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! HanuonanbHbIi Hecaen0BaTe kil MOCKOBCKHI rOCy1apCTBEHHbINH CTPOMTENLHLINH YHHBEPCHTET

AHHOTANUA

B yemenmnoii ompaciu nakonien 60160l nOI0OACUMENbHBLI ONbLM NPUMEHEHUS MEMATyPSULECKUX WIAKO8 NPU NPOU3B00CEE BAICY-
wux mamepuanos. Tem ne mernee 06vem UCHONb30BAHUSA WIAKOG 8 CIMPOUUHOYCMPUL OCMACMCA He3HAYUMENbHBIM — 0K0.10 5...8% edce200-
HO20 UX 6b1X00d. Dmo npedonpedeniem HeodX0OUMOCmb IPHEKMUEHO20 UCNONL308ANUS UX 8 CINPOUMENLCMEE, YMOo mpedyem paspabomKu
HOBbIX CHOCO0O08 U NPUEMO8 NOBBIUEHUS. KAYECMEA WAAKOCOOEPHCAUUX YeMEHMO8 U OEMOHO08 Ha ux ocHose. IIposedensl ucciedosanus no
NOBbIUEHUIO AKMUBHOCHIU OOMEHHBIX SPAHYIUPOSAHHBIX ULIAKOS U ULTIAKONOPMIAHOYEMEHMOS8 NymeM UX Pa30elbHOl U COBMECIHOU aKmu-
6ayuLl 8 BOOHOU cpede HenOCPeOCMEEHHO neped NPULOMOoGIeHUueM OemMoHA HA CMPOUMENbHOU NIOWAOKe. AKMUBAYUs OCYecmenanach 6
annapamax, eoe 0bpabamvieaemas cpeda n008epaiics YOapHoMy 2UOPOOUHAMUYECKOMY U KAGUMAYUOHHOMY 8030eticmeuro. Akmueayus
WUIAKONOPMIAHOYEMEHMA, d MAKICe COBMECHHAA aKMUBAYUs YeMeHma U WAAKa 3HAYUMENbHO NOGblaem npoyHOCmb 00pa3yos us ye-
MEHMHO020 KaMHs U bemona. Llemenmublii Kamens, NONYUEHHbI HA OCHOBE AKMUBUPOSBAHHOL0 YEMEHMA, 00aadaem nosbIUEeHHOU panHell
NPOYHOCMbIO 3a CUem NOBbIUEH U NYYYOTIAHOBOU AKIMUBHOCIU WIAAKO08 U UHIMEHCUSHOU SUOPAMAYUYU KTUHKEPHBIX MUHEPANO08, d NO30Hel —
3a cuem aKmMuBHO20 Y4acmus OOMEHHO20 SPAHYIUPOBAHHOZ0 WIAKA 8 OPMUPOBAHUU CIPYKMYPbL YeMenmHo20 KamHs. Tlonyuennvie pe-
3yIbMansl NO360AA0M 60ee IPPEKMUBHO UCNOTB308AMb OMXOObL MEMALLYPSULECKOU NPOMBIULIEHHOCHU NPU NOJYYEHUU YeMeHMOo8 U De-
MOHOB HA UX OCHOGE.
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ACTIVATION HARDENING OF PORTLAND CEMENT WITH ADDITION OF
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ABSTRACT

The cement industry has accumulated a great positive experience in the use of metallurgical slags in the production of binding materials.
The volume of slag utilization in the construction industry is 5...8% of their annual output. This predetermines the necessity of effective
utilization of slags in construction. It is necessary to develop new methods and techniques to improve the quality of Portland blast furnace
slag cement and concrete on their basis. The researches on increase of activity of blast furnace granulated slags and Portland blast furnace
slag cement by their separate and joint activation in aqueous medium have been carried out. The activation was carried out immediately
before the preparation of concrete at the construction site. The activation was carried out in apparatuses under hydrodynamic and cavitation
impact. The activation of Portland blast furnace slag cement, as well as the joint activation of cement and granulated blast furnace slag
significantly increases the strength of concrete samples. The specimens obtained on the basis of activated Portland blast furnace slag cement
have increased early strength. This is due to increased pozzolanic activity of slag and intensive hydration of clinker minerals. The increased
late strength of the samples is due to the active participation of blast furnace granulated slag in the formation of the structure of the hardened
cement matrix. The obtained results allow more efficient use of metallurgical industry wastes in the production of cements and concretes.
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BBEJEHUE

B Hacrosiiiee Bpems olHUM U3 HanOoJiee BaXKHBIX HAIpaB-
JICHUH Pa3BUTHUS CTPOUTEIBHOIO MAaTEpUANIOBEICHHUS SABIISAETCA
CHIDKEHHE MaTepHaso- U SJHEProEMKOCTHU IPOU3BOCTBA BSIKY-
mux MarepuaioB U OetoHoB [1]. Hanboree mepcreKTHBHBIM
SBIIIETCSA MCIOJIb30BAHHE JOMEHHBIX IPaHyJIUPOBAHHBIX IIA-
KOB B COCTaBE IIEMCHTA, CHIDKAIOIINX KIMHKEPHBII (aKkTop H,
COOTBETCTBEHHO BBIOPOCHI YIIIEKHCIOTO Ta3a IpH IPOU3BOJI-
CTBE IIEMEHTOB [2].

[Ipu ucrons30BaHUN LIEMEHTA ¢ 100aBKaMHU TOIIJIMBO KO-
HOMUTBCSI M TIPU M3TOTOBJICHUHM OETOHHBIX m3jenuid. [lonHas
TOIUITMBOEMKOCTbh TOTOBBIX )K€JIe300€TOHHBIX M3JEeNHi Ha Oc-
HOBE [IEMEHTOB ¢ JJ00aBKaMy HUXKE, YEM TaKuX )K€ M3JIeNIUi Ha
OCHOBE 0€3/100aBOYHBIX KIMHKEPHBIX EMEHTOB. MaIMHUHOM
JI.A. [3] Obl1a OYEeHB YETKO [TOKa3aHa YHEPrOEMKOCTb IPOU3-
BOJICTBa OETOHA Ha OCHOBE IOPTJIAH/IIEMEHTA W IIJIAKOIIOPT-
naHaueMenTa. [IpenMyinecTBa HNUIAKOMOPTIAAHILEMEHTA CO-
BEPILICHHO OYEBUIHBI, TaK KaK IIPH MPOU3BOJICTBE ITOTO BSIKY-
HIET0 DKOHOMATCSA KIMHKEp M dHeprus. Mcmonb3oBaHue I0-
MEHHBIX TPaHYIUPOBAHHBIX HUIAKOB YJIYYINAET 3KOJIOTHYe-
CKHE YCIIOBHS OKPY KAIOIEN CPEbI.

Vcnionp30BaHue B IPOU3BOJICTBE LIEMEHTA JOMEHHOTO Ipa-
HYJIMPOBAHHOIO IIJIaKa HE TOJIbKO 00ECHeYMBaeT 3KOHOMHMIO
KJIMHKEpa U yBelIMueHHe o0beMa MPOM3BOJCTBA, HO U CYIlle-
CTBEHHO YJIyUIllaeT OCHOBHBIE CTPOHUTEIbHO-TEXHUYECKHE
CBOMICTBA LIEMEHTA, IOBBILIAS JOJTOBEYHOCTh COOPYKECHHM.
[Tpu ruzpparanuy ¥ TBEpIEHUU LIEMEHTa 00pa3yeTcsl THIPOK-
CHJI KaJIbIIMsl — HanboJiee paCTBOPUMBIA M ySI3BUMBIH KOMIIO-
HEHT LIEMEHTHOI'0 KaMHsl, I09TOMY BECbMa BAXKHBIM SIBISETCS
ces3piBanne Ca(OH)2 B TpyaHOpacTBOpHMBIE COEAWHEHUS,
YTO JOCTHTAETCA 32 CUET BBEJCHNUS B [IEMEHT IIIIaKa [4].

ITopTnaHALEMEHTHI C JOMEHHBIM IPaHYJIHMPOBAHHBIM IIA-
KOM HMEIOT Cepbe3HbIe HeAoCcTaTKH. OHM XapaKTepH3YIOTCS
3aMENJICHHOW CKOPOCTBIO TMIpaTalliy B HadalbHBIA IEPUOJ
TBepAeHUs. /i1 MOBBIIIEHUS] MX AKTMBHOCTH HEOOXOJHMO
YYHUTBIBATh UX JUCIEPCHOCTH [5-7].

JI71s1 moBBIIEHNS HAYAJIbHOM IIPOYHOCTH LUIAKONOPTIAH[-
LEMEHTAa [TPEeJIararoTcsl pa3jIMyHble BAPHAHTHI €ro MOAU(BHILIU-
POBaHUs YIBTPAIUCIICPCHBIM KOMIOHEHTOM [8]. DddekTus-
HBIM SIBIISIETCS UCIONb30BAHUE B KAUECTBE YIBTPAAUCIEPCHOTO
KOMIIOHEHTa JOMEHHBII IpaHyIUPOBAHHBIN [IUIAK C Pa3sMEPOM
yactul A0 | MkM. Takoll KOMIIOHEHT BBOAUTCS B IIIAKOMOPT-
JAHJIUEMEHT B BUJIE CYCIIEH3HH BMECTO BOJBI 3aTBOpeHUs [9].

Jlis ynmyqnieHusl XapakTepHCTHK IIEMEHTHBIX OETOHOB H
cHIKeHne BBIOpocoB CO> HEOOXOAMMO COBEPIICHCTBOBAHHE
CYIIECTBYIOIINX TeXHOJOrui. IIpennaraercss MOBBICHTH CKO-
POCTb TBEpAEHHS IIEMEHTOB C HO0ABKOW ITaKa IyTeM JABYX-
CTaJIUIHOIO TIOMOJIAa U aKTUBALMEHd UX B POTOPHO-IIYJIbCALH-
OHHOM anmnapaTe yJIapHOro ACHCTBHSL.

MHoruMu HaydHBIMU U3bICKaHUsIMHU [10-17] ycraHOBIEHO
AKTUBUPOBaHHE MHOIOKOMIIOHEHTHBIX LIEMEHTOB T'MIpPOIUHA-
MUYECKUM Bo3jelcTBUeM. Takoe aKTUBHPOBAHUE BBI3BIBAET
n3MeHeHHne (a3oBOro cocTaBa T'MAPATHBIX HOBOOOPAa3OBaHMIA.
AKTUBHpPOBaHNE TUAPOJUHAMUYECKAM BO3JEHCTBUEM YBEIH-
YUBAE€T KOIMYECTBO I'MIPOCHIMKATOB KaJIbLUS U STTPUHTUTA
[18-20].

AKTHBHpPOBaHHE NPENBAPUTENBHO THAPATHPOBAHHBIX Iie-
MEHTOB THAPOIMHAMUYECKAM BO3JEHCTBHEM MO3BOIISIET MOITY-
4aTh yJIbTpagucnepcHble 1o0aBku. IIpuMmeHenne Takux nooa-
BOK IIO3BOJISIET YNPABIIATH CBOMCTBAMHU LIEMEHTHOHM MACTHI U
BIUATL Ha ee cBoictBa [18,19]. Ilpm sToM cHuUXKaercs
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INTRODUCTION

Currently, one of the most important directions of de-
velopment of building materials science is the reduction of
material and energy intensity of production of binders and
concrete [1]. The most promising is the use of granulated
blast-furnace slags in cement composition, reducing
clinker factor and, accordingly, carbon dioxide emissions
in cement production [2].

When using cement with additives, fuel is also saved
in the production of concrete products. The total fuel in-
tensity of ready-made reinforced concrete products based
on cement with additives is lower than the same products
based on additive-free clinker cements. Malinina L.A. [3]
showed very clearly the energy intensity of concrete pro-
duction on the basis of Portland cement and Portland blast
furnace slag cement. The advantages of Portland blast fur-
nace slag cement are quite obvious, as clinker and energy
are saved in the production of this binder. The use of blast
furnace granulated slag improves the ecological condi-
tions of the environment.

The use of blast furnace granulated slag in cement pro-
duction provides clinker saving and increase in production
volume. Introduction of granulated blast furnace slag into
the composition of Portland cement and significantly im-
proves the basic construction and technical properties of
cement, increasing the durability of structures. During hy-
dration and hardening of cement, calcium hydroxide is
formed. It is the most soluble and vulnerable component
of cement stone. It is important to bind Ca(OH)2 into in-
soluble compounds. This is achieved by introducing slag
into the cement [4].

Portland cements with granulated blast furnace slag
have serious disadvantages. They are characterized by a
slow rate of hydration in the initial period of curing. To
increase their activity it is necessary to take into account
their dispersibility [5-7].

To increase the initial strength of Portland blast fur-
nace slag cement, various variants of its modification with
ultradisperse component are proposed [8]. The use of
blast-furnace granulated slag with particle size up to 1 mi-
cron as an ultradisperse component is effective. This com-
ponent is introduced into Portland blast furnace slag ce-
ment as a slurry instead of mixing water [9].

In order to improve the performance of cement con-
crete and reduce CO, emissions, it is necessary to improve
the existing technologies. It is proposed to increase the
curing rate of slag-added cements by two-stage grinding
and activation in a rotary-pulsation impact apparatus.

The activation of multicomponent cements by hydro-
dynamic influence have shown Many scientific researches
[10-17]. This activation causes a change in the phase com-
position of hydrate neoplasms. The activation by hydrody-
namic influence increases the amount of calcium hydrosil-
icates and ettringite [18-20].

The activation of pre-hydrated cements by hydrody-
namic influence makes it possible to obtain ultradisperse
additives. The use of such additives makes it possible to
control the properties of cement paste and influence its
properties [18,19]. In this case, the porosity decreases and
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MOPUCTOCTb W MNOBBIMIACTCA IMPOYHOCTHL HEMCHTHOI'O KaMHA.
AKTHUBHPOBaHHE MHOTOKOMIIOHEHTHBIX IIEMECHTOB THPOINHA-
MHUYECKUM BO3CHCTBUEM ITO3BOJISCT PEATH30BBIBATH TEXHOIIO-
TUH PeHUKINHTA OeTOHHBIX cMecel [20].

JIByXCTaqWifHBIA ITOMOJN M aKTUBAIUs KIMHKEpa, THIca U
JIOMEHHOT'O TPaHyJIMPOBAaHHOIO IIIAKa B POTOPHO-IYIbCAIU-
OHHOM aIapare yJapHOro JCUCTBUs MO3BOJSIET MOBBICUTH
HAvYallbHYIO MPOYHOCTh 00pa3ioB OeroHa. biaromaps atomy
mpoIieccy IPOYHOCTH 00pa3oB OETOHA B ITO3THNE CPOKHU TBEP-
JICHUS1 HE TOJIbKO BBIPABHUBAETCS 10 TPOYHOCTH ¢ 6e3/100aB0Y-
HBIM IMOPTJIAHALIEMCHTOM, HO M IPEBBIIIAET €r0 MPOYHOCTH
[21, 22].

Leab0 TaHHOTO HMCCJIEAOBAHUS SBIISJIOCH MOBBIIICHUE
FH[[paTaL[HOHHOﬁ AKTUBHOCTHU HUIAKOIMOPTIaHALCMEHTA B paH-
HUH EPUOJT TBEPJCHHUS IIyTEM €0 JIBYXCTaJUHHOTO TIOMOJIA U
aKTUBAIMECH B POTOPHO-IYJIbCAIIMOHHOM armnapare yIapHOro
JIeHCTBUS

Marepuajbl 1 METOABI HCCJAETOBAHUS

Jis nccnenoBaHWs OBUTM B3ATHI MOPTIAHUEMEHTHBIN
KIIMHKEP, OMEHHBIH I'paHyJUPOBAHHBIA MIJTAK U HIPUPOTHBIA
THIIC, XUMHUYECKHUI COCTaB KOTOPBIX MIPEACTABICH B Ta0. 1.

the strength of cement stone increases. The activation of
multicomponent cements by hydrodynamic influence al-
lows to realize the recycling technologies of concrete mix-
tures [20].

Two-stage grinding and the activation of clinker, gyp-
sum and blast furnace granulated slag in a rotary-pulsation
impact apparatus allows to increase the initial strength of
concrete samples. Due to this process, the strength of con-
crete specimens in late curing time not only equalizes in
strength with unblended Portland cement, but also exceeds
its strength [21, 22].

The purpose of this study was to increase the hydra-
tion activity of Portland blast furnace slag cement in the
early period of hardening by its two-stage grinding and ac-
tivation in a rotary-pulsation impact apparatus

Materials and methods of research

Portland cement clinker, granulated blast furnace slag
and natural gypsum were taken for the study, the chemical
composition of which is presented in Table 1.

TABJIAIA 1 XUMHAYECKHA COCTAB UCIOJIb3YEMBIX MATEPHUAJIOB

Table 1 Chemical composition of the materials used

Copnep:kanue okcua0B, Macc.%
B:,;tgzsg Oxide content, wt.%
SiO2 ALO3 Fe203 CaO MgO SOs R:0
ToprnanuemenTHbiii KIHHiep 19,63 5,58 4,54 65,50 3,48 0,20 0,80
Portland cement clinker

MIPUPOIHBIN TMIICOBBIA KAMEHb 417 0.62 ) 40.89 303 50.69 0.41

natural gypsum i ’ § § i ’
JIOMEHHBIH rPaHyINPOBAHHbIN IITAK 336 13.0 )36 41.60 3.8 0.10 0.26

granulated blast furnace slag ’ ’ ’ ’ ’ ’ ’

MuHepaJlorHyeckuii  CocTaB  MOPTJIAH/IIEMEHTHOTO The mineralogical composition of Portland cement

KJIMHKEepa XapaKTepHU30Balcd CIEAYIOUIMM COJep>KaHHeM
MuHepasioB (%): anut — 58; 6enut — 17; TpeXKaabIIMEBbIi
ATFOMUHAT — 7; YeThIPEXKAIBIINEBEIN amroModeppur — 15.

JIOMEHHBIH rpaHyIMPOBaHHBIHN IUIAK XapaKTEPU30BAIICS
MoayieM ocHOBHOCTU Mo= 1,08 u MozysneM akTUBHOCTH
M.= 0,38.

AKTHBaIUIO IIEMEHTOB IIPOBOIMIH B TaOOpaTOPHOIT Me-
mrajgke TypOyJIEHTHOTO THIIA, COYETAMONmeH B cebe MpHH-
IIUIBI PabOTHI IEHTPOOEKHBIX HACOCOB, AE3UHTEIPATOPOB U
POTOPHBIX amnapaToB, OTIWYAIOMINXCSA BBICOKMMHU pabo-
YMMH XapaKTePUCTHKAMH.

Onpenencare (QU3NKO-MEXaHUICCKUN CBOWCTB IIEMEH-
TOB MPOU3BOJIMIN B COOTBETCTBUHU C JACHCTBYIOIIMMHU CTaH-
JlapTaMH.

CreneHb M KMHETHKY THApaTallli, COCTaB T'MIPATHBIX
(a3, cTpyKTypy LEMEHTHOrO KaMHs M3y4alH C NpHMEHe-
HHEM H3BECTHBIX METO/0B (PM3MKO-XMMHYECKOTO aHAIN3a!
muddepeHnmanbHo-TepMudeckoro anammsa (JTA), peHrt-
reHo-dazoBoro anammsa (PDA), ckanmpyromeil IeKTpoH-
Ho MuKpockormuu (COM) 1 onTH4IecKoil MUKPOCKOIIHH.

Pe3yabTaThl U HX 00Cy:KACHHE

Hccnenyemslil NUIaKOMOPTIAHALEMEHT COCTOUT U3 TPEX
Pa3IUYHBIX TI0 (PU3HUECKUM CBOMCTBaM KOMIOHEHTOB. [lo-
3TOMY Ha HEPBOM 3Talle M3y4ald Pa3MalbIBA€MOCTh Kax-
JIOTO KOMIOHEHTa. [ OLIEHKU Pa3MaJIbIBAeMOCTH HCIIOJb-
30BaJIH METOAUKY [23], COIJIaCHO KOTOPOH

clinker was characterized by the following mineral content
(%): alite - 58; belite - 17; three-calcium aluminate - 7; four-
calcium alumoferrite - 15.

The granulated blast furnace slag was characterized by
basicity modulus MO= 1.08 and activity modulus M,= 0.38.

The cement activation was carried out in a laboratory stir-
rer of turbulent type, combining the principles of centrifugal
pumps, disintegrators and rotary apparatuses characterized
by high performance.

The physical and mechanical properties of cements were
determined in accordance with the current standards.

The degree and kinetics of hydration, the composition of
hydrate phases, and the structure of cement stone were stud-
ied using well-known methods of physical and chemical
analysis: differential thermal analysis (DTA), X-ray phase
analysis (XRF), scanning electron microscopy (SEM), and
optical microscopy.

Results and discussion

The investigated Portland blast furnace slag cement con-
sists of three different components in terms of physical prop-
erties. Therefore, at the first stage the grindability of each
component was studied. To assess the grindability we used
the method [23], according to which the grindability of the
material is characterized by the functional dependence of the
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pa3MaiblBaeMOCTh MaTepHaja XapakTepusyercsi (GpyHKIuo-
HQJIBHOW 3aBUCHUMOCTBIO TOHKOCTH H3MENbUYCHHS OT BEJH-
YHHBI yENBHOIO PACX0/a S3HEPruy, 3aTpayuBaeMoi Ha Ipo-
ecc nomona. M3Mens4yenue mpou3BOAWIN B 1aOOpaTOpHOI
MenbHule MBJI o ctanjapTHON METOAUKE.

PazmanbiBaeMOCTh KOMIOHEHTOB M IUIAKOMOPTIAHALE-
MEHTa Ha UX OCHOBE IIpHBe/IeHa B Ta0I. 2.

fineness of grinding on the value of specific energy con-
sumption spent on the grinding process. Grinding was car-
ried out in a laboratory mill MBL according to standard
methods.

The grindability of the components and Portland blast
furnace slag cement based on them is given in Table 2.

TABJIMLA 2 PASMAJIBIBAEMOCTB HCXOJHBIX KOMIIOHEHTOB 1 HIVIAKOIIOPTJIAHAINEMEHTA
Table 2 The grindability of the initial components and Portland blast furnace slag cement

Bpemst Ocrartok Ha cure, %
Matepuai MOM0JIa, MUH Residue on the sieve, % Sya » yn,
Materials Grinding time, cm?/r KBT.4/T
3 Ro2 Ros
min

10 59 73,2 - 4,7

TTopTiaHAEeMEHTHBIH KITHHKEP 30 7.5 44,6 1390 2.3
Portland cement clinker 60 3,6 3,2 2500 26,0
90 0,0 4,5 2900 37,3
100 0,0 3,5 3500 46,6

10 67,5 82,3 - 5,0
. . 30 23,0 54,5 1000 14,0
JTOMEHHBIH TPaHyJIMPOBaHHBIN HITAK 60 56 20,0 1500 327
granulated blast furnace slag 90 1.5 6.0 2500 6.6
120 0,5 3,6 3500 56,0

10 33,0 58 1700 4,7
IIPUPOJHBIN TUIICOBBII KAMEHb 30 21,8 54 1000 11,7
natural gypsum 60 9,0 47 980 21
80 14,5 56 820 35

10 60 75 1000 4,7
[InakonopTIaHAIEMEHT 30 6.7 36,7 1800 117
Portland blast furnace slag cement 60 0,5 8.8 2600 23,5
90 0,5 7,0 3100 28,0
120 0,4 6,0 3500 45,0

W3 npencraBieHHbIX AaHHBIX BHIHO, 4YTO Hambolee
SHEPrOEMKHM SIBJISIETCSI TPOIECC U3MeNbUeHHs Hutaka. st
HOJTy4EHHs LIEMEHTA C YAEIbHON MOBEPXHOCTHIO 3500 cM?/r
TpeOyeTcsi pacxoX JJIEKTPOIHEPTHH B KOJIUYECTBE 56
KBT.4/T. JIJIs1 KIIMHKepa 3Ta BeJIUYMHA paBHa 46 KBT.U/T.

[Tomou rumnca BHa4Yas1e XapakTepu3yeTcsi pe3KUM CHHKe-
HHEM OCTaTKOB Ha CHTaX, HO 3aT€M OH ITOBBIIIAETCS B CBSI3U
C TIpolieccaMyl ariioMepanuy MaTepruana. YacTuis! ero cim-
MAFOTCSl M OCTAaTOK Ha CUTaX yBelawuuBaeTcs. IIpu sTom ero
yJieNibHas TIOBEPXHOCTh OCTAETCS BBIIIE, YEM Y IPYTHUX UC-
creyeMbix MatepuaioB. llnak, obnaas BEICOKOH TBEPIO-
CTbIO, CIIOCOOCTBYET pa3MalibiBaeMOCTH KinHKepa. [Ipu no-
crixernn Sy, =3500 cM?/T yIAenbHBIA PACXO/ JIEKTPOIHED-
UM OJIM30K K BEIUYMHE, JOCTUTAeMOI MpH MOMOJIE MOPT-
JmaHIIEeMeHTa 0e3 no0aBKM HUIaka. AHAIN3 3KCIIEPUMEH-
TaJIbHBIX JaHHBIX MOKA3bIBAET, YTO LUIAK SIBISIETCS] HAaH0O-
JICC TPYAHO pasMaJbIBACMbIM KOMIIOHCHTOM MHIJIAKOIIOPT-
JaHLEMEHTa, IPeIONPECISIIONIMM yIeIbHYIO IIPOU3BOIH-
TCJIbHOCTb MEJIbHUIIBI U 3aTPAThl DJICKTPOIHEPIUU HA ITIOMOJI
LIEMEHTA.

C menbio M3yYeHus BIMSHUSI CTEIIEHN M3MEIbUYCHUS OT-
JISTIbHBIX KOMIIOHEHTOB HIJIAKONOPTIAHALIEMEHTa Ha €ro
CBOMCTBA Ha CIIEYIOIIEM JTAle UCCIICAOBAHUH TOPTIAHIIIe-
MEHTHBII KIMHKED M IUIAK Pa3[eibHO pa3MalbIBaId 0
YAETBHOM TOBEPXHOCTH Sy = 2500, 3500 u 4500 cm?/r, a
rurnc — 10 Sy;= 10000 cM?/T. 3aTeM H3MENBYEHHBIE MATEPH-
aJbl CMEIIMBAI B PA3JUYHBIX TPOIMOPLHUAX U ONPEICIISITN
MPOYHOCTH 00pa3moB yepes 28 cyT.. Pe3ynpTaThl HCIIBITAHHUHA
MOJY4EHHBIX P00 IIEMEHTOB NPE/ICTAaBICHBI HA puC. 1.
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From the presented data we can see that the most energy-
intensive is the process of slag grinding. To obtain cement
with a specific surface area of 3500 cm?/g requires electricity
consumption of 56 kWh/t. For clinker this value is equal to
46 kWht.

The grinding of gypsum is initially characterized by a
sharp decrease in the residues on the sieves. Then the resi-
dues on the sieves increase. This is due to the agglomeration
processes of the material. The gypsum particles stick to-
gether and the residue on the sieves increases. The specific
surface of the ground gypsum is higher than that of other ma-
terials under study. The slag, having high hardness, contrib-
utes to clinker grindability. When reaching S,»=3500 cm?/g
specific power consumption is close to the value achieved
when grinding Portland cement without the addition of slag.
The analysis of experimental data shows that slag is the most
difficult to grind component of Portland slag cement. This
situation predetermines the specific mill productivity and
power consumption for cement grinding.

In order to study the influence of the degree of grinding
of individual components of Portland blast furnace slag ce-
ment on its properties at the next stage of research Portland
cement clinker and slag were separately milled to a specific
surface Suq = 2500, 3500 and 4500 cm?/g. The gypsum was
ground to Sy¢= 10000 cm?g. Then the milled materials were
mixed in different proportions and the strength of the sam-
ples was determined after 28 days. The test results of the ob-
tained cement samples are presented in Fig. 1.
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PUCYHOK 1

MPOYHOCTHBIE XAPAKTEPUCTHKH
IJJAKOMOPTJIAHJAIIEMEHTA B 3ABUCH-
MOCTHA OT CTENEHHA W3MEJbLUYEHUSA
IIJJAKOBOM COCTABJISAIOIIEM

1 — Syx=450; 2 — Sy = 350; 3 — Sy = 250 M2/kT

VaenbHAas TIOBEPXHCTH
NOPTITAHAUNEMEHTHOTO

Figure 1

Strength characteristics of Portland blast furnace
slag cement depending on the degree of grinding of
the slag component

1-Suw= 450; 2-Su= 350; 3-Sw= 250m2/kg

Kak BHITHO 13 Ipe/ICTaBIEHHBIX JaHHBIX, TPyOBIH MOMOI
mutaka (250 M?/KT) daxe IPH BBICOKOM CTEIEHH M3MEIbUe-
HHS TTOPTIaHIIEMEHTHOTO KIMHKepa (450 M%/kr) 06yCiIoB-
JMBAET MEHBIITYIO IPOYHOCTH IIEMEHTHOTO KaMHs1. Hanboms-
mras npounocts LTI obecnieunBaeTcs mpu BBEICOKOW CTe-
MIEHHU U3MENTbYCHUS 000MX KOMIIOHEHTOB (TIOPTIIaHIIIEMEHT-
HOTO KJIMHKepa U IIJIaKa).

[MonyueHHble naHHBIE OOBSCHSIOT pa3jIMuUe B IIPOYHO-
cru I, monmy4yeHHOTO OJHOCTAAUNHBIM U ABYXCTaJIUM-
HBIM TIOMOJIOM (TabJ1. 3).

KIHHKEpPa, M2/KI

I
|
450
|
[
|
0 20 40 60 80 100

[Ipemen npouHoCTH IpH cxaTHIL, Mlla

As can be seen from the presented data, coarse grinding
of slag (250™%/kg) even at a high degree of grinding of Port-
land cement clinker (450™%/kg) causes lower strength of ce-
ment stone. The highest strength of Portland blast furnace
slag cement is provided at high degree of grinding of both
components (Portland cement clinker and granulated blast
furnace slag).

The obtained data explain the difference in the strength
of Portland blast furnace slag cement obtained by one-stage
and two-stage grinding (Table 3).

TABJIMIIA 3 CeoiicTa LIIILL, n3MeIb49€HHOr0 PasaMYHbIM cioco6om 10 Sy=3500 cm*/r
Table 3 Properties of Portland blast furnace slag cement milled by different methods to Sua=3500 cm?*/g

Copep:xanne (ppaKmmii YaCTHIL
IIpounocts npu c:xxkatuu, MIla, yepes cyt pa3MepoM B MKM, %
Crnocod IR (T B/l Compressive strength, MPa, after day Content of particle fractions with
Method of grinding wic particle size in microns, %
1 3 28 6osee 80 MeHee 40

OHOCTATUHHBIH 0,40 3.6 216 38.9 285 385
one- stage method ’ ’ ’ ’ ’

ABYXCTa M AHbIH 0,40 12,7 31,6 462 16,5 54,5
two- stage method ’ ’ i ’ ’

HccnenoBanme cocraBa OTHCITBHBIX (Ppakiuii EMEHTa
MocJIe OTHOCTAANHHOTO H3MEIBbUYCHUS, TPOBEICHHBIC XUMH-
YECKIM W MUKPOCKOIIIYECKIM METOIOM ITOKA3allo, YTo Iia-
KOBBIC YaCTHIIFI B OCHOBHOM HAaXOJAATCS B OoJiee KPYIMHBIX
(hpakmusax (gacTuiel pasmepoMm 6omee 40 MxMm). B menxux
dpaxmmsx (0-40 MKM) coCpeIOTOYECHBI YaCTHIIBI TTOPTIAH]-
IIEMEHTHOTO KJIMHKepa. [Ipn AByXcTaguifHOM H3MENbYeHUN
pacnpeseieHne YacTHIl IIJ1aka B MENKUX (Qpakiusax (MeHee
40 mxM) yBennumuBaercs B 1,5 paza B cCpaBHEHHUH C UX COZEP-
JKaHUEM B HEMCHTE, Pa3MOJIOTBIM IpHU O[[HOCTa}IPIﬁHOM us3-
MCJIbYCHUU.

AHanu3 MOJyYCHHBIX JAaHHBIX IO BEIICCTBEHHOMY CO-
CTaBy OTJCIBHBIX (PPAKIUIl IIEMEHTA W €ro MEXaHHMYECKUX
CBOWCTB, ITOKAa3bIBACT, UYTO IPpy00E U3MEIBFYCHHE TOMEHHOTO
nutaka B LTI ogHOCTaAMIHOTO M3MeENbYEHUS] IPUBOIUT K
MeHee IPOYHOH CTPYKTYpE IIEMEHTHOTO KaMHS B CPaBHCHHUU
C MIPOYHOCTEHIO JIBYXCTaJIUHHOTO M3MEIhUCHHS IIITAKOMOPT-
JaH/IIEMEHTA.

Jns obecniedeHuss pPaBHOMEPHOTO TpaHYJIOMETpHYE-
CKOTO COCTaBa KOMIIOHEHTOB NUIAKONOPTIAHALIEMEHTA
MMPEAIOKECHO AKTUBUPOBATH €0 THAPOJUHAMUYCCKUM BO3-
neiictBueM (Tabi. 4). BhIMOMHEHHBIC paHee HUCCIICIOBAHHUS
[16, 17] no3Boiunu pa3paboTaTh CUCTEMY, NPHU KOTOPOIl

The composition of individual cement fractions after one-
stage grinding was investigated by chemical and microscopic
methods. It is shown that slag particles are mainly found in
larger fractions (particles larger than 40 microns). Portland
cement clinker particles are concentrated in smaller fractions
(0-40 microns). At two-stage grinding the amount of slag
particles in the fine fractions (less than 40 microns) increases
by 1.5 times in comparison with their content in cement
ground at one-stage grinding.

Analysis of the obtained data on the material composition
of individual fractions of cement and its mechanical proper-
ties, shows that coarse grinding of blast-furnace slag in one-
stage grinding Portland blast furnace slag cement leads to a
less strong structure of cement stone in comparison with the
strength of two-stage grinding Portland blast furnace slag ce-
ment.

To ensure uniform particle size distribution of Portland
blast furnace slag cement components, it was proposed to ac-
tivate it by hydrodynamic influence (Table 4). Previous stud-
ies [16, 17] allowed to develop a system in which conven-
tional grinding is carried out at a cement plant, and highly
dispersed grinding is carried out at a reinforced concrete
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OOBIUHBIN TIOMOJI OCYLIECTBIIACTCS HA LIEMEHTHOM 3aBOJIE, a
BBICOKO/INCIIEPCHBII — Ha 3aBOJIE KEJIe300E€TOHHBIX U3AEINI
WIN CTPOUTENBHOW IUIOMIAZKe. AKTHBALUS IUIAKOIOPT-
JaHILEMEHTa TNPHUBOIUT K CYLIECTBEHHOMY YBEIMUYECHUIO
MIPOYHOCTH LEMEHTHOTO KaMHS.

D dexT MexaHOAKTUBALIMH TTO3BOJISIET YBEIIMYHUTH KOJIHU-
YeCTBO LIJIaKa B COCTaBe LEMEHTA, NPU COXPAHCHUH €ro
MIPOYHOCTHBIX CBOMCTB (pHC. 2).

products plant or a construction site. The activation of Port-
land blast furnace slag cement leads to a significant increase
in the strength of cement stone.

The effect of mechanoactivation allows to increase the
amount of slag in the cement composition, while maintaining
its strength properties (Fig. 2).

TABJIMIIA 4 PE3YJIbTAThI UCTIBITAHUM AKTUBUPOBAHHOTI'O IILIAKOIIOPTJIAHJIIEMEHTA
Table 4 Test results of activated Portland blast furnace slag cement

PacrneiB IIpounocts, MIla, uepes cyt
Oo6pa- KOHYyca, Strength, MPa, after a day
Lement 60TKa MM IIpu u3rube IPH CKATAA
Cement Processin Cone in bending in compression
J U, 3 28 3 28
mm
[lnakonopTinaHaLEeMEHT
Portland blast furnace slag cement i 109 4.6 59 18 4l
AxtuBuposanHbli HITIL] PITA -3
Activated Portland blast furnace slag cement MUH 12 33 6.8 30 55
PHCYHOK 2 s ]
. 450 | ===
MPOYHOCTHBIE CBOMCTBA OBBIYHOI'O 1 E 40,0 ]”' | =4
AKTUBUPOBAHHOI'O HIJIAKONOPTJAHI- g 35,0 *’ il =l
HEMEHTA o o |
= 30,0 \
o y
c 25,0 1~
Figure 2 2= 450 1/’ —
T ~
. . . o 10,0 = —)
The strength properties of ordinary and activated oy ' i ; /'ia
Portland blast furnace slag cement [ 501 - 5 ) 4
& 00 =
o
o
=

Peskoe yckopeHne TBepAeHHS [EMEHTA, U3MEIbUYEHHOTIO
B PIIA, 0OBsicHSIETCS! TIOBBIIIEHHEM €T0 JUCIIEPCHOCTH U
YCKOpPEHHEM I'HpaTallii KOMIIOHEHTOB IieMeHTa. [leperien-
HIMe B PACTBOP KPUCTAIUIOTUAPATH! BBIMOJIHIIOT JBOSKYIO
poitb. 1. CiocoOCTBYIOT TIOSIBIICHHO MHOTOYHCIICHHBIX TEH-
TPOB KPUCTAUIU3ALMHU. 2. SIBISIFOTCS MOJUIOKKON AT KPH-
CTaJUTM3aLUK THPATHBIX HOBoOOpazoBanuii. Takoi addext
H3MEHSET CTPYKTYPY THIPATHBIX HOBOOOPAa30BaHUN B COOT-
BETCTBUU CO CTPYKTYPOM CaMOM 3aTPaBKHU.

Ilo naHHBIM CKaHUPYIOLIEH NIEKTPOHHONU MUKDPOCKOIIMH
BBIKPHUCTAJUITM30BBIBAHNE MPOAYKTOB THApATAllMM Ha MOJ-
JIOXKKAX, PacloI0KEHHBIX B IOPOBOM NPOCTPAHCTBE, PHUBO-
JUT K YMEHBIIIEHUIO KPYIIHBIX [10OP, MOBBIIEHUIO IIO0THOCTH
YIIAaKOBKH YacTHIl ¥ BOZHUKHOBEHHUIO OOJBIIOTO YKCIA KPH-
CTAJUTMYECKUX CPOCTKOB B €IMHHIIE 00BbEMa TBEpACIONICH
CHUCTEMBL.
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The sharp acceleration of hardening of cement ground in
RPA is explained by the increase in its dispersibility and ac-
celeration of hydration of cement components. The crystal-
line hydrates transferred into the solution fulfill a twofold
role. 1. They promote the appearance of numerous crystalli-
zation centers. 2. They are a substrate for crystallization of
hydrate neoplasms. This effect changes the structure of hy-
drate neoplasms in accordance with the structure of the inoc-
ulum itself.

According to scanning electron microscopy data, crystal-
lization of hydration products on substrates located in the
pore space leads to a decrease in large pores, an increase in
the packing density of particles and the emergence of a large
number of crystalline aggregates per unit volume of the so-
lidifying system.

Conclusions

The fine grinding of blast-furnace granulated slag pro-
vides increase of strength characteristics of Portland blast
furnace slag cement and concretes on its basis. The hydrody-
namic effect on the slag component of cement causes an in-
crease in the amount of calcium hydrosilicates and ettringite
in the cement stone. In this case the porosity decreases and,
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accordingly, the density and strength of cement stone in-
creases. The use of activated Portland blast furnace slag ce-
ment in the construction industry is accompanied by lower
fuel consumption in the production of cement and concrete,
reducing the environmental load.
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