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Abstract: This study investigated the effects of carbon fiber (CF) length, electrode spacing, and probe
configuration on the electrical conductivity of cement composites. Accordingly, 57 different types of
samples were prepared, considering three different CF lengths, five different CF contents, three different
electrode spacings, and two different probe configurations. This research found that the influence of
CF length on the electrical resistivity of cement composite depends electrode spacing. For the cement
composite with wide electrode spacing of 40 mm, its resistivity decreased as increasing CF length as
in the previous study. However, when the electrode spacing is 10 mm, which is narrow (10 mm),
the resistivity of the cement composite rather increased with increasing CF length. The results implied
that when an electrode is designed for the cement composite incorporating CF, the CF length should be
short compared to the electrode spacing. The percolation threshold of CF measured by the two-probe
configuration was 2% or more. This is higher than that measured by the four-probe configuration (1%).
At a lower CF content than 2%, the two-probe configuration gave higher resistivity of the cement
composite than the four-probe configuration. However, the difference coming from the different
probe configurations was marginal as increasing the CF content.

Keywords: Carbon fiber; electrode spacing; cement composite; electrical resistivity; percolation threshold

1. Introduction

Incorporating carbon-based materials, such as carbon nanotube (CNT), carbon black, and carbon fiber
(CF) into a cement composite enhances its conductivity to that of a semiconductor. Conductive cement
composites have novel applications in the field of construction, such as self-sensing [1–7],
self-heating [8–10], and electromagnetic shielding [11,12]. Among the aforementioned materials,
CNT, and carbon black are nanoscale fillers. Such fillers are too small to be dispersed in cement
composites. Hence, the dispersion techniques of sonication [5,13–17], surface treatment [13,16–19],
or both [13,16,17], are necessary. Otherwise, the agglomerated fillers may cause mechanical and electric
faults in cement composites due to the van der Waals interaction.

CFs can be dispersed relatively easily, compared with nanoscale fillers because CFs are micrometers
in diameter and millimeters in length. Since the dispersion of CFs can be improved simply by
incorporating silica fume [20–23], the above-mentioned dispersion techniques may not be required.
In previous studies, the percolation threshold of CF was reported to be approximately between 0.5%
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and 1.0% [11,21,22,24–27], while those of carbon nanotubes and carbon black were reported to be
approximately 1.0% [5,28,29] and 7.22–11.39% [30], respectively. In other words, CFs are more efficient
in forming electric pathways in cement composites [31]. Several researchers showed that incorporating
0.1% CF into a cement composite with 0.5% CNT resulted in a stable electrical conductivity [23] and
outstanding self-sensing performance [4]. In particular, Lee et al. [4] reported the feasibility of replacing
0.5% CNT with 0.1% CF for improving the self-sensing performance.

Owing to the relatively low unit cost of CF (approximately 19% of CNT [4]), mass production of
CF is more suitable than that of nanoscale fillers. Thus, CF has been applied to the reinforcements of
various types for concrete structures such as CF reinforced polymer (CFRP) sheet [32,33], grid [34,35],
rebar [36,37] and so on.

Additionally, since commercial CF is produced by chopping a CF bundle with thousand
monofilaments, it is possible to be produced in various lengths. Generally, long CFs are more
difficult to be dispersed than short CFs [38]. Such poor dispersion serves as mechanical drawbacks [39].
Thus, short CF is preferred due to this dispersion problem [40,41].

Several researchers have investigated the effects of CF length on the electrical conductivity,
and they have agreed that the longer the CF, the higher the electrical conductivity of the cement
composite [21,42,43]. This is because the contact probability of each CF filament increases as the length
of CF increases. However, if the CF filament is long, a wide electrode spacing may be required. If the
electrode spacing is narrow, there is not sufficient space for the CF to be dispersed. Although most
researchers have studied only the influence of the CF length on the electrical conductivity of cement
composites, they did not consider the effects of electrode spacing.

Generally, to measure the electrical properties of a cement composite, the electrodes are set based
on the two- or four-probe configurations [44,45]. The former configuration is conceptually simple:
two electrodes inserted in a cement composite serve as current (sources) and voltage (sense) terminals.
However, the measurement of the resistance in the two-probe method can be overestimated because
the resistance includes the contact resistance arising from the interface between the electrode and
cement composite [44,45]. This overestimation is considerably large for a high resistance range. On the
contrary, in a four-probe configuration, the current (source) and voltage (sense) terminals operate
separately; the voltage is measured from the inner electrodes, while the current flows between the
outer electrodes. This configuration is preferred for a precise measurement of resistance because it
overcomes the problem of contact resistance [44]. Electrode configuration is one of the key concerns in
the fabrication of conductive cement composites and therefore, its effect should be investigated.

This study aims to investigate the influence of the length of CF, electrode spacing, and electrode
configuration on the conductivity of a cement composite. Accordingly, 57 different types of
samples were prepared with three different CF lengths (4, 6, and 10 mm), five different CF contents
(0.1, 0.5, 1.0, 1.5, and 2.0%), three different electrode spacings (10, 25, and 40 mm), and two different
probe configurations (two and four-probe). Through the results of this study, the authors suggest
that when designing a conductive cement composite containing CF, the CF length and the electrode
spacing should be considered simultaneously. This can help the methodology of design of a
conductive cement composite containing CFs.

2. Materials and Methods

2.1. Materials

Commercially available Type I ordinary Portland cement (OPC) and silica fume (SF) were used
as binders. Their chemical compositions were given in Table 1. The chopped CFs with lengths of 4,
6, and 10 mm (L04, L06, and L10) were provided by Ace C & Tech Co., Ltd. (Yeongju-si, South Korea).
As shown in Figure 1, their lengths were verified by an image analysis; once the scanned image of more
than 40 CF bundles was converted into a binary image, the length of each bundle was measured by a
mean of image analysis. In this study, ImageJ was employed as a tool of image analysis. This program
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is a Java-based freeware for an image processing. It can analyze images with from binary to 32-bit
images. The counts depending on the lengths of CF bundles was expressed as a normal distribution as
shown in Figure 1.

Table 1. Chemical compositions of ordinary Portland cement (OPC) and silica fume (SF).

Binders CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3

OPC 65.30 18.80 4.18 3.72 2.43 0.15 1.10 3.28
SF 0.67 92.60 0.07 0.49 1.80 0.02 1.13 0.12

Figure 1. Carbon fiber (CF) bundles with different lengths and their length verifications; (a) 4 mm CF
(L04), (b) 6 mm CF (L06), (c) 10 mm CF (L10), and (d) probability density of the different CF lengths
obtained by image analysis.

The diameter and density of the samples were 15 µm and 1.8 g/cm3. A sizing agent was used to
reduce the number of CF filaments in the chopped bundle to less than 1.0% because a large number of
filaments in a CF bundle hinders dispersion.

To prepare the cement composite samples, the water-to-binder ratio was set at 0.35. Among the total
OPC weight of 1498 kg/m3, 30% was replaced with SF. CFs were incorporated into cement composites at
different volume contents in the range of 0.1% to 2.0% (CF0.1, CF0.5, CF1.0, CF1.5, and CF2.0). The flow
of the fresh cement composites was controlled within the range of 150–200 mm using a polycarboxylic
acid-base superplasticizer.

The fresh CF-incorporated cement composites were cast into cubic molds with dimensions
of 50 × 50 × 50 mm3, and subsequently, compacted using a shaking table. The hardened cement
composites were demolded after two days of casting. Thereafter, they were cured at room temperature
(temperature: 20 ± 2 ◦C and relative humidity: 65 ± 5%).
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2.2. Probe Configuration

To investigate the effect of the different probe configurations, along with the CF length and CF
contents, the electrical resistance of the cement composites was measured through both the two- and
four-probe configurations. Figure 2 shows a graphical description of the test samples and their real
pictures. Copper plate with 75 × 20 × 0.3 mm3 was used as an electrode. The electrodes were inserted to
the end of the cement composite, the remaining 25 mm part of the electrode was used for linking with
the alligator clip. The electrode spacing in the two-probe configuration were set at 10, 25, and 40 mm
(2E10, 2E25, and 2E40). In the four-probe configuration, all the electrodes were installed into the cement
composites at spacing of 10 mm (4E10).

Figure 2. Schematic diagram of the probe configurations of the cement composites; (a–c) cement
composites with different electrode spacings in the two-probe configuration and (d) cement composite
with 10 mm electrode spacing in the four-probe configuration. L04, L06, and L10 correspond to the CF
filament lengths of 4, 6, and 10 mm, respectively. In Figure 2a–c, 2E10, 2E25, and 2E40 indicate the
electrode spacings of 10, 25, and 40 mm, respectively, in the two-probe configuration. In Figure 2d,
4E10 indicates the electrode spacing of 10 mm in the four-probe configuration.

2.3. Measurement Technique

The resistivity parameter was adopted to overcome the problems due to the difference in resistance
arising from the different electrode spacing configurations. The resistivity of the cement composite
was determined through the following equation:

ρ = RA/E (1)

where R is the resistance in Ohm (Ω), A is the contact area between the electrode and cement composite,
i.e., 100 mm2, and E represents the electrode spacing.

The resistance of the cement composite samples was measured at the same environment with
the curing condition using LCR-819 (GW INSTEK, New Taipei City, Taiwan). LCR-819 is available
to measure the resistance ranging from 0.00001 to 99,999 kOhm with a high accuracy of 0.05%.
Its frequency range is from 12 to 100 kHz of alternating current. In this study, the 100 kHz frequency
was applied at a constant voltage of 1.2 V.



Appl. Sci. 2020, 10, 8993 5 of 13

3. Results and Discussions

3.1. Two-Probe Configuration Results

For the cement composites of two probe configuration, the change in resistivity as a function of
the curing age are presented in Figure 3, and their values are given in Table 2. The cement composite
test samples were prepared based on different sets of values of the CF content, CF length, and electrode
spacing. The resistivity of all the cement composites with 0.1% CF increased, clearly, until 28 days
of curing. This is attributed to the decrease in the pore solution. Generally, at 0.1% CF content,
the resistivity of the cement composite is affected by the electrolyte because the CF content is not
sufficient to predominate the electrical conductivity of the cement composite. Beyond 0.5% CF content,
there was no significant increase in the resistivity with respect to the increase in the curing age.
Therefore, it was concluded that the influence of CF was greater than that of the electrolyte on the
electrical conductivity of the cement composite.

Figure 3. Variation in resistivity of cement composites as a function of the curing age for the two-probe
configuration; (a–c) electrode spacing of 10 mm, (d–f) electrode spacing of 25 mm, and (g–i) electrode
spacing of 40 mm. L04, L06, and L10 correspond to the carbon fiber (CF) lengths of 4, 6, and 10 mm,
respectively. 2E10, 2E25, and 2E40 indicate the electrode spacings of 10, 25, and 40 mm, respectively.
CF0.1–2.0 indicate the CF content (0.1–2%) incorporated into the cement composites.
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Table 2. Resistivity [Ohm·cm] of cement composites as a function of the curing age for the two-probe
configuration; each resistivity is the average of 3 test samples, and S.D. stands for standard deviation.

Mixture ID
7 Days 14 Days 21 Days 28 Days

Resistivity S.D. Resistivity S.D. Resistivity S.D. Resistivity S.D.

L04-2E10-CF0.1 482.62 1.63 1010.59 2.65 1461.56 0.55 2949.77 20.21
L06-2E10-CF0.1 438.55 2.84 874.03 0.56 1439.73 4.46 2278.57 10.36
L10-2E10-CF0.1 178.57 1.47 308.50 1.35 452.79 2.30 735.29 3.33
L04-2E25-CF0.1 252.19 4.36 1095.29 42.09 1274.35 100.92 2047.92 45.97
L06-2E25-CF0.1 251.45 7.09 516.40 20.35 791.12 14.75 1510.21 9.08
L10-2E25-CF0.1 165.45 3.34 282.30 7.37 409.52 12.10 619.95 28.78
L04-2E40-CF0.1 454.55 65.28 1107.27 45.61 1664.42 199.96 2846.45 366.35
L06-2E40-CF0.1 278.77 2.24 807.10 14.46 1716.76 78.64 2679.78 17.11
L10-2E40-CF0.1 309.94 25.01 649.55 79.22 1226.74 11.15 1804.18 8.92
L04-2E10-CF0.5 155.55 1.05 260.54 1.32 331.05 4.03 381.74 7.65
L06-2E10-CF0.5 152.79 0.62 302.27 1.43 447.76 4.20 555.37 6.12
L10-2E10-CF0.5 102.70 0.35 146.20 0.08 167.80 1.67 797.13 0.90
L04-2E25-CF0.5 84.09 2.14 125.24 8.55 131.75 11.62 187.17 4.17
L06-2E25-CF0.5 130.93 1.64 171.38 0.60 259.17 2.20 286.77 0.43
L10-2E25-CF0.5 45.26 0.41 71.02 2.09 75.33 2.15 82.89 0.99
L04-2E40-CF0.5 56.58 2.72 85.97 6.24 95.31 7.68 108.80 1.14
L06-2E40-CF0.5 58.11 0.20 82.92 4.20 92.24 3.61 99.45 2.29
L10-2E40-CF0.5 39.87 1.33 69.95 0.42 79.91 5.22 85.06 4.53
L04-2E10-CF1.0 93.70 0.71 151.75 1.86 160.61 2.33 174.90 2.22
L06-2E10-CF1.0 110.18 0.43 165.52 1.57 183.64 1.86 176.16 1.71
L10-2E10-CF1.0 66.49 2.37 93.92 1.78 98.98 1.77 104.40 1.87
L04-2E25-CF1.0 57.22 3.09 70.67 2.39 76.54 3.32 80.09 3.60
L06-2E25-CF1.0 50.97 1.24 73.08 0.66 78.03 0.74 87.96 0.13
L10-2E25-CF1.0 28.82 1.28 41.09 0.14 42.77 0.88 43.93 1.32
L04-2E40-CF1.0 29.60 2.77 40.81 1.82 50.14 0.41 50.70 0.27
L06-2E40-CF1.0 33.02 1.56 56.21 3.55 59.89 4.06 60.46 3.34
L10-2E40-CF1.0 26.87 0.09 28.91 0.17 32.37 1.05 33.99 0.86
L04-2E10-CF1.5 47.99 0.61 57.40 0.75 64.59 0.60 66.43 0.66
L06-2E10-CF1.5 110.18 0.43 165.52 1.57 183.64 1.86 176.16 1.71
L10-2E10-CF1.5 66.27 2.26 97.07 4.43 97.21 3.94 102.50 4.58
L04-2E25-CF1.5 41.25 2.29 54.85 2.10 53.20 1.63 57.93 2.15
L06-2E25-CF1.5 50.73 0.42 66.79 0.07 67.68 0.79 61.51 1.19
L10-2E25-CF1.5 18.20 0.77 20.70 0.42 24.11 0.46 26.63 0.44
L04-2E40-CF1.5 27.90 0.33 35.38 0.60 36.94 0.57 40.96 0.94
L06-2E40-CF1.5 26.55 2.34 35.93 1.16 33.98 0.64 33.03 0.46
L10-2E40-CF1.5 16.50 1.03 24.94 1.90 27.75 1.18 28.65 1.12
L04-2E10-CF2.0 13.85 0.15 13.61 0.12 21.26 0.70 16.81 0.14
L06-2E10-CF2.0 36.50 0.28 39.40 0.26 50.11 0.16 49.89 0.16
L10-2E10-CF2.0 36.67 1.23 41.04 1.27 50.30 1.87 50.56 1.67
L04-2E25-CF2.0 13.15 0.20 13.87 0.33 17.33 0.41 17.45 0.53
L06-2E25-CF2.0 18.59 0.67 22.21 0.14 35.92 1.50 37.56 1.11
L10-2E25-CF2.0 22.78 0.31 29.57 0.02 43.21 0.92 50.07 0.00
L04-2E40-CF2.0 9.31 0.13 9.02 0.07 21.54 0.43 24.82 0.10
L06-2E40-CF2.0 5.94 0.32 6.15 0.43 15.01 0.23 15.02 0.98
L10-2E40-CF2.0 5.60 0.01 6.12 0.27 8.01 0.48 7.96 0.41

The resistivity of the cement composites after 28 days of curing is plotted in Figure 4. Regardless of
the CF length, the cement composites with 0.1% CF (L04-CF0.1, L06-CF0.1, and L10-CF0.1) showed
insignificant changes in resistivity with increasing electrode spacing. This is because 0.1% CF did not
affect the electrical conductivity of a cement composite, as mentioned in the previous paragraph. For a
relatively high CF content, the cement composite containing 4 mm CF of 2% (L04-CF2.0) showed a
marginal change in resistivity with increasing electrode spacing, while the resistivity of the cement
composite with 10 mm CF of 2% (L10-CF2.0) decreased at an electrode spacing of 40 mm (Figure 4c).
This is attributed to the fact that when the CF length is the same as the electrode spacing value (10 mm
in this case), the distribution of CF is difficult; however, when the electrode spacing is four times the
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CF length, dispersion of CF is improved because of increased space (CF length: 10 mm and electrode
spacing: 40 mm).

Figure 4. Resistivity of cement composites after 28 days of curing measured through the two-probe
configuration for different electrode spacings and carbon fiber (CF) lengths of (a) 4 mm (L04),
(b) 6 mm (L06), and (c) 10 mm (L10). CF0.1–2.0 indicate the CF content (0.1–2%) incorporated
into the cement composites.

The effects of the CF lengths, electrode spacing and CF contents on the resistivity of cement
composites are shown in Figure 5. The resistivity beyond the 2% CF content was determined by
extrapolation. Interestingly, the resistivity of the cement composite increased with increasing CF length
at a relatively narrow electrode spacing, as shown in Figure 5a,b. This result contrasts the CF length
effect, wherein the longer the CF, the lower the resistivity of the cement composite [21,42,43]. At the
electrode spacings of 10 and 25 mm, the cement composite with 4 mm CF (L04-2E10, L04-2E25) showed
the lowest resistivity beyond 2% CF content. A relatively narrow electrode spacing with respect to the
CF length might hinder the dispersion of CF. This is because a long CF tends to entangle with one
another [38]. Additionally, Azhari [46] reported that the cube size can influenced affect the percolation
threshold content of CF, particularly if it is smaller than CF length.

However, at an electrode spacing of 40 mm, the resistivities of the cement composites with CF
lengths of 6 and 10 mm (L06-2E40 and L10-2E40) were lower than that of the cement composite with
4 mm CF length (L04mm-2E04), for all CF content values. This implies that the CF length effect reported
in previous studies [21,42,43] is valid only when the electrode spacing is sufficiently wide.
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Figure 5. Change in resistivity of cement composites as a function of the carbon fiber (CF) content
measured by the two-probe configuration for different CF lengths and electrode spacings of (a) 10 mm
(2E10), (b) 25 mm (2E25), and (c) 40 mm (2E40). L04, L06, and L10 correspond to the CF filament
lengths of 4, 6, and 10 mm, respectively.

3.2. Four-Probe Configuration Results

For the cement composites of four-probe configuration, the change in resistivity as a function
of curing age is presented in Figure 6, and their values are given in Table 3. Regardless of the CF
length, the cement composites incorporating more than 0.5% CF showed constant resistivity despite
the increase in curing age. In Figure 6, the resistivity of the cement composites with 0.5% CF can be
clearly distinguished from the other cement composites with different CF contents; no further decrease
in the resistivity was observed beyond 1.0% CF content, indicating that the percolation threshold was
1.0% CF content [11,22,24]. This result is more clearly seen in Figure 7.

For the cement composites of four-probe configuration with 10 mm electrode spacing, the change
in the resistivity as a function of CF content is shown in Figure 7. Similar trend in the decreasing
resistivity with increasing CF lengths was also observed in the four-probe configuration, as in the
two-probe configurations (Figure 5). This is because the relatively short 4 mm CF (L04) is easily
dispersed, the resistivity of the cement composite decreased continuously with the increase in CF
contents, while relatively long 6 or 10 mm CFs (L06 and L10) were difficult to be dispersed in the
electrode spacing of 10 mm. Poor dispersion may cause an increase in the resistivity of the cement
composite. This phenomenon became worse with increasing CF content.
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Figure 6. Resistivity of cement composites as a function of the curing age measured via four-probe
configuration for different carbon fiber (CF) contents and electrode spacing of 10 mm (4E10) for CF
lengths of (a) 4 mm, (b) 6 mm, and (c) 10 mm. L04, L06, and L10 correspond to the CF lengths
of 4, 6, and 10 mm, respectively. CF0.1–2.0 indicate the CF content (0.1–2%) incorporated into the
cement composites.

Table 3. Resistivity [Ohm·cm] of cement composites as a function of the curing age for the four-probe
configuration; each resistivity is the average of 3 test samples, and S.D. stands for standard deviation.

Mixture ID
7 Days 14 Days 21 Days 28 Days

Resistivity S.D. Resistivity S.D. Resistivity S.D. Resistivity S.D.

L04-4E10-CF0.5 225.21 184.30 249.31 182.93 290.19 195.22 286.05 205.15
L06-4E10-CF0.5 111.28 71.07 178.34 78.80 183.01 89.74 177.04 89.75
L10-4E10-CF0.5 242.40 96.21 267.67 93.00 226.16 69.07 220.29 69.20
L04-4E10-CF1.0 38.23 0.98 34.66 2.70 32.31 0.82 26.31 1.30
L06-4E10-CF1.0 68.20 10.27 67.55 12.02 62.89 9.89 56.76 9.80
L10-4E10-CF1.0 70.42 15.84 68.14 16.54 66.71 17.22 60.11 17.86
L04-4E10-CF1.5 29.52 1.28 26.35 2.91 25.36 2.13 19.15 1.71
L06-4E10-CF1.5 44.92 0.44 52.35 2.88 54.22 2.41 48.46 2.37
L10-4E10-CF1.5 57.84 13.34 57.79 15.95 61.42 21.25 54.18 20.48
L04-4E10-CF2.0 21.09 2.83 20.12 1.92 19.48 2.28 13.53 2.32
L06-4E10-CF2.0 36.58 4.38 40.54 5.59 36.64 4.24 30.55 4.25
L10-4E10-CF2.0 52.21 9.01 47.48 7.82 44.82 8.64 38.91 8.09

Figure 7. Resistivity of cement composites measured via four-probe configuration as a function
of the carbon fiber (CF) content at the electrode spacing of 10 mm (4E10) for different CF lengths;
L04, L06, and L10 correspond to the CF lengths of 4, 6, and 10 mm, respectively.



Appl. Sci. 2020, 10, 8993 10 of 13

3.3. Comparison between Two- and Four-Probe Configurations and Corresponding Percolation Thresholds

The comparison of the resistivity depending on the different probe configurations is shown in
Figure 8. Regardless of the CF lengths, the resistivity of cement composites was lower for the four-probe
configuration compared with the two-probe configuration, at the same electrode spacing. As mentioned
previously, unlike the two-probe configuration, in the four-probe configuration, the contact resistance
is not included in the measurement of resistivity [44,45]. There was no significant decrease in the
resistivity beyond the 1.0% CF content for the electrode spacing of 10 mm, indicating that the percolation
threshold of the composites measured via the four-probe configuration was 1.0% CF. The resistivity of
the cement composite measured via the two-probe configuration showed a continuous decrease as
the CF content increased to 2% CF; therefore, the percolation threshold measured via the two-probe
configuration was 2% or lower, corresponding to the electrode spacing of 10 mm.

Figure 8. Comparison of resistivity of cement composites as a function of the CF content measured via
two- and four-probe configurations corresponding to 10 mm electrode spacing (2E10 and 4E10) and CF
lengths of (a) 4 mm (L04), (b) 6 mm (L06), and (c) 10 mm (L10).

The differences in the variation in resistivity as a function of the CF content observed between
the two- and four-probe configurations became less distinct with increasing CF content. The contact
resistance depends on both the conductivities of the electrode and cement composite; however,
the former can be neglected because of its very low resistance [44]. The influence of contact resistance
is small at a high CF content [44]. Therefore, it may be concluded that the difference between the
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resistivities measured via the two different probe configurations would be insignificant at a high CF
content of 2%.

4. Conclusions

The electrical conductivity of a cement composite depends on curing age, CF content, CF length,
electrode spacing, and probe configuration. The research findings are summarized below:

1. The conductivity of the cement composite incorporating 0.1% CF was predominantly influenced
by the electrolyte of the pore solution, rather than the CF content. Beyond 0.5% CF content,
the influence of CF on the conductivity was greater than that of the electrolyte of the pore solution.

2. Only when the electrode spacing was relatively wide (40 mm), the resistivity decreased with
increasing CF length. Further, for narrow electrode spacing (10 mm), the resistivity of the cement
composite increased with an increase in the CF length. These results imply that the CF length
should be considered along with the electrode spacing when composing the electrodes of the
cement composite by incorporating CF.

3. For the four-probe configuration, there was no significant difference between the cement
composites with 1.0% and 2.0% CF. Additionally, they showed low resistivity values of less than
100 Ω·cm. This indicates that the percolation threshold of CF was 1.0% corresponding to the
four-probe configuration. The cement composites evaluated via the two-probe configuration
showed continuous decreases in resistivity until the 2.0% CF content value.

4. Regardless of the CF length, the measured resistivity differences between the two- and four-probe
configurations were large at low CF contents. These gaps became marginal as the CF content increased.

5. As a major conclusion of this study, for the efficient conductivity of cement composites, CF length
should be sufficiently short compared to electrode spacing. Since the conductive cement composite
is basis to implement functional cement composite structure such as self-heating and self-sensing.
This finding can help the methodology of design of a conductive cement composite containing CFs.
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