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3. ABAQUS CONWEP Loading: Using CONWEP to simulate the blast load on a three
dimensional Lagrangian shell element mesh, representing the test plate. CONWEP requires
TNT relative equivalency values for PE4 and a scaling factor to account for the loading
conditions. A number of repeated CONWEP interactions are specified at specific start times

in a single simulation step.

The resultant numerical impulses, test plate midpoint deflections and deformation profiles are
validated against the experimental data. Further numerical analyses on the effects of repeated blast

loading on plastic strain and residual stress states occurring in the test plates are also carried out.

In general, the plates show large inelastic global deformation, typical of uniform loading, with
thinning occurring at the clamped boundary and in some cases tearing. The results of deflection
versus impulse for the various charge masses show an increasing linear relationship, for all repeated
blast series. The progressive midpoint deflection between each subsequent blast shows a decreasing
power trend relationship. The Vickers hardness tests indicate an increase in material hardness as the
number of repeated blasts increase with a maximum hardness occurring at the clamped boundaries

and central region

The numerical results show good correlation to the experimental results with regards to impulse,
midpoint deflection and deformation profiles. The numerical plastic strain shows good qualitative
correlation with the experimental Vickers hardness tests, where an increase in strain occurs at the
clamped boundaries and central region of the test plate. The peak plastic strain increases with
increasing repeated blast loads, indicating an increase in work hardening. Residual stresses in the test
plates as a result of repeated blast loading, inhibit the deformation (midpoint deflections), decreasing
the progressive deflections between each blast.
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Chapter 1 - Introduction

1 Introduction

On-going war and terrorist attacks contribute to a variety of impulsive loading of structures that often
result in life changing injury or death. Improvised explosive devices (IEDs) and landmines accounted
for 1761 deaths in Afghanistan during 2009 [1], with many more casualties as a result from conflict
occurring throughout the world. Landmine vehicles and armoured personnel carriers (APC) with
specialised under carriages used in war stricken areas greatly reduce the death tolls from IEDs and
landmines. In its lifecycle, whether on peacekeeping missions or in the battle field an armoured
vehicle can be subjected to multiple blast loads from either IEDs or landmines. It is therefore
imperative to protect the personnel and cargo on board. A better understanding of the response of
structures to multiple blast loads would lead to the improvement of blast resistant structures,

increasing the level of safety for personnel and cargo in threatening explosive environments.

The response of structures with various geometries and boundary conditions subjected to uniform and
localised impulsive loading conditions has been researched for many years. However, the majority of
the studies available in the open literature report on structures that have been subjected to a single
blast load. Jones [2], Nurick and Martin [3] and Rajendran and Lee [4] presented an overview of the
theoretical and experimental results of plates that are loaded uniformly over the entire plate area. The
results reported and discussed the geometrical effects of circular, square and rectangular plates
subjected to blast loads. Further studies [5-13] have been conducted on beams and plates of different
geometries (circular, quadrangular, V shaped plates) with and without stiffeners, different boundary
conditions (clamped or built-in), welded seems [14] and perforations [15]. Other works include the
blast loading of composite sandwich panels [16], aluminium foam cores [17] and concrete panels
[18].

Numerous attempts with varying degrees of success have been made to model impulsively loaded
plate structures using finite element models. In most cases commercially available software packages
have been used to model the large inelastic deformation or complete failure (tearing) of the structure
with insights gained into the blast wave-structure interaction and transient response of the structure.
Finite element codes used to investigate these characteristics include the work of Langseth et al
[19,20], Otubushin [21] and Marsolek and Reimerdes [22] who used LS-DYNA. Abah et al [23] and
Markiewicz [24] used PAM-CRASH. Miyazaki et al [25] used the Finite Element package, MARC
Ké6.2. Nannucci et al [26] and Karagiozova et al [27,28] used ABAQUS. In most of the studies, an
explicit integration scheme was used. 4-noded shell elements with reduced integration, multiple
integration points through the thickness of the element and hourglass control were used. Simulations
using the detonation capabilities of AUTODYN have been conducted to numerically impart an
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impulsive load using the Jones-Wilkins-Lee equation of state [11, 15, 29, 30, 31]. Software “Add-
on’s” such as CONWEP have been used to blast load structures under various loading conditions,
implementing TNT equivalency ratios, simulating blasts with many types of explosives [32-35].

Hitherto, these studies have been carried out under single blast loading conditions, with little
knowledge on the effects of multiple blast loading on the material and deformation response of the
test plates. It is therefore necessary for a repeated blast loading investigation.

The objectives of this dissertation were to:

1. Investigate the midpoint deflection and resulting Vickers hardness of circular plates subjected
to repeated blast loads.

2. Compare numerical analyses to the experimental results.

3. Asses the different numerical results to model repeated blast loading.

4, Draw conclusions and make recommendations based on the findings.

In this thesis experiments and numerical simulations were carried out to investigate the response of
circular steel plates to repeated uniform blast loads. The blast loads were produced from the
detonation of PE4 plastic explosive at a constant stand-off distance on a horizontal ballistic pendulum.
Test plates were manufactured from Domex 700 steel with a circular area of 106mm in diameter and
thicknesses of either 2mm or 3mm. The test plates were repeatedly blast loaded up to 5 blast loads or

until failure (tearing).

Numerical analyses of the experiments were carried out using ANSYS AUTODYN and ABAQUS.

Three different techniques were implemented:
1. AUTODYN: Blast loaded with a built in detonation model for PE4
2. ABAQUS: rectangular pressure pulse loading, to represent a uniformly distributed blast load

3. ABAQUS: to blast load the test plate using the built in CONWEP interaction.
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The numerical results were compared to the experimental results with regards to the resultant impulse,
midpoint deflections and deformed plate profiles. Qualitative numerical analyses were carried out into

the effects of repeated blast loading on strain hardening and residual stress states.

The research of an extensive literature review, which summarises the important and relevant studies
and experimental work by various researchers, is presented in Section 2. The experimental procedure,
experimental testing rig and test plate material properties are described in Section 3. The tabulated
experimental results and plate deformation observations are reported in Section 4. Section 5 contains a
detailed analysis of the experimental results. The formulation of the numerical models, including the
material models, mesh refinement and discussion on the loading techniques are discussed in Section
6. The results of the numerical models are presented and compared to the experimental results, with a
detailed discussion on the outcomes, are presented in Section 7. Conclusions are drawn and

recommendations are made, based on the findings in Section 8 and 9, respectively.
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2 Literature Review

The structural response of thin plates subjected to impulsive loading, in both localised and uniform
blast loading conditions, has been extensively researched over many years, as reported by [3, 9, 14,
36-41]. Many variations of experiments have also been conducted to investigate the behaviour of
different materials and structures under various loading conditions, with regards to the permanent
ductile deformation and ultimate failure of such materials and structures [17, 18, 42, 43]. The
experimentally recorded structural responses of the test specimens and blast loading dynamics have
been numerically predicted and compared. Numerical work has also been carried out by various
researchers [44, 45, 46]. A summary of the pertinent literature relating to circular steel plates
subjected to impulsive blast loading is presented.

2.1 Blast Loading

2.1.1 Explosives

An explosive is a substance that produces a sudden release of its potential energy, when it undergoes a
rapid physical transformation or change of state. An explosive is a purposefully manufactured
material with a view to produce a practical effect by explosion, as stated by Davis [40].

There are two classifications for explosives:
1. Low Explosives
2. High Explosives

Low explosives are used primarily to propel projectiles [47]. High explosives, when detonated, create
a high energy shock wave. High explosives burn at a faster rate and shorter period of time than low

explosives.
There are two sub categories for high explosives:
1. Primary Explosives

2. Secondary Explosives
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Primary explosives are known as initiating explosives and are used to initiate high explosive charges
as a detonating substance. Primary explosives are usually used in small quantities, due to their
relatively high cost [48]. These explosives consist of materials that can be easily detonated by the
addition of heat as an ignition source, in the form of impact, spark or flame. An example of this
material is Lead Azide [47]. Secondary explosives have a high energy output compared to primary
explosives, producing high intensity blast waves [47]. The secondary explosives are stable under
storage conditions and only explode when required in use, by a detonation device. Examples of these
explosives are TNT and RDX. PE4 is a British Military explosive and consists primarily of RDX,
which has a large energy output of 5130 kJ/Kg [47]. PE4 is classified as a high explosive and requires
a detonator to initiate the explosive reaction. PE4 can be moulded into any specific shape, is very
stable, has a high melting point, and has low sensitivity towards impact and friction [49], making PE4
very practical for military and experimental use. Table 2.1 lists the properties of PE4.

Table 2.1: Properties of PE4

Velocity of

Detonation [50] 7500 m/s
Density [51] 1.6 g/em’
88 % RDX

Composition [52] | 11 % Wax Plasticizer
1 % Pentaerythritol diolate

An explosion is defined as a phenomenon resulting in a rapid release of energy, generating high
temperature and volumetric expansion of gases [37]. This release of energy is dissipated in the form
of blast waves [38]. A massive pressure difference of finite amplitude occurs before and after the

rapidly travelling blast wave [39].
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2.1.2 Detonation

A detonation is a self-propagating reaction that produces a shock wave, which results in an increase in
temperature, pressure and density of an explosive reaction zone. This reaction energy changes the
state of an explosive so that an exothermic reaction is established and initiates a shock wave that

travels at a requisite velocity, as stated by Smith and Hetherington [47].

The detonation of an explosion is carried out by applying heat energy to an explosive charge. The rate
at which heat energy is supplied must be greater than the rate of heat dissipated. This heat dissipation
leads to an exothermic chemical chain reaction within the explosive material. In an ideal explosion the
entire explosive charge ignites. The heat can be supplied in various ways and is known as the
activation energy required for ignition. Figure 2.1, as illustrated by Smith and Hetherington [47],
depicts the nature of the post blast reaction energy and also indicates the required activation energy
for ignition. The energy during the explosive reaction decreases exponentially from a maximum peak
to a minimum once the explosive charge has fully reacted and the detonation is complete, as observed

in Figure 2.1.

Energy of
Reaction

Activation
Start of
Reaction

Heat of
Explosion

Extent of Reaction

Figure 2.1: Energy levels of an explosive reaction indicating the activation energy [47]
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In steady state detonation, the propagation wave velocity is faster than the speed of sound in the
unreacted material that has not yet been detonated. The wave velocity is dependent on the density and
geometry of the explosive material, where the velocity will be proportional to the density of the
material and slower for smaller explosive charges. A critical charge size exists where the detonation

wave fails to propagate, below a specific minimum charge diameter [53].

The chemical reaction that occurs during an explosion can be described as the finite small area
preceding the wave front and is known as the reaction zone. In this reaction zone, energy is liberated
from the reaction, by compressing the charge material as the wave travels through it [47]. This
compression causes the localised heating of the material, initiating a chemical reaction for detonation
and hence, continually regenerates itself. This regeneration reinforces the shock front. Regeneration
occurs at the front of the reaction zone. The pressure profile changes to account for the energy
liberation at every point in the reaction zone to maintain a steady flow [47]. At the rear of the reaction
zone however, most of the chemical energy has already been liberated. Consequently flow is unsteady
in this region [47].

Ideal detonation is a plane detonation wave, where the explosive reaction is completed in the
Chapman-Jouguet (CJ) plane. The CJ plane, depicted in Figure 2.2, is the boundary between the
steady and unsteady flow regions. The front of the detonation wave that is travelling at a detonation
velocity (D) initiates the explosive reaction. This initiation is caused by a pressure spike at the
detonation front, known as the Von Neumann spike [54] and is illustrated in Figure 2.2.

As the detonation wave moves through a reactive material, the mass, energy and momentum of the
moving particles in the shock front are conserved. These conservations can be quantified by the
Rankine - Hugoniot jump equation (Appendix E) for detonation waves and ultimately describes the

detonation process.
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A Von Neuman Spike

Taylor Wave

Reaction Zone

Distance or Time

Figure 2.2: Pressure profile of a detonation wave [54]

2.1.3 Blast Waves

If all the detonation criteria are met, a blast wave will mitigate from the detonation point as a result of
the rapid release of energy that increases the temperature, which in turn increases the pressure,
causing localised areas of high pressures. Consequently, a layer of gas particles in the explosive
medium naturally move down the pressure gradient, compress the adjacent air particles and ultimately
displace the air from its original volume [47]. This layer of compressed air forms in front of the high
energy gases, moving at high speeds and is referred to as a blast wave [47]. As the gas particles move
down the pressure gradient and away from the explosive initiation point, cooling occurs, causing the
gas and air pressures to drop below atmospheric. This pressure drop is a result of the momentum of
the mass of the gas particles causing a pressure variation between the gas pressure and atmospheric

pressure, resulting in particle flow reversal, which leads to blast ‘under pressure’ [47].
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Figure 2.3: Illustrative graph of pressure vs. time of a blast wave [47]

A typical blast wave pressure history is displayed graphically in Figure 2.3, showing the areas of
‘over pressure’ and ‘under pressure’. Specific impulse of the ‘over pressure’ can be calculated by
integrating the area of the positive segment of the pressure profile. Under pressure is relatively small
compared to the over pressure and is often assumed to have negligible influence [55]. The blast over
pressure-time history can be described by exponential decay functions, such as the Friedlander
equation (Equation 2.1) [39].

Pt) = B (1-3) e (7 Eq.2.1

where, a- waveform parameter, P, — peak over pressure, T — blast duration, # — time.

In contrast, a shock wave is a high pressure disturbance travelling in front of a blast wave through a
detonated material [54]. This high pressure disturbance is not smooth and uniform, but is

discontinuous throughout its volume.

The pressure disturbance caused by the shock wave stresses the material far beyond its elastic limit
and undergoes permanent deformation [56]. The shock wave loses energy and pressure as it advances

over a travelled distance or period of time.

From a shock wave, there are two relevant (to this thesis) structural loading conditions, namely

localised loading (load at central area) and uniform loading (load over entire exposed area). Localised
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loading of plates has been experimentally carried out by various researchers [16, 51, 57]. The target
plates were uniformly loaded in this report, therefore the majority of the content is catered towards

uniform loading conditions.

2.1.4 Uniform Impulsive Blast Loading

When a structure is exposed to a blast wave generated by the detonation of an explosive charge, the
resultant blast wave imposes an impulsive dynamic load on the structure, causing it to deform, fail
and move, as in rigid body motion, providing the structure is movable. A blast load is considered
impulsive due to the nature of the interaction of the blast wave and the target structure, where the
energy of the load that causes the structure to deform is transferred to the structure in an extremely
short period of time. The entire effective load from the blast is transferred to the target before it
responds, due to mass inertia. The deformation response of the test plate is therefore transient
implying that the shape of the incident pressure pulse (spatial) is less influential, as long as the
resultant incident pressure and corresponding time integral correlate to the impulse imparted by the
blast (temporal distribution). The spatial distribution of the incident pressure wave has an effect on the
deformation of the target structure, where typically more deformation occurs where the concentration
of incident pressure is highest. Shen and Jones [58] characterised impulsive loading as a pressure
pulse having a finite impulse with an infinitely large magnitude and infinitesimally short duration. A
uniform impulsive load is such that the blast load pressure is evenly distributed over the entire blast
area, with regards to location and time.

Uniformly loading a target plate can be achieved in three different methods:

e Detonating an explosive charge mass at a great stand-off distance (S > D/2) [51].
e Loading the target plates with the use of a shock tube [59].

e Using concentric annuli of explosive charge in close proximity to the target plate [36]

10
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Stand-ofT Thstance

Aceording 1o Marchand and Alfwakhiri [60], if the stand-off distance of the charge is gregrer than half
of the target structures width or height, then the blist load can be reasonably averaged over the
exposed surface of the structure, provided the charge is centred on the structure. In the case of circular
tirget plates, if the stand-oft distance (S) 1s greater than the plate digmeter (D3 then ey assumed the
plate is uniformly loaded (% > 23 s is conversely rue for localised hiast lading. Jacob et ai [31]
meade sirnlar observations of the plate response, vestigating the efteet of stand-ofT distance on the
deformation of mild stecl plares. An illustration of the charge stand-oft distance with reeards to the

Toading comdition s 1llustrted 0 Figure 2.4,

Teast Plate
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Figure 2.4: THazeram of charee stand-off distance and Weading conrditinn |51
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Shock Tubes

A shock tobe uses a similar principle to blast loading at far stand-oft’ distanees, as the length of the
tuhe (stand-ofl distance) s greater than the dlameter of the exposed fest plate area. ultimately

resulting in unitorm loading of the test specimen.

A shock tube s a deviee that s used to replicate and direct a blast wave at a desired structure. It
tvpically consists of a metallic tube made up of two compartments, a high pressure and a low pressure
compartment, separaled by a diaphragm. Once the gasm the high pressure compartment s inerea sed
1o a predetermined high pressure, the diaphragm ts rupturcd. creating a propagating pressure wive
that travels down the low pressure compartment toward the test specimen, placed ar the shock tube
exil. Shock tube experiments can he carricd oul in 4 saft and experimentally ideal enviranment. This
allows for accurate measurement ol the simulated blast wave, as 1t iy possible (0 direct the blast wave
al various sensors, measuring devices and observing the structural response of target plates [59]. The

shock tube 15 illustrated in Figure 2.5

Yacuum WAacuum
Punp Pump Test Secton
T Craphragm T
Driver Section Driven Section
’ [V {5 i Test Gas)
Hydrogen Gas Mixture

IMizing Assemblby)

Figure 1.5 Diagram of simplified shock tube 61§
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Concentrie Annuli ol Plastic Explosive

Che plastic explosive is armanged in concentric annuli corresponding (o the shape of the blast area, The
antuli are connected by interstitial leaders of explosive. The annuli are arranced such that there is a
presumed umiform distribution of explosive over the blast arca, with the distance between each
explosive annulus dependanl on the arca eatio of the exposed sorface. This method was nsed by
Murick ¢t ai [3, 3. 36, 62|, The explasive annuoli relative to the cireular blast area are depicted in

T 0h o
Figore 2 6.

Tnrerstiral
Leaders

Annuli

BElasr
Area

1Jetomator

Figure 2.6: Explosive arrangement fer nnifurm loading of cireuliar plate

13



Chapter 2 — Literature Review

2.1.5 Refecied Pressure

Reflected pressure is the occurrence of the resultart pressure wave from 2 blast as il encounters a
medium or surface with a density greater than air and reflects off. Within & syimmetrical tube, as used
in this project, the shock wave produced by a cvlindrical charge, located on the contre of the tube’s
longitudinal axis, ideally travels down the tube with negligible pressure reflection ofT the tube walls.
[ 1o the naure of the detonation in a confined space. nitally there will he substantial pressure
reflections otf the tube walls, betore the shock wave is fully engaged in travelling down the length of
the tube, The pressure reflection off the 1whe walls 15 known as transverse pressure reflection, as
investigated by Bowman [63] shown in Figure 2.7, where the mitigating shock wave 15 illustrated
maoving down the length of the tube accompanicd by 1he transverse shock waves reflected oft the tuhe
walls from the nutial detenanan, Less notable instances of fransverse pressure retleelions eah oecur
due to irregularities present on the tube wall [63], Bowman |63] reported occurrenees of eddy currents
hehind the shock front at the explosive tube wajls, a5 a result of friction. The eddy cureents are
considered neglivible o the outcome of the resullant shovk wirve when the tube walls are smooth,
with minimal phvsical impedances. However, ineorrect or partial Jetonastion angd nen-symmetrical
charge placement in a tlube may cause lted shock waves [64], A tilled shock wave is delermined by
measuring the axially symmetrical wave arrival imes, which may not be the same. This is illustrated
in Figure 2.8 Various experiments have been conducted to gauge the etlects ol non-svmmetrical
shock waves mside & whe, by varving the placement of the pressure sensors [59]. Typical pressure
sensars include piezo electric. fibre optic and blast pressure gauges (referred in Chapter 2.2.1). For the
blast experiments carricd out in a cylindrical tube. it is acceptable to assume the shock wave

symmetricaliy inpacts the lesl specimen,

L . e O U B W . — B, e " e " " ", " ", "W L |

hlitigating Shock

Wave —

Transyverse Shock Wave
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t

Figure 2.7: Transyerse pressure rellection waves in a tube [63]
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Figure 2.8 Tilted shock wave inoa tulw |63]

The mest relevant hlast leading pressuee reflection, ana tube, is the large pressure eellection ofT the
test plake al the end of the tube, which acls perpendicularly te the fongitudinal axis of the tube. This
creates at least twa large pressure peaks thar can be measured by pressure sensors strategically placed
on the test plate, The initial pressure peak 15 the primary incident pressure wave ravelling towards
and impacting the test plate, The other pressure peak 15 the seeondary refllected pressure wave,
travelling away from the test plate. The shock wave travelling down the tube ideally impacts the tes
plate with zere angle ol incidence [3%]. The angle of incidence s the angle at which a wave of any
st interacts with a structure. before il is reflected |65 As the shock wave impacts the test plale, the
leading air molecules come @ rest, The lollowing air molecules behind the leading molecules are still
travelling at high speed and firther compress the leading air molecules, [his induces an cven grealer
reflected overpressure than the inoident overpressure, This s true For reflections occurring on a
perfectly rigid body of intinite area. In the case of a test plate deforming under blast leading, portions
of the shack wave energy are absorbed and dissipated by the deforming test plate. A diagram of the

incident pressure wave. reflecied off a rigid bady is dlusirated o Figure 2.9

Beflected Shock wawve

Inwcidene Shiock Wave

Angle of Incidence
N e e R N e e R e R e R E N R T

Fignre 2.9: Diggram of Incident and relected pressore waves displaying anegle ol incidence Blast wave Topography
inside a Blast Tube
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Cme method of unitormly loading a test specimen is carried aut by detonating an explosive at a great
stand-off distance al one end of a nigid steel tube to contine and dircer the mitigating blast wave
toward the test specimen [S1]. 1 is asswmed that resultant blast wave impacts the specimen with a

unifomm pressure distribution over the entire test arca. as illustrated in Figure 2,10,

Clatping Plage —*

oy
B2
—_

IIniform Shock wave

=

_ Mingating shock Wave

TESIP[E[’E T T T T T T T

Figure 2000 Hlustration of goiform blast loped dnom o be

In reabity there are pressure losses from the tube walls and various geometric impedances, which
resulls inow curved Blast wave [63], Lhe section of the blast wave closest o the tube wall will travel
down the tube with less velocity than the section of blast wave travelling down the centre of the tube.
This causes a curved blast wave peafile. The final blast wave shape that impacts the test specimen will
theretore not be perfeetly unifoem from the centre of the blast area to the outer radius, This blast wave
“curve” can be measurcd by placing pressure transducers located at the centre and the outer radius
[63]. The time delay of the blast wave impacting the pressure sensors between the centre of the blast
area and the outer radius. will allow for the quantiCeation of the effeets of the pressure time delays on

impulsive loading of the test plates
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Figure 2.11: Cress section view of blost wave corve in i tube [63]

Bowman [63] carried ol an expenmental investigation into the shape of shock fronts travelling down
a ke, with the use of a shock tube. studving various parameters that affect the blast wave and the
resultant blast wave reflections. These panmmeters meluded the transyverse rellectiions inside a blast
tube as a result of irregularities in the tube and retlections caused by the boundary lavers within the
tube. The shock shape measurements were all carried out by recording arrival times of the shock front

at various locations on the end plale ot the shock mbe.

The results of these experiments conlinmed thar the boundary walls of the blast tube affieet the shape
of the Blast wave travelling down the tube |63[. This is confirmed by the varving arrival times of the
blast wave Trom the central axis 1o the owler boundary, Typeal profibe of the shock wave in
Bowman’s report for the boundary condition regime, reported by Bowman [63].1s illustrated in Figure
2.12. The *shock thickness™ as referred in Figare 2,12, 15 the cstimated thickness of the shock wase
that has a significant effect on the target structure, The X-axis (xR refers 1o the distance tmvelled

down the tube and the Y-axis (/K refers 1o the radius from the centre of the tube,
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Figure 2.12: Troe Scale experimental shock shape [63]
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2.2 Blast Wave Pressure Measurement

Pressure transducers are used to measure changes in pressure Ievels i a specafic medium. There are
many types of transducers 1o measure different pressures in different environmess,  Pressure
transducers have been used to measure the rapid. extensive pressure changes that occur during an
explosive blast [66], Measering the pressure at wvarious locations o the boundarics of a blas
experiment provides a greater understanding of the blast wave behaviour. This information can lewd 1o

# betrer understanding of the esplosive pressure-time historics.

2.2.1  Pressure Transducers

Picrovlectric Pressore Transd neer

A piezoelectric pressure transducer 1s a device that is wsed (o messure dyvnamic pressure, These
mressure Transdecers have been designed to measure explosive air blasts and other high pressure
measurements inoan extreme shock enviromment, where ubtea-Fast, miceo seeond response s required
[66]. Piczoclectric pressure transducers ave constructed from various components, These components
ari: llustrated in Figure 2.13. The transducers contain an acceleration compensated quartz element
consisting of four guartz eryvstals, two for acceleration compensation and (w6 [ the acive produetion
ol charge when subjected to the measurable pressure. Also it has a machined diaphragm, capable of
picking up pressures even below 1000 psi [66], The pressure transducer used in this report is tvpically
used for small scale blast experiments in laboratory conditions, and is known as PCB »cries [19B

quarts pressure ransducers [H6],
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Figure 1.13: Schematic of piezoelectric pressure transducer |7
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Fibre Optic Pressure Transducers

Opuical Hbres are used to measure strain. temperature and pressure by modifving a fibre to measure
the deswed output by ¢ontrolling wave Tength, phase. imensity or the change m light fecused on the
fibre, Optical Ghre sensors are extremely uselul in measuring parameters m small areas where precise
locating is necessary, Chavko et al [68] used a fibre optic pressure transducer to meastire the pressure
changes inside a rat lrain exposed g blast wase, A diagram ol a Gbre optic sensor 15 iHustrated n

Figure 2,14,

Oolical fibe Dielectnic mitror
puUCal liar

Diaphragm

> i \

:ST i“g_;"“—"j:"""}f‘ﬁ“ IW‘" Cavity length 1., of the Fabry-Perol
CRALECIRIRIEE Do = 5 sensing intarferometer

Figure 214z Fibre oplic photgalinde displayving diaphragm [69]
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Blast P'ressore Gange

Blast pressure gauges are used to measure pressure and resnltant acceleration of a mitigating blast
wave. This ts achieved by vse of a cylinder and prston. A evlindrical tube swith an open and closed end
cantains a piston, posttioned at the open end. An accelerometer is attached to the piston and a pressure
sensor {unspecilied) is placed at the closed end of the cxlindrical wibe o measure the pressure
between the exlinder and the closed ond of the cylinder [70], This device is capable of measuring 1he

pressure Tor sn eatended penod of time, even afier the minal peak s recorded.
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Figure 2.15: Simple schematic of blast pressure gauge |70
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2.3 Structural Response

The investigation into the structural response of steel plates, subjected to localised and uniform blast
loading has been reported on by several researchers [5, 32, 36, 42, 51]. Various test specimen
geometries have been experimented on, including beams, square plates and circular plates [5, 6, 71],
all with varied parameters, including complex stiffener geometries and welded regions [14, 36].
Various clamping boundaries, including fully clamped, partially clamped and built in boundaries have
been defined and implemented [7]. These variations in the test specimen parameters has resulted in
the implementation of defining the failure and deformation characteristics observed in each
experiment. Due to the nature of the blast loading experiments carried out for this report, the research

has been focused on the structural response of circular steel plates under uniform loading conditions.

2.3.1 Modes of Failure

Menkes and Opat [71] defined three distinct modes of failure for beams subjected to uniform
impulsive blast loads, shown in Figure 2.16. Experiments were carried out, incrementally increasing

impulsive loads to yield the three failure modes.
e Model: Large Inelastic deformation with no material rupture.

e Modell: Tensile tearing of the material at its boundary supports.
e Mode III: Transverse shearing at the boundary supports.

22
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Figure 2.16: Failure associated with ciamped metal beams loaded impulsively

These modes of failure were found to be applicable to the blast loading of plates with varying
geometries, including circular and quadrangular shaped plates [12, 36]. Other modes of failure
summarized in Table 2.2, were further defined by and Teeling-Smith and Nurick [5] and Nurick and
Shave [62].
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Table 2.2; List of modes of failure and their corresponding descriptions [51]

Mode of Loading
Description of Failure
Failure Condition
) ) Uniform &
Mode I Large Inelastic deformation
localised
Large inelastic deformation with necking around part of the
Mode Ia Uniform
boundary
Mode Ib Large inelastic deformation with necking around the entire boundary | Uniform
Mode Itc Large inelastic deformation with thinning in the central area Localised
Large inelastic deformation with partial tearing around part of the
Mode I1* Uniform
boundary
Mode II*c Partial tearing in the central area Localised
Mode I Tensile tearing at the boundary Uniform
Tearing with increasing mid-point deflection, with increasing
Mode Ila Uniform

impulse and with complete tearing at the boundary

Tearing with decreasing midpoint deflection with increasing impulse

Mode IIb Uniform
with complete tearing at the boundary
Mode Ilc Complete tearing in the central area capping Localised
Mode I Transverse shear failure at the boundary Uniform
. Tearing at centre with petals of material folded away from blast
Petalling locati Localised
ocation

2.3.2 Thin Circular Plates Subjected to Impulsive Blast Loading

Experiments on thin circular mild steel plates subjected to impulsive loading were investigated by
Nurick et al [5, 7, 8, 62]. It was reported that plate deflection increased with an increase in impulse,
resulting in thinning at the clamped boundary. Further increasing the impulse resulted in partial
tearing along the boundary, and in some cases, complete tearing. The midpoint deflection starts to
decrease as impulse is further increased beyond the point of complete tearing at the boundary, as the
plate tends towards complete shearing (Mode III). Gharababaei et al [12] reported the midpoint
deflection of circular plates is influenced by the pressure distribution of the incident wave and varies
with variations in important loading parameters. Kazemahvazi et al [13] reported various failure
modes of fully clamped circular copper plates subjected to various decaying underwater blast waves,
with peak pressures ranging from 10MPa to 300MPa. At low pressures, the plates underwent bending
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and stretching withou! rupture. A inermediate pressurcs, petalling failores 1o tearing at the clampeid
boundaries were observed with increasing blast pressures. At the highest pressures. the plates tore at
the clamped boundaries, Nevberzer et al [72] carried oul an experimental and numerncal investizgation
on the springback of circular clamped armour steel plates subjected to spherical air-blast loading, The
transient delormation response of the test plates was studied and it was reported that the magnitude of
the springback. from the maximum transient deflection to the final residual deflection. was dependant

on the stand-ofT distance of the explosive source.

Jacob et al [51] carried out Blast Joad experiments on eircular test plates al varied siand-oft distances.
Various deformed plate profiles for the range of stand-oft distances were reported. An inner dome
imposed on top of a global deme 15 observed for closer stand-off distanees, ranging Mrom 1 3mm 1o
40mn, indicative of localised blast leading. Thinning at the central area (Maode Ite) was observed tor
localised loading conditions. For stand-olT distance greater than the plate radius (53mm} ranging from
10mm te 3mm, the plate deformation is characterised by a larzer global dome, concurrent with
uniform loading. Thinning at the boundary (Mode by was observed and partial or complete tearing
(Mode 11 and Mode [[7) was noted for test plates subjected o greater impulses, The transition of
uniform loading 1o localised loading as the stand-off distance decreases, is illustrated in Figore 2,17
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Fignre 2.17: Sequential layout of test specimens for increasing stand-off distance for constant charge mass. 7g |51
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2.3.3 Repeated Blast Loading

Structures subjected to blast loading or blast related impacts, such as landmine vehicles and armoured
personnel carriers are often exposed to multiple blasts. These vehicles need to be robust against
repeated loading from landmines and improvised explosives in war stricken areas. Hitherto most
studies reported on have been subjected to a single blast load. Bwalya [73] and Ranwaha [74] have
carried out studies on localised and uniform repeated blast load experiments, respectively.

In the study by Bwalya [73] the charge diameter was varied between 25mm and 33mm and varied the
charge mass. Mild steel test specimens, 1.6mm and 3mm thick, were used. An increase in midpoint
deflection was noted for an increase in the number of blasts [73]. The general deformation trends
correlate to findings observed by Ranwaha [74] on repeated uniform blast loading. Hardness tests
carried out on the post loaded test plates showed an increase in hardness as the plate was subjected to
more blasts [73]. For repeated localised loading, Vickers hardness was greatest at the central region of
the test plate [73], whereas for repeated uniform loading, Vickers hardness was greatest at the
clamped boundary [74]. Hardness test results for a 1.6mm test plate subjected to 5 localised blast
loads of charge diameter 25mm and charge mass 1.7g is shown inFigure 2.18.

Ranwaha [74] reported that as the test specimens were subjected to more blast loads, the hardness
increased until the specimen failed. Ranwaha [74] carried out preliminary repeated blast experiments
on 3mm thick Domex 700 steel test plates, under uniform loading conditions. This thesis is a

continuation of work carried out by Ranwaha [74].
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Hardness Vs. Plate Radius
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Figure 2.18: Hardness versus plate radius for a plate thickness 1.6mm for charge diameter 2Smm and five blasts [73]
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2.4 Theoretical Predictions

Theoretical predictions for the analysis of metal plates, subjected to impulsive loading, have been
developed for comparative applications on observing the behaviour of the metal. The predictions for
impulsive blast experiments carried out on thin clamped plates include the final midpoint deflection,
deformation shape of the plates and the response time. The correlations between the predictions and

experiments have shown sufficiently good results for the predicted parameters.

2.4.1 Jones Damage Number for fully clamped rigid circular Plates

Jones [2] proposed a damage number (A) to predict large inelastic deformation (Mode I, Table 2.2) of
fully clamped circular plates, loaded impulsively by a uniformly distributed velocity, Vo ;. This
formed the basis of theoretical predictions, which were later modified by Nurick and Martin [3].

Jones’ Damage number [2] can be given as:

_ uV§R?

A M H Eq.2.2
0
where: pn=pH mass per unit area
Vo initial velocity
R plate radius
M — a'oH 2 . 0 .
0= o oy is the static yield stress
H plate thickness

Equation 2.2 can be written in terms of impulse by simple substitution, where:

Substituting for equations My and p, A becomes
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_UVGR? _ (pH)VZR® _ pViR?

A= = =
MyH (agfz) H aoH? Eq.2.3
Impulse is given as,
I =mV, re-written as, Vo = # Eq.2.4

Where m is the mass of the plate, which can be calculated from the volume and
density (p) of the steel plate and velocity is now given as,

1
V= m Eq.2.5
Substituting equation 2.5 into equation 2.3, gives,
Plaztp)
A=REE this can be simplified to,
o'oH
472
= — Eq. 2.6
4 n2R%H%ayp a
The mid-point deflection (8) of the plate can be predicted by [2],
22
6 _ (1+?)—1 Eq.2.7
H™ 2
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2.4.2 Nurick and Martin’s Damage Number

Nurick and Martin [3] developed a modified form of Johnson’s damage number (o) for circular plates
subjected to impulsive loading. Johnson’s damage number is used in the comparison of the behaviour
between metals under impulsive loading [3]. This number incorporated the material density (p),
impact velocity (v) and damage stress (c,):

2
a= % Eq.2.8

Johnson’s damage number did not consider the method of impact, the target dimensions and geometry
or the boundary conditions. This led to the necessity for the modification of the damage number, by
Nurick and Martin [3].

Johnson’s damage number can be written in terms of impulse:
I=mv Eq.29
where, m — mass of plate, I — impulse imparted on the plate.

I _ 1
m = aoap Eq.2.10

v =
where, A, - load area, H — plate thickness

Therefore, substituting equation 2.10 into equation 2.8, gives:

r s 2.11
a= A2H2pgy ~ H2%poq Eq.2.

where I, is impulse per area (I/Ao)
Nurick and Martin introduced a damage number (‘¥), given by:

1
V= o Eq.2.12

where A is the plate area

A relationship was established between the distance from the plate centre to the nearest boundary and
the thickness of the plate. This relationship is known as the aspect ratio (1) and for circular plates is

given as [3],

=k
A= o Eq.2.13
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where, R — plate radius, H — Plate thickness

A loading parameter for the consideration of the loaded area with regard to the total plate area was

introduced for circular plates and is given as the relationship:
= R
{=1+n (Ro) Eq.2.14

where, R, is the radius of the loaded area.

This relationship controls the loading parameter for circular plates, as R, tends to R, so { tends to 1.
This indicates that the plate is uniformly loaded over the entire plate area.

Nurick and Martin [3] combined the equations 3, 4 and S to obtain a modified damage number that
incorporates both the plate dimensions and the loading conditions.

b= WA Eq.2.15

For a circular plate subjected to a uniform impulsive load ({ =1),

I
¢ = TN Eq.2.16

Note: Static stress and not damage stress is used in this equation.

In addition, Nurick and Martin [3] proposed an empirical relationship between the mid-point

deflection to thickness ratio, % and the corresponding damage number, Q..

S = 0.425¢, Eq.2.17

This empirical formula has been subsequently used for other experiments and showed good

correlation [3].
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2.4.3 Stand-off Distance Parameter

A modification to the Nurick aﬁd Martin [3] dimensionless impulse was introduced, to account for the
effect of stand-off distance on plate response and therefore a stand-off distance parameter was
introduced [51].

s =1+In(3) Eq.2.19

where, S — stand-off distance, Ry — charge radius

This parameter only needs to be considered and introduced, if the charge radius is less than the stand-
off distance (Ro<S) [51].

The new parameter is incorporated into the dimensional analysis,

R
= E"‘_,Fl 1 Eq.2.20
¢ nRH2[pa, s o
The equation can be re-written as,

Iy

¢C - WJ’)_GO Eq. 2.21

where,

(1+lnRi)
Y= (1+in)

L

Eq.2.22

A stand-off distance parameter for the Jones damage number was introduced by Jacob et al [51]. The
parameter is based on the relationship between the Jones damage number and the Nurick and Martin

dimensionless impulse parameter. The empirical prediction is given in Equation 2.23.

é
== 02134,°° Eq.2.23
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2.5 Numerical Modelling

There are different commercially available software packages, used to simulate the structural response
of a target subjected to blast loading. Various studies successfully implementing software packages to
simulate blast related experiments and metallic deformation responses include Langseth et al [19, 20],
Otubushin [21] and Marsolek and Reimerdes [22] who used LS-DYNA. Abah et al [23] and
Markiewicz [24] used PAM-CRASH. Miyazaki et al [25] applied the Finite Element package, MARC
K6.2. Nannucci et al [26] and Karagiozova et al [27, 28] modelled in ABAQUS. Larcher [75] carried
out the numerical simulation of loading structures with free air blasts, using the software package
EUROPLEXUS. Numerous authors have successfully carried out numerical studies on the response of
thin circular plates subjected to blast loads [13, 44, 72, 76, 77]. The experiments in this thesis are
simulated using both ABAQUS and AUTODYN; therefore the pertaining literature is kept relevant to
the respective software packages.

AUTODYN is a hydrocode specialising in non-linear dynamic analysis and utilizes Lagrange,
Arbitrary Lagrange Euler (ALE) and Euler mesh solvers [78]. In AUTODYN the Jones-Wilkins-Lee
equations of state is used to model the explosion. LS-DYNA has similar capabilities to AUTODYN,
with regard to running models with Eulerian and Lagrangian meshes interacting with one another.
ABAQUS [79] a software package that accounts for non-linear geometry, strain rate sensitivity,
adiabatic temperature effects and material effects, is efficient at modelling materials subjected to short
duration impulsive loads. Numerical modelling techniques used to simulate blast wave behaviour and
predict plastic deformations of structures, subjected to impulsive blast loads have been reported on by
various researchers [32, 36, 80]. Xing Luo et al [81] successfully modelled air blasts in LS-DYNA,
using the CONWEP algorithm to compare the resultant numerical pressure distribution to

experimental results.
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2.5.1 Numerical Blast Loading

There are various numerical ways to apply impulsive blast loads to a structure, depending on the
software package used.

2.5.1.1 Multi-Material ALE, Lagrangian and Eulerian Modelling

Software packages such as AUTODYN and LS-DYNA have built in detonation models (code) that
are ideal for simulating blast loading. AUTODYN in particular has an extensive range of pre-coded
explosive materials available in the material library (including PE4). AUTODYN is a hydrocode
specialising in non-linear dynamic analysis and utilizes Lagrange, Arbitrary Lagrange Euler (ALE)
and Euler mesh solvers, making it possible to simulate the interaction of fluids and solids in the same
model.

The Lagrangian solver is predominantly used for modelling solid bodies. A Lagrangian mesh fixes
nodes on a structure, dividing the structure up into block elements. These nodes are not constantly
relative to one another, resulting in the distortion of elements as the structure deforms. The nodes
follow the position of the material surface, giving feedback on the extent of the material distortion.
For rapidly deforming materials such as fluids or gasses, large node density losses would occur

resulting in undesired inaccuracies. [78]

Eulerian meshes implement a fixed structured mesh, where the nodes are fixed on a grid relative to
one another. This grid allows the designated material to flow through each element and the state of
change of each element is determined by the amount of material present in the corresponding element.
This approach deters the large distortion problems associated with the Lagrangian mesh; Eulerian

solvers are therefore suited to modelling hydrodynamic situations involving fluid materials.

The capabilities of AUTODYN make it possible for the simulated detonated blast to travel through
the explosive material and air and successfully loaded onto the solid plate. Due to the typically large
size and complexity of the combined meshes, the memory allocation can become enormous. Also, the
lack of parallel processing capabilities (unlike ABAQUS) prohibits the use of extensively fine global
meshes as the computational expense would be too great, noted by Pickering [10]. Efficient modelling
of the experiment, such as using axisymmetric boundaries and pre-run detonation models can

considerably decrease the computational expense, whilst still maintaining accuracy.
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Fairlie and Bergeron [30] report good numerical-experimental tmpulse correlation, by modelling 4
with the Jones-Wilkins-1.ee equation of state, in AUTODYN. SNumerical models involving deronating
an explosive charge inside a lully vented tube have been caried our by Ambrosim e al [29] and
Langdon ot al [15]. Ambrosing et al |29] used TNT equivalency tables to convert the equivalent mass
of PE4. therefore detonating TN'T as the exaplosive material, The TNT charge was detonated at vartous
stand-ofT distances inclodmyg 25, 560 75, 100, 200 and 300mm with the use of a cylindrical mibe. A
portion of the air mesh was assigned a TNT material fill, which uses the Jones-Wilkins-Lee equation
of state to simulate the TNT detonation. T'he resultant propagating pressure wave is illustrated in

Figure 2.15,

Blast Wave
Travelling
Upwards

Largs
Transverse
reflection

I

Figure 2.1 Wave propagation for 15g equivalent of C4 and 200mm of staml-oft distance |29].

The TNT was detenated by a point detonation on the bottom lefi comer ol the explesive mesh
Ambrosini el gl reported [29] I can be clearly ohserved how the reflection from the wall ol the wbe

{an enhanced shock) tnteracis with the original shock wave w0 produce a resultant shock front known

Lad
Ly
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as the "Mach front"”. Ambrosini et al [29] eltained sood coreelation between the simulation and
experimental results The pressurc-time lusiory, for 4g of PE4 and 73mm stand-ofT distance are
displaved in Figure 2200 A massive secondary retlected pressure spike for gauge 1 that docs not
[ollows the trends of the ather gauge’s pressure-tmme histones was observed, Gauge | commesponds 1o

the centre of the blast area. No explanation of the secondary pressure spike was given.

1.4*10° -
1,2"10°—
E 1'.[]*1(]5..
2.
3
2 8,0*10"'—
i
& 6,010 =
4,010 — — {(1)Gauge# 1
— (2)Gauge# 2
el | — (3)Gauge# 3
2,010 w (4)Gauge# 4
— (5)Gauge# 5
0,0"10" — (B)Gauge# 6

I! - »
0.0 0,02 0,04 0.06 008 0.1
TIME (ms=}

Figure .20 Pressure-time history of everpressures for 4z of PE4 and 30mm of stand-off distanpe |29

Langdon et al [15] carmed out simulatons ¢comparing the numenical and experiment results, using
AUTOTIYN. A similar approach to Ambrosini et al |29] was undertaken. In this case C4 was used 10

model the PE4 ysed in the experiments. aiving favourable results.

2.5.1.2  Ildecaliscd ressure Pulse Loading

The aclual explosive pressure-time loading (5 a rather complex decaying pressure oscillation that
requires simplifications when applying blast loads 1o struetures for analysis, The impulsive loading
assumption. allows for the simplification of the pressure-trme load. so long as the impulse 15
represenied accurately. Approximating the true blast pulse {pressure-time 1aad) 10 a rectangular pulse
wilth cquivalent impulse has rendered favourable results. especially under unilorm loading conditons.
Farrow ¢ al {82] used both rectangular and triangular pressure pulse loading 1o predict midpoint

deflections. deformation shapes. residual strains and dyvnamic vield stress of circular plates suljected
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to uniform blast loading, using ABAQUS finite element software. The rectangular pulse produced
better results than the triangular pulse. The simplified blast loading pulses (rectangular and triangular)
are displayed in Figure 2.21.

Time Time

Figure 2.21: Simplified pressure-time loading histories for rectangular and triangular pulses [82]

In a study by Nurick and Chung Kim Yuen [36] the uniform blast load was modelled as a rectangular
pressure pulse with regards to pressure and time. The rectangular pulse was applied to the exposed
blast area of the built in test plates over a specified time. The loading duration was determined by the
burn time of the explosive and the length of the explosive annuli from the centre to the edge [36]. The
‘pressure loading was assumed to be uniformly distributed over the blast area, pressure magnitude P,
was determined by correspondence with the known experimental impulse and blast area. The results
from the numerical model showed good correlation to the experimental results, using the uniform
loading assumption. The pressure was determined with the Equation 2.23 [36]:

=Im
P= Eq.2.23

In ABAQUS, there is also the capability to simulate the detonation of an explosion using an equation
of state. Grobbelaar and Nurick [83] carried out the numerical study of the response of thin circular
steel plates subjected to localised impulsive blast loads. The explosive was modelled using the Jones-
Wilkins-Lee (JWL) equation of state, where the JWL equation of state was implemented in the form
of a programmed burn, using a lagrangian mesh. The numerical model predicted trends similar to the
experiments, with regards to midpoint deflection and plate profiles. The time stepping required

manual manipulation to avoid excessively distorting elements.
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Mougeotte et al [84] conducted a numerical analysis using the Coupled-Eulerian-Lagrangian (CEL)
capability of ABAQUS/Explicit 6.12. The simulation involved surrounding a Lagrangian structure
with an Eulerian body of air, importing a blast wave as a boundary condition. This method negated
the need to approximate reflected pressures when simulating models with complex geometries. The

corresponding pressure results showed good initial results, with further results yet to be concluded.

2.5.1.2.1 Blast Simulations using additional calculation software

Other methods of modelling the blast load include the use of empirically developed applications such
as CONWEP (Conventional Weapons Effects Program) and TM5-1300 (available in LS-DYNA).
CONWEP is made of a collection of conventional weapons effects calculations from empirical
relationships and curves defined by the convention TMS-855-1 [85]. The program was developed by
the United States Government for military purposes and has since been made publically available.
CONWERP is used primarily to predict the magnitude of the peak pressure and impulse delivered to a
target [33]. These empirical equations are widely used as engineering predictions for determining
free-field pressures and loads on structures subject to spherical air bursts [34]. CONWEP assumes an
exponential decay of the pressure with time as described by the Friedlander equation, Equation 2.24.

t_Ta

P(t) = P, [1 -

|exp [““;:T“’] Eq.2.24

Where P(t) is the pressure at time, t; P_0 is the peak incident pressure; T_0 is the positive phase
duration; A is the decay coefficient and T_a is the arrival time [34]. CONWEP can accommodate for
a variety of explosives, by using TNT equivalency tables. TNT equivalency is a method used to
quantify the energy released by a mass of a certain explosive, compared to the same mass of TNT,
also known as the relative effectiveness factor (R.E.). The R.E. number for PE4 is 1.33, i.e. 1kg of
PE4 is equivalent to 1.33kg of TNT [56].

CONWEP is readily available in many finite element analysis software programmes including,
AUTODYN, ABAQUS and LS-DYNA. Extensive research has been carried out with the use of
CONWERP as a blast loading technique [32, 81].

Huntington-Thresher and Cullis [33] reported on TNT blast scaling for small charges, investigating
the concern over the validity of empirical TNT blast equivalence data, such as CONWEP, for small
charge masses, because of the significant oxygen deficiency of TNT. The results showed good
agreement between the CONWEP and experimental results, for peak pressures and shock arrival
times, with experimental pressures being slightly lower and arrival times slightly later [33]. Good
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Agreement was observed between the experimental and CONWEP impulse. Huntington-Thresher and
Cuilis |33] noted that CONWEP data should be used with caution 81 smal] stand-off distances and 4

scaling [actor 1s required 1o produce the correct resoltant impulse.

Cabelle [32] made wse of CONWEP in conjunction with ABAQUS/Explicit to investizate the
dvnamic stress analysis of the effect of an air blast wave on a stainless sweel plawe, CONWEP s
delined as an imeraction i ABAOQUS, where an initiating lime and source point i required. The
CONWEP source with reference to the target plate for Cabello’s report [32] 12 illustrated 1o Figure
2.22. Cabello |32] reponted good conelation botween expenimental and numerical midpoint
deflections Tor CONWEP loading. For lower charge masses Cabello |32] noted that the plate
detormed elastically as opposed o plastically. The resulis were measured alter 1.3 nulliseeonds,

where it was determined the plate had sufficientiv stabilized after a few oscillations |32 .

3last Souree

Figure 2222 Stainless steed 30 plate model, displaying CONWEP loading source [32]

Tabatabaei and Vol [35] reported on a comparison between three difTerent blast methods in 18-
Dyna, One of those comparisons invelved the use of CONWEP in a purely Lagranzian approach 1o
stmulating an air blast pressure. The report concluded that the CONWEP data underestimared the

peak pressure of the biast and overestimated the impulse at various stand-ofT dislances [35],
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25.2 Geometric Modelling and Test Plate Response

There are many commercially available software packages such as AUTODYN, ABAQUS, LS-
DYNA, C-SAFE, FLACS, CartaBlanca and ATBIlast, which have been used to predict the response of
a structure subjected to blast loading. Numerous studies have shown that certain software packages
are more successful in modelling certain loading conditions and take into account strain rate effects,
temperature effects and fragmentation. The experiments relating to this thesis were modelled using
AUTODYN and ABAQUS; therefore the relevant literature regarding the methods used for the
geometrical modelling of thin steel plates subjected to uniform blast loads, within the respective

software packages is included and focused on.

AUTODYN has been successfully used to predict the response of many different types of structures to
air blast loading [86-89]. Luccioni et al [31] carried out AUTODYN simulations of experiments on
concrete pavements subjected to blast loads produced by the detonation of high explosive charges
above them. An AUTODYN 2D propagated detonation wave was imported into the AUTODYN 3D
loading model, containing the 3D Lagrangian concrete plate and Eulerian air volume. Flow out air
boundaries were specified at all borders of the simulation. The simulation approximately reproduced

the experimental deformation and resultant failure shape of the concrete plate under the blast load.

Langdon et al [15] modelled blast load experiments investigating the influence of hole size and
thickness on the performance of mild steel perforated plates as a blast wave mitigation technique,
inside a tube. Langdon et al modelled the simulation as an axisymmetric model, with a similar
approach to Ambrosini [29]. The blast tube wall was modelled with reflective boundaries, whilst the
open air regions of the experiment were modelled with ‘flow out’ boundaries, allowing the explosive
material and expanding air to escape the confines of the model. The clamped plates were modelled
using zero velocity boundaries in both the x and y directions. The dimensions and specifications of the
AUTODYN numerical model are shown in Figure 2.23. Strategically placed gauges inside the tube
were used to measure the incident pressure wave, to determine the resultant impulse. The numerical
simulation showed good correlation with the experiments with regards to the resultant impulse and

midpoint deflection of the test plates.
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Langdon et al [11] carried out AL TODYN numerical simulations of "V shape Domex 7 steel
plates subjected to localised blast loads and validated the numerical results to experiments. The =V
shaped plate was modelled as a gquarier model, applying  symmetry  boundanes w0 save on
computational cxpense. The Johnson Cook material model was used to simulate the material

characteristics of the Domex 700 test plates. The numerical predictions showed  satisfactory

correlation with the experiments,

Ackland et al |} used the Johason Cook material model to simulate the response of 1336 steel plates
subjected to blast loading in AUTODYN. To obtain the final deflection a static damping constant of
3.5% [107 ~{-4) was introeduced int the model at 10ms, to comverae the model to a state of stress

equilibnum  Good agreement was found for the maximum numerical permanent deformation which

wits within 10% of the experimental results.
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Blast loading of structures and the corrcsponding deformation responses has been numerically
sinulated by several rescarchers using ABAOUS and implementing varicus impulsive loading
technwques [B0. 91, 92 93] Chung Kim Yuoen | 36] suceosslully modelled large inelastic deformation
using ABAQUS, The modelled parts were constructed with eight-nade hrick, C3DER, and six-node
prism, C316 reduced integration elements. The stiffened plare was simudated with a quarter symmetry
arrangernent oo meredse computational efficiency [36]. To sunulate the fully builr i boundary
conditions, constraints linntmg all the dewarees of freedom were assigned to the boundary of the built
in plate cdges [36] The numerical modelling allowed for the analysis of temperature effects and
tratstent response of the blast laded plates, which cannot be investigated in experiments |536] kadid
|24] used ABAQUS to model stiffened plates subjected to unorm blast loads, where it was found
that the loading duration had a sinificant influence on the strain rate. The inclusion of strain rate

eftects resulted in a much stiffer response. resulting i lower midpomt dellectnons [94].

Bonorchis and Murick [14] carried out an experimental and numerical investigation into the effects of
welding on blast [oaded stiftened plates. The stiffencd plates were modelled (ABAQUS) with iully
clamped pgd boundarnies, with an iniial clamping force specilied on the clamp part. 1lard conract
with separation was detined hetween the clamp and plate parts, with a tangential friction co-¢fTicient
of 0.5 [14]. Sunudating the actual ¢lamp allowed for shght pullin of the plate during loading which
was more realistic. The numerical predictions correlated well with the experimental frends of laro:

hlode [ delleenans,

A numerical and experimental study on the ductile blast response of mild steel plates was carmed ol
by Balden et al [44] The test plae lemperalure mereases dunng large inelastic deformation that
occurs during blast loading, These thermal softening effects were included in the numerical model.
Balden ct al [44] implemented the maodified Johnson Cook flow stress model o define the material
characteristics of the smulaed test plate and oblained static vield parameters from experimental
urtiaxial punch tests, Figure 2.24 shows the areas of high plustic strain present in the deformation

profile of the numerically simulated test plate and capping failure as observed in the experiments,

(a)

Figure 2.24: (a) Typical contoor pdot of cqguivalent plastic struin for test plute |44]
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2.6 Summary of Previous Work

The response of structures with various geometries and boundary conditions subjected to uniform and
localised impulsive loading conditions has been extensively. Many theoretical and experimental
results have been published of plates that were loaded uniformly over the entire plate area and locally
in the central region of the target structure. Many results have been reported, discussing the
geometrical effects of circular, square and rectangular plates subjected to blast loads. Further studies
have been conducted on beams and plates of different geometries (circular, quadrangular, V shaped
plates) with and without stiffeners, different boundary conditions (clamped or built-in), welded seems
and perforations. Other works include the blast loading of various material combinations including

composite sandwich panels, aluminium foam cores and concrete panels.

Many attempts with varying degrees of success have been carried out to model impulsively loaded
plate structures using finite element models. In most cases commercially available software packages
have been used to model the large inelastic deformation or complete failure (tearing) of the structure
with gained insights into the blast wave-structure interaction and transient response of the structure.

Hitherto, these studies have been carried out under single blast loading conditions, with little
knowledge on the effects of multiple blast loading on the material and deformation response of the
test plates. It is therefore necessary to carry out an investigation into the effects of repeated blast
loading.
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3 Experimental Details

Repeated blast load experiments on 2mm and 3mm thick plates (163 blast tests) were conducted on a
horizontal ballistic pendulum, located in the BISRU laboratory. The experimental design and

specifications are presented in this chapter.

3.1 Clamping Rig and Test Plate

The clamping rig consisted of two thick mild steel clamping plates, a cylindrical tube, four spacer
rods and a back plate, which as a whole were all fastened onto the front of the pendulum. The
clamping plate was 244 x 244mm x 22mm. The clamping plates were assumed to be rigid bodies, as
the clamp experienced no permanent deformation compared to the test plate, due to their thickness.
On the front clamping plate a 150mm diameter threaded hole was bored out, to allow for the
cylindrical tube to be fitted onto the front of the test rig. On the rear clamping plate, a 106 mm
diameter hole was bored out, to allow for the deformation of the plate when subjected to blast loads.
The 106mm diameter hole defined the fully clamped boundaries for the blast experiments. The
cylindrical tube was made of mild steel, had an outer diameter of 150mm, inner diameter of 106mm
and length of 150mm, defining the constant stand-off distance used in all experiments. The tube
provided a means of directing the blast towards the test plate. The cylindrical tube was also
considered a rigid body in the experiments. The spacers provided a separating distance from the back
plate to allow for the plastic deformation of the test plate. The back plate served as protection for the
pendulum, against the blast load and prevented any damage from shrapnel. The clamping rig is
illustrated in Figure 3.1.

The test plates were manufactured from Domex 700 MC sheet metal. that has a relatively high yield
stress, and is certified for consistent material characteristics, making it favourable for repeatable
results between different experiments. Tensile test specimens were cut from the same sheet metal as

the test plate to characterise the material quasistatically.

The test plates in two different thicknesses (2mm and 3mm) were laser cut to 244 x 244mm squares

and have an exposed area with a diameter of 106mm.
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31.1 Material Characteristics of the Domex Stecl Test Plates

Uni-axial ensile lest {dog bone) specimens were cul brom the Domex 700 steel sheets used in the
manutacture of the test specimens, The dimensions of the nmi-axial test specimens are illustrated i

Appendix A,

The uni-axial tensile tests were carried out on the Zwick/Rocll 1484 machine. Five crosshead speeds
Csmmdmin, 10mmdmin, Wmmdmin, S0mmdmin and 1T00mm/mind were vsed i the tensile lests. Three
tensile wsts per erosshead speed were carried out, for repeatability, The gauge length used in the

tensile tests swas Sthnm

Typical results for the engineering stress versus engineering strams [or the wensile 1est results ar the
different crosshead speeds are shown in Tigure 3.2. This dara is the raw unprocessed dala. still having
the machineg complisnce maccuracies and serves as an indieator of the consisteney of the test resulis,
Far this range of tests the stress-sleam results showed good repeatability with fittle variation in the
vield stress, A Ml discussion and analysis deriving the marerial properties are available in Appendix

A

SO0
200
F00
':':? 00 \
E
; SO0
&
=
e
a %
=
| =
E 30 — 10mmfmin
E[.
= — 50N
— — 20mim/tin
100 —10mmsm:n
s 11111 Tda4 10|
]
0 05 0.1 0.15 02 025 0.2
. Engineering Strain

Figore 3.2: Graph of Engincering sirain versos Fogincering siress tor cach tensile test strain rate
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The material properties of the Domex 700 steel are listed in Table 3.1. Machine compliance

accountability and post ultimate tensile stress analysis data processing was carried out and discussed

in Appendix A.

Table 3.1: Summary of material properties for Domex 700 steel

Density 7870 kg/m® [78]
Poisson's Ratio | 0.3 [78]
E - Young’s
M odului 200 MPa
A-a
(Yield Stress) | 20 MP2
B 270.6 MPa
n 0.263
€ 0.001 [11]
c 0.014 [11]
m 1.03
T et 1750 K [78]
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3.2 Experimental Procedure

3.2.1  Experimental Arvangement

Circular Domex 7000 steel test plates were subjected 10 explosive blast loads thar are dise shaped
plastic explosives (P14) of Radius, 1Ry, and charee mwass, s Detonalion was camicd ool at a consian
stand-of T distance of 1530mm. A sketch af the explosive charge and test plate is shown in Figure 3.3
The explosive charge was attached on ane end of a sreel twibe, whilst the test plate was mounted on the
npposite end. The evlindrical wbe direcied the resullant Blast wave towards the tesy plate, The se-up
was similar to that of kacob |31]. The impulse imparted to the specimen from the explosive charge

was determined from amplitude of the oscillation of the horzontal balliste pendulum.

Chice the inttial explosive charge had been detonated. an additional charpe was placed at the relevant
end of the tube and the test plate was subjected ta further blasts, This process was repeated tor a
number of blasis, depending on the required number of blasts in repeated blast series. The impulse
was delermined for each blast. The midpoint dettection was measured atter the tinal repeated hlast of

tha series.

Clamyp Plates

Charge Lreronatar

Blast Ares

Test . ———
prasoed - Lriartieter
Tlate stand-off

Diistance

Polystyrens

Figure 3.3: Sketch of IMast loading configuration
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J3.2.2  Explosive Charge Configuralion

The explosive (PE4) was moulded into civeular dises with a conslanl ¢harge diameter of 3dmm. A
detenator was attached to the cxplosive charge, on the face turthest from the test plate and ineluded g
1 leader charge used 10 atlach the detomator 1o the main charge, Fhe mass of PE4 was imercased in 5
inerements for the fill range of experiments, from 3g to 23 tor the 2 thick test plates and from 5g
o 4l For the 3man thick t1est plates. The mass of the cxplosive was presented as s Onal mass,
ineluding the 1o Icader, o all the 1ables and graphs presented o thes repert, The explosive charge was
lacl out onteoa 13mm thick polystyrene disk. The polvstyrene disk was securely timed into the
cvlindrical twhe. The polvstvrene was assuimed 10 burn wpen detonation of the cxplosion having
negligible effect on the hlast experiments, with regards to the measurable parameters [51]. The
gxplosive and polystyrene are Ulustrated in Figure 3.1, with respeet o the rest of the blast pendulum

and clamping rig. A photograph of the charee and polystvrens is shown in Figure 3.4,

—— e ——————*

—  $idmm

Explosive
Charge
Leadcr

Polystyrene

Figury 3.4: Photoeraph of mdvsiyrene with attached charge and leader
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Chapter 3 — Eaperimental Dietails

3.4 Experimental Details

A sumimary of the experimental details ave listed in Table 3.2

Table 3.2: Tahle of expervimental details

Test Plate
PHmensions {fmm} 244 x 244
| Thickuess fmmy | Zand3 ——
Exposed MHameter (mim) I 1043 |
Exposed Area (mm’) 88247 l
Bouwndary Condition Clarmped
Malerial Domex 700 Steg
Repeated Blast Loading
Charge diameter (rim) 34
; _ s A P L S
© Mlass of explosive (2) 30, 35. 40
Numiber of Blasts per charge |
TAss

Stand-off Distance (mm)

154}

14



Chapter 4 — Experimental Results and Observations

4 Experimental Results and Observations

This chapter presents the results of multiple blast loads on both 2mm thick and 3 mm thick fully
clamped, circular Domex Steel test plates. A tabular summary of all the measured test data is
presented in Table 4.1 and Table 4.2.

4.1 Experimental Results

The data from all the blast tests conducted on the deformable test plates, including both the 2mm and
3mm thick plates, are summarized and presented in Table 4.1 and Table 4.2. The test plates are
labelled according to:

e T - thickness of the test plate
e R —total number of blasts
e M - charge mass

e B - specific number of blasts

For example, test T2ZR3M25B2 represents a 2mm thick test plate subjected to a total of three blast
loads of charge mass 25g and currently subjected to 2 blasts. The charge mass indicated in the tables,
include the 1g of charge (referred to as the leader) used to attach the detonator to the explosive.

In Table 4.1 and Table 4.2, the following variables are denoted as follows:

e Dimensionless Impulse: bcs
e Midpoint Deflection: )
e Midpoint Deflection-plate thickness ratio: o/H

For completeness of the series of experimental tests, experimental results from Ranwaha [74] have
been included in the results section and are denoted by an asterisk (*).
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Chapter 4 — Ixperimental Results and Observalions

Falle 4.1: Table of results for repeated blast loading experiments careied oul on 2mm thick test plates, for chgrge
masses Sa to X5

Test ; okl Blast Charge ! Tmpulse |
Numher xu;:;;‘;; of Number | Mass E{}{} ! {T[:’s] Pes & [mm) o
[2R1M5B] S 1 S0 L B ot D i, | EEgs
T2R2ZMSBI1 ] BUT T 5
: 2 : R 2.575
TIR2ZMSB2 2 5 12.31 5.12
TZRIMSB] i 5 1091 | 155
TZR3MSR2 3 2 5 12.07 502 5.4 o i
" TIR3MSR3 3 5 12.6 524
T I2RAMSBI ! 5 FRETR i
12R4M5B2 F 2 g 12.32 5.12 i o
TZR4MSHB3 3 5 12.6 5.24 : =
| TOR4MSB4 | 4 5 1225 | 530
12RSMSB] A 5 1311 5.15
TIRSMSR?2 2 3 1207 | 502
| T2RSM5B3 5 | 5 11.05 | 159 5 83 2915
T2R5MSB4 4 R
T2RSMSBS s S e i
T2RIMI0B] | ] T e 10 ¢ 2102 | 874 9.25 4,625
_IZRIMI0BL | ] IR B o
12R2MI0B2 . 2 | s
| T2R3MIOBI | E i 10 21.27 8 .84
TIRIMIOR2 3 e e AT 5,82
T 12R3MI0B3 3 10 20.24 84t
" T2RAMIOB| | S ETT 7
|2|-{4r~.=11m33 N 5 10 20,50 8§32 L i
TIRAM 10B3 5 10 19.74 821
T2RIN OB P R T e
T2RSMI10B] 1 | 939 |
T2RSM10B2 2 b 2182 o .06
T2RSM 103 | 5 g~ 10 [ 2181 @ 906 217 6.135
T2RSM | 0R4 - 4 0 1974 8.21
[ZRSM10B5 5 i) 20,24 8.41
5%

* experimental results from Ranwaha {71]
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Table 4.1 continued;

Test Togd Blast Charge | Impulse
Number Nu;:;;; Ll Number | Mass {gg] [.E‘s} e 5 mm) A
T2RIMISBI ! | 15 2679 | 1114 | 3.2 6.5 1
T2R2M ISR : S e e e s
I2RIM E5B2 L s 2004 | 12.07
12R3IM1SBI ! I5 29.83 | 12.40
T2R3IM15R2 3 2 5 1752 | 1144 | 1612 §.06
FIR3MISR3 oo || SEReE | i ?
CI2R4MISBL IR A 2787 | 11.58 |
il by A S e T B e |
I’ZR4M 1513 | G 5 il 2004 | 1207
T2R4MI5B4 e 2050 | 1230 _ 0
TRIMMBI | b 1 'r D 3732 ¢ 1551 | 1628 8.14
_TZR2M20B] | 3 Lo S | A
FZR2M2082 cER 3603 1502 = |
' T2RIM20B| | 0 | 3600 1496
T2RIM20R2 3 L LB 20 1 3547 1474 | Tom NA
| 12R3M20B3 3 20 [E0 1392
T2RIM23BI 1 P . N AR
| T2R2M25B] 2 ] 25 40.38 1678 Tom | NA
54

* experimental resulls from Kanwaha [74]



Chapter 4 - Experimental Results and Observations

Table 4.2: Table of results for repeated blast loading experiments carried out on 3mom thick west plates, for charge masses
Fp o Al

: i Tl Blast Charge | Impulsc ‘ [

Test Number  Numberof Nl }’lass? } (Ns) | ., & (mm) &'H
"  Biasts s B

L3RIMSB1* 1 Ty T .28 0.43
TIRIMSBI* | : i 5 fade 0 2 _ :

: : 3 .82 0.61

[BRZIMSBZT | T 2 5 12,40 ; 2.29

TIRAMSB1* 1 5 1215  2.24
| F3RIMSB2 3 2 5 176 | 247 198 | wee
_I3R3MSB3* T 5 1228 | 227
" I3R4MSBI* S s | 1Zer | 234

13RIMIRZ* 2 e
R 4 Y (.91
I3R4MSBIT | e 5 1176 | 217
" I3R4MSB4* A 5 13.13 | 243

TIRSM3R* il 5 1205 | 224

TIRSMSB2* ¥ 0= tar || 2

TIRIM3R3 5 T e e |z | oo 0.70
TIRSMSR4® 4 5 17 25

13R5M5B5* L ETE N I
T3RIMIOBI* ! I WL 2tsl s aE v 208
FIRZMIOB1* | 10 2125 383 :

2 7.46 2.49

TIRZIMIORZ* 2 TR

T3RIMI0BI* | s to | 206t | 400
| TAR3M ] 0B2* 3 2 10 2191 | 405 | 68s 2.28
CT3RIMIOB3* | . 0 iE T e -
TIRAMIDB | * | 1o 2121 | 393
_ T3RAMI0B2* 2 10 2125 | 3.9 :
- TAR4MIDB3* # 3 100 | 2664 | 400 R e
CI3RAMIDBA" L 4 10 I aET
' TARSMIOBI® L 10 2177 | 402
| T3R5MI0B2* | 2 1 2099 | 3.88

TIRSMI 0133+ | 5 3 10 2138 | 393 7.9] 264
TIRSM LOR4* | 4 1 2204 | 407
T3RSMIOBS* 5 10 2191 | 405

* experimental results from Ranwaha (74|
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Falde 4.2 continued.

Total i
Test Number | Number of REast Charge ImEuIsu &, & (mm) &/H
Bhists . Number L}“Iaﬁﬁ{g} {™s)
TR M| &3] * | ] 15 & a0 . 539 727 242
[RIMISRIT T ! TR e ”
TIRIMISBI* 2 & s e g ¢
TIRIMISBIY 3 1 5 4 hla SEe | 838 373
TIRIMISB2F 2 RO
IRIM 15B3* i3 15 30.4] 562
TTIRAMISB]» 1 NN e
! J_wlt-LMhH%* ; | 1 L5 RTINS
TIR4AMLS5B3* s E 2999 | 554
TIRAML5B4* g 15 3041 362
13RSMISRI® | s 15 2699 | 554
SRIMISB2Y - T w7 | 539
THRSMISB3* 5 3 E 2 | ss0 | 07 | 359
TARSMI5B4* 1 EREI
TIRSMISII5% 5 15 | 2937 . 543
TARIM20B1* %) Al 34.19 6.32 9.07 3,02
TIRIM20B| * ] 20 3673 678 _ ]
1 - S i 10.64 3.5
T3R2M20B2* 2. 20 . 3548 . 6358 |
- T3R3M20B1* ! 20 | 3610 | 6867 :
" TIRIM20B2* 3 2 20 3582 | 6.62 1184, 3.95
I3R3IM20B3* | e 2 LG '
TIR4M20B | * ) 20) 36.00 | 6.67
T3IR4MIOB2* e 20 3612 | 667
. 4 s - : U 1.23
T3IR4AM2083* 3 20 W11 | 667
| TIRAMZ0B1* 4 20 3695 | 683
I3RSM20B1* o a0 3124 | 633
I3IRSMI0B2* g 20 3655 | 675
TIRSMIORS* | 5 3 : 35,51 6,56 | 1314 438
TIRSM20BA* | F 2 35.55 | 6.5
| [3RSM20B5* | 5 0 | 3602 | 667

* experimental results from Ranwaha {74]
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Table 4.2 continued,

iy Rlast Charge  Tmpulse
Test Number MNomber of Number Mass{g) +  (Ns) .. & (mm) &1
Blasts

T TIRIM23TI* | | 25 2169 770 | 1184 | 395 |
Crsramesiir] T2 L _® - A3 & BaR | IzAn | 404
| T3RZM25B2* 2 44.60 8.24
CT3R3M2STL* 3 L s 4212 . 71.78 13.3 4.60
T3RIM25B2* 2 23 4065 731
CTIR3M25B3* 3 25 4419 816
_ TAR4M2SBI* 4 | 25 4356 | 805 15.79 5.26
" TIR4M25R2* | : 25 291 | 7.93

T3RIM25B3* 30 v | waer | w2

T3IRIM25B4* 4 25 4402 | 813

TIRSM25B | * 5 | 25 4376 | 808 5,85 5.8
I3RSM25B2% 2 2 | wsex | ¥

T3IRSMZSR3* 3 25 4396 | 812

TIRSMZBAT S JIL JdZ3l | 78S

T3RSM25B5* 5 25 4485 | 828 |

T3RIM30B1* 1 | 30 47.00 | 8.68 12.8 427
T3IRZM30B 1 2 1 30 5176 | 9.56

‘ = - S B j |5.36 }_lz
[3R2M3082+ 2 A 5026 | 9.28

TIR3M30B1* 1 30 48.06 | 8.88 |
TIRIMINB2* | 3 2 30 4939 | 9.12 16.73 Eal
I3RIMINBG* | 3§ s ey 3%

T3RAMIOR1* | 30 4745 BT

TIRAMINB2* [T 5 5 Tan 4983 920 ]

5 4 : : 16.86 5.62
[3RAM30B3* 3 30 4943 0.3
 T3R4M30R4* 4 30 4814 8% |
| TARSM3OB1* ] 30 4896  9.04
' T3RSMINBZ* 2 | 30 4766 %80
- T3ARSM30R3 5 FEEN 4979 © 920 | 1811 6.04
T3RSM30B4* iy 48,14 1 889

T3RSM3UBS* L 4939 912 |

* experimental results trom Ranwaha |74
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I'able 4.2 continued,

o i Blast . Charge ° Impulse
Test Number  Number of | AATES RIS .. & fmm) &H
Number | Mass () (Ns)
 R—— . . lilasm = A — —
FIRIM3SRI 1 ] 35 ¢ 5140 ¢ 950 1569 523
TIR2M3ISB | 1 30§ 52 950 :
— 2 - 18.21 6.07
FR2IM3SB2 2 33 4932 9 71
| TIRIMISBI | - 33 50,17 9l
T3R3IM3ISR2 3 2 35 50,32 P12 ¢ 18A7 .16
- T3IR3IMISR3 3 33 52,75 9.3
13R4M35B1 1 35 51.92 9.7 |
TIRIMISB2 7 33 51,13 945
S e i LS
13RaM3seI 3 38 A i
TIR4MISRY 1 4 35 4928 ! any
TIR3M3ISB] o 35 S057 834
TIRSM3TR2 | 2 35 1 303l 9,16
FIRSM3SI3 5 3 35 4952 .15 21.28 709
TIRIM35B4 4 35 50.32 930 '
TIRIMISRS 5 335 4639 B.A7
TIRIMADIT* 1 ] 40 5984 | 11.05 162 | 54D
TIRIM40R ¥ ~ 1 40 57.68 10.66 s
2 1797 5.99
TIRIMIOB2Y | . 2 | Wk | 587 10.82 ! !
13R3M40B] 1 40 56.85 10.50
| T3R3M40B2 3 2 40 56.63 10.46 2136 137
CTIRIMAOB3 | L 40 54.10 | 999 °
T3R4MA0R] ] 40 63 .98 11.52
TIRIMAOB2 2 57.9 10,71
S " - 4 . T J Ton NA
I 3R4MADB3 3 40 59 84 11.05
© TARAMADBY 4 an 52.57 9.71 | | e

* expenmental resolts Trome Ranwaha [T4]
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4.2 General Plate Deformation

[n peneral, the plate delonmation was characterised by o large global plastic dome indicative of
uniform blast loads. as observed by Jacob ot al |51, for uniform blast loading, A pholograph of the
global dome shaped deformation s displaved in Figure 4.1, for the test T2ZR3IM13B3 (third blast).

with a charge mass {mr) of 1542,

S=1612mm

Figure 4.1: Photograph of test plate cross sectional profile for test T2R3IMISBEI (mo= 150)

Thinning

Thinning at the clamp boundaries. shown in Figure 4.2, was observed for some of the test plates.
I'hinning occurred for the test plates subjected to either 4 combination of repeated blast loading or for
higher impulsive loads, clase to the tearing threshold. The test plate thinning showed characteristics as

ohserved in tensile lest specimens when necking started 1o oceur,

Thinning

/

Figure 4.2: Photograph of test plate boundary thinning for the dmm thick plate subjescted te charge mass 352 angd 2
blasts
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Far the 2mm thick test plates. thinning was observed al the boundary alter:

» 5 blasts of [0g of eaplosive (average 1 - 21 23Ns)

# 2 blasts of 15z of explosive (average [ — 29.57N5)

= | hlast of 20¢ of explosive {average [ = 37, 32N}

= 1 hlast of 25¢ of explosive (average T — 38.33Nq)

For the 3mm thick test plates. thinning was observed at the bowndary after:

» 2 hlasts o 33g of explosive taverage | = 30.93N5)

o 2 hlasts of Az of explosive {average | — 58 6055}

Only the ¢xperiments carmied ot for this dissertation were considered. as previous observations

have heen supplied by Rawwaha [ 71].

Tearing

Some test plates exhibited either full or partial tearmg ar the boundarics, indicating Mode [[¥ and

Made I failure [62]. Tearing at the boundaries oceurred as the threshoid impuise For the test plaes

was sprpassed [50] or the resultant damage meurred by the conscewtive repeated blast loads was

enough 1o canse boundary wwaring.

For the 2mm and 3mm thick 1esl plates, (earing

tests listed in Takle 4.3,

a1 the houndary was observed for the experimental

Table 4.3: Plates which experienced boundary tearing before 5 Ilasis

| g

i I.}I:Tm _ Charge Failure AVERIE
I'hickness Mass (g) Blast Impulse

{mm) i NS}

& 15 1 28,61

. 2 20 3 34.99

" 25 2 30.36

3 <) 4 58,59

il
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The observations made on boundary tearing suggested a basic trend of the number of blasts needed to
induce boundary tearing decreased as the charge mass increased. Partial and complete boundary
tearing of the test plates are shown in Figure 4.3 and Figure 4.4.
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——

Fipure 4.3: Photograph showing partial boundary tearing of 2 mm test plate subjected to J blasts of charge moss 15g

Figury 4.4: Photograph showing full boundary tearing of the 3mm thick text plate subjected to § blasts of charge
mass 4iip
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4.3 Observations on Midpoint Deflection and Plate Profiles

4.3.1 Effects of Charge Mass

Generally, the results show the midpoint deflection increased with an increase in charge mass; shown
in Figure 4.5 -Figure 4.14. The photographs and digital profiles show the comparisons between the
deformations of plates subjected to varying charge masses, for the same repeated blast load series
(Figure 4.5 -Figure 4.14). The digital profiles were obtained by digitally scanning the cross sectional
profiles of the test plates. Only test plates subjected to 5g and 10g charge masses for the 2mm thick
test plates were able to withstand 5 blast tests without tearing. For a charge mass of 15g, only three
blast tests were carried out before the plate experienced tearing. For 20g, only 2 blasts and 25g, only

one blast was carried out before tearing.

Comments: torn plates were excluded from the photographs of the deformed plate profiles.
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1773

l6.28

1302

Mudpoint Deflection {mm)
Charge Mass

Figure 4.5 Photrgraph of deformel test plae profiles for 1 blast load sobjecied to charoe masses Sgoine 250 and plate
thickness 2imm

Pl
Ln

Pt
(=]

—
wn

P
=1

Ln

Midpoint Deflectlion {mm)
o

I
e 53 106

Position on Plate {mm)

Fizure 4.6: heitized sraphical representation of the defor med test plate profiles tor 1 blast lvad using charge mass of
S¢ o 25¢ and plate thickness Zmm

Hd
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17,58
E
S 1443
T
o
3
= 106l
E
5
=

5.15

Charge Mass

Figure 4.7: Fhotoeraph of deformed test plate profiles for 2 blast loads subjected to charge masses Se to 2g and plate
Thickness 2mm

25

20

15

10

Midpaoint Deflection {mm)

I
53 to6

Position on Plate (mm)

Figure 4.4; Digitized graphical vepresentation nt e defirmed test plate profiles for 2 blast leads wsing charge mass

ol 3 toe 200 wodd plate thickness 2mom
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Fipure 4% Photograph ol defvrmed testo plate profles for 3 blast loads subjected to charge masses 3 fo 15g and plate
thickness 2mm
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Ln
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|

LA

Midpoint Deflection (imm)
==
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T

I
0 53 106

Position on Plate (mm)

Figwre 4.10: Dipitized graphical representation of the deformed test plate praliles for 3 blast loads wsing charge mass
of S0 oo 15 and plate thickness 2mm
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Figure 4,10 Floiograph of deformed fest plate profiles Tor 4 blast loads subjected to charge masses 3g to 102 and
plate thackness 2 mom
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g 20 —10g
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Fizure 4.12; Digiticed graphical represeniation of the deFormed test plate profiles for 4 bl loads using charge muss
nf g to titg and plate thickness 2oim
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Midpoint Deflection
Chisrge Miss

Figure 4.15: Photograph of deformed test plate profiles for 5 blast lnads subjected to charge masses 5g oo e and
phite thickness Zrom

20 —_—10g
15

10

Midpoint Deflection (mm}

0 | = |
4l 53 106
Position on Plate (mm}

Figure 4.14: Ddigitized praplical representation of the deformed west plate profiles for 5 hlast Ieads using charge miass
of Sz 40 10g and plate thickness 2mm
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4.3.2  FEffects of Repeated Blast Loading

Photoaraphs of the deformed cross sectional plate profiles are displayved in ¢onjunction with digital
araphical representations of the profiles. The midpoint dellection aenerally increased with an increase
in the number of blast loads, shown in Figore 4,15 - Figure 426, for the test plates (2mm and 3mm

thick),

For a charge mass Sg, the 2mm plates deformed plastically with no thinning or tearing observed. The
deformation profiles were 2ll of similar global shape for each repeated blast senes, as observed n
Figure 415 and Figure 406, Mimmal dilferences indellection oceurred from blast 2 to blast 5, as is
shown in Figure 4,16, For the plate thickness 3mm, the final deflection for blast 5 {2.10mm) was
0.62mm less than the deflection [or blest 4 (2.72mm). This anomaly can be accounted for by
repeittiebility of the blist experiments, where the differences in midpoint deflections were less than
mme plate thickness. [t was reported that the blasting experiments can be carried out to within a

“repeatability confidence factor” of one plate thickness [95],

Comment: Torn plates were excluded from the photographs of the plate protiles.

i

Ln

Midpoint Deilecton (mm)
Ruepealcd Blast Number

Figure 4.15: Photograph of deformed test plate profiles Tor 5 blast leads using charge mass of 3g and plate thickness
Tmm
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Figure 406 Digitieed graphival cepresentation of the deformed test pace profiles for 5 blasc loads osing chares mass
of S amdd plate thickness 2mm

The deformation shapes For the 2man and 3mm thick test plales subyecied 0 charge masses 10g and
152 were similar, with the characteristic global dome (typical of uniform blast loading) visible in
Figure 4,17, Figure 4,19, Figure 4.24 and Figure 4.22. As the number of blast loads increased. the
deformation profile started 1o change for charge masses 10g and 13 For a single blast, the plate
profile wus *linear” from the boundary deformation 1w the central midpoint deformation. Onee the
repeated blasts inereasc the profile became ‘rounder”, as s highlighted in Fiaure 4.21, between blasts

1 and 3. The 2 plate Gailed wl four blast loads for o charge mass 15y,

1227 _
)
= £
= 11.68 4 E
E prd
5 11.64 3 =
g B
e =
£ _ 2
2 1061 5 3
=
9.5 |

Fizure 4,17 Photograph of deformed test plate profiles for 5 blast Ioads using charge mass of Dy and plate thickess
2mm
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E — [3lust 2
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=
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Fizure 4,18: Dhgitized graphical representation of the deformed 1est plate profles for 5 blast loads usinz charze mass
ol 10z and plate thickness 2mm

Midpoint Deflection
()

Fipgure £.1% Photograph of deformed test plate profiles for 3 blast loads using charge mass of 102 and plate thickness
Imm as used by Kanwaha |74

-
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£ 11.64 3
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= =
E 10.61 & =
- 3
= 'ET':
= ) i
2 9.5 I ez

Figure .Mk Photepraph of deformed dest plate profiles Tor 5 blast [igdls asing elirpe mass of FRe and plate thickness
Imm
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25 —Blast 1
: =B last 2
20 Rounder Blast 3
deformation
15 ‘_,-"-'_""‘\N\_N“ /a"

o 8

10 L
‘Linear™ /.

detormalion

Midpoint Deflection (mim)

Figure 4.21: Digitieed graphical representation of the delformed tese plate profiles for 5 Blast losds asing chsrge moass
of 152 and plate thickness 2mm

Midpoint Deflection

Figure 4,22: Photograph of defiemued test plate profiles e S Bl lads wsing charge mass of 15 and plate thickness
Ammoas wied by Ranwaha |74] (visible lines on specimens asa result of the machining process)

The 2mm plate failed aller three blast loads of charge mass 20g. There was boundary thinnng,
predominantly present in the west plate subjected o varrous repeated hlast loads and charge masses, as
discussed in Section 4.2 and illustrated in Tigure 4.2 Ranwaha | 74] reported no thinaing for the 3mm
thick test plates subjected to 5 blasts of 20z of explosive. The profile shape of the deformation
between blast | and 2 for a charee mass of 20e and plate thickness 2mm. was similar to the shapes for
i charge mass | 3g, where the global deformation progressed from “hnear” 1o “rounder” as the number
of blasts increased, For a charue mass 35z the midpomt deflection, for the 3mm thick plate, inereased
after eavh blast load, as illustrated in Figure 4.26. 'L here was evidence of thinning atter 3 blasts ol 35¢

of explosive on the 2mm thick plate.
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Figure 4,23 Photograph of deformed test plate profiles for 5 blast lnads using charge mass of 200 amd plate thickness
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Midpoint Deflection (mm)
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Figure 4.24: Digitized wraphical representadiun of the deformed test plate profiles for 3 blast loads wsing eharge mass
of 20g and plate thickness 2mm

Midpotnt Detlection

Fioure 4,25 Photoeraph of delormed test plate profiles for 5 blast [oads nsing charge mass of 2z and plate thickness

Imm #s nsed by Ranwaha [74)
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Figueg 4.20: Photegraph of deforwed test plate peofiles for 5 blast leads wsing clurge mass of 350 and plate thickness
Jmm
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S Experimental Results Analysis and Discussion

[his section examines the relationships between the experimental data captured from the repeated
blast load tests (impulse and mudpoint deflection} to the known inpot vanables, such as stand-odf
distance, charee mass and plate thickness. The analysis was carried out from the results Listed in Table

4.1 and Table 4.2

5.1 Relationship between Impulse and Charge Mass

The relatinnship between impulse (1) and charge mass (m) was such that impulse increased with an
merease in charge mass, as chserved by Nutick and Martin [3] and faceb ot al [96]. The relationship

hetween charge mass and impulse is shown in Figure 5.1 for all the experiments.

]
-l-lﬂﬂn
70 | —1.32m+7.77
. _ R:=095
60 e 10%

[=-001lm" - 1.95m+ 293
Ri=049

lmpulse (Ns)

+ Blust
mBlust 2
4 Blast 3
= Hlast 4

® Blast =

a 10 20 an 40 50
Charge Mass (g}

Figure 5.1; Graph of impulse versus charge mass for all experiments for 2imm and Jmm thick test plates



Chapter 5 - Faperimental Analysis and Discussion

The relwionship between explosive impulse and charge mass can be described by a iinear trend.

which is displaved in Figure 5.1 as a lincar besi 131 curve with Feguation 5.0

I - 1.32m~+7.7 Fg. 5.1
The hncar trend between implse and charge mass was suitable for the range of charge masses
specified in these experiments, as reported by Nurigk ad Martin [3]. The lingar trend lor the data
collected m ths repor was compared with results from experiments carried out by Jacob et al [531] at
a stand-oft distance of 130mm, shown in Figure 5.2, The resulis reported e Jacob ot al [31] displayed
a linear trend (dashed bne) with o gradient that was acceptable. as lg charge mass resulted n
approximately 2N impulse, The lincar relationship reported by Jacob e al [S1] was aceeprable [or the
range of charge masses reported on, up o a charge mass of 20z, but divergence from the Tmear trend

pecurred for higher charge masses.

Bl
_+]ﬁ'5l'n
70 L 1= 132m+ 177
, pt R*=0.98
] . Ty
{1
=
=,
£ 40
=
=
= #» HBlast 1
ad
mBlas 2
20 = Blaz 3
« Blasr 4
10 = Blast 5 i
+ Jacub [24]
D A o =
| 14 20 an 40 a0
Charge Mass (g)

Figure 5.2: Graph ol impulse versus charge mass comparing lingar trends to Jueohs |51] resulls
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Chapter 5 — Experimental Analysis and Discussion

For the higher charge masses (>25g) the impulse began to asymptote at a ‘maximum’ imparted
impulse, as reported by Langdon et al [15].

A 2™ order polynomial was fitted to the experimental data in this report and is described by Equation
5.2

I =—0.01m? + 1.95m + 2.95 Eq.5.2

The impulse reaches an asymptote as the charge mass was continuously increased, because of the
effective mass of an explosive. Kennedy [53] described the explosive charge had an effective mass
dependant on a cylindrical charge diameter, detonation point and height of the charge. The effective
mass of a charge is the mass that transfers the maximum energy to the test plate giving the test plate
its maximum velocity. The effective mass was calculated be removing the unreactive explosive, lying
outside the area measured 60° from the point of detonation, from the total charge mass. This
description was clearly illustrated by Mahoi [97]. Experiments conducted by Mahoi [97] provided
suggestive proof of the effective mass of an explosive. The effective mass of a charge relative to the
total charge mass is illustrated in Figure 5.3. The effective mass can be determined by the following

equation:

Eq.53

Ryg = d
ME ™ 2tan3o

For a charge diameter of 34mm the height of the maximum effective mass is equal to 29.4mm, which
corresponds to a charge mass of 42.7g. This falls just outside the experimental range with a maximum
charge mass of 40g, suggesting that experiments need to be carried out at higher charge masses to
confirm the effective mass of the charge follows a polynomial trend.
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Pomnt of
D totation

f

Total Charec
Aass

Figure 5.3: Iusteation of the effective mass of a charge

Ciraphs of Impulse versus charge mass for each repeated blast series are available in Appendix F, The
impulse measured for test plates subjegted to 1 blast load resulted in a lincar trend with gradient
1.314, As the number of blasts increased. the linear sradients decreased (blast | — 1.3 14, blasi 2 —
13075, blast 3 — 1,271, blast 4 — 1.2052} This may have been dug 1o the slight ingrease in stand-off
distance as the plate was turther plastically deformed after each subsequent blast load, he resultant
blast surface arca changed as the plate plastically deformed. possibly causing a change in impulse.

However, the projected blast area did not change.
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5.2 Relationship between Impulse and Repeated Blast Load

The Domex steel test plates underwent large inelastic deformation when subjected to blast loads,

forming a global dome shaped deformation (Mode I). This change in shape of the test plate changed

the blast surface area and stand-off distance for each subsequent blast. These changes in the initial

loading conditions, despite a constant projected blast area (¢106mm), were thought to change the

impulse imparted on the already deformed test plate when repeated blast tests were conducted.

Table 5.1 and Table 5.2 show the differences in measured impulse between the initial (Blast 1) and
final blast (Blast 5, except for plates where tearing occurred), for the 2mm and 3mm thick plates. The

results yielded relatively negligible differences in impulse between the initial and final blast, with the

majority of the variations being 7% and below (charge masses 5g to 30g). For charge masses 35g and

40g, there was an impulse difference of 10% and 12% respectively. The greater impulse differences

for higher charge masses could be accounted for by the experimental repeatability or the greater

change in stand-off distance from the increased progressive deflections.

Table 5.1: Variation in measured Impulse between the initial and final repeated blast loads for all charge masses and

plate thickness 2mm
Charge Range of Impulse Difference in Diﬂ'e:fnce in
Mass (g) (Ns) Impulse (Ns) Impulse
I=Initial | I=Final | Lpiia - Igna
5 12.07 12.85 0.79 6
10 21.02 19.61 1.42 7
15* 26.79 26.45 0.34 1
20* 37.32 36.13 1.19 3
25* 38.33 NA NA NA
*Tearing
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Chapter 3 — Rxperimental Analysis amd Diseussion

Table 5.2: ¥arintion in measured [mpulse erween the initial and Gral repeated Blast Mods far all charee masses and
plate thickness 3mm

Clhiuiiie Brifference Yo
h‘faqﬂ {L ) Range ol Impulse (Ns) | in Impulse  Differcnce in
L ﬂ . (Ns)  Impolse |
[—1Initial | I=Final Lo~ draa :
~ 5 11,89 11.63 0.26 2
i | 3usl ' gnal 000 0
15 2017 2537 .20 -1
20 RERLY 36,12 |.93 -5
25 11.69 12,51 0.82 =
30 47.00 4939 2.0 -5
3 5140 483% | 5.0l 10
= | 5984 | s237 757 12|
*Tearmng
¥
*5¢
-
60 4 & Mlng
]  u alie
[ J
5 - —
o : ' - ki : X 25g
% — A% »30g
== A0
. +35g
= . S v
E ! i ﬁ ﬁ_ iz
Z 30 —4 - 'y
=
£ ‘ _‘ A
2 8 f 8 - -
¢ ¢

| Number of Blasts

Figure 5.4: Graph of impulse versus number of blast loads for the 2mm and 3mm thick test plates

Figure 5.3 graphically represents the impulse data from Table 501 and Takle 5.2 for cach eepeated
[Wlast for the various charge masses, It was observed. for charge masses ranging rom 5g 1o 30g, thal
there were very little variation in impulse imparted to the test plate for all repeated blast tests. Lhe

lincar trend lines illusteates relatively zere gradients, indicating thar the changed shape of the
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deformed plates and the small change in stand-off distance had little effect on the impulse. The data
points in Figure 5.4 displayed good repeatability for repeated blast loads carried out from charge
masses 5g to 35g. There were greater deviations in impulse for the charge mass 40g. For the charge
masses 35g and 40g, there was a decrease in impulse as the number of blasts increased, possibly due

to the increase in stand-off distance.

5.3 Relationship between Midpoint Deflection and Impulse

The graphs of midpoint deflection versus charge mass are shown in Figure 5.5 and Figure 5.6, for the
2mm and 3mm thick test plates respectively. The midpoint deflection increased linearly with an
increase in charge mass for each blast series and plate thickness. The linear trends, for both plate
thicknesses, displayed a gradual increase in gradient as the number of blasts was increased. For the
2mm thick test plates, linear gradients increased from 0.7 for blast 1 to 1.07 for the blast 3 series (3
blasts). For the 3mm thick test plate, linear gradients increased from 0.41 for the single blast series, to
0.59 for 5 blasts.
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For the 2mm thick test plates, linear trends existed belween midpomt deflection and impulse, Wit an

merease in impulse there was a resultanl increase in midpoint deflection. The linear trend line

gradients increased from 0.50 for a single blast load w 0.89 [or 5 blast loads. The increase in gradicnts

corresponding to similar findings observed [or the midpoint deflection versus charge mass.

The binear trend lines (2mm (hick plates) for Masts | and 2 {gradients 0.50 and 0.52) showed a

distinetly dilTerent pradient 1o Basty 3, 4, and 3 (gradients 0.77. 0.87 and (1.89), as shown in Figure

5.8 The daa poinls representing blasts 1 and 2 were dilTerentiated from blasts 3, 4. and 5 by

envelopes, marked “A” and "B respectively. The distinet ditference in linear trend gradients could be

accounted for by the presence of observahle boundary thinning in the 2mm thick test plates subjected

to 2 greater numbsr of blast loads (3, 4 and 5) ut gher resultant impulses. as discussed in Seetion 4.2,

5
A o= 0401 -1.71
0, =039[-18|
il &= 0,390 - 2,20
s ' 6-=0331-149
i 6 =0.311- 182
= 1:5
2
L=
&
£
.§ 10
3
- +Blast 1
" mBiast 2
aRlas 3
# Blastd
* x Blast 5
. T h— e
| 0 10 20 30 40 50 &0 70
Impulse (Ns)

Figure 3.9: Graph of midpoint deflection versus impulse for plate thickness 3mm and all repented blast loads,
displaying lincar trend himes

I'he midpoint deflections of the 3mm lesl plates also increased. with an increase in resultant impulse,

In Figure 3.9. a lingar relationship was observed for the midpeint deflection and impulse, illustraled

by the trend Tines for cach repaated blast series. The gradient of the linear trends gradually increased,

similarty 10 e trends noted [or midpoint deflection versus charge mass.
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The data points enclosed in the area marked ‘A’ in Figure 5.9 were excluded from the analysis. The
‘A’ data points corresponded to the results from the experiments carried out on the 3mm thick plates
for charge masses 35g (impulse of approximately 50 Ns) and blast loads 2, 4 and 5. The data point
corresponding to a charge mass of 40g (52.57Ns) subjected to 3 blast loads was also included in the

area marked ‘A’. These deviations can be accounted for by experimental variation.
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5.4 Relationship between Midpoint Deflection and Repeated Blast Load

The results indicated a linear relationship between the midpoint deflection and the repeated blast load
number, such that the midpoint deflection for each successive blast load increased linearly from blast
1(a single blast load) through to blast 5. The linear trends for the various charge masses and both plate
thicknesses are shown in Figure 5.10 and Figure 5.11.

In Figure 5.10 the midpoint deflection for blast 1 was 3.73mm and blast 5 was 5.83mm. The
difference between the midpoint deflections for blast 1 and 5 was greater than a plate thickness. The
difference in midpoint deflection between blasts 2 (5.15mm) and blast 5 (5.83mm) was 0.68mm, only
34 % of the plate thickness.

The linear trends for the repeated blast loads carried out on the 3mm thick plates showed a consistent
increase in linear gradients from blast 1 (0.25) to blast 5 (2.58). For a charge mass 5g, there was a
slight gradual increase in the progressive deflection after each repeated blast. The midpoint deflection
after the first blast was 1.28mm and the midpoint deflection after 5 blast loads was 2.10mm. The
difference between the midpoint deflection for blast 1 and blast 5 was 0.82mm, which was 27% of the
plate thickness (3mm). The 3mm thick test plate deflections between each 5g blast was within a plate
thickness, indicating that the plate experienced a small amount of inelastic deformation when

subjected to blast loading from a charge mass 5g (+12Ns).

The linear trend lines do not allow an estimation of the midpoint deflections for very small charge
masses and very high charge masses. Therefore power trends were fitted to the data and are presented
in Appendix F.2. The R? values for the power trends were generally higher than the equivalent linear
trends, indicating the power curves were in greater agreement with the data than the linear trends.
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Chapter 5 — Experimental Analvsis and Discussion

54.1  Equivalent Midpoint Deflections of Repeated Blast Loads

An increaze in charge mass or an inceease mthe number of blast loads on the 1est plates resulted inan
meredse m midpoint dellection. Equivalent midpoint deflections existed between test plates subjected
o varving charge masses and varving number of Blast loads. [t must be noted that only the midpaint
deflections were similar and the general inebastic deformation shape {profiley might ditter, The Zmim
thick test plate sobjected 10 3 blast loads with a charge mass [0g had a mudpaint detlection of
12.27mm, which was similar to the midpoint deflection of the 2mm thick test plate subjected to u
single blast load with a charge tass of 15z mueasured al 13.02mm (0. 73mm or 6% diference), This
implied that the test plate underwent a similar amount of damage from 3 blast loads of charge mass
102, as a single 15 blast load. shown in Figure 5.12. The midpoint deflection was mere aftected by
ihe charge mass of the Gest hlast than the number of blasts, This was an indication ol work/stram
hardening of the steel when plastically deforming vnder repeated blast loading, Similar findings can

be ehserved Tor different leading condinens Trsted in Table 53,

Tahte 5.3 Midpoint Deflection Equivalencies
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Figure 5.12: Graphical illustration of mid point deflectivn ¢quivalencies fur 2mm thick test plate subjected to 5 102
blasts and | 15g hlast

Other graphs illustrating equivalent midpoint deflections for various repeated blasts are presented in

Appendix F 3.
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5.5 Relationship between Progressive Deflection and Repeated Blast Load

The progressive deflection defined as the difference in total test plate deflection between an initial
midpoint deflection and the subsequent blast loaded midpoint deflection are listed in Table F. 1 and
Table F. 2, presented in Appendix F.4. For example, a charge mass 10g and plate thickness 2mm
produced a midpoint deflection of 10.61mm for 2 blasts and 11.86mm for three blasts, resulting in a
progressive deflection of 1.25mm (11.86mm — 10.61mm). The midpoint deflection from 1 blast was
assigned a progressive blast load as the initial midpoint deflection from a single blast, implying the
progressive deflection for a single blast was the difference between Omm (no deflection) and the first
midpoint deflection.

The progressive deflections followed a decreasing power trend from the initial large midpoint
deflection to the smaller variations of the final midpoint deflection, after five blasts. The progressive
deflections versus the number of blast loads are graphically represented in Figure 5.13 and Figure
5.14, for the 2mm and 3mm thick plates.

The decreasing trends of progressive deflection were a result of the test plate material undergoing
work hardening after each blast load. It was noted in Section 5.2, there were insignificant changes in
impulse between each blast load, suggesting work hardening and residual stresses had a greater
influence on the plate deformation than the increase in stand-off distance, after each blast load. The
test plate experienced a high amount of strain whilst plastically deforming when subjected to blast
loading.
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When hlast loaded. the plates were loaded bevond their respective yield peints. experiencing high

strains. resulting in residual stresses and wark hardening of the matenal. Afier subsequent blast loads,

the plates further deformed i the plastic region, starting with the initial residual stresses of the single

hlast. The stram handeming and residual stresses were urther increased with the additional plastic

deformation of the repeated blast (blast 2). This process resccurved tor each repeated blast load in the

series {up o & blasts), with strin hacdenimg and residual siresses present in the Domex steel from

cach preceding load, Therefore, the progressive deflection decreased atter each blast foad, as the strain

hardering and residual stresses increased i sumilar increments atter each repeated blast. This concep

s allustrated in Figuee 5,15, whach shows the process of reloading the test plate, with regards to stress-

strain and the change in residual stress in the plastic region, for tweo blasts,
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Figure 5.015: Huostration of stress-stram graph, showing the stress stace of the plate macerial after 2 blasts
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5.6 Relationships of Dimensionless Analysis

Using dimensionless numbers allows for the direct comparison between different experiments using
different loading parameters. Empirical and theoretical analyses were carried out on the experimental
results and presented in this section. Analytical predictions using the modified Jones damage number
[2] were performed and compared with the results from Jacob et al [51]. Dimensionless analysis using
the modified dimensionless impulse parameter, developed by Nurick et al [3,51] was also

investigated.

5.6.1 Relationship between Modified Jones Number and Deflection-Thickness Ratio

Jones [2] developed a damage number (A) to predict large inelastic deformation (Mode I) of fully
clamped circular plates, loaded impulsively by a uniformly distributed velocity. Jones damage number
in its original form did not account for the effects of large stand-off distances; subsequently a
modification to the damage number was introduced by Jacob et al [S1]. The modification factor (y)
was assimilated into the Jones damage number based on the relationship between Jones damage
number and Nurick and Martin dimensionless impulse parameter [S1]. The modified Jones damage
number, accounting for stand-off distance is given in Equation 5.7.

A= Eq.5.7

n2R2H*4ayp

The empirical prediction as proposed by Jones [2] is expressed in Equation 5.8.

= 0.2131,%° Eq.5.8

x|
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Figure 5.16 shows the relationship between the midpoint deflection-thickness ratio and the modified
Jones damage number for single blast load, displaying the differences occurring between each plate
thickness. The results from this report were compared to those reported by Jacob et al [51] for
experiments carried out for a stand-off distance of 150mm. In Figure 5.16 the results for the 3mm
thick plate, were within the + 1 (90%) confidence range, whereas 3 data points of the 2mm thick plate
results were above the empirical relation for higher deflection-thickness ratios. This may be due to
extensive boundary thinning visible in the post blasted test plates at higher charge masses (tending
towards threshold failure), causing the midpoint deflections to become unpredictable with regards to
following an empirical relationship. The empirical relationships do not account for failure. The results
of the Jones damage number relation for all repeated blast loads are shown in Figure 5.17. The data
showed a great deal of scatter, with data points falling above the 90% confidence range, because the
Jones damage number was developed for single blast load conditions and does not take into account
repeated blast load conditions. Jacob et al [51] noted that the empirical relations did not take into
account the strain rate sensitivity of the steel. The plates were manufactured from Domex 700 steel,

which is strain sensitive at high strain rates.

5.6.2 Relationship between Modified Dimensionless Impulse and Deflection

Nurick and Martin [3] developed a dimensionless impulse parameter ¢ for predicting large inelastic
deformation of fully clamped circular plates subjected to blast loads. Jacob [51] modified the
dimensionless impulse to take into account, the effect of stand-off distances. The modified impulse

was given by the empirical relationship (Equation 5.4).

= Iy
Pc = i fpos Eq.5.4
Where:
(1+lnR£) 55
V= (1+lnRi) Eq.5.
0

And S — stand-off distance and R, — charge radius.

The relationship between the modified dimensionless impulse and the deflection-thickness ratio is
shown in Figure 5.18 and Figure 5.19. Figure 5.18 illustrates the dimensionless impulse for a single
blast load for each plate thickness, whereas Figure 5.19 illustrates the dimensionless impulse results
of all the repeated blast loads for both plate thicknesses. The results from this report were compared to
the results reported by Jacob [S51].
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Nurick and Martin [3] reported a relationship between the deflection-thickness ratio and modified

dimensionless impulse, represented by the linear trend shown in Equation 5.6.

2 = 0.425¢c Eq. 5.6

For the single blast load results, the majority of the data points were within +1 confidence factor (90%
confident), as shown in Figure 5.18. Three data points from the 2mm thick test plate results, for a
single blast load, were not within the 90% confidence factor, but could be accounted for by
experimental variation. Further accountability can be noted in the fact that the empirical relationships
do not take into account strain rate sensitivity. The initial tests used in the formulation of the empirical
relations used mild steel as the target plate material, which has a different strain rate sensitivity to
Domex 700 at high strain rates. Also, the 2mm thick test plate results show a greater deviation from
the empirical trend at higher deflection thickness ratios, where it was visually noted that significant
amounts of boundary thinning were present on the post blasted test plates as the resultant impulse
reached threshold capacity. The empirical relations do not take into account target failure (extensive
thinning or tearing) giving a possible reason for the deviations. Further testing of a larger sample
should be undertaken to confirm the data trends. All the data points from the 3mm thick test plate
results fell within the 90% confidence factor. The results for the repeated blast loads (Figure 5.19)
displayed less agreeable results than the single blast load results. This was expected, as the
dimensionless impulse was defined for a single blast. The results seemed to increasingly deviate from
the empirical linear trend (Equation 5.6) as the number of blast loads increased. This indicated that
repeated blasts had a significant effect on the deflection-thickness ratio and dimensionless impulse
and a modification factor needed to be included in the dimensionless impulse equation, to account for

the repeated blast load effects.
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5.7 Relationship between Repeated Blast Load and Strain Hardening

Strain hardening or work hardening is the process of strengthening metal by plastic deformation [98].
Strain hardening, occurs when the metal is deformed beyond its respective yield point. As the metal
plastically deforms, it is strengthened by dislocations of the crystalline structure [99]. The greater the
metal is deformed by this process, the greater the hardening, until ultimate failure occurs [99]. The
microstructure of metal consists of an intricate crystal lattice. When the metal is subjected to a blast
load, dislocations occur in the crystal lattice. As the crystal lattice dislocates, the microstructure of the
lattice starts to intertwine, which increases the density of the metal, therefore making it harder and
stronger [100]. The extent to which the metal has been hardened can be determined by analysing the
stress strain curve of a tensile test performed on the pre and post loaded plates and by performing
hardness tests on plate samples that have been loaded and not loaded.

Hardness is the measure of resistance by a material to plastic deformation. Metal plates subjected to
blast loading underwent work (strain) hardening when large plastic deformation occurred. It was,
therefore, expected that after being subjected to a blast load, the plate was work hardened, resulting in
a “stronger” material. This section examines the extent to which the blast loads work hardened the
Domex 700 test plates, by carrying out Vickers Hardness tests on the deformed plates. For this report
macro hardness tests (over multiple grain sizes) were carried out. Vickers Hardness tests can be
related to the approximate ultimate tensile stresses of a material, using conversion tables, but is used

predominantly as a comparative measure between metals.

The macro hardness tests were carried out in incremental distances from the centre of the plate to the
outer boundaries of the clamped area. The locations of the Vickers hardness tests (red dots), as were
carried out on the test plate profiles, is shown in Figure 5.20. Hardness tests were initially performed
on a section of a test plate that had not undergone blast test loading. The resultant hardness of the non-
blasted test plate was 296+2HV and was used as the base line reference hardness. Furthermore a
transparent, blue ‘band’ was superimposed onto the Vickers hardness graphs (kept constant) and
represents the experimental variation for the Vickers hardness tests (approximately £ 20HV). Figure
5.21 - Figure 5.23 show the results of the Vickers hardness tests for the test plates with three different
ranges of deformation. Figure 5.21 represents the plates where almost no deflection occurred, Figure
5.22 represents the plates with small deflections and Figure 5.23 represents the plates that underwent
larger deflections. Vickers hardness tests for charge masses 5g (2mm, 3mm) and 10g are shown in
Figure 5.22 and Figure 5.23. Additional Vickers Hardness test graphs for the remaining test plates are

presented in Appendix F.5 and similar trends were observed.
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The hardness test results generally showed an increase in Vickers hardness at the centre of the test
plates and the clamped boundary region, with the maximum hardness predominantly occurring at the
boundary region. This was expected, as the boundary region experiences large changes in deformation
when blast loaded, due to the shearing effect of the clamped boundaries. For a charge mass of 5g
(Figure 5.22) the hardness for a single blast showed no significant increase, indicating the plate
underwent very little permanent inelastic deformation, corresponding to the progressive deflections

within one plate thickness of each other.

The maximum peak hardness at the boundaries was compared for varying charge masses and number
of blast loads, shown in Figure 5.24 and Figure 5.25. A linear increase in peak Vickers hardness per
blast load for each charge mass was observed. There was also a general increase in peak Vickers

hardness between each charge mass for an increase in the number of blasts.
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6 Numerical Simulations of Repeated Blast Loads

Numerical simulations were carried out to simulate the experiments, to gain further insight into the
deformation of plates subjected to repeated blast loading. In this thesis, the numerical simulations
were carried out using two different software packages: AUTODYN v13 and ABAQUS/Explicit
v6.10.1 and the experiments were modelled using three different methods:

1) AUTODYN (ALE multi-material analysis)

2) ABAQUS Rectangular Pressure Pulse Loading (applying a rectangular pressure pulse to
approximate the blast)

3) ABAQUS CONWEP Loading (use of CONWEP to simulate the blast)

The different material models, geometric set-up and sensitivity analyses of the various loading
techniques in both AUTODYN and ABAQUS are discussed.

6.1 AUTODYN Numerical Model

6.1.1 Material Models

6.1.1.1 Air

The air was modelled as an ideal gas, given by Equation 6.1, using data available in the AUTODYN
material library. It was required to define the initial conditions of the air before the explosive event
took place. The air was considered to have an atmospheric pressure of 101.3kPa, which corresponded
to an internal energy of 2.068 x 10°k]Jkg ™! and initial temperature of 288.2K. The air parameters as
defined by the AUTODYN material library [78] are listed in Table 6.1.

PV = nRT Eq. 6.1

Table 6.1: AUTODYN material properties for Air as an ideal gas

Pair (kgm™3) | Temperature (K) | C, (kJkg~'K™1) 4
1.225 288.2 0.7176 14
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6.1.1.2 Explosive

The plastic explosive PE4 used in the blast experiments was modelled as C4. PE4 and C4 have the
same detonation characteristics with the only difference being the amount plasticizer used in the
explosive formulation. The explosive material C4 is well defined in AUTODYN’s material library
and has been successfully used by Pickering et al [10], Langdon et al [11], Langdon et al [15] and
Ambrossini et al [29]. The explosive C4 was simulated in the model, by using the fill option, where a
certain portion of the air mesh elements were filled with C4, corresponding to the desired geometry

and mass of C4 used in each specific blast series.

The Jones-Wilkins-Lee (JWL) equation of state (Equation 6.2) [101] was used to model the
detonation of the C4. Once the explosive material had detonated and approached ideal gas behaviour,
AUTODYN automatically converted the explosive products to an ideal gas maintaining accuracy and
reducing computational expense throughout the simulation. The values for the JWL equation of state
as available in the AUTODYN library are listed in Table 6.2.

R R2p
P=A(1- ;’—1‘})( %) 4 b (1- R%”i)(—‘z’f) + wpE, Eq.6.2

Table 6.2: AUTODYN material properties for C4 used to model the detonation of PE4 [78]

Pe A B Ry | R, W | CJVyetonation CJ C-J Pressure
(kgm™3) | (GPa) | (GPa) (ms™1) Energy xym-3) (GPa)
Volume
1601 609.8 | 1295 [ 45 ]| 14 | 0.25 8193 9 x 106 28
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6.1.1.3 Test Plate- Domex 700 Steel

Domex 700 steel was not a material available in the AUTODYN library and therefore, much of the
material strength properties for Domex700 had to be derived from uni-axial tensile tests and post
ultimate tensile test simulations. Uni-axial tensile tests were carried out on specimens, using the
Zwick/Roell machine to determine the yield strength of the material (7S0MPa). Post ultimate tensile
strength properties and true strength-strain characteristics were obtained from the simulations of the
tensile tests carried out using ABAQUS, as described in Appendix A.1. The strain rate sensitivity of
Domex 700 was researched by Pickering [10], who gathered some information from the Knowledge
Service Centre of SSAB Tunnplt AB [102], before processing it for implementation into the
respective simulations. Other material properties, such as the thermal properties, were approximated
to Steel 4340, because of the similarity in yield strength to Domex 700. The Steel 4340 properties are
available in the AUTODYN material library [78].

Domex 700 steel is considered a solid and it was therefore assumed that the pressure was independent
of the internal energy; the steel was thus modelled with a linear equation of state that approximates
the response of the material to Hooke’s Law (Equation 6.3). The parameters (including thermal
properties) used to model the steel, were the same as the Steel 4340 material properties found in the
AUTODYN library. Table 6.3 shows tﬁe AUTODYN values used in relation to the linear equation of
state for Domex 700.

P=Ku Eq.6.3

Where: P-pressure, K- bulk modulus and »- strain.

Table 6.3: Linear equation of state material properties for Domex 700

K G v Tres Specific Heat Kehermal [

159 GPa | 81.8 GPa 0.29 300K 476.99]kg~1kg™! | 42Wm~1K~! | 7870kgm™3

The Johnson Cook strength ﬁmdel was specified to simulate the strength properties of the Domex 700
steel test plate. The material properties 4, B and » were derived from the uni-axial tensile tests and
post ultimate tensile strength numerical analyses using ABAQUS. The reference strain rate of
0.001 s~ was chosen, which correlates to a C value of 0.014 as was successfully used by Langdon et
al [11] to model Domex steel plates subjected to localised blast loading. The thermal properties m and
Tmeir Were taken as the values used for Steel 4340 as found in the AUTODYN material library. The
Johnson Cook relation is given in Equation 6.4 with the corresponding constants listed in Table 6.4.
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o® = (4 -+ Bep) [1+ Cin (B)] (1 - ™) Eq. 6.4

Table 6.4: Johnson Cook material properties for Domex 700 steel

A B n €o C m T e

750 MPa | 270.6 MPa 0.263 0.001s7! 0.014 1.03 1795K

6.1.2 AUTODYN Blast Loading

An Eulerian solver was used to model the plastic explosive and air, as large displacements and
extensive volume changes were experienced. The test plate underwent relatively consistent small
deformations suitable for a Lagrangian mesh solver that was better suited for the structural response
of the steel test plate. The method of modelling the explosive and air as an Eulerian solver, whilst
modelling the test plate as a Lagrangian solver, has been successfully implemented by Pickering [10]
and Langdon et al [15].

The numerical model was made up of four phases when simulating the repeated blast loads:

I.  Detonation
II. Plate Loading
II.  Unloading

IV.  Repeated Loading

Each phase is discussed and the formulation of the final model of each individual phase is explained.
The detonation model used a finer mesh (0.25 x 0.25mm) to attain Chapman-Jouguet pressure of 28.1
MPa [103], as closely as possible, whereas the loading model used a coarser (0.5 x 0.5mm) mesh, in
order to decrease the run time in the loading phase. The detonation phase was saved as a remap file,
which was imported into the loading phase. The loading phase was allowed to run for a certain period
of time until the blast pressure had sufficiently decreased to the point where it had little effect on the
impulsive loading of the test plate. The air mesh was then deactivated allowing the plate to deform
under its own inertia. The plate was allowed to oscillate for an extended period of time until the
plate’s transient velocity had decreased as close to Om/s as possible, before importing a new
detonation phase for a subsequent blast load. This process was undertaken 5 times for 5 consecutive
blast loads.
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6.1.2.1 Detonation Model —Phase I

The detonation phase was modelled in 2D axisymmetric model including the detonation of the
explosive material until the resultant shock wave interacted with the confined boundaries of the
cylindrical tube. To model the detonation of an explosive in AUTODYN, a volume of air was first
generated with the required geometry. The air mesh elements were then filled with C4 material,
relative to the simulated charge mass and geometry of the explosive. A mesh sensitivity analysis was
carried out, in order to obtain Chapman-Jouguet pressure in the air mesh. Once the desired mesh had
been established, the explosive was detonated and allowed to run for a certain period of time, after
which the detonation model was saved as a remap file. The detonation remap file was then imported

into the loading phase.

The geometry of the detonation model, illustrated in Figure 6.1, corresponded to the geometry of the
experimental set-up, including the cylindrical tube, taking into account the axis of symmetry. Within
all the figures shown in this section, X and Y axes are labelled respectively. The mesh sizes are
represented in millimetres and denoted as ‘i’ and ‘j° for the X and Y axes respectively, as is typically
carried out in modelling practises. The area of the air mesh accommodated for the area inside the
experimental cylindrical tube and a finite amount of air behind the explosive charge. The height of the
model related to the circular blast area in the experiment, with a radius of 53mm. The length of the
entire model was 200mm. The ‘tube’ section of the model contained reflective rigid boundaries to
simulate the rigid steel tube and was 150mm in length (stand-off distance). At one end of the tube, a
reflective rigid wall was modelled to resemble a rigid test plate. At the other end of the tube (150mm
away), the explosive charge was modelled. The explosive charge geometry was modelled as the
experiments, a cylindrical shape with a diameter of 34mm and 1g leader, used to house the detonator.
The 1g leader was assumed to have a diameter of 8mm and was detonated at the free end. Behind the
charge (left in Figure 6.1), there was a volume of air to allow for the explosive material to expand
once detonated and resembled the ‘free air’ in the experiments. On the edges of the air mesh, ‘flow
out’ boundaries had been assigned to allow the explosive material and shock wave to leave the

confinements of the model.
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The detenation model was run for g fintle pariod of time, betisre it interacted with the “flow out’” and
reflective boundaries. The run time wus dependent on the explosive charge mass used in the
detonation model, Larger charge masses had a shorter run titne as the explesne material and shock
wave interactad with the boundaries sooner atter detenation cceurred. Complications, such ys pressurg
lissses mav oecur if the detonation medel was imported as a romap file, after the pressure wave
interacted with the boundarics [104], Onee, the detonation model had reached ity maximum possible
run lime, belore boundary interaction, the model was saved as a remap file in AUTODYMN, The remap
file was impoted into the loading model (next pliase). saving an computational expense and allowing
for the easy manipulation of the leading madel when varving the charge masses. The detonation
model Tor a charge mass of |y, saved as a remap file al Lime 7,355,105, 1 displaved in Figure 6.2 and

Figurs 6.3,
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6.1.2.1.1 Deonation Mesh Retinemont

Modelling an explosive requires thatl various properies such as pressure, detonation velocilies and

temperature  correspond 10 the Chapman-Jouguet (C1) values of the specitfic explosive, onee

detonation has taken place. Previous studies on explosive modelling had been successtully camed out

by Pickering ct al |[10]. Langdon el al [11], Langdon et at [13] and Balden et al [1:4] where various

mesh densities had been chosen relating to the geometric dimensions ol the explosive and the
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necessary number of elements required. It was important to ensure the correct mesh density was

chosen in order to attain CJ pressure once the explosive had been detonated.

Langdon et al [15] carried out an extensive investigation into the effects of mesh density with regards
to attaining CJ pressure versus computational expense. The numerical model developed by Langdon
et al [15] had similar geometries and loading conditions to the model presented in this report. Based
on the results of the sensitivity analysis presented by Langdon et al [15], the mesh size was selected
accordingly. It was found that 0.25 x 0.25 and 0.1 x 0.1 mesh densities were acceptable for attaining
an acceptable detonation pressure, comparable to CJ pressure for PE4. The computational expense
between each mesh density was significant, with the 0.1 x 0.1 mesh having a run time 6 times that of
the 0.25 x 0.25 mesh [15]. The results for detonation pressure and impulse differences between the
meshes 0.1 x 0.1 and 0.25 x 0.25 are shown in Table 6.5 [15].

Table 6.5: Comparison of detonation pressure and Impulse between varying detonation mesh densities [15]

Detonation Mesh Size Detonation Pressure Impulse
(mm) (MPa) (Ns)
0.25x0.25 2232 7.48
0.1x0.1 25.42 8.08

From Table 6.5, the difference between the impulses is 7.5%. The difference in impulse between the
two mesh densities at a greater stand-off distance of 300mm was 1.5%, as found by Langdon et al
[15]. This reduced the dependence of very fine mesh densities with regards to resultant impulse when
dealing with relatively large models. Furthermore, Pickering [10] established that a mesh density of
0.5 x 0.5 was acceptable for the detonation mesh, thus validating the use of a 0.25 x 0.25 mesh
density.

For this project a resultant impulse comparison, at a stand-off distance of 150mm and charge mass of
10g between mesh densities of 0.1 x 0.1 and 0.25 x 0.25, was carried out. The resultant impulse for a
mesh density of 0.1 x 0.1 was 23.26Ns, whereas for a mesh density of 0.25 x 0.25 the resultant
impulse was 22.14Ns. The difference in impulse was 5% and the computational difference was
approximately 5 times longer for the finer mesh. Therefore a mesh size of 0.25mm x 0.25mm was
chosen for the detonation model. The resulting air mesh density thus consists of 800i x 212j elements,

representing the dimensions of the detonation model, displayed in Figure 6.1.
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6.1.2.1.2  Impulse Model

Lo validate the numerical model, the AUTCGIRY N simulated impulses were comparcd 10 the impulses
determined from the experimental testy, This ensured the numerwcal test plates were equivalently
livaded 1o 1he experimental test plates. Once the numerical resulls comeliied with the experimental
values. other aspects which were nol abtainable [rom the experiments. such as pressure distribuiions,
lading tmes and plastc detormation properties of the test plate conld be mvestigated by means of

the tumerical sinulation,

The impulse was caleulated from the pressure dislribution across the test plate area. The dimensions
and details are illusirated in Figure 6.1 The impulse was calewlated [Torm the incgraed pressure
impacting the reflective boundary un the delonation model, This reflective boundary represented the
circular blast ares of the experiment. Pressure gauges were located on the refleciive boundary al Tmm
intervals, giving a total of 341 pauges. Between cach gange a amall specidic area existed on the blast
area. Lhe specilic areas were dependent on the radiis from the centre of the blasl area. The imputse
midel with gauges is illustraded 1 Figure 6.4 and (he specilic areas relative to the gauge positions are

tlbustraled in Frgure 6.3,

Pressure

{MPa) Reflective Boundary

43 § Ttk
v

i

X

Axis af
Time — 0.19%ps Pressure Wave SymUetry

0,101

Figure 6.4; Impulse mudel with mitigating pressure wave and gauge Incalions at a time of 019945
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[ Gauge

Gaugze Radius
fron Centre
of the Blast

Atrea

Figure 6.5 [ustration of gauge positions with respect to their vorresponding sires on the blast surface

I Figure 6.5 the increments of arca specific to cach gauge point are highlighted by the varying shades
af grev colour, These specific areas are Lhe area for which the pressure-time histony for cach gauge
point was integrared to pive a corresponding specific impulse, The mtegral of specific tmpulse is
reprosented by Equation 6, ]

b= LT g Eq. 6.1

LT

Where forer £ is defined by pressure distribution over the small increment of area specific o cach

galge.

The pressure-time history for each saupe poinl along the reflective Blast arca boundarny was integrated
for a specific time after the pressure of the entire simulation subsided to near atmospheric, having
little effect on the plate. [0 most cases the dme of nlegration was 0.8ms, when the pressure-time
integral Hflattened sut’. The tntegral of pressure-time for the sauge at the centre of the blast arcy al o

blast time ot 0 8Bms is graphically presented in Figure 6.6,
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Figure fi.6: Integral nf pressore-time for the gauge at the centre of the blast aren

The pressurc-time history for each gauge point wis integrated with respedt 10 time, reauliing in
interrated pressire speciiic o ¢ach pauge point. The integrated pressures were multiplied by the areas
that cach gauze point represents, [he areas were dependent on the distance from the centre of the
blast area and are described by Tguation 6.2, where & iy the outer radius and £ is the inner radius of

the specitic arens. as illustrated in Figure 6.5,
A =m(Re—rd) Fgea:s

Multiplying the integrated pressure by the specific arca, results in inicgrated force. which in Lum
cquals specitic impulse. The sum of the increments of imipulse por aren was equal to Lthe ol upulse

distributed over the bliast area.

= [PaA Eg.6.2.]
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6.1.2.2 Loading Model — Phase II

6.1.2.2.1 Geometry and Boundary Conditions

The loading phase was modelled in an axisymmetric two dimensional set-up, similar to the detonation
model. The loading model consists of an air mesh, 400mm x 53 mm, the remap detonation imported
at 125mm from the left (Figure 6.7) and a target plate constrained at 125mm from the right (Figure
6.7). The target plate dimensions were either 2mm x 73mm or 3mm x 73mm depending on the plate
thickness used in the experiments. The excess of 20mm from the 53mm radius of the blast area, for
the test plate, allowed an area on the test plate to have assigned zero x and zero y velocity boundaries
to simulate the clamping conditions of the experiments. An overview of the loading model with

dimensions is illustrated in Figure 6.7.

The boundaries in the loading model included ‘flow out’ boundaries on the ends of the model, to
allow the detonation products to escape the model constrains and simulated the free air. There was air
mesh located on the right of the plate, providing room for the plate to deform. The reflective boundary
simulating the rigid tube walls in the experiment were modelled identical to the detonation model and
was 150mm in length, providing the necessary stand-off distance. Gauges were specified along the
length of the test plate and were allowed to move with the deforming plate. The gauges saved the
history of the test plate with regards to displacement and velocity. This indicated the extent of the
‘damage’ the specific blast load imposed on the plate, including midpoint deflection.
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Figure 6.7 Overview of Louading Model with cemapped detonation and test piate

£.1.2.2.2  Mesh Retinement

Air Mesh

Pickering et al [10] and Langdon ¢t al [13] carricd out extensive sensitivily anilyses on the elfeers of
air mesh density, Hitherto, the air mesh for this thesis was chosen as g square wesh 05mm < 0.3mm,
based an results of Pickering ¢t a1 [10] and Langdon et al [13]. This mesh was lound 1 have the best
accuracy to compulational expense rativ, The tinal aic mesh tor the loading model consisiz of an S0

x 106] mesh, where *i7 represents the X-axis and ‘3" represents the Y-axis, as is typically depicted,
Test Plate Mesh Relinement

The test plate mesh was modelled with dimensions 73mm % 2mm and 73 x 3mm lor the 2mm thick
and 3nuw thick test plates respectively, 1t was noted that generally. the Lagrangian mesh used in the
sofid test plate must not he finer than the Eulerian mesh used 1o model the air [104], Vaking the

tindings reported by Pickering and [ 10| Langdon et al [ 15] fnto account. the chnsen mesh densily [ur
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this thesis was 0.5mm x 0.5mm. The resultant plate meshes had elements of 146i x 4j and 146i x 6j
for the 2mm and 3mm thick plates respectively.

6.1.2.3 Unloading - Phase III

After the test plate had been subjected to the incident pressure wave from the blast, the pressure
decreased to below 300kPa. Even though the residual blast pressure had little effect on the loading,
the plate still deformed due to inertia effects. The simulated air mesh was deactivated in this phase of
the simulation, to decrease the computational expense. However, the transient velocities of the test
plate whilst unloading lasted for a significant duration. The unloading duration, with regards to the
extent of the effects of reloading the plate with an additional blast, was investigated. A numerical
damping coefficient was introduced into the simulation to hasten the unloading process and reduce the

transient velocities of the plate to zero, before reloading.

6.1.2.3.1 Transient Plate Velocity and Numerical Damping

The transient velocities may take up to 50ms to subside in the experiments. To run the numerical
model for 10ms seconds can take up to several hours to two days to complete, causing the model to
become very computationally expensive. Running a repeated blast load model, whilst the test plate
was still oscillating, with an initial transient velocity from the previous blast can produce incorrect
results. The model was allowed to run for a specific amount of time until the plate had lost a sufficient
amount of energy and experienced velocities as close to zero as possible. To decrease the
computational expense, the air mesh was deactivated and only the Lagrangian plate mesh was left
active. The plate was allowed to oscillate, with the model running many times quicker as there were

considerably less elements to be processed.

An ideal ratio between the effects that the transient plate velocities have on the results and the
computational expense of running the models for an extended period of time was established. The
post blasted plate velocity is illustrated in Figure 6.8, for a plate thickness of 2mm subjected to charge

mass of 10g.
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Figure 0.8: Graph of transiced plate velocity for an extended run time of 4ms, for plate thickness 2oom and 102
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[hree different times were observed for starting the repeated blast Ioad (blast2), namely 2ms, Sms and

Iims. The midpomnt dellections (102 charge mass and 2mm thick plate). for each blast load (biast

started at the variows limes are shown i Figure 6.9-Figure 6,11,

5
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Figure 6,01 Hepeated Inad (Hlasc 2) at start time Hims

The results from the repeated Blast loads (blast 23 stacting at different times atter the st blast lead,
suggested that there was g low repeatabil ity conbBidence, The repeated lwad starting at 2ms resulted ing
midpoint deflection of 2488mm, 1%.5% greater than the midpaint deflection for repeated load starting
al Sms (2.42mm) and 12.4% lnaher than the repeated blast load sarting at ms (2.61mm). The
results also suggested that there was no trend as 1o whether allowing the inertia of the test plate 1o
reside with an extended run time was more beneficial to obtaining repeatable results. The reason for
the non-repeatability was the Fact that the plate was stid] oscillating, giving the plate an imnial velooity
when repeated loading was cartied out, This inttial oseillating velocity could cither be in the negative
or positive direction with respect Lo the oncoming blast wave, when it impacted the test plate, This
negative or positive direction could benefit the blast wave or hinder the blast wave, resulting m o3

greater or lesser midpoint dellection of the est plate,

The computational expense was also (oo areat 1o allow the oscillating test plate to come to a complete
standstill, AUTODYN processes numerical models with no nalyral damping defined in the default
settings, implving the madel will oscillate for an extremely long period of Gme, betore coming (w rest
[ 194]. Unlike the ABAQUS code. that implements bulk viscosity damping in the default scitings,
MNumerical damping was theretors ntroduced inte the models, o reduce the numerical oscitlations.
This would cause the plate 10 come 1o rest quicker, However. cawtion was taken when introducing
numerical damping, as it may alleet the resolis of the simulations, An investiaation into the effects of

numerical damping, with regards o midpoint dellection of the test plate was undertaken. Inteoducing

[ 14
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an ideal numerical damping greatly reduced the computational expense and provided accurate results
when loading a repeated blast.

Four different damping fractions were chosen to determine the ideal value:

e 0.1

o 1x107*
e 1x1075
e 1x1076

The simulation using the damping fraction 0.1 did not run. The pressure wave did not move after the
explosive was detonated, indicating the Eulerian mesh was static as the damping fraction was far too
high. Results for the various damping fractions, including oscillating velocities and midpoint
deflections, are displayed in Figure 6.12-Figure 6.15. The simulations were carried out for a charge
mass of 10g and plate thickness 2mm.

For a damping fraction of 1 X 10™*, the plate velocity was reduced substantially, resulting in a very
low midpoint deflection with no oscillations and did not follow the typical deformation characteristics
of a blast loaded test plate. The damping fraction 1 X 10™* was too high and therefore disregarded.
The damping fraction of 1 X 10~5 showed promising results (Figure 6.13), where the velocity from
the blast load was approximately 100m/s and tapered off nicely as the plate came to rest. However,
the plate velocity was still approximately 30% less than the plate velocity (approximately 150m/s)
where no damping was introduced. The resultant midpoint deflection for the damping fraction of
1 x 1075 was 6.52mm, 28% lower than the simulation with no damping (9.02mm). The results from
the damping fraction of 1 X 10~ resembled almost indistinguishable results from the simulation with
no damping, with regards to the plate velocities (Figure 6.14 and Figure 6.15). The plate velocity
graph for a damping fraction of 1 X 1075, showed the velocity taper off slightly (approaching zero),
but still required an extensive run time, causing the simulations to remain computationally expensive.
The midpoint deflection of the plate with damping fraction of 1 x 10~¢ (8.81mm) was less than a
plate thickness difference from the midpoint deflection of the simulation using no damping (9.02mm),
thus falling within an acceptable confidence criterion and therefore selected as the damping constant
used for the respective simulations. Although, the computational expense was only slightly decreased
by introducing numerical damping with a damping fraction of 1 X 1075, it was still necessary to
ensure the plate came to a standstill, before introducing the next repeated blast load. This ensured
repeatability between each repeated blast load.
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0.1.2.4  Repeated Loading Model — Phase 1V

Once the numerical plate was subjected tw a blast load (Phase 1) and the plae had undergong the
unioading phase {Phase 1), the detonation file {Phase 13 was remapped into the model to simulate the
reprated Blast load, The repeated loading model was mun with the alrcady definmed plate. The nomber
af reloading phases corresponded (o the number of blast leads required (up 1o 5 blasts), Belween gach
blast, the temperature and pressure were set to the initial non-blasted conditions. The reloading of the

already deformed Lest plale s llusirated in Fligore 6,16,

o Alrcady
Afr Mesh with i ECTI%E: Deformed Test
original initial Eomap (B'I? u::;a'ﬁ' Plate
condirons Dictenativn 2
e

A3t

[ 25tmmn L &0 L2581
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Fimure 6.16: Overview of reloaded test plate (Phase TV with remapped detonation of charge mass 10g
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6.2 ABAQUS Numerical Models

Additional numerical analyses were carried out using ABAQUS/Explicit v6.10.1, which is a code that
accounts for non-linear geometry, strain rate sensitivity, adiabatic temperature effects and material
effects into its models, requiring no iterations and tolerances or global tangent stiffness matrix.
ABAQUS/Explicit is computationally very efficient for the analysis of large models subjected to
impulsive loads with relatively short response times, as defined in explosive blast loading. Blast
loading of the ABAQUS models was carried out in two different methods:

e Rectangular Pressure Pulse Loading
e CONWERP loading

The same geometric model was used for each form of loading to ensure direct comparisons.
Rectangular Pulse loading had been successfully implemented by Nurick and Chung Kim Yuen [36].
A uniform pressure load distributed over a blast area, with a specified load time produced a calculable
impulse that could be compared to experimental data and easily input into an ABAQUS model in the
form of a rectangular pressure pulse. CONWEDP is a semi-empirical model that has been extensively
used to predict the magnitude of the peak pressure and impulse delivered to a target [33]. CONWEP is
ideally used for open air blasts at large stand-off distances. The charge diameter - stand-off distance
ratio (0.23) falls within the capabilities of CONWEP.

6.2.1 Geometric Modelling

The numerical simulation consisted of a full scale 3D model. The model was made up of two parts,
namely the target plate and the clamp.
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6.2.1.1  Parc [ - Test Plate

The plate was modelled as a circular disk shaped part with a radius of T3mm and exposed area of
racding 33mm. The extra 20mm cadius was used as the clamping area. The test plate was modelled as a
sshell revolve” part, with an assigned section thickness of 2onm or 3. depending on the reguired

plate thickness. The dimensions of the test plate are illustrated in Figure 617, the blast area is

highlighted in red and the grey arca represents the clamped region.

_— Clanp Ates

1tlast
Ared

___ Bavolee
Section

Figure 617 Top view of moedelled test plate dimensions

The test platy was modelled with S4R shell elements that are 4-node doubly curved thin shell
elements, with reduced inlcgration, hour glass contral and finite membrane strain elements [795. The
54R element is a commonly used general-purpose ¢lement that is suitable for a wide ramge of

applications [79].

—
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The test plate was assigned the Domex 700 steel material specifications with identical material
properties used in the AUTODYN model, mentioned in Chapter 6.1.1.3, with the Johnson Cook
material strength model. The properties of Domex 700 are listed in Table 6.6.

Table 6.6: Johnson Cook material properties for Domex 700 steel (ABAQUS)

A B n éo C m Tmlt

750 MPa | 270.6 MPa 0.263 0.001s™?! 0.014 1.03 1795K

6.2.1.1.1 Meshing the Test Plate

The number of elements used in the test plate had an effect on the pressure distribution throughout the
blast area. This ultimately affected the impulse imparted to the plate and the plastic strain components
present in the plate, due to deformation. If the mesh was too coarse then the pressure distribution
would be integrated and applied over a larger area, allowing a greater margin for error. The finer the
mesh, the more accurate the solution, as less errors can occur [36]. It was therefore important to
ensure there were a sufficient number of elements assigned to the test plate in order to model a
sufficient solution to the simulation. An ideal ratio between element number and computational

expense was determined.

Two mesh densities were investigated to quantify and compare the effects of the mesh density on the
outcome of the plate deflection and resultant impulse. A coarse mesh was used, with nodes assigned
with 2mm approximate global sizes, resulting in 4939 elements. A second finer mesh was used, with
nodes assigned with 1.3mm approximate global sizes, resulting in 11727 elements. The finer mesh
had approximately 2.4 times more elements. The difference in mesh densities are illustrated in Figure
6.18.

The test plates with the different mesh densities were loaded with a rectangular pressure load of
15.4MPa for a duration of 360us, corresponding to an experiment using a charge mass of 30g

imparting an impulse of 50Ns. These simulations were carried out on the 3mm thick test plates.
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Fine Mesh Coarse Mesh
Global Element Si1ze = 1. 31mim lobal Element Si2e = 2o

Figure 6. 18: Visual difference in mesh densities for the lioe and coarse meshes

The results trom the preliminary unifonn lead tests are listed in Lable 6.7 and illustraled m Figure
6.19, The resullant mpulse from the load awd midpoint deflection of the test plate for each mesh

tensiny was compared to one another and w the experimental results.

Tahle 6.7: Resnlis of mesh density effects on impulse and midpoint deflection

Impulse . Midpoint
{Ns) Deflection {mm)
I Course Mesh 4028 B
~ Fine Mesh | 445 12.04
Experiments | 30 ¢ 12.8




Chapter & — Numerical Simulations of Repeated Blast Toads

e
iy
W

-
s

1.5

Impulse (Ms}

Midpoint Deflection (mm)
o

fr=4
n

A5

Coarse Mesh  Fina Mesk | xperiments oarse Mesh - bine Mesk 1 saeciments
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CXTIERImCE S

Fhe run time For the Bine mesh (415 hours) was approsomately double the eun time oe the coarse mesh
{2 hours 20 mink The Qe mesh was considerably more computationally expensive than the coarse
mesh; this becomes a significant Getor when carrying out 5 Blast leads, In comparison, ABAQLS was
still far more computationally efficient than AUTODYN. The fine mesh (19.5Ns) produced an
impulse 0.44% higher than the coarse mesh (49.28Ns). which way fanly msigmificant, The fime mesh
impulse was %% dower than the experimental impulse (50Ns). which can alse be considered
negdipible. The Oine mesh §12.0dmm) resulied ina mmidpoint deflection 2.168% higher than the coarse
mesh, The difference in midpoing deflection between the fine mesh and the measured experimental

value (12 8mm) was 5.6%,

Fram the results listed in Table 6.7, it was evident that the chosen mesh density had a relatively smuall
effect on the impulse and midpoint deflection, but significantly atTected the compational cxpensc.
Wevertheless, the Dne mesh (1.53mm global clement size) was chosen, as the relative computational

expense was better, compared o AUTODYN. with very good correlation with the experiments.
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6.2.1.2 Partll-Clamp

In the ABAQUS/Explicit model used in this project, the clamp was designed as a single part. During
the development stages of this model, the clamps were modelled as two separate parts with an initial
clamping force, as implemented by Bonorchis and Nurick [14], for similar boundary conditions. The
‘two separate clamps’ method worked well for extracting the midpoint deflection data for the test
plate, but proved difficult to determine a scaling factor for using CONWERP to calculate the resultant

impulse.

The addition of the contact forces between the clamp plates and test plates was used to calculate the
impulsive load when CONWEP was implemented. However, when a load was applied, the test plate
experienced transient post blasted oscillations. These oscillations result in the test plate losing and
regaining contact with the top and bottom clamps. This loss in contact caused large disruptions in the
resultant contact forces, with huge negative and positive force ‘spikes’. On the top and bottom
clamps, these large force spikes corresponded to one another in an equal opposite manner. It was
assumed that summing the contact forces would ‘cancel out’ the large force spikes. However, the
expected resultant impulse did not correspond to the resultant midpoint deflection. The contact forces
for the top and bottom clamps are illustrated in Figure 6.22 and the resultant impulse from the sum of
the contact forces is shown in Figure 6.23.The resultant impulse was approximately 27Ns, 45% lower
than the experimental impulse (49Ns) for a charge mass of 30g. Initially, it was presumed the material
model was incorrect, but rectangular pressure pulse loading (known impulse) carried out on the test
plate, suggested the material model was correct, as favourable plate deformations were observed. The
redesign of a single clamp was utilized, as the single reaction force on the clamp would account for all
the loading imparted to the test plate from the CONWEP load.

The clamp was modelled as a 3D analytical rigid body, with a revolution shell cross section. The
clamp was designed to house the test plate and simulate the boundary conditions used in the
experiment. The clamp was assigned a clamping surface, defining the area of the clamp that interacts
with the test plate. The clamp was also assigned a reference point with zero velocity (X, Y, Z)
boundary conditions specified, securing the clamp in space whilst the plate was loaded. The clamp
cross section with dimensions is illustrated in Figure 6.20 and a 3D rendition of the clamp is shown in

Figure 6.21.
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6.2.1.3  Mndel Assembly

Che assembly, illustrated in Figure 6,24 was developed with the plate specified as the parenr instance
and he clamp. the dependable instance, A Taee to Tiee” positional constraint way assigned o the
corresponding clamping surfaces of the test plate and clamp, Two imeractions were assigmed 10 the
clamping surfaces, whuere the plate and clamp mteracl, The clomp surfaces were assigned a4 normal
Behaviour of “hard contaet” allowing separation after contact. replicating as closely as possibile the
eapenimental plate movements inside the clamps, A rangential behaviour comtact interaction property

was alse masizmed 1o the clamp surlaces, with a coelMcient of riehon 0.3 [104],

Clamp

Figure 6.24: ABAQLS model assembly ineluding clamp and meshed plate
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6.2.2 Blast Load Modelling

For comparative purposes, the ABAQUS model was loaded via two separate methods:

e Rectangular pressure pulse loading
e CONWERP loading

6.2.2.1 Rectangular Pressure Pulse Loading

The pressure distribution over the blast area as a result of the blast load was complex. Impulsive
loading theory allowed for certain assumptions to be made with regards to the loading of the plate and
the latency of the plate to start deforming plastically. In short, the entire blast load energy was
transferred to the plate before the plate started deforming, due to inertia. This suggested that the shape
of the pressure distribution did not affect the resultant impulse transferred to the plate, provided the
integrated pressure over the blast area and load duration that corresponded to the impulse imparted.
The load was numerically modelled as a uniform pressure distribution, in the form of a rectangular
pulse, shown in Figure 6.26, applied to the exposed blast area, for a specific time. The duration of the
pressure distribution, #, was taken from the AUTODYN pressure-time histories. The time was
specified once the pressure had subsided enough for the blast to have negligible contribution to the
plastic deformation of the test plate. The pressure-time history, as obtained from AUTODYN, for a
charge mass of 10g is shown in Figure 6.25. The chosen loading time, ¢, is highlighted in Figure 6.25,
as 360us and was kept constant throughout all the repeated blast loading simulations. This time was
specified, because it accommodated for the full range of charge masses. Also, a direct cdmparison
could be made between the ABAQUS rectangular pressure pulse loading and the AUTODYN
simulated blast wave results, giving a greater insight into the idealisation of the shape of a pressure
pulse and simulated Eulerian blast waves in numerical blast simulations. Further numerical

investigations into the effects of changing the loading time with respect to the corresponding impulse
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Uzing the measured mpulse and the time doration, the magnitnde of the applied pressure was

determined vang Fguation 6.3

= Ey. 6.3

Where 7, = measured impulse; A4 = test plate blast area: £ — hlast load duralion,
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Time t

Figure 6.26: Uniform rectangular pressure distribution with respect to time

The corresponding pressure values for each charge mass at the blast loading time of 360us are
tabulated in Table 6.8.

Table 6.8: Uniform pressure values for time, 7

Charge | Impulse | Pressure
Mass (g) (Ns) (MPa)
S 12.05 3.78
10 21.03 6.69
15 29.17 9.13
20 35.50 11.2
25 41.01 12.9
30 49.82 15.4
35 51.00 16.0
40 60.12 18.9
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60,2227  CONWEP Loading

Loading the model with CONWEP allowed for the convenmient loading of structures m
ABAQUSExphen, CONWEPR s delined as an mcident wave interaction in ABACGUS, Like all
interactions, a surface was defined: therefore the blast area on the test plate was allocated for
CONWEP loading. A source poimnt was detined 130mm noemmal dislance away [rom the Blast area,
which was equivalent 1o the stand-off distance in the experiments. The properties of the CONWIEP
mteraciion were delined as an an blast and reguired the eguivalen) mass o VN, which was allocated
for cach specific charge mass. The tinal step involved detining the start time of the CONWEPR
utteraction loading, The source pemt (stand-ofT distanee of [30mm) is shown velative 10 the nomerical

medel 1 Figure 6277

CONWEP .
Eeferenee Pom

Stand-off
distange
¢ 1 5thun)

Bliast Arca

Figure 6.27: Numerical nidel shivwing CONWEDP reference start point relative to the blast area

Partially conlincd blasts have been known (o have hagher impaulsive loads than free air blasts,
CONWED was developed Tor spherical ¢harges detonued in unconfined free air blast conditions. A
scaling factor was thus used to simulate the exvlindrical disk shaped charge, detonated inoa fully vented
tube, as used in the experiments. The scaling factor was determined by tteratively loading the

numerical madel until the impualse abtaned from CONWEP matched the experimentat impulse.
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imparted by a specific charge mass, The impulse was caleulated by integrating the ¢lamp normeal

reaction lorce, which can be processed and plotted within ABAQLS.

From the iterative process of sealing the CONWEP load, a sealing factor that best sutted the full range
of charege masses of 4.7, was chosen and kept constant for the other charge masses. The impulse far
the non-sealed CONWEP loading is illustrated in Figure 6,28 and compared 1o the impulse for the 4.7
scaled CONWEP toad for a charge mass of 10g. The scaled CONWEP load produced an impulse of

2INs. The experimental impulse for a charge mass of L0g is 21.02Ns.
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Figure 6.28: Geraph comparing the resallant impuolse of the scaled CONWET load verswos the non-scaled load
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6.2.3

Repeated Blast Loading

Rectangular Pressure Puise Repeated Blast Loads

Lo simulate repeated blast logmling condinions as conducted in the cxperiments, a multiple step concepr

i the rumning process ol the model was implemented. Foe cach blast, o loading step and “inertia” step

were specified. The blast step detined the loading period of the test plate. as the uniform pressure load

was applied at this step. with a Ioading duration of 360ps. commelating to the hlast step time. The

fnertts” step, allowed the test plate to oscillate under its vwn inertia and eventually come 1o rest, This

process was repeated for the reguired number ol blasts on the same test plate, This method was

emploved for all charge masses and bith plate thicknesses (2mm and 3mm). The midpaint deflection

araph for five blast loads with a charge mass of 30 and plate thickness 3mm, is shown in Figure

BH,
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Figure 6.29: Graph of midpeint deflection for 3 blast leads with charge mass 3bg and plate thiclness 3mmn, for

urnilorm btding

138



Chapter 6 — Numerical Simulations of Repeated Blast Loads

CONWEP Repeated Blast Loads

CONWEDP loading was specified by defiming an interaction. rather than a load. The commencement of

the mteractron was specified to stnt al a desired time within an ABAQUS step. Tins allowed for all
the repeated CONWEP blasts 1o be Joaded @ single siep, with an extended run time. Onee the Grst
CONWETD load had propagasted and the plate inertia had subsided sufficiently. the time was noted and
the second CONWEP load was activated. This method was implemented for all repeated CONWEP
ilasts. The start of each CONWEP blast was specifted in increments of 0.005 scconds, the chosen
time for Lhe test plate w sufficiently come to rest. The first CONWED blast beging at time Os and the
fitth bast at £.02s. The CONWLP loading for five consecutive blasts with a charge mass of 30g and

plate thichness 3mm is displaved in Figure 6,30,
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: Blast 2 : IIII F,"'Fl-ﬁlp-"“"\'f,w*'-”ﬂw i I
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Figure 6.30: Graph ol midpeint deflection e 5 Blase loads with charge mass 3 and plate thickness dmm s
COMNWLEP loading
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7 Numerical Results and Discussion

The results obtained from the various numerical simulations of uniform repeated blast loading on
circular Domex 700 steel test plates are presented in this chapter. The results include resultant
impulse, midpoint deflection, and deformation profiles of the test plates. The numerical results are
compared to one another and the corresponding experimental data. Further numerical analyses on

plastic strain and residual stresses, as a result of repeated blast loading, were carried out.

7.1 Comparison of Experimental and Numerical Impulse Results

The impulses obtained from the experiments were plotted against the impulse obtained from the
numerical simulations for all charge masses, all repeated blasts and both plate thicknesses, shown in
Figure 7.1. In general, the data showed an increasing linear trend with good correlation between the
experiments and numerical results, with the majority of data points falling within a +10% confidence
that is generally accepted, due to experimental variation [95]. There were a few cases where the error
was greater than 10%, indicative of experimental variation. Data from Figure 7.1 were plotted in a

different form in Figure 7.2 and Figure 7.3, in terms of impulse versus charge mass.
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Figure 7.1 Graph of numerical impubie versus experimental impulse for all charge masses and repeated blusts for
hoth plate thicknesses Zam and 3pm

The graphs of charge mass versuz impulse for the 2mm and 3mm thick test plates subjeeted to a single
Blast, comparing the experimental and numerical results, are presented in Figure 7.2 and Figure 7.3,
The impulse tor each numerical loading technique was plotted alongside the experimental results,
with g lincar trend line, More dara perfaining to further repeated blast loads are presented in Appendix

.1,

The numerical impulse results showed pood correlation with the experimental results for the range of
charge masses tested. The AUTODYN results showed a slieht overestimation, in Figure 7.2 and
Figure 7.3, bul was sccounied lor by the ideyl detonglion approximarion used by the numerical
computation, CONWEP overestimaled the impulse, because of the ideal scaling Bctor required when
inilializing the CONWEPR blasts, resulling in deviations fom the measured experimental resulis, The

results indicated a small varistion between the different madelling technigues.
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7.2 Effect of Repeated Blast Loading on the Impulse Distribution across
the Tesi Plaie

Ihe extent of the change in specific impuolse distribution across the test plare as a result of repeated
blast loading s presented i this section. After the test plate had heen blast loaded, it deformed
plastically (Made [} inta a general uniform dome shape. Specific impulse data fiom the AUTODYN
sindanons was oxtracted from gauge points, located aleng the plate profile, 1o investigate the
impulse distribution across the wndeformed and deformed plate. The specific arca that cach gause
represented was weed fo detenmine the specific impulse from the pressure-lime histories, This was
similar 10 the method vsed in caleulating the resuliant impulse for o single blast nad, as described in

Section f.1.2.1.2

‘The specific impulse distributions for charge masses [5g for 5 hlast leads are shown i Figure 7.4
Che impulse distributions represent the specitic impulse from the centre of the plate to the outer

clumped homndary edpe.

000
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A000

Specific Impulse {Ns/mm?)

o 10 201 a0 &[} S0
Kadius from Plate Centre (inm)

Figure 74 Graph of specific im pulse versus distance from the test plate centre for charge mass 150 and loaded 5
tirmes
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The specific impulses for each blast load were divided into regions, namely A, B and C, specified in
Figure 7.4. Region A relates to the central area of the test plate, region B represents the middle of the
test plate and C refers to the boundary area.

The maximum specific impulse was found at the centre of the test plate, in region A, the specific
impulse decreased to a minimum ( approximately 19mm radius). In region A, the specific impulse for

all the repeated blasts followed a similar trend.

In region B, the specific impulse slightly increased to a small peak or plateau before decaying further.
The peaks for all the repeated blast loads occurred around 30mm from the plate centre. The specific

impulse reached an absolute minimum at approximately 43mm from the plate centre.

After the minimum impulse was reached, the specific impulse increased in region C, towards the
clamping boundary. The increase in specific impulse was due to the transverse reflection off the
reflective tube wall. As the incident pressure wave interacted with the reflective tube wall, the
reflected wave was compressed, causing an increase in localised pressure and therefore increasing the
specific impulse. The transverse reflection is shown in Figure 7.5, illustrating the pressure wave
travelling down the tube towards the test plate and reflecting off the tube wall. Figure 7.5 shows the
AUTODYN simulated propagating blast wave, towards the test plate and reflecting off the boundary

walls, at various times after detonation.

There was relatively little variation in the specific impulse distribution along the radius of the plate,
between each blast load. The initial impulse distribution for a single blast load had the most
significant difference when compared to blast loads 2 to 5. This was accounted for by the change in
shape between the original undeformed plate and the global inelastic deformed plate subjected to
repeated blasts. The extent of plate deformation from blast load 2 to 5 was minimal, corresponding to
the minimal change in the specific impulse distribution between blast loads 2 to 5. Therefore it was
concluded that the shape of the blast area did have an effect on the shape of the impulse distribution
along the plate profile, but had little effect on the resultant impulse, as observed in the experiments
(Section 5.2). The general trends shown in Figure 7.4 were found for all charge masses and repeated
blast series.
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7.3 Comparison of Experimental and Numerical Midpoint Deflections

Graphs of the numerical midpoint deflections for the various computational loading techniques versus
the experimental midpoint deflections are shown in Figure 7.6 and Figure 7.7, for plate thicknesses
2mm and 3mm respectively. An equivalence line is projected through the data points, with the
positive and negative one plate thickness (¥2mm and +3mm) confidence lines running parallel. The
three numerical loading techniques, namely AUTODYN, ABAQUS rectangular pressure pulse
loading and ABAQUS CONWERP loading are displayed in Figure 7.6 and Figure 7.7. The detailed
results are listed in Table G. 3 and Table G. 4, presented in Appendix G.2.

The numerical midpoint deflection results showed very good correlation to the experiments,
illustrated in Figure 7.6 and Figure 7.7. The data points fell within one plate thickness confidence
factor (+2mm and +3mm). The data points that did not fall within the confidence factor are accounted

for by experimental variation.
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The different loading methods were plotted alongside the experimental data, for midpoint deflection
versus charge mass, for the 2mm thick test plate subjected to a single blast and the 3mm thick test
plate subjected to 5 blasts, in Figure 7.8 and Figure 7.9 respectively. The midpoint deflection
increases linearly with an increase in charge mass, as discussed in Section 5.3. The numerical results
correlate very well with the experiments, with the data falling within the one plate thickness
confidence factor. CONWEDP consistently overestimates the midpoint deflections for a greater number
of blast loads, observed in Figure 7.9. The data points falling outside the confidence factor (Figure
7.8) related to the ABAQUS rectangular pressure pulse load and AUTODYN load for a charge mass
25g and a single blast load. The test plate subjected to a single blast with 25g charge mass
experienced observable thinning at the clamped boundary and approached the threshold failure of the
material. This was similar to the data point in Figure 7.9, for a charge mass of 35g and § blast loads.

The general linear trends were observed for the full range of charge masses and repeated blast series

on both plate thicknesses. The graphs pertaining to these results are presented in Appendix G.2.
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7.4 Test Plate Profile Comparison

Ihe numerical deformation profiles were comparcd 10 the experiments, for a better deformation
comparison between the experimental and numerical results. The experimental test plate subjected 1o
charge muss 152 and 3 blasis 1s illustrated in Figure 710 alongside the results obtained from
ALTODYN for the same loading condition, The experimental and numerical test plate profiles fior
charge mass 152 and 2 blast loads exhibit large inelastic global dome shaped delommations (Figure

FHHL characteristic of unitorm hlast Toading.

&=18.127mm

Figure 7.10: [Hustrations of experimeital and AL TODY N numerical test plate subjected (o 3 hlasts of 150 charpe
miyy

The experimental and numerical test plate profiles for charge mass 3¢ and 132 for all repeated blust
lnads gre shown o Flagre 7 0 1-Figure 708, respectively, The 2mm thiek lest plate subjected 1o
repeated Blast loads of charge mass 132, withstood a masimum of three blasts before fuilure. The
comparisons were within one plate thickness (L2mm), with regards to detormation. This showed gond
numerical-experimental deformation correlation including the interaction with the clamped houndary
under the specified loading techniques. There are however simall variations in the overall deformation
profiles, hetween the experimental and numerical results including between each numerical method.
The small differences in deformation profiles can be wecounted for by experimental variation and the
different loading methods, a5 AUTODYN, CONWEP and the rectangular pressure pulse load had
shightly ditTerent pressure distributions across the exposed plate surface. Similar trends (zood

correlation) were observed for the full range of charge masses and repeated blast loads.
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7.5 Comparison of Numerical Strain Components

I'he tesl plates underwent large plastic deformation when subjected to repeated hlast loads, resultms
i stram hardening of the Domex steel. The effect of repeated blast loading on the hardness of the
steel was discussed in Section 3.7, It was reported that the hardness of the plate increased with an
mcrease in the number of blasts. This scetion discusses the extent 10 which the test plate is strained
whuen subjected 1o repeated blast foading., From the ABAQUS numerical models, it was possible to
extract the equivalent plastiv strain components throughout the detormed plate profile, from the contre
ot the plaie to the outer edge. The progression of stram For 3 blast leads with charge mass 3 on the
imm thick plate s llustrated in Figure 7.19. using the ABAQUS rectangular pressure pulse Toading

ricsdel. The strain visibly increased as the number of blasts increased. as observed in Figure 7.9

Titne © 32103
1 Blast

Time  (ns
M0 Blas

Thma  12ms Tamne = 22ms
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7.5.1 Comparison between Experimentul Vickers ITardness and Numerical Strain

fn Sectiwon 5.7 0t was repocled that the majority of the inerease in hardness was recorded at the
clamped boundaries. with the centre of the plate experiencing some hardening. The extracted strain
profile results from the ABAQUS mmerical simulations were compared tn the experimental Vickers
hardness test results. This comparison was made for a qualitative analysis, as Vickers hardness
indicates the extent to which the matenal was hardened after being subjected to repeated blast loads.
similarly work hardening occurs when the material plasticaliv deforms. Figure 7,20 shows the Vickers
hardness results [or the 2oun thick west plate subjected (o a charge mass 152 and 3 blasts compared to
the strain obtained from the numerical simulation ot the experiment. Figure 721 shows similar
findings tor charge mass 20g and 2 blass, The sirains obtained fom the simulations were plotted on
the primary axis. whilst the Vickers hardness resulls from the experiments were plotted on the

secondary axis.
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The gurves of the numerical and experimental results (Frgure

720 and Figure 7213 had similar

characteristics. The numernical results show high steams gt the clamped boundarnes and central area of

the test plate, corresponding to high Vickers hardness at the clamped boundaries and central region

abitwined [from the experiments, Similar findings were observed tor the full range of chirge masses

(Zg-dilzgy and all repeated blast koads.
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7.5.2 Strain Comparisons between ABAQUS Rectangular Pressure Pulse Loading and
ABAQUS CONWEP Loading

An investigation into the differences in numerical strain measurements between ABAQUS rectangular
pressure pulse loading and ABAQUS CONWEP loading was carried out. Comparisons of the strain
experienced by the test plate subjected to a single blast and 5 blasts for a charge mass 10g and a single
blast and 3 blasts for a charge mass 15g, for plate thickness 2mm, between the ABAQUS CONWEP
and ABAQUS rectangular pressure pulse loading, are shown in Figure 7.22 and Figure 7.23,
respectively.

The Figure‘7.22 and Figure 7.23 showed similar trends. The ABAQUS CONWERP strain profiles
indicated greater strains in the central area of the test plate than the ABAQUS rectangular pressure
pulse strain profiles. For a single blast load the strain profiles at the clamped boundary were similar in
shape and maximum peak strain values were alike for both charge masses. The maximum strain peaks
at the clamped boundaries became more dissimilar as the number of blasts increased, with the
ABAQUS CONWEP peak strain being greater than the ABAQUS rectangular pressure pulse peak
strain. From Figure 7.20 the ABAQUS CONWERP strain profile showed better correlation with the
shape of the Vickers Hardness test than the ABAQUS rectangular pressure pulse strain profile. The
difference in strain profiles between the different loading methods is due to the manner in which the
pressure is distributed across the exposed surface of the test plate. The rectangular pressure pulse load
is evenly spread across the surface, whilst the CONWEP pressures are applied in varied magnitudes
along the radius of the exposed plate surface. Similar trends were noted throughout the full range of
charge masses and both plate thicknesses.
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T.5.3 The Eftect of Repeated Blast Loading on the Plastic Strain

The Figure 724 and Fipure 7230 show the equivalent plastic strain profiles for the test plates

subjected to 3 blast loads with charge masses 5goand 10g, respectively. The strain profiles were

extracted  from the nuwmerical simulations carmed oul wang the ABAQUS CONWEP loading

technique.
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It was observed in Figare 7.24 and Figure 7.25 that the plasric straim inereased along the plate prolile

with increasing number of blist loiwds. The increase in plastic strain was mare significant at the

boundary than at the centre of the test plate. between blast | and blast 5. The increase i slvmu

correlated to the merease m hardness. as determined 0 5.7 [rom the Vichers hardness tests, The rate at

which the strain increased tor the clomped boumdary vegion amd plate centre 15 listed in Tahle 7.1 and

tMustrated in Figuee 7.26 and Figure 7.27 G churze masses 5 1o 25g and plate thickness 2mm.,
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Table 7.1; Peak plustic strains for the plyte centre and clamped bonndury for charge masses 3 to 23z sl place
thickness Zmm

Peak Strain (577)
C?':.I]aa:ie nurrl;lﬂt:?: of !]lﬂti‘ Clamped
(g) Blasts Centre | Boundary
LN FE L . sl
3 2 134 0.025 |
[ 3 0.141 .04 |
) - 0,148 0061
2 3 | 0.160 (082
L 1 0103 0.034
10 i 0134 | po083
£ 3 5 6a8 (1.134
[(Sn e @ {185 0,156
L E 234 | 0.186 |
i L 0,150 3083
2 2 0.164 G156
- 3 0169 | 02m
= | 009 0.137
il 2003 e
. | 0.072 0.195

The graphs illustrated in Figore 7.26 and Figure 7.27 show increasing linear trends of the peak straims
al the centre of the plate and clamping boundary, as the number of blasts inerease. The linear mrends
indicated the increase m sirain hardening experienced by the test plate as the number of blasts

increase.

161



Chapter 7 — Numurical Resulls and [iseussion

0.250

0.200

0,150

Sirain

0100

0.050

0.000

L X

* 5¢ Plate Centre
# 20g Flate Centre

&
F

| ]

i -
. )
L]
2 3
Number of Blasts

8 10g Plate Centre
23 Plare Centre

]
=
.
- -‘-"
4 5

+ 15z Plate Cetirre

Figure 7.20: Graph of strain versus number of blasts for straink accarring at the cenlre of the test plate for chirze

0.250
0.200

0150

Sirain

0.1400

0.050

0.000

L)

# Sg Clamped Boundary

® 202 Clamped Boundaty

Migsses 52 o 25g

[
A
&
L]
T -
(]
-
2 3
Number of Biasts
W 10g Clamped Boundary

X 2%5p Clamped Boundary

]
i
e
4 5

a 152 Clamped Boundary

Figure T.27: Greaph ot steain versus noember of Masts foF steains aeearcing ai he clamped houndary of the test plate

Ior charge masses 5o (o 25p

162



Chapter 7 — Numerical Results and Discussion

7.6 Effect of Blast Loaded Residual Stress on Plate Deformation

The efleers of the change o material stress states on deformation of the est plates subjected 1o
repeated blast loads was investigated. Comparisons were made belween the progressive midpoint
detlections ol two separate simulanions where different material conditions have been specilied, Tnihe
first series of simulations, the material propertics ol 1he specimen were lell unaltered afler each blast
toad cxele allowing the material 1o work harden after each deformation evele, as in the cxperiments
and presented in Section 3.7 In the second series ol simulations the material properties of the
specimen were reset to the origimal material state prior w0 any blast loading, thus simulating the

respomse of d “deformed” plate with the original material stare.

The results from these serics of simulations are compared 1@ investigate (he material effect on the
plate responss 1o repeated blast load, vsing ABAQUSxplicit and the rectanzular pressure pulse blas

lmading parameters as described in Scetion 6.2.2.1,

Lieformed plate meshes. shown in Figure 7.28. were imported mto the ARAOQUS mode! as a new part,
assigned with the original matenial propertivs belore being subjecied 1o the respective blast load by
means o 4 unilorm pressure distribution. The deformed plate was assigned the same boundary
conditions and clamping ennditinons as the plates in the first serics of simulations, to make a direct
comparison between the effects of changing material propertics as a result of the repeated blast

[aading.

Figure 7.28; Hlasiration of deformed orphan mesh for s charge mass 3e, 4 Tdase nads and plate thickness 0l 3w
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The results for the first series of simulations where the material properties were allowed to change
with the repeated blast loads is referred to as the “blasted material properties” (BMP) and the second
series of simulations where the material properties were reset to their original material conditions after
each successive blast load, is referred to as the “non-blasted material properties” (NBMP). The results
comparing the differences in the non-blasted (NBMP) and blasted (BMP) material properties are
summarized in Table 7.2 and Table 7.3, showing the percent difference in progressive midpoint

deflection, for plate thicknesses 2mm and 3mm respectively.
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Table 7.2 Results for basted and non-blasted progressive deflections for nomerical simulations carvied ot on 3mm
thack 1est places

ABACQLUS Rectangular
Pressure Pulse Liad
Proeressive Midpaint

Deflection (mm}

C'harge Plate Total Blasted Nan-blasted  Percentage |
Mass | Thickness  Number of Matcrial Material Diflercnce
{g) {mm) Blasis Properties Propertics (")
T 3 2 0.73 31,84 175
5 3 F Y 261 | 138
5 1 4 0.33 245 119
s 3 5 0.07 | 86 101
0 1 2 p4z 301 | 146
TR R 0,39 272 130
10 Z 4 122 164 24
0. 3 i s 04l 0T .
TRl 2 .46 L 18
E o £ 0.63 1.92 7l
15 = 4 0.9 1.09 B
B 5 2.48 T, . 3R
20 B 2 | 81 247 37
20 3 : .85 L1 15
20 3 4 0.18 1.73 B
a0 1 A s .63 0.9% 37
B el 2 224 2.88 6
[ s 3 3 .56 29 7
25 3 4 .93 1.79 18
B 3 5 0.73 |64 51
30 3 2 236 | 35l =
33 3 | .56 221 | 29
i | 3 4 .93 | 46 36
0 3 5 073 ERT 4
e 2 297 13 47
35 3 I 3 .08 146 21
33 3 4 0,92 1.53 34
33 3 5 |08 g 3
40 3 2 L af 4.7 85
40 3 3 . 16s 241 43
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Tahble T.3: Results for Masted and non-Slasted progressive deflections for numerical simulations carrical it an Jomm
ihick test plates

ABADLS Rectangular |
Fressure TMolse Load
Progressive Midpoint

Deflection (mm)

Charge Plate Tutal Blasted Non-blasted | Pereentage
Mass  Thickness | Number Matcrial Matcrial Difference
(o) { o} of Blasts Propertics Fropertics %)
I e | 6.07 B 96
5 2 3 .62 342 8
5 2 4 " s [ 048 3
5 2 5 0.06 193 47 .
T g 136 g T
10 2 3 1.08 | 48 27 i
10 2 4 0.72 = A 35 é
0 T B 0.6 bl 26
s = 2 2.3 .07 34
Tt 3 3 L 48 193 -
i o st 0 e b .

The resulls consistently showed that the proeressive midpaint deflections tor the simalations of non-
hlasted material praperies (N 13MIT) were sreater than those of the blasted materal properties {13MP).
For example. a 3mo thick test plale subjected to 2 blast loads of charee mass 15 resuled moa
prewressive midpoint detlection (difference in midpeint dellection between 2 blasts and a single blast)
of 1.46nun (NBM17), With the material conditions of the fest plale sol to the origing] material
conditions aftur a single bBlast lead. the progressive midpoint deflection was 1.78mm or 18%0 greater
(BMI", This showed that the test plate wnderwent a considerable amount of strain hardeimg when

subjovted 1o repeated blast Toads, changing the stress state of the material,

There were variations in the pereentage difference in progressive midpoint deflections between
MBM?P and BMP simulations. These can be accounted for by Lthe repeatability of the experimental

resulls, where Lhe differences i progressive deflections were often less than one plate thickness,

Figure 7.29 shows the compansans of test plate deformations between BMP and NEMP simulations,
for charge mass of 3¢ with plates subjected to 4 blast leads. charge mass | Sz with § blast loads and

charge mass 35z with 3 blast Leads,

This was conclusive evidence that the residual stresses present tn the 1est plates as a result of the

impulsive repeated blast foading, inhibited 1he defewmation of the test plates.
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Figure 7.2%: Graph of plate deflection, comparing B¥I sl NEMP simulations for charge masses Sg. 15¢ and 35¢ for
varivus repeated blast loads

Residual stresses occurred in the test plates as 4 resull of plastic (inelastic) deformation trom
explosive blast loading, Localised vielding ccowred where the test plate experienced the most plastic
strain. Onee the plate had been impulsively loaded, ¢lastic “spring back™ oceurred which produced
bith tensile and compressive residual stresses e the test plate [105]0 The residual stresses
strengthened the Pdomex steel test plates” restivencss (o deformation, An cxample in industry where 1t
14 desired to introduce residual stresses is shot peening. Shot peening is the process of mechanically
hardening the surtace laver of the stecl. 1o Improve Tatigue strength and resistance 10 craching, The
residual stresses present i the post blasted test plates could be related to the same areas that
experience extensive strain hardening thom repeated blast loads, as both residual stress and strain

hardening oceurred where the test plate material underwent plastic deformation.

The combananon of residual streongth and work haedening cavscd the test plates” progressive midpoint
deflection e be less than 0 there were no residual stresses or strain hardening effects on the test plate.
As discussed in Section 7.5.3 and shown in Figure 7.24. the peak plastic strain at the plate boundaries
and central region. increased with an increase in the number of blast loads. [ the residual stresses
correspond to the hehaviour of the plastic strair. then it conld be sugeested that the residual stresses
had a greater effect on the progressive midpoint deflection as the number of blasis increased. Tt can he
entteluded that the change it material properties (strain hardening and residual stvess<es) have a greater

cftect on the progressive plate detormation than the shape of the test plate. i these caxperimens,
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7.7 Numerical Methods Overview

A concise discussion on the advantages and disadvantages of using the various numerical loading
techniques, namely: AUTODYN, ABAQUS rectangular pressure pulse loading and ABAQUS
CONWERP loading, for simulating repeated blast loading on circular steel plates is presented in this
section. Various aspects of simulating repeated blast loading of steel structures are better suited to a

specific numerical technique, depending on the application and desired outcome.

7.7.1 Blast Loading and Repeated Blast Loading

AUTODYN has various explosive materials readily available in its material library, allowing for the
simulation of the detonation of an explosive, making it possible to analyse the behaviour of the
resultant blast wave travelling toward the target. This is more important in cases where explosive
experiments are carried out in semi-vented or fully confined loading conditions, as shock wave
reflections off the boundary walls are important in gauging the extent of the resultant loading of the
test plate. In contrast, there is no detonation model available in ABAQUS, despite having Eulerian
air-mesh capabilities. Therefore, if the nature of the explosive is unknown or the resultant impulse that
the test specimen is subjected to is unknown, specifying a load in ABAQUS is difficult to do.

With regards to specifying repeated blast loads on the test plate, all three numerical techniques are
compared. The method used in this report to specify repeated blast loads in AUTODYN is relatively
difficult and is computationally expensive to implement, due to the long run times. Once an initial
detonation has commenced and the plate deforms under the specified blast load, it experiences
transient oscillations that propagate for over 10ms. This can result in numerically very expensive
simulations. Simulations with a fine air mesh take a great deal of time to run. Turning the air mesh off
saves time. Nevertheless, the total runtime of the simulations are still far greater than the ABAQUS
equivalents. In AUTODYN, there is no natural numerical damper, resulting in the oscillations not
subsiding. A numerical damping co-efficient has to be assigned, based on a series of initial runs,
which can be time consuming. Specifying repeated blast loads for the ABAQUS rectangular pressure
pulse loading is relatively easy compared to AUTODYN. The test plate can be loaded with multiple
load steps in the form of a rectangular pressure pulse or multiple CONWEP loads can be initiated at
specific times. ABAQUS has a natural numerical damper specified in the code that allows the plate
oscillations to subside enough for the next repeated blast load to be specified, without affecting the
final results.
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CONWERP is an empirical relationship that was developed from experiments carried out in free air
conditions with spherical charge masses. In this project, disk shaped explosives were detonated in
semi-vented conditions. Therefore a scaling factor is required when loading the simulated plates
(chosen as 4.7). This requires extra run time in calibrating the scaling factor to match the known

experimental impulse from the corresponding experiments.

The ABAQUS rectangular pressure pulse loading technique was the easiest to implement and the
most efficient to use in the application pertaining to this project. However on a larger scale (larger
target structure), in free air conditions, CONWEP would be the easiest to implement providing
adequate results. If the behaviour of the explosive detonation is required or the resultant blast load
imparted to the target structure is unknown, then AUTODYN is the best method to use.

With regards to setting up a numerical model the ABAQUS interface is easier to use than the
AUTODYN interface. The ABAQUS interface provides the set-up as a ‘step by step’ process. Also,
the ABAQUS input deck code can be easily manipulated to change any aspect of the model. In
AUTODYN, one has to start from the initial step.
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7.7.2 Numerical Results and Analysis

The numerical repeated loading techniques showed good correlation with the experimental results.
The deformation profiles presented in Section 7.4 highlight the relatively small differences in
deformation profiles between each numerical loading technique. AUTODYN and the ABAQUS
loading techniques are equally good to obtain the structural deformation response of the target
structure, but further simulations on structures with greater complexity should be analysed to confirm
this statement.

For the application of repeated blast loading of a simple steel structure, the ABAQUS CONWEP
loading technique proved to be the best, as the numerical results showed good correlation to the
experimental results and the set up and run time of the ABAQUS CONWEP model is computationally
inexpensive when compared to AUTODYN.

Obtaining stress and strain components, as presented in Sections 7.4 and 7.6, is easier to carry out in
ABAQUS than in AUTODYN. To record the desired stress-strain data separate gauges were needed
to be placed within the simulated test plate. The data from the AUTODYN trial runs showed
inconclusive results. ABAQUS however, proved to be very useful in obtaining the desired stress-
strain data. Sets and paths are created along the profile of the test plate, or any feature on the test
plate, defining the specific elements where the necessary data is to be recorded. The user needs to

define these features and the desired outputs before the model is run.

Depending on the application and desired output of the simulation, the different loading techniques
are better suited in some areas. AUTODYN has good pressure distribution measurement capabilities.
This allows for the analysis of the behaviour of the blast waves, including complex geometries with
unexpected reflections, to be accurately undertaken. ABAQUS however does not have that capability.
Therefore if the resultant pressure distribution is unknown, then loading the target can only be
approximated through literary theory. For an efficient and quick simulation, that is reliable and well
tested, the ABAQUS CONWEDP loading technique provides good results. ABAQUS in general, is
more suited to material deformation behaviour and the analysis of post blasted internal material

properties.
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8 Conclusions

This report investigated the response of circular plates to uniform repeated blast loads. The study was
conducted by the experimental investigation of subjecting the plates to repeated blast loads, whilst
varying the charge mass and target plate thickness, but maintaining a constant stand-off distance, the
outcomes of subjecting a plate to repeated blasts. Numerical models developed in both ANSYS
AUTODYN and ABAQUS were validated against the experimental results providing further
understanding into the transient response and the fluctuating material properties of the plate subjected

to repeated blast loads. Based on the results of this thesis the following conclusions are drawn.
Effect of Repeated Blast Loading on Impulse

Impulse measured by the ballistic pendulum increased linearly with an increase in charge mass for all
repeated blast series on both 3mm and 2mm thick test plates. Repeated blast loading had an
insignificant effect on the resultant impulse imparted to the test plates with negligible variation in

impulse for a single blast up to 5 blasts.
Effect of Repeated Blast loading on Midpoint Deflection

Midpoint deflection of the test plates for all experiments increased linearly with an increase in
resultant impulse (increase in charge mass) for all repeated blast series. Midpoint deflection increased
in a power trend per blast load, for a single blast up to 5 blasts, for all charge masses. The progressive
midpoint deflection between each blast load decreased in a power trend, with the maximum

progressive deflection occurring for a single blast load and the minimum for S blasts.

Equivalent midpoint deflections exist between blast experiments of varying charge mass and the
number of blasts. Test plates subjected to lower charge masses and a higher number of blast loads

have similar midpoint deflections to plates subjected to higher charge masses and less blasts.
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Effect of Repeated Blast Loading on Analytical Predictions

Test plates subjected to a single blast load showed good correlation to Nurick and Martin’s modified
dimensionless impulse ¢, relation. The experimental results showed an increase in deviation from the
dimensionless impulse as the number of blast loads increased, indicating the necessity for a
dimensionless impulse factor to be introduced into the relation, accounting for repeated blast loading
conditions. A similar conclusion can be made for the modified Jones number relation. Good
correlation between the experimental results and the modified Jones number was noted for plates
subjected to a single blast load, but increased deviation to the relation occurred as the number of

blasts increased.
Effect of Repeated Blast Loading on Strain Hardening

Hardness test results showed a significant increase in strain hardening at the clamped boundary and
central region of the test plate. The hardness of the test plates generally increased for an increase in
charge mass. The hardness linearly increased with an increase in blast loads at the clamped boundary

region.
Correlation between Numerical and Experimental Results

The numerical modelling of the test plates subjected to repeated blast loads using AUTODYN and
ABAQUS showed good correlation between numerical and experimental impulse, midpoint

deflection, deformation profiles and strain hardening.

The majority of numerical estimates of impulse were within +10% of the experimental results, for all
charge masses, repeated blast series and numerical modelling techniques. Increased deviation between
the experimental and numerical impulse results occurred for greater charge masses. The numerical
impulse results mostly overestimated the experimental results, as the ideal numerical models use

empirical relationships and do not take into account effective mass of the explosive.

The numerical test plate midpoint deflections showed very good correlation with the experimental
midpoint deflections, for both plate thicknesses, all charge masses and all repeated blast series. All but
two numerical simulétions of the entire range of experiments correlated to the experimental midpoint
deflections within a plate thickness confidence factor. The ABAQUS CONWEP loading results

displayed the most consistent correlation to the experimental results.

The numerical deformation profiles showed good correlation to the experimental profiles, for charge
masses 15g to 30g and all repeated blast loads. Differences in deformation profiles occurred for
charge masses 5g and 10g where the test plates underwent predominantly elastic deformation and for

charge masses 35g and 40g, where thinning at the clamped boundary was present.
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Effect of Repeated Blast Loading on Numerical Plastic Strain

There is a significant increase in numerical plastic strain at the central and clamped boundary regions
of the simulated test plates. The peak plastic strain at the centre and clamped boundary increases
linearly with an increase in blast loads. The numerical plastic strain graph showed similar trends to the
Vickers Hardness graph, indicating good correlation between numerical plastic strain and
experimental strain hardening in the test plates.

Effect of Repeated Blast Loading on Residual Stress

Two separate series of simulations were carried out to quantify the effects of the post blast loaded
material property changes in the test plate on the midpoint deflections. The residual stresses present in
the test plate due to blast loading inhibited the midpoint deflection of the test plate. The simulations
with material properties reset to original conditions showed a greater midpoint deflection than
simulations with material properties affected by residual stress states. This indicated that the change in
material properties as a result of repeated blast loading has a greater effect on the plate deformation
than the change in deformation shape of the test plate.
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9 Recommendations

As a result of the findings and conclusions of this report, the following recommendations are made:

e Tests should be extended to include test plates with an increase number of repeated blasts to
investigate progressive deflections and material hardness trends up to tearing of the plate.

e The geometry of the test plate should be extended to include curved (deformed) profile to
investigate the influence of the stiffness effects due to a change in shape of the test plates and
compare to the work hardening effects of the blasted plates.

o The transient effects of the test plate should be carried out in ABAQUS with various loading
time integrals to investigate the impulsive loading theory.

e Micro material analysis should be carried out to better understand the effects of repeated blast
loading on the change in material conditions (work hardness and residual stress states) and the
effects on the deformation response of the plates. The results of the micro analysis test should
be extended to correlate effects of strain rate along the profile of the plates with micro
hardness and grain size effects.

e The finite element simulation should be extended to include a material failure model to

simulate tearing of the plate and gain insights into the extent of work hardening before failure.
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Appendiz A

Appendix A-Johnson Cook Parameters

Al Uni-Axial Tensile Tests

Tensile wests were carried out on “dog bane”™ shaped tensile specimens. cut from the same sheet metal

wied in the manufacture of the hlast test plates. The tensile tests were conducted on the Zwick/Reell

1484 tensile 1ester, The tensile speeimens were placed nthe Zwick and subjeeted 1o a tensile foree at

various crosshead speeds. ranging from Smumdmin to 10hnmdnin, The Zwick was capable of

measunng the displacement o the gauge length (3thmm) of the delorming tensile specimen and hence

output force-displacement data for the given specimen. gllusirated an Figure Al The Toree-

displacement data was used to deteemine the true stress and true strain characteristics of the steel. until

tailure.
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Figure A1 firaph of force displacement output data tor the tensile test arricd out al [Hmm min
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A.2 Machine Compliance Correction

Due to the stiffness of both the Zwick tensile tester and tensile specimen, the initial rise in force was
not linear, as can be seen in Figure A.l. This non-linear rise was accounted for with the use of
Hooke’s Law. The force-displacement graph was adjusted in order to produce a linear rise in force,
starting at zero displacement. This was carried out by fitting a linear slope from the upper linear
section of the graph and extending it to the zero displacement intercept [10], using the gradient of the
linear region of the graph. The graph was then shifted such that the intercept corresponded to the zero

force-displacement point (origin).

Extending the linear force rise, did not correct the elastic displacement of the Zwick tensile test
machine, both before and after the tensile specimen had undergone non-linear deformation. As
reviewed by Langdon et al [10], “Bonorchis and Nurick [14] accounted for the compliance by
subtracting the displacement at each point by the force at that point divided by the gradient of the
linear slope.” Langdon et al [10] noted that Bonorchis and Nurick [14] assumed the stiffness of the
machine was equal to the stiffness of the machine and specimen in series or the gradient of the slope.
If the stiffness of the specimen was estimated by assigning it a Young’s Modulus of 200 GPa, then the
stiffness as a result of the machine could be more accurately estimated by Equation A.1, as reported
by Langdon et al [10].

The compliance of the machine could therefore be accounted for by subtracting the displacement at

each point by its corresponding force, divided by the machine stiffness. The curve post compliance

adjustment is shown in Figure A.2.
1 1 1
= +
kef f kspectmen kmachtne

g

E=-

€

F

=|A

«-(3)

L

F
Kspeclmen = (KZ)

EA
Kspecimen = (T)

185



Appendix A

2 ( | 1 ) ‘
rmadfone k._rff kspu'fmen

1 L=
Kmachine (m - E) Eg. Al

I'he correeted displacement after the complianee of the machine has been aceounted [or is represented
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Figure A, 2: Graph of lyrve-displacement carve post compliance adjusted lur tensile test carcied oot a1 1Mmm/min
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A3 Yield Stress

When determining the Johnson-Cook material properties, the vicld streagth of the Domex 700 steel
was required. The yield point was the true stress value, where the vurve progressed from linear to non-
linear. indicating that the material had surpassed its clastiv defornmation capabilities and was now
uadcrgoing plastic deformation, Liders bunds oceured in the strength curves from the tensile test
data, sy o result ol dislovstions within the material lattice. T account for these “deviations™ in siress
values, when choosing a vield point. an average of the data contained in the Liders hand region was
lken from the engineering stress-strain curve, betore the data was converted 1o trog siress-strain

values,

The most consistent method of determining the yicld point was 1o use the 0.2% offset strain method.
This method invelved projecting a Dincar line with the siwme  pradient as the linear region
vorresponding to the stress-straim curve, oflsel by 0.2% of the strain. This linear offset was extended
until it intercepts the stress-strain curve. This interception point was takon as the vield siress ol the

materigd. Fraure A3 shows the 0.2% ofTsel vield intercept.
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Figunre A 3: Graph showing the 5.2% offset yield on the engincering stress-strain curve



Appendix A

When simulating the deformation characteristics of the material, the numerical models required the
corresponding true stress ( Gyye ) and true plastic strain ( €4, ) properties as input data. Plastic strain
occurred when the material was stressed beyond the yield point or the deformation that occurred after
the elastic region. The Equations A.3 and A.4 were used to manipulate the engineering data to true
stress-strain.

€Etrye = ln(l + eplastic) Eq A3

Otrue = Oeng(1 + €prye) Eq. A4
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Ad Post Ultimate Tensile Stress Characteristics

The ultimate tensile stress (UTS) was taken as the maximum stress in the plastic region, from the
engineering stress-strain curve. Necking occurred in the material once the tensile specimen was
deformed or stressed beyond the material’s UTS, resulting in a significant change in the tensile
specimen’s cross sectional area. This change in area cannot be accounted for by the Zwick tensile test
machine, therefore the tensile test must be numerically modelled to obtain the post UTS material
characteristics. The post UTS stress-strain behaviour was estimated, where the estimated UTS data
points were used as input data for a numerical simulation of the tensile test and iteratively adjusted to

correspond to the experimental tensile tests.

The output data from the numerical simulation came in the form of force-displacement data and was
thus compared to the experimental force-displacement data. The comparison was ahalysed and if
applicable, the initial post UTS estimate was adjusted and new force-displacement data was acquired.
This process was iteratively repeated until the numerical force-displacement matches the experimental
data.

The initial post UTS estimate was obtained by the approximated measurement of the failed cross
sectional area of the tensile specimen and the final force the tensile specimen was subjected to before
failure. This is described by Equation A.5.

Forcegingl Eq A5

o =
estimate Areagpproximated

The transition between the post and pre UTS data was kept as smooth as possible to ensure the most
realistic estimated stress-strain behaviour. To numerically model the true stress-strain curve, a power
function was used as described by Pickering [10], similar to the power function used in defining the

Johnson-Cook relation.

189



Appendix A

A.S ABAQUS Numerical Model

ABAQUS/Standard was used to simulate the tensile tests experimentally carried out on tensile
specimens. The implicit method was used instead of the explicit method, for greater time efficiency
[104]. ABAQUS allowed the user to input stress-strain data directly into the numerical material
model, allowing for the easy manipulation of the data, required in the iterative process.

The geometry of the experimental tensile specimen made it possible to develop the numerical model
as an eighth symmetry (quarter section through the thickness and half section through the length), as
used by Pickering [10]. The velocity boundary was therefore specified as half the experimental speed.
The symmetry face located on the length of the model was assigned a zero x- displacement, whilst the
symmetry faces through the thickness were assigned y and z symmetry boundaries. This is illustrated
in Figure A 4.

In order for the model to successfully fail in the central area (one eighth x constrained face), a slight
defect was introduced. The thickness of the specimen was reduced by 0.2%, inducing necking at the
defect, as implemented by Pickering [10]. To reduce the mesh size and make the model more time
efficient, part of the specimen which was located by the grips of the tensile test machine are excluded.
C3D8R brick elements were used and geometric non-linearity was chosen, which reduced the
completion time of the simulation. The mesh had a single bias in the direction of the x-constrained

face containing the defect, as illustrated in Figure A 4.
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Ihe post U LS stress-sirain ¢urves were modelled with a power curve relation in the form ol A + 8%,
similur 1o the Johmson Cook strain hardeming term, The power curve was fitted from the UT% 10 a
paint at 300%; strain. The initiel griedient of the power cuwve was manipulated 10 mgke o smosth
transition between the pre LTS curve and the posi LTS curve, s siccesstully carmied out by Pickering
[13]. The imitial chosen point showed force-displacement results thut did net maich the toree-
displacement data of the experimental 1ensile tests. The gradient of the pre-UTS data was increased
and the model was run again with the new inpid. Increasing the pre-UUTS data resulted in the
simulated maximmim foree o increase, bul the shape and failure point of the simadgied [oree-
displacement data. still did not match the experimentul data. Therefore a new point at 30094 sirin was
chosen and a past LTS curve was ed 1o the datu. This method proved o positively change the
shape of the simulated torce-displacement curve, More poinls were iteratively chosen and the
resultant past UTS curves were nsed as input ditt for the simulated tensile tests until the simulated
force-displacement data corresponded 10 the experimental (oree-displacement data. There were many
duta points chosen. but the data points that showed the most promising results at 300% strain are 1110
MI'a, 1200 MPa and 1220 MPa, The exponenliad curves were fitted to the chosen datu points and 1he
resuliant post-L'TS curves were used as input data tor the tensile tesi simudations and are shown in
Figire A5, The corresponding force-displacement output curves from the tensile test simulations [or

the girious duta points chesen are shown in Vigure A6,
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From Figore A6 30 was ¢lear thal the dati point 1110MPa produced the closest correlating foree-
displacerent curve (ted curve) with respect to the experimental foree-displiucermnent cirve (black line).
Therefore. the post-UTS stress-strain curve for the data point 11 [0MPa, visible in Figure A5 {red

curve ), wis used 1o detenming the Johnson Cook parameters.

A6 Determining the Johnson Cook Parameters

The Johnson Cook parameters B and 7 were deleonined by fitting a power curve to the post-UTS
stressestraim carve, 10 the form of A 4+ B, The power curve was led 1o the post-UTS stress-struin
curve using the “difference of squares” method. The parameter 4 was set as the vield stress and
determuned lrom the experimental tensile tests as discussed in Section A3, The power curve fitted

agarnst the post-UTH stress-strain data 15 shown in Figure A7
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Figure A7 Stress-strain graph shewing the Johnson Cook power curye fitted against the post-UTS curve
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The strain rate hardening constant C was obtained from research carried out by Pickering [10]. Data

provided by the manufacturers of Domex 700 was validated from experimental tensile tests carried

out at varying strain rates on the Zwick/Roell tensile tester. It was determined that the linear gradient

of the trend line fitted to the resultant yield points of Domex at each tensile test speed, was 0.014,

which corresponded to a C value with a reference strain rate of 0.001s~2. This C value was identical
to the value used for steel 4340, in the AUTODYN library and was used successfully by Langdon et
al [11], with simulations carried out on ‘V’ shaped Domex 700 steel structures. The thermal properties
m and Ty, 0 Were taken as the values used for Steel 4340 as found in the AUTODYN material library.

The final Johnson Cook values, as used in the numerical simulations of this project are listed in Table

A.l.
Table A.1: Johnson Cook material parameters
A B n €o C m T et
750 MPa 270.6 MPa 0.263 0.001s™? 0.014 1.03 1795K
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Appendix B- Horizontal Ballistic Pendulum

The resultant impulse imparted onto the ballistic pendulum by the explosive can be detenmined by
various measured vartables, A photograph of the pendulum. as shown in Chapter 3.2.2. is displaved

Fizure B.1. A schematic, defining the necessary variables to be measured s shown in Figure B.2.

[-eatn

Counterweizhts

Steel Cables

Sott tip Pen

. Clamping
Ria

Figure B Lz Photograph of horeontal hallistic pendolum
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Figure B.2: Schematic of ballistic pendulum

From Figure A.3, the horizontal distance between the end of the pendulum and the pen is given as:

d, = V(Zz —a?)

Eq.B.1

While at the pendulum’s maximum amplitude, the distance decreases and is given as:

dy = (@2 —[a+y]?)

Eq.B.2

In blast testing the pendulum oscillates at low amplitudes, giving a small angle on the suspension

wires and therefore:
X = R9

RO?
y==

Substituting equation A.3 into A.4:

2
=%
Y= 2k

Substituting equation A.S into A.2:

22105
d;, = [Zz— (a+ ;—;) ]
From Figure A.3:
X = AR + d1 - dz

Xy = AL—d1+d2

Eq.B.3

Eq.B4

Eq.B.5

Eq.B.6

Eq.B.7
Eq.B.8
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Substituting equation A.1 and A.6 into A.7 and A.8:

0.5

X, = AR++J(ZZ=a?) - [z2 — (a+ g)zl Eq.B.9

212705
x; = AL— (zZ—a2)+[zz— (a+2) ] Eq. B.10

The linear equation of motion of the pendulum assuming viscous damping is given as:

X+28X+w,X=0 Eq.B.11
Where:

B= Eq.B.12
Wy = 271r Eq. B.13
wg = (wi—p*)°0* Eq.B.14

C is the damping coefficient, M is the total mass of the pendulum and T is the natural period of the
pendulum’s oscillation.

The solution for the 2™ order differential equation A.11 is:

X = e~ Pty sin(wgt) Eq. B.15

Wy

Where X, is the initial velocity of the pendulum. Then if x, is the horizontal displacement at t = T/4
and x, be the horizontal displacement at t = 3T/4. Substituting these values into equation A.15:

xy = 22T gm02ST | Eq.B.16
xy = 2L gm02spT Eq.B.17
And therefore:
X1 = gO0S5BT Eq.B.18
X2
Rearranging gives:

= 2 (2
B=2m (x,) Eq.B.19

From equation A.17:
%o = g 02T Eq.B.20

The impulse can be determined from the mass and the initial velocity of the pendulum:

I=Msx, Eq.B.21
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Appendix C- Pressure Measurement Blast tests

This section explores the behaviour of the resultant pressure wave from a detonated blast, travelling
down a tube. Due to the stand-off distance- charge diameter ratio of the blast loading experiments, the
test plates were assumed to be impulsively uniformly loaded, allowing for certain approximations to
be made with regards to the resultant energy transferred to the plate. Therefore, little was known
about the behaviour of the pressure wave before and the moment it interacts with the test plate. This
had given rise to the necessity of measuring the blast load incident pressure impacting the test plate.
The experimental pressures could be compared to the numerical equivalents, used in the numerical

modelling of the blast load experiments.

C.1 Experimental Configuration

The blast experiments were conducted by placing a mass of PE4 plastic explosive, centrally located at
one end of a mild steel cylindrical tube. The tube was 150 mm in length (supplying a constant stand-
off distance) and had an inner diameter of 106 mm (constraining the blast area). The other end of the
tube was fastened to the front clamp plate, also made of mild steel. The front clamp plate was fastened
to the rear clamp pate. The rear clamp plate has specialised fittings that housed the pressure
transducers, used to measure the incident blast wave pressure. The front clamp plate, rear clamp plate
and tube are all attached to the horizontal blast pendulum. The pendulum was freely suspended by
steel cables, which allowed the pendulum to evenly oscillate once an explosive charge had been
detonated. The resultant impulse from the blast was calculated from the amplitude of the pendulum’s
oscillations. The set-up was exactly the same as the experimental set-up described in Section 3.2.2, for
the deformable test plate experiments, save the rear clamp plate that houses the pressure transducers.

A diagram of the Blast loading rig was visible in Figure C.1.
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Cross Section View I[somecimic View

Cylhindrcal
Tube

PE4 on
Polvstyrene

PCB
Pressure
Transducer

Frent
Clamyp
Plate

Eear Clamp
Plare

Figure 705 Iagram of blast loading rig wich pressure teansduocer inserted

Various parameters regarding the charge set up have heen kept constant to illuminate as many
vierinhles as possible, The parameters are displayed in Table C.2,

Table C.2: Constant experimavntyl parameters

Stand-Oft Distance (mm) 150

Charge Diameter (mm) 3

Charge Mass (g) o
C.2 Pressure Transducer Set Up

The ineident blast wave pressure was measured with PCB 119B12 pressure transducees, The pressure
transducers were placed in three different locations on the rear clump plate within the evlindrical tube;
the centre of the blast area and at radil of 25mm and 4%mm from the centre. The locations are

schematically shown in Figure CU1.
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D1oEmm
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1 3
25mm
i
L3
49mm
te., Prossure
{ Transducer
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Figure €712 schemutic ol pressurc dransdocer placement in rear clamp plate

To successtully measure and record the incident pressures. the transducers have to be comected to a
series of components 1o amplity the stanal, capture and process the incoming duta, The sigmal Trom
the pressure transducers was amplified using a Kistler charge amplifier, model (1013A), with a
sumple rate requeney of 200 KHz (used due to availability), The necessary settings were calibrated
using a shock tube and the certified sensitivity of the transducer was ziven as 354 pCMPy (pressure
transducer serial #: 6310, as specified by PCB Pievotronics. The required settings for the Kistler
charpge amplifier were correctly entered to accurately amplify the charge. Firstly the correct units
{MPa) and the expected pressure range were chosen for the required measurement, The sensitivity
specified by the transducer manufacturers was set {35 4pCMPa) and the magniflcation factor wis

chosen D0V Pa'Vv ),

The pressure transducer was connected to the input BNC connection of the charge wmphler. A PC
with a data capture card was connected to the output BNC ¢onnection of the charge amplilier, A
phetegraph of the Kistler charge amplifier is shown in Figure C.2.1 and the front input console tor the

amplifier is given ju Figure £.2.2,

200



Appendix C

Figure C.2.1: Phatograph of Kistler Charge Amplifier, model 10154

Range
Current Pressure
Reading
MinMhax Pressure
Transducer e Readings
Sensitiviry oS

LP otr

Measuring

D and Low Pass urits per volt

filter sentings Start! Stop

Measureient

Input Adjustment
Dial

Figuee C.2.2: Front input cansole of Kistler charge ampliticr
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The data recarding was started using a simple igger svstem. The trigeer acted like a “iip wire”™. as
the civcult hroke, the resultant voltage dropped to a specitic value where the data capture commenced.
The “trip wire” was placed directly in Jront of the explosive charge and  therelore broke
instantatecusly as the charge was detomated. This also allowed tor the data recording to start hefore
the blast wave imeracted with the pressure transducer, ensuring the puual peak pressure was nol
missed, The trigger was connected tooa resistor (1M 0 parallel which foreed the current to 1ake the
least resistance through the less resisiive “trip wire™. Onee Lhe “trip wire™ was broken, as w result of
the blast, the current travellcd through the resistor, producing a voltage spike of approximarely 3V,
This vollage spike acted as the start tongger for DAOPior 10 start recording the voltage (pressurg)
transmitted by the transducer. The trigger system, with the “tip wire” is presented in Figure C.2 5, A
simple schematic of the ¢irewt diagram for the connectivity of the pressure transducer and the trigger

svstem s shown i Figure €24

Polystyrene Explosive
Chatge

Contiected in Parallel with
resistor

Figure C.2.5: Photograph of “trip wire” relative to cxplesive charge amd polyvstyrene
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PO with TYAQPar and ata Kstler Charype
Charpiuers ol g

Pressun:
Transalueer

Povwer oy

Rl owding
[ie

Resistor
Trigger System

Figure .24 Simple schematic of pressure transdocer connectivity and all necessary components

I'he amplitied signal was recorded using DAQPilot software with a PCI9512 data capture card
installed, capable of measwring up to 3 Mtz frequency sample rate. The DAGPor soflware reguired
an initial set-up that was easily navigable through a software wizard, Two channels were chosen, one
for the input signal and one for the output signal (A1 U and Al 1), The sampling rale wus specified as
1 Mz, ideally the sampling rate must be as high as possible to capture the blast wave evenl that
accurred within micro-seconds. The sampling rate was constrained by the available equipment. A
trigger source was chosen as channel § and the trigper mode was selected as “middle”. enabling
recomding to start before the trigger was activated, again ensuring no initial data was lost. The trigger
polarity was sel 1o negative and the trigger activation volage was defined as 3V, corresponding to the
virltage [Torm the resisior in the trigeer svstem, The incoming data was then organised and processed
using MATLAB, which recorded the raw data and graphically represented the resulls as an X-Y dala

set.
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C3 Pressure Measurement Results

Blast loading experiments were carried out using the cylindrical tube (fully vented explosion) and
without the cylindrical tube (free air explosion). This attempted to eliminate any of the unknown
effects caused by the tube. The peak pressures from the constrained explosion experiments were
tabulated in Table C.3. The free air explosions, along with the predicted incident pressures were
determined using Bakers equations for free air explosions and the results are listed in Table C.4. The
results from the experiments are graphically represented in Figure C.2-Figure C.4. The numbers
presented in the graphical legends indicate the number of the experiments carried out on the pressure
transducer. Several experiments were conducted in order to obtain experimental repeatability

confidence in the pressure measurements to ensure the accuracy was acceptable.
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Figure {.3: {iraph of blast pressure chacge Incated at radios of 25 moan (Tule)
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Figure C.4: Graph of blast pressure charge located at radius of 4% mm (Tube)
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C.3.2 Free Air Explosions

Table C.4: Peak pressoces for free air ey plisions

Radius
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1 2148 :
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Figure (O.5: Craph of blast pressure charge Jucated ot the cenire of the st plate (free air explosion)
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C.4 Discussion

C.4.1 Constrained Fxplosions

From the graphs in Figure C.2 - Figure C.5 The results confivmed the incident pressures [rom the
explosive detonation in constrained loading conditions were successfully measured using a PO
pressure transducer. Adso, it was evident that the centre of the plate experienced greator pressures than
the outer regions of the plate which is visible from Figure C.6. The decrease in pressure was firted
with i sccond order polynomial trend line. As the divs ol the plate increased from the comtre, so the
incident pressure decreased from 248.05MPa (centre) to 7R.01MPa (radius of 49mm). Lhis was
approximately a 69% drop in pressure.

300

# (m

B25imm
250

A 49mm
200

Pressure (MPa)
g

8

50

0 10 20 30 4a 50
Radius from Centre {mm)

Fipure €6: Craph shewing the decrease in pressure from the centre of the ast avea to the ouler region

However, the results from the constrained explosion experiments displaved some inconsistencics.

These incomsistencies came in the form of the lack of repeatability between cach consceutive
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experiment where the same loading conditions and recording methods had been implemented. For a
charge placement at the centre of the blast area, the percentage difference between the maximum peak
pressure (248.05 MPa) and the minimum peak pressure (109.86) was 56%, between two consecutive
blasts under the same loading conditions. More concerning was the fact that no other results from all
four of the blast experiments correlated with one another. The peak pressures for experiments
conducted using the tube and charge detonated at the centre of the plate seemed to vary drastically
with no repeatability and fell in a rather wide range of possible values. The same could be said for the
constrained experiments carried out using the tube and charge detonated at a radius of 25 mm from
the centre. The percentage difference between the maximum pressure (136.47 MPa) and minimum
pressure (19.29 MPa) was 86%. The experiments conducted with the charge detonated at a radius of
49 mm from the centre displayed somewhat repeatable results with a maximum-minimum peak

pressure difference of 10%.

C.4.2 Free Air Explosions

The free air explosion experiments showed a similar inconsistency as the constrained experiments
using the tube, which were graphically represented in Figure C.5. The results for the free air blasts 1
and 3 correlated acceptingly with Baker’s predicted results, as the values fall within 18% above and
below the predicted value (24.56 MPa). However, blast 2 of the free air experiments, fell far below
the predicted value and measured only 4.98 MPa, which was not consistent with blast 1 and 3.

A reason for the inconsistencies in the experimental pressure measurements, for each blast area
location, was due to the ability of the hardware to effectively capture the extremely high speed of the
blast. The sampling rate of the charge amplifier (200 kHz) was simply not high enough to
successively capture all of the pressure-time data from the incoming blast wave. If the sampling rate
was not high enough, then the initial peak of the incident pressure would be ‘missed’ or not processed
by the charge amplifier, as the initial peak ‘event’ occurred in an extremely small time differential,
resulting in the inconsistencies between each consecutive blast test. From the graphical
representations of the pressure-time histories of the experimental results, in some cases where the
incident pressure peaks varied considerably with one experimental value being far greater than the
next, the decay region of the measured pressures seemed to correlate with one another. The decay
correlation is evident in Figure C.3, between experiments 1 and 3. This reconfirms the theory of the
initial incident peak pressure not being captured by the hardware, due to insufficient sample rate

capabilities.
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 Bgs. Comparison with Numerical Pressure

The pressures measured from the fully vented and Tree ain loading experiments were compared with
the numerically  simulated  pressure values. The pressure-time  histories were extracted from

ALUTONYN simulations. The comparisons are ilustrated in Figures C.7-C 1.

B0 — First Experiment
I —= Sevond Expenment
o Autedyn

Pressurc (& Pa)

o 000002 0.00004 000006 Qo003 00001 00o00: 0.00014

-1{H}
Time {5}

Figure C.7: Graph comparing ¢xperimental and ALTODYN numerical pressure-time histories foa the centre of the
biast area

210



Appendix O

BO0 B
—— Cxperument 1
——Expertnent 2
500
——AUTODYN
400
£
= 104
z
E
r X0 |
100 |
i o s - il -
‘ 4] 00000 Q00004 CO0006 QO08 DL 0.2 (BN 3 E)
| 100
| The {5)

Figure C §: Graph comparing experimental and AUTODYN numerical pressure-lime histories for a radivs of 253mm
from the centre

| - _ S
i 600 |
! ‘ —— Lxpenment 1
_ ——Expenment 2
500
: ! == ATTTODYN
a40x]
=
S 300
=
o
==
&+
X
=
G
100 |
i
u L bt 2.4 L
o] 000007 000004 Q00006 000008 0.0001 000012 000014
-1iH} Time {s)

Figure €9: Graph comparing experimental and AUTODYN numerical pressure-tiome histories for a radius of 4%mm
from the centre



Appendix C

300 - o
—— First Experiment
—— Second Cxperitent
250 g .
—— Third bxpenment
—ATITODY N
i 200
2
= 150
ol
z
£ 100
%0
| |
ﬂ m&— o ur— 2 e,
0 000007 O0E0s D000 QUOND0R 0 0a01 Luod1:  0.00o01s
-50 .
Time (s}

Figure C.10: Graph comparing experimental and AUTODYN numerical pressurc-timd historivs e iree sie blas)
lpads

Figure C.7 illustrates a reasonable correlation between the initial peak prossures of the experimens
(248,05 MPa) and numerical simulations (222MFPa), with a [(.53% difference in the range of blast
leaulimg times up e 70us, Disrcgarding  the inconsistency  or non-repealability  between the
experimental pressure readings, the correlation between mnnerical and experimental results indicared
the pressures were measured successtully. This showed the numerical wark could be implemented in

simulating the explosive blast experiments.

At a radius of 25mm from the centre of the blast area. the numerical (AUTODYN) incident pressure
peak (183MPa) was 26% higher than the experimental equivalent {137MI"a) and the comparative
pressure-time histories had a vastly different shape to one another. At a radius of 49mm trom the hlast

centre, the numerical ( 131MPa) and experimental (73%Pa} incident peak pressures differed b 440

The pressure-time comparisons between the experimental and munerical results, bevond 7flus at the
centre of the blasi area, drd not correlate. From Tigure C.7, secondary pressure spikes were ohserved
as a resull af compound pressure refleciions within the rgid evlindrical tohe, The numerical
(ALUTODY N peak pressure for the secondary spike (338MPa) was 73.4%0 greater than the

experimental secondary reflective pressure spike (143.02MPa). Due 1o the complications in various
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transverse reflections occurring inside the cylindrical tube, AUTODYN may have difficulties in
simulating the pressure history in exactly the same manner as the experimental values at specific
locations on the blast area, but was more successful in simulating the pressure holistically throughout
the blast area. The impulse resulting from a charge mass of 10g for the experimental results (21.91Ns)
correlated within 1% of the numerical results (22.14Ns), as can be seen in Section 7, allowing the
assumption that the simulated blast load and the experimental blast load imparted similar damage to
the respective test plates. These inconsistencies may have also occurred from assumptions made with
respect to numerically modelling the cylinder walls as perfectly rigid and reflective boundaries, with
all the energy maintained throughout the course of the blast event. In reality, during the experimental
blast loading tests, the cylindrical tube was not perfectly rigid and reflective. There were
imperfections along the tube walls and microscopic gaps where the tube was fastened to the test plate,
allowing gas to escape. These factors may have caused the incident pressure wave to behave
differently in the experiments when compared to the numerical simulated scenario. These ideal
assumptions may have also explained the different shapes of the pressure-time histories between the
experimental and numerical results at radii 25mm and 49mm from the centre of the blast area. The
large secondary numerical pressure spike seemed to only be present towards the centre of the blast
area, as can be observed in Figure C.7 - Figure C.10, where at the outer regions of the blast area, the

numerical pressure decay seemed to follow the experimental pressure decay.

The numerical results for the fully vented explosion simulations, generally over predicted the incident
pressure and at the centre of the blast area, produced large secondary pressure spikes, assumed to be
reflective complications inside the cylindrical tube. This was not the case for the numerical
simulations of the free air explosions. From Figure C.10, the numerical incident peak pressure
(13.6MPa) under predicted the experimental peak pressure (29.2MPa) by 53%. There was also no
evidence of any reflective pressure spikes in the free air explosion simulation, only a smooth pressure
decay, correlating to the experimental equivalents. This further reinforced the issue of the
complications involved with compound pressure reflection off the cylindrical tube walls, by assuming
ideal reflective boundaries and rigid bodies.

213



Appendix D

Appendix D — Drawings
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D.2 Tensile Test Specimen
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Appendix E - Theoretical Formulations

E.1 Rankine — Hugoniot Jump Equatiens for Detonation Wave

Conservations

Conservation of mass:

poD p1 (D — Uy) Eq.E.1
poD
o P = .E.
PL=pT U Eq.E.2
Conservation of momentum:
Py — Py = poDUy Eq.E3
& Py = Py —pyDU,4 Eq.E4

Conservation of energy

P, (Ug-D)? P, D?
_+____.+e =_+__+e .
1 2 1 Po | 2 (] Eq.E.5

u; 20,0 P, P

~e= et o— — P Eq.E.6
u: P, P
e1— e+ 7"=;‘;-;:—+Udb Eq.E.7

- Substituting Equation E.5 and E.6 into equation E.7 and utilizing the specific volume of

the material, v = %, hence the Hugoniot equation can be written as:

216



Appendix E

1
€1~ € = '2'(P1 = P)(vo —vy) Eq.ES8

E.2 Refleected Pressure Wave

Blast loading experiments conducted with the use of a blast tube, are primarily carried out to direct
the blast wave accurately and consistently towards the test specimen. The use of a blast tube
eliminates any undesirable variables that may influence test results and tests can be easily repeated at
a known stand-off distance and charge placement. This following information is obtained from
publically available information supplied by Perdue University, school of aeronautics and astronautics
[106], and is an exercise developed to better understand reflected shock waves in a shock tube. The
pressure and velocity characteristics of the reflected shock wave are derived using the incident shock

wave’s velocity measurements.

Incident Shock
2 1) 2 1)
167) Us Vi, v
—_— —_— D <+
=Us-U2 = Us-Ui
Ui=0
=Us
Si S
Reflected Shock
(V) () ) &)
UR ¢————
VR, Vg
Us=0 —— e o
= Urt+Uz = Ur-Us
U2 —» =Ur
Sr Sk

Figure E. 1: Flow Situation Before and After the Reflection of a Shock Wave from a Rigid Wall. Region 5 is Behind
the Reflected Shock Wave [106}]

217



Appendix E

Figure E. 1 depicts the idealised particle flow velocities associated with the reflection of a normal
shock wave in a uniform tube, from a rigid body at the end of a tube. When the normal shock wave SI
(Figure E. 1), traveling at a velocity Us relative to the stationary tube, impacts the rigid end wall, it is
reflected as a normal shock wave SR (Figure E. 1), which travels in the opposite direction into region
(2), with a decreased velocity UR. The remaining gas flows into the shock wave with a relative
velocity, Vr,, where Vg, = U + U,. When the particles impact the end wall, their relative velocity is
zero (Ug = 0), therefore it is stated, the gas transfers all of its kinetic energy on passing through the
shock front SR into the region of the reflected shock, therefore increasing the properties of state the
gas in this region, above those in the incident region, as mentioned before. The reflected shock front
can then be treated as a renewed shock wave advancing out away from the impacted end wall, with
high temperature, density and pressure gas. The flow velocities relative to the reflected shock front are

written as:

Vg, =Ug Eq.E.12

Ve, =Up + 1, Eq.E.13

Thus the Mach number of the gas ahead of the reflected shock is defined by:

M, =2 Eq.E.14

NOTE: Mg, # M

Writing the conservation of mass for the flow through the reflected wave we

have:
P2 Vi, = Ps Vg, Eq.E.15
Substitution of Equations E.12 and E.13 into Equation E.15 gives:

Pz(UR + Uz) = psUyg Eq.E.16
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This can be rewritten in the form:

U, =(Ug +U2)[ _B;]

Multiplying and dividing the right hand side of Equation E.12 by a, and making

Ps

use of the definition of My we can further write that:

U, = a2MRzl:

Pz

Thus substitution of Equation E.19 into E.18 and using E.19 gives finally the

important relation that:

Using the relation that a* = yRT and the equation of state, we can write that:

[

a

)l

a,

_&]
Ps

p»/ps may be found by relating reflected shock to Equation E.29, i.e.

('y - I)M2 +2

(v+ 1M,

2,

Py Py
P P>

U=aM,

e

Substituting for p,/p, from Equation E.4 yields:

(

a,
a,

_)2 _

P2
P

1+

Yy-1p,

y=1,_

y+1p,

l

Y+1

il

P,

Py

]-1

Eq.E.17

Eq.E.18

Eq.E.19

Eq.E.20

Eq.E.21

Eq.E.22
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From the normal shock relations we had:

P _2M;-(y-1)

.E.23
P Y+1 Fq
Relating this to the reflected shock we have:
&=27M§’—(Y_1) Eq.E.24
) y+1 a5
Solving Equations E.20, E.21, E.22, E.23, and E.24 for ps / p, gives:
+1
Y l + 2 pl
Ps _ Y~ P,
P, 1+ Y+ 1 P Eq. E.25
Y-1p,
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Appendix ¥ - Additional Experimental Results and Graphs

F.l Relationship between Impulse and Charge Mass for cach Repeated

Blast Sceries

The linear trends for the impulse versus charge mass of each repeated blast load (plate thicknesses 2mm

and 3mm} arc compared and illustrated in Figure F, I-Figure F. 3,
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Figure F. 1:Graph of impulse versus charge mass for plates subjected tooa single blast
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Appendix B

F.2 Relatinnship between Midpoint Deflection and Repeated Rlast

Alternative graphical representations of midpoint deflection versus the number of blasts, displaving

positive power trends, are presented.
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Figure F. 6: Graph of midpoint deflection versus the number of blasts for all charge wasses and plate thickness of 2Zmm
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F.3 Equivalent Midpoint Deflections ol Repeated Blasts

Figure F. 8 and Figure . 9 display the cross scetional test plate profiles for various charge masses at
various repeated blast loads, The midpoint deflections are similar for each example, but the overall global
deformation shape differs for different repeated blast loads. As the number of blast Toads increase, so the
detormation profile becomes ‘rounder’. Variations in deformatien protiles were discussed in chapter 3.4

The number of blast loads had an effect on the deformation shape of the test plate.
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Fipure F. 9 Graphical illustration of midpoint deflection equivalencies for 2mm thick test plate subjected te 2 202 blasts
and 1 25g biast
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F.4 Relationship between Progressive Deflection and Repeated Blast

Load

Table F. 1z Results for the progressive deflection between eaeh soceessivie blast load. for 2mm thick plates

Charae ].}h'_ = Number © Impulse Midpufni Prngre&fsive
Mass (2) Thiclkness of Blasts . (Ns) Deflection Deflection
{mm) {mm} {mm}
T T i Bar il Tan D T as
2 2 (23 518 . [l
2 2 3 1260 + 54 1 025
2 4 12,75 5,56 .16
2 S |2.85 383 ¥27 i
2 1 2102 9,25 935 |
2 2 201 10,61 136
10 2 A 2021 1ed | 03
2 4 19,61 11.68 0.04
2 5 20,24 PEE .59
2 l 2679 1302 1302 |
15 0 2 29,04 14.43 141
e 2645 16.12 .69
- 2 1 3750 16.28 1628
2 2 i 7.5 | 130
23 3 ] R BEE 17.73

-t
(o]
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Tulde 1. 2: Results Tor the progressive dellection beiween cach successive blast load, for Imm thick plates

Charee o [fla.m Number of  lmpulse _"'rluipn!nl ngnﬂfﬁ“ﬂ
Mass () Fhickness Bl (Ns) Deflection Deflection
imm) {anarn ) {mmj
e 3 1 1189 28 1.28
R 1w 12.40 1.82 bisg
5 3 3 12.28 1.9% 016
3 Z 11,76 L7 0.74
3 5 11.63 2.10 0.67
3 L 21.91 503 5.03
3 2 21,25 6.25 122
0 3 3 21.12 6.3 0,60
T 4 21.64 7.46 0.6l
3 5 2191 741 045
E | 117 7.27 T
3 A 8.73 e
15 3 3 30,41 9.38 0.6
. o 1 29499 1028 0,90
3 5 2937 | 1076 0.48
I S 1 34,19 5.07 9.07
i 3 2 3348 10.64 e
21] 3 3 35.28 .84 1.20
3 4 36.12 12.68 0.84
3 5 36.12 13.14 0.46
3 | 41.69 11.84 |1.84
3 = 44,60 12.43 v.39
25 > 3 4419 13,80 1.37
3 4 43.56 15.79 19y
= S 4251 15.85 006
3 e 47,00 12.80 12.80
3 2 50,26 15.36 2.36
30g 3 3 18.33 16.73 &
R 4 4746 16.86 013
B 3 5 4939 T8 155
3 ! 51.40 14.21 2|
L 2 - 49.32 18.2] 100 |
35g 3 3 52.75 18.47 .26
3 4 19.22 19.96 .49
p 3 5 463 21.28 o
3 | 59.84 16.20 16.20
b = 58.56 17.97 e |
£ 3 3 5410 2136 1.39
3 3 e NA NA
By}
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Appendix F

F.5 Relationship  between Vickers IHardness and HRepeated Blast

Loading

The graphs of Vickers hardness for charge masses 150, 202 and 25g, for the comresponding repeated

blasts are presented here.
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Figure b. 10: Graph of ¥Vickers Hardness from the centre of the plate to the clamped boundary for charge mass 15z
and all repeated blast loads
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Appendix G

Appendix G — Additional Numcrical Results and Graphs

G.1 Comparison of Experimental and Numerical Impulse Results

The numerical impulse compared with the experimental impulse results are graphically shown in
Figure G 1 -Figure G 8 and histed in Table G, | and Table G, 2 for plate thicknesses 2mm and 3,

The impulse dilTerences between each numerical loading technigque and the experimental results are

presented alongside the impulse resalrs,
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Tahle £ 1 Comparison of experimental and numerical impuolse resalts e g plate fhiclness T, charge masses 52 to 252 and all repeated Blast Toads

) o Tt pulse {Ns)
: | Charge Plale ; | AUTODYN. Ricnt:?;ifar llt::::fitiir A:RA.Q.”? 5 E}H*Q.IES
Nanticiok Viass Thickness Fypuripuaiiay LIPS . Faperimental Pressure Pressure Pulse {'U'\w . (_.(J_\.W .
Blasts (™Ns) M%) B l . . Leading Experimental
izl fmm) " Differemee (N3} Pulse Loading | -Esperimental : : :
(Nsj) | Difference (Ns) 09 Hilieeenec )
! 5 2 11.89 11.39 0.5 K .09 12.59 Lo
2 5 e b oame o dew TR SRR gmmw S 15,49 169
3 5 7 12,28 11.39 (1,89 11.93 -0.35 12,58 0.3
ot 3 2 13,13 11.39 -1.74 11.91 e
5 g 2 11.63 11.39 124 11,85 0.22 | 1294 .31
i It 2 21.91 22.14 (.23 2 08I T 029
2 N 22 a2y | a# T aiy [T @4y 0 aan ¢ 0.95
R 10 2 21.12 22.14 .02 2 N .88 114 0.28
4 14 2 3138 204 076 JLhE 047 B (138
o B 2 21,91 22.14 0.23 21,64 -0.27 19.8 |
L s 2 I Wis | -le2 =T N =
2 IR 2 gagr ¢ ding .85 20,62 0.45 29.| 0,07
i s 2 3041 1412 0.61 2908 -1.33 282 2210
4 5 0 300,41 31,02 0.61 29,31 o] 28,06 =38
[ 20 2 34,19 39.93 5.74 34.62 0.43 1891 472
k . : St e e R e
3 20 2 35,28 3693 4.65 | 3549 -0.00 36,98 1.7
I 25 g 41.69 47.17 5.48 R sy 16l
2 25 2 44.6 4707 257 | 4063 ‘ -3.97 | ghey 023
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Table G 2; € pmparison of cxperimenta] and numerical impulse resolts foe a plate thichness 3mm. eharge masses Sgto g and sl repeated bl boads

y Im_pulse (Ns} ]
: : I45- 5
Charge | Plate : AUTODYN- | }i:?{::ﬁqlﬁ?ﬂr l{::::ﬁ:u:u S i ARACHLA
i Mass | Thickness Frpeemuntil AIIT(.)IH’N Experimental Pressury Prﬁsaur; Fulse ('DNWFP _C{}N.‘ﬁrF_P—
Elasts (Ns) {N5) : 3 ; : : Loading Laperimental
o} {mm} Ditference (Ns)  Pulse Loadiog -]T.x.penmﬁnlnl : (Ns) Defferoriio (N6)
(M=) Ditterence (Ns)
] 5 3 TEE s 0501203 0.14 12,62 073
5 i oA 04 N3 -1.01 B 13.07 gy
S 1139 .89 12.01 w027 | 1z 0.14
1 5 3 13.13 11.39 Al 2os <108 12.04 -1.09
5 5 3 B g 1138 L o o T -
1 0 3 21,9 ST ¢ ewx | oE) 091 24 0.49
2 10 3 21.25 2204 0.89 21.2 -0.03 e O iEs
3 o 3 i 22,14 .02 e Y 2079 0.3
T T 2214 0,76 | 2103 0,33 22,47 A
5 o | 3 2191 2314 025 | 2002 | w99 | 210 037
1 15 3 2017 31402 1.85 28.62 0.55 342 225
2 B e B E B .85 3069 152 34 1.25
3 15 3 3041 362 | 06l | 3mE 008 36K 0.27
4 15 3 3041 31,07 sl 333 (.06 ETE QAR T
5 E 3 29.37 3L 1.63 R 2848 0,92
[ 20 3 W19 3993 5 74 36.3 211 38,39 4.20
2 20 3 35.48 993 445 16.23 0.75 | 3706 L
3 20 B 1578 343 4.05 37.04 .76 36,4 112
3 20 3 36.95 39.93 2,98 91 | 001 | 3716 | 021
LR B T NOETE R (R R R
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Appendis G

G.2 Comparison of Experimental and Numerical Midpeint Deflections

The praphs of numerical and experimental madpoim dellection versus charge mass. for the plare
thicknesses Znmm and 3 all charge masses and rhe remaining repeared blast serics are presented in

Figure G U -Figore G 16, The results are lsted m Table GO 3 and Table G 4,
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Tuble G, 3:Comparison of experimental wnd numerical midpoint deflection results for a plate thichnes 2mm, charge masses 3g 1o 25 and all repeated blast loads

Midpoint Deflection {mm)

’ .| ABAQUS ] e
Charge Plate . - ) :!.l_]T(:.I' TIYN- th:st::::l;lltl_l Rectangalar i #IH.QI.:?" fﬁ?\\:‘?}i‘;
Number of Mie  Thick Experimental  AUTODYN | Experimental B Pn-ssul:l: Puise | LUI\\"}"I'.]‘ Ewrnicatl
Blasts (mm) {rmm} Differenee/t : : -FExperimentul Loading 53, 4
{a) fmm} "ulse Loading re Dillereneedt
{mm) Difterence/t trmy)
{nim) {num)
(mm)
e el 173 2.92 4.4 5.29 0.78 271 T
N 2 S5 3.79 068 536 011 4.54 kS
™ 5 2 54 559 0.09 SO 0.29 498 .21
. 5 3 5.56 5.75 0.10 6.41 .43 5,51 s |
el 5 2 583 5 88 0.02 6.47 032 56 012
| 10 2 9.25 8.81 .22 9.37 0.06 S 477
2 10 2 10.61 042 0,09 s, . 0,06 9.33 063
TR 10 2 11.64 068 | 048 1181 0.09 074 .45
i 10 3 68 | e [ 029 s R 1147 WL
5 10 2 1227 | t2s | sl 3.3 0.13 12.45 .09
| E 2 13.02 1362 | 0,30 12,16 0,43 1.6 0.7
2 15 2 14.43 1485 0.21 14,19 .12 14 40,22
3 L 2 16,12 15.26 A3 15.67 0,23 15.76 1018
| el 15 2 NA NA NA NA NA NA NA
SRR B oy 16.28 o0 T 161 14.32 0.98 1470 279 |
N 2 1758 1711 0.23 1665 047 17.54 e
e R o 2 T NA TNA NA NA | NA NA NA
I 25 2 17.73 1536 119 15.98 -0.88 173 0.02
2 25 3 NA NA NA NA NA NA NA |
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Fable Co 4 Comparson of experimental and nomerical ooid poond delection resulis for o plate doekaess 3oon, charge masses 3g o 40z and all repeated blast huds

Midpoint Deflection {mmj

| ! : ABAGLS ol
d 1 4 i o B / i I
Bl Plai ! AUTOIYY M- ARAQL - Kectangular ABAQLS- C‘[]Z'?\(’ﬂ:é?-
Sumber of | rg T e v Fxperimental | AUTODYN | Experimental Reetanzular Pressore Pulse CONWEP S
T Muss | Thickness 2 o : Experimemal
Blasts (mmn) {mm) Dhtference/t PPressure Pulse  -FExperimental | Loadiog -
() {mm} : Pk Diftereneet
. {mm} Lowding (mm} Difterence/t | {mm}
{mn}
g {mm}
| = 3 1.28 . 9 : ¢ A 243 : 3% .46 -1
2 5 3 1.82 1.6% -0.05 315 (.45 198 0.03
3 s 3 [ 98 _ 2[!4 oz 34 0.47 _ 207 {103
4 5] 3 AR I 011 373 0.3 2 -0.27
3 - 5 3 2 2.6 w17 3.8 0.57 2.61 a.17
: Kl . e 404 | 035 AR E4H *0.43
2 [0 3 B.25 5.97 .04 .53 .09 611 -1.03
i 10 3 683 . e 0.1 6.92 002 .03 .07
| 1 [ 3 TG 5.00 .18 514 .23 7.96 QL7
5 10 3 : L . R .0 B.55 n21 B.57 .22
I I3 3 T ' 770 .14 i i N o B 1.1
2 15 i g 470 0.3 7,49 0.25 §.93 (.07
i s 3 935 ¢ HESET A ) L1 0.24
- 1 |5 i 10,28 - 1h 43 .05 [1.36 {1346 11512 028
3 15 3 10,76 L 70 -102 200 ! () lilicas) 027
_________ | 20 3 907 8,59 16 9,51 : 6.15 | a7 0.03
2 20 S el E 1064 10.33 -{3.004 L l 023 10,92 .09
3 _ 20 3_ 11.84 | [PLEaas .23 | BB Uil it O I o
4 - : L R e 5 fhs
_______ 5 20 3 13.14 - 13,810 R 1348 : i S i .34
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Appendis O

| . ABAQUS -
i P T | avmonvn | R e | Rectmguir | apaous- ST
Number of S| | Experimental  AUTODYN | Experimental ) Pressure Pulse - | CONWEP =y
Mass IMickness i , Pressure y 3 Experimental
Bty () (mm) (m) () MR | pueiiling | o Deamen] toading Difterence/t
{rim) ; Difference't {mm)
{mm} {mm}
N {mm}
] T 11.84 11.8% 0.1 10,5 145 [1.3% 013
Lo o 25 o - 13.41 033 12,74 0.10 1354 0.37
3 23 3 3.8 13.53 -0.09 - lale 0.12 152 0.47
4 25 3 1579 | 1402 | 0.56 15.01 41.26 16.81 034
5 25 | 15.85 14.35 0.50 15,78 002 I | 06y
| 30 3 128 435 0.52 12.05 25 128 0.00
T S e 3 b 15.3 15.83 0.16 14.61 0,25 15.72 012
3 30 3 16,73 17.77 .35 16.17 i 031
g 30 16.86 18.51 .55 17.1 0,08 18.96 070
il B Sl 18,11 9.8 0.3 17.83 0 [ 2003 067
ERRNE 15 3 M2l | dbd 007 12 46 0,58 14,85 0.21
T e 1821 16,77 048 1543 0.93 17.97 008
3 8 3 18,47 1818 000 16.51 0,65 19,54 0.36
T 4 i 3 1996 | L1870 0,42 17,43 -0.84 221 G
3 35 3 212 19.07 B 18.15 _1.04 21,14 (.29
] me I TEe 16,2 14.98 .41 14,56 0,55 16.73 018
2 40 3 17.97 1703 4028 DL D T 0687
i 3 21,36 1861 .92 19,06 77 21.99 021
I_ 4 40 3 NA NA Ny Na o NA NA Ne
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