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In recent years, the application of electrically conductive concretes has been proposed as an anti-icing
method on airport runways. In this work, it was aimed to evaluate usability of the nano carbon black
obtained by the pyrolysis method from the waste tires and also the waste wire erosion obtained from
the cutting processes for using in the electrically conductive concrete with application in airport runway
anti-icing. In this regard, 36 different mixtures of the electrical conductive concretes were first investi-
gated in the laboratory to find out general mechanical and electrical conductivity properties of the test
concrete. After obtaining the result of their general characteristics, 10 different types of concrete slabs
were produced. Electrothermal tests of conductive concrete slabs were carried out in a cooling chamber
at �10 �C. A heat power within a range of 180–1315 W/m2 has been provided for heating electrically con-
ductive concrete slabs obtained from different mixtures and consequently an optimization method was
utilized and obtained results were compared on figures and diagrams. Numerical simulation of the prob-
lem has been also carried out to find out heat flux and temperature distribution of test concretes.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In cold regions, the formation of snow and ice on the road sur-
faces causes infrastructure deterioration and damages the concrete
coating. In order to avoid such an event, spraying chemical sub-
stances on the road pavement and using traditional defrosting
methods would lead to negative environmental impacts [1–3].
Heated paving systems are one of the alternative options for melt-
ing ice and snow. These systems can be divided into two general
groups including hydronically heated paving systems [4] and elec-
trically heated paving systems [5,6].

Hydronically heated paving systems melt the ice and snow by
passing the heated fluid through pipes embedded in road pave-
ment structures. The cooled fluid recirculates in a heat source
which heats during each cycle. There are different types of heat
sources including geothermal water, boilers and heat exchangers.
In electrical systems, melting of snow and ice takes place through
resistive heating of electrically conductive cables embedded in
conventional concrete or through using an electrically conductive
concrete capable of resistive heating. Due to the high power den-
sity required, the performance of the resistance cables is some-
times inadequate and the equipment and systems connected to it
are damaged [1,7]. Also, these cables will produce localized hot
regions that can be detrimental. In recent years, the use of ECON-
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Nomenclature

AI Fine aggregate
AII Coarse aggregate
ASTM American Society for Testing and Materials
ASTM-D Resistance measured by ASTM method
BM Bulk method
CNT Carbon nanotube
Cp Heat capacity (J kg�1 K�1)
CEA Conductivity-enhancing agent
C/F Coarse/fine
CF Carbon fiber
CMS Carboxymethyl cellulose
e Energy (J)
E Electrical field (V m�1)
EAu Absorbed final energy (J)
ECON Electrically conductive concrete
EDS Energy dispersive spectrometer
EHPS Electrically heated paving systems
EU Final impact energy (J)
g Gravity (m s�2)
h Height (m)
I Electric current (A)
J Electric current density (A m�2)
k Coefficient of thermal conductivity (Wm�1K�1)

L Length (m)
m Mass (kg)
Nu Impact number
NCB Nano carbon black
P Power (W m2)
Q Heat transfer (W m�3)
rc Internal volumetric current (A m�3)
R Electrical resistance (X)
SEM Scanning electron microscope
SP Superplasticizer
t Time (s)
T Temperature (�C)
TEM Tunneling electron microscope
V Voltage (V)
WPM Wenner prop method
WWE Waste wire erosion
q Resistivity (X.cm)
r Electrical conductivity (S m�1)
rc Compressive strength (MPa)
rf Flexural strength (MPa)
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based heated paving systems has also attracted researcher’s atten-
tion to reduce the problems of ice and snow accumulation in high-
ways and airports. Electrically conductive concrete (ECON) works
by applying voltage to the embedded electrodes to melt ice and
snow. The electrical conductivity and mechanical properties of
steel fiber, carbon fiber and other conductive materials of ECONs
have been investigated widely in literature in different studies
[3,8–11].

ECONs are used as a self-sensing material for monitoring the
health of structure [12,13], as a strain/stress sensor [14], as an elec-
tromagnetic radiation reflector for electromagnetic interference
shielding, and as resistance material in heated pavement [15–
18]. This type of heated pavement has recently been applied to
melt snow and ice on road and airport runways [19–21]. It has
been confirmed by different research that electrical resistivity of
concrete is at high levels. Electrical resistivity of outdoor dried con-
crete was determined as 6.54 � 105–11.4 � 105X-cm [22]. In addi-
tion, the electrical resistivity of saturated concrete and dry
concrete was reported to be 106 X-cm and 109 X-cm, respectively,
according to research conducted by different researchers [23,24].
Carbon fiber is a material used and tested as an electrically conduc-
tive additive in the production of electrically conductive cementi-
tious composites for different purposes. In addition, carbon fiber
reinforced concrete has been found to be physically and mechani-
cally resistant material from previous studies [25–27]. In carbon
fiber doped concrete, not only the carbon fiber content, but also
its length, mixing method and dispersion are important factors
affecting the conductivity. In many research, powdered methyl cel-
lulose admixture has been used to ensure the distribution of car-
bon fiber in concrete [28]. According to some research results,
differences between electrical resistivity results measured by var-
ious methods have been reported [29–34]. Ghosh et al. compared
the electrical resistivity of high performance cylinderical concrete
specimens with different mixtures by measuring with two differ-
ent methods including bulk and surface electrical resistivity mea-
surement methods. According to the results, the ratio of total
electrical resistance value to surface resistance value was calcu-
lated between 0.29 and 0.49 for different mixtures [33]. The
authors of the present study have found this ratio to be about
0.25 in previous study available in the literature [34].

The aim of this study is to produce electrically conductive con-
crete to use for melting the ice and snow accumulated on airport
runways in cold regions. Specific tests of produced concrete have
been carried out by taking advantage of the mechanical, electrical
and thermal properties of the prıposed materials as well as the eco-
nomic factor. In this regard, it was aimed to produce a durable con-
crete capable of anti-icing on airport runways, and also to use the
nano carbon black in the produced concrete by recycling the waste
tires for making concrete runway more compatible with the winter
conditions in Turkey’s airports.

2. Experimental setup and test procedure

2.1. Materials

Two different aggregates including coarse-grained and fine-
grained, were used for ECON mixtures. The amount of water and
sedimentation value of the mixture, grain distribution and maxi-
mum grain size were selected in accordance with TS802 [35] stan-
dard. Materials properties used in this study are given as follows,

2.1.1. Cement
ECON is an engineered material designed for certain applica-

tions. For example, its resistive heating feature can be utilized for
keeping the airfields free of ice and snow, so that the airport oper-
ations would not be interrupted. According to previous studies, the
type of this concrete is designed on C35-C40 class. For this purpose,
over 400 kg high strength cements should be used for 1 m3 of con-
crete [36]. Hence, 42.5 CEM I R type high strength cement was pre-
ferred in this study. The EDS analysis results of the used cement are
given in Table 1.

2.1.2. Aggregates
Two different crushed aggregate types with a grain size range of

0–4.75 and 4.75–22 mmwere used. Table 2 shows the gradation of
coarse and fine aggregates. Coarse aggregates (4.75–22 mm) used



Table 1
EDS Analysis results of cement.

Elt. Line Intensity (c/s) Error 2-sig Conc Units

C Ka 0.06 0.156 0.048 wt.%
O Ka 14.29 2.390 25.508 wt.%
Al Ka 7.75 1.760 1.192 wt.%
Si Ka 89.23 5.972 11.860 wt.%
K Ka 2.66 1.030 0.321 wt.%
Ca Ka 407.91 12.768 59.666 wt.%
Fe Ka 4.65 1.363 1.405 wt.%

100.000 wt.% Total

Table 2
Gradation of coarse and fine aggregates.

Coarse aggregate Fine aggregate

Sieve size
(mm)

Cumulative retained
(wt.%)

Sieve size
(mm)

Cumulative retained
(wt.%)

20 0 4.75 0
16 17 2.36 18
12.5 62 0.60 43
10 78 0.30 79
4.75 100 0.15 91

<0.15 100
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in the study are calcium carbonate origin aggregates obtained from
rocks and fine (0–4.75 mm) aggregates are silica origin aggregates.
These Aggregates with this mineralogical structure are widely used
in concrete production in Turkey.
2.1.3. Carbon fiber (CF)
In this study, CF was used as the most effective electrical addi-

tive in three different ratios, 0.2%, 0.5% and 1 vol% relative to the
total mixture volume. In order to facilitate the distribution of the
fibers in the concrete mixture, carboxymethyl cellulose was used
as the dispersing additive. According to literature, when carbon
fiber is used at high rates such as more than 0.75 vol%, a concrete
mixture with a water-cement ratio of 0.45 shows normal workabil-
ity [37]. The used carbon fiber has a filament diameter of 7.2 mm
and a length of 6 mm and 12 mm in equal proportions.
2.1.4. Nano carbon black (NCB)
Having high electrical conductivity, NCB is often used to pro-

duce electrically conductive composite materials. In recent years
NCB has also been used in cementitious materials for different pur-
poses [38–42]. On the other hand, carbon black can be obtained in
large volume by recycling waste tires as polluting material by
using pyrolysis process. The effect of NCB on strength of concrete
was investigated by Norouzi and according to the results of using
this nano material in different ratios, concrete specimens contain-
ing 4 wt% nano carbon showed maximum compressive strength
[44]. Therefore, there is not a problem in terms of strength due
to using this material in the mixture. In this study, nano carbon
black obtained by pyrolysis method was used in 4 different ratios
as 0%, 3%, 6% and 10 wt% according to the weight of binder. The
specific surface area of the nano carbon black can be increased
up to 88 m2/g by increasing the applied temperature to 600 �C dur-
ing production [43]. The obtained carbon black is between N200-
N330 according to ASTM nomenclature [44].

It has been proven that, in different insulation matrices, carbon
fiber has percolation threshold [45–47]. In addition, the authors
have proven that, NCB percolation threshold is increased in their
previous study [34]. Percolation theory provides an idea regarding
the minimum amount of conducting filler required for converting
an insulating matrix to a conducting one [45].
Fig. 1, shows a schematic view of the internal structure of the
conventional and electrically conductive concrete. Fig. 1-a is nor-
mal concrete containing only aggregate and cement, and isn’t elec-
trically conductive material. Carbon based fiber materials are used
to provide the electrical conductivity of cement based materials
(Fig. 1-b). The fiber randomly settles between the aggregates to
form a complex network and acts as a bridge for electric current.
Cement paste is defined as a matrix element for fibers between
aggregates. If the cement paste is combined with conductive mate-
rials in powder form, it is expected that the electrical conductivity
of fibers will increase. As shown in Fig. 1-c., the powdered carbon
black filled the inter-granular spaces and so the interface area
between the fiber and the matrix increased.
2.1.5. Waste wire erosion (WWE)
Wire erosion is a conductive wire used to cut a workpiece in

electrical discharge processing and widely used in CNC devices.
The cutting wire moves at a close distance without direct contact
with the workpiece, and is eroded over time and stored as waste
product. In this study, yellow CuZn37 alloy WWE with a diameter
of 0.25 mm and an average length of 25 mm was used. The electri-
cal resistance of WWE is measured as 0.00256 X-cm.
2.1.6. Steel fiber (SF)
SF was used as conductive additive material in the early ages of

the production of conductive concrete. When the SF is present in
the alkaline medium in concrete, a passive film is formed, which
increases the electrical resistance over time which cause to a
decrease the resistance of electrically conductive of concrete 60
times after one year. Therefore, it is not appropriate to use SF alone
in conductive concrete [19]. Steel fiber can be used in different
ratio as presented in the literature. In this study, 30 mm length,
0.75 mm diameter and 1400 MPa tensile strength SF have been
used.
2.1.7. Chemical additives
In the case of using small diameter CF and small grain carbon

black in the concrete mixture, more water is needed due to the
high specific surface area of the materials. In order to reduce the
amount of water, a plasticizer chemical liquid with the trade name
MasterGlenium SKY4123 has been used. MasterGlenium is a
superplasticizer used for high strength concrete containing differ-
ent powder additives [48–50]. A variety of chemicals can be used
to facilitate the distribution of fibers in the concrete mixture. It
has been specified that methyl cellulose in small dosages is an
effective fiber dispersing material [18,51,52]. In this study, 0.2%
carboxymethyl cellulose (CMC) was used as fiber distributor
according to the weight of cement. The authors have used the car-
boxymethyl cellulose in their previous works in [34,53,54] and
have proved carboxymethyl cellulose to be a fiber distributor.
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2.2. Mixture design

The aim of this study is to optimize 36 different mixtures and
perform both simulation and experimental electrothermal exper-
iments on mixtures. The optimum amount of CF used in electri-
cally conductive concretes was found to be 0.75–1 vol%
according to the studies in the literature. However, since there
was no previous study on the combined use of CF and nano car-
bon black, it was aimed to obtain the optimum amount of CF and
carbon black using 4 different ratios of CF and 4 different ratios of
carbon black in electrically conductive concrete mixtures. Because
of containing 0 and 2 wt% steel fiber, mixtures are composed in 2
groups. In all mixtures, gravel: sand: cement ratio was taken as
constant 1: 1: 0.5. In the mixtures, the water/binder ratio was
constant at 0.45 and a superplasticizer additive was used as a
variable to improve workability. In this research, the slump of
normal concrete mixture was 80 mm and decreased to approxi-
mately 40 mm with the addition of filling materials. Slump values
for the all mixtures are given in Table 3. The acceptability of
slump values has been confirmed for ECON from Sassani’s study
[18]. A slight segregation requirement was experienced in the
mixture with 1% CF ratio. This problem was not observed in mix-
tures containing different ratios of NCB having the same mixture.
The results of the specimens containing CF and NCB produced in
the first stage of the study were obtained and then WWE-
containing specimens were produced at the same size in 4 differ-
ent mixture ratios. In all 4 mixtures, constant weight ratio (%6) of
NCB and different ratios of CF and WWE were used.
2.3. Basic test methods

The compressive and flexural strengths of the electrically con-
ductive concrete have been tested mechanically by universal labo-
ratory test equipment with 250 tons and 5 tons capacity
respectively. In the present study, the ECON mixtures are designed
for use on airport runways. The runway concrete is exposed to the
impact when the aircraft is seated at the airport. Therefore, it is
also important to examine the produced concrete against impact.
In order to perform the impact test, the impact test device
designed in the laboratory was used. In the experiment, the slab
specimen is placed on a square support at the bottom of the instru-
ment. A mass of 1.1 kg falls freely from a height of 45 cm into the
center of the specimen, and the impact test is performed. Experi-
ments was continued until the final crack in the specimen was
formed. The final energy value was calculated using the multiplica-
tion number of test as [55,56],

e ¼ m� g � h ð1Þ

EAu ¼ Nu� e ð2Þ
where EAu is the final absorbed energy.

The resistance of electrically conductive concrete can be mea-
sured by different methods [54].

1. Two-point uniaxial method or bulk method: in this method, a
certain potential difference between the two surfaces of the
specimen is applied. The electrical current between the two



Table 3
Mixture details in electrothermal test specimens – for 1 m3, N: Nano carbon black, C: Carbon fiber, S: Steel fiber, E: WWE.

No Mixing Code AI (kg) AII (kg) Cement (kg) Water
(kg)

SF (wt%) WWE (kg) NCB (kg) CF (kg) CMS (wt%) SA
(wt%)

Slump
(mm)

1 N10C0.2S0 831.56 831.56 415.78 206.23 0.00 0.00 42.50 3.60 0.20 1.00 65
2 N6C0.5S0 836.23 836.23 418.12 199.63 0.00 0.00 25.5 9.00 0.20 1.50 60
3 N6C1S0 832.58 832.58 416.29 198.81 0.00 0.00 25.5 18.00 0.00 1.75 45
4 N10C0.2S2 812.77 812.77 406.39 202.00 2.00 0.00 42.50 3.60 0.00 1.00 65
5 N6C0.5S2 817.36 817.36 408.68 195.38 2.00 0.00 25.5 9.00 0.00 1.50 55
6 N6C1S2 813.79 813.79 406.90 194.58 2.00 0.00 25.5 18.00 0.00 1.75 40
7 N6 C0E0.5 822.80 822.80 411.40 196.61 0.00 42.50 25.5 0.00 0.20 0.75 70
8 N6 C0E1.0 805.80 805.80 402.90 192.78 0.00 85.00 25.5 0.00 0.20 0.75 60
9 N6C0.2E1.0 804.36 804.36 402.18 192.46 0.00 85.00 25.5 3.60 0.20 1.6 50
10 N6C0.2E1.5 787.36 787.36 393.68 188.63 0.00 127.5 25.5 3.60 0.20 1.6 45
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surfaces of the specimen is measured as a result of the applied
voltage. Using the Ohm’s law, the electrical resistance of the
specimen is calculated as.

V ¼ I:R ð3Þ

2. Four-probe or Wenner probe method (WPM): in this method,
the resistance measurement is performed by applying voltage
to the four-probe equipment which is contacted with the sur-
face of a cylinder specimen. By applying a certain potential dif-
ference between the two internal probes, the amount of current
flowing between the two external probes is measured. Resis-
tance is calculated from Ohm’s law and the surface resistivity
of the specimen is obtained as,

q ¼ 2:p:a:R ð4Þ
where q is the electrical resistivity, a is the distance between the
probes and R is the electrical resistance of the specimen.

3. C1760-12 ASTM method: In this method, the electrical resis-
tance of the specimens is measured with the device in accor-
dance with ASTM C1760-12 standards. According to C1760-
12, the test is carried out by measuring the amount of current
flowing through the concrete specimen placed in solution con-
taining sodium chloride on both surfaces within 1 min.

In this study, all three methods were used to measure resistance
of electrically conductive concrete. The resistance of conductive
concrete can be measured using alternating current (AC) or direct
current (DC). In the study of Abdualla to supply electrothermal
power to ECON, AC current is suggested to be more suitable
because uniform heat is generated with this type of current [1].
AC current was used throughout the measurement in the present
study.

2.4. Electrothermal test method

According to the electrical conductivity results obtained from
the previous study [34], 10 mixtures of 36 mixtures were selected
for electrothermal tests (Table 3). From the selected mixtures 10
equal sized 45 � 45 � 5 cm slab specimens were produced.
45 mm � 5 cm stainless galvanized steel sheet was used as elec-
trode. In order to ensure the adhesion between the slabs and the
concrete in the produced slab specimens, screws with a diameter
of 3 mm with a depth of 5 cm in each 6 cm intervals were used.

Because of the low resistivity values of N10C0.2S0, N10C0.2S2,
N6C0.5S0, N6C0.5S2, N6C0E0.5, N6C0E1 slab specimens, four dif-
ferent voltages were applied as 100, 140, 180 and 220 V. The ther-
mal behavior of a slab specimens N6C1S0, N6C1S2, N6C0.2E1,
N6C0.2E1.5 ECON were investigated by applying four different
voltages of 60, 80, 100 and 120 V due to their high resistivity.
The initial temperatures of all specimens were adjusted to �10�
C according to the capacity of the refrigerator, and the refrigerant
was also operated from the beginning to the end of the
experiments.

For the compressive strength and electrical resistivity measure-
ment tests of the electrically conductive concrete, cylindrical spec-
imen molds with a diameter of 10 cm and a height of 20 cm were
used. For the flexural test of all mixtures, prismatic specimens of
10 � 10 � 40 cm were used. For the impact test, since there is
no special specimen mold for the concrete slabs,
10 � 10 � 10 cm cube specimen molds were used and a 3 cm thick
concrete mixture was filled to the bottom of the molds and they
are compressed under the same conditions of compression of the
other molds.

All specimens were removed from the molds after 24 h and
were cured in the curing pool over 7 days (Fig. 2a). Since the top
of the cylindrical specimens were rough, they were cut 1 cm from
the tops. In Sassani’s [18] study all specimens were cured at 100%
relative humidity and 23 �C temperature during the entire study. In
the current study all specimens were kept in laboratory condition
for drying at room temperature during the entire study (Fig. 2b).
Since the resistance of moist concrete is lower than dry concrete
[23,24], this study aimed to measure the maximum resistance in
the most critical condition of concrete (dry).

In order to monitor the temperature changes of the specimens
inside the refrigerator during the experiments, 9 equal intervals
holes were drilled 5 mm deep on the slab surfaces and with the
diameter of 4 mm according to thermocouple thickness (Fig. 3-a).
The specimens were placed one by one in the refrigerator on the
wooden bases, and the metal parts at the ends of the thermocou-
ples were mounted in the holes. The wood used in the experimen-
tal setup is to provide insulation between the specimen and the
refrigerator and to prevent any current.

As shown in Fig. 3-b, electrothermal tests were carried out by
applying different voltages using an adjustable power source
between the electrodes made of stainless steel sheet located on
both sides of the slab specimen and the amount of current was
recorded during the tests. The obtained current values were used
as the second model in the electrothermal analysis of slab speci-
mens and used in temperature-resistivity curves for 10 different
specimens. The appropriate voltages were selected considering lit-
erature studies by making a preliminary power consumption cal-
culation, resistivity values and first model results in order to
prevent loss of time during the experiment.

The electrical resistance of ECON is the reason for the conver-
sion of electrical energy to thermal energy. A transient model of
heat conduction can be used to predict the change of temperature



Fig. 2. a) Placement of specimens in curing pool, b) Drying the specimens at room temperature.

5.00

Cables

45.00

5.00

17.50

17.50

5.00

electric cables

ECON - 45x45x5

Refrigerator

- +

Variac Multimeter

T
he

rm
oc

ou
pl

es

Unit: Cm

T 1
T 2
T 3
T 4
T 5
T 6
T 7
T 8
T 9

V

A

ON

OFF

Top view of ECON

Thermocouple x 9

45.00

E
le

ct
ro

de
 x 

2

5.00 17.50 17.50

a b

Fig. 3. Thermocouples configuration a) schematic view of the refrigerator b).

6 H. Dehghanpour et al. / Construction and Building Materials 260 (2020) 119948
as a function of time, material specifications in an ECON specimen.
Three-dimensional mathematical model for transient heat conduc-
tion is expressed by [57],

_Q ¼ qC
@T
@t

�r: krTð Þ ð5Þ

where _Q is heat generated per m3.
In the case of constant conductivity,

_Q
k
¼ 1
a
@T
@t

�r:ðrTÞ ð6Þ

where a is heat diffusion coefficient and equals to (k=qc).
Energy balance can be also expressed using convection heat flux

where thermal energy is transferred from ECON slab surface to the
atmosphere ambient as,

n: krTð Þ ¼ hcðTs � TairÞ ð7Þ
where n is the normal vector to the surface of slab, Ts and Tair are
surface and ambient temperatures and hc (W/m2.K) is heat transfer
coefficient.

Assuming that provided input power is converted to thermal
energy and neglecting heat losses electrical power energy provided
to increase slab temperature is calculated as follow,

_Q ¼ P ¼ V :I ð8Þ
In Abaqus/Standard, two types of analyses can be performed

[58],
1. Coupled thermal-electrical analysis: Electrical potential and
temperature fields are solved simultaneously by performing a
combined thermal-electrical analysis. In this method, the
energy consumed by an electric current flowing through a con-
ductor is converted into thermal energy. In this analysis the
deformation of the structure is not taken into account.

2. Piezoelectric analysis: In the piezoelectric material, the electric
potential gradient causes stress and stress causes the electric
potential in the material. This coupling is achieved by defining
the piezoelectric and dielectric coefficients of a material and
can be used in natural frequency extraction, transient dynamic
analysis, both linear and nonlinear static stress analysis, as well
as steady state analysis procedures.

In this study, coupled thermal-electrical analysis, which is a
method provided in Abaquse programwas used to solve the model.

In electrically conductive concrete required electrical current, is
provided by applying the electrical potential to the electrodes
embedded in the coating. Electric field in a three-dimensional solid
material can be written as [59],

E ¼ �rV ð9Þ

Here, E is the electric field, V is the electrical potential, and r is the
gradient operator.

Heat energy can be calculated in the conductive material as pro-
vided in Eq. (7), which indicates thermal energy obtained from
electric energy,
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Q ¼ J:E and J ¼ r:E ð10Þ
Were r is the electric conductivity (S mm�1) and J (Amm�2) is cur-
rent density.

Electrical Analysis Procedures:
The electric field in a conductive material is governed by Max-

well’s charge equation. Assuming steady state direct current, the
equation can be expressed as,Z
S

J:ndS ¼
Z
V

rcdV ð11Þ

V is any control volume with a surface S and n is the outward norm
number for S. The divergence theorem is used to convert the surface
integral to a volume integral,Z
V

@

@x
:J � rc

� �
dV ¼ 0 ð12Þ

Considering electrical potential field, and integrating over the
volume:Z
V

du
@

@x
:J � rc

� �
dV ¼ 0 ð13Þ

Using first the chain rule and then the divergence theorem, this
equation is given as,

�
Z
V

@du
@X

:JdV ¼
Z
V

duJdSþ
Z
V

du rcdV ð14Þ

Assuming that the electrical conductivity is independent of the
electrical field and introducing Ohm’s law, the obtained governing
conservation of the charge equation is written,Z
V

@du
@X

:r: @u
@X

dV ¼
Z
S

duJdSþ
Z
V

du rcdV ð15Þ

Using conservation of the electrical charge and energy balance
problem can be explained to solve in the next step. The match con-
sists of two sources: conductivity in electrical problem depends on
temperature, r ¼ rðTÞ, and the heat generation in the material is a
function of electrical current, Q ¼ QðJÞ, as described below.
Because of the electric current, thermal energy is generated.

Joule’s law defines the rate of electrical power emitted by the
current flowing through a conductor as P ¼ E:J which can be writ-
ten in other form as P ¼ E:r:E.

Assuming a steady-state condition power (P) can be evaluated
at time t + Dt and in a transient analysis an averaged value of P
is obtained as follows,

P ¼ 1
Dt

Z
Dt

Pdt ¼ E:r:E� E:r:DEþ 1
3
DE:r:DE; ð16Þ

where E and r are values at the time t + Dt

2.5. Finite elements method (FE)

The main objective of this section is to develop a 3D modeling
simulation by FE method for evaluating time-based heating perfor-
mance and optimization in EHPSs. Electrically conductive concrete
was simulated in ABAQUS program for elektrothermal analysis and
compared to experimental results. EHPS works by applying voltage
from the electrodes embedded in a conductive concrete coating.

2.5.1. Simulation process
Coupled thermal-electrical analysis was performed using Aba-

qus 6.1 as an FE modeling program. The electrical conductivity val-
ues of the ECON slabs were defined in the first stage of the study
according to the values obtained from the cylindrical specimens
(10 cm diameter and 20 height) previously produced in the labora-
tory. All slab specimens were experimentally tested at first to pro-
duce heat at different voltages at the temperature of �10 �C.
During the experiments, electrical current values of these speci-
mens at different voltages and different temperatures were also
recorded. For use in simulation studies, the thermal conductivity
of specimens was measured by ASTM D5334-14 test method [60]
and listed in Table 4. In this method, there was no sample size lim-
itation, in the present study, 10 � 10 � 3 cm plate samples were
tested. Using the measured current values, conductivity amounts
were obtained at each stage. Electrothermal analysis was carried
out using these values for each specimen and the results were
compared with the experimental results.

2.5.2. Geometry of the model
The ECON slab dimensions were designed as 45 � 45 � 5 cm

according to the dimensions of the refrigerator available in the lab-
oratory. Electrode slab is designed as 1 mm thick 45 � 5 cm stain-
less galvanized steel sheet. In the produced slab specimens, 3 mm
diameter screws of 5 cm depth were applied at every 6 cm inter-
vals to ensure adhesion between the electrodes and concrete. In
3D simulation, all details were designed in the same way as shown
in Fig. 4. This figure shows the slab dimensions designed in the
models and the connection between concrete and electrodes. This
method was carried out because the slab specimens were small in
size, and it was found that there was a good connection during the
experiment. If the samples are large, it is recommended that the
electrodes are embedded, as shown in study by Abdualla’s [1]. In
all models, the initial temperatures of ECON slabs are defined as
�10 �C to the mass of the slabs. This temperature limit was
selected according to the coldest (�10 �C) temperature of the
refrigerator used in the experimental part of the study. Different
voltages were applied between the electrodes parallel to the sides
of the slabs as the electrical charge in the simulation (Fig. 4b). The
applied voltages vary due to the resistance values of the specimen.

2.5.3. Mesh generation
After defining required variables including geometry properties,

boundary conditions and material properties, element type and
mesh generation was performed. The standard cube element type
is used to separate the ECON slab into small elements, as well as
the free element type for the electrodes. Different mesh size and
number was tested and compared to experimental results and
mesh element number of 10,000 was selected to solve the problem.
The 3-D mesh view of the ECON slab is given in Fig. 5.
3. Results and discussion

3.1. Basic test results

The authors examined the electrical, mechanical and impact
properties of specimens produced from 36 different mixtures in
their previous work [34]. According to the results of the experi-
ments, both compressive and flexural strengths of specimens con-
taining NCB, CF, SF and WWE increased. CF has already been
successfully used for fabricating ECON for airfield pavement anti-
icing and de-icing [18,61–63]. This feature was further enhanced
when CF and WWE are used together. Also, by adding NCB (ob-
tained by pyrolysis method from waste tires) in all ECON mixtures,
the resistivity values decreased by 2–7 times, and this is the orig-
inal aspect of the study.

CF, SF and WWE also showed positive effects in increasing the
amount of final energy absorbed against impact among the con-
ductive concrete specimens.



Table 4
Basic test results of slab specimen, N: Nano carbon black, C: Carbon fiber, S: Steel fiber, E: Waste wire erosion.

No Specimen code Bulk method (X.cm) WPM (X.cm) ASTM-D (X.cm) rc (MPa) rf (MPa) Eu (J) thermal conductivity (W/m∙K)

Cylinder slab

28 days 28 days 28 days

1 N10C0.2S0 4915.81 42553 24185.80 7291.02 51.04 7.75 79.31 2.31
2 N6C0.5S0 222.45 4444 560.58 708.27 45.49 7.63 72.84 2.50
3 N6C1S0 80.08 357 188.34 450.72 47.82 8.62 55.03 2.15
4 N10C0.2S2 3979.82 11710 16237.66 5902.26 54.54 6.26 142.44 2.35
5 N6C0.5S2 696.18 7693 2673.34 1652.63 56.99 8.12 200.71 2.48
6 N6C1S2 85.22 371 194.30 413.85 62.01 8.68 234.70 2.44
7 N6 C0E0.5 702.40 5000 1676.55 6352.45 52.24 7.09 192.62 2.44
8 N6 C0E1.0 645.34 2890 1546.33 5720.20 57.87 7.68 236.32 2.88
9 N6C0.2E1.0 254.63 552 376.53 1097.12 41.82 7.58 265.46 2.50
10 N6C0.2E1.5 97.74 270 129.48 441.18 39.52 7.21 254.13 3.09
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Fig. 4. The 3D view of ECON slab (a) and geometry details of simulated ECON slab (b).

Fig. 5. Mesh generation of ECON slabs (a), magnified electrode and mesh quality around (b).
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Electrical measurements were performed on cylindrical and
slab specimens of 28 days. The same cylinder specimens used in
the electrical test method were then used to determine the
28 day compressive strengths. Flexural test results were obtained
from 28-day prismatic specimens. 10 � 10 � 3 cm slab specimens
were used to obtain impact energy. The basic test results of 10
ECON slab specimens are given in Table 4.

3.2. Electrothermal results

Time-dependent temperature values of ECON slabs have been
measured. Heat and power consumption of the slabs were com-
pared by applying different voltages in both simulation and exper-
imental methods. No rules are used to select voltage values. The
test times were chosen depending on the temperature of the spec-
imens. For rapid-warming specimens, the experiment was termi-
nated prematurely and for slow-warming specimens, it was
terminated late. For all mixtures, the measured resistivity values
in the cylinder specimens were lower than the resistivity values
of the slab specimens, which provided misleading information in
3D electrothermal results. This problem is also mentioned in previ-
ous research [1]. Therefore, in this study, firstly, 3D modeling was
performed according to the conductivity properties of the cylinder
specimens. In order to verify the thermal results of the slabs pro-
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duced in the next step, 3D modeling was done according to the
conductivity properties of the slab specimens.

Electrothermal results of the slab specimen of the mixture con-
taining 6 wt% NCB and 0.2 vol% CF are obtained at different volt-
ages given in Table 5. Since the measured electrical resistivity
values of this mixture were high, no significant temperature
increase was observed at different voltages applied in both the
3D simulation and experimental results. Test results have been
recorded during 480 min by applying various voltages in experi-
ments. The resistivity values measured for this mixture at room
temperature were 4916 and 42553 X.cm for cylinder and slab
specimens, respectively.

The resistivity values of the cylinder specimens of the mixture
containing 6 wt% NCB and 0.5 vol% CF were also lower than the
resistivity values of the slab specimens. In other words, the cylin-
drical electrical conductivity of the specimens was recorded more
than the plate-shaped specimens. The resistivity values measured
for this mixture at room temperature were 223 and 4444 O.cm
for the cylinder and slab specimens, respectively. For this speci-
men, the higher the potential difference applied, the higher the
temperature values were recorded. With the voltage of 140 V,
the temperature has increased from �10 �C to 0 �C. When the volt-
age rises to 180 V, the temperature increases from �10 �C to 10 �C.
The temperature rises above 25 �C when the applied voltage value
is 220 V. Obtained results in the table show the similarities
between experimental and modeling results of the electrothermal
behavior applying four different voltages. In the modeling and
experimental results, by applying 220 V voltage, the temperature
increase rate decreased after a certain time. The reason is that,
after applying voltage to the slab specimen, the rate of the electri-
cal current increases with the initial increase in temperature, and
then the rate of increase of the current decreases after the temper-
ature reaches a certain degree. Conductivity values were calculated
according to the current values measured at different temperatures
during the experiment and the same values were used in the Aba-
qus program. Electrothermal results of the slab specimen contain-
ing 6 wt% NCB and 1 vol% CF are also given in the table. Since the
resistivity values of the specimens of this mixture were lower than
the other mixtures, the electrothermal results were also more
favorable than the other mixtures. Resistivity values of slab speci-
mens at room temperature were measured as 357 X.cm. In addi-
tion, in all voltage applications, obtained results show that, the
temperature increase rate is low in the first time intervals (0–
30 min) and increases after a certain time. The reason for this is
that, the electrical current is low at first when the temperature
of the concrete is at low levels (-10 �C) and increases gradually over
the test time. The applied 60, 80, 100 and 120 V voltage values
have generated sufficient heat power to melt the ice. As a result
of applying 60 V, the temperature increased by approximately 16�-
within 4 h. The results for the other voltage values are also pre-
sented. Furthermore, there is a good agreement between the
model and experimental results. The resistivity measured for the
N6C0.2S2 mixture was 11710X.cm in the plate specimens. No sig-
nificant electrothermal results were obtained as the resistivity
value was high. Similar results were also recorded for the steel
fiber-free mixture of the same mixture (See Section 3.2.1). From
the experiment of N6C0.5S2, it was found that the use of 2 wt%
SF has a negative effect on heat energy. This may be due to the
reduced conductivity due to the heterogeneity of the mixture
due to reduced workability with the combined use of CF and SF.

According to the results of the voltage applied to the plate spec-
imen N6C1S2, it was observed that, voltages above 80 V are appro-
prite for heastnig specimens. However, this mixture is not
recommended as there is no significant difference in heat energy
compared to the N6C1S0 mixture. From the results of electrical
resistance, WWE has been shown important role in electrothermal
experiments since it has good electrical conductivity. Resistance
values of plate specimens having N6C0E0.5 mixture were mea-
sured as 7500 X.cm. Resistance values decreased with increasing
WWE content and adding 0.2 vol% CF to the mixtures. Obtained
results by applying 100, 140, 180 and 220 V have been presented
in Table 5. According to the results of the N6C0E1 specimen, by
applying voltages between 100 and 220 V. An increase of 20 �C
was recorded after 480 min by 140 V. When 180 and 220 V were
applied, 300 and 200 min time were required to achieve the same
temperature. The effect of the addition of 0.2 CF to the N6C0E1
mixture on the electrothermal properties is provided in Table 5.
After applying 60, 80, 100 and 120 V, to the N6C0.2E1 plate spec-
imen, it took 480, 240, 180 and 120 min, respectively, for increas-
ing temperature from �10 �C, to about +10 �C. Since N6C0.2E1 and
N6C0.2E1.5 specimens had low electrical conductivity among
WWE-containing plate specimens, both were found to have suffi-
cient heat generation potential at low voltages and durations
according to the electrothermal test results. However, during mix-
ing, N6C0.2E1.5 had problems in mixing and placing due to the low
workability of the mixture.

The comparison of ten different mixtures was considered and
obtained results in different voltages was presented and discussed.
However, in this section the constant voltage of 100 V is considered
to have a comparison between all test specimens. Therefore, Fig. 6
are given to compare specimen results in the same voltage. As
explained in the sections above, 100 V is a high voltage for the
specimens N6C0.2E1.5, N6C1S0 and N6C1S2, and 80 V has been
proposed for these specimens to be heated more properly. For
the specimen N6C0.2E1 100 V is considered appropriate for heat-
ing up to 10 �C within 180 min. It has been seen that, the speci-
mens N10C0.2S0 and N10C0.2S2 cannot be heated in this
situation and they have shown behavior as insulation materials.

3.3. Average power consumed values

The amount of average electrical power (P) consumed by apply-
ing 60, 80, 100, 120, 180 and 220 V voltage for under test speci-
mens was calculated respectively (Fig. 7). In the N6C0.5S0, the
increase of 1.5 times of the power is due to the increase of the cur-
rent amount in the applied voltage. From the literature [1,64,65], it
has been stated that 300–550 W/m2 power is required for melting
snow and ice in cold weather. Therefore, within a short period of
time, the melting potential is not expected from this specimen.
For the power calculation, current and voltage values were used
as previously explained in the section equation.

For the N6C1S0 specimen, the electrical power consumed at
each voltage above 60 V was found to be sufficient for defrosting.
It was also determined that the minimum of 425 W/m2 heat power
has been consumed for heating the N6C1S2 slab specimen at 80 V.
With the increase of the voltage value to 100 and 120 V, the power
consumption consumed increased by 0.56 and 1.25 times respec-
tively. Compared to N6C1S0, this slab contains 2 wt% SF, but there
is no significant difference in the power consumed for heating.
Therefore, this mixture is not recommended for application. For
the N6C0.2E1 specimen containing 1 wt% WWE, the obtained
power values are considered to be suitable for the heating of the
concrete specimens in a short time by applying three different
voltages as shown in the figure.

As a result of 80 V and power consumption of 286 W/m2, heat-
ing application is not appropriate but, 447 W/m2 power consump-
tion as a result of 100 V application, is considered suitable both in
terms of heating time and energy consumption. In order to prevent
snow and ice accumulation, 516 W/m2 in the study by Yehia and
Tuan [66] and also 300–350 W/m2 in the study by Sassani et al.
[67] have been proved to be sufficient. The heating rate of
643 W/m2 cause to fast warming, but leads to increased energy



Table 5
Electrothermal test results of slab specimen, N: Nano carbon black, C: Carbon fiber, S: Steel fiber, E: Waste wire erosion.

Specimen
code

voltage Time
(min)

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480

N10C0.2S0 100 V Exp �10.0 �10.0 �10.0 �10.0 �10.0 �10.0 �10.0 �9.9 �9.9 �9.9 �9.9 �9.9 �9.9 �9.9 �9.9 �9.9 �9.9
Model �10.0 �10.0 �10.0 �10.0 �9.9 �9.9 �9.9 �9.9 �9.9 �9.9 �9.8 �9.8 �9.8 �9.8 �9.8 �9.8 �9.7

140 V Exp �10.0 �10.0 �10.0 �10.0 �10.0 �10.0 �10.0 �9.9 �9.9 �9.9 �9.8 �9.8 �9.8 �9.7 �9.7 �9.7 �9.6
Model �10.0 �10.0 �10.0 �9.9 �9.9 �9.9 �9.8 �9.8 �9.8 �9.7 �9.7 �9.7 �9.6 �9.6 �9.6 �9.5 �9.5

180 V Exp �10.0 �10.0 �10.0 �10.0 �10.0 �10.0 �9.9 �9.8 �9.8 �9.7 �9.7 �9.6 �9.6 �9.5 �9.4 �9.4 �9.3
Model �10.0 �10.0 �9.9 �9.9 �9.8 �9.8 �9.7 �9.7 �9.6 �9.5 �9.5 �9.4 �9.4 �9.3 �9.2 �9.2 �9.1

220 V Exp �10.0 �10.0 �10.0 �9.9 �9.8 �9.8 �9.7 �9.6 �9.5 �9.4 �9.4 �9.3 �9.2 �9.0 �8.9 �8.8 �8.7
Model �10.0 �10.0 �9.9 �9.8 �9.7 �9.6 �9.6 �9.5 �9.4 �9.3 �9.2 �9.1 �9.0 �8.9 �8.8 �8.7 �8.6

N6C0.5S0 100 V Exp �10.0 �9.9 �9.9 �9.8 �9.8 �9.7 �9.7 �9.7 �9.5 �9.2 �9.0 �8.7 �8.5 �8.2 �8.0 �7.9 �7.8
Model �10.0 �9.9 �9.7 �9.5 �9.3 �9.1 �8.9 �8.7 �8.5 �8.2 �8.0 �7.7 �7.5 �7.2 �6.9 �6.6 �6.3

140 V Exp �10.0 �10.0 �9.9 �9.8 �9.5 �9.1 �8.6 �7.7 �7.1 �6.8 �6.1 �5.4 �4.6 �3.7 �3.0 �2.5 �1.6
Model �10.0 �9.8 �9.4 �9.0 �8.5 �8.1 �7.6 �7.0 �6.4 �5.8 �5.1 �4.4 �3.6 �2.7 �1.8 �0.7 0.3

180 V Exp �10.0 �9.5 �9.9 �9.2 �8.7 �8.3 �7.2 �6.0 �4.5 �2.9 �0.8 2.1 3.6 5.1 6.8 7.6 9.0
Model �10.0 �9.6 �8.9 �8.2 �7.3 �6.3 �5.2 �4.0 �2.5 �0.9 0.9 2.8 4.8 6.8 9.0 11.2 13.6

220 V Exp �10.0 �9.5 �9.0 �7.3 �5.3 �3.2 �1.2 0.9 2.9 4.5 6.4 10.0 15.6 19.0 21.5 24.9 25.5
Model �10.0 �9.4 �8.3 �7.0 �5.3 �3.4 �1.0 1.7 4.7 7.8 11.1 14.8 18.8 23.1 27.2 29.9 31.8

N6C1S0 60 V Exp �10.0 �9.0 �6.8 �5.0 �3.3 �1.2 1.0 2.8 6.4 – – – – – – – –
Model �10.0 �8.9 �7.0 �5.0 �2.8 �0.3 2.5 5.6 9.0 – – – – – – – –

80 V Exp �10.0 �8.8 �6.4 �2.0 3.3 10.0 15.5 24.1 27.1 – – – – – – – –
Model �10.0 �7.9 �4.2 0.2 5.5 11.9 18.9 26.3 32.0 – – – – – – – –

100 V Exp �10.0 �7.4 �1.0 7.0 18.7 27.2 32.4 37.9 43.3 – – – – – – – –
Model �10.0 �6.5 0.2 9.3 20.3 30.6 37.5 43.9 50.3 – – – – – – – –

120 V Exp �10.0 �5.2 6.1 20.2 32.0 39.0 47.0 53.0 57.5 – – – – – – – –
Model �10.0 �4.6 7.4 23.6 35.0 44.4 53.6 62.8 72.0 – – – – – – – –

N10C0.2S2 100 V Exp �10.0 �10.0 �9.9 �9.9 �9.8 �9.8 �9.8 �9.7 �9.6 �9.6 �9.5 �9.4 �9.4 �9.3 �9.2 �9.1 �9.1
Model �10.0 �10.0 �9.9 �9.8 �9.8 �9.7 �9.7 �9.6 �9.5 �9.5 �9.4 �9.3 �9.3 �9.2 �9.1 �9.1 �9.0

140 V Exp �10.0 �10.0 �9.9 �9.8 �9.8 �9.7 �9.7 �9.6 �9.7 �9.6 �9.5 �9.3 �9.1 �9.0 �8.8 �8.7 �8.7
Model �10.0 �9.9 �9.8 �9.7 �9.6 �9.4 �9.3 �9.2 �9.0 �8.9 �8.8 �8.6 �8.4 �8.3 �8.1 �7.9 �7.8

180 V Exp �10.0 �10.0 �9.9 �9.9 �9.8 �9.7 �9.5 �9.3 �9.0 �8.7 �8.2 �7.7 �7.5 �7.2 �7.1 �6.1 �5.7
Model �10.0 �10.0 �9.9 �9.7 �9.6 �9.5 �9.1 �8.8 �8.4 �8.0 �7.6 �7.3 �6.9 �6.5 �6.1 �5.8 �5.4

220 V Exp �10.0 �9.5 �9.8 �9.5 �9.7 �9.3 �8.9 �8.5 �8.0 �7.5 �6.9 �6.3 �5.6 �4.9 �4.1 �3.2 �2.9
Model �10.0 �9.8 �9.5 �9.2 �8.8 �8.4 �8.0 �7.6 �7.1 �6.6 �6.0 �5.4 �4.7 �4.0 �3.2 �2.3 �1.4

N6C0.5S2 100 V Exp �10.0 �10.0 �10.0 �10.0 �10.0 �9.9 �9.7 �9.6 �9.5 �9.4 �9.3 �9.2 �9.1 �9.0 �8.8 �8.7 �8.7
Model �10.0 �9.9 �9.9 �9.8 �9.7 �9.6 �9.5 �9.4 �9.3 �9.2 �9.1 �9.0 �8.8 �8.7 �8.6 �8.5 �8.4

140 V Exp �10.0 �10.0 �9.9 �9.8 �9.8 �9.5 �9.4 �9.3 �9.1 �8.9 �8.5 �8.3 �8.1 �7.8 �7.4 �7.3 �7.2
Model �10.0 �9.9 �9.7 �9.5 �9.3 �9.1 �8.9 �8.7 �8.4 �8.2 �7.9 �7.6 �7.4 �7.1 �6.7 �6.4 �6.0

180 V Exp �10.0 �10.0 �9.8 �9.6 �9.4 �9.0 �8.5 �8.1 �7.6 �7.3 �6.5 �5.8 �5.1 �4.4 �3.7 �2.9 �2.4
Model �10.0 �9.8 �9.5 �9.2 �8.8 �8.4 �8.0 �7.5 �7.0 �6.5 �5.9 �5.2 �4.5 �3.8 �3.0 �2.1 �1.1

220 V Exp �10.0 �9.9 �9.8 �9.6 �8.9 �8.2 �7.8 �6.5 �5.5 �4.3 �3.5 �2.0 0.1 1.9 3.7 5.5 6.5
Model �10.0 �9.7 �9.2 �8.7 �8.0 �7.3 �6.5 �5.6 �4.6 �3.4 �2.1 �0.6 1.0 2.8 4.6 6.6 8.8

N6C1S2 60 V Exp �10.0 �9.8 �9.6 �8.5 �7.4 �5.9 �4.2 �2.9 �0.1 2.7 4.8 – – – – – –
Model �10.0 �9.8 �9.0 �8.0 �6.9 �5.4 �3.7 �1.6 0.9 3.7 6.8 – – – – – –

80 V Exp �10.0 �9.2 �8.0 �6.5 �3.5 1.5 7.8 13.2 19.0 – – – – – – – –
Model �10.0 �9.1 �7.4 �4.9 �1.3 3.3 9.1 15.6 22.7 – – – – – – – –

100 V Exp �10.0 �8.5 �5.9 0.1 7.7 17.6 26.5 32.0 34.0 – – – – – – – –
Model �10.0 �8.5 �4.7 1.8 11.0 21.9 30.8 35.3 38.8 – – – – – – – –

120 V Exp �10.0 �5.2 4.3 14.1 24.1 31.1 36.2 38.1 40.6 – – – – – – – –
Model �10.0 �7.4 1.0 14.8 29.2 35.8 40.7 45.6 50.5 – – – – – – – –

N6C0E0.5 100 V Exp �10.0 �10.0 �9.9 �9.9 �9.8 �9.7 �9.6 �9.4 �9.2 �8.9 �8.8 �8.5 �8.3 �8.1 �8.1 �8.0 �7.8
Model �10.0 �9.9 �9.8 �9.7 �9.5 �9.4 �9.2 �9.1 �8.9 �8.7 �8.6 �8.4 �8.2 �8.0 �7.8 �7.6 �7.4

140 V Exp �10.0 �9.9 �9.7 �9.6 �9.2 �8.9 �8.2 �7.4 �7.0 �6.7 �6.0 �5.4 �4.7 �3.8 �3.6 �3.3 �3.0
Model �10.0 �9.8 �9.6 �9.3 �9.0 �8.7 �8.3 �7.9 �7.5 �7.1 �6.6 �6.1 �5.6 �5.0 �4.4 �3.7 �3.0

180 V Exp �10.0 �9.7 �9.2 �8.5 �7.8 �6.0 �5.3 �3.8 �3.0 �1.9 �1.0 0.8 1.0 2.0 3.0 4.0 5.4
Model �10.0 �9.7 �9.3 �8.7 �8.1 �7.5 �6.7 �5.9 �4.9 �3.8 �2.6 �1.2 0.3 2.0 3.7 5.6 7.7

220 V Exp �10.0 �9.5 �9.1 �8.2 �6.0 �4.2 �2.9 �0.3 1.8 4.4 7.8 9.0 11.8 13.7 17.6 22.0 25.1
Model �10.0 �9.6 �8.8 �7.9 �6.8 �5.5 �3.9 �2.0 0.3 2.8 5.6 8.7 12.0 15.5 19.3 23.2 27.2

N6C0E1 100 V Exp �10.0 �10.0 �9.8 �9.7 �9.3 �9.0 �8.4 �8.0 �7.4 �7.1 �6.6 �6.0 �5.7 �5.4 �5.0 �4.7 �4.0
Model �10.0 �9.9 �9.5 �9.2 �8.8 �8.4 �8.0 �7.5 �7.1 �6.6 �6.1 �5.6 �5.0 �4.5 �3.9 �3.2 �2.6

140 V Exp �10.0 �9.8 �9.3 �8.7 �8.0 �7.4 �6.5 �5.3 �4.4 �3.2 �2.3 0.0 1.1 2.5 3.7 5.9 8.1
Model �10.0 �9.8 �9.0 �8.2 �7.4 �6.4 �5.4 �4.2 �3.0 �1.6 �0.1 1.4 3.0 4.6 6.2 7.8 9.5

180 V Exp �10.0 �9.7 �9.4 �8.8 �7.9 �5.8 �3.9 �1.2 1.9 3.8 8.9 13.7 18.3 22.3 26.9 31.1 34.2
Model �10.0 �9.6 �8.3 �6.8 �5.0 �2.9 �0.5 2.0 4.7 7.4 10.2 13.5 17.2 21.5 25.9 28.7 30.6

220 V Exp �10.0 �9.0 �6.9 �4.8 �1.9 2.4 6.0 13.4 15.4 19.0 22.5 26.0 28.5 32.2 35.9 39.4 41.1
Model �10.0 �8.8 �6.6 �3.8 �0.4 3.4 7.5 11.8 17.1 21.5 26.0 29.8 33.6 36.4 39.1 41.5 43.5

N6C0.2E1 60 V Exp �10.0 �9.9 �9.8 �9.7 �9.2 �8.1 �6.8 �6.2 �5.4 �4.3 �3.1 �1.7 �0.1 2.0 4.2 6.1 8.0
Model �10.0 �9.9 �9.4 �8.8 �8.1 �7.4 �6.6 �5.6 �4.5 �3.3 �1.8 �0.2 1.6 3.4 5.5 7.6 9.9

80 V Exp �10.0 �9.7 �9.0 �8.1 �6.9 �5.0 �1.8 0.5 7.6 12.1 17.2 21.2 23.9 25.8 28.9 31.6 33.9
Model �10.0 �9.7 �8.7 �7.4 �5.7 �3.5 �0.8 2.5 6.1 10.2 14.6 19.2 24.1 27.9 30.6 32.8 34.6

100 V Exp �10.0 �9.0 �8.0 �4.4 �0.5 3.3 8.5 14.2 21.2 – – – – – – – –
Model �10.0 �9.1 �7.1 �4.2 0.0 5.4 11.7 18.7 26.0 – – – – – – – –
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Table 5 (continued)

Specimen
code

voltage Time
(min)

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480

120 V Exp �10.0 �9.0 �3.7 3.8 12.7 23.0 27.9 30.6 33.4 – – – – – – – –
Model �10.0 �8.5 �4.7 1.6 10.3 20.6 29.4 34.4 38.1 – – – – – – – –

N6C0.2E1.5 60 V Exp �10.0 �9.7 �8.8 �7.9 �5.4 �0.6 2.6 7.2 12.0 – – – – – – – –
Model �10.0 �9.7 �8.3 �6.4 �3.9 �0.6 3.5 8.1 13.2 – – – – – – – –

80 V Exp �10.0 �8.0 �4.2 �1.5 5.7 15.3 – – – – – – – – – – –
Model �10.0 �8.5 �5.1 0.7 8.6 17.8 – – – – – – – – – – –

100 V Exp �10.0 �6.0 2.9 13.6 22.4 – – – – – – – – – – – –
Model �10.0 �7.2 1.6 15.2 28.5 – – – – – – – – – – – –

120 V Exp �10.0 �3.0 10.4 27.5 35.8 – – – – – – – – – – – –
Model �10.0 �4.6 13.7 30.8 37.3 – – – – – – – – – – – –
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Fig. 6. Electrothermal results at 100 V for all slab specimens.
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losses, leading to increased operating costs. In the case of
N6C0.2E1.5, all the voltages applied above 60 V have sufficient heat
power values to warm up in the desired time. Since the appropriate
power values are determined as 300–550 W/m2 in the literature,
minimum of 329 W/ m2 has been recorded as a result of 60 V,
which is appropriate for this specimen. If it is desired to increase
the heating rate, the result of 589 W/m2 by applying 80 V can be
considered.
3.4. Temperature distribution obtained by simulation

According to the results of the specimens and literature studies,
N6C1S0 and N6C0.2E1.5 mixtures are considered to be suitable for
ice solution in low time intervals compared to other mixtures.
Thus, for these specimens only, the temperature distribution of
these specimens are given when applied voltage is 60 and 80 V.

Temperature contours obtained according to experimental
results and FE modeling results are given in Fig. 8. Experimental
images were plotted using SURFER 9 program by applying temper-
ature results obtained from 9 different points at slab specimens.
Temperature distribution of specimen N6C0.2E1.5 has been
obtained by applying 80 V during 150 min, FE results and experi-
mental results have been provided in Fig. 8- a and b. highest tem-
perature values have been recorded in this condition and most part
of specimen colored by red which indicated higher temperature
values. In addition, for the same specimen (N6C0.2E1.5) voltage
of 60 V has been also applied during 240 min and results are
obtained as illustrated in Fig. 8-c and d. In addition, Fig. 8-e and f
has been presented to show results of the specimen N6C1S0 at
voltage value of 80 V over the test time of 240 min. Furthermore,
FE and experimental results of specimen N6C1S0 at 60 V and
240 min are given in Fig. 8-g and h. The temperature difference
of approximately 1 �C on the bottom and top of the specimen,
may be occurred due to the high CF dosage, resulting a non-
uniform distribution of the CF. The compatibility between the
experimental and FE modeling results for this specimen can also
be seen in the figure. In the Abaqus program conductive concrete
is defined as homogeneous. As a result, due to the assumption of
homogeneous concrete in FE simulation, the temperature range
on the slab surface was narrow. However, the mean temperature
values of the slab specimens are very close to each other in the
FE and experimental method.



                           FE Results    Experimental Results 

(a)  (b) 

(c)  (d) 

(e)  (f) 

(g)  (h) 

Fig. 8. Temperature distribution in test specimens (a & b); N6C0.2E1.5 – 80 V, (c & d); N6C0.2E1.5 – 60 V, (e & f); N6C1S0 – 80 V, (g & h); N6C1S0 – 60 V.
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3.5. Performance evaluation in ECONs

The performance of 6 ECON slabs selected from ten different
specimens is given in Table 6. The specimens in this table are those
with heating capacities from �10 �C to +10 �C under 6 h as a result
of the different voltages applied. For example, as a result of apply-
ing 220 V to N6C0.5S0, power of 268.89 W/m2 was consumed dur-
ing 5.5 h and an increase of 20 �C was observed in the temperature.

For specimen N6C1S0, 442.9 W/m2 of power was sufficient to
increase the temperature to 10 �C by applying 80 V for 2.5 h. How-
ever, the production cost of this specimen increased by 84% com-
pared to the previous specimen, while the capital cost decreased
by 25%. Mentioned specimens have been compared in details in
the term of voltage, time, power, energy production cost and
energy cost as provided in the table.

3.6. Mixture optimization and specimen Selection

In this part of the study, it is aimed to select the most suitable
specimen by considering different criteria according to all the
results obtained as described in follows,
In the case of production cost, which includes all materials and
labor costs, since it is a one-time use material type, ECONs with dif-
ferent materials may have a low coefficient of production cost
compared to the operating cost. During the optimization, the pro-
duction cost coefficient was accepted as 5%. For the operational
cost of the ECON (includes the cost of consumed electrical energy)
the coefficient of this criterion is taken into account as 10% in the
optimization process. The most important factor affecting perfor-
mance is the resistivity of concrete. According to the results, the
specimens with the lowest resistivity showed the best perfor-
mance. The coefficient of the resistivity factor was 35%.

According to the findings of this study, since the compressive
strength of all specimens is tested above 40 MPa, the effect of this
factor is less considered and was calculated as 10%. Another factor
is heating time. Generally, the purpose of the application of ECONs
is to heat up the concrete in a short time and so as an important
factor, its coefficient is accepted as 25%. In the case of workability
of concrete, the requirements related to workability of concrete
during mixing can affect both the strength of the concrete and
the resistance. The coefficient of this factor is taken into account
as 10%. Finally, the coefficient of factors Nativity (Locality) and



Table 6
Time and energy required to increase the temperature from �10� C to +10� C.

NO Specimen code Voltage (V) Time (h) Power (W/m2) Energy (kW.h/m2) Production cost
($/m2)

Energy cost ($/m2)

1 N6C0.5S0 220 5.5 268.89 1.48 26.80 0.220
2 N6C1S0 80 2.5 442.9 1.11 49.16 0.163
3 N6C1S2 80 3.2 425.09 1.36 52.08 0.200
4 N6C0E1 220 3.4 406.48 1.38 15.42 0.204
5 N6C0.2E1 100 4 446.9 1.79 136.50 0.263
6 N6C0.2E1.5 80 2.2 584.74 1.29 29.88 0.189

Note: The values are calculated for a 5 cm thick concrete slab.

Table 7
Raw values used for optimization.

No Specimen code Production cost
($/m2)

Operating cost
($/m2)

Resistivity
(O.cm)

Compressive strength
(MPa)

Warming time
(h)

Workability of
concrete

Locality Continuity

1 N6C0.5S0 26.80 0.220 4444 45.49 5.5 7.5 5 10
2 N6C1S0 49.16 0.163 357 47.82 2.5 5 2.5 10
3 N6C1S2 52.08 0.200 371 62.01 3.2 3 2.5 10
4 N6C0E1 15.42 0.204 2890 57.87 3.4 6 10 5
5 N6C0.2E1 136.50 0.263 552 41.82 4 6 8 5
6 N6C0.2E1.5 29.88 0.189 270 39.52 2.2 4 8 3.5

Table 8
Selection of specimens according to different criteria.

No Specimen code Production cost Operating
cost

Resistivity Compressive
strength

Warming
time

Workability of
concrete

Locality Continuity Efficiency
value

1 N6C0.5S0 �0.05 �0.10 �0.35 0.10 �0.25 0.75 0.10 0.30 0.50
2 N6C1S0 �0.09 �0.07 �0.03 0.11 �0.11 0.50 0.05 0.30 0.65
3 N6C1S2 �0.10 �0.09 �0.03 0.14 �0.15 0.30 0.05 0.30 0.42
4 N6C0E1 �0.03 �0.09 �0.23 0.13 �0.15 0.60 0.20 0.15 0.57
5 N6C0.2E1 �0.05 �0.12 �0.04 0.09 �0.18 0.60 0.16 0.15 0.61
6 N6C0.2E1.5 �0.06 �0.09 �0.02 0.09 �0.10 0.40 0.16 0.11 0.49
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Continuity were calculated as 2% and 3% respectively. Continuity
can be explained as the availability of the used materials in the
both form of domestic or even foreign imports which is a signifi-
cant factor during production.

Table 7 gives the raw values used for optimization. The values
of production cost, operating cost, resistivity, compressive strength
and heating time criteria were taken into account. For the worka-
bility criterion of concrete, a value between 2 and 7.5 was deter-
mined according to different mixtures. A value of less than 10
was accepted according to the different mixtures for the criterion
of locality and continuity. The values of all specimen in table 6,
were firstly divided by the values of the first specimen
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Fig. 9. Calculated efficiency values for different specimens.
(N6C0.5 s0) and then, final values have been obtained by multiply-
ing all the values by the relevant coefficients as shown in Table 8.

According to the described criteria, optimization analysis was
performed for different specimens in Table 8 and an efficiency
value was calculated for each specimen. The efficiency value was
obtained by adding all criterion values for each specimen.

The minus and plus signs in the table relate to the disadvantage
and advantage of the criteria for the specimen, respectively. The
maximum efficiency value was determined to belong to N6C1S0
specimen. In Fig. 9, the rankings of the specimens is given for com-
paring efficiency values.
4. Conclusion

In this study it was revealed that, the best results were obtained
for N6C1S0 and N6C0.2E1.5 specimens in terms of electrical con-
ductivity. Resistance value of N6C1S0 mixture was measured as
80 X.cm in cylinder specimens and 357 X.cm in slab specimens.
For N6C0.2E1.5 mixture, the resistivity values of the cylinder and
slab specimens were 98 and 270 X.cm, respectively. It was
observed that, nano carbon black, carbon fiber and steel fiber mate-
rials used in the mixture did not show any negative effect on the
compressive strength of concrete. In addition, the compressive
strength of most specimens was obtained above 50 MPa, whereas
the compressive strength of the normal specimen was measured as
44 MPa. The flexural strength of all produced conductive concretes
were increased compared to that of the normal specimen (~5 MPa).
By using different amounts of nano carbon black and 2 wt% steel
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fıber, the specimen containing 3 wt% nano carbon black showed a
higher result (9.02 MPa). The flexural strength of Electrically con-
ductive concrete (ECON) specimens containing waste wire erosion
increased by up to 54% compared to the normal specimen. From
the impact test, comparing steel fiber and carbon fiber results,
the most important factor affecting the impact energy is steel fiber.
Under test specimens were analyzed and good agreement between
experimental and simulation by Abaqus, was observed. 80 V and
100 V voltage values for N6C1S0, N6C0.2E1.5 and N6C1S2 ECON
specimens were found suitable. However, it was determined that
220 V voltage is required for appropriate temperature changes of
N6C0.5S0, N6C0E1 specimens. The power consumption of 180–
1315 W/m2 was used to warm the ECON slabs obtained from dif-
ferent mixtures. From the literature, however, at least 300 W/m2

power is required for melting snow and ice in cold regions. There-
fore, in this study, considering the heating time and cost, power
values between 300 and 550 W/m2 are recommended. Different
criteria as production cost, operating cost, resistivity, compressive
strength, heating performance, workability, locality and continuity
have been considered by optimization analysis. According to the
optimization results, N6C1S0 specimen was found to be more suit-
able than other specimens. The most negative aspect of waste wire
erosion -containing blends is the agglomeration of the fibers in the
blend and the prevention of homogeneity. Also Federal Aviation
Administration (FAA) is so adamant that such materials should
not be used in the paved areas of airfields, as they can turn into for-
eign object debris (FOD). By using shorter waste wire erosion, the
problem of agglomeration in the mixture can be investigated, and
if positive results are obtained, it can be used in non-airport
applications.
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