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A B S T R A C T

This study examines the influence of multiwalled carbon nanotubes (MWCNTs) on cementitious
composites, specifically focusing on the fabrication of multifunctional cementitious composites
known as ultrahigh-performance cementitious (UHPC) composites. Key properties such as
compressive strength, thermal performance, and electrical resistance were examined with varying
MWCNT contents, curing methods, curing duration, and supply voltage. The effects of the
incorporation of MWCNTs on the hydration reactions of the cementitious composites were
analyzed using field-emission scanning electron microscopy, thermogravimetric analysis, and X-
ray diffraction. The study revealed that MWCNT UHPC composites can achieve a maximum ul-
trahigh strength of 120.8 MPa. Additionally, the incorporation of MWCNTs enabled the com-
posites to reach a maximum surface temperature of 90.6 ◦C during heating. Furthermore, the
power consumption of MWCNT UHPC composites was found to be predictable based on the
curing type and the duration of curing. Notably, the hydration reactions in MWCNT UHPC
composites remained unaffected by the MWCNT content. The findings emphasize the potential of
multifunctional MWCNT UHPC composites by offering exceptional strength, heating capabilities,
and electrical performance in construction materials.

1. Introduction

Several studies have been conducted to assess the effects of carbon nanotubes (CNTs) on the physical and chemical properties of
cementitious composites, materials, and concrete [1–7]. Nanomaterials have attracted significant attention owing to their exceptional
electrical and thermal properties [8–12]. CNTs are classified into two main categories, namely single-walled CNTs (SWCNTs) and
multi-walled CNTs (MWCNTs). Mahanthesh et al. [13] investigated MWCNT and SWCNT solutions based on magnetohydrodynamic
flow measurements. The researchers analyzed the impact of these solutions on the thermal performance of composites based on flow
velocity and distribution. The findings revealed that the MWCNT solution had superior heat transfer performance solution compared
with that of the SWCNT solution. Lee et al. [14] fabricated cement composites by formulating solutions containing MWCNTs and
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SWCNTs and examined microstructures using scanning electron microscopy (SEM) and transmission electron microscopy. The re-
searchers discovered that the MWCNT solution could efficiently fill internal voids, unlike the SWCNT solution. Moreover, increasing
the MWCNT content enhanced the thermal performance of the composite. Furthermore, producing SWCNTs is challenging and less
cost-effective compared with that of MWCNTs. Accordingly, several studies have been conducted on cementitious composites that
incorporate MWCNT solutions. Chaipanich et al. [15] analyzed the effects of incorporating MWCNTs and fly ash into cementitious
composites, examining the influence on compressive strengths and microstructural characteristics of these materials. Appropriate
amounts of MWCNT and fly ash improved the compressive strength of cementitious composites. Additionally, microstructural analysis
revealed optimized material distribution and bonding conditions within the composites. Pop et al. [16] investigated the thermal
conductivity of MWCNTs at room temperature and higher temperatures. Variations in the thermal conductivity of MWCNTs were
observed concerning length and temperature conditions. Longer MWCNTs exhibited higher thermal conductivity, which decreased at
excessively high temperatures.

The electrical properties of MWCNTs enable the detection of deformation and electrical resistance in cementitious composites in
real time using sensors [17]. In addition, carbon is stable in extreme and highly corrosive environments, including acidic and alkaline
conditions [18–21]. Choi et al. [22] dispersed MWCNTs using a magnetic field and added them to cementitious composites. Conse-
quently, the thermal and electrical conductivity of the cementitious composites improved. Neitzert et al. [23] manufactured
cementitious composites that integrate epoxy resin andMWCNTs, wherein the electrical resistance changes with temperature owing to
the electrical properties of MWCNTs. This observation has led to the conclusion that MWCNTs can be used in heating systems. Lee et al.
[24] added MWCNTs to cementitious composites and conducted thermal performance tests by varying the MWCNT content and
number of curing days. The thermal performance of cementitious composites decreased as the number of curing days increased, but
thermal conductivity increased as the MWCNT content increased. Cementitious composites incorporating MWCNTs have higher
electrical and thermal performance than those incorporating other carbon fibers [25–33].

However, the influences of MWCNT on the mechanical properties of cementitious composites remain unclear. Kim et al. [34]
synthesized cementitious composites by blending an MWCNT solution with silica fume. The addition of silica fume increased the
compressive strength and filled the voids inside the cementitious composites. The study found that the compressive strength was
reduced when the MWCNT content was ≥0.3 wt%. Goodarzi et al. [35] examined cementitious composites by dispersing MWCNTs
using an upstream corrugated plate heat exchanger and analyzed the thermal performance and compressive strength. As the MWCNT
content increased, the compressive strength decreased while the thermal performance increased. Xu et al. [36] synthesized cemen-
titious composites by adding MWCNTs, and conducted compressive, bending, and tensile strength tests. The study found that the
optimal MWCNT concentration was 0.2 % and that the mechanical properties had decreased owing to the agglomeration of the
nanotubes caused by van der Waals forces when the optimal concentration was exceeded. Cheon et al. [37] developed
MWCNT-anchored carbon fibers as a novel addition for carbon fiber reinforced thermoplastic polymers. Analyzing the compressive
strength, the cementitious composite incorporating 1.0 wt% of MWCNT-anchored carbon fibers exhibited the highest compressive
strength. The MWCNT-anchored carbon fibers formed an effective network with cement, consequently enhancing the thermal per-
formance. The thermal performance of cementitious composites incorporating MWCNTs improves as the MWCNT content increases,
but the compressive strength decreases when the added amount of MWCNTs exceeds the optimal owing to the agglomeration of the
nanotubes caused by the van der Waals force. UHPC is a promising candidate used to mitigate the strength degradation of cementitious
materials owing to its high durability [38–42]. UHPC demonstrates a compressive strength of ≥100 MPa when subjected to standard
curing for 28 d and a compressive strength of ≥150 MPa when subjected to wet curing for 28 d.

UHPC requires the addition of silica fume, granulated blast furnace slag, and steel fibers in appropriate quantities [43–49]. Recent
studies prepared cementitious composites using UHPC and analyzed various characteristics. Dawood et al. [50] studied cement mortar
using hybrid fibers. The study analyzed the compressive strength according to the content of hybrid fibers in the UHPC mix. When the
content of hybrid fibers in the mortar was 0.25 %, the compressive and bending strengths increased by 44 and 140 %, respectively.
Salahaddin et al. [51] utilized recycled glass in the UHPC mix as a substitute for sand. The investigation classified particle sizes among
various recycled glasses and validated recycled glass suitability based on compressive strength and bending strength tests. Ahmad et al.
[52] conducted a compressive-strength test based on steel fiber content in UHPC. The compressive strength was increased by extending
the curing period and steel fiber content but remained unaffected by the type of curing (heating and cooling cycles).

Conventional MWCNT cementitious composites have excellent thermal performance and electrical resistance, but their
compressive strengths tend to decrease owing to the agglomeration of nanotubes caused by the van derWaals force [53–56]. This study
aimed to confront these challenges by developing multifunctional MWCNT UHPC composites [57]. The multifunctional performance
of the developed composites was examined by analyzing the power consumption and microstructures using compressive strength,
thermal performance, and electrical resistance tests. In the compressive strength test, the MWCNT content and curing type were set as
parameters. In addition, a digital image correlation system was used to analyze the crack modes of the MWCNT UHPC composites. In
the thermal performance test, the MWCNT content, supply voltage, and number of curing days were set as parameters, and the thermal
conductivity and heat generation of the fabricated cementitious composites were analyzed. The correlation between the thermal
performance and power consumption of the MWCNT UHPC composites was obtained using an electrical resistance test. Regarding the
microstructures of the MWCNT UHPC composites, the network between the MWCNT and UHPC particles was analyzed using
field-emission scanning electron microscopy (FE-SEM). The thermal stability of the MWCNT UHPC composites according to the
MWCNT content was tested using thermogravimetric analysis (TGA). In this analysis, the temperature range and chemical components
of constituents of the MWCNT UHPC composites were identified, and thermal stability was evaluated. Finally, the effects of adding
MWCNTs on the hydration reactions of the MWCNT UHPC composites were analyzed using X-ray diffraction (XRD).
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2. Materials and methods

2.1. Materials

Table 1 presents themixture proportions of theMWCNTUHPC composites. Silica, a strength additive, was used in fume and powder
form with <10 % of the total weight. The water-to-cement ratio was fixed at 0.25. Cement and sand were mixed in a ratio of 1:1. A
superplasticizer powder was used to secure the cement fluidity. The mixing ratio of both the silica fume and powder was 0.25. Silica
fume was utilized to markedly enhance the strength and durability of concrete owing to its high pozzolanic reactivity. Furthermore,
silica powder, despite being less reactive than fume, functioned as a physical filler, with the purpose of augmenting the internal
density.

Table 2 summarizes the physical properties of the MWCNTs used in the experiment. The MWCNTs, which had an average diameter
of 95 nm and an average length of 1.5 μm, were dispersed in a solution (instead of water) during the fabrication of the cementitious
composites. Because the van der Waals forces causes the MWCNTs to agglomerate, the MWCNT solution was dispersed in a polyacrylic
acid copolymer for 30 min using ultrasound at 22 kHz to ensure proper dispersion [58–60]. Ordinary Portland cement was used for the
cement and quartz sand no. 20 for the sand, according to the American Society for Testing andMaterials (ASTM) standards C 150 and C
778 [61,62]. In the thermal-performance test, electric current was supplied to the specimens through meshes. Because the use of steel
fibers in cementitious composites would have made the thermal performance tests impossible owing to the electric current flow be-
tween meshes, steel fibers were excluded from the fabrication of the MWCNT UHPC composites.

Table 3 lists the parameters of the compressive strength test, namely the MWCNT content, curing type, and number of curing days.
The MWCNT content was set to 0.125, 0.25, 0.5, and 1.0 wt%. The curing type was divided into room and high-temperature curing.
The category “number of curing days” was divided into two classes (7 and 28 d). In total, 96 mortar specimens of MWCNT UHPC
composites were prepared (with six specimens for each parameter). The specimens were named in the order of the MWCNT content,
curing type, and number of curing days. For example, 0.125-R-7D indicates 0.125 wt% MWCNT UHPC composites subjected to room-
temperature curing for 7 d.

Table 4 illustrates the parameters for the thermal performance test, namely the MWCNT content, number of curing days, and the
voltage. The MWCNT content and number of curing days were identical to those of the compressive strength test. Room-temperature
curing was used for the curing type. The voltage was set to 50, 100, 150, and 200 V. However, because of the safety concerns that may
arise as strong electric currents flow via the bridge networks in the 1.0 wt%MWCNT specimens, the maximum voltage was set to 150 V
for these specimens. In total, 72 mortar specimens were prepared, comprising three specimens for each parameter and supply voltage
(50/100/150/200 V).

2.2. Fabrication

The MWCNT UHPC composites (size: 50 mm × 50 mm × 50 mm) were fabricated according to ASTM C 109 [63]. Fig. 1 shows the
fabrication process of the MWCNT UHPC composite specimens. The first step involved the measurement and preparation of the
materials, as shown in Fig. 1(a). The materials were then dry-mixed for 10 min to ensure they were well-mixed and consistent, as seen
in Fig. 1(b). The MWCNT solution was then added to three separate batches of the mixture and mixed for 15 min (Fig. 1(c)). To
maintain the cement fluidity, superplasticizer powder was added to the mixture. The three layers were then tamped 30 times each, as
shown in Fig. 1(d). Finally, the specimens underwent room- and high-temperature curing. Room-temperature curing was performed
for 7 and 28 d at 20± 2 ◦C. High-temperature curing was performed for 96 h at 90 ◦C and then for 7 and 28 d at 20± 2 ◦C (Fig. 1(e)(f)).
In the thermal performance test, the specimens were named similarly to the compressive strength test, but the voltage was different for
each parameter.

2.3. Experimental apparatus

Fig. 2 shows a conceptual diagram of the specimens used in the thermal performance test. Meshes were inserted intoMWCNTUHPC
composites after compacting the first layer to supply electricity. The mesh size was 2 mm, and the meshes were embedded at 20 and
5 mm intervals in the horizontal and vertical directions, respectively. A thermocouple was installed at the center of the specimen to
measure the internal temperature of the cementitious composite.

The compressive strength test was performed using a universal testing machine (Fig. 3 (a)). The maximum capacity of the
equipment was 1000 kN, with a loading rate set to 1 mm/min. In the thermal performance test, a power supply (ODA Technology, EX-
200) and a data logger (TDS-540) were used. This test was conducted on a rubber plate for stability during voltage supply. The test was
performed for 2 h until the maximum temperature. In the electrical resistance test, a digital multimeter (KEITHLEY, Model 2701) was
used to analyze the correlation between the thermal performance and electrical resistance of the MWCNT UHPC composites. A

Table 1
Composition and ratios of multiwalled carbon nanotube ultrahigh-performance concrete (MWCNT UHPC) composites.

W/C (%) Cement (g) Sand (g) Silica fume (g) Silica powder (g) Superplasticizer (g)

0.25 1000 1000 250 250 10
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constant electric current was supplied to the two meshes installed in the specimen. As stated earlier, the MWCNT content and number
of curing days were the test parameters. The measured electrical resistance of MWCNT UHPC composites and the supplied voltage
were used to analyze the power consumption (Fig. 3(b)). The microstructures of the MWCNT UHPC composites were analyzed using
FE-SEM. The equipment collected high-resolution images by generating electron rays using an FE gun. It analyzed the surface ge-
ometry, particle size and distribution, defects, and atypical structures. The analysis was based on the curing method and MWCNT
content (Fig. 3(c)). In addition, the mass change under conditions during which the amount of heat supplied was constant was
quantitatively analyzed using TGA. In the TGA, a constant temperature was applied to the tested specimen, and the corresponding
mass was measured in real time. Arbitrarily selected samples (weight: 30 g) of the MWCNT UHPC composites were heated to 600 ◦C at
a rate of 10 ◦C/min (Fig. 3(d)). Finally, the crystal structures of the specimens were analyzed using XRD. A few of the crystals caused
the diffraction of rays. The diffraction angle and intensity are unique characteristics, thus offering insights into the structural
composition and crystalline content within the specimen. Based on XRD analyses, the study investigated the effects of incorporating
MWCNTs on the hydration reactions of MWCNT UHPC composites (Fig. 3(e)).

3. Results

3.1. Compressive strength

Fig. 4 illustrates the compressive strength test results for theMWCNT UHPC composites. High strengths of≥80 MPa were measured
at all MWCNT contents. The compressive strength of the 0.125-R specimen was 97.1 MPa at 7 d and 105.5 MPa at 28 d. The 0.25-R

Table 2
Specific characterization of MWCNTs.

Property Unit Value Measurement method

Average diameter 10− 9m 9.5 Transmission electron microscopy (TEM)
Average length μm 1.5 TEM
Carbon purity % 90 Thermogravimetric analysis
Transition metal oxide % <1 % Inductively coupled plasma mass spectrometry
Surface area m2/g 250–300 Brunauer–Emmett–Teller surface area analysis
Volume resistivity Ω·cm 10− 9 Internal test method (resistivity on powder)

Table 3
Parameters for compressive-strength test.

Specimen name MWCNT content (wt%) Curing type Number of curing days (d)

0.125-R− 7D Room-temperature
curing

7
0.125-R− 28D 0.125 28
0.25-R− 7D 7
0.25-R− 28D 0.25 28
0.5-R− 7D 7
0.5-R− 28D 0.5 28
1.0-R− 7D 7
1.0-R− 28D 1.0 28

0.125-H− 7D High-temperature
curing

7
0.125-H− 28D 0.125 28
0.25-H− 7D 7
0.25-H− 28D 0.25 28
0.5-H− 7D 7
0.5-H− 28D 0.5 28
1.0-H− 7D 7
1.0-H− 28D 1.0 28

Table 4
Parameters for thermal performance test.

Specimen name MWCNT content (wt%) Number of curing days (d) Voltage (V)

0.125-R− 7D 0.125 7 100/150/200
0.125-R− 28D 28 100/150/200
0.25-R− 7D 0.25 7 100/150/200
0.25-R− 28D 28 100/150/200
0.5-R− 7D 0.5 7 100/150/200
0.5-R− 28D 28 100/150/200
1.0-R− 7D 1.0 7 50/100/150
1.0-R− 28D 28 50/100/150
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specimen exhibited a compressive strength of 107.1 MPa at 7 d and 114.7 MPa at 28 d, which was the highest in the group. The
compressive strength of the 0.5-R specimen was 98.3 MPa at 7 d and 100.2 MPa at 28 d, while that of the 1.0-R specimen was 86.2 MPa
at 7 d and 90.2 MPa at 28 d. Compared with the MWCNT content of 0.25 wt%, which had the highest compressive strength, the
compressive strength decreased by 12 and 21 % when the MWCNT contents were 0.5 and 1.0 wt%, respectively (Fig. 4(a)). However,
for the MWCNT UHPC composites subjected to high-temperature curing, the compressive strength increased for all MWCNT contents.
The compressive strengths were 102.3 MPa at 7 d and 107.9 MPa at 28 d for the 0.125-H specimen, 115.8 MPa at 7 d and 120.8 MPa at
28 d for the 0.25-H specimen, 102.4 MPa at 7 d and 105.5 MPa at 28 d for the 0.5-H specimen, and 101.3 MPa at 7 d and 103.5 MPa at
28 d for the 1.0-H specimen. A maximum strength of 120.8 MPa was measured for the MWCNT content of 0.25 wt%, and the
compressive strength decreased by 15 % when the MWCNT contents were 0.5 and 1.0 wt% (Fig. 4(b)). In contrast, for the 1.0-H
specimen, the compressive strength reduction rate decreased owing to high-temperature curing. The MWCNT UHPC composites
subjected to high-temperature curing generated calcium–silicate–hydrate (C–S–H) by accelerating the initial hydration reactions. The
C–S–H addition effectively bolstered the compressive strength of the MWCNT UHPC composites by occupying internal voids, as
evidenced by the microstructural analysis using FE-SEM.

Fig. 5 illustrates the analyzed cracks in the MWCNT UHPC composites during the compressive strength test using a digital image
correlation system. For the 0.125-R-28D specimen, map cracks in the form of partial cracks were formed. Map cracks are cracks with
irregular shapes. Uneven cracks appeared because the MWCNTs in the MWCNT UHPC composites disintegrated the connections be-
tween interfaces (Fig. 5(a)). The highest compressive strength was measured for the 0.25-R-28D specimen, which had complete

Fig. 1. Multiwalled carbon nanotube ultra-high-performance concrete (MWCNT UHPC) composite fabrication proces.
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vertical cracks. Vertical cracks were observed in cementitious composites with the most uniform load distribution during loading. It
was confirmed that the load distribution was uniform for the 0.25-R-28D specimen (Fig. 5(b)). The 0.5-R-28D specimen revealed
vertical cracks only on one side. This could be attributed to the nonuniform distribution of the MWCNT particles (Fig. 5(c)). Separation
cracks occurred in the 1.0-R-28D specimen; this specimen yielded the largest number of cracks and the lowest compressive strength
(Fig. 5(d)).

3.2. Thermal performance

Table 5 lists the thermal performance results of the MWCNT UHPC composites according to the MWCNT content. When a voltage of
200 V was supplied, the temperature increased by 1.6 ◦C for the 0.125-R-7D specimen and by 1.1 ◦C for the 0.125-R-28D specimen. As
0.125 wt% MWCNT represents a sparse nanotube content, no temperature change occurred (Fig. 6(a)). At 200 V, the 0.25-R-7D
specimen, with a heightened MWCNT content, exhibited a temperature increase of 15.1 ◦C compared with the 9.5 ◦C rise observed
for the 0.25-R-28D specimen. An evident temperature change occurred for an MWCNT content of 0.25 wt% for the first time. The
temperature increase was larger compared with that of the MWCNT content of 0.125 wt%, thus indicating that the thermal perfor-
mance improves as the MWCNT content increases (Fig. 6(b)). At 200 V, the 0.5-R-28D specimen exhibited a temperature that was 31.3
◦C less than that of the 0.5-R-7D specimen. The thermal performance of the MWCNT UHPC composites decreased as the number of
curing days increased (Fig. 6(c)). The temperature of the 1.0-R-7D specimen increased by 70.6 ◦C when 150 V was supplied, while that
of the 1.0-R-28D specimen, which completed the hydration reaction, increased by 40.7 ◦C. This indicates that an MWCNT content of
1.0 wt% can generate heat at high temperatures despite an increase in the number of curing days (Fig. 6(d)). The thermal performance
of theMWCNTUHPC composites improved with anMWCNT content of 0.25 wt%. However, it decreased after 28 dwhen the hydration
reactions were completed. This study discovered that the heating performance of the MWCNT UHPC composites became prominent
with 0.25 wt% of MWCNT. MWCNTs have percolation thresholds for network formation [12,58]. Notably, the specimens with an
MWCNT content of 0.125 wt% did not exhibit heating owing to the insufficient amount of MWCNT required for network formation.
Meanwhile, the specimens with MWCNT contents≥0.25 wt% generated heat owing to the optimal range of the percolation thresholds.

Fig. 7 illustrates the thermal images of the MWCNT UHPC composites when the maximum voltage was supplied. The MWCNT
content was set as a parameter. The surface temperature of each specimen was measured in absolute terms, and imaging was per-
formed for 2 h. The 0.125-R-7D and 0.125-R-28D specimens did not undergo significant heating as the surface temperatures were 20.9
and 20.1 ◦C, respectively (Fig. 7(a)(b)), because bridge networks were not formed in the microstructure owing to the insufficient
MWCNT content. Owing to the higher MWCNT contents, the 0.25-R-7D and 0.25-R-28D specimens exhibited higher surface tem-
peratures of 35.2 and 29.4 ◦C, respectively (Fig. 7(c)(d)). The surface temperature of the 0.5-R-7D specimen was 65.4 ◦C (Fig. 7(e)).
Meanwhile, the surface temperature of the 0.5-R-28D specimen decreased to 33.7 ◦C (Fig. 7(f)). Thermal imaging revealed that this
decrease occurred despite the application of the same voltage owing to the differences in the number of curing days. The MWCNT
UHPC composites with MWCNT contents ≤0.5 wt% exhibited inhomogeneous temperature distributions owing to poor heat gener-
ation. Heating was concentrated in the top center part of the specimen with 0.25 wt% MWCNT and in the bottom center part of the
specimen with 0.5 wt% MWCNT because electric current tends to flow along the shortest path.

Fig. 8 illustrates the thermal images of the 1.0-R-7D specimen at various voltages. The surface temperatures were 40.4 ◦C at 50 V
(Fig. 8(a)) and 80.3 ◦C at 100 V (Fig. 8(b)). At a maximum voltage of 150 V, it increased to as high as 90.6 ◦C (Fig. 8(c)). The 1.0-R-7D
specimen exhibited a relatively uniform temperature distribution compared with that of the 0.125-R-7D specimen. The temperature
distributions of the MWCNT UHPC composites were uniform at an MWCNT content of 1.0 wt%.

Fig. 2. Conceptual diagram of thermal performance experiment.

S. Kang et al. Case Studies in Construction Materials 21 (2024) e03691 

6 



3.3. Electrical resistance

Fig. 9 depicts the relationship between the electrical resistance of the MWCNT UHPC composites and the number of curing days.
The electrical resistance was measured at 3, 8, 12, 22, and 28 d. On the 28th day of curing, the specimens containing 0.125 wt%
MWCNT exhibited the highest electrical resistance of 117.35 kΩ, while those with 1.0 wt% MWCNT demonstrated the lowest, at 0.18
kΩ. The electrical resistance of the 0.25 wt% MWCNT specimen was 3.91 kΩ higher at 28 d than at 3 d, whereas the 0.5 wt% MWCNT
specimen exhibited a resistance difference of 0.49 kΩ between 3 and 28 d. The electrical resistance of the MWCNT UHPC composites
increased as the number of curing days increased; this was because the moisture content in the specimen decreased owing to the
completion of the hydration reactions. When the MWCNT content was 0.125 wt%, a higher resistance was observed owing to the
absence of MWCNT bridge networks, reducing the thermal performance.

Fig. 3. Setup of thermal, electrical, and mechanical performance experiments.
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The power consumption was calculated using the relationships between the voltage and current or between the voltage and
electrical resistance. Table 6 lists the power consumption results (for each parameter) obtained using Eq. (1) when the maximum
voltage was applied.

P = V× I =
V2

R
, (1)

where P is the power consumption, V is the voltage, I is the current, and R is the electrical resistance. The units of power, voltage,
current, and resistance were W, V, A, and Ω, respectively. Therefore, power consumption can be derived using the voltage and

Fig. 4. Compressive strength results according to MWCNT mixing concentration.
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electrical resistance values obtained from the experiment based on the ratio V2
R . The 0.125 wt% MWCNT specimen demonstrated the

lowest power consumption with a decrease of approximately 13 W after 28 d. Initially, the power consumption was 427.17 W and
declined to 410.04 W over time. Conversely, the 0.5 wt%MWCNT specimen consumed 20.20 kW, which was approximately five times
higher than that consumed by the 0.25 wt% MWCNT specimen. In contrast, the 1.0 wt% MWCNT specimen exhibited the highest
power consumption, initiating at 562.50 kW, with a subsequent reduction of approximately 430 W after 28 d. This can be attributed to
the improved electrical conductivity and heating performance due to the addition of 1.0 wt%MWCNT to the cementitious composites.
Power consumption in the MWCNT UHPC composites increased proportionally with the MWCNT content and decreased as a function
of the curing period.

Power consumption of the MWCNT UHPC composites increased as a function of the MWCNT content and curing period. For
example, after 3 d of curing, the power consumption of the 0.5 wt% MWCNT specimen increased by 17.13 W compared with the
consumption at 28 d. Similarly, the power consumption of the 1.0 wt% MWCNT specimen increased by 437.5 W after 3 d compared
with the consumption at 28 d. Notably, the power consumption of the 1.0 wt% MWCNT UHPC specimen decreases significantly

Fig. 5. Digital image correlation outcomes following crack analysis for MWCNT UHPC composites.
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Table 5
Thermal performance of MWCNT UHPC composites.

Specimen Voltage (V) Thermal performance (◦C)

0.125-R− 7D 100
150
200

1.4
1.6
1.6

0.125-R− 28D 100
150
200

0.5
0.9
1.1

0.25-R− 7D 100
150
200

5.7
9.3
15.1

0.25-R− 28D 100
150
200

3.8
7.2
9.5

0.5-R− 7D 100
150
200

8.3
10.0
45.0

0.5-R− 28D 100
150
200

2.5
4.2
13.7

1.0-R− 7D 50
100
150

20.5
60.9
70.6

1.0-R− 28D 50
100
150

10.5
30.5
40.7

Fig. 6. Temperature variations in MWCNT UHPC composites.
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depending on the curing duration relative to the other mixing concentrations. These results imply a linear relationship between the
MWCNT concentration and power consumption.

3.4. Microstructural analysis

Fig. 10 shows the analyzed FE-SEM results for the MWCNT UHPC composites according to the curing type. The red crosses in the
figure indicate MWCNTs and the yellow crosses are C–S–H. For both the 1.0-R-28D and 1.0-H-28D specimens, several agglomerations
were observed owing to the van der Waals forces among the MWCNT particles. These MWCNT agglomerations were the main cause of
the degraded compressive strength at an MWCNT content in the range of 0.5–1.0 wt%. However, the 1.0-H-28D specimen generated
more C–S–H than the 1.0-R-28D specimen because initial hydration reactions were accelerated by high-temperature curing. To
conclude, this phenomenon reduced the reduction rate of the compressive strength because the generated C–S–H filled the interstitial
voids inside the cementitious composites. In addition, it was confirmed that the increased composite strength due to the increased
MWCNT content was comparable to the nanoparticle effect[64,65].

Fig. 11 depicts the FE-SEM analysis results for the MWCNT UHPC composites according to the MWCNT content. For the 0.125-R-
28D specimen, which had the lowest MWCNT content, the MWCNT particles did not agglomerate; in contrast, the 1.0-R-28D specimen,

Fig. 7. Thermal imaging of MWCNT UHPC composites at various MWCNT concentrations.
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which had the highest MWCNT content, exhibited several newly formed MWCNT bridge networks. These networks between the
MWCNT particles were not formed in the 0.125-R-28D specimen owing to the low MWCNT content. Owing to the elevated MWCNT
content, the 1.0-R-28D specimen formed networks that enhanced the thermal performance by linking the microstructures of the
cementitious composite.

Fig. 8. Thermal imaging of 1.0 wt% MWCNT UHPC composites according to voltage.
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Fig. 12 illustrates the TGA curves of the MWCNT UHPC composites according to the MWCNT content. The weight ratio rapidly
decreases when the temperature is in the range of 100–200 ◦C for all four weight percentages. It is posited that Ca(OH)2 was
decomposed by dehydration in this temperature range. The weight ratios were found to be similar (approximately 93.5 %) for
specimens with MWCNT contents of ≥0.25 wt%. However, an MWCNT content of 0.125 wt% exhibited a marginally higher weight
ratio (94.5 %) than an MWNCT content of 1.0 wt%. These results confirm the thermal stability observed at an MWCNT content of
0.125 wt%, which effectively prevents heating.

Fig. 13 illustrates the XRD analysis results for four MWCNT UHPC composite specimens. In the experiment, the MWCNT content
was set as a parameter. The incident and reflection angles of the X-rays were considered. For the four specimens, Ca(OH)₂was observed
at 2θ = 20◦–21◦, Carbon was observed at 2θ = 29◦–30◦, CaCO₃ was observed at 2θ = 42◦–43◦, Silica (SiO₂) appeared at 2θ = 49◦–50◦,
and C–S–H, a hydration product, was detected at 2θ = 68◦–69◦. The XRD analysis results, expressed in arbitrary units (a.u.), showed
that the XRD patterns of the MWCNT UHPC composites were similar even though they contained different MWCNT contents.
Therefore, the hydrates of the specimens were unaffected when the MWCNT content was in the range of 0.125–1.0 wt%. Additionally,
the interfacial transition zone (ITZ) between the MWCNTs and cement matrix was analyzed, revealing no significant changes in
composition across different MWCNT contents, indicating a stable ITZ regardless of the MWCNT content[66,67]. If needed, the

Fig. 9. Electrical resistance of MWCNT UHPC composites according to curing duration.

Table 6
Electrical resistances of MWCNT UHPC composites at different curing periods.

Specimen Curing period
(d)

Voltage
(V)

Electrical resistance
(kΩ)

Power consumption (W)

0.125 wt%
MWCNT

3
8
12
17
22
28

200 V 113.13
114.47
115.54
116.12.
117.23
117.35

353.57
349.44
346.20
344.47
341.21
340.86

0.25 wt%
MWCNT

3
8
12
17
22
28

200 V 93.64
94.21
94.92
96.47
97.43
97.55

427.17
424.58
421.41
414.64
410.55
410.04

0.5 wt% MWCNT 3
8
12
17
22
28

200 V 1.98
2.19
2.27
2.32
2.37
2.47

20.20× 103 18.26× 103 17.62× 103 17.24× 103 16.87×
103 16.19× 103

1.0 wt% MWCNT 3
8
12
17
22
28

150 V 0.04
0.04
0.06
0.09
0.12
0.18

562.50× 103 562.50× 103 375.00× 103 250.00× 103 187.50×
103 125.00× 103
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intensity could also be represented as ’count’ based on the preference or convention used.

4. Conclusions

In this study, compressive strength, thermal performance, and electrical resistance tests were conducted to examine the

Fig. 10. Field-emission scanning electron microscopy (FE-SEM) of MWCNT UHPC composites cured with different curing methods.

Fig. 11. FE-SEM of MWCNT UHPC composite according to MWCNT concentration.

Fig. 12. Thermogravimetric curves of MWCNT UHPC composites.
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multifunctional performance of MWCNTUHPC composites. The microstructures of theMWCNTUHPC composites were analyzed using
FE-SEM, TGA, and XRD. Based on the experiment results of this study, the following conclusions were drawn.

1. The compressive strength of all MWCNT UHPC composites (except 0.25-R-28D) decreased when the MWCNT content was ≥0.5 wt
% owing to the agglomeration of MWCNT particles caused by the interparticle van der Waals force. Meanwhile, the 0.25-R-28D
specimen exhibited a high-compressive strength of 114.7 MPa. The 0.25 wt% MWCNT UHPC composites yielded the highest
compressive strength. The FE-SEM analysis results showed that the compressive strength of the specimens containing a MWCNT
content in the range of 0.5–1.0 wt% decreased owing to several agglomerations caused by the van der Waals force between
MWCNT particles. Hence, the correct MWCNT content should be added to obtain a relatively high-compressive strength for
MWCNT UHPC composites.

2. In the thermal performance test of the MWCNT UHPC composites, specimens with MWCNT contents of 0.125 wt% exhibited almost
no temperature change and the temperature variation of specimens with MWCNT contents of 1.0 wt% increased by up to 70.6 ◦C.
As percolation thresholds for network formation appeared at MWCNT contents of ≥0.25 wt%, specimens with MWCNT contents of
0.125 wt% did not display heating performance. The FE-SEM analysis results of the MWCNT UHPC composites based on the
MWCNT content showed that no bridge network was formed when the MWCNT content was 0.125 wt% owing to the low MWCNT
content. However, the 1.0 wt% MWCNT UHPC composites contained several bridge networks. The MWCNT bridge networks
improved thermal performance by acting as internal electrical connections within the MWCNT UHPC composites.

3. The electrical resistance test results confirmed that the electrical resistance of the MWCNT UHPC composites increased. Addi-
tionally, the thermal performance decreased with the number of curing days. The power consumption of the MWCNT UHPC
composites decreased as the curing period increased. The desired power consumption of the MWCNT UHPC composites can be
derived from the number of curing days.

4. The TGA analysis results based on the MWCNT content showed that specimens with MWCNT contents of 0.125 wt% showed a
marginally higher weight ratio (94.5 %) than other MWCNT concentrations. This led to the conclusion that MWCNT UHPC
composites exhibited poor heating performance at MWCNTs contents of ≤0.125 wt% owing to the high-thermal stability. In future
studies, the addition of new admixtures to enhance the thermal conductivity of 0.125 wt% MWCNT UHPC composites should be
explored. The XRD analysis results indicated no notable distinction between the hydrates of 0.125 wt%MWCNT and those of 1.0 wt
% MWCNT for the MWCNT UHPC composites. Thus, the MWCNTs and cement hydrates did not react with each other. These
hydrates, generated via hydration reactions in the MWCNT UHPC composites, remained unaffected by the MWCNT content.

5. MWCNT UHPC composites can be created with a maximum ultrahigh strength of 120.8 MPa. The addition of MWCNTs enabled
heating to a maximum surface temperature of 90.6 ◦C. The power consumption of MWCNT UHPC composites can also be predicted
from the type of curing and the number of curing days. Therefore, MWCNT UHPC composites can be used in various applications in
the field of civil engineering as new construction materials with excellent strength, heating, and electrical performance.
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