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Chapter 1: Introduction & Background

Overview

This paper describes research conducted at theetsitiyy of Maryland,
College Park in the Dynamic Effects Lab of the amés Clark School of
Engineering. This was accomplished through theofisenall-scale explosive testing
and high speed digital photography.

The primary research goal was to examine the effiecariations in plate
angle, standoff distance, and depth of burial @enitipulse transmitted by a buried
charge to a suspended target plate. The indepemdeables were target geometry
(dihedral angle), depth of burial and standoffatise. The measured dependent
variable was captured impulse.

Buried explosives in the form of mines or improdsxplosive devices are a
constant threat to vehicles. Light armored veBi¢leAV) are particularly susceptible
to this form of attack due to their reduced pratectvhen compared to heavier
vehicles such as main battle tanks. Adding armer LAV is not always an option
due to weight constraints, so alternate protecwemes must be explored.

This research involved small scale explosive tgstiRull scale testing is
extremely expensive, and requires the use of dpaamlafacilities and technicians.
Small scale testing is cheaper, simpler, and idya&peated. The explosive charges
used in this research consisted of 0.636 g chaogés01% of the 10Ib of explosive

in a typical anti-vehicular mine.



1.1  Antivehicular (AV) Mines

Since World War 1I, more vehicles have been losatal mines than all other
threats combined [1]. Antivehicular (AV) mines a@pable of disabling a heavy
vehicle, or completely destroying a lighter vehicMine survivability is one of the
least understood aspects of vehicle survivabidihyg is typically defended against
through the use of extra armor. The physics sadmg a buried landmine blast and
the loading mechanisms that damage a vehicle dneeibunderstood.

The most common form of antivehicular landminéehis blast mine, which
uses a large amount of explosive to directly danthgéarget. Light or unprotected
vehicles are particularly susceptible to blast minEigures 1.1 and 1.2 show the
detonation and aftereffects of a 6.5kg TNT blasteragainst an unprotected 5/4 ton
truck. Heavily armored vehicles are less threatdnemost blast mines, but can be
damaged by shaped charges and penetrator minaped®hbharges consist of an
inverted hollow cone of ductile metal (typicallypgpeer) surrounded by a jacket of
high explosive. The explosive is detonated in smamanner that it compresses the
cone, forcing a hot jet of molten metal to spurtvard. This jet is capable of cutting
through several inches of steel. Penetrator mdeésat armor by shooting a
projectile into the target. Both shaped chargesp@netrator mines are beyond the

scope of this study.



Figure 1.2: Unprotected 5/4 Truck After Mine Test[1]



1.2  Casualty Mechanisms

Vehicles must be designed to protect the crew fseweral casualty
mechanisms. The greatest threat comes from blasp@ssure, which causes severe
damage to the lungs and as well as burns and sagofmeks from the fireball. A
floor rupture in the event of an explosion is cdesed a crew kill [1]. Fragments
from the casing and secondary projectiles (FiguBg Have varying levels of
lethality. Small fragments from antipersonnel nsiaee a moderate threat to crews,
and can be defended against through light armargé, heavy fragments are very
energetic and pose a severe threat. Shock lcaasntitted through the floor can
break bones, while deformation of the crew compantincan cause crushing injuries.
Finally, gross vehicle movement in the form of astr has also been found to be a

source of injury.

Figure 1.3: Fragments and Ejecta Created After Mire Blast [1]



1.3 Physics of Mine Blasts

Detonation is the process of a pressure wave patipagthrough an explosive
medium, causing a chemical reaction to initiateifiekt. This reaction rapidly
releases energy in the form of a shock wave ande slowly, in the form of an
expanding gas bubble. Initial pressures near ¢hena@tion products can be as high as
200,000 atmospheres and temperatures can be agah&fio0°C [1]. When the
explosive is confined in soil, the result is thaegtinct phases as the explosive
interacts with the soil, gas expands to the suyfaed soil interacts with the vehicle.
Figure 1.4 shows a time sequence of a full-scateerakplosion, with the detonation

products expanding upward surrounded by a ringezted soil.

Figure 1.4: Time Sequence of Mine Explosion [1]



1.3.1 Early Interaction & Shock

When the detonation wave emerges from the explgsiv@uct in the form of
a shock wave, it interacts with the surroundind[ddi The strength of the shock
wave depends on the acoustic impedance match betiveenaterials the wave
travels through; if a shockwave travels from a higpedance material (such as soil
or metal) to a low impedance material (such as, glash most of the shock wave is
reflected. When the shockwave from an explosieehes the surface, a thin layer of
soil is ejected upward as the shockwave transiti@taeen the soil and air. The
large impedance mismatch between soil and air géipeneans the explosive shock
wave has little direct effect on the target unkbgstarget is directly touching the soill
[2]. If the target touches the soil, energy imsmitted into the target in the form of a

stress wave [9].

1.3.2 Gas Expansion

The detonation products also produce mechanicét mahe form of
expanding gas. The mass of the explosive detesmimeamount of gas produced.
Confinement by the soil causes the gas to expanthgly in the vertical direction
[9]. As the detonation products expand they djeetsoil plug at supersonic speeds
and create a bow shock wave in the air. Figuresidbvs the distribution of
detonation products as they begin to expand upwiaiid.theorized that the gas may
have a high dynamic pressure which can cause kechtieformation if flows are
trapped by the geometry of the target. The expandas may be confined by the soil
and target to create a “bubble” with a high presshat acts on a large area of the

target. It is theorized that the gas expansios@lpaoduces significant global and



localized effects on the target. The direction antunt of the gas expansion is
heavily dependent on the soil properties. Deepgabdepths, increased soil density,
and higher moisture content will cause the gas tlmexpand in a more vertical

direction [1].

1.3.3  Soil Ejecta

The initial expansion of the detonation productsses the soil directly above
the charge (the “plug” or soil plug) to rapidly nmeoupward ahead of the expanding
gas. The expanding gas also imparts energy ietsuhrounding soil, causing it to
flow as an annulus of ejecta surrounding the exjandietonation products [9]. The
properties of the soil, particularly saturationdeand porosity, determine the amount
of soil and the direction of soil flow [1]. Figufe5 shows the distribution of the
detonation products and soil ejecta for a typitasto Notice how the soil ejecta (the
blue shaded region) rings the detonation produtkss effect is more pronounced in
the final frames of Figure 1.4. During testing ftortion of the ejecta ringing the gas

will be referred to as the “soil annulus.”

Figure 1.5: Detonation Products and Soil Ejecta [[1



1.4  Load Mechanism Components

The data seems to indicate that the interactigdhefas expansion and soll
ejecta on the target plate results in a loadinghaeism that can be divided into two
components. The first is a concentrated, showteur load referred to as the impact
load. This component is composed of the soil eiegted ahead of the detonation
products and overpressure effects from the highsoure of the gas pushing it. The
second component is a dispersed, longer duratamhreferred to as the distributed
load. This component appears to be a producttehebed pressure from the
expanding gas bubble and momentum transfer frorortter ejecta. The effects of a
mine blast over time can be seen in Figure 1.6¢clwbompares digital imagery taken
from a small-scale buried mine test featuring adparent target to a computer
simulation of that test. It is postulated that tdweget is first impacted by the soil plug
above the charge propelled by the initial expansiaiie detonation products, and

then subject to extended loading by the impacjexta and the gas bubble.
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Figure 1.6: Small-Scale Mine Blast Test (Top) an8imulation (Bottom) [10]



1.4.1 Shock Load

One loading component comes from the shock wavéeshfrom the
detonation products. The poor impedance matchdmivhe soil and air means this
component is only present when the target is touchr extremely close to the
surface. At further standoff distances the shoeklilhas a minimal effect [3]. The

relative magnitude of this component is unknown,tha duration is extremely short.

1.4.2 Impact Load

The data seems to indicate that the initial loadioigpes in the form of a high-
speed “plug” of soil. The soil plug can have aitiahvelocity of up to 1.5 km/s for a
full-size charge [2], and the initial impact of feeproducts against a vehicle has the
capacity to induce large loads in a very shortquedf time. It is suggested that
changes in the flow field resulting from target geiry can create localized pressure
spikes, particularly if the field stagnates insidentrant corners [1]. The effects of
dynamic pressure changes and impact of the sajlgdn cause localized material
failure and breach the vehicle, exposing the creactly to the blast effects.

Figure 1.7 is a series of images from a small-stesecaptured by a high
speed camera. A 0.5g charge of Detasheet wasdhtoreedepth of 0.69” and
detonated, and the resulting explosion was recordé& camera captured an image
once every 4ds. Figure 1.7 shows the first frame before thdasipn and then the 3

frames afterward.



Ous . - 4S

88us 1321
Figure 1.7: Initial Blast from 0.5g Charge at 0.69 Depth of Burial

The frames in Figure 1.7 show the soil directly\abthe charge (the soil
plug) being projected upward a velocity of over 408. The soil directly over the
charge has a supersonic vertical velocity, antiénpresence of an air gap (meaning
the shock load is mitigated) the soil plug is tinsttthing to strike against the target.
The impact of the soil plug, acting as a conceattébad over a short period of time

is called the impact load in this paper.
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1.4.3 Distributed Load

The second loading component involves a load actuey a longer period of
time and a greater area. If the detonation pradaie confined by the target plate
and ejecta, they form an expanding gas bubbleplhaes an extended pressure load
on the target. As long as the bubble is confinedli continue to load the target, and
may even “suck back” the target if the expandingtde pressure falls below
ambient. The ejecta from the crater impacts ag#nestarget, producing a direct
momentum transfer. These effects act for a lopgeod of time after the detonation.
Small-scale tests involving rigid flat plates susjgihat loading by the soil annulus
imparts 2/3 of the impulse transmitted to a tapiate from a buried charge [3]. As
seen in Figure 1.6 the soil and gas bubble achenarget for at least 5 ms; this is a
significant period of time when dealing with smsdiale explosive events. The

distributed load acts over a much larger area thammpact load.
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1.5 Parameter Investigaton

Target response is heavily dependent on sevetar§adncluding the standoff
distance, depth of burial, conditions of the salgd shape of the target. All four
factors have a significant effect on the total imspwcaptured by a target from a

buried charge.

1.5.1 Standoff Distance

The distance between the target and the surfameei®f the primary factors
in determining blast damage. If the target isantact with the soil, the shock wave
will be directly transmitted into the target as thgedance match between the soil
and a solid (such as a steel tank track) is muz$eclthan that between soil and air.
Increasing the distance between the target ansdiheauses direct shock wave
effects to be negligible. Higher standoff distaalow for greater expansion of the
gas bubble and soil annulus diameter [2]. Whiig itincreases the area over which

the forces act, it decreases their intensity.

1.5.2 Depth of Burial

The depth of burial of an exploding charge hagaicant influence on the
nature of the loading mechanism against the targeshallow burial depths, the
loading mechanism is primarily from the detonafpwaducts rather than the soil. As
the depth of burial increases, the detonation prtsdare forced to move more soil out
of the way. The deeper burial increases the magsezluces the velocity of the soll
plug. The impact of the soil plug against the ¢aqgate is also dispersed over a

larger area.
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Figure 1.8 contains pictures comparing the inttiakt from a 0.5g Detasheet
charge buried at three depths of burial. Theds tesre conducted at the University
of Maryland Dynamic Effects Lab. The first colunsma charge buried at 0.19”, the
middle column is a charge buried to 0.69”, anchm third column the charge is
buried to a depth of 1.19”. Each frame is a pitaken by a high speed camera at a
40us interval, starting with the first frame immedigtefter the explosion.

Comparing the images between the different testpoavide insight into the effect
of burial depth on the loading of a target abovegploding charge.

The most apparent difference between the tesite idifference in velocity of
the ejecta and detonation products as the degdibradl changes. The ejecta from the
charge buried to 0.19” travels significantly fadtean the ejecta from the charges
buried at deeper depths. By the last frame, thet@jfrom the 0.19” charge has
traveled approximately twice the distance of tH&0charge, and over four times the
distance of the 1.19” charge. This differenceefoeity may be a result of the
additional mass of soil from the deeper burial dept

The flow is also more horizontal for shallower depof burial. At the 0.19”
burial depth the plume expands upward and outwelndyeas at the 0.69” and 1.19”
burial depths the plume is primarily dome-shapedHte region tested. The
additional soil surrounding the deeper buried chamgstricts the radial flow of the
detonation products. Constrained by the cratelswle expanding gas is forced to

flow upward in a more vertical direction comparedhe shallower charges.
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DOB: 0.19” DOB: 0.69” DOB: 1.19”

Figure 1.8: Elapsed Time (4fis/frame) of Buried Charge Explosion for 3 DOBs
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1.5.3 Soil Condition

The condition of the soil, particularly the satizatlevel, has a significant
effect on the loading mechanism. High levels ofewaaturation reduce the shear
strength of the soil, which decreases the amouahefgy required to displace it [1].
The rate of soil movement during the gas bubbleelsdependent on the porosity
and bulk density of the soil, which in turn is ngidependent on the water content.
Wet or saturated soils contain pores filled withtevaand are more resistant to
crushing [4]. This constrains the gas bubble aedents the gas from being

dispersed throughout the soil, which results inerewergy directed to the target.

1.5.4 Target Shape

Vehicle geometry can have a channeling effectdither diverts the blast
effects away from the target, or traps them andesidamaging overpressures.
South African vehicle designers began incorporagimgles into the underside of
vehicles in the late 1970’s [13]. The Casspir@ed personnel carrier (Figure 1.9)
is one such example. Testing on angled platesdragtween 0° and 30° using air
blasts revealed that loading decreased signifigastithe plate angle increased within

the range tested [4]. Similar results should heeeted in soil.

Figure 1.9: Casspir APC
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1.6 Blast Scaling

Scaled testing is one of the most common formxplosive testing. A full
scale test can cost many thousands of dollarsjreegpecialized equipment and
training, and take months to set up and run. Smadale tests on the order of a few
pounds are less expensive and take far less tirset tap, but still require specialized
blast chambers or testing sites. Very small sieséng, on the order of a few grams
or less, is far less expensive and can be condundedrs. The University of
Maryland Dynamic Effects Lab specializes in smadlls testing, with charge sizes
up to 8 grams. The Dynamic Effects Lab primarggsi Hopkinson-Cranz scaling to
scale between small-scale and full-scale testtsesul

Hopkinson-Cranz scaling, or cube-root scaling,asda on the theory that
similar blast waves are produced at the same sdademhce when the scaled charge
geometry, explosive, and atmospheric conditiongleesame [5]. For small time
scales, air is assumed to be a perfect gas andygiassumed to have a negligible
effect. Hopkinson scaling is used to scale aisth{shock) and underwater shock, and
has also been used for scaling other effects fronet charges. Hopkinson scaling
is so prevalent that almost all data is presemte¢drims of the parameters Z (reduced
distance)z (reduced time), anél(specific reduced impulse). R, t, i, W are the

unscaled distance, time, specific impulse, andgehareight.
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Although charge weight is the primary term usedHopkinson scaling, total
energy is an alternative scaling term. Hopkinsmalisg is designed for use with
ideal explosives, and fails to scale non-ideal esipe compositions. Chock [6]
suggests that energy is a much more “physicallyste parameter, and Fu [7] was
able to properly scale non-ideal explosives throagorrelation factor based on
detonation energy. Weight is a sufficient paramitethe majority of scaling
research. Scaling between full-scale and smalédeats on the order of a few
pounds has been confirmed down to research scagtsdelow 100 grams [7].

The region between 100g and 1g (the scale usdeiDynamic Effects Lab) has also

shown good behavior, but requires more study [3].
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Chapter 2: Research Equipment

Overview

The specific demands of plate impulse testingirequspecialized pieces of
equipment to be custom fabricated for the Dynanfiiledts Lab. Other components
had to be modified or specially protected in orewithstand the rigors of blast
testing. The choice of sensor equipment and edtllowed for repeated tests once

setup was completed.

2.1  Explosive Charge

The charge (Figure 2.1) consisted of 0.9g
Detasheet (63% PETN by weight, or 567 mg
PETN) detonated by an RISI RP-87 EBW

(exploding bridge wire) detonator (26mg PETN

initiating explosive, 43 mg RDX output explosive)

PETN is Pentaerythritol Tetranitrate, a very stable rigyre 2.1: 636 mg Charge

explosive commonly used in commercial applicatioR®X is cyclonite, a common

military explosive component. The total explosmass of this charge was 636 mg.
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2.2 Phantom Digital Camera System

The displacement of the plate was measured visualhg high speed digital
cameras. The original camera used was the Viseme&ch Phantom v4.1, a
monochrome high speed digital camera which wasabpérat 1000 pictures per
second at pixel resolutions of 512x512. A Nikor&Bnm f/3.5-5.6D lens was
mounted to the camera to focus the image. Latén time testing, the lab obtained a
new Phantom v7.1 digital camera (Figure 2.2), whiels operated at 8000 pictures
per second at 512x512 resolution. Focus was aetiitwough the use of a Tamron
(IF) 28-75mm 1:2.8 MACR@67 lens. The selection of frame rate and resaiutio
was largely dependent on the memory capacity arfdrpeance capability of the
cameras. The Phantom v4 contains 256 megabytesmibry and could take 1000
pictures at full resolution. The Phantom v7 camedi 2 gigabytes of memory and
could capture over 8000 pictures at full resolutidiine sharper image and faster

frame rate of the v7.1 made it a superior platfecompared to the v4.1.

Figure 2.2: Phantom v7.1 High Speed Digital Camergl2]
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Data was collected by the camera and then trareshtitta personal computer.
The camera was either connected by a FireWire ¢&blantom v4) or CAT5 cable
(Phantom v7). The FireWire cable was more sudgleptio outside electrical
interference and repeatedly caused signal losss cbuld cause the camera to lose
connection with the PC or fall to trigger the camduring a test. The connection
could be restored by resetting and reconnectingah®era and PC.

The digital camera was mounted on a standard futgt,head tripod mount
sold by Vision Research (Figure 2.3). A foam spidtected the stand from flying
soil and water. The camera itself was protected banslucent plastic case. The
front of the container was removed and replacet witlear pane of acrylic plastic,

while the rear was cut out to allow the wiring tinoect to the camera.

Figure 2.3: Phantom v7, Camera Stand, Protectivekst, and Cover
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2.3 Phantom Software

Phantom cameras utilize proprietary software tayare the recording (Figure
2.4). The control software allows the user to maresolution, frame rate, exposure
time, zoom, picture quality, and other options.e Tontrol software also contains
integrated filtering imagery that can sharpen aup& The view window shows
exactly what the camera sees in real time, allowhegesearcher to determine
precisely how the recording should look. The caligr can either trigger the camera
from the software, or place the camera in “Captunete and trigger using an
external device. The Phantom software also allbwsiser to record movement,
scale distances from a reference, and determindamand linear acceleration and

velocity.
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Figure 2.4: Phantom Camera Control Software
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2.4  Firing System

The charge is detonated with a Reynolds Induskne$S-10 EBW firing
system [11] (Figure 2.5). This battery-operateahd@ system is charged from an
110V power source, and uses coaxial cable to conoglce charge leads. A trigger
system is connected from the firing module to thmera via coaxial cable. The FS-
10 is designed specifically to fire exploding bredgire detonators.

The firing system consists of a control unit amth§ module; in Figure 2.5
the firing module is the metal box in the uppelatigorner. The control unit provides
between 32 and 40 volts to the firing module, whablrges a|iF capacitor to
3000V. When a 30V pulse is applied to the red teatron the module, the capacitor
discharges 3000V into the lead (upper right) teatsin The detonator will fire 13
after the 30V pulse is applied to the module. fetyainterlock key ensures the

control unit will not fire until the key is inseden the proper location.

Figure 2.5: FS-10 EBW Firing System

22



2.5  Dummy Charge

The camera is tested three times before eaclotestsure the data will be
collected. Testing the firing and data collectsystem requires the use of a bridge
wire gap “dummy charge” that does not contain esipl powder (Figure 2.6). A
dummy charge consisting of two leads inserted éniddock of graphite inside an
aluminum tube is used to ensure the firing systefanctioning. The gap between
the two wires is approximately 1/8”. When therfgisystem is initiated a 3000V
pulse runs across the leads. This pulse caussghke\spark that is recorded by the

camera.

Figure 2.6: Dummy Charge
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2.6  Trigger Mechanism

The camera can be remotely triggered by sendirgemtrical pulse to the
trigger (red) coaxial lead on the camera. Theggrdead is kept at +5V when the
camera is powered and running properly. If a -5i6@ is sent along the trigger lead,
it causes the voltage to drop and triggers the camé/hen the 30V activation pulse
is transmitted, the trigger mechanism convertsitiisa -5V pulse that triggers the
camera. Figure 2.7 shows the trigger mechanisth, the coaxial cable on the left
leading to the camera and the red and white wingh@ right connecting to the firing

module.

Figure 2.7: Trigger Mechanism
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2.7 Test Bed Area

The test bed is a 1.5 meter by 1.5 meter steelrt@dsuring 0.6 meters deep
(Figure 2.8, left). The bottom of the tank isddl with coarse gravel covered by a
geotextile mesh blanket. A 25cm layer of HD-2 amifily graded medium quartz
sand lies on top of the mesh. Piping to the undersf the tank allows the test bed to
be evenly saturated with water (Figure 2.8, rigfithe saturation system uses a stand
column to move water into the underside of the t@mé upwards into the sand bed.
Equilibrium is established when the water leveldeghe water column equals that of
the test bed. A drainage valve on the lowest@athe system allows the tank to
drain completely. It takes approximately fifteemuaotes to saturate the tank.

Six 500W halogen work lights on three stands previldmination for the test
setup. Lights are located in each of the threaarsropposite the target plate. The

work lights must be capable of withstanding repgéagrays of sand and water.

Figure 2.8: Test Bed Setup and Saturation System
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2.8  Target Plates

A wide variety of shapes were tested to examieeeffect of shape on total
captured impulse from the detonation of a burieakgb. These shapes included a
grid of pyramids (similar to some forms of acougtameling), plates bent into
dihedral shapes, and plates machined into pyrandddédhedral shapes. The plates
were machined from 6061-T6 free machining alumirtarbe 8” x 8” in the plane
parallel to the soil, and to have a mass of appnaiely 1500 grams. The dimensions
and mass of the plates are the standard size usiael @ynamic Effects Lab for the
given charge size, and were shown to provide gesdlts in previous tests [14].

Table 2.1 lists the various plate shapes testedraidrespective masses.

Plate Shape Mass (g)
0° Plate 1525
7° Dihedral Plate (1) 1458
7° Dihedral Plate (2) 1556
7° Pyramid Plate 1500 g 8
13° Dihedral Plate (1) 1506
13° Dihedral Plate (2) 1523 . .
20° Dihedral Plate 1519 Figure 2.9: Plate Angle

Table 2.1: Plate Shapes and Properties

Figure 2.9 shows the angle referenced in Tablei2id the angle between the
front face of the plate and a line parallel to gheund. The 0° plate shape refers to a
flat plate of material (Figure 2.10, Top). Thisgeetry served as a baseline to
compare the performance of other target shapeseddal shapes (Figure 2.11,
Bottom Left) are solid plates machined into an addbrm with a triangular cross-
section. The single pyramid shapes (Figure 2.b&oh Right) are solid plates

machined into a pyramid form.
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Figure 2.10: 0O° plate, 13° Bent Plate, 13° SingRyramid

The most extensive testing was done on the dihgéesaplates, and in fact so
much testing was conducted that two of the plates {° and 13° plates) had to be
replaced midway during the test. The decisioreface the plates was based on
observations made over time. Although erosion wisglly felt to be a significant
factor, repeated tests revealed that plate weaamaihor effect on the total impulse
captured by a dihedral target plate. The 7° pydgohate was compared to the 7°
dihedral plate at the 0.04” standoff distance tthier examine the effects of target
geometry on total impulse. Additional testing veasiducted with alternate plate

shapes; the results of these tests are in Appdhdix
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Chapter 3: Research Methodology

Overview

In order to determine the impulse transmitted pdede by explosive loading,
the initial velocity imparted to the plate is requd. High speed digital imaging
captured the movement of the plate in respondeetbliast. Specialized software was
used to analyze the video to determine displacemaedtthe data points were then
fitted to a curve to find the initial velocity. @omon problems encountered during

testing included spray obscuring the video, carfeehare, and dud charges.

3.1 Dihedral Plate Fabrication

The unusual geometry of the angled plates reqapesialized fixturing and
machining techniques to fabricate. Figure 3.1 shthe fixture and aluminum plate

before machining. All parts have a nominal tolesanof 0.05".

Figure 3.1: Fixture Plate, Bolts, and Aluminum Plae
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The fixture plate is a 1” thick steel plate measg” x 10”. Four 3/8” holes
in a square pattern were drilled and countersutiktire center of the plate. The
coordinates of the four holes with the center eflate as the origin are (1", 0”), (-
1”7, 0", (0", 1"), and (0”,-1"). 1" long 3/8”-16 scket cap bolts were used to hold the
aluminum block to the fixture plate.

The initial dimensions of the aluminum plate depshdn the angle of the
target to be fabricated. All aluminum plates regdian 8” x 8” billet. All targets
were fabricated to a nominal mass of 1.5 kg (31885 which requires a total of 33.9
in® (55.6 cm) of aluminum. Figure 3.2 and Table 3.1 show tineethsions of each
target plate. The 20° target plate required theosal of 9.86 ifi of material from the

back of the plate to meet the specified mass, mbeaseen in Figure 3.3.

0°  h(n) a(n)
X 5 0 0.500  0.500
7 0.487  0.286

} 13 0.900  0.080

20 1.368 0

' i ; A t Dimension Values
Figure 3.2: Target dimensions Table 3.1: Target Di ' u

Figure 3.3: Underside of 20° Plate (note removed aterial)
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3.1.1 Dihedral Plate Machining Procedure

The aluminum plate was clamped to the mill bedhwsiimachined edge
placed against the reference posts (Figure 3.4pieée of stock between the plate
and the table allowed the edges of the plate tmibled in a single pass. The corners

of the plate were then indexed using an edge finder

Figure 3.4: Clamping Aluminum Plate to Mill Table

The plate was milled until it was square and dinwred as close to 8" x 8”
as possible (Figure 3.5). Tolerances were less@@b”, and surface finishes were

not important at this stage.

Figure 3.5: Milling the Edges of the Target Plate
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Figure 3.6 shows the drilling and tapping of thecmaed and dimensioned
stock plate. With the center of the plate as tigig the coordinates of the hole
pattern were (1", 0”), (-1”, 0”), (0", 17), and (®'1"). The holes diameters were

5/16" and approximately 0.5” deep. The tap size @/@"-16.

Figure 3.6: Tapping the Drilled Hole Pattern

The plate was then removed from the table, cleaaadithen tightly bolted to
the fixture plate as seen in Figure 3.7. The be#ds needed to be flush with the

surface of the fixture plate.

Figure 3.7: Mounting Aluminum Plate to Fixture Plate
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Figure 3.8 shows the installed and adjusted angiédable.

Figure 3.8: Angled Mill Table

The fixture plate was clamped to the angled milléaas shown in Figure 3.9.

Figure 3.9: Clamping Fixture Plate to Angled Mill Table
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A facing cutter was run across the plate (Figut®Buntil the reference

dimensions reach the values specified in Table 3.1.

Figure 3.10: Facing the Target Plate

The fixture was then unclamped, rotated 180°, &ed tlamped to the
milling table again. The facing operation was thejmeated on the other side of the

target. Figure 3.11 shows a completed target plate

Figure 3.11: Finished 13° Target Plate
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3.2 636 mg Charge Fabrication

Fabricating the 636 mg charge required 0.9g of §ledat, an RP-87
detonator, a delrin ring, and 5-minute epoxy (FegBr12). The delrin ring has an
inner diameter of 33/64", an outer diameter of 9/46d a nominal height of 0.3".
The inner diameter is the most critical dimensidviax paper prevents the Detasheet

from sticking to any surfaces, and a ¥2” brass sagseful for tamping the explosive.

Figure 3.12: 636 mg Charge Fabrication Components

The charge is fabricated by first
firmly tamping the explosive into the
delrin ring. A RP-87 is then pushed into
the center of the detasheet approximately
1/8"deep. The back of the charge and the

detonator wire leads are then sealed with

epoxy and allowed to dry (Figure 3.13).
Figure 3.13: 636 mg Charge
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3.3 Initial Setup and Testing

3.3.1 Test Bed Setup

Setting up the test bed properly is crucial fangistent results. The process
involves disturbing and compressing the sand, barthe charge, setting the target
plate, and finally saturating the soil. The samthie bed had to be reasonably dry
before beginning; it took approximately an houeaftraining the tank from
saturation for the soil to be dry enough. Distngdihe soil a few minutes after all the
water had drained accelerated the drying process.

First, the sand needed to be completely turned wsiag a scoop.
Once the soil was disturbed a cinder block was ts@dund the sand down into a
compacted form (Figure 3.14). If the sand bed maigdry enough, compacting the
sand forced water up through the sand bed. dfttappened, the sand bed was given

another 30 minutes to dry.

Figure 3.14: Compacted Sand Bed
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The sand bed was then planed to a level shapegeasrs Figure 3.15. Once
planed, a small trench was dug around the eddeeadand to help distribute the

water.

Figure 3.15: Test Bed and Sand Plane

Figure 3.16 shows how the charge was wired toithngfsystem leads. The
firing system was disconnected before the chargewieed, and the leads were

sealed with electrical tape.

Figure 3.16: Wired 636 mg Charge
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The charge was placed by first marking two venglgoerpendicular lines in
the soil using a ruler, and then creating a 7” xqtare with the intersection of the
two lines in the center (Figure 3.17). For tesisiga 636mg charge and 8” by 8”

plate the edges of the square were at least drfwatany wall of the tank.

Figure 3.17: Placement Grid for Charge and Plate

The charge was then buried in the center of tharegand a caliper was used

to measure the depth of burial as seen in Figur@. 3.

Figure 3.18: Confirming Depth of Burial
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Once the charge was buried to the correct depthtojhnwas covered with
sand and gently compacted with a small block ofdvoA standoff post was placed
at each corner of the previously marked squareu(Eig.19), and their height

adjusted so that the bottom of the plate was atetyeired standoff distance.

Figure 3.19: Standoff Posts and Buried Charge

The standoff distance was measured by first findmegdistance from the top

of the plate to the ground (Figure 3.20), and thapiracting the plate thickness.

Figure 3.20: Measuring Standoff Distance
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The plate was then leveled and centered over theyehusing the centerlines

marked in the soil (Figure 3.21). The standoftalise was then checked again.

Figure 3.21: Leveled Target Plate

Once the plate was accurately positioned the taaskfilled with water until
the sand was saturated. When properly saturageshtid developed a light sheen
(Figure 3.22, Right). If the sand was oversatut@fegure 3.22, Left) then the tank
was drained until the water level reached an aatdptheight. Figure 3.23 shows a

completed test bed setup with properly saturated assound the target plate.

Figure 3.22: Oversaturated Sand (Left) and Propesyt Saturated Sand (Right)
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Figure 3.23: Completed Test Setup
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3.2.2 Camera Setup

The camera was set up facing one of the corndrsegflate, raised high
enough that all four plate corners can be seer précise height was not important
because the variation caused from the change speetive is insignificant. The
camera was zoomed and tilted so that the platlfithe view window horizontally
(Figure 3.24). The software settings dependedhercamera model, as seen in Table
3.2. The image quality settings (brightness andrest) were adjusted during each

test depending on the light conditions.

Phantom v4 Phantom v7
Frame rate: 1000 pps 8213 pps
Exposure Time: 594s 120us
Post Trigger: 1000 p 10802 p
Resolution: 512x512 512x512
Zoom: Fit Fit
Exposure: Auto Auto

Table 3.2: Camera Settings

v | omm |
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Figure 3.24: Camera Configuration and Plate Displg
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3.2.3 Testing

The next step was to ensure the camera and triygegm were functioning
properly. The dummy charge was connected to ttendeor leads and placed on top
of the plate. The camera was set to receive itpgetr signal, and the dummy charge
was detonated. If the system was working propénky,video showed the dummy
charge flashing at the same time the timer indectite charge had detonated. The
test was repeated twice for a total of three swfaksial runs. The dummy charge
was then removed, the leads were connected taviheHarge, the camera was reset,

and then the live test was conducted (Figure 3.25).

Figure 3.25: Typical Buried Charge Test
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3.4  Data Collection and Analysis

3.4.1 Collection of Data

The Phantom camera recorded the movement of &be jpl .cin files which
can only be read by the Phantom camera softwalne. nfovies were truncated to
reduce their size; a full size movie using the Rtwan/ takes up two gigabytes of
hard drive space. The movie was cut to only shdewaframes before the trigger
event, and then every frame until the target phsie no longer on screen. Any video
of the descent of the plate was considered unuatlause the target plates typically
hit the ceiling.

The four corners of every target plate were markigd black electrical tape
in order to make recording plate displacement eagach corner was designated by
its position relative to the camera. The left aigtit corners were located to the
camera’s left and right respectively, the frontrmrwas closest to the camera, and
the back corner was furthest.

The displacement of selected points on the plakemanually measured
using tools contained within the software suitde Boftware was set to read inches,
and the distance between the left and right corofetise plate was used to calibrate
the scale. The position of the four corners irhdaame were captured and measured
independently. Data points were gathered fronfitee50 to 100 frames, and then
every 10 frame afterwards until the plate was out of vielie first 50 to 100 points
were needed to fully characterize the initial diggiment. Once the data was

collected, Microsoft Excel was used to translagerdw text files produced by the
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Phantom software into readable spreadsheets. TgwsiYion and time after trigger
were the only columns needed.

The most common hindrance to recording the dispiace of the target plates
was spray obscuring one or more corners. Thispaesally overcome by zooming
in to observe the movement of a specific poinhypusing the image processing
filters to sharpen the image. The location of eneocould also be extrapolated by
intersecting the lines of each edge. If the datatpvas too obscured, then it was not
recorded.

If the sand was found to be oversaturated, theteftevas thrown out and
repeated. Over saturation was detected by obggetirencondition of the sand during
a test. If the sand was oversaturated it appéamegy” in consistency, similar to the
sand in Figure 3.26 (Left). Properly saturateddsdew in chunks as seen in Figure

3.26 (Right).

Figure 3.26: Oversaturated Sand (Left) and Propest Saturated Sand (Right)
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3.4.2 Analysis of Data

The data was analyzed using curve fitting througbrddoft Excel. The

vertical displacement was graphed with respedtie,tand a curve was fit to

determine the initial velocity. Different curve fnethods were used to determine the

initial velocity from the displacement data. TH&eetiveness of each method

depended on the number of the points capturedrantime interval between them.

Distance (in)

Initial Displacement, Test K-68 ¢—Front - Back
Impulse: 0.61 Ib-s —h— Left —»—Right

1.2

y =91.268x - 0.0226

R? = 0.9887 /
1

y= 7;1.1)( +0.0057 y = 63.157x - 0.0036
R”=0.9922 R? = 0.9899
0.8 .

y =54.136x + 0.0124

R?=0.9912
0.6
0.4
0.2
0 ‘ ‘ ‘ : :
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

Time (s)

Figure 3.27: Initial Displacement Curve Graph

The first method fit the first ten frames to a lndit (Figure 3.27). The slope

of the fit line was taken as the initial velocityhis method was mostly used with the

Phantom v4 camera with its relatively low frameeralhe higher frame rate of the

Phantom v7 had too much scatter within the firstftames to produce viable results

with this method. This method was also ineffectftbe initial data points were
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obscured by water spray or flying soil. Anothertinoel involved fitting a linear
curve to the data points within the first two inslod travel. This method was more
effective with the Phantom v7 camera and was l#estad by flying debris and soil.
The entire recorded displacement was also fitgarabolic curve to obtain
another equation of motion. This method had theathge of not being significantly
affected by obscuring spray and ejecta, but wasussful if the plate rotated or
flipped. The parabolic curve fit produced a quéidrequation (AX + Bx + C) that

could be compared to the displacement equation
1, >
x(t) = (E)gt +Vol +X,

where t is time, g is acceleration due to grawtyijs the initial velocity, and is the
initial position. If the A term (acceleration terwf the fitted curve equation was
close to -198 (half the acceleration due to graiitin/s’) then the B term was
considered a good value for the initial velocifyeceleration due to air drag was
considered negligible for this analysis, but de@glen of the plate from the collapse
of the bubble was considered a potential facttrefparabola was imperfect. Figure
3.28 shows a typical displacement plot, in thissdas a 20° dihedral plate with a

0.04” DOB and 0.5” SOD.
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Plate Displacement, Test K-68 ¢— Front ®—Back
Impulse: 0.65 Ib-s —a— Left

—¢ Right

12

y = -189.96x° + 88.366x - 0.0018
R? = 0.9999
10

y= -185-21F:<22j§;-98::>< -0.0611 y= -178.84>(22 +67.128x - 0.0332 /
. =0. R? = 0.9998 o
y =-166.15x% + 61.259x - 0.0312 /
R? =0.9997
6 X
\ ' | /./././.

Distance (in)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (s)

Figure 3.28: Total Displacement Curve Graph

For each method, the velocities for each corneewageraged and the result
was multiplied by the plate mass to obtain the its@u The impulse reading and R
value for each method was compared and each ciasexamined visually for
anomalies and degree of scatter. The linear titeéanitial displacement was
generally used as the impulse result for the t€be parabolic fit to the total
displacement was used when the initial displacemastobscured by flying sand or

water. The difference between impulse values waisdlly 10%.
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Chapter 4: Results

Overview

This chapter presents the findings on testingnefaffect of variations in plate
angle, standoff distance, and depth of burial enittpulse transmitted by a buried
charge to a suspended target plate.

Section 4.1 presents the primary results fromnhauise testing in the form
of eleven surface graphs. In each graph one dbtlmestandoff distances, the three
depths of burials, or the four plate angles is leeldstant. Any specific trends within
the graph are examined and discussed.

Section 4.2 discusses these findings and analfieesffect of variations in
target shape, standoff distance, and depth of lmmiampulse. Trends between the
individual graphs are linked to establish conclasicegarding the interaction of the
variables. This section will also present potdmiglanations for the trends found in
the data.

Section 4.3 discusses inconsistencies found bettiaresults of 0° plate
testing and expected values derived from previepgments. It also explains how
the small size Detasheet charge may be resporisitiieese inconsistencies.

Section 4.4 discusses the effects of repeateddedtse target plates, and how
the wear pattern supports the presence of the inhpaat and a dispersed load

components.
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4.1 Presentation of Target Shape Findings

Sections 4.1.1 through 4.1.3 contain surface grdppgting impulse as a
function of depth of burial, standoff distance, alitedral plate angle. For each
graph one of the variables is held constant, aadther two are plotted in the X and
Y directions. The Z direction is always impulsdbrs. The color of the surface
graph corresponds to the height. Each of the tdiie represents a single data point;
multiple points at the same location indicate répedests.

Section 4.1.4 contains a line graph comparing isgak a function of
standoff distance for two different plate shapggsgmid and dihedral) at a constant
depth of burial. The X axis is standoff distanegjle the Y axis is total impulse.

The different color lines represent different targjgapes (either the pyramid or

dihedral shape).
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4.1.1 Results at Constant Depth of Burial

Figure 4.1 and Table 4.1 show total impulse asatfan of standoff distance
and plate angle for a constant depth of burial. 00 At this shallow depth of burial
there is little soil to impact against the targetjch means most of the load comes
from the expanding gas. The impulse falls qui@dythe standoff distance increases
to 0.5” and then levels off as the standoff diseamcreases further. The decrease in
impulse with standoff distance becomes less prooedias the plate angle increases.
The difference in total impulse with constant Os@indoff distance is peculiar; there
is a large change in impulse between the 7° anda@fes, but at smaller and larger
angles the effect of plate angle is negligible similar phenomena occurs at the 0.5”

standoff distance.
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Plate Total Impulse Test, 0.04" Depth of Burial

(s-qr) esindw

Standoff Distance (in)

20 15

Plate Angle (Degrees)

Figure 4.1: Total Impulse Tests at Constant 0.04” Bpth of Burial
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3.39
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Depth of Burial
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Table 4.1: Average Total Impulse Values (Ib-s) at.04”



Figure 4.2 and Table 4.2 show the total impulstiastion of standoff and
plate angle when the depth of burial is 0.25”. sTdeeper depth of burial means there
is more soil above the charge. This added soil chaynge the loading mechanism by
dispersing the gas bubble and increasing the anafunomentum transfer through
soil impact. At the smaller standoff distancesithpulse captured by the plate is
roughly inversely proportional to the angle of fiiate. More refined testing with
additional standoff distances and plate anglegéslad to better understand the
relationship. The addition of more ejecta duenodeeper depth of burial may have
increased the effect target geometry has on taaliise at smaller standoffs. At the
1.0” and 1.5” standoffs, the loading is roughly stamt regardless of target angle.
This suggests the presence of a loading compomexfitacted by target shape or
standoff distance (within the range tested), peshhp soil cap impacting against the

underside of the plate.

52



Plate Total Impulse Test, 0.25" Depth of Burial
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Figure 4.2: Total Impulse Tests at 0.25” Depth of Brial

Standoff Distance

- S 0.5" 1" 15"

o°[ 328 1.80 1.33 1.16
Sl 281 1.40 1.05 1.23
S |23 199 1.09 1.05 0.96
20°] 157 0.96 0.85 0.87

Table 4.2: Average Total Impulse Values (Ib-s) at.25” Depth of Burial
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Figure 4.3 and Table 4.3 show total impulse amatfon of standoff distance
and plate angle at a 0.5” depth of burial. At@hetandoff distance the impulse
values are unusual; the impulse drops between°thaed7° plates, remains constant
between the 7° and 13° plates, and then drops agdime dihedral angle increases to
20°. One possible explanation for this phenomasadhe direction of the blast.
Deeply buried charges are believed to have motecaksoil movement than shallow
charges, and the target may need to have a garajby to deflect that blast. At the
0.5” standoff distance there is little differencsween the 13° and 20° plates. At
greater standoff distances there is a negligilffer@ince among all of the angles

tested.
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Plate Total Impulse Test, 0.5" Depth of Burial
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Plate Angle (Degrees)

Figure 4.3: Total Impulse Tests at 0.5” Depth of Brial

Standoff Distance

- S 0.5" 1" 15"

o°[ 3.06 2.14 1.27 1.21
Sl 245 1.62 1.20 1.10
S |13 266 1.17 1.23 0.99
20°] 174 1.23 0.90 1.03

Table 4.3: Average Total Impulse Values (Ib-s) at.68” Depth of Burial
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4.1.2 Results at Constant Plate Angle

Figure 4.4 and Table 4.4 present captured impusefanction of standoff
distance and depth of burial for a 0° dihedraleapgate. The total impulse is
greatest at the 0” standoff distance, and decressadily as the standoff distances
increases up to the 0.5” standoff distance. Ttad tmpulse then levels out between
the 0.5” and 1.5” distances. The performance efthplate with respect to depth of
burial is dependent on the standoff distance. "At@ndoff distance, the total
impulse decreases slightly as the depth of bur@akiases. At 0.5” standoff, the
impulse increases with depth of burial, while &’lnd 1.5” the impulse increases
slightly between 0.04” and 0.25” depth of burialdahen levels off as the depth
reaches 0.5”. The performance of the 0° platsélias a baseline against which the

other angle plates are compared.
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Plate Total Impulse Test, 0 Degree Dihedral Plate

3.5

Impulse (Ib-s)

Standoff Distance (in)

Depth of Burial (in)

Figure 4.4: Total Impulse Tests with 0 Degree Angll Plate

Standoff Distance

Burial

Table 4.4: Average Total Impulse Values (Ib-s) wit 0 Degree Angled Plate

Depth

- 0.5" 1" 1.5"
0.04" | 3.42 0.98 0.75 0.96
025" | 3.28 1.80 1.33 1.16

0.5" 3.06 2.14 1.27 1.21
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Figure 4.5 and Table 4.5 show captured impulsefasaion of standoff
distance and depth of burial for a 7° dihedraleagate. Seven degrees is the
shallowest nonzero plate angle tested, and ou#ialprovided trends similar to those
of the 0° plate. The highest impulse is located.@t standoff and 0.04” depth of
burial. For all depths of burial the impulse des®s gradually as standoff distance is
increased. As with the 0° plate, the change inuisgwith respect to depth of burial
depends on the standoff distance. At 0.0” stanth@fimpulse steadily decreases
with increasing depth. At the other standoff distes the impulse increases slightly
between the 0.04” and 0.25” depths and the leviélsedween the 0.25” and 0.5”
depths. Overall the impulse is lower than thahef0° plate. This implies that the
plate angle, when loaded in the center, defleatsesof the ejecta to the sides. This

reduces the total vertical impulse.
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Plate Total Impulse Test, 7 Degree Dihedral Plate

3.5

Impulse (Ib-s)

Standoff Distance (in)

Depth of Burial (in)

Figure 4.5: Total Impulse Tests with 7 Degree Angll Plate

Standoff Distance

- 0.5" 1" 1.5"
= < [0.04" [ 3.39 1.37 0.88 0.57
S 20257 281 1.40 1.05 1.23
mA o5 2.45 1.62 1.20 1.10

Table 4.5: Average Total Impulse Values (Ib-s) wit 7 Degree Angled Plate
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Figure 4.6 and Table 4.6 display captured impussa function of standoff
distance and depth of burial for a 13° dihedrajeaplate. As with the 0° and 7°
plates, the impulse decreases as the standofhdesgoes from 0” to 1.0”, and then
levels off between the 1.0” and 1.5”. For the 0B0", and 1.5” standoff distances,
the impulse trends are similar to the other dinggledes; the impulse increases
slightly between the 0.04” and 0.25” depths of aliand then levels off between the
0.25” and 0.5” depths. At the 0.0” standoff distanthe impulse captured by the 13°
plate remains level between the 0.04” and 0.25thdepburials, and then increases
as the depth of burial goes to 0.5”. This behaatdhe 0.0” standoff is different from
the other target shapes used in this test sefieis. behavior can be explained by the
presence of increasingly vertical flow of the egeas charge depth increases, as seen
in Section 1.5.2. As more of the ejecta flowsratagle close to perpendicular with
respect to the surface, a steeper dihedral angbgjigred in order to better deflect the

blast effects.

60



Plate Total Impulse Test, 13 Degree Dihedral Plate

3.5

Impulse (Ib-s)

o Standoff Distance (in)
Depth of Burial (in)

Figure 4.6: Total Impulse Tests with 13 Degree Argd Plate

Standoff Distance

Burial

Depth

- 0.5" 1" 1.5"
0.04" | 1.93 0.52 0.65 0.63
0.25" | 1.99 1.09 1.05 0.96

0.5" 2.66 1.17 1.23 0.99
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Table 4.6: Average Total Impulse Values (Ib-s) wit 13 Degree Angled Plate



Figure 4.7 and Table 4.7 show total impulse asatfon of standoff distance
and depth of burial for a 20° plate. At the 0.@rsloff distance, the 20° plate
demonstrates a decrease in total impulse betweed.@4” and 0.25” depth of burial,
and then levels off as the depth increases to OI%¢ plate performs differently at
the other standoff distances. At standoff distargreater than 0”, the impulse
increases slightly between the 0.04” and 0.25” ke pf burial, and then the impulse
levels off between the 0.25” and 0.5” burial deptfisie significant reduction in total
impulse (relative to the 0° plate) implies that imwé the blast effects are being
deflected away by the 20° plate. The similaritperformance between the 0.25” and
0.5” depths of burial at 0.0” standoff is in corstréo the 13° plate. This may mean
that when facing charges buried at deeper degtasnore vertical flow of the ejecta
and detonation products requires larger plate artglenaximize the deflection when

compared to shallow buried charges.
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Plate Total Impulse Test, 20 Degree Dihedral Plate

3.5

Impulse (Ib-s)

o Standoff Distance (in)
Depth of Burial (in)

Figure 4.7: Total Impulse Tests with 20 Degree Argd Plate

Standoff Distance

- 0.5" 1" 1.5"
= < [0.04" [ 223 0.61 0.56 0.60
S 20257 157 0.96 0.85 0.87
mA o5 1.74 1.23 0.90 1.03

Table 4.7: Average Total Impulse Values (Ib-s) wit 20 Degree Angled Plate
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Figure 4.8 and Table 4.8 show total impulse asatfan of plate angle and
depth of burial at a 0.0” standoff distance. Sitieetarget is touching the ground the
shock wave is able to load the target. The clasget placement also means the soil
will have more time to act on the target and walless dispersed than at greater
standoff distances. This standoff distance shbwdighest impulses for all depths
of burial and plate shapes. The relationship betviegpulse and plate shape changes
with the depth of burial. This may be a resulinafreased vertical flow of the soil
and detonation products as a result of the deegghaf burial. At the 0.0” standoff
distance the ejecta would not be able to changetin significantly before it hit the
target. Higher plate angles may be less susceptldhock effects due to the greater
spacing between the target surface and the graaiodrapared to the shallow plate
angles. Since the shock wave is mitigated in teegnce of an air gap, the higher
plate angles provide less area for the shock waeetton as less of the target is close

to the ground.
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4.1.3 Results at Constant Standoff Distance

Impulse (Ib-s)

Table 4.8: Average Total Impulse Values (Ib-s) &.0” Standoff Distance

Plate Total Impulse Test, 0.0" Standoff Distance

Plate Angle (Degrees)

Figure 4.8: Total Impulse Tests at 0.0” Standoff Btance

Angle

Depth of Burial

- 0.04" | 0.25" | 05"
0° 3.42 | 3.28 | 3.06
7° 339 | 2.81 | 245
13° 193 | 199 | 2.66
20° 223 | 157 | 1.74
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Figure 4.9 and Table 4.9 display impulse as a fanaif plate angle and
depth of burial at a 0.5” standoff distance. Thespnce of an air gap between the
surface and the target suggests the shock wavengei provides a significant
amount of loading. Instead the target is loaddutedyp by the impact and distributed
load components. The 0° plate shows the greatgsilse for all depths of burial
because none of the material is deflected to the sThe highest impulse is captured
by the 0° plate at the 0.5” depth of burial, whstlggests that the addition of soil over
the charge produces an increased load on the pdat¢he target angle increases, less
impulse is captured for all depths of burial. Téhappears to be little difference in
total impulse between the 13° and 20° target shimpes| depths of burial at the 0.5”

standoff distance.

66



Plate Total Impulse Test, 0.5" Standoff Distance
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Figure 4.9: Total Impulse Tests at 0.5” Standoff Btance
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Table 4.9: Average Total Impulse Values (Ib-s) &.5” Standoff Distance
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Figure 4.10 and Table 4.10 plot total impulse &mation of plate angle and
depth of burial at a 1.0” standoff distance. Tiaeased air gap between the charge
and target underside allows the soil annulus asdgable to be more dispersed,
which in turn reduces the total impulse capturedheytarget plate. The 0° plate
captures the most impulse, but the difference pulse between various depths of
burial and plate angles is significantly less tddferences seen at closer standoff
distances. Total impulse increases for all anigween the 0.04” and 0.25” depth
of burial. There is little change in impulse betndhe 0.25” and 0.5” depths of
burial for all plate angles. The high standofttaiee significantly reduces
momentum transfer from the soil. It is the autbapinion that the majority of the
loading at the higher standoff distances seemsnedrom the initial impact of the
soil plug, which appears to be largely unaffectggtandoff distance within the range
tested. If the soil plug were affected by standixtance, the change in impulse

between the 1.0” and 1.5” would be greater.
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Plate Total Impulse Test, 1.0" Standoff Distance
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Figure 4.10: Total Impulse Tests at 1.0” StandofDistance
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Table 4.10: Average Total Impulse Values (Ib-s) &.0” Standoff Distance
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Figure 4.11 and Table 4.11 show impulse as a fonaif plate angle and
depth of burial at a 1.5” standoff distance. Thelate captures the most impulse,
but the difference in total impulse between th@ldte and the other shapes for a
given depth of burial is minimal. As with the 1 §tandoff distance the impulse
increases slightly between the 0.04” and 0.25” ldepf burial, and then remains
constant to the 0.5” depth for all target shap&slower standoff distances, where the
distributed load appears to be most significantiati@ns in the dihedral angle of the
target change the total impulse captured by thie plat the higher standoff distances
changes in geometry have a minimal effect on tptured impulse. The change in
behavior of total impulse with respect to targetrgetry suggests that a different load
mechanism is prevalent at the higher standoff degts, such as the impact load from
the soil plug. This component appears to be Igrgeaffected by target geometry or
standoff distance (within the range tested), andeiases slightly as more soil is

added above the charge.
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Plate Total Impulse Test, 1.5" Standoff Distance
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Figure 4.11: Total Impulse Tests at 1.5” StandofDistance
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Table 4.11: Average Total Impulse Values (Ib
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4.1.4 Pyramid v. Dihedral Shaped Plates

Figure 4.12 and Table 4.12 show total impulse fametion of standoff
distance for a 7° dihedral and pyramid shape aihatant 0.04” depth of burial. The
X-axis is standoff distance, the Y-axis is totgbteaed impulse, and each colored line
gives the values for the two target geometriese Thdihedral plate (red line)
captures more impulse than the 7° pyramid platee(bhe) at the 0.0” and 0.5”
standoff distances, but at further standoff distartbe total impulse is the same
between the two. The 7° pyramid plate shows nierdihce between the 0.5” and
1.0” standoff distances. This suggests that dtfiamdoff distance the 7° pyramid
shape has deflected the maximum amount of impussilple and the only
component of the load remaining is one unaffecieddometry or standoff distance.

Appendix B contains additional information comparatihedral and pyramid
shapes to one another. In addition to the 7° déieohd pyramid tests, 13° dihedral
and pyramid plates are compared. The resultsatalihat there is no difference in
total captured impulse between a 13° pyramid ahddtal plate, and furthermore
that both plates captured the same total impulskeeag® pyramid plate. The results
reinforce the concept that target geometry can dafiect a portion of the total
impulse, and once that portion is fully deflectadtier changes in geometry have no

effect.
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Impulse (Ib-s)

Pyramid and Dihedral Shaped Plate Impulse Tests
Depth of Burial: 0.04"

=&~ 7°Pyramid
=o—7°Dihedral

O T T T
0 0.5 1 15 2
Standoff Distance (in)

Figure 4.12: Pyramid and Dihedral Shaped Plate Implse Tests

Standoff Distance

7°Dihedral 3.39 0.88 0.57 0.71
7°Pyramid 2.21 0.58 0.68 0.68

Table 4.12: Pyramid and Dihedral Shaped Plate Implse Values (Ib-s)
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4.2 Discussion of Target Shape Findings

4.2.1 Standoff Distance

Testing confirmed what previous studies have fowwgarding standoff
distance. The standoff distance between the sudathe soil and the underside of
the target plate has an inverse effect on the isgpcéhptured by the target from an
exploding charge. Atthe 0” standoff distance, wkiee target is physically touching
the soil, energy from the explosion can be directignneled into the plate in the
form of a shock wave. In addition the close prakymof the plate to the charge
maximizes the exposure of the target to soil angheging gas. Loading from the
shock wave may be mitigated in targets with a sedhedral angle; these shapes
have less material touching or near the surfacenvebenpared to the shallow
dihedral angles and flat plates. As a result ttwek wave will come into contact
with less material compared to a flat plate.

Figure 4.13 through 4.15 are surface graphs shothimgercentage change in
total impulse as the standoff distance increas@sbles 4.13 through 4.15 contain
the values used to create the surface graphspércentage is relative to the lower
value. For example, for a given combination oflarand burial depth in Figure 4.13,
the percentage is the total change between 0.00d&idstandoff distance, divided by
the magnitude of impulse at the 0.0” standoff dista The largest change in total
impulse is seen as the target moves away fromutiace to the 0.5” standoff
distance. The presence of an air gap allows tthemsioulus and detonation gases to

expand before impacting on the target. This d&parcauses some of the ejecta to
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escape without hitting the target, and as a réiseltmpulse captured by the target
plate is decreased.

The impulse was nearly constant between the 1.8"1a6" standoff distances.
Beyond 1.0” standoff distance, the air gap disgetise soil annulus and provides
room for the gas bubble to expand. It is this atshopinion that this would
minimize impulse transmitted from the soil, anchagsult the impact of the soil plug
(the impact load) would be the mechanism respoaddylthe majority of the load.
The minimal change in total impulse between thé am@l 1.5” standoff distances for
all angles suggests the soil plug is largely urcaéfe by standoff distance within the

range tested.
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Percent Total Impulse Change, 0.0" SOD to 0.5" SOD
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Figure 4.13: Percent Total Impulse Change from 0to 0.5” Standoff Distance

Depth of Burial

0.5
-30.07

-33.88
-56.02

-29.31

0.25
-45.12

-50.18
-45.23

-38.85

0.04
-71.64
-74.04
-73.06
-72.65

OO

70
13°

20°

a|buy

@ 0.5 SOD

Table 4.13: Percent Total Impulse Change Values
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Percent Total Impulse Change, 0.5" SOD to 1.0" SOD
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Figure 4.14: Percent Total Impulse Change from 0’50 1.0” Standoff Distance

Depth of Burial

I oo0: [ 025 0.5
0° | -22.68 | -26.11 | -40.65
o 7° [ -35.23] -25.00 | -25.93
g| 13° | 2500 | 367 | 513
20° | -8.20 | -11.46 | -26.83

Table 4.14: Percent Total Impulse Change Values,® to 1.0” SOD
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Percent Change

Figure 4.15: Percent Total Impulse Change from 1’0o 1.5” Standoff Distance
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Table 4.15:

[ IEEEEE 0.5
0° 28.00 | -12.78 | -4.72
2] 7° | 2456 | 17.14 | -8.33
2| 13° | -308 | -857 [ -19.51
20° 714 | 235 | 14.44
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4.2.2 Depth of Burial

The effect of burial depth on the impulse applie@ target by an exploding
charge varies with the magnitude of that depthep2e burial depths provide more
soil over and around the charge. At very shalleptds of burial there is little or no
soil plug, and most of the impulse is transmittedtigh an expanding gas bubble and
the impact of soil from the crater. This resufisisignificant decrease in impulse if
the target is not very close to the charge.

Figures 4.16 and 4.18 show the percentage chartgeirimpulse as the
depth of burial increases. Tables 4.16 and 4.hfaoo the values used to create the
respective surface graphs. The percentages areasgipect to the smaller depth of
burial. The additional soil reduces the shock w@ezreasing the total impulse at
the 0.0” standoff distance), but provides more nassipact against the target.
Beyond the 0.25” depth the additional soil providesegligible increase in impulse.
As a result we see the impulse increase betweed.@4é and 0.25” depths of burial
for all standoff distances in which there is angap. This change can be seen most
clearly in Figure 4.17, which is a 180° rotationFogure 4.16. There is little change
between the 0.25” and 0.5” depths as seen in Figdi& The additional soil also
increases the impulse at the 1.0” and 1.5” stardisfances, where the dispersed load
is no longer a major loading mechanism and it Ieesed that most of the loading

comes from the impact of the soil plug.
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Percent Total Impulse Change, 0.04" DOB to 0.25" DOB
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Figure 4.16: Percent Total Impulse Change from 04’ to 0.25” Burial Depth

Standoff Distance
Bl o Jo5 [ 1 [15
0°| -4.09 | 85.57 | 77.33 | 20.83
% 7° | -17.11| 59.09 | 84.21 | 73.24
< |13°] 3.11 1109.62| 61.54 [ 52.38
20°| -29.60 | 57.38 | 51.79 | 45.00
Table 4.16: Percent Total Impulse Change Values,@®” to 0.25” DOB
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Percent Change

Percent Total Impulse Change, 0.04" DOB to 0.25" DOB

Standoff Distance (in
Plate Angle (Degrees) 20 0 ()

Figure 4.17: 180° Rotation of Figure 4.16
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Percent Change

Figure 4.18: Percent Total Impulse Change from 0%’ to 0.5” Burial Depth

Percent Total Impulse Change, 0.25" DOB to 0.5" DOB
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Bl o Jo5s [ 1 15
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£118°] 3367 | -7.34 [ 17.14 | 3.13
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Table 4.17: Percent Total Impulse Change Values,Zb” to 0.5 DOB
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4.2.3 Dihedral Plate Angle

The shape of the target plays a significant rolegtermining the amount of
impulse captured from an exploding buried chargetlie extent of the effect is
dependent on the standoff distance and charge déptirial. Overall, the effect
plate angle has on total impulse is roughly inMgrpeoportional to standoff distance,
and approximately proportional to depth of buri@hat is, as the standoff distance
increases, the effect of a dihedral angle in redyonpulse compared to a flat plate at
the same height goes down. In all cases the sitplagte angles captured less
impulse than the shallow plate angles.

Figures 4.19 through 4.21 show the percentage ehanghpulse as the
dihedral plate angle increases with respect tatgpfate. Tables 4.18 through 4.20
contain the values used to create the respectifacgugraphs. Depending on the
standoff distance and depth of burial, some in@gas plate angle produced
significant decreases in impulse while others peeddittle or none. For all standoff
distances in which an air gap existed, there wts difference between the 13° and
20° plate angles. At 0.0” standoff distances,dh@nge in impulse with respect to
target shape varied greatly depending on the dethrial. At the shallow depth of
burial, there was little change between the 0° &nidrgets, a large change between
the 0° and 13° targets, and a similar change betwez0° and 20°. At the 0.25”
depth of burial, the change was nearly linear wepect to target shape. Finally at
0.5” depth, there was a change between the 0° gradsimilar magnitude of change

between 0° and 13°, and a larger decrease betlwed)f tand 20° targets.
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As depth of burial increases, more soil is thronto ithe air and against the
target, but at a slower speed. The additional nmaseases the effect of target shape
on total impulse, particularly at closer stando$tances. Deeply buried charges also
produce a more vertical flow of ejecta. Vertidalis require steeper angles to
deflect the components away from the target, aatishk angled plates seem to act
similarly to a 0° plate as the gas and soil annstagnate against the underside. The
result is that, as the depth of burial increaseseaper plate angle is required to
deflect the ejecta and reduce the total verticalulse applied to the plate.

Changes in target shape have little effect wherstéwedoff distance is large.
The presence of an air gap disperses the soil asinas the air gap increases, the soill
annulus will impact over a larger area on the tardde increased dispersion allows
some of the ejecta to escape from the target witingpacting against it. The greatest
change in impulse with respect to dihedral angkrasind standoff distances close to
the surface. When the target is close to the gfpcimanges in target shape can have

a dramatic effect on impulse (on the order of a 4B@tuction).
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Percent Total Impulse Change, 0 Degree Plate to 7 Degree Plate
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Figure 4.19: Percent Total Impulse Change from Ofo 7° Dihedral Plate

Depth of Burial
I 002 Jo25 [ 05
0" ] -0.88 |-14.33|-19.93
0.5"| -9.28 | -22.22|-24.30
1" |-24.001-21.05] -5.51
1.5"]1-26.04| 6.03 | -9.09
Table 4.18: Percent Total Impulse Change Values; @ 7° Dihedral Plate

Standoff
Distance
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Percent Total Impulse Change, 0 Degree Plate to 13 Degree Plate
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Figure 4.20: Percent Total Impulse Change from Ofo 13° Dihedral Plate

Depth of Burial
I co04 Jo25 [ 05
0" |-43.57(-39.33|-13.07
0.5"]-46.39]-39.44| -45.33
1" 1-13.33]-21.05| -3.15
1.5"|-34.38(-17.24|-18.18
Table 4.19: Percent Total Impulse Change Values; @ 13° Dihedral Plate

Standoff
Distance

86



Percent Total Impulse Change, 0 Degree Plate to 20 Degree Plate
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Figure 4.21: Percent Total Impulse Change from Ofo 20° Dihedral Plate

Depth of Burial

Table 4.20: Percent Total Impulse Change Values; @ 20° Dihedral Plate

I co04 Jo25 [ 05
« o| 0" |-34.80]52.13|-43.14
S 2[05"[37.11] -46.67] -42.52
5 2| 1" |-25.33]-36.09[-29.13
# B[157-37.50] -25.00| -14.88
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4.3  Scaling and Expected Values

During the course of the research an attempt wakenwacorrelate the 0°
plate tests with an equation developed from snealestests previously conducted at
the University of Maryland Dynamic Effects Lab dudl scale tests conducted at the
US Army Aberdeen Proving Grounds. These resulte \piotted to a surface graph
by Mr. W. McDonald [15], and an equation was dedi®m the result. The
equation is presented below, and Figure 4.22 shiogvdata points and the resulting
surface graph from the equation. Red dots reptéser24 small scale tests (.609 g
charges using Reynolds detonators), and blue detha seven full scale (Table
4.21) tests. In order to compare the values adifiesence scales, the values were

reduced to units that are independent of scalandsiff distance (called HOT, or
height of target in the figure) and depth of bugis in units oin/3/Ib , and impulse

is in units oflb-¢/Ib .
I(d,h)/W = 3077+ 12{ij— 9.3Eij2— 62(4ij+ 65E1i)2— 2.ézlj3
! W1/3 Wl/3 W1/3 Vvll3 W/3

The derived equation was then used by LC TayltheaDynamic Effects Lab
to determine expected reduced total impulse wisheet to reduced depth of burial
when the reduced standoff distance was held candtdah The equation is limited
by the data it was derived from, and as a resujt moa be accurate for combinations

of variables that are outside the range testee: dEpth of burial tested ranged from a

reduced value of 1.86 to about mq!% Reduced target height ranged from 0 to 14
in/3/Ib , however most of the tests were conducted atiacesl height of target of

3.7 to 6.89in/3/Ib .
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Figure 4.22: Surface Graph of Reduced Small and FuScale Tests Values [15]

The equation was used to examine how well the testithe flat plate testing
in this research compared to results from previoymilse testing. External
correlation is important in order to validate tlesults and ensure that the data are
useful for directly predicting full scale result¥he data developed in this research
are internally consistent, meaning repeated tést& dittle variation and valid

conclusions can be drawn by comparing one data pmenother within these test
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results. External consistency would mean that daitacides with results from other
tests, and that valid expectations can be dravettiyrregarding full scale values.
Figures 4.23 through 4.25 compare the expectedlsapralues from
the model equation (dashed line) with the actusiilite found during shaped target
testing (solid line) for three constant reducedyhts of target. Table 4.22 displays

the small scale test values.

Charge |DoB |Reduced DoB IHoT Reduced HOoT Heduced Impulse E{ pected Impulse
Ib in in/(IbA[1/3])  |in Jin/(Ib™[1/3]) (Ib-s)/Ib (Ib-s)/Ib
0.001402 | 0.04 0.36 0.50 4.47 691 1435
0.001402 | 0.25 2.23 0.50 4.47 1283 1630
0.001402 | 0.5 4.47 0.50 4.47 1384 1775
0.001402 | 0.04 0.36 1.00 8.93 528 1160
0.001402 | 0.25 2.23 1.00 8.93 991 1354
0.001402 | 0.5 4.47 1.00 8.93 906 1500
0.001402 | 0.04 0.36 1.50 13.40 685 1108
0.001402 | 0.25 2.23 1.50 13.40 827 1302
0.001402 | 0.5 4.47 1.50 13.40 863 1448

Table 4.21: 0° Plate Small Scale Test Results

Reduced Impulse vs Reduced Burial Depth
4.47 in/IbM1/3] Constant Reduced Standoff Distance

636mg Actual Charge Size
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Figure 4.23: 4.467in/% Reduced Impulse: Expected vs. Actual Values [15]
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Figure 4.24: 8.93 SOD Reduced Impulse: Expected.\Actual Values [15]
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The reduced values of the flat plate tests redart¢his thesis are consistently
lower than the expected values calculated by thBdnald equation. Because the

data used to create the McDonald equation did otiain any tests at a depth of

burial less than 1.881/%/Ib , the expected values at the shallower depths riditare

not predicted. The differences at the 2.23 and mA’{/B reduced depths of burial
are within a region that was extensively testediandrporated into the model, and
are therefore more believable. Ignoring the vafoeshe 0.36in/% reduced depth
of burial, on average the measured impulse valu#sis study are 31% lower than
the expected values.

An inconsistency between the expected values e@fom previous testing
and the results obtained from the shaped targ@igesould indicate the presence of
a problem with testing that needs to be resolve@ssuming the equation is correct,
the most likely source of error is miscalculatidrcbarge size. Hopkinson scaling
only applies to ideal explosives, so a correlatamtor may be required if the charge
output is not what is expected.

The equation and test data have similar trends neghards to impulse as a

function of height of target, as seen in Figures4.2
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Reduced Impulse vs Reduced Height of Target
Constant Reduced Burial Depth
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Figure 4.26: Measured vs Expected Total Impulse fadConstant Reduced DoB

For the reduced depths of burial within the raofylhe model, the expected
and measured values show similar trends with reédpehbe different heights of
target.

Comparisons show that the total impulse measuwedjuhe flat plate for the
given height of target and depths of burial arescgiently lower than what the
McDonald equation predicts for a 636mg size chaijéhough the output of the
charge is less than expected, it is consistent gmepeated tests. This suggests that
the results from this research using the 636mggeharay be compared to external
data if a correlation (or “correction”) factor ised for the charge size. Since the
charge output is consistent but lower than expeetectan correlate the results by

using an effective charge size that is smaller thar636mg of output explosive used.
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This is similar to the use of a correlation facoggested by Fu [7] when scaling
nonidealized explosives.

The expected values from the McDonald equationaide more closely with
the reduced values from the 0° plate tests if agehsize of 460mg is used instead of

636mg, as seen in Figures 4.27 through 4.29 antk Aab2.

Charge DoB | Reduced DoB |HoT| Reduced HoT | Reduced Impulse | Expected Impulse
Ib in in/(1b~[1/3]) in in/(Ib~[1/3]) (Ib-s)/Ib (Ib-s)/Ib
0.001014 | 0.04 0.40 0.50 4.98 956 1360
0.001014 | 0.25 2.49 0.50 4.98 1775 1571
0.001014 | 0.5 4.98 0.50 4.98 1913 1715
0.001014 | 0.04 0.40 1.00 9.95 730 1176
0.001014 | 0.25 2.49 1.00 9.95 1371 1387
0.001014 | 0.5 4.98 1.00 9.95 1252 1531
0.001014 | 0.04 0.40 1.50 14.93 947 933
0.001014 | 0.25 2.49 1.50 14.93 1144 1144
0.001014 | 0.5 4.98 1.50 14.93 1193 1289

Table 4.22: 0° Plate Small Scale Test Results f460mg Effective Charge Size
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Figure 4.27: 4.98in/3/Ilb Reduced Impulse Values for 460mg Charge Size

Reduced Impulse vs Reduced Burial Depth
9.95 in/Ib”[1/3] Constant Reduced Standoff Distance
460mg Effective Charge Size
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Figure 4.28: 9.95 SOD Reduced Impulse Values fo6@mg Charge Size

95



Reduced Impulse vs Reduced Burial Depth
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Figure 4.29: 14.93 SOD Reduced Impulse Values fd60mg Charge Size
Scaling the results with a 460mg effective chaige places the expected and
actual reduced impulse values much closer thdreif tvere scaled with the actual
charge size of 636mg. Ignoring the values at tB6é [D]/% reduced depth of burial
(since this value is outside the range of valifbtrythe McDonald equation), the
average difference between the measured and expetees is 9%, with the greatest
difference at 18%. In particular, the measuredaam/% height of target values

(green lines in Figure 4.29) are right on top @itlexpected values. Using the
460mg effective charge size as a correlation faafows the results of the small
scale shape tests to be reduced and comparedd¢@oesiucted at other scales. In
order to determine if the difference between messand expected values was due

to charge size, a series of tests involving thegmeate charge sizes was conducted.
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0° plate impulse tests were conducted with 0.6362g, and 2.5g charges. There
was no agreement between expected and measures vaitil the charge size was
2.5g9. Values at the 2.5g charge size were witBi¥ of those predicted by the
McDonald equation. In order to validate this ctatien, larger scale testing should
be conducted and the results compared to bothntlaé scale tests and the McDonald

equation.
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4.4  Blast Damage Effects: Erosion and Impact

Testing of the flat and dihedral plates producednem the target faces from
repeated detonations. Analysis of the worn taptpes provided additional
information about the loading mechanisms experiéigethe plate from the
detonation of a buried charge. Repeating tests avitew and worn plate indicated
that change in total captured impulse due to waahe plate was within 10% scatter.

Figure 4.30 compares a new 13° dihedral plate éodamaged after multiple tests.

Figure 4.30: New and Worn 13° Dihedral Target Plags
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Close examination of the damage to the worn @atavs two regions. The
target face is radially eroded and pitted in adacigcle, a result of sand tangentially
striking the plate during the course of repeatedtsl This area of effect will be
referred to as the erosion region. In the cerfténeplate is a distinct crater with a
wear pattern different from that of the erosionieag This area will be called the

impact region. Figures 4.31 and 4.32 show theestagstate and the approximate

distribution of the impact and erosion damage negjio

Figure 4.31: Worn 13° Plate
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Figure 4.32: Erosion and Impact Damage Regions

Figure 4.33 is a picture of the underside of thed3te after a test. The plate
flipped over after being loaded by the charge dation, which preserved the sand
pattern. The center of the target plate featurglsla of sand over the impact region.
A radial pattern of scorch marks and sand spragyspbut from the center, and is
surrounded on the outside by arcs of sand. Beamlge®ne pattern was recorded,
further research is required before any asserttande made regarding this

phenomena.
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Figure 4.33: Spray Pattern on the Underside of th&3° Plate

4.4.1 Impact Region

The impact of ejecta against the center of thestdgdt it deeply pitted
(Figure 4.34). The walls of the impact region ewacave, and there is a distinct lip
at the edge of the crater. The appearance ofethieicof the plate suggests that the
sand that hit the center traveled perpendiculéineécsurface of the ground. Using the
circles pictured in Figure 4.32 as a referencejrtigact region was struck by sand
traveling perpendicular to the surface. This isontrast to the surrounding region,
where the pitting travels outward in a radial dil@e. The sand seen in the center of

the plate in Figure 4.33 completely covers the ichpagion.

101



Figure 4.34: Impact Crater Close-Up

The cratered shape of the impact region suppogtpitbsence of an intense,
concentrated loading acting against the centdneptate. The most likely candidate
for this load comes from the impact of the soilgpas it is propelled by the rapidly
expanding detonation gases beneath it. The anilisf the soil plug against the
target plate deformed the center, and eventuathater was formed after repeated
strikes from testing. The size of the crateriigtgly larger than the diameter of the
636 mg charge used in the impulse testing (FigudB)4 The similarity in size
between the charge and the impact region suppwtslea that the cratering is from

the impact of the soil plug against the target.
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Figure 4.35: Impact Region as Compared to 636 mgharge
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4.4.2 Erosion Region

Surrounding the crater is an area pitted and womnradial pattern emanating
outward from the center. This damage region isigvéistributed over a wide area
on the plate, and hints at the presence of samtdially impacting against the
surface of the target. The sand is most concetiattwo perpendicular lines,
forming an “X” across the center of the target.e TK” pattern of soil and scorch
marks in Figure 4.33 is spread out radially from tlenter of the target, and partial
arcs of sand surround the outside.

The sand pattern in Figure 4.33, as well as the paiern in Figure 4.32,
supports the presence of a distributed load meshmaacting over a wide area of the
plate. The spray of ejecta from the charge locateterneath the center of the target
impacted over the surface the target in an outwagttion, which caused the radial
pitting seen in Figure 4.33. Portions of the smtyck and then stuck to the target,
and formed the arcs seen in Figure 4.33. The Hép®e of the spray pattern suggests
that the distributed load is influenced by the ¢aighape. The regions of the dihedral

shape closest to the surface are clean of sprayeabe center of the dihedral faces.
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Chapter 5: Summary & Conclusions

5.1 Summary

Research was conducted to examine the effect ofgelsain target geometry
on loading applied by a blast from a buried chaxggtered under the target plate.
The testing involved very small scale charges (6B6frexplosive) and utilized high
speed digital imagery to capture the motion of gdlycfabricated target plates. The
primary test set involved charges buried in satataand at three depths (0.04”,
0.257, and 0.5” to the top of the charge). Thgeéds were aluminum billets machined
into non-deforming shapes with 0°, 7°, 13°, and @b®dral angles. The plane area
parallel to the soil surface and target mass wel@ ¢onstant. The target plates were
suspended at four different heights from the sexfa@t, 0.5”, 17, and 1.5”. The
height (called the standoff distance) was measinozd the surface to the lowest
point on the target. Analysis of high speed vides used to determine the total
impulse transmitted from the detonated chargeedddhget plate.

The blast from a buried charge can act on the tggée with three distinct
mechanisms. The first is a shock wave transmittad the explosive directly into
the target. This loading mechanism only affecéstdrget when it is touching the
surface, or at extremely low standoff distanceke ®ther two loading mechanisms
are caused by the expanding detonation gases fortineof a gas bubble. The
second loading mechanism is the perpendicular ibgfabe soil above the charge
(the soil plug) against the target. The expandiag acts on the soil directly over the

charge to propel the soil plug upward like a pistdie third loading mechanism is a
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distributed load from an annulus of soil and ejebtawn from the charge area by the
expanding gas bubble. The distributed load isaesible for most of the total
impulse, and in most cases is also the most atfdéntdarget geometry and standoff
distance. Analysis of the damage caused to the plarepeated tests supports the

division of the load into an impact and distributedchanism.
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5.2 Conclusions

The dihedral angle of the target plays a significate in reducing the total
impulse applied to a target by the explosion ofiadal charge. For a given standoff
distance and depth of burial, there is a cutofiebgyond which there is no
reduction in total impulse over the range of vaeabnvestigated. This cutoff angle
increases with depth of burial, and decreases stahdoff distance. Comparisons
between dihedral and pyramid target shapes condlitime idea that only a portion of
the total impulse (the distributed load mechanismaffected by target geometry.
Once the distributed load has been mitigated (auhgltbe impact load remains),
further changes in target geometry will not affietal impulse.

Changes in the depth of burial affect the amoumj@déta that was flung
towards the plate and the size of the soil plugrdases in depth of burial increase
total impulse up to a point, beyond which changgs d negligible effect within the
range of depths tested. The addition of more &jom increasing the depth of
burial increases the influence of plate shape tal impulse.

Standoff distance has a roughly inverse relatignshih total impulse; at
higher standoff distances, the impulse is lowesr &given plate shape and depth of
burial, there appears to be a cutoff height at tvimcreases in standoff distance
caused negligible changes in total impulse (withenrange tested). Standoff
distance determined the proportion of loading mems. At extremely close
distances, the shock wave imparts significant i@tb the target. Increasing

standoff creates an air gap that mitigates theceffethe shock wave. At large
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distances the distributed load mechanism is sicamtily reduced. The speculated
impact load is largely unaffected by standoff disewithin the range tested.
Comparisons between the test data and a modekdernom previous
experiments revealed a disparity. The measuretlitopulse per gram of explosive
in this research seems to be lower than the exppeciees. The model itself has
provided predicted results that are consistent piivious small-scale testing, and as
a result the problem appears to be with the chsimpe The lower values (relative to
the expected values) suggest the possibility titeatharge output may not be as much
as the total explosive mass suggests it shouldCloerelations between this data and
the model were more successful when an effectiaegehweight approximately 70%

that of the actual charge weight was used.
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53 Future Work

There are several areas that need additional iseadditional standoff
distances, plate angles, and depths of burial dhmeitested in order to refine the
matrix and obtain a better understanding of thesiteon regions and cutoff angles.
Particular attention should be paid to standoffasises and depths of burial near to
the surface, since these areas show the greatssti\ggy to changes in the
parameters. New plate shapes incorporating additdihedral angles, as well as
other geometries such as rounded shapes, shotddted. A new testing regimen
involving charges placed in areas other than dyectderneath the plate is needed to
replicate the fact that most explosions do not odmectly underneath the center of
the vehicle. Additional focus should be placedtmspray pattern on the underside
of the plates after a test, as they provide ingigfiot the distribution of load
mechanisms on the target. Finally, larger scaltstehould be conducted to ensure
proper consistency between very small and fulleseakents. The research discussed
in this thesis only scratches the surface of theadyic effects surrounding a buried
charge explosion. Further experiments based aitsedeund here and elsewhere
will eventually provide insight, but there remaans extensive amount of work to be

done
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Appendix A: Deformable Plate Shapes

In the earliest stages of this research, an atteraptmade to fabricate a target
plate by bending a flat plate of aluminum into bheatiral shape. A 0.125” wide by
0.375” deep channel was milled out of the centexro8” x 8” x 0.5” aluminum plate
to provide a bending axis (Figure A.1). When bémg, plate formed a dihedral angle
of approximately 13 degrees. Testing used a chargsisting of 3 RP-80 detonators
laid side-by-side; the total charge size was 60@rngure A.2). A total of three tests
were conducted before the plate was too damageddsyon to use. By the third test

a crack had formed in the center of the plate tinéomilled channel.

Figure A.1: 13° Deformable “Bent” Plate
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Figure A.2: 609mg Charge Consisting of 3 RP-80 Datators

Testing of the bent plate revealed that duringnit&l stages of loading the
plate would deform before it displaced. Figure &.a series of images showing the
first 5ms of the bent plate being loaded by a liliciearge in saturated soil. The test
was conducted at a 0.04” depth of burial and adstfirlistance of 0.11”. In the first
frame we see the target resting before the chardetonated. 1ms later we see the
charge detonate and an initial spray of ejectenslater the center locally deforms
and flattens out to an angle of 4°. The plate dm¢®xperience any global
movement. 3 ms after the explosion, in the thiadnfe, the plate begins to move with
rigid body motion. The plate regains a portiontgforiginal shape between the third
and fourth frame. After the test the plate wastbto have a dihedral angle of 10°,

indicating that a portion of the deformation waaspic.
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Figure A.3: Time Elapse (1 ms/frame) of Bent PlatStarting at 0Oms
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Since the bent plate deforms during loading, it igas useful for examining
the role shape plays in reducing total impulse feoburied charge. Testing was
instead conducted with solid plates machined ogbbfl aluminum billets, which
maintained their shape during loading. While tb&/not solve the problem they
were designed for, the bent plate tests provideolgortunity to examine how
deformation affects the total impulse captured lshaped plate.

Figure A.4 compares the reduced impulse valueseobént plate tests to the
13° dihedral tests for the same 0.04” depth ofddurihe X-axis is reduced standoff
distance, the Y-axis is reduced total captured isgand the three colored lines are
three different targets. The black line is thelfte, the red line the deformable 13°
plate, and the blue line the rigid 13° plate. Theles, triangles, and squares
represent the data points rigid 13°, and deformaBfe and 0° plates respectively.
The reduced values are used because of the diffelnange sizes; 609mg is used to
scale the bent plate values, and the effectiveevail60mg from Section 4.3 is used
to scale the 0° and rigid 13° plate values. Ta&blecontains the impulse values for

Figure A.4.
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Rigid and Deformable Shaped Plate Impulse Tests
Reduced Depth of Burial: 0.04"
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Figure A.4: Rigid and Deformable 13 Degree Platest 0.04” Burial Depth

Plate Charge Red_uced SD Reduced Imp
g in/(in"[1/3]) Ib-s /b
Deformable 0.609 1.00 2044.56
13°Plate 0.609 1.00 2170.14
0.609 5.26 1044.88
0.460 0.00 3371.88
0.460 4.98 840.20
0.460 4.98 1010.90
0.460 4.98 1030.85
0.460 9.95 722.70
FlatPlate 1 460 9.95 744.87
0.460 14.93 944.39
0.460 19.91 625.16
0.609 1.00 2394.53
0.609 8.25 907.58
0.460 0.00 1910.95
0.460 4.98 512.10
Rigid 13°Plate|] 0.460 9.95 645.11
0.460 14.93 616.29
0.460 19.91 563.09

Table A.1: Rigid and Deformable Plate Impulse TesValues
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In Figure A.4 we see the bent plate consistenthnshhigher levels of total
impulse within the range of standoff distanceseg@stompared to the rigid shape.
The values of the bent plate coincide very closeati those of the 0° plate, even
though the bent plate still had a 10° dihedral arsdter being loaded by the buried
charge. Although more tests are required to confirese results, the initial data
suggests that the deformation of the bent plateheae a significant effect on total
captured impulse. The impulse captured by the plate is the same as a flat plate.
The deformable target is formed by the blast inlatéer shape that captures more

impulse than a rigid target.
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Appendix B: Additional Target Shapes

A small series of tests was conducted in ordeotapare the total impulse
captured by a dihedral shape to a single pyramageiof the same angle (Figure B.1,
Top). Two angles were tested: 7° and 13°. A secamies of tests were conducted
comparing shapes with a grid of 45° pyramids (FegBirl, Bottom). Two pyramid
heights were tested: 0.5” and 0.25”. Pyramid gadjht refers to the distance from
the base of the pyramid to the top point. Twoeddht charges were used dependeing
on the test. The first was the 609mg RP-80 chdegeribed in Appendix A, and the
second was the 636mg charge described in Sectloni2 order to compare the
results the standoff and impulse values were ratit@a scale-independent form.

The effective charge size of 460mg from Sectionwia8 used for the 636mg charges.

Figure B.1: 13° Dihedral & Pyramid (Top) and Pyramd Grids (Bottom)
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B.1  Pyramid and Dihedral Shapes

Table B.1 and Figures B.2 and B.3 present the sodkpendent values
recorded from a series of tests comparing 7° afidiit@dral and pyramid shapes.

All values are presented in a scale-independeniceztiformat.

Plate Charge | Reduced SOD JReduced Impulse
9 in / (in"[1/3]) Ib-s / Ib
0.460 0.00 3371.88
0.460 4.98 840.20
0.460 4.98 1010.90
0.460 4.98 1030.85
. 0.460 9.95 722.70
O°FlatPlate |60 9.95 744.87
0.460 14.93 944.39
0.460 19.91 625.16
0.609 1.00 2394.53
0.609 8.25 907.58
0.460 0.00 3300.94
0.460 3.78 1352.30
0.460 4.98 558.65
- 0.609 0.00 1850.32
7*Dihedral |5 609 0.00 2550.25
0.609 3.44 941.07
0.609 7.25 654.73
0.609 18.13 606.17
0.460 0.00 2176.98
0.460 4.98 576.39
7°Pyramid | 0.460 9.95 671.72
0.460 14.93 669.50
0.460 19.91 620.73
0.460 0.00 1910.95
0.460 4.98 512.10
13°Dihedral | 0.460 9.95 645.11
0.460 14.93 616.29
0.460 19.91 563.09
0.460 0.00 1857.75
0.460 19.91 538.70
0.609 0.00 1585.75
. | o0.600 453 532.49
13°Pyramid | - 509 453 582.72
0.609 7.25 577.70
0.609 7.25 601.14
0.609 9.97 592.77

Table B.1: Dihedral and Pyramid Plate Test Values
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7°Pyramid and 7°Dihedral Shaped Plate Impulse Tes ts
Reduced Depth of Burial: 0.4 (in/(Ib/[1/3]))
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Figure B.2: 7° Pyramid and Dihedral Plate Tests
13°Pyramid and 13°Dihedral Shaped Plate Impulse T  ests
Reduced Depth of Burial: 0.4 (in/(Ib/[1/3]))
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Figure B.3: 13°Pyramid and Dihedral Plate Tests
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Both Figure B.2 and B.3 show impulse as a funatibstandoff distance for a
dihedral and pyramid plate. The red lines and diaals represent the values from
dihedral shape tests, the blue lines and triaregieshe pyramid shape test values, and
the black line and squares are the 0° flat plabeega As discussed in Section 4.1.4

the 7° dihedral and pyramid shape differ slightiyhim the first range of standoff
distances tested (from O to 4.9&(%), and then captured the same total impulse up

to the maximum standoff distance tested. Whethellvalues for a given standoff
distance are averaged, the 7° degree dihedralt faliage captures slightly more
impulse than the 7° pyramid target. The 13° diakdnd pyramid target plates
capture the same total impulse for the entire rariggandoff distances tested.

The values for the dihedral and pyramid impulsgéstsupport the idea that
there is a maximum portion of the total impulses (thstributed load mechanism) that
can be deflected by shaping the target. It isudpéad that once this portion of the
load is deflected, and only the impact load medraremains, further changes in the

target geometry will have a negligible effect otataaptured impulse.
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B.2  Pyramid Grid Target Shapes

A second series of tests was conducted usingsphagehined with grid arrays
of 45° pyramids of varying heights. Two targettptawere tested; one with an array
of pyramids 0.5” high (Figure B.1, Bottom Left,1i5), and a second with an array
of pyramids 0.25” high (Figure B.1, Bottom Right1p5). Figure B.4 shows the
results of the testing. The graph shows reduceuiise as a function of reduced
standoff distance. The black squares and lineesgmits the data for the 0° plate, the
red line and diamonds are the data points of tB&"@rid plate, and the blue line and
triangles are data points for the 0.5” grid plat@able B.2 provides the data values for

the information graphed in Figure B.4.

0.25" and 0.5" Pyramid Grid Plate Impulse Tests
Reduced Depth of Burial: 0.4 (in/(Ib/[1/3]))
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Figure B.4: 0.25” and 0.5” Pyramid Grid Plate Tes$
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Plate Charge R_’edu_ced SOD | Reduced Impulse
g in/ (in"[1/3]) Ib-s /b
0.460 0.00 3371.88
0.460 4.98 840.20
0.460 4.98 1010.90
0.460 4.98 1030.85
. 0.460 9.95 722.70
0°Flat Plate 0.460 9.95 744.87
0.460 14.93 944.39
0.460 19.91 625.16
0.609 1.00 2394.53
0.609 8.25 907.58
0.609 0.00 2260.57
) 1 0609 3.63 1351.32
0.25" Pyramid Grid | - ¢g 3.63 1155.40
0.609 5.26 1247.50
0.609 0.00 1977.58
. | o609 3.26 1018.09
0.5" Pyramid Grid | ¢g 3.26 1232.43
0.609 5.26 832.22

Table B.2: 0.25” and 0.5” Pyramid Grid Plate TestValues

The graph and table shows a change in relativepednce of the grid plates
with respect to the 0° plate depending on the stfitistance. At the Gh/%
reduced standoff distance, the 0.25” and 0.5” pydagrid plates capture roughly
60% of the total impulse that the flat plate capsur This can be explained by the
influence of the shock wave loading mechanisma@gecktandoff distances. The
pyramid grid plates are stood off from the grougdsbme distance, and only the
points of the pyramid array are touching the safsg.a result there is only limited
material for the shock wave to travel through, alsh gaps for the expanding gas to
flow through. In contrast the flat plate complgtebvers the soil at the i@/%
standoff distance, and captures the maximum anmufuntpulse.

The pyramid grid shapes capture more total impudkive to the 0° plate as
the standoff distance increases. As the standstfinte approaches 5.%/ YIb the

two pyramid grid plates capture the same total isgpas the 0° plate. In the case of
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the 0.25” pyramid grid plate, the total capturegburse is actually 25% higher than
the 0° plate at the 5.26/ 3/lb reduced standoff distance. The increase in stando

relative to the 0° plate can be explained by thg tha detonation gases and ejecta act
against the pyramid grid structures. In the flatg the target is shaped in such a
way that none of the ejecta can be captured bgdbenetry of the plate, and instead
all of the escaping soil and gases are deflecteyawln contrast portions of the
underside of the pyramid grid plate are facingdéeter of the explosion. Escaping
ejecta and detonation gases have to flow aroursktfaees, and in doing so impact

against the target. The surface features captare mpulse relative to a flat plate.

Figure B.5: Wear on 0.5” Pyramid Grid Plate After Testing
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Figure B.5 is an expanded image of the 0.5” pydagnid plate from Figure
B.1. The majority of the wear is located in thatee of the target plate, but at
portions of the plate away from the center we bégisee a change in the erosion
pattern. The wear is most concentrated on thes siflthe pyramids that face the
center of the target, and lest evident on sidasdeaway from the center. As the soill
and gas bubble expanded, they impacted againpythenid features facing the
explosion and were then diverted around them. Wvesee this diversion in Figure
B.6, which is a frame from a 0.5” pyramid grid glaest taken 5ms after the charge
was detonated. Jets of sand and gas are projectedetween the pyramid arrays,
with most of the ejecta coming from the centernaf pyramid plates. The results
support the idea that a portion of the total impussheavily dependent on target
geometry, and depending on the shape of the teagetbe increased or decreased

significantly.

Figure B.6: 0.5” Pyramid Grid Plate, 0.04” DOB, 058" SOD, 5ms Elapsed Time
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Appendix C: Standoff Distance Measured from Central

Standoff distance was found to play a significahe in the total impulse
captured by a target plate from a buried charge varere that standoff distance is
measured from can greatly alter the measured valliles shape of the target plates
used in this research makes choosing a referennedifficult. The decision to
measure standoff distance from the surface toawesdt point on the target plate was
designed to allow standoff distance to translate the ground clearance beneath a
vehicle. The disadvantage of using the lowesttpmithe target as the reference for
standoff distance is that the average distancedsetwhe surface of the target and the
ground varies with the shape of the target. Ince of dihedral and pyramid

shapes, the average distance increases when garaliangle becomes larger.

An alternate reference point is the centroig Distance from
Plate Bottom to

(geometric center) of the shape on the targetndJ4 Centroid (in)
13°Bent Plate 0.53
the centroid as the reference point for standoff |0-25" Pyramid 0.17
0.5" Pyramid 0.33
. . 7°Pyramid 0.33
distance mitigates the geometry of the target, an 13°Pyramid 0.60
] 0°Flat Plate 0.00
transforms the target into a flat plate at an 7°Dihedral 0.32
13°Dihedral 0.60

equivalent distance from the surface. Table C.1Table C.1: Centroid Distances
contains the distance from the bottom of each tapigee to centroid of the dihedral
or pyramid shape. Figures C.1 through C.3, andeT@t® through C.4, contain the
graphs and values for the constant depth of btesé using a standoff distance
referencing the centroid. Regardless of whethectntroid or lowest point of the

target is used as the reference for the standstfnice, the results are the same.
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Plate Total Impulse Test, 0.04" Depth of Burial
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Impulse Values for Figure C.1

Table C.2:
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Plate Total Impulse Test, 0.25" Depth of Burial
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Figure C.2: Impulse Test and Centroid Standoff Ditances, Constant 0.25” DOB

Plate Burial Centroid Total

Angle Depth Standoff | Impulse
O (in) (in) (Ib-s)
0 0.25 0 3.28
0 0.25 0.5 1.80
0 0.25 1 1.33
0 0.25 1.5 1.16
7 0.25 0.32 2.81
7 0.25 0.82 1.40
7 0.25 1.32 1.05
7 0.25 1.82 1.23
13 0.25 0.6 1.99
13 0.25 1.1 1.09
13 0.25 1.6 1.05
13 0.25 2.1 0.96
20 0.25 0.6 1.57
20 0.25 1.1 0.96
20 0.25 1.6 0.85
20 0.25 2.1 0.87

Table C.3: Impulse Values for Figure C.2
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Plate Total Impulse Test, 0.5" Depth of Burial

Impulse (Ib-s)
N

Plate Angle (Degrees)

Figure C.3: Impulse Test and Centroid Standoff Ditances, Constant 0.5 DOB

Distance to Centroid (in)

Plate Burial Centroid Total

Angle Depth Standoff | Impulse
O (in) (in) (Ib-s)
0 0.5 0 3.06
0 0.5 0.5 2.14
0 0.5 1 1.27
0 0.5 1.5 1.21
7 0.5 0.32 2.45
7 0.5 0.82 1.62
7 0.5 1.32 1.20
7 0.5 1.82 1.10
13 0.5 0.6 2.66
13 0.5 1.1 1.17
13 0.5 1.6 1.23
13 0.5 2.1 0.99
20 0.5 0.6 1.74
20 0.5 1.1 1.23
20 0.5 1.6 0.90
20 0.5 2.1 1.03

Table C.4: Impulse Values for Figure C.3
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Glossary

Acoustic ImpedanceA material constant indicating the ability of aterial to

transmit sound in units of kg/s m2. It is measusgdanultiplying the density by the
speed of sound in the material. Sound travelb#itough materials with high
acoustic impedance, such as solids or liquids.

Centroid: The geometric center of a two-dimensional shape.

Centroid Standoff DistanceThe perpendicular distance from the ground to the

centroid of the target shape.

Depth of Burial (DOB) The distance between the surface of the sandhenip of

the charge. This measurement is taken beforeaiie is saturated, and is measured
in inches (in.).

Dispersed LoadA component mechanism of blast loading that aeés a wide area

of the target, imparting a significant amount oégy and momentum. It is
composed of the gas bubble and soil annulus.

Ejecta: Soil, water, and other bits that are thrown ihi® air by an explosion.
Gas Bubble:An area of extremely high pressure caused byredipg gas from the
detonation of an explosive charge.

Height of Target (HOT):See standoff distance. This term is primarilgdugshen

referring to reduced valuein( %) that compare results between tests of different
scales.

Impact Load: A component mechanism of blast loading that fsdd by a very

rapid and concentrated impact. When the charglmeéep, the expanding gas acts

like a piston to project the soil plug into thegetrlike a bullet.
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Impulse The change in the momentum of a target platerasult of loading from a
buried charge, which is the integral of the appfede with respect to time. Itis
measured in Ib-s, and was calculated by multiplyirgmass of the target by the
velocity.

Plate Angle The dihedral angle of a target plate betweerirth face of the target
(the side facing the ground) and the ground itsklis measured in degrees.

Pyramid Height For the pyramid grid shapes, this variable messsthe height of

the triangles from the base to their top pointis lneasured in inches.

Reduced ValueA value that is unchanging with respect to saaéed to compare

tests involving different charge sizes.

Shock Load: A component mechanism of blast loading consisbinipe shock wave
emitted by the detonation of an explosive charge.

Soil Annulus: A spray of ejecta that loads the plate and faimesdispersed load. It
does not include the soil plug.

Soil plug: The portion of the soil directly above the chardfas part of the impact
load.

Standoff Distance (SOD)The perpendicular distance between the surfatteeo

ground and the point of the target closest to themmd. This measurement is taken

before the sand is saturated, and is measuredhesn(in.).
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