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ABSTRACT: Introduction. This research work investigates the combined influence of nano-sized silicon dioxide (nano-SiO2), carbon 
nanotubes and surfactants on the structural and technological characteristics of cement compositions. Materials and research 
methods. The paper reveals the findings of a study on the effects of various dispersion techniques of carbon nanotubes (CNT) in 
surfactants, such as mechanical dispersion, ultrasonic treatment, and a combined method. It considers the uniformity of CNT distri-
bution within the plasticizer and within the cement system, along with their impacts on the physical and mechanical properties of 
cement stone and concrete. Differential thermal and electron microscopic analysis of aqueous dispersions of carbon nanotubes and 
hardened activated nanomodified cement stone was carried out. Results and discussion. It has been experimentally proven that 
mixing nanotubes in dry cement does not allow them to be evenly distributed throughout the volume of the mixture. When using 
carbon nanotubes, the maximum effect is achieved when they are introduced into aqueous dispersions of plasticizers. The percent-
age of plasticizer was 1%, CNT 0,1% per 1 liter of water. The most effective method of dispersing carbon nanotubes in a plasticizer is 
a combined one. The results obtained were used in the preparation of cement stone and concrete compositions. Conclusion. The 
results show that complex additives consisting of nano-SiO2 and aqueous dispersions of carbon nanotubes have a positive effect on 
the physical-mechanical and structural-technological properties of cement stone and concrete. Graphic dependencies are shown 
indicating the effectiveness of using complex additives in the production of cement composites.
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INTRODUCTION

Russian and foreign scientists are actively conducting 
research in the field of production and use of ultra-

fine materials in the composition of concrete and mortar 
mixtures for various purposes. The use of nanotechnolo-
gies in the production of composite materials based on 
cement binders is relevant, since the introduction of 
primary nano-sized components into them will ensure 
the specified characteristics and significantly expand the 
functionality of composite materials through targeted 
control of the structure formation of the material [1–6].

From the literature, various types of nanomodifying 
additives are known (fullerenes, carbon nanotubes, oxide 
nanotubes and fibers, etc.), which can be used to regulate 
the properties of concrete, mortars, and dry construction 
mixtures. Analysis of the works of E.V. Korolev, V.I. Ka-
lashnikov, G.P. Sakharov. and others [7-9], including our 
research [10-13], showed the promise of using nanoaddi-
tives similar in composition to cement hydration products 
such as: nano-SiO2, Al2O3, Fe2O3, CaO, which have excess 
internal energy and high chemical activity, which makes it 
possible to obtain binders and composite materials based 
on them with high physical and mechanical characteristics 
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[14]. A less studied nanomodifier for regulating the prop-
erties of cement systems is nanosized silicon dioxide [15]. 
Various methods for its preparation are known. S.P. Bar-
dakhanov at the Institute of Theoretical and Applied Me-
chanics and the Institute of Nuclear Physics (Novosibirsk), 
a method for producing nanosilicon dioxide was tested [16]. 
Nano-sized silicon dioxide “Ts” was obtained by evapo-
rating the substance under the action of an electron beam 
created by an electron accelerator. The second method of 
producing nano-silicon dioxide by the plasma-arc method, 
developed at TSUAB [17], was tested using diatomite (over-
burden rock) as a raw material.

Many scientists note the advantage of nanoparticles, 
which consists in the fact that their presence in com-
posite building materials significantly improves their 
performance characteristics, or gives the materials new 
properties, but it is noted that the mechanism of their in-
teraction with other components in cement and concrete 
requires careful study [8, 18, 19]. A promising modifier 
for concrete and mortars is carbon nanotubes (CNT). 
In works [1, 2, 20], the authors showed the possibility of 
using CNT as additional crystallization centers for cement 
hydration products. As well as activators of mixing water 
in the concrete mixture. It is noted that the efficiency of 
using CNT in composite materials can be increased by 
choosing the optimal technology for mixing CNT with 
binders in various states of aggregation (in solution, melt, 
emulsion, suspension, aerosol).

Despite the increased interest of Russian and foreign 
researchers in nanomodification technology, many experts 
express skepticism regarding the hypotheses that describe 
the mechanism of formation of the structure of cement 
stone in the presence of carbon nano-sized particles. One 
of the main reasons for conflicting data on the effect of 
carbon nanotubes on the structure and properties of the 
cement matrix is the heterogeneity of their distribution 
in the carrier medium. Due to their high surface energy, 
CNT during synthesis form globules, the sizes of which 
range from 400–900 microns. At the same time, nano-
tubes are difficult to distribute in an aqueous environment 
and require special techniques for their dispersion.

In this regard, the development of technology for dis-
persing carbon nanotubes in water and an aqueous solu-
tion of surfactants, in particular superplasticizer and other 
particles, for their subsequent modification of the cement 
matrix in order to improve the physical and technical 
characteristics of concrete is an urgent task.

MATERIALS AND RESEARCH METHODS

To prepare the samples, Portland cement CEM I 
42,5N (Topkinsky Cement) was used.

Single-walled carbon nanotubes (CNT) were used as a 
nanomodifying additive. The characteristics of nanotubes 
are presented in Table 1.

Also, nano-sized silicon dioxide (nano-SiO2), de-
veloped at TSUAB, based on the use of the plasma-arc 
method, was used as a nanomodifier in concrete mixtures. 
Nanoparticles of the resulting powder have a size distri-
bution in the range from 10 to 300 nm, but the largest 
number of them (82%) is in the range up to 100 nm. The 
peak of the distribution falls on particles with sizes of 
11–20 nm (13%) [17]. The characteristics of nano-SiO2 
are presented in Table 2.

Table 1
Characteristics of CNT

Parameter name Unit Result

Average outer diameter nm 1.97

Mass fraction of inorganic 
impurities %, m.p. 11.102

Specific surface area m2/g 546

G/D ratio – 48

CNT content %, m.p 83.347

Тable 2
Characteristics of the nanomodifier

Modifier Specific surface, 
m2/kg

The average size 
particles, nm

nano-SiO2 38 000 37.12

The following plasticizers were used:
–	 Superplasticizer “Steinberg F-10 Build” – a product 

based on the condensation of naphthalene sulfonic 
acid and formaldehyde;

–	 Superplasticizer “Steinberg GROS-63 MR” – a prod-
uct based on polycarboxylate esters;

–	 HyperPlast 60 is a superplasticizing and superwater-
reducing additive for concrete.
The paper presents the results of a study of the influ-

ence of various methods of dispersing carbon nanotubes 
in surfactants (mechanical dispersion, ultrasonic treat-
ment, combined method) on the uniformity of distri-
bution of carbon nanotubes in the plasticizer, as well as 
the introduction of carbon nanotubes in a dry state into 
a cement composition, on the physicomechanical char-
acteristics of cement stone.

The features of phase transformations in the cement 
system and the change in the mass of chemically bound 
water were determined by derivatographic analysis using 
an STA 449 F3 Jupiter device.

Electron microscopic analysis was carried out using 
a JEOL JSM 6000 scanning electron microscope.
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RESULTS AND DISCUSSION

It has been experimentally proven that mixing nano-
tubes in dry cement does not allow carbon nanotubes 
to be evenly distributed throughout the volume of the 
mixture.

When using carbon nanotubes, the maximum effect 
is achieved when they are introduced into aqueous dis-
persions of plasticizers. The percentage of plasticizer was 
1%, CNT 0,1% per 1 liter of water. Water was added to 
the mixture of carbon nanotubes and plasticizer, then the 
resulting solution was mixed in three ways:
–	 ultrasonic treatment, using an ultrasonic dispersant, 

type UZDN-2T, for 2 hours;
–	 mixing in a high-speed bead mill for 2 hours;

–	 combined, including high-speed mixing in a bead mill 
for 2 hours, followed by ultrasonic treatment (UZDN-
2T) for 2 hours.
It has been established that the first two methods do 

not allow carbon nanotubes to be evenly distributed in 
the volume of an aqueous suspension. Figures 1–3 show 
micrographs of suspensions obtained using the combined 
method.

Studies of the microstructure of samples of aqueous 
suspensions with CNT using a scanning electron micro-
scope showed the presence of areas with a relatively uni-
form distribution of nanotubes throughout the volume 
(Fig. 2–3), areas without them, and agglomerates with 
a diameter of about 10 μm. The micrographs (Fig. 1) 
clearly show agglomerates, which represent a significant 

Fig. 1. Distribution of CNT in an aqueous dispersion of hyperplasticizer GP-60 (x5000)

Fig. 2. Distribution of CNT in an aqueous dispersion of plasticizer Steinberg GROS-63 MR (x5000)
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number of interconnected nanotubes, which may be 
characteristic of flexible single-walled nanotubes with the 
largest length-to-diameter ratio. The GP-60 plasticizer 
contains modified polycarboxylates, which do not allow 
nanotubes to mix and be evenly distributed throughout 
the mixture. Thus, the proposed method of mixing nano-
tubes in an aqueous suspension of a plasticizer is prom-
ising and two types of plasticizer were used for further 
research: Steinberg F-10 Build, Steinberg GROS-63 MR.

To study the effect of aqueous dispersions of carbon 
nanotubes on the physical and mechanical properties 
of cement systems, samples of cement stone were pre-

pared with an additive content of 0.3; 0.4; 0.5; 0.6% by 
weight of cement. The addition of an aqueous dispersion 
was introduced into the cement system before the mix-
ing water and mixed intensively. Cube samples measur-
ing 20×20×20 mm were prepared from dough of nor-
mal density, which were stored in air-humid conditions. 
The compressive strength of the samples was assessed at 
3, 7, 28 days of hardening. The test results are presented 
in Figures 4–5.

The research results obtained allow us to conclude 
that aqueous dispersions of carbon nanotubes increase 
the strength of cement stone at all stages of hardening. 

Fig. 3. Distribution of CNT in an aqueous dispersion of plasticizer Steinberg F-10 Build (x5000)

Fig. 4. Compressive strength of cement stone with the addition of aqueous dispersion F-10 Build (C) 
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The maximum increase in the strength of cement stone 
with the addition of aqueous CNT dispersions with the 
introduction of 0.5% for GROS-63 MR is 28%, for F-10 
Build – 18%. The introduction of a dispersion of carbon 
nanotubes leads to structural changes in cement stone 
associated with the formation of a dense shell over the 
surface of solid phases, including cement particles. In this 
case, spatial frame cells are formed in a modified cement 
matrix with dense layers of crystalline hydrates, which 
leads to a general strengthening of the matrix. Further 
studies were carried out with an additive percentage of 
0.5%. 

During the research, it was found that when adding 
an aqueous dispersion of carbon nanotubes to the ce-
ment system, the rheological characteristics of the ce-
ment mortar change. The tests were carried out using the 
“Spreadability Cone KR-1”. The test results are presented 
in Table 3.

Analysis of the results obtained allows us to draw 
a conclusion about the effectiveness of plasticizing com-
plex additives. Composition 5 has greater spread with 
lower water demand, which also confirms the rational 
composition of the resulting modifying additive.

Experience in the use of multifunctional modifying 
additives in concrete mixtures shows that complex addi-
tives are more effective than single-component additives, 
which, along with improving any properties of concrete or 
concrete mixture, can significantly reduce other techno-
logical indicators. The use of such additives makes it pos-
sible to more effectively influence the processes of cement 
hydration, specifically regulating the structure of cement 
stone and concrete, slow down its aging and increase du-
rability, which will ensure high performance qualities of 
concrete products and structures. Previous studies have 
proven the effectiveness of using oxide nanoparticles in 
concrete mixtures. Analysis of the results of assessing the 
influence of the characteristics of nano-SiO2, methods 
of their preparation and introduction into cement paste, 
as well as the content of additives on the properties of 
the binder made it possible to determine a rational ratio 
of nano-sized additives in the cement matrix, equal to 
0.03% by weight of cement (strength increase is 32%). 
The results obtained are consistent with the data of other 
researchers [14], in the works of which it was noted that 
an excessively high dosage, for example, of nano-sized 
silica particles can lead to “poisoning” of the system, 
a significant slowdown in the processes of hydration and 
hardening. This can be explained by the high reactivity 
of their surface area, high chemical activity, which cre-
ates conditions for the chemical binding of mixing water 
with silica into poorly soluble crystalline hydrates, and, 

Fig. 5. Compressive strength of cement stone with the addition of aqueous dispersion GROS-63 MR (C)

Table 3
Results of determining the spreadability of cement 
mortar with aqueous dispersions of carbon nanotubes

No. Composition W/C Spreadability 
(mm)

1 Control 0.295 180

2 C+F-10 Build 0.275 195

3 C+GROS-63 МR 0.27 200

4 C+F-10 Build (С) 0.27 205

5 C+GROS-63 МR (С) 0.26 220
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Table 4
Determination of physical and mechanical properties of cement stone

No. Composition
Setting time, min Compressive strength 

(28 days), MPaStart End

1 Control 180 240 68.1
2 C+F-10 Build (С) 180 225 79.6
3 C+GROS-63 МR (С) 170 225 89.2
4 C+F-10 Build+ nano-SiO2 (С) 170 225 86.5
5 C+GROS-63 МR+ nano-SiO2 (С) 160 210 107.2

accordingly, a water deficiency may occur for the hydra-
tion processes of cement minerals. This paper presents the 
results of a study of the combined effect of nano-SiO2 with 
aqueous dispersions of carbon nanotubes on the physical, 
mechanical and rheological properties of concrete.

To assess the joint effect of a complex modifying addi-
tive on the physical and mechanical properties of cement 
stone, cube samples were made with a ratio of additives 
nano-SiO2 0.03%, GROS-63 MR, F-10 Build 0.5% by 
weight of cement. The test results are shown in Table 4.

Analysis of the data given in the table made it possible 
to select a rational composition of cement stone (№ 5), 
the increase in strength of which is 57.4%. This may be 
due to processes occurring at the nanoscale in the com-
bined presence of CNT and nano-SiO2 components in 
the cement composition. Polycarboxylates, which are the 
basis for the uniform distribution of nanotubes, serve as 
both a plasticizer and the basis for the effective interaction 
of nano-SiO2 and nanotubes, the formation of frame cells 
in a modified cement matrix with dense layers of crystal-
line hydrates. According to the table, the beginning of 
setting of the control sample is 1 hour 40 minutes, and 
the end is 3 hours 20 minutes. For modified cement paste 
samples, setting times are accelerated by 10 minutes (be-
ginning of setting) and 15 minutes (end of setting) using 
an aqueous dispersion of carbon nanotubes F-10 Build 
(C), by 20 minutes (beginning of setting) and 30 minutes 
(end of setting). setting) with an aqueous dispersion of 
carbon nanotubes GROS-63 MR (С).

To explain the results obtained and establish the pat-
terns of formation of the composition, structure and prop-
erties of cement stone, a derivatographic analysis of ce-
ment stone composition (№ 5) was carried out. The fea-
tures of phase transformations in the cement system and 
the change in the mass of chemically bound water are 
determined in the temperature range from 20 to 1000оС. 
Figure 6 shows comparative thermograms of the control 
and modified cement stone samples.

It was found that in the thermograms of the control 
cement stone and with the complex additive, the en-
do-effects corresponding to the dissociation of calcite 

formed as a result of partial carbonization of Ca(OH)2 
differ significantly in area. In the thermogram of cement 
stone with a complex additive, the peak area is twice as 
large, which may be due to the superposition of thermal 
effects of dehydration of additionally formed hydrosili-
cates. To confirm the obtained results of the influence of 
the additive on the formation of the structure of cement 
stone, an electron microscopic analysis of the samples 
was carried out (Fig. 7).

Analysis of the data presented in the photographs 
shows that the introduction of a complex additive into 
the cement matrix ensures the formation of low-basic 
calcium hydrosilicates, stable high-basic calcium hydro-
sulfoaluminates with an overgrown needle-like structure 
that tightens the pores.

It is known that one of the properties inherent in com-
posite materials is multi-scale. This property allows us to 
conditionally consider any composite building material as 
a multilayer formation at the micro-, meso- and macro 
levels of interaction. Processes occurring at each large-
scale level can be characterized by both a high degree of 
autonomy and interconnectedness, subordinate to one 
goal – to ensure the required operational characteristics. 
Modern synergetics also includes other principles, the 
application of which in construction materials science 
has not been sufficiently studied. To study the influence 
of complex additives with CNT and nanos, studies were 
carried out to assess their influence on the properties of 
concrete mixtures.

The composition of concrete was calculated by the 
intergranular voids method [21, 22]. Ratio Cement:Sand 
(crushed stone) – 1:3.63. All additives were introduced as 
a percentage of the cement mass. The optimal percentages 
of additives were previously determined. The nano-SiO2 
additive was pre-mixed with Portland cement and intro-
duced with the dry components of the mixture. Aqueous 
dispersions of carbon nanotubes were introduced into a 
concrete mixture with mixing water. The tests were car-
ried out in accordance with GOST 26633-2015 “Heavy 
and fine-grained concrete. Technical conditions”. Frost 
resistance was determined in accordance with GOST 
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10060-2012 “Concrete. Methods for determining frost 
resistance. General requirements. Heavy, fine-grained, 
light and dense silicate concrete.” Water tightness and 
open porosity according to GOST 12730.5 on the device 
for determining air tightness – AGAMA-2R.

The physical and mechanical characteristics of the 
control fine-grained concrete and that modified with ad-
ditives were determined at the design age of hardening. 
The table 5 shows the physical and mechanical charac-
teristics of concrete.

Analysis of the data given in the table showed that all 
additives used in the work increase the rheological and per-
formance properties of concrete mixtures. Compositions 2 
and 4 significantly increase the grade’s frost resistance to 
600 and 800, respectively, which is explained by the com-
position of the plasticizing additive F-10. The strength of 
concrete at the design age of hardening increases by 19% 
(composition 2) and by 44% (composition 4) in compari-
son with the control composition. Compressive strength for 
compositions 3 and 5 increases to 47 and 69%, compared 

Fig. 6. Thermograms of control (a) and modified (b) with an aqueous dispersion of carbon nanotubes 
GROS-63 MR (C) + nano-SiO2 cement stone samples

a

b
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Table 5
Determination of physical and mechanical properties of concrete

No. Composition W/C Compressive strength 
(28 days), MPa

Waterproof, 
W

Frost 
resistance, 

F

Cone draft, 
см

1 Control 0.42 36 W8 200 9
2 C+F-10 Build (С) 0.4 43 W8 600 13
3 C+GROS-63 МR (С) 0.37 53 W8 400 15
4 C+F-10 Build (С) + nano-SiO2 0.37 52 W10 800 16

5 C+GROS-63 МR (С) + 
nano-SiO2

0.36 61 W12 600 18

Fig. 7. Electron microscopic image of a control sample of cement stone (a) (x4020) and a modified sample 
with the addition of GROS-63 MR (C) + nano-SiO2 (b) (x4000)

to the control sample. The mobility of concrete mixtures 
increases with the introduction of all additives used. The 
presence of a complex additive in the concrete mixture 
plays the role of micro-reinforcement, reduces water 
demand, and increases mobility; carbon nanotubes and 
nano-SiO2 begin to work at the nanolevel and, when in-
teracting with cement particles, the formation of low-basic 
calcium hydrosilicates occurs, increasing the physical and 
mechanical characteristics of hardened concrete.

CONCLUSION

The research outcomes delineated in this study dem-
onstrate the feasibility of creating multi-functional addi-
tives, which incorporate nanocomponents of varied com-
position and production methods. Nevertheless, these 
disparate elements exhibit a synergistic effect.

The most effective method for distributing CNT 
nanoparticles in an aqueous environment and a cement 

matrix has been experimentally established, which con-
sists of high-speed mixing of nanotubes with an aqueous 
solution of a plasticizer in a bead mill for 2 hours, followed 
by ultrasonic treatment (UZDN-2T) for 2 hours.

It has been shown that the efficiency of interaction 
between carbon nanotubes, aqueous dispersions of plas-
ticizers and nano-SiO2 depends on the composition of 
surfactants. Plasticizers based on polycarboxylate esters 
interact better with nanotubes and nano-SiO2. Their ef-
fectiveness is confirmed by the results of physical and 
chemical studies, improvement of the rheological charac-
teristics of concrete mixtures with complex additives and 
increase in the performance characteristics of hardened 
concrete. The introduction of complex additives makes it 
possible to specifically activate hydration processes, influ-
ence the structure of cement stone and concrete, phase 
composition and its porosity by increasing the degree of 
hydration of the main clinker minerals and the formation 
of more stable hydrate phases.

a b
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