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Abstract: Clinker bricks have always attracted consumers with their high physical and mechanical
characteristics: strength, dense structure, frost resistance, low water absorption values. In recent years,
enterprises producing ceramic materials have begun to look for the opportunity to produce these prod-
ucts in Russia. With increased demand for clinker bricks, a technology has emerged for creating large -
sized clinker stones which feature increased voids — 60-80%, an average density of 450-700 kg/m? and
thermal conductivity of 0.8-0.11 W/(m-°C), and a compressive strength of 10-30 MPa. The use of
such wall products in construction projects predetermines specific building mixtures for masonry work
that would meet the required values for strength, water absorption, vapor permeability and, at the same
time, would have reduced thermal conductivity characteristics. To develop such masonry mortars, it is
necessary to select the grain composition of quartz sand forbuilding mixtures to ensure structural
strength indicators. Thus, the research aims at finding lightweight aggregate and increasing porosity in
order to improve the heat-shielding properties of clinker brick masonry and clinker high-hollow large -
sized blocks.
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1. INTRODUCTION

An increased number of floors in buildings and structures, growing numbers of reconstruction pro-
jects, and stricter requirements for the energy efficiency of construction projects predetermine the con-
stant introduction of innovative technologies in the wall products manufacture. Given the existing high
competition from reinforced concrete, which is considered as a durable and reliable material in its
structure, high-quality brickwork still has a priority position in architectural expressiveness, being an
attribute of financial well-being.
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Peculiar climatic conditions that have developed in Russia determine high clinker bricks popularity
in low-rise construction, finishing of facades, and enclosing structures construction.

Clinker brick is a product made from natural raw materials by firing high-quality clays at tempera-
tures of 1100-1200 °C. High-temperature treatment results in active sintering of clay minerals occur-
ring until a glassy phase is formed, which makes it possible to obtain products of increased density and
strength, and therefore better durability, resistance to precipitation and ultraviolet radiation [1].

In accordance with the requirements of Russian regulatory documents and European standards,
wall clinker can include products with a compressive strength of over 30 MPa, a flexural strength of
over 4.4 MPa, water absorption of 2.5-6.0% and frost resistance grades F75-300 [2]. Today, standards
that impose high requirements for the thermal protection of buildings redefine the need to create wall
products with increased voids, reduced density, and thermal conductivity values of 0.8-
0.11 W/(m-°C).

Academic experts from Don State Technical University (Russia) focus on developinga new tech-
nology for the clinker brick manufacture and have obtained positive results in creating wall products
with water absorption varying from 0.1 to 3.0%, a compressive strength between 100 and 250 MPa
and a bending strength between 40 and 70 MPa based on stone-like clay raw materials, the deposits of
which have large reserves of mudstones, clay shales, micaschists, etc. Ceramics as a material with
such properties makes it possible to obtain new promising types of wall ceramic productson its basis.
The increased voidness of such products with numerous small voids ensures low thermal conductivity,
and the strength of clinker ceramics itself ensures a fairly high strength of products [3].

In accordance with Code of Practice 15.13330.2020, clause 4.1, “When designing masonry and re-
inforced masonry structures, structural solutions, products and materials should be used that provide
the required load-bearing capacity, durability <...>thermal characteristics of structures as well as tem-
perature and humidity conditions <...>”. Thus, when carrying out masonry work using effecient clink-
er bricks, itis crucial to apply appropriate masonry mortars that provide the necessary properties of the
entire structure, have increased strength and frost resistance, and at the same time boast improved
thermal characteristics.

The specified parameters of dry building mixtures for masonry work can be obtained using raw
materials and high-quality chemical additives, as well as correctly selecting the grain composition of
the solution.

Unfortunately, the current Russian State Standard GOST 58272-218 “Dry mixtures for construction
masonry. Technical conditions”, which regulates the quality of produced dry masonry mixtures, de-
termines only the upper limit of the sand grain size depending on the masonry mixture class: 5.0 mm
and 2.0 mm. There are no specific requirements for the fine aggregate grain composition.

The best compact and dense “packing” of sand for masonry mortar will be achieved with minimal
intergranular voids, which can be obtained with a certain, pre-calculated ratio of individual fractions
[4].

Foreign enterprises and industries specializing in manufacturing dry mixtures, mortars, and con-
cretes have a large regulatory framework, which provides clear recommendations on the polyfractional
sand composition. This makes it possible to manufacture construction products and materials with
high technical and operational characteristics and minimal addition of binders. E.g., recommendations
for aggregate particle size distribution can be found in ASTM C 144 (American Society for Testing
and Materials). Another option to determine the degree of sand dispersion is the grain composition in
accordance with the “ideal sand curves”: Fuller, Rothfuchs, Hummel curves, etc. [5-7].

It is worth noting that, as a rule, enterprises have to deal with sands that have various shapes and
degrees of grain surface roughness, and therefore obtaining the optimal mortar density is less feasible,
even when using the calculated grain composition. In addition, the nature of fillers used in dry build-
ing mixtures compositions should also be taken into account. Masonry mortar formulations may in-
clude screenings from crushing granite or other rocks, carbonate, dolomite, lime, ash components, etc.
For technologists, selecting the “ideal” grain composition of sand is a rather labour-intensive task, so it
is possible to utilize “acceptable” mixtures that will correspond to certain areas of the developed grain
composition graphsand minimize the intergranular space of hardened mortars used when laying clink-
er bricks.
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In addition to creating the necessary masonry mixture structure resulting fromthe correct ratio of
fine aggregate fractions, special attention must also be paid to the porosity formation, since masonry
mortars must have high frost resistance characteristics and improved thermal properties.

Masonry mortars are a mixture consisting of cement binders, mineral fillers,and modifying addi-
tives. The cement stone is a capillary-porous material, therefore one of the most important characteris-
tics of its structure is its pore space parameters. The results of various experimental studiesshow that
all the important properties of the cement stone are directly dependent on the nature of its pore space,
which represents the entire space of the cement stone not occupied by the solid phase of original mate-
rials and new formations [8-10].

There are known hypotheses about “the pore interval” in concrete, which can be used to create arti-
ficial closed porosity by applying air-entraining and foam-forming additives [11]. Indeed, controlled
porosity can be formed through the use of surfactants, which have long-chain molecules with polar
groups and can concentrate at the separation of two phases (in this case, gas-water). Dependingonthe
type of surfactant (ionic, nonionic), they may or may not dissociate in water [12]. In construction, the
most popular dry surfactants in powder/granular form are anionic ionic surfactants, since they are ac-
tive air entraining agents in solutions, and nonionic surfactants, which are more convenient when
weighed and introduced into the mixture, due to the increased utilization percentage. Different surfac-
tants can have different effects on the material porosity formation: from finely porous with evenly dis-
tributed air bubbles to coarsely porous structures. Air-entraining additives have virtually no effect on
the cement hydration process; they actively attract air, retain and stabilize air bubbles, and thereby in-
crease the thermal insulation properties of mortars.

It is also possible to improve the thermal characteristics of masonry compositions through the in-
troduction of porous mineral components. Among the inorganic porous aggregates in dry building
mixtures manufacture, expanded perlite (perlite sand) is very popular. Expanded perlite sand is charac-
terized by very low density and thermal conductivity, high sound insulation properties, fire resistance,
chemical inertness, and it is also highly resistant to microorganisms. In direct contact with cement
mortar, due to the impermeability of perlite particles, there is no entrainment of cement paste inside
the perlite particles, therefore the heat-protective properties of perlite are quite stably preserved direct-
ly in the hardened mixture structure [13, 14].

Siliceous opoka-like raw materials can be considered as an additive that increases the thermal ener-
gy efficiency of masonry mixtures for clinker bricks [15-17]. Silica clays (opoka) include light and
dense microporous rocks, composed mainly of tiny (less than 0.005 mm) particles of opal-cristobalite
silica and containing fragments most often of feldspar, quartz, carbonate and clay materials. Thus, var-
ious lithological differences of siliceous rocks are distinguished — clayey, sandy, carbonate, and
mixed. Some varieties of usually weak carbonate contain up to 20% of zeolite components. Colour
ranges from light gray, yellowish gray, brownish gray to dark gray. The average density is 1100-
1600 kg/m3, and porosity reaches 40-55%. The strength of normal varieties is from 5 to 20 MPa,
while the strength of weathered (tripod-shaped) varieties is between 3 and 7 MPa [18].

A wide range of opoka-like raw materials’ properties predeterminesample opportunities for in-
creasing physical, technical and technological properties of construction materials.

Silica clay (opoka) is extensively used in manufacturing construction materials [19]. E.g., it is uti-
lized as a mineral pozzolanic additive in the cement binder manufacture, which makes it possible to
improve the quality of the produced cement while simultaneously reducing the amount of expensive
clinker in its composition. Opal-cristobalite rocks are quite common in the Volga- and Don-river re-
gions, Western Siberia, the North Caucasus, central and western regions of European Russia, the Len-
ingrad region, the Russian Far East as well as on the Kola and Kamchatka peninsulas. These rocks are
widespread in Ukraine, Belarus, Moldova, Estonia, Azerbaijan and Central Asian countries[20]. As a
rule, silica clay deposits are very thick and the rocks occur in relatively easily accessible places. These
rocks are of the greatest interest in geological research specifically for their use in the cement industry.
Local opoka-like raw materials utilized in the construction materials manufacture will reduce the cost
of products, which, in turn, will make this mineral component more extensively applied and cost-
effective.

Silica clays are porous raw materials that contain “active” silica in the form of opal and opal-
cristobalite. Its high efficiency when interacting with clinker minerals is due precisely to the amor-



CrtpoutenbHble MaTepuassl 1 u3nesus/Construction Materials and Products. 2024.7 (2)

phous structure of silica, which is disordered and has free bonds, making it possible to react with cal-
cium hydroxide formed during the hydration of cement, thereby increasing the amount of hydrated
silicates. Thus, the cement mortar structure will be characterized by a greater strength. Also, higher
strength valuesare due to the fact that the very fine granulometric composition and significant specific
surface area of amorphoussilica grains determine high pozzolanic properties and a positive effect on
properties. Silica in this form easily reacts with calcium hydroxide released during the hydration of
cement [21-23].

The use of mineral fillersin mortars containing cement binders can decrease strength properties of
such mortars. In order to study the influence of opoka-like raw materialson the basic properties of
mortar mixtures, an experiment was carried out to denote their main characteristics in terms of com-
pressive strength and flexural strength.

2. METHODS AND MATERIALS

In the Don State Technical University laboratory (Russia), properties of silica clays fromthe Nag-
olnovskoye deposit located in the Rostov region in the Russian Federation were studied, based on the
following requirements of regulatory documentation:

— Russian State Standard GOST 21216-2014 “Clay raw materials. Test methods” — macroscopic
characteristics of raw materials;

— Russian State Standard GOST 2642.11-2018 “Refractories and refractory raw materials. Methods
for determining potassium and sodium oxides”;

— Russian State Standard GOST 33850-2016 “Soils. Determination of chemical composition by X -
ray fluorescence spectrometry”.

Chemical composition was determined according to the methods of NSAM No. 138-X “Determina-
tion of rock-forming elements in rocks and ores by accelerated photometric and titrimetric methods”,
Russian State Standard GOST 2642.11-2018 “Refractories and refractory raw materials. Method for
determination of potassium and sodium oxides”, Russian State Standard GOST 33850-2016 “Soils.
Determination of chemical composition by X-ray fluorescence spectrometry” (device: Spectroscan
MAX — GVM).

Samples of mortar made from cement clinker, dihydrate gypsum, polyfractional sand and various
fillers: ground quartz sand and silica clay from the Nagolnovsky deposit — were tested in accordance
with Russian State Standard GOST 5802-86 “Mortars. Test methods”.

3. RESULTS AND DISCUSSION

Microscopic examination was carried out using electron and polarization microscopes (Fig. 1). Sec-
tions of 5-8 pieces were pre-prepared. During a visual inspection, the following was determined: ap-
pearance, colour and shade (in dry and wet states), structure, texture, presence and types of inclusions,
as well as the rate of reaction between a raw material sample and a 10% hydrochloric acid solution to
identify carbonate inclusions.
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Fig. 1. Opal-cristobalite microglobular structure.

X-ray analysis makes it possible to most accurately diagnose finely dispersed crystalline com-
pounds, and to determine the degree of opal silica structural perfection. The method is based on the
fact that each mineral has its own specific X-ray pattern with a certain set of diffraction maxima of
different intensities, showing the distances between lattice points [24-27]. Fig. 2 shows an X-ray im-

age of the studied rock.
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Fig. 2. X-ray image of the Nagolnovskoe deposit silica clay (opoka).

Table 1. Chemical composition of the Nagolnovskoe deposit silica clay (opoka).

Si02 A'3,20 Fe§O caO | Mgo | s03 | K20 | Na20 | Tio2 | P205 | Imps

60.83 | 6.35 |3.36 |12.72 |[2.08 |0.35 (1.0 0.84 (043 |0.06 |12.24
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Thermal analysis based on the processes occurring during heating and cooling of the material
makes it possible to identify its material composition with a certain accuracy. Fig. 3 features the
curves of differential thermal and differential thermogravimetric analysis of the investigated silica clay

(opoka). The results of determining the mass loss on the TG curve are presented in Table 2.
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Fig. 3. Differential thermogravimetric analysis of the Nagolnovsky (Russian Federation) deposit silica
clay (opoka).

Table 2. Results of mass loss determination (opoka).

Mass loss, % at temperature, °C
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1.82

3.32

3.76

4.15

5.08

6.63

9.25

14.86

15.02

15.04

As part of the study, preliminary tests were carried out, in which compositions based on cement
clinker and crushed gypsum dihydrate were investigated. Ground quartz sand wasadded to the mix-
ture of binders to manufacture the first series of samples. In the fabrication of the second series of
samples, unfired silica clay (opoka) from the Nagolnovskoe deposit was used instead of ground sand,

with polyfractional quartz sand as a filler.

Table 3. Experimental compositions of the studied samples.

Name Composition 1 Composition 2
Cement clinker, % 17.39 17.39
Gypsum stone, % 2.89 2.89
Ground sand, % 40.0 N/A
Unfired silicaclay (opoka), N/A 40.0

%
Polyfractional sand, % 39.13 39.13
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Microscopic analysis revealed that the Nagolnovsky (Russia) deposit silica clay (opoka) has a yel-
lowish-gray colour, which, when moistened, acquires a darker shade. The structure is stone-like,
dense, with unpronounced layering and microporosity. Mechanical impact leads to destruction along
bedding planes. The average density is 1350 kg/m3, while the true density is 2400 kg/m3. A reaction
was noted when exposed to 10% hydrochloric acid. When in contact with water, the raw material does
not get wet. Rarely visible are longitudinal and transverse sections of sponge spicules and small shells,
the outer walls of which are composed of thin lamellar calcite, and the inner walls are of opal. The
predominant structure for the silica clay under study is flake-like.

Based on the obtained X-ray diffraction pattern (Fig. 2) of the silica clay (opoka) sample under
study, it was established that this silica clay (opoka) contains up to 60% amorphous hydrated silicon
dioxide, which hasa solubility an order of magnitude higher than quartz as the primary crystalline
form of silica. The presence of quartz in the studied rock wasalso recorded, which is confirmed by
diagnostic lines 4.24, 3.34, 2.45, 2.28, 1.81, 1.54 pm. Itis precisely due to the high degree of crystal-
linity that even with a small content of quartz in the silica clay (opoka) it can be easily diagnosed dur-
ing regearch. Calcite peaksare also clearly visible in the X-ray diffraction pattern, the main one being
3.03A.

Chemical analysis givenin Table 1 confirmed the high amount of basic oxide SiO2 in the rock
at 60.83%. In this case, silicais represented by opal silica, silica contained in clay minerals and silica
which is directly free quartz. Based onthe Al203 level, the “clayiness” of silica clays (opoka) can be
assessed, which will make it possible to assume how the raw materials influence the technological
properties of solutions. The amount of alumina is based on the concentration of clay minerals and
feldspars. In the studied sample from the Nagolnovskoe deposit, their content was found to be 6.35%.
Carbonate inclusions that were identified in the samples were finely dispersed (particles up to 0.1
mm). Calcium oxide in the test sample was determined to be 12.72%.

According to the obtained DTA and DTG graphs (Fig. 3 and Table 2), an endo-effect was recorded
attemperatures of 80-130 °C, associated with the process of releasing free moisture contained in opal
and clay minerals. The loss of water when heating the rock at a temperature of 100 °C was 1.82%.
Polymorphic transformations of quartz within the temperature range between 570 and 580 °C caused a
small endo-effect on the curve of the studied silica clay (opoka). The contained calcite and its thermal
dissociation were established by heating a sample of the Nagolnovskoe deposit rock at temperatures of
700-812 °C. With an increase in temperature to 800-950 °C, an exothermic effect on the Nag-
olnovskoe deposit silica clay (opoka) curve was recorded, most likely caused by the formation of cal-
cium monoaluminate and wollastonite, as well as of anorthite.

Basing on the results of assessing the chemical and mineral composition of the Nagolnovskoe de-
positsilica clay (opoka), it was established that the raw materials under study have a complex mineral
composition. Rock-forming minerals that form the main properties of the rock are: opal (with varying
degrees of structural order), calcite, clay minerals, and quartz. At the same time, calcite, due to the fact
that it is represented by finely ground particles (its grain size does not exceed 0.1 mm), will not nega-
tively affect the characteristics of hardened solutions with a cement binder. Clay minerals are mainly
represented by hydromicas as well as mixed-layer formations. A small admixture of zeolites is con-
tained.

When testing samples using cement clinker based on various fillers (ground sand and silica clay
(opoka) from the Nagolnovskoe deposit), the values of compressive strength and flexural strength
were obtained forsamplesaged 8, 14 and 28 days. The test results are shown in Fig. 4 and 5.
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Fig. 4. Dependence of the compressive strength in experimental samples on the use of various fillers
in the composition: siliceous opoka-like raw materials and sand.

The graph shows the increased values of compressive strength in samples with siliceous opoka-like
raw materials from the Nagolnovskoe deposit. The increase in strength of compositions using silica
clays (opoka) is more than 50% on the 28th day of hardening compared to samples with ground sand.

30

N
o

=
o

Flexural strength, MPa

Flexural strength of opoka- and sand-based samples

19.86 20.37 20.07

W Sand

W Opoka

8 days 14 days 28 days
Ages of samples

Fig. 5. Dependence of flexural strength in experimental samples on the use of siliceous opoka-like raw
materials in the composition.

Graph 2 shows a tendency for an increased flexural strength in experimental samples containing si-
liceous opoka-like raw materials starting from the 8th day of hardening relative to samples made on
the basis of ground sand. The increase in flexural strength is 58.47% on the 28th day of hardening.
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4. CONCLUSIONS

Thus, preliminary tests of experimental samples based on siliceous raw materials provide the pre-
requisites for continuing to study the use of silica clays (opoka) in the formulations of dry building
mixtures for clinker brick masonry work.

Siliceous opal-cristobalite rocks in the building mixtures composition will ensure the achievement
of the specified strength characteristics, which meet the regulatory documents requirements for mor-
tars, and will result in improved thermal insulation properties due to the developed porosity of the
opoka-like additive. Dry masonry mixtures based on siliceous opal-cristobalite rocks and used for ef-
fective clinker bricks is an innovative task. As a result of the study, an application has been submitted
to the Federal Service for Intellectual Property (Russia) to patent a technological line for the silica clay
(opoka) dry masonry mixture manufacture.

The use of regional raw materials in the dry construction mixture formulations is a fairly promising
opportunity to implement such projects in other regions of Russia. Siliceous opal-cristabolite rocks,
which are widely represented in most regions of the Russian Federation, can become an alternative to
expensive lightweight aggregates and fillers in mortar compositions and, at the same time, will ensure
a reduction in expensive chemical additives introduced to improve both technological properties and
technical characteristics of hardened mortars.
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