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Electrical conductivity (or resistivity) of cementitious materials is considered to 

be a fundamental property and is commonly measured using nondestructive and 

noninvasive testing techniques. Therefore, electrical measurements are gaining popularity 

in both research and field applications for structural health monitoring and material 

characterization of civil engineering infrastructure systems. Based on the results of 

measurements, the engineer can schedule maintenance more accurately and give an early 

warning of possible structural failure. Recently, health monitoring systems are capable of 

significantly increasing the cost efficiency of maintenance and repair by helping 

engineers improve the safety and maintainability of structures through early damage 

detection. 

The research team at the University of Texas at Austin developed a low-cost, 

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 concrete. 

The focus of this work is to assess the condition of cementitious materials by 

measuring electrical conductivity using passive wireless sensors. By analyzing the 

measured conductivity data, the condition of the cementitious material, such as extent of 
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hydration, setting and hardening times, and transport phenomena, can be assessed. This 

document also provides comprehensive information 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 infrastructure systems, such as buildings, 

bridges, roads, dams, and other engineered systems. These civil infrastructure systems are 

very large in size and designed to serve the public for decades. Due to continuous 

exposure to the environment, however, these infrastructure systems are prone to 

deterioration, which impacts not only the productivity of the society, but also human 

safety. Therefore, maintenance and monitoring the structural health of infrastructure 

systems is a major challenge. Public agencies are investing significant portions of their 

budgets to maintain infrastructure systems [1-5]. Thus, development of innovative and 

effective structural and material health monitoring system for civil infrastructure systems 

is urgently needed. 

In case of human physical health, the general public is well aware that early 

detection is the best prevention. Large investments have been made to fund the research 

to develop the tools and technology for early diagnosis and treatment. In the same 

manner, structural and material health monitoring is defined as the process of 

continuously and autonomously monitoring the condition of a structure using embedded 

or attached nondestructive evaluation techniques [6]. Based on the results of 

measurements, the engineer can schedule maintenance more accurately, and give an early 

warning of possible structural damage [7]. Recently, structural health monitoring systems 

have been developed that are capable of significantly increasing the cost efficiency of 

maintenance and repair by helping engineers improve the safety and maintainability of 

structures through early damage detection [6]. 
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Structural and material health monitoring techniques have been under 

development for a long time in both research and field applications of civil engineering 

[7]. Until recent years, the conventional structural health monitoring techniques have 

focused on applications in structural performance prediction by identifying mechanical 

indicators such as loads, displacements, stresses, and strain [7]. However, it has been 

recognized that civil infrastructure systems have been deteriorating faster than expected 

because of concrete durability issues [6]. Durability of concrete is the ability to resist 

weathering action, chemical attack, and abrasion while maintaining its desired 

engineering properties [6]. Recent trends in structural health monitoring techniques, 

therefore, are more focused on in situ damage diagnostics, including estimation of 

corrosion probability, and material evaluation and characterization [8]. These areas are 

sometimes considered apart from the structural health monitoring and classified as the 

material health monitoring [9]. Recent material health monitoring systems provide a 

valuable tool in assessing the material behavior for a better understanding of degradation 

mechanism using eddy current, ultra sound, impact echo, and electrical measurements 

[7]. Most people acknowledge the importance and benefits of health monitoring system; 

however, only a few research studies have been published related to material health 

monitoring applications [9]. 

1.2 EMBEDDED PASSIVE SENSORS 

Traditional applications of health monitoring systems are often limited by high 

costs installation and maintenance, significant setup delays, and maximum number and 

location of sensors. Recently, owing to the rapid advancement of sensing and wireless 

technologies, the application in the health monitoring system for civil infrastructure 
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systems is moving to wireless embedded sensors. The benefits of such systems include 

ease of installation and use and low maintenance costs. 

However, another important consideration for the design of a wireless embedded 

sensor system is the way to provide power to the embedded devices. Today, wireless 

embedded sensor systems are widely used as tools for quality assessment and health 

monitoring of concrete structures, but still many of them require a continuous power 

source, such as an onboard battery [10, 11]. Wireless devices that rely on battery power 

have a finite lifetime after which the batteries need to be replaced or recharged. If 

periodically replacing or recharging batteries is not an option, the sensor is effectively 

lost once the battery dies. In addition, high capacity batteries are large in size, expensive, 

and extremely unstable at high temperatures which may cause an explosion or leakage of 

harmful chemicals. A possible solution is a passive wireless sensor platform that is able 

to receive power through electromagnetic induction. By using passive technology, the 

service life of the wireless embedded sensor system can be extended as long as that of the 

structure. 

Finally, cost limitations are one of the most important aspects of the sensor 

system. Due to the inherent large size of civil infrastructure systems, sensors should be 

widely distributed within a system in order to determine the overall condition. The high 

cost of a sensor system, however, can preclude the use of a dense sensor network. 

Lowering the unit cost of the embedded sensors enables dense distributions of the sensors 

within the infrastructure system and consequently allows acquisition of obtaining a lot of 

data. 

Therefore, low-cost passive wireless sensor systems are an attractive solution for 

health monitoring applications. Wireless communication makes installation and operation 

easier and less expensive. In addition, the passive characteristics provide a nearly infinite 
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service life of the sensor network while the low-cost enables the owner of the 

infrastructure system to obtain lots of data using a dense distribution of sensors. The 

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 low-cost, passive, wireless analog sensor for detecting conductivity 

levels (Figure 1.1) within concrete [12-14]. The focus of this dissertation is to further 

evaluate the efficacy of passive conductivity sensors and identify possible applications 

for their use. The possible uses of the conductivity sensors discussed in this dissertation 

are focused on the non-invasive in situ measurement and monitoring of: (1) changes in 

the electrical conductivity within cementitious materials; (2) variations in the internal 

chemistry within cementitious materials due to hydration reactions; (3) probability of 

corrosion of embedded reinforcement due to penetration of chloride ions; (4) setting and 

hardening of cementitious materials; and (5) transport properties, such as sorptivity, by 

tracking internal moisture movement. In addition, the development and evaluation of a 

new sensor design, a noncontact (NC) conductivity sensor (Figure 1.2), are discussed. 

This sensor reduces the risk of possible damage to the exposed sensing electrodes in the 

parallel wire (PW) conductivity sensor during placement of the concrete by reconfiguring 

the transducer. 
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Figure 1.1: Configuration of the parallel wire (PW) conductivity sensor. A pair of 

sensing electrodes extends from the sensor body into the concrete. 
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Figure 1.2: Configuration of the noncontact (NC) conductivity sensor. A sensing 

element is positioned above the sensor body but is not physically connected 

to the resonant circuit. 

Chapter 2 provides a review of fundamentals of electrical measurements of 

material properties within cementitious materials, including two conventional electrical 

impedance techniques, electrical impedance spectroscopy and electrical impedance 

tomography. This chapter also summarizes the typical range of electrical properties or 

cementitious materials. 
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Chapter 3 discusses the design, fabrication, interrogation, and response of both 

types of conductivity sensors when interrogated in liquids of varying conductivities. An 

extensive set of parametric studies was conducted to determine the influence of capacitor 

size, inductor size, external reader type, and sensing element on the response of the 

sensors. 

Chapter 4 discusses the response of both types of conductivity sensors embedded 

in concrete specimens. The variation of sensor response when subjected to a series of 

controlled environmental conditions was evaluated. Results provide a qualitative 

assessment of the condition of the concrete. 

Chapter 5 focuses on determining the quantitative relationship between the 

response of conductivity sensors and the conductivity of the material, and evaluating the 

reliability of sensors embedded in cementitious materials. Wireless and wired 

conductivity senses were embedded in grout, mortar, and concrete specimens and then 

measurements from the conductivity sensors and wired sensors were compared. 

Chapter 6 describes a method for monitoring the hydration process and 

determining setting times of concrete and mortar mixtures using PW conductivity 

sensors. The primary experimental parameters were the mixture proportions of the 

cementitious materials. The measured response of the conductivity sensors were then 

compared with the results derived from ASTM C403 for penetration resistance. A simple 

model is proposed to approximate the times of initial and final set based on the response 

of the conductivity sensors. 

Chapter 7 describes a method for detecting the depth of water penetration and 

sorptivity for the NC conductivity sensors embedded in mortar. The primary 

experimental parameters were mixture proportions of the mortar. The penetration of 

water front was measured for partially saturated and oven dried specimens. 
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Chapter 8 presents the summary and conclusions of this investigation. The 

limitations of using passive conductivity sensors are also addressed. 
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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 characterization of civil engineering infrastructure systems. Electrical 

conductivity is a measure of a materialôs ability to conduct an electric current, while 

electrical resistivity defines how strongly the material opposes the flow of electric 

current. The two properties are inversely related, i.e. conductivity = 1 / resistivity. The 

focus of this work is to assess the condition of cementitious materials by measuring 

electrical conductivity using passive wireless sensors. By analyzing the measured 

conductivity data, the condition of the cementitious material, such as extent of hydration, 

probability of corrosion, setting and hardening times, and transport phenomena, can be 

assessed. 

In conventional conductivity measurements, the conductivity of a material is 

obtained by tracking electric current, which is generated by an applied voltage. Because 

the measurements provide a nondestructive and noninvasive means of evaluation, and 

extensive sample preparation is not required, electrical measurements techniques have a 

long history of use in geology [15-17] and biomedical [18, 19] applications, and are 

gaining popularity for structural and material health monitoring [20-22]. 

The main discussions in this chapter are: (1) the two different methods of 

electrical measurements, direct (DC) and alternating (AC) current; (2) two conventional 

electrical impedance (EI) techniques, electrical impedance spectroscopy (EIS) and 

electrical impedance tomography (EIT); and (3) typical electrical properties of 

cementitious materials. 
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2.1 DIRECT (DC) AND ALTERNATING (AC) CURRENT METHODS 

Electrical measurements can be classified under two large categories: direct (DC) 

and alternating (AC) current methods. As schematically illustrated in Figure 2.1, current 

flows through a circuit in one direction for DC, while the direction of the current flow is 

periodically reversed for AC. However, the fundamental method of determining the 

conductivity (or resistivity) of a cementitious material is identical for both DC and AC 

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

Figure 2.1: Direct vs. alternating current. 

Using the DC method, a materialôs electrical resistance, R (ɋ) can be simply 

obtained using Ohmôs Law by measuring current, I (A) when a DC voltage, V (V) is 

applied to the material: 
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Ὑ
ὠ

Ὅ
 ( 2.1 ) 

The electrical resistance is the opposition to the passage of an electric current, while the 

inverse quantity, electrical conductance, G (S) = 1 / R, is the ease with which an electric 

current passes through the material. With the exception of superconductors, which have 

zero resistance, all materials have some resistance. Concrete is generally classified as a 

semiconductor and the material exhibits a wide range of resistances based on its moisture 

content. When the material is completely dried, 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 situation, where a pair of equally sized electrodes are placed in 

contact with a resistive material having a constant cross-sectional area and known length 

as shown in Figure 2.2, the resistivity, ɟ (ɋĀm) can be calculated by considering the 

dimensions of the electrodes and resistive material: 

 

” ὙϽ
ὃ

ὒ
 ( 2.2 ) 

where A (m
2
) is the area of the electrodes and L (m) is the length of the material parallel 

to the direction of current flow. The conductivity, ů (S/m), is the inverse of the resistivity. 
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Figure 2.2: A pair of equally sized electrodes are placed in contact with a resistive 

material with constant cross-sectional area, A, and length, L. 

Conventional DC measurements have been used to calculate the resistivity of 

cementitious 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 of a constant DC excitation, the flow of 

current through electrodes causes polarization, which establishes a potential at the 

electrodes that opposes the applied potential. This makes positive and negative charges 

move apart at the electrode-cementitious material interfaces and complicates the 

measurement of the resulting current [24]. As a result, errors are introduced in the 

measurements, which make it difficult to assess the resistivity of cementitious materials 

[24]. Researchers have tried to overcome the polarization effect by using a small DC 

voltage with a switch in the circuit [25], and by subtracting the measured polarization 

effect from the total value of current or potential [24, 26]. 

The most popular approach to address the problems associated with heat 

generation and polarization effects is to use AC measurements, rather than DC 

measurements. Because AC operates with a much lower current, neither polarization nor 
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alteration in the microstructure of the material due to energy dissipation occurs. Even 

when used in an early age cementitious material, which is very sensitive to the flow of 

electricity, very low perturbation or heat generation occurs within the material [26] when 

subjected to an AC current. 

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

voltage, V, can be described as a function of time as: 

 

ὠὸ ὠ ϽίὭὲὸ ( 2.3 ) 

where Vmax is the peak voltage (V), ɤ = 2́ f is the angular frequency (rad/sec), f is the 

physical frequency (Hz) representing the number of cycles per second, and t is the time 

(sec). When capacitors or inductors are included in an AC circuit, the voltage and current 

do not peak at the same time (Figure 2.3). The time difference between the two peaks is 

the phase difference, which is always less than 90º (or /́2 rad) [27]. An AC current, I, 

which has the same frequency as the applied voltage, can be expressed with consideration 

of the phase shift: 

 

Ὅὸ Ὅ ϽίὭὲὸ — ( 2.4 ) 

where Imax is the peak current (A) and ɗ is the phase shift (rad). 
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Figure 2.3: Illustration of applied voltage and resulting current in AC circuit. 

While Ohmôs Law (Equation 2.1) can be applied directly to resistors in DC or AC 

circuits, the form of the voltage-current relationship in AC circuits is modified as: 

 

Ὅὸ
ὠὸ

ὤ
 ( 2.5 ) 

where Z is the impedance (ɋ). Impedance is complex ratio of the voltage to the current at 

a particular frequency, ɤ, 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 as a voltage is applied [27]. While resistance has only magnitude, 

impedance is represented as a complex quantity in order to capture both magnitude and 

phase characteristics: 
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ὤ ȿὤȿὩ  ( 2.6 ) 

where the magnitude |Z| represents the ratio of Vmax to Imax and Ê Ѝ ρ. In Cartesian 

form, Equation 2.6 can be expressed as: 

 

ὤ Ὑ Ὦὢ ( 2.7 ) 

where R is the resistance (ɋ), the real part of the impedance, and X is the reactance (ɋ), 

the imaginary part of the impedance. As shown in Figure 2.4, the impedance amplitude, 

|Z| and the phase shift, ɗ can be calculated using the real and imaginary parts of 

impedance: 

 

ȿὤȿ Ὑ ὢ  ( 2.8 ) 

— ὸὥὲ
ὢ

Ὑ
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Figure 2.4: 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 

measurements. There are many ways to analyze impedance in order to obtain the material 

properties. Most methods use amplitude, phase, or real part of impedance. In this study, 

for example, phase of impedance was used; on the other hand, the most popular method, 

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

2.2 ELECTRICAL IMPEDANCE TECHNIQUES 

Electrical impedance (EI) techniques measure the phase shift and amplitude, or 

real and imaginary parts, of the current at each frequency by introducing AC voltage over 

a range of frequencies. EI plays an important role in fundamental and applied 

electrochemistry, materials science, and engineering fields by providing useful 
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information on characterizing the electrical behavior of systems, detecting the electrical 

properties of materials, and measuring particle size [28]. Two EI techniques will be 

discussed in this section, electrical impedance spectroscopy (EIS), which constructs a 2-

D image using 2 or 4-point measurements, and electrical impedance tomography (EIT), 

which constructs a 3-D image using multiple electrodes. 

Some of the advantages of EIS include simplicity in design and operation of test 

setup, fast response, no heat generation due to short warm-up time, high signal-to-noise 

ratio, detection of a wide range of sample types, ability to fabricate apparatus in a small 

size, and many commercial instruments are readily available that measure the impedance 

as a function of frequency automatically [29]. Three different types 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 measured; (2) random (white) noise voltage is applied and the 

current is measured; and (3) a single frequency voltage is applied and the magnitude and 

phase of the electrical impedance over a range of frequencies are measured [28]. 

Traditionally, EIS measurements have been carried out using the 2-point 

configuration (Figure 2.5a). It is simple and easy to implement, because only two 

electrodes need to be manipulated. However, interpretation of the measured data is 

difficult because each contact serves as a current and as a voltage electrode [30]. The 

total resistance, Rtotal is given by: 

 

Ὑ
ὠ

Ὅ
ςὙ ςὙ Ὑ  ( 2.10 ) 

where Rwire is the wire resistance, Rcontact is the contact resistance, and Rmat is the 

resistance of the cementitious material. As indicated in Equation 2.10, it is impossible to 

determine Rmat without introducing error by parasitic resistances with this measurement 
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configuration [30]. Typically, error introduced by these parasitic resistances are relatively 

small compared with the resistance of the material; however, in the case of high 

frequency, parasitic resistances can significantly alter the measurements [30]. 
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(a) 2-point measurement configuration (b) 4-point measurement configuration 

Figure 2.5: 2-point and 4-point resistance measurement configurations. 

One possible solution is the 4-point measurement, which uses separate pairs of 

current-carrying and voltage-sensing electrodes (Figure 2.5b). The concept of 4-point 

electrodes was originally proposed by Wenner in 1916 [31] for geophysical applications, 

thus the 4-point measurement technique is often called Wennerôs method. Although the 

voltage path contains both Rwire and Rcontact, due to the high input impedance of the 

voltmeter, the current flowing through the voltage path is extremely low [31, 32]. Thus, 

the voltage drops across Rwire and Rcontact can be neglected and the measured voltage is 

essentially the voltage drop across the material [32]. That is, parasitic voltage drops can 
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be minimized and hence, a more accurate resistance measurement is possible by using 4-

point measurement rather than 2-point measurement. 

While a 2-D image can be constructed with a single pair of electrodes, multiple 

electrodes combined with impedance imaging technique enable construction of a 3-D 

image. This is called electrical impedance tomography (EIT) [33]. The electrodes can be 

embedded or mounted (surface contact) and the specimen can be any kind of a material. 

EIT is a widely used technique in medical applications [18, 19] where an image of the 

conductivity or permittivity of part of the body is inferred from surface electrical 

measurements. The electrical permittivity is a measure of how readily the charges within 

a material separate under an imposed electric field [27]. Typically, conducting electrodes 

are attached to the skin and EIT works by passing a small AC through individual pairs of 

electrodes and measuring the resulting electrical potentials [28]. By combining detection 

and spectroscopic determinations into one system, EIT makes a powerful detection 

system. However, EIT requires extensive signal processing in order to reconstruct the 

image using multiplexers and inverse algorithms. In addition, the response of EIT is 

rather slow relative to EIS technique [28]. 

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

It is a graph in Cartesian coordinates: the real part of impedance is plotted on the X-axis 

while the imaginary part is plotted on the Y-axis. For a cementitious material, a Nyquist 

plot comprises two circular arcs: a low frequency (ɤelectrode) arc and a high frequency 

(ɤbulk) arc. A schematic representation of a Nyquist plot of a cementitious material is 

illustrated in Figure 2.6. One of the most important parameters in the Nyquist plot is the 

bulk resistance, Rbulk. When impedance is measured with increasing ɤ, there is a point 

where the entire system becomes purely resistive (the imaginary part = 0, thus ɗ = 0 and 

Z = Rbulk, see Figure 2.4) at the intersection of the two arcs. 
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Figure 2.6: Typical Nyquist plot with impedance parameters obtained from 2-point EIS 

measurements [9]. (Horizontal axis is not plotted to scale.) 

From Figure 2.6, the maximum and minimum values of the real part of impedance 

(Rbulk + 2Relectrode and 0) are obtained mathematically at ɤ = 0 and Ð, respectively. 

However, in experiments, impedance analyzers can only produce a finite range of 

frequencies, and only the portion of the Nyquist plot near Rbulk is typically generated. In 

addition, the value of imaginary part of impedance is not zero at Rbulk (Figure 2.7). In 

practice, Rbulk is estimated as the real part of impedance at the point corresponding to the 

minimum of imaginary part. Although actual measured electrode response is more 

complicated than that shown in Figure 2.6 [21, 34-36], this simple method successfully 

captures Rbulk [37]. Once Rbulk is obtained using this approach, the electrical resistivity or 

conductivity of a material can be calculated after considering the geometry factor, A / L 

as described in Equation ) and Figure 2.2. For other geometries, the geometry factor can 

be obtained experimentally [9]. 
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Figure 2.7: Nyquist plot of a concrete specimen obtained from 2-point EIS 

measurements. The real part of impedance with the minimum imaginary part 

of the curve is used to determine the bulk resistance, Rbulk. 

2.3 ELECTRICAL PROPERTIES OF CEMENTITIOUS MATERIALS  

Cementitious materials are porous and exhibit a wide range of conductivities 

based primarily on their moisture condition. Cementitious materials are classified as 

semiconductors when saturated, and insulators when completely dried. This is due to the 

fact that a large proportion of electrical conduction occurs through the pore fluid within 

cementitious materials [38]. Other than moisture condition, the 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 water has a conductivity in the 
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range of 0.01 to 4 mS/cm [39]. The factors 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 humidity [26, 38]. 

Examples of mixture proportions influencing the conductivity of cement-based materials 

are type of cement, water-to-cementitious materials ratio, type of admixtures, and type of 

supplementary cementitious materials (SCMs) [38]. 

Water-to-cementitious materials ratio and age act as the two most important 

parameters when determining the conductivity of cement-based materials. Water-to-

cement materials ratio is an important factor in shaping the microstructure of cement 

matrix and the ionic concentration of the pore solution [38]. The age of cementitious 

materials determines the degree of hydration, such that the resistivity increases as 

hydration progresses [38]. 

Conductivity of cementitious materials is also largely influenced by cement-to- 

aggregate ratio. It is well known 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 paste [38]. Therefore, the more aggregate in a given volume of 

cementitious material, the higher the resistivity. This is the reason why the resistivity of 

concrete is always higher than that of mortar or grout with the same water-to-

cementitious materials ratio and same mixture components when the specimens are 

subjected to the same environmental conditions. 

SCMs such as fly ash, silica fume, and ground granulated blast furnace slag 

influence the microstructure of the cement matrix owing to their pozzolanic 

characteristics and physical properties, and therefore, affect conductivity [6, 26, 38]. 

When Portland cement hydrates by reacting with water, the dicalcium silicates (C2S) and 

the tricalcium silicates (C3S) react to form calcium silicate hydrate (C-S-H) and calcium 
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hydroxide (CH (Ca(OH)2)) [38]. C-S-H exhibits a glue-like form and is primarily 

responsible for the strength and holds the cementitious material together, while CH has 

no strength building properties and leads to efflorescence (loss of water or a solvent of 

crystallization from a hydrated or solvated salt) and poor chemical resistance [6]. When 

typical examples of SCMs are blended with Portland cement, the SCMs react chemically 

with CH to form additional C-S-H, which in turn densifies and reduces the permeability 

of the concrete by creating a finer pore size distribution and lower ionic concentration 

[6]. For this reason, replacing a portion of the cement with SCMs leads to concrete with 

higher electrical resistivity if only Portland cement had been used in the mixture [6, 26]. 

Other than mixture proportions of cementitious materials, external conditions 

such as ambient temperature and relative humidity have a significant influence on the 

conductivity of cement-based materials. The viscosity of a fluid decreases with increasing 

temperature, and consequently the 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 and is observed in all types of materials. 
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Chapter 3: Passive Conductivity Sensor Platform 

Electrical conductivity (or resistivity) of cementitious materials is considered to 

be a fundamental property and is commonly measured using nondestructive testing 

techniques [40-42]. Many researchers have used electrical measurements to monitor the 

condition of concrete infrastructure systems, such as the likelihood of corrosion of 

embedded reinforcement [22, 43-46], setting time of concrete [38, 47-49], and transport 

properties [50, 51] of cementitious materials. The research team at the University of 

Texas at Austin has previously reported on the development of low-cost passive wireless 

conductivity sensors [12-14]. The sensors are designed to be embedded in new 

construction or portions of rehabilitated structures before placement of the concrete. It is 

envisioned that the sensors will be interrogated during periodic inspections over the 

service life of the infrastructure system to monitor the variations of conductivity within 

the concrete. 

Two types of conductivity sensors are discussed in this dissertation. The 

conceptual design of the first generation conductivity sensor was developed by Andringa 

[14] and uses a pair of parallel wires (sensing electrodes) as the transducer. This 

configuration is called the PW sensor. The parallel wires are directly connected to the 

RLC circuit in the sensor body and extend into the surrounding concrete. While the 

configuration of the transducer is easily modeled, the research team found that the 

exposed electrodes were susceptible to damage during placement of the concrete. In order 

to overcome this vulnerability, the research team developed a second generation sensor 

by redesigning the transducer. This configuration is called the NC sensor and the 

transducer is not directly connected to the RLC circuit in the sensor body. Rather, the 
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transducer influences the response of the NC sensor by shielding the sensor body from 

the electromagnetic field generated by the external reader coil. 

Information about the design, fabrication, interrogation, and response of both the 

PW and NC conductivity sensors is provided in this chapter. An extensive set of 

parametric tests were conducted to determine the parameters that affect the response of 

the passive conductivity sensors. Most of the results discussed in this chapter were 

conducted by submerging the conductivity sensors in water with varying salt 

concentrations. The measured response of sensors embedded in concrete is discussed in 

Chapter 4. 

3.1 DESIGN CONSIDERATIONS  

The conductivity sensor platform discussed in this dissertation differs from other 

traditional health monitoring systems because the sensors are wireless, passive, and low-

cost. Wireless communication between the embedded sensors and external reader allows 

easy installation and operation, saving cost of cable installation and labor charges, setup 

without delays, and no limit on the number or location of sensors within the infrastructure 

system. Not relying on wires to power the embedded sensors also protects the 

infrastructure system from potential ingress of moisture and chloride ions, which can 

reduce the service life of the infrastructure system and the monitoring system. The 

passive technology gives potentially infinite operational life to the embedded sensors 

because without an onboard power source, replacement or recharging of batteries is not 

necessary. And most importantly, inexpensive initial and maintenance costs enable 

acquisition of reliable data from a dense distribution of sensors within a structure, yet 

only a single external reader and impedance analyzer are required to interrogate the 
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embedded sensors. However, close proximity to the embedded sensors is required for 

interrogation. 

3.2 CONDUCTIVITY SENSOR PLATFORM S 

The basic characteristics of the two types of passive conductivity sensors are 

described in this section. Both sensor platforms rely on wireless communication 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 two types of sensors. 

3.2.1 PW Conductivity Sensors 

The PW conductivity sensor platform was developed by Andringa [12] and 

evaluated by Chou [13] and Pasupathy [14]. The components of the PW sensor are shown 

in Figure 3.1. The resonant circuit is hermetically sealed, with the exception of a pair of 

sensing electrodes (Figure 3.1b). The electrodes act as the transducer and are exposed to 

the environmental conditions in the surrounding liquid or concrete. 
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(a) PW conductivity sensor (b) Circuit diagram 

Figure 3.1: Wireless interrogation of PW conductivity sensor using a magnetically 

coupled external reader. 

After a series of tests were conducted in concrete, which are discussed in Section 

4.2, the research team found that the exposed electrodes were susceptible to the damage 

during placement of the concrete. Figure 3.2 shows a PW conductivity sensor with bent 

electrodes. (The orientation of the parallel electrodes does not influence the response of 

the PW sensors.) The damage was only observed after removing the sensor from the 

concrete, but the sensor readings were not consistent with those of companion sensors 

that remained undamaged. The sensor conductance, Gs (Figure 3.1b) is strongly 

influenced by the geometry of the electrodes and the conductivity of the medium. Hence, 

an unexpected variation in the geometry of the sensing electrodes has a significant 

influence on the overall performance of a PW conductivity sensor. 
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Figure 3.2: Exposed electrodes within PW sensor were bent during placement of 

concrete. 

3.2.2 NC Conductivity Sensors 

In order to minimize the susceptibility of the electrodes to damage during 

placement of the concrete, the research team reconfigured the geometry of the sensing 

electrodes and developed the NC sensor. The NC conductivity sensor platform maintains 

the unique features of the PW sensor and is also wireless, passive, and low-cost. 

The NC conductivity sensor platform has two components: a hermetically sealed 

resonant circuit (Figure 3.3) and a sensing element (Figure 3.4), which is a thin, metal 

element that is positioned above the sensor body but is not physically connected to the 

resonant circuit. The sensing element is electromagnetically coupled to both the external 

reader and the resonant circuit. The sensing element also shields the electromagnetic field 
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between the two components as illustrated in Figure 3.5. The degree of shielding depends 

on the conductivity of the medium surrounding the sensing element. 
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(a) Resonant circuit (b) NC sensor 

Figure 3.3: Configuration of NC conductivity sensor: resonant circuit (left) and sensor 

with sensing element on top (right). 

 

 

Figure 3.4: Photograph of sensing element. 
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(a) NC conductivity sensor (b) Circuit diagram 

Figure 3.5: Wireless interrogation of NC conductivity sensor using a magnetically 

coupled external reader. 

In addition to the fact that the NC conductivity sensor platform reduces the 

likelihood of damage to the sensing electrodes during placement of the concrete, there are 

more advantages. First, the embedded resonant circuit is hermetically sealed without any 

components sticking out, thus the circuit is completely protected from the possible 

intrusion of corrosive substances, which may cause the damage to the sensor body and 

circuit [13]. Second, the NC conductivity sensor is much easier and faster to fabricate, 

assuming that both type of sensors are handmade. The sensing element is not physically 

connected to the resonant circuit; therefore, there is no need of soldering the sensing 

electrodes to the small circuit board. Third, the NC conductivity sensor covers a wider 

range of the conductivities with greater sensitivity than the PW sensor, and therefore 

provides enhanced resolution in detecting the medium conductivity. This characteristic 

will be discussed in detail in Section 3.3.3. 
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The primary disadvantage of the NC conductivity sensor, however, is that only 

the upper face of the sensing element is exposed to medium. The 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 conductivity from the 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 external reader is connected to an impedance analyzer that powers and 

interrogates the embedded sensor through electromagnetic coupling (M) by an inductive 

coil. When the conductance (Gs) of transducer is altered by changes in the medium 

surrounding the electrodes or when the coupling between the reader and the sensor is 

varied, the measured complex impedance (Z) of the reader changes. Therefore, by 

measuring the impedance (magnitude and phase) of the reader over a range of 

frequencies for a given electromagnetic coupling, information about the conductivity 

variations within medium surrounding the electrodes is obtained. 

3.3 INTERROGATION  OF CONDUCTIVITY SENSORS 

The response of embedded conductivity sensors are measured by analyzing the 

phase of impedance across the terminals of the external reader. The typical response of 

both types of conductivity sensors and definition of the response parameters are shown in 

Figures 3.6 and 3.7. The resonant frequency, f0, is identified as the frequency 

corresponding to the minimum in the phase response. For the PW sensor, f0 depends on 

the inductance, Ls, capacitance, Cs, and conductance, Gs, of the resonant circuit: 
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For the NC sensor, on the other hand, f0 depends on the inductance, Ls and capacitance, 

Cs of the resonant circuit: 
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The phase dip is defined as the difference between the phase angle at and away from the 

resonant frequency. The band width is defined as the full-width half-max (FWHM) of the 

phase of the impedance. 
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Figure 3.6: Measured phase of impedance of representative PW conductivity sensor and 

definition of the response parameters. The sensor was submerged in 

deionized water and interrogated using a clear separation distance of 1 in. 
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Figure 3.7: Measured phase of impedance of representative NC conductivity sensor and 

definition of the response parameters. The sensor was submerged in 

deionized water and interrogated using a clear separation distance of 1 in. 

The simplest way to monitor changes in the response of the conductivity sensor 

appears to be measuring the variations in the resonant properties, such as phase dip and 

resonant frequency. However, neither parameter alone is sufficient to define the response 

of the conductivity sensor completely, because the response of the conductivity sensors 

depends on both the conductivity of the medium and the coupling between the sensor and 

reader. For a given medium conductivity, the phase dip decreases quickly with increasing 

separation distance between the reader coil and the sensor (Figure 3.8). If the separation 

distance is fixed, the degree of variation in the resonant frequency is too small to 

distinguish between media of different conductivities (Figure 3.9). Therefore, a 
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nondimensional term, the pseudo quality factor, is used to define the sensor performance 

[12-14]. 
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Figure 3.8: Sensitivity of phase of impedance for PW conductivity sensor to changes in 

clear separation distance. 
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Figure 3.9: Sensitivity of phase of impedance for PW conductivity sensor to changes in 

conductivity of liquid. 

In classical systems, such as damped oscillators and RLC circuits, the quality 

factor (Q) is used to describe the resonant characteristics. When the response of a 

resonant system is directly measured, the ratio of the energy stored in the circuit to the 

energy dissipated in one cycle is defined as the Q factor [52]: 

 

ὗ ς“
ὛὸέὶὩὨ ὩὲὩὶὫώ

ὉὲὩὶὫώ ὰέίί ὴὩὶ ὧώὧὰὩ
 ( 3.3 ) 

Higher values of Q indicate a lower rate of energy being lost relative to the energy stored. 

Systems with lower levels of damping will exhibit higher values of Q. For under-damped 

oscillators, Q may be approximated using Equation 3.4, which is related to the sharpness 

of the resonance curve (Figure 3.10) [53]: 
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Figure 3.10: Energy - frequency relation of the damped oscillator. 

Parameters similar to Q can be extracted from the measured impedance response 

of the passive conductivity sensors. Because the resonant circuit is intended to be 

embedded in cementitious material and interrogated in a wireless manner, an indirect 

measurement is used to extract the Q factor. This is why the term ñpseudo quality factorò 

is used to describe the resonant properties of the passive sensors. 

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

were tested by submerging the sensors in liquids with conductivities ranging from 0 to 
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nearly 70 mS/cm. Salt was added to deionized water to increase the conductivity. The 

maximum percent of salt by weight was 5.4 %. Conductivities and temperatures of each 

liquid were measured using an YSI EC300 wired conductivity meter and are listed in 

Table 3.1. Both types of conductivity sensors were interrogated in each of the nine liquids 

at three different clear separation distances (1.0, 1.5, and 2.0 in.). A Hewlett Packard HP-

4194A impedance, gain-phase analyzer was used for all interrogations. 

 

Table 3.1: Measured temperature and conductivity of liquids with varying 

conductivity. 

Liquid Conductivity (mS/cm) 
Salinity 

(% by weight) 

Temperature 

(ºF) 

Deionized water 0.00 0.00 71.1 

Tap water 0.28 0.01 71.4 

Salt water 

0.99 0.05 72.7 

2.00 0.10 72.5 

4.04 0.23 72.7 

5.95 0.34 72.3 

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 of PW Conductivity Sensors 

The measured phase response of a representative PW conductivity sensor 

submerged in each liquid and interrogated with a 1-in. clear separation distance is plotted 

in Figure 3.11. As the conductivity of surrounding medium increased, the conductance of 

the sensor circuit, Gs (Figure 3.1b) increased. Accordingly, the phase dip decreased 

(Figure 3.12), the band width increased (Figure 3.13), and the resonant frequency 
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decreased slightly (Figure 3.14). While the measured phase dip decreased with increasing 

separation distance, the measured band width and resonant frequency are independent of 

the separation distance. Therefore, the pseudo quality factor (= resonant frequency / band 

width, Equation, 3.4) becomes independent of the separation distance. 

 

 

Figure 3.11: Measured phase of impedance of PW conductivity sensor in liquids of 

varying conductivities with a clear separation distance of 1 in. 
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Figure 3.12: Variation of phase dip with conductivity of liquid and clear separation 

distance for representative PW conductivity sensor. 
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Figure 3.13: Variation of band width with conductivity of liquid and clear separation 

distance for representative PW conductivity sensor. 
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Figure 3.14: Variation of resonant frequency with conductivity of liquid and clear 

separation distance for representative PW conductivity sensor. 

Measured pseudo quality factors of a PW conductivity sensor in liquids with 

varying conductivities are shown in Figure 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 approximately 4 mS/cm. At 

higher conductivity levels, the response of the conductivity sensors appeared to saturate 

and large changes in conductivity were accompanied by rather small changes in pseudo 

quality factor. The trends were essentially the same for all clear separation distances, 

demonstrating that the pseudo quality factor is independent of separation distance 

between the sensor and the reader. 
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Figure 3.15: Variation of pseudo quality factor with conductivity of liquid and clear 

separation distance for representative PW conductivity sensor. 

3.3.2 Observed Response of NC Conductivity Sensors 

The response of the NC conductivity sensors submerged in each liquid listed in 

Table 3.1 was measured with clear separation distances of 1, 1.5, and 2 in. The measured 

phase responses of the NC conductivity sensor interrogated using a 1-in. clear separation 

distance are plotted in Figure 3.16. As the conductivity of surrounding medium increased, 

the phase dip decreased (Figure 3.17), the band width increased (Figure 3.18), and the 

resonant frequency increased slightly (Figure 3.19). 
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Figure 3.16: Measured phase of impedance of NC 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 and narrower band width for a given medium conductivity. Similarly to the 

response of the PW sensor, the phase dip decreased with increasing separation distance, 

while the band width and resonant frequency are independent of the separation distance. 

However, the band width measured in liquid with high conductivity showed some 

variations. 
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Figure 3.17: Variation of phase dip with conductivity of liquid and clear separation 

distance for representative NC conductivity sensor. 

For the PW conductivity sensor, the conductance of the sensor circuit, Gs 

increased with increasing medium conductivity, and accordingly, the resonant frequency 
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governed by 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. 
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Figure 3.18: Variation of band width with conductivity of liquid and clear separation 

distance for representative NC conductivity sensor. 
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Figure 3.19: Variation of resonant frequency with conductivity of liquid and clear 

separation distance for representative NC conductivity sensor. 

The pseudo quality factor decreased as the medium conductivity increased (Figure 

3.20). Measured responses of conductivity sensors at three different separation distances 

were essentially the same, indicating 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 and 4 mS/cm [39], the measured pseudo quality factors are very sensitive in 

this range, demonstrating the viability of the NC conductivity sensors within concrete 

materials. 
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Figure 3.20: Variation of pseudo quality factor with conductivity of liquid and clear 

separation distance for representative NC conductivity sensor. 

3.3.3 Comparison of Sensors 

Measured pseudo quality factors corresponding to NC and PW conductivity 

sensors are compared in Figure 3.21. The NC conductivity sensor covered a wider range 

of the conductivities with greater sensitivity, and therefore provided enhanced resolution 

in detecting the conductivity of the liquid. While the response of the PW conductivity 

sensor appeared to saturate around 4 mS/cm (0.25% salinity by weight), the pseudo 

quality factor of the NC conductivity sensor was sensitive to conductivity levels of 

approximately 12 mS/cm (1.30% salinity by weight). The corresponding range of the 

pseudo quality factor of the PW conductivity sensor was 6 to 57, while that of NC 

conductivity sensor was 10 to 87. 
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Figure 3.21: Comparison of pseudo quality factors for PW and NC conductivity sensors 

in liquids of varying conductivities with a clear separation distance of 1 in. 

3.4 FABRICATION OF PROTOTYPE CONDUCTIVITY SENSORS 

Fabrication of both types of conductivity sensors and the external reader is 

discussed in this section. An extensive set of parametric tests was conducted to identify 

the factors that most significantly influence the response of the conductivity sensors. 

Those studies are also described in this section. 

3.4.1 Sensor Body 

One goal this investigation was to produce a small sensor. A PVC pipe with 2-in. 

nominal diameter (actual outside diameter of 2.4 in.) was used to form the inductor in the 
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components inside the PVC ring [54]. 
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3.4.2 Inductive Coil in Sensor 

Based on work by Dickerson [54], coupling efficiency between the reader and 

resonant circuit increased as the number of loops in the inductive coil in the sensor 

increased, but levels off at four or five loops. Therefore, an inductor with five loops was 

considered appropriate for the inductive coil 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 lower parasitic resistance, 

and therefore, provides greater coupling efficiency. However, due to the practical limits, 

enamel-insulated magnet copper wire of 18 AWG was considered the largest practical 

wire diameter that would still allow hand-winding [54]. 

3.4.3 Sensor Casing 

Marine epoxy was selected as the casing material for the embedded conductivity 

sensors, because it is transparent and easy to mold into the desired shape. However, the 

thermal expansion coefficient of cementitious materials is between 6×10
-6
 and 8×10

-6
 

in. / in. / ºF while that of marine epoxy is over 30×10
-6
 in. / in. / ºF [55]. When the 

temperature around the embedded conductivity sensor is increased, the body of the 

conductivity sensor expands more than surrounding cementitious material, which can 

cause cracks in cementitious material. Although it was not adopted in this study, Chou 

[15] developed a hemisphere-shaped sensor casing that could reduce the issues related to 

differences in the thermal coefficients of expansion. 

3.4.4 PW Conductivity Sensor 

The configuration of the PW conductivity sensor is shown in Figure 3.22 and the 

components used to fabricate the sensor are summarized in Table 3.2. Although various 
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components were changed during this investigation, the parameters listed are the most 

common. 
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Figure 3.22: Configuration of PW conductivity sensor. 
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Table 3.2: Properties of prototype PW conductivity sensor. 

Component / Property Description 

Body 
PVC pipe 

2-in. nominal diameter 

Inductive coil 
18 AWG copper magnet wire 

5 loops 

Capacitor 
Ceramic 33,000 pF 

100 V, ±5% tolerance 

Sensing electrodes 

14 AWG bare copper wire 

Length: 1.2 in. 

Centerline spacing: 0.2 in. 

Casing Marine epoxy 

Resonant frequency 0.48 - 0.50 MHz 

 

3.4.4.1 Capacitor 

The influence of 14 different types of capacitors in the resonant circuit was tested 

by interrogating PW sensors in air at a clear separation distance of 0.5 in. All sensors 

were interrogated using an external reader with 4-in. diameter and 5-loop inductive coil, 

which has resonant frequency of 6 MHz. The results are presented in Figures 3.23 and 

3.24. The resonant frequency of the resonant circuit decreased as capacitance increased 

for a given inductive coil (Equation 3.1). The phase dip tended to increase with 

decreasing capacitance, but some variations were observed. In situations where the 

resonant frequencies of the sensor and reader were similar, a very strong signal (large 

phase dip) was generated. However, when the two resonant frequencies are close to each 

other, the pseudo quality factor depends on the separation distance between the sensor 

and the reader, and any perturbations due to resonant circuit can cause a large variation in 



 51 

the response of the conductivity sensor [14]. Therefore, although a strong signal is 

generated, having similar resonant frequencies for the sensor and reader is not desirable. 

The unexpected performance of the sensor with 220-pF capacitor (Figure 3.23), which 

had an extremely wide band width, is likely attributed to the resonant frequencies of the 

sensor and reader being too close. This will be discussed in detail in Section 3.4.6. 

Four sensors were fabricated with 220, 330, 820, and 33,000-pF capacitors and 

interrogated in tap water. The results are compared with their phase responses measured 

in air in Figure 3.25. While the sensor with a 33,000-pF capacitor maintained its well-

defined resonance, the signal strength of the sensors with 220, 330, and 820-pF capacitors 

dropped abruptly when interrogated in tap water. 
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Figure 3.23: 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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Figure 3.24: 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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Figure 3.25: Measured phase response of prototype PW conductivity sensors fabricated 

with capacitors ranging from 220 to 33,000 pF. All sensors were tested 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 33,000-pF 

capacitors, were further evaluated by submerging them in liquids with varying 

conductivities. The variation in the pseudo quality factor as a function of conductivity of 

the two PW conductivity sensors are compared in Figure 3.26. The measured pseudo 

quality factor from the sensor with the 820-pF capacitor decreased very rapidly with 

increasing medium conductivity. As a result, this PW sensor was useful only for 

conductivities below 1 mS/cm, which was considered to be too narrow for the proposed 

application of determining the conductivity of cementitious materials. Therefore, a 

33,000-pF capacitor was selected for the PW conductivity sensor. Unless otherwise 

-90

-60

-30

0

30

60

90

0 1 2 3 4 5 6 7

P
h

a
s
e
 (

 º
)

Frequency (MHz)

220 pF in Tap Water 220 pF in Air

330 pF in Tap Water 330 pF in Air

820 pF in Tap Water 820 pF in Air

33,000 pF in Tap Water 33,000 pF in Air



 55 

stated, all PW conductivity sensors discussed in this dissertation were fabricated with this 

size capacitor. 

 

 

Figure 3.26: Variation of pseudo quality factor with conductivity of liquid and capacitor 

in resonant circuit for PW conductivity sensor. 
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where ǎ, d, and a are the length, centerline spacing and diameter of the sensing electrodes 

(cm), respectively, and ům is the conductivity of the medium (S/cm). Using Equation 3.5, 

Andringa [14] proposed using sensing electrodes with a length of 1.2 in. and a centerline 

spacing of 0.2 in., in order to meet the target conductivity of approximately 1.67 mS/cm. 

To verify the influence of the geometry of the sensing 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 three different 

electrode lengths (0.4, 0.6, and 1.2 in.) and spacings (0.2, 0.3, and 0.5 in.) were 

considered in this parametric study (Table 3.3). A constant clear separation distance of 1 

in. was used for all interrogations. 
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Table 3.3: Range of geometries of sensing electrodes considered for PW conductivity 

sensors. 

  Centerline spacing of sensing electrodes (in.) 

  0.2 0.3 0.5 

Length of 

sensing 

electrodes 

(in.) 

0.4 

   
(a) 0402 (b) 0403 (c) 0405 

0.6 

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

1.2 

   
(g) 1202 (h) 1203 (i) 1205 

 

The test results are shown in Figure 3.27. The response of the conductivity sensor 

with 1202 sensing electrodes (the longest length and the narrowest spacing) was the first 
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to saturate, while the sensor with 0405 sensing electrodes (the shortest length and the 

widest spacing) was the last. That is, the PW conductivity sensor with 0405 sensing 

electrodes provided the widest range of the conductivity measurements. As the length of 

the electrodes decreased and the spacing between electrodes increased, the pseudo quality 

factor decreased more gradually with increasing conductivity of the liquid. Therefore, the 

range of viable conductivities increased. Rewriting Equation 3.5 to solve for ům / Gs 

(cm
-1
) gives: 

 

„

Ὃ
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“ϽЉ
 ( 3.6 ) 

Using Equation 3.6, the influence of the length and spacing of the sensing electrodes for a 

given diameter wire can be determined, as shown in Figures 3.28 and 3.29. As ǎ 

increased and d decreased, the value ům / Gs decreased and the pseudo quality factor 

becomes saturated at lower levels of conductivity. 

 If the length of the electrodes is fixed, ům / Gs increased as the spacing between 

electrodes is increased. If the spacing between the sensing electrodes is fixed, the value of 

ům / Gs increased with decreasing length of the electrodes. As expected from Equation 

3.6, variations in the length have larger influences on the response of the conductivity 

sensors than the centerline spacing of the sensing electrodes. 
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Figure 3.27: Measured variation of pseudo quality factor with conductivity of liquid and 

sensing electrode configuration for PW conductivity sensor. 
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Figure 3.28: Calculated ům / Gs as a function of length of sensing electrodes for spacings 

of 0.2, 0.3, and 0.5 in. 
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Figure 3.29: Calculated ům / Gs as a function of spacing of sensing electrodes for lengths 

of 0.4, 0.6, and 1.2 in. 

Calculated values of ům / Gs for each electrode geometry listed in Table 3.3 are 

plotted in Figure 3.30. The value of ům / Gs is the largest for 0405 sensing electrodes, 

while it is smallest for 1202 electrodes. This explains the difference in the behavior of the 

PW conductivity sensors with different sensing electrodes geometries shown in Figure 

3.27. 

The response of the PW conductivity sensors with electrode configurations 0402 

and 0603 are compared in Figure 3.31. Based on Equation 3.6, these sensors have similar 

values of ům / Gs. As expected, the trends were almost identical for both PW conductivity 

sensors. With this approach, the response of the PW conductivity sensor may be 

optimized to meet the target conductivity range by adjusting the geometry of the sensing 

0

0.2

0.4

0.6

0.8

1

0 0.1 0.2 0.3 0.4 0.5 0.6

ů
m

/ 
G

s
(c

m
-1

)

Spacing of Senging Electrodes (in.)

ELECTRODE LENGTH

0.4 in.

0.6 in.

1.2 in.



 62 

electrodes. Equation 3.5 gives calculated target conductivities 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 known to have a conductivity in the range of 

0.01 to 4 mS/cm [39]. That is, the target conductivity of the PW sensor with sensing 

electrode configuration 0405 is far beyond the typical conductivity range of concrete. In 

addition, based on the variation of pseudo quality factor, the response of the sensor with 

sensing electrode type 1202 is sensitive to conductivity levels up to approximately 4 

mS/cm. Therefore, unless otherwise stated, all PW conductivity sensors discussed in this 

dissertation were fabricated with 1202 sensing electrodes. 

 

 

Figure 3.30: Calculated Gs / ům for each configuration of sensing electrodes considered. 
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Figure 3.31: Measured variation of pseudo quality factor with conductivity of liquid and 

sensing electrode configuration for PW conductivity sensor. 

3.4.5 NC Conductivity Sensor 

Configuration of the NC conductivity sensor is shown in Figure 3.3, and the 

components used to fabricate are summarized in Table 3.4. Although various components 

were changed during this investigation, the parameters listed are the most common. 
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Table 3.4: Properties of prototype NC conductivity sensor. 

Part Component / Property Description 

Resonant circuit 

Body 
PVC pipe 

2-in. nominal diameter 

Inductive coil 
18 AWG copper magnet wire 

5 loops 

Capacitor 
Ceramic 820 pF 

100 V, ±5% tolerance 

Casing Marine epoxy 

Resonant frequency 3.0 - 3.4 MHz 

Sensing element 

Shape 
Spiral 

2 in. diameter 

Inductor - transducer 
14 AWG bare copper wire 

6.5-turn 

 

Most components of the NC conductivity sensor are identical to the PW 

conductivity sensor, except that a smaller capacitor was used in the resonant circuit, and 

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

3.4.5.1 Capacitor 

The response of NC conductivity sensors with 820 and 33,000ïpF capacitors was 

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 820-pF capacitor demonstrated the 

expected relationship between conductivity and pseudo quality factor. The measured 

pseudo quality factors from NC sensor with 33,000-pF capacitor, on the other hand, 

exhibited a nearly linear trend between conductivity and pseudo quality factor and a 

much smaller variation in the pseudo quality factor. The range of the pseudo quality 

factor measured from the sensor with 820-pF capacitor was 9 to 87; however, that of the 
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33,000-pF sensor was only 24 to 51. Therefore, it can be concluded that the NC 

conductivity sensor with 820-pF capacitor provided greater sensitivity in the range of the 

medium conductivities under consideration. Unless otherwise stated, all NC conductivity 

sensors discussed in this dissertation were fabricated with 820-pF capacitors. 

 

 

Figure 3.32: Variation of pseudo quality factor with conductivity of liquid and sensor 

capacitance for NC sensor. 
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coil in resonant circuit and shields the electromagnetic field between the two 

components. 

The wire chosen to wind the spiral 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 is rather stiff, but still allows hand winding of the spiral. The spiral 

sensing element has the same radius as the resonant circuit body in order to entirely 

shield the resonant circuit. The number of turns became 6.5, when the spacing between 

each loop was kept 0.2 in., the same centerline spacing used for the sensing electrodes of 

PW conductivity sensor. 

The sensing element is designed to be located between the external reader and the 

resonant circuit as illustrated in Figure 3.33, Configuration B. However, it was found that 

the sensing element effectively shielded the electromagnetic field even when the resonant 

circuit is located between the external reader and the sensing element (Figure 3.33, 

Configuration A). 
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Resonant CircuitMedium

Sensing Element

Reader

Reader

Configuration B
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Figure 3.33: Two different interrogation methods for the NC conductivity sensor. 

Configuration A: resonant circuit is located between the external reader and 

sensing element. Configuration B: sensing element is located between the 

external reader and the resonant circuit. 

NC conductivity sensors were interrogated using both configurations in liquids of 

various conductivities, and results are plotted in Figure 3.34. Although no obvious trends 

between the two configurations were found, it was clear that sensing element influences 

the response of the NC conductivity sensor by shielding the electromagnetic coupling 

even when the Configuration A was used. However, a wider range of the conductivity 

measurements were covered when NC sensors were interrogated with the Configuration 

B. Therefore, the Configuration B was used for all NC conductivity sensors discussed in 

this dissertation. 
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Figure 3.34: Variation of pseudo quality factor with conductivity of liquid and sensing 

element location for NC conductivity sensor with 820-pF capacitor. 
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in the range of 1.5 to 2 in. The components used to fabricate external reader are 

summarized in Table 3.5. 

 

Table 3.5: Properties of external reader. 

Component Description 

Body 
Plastic concrete cylinder mold 

4-in. nominal diameter 

Inductive coil 18 AWG copper magnet wire 

Cable 
BNC RG-58C/U 

36 in. 

 

The response of the passive conductivity sensors is also influenced by the 

resonant frequency of the external reader. As is the case of the response of conductivity 

sensor, the response of external reader is measured by analyzing the phase of the 

impedance. The typical response of an external reader with 4-in. diameter and 5-loop 

inductive coil is shown in Figure 3.35. The resonant frequency is identified by the 

frequency at 0º phase, and the inductive and capacitive baselines are defined by the 

phases at 90º and -90º, respectively. When a conductivity sensor with a given resonant 

frequency is interrogated with an external reader the following three cases are possible: 

(1) the sensor resonant frequency is greater than the reader resonant frequency; (2) the 

sensor resonant frequency is approximately equal to the reader resonant frequency; and 

(3) the sensor resonant frequency is less than reader resonant frequency. When the 

resonant frequency of sensor is within the capacitive baseline (sensor resonant frequency 

> reader resonant frequency, Figure 3.36), the weakest signal (phase dip is 28.75 º in 

deionized water) is received from the sensor. In this situation, the response of the sensor 

is dominated by the extremely low impedance of the reader parasitic capacitance [14]. 
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The strongest signal (phase dip is 150.63 º in deionized water) is generated when the 

resonant frequencies of the reader and sensor are very close to each other (Figure 3.37). 

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 sensor system, and these variations mask the changes due to variations in 

the conductivity of the surrounding medium. 
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Figure 3.35: Measured phase of impedance of external reader with 4-in. diameter and 5-

loop inductive coil, and definition of the response parameters. 
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Figure 3.36: Measured phase of impedance of representative NC conductivity sensor 

when the resonant frequency of sensor is within the capacitive baseline of 

reader (sensor resonant frequency, 3.1 MHz > reader resonant frequency, 

1.9 MHz). Sensor was tested in in liquids of varying conductivities with a 

clear separation distance of 1 in. 
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Figure 3.37: Measured phase of impedance of representative NC conductivity sensor 

when the resonant frequencies of the reader (3.4 MHz) and sensor (3.1 

MHz) are very close to each other. Sensor was tested in in liquids of varying 

conductivities with a clear separation distance of 1 in. 

The most desirable case is when the resonant frequency of sensor is within the 

inductive baseline (sensor resonant frequency < reader resonant frequency, Figure 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 

electromagnetically 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 º in deionized water) [14]. 






















































































































































































































































































































































































































































































