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ABSTRACT

The article presents the results of studies of granular materials obtained by non-firing technology. For the
formation of granules, composite cement and magnesia binders containing waste products of expanded
perlite and expanded clay are proposed. Mechanical activation of composite binders intensifies the
processes of hydration and structure formation, contributes to increasing the strength of materials. The
combination of a binder with a filler in the form of waste from the production of porous aggregates ensures
a decrease in the density of the binder, the formation of a finely dispersed porous structure of the
composite material, the formation of stable hydrates. The porous structure of the granules is provided by
the use of porous sand to form the core of the granules. Studies of the structure of granules by electron
microscopy revealed that the reliable adhesion of particles of porous sand with a composite binder stone
provides high strength of porous granular materials. Cement granules based on expanded perlite sand are
characterized by a density of 300 — 400 kg/m3 and a compressive strength of 1.8 — 2.6 MPa. Magnesia
granules based on expanded clay sand have a density of 450 — 500 kg/m? and compressive strength of 3.5 —
5.7 MPa. The work is aimed at creating effective building materials using resource-saving technology, at the
rational use of production waste.
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Introduction

To ensure energy efficiency of construction, we
need materials that provide not only the required
bearing capacity of structures, but also have heat-
shielding properties. These materials include
lightweight concrete. Lightweight concretes are
characterized by low density, the values of which,
as a rule, do not exceed 2000 kg/m?3. Main physical
and mechanical properties of lightweight concrete
are due to a highly developed porous structure,
which is formed using foam and gas formers
(cellular concrete) or due to porous aggregates.

Lightweight concretes based on porous
aggregates, compared to cellular concretes, have
increased strength, lower shrinkage and creep,
which expand the scope of their application [[1],
[2], [3], [4], [5]]. The structure of lightweight
concretes based on porous aggregates is mainly
controlled by the aggregate. Porous aggregates

have been used since ancient times in the form of
volcanic rocks. Modern porous aggregates are
artificial materials made with a variety of raw

materials and manufacturing processes. The
characteristics of lightweight aggregates vary
widely.

In modern technology of lightweight concretes,
expanded clay is the most common. Optimization
of technological process ensures expanded clay
gravel production with a bulk density of 350 — 600
kg/m3; expanded clay concrete is characterized by a
density of 600 — 1200 kg/m3 and strength of 2 — 12
MPa [[6], [7], [8], [9], [10], [11], [12]]. Possibilities
for further improvement of expanded clay
technology are often limited by the state of raw
material base [[13], [14], [15]].

Among the promising porous aggregates is
expanded perlite, which is used to produce
lightweight concrete with a density of 450 — 900
kg/m3 [[16], [17], [18], [19]]. Expanded perlite is
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distributed mainly in regions where aggregates are
produced. When producing porous aggregates,
waste is generated at various stages of
technological process; chemical and disperse
composition of which depends on the conditions of
formation. The problem of rational use of such
waste remains relevant.

Along with porous firing concrete aggregates,
granular materials which are made without the use
of high-temperature technological processes have
become widespread [[20], [21]]. Unfired porous
aggregates favorably differ in reduced cost due to
exclusion of an energy-intensive process. Non-firing
porous aggregates are obtained by hardening
granular raw mixtures, which include a binder and
components that provide pores formation. The
variety of components of the raw mix provides
extensive raw material base for granular materials
production. The growth of requirements for
construction and technical properties of lightweight
concretes necessitates the improvement of porous
aggregates technology and expansion of the raw
material base due to available sources.

The purpose of the work is to study influence
of material composition of the raw mixture on
formation and properties of unfired granules.

Experimental part

To obtain granulated materials, raw mixtures
consisting of a composite binder and porous
particles were used. Composite binders were
prepared on the basis of Portland cement and
production wastes of expanded perlite sand,
caustic magnesite and expanded clay production
wastes. Expanded perlite sand (cement mixes) and
expanded clay sand (magnesia mixes) served as
porous particles for granulated raw mixes.

The main characteristics of Portland cement
CEM 1 42.5N (GOST 31108 — 2016): specific surface
330 + 10 m?/kg, initial setting time is 1 hour and
40 minutes, time of final setting is 3 hours, activity
is 26 MPa at the age of 2 days.

Caustic magnesite PMK — 75 brand contains
75 — 80% of MgO, is characterized by specific
surface of 300 + 10 m?/kg, initial setting time is 25
minutes, time of final setting is 2 hours 10 minutes,
compressive strength at the age of 2 days is 34
MPa, at the age of 28 days — 52 MPa.

Expanded perlite production waste is a
dispersed material with an average particle size of
0.1 - 1.2 mm («Oskolsnab» JSC, Stary Oskol)
Chemical composition of waste, wt. %: SiO, — 75;

A|203 - 12.5; Fezog - 0.7; Ca0 - 1.6,' MgO - 0.6,‘
(K20 + Nay0) — 4.6; others — 5.0.

Wastes of expanded clay production are mainly
represented by particles of 0.2 - 1.0 mm
(Ust-Kamenogorsk expanded clay plant). Chemical
composition of waste, wt.%: SiO, — 67.5; Al,O; —
10.8; Fe,03 — 5.7, Ca0 - 5.4; MgO - 2.3;
(K20 + Nay0) — 4.5; others — 3.8.

Expanded perlite sand is a granular material
with a particle size of up to 5 mm, obtained by
thermal treatment of crushed perlite, a volcanic
rock. The bulk density of expanded perlite sand is
75 — 500 kg/m?3. In this work, expanded perlite sand
with a fraction of 0.16 — 1.25 mm and a bulk density
of 200 * 10 kg/m?> was used.

Expanded clay sand is a granular mass of
particles 0-5 mm in size, obtained by crushing
Keramzite grains. Bulk density is 500 — 650 kg/m?3.
In the experiments, particles of expanded clay sand
with a fraction of 0.16 — 1.25 mm with a bulk
density of 510 + 10 kg/m3 were used.

Composite binders were being obtained by
mechanical activation of a mixture of the original
binder with waste products after porous filler
production in «E-max» activator mill during
30 minutes. The specific surface area of the binders
was evaluated using a photosedimentometer.

Water (cement mixtures) and magnesium
chloride solution with a density of 1230 kg/m?3
(magnesia mixtures) were used to mix the molding
masses.

Granules were molded on a drum-type
laboratory unit. Rotation of the metal drum
ensured pelletization of raw mixtures loaded into
the unit. Presence of a restrictive mechanism
prevented materials from sticking to the walls of
the drum. The method of granules forming as
follows: particles of porous sand with a part of
mixing agent were placed in a pre-installed unit;
then the composite binder was poured. After 2
minutes of rotation of the drum unit, the remaining
amount of mixing agent and composite binder was
added. Rotation of the granulating unit for 10 min
ensured the formation of a dense shell on the
surface of granules.

Raw mixture granulation includes the processes
of wet rolling of a composite binder onto porous
sand grains until raw pellets are formed.

Adjusting the duration allows you to get
spherical granules with a size of 5— 15 mm.

The mode of hardening of raw granules was
settled taking into account the nature of binders
hardening. Cement granules hardened in the
air-humid environment, magnesia granules in air,
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the ambient temperature in both cases was
18 — 22°C. After 28 days of hardening, the granules
were tested for strength by squeezing on a
hydraulic press.

The microstructure of granular materials was
studied by electron microscopy using TESCAN MIRA
3 LMU scanning electron microscope.

Discussion of the results

The working hypothesis of the study is based on
the possibility of obtaining granules from porous
sand and a composite binder, in which the filler has
a composition related to porous particles.
Combination of a binder with filler in the form of
waste products of porous fillers will reduce binder’s
density and form a finely dispersed porous
structure of the composite material. Mechanical
activation of the binder-filler mixture can
accelerate hardening and increase material’s
strength.

Mixes for cement granules.

Analysis of composite cement binders’
properties made it possible to determine the
rational combination of Portland cement with
waste of expanded perlite sand production (Table
1). The content of waste in the composite binder
does not exceed 10%. Introduction of a porous

technogenic component is accompanied by
increase in water demand, reduction in setting time
of the cement paste, decrease in density and
increase in strength of the binder stone.
Mechanical activation of the cement composite
binder contributes to additional amount of the
dispersed phase, which activates hydration
processes, accelerating the setting and structure
formation of the binder.

Granulated material was obtained by applying a
shell of a composite binder to a porous core. The
core of the granules was particles of expanded
perlite sand, held together by a composite binder.

Comparison of the properties of granules of
various fractions obtained from perlite sand
showed that with increase in the size of sand
particles, density of granules increases (Table 2).
Strength characteristics of granules are directly
dependent on their density. Physical and
mechanical properties of granules are largely
determined by shell’s state, thickness of which
increases with transition to large fractions.
Cleavage surface of cement granules was studied
by electron microscopy. The central part of
granules of 1.5 — 2.5 mm in size is formed by scaly
particles bonded with a binder, has surgeless
porosity (Figure 1).

Table 1 - Influence of expanded perlite production waste on the properties of cement composite binder

Content of filler in Normal binder Setting Propertifes of a binder stone at the age of 28 days
binder, % density, % period, min d:;/srl;g, compressive strength, MPa
0 28 120 2185 48
5 32 90 2060 50
10 40 70 2010 59
15 45 40 1815 38

Table 2 — Physical and mechanical characteristics of granular materials based on composite cement

. Granules properties
Granule core fraction, mm - 3 -
density, kg/m Granules properties
1.5-25 30010 1.8
25-50 35010 2.3
5.0-10.0 40010 2.6

Figure 1 — Microstructure of granules from cement mixtures
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Pores of the inner part of granules are
permeated with hydration products of the binder.
Shell thickness of fine fraction granules is 600 um
on average.

Structure of granules is formed with the
participation of dense shells on the surface of
porous sand due to dense fouling with binder
hydration products (calcium hydrosilicates, calcium
hydrosulfoaluminate), concentration of crystalline
hydrates on the sand surface and in the pore space.
Mechanical activation contributes to structural
change of pearlite. As a result, reactivity of perlite
in pozzolanization reactions is increased. According
to X-ray phase analysis, calcite, tobermorite,
gehlenite, and silica were found in the
multicomponent granular material. Identification of
the composition of all products of the pozzolanic
reaction is difficult due to weak crystallization of
most phases.

Shells are a kind of reinforcing element of
composite binder’s stone in the shell of the
granule. Porosity of granules is represented by
voids of perlite sand, which are overlapped by
hydrates and form closed spaces. In this case, a
special role belongs to fibrous calcium
hydrosilicates, which form intergrowths due to the
presence of a silicate technogenic component.

Mixtures for magnesia granules.

Properties of non-firing granules depend on
the binder component that connects filler
particles. Unfired granular aggregates for
lightweight concretes are usually obtained using

cements. Prevalence of cement-based granules is
due to hydraulic properties of this binder.

The use of cements often causes complications
in the molding process and provides relatively high
values for density of granular materials. To develop
porous granules technology, it is necessary to
expand the range of binders.

Magnesia binders are distinguished by intense
hardening, high strength properties, and expressive
adhesion to various materials [[21], [22], [23]].

Composite magnesia binders were obtained by
joint grinding in an activator mill of caustic
magnesite with expanded clay production waste.
Analysis of the test results revealed advantages of
composite binders containing 40 50% of
expanded clay production waste. Mechanical
activation ensures the production of a high-
strength composite binder containing up to 50% of
the technogenic component. Such binders are
distinguished by reduced consumption of salt
grouting fluid - solution of magnesium chloride, of
lower stone density with strength indicators
comparable to caustic magnesite (Table 3).
Introduction of technogenic component increases
water resistance of the binder stone, which is
estimated by the softening coefficient (the ratio of
material’s strength after being in water for 3 days
to material’s strength hardened in air).

Granules based on magnesia binders were
obtained in the manner described above for
cement granules. The core for granules formation
was aggregates of expanded clay sand particles
connected by a magnesian binder.

Table 3 — Influence of expanded clay production waste on the properties of composite magnesia binder

Content of filler No:in;:;tt);nder Setting period, Properties of a bin::’:’;t':r;:i:: the age oi:ft:’;\’/;
in binder, % o min density, kg/m’? strength, MPa factor
0 45 70 1930 52 0.45
10 45 75 1920 53 0.46
20 42 78 1900 54 0.52
30 40 82 1880 58 0.55
40 38 85 1865 62 0.65
50 37 85 1840 67 0.70
60 36 87 1825 46 0.73

Table 4 — Physical and mechanical characteristics of granular materials based on magnesia composite binder

Granules properties

Fraction of granules, mm

density, kg/m?

Granules properties

6.0-8.0 450+10

3.5

8.0-10.0 500+10

5.7

— 17
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Figure 3 — Microstructure of granules from magnesia mixtures

Average size of a granule core was 5.5 — 7.5
mm. Thickness of the shell around the core reached
1.5 - 2.5 mm. Physical and mechanical properties of
magnesia granules are shown in Table 4. Compared
to cement granules (Table 2), magnesia granules
are characterized by higher density, which is due to
the lower porosity of expanded clay sand in
contrast to expanded perlite particles.

Microconglomerate structure of the granular
material is formed on the basis of intergrowth of
crystals of magnesium hydroxide chlorides and
predominantly amorphous sparingly soluble
hydrates with the participation of a technogenic
component. This creates a matrix of gel-crystalline
structure of the stone and ensures its resistance to
shrinkage and water.

High strength of magnesia granules is provided
by crystalline structure of magnesium hydroxide
chlorides, formation of weakly crystallized
hydrosilicates, hydroaluminosilicates, magnesium
hydroferrites (Figure 2), and reliable adhesion of
the binder stone to the surface of expanded clay
particles (Figure 3).

Practicability of magnesia granules obtaining is
determined by low energy intensity of composite
binders’ production, which are half made up of
technogenic filler, and by high strength of the
porous granular material.

Conclusions

To obtain non-firing granular materials,
mechanically  activated  composite  binders
containing porous aggregates production waste are
proposed.

Porous structure of granular materials is
formed with the participation of expanded sand
connected by composite material into the core of
granules.

The use of expanded perlite sand or crushed
expanded clay particles in granules structure
expands the area of rational use of fine-grained
materials with high open porosity.

Granules strength is ensured by reliable
adhesion of components, including due to genetic
similarity of porous sand and technogenic
component of the binder.
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KoncbifaH Kymaap *KaHe on1apAblH OHAIPY KanablKTapbiHbIH HerisiHae
aNblHFaH TYMWipLWIiKTEenreH matepuangap

1 Mupiok 0.A., 23aropogHiok J1.X.

1 PyOHbIl uHOYCMpuUAnbIK uHcmumymel, PyoHsil, KazakcmaH
2 B.I. LLlyxoe ambiHOazbl benzopod memaekemmik mexHos02UAAbIK yHUsepcumemi, benzopod, Peceli

TYWIHAEME

MaKanaga KynaipinmewnTiH TexHosnorna 6olblHWA anblHFAH TYMipLWiKTeAreH maTepuangapapl
3epTTey HaTUKenepi KenTipinreH. TyipwikTepAi KanbiNTacTbipy YWiH KypamblHAQ KONCbIFaH NepanTt
NeH KepamsuT eHAIPICiHIH, KanablKTapbl 6ap KOMNO3ULMANBIK LLEMEHTTI }KaHe MarHesnanapl TyTKpIp
3aTTap yCblHbIAaAbl. KOMNO3MUMANBIK TYTKbIP 3aTTapAblH, MEXaHUKaNbIK 6enceHaipinyi rugpatauma

Makana kengi: 09 x¥cenamokcaH 2021 JKOHE KypblibiMAbl KaNbINTacTbipy NPOLECTEepiH KywenTeai, maTepuanaapablit, 6epikTiriH apTTbipyFa
CapantamagaH eTTi: 28 wenmokKcaH 2021 KemekTeceai. KeyekTi arperatrap eHAipiCiHiH, KanablKTapbl TYPiHAEr TYTKbIP 3aTTblH TONTbIPFbILLINEH
Kabbinpanapl: 31 kaHmap 2022 6ipiryi TYyTKbIp 3aTTblH, TbIfbI3AbIFbIHbIH, TEMEHAEYiH, KOMMO3ULMANLIK MaTepuanablH ycak gucnepcri

KeyeKTi Kypbl/bIMbIHbIH, Ka/lbINTacyblH KaHe TypaKTbl rmapatrapAbiH, naiga 6onybiH KamTamachi3
eteai. TyMipwikTepaiH, KeyeKTi KypblabiMbl TYMipWikTepaiH, AA4POCbIH KaibINTacTblpaTbiH KEYeKTi
KYMAbl KONAAHY apKbiabl KamTamacbis eTinedi. TyWipwikTepaid, KypblibIMblH 31EKTPOHAbI
MMUKPOCKONUA  3A4iCIMEH 3epTTey apKblabl KeyeKTi KyM 6esileKTepiHiH,  KOMNO3ULMANBIK
6aiinaHbICTbIPFbIWbIHBIH, TacneH 6epik TyTacybl KeyekTi TYMipWikTi maTepuangapabliH, KofFapsbl
6epiKTiriH KamTamacbl3 eTeTiHAiriH aHbIKkTangpl. KoncbiFaH NepsiuT KymblHa HerisgenreH uemeHT
TYMipWiKTepiHiH, ToiFbi3ablFbl 300 — 400 Kr/m3 XaHe cbiFbiiy Kywi 1,8 — 2,6 MMNa 6onagbl. Kepamsut
KYMbIHA Heri3ge/ireH MarHesus TyRipLikTepiHiH, ToiFbi3gbiFbl 450 — 500 Kr/m3 xaHe 6epikriri 3,5-5,7
MnMa Kypanabl. by }Kymbic pecypc yHeMAENTIH TEXHONOTUAHBI NaliganaHa oTbipbin, TUIMAJ KypblibIC
MaTepuangapblH ¥KacayFa, OHAIPIC KaNAbIKTapbIH YTbIMAbI NaiaanaHyfa barbiTTanfaH.

TyiiH ce3aep: TYMipWiKTi maTepuan, KOMCbIFaH NepPAUT, KEPaM3UT KYMbl, KOMNO3ULMANBIK TYTKbIP
3aT, KeYeKTi Kypbl/ibim.
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FpaHynnpoBaHHble MaTepuanbl HA OCHOBE BCNYy4YeHHbIX NeCKOB
n OoTX040B UX Npon3BoACTBa
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AHHOTALMA

B cTaTbe npuBeaeHbl pesynbTaTbl UCCNEA0BAHMI TPAHY/IMPOBAHHbBIX MATEPUANOB, MONYYEHHBIX MO
6€3065KMroBoi TexHoMorMn. [na GopMUPOBAHMA rPaHyN NPeasioKeHbl KOMMNO3ULMOHHbIE LeMEHTHbIE U
MarHesuanbHble BAXKYyLLME BellecTBa, COAeprKalime OTXOAbl MNPOW3BOACTBA BCMYYEHHOro nepanTa u
KepamsuTa. MexaHuyeckas aKTMBALMA KOMMO3ULMOHHBIX BXKYLWMX MHTEHcMdUUMPYET npoueccs
rmapataumm U CTpyKTypoobpas3oBaHusa, CnocobCTBYET MOBbLILEHWUIO NPOYHOCTM MaTepuanos. CoyeTaHne
BAKYLLEro C HamnojHUTeNemM B BMAE OTXOAOB MPOM3BOACTBA MOPUCTbIX 3anosHuTeneit obecnedvsaer
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Moctynuna: 09 dekabps 2021 CHW)KEHMEe  TMNIOTHOCTU  BAXyLlero, GOPMUPOBAHME  MENKOAMCNEPCHON  MOPUCTOW  CTPYKTYpbI
PeueHsnpoBaHue: 28 dekabps 2021 KOMMO3MUMOHHOrO MaTepuana, obpa3oBaHWe YCTOMUMBBLIX ruMapaToB. [opucTas CTPYKTypa rpaHyn
MpuHATa B nevatb: 31 AHeapAa 2022 obecneunBaeTcd  MCNOMb30BaHWEM MOPU30OBAHHOrO necka 414 o06pasoBaHMA Adpa  rpaHyn.

NccnenoBaHWAMU CTPOEHUA TPaHYN METOAOM SNEKTPOHHON MWMKPOCKONWUW BbIABNEHO, YTO HAAEXHOe
cuenneHWe 4acTul, NMOPM30BAHHOMO Mecka C KaMHemM KOMMO3MLMOHHOTO BAXyllero obecneymsaer
BbICOKYIO MPOYHOCTb MOPMUCTbIX TPaHY/NMPOBaHHbIX MaTepuanos. LiemeHTHble rpaHyabl Ha OCHOBe
BCMYyYEHHOro NEepsIMTOBOrO Mecka XapakTepusytoTca naoTHocTbio 300 — 400 Kr/m3 M MPOYHOCTbIO MpK
ckatum 1,8 — 2,6 MlMa. MarHe3snanbHble rpaHynbl HA OCHOBE KEPaM3UTOBOrO Necka MmetoT NA0THOCTb 450
— 500 Kr/m3 1 npoyHOCTb Mpu cKaTtum 3,5 — 5,7 MMMa. Pabota HanpasneHa Ha co3gaHune 3bPeKTUBHbIX
CTPOUTE/IbHLIX MaTepuanos no pecypcocbeperatoleli TEXHONOMMMU, Ha PaLMOHaNbHOE UCNO/b30BaHME
0TXOA0B NPON3BOACTBA.

KnioueBble cnoBa: rpaHyIMPOBaHHbIA MaTepuasn, BCMNYYEHHbIM MNEPAUT, Kepam3WTOBbIN NECOK,
KOMMO3ULMOHHbIE BAXYLLME, MOPUCTAA CTPYKTypa.
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