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Chapter 1Introduction

Improvised explosive devices (IED) are one of the biggest thoédite wars
in Iraq and Afghanistan.Both the U.S NAVY and U.S ARMY are seeking results
that could be applied on a large scale to detonations of bexpdsives. In ordeto
improve the survivability of a personnel carrier subjected to an improvised explosive
device, the pressure applied at the vehicle floor should be known. The results of this
study will be used by both organizations in order to develop and improveutamp
codes which are used to predict pressure time profiles in the #alditionally, the
pressurd time history at any given locaticat the bottom of a vehicle floman be
used in order to design an armofémbr pan forpersonnel carriersPressug time
profiles ths close to detonating explosive chargese never been measured before.
Approximately 500 small scale tests have been conducted at the University of

Marylandto determingoressure time profiles and explosive loading mechanisms.

The conducted tests areased on the Cube Root Scaling Law so that
results of the smakicale testing can be extendedield testing. Small scale testing
is inexpensive when compared to full scale testing, and in addition, it provides more
insight into the mechanisms of explosive loading applied on target plates.
Furthermore, small scale testing is thsgving compared to full scale testing and test
issues can be resolvedor conducting a field testit has been shown in the past that

results from srall scale testing can be scaled up to full scale resijlts [

The pressurtime profiles measured at different distances are integrated in
order to compute the specific impuls&€he accumulated impulse is calculated from
the specific impulse values ug the cylindrical shell method.The computed
impulse is then compared to the measured impulse using different diameters of round
plates. A series of tests were conducted in the past by using round target plates of

different diameters keeping the masstbé target constant. As shown in past



research ] it is important to keep the mass of the target plates constant in order to

compare the impulse delivered by the explosive loading.



Chapter 2Background

Mine Resistant Ambush Protected (MRAP) vebs;l seeFigure 2.1, are a
family of vehicles produced by a variety of domestic and internatmrapanieghat
generally incorporate a -$haped hull and armor plating designed pmvide
protection against mines and IEDsDOD is currently procuring thredypes of
MRAPSs. These include Category | vehicles, capable of carrymtp 7personnel and
intended for urban operations; Category Il vehicles, capablamying up to 11
personnel and intended for a variety of missions such as suppsetogty, covoy
escort,troop or cargo transport, medical, explosive ordnance disposalpmbat
engineer operationsind Category Il vehicles, intended to be used priméoilglear
mines and IEDs, which are capable of carrying up to 13 persofiing. Army and
Marinesfirst employed MRAPs in limitechumbers in Iraq and Afghanistan in 2003,
primarily for route clearance and explosive ordnance disposal (EOD) operations.
Theseroute clearance MRAPgquickly gained a reputation fgoroviding superior
protection fortheir crews, and some suggested that MRAPs might be a better
alternative for transportinggoops in combat than egrmoredHigh Mobility, Multi-
Wheeled Vehicle$HMMWYV) .
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Figure 2.1 Mine Resistant Ambush Protected (MRAP) vehicles



MRAPs have been dedoed as providing significantly me protection
against IEDsthan uparmored HMMWVs Congressional support for MRAPSs, as
well as fully funding the program, has been credited with getting these vehicles to
Iraq and Afghanistan in a relatively short timefree, therby helping to reduce
casualtiesKigure 2.2) [3]. A statistic shown irFigure 2.2 proves the effectiveness
of the new vehicle. The IED caused fatalities declined from 60% to below 10% per
month with increasing number of MRAPs (1,000 to 10,00@pleyed in total.
Figure 2.3 shows a MRAP hit by an IED. The vehicle hull stays intact and hence
protects the occupants. The doubleshape has proven its advantage compared to
the flat vehicle bottom. The -8hape concept was tested in the Dynamicceffe
laboratory in the past and demonstrated its superiority in small scale tests conducted
(Figure 2.4).
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B  Cumulative number of MRAPs deployved
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messss  Overall dowmward trend in percentage of IED-causad fatalities

Figure 2.2  MRAPs employed versus casualties between November 2007 and
DecembeR008[3]



Figure 2.3 MRAP incident[63]

Figure 2.4 Double \:shape tests at UMD



DOD reports that as of January 6, 2011, 13,624 MRAPs had been delivered to
Afghanistan, including more than 6,500ATVs. The Army has recelyt said that it
will begin development of yet another MRAP versioh h e AU It ter aMRWA P 0
full FY2011 DOD budget request of $3.4 billion for the MRAP Vehicle Fund has
been authorized bthe Ike Skelton National Defense Authorization Act for FY2011
(P.L.111-383)[4].

The Dynamics Effects Lalatory at the University of Maryland haseen
involved during the last &ears in a type of research that studies the effects of
detonation of a buried mine darget plate of different shapes. The shapes tested
include flat, pocket, and-ghape plates of a variety of angl€glre 2.4). The basic
research conducted resulted in impulse, acceleration, plastic deformation, and
pressure measurements. A huge effort is made in understanding the effects of
explosiveloading on target plates. The established data base represents a valuable

contribution to the research conducted in the field of explosive loading.



Chapter 3Experimental Apparatus and Instrumentation

This chapter describes the set of instrumentg thaused in the tests
conducted. It refers to all technical equipment used except the Kolsky bars and the
Instrumentation used with the bars. Since the Kolsky bars are a crucial part of the
instrumentation for the pressure measurements taken, theybevilliscussed in
Chapter 4. The innovation is to introduce a new technique to measure high pressure

profiles very close to buried explosive charges.

3.1 Technical Specifications of Explosives Used

Different types of explosives and charge sizes wsexl in order to conduct
the small scale tests. In certain testige, only single detonators were employed.
The main charge utilized contained Deta sheet or Pentolite as output explosive and
was designed in the laboratory for specific testupst These charges have an RP
detonator attached as the initiating explosive charge. The RP detonators contain
RDX (cyclotrimethylenetrinitramine) an explosive nitroamine and PETN
(Pentaerythritol tetranitrate). Both components are among the most powerful high

explosives known. In the following all types of charges used will be described.

3.1.1 The Function of the RP, RR87, and RFBO EBW Detonator

In an explosive bridge wire detonator, the explosive is pressed in two
increments of different densitwith both increments consisting of a secondary type,
less sensitive, explosive. The first increment (PETN), or the increment next to the
bridge wire, is pressed into the header at a density of approximately 50% of crystal
density. The second increment smts of a different type of secondary explosive

(RDX) which has been pressed to approximately 90% of crystal density. This



increment is called the output charge of the detonator. The first increment is called
the initial pressing. To function as an EB¥gtonator, electrical energy is applied to
the bridge wire. A capacitor is discharged into the bridge wire circuit. The rate of
this energy application and its magnitude, results in the sublimation of the bridge wire
in the detonator. As the bridge wisablimates, the shock wave and thermal energy
are transferred into the ledensity secondary explosive from the wire at about 1500
meters/sec. As the wave travels into the explosive, a detonation of the explosive is
initiated and builds up the normal deation velocity of the initial pressing explosive.
This velocity is approximately 5000 meters/sec., since the initial pressing of the
explosive is only 50% of crystal density. As the shock wave moves through the
initial pressing into the output pressjnthe velocity of the wave increases to
approximately 8000 meters/sec., due to the higher density of the output pellet.

3.1.2 The R EBW Detonator

The RR3 EBW (Exploding Bridge Wire) detonator is manufactured by
Reynolds IndustriesThis detonatois the smallest detonator of all used. It contains
29 mg of PETN explosive and has a very thin stainless steel case which is open
towards its end surrounding its explosive train. The dimensions of the detonator are

given inFigure 3.1.

i 0.130" DIA. Max

]

RP-3 EXPLOSIVE TRAIN

Figure 3.1 The RR3 EBW explosive train



3.1.3 The RRB7 EBW Detonator

The RR87 EBW (Exploding Bridge Wire) detonator is manufactured by Reynolds
Industries. The explosive is contained in a 0.152 mm thick stainless steel case
which is crimped onto the plasthead. It is for use where small size is important.
The cross section of the explosive train is showigure 3.2. The stainless steel
case contains 26 mg PETN (initiating explosive) and 43 mg RDX (output
explosive).

AT
s
g{{fff.- atel

Figure 3.2 The RR87 EBW exylosive trainl. Plastic molded head
2. Brass sleeve
3. Bridge wire (gold)
4. Initiating explosive: 26 mg PETN
5. Output explosive: 43 mg RDX
6. Stainlessteel cup 0.152 mrthick

The overall dimensions of the F&¥ are shown ifrigure 3.3.

R — 1192 " Dis. M.

‘ — 10 100 "—{ nang }—

Figure 3.3 Dimensions of the RB7 1. Diameter 4.88 mm
2. Length 10.41 mm

The specific dimensions of all components of theGXRletonator are given in

detail inFigure 3.4.



Stainless Steel Case ‘

RP-87

Bridge Wire

0.410 in
10.41 mm

| Plastic Molded Head | mm

Brass Sleeve

0.027 in
0.69 mm

0.192 in
4.88 mm

0.173in

0.11::)N 4.39 mm
3.02 mm Qutput Explosive

( 43 mg)

Initiating Explosive
(26 mg)

8.48 mm

0.178 in
4.52 mm

0.1191n

3.02 mm )
0.076 in

3.02 mm 1.93 mm

Figure 3.4 Specific dimensions of the R detonator
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3.1.4 The RRB0O EBW Detonator

The RR80 EBW (Exploding Bridge Wire) detonator, manufactured as well by
Reynolds Industries, is a standard end lighting detonator. It is housed in an aluminum
cup to provide sealing and strength to thelesipe charge.Figure 3.5 shows a cross
section of its explosive train. The aluminum cup contains 80 mg PETN and 123 mg
RDX. The PETN initiates the RDX, and the RDX is the output explosive.

Figure 3.5 The RR80 EBW explosive traii. Plastic moldetiead
2. Brass sleeve
3. Bridge wire (gold)
4. Initiating explosive: 80 mg PETN
5. Output explosive: 123 mg RDX
6. Aluminum cup 0.007" thick

The dimensions of the R8O are shown ifrigure 3.6.

—l_" 0.235 Dia. Max,

10-11" :
(254-275) ;'g 2;1}4

Figure 3.6 Dimensions of the RBO 1. Diameér 7.49 mm
2. Length 20.93 mm
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The specific dimensions of all components of theGRRletonator are given in

detail inFigure 3.7. Note that the case is made out of aluminum.

RP-80 Bridge Wire Aluminum Case ‘

0.763 in
19.38 mm

| Plastic Molded Head | 0.007 in

0.18 mm

/

Brass Sleeve

0.027 in
0.69 mm

i 0.295
7.49 mm

0.253 in

6.43 mm

‘ Output Explosive

( 123 mg)

0.7921in Initiating Explosive

20.15 mm ( 80 m@)
0.196 in
0.196 in 4.98 mm
4,98 mm ]
0.160 in 0.180 in
4.06 mm 3.91 mm

Figure 3.7 Specific dimensions of the R8D detonator
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Figures 38 and3.9 show the actual components of an-&Pdetonator: The
aluminum cup, the plastic molded head, the brass sleeve, the sealing gasket, the
initiating explosive (80 mg PTN powder), the output explosive (123 mg B&I&t)
see Figure 1.8 Exploding Bridge Wire.

9° 10 11 12 13 14
u||u'|||m|||mluuIunI|_|'u'|_'l__n!l'i_f|‘!I|’|?|"[ilil'i’!.il'm.l_l,i_,__...' ot

Figure 3.9 Exploding Bridge Wire of an RBO detonator
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3.1.5 Pentolite Charges

The Pentolite charges wegreipplied by the NSWC Indian Head Division.
Pentolite conists of a composition of 50% TNTTrinitrotoluene)and 50% PETN
(Pentaerythritol tetranitrategnd is considered as a military explosivin order to
develop and evaluate computer codesUte NAVY and U.S ARMYneeded a well
characterized type of expleg. For Pentolite the equation of states are validated.
The energy output and the gaseous products are well known.

The charge density of Pentolite is between 1.64 and 1.68 g/cc. The
corresponding detonation velocity is between 7,530 and 7650 m/sec.

Three differentsizes of Pentolite charges warsed. Figure 3.10 shows the
8.0g, 4.49,and0.8g charges from left to right. The total amount of explosive used
includes the explosive mass of the booster (69 mg). The charge casings are made out
of cardbard. In order to detonate the charge an8XMBooster is used and glued into
an indentation in the center of the back side of the chafgdle 3.1 contains the
specifics of the entolite charges used.

The charge casings were made out of 0.65 mm thac#tboard as shown in
Figure 3.11. Basically a cardboard ring was used to surround the charge and the top
was closed using a cardboard circle with aauttin order to attach a detonator.

Figure 3.10 Pentolite charges
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Pentolite Charge Main Disk

Dimensions: D H Volume Weight
inches inches in® cnt grams

0.8g Charge 0.474 0.158 0.027881 0.457 0.7310
4.4g Charge 0.858 0.286 0.16536 2.710 4.3356
8.0g Charge 1.049 0.350 0.302489 4.957 7.9310
DetentDimensions: D H Volume Weight
inches inches in® cnt grams

0.8g Charge 0.193 0.020 0.000585 0.010 0.0153
4.4g Charge 0.193 0.020 0.000585 0.010 0.0153
8.0g Charge 0.193 0.020 0.000585 0.010 0.0153
Charge

Volume Weight

Actual Explosive Weight
Without RR87 Booster

grams in® cnt’ grams
0.8g Charge 0.731 0.027295  0.447288 0.7157
4.4g Charge 4.331 0.164599  2.697291 4.3157
8.0g Charge 7.931 0.301902  4.947294 7.9157

Table 31 Periolite charge specifics

Figure 3.11 Cardboard csing for Pentolite charges
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3.1.6 The Detasheet Charges

The Deta sheet charges were designed in our laboratory. Deta sheet charges
with explosive masses of 0.8, 1.6, 4.4, 8.0, 13.0, and 16.0 g were used in the
conducted tests. The used Datasheet can@8fo PETN and 37% plasticizer which
makes it moldable. Therefore any desired charge size could be manufactured. The
height to diameter ratio of the charges ranged from about 1.1 to 0.3. The masses
listed above only include the masses of explosive coes (PETN of the Deta
sheet + explosive mass of detonator) used. They do not include the mass of the
plasticizer or the charge casings.

As material for the charge casings POM (Polyoxymethylene) also known as
acetal or Delrin was used. Acetal rod waachined in order to meet the desired
dimensions. The wall thickness of the casings happened to be between 1 and 2
millimeters. The height of the charge casing was chosen accordingly to the amount
of explosive used. It exceeded the charge height byorippately 5 millimeters in
order to be filled with epoxy. The epoxy was utilized to hold the detonator in place
which was inserted in the middle of the charge with a depth of 1/3 of the detonator
length. Figure 3.12 shows the Deta sheet charges of 0.8, 4nd 8.0 g having an
RP-87 detonator inserted.

Figure 3.12 Detasheet charges (8.0g, 4.49, 0.89)
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Table 3.2 cortains the specifics of the Detheet charges uséa the small

scale testing

Detasheet Charge

Main Disk Dimensions: Diameter Height Volume Total Weight
inches  inches in® cnt’ grams
0.8g Charge 0.474  0.276 0.04870 0.798 1.160
4.4g Charge 0.858 0.512 0.29603 4.851 6.875
8.0g Charge 1.205 0.551 0.62837 10.297 12.589
13.0g Charge 1.430 0.560 0.89939 14.738 20.525
16.0g Charge 1.430 0.600 0.96364 15.791 25.287

Table 3.2 Deta sheet charge specifics

In order to prove the cube root scaling laws for pressure measured, the 4.4 and
16.0g Deta sheet charges were scaled in two ways as can be $eguarén3.13.
Since the 16.0g Pentolite charges were two 8.0g charges stacked on top of each other,
the Deta sheet charges were scaled accordingly keeping the diameter constant. The
added plasticizer contributes to the larger volume of the charges which increases their
height. Some tests were conducted using 4.4g Deta sheet charges which have the
same diameter as the 4.4g Pentolite charges. This will be covered in detail under the

section pressure scaling.
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Figure 3.13 Dimensions of saled charges
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3.2 The EBW Firing System FR)

The FS10 firing system, manufactured by Reynolds Industries, Inc., is
designed to generate and deliver an electrical energy pulse to fire EBW type
detonators. The F$0 is designed to safely initiate BB detonators, and to fire
EBW type detonators only, and should not be used to detonate any other type of

detonator Figure 3.14).

Figure 3.14 The FS10 firing system: 1. FS10 control unit
2. FS10 firing module

The purpose of the FEO catrol unit is to provide low voltage electrical
energy to the firing module. The output from the control unit to the firing module is
40 volts when the batteries are fully charged. The input to charge th@ Fi$hg
module system must be between 32 dfdvolts. This low voltage input charges a
onemicrofarad capacitor. When this capacitor reaches 3000 volts, the firing module
is ready to be fired. Triggering of the triggered spark gap occurs by applyirgadt 30
pulse to the red terminal. This diseches the oneicrofarad capacitor into the
yellow terminals, which will fire the EBW detonator. The detonation will occur in
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less than 10 microseconds from the time that theddpulse is applied to the red
binding post. Safety is guaranteed unti ghorting plug is mated into the control
unit "safety interlock” connection.

To test the equipment sep prior to the actual test, it is required to use a
bridge wire without explosive powdeFigure 3.15). The bridge wire operates with

electrical enaggy. An overleaping spark shows that the system operates correctly.

- | ]
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Figure 3.15 Bridge wire top and insight view

3.3 Test Boxes

Two different test boxes were used conducting the tests in saturated sand, dry

sand and water.

3.3.1 The Dry SanfiWater Test Box

The test box used-{gure 3.16) is designed for conducting dry sand tests and
water tests. The test box dimensions are 1220x 660 mmx 610 mm. For the
water tests, the sand was removed and a rubber liner was used in order to prevent
leaking. The soil samples were compacted using a cinder block and leveled using a
scraper which can be seenkigure 3.17. After leveling the soil the charges were

buried accordingly to the scaled testgpt For the water tests conducted the charges
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were held in place using a wooden stick which was anchored in an aluminum block
on the bottom of the tank.

Figure 3.16 Dry sand / water test box:  Test box length: 1220 mm
Test box width: 610 mm
Test box depth: 610 mm

Soil ba thickness: 300 mm

3.3.2 The Saturated Sand Test Box

The test box used-{gure 3.17) is designed for conducting saturated sand
tests. The test box dimensions are 1520 x 120 mmx 610 mm. The water inlet
in order to saturate the sand is in Hmtom of the tank. A layer of gravel and a filter
cloth in the bottom of the tank ensures even saturation from the bottom up.
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Figure 3.17 Saturated sand test box:  Test box length: 1520 mm
Test box width: 1520 mm
Test box depth: 610 mm
Soil bed thickness: 300 mm

3.4 The High Speed Cameras

In certain test saips The Phantom V 7.2 higipeed camera or two Phantom
V 12.1 high speed camerdsadure 3.18) were used for visualization purpose. esh
cameras are a product from Vision Research. The cameras are monochrome models
that offer high sensitivity and image resolution. They use a-$pgled digital
imaging system based on SEMOS sensors. The CMOS cameras offer rates of up to
one million fames per second. Selections for higher frame rates reduce the image
sizes. The digital cameras generate "ciné" image files, which are transferred over an
Ethernet cable to an external computer. Basic camera operation requires only a
connection to a comon laptop or desktop PC for setup, plus power and trigger
connections. The pictures taken can be digitally edited, shown as movies or printed

out separately. The play back speed is variable and a zoom is available. Several
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types of zoom lenses were dséo document the process of target loading
mechanisms. The Phantom software provides the user with controls to setup camera
operating parameters while viewing the "live" image on the control monitor of the
computer. Frame rate, shutter speed, and ED&ge Dynamic Range) functions
are set before the shot. This software may also be run on a desktop PC for additional
analysis.

The Phantom V 12.1 cameras provide a roughly three times higher image rate
using the same resolution compared to the camera2V Table 1.3 contains the

specifications of both camera systems.

Figure 3.18 Phantom V 7.2 (left) and 12.1 (right) cameras

Camera Type Phantom V 7.2 Phantom Vv 12.1
Resolution max [# o 800 x 600 1,280 x 800
Pixels]

Frame Rate (ma 6,688 6,200
Resolution)

Frame Rate max 220,000 1,000,000
Pixel Size [um] 22 20
Exposure Time min [us] 2 0.3
Shutter min [us] 15 0.3

Table 33 Specs of Phantom cameras
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3.5 Dynamic Pressure Sensors

The ICP (Integrated Circuit Piezoelectri®ynamic Pressureefsors(made
by PCB Piezotronicsare specifically designed for shock tube and blast wave
measurements and for other applications requiring very high dneguresponse
Two types of sensors are used in the experiments conducted. Both types are

accelerabn compensated.
3.5.1 Dynamic Pressure Sensor Model 109C11

The pressure sensor Model 109C11 is able to measure pressure in the range of
up to 550 mega Pascal (80,000 PSI) and was used for verification of pressure
measurements taken by the Kolsky barthe very beginning of the test program.

This sensor has a sensitivity of 0.01 mV/kPa (0.07 mV/PSI) and a rise time of 1 ps.
A general schematic can be seefrigure 3.19. The Model 109 contains a very rigid
acceleration compensated quartz elemenpleauto a tiny amplifier located near the
electrical connector. Additionally the diaphragm is ceramic coated in order to

withstand abrasion caused by the harsh testing environment.

Connector

f Intergrated
il Circuit
B Amplifier

Potting

Mounting
Clamp Nut

Acceleration
Compensation
Mass and Plate

Quartz Plates

f/’J
2
E

Preload Sleeve

i Electrodes
% M| € Housing 0.218 Dia
Diaphragm

Typical ICP® Probe Style Sensor

Figure 3.19 Dynamic pressure sensor Model 109C11
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3.5.2 Dyramic Pressure Sensor Models 113B24, S102B

Due to their higher sensitivity, the PCB PiezotosniCP Dynamic Pressure
SensoModels 113B24 and Model S102Be ugd for pressure measurements in tests
conducted in dry sand distances of three inches or radrom the target plate center
instead of the Kolsky bars. The pressure sensor Model 113B24 is able to measure
pressure in the range of up to 6.9 mega Pascal (1,000 PSI) and Model S102B 34.5
mega Pascal (5,000 PSI). Sensor 113B24 has a sensitivity 28 thV/kPa (5.0
mV/PSI) and sensor S102B has a sensitivity of 0.15 mV/kPa (1.0 mV/PSI). Both
have a rise time of 1 ps.

Since the thread of the sensors is shdhan the target platéhey have to be
attached into the target plate using specially manufedt casingsKigure 3.20).

This allows the diaphragm of the sensor to be level with the bottom of the target

plate.

Figure 3.20 Dynamic pressure sensor Model 113B24 and casing

3.6 PCB Piezotronics Amplifier Model 483A

The PCBPiezotronics Arplifier is a 12 channel amplifigiFigure 3.21). It is
used to amplify the signals of the P®B2zotonics pressursensors.The frequency
response of the signal conditioner is 1,000 kHz which reflects a measurement taken
every micro second. In ordeo tecord the signal measured, the outputs dre
connected to the oscilloscopes.
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Figure 3.21 Signal conditioner Model 483A used in combination with pressure
sensors Model 109C11, 113B24, and S102B

As mentioned in the beginning of this chaptex Holky bars are covered in
Chapter 4 since they will be described in more detail. Specifically, the design, the
use, and the setp will be explained. Additionally in order to understand the
pressurdime profiles measured using the bars, the loadinghar@sms for target

plates will be explained.
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Chapter 4Kolsky Bar and Pressure Measurements

This chapter describes the method used in order to measure the pressure
applied to the bottom of a target plate using Kolsky bars.

Mainly the test resultsvill be obtained usinghe Kolsky bars due to the
severeness of the impact close to an explosive charge. The commeritail@va
pressure transducers dont mathstand much testing under these conditions. They
usually fail after approximatel§ tests. They respond to temperature change and
hence tend to not give good results after the pressure peak was measured.
Additionally they are expensiwghereas the Kolsky bar is a lgwviced solution. The
latest developed model of the Kolsky bar is very duratdasable and works very
reliably in harsh environments.

The propagation of elastic waves in solids has long been an area of interest.
The stress waves provide a powerful tool for studying the mechanical properties of
solids. A technique to measureetBhape of a stress pulse in a long elastic bar was
first described in 1914 by Bertram Hopkinsf&}. He investigated experimentally
the propagation of stress pulses in long bars. He developed the Hopkinson pressure
bar, an application of the theory dfess propagation of elastic pulses in a cylindrical
bar. Later Herbert Kolski6] introduced the Kolsky (split Hopkinson) pressure bar
technique. In this application the specimen is sandwiched and dynamically
compressed between two pressure bars. Hesuned the displacement profiles in
both bars by adding displacement gages and oscillographic recording technigues. He
was able to obtain complete pulse amplitude wave forms. He useedinmeresional
elastic wave analysis in order to show how stressstrain within the deforming
specimen are related to displacements in the pressure bars.

In the following the technique of using the modified Kolsky bar will be
explained. Details of the test sgi will be revealed in this chapterfFigure 4.1
shows hav the measurements taken were obtained. The Kolsky bars sense the
pressure signal at various points caused by the detonated buried explosive. The

circuit box completes the Wheatstone bridge needed by the strain gages mounted on

27



the Kolsky bar. The eighdignal conditioning units amplify the signals which are
recorded by 2 oscilloscopes. The testugeis shown inFigure 4.1. The depth of
burial (DOB) of the charge and the staoffl distance (SOD) of the target are defined

for the standard case of tesf in Figure 4.1. The cube root scaling laj#2], [64],

[65] is used in order to scale the experiment with respect to the corresponding
prototype. The scaling factor of 10.1 is calculated, taking the cube root of the
explosive mass of the prototype owbe explosive mass of the model. The field
conditions (prototype) were assumed to be a SOD of 40.64 cm (16 inches) and a
DOD of 10.16 cm (4 inches) for a 4.536 kg (10 Ib) charge. Using a 4.4 gram charge
in the model testing, the SOD of 4 cm (1.58 inglaew a DOB of 1 cm (0.39 inches)

can be calculated.

Circuit Box

Amplification

i SOD = Stand i Off-Distance
Scaling

DOB = Depth i Of-Burial
Original NAVY 1+6:  SOD: 166, DOB: 40

Charge: 10 Ib

Scale4.4g: SOD: 1.586, DOB: 0.390
Scaling Factor: 10.1

SOD: 1.580

l DOB: 0.390 TestBed4.4g

/1///
! Explosive Charge

Figure 4.1 Obtaining the test results and some definitions
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4.1 Introduction to the Kolsky Bar Use

We modified the Kolsky bar test sgp in order to introduce a new technique
for measuring a local pressure applied to a target plate. Usually in a typical Split
Hopkinson bar setip a specimen is placed between the ends of 2 straight bars. These
bars are called incident bar and transmitter bar. Here we used only the incident bar.
The incident bar is exposed to the blast and a stress wave is created which propagates
through the bar until it reaches the upper end and there it gets reflected. Note that the
bar does not suffer any plastic deformation during the loading processn &iges
are used to measure strain caused by the stress waves.

In the beginning of the test program we uedsky bars as shown iRigure
4.2. The detonation of thburied explosive charge ejects the samdter mixture
forming the crater. The ejectedaterial impacts the target platence the Kisky
bars which are mounted 8b to the bottom of the target plateigure 4.3). The
stress waves caused by the impact travel up the bars and pass the electrical resistance
strain gageswvhich are mounted atertain heights above the impacted end of the
Kolsky bar The clange in electrical resistance will beasured and recorded using
an oscilloscope. Then using experimental stress analyses techtligupressure
which was applied to the bottom of the plahd henceéhe rods mounted at a certain
location can be calculated.

TheKolsky bars used here aneade out of stainless steel, 1.22 meters long (4
Feet)and havestrain gages mounted Bypically 30.5 centimeters (1 foot) from the
bottom of the barfinot mentioned otharise Two gages are placed opposing each
other and wired into a Whetstone Bridge circuit so as to double the axial strain
reading and cancel any bending strafiigure 4.3 shows a schematic of the early test
setup using the Kolsky barplaced at a distance of 0, 1, 2, and 3 inches from the
center of impact. Later we usea different layout which shows the view from the
bottomin Figure 4.4. Details of why it was changed will be explainedSegction
4.7. The sigrals ae amplified usig a signal conditioning amplifier from Vishay.

For recording the signs|l two oscilloscopes made by LeCrag ased
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Kolsky Bar

| Vehicle Bottom Plate |

BN

Figure 4.3 Schematic of the early test agi

Figure 4.4 Bottom view oftarget plate of the test sep at 0.5 inchsfrom center
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4.2 The Strain Gages Used

Strain is by definition the amount of the elastic deformation per unit length of
a body due to an applied force which is in our case the explosive loading of the
bottomend of the Kolsky bafFigure 4.5). More specifically, str
the fractional change in lengtlEduation 4.1). In practice, the magnitude of the
measured strain is very smal/|l. Therefore
The ekctrical resistance of the strain gage varies in a proportion of the change of
elL/ L. The metallic strain gage used here
pattern(Figure 4.6). The grid is bonded to a thin backing which is called the carrier.
The carrier is directly attached to the Kolsky bar usingodid adhesive resin.
Hence the strain experienced by the bar is transferred through the active grid length
into the strain gage. The small compression of the Kolsky bar causes a linear change
in electrical resistance of the gage taking advantage of the physical property of

electrical conductance.

Figure 4.5 Loading of the bottom of a Kolsky bar

Equation 4.1 Definition for strain
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Solder
Tabs

Carrier

| Active Grid Length |

Figure 4.6 Grid pattern of a metallic foil strain gage

4.2.1 Strain Gages Type CE#6-062UW-350

The strain gage used in almost all of the experiments conducted is shown in
Figure 4.7. The CEAseries gage is a general purpose gage made by Visltag- Mi
Measurements. The gages are supplied with a fully encapsulated grid and exposed
copper coated integral solder tabs as seeRignre 4.7. The nominal resistance
value of the strain gage is 350 ohm. Two bridge wires connect the strain gage to the
borded terminal as seen kigure 4.8. The terminal accommodates the wires which
connect the strain gages with the amplifier. It is advisable to keep the length of the
connecting wires as short as possible since the wires will add some resistance to the
resstance of 350 ohm of the gages. Because of the way the bridge circuitus set
using precision resistors of 350 ohm, the amplifier can not balance the difference in
resistance. This will be explained in more detail in the following chapter. Here the
length of the connecting wires used is about 2.5 meter (8 feet). The bridge wires are
necessary in order to keep the force applied on the solder tabs of the gages due to the

explosive loading as low as possible. Connecting the wires directly to the tsdider

32



will lead inevitably to a damage of the strain gage. Both the terminals and the strain
gages are bonded using-Bbnd adhesive resin type AE from the Measurements
Group, Inc to the Kolsky bar. It is very important that the strain gages are properly
mounted onto the Kolsky bar in order that the strain is accurately transferred from the
bar through the adhesive and the strain gage backing to the foil itself. The gage
length is 1.57mm, overall length 5.59 mm, grid width and overall width is 3.05 mm,

carier length is 7.9 mm, and carrier width is 4.8 mm.

Actual Size

Figure 4.8 Strain gage and terminal mounted on 0.25 inches Kolsky bar
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4.2.2 Strain Gages Type E#6-062AQ-350

The strain gage used in some of the experiments conducted using a 3.4 mm
(0.135 inches) diameter Kolsky bar is showrFigure 4.9. The EAseries gage is a
very small Constantan (coppeickel alloy) foil gage made by Vishay Micro
MeasurementsThe reason for using this type of gage is simply that the CEA series
gage as described before does not fit on the bar which is the smallest we ever used.
The gages are supplied with an exposed grid and exposed copper coated integral
solder tabs as seen frigure 4.9. Therefore the grid of the gage has to be protected
during soldering using an installation tape in order not to cover the grid with
excessive solder changing its resistance. Again two bridge wires connect the strain
gage to the bonded ternainas seen ifrigure 4.10. The procedure used to bond the
gages on the Kolsky bar is the same as described before. The gage length is 1.57mm,
overall length 2.90 mm, grid width and overall width is 1.57 mm, carrier length is 6.6
mm, and carrier width i8.8 mm.

Additional information about strain gage bonding on Kolsky bars can be
found in the appendix since there are some specific characteristics which have been

observed.
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Actual Size

Figure 4.9 Strain gage EA6-062AQ-350image magnification ancctual size

Figure 4.10 Strain gage and terminal mounted on 0.135 inches Kolsky bar
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4.3 The Bridge Circuit

A Wheatstone bridge was used as a gage input configuration for the signal
conditioning amplifier. All strain indicators employ some fasfi/heatstone bridge
circuit in order to detect the resistance change in the gage with strain. In this case two
active strain gages are used in compression and two dummy resistors to complete the
bridge. The two active gages in this configuration gravite the sensitivity
compared to one single gage used. The gage configuration and the connection ports
used on the signal conditioning amplifier (SCA) are showirigure 4.11 The
letters J, L and K, A indicate the input plug pin arrangement of the f8€An
external full bridge setip. The letter P is the input plug pin for the ground. The
shielding surrounding the connecting cables is typically connected only to the input
plug pin P and not to the Kolsky bar.

Signal Conditioning Amplifier 2310A
Set-up used in testing ‘ SCA
T e
Strain : X
Gage
R=350q / oL
Eo
¢8
a
g, e ® K
2o train
G;ﬁ Gaige |::::
Ex | R0l ~ ® A
—@® GND (P)

Figure 4.11 Strain gage and dummy resistor configuration
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Two precision dummy resistors of the type3®)01 (manufactured by
Vishay Micro Measurements) were used in order to complete the bridge as described
for each Kolsky bar. The dummy resistors are accommodated inirthat box
shown inFigure 4.12 The Cables connecting the Kolsky bars are simply plugged in
which makes the change of a non functional bar easy and fast. As described earlier it
is essential not to exceed a length of approximately 2.5 meter (8 feib® ohble
connecting the Kolsky bar to the box in order not to add too much electrical
resistance. Otherwise the bridge can not be balanced by the signal conditioning

amplifier used.

Figure 4.12 Circuit box completing the bridge circuit for 8 Kolskgrs

4.4 The Signal Conditioning Amplifier (SCA)

In total eight signal conditioning amplifiers of the 2300 series (manufactured
by Vishay Micro Measurements) were used for the amplification of the signals
measured by the strain gages. Consequeidhyt Kolsky bars were used in each test
conducted like in the configuration shownFigure 4.4.

The 110 Volts powered portable enclosure accepts 4 amplifiers as shown in
Figure 4.13. In total two units were used to accommodate the eight amplifi&ash
SCA is electrically isolated from the other and provides features essential for accurate

stress analysis data in a wide range of measurement applications.
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We used in the first enclosure 4 SCAs of the type 2310 B which is a slightly
improved versiorof the SCA type 2310 A. The second unit used contained 4 SCAs
of the type 2310 A. Therefore the Kolsky bar 1 to 4 (signal 1 to 4) is amplified by an
SCA 2310 type B. For Kolsky bar 5 to 8 (signal 5 to 8) a SCA type A was used. The
main difference beteen the two types of amplifiers is the frequency response shown
in Table 4.1. The filter buttons can be used to reduce the upper frequenoyf cut
(161 0. 000 Hz) in order to reject undesired
(Wide-Band) button to achieveide-band operation. The excitation control allows
selecting the desired bridge excitation which was selected to be 10 for all conducted
tests. The amplifier gain reading of the 10 turn control was set to 4.00 and multiplied
by the selected push buttby 10. (4.00 X 10). The indicated gain is the gain from
the input to the +/10V output, sed-igure 4.14. The sampling rate used was 170
kHz for the SCA 2310 type A and 250 kHz for the SCA 2310 type B. This sampling
rate correlates to 1 pressure measuet taken every 5.88 microseconds for the SCA
2310 type A and to 1 pressure measurement taken every 4 microseconds for the SCA
2310 type B. The described settings were used on each type of amplifier in all

conducted tests.
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Figure 4.13 Two portabé enclosures accept 8 amplifiers in total
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Figure 4.14 Front and rear panel of an SCA type 2300 A

SCA Type 2310 B 2310 A
Filter wWB wWB
Excitation 10 10
Gain 4.00 X 10 4.00 X 10
Frequency Response 250 kHz 170 kHz

Table 4.1 SCA settings uskduring all conducted tests
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4.5 Calibration of the Kolsky Bar Using the SCA

Before the calibration can be carried out, the system has to be switched on for
a duration of at least 20 minutes to allow the bridge to warm up. The temperature
change anthence the resistance change in the strain gages caused by the current flow
is noticeable. Until the warmap of the gages is not terminated, the bridges can not be
balanced. The waruap time needed is around 30 minutes. The output indicators
show permandgly the balance condition of the bridgeBigure 4.14). After
approximately 20 minutes the toggle switches for the calibration control can be used
to auto balance the bridges. Note that
after balancing théridge, the bridge can not be balanced and a technical defect has
been detected. For further fine adjustment of the balance for the bridges, the trim
control has to be used until just before the test is conducted.

The toggle switches (CAL) A and B amgsed in order to place shunt
calibration resistors across the arms of the input bridge. For all calibrations which
were done befer each test, the toggle switchas used. In general, one arm of the
input bridge is shunted using a specific resistambich introduces a specific change
in resistance into this arm. This specific change simulates a compressive strain in the
strain gage. The SCA output responds as if that specific change in resistance actually
had occurred using the existing bridge eatoin and SCA gain. Recording these
calibration signals using the oscilloscopes is needed in order to later on calculate the

pressure which was applied to each Kolsky bar.

In order to calculate the compressive micro strapplied through toggle
switch B, Equation 4.1is used. The number of the full active gages is 2.0. The gage
factor of the gages used equals 2.145. The factor 1000 is used to convert Volt into
millivolt and the factor of ¥z is needed in order to account for the double sensitivity of
the configured bridge.
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£ 000+ "= 16
2145 , = totue

Equation 4.2 Calculation of the compressive micro strain for calibration

Equation 4.2 and the result of the calibration signal for each channel recorded
is used for calculating the strain rate per millt. For calculating the calibration

factorEquation 4.3 is used.

466 us

CalFactor= ————
AmplitudemV

Equation 4.3 Calculation of the calibration factor

4.6 Converting Strain to Pressure

Youngds modulus of elastici$@nitdotscri bes
psi) to wuniaxi al strain (di mensionless) ir
can be applied. Using the calibration fac
steel (30*16) and the measured amplitude in millivolt, the pressure unedsy the

Kolsky bar can be calculateBdquation 4.4).
P = Zal.Factor*10° %3010 * \mplitude
Equation 4.4 Pressure Calculation
Figure 4.15 shows a typical measurement taken by a 0.635 cm (0.25 inches)
diameter Kolsky bar using a R¥Pdetonator attached to a dimspecimen and the

specimen attached to the Kolsky bar. The first peak at the time of 0.2 milliseconds
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shows a peak pressure of 241 MPa (35,000 PSI). All the other peaks measured show
the reflection of the stress wave on the top and the bottom travepiand down the
Kolsky bar. The specimen which was attached to the Kolsky bar is shdwguire

4.16. It measured 13.86 mm (0.55 inches) in length and the diameter was the same as
the Kolsky bar. As it can be seenkhigure 4.16 the specimen was dext by the
detonation of the RB.

Pressure VS Time Gage 23 Charge 1 X RP-3
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Figure 4.15 Typical signal of a Kolsky bar using an attached detonator and a test
specimen

Figure 4.16 Specimen attached to the Kolsky bar
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The specimen doplastically deformed but since this settirfggure 4.17)
was mainly used to determine the wave speed of the stress wave travelling up and
down the Kolsky bar, the peak pressure values were not of interest. The wave speed
was measured several times. eTtesults agreed very well and the value of the

velocity was determined to be 4864 m/sec (191.5 inches/msec).

Figure 4.17 Test setup for determination of the stress wave velocity

4.7 Oscilloscopes Used for Recording &dared Signals

Two types of oscilloscopes were used for recording the signals. The LeCroy
9314 AM 400 MHz and the LeCroy 9354 AM 500 MHgidqure 4.18). The main
difference is the maximum sample rate both oscilloscopes can offer. The sample rate
chosenfor all tests conducted was 10 mega samples per second if not mentioned
otherwise. The recording time for each test was 2 milliseconds which started 0.2
milliseconds before triggering the detonation. This sampling rate correlates to 1
pressure measuremetaken every 0.1 microseconds and hence exceeds the sampling
rate of the SCAs. The limitation of sampling frequency is therefore given by the
signal conditioning amplifier. The vertical setting of each channel was chosen

accordingly to the expected preire measured. During the first test series conducted,
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the oscilloscopes were triggered by the noise of the charge. Later the trigger was

changed to the output of the firing set.

Figure 4.18 Oscilloscopes used for recording the signals

4.8 Sizs of Kolsky bars

Five different diameters of Kolsky bars made out of stainless steel were used
during the test program. The length of all bars is identical at 122 cm (4 feet). The
diameters used are 2.45 cm (1 inch), 1.27 cm (0.5 inches), 0.635 2%nir(Ghes),

0.476 cm (3/16 inch), 0.318 cm (1/8 incliigure 4.19). In order to establish the
pressure profiles over distance on the target plate, the 0.635 cm (0.25 inches)
diameter Kolsky bars were used. The other diameters were employed to ingestigat
the differences in peak pressures measured. Keeping the test thet same and

using a different diameter Kolsky bar results in a change of peak pressure measured.
Since the size of the impact area of the bar changes, the pressure measured will be
averaged accordingly. In order to explain the method of loading the bottom of the
bar, it is important to look at the ejecta leaving the crater area. Visualization testing,
which will be explained in a later section, is needed in order to look at thexdoadi

mechanisms.
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Figure 4.19 Kolsky bar diameters used from the top: 2.45 cm (1 inch)
1.27 cm (0.5 inches)
0.635 cm (0.25 inches)
0.476 cm (3/16 inch)
0.318 cm (1/8 inch)

4.9 Improvement of the Kolsky bar

During the test program the Kolsky bar was improved from its early layout to
the last version used. In the very beginning of the testing the bridge wires and the
connecting wires were not protected against the harsh environment they were tested
in. As mentionedalier the balanced bridge is very sensitive to temperature changes.
If tested was in very dry sand or water, dust or water particles will settle on the gages
and connecting wires. Even though the wires and the solder joints are protected by a
polyurethae coating, the impact of the particles changes the resistance of the bridge
and will result in a faulty pressure measurement. In order to protect the wires, solder
joints and the gages, a heat shrink tube was applied on the previously polyurethane
coatedwires and solder joints. The coating is important to prevent any short circuit in
the wiring. Additionally PVC tubing was fitted embedding the heat shrink tube and
the gage setip seeFigure 4.20. Using a target plate as seenFigure 4.3 a first
geneation Kolsky bar can be used since the plate protects the bar against immediate
impact of particles being ejected by the detonation, but they need to be cleaned before
being used again since dust will settle on the connecting wires and gages. It is
recommended to use the improved Kolsky bar as well in thisupesince the bar

46



location will be changed frequently depending at which distance the pressure will be
measured. The improved bar is much more durable both during testing and in
switching locations.

The enhanced Kolsky bar has to be used in any testing, where no target plate is used
and the ejecta is allowed to travel alongside the bar. The ejected media will impact

the gages and the connecting wires and change the measured result as described.

Cables Terminal Bridge Wire

\ Gage

Heat Shrink Tube
Polyurethane Coating on Bridge Wire & Terminal

PVC Tubing

Figure 4.20 Kolsky bar first generation (top) and second generation (bottom)

The quality of the signal improved as well by adding the heat shrink and the
tubing to the barFigure 4.21 shows qualitatively the change of the signal. Thé hig
frequency noise is mechanically filtered out by the enhancement.
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Figure 4.21 Kolsky bar signal improvement before (left), after (right)
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4.10 Plate Layouts Used

The plate layout was changed several times during the test program due to
improvements.

The first tests conducted used a frame holding a target plate shéwgune
4.22. The frame allows adjusting the SOD (Sta&ifi Distance)as needed and was
employed in all conducted tests. The spacing of the Kolsky bars on the plate was
chosento be 1.27 cm (0.5 inches) starting at the center of the plate. The bars were
held in place using a rim of electric tape on the bar. This configuration was changed
quickly for two reasons. First, the stress waves generated in the plate by the loading
from the bottom could be transmitted into the Kolsky bars. This causes some
interference with the stress wave generated by the loading of the bar. Second, one
pressure measurement taken at one specific location does not reveal the final answer.
Since thepressure values can differ up to 100% at certain locations, a lot of pressure
values have to be recorded in order to come up with a statistical distribution. It is
very important in this context to look at the loading mechanisms of the target plate
which are involved and will be discussed in the next chapter.

The setup was accordingly improved to collect up to 8 pressure values at a
certain distance from the centd¥igure 4.23 shows the test sefp in which 8 Kolsky
bars are used at a distance of @1 (1.22 inches) from the center of the plate. Also
note the rubber tubing surrounding the bottom of the Kolsky bar was used from then
on. In order to align the bars and keep them from impacting each other, foam blocks

were used as seenhilgure 4.23.
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Figure 4.22 Kolsky bar seuup frame and plate (left), detail of the plate (right)

Figure 4.23 Circular Kolsky bar setip frame, plée, and foam blocks (left), detail
of the bottom of the plate (right)
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Figure 4.24 shows the pressure distribution of 6 tests conducted. Gage 112,
117, 118 were conducted using the-getshown inFigure 4.22. All 3 tests were
conducted using the sametteonditions which are a DOB of 0.991 cm (0.39 inches),
a SOD of 4.013 cm (1.58 inches), and a Pentolite charge of 4.4g. The distances the
pressure was measured was 0 cm, 0.762 cm (0.3 inches), 0.889 cm (0.35 inches),
1.016 cm (0.4 inches), 1.27 cm (Oriches), 1.702 cm (0.67 inches), 2.134 (0.84
inches), and 2.54 cm (1 inch). As can be seen in the test results of the 3 tests there is
little agreement in the peak pressures measured. In certain locations the results are
off by 70% and basically show thtest results are not repeatable using this Kolsky
bar setup. Changing to the new Kolsky bar-sgtin a circular pattern like shown in
Figure 4.23, another 3 tests were conducted at the same conditions. Two tests (Gage
127, 128) had the Kolsky barsapkd at a distance of 1.27 cm (0.5 inches) and one
test (Gage 158) at 2.54 cm (1 inch). The two repeats Gage 127 and 128 cover the
pressure spectrum at the distance of 1.27 cm (0.5 inches). This suggests that the
pressure measured in test Gage 118 at lwation shows a maximum and in test
Gage 112 and 117 a minimum pressure. The test result of Gage 158 shows a pressure
spectrum which exceeds the pressure measured of Gage 112, 117, andatt8
directions for the minimum and maximum. Thereforeai$ o be concluded that the
measured pressure deviation at any location requires multiple measurements taken in

order to collect enough data to show the pressure distribution.
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Peak Pressure VS Distance DOB 0.39" SOD 1.58"

60,000 =8= Gage 112 (4.4g Pentolite)
=== Gage 117 (4.4g Pentolite)
== Gage 118 (4.4g Pentolite, Foam)
50,000 === Gage 158 (4.4g Pentolite, Foam)
=>= Gage 128 (4.4g Pentolite, Foam)
Gage 127 (4.4g Pentolite, Foam)
40,000 / /
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Figure 4.24 Results of test Gage 112, 117, 118, 127, 128, and 158

Since there was a need to measure the pressure in each test conducted at the
center of the plate, the configuration was changed to one Kolsky bar at the center and
seven bars surrounding the center equally spaced at different distances from the
center of thedrget plate. Hence in each test carried out, one measurement was taken
at the center to generate a data basis for the impact directly above the ¢hguge.

4.25 shows a layout as an example using one Kolsky bar at the center and seven at a

distance 0f.0.16 mm (0.4 inches) from the center of impact.
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Pressure Gage Layout ——————+—+—+—+

10

Figure 4.25 Kolsky bar layout for pressure measurement at the center of impact
and at a distance of 10.16 mm (0.4 inches)

4.11 Loading Mechanisms of the Target Plate

In order toexplain the results in the peak pressure measured, it is necessary to
examine the loading mechanisms of the target plate. The pressure time curve
recorded is a function of type of material the charge is buried in, the impact velocity,
and the mass of thematter impacting at a specific point of interest. Since the gas
driven soil cap expanding above the detonated charge can be described as non
uniformly distributed in density, the pressure measurements are not repeatable.
Several papers have been puldghin the pas{7], [8], [9] about the saalled
Richtmeyeri Meshkov instabilities and soil cap density distribution. In the
following, three different types of loading will be examined keeping the DOB, SOD,
and the charge size scaled for each type adilay to a 4.536 kg (10 Ib) charge used
at a DOB of 10.16 cm (4 inches) and a SOD 40.64 cm (of 16 inches).
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4.11.1 Loading Mechanism of the Target Plate Using Saturated
Sand

The high speed camera is used to record the dome which is generated by the
exdosive charge in saturated san&igure 4.26 shows the side view of the dome
development over time of an 8 grams Deta Sheet charge buried at DOB 1.219 cm
(0.48 inches) in saturated sand. The first image taken shows the soil surface after 16
microsecond®f the detonation of the charge. Every following image is taken at an
interval of 14.93 microseconds, hence the last image shows the dome at 150.43
microseconds. At the time of 16 microseconds the charge detonated and jets start to
develop on top of theasd surface. At 31 microseconds the dome begins to form and
the jets are well pronounced. Between 46 and 91 microseconds the jets still have the
needlepoint shape and the dome resembles a cylinder with an almost spherical top.
The jets are different idiameter and length and travel faster than the dome. Between

106 and 150 microseconds the jets do not show the npeifietip anymore. The

dome resembles a cupcake shape with a very ragged surface.

Figure 4.26 Side vew: rising dome of a shallow buried charge in saturated sand
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Figure 4.27 shows the top view of the dome development over time of the
same test as shown Figure 4.26 using an 8 gram Deta Sheet charge. The first
image taken shows the soil surface afted43nicroseconds of the detonation of the
charge. The time sequence shownFigure 4.27 is comparable to the time
sequenced (14.93 microseconds between image$jigofre 4.26. It shows the
change of the dome qualitatively over time and reveals areasdrethe jets which
do not have a regular pattern. Over progressing time, the sand spreads out and the
pockets between the jets become larger.

Since in almost all the tests conducted for pressure measurement the charge is
buried shallow, the loading diie target plate can be considered asumaform, thus
the peak pressure measured at a certain location above the dome changes the
magnitude depending on if the Kolsky bar gets impacted by a jet or a pocket.

Figure 4.27 Top view of a rising dome of a shallow buried charge in saturated sand

Introducing a target plate made out of 1.27 cm (0.5 inches) thick clear gel
rubber stretchable up to 1200% was used at a SOD of 5.08 cm (2 inches) in order to
visualize a flexible targt response. The sheet was held in place being clamped
between two steel frames. The explosive employed was a 1gram Deta Sheet charge
at a DOB of 0.762 cm (0.3 incheskigure 4.28 shows images recorded at certain
times. The first image taken at 35 glsows the dome rising up under and starting to

impact the clear gel rubber sheet. At a 106 ps the irregularities of the dome develop
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pouches in the rubber sheet. At a 177 us, certain pouches have climbed higher than
others. At the left rear end the firpouch starts to break open due to the high
velocity impact of the saturated sand.
highest. A ring around the pouches can be clearly seen formed by the spray of the
dome. These are particles which did have enough force to penetrate the rubber
and were mainly thrown up by the shock wave reflected at the ailnterface. At

319 us, more pouches opened up and the diameter of the impact zone expanded
further. At 426 ps, the pouches developed awtlter edge do not open up anymore
since the impact of the saturated sand does not have enough force. From than on the

diameter of impact belt increases and slows down significantly.

Figure 4.28 Side view of a dome impacting a clear gel rubber sheet

Investigating thedome impacting a 4 inches thick acrylic (PMMA) sheet
allows discovering what happens under a ridged target prageire 4.29 shows the
test setup for the acrylic sheet. The plate is held in place at a SOD of 4 cm (1.58
inches) using a frame which isamped onto the frame of the test box. The high
speed camera is mounted above the sheet facing downwards allowing the impact to
be seen. The charge used is the standard size of 4.4 g of Deta Sheet at a DOB of 1 cm
(0.39 inches).
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Figure 4.29 Test setup for a clear acrylic (PMMA) sheet

Figure 4.30 shows the recorded images of the tesupetiescribed. The spots
on the acrylic sheet which are marked with an X in the image at O ps are positions
where the Kolsky bars will be positioned in a followitest in order to verify the
pressure recording. This will be described in one the following sections. Note that
there are 2 Xb06s on top of each other, one
top. At 13 us the charge has detonated and the domeshiegiorm. At 52 us the
dome is very close to impacting the bottom of the target plate. At 68 us the center
has been impacted and there is a ring visible which expands in the first few
microseconds very rapidly and slows down later on. The ring ishrégkit due to
the ionized gas in the impact zone. Tests have been conducted without any light
source and the ring was clearly pronounced until it has reached the diameter of
approximately 7.6 cm (3 inches). At that distance the saturated sand impacts at
lower velocity and is therefore not able to ionize the gas any more. Inside the ring the
gas bubble caused by the reacted explosive is trapped and driving the ring outwards
due to the overpressure inside the ring. Also note that there is no excaateidim
impacting after the ring has passed the area. It is only the gas bubble still applying

pressure at that point. Also note that the spots marked with an X on the bottom of the
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plate are erased after the ring passed by, see image at 68 ps andfunthime. At

81 us the ring is still very well pronounced. It has approximately the thickness of
0.64 cm (0.25 inches), see the two red arrows which mark the ring thickness. At the
outside of the ring a corona is formed by the saturated sand tngvalliay from the

center of the impact forming needike jets. At 94 ps the corona expanded further
and the ring shows less light intensity. The applied pressure at the impact decreases
as it will be explained in a later section and therefore causesdezation. Also

note that the ring is not perfectly round. At 133 ps the ring diameter has increased
and the ionization has almost died out. The ring thickness has increased as well. The
corona and the jets are very well pronounced. At 172 pdnbestarts to break up.

The rim at the inside is not as uniformly shaped as it was before and neither is the rim
at the outside. The ionization has disappeared. At 211 ps the collapse of the ring and

its rims has increased.

Figure 4.30 Images of saturated sand impacting an acrylic sheet

57



4.11.2 Loading Mechanism of the Target Plate Using Dry Sand

Once again the high speed camera is employed to record the dome which is
generated by the explosive charge in dry safgjure 4.31 shows the side view of
the dome development over time ofid g Deta Sheet charge buried at DOB 0.991
cm (0.39 incleg in dry sand. The first image takehows the soil surface after 13
microsecondf the detonation of the charge. Eveofiédwing image is taken at an
interval of 24.11 microseconds, hence the last image shows the dome at 205
microseconds. At the time of 13 microseconds the charge detonates. At 37
microseconds the dome seems to be transparent, the charge casing igdilland
the shock wave has propelled already some sand in the air. At 61 microseconds the
dome starts to form and black clouds show up at its surface which indicates that some
of the gaseous reaction products penetrated the sand in this early stagethisr
early state on the dome has a shape of ball, compare with the more cylindrical shape
of the dome irFigure 4.26 (saturated sand). There are no nestii@ped jets visible
at any time. At 85 microseconds, the dome color has changed completddjatko
indicating that the gaseous products have mixed well with the sand particles. By now
the dome shows the spherical imperfections at its surface. The dome surface stays the

same until the end of the image sequence shown expanding in all directiaiig.eq
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Figure 4.31 Side view of a rising dome of a shallow buried charge in dry sand
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Figure 4.32 shows the top view of the dome development over time in dry
sand using the same test-gptas shown ifrigure 4.29 using a ghss plate as target.
The 4.45 cm (1.75 inches) thick bulgtoof glass plate is held in place at a SOD of
4.013 cm (1.58 inches) using a frame as described before. The charge used is the
standard size of 4.4 g of Deta Sheet at a DOB of 0.991 cm (&B8sn The first
image taken shows the soil surface after 10 microseconds of the detonation of the
charge. At 24 microseconds the charge is completely detonated and there appears to
be a ring in the dry sand showing ionization. The voids between thlepsaticles
are filled with air and therefore allow the ionization while the sand particles are
smashed into each other in close range to the detonation. At the time of 38
microseconds the dome is visible. At 52 microseconds the dome shows its
irregularties. At 66 microseconds the center of the dome crashes into the surface of
the glass plate causing ionization. At 80 microseconds pockets of the dome arrive
and crash into the plate surface observable by the ionized areas. At 94 microseconds
sand partiles still impact the center of the plate again highlighted by the ionization.
From 109 to 165 microseconds the dome opens up in a very irregular manner not at
all comparable to the loading mechanism of the saturated sand. Clearly there is no
ring expanthg like is seen irFigure 4.30. Studying the images where no plate is
employed for saturated and dry sand, the difference in the overall shape of the dome
is reflected in the images where a transparent target plate is used. The more
cylindrical shape othe dome using saturated sand leads to the ring type loading

while the ball shaped dome of the dry sand results in a more randomly dominated

loading mechanism.
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Figure 4.32 Images of dry sand impacting a glass sheet

4.11.3 Loading Mechanism of the Target Plate Using Water

The high speed camera reveals the loading mechanism using water as an
impacting media. Figure 4.33 shows the side view of the dome development over
time of an 8 g Deta Sheet charge buried atBED0219 cm (0.48 inches) in water
without any target employedThe first image takeshows the charge before the
detonation. At 4 microseconds the charge started to detonate at the center. At 9
microseconds after triggering the detonation, the chargmaled to the outer casing.

In the center the gaseous reaction products begin to form the dome. At 15
microseconds a ring of a donut shape is formed around the center of the detonated
charge. In the middle of the donut, the top of a ball shaped gatebedn be seen.

At 20 microseconds the donut shaped dome starts rising and the sudden pressure drop
in the surrounding water causes cavitation forming a second donut shaped ring in the
water. Between 26 and 37 microseconds the dome kept rising anihghefr

61



cavitation expanded further. The overall shape of the dome is kept the same with the
exception of a further expansion. From 43 to 59 microseconds the dome keeps rising
without significant change besides overall expansion. The shape of thednanegs

best characterized by a cylindrical profile containing a ball shaped cap on the top.
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Figure 4.33 Side view of a rising dome of a shallow buried charge in water
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Using the same test sep as shown ifrigure 4.33 but adding a target plate at
a SOD of 4.9 cm (1.93 inches), the test was repeated. The target plate utilized was a
10.16 cm (4 inches) thick transparent acrylic sheet. The high speed camera recorded
the loading using a frame rate of 114,450 insager secondFigure 4.34 shows the
first images taken at an interval of 8.73 microseconds. Adgarfitst image taken
shows the charge before the detonation. At 12 microseconds the donut shape was
formed and at 21 microseconds the dome started risWage the black cross marks
the center where the acrylic sheet will be impacted. At 30 microseconds the
cavitation in the water is visible. Between 39 and 47 microseconds the dome
continues to rise until it impacts at 56 microseconds on the target @atapare the
images taken until 47 microseconds with the images shoviAgure 4.33. At 56
microseconds the ionization shows the main impact of the donut shaped dome. At 65
microseconds the corona of the deflected water is shown. Note that the sioegt
started cracking in a circular manner inside the radius of the corona and the black
cross is erased by the impacting water. Between 74 and 82 microseconds the corona
expands rapidly and the circular crack in the acrylic sheet started formingla bow

shape. This process continuous until the end of the growth of the crack is reached at

135 microseconds.
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Figure 4.34 Side view of a rising dome of a shallow buried charge in water and

impacting an acry¢ sheet

During the same test sap as shown irFigure 4.34 a second high speed
camera was used in order to record the propagating crack in the acrylic sheet from a
side view. The camera was %gt looking through the side of the polished acrylic
sheé. The high speed camera was set to a frame rate of 180,064 images per second.
Figure 4.35 shows the first images taken at an interval of 5.55 microseconds. At 52
microseconds the sheet was impacted at the center. At 58 microseconds the donut
shaped dme impacted the bottom of the acrylic sheet. At 63 microseconds the
acrylic sheet shows a circular fracture pattern shaped like a donut. From 69 to 113
microseconds the crack propagated in a circular pattern forming a bowl shape. At
113 microseconds therack growth arrested. All tests conducted in water using an
acrylic sheet as a target plate showed the same results. The crack pattern and the

crack shape are very repeatable. The overall crack dimensions are almost the same.
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Figure 4.35 Side view of a propagating circular fracture pattern in an acrylic sheet

Using water as impacting media results in a more uniformly shaped dome.
The main force is introduced into the acrylic sheet by the donut shaped rirgingpa
the sheet. Water travels at almost double the velocity compared to saturated sand
since the density is roughly half of the density of saturated sand. Tracking the crack
propagation using the software provided by the high speed camera provided the
results shown ifrigure 4.36. The graph contains the data for the distance versus the
time of the tip of a crack forming the bowl shape. Plotting a linear trend line shows a
crack velocity of 631 meters per second (24,841 inches per second). This beproac
the low shear wave speed in acrylic materials of 750 to 1,000 meters per second (30
to 40,000 inches/sec).
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