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Executive Summary 

In cold areas of the United States, large amounts of salt, abrasives, and chemical deicers 

are applied on road surfaces for ice and snow control. The heavy use of various kinds of deicers 

has proved to have undesirable implications for natural and built environments. These operations 

are costly, they require a large amount of equipment, personnel, and vast areas for storage, and 

they require cleaning and sweeping operations in the spring. Recent research has shown that 

electrically conductive concrete (ECC) pavements can melt surface ice and snow when an 

electric current is passed through the slab. However, many factor—such as the amount of 

required conductivity (resistivity) for the optimized amount of power consumption—still need 

investigation. Also, the impact of curing age on the long-term conductivity of ECC should be 

considered. Finally, the long-term durability of ECC slabs under electric shock and imposed 

thermal gradients deserves long-term monitoring. 

To address some of these knowledge gaps, in this project, a microwave unit was set up 

and calibrated with reference materials to measure the permittivity of electrically conductive 

cementitious materials for self-sensing applications at various curing ages. The details of the 

calibration process and the post-processing method used to obtain permittivity from the 

measured S-parameters measured with the Nicholson-Ross-Weir (NRW) conversion method are 

discussed in this report. 

Tests of the method on cement pastes with various water-to-cement ratios showed that 

the permittivity measurements were sensitive to the water content and water consumption by the 

cement hydration and the development of a microstructure over the 28-day curing period. Curing 

age had a significant impact on the electrical conductivity of ECC. Chopped carbon fibers were 

found to be effective at increasing the permittivity and electrical conductivity of plain cement 
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paste by a maximum of eight times. Added carbon fibers were found to increase the electrical 

conductivity up to a certain amount, indicating a percolation limit beyond which fibers become 

obstructive to the electric path. 

Further optimization of carbon fibers in heating-cooling simulations will be required to 

achieve maximum thermal-electrical efficiency with minimum power consumption. The 

durability of ECC under high current and thermal gradients also needs long-term monitoring. 

Finally, the recycling of abundant waste for the production of ECC should be evaluated. 
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CHAPTER 1.Overview 

Road users' winter safety and mobility depend on effective winter road maintenance 

operations that promptly make winter road surface conditions safe. Current ice and snow control 

operations involve substantial applications of various kinds of deicers, which have undesirable 

implications for natural and built environments. Environmentally friendly winter maintenance 

solutions are needed to achieve required safety and mobility levels while also minimizing deicer 

agents' harmful effects on the environment. Research has shown that with recent advances in 

composite materials technology and manufacturing, it is possible to develop conductive 

pavement materials that offer ice and snow-melting capabilities to potentially decrease chemical 

deicer applications. 

Research has shown that various methods could be used to heat the pavement surface for 

deicing without the application of deicers. Recently, research has focused on electrically 

conductive pavement materials that self-heat under a passing electric current. Consequently, this 

study's focus was to preliminarily explore possible additives that would increase the conductivity 

of pavement materials as a snow and ice control solution that could replace the use of sanding, 

deicing, and anti-icing on the roads. 

In the first stage of the study, researchers evaluated the utility of commonly used 

nondestructive resistivity methods that have recently become prevalent for evaluating the 

microstructure and durability of concrete based on concrete resistivity. After the initial 

evaluation of these methods, the researchers identified the need for a different method of 

measurement that would be sensitive to the evolving microstructure of the cement and 

fiber/nanofiber additions at the desired frequency. On the basis of a review of the literature 

(Bois, Benally, and Zoughi, 2001; Donnell et al., 2013; Donnell, Zoughi and Kurtis, 2013) and 
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communication with experts, a microwave method that uses a waveguide analyzer in the S-band 

frequency range was determined to be sensitive and effective at detecting the microstructure 

characteristics of the cement. 

After calibration and validation, a microwave method based on dielectric spectroscopy in 

the S-range was used to explore various conductive additions to the cement paste. Of the tested 

fibers/nanofibers (steel fibers, carbon fibers, and carbon nanotubes), the conductive elements that 

resulted in an electrically conductive concrete (ECC) were carbon fibers. Next, a concentration 

study was performed with the carbon fibers, which indicated a possible percolation limit in the 

range of 0.2 to 0.3 percentage by weight (wt%). However, improvements in the mechanical 

properties of concrete were not achieved with the use of carbon fibers. 

Future investigation of this topic may include evaluating other conductive elements, such 

as recycled carbon fibers and recycled carbon fiber composites (CFRP), carbon black, and other 

sources, especially from unwanted and rapidly generated industrial wastes. also Also suggested 

for future investigation are simultaneous optimization of electrical, mechanical, and durability 

properties, and an environmental life cycle cost assessment of the impacts of ECC solutions on 

the environmental, societal, and economic aspects of self-melting pavements. Guidelines were 

also developed for the future study of the thermal-electrical efficiency of ECC with optimized 

conductive content. 
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CHAPTER 2. Electrically Conductive Pavement Materials for Self-Deicing 

2.1. Literature Review 

With the application of sodium chloride (NaCl) and other deicer agents (calcium chloride 

(CaCl2) and magnesium chloride (MgCl2)) on roads for ice and snow control, the concentrations 

of chloride complexes increase in water and soils, which may harm the environment (Bäckström 

et al., 2004). Furthermore, deicer agents negatively affect the built environment by chemically 

reacting with concrete and developing damaging oxychloride formations (Monical et al., 2016). 

Therefore, lately, various smart road solutions have been explored and have shown 

promise to reduce the use of deicer chemicals. Most of these technologies are at the proof-of-

concept and feasibility stages, and the long-term durability of these new road materials will 

require rigorous testing and development before they are ready for mainstream application. 

Furthermore, feasibility and implementation may be impeded by a combination of many factors, 

such as cost, availability, compatibility with existing road materials, power requirements, and the 

need to be considered in selection criteria. 

One such road solutions dates to the early 2000s with the advent of electrically 

conductive concrete (ECC), which contains different types of conductive components that offer 

indoor radiant heating and outdoor snow-melting capabilities (Tumidajski et al., 2003). 

The incorporation of different fibers—i.e., carbon fiber, carbon nanotubes, steel fibers, 

brass fiber, and glass fiber—in asphalt and concrete pavements has become more versatile in the 

recent decade. These fibers are transcending concrete in terms of strength, ductility, self-healing, 

self-sensing, electrical conductivity, and more. Carbon fiber is one of the most frequently used 

types of fibers in high-strength concrete. In an early study, Chen and Chung (1993) demonstrated 

that carbon fibers increase the electrical conductivity of concrete, and this property can be 
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correlated with other properties such as self-healing, porosity, and more. The filaments in carbon 

fiber have a high tensile strength that ranges from 4 to 6 GPa (Jeon et al., 2013). Carbon fiber 

production has increased, making it cost effective, especially if it is acquired as an industry by-

product (Nguyen et al., 2016). Carbon fiber disperses within the cement matrix, and the resulting 

microstructure produces a higher modulus of toughness of the cement-based material (Chen et 

al., 2018). Han et al. (2016) also analyzed 6-mm-long carbon fibers in a cement matrix, both 

macroscopically and microscopically, and found that the flexural and compressive strength 

increases by 15 percent and 18 percent, respectively. 

Concrete is a good electrical insulator, which means that it does not transport electrons, 

but the added fibers (i.e., steel fiber, carbon fiber) have been shown to impart a significant 

decrease in concrete's resistivity. When the fibers come in contact with the water inside the pores 

of the concrete, the free electrons in the fibers work like a conductive medium that transports the 

electrons, and that enables the cement matrix to transport electricity (Whittington, McCarter and 

Forde, 1981; Chiarello and Zinno, 2005; Berrocal et al., 2018). 

Xie, Gu and Beaudoin (1996) developed a concept called the threshold of percolation. 

Fiber percolation can ensure high electrical conductivity. It means that the volume fraction of 

fibers inside the cementitious material should be equal to or greater than the volume of the 

fibers’ interconnected paths. Also, there is a critical fiber volume fraction range after which the 

electrical conductivity increases rapidly, known as the percolation transition zone (Xie, Gu and 

Beaudoin, 1996). This concept is crucial for deducing the optimum fiber content. Because using 

excessive fiber content produces no benefit in terms of conductivity or mechanical properties. In 

fact, with increasing fiber concentrations, the electrical conductivity of the cement matrix 

decreases. When the percolation zone is exceeded, the conductivity decreases, but before the 
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percolation zone is achieved, the cement matrix exhibits higher electric conductivity with 

increasing fiber amounts. Chiarello and Zinno (2005) also studied the contribution of the shape 

of the carbon fiber. The authors suggested that a higher aspect ratio of carbon fiber can lead to 

better conductive performance with the same fiber volume. In the literature, 6-mm and 10-mm-

long carbon fibers have been favored for better electricity transition (Al-Dahawi et al., 2016; 

Donnini, Bellezze and Corinaldesi, 2018). 

Sassani, Arabzadeh, et al. (2018a) determined the carbon fiber percolation limit in 

cementitious material and the optimum amount of carbon fiber to obtain maximum conductivity 

(figure 2-1). They determined the percolation transition zone of carbon fiber to be 0.25 to 1 

percent volume for paste, 0.6 to 1 percent volume for mortar, and 0.5 to 0.75 percent volume for 

concrete. The optimum fiber dosage for electrical conductivity for cement paste and mortar was 

assumed to be equal to 1 percent. Their study included testing at 28 days and 460 days to assess 

the electrical conductivity of reinforced concrete at a late age. At 28 days the conductivity of 

concrete was found to be 1.86×10-2 S/cm, and at 460 days it was 1.22×10-2 S/cm. 
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Figure 2-1: Snapshot of the fiber percolation zone for cement paste and mortar (from Sassani, 
Arabzadeh, et al., 2018a) 

Belli et al. (2020) studied the effects of three fibers and their percolation limits (figure 2-

2), i.e., virgin carbon fiber (VCFs), recycled carbon fiber (RCF), and brass plated steel fiber. The 

authors compared all three fibers within a broad dosage range of 0.05 to 1.6 percent volume. The 

RCFs reduced conductivity by one order of magnitude but increased tensile and compressive 

strength by 100 percent. A feasibility study by Chang et al. (2009) showed that carbon 

nanofibers could be used as heating elements in concrete to offer ice-melting capabilities. Zhao 

et al. (2010) used carbon fiber wires in concrete slabs and showed that their electrothermal 

method effectively reduced snow. 

Figure 2-2: Snapshot of fiber percolation limit versus resistivity (Belli et al., 2020). 

Advancement in the nanotechnology field has also given rise to the use of carbon 

nanotubes (CNTs), nano-silica, nano-titanium dioxide, nano-iron oxide, nano-aluminum oxide, 
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and more., in pavement materials. Plain concrete is a brittle material, and under loading, it forms 

microcracks that lead to the ultimate failure of the structure if it is not repaired in time. The 

nanomaterials support the cement matrix, inhibit the propagation of microcracking, enhance 

durability, and provide good thermal conductivity (Liew, Kai and Zhang, 2016). CNT is a tube-

shaped material resembling a rolled atom sheet (Iijima, 1991). CNTs are available in either 

single-walled (SWCNT) or multi-walled (MWCNT) kinds (Bethune et al., 1993). The diameter 

and length of SWCNTs range, respectively, from 0.4 to 3 nm and 1 to 50 μm. For MWCNT, the 

width range is 1.4 to 100 nm, and the length varies from 0.1 to 100 μm (Chan and Andrawes, 

2010; Materazzi, Ubertini and D'Alessandro, 2013; Han et al., 2015). 

The tensile strength for MWCNT ranges from 10 to 63 GPa, while for SWCNT, it can be 

as high as 600 GPa (Yu et al., 2000; Zhao et al., 2011). CNT has higher electrical conductivity 

than metals (Li, Wang and Zhao, 2005). SWCNT has shown higher electrical conductivity than 

MWCNT. MWCNT has a conductivity of 103 to 105 S/m (Siemens/meter), and SWCNT can 

exceed a conductivity of 106 S/m (Ahmad and Pan, 2009; Kumari et al., 2009). Cement 

composite material has a very low electrical conductivity. The range is 10-6 to 10-9 S/cm. But the 

incorporation of CNT in the cement matrix increases the electrical conductivity as well as 

piezoresistivity. (Piezoresistivity means the change in electrical resistance under mechanical 

strain (Vossoughi, 2004)). Han et al. (2011) studied the piezoelectric response of CNT in cement 

composite with different load amplitudes. They found a linear correlation between the electrical 

resistivity and applied load within the elastic range, thus ensuring the sensing behavior of the 

concrete or cement composite materials with CNT. Kim et al. (2017) reported that 0.5 wt% of 

cement enhanced the electrical conductivity by 106 times. Singh et al. (2013) reported that 1.0 
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wt% of CNT increased the conductivity of cement paste to 10 S/cm. Coppola, Buoso and 

Corazza (2011) also reported a drastic change in electrical conductivity to almost 10 S/cm. 

Carbon-based nanomaterials have demonstrated good mechanical and electrical 

performance for cement-based composite materials. However, they also have some drawbacks, 

especially because the dispersion of carbon-based nanomaterials is difficult (Dong et al., 2016). 

Incorporating carbon fiber might increase the cement’s electrical property, but durability is still 

questionable, especially homogeneity and the long-term performance of cement composite. 

Sonification or a dispersing reagent can be used to overcome the poor dispersion of CNTs (Han 

et al., 2015). Steel fibers have good dispersion ability and can create a conductive network that 

can ensure the homogeneity of the introduced fiber through the samples (Dong et al., 2016). 

Banthia, Djeridane and Pigeon (1992) found that the conductivity of cement mortar increases 

with the incorporation of 25 μm and 3-mm-lengths of steel fiber. Han et al. (2014) also showed 

that 0.36 percent of steel fiber resulted in a resistivity of 57 Ωcm (1.8×10-2 S/cm) and 0.72 

percent volume produced a resistivity of 16 Ωcm (6.3×10-2 S/cm). Their steel fibers had a 

diameter of 8 μm. In a case study by Yehia et al. (2000), steel fibers used in concrete bridge 

decks showed promise for reducing snow and ice accumulation. The cost of the operation was 

estimated to be $0.8/m2 for the steel-reinforced concrete overlay per snowstorm. 

Much of the literature on ECC and fiber-reinforced conductive concrete has focused on 

resistivity and conductivity performance, resistance change, electric heating, cooling law, and 

snow melting power, which is essential. But there is still a need to study the long-term durability 

of concrete under electric shock (high voltage has been used in most studies) and under thermal 

gradients. The impacts of curing age, microstructure, degree of hydration, and mixture 

composition of the ECC on its electrical-thermal performance also merit more investigation. 
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2.2. Research Objectives 

The objective of this research was to develop a method of measurement able to accurately 

quantify the electrical properties of curing ECC as a function of curing age. Another objective 

was to create a prototype of at least one ECC with better conductivity than plain pavement 

materials. The electrical properties of the prototype ECC were quantified by using a microwave-

based method over time. This report also presents a theoretical framework and guidelines for 

optimizing ECC conductivity while minimizing power consumption through heating-cooling 

simulation. 
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CHAPTER 3.Research Approach 

3.1. Overview of Test Methods 

Nondestructive testing (NDT) methods for construction materials are gaining popularity. 

Nondestructive testing is easy, cheap, accurte, and convenient in regard to time and labor 

intensity. Research on the use of NDT methods based on electromagnetic waves is increasing 

because of their unique ability to estimate the sustainability and durability of concrete. This 

method may be a preferred means for evaluating and monitoring concrete’s structural health and 

the physical microstructure in comparison to other methods such as mercury intrusion 

porosimetry (MIP) (which can be destructive to the pore system), nuclear magnetic resonance 

(NMR) (which is costly to instrument), and others (Rajabipour and Weiss, 2007). Porosity, 

tortuosity, moisture content, corrosion susceptibility, and more, can be evaluated by measuring 

the conductivity of concrete (Gui, Qin and Li, 2016; Rangelov and Nassiri, 2018). 

Quick and straightforward NDT methods of measuring the resistivity of concrete have 

recently gained popularity for evaluating durability (figure 3-1), but their application to a fiber-

reinforced medium still requires investigation. In the initial phase of the study, surface resistivity 

and bulk resistivity measurements were evaluated for the purpose of developing an ECC based 

on a quick NDT method. However, these measurements did not yield expected trends with the 

addition of fibers. Therefore, a microwave method was developed, calibrated, and used to 

evaluate ECCs in this study. 
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(a)                             (b) 
Figure 3-1: (a) Bulk electrical resistivity meter, (b) surface resistivity meter measurement taken 

on a steel fiber reinforced concrete cylinder 

Dielectric spectroscopy is pertinent in material sciences, communications, soil sciences, 

and biology (Ghodgaonkar, Varadan and Varadan, 1990; Gabriel, Lau and Gabriel, 1996; 

Raymond et al., 2013). In this method, concrete is considered to be a dielectric material because 

of the pore solution. It is polarized in an electrical field. In the electrical field, the molecules 

inside the concrete reorient themselves to the applied field, which causes collisions and internal 

friction (Afsar et al., 1986). The time it takes the molecules inside to reorient can be defined as 

relaxation time. The permittivity denotes this polarization. This value of permittivity has two 

parts: one is the real part, which is the dielectric constant, and the second part is imaginary, 

which is related to dielectric loss (𝜀𝜀 = 𝜀𝜀′ − 𝚤𝚤̇𝜀𝜀′′). The dielectric constant is the energy stored with 

exposure to the external electrical field. The dielectric property, also referred to as permittivity, 

measured as a function of frequency, is referred to as dielectric spectroscopy. The imaginary part 

is also referred to as a loss factor. The loss tangent or loss factor is the ratio of the imaginary part 

to the real part of the dielectric constant and represents the potential to dissipate microwave 

energy (Griffiths and Inglefield, 2005; Yaw (Rohde&Schwarz), 2006). 

The measurement methods for the dielectric constant can be categorized into the 

transmission/reflection (T/R) method, open-ended coaxial probe method, open space method, 

and the resonant method. Among them, the T/R method is easy and widely used (Baker-Jarvis, 
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Vanzura and Kissick, 1990). In this method, the material under testing (MUT) is placed in a 

coaxial line or a waveguide while two ports in a vector network analyzer (VNA) measures the 

scattering parameters. This method was the preferred method in the present study. Necessary 

calibration should be carried out before measurement on the MUT is started. The calibration 

must be performed so that the reference plane of measurement is as close as possible to the 

MUT. The reflected scattering parameter (S11 or S22) and transmitted signal scattering 

parameters (S21 or S12) create a stiffness matrix for permittivity or permeability. These S-

parameters need relevant post-processing to produce the complex dielectric value, as mentioned 

above. The Nicholson-Ross-Weir (NRW) model is a mathematical model that converts these 

four parameters (S11, S12, S21, S22) or just one pair (S11, S21) into both permittivity and 

permeability. Because of phase ambiguity, short samples are preferable for this conversion 

method. Otherwise, errors in the result are expected. However, it has not been determined how 

small the material should be (Nicolson and Ross, 1970). 

For mechanical properties, the compressive strength (figure 3-2A) and flexural strength 

(figure 3-2B) of carbon fiber and steel fiber reinforced concrete mixes were characterized. 

Figure 3-2: (A) flexural strength testing, (B) compressive strength 
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3.2. Microwave Method Set-up 

A two-port vector network analyzer (VNA), PicoVNATM 106 (figure 3-3a&b), was used 

for this study's experiments. This VNA operated between 300 kHz and 6 GHz. Two coaxial 

cables from the two ports were connected to the VNA, as shown in figure 3-3b. The other ends 

of the coaxial cables were connected with a coaxial to waveguide adapter. The rectangular 

waveguide adapter's frequency range was 2.60 to 3.95 GHz (S-Band waveguide adapter), which 

was within the operating range of the VNA. The inside dimensions of the adapter were 72.14 

mm × 34.04 mm. The insertion loss of the waveguide was 0.2dB, which was low. 

Samp 

W 

aveguide 

S 

(a) (b) 

Figure 3-3:  (a) Waveguide adapter, sample holder, cement paste sample, and calibration tool, 
(b) The MUT (material under test) connected to a computer for S-parameter collection. 

Before using the set-up on materials with an unknown permittivity, the VNA/waveguide 

set-up needed to be calibrated because the VNA measured the S-parameters via the initial port of 

the VNA. It did not consider the coaxial cable length and the waveguide. The measurement plane 
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needed to be transferred to the end of the waveguide adapter. Through-reflect-line (TRL) 

calibration was a two-port calibration better suited for the two-port VNA set-up. 

The inside dimensions of the sample holder were the same as the waveguide adapter 

(72.14 mm × 34.04 mm). Several sample holders were machine shopped from steel and used as 

the mold to cast the cement samples. That way, a perfect cement fit was achieved inside the 

sample holder. The sample thickness was selected to be 6.35mm (1/4 inch) to avoid phase 

ambiguity. The VNA was additionally connected to a computer by USB cable, and the 

PicoVNATM 2 software transfered the S-parameter readings, which were post-processed by the 

NRW method discussed above. A MATLAB program and a companion spreadsheet were 

developed to efficiently convert S-parameter readings into complex permittivity. 

3.3. System Calibration by the TRL Method 

Engen and Hoer (1979) first proposed the system error model (TRL calibration 

procedure). This error model was then simplified into a 12-term TRL calibration (Network 

Analyzer Error Models and Calibration Methods | www.rfmentor.com, no date). This calibration 

would allow us to measure only the MUT (material under testing) and remove the effects of the 

coaxial cables and adapter in the measurements. For thru measurement, the waveguide adapter 

ports were connected, and for the line, the sample holder was inserted between the two 

waveguide ports. A highly reflective metal disc was used as a short to measure the reflection. 

This was a two-term measurement in which S11 will S22 were used. The S11 was obtained when 

port 1 was connected to the short and S22 was obtained when port 2 was connected to the short. 

TRL calibration started by converting the S-parameters of the thru measurement and 

delay lines to the T-parameter by using the following equations: 

14 
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𝑆𝑆11𝑆𝑆22−𝑆𝑆12𝑆𝑆21 𝑆𝑆11 

𝑇𝑇 = � 𝑆𝑆21 

− 
𝑆𝑆22 

𝑆𝑆21 

𝑆𝑆21 �1 

𝑆𝑆21 

(3.3.1) 

For the thru measurements, the S parameters are designated by St, the delay lines are Sd, and the 

converted T-parameter is Tt and Td. 

The variable Tv is represented as the product of Td and (Tt)-1 . 

𝑡𝑡11 𝑡𝑡12 𝑇𝑇𝑣𝑣 = 𝑇𝑇𝑑𝑑(𝑇𝑇𝑡𝑡 )−1 = � � (3.3.2) 𝑡𝑡21 𝑡𝑡22 

Using these four matrix elements, the following equation can be formed: 

𝑡𝑡21𝑥𝑥2 + (𝑡𝑡22 − 𝑡𝑡11)𝑥𝑥 − 𝑡𝑡12 = 0 (3.3.3) 

The two distinct roots are b and (a/c). One will be chosen in a way in which ed <1 is the 

transmission coefficient of the delay line. By doing this, it is assumed that the delay line will be 

subjected to phase angle change close to 90 degrees, where ed is expressed as 

𝑒𝑒𝑑𝑑 = 𝑖𝑖�− 
𝑡𝑡12(𝑎𝑎/𝑐𝑐)−1+𝑡𝑡11 (3.3.4) 

𝑡𝑡21𝑏𝑏+𝑡𝑡22 

The S-parameters of the thru measurement are used for the next calculations, 

𝑑𝑑 = −(𝑆𝑆11𝑆𝑆22 − 𝑆𝑆12𝑆𝑆21) (3.3.5) 

𝑒𝑒 = 𝑆𝑆11 (3.3.6) 

𝑓𝑓 = −𝑆𝑆22 (3.3.7) 

𝑔𝑔 = 𝑆𝑆21 (3.3.8) 

Using d, e, f, g the next set of parameters are defined as follows: 

𝑓𝑓−𝑑𝑑(𝑎𝑎/𝑐𝑐)−1 

𝛾𝛾 = (3.3.9) 
1−𝑒𝑒(𝑎𝑎/𝑐𝑐)−1 

�𝛽𝛽 𝑒𝑒−𝑏𝑏 � = (3.3.10) 
𝛼𝛼 𝑑𝑑−𝑏𝑏𝑓𝑓 

𝑑𝑑−𝑏𝑏𝑓𝑓 (𝑎𝑎𝑎𝑎) = (3.3.11) 
1−𝑒𝑒(𝑎𝑎/𝑐𝑐)−1 
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The two reflect measurements Γ1(Port 1 Short) and Γ2(Port 2 Short) define the next 

parameter (a/α), 

�𝑎𝑎 (Γ1−𝑏𝑏)(1+Γ2�
𝛽𝛽�) 

𝛼𝛼
� = 𝛼𝛼

−1 (3.3.12) 
(Γ2+𝛾𝛾)(1−Γ1�

𝑎𝑎� )𝑐𝑐 

Parameter a has two possible values, and one is chosen when Γ is close to Γestimate where, 

𝑎𝑎 = ±�(𝑎𝑎𝑎𝑎) �𝑎𝑎� (3.3.13) 
𝛼𝛼 

Γ1−𝑏𝑏 𝛤𝛤 = (3.3.14) 
𝑎𝑎−𝑐𝑐Γ1 

𝑒𝑒 𝛤𝛤𝑒𝑒𝑒𝑒𝑡𝑡𝑒𝑒𝑒𝑒𝑎𝑎𝑡𝑡𝑒𝑒 = −𝑒𝑒 �𝑘𝑘𝑘𝑘 (3.3.15) 

where k is the phase propagation constant and l is the length of the sample holder. The final 

calculation parameters are defined as, 

𝑑𝑑−𝑏𝑏𝑓𝑓 𝑎𝑎 = (3.3.16) 
𝑎𝑎(1−𝑒𝑒(𝑎𝑎/𝑐𝑐)−1) 

𝛽𝛽 = 𝑎𝑎 �𝛽𝛽� (3.3.17) 
𝛼𝛼 

𝑘𝑘 = 𝑔𝑔 (3.3.18) 
𝛼𝛼−𝑓𝑓𝛽𝛽 

𝑐𝑐 = 𝑎𝑎(𝑎𝑎/𝑐𝑐)−1 (3.3.19) 

This final set of parameters is used to define the calibration matrix variables: 

= �𝑎𝑎 0𝑇𝑇1 � (3.3.20) 0 𝑘𝑘𝑎𝑎 

𝑏𝑏 0𝑇𝑇2 = � (3.3.21) 0 −𝑘𝑘𝛾𝛾� 

𝑐𝑐 0𝑇𝑇3 = � (3.3.22) 0 −𝑘𝑘𝛽𝛽� 

= �1 0𝑇𝑇4 � (3.3.23) 0 𝑘𝑘 
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The uncalibrated S-parameters (Su) obtained directly from the VNA are converted to 

actual S-parameters (S) by the following equations, and the reference plane is then transferred to 

the end of the waveguide adapter. 

𝑆𝑆 = (𝑇𝑇1 − 𝑆𝑆𝑢𝑢𝑇𝑇3)−1(𝑆𝑆𝑢𝑢𝑇𝑇4 − 𝑇𝑇2) (3.3.24) 

3.4. Conversion of S-Parameters to Dielectric Constant 

As mentioned earlier, the Nicholson-Ross-Weir (NRW) conversion was used here to 

calculate the dielectric constant from the scattering parameter (S11, S21). S11, S21 was the 

calibrated scattering parameter obtained from TRL calibration. The reflection coefficient can be 

presented as 

𝛤𝛤 = 𝑋𝑋 ± √𝑋𝑋2 − 1 (3.4.1) 

where ⃓Γ⃓<1 is required, and X in terms of s-parameter is defined as 

𝑆𝑆11 
2 −𝑆𝑆21 

2 +1 𝑋𝑋 = 
2𝑆𝑆11 

(3.4.2) 

The transmission coefficient T is defined as 

𝑆𝑆11+𝑆𝑆21−𝛤𝛤 𝑇𝑇 = (3.4.3) 
1−(𝑆𝑆11+𝑆𝑆21)𝛤𝛤 

The permeability is given as 

1+𝛤𝛤 𝜇𝜇𝑟𝑟 = 1 (3.4.4) 
𝛬𝛬(1−𝛤𝛤)� 2−

1 
2λ0 λ𝑐𝑐 

Here, λ0 and λc are the free-space wavelength and cutoff wavelength, respectively. For the S-

band waveguide, the cutoff frequency is 14.42cm. Λ is defined as 

21 = − � 
1 𝑙𝑙𝑙𝑙 �1�� (3.4.5) 

𝛬𝛬2 2𝜋𝜋𝜋𝜋 𝑇𝑇 

Here, L is sample thickness and real part of 1/Λ≥0. Now, the permittivity is defined as 

λ0ɛ𝑟𝑟 = 
2 

( 12 − [ 1 𝑙𝑙𝑙𝑙 �1�]2) (3.4.6) 
𝜇𝜇𝑟𝑟 λ𝑐𝑐 2𝜋𝜋𝜋𝜋 𝑇𝑇 
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This value of permittivity has two parts: one is the real part, which is the dielectric 

constant, and the second part is imaginary, which is related to dielectric loss (𝜀𝜀 = 𝜀𝜀′ − 𝚤𝚤̇𝜀𝜀′′). 

The relationship between electrical conductivity (σ) and permittivity is expressed as 

𝜎𝜎 = 𝜔𝜔ɛ0ɛ′𝑡𝑡𝑎𝑎𝑙𝑙𝑡𝑡 (3.4.7) 

where ɛ0 is the absolute dielectric permittivity, ω is the angular frequency, and 𝑡𝑡𝑎𝑎𝑙𝑙𝑡𝑡 is the ratio 

of imaginary and real parts of the dielectric permittivity. 
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CHAPTER 4.Materials 

The dielectric constant and conductivity of neat cement paste (ordinary Portland cement 

+ water) with different water-cement (w/c) ratios (0.35, 0.4, 0.5) over a 28-day curing period 

were characterized first. The sample holder from the waveguide set-up was used as the mold for 

casting the cement samples. During the casting of the cement samples, a glass plate was used as 

the base. The sample holder was taped to the glass plate with duct tape to avoid shifting during 

casting and finishing. After casting, the sample was sealed by placing another glass plate on top, 

so no water was lost to evaporation. The samples were kept inside the sample holder, inside 

double ziplock bags in sealed conditions, for the entire duration of testing. The sample was taken 

out every five days to take dielectric measurements and then was placed back into sealed 

conditions. A final measurement was taken after four months. 

Next, different amounts of carbon nanotubes, carbon fibers, and steel fibers were added 

to one select cement paste composition with w/c=0.35. Carbon fibers were acquired from Toray, 

Inc. They had a filament diameter of 5 μm with a density of 1.81 g/cm3. They had a tensile 

strength and tensile modulus of 5.5 GPa and 294 GPa, respectively. Their electric resistivity was 

1.4×10-3 Ω-cm (figure 4-1). 

Figure 4-1: Snapshot of the functional properties of the carbon fibers from Toray Inc. 
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From the spool of carbon fiber, discrete pieces were cut in 10-mm lengths (figure 4-2). 

The cut carbon fibers were dispersed by manual mixing in water and then added to the cement 

paste and mixed again. The tested amounts were 0.2, 0.3, and 0.4 wt% of the dry cement. 

Figure 4-2: Chopped up carbon fiber (10-mm length) for the experiment 

Other tested fibers and nanofibers included carbon nanotubes and steel fibers. The mixing 

method for steel fibers was the same as that for the carbon fibers, and they were added in 1 

percentage by weight concentrations. Steel fibers were cut in 10-mm-long pieces to fit inside the 

sample holder. The CNT size (inside diameter) was 1.3 to 50 nm, and the outside diameter was 

less than 5 nm. The length was 0.5 to 50 μm. The purity is above 90 percent, based on trace 

metal analysis. 

Carbon nanotubes were tested in amounts of 0.05, 0.1, 0.2 wt% of dry cement. CNTs 

were added to water and sonicated for 10 minutes. Cement was then added to the CNT 

suspension and mixed manually. 
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CHAPTER 5.Results 

5.1. Verification with Reference Materials 

A set-up and calibration are valid when the experimental values for known materials are 

found and adhere to known values. Common materials used for validating a set-up are air, water, 

and wax (Kwon et al., 2009; Hashemi et al., 2015). In the current study, air and wax were used 

as reference materials. For validation, paraffin wax was melted and cast in the sample holder. 

After the paraffin had been set, the calibration procedure described in Section 3.3 was applied to 

the measurement set-up. Then measurements were taken with the empty sample holder (air as the 

sample) and the sample holder with the hard paraffin wax inside it. The calibrated values of the 

dielectric constant calculated by the NRW, as described previously, are presented in figure 5-1. 

Figure 5-1:  Dielectric constants of the reference materials over the waveguide frequency. 
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A value of 1 was obtained at all frequencies for the empty sample holder set-up, which 

agreed with the reported dielectric constant for air at close to 1 in the literature (Hector and 
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Schultz, 1936). Also, the dielectric constant for paraffin wax reported by Chakyar et al, (2017), 

was around 2.5 to 2.7 at room temperature, which agreed with the value of close to 2.5 seen in 

figure 5-1. Therefore, the calibration procedure was deemed suitable for continuing further 

experimentation with materials with an unknown dielectric constant. 

5.2. Demonstration on Neat (No Fibers) Cement Paste 

As mentioned above, three different water-cement ratios were selected for this 

experiment (0.35, 0.4, 0.5). Each sample's dimensions were 72.14×mm×34.04mm×6.35mm to fit 

exactly within the sample holder, as shown in figure 3-1. The samples were tested every five 

days over the S-band range, and the dielectric constant of about 3 GHz reported in figure 5-2 was 

a representative value. 

Figure 5-2 shows that the dielectric constant one day after mixing was 29.1, 23.5, and 

22.6 for the three mixes. These values had dropped to 13.5, 13.6, 13.8, respectively, at day 28. 

As the hydration progressed, the dielectric constant decreased. At about 14 days, the w/c ratios of 

0.4 and 0.35 converged, indicating the decreasing amount of free water in the system. At day 28, 

the highest w/c ratio showed the lowest dielectric constant, albeit the measured values for all 

three mixes were very similar. 
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Figure 5-2: Changes in dielectric constants over time for cement pastes of different w/c ratios 

After 28 days, the dielectric constant for the 0.5 w/c ratio was the lowest of the three, and 

that for the 0.35 w/c ratio was the highest. Though the dielectric constant was very close for all 

three mixes (13.5, 13.6, 13.8), the pattern logically followed the higher amount of capillary voids 

in mixes with a higher w/c ratio and thus the lowest dielectric value. Because the mixes with a 

w/c ratio of 0.5 had a higher amount of mixing water, there would be a higher porosity inside 

that sample, thereby resulting in a lower dielectric constant (Shalaby and Zoughi, 1995). 

To better study late-age dielectric properties, the samples were kept in fully sealed 

conditions for another 90 days. Measurements were taken at four months on all three mixes. 

Figure 5-3 shows the dielectric constants reported after four months to study the inversion 

pattern. As mentioned earlier, the inversion started almost at 28 days, and it continued thereafter. 

After 90 days the pattern was clearly visible. The mix with a w/c ratio of 0.35 had the higher 
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dielectric constant at around 9.5, and the mix with a w/c ratio of 0.5 had the lowest, which was 

close to 7.5 (figure 5-3). 
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Figure 5-3: Dielectric constants of different w/c ratios at four months 

These experiments with measurements of plain cement paste with various w/c ratios 

showed that the developed and calibrated system was sensitive to changes in cement paste 

microstructure and pore solution content and also to changes in the microstructure with curing 

age. 

5.3. Cement Paste (w/c=0.35) with Carbon Fiber Additions 

Figure 5-4 shows the measured dielectric constant for the cement paste with chopped 

carbon fibers added at 0.2, 0.3, and 0.4 percentage by weight . For every mix, one sample was 

cast. According to figure 5-4, the carbon fiber additions resulted in a significant initial increase 
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in dielectric constant after 24 hours, which was almost 770 percent,467 percent, and 232 percent 

higher, respectively, than the control for 0.2, 0.3, and 0.4 wt%. 
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Figure 5-4: Changes in weekly dielectric constants for carbon fibers 

All three mixes declined in dielectric values with age. A decline in the electrical 

properties of ECC with curing age wad also been reported in the literature (Sassani, Arabzadeh, 

et al., 2018b), demonstrated by the microstructure of the matrix becoming more disconnected 

and the electrical path obstructed by hydration products. 

For 0.2 wt% of carbon fiber, the 1-day dielectric constant was approximately 197, and 

after 28 days, it became 62. The third- and fourth-week data were similar, with hardly any 

change, meaning that hydration was almost complete. But the dielectric value was higher than 

the control because of the presence of carbon fiber. The reason for the instant boost could have 

been the filament distribution. The carbon fiber seemed to have created an interconnected 

network for transferring electrons. Figure 5-4 also shows that the percolation threshold for 

carbon fiber may have been within 0.2- to 0.3 wt%. After 0.3 wt% there was a decline in the 
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dielectric constant of 0.4 wt%, indicating that this amount may have passed beyond the 

percolation zone, as discussed previously (see the literature review, figures 2-1 and 2-2 

(percolation zone 0.25 to 1 Vol%)). The authors suggested (see figure 2-2) that the percolation 

limit for carbon fiber was close to 0.2 wt%, which agreed with the findings of this study. 

The dielectric constant of 0.4 wt% showed a significant decline to almost 13 in the 

second week, which was slightly lower than the control. The reason for this drop at day 7 was 

not clear, but perhaps with the high dosage, the carbon fiber stacked or clumped together, 

contributing to the lower dielectric constant. 

Another way to observe and compare the relative changes due to the introduction of 

different fibers was to use the reflection coefficient, Γ. The reflection coefficient indicates how 

much electromagnetic wave is reflected because of the medium change in comparison to the 

incident wave (COSTA DP, 1970). The reflection coefficient is expressed by Ŕ = 𝛤𝛤𝑒𝑒𝑒𝑒𝑖𝑖, which is 

a complex number, but the magnitude Γ represents the reflection coefficient value because the 

phase ϕ does not reveal much information. 

An increase in the reflection coefficient indicates an increase in the water to cement ratio 

(Mubarak, Bois and Zoughi, 2001). Although we were not comparing different water to cement 

ratios, it was clear that a rise in a dielectric constant would also result in a rise in the reflection 

coefficient. 

Figure 5-5 shows that the reflection coefficient of all carbon fiber mixes was higher than 

the control on day 28. The highest value was achieved with a 0.2 wt% carbon fiber, which was 

approximately 0.9, and the control value was 0.68. Carbon fibers at 0.3 wt% and 0.4 wt% also 

had higher values than the control but lower than 0.2 wt%, as those mixes were deemed to be 

beyond the percolation zone. 
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Figure 5-5: The reflection coefficients on day 28 for all mixes at around 3 GHz 

To compare the electrical properties of the ECC developed in this study with those 

reported in the literature, the measured dielectric constant was theoretically converted to 

electrical conductivity by using Equation (3.4.7). As seen in table 5.1, the developed ECC in this 

study compared well with the average reported value developed by Sassani et al (2018). In their 

study, the w/c ratio was 0.42, which was slightly higher than that in this study (w/c 0.35). The 

carbon fiber dosages used in the study were 0.25 percentage by volume (vol%), 0.5 vol%, 0.75 

vol%, etc., and the values shown in table 5. 1 were extrapolated to obtain amounts matching 

those used in this study. 

Table 5. 1: Comparison of conductivity values from this study with those from the literature 

Mixes 

Conductivity (S/cm) 

This study 
ECC by (Sassani, 

Arabzadeh, et al., 
2018b) 

0.2 wt% carbon fiber 4.57E-02 2.15E-02 
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0.3 wt% carbon fiber 3.61E-02 3.50E-02 

Control 6.06E-03 9.15E-03 

5.4. Cement Paste (w/c=0.35) with Other Types of Fibers 

Steel fibers at 1 wt% and carbon nanotubes (CNTs) were also tested in the cement paste 

matrix. CNTs were added in the amounts of 0.05 wt%, 0.1 wt%, and 0.2 wt% of the dry cement. 

The dielectric constants were measured every 7 dasy until day 28 day for all three amounts in 

comparison to the control (neat paste). As seen in table 5-2, an ECC was not achieved by using 

the CNTs and the tested amounts of steel fibers. Different types and dosages of steel fibers and 

CNTs will be evaluated in future phases of the project to develop an ECC using these conductive 

additives. 
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Table 5. 2: Changes in weekly dielectric constants for various amounts of CNT 
Day Control 

W/C 0.35 
CNT 0.05% CNT 0.1% CNT 0.2% Steel 1% 

Day 1 22 28 29 31 23 
Day 7 18 19 20 19 20 

Day 14 17 19 20 20 19 
Day 21 17 17 18 19 18 
Day 28 17 17 17 18 17 

5.5. Mechanical Properties of Steel and Carbon Fiber Reinforced Mixes 

Durability and mechanical performance are important requirements of ECC for pavement 

applications. Therefore, the compressive and flexural strengths of the mixes containing various 

amounts of steel fibers and carbon fibers were evaluated, and the results are presented in tables 

5.3 and 5.4. Please note that mechanical testing was performed in the first stage of the study; 

therefore, the incorporated fiber ratios were different than those used in the ECC evaluation. 

As seen in the tables, the additions of steel fibers in amounts higher than 0.25 percent 

increased the compressive and flexural strengths. Carbon fibers, on the other hand, resulted in a 

decline in mechanical properties in comparison to the neat mix. The carbon fiber length, mixing 

procedure, and dispersion influenced mechanical performance. Overall, all compressive strengths 

were above the 4500 psi required for highway paving, and flexural strength was higher than 650 

psi. Furthermore, optimization of the size and amounts of carbon fibers was required to balance 

the electrical and mechanical performance of the ECC mixes. 
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Table 5. 3: 28-day compressive strengths of all mixes 

Mix Compressive 
Strength (psi) STDV 

Control 6,520 132 
0.25% steel fiber 5,470 121 
0.5% steel fiber 7,150 384 
0.75% steel fiber 7,040 310 
0.25% Carbon fiber 3,581 306 
0.50% Carbon fiber 3,293 62 
0.75% Carbon fiber 4,601 173 

Table 5. 4: 28-day flexural strengths of all mixes 

Mix Modulus of 
Rupture (psi) SDV 

Control 797 33 
0.25 % Steel 741 56 
0.5 % Steel 850 12 
0.75 % Steel 932 18 
0.25 % Carbon 784 46 
0.5 % Carbon 663 18 
0.75 % Carbon 641 44 

5.6. Theoretical Framework for Heating and Cooling Simulations 

An electrothermal analysis was required to evaluate the efficiency of the ECC slabs at 

raising the concrete temperature for ice and snow removal while a current is passed through the 

slab. Based on the law of the conservation of energy, Equation 5.6.1 shows the rate of change in 

the stored energy in the control volume at any point in time, 

𝑑𝑑 𝑑𝑑𝑇𝑇 𝑑𝑑𝑇𝑇 �𝑘𝑘. � = 𝜌𝜌𝐶𝐶𝑝𝑝 (5.6.1) 𝑑𝑑𝑥𝑥 𝑑𝑑𝑥𝑥 𝑑𝑑𝑡𝑡 

In this equation, T is the slab nodal temperature, °C; t is time, and dt is the time increment, hours; 

ρ is the concrete’s density, kg/m3; Cp is the specific heat of the concrete, J/kg/°C; and finally, k 

is the thermal conductivity of the concrete, W/m/°C. 
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For heating, a constant voltage is applied to embedded electrodes within the slab. 

Current, I (A) and temperature T(°C) are recorded for a fixed monitoring period. The samples’ 

electrical resistance R are estimated with the Ohm's and Joule's laws, 

𝑉𝑉2 

𝑃𝑃 = 𝑉𝑉𝑉𝑉 = 
𝑅𝑅 

(5.6.2)    

where P (W) is the electric power as a function of the applied voltage V (V), current I (A). 

Fitting a regression line through plots of P versus temperature rise gives the energy 

transfer coefficient, h, estimated for the ECC slab. Gomis et al. (2015) also reported the heat 

transfer parameter hA =0.536W/°C, which can be directly used in equations (5.6.3) and (5.6.4). 

This also represents the heat dissipation or transfer with increasing or decreasing temperature. 

Gomis et al. (2015) developed closed-form solutions for Equation 5.6.1 for a heating 

experiment to simulate heating experiments based on measured current and temperature. 

−ℎ𝐴𝐴𝐴𝐴𝐴𝐴 
𝑃𝑃 𝑚𝑚𝐶𝐶𝑝𝑝 ]𝑇𝑇 = 𝑇𝑇𝑟𝑟 + [1 − 𝑒𝑒 (5.6.3) 
ℎ𝐴𝐴 

where T(°C) is the temperature of the sample, Tr(°C)  is the room temperature, A(m2) is the 

exposed surface of the tested area, δt is the difference in time(sec), Cp is heat capacity (j/kg°C), 

m (kg) is the weight of the specimen, and h (W/m2°C) is the heat transfer coefficient. 

Once the power has been switched off, the cooling cycle is also reported as, 

−ℎ𝐴𝐴𝐴𝐴𝐴𝐴 
𝑚𝑚𝐶𝐶𝑝𝑝 𝑇𝑇 = 𝑇𝑇𝑟𝑟 + (𝑇𝑇𝑜𝑜𝑓𝑓𝑓𝑓 − 𝑇𝑇𝑟𝑟) 𝑒𝑒 (5.6.4) 

Here, Toff is the sample temperature when the power is turned off. 

The simulated heating and cooling experiments from Gomis et al. (2015) are shown in 

figure 5-6 as examples. This simulation was done for a typical sidewalk (3 ft×3 ft), and the 

applied voltage was 100V for a plain mix and mixes containing amounts of carbon fibers, 
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according to the study. All thermal and electrical properties were assumed on the basis of the 

reported values in Gomis et al.( 2015). 

As shown in figure 5-6, the control had a maximum temperature increase of only 1.3°C, 

whereas carbon fibers at 0.2 wt% and 0.3 wt% showed an increase of almost 4.7°C and 10°C, 

respectively. 
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Figure 5-6: Temperature increase simulation for carbon fiber 
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CHAPTER 6.Conclusions 

Record low temperatures, accompanied by ice and snow accumulation, were frequently 

experienced across the country this past winter. Adverse weather and road conditions disrupted 

businesses, flights, schools, and many other daily operations (U.S. Feels Arctic Blast, Record 

Low Temperatures Nationwide, no date). Keeping up with winter conditions by extending hours 

of ice and snow control operations to clear the roads after frequent melt-freeze cycles and 

snowstorms burdens city and highway agencies with colossal operational, equipment, and labor 

costs (Nassiri, Bayat and Salimi, 2015). These operations include the application of salts, sand, 

and deicer chemicals on the road, which pollute the natural environment and harm fish and other 

aquatic species (Trombulak and Frissell, 2000). Also, salts and deicing chemicals are the most 

effective only within certain temperature ranges (typically above -10 deg C); equipment 

breakdowns in freezing conditions are another challenge associated with current winter 

maintenance operations (Sassani, Ceylan, et al., 2018). 

Studies have shown that ice and snow can be melted by passing an electric current 

through a concrete pavement slab that has been mixed with electrically conductive pavement 

materials. Carbon fibers have shown good potential for increasing the conductivity of concrete. 

In this study, a method using microwaves was utlized to evaluate the conductivity of 

pavement materials that included fiber additions to improve snow and ice melting functionality. 

Dielectric constant measurements over the S-band frequency range were used to develop a 

prototype of an ECC with higher electrical conductivity than plain cement paste. The set-up used 

a relatively low-cost, small, and portable VNA and small samples for testing. After calibration, 

the measurement system showed great sensitivity to changes in the pore solution and 

microstructure of the cement during the curing period and to different water to cement ratios. 
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The required samples of cement for electrical testing were small, meaning that it is possible to 

sample in the field and laboratory and repeat the tests on several mixes and samples. The small 

sample sizes, nondestructive nature of the test, and quick measurements can be used to easily 

identify the optimum dosage and percolation limits of various conductive fibers for ECC 

development. 

Of the tested conductive additives, carbon fibers seemed the most effective based on the 

experiments in this study. An ECC was developed in this study with 0.2 and 0.3 wt% carbon 

fibers that had 28-day resistivities of 22 Ω-cm and 28 Ω-cm, respectively. Testing the thermal 

and electrical properties as reported in the literature for similar ECC in a heating and cooling 

simulation showed that the developed ECC could raise the sample temperature by 4.7°C (0.2 

wt% CF) and 9.9°C (0.3 wt% CF) degrees, respectively, under a 100V applied voltage. 

Future investigations may include developing ECC mixes with green additives from 

recycled materials such as recycled carbon fibers and recycled carbon fiber-reinforced polymer. 

Also, it will be necessary to optimize the mix design to balance the trade-off between 

compressive strength and the required number of fibers for the required level of conductivity. 
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