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Abstract. Relevance. One of the ways to solve the issues of resource and energy conservation is the production and use of
porous aggregates. Porous aggregates allow obtaining effective lightweight concrete for thermal insulation, wall panels,
monolithic walls and other load-bearing structures, contribute to the increase of energy efficiency, improvement of thermal
insulation, reliability, increase of fire resistance, frost resistance and seismic resistance of buildings, reduction of their weight.
Therefore, in the production of porous aggregates, the primary task is the use of industrial waste and products of their pro-
cessing. Solving these problems leads not only to saving valuable natural resources, but also to solution of environmental
problems. Aim. Development of compositions and study of properties of porous aggregate based on bentonite clay of
Navbakhar deposit and coal-containing clay of Angren brown coal deposit. Object. Coal-containing clay of Angren brown coal
deposit, bentonite clay of Navbakhar deposit and artificial porous aggregate based on them. Methods. Chemical, energy-
dispersive X-ray, X-ray phase and infrared spectroscopic analysis, scanning electron microscopy, mathematical modeling, etc.
Results. The authors have determined chemical and mineralogical compositions of the clays used. Using the mathematical
modeling method they developed the regression equations describing the effects of the amount of bentonite clay in the batch,
firing temperature and isothermal holding time on the bulk density and water absorption of the porous aggregates. The re-
sulting porous aggregates with a bulk density of 395 to 690 kg/m3 have a compressive strength in a cylinder of 2.74 to 6.46
MPa, respectively. It was found that the aggregates obtained meet the requirements of regulatory documents.

Keywords: mineral rocks, industrial waste, secondary materials, porous aggregate, composition, optimization, batch, coal-
containing clay, bentonite clay, glass phase, lightweight concrete

For citation: Kamilov Kh.Kh., Shakirov T.T., Muminova N.A.Q., Abdazov D.R. Porous aggregate developed with the use of
coal-containing clays of the Angren field. Bulletin of the Tomsk Polytechnic University. Geo Assest Engineering, 2024, vol. 335,
no. 11, pp. 87-103. DOI: 10.18799/24131830/2024/11/4476

VJIK 550/553.2:691.022(076)
DOI: 10.18799/24131830,/2024/11/4476

[lopucThiii 3aN0JIHUTEJIb, PA3Pa6OTAHHBI C MCN0JIb30BAHUEM
yrJjecojep:Kalei r’imHbl AHTPEHCKOI'0 MECTOPOXKAeHU

X.X. Kamuios, T.T. lllakupos, H.A. MymuHoBa, /.P. A6aa30B"

Tawkenmckuli apxumekmypHo-cmpoumeabHolll yHusepcumem, TawkeHm, Y36ekucmau

®dilshod_abdazov@yahoo.com

AHHoOTanus. AkmyaabHocms. OZHUM U3 MyTeH pelleHHs BOMPOCOB PECYPCO- U IHEProcOepeKeHUsl sIBISIeTCs MPOU3BOJ-
CTBO Y pUMeHeHHe MOPUCTHIX 3anoJHUTesel. [loprcThle 3al0JTHUTE/ N T03BOJIAIOT NMOIy4aTh 3¢ eKTUBHbIE JIeTKue 6eTo-
HBI /IS TEIJIOU30JISIUHY, CTEHOBBIX NaHesed, MOHOJIMTHBIX CTeH U APYTUX HeCYLUIUX KOHCTPYKIUH, YTO CIIOCOGCTBYET MO-
BBILIEHUIO 3HepPro3GpPeKTUBHOCTH, YIyULIEHHIO TEIJIOU30JISAIUH, HAJEXKHOCTH, TOBBILIEHUI0 OTHECTOWKOCTH, MOPO30CTOH-
KOCTH U CECMOCTOWKOCTH 3JJaHUH, CHUKEHHU IO UX MacChl. [103TOMY NMpU MPOXU3BO/CTBE MOPUCTBIX 3al0JHUTEIEN TepBooYe-
pefioit 3aiauelt sABJISIETCS UCIO0JIb30BaHKE OTX0/J0B IIPOMBIIIJIEHHOCTH U MPOAYKTOB UX rnepepaboTKu. PemeHne aTux 3aza4
C OJJHO¥M CTOPOHBI MPUBOJUT K IKOHOMHHU [[EHHOTO MPUPOJHOTO ChIPbs, @ C JPYroi — K pPelleHHI0 3KOJOrMYecKuX 3ajiad.
Ilenw: pazpaGoTKa COCTABOB U UCCJIeOBaHHE CBOWCTB MOPUCTOrO 3alOJHUTE/IS HA OCHOBe yrJjecojepiKalleil rJiuHbl AH-
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IPEHCKOT0 GYPOYrOJIbHOTO MECTOPOXK/AeHUs U 6EeHTOHUTOBOM TJIMHbI HaBGAXOpCKOro MecTOpoxaeHUs. O66eKm: yriaeco-
JlepKallasl riiMHa AHIPeHCOTO MeCTOpOXAeHusl 6yporo yris, 6eHTOHUTOBas IJMHa HaB6aXxopcKoro MecTOpoXAeHHUsl U HcC-
KyCCTBEHHBbIH NMOPUCTBIN 3alOJHUTEIb Ha UX OCHOBe. Memodbl: XUMHUYeCKUH, SHEPTOAUCIIEPCHOHHBIA PeHTTeHOBCKUHN U
peHTreHo$a30BbIN aHaIM3bl, UHPPaAKpacHasl CIEKTPOCKOIHs], CKaHUPYIOllas 3J1eKTPOHHAsA MUKPOCKOIUS, MaTeMaTHYeCKoe
MoJleIMpoBaHue U Ap. Peayasmameul. OnpeseseHbl XUMUYeCKUH U MUHepaJOru4ecKUi COCTaBbl MCIOIb30BAaHHBIX [JIMH.
MeTo0M MaTeMaTH4YeCKOTO MOJeJIMPOBAaHUsA pa3paboTaHbl ypaBHEHUs] perpeccuy, ONMChIBAIOLIMe BJIUSHUE KOJIMYecTBa
6eHTOHHUTOBOM IJIMHBI B LIMXTe, TeMIIePaTypbl 063KKTra U BpeMeHU U30TepMUYeCcKOH BbllepXKH Ha HAChIMHYO IJIOTHOCTD U
BO/IONOIVIALleHHe TOPUCTOTO 3aNoHUTeA. [lo/lydeHHbIe TOPUCThIE 3a0JHUTEIN C HACBIITHON IJIOTHOCTBIO OT 395 110 690
KI/M3 UIMEIOT COOTBETCTBEHHO NPOYHOCTh NPH CAaBJIMBAHUY B LUJIUH/pPE OT 2,74 110 6,46 MIla. YcTaHOBJIEHO, YTO MOJTyYeH-
Hble 3all0JIHUTE/IN OTBEYAl0T TPe6GOBAaHUAM HOPMATUBHBIX JJOKyMEHTOB.

KnoueBsble cioBa: MHUHepaJIbHbl€ NMOPO/AbI, NPOMBINIJIEHHbIE OTXOJbl, BTOPUYHbIE MAaTepHaJIbl, HOpl/ICTblﬁ 3aIll0JIHUTEJIb,
COCTaB, OIITUMU3aAl M, IUXTa, yrjaecoepiKallad r”-inHa, 6EHTOHUTOBAs TJIMHa, CTEKJ'qu)aSa, JIeTKre 6eTOHBI

JnA nuTupoBaHuA: [IopuCTBIN 3aM0/HNATE b, pa3paboTaHHBIM C HCIOJIb30BAaHUEM YyTJIECOAepKallel IJIMHbI AHIPEHCKOI0
mectopoxaenus / X.X. Kamusos, T.T. lllakupos, H.A. MymuHoBa, /I.P. A6ia3oB // U3BecTus ToMCKOTO MOJUTEXHUYECKOTO
yHHBepcuTeTa. UHKUHUPUHT reopecypcoB. — 2024. - T. 335. - Ne 11. - C. 87-103. DOI: 10.18799/24131830/2024/11/4476

Introduction by a swelling coefficient that depends on the chemical
At present, the solution of problems of increasing  and mineralogical composition of the raw materials
resource and energy conservation of building materi- used [7-9, 11, 12]. Therefore, the suitability of clay
als and products by reducing material and energy raw materials for the production of expanded clay is
costs both in their production and in the construction  established by studying its properties.
and operation of buildings is very relevant. This is Many studies [7-19] are known related to improv-
due to the fact that a significant part of energy costs  ing the technological properties of clays, to obtain a
falls on the stages of manufacturing building materi- porous aggregate, adding various mineral and organic
als and products and the operation of construction additives and improving the quality of the resulting
objects [1-4]. material. All these studies are aimed at increasing the
Energy and resource conservation is achieved pri- swelling coefficient of the original raw materials, re-
marily through the use of energy-saving materials and  ducing the firing temperature, increasing the output of
their production technologies. One of the ways to solve  expanded clay, improving its quality and reducing the
these problems is to reduce energy loss in residential  cost. In this direction, the works of scientists from Uz-
buildings, energy consumption for heating in winter  bekistan are also known [20-27], which are aimed at
and for air conditioning in summer by increasing the  obtaining expanded clay and expanded clay-like light-
heat transfer resistance of enclosing structures [1, 4-5].  weight aggregates from local raw materials. For exam-
In this regard, lightweight concrete on artificial porous  ple, in their studies, they used coal-containing clay and
aggregates occupies an important place for their pro- loam as raw materials for obtaining artificial aggre-
duction in modern industrial construction from precast  gates [20, 21], 10% coal-containing clay and 90%
and monolithic products and structures. Porous aggre-  dacite porphyry [21], 20% clay and 80% quartz
gates make it possible to obtain effective lightweight  porphyry containing coal industry waste [22], an addi-
concrete for thermal insulation, wall panels, monolithic  tive to bentonite clay of loess rocks and waste of the
walls and other load-bearing structures, and as a result,  cardboard and paper industry [25], dune sands and oil
the use of lightweight concrete based on them helps to  waste [24], waste — soda production sludge and licorice
increase energy efficiency, improve thermal insulation,  root processing waste [25-27]. The analysis shows that
reliability, increase fire resistance, frost resistance and  they achieved a decrease in the firing temperature of
seismic resistance of buildings, reduce their weight, expanded clay gravel granules to 1100°C and, at the
save resources and costs in construction [4—6]. same time, the obtained material met the strength re-
In Uzbekistan, expanded clay gravel is practically — quirements of regulatory documents [28]. However,
the only porous aggregate produced [2]. As is known, due to the complexity of the batch composition, such a
various types of raw materials of natural and artificial  porous aggregate is not produced.
origin are used to produce expanded clay. Among the Despite this, as it is noted above, in Uzbekistan, po-
natural ones, clay rocks, some stone-like clay rocks — rous aggregates are used to produce almost only ex-
clay shales, argillites, which, when fired at high speed  panded clay gravel, the quality and volume of produc-
in the temperature range of 1000-1250°C, form light tion of which cannot ensure the implementation of the
porous materials [7-11]. industrial construction plan for civil and industrial fa-
A distinctive feature of clays for the production of cilities in the future due to the limited reserves of clay
expanded clay is swelling during firing, characterized for its production and low mechanical strength. There-
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fore, lightweight concretes based on artificial porous
aggregates from local raw materials and industrial
waste are of particular importance for construction,
which allows for a significant expansion of the mineral
base and reduction in production costs. Despite this,
the primary task in the production of porous aggregates
is the use of industrial waste and products of their pro-
cessing. Solving these problems leads not only to sav-
ing valuable natural resources, but also to solution of
environmental problems.

The way out of the current situation in the produc-
tion of porous aggregates on an industrial scale is pos-
sible by replacing the scarce clay raw materials
(montmorillonite, argillite and other clays) with waste
from the Angren coal deposit, containing kaolinite clay
and up to 40% coal (coal containing kaolinite clay).
Local rocks — bentonite clays, as low-melting and
widespread in the Navoi region, are used as the second
component of the porous aggregate, which allows for a
sharp reduction in energy and resource costs.

Geological characteristics

The Navbakhar bentonite clay deposit is located in
the Navbakhar district of the Navoi region, on the
southwestern slope of the South Nurata ridge, 12 km
north of the village of Kalkanota. Confirmed reserves
amount to 7142.6 thousand tons. Industrial horizons of
bentonite clays are located in the Eocene section and
form the wings of an asymmetric synclinal fold extend-
ing for a distance of 3 km along the sublatitudinal [29,
30]. Clay is mined by open-pit mining (Fig. 1, a). Ben-
tonite (Fig. 1, b) and carbonate-palygorskite clays of
the Navbakhar deposit are confined to the Lower Eo-
cene section (Ypresian stage) [31].

In the mineral composition of bentonite clays,
montmorillonite predominates, the content of which
reaches 80%, and illite is secondary (10-25%). Quartz,

cristobalite, iron hydroxides, calcite, palygorskite, hal-
loysite, alunite, jarosite, etc. are found as impurities.
According to their physicochemical properties, they are
divided into alkaline and alkaline-earth varieties
[32-34]. Bentonite clays of the deposit overlap car-
bonate-palygorskite clays. To obtain a porous aggre-
gate, we will use alkaline bentonites of this deposit.
They dissolve slowly in water, but swell strongly
[33, 34].

The Angren brown coal deposit is located in the
Akhangaran River valley, southeast of Tashkent, in the
Chatkal-Kurama region of the Middle Tien Shan [34].
The deposit is confined to Jurassic deposits of two
suites: coal-bearing (lower and middle sections) and
kaolin (upper section) [35-38]. It is characterized by a
specific structure and lithological-petrological compo-
sition of the pre-Mesozoic basement, has a complex of
Jurassic formations inherent only to it and is distin-
guished by multiple activation of Mesozoic Cenozoic
volcanic activity [36].

The geological structure of the deposit includes the
following deposits: Quaternary (loess-like loams),
Paleogene Turkestan and chalky (clays), Jurassic kaolin
(variegated kaolins), Jurassic supracoal (gray kaolins
and argillites), Jurassic coal (intrastratal rocks), Paleo-
gene (limestones), Paleozoic (primary kaolins), Jurassic
(coal). The coal deposit is a complex coal bed with a
thickness of 7 to 70 m [34]. The area of distribution of
the coal-bearing suite within the Angren deposit is 70
km® (Fig. 2). The main coal content of the deposit is
represented by a thick brown coal bed consisting of two
packs (Fig. 3). The thickness of the entire coal deposit
varies from 40 m on the southeastern wing of the syn-
cline to 100 m on the western wing; to the south its
thickness decreases to 5 m [36].

Fig. 1.
Puc. 1.

a) Navbakhar deposit of bentonite clay; b) bentonite clay
a) Hasbaxapckoe mecmopodcdeHue 6eHmoHumoswliii 2auHsl; b) 6eHmoHumo8as 2AuHa
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Angren brown coal deposit. Zoning of formations underlying the kaolin suite and Cretaceous-Paleogene deposits [32]: 1
- complex of volcanic rocks (Pz3); 2 - weathering crust (T-]); 3 - boundary of the distribution of the coal-bearing for-
mation. Zones of equal thickness of coal deposits: 4 - up to 10 m; 5 - 10-30 m; 6 - 30-50 m; 7 - over 50 m; 8 - zone of
formation dilution; 9 - lines of violations; 10 - lines of structural-facial profiles; 11 - estimated contours

AHepeHckoe 6ypoy201bHOe MecmopoycdeHue. 30Ha1bHOCMb opmayutl, 3a1e2arujux nod KaoauHo8ol caumotl u me-
naszeozeHosviMu omsaoxceHusimu [32]: 1 — komnaekc gyakaHozeHHblx hopod (Pz3); 2 - kopa evieempusanus (T-J); 3 -
epaHuya pacnpocmpaHeHusl y2saeHoCHOU c8umbul. 30Hbl paGHbIX MOWHOcmell y2oabHoU 3aiexcu: 4 — do 10 m; 5 - 10-30
M; 6 — 30-50 m; 7 - ceviwe 50 m; 8 - 30Ha pasyboxcusaHus naacma; 9 — AUHUU HapyweHull; 10 - AuHUU CMpyKmMypHo-
dayuanbHbix npoguseli; 11 - npednosazaemvle KOHMYpbl
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Fig. 3.  Geological profile of the Angren brown coal deposit [32]: 1 - coal; 2 - interlayering of coal and rock, clayey coals; 3 -
siltstones and clays; 4 - sandstones; granular sandstones; 5 - weathering crust; 6 - effusive rocks of the Upper Paleozo-
ic, not affected by weathering

Puc. 3. Teosnozuueckuli npoduab AHepeHcko20 6ypoy204abH020 MecmopodicdeHusi [32]: 1 - yeoaw; 2 - nepecaausanue ya/s u

nOpOdbl, yeau eauHucmole; 3 - aszeepoJ/siumusl U 2/UHbL; 4 - necuaHuku; 3epHuUcmule necyaHuku, 5 - Kopa
ebleempuesaHus; 6 - 3(ﬁ(ﬁy3u@Hble I’lOpoabl B8€pPXHe20 Na/1e0305, He 3aMmMpoHymuvle gbleempueaHuem

The rocks are taken to external and internal waste
dumps (Fig. 4). The external waste dumps are located on
the left bank of the Angren River, they extend for sever-
al kilometers and occupy an area of more than 1,200

90

hectares. The internal waste dumps of the open pit are
intended for the separate storage of gray, variegated and
intercoal kaolins, which are raw materials for the ceram-
ic, refractory and aluminum industries [38].
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Fig. 4.
Puc. 4.

The state balance of mineral reserves as of
01.01.2016 on the territory of the Republic of Uzbeki-
stan takes into account reserves of expanded clay raw
materials — 16 deposits, amounting to 128174 thousand
m’ in categories A + B + C1, C2 — 47156 thousand.
Off-balance reserves — 20894 thousand m’ [37, 38].
However, in the production of porous aggregates, the
primary task is the use of industrial waste and products
of their processing. Solving these problems leads not
only to saving valuable natural resources, but also to
solution of environmental problems. Therefore, the
priority problems and tasks that need to be solved, first
of all, include the development of methods for obtain-
ing substances with a controlled structure, which will
allow the creation of materials with unusual mechani-
cal properties, density, porosity, etc. [39].

The aim of the research is to develop compositions
and study the properties of porous aggregate based on
bentonite clay of the Navbakhar deposit and coal-
containing clay of the Angren brown coal deposit.

Materials and methods

The coal-containing clay was obtained from the
Angren brown coal deposit, 62 m below the surface,
between two coal seams. Bentonite clay was obtained
directly from the Navbakhar bentonite clay deposit
located in the Navoi region. The chemical composition
of the clays used in the studies was determined at the
Institute of General and Inorganic Chemistry of the
Academy of Sciences of the Republic of Uzbekistan.

The elemental composition of the studied clay sam-
ples was obtained using a Zeiss EVO MA 150 scan-
ning electron microscope (SEM) equipped with an Ox-
ford Instruments X-act instrument for energy-
dispersive X-ray (EDX) analysis at an accelerating
voltage of 20 keV. These studies were conducted at the
Center for Advanced Technologies of the Ministry of
Higher Education, Science and Innovation of the Re-
public of Uzbekistan. X-ray phase analysis was per-

91

b

a) Angren brown coal deposit quarry; b) coal-containing clay
a) AHepeHcKull Kapbep 6Yypoy20.16H020 MecmopoxcdeHus:; b) yeaecodepicawas eauHa

formed using a Rigaku MiniFlex 600 diffractometer
with a copper anode.

IR spectroscopic studies were carried out on a
SHIMADZU infrared Fourier spectrometer (range
400-4000 cm ', resolution 4 cm ). The spectra were
interpreted using basic software that implements auto-
matic measurement of spectra, has means for graphic
display of spectra and their fragments and forms work
with the user's spectrum library.

DTA and TGA analysis was performed on a
SHIMADZU DTG-60 instrument (Japan). The studies
were carried out in an argon environment of 80 ml/min,
the heating rate was 10°C/min.

Optimization of the compositions of the aggregate
mixture, sintering technological modes, was carried out
using the method of mathematical planning of experi-
ments [40, 41]. To describe the studied properties, a
second-order multifactorial plan with three variable
factors was used.

Y=bytb\x+byx,+bsxst+

where Y is the optimization parameter; xi, x,, x3 are the
variable factors; by, ... b, are the coefficients of the re-
gression equation.

Preparation of materials

Raw clays were dried in a laboratory drying cham-
ber at a 105°C for 24 hours. The dried clays were
ground in a ball mill, after which they were sifted
through a 0.14 mm sieve.

To prepare a batch of porous aggregates granules,
dry clays were mixed in the required proportions in a
laboratory mixer until a homogeneous mass was ob-
tained. Then 20-22% water was added to this mass and
mixed until a homogeneous plastic dough was ob-
tained. Granules of porous aggregate were prepared in
a laboratory extruder. The rod coming out of the ex-
truder is cut with a knife into pieces of 5-10 mm long.
Raw grains were dried in a drying cabinet at 110°C to a
constant mass for 5 hours or more. The dried aggregate
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grains were fired in a chamber furnace heated to
1100°C. The characteristics of the porous aggregate
were determined in accordance with current standards
[28].

Results and discussion
Characteristics of clays

The term clay refers to a natural material consisting
mainly of fine-grained minerals, which is usually plas-
tic in adequate water content and hardens when dried
or fired [42, 43].

Clay minerals such as kaolinite, smectite, chlorite, mi-
cas are the main components of clay raw materials and
are formed in the presence of water. They are known as
hydrous layered silicate containing silica, alumina and
water with variable amounts of inorganic ions such as
Mg2+, Na®, Ca*", which are either in the interlayer space
or on the planetary surface. Clay minerals are also charac-
terized by the presence of two-dimensional sheets of tet-
rahedral (SiO4) and octahedral (Al,O3) [44].

Analysis of the chemical composition of the studied
clays (Table 1) showed that the studied samples have ap-
proximately the same silica content, while the metal oxide
content varies. In both clays, silicon and aluminum oxides
are the main rock-forming elements. The SiO,:Al,O5 ratio
when recalculated for coal-containing clay is 2, and for
bentonite clay is 3.52. The significant iron content in ben-
tonites indicates that it belongs to the montmorillonite
mineral type. As is known [45], iron and magnesium can
enter the montmorillonite lattice, partially replacing alu-
minum. Magnesium oxide in the studied clays is 0.21 for
coal-containing clay and 2.19 for bentonite clay, respec-
tively. The amount of potassium oxide in the clays is
0.815 and 2.53.

As is known [7, 8, 11-17, 46-51], artificial light-
weight aggregates are formed by rapid heating at high
temperature of materials with the ability to expand. The
structure of the artificial porous aggregates during firing
is formed due to the formation of gas and very viscous
liquid phase. After cooling, the liquid phase turns into
glass and forms voids [44—46]. As a result of firing, the
material is exposed to high temperatures due to the de-
composition of organic and inorganic components, gases
in the form of CO, CO,, SO,, H,O, O, and N, can be
released. An increase in temperature and gas concentra-
tion (gas pressure) leads to an expansion of the volume
of the material, known as swelling.

Table 1. Chemical composition of clay samples
Ta6auya 1. Xumuueckutl cocmas npo6 eAuH

SEM image of the surface of the coal-bearing clay
sample (Fig. 5) shows that it is rough and porous. EDX
analysis of its profile (Fig. 6) shows a strong signal of
elemental silicon and aluminum exhibiting an optical
absorption band with a maximum at 1.75-1.8 keV.
There are also weak signals related to other chemicals
(Ca, Ti and Fe). Table 2 presents the mineral compo-
nents of the coal-bearing clay sample obtained by EDX
analysis.

Analyzing the obtained results of the material and
mineralogical composition of coal-containing clay, it
can be assumed that a low amount of gas-forming sub-
stances during firing may not give the expected results
in swelling. Also, the coal contained in this clay, due to
the high melting point of this clay, will not be able to
form the required porosity of the porous aggregate.
However, scientists argue that this does not necessarily
mean that dry granules will not swell, since a continu-
ous increase in temperature partially hides the real pos-
sibility of expansion, since the samples do not have
time to complete swelling before melting begins [50].
To improve the pyroplasticity of clay and increase the
swelling coefficient, it is necessary to add additives
containing a sufficient amount of gas-forming sub-
stances and the clay must reach pyroplasticity at the
moment of gas formation.

According to the SEM image (Fig. 7), the surface of
the bentonite clay sample is rough and porous. EDX
analysis of its profile (Fig. 8) shows a strong signal of
elemental silicon and aluminum, which also demon-
strate an optical absorption band with a maximum at
1.75-1.8 keV. There are also weak signals related to
other chemical substances (Ca, Ti, Na, K, Mg and Fe).
Table 2 shows the mineral components of the coal-
containing clay sample obtained by EDX analysis.

Analyzing the obtained data from the study of
Navbahor bentonite clay, we can conclude that this
clay can even be used as an independent component for
obtaining an artificial porous aggregate.

X-ray phase analysis of the studied clays showed
(Fig. 9, a) that the X-ray diffraction pattern of coal-
containing clays shows peaks characteristic of kaolin-
ite, quartz, and a small amount of illite and calcite.
Clay minerals in coal shales consist mainly of kaolinite
and illite [51], whereas marine shales contain abundant
layers of illite or illite-smectite and only a small
amount of kaolinite.

Content in %, per air-dry substance/Cozepxanue B %, Ha BO3/[yLIIHO-CyX0€e BeLleCTBO

Name of clay

HauMeHoBaHMe IJIMHbI Si0, | ALOs | MgO SOs K,0 Ca0 Ti0, Fe,0s loss o;llimt]on
Coal containing clay/Yrieconepxamias rjiuHa 57.7 28.8 0.21 | 0.165 | 0.815 | 1.04 | 0.948 | 0.895 9.08
Bentonite clay/benTonuToBas riauHa 55.3 15.7 2.19 1.24 2.53 3.31 0.8 6.81 12.12
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1

100um o 5
Fig. 5. SEM image of a sample of coal-containing clay Fig. 8. EDX analysis of a bentonite clay sample
Puc. 5. C3M-usobpasxcenue  obpasya  yaaecodepycawell  Puc. 8. EDX-anasaus 06pasya 6eHMoHUMOSOI 2AuHbl
2/1UHbI

Table 2. Mineral components of the studied clay samples
according to EDX analysis

Ta6auya 2. MuHepanbHble KOMNOHEHMbl UCCAeJyeMblX 00-
pasyos aauH no EDX-anaausy

E Name of clay CODdlth.nal Mass, %
= Elements concentration, %
= HaumMmeHoBaHue Macca,
= JJIeMeHThI YcnoBHas o
= TJIMHBI o %
s KOHIleHTpauus, %
g C 0.10 5.06
- 0 9.47 54.81
= Coal-containing Al 2.33 15.06
: clay Si 3.19 23.75
7 _: Yraeconep:xkaras Ca 0.05 034
5 TJINHa
A Ti 0.08 0.57
= Fe 0.06 0.40
= 0 5.97 49.88
Gt Na 0.25 2.35
Mg 0.16 1.73
) Al 0.93 8.77
Fig. 6. EDX analysis of a sample of coal-containing clay Ee“tomte clay Si 2.67 25.77
Puc. 6. EDX-aHasuz ob6pasya yaaecodepicawjeli 2AuHb! F;:ZgH"TOBaH cl 0.14 1.34
K 0.26 2.18
Ca 0.27 2.22
Ti 0.06 0.54
Fe 0.54 5.21

The kaolin group clay minerals consist of 1:1 diocta-
hedral layered structures with the general composition of
Al,Si,05(OH)s. The polytypes are kaolinite, dickite and
nacrite [52]. The crystal system type and class of kaolin-
ite known as kaolinite 1A mineral has been identified.
The results of polyquantitative X-ray phase analysis
show that the content of clay minerals in the sample is
79.46%, indicating that clay minerals are the major
component. Kaolinite is the dominant component of clay
minerals with an average content of 79.26%.

[llite is a dioctahedral 2:1 layered silicate commonly
found in soils and sedimentary rocks. The term illite is
used for 2:1 minerals with a non-expanding layer and a

250um

Fig. 7. SEM image of a bentonite clay sample
Puc. 7. C3M-u3obpasceHue o6pasya 6eHmMoHUMo8oU 2auHbl
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wide range of chemical compositions [52]. The quartz
content of this clay was 20.54%.

From the analysis of the oxide content in the
Navbakhar bentonite clay (Table 1) it can be seen that
Si0, and Al,O; also dominate in this clay. Unlike the
coal-containing clay, its content of other oxides is
much higher. The results of the X-ray phase analysis of
this clay showed (Fig. 9, b) that the X-ray diffraction
pattern of the clay contains diffraction maxima related
to the montmorillonite mineral, a widespread clay min-
eral from the smectite group of the layered silicate sub-
class. The most widespread smectite mineral is Ca-
montmorillonite, which means that the charge deficit of
the layer is compensated by the interlayer calcium cati-
on and water [53]. The montmorillonite content was
74%. In addition to the montmorillonite mineral (74%),
the X-ray diffraction pattern of this clay also contains
diffraction lines of quartz, calcite and traces of
palygorskite. The Navbakhar deposit is considered the
only deposit in the republic where three varieties of
bentonite clay were discovered together: alkaline, alka-
line earth and palygorskite [29, 30].

a I - lite
7 | K - Kaolinite
Q - Quartz
P - Palygorskite
K M - Montmorillonite
1 a)
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Fig. 9. Xray diffraction patterns of coal-containing clay (a)
and bentonite clay (b)
Puc. 9. PenmeeHozpammbl yeonsb codepicaujeli 2auHbl (a) u

6eHmoHumoasoli 2aunwl (b)

Fig. 10 shows the infrared spectra of the studied
clay samples. In this work, the assignment of the IR
bands of the mineral spectra was used according to
literature data [54-61]. In the IR spectrum of the coal-
containing clay (Fig. 10, a), the bands at 3696, 3650
and 3620 cm ' are characteristic of the kaolin group.
The bands at 3696 cm ' and about 3620 cm ' arise
from internal surface OH groups [54—56]. The bands at
793 (Si-0O) and 698 cm! (Si-0O) are also diagnostic for
kaolinite. A wide OH stretching band in the region of
3620 cm ' in combination with a doublet of 831 cmﬁl,
750 cm (Fig. 10, @) indicates illite [57, 58]. These

bands arise as a result of deformation of Al-Mg-OH
[59]. The spectrum also included negative bands of
kaolinite, however, the doublet of the valence bands of
quartz {797, 778} ecm ' given in the literature [56, 60]
could not be detected.
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Fig. 10. Infrared spectra of coal-containing clay (a) and ben-

tonite clay (b)
Puc. 10. HHgpakpacHble cnekmpbl  yeoJib
2/1uHbl (a) u 6enmoHumosoli 2auHwl (b)

codepacaujeti

The IR spectrum of Navbakhar bentonite clay is
shown in Fig. 10, b. The main component of bentonite
is montmorillonite, which is the most widely known
representative of the smectite group. Based on a com-
parative analysis of the spectra (Figs. 10, a and 10, b)
of kaolinite and montmorillonite, the band at about
3695 cm ! (absent in the spectrum of montmorillonite)
was attributed to the intra-surface OH groups of kaolin-
ite (these groups are absent in the structure of montmo-
rillonite), the band at 3620 cmﬁl, which is common to
the spectra of kaolinite and montmorillonite, was at-
tributed to internal OH groups [59]. In the spectrum of
the sample, an intense band is observed at 1634 cmfl,
attributed to the OH deformation of water. The doublet
at 797 and 777 cm ' indicates the presence of quartz
impurity in the sample [56, 61], which is confirmed by
X-ray phase analysis.

The studied clays were also subjected to thermal
analysis. The analyzer temperature range was set at
28-1000°C with a heating rate of 10°C per minute in
an argon atmosphere. Thermogravimetric and differen-
tial thermal analysis (TGA/DTA) of the studied clays
at these temperatures (Fig. 11, 12) showed that their
thermal decomposition occurs in three stages.

The first decomposition of the coal-containing clay
(Fig. 11), occurs in the temperature range from 30 to
497°C, meaning the loss of adsorbed water and organic
matter. According to TGA, the mass loss during the
first decomposition is 4.84%.
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The second decomposition was observed at temper-
atures from 497 to 874°C, which means dehydroxyla-
tion of kaolinite. In this case, structural OH is lost in
the form of water, since kaolinite is converted to me-
takaolinite, which is expressed as follows [62]:

AleizO5(OH)4—>A1203 -2 SIOZ
(amorphous metakaolinite)+H,0O1.

As is known [62], at a temperature of 573°C a pol-
ymorphic transformation occurs and o-quartz trans-
forms into B-quartz. Since this polymorphic transfor-
mation is a reversible process, only volumetric changes
occur in the mass of the sample without a change in
mass. The mass loss in the temperature range from 497
to 874°C was 5.6%.

T T T T T p— i
J ——DTA|
. —TGA
I 85
15 4
8,0
10 A
— i Start 47,8 min; 498,91 °C 7S =
> 5 End 86,73 min; 874,04 °C g
= Weight loss 0.4 mg; -5.6% 70>
<L 0 g
= " Start 0,00 min; 31,05 °C Q
=] End 47,8 min; 496,81 “C 65
-5 Weight loss -0,346 mg; -4,84% = =
104 6.0
Start B6,73 min; 874,04 °C
15 4 End 89,8 min; 1000 °C 55
‘Weight loss -0,033 mg; -0,46%
-20 T T T T T T 5 C
0 200 400 600 800 1000
Temperature, °C
Fig. 11. Thermogravimetric —and differential  thermal

(TGA/DTA) analyzes of kaolinite clay

Puc. 11. Tepmoepasumempuueckuii u JuggepeHyuarbHo-
mepmuveckuli (TI'A//ITA) aHaausvl Ka0AUHUMOBOU
2/IUHbL

The third decomposition was observed from 874 to
1000°C, at which crystallization of amorphous silica
occurs with the formation of primary mullite or
pseudomullite: Si-Al spinel with a mullite-like
composition [62]. In this temperature range, the mass
loss was 0.46%.

TGA/DTA analysis of Navbakhar bentonite clay
(Fig. 12) showed that thermal decomposition also
occurs in three stages. The first decomposition is
indicated by endothermic dehydration (loss of sorbed
moisture and interlayer free water), which occurs in the
temperature range from 29 to 109°C. According to
TGA, the mass loss during the first decomposition is
5.3%.

The second and third decompositions were
observed at temperatures from 109 to 523°C and from
523 to 1000°C. According to [63], at temperatures of
200-235°C, inter-packet water is removed. Around
700°C, dehydroxylation and formation of the amor-
phous phase of metamontmorillonite occurs, and be-
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tween 850 and 1000°C, solid-phase structural decom-
position and crystallization of cordierite, mullite, Mg-
spinel, quartz, and cristobalite occurs [62]. The mass
loss was 4.64 and 3.68%, respectively, in the second
and third decompositions.

30 T T T T T 9.0
——DTA
—TGA||
204 Les
10 s0 =
s 80
= Start 5071 min; 522,79 °C _E,
< End 100,05 mir; 1000 °C <
= 0 Wiaight Iss -0.283 mg; -3,68% (O]
= Start 0,00 min; 2892°C L7565
End 8,75 min; 109,08 °C
10 Wenthss daBma S e B \[
End 50.71 min: 52278 °C TN 7.0
Weight kuss -0,37 mg; -4, 84%
-20 4
T T T T T T '35
0 200 400 600 800 1000
Temperature, °C
Fig. 12. Thermogravimetric —and differential  thermal

(TGA/DTA) analyzes of bentonite clay

Puc. 12. Tepmozpasumempuueckuii u duggepeHyuanbHo-
mepmuveckuti (TT'A//]TA) ananusel 6eHMoHUMo8ol
2/IUHbL

The obtained results of the studies of the chemical
and mineralogical composition of clays made it possi-
ble to proceed to the optimization of the composition
of the batch for obtaining a porous aggregate.

Optimization of the batch composition for obtaining
porous aggregates

The optimization of the composition and process
parameters was performed using the method of math-
ematical planning of experiments. In this case, a sec-
ond-order multifactorial plan was used. The bulk
density and water absorption of the porous aggregates
were used as the optimization parameter. The amount
of bentonite clay in the batch, the firing temperature
and the isothermal holding time were adopted as
variable factors, the main levels of which were adopted
based on the results of previous tests [2, 22] and
literature data [47].

The intervals and levels of variation of the adopted
variable factors are given in Table 3.

The dried aggregate grains were fired in a chamber
furnace heated to 1100°C. It should be noted that when
the furnace door is opened, the temperature inside the
furnace drops to 800—850°C. The layer thickness is 40
mm. After loading with special dishes, the furnace
door was closed back. Active combustion of coal and
other organic substances occurs within 2.0 minutes.
Raw grains are subjected to a sharp impact, the so-
called "thermal shock". The temperature in the furnace
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was increased to 1100°C for 30 minutes. Isothermal
holding (firing) at this temperature is 20-40 minutes
depending on the dependence provided in the experi-
mental design matrix. After the firing process, the hot
grains were taken out of the furnace for further cooling
in air to room temperature.

Table 3. Intervals and levels of factor variation
Ta6auya 3. Humepsasvl u ypo8HU 8apbUPOBAHUS PAKMOPOS
Factor levels
YpoBHU paKkTOpOB
Variation intervals — —
Factors Bl A+ |
WHTepBasbl Bapbu- o 8| Fx I s
dakTophI = P Lo
poBaHus w a ST | 0K
Q I =X 2 ¥
S| 8| 2 E
) 2 =
X1 - amount of benton-
ite clay in the charge
X1 - KOJINYECTBO 20 70 90 50
6EHTOHUTOBOU I'JIMHBI
B muxre, %
Xz - firing
o
temperature, °C 50 1050 | 1100 | 1000
X2 - TeMnepaTypa
06xura, °C
X3 - isothermal expo-
sure time, min
X3 - BpeMs U30TepMHU- 10 30 40 20
YeCKOU BBIZIEPIKKH,
MHUH

After conducting a series of experiments provided
in the matrix of experiments, calculating the signifi-
cance of the coefficients and checking the adequacy,
the following regression equations were obtained:
for the bulk density of the porous aggregate:

Y,, = 425 — 159X, — 24X, — 17.5X; + 1.25X, X5 —
(1)

—1.25X,X; + 235X2 — 60X2 — 62.5X2;

(=)
=

o for water absorption within 24 hours:

Y, = 13,33 4+ 11,2X, — 2,67X2 + 5,33X2 + 2,33X2; (2)

Based on the obtained formulas (1), graphs were
constructed (Fig. 13) describing the influence of varia-
ble factors on the studied indicators. The coefficients
calculated based on the results of the experiment show
the significance of the influence of the adopted factors.
Analysis of the obtained formulas (1) and graphs
showed that the most influential factor on the bulk den-
sity of the porous aggregate was the consumption of
bentonite clay in the batch (X), since in absolute value
its coefficient is the largest. This means that with an
increase in the content of bentonite clay in the compo-
sition of the batch, the bulk density of the porous ag-
gregate decreases. According to the influence, the re-
maining factors are located X,>X3. In the paired influ-
ence, factors X; and X, turned out to be insignificant.
In the paired value, the influence of the coefficient of
factors X; and X3, also X, and X3 turned out to be
equal, but with opposite signs. This means that with an
increase in the values of X; and X3, the average density
of the aggregate will increase. And for X; and X5 in a
paired value, to increase the bulk density, one of the
factors must be negative.

The obtained formulas (1) and (2) allow to regulate
the bulk density and water absorption of the porous
aggregate in a wide range. Table 4 presents the physi-
cal and mechanical characteristics of the obtained
compositions of artificial porous aggregates. The re-
sults of the studies show that an increase in the amount
of bentonite clay, respectively, with a decrease in the
amount of coal-containing clay in the composition of
the charge leads to a decrease in the average density
and strength when compressed in a cylinder. However,
the water absorption of the porous aggregate also in-
creases.

5 - 394.4
f_ L 3776
E % Fii 300 | 3608
;i? E ; § 20 3440
% = E2 | - 327.2
c g -\?E o ’ \ 0.4
% § .§§ 230 \ 2038
@I ﬁ g 00 S— 2766
3% 280 ' 2600
o \ e
a J N <
Fig. 13. Impact of isothermal holding time (Xz) and firing temperature (X3) on the bulk density of the porous aggregate with the
content of bentonite clay in the charge (X1) at: a) X1=+1 (90%) and b) X3= -1 (50%)
Puc. 13. BausHue epemeHnu u3omepmuveckoll evidepicku (Xz) u memnepamypwl obitcu2a (X3) HA HACBLINHYH N/JAOMHOCMb

nopucmozo 3ano/JHuUMe1s1 npu cooepicaHuu 6eHmMoHumosol eauHsl 8 wiuxme (X1) npu: a) X1=+1 (90%) u 6) X3= -1 (50%)
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The surface color of the porous aggregate also de- Table4.  Physico-mechanical characteristics of the com-

pends on the ratio of components and the firing tem- positions of artificial porous aggregates
perature (Fig. 14). As the coal containing mixture in-  Ta6auya 4. Pusuko-mexaHu4ecKue XapaKkmepucmuku  co-
creases, the surface color changes from dark pink to €maeoe UCKYCCMBEHHbIX NOPUCTbIX 3ANOJHU-
light gray and has a large-porous structure. The surface meseu

of the aggregates also depends on the composition and Component ratio, % CharaCteriSticsl ;)g?)%%regate fired at
firing temperature. The surface of the aggregates with a COOTHOLICHHE KOM- |y oo opien samonsiTens:, 060-
high content of bentonite clay (composition No. 2) has MOHEHTOB, % okénHOro mpu 1100 °C

a glassy surface (Fig. 14, a), and the surface of the ag- S . . B s )
gregates with a high amount of coal containing clay § & £ %‘ 5 ES B S 8=
(composition No. 1) is light gray and has a matte sur- z 3 _E’ E w5 BE: £= 3 E § E
face. Apparently, such a matte surface is associated E2| 88 E §‘£ 2 E % Z:»E e K ?%
with a higher sintering temperature of kaolin clay com- S 5 £ g g = g = g P —i § == | 2 g
pared to the sintering temperature of bentonite clay. ,;E ?2: I8 = E B2 E & 5
This allows us to assume that such a aggregate surface E g™ & :':% § E I!:?- E s §
will lead not only to higher adhesion to the cement

stone, but also to an increase in the strength of light- 1 50 50 686 6.46 8
weight concrete. 2 70 30 395 274 16

Fig. 14. General view of porous aggregates (compositions according to Table 3, respectively)
Puc. 14. O6wuti 8ud nopucmulx 3anosHumMe.ell (cocmagbl, coomeemcmeaeHHo, no mab. 3)

jsaife.

Loy b A & R
100 um EMT = 20.00 kv Signal A = NTSTD Date 28 Oct 2021 i 1 Signal A = NTS BSD Date :28 Oct 2021
WD = 8.5mm Photo No. = 15509 Time :18:33:38 WD = 85 mm Photo No. = 15528 Time :19:56:28

a b
Fig. 15. Images of the porous structure of porous aggregates of the compositions, respectively, according to Table 3: a) no. 2;
b) no. 1
Puc. 15. H306padxceHusi nopucmoti cmpykmypbl NOPUCMbIX 3anoJHumeell cocmagos, coomgemcmeerHo, no mabs. 3: a) Ne 2;
6) Ne 1
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Fig. 15 shows SEM images of the porous structure
of the obtained lightweight aggregates. Samples made
of 70% bentonite clay and 30% carbon-containing clay
(Fig. 15, a) have high porosity, where the opening and
closing of pores of different sizes are uniformly dis-
tributed throughout the volume. The pore sizes range
from 46 to 706 um. The presence of open pores causes
an increase in the water absorption of these aggregates.

The analysis of the microstructure of the chip of the
sample made from the composition consisting of ben-
tonite clay and coal-containing clay in a ratio of 1:1 by
weight (Fig. 15, b) shows that one long pore with a
length of 870 um was found, and the size of the re-
maining pores fluctuates between 9.8 and 77 um. The
bulk of the pores had sizes from 30 to 65 pm. The for-
mation of such a fine-pored structure can be explained
by the fact that such pores were formed due to the
burnout of coal particles and gas-forming substances,
the content of which is less compared to composition
2. The bulk of the pores were closed, respectively,
which leads to low water absorption compared to the
samples prepared according to composition No. 2. The
resulting porous aggregate meets the requirements of
regulatory documents.

The indicators of technical and economic efficiency
of production of the developed porous aggregate [64],
which is 82738 sum/m’ cheaper compared to expanded
clay produced by the expanded clay plant in Gazalkent,
Tashkent region, have been determined. Using the de-
veloped porous aggregate, compositions of heat-
insulating and structural lightweight concrete of classes
B-5 and B-20 and additives of superplasticizer Poly-
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