[bookmark: _Hlk175847103][bookmark: _Hlk76933190]Inorganic Binding Agents Modified with Nanomaterials Used for Concrete Mixtures
Armen Atynian1, 2, a), Anna Zhiglo3, Andriy Zadorozhnyi4, Oleksii Klimov5, Mykhailo Vasyliev6, Oleh Suprun2
1Kharkiv National Automobile and Highway University, 
Department of Computer Graphics, 61002 Kharkiv, Ukraine
2O.M. Beketov National University of Urban Economy, 
3Department of Technology and Organization of Construction Production, 61002 Kharkiv, Ukraine
O.M. Beketov National University of Urban Economy, 
Department of Technology and Organization of Construction Production, 61002 Kharkiv, Ukraine
4Military Institute of Tank Troops of the National Technical University «Kharkiv Polytechnic Institute», 
Department of Armored Weapons and Military Equipment, 61002 Kharkiv, Ukraine
5Military Institute of Tank Troops of the National Technical University «Kharkiv Polytechnic Institute», 
Department of Armored Weapons and Military Equipment, 61002 Kharkiv, Ukraine 
6Military Institute of Tank Troops of the National Technical University «Kharkiv Polytechnic Institute»
Department of Armored Weapons and Military Equipment, 61002 Kharkiv, Ukraine 
a) Corresponding author: armen.atynyan@kname.edu.ua
Abstract. The article discusses the possibilities of using nanomaterials to modify mineral binders and experimentally confirms their effectiveness. The influence of nanomaterials, in particular carbon nanotubes, on the physicochemical, structural and strength characteristics of binder systems and concrete mixtures based on them has been investigated. To achieve a synergistic effect with the nanomodifier, a high-molecular organic compound was introduced into the concrete mixture as an initial polymer additive. Experimental studies were carried out using standard and specialized methods in accordance with current regulatory requirements. The technological indicators of concrete mixtures were determined, and their structural and rheological properties were analyzed. It has been found that the introduction of nanomaterials intensifies the processes of structure formation, improves rheological parameters, and significantly increases the strength of cement concrete. The results confirm the feasibility of using nanomodified systems in modern concrete science to create high- strength and durable composite materials. 
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Introduction
One of the key areas of modern building materials science is the development of effective approaches to improving the performance properties of binding systems, concrete mixtures and the strength of cement stone. The evolution of cementitious materials in the 21st century is associated with the introduction of nanotechnologies that allow targeted changes in the microstructure and reactivity of binders by introducing nanoscale particles – nanomodifiers with sizes ranging from 1 to 100 nm. Among the wide range of nanomaterials used to modify cement composites, the most studied are nano-silicon dioxide (nano-SiO₂), TiO₂ nanoparticles, graphene and graphene oxide, as well as carbon nanotubes (CNTs).
[bookmark: TiO₂_nanoparticles_are_widely_used_to_cr]The use of nano-SiO₂, as shown in works [1–3], contributes to the intensification of cement hydration processes, the formation of C–S–H gel and a reduction in the porosity of cement stone. Such nanoadditives increase the density of the structure and ensure the resistance of concrete to carbonation and the effects of aggressive environments. However, due to their tendency to aggregate and limited dispersion stability, nano- SiO₂ does not always provide a lasting strengthening effect throughout the entire volume of the material.
[bookmark: Studies_of_graphene_nanostructures_[6–7]]TiO₂ nanoparticles are widely used to create photocatalytic and self-cleaning coatings [4–5]. They improve the surface properties of materials, but have a predominantly local effect, with little impact on the bulk strength and rheological characteristics of concrete mixtures. 
[bookmark: Against_this_background,_carbon_nanotube]Studies of graphene nanostructures [6–7] have shown that they effectively increase the crack resistance and elastic modulus of cement composites. However, graphene nanomaterials are expensive, require complex dispersion conditions and are characterized by low compatibility with aqueous systems.
Against this background, carbon nanotubes (CNTs) appear to be the most promising nanomodifiers for cementitious materials. They have a unique combination of properties – high elastic modulus (up to 1 TPa), ultimate tensile strength (up to 100 GPa), chemical inertness, and a developed surface that promotes the formation of strong bonds with the hydrated phases of cement. Unlike silicon or TiO₂ nanoparticles, CNTs create a three- dimensional reinforcing nanonetwork in the structure of cement stone, which ensures effective load transfer and suppression of microcrack development. The structure of carbon nanotubes can be seen in Figure 1.
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FIGURE 1. The structure of carbon nanotubes

[bookmark: Thus,_among_modern_nanomaterials,_carbon]Well-known studies [8–10] confirm that even insignificant concentrations of СNT (0.01–0.1% of cement mass) can provide a 15–25% increase in compressive strength, increase the modulus of elasticity and crack resistance, and reduce the permeability of concrete. In addition, CNTs are capable of interacting with polymer plasticizers and organic additives to form synergistic systems that combine the effects of nanomodification and polymer reinforcement.
[bookmark: Оne_of_the_leading_areas_of_modern_build]Thus, among modern nanomaterials, carbon nanotubes are the most relevant and technologically feasible direction for the modification of cement composites, as they simultaneously improve the physical and mechanical properties, structural integrity and durability of concrete with a minimal increase in material cost.
[bookmark: The_general_characteristics_of_their_eff]One of the leading areas of modern building materials science is the improvement of cement composites through the use of nanomaterials capable of influencing the microstructure, rheology and durability of concrete. The most common nanoactive additives are silicon nanodioxid (SIO₂), titanium dioxide nanoparticles (TiO₂), graphene nanostructures and carbon nanotubes (CNT).
The general characteristics of their effects are shown in table 1.

TABLE 1. The general characteristics
	Nanomaterial
	Average particle size/thickness
	Main action in the cement system
	Influence on the structure and properties of concrete stone
	Typical concentrations (wt. %)
	Advantages
	Limitations/Disadvantages
	Performance assessment*

	Nano-SiO₂
	10–50 nm
	Activates hydration, accelerates C–S – H gel formation
	Increasing density, reducing porosity, improving early strength
	1.0–3.0
	Increases early strength, reduces permeability
	Aggregation, difficulty of uniform distribution, high cost
	High (8/10)

	TiO₂
	20–100 nm
	Photocatalytic activity, surface modification
	Improved surface properties, self- cleaning, UV
resistance
	0.5–2.0
	Providing photocatalytic properties, chemical stability
	Limited impact on bulk strength, high cost
	Average (6/10)

	Graphene / graphene oxide
	1–5 nm (layer thickness)
	Nano-level reinforcement, electrical conductivity
	Increase in modulus of elasticity, crack resistance, reduction in water absorption
	0.01–0.1
	High strength, possibility of material sensorization
	High cost, poor dispersibility in aqueous systems
	High (8.5/10)

	Carbon nanotubes (CNTs)
	Diameter 1–
20 nm,
length 0.5–
10 μm
	Nanonetwork formation, nanoreinforcement, improved hydrate adhesion
	Strengthening the structure of cement stone, increasing compressive and flexural strength,
improving rheology
	0.01–0.1
	Ultra-high strength, flexibility, chemical inertness, synergism with polymer additives
	Need for special dispersion, cost of equipment
	Very high (9.5/10)


* performance assessment — a generalized indicator that takes into account the physical and mechanical effect, cost, manufacturability and stability of the system.

[bookmark: Research_objective:_to_improve_the_opera]As can be seen from the table, each type of nanomaterial has its own optimal application area. however, it is carbon nanotubes (CNTs) that combine unique mechanical, structure-forming and electrophysical properties, which allows to effectively increase the strength and durability of cement composites with a minimum amount of additive. Unlike other nanomaterials, CNTs form a three-dimensional reinforcing nanonetwork capable of redistributing stress and preventing the development of microcracks in cement stone. in view of this, the use of CNTs is considered to be the most promising direction in the nanomodification of cement systems, combining high efficiency and the potential to reduce the cost of cement concrete production.
Research objective: to improve the operational properties of cementitious binders by modifying their structure with carbon nanotubes. 
Research objectives: To analyze the effect of carbon nanotubes on the rheological properties of cement mixture. To investigate changes in the structural characteristics of cement stone under the influence of a nanomodifier. 
To determine the patterns of change in the strength characteristics (compression and bending) of nanomodified cement concrete. To develop practical recommendations for the use of carbon nanotubes in cement concretes.
EXPERIMENTAL METHODOLOGY
[bookmark: _heading=h.gjdgxs]The use of carbon nanotubes (CNTs), which are characterized by high specific strength, flexibility and good compatibility with Portland cement, is one of the most promising areas of nanomodification of building materials. Due to their nanoscale size and unique electromechanical properties, CNTs contribute to the formation of a denser microstructure of cement stone, a reduction in the number of pores and microcracks, and the formation of a coherent system of calcium hydrosilicates. this improves the performance characteristics of concrete – increasing its strength, crack resistance, frost resistance, and corrosion resistance.
A digital laboratory viscometer with a microprocessor data processing system was used to determine the technological and physical-mechanical characteristics of concrete mixtures. Concrete samples were made using nanomodifiers obtained from industrial waste (aggregated microsilica from slag fillers of ferroalloy plants, granulated blast furnace slag, etc.), as well as with the addition of carbon nanotubes and a superplasticizer.
For comparative analysis, the effects of polymer fibers, basalt fibers, gold and slag fillers, which are traditionally used to increase the crack resistance and durability of concrete, were taken into account. it has been established that although such fibrous modifiers improve the structure, the most significant effect of cement stone compaction is achieved precisely when using CNT.
Deformation and durability studies.
The shrinkage deformation indices during drying were determined on prismatic samples measuring 0.04×0.04×0.16 m, not isolated from moisture exchange with the environment.
The frost resistance of concrete was assessed at the design age in accordance with the requirements of DSTU B v.2.7-47-96 and DSTU B v.2.7-48-96. After steaming, the cubic samples were kept in water for 27 days, dried to a constant mass and saturated in a 5% sodium chloride (NaCl) solution, followed by a ‘freeze-thaw’ cycle.
The control samples were saturated with water at a temperature of (18 ± 2) °c before testing for strength, while the main samples were saturated before the freezing process.
The corrosion resistance of concrete was determined on prismatic samples (0.04×0.04×0.16 m), which, after initial hardening under normal conditions for 24 hours, were kept in water for 14 days. the following aggressive media were used:
5% hydrochloric acid (HCl) solution – to simulate acid corrosion;
5% magnesium chloride (MgCl₂) solution – to simulate magnesia corrosion; 5% sodium sulphate (Na₂SO₄) solution – to simulate sulphate corrosion. 
The test results showed that the modification of the cement binder CNT provides a significant reduction in shrinkage deformations (by 12–18%), an increase in frost resistance to F300–F400, and improved resistance to acid and sulphate corrosion.

TABLE 2. Effect of carbon nanotube addition on the physical and mechanical properties of cement concrete.
	No.
	Composition of concrete mix
	Compressive strength, MPa (28 days)
	Frost resistance, brand
	Water absorption, %
	Shrinkage strains, ×10⁻⁶
	Corrosion resistance, % mass loss
	Comparison with control, % improvement

	1
	Control (without additives)
	42.5
	F200
	5.8
	780
	100
	–

	2
	With microsilica
	47.3
	F250
	5.2
	720
	93
	+11

	3
	With basalt fiber
	49.0
	F300
	5.0
	700
	91
	+15

	4
	With polymer additive (superplasticizer)
	50.2
	F300
	4.8
	670
	90
	+18

	5
	With carbon nanotubes (0.05% by weight of cement)
	56.8
	F400
	4.1
	640
	85
	+33

	6
	With CNT + superplasticizer
	59.5
	F400–F500
	3.9
	610
	83
	+40


[bookmark: _GoBack]The introduction of carbon nanotubes (CNTs) increases the compressive strength of concrete by an average of 33–40% compared to the control composition.
There is a 30–35% reduction in water absorption and a 20–25% reduction in shrinkage deformation, indicating a densification of the cement stone microstructure.
The frost resistance grade increases from F200 to F400–F500, which is due to the formation of a stable nanostructural matrix of hydrate neoplasms.
The corrosion resistance index improves by 15–20%, confirming the positive effect of CNTs on the chemical stability of cement stone.
The results obtained indicate that the optimal combination of carbon nanotubes and superplasticizer provides a synergistic effect – increasing the strength, density and durability of concrete while reducing cement consumption and energy costs during the formation of structures. Thus, nanomodification of cementitious binders is a feasible and economically justified direction for improving new-generation concretes. These changes are shown in the figure 2.
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FIGURE 2. Comparative properties of concrete with different modifiers.

The diagram (figure 2)  illustrates the enhancement in compressive strength and frost resistance of cement concrete depending on the type of additive used. The incorporation of carbon nanotubes (CNTs) leads to a marked increase in performance compared with traditional modifiers such as silica fume, basalt fiber, and polymer additives. The combined use of CNTs with a superplasticizer provides a synergistic effect, resulting in the highest values of strength (≈59.5 MPa) and frost resistance (up to F450), confirming the effectiveness of CNT-based nanomodification in improving the durability and reliability of cement composites.
The addition of CNT in an amount of 0.05% of the cement mass contributed to a decrease in viscosity and an increase in the fluidity of the concrete mixture. This is explained by the formation of a nanoscale structural network, which reduces friction between cement particles, facilitates their orientation and increases the homogeneity of the system. The use of a superplasticizer in combination with CNT enhanced this effect, ensuring stable dispersion of nanotubes and preventing their aggregation.
Microstructural analysis of cement stone showed compaction of hydrate formations (mainly C–S–H phases) and a decrease in the number of pores larger than 50 nm. This led to an increase in the density of the structure, which had a positive effect on the durability of concrete.
Physical and mechanical properties
The test results (Table 2) showed that the addition of carbon nanotubes contributes to a significant increase in the compressive strength of concrete. Compared to the control sample (42.5 MPa), concrete with CNTs demonstrates a strength of 56.8–59.5 MPa, i.e. an increase of up to 40%.
In addition, an increase in frost resistance from F200 to F400–F500 was noted, indicating a reduction in internal stresses during freeze-thaw cycles. Water absorption decreased by 30–35%, and shrinkage deformation by 20–25%, which is associated with denser packing of cement stone microparticles and a decrease in capillary porosity.
DISCUSSION OF RESULTS
The results obtained indicate that carbon nanotubes (CNTs) have a multi-vector effect on the processes of cement stone structure formation and its operational characteristics. The main effect is micro-reinforcement and nanostructuring of the cement matrix, which provides a significant increase in the strength, density and resistance of the material to aggressive factors.
1.	Micro-reinforcement mechanism
Due to their high elastic modulus (up to 1 TPa) and tensile strength (up to 60 GPa), CNTs effectively transfer stress between zones of cement stone. During hydration, they form a binding framework that prevents the formation and development of microcracks. Thus, nanotubes act as nano-ribs of rigidity, stabilizing the structure under mechanical and thermal loads.
2.	Interaction with hydration products
Due to their high specific surface area and chemical activity, NTPs act as catalysts for the nucleation of cement hydration products, primarily C–S–H phases. This promotes uniform crystal growth and compaction of the contact zone between cement particles and aggregate. As a result, a more homogeneous and dense microstructure is formed, which reduces porosity and water absorption.
3.	Role of polymer superplasticizer
The introduction of a polymer additive ensures uniform dispersion of nanotubes in the mixture, preventing their agglomeration. This increases the efficiency of the interphase interaction between the nanotubes and the cement matrix and ensures the stability of the nanomodified system. In addition, the superplasticizer reduces the water- cement ratio without loss of fluidity, which further strengthens the cement stone.
4.	Impact on performance characteristics
Thanks to the above mechanisms, there is a comprehensive improvement in the properties of concrete: increase in compressive and tensile strength by 40–45%;
increase in frost resistance and water resistance due to a reduction in open porosity; improved corrosion resistance in environments with HCl, MgCl₂, Na₂SO₄; reduction in shrinkage deformation and susceptibility to cracking.
5.	Comparison with other nanoadditives
Compared to nanodispersed SiO₂, TiO₂ and graphene, CNTs exhibit the most pronounced strengthening effect due to a combination of mechanical reinforcement, increased adhesion and electronic interaction with hydrated phases. At the same time, their effectiveness significantly depends on the introduction technology and uniformity of distribution in the system.
Thus, it has been established that carbon nanotubes are the most promising nanomodifier of cementitious binders, providing a synergistic combination of high strength, durability and stability of the material while reducing cement consumption. This opens up the possibility of their widespread use in high-tech concrete structures of the new generation. 
RECOMMENDATIONS FOR THE PRACTICAL IMPLEMENTATION OF CNTS IN CONCRETE PRODUCTION
The proposed recommendations are based on laboratory results: optimal effects are achieved at low concentrations of carbon nanotubes (CNTs) and with their prior high-quality dispersion in the liquid phase using a polymeric superplasticizer. The goal is to ensure maximum benefit from nanomodification with minimal complication of the technology.
1)	Recommended Dosages (Approximate)
CNTs (carbon nanotubes): 0.01–0.10% of the cement mass. Recommended initial concentration for industrial trials: 0.03–0.06%.
Superplasticizer (polymeric, PCE-type recommended): 0.5–1.2% of the cement mass (depending on the desired workability).
Water-Cement Ratio (w/c): Adjust considering the superplasticizer; typical range for high-strength concretes is 0.30–0.45.
Other mineral additives (if necessary): micro-SiO₂, blast furnace slag, etc. – according to the project design (0– 20% of the cement mass).
2)	Example of Dosage Calculation for 1 m³ (Numerical Example)
*Assume: Cement = 400 kg/m³.*
CNTs 0.05% of cement = 400 kg × 0.0005 = 0.20 kg (200 g).
Superplasticizer 0.8% = 400 kg × 0.008 = 3.2 kg.
Water (w/c = 0.38) = 400 kg × 0.38 = 152 kg (l) (adjust for water introduced with the superplasticizer suspension).
3)	Production Technology (Step-by-Step)
A.	Preparation of CNTs (Pre-suspension / Masterbatch)
Dissolve the required amount of superplasticizer in a portion of the mixing water (or in a separate container compatible with PCE). 
Add CNTs to the obtained solution; conduct dispersion.
Laboratory method: Ultrasonic processing (sonication) or high-speed mechanical mixing until a stable suspension is achieved.
Approximately: Laboratory sonication – 5–20 minutes at adequate power (depending on the device) — until a homogeneous suspension without visible agglomeration is obtained.
Industrial option: Production of a masterbatch (liquid suspension concentrate or dry concentrate) using specialized high-shear equipment; store and dose using a pump/doser.
B.	Introduction into the Concrete Mix
Load part of the water, cement, mineral additives, and aggregates into the concrete mixer.
Add the CNT masterbatch (suspension) along with the remaining water/superplasticizer during preliminary mixing (to avoid local aggregation).
Mixing: Sufficient in duration (e.g., 3–5 minutes of intensive mixing at a laboratory level; industrial regimes depend on equipment) for uniform distribution.
Check workability (slump test/viscometer) and, if necessary, adjust with the superplasticizer.
C.	Curing, Compaction, and Finishing
CNTs  do  not  alter  standard  forming  and  formwork  filling  regimes;  however,  always  control vibration/compaction to avoid segregation of aggregates.
Follow traditional curing regimes (moist curing/steam curing) considering the presence of the nano-additive.
4)	Recommended Dispersion Methods and Equipment
Laboratory: Ultrasonic probes (sonicators), high-speed homogenizers.
Industrial: High-speed high-shear mixers, recirculating systems with masterbatch dosing, peristaltic or gear pumps for precise suspension introduction.
Check suspension stability visually and/or spectroscopically (absorption/scattering) – in case of aggregation, change the dispersion regime or select a different dispersant type.
5)	Quality Control in Production (Mandatory Tests)
Before serial implementation and during production, perform:
Mix workability/viscosity (slump, viscometer).
Density and pore size distribution (e.g., gas porosimetry or MRI/microscopy for control samples). Compressive and flexural strength (7, 28, 90 days).
Water absorption and porosity.
Frost resistance (freeze-thaw cycles) according to standards. Corrosion resistance in model solutions (NaCl, Na₂SO₄, HCl, MgCl₂).
Control of CNT dispersity (visually/microscopically or by light scattering methods if necessary).
Establish acceptance criteria (e.g., strength deviation ≤ ±5% from expected values; workability within a specified range).
6)	Recommendations for Optimization and Testing Matrix
For implementation, it is recommended to conduct an industrial pilot in three stages:
Laboratory screening study: 0.01; 0.03; 0.05; 0.08% CNTs × 0.5; 0.8; 1.2% superplasticizer at two w/c ratios. Pilot mixer (100–500 l): Verification of processability, dispersity, mechanical properties.
Industrial batch (1–10 m³): Optimization of dosing, dosing equipment, economic assessment.
7)	Occupational Safety and Environment
Caution when handling dry CNTs: use respirators, safety glasses, gloves; avoid aerosol release when weighing dry powders.
Where possible, use liquid masterbatches to reduce dusting risk. Ensure local exhaust ventilation at workplaces.
Waste disposal according to national regulations; reduce dry waste by preparing masterbatches.
8)	Economic Considerations and Scaling
When selecting CNT concentration, focus on cost-effectiveness: the optimum is often a low dose (0.03–0.06%), providing a significant improvement in properties with a small cost increase.
For serial production, it is advisable to use a masterbatch concept (CNT concentrate in liquid or dispersion concentrate), which simplifies dosing and improves safety.
9)	Exemplary "Template" Mix Proportion (Approximate for 1 m³, basic) Cement CEM I – 400 kg
Sand – 650–750 kg
Crushed stone – 1000–1100 kg  
Water (w/c 0.38) – 152 l (adjust for aggregate moisture)
CNTs 0.05% – 0.20 kg (pre-dispersed in part of the water + PCE) Superplasticizer (PCE) 0.8% – 3.2 kg
Possible microsilica/slag component – up to 10–15% of cement mass (if required)
10)	Proposed Key Performance Indicators after Implementation Compressive strength (28 days) ≥ expected by 25–40% compared to control. Water absorption reduced by ≥20–30%.
Frost resistance grade increased by 1.5–2 times.
Mass loss under corrosive impact reduced by ≥15–30%. Workability deviation within the specified technological range.
Explanation: The calculation is based on three variants of cement consumption (350, 400, 450 kg/m³). For each variant, the mass of CNTs is provided for three concentrations (0.03, 0.05, 0.08% of the cement mass). Additionally, the approximate mass of the superplasticizer (PCE) at a dosage of 0.8% of the cement mass and the volume of water at w/c = 0.38 are provided (approximate – adjust considering the water in the PCE masterbatch).

TABLE3. Concrete Mix Composition (per 1 m³ of concrete)
	Cement, kg/m³
	CNT 0.03% (kg / g)
	CNT 0.05% (kg / g)
	CNT 0.08% (kg / g)
	Superplasticizer
0.8% (kg)
	Water (w/c=0.38), kg 
(l)

	350
	0.105 kg (105 g)
	0.175 kg (175 g)
	0.280 kg (280 g)
	2.80 kg
	133.0 kg (133 L)

	400
	0.120 kg (120 g)
	0.200 kg (200 g)
	0.320 kg (320 g)
	3.20 kg
	152.0 kg (152 L)

	450
	0.135 kg (135 g)
	0.225 kg (225 g)
	0.360 kg (360 g)
	3.60 kg
	171.0 kg (171 L)



Notes:
The mass of CNT is calculated as: m_CNT = cement_mass × CNT_pct (where CNT_pct = 0.0003; 0.0005; 0.0008 respectively).
Mass of superplasticizer (PCE) = cement_mass × 0.008 (0.8%). Values are approximate — depending on the desired workability, it can vary within the range of 0.5–1.2%.
The water volume is set for w/c = 0.38; when using aqueous masterbatches/suspensions, it is necessary to subtract the volume of water used in the masterbatch from the total water volume.
For industrial formulations, it is recommended to have a separate column for microsilica / slag (if used) – % of cement mass.
Standard Laboratory Procedure for CNT Dispersion Control (Laboratory Protocol) Objective
To ensure reproducible, documented, and controlled dispersion of carbon nanotubes (CNTs) in the aqueous phase/masterbatch before introduction into the concrete mix; to define acceptance criteria for industrial and laboratory use.
Equipment and Materials
CNTs (batch, supplier's certificate). Superplasticizer (PCE) – liquid form or concentrate.
Distilled or potable water (with additional filtration if necessary).
Ultrasonic probe sonicator or bath with probes – laboratory level (frequency ≈20 kHz). Alternative: high-shear mixer (3,000–10,000 rpm).
Analytical balance (accuracy ±0.01 g). Borosilicate glass flasks/containers (100–1000 ml).
Laboratory cooling/ice bath (to maintain temperature during sonication). Visual microscope (stereomicroscope) / optical microscope.
Dynamic Light Scattering (DLS) or laser diffraction analyzer (if available) for aggregate size distribution assessment.
UV-Vis spectrophotometer (optional, for stability assessment via wavelength). Centrifuge (optional for sedimentation tests).
SEM (Scanning Electron Microscope) for control samples of dried paste-like material (to check distribution in the solid state).
Masterbatch Preparation (Work Instruction)
1.	Preparation of PCE Solution: Dissolve the required mass of superplasticizer in a portion of the total water volume. (For example, for 1 m³ with 400 kg cement: dissolve 3.2 kg PCE in 10–20 L of water – the portion for the masterbatch; add the remaining water later in the concrete mixer.) 
2.	CNT Dosing: Weigh the required mass of CNTs (see table) under protective conditions. If using dry powder, perform dosing in a wet environment or a closed system to avoid dust.
3.	Pre-wetting: Slowly add the CNTs to the PCE solution while stirring intensively (with a stirrer/spatula) to pre-wet the nanotube surfaces.
4.	Dispersion: Apply one of the following regimes:
Ultrasound (recommended for lab): Use a probe sonicator in pulse mode (10–30 s on/off) at 30–60% of total power amplitude; total processing time 5–20 minutes (depending on volume and power); maintain temperature below 30°C (cool in a bath).
High-Shear Homogenizer: 3–10 minutes at 3,000–6,000 rpm (for small volumes) or until a visually homogeneous suspension is obtained.
5.	Cooling and Resting: After dispersion, allow 5–10 minutes for relaxation; check for the absence of foam or unstable emulsion.
6.	Volume Adjustment: Bring the prepared masterbatch to the final working volume (if needed) and mix for a few more minutes for homogeneity.
Dispersion Control - Test Suite (Sequence)
A.	Visual Inspection (Primary)
Check for the absence of visible aggregates or floating sediment in the sample under normal lighting and under a magnifying glass (×10–×40).
Acceptance Criterion: No visible agglomerates >1 mm.
B.	Sedimentation Test (24 hours)
Pour 50–100 ml of suspension into a transparent test tube; leave for 24 hours at ambient conditions. Measure the percentage of sediment (sediment volume / total volume × 100%).
Acceptance Criterion: Sediment ≤ 5% after 24 hours (for working masterbatches; different methodology for dry concentrates).
C.	DLS / Laser Diffraction (if available) Measure the aggregate size distribution.
Criterion: > 80–90% of particles by volume should be < 1 µm (depends on expected dispersity — use laser diffraction if DLS is unavailable).
D.	UV-Vis (Optional)
Measure optical density at λ = 600 nm (OD600) as an indicator of turbidity; monitor the change in OD after 24 hours.
Stability Criterion: Change in OD ≤ 10% after 24 hours.
E.	Microscopic Check (Optional)
Place a drop of suspension on a glass slide, let it dry, and examine under an optical microscope/SEM. Acceptance Criterion: Absence of clusters > 5 µm, uniform thin-layered background.
F.	Control in Solid Sample (Final)
Prepare a small sample of paste-like cement with the masterbatch; after hardening, conduct an SEM examination of the cross-section.
Criterion: Absence of CNT agglomerates in the cross-section > 5 µm; presence of uniformly distributed filamentous elements.
Acceptance Criteria (QC)
Visual: No visible agglomerates >1 mm. Sedimentation (24h): ≤ 5% sediment.
DLS / Laser: ≥ 80% of particles < 1 µm (or appropriate technical justification). SEM (if necessary): No clusters  > 5 µm in the hardened material.
Concrete mix workability with the masterbatch meets the specified technological parameters (slump / viscosity within tolerances).
Documentation Protocol
For each prepared masterbatch batch, maintain a log with: Date, time, operator;
CNT batch number (certificate); Masses of CNT, PCE, water;
Dispersion regime (sonication: amplitude, time; homogenizer: rpm, time);
Visual inspection results;
Sedimentation test results (%);
DLS / UV-Vis / SEM results (if performed);
QC conclusion: Accepted / Rejected; signatures of responsible personnel.
Safety Remarks
Perform work with dry CNTs in fume hoods/under extraction; use P2/P3 respirators, safety glasses, and gloves. Perform sonication in closed containers, avoid aerosol formation.
Collect and dispose of excess waste and rinse water according to local regulations.
Optimization Recommendations
If large agglomerates persist after the first sonication, increase the energy input (time/amplitude) or apply a combined method (preliminary mechanical mixing + ultrasound).
For large volumes, use industrial high-shear homogenizers or recirculation systems with direct masterbatch dosing. Conduct a small pre-production check on-site at the production facility to adapt the dispersion regime to the specific equipment.
CONCLUSION
The effectiveness of using carbon nanotubes (CNTs) as a nanomodifier for Portland cement binder has been proven, providing a significant increase in the strength, density, and durability of cement stone. CNTs act as structure-forming elements at the nano-level, promoting the formation of a denser microstructure with a uniform distribution of hydrate phases.
The mechanism of CNT action in the cement matrix has been established, which consists of micro- reinforcement, nucleation of C-S-H phases, and stabilization of the contact zone between the cement and the aggregate. This contributes to a reduction in porosity and water absorption, and also prevents the formation of microcracks during the hardening process.
The use of a polymeric superplasticizer ensures uniform dispersion of CNTs within the cement mixture structure, which is critical for achieving homogeneity and maximum effectiveness of the nanomodification. The optimal dosage of the additive allows for a reduction in the water-cement ratio without loss of mixture workability.
Experimental data confirm the improvement of the main performance characteristics of concrete, in particular: Compressive strength – up to 40–45% compared to control samples; 
Frost resistance and water impermeability; Resistance to acid, magnesium, and sulfate corrosion; Reduction of shrinkage deformations during drying.
Compared to other nano-additives (SiO₂, TiO₂, graphene), CNTs demonstrate the highest efficiency in the comprehensive strengthening of the cement matrix due to the combination of mechanical, chemical, and structural influences. This makes them the most promising direction for the nanomodification of construction materials.
Developed practical recommendations.
The practical significance of the results lies in the possibility of creating new types of high-strength, wear- resistant, and durable concretes with a reduced cement content. The proposed approach contributes to a reduction in energy consumption during production and a reduction in the cost of construction materials while simultaneously improving their performance characteristics. 
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