University of Rhode Island

DigitalCommons@URI

Open Access Master's Theses

2014

RESPONSE OF MARINE COMPOSITES SUBJECTED TO NEAR
FIELD BLAST LOADING

Frank LiVolsi
University of Rhode Island, kingporterr@my.uri.edu

Follow this and additional works at: https://digitalcommons.uri.edu/theses
Terms of Use
All rights reserved under copyright.

Recommended Citation

LiVolsi, Frank, "RESPONSE OF MARINE COMPOSITES SUBJECTED TO NEAR FIELD BLAST LOADING"
(2014). Open Access Master's Theses. Paper 338.

https://digitalcommons.uri.edu/theses/338

This Thesis is brought to you by the University of Rhode Island. It has been accepted for inclusion in Open Access
Master's Theses by an authorized administrator of DigitalCommons@URI. For more information, please contact
digitalcommons-group@uri.edu. For permission to reuse copyrighted content, contact the author directly.


https://digitalcommons.uri.edu/
https://digitalcommons.uri.edu/theses
https://digitalcommons.uri.edu/theses?utm_source=digitalcommons.uri.edu%2Ftheses%2F338&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.uri.edu/theses/338?utm_source=digitalcommons.uri.edu%2Ftheses%2F338&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons-group@uri.edu

RESPONSE OF MARINE COMPOSITES SUBJECTED
TO NEAR FIELD BLAST LOADING
BY

FRANK LIVOLSI

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE
IN

MECHANICAL ENGINEERING AND APPLIED MECHANICS

UNIVERSITY OF RHODE ISLAND

2014



MASTER OF MECHANICAL ENGINEERING AND APPLIED MECHANCS
THESIS

OF

FRANK LIVOLSI

APPROVED:
Thesis Committee:
Major Professor Arun Shukla
James LeBlanc
K. Wayne Lee

Nasser H. Zawia
DEAN OF THE GRADUATE SCHOOL

UNIVERSITY OF RHODE ISLAND
2014



ABSTRACT

Experimental studies were performed to understéedexplosive response of
composite panels when exposed to near-field exmodbading in different
environments. The panel construction under consioer was an E-glass fiber-
reinforced composite laminate infused with vinyteesresin (Derakane 8084). The
panel was layered bi-axially with plain-woven fibaientations at 0° and 90°. Panel
dimensions were approximately 203 mm x 203 mm xm (8 in x 8 in x 0.04 in).
Experiments were carried out with the panel fulpngped in a holding fixture, which
was in turn fastened inside a water tank. The fexinas fastened in such a way as to
allow for explosive loading experiments in the desling environments: water
submersion with water backing, water submersioh @it backing, and air immersion
with air backing. Experiments were performed inmotemperature conditions, and
additional experiments in the submerged environmerdre also performed at high
and low water temperatures of 40 and 0°C, respectively. A stereo Digital Image
Correlation (DIC) system was employed to captueefthl-field dynamic behavior of
the panel during the explosive event. Results atdd that the immersion
environment contributes significantly to the blessponse of the material and to the
specimens’ appreciable damage characteristics. Wwager submersion with air
backing environment was found to encourage theiggepanel center point deflection
and the most significant damage mechanisms ardwntdundary. The air immersion
with air backing environment was found to encouregs center point deflection and
exhibited significant impact damage from the explescapsule. The water

submersion with water backing environment encoutdge least panel deflection and



minimal interlaminate damage around the panel bapndand center. Water
temperature was found to influence the panel cqraart deflection, but not damage
mechanisms. Maximum positive center point deflextiassociated with the high and
room temperature water submersion with air backimgronments, while statistically
similar to each other, were found to be statidijcdlfferent from those associated

with the low temperature environment.
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CHAPTER 1: Introduction

Composites have been employed in a variety of egjpdins for many years in the
marine, automotive, and other commercial industifé®ey are known and valued for
qualities such as high strength-to-weight ratiaspdycorrosion resistance, resistance
to water absorption, and reduced maintenance egeints. These characteristics
have garnered them recent attention as effectiviermabs in military applications.
Military structures are frequently exposed to exteeloads in the field or at sea, and
these loads induce high strain rates in the mégethat comprise those structures. The
response of composite materials at high strairsyated in unique environments, is not
fully known as yet. This lack of understanding oftprevents the designing of
components that maximize their material advantalyas. thus advisable to conduct
experimental research to fully understand how thesgerials respond to extreme
loadings, so as to determine how to best take adgarof their qualities (LeBlanc,
Gardner, & Shukla, 2013). The research describeeirhattempts to accomplish this
objective.

It is of additional interest to naval and maritirmegineering that the effects of
particular extreme loadings be studied with speemphasis. Of singular importance
are the consequences of explosive loadings. Ambreg viarieties of explosions
classified in the literature, the near-field expbosenjoys a great deal of relevance to
naval design, planning, as well as tactics and mnaers at sea. This is evidenced by
the breadth of history concerning the use of toopsd undersea mines, and

improvised explosive vessels as instruments to danoa sink ships. The near-field



explosion also enjoins uniquely complex interaction its target, and is thus a worthy
candidate for study with a composite specimen.

This study examined the near-field explosive respaof an E-glass/Vinyl Ester
(EVE) marine composite panel specimen in diffeiemnhersion environments and at
different water temperatures. The panel specimes ava-ply plain weave laminate
infused with Derekane 8084 vinyl ester resin. loheaf the immersion environments,
the specimen existed as a fully-clamped paneldrdbetween two media, either water
or air. The face opposite the explosive side wésrned to as the “backing” side.
Under this arrangement, the immersion environmer@se assigned as follows: (1)
water submersion with air backing (hereafter reférto as “WA”), (2) water
submersion with water backing (hereafter referceds “WW”), and (3) air immersion
with air backing (hereafter referred to as “AA™a¢h environment was investigated in
turn at room temperature. Following the room terapee studies, low temperature
experiments were performed in the WA and WW envirents for water temperatures
of 0 °C, hereafter referred to as “WALT” and “WWLT,” resgively. After these,
high temperature experiments were performed inlvitAeand WW environments for
water temperatures of 4@C, hereafter referred to as “WAHT” and “WWHT,”
respectively. RP-503 detonator caps, with a TNTgiMeequivalent of 1 g, were the
chosen explosives for this study. Free field presdtansducers were employed to
record the spherical shockwave pressure histoneemwater and in air, and high
speed digital photography was employed to capteagtime, full-field deformation
histories via the Digital Image Correlation (DIC)ethod. Panel displacements and

damage mechanisms were noted and analyzed to distloe effects of immersion



environment and water temperature on the blastoresp of the EVE composite
specimens.

It is humbly submitted by the author that the ressudontained herein will
contribute to the understanding of the dynamicrtfteemechanical properties of EVE
composites, inspire similar research, and exist dsposit of relevant information for
that research. It is hoped that these results agflist the engineering and design

communities in developing stronger and more efficireaval structures.



CHAPTER 2: Review of Literature

2.0 Review and General Comments

This study endeavored to examine the near-fieldthlasponse of a common
marine composite, constructed from materials abbilaon the commercial market,
using the principles of Digital Image CorrelatiddIC). These principles have been
well-established and appear abundantly in thealitee (LeBlanc et al., 2013)(Sutton,
Orteu, & Schreier, 2009)(Shukla & Dally, 2010)(Hailin, & Ifju, 2009). Explosive
theory is also well-established for both underwat®dl in-air events and has received
much attention over the last century (Cole, 1948hBey & Kirkwood,
1945)(Hartmann & Laboratory, 1976)(Smith & Hethgton, 1994). The uniqueness
of the study under consideration is that it incogied the effects of (1) a near-field
explosion, (2) loading environments characterizgdwater submersion with water
backing, water submersion with air backing, and fair exposure, (3) water
temperature variation, and (4) a fully-clamped latang condition around a flat panel.

Available literature does not address this engingerproblem exactly.
Torabizadeh examined the mechanical behavior ofditggtional glass/epoxy
composites, for temperatures ranging from *60to 25°C, when subjected to static
loading (Torabizadeh, 2013). Wang, Zhou, and Miallemonstrated the temperature
and strain rate-dependence of Polyamide-6, an &sgkinforced composite, over
temperatures ranging from 2C to 100°C and slow strain rates of 0.05/min, 0.5/min,
and 5/min (Wang, Zhou, & Mallick, 2002). Van Leaudied the effects of fluid

structure interaction in an underwater explosiveNEEX) event using numerical
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methods (Van Lear, 2008), while Espinosa et al emadi UNDEX fluid structure

interaction experimentally using a scaled watertopisapparatus instead of an
explosive charge (Espinosa, Lee, & Moldovan, 2086)jn simulated the effects of a
far-field explosion on the hull of a warship usitige LS-DYNA finite element

software (Shin, 2004). Leblanc and Shukla examthedeffects of far-field blasts on

curved composite panels using a conical shock apggaratus, DIC methods, and
computing software (LeBlanc & Shukla, 2011). Ineparate study, LeBlanc, Gardner,
and Shukla examined the effect of polyurea coatimgscurved composite panels,
again using a conical shock tube apparatus andnm@@ods (LeBlanc et al., 2013).
Rajendran and Narasimhan studied the effects aacotUNDEX loading on curved

steel plates in an experimental environment charaedd by water submersion with
air backing (Rajendran & Narasimhan, 2001). Cicheckployed numerical software
to model the loading effects of a 40 kg spheritarge on a closely-nearby protective
structure around a pipe (Cichocki, 1999). Sprangletral examined the near-field
deformation behavior of aluminum plates when subpdo 40 grams of C4, using
DIC methods (Spranghers, Vasilakos, Lecompte, &Mantomme, 2012). Ngo et al

provided an explanation of blast waves and explosi@chanisms in free air, as well
as a detailed outline of the effects of explosionsir on structures (Ngo, Mendis,
Gupta, & Ramsay, 2007), and Zakrisson et al mod#iedresponse of structures to
near-field explosions in air (Zakrisson, Wikman, Baggblad, 2011). Batra and
Hassan, in separate studies, examined the blasitamse of fiber-reinforced

composites in air and water environments usingiapeed numerical software (Batra

& Hassan, 2008)(Batra & Hassan, 2007).



Much of the foregoing literature touched on aspsatslar to those found in this
proposed study, but none addressed each integtahtpance, and none examined the

effects of temperature variation on the specimdgisamic response.

2.1 Literature Review of Basic Explosion Theory

An explosion is defined in broad terms as a “lasgale, rapid, and sudden release
of energy” (Ngo et al., 2007). Ngo et al. list selgpossible mechanisms for such
discharge, namely those associated with chemicallear, or physical events. This
present study considered only explosions of chdmarggin—that is to say,
explosions produced as a result of the chemicabostion of a parent compound into
gasses of very high temperature, pressure, andtyleimsthis context, detonation of
the explosive material releases energy via thedrappansion of the combustion
gasses. This rapid expansion produces a supersave front, referred to as a
shockwave, which is spherical in geometry and &ratterized by discontinuities in
temperature, pressure, density, and particle visdhrough its thickness (Rajendran
& Lee, 2009)(Shin, 2004)(Van Lear, 2008)(Spranghetsal., 2012)(Ngo et al.,
2007)(Cole, 1948)(Smith & Hetherington, 1994). Aseault of the gas expansion, the
shockwave propagates radially and increases in g&entensity also deteriorates

radially, influenced by the medium in which is tsamtted.

2.1.1 Review of UNDEX Theory
The shockwave produced in an UNDEX event propagates velocity much

faster than that of the explosive gasses. Upomfadieg with the water medium, the



initial shock front’s velocity moves typically ohé order of several thousand meters
per second—that is, 3 to 5 times the acoustic wglat water—and its initial pressure
is similarly very high (Cole, 1948)(Shin, 2004)(Baglran & Lee, 2009). In contrast,
the spherical gas bubble initially retains a reduicgernal pressure after shockwave
emission, though this pressure is still of muchaggemagnitude than the equilibrium
ambient plus hydrostatic pressure (hereafter refeto as the “ambient/hydrostatic”
pressure). The bubble also expands radially, tig@ating the surrounding water in
the process. The bubble expands in radius untiha just after its internal pressure
reduces to the ambient/hydrostatic pressure, whwmg to fluid inertial effects, the
bubble is caused to “over-expand” to a radius atlwthe internal pressure falls short
of the ambient/hydrostatic pressure (Shin, 2004gCb948)(Van Lear, 2008). The
resultant pressure differential reverses the movbrthe bubble, forcing it from
expansion into contraction, during which time theernal pressure begins to increase
once more. The effects of the gasses’ compredgibiwhile negligible during
expansion, are significant in the final stagesamftaction and act to abruptly reverse
the bubble’s motion at the point of maximum colapshis abrupt reversal of motion
generates a new pressure wave in the water, réfesras the “bubble pulse.” Upon
collapse and emission of a bubble pulse, the gableuwill continue in a periodic
cycle of expansion and contraction until all of thglosion energy is released into the
surrounding water or vented through the surfacéhef event depth permits. During
these cycles, called “bubble periods,” the bubbl&nown to migrate upwards due to

buoyancy effects. For reasons that are less obvithgs bubble is also known to



migrate away from free surfaces and towards rigadiniolaries (Shin, 2004)(Cole,

1948).

2.1.2 Review of Air Blast Theory

Differences in physical properties, as well asetdhces in fluid interactions
between explosive gasses and the detonation enwioty produce significant
contrasts between the physics of air blast everdsiaose of UNDEX events, in spite
of superficial, process-related similarities (deyehent of spherical shockwave,
discontinuities in fluid properties across the dtvoave thickness, supersonic initial
shock front propagation, etc.). Some of these metabfferences include the

following:

1. The shockwave produced in an air blast event isvi@d closely by the
explosive gasses (Ngo et al., 2007)(Rajendran &sdlarhan, 2001).

2. The explosive gasses do not coalesce into an dxgapand contracting
bubble. Hence, bubble pulses to not occur.

3. After attaining the peak overpressure, the presdecay behind the shock
front ebbs below the ambient conditions, causingaatial vacuum
referred to as the “negative” pressure phase, éefeturning to the

ambient pressure.



2.1.3 The Near-Field Problem

This concise review of basic explosion theory alovor a more detailed
description of the criteria that this study selddte constitute a near-field explosion,
and how these explosions differ from the far-figltiety. In this study, a near-field
explosion is one for which the standoff distanceveen the charge and the target are

sufficiently short that the following conditionsesirue:

1. The influence of the shockwave curvature is sigaift during interaction
with the target. In this way, the shockwave’s spargeometry is a
prominent characteristic in its contact with theg& and prevents planar
wave approximations during analysis.

2. The target is either nearby or within a regiontd blast zone where fluid
structure interactions are made complex by the floecesses encouraged

during shockwave generation.

UNDEX events in the near-field may further havecsplecharacteristics enjoined

by the gas bubble behavior, characterized by edhboth of the following:

3. In UNDEX events, the target is either nearby ormmita region of the
blast zone where bubble expansions and contractairectly and

significantly influence the bulk fluid flow arourttie target.



4. In UNDEX events, the target is either nearby orhmita region of the
blast zone where bubble expansions and contractianse direct contact

between the bubble and the target, including mogyabubble behavior.

These characteristics may be contrasted with thegeesentative of a far-field
explosion, in which the standoff distance betweke tharge and the target are

sufficiently large that the following conditionseatrue:

1. The influence of the shockwave curvature is reduoednegligible,
permitting the approximation of a plane interfacdween the wave and
the target.

2. The target is far enough removed from regions ohmex fluid flow,
produced from the direct effects of detonation,t tflaid structure
interactions corresponding to those flows are nmtent. In UNDEX
events this includes bubble contact.

3. Pressure waves induced by bubble pulses may omatapteract with the

target.
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CHAPTER 3: Methodology

3.0 Material/Specimen

The material considered in this analysis was anlaBsgvinyl Ester (EVE)
laminate, manufactured at TPl Composites in WarReh, The laminate was layered
biaxially using two plies of plain weave fiber skeeeand possessed an areal density of
0.61 kg/n? (18 oz/yd). The mass density of the E-glass fibers was ta&dme 2.56
gl/cnt. A vacuum-assisted resin transfer process wasmmglto saturate the layered
sheets with Derakane 8084 vinyl ester resin, thesndensity for which was taken to
be 1.02 g/crh The resulting laminate possessed a fiber weightent of 70.6%,
possessed a fiber volume percentage of 48.2%, asddwided into 203 mm x 203
mm X 1 mm (8 in x 8 in x 0.04 in) panel specimefsese panels were subsequently
post cured sequentially at 70° C for 2 hours and®®0for 10 hours. A detailed
description on the panel manufacturing process iv&engin Appendix A. The
unsupported panel surface area was 152 mm x 1546rimx 6 in), allowing for a
25.4 mm (1 in) clamping edge with loose-fit scremlels spaced at intervals around the
periphery, as shown in Figure 3.0-1. The experialeatea of interest on each
specimen was painted white. A black dot matrix wasay painted on the white
surface using a perforated metal mesh. A randontkblspeckle pattern was
subsequently hand-painted over these coats, faxgnéon by the Digital Image
Correlation (DIC) data acquisition technique, ddm in section 3.1.5. For select

experiments, a high speed side view digital camers employed to observe the real-
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time explosion behavior behind the specimen, paerty the underwater expansion

and contraction of the explosive gas bubble.
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Figure 3.0-1: The composite panel specimen. Unitseain millimeters.

3.1 Experimental Apparatus
The apparatus used in this study is illustratedrigure 3.1-1. The depicted

components are discussed in greater detail incgex8.1.1 through 3.1.6.
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RP 503 Det. Cap

......... -

DIC Cameras

Heating
or cooling
system

Side View
Gamera View From Top

Figure 3.1-1: Experimental apparatus, depicting thespecimen, explosive charge,
pressure sensors, DIC and side view cameras, speemfixture, and
heating/cooling system. The heating system was cooged of 5 heating rods; the
cooling system was composed of ice.

3.1.1 Experimental Water Tank

The experimental environment we
contained within a special water tank. Tt
tank was constructed of aluminur'
structural framing, Lexan side panels, ai .
an aluminum floor. The tank stood on le¢ ¥
approximately 58.4 cm (23 in) in length
The tank itself measured approximate®:
0.914 m x 0.914 m x 0.914 m (36 in. x
in. x 36 in.), thus accommodating
maximum fluid volume of approximately

0.75 ni (46,656 ir). Because the

Figure 3.1.1-1: The experimental

operational water depth was onl water tank
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approximately 0.66 m (26 in.), the operational watelume was accordingly 0.551

m® (33,696 iff). The tank may be seen in Figure 3.1.1-1.

3.1.2 Experimental Fixture

Experiments required a unique specimen holdingifextso as to accommodate
the panel geometry and provide the appropriate deeynconditions. This fixture
consisted of a steel raised platform that was Hddlbethe floor of the water tank. The
edge of the platform stood at a distance of 3.25 ({@rh25 in) from the transparent
Lexan observation window. A flanged steel box wagurn bolted to the top of the
raised platform. The box accommodated a 203 mm3xr@t (8 in x 8 in) specimen,
the unsupported area of which would become 152 mib2xmm (6 in x 6 in) after
fully-clamped securement via a mounting brackee Bbx, in a similar fashion as the
raised platform, was secured at a distance of 826(0.125 in) from the transparent
Lexan observation window. The 3.25 mm gap betwéenedge of the box and the
viewing window was filled as needed with siliconaulking, to facilitate WA

experiments. The holding fixture assembly is shawfigures 3.1.2-1 and 3.1.2-2.
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Figure 3.1.2-1: The experimental holding fixture, &sent specimen._Leftview
from explosive side, showing the mounting screwsifthe fully-clamped
boundary. The white band around the screws is silane caulking residue, used as
a watertight seal between the specimen and the baRight: view from the DIC
side. Notice the thick white bead of silicone betvea the box and the window,
sealing the edges.

Figure 3.1.2-2: The experimental holding fixture wih a specimen clamped
beneath the mounting bracket. This photo was takejust after an experiment
and the specimen’s concavity can be readily seen.
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3.1.3 Pressure Sensors
3.1.3.1 Underwater Blast Sensors

The pressure sensors employed in the WA and WWremeets were two series
W138A05 integrated circuit piezoelectric (I§Rourmaline underwater blast probes,
serial numbers 9338 and 9656, produced by PCB ®@Hcs, Inc. The tourmaline
sensing element was suspended in a silicone @tfiflexible transparent tube of
diameter 9.4 mm (0.37 in.). The distance from toeical tip to the sensing element
varied between the probes; these distances are motke further details in section
3.2.1. The overall probe length was 193 mm (7.%. ihhe probes were mounted
vertically. Figures 3.1.3.1-1 and 3.1.3.1-2 show thstrument and its technical

specifics.

Figure 3.1.3.1-1: Series W138A05 underwater blastpbe. The tourmaline
sensing element is the spherical shape at the centé the unit. The distance from
this element to the end of the conical tip, at righ varied between the sensors.

1|CP is a registered trademark of PCB Piezotronius,
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Performance ENGLISH Sl
Measurement Range  (for 3% output) o kpsi 34475 kPa
Uzeful Cverrange  (for £ 100 output) 10 kpsi 62350 kPa
Sensifivity  (+15 %) 1.0 mvipsi .15 mvikPa
Maximum Pressure o0 kpsi 344750 kPa
Rezolution 100 mpsi 0.07 kPa
Reszonant Frequency =1000 kHz =1000 kHz
Rise Time (Reflected) =15 psac £1.5 U sec
Low Frequency Responze (-5 %) 25H=z 25H=z
Mon-Linearity =2 0%F3 =22 0%F5

Environmental
Temperature Range (Cperafing) 0 to+100 °F T80 +3T.E°C
Maximum Zhock 20000 g pk 196140 m's® pk

Electrical
Cutput Polarty  (Positive Pressure) Posifive Pasitive
Discharge Time Constant (at room temp) =[.2 sec =02 sec
Excitation Voltage 20t 30 VDO 20 to 30VVDC
Constant Current Excitation 210 20 mA 2to 20 ma
Cutput Impedance =100 Ohm =100 Ohm
Cutput Bias Vaoltage Sto 14 WDC & 1o 14VDC

Physical
Sensing Element Tourmaline Tourmaline
Housing Material Sfainless Sieel Siainless Steel
Elecirical Connector 10-32 Coaxial Jack 10-32 Coaxial Jack
Weight 0.750z 21.0 gm

Figure 3.1.3.1-2: W138A05 blast probe technical iofmation.
Image courtesy of PCB Piezotronics, Inc.

3.1.3.2 Air Blast Sensors

The pressure sensors employed in the AA experimegeats two series 137A21
integrated circuit piezoelectric (IGPfree field blast probes, serial numbers 10044 and
10045, produced by PCB Piezotronics, Inc. The destdrom the conical probe tip to
the quartz sensing element was 157 mm (6.2 in) tflamdverall probe length was 406
mm (16 in). The sensors were mounted horizontalith wihe sensing diaphragm
oriented sideways. Figures 3.1.3.2-1 and 3.1.3sh@w the instrument and its

technical specifics.

2|CP is a registered trademark of PCB Piezotroris,
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Figure 3.1.3.2-1: Series 137A21 blast probe, moumtén an instrument holding
clamp. Notice the circular sensing diaphragm just bside the left holding mount.

Performance EMGLISH Sl
Meazurement Range (for 21 output) 1 kps=i 6395 kPa
Sensitivity (£15 %) 1.0 m\v/psi 0.145 m\vWkPa
Maximum Pressure 5 kpsi 3475 kPa
Resolution 100 rpsi 0.69 kPa
Resonant Frequency =500 kH=z =500 kHz
Rise Time ({Incident) 6.5 P sec 26.5 U Sec
Maon-Linearity 1.0 % F3 210 %FS

Environmental
Temperature Range (Cperafing) -100 t0 +275°F T30 +135°C
Temperature Coefficient of Sensitivity =0.03 %°F =0.054 %G

Electrical
Cutput Polanty  (Positive Pressure) Posifive Posithve
Discharge Time Constant  (af room termp) 0.2 sec =0.2 sec
Excitation Vollage 20 to 30 WDE 20 fo 30VDE
Constant Current Excitation 2 1o 20 ma 210 20 ma
Cutput Impedance =100 Ohm =100 Ohm
Output Bias Valtage 31014 VDC 810 14VDC

Physical
Senzing Geometry Compression Compression
Sensing Element Quartz Quartz
Housing Material Aluminum Aluminum
Diaphragm Irvear Invar
Sealing Epoxy Epony
Elecirical Connector BMC Jack BMC Jack
Weight 127 oz 360 gm

Figure 3.1.3.2-2: 137A21 blast probe technical infmation.
Image courtesy of PCB Piezotronics, Inc.
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3.1.4 Explosive Charg

The detonator used was an -503 secondary explosive. FIB3 is a plast-
encapsulated, sealed Exploding Bridge Wire (EBWJrgh designed for underwa
operations oup to 3 m (10 ft) in depth. The chemical tent is 454 mg (0.016 o.
RDX and 167 mg (0.006 oz) PETN, combining to pradacTNT weight equivalel
of 1 g (0.04 oz). The bridge wire is gold and pesss a threshold voltage of 5S00A

schematic of an RBO3 charge may be seen in Figure 1.

454 mg RDX 67
with binder @ [ ] PE';!:IQ
i r ‘/ = ){ e o
t“ Y [ [
0.386 A, - L0244
8 6.2
Sl "
’ - .. —— ——y,
- 120 -

Figure 3.1.4: lllustration of an RF-503 explosive chargen the figure, numerator
values are expressed in inches, denominator valuase expressed in millimeters

3.1.4.1 RP-503 Pressure Decay Test

Placement of the aforementioned blast probes ethdbt registering of pressul
data at fixed standoff distan from the explosivebut, due to concerns of damag
the sensors, these instruments could not captesspre information at distanc

close to the specimen. Available UNDEX literatwas consulté to find close-form
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expressions for pressure wave decay under watethbyparameters associated with
these solutions did not yield theoretical resuitst tmatched the experimental results
after detonation (Cole, 1948)(Shin, 2004)(Batra &bkkn, 2007). It was supposed that
these discrepancies could be attributed to thelstimaénsions of RP-503—the size of
the bridge wire or detonator cap, for example,tiadato the size of the explosive
proper, could perhaps influence the detonation \aiehan more drastic ways than
those components would for heavier explosives. ds wdecided that the RP-503
pressure decay rate should be experimentally asced to produce an expression
unique to the conditions used in this study, sdoasccurately predict shockwave
overpressures at the instant that they interfatie thhe specimen.

Pursuant to this, a line of six tourmaline blasilq@s were arranged underwater
on laboratory stands in the experimental water ,taarid were placed at varying

distances from an RP-503 explosive, as depicté&dgure 3.1.4.1-1.

e

Fressure
Sensors

RP503 Det. Cap

Figure 3.1.4.1-1: Overhead schematic of the RP-5@8essure decay verification
setup.
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The explosive was detonated and the pressure iesteere recorded for each of
the six standoff distances, the plots for which averlaid on each other in Figure
3.1.4.1-2. The resulting peak pressures were plotbgether in MATLAB as a
function of standoff distance, and a least-squatesge fitting method was employed
to establish a trend line function to extrapoldte tlata across a wider range of

standoff distances at 95% confidence, as seerguréi3.1.4.1-3.

—Sensor 1 (121 mm)
Sensor 2 (146 mm)
—Sensor 3 (191 mm)
Sensor 4 (229 mm)
—Sensor 5 (267 mm)
Sensor 6 (305 mm)

Pressure (MPa)

0.1 0.15 02 025 03 0.35 04 045 05
Time (msec)

Figure 3.1.4.1-2: Overlaid overpressure historiesacorded during the RP-503
pressure decay verification test.
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b o Peak Pressures
% — Trend Line ( 5429 %) ]|

Pressure (MPa)

0 50 100 150 200 250 300 350

Standoff Distance (mm)

Figure 3.1.4.1-3: Peak pressures as a function dhadoff distance, with the
accompanying trend line, from the RP-503 pressureeatay verification test.

As can be seen in Figure 3.1.4.1-3, the pressuseseen to decay as a function of

approximatelyl/r. Key results from the pressure decay test araudec in Table

3.1.4.1-1.

Table 3.1.4.1-1: Key values from the RP-503 presseidecay verification test

Sensor Peak Pressure | Standoff Distance
# (MPa) (mm)
1 28.6 121
2 27.5 146
3 20.6 191
4 14.0 229
5 12.5 267
6 10.4 305
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The trend line function expressed in Figure 3.13l1.Was used to predict an
overpressure of approximately 50.4 MPa experieratetie target at 76 mm. It must
be noted however that extrapolating the data sérdan the measured range between
120 and 305 mm introduced heightened uncertaintyis Ts indicated by the
MATLAB curve fitting readouts in Figure 3.1.4.1+hich indicate that the prediction

bounds at 95% confidence, when evaluated at appaigly 76 mm, are + 17 MPa.

* PEAKS _MPa v.s. Distance_mm .

651 RP-503 Decay Fit 1
Pred bnds (RP-503 Decay Fit)
60} ' -+
55F ]
E |
Z 1
o S0} |
g 45t -
401 1
35}
N
BDF el I i \. i . . LN L 1 i - |
0 50 100 150 200 250 300 350

Distance_mm

Figure 3.1.4.1-4: MATLAB-generated curve fit basedn RP-503 pressure decay

test information, indicating the prediction boundsat ~76 mm standoff distance.

Pressure in MPa is plotted on the Y axis, and starmudf distance in mm is plotted
on the X axis.

3.1.5 Digital Image Correlation
Digital Image Correlation (DIC) is a powerful omlictool in experimental
mechanics that seeks to non-intrusively ascertaiFfi€ld displacement, strain, and

velocity fields associated with a deforming bodiieTmethod is accomplished via use
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of high speed digital cameras and specialized #@inalysoftware (Sutton et al., 2009).
To record the deformation in real time, two higleeg digital cameras are employed
in a synchronized stereo arrangement. Calibratiathed cameras is achieved via use
of an image calibration grid, consisting of a whiteld and a distinct pattern of
evenly-spaced points. The grid is rotated and kated in- and out-of-plane, as a
series of individual photographs are taken by tee#es camera system. Since the
spacing of the calibration points on the grid iegatermined, the analytical software
is allowed to track the points’ displacement. Thessgplacements are tracked in a
coordinate plane unique to both cameras. The soétteen correlates the images in
these planes to establish a real-world, globaldioate system from which full-field,
three-dimensional deformation measurements are nllaelBlanc et al., 2013). A
calibration error of 10% or less is generally cdesed acceptable. As Haile notes, “A
[DIC] camera is considered calibrated if the pnratidistance, principal point offset
and lens distortion parameters are known”(Hailealet 2009). This global three-
dimensional coordinate system is unique to theestetamera layout, and any
subsequent alteration of the camera layout neabssesalidates the calibration (such
alterations might include shifting of one or botmeeras, replacement of one or both
camera lenses, or placement/removal of additiaaasparent media in front of the
cameras). Before experiments, the observationddee deforming body is painted
with a random black-and-white speckle pattern. Targlom pattern creates a diverse
field of unique pixel intensity subsets whose dispiments, during specimen
deformation, are photographically captured by tigh Ispeed cameras. The analytical

software tracks and interprets these displacemesich allows consequently for the
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three-dimensional assessment of strain, velocibg ather applicable parameters

(Shukla & Dally, 2010).

3.1.5.1 DIC Cameras

The high speed cameras employed for the DIC tecdknigere two Photron
Fastcam SAL1.1 units, of model number 675K-M1, VB@B internal memory. These
cameras can achieve frame rates between 1,0007&n0d08 frames per second with

corresponding image resolutions between 1,024 241a0d 64 x 16, respectively.

3.1.5.2 DIC Software

The analytical post-processing software employedtiie DIC technique was
“Vic-3D,” produced by Correlated Solutions, Inc.c¥3D uses the DIC method to
employ various strain tensors in providing fulllfigthree-dimensional deformation,

strain, and shape measurements across the suffdmedeforming body.

3.1.6 Heating and Cooling Devices

Experiments investigating the influences of higll 4ow water temperatures—
namely WAHT, WALT, WWHT, and WWLT—required uniques&iting and cooling
techniques to achieve the desired environmentsseltege discussed in sections

3.1.6.1 and 3.1.6.2.
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3.1.6.1 Heating Elements
The heating elements used in the WAHT and WWHT exrpnts were Allied
Precision Industries 742G bucket heaters, deligetirkW of power each, as seen in

Figure 3.1.6.1-1.

Figure 3.1.6.1-1: Allied Precision Industries 1 kWbucket heater. Image courtesy
of Allied Precision Industries, Inc.

The nominal water temperature as it entered theer@xpntal water tank was
approximately 23C. Noting the operational water volume in the tatlle desired
water temperature of 40C, and a desired heating time of approximately Ar§o

Equation 3.1.6.1-1 was used to determine the redyower input.

Application of Equation 3.1.6.1-1 vyielded a reqdirgpower input of

approximately 5.44 kW. Due to electrical constraimt the experimental facility, the
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employed power input was rounded down to 5 kW, faredl kW bucket heaters were
procured for the study.

The heaters were suspended from rods above thaceuof the water, with the
heating elements completely submerged. This arraage can be seen in figure

3.1.6.1-2.

Figure 3.1.6.1-2: Arrangement of the five water hetars

3.1.6.2 Cooling Elements

The cooling element used in the WALT and WWLT expents was cubed ice.
Again, noting the nominal water entrance tempeeatas approximately 23C, the
operational water volume in the tank, and the éeswater temperature of°C, and
assuming ice cubes of -IC, equation 3.1.6.2-1 was used to calculate thained

mass of ice to sufficiently lower the water tempere, as follows:
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Myater CwaterATwater
ico = 3.1.6.2-1
Mhice CiceATice + hice ( )

in which h is the latent heat of ice. Appropriate applicatadrequation 3.1.6.2-1
yielded a required mass of 150 kg (330 Ib.) ofpee experiment to adequately cool

the water.

3.2 Experimental Procedure
3.2.1 Water Submersion, Air Backing (WA)

Experiments were performed to investigate the nespaf the EVE composite
specimen to an UNDEX event in an experimental emwvirent characterized by water
submersion and air backing—an environment refaiwdtereafter as “WA.” For each
experiment conducted thus, silicone caulk was ueefill the 3.18 mm (0.125 in)
clearance between the experimental holding boxthadransparent Lexan viewing
window, thereby sealing the edges. A thin beadlmbse caulk was likewise applied
around the edges of the EVE composite specimeam @ppropriate area as to seal the
holding box’s interior air environment from the ersibr water environment (Figures
3.1.2-1 and 3.1.2-2). A specimen mounting brackas Wolted over the EVE panel to
establish a fully-clamped boundary condition. THe-503 detonator was suspended
on the water side of the composite panel by fishimg at a distance of 76.2 mm (3
in.) from the center of the specimen. Two tourmalimderwater blast probes were
positioned vertically with their conical tips atdral distances of 127 mm (5 in.) and
203 mm (8 in.) from the detonator, respectivelye Tlinimum probe standoff distance

of 127 mm was chosen so as not to damage the nmsirii The blast probe that was
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positioned closer to the detonator, hereafter refeto as “sensor 1,” possessed a
tourmaline sensing element located at a distan®&¥ ofim (3.8 inJdirectly above the
conical tip. The tourmaline element for sensordrefore stood at a radial distance of
160 mm (6.3 in.) from the detonator. In a similaayw the blast probe that was
positioned farther from the detonator, hereaftégrred to as “sensor 2,” possessed a
tourmaline sensing element located at a distan®® ofim (3.9 in3 directly above the
conical tip. The tourmaline element for sensoré&efore stood at a radial distance of
226 mm (8.9 in.) from the detonator. 100 mm DIC egearlenses were employed and
the camera frame rate was set to 20,000 framesqmend (FPS), rendering a DIC
image resolution of 512 x 512 with an inter-franmeet of 50usec. The RP-503 charge
was detonated by an independent firing box, whiels wired to an isolated electrical
circuit to minimize the risk of power surges inflieeng the recording oscilloscope.
The deflections of the speckle patterns on eachise® were observed by the DIC
cameras and processed by the DIC software. Oulaokpdeflections were measured
from the plane of the un-deformed specimen. Thesune waves induced by the RP-
503 explosion were detected by the tourmaline lgasbes, whose millivolt signals
were amplified to £ 10 VDC signals by an in-linenddgioner and relayed to a
recording oscilloscope. The oscilloscope was condednto trigger upon a rising
voltage of 400 mV from sensor 1. Key experimenpglaaatus values are presented for

convenience in Table 3.2.1-1.

% The sensing element in sensor 1 was measuredsto3d®/, . + 1/, in. above the conical tip.
* The sensing element in sensor 2 was measuredsto3d®/, . + 1/, in. above the conical tip.
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Table 3.2.1-1: Key experimental apparatus values wariable throughout the WA
experiment set

Parameter Value
RP-503 Standoff Distance 76.2 mm (3in.)
Sensor 1 Tip Standoff Distance 127 mm (5 in.)
Sensor 1 Sensing Element Elevation Above Tip 97(B&in.)
Sensor 1 Sensing Element Standoff Distance 160 6rBrir.)
Sensor 2 Tip Standoff Distance 203 mm (8in.)
Sensor 2 Sensing Element Elevation 99 mm (3.91in.)
Sensor 2 Sensing Element Standoff Distance 226 8r@nirg.)
DIC Camera Lens 100 mm
DIC Camera Frame Rate 20,000 FPS
DIC Camera Interframe Time hBec
DIC Image Resolution 512 x 512

3.2.1.1 WA Experiment 1

The first WA experiment was performed with the melbog oscilloscope set to a
sampling frequency of 10 MHz. The DIC camera angdésincidence with the
transparent Lexan viewing window were not recordedng this experiment. The
DIC calibration error was found to be 9.8%. The posite specimen’s center point
deflected sharply outward to a maximum positiveledgiion of 27.5 mm (1.08 in.)
after a total elapsed time of 1.3 msec, beforermgg to rebound inward. An X-
shaped plateau that occurred across the paneltercguring the rebound forced the
center point outward briefly, observable at appmately 3 msec (Figure 3.2.1.1-1).
This brief response was followed by a rapid ceptant collapse to an intermediate
negative deflection of approximately -14 mm (-0i85 at approximately 7 msec
elapsed time. Following a dwell of approximatelp Znsec at -14 mm, the panel
center point collapsed further to a maximum negatieflection of -24 mm (-0.94 in.)

at 15.3 msec total elapsed time. The center pagfiection tended modestly and
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nominally outward for an additional 6 msec, befespanding rapidly outward to a
local positive maximum of 17.43 mm (0.69 in.) at1% msec total elapsed time. In
later experiments, use of side view imaging woutdtaute this final outward surge to
the effects of the first bubble pulsost mortem damage was observed to include
panel delamination and fiber breakage around thendary. Such tearing was not
observed to have propagated through the specimbareTalso appeared to be
instances of matrix cracking across the specimea. fA post mortem image of the
specimen may be observed in Figure 3.2.1.1-2. Hnelgcenter point behavior can be

observed in Figure 3.2.1.1-3.

2.7 msec 2.85 msec 3.35 msec 3.45 msec

— L I =] I — IR v/ [rom]

30 -26.25 -22.5 -1875 -15 -1135 25 375 0O 375 75 1125 15 1875 225 2625 30

Figure 3.2.1.1-1: 2D DIC contour plot of panel de#iction, illustrating the typical
development of the X-shaped plateau during the paiis inward rebound. The
inward motion (2.7 msec) was realized most about ¢hcenter, which continued to
collapse in spite of the arrested movement towardbe boundaries (2.85 msec).
This motion was reversed by about 3 msec as the ¢enexpanded outward once
more (3.35, 3.45 msec).
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Figure 3.2.1.1-2:Post mortem damage typical of the WA experiment set.

Center Point Deflection (mm)

15

‘ 10 5
Time (msec)

Figure 3.2.1.1-3: Outward center point deflection\WA experiment 1.
Pressure wave data, measured on a time scale fimshbckwave’s contact with
sensor 1, indicated peak overpressures of 22.5 (@280 PSI) at 2.1isec elapsed

time and 16.7 MPa (2420 PSI) at 5hsec elapsed time, as detected by sensors 1 and

2, respectively. Pressure decay profiles typicahef WA experiment set are overlaid
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in Figure 3.2.1.1-4. Key experimental results amsented for convenience in Table

3.2.1.1-1.

: —Sensor 1 (160 mm)
— Sensor 2 (226 mm)

o

=

Pressure (MPa)

Time (psec)

Figure 3.2.1.1-4: Overpressure histories, WA expament 1

Table 3.2.1.1-1: Key parameters yielded from WA exgriment 1

Parameter Value Elapsed Time
DIC Calibration Error 9.8% -
Peak Overpresure, Sensor 1 22.5 MPa (3260 PSI) used
Peak Overpresure, Sensor 2 16.7 MPa (2420 PSI) usbcal
Max. Positive Panel 27.5 mm (1.08 in.) 1.3 msec
Deflection
Max. Negatl.ve Panel -24 mm (-0.94 in.) 15.3 msec
Deflection

3.2.1.2 WA Experiment 2
The second WA experiment, due to an instrumentunatfon, was performed

without the use of an oscilloscope to record presdata. The DIC camera angles of

33



incidence with the transparent Lexan viewing windeere also not recorded during
this experiment, but the DIC calibration error wasnd to be 10.0%. Experiment 2
produced DIC results that were repeatable from mx@at 1; the center point
deflection profile bore remarkable similarity tatlof experiment 1, and the X-shaped
plateau was again plainly observable and respanédnla brief outward rebound of
the center point (see Figure 3.2.1.1-1). Due tongperfect seal around the holding
box’s edges at the interface with the transpareswah viewing window, a leak
occurred that had partially filled the box by tirae of detonation. As the panel flexed
away from the explosion, the rapid increase in gues within the box caused the
accumulated water to splash. By an elapsed tim&8of5 msec, the splash had so
obscured the specimen that all successive DIC ltedao be discarded as unreliable.
Key results included a maximum positive center pdeflection of 29.6 mm (1.17 in.)
at 1.15 msec elapsed time and a maximum negativiercpoint deflection of -27.3
mm (-1.07 in.) at 16.45 msec elapsed time. As peerent 1 post mortem damage
was observed to include panel delamination and fipeakage around the boundary.
Unlike the damage observed in experiment 1, teamiag observed to have propagated
through the specimen. Images of this damagg be observed in Figure 3.2.1.2-1. A
deflection plot for this experiment is included kigure 3.2.1.2-2. Table 3.2.1.2-1

presents relevant data obtained during WA expertirBen
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Figure 3.2.1.2-1:Post mortem tearing seen through-and-through the specimen,
around the boundary. The beaded white line aroundrte periphery (at right) is
the remnant of the specimen’s caulking seal.

Center Point Deflection (mm)
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Figure 3.2.1.2-2: Outward center point deflectionWA experiment 2

Table 3.2.1.2-1: Key parameters yielded from WA exgriment 2

Parameter Value Elapsed Time
DIC Calibration Error 10.0% -
Max. Positive Panel .

Deflection 29.6 mm (1.17 in.) 1.15 msec
Max. Negatl_ve Panel -27.3 mm (-1.07 in.) 16.45 msec

Deflection
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3.2.1.3 WA Experiment 3

The third WA experiment was performed with the relaag oscilloscope set to a
sampling frequency of 10 MHz. The DIC camera angbésincidence with the
transparent Lexan viewing window were 7° for bdtb Master and Slave 1 cameras,
and the corresponding DIC calibration error wasntbuo be 9.0%. A side view
camera with a 28 mm lens was employed to observexpansion and collapse of the
gas bubble produced as a result of the explosigpeffiment 3 produced results that
were repeatable from experiments 1 and 2. Key tesutluded a maximum positive
center point deflection of 26. mm (1.02 in.) at in8ec elapsed time and a maximum
negative center point deflection of -25.5 mm (-1:0Q at 18.5 msec elapsed time, as
seen in Figure 3.2.1.3-1. Sensor 1 detected a @ealpressure of 22 MPa (3200 PSI)
at 3.5 psec after initial shockwave contact, while sensord&ected a peak

overpressure of 16 MPa (2340 PSI) afu86c, detailed in Figure 3.2.1.3-2.
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Figure 3.2.1.3-1: Outward center point deflection\WA experiment 3

—Sensor 1 (160 mm)
— Sensor 2 (226 mm)

Pressure (MPa)
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Figure 3.2.1.3-2: Overpressure histories, WA expeament 3

The gas bubble was observed to expand in radiusamelapsed time between
11 and 14 msec, after which it began its collapse. collapse was accomplished fully
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by approximately 22.15 msec, at which time poit finst bubble pulse was initiated.
Figure 3.2.1.3-3 depicts the typical progress difldde expansion and contractidtost
mortem damage was observed to include delamination dredt breakage around the
specimen boundary, as in experiments 1 and 2, ame snatrix cracking across the
panel face. Fiber tearing did not extend through ghnel. Table 3.2.1.3-1 presents

relevant data obtained during WA experiment 3.

Figure 3.2.1.3-3: Typical progress of a bubble’s @ansion (upper) and
contraction (lower)

Table 3.2.1.3-1: Key parameters yielded from WA exgriment 3

Parameter Value Elapsed Time
DIC Calibration Error 9.0% -
Peak Overpresure, Sensor |1 22 MPa (3200 PSI) uséd
Peak Overpresure, Sensor |2 16 MPa (2340 PSI) Lsem®
Max. Postive Panel .
Deflection 26 mm (1.02 in.) 1.3 msec
Max. Negatl_ve Panel -25.5 mm (-1.00 in.) 18.5 msec
Deflection
Full Bubble Expansion - 11 - 14 msec
Full Bubble Collapse - ~22.15 msec
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3.2.1.4 WA Experiment 4

The fourth WA experiment was performed with theoreling oscilloscope set to
a sampling frequency of 10 MHz. The DIC camera enghf incidence with the
transparent Lexan viewing window were 7° for bdtb Master and Slave 1 cameras,
and the corresponding DIC calibration error wasntbuo be 9.5%. A side view
camera with a 28 mm lens was employed to observesxtpansion and collapse of the
gas bubble produced as a result of the detonaiae. to a faulty instrument cable
connection, sensor 2 was not able to register amgnmgful signal. In spite of this,
experiment 4 produced results that were repeafatnie experiments 1, 2, and 3. Key
results included a maximum positive center poiriteddon of 28 mm (1.1 in.) at 1.2
msec elapsed time, maximum negative center pofteadi®n of -29 mm (-1.14 in.) at
17.7 msec elapsed time, and sensor 1 peak ovenpgess23 MPa (3340 PSI) at 6.1

usec after shockwave contact. These results aretéddpn Figures 3.2.1.4-1 and -2.
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Figure 3.2.1.4-1: Outward center point deflectionWA experiment 4
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Figure 3.2.1.4-2: Overpressure histories, WA expeament 4

The gas bubble was observed to expand in radiusamelapsed time between
10.25 and 13.30 msec, after which it began itsapsk. The collapse was
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accomplished fully by approximately 22 msec, atalhiime the first bubble pulse
was generatedPost mortem damage was seen to include delamination and fiber
breakage around the panel boundary, with througielp&éearing occurring in an

isolated area. Table 3.2.1.4-1 presents relevaatatdained during WA experiment 4.

Table 3.2.1.4-1: Key parameters yielded from WA exgriment 4

Parameter Value Elapsed Time
DIC Calibration Error 9.5% -
Peak Overpresure, Sensor |1 23 MPa (3340 PSI) used
Peak Overpresure, Sensor |2 N/A N/A
Max. Positive Panel .
Deflection 28 mm (1.1in.) 1.2 msec
Max. Negative Panel 29 mm (-1.14 in.) 17.7 msec
Deflection
Full Bubble Expansion - 10.25 - 13.30 mgec
Full Bubble Collapse - ~22

3.2.2 Water Submersion, Water Backing

Experiments were performed to investigate the nespamf the EVE composite
specimen to an UNDEX event in an experimental emvirent characterized by water
submersion and water backing—an environment refeiwehereafter as “WW”. The
holding box was moved backwards on the mountingdsi@nd re-bolted, so as to
provide sufficient clearance to allow proper watgculation while the panel flexed.
The mounting/boundary conditions, the detonatostbfaobes and their positioning,
the camera lenses, settings, and software, anguthygorting data acquisition devices
employed in the WW experiment set remained idehtacéghose employed in the WA

set. These invariable parameters are reflectecindel3.2.1-1.
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3.2.2.1 WW Experiment 1

The first WW experiment was performed with the relaog oscilloscope set to a
sampling frequency of 10 MHz. The DIC camera angbésincidence with the
transparent Lexan viewing window were 6° for thesida camera and 7° for the Slave
1 camera, and the corresponding DIC calibrationremas found to be 8.5%. A side
view camera with a 28 mm lens was employed to elestire expansion and collapse
of the gas bubble produced as a result of the datom After the initiation of the
explosion, the rapid flexing of the panel causedlséecavitation to develop in front of
the specimen’s speckle pattern (Figure 3.2.2.THi¢. impenetrability of the cavitation
field varied in intensity as the UNDEX event progged, but the panel center point
remained at all times beneath considerable shigldrcause of this, DIC information
could only be confidently analyzed up to 28&c after the onset of panel deflection, a
maximum value of which was recorded as 2.25 mm9(0tD). The center point
deflection plot from WW experiment 1, typical oetNVW experiment set, is given in

Figure 3.2.2.1-2.
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Figure 3.2.2.1-1: A depiction of the cavitation witessed in the WWexperiment
set. Left the undeformed panel._Right the deforming panel at 6.3 msec.

Center Point Deflection (mm)
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Figure 3.2.2.1-2: Outward center point deflectionWWW experiment 1

The WW experiment set exhibited curious pressustohes. These shall be
discussed in further detail in section 4.1.2, lsutdonvenience relevant information is
also presented here. The closer of the tourmaliast Iprobes (sensor 1) recorded a
peak overpressure of 24.8 MPa (3600 PSI) at arsetapme of approximately Bsec

after initial contact with the shockwave. The farttprobe (sensor 2) recorded an

43



initial peak pressure of 12 MPa (1740.5 PSI) audé&c, followed by an intermediate
ebb of 9.25 MPa (1341.6 PSI) at g3ec, and again followed by a final, more intense
overpressure of 12.8 MPa (1862.3 PSI) atuS6c. This behavior was typical of the
WW experiment set. Pressure profiles for WW expentl are depicted in Figure
3.2.2.1-3.Post mortem damage was observed to include matrix cracking raiid
delamination around the boundaries, as well askorgcat the panel center. This
damage is depicted in Figure 3.2.2.1-4. The gadlbulvas observed to expand in
radius until an elapsed time of about 11 msec thadollapse was accomplished fully
by approximately 23 msec, initiating the first biébpulse. Key parameters from WW

experiment 1 are listed for convenience in Tabk231-1.

‘: — Sensor 1 (160 mm)
— Sensor 2 (226 mm)

Pressure (MPa)
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Figure 3.2.2.1-3: Overpressure histories, WW expement 1
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Figure 3.2.2.1-4:Post mortem damage typical of the WWexperiment set

Table 3.2.2.1-1: Key parameters yielded from WWexperiment 1

Parameter Value Elapsed Time
DIC Calibration Error 8.5% -

Peak Overpresure, Sensor (1 24.8 MPa (3600 PSI used
Overpresure, Sensor 2 (1) 12 MPa (1740.5 PSI) usEd
Overpresure, Sensor 2 (I 12.8 MPa (1862.3 PSI 50 usec
200pusec Panel Deflection 2.25 mm (0.09in.) -

Full Bubble Expansion - ~10.95 msec
Full Bubble Collapse - ~23 msec

3.2.2.2 WW Experiment 2

The second WW experiment was performed in quiclcesgion after the first,

45

and all of the experimental parameters remainechamged (see section 3.2.2.1).
Similar event behavior was observed in WW experim2nas was observed in
experiment 1—the onset of cavitation occurred gr@xdmately 200usec, by which
time the panel had deflected outward 1.5 mm; sehslatected a peak overpressure of

28.3 MPa (4100 PSI) at an elapsed time of 3.4 p#iec contact with the shockwave,




while sensor 2 detected an initial peak overpressdirl2.8 MPa (1860 PSI) at an
elapsed time of 51 psec, followed by an ebb tovPa (1378 PSI) at 558ec and a

surge to 13.3 MPa (1929 PSI) at 58 p$&ast mortem damage was similar to that of
WW experiment 1. The gas bubble expanded in ragiti$ an elapsed time of about
12.65 msec, after which it achieved its full colapand generated the first bubble
pulse around 25.3 msec. These key parametersshed lior convenience in Table

3.2.2.2-1. Figures 3.2.2.2-1 and -2 illustratedb#lection and pressure histories.

Center Point Deflection (mm)
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Figure 3.2.2.2-1: Outward center point deflectionWWW experiment 2
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Figure 3.2.2.2-2: Overpressure histories, WW expement 2

Table 3.2.2.2-1: Key parameters yielded from WWéxperiment 2

Parameter Value Elapsed Time

DIC Calibration Error 8.5% -
Peak Overpresure, Sensor 1 28.3 MPa (4100 PSI) used
Overpresure, Sensor 2 (1) 12.8 MPa (1860 PSI B us
Overpresure, Sensor 2 (I1) 13.3 MPa (1929 PSI S
200usec Panel Deflection 1.5 mm (0.06 in.) -

Full Bubble Expansion - ~12.65 msec

Full Bubble Collapse - ~25.3 msec

3.2.2.3 WW Experiment 3

The third WW experiment was performed in quick ®sston after the second,
and all of the experimental parameters remainechamged (see section 3.2.2.1,
3.2.2.2). Similar event behavior was observed in \&fferiment 3 as was observed in

experiments 1 and 2—the onset of cavitation ocduateapproximately 20Qsec, by
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which time the panel had deflected outward 1.73 r@nsor 1 detected at peak
overpressure of 28.7 MPa (4162.6 PSI) at an elapsesl of 3.2 psec after initial
contact with the shockwave, while sensor 2 deteatednitial overpressure of 12.2
MPa (1769.5 PSI) at an elapsed time of 50 useepharto 9 MPa (1305.3 PSI) at 54.3
pusec, and a final surge to 13.4 MPa (1943.5 PSBpa& usecPost mortem damage
was that of experiments 1 and 2. The gas bubblarelgd in radius until an elapsed
time of about 11 msec after detonation, after whiote it achieved its full collapse
and generated the first bubble pulse around 22e&nThese key parameters are listed
for convenience in Table 3.2.2.2-1. Panel cententpdeflection behavior and the

peak overpressure history may be seen in FiguBe2.3:1 and -2.

Center Point Deflection (mm)
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Figure 3.2.2.3-1: Outward center point deflectionWWW experiment 3
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Figure 3.2.2.3-2: Overpressure histories, WW expement 3

Table 3.2.2.3-1: Key parameters yielded from WWéxperiment 3

Parameter Value Elapsed Time
DIC Calibration Error 8.5% -
Peak Overpresure, Sensor 28.7 MPa (4162.6 PS|) 2 us&c
Overpresure, Sensor 2 (1) 12.82 MPa (1860 PSI SO0l
Overpresure, Sensor 2 (11) 13.4 MPa (1943.5 PSI .3 fi6ec
200usec Panel Deflection 1.73 mm (0.07 in.) -
Full Bubble Expansion - ~11.00 msec
Full Bubble Collapse - ~22.55 msec

3.2.3 Air Immersion, Air Backing

Experiments were performed to investigate the nespmf the EVE composite
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specimen to an UNDEX event in an experimental @mvirent characterized by air
immersion and air backing—an environment referredhereafter as “AA”. The

tourmaline blast sensors were retired during theexferiments and replaced by air



blast pencil probes. These sensors were mountézbhtally with the sensing element
oriented sideways. The size of these instrumenpos®ad different standoff distance
requirements than those in the WA and WW experinsets. The sensor tips were
positioned at a minimum of 76 mm (3 in.) from thelesive, to avoid the creation of
moments of force against the sensor bodies. Wehigis of sensors 1 and 2 standing
off at 76 and 152 mm (3 and 6 in.) respectivelyrfrime explosive, the 157.5 mm (6.2
in.) distance from the probe diaphragms to the ithppggosed actual sensing element
standoff distances of 234 mm (9.2 in.) and 310 ni®.4 in.), respectively. In
addition, due to incidental damage to the transpakexan viewing window, the
window had to be removed from the tank. To protiet DIC lenses after this
adjustment, special filter mounts were obtainedafibixing to the lenses. Thin plates
of Lexan were inserted into the filter mounts, whicowing to compatibility
restrictions, could only be attached to 60 mm Iens&ll other experimental
parameters enumerated in Table 3.2.1-1 remaineariable. For convenience and
clarity, the amended parameters are listed in TAl@8-1. These parameters remained

invariant for all AA experiments except when explcnoted.
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Table 3.2.3-1: Key experimental apparatus values variable throughout the AA
experiment set.

Parameter Value
RP-503 Standoff Distance 76.2 mm (3in.)
Sensor 1 Tip Standoff Distance 76.2 mm (3in.)
Sensor 1 Sensing Element Standoff Distance 234 9rinirg.)
Sensor 2 Tip Standoff Distance 152.4 mm (6 in.)
Sensor 2 Sensing Element Standoff Distance 310122 {n.)
DIC Camera Lens 60 mm
DIC Camera Frame Rate 20,000 FPS
DIC Camera Inter frame Time hBec
DIC Image Resolution 512 x 512

3.2.3.1 AA Experiment 1
It was recognized from theory (Cole, 1948)(SmithH&therington, 1994)(Shin,

2004)(Ngo et al., 2007) that the pressure waveydeta in air would be greater than
in water. Without full knowledge of the energy i@de during an RP-503 detonation in
air, the appropriate pressure ranges to be expeattedrtain radii from the explosive
were not clearly known. Because of this uncertaintywas recognized that the
oscilloscope trigger, still initiated by the ampdid signal from sensor 1, needed to be
lowered as far as possible while at the same tiemeaming above the instrument
noise level. This was achieved by lowering thegeigto 100 mV. However, during
detonation the electromagnetic interference indumethe firing box’s 2000 V pulse
prematurely triggered the oscilloscope and cauggdfhrequency noise that consumed
the blast probe signal. For this reason, the #&t experiment yielded no useful
pressure data. The tips of sensors 1 and 2 nelesthstood off at respective distances
of 76.2 mm (3 in.) and 136.53 mm (5.375 in.) frdme explosive. The DIC camera

angles of incidence with the specimen plane werfer/the Master camera and 6° for
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the Slave 1 camera, and the corresponding DICrediliim error was found to be 10%.
After detonation, the panel center point deflectech positive maximum of 7 mm
(0.27 in.) after an elapsed time of 0.4 msec. Thsumg center point deflection
followed a pattern of successive outward and inwasdillations, first reaching its
negative maximum of -9.5 mm (-0.37 in.) at an etabsime of 1.05 msec. This

behavior is illustrated in Figure 3.2.3.1-1.

Center Point Deflection (mm)

Time (msec)

Figure 3.2.3.1-1: Outward center point deflectionAA experiment 1

Post mortem damage included light resin singing around thenblany, and a
prominent lacerated cleft that passed horizonthifgugh the panel center. This cleft
propagated through the panel’'s thickness, seveiilbgys on both sides. On the
explosive side of the panel, the cleft appeared demarcation line between a dense
lower field of impact damage pockmarks and isolaiesin singing, and a sparse upper

field of impact damage pockmarks. This damage sotied in Figure 3.2.3.1-2.
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Figure 3.2.3.1-2:Post mortem damage typical of the AA experiment set

Key values from AA experiment 1 are listed for cenience in Table 3.2.3.1-1.

Table 3.2.3.1-1: Key parameters yielded from AA exgriment 1

Parameter Value Elapsed Time
DIC Calibration Error 10% -
Max. Positive Panel .

Deflection 7 mm (0.27 in.) 0.4 msec
Max. Negative Panel .

Deflection -9.5 mm (-0.37 in.) 1.05 msec

3.2.3.2 AA Experiment 2

The second AA experiment, due again to prematwi#lascope triggering, high-
frequency noise, and additional error, yieldedh@iuseful pressure data nor any DIC
data. Howeverpost mortem damage was consistent with that experienced in AA

experiment 1.
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3.2.3.3 AA Experiment 3

The third AA experiment was accomplished with tweriboscopes, both with
separate triggering mechanisms. The first oscitlpsc(hereafter “oscilloscope 1”)
was triggered directly by a new firing box, withetlcapability of sending an
independent 9 V triggering signal to oscilloscopa toncert with a 3000 V explosive
detonation pulse. The second oscilloscope (hereateilloscope 2”) was triggered
by an external circuit beak. The circuit break diggpba 5 V triggering signal to
oscilloscope 2 after a graphite rod, positionednlfiom the explosive, fractured
during detonation (Figure 3.2.3.3-1). Oscilloscogesand 2 employed sampling
frequencies of 50 MHz and 1 MHz, respectively. THE camera angles of incidence
with the specimen plane were 10° for the Masterezanand 11° for the Slave 1
camera, and the corresponding DIC calibration ewas found to be 3.8%. After
detonation, the panel center point deflected imala oscillatory manner as it had in
AA experiment 1, reaching its maximum positive deflon of 6.44 mm (0.25 in.)
after an elapsed time of 0.25 msec and its maximegative deflection of -9.74 mm
(-0.38 in.) after an elapsed time of 1.05 msechHigquency/amplitude noise induced
by electromagnetic interference, though unexpeagdin contaminated the pressure
data. In spite of this, pulses were clearly obsgrvbBowever, because of the intense
noise it was still necessary to process the signdl a MATLAB-based interval-
dependent denoising filter, using a 4-level waveletomposition with a “dbl”
wavelet family. Based on this filtering scheme,ss#nl on oscilloscope 1 detected a

pulse of 0.11 MPa (16 PSI) at an elapsed time e, and sensor 2 detected a pulse
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of 0.06 MPa (8.7 PSI) at an elapsed time of 18&c. The positive and negative
pressure phases are clearly visible in the sensogrial. The sensor 2 signal tends
towards its negative phase, but apparent wavectefies prevent it from experiencing
that phase as quickly as the signal from sens@&irice oscilloscope 2 operated with
inferior resolution than did oscilloscope 1, itdet#ed pulses were lesser in magnitude
than oscilloscope 1's. Because of this, only thi diam oscilloscope 1 is presented
here. A filtered plot of sensor 1 data from oseiiope 2 is provided in Figure 3.2.3.3-
2, and center point displacement behavior is faistl in Figure 3.2.3.3-3Post
mortem damage was consistent with that observed in exeris 1 and 2. Key results

are listed in Table 3.2.3.3-1.

Figure 3.2.3.3-1: Graphite rod circuit break, illugrating the rod (connected to
alligator clips) and its orientation to the blast pobes and the explosive.
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Pressure (MPa)
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Time (psec)

Figure 3.2.3.3-1: Filtered plot of pressure data dtected during AA experiment 3

Center Point Deflection (mm)

Time (msec)

Figure 3.2.3.3-2: Outward center point deflectionAA experiment 3
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Table 3.2.3.3-1: Key parameters yielded from AA exgriment 3

Parameter Value Elapsed Time
DIC Calibration Error 3.8% -
Peak Overpresure, Sensor (1
(Oscilloscope 1) 0.11 MPa (16 PSI) fisec
Peak Overpresure, Sensor 2
(Oscilloscope 1) 0.06 MPa (8.7 PSI) 18irsec
Max. P03|t|ye Panel 6.4 mm (0.25in.) 0.25 msec
Deflection
Max. Negative Panel -9.74 mm (-0.38 in.) 1.05 msec
Deflection

3.2.3.4 AA Experiment 4

The fourth AA experiment was accomplished with crexilloscope with a
graphite circuit break trigger. The oscilloscopeswarranged with a sampling
frequency of 10 MHz. This lower sampling frequemnegs used in AA experiment 4
due to the cumbersome size of the data sets fromedgeriment 3, which slowed
down processing to such an extent that the datatddd broken into 4 individual
files. The DIC camera angles of incidence with sipecimen plane were 7° for the
Master camera and 12° for the Slave 1 camera,h@ndarresponding DIC calibration
error was found to be 3.0%. The center point deiadbehavior was consistent with
the behavior observed in the previous experimeinissoAA series. The panel reached
its maximum positive deflection of 6.5 mm (0.26) iat an elapsed time of 0.35 msec
and reached its maximum negative deflection of3I@m (-0.41 in.) at an elapsed
time of 1.00 msec. Following these were the ceptént’'s characteristic oscillations.
Sensor 1 registered a pulse of 0.14 MPa (20.3 &%) elapsed time of 1&ec from

contact with the shock wave, and sensor 2 simileejistered a pulse of 0.04 MPa
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(5.8 PSI) at an elapsed time of 1@6ec. The displacement plot is given in Figure

3.2.3.4-1, and pressure histories are depictedyur€ 3.2.3.4-2.

Center Point Deflection (mm)

2 3
Time (msec)

Figure 3.2.3.4-1: Outward center point deflectionAA experiment 4
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Figure 3.2.3.4-1: Filtered plot of pressure data diected during AA experiment 4.

Post mortem damage was consistent with that seen in the puswexperiments.

Key results are listed in Table 3.2.3.4-1.

Table 3.2.3.4-1: Key parameters yielded from AA exgriment 4.

Parameter Value Elapsed Time
DIC Calibration Error 3.0% -
Peak Overpresure, Sensor (1 0.14 MPa (20.3 PSI) usdas
Peak Overpresure, Sensor 2 0.04 MPa (5.8 PSI) ude6
Max. POSt'\./e Panel 6.5 mm (0.26 in.) 0.35 msec
Deflection
Max. Negative Panel -10.3 mm (-0.41 in.) 1.00 msec
Deflection

3.2.3.5 AA Experiment 5

The fifth AA experiment was accomplished withouegsure sensors, and DIC
data was recorded only. A side view camera witl8 an2n lens was employed in an
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attempt to observe the phenomena responsible &wutiquepost mortem damage
characteristic of the AA experiment set. Of pafacunterest was the cause of the
through-thickness cleft. The DIC camera angleshoidience with the specimen plane
were 7° for the Master camera and 12° for the Slagemera, and the corresponding
DIC calibration error was found to be 2.8%. Thergwwas sufficiently bright and
quick that the side view camera was unable to @bstre cause of any damage. In
spite of this, the DIC cameras captured panel dedtion data consistent with that
seen in the previous experiments. The panel flexdgdard to its maximum positive
deflection of 6.3 mm (0.25 in.) after an elapsexdetiof 0.35 msec, and rebounded to
its maximum negative deflection of -10.2 mm (-0i4() at a total elapsed time of 1.00
msec. This plot can be seen in Figure 3.2.3.5-1.résults are listed in Table 3.2.3.5-

1.

Center Point Deflection (mm)

" Time (msec)

Figure 3.2.3.5-1: Outward center point deflectionAA experiment 4
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Table 3.2.3.5-1: Key parameters yielded from AA exgriment 5.

Parameter Value Elapsed Time

DIC Calibration Error 2.8% -

Max. POS't'Ye Panel 6.3 mm (0.25in.) 0.35 msec
Deflection

Max. Negative Panel -10.2 mm (-0.40 in.) 1.00 msec
Deflection

3.2.4 Low Temperature Water Immersion, Air Backing

Experiments were performed to investigate the nespaf the EVE composite
specimen to an UNDEX event in an experimental emwvirent characterized by water
submersion and air backing at water temperaturesapgroximately 0°C—an
environment referred to hereafter as “WALT.” Apaidm the water temperature, the
WALT experiment series was conducted under larghntical conditions as the WA
series: DIC resolution and frame rate, pressuremdgpe and standoff distances, RP-
503 standoff distance, and waterproofing technigeesained the same between sets.
A notable difference in these parameters was teeoti60 mm DIC lens in the WALT
series. Side view illumination was also providets ttfime by an SSG-400 filament-
less 400 watt HMI spotlight, manufactured by Frezaergy Systems, through the rear
observation panel of the water tank. Besides this,pre-experiment specimen and
instrument preparation methods were identical. Kesariable parameters for the

WALT experiment set are included in Table 3.2.4-1.
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Table 3.2.4-1: Key invariable parameters for the WAT experiment set

Parameter Value
RP-503 Standoff Distance 76.2 mm (3in.)
Sensor 1 Tip Standoff Distance 127 mm (5 in.)
Sensor 1 Sensing Element Elevation Above Tip 97(B&hin.)
Sensor 1 Sensing Element Standoff Distance 160 6rdrirg.)
Sensor 2 Tip Standoff Distance 203 mm (8in.)
Sensor 2 Sensing Element Elevation 99 mm (3.91in.)
Sensor 2 Sensing Element Standoff Distance 226 8r@rirg.)
DIC Camera Lens 60 mm
DIC Camera Frame Rate 20,000 FPS
DIC Camera Interframe Time hBec
DIC Image Resolution 512 x 512

To achieve the required @ water conditions, equation 3.1.6.2-1 was employed
to determine the necessary mass of ice to be nixdte tank, assuming a -1Q ice
temperature. These calculations, accounting fomthes and nominal temperature of
the water, indicated that 150 kg (330 Ib.) of icerevrequired per experiment to chill
the water sufficiently. Cubed ice was purchase® ikg (20 Ib.) bags, which were
emptied directly into water tank, either beforeridg, or after filling. The water
temperature was monitored with a network of 5 thematers that were embedded in a
small Styrofoam flotation raft. Cooling duratiormok between two and four hours to

accomplish, and water was circulated via manualngiwith a wooden plank.

3.24.1 WALT Experiment 1
In the first WALT experiment, the recording oscitmpe was arranged with a
sampling frequency of 10 MHz. The DIC camera anglese not recorded for this

experiment. The calibration error was found to H&% A side view camera with a 28
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mm lens was employed, and appropriate illuminati@s supplied through the rear
observation window, as stated before. The coolingcgss was halted when the
average registered temperature reached@.4ndividual qualifying temperatures for

each thermometer are given in Table 3.2.4.1-1.

Table 3.2.4.1-1: Qualifying temperatures for WALT eperiment 1

Thermometer Temperature
1 -2°C
2 2°C
3 3°C
4 2°C
5 1.9°C

Results for WALT experiment 1 are shown in FiguBed.4.1-1 through -3. As
seen in the figures, the panel center point acdi@gemaximum positive deflection of
244 mm (0.96 in.) at 1.25 msec before reboundiAg.maximum negative
displacement of -23.3 mm (-0.92 in.) was achievea@proximately 23 msec, before
the effects of the first bubble pulse forced thengbacenter to a local positive
maximum of approximately 11.7 mm (0.46 in.) at 28em This behavior is displayed

in Figure 3.2.4.1-1.
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Center Point Deflection (mm)

10 15
Time (msec)

Figure 3.2.4.1-1: Outward center point deflectionWALT experiment 1

Maximum overpressures for the event registeregpptaximately 25 MPa (3626
PSI) in sensor 1 at @usec after initial contact with the shockwave, and a
approximately 14 MPa (2031 PSI) in sensor 2 afu3éc after shockwave contact.

These are depicted in Figure 3.2.4.1-2.
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Figure 3.2.4.1-2: Overpressure histories, WALT expanent 1

Post mortem damage included some delamination and minor fitheakage
around the boundaries, similar to that observethenWA experiment set, but less

severe. This is illustrated in Figure 3.2.4.1-3.

Figure 3.2.4.1-3:Post mortem damage typical of the WALT series.
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Side view imaging revealed that the bubble readgtsechaximum expansion by
approximately 11 msec after detonation, beforeeathg full collapse and generating
the first bubble pulse by approximately 22.6 m&axy results of WALT experiment 1

are listed in Table 3.2.4.1-2.

Table 3.2.4.1-2: Key results from WALT experiment 1

Parameter Value Elapsed Time
DIC Calibration Error 5.1% -
Peak Overpresure, Sensor 1 25 MPa (3626 PSI usebé
Peak Overpresure, Sensor 2 14 MPa (2031 PSI uséa
Max. P05|t|ye Panel 24.4 mm (0.96 in.) 1.25 msec
Deflection
Max. Negative Panel -23.3 mm (-0.92 in.) 23 msec
Deflection
Full Bubble Expansion - 11 msec
Full Bubble Collapse - 22.6 msec

3.2.4.2 WALT Experiment 2

The second WALT experiment was conducted withowirfrtamoved the DIC
camera system after WALT experiment 1. Becausdisf WALT experiment 2 was
analyzed using the same calibration images andithdghe same calibration error. In
the second WALT experiment the recording oscillpecovas arranged with a
sampling frequency of 10 MHz. The DIC camera anglese, again, not recorded for
the experiment. A side view camera with a 28 mns laras again employed, and
appropriate illumination was accordingly supplidarough the rear observation
window. The cooling process was halted when thaasee registered temperature

reached 2.7C. Individual qualifying temperatures for each themeter are given in

Table 3.2.4.2-1.
66



Table 3.2.4.2-1: Qualifying temperatures for WALT eperiment 2

Thermometer Temperature
3°C

3°C

3°C

2°C
2.4°C

Q| |WNF

In WALT experiment 2, the panel center point achikvuts maximum positive
deflection of 25.6 mm (1.01 in.) at 1.25 msec befeebounding. A maximum
negative displacement of -26.7 mm (-1.05 in.) wakieved by approximately 23
msec, before the effects of the first bubble pitseed the panel center to a local
positive maximum of approximately 13.6 mm (0.53) iat 25 msecPost mortem
damage was more drastic in WALT specimen 2. Perbapsed by random variability
in the manufacturing process, the first bubble @udaused the bottom edge of the
panel to tear through and through along a long s@dra displacement behavior is

displayed in Figure 3.2.4.2-1.
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Center Point Deflection (mm)
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Figure 3.2.4.2-1: Outward center point deflectionWALT experiment 2

Maximum overpressures for the event registeregpptoaximately 23 MPa (3336
PSI) in sensor 1 at 7fisec after initial contact with the shockwave, and a
approximately 18 MPa (2610.6 PSI) in sensor 2 gisé® after shockwave contact, as

seen in Figure 3.2.4.2-2.
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Figure 3.2.4.2-2: Overpressure histories, WALT expament 2

Side view imaging revealed that the bubble readgtsechaximum expansion by

experiment 2 are listed in Table 3.2.4.2-2.

approximately 10.5 msec after detonation, befordiexing full collapse and

generating the first bubble pulse by approximagiyd msec. Key results of WALT

Table 3.2.4.2-2: Key results from WALT experiment 2

Parameter Value Elapsed Time
DIC Calibration Error 5.1% -
Peak Overpresure, Sensor 1 23 MPa (3336 PSI use€
Peak Overpresure, Sensor 2 18 MPa (2610.6 PSI) usdod
Max. P05|t|ye Panel 25.6 mm (1.01in.) 1.25 msec
Deflection
Max. Negative Panel -26.7 mm (-1.05 in.) 23 msec
Deflection
Full Bubble Expansion - 10.5 msec
Full Bubble Collapse - 22.4 msec
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3.2.5 Low Temperature Water Immersion, Water Backirg

Experiments were performed to investigate the nespamf the EVE composite
specimen to an UNDEX event in an experimental emwvirent characterized by water
submersion and water backing at water temperatafeapproximately 0°C—an
environment referred to hereafter as “WWLT.” Thé gp and preparation for these
experiments was almost completely identical to ¢hoEthe WALT series, the only
prescribed difference being that no sealing wa®riaklen between the fixture and the
Lexan front observation window or between the speai and the fixture. As with the
room temperature WW experiments, the fixture watsacged slightly from the
observation window so as to allow for adequate meateulation during the UNDEX
event and, as with the WW experiments, only g68c of DIC data could be obtained
due to thick cavitation in front of the specimereyKinvariable parameters for the
WWLT experiment set, since they were identical Hose in the WALT series, are
included in Table 3.2.4-1. The cooling method amatess remained the same for the
WWLT series as it had been in the WALT series, idstlie required mass of ice and

general cooling duration.

3.2.5.1 WWLT Experiment 1

In the first WWLT experiment, the recording oscibmpe was arranged with a
sampling frequency of 100 MHz. The DIC camera stemegle was 1% and the
calibration error was found to be 6.3%. A side vieamera with a 28 mm lens was
employed, and appropriate illumination was supplieugh the rear observation

window. The cooling process was halted when thaasee registered temperature
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reached 3.8C. Individual qualifying temperatures for each themeter are given in

Table 3.2.5.1-1.

Table 3.2.5.1-1: Qualifying temperatures for WVLT experiment 1

Thermometer Temperature
1 4.5°C
2 3°C
3 4°C
4 3°C
5 3°C

Results for WWLT experiment 1 are shown in Figude&5.1-1 through -3. As
seen in the figures, by 2Q@ec the panel center point achieved a positiveddin of

1.7 mm (0.07 in.). This behavior is displayed igle 3.2.5.1-1.

i

Center Point Deflection (mm)

20 40 ’ 60 80 100 120 140 160 180 200
Time (microsec)

Figure 3.2.5.1-1: Outward center point deflectionWWLT experiment 1.
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Maximum overpressures for the event registeredpatroximately 21.7 MPa
(3147 PSI) in sensor 1 at |gsec after initial contact with the shockwave, and a
approximately 16 MPa (2335 PSI) in sensor 2 afu88c after shockwave contact.

These are depicted in Figure 3.2.5.1-2.

— Sensor 1 (160 mm)
| —Sensor 2 (226 mm)

o

Pressure (MPa)

60 80 100 120 140

Time (usec)

Figure 3.2.5.1-2: Overpressure histories, WWLT expanent 1

Post mortem damage included some delamination and minor fieakage
around the boundaries, similar to that observethenWW experiment set, but with
more severe effects at the bottom boundary. Thieag@ is illustrated in Figure

3.2.5.1-3.
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Figure 3.2.5.1-3:Post mortem damage typical of the WWLT series.

Side view imaging revealed that the bubble reagtseathaximum expansion by
approximately 11.25 msec after detonation, befochiexing full collapse and
generating the first bubble pulse by approximagly7 msec. Key results of WALT

experiment 1 are listed in Table 3.2.5.1-2.

Table 3.2.5.1-2: Key results from WWLT experiment 1

Parameter Value Elapsed Time
DIC Calibration Error 5.1% -
Peak Overpresure, Sensor [L 21.7 MPa (3147 PSI use6
Peak Overpresure, Sensor 2 16 MPa (2335 PSI) usée
200pusec Panel Deflection 1.7 mm (0.07 in.) -
Full Bubble Expansion - 11.25 msec
Full Bubble Collapse - 22.7 msec

3.2.5.2 WWLT Experiment 2
In the second WWLT experiment, the recording ossdbpe was again arranged

with a sampling frequency of 100 MHz. The DIC caastereo angle was 1%nd the
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calibration error was found to be 4.6%. A side vieamera with a 28 mm lens was
employed, and appropriate illumination was supplieugh the rear observation
window. The cooling process was halted when thaasee registered temperature
reached 3.3C. Individual qualifying temperatures for each themeter are given in

Table 3.2.5.2-1.

Table 3.2.5.2-1: Qualifying temperatures for WWLT experiment 2

Thermometer Temperature
1 4°C
2 3°C
3 4°C
4 3°C
5 2.6°C

Results for WWLT experiment 2 are shown in Figuse&5.2-1 through -3. As
seen in the figures, by 2Q@ec the panel center point achieved a positiveddin of

1.6 mm (0.07 in.). This behavior is displayed igle 3.2.5.2-1.
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Figure 3.2.5.2-1: Outward center point deflectionWWLT experiment 2

Maximum overpressures for the event registered pgroximately 22.3 MPa
(3234.3 PSI) in sensor 1 at®ec after initial contact with the shockwave, and a
approximately 15.6 MPa (2262.6 PSI) in sensor 26atsec after shockwave contact.

These are depicted in Figure 3.2.5.2-2.
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Figure 3.2.5.2-2: Overpressure histories, WWLT exp@nent 2

Post-mortem damage was similar to that exhibited by the spenifnom WWLT

1, though with diminished severity at the bottomutmdary. Side view imaging

revealed that the bubble reached its maximum expafyy approximately 10.7 msec

after detonation, before achieving full collapsé generating the first bubble pulse by

approximately 22.8 msec. Key results of WALT expemt 1 are listed in Table

3.2.5.2-2.

Table 3.2.5.2-2: Key results from WWLT experiment 2

Parameter Value Elapsed Time
DIC Calibration Error 4.6% -
Peak Overpresure, Sensor [L 22.3 MPa (3234.3 PS) puse®
Peak Overpresure, Sensor 2 15.6 MPa (2262.6 PSI) usetb
200pusec Panel Deflection 1.6 mm (0.07 in.) -
Full Bubble Expansion - 10.7 msec
Full Bubble Collapse - 22.8 msec
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3.2.6 High Temperature Water Immersion, Air Backing

Experiments were performed to investigate the nespaf the EVE composite
specimen to an UNDEX event in an experimental emwvirent characterized by water
submersion and air backing at water temperaturesapproximately 40°C—an
environment referred to hereafter as “WAHT.” Beaaulsis experiment series bore
exact likeness to the WALT series apart from thpeexnental water temperature,
Table 3.2.4-1 may be referenced for key informatimiated to the relevant
preparation and set up. Because the high opersgmgerature that the WAHT series
demanded exceeded the blast probes’ working termyperahose sensors were not
used and no pressure data was collected.

To achieve the required 4C water conditions, Equation 3.1.6.1-1 was used to
obtain the required power input to raise the watenperature from 23C over a
period of approximately 2 hours. The resulting powest over 5 kW, was rounded to
5 kW due to electrical constraints in the experitakfacility, as described in Section
3.1.6.1. Five 1-kW water heaters were suspendead fids above the water in the
tank, with the heating elements fully submergedtéieirculation was achieved by an
impeller. The water temperature was monitored byetwork of five thermometers
that were embedded in a small Styrofoam flotatiaft. rAt any point during the
heating process, the remaining heating durationdctne ascertained by solving
Equation 3.1.6.1-1 foht.

To prevent skin burns, measures were taken to amiting in contact with the

hot water or the water heaters. Neoprene heataesigloves were worn when
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handling the water heaters, and the RP-503 ex@asas inserted into the water via a
small-bore copper tube. The explosive’s lead wies\fied through the tube until the
charge capsule was flush with it. The rigid tubevited an ideal means of directing
the position of the explosive once placed in theewaand it was fastened in place
simply by spanning a rod across the top of the matek and taping the tube to the

rod.

3.2.6.1 WAHT Experiment 1

In the first WAHT experiment, the DIC camera anglesre 8 for the Master
camera and“7for the Slave 1 camera. The calibration error feasd to be 7.3%. The
heating process was halted when the average wetgperature reached 41°F.

Individual qualifying temperatures for each thernsben are given in Table 3.2.6.1-1.

Table 3.2.6.1-1: Qualifying temperatures for WAHT e&periment 1

Thermometer Temperature
40°C
42°C
42°C

42.5°C

41.2°C

AW NP

Results for WAHT experiment 1 are shown in Figu3es6.1-1 and -2. The panel
center point achieved its maximum positive deftattof 28.7 mm (1.13 in.) at 1.25
msec before rebounding. A maximum negative disphere of -7.5 mm (-0.3 in.) was

achieved by approximately 17.2 msec, before thectdfof the first bubble pulse
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forced the panel center to a local positive maximafnapproximately 12.7 mm (0.5

in.) at 25 msec. This behavior is displayed in Feg8.2.6.1-1.

Center Point Deflection (mm)

0 10 15
Time (msec)

Figure 3.2.6.1-1: Outward center point deflectionWAHT experiment 1

Post mortem damage included some delamination, minor fibeakage, as well
as some matrix cracking in certain areas aroundothendary. The damage severity
was similar to that observed in the WA experimetf But less pronounced. Thest-
mortem panel had a definite, easily-noticeable permanentavity. A representative

post-mortem specimen is illustrated in Figure 3.2.6.1-2.
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Figure 3.2.6.1-2:Post mortem damage typical of the WAHT series.

Key results of WALT experiment 1 are listed in T@Bl2.6.1-2.

Table 3.2.6.1-2: Key results from WAHT experiment 1

Parameter Value Elapsed Time
DIC Calibration Error 7.3% -
Max. POS't'Ye Panel 28.7 mm (1.13in.) 1.25 msec
Deflection
Max. Negative Panel .
Deflection -7.5 mm (-0.3in.) 17.2 msec

3.2.6.2 WAHT Experiment 2

WAHT experiment 2 was performed immediately afteAMI experiment 1.
Because of this, the DIC camera angles remainddr@he Master camera and for
the Slave 1 camera. The calibration error also neslaconstant at 7.3%. The heating
process was halted when the average water tempenaached 41.2C. Individual

qualifying temperatures for each thermometer arergin Table 3.2.6.2-1.
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Table 3.2.6.2-1: Qualifying temperatures for WAHT eperiment 2

Thermometer Temperature
1 40°C
2 41°C
3 42°C
4 42°C
5 41.1°C

Results for WAHT experiment 2 are shown in Figur2@2-1. The panel center
point achieved its maximum positive deflection && mm (1.13 in.) at 1.35 msec
before rebounding. A maximum negative displacentén23.7 mm (-0.93 in.) was
achieved by approximately 19.1 msec, before thectdfof the first bubble pulse
forced the panel center to a local positive maximafnapproximately 8.7 mm (0.34

in.) at 24 msec.

Center Point Deflection (mm)

10 15
Time (msec)

Figure 3.2.6.2-1: Outward center point deflectionWAHT experiment 2
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Post mortem damage was very similar to that observed in theHWA specimen.

Key results of WALT experiment 1 are listed in T@Bl2.6.2-2.

Table 3.2.6.2-2: Key results from WAHT experiment 2

Parameter Value Elapsed Time

DIC Calibration Error 7.3% -

Max. POS't'Ye Panel 28.8 mm (1.13in.) 1.35 msec
Deflection

Max. Negative Panel -23.7 mm (-0.93 in.) 19.1 msec
Deflection

3.2.7 High Temperature Water Immersion, Water Backng

Experiments were performed to investigate the nespaf the EVE composite
specimen to an UNDEX event in an experimental emwvirent characterized by water
submersion and water backing at water temperatofegpproximately 40°0C—an
environment referred to hereafter as “WWHT.” Astwibe case between the WALT
and WWLT series, setup and preparation for the WWéAperiment set bears great
similarity to those for the WAHT set. Notable dié@ces are limited to, again, the
retracted location of the experimental fixture dhd presence of thick cavitation in
front of the specimen during the UNDEX event, pétimg only the first 20Qusec of

DIC data to be confidently processed.

3.2.7.1 WWHT Experiment 1
In the first WWHT experiment, the DIC camera anghlesse 8 for the Master

camera and°7for the Slave 1 camera, and the calibration amas found to be 4.4%.
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The heating process was halted when the average teabperature reached 40@.

Individual qualifying temperatures for each thernsben are given in Table 3.2.7.1-1.

Table 3.2.7.1-1: Qualifying temperatures for WVHT experiment 1

Thermometer Temperature
1 38°C
2 42°C
3 42°C
4 42°C
5 39.8°C

Results for WWHT experiment 1 are shown in Figu8es7.1-1 and -2. By 200

usec the panel center point achieved a positiveedidin of 1.63 mm (0.06 in.).

i

Center Point Deflection (mm)

o=
i

20 40 60 80 100 120 140 160 180 200
Time (microsec)

Figure 3.2.7.1-1: Outward center point deflectionWWHT experiment 1
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Post mortem damage included some minor matrix cracking arouhd
boundaries, as well as very minor localized delathom in certain areas, and the
specimen had noticeable permanent concavity. A esgmtative post-mortem

specimen is illustrated in Figure 3.2.7.1-2.

Figure 3.2.7.1-2:Post mortem damage typical of the WWHT series.

Key parameters from WWHT experiment 1 are listedable 3.2.7.1-2.

Table 3.2.7.1-2: Key results from WWHT experiment 1

Parameter Value Elapsed Time
DIC Calibration Error 4.4% -
200pusec Panel Deflection 1.63 mm (0.06 in.) 1.25 msec

3.2.6.2 WWHT Experiment 2
WWHT experiment 2 was performed immediately afteWWT experiment 1.

Because of this, the DIC camera angles remainddr@he Master camera and for
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the Slave 1 camera. The calibration error also nemdaconstant at 4.4%. The heating
process was halted when the average water tempenaached 40.8C. Individual

qgualifying temperatures for each thermometer arergin Table 3.2.7.2-1.

Table 3.2.7.2-1: Qualifying temperatures for WWHT experiment 2

Thermometer Temperature
38°C
42°C
42°C
42°C
40°C

Q| |WNF

Results for WWHT experiment 2 are shown in Figu8es7.2-1 and -2. By 200

usec the panel center point achieved a positiveedidin of 1.74 mm (0.07 in.).

i

Center Point Deflection (mm)

o=
i

20 40 60 80 100 120 140 160 180 200
Time (microsec)

Figure 3.2.7.1-1: Outward center point deflectionWWWHT experiment 2
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Post mortem damage included some minor delamination, matmcking around
the boundaries, and the specimen had a noticeadimanment concavity. Key

parameters from WWHT experiment 2 are listed inl@&02.7.2-2.

Table 3.2.7.2-2: Key results from WWHT experiment 2

Parameter Value Elapsed Time
DIC Calibration Error 4.4% -
200 pusec Panel Deflection 1.74 mm (0.06 in.) -
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CHAPTER 4: Findings

4.0 Discussion of Results
Pursuant to the goals of this study, the foregoigults provided insight to a

number of questions. Some of these are discussed he

4.1 Pressure Data
4.1.1 Air Pressure Decay

Especially owing to the intense noise encounteretithe low signals detected, it
was of interest to compare the recorded pressw@ydean air with established theory.
Smith and Hetherington give relations for shockwpkessure (in bar) as a function of
standoff distance and explosive equivalent weidtNT, with the caveat that, due to
complex fluid flow processes close to the charbe,accuracy of pressure predictions
in the near-field, “is somewhat lower than in thedim to far field” (Smith &

Hetherington, 1994). These are expressed by Equsadid..1-1 and -2.

6.194 0326 2.132 (4.1.1-1)
b=t 7t

0662 4.05 3.288 (4.1.1-2)
b=ttt

Here,Z is a scaled distance parameter expressed byﬁ. R is the standoff

distance from the explosive in meters aiids the equivalent TNT charge weight in

kilograms. Equation 4.1.1-1 may only be appliedd@< Z < 1, and Equation 4.1.1-2
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may only be applied for & Z < 10. For the air blast pencil probe standoff diséasnof
234 mm (9.2 in.) and 310 mm (12.2 in.) then, theespondingZ values are 2.3 and
3.1, respectively. Equation 4.1.1-2 was thus usexbtroborate the experimental data.

These theoretical pressures are given in Tablé-4.1.

Table 4.1.1-1: Calculated overpressures using Equan 4.1.1-2 for standoff
distances of pencil probe transducers 1 (234 mm) dr2 (310 mm)

Standoff Distance Pressure
234 mm (9.2 in.) 0.128 MPa (18.56 PSI)
310 mm (12.2in.) 0.075 MPa (10.88 PSI)

For easy comparison, Table 4.1.1-2 reiterates therpoessure data collected

during the AA series.

Table 4.1.1-2: Overpressures of the AA experimenes

Experiment Pressure
(9313&2?3? rinl.) 0.11 MPa (16 PSI)
(3/;A0 ?mﬁef;"; 2 | 0.06 MPa (8.7 PS))
(%453‘?%?;:;) 0.14 MPa (20.3 PSI

AA 4, Sensor 2

0.04 MPa (5.8 PSI)

(310 mm, 12.2 in.

The average overpressures from sensor 1 and s2rgerthus seen to have been

0.125 MPa and 0.05 MPa, respectively. From thisit be seen that the pencil probes
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captured data that follow the theory to a reasandblbree, considering the propensity

for error at such close standoff distances as m@pbdy Smith and Hetherington.

When calculating the pressure at the specimenmntistaf 76 mm (3 in.), the
scaled distance parameiwas seen to be 0.76. Thus Equation 4.1.1-1 wa$ogeth
for ascertaining the overpressure at the paneliseecsurface. Doing so gave 1.357
MPa (197 PSI).

Another notable pressure effect in the AA seriesuo@ed in the center point
deflection profiles. It was seen that the maximuosifive displacement of each
experiment was of lesser magnitude than the maximagative displacement. This
seemingly counterintuitive phenomenon could be @red by the influence of the
negative pressure phase as depicted in Figure-#,1wlhich details the filtered

pressure decay seen in sensor 1 from AA experingatsl 4.

0.14 —AA3]
—AA4

Pressure (MPa)

|
: )
i AR
0 100 200 300 400 300 600 700

Time (psec)

Figure 4.1.1-1: Pressure histories recorded by semsl, AA experiments 3 and 4.
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In the figure, the onset of the negative pressurase can be observed at
approximately 100 msec. Extraneous wave reflectigperhaps from the bulky
structure used to restrain the pencil probes—apfeaiave influenced the pressure
transducer signal between 100 and 350 msec, Butiifikely that these oscillations
would have been experienced to any significantekegt the specimen interface. With
this said, it can be reasonably stated that, abdentsaid reflections, the natural
negative pressure phase began at approximatelyns@@ and continued for a time
duration beyond that which was recorded. This domademonstrates the extent that
the negative pressure “vacuum” could have infludntlee panel specimen, as
compared to the shorter positive phase. When cerexidover the whole explosion
event, it is possible that the positive impulseligopto the panel by the shockwave
was actually smaller than the negative impulse iaggio the panel by the vacuum.
This would explain why the maximum positive cenpaint panel deflection was

smaller than the maximum negative deflection.

4.1.2 Water Pressure Decay

The recorded pressure histories collected in wateillustrated in Figures 4.1.2-

1 and -2, overlaid according to sensor.
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Figure 4.1.2-1: Overlaid pressure histories from tarmaline sensor 1

Pressure (MPa)

Time (psec)

Figure 4.1.2-2: Overlaid pressure histories from tarmaline sensor 2

From these figures it can be seen that the dusatbbreach detected pulse were

quite repeatable and each resolved to approxim@téifPa after about 15@sec. The
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rise behavior was largely consistent from experintemexperiment, except in the case
of the WW series. Recalling Figures 3.2.2.1-4, Z21, and 3.2.2.3-2, sensor 2
detected pulses unique to the WW series, pulsdsldb&ed slightly abnormal as
compared to the other underwater pressure sets. bfavior may be explained by
the sensors having been taped to metal standsdutting the possibility that outside
vibrations affected the signal. This does not, h@veexplain why this phenomenon
occurred so noticeably for only the WW seriesslnot clearly known what caused
such behavior, but for analytical purposes the éngif the peaks shall be referenced
as the peak overpressure for those pulses.

Taking all this into consideration, the peak ovegsures for sensors 1 and 2 then

are displayed in Table 4.1.2-1.

Table 4.1.2-1: Peak overpressures from UNDEX experents

Experiment Sensor 1 (160 mm) Sensor 2 (226 mm)
Overpressure, MPa Overpressure, MPa
WA1 22.5 16.7
WA 3 22 16
WA 4 23 _
WW1 24.8 12.8
WW 2 28.3 13.3
WW 3 28.7 13.4
WALT 1 25 14
WALT 2 23 18
WWLT 1 21.7 16
WWLT 2 223 156
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The mean sensor 1 overpressure is then seen tdbeane24 MPa, and the mean
for sensor 2 is seen to have been 15 MPa. Thepekatad overpressures, based on

the MATLAB-generated trend line function 64297198 are listed in Table 4.1.2-2.

Table 4.1.2.2: Overpressures calculated from the MALAB trend line function

Sensor 1 (160 mm) Sensor 2 (226 mm)
Overpressure, MPa Overpressure, MPa
22.6 15.6

The average experimental overpressures obvioustyecquite close to those
generated by the MATLAB trend line function. Extodgting the trend line function to
the 76 mm (3 in.) standoff distance between the5BP-explosive and the panel

specimen gave 50.5 MPa (7324.4 PSI).

4.2 Environmental Effects
The central issue of this study was to examineiquaar environmental effects

and their influence on the near-field blast respasfsthe EVE composite. A variety of
criteria could be selected to gauge the blast respof the panel specimen, but this
study chiefly considered one criterion in particulaamely center point deflection.
When considered over the whole duration of an UNDEXir blast event, the panel
center point experiences diverse forms of oscillabehavior, which produce a range
of deflections that could potentially be used tcamege blast response. Of these, this
study defined the maximum positive displacementnasst significant and most

indicative of resilience to the blast load. The maxn positive displacement was
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recognized as being best suited to measure the dmtee direct effects of the
shockwave on the panel. This blast response wasstigated by varying two
environmental characteristics, namely the backiregdiom and water temperature.

Section 4.2 of this document will examine these@# by considering them in turn.

4.2.1 Effects of Backing Medium
Figures 4.2.1-1 through -3 display overlaid cemteint deflection plots for the

WA, WW, and AA experiment sets.
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Figure 4.2.1-1: Overlaid center point deflectionsdr the WA series
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Figure 4.2.1-2: Overlaid center point deflectionsdr the WW series
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Figure 4.2.1-3: Overlaid center point deflectionsdr the AA series

Inspection of these figures reveals the good reppddy of the data, the relevant

results of which are included in Table 4.2.1-1.
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Table 4.2.1-1: Recorded maximum positive center poi deflections

Experiment Max. Positive
WA 1 27.5 mm (1.08 in.)
WA 2 29.6 mm (1.17 in.)
WA 3 26 mm (1.02 in.)
WA 4 28 mm (1.1in.)
WW 1 (200usec) 2.25 mm (0.09 in.)
WW 2 (200usec) 1.5 mm (0.06 in.)
WW 3 (200usec) 1.73 mm (0.07 in.)
AA 1l 7 mm (0.27 in.)
AA 3 6.4 mm (0.25in.)
AA 4 6.5 mm (0.26 in.)
AA5 6.3 mm (0.25in.)

These positive maxima were statistically analyzeohgithe Thompson’s test,
implemented by an original MATLAB file (see ApperdB), to identify and delete
outlying data points. Only the 7 mm (0.27 in.) deflon of experiment AA 1
registered as an outlier within its data set, @vdais accordingly deleted from further
statistical consideration.

Inspection showed quite obviously that the WA ewmwinent produced the
greatest center point deflection of the three, amen though the WW series could
only be plotted up to 20Qsec, plotting the displacements from the WA 1 ad 1A
experiments over the 20(isec range of WW 1 indicated that the WW series

experienced the least deflection, as seen in Figd-4.
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Figure 4.2.1-4: Abbreviated deflection plot of thaVA 1, WW 1, and AA 1
experiments, up to 20Qusec.

Notice the anemic progression of the WW 1 displaa@nas compared to that of
the WA 1 and AA 1 experiments. The most aggressivge in Figure 4.2.1-4 is that
of WA 1, which ultimately reaches its positive maxim of 27.5 mm (1.08 in.) by 1.3
msec. Meanwhile, as the WA 1 and WW 1 curves psggtierough the end of Figure
4.2.1-4, the AA 1 curve has almost reached its mara positive deflection of 7 mm,
which it achieves around 4Q@sec. When examined with thpost mortem damage
from each experiment set, it can be reasonablyatithat the most debilitating blast
environment was the WA arrangement, followed by #h& and then the WW
arrangements.

It is believed that the significant differencestire maximum panel deflections
were caused in large part by the differing charétie acoustic impedances of water,
air, and the composite material. Characteristicadgmce is a material property that
influences wave reflection and transmission betwdaww media. Waves are
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transmitted more easily between media with simifgvedances than they are between
media whose impedances are dissimilar. Equatiodd-4. through -3 describe the
relationship between wave amplitude and impedamcgressed as the product
between a material’'s density, and longitudinal wave speed, (LeBlanc et al.,

2013)(Sadd, 2009)(Gracia, 2012)

AZ = Al - A4 (421'1)

C14PA

A, = (4 A
s = (A1 + 2)013,03

(4.2.1-2)

1+ C14PA

A s (4.2.1-3)
A, 11— C14Pa o

C1BPB

whereAs, Ay, andA, are the amplitudes of the incident, reflected, madsmitted
waves, respectively. LeBlanc et al describe a snspknario to roughly approximate
the magnitude of a reflected wave amplitude asraep¢age of the incident wave.
Given that the properties of the EVE compositenia study are similar to the baseline
specimen considered by LeBlanc, those values wsad here for a comparable rough
approximation in a WA environment to demonstrate gkeneral effects of impedance
mismatches on reflected and transmitted wave andgd. Approximate values for
wave speed and density are provided in Table £2Zdr air, water, and the EVE

composite (LeBlanc et al., 2013).
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Table 4.2.1-2: Densities and wave speeds for airater, and the EVE composite.

. Wave Speed
Density (kg/n) (m /seg)
Air 1.204 343.3
Water 1000 1500
EVE Composite 1680 3060

For the approximation it was assumed that a plda&tional wave made contact
with a plane interface between water and the coitgopanel. Use of Equation 4.2.1-3
indicated that the ratio of the incident to refegttamplitude was 1.82, implying that
the reflected amplitude was 55% of the incident lgoge. The transmitted wave,
with an amplitude 45% of the incident amplitude svessumed to propagate through
the panel thickness and contact the interface lestwiee panel and the air backing, at
which point another reflection would occur, and @o Table 4.2.1-3 lists rough
approximations of reflected wave amplitudes as greages of the incident wave, to
assist in illustrating the effects of impedancematches on transmitted and reflected

amplitudes.

Table 4.2.1-3: Rough approximations of reflected wae amplitudes

Water | EVE-> | Air > | EVE>

-> EVE Air EVE Water
Percentage 55% | ~100%| ~ 100° 55%
Reflected

When this reasoning is applied to the WW, WA, arl geries, one can see how
it is only logical that the WW environment exhildtéhe least damage and the most

docile deflection behavior. In that series the &@e passed through the most
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benign interfaces: those between water and the asitep and between the composite
and water. On the other hand, the WA and AA sévah presented the most hostile
interfaces for wave propagation, which led to hrgheflected waves and in turn
greater damage. However, between those two enventsthe AA series posed the
more hostile interface. It would remain to be expd, then, how it follows that the
maximum AA panel deflection would be considerahtyafier than that of the WA
series.

This can be explained by considering the impulspairted to the specimen in
those two environments. A pressure wave decay® iat @ more drastic rate than it
does in water. This can be learned from the liteea{Cole, 1948)(Shin, 2004)(Batra

& Hassan, 2007)(Smith & Hetherington, 1994)(Ngoaét 2007), which provides

empirical formulations of pressure decay as beurgtions Ofl/r3 during air blasts

and as high a%/r2 during UNDEX events, and can also be interpretemnfthe

pressure histories included in this document. Asulised previously in Section 4.1,
the pressure at the target in an air blast eveatrawaghly 1.357 MPa (197 PSI), a little

more than 37 times less than the 50.5 MPa (73238Idhcountered at the target in an
UNDEX event.Ergo, although the AA series presented an environmearerhostile

to wave propagation, the wave had dissipated th awdegree that the impulse applied
to the panel specimen was considerably smallers@hhesults suggest that the wave
dissipation effects dominate the impedance mismatffects when considering

explosions in water versus those in air.
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4.2.2 Effects of Temperature
Figures 4.2.2-1 through -4 depict the center pdietiection histories for the

WALT, WWLT, WAHT, and WWHT experiment sets.
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Figure 4.2.2-4: Overlaid center point deflectionsdr the WALT series
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Figure 4.2.2-5: Overlaid center point deflectionsdr the WWLT series
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Figure 4.2.2-6: Overlaid center point deflectionsdr the WAHT series
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Figure 4.2.2-7: Overlaid center point deflectionsdr the WWHT series

The collected does suggest that temperature irdkgeoenter point deflection to a

degree. Further insight is gleaned by comparingabherlaid average center point

deflections of each series, as depicted in Figdr22-8 and -9.
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Figure 4.2.2-8: Overlaid average center point deftgions for the WA, WALT,
and WAHT experiment sets.
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Figure 4.2.2-8: Overlaid average center point deftgions for the WwW, WWLT,
and WWHT experiment sets.
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There is insufficient data to examine the full effef water temperature on the
water backed environments (WW, WWLT, WWHT), busitlear that, within the
known 200usec range, there appears to be no influence ofernype.

The deflections exhibited by the panels from thebaicked experiments (WA,
WALT, WAHT) suggest a dependence between water ¢eatpre and center point
deflection. The average maximum positive defledifnom the air backed series are

included in Table 4.2.2-1.

Table 4.2.2-1: Average maximum positive center poirdeflections from the
water-backed series (WA, WALT, WAHT)

Experiment Center Point Deflection
WA 27.8 mm (1.09 in.)
WALT 25 mm (0.98 in.)
WAHT 28.7 mm (1.13in.)

These points were statistically analyzed using b&NOVA methods and an
original MATLAB code at 90% confidence (see Append). Both MATLAB and
ANOVA indicated that, while the maximum positive Wa&nd WAHT deflections
were statistically the same, the maximum positivAlW deflection was statistically
different than both the WA and WAHT deflections.€Ble results are listed in Table

4.2.2-2.
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Table 4.2.2-2: Results of statistical analysis

MATLAB ANOVA
Data Comparisom t tor P F Feritical
WA/WAHT 0.91 2.13 0.41 0.83 4.54
WA/WALT 2.36 2.13 0.08 5.57 4.54
WAHT/WALT 6.17 2.92 0.03 38.04 8.53

Under the MATLAB schemd, is a distribution parameter defined as

b= Yi—Y2
© S i+i (4.2.2-1)
PNy ny
2 2
g2 DS+~ DS; (4.2.2-2)

p Tl1+n2—2

where n, are the sample sizes of the experiments being amdpy is the
sample mean, anfl , are the sample variances. Additionatly, is an element of the
t-distribution table, and is based on the sampte and desired confidence interval.
Criteria for rejection of the null hypothesis—tlzaty two corresponding experimental
values are the same—is th@be greater thaty,,. Under the ANOVA schem@ is the
probability that variances and differences betwwendata sets would still exist if the
null hypothesis were truek is a ratio of cross-group variance to within-group
variance.Fgiica iS @ threshold value df beyond which two data sets are said to be
statistically different.

With these statistical differences and similaritiestablished, quantitative

disparities among the data points in Table 4.2\@ete more readily appreciated.
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Using the room temperature average center poinkec&n as a baseline for
comparison, it can be seen that the average higpamture center point deflection
was increased by 3%, while the average low tempexatenter point deflection was
decreased by 10%. Bearing these points in mind,deen that, over the temperature
range studied, and though the influence does notapto be extraordinarily great,
temperature influence on center point deflectioth @ppear to manifest itself as the

water was made colder.

4.3 Effects of Environment on Damage Mechanisms
4.3.1 Effects of Backing Conditions

The backing conditions greatly influenced the daenagechanisms exhibited in
the panel specimens. Backing condition effects vexa@uated by cross-comparing

room temperaturpost mortem damage.

4.3.1.1 WA Post Mortem

Post mortem damage in the WA series occurred predominantlthatclamped
boundary and manifested itself chiefly as fiberakeege and delamination. In some
cases the fiber breakage propagated through thel ghitkness along a seam.
Through thickness breakages were not severe, thddgfnix cracking also existed in
localized areas across the panel surface. Permda#lattion was observable and the
panels had visible concavity.

To be expected, boundary effects apparently engedrthe development of high

stress areas along the clamped edge, thus leamlipgphounced fiber breakage and
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delamination in those areas. The Matrix cracking Vileely induced by the contorted

vibration modes that the panel experienced duhediNDEX event.

4.3.1.2 WW Post Mortem

The WW series specimens experienced mostly matackag around their
boundaries and exhibited only sparse, highly-laealioccurrences of delamination at
the boundary. Small amounts of matrix crackingemgpical of the WW specimens,
which occurred towards the panel center. The pdradsalmost no visible permanent

deflection, and virtually no concavity was obseriethem.

4.3.1.3 AA Post Mortem

The prevailing damage mechanism in the AA series wwgact damage from
flying shrapnel produced when the RP-503 capsulploeed. The AA panels
exhibited no visible delamination around their bdaes, which instead was pock-
marked with impact craters from shrapnel. Someecsatere black, indicative of resin
singeing after plastic shrapnel became embeddedebat the specimen mounting
bracket and the panel. A burned laceration was ataHorizontally along the whole
panel surface, across which there was near-contsfiber breakage, much of which
was through-thickness. This cleft appeared as aadmtion line, below which was a
dense field of burned pockmarks and impact damage,above which was a much
sparser, unburned field of impact damage. It igelbed that the dense impact damage

below the demarcation line could be indicative bé texplosive shrapnel being
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deflected towards one area by the charge geomethy ather components in the

blasting cap of the RP-503 charge.

4.3.2 Effects of Temperature on Damage Mechanisms
Damage mechanisms were not observed to have athasigaificantly as a
function of temperature. Damage mechanisms in tigh land low temperature

specimens were evaluated and compared with roompeeature mechanisms.

4.3.2.1 WALT Post Mortem

Although the specimen for WALT experiment 2 torangbetely across a long
seam on its bottom clamped edge, the prevailingag@mmechanisms on both of the
WALT panels caused that occurrence to be considamedalous. The tearing, which
occurred as a result of the first bubble pulse,ldoiave been caused more
fundamentally by quality variations during manutactg. There was less-pronounced
delamination around the WALT panels’ boundaries amdy superficial fiber
breakage in those areas, apart from the tear in Wgdecimen no. 2. Matrix cracking
occurred in largely the same manner as it did eWhA series. Permanent concavity

was noticeably lower than that of the WA series.

4.3.2.2 WAHT Post Mortem
The WAHT panels exhibited somewhat more delamamaéiround the clamped
boundary than was seen in the WALT series, butlegk than exhibited in the WA

series. As before, matrix cracking appeared in nthelrsame way as it had in the WA
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series. The WAHT panels exhibited the most pronedrermanent concavity of all

the specimens in this study.

4.3.2.3 WWLT Post Mortem

WW.LT panels exhibited very little delamination anolthe clamped edge, except
in the case of WWLT specimen 1, which exhibitedtguioticeable delamination
along about half of its boundary. Very faint matasacking was observed in areas

across the panel face, and neither panel exhibaigdsisible concavity.

4.3.2.4 WWHT Post Mortem

WWHT specimens exhibited more concavity than del\MWWLT specimens, and
also displayed some matric cracking and sparsemdeddion around the clamped
edge. Otherwise they exhibited no further uniguaage mechanisms.

From these results it should be noted that watepézature appeared only to

significantly influence the permanent concavitytieg panels.

4.4 WA Correlation with the Gas Bubble

The air backed deflections followed a patterncgative of heavy dependence on
the progress of the gas bubble. Given the repdidyabi the experiments, and given
the similar displacement trends for each of theewsmperatures, WA experiment 3
will suffice as a representative case for discusdio WA experiment 3, the maximum
expansion of the bubble between approximately Id hmsec coincided with the

initiation of the panel’s final inward flex to iglobal negative maximum; the center
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point’s steep outward rebound at ~23 msec initiateapproximately the same time as

the bubble’s final collapse at ~22.15 msec. Thesemiations are depicted in Figure

4.4-1.

30

Bubble Expansion:

20 0-11 msec

Bubble Collapse:
14-22 msec
T

Max. Expansion:
11-14 msec

10 -

Full Collapse,
Bubble Pulse

Center Point Deflection (mm)
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-20

-30

Elapsed Time (msec)

Figure 4.4-1: Detall of the relationship between bloble expansion/contraction
and panel center point deflection, as exhibited bWA experiment 3.

The figure shows a notable phenomenon in the paefedction activity around 5

msec. In the preceding approximate 3 msec, it @sden that the center point fell

steeply away from its maximum outward displacemantl tended precipitously

towards the epicenter of the explosion. Very shodfter 5 msec the panel

displacement flat-lined, remaining at a near-cansteegative deflection of -8.5 to -9

mm until approximately 10 msec, at which point gamel gradually initiated its final

retraction to the maximum negative displacements Tgeculiar movement would

seem counterintuitive given that the gas bubbldl, estpanding from 0-11 msec,

presumably would interact in such a way as to caresersal—instead of a
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sustainment—of the panel’s direction at ~5.5 mséxs Behavior could be explained
by considering a different account of the bubbieffuence on panel movement, as

follows:

1. Initial contact between the shockwave and the pfmmeéd the panel to its
maximum positive center point deflection.

2. The elastic response of the E-glass fiber reinforr@ reversed the panel
motion after the maximum positive deflection wahiaged, initiating the
panel’s steep negative velocity towards the eparenitthe explosion.

3. By approximately 5 msec elapsed time, the panab@mered a barrier of
water (Figure 4.4-2) separating it from the explesgas bubble, which at
that moment was in the throes of expansion.

4. As a result of the bubble’s expansion, inertidefs on the surrounding
water barrier damped the panel's deflection likeflad “pillow”—
arresting its movement, dissipating some of itseka energy, and
compressing it.

5. The panel's movement was arrested until the bulkdddéus increased to
such an extent that the inertial effects on theosuding water were
reduced due to the gradual slowing of the bubbbevtyr and its reversal
to collapsing motion.

6. As the bubble’s internal pressure dropped to, aidbelow, ambient
conditions, its reversal into collapse began dnagygine surrounding water

in the collapse direction. This not only createduation current towards
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the bubble’s center, but also relieved the comprestrce the water
barrier and the panel.

7. The bubble subsequently initiated its collapsequefiom 14—23 msec.

8. This change in fluid dynamics permitted the gradedb in panel
deflection towards its negative maximum, observéide approximately
10-18.5 msec. After achieving its negative maximatm18.5 msec, the
elastic response of the E-glass fiber reinforcenegdin reversed the
panel motion away from the bubble center.

9. This reversal of panel motion, due to the concurberble collapse and
its associated flow dynamics towards the bubblderemeveloped only
modestly and the panel’s velocity slowed until @anpfust before 23 msec.

10. At approximately 23 msec, the bubble achieved dallapse and emitted
its first bubble pulse. The pulse interfaced witie tpanel very shortly

afterward, forcing the panel’s final outward disggenent ~25 msec.
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Explosive| | Panel Expanding bubble

Panel

Water barrier

0 msec 5 msec

Figure 4.4-2: Side view images of the explosion @@t 0 and 5 msec. At 0 msec,
the explosion is seen, illuminating the panel speunen. At 5 mesc, the water
barrier may be observed between the panel specimemd the expanding bubble.
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CHAPTER 5: Conclusion

5.0 Conclusions

Based on the forgoing results and analyses, it egaxluded that immersion
environment contributes significantly to the blassponse of the EVE marine
composite, including the exhibited damage mechasistamage severity, and center
point deflection. The WA, WALT, and WAHT series edited the greatest center
point deflections and most severe damage mechanisnoigding abundant instances
of fiber breakage and sometimes considerable dektion. After the WA, WALT,
and WAHT experiments, the AA series experienced kiighest center point
deflection, and exhibited significant evidence mpact damage from flying pieces of
the explosive capsule after detonation. Althougkréhwas not sufficient DIC data
available to draw comparable conclusions abouexact center point deflections,
available information, includingpost mortem damage and early event DIC data,
suggested that the WW, WWLT, and WWHT series expeed the least center point
deflections and most benign damage mechanismsdiparity in blast response was
attributed to differences in characteristic impemabetween the panel material and
the immersion environment, but that, although th® feries experienced the most
hostile environment from an acoustics standpolm, water/air backed series (WA,
WALT, WAHT) ultimately experienced the greatest gammental punishment due to
water’s ability to sustain pressure wave intensity.

Experimental results indicated that water tempeeatnfluenced panel blast

response over the range of temperatures frd@ @ 40°C, based on available DIC
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data for the WA, WALT, and WAHT series. WAHT expegnts displayed only 3%
greater average maximum center point deflectiom tthee room temperature WA
series. In contrast, WALT experiments displayedrage maximum center point
deflections that not only were 10% smaller tharséhexhibited by the WA series, but
also were proven to be statistically different thha corresponding deflections from
the WAHT and WA series by two independent statistianalysesPost mortem
results for those specimens indicated no apprexi@phperature influence on damage
mechanisms, apart from permanent concavity. Thdada DIC data for the WW,
WWLT, and WWHT series suggested no difference imt@epoint deflection across
temperatures; but since the available DIC dataapestl to only the first 20Qsec of
the blast event on account of dense cavitatios,uticlear what can be conclusively
inferred from it. Minor variations inpost mortem damage were insufficient by

themselves to imply temperature dependent damagkanisms.

5.1 Recommendations for Future Work
Having stated the conclusions of this study, trels® are some ways that the

research may be advanced in future work. Someesktlare as follows:

1. Correlations may be drawn between the applied ogsgpre and the
maximum positive panel center point displacemeriitese correlations
may be developed by conducting similar experimeaatgshose of this

study, while varying the explosive standoff dis&nc
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2. Greater insight regarding the temperature depemdedficcenter point
deflection and damage mechanisms may be gleantdwbgllowing:

a. Increasing the range of water temperatures, edpecia
investigate why the high- and room-temperature maxn center
point deflections were statistically the same, wehsrthe low- and
room-temperature deflections were statisticalljedént.

b. Drastically raising the temperature of the panedcgpen above
that of the environment, to simulate blast effemtsa structure
heated by prolonged exposure to direct sunlight.

3. Experiments may be conducted in an environmentachanzed by air
immersion with water backing, to simulate the bkf&tcts of a detonation

beside the interior bulkhead of a ship or submeggadture.
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APPENDIX A
EVE Composite Panel Manufacturing Report

Date of manufacture: August 22-24, 2012
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Business trips to TPI Composites in Warren, R.keataken on August 22, 23, and 24

(Wednesday, Thursday, Friday), 2012.

Wednesday, August 22, 2012:
Departed URI at 7:30 A.M. Arrived at TPl Composia®und 8:30 A.M. Work of the day
consisted of the following:

1. All work was performed while wearing safety glasses

2. Preparation work was undertaken on a large gldds.ta
a. The table surface was scraped using razor bladespeld in vice-grip clamp
pliers. From previous use in the past, the table damaged in several places,
which were subsequently avoided.
b. After scraping, the table was polished using TR dMBlelease wax, specially
designed for high temperatures. After the wax wagliad, the polished areas
were buffed using rags (old undershirts). Nitrilevgs were worn during the

application and buffing of wax.

3. A large spool of plain woven glass fiber sheetahdensity of 0.61 kg/M(18 oz/yd),
oriented at 0°/90°, was moved to a separate depféibhle. A 36” x 36” area on the sheet
was measured and prepared for cutting.

a. The perimeter of the 36” x 36" area was identifissihg measuring tape.
b. Conveniently, two of the perimeter faces were dbtuhie perpendicular side

edges of the glass fiber sheet.
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c. Along the other two perimeter faces, in turn, gkrweave of the glass sheet was
removed using scissors. The absence of this weanethe sheet provided a clear
line along which to cut with scissors.

d. This process was repeated for another 36” x 36&tslibus making two plies of

0°/90° oriented glass fabric.

. The two sheets were laid on top of each other erglass table.

. A fine mesh fabric, called Peel Ply, was measurat],and laid on top of the glass sheets.

The Peel Ply was measured so as to cover mordtibagiass sheets by about 4”.

. A thick double-sided tape, called Tacky Tape, vead &round the perimeter of the Peel

Ply, standing off about 2 inches from the Peel Ply.

. Half of the Peel Ply was carefully folded up and aifthe glass sheets, whereafter 3M
Super 77 spray-on adhesive was applied to the dotddf of the Peel Ply, to the glass
sheets, and to the glass table. The Peel Ply veaisréilaid on top of the glass sheets and
was smoothed over, thus neatly adhering the conmsrtegether. This process was

repeated for the other side.

. A coarse mesh material, called Flow Media, was oreas cut, and laid on top of the

Peel Ply.
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a. Two parallel, opposite edges of the flow media waeasured to be 2” shorter
than the edges of the glass fiber sheets; the némgaiwo edges of the flow

media were measured to be 1” shorter than the glasssheets (Figure A.1-1).

Figure A.1-1: Top view detail of flow media trimming. Red lines indicate 2” and 1”

offsets (Image courtesy of Payam Fahr)

b. The flow media’s mesh was oriented such that thendnds’ lengthwise direction
was facing to the right in Figure A.1-1. This wamd to encourage the flow of
resin across the whole of the glass sheets.

c. The flow media was adhered to the peel ply in alammanner as described in

bullet 7.

9. Scrap material (glass fabric), approximately 7” ayidvas adhered to the edges of the Peel
Ply for which the flow media stood off 2” (top abdttom edges of Figure A.1-1). Rope
of approximately 0.5” diameter was laid in the meadf the scrap material, running

lengthwise. The scrap material was folded overrthge so as to envelop it, and was
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adhered in place using the 3M spray adhesive. @m dxges, a small end portion of the

scrap material was not adhered so as to allowdheection of vacuum tubes later on.

10. A spring coil, enveloped within a flow media sleewas laid across the middle of the
flow media sheet described in bullet 8 (tacky teyaes applied to potential sharp edges of
the spring coil to prevent the puncturing of thewam bag, applied later on). The flow
media sleeve, enveloping the spring coil, was tapedlace with small periodic

applications of Tacky Tape.

11.Vacuum tubes were inserted over the rope contaimigdin the scrap material, as

depicted in Figure A.1-2.
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Figure A.1-2: Top view detail of vacuum tubes beingnserted over the ropes laid within the

scrap material (Image courtesy of Payam Fahr).

The vacuum tubes were laid over the Tacky Tapeosuading the glass sheet/Peel Ply
setup. A resin feed tube was also inserted intepineg coil described in bullet 10.
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12.A plastic sheet was measured and cut to serve esvdbuum tube for the panel
manufacture. The vacuum bag was measured to fifartably over the Tacky Tape

perimeter, with comfortable excess.

13.The Tacky Tape adhesive backing was gradually reshoand the vacuum bag was in
turn pressed against the tape, leaving pleads fbears) in strategic places to ensure an

air-tight fit with Tacky Tape later on. This prosds depicted in Appendix A.1.

Similar considerations were made for Nate Gardretaposite panels.

Departed TPI Composites at 2:30 P.M. and returae&dRI at 3:30 P.M.

Thursday, August 23, 2012:
Departed URI at 7:30 A.M. Arrived at TPl Composi@m®und 8:30 A.M. Work of the day

consisted of the following:

1. A pressure drop test was performed so as to easuag-tight seal.
a. The vacuum tubes were connected to a vacuum chawnteithe resin feed tube
was clamped shut using a vice grip clamp.
b. The vacuum chamber was connected to the compaow/ sptessure air mains.
The vacuum valve was switched into the flow positio
c. Low pressure was induced at 15 inHg. Any audibdédewere closed by pressing

the vacuum bag harder into the Tacky Tape.
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d. After audible leaks were closed the low pressurs swaitched to 30 inHg. Once
the vacuum pressure reached a steady state, theppessure was recorded and
the vacuum chamber valve was closed. After 2 mstite pressure was recorded
again.

e. Final pressure must be above 27 inHg to qualifyafgonod enough seal.

2. The vacuum was left running while the resin wasedix

a. The weight of the glass fiber sheets was determinech its area and areal
density. The sheets were both 36” x 36”, or {. Bl the areal density described
in bullet 3 of the August 22 notes (18 oZ)ydhe total weight of the two glass
panels was 18 oz + 18 0z = 36 0z. Simple convengelded 2.25 Ib.

b. The amount of resin used was approximately 5 Ib.

c. The type of resin used was Ashland Derakane 8084 ster resin.

d. Additives to the resin were mixed according to vaeitatios: 15% cobalt, 1.8%
MEKP 925 (Methyl Ethyl Keytone Peroxide). The MEHKd¥el had to be below

2%.

3. The resin feed tube was inserted into the resirkdtu¢he vacuum pressure was turned

on, and the feed tube was unclamped.

4. The 36” x 36” panels infused properly and withourbe
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5. Nate Gardner’s panel infused improperly and haddocompletely reconstructed and

infused that afternoon.

Departed TPI Composites at 3:00 P.M. and returae&dRI at 4:00 P.M.
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Friday, August 24, 2012:
Departed URI at 7:30 A.M. Arrived at TPl Composi@a®und 9:00 A.M., due to
traffic. Work of the day consisted of the following
1. Composite specimens were cut using a 1/8"-thickndiad-edged saw. The
36” x 36” composite panel was cut into sixteen 88% specimens. Extra

material was also collected for possible use irdspanalysis later on.

2. Similar actions were performed for Nate Gardnedseis.

Departed TPI Composites at 10:30 A.M. and retutoddRI at 11:30 A.M.
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APPENDIX A.1

Notes Collected by Payam Fahr on 8/22 and 8/23
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Figure A.1.1-1: Page 1 of the notes from the TPI Qoposites Trip, courtesy of
Mr. Payam Fahr.
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Figure A.1.1-2: Page 2 of the notes from the TPI Qoposites Trip, courtesy of
Mr. Payam Fahr.
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Figure A.1.1-3: Page 3 of the notes from the TPI Qoposites Trip, courtesy of
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APPENDIX B

MATLAB Outlying Data Points Filter
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%0Outlying data points filter
%Response of Marine Composites Subjected to Near-Fi eld Blast Loading
%Frank LiVolsi

clear all
clc
format short

SAMPLE=input( 'please enter the vector of data points: ' );
SAMPLE1=SAMPLE;%SAMPLEL is an array into which the data points are

dumped, and from which the outlying data points wil | be deleted later
on.

n=length(SAMPLE); %n is the number of data points in the sample.

THOMPSON=[0 0 1.150 1.393 1.572 1.656 1.711 1.749 1 777 1.798 1.815
1.829 1.840 1.849 1.858 1.865 1.871 1.876 1.881 1.8 85 1.889 1.893
1.896 1.899 1.902 1.904 1.906 1.908 1.910 1.911 1.9 131.914 1,916
1.917 1.919 1.920 1.921 1.922 1.923 1.924];

%THOMPSON is a vector of tau values for sample size s ranging from 3-
40. For samples sizes of 1 and 2, tau is assumed to be zero.

%Part A: Use Thompson's "tau" technique to determin e if there are any

%outliers; if there are, reject them.

Mean=mean(SAMPLE);
StandDev=std(SAMPLE);

j=1;  %jis a "while" loop index that's used to terminate the loop as
soon as values no longer need to be deleted from th e sample.
i=1; %i is the index for the array "DELETE"; it's used t o create a
vector of the values that are deleted from the samp le.
DELETE=[]; %DELETE is the vector of deleted data points from S AMPLE1
(see code below).
while j<2;  %This loop will continue until all outlying data po ints
are deleted, after which time j will be increased t 0 2 and the loop
will break.

n=length(SAMPLEL); %Redefine n to be the number of data points in
the ammended vector SAMPLEL1.

StandDev=std(SAMPLEL1); %Redefine the standard deviation based on

the updated SAMPLE1
Mean=mean(SAMPLEL); %Redefine the mean of the updated SAMPLEL1

Max=max(SAMPLEL1); %Since maxima and minima are the first
candidates for elimination, identify the maximum in SAMPLE1.

Min=min(SAMPLEL); %Since maxima and minima are the first
candidates for elimination, identify the minimum in SAMPLE1.

Deltl=abs(Max-Mean); %Determine the absolute difference between
the maximum in SAMPLE1 and the mean of SAMPLE1

Delt2=abs(Min-Mean); %Determine the absolute difference between

the minimum in SAMPLE1 and the mean of SAMPLE1
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DELT=[Deltl Delt2]; %Put the two resulting differences into a
vector, for comparing against each other.

Larger=max(DELT); %Assign the variable "Larger" to be the larger
value of the above two differences.

Thomp=THOMPSON(n)*StandDev; %Evaluate the product between the
Thompson "tau" value (that corresponds to the sampl e size) and the
standard deviation.

if Thomp < Larger; %If the product is smaller than the larger
difference value, then the data point corresponding to that
difference is an outlier and needs to be deleted.

SAMPLE2=SAMPLEL1; %SAMPLE?2 is an arbitrary duplicate of
SAMPLEZ1, and is referenced later on by the DELETE v ector after
SAMPLE1 has been ammended. SAMPLE?2 serves only to a llow DELETE to
reference data points from SAMPLEL that have alread y been eliminated.

Plus=(round((Mean+Larger)*1.0e36))/1.0e36;

index=find(SAMPLE1==(Plus)); %To identify which outlying data
point corresponds to the larger difference, first a dd the difference
to the mean and search SAMPLEZ1 for any matches.
SAMPLE1(index)=[]; %If a match is found, it is deleted.
if length(SAMPLE1)==length(SAMPLEZ2); %If no data point from
SAMPLEZ1 was identified for deletion, then enter a s ub-if-statement to

look elsewhere+

Minus=(round((Mean-Larger)*1.0e36))/1.0 e36;
index=find(SAMPLE1==(Minus)); %If no match was found
above, subtract the difference from the mean and se arch SAMPLEL1 for
any matches, and place any match in a variable "f."
SAMPLE1(index)=[]; %If a match is found, it is deleted.
end
DELETE(i))=SAMPLEZ2(index(1,1)); %DELETE is the vector of
deleted data points from SAMPLEL1.
n=n-1; %Redefine n, for future calculation of tau.
i=i+1;
else
=2; %If no other outlying data points are found, j is
increased to 2 and the while loop is broken.
end
end
fprintf( 'An outlying data point is: %4.2f\n' ,DELETE())
gﬁ * * * * * * * * *kkkkkkkkkkkhkkkkkhkkk

*kkkk
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%Determine the confidence interval:

n=length(SAMPLEL); %n is equal to the number of samples in the

filtered data set

Confidencel=input( \nTo calculate the first confidence interval,

please enter the \nappropriate percent in decimal f

orm (0.80, 0.90,

0.95, 0.98, 0.99): " );  %"Confidencel" establishes the first percent

confidence interval.

Confidence2=input( \nTo calculate the second confidence interval,

please enter the \nappropriate percent in decimal f

orm (0.80, 0.90,

0.95, 0.98, 0.99): " );  %"Confidence2" establishes the second percent

confidence interval.

Alphal=1-Confidencel,;

Alpha2=1-Confidence2;

Nu=n-1; %Nu is equal to the degress of freedom.

if Alphal >=0.1950 && Alphal <= 0.2050
Alphalndex1=1;

different columns in the t-distribution table.

elseif  Alphal >=0.0950 && Alphal <= 0.1050
Alphalndex1=2;

elseif  Alphal >=0.0450 && Alphal <= 0.0550
Alphalndex1=3;

elseif  Alphal >=0.0195 && Alphal <= 0.0250
Alphalndex1=4;

elseif  Alphal >= 0.0050 && Alphal <= 0.0150
Alphalndex1=5;

end

if Alpha2 >=0.1950 && Alpha2 <= 0.2050
Alphalndex2=1;

different columns in the t-distribution table.

elseif  Alpha2 >=0.0950 && Alpha2 <= 0.1050
Alphalndex2=2;

elseif  Alpha2 >=0.0450 && Alpha2 <= 0.0550
Alphalndex2=3;

elseif  Alpha2 >=0.0195 && Alpha2 <= 0.0250
Alphalndex2=4;

elseif  Alpha2 >= 0.0050 && Alpha2 <= 0.0150
Alphalndex2=5;

end

T_TABLE=[3.078 6.314 12.706 31.823 63.658; 1.886 2.

9.925
1.638 2.353 3.182 4.541 5.841; 1.533 2.132 2.77
1.476 2.015 2.571 3.365 4.032; 1.440 1.943 2.44
1.415 1.895 2.365 2.998 3.499; 1.397 1.860 2.30
1.383 1.833 2.262 2.821 3.250; 1.372 1.812 2.22
1.363 1.796 2.201 2.718 3.106; 1.356 1.782 2.17
1.3501.771 2.160 2.650 3.012; 1.3451.761 2.14
1.341 1.753 2.131 2.602 2.947; 1.337 1.746 2.12
1.333 1.740 2.110 2.567 2.898; 1.330 1.734 2.10
1.328 1.729 2.093 2.539 2.861; 1.325 1.725 2.08
1.3231.721 2.080 2.518 2.831; 1.321 1.717 2.07
1.3191.714 2.069 2.500 2.807; 1.318 1.711 2.06
1.316 1.708 2.060 2.485 2.787; 1.315 1.706 2.05
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%Alpha for 80% confidence
%The various "Alphalndexes" correspond to the

%Alpha for 90% confidence
%Alpha for 95% confidence
%Alpha for 98% confidence

%Alpha for 99% confidence

%Alpha for 80% confidence
%The various "Alphalndexes" correspond to the

%Alpha for 90% confidence
%Alpha for 95% confidence
%Alpha for 98% confidence

%Alpha for 99% confidence

920 4.303 6.964

6 3.747 4.604
7 3.143 3.707
6 2.896 3.355
8 2.764 3.169
9 2.681 3.054
52.624 2.977
02.5832.921
12552 2.878
6 2.528 2.845
4 2.508 2.819
42492 2.797
624792779



1.314 1.703 2.052 2.473 2.771; 1.313 1.701 2.04 8 2.467 2.763
1.311 1.699 2.045 2.463 2.756; 1.310 1.697 2.04 2 2.457 2.750];
%student t-distribution table.

tl a2=T TABLE(Nu,Alphalndexl); %t1 a2 is the t value derived from the
t-distribution table for 95% confidence, based on c orresponding
values of Nu and Alphalndex1.

t2_a2=T TABLE(Nu,Alphalndex2); %t2_a2 is the t value derived from the
t-distribution table for 99% confidence, based on c orresponding
values of Nu and Alphalndex2.

Uncertl=tl_a2*(StandDev/sqrt(n)); %Estimate of population mean
uncertainty
Uncert2=t2_a2*(StandDev/sqrt(n)); %Estimate of population mean

uncertainty

clc
if length(DELETE)>0
fprintf( 'An outliying data point is %4.2f, which can be del eted from
the sample space\n' ,DELETE)
fprintf( \nThe filtered sample, which includes no outlying data
points, is: " );
SAMPLE1
end
display( '" )
%Part B: Find the Sample Mean:
fprintf( "The sample mean is %4.2f\n’ ,Mean)
%Part C: Find the sample standard deviation:
fprintf( "The sample standard deviation is %4.2f\n' ,StandDev)

fprintf( "The %.0f percent confidence interval is %4.2f +/-
%4.4f\n" ,Confidence1*100,Mean,Uncertl)
fprintf( "The %.0f percent confidence interval is %4.2f +/-
%4.4f\n" ,Confidence2*100,Mean,Uncert2)
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APPENDIX C

MATLAB Statistical Analysis Code: Null Hypothesie3ts
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clear all

clc

format long

set(0, ‘'defaultAxesFontName' ,

system fonts.

‘Times New Roman' )
%Use the command "c = listfonts" to return a sorted

%PART 1: Sorting the data and establishing variable s:

load DeflectionOutPutAAL.TXT
TimeAAl=DeflectionOutPutAAL(;,1);
in milliseconds, starting from zero.
DefAAl=DeflectionOutPutAAL(:,2);
deflection values, in millimeters.

load DeflectionOutPutAA3.TXT
TimeAA3=DeflectionOutPutAA3(:,1);
in milliseconds, starting from zero.
DefAA3=DeflectionOutPutAA3(;,2);
deflection values, in millimeters.

load DeflectionOutPutAA4. TXT
TimeAA4=DeflectionOutPutAA4(;,1);
in milliseconds, starting from zero.
DefAA4=DeflectionOutPutAA4(:,2);
deflection values, in millimeters.

load DeflectionOutPutAAS5.TXT
TimeAA5=DeflectionOutPutAA5(;,1);
in milliseconds, starting from zero.
DefAA5=DeflectionOutPutAA5(;,2);
deflection values, in millimeters.

load DeflectionOutPutWA1.TXT
TimeWA1=DeflectionOutPutWA1(:,1);
in milliseconds, starting from zero.
DefWA1=DeflectionOutPutWA1(:,2);
deflection values, in millimeters.

load DeflectionOutPutWA2.TXT
TimeWA2=DeflectionOutPutWA2(:,1);
in milliseconds, starting from zero.
DefWA2=DeflectionOutPutWA2(:,2);
deflection values, in millimeters.

load DeflectionOutPutWA3.TXT
TimeWA3=DeflectionOutPutWA3(:,1);
in milliseconds, starting from zero.
DefWA3=DeflectionOutPutWA3(:,2);
deflection values, in millimeters.

load DeflectionOutPutWA4.TXT
TimeWA4=DeflectionOutPutWAA4(:,1);
in milliseconds, starting from zero.

%Column Vector of time data points

%Column Vector of center point

%Column Vector of time data points

%Column Vector of center point

%Column Vector of time data points

%Column Vector of center point

%Column Vector of time data points

%Column Vector of center point

%Column Vector of time data points

%Column Vector of center point

%Column Vector of time data points

%Column Vector of center point

%Column Vector of time data points

%Column Vector of center point

%Column Vector of time data points
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DefWA4=DeflectionOutPutWA4(:,2); %Column Vector of center point
deflection values, in millimeters.

load DeflectionOutPutWAHTL1.TXT

TimeWAHT1=DeflectionOutPutWAHT1(:,1); %Column Vector of time data
points in milliseconds, starting from zero.
DefWAHT1=DeflectionOutPutWAHT1(:,2); %Column Vector of center point

deflection values, in millimeters.

load DeflectionOutPutWAHT2.TXT

TimeWAHT2=DeflectionOutPutWAHT2(:,1); %Column Vector of time data
points in milliseconds, starting from zero.
DefWAHT2=DeflectionOutPutWAHT2(:,2); %Column Vector of center point

deflection values, in millimeters.

load DeflectionOutPutWALTL.TXT

TimeWALT1=DeflectionOutPutWALT1(:,1); %Column Vector of time data
points in milliseconds, starting from zero.
DefWALT1=DeflectionOutPutWALT1(:,2); %Column Vector of center point

deflection values, in millimeters.

load DeflectionOutPutWALT2.TXT

TimeWALT2=DeflectionOutPutWALT2(;,1); %Column Vector of time data
points in milliseconds, starting from zero.
DefWALT2=DeflectionOutPutWALT2(:,2); %Column Vector of center point

deflection values, in millimeters.

load DeflectionOutPutWw21.TXT

TimeWW1=DeflectionOutPutWwa1(:,1); %Column Vector of time data points
in milliseconds, starting from zero.
DefWW1=DeflectionOutPutWw1(;,2); %Column Vector of center point

deflection values, in millimeters.

load DeflectionOutPutWw2.TXT

TimeWW?2=DeflectionOutPutWw2(:,1); %Column Vector of time data points
in milliseconds, starting from zero.
DefWW2=DeflectionOutPutWw2(;,2); %Column Vector of center point

deflection values, in millimeters.

load DeflectionOutPutWw3.TXT

TimeWW3=DeflectionOutPutWwa3(:,1); %Column Vector of time data points
in milliseconds, starting from zero.
DefWWa3=DeflectionOutPutWwa3(:,2); %Column Vector of center point

deflection values, in millimeters.

load DeflectionOutPutWWHTL1.TXT

TimeWWHT1=DeflectionOutPutWwWHT1(:,1); %Column Vector of time data
points in milliseconds, starting from zero.
DefWWHT1=DeflectionOutPutWwHTL(:,2); %Column Vector of center point

deflection values, in millimeters.

load DeflectionOutPutWWHT2.TXT
TimeWWHT2=DeflectionOutPutWwWHT2(:,1); %Column Vector of time data
points in milliseconds, starting from zero.
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DefWWHT2=DeflectionOutPutWwHT2(:,2); %Column Vector of center point

deflection values, in millimeters.

load DeflectionOutPutWWLT1.TXT

TimeWWLT1=DeflectionOutPutWWwLTL1(;,1); %Column Vector of time data

points in milliseconds, starting from zero.

DefWWLT1=DeflectionOutPutWWwLT1(:,2); %Column Vector of center point

deflection values, in millimeters.

load DeflectionOutPutWWLT2.TXT

TimeWWLT2=DeflectionOutPutWWwLT2(;,1); %Column Vector of time data

points in milliseconds, starting from zero.

DefWWLT2=DeflectionOutPutWWwLT2(:,2); %Column Vector of center point

deflection values, in millimeters.

%Designate the maximum positive and negative displa
Air/Air
%experiment set:

cements in the

MaxPos_AAl=max(DefAAl); %ldentify the maximum positive displacement

of the Air/Air 1 panel.

MaxNeg_AAl=min(DefAAl);  %ldentify the maximum negative displacement

of the Air/Air 1 panel.

MaxPos_AA3=max(DefAA3); %ldentify the maximum positive displacement

of the Air/Air 3 panel.

MaxNeg_AA3=min(DefAA3);  %ldentify the maximum negative displacement

of the Air/Air 3 panel.

MaxPos_AA4=max(DefAA4); %ldentify the maximum positive displacement

of the Air/Air 4 panel.

MaxNeg_AA4=min(DefAA4);  %ldentify the maximum negative displacement

of the Air/Air 4 panel.

MaxPos_AA5=max(DefAA5);  %ldentify the maximum positive displacement

of the Air/Air 5 panel.

MaxNeg_AA5=min(DefAA5);  %ldentify the maximum negative displacement

of the Air/Air 5 panel.

fprintf( 'The maximum positive deflection in the Air/Air 1 P
%.4f mm\n' ,MaxPos_AA1l)

fprintf( "The maximum positive deflection in the Air/Air 3 P
%.4f mm\n' ,MaxPos_AA3)

fprintf( "The maximum positive deflection in the Air/Air 4 P
%.4f mm\n' ,MaxPos_AA4)

fprintf( 'The maximum positive deflection in the Air/Air 5 P
%.4f mm\n\n" ,MaxPos_AAb)

fprintf( "The maximum negative deflection in the Air/Air 1 P
%.4f mm\n'" ,MaxNeg_AA1l)

fprintf( 'The maximum negative deflection in the Air/Air 3 P
%.4f mm\n' ,MaxNeg_AA3)

fprintf( "The maximum negative deflection in the Air/Air 4 P
%.4f mm\n' ,MaxNeg_AA4)

fprintf( "The maximum negative deflection in the Air/Air 5 P
%.4f mm\n\n*  ,MaxNeg_AADb)

%Calculate the average maximum positive displacemen
%experiment set:
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SAMPLE_AA=[MaxPos_AAl MaxPos_AA3 MaxPos_AA4 MaxPos_

MaxPosAA_Ave=mean(SAMPLE_AA);
fprintf( 'The mean positive deflection in the Air/Air Panels
mm\n' ,MaxPosAA_Ave)

%Calculate the standard deviation of the maximum po
displacements in

%the Air/Air experiment set:
StandDevAA=std(SAMPLE_AA);

fprintf( "The standard devistion of the positive deflections

Water/Air Panels is %.4f mm\n\n' ,StandDevAA)
fprintf( Ikkkkkkkhkhkkkkhkhkkhkhkkkhkhkkkkhkkkkkhkkkkhkhkkkhkhkkkhkhkkkkhkkk
***********\n\n' )

96**************************************************

kkkkkhkkhhhhhhhhkk

%Designate the maximum positive and negative displa
Water/Air
%experiment set:

AAG5];

is %.4f

sitive

in the

*kkkkhkkkhkk

kkkkkkkkkhkkkkkkkkk

cements in the

MaxPos_WAl=max(DefWALl); %ldentify the maximum positive displacement

of the Water/Air 1 panel.

MaxNeg_WA1=min(DefWA1); %ldentify the maximum negative displacement

of the Water/Air 1 panel.

MaxPos_WA2=max(DefWA2); %ldentify the maximum positive displacement

of the Water/Air 2 panel.

MaxNeg_WA2=min(DefWA2); %ldentify the maximum negative displacement

of the Water/Air 2 panel.

MaxPos_WA3=max(DefWA3); %ldentify the maximum positive displacement

of the Water/Air 3 panel.

MaxNeg_WA3=min(DefWA3); %ldentify the maximum negative displacement

of the Water/Air 3 panel.

MaxPos_WA4=max(DefWA4); %ldentify the maximum positive displacement

of the Water/Air 4 panel.

MaxNeg_WA4=min(DefWA4); %ldentify the maximum negative displacement

of the Water/Air 4 panel.

fprintf( "The maximum positive deflection in the Water/Air 1

%.4f mm\n' ,MaxPos_WA1)

fprintf( "The maximum positive deflection in the Water/Air 2

%.4f mm\n' ,MaxPos_WA?2)

fprintf( "The maximum positive deflection in the Water/Air 3

%.4f mm\n' ,MaxPos_WA3)

fprintf( 'The maximum positive deflection in the Water/Air 4

%.4f mm\n\n'  ,MaxPos_WA4)

fprintf( "The maximum negative deflection in the Water/Air 1
%.4f mm\n' ,MaxNeg_WA1)

fprintf( "The maximum negative deflection in the Water/Air 2
%.4f mm\n' ,MaxNeg_WA2)

fprintf( "The maximum negative deflection in the Water/Air 3
%.4f mm\n' ,MaxNeg_WA3)

fprintf( 'The maximum negative deflection in the Water/Air 4
%.4f mm\n\n'  ,MaxNeg_WA4)

%Calculate the average maximum positive displacemen
%experiment set:

Panel is

Panel is

Panel is

Panel is

Panel is

Panel is

Panel is

Panel is

t in the Water/Air

SAMPLE_WA=[MaxPos_WA1 MaxPos_WA2 MaxPos_WA3 MaxPosWA4];
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AVEMaxPosWA=mean(SAMPLE_WA);
fprintf( "The mean positive deflection in the Water/Air Pane Is is %.4f
mm\n' ,AVEMaxPosWA)

%Calculate the standard deviation of the maximum po sitive
displacements in

%the Water/Air experiment set:

StandDevWA=std(SAMPLE_WA);

fprintf( "The standard devistion of the positive deflections in the
Water/Air Panels is %.4f mm\n\n' ,StandDevWA)

fprl ntf( Ikkkkkkkkhkkkkhkhkkkhkhkkkhkhkkkkhkkkkkhkkkkhkhkkkhkhkkkhkhkkkkhkkk kkkkhkkkkhkhk
***********\n\n' )

%************************************************** kkkkkkkkhkkkkhkhkkkhkhk
kkkkhkkkkhkkkkhkkkk

%Designate the maximum positive and negative displa cements in the

high

Y%temperature Water/Air experiment set:
MaxPos_ WAHT1=max(DefWAHT1); %ldentify the maximum positive

displacement of the high temperature Water/Air 1 pa nel.
MaxNeg_WAHT1=min(DefWAHT1); %ldentify the maximum negative

displacement of the high temperature Water/Air 1 pa nel.

MaxPos_ WAHT2=max(DefWAHT2); %ldentify the maximum positive

displacement of the high temperature Water/Air 2 pa nel.
MaxNeg_WAHT2=min(DefWAHT2); %ldentify the maximum negative

displacement of the high temperature Water/Air 2 pa nel.

fprintf( "The maximum positive deflection in the high temper ature
Water/Air 1 Panel is %.4f mm\n' ,MaxPos_WAHT1)

fprintf( "The maximum positive deflection in the high temper ature
Water/Air 2 Panel is %.4f mm\n\n' ,MaxPos_WAHT2)

fprintf( "The maximum negative deflection in the high temper ature
Water/Air 1 Panel is %.4f mm\n’' ,MaxNeg_WAHT1)

fprintf( "The maximum negative deflection in the high temper ature
Water/Air 2 Panel is %.4f mm\n\n' ,MaxNeg_WAHT?2)

%Calculate the average maximum positive displacemen tin the high

temperature Water/Air

%experiment set:

SAMPLE_WAHT=[MaxPos_WAHT1 MaxPos_WAHTZ];
AVEMaxPosWAHT=mean(SAMPLE_WAHT);

fprintf( "The mean positive deflection in the high temperatu re
Water/Air Panels is %.4f mm\n' ,AVEMaxPosWAHT)

%Calculate the standard deviation of the maximum po sitive
displacements in

%the high temperature Water/Air experiment set:
StandDevWAHT=std(SAMPLE_WAHT);

fprintf( "The standard devistion of the positive deflections in the
hightemperature Water/Air Panels is %.4f mm\n\n' ,StandDevWAHT)
fprlntf( * * * * * * * * *kkkkkkkkk
***********\n\n' )

%************************************************** kkkkkkkkkkkkkkkkkk

kkkkkkkkhkhkkhkkkk
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%Designate the maximum positive and negative displa
%temperature Water/Air experiment set:

cements in the low

MaxPos  WALT1=max(DefWALT1); %ldentify the maximum positive

displacement of the low temperature Water/Air 1 pan

MaxNeg_WALT1=min(DefWALT1); %ldentify the maximum negative

displacement of the low temperature Water/Air 1 pan

MaxPos_WALT2=max(DefWALT2); %ldentify the maximum positive

displacement of the low temperature Water/Air 2 pan

MaxNeg_WALT2=min(DefWALT2); %ldentify the maximum negative

displacement of the low temperature Water/Air 2 pan

fprintf( "The maximum positive deflection in the low tempera

Water/Air 1 Panel is %.4f mm\n' ,MaxPos_WALT1)

fprintf( "The maximum positive deflection in the low tempera

Water/Air 2 Panel is %.4f mm\n\n' ,MaxPos_WALT?2)

fprintf( "The maximum negative deflection in the low tempera

Water/Air 1 Panel is %.4f mm\n’' ,MaxNeg_WALT1)

fprintf( "The maximum negative deflection in the low tempera
Water/Air 2 Panel is %.4f mm\n\n' ,MaxNeg_WALT?2)

%Calculate the average maximum positive displacemen
temperature Water/Air

%experiment set:

SAMPLE_WALT=[MaxPos_WALT1 MaxPos_WALTZ];
AVEMaxPosWALT=mean(SAMPLE_WALT);

fprintf( "The mean positive deflection in the low temperatur
Water/Air Panels is %.4f mm\n' ,AVEMaxPosWALT)

%Calculate the standard deviation of the maximum po
displacements in

%the low temperature Water/Air experiment set:
StandDevWALT=std(SAMPLE_WALT);

fprintf( 'The standard devistion of the positive deflections

low temperature Water/Air Panels is %.4f mm\n\n'
fprintf( Rk Rk Rk
***********\n\n' )

qﬁ * * * * * * * * *

kkkkkkkkhkhkkhkhkkk

%PART 2: Test to see if the Water/Air displacements
different from each
%other, across temperatures:

fprintf( ‘Null hypothesis 1: The average displacements of th
temperature \nWater/Air environment and high temper
\nenvironment are statistically the same.\n\n' )
disp( 'Alternate hypothesis 1: Those displacements are no
disp( "'

fprintf( '‘Null hypothesis 2: The average displacements of th
temperature \nWater/Air environment and low tempera
\nenvironment statistically are the same.\n\n' )
disp( 'Alternate hypothesis 2: Those displacements are no

disp( "' )
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fprintf( 'Null hypothesis 3: The average displacements of th e low

temperature \nWater/Air environment and high temper ature Water/Air
\nenvironment are the same.\n\n' )

disp( 'Alternate hypothesis 3: Those displacements are no t the same.’
disp( "' )

dISp( *kkkkkkkkkkkk
*kk! )

disp( "' )

n2=length(SAMPLE_WA);  %n2 is the number of data points associated
with the Water/Air environment.

n4=length(SAMPLE_WAHT); %n4 is the number of data points associated
with the high temperature Water/Air environment.
n8=length(SAMPLE_WALT); %n8 is the number of data points associated
with the low temperature Water/Air environment.

%FIRST HYPOTHESIS TEST:
disp( 'FIRST HYPOTHESIS TEST:' )

Nu24=n2+n4-2; %Calculate the degrees of freedom

Var2=StandDevWA"2; %Calculate the variance for the Water/Air
environment.

Var4=StandDevWAHT”2; %¢Calculate the variance for the high temperature
Water/Air environment.

PopVar24=sqrt(((n2-1)*Var2+(n4-1)*Var4)/Nu24); %Calculate the
population variance.
to_24=(abs(AVEMaxPosWA-

AVEMaxPosWAHT))/(PopVar24*sqrt((1/n2)+(1/n4))); %Hypothetical "t"

1.311 1.699 2.045 2.463 2.756; 1.310 1.697 2.04

%T_TABLE represents the student t-distribution tabl
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value.

Alphalndex=2; %Desired confidence interval is 90%; so alpha is 0. 1,

alpha over 2 is 0.05, and the corresponding column in the "t" table

is 2.

T_TABLE=[3.078 6.314 12.706 31.823 63.658; 1.886 2. 920 4.303 6.964

9.925
1.638 2.353 3.182 4.541 5.841; 1.533 2.132 2.77 6 3.747 4.604
1.476 2.015 2.571 3.365 4.032; 1.440 1.943 2.44 73.143 3.707
1.415 1.895 2.365 2.998 3.499; 1.397 1.860 2.30 6 2.896 3.355
1.383 1.833 2.262 2.821 3.250; 1.372 1.812 2.22 82.764 3.169
1.363 1.796 2.201 2.718 3.106; 1.356 1.782 2.17 9 2.681 3.054
1.350 1.771 2.160 2.650 3.012; 1.345 1.761 2.14 52.624 2.977
1.3411.753 2.131 2.602 2.947; 1.337 1.746 2.12 02.583 2.921
1.3331.740 2.110 2.567 2.898; 1.330 1.734 2.10 12552 2.878
1.328 1.729 2.093 2.539 2.861; 1.325 1.725 2.08 6 2.528 2.845
1.3231.721 2.080 2.518 2.831; 1.321 1.717 2.07 4 2.508 2.819
1.319 1.714 2.069 2.500 2.807; 1.318 1.711 2.06 42.492 2.797
1.316 1.708 2.060 2.485 2.787; 1.315 1.706 2.05 62.479 2.779
1.3141.703 2.052 2.473 2.771; 1.313 1.701 2.04 8 2.467 2.763

2 2.457 2.750];
e.



tl 24=T TABLE(Nu24,Alphalndex); %t1 24 is the t value derived from
the t-distribution table for 90% confidence, based on corresponding
values of Nu24 and Alphalndex.

if abs(to_24)>tl 24

fprintf( 'Since the "t" for the null hypothosis (%.4f)
exceeds\n' ,to_24)

fprintf( 'that for the desired 90 percent confidence interva I
(%.4),\n’ t1_24)

fprintf( 'the null hypothesis must be rejected: room tempera ture
and high temperature displacements are not the same \n' )

j1=5;
end

if abs(to_24)<=1t1_24

fprintf( 'Since the "t" for the null hypothosis (%.4f) does not
exceed\n' ,to_24)

fprintf( ‘that for the desired 90 percent confidence interva I
(%.41)\n’ t1_24)

fprintf( ‘the null hypothesis must be accepted: room tempera ture
and high temperature displacements are the same\n’ )

j1=15;
end
disp( " )
d |Sp( Ikkkkkkkkhkkkkhkhkkkhkhkkkhkhkkkkhkkkkkhkkkkhkkkkhkhkkkhkhkkkkhkkk kkkkhkkkkhkhkkkk
*xx! )
disp( "' )

%SECOND HYPOTHESIS TEST:
disp( 'SECOND HYPOTHESIS TEST:" )

Nu28=n2+n8-2; %¢Calculate the degrees of freedom

Var2=StandDevWA"2; %Calculate the variance for the Water/Air
environment.

Var8=StandDevWALT"2; %Calculate the variance for the low temperature
Water/Air environment.

PopVar28=sqrt(((n2-1)*Var2+(n8-1)*Var8)/Nu28); %Calculate the
population variance.
to_28=(abs(AVEMaxPosWA-

AVEMaxPosWALT))/(PopVar28*sqrt((1/n2)+(1/n8))); %Hypothetical "t"

value.

Alphalndex=2; %Desired confidence interval is 90%; so alpha is 0. 1,

alpha over 2 is 0.05, and the corresponding column in the "t" table

is 2.

T_TABLE=[3.078 6.314 12.706 31.823 63.658; 1.886 2. 920 4.303 6.964

9.925
1.638 2.353 3.182 4.541 5.841; 1.533 2.132 2.77 6 3.747 4.604
1.476 2.015 2.571 3.365 4.032; 1.440 1.943 2.44 7 3.143 3.707
1.415 1.895 2.365 2.998 3.499; 1.397 1.860 2.30 6 2.896 3.355
1.3831.833 2.262 2.821 3.250; 1.372 1.812 2.22 82.764 3.169
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1.363 1.796 2.201 2.718 3.106; 1.356 1.782 2.17 9 2.681 3.054

1.350 1.771 2.160 2.650 3.012; 1.345 1.761 2.14 52.624 2.977
1.341 1.753 2.131 2.602 2.947; 1.337 1.746 2.12 02.5832.921
1.3331.740 2.110 2.567 2.898; 1.330 1.734 2.10 12.5522.878
1.328 1.729 2.093 2.539 2.861; 1.325 1.725 2.08 6 2.528 2.845
1.323 1.721 2.080 2.518 2.831; 1.321 1.717 2.07 42.508 2.819
1.319 1.714 2.069 2.500 2.807; 1.318 1.711 2.06 42.492 2,797
1.316 1.708 2.060 2.485 2.787; 1.315 1.706 2.05 62.479 2.779
1.3141.703 2.052 2.473 2.771; 1.313 1.701 2.04 82.467 2.763
1.311 1.699 2.045 2.463 2.756; 1.310 1.697 2.04 2 2.457 2.750];

%T_TABLE represents the student t-distribution tabl e.

tl 28=T_ TABLE(Nu28,Alphalndex); %t1 28 is the t value derived from

the t-distribution table for 90% confidence, based on corresponding

values of Nu28 and Alphalndex.

if abs(to_28)>tl 28

fprintf( 'Since the "t" for the null hypothosis (%.4f)
exceeds\n' ,to_28)

fprintf( ‘that for the desired 90 percent confidence interva I
(%.4f),\n’ t1_28)

fprintf( 'the null hypothesis must be rejected: room tempera ture
and low temperature displacements are not the same\ n')

j2=5;
end

if abs(to_28) <=11_28

fprintf( 'Since the "t" for the null hypothosis (%.4f) does not
exceed\n' ,to_28)

fprintf( 'that for the desired 90 percent confidence interva I
(%.41)\n’ t1_28)

fprintf( ‘the null hypothesis must be accepted: room tempera ture
and low temperature displacements are the same\n’ )

j2=15;
end
disp( "' )
dISp( * * * *kkkkkkkkkkkk
*x*x! )
disp( "' )

%THIRD HYPOTHESIS TEST:
disp( 'THIRD HYPOTHESIS TEST:" )

Nu48=n4+n8-2; %¢Calculate the degrees of freedom

Var4=StandDevWAHT”2; %Calculate the variance for the high temperature
Water/Air environment.

Var8=StandDevWALT"2; %cCalculate the variance for the low temperature
Water/Air environment.

PopVar48=sqrt(((n4-1)*Var4+(n8-1)*Var8)/Nu48); %Calculate the
population variance.
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to_48=(abs(AVEMaxPosWAHT-
AVEMaxPosWALT))/(PopVar48*sqrt((1/n4)+(1/n8)));
value.

%Hypothetical "t"

in the "t" table

Alphalndex=2; %Desired confidence interval is 90%; so alpha is 0.
alpha over 2 is 0.05, and the corresponding column
is 2.

T_TABLE=[3.078 6.314 12.706 31.823 63.658; 1.886 2.

9.925
1.638 2.353 3.182 4.541 5.841; 1.533 2.132 2.77
1.476 2.015 2.571 3.365 4.032; 1.440 1.943 2.44
1.415 1.895 2.365 2.998 3.499; 1.397 1.860 2.30
1.383 1.833 2.262 2.821 3.250; 1.372 1.812 2.22
1.363 1.796 2.201 2.718 3.106; 1.356 1.782 2.17
1.350 1.771 2.160 2.650 3.012; 1.345 1.761 2.14
1.341 1.753 2.131 2.602 2.947; 1.337 1.746 2.12
1.333 1.740 2.110 2.567 2.898; 1.330 1.734 2.10
1.328 1.729 2.093 2.539 2.861; 1.325 1.725 2.08
1.323 1.721 2.080 2.518 2.831; 1.321 1.717 2.07
1.319 1.714 2.069 2.500 2.807; 1.318 1.711 2.06
1.316 1.708 2.060 2.485 2.787; 1.315 1.706 2.05
1.314 1.703 2.052 2.473 2.771; 1.313 1.701 2.04
1.311 1.699 2.045 2.463 2.756; 1.310 1.697 2.04

%T_TABLE represents the student t-distribution tabl

t1_48=T_TABLE(Nu48,Alphalndex);
the t-distribution table for 90% confidence, based
values of Nu48 and Alphalndex.

if abs(to_48)>tl 48

fprintf( 'Since the "t" for the null hypothosis (%.4f)
exceeds\n' ,to_48)

fprintf( 'that for the desired 90 percent confidence interva
(%.4),\n’ ,t1_48)

fprintf( 'the null hypothesis must be rejected: high tempera

and low temperature displacements are not the same\
j3=5;
end

if abs(to_48) <=1l 48

fprintf( 'Since the "t" for the null hypothosis (%.4f) does
exceed\n' ,to_48)
fprintf( 'that for the desired 90 percent confidence interva
(%.4f),\n’ t1_48)
fprintf( 'the null hypothesis must be accepted: high tempera
and low temperature displacements are the same\n' )
j3=15;
end
disp( """ )
disp(
*k%x! )
disp( "' )

151

920 4.303 6.964

6 3.747 4.604
7 3.143 3.707
6 2.896 3.355
8 2.764 3.169
9 2.681 3.054
52.624 2.977
02.5832.921
12.552 2.878
6 2.528 2.845
4 2.508 2.819
42492 2.797
624792779
8 2.467 2.763

2 2.457 2.750];

e.

%t1l 48 is the t value derived from

on corresponding

n)

ture

not

ture
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qﬁ * * *
*%

%PART 3: Determine random error for each sample mea

%Room tmperature Water/Air environment:

Nu2=n2-1,

t2=T_TABLE(Nu2,Alphalndex);

P2=t2*(StandDevWA/sqrt(n2));

fprintf( "The mean maximum positive deflection for the room
temperature Water/Air environment (at 90 percent co

fprintf( 'is equal to %4.2f, plus or minus %4.2f mm\n’

disp( " )

%High temperature Water/Air environment:

Nu4=n4-1,

t4=T_TABLE(Nu4,Alphalndex);
P4=t4*(StandDevWAHT/sqrt(n4));

fprintf( 'The mean maximum positive deflection for the high
temperature temperature Water/Air environment (at 9
confidence)\n' )

fprintf( 'is equal to %4.2f, plus or minus %4.2f

mm\n' ,AVEMaxPosWAHT,P4)

disp( "' )

%Low temperature Water/Air environment:

Nu8=n8-1,

t8=T_TABLE(Nu8,Alphalndex);
P8=t8*(StandDevWALT/sqrt(n8));

fprintf( "The mean maximum positive deflection for the low t
Water/Air environment (at 90 percent confidence)\n'

fprintf( 'is equal to %4.2f, plus or minus %4.2f

mm\n' ,AVEMaxPosWALT,P8)

disp( "' )
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