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Abstract
In recent years, the investigation of electrically conductive concrete between construction building materials has been 
one of the interesting subjects. Therefore, it is important to examine and compare electrical resistance measurement 
methods. In previous studies, the resistance of electrically conductive concretes was measured by different methods. In 
this study, it is aimed to measure the resistivity value by three different methods and compare them with each other. For 
this purpose, two-phase electrical conductive concretes with eight different mixes and additional control concrete were 
produced. Two different proportions of carbon fiber and four different ratios of recycled nanocarbon black were used in 
the mixtures. The electrical resistivity of the produced cylindrical specimens was measured by two-probe, Wenner probe 
and C1760-12 ASTM methods. According to the regression coefficients obtained in the results, the linear relationships 
between the resistivity values measured with all three methods were found to be appropriate. In addition, the nano-
carbon black additive used significantly increased the conductivity of carbon fiber. Nanocarbon black and carbon fiber 
have also been useful in improving the compressive strength of electrically conductive concretes.

Keywords  Electrical conductive concretes · Nanocarbon black · Carbon fiber · Two-probe · Wenner probe · C1760-12 
method

1  Introduction

The electrical resistance of the concrete is defined as the 
resistance against the current when a voltage is applied 
to a concrete mass. Also, the resistivity is the resistance 
obtained at the unit area/length. Previously, the electri-
cal resistance of the concrete was measured for durabil-
ity and corrosion detection [1]. In recent years, researches 
have been continuing on electrical conductive concretes 
(ECCs) with different usage areas. What is important about 
ECCs is research topics, materials used, mixture optimiza-
tion, specimen geometry effects and different methods 
of measurement [2–6]. ECCs can be applied for the crack 
detection and strain sensing in construction elements [7] 

and can be used as an electromagnetic radiation reflector 
to protect the electromagnetic interference [8–10]. Also, 
ECCs can be used as self-heating plate for prevent snow 
and ice in road pavements [11–14].

The conductivity or electrical resistance of ECCs is gen-
erally measured in bulk (uniaxial) or superficial manner 
[15]. Bulk resistance (BR) is measured by the two-point 
method, and the surface resistance (SR) is obtained by 
the four-point or the Wenner probe method [15, 16]. In 
the two-point method, a voltage difference is applied 
between the two ends of the concrete specimen, the cur-
rent realized as a result of the applied voltage is measured 
and the resistance is obtained by the Ohm law [8, 17, 18]. 
In the four-point method, a four-probe device is placed 
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on the surface of the concrete specimen, a voltage dif-
ference is applied between the two medium probes and 
the amount of current between the two external probes is 
measured and the resistance (R) is obtained by using the 
Ohm law. The resistivity of the specimen is obtained by 
multiplication of coefficient 2�a [15, 16, 19]. Here, a is the 
distance between the probes.

Sassani et al. [8] measured the resistances of ECCs pro-
duced for the purpose of optimizing in different mixtures 
by two-point uniaxial method. They were produced the 
specimens in the form of a 10-cm cube and, as electrodes, 
buried a metal mesh parallel to the two surfaces of the 
specimen. The resistance was calculated based on the 
amount of current that occurred as a result of the applied 
voltage between the two meshes. The resistance values 
found in the study of Sassani were in agreement with the 
resistance values of concretes containing carbon fiber in 
the literature [20]. Similarly, Wu et al. [21] and El-Dieb et al. 
[17] measured the resistance of conductive concrete spec-
imens they produced using two-point uniaxial method. 
However, it has been found that the normal concrete has 
bulk resistivity between 6.54 × 105 and 11.4 × 105 Ω cm [8, 
22], and the resistivity of conductive concretes with dif-
ferent mixtures is between 30 Ω cm and 1 × 104 Ω cm [8, 
17, 20, 21].

Frank Wenner proposed the four-point resistance meas-
urement method to measure the surface conductivity of 
concretes in 1915 [23]. This technique is recommended for 
the measurement of semi-homogeneous materials gen-
erally [24]. However, since the concrete is a non-homog-
enous composite material, the specimen geometry, size 
and prop spacing are effective on the resistance value 
measured by this method [5]. several authors were exam-
ined the relationship between SR and BR [4, 15, 16]. Ghosh 
found the SR/BR ratio to be 2.6 on average for different 
mixtures [4], in another study measured between 2.13 and 
3.45 [15]. This also, explains that different mixtures have 
an effect on the change in the SR/BR ratio. In addition, the 
ratio of the resistivity of the 100 × 200 cylindrical specimen 
to the resistivity of the 100 × 300 cylindrical specimen was 
found to be 1.56 in Ghosh’s study [4]. Noushinin et al. [16] 
have obtained SR/BR ratio as 2.70 for 100 × 200 cylindrical 
specimens.

Resistance measurement methods mentioned above 
are commonly used methods in laboratory environment. 
Generally, the advantage of these methods is that they do 
not require standard equipment. Even so, it is the C1760-
12 ASTM method, which is the standard for the measure-
ment of electrical bulk conductivity of concrete. However, 
in order to measure the bulk conductivity of concrete in 
the C1760-12 ASTM method, a standard device must be 
used. In this study, it is aimed to measure the resistance of 
ECCs in different mixtures by three different methods. The 

relations between the method results will be presented as 
estimated equations.

2 � Materials and methods

2.1 � Material properties

2.1.1 � Cement

In electrically conductive concretes, high-strength cement 
is generally used. In this research, 42.5 CEM I R cement was 
used as binder material. The compressive strength of this 
cement at 28 days is between 42.5 and 62.5 MPa. The phys-
ical properties of the cement used are given in Table 1.

2.1.2 � Aggregate

In previous studies [8], the effect of aggregate grain size 
and ratio on conductivity in electrical conductive con-
crete was investigated. Fine aggregates (FA) have a posi-
tive effect on the increase in conductivity compared to 
coarse aggregates (CA). In this study, two different sizes 
of aggregates were used in equal proportions. The grain 
size of the FA were 0–5 mm (Fig. 1a) and the CA ones were 
5–16 mm (Fig. 1b).

2.1.3 � Carbon fiber (CF)

Since the purpose of this study is to characterize the con-
ductive concretes with different methods, carbon fiber was 
used as the most effective conductive additive. CF also has 
superior mechanical properties (Table 2). Recently, CF has 
been involved in all areas of the construction industry 
[25–27]. Two different lengths (6 mm and 12 mm) of CF 
were used in equal ratio. The SEM image of CF is given in 
Fig. 1c.

2.1.4 � Nanocarbon black (NCB)

When carbon powder is used in combination with con-
ductive materials in the form of fiber, it provides an 
advantage in increasing the conductivity [17]. On the 

Table 1   Physical properties of 42.5 CEM I R cement

Initial set-
ting (min)

End set-
ting (min)

Specific 
weight 
(g/cm3)

Volume 
expan-
sion 
(mm3)

Specific 
surface 
Area 
(cm2/g)

Liter 
weight 
(g/L)

135–180 190–230 3.16–3.21 0–2 3500–
4000

980–1030
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other hand, the evaluation of waste materials in con-
crete is a great advantage in terms of economic and 
environmental protection [28]. Carbon powder can 
be obtained from waste tires by burning and pyroly-
sis methods [29]. Recycled NCB obtained by pyrolysis 
method was used to increase the electrical conductivity 
effect in mixtures. NCB obtained by pyrolysis method 
is located between N200 and N330 according to ASTM 
nomenclature [30]. The SEM image of the NCB is given 
in Fig. 1d.

2.1.5 � Chemical additives

In order to prevent the need for excess water in the mix-
tures, the CHRYSO® Delta 2220 commercially called super-
plasticizer was used. In addition, 0.2 wt% of the binder, 
carboxy methyl cellulose (CMC) dispersing material was 
used for the good dispersion of CF in the mixture.

2.2 � Mix design

In previous studies, the CF dosage for ECC was suggested 
as 0.75–1 vol% [8, 11]. In this study, in two different rate 
CFs (0.5 and 1 vol%) and four different rate NCBs were 
used to produce eight different ECCs. In addition, a con-
trol mixture was obtained to determine the compressive 
strength of the mixture produced. Thus, a total of nine 
different mixtures, detailed in Table 3, were prepared. In 
all mixtures CA–FA–cement ratio was taken as 1:1:0.5. 
The water/cement ratio was fixed to 0.45. For each of the 
three different electrical resistance measurement tests 
and compressive tests, three cylindrical specimens from 
each mixture were produced. The cylindrical specimens 

Fig. 1   Used materials: a fine 
aggregate, b coarse aggregate, 
c SEM image of CF and d SEM 
image of NCB

Table 2   Properties of used CF

Tensile strength 3800 MPa
Modulus of elasticity 228 GPa
Electrical resistance 0.00155 Ω cm
Specific weight 1.81 gr/cc
Carbon percentage 95%
Diameter 7.2 µm
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were 20 cm long and 10 cm in diameter. All specimens 
were removed from the molds after 24 h. Specimens 
were kept in a curing pool filled with drinking water for 
curing for 7 days. The heads of all prepared cylindrical 
specimens were cut to 1 cm thickness for good contact 
during testing.

2.3 � Test methods

The aim of this study is to investigate the relationship 
between three different resistance measurement meth-
ods in electrical conductive concrete. These three differ-
ent methods are two-point uniaxial, four-probe or Wenner 
probe and C1760-12 ASTM. 10-cm-diameter 20-cm-long 
cylindrical specimens produced are suitable for all three 
test methods. The 28-day electrical resistances of the spec-
imens were measured with all three different test methods 
and then the same specimens were subjected to compres-
sive strength test. The compressive strength test was car-
ried out with a 250-ton universal test device. Electrical and 
compressive strength results are summarized in Table 4. 
Three different electrical resistance measurement meth-
ods are described below.

2.3.1 � Two‑point uniaxial

The commonly used method for measuring the electrical 
resistance of concrete is the two-point uniaxial method 
[8, 17, 18, 31]. In this method, the geometry of the speci-
men whose resistance is to be measured can be in the 
form of cylinders, cubes prismatic. For the experiment to 
take place, a voltage difference is applied between the 
two sides of the specimen (Fig. 2). The resistance value is 
obtained by putting the amount of current measured by 
the multimeter into the Ohm’s law. Equations 1–3 are used 
for the calculation of electrical resistivity [8, 17].

Here, V is the applied voltage difference, I, the current, R, 
the resistance of the specimen and � , the resistivity of the 
specimen.

2.3.2 � Four‑probe or Wenner probe method

The four-probe method is usually used to measure the 
surface resistances of cylindrical or prismatic specimens 
[4, 5, 15, 19]. In this method, as shown in Fig. 3, resistance 
measurement is performed with a four-probe equipment. 
A voltage difference is applied between the two internal 
probes, and the electrical current between the two exter-
nal probes is measured. The electrical resistance is calcu-
lated from Eqs. 1–2. Electrical resistivity is obtained from 
Eq. 4 [4, 32].

(1)V = IR (V)

(2)R =
V

I
(Ω)

(3)� = R
A

L
(Ω cm)

(4)� = 2 ⋅ � ⋅ a ⋅ R

Table 3   Materials used in 1 m3 
mixture

N nanocarbon black, C carbon fiber

No. Mixture code FA (kg) CA (kg) Cement (kg) W (kg) NCB (kg) CF (kg) SP (wt%)

1 Control 850.00 850.00 425.00 191.25 0.00 0.00 0.50
2 N0C0.5 846.43 846.43 423.22 190.45 0.00 9.00 1.25
3 N3C0.5 841.33 841.33 420.67 195.04 12.75 9.00 1.25
4 N6C0.5 836.23 836.23 418.12 199.63 25.5 9.00 1.50
5 N10C0.5 829.43 829.43 414.72 205.75 42.50 9.00 1.50
6 N0C1 842.78 842.78 421.39 189.63 0.00 18.00 1.75
7 N3C1 837.68 837.68 418.84 194.22 12.75 18.00 1.75
8 N6C1 832.58 832.58 416.29 198.81 25.5 18.00 1.75
9 N10C1 825.78 825.78 412.89 204.93 42.50 18.00 2.00

Table 4   28-day, electrical and compressive test results

N nanocarbon black, C carbon fiber, S steel fiber, W wire erosion

No. Mixture code BR (Ω cm) SR (Ω cm) ASR (Ω cm) σc (Mpa)

1 Control 22,496.10 95,209.00 7291.02 44.15
2 N0C0.5 1629.55 8799.58 3098.68 48.15
3 N3C0.5 1438.77 4316.31 1792.83 45.56
4 N6C0.5 222.45 560.58 708.27 45.49
5 N10C0.5 385.78 1444.35 1087.26 42.16
6 N0C1 175.80 569.59 679.16 48.66
7 N3C1 113.03 321.46 467.73 48.86
8 N6C1 80.08 188.34 450.72 47.82
9 N10C1 97.24 246.20 487.98 53.37
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Here � is the resistivity of the specimen, a, the distance 
between probes and R, the resistance of the specimen.

2.3.3 � C1760‑12 ASTM test method

In this test method, the electrical resistance of a hard-
ened saturated concrete specimen is obtained based on 

the diffusion of chloride ions [33]. For the realization of 
the experiment, a 10-cm-diameter, 20-cm-long cylindrical 
specimen is placed between two cells filled with sodium 
chloride solution (Fig. 4). A potential difference of 60 volts 
is applied between two cells. The total current amount 
within 1 min between the two cells is measured, and the 
bulk conductivity of the specimen is calculated from Eq. 5. 

Fig. 2   Two-point resistance measuring equipment: a schematic, b real

Fig. 3   Four-point resistance measuring equipment: a schematic, b real

Fig. 4   C1760-12 ASTM stand-
ard tester and equipment
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By calculating the inverse of the conductivity, the resistiv-
ity of the specimen is obtained (Eq. 6).

3 � Result and discussion

3.1 � Bulk resistivity (BR)

The electrical resistivity of all mixtures was measured 
according to the two-point uniaxial method, and the 
BR values are given in Fig.  5. Also, the bulk resistiv-
ity of the control specimen was measured as 22,496 
Ω cm (Table 4). As shown as Fig. 5, CF has a major role 
in decreasing the resistivity in conductive concrete. 
The resistivity value of the specimen containing only 
1.0 vol% CF was decreased by eight times compared 
to the resistivity value of the specimen containing only 
0.5 vol% CF. When NCB is used together with 0.5 vol% 
CF, resistivity reduction effect has increased significantly. 
In the mixture containing 0.5 vol% CF, the NCB effect 
increased further when rate increased to over 3 wt%. 
When the resistivity of the specimen containing only 
0.5 vol% CF was in 1600 Ω cm, the resistivity decreased 
to 220 Ω cm when CF is added with 6 wt% NCB. In the 
case of maximum (1.0 vol%) use of CF, the effect of NCB 
is reduced. In terms of reducing the resistance, the NCB 
was effective over sevenfold for the mixture containing 
0.5 vol% CF and over twofold for the mixture containing 
1.0 vol% CF. The electrical resistivity values measured by 

(5)� = K
I

V

L

D2

(6)� =
1

�

this method vary between 1600 and 80 Ω cm depend-
ing on the CF and NCB content. Sassani et al. [8] have 
obtained the lowest resistivity value for conductive con-
cretes containing only CF, with this method, as 800 Ω cm.

3.2 � Surface resistivity (SR)

The SR of the produced conductive concretes was meas-
ured between 8800 and 188 Ω cm (Table 4). Also, this 
value was measured over 95 thousand for the control 
specimen. In previous studies, the surface resistivity of 
normal concrete was measured below 100 thousand [4]. 
This value is 4.23 times the measured BR value for the 
control specimen. SR values of conductive concretes 
are compared in Fig. 6. The SR values of conductive con-
cretes containing CF resulted in a curve similar to the 
BR values, depending on the NCB content. However, SR 
values were measured 2.35–5.40 times the BR values 
(Table 4). The resistivity of conductive concretes contain-
ing 0.5 vol% CF ranges from 8800 to 560 Ω cm, depend-
ing on the NCB content. The lowest resistivity values 
measured by four-probe methods belong to specimens 
with 6 wt% NCB in both 0.5 vol% and 1 vol% CF-contain-
ing mixtures. The SR value for the mixture containing 
only 0.5 vol% CF was measured as 8800 Ω cm, and the 
value of SR was measured as 560 Ω cm by adding 6 wt% 
NCB to the same mixture. Also, the SR value for the 
mixture containing only 1.0 vol% CF was measured as 
569 Ω cm, and the value of SR was measured as 188 Ω cm 
by adding 6 wt% NCB to the same mixture. Therefore, in 
terms of reducing the resistance, the NCB had a 15-fold 
effect on the mixture containing 0.5 vol% CF and 3-fold 
effect on the mixture containing 1 vol% CF.
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3.3 � C1760‑12 ASTM resistivity (ASR)

The ASR values were measured for all conductive con-
cretes and are presented in Fig. 7. In this method, the 
resistivity values of the concretes containing 0.5 vol% CF 
were lower than the BR values, and the resistivity values 
of the concretes containing 1.0 vol% CF were measured 
higher compared to the BR values. In concretes con-
taining 0.5 vol% CF, with an increase in NCB content to 
6 wt%, the resistivity value decreased 3.9 times from 3098 
to 450 Ω cm. In this mixture group, the resistivity of the 
specimen containing 10 wt% NCB increased to 1087 Ω cm 
with a slight rise. According to the measured ASR values 
in conductive concretes containing 1 vol% CF, the NCB 
content did not have a significant effect. This is also true 
for two-point and four-point methods, as shown in Figs. 5 
and 6. Therefore, the effect of the NCB on the resistance 
decreases as the conductivity increases. However, the 
resistivity of conductive concretes containing 1 vol% CF 
ranges from 679 to 450 under the influence of the NCB. 
In addition, the resistivity value of the normal concrete 
measured by this method was determined as 0.32 of BR 
and 0.08 times of SR (Table 4).

3.4 � Relationship between BR, SR and ASR

In Fig. 8, the relationships between the resistivity values 
measured by all three methods are examined linearly. 
For 0.5 vol% CF-containing specimens, since the regres-
sion coefficient is close to 1, linear connections between 
BR, SR and ASR are safe. However, as can be seen from 
the figure, BR–SR and SR–ASR correlations show some 
deviation in values. R2 coefficient for these relations was 
obtained as R2 = 0.843 and R2 = 0.827, respectively. The 
relationship between BR and ASR is stronger than the 
relationship between the results of other methods; this 

can also be determined with R2 = 0.997. Generally, when 
the coefficient R2 is above 70, the corresponding equation 
is acceptable [28]. For concrete containing 1 vol% CF, the 
relationships between the resistivity values measured by 
all three methods are more faithful. In this mixture group, 
R2 coefficient BR–SR, BR–ASR and SR–ASR relations were 
obtained above 0.9. For all mixtures, the relationships 
between the resistivity values measured by three meth-
ods are proposed in Eqs. 7–12. In these equations, Eqs. 7, 
8 and 9 belong to BR–SR, BR–ASR and SR–ASR relations, 
respectively, for concretes having 1000–10,000 Ω cm resis-
tivity. Equations 10, 11 and 12 belong to BR–SR, BR–ASR 
and SR–ASR relations, respectively, for concretes below 
1000 Ω cm resistivity.

3.5 � Compressive test results

The compressive strength test results of normal concrete 
and all conductive concrete are summarized in Table 4. The 
compressive strength of normal concrete was obtained as 
44.15 MPa. For the ECCs produced, a single mixture design 
was used. The compressive strength of conductive con-
cretes is between 42.16 and 53.81 MPa. The compressive 
strength results of the conductive concretes are given in 
Fig. 9. As shown in the figure, the strength of the concretes 
containing 1 vol% CF was higher than the strength of the 
concretes containing 0.5 vol% CF, a small amount. Also, the 
addition of NCB in maximum rate (10 wt%) to the conduc-
tive concrete containing 0.5 vol% CF reduced the compres-
sive strength. On the contrary, the addition of 10 wt% NCB 
to concrete containing 1 vol% CF resulted in an increase in 
compressive strength. During the mixture, it was observed 
that the addition of NCB in the mixtures containing 1 vol% 
CF increased the paste and gelling properties. In general, 
the compressive strength of the conducting concrete pro-
duced in this study has improved with the additive materi-
als used.

(7)R
2 = 0.8430, BR = 0.1775SR + 247.98

(8)R
2 = 0.9971, BR = 3.5217ASR − 2107.2

(9)R
2 = 0.8271, SR = 0.6202ASR − 117.74

(10)R
2 = 0.9990, BR = 0.2485SR + 34.19

(11)R
2 = 0.9194, BR = 0.3766ASR − 79.816

(12)R
2 = 0.9194, SR = 0.3766ASR − 79.816
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3.6 � Relationship between resistivity 
and compressive strength

The relations between the compressive strength results 
and resistivity values of conductive concretes containing 
0.5 vol% and 1 vol% CF were investigated. Contrary to the 

relations between the resistivity values, there was no sig-
nificant relationship between the compressive strength 
and the resistivity values.

4 � Conclusions

•	 In this study, the resistivity values of the two-phase 
ECCs produced were measured by three different meth-
ods. According to the results measured by all three 
methods, the resistivity values of all ECCs decreased 
significantly compared to the control concrete speci-
men.

•	 According to the results of compressive strength, CF 
and NCB additives used in this study had no side effects 
in the strength of conductive concretes. Also, the maxi-
mum compressive strength was achieved by increasing 
the NCB ratio to 10 wt% in conductive concretes con-
taining 1 vol% CF. As observed during the mixture, the 
increase in the NCB content has a positive role in the 
development of workability.

•	 The resistivity of the conductive concretes contain-
ing 0.5 vol% CF was reduced by increasing the NCB 
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content by up to 6 wt%, and an increase in the resis-
tivity was observed when 10 wt% NCB was added. 
The resistance reduction effect of NCB is more pro-
nounced in conductive concretes containing 0.5 vol% 
CF. According to the results of all three resistances, 
the effect of the NCB was greater when 6 wt% was 
used.

•	 Among the three methods, the two-point uniaxial 
method is the most common resistance measurement 
method in the literature. The resistivity values obtained 
with this method were compared with the results in the 
literature, and their suitability was determined.

•	 According to the relationships of BR–SR, BR–ASR 
and SR–ASR, in the conductive concretes containing 
0.5 vol% CF, the regression coefficient was over 0.8, and 
in the conductive concretes containing 1 vol% CF, the 
regression coefficients were exceeded 0.9. This means 
that the relations between the three resistivity values 
are strong.

In this study, the conductivity of CF, the recycled NCB 
expensive material obtained by pyrolysis method, has 
increased significantly. For future studies, it is recom-
mended to investigate this waste material together with 
different materials in conductive concretes. This ensures 
that the environment is protected from waste tires and 
carbon black in large volumes. Since there is a good con-
nection between the resistivity values measured by three 
different methods, the resistivity of the concrete can be 
measured by the method which can be measured in labo-
ratory environments and the equations obtained in this 
study can be used to convert the resistivity.
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