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Abstract: Concreting of massive hydraulic structures is accompanied by the phenomenon of exothermic heating of
structures caused by the process of cement hydration. Under natural conditions, the heat released in massive concrete
is slowly removed from the structure. Often, a significant temperature difference occurs between the central part of the
massif and its surface. If the critical value of the temperature difference is reached, temperature cracks occur, violating
the monolithicity of the structures.

In order to solve the problem of crack formation, the article considers the possibility of obtaining hydraulic concrete
using a composite binder based on finely dispersed aluminosilicate rocks - perlites, a colloidal additive in the form of
silicic acid sol and a superplasticizer.

To obtain a composite binder, aluminosilicate materials - perlite rocks with different degrees of crystallinity were ground
in a laboratory vibratory grinder to the required specific surface. To obtain a colloidal additive - silicic acid sol, the meth-
od of hydrolysis of soluble salts was used in the work, in particular sodium fluorosilicate Na,SiFs without removing sodi-
um cations Na'. The crack resistance index of hydraulic concrete Ktr was determined indirectly by the ratio of the tensile
strength of concrete under bending to the compressive strength - Rben/Rcom. The grade of concrete water resistance was
assessed by an express method for determining the water resistance of concrete by its air permeability.

It has been established that the most rational compositions are composite binders containing 10-20% glassy perlite, with a
specific surface area of 600 m?/kg, a colloidal additive in the form of silicic acid sol in an amount of 0.4% of the cement
weight and the Polyplast superplasticizer, which provides an increase in the compressive strength of hydrated stone after
28 days by 33% and an increase in bending strength by 40-45% compared to the control composition. At the same time,
the crack resistance index of hydraulic concrete Ktr using finely dispersed perlite, silicic acid sol and the Polyplast poly-
carbide superplasticizer increases by 21% compared to the control concrete composition, the concrete grade for water re-
sistance is W16, which is 60% higher than the water resistance grade of the control concrete composition.

Keywords: hydraulic concrete, plasticizing additive, silica sol, glassy perlite, crystallized perlite,
degree of dispersion, specific surface, water resistance, crack resistance, compressive strength

T'MAPOTEXHUYECKUA BETOH HA OCHOBE
KOMITO3UIIUOHHOI'O BAKYILIEI'O C IPUMEHEHUEM
AUCIIEPCHOI'O HEPJIUTA U KOJVIOUAHOU 1OBABKH

JLA. Ypxanoea ', A.A. Heanoe ?, C.A. J/Ixacapanoe ?

! HanmoHanbsHelii necienoBarenbcknii MOCKOBCKHIT TOCY/IaPCTBEHHBIN CTPOUTENBHBIN YHUBEPCUTET, T. MOCKBa,
POCCHUA
2 BocTouno-CHOUpCKHI TOCYIapCTBEHHBINA YHIBEPCUTET TEXHOIOTHI U yIpaBiaeHus, I. Yiaan-Y 13, POCCHUI

AHHOTauust: beToHnpoBaHNe MacCUBHBIX TMAPOTEXHUUECKUX COOPYKEHMI COITPOBOKAAETCS SIBIEHUEM SK30TEpMHYE-
CKOTO Pa3orpeBa KOHCTPYKLHH, BBI3BAHHOTO MPOLIECCOM THIpATAlY LIEMEHTA. B eCTECTBEHHBIX YCIIOBUSX BBIIEISIEMOE
B MaCCHBHOM OETOHE TEIJI0 MEUIEHHO OTBOJIUTCS W3 KOHCTPYKIMU. YacTo MeX /Ty LEHTPaIbHOMN 4acTbI0 MAacCHBa U €T0
TIOBEPXHOCTBIO BO3HMKAET 3HAYMUTENIBHBIN TeMIepaTypHbIH nepernana. B ciydae HOCTWKeHHs KPUTHUYECKOM BETHYUHBI
TeMIIepaTypHOTo Nepernasia BOZHUKAIOT TEMITEPaTypHbIE TPEIIMHBI, HAPYIIAIOIE MOHOIUTHOCT KOHCTPYKITHIL.

B crarbe st pemieHus Bopoca TperrHO00pa30BaHKsI paCCMOTPEHa BOZMOXKHOCTD MOJY4EHHs THAPOTEXHUYE-
cKOro OeTOHa ¢ MCIOJIb30BAHUEM KOMIIO3UIIMOHHOTO BSDKYIIETO Ha OCHOBE TOHKOJMCIEPCHBIX AJIFOMOCHIIMKAT-
HBIX TIOPOJI - IEPJIUTOB, KOJUIOWIAHOW JT00aBKH B BUJIE 30151 KPEMHHUEBON KHCIOTHI U CyNepIuIacTi(UKaTopa.
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J1J1s1 TOJTyYeHMST KOMITO3UIIMOHHOTO BSHKYIIETO aTFOMOCHIMKATHBIC MaTePUAIIBI - MICPIUTOBBIC TIOPOJIBI C Pa3HOI CTe-
MICHBIO KPUCTAUTMYHOCTH U3MEJIBYAIIN B JIAOOPATOPHOM BHOPOUCTUPATEIIC 10 HEOOXOMMOM Y ICIbHON TOBEPXHOCTH.
J1J1s1 oty YeHUsI KOJUTOMTHOM J00AaBKH - 30711 KPEMHHEBOM KHCIIOTHI B Pa00TE MPUMEHSUTH CIIOCO0 THAPOJIH3a PACTBO-
PHMBIX COJIeH, B 4acTHOCTH KpemHedTopuctoro Hatpust NaxSiFs 6e3 ynanenus karuoHoB Hatpusi Na'. Tlokazarens
TPEIMHOCTONKOCTH THJIPOTEXHUIECKOTro OeToHa Koy, Onpesessuicss KOCBEHHO 10 OTHOLICHHIO POYHOCTH OETOHa Ha
pacTsDKCHUE TPU U3ru0e K MPOYHOCTH TPH CHKATHH - Ryyr/ Rex. Mapka 1o BOJIOHETIPOHUIIACMOCTH OCTOHA OIICHUBAIACH
AKCIIPECC-METOIOM OIPeICIICHIS BOIOHEIPOHUIIAEMOCTH OETOHA TT0 €T0 BO3AYXOIMPOHUIIACMOCTH.

YcTaHoBIeHO, 9YTO HanboJee paIOHATEHBIMH SBISTFOTCS COCTABBI KOMITO3UIIMOHHBIX BSOKYIIUX C COACPIKaHIEM
10-20% CTEKJIOBHIHOTO IIEPIINTA, ¢ yACIBHOM MOBEPXHOCTBIO 600 MZ/KT, KOJUIOMTHON MOOABKH B BUIE 3011
KpEeMHHEBO# kuciotel B konmuectBe 0,4% oT Macchl ieMeHTa U cynepruiactudukaropom [lomumnacr, obecre-
YUBAIONIUM MIPUPOCT MPOUYHOCTH HA CXKAaTHE THAPATHOTO KaMHs 4yepe3 28 cyTok Ha 33% ¥ mpUpOCT MPOYHOCTH
Ha u3rub - Ha 40-45% MO CpaBHEHHUIO C KOHTPOJIBHBIM cOCTaBOM. [Ipu 3TOM TOKazaTellb TPEHIMHOCTOWKOCTH
THIPOTEXHUUECKOro 6eToHa Ky, C MCIOJIb30BaHMEM TOHKOAMCIEPCHOTO MEPIINTa, 3011 KPEMHHUEBOH KUCIOTHI U
MOJMKapOpKCUITaTHOTO cymepruiactudukaropa «llomummact» yBenuuunbaercs 21% Mo CpaBHEHUIO ¢ KOHTPOJIb-
HBIM COCTaBOM OeTOHa, Mapka OETOHA IO BOJIOHEIIPOHHUIIAEMOCTH cocTaBisieT W16, 4ro GoibIe MapKH O BO-
JIOHETIPOHHUIIAEMOCTH KOHTPOJBHOTO cocTaBa OeToHa Ha 60%.

KnroueBble cioBa: rupoTexHuueckuii OETOH, macTH(GUIMpyomas 100aBKa, 3016 KPEMHHEBOW KHUCIIOTHI,
CTEKJIOBU/IHBII MEPIINT, 3aKPUCTAITM30BaHHBIN MEPINUT, CTETICHb AUCTIEPCHOCTH, YACTbHAs TOBEPXHOCTB,
BOJIOHETIPOHUIIAEMOCTD, TPEIINHOCTONKOCTD, TPOYHOCTD IPH CHKATHN

INTRODUCTION

Currently, due to the development of hydraulic
engineering construction in the Siberian and Far
Eastern regions of Russia, there is a need for con-
crete for hydraulic engineering structures. Accord-
ing to GOST 26633-2015, it is recommended to
use sulfate-resistant and pozzolanic cements as a
binder for the production of hydraulic engineering
concrete. However, the use of such cements leads
to a significant increase in the cost of hydraulic
engineering concrete, since these types of Portland
cement are much more expensive than ordinary
Portland cement and the production volume of
such cements is limited [1].

Concretes for hydraulic engineering structures
must meet increased durability requirements
imposed on them under operating conditions at
the boundary of air and water environments.
Under such conditions, cracking in hydraulic
engineering concrete is most dangerous. As a
result of cement hydration, heat is released,
which initially causes compressive stresses in
hydraulic engineering structures. Then, as a re-
sult of a decrease in temperature, concrete
shrinkage occurs and tensile stresses appear. At
the moment when tensile stresses exceed the
tensile strength of concrete, cracks are formed
[2-4].

Improvement of the characteristics of hydraulic
concrete can be achieved by introducing active
mineral additives into Portland cement, which
eliminate the negative impact of a high tempera-
ture gradient during cement hydration by modi-
fying the structure of the cement stone, increas-
ing water resistance, increasing corrosion re-
sistance, reducing overall porosity, increasing
the physical and mechanical and operational
properties of hydraulic concrete [5-7]. In addi-
tion, the formation of the physical and mechani-
cal characteristics of concrete is interconnected
with the formation of new complex hydrate
compounds with improved characteristics and a
certain crystallization structure, which also af-
fects the physical and mechanical properties of
concrete. There are works on the use of micro-
silica in combination with surfactants, which, in
accordance with their chemical nature, have a
positive effect on improving the properties of
artificial stone, but the effectiveness of their ac-
tion as a result of limited reaction activity does
not ensure the creation of concrete of a new lev-
el of properties [8].

In the presented work, perlite rocks subjected to
mechanochemical activation in energy-intensive
devices, an ultrafine silica additive and a super-
plasticizer based on polycarboxylate were used
to obtain hydraulic concrete. An ultrafine silica
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additive in the form of a sol and an active min-
eral additive subjected to mechanical activation
will contribute to improving the microstructure
of cement stone due to water reduction of the
cement system, the formation of a dense pack-
ing of particles of a dispersed composite binder
and hydration interaction of Portland cement
with silica-containing additives [9], improving
the physical and mechanical properties of con-
crete with their use.

MATERIALS AND METHODS

To improve the properties and increase the
crack resistance of hydraulic concrete based on
finely dispersed, colloidal additives and surfac-
tants, Portland cement CEM 1 42.5 N GOST
31108-2020 OOO Timlyuycement was used as
a binder. Finely ground glassy and crystallized
perlite from the Mukhor-Talinskoye deposit
(Republic of Buryatia) were used as active min-
eral additives depending on the composition.
The chemical compositions of glassy and crys-
tallized perlite are given in Table 1.

Table 1. Chemical composition of glassy and
crystallized perlite, mass.%

Material | Si02 | ALOs | FexOs | FeO| Ca0 | MzO | Ti0z | 805 | KaO | N0 | RO | ppop.
Perlte viteous | 6840 | 1375 | 030 | 006] 00| 030 | 015 | 00| 391 | 337 | - | 597

Coystallized | 7303 | 1L7 | L8 [ 171] 0355 | 030 | - | - | - | - | 64|76
perlite

Perlites were pre-crushed in a laboratory vibra-
tory grinder VI-4x350 to a specific surface of
550 - 600 m?/kg. A superplasticizer based on
modified polycarboxylates (OOO "Polyplast-
Sibir") was used as a surfactant, introduced into
the cement with mixing water in an amount of
0.2% of the cement weight. The basis of the su-
perplasticizer "Polyplast" are polycarboxylate
esters. To obtain a silicic acid sol - a colloidal
additive, a method of hydrolysis of soluble salts
was used in the work, in particular sodium
fluorosilicate NaxSiF¢ without removing sodium
cations Na'. The optimal concentration of the
sol is 0.75%. Hydrolysis of sodium fluorosili-
cate occurs according to the following reaction:

NaxSiF¢ +4H20 —2NaF+4HF+H4Si04, (1)

The resulting silicic acid sol in the form of an
aqueous solution has a density of 1.018 g/cm?,
the value of the hydrogen index pH = 4.5-4.8,
was introduced into the composition of concrete
with mixing water with an optimal concentra-
tion of 0.4% of the cement weight.

The superplasticizer "Polyplast PK type S"
based on modified polycarboxylates (OOO
"Polyplast-Sibir") was used as a surfactant, in-
troduced into the composition of cement with
mixing water. The basis of the superplasticizer
"Polyplast" are polycarboxylate esters.

The binder was prepared by thoroughly mixing
Portland cement and finely dispersed glassy and
crystallized perlite, crushed to a specific surface
of 550-600 m?/kg.

Concrete mix using composite binder with
workability grade P3 (cone slump 12 cm) was
prepared by mixing in a laboratory concrete
mixer for 1 min pre-dosed components - Port-
land cement, finely dispersed perlite, sand
with fineness modulus Mkr. = 2.1, crushed
stone of fraction 10-20 mm and water contain-
ing dosed silica-containing component - silicic
acid sol and superplasticizer Polyplast. From
concrete mix of equal mobility, cube samples
measuring 100x100x100 mm were molded,
which were tested according to standard
methods. For each type of test, samples were
made in accordance with the requirements of
GOST 10181-2014 "Concrete mixes. Test
methods", GOST 10180-2012 "Concretes.
Methods for Determining Strength Using Con-
trol Samples", GOST 12730.5-2018 "Con-
crete. Methods for Determining Water Re-
sistance", GOST 24452-2023 "Concrete.
Methods for Determining Prism Strength,
Elastic Modulus, and Poisson's Ratio". The
crack resistance index of hydraulic concrete
Ktr was determined indirectly by the ratio of
concrete tensile strength under bending to
compressive strength - Rben/Rcom.
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RESULTS AND DISCUSSION

All the components under study in rational
quantities provide improvement of physical and
mechanical properties of hydraulic concrete
(Table 2).

Table 2. Effect of dispersed perlite, specific
surface area of 600 m’/kg and silica sol on
physical and mechanical properties of hy-
draulic concrete

Name Compressive
strength, in MPa,

after hardening for

Bending Ktr
strength, in (Rben
MPa, after | /Rcom)
hardening

for

3 7 28 7 28
days | days | days | days | days

Control
composition

246 | 348 [ 387 | 41 | 7.1 0,18

PC+
10% Vitreous
perlite+
Polyplast

254 | 36,3 | 399 | 43 7.3 0,18

PC+
20% Vitreous
perlite+
Polyplast

256 | 374 | 40,7 | 45 | 69 0,17

PC+
Sol ¢+
Polyplast

30,8 | 37,4 | 40,9 | 5,6 9,1 0,22

PC+
10% Vitreous
perlite+
+ Sol +
Polyplast

33,1 | 39,0 | 48,6 | 6,9 | 10,6 0,22

PC+
20% Vitreous
perlite + Sol
+

Polyplast

352 | 424 | 534 | 7.8 | 10,9 0,20

PC+
10% Crystal-
lized perlite +
Sol +
Polyplast

32,6 | 38,5 | 41,1 | 4,0 6,9 0,16

PC+
20% Crystal-
lized perlite +

Sol +

Polyplast

332 | 40,0 | 429 | 44 7,6 0,17

Introduction of finely ground perlite into the
concrete composition leads to an increase in the
water-binding ratio by 7-13%. The use of the
polycarboxylate superplasticizer Polyplast in an

optimal amount of 0.2% of the binder weight
not only reduces water consumption by 9-16%,
thereby compensating for the loss of strength of
hydrated stone associated with a decrease in the
amount of cement in the composition, but also
changes the structure of hardened concrete.
Colloidal additive in combination with finely
ground perlite and plasticizer has a positive ef-
fect on increasing the strength of concrete. The
maximum values of compressive strength were
shown by the compositions with the addition of
vitreous perlite and silicic acid sol: PC + 20%
vitreous perlite + sol in the amount of 0.4% of
the cement mass + Polyplast - 53.4 MPa, which
is 33% higher than the strength of the control
composition, respectively.

The use of polycarboxylate polymer in combi-
nation with fine and ultrafine silica-containing
additives, to the greatest extent, starting from an
early age, increases the tensile strength of con-
crete in bending. The maximum values of con-
crete tensile strength in bending at the age of 28
days were shown by concrete compositions: PC
+ 10% vitreous perlite + sol in the amount of
0.4% of the cement mass - 10.6 MPa; PC + 20%
vitreous perlite + sol in the amount of 0.4% of
the cement mass — 10.9 MPa, which is on aver-
age 40-45% greater than the flexural strength of
the control concrete composition.

The increase in strength is the result of the influ-
ence of perlite on the structure and chemical and
mineralogical composition of hydraulic concrete
on a composite binder. A significant role is played
by the chemical factor of perlite action, which is
expressed in a change in the balance between the
hydrated phases in the composition of cement
stone towards an increase in the volume of strong-
er and more stable low-base calcium hydrosili-
cates (CHS) with the formation of dense con-
glomerate structures [9, 10]. The amorphous
phase of silica, contained in large volumes in vit-
reous perlite, leads to an increase in compressive
strength due to the replacement of the mechanical-
ly weak phase of calcium hydroxide with a
stronger hydrosilicate phase [11].

The presence of a glassy phase (60-80%) in the
perlite composition causes an increase in the
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strength of composite cement compared to the
use of crystallized perlite of equal chemical
composition, which is associated with an in-
crease in the content of the amorphous phase in
aluminosilicate rocks, their further amorphiza-
tion during fine grinding in energy-intensive
grinders [12]. Amorphous silica in perlite binds
free calcium hydroxide formed during cement
hydration, with the formation of an additional
amount of low-basic calcium hydrosilicates.

In addition, as studies have shown, the morpholo-
gy of the particles of the original crushed materi-
als of natural and artificial origin changes depend-
ing on the grinding method [13]. In an energy-
intensive grinder, which includes a rod vibratory
grinder, during the grinding of glassy perlite, more
rounded grains of the material are formed with a
small amount of roughness on the surface, as a
result of which the particles fit more tightly to
each other with an increase in the contact surface,
which indicates the efficiency of grinding the raw
material in the rod vibratory grinder. When grind-
ing crystallized perlite, grains of a flat, elongated
shape are formed with the formation of a less
dense packing of mixtures using it.

A colloidal additive, represented by a silicic acid
sol, turns into a gel, compacting the microstruc-
ture of the hardening system, and also enhances
the hydration activity of silicate-containing miner-
als of Portland cement and interacts with hydrolyt-
ic lime, thereby ensuring the formation of tober-
morite-like calcium hydrosilicates, which in turn
reinforce the hardening system, providing in-
creased bending strength [14].

The crack resistance index of hydraulic concrete
Ktr, indirectly estimated by the ratio Rben/Rcom,
using finely dispersed perlite and silica sol is 0.22,
which exceeds the crack resistance index of con-
crete without additives by 21%.

The results of the physical and mechanical
properties of concrete confirm the resistance of
concrete based on a composite binder, with col-
loidal and plasticizing additives to crack for-
mation. To increase the durability and crack re-
sistance of hydraulic concrete, studies were car-
ried out to determine the deformation properties
of concrete (Table 3).

Table 3. Deformative properties of hydraulic
concrete based on composite binder

Compound Prism Modulus of Poisson's
strength, elasticity Eb, ratio
MPa MPa x 10°
3 28 3 28 3 28
days | days | days days | days | days
PC 19,8 | 34,6 | 22974 | 32362 | 0,18 | 0,216
PC+20% | 23,4 | 40,2 | 24084 | 35680 | 0,18 | 0,202
vitreous
perlite +
Polyplast
PC + Sol + | 25,6 | 39,6 | 23742 | 34493 | 0,17 | 0,191
Polyplast
PC+20% | 30,1 | 46,3 | 26247 | 37345 | 0,17 | 0,199
vitreous
pearl + Sol
+ Polyplast

The prismatic strength of hydraulic concrete on the
optimal compositions with the combined use of
finely dispersed perlite, silica sol and superplasti-
cizer Polyplast in relation to the compressive
strength is 17%, while on the control samples this
ratio is 9%, which confirms the increased resistance
of concrete to cracking. The increase in the pris-
matic strength of hydraulic concrete is mainly due
to the high cubic strength of the presented concrete
compositions compared to the control sample.

The modulus of elasticity of the hydraulic con-
crete compositions using finely dispersed perlite
+ superplasticizer Polyplast and the composition
of silica sol + superplasticizer Polyplast in-
creased on average by 3-5% in 3 days and by 7-
10% in 28 days compared to the control compo-
sition. The composition with the combined use
of vitreous perlite, silica sol and the superplasti-
cizer Polyplast increases the modulus of elas-
ticity compared to the control composition at 3
days by 14%, at 28 days - by 15%, respectively.
The increase in the modulus of elasticity of hy-
draulic concrete based on a composite binder oc-
curs due to the compaction of the structure due to
the interaction of perlite, sol and superplasticizer
with cement hydration products and the formation
of additional bonds in the form of calcium hydro-
silicates. Also, the increase in the modulus of elas-
ticity is associated with a lower water-cement ra-
tio, at which porosity decreases, which causes an
increase in the modulus of elasticity [15, 16].
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The Poisson ratio at the age of 3 days for the
composition with vitreous perlite remained un-
changed compared to the control composition.
The Poisson ratio for the compositions with sili-
ca sol + Polyplast and the composition with vit-
reous perlite + sol + Polyplast decreased by 5%
compared to the control composition. At the age
of 28 days, the Poisson's ratio for the composi-
tions: vitreous perlite + Polyplast; sol + Poly-
plast; vitreous perlite + sol + Polyplast de-
creased by 6, 11 and 8%, respectively.

The decrease in the Poisson's ratio of modified
concrete can be explained by the fact that when
introducing a polycarboxylate superplasticizer and
silicic acid sol, due to the modification of the con-
crete structure, a greater number of structural ele-
ments are formed in the hydrated shells of the
grains, and, consequently, the sliding surface of the
particles increases, which leads to a more intensive
reduction in transverse deformations and a decrease
in the Poisson's ratio [17, 18].

To ensure the durability of hydraulic concrete, it
is important to ensure a high value of water re-
sistance. The concrete grade by water re-
sistance, estimated by the express method of
determining the water resistance of concrete by
its air permeability, for the compositions of hy-
draulic concrete using finely dispersed perlite +
superplasticizer Polyplast and the composition
of silica sol + superplasticizer Polyplast is W12
and W14, which exceeds the water resistance of
concrete without additives by 20 and 40%, re-
spectively (Table 4). The composition with the
combined use of glassy perlite, silica sol and
superplasticizer Polyplast increases the concrete
grade by water resistance by 60% compared to
the control composition - up to W16.

The increase in water resistance can be ex-
plained by the fact that during the polyconden-
sation process, which takes place at all stages of
the sol-gel process, microgel structures are
formed containing molecules of different mo-
lecular weights (from monomer to polymers)
[19-21]. Polycondensation in the volume of par-
ticles leads to their compaction. At the gelation
stage, this reaction helps to strengthen the coag-
ulation contacts between particles [22]. In turn,
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the gelation products fill the micropores of the
concrete structure with sol particles and the
products of its interaction, thereby creating a
dense structure [23-25]. The introduction of per-
lite into the composition of concrete leads to the
formation of low-basic calcium hydrosilicates,
which in turn also increase water resistance.

Table 4. Concrete grade by water resistance

Compound Time of pressure Concrete grade
drop in the cham- by water re-
ber of the VV-2 sistance
device, s
PC 186 cex. W10
PC + 20% vitreous 294 cek. Wi2
perlite + Polyplast
PC + Sol + 391 cex. W14
Polyplast
PC +20% vitreous 573 cek. W16
perlite + Sol + Pol-
yplast
CONCLUSIONS

It is possible to obtain durable concrete for hy-
draulic structures with high initial strength, in-
creased water resistance and crack resistance by
using highly effective plasticizers, active miner-
al additives of natural origin, subjected to me-
chanical activation in order to obtain finely dis-
persed additives, and ultra-dispersed additives
obtained using sol-gel technologies.

Thus, it can be concluded that the additive for
hydraulic concrete using vitreous perlite, silicic
acid sol and superplasticizer based on polycar-
boxylate polymers is effective, the use of which
promotes the formation of low-basic calcium
hydrosilicates, the formation of a denser micro-
structure of cement stone, while improving the
strength properties of modified cement stone in
concrete, which, in our opinion, can increase the
thermal crack resistance of hydraulic concrete.
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