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Abstract: This paper proposes a modified carbon-based concrete filler composition, which can
potentially be used as a self-de-icing pavement. Carbon fibers (CNFs), graphene-like porous carbon
(GLC), and a CNF/GLC composite were developed to reinforce concrete with the aim to improve
its electrical conductivity and mechanical properties. The effect of the CNF and GLC loadings on
the electrical conductivity of the filled concrete was evaluated in a climatic chamber at temperatures
simulating water-freezing conditions on a concrete road. The results show that even a negligible
loading (0.2 wt.%) of concrete with CNF/GLC results in a dramatic decrease in its resistance when
compared to the same loadings for CNF and GLC added separately. Depending on the number
of fillers, the temperature of the modified concrete samples reached up to +19.8 °C at low voltage
(10 V) at —10 °C, demonstrating the perspective of their heat output for anti-icing applications.
Additionally, this study shows that adding 2.0 wt.% of the CNF/GLC composite to the concrete
improves its compressive strength by 33.93% compared to the unmodified concrete.

Keywords: carbon fiber; bio-waste graphene-like porous carbon; modified concrete; de-icing; electrical
resistance heating

1. Introduction

The icing of highways, bridges, airport runways, and other transport infrastructures
poses a serious danger to people’s lives. According to recent studies, snow and ice formation
are responsible for more than 15% of all road traffic accidents, which leads to huge human
and economic losses [1-4]. The traditional de-icing methods are predominantly based
on mechanical cleaning and the utilization of various chemicals such as sodium, calcium,
and magnesium chlorides. Though these methods have found wide applications due to
their low cost and simplicity, their long-term negative impact on the condition of road
surfaces and their contribution to environmental pollution are undeniable facts. The
use of salts leads to the formation of cracks in concrete and causes the corrosion of the
steel reinforcement inside the concrete. Meanwhile, the annual use of salts leads to their
accumulation in the soil, which negatively affects the environment. Studies [5-11] indicate
that salts used for road de-icing are causing water deterioration and the inhibition of tree
growth along roadsides.

The alternative method to reduce the icing of road surfaces is via locally heating the
concrete by passing an electric current through said surfaces. Since concrete is a dielectric,
various additives with high electrical conductivity are commonly used. Steel shavings and
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wool are widely used as such additives, and their content of up to 10 vol.% enables the
achievement of the required values of conductivity and the mechanical hardness of the
composite concrete [12,13]. Recent developments in additives undertaken to enhance their
electrical conductivity indicate that their size and distribution within the concrete matrix
are of decisive importance compared to the total mass loading [14]. Authors [12,15] have
demonstrated the importance of such parameters as the micro- and nano-sizes of the filler
particles and the control of the filler/cement, water/cement, and sand /cement ratios in the
achievement of the desired electrical resistance of the resulting concrete.

The benefits of carbon materials such as graphene [15,16], CNFs [17], and u-activated
carbon [18,19] towards increasing concrete’s electrical conductivity have also been reported.
Compared to steel wool and shavings, carbon materials do not require a large loading, and
the resulting carbon material-modified concrete does not require high electric current, which
reduces the potential risk to pedestrians and vehicles. However, the addition of graphene or
carbon nanotubes, even at less than 1 wt.%, significantly increases the cost of the modified
concrete. Previously, we successfully demonstrated that a graphene-like material obtained
via the carbonization and thermo-chemical activation of biological wastes (rice husks
and apricot shells) is characterized as quite comparable to commercial graphene’s optical,
mechanical, and electrical properties [20-22]. The utilization of an inexpensive approach in
the synthesis of targeted valuable carbon-based products from bio-waste precursors offers
great advantages since it reduces the cost of the final nanostructured material significantly.
The addition of graphene initially increases the electrical conductivity of concrete, which
can be further improved by using CNF-based additives. Moreover, CNFs not only provide
a high electrical conductivity, but also serve as a reinforcing agent in the structure of
concrete [23-25].

Considering the above, the purpose of this study is to develop an additive to improve
the effectiveness of concrete de-icing to suppress road surface icing and thereby solve the
problems faced in road maintenance. To achieve the research objectives, the concrete has
been modified with carbon nanofibers and a graphene-like porous carbon obtained from
biowaste. The utilization of bio-waste materials in the carbonaceous filler’s synthesis is
aimed at reducing the cost of electrically conductive concrete [26]. Furthermore, a simple
and inexpensive electrospinning method was used for the carbon nanofibers” produc-
tion [27]. The influence of additives on the mechanical properties on the resulting concrete
was evaluated via measurements of the specific resistance of concrete blocks. According
to the obtained results, the optimal composition of the concrete mixture modified with
carbon filler (1 wt.%) not only improves the values of conductivity but also enhances the
mechanical characteristics of the concrete structure and its hydrophobicity. As a result
of the gained hydrophobicity, the concrete will adsorb less water (and fewer dissolved
substances) and, consequently, will be better protected during exploitation.

2. Materials and Methods
2.1. Synthesis of Graphene-like Porous Carbon from Biological Waste

Graphene-like porous carbons (GLC) were obtained from the bio-waste with reference
to methods reported elsewhere [20,27] with minor changes. Briefly, pre-cleaned walnut
shells (WSs) were ground to an average size of 2-6 mm using an impact mill; then, they
were thoroughly washed with hot distilled water and passed over a 2 mm sieve to remove
smaller particles and dust and dried at 120 °C (with a heating rate of 10 °C min~—1) for 10 h
in a bench oven. Afterwards, crushed WSs were carbonized at 480 °C, with a heating rate
of 5°C min~1, for 110 min, and under Ar atmosphere with a gas flow rate of 160 cm? /min.
Further, the carbonized WSs were thermochemically activated by mixing them with KOH
(Sigma Aldrich, Saint Louis, MO, USA, >90%, flakes) at 1:4 mass ratio, and then heating
them for 5 h at 360 °C to execute the complete impregnation of carbonized WSs with KOH.
The carbonaceous product impregnated with KOH was then thermo-chemically activated
at 850 °C over 90 min (heating rate 7 °C min~!; Ar flow rate of 220 cm?/min). Obtained
carbonaceous product was washed with hot deionized water until neutral pH was reached
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for complete removal of reaction by-products. Finally, as-received GLC was dried in a
bench oven at a temperature of 120 °C for 10 h and then in a vacuum oven at 150 °C and
pressure of 10721073 Torr for 2 h.

2.2. Electrospinning of CNF/GLC Composite

To produce 1D composite of GLC and CNFs, the electrospinning method followed
by two-step carbonization was applied. A total of 0.5 g of polyacrylonitrile (PAN) was
dissolved in 10 mL of ethanol and 0.05 g of GLC was added to the mixture under constant
stirring (120 rpm) for 30 min, ensuring the complete homogenization of GLC within the
polymer solution. Resulting solution was then loaded into a 2.5 mL medical syringe and
fibers were formed via an electrospinning setup (voltage—30 kV and distance between
needle and collector—15 cm), the scheme of which is given Figure 1a. Collected electrospun
GLC/PAN mats were thermally stabilized at 185 °C for 15 min, calcined at 500 °C for 30 min
in Ar atmosphere, and designated as CNF/GLC composites. GNFs represent carbon fibers
obtained from PAN fibers without carbon filler.
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Figure 1. (a) Scheme of electrospinning setup with a needle and flat horizontal metal collector, and
(b) preparation of concrete samples modified with the carbonaceous additive.

2.3. Preparation of the Concrete Filled with CNE/GLC Composite

Prior to the sample preparation of filled concrete, an appropriate amount of filler
(CNFs, GLC, or CNF/GLC composite) was weighed and dispersed ultrasonically in DI
water (45 mL) at 32 kHz for 30 min (Figure 1b). Portland Cement (M300, Type II, ASTM
C 150) was used in the concrete mix; it has a specific gravity of 2.9, requires 34% of its
volume to be water to obtain cement paste of standard consistency, and has an initial
setting time of about 45 min. Good quality river sand with specific gravity of 2.7 (BSI BS
882:1992) was used as a fine additive. The optimal ratio for concrete samples’ preparation
was experimentally determined to be 1:1.5:0.9 (cement:sand:aqueous solution of filler);
fillers were added as aqueous dispersion ranging from 0.2 to 2.4 wt.% (with 0.2 wt.%
step) for final composition. It was found that blank concrete mix required less water to
obtain cement paste of standard consistency, and concrete blank mix design is as follows:
1:1.5:0.8 (cement:sand:water). This is probably due to the specific mass—volume ratio of
carbonaceous fillers. Test specimens were casted as 20 mm X 20 mm x 20 mm cubes
per mix proportion with and without fillers to determine their electrical resistance and
compressive strength. For each fiber proportion, 3 cubes were cast for each trial. In total,
111 cube-shaped samples were cast for the complete investigation. The specimens were



Coatings 2022, 12, 1629

4 of 14

de-molded after 24 h and then cured for 28 days in desiccators, at ambient temperature
and partially submerged conditions.

2.4. Characterization

The surface morphology of the obtained carbonaceous samples and their composites
was investigated using a Quanta 3D 200i scanning electron microscope (SEM, FEI, USA)
with an accelerating voltage of 15 kV. The structure of the GLC powder was investigated by
transmission electron microscopy (TEM, JEM-2100, Japan) with high-voltage and current
stability. Structural analysis was performed using the X-ray powder diffraction data
obtained via DRON-8 diffractometer (Cu Kx-radiation). Data were collected with scanning
rate of 0.02° in a 20 range from 0 to 70°. A Raman characterization was performed on
a Raman spectrometer NTEGRA Spectra (A = 473 nm; the area signals had a diameter
of 80 nm). Compressive strength characteristics of filled and unfilled concrete samples
were tested with Shimadzu AGX 100 kN electromechanical-testing machine at a crosshead
speed of 0.5 mm/min. Surface-wetting angles of the concrete samples were measured by
a goniometer; in all wettability tests, 2 uL of distilled water was placed on each sample’s
surface using a handy step pipette.

2.5. Electrical Conductivity and Heating Performance Tests

To determine the electrical resistance of cubic concrete samples, a two-probe method
was used. Figure 2 presents the scheme and a digital image of experimental cell setup for
measurement of electrical resistance of concrete cubes using a digital multimeter, Total
(Model: TMT47503). The cell was made from a Teflon (dielectric) and a constant voltage of
10 V was applied to the copper plate electrodes at both sides of the concrete blocks via DC
power supply (UTP3315TFL-II). The concrete blocks” heating rate at negative temperatures
was studied in climatic chamber at conditions simulating ice formation on a road using
thermal image-capturing technique with a Bosch GTC 400 C thermal camera. The additional
specifications of the used equipment are presented in Table 1.

) —
]
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Concrete sample
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Figure 2. (a) The scheme of the cell setup for measurement of the electrical resistance of cement
specimen and (b) optical image of the cell setup with connected digital multimeter.

Table 1. Specifications of measurement equipment used during the test.

Equipment Manifacturer/Model Specifications

Non-contact voltage detection;
DC Voltage: 600 mV/6 V/60V/600V/
Digital multimeter Total (TMT47503) 1000 V + (0.5% + 3);
Resistance: 600 )/6 kQ)/60 k)/600 kQ)/
6 MQ) + (0.8% + 3).

Measurement range: 10 °C to + 400 °C;
Measurement accuracy of IR: +3.0 °C;
Resolution: 0.1 °C;

Focus distance—minimum: 0.3 m.

Thermal camera Bosch GTC 400 C
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3. Results and Discussion
3.1. CNF, GLC, and CNF/GLC Composite Characterization

SEM images of the WS-derived carbonaceous products before and after chemical
activation are shown in Figure 3. As can be seen, the surface of the WS after carbonization
is represented as a rough, dense structure with defects and small indentations (Figure 3a—c).
Thermo-chemical activation transformed the WS into a flaky, spongy, and porous GLC
structure (Figure 3d—f). This significant surface morphology alteration is explained by the
harsh conditions of the thermal transformation/activation when the evacuation of low-
volatility compounds results in the formation of new structural arrangements completely
different from the initial ones. The TEM analysis of the WS-derived structures (Figure 3g,h)
revealed the presence of 2D graphene-like nanosheets of a randomly layered structure
in the prepared GLC. Wrinkles and overlapping layers (darker area in the TEM images)
are characteristic of biomass-derived graphene and contribute to the porous structure of
GLC [28], while the light areas in the TEM images indicate the presence of sparsely layered
graphene in the structure [29].

’i,’
&

1,500 a0ym 0000 10 57 SE1

-

Figure 3. Electron microphotographs of WS-derived carbons: (a—c) SEM images before thermo-
chemical activation; (d—f) SEM and (g,h) TEM images after thermo-chemical activation.

The Raman spectrum of the GLC (Figure 4a) contains both the G-band (1582 cm™1)
and the D-band (1357 cm™!). The D-band is related to the edge and structural defects
of disordered carbon, while the G-band corresponds to sp?-hybridized carbon atoms,
confirming the presence of graphite in the sample. The 2D-band (2717 cm ') can be used
for the calculation of the number of graphene layers in the structure of the GLC [30,31].
According to the ratio of I  to Irp, the obtained GLC has a sparsely layered (5-7 layers)
graphene structure. The graphene-like structure of the GLC was also confirmed through the
XRD analysis. The XRD pattern of the GLC sample (Figure 4b) contains a diffraction peak
at 25.87 20° (002), which corresponds to the formation of a graphene-like structure [32]. A
broad peak of low intensity at 43.25 26° (100) indicates the absence of a graphitized phase
in the sample. The calculated interplanar spacing (d) for the obtained GLC samples is
0.34405 nm, which is close to the theoretical spacing of graphene nanosheets and is higher
than that for graphite.
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Figure 4. (a) Raman spectra and (b) XRD pattern of GLC.

To fabricate the CNFs and CNF/CLC composite, the electrospinning method, followed
by the thermal stabilization and calcination of the 1D samples, was used. The structural
and morphological characteristics of the CNF and CNF/GLC fibers were investigated by
SEM and TEM. The CNF sample in the SEM image (Figure 5a) appears as network of
fibers with an average diameter up to 100 nm and a random orientation. In the case of the
CNF/GLC composite (Figure 5b), some agglomeration and formation of additional layers
along the CNF surface can be observed. These agglomerates are probably caused by the
presence of GLC in solution during the electrospinning process. A further investigation
of the interaction nature between the CNF and GLC within the composite was performed
using TEM. According to the TEM images of the CNF/GLC composite (Figure 5¢,d), the
nanoplatelets of GLC are homogeneously distributed within the CNF structure. Thus, the
successful formation of a homogeneous CNF/GLC composite was confirmed.

Figure 5. (a) SEM images of CNF and (b) CNF/GLC composite and (c,d) TEM images of
CNF/GLC composite.

3.2. Investigation of the Concrete Unfilled and Filled with CNFs, GLC, and CNF/GLC
3.2.1. Electrical Resistance Tests

The addition of carbonaceous materials into the concrete mix considerably altered the
concrete’s electrical resistance. The introduction of 0.2 wt.% of the CNF/GLC composite
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into the concrete mix resulted in a sharp decrease in resistance (8.4 £ 0.29 M(}), which
is rather low when compared with the same loading of CNFs (14.1 + 0.2 M) or GLC
(13.9 £ 0.14 MQ)) (Table 2). However, increasing the concentration of the CNF/GLC com-
posite above 1.0 wt.% in the concrete mixture did not lead to an increase in the values of
electrical resistance, and when compared to the same values of the CNFs and GLC, the
differences in the values of electrical resistance become indiscernible.

Table 2. Electrical resistance of concrete after addition of carbon nanomaterials *.

No. CNF GLC CNF/GLC Composite
CSVI:;;“’ Resllvsltsnce, Power, W C‘(:vr:.tf/;lt, Resll\it;)nce, Power, W C‘(’)vr;-t;?t, Resll\f[t:)nce, Power, W
1 0.2 14.1+£0.2 7.09 0.2 139 £0.14 7.19 0.2 8.4 +0.29 11.9
2 0.4 6.3 £ 0.87 15.87 0.4 55+0.78 18.18 0.4 3.2+0.76 31.25
3 0.6 2.9 +£0.15 34.48 0.6 43 4+0.22 23.26 0.6 1.2+ 0.6 83.33
4 0.8 1.7+ 0.3 58.82 0.8 1.2+0.21 83.33 0.8 0.8 + 0.065 125
5 1 0.42 +0.12 238.1 1 0.36 & 0.12 277.78 1 0.29 4+ 0.045 344.83
6 1.2 0.38 £+ 0.046 263.16 1.2 0.45 £ 0.069 222.22 1.2 0.31 £ 0.04 322.58
7 1.4 0.381 4+ 0.17 262.47 1.4 044 +0.17 227.27 1.4 0.3 +0.17 333.33
8 1.6 0.34 + 0.01 294.12 1.6 0.21 4+ 0.096 476.19 1.6 0.31 £ 0.1 322.58
9 1.8 0.35 £ 0.021 285.71 1.8 0.26 = 0.078 384.62 1.8 0.22 +£0.02 454.55
10 2 0.39 £+ 0.019 256.41 2 0.15 £ 0.042 666,67 2 0.1 +£0.019 1000
11 2.2 0.42 4+ 0.084 238.1 2.2 0.14 4+ 0.035 714.29 2,2 0.12 +0.09 833.33
12 24 0.37 +£0.014 270.27 24 0.12 £ 0.017 833.33 24 0.11 £ 0.041 909.09
CNF GLC CNF/GLC composite
CSVI:;;“’ ResllvsIt(e;nce, Power, W C‘(:vr:.t;;lt, Resll\itgnce, Power, W C‘(’)vr;.t;ft, Resll\itsnce, Power, W
0.2 141 +0.2 7.09 0.2 139 £0.14 7.19 0.2 8.4 +0.29 11.9
0.4 6.3 £ 0.87 15.87 0.4 55+0.78 18.18 0.4 3.2+0.76 31.25
0.6 2.9 +£0.15 34.48 0.6 43 4+0.22 23.26 0.6 1.2+ 0.6 83.33
0.8 1.7+ 0.3 58.82 0.8 1.2+0.21 83.33 0.8 0.8 + 0.065 125
1 0.42 +0.12 238.1 1 0.36 +£0.12 277.78 1 0.29 £ 0.045 344.83
1.2 0.38 £+ 0.046 263.16 1.2 0.45 £+ 0.069 222.22 1.2 0.31 £ 0.04 322.58
1.4 0.381 4+ 0.17 262.47 1.4 0.44 +0.17 227.27 14 0.3 +£0.17 333.33
1.6 0.34 + 0.01 294.12 1.6 0.21 £ 0.096 476.19 1.6 0.31 £0.1 322.58
1.8 0.35 £ 0.021 285.71 1.8 0.26 = 0.078 384.62 1.8 0.22 +£0.02 454.55
2 0.39 £+ 0.019 256.41 2 0.15 £ 0.042 666.67 2 0.1 +£0.019 1000
2.2 0.42 + 0.084 238.1 2.2 0.14 + 0.035 714.29 2.2 0.12 £ 0.09 833.33
24 0.37 +£0.014 270.27 24 0.12 £ 0.017 833.33 24 0.11 £ 0.041 909.09

* For the control sample without the addition of carbon nanomaterials, the resistance was 15 4 0.81 MQ).

The electrical resistance values of the concrete blocks filled with CNF, GLC, or the
CNEF/GLC composite are presented as a plot function of resistance vs carbonaceous filler
loading (Figure 6a). The data analysis confirms that the addition of the CNF/GLC compos-
ite at a low amount (0.6 wt.%) significantly affects the electrical resistance of the concrete
compared to the control sample (unfilled concrete), for which the resistance value was
recorded as 15 £ 0.81 MQ). The obtained values of electrical resistance for concrete with
CNF and GLC content from 0.1 to 2 wt.% are in full agreement with the results of works
devoted to the study of various materials, including graphene and CNFs, for electrically
conductive concrete preparation [33-35]. However, the addition of carbon nanomaterials
to the concrete mix at an amount higher than 1 wt.% is not economically viable. According
to [36], the addition of 0.5 wt.% CNFs reduces the cost of electrically conductive concrete
by 43% compared to the same for nano-sized carbon (at 6 wt.% loading), and by 37%
compared to that of recycled metal shavings (at 1.5 wt.% loading). As a result, the addition
of the CNF/GLC composite has a more pronounced effect on the electrical properties of
the concrete sample.
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Figure 6. Plots of electrical resistance as function of filler loading (a) and concrete specimen tem-
peratures as function of electric current passage time (b) for concrete samples with different carbon
additives at 1 wt.% filling rate.

Obviously, to determine the optimal mass loading of the carbon-based additives,
additional long-term studies focused on electrical conductivity (more than 2 years) are
required. The results of these long-term investigations would help to determine the
dependence of electric resistance on time and evaluate the effects of CNFs, GLC, and
the CNF/GLC composite on the corrosion resistance of electrically conductive concrete.
As suggested above, the content of carbon materials in the concrete mixture should not
exceed 1 wt.%. As shown, the further increase in the amount of added carbon filler to the
concrete did not improve its electrical conductivity; instead, it could negatively affect the
cost of electrically conductive concrete. Considering the results obtained in the current
investigation, further tests of heat performance for the filled concrete specimens were
executed for blocks with a 1 wt.% filling.

3.2.2. Heat Performance Tests

Regarding the electric heating-based thermal de-icing approach, the thermal properties
of concrete directly depend on its electrical conductivity. Therefore, to investigate the
properties of conductive concrete, it is necessary to measure its electrical conductivity and,
based on these results, reveal the optimal parameters for the heating of concrete blocks.

The heating efficiency tests of the concrete blocks with CNFs, GLC, and the CNF/GLC
composite (1.0 wt.%) were performed in a climate chamber simulating icing conditions at
—10 °C. The increase in the temperature of the concrete blocks was achieved by resistive
heating at a voltage of 10 V and was captured by a thermal camera (Figure 7). Each
experiment was continued for 50 min with data recorded at 10 min intervals. Data were then
plotted as a function of the concrete specimen’s temperature vs. the time of the experiment
(Figure 6b). It was found that at over 50 min of experiment time in the climate chamber, the
concrete blocks filled with 1 wt.% of CNFs, GLC, and the CNF/GLC composite reached
6.5 °C, 15.3 °C, and 19.8 °C (Figure 6b), respectively, from an initial temperature of —10 °C
at the zero moment of the experiment (Figures 6b and 7). Meanwhile, the temperature of
the concrete sample without the addition of carbon materials remained unchanged.

It is worth noting that the heating occurred evenly in every filled concrete sample
under investigation, which indicates the appropriate selection of the mixing parameters
of concrete and carbonaceous fillers. According to the infrared image analysis (Figure 7),
the temperature was distributed within the block volumes evenly, while the contact points
of the concrete block and copper plates do not create a temperature contrast compared to
the other areas, confirming a good affinity between the concrete and copper pads. Since
the good surface contact between the copper and the concrete block does not interfere
with the passage of the electric current, the contact resistances are minimized in the places
where local overheating occurs. During the construction of concrete road transport systems,
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it may be preferable to use thick copper plates with a conductive gel, which will create
uniform contact and distribute the pressure evenly.

Figure 7. Digital images of the experimental cell setup within the climatic chamber (a), and thermal
images of concrete blocks filled with CNFs (b,c), GLC (d—f), and CNF/GLC composite (g-i).

3.2.3. Mechanical and Hydrophobic Properties

The influence of the carbon-based additives on the mechanical strength of concrete
was investigated by an analysis of the corresponding compressive strengths. It was found
that the compressive strength of the concrete specimens increases with an increasing
CNF/GLC content. The concrete samples with a content of 1 wt.% and 2 wt.% of the
CNF/GLC composite exhibited compression strength values of 23.28 and 33.0 N/mm?
(Figure 8a), respectively, while this value for the unfilled concrete sample was found to
be 21.8 N/mm? (Figure 8a). This can be explained by the uniform distribution of the
CNEF/GLC within the concrete matrix, which results in a strong interaction of the carbon
composite with the cement hydration products, leading to the improved bonding of each
part of the concrete matrix. Therefore, when the sample is subjected to external forces,
the CNF/GLC in the concrete matrix can inhibit and absorb crack propagation energy,
resulting in the increased mechanical strength of the concrete. However, the further increase
in the carbon-based composite’s content in the concrete leads to its possible sticking and
agglomeration, which complicates its uniform distribution over the concrete matrix during
the preparation procedure. These agglomerates have a negative impact on the possibility
of the practical application of the prepared concrete mixture, since numerous mechanically
unstable zones are formed in the concrete matrix, leading to a decrease in the concrete’s
mechanical strength. The wear resistance of concrete is the ability of the concrete surface to
resist abrasion. It is known that the use of concrete as a road surface and industrial floors
leads to its abrasion, scratching, and slippage due to constant mechanical loads, which
result in its surface wear [37,38]. To determine the degree of wear resistance of the concrete,
the loss of mass per unit area of the sample and the decrease in the height of the sample
subjected to the test were considered. The mechanical tests demonstrated that the concrete
sample with 1 and 2 wt.% of the CNF/GLC loadings exhibited abrasion values of 0.93 and
098 g/ cm?, while for the carbon-free sample this value was established as 0.87 g/ cm?.
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The obtained results confirm that the introduction of carbon composite into a concrete mix
leads to a noticeable increase in its wear resistance characteristics.

|

35 [WE Pure concrete
Il with 1% of CNF/GLC
30 I with 2% of CNF/GLC

25+

20+

Compressive strength, MPa

21.8 MPa 2328 MPa  33.0MPa

d

138.6°

110.5°

Figure 8. (a) Compression strength of CNF/GLC (1 and 2 wt.%) modified concrete blocks compared
with pristine concrete block and (b) surface-wetting angles of pristine concrete block and (c) concrete
modified with 1 wt.% and (d) 2 wt.% of CNF/GLC.

Hydrophobicity is a vitally important characteristic of coating applications. It has
been reported that concrete hydrophobization can be implemented into the manufacture
of pavement, as it prevents ion permeability and freeze-thawing leading to the concrete
structure’s distortion. In addition, the surface-wetting contact angle in concrete () is
an important parameter to define the concrete’s hydrophobicity or hydrophilicity. It is
generally accepted that if 6 < 90°, the material’s surface is more hydrophilic, and, therefore,
water can easily penetrate it; if 6 > 90°, the tested surface is more hydrophobic, and water
droplets evaporate off of the surface rather than penetrate the capillary. To investigate the
influence of the CNF/GLC additive (which has a superior result in the heat performance
tests among the filled concrete blocks) on the degree of hydrophobicity of the tested concrete
blocks, the surface-wetting angles for the tested specimens were measured and analyzed.
Figure 8b—d display the measured results regarding the water contact angles for both
the filled and unfilled concrete samples with different CNF/GLC contents. Shown in
Figure 8b—d, the wetting angle increased firstly with the CNF/GLC’s addition and then
increased further with the further increase in the CNF/GLC content. Although the unfilled
concrete is intrinsically hydrophilic (Figure 8b, 6 = 24°), it reacts with the filler and then
forms a structure with hydrophobic properties. The addition of 1 wt.% of the CNF/GLC
composite into the concrete matrix resulted in the increase in the block’s wetting angle to
110.5° (Figure 8c). The further increase in the carbon composite loading in the concrete
mixture (2 wt.%) resulted in an increase in the wetting angle up to 138.6° (Figure 8d),
indicating the strong hydrophobic properties of the final material. Thus, the addition of the
CNF/GLC composite at a loading of 1 wt.% into the concrete mix results in a significant
increase in its surface hydrophobicity. In turn, the added ability of the concrete filled
with the CNF/GLC composite to conduct an electric current and heat up, along with the
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hydrophobicity of its surface, have a significant positive effect on its anti-icing behavior
and water penetration resistance.

Table 3 summarizes the results of recent works devoted to the fabrication of self-
heating concrete. From the Table, it can be seen that the most commonly used additives in
concrete mixes are CNFs, inorganic compounds, steel-based fibers, graphite, etc. The de-
icing method is commonly divided into electrothermal and microwave-assisted approaches.
The detailed analyses of the heating outputs of the modified concrete types are provided in
the Table.

Table 3. Thermal method in concrete de-icing.

Material Composition

Applied De-Icing Approach Characteristics of the De-Icing Process Ref.

Carbon fiber conductive
bonding layer

At the constant temperature of —5 °C, the
surface temperature of the pavement could reach
above 0 °C after the conductive bonding layer
was electrified for 100 min under 36 V voltage

Electrothermal [39]

SiC-F63 O4

The ice-thawing time of microwave-enhanced
functional layer with —15 °C initial temperature
was 46 s. It was increased about 1.7 times in
contrast to —5 °C.

Microwave [40]

Carbon fiber

The results show that carbon fiber-modified
concrete has the highest heating rate, with a
value of 1.680 °C/s, which is 4.46 times higher
than that of pristine concrete.

Microwave [17]

Steel fiber confined graphite

The average surface power density of the ramps
Electrothermal was between 200 W/m? and 300 W/m?2, which is [41]
adequate for melting ice in winter environment.

A heating experiment on concrete slabs with
carbon fiber heating wires was conducted in a
refrigerator at —25 °C. It is shown that with an

Carbon fiber heating wires Electrothermal input power of 1134 W Jm?2, the temperature on [42]
the slab’s surface rises above 0 °C after 2.5 h at
an approximate rate of 0.17 °C/min.
The enhancements of the three absorbing
Iron black, silicon carbon, and Microwave materials ranked from high to low are in the [43]
graphite following order: graphite, iron black, and
silicon carbon.
Carbon fibers/graphene-like o o
porous carbon composite Electrothermal Modified concrete was heated to +19.8 °C at low This article

(CNF/GLC)

voltage (10 V).

4. Conclusions

This research aimed at providing a design approach for de-icing pavement concrete
with optimized electrical conductivity and mechanical properties for a critical performance
evaluation. The structures of the carbonaceous fillers (CNF and GCL) and their composite
(CNF/GCL) as well as a concrete mix were designed, and the efficiency of electrical
resistance de-icing was studied. The application value of CNF/GCL in the electrical
resistance de-icing of concrete was revealed. From the experimental observations, it has
been concluded that:

1. The carbonaceous additive incorporated in the concrete improved its compressive
strength, wetting angle, and electrical conductivity compared to the pristine concrete when
0.5 wt.%—1 wt.% was added. The obtained results indicate that the addition of 2.0 wt. %
CNF/GLC composite in mortar increases compressive strength by 33.93% compared to
unfilled mortar.
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2. The addition of 1.0 wt.% carbonaceous additive to the mixture results in an optimum
conductive blend for de-icing performance. However, the effect of the CNF/GLC composite
is more substantial that the CNF and GLC in terms of performance improvement. The
temperature of the modified concrete increases to +19.8 °C at a low voltage (10 V), which
indicates the promise of its heat transfer properties for anti-icing applications.

3. When comprehensively considering the hydrophobicity, mechanical strength char-
acteristics, de-icing effect, and economic cost of the concrete filled with CNF/GLC at a
1.0 wt.% rate, it is clear that it achieves the best results for practical applications. In other
words, the carbonaceous additive reduces the cost of electrically conductive concrete by
43% compared to the same cost for nano-sized carbon (at 6 wt.% loading), and by 37%
compared to that of recycled metal shavings (at 1.5 wt.% loading).

The results show that the CNF/GLC composite has good electrical resistance-heating
efficiency. It can be applied in the de-icing of concrete pavement to protect the environment,
save natural resources, and utilize agricultural waste. In the future, concrete filled with
CNF/GLC would be an attractive candidate for pavement in climatic areas subject to
sub-zero temperatures. We propose that future works should be focused on the long-term
investigation of the electroconductivity and advanced study of the mechanical properties
of concrete composites with CNF/GLC and other types of conductive carbon as additives
at various ratios.
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