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AHHOTAIUA

Beeoenue. Obvemnvie uzmenenus, 8vbl36aHHble YCAOKOU, NPUBOOam K 0bpaszosaruro mpewur 8 bemorne. Om
ce0licme 6emona nposeIsamb Ycadoutble 0eoOpMayul 6 3HAYUMENbHOU CIMeneHU 3a8UCUI €20 NPOYHOCHb 0CO-
benno npu pacmsidcenuu. Komnencuposantvie ycadounvie 0e@opmayuy nosblulaom conpomusisiemMocnms 00paszo-
8aHu0 mpewun. Imo 00yci08IU8AETH MAKICE NOBBIULEHHYIO CIOUKOCNb 8 PA3IUYHBIX CPEOAX.

Lenvio oannoii pabomol s6715710Ch pazpabomams 3@ GexmueHvle CROCODbL MUHUMUZAYUU YCAOOUHO20 MPeuju-
HOO6pazosanus 6 bemone 3a cuem co30anust 6e3ycadoyHOU CMPYKMYpPbl U YRPAGIEHUSI NPOYECCamu YOPMUPOSaHUs]
CMPYKMYPHO20 KAPKACA 8 HAYANbHBLIL NEPUOO cuopamayuy u meepoenus yemeHma.

Mamepuanst u memoost. Ilpu nposedenuu ucciedosanuil ucnovzosanu nopmianoyemenm CEM 1-42,5, u kom-
nosuyuonHoe esicyujee ¢ cyrvgpoanomogpeppumnsvim yemenmom (KB). Aymoeennyio ycaoky ucciedosanu na 0o6-
pasyax-npuzmax pazmepom 40x40x160 mm npu meepoenuu 8 yCao8usax, UCKIIOHAIOWUX UChaperue e1azu u3 be-
mona. Cymmapnas Oepopmayus ycaoku, ex10° onpedensiiu cymmuposanuem aymozeHHou u 61AHCHOCMHOL
yeaoku. Jlepopmayuro obpazyoe onpedensiu coenacto I'OCTI18833. DnekmporHy0 MUKPOCKONUIO UCHONb308AIU
07151 OYeHKU CIPYKMYPbL 3ameepoesuiell yeMeHmHol nacmol. Penmeenoghazosulii ananusz ucnons3o8anu 07is onpe-
denenusi pazoeo2o cocmasa 3ameepoesuiell yemMeHmuou nacmol. Hoenmughuxayuio Munepanios ocyuwecmeusiiy no
oannvim kapmomexu ICDD (Meascoynapoouas 6a3a 0anHbix NOPOUKOBLIX PEHMEEHOBCKUX OUDPAKMOZpamM,).

Pezynomamot. Paccmompensvt munsi U MEXaHU3Mbl 603HUKHOBEHUSL YCAOOUHBIX OehopMayuti yeMeHmHoz2o be-
mona u Haubonee s pexmushvie cnocobbl OOPLOLL ¢ YCADOUHBIM Mpewunooopasosanuem. OnUCAHA KOMHEHCAYUs]
YCaoxu nymem npumMeneHus pacuupsioumux 000asox, Kaxk 00Hou u3 ggexmugnvix mep. Onpedenrena KuHemuxa u
nepuoosl CMpyKmypooopaz08aHus 6 NIACMUYHOU YeMeHmHoU nacme 6 6e30004804YHOM NOPMIAHOYEMEHME U KOM-
NO3UYUOHHOM GSICYWEeM. DKCHePUMEHMANbHbIMU UCCTIe008AHUAMU NOKA3AHO, YMO CYMMApHAs Oeghopmayust
ycaoku obpasyos uz nopmuanoyemenma ¢ eospacme 90 cym. docmuzaem 515 %10, npu smom na deopmayuu
aymozennoii ycaoxu npuxooumes 60 % (309x107). Cymmapnas oepopmayus ycaoku obpasyos KB oocmuzaem
410x10°, dona depopmayuii aymozennoii ycaoku cocmaensem 22 %.

Bu1600vt. Dpdpexmusnviii cnocod MUHUMUZAYUU YCAOOYHO20 MPEWUHO0OPA308AHUSL 8 OemOHe MOodcen 00CHU-
2amvcsl 3a cyem co30aHust 0e3yCcadouHol CmMpyKmypul, 00pA306aHHOU NPOUHBIM KPUCMALIUYECKUM CAMONOOOep-
AHCUBAIOWJUM KAPKACOM U3 HOBO0OPA308AHUT KPUCHALIO2UOPAMO8 8 Meepoeioujel YeMeHMHOU NAcme KOMNO3UYU-
OHHO20 85ICYUe20, COCMOAUe20 U3 NOPMIAHOYEMEHma U CYabpoanomopeppumuozo yemenma. Ipumenenue kom-
NO3UYUOHHO20 65IACYUIE20 8 COCMABE OEMOHA MONCem 0Decneuusams NoIyYeHUe MA0 0epeKmHbIX, HAOEHCHBIX U
00JI208EUHBIX CMPOUMENbHBIX KOHCIMPYKYULL U3 OemOoHa u dcene300emona.

KJIFOUEBBIE CJIOBA: ycaoxa, aymoeennas, 61axCHOCMHASL, XUMUHECKAsl, KOHMPAKYUsl, 3ameepoesulas ye-
MEHMHAsL NACmA, MPewuHo0OPA306aHUe, BHYMPEHHUL YX00, PACUUPSIOWUEcs: 000a8KU, SIMMPUHSUM, CIPYKMYPA.
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ABSTRACT

Introduction: Volumetric changes caused by shrinkage lead to cracking in concrete. The strength of concrete,
especially in tension, largely depends on its ability to exhibit shrinkage deformations. Compensated shrinkage de-
formations increase resistance to crack formation. This also results in increased resistance in various environments.

The aim of this work was to develop effective methods to minimize shrinkage cracking in concrete. This is
achieved by creating a shrinkage-free structure and controlling the processes of formation of the structural frame-
work during the initial period of hydration and hardening of the cement.

Materials and methods. During the research, Portland cement CEM 1-42.5 and a composite binder with sul-
foaluminoferrite cement (CB) were used. Autogenous shrinkage was studied on prism samples measuring
40%40x160 mm during hardening under conditions that prevent moisture evaporation from the concrete. The total
shrinkage deformation, ex10° was determined by summing the autogenous and moisture shrinkage. The defor-
mation of the samples was determined according to GOST 18833. Electron microscopy was used to evaluate the
structure of the hardened cement paste. X-ray diffraction analysis was used to determine the phase composition of
the hardened cement paste. Identification of minerals was carried out using data from the ICDD (International
Centre for Diffraction Data) database.

Results. The types and mechanisms of shrinkage deformation in cement concrete and the most effective methods
for combating shrinkage cracking are examined. Shrinkage compensation by using expanding additives is described
as one of the effective measures. The kinetics and periods of structure formation in plastic cement paste in non-
additive Portland cement and composite binder were determined. Experimental studies have shown that the total
shrinkage deformation of Portland cement samples at the age of 90 days reaches 515 %10°. The autogenous shrink-
age deformation is 60% (309%10°). The total shrinkage deformation of the CB samples is 410x10°, the share of
autogenous shrinkage deformations is 22%.

Conclusions. Effective method for minimizing shrinkage cracking in concrete can be achieved by creating a
shrinkage-free structure. This structure is formed by a strong crystalline framework of newly formed crystal hy-
drates during the hardening of sulfoaluminoferrite cement. The use of composite binders in concrete can ensure the
production of low-defect, reliable and durable building structures made of concrete and reinforced concrete.

KEY WORDS: shrinkage, autogenous, moisture, chemical, contraction, hardened cement paste, crack for-
mation, internal care, expanding additives, ettringite, structure.
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BBEJIEHUE

OpHOM M3 OCHOBHBIX NIPUYMH TPEIMHOOOpa3oBaHus B Oe-
TOHE SIBJISIETCSl er0 0OBbEMHBbIC M3MEHEHUS], BHI3BAHHBIC YyCal-
Koi. OT CBOMCTB O€TOHA MPOSIBIATH YCaJ04HbIE AehOopMaIiK
B 3HAYMTENBHON CTETIEHH 3aBUCHT €r0 MPOYHOCTH (0COOCHHO
IIPU PacTSDKCHWH) M COIPOTHUBIIIEMOCTh OOPa30BaHHUIO Tpe-
IIMH, a CJIEJOBATEIbHO CTOWKOCTh B PA3IMYHBIX cpeaax. Hamu-
YKe TPEIIMH B OCTOHHBIX M XKEIE300€TOHHBIX KOHCTPYKIHAX
CHIDKAeT MX JOJITOBEYHOCTh BCIICACTBHE MOMANAHUS PA3IHU-
HBIX arpeCCHUBHBIX BEIIECTB B 3TH TPELIUHBI, YTO MPUBOAUT K
Pa3BUTHIO JECTPYKIUI CTPYKTYphl OE€TOHA M KOPPO3UH apMa-
Typbl [1-4]. PEeMOHT 1 BOccTaHOBIIEHHE OETOHA COIPSDKEHBI C
BBICOKMMM KallUTAJIbHBIMU 3aTpaTaMu U MOBBIILICHHOM TpYyao-
eMKoCTblo. Hanbosee S5KOHOMUYHBIMU SIBJISIIOTCST MEPOIIPHSI-
THSI 110 TIPEIOTBPAIIEHHIO MIIM MUHUMH3AIMH TPEIIMHOO0pa3o-
BaHMs B OETOHE.

B coBpemeHHOM OETOHOBEAEHHMH BBIICISIOT MSATH OCHOB-
HBIX BHIOB YCaJKh O€TOHA: IUIACTUYECKYylO, ayTOTEHHYIO,
BIIAXHOCTHYIO, TEPMHYECKYIO U KapOoHM3annoHHy0. Kaxnas
W3 TIPUBEICHHBIX BUIOB YCaIKH OOYCIIOBIICHA Pa3lIUYHBIMH
s dexTamMn, 9T0 0OYCIOBIUBAET CIOKHOCTH MPOTHO3HPOBA-
HUS BETMYMHBI TOIHOM ycanaku [5-11].

ITacTHueckas ycaaka MOXKET MPUBOANTH K 00pa30BaHHIO
TPELIMH Ha TOBEPXHOCTH OETOHA B KOHCTPYKIHSAX C OOJBIIOH
OTKPBITO MOBEPXHOCTHIO. Kak mpaBuiio, oHa MPOTEKaeT B Ie-
PHO/1 HAYAIEHOTO CTPYKTYpPOOOpa3oBaHus OT Havyaja 10 KOHIa
CXBaThIBaHUS B CBEXKEYJIOKEHHOM OeroHe. BenmumHa 3T0it
yCaZKi 3aBUCHUT OT TEMIIEpaTypbl M OTHOCUTEIBHON BIIAYKHO-
CTH OKPY’KaloIllero BO3yXa, CKOPOCTH BETpa U TeMIIEpaTyphl
oeToHa [5,6,8,10].

B panneM Bo3pacte, Korza O€TOH XapaKTepu3yeTcsi MHHH-
MaJIbHOM NMPOYHOCTHIO MPH PACTSHKEHHH U MOAYJEM YIPYTo-
CTH, YTOOBI BBIAECPXKHUBATh BHYTPEHHHE HAIIPSHKECHHSI XOPOIIO
Kkoppenupyercss ypaBHeHueM (1). Kak mpaBmiio 3to mepuon
Mexay 24 u 48 9 mocne cXBaThIBaHUS, KOTOPBIN SBISETCS Ca-
MBIM YS3BHMBIM, TaK KaK HMEHHO OH MOXKET CTaTh IPHUUHOU
oOpaszoBanus TpeuyH [12].

ot =E(es — &c) = ft

I7ie ot — HanpsHKEHHUE PacTsKEHMUs,

E — Monyns ynpyroctu,

£S,€C — OTHOCHTENIbHBIE Je(OpMalMK MOJI3Y4YEeCTH U
YCaZIKi COOTBETCTBEHHO,

ft — npenen npo4HOCTH GETOHA IPH PACTSHKCHUH.

B sToT mepuon B 6eToHAX 3a CYET XMMHUYECKOTO B3aMMO-
JICHCTBUS YaCTHUI] IEMEHTA C BOAOH MPOTEKAIOT PEaKIIH THA-
poiiM3a W TUApaTanyu ¢ o0pa3oBaHUEM KPUCTAIUIOTHAPATOB
STTPUHTUTA U TUAPOCUINKATOB KanbIws [ 13]. O6bem npoayk-
TOB THJIPATAI[UK B CPABHCHHUU C 00BEMOM HMCXOIHBIX 3epEH Iie-
MEHTA 3HAYUTEIHHO MEHBIIIE, B PE3YJIBTATE YEro OUeHb OBICTPO
dhopMupyeTcsi CeTh MUKPOKAMMILISIPOB, KOTOPBIC BBICACHIBAIOT
BOJY U3 KPYIHBIX KaWUISIPOB B MPOLIECCE MHTEHCUBHOM TU/-
patauuu uemeHTa [14]. 3ToT nepuo B TEXHUYECKOU JUTEpa-
Type Ha3bIBAIOT KOHTPAKLMEN 3aTBEPAEBILETO IEMEHTHOIO Te-
cta (kouTpaknus Jle [llatense) mmun xuMudaeckoit ycaakoi. Xu-
MHUYecKasl ycagka o0ycloBIMBaeT (pOpMHUpOBAHHE KAITHILIP-
HOW IMTOPUCTOCTH U, KaK CIECTBHE, IOSBICHHE MEHICKOB, UME-
IOIIAX OONBIION pagiyC KPUBH3HBI M CO3JAIOIINX BBICOKHE
CXKUMAIOIINE HAMIPSDKEHUS Ha CTEHKH TOP BCIIEACTBHE 00€3BO-
KUBaHUS, YTO TPHUBOJUT K CaMOBBICYIIMBAHHIO U
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INTRODUCTION

One of the main reasons for cracking in concrete is its
volumetric changes caused by shrinkage. The strength of
concrete (especially under tension) and resistance to
cracking, and therefore its durability in various environ-
ments, largely depend on its ability to exhibit shrinkage
deformations. The presence of cracks in concrete and re-
inforced concrete structures reduces their durability due to
the penetration of various aggressive substances into these
cracks, which leads to the development of destruction of
the concrete structure and corrosion of the reinforcement
[1-4]. Concrete repair and restoration are associated with
high capital costs and increased labor intensity. The most
cost-effective measures are those aimed at preventing or
minimizing cracking in concrete.

In modern concrete science, five main types of con-
crete shrinkage are distinguished: plastic, autogenous,
moisture, thermal and carbonation. Each of the given types
of shrinkage is caused by different effects, which makes it
difficult to predict the magnitude of total shrinkage [5-11].

Plastic shrinkage can lead to cracks in the concrete sur-
face in structures with large exposed surfaces. As a rule, it
occurs during the period of initial structure formation from
the beginning to the end of setting in freshly laid concrete.
The magnitude of this shrinkage depends on the tempera-
ture and relative humidity of the surrounding air, wind
speed and the temperature of the concrete [5,6,8,10].

At an early age, when concrete is characterized by min-
imum tensile strength and elastic modulus to withstand in-
ternal stresses, it is well correlated by equation (1). As a
rule, it is the period between 24 and 48 hours after setting
that is the most vulnerable, since it is this period that can
cause cracks to form [12].

(1)

where ot is the tensile stress,

E is the modulus of elasticity,

gs,ec are the relative creep and shrinkage strains, re-
spectively,

ft is the tensile strength of concrete.

During this period, due to the chemical interaction of
cement particles with water, hydrolysis and hydration re-
actions occur in concrete, forming ettringite crystal hy-
drates and calcium hydrosilicates [13]. The volume of hy-
dration products in comparison with the volume of the
original cement grains is significantly smaller, as a result
of which a network of microcapillaries is formed very
quickly, which suck water out of large capillaries in the
process of intensive hydration of the cement [14]. In tech-
nical literature, this period is called contraction of the
hardened cement paste (Le Chatelier contraction) or
chemical shrinkage. Chemical shrinkage causes the for-
mation of capillary porosity and, as a consequence, the ap-
pearance of menisci with a large radius of curvature and
creating high compressive stresses on the pore walls due
to dehydration, which leads to self-drying and the
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00pa30BaHHUIO MyCTHIX MOp B MaTepuaie, Koriaa yxxe Mpou3o-
IIJIO CXBaTbIBaHUE. DTH MPOLECCH! CO3/IAI0T YCIOBUS AJIS pa3-
BUTHSI ayTOTEHHOM yCa/IK1, KOTOPBIE IIPOTEKAIOT B TEUCHHE He-
CKOJIBKHX JTHCH WM HEJIEIb.

TakuMm 06pa3om, ayToreHHas ycaJika — 3T0 MaKpOCKOIn4e-
CKOE BHEIITHEE YMEHbBIIEHHE Pa3MEPOB LIEMEHTHBIX CHCTEM, KO-
TOPOE UMEET MECTO B M30TEPMHUUCCKUX HECTECHECHHBIX 3aMKHY-
TBHIX YCJIOBHUSIX, M OHA OOBIYHO BBI3BIBACTCS XUMHUCCKON yca-
Koii. O0e TH ycaaKu pa3BHBAIOTCS OHOBPEMEHHO J0 TOTO MO-
MEHTa, KOTJIa B IIEMEHTHOI IacTe BO3HUKAET CAMOIIOAICPIKH-
BAIOIINK KapKac U3 HOBOOOPa30BaHUI KPHCTAJUIOTHIPATOB U
cUcTeMa HauMHAeT BECTH ce0s1, KaK TBEPO0E TENO U ayTOTeHHAs
ycaJKka CTAHOBHUTCS 3aMETHO MEHbBIIIE XUMHYECKOH.

Takast npoGiiema OoJiee aKTyasibHa JUIsl BHICOKOKAUYECTBEH-
HBIX 0€TOHOB ¢ HU3KMM 3HaueHueMm B/I] = 0,3...0,4, uem ms
00bryHBIX OeToHOB [11,12,15]. BricokonpouHble OETOHBI, KaK
MPaBWJIO, UIMEIOT OOJIBIION pacxoj HEMEHTa U MyIII0JIAHOBBIX
J100aBOK, a TAKXKE COZIEPIKAT HEJOCTATOUHOE KOJIMYECTBO BOJIBI
3aTBOPEHUSI TSI TOTO, YTOOBI 00ECICUNTh 3alOTHEHUE KPYII-
HBIX KalMJULIPOB, HEOOXOIMMBIX IJISl TOANCPKAHHUS PEaKIIHi
TUApATallii W MYLIIOJAHOBOW PEaKIHH, MOITOMY Iake IpHU
HU3KOM 3HaueHnu B/L] cKIIOHHBI K BEICOKO# ycanke [8,16].

AyToreHHas ycaaka BHICOKOKAYEeCTBEHHBIX OE€TOHOB, €CIH
ee He KOHTPOJIMPOBATh, MOXKET JOCTUTATh OOJBIIMX 3HAYCHHI
JnedopManuil B TCUSHHE BCETO JHIIb 24 4acoB (10 BETHYHHBI €
=-250-10° u Gosee), YTO MPUBOIUT K PAHHEMY TPELIMHOOOPA-
30BaHUIO, €CIIM yCaJIKa MPOSBISIETCA B CTECHEHHBIX YCIOBHUSIX
[15]. OGe3BOXXMBaHKE TOP OTPAXKAETCSI HE TOIBKO HA BO3HHUK-
HOBEHHMH YCaJIKW, HO U Ha KMHETHKE THJpaTalluy BSOHKYILETO,
mumutupys ee crenens [17]. IIpu 3TOM myII071aHOBBIE A0-
0aBKM, B YACTHOCTU BBICOKOAKTUBHBIN MHUKPOKPEMHE3EM, yBE-
JUYUBAIOT CHIDKCHUE OTHOCHTEIBHOHN BIIAXXHOCTH W 3HAYCHHUS
ayTOTEHHOH yCaaKW IIEMEHTHOTO KaMHS Ha PaHHUX CTaIHsIX
TUIpaTaIiy, a MeHee aKTUBHBIC — Ha TIO3IHUX TBepaeHws [ 18-
20].

Bo m306exanne BIa)KHOCTHOW yCaIKi HEOOXOAUMBIM YCIIO-
BHEM pOCTa MPOYHOCTH OETOHA SIBISIETCS MOJIep KaHne HEO0O-
XOJUMOW BHYTpEeHHEH BiaxkHOCTU. [Ipy MOTHOM HaChILLIEHUU
LEMEHTHOTO KaMHsI BJIarod THIpATalsi IEMEHTa MPOXOIUT
0oJiee NOJIHO ¥ IPOJOIDKAETCS JUIMTELHOE BPEMsI, UTO yIIyd-
IIaeT SKCIUTyaTallMOHHBIE TOKa3aTean OETOHa TaKue Kak BOJO-
HEMPOHUI[AEMOCTh, KOPPO3HOHHAs CTOMKOCTh U MOPO30CTOIi-
kocTh [6]. [Ipu HagmexalieM BI1axXHOCTHOM YXOJI€ B Ipoliecce
TUIpaTaIliy [IEMEHTA TIOPHI 3aIIOTHSAIOTCS IPOIYKTaMH THApa-
TaIH, CHIDKACTCS OTKPHITAasl IMOPUCTOCTh W IPOHHUIIAEMOCTH
OeToHa [4].

B oTimdne oT BIaKHOCTHOH yCaaKH ayTOT€HHYIO YCalKy
HEBO3MOXHO YMEHBIIIUTH ITyTEM BHEIITHETO YXOZa 3a OETOHOM
M3-32 OTPAHWYCHHOTO MPOHUKAHWS BIArd B IUIOTHYIO CTPYK-
Typy 6erona [6]. CormacHo [21] KOITUYIECTBO BOJIBI, HEOOXO M-
MOe€ JUIsl JIOCTH)KEHHsT MaKCUMaJIbHOW CTENEeHU THIpaTalliy B
OeTOHE OLIEHMBAETCS U3 PAcCUyeTOB, OCHOBAHHBIX Ha XMMHYe-
CKOH ycaJKe U MaKCUMaJIbHOU CTEIIEHU MMApaTalluy, TEOPETH-
YECKHU JOCTHXMMOW B HOPMaJIbHOM LIEMEHTHOM TECTE.

JIis CHMXKCHUS YCalKd NMPH BBICHIXaHHH OCTOHA MIMPOKO
UCIIONIB3YETCS XMMUUECKHE JOOABKU B COUSTaHUH C PACLIUPSI-
IoIIMcst areHToM. Kak mpaBmiio XxuMudeckne J00aBKU Tpe-
CTaBIIIIOT COOOH CymnepIutacTU(UKATOp HA OCHOBE aKpHJIAT-
HOTO ITOJIUMEPa CO BCTPOCHHOM B CTPYKTYPY MOJIEKYIIBI C TPYII-
ot SRA (Ha OCHOBE TOMHATHICHTIIMKOIS), KOTOPAast TPH TI0-
BhIIIEHUH PH OpPOBO# XKUIKOCTH B TIpOIIecCce THIPATAIIH Iie-
MEHTa OTIIEIUIIEeTCS] 0T 0A30BON MOJIEKYJIBI, BHI3BIBAS CHHXKE-
HUE TIOBEPXHOCTHOTO HAaTSHKEHHsI Kuakocth  [22,23].

formation of empty pores in the material when setting has
already occurred. These processes create conditions for
the development of autogenous shrinkage, which occurs
over several days or weeks.

Thus, autogenous shrinkage is a macroscopic external
reduction in the dimensions of cementitious systems that
occurs under isothermal, unconstrained confined condi-
tions and is usually caused by chemical shrinkage. Both of
these shrinkages develop simultaneously until the moment
when a self-supporting framework of newly formed crys-
tal hydrates appears in the cement paste and the system
begins to behave like a solid body and the autogenous
shrinkage becomes noticeably less than the chemical one.

This problem is more relevant for high-quality con-
cretes with a low W/C value of 0.3...0.4 than for ordinary
concretes [11,12,15]. High-strength concretes, as a rule,
have a high consumption of cement and pozzolanic addi-
tives, and also contain an insufficient amount of mixing
water to ensure the filling of large capillaries necessary to
maintain hydration reactions and the pozzolanic reaction,
therefore, even with a low W/C value, they are prone to
high shrinkage [8,16].

Autogenous shrinkage of high-quality concrete, if not
controlled, can reach large deformation values within just
24 hours (up to € =250 106 and more), which leads to
early cracking if shrinkage occurs in confined conditions
[15]. Dehydration of pores affects not only the occurrence
of shrinkage, but also the kinetics of binder hydration, lim-
iting its degree [17]. At the same time, pozzolanic addi-
tives, in particular highly active microsilica, increase the
reduction in relative humidity and the value of autogenous
shrinkage of cement stone in the early stages of hydration,
and less active ones — in the late stages of hardening [18-
20].

To avoid moisture shrinkage, maintaining the required
internal humidity is a necessary condition for increasing
the strength of concrete. When the cement stone is com-
pletely saturated with moisture, the hydration of cement
occurs more completely and continues for a long time,
which improves the performance characteristics of con-
crete such as water resistance, corrosion resistance and
frost resistance [6]. With proper moisture treatment, dur-
ing the cement hydration process, the pores are filled with
hydration products, and the open porosity and permeabil-
ity of concrete are reduced [4].

Unlike moisture shrinkage, autogenous shrinkage can-
not be reduced by external curing of concrete due to the
limited penetration of moisture into the dense structure of
concrete [6]. According to [21], the amount of water re-
quired to achieve the maximum degree of hydration in
concrete is estimated from calculations based on chemical
shrinkage and the maximum degree of hydration theoreti-
cally achievable in normal cement paste.

To reduce shrinkage during drying of concrete, chem-
ical additives in combination with an expanding agent are
widely used. As a rule, chemical additives are a superplas-
ticizer based on an acrylate polymer with a molecule with
an SRA group (based on polyethylene glycol) built into
the structure, which, when the pH of the pore liquid in-
creases during the cement hydration process, splits off
from the base molecule, causing a decrease in the surface
tension of the liquid [22,23]. Such additives provide a sig-
nificant reduction in free shrinkage, which leads to a
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[TonoOHbIe 1OOaBKM JAIOT 3HAYUTENHHOE CHHMXKEHHE cBOOO.-
HOM yCaJIKH, YTO MPUBOJHUT K CHIDKCHUIO KOJINYECTBA U IPOTSI-
JKEHHOCTH TpPEUIMH, OCOOEHHO B COYETAaHMU C PACIIUPSIO-
IIAMCS ar€HTOM, T. €. CIIOCOOCTBYET CO3/IaHNI0 OETOHOB C KOM-
MEHCUPOBAaHHOM ycankoil [24].

Komrmiencanms ycaaku myTeM MpUMEHEHHS PacInpsIONInX
JI00ABOK SIBISACTCS OTHOM U3 A(PPEKTHBHBIX Mep, TaK Kak 0a3u-
pyercs Ha paclInpeHny OeTOHA ITpH 00pa30BaHNH STTPUHTHTA.
Cpenn pacmupsroumxcs 100aBOK  CyIb(OaTIOMIHATHOTO
TBEPACHUS B HACTOSIIEE BpeMsI pa3paboTaHbI Pa3IHMIHbIE THUIIHI
pacmupsAOmuXCcs 100aBOK KaK CaMOCTOSITENbHBIX KOMIIOHEH-
TOB OeTOHHBIX cMmecel [25]. IIpOMBIIUIEHHOCTHIO BBITyCKa-
IOTCS CY/b(OATIOMUHATHBIA U CYIb(POATIOMOGEPPUTHBIN Iie-
MEHTBI, KOTOPBIE IIMPOKO UCIIONIB3YIOTCS JUIsl IPUIAHHS TBEP-
JIefolIell IIEMEHTHOM 1acTe B cocTaBe 0ETOHA pacIMPEHUE HITH
0e3ycaz0uHOCTb, @ TAK)KE CIIOCOOCTBYIOT HOBBIIIEHHIO KOPPO-
3UOHHOM CTOMKOCTH LeMeHTHBIX cucteM [17,26]. [Ipunanue
KOPPO3MOHHOW CTOMKOCTH, KaK M BEJIMYMHA PAcCHIMPEHUs Iie-
MEHTHOTO KaMHS PETYJIMPYETCsl AUCIEPCHOCTBIO PACIIHPSIIO-
mierocsi kommoHeHTa [28-30], KoTopas MO3BONAET MOIYYaTh
Oy3ycamouHBIH IIOTHBIN IIEMEHTHEIN KaMeHb [31].

HeobxoanmMo 0TMETHTb, YTO HONTYyYUTh OETOHBI C KOMIICH-
CUPOBAHHON YCaJKOH IpU HCIIOJIb30BAHUU PaACIIUPSIOLINX
areHTOB MOYKHO TOJIBKO B YCJIOBHSIX BOJHOTO TBEPJAEHUS, IO-
CKOJIBKY 1151 (DOPMHPOBAHUS ITTPUHIUTA HEOOXOIUMO 0O0JIb-
moe KoundecTBo Bonbl [32]. PacummmpeHue B 3HAUMTEIHHOU
Mepe 3aBUCHT OT BJIAKHOCTHOT'O YXO/3a, [10 KpalilHE! Mepe CeMb
CYTOK 1ociie popMOBaHusI.

TakuMm 00pa3om, ISl CHIDKEHUS! TPELMHOO0pa3oBaHus 3a
CYET ayTOTeHHOH M XUMHYECKOH ycaJKu HeoOXOIMMO pa3pa-
6aTpIBaTh CrIOCOOB! YIPaBJICHNSI STHMH IIPOLIECCAMH U CO3J1a-
BaTh YCIIOBHUS AJIsl 0Opa30BaHMS MIPOYHOTO KPUCTAIITMYECKOTO
CaMOTIOIIEPKMBAIOIIET0 KapKaca W3 HOBOOOPA30BaHWH KpH-
CTAJJIOTUAPATOB B TBEPACIOLIECH LIEMEHTHOM MACTe.

Heasio nanHoil padoThl ABISIIOCH pa3padoTaTh dpdek-
TUBHBIE CITOCOOBI MUHUMH3ALUH YCaJOYHOTO TPEINHO00pa30-
BaHUA B OETOHE 3a cUeT co37anus 0e3yCcafoqHON CTPYKTYphI U
YHOpaBJIeHUS TpolueccaMu (GOPMHPOBAHUS CTPYKTYPHOTO Kap-
Kaca B Ha4aJbHBIN [EPUOJ THApATAIlMH U TBEPICHHUS LIEMEHTA.

MaTepI/laJ'lbl " METOAbI

[Tpu mpoBeeHNH UCCIEJOBAaHUN HCIIOJIB30BAIH TIOPTIIAHI-
nemenr CEM 1-42.5, cynbgoamomMopeppuTHBIH IIEMEHT ¢
YAEIbHOH MOBEPXHOCTBIO Sy, = 300 M%/KT.

Beumn mcciemoBaHBl OBa cocTaBa: Ha MOPTIAHIICMEHTE
(I1IT) n xommo3zunuonHoM BspkyiieM (KB). KommosuimmonHoe
BSDKYIIEe TOTOBWIIM CMETIeHneM nopTiananeMenTa (93% I111)
u cynbpoamomodeppurHoro nementa (7% CADK). B kaue-
CTBE KOHTPOJIBHOTO OBLT MPHUHSAT 6€3100aBOYHBIH OPTIAH/IIIE-
MEHT.

AYTOTeHHYIO YCaaKy HCCIE0BaIl Ha o0pas3Iax-mpu3Max
pa3mepom 40x40%160 MM IpH TBEpACHUH B YCIOBHUSIX, HCKITIO-
YaIMX HCHapeHue Biard u3 OeroHa. J[is 3toro oOpasiisl
OBUTH 3aKPBITHI MMOJUAITUICHOBOH TUIeHKO#H. Jledopmanuio 00-
pasuos ompenensan cornacio IOCT18833-73!, ¢ momomisio
M3MEPHUTENBHBIX PEIYaXXHO-3y04aThIX rosoBok Tuna 1UI ¢ e-
Ho#t nesternst 0,001 mm. M3mepenne nedopmanuii ayToreHHOM
yCaIKd OCYIIECTBISUIM B TeueHue 28 cyT. B mocmemyromme
CPOKH m3Mepsuir AeopMaliy yCaaku o0pas3IoB, BEI3BaHHBIC
WCTIApeHUEM W3 HUX BIIATH (BIAXXHOCTHAs ycanka). [lpu sTom

reduction in the number and extent of cracks, especially in
combination with an expanding agent, i.e., it contributes
to the creation of concrete with compensated shrinkage
[24].

Compensation for shrinkage by using expanding addi-
tives is one of the effective measures, as it is based on the
expansion of concrete during the formation of ettringite.
Among the expanding additives for sulfoaluminate hard-
ening, various types of expanding additives have been de-
veloped as independent components of concrete mixtures
[25]. The industry produces sulfoaluminate and sulfoalu-
minoferrite cements, which are widely used to impart ex-
pansion or shrinkage resistance to the hardening cement
paste in concrete, and also contribute to increasing the cor-
rosion resistance of cement systems [17,26]. The impart-
ing of corrosion resistance, as well as the amount of ex-
pansion of the cement stone, is regulated by the dispersion
of the expanding component [28-30], which makes it pos-
sible to obtain a compact, compact cement stone [31].

It should be noted that it is possible to obtain concrete
with compensated shrinkage using expanding agents only
under conditions of water hardening, since a large amount
of water is required for the formation of ettringite [32].
Expansion is largely dependent on moisture treatment for
at least seven days after molding.

Thus, in order to reduce crack formation due to autog-
enous and chemical shrinkage, it is necessary to develop
methods for controlling these processes and create condi-
tions for the formation of a strong crystalline self-support-
ing framework from newly formed crystal hydrates in the
hardening cement paste.

The aim of this work was to develop effective methods
for minimizing shrinkage cracking in concrete by creating
a shrinkage-free structure and controlling the processes of
formation of the structural framework during the initial pe-
riod of hydration and hardening of cement.

Materials and methods

During the research, Portland cement CEM 1-42.5, a
sulfoaluminoferrite cement with a specific surface area of
Ssp. =300 m2/kg, was used.

Two compositions were studied: on Portland cement
(PC) and composite binder (CB). The composite binder
was prepared by mixing Portland cement (93% PC) and
sulfoaluminoferrite cement (7% SAFK). Portland cement
without additives was used as a control.

Autogenous shrinkage was studied on prism samples
measuring 40x40x160 mm during hardening under condi-
tions that exclude moisture evaporation from concrete. For
this purpose, the samples were covered with polyethylene
film. The deformation of the samples was determined ac-
cording to GOST 18833-73, using measuring lever-
toothed heads of type 11G with a division value of 0.001
mm. Measurement of autogenous shrinkage deformations
was carried out over 28 days. In subsequent periods, the
shrinkage deformations of the samples caused by the evap-
oration of moisture from them (moisture shrinkage) were
measured. The samples were stored in a desiccator over
calcium chloride powder. The total shrinkage

' TOCT18833-73 — ['0110BKH H3MEPHTEITBHBIE PHIYAKHO-3y0uaTeie. TeXHHIECKHE YCIOBHS
1 GOST18833-73 — Lever-gearing measuring heads. Specifications
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00pasipl XpaHUIM B DKCUKATOPE Hal MOPOIIKOM XJIOPUCTOrO
kaneuua. CymmapHas nedopmanus ycanku, ex10°¢ ompene-
JISUTA CYMMHUPOBAHHEM ayTOT€HHOW M BIIAXKHOCTHOW YCAJIKH.

Ecs = €ca + Eca

TJIe €. — MOJIHAS OTHOCHUTEINbHAS AeOpMAlIHs YCAIKH;

£cq — OTHOCHUTEJBbHAS ieopMalius O€TOHA, 00YCIOBICHHAS
BBICBIXaHHEM (BIIQYKHOCTHAS yCa/IKa);

Ecq — OTHOCUTENBHAS JiehopMalisl ayTOTCHHOMN YCaIKH.

HauansHoe cTpykTypooOpa3oBaHue ONMpenensioch 1Mo pe-
3yJbTaTaM CPOKOB CXBaTBHIBAHHS HMCCIICIYEMBIX COCTABOB Ha
TECTe HOPMAJILHOU TYCTOTHI. CPOKU CXBATBHIBAHHS OTPEICIsI-
JIUCh 0 cTaHAapTHOH MeToauke cornacio TOCT 310.1-76% na
npubope Buka.

CTpyKTypy 3aTBEpJCBIICH IEMCHTHOW MACTHI OICHUBAIHN
BH3YAIILHO IO JAHHBIM 3JIEKTPOHHON MUKPOCKOIIHH.

®a30BbIi cOCTaB 3aTBEpPAEBIIECH LIEMEHTHOM MacThl orpe-
JIEISITA ¢ TIOMOIIBI0 PEHTTeHO()a30BOTO aHaJM3a ¢ HCIOIB30-
BaHHeM au(pakToMeTpa ¢ MeaHBIM aHTHKatonoM (Cu anode
AKal =1,54056 A; 40 mA and 40 kV). Cremka PEHTTEHOBCKUX
CHEKTpOB IMpoBoamiack ot 6 g0 700 20 c¢ marom 0,02° 26.
W aeHTuhUKAIIMIO MUHEPAIOB OCYIISCTBISUIN 110 JaHHBIM Kap-
toreku ICDD (MexnyHnapoanas 0a3a JaHHBIX MOPOIIKOBBIX
PCHTTCHOBCKUX AH(PpaKTOrpamMmm).

Pe3yJ’l])TaTl)I H 06cy21<z[emle

B miacTu4HOI 1IeMEHTHOH macTe ayToreHHas ycajaka ooy-
CJIOBJICHO TEM, YTO OOBEM MPOIYKTOB THUAPATAIUH LIEMCHTA
MeEHbIIIE, YeM 00BEM IIEMEHTAa U BOJBI J0 THAPATAlUH (XUMHU-
yeckast ycaaka). lHTeHcnBHOE 00pa3oBaHue KPUCTAIUIOTHAPA-
TOB B 3TOT IIepro]T 00yCIOBIMBACT HAYAIBHOE CTPYKTYpOOOpa-
30BaHUE M CHIKACT ATy ycaaKy. i onpenene s HaqyaabHOTO
CTPYKTYPOOOPa30BaHUsI OMPEIEISIIOCh TOTEePs MOIBHKHOCTH
[IEMEHTHOM ITacTHI M CPOKHU Hadasla i OKOHYAHHS CXBATHIBAHMUS.
Pe3ynbTaTel onpeneneHns npeacTaBIeHb! Ha puc. 1.

PUCYHOK 1
0A
KHMHETHUKA U IEPUOAbBI CTPYKTYPO- &
OBPA3OBAHUA B IVIACTUYHOM = ]
HEMEHTHOMU NNACTE f. 10
1 - 6e3100aBOYHBII MOPTJIAHALEMEHT, g 1
2 - kommno3uuoHHoe Bsukyuee (KB) i 15
=
g 20
Figure 1
g 25 A
Kinetics and periods of structure formation o 30
in plastic cement paste S
1 - pure Portland cement, Z 351
2 - composite binder (CB) =
40

deformation, ex10-6, was determined by summing the au-
togenous and moisture shrinkage.

2

where € _cs is the total relative shrinkage strain;

€_cd is the relative deformation of concrete due to dry-
ing (moisture shrinkage);

€ ca is the relative deformation due to autogenous
shrinkage.

The initial structure formation was determined based
on the results of the setting times of the studied composi-
tions in a normal density test. The setting times were de-
termined using the standard method in accordance with
GOST 310.1-76% using a Vicat device.

The structure of the hardened cement paste was as-
sessed visually using electron microscopy data.

The phase composition of the hardened cement paste
was determined by X-ray phase analysis using a diffrac-
tometer with a copper anticathode (Cu anode AKal =
1.54056 A; 40 mA and 40 kV). X-ray spectra were rec-
orded from 6 to 70° 28 with a step of 0.02° 26. Mineral
identification was carried out using the ICDD (Interna-
tional X-ray Powder Diffraction Database) data.

Results and discussion

In plastic cement paste, autogenous shrinkage is
caused by the fact that the volume of cement hydration
products is less than the volume of cement and water be-
fore hydration (chemical shrinkage). The intensive for-
mation of crystal hydrates during this period causes the in-
itial structure formation and reduces this shrinkage. To de-
termine the initial structure formation, the loss of cement
paste mobility and the onset and end of setting times were
determined. The results are presented in Fig. 1.

| nepuon i nepuon

et A L B

T T T e i, R, L
30 60 90 120 150 180 210 240 270 300 330 360 390

BpemMsa, MUH

I- nepuoa XuMH4ecKoro B3aMMO/IeliCTBUA IIleMEHTa ¢ BOL[Oﬁ,

II — nepwuo,

1 3aPOKAEHUS M KPUCTAIU3ALUH KPUCTAIIOTHAPATOB
(Ha4yaJI0 cXBaThIBAHUS),

I1I - oOpa3oBaHue MePBUYHOIO KPUCTANIMYECKOT0 KapKaca,
IV - nporpeccupymomiasi norepsi NOABUKHOCTH TBepAeroIeii KOMIO3UIIUU

(KoHel CXBATHIBAHMA)

2TOCT 310.1-76 — LlemenTbl. MeTo bl ucbITanuit. OOIIME TOT0KEHHUS

2 GOST 310.1-76 — Cements. Test methods. General
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B I nepuoj XuMUYECKOr0 B3aMMOJCICTBUS LIEMEHTA C
BOJIOH, JUTIONM BOJBI 00pa3yloT BOKPYT 3€peH MHUHEPAIOB
LIEMEeHTa JIBOMHON anekTpuueckuil cio. Ilpoucxoaur an-
copOIMsT MOJIEKYJI BOJBI Ha MOBEPXHOCTH YaCTHIl TBEPIOH
(ha3pl MUHEpAJIOB, KOTOpast B MOCJIEACTBUH pa3BUBACTCS B
XEMOCOPOIIHIO.

B pesymnbraTe XHMHYECKOTO B3aHMOICHCTBHAS HAYMHACT
pa3BuBaThe [ meproz 3apokICHNS U KPUCTALTH3AINH KPH-
cramoruaparoB. IIpu B3auMoaecTBUM NOPTJIAHALIEMEHTA
C BOZIOH B IIEPBYIO 0Yepeab 00Pa3yIOTCs KPHCTAIIOTHIPATHI
AIIOMUHATOB M BBICOKOOCHOBHBIX THAPOCHIINKATOB Kaib-
s, TIpu B3auMoaeicTBUH Cyib(oanmoMoheppuTHOTO Iie-
MEHTa C BOZIOi 00pa3yroTCsi Kak MOBBIIIEHHOE KOJIUYECTBO
KPHUCTAJUIOTHIPATOB aIIOMHHATOB, TaK M HEOOJBIIOE KOJIH-
YeCTBO THJIPOCHIIMKATOB Kaiblms. JlobaBieHue 3Toro 1e-
MEHTa B COCTaB KOMITO3UIIMOHHOTO BSKYILETO NPUBOAUT K
C/IBUTY BTOPOTO Iepuoia B 0osee paHHIo oosiacts. Havano
CXBaTBIBAHUS JUII KOMITO3UIIMOHHOTO BSDKYIIETO HACTYIAET
Ha 20 — 30 MUHYT paHbILE.

Kpucrammoruapatel, o0pa3yromuecs B IEpBbIE MHHYTHI
W 9ackl, TIPOIIE/IIINE ITOCIIe 3aTBOPEHUS [IEMEHTa BOJIOH, 00-
pa3yroT nepBUYHBIN Kpuctammniecknit kapkac (111 mepuon),
B IIpeieNnax KOTOPOro, eIle CHIIBHO Pa3peKeHHOT0, KPUCTAJ-
JIN3YIOTCSL BCE OCTAJbHBIE IMPOAYKTHI THAPATALlAA BSIKY-
mero. OHM MTOCTENEHHO 3aIOJHSIIOT CBOOOIHOE MPOCTPaH-
CTBO MEX]y 3€pHAMH M HAYMHAETCS] (POPMHUPOBAHUE CTPYK-
TYpbI HCMCHTHOT'O KaMHA. Kaxk BUIHO U3 MOJYUYCHHBIX HaH-
HBIX (puc.l) popMupoBaHue NEPBUYHOTO KapKaca B KOMIO-
3ULMOHHOM BSDKYILEM NPOTEKaeT 0oJjiee MHTEHCUBHO, YEM B
6e3/100aBOYHOM NOPTIIaHALIEMEHTE, YTO TPUBOJIUT K paHHEH
roTepe MoJBIKHOCTH TBepaeroniel nactel. T.e., [V nepuon
CTPYKTYpOoOOpa30BaHMs B IUTACTHYHOW LIEMCHTHOW ITacTe,
XapaKTepU3YIOMNH KOHEI] CXBATHIBAHHSI HACTYIIACT PAHBIIC
Ha 60 MUHYT.

HavanpHBIMH KpHCTaJUTOTHApATAMHA TIPH THApPATALAN
CyIb(hOoaTIOMOGEPPUTHOTO IIEMEHTA SBISIOTCS KPUCTAJUIBI
STTPUHTHUTA U TUApoamroMuHaTOB Kanblius (CsAH13), 0 uem
CBHUJICTEIILCTBYET PCHTICHO(A30BbIi aHAIN3 3aTBEPACBIICH
[IEMEHTHON TaCThl U3 KOMITO3UIIMOHHOTO BSIKYIIETO (pHC.2
a). OTH KpUCTAUIOTUAPATHI COBMECTHO C KPHUCTAJUIOTHUIpaA-
TamMH, OOpa3yOUIMMHUCS TPH THIpaTalud IOpPTIAHJIe-
MeHTa, (QOPMHPYIOT pa3BUTHIA TPEXMEPHBII KpUCTAIIHYE-
CKHUI KapKac, KOTOPbIA 3HAYUTENILHO CHIKAET ayTOr€HHYIO
ycauky.

YV noptinasaneMenTa KpUCTaTBI THAPOKCHIA KATBITUS H
HEeOOJIBIIIOE KOJTHMYECTBO MEIKOAUCIIEPCHBIX KPUCTAIIIOB AT-
TPUHTHTA (POPMHUPYIOT HAYAIBHBIA KPUCTAJUIMIECKAN Kap-
kac. Ha peHTreHorpamme B HayabHbIN EPUOJ THIPATALUN
(hUKCHUPYIOTCST TONMBKO 3TH KPHCTAIOTHAPATH (puc.2 0).
CdopMupoBaHHBIN TPEXMEPHBIN KapKac HE CIOCOOEH BBI-
JACPKATh BBICOKHME CHXXUMAIOIHUEC HAIPSXKCHHUA Ha CTCHKHU
MCXKKPUCTAJUIMTHBIX TIOP, YTO BBI3BIBACT KOHTPAKIUIO 3a-
TBEPAEBLIEr0 IEMEHTHOTO TECTa, CONMPOBOXKIAIOLICHCS XH-
MHUYECKOU yCaJKOMU.

W3yyeHneM ayToreHHOH yca ki 00pa3ioB 13 HOpTIIaH -
[IEMEHTa yCTaHOBJICHO, YTO OHa JOCTAaTOYHO HHTEHCHUBHO
HAYMHACT MPOSABIATECS Yepe3 10 1 ¢ MoMeHTa popMoBaHUS
00pa3noB 1 k 30 yacaMm TBEpACHUS JePOPMAITIH Ay TOT€HHOM
yCaJIKi JTIOCTUralOT 3HAYEHUU 135x10°6. s 00pa3noB u3
KOMIIO3UITHOHHOTO BSDKYILETO B ATOT IEPHOJA TBEPACHUS
ayTOTeHHas ycaJaka He GUKCUPYeTCs, a HaOIogaeTCs pa3Bh-
THE PACIIUPEHUS TBEPACIOIIEH CUCTEMBI (puc.3).
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In the first period of chemical interaction of cement with
water, water dipoles form a double electric layer around the
grains of cement minerals. Adsorption of water molecules on
the surface of solid phase mineral particles occurs, which
subsequently develops into chemisorption.

As a result of chemical interaction, the second period of
nucleation and crystallization of crystal hydrates begins to
develop. When Portland cement interacts with water, crys-
talline hydrates of aluminates and highly basic calcium hy-
drosilicates are formed first. When sulfoaluminoferrite ce-
ment interacts with water, both an increased amount of alu-
minate crystal hydrates and a small amount of calcium hy-
drosilicates are formed. The addition of this cement to the
composition of the composite binder leads to a shift of the
second period to an earlier region. The setting time for the
composite binder begins 20—30 minutes earlier.

Crystal hydrates formed in the first minutes and hours af-
ter the cement has been mixed with water form the primary
crystalline framework (period IIT), within which, while still
highly rarefied, all other binder hydration products crystal-
lize. They gradually fill the free space between the grains and
the formation of the structure of the cement stone begins. As
can be seen from the obtained data (Fig. 1), the formation of
the primary framework in the composite binder occurs more
intensively than in non-additive Portland cement, which
leads to an early loss of mobility of the hardening paste. That
is, the IV period of structure formation in plastic cement
paste, which characterizes the end of setting, occurs 60
minutes earlier.

The initial crystal hydrates during the hydration of sul-
foaluminoferrite cement are crystals of ettringite and calcium
hydroaluminates (C4AH13), as evidenced by the X-ray
phase analysis of the hardened cement paste from the com-
posite binder (Fig. 2 a). These crystal hydrates, together with
the crystal hydrates formed during the hydration of Portland
cement, form a developed three-dimensional crystalline
framework, which significantly reduces autogenous shrink-
age.
In Portland cement, calcium hydroxide crystals and a
small amount of finely dispersed ettringite crystals form the
initial crystalline framework. In the radiograph during the in-
itial period of hydration, only these crystal hydrates are rec-
orded (Fig. 2 b). The formed three-dimensional framework
is not able to withstand high compressive stresses on the
walls of intercrystalline pores, which causes contraction of
the hardened cement paste, accompanied by chemical shrink-
age.
A study of the autogenous shrinkage of Portland cement
samples showed that it begins to manifest itself quite inten-
sively 10 hours after the samples were formed, and by 30
hours of hardening, the autogenous shrinkage deformations
reach values of 135%10-6. For samples made from composite
binders, autogenous shrinkage is not recorded during this pe-
riod of hardening, but the development of expansion of the
hardening system is observed (Fig. 3).
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PUCYHOK 2

PEHTTEHOTPAMMBI 3ATBEPJAEBIINX
HEMEHTHBIX ITACT B Bo3pacre 2 cyT.

a — komMno3unuoHHoe Bsukyee (KB);

0 — 0e3100aBOYHBII NOPTIAHALIEMEHT

Figure 2

Diffraction patterns of hardened cement
pastes at the age of 2 days.

a - composite binder (CB);

b - pure Portland cement

PUCYHOK 3

M3MEHEHUE OTHOCHUTEJbHOM
JE®OPMAILIAA AYTOITEHHOM
YCAJKHA BO BPEMEHHU

1 — xomno3unuonHoe Bsukymee (KB);
2 — 0e3100aBOYHBII NOPTIAHALIEMEHT

Figure 3

Change in relative deformation of autogenous
shrinkage over time

1 - composite binder (CB);

2 - pure Portland cement

Cymmapnas nedopmanus ycaaku, ex10 onpenensu
CyMMMPOBaHUEM ayTOT€HHOM M BIAKHOCTHOH ycanku. Pe-
3yJIBTAThI ONPEAEICHHH Ipe/ICTaBIeHbI B Ta0I. 1.

® - IrprnT
& - CiAHys
4 -Ca[OH):

® - Srpauna

& -CalOH);

OTtHocuTe/IbHAA Aeopmamnus x 10-6
(=]
]

BI)EMS! TBepaeHHus, 1ac

——1.KB —o—2.1III

are presented in Table 1.

TABJIMIA 1 CYMMAPHASA JE®@OPMAIIUA YCAJKH

Table 1 Total shrinkage deformation

The total shrinkage strain, ex10-6, was determined by
summing the autogenous and moisture shrinkage. The results

OtHocuTenbHas aedopmanust
" 6 OtHocuTenbHast Jedopmanusi, 00ycJI0B-
ayToreHHoi ycaakm (x107°), IMoanasi oTHOCUTEILHAS AedopMa-
HaumenoBanue JIEHHAsI BbICHIXaHHEeM (BJIa’KHOCTHAs 7
6 yepe3 yac caia) (x10°); gepes cyT mus ycaaku (x10°), yepes cyr
ovpasua Relative deformation of autoge- Y 7 q Total relative shrinkage defor-
Name . Relative deformation due to drying (wet . 6
£ th 1 nous shrinkage (x10-6), shrinkage) (<10°); after after days mation (x107°), after days
@ir e el after an hour 8 ’ y
10 30 28 90 28 90
I a
OPTIAIEMENT 17 135 249 206 366 515
Portland cement
Kommno3uuuonnoe
JKylee
DIRYIEs 0 0,01 196 320 225 410
Composite binder
(CB)
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CymmapHas aedopManus ycaakd o0pasloB U3 MOpTIaH[-
nemMenTa B Bo3pacte 90 cyT. mocturaer 515x107°, mpu >ToM Ha
JneopManuu ayToreHHoH ycanku npuxoaurces 60 % (309x10°
6). Ilpu OTCYTCTBHMY ayTOI€HHON YCaIKH y 00pa3LoB U3 KOMIIO-
3WIIMOHHOTO BSDKYIIETO B IMPOLIECCE JAIBHEHINETO BBICYIITHBA-
HUS JOCTaTOYHO MHTCHCHUBHO Pa3BHUBAIOTCS AedopMaIiid, BEI-
3BaHHBIC BIIAXKHOCTHOW ycanmkoil. CyMmmapHas nedopmanus
ycanku obpasioB KB mocruraer 410%x10%, ogHako moms me-
(hopmarmii ayToreHHO! ycaaku cocrasisiet aummb 22 %. [Tomo-
JKUTETbHOE BIMSHUE Ha CHIDKEHHE OedopMannii ayTOreHHOH
yCaJIKy OKa3bIBaeT YACTUYHAS 3aMEHa NOPTIAHIIEMEHTA CYIb-
(hoamoMoeppUTHBIM IIEMEHTOM, BBI3BIBAIOIIEM PACIIHPCHHE
TBEpACIONIECH CHCTEMbI, HO HE O00ECIeUMBAIOUIEH CHUKEHHE
BIIQ>KHOCTHOH yCaJIKH.

DJIEeKTPOHHOMUKPOCKOIIMYECKUE HCCIICIOBAaHUSI  CTPYK-
Typhl 3aTBEpJACBIICH I[IEMEHTHOM NAacThl MOKA3alH, YTO B
HAYaIbHBI MOMEHT (4epe3 2 CYTOK THApATaluh) CTPYKTypa
MOPTIAHAIIEMCHTA PBIXJIas U COCTOUT W3 Ca00 CBS3aHHBIX
TI00YIT TUIOXO 3aKTHCTAILTH30BAHHBIX THAPOCHIINKATOB Kallb-
IUs1, TIOKPBIBAIOIINE KaK MCXOJHBIC 3epHA [IEMEHTHBIX MUHEpa-
JIOB, TaK ¥ CPOCTKH THAPOKCH A Kanblus. [Ipr 5TOM BCs CTPYK-
Typa IpOHHM3aHa KaK BO3AYIIHBIMHU, TAaK U ITOPAMH, 3aIIOJTHEH-
HBIMH BOJI0H (puc. 4 a).

CTpyKTypa 3aTBEpAEBIIETO KOMIIO3UIIMOHHOTO BSDKYIIETO
B BO3pacTe 2 CYTOK MPEICTABISACT CO0OM OoJiee yHOpsIOUeH-
HYIO CTPYKTYPY 32 CUeT 3aKOHOMEPHBIX CPOCTKOB KPHCTAILIU-
YECKUX KPUCTAIIOTUAPATOB HIOJHYATOIO0 M BOJIOKHUCTOTO
TUIA. B MEXKPHUCTANTATHOM IPOCTPAHCTBE KOTOPBIX MPO-
CMAaTpPUBAIOTCS TUIOXO 3aKPUCTAIIM30BaHHBIE KPHCTAJUIOTH/I-
paThl THAPOCUIINKATOB Kanblusa. CTPYKTypa TakKe MPOHU3aHa
BO3AYIIHBIMA U BOJOHACKHIIIICHHBIME TTopamu (puc.4 0).

PUCYHOK 4

IJIEKTPOHHOMUKPOCKOIMUWYECKHUE
CHUMKM 3ATBEPJIEBIIENA ILIEMEHT-
HOM ITACTHI B Bo3pacre 2 cyT. u 28 cyT.

a, B — 0€3100aBOYHBIH MOPTIAHALEMEHT;

0, r — komMno3uuuonHoe Bsukyuee (KB)

Figure 4

Electron micrographs of hardened cement
paste at the age of 2 days and 28 days.

a, b - pure Portland cement;

b, d - composite binder (CB)

CtpyKTypa 3aTBep/IeBIIeH IEMEHTHOM acTHI B BO3PACTe
28 cyTOK MOPTIAH/LEMEHTa corjiacHo [4] umeeT GJIOYHYIO
CTPYKTYpY. Bloku MMeErT pa3Hyro HampaBIeHHOCTh KpH-
CTaJuiM3aliu TUAPOCUIIMKATOB, HO MPHU 3TOM HAXOIATCA B
TECHOM KOHTAKTE APYT ¢ APYTrOM. bloKY NpOHU3aHbI CEThIO
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The total shrinkage deformation of Portland cement
samples at the age of 90 days reaches 515x10-6, with au-
togenous shrinkage deformation accounting for 60%
(309x10-6). In the absence of autogenous shrinkage in
samples made of composite binder, deformations caused
by moisture shrinkage develop quite intensively during
further drying. The total shrinkage deformation of KV
samples reaches 410x10-6, but the share of autogenous
shrinkage deformations is only 22%. A positive effect on
reducing autogenous shrinkage deformations is achieved
by partially replacing Portland cement with sulfoalumi-
noferrite cement, which causes expansion of the hardening
system but does not reduce moisture shrinkage.

Electron microscopic studies of the structure of hard-
ened cement paste showed that at the initial moment (after
2 days of hydration) the structure of Portland cement is
loose and consists of weakly bound globules of poorly
crystallized calcium hydrosilicates, covering both the
original grains of cement minerals and intergrowths of cal-
cium hydroxide. Moreover, the entire structure is perme-
ated with both air and pores filled with water (Fig. 4 a).

The structure of the hardened composite binder at the
age of 2 days is a more ordered structure due to the regular
intergrowths of crystalline crystal hydrates of the needle-
shaped and fibrous type. Poorly crystallized calcium sili-
cate hydroxides are visible in the intercrystalline space.
The structure is also permeated with air and water-satu-
rated pores (Fig. 4b).

28 cyT (28 days)
B () r(d)

The structure of the hardened cement paste at the age of
28 days of Portland cement, according to [4], has a block
structure. The blocks have different directions of crystalliza-
tion of hydrosilicates, but at the same time they are in close
contact with each other. The blocks are permeated with a
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KarnuJuisapos, O6pa3OBaHHbIX TUAPOCUIIMKATaMH  KaJIbIUA.
[Topsl, conepxarye Boy, OTCYTCTBYIOT, HO (PUKCHPYIOTCS
BO3/YIIHBIC IOPHI (pHc.4 B).

CTpyKTypa 3aTBEpIEBLIEr0 KOMIIO3UIIMOHHOTO BSIKY-
uiero B Bo3pacte 28 CyTOK corjlacHo [4] xapakTtepusyercs
MOHOTOHHOH CTpyKTypoil Oe3 sIBHbIX OiokoB. BomoHnackr-
MICHHBIC TIOPHI TAK)KE OTCYTCTBYIOT, 8 BO3IYIIHBIC TIOPEI 3a-
MTOJTHEHBI UTOIFYATHIMU KPUCTAIUIOTHApPATaMH (pHc.4 T), U3-
3a 9ero CTPyKTypa sBisgercs Oonee mioTHoH. OOpa3oBaHue
TaKOH IJIOTHOHM CTPYKTYpHI 00YCIOBJIEHO 3a CYeT 00pa3oBa-
HUS IPOYHOTO KPUCTAIUTMYECKOTO CaMOIOIAEPKUBAIOIIETO
Kapkaca U3 HOBOOOPa30BaHUIl KPHCTAJUIOTHIPATOB B TBEP-
JIeIollel LIEMEHTHOM nacre.

Beenenue cynbhoanroMoheppuTHOro IEMEHTa B COCTaB
KOMITO3MLIMOHHOT'O BSDKYILETO CIOCOOCTBYET IOBBIIICHUIO
MPOYHOCTH LIEMEHTHOTo KamHs (puc.5). IIpounocts 00paz-
OB U3 KOMITO3ULIMOHHOTO BsKyLIEero B 2 cyT. Ha 30% Bbiie
KOHTPOJIBHOT'O COCTaBa, a B 28 cyT. — Ha 15%. [lony4yeHnHsle
JTAaHHBIC CBUAETENBCTBYIOT O TOM, YTO CyibdoamoModep-
PUTHBIA IIEMEHT CIIOCOOCTBYET HAOOPY paHHEH MPOIHOCTH B
OoJbIIeH CTeTIeHH, YeM B 00Jee TI03THIE CPOKH.

network of capillaries formed by calcium hydrosilicates. Wa-
ter-containing pores are absent, but air pores are present (Fig.
4c).

The structure of the hardened composite binder at the age
of 28 days, according to [4], is characterized by a monoto-
nous structure without obvious blocks. Water-saturated
pores are also absent, and air pores are filled with needle-
shaped crystal hydrates (Fig. 4 g), due to which the structure
is denser. The formation of such a dense structure is due to
the formation of a strong crystalline self-supporting frame-
work from newly formed crystal hydrates in the hardening
cement paste.

The introduction of sulfoaluminoferrite cement into the
composition of the composite binder helps to increase the
strength of the cement stone (Fig. 5). The strength of samples
made from composite binder at 2 days is 30% higher than the
control composition, and at 28 days — 15%. The obtained
data indicate that sulfoaluminoferrite cement promotes early
strength gain to a greater extent than at later stages.

PUCYHOK 5
G, MIIa
IIpo4yHOCTH HEMEHTHOr0 KAMHS 120 - .
. 105,5
- 0e3100aBouHbIH nopTiaanauement (ITL1); I
- KoMno3unuonHoe Bsukymee (KB) 100 1 86 90
S0 4 L
60,56
. 60
Figure 5
40
Strength of cement stone
- Portland cement; 20 1
- Composite binder (CB) 0
2 eyT 28 cy1
=M =KB
3akJoueHue Conclusion

O¢ddexTuBHBIE CHOCOOB MHHUMHU3AIUH yCATOYHOTO
TPEINHOOOPa30BaHMs B OETOHE MOXKET JOCTUTaThCs 33 CHET
co3faHusl 0e3ycasouHON CTPYKTYphI, 00pa30BaHHOM Mpod-
HBIM KPHUCTUIMYECKUM CaMOIIOAICPKUBAIOIINM KapKacoM
13 HOBOOOPa30BaHUI KPHUCTAJUIOTUAPATOB B TBEpICIOMICH
[IEMEHTHON I1acTeé KOMITO3MIMOHHOTO BSDKYIIEIr0, COCTOS-
IIETO W3 TOPTIAHALEMEHTa U CYIb(POoaTroMopeppUTHOTO
LIEMEHTA.

VYupapnenusi mpoueccaMd (HOpMHPOBaHHUSI CTPYKTYp-
HOT'O KapKkaca B HayaJIbHBIA nepuoa ruaparanvu U TBEpPAcC-
HUSI [IEeMEHTa B COCTaBe O€TOHAa MOXKET JJOCTUTaThCs TIPH Ya-
CTHYHOH 3aMeHe MOPTIaHALEMEHTa YKBUBAJIEHTHBIM KOJIH-
YECTBOM TOHKOMOJIOTOTO Cynb(hoanoModeppuTHOro Ie-
MEHTa.

3aMeHa 4acTH HMOPTJIaHIIEMEeHTa J00aBKOM, MO3BOJISIO-
el co3aBaTh MPOYHOI KPUCTAJUTMUECKHUI KapKac (B JaH-
HOM HCCIIEIOBAaHUH CYJIb(OATIOMO(EPPUTHBIM IIEMEHTOM)
CIOCOOCTBYET CHIDKEHHIO IepOpPMAaLINii ayTOTeHHON yCaIKu
0e3 yXyAmIeH:ns IPOYHOCTHBIX XapaKTePUCTUK OETOHA.

OKcHnepruMEeHTaNbHBIMH UCCIIEI0BAaHNUIME IOKa3aHO, ITO
cymmapHas gedopMaius ycaaku o0pasioB U3 MOpTIaH/IIe-
MeHTa B BospacTe 90 cyT. nocturaer 515x10, mpu 3Tom Ha
nedopManuu  ayToreHHON ycaiaku mnpuxoautcs 60 %

Effective methods for minimizing shrinkage cracking in
concrete can be achieved by creating a shrinkage-free struc-
ture formed by a strong crystalline self-supporting frame-
work of newly formed crystal hydrates in the hardening ce-
ment paste of a composite binder consisting of Portland ce-
ment and sulfoaluminoferrite cement.

Control of the processes of formation of the structural
framework in the initial period of hydration and hardening of
cement in the composition of concrete can be achieved by
partially replacing Portland cement with an equivalent
amount of finely ground sulfoaluminoferrite cement.

Replacing part of the Portland cement with an additive
that allows the creation of a strong crystalline framework (in
this study, sulfoaluminoferrite cement) helps to reduce au-
togenous shrinkage deformations without deteriorating the
strength characteristics of concrete.

Experimental studies have shown that the total shrinkage
deformation of Portland cement samples at the age of 90 days
reaches 515x10-6, with autogenous shrinkage deformation
accounting for 60% (309%10-6). The total shrinkage defor-
mation of KV samples reaches 410x10-6, the share of autog-
enous shrinkage deformations is 22%.
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(309%107%). Cymmapnas nedopmanus ycanku oopasinos KB
nocturaet 410x10°, nons nedopmanuii ayToreHHo ycaaku
cocrasisieT 22 %.

[IpuMeHeHHE KOMITO3UIIMOHHOTO BSKYIIETO B COCTaBE
0eToHa MOKET 00eCICUNBaTh MOYYCHUE MAIO Te(EKTHBIX,
HAJIC)KHBIX U JOJTOBEYHBIX CTPOUTEIEHBIX KOHCTPYKIHN U3
OeToHa U KeIe300eToHa.
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The use of composite binders in concrete can ensure the
production of low-defect, reliable and durable building struc-
tures made of concrete and reinforced concrete.
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