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Abstract: To solve a number of problems in construction materials science, composites with nano and
ultrafine admixtures were analyzed. Their properties were studied, taking into account the variants
of homogenization and stabilization of the system. To characterize the processes of the structure
formation of a new material, mathematical methods were also applied. According to the literature re-
view, the aim of the work was formulated. The subject of this research is to conduct physico-chemical
studies that characterize the processes occurring during the homogenization and stabilization of the
cement system with GGBS components and to establish the effect of the admixture on the properties
of the composite. To achieve this goal, an ultrafine admixture based on GGBS was obtained, and the
possibility of its introduction into the cement system in the form of a stabilized suspension instead of
mixing water was considered. To provide increased characteristics of cement stone modified with the
ultrafine admixture, a number of tests were carried out to study homogenization and stabilization
of fine slag particles in suspension. The ultrasonic processing parameters were defined to provide
uniform distribution of fine slag additive in the suspension: the processing time is 15–20 min, the
frequency of ultrasonic vibrations is 44 kHz, the temperature of the dispersed medium is 25 ± 2 ◦C.
To define physical and chemical processes appearing during the introduction of fine slag into water
and water-polymer dispersed medium, the mechanism of interaction between fine slag and water
was studied. In addition, the mechanism of chemisorption on the surface of fine slag particles and
the stabilization mechanism of ultrafine slag particles with a plasticizer was studied to form the
concept of aggregate and sedimentation stability of slag particles in suspension. It was found that
the stabilization of fine slag particles by a plasticizer is significantly influenced by the hardness of
water. The higher the water hardness, the more plasticizer required to stabilize the fine slag particles.
At the same time, it was established that the concentration of the plasticizer should not exceed the
critical micelle concentration value. If it is exceeded, the plasticizer solution transforms into the
micellar colloidal system, and the stabilization of fine slag suspension will not occur. The studies
of homogenization and stabilization of the slag suspension allowed the authors to substantiate the
possibility of uniform distribution of fine particles in the cement matrix, followed by the formation of
a denser and stronger cement stone structure. Cement-sand samples based on Portland cement (OPC)
and slag-Portland cement (SPC) with GGBFS admixture showed higher compressive and flexural
strength characteristics in the initial hardening periods and at 28 days. It was found that modified
samples are more stable in an aggressive medium. On the 90th day of exposure, the resistance
coefficient was 0.9 for a modified sample based on OPC and 0.98 for a modified sample based on
SPC. The increased sulfate attack resistance of the samples is due to the formation of a dense stone
with reduced porosity. It is noted that the porosity of modified OPC samples decreases by 14% and
by 18% for SPC-based modified samples compared to the control sample at 28 days. Due to the fact
that pores in the cement stone are blocked with hydration products, which make the structure of the
cement stone denser, the filtration of aggressive solutions deep into its structure is difficult. Thus,
the obtained concrete based on a cement composite with ultrafine slag can be applied as a protective
layer of steel reinforcement in a reinforced concrete structure.
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1. Introduction

The development of the modern construction industry requires new materials that
effectively combine constructive, functional and special properties, as well as structural
and finishing characteristics. To achieve these goals, it is necessary to examine construction
materials science. The analysis of new admixtures which have not previously been used in
the production of building materials or the search for new approaches to the application of
components already used, is essential. It is also substantial to study the processes occurring
in the structure of the material during the introduction of new components, applying
various methods to determine physical and chemical parameters that control the process of
structure formation during the hydration processes in the material.

In order to understand the current state in the field of construction materials science
and to improve approaches to obtain effective environmentally friendly materials and
methods for their production, a complex of physico-chemical and mathematical methods
was used. A literature review was also conducted to determine the concept of this study.

Recently, interest in nanotechnology has increased in various branches of science and
technology, especially in electronics, pharmaceuticals, medicine, energy, etc. [1–5]. In the
construction industry, nanotechnology occupies its position in the production of building
materials [6–9]. The application of carbon nanotubes (CNT) [10–12], nanocellulose [13,14],
nanosilica [15,16], nano-TiO2 [17], etc., as nanocomponents, which increase the strength
characteristics of the material, is noted. Titanium oxide nanoparticles also demonstrate
photocatalytic features and provide not only an increase in strength but also provide self-
cleaning properties of the concrete surface and gypsum-based composites [18–21]. To obtain
enhanced characteristics of the material with nano-additives, it is necessary to achieve
uniformity of its distribution in the binder matrix. This can be achieved by homogenization
and stabilization of nanosystems in suspensions [22–25]. Homogenization can be achieved
by ultrasound processing [22,23]. In addition, application of ultrasonic energy leads to
different degrees of cluster destruction depending on the power of ultrasonic vibrations
from 20 to 60 watts [23]. However, not only does the destruction of nanoparticles during
ultrasonic treatment occur, but the coagulation of nanoparticles also occurs if the sound
pressure level reaches 160 dB [26].

The work [22] shows positive results of the study with an integrated approach combin-
ing the effect of a polycarboxylate ether plasticizer and ultrasonication on CNT dispersion.
In [24], three surfactants were used to stabilize nickel nanoparticles, including sodium do-
decyl sulfate, cationic surfactant cetyltrimethylammonium bromide and a polyoxyalkalene
derivative of amine (Hypermer), as well as a polymer of xanthan gum.

It was noted in [25] that when using the methods of high-speed homogenization
(HSH) and high-pressure homogenization (HPH) with Plantacare 2000® as a surfactant,
it is possible to achieve uniform particle distribution in the nanosuspension. Thus, the
stabilizing effect of nanoparticles in suspensions can be achieved by using various sur-
factants, polymers, and plasticizing additives, especially in combination with suspension
homogenization methods [22,24,25].

A complex of physico-chemical studies and calculations [27–30] as additional methods
for studying the homogenization and stabilization process in nanosuspensions allow us to
analyse the effect of nano-additives on the structure formation of building material.

In the development of modern science and technology, as well as in the construction
industry, the environmental component should be considered [20,31,32].

A substantial task for building materials science is the utilization of waste from metal-
lurgical enterprises as secondary resources in the production of building materials [33–35].
Such waste includes granulated blast furnace slag. Many studies have been devoted to its
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application in the production of cement, concrete, and composite binders [36–40]. Products
made of slag cements have several advantages over ordinary Portland cement. These
include low exothermic effect, increased sulfate attack and heat resistance, workability of
concrete mix, and protection of constructions from weathering and cracking [41–45]. These
characteristics increase the durability of concrete constructions. However, the use of slag
cements in the construction industry is limited, which is due to the slow strength gain in
the initial hardening periods. This problem requires additional research.

To provide the durability of reinforced concrete structures, it is necessary to study the
corrosion processes caused by the influence of aggressive medium. Therefore, one of the
main tasks of building materials science is to reduce damage to concrete structures caused
by corrosion.

It is known that sulfate ions in an aggressive medium can react with components of
cement stone, significantly increasing their solubility and causing the exchange reactions
with the substitution of a cation in sulfate for a calcium ion from cement stone. These
processes lead to the accumulation in pores and capillaries of concrete of insoluble solid
compounds with larger volume than the initial hydration products, which causes cracking
of concrete and destruction of reinforced concrete structures [46,47]. Ettringite is a soluble
compound formed in cement stone as a result of sulfate-induced attack. Its formation in
the structure of cement stone leads to the appearance of internal tensile stresses, resulting
in concrete cracking [48]. This problem can be solved by mineral additives and indus-
trial waste (zeolite, slag, ash, silica, etc.) application, which can reduce the deterioration
processes in cement stone and prevent concrete material from cracking [49–51].

To decline the corrosion processes in reinforced concrete, it is necessary to form a
10–30 mm thick concrete protective layer, which would not separate from the reinforced
concrete structure when exposed to aggressive medium [52,53]. This can be achieved by
the addition of inhibitors, cathodic and anodic protection, etc. [54].

Summing up the results of the literature review, mail lines of this research were determined.
To enhance the production of construction materials, it is necessary to develop new

additives, such as nanomaterials, as well as industrial waste that should be utilized to
improve the ecological situation on the planet. Combining these two aspects of the study it
is supposed to obtain an ultrafine admixture from the production wasteground granulated
blast furnace slag.

Since ultrafine additives have a tendency toward aggregation, it is necessary to achieve
homogenization and stabilization of the particles in order to obtain enhanced characteristics
of the building material. It is supposed to subject the admixture particles to ultrasonic
processing and plasticizing additives’ influence. To study the effect of ultrasonication
and plasticizer effect on slag particles, studies of ultrasonic processing parameters and
sedimentation and aggregate stability of fine slag suspensions will be conducted. In
addition, defining the surface-active properties of plasticizers and their optimal quantity
required for particle stabilization will be studied.

To study the effect of fine slag on the properties of cement systems, construction,
technical, physical, and mechanical tests will be conducted; the resistance to sulfate attack
of cement composites will be studied; and the analysis based on research results will
be completed.

The aim of the present work is to obtain an effective cement composite modified with
GGBS admixture and to conduct a complex of physico-chemical studies describing the
processes occurring during the homogenization and stabilization of the modified cement
matrix and affect the formation of a structure with enhanced properties.

2. Materials and Methods
2.1. Research Concept

In this study, a slag suspension based on ultrafine ground granulated blast furnace slag
(GGBFS) was used as an object of research. The suspension was introduced into Portland
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cement (OPC) and Portland slag cement (SPC). The research is aimed at studying the effect
of slag suspension on the properties of the materials.

In order to make comprehensive conclusions from the results of the study, it is neces-
sary to follow several stages:

(1) Obtaining of ultrafine admixture based on GGBFS;
(2) Preparation of suspension of GGBFS admixture;
(3) Homogenization and stabilization of the suspension;
(4) Investigation of water and plasticizer influence on the slag suspensions stabilization

and on the obtaining of cement compositions;
(5) The study of construction and technical properties, physical and mechanical charac-

teristics, as well as the study of resistance to sulfate attack of the obtained composites.

2.2. Raw Materials

Two types of cement were used in the work: Portland cement (OPC) and Portland slag
cement (SPC). Both types of cement were obtained in a laboratory ball mill. Portland cement
clinker (produced by Podolsk–Cement JSC, Podolsk, Moscow region, Russia) and gypsum
stone (gypsum quarry of Novomoskovsk, Tula region, Russia) were used for the production of
cements. Chemical and mineralogical composition of Portland cement clinker are presented in
Tables 1 and 2, the chemical composition of gypsum stone is shown in Table 3. CaO (31.84%)
and SO3 (40.91%) from gypsum stone interacts with tricalcium aluminate and water forming
ettringite, which covers cement grains with a thin film, prevents the hydration process and
retards the setting of cement. Thus, the presence of gypsum allows to adjust the setting time
of cement paste and provides workability up to 4–6 h.

Table 1. Clinker chemical composition.

Components Mass Loss after
Calcination CaO SiO2 Al2O3 Fe2O3 MgO SO3 R2O

Clinker 0.81 62.65 20.10 4.46 8.62 1.85 0.57 0.94

Table 2. Clinker mineralogical composition.

Mineral Content, %

C3S C2S C3A C4AF

60.00 21.00 3.00 12.00

Table 3. Chemical composition of gypsum stone.

Components Mass Loss after
Calcination CaO SiO2 Al2O3 Fe2O3 MgO SO3 MnO TiO2 Na2O K2O Cl−

Content, % 22.18 31.84 2.08 0.27 0.26 1.74 40.91 0.006 0.022 0.03 0.16 0.007

Portland cement is obtained by joint grinding of Portland cement clinker in an amount
of 100% and natural gypsum in an amount of 5% over 100%.

The same materials were used for the production of Portland slag cement: Portland
cement clinker, gypsum stone and GGBS. The characteristics of GGBS are presented in
Table 4. The composition of the SPC includes 60% of Portland cement clinker, 40% of slag
and natural gypsum in an amount of 5% over 100%.

Grinding was carried out until the residue on the sieve R008 was 6%.
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Table 4. GGBS characteristics.

Chemical
composition, %

CaO SiO2 Al2O3 MgO Fe2O3 + FeO other

45.40 38.20 8.10 3.20 0.80 4.30

Phase composition, %
glass Crystalline phase

93.20 6.80

Alkali modulus, % 1.10

2.3. Obtaining of Ultrafine Slag

GGBS was grinded in a laboratory jet mill LHL-1(VILITEK LLC, Russia) with a built-
in classifier that allows to adjust the required resulting product particle size. To obtain
ultrafine slag, the classifier upper limit was 20 microns. The characteristics of the granulated
blast furnace slag, its chemical and phase compositions are given in Table 4. The particle
size after grinding in a jet mill was determined using a Mastersizer 3000 laser diffraction
particle size analyzer (Malvern Instruments Ltd., Malvern, UK). The distribution curve of
slag particles by fractions is shown in Figure 1, the granulometric composition of GGBS is
presented in Table 5.
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Table 5. Granulometris composition of GGBS.

Particle Size, µm Fraction Content, mass.%

0–1 9
1–5 37
5–7 17
7–10 14

10–15 10
15–20 8
20–30 5

Table 5 demonstrates that GGBS obtained in a laboratory jet mill have a predominant
particle size of 1–5 µm, which allows to attribute it to submicron particles with tendency
to aggregation. To prevent the coagulation processes, it is proposed to transfer the slag
powder into a suspension with its subsequent stabilization.

To stabilize slag particles, a sulfonaphthalene-formaldehyde-based plasticizer C-3,
which is an anionic long-chain surfactant, was used. The structural formula of the plasticizer
is shown in Figure 2, the characteristics of the plasticizer are presented in Table 6.
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Table 6. Superplasticizer characteristics.

Parameter Requirement

Color, type Brown powder

Mass fraction of dry substance, % ≥90.0

Chloride content, % ≤0.1

pH 8.0 ± 1

2.4. Research Methods

The stabilization of ultrafine particles was studied in this work. The indicator of the
stabilizer protective power is the minimum amount of substance required to stabilize the
unit volume of hydrosol and is called the protective number.

If the volume and concentration of the stabilizer and the volume of the hydrosol are
known, then the law of equivalents can be applied to finding the protective number.

The law of equivalents can be written as:

C1 ·V1 = C2 ·V2 (1)

If C1 is the protective number S (g/L), V1 is the volume of sol V (mL), C2 is the
concentration of the stabilizer solution Cst (g/L) and the volume V2 is the volume of the
stabilizer solution necessary to protect the sol from coagulation Vprot (mL), then we get the
following equation:

S =
Cst ·Vprot

V
(2)

To determine pH of the dispersed medium of GGBS suspensions, a laboratory pH meter,
ANION-4110 ionometer (LLC NPP “Infraspak-Analit”, Novosibirsk, Russia), was used.

For experimental measurement of surface tension, the stalagmometric method was
used. The value of the surface tension was calculated by the equation:

σl = σst ·
ρ · nst

ρst · n
, (3)

where ρ is the density of the liquid; ρst is the density of the standard liquid; nst is the
number of drops of the standard liquid; n is the number of drops of the studied liquid; σst
is the surface tension of the standard liquid; σl is the surface tension of the liquid.

If surface tension is determined in water solutions with small concentrations of sub-
stances that change the surface tension of water, the densities of the solutions and the
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standard liquid-water can be considered approximately equal. Then, the formula for the
calculation will have the form:

σl = σst
nst

n
(4)

Since the plasticizer in this work is an ionnogenic surfactant, the activity of the com-
ponents is taken into account, which is expressed in terms of concentration and activity
coefficient γ. For the electrolyte:

ai = cϑ
±γϑ
± (5)

where c± is the average ionic concentration; ν is the stoichiometric coefficient of the elec-
trolyte (ν = ν+ + ν−); ν+ and ν− are the stoichiometric coefficients of the electrolyte ions.

In most cases, the activity coefficient γ is not known and in dilute solutions it can be
neglected by taking γ±i = 1.

Consequently, the Gibbs adsorption equation used in calculations and for constructing
the Gibbs adsorption isotherm takes the following form:

Г = −
cϑ
±

RT

(
dσ

dcϑ
±

)
(6)

The surface activity of the plasticizer can be determined graphically as the angle tangent
to the isotherm of the plasticizer surface tension at C→0, taken with the opposite sign:

g = −
(

dσ

dC

)
C→0

= −tgα = tgϕ = − z
c

(7)

Knowing the dependence of the surface tension on the concentration of the plasticizer
(Figure 3), it is possible to calculate the Gibbs adsorption of the plasticizer by the method
of graphical differentiation of the experimental curve σ = f (cν).
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Substitute the obtained value according to Equation (7) into Equation (6):

Г = −
cϑ
±

RT
tgϕ = −

cϑ
±

RT
·
(
− z

c

)
=

z
RT

(8)

This way, adsorption values of G are calculated for a number of points on the curve and,
according to the calculated data, an adsorption isotherm is constructed in the coordinates
G = f (c) (Figure 4).
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Technical and physico-mechanical characteristics of both OPC and SPS-based samples
(20 × 20 × 20 mm and standard 40 × 40 × 160 mm) containing slag suspensions (10, 30,
50 g/L) stabilized with a sulfonaphthalene-formaldehyde-based plasticizer (5 g/L) were
determined according to the national standard GOST 30744-2001 [55].

The resistance to sulfate attack was estimated by changes in the physical and mechani-
cal properties of samples prepared from a 1:3 cement-sand mortar and stored in aggressive
medium—2% sulfuric acid solution.

The resistance coefficient was calculated from the ratio of the bending strengths of the
samples during hardening in an aggressive medium and in potable water.

The porosity of the samples was determined by the pycnometer method.
Spectroscopic studies were carried out on the “Specord” 75 IK (Germany) device in the

range of wave numbers from 700 to 4000 cm−1 in KBr pellets. The spectra from the studied
and reference samples were collected under the same conditions with an accelerating
voltage of 20 kV, an angle between the direction of the electron beam and the plane of the
sample of 90◦ and a current through the sample of 0.4 × 10−8 A. The counting time was
100 s, which at a counting speed of 2500 imp/s, gives 250,000 impulses, providing good
statistical accuracy of the count.

The morphology of hydrate phases and changes in the structure of cement stone
were studied using a scanning electron microscope “JSM—35 CF” (Jeol, Tokyo, Japan)
under the following conditions: HV = 15 kV, SEI = 5, WD = 15 mm, aperture = 2, sample
exposure = 50 s, C = 7.5, B = 6.5, photodetector aperture = 8. Samples of cement stone were
sprayed with copper at a vacuum station under pressure of 1 × 10−4 mmHg and examined
at 3000×magnification; specific areas were photographed.

3. Results
3.1. Homogenization and Stabilization of Fine Slag Suspension with the Use of
Ultrasonic Processing

As already noted, in order to prevent the coagulation processes between the particles of
ultrafine slag, leading to their aggregation and, accordingly, to a decline of characteristics of
the final product containing the ultrafine component, it is required to prepare a suspension
from the GGBS powder and stabilize it.

Suspensions with a content of 10, 30, 50 g/L of GGBS were prepared in water and
water-polymer dispersed medium with subsequent ultrasonication.
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For the research, plasticizer SP-1 (manufactured in Russia, Polyplast Novomoskovsk
LLC, Novomoskovsk, Tula region) was used, which is a long-chain anionic surfactant
produced on the basis of sulfonated naphthalene-formaldehyde resins.

Ultrasonic treatment of slag suspensions was carried out using the UZDN-I device;
the optimal parameters of treatment were determined experimentally. The results of the
experiment are presented in Figures 5 and 6.
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Figure 5. The determination of parameters for the ultrasonic processing of slag suspensions: (a) The
dependence of the strength of slag-modified samples on the time of ultrasonic processing; (b) The
dependence of the strength of slag-modified samples on the temperature of the dispersed medium.
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Figure 6. Distribution curves of fine slag particles in suspension after ultrasonic processing: (a) at
t = 25 ◦C; τ = 15 min; (b) at t = 50 ◦C; τ = 15 min.

The influence of ultrasonic processing on the separation and uniform distribution of slag
particles in water-dispersed medium was evaluated according to the following parameters:

- processing time (τ), the oscillation frequency (ν) and the temperature of the dispersed
medium (t).

One parameter was evaluated while the others were constant.
During the determination of optimal ultrasonic processing conditions, a slag sus-

pension with a concentration of 10 g/L (1%) was used. The samples of cement stone
were produced with the same suspension, used instead of mixing water, after various
conditions of ultrasonic processing. The ultrasonication parameters were established by
indirect method by compressive strength measurement of OPC-based samples. Cement
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was mixed with a water slag suspension (10 g/L) in accordance with the established nor-
mal consistency of cement paste, which is 25%. The compressive strength of samples
(20 × 20 × 20 mm) after one day of hardening was an indicator of fine particles separation
quality. From this data, we can derive the following function:

Rс (day) = f (τ, t) (9)

The determination of the optimal time of ultrasonic processing of slag suspension
was carried out by establishing the dependence Rc (day) = f (τ), where τ = 5, 10, 15, 20, 30,
60 min, when t = const, ν= const. The resulting dependence is shown in Figure 5a.

It can be seen from Figure 5a that at τ≥ 20 min the compressive strength has a constant
value, therefore, the optimal processing time of slag suspension with a concentration of
10 g/L (1%) is 15–20 min.

The influence of the temperature of the dispersed medium on the ultrasonic treatment
process of slag particles was carried out by establishing the dependence Rc (day) = f(t),
where t = 17, 20, 25, 30, 40, 50 ◦C. The processing time and frequency are constant. The
resulting dependence is shown in Figure 5b.

Figure 5b shows that if dispersed medium temperature is more than 35 ◦C, a decrease
in the strength of the samples is observed on the first day of hardening. This is due to the
fact that at elevated temperatures, the diffusion transfer of particles leads to an increase in
the homogeneity of the dispersed system at the same time the coagulation process takes
place, causing the enlargement of particle aggregates. Both of these processes cause an
imbalance, and, consequently, a decrease in the efficiency of ultrasonic treatment. At 35 ◦C,
the strength of the samples declines, so it is not recommended to carry out ultrasonication
above this temperature. It has been established that in order to obtain the maximum
result of suspensions’ ultrasonication, the temperature of the dispersed medium should be
maintained within 25 = ±2 ◦C.

The established dependencies Rc (day) = f (τ, t) correspond with the distribution
curves of slag particles shown in Figure 6 for different processing parameters, which
confirms the possibility of using the proposed indirect method in assessing the uniformity
of distribution of slag particles in the cement matrix.

The next stage in the study is the establishment of aggregative and sedimentation
stability in dispersed media using ultrasonic energy and without it.

To achieve this, slag particles were introduced into water and water-polymer (wa-
ter + plasticizer) dispersed media with concentration of 10 g/L, 30 g/L, 50 g/L. Preparation
of GGBS suspensions without ultrasonic processing was carried out by five-minute stirring
with a magnetic stirrer; the ultrasonic treatment was processed on the UZDN-I device for
15 min at a frequency of 44 kHz (Figure 6a). Prepared slag suspensions were transferred
into cylinders of 100 cm3 to observe the sedimentation process.

The results demonstrate that the sedimentation process of slag particles can be divided
into 3 periods: I—the period of intensive sedimentation of particles; II—the period of
clarification of the dispersed medium; III—final period of slag particles sedimentation.

In the first period, large particles settle, particles with size of less than 1 microns
remain in the dispersed medium. They can be classified as submicron, as noted earlier.
In the II period, particles with a size of less than 1 micron settle, the dispersed medium
becomes almost clear. The sedimentation process is completed in the III period, when the
dispersed medium becomes absolutely transparent.

Figure 7 show the results of sedimentation stability of fine slag particles in water-
dispersed medium without ultrasonic treatment.

It follows from Figure 7 that the higher the concentration of slag particles, the faster
the process of their sedimentation proceeds during all periods. This is because, under equal
conditions, particles with higher concentration more often collide with each other and with
the walls of the cylinder. As a result, the process of surface interaction between the particles
is induced, leading to their aggregation into groups and faster settling under gravity. At
the same time, larger particles carry along particles with a small size.
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Figure 7. Dependence of the particle sedimentation rate on the concentration of ultrafine slag without
ultrasonic treatment.

The slags used in the work have alkali nature, since the alkali modulus Mo = 1.1 (Table 4),
therefore, alkali orthosilicates prevail, mainly 2CaO·SiO2 (Ca2SiO4), so slag can be consid-
ered as dicalcium silicate.

When GGBS is introduced into water, hydrolysis begins according to the following
chemical equation:

Ca2SiO4 + 2H2O = Ca(OH)2 + CaH2SiO4 (10)

In aqueous-dispersed medium, slag particles are surrounded by water dipoles, ad-
sorbed on their surface (Figure 8), while electrolytic decomposition of water into H+ ions
(or hydronium H3O+ ion) and OH- occurs. OH- ions interact with Ca2+,which are part of
the slag, and transfer them into solution, forming Ca(OH)+ ions, while pH of dispersed
medium increases (Table 7). H+ ions associate with the SiO4

4- tetrahedron, forming differ-
ent types of silicic acid ions (HSiO4

3−, H2SiO4
2−, H3SiO4) on the surface of slag particles.

Slag particle (Ca2SiO4) is negatively charged. Electric double layer formation occurs on the
interfacial surfaces, which together with a dispersed phase forms a slag micelle (micelle 1):

{(Ca2SiO4)m nSiO4
4− 4(n − x) H+}4− · 4 × H+ (11)
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Table 7. pH of the dispersed medium in the “slag-water” system.

Period of pH
Measurement

Slag Concentration, g/L
pH of Dispersed Media in Slag Suspensions

Without Ultrasonic Treatment After Ultrasonic Treatment

- - 7.6

After homogenization

10 7.82 7.98

30 8.02 8.13

50 8.08 8.20

In 24 h after
homogenization

10 7.72 7.90

30 7.52 8.01

50 7.24 8.05

As the reaction proceeds, reaction products are formed on the surface of slag particles,
and the solution is gradually saturated with Ca2+ and OH− ions. Ca2+ ions are larger
and higher charged than H+ ions, replace them in the diffuse and adsorption layer and
migrate to the surface of colloidal particles with active centers, causing the process of
chemisorption (Figure 9).

Buildings 2023, 13, x FOR PEER REVIEW 12 of 39 
 

 
Figure 8. The mechanism of interaction of slag particle (Ca2SiO4) with water. 

Table 7. pH of the dispersed medium in the “slag-water” system. 

Period of pH  
Measurement 

Slag Concentration, 
g/L 

pH of Dispersed Media in Slag Suspensions 
Without Ultrasonic Treatment After Ultrasonic Treatment 

- - 7.6 

After homogenization 
10 7.82 7.98 
30 8.02 8.13 
50 8.08 8.20 

In 24 h after  
homogenization 

10 7.72 7.90 
30 7.52 8.01 
50 7.24 8.05 

As the reaction proceeds, reaction products are formed on the surface of slag parti-
cles, and the solution is gradually saturated with Ca2+ and OH− ions. Ca2+ ions are larger 
and higher charged than H+ ions, replace them in the diffuse and adsorption layer and 
migrate to the surface of colloidal particles with active centers, causing the process of 
chemisorption (Figure 9). 

 
Figure 9. The mechanism of chemisorption on the surface of the slag particles. Figure 9. The mechanism of chemisorption on the surface of the slag particles.

As a result, on the surface of slag particles, chemisorption occurs with the participation
of mobile Ca2+ ions and silicate ions of the stationary surface of slag according to the
following equation:

CaH2SiO4 + Ca(ОН)2 = Ca2SiO4 + 2H2О (12)

Ca2+ ions, which are in excess, act as potential determining ions and the surface of the
slag particle is positively charged.

As a result, the GGBS micelle (micelle No. 2) can be written as follows:

{(Ca2SiO4)m nCa2+ 2(n − x) ОH−}2+· 2 × ОH− (13)

Most of the slag particles with H+ counterions (micelle No. 1) presumably remain
negatively charged due to the absence of active centers on their surface. As a result, there
is no sharp shift in the pH values of the dispersed medium to the alkaline region after a
day of sedimentation (Table 7). OH-ions forming in the medium as a result of hydrolysis
and acting as counterions are neutralized by H+ from the water medium. The pH of the
medium decreases slightly.

Thus, in the “slag-water” system without ultrasonication, two types of micelles are
formed (micelle No. 1, micelle No. 2), where slag particles are negatively and positively
charged, respectively. The presence of the electric double layer on the slag particles de-
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termines the aggregative and sedimentation stability of the sag-water system without
ultrasonic processing due to the electrostatic stability factor.

Studies of the “slag-water” system after ultrasonic processing were carried out. Figure 10
presents the results of an experiment on defining the aggregative and sedimentation
stability of slag suspensions in the water-dispersed medium after ultrasonic processing
at ν = 44 kHz, t = 15 min and tds = 25 ◦C, and Table 8 presents a comparison of particle
sedimentation rates after ultrasonic processing and without it.
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Figure 10. Dependence of the particle sedimentation rate on slag concentration after ultrasonic processing.

Table 8. Comparison of slag particles sedimentation rates in water medium after ultrasonic processing
and without it.

Slag Concentration, g/L
Vwithout ultrasonic/Vafter ultrasonic

I II III

10 3.20 2.93 2.70

30 3.21 2.88 2.59

50 6.22 2.70 2.53

From this data, it follows that ultrasonic processing provides the increase of slag
suspension stability by 2–3 times compared to suspensions without ultrasonic treatment.

Ultrasound energy provides intensive mixing of the particles in the water-dispersed
medium and their destruction with formation of slag particles of smaller size with a larger
number of active surface centers compared to conventional mechanical mixing. Slag
particles also form micelles No. 1 and No. 2. The process of slag micelle formation after
ultrasonication occurs much faster than without it; the dispersed systems demonstrate
stability, and the electrostatic factor of aggregate stability increases.

This is confirmed by slight changes in pH values of water-dispersed medium registered
in suspensions with particle concentration of 10, 30, 50 g/L immediately after ultrasonic
processing and in 24 h after it (Table 7).

The influence of prepared slag suspensions after ultrasonic processing under recom-
mended conditions, under improper conditions and without ultrasonic processing was
estimated by compressive strength test of cement stone with slag suspension admixture.
The results of the experiment are shown in Table 9.
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Table 9. Comparison of strength characteristics of samples with slag suspension under different
conditions of ultrasonic processing.

Conditions of
Preparation

Slag
Concentration, g/L

Compressive Strength, MPa

1 Day 3 Day 7 Day 28 Day

Rc σ, % Rc σ, % Rc σ, % Rc σ, %

- - 18.2 ±4.0 23.3 ±4.0 35.2 ±4.0 62.8 ±4.0

Mechanical mixing

10 20.4 ±4.0 33.8 ±4.0 42.4 ±4.0 75.6 ±4.0

30 20.3 ±4.0 33.9 ±4.0 42.2 ±4.0 76.7 ±4.0

50 19.7 ±4.0 31.5 ±4.0 40.1 ±4.0 74.0 ±4.0

Ultrasonic processing
(ν = 44 kHz, τ = 15 min;
Tdispersed medium = 25 ◦C)

10 22.8 ±4.0 37.9 ±4.0 45.7 ±4.0 78.8 ±4.0

30 22.5 ±4.5 38.3 ±4.0 46.2 ±4.0 79.9 ±4.0

50 21.3 ±4.5 35.5 ±4.0 44.1 ±4.0 77.1 ±4.0

Ultrasonic processing
(ν = 44 kHz, τ = 15 min;
Tdispersed medium = 40 ◦C)

10 19.8 ±4.5 30.1 ±4.0 40.1 ±4.0 74.5 ±4.0

30 19.5 ±4.5 30.7 ±4.0 41.0 ±4.0 74.0 ±4.0

50 18.3 ±4.5 28.9 ±4.0 39.5 ±4.0 72.2 ±4.0

Ultrasonic processing
(ν = 44 kHz, τ = 15 min;
Tdispersed medium = 50 ◦C)

10 14.4 ±4.5 22.3 ±4.0 35.7 ±4.0 66.6 ±4.0

30 14.1 ±4.5 23.6 ±4.0 38.4 ±4.0 69.2 ±4.0

50 13.4 ±4.5 20.2 ±4.0 35.5 ±4.0 69.9 ±4.0

As it follows from Table 9, the strength characteristics of samples prepared with slag
suspensions after ultrasonic processing under recommended conditions are higher than
after mechanical mixing. This confirms the effectiveness of ultrasonic energy application in
the preparation of slag suspensions.

In turn, if ultrasonic treatment of slag suspensions increases the dispersed medium
temperature >30 ◦C, the strength characteristics of the samples are significantly reduced.
This is explained by the fact that an increase in the temperature of the dispersed medium
contributes to the acceleration of the warm movement of particles, which promotes the
process of slag particles coagulation. These results correlate with the data obtained by
observing the process of sedimentation of slag suspensions prepared under improper condi-
tions (Table 10; Figure 6b). Faster sedimentation of slag particles in suspensions at elevated
temperatures, especially at t = 50 ◦C, confirms the intensity of coagulation processes.

Table 10. Time and rate of sedimentation of slag particles in water medium after ultrasonic processing
under improper conditions.

T, ◦C
Slag

Concentration,
g/L

Period of Sedimentation

I II III

Time of
Sedimentation,

min

Rate of
Sedimentation,

10−5 m/s

Time of
Sedimentation,

min

Rate of
Sedimentation,

10−5 m/s

Time of
Sedimentation,

h-min

Rate of
Sedimentation,

10−5 m/s

40 ◦C

10 12 21.3 44 5.80 3-20 1.28

30 8 31.9 23 10.87 3-00 1.42

50 4 63.8 20 12.75 2-45 1.55

50 ◦C

10 9 23.2 38 6.71 3-00 1.42

30 6 42.5 19 13.42 2-40 1.59

50 3 85.0 16 15.93 2-10 1.96

According to the results of the study, the properties of the material modified with slag
suspensions primarily depends on the ultrasonic processing temperature. If the required
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conditions are not met, and the slag suspension heats up, then rapid coagulation occurs,
which has a negative effect on the uniformity of the suspension distribution through the
cement system and, accordingly, on the properties of the cement stone. Thus, in order to
obtain an aggregate and sedimentation-stable slag suspension using ultrasonic treatment,
it is required to carry out thermostating, where the temperature of the dispersed medium
should vary within 25 ± 2 ◦C.

3.2. Stabilization of Ultrafine Slag Suspension by Plasticizing Additive

To increase the aggregate and sedimentation stability of the GGBS-water system
without ultrasonic processing, a stabilizing additive in the form of a plasticizer based on
sulfonaphthalinformaldehyde was used.

To establish the concentration of the plasticizer required to prevent coagulation in
slag suspensions, a plasticizing additive in concentration from 1 to 10 g/L was introduced
into a dispersed medium containing 5% of slag. The suspensions were transferred into
cylinders (100 cm3) to observe the sedimentation process of stabilized slag particles until
its complete sedimentation (III period of particle sedimentation). The experimental results
are shown in Table 11.

Table 11. Sedimentation stability of slag suspension without ultrasonic processing.

Parameter
Number of Cylinder

1 2 3 4 5 6 7 8 9 10

Plasticizer concentration, g/L 1 2 3 4 5 6 7 8 9 10

Protective number of
suspension,
×10−3 g/L

0.8 3.4 7.5 13.2 21 30 41 54 67.5 83

End of complete
sedimentation, h-min 2-30 3-40 4-50 5-20 6-30 6-40 6-40 6-50 6-50 7-00

As it follows from Table 11, the introduction of a plasticizer into the slag–water
system increases the sedimentation stability of slag suspensions: optimal concentration of
a sulfonaphthalinformaldehyde-based plasticizer is 5–10 g/L.

The results of the study of aggregate and sedimentation stability of slag particles
in water-polymer dispersed medium with a plasticizer concentration of 5 g/L without
ultrasonic processing are shown in Figure 11. Table 12 also provides a comparative analysis
of sedimentation rates of slag particles in water and water-polymer dispersed media.
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Figure 11. Dependence of the particle sedimentation rate on the slag concentration in water-polymer
dispersed medium.
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Table 12. Comparative analysis of the sedimentation rates of slag in water and water-polymer
dispersed medium.

Slag Concentration, g/L
Vwithout plasricizer /Vwith plasricizer

I II III

10 26.6 13.8 4.2

30 28.8 24.0 4.2

50 48.3 18.2 3.6

As it follows from Table 12, the introduction of a stabilizing additive into the suspen-
sion provides stability to the system. The suspension becomes more stable by 34.6 times in
the I period, by 18.7 times in the II period, by 4 times in the III period. The greatest effect in
the stabilization of slag particles was achieved in the first period of particles settling.

The pH tests of the water-polymer dispersed medium (Table 13) showed that the
medium became more alkaline. This confirms that the plasticizer used in the work is an
anionic surfactant.

Table 13. pH values of the dispersed medium in the “slag-water-plasticizer” system.

Period of pH
Measurement

Slag Concentration,
g/L

pH of Dispersed Medium

Without Plasticizer With Plasticizer

- - 7.6 -

- - - 8.06

After homogenization

10 7.82 8.11

30 8.02 8.13

50 8.08 8.16

In 24 h after
homogenization

10 7.72 7.99

30 7.52 7.99

50 7.24 8.02

The interaction of slag particles with a plasticizer in water medium occurs according
to the following chemical equation:

Ca2SiO4 + R-SO3-Na + HOH = CaHSiO4-OSO2-R + NaOH (14)

where R is the nonpolar radical of the surfactant.
The adsorption process starts on the surface of the particles, accompanied by the

fixation of surface-active anions—functional sulfo-groups of R-SO3
−—formed due to the

dissociation process of the plasticizer in water-dispersed medium (Figure 12).
The surface of the particle is negatively charged, H+ ions are located in the diffuse

layer. The electric double layer is formed with the participation of a plasticizer. This process
occurs on ultrafine slag particles having only a positive charge, since this plasticizer is
anionic. From this moment, the slag particle micelle (micelle 3) has the following form:

{(Ca2SiO4)m nR-SO3
− (n − x) H+}−· xH+ (15)

The formation of the adsorption layer on the surface of slag particles is influenced by
the main hydrocarbon chain directed oppositely. Radicals form strong and elastic gel-like
films on the surface of slag particles, increasing the structural and mechanical factor of
aggregate stability. In this case, the anionic component of the plasticizer adsorbs on the
surface of the particles, makes it lyophilic and promotes the formation of a solvate layer.
The described processes are confirmed by minor changes in the pH of the medium in
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the slag-water-polymer suspension after 24 h exposure (Table 13), which indicates the
effectiveness of particles stabilization with a plasticizer.
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The presence of functional groups on the surface of slag particles is confirmed by IR
spectroscopy by the presence of absorption bands in the region of 1000–1100 cm−1, related
to bending and stretching vibrations of the SO4

2−group, as well as by an increase of band
intensity in 3700–3200 cm−1 region related to water and OH– groups (Figure 13).
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The introduction of a plasticizer into a slag suspension without ultrasonic processing
promotes electrostatic, structural and mechanical and adsorption-solvate factors of aggre-
gate stability. The last of the listed factors of aggregate stability can be neglected because
its effect is minimal.

Studies of the “slag-water” and “slag-water-plasticizer” systems were carried out at
optimal concentrations of stabilizers (5 g/L) using ultrasonic processing.

Ultrasonication of slag-water-plasticizer suspension under proper conditions promotes
the increase in the stability of the system (Figure 14). Table 14 shows a comparative analysis
of the sedimentation rates of stabilized slag particles without and after ultrasonic processing.

As it follows from Table 14, a “slag-water-plasticizer” system after ultrasonic process-
ing becomes more stable. The stability of slag+ plasticizer suspensions increases by 5 times
in all periods.

Ultrasonication in the presence of a plasticizer in the “slag-water” system, promotes
slag particles to form micelles No. 3 actively; the number of active centers on the slag
surface increases, and their interaction with sulfo groups occurs at a faster rate. As a
result, a highly viscous interlayer of nonpolar radicals of sulfonaphthalene formaldehyde
molecules is forming in the adsorption layer, performing a stabilizing effect. This interlayer
remains in the adsorption layer much longer after ultrasonic treatment than after ordinary
mixing of the suspension components. Next, the electric double layer with a sufficiently
thick diffuse layer consisting of H+ ions is forming. At last, elastic gel-like films appear.
Overall, this makes the slag-water-plasticizer system after ultrasonic processing highly
stable, which is confirmed by constant pH values of the water-polymer dispersed medium
in suspensions with slag concentrations of 10, 30, 50 g/L immediately after ultrasonic
processing and in 24 h after it (Table 15).
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Figure 14. The dependence of the particle sedimentation rate on slag concentration in water-polymer
dispersed medium after ultrasonic processing.
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Table 14. Comparative analysis of the sedimentation rates of slag particles in a water-polymer
suspension after and without ultrasonic processing.

Slag Concentration, g/L
Vwithout ultrasonic proc./Vafter ultrasonic proc.

I II III

10 5.25 7.81 4.64

30 5.17 3.44 4.73

50 5.89 3.80 4.33

Table 15. pH values of the dispersed medium in water-polymer slag suspensions.

Period of pH Measurement Slag Concentration, g/L
pH of Dispersed Medium

Without Ultrasonic Proc. After Ultrasonic Proc.

- - 8.06 -

After homogenization

10 8.11 8.34

30 8.13 8.37

50 8.16 8.42

In 24 h after homogenization

10 7.99 8.36

30 7.99 8.38

50 8.02 8.41

The studies show that after ultrasonic processing there is an increase in aggregate and
sedimentation stability of “slag-water” and “slag-water-plasticizer” systems than without
it. Ultrasonic energy causes an increase in pressure in the medium up to hundreds of MPa,
which promotes more complete destruction of the material. Thus, ultrasonic action on the
slag particles in water and water-plasticizer medium causes intensive formation of new
surfaces compared to ordinary mechanical action. The subsequent formation of the electric
double layer on new interfacial surfaces leads not only to a uniform distribution of slag
particles in water but also to a uniform distribution of surfactants on the surface of slag par-
ticles in the “slag-water-plasticizer” system, thereby causing an increase in the electrostatic
and structural and mechanical factors of the aggregate stability of slag suspensions.

The quality of slag-water and slag-water-plasticizer suspensions directly depends on
the conditions of processing. Figure 15 shows the dependence of compressive strength of
cement stone on the properties of stabilized slag suspensions processed at temperatures of
the dispersed medium of 25 and 40 ◦C.

As it follows from Figure 15, the strength of cement samples with stabilized slag
particles obtained under normal conditions is higher than that of samples with stabilized
slag obtained under improper conditions of ultrasonic processing and have compressive
strength values similar to the sample containing only OPC+plasticizer. Ultrasonic process-
ing of slag suspension stabilized by a plasticizer under thermostatic conditions increases
the electrostatic, structural and mechanical factors of the aggregate stability due to the
activation of diffusion in the acoustic field. At elevated temperatures, the diffusion transfer
emerges so intensively that coagulation occurs, causing a decrease in aggregate stability
and leading to the destabilization of GGBS particles in the suspension [56,57].

Therefore, ultrasonic treatment of the “slag-water-stabilizer” system at Tdispersed medium = 25 ◦C
provides the homogenization and stabilization of the system, and an increase in the tem-
perature of the dispersed medium caused by the absorption of ultrasound, as well as in
the water slag suspension, leads to a decrease in the efficiency of particle processing, and,
accordingly, to a decline in the quality of stabilization.
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Figure 15. The effect of stabilized slag suspensions processed at different temperatures of the
dispersed medium on the compressive strength of samples.

3.3. Study of Surface-Active Properties of Plasticizer in Water of Different Hardness

To provide effective stabilization of slag suspensions with plasticizing additives, it
is necessary to consider the hardness level of water-dispersed medium. For the research,
water from two sources was used: soft (No. 1) and hard water (No. 2). The characteristics
of the water are presented in Table 16.

Table 16. Water characteristics.

Parameter Water No. 1 Water No. 2

pH 7.6 7.0

Hardness, mg-ekv/L 2.8 22.5

Fe, mg/L 0.38 0.15

Tables 17–20 show the results of sedimentation of ultrafine slag suspensions in water
and water-polymer dispersed media with a plasticizer content of 5 g/L and in water of
different hardness (water No. 1, water No. 2).

Table 17. Time and rate of sedimentation of slag particles in water dispersed media of different
hardness without ultrasonic processing.

Water
Slag

Concentration,
g/L

Period of Sedimentation

I II III

Time of
Sedimentation,

min-s

Rate of
Sedimentation,

10−5 m/s

Time of
Sedimentation,

min

Rate of
Sedimentation,

10−5 m/s

Time of
Sedimentation,

min

Rate of
Sedimentation,

10−5 m/s

No. 1

10 6-00 43.3 19 13.4 115 2.32

30 3-55 58.8 12 23.8 110 2.38

50 2-10 145.0 12 23.8 105 2.43

No. 2

10 5-40 47.1 17 15.7 110 2.42

30 3-40 72.7 10 26.7 105 2.54

50 1-50 145.0 9 29.6 100 2.67
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Table 18. Time and rate of sedimentation of slag particles in water dispersed media of different
hardness after ultrasonic processing.

Water
Slag

Concentration,
g/L

Period of sedimentation

I II III

Time of
Sedimentation,

min

Rate of
Sedimentation,

10−5 m/sec

Time of
Sedimentation,

min

Rate of
Sedimentation,

10−5 m/s

Time of
Sedimentation,

min

Rate of
Sedimentation,

10−5 m/s

No. 1

10 19 13.5 56 4.57 5-00 0.86

30 14 18.3 31 8.26 4-40 0.92

50 11 23.3 29 8.83 4-30 0.96

No. 2

10 17 15.7 53 5.05 4-50 0.92

30 12 22.2 28 9.52 4-30 0.99

50 9 29.6 26 10.26 4-20 1.03

Table 19. Time and rate of sedimentation of slag particles in water dispersed medium of different
hardness with plasticizer without ultrasonic processing.

Water
Slag

Concentration,
g/L

Period of Sedimentation

I II III

Time of
Sedimentation,

h-min

Rate of
Sedimentation,

10−6 m/s

Time of
Sedimentation,

h-min

Rate of
Sedimentation,

10−6 m/s

Time of
Sedimentation,

h-min

Rate of
Sedimentation,

10−6 m/s

No. 1

10 2-40 16.3 4-30 9.69 7-50 5.57

30 2-00 20.4 4-00 9.93 7-00 5.67

50 1-50 30 3-20 13.1 6-30 6.71

No. 2

10 0-40 61.0 2-00 22.2 5-20 8.33

30 0-25 106.7 1-30 29.6 4-40 9.52

50 0-18 148.1 1-00 44.4 4-10 10.67

Table 20. Time and rate of sedimentation of slag particles in water dispersed medium of different
hardness with plasticizer after ultrasonic processing.

Water
Slag

Concentration,
g/L

Period of Sedimentation

I II III

Time of
Sedimentation,

h-min

Rate of
Sedimentation,

10−6 m/s

Time of
Sedimentation,

h-min

Rate of
Sedimentation,

10−6 m/s

Time of
Sedimentation,

h-min

Rate of
Sedimentation,

10−6 m/s

No. 1

10 14-00 3.10 24-00 1.81 45-00 0.96

30 11-00 3.94 15-00 2.89 40-00 1.09

50 8-00 5.10 11-40 3.45 28-00 1.55

No. 2

10 3-30 12.7 9-00 4.94 30-00 1.48

30 2-30 17.8 6-30 6.84 25-00 1.78

50 1-40 26.7 5-50 7.62 18-00 2.47

The results of the studies show that the sedimentation rate in water dispersed medium
No. 2 increased in the I period—from 0 to 27%; in the II period—from 10 to 24%; in the III
period—from 4 to 9% compared with water No. 1, both after ultrasonic processing and
without it (Tables 17 and 18).

It was also noted that the stabilizing effect of the plasticizing additive is less in hard
water (No. 2) than in soft water (No. 1) at the same concentration of the plasticizer, both
with and without ultrasonic treatment (Tables 19 and 20).
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The sedimentation rate in the water-polymer dispersed medium No. 2 increased in
the I period—by 3–5 times; in the II period—by 2–3 times; in the III period—from 50 to
60% compared with the water-polymer dispersed medium No. 1, both with and without
ultrasonic treatment.

To study the effect of water No. 1 (soft) and No. 2 (hard) on the stabilizing effect of the
plasticizing additive, the surface tension of the plasticizer was determined depending on
the concentration of solutions. The critical micelle concentration (CMC) was found using
the surface tension data. CMC is the starting point for explaining the stabilizing effect of the
plasticizer on the dispersed system in waters with different hardness, since the formation
of surfactant micelles reduces particles stabilization.

Surfactant solutions were prepared to determine its surface-active properties (Table 21):

Table 21. Plasticizer solutions concentrations for the evaluation of its surface-active properties.

Water Plasticizer Concentration, g/L

No. 1 1 1.25 1.5 2 3 4 5 6 7 8 9 10 11 12 - - - - - - -

No. 2 1 1.25 1.5 2 3 4 5 6 7 8 9 10 11 12 13 14 15 18 20 23 25

The choice of concentrations is determined by the characteristics of the plasticizer
and water.

According to values, obtained by the stalogmometric method, a graph σ = f (cν)
(Figure 16) was constructed, with further determination of surface activity and Gibbs
adsorption of plasticizer solutions.

To determine the surface-active properties of the plasticizer, it is necessary to establish
the stoichiometric coefficient of the electrolyte.

If the plasticizer dissociates in the general form R-SO3-Na → R-SO3
− + Na+, then

υ+ = 1 и υ− = 1, hence υ = 2, where υ± is the number of ions formed during the dissociation
of surfactant molecules.
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Figure 16. Surface tension isotherms of the plasticizer in σ-Cν coordinates: (a)—in soft water No. 1,
(b)—in hard water No. 2.

From the isotherms (Figure 16), calculations were carried out to construct Gibbs
adsorption isotherms Г= f(cν) for this ionnogenic surfactant, taking into account different
characteristics of the solvent (water) (Figure 17).
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Figure 17. Gibbs adsorption isotherm of the plasticizer in Г-Cν coordinates: (a)—in soft water No. 1,
(b)—in hard water No. 2.

These dependencies allow us to draw conclusions about the adsorption activity of
water surfactant solutions before and after micelle formation. The type of adsorption
isotherm for water solutions of ionogenic surfactants is defined by its dissociation in
volume and a significant decrease in dissociation in the surface layer due to the nonpolarity
of the adjacent phase.

To determine the CMC of surfactant solutions, dependencies σ = f(lgCν) were con-
structed (Figure 18). From the graphs, values of lgCν CMC were determined with the
subsequent finding of CMC for plasticizer.
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Figure 18. Surface tension isotherms of the plasticizer in σ-lgCν coordinates: (a)—in soft water No. 1,
(b)—in hard water No. 2.

CMC was derived from the surface tension isotherm of colloidal surfactants: above
CMC, the processes of micelle formation spontaneously occur, and the solution transforms
from the molecular dispersed state to the state of associated micelles. When the monolayer
is completely filled (Г = A∞, where A is absolute adsorption), a constant value of σ
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corresponds to a constant value of the chemical potential of surfactant in the solution,
which determines the micelle formation as the process when a new phase emerges.

Spherical micelles are formed in surfactant solutions at concentrations close to CMC; the
number of aggregations grows rapidly in a narrow concentration range. Spherical micelles
contain from 20 to 100 molecules. With a further increase in the concentration, i.e., exceeding
the value of CMC, the number of micelles in which polymorphic transformations occur
increases, and the solution transforms into a micellar (associative) colloidal system.

The study found that this type of plasticizer is characterized by two CMCs, both in soft
and hard waters. The appearance of two points on the curve can be explained by the exis-
tence of several types of micelles. At concentrations above CMC1, unstable spherulites-type
micelles occur and then disappear. CMC2 stable spherical micelles form and then trans-
form into non-spherical asymmetric micelles. At concentrations of plasticizer 1.5–2 times
their CMC2, they lose the ability to dissolve and precipitate. It is unacceptable to add a
plasticizer at concentrations above CMC2, because of structural changes in the micelles of
the plasticizer. Thus, the concentration of the plasticizer should not exceed CMC1.

The obtained data of surfactant properties (surface activity, Gibbs adsorption, CMC)
are shown in Table 22.

Table 22. Characteristics of plasticizer solutions.

Water lgCν at CMC1/CMC2 CMC1/CMC2, g/L g±, ×10−4 J·m/mole Г × 10−6 mole/m2

at CMC1/CMC2

Г∞1/Г∞2, ×10−6

mole/m2

1 1.56/2 6/10 7.39 2.7/5.25 2.78/5.39

2 1.69/2.6 7/20 0.71 0.29/1.84 0.29/1.91

To compare the characteristics of the plasticizer in water No. 1 and No. 2, graphs σ =
f(lgCν) and Г = f (Cν) were constructed (Figure 19).
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Figure 19. Characteristics of the plasticizer in waters No. 1 (soft) and No. 2 (hard): (a)—σ = f(lgCν);
(b)—Г = f (Cν).

As it follows from Table 22 and Figure 19, the surface activity and Gibbs adsorption
of plasticizer solutions are lower in hard water than in soft water. CMC1 and CMC2 for
plasticizer solutions in hard water are shifted towards higher concentrations, i.e., the values
of CMC1 and CMC2 increase in hard water plasticizer solutions. This indicates that calcium
and magnesium ions suppress micelle formation in the plasticizer solution. Consequently,
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to stabilize fine particles, for example, slag, it is necessary to introduce a larger amount
of plasticizer. It can also be assumed that to obtain the specified properties of cement
stone, it is necessary to increase the amount of the plasticizer when preparing cement or
cement-sand mortars with hard water.

To confirm this hypothesis, physical, mechanical and structural properties of Port-
land cement-based composites with ultrafine components (GGBS concentration is 3 g/L)
prepared with soft and hard water with plasticizer at different concentrations were tested
(Figures 20 and 21).
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Figure 20. The dependence of the strength of the samples on the concentration of the plasticizer: (a,b)—soft
water (No. 1); (c,d)—hard water (No.2); (a,c)—at 1 day of hardening; (b,d)—at 28 days of hardening.
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As it follows from Figure 20, both in soft and hard water up to CMC1 (6 g/L—for
soft water and 7 g/L—for hard water), the strength of samples, both with plasticizer and
samples containing stabilized slag suspension, increases. At concentrations close to CMC1
(7 g/L for soft water and 8 g/l for hard water), the results are comparable to those at CMC1.
With an increase in concentration up to CMC2, there is a gradual decrease in the strength
of the samples (8–9 g/L—for soft water, 9–15 g/L—for hard water). At CMC2 and above,
there is a sharp decrease in the strength of the samples (10–12 g/L for soft water, 20–25 g/L
for hard water).

The results in Figure 21 show that the same trend can be traced for porosity values:
the porosity of the samples is the lowest at CMC1 and in its region (5–6 g/L—for soft water;
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6–7 g/L—for hard water), both for samples containing only a plasticizer and for samples
containing a stabilized slag suspension.

From this study, we can conclude that surface-active properties of a plasticizer, defined
in water of different hardness, allow us to establish optimal concentration of a plasticizer
both for the preparation of cement-sand mortars and for the stabilization of ultrafine
admixture for cement system.

3.4. Studying the Properties of Composites

To establish the effect of slag suspensions on the properties of cement composites,
construction and technical properties of cement mortar were investigated, tests of compres-
sive and flexural strength, studies of sulfate attack resistance and porosity of cement-sand
samples were conducted.

The construction and technical properties of an OPC-based cement mortar containing
slag suspension are presented in Table 23 and, on the basis of SPC, in Table 24.

Table 23. Construction and technical properties of cement mortar based on OPC with slag suspension.

Dispersed
Medium

Slag
Concentration, g/l

Normal Consistency, % Setting Time

Without
Ultrasonic
Processing

After
Ultrasonic
Processing

Without Ultrasonic
Processing

After Ultrasonic
Processing

Initial Final Initial Final

h-min h-min h-min h-min

Water

0 25.0 - 2-40 5-00 - -

10 25.0 25.0 3-05 5-35 3-00 5-30

30 25.5 25.5 3-15 5-40 3-10 5-30

50 25.5 25.5 4-05 6-05 3-30 5-45

Water-plasticizer *

0 23.0 23.0 2-30 4-50 2-30 4-50

10 23.5 24.0 3-10 5-20 2-40 4-55

30 23.5 24.5 3-15 5-30 2-45 5-00

50 24.0 24.5 3-30 5-45 3-10 5-10

* the concentration of the plasticizer in the slag suspension is 5 g/L.

Table 24. Construction and technical properties of cement mortar based on SPC with slag suspension.

Dispersed
Medium

Slag
Concentration, g/l

Normal Consistency, % Setting Time

Without
Ultrasonic
Processing

After
Ultrasonic
Processing

Without Ultrasonic
Processing

After Ultrasonic
Processing

Initial Final Initial Final

h-min h-min h-min h-min

Water

0 25.0 - 2-50 3-40 - -

10 25.0 25.5 3-00 4-10 3-00 4-05

30 25.0 25.5 3-10 4-15 3-10 4-10

50 25.0 25.5 3-15 4-20 3-10 4-15

Water-plasticizer *

0 23.0 23.0 2-40 3-30 2-40 3-30

10 23.5 24.5 2-55 3-55 2-35 3-40

30 23.5 24.5 3-00 4-00 2-40 3-45

50 23.5 24.5 3-10 4-10 2-50 3-50

* the concentration of the plasticizer in the slag suspension is 5 g/L.
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The results show that when water-slag suspension is introduced into cements, the
water-cement ratio remains constant or increases slightly even after ultrasonic processing.

If a water-polymer slag suspension is introduced into cement composite, normal
consistency of the cement mortar decreased compared to the reference sample, which is
due to the mechanism of interaction of plasticizer particles with the surface of cement
and slag grains. In samples containing water-polymer slag suspensions, compared to
the sample with plasticizer only, there is also a slight increase in the water cement ratio
without and after ultrasonic processing. However, after ultrasonic processing, the water
demand is higher than without it. The reason is that a larger number of active centers
are formed on the surface of slag particles, leading to the formation of a larger number of
positively charged areas of the slag grain surface that interact with the anionic component
of the plasticizer. This determines the higher water demand of cement mortar containing
water-polymer slag suspension after ultrasonic treatment.

There is a slowdown in the setting time of samples based on OPC and SPC containing
water slag suspension compared to the control sample, as well as for samples containing
water-polymer slag suspension without ultrasonic processing when compared to the sample
with plasticizer only. This can be explained by the large quantity of slag grains with a
negative surface charge which cannot be occupied by plasticizer. This process leads to
inhibition of the cement hydration process.

In samples containing water-polymer slag suspension after ultrasonication, an acceler-
ation of setting time is observed compared to samples with water-polymer slag suspension
without ultrasonic processing. This is due to the formation of new surfaces that cause
the intensification of hydrolysis and hydration processes with the formation of a larger
number of positively charged slag particles where a plasticizer can adsorb. Stabilized slag
particles prevent the immobilization of water with a plasticizer, promoting its access to
clinker cement minerals, thereby accelerating the setting time of cement mortar. Since the
suspension contains positively and, presumably, negatively charged slag particles which
are not covered with a plasticizer, the setting time of samples with slag and plasticizer after
ultrasonic processing slowdown compared to samples containing only a plasticizer.

For strength tests, cubes of 20 × 20 × 20 mm in size from cement mortar with water
and water-polymer slag suspensions were prepared. The results of the study for OPC-based
samples are presented in Table 25 and for SPC—in Table 26.

The results of the study show that introduction of ultrafine slag suspension into the
cement composition promotes the increase in strength characteristics of the cement stone
for both OPC- and SPC-based samples. The maximum results were obtained for samples
containing a stabilized slag suspension.

Table 25. Strength characteristics of OPC-based samples with slag suspension.

Dispersed
Medium

Slag
Concentration,

g/L

Compressive Strength, MPaAge (Days)

Without Ultrasonic Procesing After Ultrasonic Procesing

1 3 7 28 1 3 7 28

Rc σ, % Rc σ, % Rc σ, % Rc σ, % Rc σ, % Rc σ, % Rc σ, % Rc σ, %

Water

0 18.2 ±4 23.3 ±4 35.2 ±4 62.8 ±4 - - - - - - - -

10 20.4 ±4 28.8 ±4 43.4 ±4 77.6 ±4 22.8 ±4 37.9 ±4 45.7 ±4 78.8 ±4

30 20.3 ±4 28.9 ±4 44.2 ±4 78.7 ±4 22.5 ±4 38.3 ±4 46.2 ±4 79.9 ±4

50 19.6 ±4 27.5 ±4 41.1 ±4 78.0 ±4 21.3 ±4 35.5 ±4 44.1 ±4 77.8 ±4

Water-
plasticizer

*

0 16.1 ±4 29.9 ±4 47.1 ±4 71.1 ±4 16.3 ±4 29.6 ±4 46.6 ±4 71.1 ±4

10 22.1 ±4 36.8 ±4 49.3 ±4 83.5 ±4 25.9 ±4 44.6 ±4 54.3 ±4 87.8 ±4

30 22.9 ±4 36.2 ±4 49.7 ±4 83.2 ±4 26.6 ±4 46.8 ±4 55.0 ±4 88.5 ±4

50 21.7 ±4 35.3 ±4 48.2 ±4 82.4 ±4 24.9 ±4 42.9 ±4 51.6 ±4 86.5 ±4

* the concentration of the plasticizer in the slag suspension is 5 g/L.



Buildings 2023, 13, 925 29 of 36

Table 26. Strength characteristics of SPC-based samples with slag suspension.

Dispersed
Medium

Slag
Concentration,

g/L

Compressive Strength, MPaAge (Days)

Without Ultrasonic Processing After Ultrasonic Processing

1 3 7 28 1 3 7 28

Rc σ, % Rc σ, % Rc σ, % Rc σ, % Rc σ, % Rc σ, % Rc σ, % Rc σ, %

Water

0 12.5 ±4 16.4 ±4 26.2 ±4 40.2 ±4 - - - - - - - -

10 15.1 ±4 28.7 ±4 39.8 ±4 58.2 ±4 17.2 ±4 32.6 ±4 43.4 ±4 63.6 ±4

30 15.5 ±4 29.6 ±4 40.3 ±4 61.9 ±4 17.9 ±4 33.4 ±4 44.7 ±4 63.9 ±4

50 14.6 ±4 23.1 ±4 39.7 ±4 60.7 ±4 16.8 ±4 29.8 ±4 41.1 ±4 62.5 ±4

Water-
plasticizer

*

0 10.9 ±4 18.2 ±4 31.4 ±4 49.9 ±4 10.8 ±4 18.7 ±4 31.9 ±4 50.5 ±4

10 17.3 ±4 33.4 ±4 43.3 ±4 64.1 ±4 20.4 ±4 38.7 ±4 46.5 ±4 73.7 ±4

30 17.8 ±4 33.9 ±4 42.9 ±4 64.9 ±4 20.5 ±4 39.1 ±4 46.9 ±4 74.9 ±4

50 17.0 ±4 31.8 ±4 40.4 ±4 63.3 ±4 19.9 ±4 38.1 ±4 45.7 ±4 73.1 ±4

* the concentration of the plasticizer in the slag suspension is 5 g/L.

It was noted that the strength of OPC-based samples increased by 41.8% after one day
of hardening (from 18.2 to 25.8 MPa) compared to the control sample and by 58.1% (from
16.1 to 25.8 MPa) compared to the sample with only a plasticizer. At 28 days, the strength
increased by 39.5% (from 62.8 to 87.6 MPa) compared to the control sample and by 23.2%
(from 71.1 to 87.6 MPa) compared to the sample with plasticizer only.

The first day strength of SPC-based samples increased by 62.4% (from 12.5 to 20.3 MPa)
compared to the control sample and by 1.9 times (from 10.9 to 20.3 MPa) compared to the
sample containing only a plasticizer. The 28-day strength increased by 1.8 times (from
40.2 to 73.9 MPa) compared to the control sample and by 46.3% (from 50.5 to 73.9 MPa)
compared to the sample containing only plasticizer.

The studies show that the highest compressive strength is provided by the introduction
of a stabilized slag suspension with a GGBS content of 30 g/l into cements based on OPC
and SPC.

Based on the results of the study standard (40× 40× 160 mm), samples were prepared
from 1:3 cement-sand mortar based on OPC and SPC containing a stabilized slag suspension
with a slag concentration of 30 g/l for flexural and compressive strength tests (Table 27).

Table 27. Physical and mechanical characteristics of cement mortar.

Composition

Flexural Strength (MPa)
Age (Days)

Compressive Strength (MPa)
Age (Days)

1 3 7 14 28 1 3 7 14 28

Rc
σ,
% Rc

σ,
% Rc

σ,
% Rc

σ,
% Rc

σ,
% Rc

σ,
% Rc

σ,
% Rc

σ,
% Rc

σ,
% Rc

σ,
%

OPC 2.42 ±4 2.6 ±4 4.4 ±4 5.4 ±4 6.4 ±4 13.4 ±4 19.4 ±4 27.1 ±4 33.1 ±4 47.7 ±4

OPC+GGBS 2.79 ±4 3.9 ±4 5.0 ±4 6.0 ±4 7.1 ±4 19.7 ±4 34.5 ±4 41.6 ±4 58.7 ±4 61.8 ±4

SPC 1.98 ±4 2.3 ±4 4.1 ±4 5.0 ±4 5.2 ±4 7.4 ±4 15.1 ±4 24.2 ±4 29.4 ±4 43.6 ±4

SPC+GGBS 2.48 ±4 3.4 ±4 4.7 ±4 5.5 ±4 6.1 ±4 12.7 ±4 24.2 ±4 36.5 ±4 44.1 ±4 56.2 ±4

The results of the studies showed that the flexural strength of modified OPC-based
samples increased by 15% in the initial periods of hardening; compressive strength in-
creased by 47%; flexural strength of SPC-based samples increased by 25%; compressive
strength increased by 72% in the initial periods of hardening.

The 28-day flexural strength of modified OPC-based samples increased by 10%; com-
pressive strength increased by 30%; modified samples based on SPC flexural strength
increased by 17.5%, and compressive strength increased by 29%.

To study the resistance to sulfate attack, modified samples were placed in a 2% solution
of sulfuric acid and exposed for 7, 14, 28, 56, and 90 days.

To study deterioration processes, samples of 40 × 40 × 160 mm were used, prepared
from 1:3 cement-sand mortar at 28 days age. They were placed in nonaggressive and
aggressive medium in parallel. Potable water was used as a nonaggressive medium.
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To provide equal access of the aggressive medium to the samples, they were placed in
a container avoiding contact with other samples and the container walls. The samples were
completely immersed in an aggressive medium by hanging with a rope. The solution layer
above the samples was at least 20 cm.

The samples were tested in series: one before immersion in the medium, then one
series after each exposure period.

The concentration of the aggressive medium was regularly tested. Its characteristics should
not vary by more than 5%. The temperature of the medium was also constant 22 ± 3 ◦C.

After the exposure period, the samples were removed from the container, rinsed with
tap water, dried, then tested and weighed.

After exposure, studies of physical, mechanical and structural properties were carried
out, and the resistance coefficient of the samples was determined. The results of the research
are shown in Figures 22 and 23.

Buildings 2023, 13, x FOR PEER REVIEW 32 of 39 
 

The results of the studies showed that the flexural strength of modified OPC-based 
samples increased by 15% in the initial periods of hardening; compressive strength in-
creased by 47%; flexural strength of SPC-based samples increased by 25%; compressive 
strength increased by 72% in the initial periods of hardening. 

The 28-day flexural strength of modified OPC-based samples increased by 10%; 
compressive strength increased by 30%; modified samples based on SPC flexural strength 
increased by 17.5%, and compressive strength increased by 29%. 

To study the resistance to sulfate attack, modified samples were placed in a 2% so-
lution of sulfuric acid and exposed for 7, 14, 28, 56, and 90 days.  

To study deterioration processes, samples of 40 × 40 × 160 mm were used, prepared 
from 1:3 cement-sand mortar at 28 days age. They were placed in nonaggressive and ag-
gressive medium in parallel. Potable water was used as a nonaggressive medium. 

To provide equal access of the aggressive medium to the samples, they were placed 
in a container avoiding contact with other samples and the container walls. The samples 
were completely immersed in an aggressive medium by hanging with a rope. The solu-
tion layer above the samples was at least 20 cm. 

The samples were tested in series: one before immersion in the medium, then one 
series after each exposure period. 

The concentration of the aggressive medium was regularly tested. Its characteristics 
should not vary by more than 5%. The temperature of the medium was also constant 22 ± 
3 °C. 

After the exposure period, the samples were removed from the container, rinsed 
with tap water, dried, then tested and weighed. 

After exposure, studies of physical, mechanical and structural properties were car-
ried out, and the resistance coefficient of the samples was determined. The results of the 
research are shown in Figures 22 and 23. 

 
Figure 22. Dependence of compressive strength on exposure time in 2% H2SO4 solution. 

30

35

40

45

50

55

60

65

0 10 20 30 40 50 60 70 80 90

C
om

pr
es

si
ve

 st
re

ng
th

, M
Pa

exposure period, days

OPC OPC+GGBS SPC SPC+GGBS

Figure 22. Dependence of compressive strength on exposure time in 2% H2SO4 solution.

Buildings 2023, 13, x FOR PEER REVIEW 33 of 39 
 

 
Figure 23. Resistance coefficient and porosity of samples exposed in a sulfate medium for 3 months. 

As it follows from Figure 22, modified samples are more stable in an aggressive 
medium. The strength of the modified OPC-based samples on the 90th day of exposure is 
51.9 MPa, which is 59% higher than the strength of the control sample; the strength of the 
modified SPC-based sample is 49.9 MPa, which is 32% higher than the strength of the 
control sample. 

When comparing the strength of samples exposed in aggressive medium for 90 
days, there is a decrease in the strength of OPC-based samples by 31% compared to OPC 
samples without additives and by 16% for modified OPC-based samples; the strength of 
the SPC-based sample decreased by 13.5% compared to SPC samples without additives 
and by 11% for modified SPC-based samples. The studies show that presence of ultrafine 
slag in the cement composition provides better sulfate attack resistance for both PC and 
SPC-based samples. 

The increased sulfate attack resistance is due to the formation of a dense stone with 
reduced porosity, as it follows from Figure 23. This is especially evident for modified 
SPC-based samples. The results can be explained by the fact that the pores in the cement 
stone are filled by hydration products resulting in the formation of a denser structure. 
This process prevents the filtration of aggressive medium deep into its structure. 

4. Discussion 
The studies show that in order to obtain increased characteristics of cement stone by 

introducing ultrafine component into the cement system, in this case, ultrafine slag, it is 
necessary to achieve uniformity of its distribution in the material. The most efficient re-
sult can be achieved by introducing an ultrafine admixture in the form of a stabilized 
suspension instead of mixing water. Stabilization of the suspension is provided by an 
integrated approach: chemical (using a plasticizer) and physical (using ultrasonic pro-
cessing) exposure. Ultrasonic homogenization and stabilization of GGBS suspension at 
UZDN-I device should be carried out under proper conditions: the frequency of ultra-
sonic vibrations is 44 kHz, the time of treatment is 15–20 min, the temperature of the 
dispersed medium is within 25 ± 2 °C. Otherwise, two competing processes will occur in 
the suspensiIn: intensive Brownian motion and coagulation, leading to aggregation of 
particles, and, consequently, to an uneven distribution of slag particles in the suspension 
and, accordingly, in the cement system, which leads to a decrease in the strength char-
acteristics of the cement stone. 

0.85

0.9

0.93

0.98

10

11

12

13

14

15

16

17

18

0.75

0.8

0.85

0.9

0.95

1

OPC OPC+GGBS SPC SPC+GGBS

Po
ro

si
ty

, %

Re
si

st
an

ce
 c

oe
ffi

ci
en

t

Resistnce coifficient Porosity, %

Figure 23. Resistance coefficient and porosity of samples exposed in a sulfate medium for 3 months.

As it follows from Figure 22, modified samples are more stable in an aggressive
medium. The strength of the modified OPC-based samples on the 90th day of exposure
is 51.9 MPa, which is 59% higher than the strength of the control sample; the strength of
the modified SPC-based sample is 49.9 MPa, which is 32% higher than the strength of the
control sample.
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When comparing the strength of samples exposed in aggressive medium for 90 days,
there is a decrease in the strength of OPC-based samples by 31% compared to OPC samples
without additives and by 16% for modified OPC-based samples; the strength of the SPC-based
sample decreased by 13.5% compared to SPC samples without additives and by 11% for
modified SPC-based samples. The studies show that presence of ultrafine slag in the cement
composition provides better sulfate attack resistance for both PC and SPC-based samples.

The increased sulfate attack resistance is due to the formation of a dense stone with
reduced porosity, as it follows from Figure 23. This is especially evident for modified
SPC-based samples. The results can be explained by the fact that the pores in the cement
stone are filled by hydration products resulting in the formation of a denser structure. This
process prevents the filtration of aggressive medium deep into its structure.

4. Discussion

The studies show that in order to obtain increased characteristics of cement stone by
introducing ultrafine component into the cement system, in this case, ultrafine slag, it is
necessary to achieve uniformity of its distribution in the material. The most efficient result
can be achieved by introducing an ultrafine admixture in the form of a stabilized suspension
instead of mixing water. Stabilization of the suspension is provided by an integrated
approach: chemical (using a plasticizer) and physical (using ultrasonic processing) exposure.
Ultrasonic homogenization and stabilization of GGBS suspension at UZDN-I device should
be carried out under proper conditions: the frequency of ultrasonic vibrations is 44 kHz,
the time of treatment is 15–20 min, the temperature of the dispersed medium is within
25 ± 2 ◦C. Otherwise, two competing processes will occur in the suspensiIn: intensive
Brownian motion and coagulation, leading to aggregation of particles, and, consequently,
to an uneven distribution of slag particles in the suspension and, accordingly, in the cement
system, which leads to a decrease in the strength characteristics of the cement stone.

For the stabilization of fine particles by chemical action, the concentration of the
stabilizer and hardness of water should be taken into account. With higher water hardness,
more stabilizer is required to be introduced into the suspension; the concentration should
be lower than CMC, otherwise, there will be an increase in the quantity of micelles in
which polymorphic transformations occur, and the stabilizer solution will transform into
the micellar (associative) colloidal system, which is unable to stabilize fine particles in the
suspension and, accordingly, in the cement system.

It was also found that the samples with slag suspensions, stabilized using an integrated
approach, perform higher structural, physical and mechanical characteristics because the
particles of the suspension with a plasticizer entirely involved into the hydration process in
the cement system (Figure 24).

Stabilized slag particles not only act as centers of directed crystallization, concentrating
hydration products on their surface, but also react with calcium hydroxide formed as
a product of hydrolysis and hydration of clinker minerals, which promotes intensive
nucleation and growth of crystallohydrates.

Initial hydrate compounds and stabilized slag suspensions form a stable colloidal system.
Then, self-reinforcement process occurs, associated with the recrystallization of colloidal-sized
compounds into larger ones with specific needle- and long-fiber-like habitus (Figure 25).

Such crystallohydrates are involved in the construction of cement matrix, which, due
to prolonged hydration, is compacted and strengthened, thereby contributing to an increase
in strength characteristics of the stone. The results of this work show that the introduction
of stabilized GGBS suspensions contributes to an increase in the initial and 28-day strength
of OPC- and SPC-based samples, which allows for the use of this type of cement without
heat and moisture treatment in multi-storey building construction.

The studies show that when ultrafine admixture is introduced into the composition of
a cement-sand mortar, the structure of the cement stone becomes denser. This leads to an
increase in the sulfate attack resistance of the material in a sulphate medium.
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participation of slag stabilized with a plasticizer in the construction of a cement stone matrix (b).
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Increased density and sulfate attack resistance of the obtained composites demonstrate
that concrete based on this material can be used as a protective layer of steel reinforcement.
It is assumed that the ultrafine component in the protective layer of concrete provides
dense structure of the cement stone which can prevent concrete cover separation under
aggressive external medium and increase its durability.

5. Conclusions

The authors considered the possibility of introducing GGBS into the cement system in
the form of a stabilized slag suspension instead of mixing water. This method provides uni-
form distribution of the additive in the matrix of the material and contributes to improving
technical characteristics of the final product.

To investigate the increased characteristics of cement stone modified with ultrafine
additive, a number of studies on homogenization and stabilization of fine slag suspension
were conducted.

The authors established optimal parameters for ultrasonic processing at UZDN-I
device to achieve uniform distribution of fine slag additive in the suspension: the processing
time is 15–20 min, the frequency of ultrasonic vibrations is 44 kHz, the temperature of the
dispersed medium is 25 ± 2 ◦C.

To describe physical and chemical processes occurring during the introduction of fine
slag into water and water-polymer dispersed media, the authors investigated mechanisms
of interaction of fine slag with water, the process of chemisorption on the surface of slag
particles and its stabilization with a plasticizer. This data allows to form the concept of
aggregate and sedimentation stability of slag particles in suspension.

It was found Ihat in slag-water systems without ultrasonic processing, two types of
micelles are formed (micelle No. 1, micelle No. 2) with negatively and positively charged
slag particles, respectively. The presence of the electric double layer on slag particles
determines the aggregate and sedimentation stability of the slag-water system without
ultrasonic processing due to the electrostatic stability factor.

When a plasticizer is introduced into slag suspension without ultrasonic processing,
electric double layer is formed with the participation of a plasticizer (micelle 3). This
occurs only on positively charged ultrafine slag particles since the plasticizer is anionic.
Thus, when introducing a plasticizer into a slag suspension without ultrasonic processing,
electrostatic, structural, mechanical and adsorption-solvate factors of aggregate stability
mainly work. The last factor can be neglected because its influence is minimal.

Under ultrasonic energy in the presence of a plasticizer, slag particles participate in the
formation of micelles No. 3 actively. As a result, the quantity of active centers on the slag
surface increases, and their intensive interaction with the sulfo-groups of the plasticizer
occurs. This leads, firstly, to the appearance of a highly viscous stabilizing interlayer of
nonpolar radicals of plasticizer molecules in the adsorption layer, which remains there
much longer compared to conventional mechanical mixing and secondly to the formation
of the electric double layer with a sufficiently thick diffuse layer of H+ ions. Thirdly, it
leads to the presence of elastic gel-like films. Thus, the “slag-water-plasticizer” system after
ultrasonic processing performs maximal stability.

The authors also found that the stabilization of GGBS particles by a plasticizer is
affected by the hardness of water, which is the main part of the dispersed medium in the
suspension. The higher the water hardness, the more plasticizer is required to stabilize
slag particles. However, studies of plasticizer surface-active properties show that the
concentration of the plasticizer should not exceed the CMC value, otherwise there will be
an increase in the quantity of micelles in which polymorphic transformations occur, leading
to the transition of the solution into a micellar colloidal system. The formation of such a
system cannot provide the stabilization of fine particles in the suspension and, accordingly,
in the cement system.
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The studies of homogenization and stabilization of the slag suspension allowed us to
prove the possibility of uniform distribution of fine particles in the cement matrix, followed
by the formation of a denser and stronger cement stone structure.

Higher strength characteristics of cement-sand samples containing ultrafine slag
were observed.

The results of the studies show that in the initial hardening periods, flexural strength
of modified OPC-based samples increased by 15% (from 2.42 to 2.79 MPa), compressive
strength by 47% (from 13.4 to 19.7 MPa); in modified samples based on SPC, flexural strength
increased by 25% (1.98 to 2.48 MPa), compressive strength by 72% (from 7.4 to 12.7 MPa).

The results of 28-day strength characteristics showed that in modified samples based
on OPC, flexural strength increased by 10% (from 6.41 to 7.06), compressive strength by
30% (from 47.7 to 61.8); in modified samples based on SPC, flexural strength increased by
17.5% (from 5.21 to 6.12 MPa), compressive strength by 29% (from 43.6 to 56.2 MPa).

The tests conducted to establish sulfate attack resistance show that modified samples
are more stable in an aggressive medium. The strength of modified OPC-based samples is
51.9 MPa on the 90th day of exposure (resistance coefficient is 0.9), which is 59% higher
than the strength of the control sample; the strength of the modified SPC-based sample is
49.9 MPa (resistance coefficient is 0.98), which is 32% higher than the strength of the control
sample. The increased sulfate attack resistance of the samples is due to the formation of
a dense stone with reduced porosity. This is confirmed by studies of the structure of the
samples. It is noted that the porosity of modified OPC-based samples at 28 days decreases
by 14% compared to the control sample; the porosity of modified SPC-based samples at
28 days of hardening decreases by 18% compared to the control sample.

The obtained results can be explained by the fact that pores in the cement stone are
filled with hydration products which make the structure of the cement stone denser. This
prevents the filtration of aggressive solutions deep into its structure. Thus, concrete based
on a cement composite with GGBS particles can be used as a protective layer for steel
reinforcement in a reinforced concrete structure.
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