
1 Introduction
Multifunctionality consists of taking advantage of the structural material itself to develop nonstructural functions, without the need of any type of external device. Multifunctionality is achieved by combining a cementitious material with

different additions that provide the resulting material a new range of applications [1–10], keeping or even improving its structural characteristics [11–16]. Thus, cost is reduced, design is simplified, durability is enhanced increasing the surface

volume and the decrease of the mechanical properties due to the use of embedded devices is minimized. Functional properties include: anode for electrochemical chloride extraction [2,3], electromagnetic wave shielding [5], strain/stress sensor

[6–8], dynamic monitoring and damage detection [8–10], electrical and thermal conductivity enhancer [17], temperature sensor, heating and thermal control [17–21], among others.

This research is focused on one of these properties: it is studied both from the experimental point of view as well as by simulation with a mathematical model, the heating caused by the flow of electric current through a cement paste

containing carbonaceous materials such as nanofibers, nanotubes, carbon fiber powder and graphite powder, which reduce the electrical resistance of the resulting composite. This study may serve as a base for the many applications that a

cementitious material capable of increasing its temperature in a controlled manner would have such as evaporating the rainwater of a sports court, heating a room through walls and/or floor or melting ice of a road or a runway of an airport,

without the use of salt.

The electrically conductive cementitious materials are a category within multifunctional cementitious materials. The increase in conductivity (or reduction of the electrical resistivity) of these materials is accomplished by adding

conductive materials to the cement paste. The greater the fractional volume of conductive additive the greater the conductivity of the resulting material. Carbonaceous materials have a high thermal conductivity (although not as high as metals),

a low coefficient of thermal expansion (lower than metals) and are highly resistant to corrosion [13,14]. All this makes these materials good candidates for thermal applications in multifunctional cementitious composites such as heating of

buildings or pavement deicing, among others.

Thus, with the application as ice controller on different transportation infrastructures (highways, interchanges, bridges, airport runways, for example) the safety for the drivers would be increased, while not compromising the durability of

the structures with the use of substances that can damage it.

Self-heating and deicing conductive cement. Experimental study and modeling

J. Gomisa

O. Galaoa

V. Gomisb

E. Zornozaa

P. Garcésa, ⁎

pedro.garces@ua.es

aDepartment of Civil Engineering, Universidad de Alicante, P.O. Box 99, E-03080 Alicante, Spain

bDepartment of Chemical Engineering, Universidad de Alicante, P.O. Box 99, E-03080 Alicante, Spain

⁎Corresponding author. Tel.: +34 965903400.

Abstract

This research studies the self-heating produced by the application of an electric current to conductive cement pastes with carbonaceous materials. The main parameters studied were: tType and percentage of carbonaceous

materials, effect of moisture, electrical resistance, power consumption, maximum temperature reached and its evolution and ice melting kinetics are the main parameters studied. A mathematical model is also proposed, which

predicts that the degree of heating is adjustable with the applied voltage. Finally, the results have been applied to ensure that cementitious materials studied are feasible to control ice layers in transportation infrastructures.

Keywords: A. Temperature; D. Cement paste; E. Composite; E. Modeling

elsevier_JCBM_6096



The technique of snow removal by mechanical ways is the most used but it is an intensive, costly and time consuming labor. Furthermore, not all the snow is completely cleaned from the driveway by the snowplows, leaving a small

layer to be eliminated. Many of the methods currently used to remove ice from roads are based on the use of chemicals. Most of them are harmful to both reinforced concrete and steel structures (viaducts, tunnels, airport runways) and for the

environment. Compared to these methods discussed, there is the possibility of using heating systems of conductive concrete layers. Several researchers have analyzed the feasibility of using conductive multifunctional concrete, with different

additions, for pavement deicing [18–25]. Since the late 90s, steel fibers, steel shavings, carbon fibers, and graphite products have been added into concrete as conductive materials to greatly improve the electrical conductivity. Some drawbacks

about using steel shavings in the mixtures were noticed, and thus carbon products were used to replace the steel shavings in the conductive concrete mixture design.

A conductive concrete deck using carbon products of different particle sizes was implemented for deicing on a 36 m-long and 8.5 m-wide highway bridge at Roca, Nebraska. The deicing system worked well in four major snowstorms in

the winter of 2003 and delivered an average power density of 452 W/m2 to melt snow and ice.

Also a method of deicing with carbon fiber heating wires (CFHWs) embedded inside concrete slabs has also been verified, showing that, with an input power of 1134 W/m2, the temperature on the slab surface rises from −25 °C to above

0 °C in 2.5 h at an approximate rate of 0.17 °C/min.

With the purpose of studying the thermal function, this research is focused on the heating effect produced by the electric current passing through a cement that has been added with various carbonaceous materials such as carbon

nanofibers (CNF), carbon nanotubes (CNT), carbon fiber powder (CFP) and graphite powder (GP), all with high electrical conductivities and capable of reducing the electrical resistance of the resulting cementitious material. In a first phase, the

influence of the different variables (percentage of carbonaceous material, moisture and water/cement ratio) is analyzed applying different voltages within the ends of the various samples. In a second phase, classical physics equations apply

such as laws of Fourier, Newton and Joule effect to explain the results. The necessary parameters to simulate the previous experiments are calculated and experimental temperatures are compared to those calculated with the proposed model.

Once checked, this method can be used to predict the temperature increases that would occur on other samples without further tests.

Finally, the results have been applied to ensure that cementitious materials studied are feasible to control ice in transportation infrastructures. For this purpose, a layer of ice has been placed on the samples, studying the ice melting

produced. Also, extrapolating the results obtained, a study of the energy requirements to remove a layer of ice present on a transportation infrastructure has been carried out.

2 Materials and methods
2.1 Materials

Samples of 10x10x1cm3 10 × 10 × 1 cm3 were fabricated with the following materials:

Portland cement CEM I 52.5 R according to European standards [26] was employed. Common tap water was used to assimilate the laboratory experience to the field conditions. The carbonaceous materials employed were: graphite powder (GP)

supplied in sacks; carbon fiber powder (CFP) with 130 µm length and 13 µm diameter; carbon fiber (CF3) with 3 mm length and 13 µm diameter; carbon nanofibers (CNF), with an outer diameter ranging between 20 and 80 nm and a length greater than 30 µm;

multi-walled carbon nanotubes (CNT) produced by a catalytic process of vapor deposition of carbon, with a length/diameter ratio greater than 150.

2.2 Samples fabrication
To study the behavior of the samples with electrical current flow, different percentages of carbonaceous materials were employed. These percentages were chosen according to the electrical properties of the materials. The dosages are expressed in

terms of the amount of cement used. Table 1 shows the dosages and materials employed. The dimensions of the samples were 10 × 10 × 1 cm3.

Table 1 Dosages and materials employed in the different samples.

Materials WPCMa Water to cement ratio Volume (cm3) Wet weight (g) Dry weight (g)

Only cement 0 0.35 131 263 237

Graphite powder 5 0.5 103 191 159

1 87 136 104

Carbon fiber powder 5 1 90 151 120
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Carbon nanofibers 1 0.42 151 265 226

2 0.5 161 270 230

5 0.85 137 183 133

Carbon nanotubes 0.25 0.5 105 192 160

0.5 0.5 137 248 206

1 0.6 130 215 171

2 0.8 122 174 127

5 1.5 111 130 76

a WPCM: weight percentage of carbonaceous material.

For the dispersion of the carbonaceous material, it was weighed, mixed with water and subjected to various treatments in order to disperse it. Firstly, it was whisked for 10 min in a flat beater mixer. Then, the resulting solution was sonicated with an

ultrasonic emitter that transmits electrical current generating ultrasonic waves in an aqueous medium for 5 min. The cement paste was produced by mixing cement and carbonaceous material dispersed in water in a planetary mixer.

Pastes were casted as shotcrete on the 10 × 10 × 1 cm3 molds employing a shotcrete nozzle. After 24 h in a humid chamber, samples were unmolded. All samples were cured in a controlled atmosphere at 100% of relative humidity (RH) and 20 °C of

temperature, and remained so until the first test was performed, always after at least 28 days.

2.3 Heating tests
Samples tested were square plates of 10 × 10 cm2 and 1 cm thick, to which two electrodes of 10 × 1 cm2 surface formed by stainless steel mesh of 0.9 mm were added on two of the opposite faces. A constant potential difference was applied to the

electrodes. Faces in contact with the electrodes were painted with a layer of silver paint in order to improve electrical contact. Temperature sensors RTD (resistance temperature detector) employed were Pt100 sensors, whose resistance varies with temperature

variation. On the upper face of the sample, four of these sensors were stuck. Fig. 1 shows a scheme of a sample ready to be tested.

The test consisted of applying a constant potential difference between the two opposite painted faces (10 × 1 cm) while measuring the temperature variation at the surface of the sample. Voltages of 50, 100 and 150 V were applied to the two electrodes

with a digital DC power supply, some of the samples were dried for 5 days at 50 ° C and tested again, considering the influence of moisture in the different tests. The evolution of the applied current was measured with a digital multimeter, capable of recording

data, connected in series with the electrical circuit that transmits the potential difference from the source. Temperature sensors were connected to a data acquisition module that recorded the temperature of each of them. Subsequently all the data acquired was

transmitted to a PC for its processing. After a heating time that was over an hour, the potential difference was cut off and the temperatures were measured during the cooling process.

Fig. 1 Schematic diagram of a sample ready to be tested.
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2.4 Moisture and electric resistance
To measure the moisture of the samples several determinations of very long duration were carried out. Firstly, the samples were introduced in water for two days. Then, they were placed in closed containers at 25 °C with relative moisture of 100%. The

samples remained there for five weeks until constant weight was achieved, which defines the moisture of the samples in equilibrium with moisture of saturated air.

Then, the samples were placed in a vacuum oven at 50 °C and 5 mbar for 3 days. After that, the “partly dry” samples were weighted and their electrical resistance was obtained from the ratio between the voltage applied and the electrical intensity

measured with the same procedure used in the heating tests. These tests were performed in a very short period of time to avoid heating of the samples and possible evaporation of water.

Finally, the samples were placed again in the vacuum oven at 50 °C and 5 mbar for 3 weeks until constant weight was achieved. The “dry” samples were weighted and their electrical resistance was measured again.

2.5 Formation of ice layers above the samples
Melting ice tests were carried out on the same samples used in the heating tests described previously. For that, each sample was placed horizontally in an aluminum container at 0.5 cm from the bottom. Then, the container was filled up with water until a

level of 0.5 cm above the level of the sample upper face was reached. The four lateral side surfaces of the sample were protected with four plastic layers to avoid the formation of ice on them, especially the surfaces with the electrodes. The set was introduced in a

freezer at -−20 °C for one day. Afterwards, the sample was removed from the container and the plastic layers were separated. The final sample consisted of two 0.5 cm thick layers of ice on both sides and consequently, the volume of ice was 100  cm3.

2.6 Heating test of the samples with the ice layers
In order to calculate the melting ice rate another test was performed. It was carried out using the heating test described previously and continuously measuring the melted water weighting it with a scale. During the melting process, different photographs

of the samples were taken with a thermographic camera.

3 Results and discussion
3.1 Characteristics of the samples

Table 2 shows the electrical resistance of the samples determined using the method described previously. Each value of the electrical resistance includes the moisture content distinguishing between moist, partly dry and dry sample.

Table 2 Electrical resistance and moisture of the different samples.

Materials w/c Electrical resistance R (Ω) and moisture H (% dry basis)

Moist Partly dry Dry

R (Ω) H (%) R (Ω) H (%) R (Ω)

0% 0.35 3100 11 10,000 7 >250,000

GP 5% 0.5 1470 20 12,500 10 >250,000

GP 5% 1.0 1100 31 7100 11 >250,000

CFP 5% 1.0 1600 26 16,700 15 >250,000

CNF 1% 0.42 1830 17 4530 6 >250,000

CNF 2% 0.5 960 17 1300 7 >250,000

CNF 5% 0.85 730 38 740 6 745

CNT 0.25% 0.5 1650 20 3500 15 >250,000

CNT 0.5% 0.5 440 20 590 14 810

CNT 1% 0.6 180 26 205 11 270

CNT 2% 0.8 70 37 85 8 115
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CNT 5% 1.5 22 71 23 17 23

Firstly, the effect of the addition of the carbonaceous materials on the reduction of the electrical resistance of the sample can be evaluated and depends on the added amount of carbonaceous material. Thus, the addition of materials such as graphite

powder or carbon fiber powder produces small reductions in the electrical resistance. This decrease is greater in the case of nanofibers, obtaining important reductions in the electrical resistance compared with the sample without additions. The reduction

obtained with the use of nanotubes is much higher, achieving electrical resistances which are even 100 times smaller than the material without additions.

Furthermore, the decrease in electrical resistance produced by an increase in moisture in many samples must be emphasized, such as those without additions. In many cases this reduction is over several orders of magnitude. For these samples it was

concluded that water is the main factor responsible for the electrical conduction. On the other hand, the electrical conductivity of the samples with a 5% of CNT and CNF remains invariant with changes in moisture.

3.2 Heating/cooling tests
Different tests were carried out for each sample varying the applied voltage. The temperature of each Pt100 sensor was recorded and the obtained results were plotted versus time. For example, Fig. 2 shows the results obtained for the sample with 1%

CNF and w/c = 0.42 when the applied voltage was 100  V. As it can be seen in the graph, there are small differences in the temperature measurements of the four sensors. In the following figures, only the mean temperature is shown.

Depending on the degree of heating of the samples, different types of graphs can be produced. Their shape depends on the electrical power applied, the temperature reached and the amount of water present in the sample, whose influence is large

since it can be evaporated during heating. Figs. 3–6 show some examples of graphs obtained during the tests, which reflect some of the different behaviors. Notice that Figs. 3–5 have the same Y-scales. However, the Y-scales of Fig. 6 are different.

Fig. 2 Heating test for the sample with 1% CNF and w/c = 0.42. Applied voltage = 100 V. T1, T2, T3 and T4 are the temperatures measured with the four Pt100 sensors.

Fig. 3 Heating test for the sample with GP 5%, w/c = 1 and applied voltage = 50 V.
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The different behavior can be qualitatively explained as:

Fig. 3 shows an example of tests in which the power applied to the sample is unable to increase the temperature above 35 °C. In this case, a thermal equilibrium is reached in which the electric power per unit of time applied to the system is the same as

the power released as heat to the outside. Since the increase in temperature is not large, the electric resistance of the sample as well as the power applied to the system remains constant. The temperature increases to a constant value that occurs when the

energy losses to the environment are equal to the electrical energy applied.

Fig. 4 shows an example of tests in which the temperature of the sample increases above 35 °C not exceeding 50 °C. In this case, the electrical resistance of the sample decreases slowly with the temperature increase. As a consequence, the power is

Fig. 4 Heating test for the sample with GP 5%, w/c = 0.5 and applied voltage = 150 V.

Fig. 5 Heating test for the sample with CNF 2%, w/c = 0.5 and applied voltage = 100 V.

Fig. 6 Heating test for the sample with CNF 5%, w/c = 0.85 and applied voltage = 150 V.
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elevated until it reaches a constant value. As in the previous case, the temperature increases slightly to reach a constant value in which the electrical power applied is equal to the rate of heat loss to the outside.

Figs. 5 and 6 show two examples of tests in which the temperature of the sample increases above 50 °C. Different phases can be observed. In the first phase, the initial heating produces a temperature increase that reduces the electrical resistance of the

sample, and consequently, the applied power increases. If temperatures above 50 °C are reached, water evaporation of the sample starts to become significant, contributing to an increase of the electrical resistance of the sample and hence, to a reduction of the

applied power. Therefore, in these cases the applied power curve has a maximum, as shown clearly in Figs. 5 and 6.

All the tests can be classified into any of the above types. Table 3 shows a summary of the different tests carried out with the data of the samples, applied electric voltage, average and maximum power applied, maximum temperature increase produced

and weight loss during the test.

Table 3 Summary of the results of the heating tests including the data of the samples, applied electric voltage, average and maximum power applied during the test, maximum temperature rise produced and weight loss during the experiment.

Materials w/c ratio Voltage (V) Electric power (W) Max. temp. rise (°C) Weight loss (%)

Average Max.

0% 0.35 50 1.1 1 0.00

100 5.6 10.9 0.38

150 15.1 22.5 37.1 1.15

GP 5% 0.5 50 1.4 2.7 0.00

100 6.6 13.2 3.14

150 8.5 18.1 4.74

GP 5% 1.0 50 1.4 3.4 0.74

100 15 17.9 24.1 2.96

150 20.5 25.6 33.2 9.70

CFP 5% 1.0 50 1.9 3.1 0.67

100 7 16.1 2.01

150 24.1 43.8 42.3 16.33

CNF 1% 0.42 50 1.5 3.7 0.38

100 6.6 13.5 0.46

100a 6.8 14.4 0.76

CNF 2% 0.5 50 3.6 7.8 0.37

100 16.01 27.1 1.86

CNF 5% 0.85 50 9.8 18.3 0.65

100 25.3 44.1 7.10

150 35.3 55.4 63.2 14.84

150a 13.3 40 49.4 7.33
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150a 7.1 23 27.2 1.63

CNT 0.25% 0.5 50 1.55 4.1 0.53

100 8.5 16.6 1.05

CNT 0.5% 0.5 50 6.16 11 0.81

CNT 1% 0.6 50 14.9 27.7 4.33

CNT 5% 1.5 5 39.3 46.5 47.5 20.71

10 1.2 2.4 1.57

50 4.9 9.5 3.94

a Repetition.

3.3 Heating/cooling model
Fig. 7 shows a representative graph of the results obtained in an experiment of heating/cooling of a sample in which the water evaporation of the moisture has no importance. It corresponds to the application of 100  V to a sample made with 1% CNF and

a w/c of 0.42. After a short initial time t1, a constant potential difference is applied (in this case 100 V). It initially produces an average electric current of 57 mA (not shown in the figure) representing an initial applied power of 5.7 W. In agreement with the effects

discussed previously, the resultant electric intensity grows slightly up to about 66 mA, which means a power of 6.6 W that remains approximately constant throughout the period in which the source is connected (up to 6000  s). At that moment (toff), the applied

potential is disconnected, and consequently, the intensity and the electrical power drop to 0.

In order to model the process, it is supposed that the changes in the electric resistance of the sample are negligible and that all the points of the sample have the same temperature T, since the thickness of the samples is small and the surface exposed to

the air is large.

The process is divided into two stages for which the mathematical equations that govern them are defined.

3.4 Stage of heating produced by the application of the electric current
During this period, the sample is heated by Joule effect in a non-steady process from the initial room temperature Tr at the time t1 to a temperature T at time t.

The changes of thermal energy in the sample are due to the applied electrical power (P) minus the rate of energy loss by cooling which can be calculated with the Newton’s law of cooling.

Fig. 7 Heating test by application of 100 V to a sample made with 1% CNF and a w/c of 0.42.
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where T (°C) is the average temperature of the sample, t (s) is the time, m (kg) is the mass of the sample, cp (J/kg °C) the specific heat of the material of the sample, P (W) the applied power, h (W/m2  °C) a parameter that measures the rate of energy

transport towards the outside, A (m2) the surface of sample exposed and Tr (°C) the room temperature.

Integrating this equation with the initial condition: For t = t1 (the time at which the application of the potential difference starts) the sample temperature is Tr, we obtain the expression that calculates the temperature of the sample with respect to time:

When the time elapsed is long enough (in the example given longer than 5000  s) the steady state is reached and the temperature stays constant. The Eq. ua(2) when t → ∞ is transformed in:

which means that in the steady state the electric power supplied is equal to the energy loss calculated using Newton’s law of cooling:

As the geometry of all the samples is the same, the representation of the electric power against the maximum temperature rise for each experiment should be a straight line of slope hA. There are 22 tests in which the electric power reached a value quite

constant. In the seven non-selected tests the variations of electric power were large and the temperature rises were higher than 35 °C, which means samples had reached temperatures higher than 70 °C. Consequently, the evaporation of the moisture of these

seven samples was very important and these tests were not considered in the correlation. Fig. 8 shows that the obtained results fit perfectly to a straight line of slope hA = 0.536 W/°C (R2 = 0.975).

With this value of hA, the heating data of each test has been correlated representing −ln(P − hA(T − Tr)/P) against time. The experimental data fit perfectly to straight lines whose slopes should be hA/mcp. The results for each test are presented in Table 4.

Table 4 Results of fitting the experimental data of the heating/cooling tests.

Materials w/c Voltage (V) (hA/(mcp)) (s−1) cp (J/(kg °C))

Heating Cooling Heating Cooling

0% 0.35 100 0.000987 0.000995 2090 2080

GP 5% 0.5 50 0.00104 2730

100 0.00101 0.00106 2780 2730

150 0.0011 0.00105 2560 2820

(1)

(2)

(3)

(4)

Fig. 8 Representation of the experimental data according to Eq. (4).
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GP 5% 1.0 50 0.00126 0.00123 3150 3250

100 0.00141 0.00134 2820 3050

150 0.00127 3490

CFP 5% 1.0 50 0.00127 0.00133 2810 2700

100 0.00117 0.00115 3070 3190

150 0.00137 3180

CNF 1% 0.42 100 0.000738 0.000731 2790 2830

100a 0.00074 0.000729 2770 2830

CNF 2% 0.5 50 0.000851 0.000868 2340 2300

CNF 5% 0.85 50 0.000948 0.000991 3650 3510

CNT 0.25% 0.5 100 0.000996 0.00099 2830 2880

CNT 0.5% 0.5 50 0.000799 0.000795 2730 2760

CNT 1% 0.6 50 0.000971 0.000897 2650 3000

CNT 5% 1.5 10 0.00113 0.00111 3730 3960

a Repetition.

3.5 Stage of cooling
The sample which has a temperature above the ambient and is not electrically heated now, releases energy to the outside and reduce its temperature. Thus, the thermal energy of the sample is released to the outside with a rate that must also be

calculated with Newton’s law of cooling. The mathematical equation that governs the process is a differential equation:

which integrated using the limit condition: for t = toff (time at which the electric power is disconnected) the sample temperature is Toff (temperature at that moment) gives

As the heating data of each test, the cooling data has been correlated representing (−ln((T − Tr)/(Toff − Tr)) against time. The experimental data fits perfectly to straight lines whose slopes should be hA/mcp. The results for each test are presented in Table 4

and are quite similar to the values obtained with the heating stage.

Moreover, the Ohm’s and Joule’s laws have to be taken into account, which relate the electric power P (W) with the applied voltage V (V) and with the current I (A) travelling through the sample of electrical resistance R (Ω):

Eqs. (2), (6) and (7) can be used to simulate the heating test. For that, the necessary parameters are: electrical resistance of the test sample R (Ω), ratio hA/mcp (s
−1), time when the voltage is connected t1 (s), time when the voltage is disconnected toff (s),

applied voltage V (V) and room temperature Tr (°C).

Using these equations and parameters, all the experimental tests have been simulated. As an example, Fig. 9 shows the results for the test on the sample with 1% CNF, w/c of 0.42 and applied voltage of 100  V. As it can be observed, the differences

between experimental and calculated data are small and always smaller than 2 °C. Similar small differences are found with the rest of the test, and consequently, the model can be used to study theoretically the behavior of the samples when a voltage is applied.

(5)

(6)

(7)
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But the model is only valid when there is no great loss by evaporation of moisture from the samples. Such cases would require a more complex model which should take into account the large changes in electrical resistance, consequences of the elimination of

water.

Anyway, the simplified model is an excellent tool to study the influence of the different parameters in the heating of the samples. For example, the model calculates that when the applied voltage is duplicated the temperature rise is four times greater and

that the specific heat of the sample has no influence in the maximum temperature rise or that the electrical resistance of the sample is inversely proportional to the temperature rise. As a result, the cement material more useful to carry out the heating feature is the

one with the lowest electrical resistivity, being the degree of required heating adjustable with the applied voltage.

3.6 Practical application: feasibility of the use of the cementitious materials studied to control ice layers in transportation infrastructures
A major application of a material capable of increasing the surface temperature in a controlled manner would be the ability to melt ice on a road or an airport runway without the use of salt. In this section, the feasibility of using cementitious materials

added with different carbonaceous materials in order to melt the ice that can form on surfaces such as a road, a bridge or an airport runway is studied.

Following the procedure described previously, a 0.5 cm thick layer of ice was added on both sides of the samples. Different tests were carried out measuring the rate of ice melting on the sample at room temperature, without applying any electric current

or applying different voltages. Fig. 10 shows the obtained results for three tests (CNF 5% to 125 V, CNT 1% to 90 V and CNT 2% to 50 V). The applied voltages were chosen to give an initial electric power of about 30 W. The results show the great increases in the

ice melting rate with the application of the electric power.

For comparison, the necessary energy requirements (electrical power, electrical energy and voltage to be applied) are estimated to carry out the removal of an ice layer formed on different transportation infrastructures. Two trouble spots have been

selected: the runway of an airport (2500 m long and 40 m wide) and a bridge deck (800 m of span and 25 m wide).

The calculations have been performed supposing that a 2 cm thick layer of a conductive cementitious material of resistivity 0.5  Ω ⋅m (some of the test samples have these values) has been placed on both infrastructures.

Different actions have been analyzed, two of them of curative type (melting) and one preventive.

Fig. 9 Experimental results (continuous line) and calculated results (dashed line) for the heating test on the sample with 1% CNF, w/c of 0.42 and applied voltage of 100 V.

Fig. 10 Melting ice test for the samples of CNF 5% to 125 V, CNT 1% to 90 V and CNT 2% to 50 V.
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– Melting 10 cm of fallen snow. For the study it is considered that 10 cm of snow contain the equivalent of 1 cm of water.

– Melting of snow and ice remaining after passing the snowplows. It is supposed that these remains that cannot be removed represent 1 mm of ice.

– Preventing the formation of a layer of ice on the pavement. For the calculations, it is supposed that the surface temperature must be higher than 1 °C.

Table 5 shows the energetic requirements and their cost considering a value of 0.1 €/kW h. The energy requirements for melting all the fallen snow are very high, so, in the first instance, the materials studied do not seem to be useful for this. However,

these materials themselves are useful to carry out the removal of snow remains after the snowplows have removed great part of them and they can be extraordinarily advantageous to prevent and control the formation of ice layers on the pavement, keeping the

surface temperature always higher than 1 °C.

Table 5 Energetic requirements and costs for the different actuations.

Power (kW) Energy (kW h) Cost (€) Voltage (V)

Airport (melting all the snow) 92,800 92,800 9280 6092

Airport (melting the snow remains) 9278 9278 928 1928

Bridge deck (melting all the snow) 18,555 18,555 1855 3799

Bridge deck (melting the snow remains) 1855 1855 186 1204

Airport (preventive) 5000 5000 500/h 1414

Bridge (preventive) 2000 2000 200/h 1248

4 Conclusions
Applying an electric potential difference trough a cement-–matrix added with conductive carbonaceous materials such as carbon nanofibers (CNF), carbon nanotubes (CNT), carbon fiber powder (CFP) and graphite powder (GP) causes

the heating of the material. The temperature reached depends on the electric power that can be applied, which in turn depends on the electrical resistance of the material.

There are a variety of shapes that the heating curves can take when the voltage is applied. Its shape depends on the temperature reached and the amount of water present in the sample, whose influence is large since it can be

evaporated during heating. The type of carbonaceous materials used influences the electrical resistance of the sample and the electric power that can be applied.

The moisture content of the samples is an important factor to be considered. The higher the moisture content of the sample the more conductivity, the more power can be applied and higher surface temperatures can be achieved.

The temperature variation curves in the processes of electric heating and cooling of the sample can be simulated with a simple model proposed in this paper. The model predicts the behavior of the samples manufactured and tested in

this project when the heating is less than 60 °C. In these cases, there is no great loss by evaporation of moisture from the samples, and therefore, no major changes in its electrical resistance.

The results have been applied to ensure that cementitious materials studied are feasible to control ice layers in transportation infrastructures. Addition of carbonaceous compounds to cementitious materials allows to reduce the

electrical resistance of the resulting material, so that application of a potential difference produces an electric current by Joule effect, which is able to quickly melt the ice deposited or to prevent its formation from the freezing of the moisture on

the roadway.

The energy requirements to melt snow are very high, so, in the first instance, the materials studied cannot be used for this. However, these materials themselves are useful to carry out the removal of snow remains after the snowplows

have removed a great part of snow, and they are extraordinarily advantageous to prevent and control the formation of ice layers on the pavement.
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