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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 am&s 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 enitiipulse transmitted by a buried
charge to a suspended target plate. The indepemdeables were target geometry
(dihedral angle), depth of burial and standoffahse. 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 idyg&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 1, more vehicles have been losatal mines than all other
threats combined [1]. Antivehicular (AV) mines a@gpable 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 dneelbunderstood.

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 minape®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 spurtvfard. 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 sagofeks 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 initiateifeft. 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 ¢hené@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 suyfaecd 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 hetiveenaterials 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@t&een 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 mechanicat wmaihe 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 echtieformation 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 flmexpand 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 neoupward 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]. Figude5 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 giegted ahead of the detonation
products and overpressure effects from the highsure 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 tdwget is first impacted by the soil plug
above the charge propelled by the initial expansiathe 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 matchdsiihe soil and air means this
component is only present when the target is touychr 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 loadioiges 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 getry 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-stegecaptured by a high
speed camera. A 0.5g charge of Detasheet wasdhtoreedepth of 0.69” and
detonated, and the resulting explosion was recordée camera captured an image
once every 44s. Figure 1.7 shows the first frame before thdastpn and then the 3

frames afterward.



0 S 44S

88 s 132s

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 conceattédad 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 actusy 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 sevetalr§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 ilspwcaptured 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 distanaow for greater expansion of the
gas bubble and soil annulus diameter [2]. Whiig itncreases 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 hagyaicant influence on the
nature of the loading mechanism against the tar§eshallow burial depths, the
loading mechanism is primarily from the detonafpwaducts rather than the soil. As
the depth of burial increases, the detonation ptsdare 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
40 s 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 ceamgstricts 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 (40s/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 bubblegsdependent 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 ineremergy 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 incorporatimgles 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 platesdrmtween 0° and 30° using air
blasts revealed that loading decreased signifigastithe plate angle increased within

the range tested [4]. Similar results should qeeeted 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 andyiassumed 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 presemig¢drims of the parameters Z (reduced
distance), (reduced time), and(specific reduced impulse). R, t, i, W are the
unscaled distance, time, specific impulse, andgehareight.

R t [

zZ=— t=— z=—
WE WE
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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 esipke 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 scaiitsdelow 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 Dynanfiiedts Lab. Other components
had to be modified or specially protected in orewithstand the rigors of blast
testing. The choice of sensor equipment and etallowed for repeated tests once

setup was completed.

2.1 Explosive Charge

The charge (Figure 2.1) consisted of 0.99g of
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 visuaihg high speed digital
cameras. The original camera used was the Visese&ch Phantom v4.1, a
monochrome high speed digital camera which wasabgpérat 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 MACRO 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 megabytesmiry and could take 1000
pictures at full resolution. The Phantom v7 camdi 2 gigabytes of memory and
could capture over 8000 pictures at full resolutidine 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 traresirtitta personal computer.
The camera was either connected by a FireWire ¢&blantom v4) or CAT5 cable
(Phantom v7). The FireWire cable was more sudgleptd outside electrical
interference and repeatedly caused signal loss cbluld 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 reconnectingdhgera and PC.

The digital camera was mounted on a standard #fuigt,head tripod mount
sold by Vision Research (Figure 2.3). A foam sgidtected the stand from flying
soil and water. The camera itself was protected trgnslucent 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 tinaect 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 tyae 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 @up& The view window shows
exactly what the camera sees in real time, allowhegesearcher to determine
precisely how the recording should look. The coligr can either trigger the camera
from the software, or place the camera in “Captunetie and trigger using an
external device. The Phantom software also alkhwsiser to record movement,
scale distances from a reference, and determindamand linear acceleration and

velocity.

Figure 2.4: Phantom Camera Control Software

21



2.4  Firing System

The charge is detonated with a Reynolds Induskne$S-10 EBW firing
system [11] (Figure 2.5). This battery-operatehd@ system is charged from an
110V power source, and uses coaxial cable to conoelce 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 uppelitigorner. The control unit provides
between 32 and 40 volts to the firing module, whahlarges a 1F capacitor to
3000V. When a 30V pulse is applied to the red teatron the module, the capacitor
discharges 3000V into the lead (upper right) teetsin The detonator will fire 18
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
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2.5 Dummy Charge

The camera is tested three times before eactotesitsure 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 anlbdock of graphite inside an
aluminum tube is used to ensure the firing sys&fnctioning. The gap between
the two wires is approximately 1/8”. When therfgisystem is initiated a 3000V
pulse runs across the leads. This pulse caussgoiespark 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 sendirejesntrical pulse to the
trigger (red) coaxial lead on the camera. Thegerdead is kept at +5V when the
camera is powered and running properly. If a -bié@ is sent along the trigger lead,
it causes the voltage to drop and triggers the cam&hen the 30V activation pulse
is transmitted, the trigger mechanism convertsithisa -5V pulse that triggers the
camera. Figure 2.7 shows the trigger mechanisth, twé coaxial cable on the left
leading to the camera and the red and white winehe 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 steeltadsuring 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 amiily 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@mmé 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 fifteemuotes 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 repgéarays 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 burieakglb. These shapes included a
grid of pyramids (similar to some forms of acougtaneling), plates bent into
dihedral shapes, and plates machined into pyrandddéhedral 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 testedradrespective masses.

Plate Shape Mass (g)

0° Plate 1525

7° Dihedral Plate (1) 1458

7° Dihedral Plate (2) 1556

7° Pyramid Plate 1500

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&ofh Right) are solid plates

machined into a pyramid form.
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Figure 2.10: 0° 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 pldtes {° and 13° plates) had to be
replaced midway during the test. The decisioreface the plates was based on
observations made over time. Although erosion wisiglly 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° pydaohate 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 pbade by explosive loading,
the initial velocity imparted to the plate is recud. High speed digital imaging
captured the movement of the plate in respondeetblast. 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 reqspesialized fixturing and
machining techniques to fabricate. Figure 3.1 shthe fixture and aluminum plate

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

Figure 3.1: Fixture Plate, Bolts, and Aluminum Plae
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The fixture plate is a 1” thick steel plate measg8” x 10”. Four 3/8” holes
in a square pattern were drilled and countersutithre center of the plate. The
coordinates of the four holes with the center efplate as the origin are (1", 0”), (-
17, 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 (31B8% which requires a total of 33.9
in® (55.6 cn) of aluminum. Figure 3.2 and Table 3.1 show timeethsions of each
target plate. The 20° target plate required theoseal of 9.86 ifl of material from the

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

°  h(n) (in)

0 0.500  0.500
7 0.487  0.286
13 0.900  0.080

20 1.368 0
Table 3.1: Target Dimension Values

Figure 3.2: Target dimensions

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

The aluminum plate was clamped to the mill bedhwaitmachined edge
placed against the reference posts (Figure 3.4pieée of stock between the plate
and the table allowed the edges of the plate tmibed 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 dinmred as close to 8" x 8”
as possible (Figure 3.5). Tolerances were less@@6”, 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 thechiaed and dimensioned
stock plate. With the center of the plate as tingirg the coordinates of the hole
pattern were (17, 0”), (-1”, 0”), (0", 1”), and (0'1”). The holes diameters were

5/16” and approximately 0.5” deep. The tap size @/8"-16.

Figure 3.6: Tapping the Drilled Hole Pattern

The plate was then removed from the table, cleaaredithen 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 mbl¢aas 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 &hetat, an RP-87
detonator, a delrin ring, and 5-minute epoxy (F&gBrl2). 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 saaksieful 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, bgrtthe 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 maigiry enough, compacting the
sand forced water up through the sand bed. dftthppened, 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 shapegasrsFigure 3.15. Once
planed, a small trench was dug around the eddeea$dnd 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 venglgerpendicular lines in
the soil using a ruler, and then creating a 7” x@tare with the intersection of the
two lines in the center (Figure 3.17). For tesisigia 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 depehtoihnwas 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 thaniracting the plate thickness.

Figure 3.20: Measuring Standoff Distance
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The plate was then leveled and centered over thigetusing 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 saturageshtind 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 aatdpheight. Figure 3.23 shows a

completed test bed setup with properly saturatad ssound the target plate.

Figure 3.22: Oversaturated Sand (Left) and Propesyl Saturated Sand (Right)
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Figure 3.23: Completed Test Setup

40



3.2.2 Camera Setup

The camera was set up facing one of the cornersegflate, 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 platlfihe 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 120 s
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 traygéegm 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 indec#ite 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 unuaglause 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 suitdne 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 vieline 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 disphace 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 aneocould 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, thetesgtavas thrown out and
repeated. Over saturation was detected by obggethrencondition 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 saturatedddgew 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 —&— Left —»—Right
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1
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0.8 .

y =54.136x + 0.0124

R?=0.9912
0.6
0.4
0.2
0 ‘ ‘ ‘ : :
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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 ineffectftde 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 teywf 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
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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 cuasexamined 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 fromnhguise testing in the form
of eleven surface graphs. In each graph one dbilmestandoff