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ABSTRACT

Seismic Characterization of Select Engineered Nanoparticlesin Essentially
Saturated Glass Beads

by
Nihad Rajabdeen
Dr. Barbara Luke, Advisory Committee Chair
Professor, Civil and Environmental Engineering
University of Nevada, Las Vegas

A laboratory testing apparatus was developed f@isthdy of seismic body wave
propagation through nanoparticles dispersed in fhoictthat is essentially saturating
glass beads. First, the responses of water-sadugiss bead specimens were studied to
establish baseline signatures. Then the seisnponsgs in the presence of engineered
nanoparticles of various concentrations dispensetea pore fluid of the specimen
chamber were studied to observe variances fronlibase

The testing apparatus incorporates piezoceramiddverlements to actuate and
receive seismic body waves through a cylindricéhiom filled with glass beads and
back-saturated at ambient pressure with liquid. §ystem was calibrated in air, water,
and water-saturated glass beads. System repeigtal@b checked after the system was
saturated and flushed once to soak and seat tlis.bHae water-saturated glass bead
specimens were tested for compression, shear pmuotral response, from which baseline
signatures were established. Criteria were proptseualuate the detectability of
nanopatrticle dispersions.

Nanoparticle dispersions of zinc oxide (nZnO),riten dioxide (nTiQ), and silver

(nAg) were tested. The testing system showed itsdde capable of registering subtle
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changes in the response caused by varying consofidatates of the glass beads and
pore fluid content. The presence of nZnO was dabéetfor all the test methods except
compression wave arrivals, nAg was detectable bylgompression wave amplitude and

spectral response and nti€howed only subtle detectability for spectral esge.
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CHAPTER 1

INTRODUCTION

This study was part of a larger project concernimggdetection of nanopatrticles as
they disperse throughout the environment. Thisysauttiresses the potential for seismic
methods to be implemented in detecting them. Antgstystem was built and calibrated
in air, water, and essentially saturated glasssegekting was then conducted for the
presence of various types of nanoparticles disddrsthe pore fluid of essentially

saturated glass bead specimens.

1.1  Necessity of the Research

Nanotechnology is the manipulation and controlulfstances on the nanoscale. The
nanoscale measures particles in nanometers, whereamometer is one billionth of a
meter. When particles from the nanoscale are cosdparparticles of the same material
on the macro-scale, the physical and chemical ptiegeoften differ. This phenomenon
enables new applications, processes and techn@\agional Nanotechnology Initiative,
2009).

According to the National Nanotechnology Initiat{&909), three types of
nanoparticles exist: naturally occurring; incidénéend engineered. Naturally occurring
nanopatrticles for example, exist in the human badych uses them to control many
systems and processes. An example of this is heiogiwhich is a protein nanopatrticle

that is used to transport oxygen. Incidental nartapes are created as by-products of
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processes such as combustion and other industtieiti?s. When patrticles are
purposefully manufactured on the nanoscale, thekaown as engineered nanoparticles.

Nanotechnology is a growing industry which hasgbgential of improving the
standard of living and benefitting society. Indiedrsuch as medicine, energy, and
information technology are all currently exploripgssibilities with nanoparticles
(National Nanotechnology Initiative, 2009). As mandustries start utilizing engineered
nanopatrticles, they are potentially released inéoenvironment by various daily
processes. The impacts of engineered nanopartinolesiman health and the environment
are unknown due to the fact that applications areehand limited research has been
conducted. This is where the primary environmecalcern with engineered
nanoparticles comes into play. There are no cupeten methods of detecting the fate
and transport of nanopatrticles in the subsurfacal@, 2009). For this reason, new
testing practices and detection techniques habe &xplored.

Williams et al. (2005) used a column containingdsenmonitor the effects of
microbial activity on metal ions over a number af/g. The microbial activities led to the
development of nanoparticles along the sand swsfacd in assemblages formed within
the pore spaces. Seismic and electrical technigaes applied to observe variances from
initial readings caused by the development andgmeesof the nanoparticles. The authors
found that subtle changes in grain size, consatidagtate, and type of pore fluid
saturation of the material can alter the velocitg amplitude of the seismic response to
varying degrees. The results from the monitorirfigres by the authors led to
development of my research in which | develop &rtgsystem optimized to identify the

presence of nanoparticles in essentially satuigltess beads by seismic methods.
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1.2 Research Objectives

This project comprises two research objectivest fo design, build and optimize a
laboratory seismic testing system for essentiatymted glass beads, and second to use
the system to explore the seismic response oftsgd@oparticle dispersions in an

essentially saturated granular matrix.

1.3 Research Questions

Three research questions are addressed in thig stud
1. Which type of seismic waveform and function is n&gtable for testing?
2. To what degree are test results repeatable?
3. Can the presence of select nanoparticle disperbienketected by variations

in the seismic response?

1.4 Thesis contents

Chapter 2 presents test column design criteriatestdsystem components and
layout. It also addresses the composition of pieric elements which were used to
actuate and receive seismic energy, and how theg prepared for this research.
Chapter 3 addresses signal processing, complicatiamsed by near-field effects, and the
potential sources of error with signal interpretatiChapter 4 reviews previous research

efforts that have utilized bender elements, andents suitable test methods for this
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research. Chapter 5 presents the calibration afybem in air and water. Chapter 6
presents the methods used to prepare the glasspeeithens. Chapter 7 presents the
calibration of the system using water-saturatedggteeads. Chapter 8 presents the testing
of nanopatrticle dispersions. Chapter 9 presentsdhelusions and recommendations.

Chapter 9 also presents new research questionartss from this study.
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CHAPTER 2

TESTING APPARATUS

This chapter addresses the composition of piezogeralements, how they actuate
and receive seismic energy, and how they were peddar this study. Also presented
are the column design criteria, test system lagodtother components of the testing

system.

2.1 Piezoceramic Bender Elements

Piezoceramic bender elements are transducersahdttecused interchangeably to
either generate or receive seismic body wavesbénder elements convert electrical
energy to mechanical energy and vice versa. Bezldarents were first used to measure
shear-wave velocity of clay specimens in 1978 bylS8hand Hampton (Clayton et al,
2004). From 1978 until today, piezoceramic bentinents have been the choice of
transducer for use by many researchers when mechgmoperties of sediments were
required in the laboratory (Dyvik and Olsen, 1991).

Bender elements are also utilized because of glogid coupling capability between
the transducer and testing media (Lee and Santam&005) to measure variances in
response as seismic energy is propagated throtgfatsal granular media. Lee and
Santamarina (2005) carried out a thorough studyattddressed bender element
installations, prevention of electromagnetic conglidirectivity of transmitted energy,

resonance condition, detection of first arrivald amear-field effects. Da Fonseca et al.
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(2008) list the methods available for testing viadnder elements and provide advice for

choosing the most suitable.

2.2 How Piezoceramics Work

A piezoceramic material generates and receivesdsand voltage by the
phenomenon known as the piezoelectric effect (Bigzo Systems, 2009). Piezoceramic
crystals have an asymmetrical lattice structuréldeals to polarization densities when
the crystal undergoes mechanical deformation (figxiBirkholz, 1995). This in turn
leads to a voltage difference being created adheserystal. Similarly, if a voltage
difference were applied on opposing faces of tlystatl, this would cause the crystal to
flex.

This principle applies when piezoceramic elemerggpéaced within test specimens
in the following manner: as seismic body waves @-eand P-waves) strike the surface
of the piezoceramic, the piezoceramic element fiearel this creates a voltage difference
that can be captured electronically. When a voltdifference is applied across a
piezoceramic bender element that is embedded watlgimnular specimen, the element
vibrates, creating body waves that travel throlghdpecimen (Blewett et al., 1999).
Bender elements generate both shear (S) and casigré®) waves when they actuate in
granular media, where S-waves are generated ifotheof a frontal lobe and the P-

waves as side lobes with respect to the bendereslethee and Santamarina, 2005).
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2.3 Bender Element Configuration

The bender elements were purchased from PiezorB8yste., and were 2-piezo layer
transducers, made with PSI-5A4E piezoceramic, [gduabled, using nickel electrodes
and brass center reinforcement. The elements vizeveim square and 0.5 mm thick.
Two important parameters for the source benderaisrare the free deflection and the
maximum force generated for the voltage appliedimportant parameter for the
receiver bender element is the voltage generatedebforce applied (Leong et al., 2005).

The force generated by the source and the voltagergted by the receiver are
dependent upon the width of the bender elementthéwidth increases, the force
generated at the source increases and the voleaggajed at the receiver decreases.
Widths of bender elements typically range from @%mm (Leong et al., 2005).

The free deflection and output voltage of the berdisment for a given applied
voltage is dependent upon the cantilever lengtlepite the cantilever short makes the
resonance frequency of the bender element depeadehe bender element properties
and the anchoring properties, whereas a long eartilvould make the resonance
frequency dependent on the sediment propertiesghdeSantamarina, 2005). A shorter
cantilever yields a higher resonant frequency askoater wavelength at resonance. A
shorter cantilever length is preferred in this gtad that resonant frequency will remain
relatively constant for all testing media. The dawmer length used was 4.2 mm which is
1/3 the total length of the bender element.

Bender elements are high impedance devices antheeefore short electrically

when exposed to moisture (Dyvik and Madshus, 198§ures 2.1 — 2.3 show the
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process by which the bender elements were casedated proofed: they were coated
with a thin layer of polyurethane, then paintedrowvéh silver paint and carefully potted
in vinyl caps using epoxy. The silver conductivinpaoating is applied to help properly
ground the bender element to minimize electricasstalk (Wang et al., 2007). Professor
Carlos Santamarina and his colleagues at Georgia lBeommended the waterproof
polyurethane coating for better actuation and recef signals. If the bender elements
produce sound and have the resistivity of an ojenit(or very high resistance, on the
order of Mega-Ohms) after the polyurethane an@sitwatings are applied, they are
properly prepared (Changho Lee, personal commuaita/15/08). The final product of
the bender elements potted with epoxy in vinyl oaps fixed within the testing system
by applying RTV silicone. The silicone was appladthe outside of the vinyl cap of the
potted bender element, which was then placed wittertest system. Silicone was
chosen due to its inert and waterproof properiésh@i et al., 2008). The different
materials used for preparing and holding the beat#gnent in the test system create
impedance traps that prevent waves generated anti®r from travelling through the

structure of the test system to the receiver, hacktore causing error.

2.4  Column Testing System Design

The testing column was constructed from a clear RM@ of 15.2 cm inside
diameter (D), mounted on a PVC base, with an actgp cap made to fit snugly inside
the column (Fig. 2.4). The top cap was fitted vatrubber O-ring. The base was mounted

on four column supports, and had an inlet valvacaid to it. The purpose of the inlet
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was for pluming fluids into the column by gravitjhe top cap had an outlet for drainage
of excess liquid or air from the specimen. A haniées attached to the top cap.

The column geometry is comparable to that of arooesder, although the functions
are different. Wave travel paths can be comparéddsn the two systems. Apart from
oedometers, other common test systems that haveusee with bender element testing
are triaxial testing systems and large tanks viéhltender elements placed on stands
within the tank.

When bender element testing is incorporated inemlometer, the tip-to-tip distance
between bender elements (L) and not the full heafkthhe specimen must be taken as the
travel path length (Fig. 2.4; Dyvik and Madshus3@P The dimensions of the testing
system were selected considering three main desiigmia as presented below.

The first criterion addressed the ratio of the owiunner diameter (D) to the tip-to-
tip distance (L) of the bender elements; the Dtioré&Some D:L ratios used in previous
research with oedometers modified for bender el¢étesting are presented in Table 2.1.
The range considered in this body of research %@s> D:L > 2.2.

The second criterion addressed the relationshipdest (L) and the wavelength) (of
the actuated signal; this relationship addressegpaditential for P-wave coupling with S-
wave arrivals (so-called “near-field effects”). Aeding to Wang et al. (2007), this
coupling effect can be avoided by configuring th&t tell so that: :>2.

The third criterion was to use the shortest actdptmavel path length for the waves.
This criterion was used to minimize signal attermrabetween the source and the
receiver and to keep the volume of the testingesydb a minimum in order to minimize

the quantity of experimental treatment used, tdrobosts and minimize waste.
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For the testing system, the only set parameteofilie two ratios (D:L and L) was

the diameter (D). The (L) value could be variedause the top cap was mobile in the

vertical direction andA could be adjusted by varying the actuation frexyeof the

source signal. The L value chosen for testing és@nted in chapter 5. Calibration of the

column in air and water was carried out approxityadethe resonance frequency of the

potted bender elements, because this improvesghal $0 noise ratio (Wang et al.,

2007). For testing in saturated granular mediagddmg on whether P-waves or S-

waves were targeted, the frequency and therefovelesagth parameters were adjusted

within the criteria provided above, until the clestrsignals were received.

2.5 Testing Layout

The testing system layout was comprised of the ar@chl test cell, electrical

components and a fluid system. Figures 2.5 thr@ughillustrate the components.

2.6  Equipment

Equipment ancillary to the test column included:

Function generator: Agilent 33220A

Linear amplifier: Piezo systems Inc., EPA 104
Bender elements: Piezo Systems Inc., describedousy
Filter-Amplifier: Krohn-Hite, 3364

Signal analyzer: Dataphysics SignalCalc Dynamia&id\nalyzer

10
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* Sonicator: Branson 5510
* Peristaltic pump: Ismatec C.P. 78023-10
» Digital caliper: Cen-tech 47257 (not shown in figsy
The process of actuating, transmitting and recgiairsignal is as follows (Fig. 2.5 and
2.6):
« The source signal is generated via function geoerat
« The signal is amplified through a linear amplifierincrease signal to noise ratio
« The amplified signal is transmitted to the soureader element
« The source bender element converts the electigéisto a mechanical wave
« The actuated mechanical wave is transmitted throloglspecimen to the receiver
bender element
« The receiver bender element converts the mechanea to an electrical signal
e The electrical signal is filtered to reduce noesaq displayed and recorded on a
digital signal analyzer

The fluid system layout (Fig. 2.7) is describectlmapter 8.

11
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Table 2.1. Key dimensions of oedometers modifiedbnder element testing, compared
against dimensions of cell for this study

Specimen diameter | Tip-to-tip distance .
Reference (D, mm) (L, mm) D:L
Dyvik and Olsen
(1991) 66.7 16 4.2
Zeng and Ni
(1998) 152.4 68.6 2.2
Lee and Santamarina
(2005) 70 32 2.2
Lee and Santamarina
(2005) 100 19.8 5.1
Lee et al. (2007) 74 29 2.6
This study 152.4 62.5 2.4
12
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Nickel plated e Piezoceramic’
electrode '

Coaxial cable Negative wire
(grounding)
a [ Brass (inner) electrode

Solder connection to the (+) wire

Center metal
shim (brass)

Space left so that
the silver paint
can connect to
the electrode

Bender element
coated with
polyurethane and
silver paint
Solder connection

Brass (inner) electrode to the (-) wire c

Polyurethane ™
Coaxial cable

Figure 2.1. Bender element, waterproofing and gilowvqprocess

a: Mounted piezoceramic bender element with coadhle wiring

b: Isometric view of piezoceramic bender elemewirshg layering

c: Bender element coated with polyurethane and-pigity silver paint for
waterproofing and grounding.

13

oL fyl_llsl

www.manaraa.com




Figure 2.2. Bender element placed in a vinyl caphe@required depth, and set in a
wooden block mold, shown in four different viewsl§ac and d). The mold supported
curing of epoxy used for anchoring bender elemeithe vinyl cap.

Figure 2.3. A bender element cased in a vinyl cdbp apoxy

a: front view
b: rear view

14
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Handle
— Fluid _/

(out) Receiver bender P
\ element /
PVC column —El_l
| Acrylic top cap with
rubber O-ring
P-wave
S-wave
L
Glass beads
(0.5 mm diameter)
PVC base
plate Source Fluid
bender element (in)

Figure 2.4. Schematic cross-section of test colshawing anticipated P- and S-wave
travel paths; D: Column inner diameter; L: Tip-ip-distance.
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To water tank

Column

win

Peristaltic pump

Figure 2.5. Complete testing system layout, shawwd halves, left (a) to right (b);
equipment described in section 2.6. The nanopatank is in the sonicator.
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Function
Generator

¥

Linear
Amplifier

Voltage
Divider

RI_

Test Column

Signal Analyzer

[y

Filter / Amplifier

Figure 2.6. Electrical component layout of theitegsystem; connections between

equipment were made using BNC cables; solderedalazable connections to the
bender elements were made as shown in Fig.2.1d Raapresent source and receiver
bender elements, respectively.
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Test
column

Figure 2.7. Fluid component of the testing systkryout

a: Pluming system used for testing nano-oxides
b: Pluming system used for testing nano-metals
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CHAPTER 3

SIGNAL PROCESSING

This chapter outlines how the source signal wasemocomplications posed by near-
field effects, other potential sources of errorhwgignal interpretation, and the signal

processing required to receive clear signals.

3.1  Source Signal

Received signals are distorted versions of thetisjgmal due to the effects of
transfer functions. The shape of the input sigeahiportant in reducing unwanted effects
(Arroyo et al., 2003). The most commonly used sewvaves with bender elements are
sine and square waves (Leong et al., 2005).

Leong et al. (2005) used bender elements to daterthe shear wave velocities of
sand, mudstone, and kaolin specimens. The resatts examined with respect to
characteristics of the waveform type, magnitude, faequency applied to the transmitter
bender elements. The two types of waveforms coreid@ere square waves and sine
waves. The authors showed that when square wagesad as the source signal, the
received signals do not resemble the transmittgthbbecause the rise time of a square
wave is practically zero which corresponds to dimite frequency, leading to
uncertainty in arrival time. When sine waves wesedias the source, there was less
ambiguity in the arrival times of the received sitfwhen compared with those of the

square wave. The authors state that uncertairttyeimterpretation of bender element

19
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tests arises due to the quality of the receivedasignd for this reason a sinusoidal input
is the preferred choice.

Jovki¢ et al. (1996) also carried out a study to deteemwvhether sine or square
waves were more appropriate to record the sheage waivals. The authors found that
sinusoidal waves were the simplest way to obtdieraler element output that may be
interpreted objectively, since the actuation freguyecan be adjusted according to the
required travel distance and test specimen stéft@svoid near-field effects (described
below). The authors claimed that square wavesabilays have near-field effects
because they are comprised of a spectrum of freigsgrwhich make the square waves
complex to analyze and near-field effects difficolinullify.

Arroyo et al. (2003) also studied near-field eféesith bender elements by analyzing
multiple source waves. The amplitude of the nealdfeffects caused by sine waves was
10% of the output peak signal (S-wave) and thaheiear-field effects caused by the
square waves was 30% of the output peak, ther8ftmees larger than those caused by
sine waves. These authors concluded that squaresweere the least favorable option in
terms of picking first arrivals and reducing nei@td effects.

Therefore, from the literature it was evident thiae waves were more suitable
source signals than square waves. Arroyo et ad3Rand Jovii¢ et al. (1996) also
considered distorted sine waves, which reducedélae-field effects even more than
regular sine waves, but distorted sine waves wetreansidered for our research for

practical reasons.

20
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3.2  Signal Interpretation: Potential Sources of Error

Bender element testing involves numerous potestiaices of error and biases.

Identifying them in advance helps to reduce thiéeats.

3.2.1 Near-field Effects

Picking first arrivals of S-waves can be confountigdhe effects of the near-field,
which affect only \§ and not \4 (Brignoli et al., 1996). In a complex test systeirere
received signals are not limited to plane wave agapion between source and receiver,
near-field effects, which are the mixed radiatioh®-waves and S-waves (Wang et al.,
2007; Arroyo et al., 2003), occur. As the name ieglthis confounding effect dies out
as distance from the source increases because difterence between P- and S-wave
velocities. As stated earlier, S-waves are gengiatéhe form of a frontal lobe and the P-
waves as side lobes with respect to the benderegliefhee and Santamarina, 2005). As
the direct-transmission S-waves arrive at the vecdender element, so do P-waves
reflected off the testing system walls. Wang e{2007) avoided the effects of P-wave
interference on picking S-wave arrivals by plading receiver at least two wavelengths
away from the source. (This criterion was preseirtesction 2.4.)

A similar criterion was also found by JoM et al. (1996) when testing with sine
waves. The authors found that the ratio of trav&hdce (L) and S-wavelengtk) (of the
source signal can be optimized to limit near-fietiects. For low values of L; the near-
field effects were present at the receiver andhe@d f ratio increased, the effects of the

near-field on the ability to pick shear arrivalsdEased. This meant that the travel

21
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distance of the shear wave, or the tip-to-tip distabetween the source and receiver (L)
had to be increased in order to significantly daseethe near-field effects for a givan (
For this study, as mentioned in section 2.4, tHame of the test system and the
wave travel path had to be minimal. These configtiequirements resulted in a mid-
range selection of D:L (Table 2.1). Detecting thtial shear wave arrival is less a

priority for this study than establishing a repbsgaesponse (“signature”).

3.2.2 Electrical Crosstalk

Electrical crosstalk can also be a major sourcar@ir. The wiring of the bender
elements can influence how much electrical crosssgbresent. Parallel - aligned bender
elements have a shielding effect when the outetreldes are connected to the ground
and so crosstalk can be significantly reduced @k Santamarina, 2005). In our
testing, the bender elements were aligned patall@he another and a grounding setup
presented by Wang et al. (2007) was implementedrosstalk was still excessive;
therefore further steps had to be taken to reduéevioltage divider was applied to the
signal passing from the linear amplifier to thensilganalyzer (Fig. 2.6.), and the source
and receiver inputs on the analyzer were spacéal apart as possible. With these two

additional steps, the electrical crosstalk in #eived signals was significantly reduced.

3.2.3 Boundary Conditions

Rigid boundary conditions also cause wave distostidue to the interference of the

direct waves with reflected waves (e.g. Arulnathaal., 1998). For example, for the

22
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direct-transmission ray path, after the incomingrgw first actuates the receiver bender
element, the energy reflects off the plate on whinghreceiver bender element is
mounted and is seen again as another arrivalpas#es the receiver bender element in
the opposite direction. In our experiment, the nsagnificant reflecting surface for

direct-transmission energy would be the top caphith the receiver was mounted.

3.2.4 Mechanical Impedance Traps

Source bender elements generate a signal at theraincaddition to what is
generated along the length (Lee and Santamarif,) 2 the absence of isolation or
mechanical impedance traps, this signal could rédaheceiver element by travelling
along the cell walls and therefore introduce emdhe received signal by short circuiting
the test specimen altogether. The bender elemsatsin this research were prepared to
minimize this error. As mentioned earlier, pottthg bender elements using epoxy
within a vinyl casing, and then fixing them onte ttop cap and base plate with RTV
silicone creates impedance traps which limit taegfer of mechanical wave energy (Lee

and Santamarina, 2005).

3.2.5 Coupling Effects

Coupling between transducer and test medium ig&krin bender element testing.
Void formation around the source bender elemeanhaher potential source of error
(Lee and Santamarina, 2005; Wang et al., 2007)eftve care should be taken with
installing the bender elements, and to densify@mpact the specimen properly in order

to minimize the production of voids between thevedat and the test specimen.
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3.3  Testing System Delay

When making measurements with a complex testingsysany time offset in signal
transmission caused by the testing system mustdmiated for. This section describes
system offsets and system delays caused by thegasstem.

Here, we define system offset as the time diffeedmetween the time of actuation of
the source signal (by the function generator) &ed¢corded time for the source sensor
(on the signal analyzer). If the same system offsptesent in the source signal and the
received signal, the offsets cancel out. We dddisgstem delay to result when the
system offset of the source signal and the sysfésatmf the received signal are unequal
and so do not cancel.

To check for system offset and delay, the sourceraceiver bender elements were
made to touch at the tips (Fig. 3.1); a bender efgrfrom the same production batch was
substituted for the bender element from the baste jgif the testing system for
maneuverability purposes. By making the bender eteatouch, the travel distance
between them was zero so that the travel timehsignal to be received was also
theoretically zero. With this configuration, in thbsence of system delay, the actuation
time of the source signal should be the same afirih@rrival time of the received
signal.

The time interval between pulses initially useddata collection was 10 ms. The
source bender element was actuated with singlepsilses at 8 kHz and 5 V, with 10 ms
intervals between pulses. This initial choice ofdiinterval between pulses was

increased in future tests (Sec. 7.4). The sineepulgere generated by using a burst
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function, which allows the function generator teate individual sinusoidal pulses at
predetermined intervals. The signals were amplifte@iO V. The amplification was
applied to replicate planned testing in saturatadsggbeads, where the signal would be
amplified to improve signal to noise ratio. Triglsre carried out with no filtering, with a
high-pass filter at 1 kHz and with a band-pasesffiéit 1 and 16 kHz. The high-pass filter
presents a situation where the received signabisgssed through the filter equipment
once. The band-pass filter presents a situatiomemie received signal is processed
through the filter twice.

The results without filtering are presented in B@; three repetitions are shown with
each repetition consisting of the average of 1006gs. Averaging or stacking pulses to
improve quality of received bender element sigmas demonstrated by Wang et al.
(2007). The number of averages used in this resewas determined experimentally.
The source signal was actuated at time 10 ms anslatlrce initiation recorded on the
signal analyzer was at time 9.98 ms, giving a negatffset of 20us. The received signal
pick occurs one sample later than the source fimtigime. The sampling interval was 10
us; which was near the shortest possible samplitegofe©.4us with the signal analyzer
used. Therefore a 15 system delay is present, with the received sigaging the
source signal.

To test the cause of the negative system off8N@ cable was connected directly
from the function generator to the signal analybgpassing the linear amplifier and
voltage divider (Fig. 2.6), and the same single ginlse was applied at 10 ms intervals,
with identical results. This test demonstrated thatsystem offset is not caused by the

linear amplifier or voltage divider.
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Results of the system offset/delay test using b-pigss filter at 1 kHz are presented
in Fig. 3.3. Variations in amplitude and phase waesent in the shape of the received
signal with respect to the received signal withdteéring (compare Fig. 3.2a to 3.3a), but
they were well after the first arrivals. The samneetoffset and delay as without filtering
were encountered.

The results of using the band-pass filter are pteskin Fig. 3.4; these signals show
the same system offset but a longer system defsg/sdurce signal was received at 9.98
ms as before, and the received signal was at 1§ieiding a system delay of 23 (two

samples), with the received signal trailing thersetsignal.
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Figure 3.1.System delay test: sour(top) and receivefbottom, in top capbender
elements touchinto make the travel distance z
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CHAPTER 4

TESTING METHODS: LITERATURE REVIEW

There are many methods available for testing wéihder elements and researchers
are not in complete agreement about which methbdss No standard exists for the
testing procedures or for the interpretation ofrémults (Da Fonseca et al., 2008).

One appeal of bender elements for measuring mexdigroperties of specimens is
that the concept is simple; seismic energy is &etband received by bender elements
and the received signal is analyzed to identifysismic signature of the system. Many
researchers use bender element testing to finshtbar wave velocity of the specimens
being tested, from which other mechanical propeiten be derived. It is important to
point out that we are not primarily concerned wita received signal velocity, rather we
seek a means to monitor for change in the respafrtbe system in the presence of an
experimental treatment. This change could be mtatehe frequency content and shape
of the signals, in addition to velocity and ampdieuas was seen in testing carried out by
Williams et al. (2005).

This chapter presents the testing methods useddvyopis researchers in bender
element studies to determine shear and compreasioa velocities from which other
mechanical specimen properties could be derived.t&$t methods are divided into time
domain methods and frequency domain methods. Mo msearch on the analysis of
frequency content and signal amplitude from bemtiEsnent testing was found, although

this topic was addressed in this study.
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4.1 Time Domain Methods

This section analyzes time domain methods that haee used with bender element
tests in the lab to determine velocities. Threenmds$ were considered: first arrival;

characteristic points; and cross correlation.

4.1.1 First Arrival

The first arrival method has been used succesghltietermine the travel time with
bender element testing by numerous researchersgletoal., 2005). For example, Lee et
al. (2007) used the first arrival method in a medifoedometer cell to calculate the shear
wave velocity from recorded data to estimate cadatibn characteristics of a marine
clay specimen. The first arrival method utilizes tangth of the travel path between the
source and receiver bender element and the tiavelderived from the transmitted and
received signals to calculate the velocity of theeived energy. Picking the first arrival
has been documented as a difficult task due tortaiogy associated with correctly
picking the first deflection point (Arulnathan ét,d998). The uncertainty results from
signal attenuation, noise such as electrical caisand, in some cases, near-field effects

(Sec. 3.2).

4.1.2 Characteristic Points

The characteristic points method is like the fastval method, except travel time is

calculated from more easily identified points oa Wave train than the point of first
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arrival. This is done to avoid the uncertainty essdescribed above. The drawback with
this method is that wave velocities are underegéthdue to signal attenuation.

Clayton et al. (2004) used the characteristic gam¢thod in research concentrated
towards improving the objectivity and repeatabibfyshear wave velocity measurements
by bender elements. Experiments were carried olteaghton Buzzard sand in a triaxial
testing apparatus. The source was mounted at Seedval receivers were mounted along
the side wall and in the top cap. Discrete sinsgailvere actuated at frequencies from 6
kHz to 30 kHz. The characteristic points considexede the first trough and subsequent
peak associated with the first deflection. Trauks were determined from differences
between timings for characteristic points of theereed signals at successive receivers.
The results showed better repeatability at higresfifencies (10 to 30 kHz) when

compared with lower frequencies (6 to 10 kHz).

4.1.3 Cross Correlation

Cross correlation indicates similarities betweendburce and receiver waveforms.
For well-correlated data, the time associated Wighpeak of the cross correlation relates
directly to the transmission time of the wave, whig simply the difference in time from
initiation to the peak of the computed function yRelds, 2000).

Viggiani and Atkinson (1995) used cross correlatmaletermine shear wave velocity
of a reconstituted clay specimen in a triaxialitgsapparatus from bender element
testing. Source and receiver bender elements vacegin the end caps of the triaxial
apparatus. The authors concluded that their reBalts the cross-correlation method

were very accurate; however, the results could dapending on the testing apparatus.
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Lee and Santamarina (2005) found that the resatisatso vary when signals being
correlated are not of the same nature. Distortionise received signal with respect to the
source signal complicate the correlation functind aonfound the determination of

transmission time.

4.2  Frequency Domain

The frequency domain methods considered includgetis methods and the

frequency sweep method.

4.2.1 Discrete Methods

Considering the use of bender element testingdrithe domain, Greening and Nash
(2004) found that problems caused by transienteffeuch as reflected waves are
removed if impulsive signals are replaced with atemous harmonic signal. Discrete
methods use continuous sinusoids at select fregegerccording to Greening and Nash
(2004) and Da Fonseca et al. (20@B3crete methods are time consuming but provide a
way to determine the travel time of the systemhaftequency domain without involving
measurements of travel distance. Two types of éisanethods were considered; the

continuous harmonic signal method andsth@oint identification method.
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4.2.1.1Continuous Harmonic Signal Method

Like pulse signals, continuous signals can alsodagl to derive travel time between
source and receiver (Rio, 2006), and hence, vglotitis is a manual process, meaning
that to get results at different frequencies tigaai has to be stepped manually. For each
frequency, a continuous harmonic signal is actuatetidata are collected via the signal
analyzer. The travel distance remains fixed. Abdaequency step, the phase difference
between consecutive peaks and troughs of the sancteeceiver is calculated (Rio,
2006). The phase differences are then plotted agtiair respective frequencies. The

slope of the plot is used to calculate the trawveét

4.2.1.2x-Point Method

Ther-point method is the reverse of the continuous baimsignal method
(Greening and Nash, 2004). Here the frequencye$thusoid is varied until the
received signals meet preselected phase differénees and & radians; Rio, 2006). As
shown by Da Fonseca et al. (2008), in an ideal m@i{&omogenous, isotropic) this
process produces a linear relationship betweerepdragle and frequency, from which

the slope is determined to calculate the travedtim

4.2.2 Frequency Sweep Method

The frequency sweep initially sweeps over a bra@adie in which the coherence

between the source and receiver signal is usedtérdine an intermediate range over
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which output signals produce optimal transfer giuinenergy. The signal analyzer
correlates the source signal and received signdlpeoduces a coherence plot that
ranges from O to 1 over the span of the frequen®ep. If the coherence is close to 1,
more energy in the output signal is caused byrtpatisignal and the two are well
correlated (Da Fonseca et al., 2008). High coherbetween the signals is necessary to
obtain low variation in the results (Da Fonsecale2008). Once the intermediate range
is identified, the frequency sweep is concentratethat range, from which plots of
unwrapped phase angle with respect to frequencysae to determine the travel time.
The frequency sweep method has the same outcothe discrete methods, it is more
efficient, and it also allows the calculation oéttoherence function, which improves its

reliability over the discrete method (Rio, 2006).

4.3 Test Methods: Summary

The first arrival, characteristic point, and crossrelation methods in the time

domain are chosen for analysis, because of thecappity to this study and documented

success. It was decided not to use either of d@ete methods because they were time

consuming and required heavy signal processingfrElgeency sweep method can be

carried out quickly and with less signal procesgsfigrt (Greening and Nash, 2004).
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CHAPTER 5

CALIBRATION IN AIR AND WATER

The system was first calibrated in air and waiHnis chapter presents the testing

system set up, the testing methodology, data psotgand the results.

5.1 Testing System Setup

As presented in section 2.4, three parameters ezrgidered for test column design:
D:L ratio; L:A ratio; and minimizing L to minimize volume and 8& attenuation. The L
value chosen depends on the reference shear wengities, the D value was fixed and
the depends on the actuation frequency, which wasteeleexperimentally for the tests
in air and water. The test system was optimizedhf@ar wave transmission as opposed
to compression wave transmission. This is becatsst 3ystem optimized for S-wave
transmission can still receive useful P-waves, Wwismot the case if the test system is
optimized for P-waves. P-waves are better recenvidthe bender elements close to
each other, which would lead to significant neatfefieffects on the S-waves, and render
them useless.

The bender element in the base plate was alwaykassthe source, and the bender
element in the top cap was always used as thevezcei

Lee and Santamarina (2005) reported that when behelments with short cantilever
lengths are used, the resonance frequency in higler than the resonance frequency in

saturated granular media. In the current experipteatresonance frequency was

37

www.manaraa.com



identified by a sudden increase in sound from ttieading bender element during a
frequency sweep and by observing the amplitudetspamf the received signal. In air,
the source bender element started to resonatewid6 kHz and plateau around 8 kHz,
reaching the peak displacement amplitude arourkH¥XFig. 5.1). In water, the
resonance frequency of the source bender elemakégeat approximately 8 kHz (Fig.
5.2). For this study in which the primary goalasaddress testing with glass beads under
essentially saturated conditions and ambient preste frequency for testing was
chosen to be 8 kHz. This frequency was used talz&the value of L for the placement
of the top cap, a value which was maintained fbtesting in this study.

As discussed in Sec. 3.2.1, the ratia is: selected to minimize near-field effects. To
do so, a reference shear wave velocity was requitaid| et al. (2009) reported shear
wave velocity (\4) for water-saturated glass beads under idealisigclonditions,
achieved by placing the specimen on a vibratiotetaind at ambient pressure to be 150
m/s. Using this references\the actuation frequency ffof 8 kHz and the following

formula:

_ Vs
a="s/p

the reference was found to be 18.8 mm. This number presentfotteving possible
values for L:

1. L>20> L>37.6 mm

2. 42>D:L>22>69.3mm>L>36.3mm

These values address the criteria put forth in@e@.4. The value of L selected for
this research represented a compromise betweeamttigcting design criteria discussed

in sections 2.4 and 3.2.1. The distance from theofdhe base plate to the bottom of the
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top cap (H) was selected to be 70 mm, which yielsgialue for (L) of 62 mm, given 4
mm protrusion of each bender element. This (L) @aives a D:L ratio of 2.4. Note that
measurements of (H) for top cap placement were rfradeoutside the column using a
digital caliper which is accurate to 0.1 mm, b teadings were rounded off to the
nearest integer millimeter.

Three acrylic spacers were used to hold up theappat the required height for the
air and water tests (Fig. 5.3). With the spacerdace, the average of five measurements

of (H) was 71 mm, which differs from the targetuaby 1.5%.

5.2  Testing Methodology

The first-arrival and cross-correlation methodsevased for calibrating the system.
As described previously, individual sine pulse8 &Hz at 10 ms intervals were used for
actuating the source bender element. Each testepaated three times, where the
average of 1000 pulses was considered as onetrepeti

The travel path lengths were determined as showngins.4. From them, the
theoretical travel times were calculated by usixgeeted values for P-wave velocity in
air and water. As mentioned earlier, P-waves wssemed to be generated in the form
of side lobes, therefore the reflected travel pedls assumed (Lee and Santamarina,
2005).

Sengpiel (2010) reports compression wave speeid &t a0°F to be 343 m/s.

Santamarina et al. (2001) report compression wpgedsin water at 70°F to be 1480 m/s.
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By using these data and assumptions the anticipeteel times were calculated. Except

where noted, testing was done without filtering.

5.3  Results for Testing in Air

The time history and Fourier amplitude spectrunbQ0 Hz) of the received signal in
air are presented in Fig. 5.5. The pulse signasidimg upon a low frequency
background signal. The Fourier amplitude spectrhows that the dominant frequency is
32 Hz with resonances at 58 Hz, 82 Hz, and 105AH#gh-pass filter with a cut off
frequency of 1 kHz was applied to remove the disnce; a lower cut off frequency
might have been adequate but was not tested. [T&ed time history is presented in Fig.
5.6; the low frequency background signal is remoWégure 5.6 shows two consecutive
pulses, which demonstrate that the energy frompaoiteee does not completely decay
prior to the arrival of the next pulse. This aftettte ability to make an accurate first
arrival pick because it increases the backgroumsertbreshold. It is recommended that
the interval between pulses be increased for alyduesting in air to reduce these
effects on the arrivals. Figure 5.7 is an ampltfmaof data shown in Figure 5.6, which
shows a first arrival and the source pulse, otiséacilitate comparison. The first data
point on the received waveform demonstrating amgéitclearly greater than the
background noise threshold occurs at approxim&e&y ms. Two excursions of the
waveform exceeded the background noise threshaidtorthis time, but they were
considered too close to the threshold to be coumgeafirst arrival. The first arrival time

picked is 4% later than the anticipated arrivaktifMable 5.1), assuming a reflected
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travel path (Fig. 5.4) as expected for side-lobergy actuation of P-waves from the
faces of the bender elements as demonstrated bgrice8antamarina (2005). Note that
both the residual noise from the previous pulsectvpiartially obscures the actual arrival
and also the algorithm for picking arrivals cause process to err on the slow side,
leading to the chosen arrival time being later ttienactual arrival. Note that a change in
frequency and shape of the received signal witiénbiackground noise prior to the
arrival pick might be interpreted as faint eviden€¢he direct-transmission arrival.

The source signal and the received signal weresazogelated using the signal
analyzer. The results for testing in air are présgtim Fig. 5.8. When no filtering was
used, the cross-correlation result had a dominghshape. A 1 kHz high-pass filter was
applied, and the “V” was removed. The filtered #mel non-filtered results gave the same
peak time, which was 30% slower than the anticghadédlected wave travel time (Table
5.1). This peak time is of course slower still thlh@ anticipated direct wave travel time.
Lee and Santamarina (2005) assert thatthes-correlation technique must either relate
signals of the same nature or accommodate foregteg system’s transfer functions.
The received signal was a heavily modified versibthe source sine pulse (e.g., Fig.
5.5). Unless the transfer function can be accalfte or the received signal is filtered
to mask effects of multiple reflections and otheattering that dominate the wave train at
later times, the results of this cross-correlatioalysis are not meaningful.

The tests in air determined the arrival time fompoession wave velocity within
approximately 4% of the anticipated time usingfitet arrival method with a 1 kHz
high-pass filter and assuming a reflected travéi.pBhe accuracy of results can be

improved by reducing background noise.
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5.4  Results for Testing in Water

Testing was repeated in room-temperature distilater. The results for the first
arrival method are presented in Fig. 5.9. Unliketésting in air, there was no low-
frequency carrier energy present. However, adimsval pick could not be made because
it appeared to coincide with electrical crosstslle know this was crosstalk because the
initiation time was exactly the same and the darais approximately the same as the
source signal, 0.14 ms. This crosstalk effect wdhservable in air because it was
obscured by the background noise, which was siamifly higher in air than in water
(e.g., compare Figs. 5.6 and 5.9). The arrivalrmccur after the crosstalk effects die
out.

To differentiate between the P-wave arrival anddleetrical crosstalk, a set of trials
was carried out where the travel distance throhghnater was varied, while all other
features of the testing were kept constant. Tlosgss allowed differentiating between
where the electrical crosstalk ends and the redesignals begin. As the travel distance
increases the arrival time for the P-waves shautdeiase while the electrical crosstalk
would remain constant. Four trials were carried ainere the first was at the initial
spacing used (L = 62.5 mm), and the spacing of sacbessive trial was increased by
12.7 mm.

The results are presented in Fig. 5.10 and TaBleThe majority of the arrivals
occurred at different times, and in the correceondith the shortest travel path arriving
first. The first three spacings’ arrivals were sggively one time sample apart, and the

third and fourth arrivals had the same arrival tiae to the cross talk it was not
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possible to pick the P-wave arrival with certainfie anticipated direct and reflected
wave arrival times for all the spacings used wethiwthe duration of the crosstalk or
just beyond it. The actual arrivals of both theedirand reflected P-waves could not be
timed using the first arrival method because ofrésdual crosstalk and also because of
the sampling rate. It should be noted that theivedesignal waveforms at all four
spacings tested were similar in amplitude and feegy content between 0.3 and 0.5 ms,
indicating a resonance condition in the test chartita is independent of the parameter
(H).

The results for cross correlation testing in water presented in Fig. 5.11. Like in air,
there was a low-frequency disturbance present,iwivees removed with a 1 kHz high-
pass filter. As with tests in air, the cross-catiein results gave a peak time that was
significantly later than the anticipated directeflected wave travel times (Table 5.3).
Again, post processing of the received signal waxddequired in order for the cross-

correlation computation to be meaningful.
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Table 5.1. Anticipated and measured P-wave traveld in air

Wave Anticipated Experimental .
travel path| travel time (s)* Method travel time (s) Difference
First arrival 5.10E-04 62%
Direct 1.92E-04 c
ross i 0
correlation 7.03E-04 73%
First arrival 5.10E-04 4%
Reflected 4.91E-04 c
ross 7.03E-04 30%
correlation

*The anticipated travel time accounts for theug0delay with the testing system.

Table 5.2. Test to differentiate electrical crosteom P-wave arrivals in water

Wave travel patt Path length Antlc[pated . Experlr_nental Difference

(mm) travel time (s)*| travel time (s)
62.5 5.22E-05 8.79E-05 41%

_ 75.2 6.08E-05 9.77E-05 38%

Direct
87.9 6.94E-05 1.07E-04 35%
100.6 7.80E-05 1.07E-04 27%
164.7 1.21E-04 8.79E-05 -38%
169.9 1.25E-04 9.77E-05 -28%
Reflected

175.9 1.29E-04 1.07E-04 -20%
182.6 1.33E-04 1.07E-04 -24%

*The anticipated travel time accounts for theusOdelay with the testing system.
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Table 5.3. Cross correlation method: anticipatetirmeasured P-wave arrivals in water

Travel path Anticipated . Experimentall .0 once | Experimental
travel time (s)*| travel time (s) Vp (m/s)
Direct 5.20E-05 708%
4.20E-04 392
Reflected 1.20E-04 250%

*The anticipated travel time accounts for theukOdelay with the testing system.
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Figure 5.3 Acrylic spacers used for testing in air and wabdnold top cap at the requir
height

a: Acrylic spacers;
b: Side view of column with spacers in ple
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Figure 5.9. First arrival test in water with nddiling of an 8 kHz sine pulse, shows
source (blue), receiver (red) with three repetgioh 1000 recordings averaged per

repetition.
a: Expanded view
b: Detailed view

52

www.manaraa.com



L =62.5mm
,,,,,,,,,,,, L=752mm ||
L =879 mm
I L = 100.6 mm
I
"
N
‘ w‘A\
g ‘ el * iy [\
2 v i 1 [ A ¥
%. / ‘ \ \ - \ ‘ \7 \
£ I ARNEA "a
<< 1 \‘ /
2.5
Time (s) « 10.3
0.8 - I I T I
Anticipated direct | | Anticipated reflected :/ L=62.5mm
06 arrival time at 0.05 ms || arrival time at 0.12 ms j L=752mm
| forL=625mm | 1 forL=62.5mm T L=87.9mm [
| L = 100.6 mm
| I i

|
abo S )
| |
| |
l l
02 77777777777 | A
| |
<) | |
2
P |
= | i
Q.
E (U ‘
P L ——
! Cross talk !
| |
| IR IR .
| | |
l l l
| | \ / | - I
06 F----- RS o e B R O First arrival |-
b | | \ | picks
| | | T
-0.8 ; ; ; ///; \
-1 0 1 2 3 4 5
Time (s) x 10

Figure 5.10. Differentiating electrical crosstatarh P-wave arrivals in water by varying
the tip-to-tip distance, 1000 recordings averagadr@ceived signal

a: Expanded view of entire received signal
b: Detail view showing crosstalk, anticipated aatitimes for base case
(L = 62.5 mm) and possible arrival picks

Ol LAC U Zyl_ﬂbl

53

www.manaraa.com




T
|
|
|
B e ———
|
|
|
-
|
|
|
L

e e A

T
|
|
|
Fo----

_— - — —

Anticipated reflected
arrival at 0.12 r

Anticipated direct
arrival at 0.05 ms

(A) apnyjdwy

Time (s)

3

Peak time 0.42 ms

—
|
|
|
|

il
[l
|
|
|
|
|
|
|
|

2.5

15

Anticipated reflected
0.5

arrival at 0.12 ms

el el e T I

I I
——— — - —— 4 - — — —

| | | |

| | | |

| | | |

| | | |

| | | |

| | | |

| | | |

| | | |

L L L |
< o < o
S S 9

(A) spnydwy

-0.5

arrival at 0.05 ms
0.5

Anticipated direct

-3

x 10

Time (s)

Figure 5.11. Cross correlation response in watewstg peak times of three repetitions

of 1000 recordings averaged per repetition.

a: No filtering applied
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CHAPTER 6

GLASS BEAD SPECIMEN PREPARATION

Prior to calibrating the testing system with wataturated glass beads, a consistent
method for preparing the glass bead specimensdhiagl ¢stablished. Glass beads were
used in testing because glass is inert and therefiagtrimizes variability caused by
chemical interaction with the nanoparticles andgraenular matrix. This chapter presents
two methods tested for achieving repeatable spemniRepeatability was judged by

comparing the saturated unit weight of specimenpgned using the same techniques.

6.1 Methods of Specimen Preparation

The two methods used to prepare the specimensbed the dumping method and
the stage fill method.

The glass beads used were 0.5 mm in diameter antgsed from Quackenbush Co.,
Inc. Distilled water was used for backfilling therp spaces. For both methods, the glass
beads and water to backfill were dispensed intaghbng system to the desired heights.
Once the glass beads were dispensed into the cauaththe top cap was placed and
leveled, six measurements of specimen height H 8= made with a digital caliper
were averaged to establish the height of the pestisien. The samples were not fully
saturated because there was no back-pressurechpptiehe water used was not de-
aired. The water was plumed into the sample frogrbibitom until it was approximately

25 mm above the upper surface of the top cap asdstaccounted for when calculating
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unit weight; recall that the top cap had a poit to allow water to flow out of the test
cell (Fig. 2.4).

The mass of the glass beads and water dispensethextolumn were recorded for
each specimen; the average mass of three specimasnssed as the reference mass. The
moisture content, void ratio and saturated unigiveof the specimens prepared were
calculated using the reference masses, the mantgagirovided specific gravity of the
glass beads (G-2.5) and the standard unit weight of watgr 9.8 kN/nf); see
appendix 1, pages 131 and 132 for details. Theaatlunit weights ranged from 18 to
19 kN/n.

The specimens were rodded and the column walls tapped on the side during
sample preparation to reduce voids. Testing toakeht atmospheric pressure and room

temperature. No other external stresses were apjplithe system.

6.2  The Dumping Method

Dry glass beads were poured into the dry columii thaty were near the required
height. A flat disc was used to level the top stefand check if the required height (70
mm; Sec. 5.1) was achieved. This process was rgpeatil the required height was
reached and then water was introduced slowly fieerbibttom. Three specimens were
prepared; see appendix page 132 for details. Tege saturated unit weight achieved

was 18.9 kN/mwith deviation from the average ranging from 0.19815%.
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6.3  The Stage Fill Method

The stage fill method was described by Rajabdeah é2011). The first step was to
introduce water into the column to a depth of agpnately 35 mm, then pour the glass
beads into the column in approximately 10 stagéerA&ach stage, more water was
plumed into the column so that the water level lwggst above the surface of the glass
beads and the specimen was rodded and the coluitswese tapped to reduce voids.
When the glass beads reached the required hdightipp cap was placed. Three
specimens were prepared; see appendix page 182thols. The average saturated unit
weight achieved was 18.7 kNimith deviation from the average ranging from 0.@% t

0.2%.
6.4  Chosen Method
The two methods showed little variability in satedaunit weight, but higher
variability was recorded with the dumping methotblefiefore the stage-fill method was
used to prepare the specimens for testing. A nadyest method of sample preparation

would involve the use of a vibration table for thi¢tial seating and preparation of the

glass beads as seen in work done by Patel et08l8)2
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CHAPTER 7

BASELINE TESTING GLASS BEADS IN WATER

This chapter addresses testing the system withr\gatarated glass beads, to

establish baseline seismic responses.

7.1 Test Setup and Preparation

Testing was conducted and baseline seismic respovese established in saturated
glass beads by replicating the method presentd&bigbdeen et al. (2011). The
specimen was prepared using the stage fill met@ade constructed, the water in the
specimen was allowed to drain by gravity and was tiefilled from the bottom. The
purpose of this cycle is to soak and seat the ¢leads. A first set of trials which
consisted of three test methods was conductedr{deddelow); each test method
consisted of three repetitions, where 1000 recgsiwere averaged per repetition. The
specimen was then drained again, re-wetted, anghlecdte set of trials was carried out
to investigate repeatability. Three identical spems were prepared and tested in this
fashion.

The mass of water drained and added was measueadlastage. Under soaked
conditions the specimen had an average saturatedeight of 18.5 kN/m and held an
average of 30% water by weight; see appendix 1 48§ for details. Variation between

the saturated unit weights of consecutive testsnegtigible.
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7.2  Testing Methodology

The first step with the testing was to find theoreance frequency of the bender
elements in the saturated glass beads. The resofraquency was found by running a
frequency sweep over a broad range from 0 to 3Q &hid viewing the amplitude
spectrum (Fig. 7.1). The peak amplitude occurrepatoximately 8 kHz. The actuated
signals were tailored to highlight either P-waveSevaves. Operating at higher
frequencies aids in analyzing P-waves (Deniz, 208&) operating at lower frequencies
aids in analyzing S-waves. For testing glass bpadisiens with this system, the high
and low frequency ranges were determined experatigrats presented in the results
sections to follow. The source signal was amplifigda linear signal amplifier from 10 V

to 30 V, to increase the signal-to-noise ratio.

7.3  Data Processing

The testing system was optimized to mitigate exennise. Preliminary tests were
carried out without filtering (Fig. 7.2). The reushow a low frequency background
signal upon which the high frequency pulse sigeaiding. An FFT of the received
signal showed the background frequency was 38 Hihwis close to the background
frequency recorded when testing in air with neefithig (32 Hz). To remove this effect a
high pass filter with a cut off frequency at 200 Was applied (Fig. 7.3); this value was

found by trial and error. This high pass filter vegeplied for the rest of the tests
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presented in this thesis. All the test result plaispresented in the main body of this

thesis are in appendix 2.

7.4  Pulse Signals to Highlight P-Waves

Pulse testing was started at 8 kHz to identify sebae seismic response for P-wave
propagation; 8 kHz was chosen to approximately mtite resonant frequency of the
embedded bender elements. To maximize the timegeetithe 8 kHz sine pulses and still
capture the entire received signal, an intervdlsms was used. The interval was
increased by 5 ms from the tests carried out iawdr water, which showed residual
effects of the first pulse obstructing the seconlde arrival. If the interval between
pulses was increased any further, the entire redesignal of the second pulse could not
be recorded.

The results presented in Fig. 7.3 show overlaidspdd two trials on a specimen
prepared and tested as described in section 7€lpilse interval was such that energy
from each pulse had decayed to where it appeareavi® minimal effect on the arrival of
the subsequent pulse. The impact of the residwabgrfrom one pulse on the onset of
the next is demonstrated in appendix 3, by compahe quiet time in-between pulses to
background signals in the absence of any pulse.

Figure 7.4 is a representative result of time-dontesting targeting P-waves, which
shows low-amplitude sinusoidal electrical crosstainciding with the actuation of the
source pulse and preceding two possible P-waveaapicks. It should be noted that

there is irregularity present at the initiationtloé source sine pulse; the clarity of the
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source signal can be improved by using a quickeipsag rate. Recall that the crosstalk
was also observable in tests in water and showerygrniecaying after approximately
0.14 ms (Fig. 5.9). The same is evident in Fig, WHere the amplitude decreases at 0.14
ms until the signal leads into an increase in atngdi at 0.2 ms, which corresponds to a
velocity of approximately 840 m/s, assuming a iéd travel path (length 16.5 cm; Fig.
5.4). Another significant increase in amplitudeeégn corresponding to approximately
560 m/s (assuming a reflected travel path). Thiplémde is clearly greater than the
arrival corresponding to 840 m/s, and is judged asparate second arrival.

The observed responses relate to the fast andPsiaves first described by Biot
(1956). Fast P-waves represent energy travellirgutih the pore fluid and slow P-waves
represent energy travelling through the skeletacsiire of the saturated granular media
(Nakagawa et al., 1997). Slow P-waves have beéudifto detect in geomaterials, but
have been well documented in artificial porous raexdich as glass beads (Nakagawa et
al., 1997). Slow P-wave transmission through sé&tdrglass beads has also been well
documented by Plona (1980) and Plona et al. (12909ng others.

A fast P-wave travels in water at approximately@48s (e.g. Santamarina et al.,
2001). Such an arrival in the current study, b®yitirect or reflected path, would be
masked by the crosstalk (Fig. 7.4). We concludettteapparent arrival at the time
corresponding to a velocity of 840 m/s is an affect of the fast P-wave following a
reflected path. The slow P-wave arrivals are nstaked by the crosstalk.

The velocities corresponding to the slow P-wavevals average 560 m/s (Table 7.1;
Fig. 7.5). This value agrees reasonably well witintest results of Nakagawa et al.

(1996) who measured slow P-wave velocity in a sadarsand sample at 200 — 500 m/s.
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Consistency of testing configuration (e.g., plaaytass beads, installing top cap) can be
evaluated by considering differences in computed $-wave velocity between
specimen preparations (Table 7.1). Deviationsa#f $P-wave velocities of the three
specimens from the mean were no larger than OczperThe largest deviation
represented just two time samples in the time tysto

Referring to Fig. 7.4, test results from the fastd second trials appear similar.
Amplitudes are generally larger for trial 1. Phakédts are noticeable but small and they
do not become significant until well after the fiesrivals. The time histories of the two
trials are consistent from 0 to 0.7 ms. From 0.@.8bms the shapes differ, but
differences disappear for the largest energy examumghich peaks for both trials at about
1 ms. This large amplitude peak observed at 1 disates the presence of a standing
wave, and resonance effects. The standing waveaeppeta different time from the tests
in water, which occurred between 0.3 and 0.5 mdi(se5.4). This is because the
different testing media in the two cases have dfieeffects on the resonating wave.

To quantify the difference in amplitude betweenglgmals of trials 1 and 2, the
amplitude of the peak immediately following thewgl|B-wave arrival for each signal was
noted (Fig. 7.6). The differences between the aogis of the peak points between trials
(P1 and P2) are presented in Table 7.2 and FigAmplitudes from trial 1 (P1) are 26%
larger on average than from trial 2. Further, atages of trial 1, ranging from 0.17 to
0.44 V, are more variable than trial 2 (P2), whiahge from 0.19 to 0.25 V. The range of
amplitudes from trial 2 will be used as the baseligainst which variances in the

presence of nanoparticles will be compared. Speadifi, peak slow P-wave amplitudes
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outside the range 0.19 to 0.25 V will be takemaiscation that the nanoparticles are

affecting the measurement.

7.5 Pulse Signals to Highlight S-Waves

An optimum frequency for actuating pulse signalkighlight S-wave energy was
found through experimentation. The results aregesl in Fig. 7.8, which shows source
actuation frequency increased from 1 kHz to 4 ki kHz increments. A starting
frequency of 1 kHz was used because this is thedopossible actuation frequency
when using a burst function with the function geer. The S-wave train became
progressively more contaminated with high frequesogrgy with increasing actuation
energy. The source frequency chosen for testinglvkdsz.

Figure 7.9 shows a received signal for 1 kHz pudsstgated at 15 ms intervals.
Decaying energy from the preceding pulse appeastltde present as the new pulse is
received. The effects of the residual energy ofpiteeeding pulse on the background
noise are presented in appendix 3.

Figure 7.10 shows the anticipated shear wave rth@presence of near-field
effects on received signals, and the first armpieks that were made. The onset of the
direct-transmission S-wave is obvious from its €hathough its arrival is preceded by
low amplitude near-field effects. In this thesiktlae first arrival picks of the shear wave
(direct travel path) were made at the first datatpwith positive amplitude in the onset
shear wave energy. An arrival corresponding taatttecipated shear wave velocity (150

m/s) occurs at the beginning of what we interpodie near-field effects. The reference
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velocity was taken from the work of Patel et aD@2) which does not acknowledge near-
field effects. According to Arroyo et al. (2003) niear-field effects are not accounted for,
typically shear wave velocity is overestimatedthis study, the direct travel path length
(tip-to-tip distance (L)) was used to calculate &ve/velocities (Table 7.1 and Fig. 7.11).
By accounting for near-field effects and given pieking algorithm, the shear wave
velocities determined were between 25 and 35 ntigshawere much slower than
anticipated values.

For each specimen, the S-wave velocities amonditiepe differ by an average of
1.5%. Velocities are 5 to 13% higher for the secwiad than the first trial. This
consistent difference implies that the procesepétitive wetting and draining of the
glass beads continually improves their seatingh@unceffect would logically be visible
with the S-waves and slow P-waves, which are beffeddent upon the skeletal
structure, but not with fast P-waves which depemnlgt on the pore fluid. The fact that we
observed this effect with S-waves but not slow Reganeeds further examination. The
difference in velocities measured between the tiadstimplies that a change in S-wave
velocity caused by the introduction of an experitabtreatment would have to be larger
than 13% or smaller than 5% to be detected witlsyiséem as it was configured in this
initial test. Increasing the number of wetting ahdining cycles prior to taking any
measurements might decrease this sensitivity tbtésh

Considering the measured shear wave velocity amddhrce actuation frequency of
1 kHz, the S-wavelengths ranged between 24 andm30The L values used for the

testing were 61.2 mm on average and always gréeter60 mm; see appendix 1 page
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135 for details. Thus the test design satisfiecctiterion presented in Section 2.4 that L
must be greater than two wavelengths.

To quantify the difference in amplitude betweenrieeived signals of trials 1 and 2,
the peak-to-peak amplitudes of the S-wave pulsy (Fig. 7.12) were observed (Table
7.2 and Fig. 7.13). Contrary to observations ofdlogv P waves, differences in amplitude
between the two trials were not consistent. Howes@nsistent with observations of the
slow P waves, amplitudes of trial A1), ranging from 1.20 to 2.41 V, are more variable
than trial 2 AP2), which range from 2.07 to 2.36 V. The rangaraplitudes from trial 2
will be used as the baseline against which varsintéhe presence of nanoparticles will
be compared. Specifically, peak-to-peak S-waveasigmplitude outside the range 2.07

to 2.36 V will be taken as indication that the naauticles are affecting the measurement.

7.6  Frequency Sweep Method

Frequency sweeps were run from 0 to 30 kHz. Figutéd shows an example of the
coherence plot, where for the most part, the cofoereemains above 0.9 from 7 to 25

kHz for both trials.

7.6.1 Amplitude Spectrum Results

The Fourier amplitude spectra from first and sedoiads, computed using the
dynamic signal analyzer, were compared by overtatie two plots. The representative
results are presented in Fig. 7.15. For all specsynthe spectra peak at 8 kHz (the

resonant frequency of the potted bender elemefies)vahich amplitude decreases
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gradually. Two sharp dips in amplitude appear at@aamately 11 and 13 kHz. Over the
range where coherence was high, differences inrsppeenplitude between the first and
second trials were small. To quantify the sensitibetween trials, the difference
between the amplitudes of the trials was foundserere referred to as the residual
signals (Fig. 7.16). The residual signals of tlreg¢tspecimens were averaged to get a
baseline residual signal between 7 and 25 kHzpcesent the difference between the
two trials using only distilled water. For the pease of nanopatrticles to be detected with
this method, they would have to cause perturbatemge enough to deviate significantly

from this baseline signal.

7.6.2 Phase Angle Results

The phase component of the frequency domain dataotserved by Da Fonseca et
al. (2008) with bender-element testing on gramggidual soil and Toyoura sand using a
triaxial testing apparatus. The authors reviewedroon methods used for testing with
and interpreting bender element data, and propasexitline for testing to obtain
reliable travel times. The method considers thpeslaf a best-fit straight line of the
unwrapped phase angle against frequency over etsglEequency range demonstrating
high coherence. This method of analysis is appidg to determine the travel time and
velocity of the signal and not other aspects ofsiigaature, although visual or
computational comparisons of phase might be usefdbcument responses to
experimental treatments.

For this study, the phase angles from the frequen®eps were unwrapped using a

function available on the signal analyzer. A reprgative result is presented in Fig. 7.17.
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The plots do not give a single, simple, linear slag was obtained by Da Fonseca et al.
(2008). The four measurement results are offsdt mispect to one another but more or
less parallel in the range of high coherence. Riprises in the phase angles disrupt the
linearity, and different gradients of the slopes abserved. By visual inspection, the
different gradients represented credible shear walcagities, ranging from 70 to 200

m/s. However, the different gradients and velositend uncertainty. These differences
from the more straightforward results reported layHodnseca et al. (2008) might be
attributed to the fact that their testing was cartdd on homogenous specimens in a
triaxial apparatus under elevated effective stiesElis topic was not pursued any

further in this study, but merits further investiga.

7.7  Summary: Detection Criteria

From the baseline tests carried out in this chagherfollowing criteria to evaluate
the detectability of nanoparticle dispersions amppsed. These criteria are tested in
Chapter 8.

1. Water trial results: If results (applied to foustie velocities and amplitudes from

P- and S-waves) from two or more of three repet#ifsom the water trial are
outside the range obtained for trial 1 (Chaptdry’$% or more, the water trial

fails the test. Otherwise, the water trial is atedp
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2. Nano trial results:

* Slow P-waves:

If the velocity deviates by more than 1% from theam of the trial 2
baseline velocities (Chapter 7), the nanopartigpetsion is
detectible.

If significant phase differences between the remisignals of the
consecutive water and nano trials of a specimest,ekie nanoparticle
dispersion is considered detectible. The degresgoificance
assessed is strictly qualitative, from visual irdjw®. Further testing
would be required before quantitative criteria barestablished.

If the zero-to-peak amplitude of the peak dire@lowing the first
arrival deviates by more than 5% from the rang@@1tb 0.248 V, the

nanopatrticle dispersion is detectible.

e S-waves:

If the velocity is less than 5.3% quicker than weder trial velocity or
more than 13.7% quicker than the water trial vé&yo¢he nanopatrticle
dispersion is detectible. These numbers reprebergxtreme values of
measured difference between trials 1 and 2 (Chapténcremented
by 5%.

If the peak-to-peak amplitude deviates by more &farfrom the

range 2.07 to 2.36 V, the nanopatrticle dispersatetectible. These
numbers represent the extreme values of trial 2iardps (Chapter

7).
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» Spectral response: If significant amplitude diffeses between the residual
signal (from consecutive water and nano trials sp@cimen, in the high
coherence range of 7 to 25 kHz) and the baselsidual (Chapter 7) exist,
the nanoparticle dispersion is considered detectdd with phase difference
evaluations, amplitude differences are strictlylgat@ve, from visual
inspection, and further testing would be requiretble quantitative criteria

can be established.

69

www.manaraa.com




Table 7.1. Velocities associated with received @slgnals for water-saturated
glass bead specimens

Compression (slow Rave): Shear (Swave):
_ . 8 kHz pulse 1 kHz pulse
Specimen Repetition - - - ;
Trial 1 | Trial 2 Difference Trial 1 | Trial 2 Difference*
(m/s) (m/s)* (m/s) (m/s)*
1 28.2 32.2 12%
1 2 562.4 | 562.4 0% 28.4 32.4 12%
3 28.4 32.2 12%
1 23.9 25.4 6%
2 2 560.3 560.3 0% 24.1 25.3 5%
3 24.1 25.3 5%
1 29.3 33.8 13%
3 2 561.0 561.0 0% 29.6 33.8 12%
3 29.5 33.6 12%

*Trial 2 represents duplicate tests following drgmand rewetting of test specimen.
**Difference is Trial 2 relative to Trial 1

Table 7.2. Amplitudes associated with receivedagfor water-saturated glass bead

specimens
Compression (slow Rave): Shear (Svave):
) - 8 kHz pulse 1 kHz pulse
Specimen Repetition—— - - -
Trial 1| Trial 2 Difference Trial 1 | Trial 2 Difference*
(PL,V) | (P2,V)* (APLV) | (AP2,V)*
1 0.174 | 0.194 12% 241 2.07 -14%
1 2 0.230| 0.190 -18% 2.39 2.23 -7%
3 0.267 | 0.185 -31% 2.40 2.19 -9%
1 0.379| 0.219 -42% 1.94 2.19 13%
2 2 0.327 | 0.201 -39% 2.06 2.18 6%
3 0.350 | 0.228 -35% 2.09 2.17 4%
1 0.233| 0.248 6% 1.20 2.34 95%
3 2 0.416 | 0.221 -47% 1.75 2.34 34%
3 0.441| 0.242 -45% 1.86 2.36 27%

*Trial 2 represents duplicate tests following drgmand rewetting of test specimen.
**Difference is Trial 2 relative to Trial 1
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Figure 7.1. Frequency response for a 0-to-30 kHzeprshowing the resonance
frequency of the bender element in a water-satdirgigesss bead specimen; result of 1000
recordings averaged, with no filtering applied.
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Figure 7.2. 8 kHz pulse signal (1000 recordinggayed) in a saturated glass bead
specimen with no filter applied.

a: Time domain result showing low frequency carsignal
b: Fourier amplitude spectrum to 1 kHz showing dwani carrier frequency at 38 Hz
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Figure 7.3. Representative result for consecutiikel8 pulses with 200 Hz high-pass
filter applied, received signals of first and setdmals are shown; result of 1000
recordings averaged for each.

a: Received signals showing two consecutive pusdsquiet time between pulses;
b: Detail view of a received pulse
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Figure 7.4. Representative result of an 8 kHz piriee and received signals of 1000
recordings averaged for each, emphasizing reflegatial P-wave propagation. Trials 1
and 2 are conducted sequentially under near-iddrigst conditions. Note the

irregularity present at the initiation of the sausgine pulse.
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Figure 7.5. Summary of 8 kHz sine pulse highlightifrwave velocities in water-

saturated glass bead specimens.
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Figure 7.6. Representative picks of charactermstiats used to compare the amplitudes
of received slow P-wave signals, 1000 averages80dz high-pass filter.
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Figure 7.7. Summary of received signal amplitudesharacteristic points (described in
text) from 8 kHz pulse signals highlighting P-wavesvater-soaked glass bead
specimens.

P1 refers to the amplitude values of P-waves fraash 1, P2 refers to the amplitude
values of P-waves from trial 2, and the black dddlmes show the P2 amplitude range
that defines the baseline for nano testing (chajter
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Figure 7.8. Check for optimal sine pulse frequetactest for shear in saturated glass
beads; received signals are 1 repetition of 1000rdengs averaged per repetition, under
200 Hz high-pass filter.

a: Sine pulse at 1 kHz showing S-wave;
b: Sine pulse at 2 kHz showing S-wave, but notrblea
c: Sine pulse at 3 kHz showing weak S-wave;

d: Sine pulse at 4 kHz showing dominant high frexqyesnergy.
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each trial is shown; 1000 recordings averaged ggatition.
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Figure 7.11. Summary of 1 kHz sine pulse highlights-wave (shear) received signal

saturated glass bead specimens.

velocities in water
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Figure 7.12. Representative picks of charactensiiots used to compare the amplitudes
of received S-wave signals, 1000 averages and 20tidgh-pass filter
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M AP1 (Water) [l AP2 (Water)| Baseline Amplitude Range:
B AP1(1.20-2.41V)
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Figure 7.13. Summary of received-signal peak-td«@eaplitude differences from 1 kHz
pulse signals highlighting S-waves in water-satdajlass bead specimens.

AP1 refers to the peak-to-peak amplitude of S-wé#ees trial 1 andAP2 refers to the
peak-to-peak amplitude of S-waves from trial 2. Bleek dashed lines show the2
range, which defines the baseline for nano tegtihgpter 8).
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Figure 7.14. Representative coherence for 30 kHepwith 200 Hz high-pass filter in a
water-saturated glass bead specimen, showing &sL®00 recordings averaged each,

for Trials 1 and 2.
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Figure 7.15. Representative amplitude spectrunOdt® sweep for all water-saturated
glass bead specimens; 1000 recordings averagedpstition.

a: Shows entire frequency spectrum for the 30 kizep, the box indicates the enlarged
area for (b);

b: Shows the frequency range (7 to 25 kHz) analyaegstablish a repeatable signature
between Trial 1 and Trial 2.

85

www.manaraa.com




s
[}
e}
2
=
£
<

Average
residual
signature

Figure 7.16. Residual signals equal to the diffeedmetween the spectral responses of
trial 1 and trial 2 in water-saturated glass bgstsnens, used to quantify the sensitivity
of the test system. The average residual sigribkigaveraged result of the three residual

signals of the specimens, and it is used as thaibas
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Figure 7.17. Representative result of unwrappedghagles for trials 1 and 2 in water-
saturated glass bead specimen, three repetitioh308f recordings averaged per
repetition, high-pass filter at 200 Hz applied. Bawof high coherence is expected from 7

to 25 kHz.
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CHAPTER 8

TESTING WITH NANOPARTICLE DISPERSIONS

The nanopatrticle study differed from the testinghvglass beads in water described
in Chapter 7 only in that nanoparticle dispersimnsater were used in place of pure
water for the second trial. Those tests with wptesented in chapter 7 are referred to
here as the baseline tests. The goal of the natidpdests presented in this chapter was
to check for responses that were outside of baselese might be attributable to the
nanoparticles.

Three nanoparticles were tested: 1. zinc oxide @)Z8&. titanium dioxide (nTig),
and 3. silver (nAg). A fourth nanopatrticle was atémsen for testing; zero-valent iron
(nZV1). The nZVI considered was at 98% purity ancgpowdered form. After sonicating
and preparing a dispersion, it was found that #¢lrsettled quickly, in no more than 3
minutes. This implies that a nZVI plume in satudateanular media would not remain
dispersed, it would rapidly settle. A dispersionhamZVI could not be created for testing

purposes and testing with nZVI was forfeited.

8.1 Test Setup and Preparation

The nanopatrticles were purchased from Nanostrut#&r@morphous Materials, Inc.
(www.nanamor.com). In this study, all concentragi@ne reported by weight. The oxides
were received pre-dispersed in distilled wateroaicentrations of 20% for nZnO and

40% for nTiQ; they had to be diluted to the required conceiatnat The metals were in
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powdered form, from which dispersions were createttie required concentrations. The
concentrations of the nanoparticle dispersions pllimto the column had to be higher
than the required concentration to account for waeaining in the column after

draining out the water trial (trial 1). The glagsald specimens retained an average of 240
ml of water after draining, and the average voluhadditional fluid required to backfill
the specimens for the nano trial (trial 2) was B60(See appendix 1, page 133 for

details.)

8.1.1 Pluming Process

Different methods were used for introducing diffgreanoparticle dispersions (Fig.
2.7). The nano-oxide dispersions were transfewedftinnel flask, which was placed at a
higher elevation than the column so that the dsparwas plumed into the glass-bead-
filled column by gravity. The nano-metal dispersaould not be plumed by this process
because they clogged the valves in the column phunin alternative method to keep
the dispersion homogenized and stable for plumregented by Joyce (2007) was
adopted. The authors used a stirrer and peristaltigp for pluming nano metal
dispersions. We use a sonicator instead of aistoreeep the nanopatrticles dispersed.
The nano-metal dispersions were sonicated duria@titire pluming process and no

clogging of valves occurred.
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8.2  Testing Methodology

The testing methods used were the same as thoddangbe baseline tests: 8 kHz
pulse signals to highlight compression energy étiime domain; 1 kHz pulse signals to
highlight shear energy in the time domain; and B@ kequency sweep to observe
spectral response. As discussed below, all matesiaie tested at a concentration in the
range 3 to 5 %; in addition, the nZnO was testdd/atiower concentrations.
Concentrations, fluid volumes and other detailalbfest specimens are provided in
appendix 1, page 134.

Following processes presented in Ch. 7, resultsna-domain testing for all
nanoparticle dispersions are summarized in Tabhlkea®d 8.2. The 8 kHz pulse testing
results for velocity and amplitude are providedrigures 8.1 and 8.2 respectively. The 1
kHz pulse testing results for velocity and amplédwae provided in Figures 8.3 and 8.4
respectively. Criteria presented in section 7.7am@ied to the results in order to

evaluate the detectability of nanoparticle dispersi

8.3  Validating Water Trials

Recall that the acceptability criterion for the ®ratrials is presented in section 7.7.
Compare water trial results against trial 1 res{@isapter 7) for velocities using Tables
8.1 and 7.1 and for amplitudes using Tables 8.27ahdOnly one test failed the
acceptance criterion: S-wave velocity for nZi@hich was 8% below the smallest value

measured in trial 1 for all three repetitions.
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8.4  Testing with nZnO

Testing with nZnO was conducted at three conceatrat Each set of tests is

described below, in order from low to high concatitm.

8.4.1 0.03% Concentration

Recall that the nZnO was pre-dispersed with w&t@0% concentration. 2 ml of the
dispersion was diluted with 498 ml water and plaged stirrer for approximately 30
minutes to aid dispersion. This process yielde@@ral dispersion, of which 400 ml was
expected to be required to fill the drained speainide following equation presents the

dilution of the dispersed nZnO introduced into téumn:

( 0.4 ml nZnO
500 ml H,0 + nZnO

) X 100% = 0.08%
It was expected that 240 ml of water would remaithe column after draining the
specimen following the water trial. This retainedter would dilute the concentration of

the nZnO further. The total concentration of nZmQhe column:

( 0.08% * 400 ml (H,0 + nZnO) ) — 0.05%
400 ml (H,0 + nZnO) + 240 ml(H,0)) "

After draining the water trial, approximately 347 was retained in the column. As a
result, only 185 ml of the nZnO dispersion wasdadtrced, so that the concentration of

nZnO tested was:

( 0.08 % * 185 ml (H,0 + nZnO)

= 0.039
185 ml (H,0 + nZnO) + 347 ml (H20)> %
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Between trials, the volumetric moisture contenthef glass bead specimen decreased
by 5% and saturated unit weight decreased by 0\BBk

For 8 kHz pulse testing to highlight P-waves, theeived signals from the water and
the nano trials had minimal divergence in phasd,had identical arrival times of slow
compression waves and therefore did not satisfylétection criteria (Figure 8.5). The
nanopatrticle dispersion was however consideredtilelie by P-wave amplitude.

For 1 kHz pulse testing to highlight S-waves, theeived signals from the water and
the nano trials had nearly identical arrival tinnéshear waves (Figure 8.6), which is
significantly slower than baseline and therefotésgathe detection criterion. The
nanoparticle dispersion was not considered detediyp S-wave amplitude, although one
of the three repetitions was significantly loweartthe baseline range.

For 30 kHz sweep testing to highlight spectral oeses in the high coherence
frequency range, the residual signal from the nartagpe dispersion deviated
significantly from the baseline in the ranges ®-12 — 15, and 21- 25 kHz (Figures 8.7
and 8.8). The largest deviation in voltage fronozeccurred in the same frequency range
for both nano test and baseline, 12 -14 kHz.

Overall, results from multiple tests showed soméat®ns from baseline with ZnO
at 0.03% concentration. To check if patterns dgvdiesting was repeated with nZnO

concentration increased by a factor of 10.
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8.4.2 0.3% Concentration

23 ml of the nZnO dispersion was diluted with 57Avater to yield a 600 ml
dispersion of nZnO. The following equation presehesdilution of the dispersed nZnO

introduced into the column:

( 4.6 ml nZnO
600 ml H,0 + nZnO

) X 100% = 0.8%
After draining the water used for saturating thecsmen to test in clean water, the water
retained in the column was approximately 277 mk Volume of nZnO dispersion

utilized for saturating the specimen for the nama tvas approximately 213 ml. The

total concentration of nZnO in the column:

(0.8% x 213 ml
213 ml + 277 ml

) = 0.3%
Between trials, the volumetric moisture contenthef glass bead specimen decreased by
7% and the saturated unit weight decreased byNVak

For 8 kHz pulse testing to highlight P-waves, theeived signals from the water and
the nano trials had minimal divergence in phasd,had identical arrival times of slow
compression waves and therefore did not satisfylétection criteria (Figure 8.9). The
nanopatrticle dispersion was also not consideregctbte by P-wave amplitude, although
one of the three repetitions was significantly lotv&n the baseline range.

For 1 kHz pulse testing used to highlight S-waves,received signals from the water
and the nano trials had nearly identical arrivales for the shear waves (Figure 8.10),
and therefore satisfy the detection criterion. maroparticle dispersion was also

considered detectible by S-wave amplitude: ampdisuidr all three repetitions satisfy the

detection criterion.
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For frequency response testing, the residual sigoal the nanoparticle dispersion
had only slight deviations from the baseline; gngicant change was identified
(Figures 8.11 and 8.12).

Detectability findings for nZnO at the mid-rangencentration were consistent with
the lower concentration only for P- and S-wave e#iles. Next, testing was repeated

with nZnO concentration increased again by appratety a factor of 10.

8.4.3 2.7% Concentration

150 ml of nZnO dispersion was diluted with 150 nalter to prepare a 300 ml
dispersion. After draining the water used for sating the specimen to test in clean
water, approximately 246 ml of water remained & ¢blumn. The entire volume of 300
ml nZnO dispersion at 5.6% concentration was @iifor saturating the specimen for
the nano trial, and an additional 75 ml of cleatevavas required to fill the pore spaces.

The total concentration of nZnO in the column:

( 5.6 % = 300 ml
300 ml + 246 ml + 75 ml

) = 2.7%
Between trials, the volumetric moisture contenthef glass bead specimen did not
change and the saturated unit weight increasedQ/KN/n.

For 8 kHz pulse testing to highlight P-waves, theeived signals from the water and
the nano trials had minimal divergence in phasd,hed identical arrival times of slow
compression waves (Figure 8.13), and thereforedidatisfy detection criteria. The

nanopatrticle dispersion was however consideredtilele by P-wave amplitude, with

amplitudes for all three repetitions above baseiamge.
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For 1 kHz pulse testing to highlight S-waves, tbeeived signals from the water and
the nano trials had nearly identical arrival tinaesl satisfy the detection criterion (Figure
8.14). The nanoparticle dispersion was not howewasidered detectible by S-wave
amplitude: none of the repetitions satisfy the clébe criterion.

For frequency response testing, the residual sigoad the nanoparticle dispersion
deviated significantly from the baseline betweeprapimately 7 to 12 kHz (Figures 8.15

and 8.16). The residual signal remained below #eelne until 18 kHz.

8.5 Summary: nZnO Testing

Considering the three concentrations tested withnZhe slow P-wave arrival times
consistently lacked variation from the baselinailtss Results for the slow P-wave
amplitudes were inconsistent: amplitudes incread®de baseline in the presence of
nZnO at the low and high concentrations but notliermid-range concentration. And
the increase in amplitude for nZnO at high con@dimn was smaller than that from the
nanoparticle dispersion at low concentration.

The S-wave arrival times increased by 5% with resfmethe baseline results in the
presence of nZnO at all concentrations, demonsgatilack of dependence on
concentration. The S-wave amplitudes showed a dser@ amplitude with respect to
baseline for the mid-range concentration but noiB@ant deviation from baseline for
the low and high concentrations.

Spectral response analysis of the residual sigoal hZnO at the mid-range

concentration showed less variation from the baselihen compared with the
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nanoparticle dispersion at low and high concerangti The perturbations observed with
the nanoparticle dispersion at high concentratierevlarger in magnitude when
compared to the deviations observed at low conagoir.

In the interest of efficiency, the rest of the naawdicle dispersion tests were

conducted only in the high concentration range.

8.6  Testing with nTiQ at 4.9% Concentration

70 ml of the nTiQ dispersion at 40% concentration was diluted wgf Bl water
and placed on a stirrer for approximately 30 miadteaid dispersion; a 400 m|
dispersion was prepared. After draining the waseduor saturating the specimen to test
in clean water, the water retained in the colums aproximately 156 ml. The volume
of nTiO, utilized for the nano trial was approximately 37D The total concentration of

nTiO, in the column:

( 7% * 370 ml
370 ml + 156 ml

) = 4.9%

Between trials the volumetric moisture contenthaf glass bead specimen decreased
by 1% and the saturated unit weight increased G KIN/nT.

For 8 kHz pulse testing to highlight P-waves, theeived signals from the water and
the nano trials had minimal divergence in phasd,had identical arrival times of slow
compression waves, and therefore did not satidgctien criteria (Figure 8.17). The

nanopatrticle dispersion was also not consideregctbte by P-wave amplitude; although

one of the three repetitions was significantly lotv&n the baseline range.
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For 1 kHz pulse testing to highlight S-waves, thegew trial results failed to satisfy
the baseline acceptance criteria. The arrival tioféke received signals from the nano
trials (Figure 8.18) did not satisfy the detectaoiterion. The nanopatrticle dispersion was
also not considered detectible by S-wave amplittwle:of the three repetitions did not
satisfy the detection criterion.

For frequency response testing, the only signitickviation of the residual signal of
the nanoparticle dispersion from the baselineasirad the resonance frequency (8 kHz)
(Figures 8.19 and 8.20).

Overall, the results indicate that ni& the concentration tested is not detectible

with seismic methods, except possibly by specesponse.

8.7  Testing with nAg at 3.7% Concentration

The nAg was at 99% purity and in powdered form. @ispersion volume required

was 400 ml. The concentration of nAg after disper€5.0 g in 400 ml water:

25000 mgnAg 625mg — 6.3%
(400 mlH,0) Pml 77

1

The 25 grams of nAg was placed in a flask, andmDOf distilled water was added
to it. The flask was then placed in a sonicatorajmproximately 300 minutes; this
duration was chosen experimentally to ensure thgiralispersion.

After draining the water used for saturating thecgmen to test in clean water, the
water retained in the column was approximately @46T he volume of nAg dispersion

required for filling the pore spaces of the specimas approximately 347 ml. The total

concentration of nAg in the column:

97

www.manaraa.com



( 6.3% * 347 ml
347 ml + 246 ml

) = 3.7%

Between trials the volumetric moisture contenthaf glass bead specimen did not
change and the saturated unit weight decreasedBykdl/nt.

For 8 kHz pulse testing to highlight P-waves, theeived signals from the water and
the nano trials had minimal divergence in phasd,hed identical arrival times of slow
compression waves (Figure 8.21), and thereforendidatisfy the detection criteria. The
nanopatrticle dispersion was however considerecttilele by P-wave amplitude, with
amplitudes for all three repetitions above basaiamge.

For 1 kHz pulse testing to highlight S-waves, théval times of the received signals
from the nano trials (Figure 8.22) did not satifg detection criterion. The nanopatrticle
dispersion was not considered detectible by S-vaawelitude: all three repetitions did
not satisfy the detection criterion.

For frequency response testing, the residual sigoal the nanoparticle dispersion
deviated significantly from the baseline at theoresnce frequency (8 kHz) and between
12 — 13 kHz (Figures 8.23 and 8.24).

In summary, the presence of nAg at 3.7% conceatratias detectable only by P-

wave amplitude and possibly spectral response.

8.8 Overall Analysis: Nanoparticle Detectability by Smic Methods

Three nanoparticle dispersions were tested: nZA@# and nAg. Only nZnO
dispersions were tested at multiple concentratievels which are referred to here as low

(0.01 to 0.05%), medium (0.1 to 0.5%) and higho(5%b). The nAg and nTi©
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dispersions were tested only at high concentrafosummary of the time domain tests
carried out, and the outcomes stating which nanigpadispersions are detectible, and
by what method, are presented in Table 8.3.

An overall comparison of the 8 kHz sine pulse reegisignals for all the
nanopatrticle dispersions tested and one of the thaseline specimens tested is presented
in Figure 8.25. This testing addressed slow P-veaaxigal times and zero-to-peak
amplitude differences. The arrival times showedamange from baseline for any
nanopatrticle dispersion. The amplitudes, howeverwed differences from baseline. The
nZnO was considered detectable at low and higherdretion, but not at medium
concentration. The nAg was considered detectablehle nTiQ was not.

An overall comparison of the 1 kHz sine pulse reegisignals for all the
nanopatrticle dispersions tested and one of the thaseline specimens tested is presented
in Figure 8.26. This testing addressed S-wave @rtimes and peak-to-peak amplitude
differences. The presence of nZnO at all conceatrd¢vels was detectable by S-wave
arrival times, which were outside the bounds (trg)l established for the baseline by
approximately 5%. The presence of nAg was not dabé= by S-wave arrival time, and
the same was true for nTiChowever, these results are uncertain due to #terwrial of
that specimen not satisfying the baseline acceptanteria. The presence of nZnO was
detectable by S-wave amplitudes at medium condérirdut not at low or high
concentrations. This conflicting outcome is notenmstibod and merits further study. The
presence of nTi@was not detectable by S-wave amplitude and nevtasrnAg.

An overall comparison of the residual spectral oesies in the presence of all the

nanopatrticle dispersions tested and one of the thaseline specimens tested is presented
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in Figure 8.27. Testing for spectral response wi80 kHz sweep addressed Fourier
amplitudes. The baseline was established by compthie residual (difference between
consecutive tests on the same specimen, separdiedyodraining and refilling the pore
fluid) upon water-saturated specimens (Fig. 7.lt6)he presence of nZnO, spectral
responses fluctuated with respect to concentrégiosls, with the largest deviation from
baseline at high concentration and the smallesidtange. In the presence of n}jO
the spectral response was not distinguishable raseline, except at around 8 kHz,
which is resonance. In the presence of nAg, sate bmplitude spikes surpassed
baseline. Further tests for spectral responseedat to obtain quantifiable criteria,

from which detectability can be established.
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Table 8.1. Velocities associated with received @gignals from water and nanoparticle
dispersions in glass bead specimens

Compression (slow Rrave): Shear (Swvave):
8 kHz pulse 1 kHz pulse
Specimen Repetition Water Nano Water Nano
Trial Trial Difference| Trial Trial Difference
(m/s) (m/s) (m/s) (m/s)
1 27.1 27.2 0.4%
nZnO o o
(0.03%) 2 561.7 561.7 0.0% 27.3 27.3 0.0%
3 27.2 27.3 0.4%
1 26.4 26.3 0.4%
nZnO o 2
(0.3%) 2 562.4 562.4 0.0% 26.7 26.7 0.0%
3 26.9 26.7 0.9%
1 31.0 31.0 0.0%
nZnO o %
2.7%) 2 561 561 0.0% 31.0 31.1 0.5%
3 30.8 31.0 0.5%
1 22.0 24.2 10.0%
nTiO, o o
(4.9%) 2 560.6 560.6 0.0% 22.0 24.2 9.7%
3 22.0 24.3 10.1%
1 26.3 28.4 8.2%
nAg o o
(3.7%) 2 561 561 0.0% 26.5 28.6 7.8%
3 26.2 28.6 9.1%

Red bold text indicates water trial outside rangenfbaseline trial 1,
Black bold text in yellow box indicates detectab&no trial where the response
was lower than baseline range.
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Table 8.2. Amplitudes associated with receivedgslgnals from tests in water and
nanopatrticle dispersions in glass bead specimens

Compression (slow Rave): Shear (Swvave):
8 kHz pulse 1 kHz pulse
Specimen| - Repetition yy/a¢ar Nano Water Nano
Trial Trial Difference Trial Trial Difference
(P1,V) (P2,V) (AP1,V) | (AP2,V)
1 0.35 0.68 95% 0.33 0.77 133%
nZnO o o
(0.03%) 2 0.28 0.41 47% 1.94 2.04 5%
3 0.28 0.42 49% 2.00 2.11 5%
1 0.00 0.00 -75% 0.75 0.73 -3%
nZnO BT Y
(0.3%) 2 0.23 0.23 1% 1.77 1.73 2%
3 0.38 0.25 -33% 1.85 1.56 -16%
1 0.24 0.32 35% 1.82 221 21%
nZnO o o
2.7%) 2 0.34 0.35 3% 2.20 2.25 2%
3 0.34 0.35 3% 2.17 2.25 4%
1 0.14 0.16 16% 1.87 1.72 -8%
nTiO o Y
(4.9%) 2 0.18 0.22 23% 2.27 2.07 9%
3 0.19 0.23 22% 2.24 2.07 -8%
1 0.27 0.32 18% 1.62 2.13 31%
nAg 0 -120
(3.7%) 2 0.41 0.42 3% 2.52 2.21 12%
3 0.41 0.42 4% 2.55 2.22 -13%

Red bold text indicates water trial outside rangenfbaseline trial 1,

Black bold text in green box indicates detectalaleatrial where the response
was higher than baseline range,

Black bold text in yellow box indicates detectabémo trial where the response
was lower than baseline range.
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Table 8.3. Summary of detectability of nanopartiikpersions in glass bead specimens

using time domain methods

Specimen \Z:gi;;)e/ Amplitude | Velocity Ai-;\;\llﬁge
(8.%)2%) No
(rc]f;g) No
(2%7[1;2) No
(ﬂ%) No
(:?.?&) No

Green box indicates detectible nanoparticle dispess
Orange box indicates unusable nanoparticle dispersi
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B Nanoparticle Trial

B Water Trial

nAg (3.7%)

nTiO (4.9%)

nZnO(2.7%)

nZnO (0.3%)

3

2

1

nZnO (0.03%)

(s/w) Awdojap anep-d mojls

Repetition

Nanopatrticle

Figure 8.1. Summary of 8 kHz results highlightitgus P-wave velocity for all

nanopatrticle dispersions.
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B P1(waterll P2 (Nano)

0.800

Amplitude ranges for baseline tests:
0.700 ——+ B P1(0.17-0.44V)
B P2(0.19-0.25V)

0.600

0.500

0.400

0.300

0.200

Slow P-Wave Amplitude (P, V)

0.100

0.000
Repetition 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

Nanoparticle| nZnO (0.03%) nZnO (0.3%) nZnO(2.7%) nTiO (4.9%) nAg (3.7%)

Figure 8.2. Summary of P-wave characteristic pamplitudes from 8 kHz pulse tests in
water and in the presence of nanoparticle dispesdisaturated glass bead specimens.
The signs indicate an increase (+), decrease (9 @hange (0) in amplitude for the P-
waves in the presence of nanoparticles from theliestrial 2 result. The black dashed
lines show the baseline against which to compane test amplitudes (from Sec. 7.4).
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Figure 8.3. Summary of 1 kHz results highlightingv8ve velocity for all nanopatrticle

dispersions.
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M AP1 (Water) l AP2 (Nano)

3.00

2.50

Amplitude ranges for baseline tests:
B AP1(1.20-2.41V)
B AP2(2.07-2.36V)

2.00

1.50 -

1.00 -

S-Wave Amplitude (AP, V)

0.50 -~

0.00 -

Repetition

Nanoparticle

nZnO (0.03%) | nZnO (0.3%)

nZn0(2.7%)

nTiO (4.9%)

nAg (3.7%)

Figure 8.4. Summary of S-wave amplitudes from 1 kHdise tests in water and in the
presence of nanoparticle dispersions in saturdtess dpead specimens. The black dashed
lines show th&P2 baseline amplitude range (from Sec. 7.5).
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nZnO 0.03%
nZnO 0.03%
nZnO 0.03%

(A) spnijdwy

x 10

Time (s’

X:0.0003027 | /
Y:0.06162 /

X:0.0002051
Y:0.005309

B Water (P1)

(A) spnujdwy

-1 M Nano (P2)

5
4

4.5

3.5

2.5

Tim

15

0.5

X 10

e(s

pidtesr applied in saturated glass bead

showing three repetitions of 1000 reicms averaged per repetition.

specimen for testing differences in compressio wiater and nZnO at 0.03%

Figure 8.5. 8 kHz sine pulse with 200 Hz high-
dispersion,

a: Expanded view of entire received signal; notpldande variation between the three

repetitions of each trial
b: Detail view showing representative picks forreleteristic amplitude points, residual

fast P-wave and slow P-wave arrivals
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Figure 8.6. 1 kHz sine pulse with 200 Hz high-gidger in saturated glass bead
specimen for testing shear in the presence of veat@mzZnO at 0.03% dispersion,
showing three repetitions of 1000 recordings avelgger repetition, and consistent first

arrival pick.
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to the average baseline residual signal.
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Figure 8.8. Residual signals from the differendespectral response in water and in
nZnO at 0.03%, of three repetitions of 1000 recuydiaveraged per repetition, compared
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Figure 8.9. 8 kHz sine pulse with 200 Hz high-pitsr in saturated glass bead
specimen for testing differences in compressioh wiater and nZnO at 0.3% dispersion,

showing three repetitions of 1000 recordings avedlgger repetition.

a: Expanded view of entire received signal;

notplaade variation between the three

repetitions of each trial
b: Detail view showing representative picks forrelegeristic amplitude points, residual

fast P-waves and slow P-wave arrivals
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Water
Water
,,,,,,,,, Water
nZnO 0.3%
nZnO 0.3%
nZnO 0.3% | |

0.5

X:0.002334
Y:0.001641

Amplitude (V)

Time (s) x10°

Figure 8.10. 1 kHz sine pulse with 200 Hz high-ddss in saturated glass bead
specimen for testing shear in the presence of veatgmzZnO at 0.3% dispersion,
showing three repetitions of 1000 recordings avenlgger repetition, and consistent first

arrival pick.
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Figure 8.12. Residual signals from the differenmfespectral response in water and in
nZnO at 0.3%, of three repetitions of 1000 recaydiaveraged per repetition, compared
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Figure 8.13. 8 kHz sine pulse with 200 Hz high

specimen for testing differences in compressioh wiater and nZnO at 2.7% dispersion,

showing three repetitions of 1000 recordings aveugeer repetition.
a: Expanded view of entire received signal; notpldnde variation between the three

repetitions of each trial
b: Detail view showing representative picks forreleteristic amplitude points, residual

fast P-wave and slow P-wave arrivals
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Figure 8.14. 1 kHz sine pulse with 200 Hz high-ddssr in saturated glass bead

specimen for testing shear in the presence

of veami@mzZnO at 2.7% dispersion,

showing three repetitions of 1000 recordings avedlgger repetition, and consistent first

arrival pick.
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Frequency (Hz)

Figure 8.15. 30 kHz sweep with 200 Hz high-paderiiltesting spectral response in a
saturated glass bead specimen in water and inréisemce of nZnO at 2.7% dispersion,

showing three repetitions of 1000 recordings avedlgger repetition.
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nZno 2.7%
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Figure 8.16. Residual signals from the differenmfespectral response in water and in
nZnO at 2.7%, of three repetitions of 1000 recaydiaveraged per repetition, compared

to the average baseline residual signal.
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Figure 8.17. 8 kHz sine pulse with 200 Hz high-ddss applied in saturated glass bead
specimen for testing differences in compressioh wiater and nTi@at 4.9% dispersion,
showing three repetitions of 1000 recordings avegeer repetition.

a: Expanded view of entire received signal; notpldande variation between the three
repetitions of each trial
b: Detail view showing representative picks forreleéeristic amplitude points, residual
fast P-wave, and slow P-wave arrivals
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Figure 8.18. 1 kHz sine pulse with 200 Hz high-ddss in saturated glass bead
specimen for testing shear in the presence of veat@mTiQ at 4.9% dispersion,
showing three repetitions of 1000 recordings avedlgger repetition, and first arrival
pick for nTiO, coming in earlier than water.
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Figure 8.20. Residual signals from the differenmfespectral response in water and in
nTiO, at 4.9%, of three repetitions of 1000 recordingsraged per repetition, compared
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notplaade variation between the three

120

Time (seconds)

repetitions of each trial
b: Detail view showing representative picks chaastic amplitude points, residual fast
wave, and slow P-wave arrivals

showing three repetitions of 1000 recordings avedlgger repetition.
P-

Figure 8.21. 8 kHz sine pulse with 200 Hz high-ddts applied in saturated glass bead
specimen for testing differences in compressioih wiater and nAg at 3.7% dispersion,

a: Expanded view of entire received signal;



Amplitude (V)

0.5

Water
Water H
Water

nAg 3.7%
nAg 3.7%
nAg 3.7%

T T
|
|

X:0.002139
Y:0.02395

Time (s) -3

Figure 8.22. 1 kHz sine pulse with 200 Hz high-dédss in saturated glass bead
specimen for testing shear in the presence of veatg#mAg at 3.7% dispersion, showing
three repetitions of 1000 recordings averaged gy@ztition, and first arrival pick for nAg

coming in earlier than for water.
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Figure 8.23. 30 kHz sweep with 200 Hz high-paderiiltesting spectral response in a
saturated glass bead specimen in water and inrésemce of nAg at 3.7% dispersion,

Baseline
nAg 3.7%

showing three repetitions of 1000 recordings avedlgger repetition.

(A) spnydwy
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Frequency (Hz)

Figure 8.24. Residual signals from the differenmfespectral response in water and in
nAg at 3.7%, of three repetitions of 1000 recordiageraged per repetition, compared to

the average baseline residual signal.
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nTiO, at 4.9%

nanoparticles to the baseline received signal.

Figure 8.26. Signals from shear waves comparingorese in the presence of
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

This chapter presents the conclusions and reconetiend of the research, and also

presents new research questions that arose dois tudy.

9.1 Conclusions

A laboratory test system using bender elementsceastructed for the study of
seismic body wave propagation to address the regpofimanoparticles dispersed in
saturated granular media. The system was calibrataid, water and water-saturated
glass beads. Waveforms considered for testing segrare waves and sine waves. Based
on the literature, sine waves were judged to bebstiited, mainly because near-field
effects are less pronounced. Sine waves at différequencies, optimized for
transmission of shear and compression, were usaltitesting described in this thesis.

Testing baselines for water-saturated glass beacximpns were established by
analyzing the responses between consecutive testkesame specimen, separated only
by draining and refilling the pore fluid (trial hd trial 2). Baseline responses were
established with respect to compression and shaaesin the time domain, and spectral
response. Fast P-waves were not detectible witbxperimental apparatus, but slow P-
waves were. Tests for slow P-waves showed negliglifference between trials in
arrival times, while characteristic-point amplitgder trial 1 were larger than trial 2 by

about 26%. Tests for S-waves showed arrival tiroesrial 1 were consistently 5 - 13%
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slower than in trial 2. Differences are attributec¢changes in consolidation state of the
test specimen caused by draining and refilling ppaces. Only S-wave amplitudes from
trial 2 produced repeatable results, so these usgd as the baseline. Spectral response
testing showed good repeatability in the rangeigh lkboherence, 7 to 25 kHz.

An acceptability criterion was proposed to compaager trials of the nanoparticle
dispersion tests against baseline; the S-wave Wghkast for nTiQ failed to meet the
criterion. Criteria were also proposed to evaluhé&detectability of nanoparticle
dispersions. Testing with nanoparticle dispersgimswved that the system was capable of
registering subtle changes in response causedreyflpa content. Only the nZnO was
tested at different concentrations, and detectegslifluctuated between concentration
levels. From the quantitative criteria, testinghe presence of nZnO showed uniform
detectability for shear wave arrivals, fluctuataefectability for both shear and
compression wave amplitudes, and no detectabditgdmpression wave arrivals. nAg
showed detectability only for compression amplitweted nTiQ did not show
detectability. From the qualitative criteria, tesfin the presence of nZnO, nAg and
nTiO, showed detectability for spectral response, andamwparticles showed
detectability for phase shift. Further tests foecpal response and phase shift would be
needed to obtain quantifiable criteria from whi@testtability thresholds can be

established.
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9.2 Recommendations

It was realized that the received signals achievithl this test system could be

improved, and the following section gives recomnaiwhs on how to improve the test

system.

1.

Improve repeatability of the test by refining plamnt practices for the glass beads
and modifying methods for soaking and seating thesgbeads. The initial placement
of the glass beads might be improved in terms aftirsg by using an orbital shaker or
a vibration table.

The number of wetting and draining cycles priocaorying out testing should be
increased. The effects of the wetting and draicyaes can be observed with the
shear wave velocities from the baseline tests, whiowed consistently higher
velocities for the second trial than the firstlirlay 5 to 13%. This implies that the
process of repetitive wetting and draining of thesg beads continually improved the
seating of the glass beads.

The specimen height should be re-measured aftérveeiting and draining cycle to
check for deviation in height from initial prepacat state. The change in specimen
height affects velocity (travel time), also ampdiguto some extent.

The pulse signals were timed at 10-ms intervals;réstricted the quiet time between
them. These effects can be nullified by lengthemnésging intervals.

The precision of results can be improved by indrepsampling rates for recording

received signals.
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6. Consider testing different tip-to-tip distances.(L value) depending on what types
of waves are being analyzed. When P-waves are l@tiged on, the L value can be
increased within limits dictated by signal attematso that fast P-wave arrivals are
not influenced by crosstalk. When S-waves are b&iogsed on, the L value can be
decreased within limits dictated by near field eféeto enhance the S-wave arrival
and reduce effects of side reflections.

7. To further reduce the near-field effects on the&avarrivals, a distorted sine-wave
can be considered for the input signal. This invpasg shown to reduce the near-field
effects in research done by Arroyo et al. (2003) dovtic et al. (1996).

8. When testing in air, a lower cut off frequency fioe high-pass filter should be
explored; in this study a 1 kHz high-pass filterswesed to remove a 32 Hz
disturbance.

9. The reciprocity of the system should be testedmichent accuracy by switching the
transmitter from the base plate to the top cap eftém

10. The effects of nanoparticle dispersions in the absef a granular matrix could also
be studied to further characterize them withintdsting systems capabilities. A
baseline for a test such as this would be distiNatker in the absence of granular
media.

11.For testing with the cross correlation methodefiltg options and post processing
procedures should be explored to remove transfeatiins and effects of multiple
reflections and other scattering on the receivgdadithat dominate the wave train at

later times.
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12.Processing of unwrapped phase data by shiftingsrachave a common starting
point, where multiple traces would coincide witltleather and lead to better
analysis should be explored.

13.The presence of nZnO at low and medium concentraticas detectable by S-wave
amplitudes, but it was not detectable at high cotraéion. This conflicting outcome
is not understood and merits further study. Alsduife testing with nanoparticle

dispersions could be carried out at lower concéotrdevels to check for variations.

9.3 New Research Questions

1. Why do nZnO particles appear to be more detectitdia nTiQ or nAg by this
seismic method? Is it the substance being testadit the testing method?

2. What are the effects of varying nanoparticle diaarfet

3. What is the physical explanation at the nano Scalthe observed results?

4. What are the effects of sample aging on detectargpparticle dispersions with

seismic methods?
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APPENDIX 1 TABLES

Formulas used for calculations

Anticipated - Experimental

X 100%

1. Percentage Difference = —
Anticipated

Trial 1-Trial 2
Trial 1

2. Percentage Difference = X 100%

Distance travelled

3. Velocity =

Time taken

. M, M t
4. Moisture contentd %) = —w. = _1ass of water
Mgp Mass of glass beads

5. Void ratio (€)= (w %) X Gg

» Gs: Specific gravity of glass beads = 2.5

6. Saturated unit weightd) = [Gf;e] X Y

e yw=9.81 kN/nd
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Table A.1. Physical properties for glass bead spews prepared with dumping method

Glass Water Difference
Specimen  beads o (%) e Vsat from
(grams) (KN/m?)
(grams) Average

1 2256 543 24 0.60 19.0 0.41%

2 2193 555 25 0.63 18.8 0.51%

3 2216 543 24 0.61 18.9 0.09%
Average 2221 547 25 0.62 18.9

* (o) — Moisture content of the glass beads when &olgked

* (e)—Void ratio

*  vsa— Saturated unit weight

Table A.2. Physical properties for glass bead spews prepared with stage fill method

_ Glass Water Difference
Specimen  beads o (%) e Ysat 3 from
(grams) (grams) (kN/m’) | average
1 2194 566 26 0.65 18.8 0.02%
2 2200 574 26 0.65 18.7 0.17%
3 2193 562 26 0.64 18.8 0.15%
Average 2196 568 26 0.65 18.7

* (o) — Moisture content of the glass beads when &oigked

* (e)—Void ratio

*  vsa— Saturated unit weight
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Table A.3. Physical properties for tested watewsdéed glass bead specimens

, Glass , Volume ® Ysat

Specimen  beads Physical state (miy* (%) e (KN/m?)

(grams)

Initial wetting 995 51 1.28 16.3
Drained state 1| 234 12 0.30 21.1

1 1951 Trial 1 351 30 0.75 18.2
Drained State 2| 234 12 0.30 21.1

Trial 2 351 30 0.75 18.2

Initial wetting 981 50 1.25 16.4
Drained state 1| 235 12 0.30 21.1

2 1961 Trial 1 392 32 0.80 18.0
Drained State 2| 255 13 0.33 20.9

Trial 2 373 32 0.80 18.0

Initial wetting 976 50 1.25 16.4
Drained state 1| 254 13 0.33 20.9

3 1951 Trial 1 332 30 0.75 18.2
Drained State 2| 234 12 0.30 21.1

Trial 2 351 30 0.75 18.2

*Volume associated with drained state is volumainetd in the column, and volume
associated with trials is volume required to sd&uthe specimen

» Trial 2 represents duplicate tests following drgmand rewetting of test
specimen.

* (o) — Moisture content of the glass beads when &digked
* (e)-Void ratio

*  vsar— Saturated unit weight
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Table A.4. Characteristics for specimens duringoparticle dispersion testing

Mass
Specimen | of glass : Volume
(con%entration b(gads Physical state (ml)* o (%) € (kmﬁr”)
(grams)
Initial wetting 950 48 1.20 16.5
Drained state 1 333 17 0.43 20.1
nZnO (0.03%)| 1960 Water trial 290 32 0.80 18.0
Drained state 2 347 18 0.45 20.0
Nano trial 185 27 0.68 18.6
Initial wetting 958 49 1.23 16.4
Drained state 1 238 12 0.30 21.1
nZnO (0.3%) 1960 Water trial 383 32 0.80 18.0
Drained state 2 277 14 0.35 20.7
Nano trial 213 25 0.63 18.9
Initial wetting 986 50 1.25 16.4
Drained state 1 237 12 0.30 21.1
nZnO (2.7%) 1971 Water trial 394 32 0.80 18.0
Drained state 2 246 13 0.33 20.9
Nano trial 375 32 0.80 18.0
Initial wetting 960 49 1.23 16.4
Drained state 1 157 8 0.20 22.1
nTiO; (4.9%) 1958 Water trial 392 28 0.70 18.5
Drained state 2 156 8 0.20 22.1
Nano trial 370 27 0.68 18.6
Initial wetting 964 49 1.23 16.4
Drained state 1 216 11 0.28 21.4
nAg (3.7%) 1966 Water trial 374 30 0.75 18.2
Drained state 2 246 13 0.33 20.9
Nano trial 347 30 0.75 18.2

*VVolume associated with drained state is volumainetd in the column, and volume
associated with trials is volume required to sd&uthe specimen

NanoTrial represents duplicate tests following drainagd rewetting of test
specimen.

(w) — Moisture content of the glass beads when &olgked

(e) — Void ratio

vsat— Saturated unit weight

134

www.manaraa.com



Table A.5. Direct (L) and reflected (D1+D2) trayslth lengths
used to calculate velocities

Specimen L (mm) D(]r-n+m?2
Water-saturated 1 62.3 164.6
Water-saturated 2 60.7 164.0
Water-saturated 3 61.0 164.2

nZnO at 0.03% concentration 61.6 164.4

nZnO at 0.3% concentration| 62.3 164.6

nZnO at 2.7% concentration| 61.1 164.2

nTiO, at 4.9% concentration| 60.9 164.1

nAg at 3.7% concentration 61.1 164.2
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APPENDIX 2 FIGURES
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Figure A.1. Water-saturated glass bead specimearntparison of 8 kHz pulse signal
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wtewing repetition 3 of trials 1 and

Time (s)
1000 recordings averaged per repetition.

saturated glass bead specimeariparison of 8 kHz pulse signal
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Figure A.18. Water-saturated glass bead specimear8parison of 8 kHz pulse signal
used to highlight slow compression wave amplitwt®wing repetition 3 of trials 1 and

2; 1000 recordings averaged per repetition.
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Figure A.19. Water-saturated glass bead specimeamparison of 1 kHz pulse signal
used to highlight shear, showing repetition 1 @fl$rl and 2; 1000 recordings averaged

per repetition.

Amplitude (V)

[
| Trial 1
BT Trial 2
|
|
|
|
|
,,,,,,,,,, S ——
|
|
|
|
|
|
X: 0.002207 [
Y:0.006383 | |
| |
| |
| |
,,,,,,,,,,,,,,, ]
| |
| |
| |
| |
| |
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |
| |
| |
| |
| |
| |
| |
! !
4 5 6
Time (s) % 10°

Figure A.20. Water-saturated glass bead specimeamparison of 1 kHz pulse signal
used to highlight shear, showing repetition 2 @fl$rl and 2; 1000 recordings averaged

per repetition.

145

www.manaraa.com



| | | | | Trial 1
L i e e i e EE o - e Trial 2 H
| | | |
| | | |
| | | |
| | | |
| | | |
05--—-——————— O I S A R [ AN U - - - - - |
| | | |
| | | |
| | | |
| X:0.001943 | | |
. : Y:0.02257 :
O I R [ S U S A =
'g X:0.002207 !
£ Y:0.0114 ! !
Q. | |
£ | |
< | |
| |
,,,,,,,,,,,,,, i
| |
| |
| |
| |
| |
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ol ________]
| |
| |
| |
| | |
| | |
| | |
L L L
3 4 5 6
Time (s) x10'3

Figure A.21. Water-saturated glass bead specimeanparison of 1 kHz pulse signal
used to highlight shear, showing repetition 3 @ll$rl and 2; 1000 recordings averaged
per repetition.
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Figure A.22. Water-saturated glass bead specimear@parison of 1 kHz pulse signal
used to highlight shear, showing repetition 1 @ll$rl and 2; 1000 recordings averaged
per repetition.
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Figure A.23. Water-saturated glass bead specimear@parison of 1 kHz pulse signal
used to highlight shear, showing repetition 2 @ll$rl and 2; 1000 recordings averaged

per repetition.
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Figure A.24. Water-saturated glass bead specimear@parison of 1 kHz pulse signal
used to highlight shear, showing repetition 3 @fl$rl and 2; 1000 recordings averaged

per repetition.
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Figure A.25. Water-saturated glass bead specimear3parison of 1 kHz pulse signal
used to highlight shear, showing repetition 1 @fl$rl and 2; 1000 recordings averaged

per repetition.
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Figure A.26. Water-saturated glass bead specimearparison of 1 kHz pulse signal
used to highlight shear, showing repetition 2 @ll$rl and 2; 1000 recordings averaged

per repetition.
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Figure A.27. Water-saturated glass bead specimearparison of 1 kHz pulse signal
used to highlight shear, showing repetition 3 @ll$rl and 2; 1000 recordings averaged
per repetition.
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Figure A.28. Water-saturated glass bead speciman&ysis of coherence for frequency
sweep of 0 - 30 kHz used to find high coherencgeashowing a repetition of trials 1
and 2; 1000 recordings averaged per repetition.

149

Ol LAC U Zyl_ilsl

www.manaraa.com




Trial 1
Trial 2

(A) apnudwy

4
4

x 10

Frequency (Hz)

Figure A.29. Water-saturated glass bead specimanaysis of coherence for frequency
sweep of 0 - 30 kHz used to find high coherencgeashowing a repetition of trials 1

and 2; 1000 recordings averaged per repetition.
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Figure A.30. Water

of 0 - 30 kHz sweep, showing three repetitions dackrials 1 and 2; 1000 recordings

averaged per repetition.
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Figure A.31. Water-saturated glass bead specimanaysis of unwrapped phase angles
of 0 - 30 kHz sweep, showing three repetitions dackrials 1 and 2; 1000 recordings

averaged per repetition.

151

£
S
o
oo
©
)
C
3
E




APPENDIX 3 BACKGROUND SIGNAL ANALYSIS

The background signal in the absence of any adyatkse signal was recorded to
guantify the extent to which the residual energyrfra preceding pulse would affect the
onset of the following pulse. This was demonstrégdomparing the quiet time in-
between pulses to the background signal in thenalesef any pulse.

To record the background signal, the equipmentagasected in the same manner as
described in section 2.5, except the coaxial catamected to the BNC cable from the
receiver bender element was disconnected. Therejitiieno receiver bender element
connected to the dynamic signal analyzer, whatreesived was the background signal
(noise) within the wires and equipment of the gystk should be noted that this
background study was not conducted with the samddyeslements used for the testing;
these bender elements were the same type as thedéau the testing, but were newly
wired and prepared.

The isolated background signals were recordechfeetrepetitions, with 1000
recordings averaged per repetition. The receivgubds from the baseline testing with
essentially saturated glass bead trials present€thapter 7 were used for comparison
with the isolated background signals. Figure Awdves the received 8 kHz pulse signals
(shown in Fig. 7.3) and Figure A3.2 shows the nexil kHz pulse signals (shown in
Fig. 7.4), each overlaid on the background sigmaldmpare the difference in amplitude,
where the impact of the residual energy from trez@ding pulse on the onset of the

following can be visualized.
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To quantify the differences present between thé&dracind and the effects of the
residual pulse energy, the signal amplitudes frioendata points of the three repetitions
were compared from time 10 ms to 15 ms; 10 msasritdpoint between the two pulses
and time 15 ms is the point of actuation of theoseulse. Table A3.1 presents average
and maximum amplitude differences between the tedlbackground signal and the
background signal in-between actuated 8 kHz pudsdsl kHz pulses for the above
mentioned interval. The results show the maximuifeince recorded for the 8 kHz
pulse was 6.69E-1 V and the maximum differencercimbfor the 1 kHz pulse was
8.81E-1 V. The average amplitude difference fohlibe 8 kHz and 1 kHz pulses ranged
from 7.86E-5 V to 8.86E-5 V.

The maximum amplitude difference established fer8tkHz pulse is larger than the
amplitudes of the slow P-wave arrival picks thatevmade during testing. The
differentiation between the background noise aslba P-wave arrival was made by
considering the change in frequency which led &amplitude gain, and showed
deviation from the background signal. The maximunpbtude difference established
for the 1 kHz pulse is minuscule when comparedh¢oS-wave arrival; the S-wave
arrival was also differentiable by its shape.

The difference in amplitude between the isolatezkgeound signal and the
background signal in-between pulses can be redug@ttreasing the interval between
pulses, and further refining signal filtering andgessing as mentioned in the

recommendations section of the report to minimnesé effects on received signals.
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Table A3.1. Difference between isolated backgrosigdal and background signal in-
between actuated pulse signals

Signal Difference ARL(V) | AR2(V) | AR3(V)
Average 8.80E-05 | 8.86E-05| 7.86E-05
Maximum 6.69E-01 | 7.00E-01| 6.82E-01
1 kHz Average 8.80E-05 | 8.86E-05| 7.86E-05
Maximum 8.75E-01 | 8.81E-01| 8.61E-01

8 kHz

AR1, 2 and 3 indicate the difference between ang##wof the isolated background
signal and the background signal in the preseneetofted signals for three

repetitions.
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Figure A3.1. 8 kHz sine pulses (200 Hz high pdssrfioverlaid on the isolated
background signal (no filter). Each signal is agirrepetition of 1000 recordings
averaged.
a. Received signals showing two consecutive paadsjuiet time between pulses;
b. Detailed view of residual effects on the isadb@ckground signal
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Figure A3.2. 1 kHz sine pulses (200 Hz high-pds=r¥ overlaid on the isolated
background signal (no filter). Each signal is agirepetition of 1000 recordings
averaged.
a. Received signals showing two consecutive pusdsjuiet time between pulses;
b. Detailed view of residual effects on the isaat@ckground signal
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