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A B S T R A C T

Cement-based sensors are vulnerable to weathering conditions, such as exposure temperatures
and freeze-thaw cycles, which have detrimental effects on their piezoresistive sensing behaviors;
however, to the best of our knowledge, these effects have been rarely investigated. In this study,
the electrical and piezoresistive sensing characteristics of multi-walled carbon nanotube (MW-
CNT)-embedded cement-based sensors exposed to various temperatures were investigated. Ce-
ment-based sensors with varying MWCNT content were fabricated and exposed to five different
temperatures. Subsequently, the effects of these temperatures on the compressive strength and
electrical properties of the sensors were observed. In addition, the electrical stability of the tun-
neling-induced and temperature-dependent electrical properties were examined. The electrical
and piezoresistive sensing behaviors were found to be mainly affected by the exposure tempera-
ture, and the effects varied with the embedded MWCNT content. Thermo-gravimetric and scan-
ning electron microscopy analyses served to characterize the microstructures of the cement-
based sensors and the results helped in explaining the electrical and piezoresistive sensing behav-
iors.

1. Introduction
The accelerated advancement of electrically conductive cementitious composites is essential for satisfying the requirements of

various applications (e.g., structural health monitoring sensors, electrical-heating composites, and electromagnetic wave shielding
composites) [1–5]. To design conductive cementitious composites, carbon nanotubes (CNTs) have been widely used as a potential
electrically conductive filler capable of forming electrically conductive networks in cementitious composites owing to their high elec-
trical conductivity [5–8]. Many studies have reported that the piezoresistive sensing properties of CNT-embedded cement-based sen-
sors are such that the electrical resistance changes when external force is applied [9–11]. Zhang et al. fabricated electrostatic self-
assembled cementitious sensors by incorporating 0.5 vol% of CNT, which exhibited a stress sensitivity of 0.4% MPa−1 [9]. Naeem et
al. investigated the possibility of CNT-embedded cement-based sensors as crack sensors; these types of composites demonstrated a
6.0% fractional change in the electrical resistance under 1.2 MPa of flexural stress [10].

Recently, the effects of weathering conditions such as the moisture content, water ingress, and elevated exposure temperature
were assessed to observe the sensing stability of cement-based sensors [12–15]. Kim et al. observed the effects of moisture content on
the piezoresistive sensing properties of cementitious composites; they reported that the stability of piezoresistivity improved as the
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Table 1
Composition of cement-based sensors with various MWCNT content (wt.%).

SensorCode w/ba Cement Silica fume MWCNT PSS Nylon fiber Water SP

C2 0.5 100 5 0.2 0.2 0.1 52.5 0.8
C5 100 5 0.5 0.5 0.1 52.5 0.8
C10 100 5 1.0 1.0 0.1 52.5 0.8
a w/b denotes the water-to-binder ratio.

Table 2
Composition of the solutions used in zeta potential measurement.

Solution Water MWCNT PSS

Water with MWCNT 40 mL 0.01 g 0.00 g
Water with PSS 40 mL 0.00 g 0.01 g
Water with MWCNT and PSS 40 mL 0.01 g 0.01 g

moisture content decreased [12]. Dong et al. investigated the physicochemical and piezoresistive properties of cementitious compos-
ites incorporating CNT when exposed to elevated temperatures; they found that the hydration products of heat-treated composites de-
composed, which led to changes in the piezoresistive properties of the cementitious composites [14]. In addition, Jang et al. reported
that the electrical properties and piezoresistive sensing performance of CNT-incorporated cementitious composites are mainly af-
fected by water ingress, which possibly degrades their sensing capability [15]. Furthermore, many researchers have developed the
conductivity model for predicting the electrical conductivity and sensing performances of the cement-based sensors. Kim et al. [16]
and Lee et al. [17] proposed the conductivity model and parametric model for CNT/cement sensors, and the effects of crack on con-
ductivity of sensors and the causes of fluctuation of electrical conductivity of the sensors were investigated, respectively. Tafesse et al.
[18] developed mathematic-based intuitive model for accessing the effects of CNT dispersion on the conductivity of cement-based
sensors. In addition, García-Macías et al. [19] proposed the lumped circuit for cement-based sensor as they were compressed under
the dynamic loadings, and Sun et al. [20] also proposed the equivalent circuit for cementitious sensors under the different environ-
mental conditions. Meanwhile, several studies have investigated the piezoresistive sensing response of cement-based sensors to ad-
vance their possible applications and assess the effects of certain weathering conditions on the piezoresistive sensing properties of
these sensors. Nevertheless, fewer efforts have been made to investigate the electrical stability and piezoresistivity performances of
the cement-based sensors with different CNT-embedded content when exposed to various exposure temperatures (e.g., elevated tem-
peratures and freeze-thaw conditions) subjected to dynamic loading conditions.

Therefore, in this study, the electrical stability and dynamic piezoresistive sensing performance of cement-based sensors when ex-
posed to various temperatures were investigated. Three different multi-walled CNT (MWCNT) content levels considering the percola-
tion threshold of MWCNT-embedded cementitious composites and polysodium 4-styrenesulfonate (PSS) with equivalent MWCNT
content (0.2, 0.5, and 1.0% by cement mass) were added to cementitious composites; subsequently, the fabricated composites were
exposed to five different conditions (25, 100, 200, and 400 °C, and freeze-thaw cycling) after curing for 28 days. Under the static con-
dition, the electrical resistance and electrical stability of the fabricated cement-based sensors exposed to different temperature condi-
tions were observed. The temperature-dependent electrical properties of the sensors were examined when they were exposed to cyclic
freeze-thaw conditions. In addition, the piezoresistive sensing performance of the sensors in dynamic loading conditions were investi-
gated. The test results were characterized in terms of the maximum values of the fractional change in resistance (FCR) and gauge fac-
tors (GFs). Moreover, thermogravimetric (TG) and scanning electron microscopy (SEM) analyses were conducted to facilitate deep
discussions of the electrical and piezoresistive sensing test results.

2. Experimental method

2.1. Fabrication of cement-based sensors
Ordinary Portland cement and silica fume, purchased from Elkem Inc. (EMS-970), were used as binder materials conforming to

the ASTM C150 specification; additionally, multi-walled CNTs (MWCNTs, Jeio Co. Ltd., Korea) were added to the composites as an
electrically conductive filler. The corresponding MWCNT diameter was 10 nm and the length ranged from 100 to 200 μ m. A polycar-
boxylate acid-type superplasticizer (Dongnam Co., Ltd., FLOWMIX 3000L) and PSS were added to the mixtures to homogenously dis-
perse the MWCNT particles in the cement-based composites [7]. Nylon fibers (Nycon Fiber Inc., NYMAX) with diameters ranging
from 23 to 36 μ m and a length of 3 mm were added to prevent shrinkage-induced cracks in the fabricated composites, and micro-
cracks can be formed in the piezoresistive sensing tests. Three different amounts of MWCNT (0.2, 0.5, and 1.0% by cement mass)
were added considering the percolation threshold range, and the same amounts of PSS as MWCNT were incorporated for MWCNT dis-
persion. The water-to-binder ratio was fixed at 0.5; moreover, 5% silica fume, 0.8% of a polycarboxylate acid-type superplasticizer,
and 0.1% nylon fiber by cement mass were incorporated into the specimens. The details of the mix proportions used in this study are
summarized in Table 1.

According to the previous studies [21,22], an incorporation of silica fume can increase the distances between the individual MW-
CNT particles due to the ball-bearing effect, and it may improve the dispersion of MWCNTs in the composites. It is also reported that

https://ui.pagecentral.io/C150
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Table 3
Zeta potential values of the MWCNT and PSS in water.

Zeta potential (mV) Water Water with MWCNT Water with PSS Water with MWCNT and PSS

Absolute values −16.90 −10.43 −26.55 −21.22
Relative values 0.0 6.47 −9.65 −4.32

the polycarboxylate-typed superplasticizer can enhance the CNT dispersion state due to the steric repulsion effect [22]. Furthermore,
the utilization of poly (sodium 4-styrenesulfonate) (PSS) helps to disperse the MWCNT particles in the cementitious matrix [15].
Therefore, in the present study, the utilization of silica fume, superplasticizer, and PSS can contribute to improve the dispersion of
MWCNTs in the cementitious composites. The cement-based sensors were fabricated as follows: the dry materials (in this case, OPC,
silica fume, MWCNT, PSS, and nylon fibers) were put into a Hobart mixer; then, they were dried mixed for 5 min. The water and su-
perplasticizer solutions were then introduced into the dried mixtures; they were mixed for an additional 5 min. The overall mixtures
were then poured into 50 × 50 × 50 mm3 cubical molds conforming to ASTM C109 [23]. Copper electrodes were embedded in the
composites to measure the electrical properties, as reported in previous studies [15]. The composites were placed at an oven with
room temperature (25 ± 2 °C) for 24h; subsequently, they were demolded and cured in an oven at room temperature for 27 days.
Next, the fabricated cement-based sensors were dried in a 60 °C oven for additional 3 days to evaporate the moisture from the fabri-
cated composites [11]. The sensors were then exposed to different temperature conditions (25, 100, 200, and 400 °C, and freeze-thaw
cycles) for 1 h and they were assessed in terms of their compressive strength, electrical resistance, and piezoresistive sensing perfor-
mance.

Fig. 1. (a) Electrical resistance and (b) compressive strength of specimens exposed to various temperatures.

https://ui.pagecentral.io/C109
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Fig. 2. Tunneling-induced electrical resistance of specimens in a static condition.

2.2. Experiment details
The dispersion characteristics of the MWCNT and PSS used in this study were evaluated via zeta potential tests [22]; water was

used as the solvent to disperse them. Details regarding the mix proportions utilized in these tests are summarized in Table 2. An ultra-
sonicator (40 kHz; 200 W) was used to sonicate the solutions, including MWCNT, PSS, and water, for 1 h and the zeta potential values
of the sonicated solutions were measured using a zeta potential analyzer (ELSZ-2000, Otsukael). The compressive strength was mea-
sured using a 2500 kN compression testing machine (INSTRON) with a constant loading rate of 0.02 mm/s, conforming to ASTM C
109. The electrical resistance values were measured using a digital multi-meter via the two-probe method [5,24,25]. Three replica-
tions were selected for each mix proportion to calculate the average values in both the compressive strength and electrical resistance
measurement tests. The tunneling-induced electrical stability of the specimens was investigated in accordance with the previous stud-
ies by Jang et al. [7] and Park et al. [25]. A digital multi-meter (Agilent Tech, 34410A) was used to measure the electrical resistances
of the specimens. Each probe was connected to the specimen and their electrical resistances were measured for 2h in the static condi-
tion without any applying loads. The measured electrical resistances were converted to fractional resistance change considering the
initial electrical resistance value, which can indicate the electrical stability for 2 h [26–28]. To establish the temperature-dependent
electrical properties, the specimens were put in a programmable chamber (EN-TH-1370) where the temperature was controlled from
−15 to +15 °C for 50 cycles. Thus, the electrical resistance of the specimens was examined during freeze-thaw cycles. Meanwhile, the
piezoresistive sensing performance of the cement-based sensors were investigated using a multipurpose servo-hydraulic universal
testing machine (Walter Bai) with a load control method. The sensing behaviors of these sensors were investigated in two different
dynamic conditions (i.e., short- and long-term loading conditions). In the short-term loading condition, cyclic triangular loadings
with a frequency of 0.5 Hz were applied to the cement-based sensors from 0.5 to 25 kN for 10 cycles to investigate the sensitivity of
the sensing performance considering the FCR. In the long-term loading condition, the identical loadings with a frequency of 2.0 Hz
were applied to the sensors for 10,000 cycles to observe the sensing stability of the sensors. Meanwhile, the electrical resistance val-
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Fig. 3. Temperature-dependent electrical resistance of specimens during freeze-thaw cyclic tests.

ues of the sensors were measured. Then, the measured electrical resistance of the sensors was converted into the FCR and GF to evalu-
ate the piezoresistive sensing performance of the cement-based sensors.

Microstructural images of the prepared fractured specimens, conforming to the RILEM recommendations, were captured via field
emission-SEM (FE-SEM, Hitachi S4800) [29]. The fractured specimens exposed to various temperatures were immersed in isopropyl
alcohol for 15 min; then, they were rinsed with isopropyl alcohol and vacuum filtered. Subsequently, they were stored in a vacuum
desiccator before SEM analysis [30]. In addition, these specimens were manually ground to pass a 75 μ m sieve; 5.0–6.0 mg of this
powder was used for TG-derivative thermogravimetry (DTG) analysis using a Labsys Evo TG-DTG instrument (SETARAM) in a tem-
perature range of 25–1000 °C [23].

3. Results and discussions
It is noted that the mechanisms on the effects of elevated temperature and freeze-thaw cycles on the micro-structural changes in

cementitious composites are different. Elevated temperature can lead to both decomposition of hydrates and the evaporation of resid-
ual moisture in the cementitious composites [14]. Meanwhile, the freeze-thaw cycle can cause microcracks due to the freezing and
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Fig. 4. Experimental setup for the piezoresistive sensing test.

Fig. 5. Fractional change in electrical resistance of the specimens exposed to different temperatures during cyclic loading tests.
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Fig. 6. Fractional change in resistance and gauge factor of the specimens.

melting process of the water [31]. The aim of the present study is to investigate the effects of micro-structural changes in cementitious
composites on conductivity and piezoresistivity as the cement-based sensors; thus, elevated temperatures and freeze-thaw cycles
were simultaneously considered as experimental conditions in the present study.

3.1. Electrical resistance and compressive strength
The zeta potential values were measured to investigate the dispersion state of the utilized MWCNTs, and the measured values of

solutions, including water, MWCNT, and PSS, are listed in Table 3. The zeta potential value of water was −16.9 mV, while that of wa-
ter with MWCNT and PSS was −10.43 and −26.55 mV, respectively. These values can be calculated as relative values; consequently,
the values for water, MWCNT, and PSS will become 0, 6.47, and −9.65 mV, respectively. These results indicate that the MWCNT par-
ticles were positively charged, whereas the PSS particles were negatively charged in water [22]. Hence, it is evident that the PSS par-
ticles cause the MWCNT particles to adhere to them because they have contrasting zeta potential values. The relative zeta potential
value of the solution, including water, MWCNT, and PSS, was −4.32 mV, which is the average value of MWCNT and PSS in water; this
indicates that by incorporating PSS, the Van der Waals force between the MWCNT particles can be potentially reduced. Consequently,
PSS incorporation can improve the dispersion of MWCNT particles in the specimens, resulting in lower electrical resistance levels, as
shown in Fig. 1 (a), compared to those in previous studies [10–12].

The effects of exposure temperatures on the electrical resistance and compressive strength of the cement-based sensors are shown
in Fig. 1. The electrical resistance of sensors exposed to a temperature of 100 and 200 °C was similar to that of sensors at 25 °C; how-
ever, the electrical resistance of sensors exposed to 400 °C or those subjected to freeze-thaw cycles increased dramatically. As re-
ported in previous studies, the components of the cementitious composites were not completely decomposed upon exposure to 200
°C, which may explain the electrical resistance and compressive strength levels of the cementitious composites [14,23]. However, the
components in the cementitious composites started to decompose upon exposure to 400 °C; consequently, the electrical resistance
dramatically increased and the compressive strength of the cement-based sensors decreased [14,23]. In addition, the sensors became
damaged during the freeze-thaw cycles, leading to porosity [31,32]. Hence, the aforementioned phenomena justify the increased
electrical resistance and decreased compressive strength levels.

3.2. Tunneling-induced electrical stability
The tunneling-induced electrical resistance outcomes of the specimens are shown in Fig. 2. Previous studies reported that the tun-

neling-induced electrical properties of cement-based composites refer to the tunneling effect on the electrical resistance, which usu-
ally decreases over time given that electrical conductive networks composed of MWCNTs can be gradually developed [33,34]. Ac-
cordingly, the reduction in the electrical resistance of the fabricated cement-based sensors, regardless of the embedded MWCNT con-
tent, was noted, as shown in Fig. 2. It was also found that the degree of reduction in electrical resistance was different based on the
embedded MWCNT content. A substantial tunneling effect was observed in sensors with low levels of MWCNT, which can be attrib-
uted to the fact that the tunneling effect is inversely proportional to the embedded MWCNT content [35,36]. In addition, the tunnel-
ing-induced electrical stability of the sensors decreased when they were exposed to temperatures of 100, 200, and 400 °C. This can be
explained by the decomposition of components in the cementitious composites, which may disturb the movement of electron charges
and reduce the tunneling-induced electrical stability [35]. The sensors subjected to freeze-thaw cycles specifically demonstrated the
lowest tunneling-induced electrical stability; this can be confirmed by the appearance of microcracks in the cement-based sensors
during the freeze–thaw cycles. The temperature-dependent electrical resistance of sensors during the freeze-thaw cycle tests are
shown in Fig. 3. It can be observed that the electrical resistance was inversely proportional to the temperature. As reported in previ-
ous studies, the activation energy for electrical conduction increased, possibly leading to a decrease in the electrical resistance of the
cement-based sensors as they were heated, indicating a negative temperature coefficient [5,32,35,37]. Similarly, the electrical resis-
tance of the cement-based sensors increased as the temperature was decreased owing to the activation energy of electrical conduc-
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Fig. 7. Electrical resistance of C5 specimen after it was exposed to various temperatures during a loading test of 10,000 cycles.

tion, indicating a positive temperature coefficient. These results are in good agreement with those reported in previous studies
[5,32,35,37].

Fig. 3 illustrates the different trends in the sensors based on the embedded MWCNT content. The C5 and C10 specimens showed
stable variation of electrical resistance during the freeze and thaw cycles, while the electrical resistance of C2 sensor decreased dur-
ing the cycling process. These results are supported by the results of tunneling-induced electrical resistance (shown in Fig. 2). The
C2 sensor demonstrated a substantial tunneling effect, which can decrease the electrical resistance, while C5 and C10 sensors with a
weaker tunneling effect showed stable values during the freeze and thaw cycles.

3.3. Piezoresistivity performances
The piezoresistive sensing performance of the fabricated cement-based sensors was investigated using the experimental setup de-

scribed in Fig. 4, and these results are shown in Fig. 5. In Fig. 5, it can be observed that the electrical resistance of the sensors de-
creased as the loadings were applied, whereas these capabilities increased as the sensors were unloaded. These phenomena can be ex-
plained by the piezoresistive sensing mechanisms; individual MWCNT particles became closer with the application of load, thereby
forming electrically conductive pathways comprising MWCNTs and decreasing the electrical resistance [11]. Meanwhile, the sensors
exposed to various temperatures developed disturbances in the electrically conductive pathways, thus decreasing the stability of elec-
trical resistance during the cyclic loading process. The linearity expressed as R-squared (R2) values of the sensors as exposed to differ-
ent temperatures was observed in Fig. 5. The decreased R2 values can be seen in the sensors as exposed to 200 and 400 °C. The con-
ductive path ways were disturbed as they were exposed to high temperatures due to the evaporation of moisture and decomposition
of hydrates in the cementitious composites, leading to lower linearity and repetability. Meanwhile, it can be noted that the C10 sensor
showed comparable higher R2 value than that of C2 and C5 sensors as they were exposed to 200 °C. This result can be attributed to the
formation of conductive path ways and the percolation threshold of cement-based sensors. As reported in previous studies, the perco-
lation threshold of MWCNT-embedded cement-based sensors is in the range of 0.3–0.4% of the embedded MWCNT content based on



Journal of Building Engineering 47 (2022) 103816

9

D. Jang et al.

Fig. 8. TG and DTG results of the specimens with (a) different MWCNT content and (b) and when exposed to various temperatures.

the binder mass [38–40]. Therefore, comparable sparse conductive networks were formed in C2 and C5 sensors, whereas dense net-
works were formed in and C10; thus, the linearity was not significantly affected in C10 sensor compared to that in C2 and C5 sensors.
Although the high R2 value is observed in the C2 sensor exposed to 400 °C, it can be deduced from the lower sensitivity (i.e., approxi-
mately 5% of fractional change in electrical resistance) which causes a high R2 value.

In addition, the R2 values decreased dramatically when the sensors were exposed to freeze-thaw cycles. After freeze-thaw cycle,
the micro cracks can be formed in the composites due to the freezing and melting process of water. For these reasons, the lower R2

values (i.e., 0.7464, 0.3083, and 0.6014) were seen in the specimens after the freeze-thaw cycles. Accordingly, it can be concluded
that MWCNT-embedded cement-based sensors in which the MWCNT content level exceeds the percolation threshold have high dura-
bility under exposure to various temperatures, and it is recommended to include different types of conductive fillers such as carbon
fiber and carbon black to mitigate the disconnection of MWCNT-based conductive path ways when the sensors are exposed to freeze
and thaw conditions.

Based on the experimental data, the maximum fractional change in the electrical resistance and GF were calculated, as shown in
Fig. 6. Higher values of FCR and GF were observed in the sensors after the freeze and thaw cyclic tests, which can be explained by the
damage and porosity incurred in the sensors during these tests. The FCR and GF determined in this study demonstrated high stability
and sensitivity in comparison to those in previous studies [41].

The stability of the piezoresistive sensing performance of the cement-based sensors in the long-term loading conditions was inves-
tigated, as shown in Fig. 7. According to the piezoresistive sensing performance presented in Figs. 5 and 6, sensor C5, which was ex-
posed to various temperatures, was selected for the long-term loading test. Fig. 7 shows that the electrical resistance values of these
sensors are stable, thereby demonstrating that the long-term piezoresistive sensing performance is highly stable. In addition, similar
fractional resistance changes were noted in the long-term loading conditions, indicating stable sensitivity in sensor C5.

3.4. Physicochemical investigations
The TG and DTG analysis results of the fractured specimens are shown in Fig. 8. It can be observed that the results had three no-

table DTG peaks in the temperature range of 150–180 °C, 400–450 °C, and 650–700 °C. The first peak in the temperature range of
150–180 °C can be attributed to the dehydration of C–S–H and ettringite, and the AFm phase [42,43]. In addition, the second and
third peaks observed at 400–450 °C and 650–700 °C can be explained by the de-hydroxylation and de-carbonation of calcium hydrox-
ide and calcium carbonate, respectively, which are significantly consistent with previous studies [42–45]. It was also observed that
the effect of MWCNT content on the loss in weight was negligible, as demonstrated in Fig. 8 (a). This can be attributed to the relative
dose of embedded MWCNT content ( ≤ 1 wt%), which had insignificant effects. Furthermore, it can be known that the MWCNTs are
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Fig. 9. SEM images of C5 specimen exposed to different temperatures.

decomposed in the exposure temperature range between 450 °C and 700 °C [46–48]. Considering the decomposition temperature of
MWCNTs, it can be concluded that the effects of exposure temperature ( ≤ 400 °C) on the electrical conductivity of the specimens are
mainly affected by the de-hydrate of C–S–H and ettringite [14].

The exposure temperatures of the cement-based sensors significantly impacted the TG and DTG results (see Fig. 8 (b)). The frac-
tured specimens of cement-based sensors exposed to temperatures of 100, 200, and 400 °C exhibited less weight loss compared to
those exposed to 25 °C and those that were subjected to freeze-thaw conditions; specimens exposed to temperatures of 25, 100, 200,
and 400 °C, and freeze-thaw cycles experienced a weight loss of 5.96, 4.86, 3.38, 1.15, and 6.34%, respectively. These results likely
stem from the dehydration of C–S–H in the exposure conditions. Additionally, Fig. 9 presents the SEM images of the electrically con-
ductive pathways in sensor C5. Individual MWCNT particles were observed in the sensor exposed to 25 °C; however, the trace of de-
hydrated C–S–H disturbed the formation of conductive pathways in this case. This hypothesis can be explained by the TG results
shown in Fig. 8 (a). It can be known that the main feature of TG result in the temperature range between 100 °C and 400 °C is the
C–S–H and ettringite, and the specimens exposed to elevated temperature (i.e., 200 °C and 400 °C) showed the lower weight loss (Fig.
8 (b)). Thus, it can be said that the de-hydrate of C–S–H and ettringite shown in SEM image is the dominant factor which affect the
electrical properties of the specimens, and it can hinder the connection of MWCNT particles, increasing the electrical resistances. For
these reasons, the authors can conclude that the sensors exposed to 200 °C and 400 °C with dehydrated C–S–H and ettringite likely
had increased electrical resistances, an outcome in close agreement with the results shown in Fig. 1.

4. Conclusions
In this study, cement-based sensors incorporating various MWCNT content were fabricated, and their electrical, piezoresistive

sensing, and physicochemical characteristics, exposed to various temperatures, were investigated. The sensors were exposed to five
different temperatures, and their electrical characteristics and piezoresistive sensing performance were examined under two different
dynamic loading conditions. The test results were discussed in terms of the results of TG/DTG and FE-SEM analyses; the key findings
of this study are presented below:



Journal of Building Engineering 47 (2022) 103816

11

D. Jang et al.

1) The effects of exposure temperatures on the electrical characteristics of cement-based sensors were investigated. C–S–H
dehydration occurred when the sensors were exposed to elevated temperatures because the formation of electrically
conductive pathways comprising MWCNTs was disturbed, leading to a significant decrease in electrical conductivity.

2) The tunneling-induced and temperature-dependent electrical resistance of the sensors was observed. The sensors with
MWCNT content exceeding the percolation threshold ( ≥ 0.4 wt%) showed higher stability for tunneling-induced and
temperature-dependent electrical properties in comparison to those with MWCNT content less than the percolation threshold.

3) The piezoresistive sensing performance of the sensors was affected by the exposure temperature. Specifically, the cement-based
sensors with relatively low MWCNT content were significantly affected by the exposure temperature. However, the sensors with
MWCNT content exceeding the percolation threshold range showed greater stability for the piezoresistive sensing performance in
both short- and long-term loading conditions.
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