [10]. According to Rinehart and Pearson [21], increasing the height of
the explosive beyond 5/2 of its diameter, will not result in greater impulse.

2.3 Blast Waves

A blast wave is a shock-wave that moves through air as defined by Robertson et
al [49]. A typical blast wave is shown in figure 2.9. As shown, the time taken for
the blast pressure to meet its target from the source of the explosion is referred
to as Ta, and Td the time taken for the pressure to attenuate after reflection
from the surface of the target material to atmospheric pressure.

As reported in Taylor [50], waves of finite amplitude as distinct from small
amplitude or sound waves, cannot be propagated in any known gas without
change of form as the wave travels along its path. But such waves can be
propagated in one direction with a continuously changing form provided that
the relation between the pressure and velocity is satisfied as given equation 2.16.
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Figure 2.8: Figure showing propagation of a detonation wave with an increase
in the Taylor-wave length and loss of momentum of rear particles [10].
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Figure 2.9: Figure showing typical blast wave pressure-time curve in air [21].

(y-1)/2y
w= y2a1 { ('E') - 1} (2.16)
- 0

where a is the velocity of sound at the pressure py, and u = 0 at this pressure, v
is the ratio of the specific heats which for air may be taken as 1.045. Inside the
pulse of length L, as shown in figure 2.10, the point at which pressure is p, the
pressure will not be propagated at a velocity of a, but at a velocity of (u+ ¢)

where c is given as shown in equation 2.17.

©

Figure 2.10: Formation of shock-wave in disturbance progressing from right to
left [50].
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D (y=1)/2vy
c=a (._,) (2.17)
Po

When p > po, u is positive and ¢ > a so that the parts of the wave where
the pressure is high are continually advancing relative to the parts of the wave
where the pressure is lower as shown in figure 2.10. In figure 2.10, the top
of the pulse is seen to be advancing from a symmetrical shape in (a) to an
unsymmetrical form in (c) the point at which the left side of the graph becomes
vertical or Op/0x becomes infinite. At this stage, a shock-wave is formed and
an irreversible conversion of kinetic and potential energy into heat as reported
in Taylor [50].

It should be noted that the when a shock-wave strikes a rigid surface, it is
reflected. The reflected wave moves back into the incident wave, the pressure
thereby becoming redistributed as shown in figure 2.11.
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Figure 2.11: Interaction of incident shock-wave striking normally against a rigid
surface [21].

The actual pressure on the surface of the rigid target is doubled for low
intensity shock. As the intensity of the shock increases, however, the reflected
pressure can go up to eight times the incident pressure as reported in Rinehart
and Pearson [21]. The longer the Taylor-wave (rarefaction wave), the longer
the time of the positive phase. For relatively small stand-off distances, the
negative blast phase is neglected due to its minimal effects. For large stand-
off distances, suction effects caused by significant negative pressures have been
reported in Krauthammer and Altenberg [51]. According to Krauthammer and
Altenberg [51], studies were carried out on glass panels subjected to blast loads.
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It was found that at very small stand-off distances, glass panels deformed in the
direction of the blast while the deformation occurred in the opposite direction
as the stand-off distance increased. The impulse of the positive phase of the
blast is much higher than that of the negative phase. Many researchers have
discussed effects of shock-wave in air (blast loads) on structures as can be found
in Whenhui et al [52], Guruprasad and Mukherjee [53], Chapman et al [54],
Kinney and Graham [55], Hiroe et al [56] and Smith et al [57].

2.3.1 Estimating Blast Parameters

As reported in Olatidoye et al [58], the pressure decay with respect to time of a
blast wave is given by equation 2.18.

Je " T (2.18)

where P is the maximum over-pressure (reflected pressure) at the point of inter-
action, « is the dimensionless wave-form parameter and T the time measured
from the instant the shock front arrives. Equation 2.18, can also be simplified
to equation 2.19.

P; (T) = Prefmax * e T (219)

where Prefmax 18 the maximum reflected pressure. As reported in Olatidoye et
al [58], for practical reasons, the pressure time graph shown in figure 2.9 can be
approximated to a triangular load as shown in figure 2.12 and also reported in
Agbabian [59] and Baker [60].

From figure 2.12, the impulse of the blast can be calculated by the equation
given in equation 2.20, I is impulse of blast per unit projected area, T4 the
duration of the positive phase.

= W (2.20)

2.3.2 Blast Scaling

A blast scaling law was first formulated by Hopkinson in 1915 as reported in
Baker [60]. The law states that similar blast (shock) waves are produced at
identical scaled distances when two explosive charges of the same geometry but
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Figure 2.12: Triangular profile of blast load.

of different sizes, are detonated in the same atmosphere. The scaled distance is
given as shown in equation 2.21.

R
RVVVE
where R is distance from centre of explosive source and W is mass of the explosive.

z (2.21)

Figure 2.13 shows the sizes of two explosives whose densities are the same but
of different masses.

For the pressures at A and B to be equal, the scaling factors Z1 and Z2 from
the relationship given in equation 2.22 must be equal where W1 and W2 are the
masses of the explosives at A and B respectively.

21 =272
Rl w13 R1 R2

R2~ W23 WIA~ W23
In 1944, Sachs formulated a more general blast scaling law which includes the

(2.22)

effects of height and changes in ambient conditions. The law states that dimen-

sionless groups can be formed that involve pressure, time, impulse and certain pa-

1/3
r lag taop, )
po’ Ellspéﬁ L AVE

rameters of the ambient pressure. These groups are given in (
as reported in Baker [60].
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8
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Figure 2.13: Figure showing illustration of similarity principle. Pressures at A
and B are equal [60].

TNT Equivalent Method Using Scaling Law

The TNT equivalent method used to estimate blast loads has been widely dis-
cussed as can be found in Olatidoye et al [58], Jacinto et al [61], Formby and
Wharton [62], Naumyenko and Petroskyi [63] and Wharton et al [64] in relation
to scaling laws. The pressure of an explosive is estimated relative to that of the
TNT. In this method, an equivalent mass of the explosive is found that produces
the same amount of pressure as that of TNT using scaling laws. Brode [65] was
the first to propose a relationship between the peak pressure with the scaled
distance in the form given in equations 2.23 and 2.24.

V4
Prax = (623— S 1) bar for Puax = 10bars (2.23)

0.975 1455 5.85
— i <
Pmax ( 2 + 77 + >3 0.019) bar for 0.1bar & P < 10bars

(2.24)
The equivalent TNT mass of the explosive is given in equation 2.25 as reported
in Cooper and Kurowski [31], where Mgy, is the mass of the explosive in Kg, Pc;
is the pressure at the C-J state and Vp, the detonation velocity of the explosive.
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p
Wt = 0.078M,y, —2 2.25
P VD

Alternative equations proposed by Naumyenko and Petroskyi [63] are given in
equations 2.26.

Poax = (JE-Z — 1) k];)/cm2 for Z<1

(Tkp/cm? = 98KPa) (2.26)

p (0975 1455 58
max Z. Zz Z3

The equations given by Henrych [66] to estimate the maximum incident pressure

) kp/cm2 for1£Z<15

are in three ranges according to the scaled distances as given below:

o (14.072 5.540 0357 0.00625

<
= 2 - > )ba:cfor005 7 <03 (2.27)

5 6.194  0.326 4 2.132
R 4 Z2 Z3

) bar for 03 Z < 1 (2.28)

p (0662 405 3288
mxT\"z T2 T

Another alternative equation for the maximum pressure proposed by Mills [67],

) bar for 1 S Z <10 (2.29)

is given in equation 2.30. Since the pressure on the surface of the material is
reflected, Mills [67] proposed another equation 2.31 for the maximum reflected
pressure in KPa.

1772 114 108
Pmax_-( 5=t ) KPa (2.30)
(2P (710 + 4P )
Prefma.x - ( 710+Pmax ) KPa (231)

Equations proposing estimate of the maximum pressure and total impulsive time
were proposed by Kinney and Graham [55]. These are shown in equations 2.32
and 2.33 respectively.

8081 + (%) -1.013 - 10°
Plz) = 42 P 2.32
(2)= {[1 + (555)2105[1 + (55)210°[1 + (%)]05} a (2.32)
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T 980(1 + (z5) W~ s
kn {[mﬁ TS0+ (G P+ s B

where P{Z) is the incident pressure and T[Z] is the time of the positive blast
WAV,

2.3.3 Estimating Tmpulse of Blast

Bimha et al [6], carried out numerical studies in an attempt to model the overall
deformation of a circular plate of fixed boundary condition. The explosive was
centrally placed on a polystyrene as shown axi-synunetrically in figure 2.14.
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Figure 2.14: Schematic diagram of Bimha's model |6].

Values of (&) ranging from 0.15 to 0.6 with several impulses ranging from
values causing Mode I to Mode II failures were considered in [6]. Given the
arca of interaction, the total pressure and duration of blast, the mnpulse siven
in equation 2,34 ean bo estimatod.

1= PAT (2,84
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where [ is the impulse, P the pressure on the target plate, A is the loaded area
of plate and T the duration of the blast. The pressure distribution of the blast
is shown in figure 2.15.

&

Pressure

Radius

Figure 2.15: Pressure distribution with respect to radius of plate [6].

In figure 2.15, the pressure is assumed to be uniform from the centre of the
plate to the edge of the explosive after which an exponential decay of the load
is experienced up to the plate radius where the pressure is assumed to be at
atmospheric. The blast duration is given in equation 2.35.

a
Vo
The area under the pressure curve also estimates the impulse of the blast. This

T= (2.35)

is given below in equation 2.36.

1= rJP(r)dA (2.36)

By substituting the boundary conditions given in equations 2.38, 2.39 the impulse
of the blast is estimated as given in equation 2.37.

1 R 1
I= WTPQ [az +2 { (% 4 F) - (E -+ ']?) ek(O—R)}:I (237)

P =P, forr<a (2.38)

P(r) = Poe ™ % fora<r<R (2.39)
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where k is the decay constant as given in equation 2.40.

k = 130 — 261 (—:-) +948 (%)2 for 0.15 < -:- <06  (2.40)

2.4 Explosive Performance

Various methods have been put forward to measure the performance of an ex-
plosive. Parameters such as overpressure, velocity, impulse and energy released,
have been some of the most common parameters used for the determination of
the performance of explosives. Some of the methods that have been used to
determine the performance of explosive are well addressed in Scilly [32], Gurney
[68] and Cooper and Walters [31].

As reported in Scilly [32], the Trauzl block test and the Ballistic pendulum
tests energy release, are the two best known and probably most frequently used
methods of assessing the energy released by detonating explosives. In brief,
the Trauzl test consists of a standard cast cylindrical lead block of diameter
200mm and height 200mm with an axial recess of 25mm diameter and 125mm
depth which accepts the 10g sample charge and detonator. When the charge is
detonated, the volume of expansion of the cavity is recorded and compared with
the expansion produced by 10g of picric acid.

In the ballistic pendulum test, a charge of explosive is fired in a mortar-like
chamber at the end of a pendulum. The amount of explosive required to give
the same pendulum deflection as a standardised amount of TNT is empirically
determined. The ratio of these weights represents the relative TNT value of the
second explosive as reported in Rinehart and Pearson [21].

A simple approach was put forward by Keshavarz [69], in order to measure
the performance of explosives by considering their molecular compositions. The
pressure at the C-J state of six well known explosives HMX, RDX, TNT, PETN,
Teryl and DATB, at various loading densities with chemical formula C,Hy,N4O,,
can be calculated by using equation 2.41, where p, is the loading density, MW
is the molecular weight of the explosive and Ahf(g) the heat of formation in
the gas phase. The results obtained compared well with experimental results as
reported in Keshavarz [69)].
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—102a + 226b + 103c + 3150d + 30.7Ahg(g) o2

P(kbar) = —2.6 + YA 2

(2.41)

For example, the C-J pressure of RDX using equation 2.41 is 278kbar (27.8GPa)
compared to the experimental result of 263kbar (26.3GPa) as reported in Ke-
shavarz [69].

An alternative formula is reported in Scilly [32] and Cooper and Walters [31]
given in equation 2.42.

OoDZ
4
Result of the explosive pressure at the C-J state by using equation 2.42 for a
density of 1600kg/m® and detonation velocity of 8190m/s* is 26.8GPa. Gurney
[68] postulated the energy released from a confined explosive under standard

Pg; = (2.42)

conditions in a fixed proportion between the fragments from the casing and the
detonation products for a variety of explosives and found that the characteristic
velocity of the fragments is given by \/(—ZTE_Q_) . It is also reported in Gurney [68]
that the terminal velocity is influenced by the shape of the casing and therefore
formulated equations for spherically and cylindrically shaped charges given in
equations 2.43 and 2.44 respectively. The fragment velocity data from exploding
ordnance were used to determine the specific energy, E,.

Vm = [2E,/(M/C + 3/5)]'/ (2.43)

Vm = [2E,/(M/C + 1/2)]'/* (2.44)

where M/C = [(outside diameter/inside diameter)? - 1]p,,p. and p,, and p, are
the densities of the metal and explosive, M is mass of metal and C is the mass
of explosive. The efficiency factor to convert chemical energy into kinetic energy
of the driven plate is given in equation 2.45

€ =MV,./ (\/thz;)2 /C (2.45)

For TNT and RDX explosives, the characteristic velocity of explosion from the
cylinder test and Gurney parameters are given as (2.27 - 2.44)km/s and (2.83-
2.93)km/s as reported in Scilly [32].
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2.4.1 Effective mass of Explosive

The shaded portion in figure 2.16 represents the effective mass of the explosive
that will contribute to the axial momentum of the metal plate. The outer rec-
tangular boundary represents the total mass of explosive. According to Kennedy
[70], the lateral edges of the explosive have to be subtracted from the total mass
of explosive in order to estimate the mass of explosive that will drive a metal
plate to its maxbmum velocity. For explosive charges of limited lateral dimension
on accelerating plates, an effective mass is reached beyond which any increase
will not contribute muoch to the maximum velocity of the plate in figure 2.16.
The effective mass of the explosives shown in figure 2.16, is accounted for by
taking off part of the expected unreacted explosive measured at 30° from the
side of the explosive as reported in Kennedy [70]. This alse means that after an
effective mass is reached, the maximum velocity of the plate driven by the forms
of explogives shown m figure 2.16 (A) and (B), will be similar irrespective of the
difference in height.
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Figure 2.16: Discounting of sides of explosive to aceount for lateral release of
explosive pressure; mass of unshaded region is not included (70
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2.5 Simulations of Explosives Using Hydrocodes

Hydrocodes are defined as numerical tools used for the simulation of continuum
mechanics problems involving the deformation and flow properties of solids (com-
putational solid mechanics - CSM) and fluids (computational fluid dynamics -
CFD). Hydrocodes can also be defined as computational mechanics tools for the
simulation of multi-material, compressible, wave propagation through multiple
fluids and solids as reported in Mair [71]. According to Robertson et al [49],
these numerical methods were used only for problems where very high pressures
dominated material response and the materials were assumed to behave hydro-
dynamically (hence the term ‘hydrocode’). Some of the wider applications of
hydrocode simulations have been in the automobile industry for crash tests and
sheet metal forming can be found in Frank and Gruber [72] and Galbrith and
Finn [73] respectively.

Large-scale numerical simulations of explosions have been conducted for thirty-
five years, but have historically been restricted to large and specialised computer
programmes requiring substantial computer resources as reported in Robertson
et al [49]. The main objective of developing hydrocodes was to illustrate and
describe nonlinearity and hydrodynamic behaviour of an explosive during its
rapid expansion and generation of high pressures as reported in Robertson et al
[49]. Hydrocodes are also time dependent and are associated with wave propa-
gation theory. The Rankine-Hugoniot jump equations of conservation of mass,
momentum and energy at the C-J state can be solved by using hydrocodes. The
formulations of such equations can be carried out by using either Lagrangian,
Eulerian, or Arbitrary Lagrangian meshes to describe the deformation process.
For a Lagrangian mesh, the material flows with the mesh (cell) as the deforma-
tion and flow of the material takes place, while in an Eulerian mesh, the mesh
is fixed with the material flowing through it.

In a Lagrangian mesh, the length of an element during deformation affects the
simulation negatively causing mesh distortion. When excessive distortion of the
material occurs, leading to reduction in time steps, instability of the model causes
the simulation to be aborted or gives very inaccurate results. In this regard mesh
refinement of the model is important and has to be well investigated in order to
obtain realistic results.

In the early 1960s and 1970s, some of the earliest codes were developed by
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Mader [74]. These were the SIN code, a one-dimensional code and the two di-
mensional Lagrangian and Eulerian codes 2DL and 2DE, respectively. These
codes dealt with the explicit chemistry and kinetics of the detonation or burning
process. Since its inception, more sophisticated general purpose software codes
have been developed such as the two dimensional Lagrangian HEMP code by
Wilkins [75] and the Eulerian HELP code by Walsh et al [76] using the finite
difference method and those that use the finite element method namely, DYNA,
PRONTO, and ABAQUS. However, the AUTODYN code uses the finite differ-
ence, finite volume and finite elements methods. These codes have 2D and 3D
versions.

2.6 Numerical Modelling of Blast Loaded Struc-

tures

Research in modelling the interaction of blast loads and structures has been
going on for several decades. According to Nurick and Martin [77], 78], it
was found that the initial focus of investigations was on blast loads that are
distributed over the entire surface area of the structure in order to predict the
central deformation and shape. This was believed to be too general as the load
on the surface of the structure sometimes acts locally as in the case of a land
mine explosion on a vehicle or in the case where a mach stem is formed very close
to "ground zero" (point directly below the center of explosion on the target).
In other words, localised loads occur, where the interaction area is far less than
the total surface area of the structure. Some of the works which have considered
using uniform rectangular loading on the entire surface of the structure can be
found in Gelman et al {3], Olson et al [79], Teeling-Smith and Nurick [80] and
Nurick and Lump [81]. The results in these works were reasonable with regard to
the central deformation of the structure. The pressure generated using uniform
rectangular loading on the entire surface area is estimated as given in equation
2.46
p=_L_ (2.46)
A-t
where I is impulse, A is the loaded area and t the duration of blast.
Pan and Louca [82] carried out studies in which experimental and numerical
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investigations on the response of stiffened plates subjected to gas explosions were
reported. It was found that the stiffeners and boundary conditions influenced the
response of the structure. Rudrapatna et al [83] numerically modelled clamped
square stiffened steel plates subjected to blast loading. Geometric and material
nonlinearity formed the basis of the numerical model. Failure was predicted
using an interactive failure criterion comprising bending, tension and transverse
shear. Schleyer and Hsu [84] analytically modelled the prediction of the response
of elasto-plastic structures to pulse pressure loading. The load was modelled
on the entire plate surface. The results compared reasonably well with the
numerical simulation using the ABAQUS finite element code. The numerical
approach was to address primarily the class of problems in which elastic effects
are significant, pulse shape is irregular, boundary conditions are neither fixed
nor simply supported and the loading is in the quasi-static to dynamic state.

However, as mentioned earlier, the load on a structure does not always act
globally, but locally in some cases. In order to address the issue of localised load-
ing on a structure, Nurick and Radford [2] Wierzbicki and Nurick [85], Symonds
and Wiezbicki [86] modelled the load on a centralized area. Three decay loading
conditions — linear, quadratic and cubic were suggested by [2]. Bimha et al [6]
suggested the use of uniform pressure from the centre to the edge of the charge,
after which the pressure begins to fall exponentially to the boundary of the plate
assumed to be at atmospheric. Various other pressure profiles have been used to
model the load distribution on the structure in order to predict the deformation
and shape of structures subjected to blast loading as reported in Chung Kim
Yuen and Nurick [87] and Muluh [88].

Balden and Nurick [89] published a paper on the numerical simulation of post-
failure motion of blast loaded plates. The ABAQUS/Explicit code was used to
carry out the simulations whilst the AUTODYN code was used to characterised
the loading, time and spatial history on the structure. The paper is based on
simulating previous experimental results published by Teeling-Smith and Nurick
[80] and Nurick and Bryant [90]. The results compared reasonably well with
experiments as regards the input energy, deformation and post-failure motion
of the fragments. Chung Kim Yuen and Nurick [91] and Langdon et al [92]
also recently published a two-part study on investigations of the response of
blast loaded quadrangular plates of various stiffener conditions experimentally
and numerically. Part one by [91], investigates the response of the structure
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subjected to uniform loading, whilst part two by [92] investigates the response
of the structure subjected to locahsed loading. The nimerical model was carried
out using the ABAQUS /Explicit 5.8 code for a 3-D quater-model incoporating
adiabatic and high-stran rate effects in part one. The numerical simulations
of the blast loaded structures were carried out by using the ABAQUS/Explicit
5.8 finite element programme, In both papers, tearing using temperature effects
were predicted for various stiffened conditions.

However, one of the problems with these modelling techniques 13 that the
shape of the explosives 18 not taken into consideraticn. Furthermore, it was
assumed, that the blast wave is plane and is either partially or fully distributed
uniformly on the surface of the structure on interaction. This assumption may
not at all times be reasonable if the curvature and shape of the shock-wave are
to be taken into consideration. The final shape of the shock wave after complete
detonation is dependent on the initial shape of the explosive. As shown in
figure 2.17, the shock-wave profile generated by a spherical charge has significant
curvature which should be considered in the numerical model. This means that
the shock wave first interacts with the structure at a puint and everlually spreads
within a localised central area.

EXPANDING GaS — SHUCK WAVE
AT CLES

Figure 2.17: Tnteraction of a spherical shock-wave with a stee] surface.

Nurnerical modelling of the medium between the explosive and target struc-
ture is also not considered in all these previous works. To consider modelling the
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medium between the explosive and target structure, Yang [46] numerically sim-
ulated the response of buried shelters subjected to blast using the finite element
package ABAQUS. The soil was modelled as a semi-infinite medium with an un-
bounded domain. The effects of the soil damping, the stiffness and dimensions of
the structure, the depth of the weapon detonation and the stand-off distance on
shock response were thoroughly discussed. Lain et al [93] also numerically sim-
ulated anti-tank mine detonations incoporating the soil in the material model.
Various soil conditions were considered in the investigations. Simulation of en-
ergy absorption layer to protect structures against shock-waves was carried out
by Wang et al [94] using a triple-layer absorptive structure designed to reinforce
a missile silo against shock-wave blast. It was found that the absorption layer
can significantly enhance survivability. Other related work that have considered
numerical simulations of medium structure interaction can be found in O’Daniel
and Krauthammer [95] using a 3-dimensional model in DYNA3D.

2.6.1 Numerical Simulation by Grobbelaar and Nurick [4]

Recent works which have considered modelling stand-off operations using the
JWL equation of state can be found in Grobbelaar and Nurick [4]. The experi-
mental results carried out by Nurick and Radford [2] were numerically modelled
by Grobbelaar and Nurick [4] using the ABAQUS/Explicit 5.8 finite element
code. The experiments were carried out for cylindrical shaped (CY) PE4 ex-
plosives at 12mm stand-off distance detonated at the centre of the top face.
The explosive pressure on the structure was modelled using the JWL equation
of state by considering the entire geometry of the explosive. The main objec-
tives of Grobbelaar and Nurick’s work were to numerically predict the central
deformation and the plate profiles of the experiment.

Investigations were carried out on the element type of the plate and ex-
plosive used to predict the experiment. It was found that CAX4R (Continuum
axi-symmetric 4 noded reduced integration) elements used for both the explosive
and plate, predicted the experiment reasonably well compared to a 2-dimensional
axi-symmetric elements (SAX1) as shown in figure 2.18. For SAX1 elements, the
deformation of the plate did not match the experiments due to unrealistic in-
crease in element elongation of the elements compared to CAX4R elements which
gave a better and more realistic prediction of the plate deformation. Non-linear
geometric and material effects were taken into account with regard to the steel
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plate. However, adiabatic effects of the plate was not taken into consideration.

L ® Nodes
e @ e , o
CAX4R element SAX 1 element

Figure 2.18: Figure showing schematies of a CAX4R and SAX] clements,

The clamped bhoundary was modelled by encasting the top part of boundary
of length {clamp length - plate thickness) from the end of the plate radius to the
end of the outer boundary, This is becanse, it was observed that the top clamp
end did not make contact with the plate up to one-plate thickness. Some of the
works that have investigated modelling of the boundary of steel plates in various
forms can be found in Gelman et of [3) and Thomas and Nurick [96]. In Gelman
et ol [3]. it is reported that the radius of the plate at the boundary influences
the central deformation and dimensionless impulse of the plate. Gelman et al
197] also modelled boundary eonditions including fixed and clamped boundaries.
The effect of radius at the boundury was also investigated and it was gencrally
found that these conditions at the boundary influence the deformation.

Similar work has been caried out by Dayvkin 98]. In 98], V-shaped steel
plates subjected to cylindrical explosives with adiabatic effects of the plate in-
cluded in the mumerical model were simulated. The resnlts weore reasonably
predicted using the ABAQUS/Explicit code. Numerical modelling of cxplosives
using the JWL EOS is also described in Hibbit ef el [99 where a core formed by
the placement of two pipes one inside the other was filled with plastic explosive.
Four equally spaced detonation points around the circumfersnce were detonated
at the same time. It was observed that the inmer pipe collapsed due to the ex-
plosive detonation products. The model represents a contact operaticn wheore
the explosive is in direct contact with the target structure.
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2.7 Material Modelling of Steel

When subjected to an applied force at various strain-rates, the physical nature
and micro-structure of a steel change. For strain-rates higher than that at quasi-
static condition, the result is a rise in the yield stress, due to strain hardening. On
the other hand an increase in adiabatic heat occurs due to high frictional forces
between molecules of the microstructure which further decrease the effective
stress. Chung Kim Yuen [5], Wiehahn et ol {113], and Muluh [88] considered
adiabatic effects of steel plates subjected to blast loads in order to model the
experiments. According to Soares et al {100], the temperature of steel subjected
to high-strain rate can go up to several hundreds of degrees of Celsius. The
increase in temperature of the steel reduces the effective stress of the steel which
further accelerate the deformation process. Therefore it is of importance to
incorporate adiabatic effects of the structure or material under high strain-rate.

To take account of strain-rate effects, various constitutive equations that have
been formulated are discussed, including the Johnson-Cook material model [101],
Zerilli-Armstrong [102], the constitutive equations relating stress, Young’s mod-
ulus and temperature for steels developed by Cowper-Symonds [103] constitutive
equation and the Masui et al [104] material model.

2.7.1 The Johnson-Cook Material model [101]

The Johnson-Cook [101] material model was proposed by Johnson and Cook in
1983 for materials subjected to large strain rates. Because of the development
of powerful computer software packages, the Johnson-Cook material model can
be used in software packages. It is a simple material model, yet gives reasonable
results compared with more sophisticated models with more parameters, which
may give better results but difficult to implement in commercial codes. The Von
Mises flow stress of the material is a function of the strain, the strain rate and
temperature as shown in equation 2.47.

G=[A+Be"[1+Clne*[1 —T] (2.47)
e* is the equivalent flow strain, e* = i is the dimensionless plastic strain rate
for £, = 1.0s7', C is the strain-rate constant and T* is the homogeneous temper-
ature given in equation 2.48, where T;.s and Tneix are the reference and melting
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temperatures.
T— Tref

T =
Tmelt - Tref

(2.48)

As strain-rate increases, the yield stress also increases with a corresponding
increase in adiabatic heat in the material. The effects of an increasing adiabatic
heat causes a corresponding decrease in flow stress. This interplay between the
increase in flow stress caused by strain rate increase and a reduction of the flow
stress caused by the increase in adiabatic effects occurs when a material deforms
at high strain-rate. One of the advantages of using the Johnson-Cook model is
that the fracture length of the material is not limited to a particular strain-rate
as opposed to the other models which do not include the strain value beyond and
below the true strain at quasi-static condition as discussed in Bonorchis, [105].

A modified Johnson-Cook (MJC) model was formulated by Holmquist and
Johnson [106] and also discussed in Rule and Jones [107], Liang and Khan [108]
and Bonorchis [105]. According to Rule and Jones [107], many ductile materials
experience an enormous increase in yield strength, increasing more rapidly with
increase in strain-rate in excess of 103s™', than that given in equation 2.47. To
increase the strain-rate sensitivity, a modified Johnson-Cook model was proposed
by Holmquist and Johnson [106] as given in equation 2.49.

&= [Ci + CeMe™1 =T (2.49)
where « is an empirical exponent. However, the MJC model does not appear to
be used widely because the strain-rate sensitivity is not significantly enhanced
over that provided by equation 2.47.

Following the formulation of the MJC model, is the revised Johnson-Cook
(RJC) model given in Rule and Jones [107] in equation 2.50. The aim was to
enhance strain-rates far in excess of 10°s™! as opposed to that given in equation
2.47.

# ] 1 %
0'=(C]+C2£N) 14+ Cilne*+Cy (m—a):l (]—TM) (250)

where C4 and Cs are additional empirical coefficients. The strain-rate sensitivity

has been enhanced by the term '(:'5‘:]13?*" where Cs is the natural logarithm of a

critical strain level. The term tends to infinity as the strain-rate approaches the
critical strain-rate.
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2.7.2  Zerilli-Armstrong Material Model [102]

The material model proposed by Zerilli-Armstrong [102] is also a model which
relates the flow stress with the strain, strain rate, and temperature of the ma-
terial. It however specifically deals with each material based on its chemical
structure such as FCC and BCC, as reported in Liang and Kahn [108]. The
constitutive relations were proposed in order to better describe the individual
material responses during the simulation of Taylor impact tests. In summary,
two basic equations are proposed by Zerilli-Armstrong [102] for FCC and BCC
material structures as given in equations 2.51 and 2.52 respectively.

T = Co+ Cae? exp(—CsT + C4TIne) (2.51)

T =Co+ Cre? exp(—C3T+ C4Tlne) + Cse™ (2.52)

where Co = Ad + k177, Acy is included as an extra stress component which
occur due to the influence of solute and the original dislocation density on the
yield stress, K1"7 accounts for the increased flow stress at low temperatures, T
is the absolute temperature and n is the strain hardening constant. According
to Liang and Kahn [108], one of the problems with equation 2.52 is that the
strain hardening is independent of temperature, which is not true as most BCC
metals have a work hardening behaviour which are dependent on strain-rate and

temperature.

2.7.3 Cowper-Symonds Material Model [103]

The Cowper-Symonds [103] material model relates the stress and strain rate of
a material as shown in equation 2.53. Temperature effects are not considered in
the model. The equation also includes the flow stress at strain rate equal to zero.
The Cowper-Symonds [103] material model is included in the ABAQUS/Explicit
finite element code in which o), is defined as the dynamic flow stress at a uniaxial
plastic strain rate ¢, 0y is the static flow stress and D and q are material specific
constants. For mild steel these constants are taken as 40.4s™' and 5 respectively.

G (EN®
o = 1+ (D) (2.53)
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2.7.4 Masui et al Material Model [104]

Equations relating stress, Young’s modulus and temperature of mild steel were
proposed by Masui et al [104]. The Young’s modulus and yield stress are related
to the temperature as given in equations 2.54 and 2.55.

E=Ep—5834-10°-T for T < 600°C

E=3.1-10°(T—=1100)* +97.9-10° for 600°C < T < 1100°C (2.54)

T =1 for T <200°C
o
9y — 1 0.00178(T —200) for 200°C < T< 700°C (2.55)

0o

%— = (.133 — 0.000388(T — 700) for 700°C < T < 1000°C
0

where oy is the yield stress at the reference temperature, o, is the yield stress
at the initial temperature of the material and T, the reference temperature of
the material. The relationship between the Young’s modulus, yield stress and
temperature of the material are shown in figure 2.19.

The figure shows that the Young’s modulus decreases linearly with tempera-
ture up to 600°C after which it decreases quadratically with increase in temper-
ature. With regard to the Yield stress, the value remains constant up to 200°C
and decreases as the temperature increases to 700°C. After 700°C, the yield
stress continues to decrease with a lower gradient.

Coupled with the equations proposed by Cowper-Symonds [103], the material
model by Masui et al [104] has been used to predict the behaviour of impulsively
loaded steel plates with a reasonable degree of accuracy as found in Chung Kim
Yuen [5], and Muluh [88].

2.8 Summary

A review of explosive detonation theory including the simple (ZND) and simplest
(C-J) detonation theories has been carried out in this chapter. Following this,
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Figurc 2.1%: Normalised graphs for Young's modubus and Yield stress with tem-
perature variation [L04].

is the discussion of the development of equations of state of explosives and their
applications to numerical simulations for the predictions of blast loaded strze-
tures. More cmphasis is given to the Jones-Wilkins-Lee {JWL) equation of state.
A review of several constitutive equations for mild steel with more emphasis on
the Johnson-Cook constitutive equation is also discussed.

From a review of the experiments and predictions of blast loaded structures,
it is established that studies of small charges of TC and ITC explostves have
not been reported. The search for an answer to the influence of TC and ITC
explosives on circular plates experimentally, analytically and numerically is the
main objective of this current research.



Chapter 3

Experimentation

3.1 Introduction

This chapter describes the experimental procedure carried our in the blast lab-
oratory for the various shapes and sizes of explosives considered in this research
namcly, CY, TC and ITC explosives. Experiments on the investigarions of the
effect of TC and ITC explosives have not been reported in the literature. The
aitn of this chapter is to experimentally investigate the influence of shape of solid
explosives on interaction with astrueture. Nine tensile tests of the steel plates at
quasi-static conditions are carried out and presented in order to vestigate the
behaviour of the plate at high strain rates. Plastic moulds are also used in this
research to form the various shapes of explosives in question. A total number
of 33 exporiments are performed with the masses and dirnensions of the charges
given in Appendix A, The ballistie pendulum on which the test rig is attached,
is used to rmeasure the wnpulse of the blast.

3.2 Eaxperimental Procedure

3.2.1 Test and Clamp Platoes

Before the experiments are carried out, the test and clamp plates arc first pre-
parcd as shown in figures 3.1 and 3.2, The 100mm diameter hole formed by the
clatnp plates creates the loaded area on the test plate which then deforms on
interaction with the blast load.

The explosive shapes are then formed using the required plastic mould and

49
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Figure 3.2: Figure showing schematic of 20mm thick clamp plate.
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placed on top of a 20mm polystyrene foam pad, which forms a stand-off hetween

the explosive and plate as shown in figure 3.3.
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Figure 53.3: Figure showing schematic diagram of explosive, polystyrene and plate
set Up.

3.2.2 DMlaterial Properties of the Steel Platce

In order to carry out the tensile tests of the test plates at various sirain-rates
under guasi-static conditions, mne "dog-hone" specimens are cut out from the
test plates as shown in figure 3.4, A pgauge length of 45mm is used as the
effective length of the specimen achieved with the use of an extensometer during
the tensile tests.

The engineering stress-strain propertics of the steel at various strain rates
are shown separatelv in graphs (A}, {B} and (C) of fignre 3.5 and also shown in
4 single plot in figure 3.6. Nine experiments for the tensile tests of the steol arc
carried out at three different strain rate of 0.001s7, 0.01s77, 0.05s~". For each
gtrain rate, three repeated tests are carried out.

The eurves in figures 3.5 and 3.6 are then converiad to curves of zero strain-
rates using the Cowper-Symonds equation [103] described in chapter 2 and given
here m eguation 3.1 for clarity.
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Figure 3.4: Photograph of "dog-bone" specitnen used for tensile testing of the
steel.
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The true stress-strain of the curves are shown in figures 3.7 and 3.8 obtained by
using equations 3.2 and 3.3.

Trrae — gnnm“ + E-nnm:l (32.]

Frrua

E
where @y 18 the nominal stress, .., the nominal strain,  is the Young's
modulus, D = 4045~ and q = 5.

From all the results, the average vield stresses at quasi-static condition (o)
using the Cowper-Symeonds equation is 254MPa as shown in table 3.1 where Vi
is the cross-head speed. To get an average stress-strain curve, the curve with a

E-E- — 1T A Bhgens S (33J

static yield stress (oy) of 253MPa (closest to average) corresponding to 283MPa
(Oyem ) at strain-rate of 0.001s7" in table 3.1 is chosen. The average true-stress
true-plastic strain curve 18 shown in figure 3.9.
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Figure 3.3: Graphs showing engineering stress-strain relationship of mild steel
at strain-rates of 0.00157'. 0.01s "and 0.05s7' in (A), (B) and {C) respectively.
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Figure 3.6: Graphs showing engineering stress-strain relationship of mild stecl
at various strain-rates.

No. Coem(MPa) | £(s7'] | oo(MPa) | Ve (mm/s)
Test 1 283 0,001 204 BRNE
Test 2 2910) 0,001 259 | 0.045
Test 3 203 0.001 262 0.045
Test 4 25T 0.01 263 (.45
Test 5 S02 0.01 259 (.45
Test 6 278 0,01 239 (.45
Test 7 284 0.05 239 2,35
Test 8 305 0.05 256G 225
Test 9 307 (.05 259 795
Average | 254

Table 3.1: Table showing values of yicld stress at various strain rates and static

conditions
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3.2.3 Forming the Explosive Shapes

The explosive shapes in this work arc formed using plastic moulds as shown
schematically and photographically in figures 3.10, 3.11 3.12 and 3.13 tor a Cylin-
der explosive {CY) and for an Inverted Truncated Cone (ITC) respectively. The
moulds shown in figure 3.12 and 3.13 are used to form both the TTC and TC
axplosives. The mass of the explosive is first estimated based on the dimensions
and density of the explosive hefore being shaped by using the reguired mould.
Appendix A hists the sizes and shapes of the various explosive charges used in the
experiments. Photographs of all the moulds used to form the various explosive
shapes and sizes are shown in appendix Al

An oblique view for 2.6¢ of 18mm CY, TC and [TC explosives formed by the
required moulds is shown in fgure 3.14.
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Figure 3.11; Photograph and schematic of a UY explosive mould.

3.3 The Ballistic Penduluim Test

The experimental procedure in this work is not new and has been well explained
in Teeling-Smith and Nurick [80] and Bodner and Symonds [109]. A schematic
diagram of the ballistic pendulum shown in figure 3.15 is used to carry out the
test in order to measure the impulse of the blast. The pendulum is supported
by four wires of equal lengths and tensions. The tensions of the wires must be
equal in order to allow the recording pen to move in the axial direction of the
blast load constantly.

At one end of the pendulum. a test plate sandwiched by two clamp plates
is attached to a support plate, by way of connecting metal pipes of external
diameters 12mm. Before each test, the pendulum is balanced by the use of
masses attached to the other end of the pendulum. This is to ensure that the
centrold of the pendulum is in the middle of the wires. A photograph of the set
up is also shown in figure 3.16.

When the explosive is detonated, the pendulum moves in the axial direction
of the blast. The maximum oscillations in the forward and backward movenent
of the pendulum is recorded. Appendix B gives the method of determining
the impulse of the blast measured by the pendulum. After the test, the total
deformation and specifically the central deformation of the plate and impulse of
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Fleure 3.13: Photograph and schermatic of an [TC/TC explosive mould.

Figure 3.14: Photograph of TC, CY and I'TC explosivos of mass 2.6 cach and
maxarma diameter 18w,
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Figwe 3.15: Fiewe showing schematic diagram of pendulum nsed to measure
the blast impulse.

Figure 3.16: Pholograph showing set up of experimentation in the blast lab.
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the blast arc measured and recorded as presented in chapter 4.

3.4 Summary

The experimental procedure in this work has been well described. A total of 33
test plates are used to carry out the experiments with a thickness measuring
L.6mm and loaded area of diameter 100nun. An average truc stross-strain curve
at quasi-static condition was obtained from nine tensile tests using a "dog-bone"
specimen cut from the test plate. The use of plastic moulds to form the various
shapes of explosives, will improve the repeatability of the experimental proce-
dures. The ballistic pendubmn to wiach the test rig containing the plate and
explosive on one side is then used to measure the impulse of the blast. From
the experiments, the total deformation of the plate and impulse of the blast
measired by the ballistic penduluin are recorded and presented in chapter 4.



Chapter 4

Experimental Results

4.1 Introduction

The experimental results of the plates subjected to blast loads are presented in
this chapter. The results are presented in the form of photographs, tables and
graphs. The results of the plate deforration are presented in two forms: First,
results of the plate deformations subjeeted to explosives of the same mass with
varying shapes, followed by results, where the shape of the explosive is unchanged
but with varying mass for each load diameters 18mm, 25mm and 33mm are
presented. The impulse measured by the pendulum from the experiments are
als0 presented.

4.2 Results for 18mm Load Cases

4.2,1 Effect of Shape ol 18mun Explosive Charge on Cen-

tral Deformation of Plate

The effect of shape of explosives on the deformation for 18mim load cases are
shown in photographs 4.1, 4.2, 4.3 and 4.4. As shown in fgures 4.1, 4.2, 4.3 and
4.4, where the masses of the explosive are the same for each shape of explosive,
the TC explosive generally gives a higher central deformation with the ITC
explosive having the lowest deformation. This is more evident in figure 4.4, in
which the TC explosive causes & Mode Ie (capping) deformation, the CY causcs
a Mode IT"¢ {partial capping) deformation and the ITC explosive causes a Mode

64
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I delormation.

I Babis {LHH
i : !
CB-Def = 17, 80mo

Figure 4.1: Photograph of cross-section of plates subjected to 2.6g CY, TC and
ITC 18 explosives.

4.2.2 Effect of Mass of 18min Explosive Charge on Ceon-

tral Deformation of Plate

The effect of mass of explosive on the plates arc shown photographically in
figures 4.5, 4.6 and 4.7. Each result shows an increase in central deformation
ranging from Mode [ to rupture at the central part of the plates and graphically
presented as shown mm figure 4.8, It is obscrved that two of the TC explosively
loaded plates show complete capping at the central area. No capping is observed
for the ITC explosively loaded plates with one plate showing a Mode II"e (partial
tearing] subjected to A CY explosive in figure 4.5.

Results of the central deformation of the plate for the Y explogives are
higher than those of the ITC explosives and much cleser to those given by the
TC explosives. Also shown in figure 4.8, are the results of the TC and CY
explosively loaded plates generally showing a higher deformation of the plate
leading to rupture at thoe central area. The results of the central deformation of
the plates caused by the ITC explosives are much lower than those caused by
the CY and TC explosively loaded plates.
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Figure 4.2: Pholograph of cross-section of plates subjected to 3.2g CY, TC and

ITC 18mm explosives.
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Figure 4.3: Photograph of cross-section of plates subjected to 3.7g CY. TC and

ITC 18min explosives,
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Figure 4.4: Photograph of eross-section of plates subjected to 4.3g CY, TC and
[TC 18mmn explosives.
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Figure 4.5: Photograph of cross-section of plates subjected to 18mm CY explo-
sives of varying mass,
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Figure 4.6: Phowograph of cross-section of plates subjected to 18mm TC explo-
sives of varying mass.
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Figure 4.7: Photograph of crossscetion of plates subjecied to 28mn ITC explo-
sives of varying mnass.
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Fignre 4.8 Graph showing central deformation of plate ve, mass of explosive for
all 18 mm TC, CY and ITC explosives.

Results of the contral deformation amd impulse are tabulated wwd presented
for all 1%mm load cases as shown in tables 4.1, 4.2 and 4.3.

Test No. | Mass of Exple.(g) | Def.(mm) | Imp.{Ns) Comments
CY18-A 2.6 16.50 .10

TCYT5-13 R 17.47 7.00
CYIsC 37 18.00 760

CYIZD 1.2 = %71 Modell*¢

Table 4.1: Table showing contrad deformation of plate and impulse for 18nm CY
explosives

Test No.  Mass of Expla.(g) Def.(mm) | Imp.(Ns) | Comments
TCIH-A 2.6 17.5 fi. 10

TCIS-B 3.2 1858 | 630

TOIE BT ? . £.90) Capping
TCIRD 1.3 ; s Capping

Tuble 4.2: Table showing contral deformation of plate and impulse for 15 TC
explosives
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" Test No, | Mass of Explo.(g) | Def.(imn) | Inp.{Ns) | Comments
ITC18-A 26 10.79 6.00) ]
ITCIS-B 3.2 11.88 7.20
ITGIRC) 3.7 10.40 785
CITCIS-D | 4.3 | 1L66 8.56 | :

Fable 4.3: Table showing central deformation of plate and impulse [or [8mm
ITC explosives

4.2.3 Effect of Shape and Mass of 18mm Explosive on
Impulse of Blast

Results of the impulse of the blast measured by the pendubam are plotied oul as
shown in flgure 4.9, Results of the impulse of the ITC loaded plates are slightly
higher than those of the CY explosives, but much higher than those of the TO
explosives, The results also show ail inercase it impulse with a corvesponding

increase in mass for each shape of explosive,

10
g | ¢

£
i
LR 3

-~
-
L
LI 2

8 1 2 3 4 5

Mass of Explosive {g)

‘¢ 18CY m18TC 4 1BITC

Figme 4.%: Graph showing mass of explosive vs. impulse of blast for 18mm CY,
TC and ITC explosives.
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4.3 Results for 25mm Load Cases

4.3.1 Effect of Shape of 25mm Explosive Charge on Cen-

tral Deformation of Plate

Results showing the effect of comparing the deformation of the plates subjected
to T'CL O and ITC explosives of the same mass, are presonted [or 25mm explo-
slves as shown m figres 410, 411 and 4,12, The results show g similar pattern
ag those of the 1&mm load cases in which the TC explusive causes a higger con-
tral delormation leading to capping eompared to those of 1TC explosives which
did net cause any 1earing of the plates. [n fgure 413, the results graphically
shiw a slight higher valne of central delormation of the TC loaded plates than
the CY loaded plates and [ar higher than the I'TC loaded plates.

Fisure 1.10: Photograph of cross-section of plates subjecred to 3.0g Y, TC and
ITC Z5mm explosives.

4,3.2 Effect of Mass of 25mm Explosive Charge on Cen-

tral Deformation of Plate

The effect. of plate deformation on increasing vhe mass of cxplosive is shown in
figures 4.04, 4.15 and 4.16. The results show that the central deformation of the
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Figure 4.11: Photograph of cross-section of plates subjected to 3.6g CY, TC and
ITC 25mm explosives.

Figure 4.12: Photograph of cross-section of plates subjected to 4.7g CY, TC and
ITC 25mm explosives.
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Figure 4.13: Graph showing central deformation of plate vs. mass of explosive
for all 25mum TC, CY and ITC explosives.

plate increases as the mass of the explosive mmereases. The results also show s
general pattern of deformation ranging from Mode I (large inclastie deformation)
to Mode II (capping around central area) of the plate compared to the 18mm
load cases.

4.3.3 Effect of Shape of 25num Explosive Charge on Im-
pulse of Blast

Results of the impulse of the blast and central deformation of the plate are
presented in tables 4.4, 4.5, and 4.6 for all 25mm load cases. Also, results of
the mmpulse of the blast measured by the penduhim in tables 4.4, 4.5, and 4.6
are shown graphically in fipure 4.17. It can be seen in figure 4.17 that the [TC
explosives canses a slightly higher impulse measured by the pendulum compared
ta the CY and TC explosives.
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Figure 4.14: Photograph of cross-section of plates subjected to 25mm CY explo-
sives of varving mass.
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Figure 4.15: Photograph of cross-section of plates subjected to 25mm TC explo-
sives of varying mass.
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Figure 4.16: Photograph of crosz—section of plates subjected to 25mm I'TC oo

plosives of varying mass,

Test No. | Mass of Explo.(g) | Def.{mm) Imp.(Ns) | Comments
CY235-A 3.0 067 810
CY25-B 36 0y 223l 0.20)

OY23 C 1.7 ; % 1070 Capplus
Table 4.4 Table showing central deforination of plate and impulse for 25mm CY
eapalosives

Test No. - Mass of Explo.(g) Def.{mm) | Imp.{Ns) | Comments

[ TC25-4 A0 20k 7.l - .

TCHE 3.6 24.03 5.3
TC25-C 4.7 e 1036 Capping

Table 4.5 Table showing central deformation of plate and wpidse for 250un TC

cxplosives
Test No. Mass of Explo.{g) DFf(mm] Imp.{Ns} | Comments
TTC25-A 3.0 1505 .62
ITC25-13 3.6 1669 [ 947
TTe2s-C A7 2079 | 11.46

Table 4.6: Table showing contral delurmation of plate and fmpulse for 25mm

I'T'C explosives
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[Ficure 4.17; Graph showing mass of explogive vs. dmipalse of blass for 25mm
Y, TC and ITC explosives.

4.4 Results for 33mm Load Cases

4.4.1 Effect of Shape for 33mm Explosive Charge on Cen-

tral Deformation of Plate

Resiubts of thie eflect of shape [or 33mm load cases on the central deformation of
the plates are showm in fgures 418, 4,19, .20 and 1.21. The resulls show tha
the TC explosively loaded plave in figuee 4,14 13 slightly lower than that of the
CY loaded plate. Howesor, the TTC kwded plate in figuces 4158, 4149, 4,20 wnodd
4.21 are lower thain those of the TC and OV loaded plates.

4.4.2 Effect of Mass of 33mm Explosive Charge on Cen-

tral Deformation of Plate

Results fiom the experiments for 33mm dismeter load cases are presented as
shown in [gures 4.22, 4.23 and 4.24. The deformation ranges from Mods T to
Mode I as the miass of explosive inercases for cach shape of caxplosiwe. A plot of

the central deformarion against mass of explosive is shown in figure 4.25.
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Figure 4.18: Photograph of cross-section of plates subjected to 3.0g CY, TC and
[TC 33mm explosives,

Figure 4.19: Photograph of cross-section of plates subjected to 3.6g CY, TC and
ITC 33mm explosives.
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Mode 11-

Figure 4.20: Photograph of cross-section of plates subjected to 4.7 CY, TC and
ITC 33mun explosives.

Figure 4.21: Photograph of cross-section of plates subjected to 5.9g CY, TC and
[TC 33mm explosives.
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Figure 4.22: Photograph of cross-section of plates subjected to 33mm CY explo-
sives of varying mass.
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Figure 4.23: Photograph of cross-section of plates subjecred to 3dam TC explo-
sives of varying mass.



4. Experimental Resnlts M3

-Dief = ZE. 520y

| C-Def = 22 80mm

C-Det = 18.E3mm

r-. REL
I TE 53-8

EEHNRTIEEE g T,

[

Figure 4.24: Photograph of cross-section of plates subjected to 33mm [TC ex-
plosives of varying mass.
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Figure 4.25: Graph showing central deformation of plate v inass of explosive
for all 33mm TC, CY and I'TC explosives,
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4.4.3 FEffect of Shape of 33min Explosive on Impulse of
Blast

The experimental results of the central deformation and impulse of the blasts
for 33mm load cases are shown in tables 4.7, 4.8 and 4.9, It i1s observed that no
Mode IT*¢ or Mode II deformations are recorded for the plates subjected to the
33mm [TC explosives. Results of the effect of shape of 33mm explosives (CY,
TC and [TC) on impulse are graphically presented as shown in figure 4.26, The
impulses given by the TC, CY and [TC explosives are gencrally similar at lower
magses, but show a higher value by the ITC explosive as the rnass of explosive
increases. This 18 scen in figure 4.26 at a mass of 5.9g, where the impulse by the
TC explosive gives the lowest value compared to those caused by the ITC and
CY explosives.

Test No. | Mass of Explo.(g} | Def.(mm)} | Imp.(Ns) | Commments
CY33-A 3.0 19.92 8.48

CY33-B 3.6 21.88 10.00

CY33-C 4.7 - 12.07 Modell*c
CY33-D 5.9 - 13.90 Capping |

Table 4.7: Table showing central deformation of plate and impulse for 33mm CY
explosives

Test No. | Mass of Explo.{g)} | Def.(mm) | Imp.(Ns) | Comments
TC33-A 3.0 19.50 58.12

TC33-B 3.6 23.05 3.92

TC33-L 4.7 - 11.22 Capping
TC33-D 58 = 12.98 Capping

Table 4.8 Table showing central deformation of plate and impulse for 33mm TC
explosives

4.5 Effcet of Height to Charge Diameter Ratio
on Impulse

A graphical presentation of the impulse against the ratio of the height to diameter
of charge of all the experimental results is shown in figure 4.27. The results are
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| Test No. | Mass of Explo.(g) | Def.(mm) | Imp.(Ns) | Comments
ITC33-A 3.0 17.24 .48
ITC33-B 3.6 18.63 10060
ITC33-C 4.7 22.60) 11.97
ITC33-D 5.9 | 2692 14.59 ]

Tuble 4.8: Table showing central deformation of plate and impulse for 33mm
ITC explosives
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Figure 4.26: Graph showing mass of explosive vs. impulse of blast for 33mum
CY, TC and ITC explosives.
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similar to those presented by Nurick and Radford [2] in which the bigger diameter
charpe show a steeper gradient compared to charges of lower diametors. The
results in figure 4.27 show that irrespective of the shape of the explogive, the
impulse of the blast is influenecd by the ratio of the height to maximum charge
diamneter. The results also show that the immpulse 18 more sensitive to the ratio
of the height to diameter as the charge dismeter increases.

]
"B 33mm
! Charges
R 25mm
Charges
oG g B
=00
A
FREE
=
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=
R ek |
i
0.0 P . : : ,
0.0000 o.z0an o400 18302 0200 1.0000
Helght of Charge/Ciameter Ratio
¥ 1BCY-ASPECTRATIO = 25CY-ASPECTRATED & 330Y-A3PECTRATO
CBTE-ASPECTS RATID #35TC-ABPECTRATED < 33TC-ASPECT RATE
+1BITC-ASPECT RATIO  -25TC-ASPECTRATID —33ITC-ASPECTRATE

Figure 4.27: Graph showing impulse vs. ratio of charge height to dismeter for
18mm, 25mm and 33nim CY, TC and ITC explosives.

4.6 DBurn Diameter to Load Diameter Ratio

Results of the ratio of burn diameter to load diameter (BLDR) agamst height of
explosive are shown in fisure 4.28. The results show a similar pattern o those
given in Nurick and Radford 2], It can be seen generally in figure 4.28, that the
burn to load diameter increases as the height of the explosive increases. However,
it 18 acknowledged that there 19 a weak relationship between the height and burn
load diameter ratio which needs further investigations,
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Figure 4.28: Burn diameter-load diameter ratio vs. height of explosive.

4.7 Summary

The experinental results presented for TC and ITC explosives have not boeen
reported in the lterature. The results show that irrespective of the fact that
the masses of two or more explosives are the same. however, the influence of
the shape plays a significant role in the deforimation and impulse of a structure,
From all the results presented photographically for all the load cases, it can be
seen that the ITC explosive generally causes the lowest cemtral deformation of
the plates compared to the CY and TC explosives. As regards the impulse of
the blast, the ITC explosives generally give the highest value measured by the
pendudum compared to the CY and TC explosives. Furthermore, the rosults
presented show Lhat Lhe raldo of she height to explosive charge diameter also
influences the npulse measured by the pendulum.



Chapter 5

Method of Solution

5.1 Introduction

The objective of this chapler is (o deseribe and illustrate both theoretically
and numerically, the detonalion mechanism of solid explosives as they expand.
The spacial distribution of the detonation produets based on the shape of the
explosive, ig investigated. Shock-wave profiles generated by CY, TC and ITC
explusives, are specifically investigated in order to understand the interaction
of explosive loads with structures. An attempt is made (o0 consiruct the ex-
pected shock-wave profiles of the various explosives using their respective effec-
tive masses. The ABAQUS/Explicit 6.4 and AUTODYN 6.0 hydrocodes are
used fur the simulation of the experiments, in order to predict the total de
formation of the plates. An axi-symmetric model is used in this work as it iy
computationally inexpensive compared to a three-dimensional model.

5.2 Generation of Shock-Wave DProfiles

n.2.1  Shock-Wave Profiles of Cylinder Explosives

In order to predict the final shock-wave profile of CY explosives, igure 5.1 shows
stages of the detonation process from diagram (A) to diagram (E), The simplest
theory addressed in chapter 2 is used to explain the detonation process meaning
that the detonation front is at the C-J state. However, a spherical shock wave
iy adupted as opposed to a plane wave in order (o realistically predicts the final
shuck-wave profile and load distribution.

85
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Figure 5.1: Figure showing achematic of delonation process of a CY explosive.
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The detonation front is assumed to be in a state of thermodynamic equi-
librium. The detonation front in figure 5.1 is followed by an upper and lower
region. The upper region is comprised of expanded explosive gas particles of high
pressure, whilst the lower region is of a much higher pressure of unexpanded gas
particles. This lower region is formed immediately the process of detonation be-
gins and is also reproducible until the chemical reaction of the explosive comes to
completion. During the process of expansion of the gas particles (upper region),
the surrounding fluid (air or water), slows down the momentum of the particles
and eventually produces a shock or blast wave. For the laterally expanding gases,
the shock is of lower intensity compared to the gas particles in the direction of
the detonation front. This is so because the velocity of the laterally expanding
gas particles is less than the velocity of the detonation front (Vp) as reported in
Rinehart and Pearson [21].

The detonation front has a discontinuous pressure front as explained in chap-
ter 2, but is reproducible during the process of detonation due to the heat and
shock wave which move in the direction of flow of the front and thereby contin-
ually initiating the process of detonation. Furthermore, it should be noted that
the C-J pressure at the detonation front in figure 5.1 remains unchanged, but
reduces to about 1/300 of the C-J pressure as it initially travels through air as
reported in Rinehart and Pearson [21]. From diagram (D) in figure 5.1, it can be
observed that the unexpanded gas region following the reaction zone, has been
formed in two separate regions in order to maintain the process of detonation as
the reaction continues. Also, it can be observed that the detonation front ex-
periences a change of curvature as a manifestation of a change of medium from
solid to air. It can also be noted that the thicker the explosive, the longer the
pressure will be maintained at the axis, hence a higher impulse in the central
vertical direction. This means that the longer the Taylor-wave as discussed in
chapter 2, the higher the load intensity at the centre of the explosive, hence, a
higher momentum at the axis of the charge as shown in figure 5.2. In figure 5.2,
the impulse at C is greater than those at A and B.

For a thicker (pencil-like) explosive in which the height is far greater than
the diameter, the flow of particles along the vertical axis is greater than that
of a thin cylinder (pancake-like) in which the height of the explosive is far less
than the diameter. This also means that the dimensions of the charge influences
the shape of the final shock wave profile. The shape of the shock-wave profile is
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Detonation
products

Figure 5.2: Figure showing positions of impulse intensity 1 an explosive [21],

confined in a smalier area for a thick explosive compared to a thinner and wider
explosive, provided that the masses are the same.

From figure 8.1, it is shown that the detonation velocity Vp remains un-
changed during the process of detonation until a change of medhmn ocours where
the velocity becomes Vi (> Vi | with a corresponding decrease in pressure of the
front. The initial welocity of the shock-wave at the end of the detonation process
in air, increases before reducing to zero with time. For example, the detonation
velocity (Vo) of PETN is 7520m/s, In air, the detonation front moves with an
initial velocity (Ve ) of 7950m /s as reported in Rinehart and Pearson [210. One
characteristic of an explosive is that the detonation velocity remains fairly con-
stant during the process of detonation after steady detonation is achieved. In
the lateral direetion, the velocity of the detomation particles is 3/4 of the deto-
nation velocity, and the velocity of the rarefaction (Taylor-wave) . is 3/3 of the
detonation speed as reported in Rinehart and Pearson [21],

5.2.2 Shock-Wave Proliles of Truncatoed-Cone and Inverted
Truncated-Cone Explosives
Figires 5.3 and 5.4 show the propagation of the detonation profiles of a Truncated-

Cone (TC} and Inverted Truncated-Cone {ITC) explosives. As shown in figure
0.3, the final shock-wave profile is similar to that of a CY explosive. Tt can
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be seen in figures 5.3 and 5.4 (C), the detonation front remains spherical until
it gets to the surface of the explosive where the detonation front increases its
velocity from Vp to Vg in diagram (D). It can also be seen that the detonation
front changes its shape as an indication of a change of medium from solid to
air. The final shock wave profile shown in figure 5.4 (E), is a less localised load
distribution compared to the shock-wave profile in diagram (E) of figure 5.3. On
interaction with a target or structure, this kind of loading caused by the ITC
explosive, is likely to cause a lower central deformation and less damage to the
target structure. This means that irrespective of the masses of the CY, TC and
ITC explosives being the same, tearing of the structure is likely to be caused by
the TC and CY explosives as opposed to the ITC explosive. This is because the
flow of particles are distributed in a much wider area, as shown in figure 5.4 (E),
compared to that in figures 5.1 and 5.3 as manifested in the experimental results

presented earlier.
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Figure 5.3: Figure showing schematic of the detonation process in a T'C explosive.
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5.3 Constructing the Final Shock-Wave Profiles
of CY, TC and ITC Explosives

In this section, an attempt i1s made to analytically construct the shape of the
final shock-wave profiles in relation to the effective mass of the explosives. The
effective mass of the explosives CY, TC and ITC explosives are shown in figure
5.5. As reported in Kennedy [T0., a 3P angle is taken off-the sides in order
to estimate the effective mass of the explosive that will contribute to the axial
momentum of the target structure.

As shown i figure 5.5, the effective masses of the thick TC and CY are
aqual, meaning an equal central deformation of the plate is expected for both
explogives, The depth of the shock-wave is directly proportional to the axial

momentum &8s given in equation 5.1,

Depth of shock-wase (L) o0 Axaal momentim (5.1}

Depth of shock-wave (L) = K x Effective mass x Detonation velocity (Vp)

where K is the constant of proporrionality. Since the maximum deformation of
the plates is caused by the TC explosive, the depth of the CY and ITC shacks
in the axial direction are expressed as a ratic of the length of the TC explosive
as given in equarions 5.2 and 5.3 respecrively.

Lev = Mirc L {5.2)
M
Lie = MITT’: Lyc (5.3)

where Mcy 18 the effective mass of the CY explosive, My1c is the effective mass of
the ITC explosive and My the effective mass of the TC explosive. The minipum
widths of the shoclkwave profiles are the same for the TC and CY explosives
but mmuch wider for the ITC explosives. However, for the central deformation,
the length of the shock-wave (L) is most Iimportant.

For the thicker explosives, the effective masses of the CY and TC explosives
are egual, meaning that the depths of their shock-wave prefiles are also equal
compared to the ITC explosive of smaller effective mass. By increasing the
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height beyond the effective height of the explosive mass region in figure 5.5 in
(A}, the central deformation of the plate by the ITC, CY and TC explosives will
not significantly increase. For the ITC explosive, the maximum effective mass is
reached muech earlier compared to the CY and TC explosives. For the thinner
explosives in 5.5 in (B}, it can be seen that the TC explosives uses all its mass
whilst the ITC and CY explosives do not use all their magses in the explosive
axdally. However, the effective mass of the OY explosive is bigger than that of
the ITC explosive. This means that the TC explosive will canse the highest
central deformation followed by the CY and TTC explosives respectively.

As regards the impulse, it is expected that the explosive with the highest
effective mass will cause the highest impulse. In fizure 5.5, the thicker CY and
TC explosives have the same effective mass meaning that the impulses must be
equal. Although the effective mass of the TTC explosive is lower than those of the
CY and TC explosives, however, the probability of the detonation products from
the sides of the ITC explosive to interact with the target structure in a wider
area is higher than that of a TC explosive. I this regard, equal impulses of the
ITC, CY and TC explosives is expected if mass is only considered. On the other
hand, the ITC explosive covers a wider area of interaction with the structure
compared to those of the TC and CY explosives. This interplay between the
effective mass of explosive and area of load application makes the impulse a
more challenging analysis than that of the central deformation. As shown in
figure 5.5 (B), the TC explosive is expected to give the highest impulse as all the
charge is used to drive the structure with the highest axial momentum followed
by the CY and TTC explosives if only mass is the varying factor. In this regard.
both the mfluence of mass and shape has to be considered in order to estimate
the impulse of the blast. The influence of mass and shape of explosive on the
impulse 15 dealt with in the discussion chapter based on the experimental results.

It should be noted that the longer the length of the Taylor-wave of the blast,
or the thicker the explosive, the less likelihood the particles at the rear end of
the explosion can make contact with the plate. This means that beyond the
length of the "effective Taylor-wave" (L), particles do not make effective contact
with the plate or loses their momentur, hence a reduction of the impulse, This
nieans that the TC and ITC explosive particles at the rear end are less likely
to make contact with the plate compared to the OY explosive of shorter height.
The reduction of the explosive particles momentum at the rear of the explosion
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Figure 5.5; Figure showing schematics of the effective mass of explosive con-
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causes & reduction of the total impulse.

5.4 DMach Stem Formation and Localised Load-
Mg

To discuss the issue of mach stem formation in relation to localised loading
of structures, ideal incident and reflected spherical blast waves are assumed as
shown in figure 5.6, At point O referred to as ‘ground zerc', that is the point
directly below the centre of the explosive charge, to & point A, away from the
centre of distance {Dg ), the pressurc on the surface of the structure is normal
(regular) but decays with time. At point (A). where a reflected and incident
wave meet, a mach stemn Is formed. The point at which the ineident, reflected
and mach stem meet is called the triple point. Estimate of the height of the
mach stem is given in equation 5.4 proposed by Dharancepathy et o [110].

2
H,. = 0.07H, [(g—) - 1] (5.4)

where Hg is the height of burst, Dy is any distanec away from ground zcro and
{Dg) the minimam distance for a mach stem formation. When 1 is equal to
Do, height of the mach stom 18 zero. According to Dharaneepathy et aof [110],
a mach stem is formed when the "critical® angle (f] is between 40° to 50°.
The region right of point (A). experiences a change in the direction of pressure
horizontally as shown In figure 5.6 due to the formation of a mach stem.

In general, to estimate the critical angle, Robertson et of [49] reported on an
equation relating the critical angle and the mach number as given in eguation
5.5, where f is the "oritical" sngle and M., the mach oumber of the ineident
shaock.

1.75
M, — 1
The proposed pressurc distribution of the blast wave for & TC and ITC

f=

+39 | (5.5)

explosives are given as shown in figures 3.7 and 5.9 respectively. For the TC
and CY explosives, the load distributions are similar. The load is maximum in
direction 1 as indicated in figure 3.7 {A) on interaction with the target structure
at ground zero. Py onax 18 the maximum reflected pressure on the structure caused
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Figure 5.6: Figure showing schematic of Mach stem region formed by incident
and reflected waves,

by the load in direction 1 and where P(t) is the magnitude of the pressure as
time increascs. M s the minimutn vertical pressure after which a mach stern 8
formed. Beyond Dg. the normal lead on the structure is reduced by the change
m direction of the detonation products on the structure. The load in the mach
region is maximum tangentially to the surface of the structuze. The proposed
load distribution shown in fisure 5.7 is similar to that proposed by Bimba et ol [6]
in which two regions of load distribution on the structure is given. In Bimba et al
|6] however, it is proposed that the load is constant from the center of the charge
to the edee of the charge, and exponentially drops to atmospheric pressure to the
boundary of the structure. This means that the load is planer from the center of
the plate to the edge of the charge. This assumption cannot be entirely true if
the load 18 spherical mteracting at a point and eventually reduces exponentially.
In figure 3.7, it is shown that the load decreases exponentially from the point of
witial interaction to a point Dy and rapidly drops exponentially along the surface
to atmospheric pressure. The rapid drop is caused by the change in direction of
the detonation products caused by the formation of a mach stem. Comparison
of the proposed load distribution for CY and T'C explosives and that proposed
by Bimba ef af [6] is shown in figuze 5.4

For an ITC explosive, the shock-wave profile of the explosive is shown in
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Figure 3.8 Figure showing comparisou of proposed load distribution for CY and
TC explosives and that proposed by Bimha et al 8],
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figure 5.9, diagram (A). As shown in figure 5.9 {B), the load distribution which
is dependent on the shape of the explosive, two high load intensity in directions
1 and 2 can be seen. P, is the maximum pressure in direction 1, Pp..s the
maximum pressure on the structure in direction 2, and M1 and M2 are minimum
vertical pressures after which a mach stem begins to form. Between M1 and M2
a mach stem region is expected to form of high pressure due to mteraction of
the two horizontal pressures in opposite directions.
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Figure 3.9: Fizure showing proposed load distribution of ITC explosive on a
target structure.

Becanse the intensity of the blast wave pressure caused by the TC and CY
explosives are higher at ground zero than that of the ITC, the area of the regular
reflected region will be much smaller than that caused by the ITC explosive.
This means that the length of Dy expected for the TC and CY explosive will be
smaller than that formed by the I'TC explosive.

5.5  Simulation of Explosive Behaviour

The increase in efficiency and power of computing in recent vears has sreatly
increased the scope of the explosive designer to predict the performance of ex-
plosives reasonably well using hydrocodes. Two forms of generic explosive mod-
els have been developed for use in hydrocodes: a computationally cheap generic
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method and a more complex reaction flow model as reported in Leiper and
Kennedy [111]. In the former, the explosive is assumed to be that of a C-J wave
moving through a mesh at a prescribed velocity in all directions simultaneously.
The locust of the wave front is defined based on the Huygens construction which
defines the front based on the number and position of the coordinates which
are identified during the calculations. An EOS for the detonation products is
essentially needed to model the pressure of the explosive at the C-J state. In the
second approach, the behaviour of the explosive is based on explicit shock in-
duced chemical reaction. In this method, an equation of state for the unreacted
explosive, an equation of state for the reaction products and a set of reaction rate
parameters are required as reported in Leiper and Kennedy [111]. This method
considers the conversion of the unreacted state to the reacted state based on the
local thermodynamic nature of the explosive material and a reaction rate law.

Studies of close-in blast of end-detonated cylindrical charges were carried out
by Schraml et al [112]. The term "close-in blast" describes situation in which
the explosive products from the detonation of an explosive charge interact with a
structure at close stand-off distance. It also means that the explosive detonation
products play a significant role in the response of the structure as reported in
Schraml et al [112]. The paper documented a set of numerical simulations that
were performed to complement an experimental study of the blast environment
produced by the detonation of cylindrical charges. The purpose of the studies
was to validate the ALE general application (ALEGRA) in simulating blast
loading and to characterise the complex blast environments produced by the
experiment. A reaction rate model was incorporated in the simulation in order
to model the detonation process which is initiated by a shock. Characterisation
of the blast environment was achieved by describing the evolution of dynamic
pressure histories and peak pressure profile together with the impulses along a
straight paths at various distances from the centre of the charge.

The Lee-Tarver model incorporated in the AUTODYN 6.0 material library
is an example of an Ignition and Growth model given in equation 5.6.

B = 1(1— B)*(vo/ve) + G(1 — B)*B¥p” (5.6)

where B is the degree of chemical reaction, v is specific volume, subscript 0
and e referred to the porous unshocked and dense shocked states respectively,
and I,G,r,x,y,z are fitting factors. The reaction rate model in AUTODYN
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6.0 material library comprises the JWL EOS for the detonation products, an
EOS for the inert explosive and a reaction rate equation to describe the ignition
and growth and completion of the burning. Other forms of reaction rate models
have been formulated with the Forest fires [116] being one of the earliest ignition
growth models as given in equation 5.7, where f3 is the degree of chemical reaction
and f(p) a polynomial in pressure and a point denoted time differentiation.
Modelling of the explosive behaviour using an ignition growth model is beyond
the scope of this work.

B =(1-p)f(p) (5.7)
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5.6 The Finite Element Method

The finite element method is an approximate numerical technique for the solution
of the equations governing the response of a physical system. The method is
characterised by three basic features:

1. The domain of the problem is represented by a collection of simple subdo-
mains, called elements. The collection of elements is called the finite ele-
ment mesh. A wide range of element types can be found in the ABAQUS
manual [99].

2. Over each finite element, the physical process is approximated by functions
of desired type (polynomials or otherwise) and algebraic equations relat-
ing physical quantities at selected points, called nodes, of the element are
developed.

3. The element equations are assembled using continuity conditions of phys-
ical quantities.

Whereas the finite difference approach is a pointwise discretisation of the
continuum, the finite element technique envisages the solution region as being
composed of many small interconnected sub-regions or elements and nodes as
shown in figure 5.10.

This implies that a piece-wise approach is adopted to solve the differential
equations at the nodes using polynomials that represent the variable over the
element. The degree of polynomial is dependent upon the number of nodes in the
element and number of degrees of freedom. The displacements at the nodes are
the unknowns of the problem. These displacement functions define the strain and
strain-rate within each element. By using the constitutive equation representing
the material behaviour, the stress can be determined. The internal and external
forces, velocity, acceleration and displacements can all be determined at the
nodes.

The development of the finite element method as a numerical tool began with
the advent of the electronic digital computer as reported in Bathe [117]. The
finite element method is used on computers, to solve the governing equations
representing the physical system. The linear dynamic response of a physical
system of finite elements is given in equation 5.8
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Figure 5.10: Schematic of strucowre with bondary subjecied (o load showing
an elernent and a node of the finite element mesh.

MU < LU -KLL=R {5.8)

where M, C and K are the mass, damping and stiffness marrices; R is the external
load vector; and L, U and U oare the acceleration, velooily and displacemnent
vectors of the finite glement model. In time discrete form, cgration 5.8 vau he

wrillen as

Fritl | Fpit:+ Feit] = Rit) (5.9)

where Fi(t! are the inertia forees, Frit) = MU, Folt] are the damping forces,
Fol(l) = CU and Fpit) are the clastie forees, Fzit) = KLL

5.6.1 Overview of the Explicit Method

In this work the ABAQUS/Explicil 6.4 acd AUTODYN codes are used for the
nurerical solution of the differential couationy governing Lhe oxplogive and plate.
The explicit mnethad s adopted In this work as it i suitable for irapulsively loaded
atruclures, complex contact problems, complex post-buckling problenss, highly

noulinear and guasi-staric problems and materials with degradation and faboe
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problems. The ABAQUS/Explicit code uses a central differcnce tite integration
scheme to solve the equations of motion (Newton's gecond law} with respect to
time. The equations of motion are integrated with respect to time using the
kinematic conditions at one increment to caleulate the lanematic conditions at
the next increment. The acceleration of a nodal mass with respect to time is

given in equation 5.10

i — M (P =) g (5.10)

where U is the nodal acceleration, M is the wodal mass matrix, P is the total
applied force and I is the internal element forces. In the explicit procedure,
there are no simultaneous equations to solve, making it an inexpensive method
compared to the implicit method. If equation 5.10 is integrated with respect to
time, the veloeity and displacement of & node are obtained.

The issue of stability of the model must be addressed for the simulation to
run to completion. Consider a bar subjected to stress wave as shown In figure
5.11. For stability, the time taken for the wave to propagate along the bar muist
be greater than that of the time inerement chosen by the solver.

=i Le =i
Direction of J
Wave Propagation i
Bar

Figure 5.11: Figure showing schematic of a bar subjected to stress wave.

The stability lirit can be calculated as given in equation 5.11.

Atgrapie = min {L—} (5.11)
Ca

where At,i.pie 18 the stable time increment, L, is the edge length of an element,
or diameter of an inscribe circle of a triangular element, €y the wave spesd of
the material as giver in equation 5.12, E is Young's modulus and p the depsity

of the material.
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Ca= E (5.12)
Vo

For computational efficiency, AUTODYN 6.0 and ABAQUS/Explicit 6.4
choose the time step to be as close as possible to the maxinmum stability limit.
If the time increment of a model At, 15 larger than the stable time increment,
then instability will occur which canses the simulation to terminate. The explicit
methods require a small time inerement that depends on the highest natural fre-
quencies of the model and 8 mdependent of the type and duration of loading,
whilst the implicit method does not place a limitation on the time increment.
The increment of an mnplicit method is determined from acéuracy and conver-
gence of the solution. Faor the purpose of this research, the aspect ratio of the
elements of the steel plate is imitially 2:1 (0.8mm x 0.4mm) whilst the aspect
ratio of the explosive elements were kept initially at 1:1 (0.8mm % 0.8mm) prior
to loading in both codes.

5.6.2 Simulating the Explosive B3ehaviour in
ABAQUS /Explicit 6.4 Code

The configuration of the experiment in the numerical simulation is shown in
an axiF-symmetric view in figure 5.12. A stand-off distance of 20mm is used
throughout the sinmilation process. Three discrete steps are used in the simula-
flon process.

In the first step the explosive is allowed to expand up to the point of first
contact with the plate. A total time of 2us (micro-seconds) ig used in the first
step, estimated approximately by dividing the stand-off distance by the deto-
nation velocity assuming that the welocity of the detonation products remain
constant until interaction is made.

In the second step, the interaction between the explosive and the plate is
assumed to last for 65us. This time is achieved by assuming various values until
an approximate value is reached and adepted for all the simulations. During this
time, the explosive energy is transferred to the plate which eventually deforms
with time. In the last step, the explosive it "frozen" for 1000ps during which
the plate is allowed to settle with no energy from the explosive transferred to it.
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Figure 5.12: Figure showing set up of the experimental simulation of a CY
explosive at 20mm stand-off distance from the top of the plate.

Modelling 'The Explosive Pressure

In modelling the explosive using the ABAQUS/Explicit code, CAX4R {Contin-

i Axi-symmetric 4-noded reduced integration) Arbitrary-Lagrangian-Eulerian

(ALE) mesh is used. The JWL EOS [7| is used to model the explosive pressure

of the detonation products as given in chapter 2 but repeated here for the sake
of clarity in equation 5.13.

O DTG e 1 IR e 2 SiE

RV R,V Vv

According to Hibbit ef al [99], the pressure generated by the release of chemical

energy of the explosive is implemented in a form referred to as programmed burn.

(5.13)

A programmed burn means that the reaction and initiation of the explosive is not
determined by shock in the material. Instead, the initiation time is determined
by a geometric construction using the detonation wave speed and the distance
of the material point from the detonation points. The detonation time as given
in the ABAQUS/Explicit programme is estimated as

(5.14)

’c:-lmrj = min {12’ + \/[me s X?:] (XmP — X’E‘} }
d
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where X", ig the position of the material poiut, XY is the position of the nth
detonation point, tY, is the detonation delay tirme of the nth detonation point
amd Cg, the detonation wave speed. To obtain contimity of the burn wave over
several elements, in the finite element madel, the burn fraction Fy is incorporated

and calculated as

(5.15)

_ TP
Fb:mjn{j,M}

B.l.
where B, is a constant which controls the width of the birn wave and 1, is the
characteristic length of element. The pressure at time (t) within the explosive is
estimated by multiplying the pressire from the JWL EOS and the burn fraction.
The constants in the JWL EOS are given in Table 5.1.

A(GPa) | B(GPa) | R, | Ry | w | E{GJ/Kg) | p[Ke/m) | Caim/s) | Pey{GPa) |

GO% 129 | 4114|025 G L6010 5190 28

Table 5.1; Constants in the JWL Egquation of State

Modelling the Geometry of the Steel Plate {Target)

The steel plate is modelled nsing CAX4R (Lagrangian} elements. Lagrangian
elemments are more suitable to madel the plate ax the deformation of the plate
is not very large compared to the explosive elements. The elements aspect ratio
is initially 2:1. Studies carried out by Grobbelaar and Nurick [4] show that the
type of elements used to model the steel plate does affects the deformation of
the plate.

Modelling the Bonudary Conditions

The boundary conditions of the plate and explosive are modelled as described in
Grobbelaar and Nurick [4, and sbown in figure 5.12. On the left of figure 5,12, a
line of rotational symmetry for both the explosive and steel plate is shown. The
boundary on the right of figure 5.12 shows the dimensions of the boundary as
proposed by Grobbelaar and Nurick (4]. A length of 1.6mm at the top boundary
is not restrained in order to account for loss of contact at the top of the plate

and the clamp.
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Modelling the Contact

There are two algorithms in the ABAQUS/Explicit eode for describing contact:
the general contact algorithm and the contact pair algorithm as reported m Hi-
bhit et ol 99]. In the general contact algorithm. contact occurs between all
regions of the model while 1n the contaet pair algorithm, contact is defined be-
twoen specific surfaces defined as master and slave surfaces. The general contact
algorithin is suitable where less restrietion of the contact surfaces is needed. The
surfaces of the explosive making contact with the target surface is defined as the
Master surface while the top face or loaded arca of plate is the Slave surface.

Constraint on the inreraction are normally applied by default. The defanlt
kinematic contact formulation chosen by ABAQUS/Explicit is used to model
the surface-surface interaction in order to mimmise the problem of overclosure.
Overclosure occurs when significant amount of indent between the Master and
the Slave surface takes place as shown 1n figure 5.13.

|rdert of olate by nades from mastes surface

Figure 5.13: Figure showing overclosure caused by indent of the master (cxplo-
sive} surface nodes into the plate {slave) surface.

In the mumerical simulations, the penetration of a node into the plate 18
reduced by adopting a kinematic balanced master-slave approach. A penalty
contact is ot adopted as it does not prevent the penetration of a master surface
into the slave surface.
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5.6.3 Simulating the Explosive Behaviour in
ATUTODYN 6.0 Code

In simulating the detonation process using AUTODYN 6.0 code, the explosive
is modeled with an ALE [Arbitrary Lagrangian Eulerian) mesh. In an ALE
mesh, the explosive material moves across the mesh and the mesh simultanecusly
deforms and moves with the material. The plate is modeled with a Lagrangian
mesh. A Lagrangian mesh is a material description in which the grid points are
fixed to the material point as deformation takes place. The density, temperature,
velocity and other related variables are computed as time progresses. In the
Fulenan description, the material properties of mass, momentum and energy
flow in and out of a cell across through a fived mesh (grid) as time progresses.

A Lagrangian/Fulerian interaction is chosen to deseribe the mferaction of
the explosive load and the steel plate. The boundary conditions of the plate are
modelled as sugsested by Grobbelaar and Nurick 4|, The numerical set up of
the experiment is shown axi-symmetrically in figure 5.14. Gauge points at Toum
intervals are chosen along the surface of the plate in order to investigate the stress
distribution in the top surface of the plate. The explosive pressure is modelled
using the JWL EOS and the steel plate material behaviour is modelled using the
Johnson-Cook constitutive equation. The constants i both the JWL EOS and
the Johnson-Cook constitutive equation used in the ABAQUS/Explicit 6.4 code
are also used for the simulation in the AUTODYN 6.0) code. It should be noted
that the AUTODYN 6.0 software does not generate a simplified input deck as
opposed to the ABAQUS /Explicit code which generates a simplified input deck.

More emphasis is placed on the central deformation and plate profiles as
regards the outcome of the numerical results. A total time of 1ms (1000us) is
used to run the simnlation of the experiments corresponding to a total cycle of
1000000,
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Fisure 5.14: Fipure showing setup of nnmerical sirmulation of explosive-plate

interaction at cvele 0, nsing AUTODYN (6.0,
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5.7 DMaterial Properties of the Steel Plate

The material model used in this work for the steel is the Johnson-Cook [101]
material model. The choice of uging the Johnson-Cook [101] material model is
marde on the basis that it takes account of the effect of increase in yvield stress
due to strain hardening and a decrease in yield stress due to adiabatic effects
simultaneously. The constants used in the Johnson-Cook material model with
other material constants in the AUTODYN 6.0 and ABAQUS/Explicit 6.4 codes
for the steel are shown in table 5.2. The value of the static yield stress is 253MPa
and the true stress corresponding to that is 262MPa used as the value of A in the
Johnson-Cook equation. The values of B and n, given in table 5.2 are obtained by
substituting vartous trial values in order to obtain figure 5.15 that compares very
clogsely with the average stress-strain curve from the experiment. The equation
of the theoretical curve in figure 5.15 18 given in equation 5.16. The values of
the other parameters (Nos. 4-11) in table 5.2 are obtained from the AUTODYN
6.0 software materials library for mald steel 1006.

o =262 324700 (5.16)
No | Constants " Value | Unit
1 A-static yield stress 2452 MPa
2 B-work hardening coellicient | 325.5 | MPa
3 n-work hardening constant 0.56 -
4 mi~thermal softening exponent | 1 -
3 Tres-room temperaturs 300 K
B Tmenr-melting temperature 1511 K
7 f-inelastic heat fraction 0.9 -
5 | ¢p-specific heat 452 J/ke/K
9 C-strain rate coefficient 0.02 -
10 | E-Young's modidus 200 (Pa
11 | v-poisson’s ratio 0.3 -

Table 5.2: Johnson-Cook material constants for mild steel

5.8 Summary

The various methods used for the simulation of the experiment to predict the
deformation of the structure have been addressed. Proposed shock-wave prafiles
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Figure 5.15: Comparison of theoretical and experimental stress-strain curves at
zero-strain rate.

of the respective shapes of explogives have been constructed i order to address
the load distribution on the steel plates using their respective effective masses.
It is shown that the ITC explosive is less localised compared to the TC and CY
explogives which are more localised. An attempt has also been made to propose
alternative load distribution on the strueture by the CY, TC and ITC explosives
in relation to the formation of a mach stem. The mumerical approach used for
the prediction of the experiment using the ABAQUS/Explicit 6.4 software and
AUTODYN 6.0 have been addressed with the JWL EQS and the Johnson-Cock
constitutive equation incorporated in the numerical simulation {or the explosive
loads and plate behaviowr respectively.



Chapter 6

Simulation of

Explosive-Structure Interaction

6.1 Introduction

Central to this chapter is the simulation of the cxplosive-structure Intcraction
using the ABAQUS /Explicit 6.4 and AUTODYN 6.0 hydrocodes. The codes
predict the time evolution of the solution given the relevant flow equations and
constitutive relations. The aim is to numerically investigate the Anal load distri-
bution of the explogive on the plate surface and its influence on the deformation.
Two simmple methods of achicving convergence of the finite element solution of
the model are used mm both codes, by varving the element size of the explosive
and plate in order to achieve the experimental deformation result. Investigations
of the expansion of the CY, TC and IT'C cxplosives and the spacial distribution
of the detonation products at warious time intervals during and after detonation

are also carried out.

112
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6.2 Test for Converzence of Finite Elemnent So-

lution

6.2.1 Convergence of Solution in ABAQUS/Explicit 6.4

Simulation

The deformations at points P1, P2, P3 and P4 shown in the schemarie of figure
6.1 are numerically investigated in order to test for convergence of the solution
of the finite element model

) Plate surface Flate boundary

Schemanc of top profile
of deformed plate

Figure 6.1: Schemnatics of plate showing poinis P1, P2, P3 and P4 and deformed
profile.

An average element size of LBmmx(.8mm iz used for the CY explosive of
mass 2.6g and diamerer 18mm, whle the element size of the plate ave varied from
0.2mm tolOmm. Probloms of excessive element deformation are reporled at ele-
ment sizes of 0.4mm of the explosive, which normally terminated the simulation.
In this regard, an element sizc of (.3mm of the explosive is used throughout the
simulations. The experimental result of the central deformalion is 15.6mm at
Pl in figure 6.1. Table 6.1 shows the sizes and number of elements used for Lthe
numerical tests. The corresponding deformations of the points of roference are
shown in ¢column P1, P2, P3 and P4 of table 6.1.

A plol of the deformation against the number of clements of the plate is
shown in figure 6.2, It can be seen thal convergence 1s obtained at a mininnm
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Element Size | No. of Ele. | P1{mm) | P2{inm) | P3(mm) | P4({mm)
0.2mm x 0.4mm 1000 15.4 16.7 5.5 2.8
0.3mm x 0.3mm atat?) 15.1 106 5.39 2.7
0 4mm x 0.4mm 500 15.1 10.5 50 2.8
J.8mm x 04mm 250 14.89 101 0,35 2.66
50mm » 0.4mm 40) 12.76 8.9 5.6 2.6
18.0mm x 0.4mm . 20 0.62 755 | 4.7 2.44

Table 6.1: Number of clements of plate corresponding to deformations at P1,

P2, P3 and F4.

number of 260 elements for P1 (central deformation) with an average asymptotic
central deformation value of 15.2mm compared to 15.0mm for the experiment.
This means that the deformation is independent of the mumber elements for a
mininnn number of elements greater than or cqual to 23 In this regard, an
element size of 0.8mmx(.4mm corresponding to a total of 250 elements for the
plate is used to earry out all the numerical analysis whilst that of the explosive

is (.8 = 0.8,

frnrm}

Displacement of puints on plale

Solution= 250
alemants

——P1 -4—72 ——P3 P4

Number of plate elements

sy ‘

400 &00 BGG BID 7D AGT 900 1000

Figure 6.2: Figure showing test for convergence of the finite element solution from
ABAQUS/Explicit 6.4 simulation for an 18mm CY explosively loaded plate.
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6.2.2 Convergence of Solution in AUTODYN 6.0 Simu-

lation

The relatively simple tesi for convergence of the finite element model in the
AUTODYN 6.0 simmulation is carried cut by investigating the total deformation of
the plate in relation to the clermeni size of the explosive. An 18mm CY explosive
of mass 2.6g is used to carry out the investigation. Element sizes of ).Bmmn,
{(.6mm and (L4mm of the explosive are used to carry out the investigations by
keeping the initial element size of the plate at 0.8mmx0.4mm unchanged as
obtained in ABAQUS/Explicit code. Resulis of the predicted profiles and that
of the experiments are shown in fisure 6.3. It can be seen that the results is
converging to the experiment as the element size is decreased. Element sizes loss
than 0.4mm of the explosive created problems of excessive element deformation
causing termination of the simulation. In this regard, an initial element size of
(.4mm is used for the explosive throughout the simulations.

Plate Radius (cm)

3

2

Detformation {em)

-1.8

1BCY -Emert Size-g.Brom 180 -Tamert B ze-0 Gomm

e 1R 2.6g-Bement Size- 4 ———e B0 -Ex p=riment

| S L T—

Figure 6.3: Figurc showing test for convergence of the fimte clement solution
from AUTODYN 6.0 simulation for an 18mm CY explosively loaded plate.
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6.3 Effect of Element Size on Pressure and Ve-

locity

6.3.1 Effcct of Explosive Element Size and Duration on

Detonation Pressure and
Velocity in ABAQUS /Explicit 6.4

The magnitude of the pressure and veloeity during the buroing process o the
simulation are also Influenced by the size of the eloment. This is llustrared
i fignres 6.4 and 6.5 The results are oblained al a time of (.7us. It can be
sern that the pressure at the detonation front inereases when the slement size s
decreased. For extremely Gne mesh, 1he presswre can be so high and scmelimes

causes excessive element deformation of a structure as shown in figure 6.6.

Z, Fressure
phve . Crit.: 7&5%)
+1. E22e-01
E 110 452=-01
Trl.320e-01
- =1 _188a=01
T1.0562-01
+5_ 237e=02
+7.8917=2-0E
+& 880e=-02
+5. 278=2-08
+32_5L8.-0F
TE.&I33a-0Z
=1_ 3f0e-02
+0.Q00=+00

Fignre 6.4: Pressure vanation o (Mbars) {or explogive clement. siae of 0.8 a0
tirne .7ws from ABAQUS lixplicil 6.4,

The velocity also inereases a3 the eloment sise decreases as shown 1 fipures
6.7 and 6.8, The vesnlts clearly demonstrate that the pressure and velocity of

detomation also vary with respect to element st of Lhe explosive.

6.3.2 Effect of Explosive Element Size and Duration on
Detonation Pressure and Velocity in AUTODYN
6.0

Effect of element size of explosive on the detonation pressure and wvelocity are
shown in figures 6.9 and 6.10. Both figures show that the pressure and velocity
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Figure 6.5: Pressure variation in {Mbars) for explosive element sizg of 0.3inm at
a time of 0L.7us from ABAQUS/Expliciy 6.4.

of the detonation front vary with a change in the element size. It is expected
that after steady detonation is reached, the pressure and velocity should remain
fairly constant. This variation is expected as steady detonafion has not been
modelled as the solution is based on a progranune binn. The maximam pressure
and velocity at an element size of 0.2mm in figures 6.9 and 6.10 are less than
the values of 28GPa and 3190ms~' as expected due to the fact that the finite
element simulation gives the pressure and velocity of the detonation products.

Furthermore, figures 6.11 shows that for an explosive charge of diameter
18mm and height 15mm, the pressure of the detonation front increases with
duration meaning that the solution does not converge or reaches an asymptotic
values as in the case of the theory of detonafion. The detonation pressure at a
time of 20us is less than the C-J pressure of 28GPa.

For a charge of diameter 18min and height 6.34mm shown in figure 6.12, the
velocity of the leading fromt Vi is greater than that at the detonation front Vo
which is in accordance with the theory discussed in Rinehart and Pearson [21].
The welocity of the detonation products at the rear Vi is also less than that
at the leading front which is also in agreement with the ABAQUS/Explicit 6.4
code.
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Figure 6.6: Excessive clomnent deformation caused by a (.4mm element size of
explosive with a detonation pressure of over 37Mbars (37GPa) in diagram (B}
from ABAQUS/Explicit 6.4.
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Figure 6.7: Veloeity (em/us) of detonation products for explosive element size

of 0.8mm from ABAQUS/Explicit 6.4.
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- LU e+

Figure 6.8: Velocity {em/us| of detonation products for explosive elemant size
of 0.3mm from ABAQUS/Explicit 6.4.

6.4 Effect of Duration on Finite Elecment Model

6.4.1 Effcct of Duration om Detonation Pressure in
ABAQUS/Explicit 6.4

The effects of duration on pressure within the explosive during the detonation
process is shown in figures 6.13, 6.14, and 6.15. The results show an increase in
detonation pressure as the duration increases. The pressure can be seen to be
Inwer at the rear of the coplosion.

Ar 14ps, the leading pressure in the axial direction is of a lower pressure
compared to that at the detonation front which still maintains a mgher pressure
until detonation is complete. The pressure of the explosive also depends on the
dimensions of the explosive. Figure 6.16 shows pressure distribution within the
explosive of a CY explosive of height 30mm and radius 9mm during detonation.
The pressure as seen, ts 25GPs which is close to the C-J pressure of 28GPa.

The pressure can go far beyond the magnitude of the C-J] pressure of 28GPa
for PE4 depending on the time and dimensions of the explosive. This is so
because, the ABAQUS /Explicit programme does not limit the C-J pressure and
does not also model steady detonation which is independent of time.

G.4.2 Effects of Duration on Detonation Velocity in
ABAQUS/Explicit 6.4

The effects of duration on detonation velocity is shown in figures 6.17, 6.18 and
6.19. The velocity of the detonation products at the rear is higher than that at
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0.000e=00 0.000 00
Element size = 0.4mm Element size = 0.2mm
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Figure 6.9 Figure showing efleer of clement size on Ui detonation prossurc al

a Limme of (hTus [ram AUTONYN 6.0



6. Simulation of Explosive-Structure Interaction 121
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Figuee 6.10: Fipure showing effeer of clement, size on the detonation veloeity at
a lime of 0.7us from AUTONYN 6.0,
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Figure 6.11; Figure showing change in pressure with respect to tipe for an
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Figure i.12: Fffiet of duration on ditonation velocily from AUTODYN 6.0 for
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an ¢lement sizo of 0,2mm from AUTONYN 6.0
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Figure 6.13: Pressure distribution in (Mbars} during detonation of explosive at
time of 0.7ps from ABAQUS /Explicit 6.4.
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Figure 6.14: Pressure distribution in (Mbars) during detonation of explosive at
a time of 1ps from ABAQUS/Explicit 6.4,
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Figure 6.15: Pressure distribution m (Mbars) during detonation of explosive at
a time of L4us from ABAQUS/Explicit 6.4.
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Figure 6.16: Pressure distribution in (Mbars), of a 30mm thick explosive of size
(.Bmm during detonation from ABAQUS/Explicit 6.4.

the front. As reported in Rinehart and Pearson [21], the initial veloeity of the
explosive front increases just after detonation. The velocity at the detonation
front and at the rear of the detonation front increases with duration. In theory,
the detonation veloeity at the front does not change once steady detonation is
reached as opposed to the simulation. The velocity of the detonation products
in the direction of the blast is higher than that at the rear and at the detonation
front.
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Figure 6.17: Velocity (cm/ps) of detonation products at a time of 0.7us from
ABAQUS/Explicit 6.4.

The results also show that the maximum detonation velocity is time depen-
dent and increasing with respect to time. In figure 6.20, the velocity of the
detonation products for a 20mm thick explosive and diameter 18mm is shown
at a time of 2.7us. The velocity of the front expanding particles move with a
velocity of Vr and that at the rear moves with a velocity of V. The initial values



6. Simulation of FExplosive-Structure Interaction 120

U, Magnitude
+3. 54Ze=-01
+3. 24 7a-01
+2.2951le=01
+2. 65 6a-0)
+Z.36le-0
+2. D66e=01
+1. 771a~01
+1. 476e~01

Figurc 6.18: Velocity (cm/us) of detonation products at a tame of 1.0us [rom
ABAQUS/Exphat 6.4,
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Figure 6.19: Velocity icm/us) of detcpation products at a time of 1.4us from
ABAQUS /Explicit 6.4.
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of Vi and Vi are both higher than chat at the detonation ont Vi as shown in

the contour plot.
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Figure 6.20; Shonlation of a 20w thick explosive showing variation in velocity
at a time of 2.75 from ABAQUS/ Fxplieit 6.4,

6.4.3 Effeet of Duration on Detonation Pressure in

AUTODYN 6.0

Effect of duration on detonation pressure from AUTOYN 6.0 iy shown i figire
6.21. The simulation shows an increase in pressure with daration, The pressure
of the detrmation [ront 18 less than that at the C-J state. This vaziation is also
expected as steady detonation has not been modelled as the solution s based on

4 ProsTamnne b,
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6.5 Effect of Shape of Explosive on Internal En-
ergy

6.5.1 Internal Energy From ABAQUS /Explicit 6.4

The intcrnal cnergy of the plate subjected to 18mm 25mm and 33mm CY, TC
and ITC explosives are shown in figures 6.22. 6.23 and 6.24 respectfully. The T
loaded plates which generally show a higher central deformation, corresponding
to a higher strain or plastic energy, absorbs a higher internal energy compared
to the CY and ITC lpaded plates, The graph of the internal energy of the 33mm
TC loaded plate in figure £.24, is not shown due to excessive element deformation
which terminated the simulation.

6.5.2 Internal Enerey From AUTODYN 6.0

At the start of the simulation during the detonation process, the internal energy
and total energy of the explosive arc the same. As expansion of the explosive
continues, the internal energy of the explosive reduces rapidly to an asymptotic
value as shown in figure 6.25 for a 2.8g of CY oxplosive whilst the tolal energy
remain fairly constant. On interaction with the plate at 5.5us, a slight increasc
in internal energy of the explesive and a corresponding drop in total energy as
closely shown in figure 6.26. This behaviour of the slight drop in the total energy
is not clear to the author and therefore needs further investigations.

The change in internal energy of the explosive with respeet to time is shown
in figure 6.27. It is shown that the internal energy of the explosive transmittad to
the gystem increases during the initial interaction with the plate as the elernent
size of the cxplosive decreases, This is shown in figure 6.27 diagram (B} in a more
closer look at the influrnee of element size on internal energy. It is however shown
that the internal cnergy converges for both element sizes as time progresses.

Comparison of the total enerey absorbed by the plates from the TC, CY
and ITC explosives are also shown in figure 6.28 from the AUTODYN 6.0 sim-
ulations. It is shown that the rotal energy absorbed by the plates subjected to
the various shapes of explosives vary duc to the load distribution. The higher
intcrnal energy absorbed by the plate is mainly associatod with the increase in
strain energy which is associated with the increasc in deformation of the plate.
Beocause a higher central deformation of the plate is gencrally associated with
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Fimwe 6.22: Graphs showing internal enersy of plates subjecred to 18mm CY,
TC and TTC explosively loaded plates from ABAQUS/ Explicit 6.4 sinulation,
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Figure 6.23: Graphs showing internal encrgy of plates subjected to 25mm CY
1TC and I'1C explosively loaded plates from ABAQUS,/Fxplicit 6.4 simnlacion.



6. Simulation of Explosive-Structure Interaction 132

aeme TTEPESL ERErY OF plabte sjested o 330Y exylovnee
| — czzernpl coecgy of plule =X jected =r I1T0C explosdwe
‘ R e
Yio*1
vl

a-m 1 ] T '| T

6.00 — /

f —
400 - / -

Energy (J)
|

2.00 =
. s

]
5

nm ! I .
0.00 0.20 0.40 0.60 0.80 1.00 [x107]

Time (Micro sec )

Figure 6.24: Graphs showing internal energy of plates subjected to 33mm CY
and ITC explosively loaded plates from ABAQUS/Explicit 6.4 simulation.
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Figure 6.25: Graphs showing change in total and internal energy of TC explosive
of mass 2.6 with time from AUTODYN 6.0.
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Figure 6.26: Graphs showing point at which plate and explosive interact for a
TC explosive of mass 2.6g at 5.5us.
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the TC explosive, a higher total energy absorbed by the plate is expected for a
TC-explosively loaded plate commpared to a CY and ITC loaded plates.

6.6 Investigating the Detonation Process in
ABAQUS/Explicit 6.4

Results of the expansion of the explosives during the detonation process are
mumerically investigated in three steps of the siraulation. The spectrum of colours
indicate the pressure (stress} distribution of the model as shown it figure 6.29.

For illustrations of the detonation process, a mass of 2.6g of 18mm CY, TC
and TTC explosives are used to show the progression of the wave front during and
after detonation. The element size of the explosive is (. Bmm =0 8mm, while the
size of plate elements 18 (.5mm x0.4mm. The colowrs corresponding to pressure
fromu the simulation indicate the strength of the pressure or stress distribution
but does not represents the true values in reality.

Step 1

Simmlation of the detonation process of the explosive is shown in a contour plot
in figre 6.30. Progression of the detonation front from 0.45us to 2us for all
three explosive shapes indicate a circular detonation front at high pressure.

It can be seen in figure 6.30, that the CY explosive is consumed faster in
the wvertical direction due to its shorter height compared to the TC and ITC
explosives due to its shorver height. At 1.5ps, the CY and ITC explosives are
completely consumed whilst the TC explosives is completely consumed at a time
of 1.5us.

It can be seen in figure 6.30, that the pressure increases at the ceutre of the
explosive due to residual heat and pressure which is still present after generation
of the first (primary} shock-wave as in the case of a real detonation process.
This can be clearly seen at a time of 2us, at which the centre is at a higher
pressure compared to the other areas of the explosion. The presence of the high
pressure detonation particles normally at very high pressure and temperature
within the explosion, causes a multiple of shocks of lesser magnitude comparad
to the primary shock. The issues of multiple shocks are well addressed in Baker
[60] and Ohashi et al [115].
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ﬁ-—
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Figure 6.29: Figure showing spectrum of colours corresponding to pressure vari-
ation in finite element model ranging from 0 to 33GPa.

Step 11

It this step. interrogation of the contact of the explosive and the plate top sur-
face is carried out. Figure 6.31 shows interaction of the expanding detonation
products and the plate surface. The figure also shows pressure and stress distri-
hution with explosive and plate respectively as indicatad by the colour variation.
In figure 6.31, more area of contact is made by the CY explosive on the plate at
a time of 4.6us, compared to the TC and ITC explosives. At 3.2us and 10.2us,
the ares of contact by the ITC explosive is more than that created by the TC
and CY explosives due to the proximity of the slant sides to the plate. Figure
6.31 also shows that the load by the ITC is less localised coinpared to the CY
and TC explosives. Although not very clear from the diagrams in figure 6.31
however, it can also be seen at & time of 26.4us, that the vertical deformation of
the plate by the T explosive is greater than those of the OY and ['TC explosive
indicating a more Jocalised effect. This shows that the TC and CY explosive
loads are more localised compared to the ITC explosive which is in agreement
with the experiment and theory discussed earlier.

Results of the detonation process of 25mm Y, TC and ITC explosives of
mass 3.0g are also shown in figures 6.32 and 6.33. The results show similar load
distribution compared to the 18mm load cases. At times of 8.2us, 10.2us, and
17.29us, it 18 shown in Bpure 6.33, that the ITC explosive is more uniformaly
distributed compared to the TC and CY explosives which show more localised
load distribution on the plate surface. It is also shown that due to the problem
of contact interaction between the explosive and plate, which is related to mesh
density, the deformation of the plate subjected to CY and TC explosives are not
well predicterd.
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Fignre 6.31: Figure showing interaction of expanding 2.6z of CY, TC and ITC
explosives and contour plot of presswe (stress) ou plate in Step IT of the simu-
lation from ABAQUS/ Lxpheir 6.4,
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Figure 6.33: Figure showing interaction of expanding explosive and contour plot
of pressure (stress) on plate in Step IT of the ABAQUS/Explicit 6.4 simulation.



6. Simulation of Explosive-Structure Interacrion 142

Step ITI

Step [IL 15 the final step of the simulation process, wherein no contact hetween the
explosive 1= made with the plate. The explosive is then "frozen" as no contact
is made with the plate. The plate absorbs the cnergy from the explosive for
1000us. The final deformed plates are shown in figure 6.34, where the central
deformation subjected to the TC explosive is higher than that of the CY and
far greater than that of the ITC explosive. Thinning can also be observed for
the plate subjected to the TC explosive which may be realistic as deformation

becomes excessively large.
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Figure 6.34: Figure showing deformation of plates subjected to ITC, CY and
TC explosives of mass 2.6g in (A), (B} and (C) respectively (Step III) from
ABAQUS/Explicit 6.4.
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6.7 Investigating the Delonation Process in
AUTODYN 6.0

The detonation process of the CY, TC and ITC explosives from the AUTODYIN
6.0 code, s shown in figure 6.35. It is scen that the detonation proecess is similar
to that generated in ABAQUS/Explicit 6.4 as regards the shupe of the wave front.
The sinmlation is shown to run from 0.25us to 24.4us in order to investigate the
load distribution on the steel plate. The wave front remains cireular during the
detonation process until the explosive charge is completely consumed. The CY
explosive is consurned mch earlior than the TC and ITC explosive along its axis
at 0.69us. At 1.0us, the CY explosive has been fully consurmned whilst the TC
and ITC explosive are completely detonated at a time of 1.2ps. {t can be seen
that the high pressure region wathin the explosive after complete detonation,
moves toward the axis, This may be due to the fact that a considerable amount
of pressure is still within the explosive after the generation of the first primary
shock wave as it expands as seen more clearly at a time of 2.0us.

Expansion of the explosive detonation particles continue until interaction is
made with the plate surface as shown in figure 6.36. At 5.0ps, the explusives
have still not made any contact whilst contact is visible at 5.9us, At 5.9us.
it can be seen in figure 6.36 that the load by the ITC cxplosive is much mare
distributed on the plate compared to the CY and TC explosives. It can also be
seen that the TC explosive load is more localised at a time of 7.8us compared
ta the CY and 1TC cxplosives.

Similar observations of the expansion and load distribution of the blast on
the plate can be made as shown in figures 6.37 and 6.08 for 25mm load cases
and in fignres 6.39 and 6.40, for 33mun load cases.

The final deformation at a time of 1000us from the AUTODYN 6.0 simulation
is shown in figure 6,11, It 1s shown numerically, that the central deformation
of the plate subjected to a TC explosive is higher than those of the CY and
ITC explosive. From figure 6.41, no significant thinning is observed in all three
plates. This can be associated with a lower deformation of the plate which is
less than that given by ABAQUS /Explicit 6.4.
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6.8 Stress Distribution in Plate

6.8.1 Stress Distribution in Plate From ABAQUS /Explicit
.4

The stress distribution in the plate by the 18mm, 25pun and 33mm CY. TC
and ITC explasives of mass 2,62, 3.0g and 3.6g each, are shown in figure 6.42,
6.43 and 6.44 respectively. The load distribution are generally similar indicating
localised loading with the masdmum pressure occurring around the central area
aof the plate. However, the load distribution en the plate away from the central
area by the ITC explosive is higher than those of the TC and CY loaded plates
for the 18mm and 25mn load cases. The 33mm load cases show the lowest stress
away from the centre of the plate. The maximum stress around the central area
of the plate by the CY and TC explosives are higher than that subjected by
the ITC explosive. This indicates that the masximum axial momentum of the
TC and CY explosives are higher than that of the ITC explosive. Tt can also
be seen that the prossure distribution by the 25mm T explosive is not shown,
indicating the problem of excessive element deformation which terminated the

simulation.
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Figure 6.42: Figurc showing stress distribution of 18mm TC, CY and ITC ex-
plosives along plate radius from ABAQUS/Explicit 6.4 simulation,
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6.8.2 Stross Distribution in Plate From AUTODYXN 6.0

The stress distribution in the plate subjected to CY. TC and ITC explosives
of mass 2.6g are shown in figure 6.45. As shown, the maximum stress at the
point of contact of the explosive and plate eentre, is higher for the [T'C explosive
compared to the CY and TC explosives. This 18 in contrast to the theory in
which the pressure at the point of contact by the TC explosive with the highest
effective mass is expected. The reason for this is not very clear and needs further
investigations both numerically and experimentally. It can be seen that the loads
on the structure are highly localised on the plate for all three explosives. The
arca of load distribution also increases as the diameter of the charge increases.
The load profile of the CY and TC explosives are similar due to the similarity
in the shock-wave profiles discussed in chapter 5.

6.8.3 Comparison of Theoretical and Predicted Shock-
Wave Profiles

Comparison of the pressure profiles {shock-waves) from the simulations and the
theory as explained in chapter 5 are shown in figure 6.46. The figure shows
similarity between the theory and simulation of the explosive with regard to the
shape of the load profiles during interaction with the plate. Diagrams (A) and
(B) of figure 6.46 show that the load distribution of the TC and CY explosives
arc more localised compared to diagram (C) for the ITC explosive in which the
load interaction arca on the plate is much wider.

6.9 Summary

Investigations of the numerical simulations have been well carvied out. It is
found that the shape of the shock-wave profile from theory compares well with
the numerical simulation wave profiles obtained in both codes. It iz found in
both numerical codes, that an element size of 0.8mm >0 8mm for the explosive
predicted the central deformation and total plate deformation reasonable well
for ABAQUS/Explicit 6.4 code and an explosive element size of 0.8mmx0.4mm
for the AUTODYN 6.0 eode while the plate element size is kept uniform at
0.8mmx.4mm m both codes. Investigations of the energies of the plate in
relation to the explosive shape are also investigated. It is found that the internal
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energies of the plate is related to the central deformation of the plate. From
the all the numerical results presented for the internal energy, the TC explosive
which generally causes the biggest central deformation, also causes the highest
internal energies of the plate.



Chapter 7

Numerical Results

7.1 Introduction

Results of the numerical simulations are presented in this chapter. The reliability
of the ABAQUS/Explicit 6.4 and AUTODYN 6.0 programmes to predict the
experimental deformation of the plate is the main objective of this chapter.

It should be noted however, that the central deformation varies with time
due to the continual oscillation of the plate as shown in figure 7.1 for the lowest
centre node of the plate. The values of the central deformation as time varies are
shown at points A and B. The point A indicates the maximum deformation and
also the point at which the total energy of the plate is reached. Because the plate
continues to oscillate with the highest point at B, the values at A and B of the
central deformation are averaged so as to approximate the central deformation
of the plate. Some of the plate profile results are not presented in this chapter
in order to avoid duplication. The rest of the results are presented in chapter 8
in which the plate profiles are compared to those of the experiments.

7.2 Central Deformation Results from
ABAQUS/Explicit 6.4

7.2.1 18mm Load Cases

Predictions of the central deformation of the plates subjected to 18mm load cases
are presented as shown in table 7.1 with figure 7.2 showing a plot of the results.

157
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7. Numerical Results

It can be seen that the T'C explosive causes the largest central deformation com-
parcd to the CY and ITC explosives. This is in agreement with the experimental
results in which the central deformation of the TC loaded plates are generally

higher than those of the CY and ITC explosive.

| Mass(g) | Def. TC(mm) | Def. CY(mm) | Def. ITC{mm)
: 2.6 18.32 15.40 9.70

3.2 20.30 17.20 10.20

£ - 19.07 11.38

4.3 - - 11.18

Table 7.1: Predicted eentral deformanion of plate subjected to 18mm TC, CY

and ITC explosives from ABAQUS /Explicit 6.4,

Defarmation (mm}
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Figure T7.2:

explosives.

Graph showing predicted central deformation of plate from
ABAQUS,/Explicit 6.4 subjoected to varying masses of 18mm TC, CY and ITC
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7.2.2 25mm Load Cases

Prediction of the central deformation of the plate subjected to 25mm load cases
are presented as shown in table 7.2 with figure 7.3 showing a plot of the results.
It can be scen that the TC explosive caused the largest central deformation
comapared to the CY and I'TC explosives as in the case of the 18min load cases.
Sunulation of the experimental results in which capping or partial tearing ce-
curred are not carried out and hence are not recorded as indicated in table 7.2

Mass(g) | Def. TC(mm)} | Def. CY{mm) | Def. ITC({mm}
3.0 26.40 18.76 14.75
3.6 26.50 24.80 16.00
47 . - 1840 |
Table 7.2: Table showing predicted central deformation of plate from

ABAQUS/Explicit 6.4 subjected to 25mm TC, CY and ITC cxplosives.
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ABAQUS /Explicit 6.4 subjected to varying masses of 25mm TC, CY and [TC
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7.2.3 33mm Load Cases

Prediction of the central deformation of the plate subjected to 33mm load cases
are presented as shown in table 7.3 with figure 7.4 showing a plot of the results.
Ouly one point is recorded for the 33TC explosive due to termination of the
simulation caused by excessive element deformation. Although the results show
only one value of central deformation by the TC explosive at a mass of 3.6¢, it
¢an be seen that the TC explosive cansed the largest central deformation of the
plates compared to the CY and ITC explosives.

[ Mass{g) [ Def. TC{mm) [ Def. CY(mm) | Def. ITC(mm)
LA = 18.90 15.06
R 26, i) 203.06) 17.91]

a5 | - - 22.10)

3.9 s > 24 44)

Table 7.3: Predicted central deformation of plate subjected to 33mm TC, CY
and ITC explosmves.

HH
25 -
E o ™
E . .
= | * &
=)
=R &
= .
E .-
g M
[
(=
)
ibuse- = ey o : sscmntit
B 2 4 B g
Mass of Explosive (g)
| # 33TC-ABAQUSEplicit 6.4 ® 33CY-ABARLSERplicit 6.4 |
| & 33ITC-ABAQUS Exollclt 6.4 |

Figmre 7.4: Graph showing predicted central deformation of plate from
ABAQUS/Explicit 6.4 subjected to varying masses of 33mm TC, CY and ITC
explosives.

Numerically, the results of the central deformation of the plates subjected
to varying masses and shapes of explosives have been investigated using the
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ABAQUS /Hxpliat 6.4 code. The resulls show that the shape of an explaosive
does have an effect on the total deformation of a structire

7.3 Central Deformation Results from
AUTODYN 6.0

7.3.1 18mm Load Cases

The predicted results frorm the simulations using AUTODYN 6.4 fur 18mm load
cases are shown in table V.1 and fgwee 7.0, The results show that the cen-
tral deformation of the plares subjected to TC explusives are generally hughor
than those of the ITC explosives and are slishtly higher than those of the €Y

explosively loaded plates.

Maszs{g) Def, TC{mm) Def. CY{mm) | Def. ITC{uun}
28 15.70 1560 0.5]
e L7.60 17.40) Wen
v - se0 11.20
43 = = 11.60

Table 7.4 Table showing predicted central deformation of plae subjociod 1o
18mm TC, CY and T'1'C explosives from AUTODYN 6.1

7.3.2 25mm Load Cases

Results of the central deformation of the plates for 25mim charges are prosentod
in table 7.5 and fgure 7.6, The results from the AUTODRYN simmlations show
that the coutral deformatzon of the plates subjected to TC explosive s gencrally
higher than those of the CY and ITC explosively luaded plates,

Mass(g] | Def. TC{mm) | Def. CY(mm) | Def. 1TC({rum)
a0 20,40 1R.70) 1330
3.6 2330 21.70 17.00
17 - - 2010

Tahle 7.3: Table showing predicted couteal deformation of plate from AUTODYN
6.4 subjected to 23 TC, Y and I'TC cxplosives,
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Figure 7.5: Graph showing predicted central deformation of plate from AUTO-
DYN 6.0 subjected to varving masses of 18mm TC, Y and ITC explosives.
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Fisure 7.6: Graph showing predicted central deformation of plate from AUT(-
YN 6.0 subjected to varving masses of 25mm TC, CY and ITC explosives,
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7-3.3 33mm Load Casces

Hesults of the central deformation of the plates subjected to 33mm charges from
the AUTODYN simulations are shown in table 7.6 and figure 7.7. The results
show similar trend compared to the 18mm and 25min lead cases in that the
TC explosive gives a higher central deformation compared to the CY and ITC

explosives.
Mass(g) | Def. TC{mm) | Def. CY(mm) | Def. ITC(im)
I 30 19.90 17.70 15.40
P 3.6 22.70 20.40 17.60
I 4T - - 22.10
| 5.9 - - 25.90 |

Table 7.6: Table showing predicted central deformation of plate from AUTODYN
6.0 subjected to 33mun TC, CY and ITC explosives.
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(52}

%

[

&+
]

()

Deformation {mm}
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Mass of Explosive {g)

| & 33TC-AUTCOYN 6.0 m 33CY-ALTODYN 6.0 & 33TC-AUTCODYMNE.0 |

Figure 7.7: Graph showing predicted cenrral deformation of plate from AUTO-
DYN 6.0 subjected to varying masses of 33mm TC, Y and ITC explosives.

The numerical predictions of the experiments from the AUTODYN 6.0 code
show that the TC explosive generallv sives the biggest central deformation of
the plate with the I'TC explosive given the lowest central deformation.
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7.4 Plate Profile Results Subjected to CY, TC

and ITC explosives

7.4.1 ABAQUS/Explicit 6.4 Results

In this section, comparison of the plate profiles subjected to CY, TC and ITC
explosives of the same mass are presented as shown in fisures 7.8, 7.9 and 7.10,
The results are presented in this section in order io pumerically highlight the
difference in deformation of the plate subjected to different shapes of explosives,
Mot all the results of the plate profiles are presented in this chapter in order
to avoid repetition. The rest of the results are presented im chapter 8 The
numerical results show that the overall deformation of the plates subjected to
TC explosives are higher than those subjected to CY and ITC explosives.

’7 FPlate Radius {cm} )

Deformation {cm)

TETC-3.20-ABA0USEplicit 6.4 = = = = 18/TC-3 20-ABAQUSExplicit &
—--—- 180Y-3.2g-ABALUSERlicit 6.4

Figure 7.8 Graphs showing comparison of plate profiles subjected o 18mm Y,
TC and ITC explosives of mass 3.2¢ each.

7.4.2 AUTODYN 6.0 Roesults

Comparison of the plate profile results subjected to the same mass of explosives
of various diameters from AUTODYN 6.0 are given in fizures 7.11. 7.12 and
7.13. Results of the CY and TC explosive are generally higher than those of
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| . Plate Radius {cm)

Defarmation {&m)

I
SATC-3 O ABADUSENpleit 6.4 » - « = 281TC-3 On-ABAGUSIExpdicit 5.4
—--—- 2A0Y-3 Dp-ARAQUISEqplicit 5.4

Figure 7.9: Graphs showing comparison of plate profiles subjected to 25mm CY
TC and ITC explosives of mass 3.0z each.

Plate Radius (em)

Deformation {cim}

-28

FITC-2 B@rBACUSENMICItE4 = = = = 33IMTC-3.00-ABAOUSEplcit 4.4
= osw JICYE Sp-ARAQUGEpict G4

Figure 7.10;: Graphs showing comparison of plate profiles subjected to 33mm
CY, TC and I'TC explosives of mass 3.6z each.
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the ITC loaded plate. With the exception of the results in figure 7.11, the TC
explosive generally gives a higher deformation compared to the CY and ITC as
ghown in figures 7.12 and 7.15. This is in agreement with the experiments in
which the TC loaded plates have a higher deformation compared to the CY and
ITC loaded plates.

" Plate Radius fem}

Deformation [em)

- 18TC-3.29-AUTOOYN 6.0 = = = =1BITC-3.2g-AFTODYN 6.0
— = 18C0Y-38g-AUTODYN 5.0 :

Figure 7.1%: Graphs showing comparison of plate profiles subjected to 18mm
CY, TC and 1TC explosives of mass 3.2g cach from AUTODYN 6.0.

7.5 Summary

Results of the predicted plate deformation from the simulations have been pre-
sented in tabular and graphical forms, with the central deformation of the TC
loaded plates generally showing a higher value compared to the CY and ITC
explosively loaded plates, The rest of the results of the plate deformation are
presented in chapter 8.
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Creformation {cmj)

ZITC-3 0L TODYN 6.0 = = = = ERITCS g AU TODYH 6.0
c— o ZECY-E0p-AUTODYN 6.0

Figure 7.12: Graphs showing comparison of plate profiles subjected to 25mm
CY, TC and ITC explosives of mass 3.0g each from AUTODYN 6.0,
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=r-—e FECY-3.0g-AUTODYH .0

Figure 7.13: Graphs showing comparison of plate profiles subjected to 33min
CY, TC and ITC explosives of mass 3.0¢ each from AUTODYN 6.0.



Chapter 8

Comparison of Numerical and
Experimental Results

8.1 Introduction

Comparison of the central deformation and profile of the plate are experimentally
and numerically presented in this chapter. Points within the 90% band show
reasonable correlation of the predicted results with those of the experiments.
The plates from the experiments are cut into two equal halves and the profiles
measured by mapping the boundary of the cross-sections on a graph paper.
Points at intervals of 2.5mm along the plate radius (x-coordinates) corresponding
to points along the profile of the plates (y-coordinates) are recorded and plotted.
The plate profiles from the numerical simulations are compared with those from
the experiment in order to predict the total deformation of the structure. Results
from the ABAQUS and AUTODYN simulations are also presented on the same
axes.

8.2 Central deformation Results of Plate from
AUTODYN 6.0 and ABAQUS/Explicit 6.4

Results from all the experiments and simulations are given in the form of a
table and graphs. Table 8.1 shows the summary of all the results with their
corresponding masses. The impulses recorded are those obtained from the ex-
periments. The results are also presented graphically for each charge diameter.

169
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Shape |Explo. Mass (g)|Exp-Def. (mm)|ABQ-Def. (mm)|AUT-Def. (mm){Impulse (Ns)
18CY 28 1550 1530 1550 510
3 747 0 1740 108
37 1800 10 1830 780
43 : i : 871
25CY 10 ol 1876 1870 810
38 781 U 11 520
47 : . i 1070
33CY 30 1952 1880 1 848
18 1 0 2040 1000
47 } i i 1207
59 - : i 133
18TC 28 1750 1830 1570 510
3 1859 030 1750 530
37 : : : 690
43 } { i 1
251C 30 2021 B4 240 781
38 %08 B0 e 8%
4 . . . 108
331C ) 1850 0 1990 812
35 7315 Bl 7 1%
47 : } } ny
5 - : i 128
18I1C 28 1078 840 980 590
3 1188 1020 1080 T
17 1040 140 1 765
43 1 1 180 T
25ITC 30 1508 15 520 88
38 1689 1600 70 347
47 07 1940 010 1148
33ITC 30 1124 1520 1540 848
18 B8 1780 780 1000
47 7260 210 710 1
59 B %50 %80 1458

Figure 8.1: Table of values showing experimental and numerical results for
18mm, 25mm and 33mm CY, TC and ITC explosives.
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8.2.1 18mm Load Cases

Results of comparing the predicted and experimental central deformations for
18mm CY, TC and ITC explosively loaded plates are shown in figure 8.2. The
results in (A) and (B) show that the central deformation of the plate for 18mm
load cases is in good agreement with the experiments. Less number of points are
plotted for the TC and CY explosives compared to those of the ITC explosive
due to capping or partial tearing of the plate around the central area.

The points plotted outside the band means that the model overpredicted or
underpredicts the experimental central deformation. The results show good cor-
relation by both ABAQUS/Explicit 6.4 and AUTODYN 6.0 codes, with almost
all the points falling within the 90% confidence band.

8.2.2 25mm Load Case

Results for the 25mm load cases, are also generally good with two points pre-
dicted outside the 90% confidence band as shown in figure 8.3. All the points
from the AUTODYN simulations fall within the band compared to the ABAQUS/Explicit
simulation which far over-predicts one of the TC loaded plates and under-predicts
one of the ITC explosively loaded plates. Nonetheless, the central deformation
is generally well predicted by both codes as shown in figure 8.3.

It is also shown that the central deformation of the plate caused by the TC
explosive is higher than those caused be the CY and ITC explosive of the same
mass. For partial tearing (Mode II*c) and capping, (Mode II) the central defor-
mation is assumed infinite and therefore ignored. In this regard, no comparison
of the prediction is made with the experiment.

8.2.3 33mm Load Case

Results of the central deformation for 33mm load cases are shown in figures 8.4.
The results are generally good and similar to those of the 18mm and 25mm
load cases in which most of the points fall within the 90% prediction band.
The AUTODYN 6.0 code shows better prediction of the central deformation
compared to ABAQUS/Explicit 6.4 code.
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8.2.1 18mm Load Cases

Results of comparing the prodicted and experinental contral deformations for
18mm CY, TC and I'TC explosively loaded plates are shown in figure 8.2, The
results in {A) and (B} show that the contral deformation of the plate for 18mm
load cases is in good sgreement with the experiments. Less number of points are
plotted for the TC and CY explosives compared to those of the ITC explasive
due to capping or partial teanng of the plate around the central area.

The points plotted outside the band means that the model overpredicted or
underprecdicts the experimental central deformation. The results show good cor-
relation by both ABAQUS /Explicit 6.4 and AUTODYN 6.0 codes. with almost
all the points falling within the 90% confidence band.

8.2.2 25mim Load Casce

Hesults for the 25mm load cases, are also generally good with two points pre-
dicted outside the 90% confidence band as showr i fisure 8.3. Al the points
from the AUTODYN simulations fall within the band compared to the ABAQUS /Explicit
simulation which far over-predicts ons of the TC loaded plates and under-predicts
ane of the ITC explosively loaded plates. Nonetheless, the central deformation
is generally well predicted by both codes as shown in figure B.3.

It is also shown that the central deformation of the plate caused by the TC
explosive is higher than those caused be the CY and ITC explosive of the same
mass. For partial tearing (Mode IT*¢} and capping, (Mode IT) the central defor-
mation is assmed infinite snd therefore ignored. In this resard, no comparison
of the prediction is made with the experiment.

%.2.3 33min Load Case

Besults of the central deformation for 33mrmn load cases are shown in figures 8.4,
The results are generally good and similar to those of the 18mm and 25mm
load cases in which most of the points fall within the 90% prediction band.
The AUTODYN 6.0 code shows better prediction of the central deformation
compared to ABAQUS,/Explicit 6.4 code.
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Figure 8.2: Graphs showing comparison of predicted and experimental central
deformation results, from AUTODYN 6.0 and ABAQUS/Explieit 6.4, for 18mm

load cases.
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Figure 8.3: Graphs showing comparison of predicted and experimental central
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8.3 Plate Profile Results

Comparison of the predicted and experimental central deformation 12 4 neces-
sary condition for validating the effectiveness of the finite element programme
but not a sufficient condition. Prediction of the plate profiles considers the to-
tal deformation of the plate and therefore should be considered as a sufficient
condition for the prediction of plate deformation. Comparison of the plate pro-
files in this work is limited to Mode I deformation. Comparison of the results
from ABAQUS/Explicit 6.4, AUTODYN 6.0 and experimental plate profiles are
presented.

In addition, the profiles of the simulations and experiments are obtained from
the underside of the plates as the deformation is smoother compared to the top
surface which is normally not amooth due to excessive element deformation and
node penetration of the master surface into the slave node, This problem is
observed from the ABAQUS/Explicit simulation as can be seen in figure 8.5
where the surface of a plate after interaction with an explosive 18 distorted. The
problem of indentation is not observed in the AUTODYN 6.0 simulations.

Exparsng
O.stortes suriace causes CHLCEIVE Jas

oy rode peaetratton

7
F X

Final defo'mes olats
atard o simalaticn

Mooe penatratcn cadsing
gxcassia alameant

' deformation

Figure 8.5: Figure showing distortion of plate surface from ABAQUS/Explicit
6.4, due to node peneiration from the explosive.
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8.3.1 Plate Profile Results for 18mim CY Explosives

Comparison of the experimental and predicted plate profile results from both
AUTODYN 6.0 and ABAQUS /Exphlicit codes subjected to 18mm CY explosives
of varying masses are shown in figures 8.6, 8.7 and 8.8. As shown, the results
compare well with the experiment as regards the total deformation and shape of
the experimental plate profiles.

Deformation (cm)

18CY-2.83-AJTOOYN 5.0 - = = = 1BCY-2Ay-ABAOUSElicit 6.4
- 180Y-2.8g =xoe- mant :

Figure 8.6: Graphs showing comparison of plate profiles from
ABAQUS/Explicit 6.4, AUTODYN 6.0 and experiment for 2.6z
of 18CY explosive,
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Figure B.7: Graphs showing comparison of plate profiles from
ABAQUS/Explicit 6.4, AUTODYN 6.0 and experimens for 3.2g
of 18CY cxplosive.
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Figure 5.8 Graphs showing comparison of plate profiles from
ABAQUS/Expheit 6.4, AUTODYN 6.0 and experiment for 3.7g
of 18CY explosive.
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8.3.2 Plate Prolile Besulls for 18mm TC Explosives

Comparison of the predicted and experimental plate profiles subjected to 18mm
TC explosive loadings are shown in figures 8.9 and 8.10. The shape of the plate is
senerally better predicted with AUTODYN 6.0 compared to the ABAQUS/Explicit
6.4 code. The central deformation of the plate is slishtly over-predicted by the
ABAQUS/Explicit 6.4 code and underpredicted by the AUTODYN 6.0 code.
The deformation towards the edge of the plate shows that both eodes underpre-
dicted the deformation.

‘ Plate Radius (om)

0.1 J] 1 2

Defarmation (cm)
=

[
o

2

1ETC-2.60-AUTODYN & 0 - - - - 1BTC-2.69-ABA0USExplict 6.4
| |=--—- 18TC-2 6n-Experiment

Figure 8.9: Graphs showing comparison of plate profiles from
ABAQUS/Explicit 6.4, AUTODYN 6.0 and experiment for 2.6¢
of 18TC explosive.

8.3.3 Plate Profile Results for 18mm ['TC IExplosives

Results of the predicted plate profiles subjected to [TC explosives by both codes
are not generally pood eompared to the experiment as shown in figures 5.11,
8.12 and 8.13. The deformation is largely under predicted by both codes around
the cemtral area of the plate radius. The shape of the plate is however, better
predicted by the AUTODYN 6.0 code compared ABAQUS/Explicit 6.4 code.
As shown in the results, comparison of the predicted and sxperimental central
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Figure 8.10: Graphs showing comparison of plate profiles from
ABAQUS,/Explicit 6.4, AUTODYN 6.0 and experiment, for 3.2g
of 18TC cxplosive.

deformation is not a sufficient parameter to validate the plate prediction. The
total deformation also has to be considered in order to make meaningful pre-
dicticns, Although both codes predicts the central deformation of the plate,
however, the total deformation of the plate 18 better predicted with the AUTO-
DYN code compared to the ABAQUS/Explicit 6.4 code. In addition, the shape
of the plate is better predicted for localised loading conditions.

8.3.1 Plate Profile Results for 2bmm CY EBExplosives

Comparison of predicted and experimental plate profiles are shown in figures 8,14
and 8.15. The regults are generally good for both cases showing that accurate
prediction can be obtained for CY explosive loaded plates. Both codes predicts
the total deformation and shape of the plate. The resnlts are similar to those
for the 18mm CY load cases as regards predicting the total deformation of the
plates and shape of the plate.
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Figure 5.11: Graphs showing comparisan of plate profiles from
ABAQUS /Explicit 6.4. AUTODYN 6.0 and experiment for 2.6g
of 18ITC explasive.
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Figure 8.12: Graphs showing comparison of plate profiles from
ABAQUS/Explicit 6.4, AUTODYN 6.0 and experiment for 3.2g
of 18ITC explosive.
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Figure 8.13: Graphs showing comparison of plate profiles from
ABAQUS /Explicit 6.4, AUTODYN 6.0 and experiment for 3.7g
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Figure 8.14: Graphs showing comparison of plate profiles from
ABAQUS/Explicit 6.4, AUTODYN 6.0 and experiment for 3.0g

of 25CY explosive.
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Figure 8.15: Graphs showing comparison of plate profiles from
ABAQUS/Explicit 6.4, AUTODYN 6.0 and experiment for 3.6g
of 25CY explosive.

8.3.5 Plate Profile Results for 25mm TC Explosives

Results of the plate profles subjected to 25mm TC explosives are shown in figures
8.16 and 8.17. The results show an over-prediction of the total deformation from
the ABAQUS/Explicit 6.4 code compared to the AUTODYN 6.0 code which
accurately predicts the total deformation and the shape of the plate. The results
are also similar to those given by the 18mm TC explosives in which deformation
of the plate is over-predicted by the ABAQUS eode.

8.3.6 Platc Profile Results for 25mm I'TC Explosives

Figurss 8.1% and 8.19 show companson of the predicted and experimental plate
profiles snbjected to 3.0g and 3.6g of explosives respectively. The results show
that the predicted deformations are similar for both AUTODYN 6.0 and
ABAQUS/Explicit 6.4 codes. The central deformation is reagonably predicted
mnlike the profile of the plate which both codes do not well predict.
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Figure %.16: Graphs showing comparison of plate profiles from
ABAQUS/Explicit 6.4, AUTODYN 6.0 and experiment for 3.0g
of 25TC explosive.
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Figure 8.17: Graphs showing comparison of plate profiles from
ABAQUS,/Explicit 6.4, AUTODYN 6.0 and experiment for 3.6g
of 25TC explosive.
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Figure 8.1%: Graphs showing comparison of plate profiles from
ABAQUS/Explicit 6.4, AUTODYN 6.0 and experiment for 3.0z
of 25ITC explosive.
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Fisure 8.19: Graphs showing comparison of plate profiles from
ABAQUS/Explicit 6.4, AUTODYN 6.0 and experiment for 3.6g
of 25ITC explosive.
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8.3.7 Plate Profile Results for 33mm CY Explosives

Result of the plate profile for 33mm CY explosive 18 generally good and similar
to thoge of 25mum CY and 18rmm explosively loaded plates as shown in figures
8.20 and 8.21. The cemtral deformation and plate profile can be seen to be
reasonably predicted with slight underprediction of the central deformation by
both the ABAQUS/Explicit 6.4 and AUTODYN 6.0 codes.

| Plate Radius (cm)
029

-0.T7 A

=P

Deformation (cm}

=148

2.2 -

A3CY-30g-ALITODYN B0 - —- BECY-30g-Exadmat
=« = = 330Y-E Dp-ARAGUSIElict B4

Figure 8.20): Graphs showing comparison of plate profiles from
ABAQUS /Explicit 6.4, AUTODYN 6.0 and experiment for 3.0g
of 33CY explosive.

%.3.8 Plate Profile Results for 33mm TC Explosives

Figure 8.22 shows comparison of the plate profiles subjected to 33mm TC ex-
plogives, The total deformation and plate profiles by the AUTODYN code
shows 8 good match with an oversstimation of the central deformation by the
ABAQUS /Explicit code.

8.3.9 Plate Prolile Resulis for 33mm ITC Explosives

Results of the plate profiles subjected to 33mm ITC explosives are shown in
fipnres 8.23, 8.24, 8.25 and 8.26. The codes reasonably predict the profile of the
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Figure 8.21: Graphs showing comparison of plate profiles from
ABAQUS /Explicit 6.4, AUTODYN 6.0 and experiment for 3.6g
of 33CY explosive.
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Figure 8.22: Graphs showing comparison of plate profiles from
ABAQUS/Explicit 6.4, AUTODYN 6.0 and experiment for 3.6¢
of 33TC explosive.



&. Comparison of Numerical and Experimental Ilesults 187

plate bt largely under predict the defommation as can be seen in Hisures .25
anrl 5.26.

Plate Radius {cm)

Deformation fcm}

FEITZ-3.0g-ALTOOYN 5.0 - == A3ITC-3. 3c-Erper man: I ‘
= = = = E3ITC-2.00-ABAOUISE D] cit5 4

Figure 8.2 Graphs showlng cornparison ol plale pratiles [romn
ADBACUS Explicic 6.4, AUTODYN 6.0 and cxporiment {ar .0
of 331'TC explasive,
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Figure 8.24: Graphs showing comparison of plate profiles from
ABAQUS/Explicit 6.4, AUTODYN 6.0 and experiment for 3.6g
of 33ITC explosive.
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Figure 8.25: Graphs showing comparison of plate profiles from
ABAQUS/Explicit 6.4, AUTODYN 6.0 and experiment for 4.7g
of 33TC explosive.
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Figure 8.26: Graphs showing comparison of plate profiles from
ABAQUS/Explicit 6.4, AUTODYN 6.0 and experiment for 5.9¢
of 33ITC explosive.

8.4 Summary

Comparison of both the eentral deformation and plate profiles from the sim-
ulation with the experiments have been carried out. The results show some
suceess by the codes in predicting localised loading but fail in some cases to
predict deformation caused by the ITC explosive of smaller diameters. However,
it is recommended that more research needs to be carried out for other shapes
of explosives and also to Improve the results of the plate deformation for ITC
explogives.



Chapter 9

Discussion of Experimental and
Predicted Results

9.1 Introduction

Results froan the experinents and sinnilations are discussed in this chapter. The
effects of shape and mass of the explosives on the (otal plate deformation and

tmpdse resulbls are discisssod.

9.2 Discussion of Experimental Results

9.2.1 Effects of Shape and Mass of Explosive on Central

Deformation of Plate

Ay discissed in chaprer 3, the shape of the shock-wase profile which depends
oo the shape of the explosive chargs, determines the load distribution on the
strizcture during juteraction. For o TC explosive, the effective mass is higher
than those of the CY and ITC cxplosives and load 15 highly localised. generally
causing a higher contral deformation of the plate.

The central deformaiion of the plaies is depoendent apon Lhe effective mass
of Lhe explosive as diseussed in chiapior 5. The cofleetive mass of the explosives as
chscusaed carlier, ase repeated hese for clanty in figre 910 The effective nass
ol the explosives in figure 9.1 15 shown for 18nun, 25mm and 3%mm load cases
of masses 2.6g, 3.0g and 3.6g respectively where Ly is the depth of the shock-

L]
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wave by the TC explusive. The shapes arc drawn to scale in order to relate the
relative central deformation of the plate obtained from the experiment and the
offoctive mass of the explosives. Since tho effective mass of the TC explosive
charge is bigger than those of the CY and ITC cxplosives, it is expected that
the deformation of the TC loaded plates are generally higher compared to those
of the CY and [TC explosives.

For the 26mm load cases. the height of the explosives are lower than those
of the 18mm load cases. It can be secn that all the explosives of the TC charge
contribute to the axial momentum of the plate as opposed to the CY and ITC
explosives. Due to the higher effective mass of the TC explosive, it can be seen
that the TC loaded plate canses the highest central deformation compared to
the Y and ITC loaded plates.

For the 33mum load cases in which the effective mass of the TC explosive is
maximmm, the depth of the shock-wave is bigeer than those of the CY and ITC
cxplosives. As shown for the 33mun load cases, side loss of the 33CY explosive
16 roduced signifieantly, meaning that a igger central deformation of the 33TC
loaded plates slightly higher than that of the 33CY explosively loaded plates is
expected. Although the effective mass of the T'C explosive is higher than that
of the CY explosive, howover, the eentral deformation of the 33TC loaded plate
is stightly less than that of the 33CY loaded plate which may be attributed to
an cxperimental error. The effective mass of the explosives can be increased by
incrcasing the charge diameter and deercasing the height of the explosive.

Because the acdal wmomentumn at the contre of the explosive is generally higher
for the TC explosive than those of the Y and ITC cxplosives, the contral
deformation of the plate subjected to the TCO loaded plates is expected to be
higher. The results also show that the bigger the mass of explosive, the bigger
the central deformation of the plate. This 15 also confirmed from the results
presented in previous results in the literature as reported by Nurick and Radford
[2]. The results clearly show that the deformation of a structure subjected to
explosive loads is influenced both by the shape and mass of the explosive.
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Figure 3.1: Figure showing schematios of the offective mass of 18onn, 25unn and
33mm explosive charges contributing to the axial momentnm of a structure.
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9.2.2 Comparison of the Experimental and Predicted Plate
Profile Results

From the ABAQUS/Explicit 6.4 simulations, the experimental and predicted
plate profiles generally show good eorrelation for all diameters and shapes of
cxplosive, with the oxception of the 18mm ITC explosives which failed to pre-
dict the experiment as regards the profile, The reason for this is not quite
clear but may be attributed to the problem of unrealistic pressure distribution
on the surface of the plate or that of mesh problem. Scme of the results of
the predicted central deformation of the plate subjected to TC oxplosives in
the ABAQUS/Explicit 6.4 code show slight over-prediction compared to the ex-
periment, indicating a highly localised load during the simulation. Unlike the
ABAQUS/Explicit 6.4 code, no over-predietion of the experimental deformation
1% ghserved from the AUTODYN 6.0 simulations. With the exception of the
18mm ITC explosives, the results are generally good as regards the contral de-
formation and shape of the plate profiles as the diameter of the charge incresses
with corresponding decresse In charge height.

Results from the AUTODYN 6.0 simulations show a similar trend to those
pradicted by the ABAQUS/Explicit 6.4 code and experiments in that the TC
axplosive loaded plates show a higher deformation compared to the CY and ITC
explosives. The deformation and shape are reasonably predieted compared to
the experiment with the exception of the ITC axplosively loaded plates that
were largely underpredicted predicted by both codes. The problem of slement
deformation of the plate is not reported for the AUTODYN 6.0 simulations,
as opposcd to the ABAQUS/Explicit 6.4 simulations in which the sinmlation
sometimes terminates duc to clement deformation.

Although the codes do not reasonably predict the deformation caused by the
ITC cxplosive, however, results from the simulations show that both numerical
codes show the influence of shape of sohd explosives on interaction with a struc-
ture. The results also show that the central deformation of the plate is not a
sufficient condition to mvestigate the influence of shape of the explosive, but the
entire plate deformation (profile) should be investigated.

Results of the ratio of the predicted central deformation of the plate by the
CY and ITC explosives to those of the TC explosives against the ratio of their
corresponding effective masses are given in figures 9.2 and 9.3. The results in



9. Disenssion of Experimental and Predictod Hesults 184

figures 9.2 obtained from the AUTODYN 6.0 code show a reasonable correlation
between the ratio of the central deformation with those of the ratio of their
respective effective masses compared to the results by the ABAQUS/Explicit
6.4 code which do not shaw good correlation. It can also be observed that the
ratio of the CY to TC central deformation is higher than the ratio of the central
deformation of the ITC to TC loaded plates in both codes.
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Figure 9.2: Figure showing ratic of the central defarmations {CY/TC, ITC/TC)
from AUTODYN against ratio of their reapective effective masses.

9.2.3  Effect of Shape of Explosive Charge on Impulse

It i3 generally shown in all the reanlts of the inpulse, that the ITC explosive grves
the highest impulse of the blast from the cxperiments with the TC explosives
given the lowest values as given in chapter 4. For the ITC explosives however,
the strength of the shock-wave is less axially, but stronger on the slant sides
due to the close proximity to the plate as the detonation products arc mostly
directed to the plate. This means that most of the detonation products from
the slant sides will interact with the plate in & much wider area compared to the
CY and TC explosive charges. Although the effective mass of the TC explosive
charge is generally higher than those of the OY and ITC charges, results of the
impulse by the TC explosives are generally lower than those of the OY and ITC
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Figure 9.3: Figure showing ratio of the central deformations (CY/TC, ITC,/TC)
fram ABAQUS against ratio of their respective effective masses.

charges. This means that the area of jnteraction influences the impulse much
mare than the mass of the charge as discussed in the next sections.

9.2.4 LEffect of Diameter of Charge on Impulse

The effect of diameter of load application on impulse can be experimentally
investigated. In order to achieve this, the mases and shapes of the explosives
should be the same with varying diameters. Figure 9.4 shows plots of the mpulse
and rmass of explosives for 25mm and 33mm load cases. Results of the 18mm
load cases are not included due to the fact that the masses are not the same with
those of the 25mm and 33nun load cases. The mmpulse can be seen to increases
as the mass of the charges of each shape increases. However, it can also be seen
in figure 9.4, that although the masses and shapes of the explosives are the same,
the 33mm load cases show a higher impulse than the 25mm load cases due to
the higher load area of the 33mm load cases than the 25mm load cases. It is also
expected that the impulse of the 18mm load cases of the same masse as those
of the 2hmm and 33mm load cases are lower, due to the smaller load area. For
example, the impulse measured by an 18mm CY charge of mass 3.2g is 7.09Ns
compared to impulses of 8.10Ns and #.48Ns by the 25mm CY and 33mm CY
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charges of mass 3.0g each. Likewise. the impulse of the 18mm TC explosive
charge of mass 3.2¢ 1s 6.1Ns, compared to Impulses of 7.81Ns and 8.12Ns for the
25mrn and 33mm charges respectively. Furthermore, the impulse of the 18mm
ITC explosive charge 1s 6.9Ns compared to 8.62Ns and 248Ns for 25mm and
domm ITC charges of mass 3.0g each.

From the results presented in figure 9.4, it can be seen that the impulse
mcreases as the mass of explesive increases. Theoretically, equation 9.1 shows
that the impulse s directly proportional to the product of square of the radius
and height of explosive, where [ is impulse of blast, v 15 minimum radins of
load area on the target structure h the height and p the density of explosive.
This means that the impulse is more sensitive to the radius than the height
of the charge. Although, the height of the 23mm charges is higher than those
of the 33mm load cases, it can be seen in fipure 9.4 that at the same masses,
the influence of the area of load application is greater than that of the height
of the explosive. However, it should be acknowledged that determining the
impulse theoretically is a challenging and complex issue and therefore needs
further investizations.

1o [mrhp) (9.1

9.2.5 [Lffect of Height of Explosive Charge on Impulse

Although results of the impulse shown in figure 9.4 is related to the diameter
of the charges, however, the height of the charge should alsc be considered. As
discussed m chapter 2, the thicker the explosive, the lower the momentum of the
detcnation products at the rear end. Becanse the height of the 25mm charges
are bigger than those of the 33mm charges, it is expected that the detonaticn
produets at the rear end of the 33mm load cases are much higher in momentum
than those of the 25mun load cases. The effect of the bigger height may contribute
to the lower hinpulse messured by the 23mm charges compared to the 33mm load
cases, The height of the 13mm load cases are much bigger than those of the 25mm
and 33mm load cases. In this regard, a lower impulse of the blast by an 18mm
load charge of the same mass and shape as those of the 25mm and 33mm load
cases 15 expected.

Results of the ratio of mass to impulse from the experiments against height
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of explosive are plotted a8 shown in figure 9.5. The range of ratio of explosive
mass to impilse of blast is (.32 to 0.39(g/Ns). The results also show that as the
charge diameter increases with a corresponding decrease in charge height, the
ratic of mass to impulse inereases with the TC explosive given the highest value.
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Figure 9.5: Figure showing ratio of explosive mass-tmpulse vs. height of explo-
stve,

9.3 Sunamnary

Attempts have been made to try to address the influence of shape of a solid
explosive on the deformation of the plate and the impulse measured by the
pendulum. It is found that the central deformation of the plate is dependent
on the effective mass of the explosive whilst the mmpulse is dependent on the
mass, helght and diameter of the explosive charge. It 18 generally observed
that the bigger the explosive charge. the bigger the impulse for explosives of
the same mass. It is also generally found that the load area influences the
impudse much more than the mass of the explosive irrespective of the shape
of the explosives. In this regard, conclusions and recommendations are made
following these observations.



Chapter 10

Conclusions

10.1 Introduction

Conclusions and recommendations in this work are based on the results from
the experiments and predictions. The influence of shape of an explosive on
the deformation of the plates and impulse measured by the pendulum has been
thoroughly investigated experimentally, theoretically and numerically, which is
the main objective of this research.

10.2 Conclusions on the experiments

10.2.1 Conclusion on Plate Deformation

It can be generally observed, that plates subjected to TC explosives give the
highest deformation followed by the CY and ITC explosives respectively. This
conclusion from the experiments can be drawn from the fact the axial momentum
related to the effective mass of the explosive in the central area of the charges is
higher for the TC explosive than those of the CY and ITC explosives. Because
the TC explosives generally gives the highest effective mass compared to the CY
and ITC explosives, it can be concluded that the TC loaded plate will give the
biggest deformation of the plate. It can also be concluded that the TC explosive
causes a more localised load than those of the CY and ITC explosives due to
their initial shapes. This means that the Taylor-wave which is related to the flow
of particles of the explosion is generally longer for the TC explosive than those
of the CY and ITC explosives at their respective axes. In this regard, it can be

199
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concluded that the shape of an explosive does have an effect on the deformation
of the target structure.

10.2.2 Conclusion on Impulse of Blast

It can be concluded as found from the experimental results of the impulses, that
both the mass and shape of the explosive do influence the impulse measured by
the pendulum. The influence of the area of load interaction is found to have
a greater effect on the impulse more than the height of the explosive. This is
so because the impulse is related to the square of the radius of the load area
compared to the height which is linearly related to the impulse given in equation
9.1. As found in the results, the ITC explosive which normally gives the smallest
effective mass, but with a much wider load area, gives the highest impulse.

10.3 Conclusions on the Numerical Simulations

The numerical simulations are carried out for all Mode I deformation from the
experiments in order to confirm the validity of the prediction of blast loads on
structures using the ABAQUS/Explicit 6.4 and AUTODYN 6.0 codes. It is
shown numerically, that the deformation of the plate is influenced by the shape
of the explosive and that both codes predicts the deformation of the plates
reasonably well.

10.3.1 Conclusion on the Prediction of Central Deforma-
tion

For both numerical codes, it is found that prediction of the central deformation
of circular plates subjected to CY, TC and ITC explosives in comparison to the
experiments are good within the 90% confidence band for all sizes of explosives.

10.3.2 Conclusion on the Prediction of Plate Profiles

From all the results presented, it can be seen that the plate profiles caused by the
CY and TC explosives are generally good in comparison with the experiments
from both codes. However, for the ITC explosive, the codes do not predict the
overall deformation of the plate well and therefore requires more investigations.
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It can be concluded that both codes model reasonably well, localised loading on
structures better than non-localised load which is related to the ITC explosive.
It can also be concluded that comparison of the central deformation of the plate
is a necessary condition, but not a sufficient one for the prediction of plate
deformation. This means that the entire plate profile should be investigated
as a necessary and sufficient condition for the prediction of plate deformation.
As regards the effectiveness of the codes to predict the plate profiles, it can be
generally concluded from all the results, that the AUTODYN 6.0 code better
predicts the experiment compared to the ABAQUS/Explicit 6.4 code.

10.4 Recommendations and Future Work

It is recommended from the findings of this research, that experiments carried out
for explosively loaded structures, must take account of the shape of the explosive
and not only the mass for small charges and near-blast field experiments. The
moulds used in this research give the opportunity to reproduce the shape of
the explosive for future experiments in order to achieve repeatability. In this
regard, proper moulds for forming the shapes of the explosives must be used
especially for near-field blast experiments. Although results of the deformation
of the plate and impulse are conclusive based on the data presented, however,
it is recommended that additional experiments need to to carried out in order
to get a wider spread of the results. Further research is recommended into the
interaction of explosives of other shapes with a structure.

It is also recommended that a reaction rate model be incorporated in the
numerical model in order to model the detonation shock of the explosive. For an
approximation of the system, the polystyrene can be replaced with air because
of the low density of the polystyrene foam. This will give an opportunity to
investigate the presence of a mach stem formation in relation to localised loading.
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Appendix A

Explosive Dimensions Table

Height of Explosive | Mass | Top diameter | Bottom Diameter
6.34mm 2.6g 18mm 18mm
7.74mm 3.2¢g 18mm 18mm
9.15mm 3.7g 18mm 18mm
10.56mm 4.3¢ 18mm 18mm

Table A.1: Dimensions of 18mm Cylinder Explosives

Height of Explosive | Mass | Top diameter | Bottom Diameter
8.69mm 2.6g 12.6mm 18mm
10.60mm 3.2¢g 12.6mm 18mm
12.53mm 3.7g 12.6mm 18mm
14.47mm 4.3¢g 12.6mm 18mm

Table A.2: Dimensions of 18mm Truncated Cone Explosives

Height of Explosive | Mass | Top diameter | Bottom Diameter
8.69mm 2.6g 18mm 12.6mm
10.60mm 3.2¢g 18mm 12.6mm
12.53mm 3.7g 18mm 12.6mm
14.47mm 4.3¢ 18mm 12.6mm

Table A.3: Dimensions of 18mm Inverted Truncated Cone Explosives
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Height of Explosive | Mass | Top diameter | Bottom Diameter
3.77Tmm 3.0g 25mm 25mm
4.53mm 3.6g 25mm 25mm
6.04mm 4.7¢ 25mm 25mm

Table A.4: Dimensions of 25mm Diameter Cylinder Explosives

Height of Explosive | Mass | Top diameter | Bottom Diameter
5.16mm 3.0g 17.5mm 25mm
6.21mm 3.6g 17.5mm 25mm
8.27mm 4.7g 17.5mm 25mm

Table A.5: Dimensions of 25mm Truncated Cone Explosives

Height of Explosive | Mass | Top diameter | Bottom Diameter
5.16 3.0g 25mm 17.5mm
6.21lmm 3.6g 25mm 17.5mm
8.27Tmm 4.7g 25mm 17.5mm

Table A.6: Dimensions of 25mm Inverted Truncated Cone Explosives

Height of Explosive | Mass | Top diameter | Bottom Diameter
2.17mm 3.0g 33mm 33mm
2.6mm 3.6g 33mm 33mm
3.46mm 4.7g 33mm 33mm
4.33mm 5.9¢ 33mm 33mm

Table A.7: Dimensions of 33mm Diameter Cylinder Explosives

Height of Explosive | Mass | Top diameter | Bottom Diameter
2.97Tmm 3.0g 23.1lmm 33mm
3.56mm 3.6g 23.1mm 33mm
4.74mm 4.7g 23.1lmm 33mm
5.96mm 5.9¢g 23.1mm 33mm

Table A.8: Dimensions of 33mm Truncated Cone Explosives

Height of Explosive | Mass | Top diameter | Bottom Diameter
2.97mm 3.0g 33mm 23.1mm
3.56mm 3.6g 33mm 23.1mm
4.74mm 4.7g 33mm 23.1mm
5.96mm 5.9¢ 33mm 23.1lmm

Table A.9: Dimensions of 33mm Inverted Truncated Cone Explosives
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A.1 Photographs of Explosive Moulds

Ismm Loail Cases

Tauble A.10: Photographs of moulds for 18mm CY. TC and ITC explosive charpes
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25mm Loadd Cases

Table A.11: Photographs of moulds for 25mm CY, TC and ITC explosive charges
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3311’11’11 TLoad Cases

Table 4.12: Photographs of meoulds for 3uun CY, TC and I'TC cxplosive charees



Appendix B

Impulse Calculation

Figure B.1 shows the pendulun when displaced by the blast wave. The impulse
of an object 19 generally given as shown in cquation B.1

I—M-%, (B.1)

where M is Lhe total mass, and x.is the initial velocity. [or the pendulum, the

equation of motion of s given as shown i equation B.2,

whete x is the horizontal displacemen., C i3 the damping cocfficient, and R the
radius of the pendulum motion, The solution for the horizontal displaccinen, is

siven in equation B3,

o ; :
x = e P2 sin{ gt (B.3)
wy
Bk ﬁ, YW, = lt—'"r, 1 1& the periad of vhe cscillation of the pendulum. Tf % 1s the
disiplacement, of the pemdnlum [or a tiwe of © — 5 and %, for o thne of t = 3,—11,

then solving for x7 and xz vields the solutions v B.4 and B.O.

L T s
=R R .4
=T N = (3.4)
g, T

iaaasl BT oy rR5"
X: Xog RB.5)
b (B.6)

X
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Figure B.1: Displaced pendulum geometry.
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Zln%

If the value of B, x; and x; are known, then the initial velocity given in equation
B.8 can be estimated, hence, the Impulse.

% = % ZT"‘eﬁ% (B.8)

In this experiment, the value of f = 0.028. M = 82.64Kg, T = 3.4s, Z = 0.21,
R =2.92m, a = 0.14.



Appendix C

Input Decks of Simulations

C.1 Imput Deck for Cylinder Explosive-Plate
simulation in ABAQUS/Explicit 6.4

*Heading
** Job name: explo Model name: NEW MODEL
*Preprint, echo=NO, model=NO, history=NQO, contact=NO
Aok

** PARTS

Aok

*Part, name=EXPLOSIVE
*End Part

*Part, name=PLATE
*End Part

sk

** ASSEMBLY

Hk

* Assembly, name=Asserbly

ok

*Instance, name=EXPLO-1, part=EXPLO
0., 2., 0.

*Node

1, 0., C.

2, 0.05624999, 0.

222
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3, 0.1125, 0.
4, 0.16875, 0.

5, 0.225, 0.

6, 0.28125, 0.

7, 0.3375, 0.

8, 0.39375, 0.

9, 0.45, 0.

10, 0.50625, 0.

11, 0.5625, 0.

12, 0.61875, 0.

13, 0.675, 0.

14, 0.73125, 0.

15, 0.7875, 0.

16, 0.84375, 0.

17, 0.9, 0.

18, 0., 0.05283333

19, 0.05625, 0.05283333
20, 0.1125, 0.05283333
21, 0.16875, 0.05283333
22, 0.225, 0.05283333
23, 0.28125, 0.05283333
24, 0.3375, 0.05283333
25, 0.39375, 0.05283333
26, 0.45, 0.05283333
27, 0.50625, 0.05283333
98, 0.5625, 0.05283333
29, 0.61875, 0.05283333
30, 0.675, 0.05283333
31, 0.73125, 0.05283333
32, 0.7875, 0.05283333
33, 0.84375, 0.05283333
34, 0.9, 0.05283333

35, 0., 0.1056667

36, 0.05625, 0.1056667
37, 0.1125, 0.1056667
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38, 0.16875, 0.1056667
39, 0.225, 0.1056667
40, 0.28125, 0.1056667
41, 0.3375, 0.1056667
42, 0.39375, 0.1056667
43, 0.45, 0.1056667
44, 0.50625, 0.1056667
45, 0.5625, 0.1056667
46, 0.61875, 0.1056667
47, 0.675, 0.1056667
48, 0.73125, 0.1056667
49, 0.7875, 0.1056667
50, 0.84375, 0.1056667
51, 0.9, 0.1056667

52, 0., 0.1585

53, 0.05625, 0.1585
54, 0.1125, 0.1585

55, 0.16875, 0.1585
56, 0.225, 0.1585

57, 0.28125, 0.1585
58, 0.3375, 0.1585

50, 0.39375, 0.1585
60, 0.45, 0.1585

61, 0.50625, 0.1585
62, 0.5625, 0.1585

63, 0.61875, 0.1585
64, 0.675, 0.1585

65, 0.73125, 0.1585
66, 0.7875, 0.1585

67, 0.84375, 0.1585
68, 0.9, 0.1585

69, 0., 0.2113333

70, 0.05625, 0.2113333
71, 0.1125, 0.2113333
72, 0.16875, 0.2113333
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73, 0.225, 0.2113333
74, 0.28125, 0.2113333
75, 0.3375, 0.2113333
76, 0.39375, 0.2113333
77, 0.45, 0.2113333
78, 0.50625, 0.2113333
79, 0.5625, 0.2113333
80, 0.61875, 0.2113333
81, 0.675, 0.2113333
82, 0.73125, 0.2113333
83, 0.7875, 0.2113333
84, 0.84375, 0.2113333
85, 0.9, 0.2113333

86, 0., 0.2641667

87, 0.05625, 0.2641667
88, 0.1125, 0.2641667
89, 0.16875, 0.2641667
90, 0.225, 0.2641667
91, 0.28125, 0.2641667
92, 0.3375, 0.2641667
93, 0.39375, 0.2641667
94, 0.45, 0.2641667
95, 0.50625, 0.2641667
96, 0.5625, 0.2641667
97, 0.61875, 0.2641667
98, 0.675, 0.2641667
99, 0.73125, 0.2641667
100, 0.7875, 0.2641667
101, 0.84375, 0.2641667
102, 0.9, 0.2641667
103, 0., 0.317

104, 0.05625, 0.317
105, 0.1125, 0.317
106, 0.16875, 0.317
107, 0.225, 0.317
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108, 0.28125, 0.317
109, 0.3375, 0.317

110, 0.39375, 0.317
111, 0.45, 0.317

112, 0.50625, 0.317
113, 0.5625, 0.317

114, 0.61875, 0.317
115, 0.675, 0.317

116, 0.73125, 0.317
117, 0.7875, 0.317

118, 0.84375, 0.317
119, 0.9, 0.317

120, 0., 0.3698333

121, 0.05625, 0.3698333
122, 0.1125, 0.3698333
123, 0.16875, 0.3698333
124, 0.225, 0.3698333
125, 0.28125, 0.3698333
126, 0.3375, 0.3698333
127, 0.39375, 0.3698333
128, 0.45, 0.3698333
129, 0.50625, 0.3698333
130, 0.5625, 0.3698333
131, 0.61875, 0.3698333
132, 0.675, 0.3698333
133, 0.73125, 0.3698333
134, 0.7875, 0.3698333
135, 0.84375, 0.3698333
136, 0.9, 0.3698333
137, 0., 0.4226667

138, 0.05625, 0.4226667
139, 0.1125, 0.4226667
140, 0.16875, 0.4226667
141, 0.225, 0.4226667
142, 0.28125, 0.4226667
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143, 0.3375, 0.4226667
144, 0.39375, 0.4226667
145, 0.45, 0.4226667
146, 0.50625, 0.4226667
147, 0.5625, 0.4226667
148, 0.61875, 0.4226667
149, 0.675, 0.4226667
150, 0.73125, 0.4226667
151, 0.7875, 0.4226667
152, 0.84375, 0.4226667
153, 0.9, 0.4226667
154, 0., 0.4755

155, 0.05625, 0.4755
156, 0.1125, 0.4755

157, 0.16875, 0.4755
158, 0.225, 0.4755

159, 0.28125, 0.4755
160, 0.3375, 0.4755
161, 0.39375, 0.4755
162, 0.45, 0.4755

163, 0.50625, 0.4755
164, 0.5625, 0.4755
165, 0.61875, 0.4755
166, 0.675, 0.4755

167, 0.73125, 0.4755
168, 0.7875, 0.4755
169, 0.84375, 0.4755
170, 0.9, 0.4755

171, 0., 0.5283334

172, 0.05625, 0.5283333
173, 0.1125, 0.5283333
174, 0.16875, 0.5283333
175, 0.225, 0.5283333
176, 0.28125, 0.5283333
177, 0.3375, 0.5283333
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178, 0.39375, 0.5283333
179, 0.45, 0.5283333
180, 0.50625, 0.5283333
181, 0.5625, 0.5283333
182, 0.61875, 0.5283333
183, 0.675, 0.5283333
184, 0.73125, 0.5283333
185, 0.7875, 0.5283333
186, 0.84375, 0.5283334
187, 0.9, 0.5283334
188, 0., 0.5811667

189, 0.05624999, 0.5811667
190, 0.1125, 0.5811667
191, 0.16875, 0.5811667
192, 0.225, 0.5811667
193, 0.28125, 0.5811667
194, 0.3375, 0.5811667
195, 0.39375, 0.5811667
196, 0.45, 0.5811667
197, 0.50625, 0.5811667
198, 0.5625, 0.5811667
199, 0.61875, 0.5811667
200, 0.675, 0.5811667
201, 0.73125, 0.5811667
202, 0.7875, 0.5811667
203, 0.84375, 0.5811667
204, 0.9, 0.5811667
205, 0., 0.634

206, 0.05624999, 0.634
207, 0.1125, 0.634

208, 0.16875, 0.634
209, 0.225, 0.634

210, 0.28125, 0.634
211, 0.3375, 0.634

212, 0.39375, 0.634
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213, 0.45, 0.634
214, 0.50625, 0.634
215, 0.5625, 0.634
216, 0.61875, 0.634
217, 0.675, 0.634
218, 0.73125, 0.634
219, 0.7875, 0.634
220, 0.84375, 0.634
221, 0.9, 0.634
*Element, type=CAX4R
1,1, 2,19, 18
2,2,3, 20,19

3,3, 4,21, 20
4,4, 5,22, 21
5,5, 6, 23, 22
6,6, 7, 24, 23
7,7, 8, 25, 24

8, 8,9, 26, 25

9,9, 10, 27, 26

10, 10, 11, 28, 27
11, 11, 12, 29, 28
12, 12, 13, 30, 29
13, 13, 14, 31, 30
14, 14, 15, 32, 31
15, 15, 16, 33, 32
16, 16, 17, 34, 33
17, 18, 19, 36, 35
18, 19, 20, 37, 36
19, 20, 21, 38, 37
20, 21, 22, 39, 38
21, 22, 23, 40, 39
99, 23, 24, 41, 40
23, 24, 25, 42, 41
24, 25, 26, 43, 42
95, 26, 27, 44, 43
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2, 27, 28, 45, 44
927, 28, 29, 46, 45
98, 29, 30, 47, 46
29, 30, 31, 48, 47
30, 31, 32, 49, 48
31, 32, 33, 50, 49
32, 33, 34, 51, 50
33, 35, 36, 53, 52
34, 36, 37, 54, 53
35, 37, 38, 55, 54
36, 38, 39, 56, 55
37, 39, 40, 57, 56
38, 40, 41, 58, 57
39, 41, 42, 59, 58
40, 42, 43, 60, 59
41, 43, 44, 61, 60
42, 44, 45, 62, 61
43, 45, 46, 63, 62
44, 46, 47, 64, 63
45, 47, 48, 65, 64
46, 48, 49, 66, 65
47, 49, 50, 67, 66
48, 50, 51, 68, 67
49, 52, 53, 70, 69
50, 53, 54, 71, 70
51, 54, 55, 72, 71
52, 55, 56, 73, 72
53, 56, 57, 74, 73
54, 57, 58, 75, T4
55, 58, 59, 76, 75
56, 59, 60, 77, 76
57, 60, 61, 78, 77
58, 61, 62, 79, 78
59, 62, 63, 80, 79
60, 63, 64, 81, 80
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61, 64, 65, 82, 81
62, 65, 66, 83, 82
63, 66, 67, 84, 83
64, 67, 68, 85, 84
65, 69, 70, 87, 86
66, 70, 71, 88, 87
67, 71, 72, 89, 88
68, 72, 73, 90, 89
69, 73, 74, 91, 90
70, 74, 75, 92, 91
71, 75, 76, 93, 92
72, 76, 77, 94, 93
73, 77, 78, 95, 94
74, 78, 79, 96, 95
75, 79, 80, 97, 96
76, 80, 81, 98, 97
77, 81, 82, 99, 98
78, 82, 83, 100, 99
79, 83, 84, 101, 100
80, 84, 85, 102, 101
81, 86, 87, 104, 103
82, 87, 88, 105, 104
83, 88, 89, 106, 105
84, 89, 90, 107, 106
85, 90, 91, 108, 107
86, 91, 92, 109, 108
87, 92, 93, 110, 109
88, 93, 94, 111, 110
89, 94, 95, 112, 111
90, 95, 96, 113, 112
91, 96, 97, 114, 113
92, 97, 98, 115, 114
93, 98, 99, 116, 115
94, 99, 100, 117, 116
95, 100, 101, 118, 117
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96, 101, 102, 119, 118
97, 103, 104, 121, 120

98, 104, 105, 122, 121

99, 105, 106, 123, 122

100, 106, 107, 124, 123
101, 107, 108, 125, 124
102, 108, 109, 126, 125
103, 109, 110, 127, 126
104, 110, 111, 128, 127
105, 111, 112, 129, 128
106, 112, 113, 130, 129
107, 113, 114, 131, 130
108, 114, 115, 132, 131
109, 115, 116, 133, 132
110, 116, 117, 134, 133
111, 117, 118, 135, 134
112, 118, 119, 136, 135
113, 120, 121, 138, 137
114, 121, 122, 139, 138
115, 122, 123, 140, 139
116, 123, 124, 141, 140
117, 124, 125, 142, 141
118, 125, 126, 143, 142
119, 126, 127, 144, 143
120, 127, 128, 145, 144
121, 128, 129, 146, 145
122, 129, 130, 147, 146
123, 130, 131, 148, 147
124, 131, 132, 149, 148
125, 132, 133, 150, 149
126, 133, 134, 151, 150
127, 134, 135, 152, 151
128, 135, 136, 153, 152
129, 137, 138, 155, 154
130, 138, 139, 156, 155
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131, 139, 140, 157, 156
132, 140, 141, 158, 157
133, 141, 142, 159, 158
134, 142, 143, 160, 159
135, 143, 144, 161, 160
136, 144, 145, 162, 161
137, 145, 146, 163, 162
138, 146, 147, 164, 163
139, 147, 148, 165, 164
140, 148, 149, 166, 165
141, 149, 150, 167, 166
142, 150, 151, 168, 167
143, 151, 152, 169, 168
144, 152, 153, 170, 169
145, 154, 155, 172, 171
146, 155, 156, 173, 172
147, 156, 157, 174, 173
148, 157, 158, 175, 174
149, 158, 159, 176, 175
150, 159, 160, 177, 176
151, 160, 161, 178, 177
152, 161, 162, 179, 178
153, 162, 163, 180, 179
154, 163, 164, 181, 180
155, 164, 165, 182, 181
156, 165, 166, 183, 182
157, 166, 167, 184, 183
158, 167, 168, 185, 184
159, 168, 169, 186, 185
160, 169, 170, 187, 186
161, 171, 172, 189, 188
162, 172, 173, 190, 189
163, 173, 174, 191, 190
164, 174, 175, 192, 191
165, 175, 176, 193, 192
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166, 176, 177, 194, 193
167, 177, 178, 195, 194
168, 178, 179, 196, 195
169, 179, 180, 197, 196
170, 180, 181, 198, 197
171, 181, 182, 199, 198
172, 182, 183, 200, 199
173, 183, 184, 201, 200
174, 184, 185, 202, 201
175, 185, 186, 203, 202
176, 186, 187, 204, 203
177, 188, 189, 206, 205
178, 189, 190, 207, 206
179, 190, 191, 208, 207
180, 191, 192, 209, 208
181, 192, 193, 210, 209
182, 193, 194, 211, 210
183, 194, 195, 212, 211
184, 195, 196, 213, 212
185, 196, 197, 214, 213
186, 197, 198, 215, 214
187, 198, 199, 216, 215
188, 199, 200, 217, 216
189, 200, 201, 218, 217
190, 201, 202, 219, 218
191, 202, 203, 220, 219
192, 203, 204, 221, 220
*Nset, nset=all, generate
1,221, 1

*Elset, elset=all, generate
1,192, 1

** Region: (EXPLO:Picked)
*Elset, elset=_PickedSet2, internal, generate
1,192, 1

** Section: EXPLO
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*Solid Section, elset=_PickedSet2, material=EXPLO
1.,

*End Instance
ok

*Instance, name=PLATE-1, part=PLATE
*Node

1, 0., 0.

2, 0.07619048, 0.
3, 0.152381, 0.
4, 0.2285714, 0.
5, 0.3047619, 0.
6, 0.3809524, 0.
7, 0.4571429, 0.
8, 0.5333334, 0.
9, 0.6095238, 0.
10, 0.6857143, 0.
11, 0.7619048, 0.
12, 0.8380952, 0.
13, 0.9142857, 0.
14, 0.9904762, 0.
15, 1.066667, 0.
16, 1.142857, 0.
17, 1.219048, 0.
18, 1.295238, 0.
19, 1.371429, 0.
20, 1.447619, 0.
21, 1.52381, 0.
92, 1.6, 0.

23, 1.67619, 0.
24, 1.752381, 0.
25, 1.828571, 0.
26, 1.904762, 0.
27, 1.980952, 0.
28, 2.057143, 0.
29, 2.133333, 0.
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30, 2.209524, 0.
31, 2.285714, 0.
32, 2.361905, 0.
33, 2.438095, 0.
34, 2.514286, 0.
35, 2.590476, 0.
36, 2.666667, 0.
37, 2.742857, 0.
38, 2.819048, 0.
39, 2.895238, 0.
40, 2.971429, 0.
41, 3.047619, 0.
42, 3.12381, 0.
43, 3.2, 0.

44, 3.276191, 0.
45, 3.352381, 0.
46, 3.428571, 0.
47, 3.504762, 0.
48, 3.580952, 0.
49, 3.657143, 0.
50, 3.733333, 0.
51, 3.809524, 0.
52, 3.885714, 0.
53, 3.961905, 0.
54, 4.038095, 0.
55, 4.114286, 0.
56, 4.190476, 0.
57, 4.266667, 0.
58, 4.342857, 0.
59, 4.419048, 0.
60, 4.495238, 0.
61, 4.571429, 0.
62, 4.647619, 0.
63, 4.72381, 0.
64, 4.8, 0.
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65, 4.92, 0.
66, 5.04, 0.

67, 5.16, 0.

68, 5.28, 0.

69, 5.4, 0.

70, 5.52, 0.

71, 5.64, 0.

72, 5.76, 0.

73, 5.88, 0.

74, 6., 0.

75, 0., 0.04

76, 0.07619048, 0.04
77, 0.152381, 0.04
78, 0.2285714, 0.04
79, 0.3047619, 0.04
80, 0.3809524, 0.04
81, 0.4571429, 0.04
82, 0.5333334, 0.04
83, 0.6095238, 0.04
84, 0.6857143, 0.04
85, 0.7619048, 0.04
86, 0.8380952, 0.04
87, 0.9142857, 0.04
88, 0.9904762, 0.04
89, 1.066667, 0.04
90, 1.142857, 0.04
91, 1.219048, 0.04
92, 1.295238, 0.04
93, 1.371429, 0.04
94, 1.447619, 0.04
95, 1.52381, 0.04
96, 1.6, 0.04

97, 1.67619, 0.04
98, 1.752381, 0.04
99, 1.828571, 0.04
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100, 1.904762, 0.04
101, 1.980952, 0.04
102, 2.057143, 0.04
103, 2.133333, 0.04
104, 2.209524, 0.04
105, 2.285714, 0.04
106, 2.361905, 0.04
107, 2.438095, 0.04
108, 2.514286, 0.04
109, 2.590476, 0.04
110, 2.666667, 0.04
111, 2.742857, 0.04
112, 2.819048, 0.04
113, 2.895238, 0.04
114, 2.971429, 0.04
115, 3.047619, 0.04
116, 3.12381, 0.04
117, 3.2, 0.04

118, 3.276191, 0.04
119, 3.352381, 0.04
120, 3.428571, 0.04
121, 3.504762, 0.04
122, 3.580952, 0.04
123, 3.657143, 0.04
124, 3.733333, 0.04
125, 3.809524, 0.04
126, 3.885714, 0.04
127, 3.961905, 0.04
128, 4.038005, 0.04
129, 4.114286, 0.04
130, 4.190476, 0.04
131, 4.266667, 0.04
132, 4.342857, 0.04
133, 4.419048, 0.04
134, 4.495238, 0.04
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135, 4.571429, 0.04
136, 4.647619, 0.04
137, 4.72381, 0.04
138, 4.8, 0.04

139, 4.92, 0.04

140, 5.04, 0.04

141, 5.16, 0.04

142, 5.28, 0.04

143, 5.4, 0.04

144, 5.52, 0.04

145, 5.64, 0.04

146, 5.76, 0.04

147, 5.88, 0.04

148, 6., 0.04

149, 0., 0.08

150, 0.07619048, 0.08
151, 0.152381, 0.08
152, 0.2285714, 0.08
153, 0.3047619, 0.08
154, 0.3809524, 0.08
155, 0.4571429, 0.08
156, 0.5333334, 0.08
157, 0.6095238, 0.08
158, 0.6857143, 0.08
159, 0.7619048, 0.08
160, 0.8380952, 0.08
161, 0.9142857, 0.08
162, 0.9904762, 0.08
163, 1.066667, 0.08
164, 1.142857, 0.08
165, 1.219048, 0.08
166, 1.295238, 0.08
167, 1.371429, 0.08
168, 1.447619, 0.08
169, 1.52381, 0.08
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170, 1.6, 0.08
171, 1.67619, 0.08
172, 1.752381, 0.08
173, 1.828571, 0.08
174, 1.904762, 0.08
175, 1.980952, 0.08
176, 2.057143, 0.08
177, 2.133333, 0.08
178, 2.209524, 0.08
179, 2.285714, 0.08
180, 2.361905, 0.08
181, 2.438095, 0.08
182, 2.514286, 0.08
183, 2.500476, 0.08
184, 2.666667, 0.08
185, 2.742857, 0.08
186, 2.819048, 0.08
187, 2.895238, 0.08
188, 2.971429, 0.08
189, 3.047619, 0.08
190, 3.12381, 0.08
191, 3.2, 0.08

192, 3.276191, 0.08
193, 3.352381, 0.08
194, 3.428571, 0.08
195, 3.504762, 0.08
196, 3.580052, 0.08
197, 3.657143, 0.08
198, 3.733333, 0.08
199, 3.809524, 0.08
200, 3.885714, 0.08
201, 3.961905, 0.08
202, 4.038095, 0.08
203, 4.114286, 0.08
204, 4.190476, 0.08
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205, 4.266667, 0.08
206, 4.342857, 0.08
207, 4.419048, 0.08
208, 4.495238, 0.08
209, 4.571429, 0.08
210, 4.647619, 0.08
211, 4.72381, 0.08
212, 4.8, 0.08

913, 4.92, 0.08

914, 5.04, 0.08

915, 5.16, 0.08

216, 5.28, 0.08

217, 5.4, 0.08

218, 5.52, 0.08

219, 5.64, 0.08

9220, 5.76, 0.08

921, 5.88, 0.08

9292, 6., 0.08

923, 0., 0.12

924, 0.07619048, 0.12
9225, 0.152381, 0.12
9296, 0.2285714, 0.12
9227, 0.3047619, 0.12
998, 0.3800524, 0.12
999, 0.4571429, 0.12
230, 0.5333334, 0.12
231, 0.6095238, 0.12
232, 0.6857143, 0.12
933, 0.7619048, 0.12
234, 0.8380952, 0.12
235, 0.9142857, 0.12
236, 0.9904762, 0.12
237, 1.066667, 0.12
238, 1.142857, 0.12
939, 1.219048, 0.12
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940, 1.295238, 0.12
941, 1.371429, 0.12
9492, 1.447619, 0.12
943, 1.52381, 0.12
244, 1.6, 0.12

245, 1.67619, 0.12
246, 1.752381, 0.12
9247, 1.828571, 0.12
9248, 1.904762, 0.12
249, 1.980952, 0.12
250, 2.057143, 0.12
951, 2.133333, 0.12
9252, 2.209524, 0.12
953, 2.285714, 0.12
9254, 2.361905, 0.12
955, 2.438095, 0.12
956, 2.514286, 0.12
957, 2.590476, 0.12
958, 2.666667, 0.12
959, 2.742857, 0.12
260, 2.819048, 0.12
261, 2.895238, 0.12
262, 2.971429, 0.12
263, 3.047619, 0.12
264, 3.12381, 0.12
265, 3.2, 0.12

266, 3.276191, 0.12
267, 3.352381, 0.12
268, 3.428571, 0.12
269, 3.504762, 0.12
270, 3.580952, 0.12
971, 3.657143, 0.12
9272, 3.733333, 0.12
273, 3.809524, 0.12
974, 3.885714, 0.12
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9275, 3.961905, 0.12
276, 4.038095, 0.12
277, 4.114286, 0.12
9278, 4.190476, 0.12
279, 4.266667, 0.12
280, 4.342857, 0.12
981, 4.419048, 0.12
282, 4.495238, 0.12
983, 4.571429, 0.12
984, 4.647619, 0.12
285, 4.72381, 0.12
286, 4.8, 0.12

987, 4.92, 0.12

988, 5.04, 0.12

289, 5.16, 0.12

290, 5.28, 0.12

291, 5.4, 0.12

292, 5.52, 0.12

293, 5.64, 0.12

294, 5.76, 0.12

995, 5.88, 0.12

296, 6., 0.12

297, 0., 0.16

208, 0.07619048, 0.16
299, 0.152381, 0.16
300, 0.2285714, 0.16
301, 0.3047619, 0.16
302, 0.3809524, 0.16
303, 0.4571429, 0.16
304, 0.5333334, 0.16
305, 0.6095238, 0.16
306, 0.6857143, 0.16
307, 0.7619048, 0.16
308, 0.8380952, 0.16
309, 0.9142857, 0.16
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310, 0.0904762, 0.16
311, 1.066667, 0.16
312, 1.142857, 0.16
313, 1.219048, 0.16
314, 1.295238, 0.16
315, 1.371429, 0.16
316, 1.447619, 0.16
317, 1.52381, 0.16
318, 1.6, 0.16

319, 1.67619, 0.16
320, 1.752381, 0.16
321, 1.828571, 0.16
322, 1.904762, 0.16
323, 1.980052, 0.16
324, 2.057143, 0.16
325, 2.133333, 0.16
326, 2.209524, 0.16
327, 2.285714, 0.16
328, 2.361905, 0.16
329, 2.438095, 0.16
330, 2.514286, 0.16
331, 2.590476, 0.16
332, 2.666667, 0.16
333, 2.742857, 0.16
334, 2.819048, 0.16
335, 2.895238, 0.16
336, 2.971429, 0.16
337, 3.047619, 0.16
338, 3.12381, 0.16
339, 3.2, 0.16

340, 3.276191, 0.16
341, 3.352381, 0.16
342, 3.428571, 0.16
343, 3.504762, 0.16
344, 3.580952, 0.16
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345, 3.657143, 0.16
346, 3.733333, 0.16
347, 3.809524, 0.16
348, 3.885714, 0.16
349, 3.961905, 0.16
350, 4.038095, 0.16
351, 4.114286, 0.16
352, 4.190476, 0.16
353, 4.266667, 0.16
354, 4.342857, 0.16
355, 4.419048, 0.16
356, 4.495238, 0.16
357, 4.571429, 0.16
358, 4.647619, 0.16
359, 4.72381, 0.16
360, 4.8, 0.16

361, 4.92, 0.16
362, 5.04, 0.16
363, 5.16, 0.16
364, 5.28, 0.16
365, 5.4, 0.16

366, 5.52, 0.16
367, 5.64, 0.16
368, 5.76, 0.16
369, 5.88, 0.16
370, 6., 0.16
*Element, type=CAX4R
1,1,2, 76, 75

2,2, 3,77, 76

3, 3,4, 78, 77

4, 4,5,79, 78

5, 5, 6, 80, 79

6, 6, 7, 81, 80

7,7, 8, 82, 81

8, 8, 9, 83, 82
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9,9, 10, 84, 83

10, 10, 11, 85, 84
11, 11, 12, 86, 85
12, 12, 13, 87, 86
13, 13, 14, 88, 87
14, 14, 15, 89, 88
15, 15, 16, 90, 89
16, 16, 17, 91, 90
17, 17, 18, 92, 91
18, 18, 19, 93, 92
19, 19, 20, 94, 93
20, 20, 21, 95, 94
91, 21, 22, 96, 95
22, 22, 23, 97, 96
23, 23, 24, 98, 97
24, 24, 25, 99, 98
25, 25, 26, 100, 99
926, 26, 27, 101, 100
927, 27, 28, 102, 101
98, 28, 29, 103, 102
29, 29, 30, 104, 103
30, 30, 31, 105, 104
31, 31, 32, 106, 105
32, 32, 33, 107, 106
33, 33, 34, 108, 107
34, 34, 35, 109, 108
35, 35, 36, 110, 109
36, 36, 37, 111, 110
37, 37, 38, 112, 111
38, 38, 39, 113, 112
39, 39, 40, 114, 113
40, 40, 41, 115, 114
41, 41, 42, 116, 115
42, 42, 43, 117, 116
43, 43, 44, 118, 117
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44, 44, 45, 119, 118
45, 45, 46, 120, 119
46, 46, 47, 121, 120
47, 47, 48, 122, 121
48, 48, 49, 123, 122
49, 49, 50, 124, 123
50, 50, 51, 125, 124
51, 51, 52, 126, 125
52, 52, 53, 127, 126
53, 53, 54, 128, 127
54, 54, 55, 129, 128
55, 55, 56, 130, 129
56, 56, 57, 131, 130
57, 57, 58, 132, 131
58, 58, 59, 133, 132
59, 59, 60, 134, 133
60, 60, 61, 135, 134
61, 61, 62, 136, 135
62, 62, 63, 137, 136
63, 63, 64, 138, 137
64, 64, 65, 139, 138
65, 65, 66, 140, 139
66, 66, 67, 141, 140
67, 67, 68, 142, 141
68, 68, 69, 143, 142
69, 69, 70, 144, 143
70, 70, 71, 145, 144
71, 71, 72, 146, 145
72, 72, 73, 147, 146
73, 73, 74, 148, 147
74, 75, 76, 150, 149
75, 76, 77, 151, 150
76, 77, 78, 152, 151
77, 78, 79, 153, 152
78, 79, 80, 154, 153
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79, 80, 81, 155, 154
80, 81, 82, 156, 155
81, 82, 83, 157, 156
82, 83, 84, 158, 157
83, 84, 85, 159, 158
84, 85, 86, 160, 159
85, 86, 87, 161, 160
86, 87, 88, 162, 161
87, 88, 89, 163, 162
88, 89, 90, 164, 163
89, 90, 91, 165, 164
90, 91, 92, 166, 165
91, 92, 93, 167, 166
92, 93, 94, 168, 167
93, 94, 95, 169, 168
94, 95, 96, 170, 169
95, 96, 97, 171, 170
96, 97, 98, 172, 171
97, 98, 99, 173, 172
98, 99, 100, 174, 173
99, 100, 101, 175, 174
100, 101, 102, 176, 175
101, 102, 103, 177, 176
102, 103, 104, 178, 177
103, 104, 105, 179, 178
104, 105, 106, 180, 179
105, 106, 107, 181, 180
106, 107, 108, 182, 181
107, 108, 109, 183, 182
108, 109, 110, 184, 183
109, 110, 111, 185, 184
110, 111, 112, 186, 185
111, 112, 113, 187, 186
112, 113, 114, 188, 187
113, 114, 115, 189, 188
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114, 115, 116, 190, 189
115, 116, 117, 191, 190
116, 117, 118, 192, 191
117, 118, 119, 193, 192
118, 119, 120, 194, 193
119, 120, 121, 195, 194
120, 121, 122, 196, 195
121, 122, 123, 197, 196
122, 123, 124, 198, 197
123, 124, 125, 199, 198
124, 125, 126, 200, 199
125, 126, 127, 201, 200
126, 127, 128, 202, 201
127, 128, 129, 203, 202
128, 129, 130, 204, 203
129, 130, 131, 205, 204
130, 131, 132, 206, 205
131, 132, 133, 207, 206
132, 133, 134, 208, 207
133, 134, 135, 209, 208
134, 135, 136, 210, 209
135, 136, 137, 211, 210
136, 137, 138, 212, 211
137, 138, 139, 213, 212
138, 139, 140, 214, 213
139, 140, 141, 215, 214
140, 141, 142, 216, 215
141, 142, 143, 217, 216
142, 143, 144, 218, 217
143, 144, 145, 219, 218
144, 145, 146, 220, 219
145, 146, 147, 221, 220
146, 147, 148, 222, 221
147, 149, 150, 224, 223
148, 150, 151, 225, 224
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149, 151, 152, 226, 225
150, 152, 153, 227, 226
151, 153, 154, 228, 227
152, 154, 155, 229, 228
153, 155, 156, 230, 229
154, 156, 157, 231, 230
155, 157, 158, 232, 231
156, 158, 159, 233, 232
157, 159, 160, 234, 233
158, 160, 161, 235, 234
159, 161, 162, 236, 235
160, 162, 163, 237, 236
161, 163, 164, 238, 237
162, 164, 165, 239, 238
163, 165, 166, 240, 239
164, 166, 167, 241, 240
165, 167, 168, 242, 241
166, 168, 169, 243, 242
167, 169, 170, 244, 243
168, 170, 171, 245, 244
169, 171, 172, 246, 245
170, 172, 173, 247, 246
171, 173, 174, 248, 247
172, 174, 175, 249, 248
173, 175, 176, 250, 249
174, 176, 177, 251, 250
175, 177, 178, 252, 251
176, 178, 179, 253, 252
177, 179, 180, 254, 253
178, 180, 181, 255, 254
179, 181, 182, 256, 255
180, 182, 183, 257, 256
181, 183, 184, 258, 257
182, 184, 185, 259, 258
183, 185, 186, 260, 259
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184, 186, 187, 261, 260
185, 187, 188, 262, 261
186, 188, 189, 263, 262
187, 189, 190, 264, 263
188, 190, 191, 265, 264
189, 191, 192, 266, 265
190, 192, 193, 267, 266
101, 193, 194, 268, 267
192, 194, 195, 269, 268
193, 195, 196, 270, 269
194, 196, 197, 271, 270
195, 197, 198, 272, 271
196, 198, 199, 273, 272
197, 199, 200, 274, 273
198, 200, 201, 275, 274
199, 201, 202, 276, 275
200, 202, 203, 277, 276
201, 203, 204, 278, 277
202, 204, 205, 279, 278
203, 205, 206, 280, 279
204, 206, 207, 281, 280
205, 207, 208, 282, 281
206, 208, 209, 283, 282
207, 209, 210, 284, 283
208, 210, 211, 285, 284
209, 211, 212, 286, 285
210, 212, 213, 287, 286
911, 213, 214, 288, 287
212, 214, 215, 289, 288
913, 215, 216, 290, 289
214, 216, 217, 291, 290
215, 217, 218, 292, 291
216, 218, 219, 293, 292
217, 219, 220, 294, 203
218, 220, 221, 295, 294
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919, 221, 222, 296, 295
920, 223, 224, 298, 297
9221, 224, 225, 299, 298
992, 225, 226, 300, 299
923, 226, 227, 301, 300
9224, 227, 228, 302, 301
9225, 228, 229, 303, 302
9226, 229, 230, 304, 303
227, 230, 231, 305, 304
928, 231, 232, 306, 305
929, 232, 233, 307, 306
230, 233, 234, 308, 307
931, 234, 235, 309, 308
232, 235, 236, 310, 309
933, 236, 237, 311, 310
934, 237, 238, 312, 311
235, 238, 239, 313, 312
236, 239, 240, 314, 313
937, 240, 241, 315, 314
938, 241, 242, 316, 315
939, 242, 243, 317, 316
240, 243, 244, 318, 317
241, 244, 245, 319, 318
242, 245, 246, 320, 319
243, 246, 247, 321, 320
244, 247, 248, 322, 321
245, 248, 249, 323, 322
246, 249, 250, 324, 323
947, 250, 251, 325, 324
948, 251, 252, 326, 325
249, 252, 253, 327, 326
950, 253, 254, 328, 327
951, 254, 255, 329, 328
952, 255, 256, 330, 329
253, 256, 257, 331, 330
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954, 257, 258, 332, 331
255, 258, 250, 333, 332
956, 259, 260, 334, 333
957, 260, 261, 335, 334
958, 261, 262, 336, 335
259, 262, 263, 337, 336
260, 263, 264, 338, 337
9261, 264, 265, 339, 338
262, 265, 266, 340, 339
263, 266, 267, 341, 340
264, 267, 268, 342, 341
265, 268, 269, 343, 342
266, 269, 270, 344, 343
267, 270, 271, 345, 344
9268, 271, 272, 346, 345
9269, 272, 273, 347, 346
970, 273, 274, 348, 347
271, 274, 275, 349, 348
972, 275, 276, 350, 349
273, 276, 277, 351, 350
9274, 277, 278, 352, 351
275, 278, 279, 353, 352
976, 279, 280, 354, 353
277, 280, 281, 355, 354
278, 281, 282, 356, 355
279, 282, 283, 357, 356
280, 283, 284, 358, 357
981, 284, 285, 359, 358
282, 285, 286, 360, 359
283, 286, 287, 361, 360
284, 287, 288, 362, 361
285, 288, 289, 363, 362
286, 289, 290, 364, 363
987, 290, 291, 365, 364
288, 291, 292, 366, 365
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289, 292, 293, 367, 366

290, 293, 294, 368, 367

291, 294, 295, 369, 368

292, 295, 296, 370, 369

*Nset, nset=REACTION

64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 148, 222, 296, 365, 366
367, 368, 369, 370

*Elset, elset=REACTION

64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 146, 219, 288, 289, 290, 291
292,

** Region: (PLATE:Picked)

*Elset, elset=_PickedSet7, internal, generate

1,292, 1

** Section: PLATE

*Solid Section, elset=_PickedSet7, material=PLATE

1.,

*End Instance

*Nset, nset=reaction, instance=PLATE-1

64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 148, 222, 296, 370
*Elset, elset=reaction, instance=PLATE-1

64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 146, 219, 292

*Nset, nset=reaction2, instance=PLATE-1, generate

64, 74, 1

*Elset, elset=reaction2, instance=PLATE-1, generate

64,73, 1

*Nset, nset=reaction3, instance=PLATE-1, generate

297, 370, 1

*Elset, elset=reaction3, instance=PLATE-1, generate

9220, 292, 1

*Nset, nset=_PickedSet42, internal, instance=PLATE-1

64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 148, 222, 296, 365, 366
367, 368, 369, 370

*Elset, elset=_PickedSet42, internal, instance=PLATE-1

64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 146, 219, 288, 289, 290, 291
292,
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*Nset, nset=_PickedSet43, internal, instance=PLATE-1, generate

1, 297, 74

*Elset, elset=_PickedSet43, internal, instance=PLATE-1, generate

1, 220, 73

*Nset, nset=_PickedSet44, internal, instance=EXPLO-1, generate

1, 205, 17

*Elset, elset=_PickedSet44, internal, instance=EXPLO-1, generate

1, 177, 16

*Nset, nset=_PickedSet45, internal, instance=EXPLO-1, generate

1,221, 1

*Elset, elset=_PickedSet45, internal, instance=EXPLO-1, generate
1,192, 1

*Nset, nset=_PickedSet46, internal, instance=PLATE-1, generate

1,370, 1

*Elset, elset=_PickedSet46, internal, instance=PLATE-1, generate
1,292, 1

*Elset, elset=__ PickedSurf34 S1, internal, instance=EXPLO-1, generate
1,16, 1

*Elset, elset=__ PickedSurf34 S2, internal, instance=EXPLO-1, generate
16, 192, 16

*Surface, type=ELEMENT, name=_PickedSurf34, internal
__PickedSurf34_S1, S1

__PickedSurf34 S2, S2

*Elset, elset=__ PickedSurf35 S3, internal, instance=PLATE-1, generate
220, 292, 1

*Surface, type=ELEMENT, name=_PickedSurf35, internal
__PickedSurf35 S3, S3

*End Assembly

* %

** MATERIALS

*ok

*Material, name=EXPLOSIVE
*Density

1.6,

*Eos, type=JWL



C. Input Decks of Simulations 256

0.819, 6.0977, 0.1295, 0.25, 4.5, 1.4, , 0.
*DetonationPoint

0., 2.987, 0., 0.

*Material, name=PLATE

*Density

7.846,

*Elastic

2.1, 0.3

*Inelastic Heat Fraction

0.9,

*Plastic, hardening=JOHNSON COOK
0.0023, 0.0032857, 0.5603, 0.55, 1811., 300.
*Rate Dependent, type=JOHNSON COOK
0.022,1.

*Specific Heat

0.000452,

Ak

*¥* INTERACTION PROPERTIES

Kok

*Surface Interaction, name=IntProp-1
*Friction

0.,

*Surface Behavior, pressure-overclosure=HARD
*Surface Interaction, name=IntProp-2

*Surface Behavior, pressure-overclosure=HARD
Kok

** BOUNDARY CONDITIONS

Kok

** Name: BC-1 Type: Symmetry/Antisymmetry/Encastre
*Boundary

_ PickedSet42, ENCASTRE

** Name: BC-2 Type: Symmetry/Antisymmetry/Encastre
*Boundary

_ PickedSet43, XSYMM

** Name: BC-3 Type: Symmetry/Antisymmetry/Encastre
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*Boundary
_ PickedSet44, XSYMM

3k

** FIELDS

E 2

** Name: Field-1 Type: Temperature

*Initial Conditions, type=TEMPERATURE

_ PickedSet46, 300.

*Initial Conditions, type=SPECIFIC ENERGY
EXPLO-1.all, 0.09

Aok

ok

** STEP: Step-1

%k

*Step, name=Step-1
*Dynamic, Explicit, adiabatic
2.

*Bulk Viscosity

0.06, 1.2

3k

** INTERACTIONS

H#3k

** Interaction: Int-1

*Contact Pair, interaction=IntProp-1, mechanical constraint=KINEMATIC,
weight=0.4, cpset=Int-1

_ PickedSurf35, _PickedSurf34

ok

** OUTPUT REQUESTS

ko

*Restart, write, number interval=1, time marks=NO
b2 3

** FIELD OUTPUT: F-Output-1

H3k

*Qutput, field, number intervals=200
*Node Output
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A, RF, U,V

*Element Output

LE, PE, PEEQ, S, TEMP, TSHR
*Contact Output

CSTRESS,

*Output, history, frequency=0

*End Step
b2 3

Aok

** STEP: Step-2

£ 3

*Step, name=Step-2
*Dynamic, Explicit, adiabatic
, 65.

*Bulk Viscosity

0.06, 1.2

ok

¥ OQUTPUT REQUESTS

*k

*Restart, write, number interval=1, time marks=NO
Kok

** FIELD OUTPUT: F-Output-1
*k

*QOutput, field, number intervals=200
*Node Output

A RF, U,V

*Element Qutput

LE, PE, PEEQ, S, TEMP, TSHR
*Contact Output

CSTRESS,

*Qutput, history, frequency=0
*End Step

sk

Aok

** STEP: Step-3
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*%

*Step, name=Step-3
*Dynamic, Explicit, adiabatic
, 1000.

*Bulk Viscosity

0.06, 1.2

Aok

** BOUNDARY CONDITIONS

*ok

** Name: BC-4 Type: Symmetry/Antisymmetry/Encastre
*Boundary

_ PickedSet45, ENCASTRE

*%k

** QUTPUT REQUESTS

ok

*Restart, write, number interval=1, time marks=NO
sk

** FIELD OUTPUT: F-Output-1
sk

*Qutput, field, number intervals=200
*Node Output

A, RF, U,V

*Element Output

LE, PE, PEEQ, S, TEMP, TSHR
*Contact OQutput

CSTRESS,

*Qutput, history, frequency=0
*End Step






