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Abstract 

Multiwall carbon nanotubes (MWCNTs) significantly enhance hydration reactions and properties of cement compos-
ites, expanding their applicability. Interest has grown in the use of multifunctional composites with MWCNTs being 
a popular filler material to impart additional features. Dispersing MWCNTs in the cement matrix creates an electrical 
network and replaces pore areas to enhance cement performance. This work compares two novel methods by admi-
cellar polymerization (AP) and grafting polymerization (GP) for preparing bifunctional MWCNTs. Both techniques uti-
lized polyindole (PIn) to enhance electrical conductivity and polyvinyl acetate (PVAc) for better dispersion. Isothermal 
calorimetry was used to observe the hydration of the cement composites. Results showed that AP-MWCNT/cement 
and GP-MWCNT/cement increased exothermic heat by 8.4% and 12.1%, respectively, compared to bare MWCNT/
cement with the same nanotube content (0.3 wt%). Moreover, both modified MWCNTs improved mechanical prop-
erties and electrical conductivity. When comparing AP-MWCNTs and GP-MWCNTs in cement, AP-MWCNT/cement 
exhibited higher electrical conductivity, while GP-MWCNTs demonstrated superior embedding within the cement 
matrix, which led to a reduction in pore area and the higher mechanical strength of the two modified MWCNTs.

Keywords  Cement hydration, Electrically conductive cement composites, Mechanical strength, Admicellar 
polymerization, Grafting polymerization, Multiwall carbon nanotubes

1  Introduction
Cement quality and suitability for construction are 
ensured through tests that assess both its physical and 
chemical properties. Although traditional cement is val-
ued for its mechanical strength and durability, it strug-
gles to meet the increasing need for sustainability and 
enhanced functionality in contemporary infrastructure. 
To overcome the limitations, electricity for multifunc-
tional cement has been combined with the cooperation 
of structural properties like conductivity, capacitance, 
and piezoelectricity (Qin et al., 2024). In general, tests of 
cement evaluate mechanical strength to gauge its ability 
to withstand loads and, in the case of electrically con-
ductive cement composites (ECCCs), characterization 
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includes observing and measuring electrical conductiv-
ity. Recent reports highlight the importance of multi-
functional composites such as ECCCs in a wide range of 
applications including high-speed rail construction (Ding 
et al., 2022), electrical grounding (J. Zhang et al., 2017), 
electrical heating (Mohammed et  al., 2019), cathodic 
protection against steel corrosion in concrete (Jing & 
Wu, 2011) and structural health monitoring (SHM) 
(Siahkouhi et  al., 2021). Additionally, ECCCs are highly 
sensitive and accurate in detecting the onset of damage 
from cracking, as well as monitoring both gradual and 
sudden damage events, ultimately leading, for example, 
to the complete failure of a maglev girder and demon-
strating the significant potential for infrastructure SHM 
(Ding et  al., 2023). ECCCs achieve electrical conductiv-
ity through pathways formed when electrically conduc-
tive fillers or particles make contact and allow current to 
flow within the cement matrix (Wang & Aslani, 2019). 
Conductive nanomaterials such as carbon black, carbon 
nanofiber, graphene nanoplate, and carbon nanotube 
(CNT) have gained attention for developing ECCCs, yet 
CNTs stand out due to their distinctive structure and 
notable features, including a high aspect ratio, electrical 
conductivity and an enhanced reinforcement effect in 
cement composites (Wang & Aslani, 2019). How mul-
tiwall carbon nanotubes (MWCNTs) affect hydration 
and these reactions is an important question to under-
standing the relationship between filler and composite 
strength.

The evolution of mechanical properties in cement-
based materials is closely tied to the hydration reactions 
between cement and water (He et  al., 2023; Pang et  al., 

2021). Reaction conditions are crucial in cement tech-
nology for mix optimization and predicting structural 
performance. To understand the transformation during 
cement hydration, heat evolution is normally observed 
and divided into five distinct zones, as shown in Fig.  1 
(Vazquez & Pique, 2016). In the initial stage (shortly 
after mixing), tricalcium aluminate reacts with water to 
form an aluminate-rich gel and then combines with sul-
fate to generate ettringite crystals (Preece et  al., 2001; 
Yuenyongsuwan et al., 2019). A few minutes later, a low 
heat evolution can be observed during the dormant or 
induction period, when tricalcium silicate and dicalcium 
silicate in the cement begin to react and form a gel of 
hydrated calcium silicate and portlandite. This phase sig-
nificantly contributes to develop the strength of cement 
(Marchon & Flatt, 2016; Scrivener et al., 2019). After that 
for several hours, the early-formed ettringite transforms 
into monosulfoaluminate and allows the hydration pro-
cess of tricalcium aluminate within the cement paste. 
Lastly, tetracalcium aluminoferrite undergoes a similar 
reaction to the aluminate, but at a slower pace (Aïtcin, 
2016; Copeland et al., 1960).

Many researchers have reported nucleation enhance-
ment and acceleration of cement hydration as the high 
surface area of MWCNTs increases available reaction 
sites (MacLeod et al., 2021; Mendoza et al., 2014). Their 
use generates high crystallinity of hydration products 
with densification yielding increased strength of cement 
composites. However, MWCNTs have a tendency to form 
bundles, wherein numerous tubes are interconnected 
through van der Waals forces. To avoid the presence of 
agglomerates, researchers need to modify the MWCNTs 

Fig. 1  Stages of cement exothermic reaction (Vazquez & Pique, 2016)
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so that good dispersion occurs during preparation for 
cement hydration. Numerous methods have been used to 
disperse MWCNTs for cement work including mechani-
cal techniques (e.g., ultrasonication, ball-milling, plasma 
treatment) and surface modification techniques (adding 
surfactants or enhancing hydrophilicity through chemical 
functionalization). MWCNTs are frequently used with-
out and with the chemical functionalization for cement 
(O’Rear et  al., 2023). The functionalization allows the 
combination of nanotube with substituent materials like 
water-soluble and electrical polymers, typically catego-
rized as either non-covalent or covalent forms in relation 
to bonding between MWCNTs and the functionaliz-
ing species. The modification on the surface of particles 
enhances the dispersion and other specific properties of 
materials. Admicellar polymerization (AP) and grafting 
polymerization (GP) are the most interesting techniques 
to implement world-wide application including construc-
tion. AP is simple and scalable, improving dispersion and 
interface bonding without altering the particle structure 
of non-covalent linking (Hanumansetty et  al., 2015). In 
contrast, GP forms covalent bonds between polymer 
chains on the particle surface, improving charge transfer 
and enhancing integration into the material matrix for a 
more durable modification due to the stronger covalent 
bonds (Li et al., 2022). Both AP and GP modification of 
MWCNTs have limited research comparing between 
the two methods, applied in the cement.

This work studied the effect of MWCNTs without 
and with functionalization on cement hydration, result-
ing in better strength and conductivity for application 
as ECCCs. The cement hydration was observed from 
heat evolution by isothermal calorimetry, calcium sili-
cate hydrate (C-S–H) formation by XRD, and porosity 
inside cement matrix by analysis of SEM images with 
ImageJ software. The flexural and compressive strengths 
of the cement composites were measured following 
ASTM C348 and ASTM C109. Importantly, the electrical 

conductivity of the cement composites was tested using 
an electrometer/high resistance according to ASTM 
D-257 standard.

2 � Materials and methods
2.1 � Materials
Multiwalled carbon nanotubes (MWCNTs) obtained 
from Nano Generation Co., Ltd (Thailand) were modi-
fied through concurrent admicellar polymerization 
(AP-MWCNTs) and grafting-from polymerization (GP-
MWCNTs) according to our previous reports (Onthong 
et  al., 2022) and (Onthong et  al., 2023), respectively. 
AP-MWCNTs and GP-MWCNTs were prepared under 
optimal conditions with a consistent 0.4:1 ratio between 
indole (In) and vinyl acetate (VAc) monomer. Table 1 pre-
sents the physical properties of both bare and modified 
MWCNTs in the relation of cement application. Portland 
cement type I was procured from SCG Cement Co., Ltd 
(Thailand).

2.2 � Preparation of cement pastes and cement composites
The formulation of cement pastes and cement composite 
samples is presented in Table  2 for observing the effect 
of bare and modified MWCNTs. The cement was mixed 
with a fixed water-to-cement ratio of 0.36 (Amziane, 
2006), following ASTM C305 standard.

2.2.1 � Cement Hydration Reaction by Isothermal Calorimeter
The calorimetry tests of cement were performed accord-
ing to ASTM C1702-17 using an eight-channel calo-
rimeter (TAM Air 8 channel, TA Instrument, USA) 
equipped with a thermostat that maintains tempera-
ture stability at ± 0.02  °C and has a precision of ± 2  μW 
(± 0.07% heat evolution) with an accuracy of greater than 
95%. Hydration rate was assessed at 1-min intervals as 
power (W) and normalized per weight (g) of cement. 
The water–cement ratio (w/c) for the mixture was 0.36. 
Water (14.4 g) and a specified percentage (Table 2) of the 

Table 1  Physical properties of MWCNTs and modified MWCNTs

The diameters were determined through ImageJ software analysis of the FESEM images. A normal probability distribution was generated from 25 measurements 
using Minitab software. FTIR analysis (INVENIO-S, Bruker, United Kingdom) was employed to identify the functional groups. Hydrophobicity (water spreading) 
was assessed using a contact angle device (OCA 15LJ, DataPhysics Instruments, Germany), while electrical conductivity was measured with an Electrometer/High 
Resistance Meter (Keithley, Tektronix, United States)

Physical properties Nanomaterials

MWCNTs AP-MWCNTs (Onthong et al., 2022) GP-MWCNTs 
(Onthong et al., 
2023)

Diameter (nm) 11.43 17.82 27.55

Functional group – -C = O, -NH -C = O, -NH

Spreading coefficient (mN/m) − 118.6 − 59.03 -50.4

Electrical conductivity (S/cm) 5.34 × 104 6.98 × 102 5.48 × 102
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studied MWCNTs were mixed with cement (40 g) using 
a high-speed mixer (Ika Eurostar 20 digital, 1600  rpm) 
for 2  min in a testing cup. The prepared specimen was 
then carefully weighed (5 g) and transferred to a testing 
glass bottle, which was placed in the calorimeter. The 
measurements were taken over a 70-h observation period 
(Yuenyongsuwan et al., 2019).

2.2.2 � Crystallinity of minerals in cement by XRD 
characterization

The crystalline structure of chemical components in 
cement was determined using XRD at different cur-
ing periods of 7, 14, and 28 days. The cement specimens 
were ground and sieved by a 75-mm IS sieve and then 
subjected for mineralogical composition analysis. XRD 
patterns of the grounded cement samples were obtained 
from the SmartLab X-Pert Pro Diffractometer (Rigaku, 
USA) with Cu Kα radiation (λ = 1.541 Å, 40 kV/100 mA) 
at a deflection angle ranging from 10° to 80° and at a 
scanning speed of 5°/min.

2.2.3 � Structural morphology of cement composites by SEM
The microstructure development over time in cement 
composites was analyzed by SEM (JEOL JSM-IT500HR, 
JEOL, Japan). The cement specimens were fabricated 
according to the ratios specified in Table 2 and subjected 
to curing at room temperature with different durations 
of 7, 14, and 28 days. Samples were sputter coated with 
a thin layer of gold before capturing the images using 
SEM. ImageJ software was used to analyze the poros-
ity of cement composites with SEM images magnified at 
25,000x (AlMarzooqi et al., 2016; Saghiri et al., 2017).

2.2.4 � Mechanical strength
The impact of concentration of the MWCNTs on the 
flexural and compression properties of the cement com-
posites was studied though mechanical analysis. Pris-
matic beam specimens of dimensions 40 × 40 × 160 mm3 
and cubic specimens of 50 × 50 × 50  mm3 were used to 

measure the flexural and compressive strengths, respec-
tively. The flexural test (three-point bending) was per-
formed according to ASTM C348 by a flexural testing 
machine (NL 4008 X/003 & 004, NL scientific, Malaysia) 
at a loading rate of 0.04 kN/s. The compressive test was 
carried out according to ASTM C109 by a universal test-
ing machine (STS-C092V, SOIL TESTING SIAM, Thai-
land) with a loading rate of 1.80  kN/s. Five specimens 
were tested to check the repeatability of the results.

2.2.5 � Electrical conductivity
Electrical conductivity of the cement composites was 
tested using an electrometer/high resistance meter 
(Keithley, Tektronix, USA), with a stainless-steel plate 
utilized as an electrode, following the ASTM D-257 
standard from five individual specimens. The dimensions 
of the specimen are 80-mm diameter and 6-mm thick-
ness. The electrical conductivity was calculated from the 
measured electrical resistance (Rv) based on Eq. (1):

σ represents the electrical conductivity (S/cm), t stands 
for the average thickness of the cement paste pellet (cm), 
Rv represents the electrical resistance (Ω), and A denotes 
the capacitive displacement area of the guarded electrode 
(cm2) (Onthong et al., 2022).

3 � Results and discussion
3.1 � Cement hydration without/with MWCNTs
To investigate cement hydration behavior, isothermal 
calorimetry measures the heat flow during cement paste 
hydration. Figure  2a shows the exothermic curves of 
cement hydration for samples with bare MWCNTs added 
across a range of 0.05–0.7 wt%. It was observed that the 
MWCNTs reduce the time to reach the main exothermic 
peak from 9.07 min in plain cement paste to 8.12, 8.03, 
and 8.29 min on adding 0.05, 0.3, and 0.7 wt% MWCNTs, 
respectively, indicating faster initial hydration reactions 

(1)σ =

t

Rv × A
.

Table 2  Mix proportions of cement composites for investigation

* 0.05 wt% MWCNTs demonstrate good mechanical strength (Onthong et al., 2022, 2023)

Specimens OPC (g) Water (g) Nanoparticle (g)

MWCNTs AP-MWCNTs GP-MWCNTs

Cement 1000 360 – – –

0.05MWCNT/C 1000 360 0.5 * – –

0.3MWCNT/C 1000 360 3

0.7MWCNT/C 1000 360 7 – –

0.3AP-MWCNT/C 1000 360 – 3 –

0.3GP-MWCNT/C 1000 360 – – 3
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than the plain cement paste control sample. This accel-
eration is attributed to the nucleation effect of MWC-
NTs, which facilitates the rapid formation of nuclei in 
the cement component, promoting the occurrence of the 
hydration reaction (Xiaonan Wang et al., 2022a, 2022b). 
At low concentration of MWCNTs, hydrophobic nano-
tubes associated with the paste inhibit water migration 
and drive water into pores, working against hydration. At 
higher MWCNTs concentrations, hydrophobic agglom-
erates form and fill the larger pores, reducing their ability 
to retain water and reduce hydration. From the results, 
cement by adding 0.05 wt% MWCNTs released 7.9% less 
heat than that released by the cement paste, while adding 
0.7 wt% MWCNTs in cement released 3.4% more heat 
than that of cement, but 0.7% lower than the heat from 
adding 0.3 wt% MWCNTs to the cement. This finding 
indicated that 0.3 wt% MWCNTs could be the optimum 
according to greater distribution during hydration and 
not so much as to cause aggregation disrupting hydration 
(Liu et al., 2003). Therefore, MWCNTs at a dosage of 0.3 

wt% were selected for further investigation, using differ-
ent MWCNTs to study the effect of chemical functionali-
zation on the properties of cement composites.

Figure  2b illustrates the effects of different MWCNTs 
at a dosage of 0.3 wt% on the cement hydration pro-
cess. It was observed that the time to reach maximum 
for both AP-MWCNT/C and GP-MWCNT/C was 
7.57 and 7.19  min, respectively, faster than that of bare 
MWCNT/C. Moreover, the highest exothermic heat of 
AP-MWCNT/C and GP-MWCNT/C increased by 8.4% 
and 12.1%, respectively, compared to bare MWCNT/C. 
This improvement can be explained by the presence 
of carbonyl groups (C = O) in the PVAc chain, which 
enhance the dispersion and interaction of MWCNTs with 
the cement matrix (Onthong et  al., 2022; Vaičiukyniene 
et  al., 2012). Hydrophilic groups facilitate migration of 
water along the nanotube and into the paste to improve 
hydration. Furthermore, when comparing the effects of 
AP-MWCNTs and GP-MWCNTs on the exothermic 
heat from the hydration reaction of cement composites, 
GP-MWCNTs exhibited a higher exothermic heat than 
AP-MWCNTs, despite using the same polymer type 
and content (e.g., polyindole (PIn) and polyvinyl acetate 
(PVAc)). With the different bonding of physical interac-
tion of AP method and chemical interaction by covalent 
bond of GP method, GP-MWCNTs enhanced greater 
dispersion, confirmed by SEM images in Fig. 5, promot-
ing the cement hydration at the interfacial transition zone 
(ITZ) of increasing the number of nucleation sites within 
the interfacial microstructures of the cement matrix 
through nanotubes (Han et al., 2017; Xinyue Wang et al., 
2022a, 2022b). In contrast, AP-MWCNTs result in only 
physically adsorbed polymer layers and involve the use 
of surfactants, which might create bubbles and lead to 
increased porosity within the cement matrix, thereby 
resulting in weaker interactions with the C-S–H products 
(Xinyue Wang et al., 2020). This effect was confirmed by 
the strength of cement for comparison in Table 5.

3.2 � Calcium silicate formation from cement hydration 
without/with MWCNTs

XRD analysis was performed to investigate the crys-
tallization of the components in the cement materials 
after curing. Figure  3 presents the XRD patterns of the 
hydrated cement of four samples containing cement 
(Fig. 3a) and cement composites with 0.3 wt% of MWC-
NTs (Fig. 3b), AP-MWCNTs (Fig. 3c), and GP-MWCNTs 
(Fig. 3d) at various curing times of 7, 14, and 28 days. The 
presence of calcium hydroxide (CH) is confirmed by dif-
fraction peaks at 2θ = 34.06° and 47.05° (PDF 00-001-1079 
(Hanawalt et al., 1938)). Additionally, peaks at 2θ = 23.18°, 
29.46°, 32.07°, 32.72°, 35.92°, 39.42°, and 43.17° indicate 
the presence of C-S–H tobermorite-like crystals (PDF 

Fig. 2  Hydration behavior of cement composites for comparison 
between: a MWCNTs content and b different MWCNTs at 0.3 wt%
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Fig. 3  XRD patterns of cement sample at different curing ages of: a cement, b 0.3MWCNT/C, c 0.3AP-MWCNT/C, and d 0.3GP-MWCNT/C (♦: C-S–H 
and ★: CH)
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01-083-1520 (Hamid, 1981)). Notably, no new diffrac-
tion peaks were observed in the cement composites 
compared to the cement control sample, suggesting that 
the incorporation of MWCNTs or PIn/PVAc modified 
MWCNTs (prepared by AP and GP methods) do not lead 
to the formation of new phases (Cui et al., 2017). How-
ever, XRD results show a significant difference in inten-
sity at 2θ = 29.46° for C-S–H, indicating variations in 

nanoadditives and curing time. This confirms that both 
variations influenced the degree of C-S–H formation in 
the cement matrix.

The intensity of C-S–H at 2θ = 29.46° with various 
curing times of cement and MWCNTs/cement com-
posites in Fig.  4a was observed for studying the rate of 
cement hydration as shown in Fig.  4b for three curing 
periods of 0–7, 7–14 and 14–28 days. The rate of hydra-
tion in various periods was estimated from the slope of 
the curves of each period. It was found that the crystal-
linity peak of C-S–H rose with curing time, whereas the 
rate of hydration was slowed down. For plain cement 
paste, during the second period (7–14 days), the rate of 
hydration decreased by 30.6% compared to the previ-
ous period (0–7 days). Furthermore, in the third period 
(14–28 days), the rate declined further by approximately 
48.2% relative to the second period. When MWCNTs or 
modified MWCNTs were added, a similar behavior was 
observed, with the rate of hydration decreasing in the 
same manner as in the plain cement paste. This is because 
the early stages in the cement matrix have a high reac-
tion between surface area of cement powder and water 
for transforming calcium and silicate ions to be C-S–H 
hardened cement (Bullard et al., 2011). Then, the hydra-
tion rate slows down due to a denser of C-S–H hardened 
cement, impeding the diffusion of water molecules for 
continuous hydration reaction (Scrivener et al., 2019).

The modified MWCNTs exhibit the fastest rate com-
pared to the unmodified MWCNTs and control samples 
due to better dispersion, which enhances the contact 
pattern and accelerates the hydration reaction (Tora-
bian Isfahani et al., 2016). A two-way ANOVA statistical 
method was used to investigate the impact of different 
methods for modifying MWCNTs (AP-MWCNTs and 
GP-MWCNTs) and curing ages (7, 14, and 28  days) on 
the rate of C-S–H formation, as presented in Table  3. 
F-ratio represents the ratio of the mean square (MS) 
between groups to the MS within the samples of each 
group and F-critical is the threshold value of the F-sta-
tistic at a significance level (α) of 0.05, representing the 

Fig. 4  a C-S–H intensity (at 2θ = 29.46°) formed in cement matrix 
at various curing ages and b rate of C-S–H growth at three curing 
periods of 0–7, 7–14 and 14–28 days. Curves shown are quadratic fits 
using polynomial regression.

Table 3  Statistical analysis of hydration rate of calcium silicate hydrate by ANOVA: two-factor analysis of the types of modified 
MWCNTs and curing ages

SS1: sum of squares, df2 degrees of freedom, MS3 mean square

Types modified MWCNTs* are the two different methods for modified MWCNTs including AP-MWCNTs and GP-MWCNTs

Age of samples** refers to the varying age of cement samples during different curing times at 7, 14, and 28 days

Cement composites by adding 0.3 wt% of AP-MWCNTs or GP-MWCNTs

Source of variation SS1 df2 MS3 F-ratio F-critical p-value

Hydration rate of calcium silicate hydrate (Δcount × 103/Δday)

 Types modified MWCNTs* 0.050 1 0.050 4.169 18.513 0.1779

 Age of samples ** 5.723 2 2.861 240.996 19.000 0.0041

 Error 0.024 2 0.012

 Total 5.796 5
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Fig. 5  SEM micrographs with porosity using ImageJ analysis (red) at 25,000 × of cement at three curing ages of 7, 14 and 28 days for comparison of: 
a cement, b 0.3MWCNT/C, c 0.3AP-MWCNT/C, and d 0.3GP-MWCNT/C
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probability of mistakenly rejecting a true null hypothesis 
(H0). If the F-ratio is greater than F-critical, there is suf-
ficient evidence to reject H0, indicating that at least one 
group of the investigated factor differs from the others 
(Vinod et al., 2019; Wahid et al., 2018). The results indi-
cate that the F-ratio for the age of the sample surpassed 
the F-critical value, and the p-value was also lower than 
0.05, indicating that the curing age was significant for 
C-S–H formation (Dowdy et  al., 2011; Ståhle & Wold, 
1989). In contrast, the difference in adding AP- and GP-
MWCNTs to cement composites did not present a signif-
icant difference in hydration rate and C-S–H formation, 
as indicated by a lower F-ratio compared to the F-critical 
value and a p-value higher than 0.05, possibly due to both 
having good dispersion in the cement matrix (Onthong 
et al., 2022, 2023).

3.3 � Microstructure and porosity area analysis in cement 
pastes without/with MWCNTs

The microstructure and porosity within the cement 
matrix were investigated using SEM, as shown in Figs. 5 
and 6. Imaging indicated MWCNTs dispersion and pore 
structure and offered insights into the integration of 
MWCNTs into the samples. Figure 5 shows that the bare 
MWCNTs agglomerate in the cement matrix, whereas 
the modified MWCNTs contribute to better dispersion 
in the cement matrix. Improving the dispersion of the 
nanofillers is crucial for enhancing the mechanical and 
electrical properties of the cement composite, as well as 
promoting better interfacial bonding and mechanical 
strength (Páez-Pavón et al., 2022; Sun et al., 2016; Zhang 
et al., 2023).

The average pore size, total porosity area and per-
centage of pore area within the cement sample in Fig. 6 

Fig. 6  Numerical data analyzed by ImageJ from SEM micrographs of (a) average pore size, b total porosity area and c percentage of pore area 
of cement without/ with different MWCNTs of 0.3 wt% at various curing ages
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indicate that with increasing curing time, the pore area 
within the cement sample decreases, in accord with the 
increase of C-S–H hydrate products (Neves Junior et al., 
2015; Zhao et  al., 2018). Furthermore, the curing age 
at 14 and 28 days presents a slight change of pore area. 
Compared with bare MWCNTs, the modified MWCNTs 
provided more effective connection bridges to fill the 
porous gaps and embed in hydrated cement. The impacts 
of modified MWCNTs and curing age on the pore space 
within the cement matrix were investigated using two-
factor ANOVA statistical analysis, as depicted in Table 4. 
The results show that the F-ratio for both modified 
MWCNTs and sample age was lower than the F-critical 
value. Moreover, the p-values for both parameters were 
greater than 0.05, indicating that neither the modifica-
tion methods nor the curing age had a statistically sig-
nificant effect on the average pore size in the cement 
composites. In terms of total porosity area, the F-ratio 
for modified MWCNTs was lower than the F-critical 
value (p-value > 0.05), while the F-ratio for sample age 
exceeded the F-critical value (p-value < 0.05), providing 
sufficient evidence that sample age significantly affected 
the total porosity area, whereas the modification meth-
ods did not. Regarding the percentage of pore area, the 
F-ratios for both modified MWCNTs and sample age 
exceeded the F-critical value, and the p-values for both 
were less than 0.05, indicating that both parameters 
significantly influenced the percentage of pore area in 

the cement composites. This is due to the difference in 
spreading coefficient which reflects surface properties of 
AP-MWCNTs and GP-MWCNTs. GP-MWCNTs had 
a lower spreading coefficient (less negative) and were 
much closer to the cement matrix than the AP-MWC-
NTs, resulting in a lower percentage of pore area of GP-
MWCNT/C than AP-MWCNT/C (O’Rear et  al., 2023). 
Sequential admicellar polymerization produced an even 
lower spreading coefficient (−  45  mN/m), but its effect 
on pore structure has not been found (Onthong et  al., 
2024). However, the two-factor ANOVA analysis of the 
average pore size and total porosity area suggests that 
the modification method of the MWCNTs did not have 
a significant effect, nor did the curing age influence the 
average pore size. Future tests, particularly those assess-
ing the properties showed in Fig. 7, are needed to further 
validate these findings. 

3.4 � Mechanical strength and electrical conductivity
The mechanical strength and electrical conductivity of 
cement composites were examined at different curing 
times to confirm the impact of the studied MWCNTs. 
The cement paste without any additives of MWCNTs 
was used as the control sample. The flexural and com-
pressive strengths were measured of all samples with 
the results in Fig. 7a and b, respectively. When increas-
ing the curing time, the strengths increased  sharply in 
the early period and then less so in line with a slower 

Table 4  Statistical analysis of average pore size, total porosity area and percentage of pore area in cement by ANOVA: two-factor 
analysis of the types of modified MWCNTs and curing ages

SS1: sum of squares, df2 degrees of freedom, MS3 mean square

Types modified MWCNTs* are the two different methods for modified MWCNTs including AP-MWCNTs and GP-MWCNTs

Age of samples** refers to the varying age of cement samples during different curing times at 7, 14, and 28 days

Cement composites by adding 0.3 wt% of AP-MWCNTs or GP-MWCNTs

Source of variation SS1 df2 MS3 F-ratio F-critical p-value

Average pore size (× 10–3 μm)

 Types modified MWCNTs* 0.292 1 0.292 6.398 18.513 0.1270

 Age of samples** 0.6362 2 0.318 6.975 19.000 0.1250

 Error 0.0912 2 0.046

 Total 1.019 5

Total porosity area (× 10–3 μm2)

 Types modified MWCNTs* 3.866 1 3.866 16.545 18.513 0.0554

 Age of samples** 29.614 2 14.807 63.375 19.000 0.0155

 Error 0.467 2 0.234

 Total 33.947 5

Percentage of pore area (%)

 Types modified MWCNTs* 2.133 1 2.135 22.177 18.513 0.0423

 Age of samples** 24.241 2 12.121 126.051 19.000 0.0078

 Error 0.192 2 0.096

 Total 26.566 5
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rate of formation of C-S–H hydration products. Con-
versely, the electrical conductivity of cement composites 
decreased with time as Fig. 7c due to hindered ion mobil-
ity with the increase of C-S–H hydration products act-
ing as insulators in the materials. Han et al. (Han et al., 
2015) reported that, in cement mortar (with sand), the 
control sample and those containing CNT/carbon black 
composite fillers ranging from approximately 0.75–5.96 
wt% show a decrease in electrical conductivity with cur-
ing age from 1 to 3  days, stabilizing after 3  days. After 
the standard 28-day curing period, flexural strength of 
the 0.3 wt% MWCNT sample at 9.29 MPa was compa-
rable to a value of 9 MPa from the literature while com-
pressive strength at 49.35 MPa was notably higher than 
a reference result of 24 MPa (O’Rear et  al., 2023). The 
observed electrical conductivity of 3.94 × 10–5 S/cm in 
this study was the same order of magnitude as previously 
reported (Dong et  al., 2019). Compared to Sun et  al.’s 

(Sun et  al., 2017) study, cement composites filled with 
nano-graphite platelets (approximately 2.27 wt%) for 
28 curing days exhibited no piezoresistive effect. In this 
study, cement composites incorporating modified MWC-
NTs at the same loading (0.3 wt%) exhibited greater 
improvements in mechanical and electrical properties 
compared to those with bare MWCNTs. After 28 days of 
curing, the AP-MWCNT/C exhibited a flexural strength 
of 12.09  MPa, compressive strength of 66.85  MPa, 
and electrical conductivity of 8.27 × 10–4 S/cm  while 
GP-MWCNT/C demonstrated a flexural strength of 
13.18 MPa, compressive strength of 71.59 MPa, and elec-
trical conductivity of 5.86 × 10–4 S/cm. Results confirm 
that the modified MWCNTs enhanced the mechani-
cal properties and electrical conductivity of the cement 
composites better than the bare MWCNTs. Comparing 
these findings with existing literature reveals both con-
sistencies and variations. Cheng et al. (Cheng et al., 2023) 

Fig. 7  a Flexural strength, b compressive strength and c electrical conductivity of cement without/ with different MWCNTs of 0.3 wt% at various 
curing ages
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investigated the effect of MWCNTs size on the electrical 
properties of cement mortar, finding that MWCNTs with 
diameters of 10–20 nm at 0.1 wt% exhibited better con-
ductivity than those with larger diameters. In addition, a 
0.75  wt% MWCNTs loading produced the most signifi-
cant fractional change in resistivity, indicating enhanced 
piezoresistive behavior. Chen and Li (2024) reported 
that incorporating 0.1% MWCNTs with 5% silica fume 
achieved a maximum compressive strength of 116.5 MPa, 
which was 12% greater than that of plain cement paste. 
When 0.1% MWCNTs and 10% silica fume were added, 
flexural strength increased to 11.5 MPa, and the loss fac-
tor improved by up to 22.59%. Similarly, Cerro-Prada 
et al. (2021) found that a 0.02 wt% MWCNTs loading led 
to a 25% and 20% increase in compressive and flexural 
strengths, respectively, after 90 days. Mortars containing 
0.01–0.015 wt% MWCNTs also showed a reduction in 
resistivity by up to 10% at both 28 and 90 days.

When comparing the addition of AP-MWCNTs and 
GP-MWCNTs to cement pastes, it was found that the 
electrical conductivity of AP-MWCNT/C was higher 
than that of GP-MWCNT/C, while the mechanical 
strength was lower. The conformational structure of the 
polymers and the interaction between the polymers and 
MWCNTs from AP method and GP method and cement 
matrix present the different mechanisms. The former 
one, AP-MWCNTs are formed on the polymeric surface 
with physical interaction of the surfactant layer, binding 

between MWCNTs surface and polymer film, whereas 
GP-MWCNTs are linked by chemical interaction with 
covalent bond between MWCNTs surface and polymer 
film. For enhanced conductivity of AP-MWCNTs, Gen-
etti et al. proposed that conducting polymers formed by 
AP lead to molecular wires with entanglements above the 
percolation threshold to facilitate electron transfer (Gen-
etti et al., 1998). The surfactant in AP method may also 
lead to a greater increase in conductivity due to its ionic 
molecule, using sodium dodecyl sulfate (SDS), which 
tend to localize the polymerization closer to greater con-
tact at the surface between the PIn, as an electrically con-
ductive polymer, and MWCNTs. This reason assists in a 
more uniform and intimate PIn formation on the MWC-
NTs surface (Hanumansetty et  al., 2015; Rauniyar & 
Bhattarai, 2021). In contrast, the mechanical properties 
of GP-MWCNT/C were superior, as the GP technique 
creates stronger covalent bonds between the grafted pol-
ymer and MWCNTs, improving interfacial interaction 
with cement more effectively than those of AP-MWC-
NTs (Basheer et  al., 2020; Sun et  al., 2016). Moreover, 
the residual surfactant from the AP process may have led 
to bubble formation inside the cement matrix, affecting 
porosity and limiting the increase in mechanical strength 
(Metaxa et al., 2022).

Table  5 presents a two-factor ANOVA analysis of 
the two different modified MWCNTs and the proper-
ties at three curing ages. It was significant due to using 

Table 5  Statistical analysis of flexural strength, compressive strength, and electrical conductivity of cement composites by ANOVA: 
two-factor analysis of the types of modified MWCNTs and curing ages

SS1 sum of squares, df2 degrees of freedom, MS3 mean square

Types modified MWCNTs* are the two different methods for modified MWCNTs including AP-MWCNTs and GP-MWCNTs

Age of samples** refers to the varying age of cement samples during different curing times at 7, 14, and 28 days

Cement composites by adding 0.3 wt% of AP-MWCNTs or GP-MWCNTs

Source of variation SS1 df2 MS3 F-ratio F-critical p-value

Flexural strength (MPa)

 Types modified MWCNTs* 18.802 1 18.802 77.426 4.600  < 0.0001

 Age of samples** 59.982 14 4.284 17.643 2.484  < 0.0001

 Error 3.399 14 0.243

 Total 82.184 29

Compressive strength (MPa)

 Types modified MWCNTs* 200.105 1 200.105 203.798 4.600  < 0.0001

 Age of samples** 1859.716 14 132.837 135.289 2.484  < 0.0001

 Error 13.746 14 0.982

 Total 2073.568 29

Electrical conductivity (S/cm)

 Types modified MWCNTs* 7.626 × 10–7 1 7.627 × 10–7 163.022 4.600  < 0.0001

 Age of samples** 8.432 × 10–7 14 6.023 × 10–8 12.876 2.484  < 0.0001

 Error 6.549 × 10–8 14 4.678 × 10–9

 Total 1.671 × 10–6 29
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different modified MWCNTs and curing age indicated 
by an F-ratio higher than F-critical and a p-value < 0.0001 
which is less than 0.05. Practically, these results suggest 
strong potential for advanced construction materials. 
From these results, GP-MWCNT/C and AP-MWCNT/C 
can be applied in structural elements requiring high 
strength and superior conductivity, which would be will-
suited for smart functional works like self-sensing con-
crete or de-icing pavements. Moreover, the long-term 
stability of these properties supports their viability in real 
infrastructure. Nonetheless, further evaluation of scal-
ability, cost, and environmental impact is essential before 
widespread implementation.

4 � Conclusion
The modified MWCNTs by AP and GP enhanced 
cement hydration, indicated by increased heat release 
and a faster time to reach the main exothermic peak, 
with the optimum quantity at 0.3 wt%. The results 
indicated that AP-MWCNT/C and GP-MWCNT/C 
enhance exothermic heat by 8.4% and 12.1%, respec-
tively, when compared to bare MWCNT/C. The greater 
release of heat with GP-MWCNTs occurs even though 
the same polymer type of PIn and PVAc were present. 
GP-MWCNTs enhanced the dispersion and accel-
erated hydration of cement at the ITZ more than the 
AP-MWCNTs did. The cement composite with the 
graft polymer nanotubes exhibited greater mechanical 
strength as a result of the covalent bond interaction. 
AP-MWCNTs had smaller increases in mechanical 
strength with weaker physical interactions and they 
produced more porosity than GP-MWCNTs due to 
surfactant remaining on MWCNTs surface. XRD con-
firmed the degree of C-S–H formation in the cement 
matrix rose with cure time. Both AP-MWCNTs and 
GP-MWCNTs showed similar rates of C-S–H forma-
tion from cement hydration, but the pore area inside 
the cement composites was significantly different. 
AP-MWCNTs exhibit higher electrical conductiv-
ity (8.27 × 10–4 S/cm vs. 5.86 × 10–4 S/cm) but a lower 
spreading coefficient compared to GP-MWCNTs. 
Consequently, AP-MWCNT/C showed higher electri-
cal conductivity, while GP-MWCNT/C yielded higher 
mechanical strength, due to lower porosity inside the 
composites. The comparison of AP- and GP-modi-
fied MWCNTs highlights their potential for optimiz-
ing cement composite performance, focusing on the 
effect of the nanotube dispersion on increasing hydra-
tion reaction of cement and high mechanical strength 
and adding electricity in cement. Additionally, bifunc-
tional MWCNTs with PIn—an electrically conductive 
polymer and PVAc—a hydrophilic polymer known for 
flexibility and low toxicity improved the dispersion of 

the MWCNTs in water during the cement hydration, 
reducing the pore in the cement. PIn functionalized on 
MWCNTs provides the electrically conductive prop-
erty with its heteroaromatic structure for further capa-
bility to ECCCs application.
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