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Abstract
In the present study, the effects of electrodes type (copper, steel or CFRP) and design (plate or mesh) on electrical stability 
of conductive cement as exposed to various weathering conditions were investigated. To fabricate these composites, multi-
walled carbon nanotube and carbon fiber were added to the cement composites by 0.6 and 0.4% by cement mass. Seven 
different types of electrodes were embedded to the samples, and their electrical stability was examined during the curing 
period. In addition, the fabricated samples were exposed to water ingress and cyclic heating conditions. Then, the compres-
sive strength of the samples was evaluated to observe the interfacial bonding between the cement paste and electrodes. Based 
on the experimental results, it was found that the samples showed different electrical stability even their mix proportion was 
same. Thus, it can be concluded that the type and design of the electrodes are important in measuring the electrical proper-
ties of the conductive cement composites. Specifically, an improved electrical stability of electrodes is required when they 
are exposed to various weathering conditions.
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1 Introduction

In recent years, various conductive fillers such as carbon 
nanotube (CNT), carbon fiber (CF), carbon black, graphite, 
and graphene have received much attention to fabricate the 
conductive cement composites, since they can be used in 
versatile applications (e.g., electromagnetic wave shield-
ing composites, structural health monitoring sensors, and 
electrical-heating composites) [1–4]. In the early stage of 
research on conductive cementitious composites, most of the 
researchers have attempted to achieve an improved electrical 

conductivity of the cement-based composite by adding many 
kinds of conductive fillers [5–10]. However, in recent years, 
many studies have focused on investigating the electrical 
stability and functionality changes of the conductive cemen-
titious composites when they are exposed to various environ-
mental conditions including extreme exposure temperatures, 
freeze–thaw cycles, and water absorption conditions. For 
examples, Dong et al. [11] reported that the piezoresistiv-
ity of cement-based sensors can be affected by the water 
ingress, showing that the water ingress can degrade their pie-
zoresistivity capabilities of the cement-based sensors. Jang 
et al. [12, 13] examined the effect of exposure temperatures 
and water ingress on the piezoresistivity and self-heating 
capabilities of the cement-based composites, respectively. 
Tafesse et al. [14] investigated electrical resistivity change of 
cement composites with CNT and CF when they are exposed 
to chloride penetration. In addition, in the studies by Dong 
et al. [15] and Moral et al. [16], it is reported that the sensing 
performance of cement-based sensors with carbon black or 
CNT and graphite are significantly affected by temperature, 
water content, and humidity conditions.

Besides, the design of electrodes in conductive cementi-
tious composites, needed to measure the changes in elec-
trical conductivity during applications, has been regarded 
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as one of the important parameters in such relevant works. 
Still, most of the studies have used the identical electrodes 
(e.g., copper and/or steel-based electrodes) to measure the 
electrical properties of the conductive cement; however, the 
electrical stability of these electrodes when they are exposed 
do various weathering conditions are not considered com-
prehensively [17–20].

Although many studies have attempted to investigate the 
effects of weathering conditions on the electrical functional 
changes of the composites, their effects on functional stabili-
ties of various types of electrodes are rarely investigated. In 
this regard, this study is aimed to observe the comprehensive 
effects of various electrodes types on the electrical stability 
of conductive cementitious composites. First, the electri-
cal property changes of the composites with different elec-
trodes were examined during the curing period. Then, their 
electrical stabilities as exposed to water ingress condition 
and elevated temperatures, were investigated. Last, the com-
pressive strengths of the composites embedded with various 
types of electrodes were measured to examine the interfacial 
bond between the composites and electrodes.

2  Experimental program

In the present study, one mix proportion was used to make 
the conductive cementitious composites as summarized in 
Table 1. For a binder material, commercially purchased 
cement was used, and silica fume (Elkem Inc). was added 
to the composites. Multi-walled CNT (MWCNT) supplied 
from the KUMHO Petrochemical Co., Ltd and CF purchased 
from the Ace C&TECH. Co., Ltd were used as electrically 
conductive fillers [21]. Based on the previous studies by 
the authors, the contents of silica fume and superplasticizer 
(FLOWMIX 3000U) were 10 and 1 wt% of cement, respec-
tively, to enhance CNT dispersion in the cement [12, 22]. 
In addition, the target flow of the mixture was decided to be 
120 mm which is considered as the favorable flow ability to 
enhance the CNT dispersion [23, 24].

The fabrication process of the samples are as follows. Dry 
materials (cement, silica fume, CNT, and CF) were put into 
the Hobart mixer, and they were mixed for 5 min. Mean-
while, the water and SP solution was prepared by mixing for 
1 min. Then the solution was poured to the dry-mixture and 
the entire mixture was mixed for an additional 5 min. Then, 
the mixture was put into the 50 mm cubical molds. Lastly, 
the seven different types of electrodes with dimension of 
30 mm and 70 mm in width and height, respectively, were 
embedded in the composites. Here, the electrodes regard-
less of their type were fully embedded in the samples to 
ensure uniformity in the evaluation criteria. Table 2 indicates 
the details of the used electrodes. Here, three distinct types 
of commercially acquired electrodes were employed: cop-
per, stainless steel, and CFRP. Each electrode type had two 
variations, comprising plated and mesh designs. Among the 
mesh-typed electrodes, 5-mesh and 10-mesh made of copper 
and steel were used. The fabricated samples were cured for 
28 days, followed by their exposure to various environmen-
tal conditions. The samples were exposed to water ingress 
conditions for 1 week, high temperature conditions at 100 °C 
for 1 h using the electric furnace for ten cycles, respectively. 
The changes of electrical resistance were observed in each 
weathering condition. In addition, the compressive strength 
of the samples was investigated using the compression 
machine confirming to the ASTM C109.

3  Result and discussion

3.1  Electrical resistance changes during curing 
period

Figure 1 shows the changes of electrical resistances for 
28 days of curing period. As reported in the previous stud-
ies, the electrical resistance of CNT-embedded cementitious 
composites increased as the curing days increased [22, 25]. 
Similar results can be observed in the samples when copper 
electrodes were used without the silver paste (i.e., C, C5, 
and C10 electrodes). However, the samples having copper 
electrodes with silver paste showed consistent resistance 
over the entire curing period. Moreover, steel-mesh type 
and CFRP electrodes also showed stable resistance with 
negligible changes.

Table 1  Mix proportion used in this study by cement mass

Cement Silica fume MWCNT CF Water SP

100 10 0.6 0.4 35 1

Table 2  Various type of 
electrodes used in this study

ID C–S C C5 C10 S5 S10 CFRP

Material Copper with 
silver paste

Copper Copper Copper Steel Steel CFRP with 
silver 
paste

Type Plate Plate 5-Mesh 10-Mesh 5-Mesh 10-Mesh Plate
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According to these results, it can be said that the copper 
electrodes may be affected by the moisture inside the cemen-
titious composites and they easily corrode by reacting with 
the chemical ions/hydrates in the cement composites. Thus, 
the silver paste is necessary to be coated when copper-based 
electrodes are used. Alternatively, the steel and CFRP-based 
electrodes are recommended to be used in cementitious 
composites which can show the stable electrical properties. 
Based on the results in Fig. 1, the samples with C5 and C10 
electrodes were excluded for other tests because they showed 
unstable electrical properties. Sample C was included in fur-
ther tests for the sake of comparison with other electrodes.

After measuring the electrical resistance of the samples 
as seen in Fig. 1, the condition of the electrodes was visually 

inspected. The cross-sectional images of the cracked sam-
ples are shown in Fig. 2, to support the explained hypothesis 
for the results in electrical stability. It can be seen that the 
copper electrode without silver paste (C) was corroded in the 
cementitious composites due to the chemical ions formed in 
cement-hydration process. The silver paste coating on cop-
per mitigated the corrosion problem (C–S), protecting the 
electrodes. However, it was also found that the silver paste 
can easily be detached from the electrodes, decreasing the 
electrical conductivity of the conductive cementitious com-
posites [23].

3.2  Exposure to water ingress condition

The samples with C–S, C, S5, S10, and CFRP electrodes 
were used in water absorption and heating tests to observe 
the electrical stability as exposed to water ingress and high 
temperature. The water absorption test was carried out con-
firming to the ASTM C 1585 specifications [26]. Figure 3 
indicates the electrical resistance change ratio as the water 
immersion time increased. It shows that the water molecules 
absorbed during the test can increase the electrical resistance 
of the composites regardless of the electrode types, which 
are similar with the result of a previous study [13]. However, 
it should be noted that the magnitude of increase in electrical 
resistance is dependent on the electrode type. The electrical 
resistance of the sample using ‘C’ electrodes showed much 
higher fraction change in resistance compared to that found 
in the other samples. This can be deduced from the corro-
sion occurred on the surface of the copper electrode due to 
the water molecules (discussed below). The corrosion prob-
lem can be mitigated by covering the copper electrode with 

Fig. 1  Electrical resistance of the samples using various types of 
electrodes for 28 days

Fig. 2  Cross-sectional images 
of the samples using various 
electrodes
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silver paste; thus, lower increase of electrical resistance was 
observed in the sample with C–S electrodes. The samples 
using steel-based and CFRP electrodes with high resistance 
to water showed relatively less change in electrical resistance 
compared to the copper electrodes.

In C–S samples coated with silver paste on copper, the 
contact resistance between the electrode and the sample is 
minimized. This allows the conductive network of the sam-
ple to be well-represented, resulting in negligible resistance 
variation over time. In other words, the C–S configuration 
most accurately reflects the intrinsic conductive network 
resistance of the sample itself. Previous studies have also 
frequently employed silver paste to reduce contact resistance 
[27, 28]. Conversely, electrodes in the copper series (i.e., 
C, C5, and C10) were found to be highly susceptible to the 
influence of moisture. It is postulated that the evaporation 
of moisture alters the interface between the electrode and 
the composite material, leading to a substantial increase in 
electrical resistance. This inference is corroborated by the 
results shown in Fig. 3, where the greatest impact of mois-
ture is observed in the C.

In the steel series (S5, S10), electrodes exhibit a higher 
contact resistance, resulting in generally greater resistance 
values on the first day compared to samples utilizing copper 
(i.e., C, C5, and C10). The observed decrease in resistance 
over time in the steel series is hypothesized to be influenced 
more by disruptions in the conductive network due to hydra-
tion reactions rather than moisture. In cases where CNT and 
CF are jointly incorporated, the conductive network of the 
cementitious composite may exhibit enhanced robustness 
due to internal structural changes and disturbances induced 
by hydration reactions [29, 30]. When CF is mixed with 
CNT, thermal disturbances reduce overlapping regions, 
thereby enhancing the uniformity of the conductive network, 
and consequently reducing resistance. Figure 4 corroborates 

that in samples using steel and CFRP, thermal-induced 
matrix disruptions tend to decrease the rate of resistance 
change. Thus, the observed reduction in resistance in the 
steel series is interpreted as a reflection of an improved 
conductive network over time, compensating for the ini-
tially high resistance recorded due to contact issues. This 
phenomenon is less conspicuous in C–S and CFRP elec-
trodes, which recorded lower initial resistances. In conclu-
sion, based on the present study, samples incorporating both 
CNT and CF appear to exhibit relatively stable resistance 
changes over time when utilizing C–S and CFRP electrodes. 
For the copper series, the observed phenomena are thought 
to be influenced by the interface between the electrode and 
the material, whereas in the steel series, the outcomes are 
considered to be a reflection of both initial contact resistance 
and changes in the internal material structure.

3.3  Exposure to high temperature

The electrical resistances of the samples after exposure to 
100 °C for ten cycles are exhibited in Fig. 4. It can be seen 
that all the samples showed a decrease in their electrical 
resistances as the heating cycles increased. This can be 
explained from the thermal expansion of the carbon-based 
conductive fillers (i.e., CNT and CF), leading to the for-
mation of denser conductive networks as well as due the 
changes in the electrodes upon exposure to high tempera-
ture. As seen in the study by Jang et al. [12], the conductive 
cementitious composites with conductive filler higher than 
the percolation threshold decreased their electrical resist-
ance as exposed to high temperatures due to the thermal 
expansion-induced formation of conductive networks. Thus, 
the observed results showed good agreement with the previ-
ous studies in terms of general trend of decrease in electrical 

Fig. 3  Resistance change of the samples exposed to water ingress Fig. 4  Fractional change in resistance of the samples during the heat-
ing process
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resistance. However, it can be found that the degree of the 
decrease in electrical resistance is different with the elec-
trode types. Except the sample using ‘C’ electrode, com-
parable stable electrical resistance can be seen during the 
heating process. It is because that the steel and CFRP-based 
electrodes have high resistance to elevated temperature, 
maintaining the stable electrical properties. Also, the sam-
ple using copper electrode coated with silver paste showed 
stable value, since the silver paste can mitigate the defect 
occurred on the surface of copper electrode. Based on these 
results, it can be concluded that the type and design of the 
electrodes are important in measuring the electrical proper-
ties of the conductive cementitious composites. Specifically, 
a good electrical stability of electrodes is required when the 
conductive cementitious composites are exposed to various 
weathering conditions. Furthermore, based on the experi-
mental findings presented in Sects. 3.1 to 3.3, the authors 
can now elucidate the observed phenomena that underlie 
the significant alterations in electrical resistivity within the 
cement composites following exposure to various environ-
mental conditions, as previously reported by the authors 
[31–33].

3.4  Compressive strength

The compressive strengths of the samples are investigated 
to examine the interfacial bond between the electrodes and 
composites, and the results are exhibited in Fig. 5. As seen 
in Fig. 5, the samples embedding various types of electrodes 
showed different compressive strengths even the same mix 
proportion was used in all the samples. This phenomenon 
can be explained from the interfacial bond. If the elec-
trodes are well embedded in the composites, the interfa-
cial bond strength can increase, resulting in enhancement 

of compressive strength. However, the lower compres-
sive strength can be achieved when the electrodes are not 
embedded well in the composites, since the gap between 
the electrodes and composites can be formed, lowering the 
compressive strength. In Fig. 5, it can be found that the com-
pressive strengths of the samples using mesh-type electrodes 
are higher than those using plate-type electrodes. This can 
be attributed to the cement paste filling the mesh holes, thus 
increasing the interfacial bond and compressive strengths 
compared to the plate-types electrodes. A marginal increase 
in compressive strength of S10 sample compared to S5 sam-
ples further endorsed this fact as there were more holes to be 
filled with cement paste.

4  Conclusion

The present study investigated the effects of various types 
and designs of electrodes on the electrical stability of con-
ductive cementitious composites as exposed to different 
weathering conditions. It can be found that the copper elec-
trodes are significantly affected by the exposure to weather-
ing conditions, and the silver paste can protect the electrodes 
from corrosion problems. Steel-mesh and CFRP electrodes-
embedded cementitious composites showed stable electri-
cal conductivity even after exposure to various weathering 
conditions. Further studies will be conducted on investigat-
ing the effects of electrodes on the functionality of compos-
ites as used in piezoresistive sensors and electrical heating. 
Moreover, a systematic investigation into the alterations 
of electrical, mechanical, and functional properties of the 
cementitious composites when exposed to various extreme 
deteriorating conditions will be undertaken.
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