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ABSTRACT

Anis, Mohammad, TO A More Sustainable Construction Method For Electrically Conductive

Pavement. Master of Science in Engineering (MSE), December, 2021, 80 pp., 13 Tables, 34
Figures, 139 References.

Snow and ice damage to the pavement in the United States, particularly in colder regions,
costs the US economy millions of dollars each year. Conventional methods for keeping snow off
roads after heavy snowfall are judged prohibitively expensive. As a result, an alternative solution
is required to reduce costs while also improving pavement resiliency. An electrically heated
pavement system (EHPS) has been regarded as a viable alternative to older approaches in recent
years. The majority of earlier research concentrated on improving the conductivity characteristics
of paving materials. On the other hand, this study takes a different approach by focusing on the
construction method rather than changing the properties of materials. This study focuses on the
construction method, followed by using two ELECTRICALLY CONDUCTIVE COMPOSITE
materials, such as WPU-GP and EP-GP, and coated on the PCC substrate using the parallel
stripe method. The results show that the construction approach utilizing WPU-GP produced
22.5%, and EP-GP produced 17.5% GP validated the concept of sustainable EHPS construction.
Furthermore, increasing the coating thickness improves the heating effect of the pavement
surface, and resistive heating performance improves steadily with higher voltage application,

although lower coating spacing demonstrated better surface heating performance.
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CHAPTER I

INTRODUCTION

The transportation system has been continuously developing since ancient times, which
helped the rapid growth of urbanization, so transportation safety is the main issue of people. That
depends not only on the passenger, driver, vehicles, characteristics of the highways but also
overall climatic condition. Moisture, ice, or snow on the pavement are critical factors of natural
climatic conditions, which lead to brake failure and cause accidents. This chapter introduces an
overview of this study, defines the problem statement, describes research objectives, and finally
provides an outline of the thesis.

1.1 General Overview

Most northern US pavements are vulnerable to below-freezing temperatures and heavy
precipitation during the winter season. With the presence of ice and snow on the pavement, this
state makes the roads potentially risky for vehicles to use since it reduces the friction between the
pavement and the tires [1]. Due to this scenario, traffic flow is halted or experiences delays,
resulting in lower-traffic volume on US roadways during the cold season. It is possible to suffer
substantial economic losses as well as a large number of accidents. Every year, millions of
dollars are spent by authorities to keep roadways free of ice or snow, allowing traffic to flow
without interruption. Among the most commonly used methods to keep off snow and ice
accumulation on roads are the application of deicing chemicals [2], the use of snowplows [3],

and mechanical snow removal; however, these are associated with being labor-intensive,



sluggish, and expensive [4], as well as the possibility of causing pavement [4]—[10]. In addition,
typical deicing methods are inefficient in inclement weather. At temperatures below -10°C, most
deicing salts, for example, have been demonstrated to be useless in melting snow [11]. While
successful deicing chemicals like calcium chloride work well below (-17°C), they increase the
danger of damage to the rigid pavement from steel corrosion [12], and machinery may struggle
to work in freezing conditions [12]. For years, implemented numerous sustainable methods for
removing snow off roadways, eventually moving toward employing clean energy technologies
rather than traditional methods, which have a negative environmental impact and are a source of
a large amount of pollution [13], [14]. In recent years, a heated pavement system (EHPS) has
been deemed as a viable alternative to traditional methods for keeping snow off pavements, as it
is ecologically friendly, cost-effective, long-lasting, and simple to maintain [15], etc. Existing
technologies of EHPS, including hydronic heated pavement systems [16], [17], infrared heating
method [18], embedded resistive heating elements [19], carbon fiber grills [17],
superhydrophobic coating [20]-[22], electrically conductive concrete [12], [23]-[26], and
electrically conductive coating [27]. Among deicing practices, electrically conductive pavement
is likely the most efficient snow removal technology. Even though this system has shown
promising results, its greater capital costs have made them impractical to utilize in the real world
[28]. As a result, developing a more sustainable deicing method was necessary, which has
become a significant problem in recent years.
1.2 Problem and Objectives
The problem identified from previous studies concentrated mainly on the effectiveness of

melting snow electrically or through the heat without taking into account the cost, environment,



or society of the approach used. This study is being conducted to fill in the gaps and propose a
new construction method for electrically conductive pavement that is deemed cost-effective.
1.3 Conceptualization

The idea behind this research is inspired by the thermal conductive paint used in the car
windshields for evaporating the water vapor. A similar methodology applied in this research,
which results in constructing a new method for deicing pavements containing electrically
conductive composite stripes, is shown in Figure 1. This method is regarded as a more
sustainable construction option for safely and securely removing ice snow from the pavement in
terms of cost-effectiveness, minimum impact on pavement, and environmental friendliness.
However, in order for this strategy to make sense, it must address various issues, such as material

conductivity, durability, the longevity of applied coating, and concerns regarding ride

smoothness.

Figure 1: The conception of a new construction method of an electrically conductive pavement.
1.4 Methodology
Following literature reviews, the illustrated concept and methodology proceed to identify

suitable materials for the application surface of the pavement. Durable materials were considered



in this process because the abrasion of rider tires may damage the applied materials. In order to
prevent and assure smoothness of the ride, a smooth layer of PCC has been put on top of the
coated surface to ensure smoothness of the surface during the pavement construction. Figure 2

depicts the steps involved in this methodology.

S k"
Literature reviews

L 2

p
Identifying problem
and objectives

2

Concept

3 J

~

Ve

Experimental setup H Materials Jﬂ[ Preparation of ECC Jﬁ{ Pavement construction J

~

Experimentation H Initial experiments b[ Construction method test J
. 4

Results and discussion

L 2

-
Conclusion ’
O

Ve

\

Figure 2: The methodology of this study.
1.5 Thesis Organization

This thesis consists of five sections, and their contents are as follows:
Section 1 gives the introduction of the study topic. The problems and objectives of the research
are stated in the section.
Section 2 presents a comprehensive literature review related to the study. Previous studies
focusing on different snow removal methods are briefly discussed in the section. Since the
research focuses on proposing a construction method that is performing better than the

electrically conductive concrete and it was discussed broadly in this section.



Section 3 included the ingredients needed to prepare the coating, the steps that follow the
coating mixing procedure, and the pavement construction methods for the investigating
specimens.

Section 4 was divided into two tasks: first, determining the surface resistivity and heating
capacity distribution of the applied materials, and second, determining the efficiency of the
construction method.

Section 5 gives conclusions from the study and illuminates the future research that needs to
be done.



CHAPTER II

LITERATURE REVIEW

Ice has been removed successfully from the pavement by introducing a set of techniques,
such as thermal, chemical, and mechanical treatment. During the cold season, roads undergo
routine maintenance procedures using snow-melting chemical substances or machinery, which
are the foremost ways for deicing and anti-icing [2]. That leads to hindrances and requires
considerable labor, besides chemical substances and machinery, which is undoubtedly labor-
intensive and sluggish. The usage of chemical compounds, for example, sodium chloride, can
cause undesirable conditions on environment, function, and structure [29]; damage to concrete
pavement such as rebar deterioration, pavement erosion, and disturbance of the soil eco-friendly
settings [30], [31], even though sodium chloride is thought to be the most economical product for
deicing [2];. Simultaneously, mechanical tools may lead to exterior breakage and elevated
routine maintenance costs [32].

To refrain from the unfavorable consequences triggered by conventional methods, many
other pavement deicing approaches have been experienced; for instance, hydronic heating fluids
[33]-[37], electric heating pipe [38], infrared heat lamps [39], electrically heating wires [40], and
electrically heating pavement [2], [19], [47]-[50], [24], [25], [41]-[46]. Over the years,
electrically heating pavement system has been adopted in several ways, such as electrically
conductive concrete [44], [S1]-[53], embedded heating element [19], [41], the sandwich

conductive layer [54], [55] scrutinized all of these heating techniques regarding the project's



fundamental scenarios, expenditure, installation and functioning, and efficacy. Nowadays, a
couple of the emerging methods for this objective focus on applying the superhydrophobic
coating [20]-[22] and an electrically conductive coating [27], [56] on pavement tops. This
chapter provides a concise overview of thermal snow melting methods and summarizes the
findings from various research works that attempted to melt snow from the pavement in different
ways.
2.1 Hydronic Heating Pavement Systems

Hydronic systems circulate warm fluid through a pavement-embedded pipe network to
distribute heat to the snowmelt surface. A radiant heating grid, a thermal distribution system, and
a heat source make up an HEHPS. Researchers are looking into heat sources that can produce the
requisite pavement heat flux at a cheap cost to improve system performance and save operating
costs. For small hydronic systems, electric and oil-fired boilers are common heat sources.
However, research has been performed for the past 70 years to replace electric and oil-fired
boilers as an HEHPS heat source with renewable energy sources. The first geothermal-powered
HEHPS was installed in Klamath Falls, Oregon, in 1948 on a critical roadway section. A
geothermal well with a downhole heat exchanger provided fluid temperatures of 38 to 54 degrees
Celsius. The heated fluid generated a 129.3 W/m2 heat flux on the pavement. This resulted in a
snow-free pavement with a minimum air temperature of -23°C and a snowfall rate of 7.6 cm/hr
[57]. An experimental program evaluated the performance of an entirely constructed ground-
source heat exchanger in an HEHPS study conducted in New Jersey during the 1969—-1970
winter season. In the study, Winters (58) discovered that a geothermal HEHPS with an average

soil temperature of 13 °C melted a 2.54 cm snow layer in 4 hours. Balbay and Esen [58] used



another HEHPS approach in their study, where they combined a ground-source heat pump
installed in-ground boreholes with U-pipe heat exchangers.
2.2 Infrared Heating Pavement Systems

An electromagnetic emission produced in a heat source by the fast vibration and rotation
of molecules is referred to as infrared radiation. Infrared systems have been developed and used
in various applications, including snow melting, space heating, drying, and other processes. The
most common application areas have been pedestrian walkways, emergency access, loading port
ramps, and hotel lobby entries. The heat from infrared heaters is delivered instantly, allowing
snow to be melted without raising the temperature of the surrounding air space. Snow melting
systems using infrared technology are described in depth by the ASHRAE. Overhead infrared
heaters are commonly used. This requires a considerable number of infrared heaters spread
throughout the snow melting surface. Yuji et al.[ 18] constructed an infrared snow melting system
to melt snow and ice off electronic toll collection lanes, vehicle detectors, and other road
equipment. The usage of fossil fuel as a source of heat for the system resulted in significant
energy consumption.

2.3 Electric Heating Pavement Systems

Electrically snowmelt systems use hot wires, electric mats, embedded heating elements,
conductive coating, or conductive concrete to heat pavement surfaces to ensure that they are free
of snow, rather than the hot fluid used in hydronic systems. Electricity is the primary energy
source for these systems. The selected heating element should produce the appropriate heating
power at the snow melting surface to melt snow efficiently. An energy source (electricity),
sensors for assessing weather conditions, heating elements, and system controllers are the major

system components. Because of the limited energy source options, many studies have not



concentrated on electric snow melting systems. Rees et al.[35] investigated the performance of
an electric pavement snow melting system under transitory situations using experiments and
simulations. It was discovered that the needed design heat fluxes with back losses are unaffected
by soil conductivity or the presence of insulation. The research also resulted in the creation of
computer software for the transient analysis of snow melting systems. Kim et al.[59] investigated
techniques to reduce the energy used by electric snow melting equipment on train roads. Power
usage was found to be depending on the system's operation time in an experiment. The time it
took to operate the system rose as the ambient temperature dropped, while it increased as the
wind speed increased, with humidity having no effect. Dyer (5) created an excellent electric
heated mat for melting snow and ice to save energy. More research into how to improve electric
snow melting systems is still needed.

2.3.1 Embedded heating element pavement systems.

The snow-melting pavement with an electric heating system has shown to be an efficient
and controllable technique to overcome the concerns mentioned above. For the embedding
heating elements, researchers extensively studied these methods to analyze prospects of snow-
melting effectiveness[19], temperature distribution [60], and energy consumption [55]. Lai et
al.[19] evaluated the snow-melting ability by providing an adequate embedded depth of carbon
fiber grille and embedded spacing of heating wires, as well as using the snow-free area ratio
criterion. Yang et al. [61] carried out a deicing experiment to analyze the system's energy
consumption, where they devised a design for the heating panel using carbon fiber. Liu et al.[15]
found an interrelationship between energy usages, embedded depth, and embedded spacing by
two-phase thermal simulation and experimentation. Zhao et al. [60] investigated the temperature

distribution on a typical section for various embedded carbon fiber heat wire spacings and



established the maximum allowable embedded depth. Lai et al. [62] studied the construction
type, heating power, and temperature field distribution of snow-melting heated pavement in the
tunnel portal, as well as the embedded spacing of heat wire. In a nutshell, most researchers
developed embedded elements heating systems based on snow-melting efficiency, energy
consumption, temperature distribution, and other factors. The temperature differential between
the internal high temperature of the electric heating system and the external low temperature of
the pavement surface, on the other hand, will considerably enhance the pavement temperature,
severe stress, and hasten pavement degradation. So, its necessitates the development of
embedding elements heating techniques from the standpoint of mechanical characteristics to
supplement the existing research.

2.3.2 Electric conductive concrete pavement.

Among the deicing practices, electrically conductive pavement is probably referred to as
the best feasible snow removal method from roads, which is one sort of affordable, proficient,
environmentally hospitable, and sustainable approach. To acquire superior Electrically
Conductive Concrete (ECC), which must consist of precise quantities of electrically conductive
elements. Therefore, the present research study concentrates on generating conductive concrete
with conductive filler such as graphite powder, flexible graphite pet sheet, carbon fibers grille,
carbon nano-fiber polymer, carbon nickel particles, steel slag, and steel fibers [19], [52], [63],
[64].
2.3.2.1 The working principle of electric conductive concrete pavement.

The Electric conductive concrete has two parts to its functioning: transfer heat between
layers and deicing. Significant units are following the deicing system: a power supplier,

constituents for heat transfer, sensing units for determining climate conditions like snowfall,
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outside air temperature level, and humidity, and a process regulation [65]. Electricity is the
primary source of these systems [66]. During the snow melting from the pavement surface, it
needs to design a proper heating mechanism to supply efficient heating energy to melt snow
efficiently. The heat exchange in pavement has three ways: heat transfer by conduction,
convection, and radiation. The heat energy is well balanced initially with the pavement-
atmosphere interface and occurred heatwave change triggered by thermal radiation, solar energy
dissipation, and convection. Temperature differences from the pavement surface and its interior
layers arise due to heat flux, and that process leads by conduction. The heat transfer by the
conduction process continues through the conductive layer to the top of the pavement. Figure 3
shows the working principle of the electrically conductive concrete pavement.

Heat convection by Deicing by heat flux
wind and moving fluid

P . |«— Conductive layer

Heat conduction I e
through layers e

Figure 3: Model of self-deicing electrically conductive concrete pavement.

Conduction: There are two ways the conduction of electricity may occur in the pavement: ionic
conduction and electric conduction. Ionic conduction is happened due to the mobility of ions in
the pore solution and free electrons; when moved through the fiber, electronic conduction
occurred [67], [68]. The conductive concrete is the electrical conductivity, which mirrors the

electrical characteristics of its constituents. We need to know the conductivity or resistivity
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property of materials to research on attributes of conductive concrete. For that reason, to
determine the conductivity of concrete, one must understand the following property: conductivity
or resistance, distance, and the area of conductive concrete. According to the first Ohm-law in

Equation 1:

R=— (1)

From the second Ohm-law in Equation 2: obtained the electrical resistivity
P=T )

The reciprocal of the electrical resistivity is known as the electrical conductivity and is shown in

Equation 3:
1
o=~ 3)
L
R=— 4)

Where I is the measured current, V is the voltage, L is the internal distance, A is the conductive
area, R is the resistance, p is the electrical resistivity, and O is the electrical conductivity.
Joule’s law is the combination of laws regarding heat generation by electricity and the produced
power. Besides, this law, known as the Joule effect, is expressed as the heat generation due to the
current flow through the conductive materials. Equation 5: where H is the heat generation, the
constant current flow is I, R is the resistance of the materials, and t is the duration.

H=IRt (5)

Convection: 1s the transfer of heat from one place to another by the moving fluid or wind, and it
takes place on the top surface of the ECC pavement. Two types of convection processes occur;

one is between the pavement surface and underneath the ice layer, the other between the ice
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layers and air above it. This process can be a natural or applied mechanism, which depends on
the induced heated fluid motion or air blow. (For the ECC, pavement caused by wind will affect
the upper surface of the snow and will be accounted for in the model. Forced convection effects
within the snow layer, sometimes called wind pumping, will not be accounted for, nor will the
natural convection due to buoyancy through the porous snow layer.)

2.3.2.2 The existing development of electric conductive concrete pavement.

Since the 20th century, efficient and environmentally friendly snow melting solutions have
mostly focused on the thermal deicing method. Which technique utilizes heat generation from
geothermal, solar energies, hydronic water, and electrothermal to melt snow and ice. Special
attention was given to conventional deicing methods since their efficiency, eco-friendly, safety,
and feasibility. These days electrically conductive concrete has acquired a prevalent interest in
deicing a relatively new building material innovation. That is composited together with dielectric
aggregates, water, binder, and conductive materials; and develops heterogeneous material. Table
1 listed previous research studies of ECC pavement, which is a first and foremost utilized by Xie
et al.; he applied for a patent (30) right after investigations figured out conductive material as
superb conductive stages with high mechanical properties. The performance of conductive
concrete for pavement deicing was studied too [69], [70]. Later, Yehia and Tuan et al. explored
conductive concrete superimpose on the bridge deck and pavement [71]; steel fibers and steel
shaving were utilized for making the conductive concrete. The results have shown that a
prototype slab was studied and revealed that electrical conductivity could be gained using

conductive elements with required concrete mechanical durability.
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Table 1: Summary of research on electric conductive concrete composites.

Research Con. Fillers Additives | Electrical Purpose Ref.
Team (vol.%) Resistivity, Q-cm
Yehia and Steel Fiber 15-20 N/A Bridge Deck [72]
Tuan Deicing
Hou et al. Carbon 0.58/ 20 N/A Electrically [47]
Fiber/Steel conductive
Fiber concrete for deicing
Tuan et al. Steel Fiber (SF) |2 5.4x107 Bridge Deck [73]
Deicing
Gomis et al. | Graphite 5/5/1- 1100/1600/730/22 | Studied [42]
powder/ Carbon | 5/0.25-5 carbonaceous
Fiber powder/ materials to control
Carbon Fiber/ ice layer in
Carbon Nano transportation
Fiber infrastructure
Derwin et al. | Graphite 25 N/A Eliminate the [74]
Powder (GP) problems of snowy
and icy runways
Sassani, Carbon Fiber 0.75 N/A applied for [3]
Arabazdeh, ice/snow melting
and Ceylan on pavement
surface
Tuan et al. Steel Shaving 20-15 2.4x10°-2.2x10° [73]
(8S)
C. Tuan Steel Fiber and | 1.5/20-15 | 500-1000 Anti-icing
Steel Shavings
Wu et al. Steel Fiber/ 2/10 45x10° To investigate the | [75]
Graphite electrical and
Powder thermal properties
of conductive
concrete
Rao et al. Steel Fiber/ 7/15 N/A To develop special | [76]
Graphite concrete for
outdoor snow
melting and indoor
radiant heating
Tuan Steel Fiberand | 1.5/ 15 300-500 To prevent ice [44]

carbon particle

formation on paved
surface
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Table 1, cont.

Research Con. Fillers Additives Electrical Purpose Ref.
Team (vol.%) Resistivity, Q-
cm

Heymsfield | Steel Fiber/Graphite | 2.7/17.2 396 To develop ant [45]
et al. Powder icing airfield

pavement
Wu et al. Steel fiber, Carbon | 1/0.4/4 322 Developed for [2]

fiber, and Graphite pavement

deicing
Sassani et al. | Carbon fiber 0.75-0.98 115-992 Heated airport [11]

pavement
Shishegaran | Steel wire rope and | 3/5.78 N/A Route deicing [77]
et al. Steel powder

2.3.2.3 Preparation of ECC pavement

Conductive materials: The concrete consists of fine aggregate, coarse aggregate, binder, and
water, which is recognized as low conductive because of its high resistivity of constituents. For
deicing, concrete resistivity values must be less than 1000Q-cm [73], [78]; fulfilling the
requirement should contain conductive materials in concrete than it turns into conventional
concrete to the heating element [45], [47], [51], [71], [73]-[75], [78], [79]. The electrical
resistivity of concrete rate varies depending on regardless if dried, oven-dried, or air-dried. If it is
not dried so regarded as a semiconductor, and its resistivity about 10 kQ-cm, air-dried concrete
resistivity ranges 600-1000 kQ-cm, oven-dried it is about 108 kQ-cm [78], and traditional
asphalt mix concrete resistivity value 107-1011 kQ-cm [80]. Those can be modified into
conductive concrete by incorporating conductive fillers, and these are considered an essential
constituent of ECC pavement. The concrete resistivity decreases along with existing conductive
materials since forming conductive networks inside the matrix and achieving the composite's
desirable conductivity. Conductive materials have been studied with different shape, type, size,

and conductive capability are classified into three categories based on grain dimensions: (a)
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powders consisting of aluminum chips, carbon black, graphite [81]-[83], (b) fibers consisting of
carbon nano-fiber, carbon fiber, steel fiber, steel wool, graphene, and carbon grill [84]-[90] and
(c) solid particles like copper slag, steel slag replacement for the fine and coarse aggregate
completely and partly [91]-[94]; stated that electrical resistivity varied from 400 to 2.4x105 Q-
cm, when conductive materials integrated into concrete in percentages from 1% to 20% by
volume of concrete [95]. Table 2 presented conductive materials used in the previous studies,
where among all of the conductive fillers, carbon fiber (CF) has been shown impressive
performance regarding developing ECC successfully because of their higher electric conductivity
[95], [96].

Table 2: Summary of conductive materials used for developing electrically conductive concrete.

Conductive filler Sand | w/c ratio Resistivity | Mechanical | Ref.
Ratio (Q-cm) Strength
(%) (Mpa)
4%GP+1%SF+0.4%CF 42 0.44 322 40.8 [2]
0.75% CF n.a 0.56 50 40 [95]
20% SF +0.73% CF 25-33 | 0.6-0.56 579-38 41-40 [47]
15% GP+1.5% SF n.a n.a 200 48 [73]
0.75% CF 51.99 10.26 81-53 30-38 [3]
7% SS, 7% CP, 7% GP n.a 0.57 833-500 30-17.5 [98]
1% CNT, 2% CNT, 5% n.a 0.6, 0.8, 180, 70, n.a [42]
CNF, 0.85 730
17.2% GF+2.7%SF 0.4 396 43 [45]

Beaudoin et al. developed ECC with 100 Q-cm [68]; during the investigation, they
revealed that carbon fiber volume content could reduce 5% to 3% by increasing CF length 1mm
to 3mm. Later, Abdulla and Sassani developed 50 Q-cm ECC mix design by optimizing CF's
attribute and aspect ratio using only 0.75% [95], which mix used in the Des Moines International
Airport pavement [11]. However, CF water absorption capacity is very high results in

compromise on the casting by reducing the workability of the mix [96]. Another concern
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regarding CF is costly, so Banthia et al. induced hybrid filler CF and SF, which investigation
successfully achieved the lower resistive concrete to minimize the use of CF content [97].
Another mixed filler used by Yehia and Tuan, where they used GP and SF, which applied in the
Roca Bridge in Nebraska [44]. Three conductive filler (GP, SF, and CF) combinations were

investigated by Wu et al. and achieved concrete resistivity 322Q-cm [2].

Aggregate gradation: There is no published research study about the suitable gradation of
conductive concrete; hence, it is not restricted to an appropriate gradation. The gradation and
aggregate size were not explicitly defined, though literature reviews indicated that aggregate
gradation for conductive concrete followed the general concrete mix design. In terms of the basic
principle of conductive concrete, the mineral aggregate should have adequate voids to fill by
conductive materials to enhance the conductivity of the mixer, which is recommended.
Simultaneously to ensure the standard mechanical properties of concrete required a superior
structural skeleton. Additionally, conductive materials can be an attractive alternative to fine
aggregate and mineral filler, which may lead to the pertinent modification of conductive concrete
regarding volumetric aspects. Therefore, changing the density of materials should consider and
highly suggested that to avoid any danger of conductive concrete mix by declining the

mechanical properties.

Mixing procedure: ECC can be prepared following different fabrication methods, which depend
on the order of adding conductive materials and divided into three ways: the first admixing
method, the synchronous admixing method, and the latter admixing method. 4 illustrates three
fabrication methods with the following steps. ECC fabrication requires proper mixing of
conductive fillers with cementitious composite, which will influence the even distribution of

conductive materials, affecting ECC characteristics such as electrical and mechanical. For
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different conductive materials, Table 3 listed appropriate fabrication methods. The joint mixing

method is recommended for hybrid materials.
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Figure 4: Three mixing technology for fabrication: a) first admixing method b) synchronous
method c) latter admixing method.

Table 3: Appropriate fabrication methods for different conductive fillers.

Mixing Method Suitable Conductive Ref.

Fillers
First admixing CF; CNF; CNT; CB; [99]-[104]
method GNP; NS; NT
Synchronous CF; Steel shaving; CP; [98], [105]-[107]
admixing method GP; CB
Latter admixing SF; GP; CNT; CF [108], [109]
Method

Dispersion method: Throughout the cementitious matrix blending procedure, it is challenging to
disperse conductive ingredients evenly and attain an identical state within the cementitious

matrix, which enormous periphery leads to the interplay between particles cause of high van der
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Waals force at Nano and macro scales elements. Figure 5 illustrates the optical microscopy
images of poorly dispersed carbon fiber and well dispersed in the dispersant solution. The well-
dispersed conductive materials form conductive chains even more quickly, whereas the
inadequately distributed components remain in fasciculate condition, making it challenging for
electron alteration. This can function adequately, prevent forming a cluster, and attain uniform
dispersion of conductive materials. Currently, three considerable approaches are practices to

enhance the Dispersion: chemical, mechanical, and mineral fillers.

Figure 5: Optical microscopy images of carbon fibers in the dispersant solution: (a) poor
dispersion; (b) good dispersion [110].

Mechanical method: There are three methods included in traditional mechanical mixing
methods: mechanical stirring, ball milling, and ultra-sonication. The conventional method:
Mechanical stirring is not appropriate for the conductive nano-filler due to it is unable to break
the bond between particles, and after stopping stirring, it is inclined to re-agglomerate; as a
result, uneven distribution of conductive particles. Al-Dahawi et al.[111] investigated different
mixing methods and compared them in terms of electrical performance where they involved
high-rotational speed mixing and revealed possible best results would get in terms of sheer
effect. Although the mechanical characteristics have not been investigated, they cannot firmly
say that martial well integrated into the composite. The ball milling method, known as the power

milling method, breaks the bond between particles and can retard the nanomaterial
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agglomeration. Since it damages the integrity, reduces the aspect ratio of particles, and is
harmful to mechanical property, it is not appropriate for the fibrous particle [112]. The well-
dispersed nanomaterials can be achieved by adopting an ultra-sonication method, an aqueous
solution that uses a surfactant and requires adequate time and energy for good Dispersion. Zou et
al. [113] have investigated the ultra-sonication method with the CNT particle and achieved
optimal energy with good mechanical properties. To avoid damaging conductive fillers essential
to select adequate energy for dispersing materials in the ultra-sonication method. But, to hinder
overheating of the suspension, recommended using 20s per cycle for the operation of the
sonicator [114].

Chemical method: Chemical dispersion approaches are classified into two categories; one of
them is covalent, and the other one is non-covalent. The Oxidant and acid treatments involve
chemical adjustments in the covalent process, which modify the materials' surface structure by
putting functional groups to the materials' surface [115]. On the other hand, the non-covalent
method is based on non-covalent interaction, for instance, particles' physical absorption. That
keeps the structure intact from the material's addition and induces no harm to the material
properties[116]. Endorsed surfactants that is one of the non-covalent methods for material
dispersion. The covalent and non-covalent method influence was investigated by Kwon and Yu
[115] while analyzing the piezoresistivity characteristics of the CNT cement matrix. Compared
to the non-covalent method, the matrix fabrication with the covalent process shows poor
performance since suspended surfactants create blocks between the CNT particles [115].
Nevertheless, chemical customization may harm the materials' structure and deteriorate the
mechanical and other properties [117]. Thus, for materials dispersion, the non-covalent method

along the ultra-sonication approach was adopted in many research studies. Compared with
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micro-sized particles, the nanomaterial property with high-aspect-ratio, the broad area of surface
difficult to make Dispersion with chemical, thus recommends using the ultrasonic treatment.
Nevertheless, to hinder forming re-agglomeration of particles, before ultra-sonication, add
adequate surfactants with an aqueous nanoparticle solution and apply the combination of
chemical and mechanical for dispersion.
2.4 Electrically Conductive Coating

In order to make a desirable electrically conductive composite, which should have a
sufficient amount of conductive materials along with binders; as conductive materials, various
carbonaceous materials have been used in previous researches, such as carbon nanofibers [86],
[88], graphene [90], or carbon black [81]. The conductive fillers require to disperse evenly while
blending with binders, which creates enough conductive paths inside the composite. Thus, it
needed a suitable binder to make this synthesis and the ability good adhesion to substrates. As a
binder, numerous types of polymer can be used in the composite; for instance, epoxy resin has
been used as a binder and applied on various substrate such as portland cement concrete (PCC)
surface [118] and asphalt concrete pavement surface [21], [119]. The polyvinylidene fluoride
(PVDF) has been used as a binder to create the superhydrophobic coating on the substrate [88],
[120], [121], whereas it appeared low strength and weak bondability. In recent years,
polyurethane (PU) polymer has increasingly gained attention as a coating material; since it has a
superior binding ability with the substrate. Waterborne polyurethane (WPU) has become popular
than solvent-based polyurethanes because of its minimum toxicity that positively affects surface
coating applications. Moreover, WPU has elegant properties such as flexibility, abrasion
resistance, versatility, and far-reaching substrate applicability [122]-[124]. The WPU has been

used as adhesives and coatings on different substrates, for instance, plastics, leather, textiles,
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paper, rubber, and wood [125], [126]. Different conductive fillers, including glass fiber, carbon
nanotube, carbon fiber, carbon black, and graphite so forth, were used right into polyurethane
material alone or combined to enhance the thermal stability, mechanical toughness, and electrical
conductivity of polyurethane-based compounds. Compared to other fillers, graphite (GP) is
assumed to be less costly and had an outstanding performance regarding both conductivity and
toughness. Graphite powder (GP) with micrometer-sized particles might boost network
microstructures channels, which helps to flow current through the composite properly. The
composite with WPU and different dosages of GP exhibited excellent electrical property as well
as thermal stability.

2.4.1 Conductivity mechanism.

Conductive elements are induced into the polymer matrix to improve the conductivity of
the composite coating, followed by the theory of conductive pathways. The conductive paths can
be formed inside the composite after endorsing a suitable amount of conductive materials since
they are connected, enabling flow current through it, enhancing conductive attribution of
composites [99]. However, it increased the cost of the conductive coating compared to the
traditional coating. Mitigating such concern, it is essential to uncover the appropriate
conductivity enhancement mechanism and choose the methods that offer lower-cost but provide
excellent conductivity, including good mechanical properties. The small dosage of conductive
filler is endorsed into the polymer matrix that transforms the insulator into a conductive material
and exhibits conductive characteristics if enough conductive paths can be formed. Therefore, it
needs to determine the optimum limit of conductive fillers that follow statistical percolation
theory. That is defined as a limit that has occurred suddenly in the mixture after going beyond

the quantitative limit attributes more remarkable performance, representing the relationship
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between conductivity and amount of conductive filler [127]. Beyond the percolation threshold,
no conductive paths formed into the composite; however, it radically changed after adding
conductive particles and started to create conductive paths and reach the percolation threshold.
Figure 6 shows that ECC has some zones, including insulated, transition, conductive, and
saturated (fiber overlapped) zones. In the percolation threshold zone, conductive particles start
contacting each other and making bridges that decrease composite resistivity with several orders
or even more [128]. However, the insulated zone shows tiny changes of resistivity reduction,
even the same as the conventional composite, and the saturated area also offers the same
characteristics. For the insulated zone, no effective conductive paths were formed because the
conductive fillers could not bridge each other. On the contrary, conductive fillers are completely
saturated for creating conductive paths in the filler overlap zone, so additional conductive fillers

may not form more conductive paths, which shows a slight resistivity reduction.
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Figure 6: The different zone of the electrically conductive composite.
Considering the percolation theory increases the conductive filler reduces the composite
resistance. However, it will increase the poor workability of the coating due to the higher water

absorption ratio of fillers that leads to agglomeration of fillers, so the conductive filler
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concentration is a crucial factor. The literature shows that the aspect ratio of conductive filler
greatly affected the conductivity of the composite; for instance, a smaller diameter of conductive
fiber can better decrease the resistivity than a larger diameter of fiber [108]. It is also observed
that the small diameter of fiber/particle has a good efficiency in dispersing because of lower
surface energy. In contrast, the larger particle has not, therefore small-diameter particles disperse
quickly than larger particles [129]. Nevertheless, the larger diameter particle can show a more
remarkable distribution ability than nanoparticles [130]. The length of conductive fiber affects
increasing the conductivity; using the same filler concentration with a longer length of fibers
provides lower matrix resistivity [101]. Al-Dahawi et al. [131] have proved that longer fibers
trigger lower resistivity outcomes because longer fiber lengths can offer more constant
conductive paths by overlapping with lower concentrations [127]. The conductive path formation
has also depended on filler dispersion, which size and types can play a vital role along with filler
content and w/c ratio. In general, the dispersion effect can be improved by using a specific limit
of surfactant that helps minimize water-reducing impact. However, excessive use of surfactant
can create a bubble inside the composite, thus ruining the conductive path formation due to form
spacing between conductive filler. To good dispersion of conductive fillers beneficial to use a
high curing agent ratio that helps increase the workability of coating; however poor workability
influences the formation of the conductive path. So, it is crucial to adjust the polymer/curing

agent ratio to ensure good workability.
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CHAPTER III

METHODOLOGY

3.1 Materials Selections

The study's concept came from the usages of thermoplastic marking, which is already
commonly employed on pavement surfaces. Thermoplastic is the best feasible striping material
because it is long-lasting, efficient, and does not alter the pavement's structural properties. So,
the strategy was to change thermoplastic characteristics to make it more electrically conductive;
however, the cost is a significant restriction. Later, it was discovered that the thermoplastic is
higher resistive than its adhesive component resin. So, it must be blended with a well-conductive

material that is inexpensive, durable, and has good dispersion properties.

3.1.1 Conductive materials.

In the preparation of electrically conductive coating composite, required to consider both
the electrical resistivity and thermal conductivity of conductive phase material. Carbonaceous
materials possessed the lowest resistivity and superior thermal conductivity among commonly
used conductive materials shown in Table 4. Compared to other fillers, Graphite powder was
assumed to be less costly and had an outstanding performance regarding both conductivity and
toughness. Graphite powder with a carbon content above 90% and micrometer-sized particles
might boost network microstructures channels, which helps to flow current through the

composite properly.
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Table 4: Electrical and thermal characteristics of different conductive fillers.

Metal Silver Copper Aluminum Graphite Carbon nanotube
Electrical resistivity (10°Q-cm)  1.55 1.7 2.7 - -
Thermal conductivity (W/m-K) 419 385 210 2000 3000-3500

The GP has the including properties: high-temperature resistance, friction resistance, corrosion
resistance, good chemical resistance, heat conduction, and electrical conductivity. Hence,
micrometer-sized GP has been used in this study shown in Figure 7 and its properties are listed

in Table 5.

Table 5: Properties of micrometer sized graphite powder.

Carbon
Specific Electrical
Properties Diameter/um content Ash/% Moisture/%
Gravity conductivity/(S/cm)
1%
Value 44 2.26 99.35 28.25 0.65 0.2

3.1.2 Adhesive materials.

The composite coating is supposed to be used on the PCC pavement surface, hence
intended for reducing curing time, which will enable shortening the closing time for traffic on the
coated surface. Therefore, instead of incorporating any solvents, this study used fast-drying
water-based polyurethane (WPU), and epoxy resin was selected as bonding materials shown in

Figure 7.
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The primary performance of WPU and Epoxy are shown in Table 6. These are needs
uniform stirring bonding materials and curing agents in a 3:1 ratio, and they were added with
conductive phase materials to get desirable the conductive composite.

Table 6: The basic properties of waterborne polyurethane and epoxy resin.

Solid VOC Viscosity

Curing (Set to
Materials content/  content/ mPa-s Ph  Proportion
touch)/hr
(o) (g/L) (20°C)
Waterborne
polyurethane 57 72 - 6-7 1.12-1.15 6-7
(WPU)
400-
Epoxy Resin ~ 48-52 63 2-7 1.02-1.09 9-12
1000 mPa-s

—
-

<y v

>

Graphite Powder (GP) Waterborne Epoxy Resin (EP)
Polyurethane (WPU)

Figure 7: Used materials to produce electrically conductive coating composite.
3.1.3 Electrodes.

Conductive coating applied on the top surface of specimens to work as a heating element.
Doing so needs lower surface resistance of applying the coating, which can be determined by a

digital resistance measurement device (Keithley 2400). A two-sided electrode has been used to
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measure the resistance of WPU-GP/EP-GP, and Figure 8 depicts a diagram of the specific
resistance measurement. Since higher conductivity properties, electrodes have a key role in
EHPS supplying electricity through the conductive coating. The copper tape was placed inside
the two ends of the coating as an electrode, which improved the electrical connection since a low

dosage of GP could not be exposed to the surface.
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Figure 8: Two-electrode electrical surface resistance measurement.
3.2 Properties of Conductive Materials

In order to validate the efficacy of the materials used in this study, two parameters were
measured: surface resistivity and heating ability of the prepared materials. The techniques of
inquiry for these features were briefly mentioned in this section.

3.2.1 Surface resistivity measurement.

To achieve the desired electrical conductivity of the mixture, required to determine the
optimal dose of conductive filler with the polymer content, using a method called percolation
threshold, which is an excellent method to explain the electrical behavior of composite [132].
The polymer content acts as an insulator in the mixture, so the volume fraction of conductive
filler should be greater or equal to the percolation threshold [88], [133], [134] to achieve its
higher electrical conductivity. Therefore, an acceptable amount of conductive filler needs to add
with polymer contents, which help to form the continuous conductive paths in the whole matrix

or edge to edge. The range of conductive fillers usage in the mixture at which electrical
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resistivity decreased rapidly, which is known as the percolation transition zone [135]. By
increasing the volume fraction of conductive fillers within the percolation transition zone, the
electrical resistivity of the composite reduces several orders of magnitude. It reduces while
adding more conductive filler above the percolation threshold zone; however, resistivity
decreases at a lower rate since the network formation by conductive elements is already saturated
in the composite [132]. As the conductive filler dosage continues to increase in the mixture, its
viscosity increases, making it challenging to apply to the sample surface [132]. Therefore, it is
required to determine the percolation transition zone of WPU-GP and GP-EP composite by
containing different volume fractions of GP in the mixture and shown in Table 7. Two coated
substrate samples, such as wood and PCC, were prepared using the mixture proportion given in

the table to measure surface resistivity shown in Figure 9.

Figure 9: Coating applied on the (a) wood substance (b) concrete substrate (¢) two probe
resistance measurements of coating using (c) Keithley 2400 (d) digital multimeter.

The wood substrate has been used to measure the electrical resistivity of the surface since
the dry wood has low conductivity, so there was no interference with the resistivity measurement

[27]. The coating specimens were prepared on the air-dried PCC surface to simulate the intended
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real idea during application on the concrete pavements. The final results were prepared by taking
on an average of using both specimens, and each type has three replicates. The two-sided
conductive copper tape was applied to the ends of coating specimens to measure the resistance. Since low
dosages of GP, especially in the composite, have a chance not to expose properly and may not contact the
electrode. For this purpose, copper tape has been attached inside the coating and helps voltage applied
during resistance measurement. This study used two probe methods [46], [136] to determine the electrical
resistivity, which is more accurate and reliable for measuring the surface resistivity of the coating. A
digital DC source multimeter (Keithley 2400) was used to measure resistance value with 1 s to avoid
polarization [137]. The ratio of applied voltage on the attached two-sided electrodes in the coated surface
during current flow through one electrode to another know as the surface resistance. Figure 10 depicts
the pair of copper tape used in the specimens' coated surface and testing voltage applied through
these electrodes. The surface resistance value depends on the used conductive materials and
electrodes configuration [138].

Table 7: The proportion of materials for WPU-GP/EP-GP conductive coating to determine the

percolation transition zone.

GP (% Vol.) WPU/EP CA GP
Content Contents Content

(gm) (gm) (gm)

0.00 15.00 5.00 0.00
2.50 14.63 4.88 1.13
5.00 14.25 4.75 2.26
7.50 13.88 4.63 3.39
10.00 13.50 4.50 4.52
12.50 13.13 4.38 5.65
15.00 12.75 4.25 6.78
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17.50 12.38 4.13 7.91
20.00 12.00 4.00 9.04
22.50 11.63 3.88 10.17
25.00 11.25 3.75 11.30
27.50 10.88 3.63 12.43
30.00 10.50 3.50 13.56

All measurements were conducted at room temperature and relative humidity in the air. Each coating was
controlled with the same thickness ensuring at a different point, and width and length measurements of
each specimen counted with 0.01mm precision. The parallel strip method is used to determine the surface
resistivity per square (€2/sq.) [139], and the dimensions are used to do this. It was calculated according to
Eq. (6): where surface resistivity is denoted as ps which is defined as the ratio between testing voltage per
unit length to the supplied surface current to the width of coating specimen [138]. To determine the

percolation transition zone, surface resistivity was plotted against the GP contents (% Vol.) in the coating.

ps-Ri > (6)

Copper electrodes

Figure 10: Using parallel strip method for determining surface resistance/resistivity.
3.2.2 Surface heating measurement.
The surface heating test was performed on the wood and PCC substrate specimens to

relate the surface resistivity percolation results. To do so, specimens' surface temperature rising
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was measured using an infrared thermometer during AC voltage supplied by the time. The wood-
substrate samples were investigated when applied voltage was 30V and constant frequency of
60Hz for Smins to determine the range of GP contents. Since this construction method intends to
use on the airfield pavement, therefore, to evaluate the performance of composite coating on the
PCC substrate, the resistive heating capability of coating on the concrete substrate was
investigated with selective dosages. The GP dosage rate was used 2.5, 5, 7.5, 10, 12.5, 15, 17.5,
20, 22.5, 25, and 27.5% volume of the total composite volume, which are selected according to
the percolation threshold zone determination test, and specimens were prepared with three
replicates. At different rated voltages (10V, 20V, and 30V) with constant 60 Hz, AC power
supplied through the copper tape and measured temperature rising with an active infrared
thermometer is shows in Figure 11(b). The measured surface temperature was recorded as
explained above for each specimen with a 10 to 30 V AC power supply for 30 minutes. Since the
ambient temperature of the actual field is below freezing temperature, simulating samples were
kept in the fridge for 12 hours. Specimens achieved -17°C and performed the surface heating test
presented in Figure 11(c) and (d). The 60 Hz power supply with 10, 20, 30, and 40V respectively
was applied to specimens for 30 minutes, and using an infrared thermometer recorded results

presented in Figure 11(e).
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Figure 11: (a) Prepared composite coated on the concrete mat (b) required power supply for
measuring surface heating test at room temperature (c) specimens kept in the fridge for 12hrs (d)
frozen specimen ready for surface heating test (e) recorded increasing surface temperature by
active infrared thermometer.

3.3 Experimental Setup

The experimental setup has been divided into two sections, which are described in this
section: the preparation of the materials and the construction of the pavement specimens using
the materials that have been prepared.

3.3.1 Preparation of electrically conductive coating.

To begin, oven-dried GP and WPU/EP were stirred in the pot for 3 minutes at 250 rpm,
followed by 1 minute of high-speed stirring at 250 rpm to ensure uniform mixing. The hardener
was then added to the mixture, and the liquid mixture was stirred at a high speed for 250 rpm for
4 minutes. In order to maintain the proper coating dimension on the specimen surface, cuboid
plastic molds were used to form the specimen. The coating had two copper tapes (20 mm x 50

mm) embedded in it for connecting to a current source through the composite surface. Finally,
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the prepared mixture was slowly poured into the mold, and Figure 12 depicts the composite

fabrication process.

. & 0

Stirred 250 rpm Stirred 250 rpm
speed for 3 mints speed for 1min

B

Add WPU Add GP and Mixing Add CA and Mixing

Stirred 250 rpm
speed for 4 mints

/-

Poured coating composite on substrate

Gently mixing
Figure 12: The fabrication procedures of WPU-GP/ EP-GP.
3.3.2 Pavement construction.

A more sustainable construction method of electrically conductive concrete included
procedures for determining the contents of the material of the coating composite to create a well
conductive coating, the distance between using parallel coating strips, and the heating
performance of exposed and sandwich specimens, among other things. The surface resistivity
and heating test results of coating were used to determine the properties of composite. Based on
heating efficiency during power supply, the coating thickness and spacing were investigated.
Two types of specimens were prepared to investigate the heating adequacy: an exposed coated
surface and a coated surface covered with another concrete layer (30mm), referred to as a
sandwich. This is done to protect the coating layer from water runoff, chemicals, tire abrasion,
smooth surface, etc. Finally, by supplying specific voltage applications, the surface heating

efficacy of both types of prepared specimens was investigated at room temperature and below
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freezing temperature. The graphical procedures for designing a more sustainable construction

method for heating pavement surface are depicted in Figure 13.

«—— Concrete layer

ECC

Concrete layer

Figure 13: The graphical representation of a new construction method of electrically conductive
concrete.
3.4 System Components

The EHPS system comprised some key components, including electrically conductive
coating (heat generation element), copper tapes, Keithley 2400, a temperature-measuring
instrument (infrared thermometer), a multimeter, electrical wiring, AC voltage variables power
source, and a freezer shown in

Figure 14. The experimental design was controlled by infrared thermometers and a digital
multimeter, providing real-time specimen surface temperature and required freezing temperature
during specimen tests conducted below negative temperature(-17°C/1.4°F). Furthermore, it helps
to prevent overheating, which allows for lower energy consumption when the pavement surface
temperature rises sufficiently. A digital multimeter controls the power source, allowing for

analysis of the EHPS's heating performance across various power supply ranges. The proposed
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construction method would be either applied as a surface layer of newly constructed pavements
or as an overlay layer on the top surface of the existing pavement after recommended surface
preparation, which can be helpful to decrease construction costs by eliminating new construction.
The proposed method is no longer necessary to construct thick electrically conductive concrete
layers that heat the pavement surface and melt snow where it accumulates. As a result, there are
benefits such as cost contrast, maintaining pavement mechanical strength, chemical resistance,

weather resistance, UV resistance, and a simple operational setup.

_Em.
h
|

v -

|

Keithley 2400 Infrared thermometer

AC voltage Variable Multimeter

Figure 14: System components used in this study.
3.5 Experimentation
The experiment was divided into two tasks: first, determining the surface resistivity and
heating capacity distribution of the materials, and second, determining the efficiency of the
construction method. After that, the final experiments concentrated on determining the impact of
its parameters, such as strip thickness and spacing on pavements, as well as the voltage supplied

and the percentage of GP.
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3.5.1 Initial experiments.

For measuring the resistance of the coated surface, two types of substrates are used: wood
and PCC. The dry wood substrate was used to test the coated surface's electrical resistance
because it is low conductivity and did not interfere with the resistance measurement [27]. The
coating specimens were prepared on the air-dried PCC surface to simulate the intended real idea
when applied to the concrete pavements, which was the project's goal. The two-sided conductive

copper tape was applied to the ends of coating specimens to measure the resistance. Because low dosages
of GP, particularly in the composite, have a chance of not exposing properly and thus may not contact
with the electrode. Copper tape has been placed inside the coating for this purpose, and it aids in the
application of voltage during resistance measurements. The coated substrate samples, such as wood and

PCC, were prepared to measure surface resistance

The GP dosage rate was 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5, 25, and 27.5 % volume
of the total composite volume, which were selected based on the results of the percolation
threshold zone determination test, and each specimen were prepared in three replicates. Fig.
16(e) shows AC power supplied through the copper tape at different rated voltages (10, 20, and
30V) with a constant 60 Hz and measured temperature rising with an active infrared
thermometer. The measured surface temperature was recorded for 30 minutes for each specimen
with a 10 to 30 V AC power supply, as described above. In order to simulate field conditions
where the ambient temperature is below freezing, simulating samples were kept in the
refrigerator for 12 hours. The specimens reached a temperature of -17°C, after which they were

subjected to the surface heating test .
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3.5.2 Construction method functional test.

To test the functionality of the proposed construction method under various ambient
temperature conditions, laboratory-scale specimens were built. The test specimen was 300mm x
150mm x 30mm in size, and specimens were coated with electrically conductive composite to
substantiate the construction method. The coating was applied as a single strip on the concrete
mat, and the distance capable of heating was measured. It was used to set the coating spacing for
the final experimental setup's testing specimens. Thus, the prepared composite was applied to the
surface of the specimen, which had a coating strip size of 150mm x 50mm and was referred to as
the exposed specimen after it had been dried. Comparing its performance to another type of
specimen, such as a sandwich, which was prepared by covering an exposed coated surface with a
30mm thick concrete layer. When the supplied voltage was 50V for 90 minutes, two specimens
were investigated to determine the heat conduction effect of a single strip when the temperature
was approximately 23.6°C. External heat can interrupt the heating test, and generated heat can
flow outside of testing specimens, so all sides of concrete mats were insulated except the top

surface specimen.

Figure 15 depicts the prepared specimen heating behavior at different distances from the
applied coating during room temperature conditions before and after the power supply. After the
test section had been sufficiently energized, the surface temperature began to rise at various
distances. The surface temperature differences between the control mat and the coated concrete
mats demonstrate the heating effect of the construction method. The temperature distribution

within the mats' surface is shown in

Figure 15, and the heating effect from the coating was significant up to 12.5cm c/c. It was

found that heating both exposed and sandwich specimens at room temperature worked well and
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that the distance between strips could be used to construct testing specimens for the final

experiment setup.

]

r— w—f —C ) i E . M w—]

S
3
S
°
>
®
~
3
>

—s c D —F —F —G

@
g

50

Surface temperature rise (*C)
surface temperature rise (C)

2 200 20
0 10 20 30 40 S0 60 70 80 90 0 10 20 30 40 50 60 70 8 90 0 10 20 30 40 50 60 70 80 90

Time (min) Time (min) Time (min)

Figure 15: The applicable coating distance determination for parallel coating stripping (a)
control section, (b) exposed specimen, (¢) sandwich specimen.

Further studies used 15cm and 20cm c/c parallel strip distances for coating application to
validate the construction method. During the investigation, three coating thicknesses, 1, 2, and
3mm, were cast in coating configuration. Based on the heating capability of composite produced
by WPU, the conductive coating of the GP contents was calculated to be 17.5, 20, 22.5, and 25%
of the total. The GP fractions that were considered for EP-based coating were 12.5, 15, 17.5, 20,
and 22.5 percent, according to the initial experiments. When coating was employed as a WPU-
GP composite, the testing mat received alternating current energy at voltages of 40, 50, and 60V
from a voltage variable power source. The high voltage supply of the EP-based coating, on the

other hand, began to burn, therefore for this composite voltages, 30, 40, and 50V were used.

Figure 16(a) and (b) depict the applied coating configuration for the final experimental

test, as well as the setup for the surface heating of the specimens that have been prepared. When
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specimens are exposed to below freezing temperatures, the required time for reaching 0°C of

preconditioned specimens (-17°C) is also evaluated and shown in Figure 16(c) and 18(d).

Figure 16: Coating configuration at (a)15cm c/c, (b) 20cm c/c, (c) surface temperature rising
measured at room temperature, (d) concrete mats kept in the fridge for 24hrs, (e) recorded

surface temperature at -17°.
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CHAPTER IV

RESULT AND DISCUSSION

This part discussed the preliminary performance findings of coating composite (WPU-
GP, and EP-GP), the surface heating performance of prepared specimens, and the parameters that

influence the proposed construction methods regarding rising surface temperature.

4.1 Surface Resistivity

Specimens' surface resistivity was investigated, and the results obtained from each
replicate were averaged for each specimen. Figure 19. shows the trends of changing surface
resistivity of WPU-GP, and EP-GP specimens at different fraction volumes of GP. Three regions
can be observed in the curves of Figure 17 the insulator, semi-conductive, and conductive. In
terms of surface resistivity, the percolative behavior is known as the abrupt change in surface
resistivity with the incorporation of conductive elements. For instance, GP at a specific dosage
rate, the WPU-GP, and EP-GP composite turns insulator to conductive composite presented in
Figure 17. The insulating feature has been illustrated for WPU-GP when incorporated up to 7.5
% volume fraction of GP and rapidly reduced a few orders of magnitude at 10% of GP content.
At this stage, conductive paths start to form from edge to edge of the whole composite and show
the insulator's characteristics to conductive composite. The surface resistivity was continued to
decrease while increasing the content of GP; when it contained 20% of GP, the composite was

changed semi-conductive into conductive. However, the magnitude of reduction was marginally
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above 20% of GP content. At this stage, the GP volume content reached the percolation

threshold value and formed continuous conductive paths, which enabled current flow through the

WPU-GP composite.
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Figure 17: Surface resistivity vs GP (% Vol.) content of WPU-GP and EP-GP composite.

In contrast, the EP-GP composite transitions from being an insulator to becoming a
semiconductive material when GP concentration is increased to 7.5%. Composites with
increased Gp percentage volume had lower surface resistivity, which decreased in direct
proportion to the increase in volume. A 12.5 percent GP concentration produced conductivity
characteristics in the composite, whereas an increase in the concentration to more than 20

percent resulted in a decrease in surface resistivity that was barely noticeable and shown in

Figure 17.
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4.2 Surface Heating Capacity and Distribution
The surface heating capacity of WPU-GP specimens was measured and recorded within
30 min at room temperature. At first, surface heating capacity was investigated with coated
(wood) specimens while power supplying at 30V to select the GP dosage rate. Wood specimens
were shown no heating effect up to 12.5% GP contains, and has changed abruptly along as

increasing the GP contains. Figure 18 presents the average records were reported corresponding

to the duration for each WPU-GP coated PCC specimen.

Figure 18: WPU-GP coated surface temperature increase vs time with different content of GP

(Vol.%) at supply power (a) 10V (b) 20V (c) 30V.
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The result shows a trend of elevating the average surface temperature along as increasing
with GP content in the composite and voltage. Up to 17.5%, GP contains coated surface has
shown a minimal change of surface heating at 10V, 20V, and 30V. Figure 18 shows the surface
temperature rising performance of each WPU-GP with GP volume content of 15%, 17.5%, 20%,
22.5%, 25%, and 27.5%. For GP contents of 20%, the average surface temperature was increased
by 2.16°C, 7.3°C, 17.9°C, respectively, at 10V, 20V, 30V within 30 min. In comparison, the
surface heating was significantly observed when GP content was above 22.5% of GP. However,
the experiment record has been noticed extreme spot heating at some point and left some

unheated spots when GP contents above 22.5%.
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Figure 19: EP-GP coated surface temperature increase vs time with different content of GP
(Vol.%) at supply power (a) 10V (b) 20V (c) 30V.
It was also discovered that the EP-GP coated surface exhibited the features mentioned

above when the coating surface was subjected to voltages of 10, 20, and 30V. According to the
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surface resistivity results of the EP-GP coating for testing heating capacity while supplying
voltages, the GP contents doses of 12.5, 15, 17.5, 20, 22.5, and 25% vol. were selected for use in
the measurements. The results reveal a trend toward raising the average surface temperature as
well as increasing the amount of GP in the composite and the voltage used in the experiments. A
considerable change in surface heating was seen at 20V and 30V when 12.5% GP was included
in the composite. Within 30 minutes, the average surface temperature increased by 10.1°C,
25.1°C, and 72.6°C for GP concentrations of 15% at 10V, 20V, and 30V, respectively.
Comparatively, when the GP content was 17.5% of the total composite, considerable surface
heating was detected at temperatures of 17.8°C, 45.1°C, and 128°C. However, excessive spot
heating has been seen in the experiment record when the GP concentration is greater than 20%. It
was also discovered that when used 25% of GP, the surface temperature of the EP-GP based
composite reaches 200°C and starts to burn, a situation that was demonstrated by a 30 voltage
power supply was observed. As a result, 25% of the GP content in the EP-GP based coating was
removed for further analysis. Figure 19 depicts the surface temperature rising performance of
each EP-GP with GP volume contents ranging from 12.5, 15, 17.5, 20, 22.5, and 25%,
respectively.

Since these composite coatings are intended to be used concrete pavement surface in cold
regions, so get the real field idea that the frozen specimen has been tested for surface heating
elevation. The surface heating capacity was investigated of WPU-GP specimens when it was
exposed below the freezing temperature at -17°C. Therefore, 15, 17.5, 20, 22.5, 25, and 27.5%
GP contains coating was tested by supplying 20V and 30V. Figure 20 shows that above 20% GP

containing coating composite demonstrated the required surface temperature rising after 30
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minutes.
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Figure 20: WPU-GP average surface temperature rise at different duration with different
voltages (a) 20V, (b) 30V.

The surface heating capacity of the frozen EP-GP composite coating specimens was also
tested when their initial temperature was -17°C. During the experiment, the power supplies were
tested at 20V and 30V for 30 minutes each to assess the heating capacity of the prepared
specimens. Figure 21 illustrates that, when using a 20V power source for 30 minutes, all coating
composite surfaces, with the exception of 12.5% GP contents coating, reached temperatures
above freezing. On the other hand, all coating composites attained temperatures above freezing

after 30 minutes, although 25% of the GP content composite burnt as a result of the higher
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temperature present.
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Figure 21: EP-GP average surface temperature rise at different duration with different voltages

(a) 20V, (b) 30V.

When GP dose rates are 12.5 percent or higher, as previously indicated, the EP-GP

composite exhibits exceptional surface heating capacity; on the other hand, when dose rates are

larger than 15 percent, the WPU-GP composite exhibits significant surface heating capability.

However, the temperature distribution across two electrodes was even as high as 22.5 percent GP

consumption in WPU-GP composites and 20 percent GP usage in EP-GP composites, with no

evidence of severe heating in any one area of the composites. GP content was more than 22.5

percent while the amount of heat energy produced from electrical energy was lower. Only a few

areas of the covered surface were heated, while the rest of the surface remained unheated in other

areas. Agglomeration occurs in composites when graphite powder is poorly distributed in the

matrix, and this was observed above the graphite powder content of 22.5 percent. The higher

doses of GP, as well as poorly dispersed and uneven surface resistivity, are responsible for the

temperature fluctuation on coated surfaces. Regarding surface heating efficacy and distribution,
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the appropriate GP content for the WPU-GP is greater than 17.5 percent but not more than 25
percent, according to tests. The EP-GP composites with a GP concentration of 12.5 to 22.5
percent can be used as coating in constructing conductive pavements.
4.3 Experimental Results

Here are six factors that influenced the rise in surface temperature of testing specimens,
including the amount of GP in the composite, the thickness of the coating, the spacing between
the coatings, the voltage applied, types of specimen, and composite types shown in Figure 22. In
order to investigate the measurement of heat conduction effect on specimens while applying
coating with conductive composite, GP contents in the amounts of 12.5, 15, 17.5, 20, 22.5, and
25% were chosen for investigation. The temperature changes behavior of the specimen exposed
surface and the sandwich top surface were tested during 30, 40, 50, and 60V applied on
specimens for 1hr. The investigation revealed that the surface temperature of exposed and
sandwich specimens increased gradually with increasing GP fraction volume in the conductive
composite, coating thicknesses, voltages, and lowering coating spacing, all of which were done

in a stepwise manner.

Investigation Variables

Specimen GP(%) Coating Coating Composite

. Voltage .
types spacing g thickness types
Exposed 12.8 15cm c/c 30V 1mm WPU-GP
Benchich i8 20cm c/c 40V Srnmn EP-GP
17.5 o a
20
60V
22.5
25

Figure 22: Investigation variables considered in this study.
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4.3.1 WPU-GP.
4.3.1.1 Surface temperature measurement.

Figure 23 Figure 24 Figure 25 and Table 8 presents that at room temperature (23.6°C),
after the supplied voltage at 40v for 1hr, the surface temperature was measured for both types of
specimens exposed and sandwich. The surface temperature of specimens significantly increased
after 1hr energized at GP contents 22.5%, for exposed specimens temperature increased (27.5-
106%) while temperature increasing decreased for sandwich 8.77-70.55% when strips distance
keep at 15cm c/c. In contrast, the temperature rising decreased for both specimen types, such as

exposed (6.35-78.09%) and sandwich (2.97-55.85%) when the spacing was increased to 20cm

c/c.
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Figure 23: Heat conduction effect of WPU-GP conductive composite strips at a thickness of

Imm while coating spacing (a) 15c¢m c/c (b) 20cm c/c.
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Figure 24: Heat conduction effect of WPU-GP conductive composite strips at a thickness of

2mm while coating spacing (a) 15c¢m c/c (b) 20cm c/c.
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Figure 25: Heat conduction effect of WPU-GP conductive composite strips at a thickness of

3mm while coating spacing (a) 15cm c/c (b) 20cm c/c.
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It was observed that the thickness of the coating increased, the surface temperature increased
gradually, and a better temperature was observed at 3mm coating thickness. On the other hand,
GP contents at 17.5 and 20% of the surface temperature rising were minimal, and the heat
conduction effect was not significant to be noted. The GP contents when increased to 25% in the
composite, the surface temperature rising increased gradually as for exposed specimens (44.24-
109.4%), sandwich (10.7-80.3%) at spacing 15cm c/c, and for 20 cm c/c the temperature rising
were measure exposed (11.86-85.42), and for the sandwich (6.78-62.08%). Therefore, the
recommended GP content in the conductive composite is 22.5% at 40V.

Table 8: Surface temperature increasing rate test results of the conductive coating after 1hr at

40V.
Gp contents Surface temperature increase range (°C) after 1hr at 40v
(%) Specimen Type Exposed Sandwich
Spacing C/C (cm) 15 20 15 | 20
Coating Thickness —|l || =l |l =l = afee
(mm)
17.5 ~ - ~
on (@\
20
2 — Ol; ol o 2 ol o % o | o :
Temperature Changes bk «
2309 2l 3228 3588z
N on — (@\] O — —
25 Tl Rl —~| Z XTI Se| 52
Sl |G| |68 d] | 2|~ &]

According to Table 9, under different GP contents in the composite, the investigation for
surface temperature increasing by heat conduction effect of used conductive composite strips at
different spacing and thickness of both types of specimens measure at 50v for 1hr energization.
Table 9 shows that at GP contents 17.5% and 20%, the temperature rising is greater than 40V

electrifying. The temperature increase was higher, observed at GP contents 22.5% when spacing
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was 15cm c/c surface temperature increased exposed (73.35-203.4%), sandwich (52.6-129.2%),
whereas at spacing 20 cm c/c the temperature rising was decreased for exposed (42.29-137.9%)),
and sandwich (33.64-97.42%). The GP contents increased to 25%, the surface temperature rising
was very high after 1hr for 50V application. However, considering the GP contents 25% in the
composite, they start to melt and burn during 1hr current application. Therefore, the GP contents
25% are not recommended to use in the composite since voltage application near 50V started
burning and observed some micro-cracks after achieving full curation.

Table 9: Surface temperature increasing rate test results of the conductive coating after 1hr at

50V.
Gp Surface temperature increase range (°C) after 1hr at 50v
content | Specimen Type Exposed Sandwich
s (%) | Spacing C/C 15 20 15 20
(cm)
Coating — Nl |~ ||l |~ ||| =& |
Thickness (mm)
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The investigation method for the heat conduction effect of conductive composite used as
parallel strips at 60V as same as the above-mentioned procedure. The specific test results are
shown in Figures 25, 26, and 27. Where reported that at an ambient temperature of 23.6°C, with
power supply 60V, the surface temperature increase was measured after 1hr energized. The

surface temperature of exposed specimens increased by (31.53-39.24%), and sandwich (15.7-
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33.22%) when GP content was 17.5%, and spacing was considered 15cm c/c, whereas
temperature increasing slightly decreased for spacing 20cm c/c such as exposed (13.86-30.93%),
and sandwich (6.441-22.03%). The expected results were observed at GP contents 20% in the
composite, for exposed temperature increased by (46.23-97.46%) and sandwich (24.4-74.58%) at
spacing 15c¢m c/c, however using spacing 20cm c/c temperature increasing most likely similar
though the increasing spacing between strips, for exposed increased by (38.52-93.52%), and
sandwich (33.22-63.39%). At voltage 60V, using GP contents more excellent than 20%, such as
22.5 and 25%, observed conductive composite started melting and burnt since producing high
temperature by conductive composite. Hence, from the perspective of heat conduction efficiency
and considering the economic condition of pavement construction, the recommended GP
contents in the composite are between 20-22.5%.

Table 10: Surface temperature increasing rate test results of the conductive coating after 1hr at

60V.
Gp contents Surface temperature increase range (°C) after 1hr at 60v
(%) Specimen Type Exposed Sandwich
Spacing C/C (cm) 15 20 15 20
Coating Thickness —|l || ||| = Q]| =] | e
(mm)
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4.3.1.2 Recorded duration for reaching 0°C temperature of specimens.

Figure 26 shows the relationship between time requirements and Gp contents to achieve
0°C temperature of specimens while the ambient temperature was -17°C. The needed time
decreases for both types of specimens while the GP concentrations and coating thickness
increase, as shown in Figure 26. Increasing GP volume fraction from 17.5% to 20% resulted in
reducing time requirement at different coating thicknesses. This trend was observed most at

coating thickness 3mm for both specimens when the spacing was maintained at 15cm c/c.
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Figure 26: The heating performance of the used construction method at below-freezing temp (a)
exposed (b) sandwich.
It was discovered that a few specimens with GP contents of 17.5 and 20% were capable

of eliminating the negative temperature shown. In contrast, at 22.5 and 25% GP dosage rates, the
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temperature of all specimens reached 0°C from -17°C, which was found to be a statistically
significant outcome of this study. As seen in Figure 26 there was a substantial drop in the time
requirement at the GP volume fraction of 22.5 and 25%, which corresponds to the spacing of
coating 15 and 20cm c/c of both types of specimens. This finding indicates that a higher content
of GP with a greater thickness contributes to the production of resistive heating of the conductive
composite when a higher power supply is applied. That reduces the time required for the testing

specimen to reach a surface temperature of 0°C when exposed to a -17°C environment.

4.3.2 EP-GP.
4.3.2.1 Surface temperature measurement.

The surface temperature of both types of exposed and sandwich specimens was recorded
at room temperature (23.6°C) after a 1hr supply voltage of 30v, as shown in Figure 27 and Table
11. After 1 hour of energizing at 20% GP, the surface temperature of exposed specimens
increased (123.1-145.8%), whereas the temperature of sandwich specimens reduced (78.9-
137.5%) when strips distance was kept at 15c¢m c/c. When the spacing was extended to 20cm c/c,
however, the temperature increased somewhat lowered for both exposed (106.6-131.8%) and
sandwich (93.7-113.1%) specimen types. The surface temperature gradually improved as the
coating thickness increased, with a better temperature being reported at 3mm coating thickness.
Though the temperature increases well at 20% GP, the composite application on the specimen
was difficult due to the high viscosity of the composite at higher percentages of GP. The same
temperature rises were seen at GP amounts of 22.5 percent, however due to the high viscosity of
the composite, it could not be used on the specimen. GP contents, on the other hand, were
insignificant at 12.5 and 15% of the surface warming, and the heat conduction effect was not

significant enough to be noticed. When the GP content in the composite was increased to 17.5
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percent, the surface increases up gradually as for exposed specimens (53.1-131.1%), sandwich

(45.2-103%) at spacing 15 cm c/c, and for 20 cm c/c the temperature climbed as recorded

exposed (47.9-91.4%) and sandwich (45.2-103%). As a result, at 30V, the recommended GP

content in the conductive composite is 17.5 percent, which met both the temperature increasing

efficiency and the practical application on the specimen.

Table 11: Surface temperature increasing rate test results of the conductive coating after 1hr at

30V.
Gp Surface temperature increase range (°C) after lhr at 30v
contents | Specimen Exposed Sandwich
(%) | Type
Spacing C/C 15 20 15 20
(cm)
Coating
Thickness — ||| = |||~ ||| — | |
(mm)
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Figure 27: Heat conduction effect of EP-GP conductive composite strips while supplying
voltage 30V for 1hr (a) exposed (b) sandwich.

Table 12 shows the surface temperature rise by heat conduction effect of applied
conductive composite strips at varied spacing and thickness of both types of specimens
determined at 40v for 1hr energization. Figure 28 shows that for GP concentrations of 12.5
percent and15%, respectively, temperature increases greater than 30V electrifying. According to
Figure 28, the temperature increased sharply for both specimens at 15cm c/c when the GP was
15%, but only marginally when the spacing was increased to 20cm c/c. At 17.5% GP contents,
when the spacing used 15 cm c/c, the temperature was raised higher for exposed (111.1-258.1%)
and sandwich (95.6-172.5%), whereas when the spacing was 20 cm c/c, the temperature goes up
less for exposed (88.1-170.2%) and sandwich (95.6-172.5%). As a result, at 17.5 percent GP
content, both specimens and coating spacing experienced a higher temperature increase. After 1

hour of 40V application, the GP content increased to 20%, and the surface temperature reached a
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peak. Even though the composite contains 20% GP provided higher surface temperature rising, it
begins to melt slowly and burns before the current application cycle of 1 hour is completed. Also
22.5 percent GP content could not withstand 40 V, it was burned within minutes of reaching its
melting point. As a result, GP contents of 20 and 22.5 percent are not suggested for use in
composites while voltage applications near 40V since they were started burning.

Table 12: Surface temperature increasing rate test results of the conductive coating after 1hr at

40V.
Gp Surface temperature increase range (°C) after 1hr at 40V
contents | Specimen Exposed Sandwich
(%) | Type
Spacing C/C 15 20 15 20
(cm)
Coating
Thickness — || = | = A en = AN
(mm)
12.5 n |~ || =l |l ]l | v | || —
Sl | 2| XA S B = =T N s
<t — S [\l <t >o] (q\]
15 n|l~|lwvluvlow|luv ol =] |oa|a| —~
= v [ R | =T e | e T
— on @) o0 — — (@\] oo (@) (@\]
on —
17.5 | Temperature Al |lalel=|lgleolzlalglg
Changes(°C) | ¢ | ¥ |8 | s | & o | & S | S| o
(@\] (@\] (q\] — — on
20 © | | v | |||l |V | v |n || o
O | =N | R | DT ST | A2
O o~ [N S <t Ne) v Ve) =) —
o | ¥t N | F |
22.5 Coating burned

58



~
"))
~—

Il

Surface temperature (°C)
330 40 50 60 70 80 90 100 110
1

n
~

20cm c/c
12.5%

15¢cm c/c 15¢cm c/c 20cm c/c

15%

15cm c/c

20cm c/c
17.5%

GP Contents

15¢cm c/c 20cm c/c

20%

15cm c/c 20cm c/c
22.5%

(

L)

Surface temperature (°C)
230 40 50 60 70 80 90 100 110
L

pal

20cm c/c

15¢cm c/c

12.5%

15cm c/c 20cm c/c

15%

I -

15cm c/c

20cm c/c

17.5%

GP Contents

I -

15cm c/c 20cm c/c

20%

15cm c/c 20cm c/c

22.5%

Figure 28: Heat conduction effect of EP-GP conductive composite strips while supplying

voltage 40V for 1hr (a) exposed (b) sandwich.

The same method was utilized to investigate the heat conduction effect of conductive

composite strips at S0V. Figure 29 and Table 13 show the results of the specific tests. The

surface temperature increased after 1 hour of power at 23.6°C ambient temperature with 50V

power supply. When the GP content was 12.5 percent and the spacing was 15cm c/c, the surface

temperature of exposed specimens increased (54.4-150.3%) and sandwich (31.8-116.9%),

whereas temperature increased marginally for spacing 20cm c/c for exposed (23.3-62.3%), and

sandwich (18.2-29.8%). At GP content 15%, it was found that exposed temperature increased by

(109.4-211%) and sandwich temperature increased by (64.2-187.3%) at spacing 15 cm.

However, spacing 20cm c/c temperature increasing is most likely similar though the increasing
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spacing between strips, for exposed increased by (80.8-138.5%), and sandwich (46.7-114.8%).
At voltage 50V, using 17.5% GP contents more excellent than 15%, where observed at 15cm c/c
for exposed (207-315.7%) and sandwich (152.5-231.4%), when spacing increased to 20 cm c/c
temperature increased for exposed (160.6-274.9%) and sandwich (112.4-178.6%). A 20%
increase in GP concentration caused high temperature melting and burning of the applied
conductive composite. The suggested GP content in the composite is between 15-17.5 percent
for heat conduction efficiency and the economic situation of pavement construction.

Table 13: Surface temperature increasing rate test results of the conductive coating after 1hr at

50V.
Gp Surface temperature increase range (°C) after 1hr at 50V
contents | Specimen Exposed Sandwich
(%) | Type
Spacing C/C 15 20 15 20
(cm)
Coating
Thickness — ||| = |||~ || | — | |e.
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Figure 29: Heat conduction effect of EP-GP conductive composite strips while supplying
voltage 40V for 1hr (a) exposed (b) sandwich.
4.3.2.2 Recorded duration for reaching 0°C temperature of specimens.

Figure 30 requirements and Gp contents to obtain a temperature of 0°C for specimens at -
17°C ambient temperature. As the GP concentrations and coating thickness increase, the required
mean time reduces for both types of specimens, as illustrated in Figure 30. When the spacing was
kept at 15¢m c/c, and the coating thickness was 3mm for both specimens, this tendency was most
noticeable. All specimens with GP concentrations above 15% were found to have attained
temperatures above 0C, as indicated in Figure 30. Increasing the GP volume fraction from 12.5

percent to 15 percent with various coating thicknesses and spacing reduced the mean time
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requirement. At 15% GP contents, the mean time requirements vary depending on the coating
spacing and thickness. For example, the 15 cm c/c coating spacing required to meantime were
between (75-25 min), whereas the 20 cm c/c required a mean time of (75-25 min) for both
exposed and sandwich specimens. The temperature of all specimens reached 0°C from -17°C at
17.5 percent GP dosage rates, and the recorded meantime for both specimens was between 75
and 25 minutes at 15 and 20 cm c/c, which was shown to be a notable effect of utilizing EP-GP
composite. As shown in Figure 30, the time required for the GP volume fractions of 20 and 22.5
percent, which correspond to coating spacing of 15 and 20cm c/c of both types of specimens,
was significantly reduced. This finding suggests that when a higher power supply and coating
thickness is used with a larger concentration of GP adds to the formation of resistive heating of

the conductive composite.
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Figure 30: The heating performance of the EP-GP composite at below-freezing temp (a)

exposed (b) sandwich.
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4.4 Discussion

The study proposed a construction method for electrically conductive pavement, where
utilized electrically conductive coating composite as a heating element and purpose to reduce
resource costs while offering good heating efficiency, allowing snow and ice to melt from
pavements. As a result, a comprehensive investigation was conducted to assess the heat
conduction impacts of used two composite such as WPU-GP, and EP-GP. In the investigation
GP contents at varied concentrations of 12.5, 15, 17.5, 20, 22.5, and 25% with increasing
thicknesses of 1, 2, and 3mm, and supplied AC voltages of 30, 40, 50, and 60V. The results of
exposed and sandwich specimens were compared, with coating spacing varied between 15cm
and 20cm c/c. On the basis of the experimental purposes, the analysis method can be divided into
two aspects: the final surface temperature at room temperature and the time required for testing
specimens to reach 0°C after being cooled from -17°C temperature. The study included 648
specimens, with 324 being evaluated at room temperature and 324 being tested below freezing
temperature. The analysis was performed to compare the mean temperature rising between two
composites heating performance. The results showed that the presence of 20% GP content in the
WPU-GP based coating resulted in a higher surface temperature rise when compared to the
presence of 17.5% GP content. The heat conduction effect was greatly enhanced by increasing
the GP content from 20 to 22.5% of the composite's volume, however, the mean temperature did
not improve significantly by increasing the GP content from 22.5 to 25%. To enhance surface

temperature while keeping GP content within the required range, 20 to 22.5 percent GP is
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recommended for the WPU-GP based coating, and Figure 31 represents their results.
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Figure 31: Mean surface temperature rising °C/hr of WPU-GP based construction method (a)
exposed (b) sandwich.

The EP-GP based construction method's mean surface temperature range is shown in
Figure 32. The results demonstrate that the EP-GP based coating with 15% GP content had a
higher surface mean temperature than the coating cmposite with 12.5% GP content. When the
EP-GP content is increased from 15 to 17.5 percent of the composite's volume, the heating
impact is observed to be greater than when the GP content is 12.5 and 15 percent. The mean

temperature increasing GP content from 20 to 22.5 percent was not included in the presentation
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since those composites were deemed unsafe for using as coating material.
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Figure 32: Mean surface temperature rising °C/hr of EP-GP based construction method (a)

exposed (b) sandwich.

Since coating composite is used in parallel strips on the specimen surface, Figure 33

indicates employing a WPU-GP and EP-GP composites configuration to construct a more

sustainable approach with lower cost. That allows for significant cost savings over conventional
conductive composite coatings. Following extensive evaluations of this construction method's

economical cost and heating performance, using 22.5% GP content in the WPU-GP, and 17.5%

GP for EP-GP based coating is recommended for lower material use.
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Figure 33: The construction cost of different conductive composite coating.
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Also included is a technical advantage of the proposed construction method, which is
shown in Figure 34 to help illustrate its functional efficiency. The experimental outcome of the
used construction method is shown in Figure 34 compared to other existing deicing technologies
(Lai, Liu, and Ma 2014). Figure 34 shows that the construction method outperforms other
deicing technologies such as carbon fiber grills, electrical heating grids, conductive heating
cables, and conductive concrete in terms of heating efficiency. Consequently, it was concluded
that the construction approach had enhanced the surface temperature of PCC specimens,
implying that this construction method might be used for Electrically Conductive Pavement

construction.

Surface temperature increases (°C/hr)
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grill heating grid heating cable concrete (Sandwich) (Exposed) (Sandwich) (Exposed)

Figure 34: Surface temperature rising rates per hour for various methods of electrical heating

pavement systems.
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CHAPTER V

CONCLUSIONS

This article proposed a more sustainable construction method for electrically conductive
pavement in which electrically conductive coating composite is used as a heating element for
heating the pavement surface. It is constructed utilizing the coating composite following a
parallel striping approach with two coating distances specified in the system design. Based on
PCC specimen heat and construction costs, the studies evaluated the results, which demonstrated
that the construction method combined with a noble strategy provided sufficient resistive heating
to keep the surface temperature of the specimen above freezing. This enables specimen surfaces
to be heated to varying ambient temperatures and compares the findings for both exposed and
sandwiched samples. The optimal 22.5% GP of WPU-GP and 17.5% of GP content in the EP-GP
composite is deemed the optimal coating composite heating material. It results in an average
temperature increase of 71.3% for the sandwich a 101.74% increase on the exposed specimen
surface at room temperature when using WPU-GP composites. In contrast, the EP-GP based
construction method provides more heating efficiency, such as 115.9% for the sandwich and
159.3% for the exposed specimen. Concerning cost, it has been demonstrated that the proposed
construction approach is less expensive to construct than other existing techniques while also

providing more significant technological advantages.

The main findings of the investigation can be summarized as:
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The applied composite coating has contained different factions of GP in the WPU and EP
matrix determined the percolative behavior of GP in the composite while studying the
optimal range of GP. The percolation transition zone of WPU-GP was observed from
17.5% to 25% that also changes composite materials behavior turns to conductive. Other
materials behavior such as EP-GP transition zone was noticed in the 12.5%-22.5% GP
volume fractions corresponding to transition to conductive composite.

The resistive heating test was conducted for the WPU-GP composite and showed 17.5%
of GP dosages started to show heating capacity slightly, and it was escalated along with
the increasing of GP contents. The significant heating efficacy has noticed the range of
20-22.5 % of GP contents in the composite. The use of above 22.5% GP contents in the
composite decreases the heating capacity rising regarding average coating surface
temperature.

The EP-GP composite was subjected to a resistive heating test, which revealed that 12.5
percent of GP dosages began to demonstrate heating capacity, which increased as the GP
content increased. The range of 15-22.5 percent GP concentration in the composite has
shown significant heating efficacy. The addition of 17.5 percent GP to the composite
boosts the heating capacity while also raising the average coated surface temperature.

In order to reduce the amount of coating materials used on PCC specimens, parallel strips
were coated instead of the entire surface. Determined strip distance between each other,
chose stripe distances of 15 and 20cm c/c and was able to significantly heat uncoated
area.

The study was conducted at two different types of specimens: exposed and sandwich

specimens. A 30mm thick concrete layer was placed over the coated surface to protect
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the conductive coating materials from abrasion between the vehicle tires and the coated
surface.

e The heating performance of the specimen at room temperature continuously increased
with rising the fraction volume of GP up to 25%. However, the expected efficiency was
achieved at GP contents 22.5%.

e With increasing GP fraction volume, the heating performance of WPU-GP and EP-GP
prepared specimens at room temperature improved. At GP contents, the predicted
efficiency was 22.5%for WPU-GP and 17.5% for EP-GP.

e For the purpose of determining the heating efficiency of testing specimens, the
relationship between GP concentrations, coating thickness, and voltage application was
investigated.

5.1 Limitations

Some limitations of this research work are described below:

(1) Due to varying surface resistivity of composites, it is clear that manual mixing was
insufficient to establish a uniform mixing of GP in composites, which did not allow for
creating well-conductive channels inside the composite, and thus, desired conductivity
was not achieved.

(2) Another drawback of the current study was the uneven distribution of coating on the
specimen surface. The effect of coating thickness on accuracy cannot be determined in
the molding application process because of the random coating thickness.

(3) The real-time data records were not possible with the surface heating measurement
device employed in this study. Because infrared heating measures always deliver the

temperature of a specific place rather than covering the complete testing surface area,

69



(4) Despite the fact that this research was conducted in a consistent lab setting that was
difficult to regulate due to temperature variations in the surroundings, it allowed the
specimens' temperature to rise.

(5) During this research, the construction expenses of a laboratory-sized specimen were
studied, and it is possible that these prices will vary while constructing larger-scale field
experiments.

5.2 Future Work

Following works are suggested based on the current research work:

(1) To evaluate real-time surface heating temperature, it is advised that future studies
employ advanced thermal scan strategies and/or combine other heating measuring
methods. This will enable sufficient data recordings to be collected in order to obtain an
average surface temperature.

(2) Two parallel strips of coating measuring 150 mm in length and 50 mm in width were
used in this study, and they were only considered for the investigation of small size
specimens. Adding more strips to the inquiry may provide a better understanding of the
heat conduction impact of the specimen surface, which will allow more detail to be
obtained.

(3) Field-scale experiments can be conducted to capture the significance of the construction
method; hence large-scale experimentation should be studied for future research.

(4) While analyzing the cost of the proposed approach, it is essential to consider both the
operating and construction expenses, as this will provide a better understanding of how

well this method performs in comparison to other existing approaches.
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