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Abstract

:

In this study, the rheological properties of cement paste modified by a suspension containing both multi-walled carbon nanotubes (MWCNT) and carboxymethyl cellulose (CMC) (MWCNT/CMC suspension) with different types of plasticising admixtures (Pl), such as lignosulphonate (LS), sulfonated naphthalene formaldehyde condensate (NF), and polycarboxylate ether (PCE) were evaluated. The increase in yield stress and plastic viscosity up to 20% was established in the case of the modification of cement-based mixtures by MWCNT in the dosage up to 0.24% by weight of cement (bwoc) without Pl and with LS and NF. The complex modification of cement paste by MWCNT and PCE increases the yield stress and plastic viscosity from the MWCNT dosage of 0.06% and 0.015% bwoc, respectively. The yield stress and plastic viscosity of cement paste with PCE enhanced by 265% and 107%, respectively, in a MWCNT dosage of 0.12% bwoc. MWCNT do not have a significant influence on the flow behaviour index of cement paste; however, in the case of usage of PCE, the shear thickening effect decreased from a MWCNT dosage of 0.03% bwoc. The significant reduction in the volume coefficient of water bleeding by 99, 100, and 83% was obtained with LS, NF, and PCE, respectively, with an increase in MWCNT dosage up to 0.24% bwoc.
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1. Introduction


The growth of demand for concrete structures of different functionality requires the development of new concrete compositions and innovative concrete technologies of transportation, handling, pumping, and compacting with a decrease in economic expenses. The development of pumping technology and the design of self-compacting concrete (SCC) are one of the crucial topics in modern concrete technology [1,2,3,4,5]. A number of research works demonstrate the necessity to investigate the rheological properties of concrete in addition to evaluation of workability. The correlation between the rheological and technological parameters of concrete mixtures is necessary for the improvement of concrete technologies and production of concrete with high workability and high performance [6,7,8]. The understanding of the rheology of cement-based materials and its correlation with the technological characteristics of concrete determines the properties of concrete in a hardened state [9] and its durability. The rheological properties are important for the surface quality of concrete structures and its application for architectural concrete as well.



The liquid phase of the cement system can be modified by the introduction of nanoparticles, which significantly increases the surface area of the solid phase and causes changes in the surface tension and zeta potential. The small size and, as a consequence, the high surface area can be the factors which explain the changes in the rheology of cement systems with nanoadditives [10]. For instance, Shang et al. [11] studied the effect of graphene oxide on yield stress and plastic viscosity and established their increase with higher graphene oxide dosages. Kawashima et al. [12] observed a stiffening effect in cement paste modified by nanoclays. The impact of nano-TiO2 and nano-SiO2 on the cement paste rheology was evaluated by Li et al. [13] and Senff et al. [14], respectively. The research established the increase in yield and plastic viscosity of cement paste.



Considerable interest is concentrated on the modification of cement composites by carbon nanotubes (CNTs) due to its outstanding properties [15,16]. The number of research works on the impact of CNTs on cement-based materials in a fresh state is insufficient [17], opposite to the studies devoted to the improvement of mechanical properties and microstructure of cement composites with the addition of CNTs [18,19]. The flowability tests were implemented to study the effect of CNTs on the cement paste and mortar in a fresh state [20,21]. Collins et al. [20] performed the mini-slump test for ordinary cement pastes modified by different dosages of CNTs. The spreading diameter of cement paste was decreased by 14.5% with the addition of 0.5% by weight of cement (bwoc) of CNTs at a water to cement (w/c) ratio of 0.5. Other dosages of CNTs and other w/c ratios showed the decrease in flowability of cement pastes as well. Konsta-Gdoutos et al. [21] observed that pristine CNTs with different aspect ratios in the dosage of 0.1% bwoc lead to a decrease in flowability from 22.1 to 18.6 cm.



In addition to flowability tests, it is necessary to provide rheological investigations to obtain, more deeply, an understanding of the action mechanisms of nanoadditives in cement systems. Some attempts to study the rheology of nanomodified cement pastes by the use of rheometers and rheological models were made [10,22,23,24,25,26,27,28,29]. Ma et al. [22] established an increase in yield stress and plastic viscosity of cement mortar modified by CNTs. Jiang et al. [10] and Skripkiunas et al. [27,28,29] observed an increase in yield stress and plastic viscosity of nanomodified cement paste as well. Opposite to these research works, Souza et al. [23] and Paula et al. [24] did not obtain any changes in rheology of the cement pastes and slurries prepared with CNTs synthesised on cement clinker. The differences in obtained results can be linked with the composition of cement systems, type of CNTs, dispersing agents, applied rheological models, and other factors. Reales et al. [25] and Nadiv et al. [26] highlighted the relevance of an applied dispersing agent and its impact on the rheology of cement systems.



The suspension of nanoparticles is often homogenised with the application of different types of plasticising admixtures (Pl) used in concrete technology. Pl is an indispensable component of modern concrete, which manages the properties of concrete in a fresh state due to its plasticising effect. The lignosulphonate (LS), sulfonated naphthalene formaldehyde condensate (NF), polycarboxylate ether (PCE), and acrylic polymer plasticisers are one of the most widely used Pl nowadays [30,31]. The plasticising efficiency of Pl in cement systems mainly depends on adsorption processes on the cement particles’ surface (surface tension of liquid phase on cement particles) [32,33], zeta potential [34,35], which is defined by the properties of used cement, and Pl [31,36]. Cement suspension stability with Pl is controlled by the balance of attractive and repulsive forces, which depends on the steric or electrostatic action mechanism of applied Pl. The various molecular structures of Pl cause the distinction in action mechanisms [37].



The dispersing effect of LS consists of electrostatic repulsion between the cement particles when negatively charged functional groups of LS adsorb on the cement particles. This adsorption leads to giving the negative charge to cement particles and the appearance of electrostatic repulsion between them [32,38].



NF possess a higher water reduction capability up to 30% in comparison with LS. The action mechanism of NF is based on electrostatic and steric repulsive forces with more pronounced electrostatic effects [37,39].



PCE with a comb-shaped structure has a higher plasticising efficiency in comparison with LS and NF. The combination of electrostatic and steric effects underlies the action mechanism of this plasticiser in cement systems, which makes it more efficient in comparison with others [40,41,42].



The changes in molecular structure of Pl provide the improvement of their plasticising efficiency. Nowadays, there are a significant number of research works on the synthesis of Pl with new molecular architecture, which contributes to the changes in rheological and technological properties of cement-based materials [43,44,45,46,47].



The complex admixture based on Pl and nanoparticles can improve the plasticising efficiency of Pl. Application of Pl in high dosages can lead to the occurrence of water bleeding when gravity dominates the colloidal forces between cement particles in low viscosity liquid phase [48,49]. Particularly, this issue can be present in the production of SCC. The usage of nanoparticles, with their high surface area, can allow controlling of the bleeding of plasticised concrete mixtures [50].



The literature review findings showed that there are not enough research workson the rheology of cement-based materials modified by CNTs. The action mechanisms of CNTs separately and in combination with Pl in a fresh cement paste are not clear and require further investigation. Besides, the selection of a suitable rheological model for cement-based materials with CNTs is also relevant.



The current research is focused on the investigation of the rheological properties of cement pastes modified by suspension containing both multi-walled carbon nanotubes and carboxymethyl cellulose (MWCNT/CMC suspension) without Pl and with LS, NF, and PCE. The main rheological parameters, such as yield stress, plastic viscosity, and shear thinning/thickening (flow behaviour) indexes were evaluated depending on the MWCNT dosage and type of Pl based on the Herschel–Bulkley rheological model. Water bleeding of nanomodified cement paste was observed in the course of the research as well. The understanding of rheological behaviour of the plasticised cement paste with MWCNT can be valuable for further design of complex admixtures based on MWCNT and Pl. The present research is a continuation of research works [27,28,29], which generalise the research data on the rheological properties and water bleeding of cement pastes modified by MWCNT/CMC suspension in the presence of three different Pl, with application of the Herschel–Bulkley model for approximation of the experimental data; a possible explanation of the action mechanisms of MWCNT in the plasticised cement pastes is also proposed.




2. Experimental Study


2.1. Materials


Portland cement without mineral additives CEM I 42.5 R and with fineness by Blain of 3552 cm2/g, as a more widely used cement in construction practice, was used as a binder. The mineral composition and physical and mechanical properties of the applied cement are presented in the research [27].



The LS, NF, and PCE were taken as a surfactant to homogenise the nanotubes in the volume of the aqueous suspension and into the cement systems. The characteristics of Pl are listed in Table 1. The chemical structures of applied Pl are presented in Figure 1a–c.



The masterbatch pellets “Graphistrength CW 2-45” (“Arkema”, Colombo, France), consisting of 45 wt% of MWCNT and 55 wt% of carboxymethyl cellulose (CMC), were used for the homogenisation of MWCNT suspension. The pellets were immersed in distilled water preheated up to 75 °C. MWCNT have a diameter of 15–20 nm and length of 0.1–10 μm.



The Scanning Electron Microscopy (SEM) image of the dried MWCNT/CMC suspension with content of MWCNT and CMC at 1% and 1.22%, respectively, presented in Figure 2, identifies the feature of MWCNT to form bundles with diameters of about 200 nm.




2.2. Testing Methodology


The homogenisation of the MWCNT/CMC suspension was carried out for 6 min by ultrasonic homogeniser Bandelin Sonopuls HD 3400 (400 W, 20 kHz). The optimisation of the applied homogenisation processes was studied and described in the research works [27,28].



Four types of MWCNT/CMC suspensions with various MWCNT dosages were homogenised, such as MWCNT/CMC suspensions without Pl, with LS, NF, and PCE. MWCNT dosage was varied from 0 to 0.96% in the aqueous suspension. Dosage of Pl was of 3.8% (1% bwoc of cement) in all MWCNT/CMC suspensions. The ratio between Pl and MWCNT varied from 4 to 256.



The mix design of MWCNT/CMC suspension with and without Pl homogenised by the ultrasonication method is presented in Table 2. Table 2 includes the amount of CMC in the volume of suspension due to the fact that pellets “Graphistrength CW 2-45” consisted of MWCNT and CMC (see the previous section).



The particle size analysis and zeta potential measurements for MWCNT/CMC suspension after homogenisation were carried out by particle size and zeta potential analyser DelsaNano C from Beckman Coulter [28].



Rotational rheometer Rheotest RN 4.1 with coaxial cylinders was applied for the rheological test. The rheological test was performed at 5, 60, and 120 min after cement paste mixing according to the mode presented by [29]. The mix design of the cement pastes for the rheological test is presented in Table 3 and Table 4.



The scheme of homogenisation of the MWCNT/CMC suspension and cement paste modification by the MWCNT/CMC suspension is represented in Figure 3.



The yield stress (τ0) and plastic viscosity (µ) were obtained in the course of approximation of the flow curve by means of the Herschel–Bulkley model expressed by equation:


  τ =  τ 0  + μ ⋅   γ ˙  n   



(1)




where τ is shear stress, Pa; τ0 is yield stress of the cement paste, Pa; µ is plastic viscosity, Pa∙s;   γ ˙   is shear rate, s−1; n is shear thinning or shear thickening (flow behaviour) index if n < 1 or n > 1, respectively [28,51]. Figure 4 presents an example of the approximation of experimental points according to the Herschel–Bulkley model.



For the water bleeding test, the cement and the MWCNT/CMC suspension with a ratio of 1:1 were put into a 200 mL plastic container and mixed for 4 min. The plastic container was left to stand without moving for 2 h. After 2 h since the beginning of the test, the bleeding water was collected from the surface of sedimented cement by the syringe.



The coefficient of the water bleeding was expressed by the equation:


   K b  =   a − b  a  ⋅ 100 %  



(2)




where Kb is the coefficient of water bleeding, %; a is an initial volume of cement paste, cm3; b is the volume of sedimented cement, cm3 [28].





3. Experimental Results


3.1. Characteristics of Suspension Containing Multi-Walled Carbon Nanotubes and Carboxymethyl Cellulose


The MWCNT/CMC suspension with various Pl has differences in average particle size. As is seen in Figure 5, LS and NF slightly decrease the average particle size in the suspension in comparison with the MWCNT/CMC suspension with PCE. The minimum diameters of about 220 and 240 nm were observed for the MWCNT suspension with LS and NF, respectively.



Opposite to the effect of LS and NF, the increase in the average diameter up to 470 nm was observed for the MWCNT/CMC suspension with PCE. The different pH values of Pl can explain the differences in average particle size. PCE has a lower pH level in comparison with LS and NF (see Table 1) that causes additional agglomeration processes in the MWCNT/CMC suspension. Moreover, the carboxyl groups of the PCE plasticiser can be involved in the formation of intramolecular and intermolecular hydrogen bonds, with the carboxyl groups of the CMC located on the MWCNT surface, which result in the aggregation processes. LS and NF do not cause the aggregation of particles due to the absence of carboxyl groups in their molecular structure and other pH values. Therefore, LS and NF did not cause a significant increase in average particles size.



To evaluate the homogeneity of the MWCNT/CMC suspension, the polydispersity index (PDI) was calculated by particle size analyser software. PDI was evaluated for the MWCNT/CMC suspension with and without Pl. The PDI values are presented in Figure 6. Based on the results shown in Figure 6, it can be concluded that PDI reached the minimum values for all MWCNT/CMC suspensions, but in different MWCNT dosages and with different Pl.



In addition to the particle size analysis, the MWCNT/CMC suspension was characterised by the zeta potential measurements to evaluate the stability of the complex MWCNT/CMC suspension prepared in combination with Pl and their plasticising efficiency in cement-based materials (Figure 7).



The LS, NF, and PCE show the different extents of the changes in zeta potential. The increase in zeta potential by 30%, 19%, and 56% for LS, NF, and PCE plasticisers, respectively, was established with higher MWCNT dosage. The higher extent of the zeta potential changes was observed for PCE. The observed changes in the zeta potential can be associated with the differences in pH values of applied Pl.



The observed properties of MWCNT/CMC suspension in the presence of different Pl determine their further impact on the rheological parameters of nanomodified cement-based materials.




3.2. MWCNT Influence on the Plasticising Efficiency


Figure 8 shows the changes in yield stress of cement paste modified by MWCNT in the dosage from 0 to 0.24% bwoc without Pl. The diagram indicates that yield stress increased with an increase in MWCNT dosage. The maximum increase in yield stress by 17% was observed for the cement paste with 0.24% bwoc of MWCNT in comparison with the cement paste without admixtures. The addition of MWCNT in the dosage from 0 to 0.24% bwoc to the cement paste increased the plastic viscosity. The maximum increase in the plastic viscosity by 6% was identified for the cement paste with 0.06% bwoc of MWCNT in comparison with the sample without admixture (Figure 8).



The rheological parameters of the cement paste modified separately by CMC in the dosage of 0.29% bwoc were determined due to the presence of CMC in the MWCNT/CMC suspension as a dispersing agent. The yield stress and plastic viscosity were of 3.2 Pa and 2.65 Pa·s 5 min after cement paste mixing. These parameters are less than ones for the cement paste modified by the suspension with MWCNT dosage of 0.24% bwoc and equal to 4.1 Pa and 4.17 Pa·s, respectively. It demonstrates that MWCNT leads to the additional increase in rheological parameters of the cement paste.



Modification of the cement paste by the MWCNT/CMC suspension and LS led to the increase in yield stress (Figure 9). The maximum increase in yield stress by 11% was reached for cement paste with 0.24% bwoc of MWCNT in comparison with cement paste only with LS. The plastic viscosity of the cement pastes with the MWCNT suspension and LS decreased up to the MWCNT dosage of 0.12% bwoc and started to increase over this dosage. The maximum increase in plastic viscosity by 9% for cement pastes with MWCNT of 0.24% bwoc and LS was identified, as is seen in Figure 9.



The yield stress of nanomodified cement paste in combination with NF decreased by 11% with a variation of MWCNT dosage from 0 to 0.24% bwoc. The modification of cement paste by 0.24% bwoc of MWCNT resulted in the increase in yield stress up to the value of yield stress for the cement paste only with NF. The plastic viscosity of the cement paste with the MWCNT suspension and NF decreased up to 13% in the range of MWCNT dosage from 0 to 0.12% bwoc. The increase inMWCNT dosage from 0.12% to 0.24% bwoc resulted in the change of plastic viscosity up to the value of plastic viscosity for the reference cement paste with NF (Figure 10).



Figure 11 represents the changes in yield stress of nanomodified cement paste with PCE. The yield stress was not changed up to the MWCNT dosage of 0.06% bwoc and increased above this dosage. The maximum increase in yield stress value by 265% was obtained in the MWCNT dosage of 0.12% with respect to the reference cement paste modified by PCE without MWCNT.



The proportional increase in the plastic viscosity of the cement paste modified by the MWCNT/CMC suspension and PCE was observed from the MWCNT dosage of 0.015% bwoc up to 0.06% bwoc. Figure 11 shows that the more remarkable increase by 107% was established for the cement paste with 0.12% bwoc of MWCNT in the presence of PCE.




3.3. MWCNT Influence on Flow Behaviour of Cement Paste


In addition to the yield stress and plastic viscosity, the shear thinning/thickening (flow behaviour) indexes of nanomodified cement pastes with and without Pl were derived by means of the experimental curves approximation.



The changes in the shear thinning/thickening indexes depending on MWCNT dosage and type of Pl in 5 and 120 min after cement paste mixing are shown in Figure 12a,b, respectively. The cement paste without Pl and with LS and NF is characterised by the shear thinning flow behaviour (n < 1). Regarding the complex modification of cement paste by MWCNT with LS and NF, the shear thinning index slightly decreased from 0.70 to 0.64 and from 0.83 to 0.72, respectively, with the introduction of MWCNT up to 0.06% bwoc. The addition of MWCNT caused a small decrease in thixotropy of cement pastes. Opposite to the effect of LS and NF, the nanomodified cement pastes with PCE represented the occurrence of shear thickening flow behaviour (n > 1). With an increase in MWCNT dosage over 0.03% bwoc, the shear thickening index of cement paste with PCE and MWCNT slightly decreased from 1.20 to 1.17. In other words, the addition of MWCNT to the cement pastes plasticised by PCE decreased the dilatancy. The observation of shear thickening behaviour of PCE correlates with the results of the research works presented in [40,52]. Mainly, the shear thinning/thickening indexes are determined by the type of Pl and do not depend significantly on MWCNT dosage. The flow behaviour indexes were not changed remarkably 120 min after cement paste mixing (see Figure 12b).




3.4. MWCNT Influence on the Duration of Plasticising Effect


The rheological properties of cement paste modified by the MWCNT/CMC suspension with and without Pl were tested 5, 60, and 120 min after cement paste mixing to evaluate the plasticising efficiency of the admixtures in time. Modification of the cement paste by the MWCNT/CMC suspension with and without Pl did not have a significant impact on the yield stress in time after cement paste mixing.



Figure 13 demonstrates that yield stress of the cement paste modified by the MWCNT/CMC suspension without Pl linearly increases for 120 min after cement paste mixing. The character of dependence between yield stress and time after cement paste mixing remained similar for all cement paste, with MWCNT dosages varying from 0 to 0.24%. The changes in yield stress 120 min after cement paste mixing did not exceed 10% for all tested cement pastes in comparison with samples after 5 min of mixing.



The yield stress of cement pastes modified by the MWCNT/CMC suspension in combination with LS did not remarkably increase from 5 to 120 min after cement paste mixing. The increase in yield stress of cement paste 120 min after cement paste mixing did not exceed 4% in comparison with yield stress 5 min after cement mixing. The MWCNT dosage did not have an impact on the dependence between yield stress and time after cement paste mixing.



The combined usage of NF and the MWCNT/CMC suspension led to the proportional increase in yield stress during the 120 min after cement paste mixing. The maximum increase in yield stress 120 min after cement paste mixing was of 20%.



The yield stress of the cement paste modified by the MWCNT/CMC suspension with PCE (see Figure 14) was not changed during the 120 min after cement paste mixing up to a MWCNT dosage of 0.06% bwoc. The increase in MWCNT dosage up to 0.12% bwoc resulted in the decrease in yield stress from 60 to 120 min after cement paste mixing by 11% in comparison with cement paste 5 min after mixing.



The character of dependence between plastic viscosity and time after cement paste mixing had differences in the presence of Pl of various origins. The addition of MWCNT to cement paste did not have any impact on the dependence between plastic viscosity and time after cement paste mixing.



Figure 15 represents the dependence between plastic viscosity and time after cement paste mixing in the case of modification of the cement paste by MWCNT in the dosage from 0 to 0.24% bwoc without Pl. The plastic viscosity linearly increased from 5 to 120 min after cement paste mixing. The increase in plastic viscosity during the time by 6% and 8% was identified for cement pastes without admixture and MWCNT dosage of 0.12% bwoc, respectively. The same character of curves was observed for cement pastes with other MWCNT dosages.



The cement pastes with the MWCNT/CMC suspension and LS were characterised by a remarkable increase in plastic viscosity in the first 60 min after cement paste mixing. The plastic viscosity increased by 21% for the reference cement paste with LS and by 15% for the cement paste modified by 0.24% bwoc of MWCNT in 120 min after cement paste mixing in comparison with values of plastic viscosity after 5 min. The character of curves for the cement paste with a MWCNT dosage less than 0.24% bwoc was the same as for the reference sample only with LS.



The plastic viscosity of the nanomodified cement pastes with NF linearly increased from 5 to 120 min after cement paste mixing. The plastic viscosity of the reference cement paste with NF and without MWCNT/CMC suspension enhanced by 8% during the 120 min after cement paste mixing. The maximum increase in plastic viscosity by 23% during the 120 min after cement paste mixing was established for the cement paste modified by 0.06% bwoc of MWCNT. The other MWCNT dosages led to an increase in plastic viscosity of cement pastes during the time after cement paste mixing of no more than 9%, in comparison with values of the plastic viscosity 5 min after cement paste mixing.



The modification of cement pastes by the MWCNT/CMC suspension and PCE decrease the plastic viscosity of cement paste during the time after cement paste mixing (Figure 16). The plastic viscosity of the cement pastes with PCE and MWCNT in the dosage of 0.03%, 0.06%, and 0.12% was not changed during the first 60 min after cement paste mixing and decreased by 8% during the next 60 min.




3.5. MWCNT Influence on Water Bleeding of Cement Paste


The bleeding of cement pastes modified by MWCNT/CMC suspension without and with different types of Pl was estimated. The increase in MWCNT dosage in cement pastes with all Pl contributed to the reduction in the volume coefficient of water bleeding. Water bleeding of nanomodified cement pastes can be described by the exponential dependence between the coefficient of water bleeding (K) and MWCNT dosage (Dnt) (see Figure 17). The exponential dependence with correlation coefficients 0.99, 0.92, and 0.94 was identified for nanomodified cement paste with LS, NF, and PCE, respectively, and 0.81 for cement paste without Pl.



Water bleeding was not changed up to the MWCNT dosage of 0.12% bwoc and decreased in the dosage of 0.24% bwoc for cement paste without Pl. The decrease in the volume coefficient of water bleeding was of 85% in comparison with the reference sample without MWCNT modification.



The addition of Pl led to more liquid consistency of the cement systems and more significant water bleeding in comparison with samples without Pl. The volume coefficient of water bleeding in cement pastes with LS, NF, and PCE remarkably reduced up to the MWCNT dosage of 0.015%bwoc and gradually reduced over this dosage. The reduction in the volume coefficient of water bleeding reached the values of 99%, 100%, and 83% for LS, NF, and PCE, respectively, with an increase in MWCNT dosage up to 0.24% bwoc. The volume coefficient of the water bleeding reached values closer to 0 with the MWCNT dosage of 0.24% bwoc in cement systems without Pl and with LS and NF.



Taking into account the presence of CMC in the MWCNT/CMC suspension, a bleeding test was performed for the cement systems modified by CMC separately and CMC with PCE. Figure 18 shows the water bleeding test for the reference sample without any admixtures, for cement systems with CMC, PCE, CMC with PCE, and the MWCNT/CMC suspension (with PCE). The MWCNT dosage was of 0.06% bwoc in this experiment. The CMC dosage in accordance with MWCNT dosage was of 0.07% bwoc.



The bleeding test revealed that the addition of PCE leads to bleeding not only of water but also of a liquid phase with polymer (Figure 18c). The complex modification by CMC and PCE results in changes in the bleeding liquid phase. Figure 18d demonstrates the light-yellow colour of the liquid phase in comparison with the sample in Figure 18c that can be linked with the formation of chemical bonding between functional groups of CMC and PCE. The cement systems modified by the MWCNT/CMC suspension and PCE present the absence of the liquid phase like it is for samples in Figure 18c,d and the value of bleeding water on the level of the reference sample (see Figure 18a). According to Figure 18, it can be concluded that the effect of CMC (as a dispersing agent of the MWCNT/CMC suspension) in the bleeding test of the cement paste can be omitted due to the absence of a significant influence on the water bleeding of the cement paste.





4. Discussion


4.1. Rheological Properties of Cement Paste


4.1.1. Steric Effect


The combined action mechanism of MWCNT and Pl in cement systems requires a deep investigation. MWCNT possesses high inner and outer surface area, porous structure, and high aspect ratio [16,17,53], which can change not only the resulting properties of nanomodified cement-based mixtures, but also can firstly affect the action mechanism of Pl. It is well-known that the electrostatic and steric effects determine the ability of Pl to prevent flocculation and provide well dispergation of cement particles in the concrete mixture. Moreover, one of the main factors, which provides the plasticising effect, is the decrease in surface tension on the surface of cement particles in mixing water with Pl [54,55,56].



The electrostatic effect is more typical for Pl of the previous generation, such as LS and NF. The placement of negative charge of Pl on the cement particle leads to changes in zeta potential in the cement system and the appearance of electrostatic repulsive forces between cement particles. The neutralisation of the attractive forces between cement particles through the electrostatic repulsive forces facilitates the dispergation of cement particles and the increase in fluidity of cement systems [54]. The working mechanism of Pl of the last generation, such as PCE, is based on steric hindrance and electrostatic effects. A number of researchers [55,56] highlighted the dominant character of the steric effect, which depends on the extension of side chains in aqueous solution. The steric effect enables the preservation of the plasticising effect for a long period of time.



Figure 19a,b present the scheme of interaction on the cement grains surface with and without Pl. The scheme in Figure 19c proposed the possible interaction, which can be on the cement grains surface in the presence of MWCNT and Pl.



In the current and previous research works [27,28,29], the rheological properties were evaluated for investigation of the plasticising effect and understanding of the working mechanism of MWCNT in the cement systems. The addition of MWCNT in the complex with Pl affects the steric effect in the cement paste due to the placement of fibre-shaped MWCNT with high length in the volume between cement particles (Figure 19c). The impact of MWCNT on the steric effect in the cement system can be stronger in the case of better homogenisation of nanoparticles in the aqueous suspension. Therefore, the effective method of homogenisation of MWCNT suspension with Pl is necessary for the improvement of the steric effect and plasticising efficiency of complex admixture in the cement-based materials. A number of researchers highlighted the importance of MWCNT suspension homogenisation and its correlation with properties of cement-based materials in a fresh and hardened state [15,17]. The impact of MWCNT on the steric effect in the cement paste can also be a reason for a prolongation of the plasticising effect in time. The prolongation of the plasticising effect was observed in the present research for nanomodified cement paste with PCE. MWCNT dosages above 0.03% bwoc caused the decrease in yield stress and plastic viscosity during 120 min after cement paste mixing (Figure 14 and Figure 16). Thus, the plasticising effect of the cement paste with PCE can be kept or enhanced for a longer time with modification by certain MWCNT dosages. The cement pastes modified by MWCNT/CMC suspension separately (Figure 13 and Figure 15) or in combination with LS and NF (see Section 3.4) did not demonstrate the enhancement in the duration of the plasticising effect as for PCE. Such difference can be explained by the differences in action mechanism of these Pl, which was described above.




4.1.2. Surface Area and Particles Distribution Density Effect


The decisive factor, which determines the properties of nanomodified cement systems, is a high surface area of nanoparticles [10,25,57,58] and their extremely fine size. According to Reales et al. [25], the surface area of MWCNT is equal to 208.0 m2/g, which is three orders more than for cement particles. In the present research, the principle of photon correlation spectroscopy underlies the particle size measurements. The average particle size for the MWCNT suspension with LS, NF, and PCE was established equal to 220, 240, and 470 nm, respectively (Figure 5). The high surface area of MWCNT contributes to the remarkable adsorption and retention of water in the cement mixture [10,58]. The addition of the MWCNT suspension in definite dosages leads to the retention of water, which contributes to the increase in physically bounded water content in cement mixture. The retention of water causes a further increase in yield stress and plastic viscosity in comparison with cement mixture of the same W/C without the MWCNT suspension. The ability of MWCNT in definite dosages to reduce the free water content in cement systems decreases the plasticising efficiency of Pl and, as a consequence, the flowability of cement paste. The rheological tests of the present and previous research works [25,27,59] revealed that MWCNT addition with the achievement of specific dosages increases the values of the yield stress and plastic viscosity of cement-based mixtures.



Afurther aspect, which determines the properties of nanomodified cement paste in a fresh state, is the distribution of solid particles in mixture. Particle size is one of the factors which define the rheological properties of cement systems [60,61]. Figure 20 demonstrates the results of particle size analysis for Portland cement without mineral additives and the MWCNT suspension. The average value of cement particles was about 14 µm, whereas an average diameter of nanoparticles was about 290 nm (0.290 μm) (red curve in Figure 20). It can be concluded that cement particles have a size 50 times more than one for the aggregates of MWCNT suspension. Such difference in size has one of the key roles in changes of the density of distribution of solid particles in cement paste and, as consequence, affects the rheological parameters and flow behaviour of cement paste.



According to Figure 8, Figure 9 and Figure 10, the yield stress and plastic viscosity of nanomodified cement paste were not changed remarkably. This phenomenon can be linked with the complex effect of the increase in surface area together with the increase in the distribution density of solid particles in the cement system volume with the addition of MWCNT. The first effect increases the yield stress and plastic viscosity of the cement paste, whereas the second one decreases them. With the achievement of definite MWCNT dosages, the effect of surface area becomes dominant in comparison with the effect of distribution density and causes an increase in yield stress and plastic viscosity of cement-based mixtures. The increase in yield stress and plastic viscosity were noticed from the different MWCNT dosages in the presence of various types of Pl, which can be linked with different chemical structure of polymers (Figure 9, Figure 10 and Figure 11).



The complex effect of MWCNT/CMC suspension and Pl on the rheology of cement paste is linked with the absorption of Pl on the surface of cement grains and cement hydration products (see Figure 19b,c), which cause the formation of complex chemical compounds with ions of cement. The addition of MWCNT covered by CMC can affect the formation of these compounds as well (interactions of carboxyl groups of CMC and functional groups of Pl, see Section 4.1.3) and cause the changes in pH values, and, as a consequence, affect the zeta potential on the cement grains and surfaces of cement hydration products surfaces and MWCNT. Afterwards, the changes in zeta potential affect the plasticising effect in the cement system.




4.1.3. Chemical Interaction Effect


The type of dispersing agent for homogenisation of MWCNT in the volume of the aqueous suspension affects rheological properties of the nanomodified cement pastes [10,25,26,58]. In the present research, CMC was used as a dispersing agent (CMC) for MWCNT homogenisation. The chemical bonds between dispersing agents, functional groups of Pl, and ions of cement hydration products can form the complexes, which contribute to the shear thickening effect of cement mixtures. The MWCNT with molecules of CMC may chemically interact with cement hydration products.



The first explanation of the viscosity-enhancing effect in cement systems modified by MWCNT might be that Ca2+ ions are combined with several ethers (R–O–R), carboxylate (R–COO-), or carboxyl (-COOH) groups in Pl. In the case of cement paste modification by PCE, Ca2+ ions can also be combined with several groups in CMC or PCE molecules. In other words, the intramolecular interactions may take place between Ca2+ ions, PCE, and MWCNT with CMC molecules [61,62].



The second explanation might be that ether groups and hydroxyl groups polarise the water molecules and form hydrogen bonds. The formed hydrogen bonds can crosslink several polymer molecules together and provide the increase in yield stress and plastic viscosity of nanomodified cement systems with PCE. The proposed scheme of chemical interaction between Ca2+, molecules of CMC, and PCE is presented in Figure 21.



The nanomodified cement paste without Pl and with LS and NF did not demonstrate a significant increase in yield stress and plastic viscosity with the increase in MWCNT dosage. The observed phenomenon may be explained by the absence of carboxyl (-COOH) groups in LS and NF that are followed by the increase in zeta potential [37,39]. The absence of chemical interactions decreases the effect of MWCNT and leads to insignificant changes in the yield stress and plastic viscosity of cement pastes with these Pl.





4.2. Water Bleeding of Cement Paste


As was observed in the water bleeding test (Figure 17), the increase in MWCNT dosage up to 0.24%bwoc noticeably decreases the volume coefficient of water bleeding in cement pastes with all kinds of Pl. The dependence between water bleeding and MWCNT dosage is expressed by exponential dependence (see Figure 17), which can be used for prediction of water bleeding of plasticised cement pastes with MWCNT. The significant increase in surface area of the solid phase of cement paste with the introduction of small particles of MWCNT (Figure 20) causes the significant decrease in free water content and, as a consequence, a water bleeding of cement paste. The considerable decrease in the volume coefficient of water bleeding was observed up to a MWCNT dosage of 0.015% bwoc. The higher dosages of MWCNT constantly reduce the water bleeding of cement paste up to the value close to zero percent. The increase in MWCNT dosage from 0% bwoc up to 0.24% bwoc led to the decrease in volume coefficient of water bleeding by 99%, 100%, and 83% for cement pastes modified by LS, NF, and PCE, respectively. The observed effect of MWCNT on the water bleeding of the cement pastes can be explained by the high surface area and porous structure of MWCNT, which can retain water, decrease the level of free water, and increase the physically bounded water content in cement paste [10,58].





5. Conclusions


	
The cement pastes without and with LS and NF plasticising admixtures possess shear thinning flow behaviour (n < 1), with PCE—the shear thickening flow behaviour (n > 1). MWCNT do not have a significant influence on the flow behaviour of cement paste; however, in the case of use of PCE, the shear thickening effect decreased from a MWCNT dosage of 0.03% bwoc. Mainly, the flow behaviour of the cement paste is determined by the type of applied plasticising admixture.



	
The MWCNT suspension increases yield stress and plastic viscosity of cement pastes but to different extents depending on the type of plasticising admixture. More remarkable changes in rheological parameters were observed for nanomodified cement paste with PCE due to a combination of physical and chemical interactions in the nanomodified cement systems. The increases in yield stress and plastic viscosity of cement paste by 265% and 107%, respectively, were established with an increase in MWCNT dosage up to 0.12%bwoc.



	
The complex modification of cement paste by the MWCNT suspension with LS and NF changes the yield stress and plastic viscosity no more than 10–20%.



	
The addition of MWCNT to the cement pastes enables the maintenance of the plasticising effect of admixtures for more than 2 h. The yield stress and plastic viscosity of nanomodified cement paste without plasticising admixture and with LS and NF slightly increased during the 120 min after cement paste mixing (up to 23%). The addition of MWCNT in the dosage over 0.03% bwoc to the cement pastes with PCE slightly decreased the yield stress and plastic viscosity during the 120 min after cement paste mixing (up to 11%) due to the improvement of the steric effect.



	
The shear thinning/thickening indexes of MWCNT-modified cement pastes remained constant for all types of plasticising admixture during the 120 min after cement paste mixing.



	
Modification of cement paste by MWCNT with its high surface area resulted in the reduction in the volume coefficient of water bleeding by 85%, 99%, 100%, and 83%, respectively, for the MWCNT suspension without plasticising admixture and with LS, NF, and PCE with an increase in MWCNT dosage up to 0.24% bwoc.



	
The decrease in water bleeding of plasticised cement pastes with an increase in MWCNT dosage can be expressed by exponential dependence.



	
The current research proposed the action mechanisms of MWCNT in plasticised cement systems, which consist of changes in the ordinary steric effect of plasticisers, the effect of the high surface area of MWCNT, particles distribution density, and chemical interaction.
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Figure 1. Chemical structures of lignosulphonate (LS) (a), naphthalene formaldehyde (NF) (b), and polycarboxylate ether (PCE) (c) plasticisers [51]. 
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Figure 2. The Scanning Electron Microscopy image of dried suspension containing multi-walled carbon nanotubes and carboxymethyl cellulose (MWCNT/CMC suspension). 
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Figure 3. Modification of cement paste by MWCNT/CMC suspension. 
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Figure 4. Approximation of experimental flow curve by Herschel–Bulkley model. 
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Figure 5. Average diameter of particles for MWCNT/CMC suspension with different Pl and MWCNT dosage [28]. 
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Figure 6. Polydispersity index (PDI) of MWCNT/CMC suspension with and without Pl. 
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Figure 7. Zeta potential of MWCNT/CMC suspensions with different Pl and MWCNT dosages. 
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Figure 8. Rheological parameters of nanomodified cement paste without Pl. 
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Figure 9. Rheological parameters of nanomodified cement paste with lignosulphonate (LS). 
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Figure 10. Rheological parameters of nanomodified cement paste with naphthalene formaldehyde condensate (NF). 






Figure 10. Rheological parameters of nanomodified cement paste with naphthalene formaldehyde condensate (NF).



[image: Fluids 05 00169 g010]







[image: Fluids 05 00169 g011 550] 





Figure 11. Rheological parameters of nanomodified cement paste with polycarboxylate ether (PCE). 
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Figure 12. Shear thinning/thickening index of the nanomodified cement paste without and with Pl 5 min (a) and 120 min (b) after cement paste mixing. 
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Figure 13. Yield stress of nanomodified cement paste without Pl in 5, 60, and 120 min after cement paste mixing. 
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Figure 14. Yield stress of nanomodified cement paste with PCE 5, 60, and 120 min after cement paste mixing. 
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Figure 15. Plastic viscosity of nanomodified cement paste without Pl 5, 60, and 120 min after cement paste mixing. 
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Figure 16. Plastic viscosity of nanomodified cement paste with PCE 5, 60, and 120 min after cement paste mixing. 
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Figure 17. Water bleeding of nanomodified cement pastes with and without Pl. 
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Figure 18. Bleeding test for cement pastes without admixtures (a); with carboxymethyl cellulose (CMC) (b); PCE (c); CMC and PCE (d); and MWCNT/CMC suspension and PCE (e). 
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Figure 19. Interaction on the cement grains surface without admixtures (a); with Pl (b); with Pl and MWCNT (c), where σ is the surface tension on the surface of cement particles in mixing water. 
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Figure 20. The particle size distribution for MWCNT suspension and Portland cement. 
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Figure 21. The scheme of chemical interaction between CMC, Ca2+ ions of cement paste and PCE. 
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Table 1. Properties of plasticising admixtures.






Table 1. Properties of plasticising admixtures.





	Characteristic
	Lignosulphonate(LS)
	Naphthalene Formaldehyde (NF)
	Polycarboxylate Ether (PCE)





	Form
	liquid
	liquid
	liquid



	Colour
	dark brown
	yellow
	yellow



	Dry content, %
	30–40
	40–50
	50



	Specific gravity, g/cm3
	1.14
	1.20
	1.10



	pH
	4–6
	7–9.5
	4



	Recommended dosage, %
	0.4–1.2
	0.5–2.0
	0.2–2.0
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Table 2. Composition of suspension containing multi-walled carbon nanotubes and carboxymethyl cellulose (MWCNT/CMC suspension) with and without plasticising admixtures (Pl) homogenised by ultrasonication method.






Table 2. Composition of suspension containing multi-walled carbon nanotubes and carboxymethyl cellulose (MWCNT/CMC suspension) with and without plasticising admixtures (Pl) homogenised by ultrasonication method.





	
Designation

	
MWCNT/CMC Suspension without Pl

	
Designation

	
MWCNT/CMC Suspension with Pl

	
Time of Ultrasonication, min




	
MWCNT in Volume of Suspension, %

	
CMC in the Volume of Suspension, %

	
MWCNT in Volume of Suspension, %

	
CMC in the Volume of Suspension, %

	
Pl in Volume of Suspension, %






	
S15

	
0.015

	
0.018

	
SP15

	
0.015

	
0.018

	
3.8

	
6




	
S30

	
0.030

	
0.037

	
SP30

	
0.030

	
0.037




	
S60

	
0.060

	
0.073

	
SP60

	
0.060

	
0.073




	
S120

	
0.120

	
0.146

	
SP120

	
0.120

	
0.146




	
S240

	
0.240

	
0.293

	
SP240

	
0.240

	
0.293




	
S480

	
0.480

	
0.586

	
SP480

	
0.480

	
0.586




	
S960

	
0.960

	
1.171

	
SP960

	
0.960

	
1.171
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Table 3. Mix design of the cement pastes for rheological test (without Pl).






Table 3. Mix design of the cement pastes for rheological test (without Pl).





	Designation
	Cement, g
	W/C
	Water, g
	MWCNT/CMC Suspension, g
	MWCNT, % bwoc
	CMC, % bwoc





	C0
	200
	0.30
	60
	0
	0
	0



	C4
	200
	0.30
	0
	60
	0.00375
	0.00460



	C8
	200
	0.30
	0
	60
	0.0075
	0.0092



	C15
	200
	0.30
	0
	60
	0.015
	0.018



	C30
	200
	0.30
	0
	60
	0.030
	0.037



	C60
	200
	0.30
	0
	60
	0.060
	0.073



	C120
	200
	0.30
	0
	60
	0.120
	0.146



	C240
	200
	0.30
	0
	60
	0.240
	0.293
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Table 4. Mix design of the cement pastes for rheological test (with Pl).






Table 4. Mix design of the cement pastes for rheological test (with Pl).





	Designation
	Cement, g
	W/C
	Water, g
	Pl, % bwoc
	MWCNT/CMC Suspension with Pl, g
	MWCNT, % bwoc
	CMC, % bwoc





	CP0
	200
	0.25
	50
	1
	0
	0
	0



	CP4
	200
	0.25
	0
	1
	50
	0.00375
	0.00460



	CP8
	200
	0.25
	0
	1
	50
	0.0075
	0.0092



	CP15
	200
	0.25
	0
	1
	50
	0.015
	0.018



	CP30
	200
	0.25
	0
	1
	50
	0.030
	0.037



	CP60
	200
	0.25
	0
	1
	50
	0.060
	0.073



	CP120
	200
	0.25
	0
	1
	50
	0.120
	0.146



	CP240
	200
	0.25
	0
	1
	50
	0.240
	0.293
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