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Abstract: Alternatives to conventional Portland cement with a more sustainable appeal are increasingly 
recurrent. Among these are the Limestone Calcined Clay (LC3) systems, characterized by high replacement 
percentages of Portland clinker by calcined clay and limestone, materials widely available worldwide. A 
complete understanding of the rheological behavior of LC3 systems is necessary for the practical application 
of this type of cement to be consolidated. Furthermore, although not yet investigated, the incorporation of 
nanomaterials stands out as a promising alternative for accelerating reactions and enhancing the mechanical 
performance of these systems at early ages. This study investigated the incorporation of carbon nanotubes 
(CNT) contents from 0.05 to 0.125% in an LC3 system through rotational rheometry, isothermal calorimetry, 
compressive strength at 7 and 28 days, and X-ray diffraction. Although the CNT incorporation increased the 
dynamic yield stress and equivalent viscosity of the LC3 pastes, the content of 0.1 wt.% slightly increased and 
anticipated the occurrence of the main peak of the aluminates. Increases of up to 13.5% in compressive 
strength at 7 and 28 days of hydration were observed for a CNT content of 0.1 wt.%. 

Keywords: LC3, carbon nanotubes, composites, rheology, hydration. 

Resumo: Alternativas ao cimento Portland convencional com apelo mais sustentável são cada vez mais 
recorrentes. Entre elas estão os sistemas Limestone Calcined Clay (LC3), caracterizados por altos percentuais de 
substituição do clínquer Portland por argila calcinada e calcário, materiais amplamente disponíveis em todo o 
mundo. Um completo entendimento do comportamento reológico dos sistemas LC3 é necessário para que a 
aplicação prática deste tipo de cimento seja consolidada. Além disso, embora ainda não investigada, a 
incorporação de nanomateriais se destaca como uma alternativa promissora para acelerar reações e melhorar o 
desempenho mecânico desses sistemas em idades precoces. Este estudo investigou a incorporação de teores de 
nanotubos de carbono (CNT) de 0,05 a 0,125% em um sistema LC3 por meio de reometria rotacional, calorimetria 
isotérmica, resistência à compressão aos 7 e 28 dias e difração de raios-X. Embora a incorporação de CNT tenha 
aumentado a tensão de escoamento e a viscosidade equivalente das pastas LC3, o teor de 0,1% aumentou 
ligeiramente e antecipou a ocorrência do pico principal dos aluminatos. Aumentos de até 13,5% na resistência à 
compressão aos 7 e 28 dias de hidratação foram observados para um teor de CNT de 0,1% em massa. 
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1 INTRODUCTION 
The Portland cement production chain emits up to 9.0% of the total carbon dioxide (CO2) released worldwide [1]. 

This sector has made several efforts to reduce this environmental impact, such as lowering the clinker factor through 
supplementary cementitious materials (SCM) [1], [2]. However, new alternatives must be considered, given the global 
trend towards implementing zero-carbon emission policies [3]. Several countries have committed to the Climate 
Ambition Alliance to achieve net-zero CO2 emissions by 2050 [4]. According to Rissman et al. [5], net-zero greenhouse 
gas emissions must be reached by 2050-2070 to limit global warming to 2 0C. Thus, new alternative materials to 
Portland cement (PC) with a lower CO2 emission need to be studied and developed. Within this framework, limestone 
calcined clay cement, denominated LC3, has been extensively researched and stands out as a promising alternative to 
reduce the environmental impact of the PC production sector [6], [7]. Previous studies indicated that LC3 systems could 
reduce CO2 emissions compared to PC by up to 40% [6] and 60% [8]. 

LC3 systems are composed of PC, calcined clay, and limestone. These systems are characterized by a synergistic effect 
between the calcined clay and limestone that forms carboaluminates phases, which allows clinker replacement percentages 
higher than those usually adopted for SCM [6], [7]. Although the LC3 systems have high percentages of clinker replacement (in 
the order of 50 wt.%), they have a similar mechanical performance to PC after 7 days of hydration [9]. Additionally, although 
the use of SCM contributes to reducing carbon emissions and consuming resources in cement production, the availability of these 
materials in several regions is a limiting factor for their use on a large scale. Slag production represents 5 to 10% of the current 
cement demand worldwide. Similarly, fly ash represents approximately 30% of this demand. Considering this problem, clays 
are widely available worldwide, representing a great advantage of the LC3 system [10]. Estimates indicate that clay and limestone 
reserves can supply the current and growing demand for cement for more than 1 million years [11], [12]. High-purity kaolinitic 
clays are widely used to produce metakaolin, producing a high-reactivity material [13]. 

The high specific surface area of most clays used in these systems and the large reduction in the clinker factor can 
negatively affect the fresh state of LC3 systems. Hence, one of the main factors that affect the practical application of 
LC3 is related to their rheological behaviour. Thus, understanding the rheological properties of LC3 cement becomes 
fundamental for this type of material's wide application and use [14]. Nevertheless, according to Ferreiro et al. [15], 
few studies addressed the undesirable rheological properties characteristic of LC3 systems. 

The incorporation of materials such as nano-silica, carbon nanotubes (CNT), and C-S-H nanoparticles [16] are being 
studied to improve the properties of cement-based materials. CNT have been widely applied due to their excellent 
thermal, electrical, and mechanical properties [17]–[21]. The CNT incorporation in PC matrices to increase mechanical 
properties and durability is already well established. Overall, research indicates that adding small amounts of CNT (on 
the order of 0.1% by cement weight) increases cementitious composites' compressive and flexural strengths by up to 
30% and 50%, respectively [22]. This behavior can be attributed to the CNT nucleation effect [23] and the reduction of 
the total porosity and the size of the pores of the cementitious matrix [24]. Furthermore, CNT acts by connecting and 
restricting the propagation of cracks, improving the mechanical properties of cementitious composites [25]. 

Previous studies evaluated the incorporation of CNT and nano-clays (NC) in cement-based materials. For instance, 
Gamal et al. [26] observed that the combined incorporation of CNT-NC enhanced concretes' mechanical performance 
and durability properties, with increases of up to 26.4% in 28-d compressive strength. Similarly, Morsy et al. [27] also 
reported that the 28-d compressive strength of mortar composed of 6.0 wt.% of NC and 0.02 wt.% of CNT was 29.0% 
higher than the plain mortar. Ma et al. [28] assessed mortars' rheological and hardened properties with CNT and 
palygorskite clays. The authors observed that combining both materials significantly increased the yield stress and the 
28-d compressive strength compared to the control mortar. Additionally, previous studies have indicated that 
incorporating SCM (e.g., silica fume) can improve the CNT dispersion in cementitious matrices due to the smaller 
particle size of these materials and, consequently, enhance the mechanical performance of composites [25], [29]. 

It is noteworthy that the LC3 systems are characterized by lower compressive strength at early ages, considering that the 
pozzolanic activity of calcined clays occurs at later ages (> 7 days), and the formation of the carboaluminates phases starts only 
after 1 day of hydration [30]–[32]. In this context, Lin et al. [29] identified that nano-silica could enhance the low early-age 
strength and carbonation resistance of LC3 concretes. Nevertheless, the CNT incorporation in LC3 systems has not yet been 
investigated. Thus, the addition of CNT in LC3 systems has great potential to increase the mechanical performance and reduce 
the porosity of composites, mainly at an early age. This research aimed to investigate the effect of CNT incorporation on the 
rheological parameters, hydration kinetics, and compressive strength of LC3 systems. 
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2 MATERIALS AND METHODS 

2.1 Materials 

A Portland clinker was used to produce the LC3 systems. Its mineralogical composition, presented in Table 1 was 
determined by X-ray diffraction (XRD) through quantitative Rietveld analysis. The test was carried out using an X’Pert 
Pro (PANalytical) diffractometer, operating with the following parameters: 45 kV, 40 mA, CuKα radiation (λ = 1.5418 
Å), scanning range of 7–700 2θ, and step size of 0.0167 2θ. Rietveld analysis was performed on TOPAS v5 using the 
ICSD database. 

Table 1. Mineralogical composition of Portland clinker. 

Phase PC (wt. %) 
C3S M3 62.86 
C2S β 16.29 

C3A cub 7.08 
C4AF 8.43 

Periclase 1.94 
Aphthitalite 1.06 
Portlandite 2.35 
Rwp (%) 6.40 

Pure gypsum (99.16 wt. % CaSO4.2H2O) was used as a calcium sulfate source, and calcitic limestone (Figure S1 
https://doi.org/10.48331/scielodata.YB6XVR) was employed for LC3 production. One can note that the limestone filer was not 
heat treated. Moreover, commercial kaolin was purchased to produce metakaolin. Initially, a study of the optimal thermal 
activation temperature of the material was conducted. The kaolin was treated heat in a muffle (KK260, Linn Elektro Therm 
GmbH) for 2 h at different temperatures (600, 700, 800, and 900 0C). Figure S2 (https://doi.org/10.48331/scielodata.YB6XVR) 
shows the XRD patterns in natura kaolin and metakaolin (MK) after heat treatment at different temperatures. The main crystalline 
phases identified were kaolinite and quartz. For a thermal activation temperature of 600 0C, kaolinite peaks were still identified 
(e.g., 12.30 and 24.70 2Ɵ). Nevertheless, for temperatures above 700 0C, the absence of reflections peaks assigned to kaolinite 
was observed, indicating its complete dehydroxylation and the consequent formation of metakaolin. Furthermore, from 
increasing the temperature to 700 0C onwards, no expressive changes were observed in the diffractograms, suggesting that the 
optimal temperature was 700 0C. The limestone, kaolin, and metakaolin diffractograms were obtained with the equipment and 
conditions described in Section 2.3. 

The R3 test (Rapid, Relevant, and Reliable) developed by Avet et al. [9] also evaluated the kaolin’s optimal calcination 
temperature. Therefore, the binary systems methodology was adopted, and the total cumulative heat for 144 h at 20 °C 
(equipment described in section 2.3) was evaluated. Figure S3 (https://doi.org/10.48331/scielodata.YB6XVR) shows the results 
of the R3 test for in natura and calcined kaolin at temperatures of 600, 700, 800, and 900 °C. The results showed that a calcination 
temperature of 700 0C produced the highest cumulative heat. Thus, the R3 test also indicated that the kaolin optimal calcination 
temperature was 700 0C, corroborating with the XRD results previously discussed. 

Figure S4 (https://doi.org/10.48331/scielodata.YB6XVR) shows the zeta potential of kaolin and metakaolin after 
heat treatment at different temperatures. The test was performed on a Malvern Zetasizer Nano. Dispersions of deionized 
water and kaolin/metakaolin with a concentration of 0.2 wt.% were evaluated. The kaolin exhibited a zeta potential of 
– 10.5 mV, in agreement with the values reported by Sposito et al. [33] for common clays. The negative values can be 
attributed to the charge of the basal faces of the clay materials [34]. Moreover, metakaolin's absolute zeta potential 
values increased with the calcination, reaching higher values for higher temperatures (≥ 700 0C). Sposito et al. [33] also 
found that the absolute zeta potential values of calcined clays increase with higher calcined kaolinite contents, 
corroborating the results obtained in this study. The zeta potential results were in line with the XRD and R3 tests 
previously discussed. 

The chemical composition and physical properties of Portland clinker, MK (calcined at 700 0C), and limestone (LS) 
are shown in Table 2. The chemical composition was assessed by X-ray fluorescence (Epsilon 1, Panalytical). The 
particle size distribution was evaluated using a Particle Size Analyzer S3500 (Microtrac). The specific surface area was 
determined using an Autosorb (Quantachrome Instruments) applying the Brunauer–Emmett–Teller (BET) procedure. 
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Table 2. Chemical composition and physical properties of Portland clinker, MK, and LS. 

Property Clinker MK LS 
Chemical composition (wt.%)    

SiO2 15.77 52.25 1.91 
Al2O3 4.38 44.98 0.78 
Fe2O3 3.59 0.44 0.63 
CaO 68.63 0.09 53.01 
MgO 1.75 - 2.40 
SO3 1.47 - 0.06 

Na2O - - - 
K2O 1.210 0.70 0.08 

Loss on ignition 3.200 1.54 41.13     
Physical property    

D10 (µm) 2.49 2.21 2.93 
D50 (µm) 9.95 3.29 10.72 
D90 (µm) 30.24 7.46 35.16 

Mean diameter (µm) 13.97 5.04 15.94 
Density (g/cm3) 3.23 2.51 2.75 

B.E.T. Specific surface area (m2/g) 2.56 9.30 1.29 

A polycarboxylate-based (PCE) superplasticizer admixture (Tec-flow 8000, GCP Applied Technologies) was 
employed for LC3 paste production. Multi-walled carbon nanotubes (CNT) functionalized with the carboxyl group were 
used. The CNT supplied by Nanostructured & Amorphous Materials Inc had a carboxyl content of 1.9–2.1%, purity 
>95%, an inner diameter of 5–10 nm, an outer diameter of 20–30 nm, length of 10–30 µm, and specific surface area 
>200 m2/g. Figure 1 shows a transmission electron microscopy of the CNT acquired using a JEM-1011 (Joel). As 
observed, the CNT's diameter follows the intervals informed by the manufacturer. Furthermore, the treatment for the 
oxidation of CNT (i.e., insertion of carboxyl groups), usually conducted through acid treatment, caused some defects 
on the nanomaterial’s surface, as can be seen by the arrows in Figure 1 that indicated the cavities in the tubular structure 
of the CNT [35]. Moreover, the end tips of CNT are opened, as pointed out by the circle in Figure 1, which indicates 
that the oxidation treatment broke C-C bonds, allowing the generation of functional groups in these regions [36]. 

 
Figure 1. TEM image of CNT (at ×600,000 magnification). 
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2.2 Mixture design 
LC3 systems composed of 50% clinker Portland, 30% metakaolin, 15% limestone filer, and 5% calcium sulfate [2] were 

evaluated, as presented in Table 3. The cement pastes were produced with a water-to-binder (w/b) ratio of 0.6. This value was 
adopted based on previous studies by the research group [30], [37], which identified that LC3 systems usually need more water, 
mainly considering the properties in the fresh state. CNT contents between 0.05% and 0.125% by cement weight were evaluated. 
These values were determined based on the contents used in PC matrices [22]. A fixed PCE content was added in all 
compositions, including in the reference (REF). The PCE was added to improve the flowability of LC3 systems and to aid in the 
dispersion of CNT. This approach of keeping the SP content fixed aimed to evaluate the isolated effect of the CNT incorporation. 
Initially, the CNT and PCE were added to the water and dispersed via sonication using a probe sonication Vibra-Cell with a 
diameter of 13 mm (VCX Serie, 750 W, 20 kHz) operating at an amplitude of 50% for 6 min [38]–[40]. This dispersion process 
was conducted in an ice bath to prevent the overheating of CNT aqueous dispersions. Subsequently, the CNT aqueous dispersions 
were added to the anhydrous materials (previously homogenized) and mixed manually for 30 s and, after 20 s of rest, 
mechanically mixed for 70 s in a high-shear mixer (10,000 rpm). 

Table 3. Detailed composition of LC3 cementitious composites. 

Cement paste Clinker (g) MK (g) LS (g) Calcium 
sulfate (g) Water (g) PCE (g) CNT (g) Energy (J) Mini slump 

(mm) 
REF 50.0 30.0 15.0 5.0 60.0 0.25 - - 87 

0.05CNT 50.0 30.0 15.0 5.0 60.0 0.25 0.050 11,636 75 
0.075CNT 50.0 30.0 15.0 5.0 60.0 0.25 0.075 12,064 71 
0.1CNT 50.0 30.0 15.0 5.0 60.0 0.25 0.100 12,854 69 

0.125CNT 50.0 30.0 15.0 5.0 60.0 0.25 0.125 13,467 71 

2.3 Experimental methods 
The rheological behaviour of CNT cementitious composites was assessed through rotational rheometry. The tests were 

conducted using a Haake MARS III (Thermo Fisher Scientific) rheometer with a hatched parallel-plate geometry with a 
diameter of 35 mm and a gap of 1.000 mm. A pre-shear of 100 s-1 was initially applied during the 60s to homogenize the 
samples. Subsequently, after a rest period of 60s, the ascending flow curve (shear stress vs shear rate) was determined by 
increasing the shear rate from 0.1 to 100 s-1 in: (i) 4 steps distributed logarithmically between 0.1 and 10 s-1 and (ii) 6 steps 
distributed linearly from 25 to 100 s-1. The descending flow curve was obtained following the same routine described for the 
ascending curve. In each step, the shear rate was applied for 10 s and only the last 3 seconds were recorded, ensuring 
stabilization of the shear stress measurement [41]. The dynamic yield stress of the cement pastes evaluated was obtained by 
applying the Herschel-Bulkley (H-B) model (Equation 1) to the descending flow curve. The equivalent plastic viscosity was 
calculated using the equation proposed by De Larrard (Equation 2) [42]. The rotational rheometry was conducted for 60 min 
with measurements every 10 minutes. An insulation chamber was used to prevent the loss of water from the samples. 

𝜏𝜏 =  𝜏𝜏0 + 𝐾𝐾. ɣ̇𝑛𝑛   (1) 

µ𝑒𝑒𝑒𝑒 =  3𝐾𝐾
𝑛𝑛+2

 . (ɣ̇𝑚𝑚𝑚𝑚𝑚𝑚)𝑛𝑛−1  (2) 

Where 𝜏𝜏 is the shear stress (Pa), 𝜏𝜏0 is the dynamic yield stress, K and 𝑛𝑛 are, respectively, the consistency and the 
pseudoplastic parameters of the H-B model, ɣ̇ is the shear rate (s-1), ɣ̇𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum shear rate applied (100 s-1), 
and µ𝑒𝑒𝑒𝑒 is the equivalent plastic viscosity. 

A good fit of all samples was obtained through H-B (R2 ˃  0.9987). Furthermore, all cement pastes evaluated showed 
n values between 0.576 and 0.753, indicating a shear-thinning response. Thus, a linear fit such as that of the Bingham 
model would be inadequate to describe the rheological behaviour of the pastes. 

Initially, the rotational rheometry test was conducted on two independent fresh samples of REF cement paste to 
determine the variability of the test. The measurements performed in duplicate showed average variations of 5.2% and 
6.0% for dynamic yield stress and equivalent viscosity values, respectively. Thus, these average variations were 
considered to estimate the standard deviation of the other evaluated compositions. Moreover, the fluidity of CNT 
cement composites was assessed through the mini-slump test [43]. 
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The initial hydration of the LC3 systems with the incorporation of CNT was evaluated through isothermal 
calorimetry. The test was performed on a TAM Air (TA Instruments) calorimeter, keeping the temperature at 23 0C. 
The cement pastes were produced following the same procedure described in section 2.2. Subsequently, samples with 
approximately 10 g were added to the vials for the test, which was conducted for 120 h. The mass of anhydrous materials 
normalized the heat flow and cumulative heat values. Furthermore, the first 60 minutes of measurement were 
disregarded to determine the cumulative heat of the samples. 

The compressive strength of the cement pastes was evaluated after 7 and 28 days of hydration. Six cylindrical 
samples with a diameter of 20 mm and a height of 26 mm were molded for each composition and evaluated age. The 
mean value of the samples was adopted as the compressive strength values. The analysis of variance (ANOVA) of the 
results was performed in the Origin software, assuming a significance level of 0.05. 

XRD of CNT cementitious composites after 7 and 28 days of hydration was conducted on a Miniflex II Desktop X-
Ray Diffractometer (Rigaku) with CuK radiation (λ = 1.5418 Å), operating at 30 kV/15 mA. The test was carried out 
from 70 to 550 (2θ) with a 0.030 2θ step size. The cement hydration of the samples was stopped with the solvent exchange 
using isopropanol. After that, the samples were ground, sifted in a 45 µm-opening mesh, and kept in a desiccator. The 
crystalline phase identification was conducted on Match! Software using the COD (Crystallography Open Database) 

3. RESULTS AND DISCUSSION 

3.1 Rheological behaviour 
Figure 2 exhibits the flow and viscosity curves of the plain cement paste (REF) during the first 60 minutes of hydration 

to exemplify the rheological behaviour of LC3 systems. The systems showed significant increases in the values of shear stress 
and viscosity between the measurements performed at 10 min and 20 min, with progressive growth of both values over time. 
These fresh state properties of LC3 systems can be attributed to the MK characteristic such as high negative zeta potential 
(- 31.3 mV – see Figure S4) and high specific surface area (~263% higher than clinker), which increase the flocculation of 
the systems [33], [44], [45]. According to Sposito et al. [33], the high the zeta potential, the higher the resistance to flow and 
water demand of LC3 systems. The PCE can also intercalate into the MK structure, reducing efficiency [15]. Besides that, the 
negative surface of MK can adsorb significant amounts of Ca2+ ions, turning its surface positive and thus increasing the uptake 
of PCE of the system, whereas the PCE is usually adsorbed onto positive charge surfaces [34]. 

Furthermore, the calcined clays (e.g., MK), usually characterized by a high reactivity, can exhibit a strong initial ettringite 
formation in LC3 systems [33]. Thus, the time-dependent fresh-state properties are also influenced by ettringite formation [46]. 
Another aspect that should be considered is that MK has a lower density compared to PC, which results in a greater volume of 
material since the replacement of PC by MK was conducted by weight. According to Navarrete et al. [47], the effect of 
supplementary cementitious materials on the viscosity of cementitious materials is better explained by the particle number density 
and solid volume fraction than by the specific surface area of the particles. 

 
Figure 2. Rheological behavior of REF cement pastes over time: (a) flow curves and (b) viscosity vs. shear rate. 
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The rheological parameters of CNT composites are shown in Figure 3. Increases in the dynamic yield stress and 
equivalent viscosity of 30.5% and 85.0% were observed from 10 to 60 min for the plain cement paste, respectively. 
The same trend was observed for CNT-LC3 composites. For instance, yield stress and viscosity growth were 16.4% and 
51.5%, respectively, for the LC3 system with the addition of 0.125 wt.% of CNT. These results indicate that the 
hydration time has a more pronounced impact on the viscosity of LC3 systems, i.e., on the resistance to flow after the 
yield stress is overcome, than on the dynamic yield stress required for the material to flow. Thus, the yield stress can 
be associated with a cement-based material's filling capacity and the possibility of the material flowing under applied 
stress. In contrast, the viscosity is related to the flow velocity when initiated [48]. The viscosity can affect several 
practical applications, such as pumping and casting rates [49]. 

 
Figure 3. Rheological parameters of CNT cementitious composites over time: (a) dynamic yield stress and (b) equivalent 

viscosity. Error bars correspond to ±1 estimated standard deviation. 

The CNT incorporation overall progressively increased the systems' dynamic yield stress and equivalent viscosity. For 
instance, at 10 min, the increases in yield stress were of 14.3% (0.05CNT), 13.6% (0.075CNT), 25.5% (0.1CNT), and 20.2% 
(0.125CNT) compared to the plain cement paste (i.e., REF). These values were 30.0% (0.05CNT), 35.0% (0.075CNT), 60.0% 
(0.1CNT), and 65.0% (0.125CNT) for the equivalent viscosity after 10 minutes of hydration. A similar trend was observed for 
the other measurement times (20-60 min). These results follow the incorporation of CNT in Portland cementitious composites. 
Jiang et al. [50] observed that adding 0.1 wt.% of CNT increased the yield stress and plastic viscosity by around 169.0% and 
532.0%, respectively, compared to the control cement paste. Reales et al. [51] reported increases in the yield stress of cement 
pastes of approximately 16.0% and 200.0% for CNT contents of 0.05 wt.% and 0.1 wt.%, respectively, compared to plain cement 
paste. Moreover, while adding 0.05 wt.% of CNT did not affect the plastic viscosity of the cement paste, the incorporation of 
0.15 wt.% of CNT resulted in an increase of 266.0% for this rheological parameter [51]. Silvestro et al. [40] observed that a 
carboxyl-functionalized CNT content of 0.1 wt.% increased the dynamic yield stress and equivalent viscosity of PC cement 
pastes (w/c = 0.4) by 98.0% and 127.,0%, respectively. Similar to the influence of hydration time on the rheological parameters, 
the CNT incorporation also exhibited a more pronounced effect on the equivalent viscosity than on the dynamic yield stress of 
the LC3 systems. Thus, considering that the yield stress is related to the intergranular friction among the particles and the viscosity 
is associated with the water flow in the porosity of granular systems [52], the results indicate that CNT incorporation affects the 
water demand of the compositions [53]. This trend possibly is related to the specific surface area of CNT, as previously 
mentioned, and the presence of hydrophilic groups on the CNT’s surface (i.e., carboxyl groups), which can adsorb the water 
from the mixture [54], [55]. 

Nevertheless, it seems that the CNT incorporation has a lower negative impact on the fresh properties of LC3 systems 
than on the Portland cement matrices (compared to the studies previously presented). Regarding this trend, some 
hypotheses are raised: (i) the LC3 systems evaluated have a higher w/b ratio than those usually adopted for Portland cement 
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pastes, which may have contributed to the dispersion of CNT; (ii) the smaller particle size of the MK (see Table 2) aided 
in the CNT dispersion; (iii) the high reduction of the clinker factor in LC3 systems alters the pH and the ionic concentration 
of the pore solution, also affecting the stability of the carboxyl functionalized CNT dispersion in this environment. 
Furthermore, in LC3 systems, the negative charge of MK can adsorb high quantities of Ca2+, reducing its availability in 
the pore solution of the system [34], [56], [57]. Mendoza et al. [58] observed that alkaline environments with Ca(OH)2 
affect the stability of OH-functionalized CNT, increasing the agglomeration tendency of these nanomaterials. The CNT 
agglomeration occurs due to pH modification, the interaction among cations in the solution, and the negative surface 
charge of nanomaterial [23]. Thus, the lower pH [32], [59], [60] due to the high percentages of clinker replacement and 
the adsorption of Ca2+ by calcined clays in LC3 systems possibly contribute to reducing the tendency of CNT to 
agglomerate compared to Portland cement systems. However, a detailed investigation of the CNT dispersion in LC3 pore 
solution should be carried out in future studies. 

The hysteresis area (i.e., the area between the ascending and descending flow curves) of Portland cement-based 
materials can be associated with their thixotropic behaviour [61]. This behaviour is due to the colloidal flocculation and 
the early hydrates formation [62]. According to Hou et al. [63], the thixotropic behaviour of LC3 is dominated by the 
flocculation of the system due to the negative surface charge and water affinity of calcined clay. In turn, for cementitious 
composites, the hysteresis area also can be related to the agglomeration of the nanomaterials [64]. Figure 4 shows the 
hysteresis area of CNT cementitious composites after 10 minutes of hydration. The hysteresis area values observed 
were of 29.7 Pa/s (REF), 157.1 Pa/s (0.05CNT), 116.0 Pa/s (0.075CNT), 126.2 Pa/s (0.1CNT), and 126.6 Pa/s 
(0.125CNT). There is an increase in the hysteresis area with the CNT incorporation compared to the plain cement paste 
(REF). Nevertheless, the increase in the CNT content did not result in a progressive increase in the hysteresis area of 
cement pastes. These results suggest that higher CNT contents can be incorporated into LC3 systems. Note that the 
sonication parameters were fixed for all evaluated CNT contents. Thus, the increase in the nanomaterial content did not 
result in a higher agglomeration, as suggested by the hysteresis area results, even for the lower dispersion energy (J/g 
of CNT) applied for higher CNT contents. Nevertheless, in addition to the properties in the fresh state, the impact of 
higher CNT contents on hydration and mechanical properties of LC3 systems also needs to be evaluated. 

 
Figure 4. Ascending and descending flow curves of CNT cementitious composites after 10 minutes of hydration. 

3.2 Hydration 
Figure 5 shows the isothermal calorimetry curves of LC3 pastes up to 120 hours, with normalized heat flow per 

gram of cement. The main peak of the silicate reaction is designated as “Sp”. It is mainly associated with the C3S 
(tricalcium silicate) hydration, while the consumption of sulfates is identified as “SD” and the peak of the aluminate 
reaction is denominated as “Ap”. All LC3 with the CNT incorporation were properly sulfated since Ap occurred after 
Sp [65]. The reaction shows the four typical stages of PC hydration during the first 24 h of the pastes, being (1) 
dissolution, (2) induction, (3) acceleration, and (4) deacceleration periods. The second stage corresponds to the 
induction period, followed by the acceleration period corresponding to the alite peak (Figure 5a), which occurs at 4-4.5 
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h for all LC3 systems, with higher intensity for 0.05CNT (3.30 mW/ g). During the induction period and the alite peak, 
part of the sulfate is consumed for ettringite precipitation, and part is adsorbed on C-S-H until the total depletion of 
sulfates in the system (Figure 5a) [66]. Therefore, the aluminate peak (Figure 5b) is related to ettringite formation from 
the reaction of C3A with the sulfate ions adsorbed on C-S-H [67]. The aluminate peak was higher for 0.075CNT (5.46 
mW/g), which occurred at 7.86h, and for 0.1CNT (5.45 mW/g), occurring at 7.68h. The CNT incorporation provides 
the system with an additional surface area for contents up to 0.1, impacting the acceleration of sulfate consumption in 
LC3 systems [68]. However, contents higher than 0.1 wt.%, there is a delay in the sulfate’s consumption and a lower 
heat flow at the peak of aluminates compared to the other CNT contents evaluated. Finally, Fig. 5c shows a “broad 
peak” at heat flow curves associated with the conversion of ettringite into AFm phases [69]. 

 
Figure 5. Heat flow of CNT cementitious composites and zoom of regions of interest (a,b and c) (Sp: silicate peak, Ap: aluminate 

peak, SD: sulfate depletion). 

Generally, CNT accelerates cement hydration [70], [71]. However, some studies have indicated delays in PC 
hydration [72], [73], attributed to the CNT dispersion method and an inefficient dispersion. In this investigation, adding 
the different CNT contents did not cause significant curve changes. Only 0.125 CNT content was observed to promote 
a slight delay in the heat flow in the hydration process of the LC3 systems. Stynoski et al. [74] also found no significant 
changes in hydration kinetics up to 35 hours. This can be explained due to the nanoparticles acting as a filler effect on 
the matrix [75]. 

The cumulative heat released after 120 hours was of 281.7 J/g (REF), 282.2 J/g (0.05CNT), 277.4 J/g (0.1CNT), 
280.8 J/g (0.1CNT), and 280.4 J/g (0.125 CNT). This cumulative heat released by LC3 systems with the incorporation 
of CNT is within the standard deviation range (7 J/g of cement) reported by Scrivener et al. [76], associated with the 
repeatability of the calorimetry test. These values indicate that CNTs did not significantly affect the hydration degree 
of LC3 systems after 120 h. 
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3.3 Compressive strength 
Figure 6 shows the average compressive strength values of the LC3 systems at 7 and 28 days. Table S1 

(https://doi.org/10.48331/scielodata.YB6XVR) summarizes the results of the statistical analysis (ANOVA) of these 
values. The two factors evaluated (CNT content and age) significantly influenced compressive strength. At 7 days, only 
0.1CNT showed compressive strength gains of 13.5% compared to plain LC3 (i.e., REF). This is consistent with the 
trend observed in the values of heat accumulated in the calorimetry. CNTs may have acted only through a physical 
effect of pore filling and matrix densification, not significantly altering the hydration kinetics. At 28 days, the increase 
in strength is more pronounced with CNT incorporation. The compressive strength of CNT-LC3 composites reached 
values of 41-46 MPa. The optimal CNT contents were 0.075% and 0.1% by weight of cement, with gains of 9.6% and 
13.2% compared to plain cement pastes, respectively. The explanation for this occurrence was previously discussed, 
and these incorporation contents are corroborated by some studies [19], [77], [78]. Furthermore, the compressive 
strength values of CNT-LC3 composites reached the minimum mechanical requirements for Brazilian cement [79]. All 
CNT-LC3 systems evaluated exhibited compressive strength values higher than CP IV-40 (Portland Pozzolanic Cement) 
and CP V-ARI (Portland Cement of High Initial Strength), mainly at an early age. 

 
Figure 6. Compressive strength of CNT cementitious composites at 7 and 28 days of hydration. Error bars represent ±1 standard 

deviation. 

3.4 XRD 
Figure 7 shows the selected ranges between 7.50 - 150 (Figure 7a) and 170 - 200 (Figure 7b) 2θ of XRD patterns of 

the CNT-LC3 systems after 28 days of hydration. The crystalline peaks identified were: ettringite (COD 9011576), 
hemicarboaluminate (COD 2105252), monocarboaluminate (COD 2007668), and portlandite (COD 2101033). The 
presence of monosulfate was not identified. As previously reported, the limestone incorporation favours the 
hemicarboaluminate and monocarboaluminate formation instead of monosulfate [80]–[82]. After 28 days of hydration, 
the intensity of the ettringite and AFm phases peaks of CNT-LC3 composites are generally similar, regardless of the 
CNT content. This behaviour can be attributed to the indirect stabilization of ettringite due to the formation of AFm 
phases, which leads to an increase in the hydrates volume and, therefore, a decrease in porosity, also explaining the 
compressive strength results previously discussed [82]. Similarly, the main portlandite peak at 18.10 2θ (Figure 7b) did 
not seem to be significantly modified by the incorporation of CNT, mainly considering that this peak can be affected 
by the preferential orientation of the crystals [19]. The XRD results are in line with the cumulative heat, which also 
indicated a similar hydration degree of CNT cementitious composites after 120 hours. 
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Figure 7. XRD patterns from 7.50 to 15.00 and 17° to 20° 2θ of CNT cementitious composites at 28 days (E: ettringite; H: 

hemicarboaluminate, M: monocarboaluminate). 

4 CONCLUSIONS 
The effect of CNT incorporation on the fresh and hardened-state properties of LC3 systems was assessed in this 

study. The following conclusions can be drawn: 
• All LC3 compositions evaluated exhibited increased yield stress and viscosity during the first 60 minutes of 

hydration, mainly attributed to MK characteristics (e.g., high negative zeta potential, high specific surface area, and 
lower density). The CNT incorporation increased up to 25.7% and 65.0% on the dynamic yield stress and equivalent 
viscosity of LC3 cement pastes, respectively. Moreover, it is suggested to investigate further the impact of pH, and 
ionic environment of LC3 systems on the stability of CNT functionalized with the carboxyl/hydroxyl groups. 

• The aluminate peak was slightly anticipated for a CNT content of 0.1 wt.% compared to the plain cement paste 
(REF). For higher CNT contents (e.g., 0.125 wt.%), a slight reduction in aluminates heat flow peak and a delay in 
the sulfate’s consumption was observed. Regardless of the CNT content, the nanomaterial’s incorporation did not 
significantly affect the 120h cumulative heat of cement pastes. 

• A CNT content of 0.1 wt.% increased the compressive strength of LC3 by up to 13.5% and 13.2% for a hydration 
time of 7 and 28 days, respectively. The CNT effect on the mechanical properties is essentially attributed to a 
physical effect (e.g., pore filling). 

• XRD results after 28 days of hydration showed that the CNT contents evaluated did not significantly modify the 
ettringite, AFm phases, and portlandite peaks intensity. 
This research contributed to developing cement with lower CO2 emissions and CNT-LC3 composites. Furthermore, 

a discussion on the dispersion of functionalized CNTs in LC3 systems is presented, bringing significant and relevant 
contributions to the study area. It is suggested that future studies analyze the impact of these nanomaterials on the 
mechanical properties and porosity of LC3 cementitious composites at early ages (e.g., 1 and 3 days). 
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