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Structural and Material Health Monitoring of Cementitious Materials

Using Passive Wireless Conductivity Sensors

JinrYoung Kim, Ph.D.
The University of Texas at Austigp13

Supervisor: Sharon L. Wood

Electrical conductivity(or resistivity) of cementitious materials is considered to
be a fundamental property and is commonly measured using nondestructive and
noninvasiveaesting techniques. Thereforée@rical measurements are gaining popularity
in both research and field applications fdrustural health monitoring and material
characterizationof civil engineeringinfrastructure systems$Based on the results of
measurements, the engineer can schedule maintenance more accurately and give an early
warning of possible structural failurBeently, health monitoring systems are capable of
significantly increamg the cost efficiency of maintenancand repairby helping
engineers improve the safety and maintainability of structures through early damage
detection

The research team at the Unsigy of Texas at Austin developed a lowst,
passive, wireless conductivity sensor system. Sensors are wirelessly interrogated using
external reader during inspection over the service life of the structure to monitor the
conductivity variations within camete.

The focus of this work is to assess the condition of cementitious materials by
measuring electrical conductivity using passive wireless sen8yrsanalyzing the

measuredonductivitydatg the condition of theementitiousnaterial such asextent of
Vi



hydration, setting and hardenitignes and transport phenomercan be assessed. This
document also provide comprehensiveinformation on the design, fabrication,

interrogation, and response of conductivity sensor platforms.
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Chapter 1:  Introduction

1.1 STRUCTURAL AND MATERIAL HEALTH MONITORING

Our society depends heavily on the civil infrastruceystemssuch as buildings,
bridges, roads, dams, and other engineered systems. civiesdgrastructuresystems are
very large in sizeand designed toserve the public for decadeBue to continuous
exposure tothe environment, howeverthese infrastructure systems are prone to
deterioration which impacts not only the productivity ofie society, but also human
safety Therefore maintenance and monitorindpe structural healthof infrastructure
systems is a major challengeublic agencies are investing significgartions of their
budgetsto maintain infrastructuresystems[1-5]. Thus, development ahnovative and
effective structuraind materiahealth monitoringsystemfor civil infrastructuresystems
is urgently needed.

In case of human physical healtihe general public isvell aware that early
detection is the best preventidrarge investments have been made to fund the research
to developthe tools and technology for early diagnosis and treatnianthe same
manner, structural and material health monitoringis defined asthe process of
continuouslyand autonomously monitoig the condition of a structunesing embedded
or attached nondestructive evaluation techniqudgs]. Based on the results of
measurements, the engineer can schedule maintenance more accurately, and give an early
warning of possible structurdbmagg7]. Recently structuralhealth monitoring systems
have been developed thaite capable of significantly increag the cost efficiency of
maintenanceand repairby helping engineers improve the safety and maintainability of

structures through early damage detecf&jn



Structural and material health monitoring techniques have been under
development for a long time imoth researchand field applicationsof civil engineering
[7]. Until recentyears, he conventional structural health monitoring techniques have
focused on applications istructural performancpredictionby identifying mechanical
indicatorssuch asloads displacements, stresses, and stf&ln However, it has been
recognized that civil infrastructuigystemshave been deteriorating faster than expected
because otoncrete durability issug®]. Durabiity of concreteis the ability to resist
weathering action, chemical attack, and abrasion while maintaining its desired
engineeringproperties[6]. Recent trends in structural health monitoring techniques,
therefoe, are more focused om situ damage diagnosticencluding estimation of
corrosion probability, and materialvaluation andctharacterizatiorj8]. These aresaare
sometimesconsderedapartfrom the structural health monitoring and classified as the
material health monitoring9]. Recentmaterial hedh monitoring systems provide a
valuable tool in assessing the material behavior for a better understanding of degradation
mechanismusing eddy current, ultra sound, impact ecéwd electrical measurements
[7]. Most people acknowledge the importance and benefits of health monisystem
however, onlya few research studiesave beerpublishedrelated tomaterial health
monitoring application§9].
1.2 EMBEDDED PASSIVE SENSORS

Traditional applicationsof health monitoring systemare often limited by high
coss installationand maintenancesignificant setup delaysind maximumnumber and

location ofsensors Recently, owing to the rapid advancement of senaimd) wireless

technologies, the application in the health monitoring system for civil infrastructure



systemsis moving to wireless embedded sensdise benefits of sucbystemsnclude
ease of installation and use and low maintenance costs.

However, aothe important consideration for thaesign of a wireless embedded
sensorsystem is the way tprovide power to the embeddeddevices. Today, wireless
embeddedsensor systems are widely used as tools for quality assessment and health
monitoring of concrete structureBut still many of themrequire a continuous power
source such as amnboard battery10, 11]. Wireless deviceshatrely on battery power
have a finite lifetime after which thbatteres need to be replaced or recharged. If
periodically replacing or rechargingatteriesis not an option, the sensor is effectively
lost once the battery diels addition, high capacity batteries are large in size, expensive,
and extremely unstable at higemperatur@which may cause an explosion or lagie of
harmful chemicalsA possiblesolutionis a passivewirelesssensormlatformthat is able
to receivepower through electromagnetic inductiddy using passive technologythe
service life of thawireless embedded sensor system can be extended as long as that of the
structure.

Finally, cost limitations are one of the most important aspectheftensor
system Due to theinherent large size of civihfrastructure systemsensors should be
widely distributed within asystemin order to determinéhe overall condition The high
cost of a sensor systerhowever, camprecludethe use ofa dense sensor network.
Lowering the unitcostof the embedded sensors enallen® distributiors of thesensors
within theinfrastructuresystemandconsequenthallows acquisition ofobtaininga lot of
daia

Therefore, bw-cost passive wireless sensor systare an attractive solutidar
health monitoring applicatienWirelesscommunicatiormakes installation and operation

easier andess expensivdn addition the passive characterigiprovidea nearlyinfinite
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service life of the sensonetwork while the lowcost enable the owner of the
infrastructure system tobtain lots of datausing adense distributiorof sensorsThe
disadvantage of the passive wireless sensor systems, however, is that the sensors only
provide data when interrogated and the operator must be in very close proximity to the

sensor to interrogate.

1.3 RESEARCH OBJECTIVES AND SCOPE

The research team at the University of Texas at Austin has previously reported on
the development of a lowost, passive, wirelessalogsensor for detecting conductivity
levels (Figure 1.1) within concrete[12-14]. The focus ofthis dissertation is to further
evaluatethe efficacy of passiveonductivity sensorsand identify possible applications
for their use The possible usesf the conductivity sensos discussd in this dissertation
arefocused orthe nonrinvasivein situ measurement and monitoring: 1) changes in
the electrical conductivity within cementitious materig®) variations in the internal
chemistry withincementtious materialsdue to hydration reactien(3) probability of
corrosionof embedded reinforcemedtie to penetration of chloride igr@) setting and
hardening of cemeitibus materials and (5)transport propertiesuch assorptivity, by
tracking internal moisture mrement.In addition, the development and evaluation of a
new sensor design, roncontact(NC) conductivity senso(Figure 1.2), are discussed.
This sensoreduces the risk gfossible damage to the exposed sensing electiodés
parallelwire (PW) conductivity sensoduring placemenbf the concrete by reconfigag

thetransducer
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Chapter 2 provides a review dfindamentals of electrical measuremenfs
material properties within cementitious materiateluding two conventional electrical
impedance techniques, electrical impedance spectroscopy and electrical impedance

tomography.This chapter alssummarizes théypical range ofelectrical propertiesro

cementitious materials.



Chapter 3 discusses the design, fabrication, interrogation, and response of both
typesof conductivity sensarwhen interrogated in liquids of varying coatluities. An
extensive set of parametric studies was conducted to determine the infdfieapacitor
size inductor size external readetype, and sensing elememwin the response of the
Sensors

Chapter 4discusses the response of btythesof conducivity sensors embedded
in concrete specimendhe variation of sensor response when subjected to a series of
controlled environmental conditiongsvas evaluated Results provide a qualitative
assessment of the condition of the concrete.

Chapter 5focuses ondetermining thequantitative relationship between the
response ofonductivitysensorsand the conductivity of the materiaind evaluating the
reliability of sensorsembedded incementitious materials Wireless and wired
conductivity sensesvere embeddeth grout, mortar, and concregpecimensand then
measurements from the conductivity sensors and wired sems@sompared.

Chapter 6 describesa method for monitoring the hydration process and
determining setting times ofoncrete and mortar mixturessing PW conductivity
sensors The primary experimental parameters were thigture proportions of the
cementitious materialsThe measuredesponseof the conductivity sensors wethen
comparedwith the results derivettom ASTM C403 for penetration resanceA simple
model is proposetb approximate the times afitial and final sebased orthe response
of the conductivity sensars

Chapter7 describesa method fo detectingthe depth of water penetration and
sorptivity for the NC conductivity sensore&mbedded in mortar The primary
experimental parameters wengixture proportions of thenortar. The penetration of

water front was measuréar partially saturatecandovendriedspecimens.
6



Chapter 8 presentsthe summary and conclusions of this investigation. The

limitations of using passive conductivity sensors are also addressed.



Chapter 2:  Conductivity and Resistivity of Cementitious Materials

Electrical measurements, such as conductivity and resistivity, are widely used
techniques in both research and field applications for structural health monitoring and
material characterizationof civil engineering infrastructure systems Electrical
conducivity is a measureof a ma t esr abilityl t& conduct an electric current, while
electrical resistivity defines howtrongly the materialopposesthe flow of electric
current. The two properties armversdy relaed i.e. conductivity = 1 / resistivity. e
focus of this work is to assess the condition of cementitious materials by measuring
electrical conductivity using passive wireless sens@&g. analyzing themeasured
conductivitydatg the condition of theementitiousnaterial such asextent ofhydraion,
probability of corrosion, setting and hardenitiges and transport phenomercan be
assessed.

In conventional conductivity measurements, the conductivity of a material is
obtained by tracking electric current, which is generated by an appliedjgoBecause
the measurementgrovide a nondestructive and noninvasive means of evaluation, and
extensive sample preparation is not required, electrical measurements techniques have a
long history of use in geologyl517] and biomedicall8, 19] applications, and are
gaining popularity for structural and material health monitofg22].

The main discussions in this chapter af®; the two different methods of
electrical measurements, ditd®C) and alternating (AC) currenf2) two conventional
electrical impedance (El) techniques, electrical impedance spectroscopy (EIS) and
electrical impedance tomography (EIT); an@) typical electrical properties of

cementitious materials.



2.1 DirRecT (DC) AND ALTERNATING (AC) CURRENT METHODS

Electrical measurements can dlassifiedunder two large categories: direct (DC)
and alternating (AC) current methods. As schematically illustrat&éagure 2.1, current
flows through a circuiin one directiorfor DC, while the direction of the current flow is
periodically reversedor AC. However, the fundamentahethod of determining the

conductivity (or resistivity) ofa cementitiousnaterial is identical for botC and AC

methods.

AN
VARV

(a) Direct current (DC) (b) Alternating current (AC)

Current
Current

Figure2.1: Direct vs. alternating current.

Using the DCmethod a materiads electrical resistance, Ry can be simply

obtained using Ohi&s Law by measuring current, | (A) when a DC voltage, V (V) is
applied to the material:



Y o 2.1
O (2.1)

The electrical resistance is the opposition toghssag®f an electric current, while the
inversequantity, electrical conductance, G (S) = 1/ R, is the @agewhich an electric
current passes through the material. With the exception of superconductors, which have
zero resistance, all materials have some resistance. Corscgererallyclassified as a
semiconductoand the material exhibis wide range of restances based on its moisture
content Whenthe material is completelgried, concrete is considered to be an insulator.
Therefore, by monitoring the variations in resistance (or conductance), changes in the
moisture content of concrete can be detected.

In an idealized situatiorwhere a paiof equaly sized electrodeare placed in
contact with a resistive materiahving aconstant crossectional area and known length
as shown inFigure 2.2, the resistivity,} (q #) can be calculated by considering the

dimensionsf the electrodes and resistinaterial:

5
S < (2.2)

where A () is the area of the electrodes and L (m) is the length of the material parallel

to the direction of currerftow. The conductivity(l (S/m), is the inverse of the resistivity.

10
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Figure2.2: A pair of equally sized electrodaseplaced in contact with resistive
material with constant crosectioral area, Aand lengthL.

Conventional DC measurements have been used to calculate the resistivity of
cementitius materials However, obtained values of resistivity decrease for a given
specimen during a test because the current tends to increase the temperature of the
material[23]. In addition, under the influence ofcanstant DC excitation, the flow of
current through electrodes causes polarization, wieistablishesa potential at the
electrodes that opposes the applied potential. This makes positiveegative charges
move apart at the electrodementitious mateal interfaces and complicatethe
measuremenbf the resulting currenf24]. As aresult errors are introduced in the
measurements, which make it difficult to assess the resistivity of cementitatesias
[24]. Researchers have tried to overcome the polarization effect by using a small DC
voltage with a switch in the circuj5], and by subtracting the measungalarization
effect from the total value olucrent or potentigl24, 26].

The most popular approach to address the problems associated with heat
generation and polarization effts is to use AC measurements, rather than DC

measurements. Because AC operates with a much lower current, neither polarization nor
11



alteration in the microstructure of the material due to energy dissipation occurs. Even
when used in an early age cenieatis material, which is very sensitive to the flow of
electricity, very low perturbation or heat generation occurs within the mdt2gjavhen
subjected to an AC current

Alternating currents are accompanied or caused by alternating voltages. An AC

voltage, V, can beescribedas a function of time as:

©o @ J Qo (23)
where Vhax IS the peak voltage (V)y = 2'f is the angular frequency (rad/set)s the
physical frequency (Hz) representing the number of cycles per secontisath@ time
(sec). When capacitors or inductors are included in an AC circuit, the voltage and current
do not peak at the same tirffeigure 2.3). The time difference betwa the two peaks is
the phase difference, which is always less theh(®@0" /2 rad)[27]. An AC current, |,
which has the same frequency as the applied voltage, can be expressed with consideration

of the phase shift:

‘w0 J NEO — (24)

where haxis the peak current (A) ardlis the phase shift (rad).
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Figure2.3: lllustration of appliedsoltageand resulting current in AC circuit.

While Ohm & Law (Equatior?.1) can be applied directly to resistors in DC or AC
circuits, the form of the voltageurrent relationship in AC circuits is modified as:
wo

o —— 2.5
- (25)

where Z is the impedancq ). Impedance isomplexratio of the voltage to the current at

a particular frequencys, and is similar in concept to the resistance in a DC circuit. In a
different expression, impedance is the measure of the opposition that a circuit presents to
the passage of a current asoitage is applie27]. While resistance has only magnitude,
impedance is represented as a complex quantity in order to captunmdogmitudeand

phase characteristics:
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AR 6=} (2.6)

where themagnitude|Z| represents the ratio of ¥ to Imaxand E M p. In Cartesian

form, Equatior2.6 can be expressed as:

O Y Qo (27)

where R is the resistancg ) the real parof the impedanceand X is the reactancq),
the imaginary part othe impedance. As shown iRigure 2.4, the impedance amplitude,
|Z] and the phase shift{ can be calculated usinthe real and imaginary parts of

impedance:

R Yo (2.8)

T AY (2.9)

14



Imaginary
(@)

A

12

‘ » Real
0 = Q)

Figure2.4: Graphical representation of the complex impedance plane.

While the resistance is used to assess the condition of cementitious materials
using DC measurements, the impedance is used to track the material condition using AC
measurememst There are many ways to analyze impedance in order to obtain the material
properties Most methods use amplitude, phase, or real parmpédanceln this study,
for example phase ofmpedanceavas used; on the other hand, the most populanadet

electrical impedance spectroscopy (EIS), tracks the real part of impedance.

2.2 ELECTRICAL IMPEDANCE TECHNIQUES

Electrical impedance (El) techniques measure the phase shift and amplitude, or
real and imaginary parts, of the current at each frequencytioglicing AC voltage over
a range of frequencies. El plays an important role in fundamental and applied

electrochemistry, materials science, and engineering fields by providing useful
15



information on characterizing the electridsdhaviorof systems, deteicly the electrical
properties of materials, and measuring particle §28. Two El techniques will be
discussed in this section, electriaalpedancespectroscopy (EIS), whictonstructs a 2

D image using 2 or-point measurements, and electrical impedance tomography (EIT),
which constructs a-B image using multiple electrodes.

Some of the advantages of EIS include simplicity in design and operation of test
setup, fast responseo heat generation due to short warmtime, high signalo-noise
ratio, detection of a wide range of sample types, ability to fabricate apparatus in a small
size, and many commercial instruments raadily available that measure the impedance
as a fuetion of frequency automaticalfj29]. Threedifferenttypes of electrical stimuli
are used in EIS: (1) a step function of voltage is applied to the system and the resulting
time-varying current is measurg() random (white) nois&oltageis applied and the
current is measurednd (3) a mgle frequency voltage is applied and the magnitude and
phase of the electricahpedancever a range of frequencies are meas{@&{

Traditionally, EIS measurements haueeen carried out using the-pdint
configuration Figure 2.5a). It is simple and easy to implement, because only two
electrodes need to be manipulatétbwever, interpretation of the measured data is
difficult because each contact serves as a currenaaral voltage electrod@0]. The
total resistance, (R is given by:

Y

® . .
5 Y cY Y (2.10)

where Riie IS the wire resistance, fRiact IS the contact resistance, ang,,Ris the
resistance of theementitious materialAs indicated irEquation2.10, it is impossible to

determine Ra without introducing error by parasitic resistances with theasurement
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configuration[30]. Typically, error introduced by these parasitic resistances are relatively
small compared with the resistance of thmateria] however, in the case of high

frequency parasiticresistances casignificantly alter themeasurements0Q].

Ammeter Ammeter

Voltmeter Voltmeter

o o o o
s s s s
0 _ ¥ o _ o
Subject Subject
Raubject D Raubject (
RCOntaCt RCOntaCt RCOntaCt RCOntaCt

(a) 2point measurement configuration (b) 4-point measuremertonfiguration

Figure2.5: 2-point and 4point resistanceneasuremertonfigurations.

One possible solution is thepbint measurementwhich uses separate pairs of
currentcarrying and voltagsensing electroded-igure 2.5b). The conept of 4point
electrodes was originally proposed by Wenner in 1316 for geophysical applications,
thus the 4point measurementechnique is often called Wengemethod. Although the
voltage path contains both,R and Ronaci due to the high inputmpedance of the
voltmeter the current flowing through the voltage path is extremely[@iy 32]. Thus,
the voltage drops acrossiR and Ronac:Can be neglected and the measured voltage is

essentially thevoltagedrop across thenaterial[32]. That is, parasitic voltage drops can
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be mhimized and hence more accurate resistance measuremeguisgsible by using-4
pointmeasuremerrather than 2oint measurement.

While a 2D image can be constructed with a single pair of electrodes, multiple
electrodes combined withmpedanceimaging echnique enable construction of éD3
image. This is called electricahpedancaomography (EIT)33]. The electrodes can be
embedded omounted (surface contact) and gpecimercan be any kind of a material.
EIT is a widely used technique in medical applicatifify 19] where an image of the
conductivity or permittivity of part of the body is inferred from surface electrical
measuremest The electrical permittivity is a measure of how readily the charges within
a material separatunder an imposed electric figl2i7]. Typically, conducting electrodes
areattachedo the skin and EIT works by passingrall AC through individual pairs of
electrodes and measuring the resulting electrical potef2glsBy combining detection
and spectroscopic determinations into one system, EIT makes a powerful detection
system. However, ElTequires extensive signal processing in order to retmct the
image using multiplexers and inverse algorithms. In addition,résponseof EIT is
rather slow relative to EIS techniq[£8].

Typically, measured electrical impedanis described in terms of a Nyquist plot.

It is a graph in Cartesiacpordinatesthe real part of impedance is plotted on thaxs
while the imaginary pait plotted on the Yaxis. For a cementitious material, a Nyquist
plot comprises two circulaarcs: a low frequency¥tiecirogd arc and a high frequency
(¥ouk) arc. A schematic representation of a Nyquist ploa@ementitious material is
illustrated inFigure2.6. One of the most important parameters in the Nyquist plot is the
bulk resistance, Rk When impedance is measured with increasinghere is a point
where the entire system becomes purely resistive (the imaginary part = @,#tuand

Z = Ry, SeeFigure2.4) at the intersection of the two arcs.
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Figure2.6: Typical Nyquist plot with impedance parameters obtained frguit EIS
measurement®]. (Horizontal axis is not plotted to scale.)

FromFigure2.6, themaximum and minimum values tife real part of impedance
(Rouk + 2Reiectrode @and Q are obtainedmathematicallyat ¥ = 0 andD, respectively.
However, in experiments, impedance analyzers can only produce a finite range of
frequenciesandonly the portion of théNyquist plotnear Ry is typically generatedn
addition, the value of imaginary part of impedance is not zerg,at (Rigure 2.7). In
practice, Buk is estimated as the real part of impedance at the point corresponding to the
minimum of imaginary part. Althoughctual measured electrode response is more
complicated than that shown kigure 2.6 [21, 34-36], this simpé methodsuccessfully
captures Rk [37]. Once Ruk is obtained using this approach, the electrical regigtr
conductivity of amaterialcan be calculated after considering the geometry factor, A/ L
as described in EquatigrandFigure2.2. For other geometries, the geometry factor can

be obtained experimentall9].
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Figure2.7: Nyquist plot of a concrete specimen obtained frepolht EIS
measurements. The real part of impedance with the minimum imaginary part
of the curve is used to determine the bulk resistangg, R

2.3 ELECTRICAL PROPERTIES OF CEMENTITIOUS MATERIALS

Cementitious materials are porous and exhibit a wide range of conductivities
based primarily ortheir moisture condition. Cementitious materials are classified as
semiconductors when saturated, and insulators when completely dried. This is due to the
factthat a large proportion of electrical conduction occurs through the pore fluid within
cementitious materialg38]. Other than moisture conditiothe electrical properties of
cementitious materials are also related to the microstructure of the cement matrix, pore
structure, porosity, pore size distribution, and the concentration of ions and their mobility

[26, 38]. Generally, hardened concrete saturated in salt viiai®a conductivity in the
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range of 0.01 to 4 mS/cf89]. Thefactors that influence the conductivity of cementitious
materials are typically governed by mixture proportions of cementitious materials and
external conditions, such as ambient temperature and relative hurfidity38].
Examples of mixture proportions influencing the conductivity of cerbased materials

are type of cement, watés-cementitious materials ratitype of admixtures, antiype of
supplementary cementitionsaterials{SCMs)[38§].

Waterto-cementitious materials ratio and age act as the two mgsdrtant
parameterswhen determining the conductivity of cemebbased materials. Watéo-
cement materials ratio is an important factor in shaping the microstructure of cement
matrix and tlke ionic concentration of the pore solutif38]. The age of cementitious
materials determines the degree of hydration, such that the resistigigases as
hydration progressd488].

Conductivity of cementitious materials @lso largely influenced by cemeta:
aggregate ratio. It is vilknown that the resistivity of aggregates is much higher than that
of cement paste, and a large proportion of electrical conduction occurs through the pore
fluid within cement past¢38]. Therefore, themore aggregate in a given volumsa
cementitious materiathe higher the resistivity. This is the reason why the resistivity of
concrete is always higher than that of mortar or greith the sam waterto-
cementitious materials ratio and sammxture componentswhen the specimens are
subjected to the sanemvironmentatonditions.

SCMs such as fly ash, silica fume, and ground granulated blast furnace slag
influence the microstructure of the cement matrix owing to themzzolanic
characteristics anghysical properties, and therefore, affect conductiViy 26, 39].

When Portland cement tyates by reacting with water, tdecalciumsilicates (GS) and

the tricalcium silicate (C3S) react to form calcium silicate hydrate-$H) and calcium
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hydroxide (CH (Ca(OH)) [38]. C-S-H exhibits a gludike form and is primarily
responsible for the strength and holds the cementitious matagether while CH has

no strengthbuilding properties and leads to efflorescencedlo§ water or a solvent of
crystallization from a hydrated or solvated salt) and poor chemical resi$@int&hen
typical examples of SCMs are blended with Portland cemeng§@hsreact chemically
with CH to fom additional CS-H, which in turn densifies and reduces the permeability
of the concrete by creating a finer pore giltgtribution andlower ionic concentration
[6]. For this reason, replacing a portion of the aetwdth SCMs leads tagoncrete with
higher electrical resistivitif only Portland cemerttad been used in the mixtJi 26].

Other than mixtureproportiors of cementitious materials, externanditions
such as ambient temperature and relative humidity basggnificantinfluenceon the
conductivity of cemenbased materials. The viscosity of a fluid decreases with increasing
temperature, anad¢onsequentlythe mobility of the ions, which carry the current, is
increased[26, 38]. As a result, the electrical conductivity of cementitious material
increases as the temperature increases. This dependence on temperature variation is a

natural characteristic of conductivity aistbbserved irall typesof materias.
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Chapter 3:  Passive Condctivity Sensor Platform

Electrical onductivity (or resistivity) of cementitious materials is considered to
be a fundamental property and is commonly measured using nondestructive testing
techniqued40-42]. Many researchers have used electrical measurements to monitor the
condition of concrete infrastructure systems, such as the likelihood ofsicorrof
embedded reinforcemefR2, 43-46], setting time of concret88, 47-49], and transport
properties[50, 51] of cementitiousmaterials The research team at the University of
Texas at Austin has previously reported on the development efdetvypassive wireless
conductivity sens@ [12-14]. The sensors are designed to be embedded in new
construction or portions of rehabilitated structures before placement of the coftaete.
envisioned that theessorswill be interrogated duringoeriodic inspectiors over the
service life of thanfrastructure systerto monitor the variationsf conductvity within
theconcrete.

Two types of conductivity sensors are discussed in this dissertation. The
conceptual design of tHest generation conductivity sensaas developed by Andringa
[14] and usesa pair of parallelwires (sensing electrodes) as thansducer. This
configuration is called the PW sensdhe parallel wiresare directly connected to the
RLC circuit in the sensor body and extend into the surrounding condktiée the
configuration of thetransducer is easily modeled, the research team found that the
exposed electrodes were susceptible to damage during placement of the concrete. In order
to overcome thizvulnerability, the research team developgedecond generation sensor
by redesigningthe transducer This configuration is called th&C sensorand the

transducer is not directly connected to ®RieC circuit in the sensor bodyRrather the
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transducer influences the response of the NC sensor by shielding the sensor body from
the electromagnietfield generated by the external reader coil.

Information abouthe design, fabrication, interrogation, and response of theth
PW and NCconductivity sensaris provided in this chapter. An extensive set of
parametric tests were conducted to deternthegparameters that affetihe response of
the passive conductivity sensoidost of the results discussed in this chapter were
conducted by submerging the conductivity sensors in water with varying salt
concentrations. The measured response of sensoexddetbin concrete is discussed in

Chapter 4.

3.1 DESIGN CONSIDERATIONS

The conductivity sensor platforaiscussed in this dissertation diffdrem other
traditionalhealth monitoringsystems because the sensanes wireless, passive, and low
cost. Wireless @mmunication between the embedded sensors and external reader allows
easy installation and operation, saving cost of cable installation and labor charges, setup
without delaysandno limit on the numbeor location of sensorwithin the infrastructure
sydgem. Not relying on wires to power the embedded sensors also protects the
infrastructure system fromotential ingress of moisture and chloride ions, which can
reduce the service life of thmfrastructuresystemand the monitoring systenThe
passive tedamology givespotentially infinite operatioml life to the embedded sensors
because without an onboard power soureplacemenbr recharging of batteries is not
necessary. And most importantly, inexpensive initial and maintenance costs enable
acquisitionof reliable datafrom adense distributiorof sensorswithin a structure, yet

only a single external reader and impedance analyzer are required to interttogate
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embedded sensorklowever, close proximity to the embedded sensors is required for

interrogation.

3.2 CONDUCTIVITY SENSORPLATFORM S

The basic characteristics of the two types of passive conductivity searsors
described in this sectioBoth sensor platforms rely on wirelessmmunication between
a resonant circuit, which is embedded in concrete or submerged in liquids, and an
external reader coil. The components in the resonant circuit and the configuration of the

sensing element are the primary difference between the twe btffsensors.

3.2.1 PW Conductivity Sensors

The PW conductivity sensor platform wasleveloped by Andringd12] and
evaluatedby Chou[13] and Pasupathijd4]. The compnents othe PW sensor are shown
in Figure3.1. Theresonantircuit is hermetically sealedvith the exception of a pair of
sensing electrode$igure 3.1b). The electrodgact as the transducer aartkexposed to

the environmental conditions the surroundindiquid or concrete
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Figure3.1: Wireless interrogation of PW conductivity sensor using a magnetically
coupled externaleader.

After a series of tests were conducted in concietech are discussed in Section
4.2, the research team found that the expasedtrodes were susceptible to the damage
during placement othe concrete Figure 3.2 shows a PWeonductivity sensor with bent
electrodes(The oriemation of the parallel electrode®es not influence the response of
the PW sensors The damage was only observafter removing the sensor from the
concrete but the sensor readings were not consistent with those of companion sensors
that remained undargad The sensor conductance Gs (Figure 3.1b) is strongly
influenced bythe geometry of the electrodasdthe conductivity of the mediunience,
an unexpected variation in the geometry of the sensing electrodes kamificant

influence on the overall performancead®?W conductivity sensor.
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Figure3.2: Exposed electrodesithin PW sensor were bent during placement of
concrete

3.2.2 NC Conductivity Sensors

In order to minimize the susceptibility of the electrodeso damage during
placement of the concretéhe research teameconfigured the geometry of the sensing
electrodes andevelopedhe NC sensor. The NC conductivity senglatform maintains
theunique featuresf the PW sensand is alsavireless, passive, and leg@ost

The NC conductivity sensor platform h&go componentsa hermeticallysealed
resonantircuit (Figure 3.3) and asensing elemengFigure 3.4), which is a thin, metal
element that ipositiored above the sensor body but is not physically connected to the
resonant circuitThe sensing element &dectronagnetially coupled to both the external

reader and the resonant circuit. The sensing elenmmmshlelds the electromagnetic field

27



between the two componeras illustrated irFigure3.5. The degree of shielding depends

on the conductivity ofhe mediumsurrounding the sensing element

Capacitor
5 g
PC-Board N 2
Epoxy Casing ] Sensing
Inductive Coil g Element
= — ‘ =
| . | ‘Ti m
e
(a) Resonant circuit (b) NC sensor

Figure3.3: Configuration of NC conductivity sensor: resonant cirfeitt) and sensor
with sensing element on top (right).

Figure3.4: Photograph ofensing element.
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Figure3.5: Wireless interrogation of NC conductivity sensor usaangagnetically
coupled external reader.

In addition to the fact that the N€onductivity sensor platform reduces the
likelihood of damageatthe sensing electrodes during placement of the conthnete are
more advantages. Firshe embedded resonant circuit is hermetically sealdtbut any
components sticking out, thuke circuit is completely protected from tip®ssible
intrusion ofcorrosive substancewhich may cause the damage to the sensor body and
circuit [13]. Second, the NC conductivity sensor is much easier and tastabricate,
assuming that both type of sensors are handmade. The sensing element is not physically
connected to the resonacitcuit; therefore, there is no need of soldering the sensing
electrodes to the small circuit board. Thirde NC conductivity sensor covera wider
range of the conductivés with greater sensitivitghan the PW senspand therefore
provides enhanced resolution in detecting the medium conductiVikys characteristic

will be discussed in detaih Section3.3.3
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The primary disadvantage of the NC conductivity sensor, however, is that only
the upperface of the sensing element is exposed to medilime lower face of the
sensing element is adjacent to the epoxy casing of the resonant circuit, which is not
permeable. Therefore, contaminants that migrate into the concrete from above are likely
to be trapped by the epoxy. As a result, the measured conductontytifie NC sensor
may be higher than those measured from the PW sensor for the anticipated configuration

in a bridge deck.

3.2.3 External Reader

The externalreader is connected to an impedance analyzer that powers and
interrogates the embedded sensor througttrelmagnetic coupling (M) by an inductive
coil. When theconductancgGs) of transducer is altered by changes in the medium
surroundingthe electrodes or when the coupling between the reader and the sensor is
varied, themeasuredcomplex impedance (Z) ofhé reader changes. Therefore, by
measuring the impedance (magnitude and phase) of the readera range of
frequenciesfor a given electromagnetic coupling, information about the conductivity

variations within medium surrounding the electrodes is oldaine

3.3 INTERROGATION OF CONDUCTIVITY SENSORS

The response aémbeddedconductivity sensorsare measuredoy analyzingthe
phase ofimpedance across the terminals of the external reatlertypical response of
both types otonductivitysensors and definition of the response parameters are shown in
Figures 3.6 and 3.7. The resonant frequencyf, is identified as the frequency
corresponding téhe minimum in theghase responsé&or the PW sensofy depends on

the inductance, d.capacitance, £and conductance,{3f the resonant circuit:
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C T VD 5 (3:1)

For the NC sensor, on the other hafgdiepends on the inductance,dnd capacitance,

C; of the resonant circuit:

n P P
Q — —=
¢ v D

(32)

The phasedip is defined as the difference between ph@seangle at and away from the
resonantrequency.The bandwidth is defined as the fulkvidth halfmax (FWHM) of the

phase of thempedance

90
PW Sensor
80 - o
S
Band Width o
x 0.009 MHz o
B 70 - 3
S =
N T
60 -
Resonant Frequency i
0.49 MHz |
50 : N : : .
0.4 0.45 0.5 0.55 0.6
Frequency (MHz)

Figure3.6: Measured phase of impedance of representative PW conductivity sensor and
definition of the response parameters. The sensor was submerged in
deionized wateand interrogated usirgclear separation distance of 1 in.
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Figure3.7: Measured phase of impedance of representative NC conductivity sensor and
definition of the response parameters. The sensor was submerged in
deionized wateand interrogated usirgclear separation distance of 1 in.

The simplestway to monitor changes in the response of the conductivity sensor
appears to be measuring the variations inris®nant propertiesuch as phase dip and
resonant frequencydowever, eitherparameter alones sufficient todefine the response
of the comuctivity sensor complete)ybecausehe response of the conductivity sensors
depends oioth theconductivity ofthe medium andhe coupling betweethe sensor and
reader Foragivenmedium conductivity, the phasip decreasesguickly with increasing
separation distanceetween the reader coil and the sen&ogure 3.8). If the separation
distance is fixedthe degree of variation in the resonant frequency is too dmall

distinguish between media of different conductivitigsiggre 3.9). Therefore, a
32



nondimensional term, the pseudo quality factor, is used to define the sensor performance

[12-14].
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Figure3.8: Sensitivityof phase ofmpedancedr PW conductivity sensato changes in
clear separation distance
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Figure3.9: Sensitivityof phase of impedancerfPW conductivity sensato changes in
conductivityof liquid.

In classicalsystems, such as damped oscillators and Ric€uits the quality

factor (Q) is used todescribethe resonantcharactestics When the response &

resonantsystemis directly measuredthe ratio of the energy stored in the citcia the

energy dissipated in one cycle is defined as the Q fezhr

L YO £ 10Q@I Q6
V' S 0fiacd obonda 0

(3.3)

Highervalues ofQ indicate a lower rate of energy being lost relative to the energy stored
Systems with lower levels of damping will exhibit higher values of&.undr-damped
oscillators,Q may be approximated usiguation3.4, which is related to the sharpness

of the resonanceurve (Figure3.10) [53]:
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Figure3.10: Energy- frequency relation of the dampedcillator.

Parameters similar to @an be extracted from theeasuredmpedanceaesponse
of the passiveconductivity sensos. Because the resonant circug intended to be
embedded in cementitious material and interrogated in a wireless manniglirect
measuremeris used to extradhe Q factor. This is whyhe termfipseudo qualitfactor
is used to describe the resonant properties ghdksivesensors

In the following subsections, the response of the PW and NC conductivity sensors

were tested by submergiriige sensorsn liquids with conductivitiesranging from 0 to
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nearly 70mScm. Salt was added to deionized water to increase the conductivity. The
maximumpercent of salt by weight was453%. Conductivitiesand temperaturesf each

liquid were measured using &6l EC300wired conductivity meteand are listed in
Table3.1. Both types otonductivitysensos were interrogated in each of the nine liquids
atthreedifferentclear separatiodistances (1.0, 1.5, and 2.0 ilA) Hewlett Packard HP

4194A impedance, gaiphase analyzer was used for all interrogations

Table3.1: Measured temperature and conductivity of liquids with varying

conductivity.
Liquid Conductivity (mS/em) 5, f)";‘/'mi’ght) Tem(E,’E)rat”re

Deionized water 0.00 0.00 71.1
Tap water 0.28 0.01 71.4
0.99 0.05 72.7

2.00 0.10 72.5

4.04 0.23 72.7

5.95 0.34 72.3

Salt water 7.95 0.46 72.9
10.17 0.60 73.8

20.26 1.26 73.4

39.40 2.68 71.6

68.56 5.36 71.2

3.3.1 Observed Response d?W Conductivity Sensois

The measured phase response aofepresentativePW conductivity sensor
submergedn each liquidand interrogated with &in. clear separation distantsplotted
in Figure3.11. As the conductivity osurrounding mediunmncreasd, the conductance of
the sensor circuit, G(Figure 3.1b) increasd. Accordingly, thephasedip decrease

(Figure 3.12), the band width increasd (Figure 3.13), and the resonant frequency
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decrease slightly (Figure3.14). While the measured phase dip decrdagih increasing
separation distance, the measured band width and resonant frequeimciependent of
the separatiordistance. Therefe, the pseudo quality factor (= resonant frequency / band

width, Equation3.4) becomes independent of the separation distance.

80 = LIQUID
—=—Deionized Water
\% N —+—Tap Water
o ——0.05% Salt Water
- ——0.10% Salt Water
60 ——0.23% Salt Water
——0.46% Salt Water
——1.26% Salt Water
50 ; ; ; .
0.4 0.45 0.5 0.55 0.6

Frequency (MHz)

Figure3.11: Measured phase of impedancd”® conductivity sensor in liquids of
varying conductivities with a clear separation distance of 1 in.
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Figure3.12: Variation of phaselip with conductivityof liquid and cleaseparation
distance for representative PW conductivity sensor.
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Figure3.14: Variation of resonant frequency witbhnductivity of liquid and clear
separatiordistance for representative PW conductivity sensor.

Measured pseudo quality factors afPW conductivity sensor in liquids with
varying conductivitiesare shown irFigure 3.15. The pseudo quality factor decreased as
the conductivity of the liquids increased. The pseudo quality factors were extremely
sensitive to changes in the medium conductivity below approximdtainS/cm. At
higher conductivity levels, the response of domductivitysensors appeared to saturate
and large changes in conductivity were accompanied by rather small changes in pseudo
quality factor. The trends were essentially the same focladlr separationdistances
demonstratingthat the pseudo quality factor isxdependent of separation distance

between the sensor and the reader.
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Figure3.15: Variation of pseudo quality factor with conductivafliquid and clear
separatiordistance for representative PW conductivity sensor.

3.3.2 Observed Response dfiC Conductivity Sensors

The response of the NC conductivity sensors subadargeach liquid listed in
Table3.1 was measuredith clear separation distances of 1, 1.5, and 2 in. The measured
phase responses tife NC conductivity sensanterrogated using &-in. clear separation
distance are plotteid Figure3.16. As the conductivity of surrounding medium incregise
the phasalip decrease (Figure 3.17), the band width increadgFigure 3.18), and the

resonant frequenayncreasd slighty (Figure3.19).
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Figure3.16. Measured phase of impedanceNd conductivity sensor in liquids of
varying conductivities with a clear separation distance of 1 in.

Compared to the response of the PW conductivity sensor, NC sensor has a larger
phase dip andarrowerband width for a given medium conductivitgimilady to the
response of the PW sensor, the phase dip dedreaeincreasing separation distance,
while the band width and resonant frequency are independent of the separation distance.
However, the band width measured in liquid with higbnductivity showed some

variations
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Figure3.17: Variation of phaselip with conductivityof liquid and cleaseparation
distance for representative NC conductivity sensor.

For the PW conductivity sensor, tleonductance ofthe sensor circuit, &
increasd with increasing medium conductivity, and accordingly, the resonant frequency
decrease as per Equatior8.1. On the other hand, the response of the NC sensor is
governedby the inductance, L, because the sensing element influences the response of
the NC sensor by shielding the electromagnetic field between the reader and the circuit.
Therefore, as the conduaty of surrounding medium increa$e the inductance

decreasg and consequently, the resonant frequency incdesper EquatioB.2.
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Figure3.18: Variation of band widthwith conductivityof liquid and cleaseparation
distance for representative NC conductivity sensor.
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Figure3.19: Variation of resonant frequency with conductiwatyliquid and clear
separatiordistance for representative NC conductivity sensor.

The pseudo quality factor decreased as the medium conductivity increagee (
3.20). Measured responses of conductivity sensors at three different separation distances
were essentially the samendicating that the pseudo quality factor is independent of
separation distance. Based on the fact that the typical conductivity range of concrete is
between 0.01 andlmS/cm[39], the measured pseudo quality fastare verysensitive in
this range demorstrating the viability of the NC conductivity sensa within concrete

materials
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Figure3.20: Variation of pseudo quality factor with conductivafliquid and clear
separatiordistance for representative NC conductivity sensor.

3.3.3 Comparison of Sensors

Measured pseudo quality factoc®rresponding toNC and PW conductivity
sensos are compared ifrigure3.21. TheNC conductivity sensor covered a wider range
of the conductivities with greater sensitivity, and therefore provided enhanced resolution
in detecting the conductivitgf the liquid While the response of tHeW conductvity
sensor appeared to saturate around 4 mS/cm (0.25% salinity by weight), the pseudo
quality factor of theNC conductivity sensor was sensitive to conductiviyels of
approximatelyl2 mS/cm (1.30% salinity by weight)lhe corresponding range of the
pseudo quality factorof the PW conductivity sesor was 6to 57, while that of NC

conductivity sensor was 16 87.
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Figure3.21: Comparisorof pseudo quality factors f&?W and NC conductivity sensors
in liquids of varying conductivitiew/ith aclear separation distance of 1 in.

3.4  FABRICATION OF PROTOTYPE CONDUCTIVITY SENSORS

Fabrication of both types ofonductivity sensors andhe external readeis
discussed in this sectioAn extensive set of parametiiests vasconducted to identify
the factors that most significantly influentiee response of theonductivity sensors

Those studies are also described in this section.

3.4.1 Sensor Body

Onegoalthis investigation wat producea smallsensor. A PVC pipe vt 2-in.
nominaldiameter(actualoutside diameteof 2.4 in) was usedo form the inductor in the
resonant circuit. fiis diameter was sufficiently large permitsoldering of the circuit

components insidée PVC ring54].
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3.4.2 Inductive Coil in Sensor

Based onwork by Dickerson[54], coupling efficiency btween the reader and
resonant circuit increadeas the number oloops in the inductive coil in the sensor
increasd, but levels off at four or fivéoops Therefore, an inductor with fideopswas
consideredappropriatefor the inductive colil in the resonant circuit. Due to the inherent
resistance of the wire, the size of the inductive coil also plays an important role in the
quality of the sensor performance. Larger diameter wire has Iparasiticresistance,
and theefore,provides greater coupling efficienciiowever, due to the practical limits,
enamelinsulated magnet copper wire of 18 AWG was considered the largest practical

wire diameter that would still allow hafmwdinding [54].

3.4.3 Sensor Casing

Marine epoxy was selected as the casing material for the embeacld@uakctivity
sensorshecause it is transparent and easy to mold into the desired Bloay®zer, the
thermal expansiomoefficient of cementitious materials etween6x10° and 8x10°
in./in./°F while that of marine epoxy isver 30x10° in. / in. / °F [55]. Whenthe
temperature around the embedded conductivity sensor is increhsdopdy of the
conductivity sensoexpandsmore than surroundingcementitiousmateria] which can
causecracksin cementitious materialAlthough it was not adopted in this studyhou
[15] developed a hemphereshaped sensor casing that cordduce thassues related to

differences in the thermal coefficients of expansion

3.4.4 PW Conductivity Sensor

The @nfiguration of the PW conductivity sensor is shown in Figdi&2 and te

components used to fabricdtee sensoare summarizedn Table 3.2 Although various
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componentsvere changed during this investigation, the parameters listed are the most

common.
ﬁ k 0.2"
.
N
Electrodes -
Epoxy Casing - T
PC-Board
. i | R
Capacitor m" R
Inductive Caoil
5 Loops 2 LIl
+ 06
Top Side

Figure3.22: Configuration of PWeonductivity sensor.
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Table3.2:  Properties oprototype PW conductivity sensor.

Component / Property Description
Body 2-in. nz\rgigli%?ameter
Inductive coil 18 AWG Cg?gggsmagnet wire
Capacitor Ceramic 33,000 pF

100 V,+5% tolerance

14 AWG bare copper wire
Sensing electrodes Length: 1.2in.
Centerlinespacing: 0.2 in.

Casing Marine epoxy

Resonant frequency 0.48- 0.50 MHz

3.4.4.1Capacitor

The influence ofL4 different types of capacitors in the resonant circuit was tested
by interrogatingPW sensorsn air at aclear separation distancef 0.5 in. All sensors
were interrogatedising an externakeader with 4in. diameter and-foop inductive coill,
which has rsonant frequency of ®Hz. The results are presented in FiguBe23 and
3.24 The resonant frequenayf the resonant circuilecreased as capacitance increased
for a given inductive coil (Equatio.l). The phasedip tendedto increase with
decreasing capacitance, but some variations were observesituftions wherethe
resonant frequencies of the sensor and reagee similar, a very drong signal (large
phasedip) wasgenerated. However, when the two resoffi@tguenciesare close to each
other, the pseudo quality factdepends on theeparation distance between the sensor

and the reader, and any perturbations due to resonant caelouiiuse a large variation in
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the response of theonductivity sensor[14]. Therefore, althougta strong signal is
generated, having similar resonant frequencies for the sensor and reader is not desirable.
The unexpected performance of the sensor withf2@apacitor(Figure 3.23), which
had a extremelywide bandwidth, is likely attributed tahe resonantrequencies of the
sensor and readbeing too closeThis will be discussed in detan Section3.4.6

Four sensors were fabricatadth 220, 330, 820, and 33,0@F capacitorsand
interrogated in tap watefrhe results are compared with their phase respansasured
in air in Figure 3.25. While the sensor witla 33,000pF capacitommaintained its well
definedresonancgthe signal strength of the sensors with 220, 330, anghB2&pacitors

dropped abruptly when interrogated in tap water.
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Figure3.23: Measured phase response of prototype PW conductivity sensors fabricated
with capacitors ranging from 220 to 3,300 pF. All sensors were tested in air
with a clear separation distance of 0.5 in.
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Figure3.24: Measured phase response of prototype PW conductivity sensors fabricated
with capacitors ranging from 33,000 to 4,700,000 pF. All sensors were
tested in air with a clear separation distance of 0.5 in.
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Figure3.25. Measured phase response of prototype PW conductivity sensors fabricated
with capacitors ranging from 220 to 33,000 pF. All sensore wested in air
and tap water with a clear separation distance of 0.5 in.

The performance of the two PW conductivity sensors, with 820 and 3BR00
capacitors, were further evaluated by submerging them in liquids with varying
conductivities. The variatiom the pseudo quality factor as a function of conductivity of
the two PWconductivity sensors are compared figure 3.26. The measured pseudo
quality factor from the sensor witthe 820-pF capacitor decreased very rapidly with
increasing medium conductivity. As a result, this PW sensor was useful fanly
conductivitiesbelow 1 mS/cm whichwas considered to be too narrow the proposed
application of determining the conductivity of cementitious materialierefore,a

33,000pF capacitor was selected for the PW conductivity sendatess otherwise
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statedall PW conductivity sensomdiscussed in this dissertation wéabricated with this

sizecapacitor.
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Figure3.26: Variation of pseudo quality factor with conductivayliquid andcapacitor
in resonant circuitor PW conductivity sensor.

3.4.4.2Sensing electrodes

The wire chosen for theair of sensig electrodes wa$4 AWG bare copper wire,
which is commonly used in household wiring. Because the 14 AWG wire is relatively
stiff, it was expected t&eep its shape better than whiaving a smaller diametefhe

conductance of the resonant circuit,(§ per unit length is expressed[ag)]:

o
T HEa o (35)

55



whered, d, and a are the lengttenterlinespacing and diametef the sensing electrodes
(cm), respectivelyandln, is the conductivityof the mediun(S/cm). Using EquatioB.5,
Andringa [14] proposed using sensing electrodes wiémgthof 1.2 in.anda centerline
spacing of 0.2 in in order to meet the target conductiwatyapproximately 1.67 mS/cm.

To verify the influence of thgeometry of thesensing electrodes on the response
of the PW conductivity sensors, nine sensors with different sensing electrodes geometries
were interrogated in liquids of varying conductivities. Combinations of tHiféerent
electode lengtrs (0.4, 0.6, and 1.2 inand spacing (0.2, 0.3, and 0.5 in.vere
consideredn this parametricstudy [Table3.3). A constant clear separation distance of 1

in. was used for all interrogations.
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Table3.3: Range of geometries of sensing electrodes consider®W conductivity
sSensors.

Centerline spacing okesising electrodes (in.)
0.2 0.3 0.5

0.4

(a) 0402 (C) 0405

Length of
sensing
electrodes

(in.)

(d) 0602 (e) 0603 (f) 0605

L]

1.2

(9) 1202 (h) 1203 () 1205

The test results are shownkigure3.27. The response of the conductivity sensor

with 1202sensing electrodes (the longest length and the narrowest spacing) was the first
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to saturate, while theensorwith 0405 sensing electrodesghg shortest length and the
widest spacing) was the last. That is, the PW conductivity sensorOdfih sensing
electrodegrovidedthe widest range of the conductivity measurements. As the length of
the electrodes decreased and the spacing between @ésciinoreased, the pseudo quality
factordecreased more gradually with increasing conductivity of the liqundrefore the
range ofviable conductivitiesncreased. Rewriting Equatio®5 to solvefor O / Gs
(cm™) gives:

© T rob (36)

Using Equation3.6, the influence of the length and spacing of the sensing electrodes for a
given diameter wire can bdetermined as shown in Figure8.28 and 3.29 As a
increasd and d decreaske the valuell, / Gs decreased and thgseudoquality factor
becomesaturatedt lower levels of conductivity

If the length of the electrodes is fixall, / Gs increased as the spacinpetween
electrodess increasedf the spacing between the sensitegeodes is fixed, thealueof
Um / Gs increasd with decreasindength of the electrode#\s expected from Equation
3.6, variations in thdength have larger influences on the response ofdbeductivity

sensors than theenterlinespacing of the sensing electrodes.
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Figure3.27: Measured ariation of pseudo quality factor with conductivitiyliquid and
sensing electrode configuratifor PW conductivity sensor.

59



L\
5 ELECTRODE SPAG!
n2 .
~ ——0.21in.
= -=-0.3in.
. —4-05in.
0 T T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Length of Sensing Electrodes (in.)

Figure3.28: Calculatedl,, / Gsas a function of length of sensing electrodes for spacings
of 0.2, 0.3, and 0.5 in.
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Figure3.29: Calculatedl,, / Gsas a function of spacing of sensing electrodes for lengths
of 0.4, 0.6, and 1.2 in.
Calculated alues ofll, / Gs for eachelectrode geometry listed imable 3.3 are
plottedin Figure 3.30. Thevalueof 0y, / Gs is the largest fo£405 sensing electrodes,
while it is smallest forl202electrodesThis explains the difference in the behavior of the

PW conductivity sensors withdifferent sensing electrodes geometries showrrigure

3.27.
The response of the PW conductivity sensors wiéittrode configuration8402

and 0603 are comparedhigure3.31. Based on EquatioB.6, these sensors have similar
values ofll, / Gs. As expected, the trends were almost identical for both PW conductivity
sensors. With this approach, the response of the d®Wductivity sensor ray be

optimized to meet the target conductivity range by adjusting the geometry of the sensing
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electrodes. EquatioB.5 gives @lculatedtarget condudtities of the PW conductivity
sensors with electrodes 1202 and 0405 of approximately 2 and 7 mS/cm, respectively.
Hardened concrete saturated in salt water is knovimatea conductivity in the range of

0.01 to 4 mS/cni39]. That is, the target condirty of the PW sensor with sensing
electrodeconfiguration0405 is far beyond the typical conductivity range of concrete. In
addition, based on theaxiation of pseudo quality factothe response of the sensor with
sensing electrode type 1202 is sensitie conductivity levelsup to approximately4
mS/cm. Therefore,nless otherwise statedll PW conductivity sensors discussed in this

dissertatiorwerefabricatedwith 1202sensing electrodes.

0.86

0.8 1 0.73
?*E‘ 06 - 0.57
% 0.49 0.48
o
T£0.4 -
= 0.33

0.29
0.24
0.2 - I I 0.16
0 = T T T T T T T l

0405 0403 0605 0402 0603 0602 1205 1203 1202
Configuration of Sensing Electrodes

Figure3.30: Calculated G/ U, for each configuration of sensing electrodes considered.
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Figure3.31: Measured ariation of pseudo quality factor with conductiviiyliquid and
sensing electrode configuration foaWRconductivity sensor.

3.4.5 NC Conductivity Sensor
Configuration of the NC conductivity sensor is shownFigure 3.3, and he
components used to fabricateesummarizedn Table3.4. Although variousomponents

were changed during this investigation, the parameters listed are the most common.
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Table3.4: Properties of prototype NC conductivity sensor.

Part Component / Property Description

PVC pipe
Body 2-in. nominal diameter
18 AWG copper magnet wif

Inductive coil
5 loops
- . Ceramic 820 pF
Resonant circuit Capacitor 100 V, £5% tolerance
Casing Marine epoxy
Resonant frequency 3.0- 3.4 MHz
Shape Spiral

2 in. diameter

14 AWG bare copper wire
6.5turn

Sensing element
Inductor- transducer

Most components of the NC conductivity sensor are identicathe PW
conductivity sensor, except that a smaller capagias used in the resonant circuit, and

the transducer was changed from a pair of sensing electrodes to a spiral sensing element.

3.4.5.1Capacitor

Theresponsef NC conductivity sensors with 820 and,30Q pF capacitorsvas
tested. The pseudo quality factor of each NC conductivity sensor was measured by
submerging them in liquids with varying conductivities and the results are shown in
Figure 3.32 The NC conductivity sensor with 82fF capacitor demonstrated the
expected relationship between conductivity and pseudo quality .fadtermeasured
pseudo quality factors fromMiC sensorwith 33,000pF capacitoy on the other hand,
exhibiteda nearly linear trendbetween conductivity and pseudo quality factor and a
much smaller variation in the pseudo quality facitne range of the pseudo quality

factor measured from the sensor with §Focapacitor wa9 to 87, however, that of the
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33,000pF sensor was onlg4 to 51. Therefore, it can be concluded that the NC
conductivity sensor with 82pF capacitor providedreater sensitivity in the range of the
medium conductivities under consideratitinless othavise statedall NC conductivity

sensors discussed in this dissertation were fabricate B2@pF capacitors.
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@ 60
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g —8-820 pF
= —e—33,000 pF
8 30 0
o
—i
0 T T T T T T T 1
0 5 10 15 20 25 30 35 40
Conductivity (mS/cm)

Figure3.32: Variation of pseudo quality factor with conductivayliquid and sensor
capacitance for NGensor

3.4.5.2Sensing element

The £nsing elemenfseeFigure 3.4) is a thin, metal element that agljacent to
the sensor bodiut is not physically connected to the resonant circuit, ardpsesed to
the environmental conditions withinthe medium The sensing element is

electranagnetially coupled to both thanductive coil inexternal reader arttie inductive
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coil in resonantcircuit and shieldsthe electromagnetic field between the two
components.

The wire chosen to wind thgpiral sensing element was 14 AWG bare copper
wire, the same wire that was used to fabricate the sensing electrodes of the PW
conductivity sensor. It isather stiff, but still allows handinding of the spiral The spiral
sensing element has the same radius agebenantcircuit body in order to entirely
shield the resonant circuit. The number of supecame 6.5, when the spacing between
each loop was kept 0.2 in., the same centerline spacing used for the sensing electrodes of
PW conductivitysensor.

The sensing element is designed to be located betweentdrealreader and the
resonant circuit adlustrated inFigure3.33, Configuration B. However, it was found that
the sensing element effectively shielded the electromagnetic field evertivedresonant
circuit is located betweethe external readeand the sensing eleme(figure 3.33,

Configuration A).
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Figure3.33: Two different interrogation methods for the @Gnductivitysensor.
Configuration Arresonant circuit is located between the external reader and
sensing elemenConfiguration B: sensing element is locaedweerthe
external reader and the resonant circuit.

NC conductivity sensgrwereinterrogated using both configurations in liquids of
various conductivitigsand resultsre plotted irFigure3.34. Although no obvious trends
between the two configurations were found, it was clear that sensing element influences
the response of the NC conductivity sensorshielding the electromagnetic coupling
even when the Configuration A was usétbwever, a wider range of the conductivity
measurements were covered when NC sensors were interrogated with the Configuration

B. Therefore, the Configuration B was used forNfll conductivity sensors discussed in

this dissertation
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Figure3.34: Variation of pseudo quality factor with conductivayliquid and sensing
element location for NC conductivity sensor with §#0capacitor.

3.4.6 External Reader

Once the components, geometry, and properties optbitype conductivity
sensorsveredeterminedthe effect of the reader type on the performance of the sensor
was evaluatedFor a give type of sensoand separation dista@cthere is an optimum
readerdiameterand inductanceéhat maximizes the phaseresponse of theonductivity
sensor. Asthe separation distance incredsehe optimumdiameter and the optimum
inductanceof the reader increase. Based aetailed analyseby Pasupathy[14], the
optimum diameter ofthe external readers approximatelytwice the clearseparation
distancebetween the resonant circuit and the external reAdeexternal reader with a4

in. diameter wasised throughout this dissertation because concrete cogrpésted to
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in the range of 1.5 to 2 in. The components used to fabricate external reader are

sunmarized inTable3.5.

Table3.5: Properties of external reader.

Component Description
Plasticconcrete cylinder mold
Body . i )
4-in. nominal diameter
Inductive coil 18 AWG copper magnet wire
Cable BNC RQSBC/U
36 in.

The response of the passive conductivity sensoralss influenced by the
resonant frequency of the external readeris the case of the response of conductivity
sensor, the response of external reader is measured by analyzipyateof the
impedance. The typical response of an external reader with dlameter and -foop
inductive coilis shown in Figure 3.35. The resonant frequency is identified by the
frequency at ®phase, and thenductive and capacitive baselines are defined by the
phases at ¥0and-9(°, respectively. When a conductivity sensor with a given resonant
frequency is interrogated with an external reatierfollowing three caseare possible
(1) the sensor resonant frequencygisaterthan the reader resonant frequen@) the
sensor resonant frequencyapproximatelyequal to the reader resonant frequerand
(3) the sensor resonant frequencylassthan reader resonant frequendyhen the
resonant frequency aensor is within the capacitive baseliser(sor resomd frequency
> reader resonant frequendyigure 3.36), the weakest signdphasedip is 28.75° in
deionized watgris received from the sensdn this situationthe response of the sensor

is dominated by the extremely low impedance of the reader parasitic capaitdjnce
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The strongest signdphasedip is 150.63° in deionized watéris generatedvhen the
resonant frequencies of the reader and sensor are very close to eackigtineB37).
However, having the similar resonant frequencies for the reader and circuit is not ideal,
because perturbations in either resonant circuit cause large variations in the response of
the conductivity sensaystem and these vations mask the changes due to variations in

the conductivity of the surrounding medium.

90
Inductive Basdline
60 90° *

30 Resonant Frequency

+/ 5.97 MHz

Phase (9
o

-30

Capacitive Baseline
-90°

_90 T T T
4 4.5 5 55 6 6.5 7 7.5 8
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Figure3.35. Measureghaseof impedance of external reader withr4 diameter and-5
loop inductive coil, and definition of thesponsgarameters.
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Figure3.36: Measured phase of impedance of representBiiveonductivity sensor
when the resonant frequency of sensor is within the capacitive baskeline
reader(sensor resonant frequen&/1 MHz> reader resonant frequency
1.9 MH2). Sensor was testedimliquids of varying conductivities with a
clear separation distance of 1 in.
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Figure3.37. Measured phase of impedance of representhlfveonductivity sensor
when the resantfrequencies of the readed.4 MHz) and sensor (3.1
MHz) are very close to each other. Sensor was tesiadiquids of varying
conductivities with a clear separation distance of 1 in.

The most desirable case is when the resonant frequency of sensthinsthe
inductive baselinesensor resonant frequency < reader resonant frequieigeye 3.16).
Then, the sensor response is dominated by the inductor of reader. Unlike the reader
parasitic capacitance, the inductor of reader is where the sensor is actually
electromagnetally coupled Therefore, although the strength of the signal is not as
strong as that measured when the resonant frequencies of the reader and sensor are close
to each other, inductive baseline provides measurable strength of signal (phase dip was

70.45°in deionizedwvate [14].
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