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I INTERNATIONAL BUSINESS MEETING WHITE
NIGHTS: CEMENT. CONCRETE. DRY MIXTURES 2015

I MEKOAYHAPOLOHAA BU3HECBCTPEYA «bBEJIbIE
HOYW: LEMEHT. BETOH. CYXNE CMECIK — 2015»

On May 26-28, the III International Business
Meeting White Nights: Cement. Concrete. Dry Mixtures
2015 took place at Grand Hotel Europe. The event was
organized by the ALITinform: Cement. Concrete. Dry
Mixtures International Analytical Review and the Rus-
sian Union of Builders. During two days, there were 25
presentations, and the event was attended by experts from
15 countries including Russia, Germany, China, Finland,
Switzerland, Belarus, Belgium, Kazakhstan, Hungary,
Portugal, Syria, Poland, Norway, Latvia, and Jordan.

NIUH NT.

2 Ne 4-5 (40) 2015 «ALITinform» MexpayHapogHoe aHanuTuyeckoe o6o3peHmne

26-28 masn B «I'panp Orene Eppoma» mpomina
III MexxpyHapogHas 6usHec-BcTpeda «bemble HOuM:
IHemenT. Beton. Cyxue cmecu», OpraHU30BaHHasA CO-
BMeCTHO MeXX/[yHapOIHBIM aHATUTUYECKUM 0603pe-
HueM «Amut/HpopMm: Ilement. beron. Cyxue cmecn»
u Poccuiickum corosom crpourteneit (PCC). 3a fBa gus
paboThI 6BIIO MpefcTaBIeHo 25 NOKIAaoB, B popyMme
HOPUHAMN y4acTHe CIeNanucTel u3 15 crpan: Poccun,
Iepmanun, Kuras, ®unnangun, seitnapun, benopyc-
cuy, benbrum, Kazaxcrana, Benrpumn, Ilopryranmm, Cu-
pun, Ionbmn, Hopserun, Jlateun u Voppanumn.

Cpepnu BaXHeINX Ipo6/IeM, KOTOpPble AKTUBHO
06CcyXanuch B paMKax O1MsHec-BCTpedn, ObUI BOIIPOC
0 BIMAHNUY MEXyHapOJHOTO 9KOHOMUYECKOTO Kpu3uca
Ha IPOMBIIIJIEHHOCTb CTPOUTE/IbHBIX MaTepUaoB, Iep-
CIEKTMBAX BBIXOZIA M3 HETO, a TAK)Xe IMPOrHO3aX Jalb-
Hermero pas3sutus orpaciu B EC n Poccun, kax ontn-
MUCTUYHBIX, TaK U KOHCEPBAaTUBHBIX. « MBI HE XOTUM
6a31poBaTh CBOM IMPOTHO3bI HA BUAECHUU IKCIEPTOB.
B ocHOBe HO/KHBI OBITH JAHHBIE, L(PDI M MaTeMaTIde-
cKas Mofienb», — otMeTnn Anom I'acnap, ynpasnAaommi
nupektop «Buildecon — EECFA Central». 9.J1. bonsuia-
KOB, IIpeficefiaTe/Ib KOMUTETA 110 LIeMEeHTY, 6eTOHY, CYXUM
cMecaM Poccuiickoro corsa crpourtesneit, IpefcTaBuiI
JOKJIaJ; O POCCUIICKOM PBIHKE IIEMEHTA, B KOTOPOM OB/
[aH aHaNINU3 JMHAMMKM MCIIO/Ib30BaHMA 9TOTO BasKHE-
IIETO CTPOUTENIbHOTO MaTepuana B Poccum u nporuos



A key problem that was discussed intensively at
the business meeting was the impact of the crisis on the
building material industry, the outlook for its ending, and
forecasts of further development of the industry in the
EU and Russia, which were both optimistic and conserv-
ative. “We do not want to base our forecasts on experts'
vision. The foundation should be data, numbers, and a
mathematical model,” said Janos Gaspar, Managing Di-
rector of Buildecon — EECFA Central. Eduard Bolshakov,
Chairman of the Committee of Cement, Concrete and
Dry Mixtures of the Russian Union of Builders, made a
presentation about the Russian cement market with an
analysis of the Russian market dynamics, an outlook of
the industry’s development, and an overview of the prob-
lems that exist at the moment and possible ways of their
solution. Pekka Pajakkala, Member of the Board of Di-
rectors of FORECON Oy, told about the cement market
dynamics and changes in the sector of construction of
residential, non-residential, industrial, and civil proper-
ties in USA, Europe, and Germany in connection with the
GDP change from 2003 to 2017, noting the possibility of
growth on the Russian building market in 2016 provided
that the oil prices would continue growing. Michail Bur-
mistrov, CEO of INFOLine-Analitika, and Ilya Volodko,
General Director of EECFA Russia, investigated how the
EU sanctions and the Ukrainian events could affect the
building market in the next three years. Yuri Goncharov,
President of the Russian Gypsum Association, used gyp-
sum consumption as an example for stating that Europe
has long been facing signs of market stagnation and that
further growth will be provided by the emerging econo-
mies of Southeast Asia and Latin America. Tongbo Sui,
Vice President of China Sinoma International Engineer-
ing, presented the results and development strategy of the
Chinese cement industry for the next five years and said
that now is the time when China has reached its peak in
clinker production (60% of the global amount), which
will be followed by a gradual reduction.

Overcoming the crisis by making companies more
competitive was the next key discussion point at the meet-
ing. Competitiveness improvement is basically about
raising the production efficiency at cement plants. The
guests discussed the need to complete retrofitting of the
industry plants, which would cut energy costs and raise
productivity radically. China is ready to share its relevant
experience with Russia, as only 2% of equipment in the
Chinese cement industry has not been upgraded.

il b s AR AR B REE TR
| BEJIbIE HOYW: LLEMEHT. BETOH. CYXWUE CMI
‘ Il INTERNATIONAL BUSINESS MEETING

PasBUTHUA OTPAC/H, a TaK>Ke 0003HaYeHBI CYLIeCTBYIO-
I[¥ie Ha JaHHbII MOMEHT IIpO6/IeMbl M BO3MOXHbIE TYTH
nx pemenns. [lexka ITaskkaina, 4ieH coBeTa JUPEKTOPOB
komnaHun «Forecon Oy», mpoaHannsnMpoBasn JUHAMMU-
KY LIeMEHTHOTO PbIHKa U 3MEHEHUA B CEKTOpe CTPOU-
TEeNbCTBA XKUIBIX, HEXKWUIIBIX, ITPOMBILIIEHHO-TPaXkKIaH-
ckux o6bextoB B CIITA, EBpomne u l'epmanunu Ha done
n3MeHeHus nokasatens BBII ¢ 2003 go 2017 rr., oTMe-
TUB BEPOATHOCTDb POCTa CTPOUTENBHOTO pbiHKa Poccun
B 2016 . IIpu yCIIOBMY a/IbHEIILIETO POCTa 1ieH Ha He(Tb.
M. b. bypmucrpos, renepanbabiii gupextop «INFOLine-
Ananutukar, u V1. B. Bomogbko, reHepabHBIN AUPEKTOP
komnanuu «EECFA Russia», paccMoTpenn, Kak MOTYT IO-
BmuATh caHKIuyu EC 1 cobpiTis Ha YKpanHe Ha CTPOM-
TenbHbI peIHOK PD B 6mmkarime Tpu roga. 0. A. Ton-
4apoB, Ipe3ufeHT Poccuiickoil TMIICOBOI accoumManumy,
Ha IpyMepe NOTpeO/IeHN s TUIICOBBIX BAKYIIMX Mare-
pManoB MOAYepKHY, 4To B EBporme y>ke faBHO HabmI0-
JAIOTCA NPU3HAKM CTAarHALIMM PBIHKA, U JlaJIbHeNIInit
pocT 6yAeT IPOUCXOAIUTD 3 CUET PAa3BUBAIOLINXCS CTPaH
I0ro-Boctounoit Asun u JlatuHckoit Amepuku. Buiie-
npesufieHT MeXayHapogHON MHXMHMPUHTOBON KOMIIa-
Huu «Sinoma» TyH60 Cyn mpencTaBuI UTOru paboTel
U CTPATEruIo pa3sBUTHA 1[eMEHTHOI IIPOMBIITIEHHOCTHI
Knras Ha cregytomye nATh neT. [Ipn 3TOM OH OTMeTHTI,
4TO celiyac HacTal MOMEHT, Korga Kuraii focTur nmka
ob6beMa NpoM3BOACTBA KIMHKepa (60% OT MUPOBOTrO
IPOM3BOJACTBA) U Jajlee HaMeYaeTCs NOCTeleHHOe CHM-
JKEHIE 9TOTO IOKa3aTess.

IIpeoponenye sKOHOMMUYECKOTO Kpu3uca Yepes
HOBBIILIIeHNe KOHKYPEHTHOI CIIOCOOHOCTY HMpeRnpus-
TUIT — PYTOIT BaXXHBIT BOIIPOC, KOTOPBIIL ObLI B LIEHTPE
BHUMAaHNA YYaCTHUKOB BCTpeun. BoIBox ObLI crefyio-
I[MM: HOBBILIEHVEe KOHKYPEHTOCIIOCOOHOCTY CBOUTCSA
K 3agave obecredennsi 3 PpeKTMBHOCTU IPON3BOACTBA,
B YaCTHOCTY, Ha LIeMEHTHBIX IpeAnpuATuAX. Peds mma
0 HeOOXOAMMOCTM 3aBepLIEHNA PEKOHCTPYKIUY NIpef-
NPUATUIL OTPACIH, YTO MO3BOIUT PE3KO CHU3UTD SHEP-
rO3aTparThl U JOOUTHCS POCTA TPOU3BOAUTENBHOCTH TPY-
ma. ITo aTromy Bonpocy Kutai roToB ofennTbCs CBOUM
onbITOM ¢ Poccmei1, Tak Kak B KMTaVICKON 1[eMEHTHOM
IPOMBIIITIEHHOCTY TONBKO 2% 060py/0BaHMs He MPOII-
7Y MOJIEPHU3ALMIO.

Ilop npepcematenbcrBoM C.II. CuBkoBa, 3a-
BefyIolero Kademgpoil XMMMUIECKO TeXHOMOTUN
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Sergey Sivkov, Head of the Department of Chem-
ical Technology of Composites and Binders at the D.
Mendeleyev University of Chemical Technology of Rus-
sia, moderated a roundtable discussion on what should
and can be done for raising the efficiency of the cement
industry.

“All the waste should be a commodity,” said Val-
entin Bushikhin, Science Adviser of the Industrial De-
sign Department at the Ecology and Hygienics Institute.
That was another key point of the presentation. China
produces appr. 2.4 bln tons of cement per year, and the
share of alternative fuel (AF) is 40%, whereas in Russia
AF is not used at all with the exception of one plant in
Slantsy, even despite all the opportunities that are avail-
able. On December 29, 2014, the law No. 89 entitled On
Production and Consumption Waste, was signed, and it
will become effective on January 1, 2016. As the speaker
said, there is no other solution but the mutual interest
of AF producers and consumers. Many speakers also re-
marked that more attention should be paid to pollution
control in the process of production.

Alexander Ptichnikov, Technical Director of
Mechel-Materials LLC, spoke of the benefits of Portland
cement with the admixture of granulated blast furnace
slag, which are as durable and cold-resistant as Portland
cement.

Philippe Fonta, Managing Director of the Cement
Sustainability Initiative, made a presentation entitled How
to ensure the sustainability of concrete: the action of the
Concrete Sustainability Council (CSC), and expressed
great interest in contacts with Russian cement producers.

Luis Silva, Chairman of the Technical Committee
of the European Mortar Industry Organization (EMO),
and Eduard Bolshakov spoke of the situation on the dry
building mixture market and the basic trends in tech-
nology development.

Of great interest was the presentation of Sergey
Sivkov with the interesting summary of articles on pro-
spective use of alternative cements. He told about the
cement types that are alternative to Portland cement, in
which area of construction they will find use (depending
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KOMIIO3UIJMOHHBIX ¥ BsKyLUMX MaTepuanoB Poc-
CUIICKOTO XMMMKO-TeXHO/JIOTUYEeCKOTO YHUBEpPCHU-
teTa uM. [I. VI. MeHnpeneesa, npouen Kpyriablii CTOT,
Ha KOTOPOM O6CYKAamoch, YTO MOKHO 1 HY>KHO CHe-
NaTh A1 HOBBIIEeHVs 3P PEeKTUBHOCTY HMPOU3BOJ-
CTBa I[eMEHTa.

«Bce oTX0ABI JO/KHBL OBITH TOBAPOM», — IIOJ-
YepKHY/ B CBOEM BBICTYIIJIEHUY HAyYHbI/l KOHCY/IbTAaHT
flenapTaMeHTa IPOEeKTUPOBAHUS IIPOMBIIITIEHHBIX 00'b-
eKTOB VIHCTUTyTa IPOEKTMPOBAHNA, SKOTIOTUN U TUTH-
enbl Cankr-Ilerepbypra B.B. Bymnxun. U ator Tesuc
TaK)Xe ABUJICA JIEITMOTUBOM €rO BBICTyIIeHMA. Boino
OTM€4Y€eHO, 4To B KuTae npu nmpoussopctse ~2,4 MIpH
TOHH ILIEMEHTA B TOJ, Ha JI0/I10 a/IbTePHATMBHOTO TOI/IN-
Ba (AT) npuxopurcs 40%, B To Bpems Kak B Poccun AT
MOYTY He UCHONb3YIOT, 3a MICKIIOYEeHNEM [[eMEHTHOTO
saBopa «Iecma» B r. CraHIsl JIeHMHTpajcKoit obmacrty,
HECMOTP Ha TO, YTO TaKie BO3SMOXXHOCTU UMEITCs. 29
mexabpst 2014 r. B PO 611 npunsit GefepaibHblil 3aKOH
®3-89 «O6 orxomax MpoM3BOACTBA U MOTPebOIeHM»,
KOTOPBIN BCTYNUT B cuy 1 AHBaps 2016 I. ITOT 3aKOH
MMeeT Le/bI0 00eCIeYnTh «B3aVMHYIO 3a/HTepeCOBaH-
HOCTb OTpebuTenst u npoussopntenst AT» B peurennn
9TOJ BakKHON 3ajjaun. CrefiyeT Takxe yAeIATb HE00-
XO/IMO€ BHMMAaHMeE M KOHTPOJIIO Hafl BpeJHbIMY BbI-
6pocamu B Ipolecce Ipou3BoAcTBa u npuMmeHeHus AT.
Ha sTOM Bonpoce akLleHTMPOBany BHUMAaHNE U JpyTrue
TOKJIaJ9UKI.

A.T. IItnunuxos, TexHnuecknit gupexrop OAO
«Meuen», pacckasaa O MpeuMyllecTBax HOpPTIaH/Le-
MeHTa ¢ J06aBKOII JOMEHHOTO I'PaHy/IMPOBAHHOTO IIJIa-
Ka, KOTOPBIil TI0 JONTOBEYHOCTY U MOPO30CTOMKOCTHU
He YCTyTaeT OOBIYHOMY MIOPTIAH/LIEMEHTY.

IupexTop «BceMMUpHO MHUIIMATUBBI 10 YCTOM-
4MBOMY Pa3BUTHIO LleMEeHTa 1 9HeproapGeKTUBHOCTI
B cTpouTtenpctBe» Ounine QoHTa, HpeCcTaBUBIINIL
poxnan «Kak yBeIM4UTb 9KOMIOTMYHOCTD U HOTOBEY-
HOCTb GeToHa: pekoMeHparyy CoBeTa 110 yCTOMIMBOMY
pasButuio 6etona (CSC)», mposaBua 60NMBIIYIO 3aMHTe-
PECOBAaHHOCTD B KOHTAKTe C POCCUICKUMIU [IPOU3BOLH-
TEJLSIMU [IeMEHTa.

O ToM, KaK obcTonT [1€/10 Ha PPIHKE CyXIX CTpPO-
UTENIbHBIX CMeceil, U 00 OCHOBHBIX TEHOAECHINAX pa3Bu-
TN COOTBETCTBYIOIINX TEXHOJIOT U paccka3ann B CBOUX




on their physical and chemical properties), and which
materials are the future of the cement industry in the
next 5-10 years. Jurgen Oecknick from PSA Zurich Area
GmbH shared their experience of cutting the costs of
concrete production without prejudice to the quality.

In the evening, the guests were offered a tour of
the Neva where they were able to continue discussing the
issues of the conference in detail.

The event content will be published in the next is-
sues of ALITinform: Cement. Concrete. Dry Mixtures.
International Analytical Review. We are grateful to all
the speakers and participants of the meeting and hope
that words will be followed by action, which can be dis-
cussed already at the next White Nights-2017 meeting
in just two years.

poknagax Jlyuc CumnbBa, npeficefiaTenb TeEXHMYECKOTO
KoMuTeTa EBpOIEiCKO OpraHM3anuy CyXmnX cMeceil
(EMO), n 2.71. Bonpuakos.

Bonpuiot mHTepec BbI3Bana Ipe3eHTAI[Us
C.II. CuBkoBa, B KOTOpOIt ObUIT IpefcTaBieH 0630p pa-
60T O JaJIPHENIINX TEPCIEKTUBAX TPUMEHEHUS aJlb-
TepHATUBHBIX BUOB LIeMeHTOB. [JOKIafuMK pacckasar,
KaKye BU/bI IIlEeMEHTOB MOI/IM OBl SBATHCS a/bTepHa-
TUBOII IOPTIAH/LIEMEHTY, B KaKOI 06/1aCTI CTPOUTENIb-
CTBa OHM MOI/IM OBl HAMTK [la/TbHENIIee TPUMEHEHE
(B 3aBUCHMOCTH OT UX PUSMKO-XUMUYIECKUX CBOJICTB)
U C KaKMIMJL MaTepyuaaaMu clefyeT CBsI3bIBaTh Oyaylee
[IeMEeHTHOII IIPOMBIIIIEHHOCT B Ormoxarime 5-10 jer.
PyxoBopurens Hanpasnenusa «<PSA Zurich Area GmbH»
IOpren DKHMK OAEIUIICA ONBITOM IIO CHVKEHMIO 3aTpaT
IpK IIPOU3BOLCTBE OETOHA C COXpaHeHNeM TpebyeMbIX
mapaMeTpoOB KadecTna.

B paMkax BcTpedn rocTeit MepOIIpUATIA SKAAIA
BedepHsisl mpory/ka o Hese, Iie y9aCTHMKM CMOI/IN
HIPOLOIKUTH 06CYXX/jeHMe 3aTPOHYTHIX Ha KOH(epeH-
LUV HAYYHO-TEXHITYECKUX IIPOOIEM.

Martepuasl 10 MEPOIIPUATHUIO OYAYT ONMyOINKO-
BaHBI B O/IIDKAMINNX BbITYCKaX MeXXIyHapoZHOTO aHa/IN-
Tudeckoro 06o3penus «AJINTundopm: lement. BeroH.
Cyxue cMecn». B 3akiodeHne xoTenoch 651 no6maropa-
PUTDb BCeX JOKMTAJUYUKOB ¥ YIACTHMKOB BCTpeUM, BbIpa-
31B YBEPEHHOCTb B TOM, YTO 3a C/IOBAMM HEIPEMEHHO
HOCTIEAYIOT Aea, O KOTOPBIX MOXKHO OyleT pacckasarb
y>Ke Ha ClefyIoeii 6usHec-BcTpede «benble HOuUn-2017»,
KOTOpasi COCTOMTCA uepes [iBa rofia.
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. ) THE FEATURES OF THE STRUCTURE AND

M PROPERTIES OF VITREOUS GRANULATED
SLAG FROM THE VIEWPOINT OF RAISING
THE OPERATIONAL AND ECONOMIC EFFICIENCY
OF ITS USE IN PRODUCTION OF CEMENT
AND OTHER BUILDING MATERIALS

FonbgwreniH J1. 6., HayuHbIM pefakTop, MexayHaponHoe aHannTuyeckoe obospeHme

«AnutnHdopm: LiemeHT. BeTor. Cyxume cmecn», CaHkT-lNeTepbypr, Poccus

OCOBEHHOCTW CTPYKTYPbI 1 CBOWMCTB
CTEKNOBMAHBIX TPAHYJTNPOBAHHbBIX
LUJTAKOB C TOYKW 3PEHA TOBbBILLEHIA
DOPEKTVBHOCTN N1 SKOHOMNYHOCT

X TIPVUMEHERWA B TIPOM3BOLACTBE LIEMEHTA
1 OPYTVIX CTPOUTEJIBHBIX MATEPVATIOB

Abstract

One of the previous AlitInform publications [1]

mentioned the issue of physical properties and other fea-

tures of vitreous granulated slag, which are important for
its practical use. E. g., water-yielding capacity (ability to

yield moisture when stored in natural conditions with-

out forced drying) and congelation capacity at handling
and storage, especially in harsh climates, are essential
when moist materials like granulated slag are used in
cement production.

Research has shown that granulated fuel slag can,

for example, yield moisture more intensively than blast
furnace slag even in the course of natural storage. These
matters are discussed in detail in this article.

Based on research and pilot production data, opti-
mal process charts were developed for extracting granu-
lated slag in places of its generation (heat power plants,

metallurgic plants), shipping it to points of consumption
(cement plants and other building material plants), and
delivering them to production.

Key words: physical properties and features of vit-

reous granulated materials; blast furnace and fuel slag;

optimal process charts for extracting, shipping, and us-

ing such slag.
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AHHOTaUMA

B opHOIT 13 MpeRbIAyIuX TyONUKaLuil B Xyp-
Hane «Anut/Hdopm» [1] 611 yHOMAHYT Bompoc o ¢u-
3UYeCKMX CBOVICTBAX U HPUCYLIUX CTEKIOBUJHBIM I'pa-
HY/IMPOBAHHBIM LIIAKAM OCOGEHHOCTSX, MMEIOLINX
CyILLeCTBEHHOE 3Ha4eHMe [l UX IPaKTUIeCKOTo MpH-
MeHeHus. HampuMep, Ipu MCIONb30BaHUM B IPOU3-
BOJICTBE L[eMEHTA BIA>KHBIX MATE€PUAJIOB, B YACTHOCTM
TPaHyIMPOBAHHBIX IIIAKOB, 6OJIBIIIOE 3HAYEHIIE VIMEET
X BIarooTAa4a (CII0COGHOCTD OTHABATh BJIAry IIPYU Xpa-
HEHN B €CTECTBEHHBIX YCTIOBUSX, 6€3 IIPVHYAUTENbHOM
CYLIKIM) V1 CIIOCOGHOCTD K CMEP3aeMOCTH IIPY TPAHCIOP-
TUPOBKE ¥ CKIaAMPOBAHNM, OCOOEHHO B CYPOBBIX KIIN-
MaTMYeCKUX YCIOBUSIX.

PesynbraThl MpOBeNEeHHBIX MICCIEOBAHNIA IIOKA3a-
JIN, YTO TOIUIMBHBIE I'PaHY/IMPOBaHHbIE IIAKY 00/IAfaI0T,
HaIpuMep, CIOCOOHOCTBIO O0/Iee MHTEHCUBHO, YeM Ji0-
MeHHbIe TpaHy/IMPOBAHHbIE IITTAKY, OTAAaBaTh BAAry faxke
B IIpOLiecCe eCTECTBEHHOI0 XpaHeHus. B npepmaraemoit
BHMMAHUIO CTaThe ST BOIIPOCHI pacCMAaTPUBAIOTCA [O-
CTaTOYHO MOAPOOHO.

Ha ocHoBanumn JaHHDIX, IIOTYYE€HHDIX B p€3y/IbTaTe
IIPOBENEHN A NICCTIENOBATETBCKIUX Y OIIBITHO-IIPOMBIIIJIEH-
HBIX pa60T, (989478 pa3pa60TaHbI BO3MOJXHBIE OIITMMaA/Ib-
HbIC TEXHOJIOTNYECKNE CXEMbI 0T6opa IpaHyINPOBAaHHBIX



Introduction

Granulated blast furnace slag is a leader in the
current structure of raw materials for the building mate-
rials industry (primarily as an active mineral admixture
for cement production) both in the Russian Federation
and in many other countries. The chemical and miner-
alogical characteristics of such slag are characterized by
maximum content of the vitreous phase. Cements with
addition of such slag are known for their relatively low
water demand, quite good physical and mechanical pro-
perties of building mortars and concrete, low heat release
at hardening, high sulfate resistance, and other important
and useful building and technical properties.

Vitreous fuel slag is relatively new material for
the cement technology. It is generated when solid fuel is
burned in slag tap furnaces where the mineral part of the
fuel is transformed into a melt. The slag melt comes to
a water bath, which is a part of the furnace system, and
forms granulated fuel slag. The main reasons why slag tap
furnaces are used at large heat power plants are as follows:

> intensification of solid fuel combustion processes,
which causes partial melting of the mineral part
of the fuel in ordinary pulverized coal furnaces
and therefore causes slagging of heating surfaces
in boiler units;

> formation of ash deposits on heating surfaces,
which are hard to remove and can sometimes be
removed by turning into melt;

> damaging abrasive effect of ash particles (which are
usually abrasive) on heating surfaces of boiler units.

Unfortunately, the slag trap factor of modern slag
tap furnaces is far from 100% and usually it is under 60%
[2, 3], due to which a great part of the mineral part of the
fuel is trapped in the form of pulverized ash. There are
processes for separate collection and removal of granu-
lated slag and ash, but they are hardly used at the moment.
Usually a mix of slag and ash is taken to ash dumps via a
hydrotransport system. The ash dumps are quite complex
hydraulic structures where ash and granulated slag are
separated naturally. That involves formation of large areas
(fields) of granulated slag, which contain very little ash,
and it becomes possible to extract and ship the fuel slag,
sometimes with a small addition of ash. Such opportu-
nities were used quite effectively by Giprocement during
pilot and implementation work in the project of produc-
ing hydraulic slag Portland cement with 40% granulated
fuel slag admixture for building the high-rise dam of the
Ust-Ilim hydropower plant. Fuel slag was brought to the
cement plant by railway from the ash dump of the Naz-
arovskaya heat power plant, the biggest one in the Russian
East Siberia. This granulated slag was also used by the
Krasnoyarsk cement plant to produce cement with 20%
slag admixture. Portland cement has been used widely
in the building industry of the Krasnoyarsk Kray [4, 5].

The abovementioned work includes comparative
research of the properties and features of fuel slag and
blast furnace slag, which can and must be taken into ac-
count in the cement production technology for raising
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II/IAKOB B MeCTaX MX 06pasoBaHus (Ha TEIIOBBIX 9/IEKTPO-
CTaHIVAX, HA META/UIyPrU4ecKyX PeIpUATIAX), TPAHC-
HOPTUPOBKM (Ha LieMeHTHBIE 3aBOAbI M [PYTHUe 3aBOJbI
CTPOUTEIbHBIX MaTEPUAJIOB) U MX ITOfA4Y/ B IIPOU3BOJCTBO.

Knrouesvie cnosa: ¢M3MW€CKH€ ceoticmea u 0co-
benHOCU CMEeKTO0BUOHDLX 2paHynuposanHovlx mamepu-
anos; O0OMeHHbIe U MONIUBHbBLE WnaKku; onmumaivHbovle
mexHonocuvecKue cxemol 0m6opa, MPAHCHOPMUPOBKU
U UCNonv308aHUs Maxkux unaxKos.

BBepgeHune

JloMeHHble TPaHYIMPOBAHHbIE NIIAKU B CIOXKVB-
IIETICSI CTPYKTYPe CHIPbeBOIL 6a3bl [i/Is1 IPOMBIIIIEHHOCTI
CTPOUTENBHBIX MaTepuanoB (Ipex/e BCero, Kak aKTUB-
Hasi MIHepa/ibHas fOOaBKa IPY IPOM3BOLCTBE LieMEHTa)
3aHMMAIOT Beflylllee MeCcTo He ToNbKO B Poccuiickoit ®e-
Aepanyy, HO ¥ BO MHOTUX PYTUX CTPaHAX. DTY IITAKA
II0 CBOMM XMMMKO-MMHEPaJTOrMyecKUM XapaKTepUCTu-
KaM OT/IMYAITCA MaKCUMaJbHBIM COflepP)KaHMEM CTe-
K0BUAHOI aspl. [leMeHTHI ¢ £06aBKOI TAKMX LIIAKOB,
KaK M3BECTHO, XapaKTePU3YIOTCA IOHM>KEHHOI BOJIOIIO-
TpeOHOCTBIO, JOCTATOYHO BHICOKMMU PUNKO-MeXaHWYe-
CKJIMU CBOJICTBAMM CTPOUTETBHBIX PACTBOPOB 1 6ETOHOB,
IIOHVDKEHHBIM TEIUIOBbIZE/IEHNEM IIPYU TBEPAEHUN, I10-
BBIIICHHO CY/Ib(GaTOCTONKOCTDIO M APYTUMU BaXKHBIMA
U TIOJIe3HBIMU CTPOUTEIbHO-TeXHUYECKUMY CBOICTBAMIL.

TonmBHBIE CTEK/IOBUAHBIE IIVIAKY — MaTepyasIbl
CPaBHMTETILHO HOBBIE JI/IS LIeMEHTHOI TexHonorvy. OHn
00pa3yoTCcs Ipy COKUTAaHMM TBEPHOTO TOIIMBA B SHEpre-
TUYECKUX TOIKAX C XKUJKUM IIJTAKOyZaeHNeM, B KOTO-
PbIX MMHepajIbHasl 4acTh TOIUIMBA IIpeBpalliaeTcs B pac-
m1aB. [IIaKkoBbIll pacIiaB MONafiaeT B BOASAHYIO BaHHY,
IpefCTaB/IAINIYI0 COOO0JT YacTb TOIOYHOTO YCTPONCTBA,
06pasys TOIIMBHBII TPaHYIMPOBAHHbIN LITaK. VI3 mpu-
41MH, 00YCTIOBYBIINX IPUMeHeHe SHEPTeTUYeCKIX TOTIOK
C )KMIKUM IIUTAKOYZIa/IeHMeM Ha KPYTIHBIX TeIJIOBbIX 37K~
TPOCTaHIVIAX, B IEPBYIO OYepeAb HaZlo Ha3BaTh C/IEAYIOLIe:

> MHTEHCUPUKALINA IPOLIECCOB CKUTAHNS TBEPHOTO
TOIUIVMBA, IPUBOAAIAA K YACTUYHOMY pacIlIaB-
JICHWIO MMHePaIbHOI YacTY TOIUIVBA B OOBIYHBIX
IBUICYTONBHBIX TOIIKAX M BCIEACTBYE STOTO IIIa-
KOBaHWIO IOBEPXHOCTEl HarpeBa KOT/I0arPeraTos.;

> obpasoBaHMe TPYLHOYAAISIEMbIX OTIOXKEHMI
30JIBI Ha ITIOBEPXHOCTAX HAarpeBa, YCTPAHUTD KO-
TOpBIE B HEKOTOPBIX C/Ty4YasiX MOXKHO, IIpeBpallas
UX B PacIl/IaB;

> BpefHOe UCTHUPAIOlee BO3/eIICTBIE YaCTHL] 307IbI
(kak mpaBUIO, a0pa3MBHBIX) HA IOBEPXHOCTY Ha-
rpeBa KOT/IOarperara.

K coxxarnenmo, Koo puumeHT MTaKoyIaBIMBaHNsI
COBPEMEHHBIX JHEPTeTIIECKIX TOHOK C SKUAKIM LITAKOY-
[aJieHyeM COCTaBIIsAeT 0ObIYHO MeHee 60% [2, 3]. [Toatomy
3HAYMTE/IbHAS YaCTh MUHEPA/IbHON YaCTy TOIUINBA y/IaB-
NMBaeTCs B BUAE IbUIEBUAHON 307bl. CyIIeCTBYIOT CXe-
MBI Pasfe/bHOro c60pa U yAameHus PaHIIUIaKa U 307IbL,
HO OHU B HACTOSIIeE BPEMs, K COKAIEHWIO, TPAKTUYECKN
He npuMeHsIoTcst. OGBIYHO CMeCh ILITAKa 1 307IBI 110 CHCTEME
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the operational and economic efficiency of the produc-
tion process. The results of this work are described below.

Properties and structural features
of vitreous granulated slag

The fundamental difference in the chemical com-
position of blast furnace slag and fuel slag is mainly the
different content of iron oxides in the form of FeO. The
existence of bivalent iron oxide in such slag is due to Fe,O;
dissociation in the raw materials used (furnace charge, the
mineral component of fuel) at high temperatures of the
production process (blast furnace or heat power). How-
ever, the FeO content in blast furnace slag is, for clear
reasons, always slightly lower than in blast furnace slag.

Research [4] has shown that these circumstances
have a significant effect on the fusibility and viscosity
parameters of slag melt, which means that significant
differences should also be expected in the structural
and physical properties and features of the compared
slag types. Indeed, major pilot projects by the Giproce-
ment institute [4, 5] as well as laboratory studies have re-
vealed a number of important properties and structural
features of vitreous granulated slag. Some of these pro-
perties must always be taken into account when slag is
used at cement plants or other enterprises of the build-
ing materials industry.

The results of research of some basic physical pro-
perties of the compared slag types, which are of the great-
est practical importance from the viewpoint of use in
building materials production, are shown below.

When moist materials (in our case, granulated
slag) are used in production, their water-yielding capa-
city (i.e., ability to yield moisture when stored in natu-
ral conditions) and congelation capacity at handling and
storage, especially in harsh climates, are essential.

For research in this field, somewhat modified
methods of the All-Russia Thermal Engineering Insti-
tute (VTL, formerly the All-Union Thermal Engineering
Institute) [6] were applied, which were used for studies of
congelation and other properties of dice solid fuel.

The objects chosen for comparative research were
average (representative) samples of blast furnace slag from
the Magnitogorsk Metallurgic Plant and fuel slag from the
big Nazarovskaya heat power plant in the Krasnoyarsk
Kray. The chemical composition and some physical pro-
perties of these materials are shown in Tables 1 and 2.

One of the most complicated operation problems
of plants that use granulated slag is congelation of moist
slag at negative temperatures, primarily when shipped in
railway cars as well as in hoppers and open (unheated)
storage facilities. That causes unexpected idleness of rail-
way cars and big production costs.

Based on research and industry experience, it was
shown [4-6] that at temperatures close to 0°C, only a part
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TUAPOTPAHCIOPTA YAANAETCA B IIIAKO30/I00TBAIbL, TIPE-
CTaBJ/IAIoIIME COOOI JOCTATOYHO CIOXHbIE TH[POTEXHU-
JyecKre coopy>keHnsA. Ha 3Tux oTBanax IpoucXomuT ecTe-
CTBEHHAs Celapanys 307bl ¥ TPAHYIMPOBAaHHOTO LIIAKa.
ITpy aTOM 06pa3yroTCs OOMBIIINE YIACTKY (<KAPThI», «IIOMS»)
TpaHIIIaKa, TPAKTUIECKM He COfIEPYKAILero IpyUMeceli 307Ibl,
¥ TOSIB/ISIETCSI BO3MOXKHOCTD OCYIIECTBUTH OTOOP 1 OT-
IPY3Ky TOIUIMBHOTO IIJIAKa, HOT/Aa ¢ HeOO/IbIION Ipu-
MecChI0 3071bl. Takue BO3MOXXHOCTM ObIIV HOCTATOYHO 3¢h-
(DeKTMBHO MCIIONb30BaHbI MHCTUTYTOM «[MITpOLIeMEHT»
Ha KpacHOApCKOM IleMEHTHOM 3aBOfie IIpM IIPOBEfIeHNN
OIIBITHO-TIPOMBIIIUIEHHBIX U BHEJPEHYECKIX PaboT MO OC-
BOEHMIO NTPOU3BOAICTBA TUAPOTEXHNIECKOTO MIZTAKOMOPT-
JIaHALIeMeHTa ¢ f06aBKoil 40% TOMIMBHOTO TPaHIIIAKA
IJLA COOPY>KEHUA BBICOTHOM IUVIOTUHBI YCTh-VInmmMckon
TUAPONEKTPOCTAaHIMN. TOIIMBHBIN IIAK FOCTAB/LATICA
Ha IJeMEHTHBIII 3aBOJ, YKeNe3HONOPOXXHBIM TPAHCIIOPTOM
CO II/IAKO307I00TBaIa KpyIHeiiieit B BocrouHoit Cubupu
P® HasapoBcKoii TelI0BOII 37eKTPOCTAHIMI. DTOT IPaH-
I/IAK TaKoKe IpyMeHsIcsa KpacHOAPCKMM LieMeHTHBIM 3aBO-
JIOM 1151 TPOM3BOJICTBA MOPT/IaH/LieMeHTa ¢ obaBKoi 20%
mnaka. IlopTanzlieMeHT IMPOKO MCTIONb30BaJICA Ha IIPeT-
HOpUATHSX cTporimHaycTpun KpacHosipckoro kxpast [4, 5].

B xope npoBefeHNus yKa3aHHBIX BbIIe paboT ObIIN
BBITIOJTHEHBI CPABHUTEIbHbBIE MICC/IENOBAHNA CBOJICTB
" 0COOEHHOCTel TOIIMBHBIX U JOMEHHBIX LIJTAKOB, KO-
TOpBbIe MOTYT U JO/DKHBI OBITH YITEHBI B TEXHOJIOTUN
IPOM3BOJCTBA IIeMEHTA C LIe/Ibl0 MOBBIIEHN A 9P PeKTUB-
HOCTY U 9KOHOMUIHOCTY IIPOU3BOJICTBEHHOTO IIPOLECCa.
Pe3ynbraThl 9TUX PabOT U3NIATAIOTCA HIDKeE.

CBOI1CTBa M CTPYKTYPHbIe 0CO6EHHOCTH
CTeKNOBUAHDIX FPaHYNMPOBaHHbIX LWIAKOB

IIpyHUIMTIIMATbPHOE OTINYME B XMMMUYECKMUX COCTA-
BaX JOMEHHBIX ¥ TOTIMBHBIX IIJTAKOB COCTOUT TTITaBHBIM
06pasoM B pas3IM4YHOM COREP>KaHNUM OKCUIOB Kelesa,
npepcrasneHHbIx FeO. Hanmnume B 9TUX IMIyTakaX OKCH-
[ia XKeje3a B JIByXBaJIeHTHOU (popMe oObACHACTCA JyC-
counanuent Fe,Os; B MCIIONb3yeMBIX ChIPbEBBIX MaTepu-
amax (JOMEeHHOI INXTe, MUHEPAIbHO YaCT! TOIUINBA)
IIpM BBICOKMX TeMIlepaTypax IPOU3BOJCTBEHHOTO IIPO-
ecca (JTOMEHHOTO WM TeIIO9HEepreTIecKoro). [Ipu aTom
copiep>xanye FeO B TONIMBHBIX IITTAKaX BCerja HAMHOTO
BbIIIIE, YeM B IOMEHHDIX, 110 BIIOJTHE NOHATHBIM IIPUYMHAM.

Kaxk noxasanm uccnenoanns [4], ykasaHHBIe 00-
CTOATEIbCTBA B 3HAYMTE/IBHOM CTEeIleHY BIMAIOT Ha IJIaB-
KOCTHBIE U BI3KOCTHbIE XapaKTePUCTUKM LIJTAKOBBIX pac-
II/TaBOB, 4 3HAYUT, cnenyeT OXXNaaTb 1 B€CbMa 3aMETHBIX
pasIuunii B CTPYKTYPHBIX U PU3NYECKUX CBOMCTBAX
n 0CO6CHHOCTHX CpaBHI/IBathIX HI/IAKOB. HeﬂCTBMTeﬂb-
HO, KPYIIHbIE OIIBITHO-IIPOMBIIIIJIEHHbIE PabOTHI, IPO-
BE€IEHHbIC B CBOEC BPCMH I/IHCTI/ITYTOM «rI/IHpOHeMeHT»
[4, 5], a Take mabopaTOpHbIE UCCIEJOBAHNS TTI03BOIN-
IV OTMETUTD PAJL BaXXHbIX CBOJICTB U CprKTypHI)IX 0CO-
OeHHOCTel CTEKIOBUAHBIX IPAHYIMPOBAHHbIX LII/IAKOB.
HCKOTOpre 13 3TUX CBOJICTB He MOI‘YT HE y‘II/ITbIBaTbCH
HPI/I JICIIOJIb3OBAHMU IIIJIAKOB HAa IIE€EMEHTHBIX 3aBOJaX,
a TaKJ>Xe Ha prI‘I/IX HpeI[HpI/IHTI/IHX l'IpOMbIH_U'IeHHOCTI/I
CTPOWTENIbHBIX MaTePUATIOB.



Table 1.

Chemical and phase composition of the compared slag types

Tabnuua 1. Xumuueckre n ¢pasoBble COCTaBbl CPaBHMBAEMbIX LLIAKOB

Oxide content, % // CopeprkaHne okcnaos, %

Slag // lWnak
SiOz Ale3 F6203 CaO MgO SOg KzO+NaZO
Blast furnace //'| 3 46 | 1570 | 0418 | 3989 | 742 | 048 1,58
JloOMeHHbIN
A . 3460 852 10,53 33,89 390 0,20 0,63
TonnUBHbIN

Table 2.

Some physical characteristics of slag

Tabnuua 2. HekoTopble Gpr3nyeckme XxapakTePUCTUKN LWIAKOB

D/i?nsgty/ HacbinHas nAOTHOCTb, K/
Slag // Wnak H%OTHOCT‘) Loose // Compact // Under //
e ' B pbixnom B ynnotHeHHOM  MeHee
COCTOAHUM COCTOAHUM 0,25
Blast fumac:::‘ // 290 110 122 04
LlomeHHbIN
e 7 2,30 1,54 1,64 10
TonnuBHbLIN

Bulk density, kg/| 7/

of the water in moist materials is crystallized; the other
part, which remains in supercooled state, does not crystal-
lize even at extremely low temperatures (up to minus 40-

50°C).

The moisture content that characterizes such non-

freezing water was named «safe» moisture content (W°).

Therefore, all the moisture that is contained in the

materials used (in our case, slag) can be divided as follows:

a)

b)

free moisture, which is least bonded with the ma-
terial; its properties are only slightly different from
those of common water, which is why it freezes at
temperatures close to 0°C;

bound moisture, which has stronger bonds with the
material, and the existence of these bonds changes
its physical properties quite significantly; e. g., this
moisture does not freeze even at the lowest ambi-
ent temperatures that can occur in practice.

The value of «safesmoisture content can be found

using the following two methods:

Measuring the rupture strength of frozen samples
of the compared materials. At a certain moisture
content of the material, the strength of the fro-
zen sample becomes equal to zero. This is the safe
moisture content. The facility for measuring the
safe moisture content consists of a tearing ma-
chine and a refrigerator where a two-part case filled
with slag is put for the test (Fig. 1). The case with
the examined material is put inside the refrigera-
tor for three hours at a temperature of minus 20-
25°C. After that, a tear test of the frozen material
is performed. The experiments are done with ma-
terial samples that have different moisture content.

Measuring the so-called «critical» moisture con-
tent, which is done according to the material (slag)
moisture content curve as it is being dried.

cement | LiemeHT

Phase composition, % // ®a3oBbii cocTas, %

Vitreous phase // Crystal phase // Kpuctan-

es O CreknoBuaHan dasa nuyeckan dasza
076 051 93 4-5
030 530 88 2-3

Granulometric composition (%), sieve residue (mm) //

[PaHynomeTpunyecknii coctas (%) — oCTaTKM Ha cuTax (Mm)

0,25 0,50 1 2 3 5 7 10
03 1,3 18,2 48,4 52 99 57 02
29 3,1 36,5 253 18,0 41 2,7 64

Hwuxe IIPpUBOJATCA PE3YyNbTaThl I/ICC}Ie)IOBaHI/HZ
HEKOTOPbIX OCHOBHBIX (13]/[3VI‘{CCKI/IX CBOJICTB CpaBHU-
BAa€MbIX IIJIAKOB, MUMCIOIINX HaubosblIee ITpaKTUIECKOE
3HAaY€HME ITPU IPON3BOACTBE CTPOUTEIBHBIX MaTEPNA/IOB.

IIpy MCHONbB30BaHUY BIIAXKHBIX MaTepUaIoB
(B maHHOM CiTydYae IpaHYIMPOBAHHBIX IIJIAKOB) 6OJIb-
II0e 3HaYEeHe IMeeT MX BIaT0O0T/aya, T. €. CIIOCOOHOCTD
OT/aBaTh BJIATY NPV XPAHEHU) B €CTECTBEHHBIX YCIIO-
BUSX, @ TAKXKe CMEP3aeMOCTh IIPU TPAHCIIOPTUPOBKE
U XpaHeHUN Ha CKJIajie, 0COGEHHO B CYPOBBIX K/IMMa-
TUYECKUX YCIOBUSIX.

A npoBefeHNsA MCCIeJOBaHNUII B 9TOM Ha-
HpaBIeHNY OBIIN MCIONb30BAHBI HECKONIBKO BU-
[OM3MeHEHHbIe METOAMKM, pa3paboranHsie B BTU
(Bcecoro3HOM TeNIOTeXHUYEeCKOM MHCTUTYTeE, Te-
nepb — Bcepoccuiicknit TenmoTeXHUYECKUIA UH-
CTUTYT) [6], KOTOpbIe IPUMEHANNCH I/ U3yIEeHUs
CBOJICTB, B TOM 4MCJIe CMEP3aeMOCTH, METKOKYCKO-
BOTO TBEPJIOrO TON/NINBA.

B kauecTBe 06EKTOB CPAaBHUTENIBHOTO M3y YeHM S
ObUIN OPUHATHL CpefHMe (IpeACTaBUTeIbHbIE) MPOODI
HOMEHHOTO IIJIaka MarHMTOropcKoro MeTajuTyprmde-
CKOTO 3aBOfia U TOIUIMBHOTO IIJIaKa KpymmHoi Hasapos-
cxoit 'POC (KpacHospckuit kpait). XMMudeckye coCTaBbl
U HEKOTOPbIe (PU3NUeCKe XapaKTEPUCTUKI ITUX MaTe-
puanoB npusefeHs! B Tabm. 1 u 2.

OpHoit 13 Hambojee CIOXKHBIX IKCIITyaTally-
OHHBIX 3aJIay, CTOAMINX Iepe] 3aBOJaMU, Ha KOTOPBIX
VICTIONIb3YIOTCA BIa>KHble TPAaHY/NMPOBaHHbIE IIJIAKM,
SIB/ISIETCS X CMEpP3aeMOCTb IIPYU OTPULIATEIbHBIX TeM-
meparypax, pexje BCero IpHu IepeBo3Ke B XKele3HO0-
PO>KHBIX BarOHaX, a TaK)Ke B 6yHKepax 1 Ha OTKPBITBIX
(HeoTamMBaeMbIX) CKIafiaX. DTO HIPUBOAUT K CBEPX-
HOPMATMBHBIM IIPOCTOSIM BarOHOB U OOMBUINM MIPOU3-
BOIMTENbHBIM 3aTpaTaM.
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Fig. 1. Finding the safe (from the congelation point of view) moisture content of slag

Puc. 1. OnpepeneHvie 6e30MacHoOi (C TOUKM 3pEHUS CMEP3aeMOCTH) BAXXHOCTHY WiaKa

a — Dependence of the slag moisture content on duration // a — 3agucumocme 8/1aXXHOCMU WJIAKA OM NPOOOIKUMETbHOCMU CYWKU;

b — Dependence of the tear stress of congealed slag on its moisture content // b — 3agucumocme npedesia npoYHoCMu npu paspsige obpasya

U3 cmep3we2ocAa w/iaka om e2o esiaxXHocmu;

1, 2— Two-part metal case // 1, 2 — PazeemMHas memaniudyeckas 2usb3a;

3 — Congealed slag // 3 — Cmep3wutica wnak

In the course of drying, free moisture is first evap-
orated at a constant speed, and the chart of reduction
of the moisture content with time is a straight line (see
Fig. 1). This is followed by a period of evaporation of
bonded moisture. The speed of evaporation slows down
gradually, and the change of the moisture content of the
material sample is a curve. The bend point on the chart
corresponds to the moisture content when the slag only
contains bonded moisture; this is the critical moisture
content value. The device for determining the critical
moisture content is a drier with automatic scales and a
contact thermometer, which maintains a constant tem-
perature in the device.

The experiments have shown that the «safe» mois-
ture content for blast furnace slag is somewhat greater than
the one for fuel slag (Fig. 1, Table 3). However, it should be
noted that the safe moisture content values that were found
by laboratory experiments do not appear to be the most
desirable values. According to VTI data [6]. e. g., ground
dice coal does not congeal when the moisture content ex-
ceeds the safe value by 3%. Based on practical experience
of granulated blast furnace slag application, one can expect
that the moisture content for normal shipping and handling
conditions in the winter period should not exceed 4-5%.
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Ha oCHOBaHMM HpOBENEHHBIX MUCCIENOBa-
HUI U IIPOMBIIIIEHHOTO OMBITa OBUTO TIOKa3aHo [4-6],
9TO Ipy Temmeparypax, 6nuskux k 0°C, cmepsaercs
TOJIBKO 9aCTh BOJBI, COfEPIKALIENICsl BO BIaXKHBIX Ma-
tepuanax. OcraqpHasi 9acTh, OCTaBasICh B IIEPEOXTIAXK-
[EHHOM COCTOSIHUM, HE CMeP3aeTCs Jake IPY CUIBHBIX
Mopo3ax (ro munyc 40-50°C). Bra>xHOCTb, XapaKTepu-
3yolas He3aMep3alollyio Bary, HOMydyIa HasBaHue
«6e30macHoi» BIa>kHocTH (WP).

TaxuM 06pasom, BCIO BJIATY, COBEPIKALIYIOCA B MC-
HONIb3yeMBIX MaTepuasax (B ZJaHHOM Clydae — B IJIa-
Kax), MO>KHO pasfie/IUTb Ha:

a) CBOOOZIHYIO B/IAr'y, HAMMEHee IIPOYHO CBA3AHHYIO
C MaTepMaoM; II0 CBOMM CBOJICTBaM OHa MaJIo OT-
JIMYaeTcsi OT OOBIYHOI BOABI U TIOITOMY 3aMep3a-
eT TIpu TeMIeparype, 6usKoii k 0°C;

0) CBSI3AHHYIO BJIATy, MMEIILIYI0 60oee IPOIHBIE
CBA3M C MaTepuajoM; NpuUIe€M HaIN4INe 3TUX
CBsi3ell BeCbMa CYLIeCTBEHHO U3MeHseT ee (u-
3MYecKie CBOJCTBA: 9Ta B/Iara, HAIPUMED, He 3a-
M€Ep3aeT NpU CaMbIX HU3KUX BCTPEUANINNXCA
Ha IIpaKTUKE TeEMIIEpaTypaX HaApy>XHOIo BO3-
myxa.



cement | LiemeHT

Table 3. Safe (from the congelation point of view) moisture content of slag
Tabnuua 3. Be3onacHas (C TOUKM 3peHNsi CMepP3aeMOCTU) BNAXKHOCTb LISIAKOB

Slag // Wnak Safe // besonacHas (W°
Blast furnace // JlomeHHbI 0,7
Fuel // TonnuBHbIN 1,3

Further research, namely, results of analysis of the
dependence of the moisture content of the compared slag
types (blast furnace slag and fuel slag) on the water free
flow time (Table 4) have shown that dehydration of fuel
slag down to a safe moisture content takes much less time
than that of blast furnace slag. Therefore, the easiest way
of natural (no drying) dehydration of fuel slag is storing
it in stacks using the simplest drainage system.

As it has already been noted, the reasons for the
differences in the properties of blast furnace slag and fuel
slag can be explained by the very different content of iron
oxides, primarily FeO, in their composition (see below).
These differences also cause the differences in the viscos-
ity parameters of slag melt and therefore the density of
the structure of granulated slag (cooled abruptly in water).

A research of the compared slag types by the mer-
cury injection method has shown (Fig. 2) that the total
integral porosity of fuel slag is much lower than the to-
tal porosity of blast furnace slag. Importantly, this differ-
ence remains when the compared slag types are ground
to the same residue on sieve No. 008, which is equivalent
to 14-15%. The obtained experimental data has shown
that the cements (containing fuel slag which has much
denser structure) at the same have lower water demand
comparing with cements with similar material composi-
tion, which has additives of blast furnace slags.

The measurements of natural bulk coal for natural
slope of the same slag types depending on their moisture
content has shown (Fig. 3) that there are remarkable dif-
ferences in this case as well. Both fuel slag and blast fur-
nace slag have similar values of the natural slope angle
(¢°) as their moisture content increases from 0.5% to 5%,
which then increase respectively from 40-42% to 61-65°.
When the moisture content increases up to 12%, the nat-
ural slope angle value that was determined for fuel slag
(75°) is much greater than the value for blast furnace slag
(67°). These differences, too, can be explained by the ar-
guments that are stated above. It appears that moisture
in fuel slag concentrates in the surface layer of the gran-
ules, while in blast furnace slag moisture can penetrate
deep inside the granules due to the relatively high po-
rosity of the slag.

At the final stage of the research, the safe mois-
ture content and maximum moisture retention capacity
for slag from a number of Russian metallurgic plants and
heat power plants [4, 5] were determined. The obtained
data confirmed that the values of safe (and therefore the
critical) moisture content for blast furnace slag is lower
than those for fuel slag. The maximum moisture reten-
tion capacity for fuel slag, just as it had been expected,

Equilibrium // PaBHOBecHas,

Moisture content, % // BnaxHocCTb, %

In the first critical point //
@ =100%, t = 20°C B nepBoW KpuTHyeckom Touke

09 08
1,3 1,3

Benuunna «6€30macHo» BIa>KHOCTY MOYKET ObITh
oIIpefie/ieHa ABYMsI CIIEAYIOLMMM CIIOCOOAMIL:

1. Vsmepenne mpepena MpOYHOCTY IIPY pasphbiBe 3a-
MOPO)XEHHBIX ITPO6 CpaBHUBAEMbIX MaTepUaJIOB.
IIpu onpepenenHOI BIaXKHOCTY MaTepuaa IIpod-
HOCTDb 3aMep3liero o6paslia CTaHOBUTCs PaBHO
HY/II0. JTa BIAXKHOCTD U ABJIAETCS «Oe30II1acHO».
YcraHOBKa 1715 OIIpefieNieHN sl «6e30IacHO» BIaX-
HOCTM COCTOMUT U3 Pa3pbIBHONM MAIUMHBI M XOJIO-
[WIbHOM KaMepbl, BHYTPU KOTOPOIL IIPYU MUCIIbITA-
HIY TIOMeIAeTCs pa3beMHas TU/Ib3a, 3aTI0/THEHHAA
mtakoM (puc. 1). Tuib3a ¢ uccnenyeMbIM MaTepya-
JIOM ITIOMEIIAETCA B XOMONMUIbHYI0 KaMepy Ha 3 Jaca
npy Temreparype muHyc 20-25°C. 3aTeM npons-
BOJMTCA VICIIBITaHME Ha Pas3pblB CMEP3ILErocs Ma-
Tepuana. SKCIepUMEeHTbI IPOBOAATCA C IPobaMu
MaTepuaa, MMEIOLUIMY PasIuYHyI0 BIa>KHOCTb.

2. Omnpepnenenne Tak Ha3bIBa€MOW «KPUTUYECKON
BJIAXKHOCT», KOTOPO€e IIPOU3BOAUTCA IO KPU-
BOIT M3MeHEeHMsI BIaXKHOCTI MaTepuaa (1iaKa)
IIPU €TO CyLIKe.

B mpomecce cymky cHadama MpoOMCXOAUT UCTIApe-
HIIe CBOOOJHOIT BIIarY C MOCTOSIHHOM CKOPOCTBIO, U Tpa-
(UK CHMIKEHVST YPOBHSI BIaTH BO BPEMEHM IIPEACTABIS-
eT co6oi mpAMYIo MuHNIO (cM. puc. 1). 3aTeM HacTymaet
HepUOJ, VICTIapeHN s CBA3aHHOII Bnaru. CKOpoCTb McCIape-
HIS TIOCTETIEHHO 3aMefI/IsIeTCs, M M3MEeHeHe BIaXKHOCTI
Ipo6bl MaTepyaa MpefCcTaB/sieT co60lt KPUBYIO TNHUIO.
Touka neperu6a Ha rpaduke COOTBETCTBYET BIaXKHOCTI,
IpY KOTOPOII B LIJTAKE COTEPKUTCA TONMBKO CBA3aHHAA
B/Iara. 9TO ¥ eCTb 3HaYeHJe KPUTUUECKOIl BIaXKHOCTIL.
ITpubop #ist OmpeneTeHNs BeTUINHBI KPUTIUIECKO
B/IQ)KHOCTH IIPEfCTAB/ISET COOOIT CYIINIBHYIO KaMepy
C aBTOMaTMYECKMMM BeCaMM ¥ KOHTaKTHBIM TepMOMe-
TPOM, IIpU IIOMOIIN KOTOPOTO B IpU6Ope MOAAepKIBa-
eTCs1 MOCTOsIHHASL TeMIIepaTypa.

OKCIepuMeHTHI [TOKa3ajy, YTO [/ HOMEHHO-
ro nraka «6esomacHasi» BIaXXHOCTb OKasajnach He-
CKOJIBKO BBIIlle, YeM Ji/Is TOIIMBHOTO (puc. 1, Taén. 3).
OpHaKo C/IeflyeT OTMETUTD, YTO SKCIEPUMEHTAIbHO
OIlpefie/ieHHbIe B Ta0OPaTOPHBIX YCIOBMAX 3HAUEHUs
6e30I1acHOI BIa)XHOCTH, [IO-BUAVIMOMY, He SIBIISAIOT-
Cs TeMM BeTMYMHAMM BJIa)KHOCTU IIJIAKOB, K KOTO-
PBIM HEIpeMEHHO CIeAyeT CTPeMUTbCA. 1o maHHBIM
BTHU [6], Hanpumep, npu BIa)KHOCTH, IMPEBBIIIAIO-
el 6e30macHyo Ha 3%, KYCKOBOIt pO6IeHBIIl YTOIb
He cMep3aeTcs. VIcxons U3 MpaKTHYeCKOro OIbITa JC-
[I0/Ib30BAaHNA I'PAHIIIAKOB Ha IIEMEHTHBIX 3aBOJAX,
MO>XXHO IIPEAIIONIOXUTD, YTO ¥ BIaXXHOCTb TOIJIUB-
HBIX IIJIAKOB AJ1s1 00eCIiedyeH)sT HOPMAJIbHBIX YCTIOBMIA
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Table 4.

Change in the moisture content of slag (%) at free water flow

Tabnuua 4. M3ameHeHve BAAXXHOCTY Wakos (%) npv cBOGOAHOM CTeKaHVW BOAbI

Water flow time, hours // Bpema cTekaHus Bofbl, Yac 0
Blast furnace slag // lomeHHbI wnak 17,3
Fuel slag // TonavBHbIN Wnak 18,5

was 4-5 times lower as compared to the corresponding
values for blast furnace slag. It should be noted that the
parameters of the examined physical properties (primarily
the safe moisture content) depend greatly on the granu-
lometric composition of the slag, which is predictable in
view of the fact that the total surface area of the consid-
ered material is always less in the case of bigger granules.

Such significant differences in the physical pro-
perties of the compared granulated materials may be ex-
plained as follows. According to the existing views about
the structure of vitreous materials, one can assume that
when a significant amount of bivalent FeO iron is pres-
ent in a slag melt (which is especially typical for fuel slag),
the infinite chains of silicon and oxide complexes, e. g.,
the tetrahedrons that form the slag melt structure, are
broken. The chain length decreases (as shown conven-
tionally in Fig. 4), which reduces the melt viscosity. As
a result of the melt viscosity decrease, an increase of the
structure density (reduction of porosity) of the hardened
slag can be expected as most volatile components are re-
moved from the melt. Indeed, fuel slag always contains
less volatile components like SO; and alkalis as compared
to blast furnace slag.

Another process factor that is just as important
is the lower water demand of building mortars and con-
crete mixes based on cement with fuel slag admixtures as
compared to similar cements that contain blast furnace

V, em /e
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2
021 4
0.1+ 1
3
002 T <
AN -
1 2 3 4 5 lgr
10 100 1000 100000 1000000
Fig. 2. Comparative porosity charts of blast furnace slag and
fuel granulated slag
Puc. 2. CpaBHUTENbHbIE MOPOrPaMMbl JOMEHHOTO

1 TOMIMBHOTO rPaHyNMpPOBaHHbIX LUNaKoB
1 — Blast furnace slag // 1 — JJomeHHbIl wnak;

2 — The same, ground // 2 — To xe, U3mMeslbY4eHHbIU;

3 — Fuel slag // 3 — TonnusHwIl wnak;

4 — The same, ground // 4 — To e, usmesibyeHHbIl
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TPAaHCIOPTUPOBKM U PasTPY3KM B 3MMHUI NePUOS,
He JIOJDKHa IpeBbImaTh 4-5%.

JomonanTeNIbHBIE NCCIENOBAaHNA — Pe3y/IbTaThl
U3Yy4YEeHM S M3MEHEHUs 3aBUCHMOCTY BJIKHOCTY CpaB-
HUBaeMbIX LIJTAKOB (OMEHHOTO U TOIIMBHOTO) OT Bpe-
MeHU CBOOOJHOTO CTEKAHM A BObI — IOKa3anu (Tabi. 4),
YTO JI7151 06€3BOXKMBAHMSA TOIUIMBHOIO IITaKa 0 Ge3omac-
HOJI B/IAYKHOCTY TPeOyeTCs 3HAUNTENBHO MEHBIIIe BpeMeH],
4eM fi/1s1 soMeHHoro. Takyum o6pa3oM, Hanboree IPOCTBIM
crioco6oM ectecTBeHHOTrO (6e3 CyIKm) 06e3BOKMBAHN
TOIIMBHOTO IIIJTAKA IIPECTAB/ACTCS XpaHEHe eTo B IIITa-
OernsixX C IpUMeHeHNeM IIPOCTENIIIEN [PeHaKHOI CUCTEMBL.

IIpyunHbI pasnu4uil B CBOMCTBAX IOMEHHBIX U TO-
IUIMBHBIX LIJTAKOB MO>KHO OOBACHNUTD, KaK y>Ke OTMeda-
710Ch, GOTIBIIIOI pasHUIIEl B COIePKaHUM OKCUJIOB XKeresa
B IX COCTaBe, pexxpe Bcero FeO, 4To uMeeT BaskKHOE 3Ha-
deHue (CM. HIDKe). YKa3aHHbIe pasanuna o0yc/IoBNIMBa-
0T U Pa3IM4IMA B XapaKTePUCTUKAX BASKOCTH MIJTAKOBBIX
PacIIaBoOB U, KaK C/IE[CTBME, B IIJIOTHOCTU CTPYKTYPBI
TpaHyTMPOBaHHBIX (Pe3KO OX/IaXK/IeHHbIX B BOJie) IITAKOB.

VccnenoBanne cpaBHMBAEMBIX HIJTAKOB METOJIOM
PTYTHOI IIOpOMeTpUM ITOKa3ano (puc. 2), 4To cymMmap-
Has (MHTeTpasbHas) MOPUCTOCTb TOIUIMBHOTO IITaKa
OKa3bIBAETCs 3HAUNMTE/IbHO MEHbIIEN IO CPaBHEHUIO
C CyMMapHOIJI IOPUCTOCTDIO JOMEHHOTO ITaKa. BakHo
OTMETHUTD, UTO 3TO PA3TNINe COXPAHAECTCS Y IIPU U3MENb-
YeHNM CpaBHUBAEMBIX IIIAKOB (JI0 OIHAKOBOTO OCTATKa
Ha cute Ne008, paBHoro 14-15%). Ilomy4eHHbIe 3KCIIe-
pPUMeHTaIbHble JAHHBIE ITOKA3a/IM, YTO LIEMEHTHI C JO0-
©6aBKOJI TOIUIMBHBIX IITAKOB, UMEIOIINX O0jIee IIOTHYIO
CTPYKTYPY, 00/1afJal0T B TO K€ BpeMs MeHbIIell BOTOIIO-
Tpe6HOCTDIO [0 CPABHEHUIO C LjeMEHTaMMU aHATOTUYHOTO
BeIIeCTBEHHOTO COCTaBa C J06aBKOI! JOMEHHBIX IIIAKOB.

BoInonHeHHBIE OIpefeneHNA BeIMYMHbBI HACHII-
HOT'O yIJIa €CTECTBEHHOT'O OTKOCA IS 9TUX >Ke IIIaKOB
B 3aBUCUMOCTY OT UX BIa)XHOCTM ITOKa3zano (puc. 3),
9TO 3aMeTHBIE PA3IN4Msi HAOTIOFAIOTCS U B 9TOM CITydae.
Kak TONIMBHBIN, TaK U SOMEHHBIN LIJIAKU TIPY YBeIU-
YeHUM UX BIaXHOCTM OT 0,5 10 5% XapaKTepusyoTcs
OMM3KUMM SHAYEHVMSIMM YITIa eCTECTBEHHOTO OTKOCA (9°),
COOTBETCTBEHHO Bo3pacTaromumu ot 40-42% mo 61-65°.
IIpu yBenumyenun Baa>kHOCTU 10 12% BenuMumMHa yria
€CTeCTBEHHOI'O OTKOCA, OIpefie/leHHast ISl TOIUIMBHO-
ro miaka (75°), 3aMeTHO IpeBbIlIaeT 3HadeHMe (67°),
IOJTy4eHHOe IS JOMEHHOTO ITaKa. DTY pasindms
TaK)Xe MOXXHO OOBSICHUTD C TOYKM 3PEHMS BBICKa3aH-
HBIX BBbIIlIe COOOpakeHNIi. Biiara B TONIMBHBIX LI/TAKaX,
HO-BU/IIMOMY, KOHIIEHTPUPYETCS B IOBEPXHOCTHOM CJIOe
TpaHy/IbI, B OT/IMYME OT JOMEHHOTO IIJIaKa, Ifie Bjara
BCJIEICTBIE OTHOCUTENBHO BBICOKOII €r0 MOPUCTOCTY MO-
XKeT IPOHMKATD JOCTaTOYHO ITTYOOKO BHYTPb I'PaHYJIBL.



slag, which was noted in the course of research and pi-
lot industry works. That becomes clear if one takes into
account that the different porosity of fuel and blast fur-
nace slag remains when the slag is ground (Fig. 2). This
feature comparing slags was emphasized above.

Possible technical solutions and
process charts for using granulated
slag in production processes

The abovementioned features of vitreous granulat-
ed slag can be considered in several aspects, which are of
practical importance. In particular, if slag dehydration by
free water flow occurs relatively quickly, it appears most
feasible to dehydrate such slag right where it is gener-
ated (at metallurgic plants or heat power plants) and to
store it at special sites with drainage. This way, slag con-
gelation in winter conditions during shipping and stor-
age can be avoided. Further dehydration of slag during
storage at the places of its use in production will make it
possible to avoid forced drying in special facilities, which
is the case at present.

A while ago, the Ministry of Energy of the USSR
ordered the Tomsk branch of the Teploelektroproyekt in-
stitute (currently, Atomteploelektroproyekt institute) to
design fundamental layouts of installations and facilities
for extracting, dehydrating, and shipping fuel slag to con-
sumers based on Giprocement’s initial data and subject
to the features of its physical properties. These layout are
shown in Fig. 5. Clearly, such technical solutions (in a very
simplified form) are quite suitable for blast furnace slag.

In case of very wet fuel slag (it spends a long time
at ash dumps in a water environment), the slag receiver
where slag is fed hydraulically is equipped with three slag

| |
12 3 4 5 6 7 8 9 10 11 12 1314 15

W, %
Fig. 3. Change of the natural slope angle of fuel and blast
furnace slag depending on their moisture content
Puc. 3. VI3MmeHeHVe HaCbIMHOTO yrna ecTeCTBEHHOIo OTKOCa

TONJIMBHOIO N AOMEHHOTI0 rpaHyNMpPOBaHHbIX
LLTAaKOB B 3aBUCMMOCTU OT UX BNIaXXHOCTU

1 — Fuel slag from the Nazarovskaya CHPP //
1 — TonnueHsil wnak Haszaposckou P3C;
2 — Blast furnace slag from the Magnitogorsk Metallurgic Plant //

2 — JlomeHHbIU wnak MazHUmMo20pcko20 Memasniypeudeckoo
3a800a
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Ha saxrounTenbHOM 3Tane McCaefoBaHuIi ObIIN
IIPOBefieHbI ONIpee/ieHN s Be/IMYNH 06e30IacHOl BIa>KHO-
CTU ¥ BeIMYMH MaKCYMa/IbHOI BIaTOEMKOCTH i/ IIJIa-
KOB psA/la OT€YeCTBEHHBIX METAITyPIUYECKIX 3aBOJOB
U TEIIOBBIX 9NIeKTpocTaHIuil [4, 5]. [lonydenHble naH-
Hble IOATBEPAN/IN, YTO 3HaYeHNs 6e30macHoit (a creno-
BaTe/IbHO, ¥ KPUTWYECKOI) BIaXXHOCTY /I JOMEHHBIX
[IJIAKOB OKa3BIBAKTCS O0/lee HUSKUMI, Y€M /IS TO-
IUVIMBHBIX. 3Ha4eHMA XK€ MaKCUMAaJIbHOI BIaroeMKo-
CTU TOIIJIMBHBIX 1IIJTAKOB, KaK U 0XKMAAIOCh, 0Ka3a/l1MCh
B 4-5 pa3 HMXKe 10 CPABHEHUIO C COOTBETCTBYIOLIMMU
BeTMIMHAMU /IS IOMEHHBIX nTakoB. Heobxopnmo ot-
METUTD, YTO MOKa3aTe/Iy UCCIeHOBaHHbBIX QU3NIECKUX
CBOJICTB (IIpeXx[ie Bcero, 6e30macHol BIa)XHOCTH) B 3Ha-
4JTEe/IbHOII CTeNIeHM 3aBUCAT U OT IPAHYIOMETPUIECKOTO
cocrasa (pa3Mepa IrpaHyI) IIJIAKOB. JTO IPeJCTaBIACTCA
JOCTAaTOYHO OOBACHMMBIM, YYUTBIBAS, YTO CyMMapHas
IIOBEPXHOCTb paccMaTpMBaeMbIX MaTepUaloB Bcerga
MeHblIle B cly4dae 60/iee KPYIHbIX IPaHYIL.

CTONb CylleCTBEHHBbIE pasnuyusA B PU3MIECKUX
CBOJICTBaX CpaBHMBAaeMBIX TPAHY/IMPOBaHHBIX MaTe-
pMAIOB MOXXHO IIONBITATHCSI OOBACHUTD CIERYIOIINM
o6pa3oM. B cooTBeTCTBMM ¢ CYyIIeCTBYIOIIVIMU IIpef-
CTaBJICHUAMM O CTPYKTYpe CTeKIOBUIHBIX MaTepHUajoB
MOYKHO IIPEATIONOXNTD, YTO IIPY HATVYNM B IJIAKOBOM
pacIiaBe CyIecTBEHHOTO KOJIMYeCTBa IByXBa/JIeHTHOTO
xene3a FeO (4T0 0c06eHHO XapaKTEPHO [JIsI TOIIMBHBIX
[IJIAKOB) MPOUCXOAUT pa3pblB O€CKOHEYHBIX IIETTOYEK
13 KPeMHEKMC/IOPOIHBIX KOMIIIEKCOB, HAIIpUMep TeTpa-
37POB, 00pa3yoINX CTPYKTYPY LIIAKOBOTO pacIljIaBa.
JInvHa Lermoyek yMeHbIIaeTcsA (93TO YCIOBHO MOKa3aHO
Ha puc. 4), YTO IPUBOIUT K CHVDKEHUIO BSI3KOCTU pac-
ITaBa. B pesynbrare yMeHbIIeH) S BA3KOCTH pacIillaBa
MO>KHO OXXMJATh MOBBILIEHNS IVIOTHOCTU CTPYKTYPHI
(cHM>KeHM ST TOPUCTOCTY) 3aCTBIBLIETO IIIJIAKa BCTIEN-
CTBUE y[aleHNs U3 pacllylaBa OCHOBHOT'O KONMIYeCTBa
JIETY4MX KOMIIOHEHTOB. [lefICTBUTENTbHO, B TOIIMBHBIX
IIJTaKaX 0OBIYHO COMEPIKUTCS MEHBIIIE TeTYINX KOMIIO-
HeHTOB, HanpuMep SO; 1 11enoyeir, 1o CpaBHEHMUIO C 0-
MEHHBIMU IIJITAKaMMU.

He MeHee Ba>XHBIM TE€XHOJOTMYECKUM (HaKTO-
POM SIB/IsIETCS OTMEYeHHas B Ipoljecce MPOBefeH s
VICCIeIOBATeNIbCKUX U OIBITHO-IIPOMBIIIEHHBIX Pa0oT
MeHbIIIast BOZONOTPEOHOCTDb CTPOUTENBHBIX PACTBOPOB
U 6eTOHHBIX CMeceli Ha OCHOBE LIeMEHTOB ¢ JobaBKaMM
TOIUIMBHBIX LIJIAKOB II0 CPABHEHMIO C AHATOTMYHBIMU
LleMeHTaMU, COfiep>KalllIMy JOMEHHBII MITaK. JTO CTa-
HOBUTCSI IIOHATHBIM, €C/IU y4YeCTh, YTO pasindye B IO0-
PUCTOCTH TOIIMBHOTO ¥ JOMEHHOTO IITAaKOB COXPaHs-
eTCsl Y MX U3MenbdeHun (puc. 2). 31a 0cobeHHOCTD
CpaBHNBAEMBIX IIJIAKOB ObI1a 0C060 OTYEPKHYTA BBILIE.

Bo3moKHble TexHn4eckmne peweHnA

N TeXHoJornyeckmne cxembl

npn NCNoJib30BaH rpaHy/INPOBaHHbIX
LWJ1aKoOB B Npon3BoACTBEHHOM npoyecce

OTMedeHHDBIE BBIIIE OCOOEHHOCTU CTEKIOBUJ-

HBIX 'PaHY/INPOBAHHBIX IIJTAKOB MOT'yT pacCMaTpuBaTh-
CA B HECKO/JIBKUX aCII€KTaX, Ba’)KHBIX B ITPAKTUYIECKOM
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Fig. 4. Suggested structural changes in slag glass under the effect of bivalent iron (FeO) that was added to the structure
Puc. 4. Mpeanonaraemas cxema CTPYKTYPHbIX MU3MEHEHWI B LNAaKOBOM CTEK/e NoJ, BANAHNEM BHEAPEHHOrO B CTPYKTYPY Lulaka

fByxBaneHTHoro xenesa (FeO)

settlers, pumps for clarified water, storage facilities for
dried slag, and grab cranes. The settlers are operated as
follows: the first settler is filled with slag at the same time
as water settling and drainage take place in the second
one and slag is loaded in transport facilities in the third
one. Slag pulp (in the event of temporary absence of slag
consumers) can also be fed directly to the ash dump.
Water that has been separated from slag is exported to
a pit via special channels and pipelines and used in the
circulating cycle.

Design studies of fundamental processes for using
granulated fuel slag in cement production were done at
the Giprocement institute (Y. A. Makeyev, etc.) [7]. The
only process stages of cement production that were con-
sidered were the ones related to acceptance, storage, and
dehydration of slag.

Design studies were performed for the following
three options (Fig. 6 (a, b, ¢)):

Option I. Slag arriving to the factory with a mois-
ture content of under 4% is accepted, stored, and released
for production. Slag is stored at an open ground-level
storage facility. Its capacity provides for the required slag
reserve. It is expected that slag dehydration down to 4%
moisture content is performed at the heat power plant
from where the slag is delivered. Further (natural) dehy-
dration of the slag in the summer period occurs when it is
stored at the storage facility. In the winter period, slag can
be dried additionally in the process of cement grinding.

Option II. Slag arriving to the factory during the
year has a moisture content of 10-15%. Its acceptance,
storage, drying, and subsequent release for production
are done using the most popular system with a drying
drum or another drying facility. It is expected that slag is
dried additionally in the winter period only. In the sum-
mer period (positive temperatures), natural slag dehydra-
tion (with the simplest drainage system) occurs directly
at the factory storage facility. It is also possible to dry slag
(if necessary) during grinding.

Option III. Slag arriving to the factory with an
initial moisture content of 10-15% is accepted at posi-
tive temperatures only, stored, and then released for pro-
duction. Slag is stored at an open high capacity storage
facility (based on the six-month need of the factory). In
the winter period, naturally dehydrated slag (with the

14 Ne 4-5 (40) 2015

«ALITinform» MexpayHapogHoe aHanuTuyeckoe o6o3peHmne

oTHolleHMN. Tak, HaIpuMep, ecu AJst 06e3BOXKIBa-
HIIS IJIAKOB IIyTe€M CBOOOJZHOTO CTEKAHMUsI BJIATU Tpe-
OyeTcs CpaBHUTENIBHO HENIPORO/DKUTENbHOE BpeMs, TO,
HO-BUAMMOMY, 00e3BO>KMBaHIe TaKMUX LIIAKOB Hambo-
Jiee 1e71eCO00Pa3HO OCYILIECTB/ATh HEIOCPECTBEHHO
Ha MecTax ux obpasoBaHMs (MeTanIyprudeckue 3aBo-
Zbl, TEIJIOBBbIE 37IEKTPOCTAHIIVIN), CKJIaiUPYs UX Ha Jpe-
HIPOBaHHBIX ITomagkax. Takum o6pa3oM, MOXHO 6Y-
IeT u36eXXaTb CMeP3aHNs IIAKOB B 3UMHUX YCIOBUAX
IpM TPAHCIOPTUPOBKE ¥ XpaHEHMU. [JOIOHNUTENb-
Hoe 00e3BOXVBaHNe IVIAKOB IIPY XpPaHEHUN UX B Me-
CTax MCIIONb30BaHMsA B IPOM3BOJCTBE IO3BOMNUT UCKIIIO-
YUTb IPUHYAMUTEIBHYIO CYLIKY II/IAKOB B CIIEIMa/bHbIX
YCTPOJNCTBAX, KaK 9TO [eNAeTCA B HACTOsAIIee BpeM.

B cBoe Bpems Munsnepro CCCP nopyunno Tom-
CKOMY OTJIeJICHUIO MHCTUTYTa «TeII03/IeKTPOIpOeKT»
(Tenepb MHCTUTYT «ATOMTEIIOSTIEKTPOIPOEKT») Ha OC-
HOBaHMM VICXO[JHBIX JaHHBIX «['MIiporemeHTa» paspado-
TaTh NPMHIUIINATbHBIE CXEMbI YCTAHOBOK M YCTPOJICTB
It 0T60pa, 06€3BOXKMBAHMNSA M OTTPY3KU HOTPEOUTEM
TOIUIMBHBIX IITAKOB, C Y4eTOM O0COOEHHOCTeN UX u-
3MYEeCKUX CBOMCTB. DTU CXeMBbl IIOKa3aHbl Ha puC. 5.
[ToHATHO, 4TO TaKMe TeXHMYECKMe pelleHus:A (B 3HAYM-
TE/bHO YIIPOLIeHHOM Blie) BIIOJIHE IIPUTOMHBL 1 JJI O-
MEHHBIX IITaKOB.

B cmyyae cuibHO OBOTHEHHBIX TOIIMBHBIX LIJIa-
KOB (OHM JJIMTENbHOE BpeMs HaXONATCA Ha IIIAKO30-
JIOOTBAaJIaX, B BOLHOI cpefie) MIAKOIPMEeMHOe YCTPOil-
CTBO, KyJia ITaK TI0JaeTCA TUAPABANIECKIM CIIOCOO0M,
OCHAIleHO TpeMsA OTCTOMHMKAaMM IJIaKa, HACOCaMM
Il OTKAYKM OCBET/IEHHOM BOMBI, CK/IaJaMM OCYLIEH-
HOTO ILIJIaKa, rpefipepHbIMU KpaHaMu. DKCIUTyaTarus
OTCTOJHMKOB OpPraHM30BaHa CIEAYIOMNM 06pa3oM: ofi-
HOBPEMEHHO TePBbIJl OTCTOMHUK 3aNIOTHAETCS ITaKOM,
BO BTOPOM IIPOMCXOJAT OTCTOI BOJBI 1 IPEHMPOBAHIE,
U3 TPEeThero IpOBOAAT IOTPY3KY IIaKa B TPAHCIOPT.
IIpenycMoTpeHa BO3SMOXXHOCTD IOJA4Yy NIIAKOBOJ ITyJIb-
IBl (B ClIy4ae BPeMEHHOTO OTCYTCTBUSA MOTpeOuTesneit
IIJIaKa) HEeIOCPeACTBEHHO Ha IIJIaKo30/m00TBan. OT-
menseMas OT LJIaKa BOJA IO CHelVa/JbHBIM KaHajlaM
U TPyOOIPOBOAM OTBOLUTCS B IPUSIMOK U UCIIONb3Y-
eTcsl B 000POTHOM IMKIIE.

B uncturyre «I'mmpoumement» (IO.A. Make-
eB U Ap.) ObUIM BBIIIOMHEHBI IPOEKTHBIE IPOPAGOTKY
IPUHIUINATBHBIX TEXHONOTMYECKNX CXeM ITPYMeHeHUA
TOIUIMBHBIX I'PaHYIMPOBAaHHBIX LIJIAKOB B IIeMEHTHOM
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1 — Slag storage facility // Cknag wnaka

2 — Slag basin // WnakooTcToiHMK

3 — Clear water pump // Hacoc oceeTneHHol BoAbl

4 — Grab crane // lpeiidepHblit KpaH

5— Slag pipeline to the dump // LLinakonpoBoab! Ha WnakooTean

6 — Slag stack drainage canal // KaHan ina apeHnpoBaHua WwWrabens
Lnaka

7 — Clear water pipeline // TpybonpoBog 0CBETNEHHOI BOAbI

8 — Drainage pump // ipeHaxHbliA Hacoc

Fig. 5. Systems for dehydration directly at heat power
plants and shipping to fuel slag consumers
Puc. 5. CxeMbl 06€3BOXKMNBaHNA HENOCPEACTBEHHO

Ha TEMJIOBbIX SINEKTPOCTAHUMNAX N OTIPY3KN
I'IOTp€6I/ITenF|M TOMMMBHbIX WJAaKoOB

drainage system) is released for production from the
storage facility.

Conclusion

The article focuses on properties and features of
the structure of vitreous slag (blast furnace and fuel),
which must be taken into consideration and are useful
for raising the technical and economical efficiency of
applying such slag for production of cement and other
building materials. The useful physical properties of
such slag are mainly related to its structural poros-
ity, which provides high water-yielding capacity and
therefore lower congelation of the slag during ship-
ping and handling.

However, the porosity of the discussed slag mate-
rials cannot be discussed without reference to the mat-
ter of their grindability, which depends directly on the
porosity of their structure.
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npousBopcTBe [7]. PaccMaTpuBaich TOMBKO Iepefiensl
[POM3BOJCTBA LJeMEHTa, CBSI3aHHbIE C IPMEMOM, XpaHe-
HUEM U 00€3BOKMBAaHMEM IIJIAKOB.

IIpoekTHbIe IPOPaOOTKY BHITOMHSANNCD IO CIIe-
AYIOIIMM TpeM BapuaHTaM (puc. 6):

Bapuanm 1. Tlpepnonaraercs, 4To 06e3BOXUBa-
HUe II/IaKa [0 BIAXXHOCTK 4% OCYILeCTB/IAETCA Ha Te-
IIOBOJ 97IEKTPOCTAHLMM, OTKYAa MOCTAaB/AETCS LIIAK.
IanpHelniee (ecTeCTBEHHOE) 06€3BOXKMBaHME HITaKa
B JIETHUI IIepMOJ] IPOUCXOAUT Ha OTKPBITOM CKJIafie.
B 3uMHMIT epuof BO3MOXHa IOJCYIIKA IITaka B IPO-
I[ecce IIOMOJIa IleMEHTA.

Bapuanm II. Cymika 1 mocnefyoas nogaya ma-
KOB C BTa)XHOCTbIO 10-15% mpousBoguTcs mo Hanboree
PacIpoCcTpaHeHHOI cXeMe ¢ IPUMEeHEeHUeM CYIINIbHOTO
6apabaHa MMM Pyroro CymmIbHOTO ycTpoiicTsa. Ilpen-
[0JIaraeTCsl, YTO CYILIKA IIIAKa OCYILIECTBIISETCS TOIBKO
B 3MMHMWII IIepyof. B meTHuMIt mepuop (Ipu I/II0COBBIX TeM-
nepaTypax) o6esBOXXMBaHNe LIJIaKa eCTeCTBEHHBIM IIY-
TeM (C IpUMeHeHVeM IPOCTeNIIIel FPEeHaXKHOI CHCTEMBbI)
[IPOV3BOANTCSI HETIOCPEACTBEHHO Ha 3aBOJICKOM CKJIAfIE.
IpepycMarpuBaeTcst TaK)Ke BO3MOXXHOCTbD IIOfCYIIKI
II71aKa (B cly4yae Heo6XO[MMOCTH) B IIpoIiecce IIOMOJIA.

Bapuanm I1I. lllnaky ¢ Ha4aIbHOM BIa>KHOCTBIO
10-15% NpMHMMAIOTCA TOABKO IPU IIIOCOBBIX TEMIIE-
paTypax, XpaHATCA Ha OTKPBITOM CKJIaJl€ IIOBBIIIEHHO
BMECTUMOCTH (13 pacyeTa MeCTUMECIIHON MOTpebHOCTI
3aBofa). B 3auMHMIT mepuop 06€3BOXKEHHDIN eCTECTBEH-
HBIM ITyTeM (C IpUMeHeHUeM APEeHa>KHOI CUCTeMbI) LIIJTaK
MOJAETCA B IIPOU3BOJCTBO CO CK/IA/a.

3aknwyeHue

ABTOp cTaThby COCPefOTOYN/I BHMMAHME Ha CBOJI-
CTBaxX M OCOOEHHOCTSIX CTPYKTYPBI CTEKTOBUIHBIX
IIJIaKOB (JOMEHHBIX U TOIUIMBHBIX), KOTOpPbIe Ba>kKHBI
/IS TIOBBIMIEHU TEXHNYECKON ¥ SKOHOMMYECKON 3¢-
(eKTUBHOCTY X IPUMEHEHNs B IPOVU3BOJICTBE LIEMEHTa
U IPYTUX CTPOUTENbHBIX MaTepuaos. [TonesHsle ¢pusu-
JecKJe CBOJICTBA 9TUX IITTAKOB KACAIOTCA IIPEX/Ie BCETO
CTPYKTYPHOI TIOPUCTOCTH, 06eCTIednBaoIell MX MOBBI-
IIEHHYI0 BIAaTOOTHAYY U, C/IefoBaTe/IbHO, YMEHbIIeHNe
CMep3aeMOCTH! B IIpoIiecce TPAaHCIIOPTUPOBKM U CKJIa-
AVIPOBaHUA.

ITpu aTOM, Kacasich BOIIPOCA MIOPUCTOCTY 0OCYX-
[laeMBbIX LIJTAKOBBIX MAaT€PUAIOB, MbI He MOXKeM 000ITI
BHIIMaHIEM V1 BOIIPOC MX PAa3MOJIOCTIOCOOHOCT, IIPSIMO
3aBUCAILIEN OT IVIOTHOCTU UX CTPYKTYPBI.

ITpoBeneHHbIe B TaOOPATOPHBIX YCIOBUAX UCCIIE-
[IOBAHUI IIOKA3a/IN, YTO PA3MOIOCIIOCOOHOCTH TOIIINB-
HBIX IIJIAKOB 3aMETHO YCTYIaeT 9TOJ XapaKTepUCTHKe
I/Is JOMEHHBIX IIUIAKOB, 06/Mafaomux 6onbliell Iopy-
ctocThbio. IIpy 3TOM XapaKTepUCTUKM pa3MalblBaeMo-
CTY 3HAUMTE/NIBHO YAYULIAIOTCS IIPU IIOMOJIE COBMECTHO
C KJIMHKEPOM, KaK 3TO ¥ IIPOVMCXOAUT B IIPOM3BOJICTBEH-
HBIX yC/TOBMAX.
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1 — Cement mill department // OTaeneHue LemeHTHbIX
MeNbHUL
2— Receiver // lpuemHoe yCTPOACTBO
3— Gypsum // Tunc
4 —Slag // Wnak
5 — Clinker // Knunkep
6 — Receiver with rotary car dumper // MNpnemnoe
yCTDO\;ICTBO C POTOPHbIM BaroHOONpPOKKUAbIBaTENEM
7 — Stacker // litabeneyknaaunk
8 — Rotary excavator // POTOpHbII SKCKaBaTop
9 — Combustion chamber // Kamepa cropaxua

Option Il //BapwnaHT Il
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1 — Cement mill department // OTaeneHue LeMeHTHbIX MENbHIL,

2 — Receiver // MpuemHoe yCTPORCTBO

3 — Gypsum // func

4 —Slag // lWnak

5 —Clinker // Knutkep

6 — Receiver with rotary car dumper // lpriemHoe ycTpoiicTso
C POTOPHbIM BaroHOONpPOKnabiBaTenem

7 — Stacker // lUtabeneyknanumnk

8 — Rotary excavator // POTOpHbIi 3KCKaBaToOp

9 — Slag drying department // CywnnbHoe oTaeneHve

10 — Dry slag transportation // TpaHCnopT Cyxoro wnaka

11 — Combustion chamber // Kamepa cropanusa

Option Ill // BapuaHT Il

1 — Cement mill department // OTaeneHue LeMeHTHbIX MENbHIAL,

2 — Receiver // MpnemHoe yCTPORCTBO

3 — Gypsum // Tunc

4 — Slag // Wnak

5 — Clinker // Knunkep

6 — Receiver with rotary car dumper // lpuemHoe yCTpOoICTBO C POTOPHbIM
BaroHOOMNPOKWAbIBaTENEM

7 — Stacker // ltabeneyknagumk

8 — Rotary excavator // POTOpHbIA 3KCKaBaTop

9 — Combustion chamber // Kamepa cropaHus

Fig. 6.
Puc. 6.

Research in laboratory conditions has shown that
the grindability of fuel slag is much less than that of blast
furnace slag, which has greater porosity. At the same
time, the grindability parameters improve greatly when
slag is ground with clinker, as it is done in real produc-
tion conditions.

Laboratory research at Giprocement [4, 5] has
shown that the grindability of cement containing both
fuel slag and blast furnace slag becomes worse in the en-
tire range of the slag: clinker ratios. However, it should be
noted that these results are different from data of other
researchers [8] who believe that, e. g., adding granulated
blast furnace slag in the amount of 40% improves the
grindability of the slag and clinker mix as compared to
that of mix containing 20% fuel slag.

In the author’s opinion, these differences can be
explained by the certain relativity and conventionality of
data that are obtained when the grindability of material
is studied on a small laboratory mill. Based on results of
his own experiments that were part of relevant work in
real process conditions, the author came to the following
conclusions. In the course of factory grinding, especial-
ly when modern mills of large diameter and productiv-
ity are used, the grindability characteristics of materials
with different physical properties (e. g., the porosity and
density ratio) become practically the same.
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Systems for acceptance, dehydration, and storage of granulated slag at a cement plant (options I, 11, Il1).
CxeMmbl Npuema, 06e3BOXKMBAHWA 1 CKIAAMPOBAHUSA FPaHYIMPOBAHHOIO Wiaka Ha LLeMeHTHOM 3aBoge (BapuaHnTol |, 11, 111).

JIabopaTopHble MCCIENOBAHUS, BBIOTHEH-
Hble B CBOe BpeMs B «I'MIpoleMeHTe» [4, 5], mokasa-
n¥, YTO PasMajblBAa€MOCTb LIEMEHTOB, COlepKAIMUX
KaK TOI/IMBHBIE, TAK M IOMEHHbIE IITaKY, YXYAIIAET-
€A BO BCEM [IMAIla30He COOTHOIIEHUN WAK: KAUHKeD.
OpHaKo He0OXOAVIMO OTMETUTD, YTO 3TU Pe3yIbTaThl
pacxofATcA ¢ JaHHBIMM APYTUX UcCrefoBareneil [8],
KOTOpbIE CUMTAIOT, YTO, HAIIpuUMep, foOaBKa TOIIUB-
HOTO TpaHIIJIaKa B KonudecTse 40% ynydmiaer pas-
MaJIbIBa€MOCTD HITAKOKIMHKEPHON CMeCH 10 CpaBHe-
HUIO C PasMa/IbIBAEMOCTbIO cMecH, copepxament 20%
TOIIMBHOTO ILIJIAKa.

St pasnnunsd, 10 MHEHNIO aBTOpa CTAaTby, MO-
TyT O6BbITh OO'BACHEHBI U3BECTHON OTHOCUTEIbHOCTHIO
U YCIIOBHOCTDBIO JAHHBIX, OTy4aeMbIX NIPU U3YUEHUN
XapaKTepUCTUK Pa3MalblBaeMOCTU MaTepuaaoB B He-
607bI0IT TA60PATOPHOT MeTbHMIIE. ABTOP HACTOSIIEN
CTaTbM, OCHOBBIBAACh Ha pe3y/IbTaTax CO6CTBEHHOIO
OIbITA, NMOYyYEHHEHHOTO NpPY MPOBeNeHUN COOTBeT-
CTBYIOIINX pa60T B ITPpOM3BOACTBEHHDBIX yC/IOBUAX, YT-
BepK/laeT crefiyouee. B mpoliecce mponsBoACTBEHHOTO
IIomMoiJia, 0CO0EHHO IIpu MICNIO/Ib3OBAHNY COBPEMEHHDBIX
IIOMOJIBHBIX arperaToB OOJIBIIOrO fUuaMeTpa I IPOK3BO-
IAUTENTBHOCTY, XapaKTEPUCTUKM Pa3MOIOCIIOCOOHOCTHI
MaTepuajoB C pasnUYHbIMU PU3NIECKUMU CBOICTBAMMI
(Har[pMMep, COOTHOILIEHVEM TOPUCTOCTU N H}IOTHOCTI/I)
MpaKTU4YeCKU HUBETUPYIOTCA.
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MOOAYA MATEPUAOB /1A HAYYHOW NMYBINKALINN
SUBMITTING PAPERS FOR SCIENTIFIC PUBLICATION

Penakuma xypHana ny6nukyet matepuasbl no NPoGUIbHBIM TeMaM 0TeYeCTBEHHDIX U
3apybexHbIX aBTOPOB, HUTZE paHee He onybNNKOBaHHbIE U He NpefHa3HaUEeHHble A
nepefauv B Aipyrue u3paHuA.

ﬂepeuaBaeMbu?l B pelakLnio MaTepiian A0NIXeH CONPoBOXAaTbCA:

- PekomeHzaTeNbHbIM NUCbMOM PYKOBOANTENA NPeANPUATUA (MHCTUTYTA, 0TAENa, Ka-
denpbl);

- MopTBepXAeHMeM, UTO CTaTbsA NPeAHa3HaueHa Ana nybnukaumn B XxypHane MexpyHa-
poaHoe aHanuTUueckoe 0603penme «ALITinform: LiemeHT. beToH. Cyxue cmecu, 4To oHa
paHee HUrge He Ny6NMKOBanach U B HacToALLEee BpeMA He nepefjaHa B Apyrie U3kaHus;

- ConpoBoAUTENbHBIM MUCbMOM, B KOTOPOM yKa3aHbl Gamuins, UMsA U 0T4YeCTBO
aBTOpa(0B) NONHOCTBIO; CBeAieHNA 06 aBTOpe(ax) — yueHoe 3BaHue, yueHasa CTeneHb,
MecTo paboTbl/yuebbl, KOHTaKTHAA MHGOPMALMA KaXA0r0 aBTOPAa — NOYTOBbII aapec
11 apec INeKTPOHHOIA NOYTbI, HOMep TenedoHa;

« Pacneuatkoii cTaTbn, 0643aTeNbHO NOANMUCAHHOI BceMU aBTOpaMu.
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'Yu Q.J., Professor; Zhang T.S., Associate Professor; Ouyang P., Postgraduate; Wei J.X., Professor; School of Materials
Science and Engineering, South China University of Technology, Guangzhou, People’s Republic of China

OVERVIEW ON OPTIMIZED MATCHING
OF CEMENT CLINKER AND SUPPLEMENTARY

CEMENTITIOUS MATERIALS TO PREPARE
SUSTAINABLE BLENDED CEMENT (Part 1)

1O U.LU3., npodeccop; YxkaH T.C., goueHT; OysaH M., acnupanT; Ban L.C., npodeccop; LLIkona matepuranoseaeHus

N TEXHUKN, FOXHO-KMTaMCKIMI TEXHONOTMUYECKNIA yHUBEPCUTET, [yaHbuKoy, KuTalickas HapopaHaa Pecrnybnvika

ONMTVMAJTIBHOE COOTHOLEHWE KITMHKEPA
VI AKTVBHBIX MINHEPAJTIBHbBIX JOBABOK
LA TOJTYHUEHNA PECYPCOCBEPETAKOLETO
CMELUAHHOIO LIEMEHTA. KPATKIMM

OB30OP IMPOBJIEMbI (MacTb 1)

4 Preparation of sustainable blended cement

Based on the gap-graded PSD and the optimized
matching principal, gap-graded blended cements were
prepared by mixing cement clinker and SCMs fractions
homogenously. In addition, Portland cement and an inter-
ground blended cement were also prepared as references.

4. Gap-graded blended cements
with five-fractions

According to gap-graded PSD model (Table 2), gap-
graded blended cements with five fractions were prepared
by mixing cement clinker and SCMs fractions as listed in
Table 4. Table 5 shows that gap-graded blended cements
had much higher early and late compressive strengths than
reference blended cement. Although the content of cement
clinker was as low as 25% in the gap-graded blended ce-
ments, the 3 days and 28 days strengths were close to or
even higher than those of Portland cement. For example,
the 3 days and 28 days compressive strengths of BBCFF
cement increased by 113% and 48%, respectively, com-
pared with those of the reference cement.

4.2  Gap-graded blended cements
with three-fractions

Considering traditional practices, five fractions
of gap-graded PSD were simplified into three fractions
[15]. Diameters of three filling grades were designed as
45 um, 16 um, and 6 um, then cement particles were di-
vided into three fractions as <8 pm, 8-32 um and >32 um
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4 MonyueHune pecypcocbeperaiouiero
LiemeHTa c so6aBKaMm

Ha ocHose npepoiBucroro 'MC u ontumnsu-
POBaHHOTO OCHOBHOIO NPMHIIMIIA COBMECTHOIO MC-
HO/Tb30BAHMsI KOMIIOHEHTOB LieMeHTa OBLIN IOy YeHbI
U UCCIIElOBAaHbl CMEIIAaHHbIe IJeMEeHTBI IPepPBIBUCTOTO
I'MC, nony4eHHbIe TyTEM TOMOT€HHOTO II€peMeNIBa-
Hus ¢pakuuii neMeHTHOro KiamHkKepa u AMJI. Kpome
TOTO, IJIsI CPaBHEHMsI OBIIN MCCIefOBaHbl 6e3506aBoY-
HBIIl TOPTIAH[IIEMEHT U LIEMEHT C f06aBKaMU, BBEf[EH-
HBIMU IIPY TIOMOJIE.

41 LlemeHTbI npepbIBUCTOrO
rpaHyfIoOMeTPUYECKOro COCTaBa
C po6aBKamm NATK ppakLmi

B cootBercTBMM ¢ MOfenbIo NIpepbiBrcTOoro 'MC
(Ta6mn. 2) 6bUIM IOy YeHBI LIeMeHTHI pepbiBrcToro 'MC
IyTeM CMeLIMBaHN A [JeMEHTHOTO KJIMHKepa 1 IATY ppax-
uuit AMJI, cocTaBbl KOTOPBIX NIPENCTABIEHDI B Ta0M. 4.
JlaHHbBIE TA6TL. 5 CBUJIETE/NLCTBYIOT O TOM, YTO COCTABbI Ha
OCHOBE CMeIIIAHHBIX IIeMeHTOB IpepbiBrcToro 'MC nmetor
6071ee BBICOKYIO IIPOYHOCTD HA paHHel! U O3HeN CTaguAX
TBEpJEHN s, 4eM KOHTPO/IbHBII LIeMeHT ¢ jobaBKamMu. XOTs
cofiep>KaHIe LIeMEHTHOTO K/IMHKepa B IleMeHTaX € fo6aB-
kamu ipepbiBrctoro 'MC 6b110 Ha ypoBHe 25%, 3HaueHUA
IIPOYHOCTH B Bo3pacTe 3-X U 28 CyTOK OBLIM TaKMMM XKe,
KaK y COCTaBa Ha OCHOBE IOPT/IaHJLEMEHTA, VN JaXe
npesocxopuau ux. HanpumMep, mpoyHOCTH B BO3pacTe
3-x u 28 cyTok nmpu oxatun Ha ocHoe BBCFF-nemenTa
(cM. Tabm. 5. — Ilpumeu. ped.) 6bLIa BbILE COOTBETCTBY-
IOIIMX 3HAYEHUI KOHTPOJIBHOTO LjeMeHTa Ha 113% n 48%.



Table 4.

Tabnuua 4. CocTaB uemeHToB ¢ AM[ natn dppakymii npepbisuctoro MMC

Fraction, um 7/

<4 4-8
Opakuma, MKM
Content, % // o5 1
CopeprraHue, %
BBCFF GBFS /AW GBFS /ol
BBCSS GBFS /AW GBFS // 1oL
BBCBB GBFS /Taw GBFS // 1AL
Steel slag //
SBCFF MeTannypruyeckum GBFS 7/ TaL
wnak
BFCFF GBFS // oL Fly ash // 3ona-yHoc
Steel slag //
BSCFF GBFS /AL MeTannypruyeckimm
wnak

Mix proportions of gap-graded blended cements with five-fractions

8-24

25

Cement clinker // LieMeHTHbIN

KIMHKep

24-45

19

Fly ash 7/
3ona-yHocC

Steel slag 7/
MeTannypruyeckui
wnak

GBFS /1AL

Fly ash 7/
3ona-yHoc

Fly ash 7/
3ona-yHoc

Fly ash 7/
3ona-yHoc

cement | LiemeHT

45-80

20

Fly ash 7/
30Ma-yHoC

Steel slag 7/
MeTtannypruyeckumi
wnak

GBFS / TAl

Fly ash 7/
30Ma-yHOC

Fly ash 7/
30na-yHoC

Fly ash 7/
3ona-yHoc

Portland cement //
MopTnaHAueMeHT

Reference cement //
KOHTPONbHbBIN LieMeHT

accordingly. Based on the modified Fuller distribution
curve (Fig. 1), the volume percentage of particles in each
fraction was calculated and listed in Table 6.

Fig. 4a indicates that both 3 days and 28 days
compressive strengths of gap-graded blended cements
with three fractions were also close to those of Port-
land cement. Although BCF cement had the same mix-
ture proportions with reference cement, the 3 days and
28 days compressive strengths of BCF cement increased
by 70.8% and 41.2%, respecitively. Futhermore, Fig. 4b
demonstrates that there was no obvious difference in
flexural strength between gap-graded blended cements
and Portland cement.

4.3  Simplified preparation of gap-graded
blended cement

Since commercial Portland cements usually pre-
sent a relatively narrow PSD as shown in Fig. 5, especially
for those manufactured by a vertical mill [44], gap-grad-
ed blended cements can be prepared by adding fine and
coarse SCMs fractions directly as listed in Table 7 [9].

Table 5.

100% Cement clinker // 100% LeMEHTHbIN KNUHKeP

36% GBFS + 25% Cement clinker + 39% Fly ash // 36% I'ALL + 25% uemeHTHbIN kKnnHkep + 39% 30na-yHoc

4.2  LUemeHTbl c gobaBKkamMu Tpex GpaKkuuii
NPepbIBUCTOrO rpaHyIoMeTPNYECKOro CocTaBa

CornacHo ycToABILIeNcA NpaKTUKe, IATh ppak-
yuit ¢ mpepsiBucThiM IMC 6b11n 3aMeHeHbI Ha Tpu [15].
CpenHue AMaMeTpbl TPy F06aBOK OBIIN YCTaHOBIEHBI
paBHBIMU 45 MKM, 16 MKM 1 6 MKM, a YaCTUIIbI IeMEHTA
ObIIN pasfie/ieHbl Ha Tpy Gpakuuy <8 MKM, 8-32 MKM
u >32 mxM. Ha ocHoBaHuM MopguduuupoBaHHON Kpu-
Boit pacnipenenenus Pymnepa (puc. 1) 610 paccunra-
HO IIPOLIEHTHOE COflepXKaHNe JaCTHUL KaXKT0it QpaKLui,
IpyBefiecHHOe B Ta0L. 6.

Ha puc. 4a nokasaHo, 4To B Bo3pacTe 3-X 1 28-1
CYTOK IPOYHOCTb COCTaBa IIPM CXKAaTUM HAa OCHOBE Ile-
MeHTOB ¢ gobaBkamu npepsiBuctoro I'MC ¢ Tpems
dbpakyusaMu 6113Ka K IPOYHOCTH COCTaBa Ha OCHOBE
HOpTNAaHJEeMEHTA. XOTSA KOHTPONDbHBIN IIeMEHT MMe-
eT TaKol1 xe cocTaB, kKak 1 BCF-ieMeHT, B Bo3pacTe
3-x 1 28-u CyTOK IIPOYHOCTh cOocTaBa Ha ocHoBe BCF-
IleMeHTa pu cxaruu Opia Boiure Ha 70,8% 1 41,2% co-
OTBeTCTBEHHO. KpoMe TOro, cornmacHo JaHHBIM, IIpe-
CTaBJIeHHbIM Ha puc. 4b, mokasaTenyu MpOYHOCTHU
npy u3rube 06pasoB Ha OCHOBE IEMEHTA C JOOaBKaMM

Compressive and flexural strengths of gap-graded blended cements with five-fractions

Tabnuua 5. NMPOYHOCTb NPU CXKaTUM U M3rMbe COCTaBOB Ha OCHOBE LieMeHTOB ¢ gobaBKkamu NAaTn dpakumin npepbiBrctoro MMC

Compressive strength, MPa //
[Mpenen NPoYHOCT Npu Cxatum, MlMa

Cement // LlemeHT

Flexural strength, MPa //
Mpepen NPoYHOCTM Npu K3rnbe, Mla

3 days // 3 cyTok 28 days // 28 cyTok 3 days // 3 cyTok 28 days // 28 cyTok
BBCFF 24,1 £04 43,8 +0,6 6,2 £0,2 10,0 £0,4
BBCSS 25,0+0,3 471 £0,6 59 +0,2 10,8 £0,4
BBCBB 24,4 +0,3 49,2 +04 6,8 0,2 12,2 +0,4
SBCFF 23,8+04 39,3405 53403 8,6 +0,4
BFCFF 20,2 £0,5 35,5+0,7 56 +04 8,505
BSCFF 21,3104 38,1 £0,6 59+0,2 8,6 +0,5
Portland cement // MNMopTnaHauemeHT 23,5+0,5 45,0 +0,6 77 £04 9,2 +0,5
Reference cement // KOHTPOMbHbIN LIeMEHT 11,32 +04 29,6 +0,6 3,3+0,2 71 +£04
"ALITinform" International Analytical Review No. 4-5 (40) 2015 19
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Fig. 4. Mortar strengths of gap-graded blended cements with three-fractions: a — compressive strength; b — flexure strength

Puc.4.  MpoyYHOCTb cOCTaBa Ha OCHOBE LieMeHTa ¢ JobaBKamm Tpex GppaKLmnii NPepbIBUCTOrO rPaHyI0MeTPUYECKOro cocTaBa
a — NPOYHOCTb NPU CKATUW; b — NPOYHOCTb Npu U3rmnbde

The mortar strengths of gap-graded blended ce- npepsiBucroro 'MC u mopriaHiLeMeHTa OTIMYA0T-
ments varied slightly and seemed independent of the type Cs1 He3HAYUTEIIBHO.
of SCM used in coarse fraction, indicating that coarse
particles hydrated slightly and had only a minor contri-

bution to the strengths of blended cements. Table 8 shows 4.3  Cnocob ynpocTuTb TEXHOMOI IO N3rOTOBMIEHUA
that all gap-graded blended cements met the requirements LiemeHTa ¢ fob6aBKaMu NPepbIBUCTOro

of 42.5 grade blended cement, although as many as 55% rpaHynIoMeTPUYeCKoro cocTaBa

SCMs (25% GBFS and 30% other SCMs (or inert filler))

by mass were added. ITocKoMbKYy OOBIYHBII, IOCTABISIEMBIII IOTPeE-

O6uTenAM (IpOMBIIIJICHHBIIT) MOPTIAHAEMEHT XapakK-
TepusyeTcsA oOTHOCUTeNbHO y3kuM I'MC, kak mokxasaHo

5 Micro-structural development and Ha pUC. 5, 0COOEHHO PK IIOMOJIe Ha BEPTUKAIbHO
volumetric deformation of gap-graded PONMKOBON MenbHUIE [44], LeMeHTHI ¢ Job6aBKaMM
blended cement paste npepbsiBucTOoro 'MC MOTyT 6BITH IOTyYeHBI HEIOo-

CPeNCTBEHHO IIyTeM YBeIWYeHMA HONMN TOHKOJM-

51  Micro-structural development of gap- CIIepCHBIX ¥ KpyIHBIX ¢ppaknnit AM]I, xak moxasa-
graded blended cement paste HO B Ta61. 7 [9].

The micro-structural development of gap-graded ITpoyHOCTDb COCTaBa Ha OCHOBE LieMeHTa C f06aB-
blended cement, reference cement (interground blended Kamu npepsiBucToro I'MC n3MeHseTCs He3HAYUTENBHO

Table 6. Mixture proportions of gap-graded blended cements with three-fractions

Tabnnua 6. CocTaB LemMeHTOB ¢ fobaBKamu Tpex Gpakumin MPepbIBUCTOrO FPaHyIoMeTPUYeckoro cocTaBa

Fraction, um // ®pakumsa, MKm <8 8-32 >32
Content, % // Cogep<aHune, % 36 25 39
GBFS // paHynupoBaHHbI
BCB GBFS /TAll NOMEHHbIN WNak
BCF GBFS /AW Fly ash // 3ona-yHoc
BCS GBFS // Tl Cement clinker // Steel slag //
LleMeHTHbIN KNUHKep MeTtannypruyeckui lwnak
Cement ID // )
OBCE RN BCL GBFS // TAOL Limestone // M3BeCcTHAK
LleMeHTa scs Steel slag // Steel slag //
MeTtannypruyeckui lwnak MeTtannypruyeckui lwnak

PeliEne SamEnit ) 100% Cement clinker // 100% LieMeHTHbIN KnuHKep

MopTtnanauemeHT
Reference cement // 36% GBFS + 25% Cement clinker + 39% Fly ash //
KOHTpONbHBIV LieMeHT 36% L + 25% LemMeHTHbIN KNUHKeP + 39% 30na-yHocC

Note: 5% of gypsum dihydrate by mass of cementitious material was added for all cements in Table 6.
lpumeyaHue: Bo ce yuemeHmel, ykasaHHwsle 8 mabi. 6, 006asnieH 0u2udpam 2Unca 8 Konu4ecmase 5% macc. om co0epXaHus 8axyuie2o Mamepuana
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Table 7.

Mixture proportions of gap-graded blended cements

Ta6n|/|ua 7. CocTaB LLeMeHTOB C ,U,O6aBKaMI/I NpPepbIBUCTOro rpaHynomMeTpnyeckoro coctaBsa

Cementitious material //

Baxywmin matepuan dpakuma (<8 MKm)

Fine fraction (<8 um) // ToHkoamncnepcHas

Coarse fraction (>32 um) //

loy6asa dpakumsa (>32 MKM)
45 % 30 %
GBFS 7/ TAW

Fly ash // 3ona-yHoc

Basic Oxygen Furnace slag//
KoHBepTepHble Wnaku

Portland cement //
MopTnaHauemeHT

Limestone // 3BecTHAK

Fly ash // 3ona-yHoc

Content // CopepraHue 25%

GBCB GBFS /1AW

GBCF GBFS /AW

GBCS GBFS /AW

GBCL GBFS /AW

GB+F)CF 20% GBFS+5% Fly a;f;é/fo% rAW + 5% 3ona-
Table 8. Compressive and flexural strengths of gap-graded blended cements

Tabnuua 8. MNMpPOYHOCTb NPU CXKaTK 1 U3rnbe COCTaBOB Ha OCHOBE LIEMEHTOB C J06aBKaMy MPEPbIBUCTOrO FPaHyIOMeTPUYeCKoro cocTaBa

Cement ID // Flexural strength, MPa // Compressive strength, MPa //
Ob03HaueHne Mpepen NpoYHOCTM Npwu K3rbe, Mlla [Mpenen NpoYHOCTM NpK Cxatum, MIMa
LemeHTa 3 days // 3 cyTok 28 days // 28 cyTok 3 days // 3 cyTok 28 days // 28 cyTok
GBCB 6,8 +0,2 98+0,3 26,5+ 04 49,2 £0,5
GBCF 6,5+0,2 9,7 0,3 25,6 +0,5 47,3 +0,5
GBCS 6,8 +0,3 93 +0,3 26,6 +0,5 48,2 +0,6
GBCL 51 0,2 91 +04 22,705 44,8 +£0,5
G(B+F)CF 6,4 +0,3 94 +0,3 249+ 04 45,5 +0,4

cement) and Portland cement pastes were compared [10].
Fig. 6 shows that max solid volume concentrations of ref-
erence cement paste and Portland cement paste were 45%
and 49%, respectively, while that of gap-graded blend-
ed cement paste was as high as 56%, indicating smaller
amount of hydration products is needed to densify the
microstructure of hardened paste. Portland cement paste
had the highest amount of gel products, while reference
cement paste presented the lowest amount of gel products
at all tested ages. In contrast, gap-graded blended cement

u He 3aBUCUT OT Busia AM]I, ucnonb3syemMoro B KpyI-
HOJI ppakimy, yKasbIBas Ha TO, YTO KPYIIHbIE YaCTUILbI
UMeNU HU3KYIO CTelleHb IMApaTalluy ¥ BHOCAT He3Ha-
YNTENIbHBIN BK/IAaJl B IPOYHOCTh COCTAaBOB HAa OCHOBE
IIeMeHTOB C fobaBKaMu. B Tabm. 8 mokasaHo, 4TO Bce
LleMeHTBI ¢ fobaBkamy npepeiBucroro 'MC cooTBer-
CTBYIOT TpeOOBAHMUAM LieMeHTa ¢ JobaBKaMy Kjacca
42,5, X0TA B IleMeHT BBOAMIOCh 55% AM]] mo macce
(25% I'III n 30% ppyrux AMJI (M1 MHEPTHBIX Ha-
IIOJTHUTEIEN)).

a) b)
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7 - R 17 IR SURTUIE SIS ot [TpOMbILLTeHHbIV NOPTNaHALEeMEHT
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< X e
bt 5 . mercial Portland cement BN
gs bILLNEHHbIN NOPTNaHALE g S 60
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Fig. 5. Comparison of Fuller distribution and particle size distribution of commercial Portland cement:
a — Incremental volume of commercial cement as a function of particle size; b — Cumulative volume versus particle size
Puc.5.  CpaBHeHue pacnpegenexus no Oynnepy v rpaHyn1oMeTpryeckoro cocTaBa MPOMBbILLIEHHOMO LileMeHTa:
a — YacTHble OCTaTKV NPOMbILLNIEHHOTO LiIeMeHTa No pa3Mepy YacTul;
b — MonHble 0CTaTKN 3aBOACKOro LleMeHTa Mo pa3mepy Yactuy
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Fig. 6. Phase composition of hardened Portland cement, reference cement, BBCFF and BCF cement pastes:
a — Portland cement paste; b — Reference cement paste; c — BCF cement paste; d — BBCFF cement paste

Puc. 6. (Da30BbI COCTAB LLEMEHTHOIO KaMHSA Ha OCHOBE: d — nopTnaHauemMeHTa; b— KOHTPONIbHOIO UeEMEeHTa;

¢ — BCF-uemeHTa; d — BBCFF-uemeHTa

pastes had much higher amount of gel products than the
reference cement paste. For instance, the amount of gel
products in BBCFF cement paste was comparable with
that of Portland cement paste.

Fig. 7 shows that a large proportion of pores in
the reference cement paste existed in the form of large-
size pores (>100 nm) due to small amount of hydration
products, which is harmful to the mechanical proper-
ties of hardened paste. In comparison with the refer-
ence cement paste, the amount of large-size pores in
gap-graded blended cement pastes reduced significantly,
and the proportion of fine pores (<50 nm) in gap-graded
blended cement pastes was even larger than that of Port-
land cement paste, especially for BBCFF cement paste.
The refinement of pores in gap-graded blended cement
pastes can be attributed to high initial packing density
of cement paste (grain size refinement) and significant
hydration of BES.

Phases in hardened cement paste can be classi-
fied into three categories as gel products, pore, and “mi-
cro-aggregates” (Ca(OH), and un-hydrated components).

5 ®opmupoBaHne MUKPOCTPYKTYPbI
1 o6bemHble aedpopMmaLv LLEeMEHTHOrO
KaMHsA ¢ fo6aBKamu NpepbIBUCTOro
rpaHyNomMeTpuYecKoro coctaBa

51  QopmupoBaHUE MUKPOCTPYKTYPbI LLEMEHTHOMO
KamHA ¢ fobaBKamy NPepbIBUCTOrO
rpaHyfoMeTpUYECcKoro cocTaBa

B xogie uccnenoBanms 6bIIO0 TPOBETEHO CPaBHEHE
nporecca GopMUpPOBaHIII MUKPOCTPYKTYPHI [IEMEHTHOTO
KaMH ¢ jobaBkamu mpepsiBrctoro 'MC, KOHTPOIBHOTO
nemeHTa (eMeHTa ¢ J06aBKaM, BBEJEHHBIMI [IPU U3-
Me/bueHNnn) u noptTaaHpuemMenta [10]. M3 puc. 6 BujHo,
YTO MaKCUMajbHasl 06'beMHast KOHLIEHTPALs TBEPHOL
(a3bl B KOHTPOIPHOM IIEMEHTHOM COCTaBe M COCTABE Ha
OCHOB€ IOpT/IaHAlleMeHTa paBHa 45% u 49% cooTBeT-
CTBEHHO, B TO BpeMs KaK 3Ta Be/IMUMHA Y 1[eMEHTHOTO
KaMHs ¢ fobaBkamu npepsiBucrtoro 'MC MoxeT Hoxo-
IUTD 1O 56%, YTO yKa3bIBaeT Ha MEHbIIIee KOMNIECTBO
IPOAYKTOB TMApATAL{NY, HEOOXOAMMBIX AJIsl YIUIOTHE-
HUS MUKPOCTPYKTYPBI TBepaietoiero recta. Cocras Ha
OCHOBe MOPT/IaHJlLIeMeHTa COfep>KUT MaKCUMaabHOe
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Fig. 7. Pore size distributions of Portland cement,
reference cement, BBCFF and BCF cement pastes cured
for 28 days

Puc. 7. PacnpepeneHue nop no pasmepy B o6pasuax
13 NopTnaHALEMEHTa, KOHTPOSbHOTrO LiemeHTa, BBCFF-
n BCF-uemeHTa B BO3pacTe 28 CyTOK

Compared with Portland cement paste, referent cement
paste had smaller amount of gel products, higher poros-
ity and larger amount of “micro-aggregates” (Table 9),
while the amounts of hydration products and “micro-
aggregates”and porosity of gap-graded blended cement
paste were nearly equal to those of Portland cement. “Mi-
cro-aggregates”in gap-graded blended cement paste were
mainly un-hydrated SCMs (such as fly ash), while those in
Portland cement paste were un-hydrated cement clinker
and Ca(OH),.

Since both cement clinker and SCMs with high
activity (such as GBFS) in gap-graded blended ce-
ment paste had higher hydration degree (GBFS con-
tributes about 43% of total hydration products), the
microstructure of gap-graded blended cement pastes
appeared even denser than that of Portland cement
paste, especially for BBCFF cement paste. Therefore,
gap-graded blended cements presented comparable
or even higher mechanical properties compared with
Portland cement.

KOJIYeCTBO Te/le00pa3HbIX IPOSYKTOB, TOIfa KaK KOH-
TpO/IbHOE — HayMeHbllee (Ha BCeX VMCCIeJOBAaHHBIX
CTafiNAX TBepfieH!Us:A). B IpOoTMBOMONIOKXHOCTL 3TOMY,
B IIEMEHTHOM KaMHe ¢ fjobaBKkamu npepsiBucroro TMC
resie00pasHbIX IPONYKTOB ropasfo 6osblile, 4eM B KOH-
TPOIBHOM I}eMeHTHOM KaMmHe. Takum o6pa3oMm, Komm-
4eCTBO rejie0OpasHbIX IPOLYKTOB B COCTaBe HA OCHOBE
BBCFF-11eMeHTa U B COCTaBe Ha OCHOBE MOPTIAH/IIE-
MEHTa MOXXeT ObITh COMTOCTABMMO.

Ha puc. 7 mokasaHo, 4TO BC/IEACTBME MA/IOTO KO-
NMYecTBa MPOAYKTOB TUApATALNK OOIbLIASA JOMA HOP
B 00pasiax M3 KOHTPOJBHOTO I[eMEHTA IIPUXOJUTCS
Ha KpymnHble Hopbl (>100 HM), 4YTO OTPULIATENBHO CKa-
3bIBAETCSA Ha MEXaHMYECKMX IMOKa3aTelsaX LeMEHTHOTO
KaMmHs1. [1o cpaBHeHUIO ¢ 06pa31oM 13 KOHTPOIBHOTO [je-
MeHTa KOJIMYeCTBO KPYIHBIX IIOP B 00pasIjax 13 lleMeHTa
¢ fobaBkamu npepbiBrctoro 'MC cymiecTBEHHO MeHb-
1re, a KOs MenKuX nop (<50 HM) B HeM fake Oorblie,
JeM B 06pasiax 13 HOPTIAHALIEMEHTa, 0COOEHHO B ClTydae
BBCFF-1iemenTa. YMeHblleHe pa3MepOB 1Op B 06pas-
Ijax U3 LeMeHTa ¢ fjob6aBkamu npepeiBrucroro I'MC mo-
JKeT ObITh 06bACHEHO BBICOKOI HAYaAbHOM INIOTHOCTHIO
YIIaKOBKM LIEMEHTHOTO TecTa (YMeHbIIeH)e pasMepa 3e-
PeH) U BBICOKOII cTeneHblo rupparanyu BES.

@a3pl B [[eMEHTHOM KaMHe MOXXHO PasfennTb
Ha TpU BUfA: Telie06pasHble IMPOSYKTHI, IIOPBL U «MIU-
kpoarperatsl» [Ca(OH), v HeruppaTpOBaHHbIE 3epHa].
ITo cpaBHEHMIO C COCTABOM Ha OCHOBE OPT/IAHALIEMEHTa,
[JeMEHTHBIIT KaMeHb Ha OCHOBE KOHTPOJIBHOTO IIleMeHTa CO-
[IEPXKUT MeHblIIee KOTNIECTBO refie06pasHbIX IIPOJYKTOB
1 607IblIIEe KOMMYECTBO «MUKPOATPEraToB», a TAK)KE MMEeT
6071ee BHICOKYIO TOPUCTOCTD (TA67I. 9), TOTA KaK B COCTA-
BaX Ha OCHOBe IleMeHTa ¢ fobaBkamy mpepbiBuctoro I'MC
M OOBIYHOTO TIOPT/IAHALIEMEHTA IOPUCTOCTD U KOTITIECTBO
TUPATHPOBAHHBIX IPOAYKTOB I «<MUKPOArperaroB» mpu-
MEepHO OMHAKOBBIL. B cocTaBax Ha OCHOBe IJeMeHTa C Ji0-
6aBkamu npepbiBucToro 'MC «MMKpoarperatsl» mpep-
CTaB/LAIOT CO00IT IPENMYIIeCTBEHHO HETVPAaTPOBAaHHBIE
AM]I (Takme Kak 30/1a-yHOC), TOIla KaK B COCTaBe Ha OC-
HOBe IIOpT/IaHIlleMeHTa 3TO HeTUPAaTPOBAaHHBIE 3epHa
nemeHTHOro Kauukepa u Ca(OH);.

Tax Kak M IIeMEHTHBIN KIMHKEpP, ¥ BBICOKO-
aktuBHble AM]JI (takme, kax I'/JIII) B cocTtaBax Ha

Table 9. Phase composition of hardened Portland cement, reference cement, BBCFF and BCF cement pastes cured for 28 days,

volume percentage

Tabnuua 9. ®a3oBbI COCTAB LEMEHTHOrO KaMHA Ha OCHOBE MOPTAaHALEMEHTa, KOHTPONbHOro LemeHTa, BBCFF- n BCF-uemeHTa B Bo3pacTe

28 cyTOK, % 06.

Gel products //

Category // Kateropua leneobpasHble Pore // Topel
NPOAYKTbI

Phase // ®asa CS-H, CA-Hreno n AFy 1 OrOsity /
[TopucTtocTb

Portland cement // 5146 20,03

MopTnaHauemMeHT

Reference ce[hem // 39,28 9555

KOHTPONbHbBIN LieMeHT

BCF 50,35 21,05

BBCFF 53,98 18,95
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Cement clinker

«Micro-aggregates» // «<Mukpoarperatbi»

// LleMeHTHBbIN Ca(OH),  BFS 3F'y ashi/ S,
Ona-yHoC Cymma
KINVHKep
16,24 12,27 0 0 2851
3,59 235 11,66 17,57 3517
092 294 5,04 19,70 28,60
0,60 3,04 1,58 21,84 27,06
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Fig. 8. Autogenous shrinkage of Portland cement, reference
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Pnc.8.  CobcTBeHHas ycajka COCTaBOB Ha
OCHOBE MOPTNAHALEMEHTA, KOHTPONBHOIO LIEMEHTA,
BCF- n BBCFF-uemeHTa

5.2 Volumetric deformation of gap-graded
blended cement paste

Compared with Portland cement paste, gap-graded
blended cement pastes presented a larger decrease in autog-
enous shrinkage during 500-1250 min (Fig. 8) due to the
generation of larger amount of aluminum-incorporated hy-
dration products (significant hydration of GBES). Although
with the same mix proportion, gap-graded blended cement
pastes performed a smaller autogenous shrinkage than ref-
erence cement paste, especially for BBCFF cement paste.
The reason can be attributed to that gap-graded blended
cement pastes have much higher mechanical properties
than reference cement paste especially at early ages, lead-
ing to a higher resistance to volumetric deformation [8].

Gap-graded blended cement pastes presented long-
er initial cracking time compared with Portland cement
paste. Notably, the width of initial cracks of cement pastes
showed significant difference as shown in Fig. 9. Portland
cement and reference cement pastes had only one wide

The width of crack //
LUnpuHa packpbiTvA TpewwuHbl = 0.42 mm // Mm

Portland cement paste //
CocCTaB Ha OCHOBE MOpTNaHALEMeHTa

The width of crack //
LUnpuHa packpbiTva TpewwmHel = 0.34 mm // Mm

B e‘\

Reference cement paste //
COCTaB Ha OCHOBE KOHTPOSBHOTO LIEMEHTa

cement | LemeHT

OCHOBe IjeMeHTa ¢ fobaBkamu npepsisucroro 'MC xa-
PaKTepUsYITCS BBICOKOI cTenenbio ruppatanyu ([T
faeT oKo/mo 43% oT 0611ero Kom4ecTBa IPORYKTOB I'i-
ApaTalyuy), MUKPOCTPYKTYpa TaKOTO COCTaBa MMeeT
6oree IMIOTHYIO CTPYKTYPY, YeM MUKPOCTPYKTYpa co-
CTaBa Ha OCHOBe IIOPT/IaH/IIleMeHTa, 0COOEHHO B CTy4ae
BBCFF-nementHoro cocrasa. [loaTomMy cocTaBbl Ha OCHO-
Be 1leMeHTa ¢ fobaBkamu npepoiBucToro 'MC obnmagaoT
OJIMHAKOBBIMU MJIN Jia>Ke 60JIee BBICOKMMIY MeXaHIYeCKI-
MU CBOJICTBaMU 110 CPAaBHEHMIO C HOPTIAHALIEMEHTOM.

52 O6bemHan gedpopmauns COCTaBOB Ha
OCHOBE LieMeHTa ¢ foH6aBKamy NPepbIBUCTOrO
rpaHynomMeTpryeckoro coctaBa

Ilo cpaBHeHMIO C COCTaBOM Ha OCHOBE NMOPT/IAHJ-
IleMeHTa, COCTaB Ha OCHOBe 1leMeHTa ¢ BobaBKaMu IIpe-
poiBucToro I'MC umeer 6ornee HM3KVe 3HAUYEHUA yca-
IOYHBIX feopManuii B mepuop 500-1250 My (puc. 8)
u3-3a 06pa3oBaHuA OONBLIOTO KOMNYECTBA NPOAYKTOB
TUApaTalMU C BKIIOYEHMSIMY aTIOMUHNA (3HAYUTENIb-
Hout rugpatauuy II). HecMoTps Ha ogMHAKOBOE CO-
OTHOIIEHNEe KOMIIOHEHTOB CMeCH, COOCTBEHHasI ycafKa
COCTaBOB Ha OCHOBe L[eM€eHTa C J0OaBKaMM IIPEPHIBUCTO-
rO IpaHy/IOMeTPUYECKOTO COCTaBa MeHblIIe, YeM y KOH-
TPOJIBHOTO [JEMEHTHOTO COCTaBa, 0COOEHHO COCTaBOB Ha
ocaoBe BBCFF-1niemenTa. Ilpnanaa 3aK/I09aeTcsa B TOM,
YTO COCTaB Ha OCHOBE IleMeHTa C J0OaBKaMy MPePhIBU-
croro 'MC umeer 607mee BbICOKME MeXaHMYECKIE T10-
KasaTesIl, 4eM COCTaB Ha OCHOBE KOHTPOJIbHOTO LieMeH-
Ta, 0COOEHHO Ha PAHHEN CTA[JUU TBEPLEHNS, UYTO BELET
K 60jIee BBICOKOIT YCaJOYHON TPELIHOCTOMKOCTH [8].

CocTraB Ha OCHOBe IjeMeHTa C fo6aBKaMu Ipe-
poiBrctoro T'MC xapakTepusyercs 641bIINM BpeMeHeM
JI0 HayasIa MOsAB/IEHN A TPEMIMH 10 CPAaBHEHMIO C COCTaBOM
Ha OCHOBe NOpTAaHfeMenTa. [Ipydem mMupuHa pacKphl-
TUA TPEIMH B [IeMEHTHBIX COCTABaX 3HAYMTENBHO OT/IN-
JaeTcA, puc. 9. CocTaBbl HA OCHOBE IIOPT/IAH/ILIEMEHTa
U KOHTPOJIBHOTO IIEMEHTA MIMEM TONIbKO OFHY TPEeIMHY
C 6OMBIINM pacKpBITHEM, TOTA KaK B COCTaBaxX Ha OcC-
HoBe BCF- u BBCFF-11eMeHTOB 3adMKCHPOBaHbI YeThIpe

The width of crack //
LUnpuHa packpbiTna TpewwmnHbl = 0.08 mm // mm

- ¥ =,
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BBCFF cement paste //
CocTaB Ha ocHose BBCFF-LemeHTa

Fig. 9. Restrained cracking images of Portland cement, reference cement and BBCFF cement pastes
Puc.9.  O6pasoBaHue TpewmH B 06pa3sLax Ha OCHOBE NOPTNAHALEMEHTA, KOHTPONbHOIO LieMeHTa, 1 BBCFF-uemeHTa, 3aKpenneHHbIx

B CneyuanbHoi popme
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Table 10. Fracture energy of Portland cement, reference cement, BBCFF and BCF cement mortars
Tabnuua 10. DHeprus paspyLLeHns CTPOUTENbHbIX COCTAaBOB Ha OCHOBE NMOPTIaHALEMEHTA, KOHTPONbHOro LemeHTa, BBCFF- n BCF-uemeHTa

Reference cement //
KOHTPONbHbIN LIeMeHT

Cement Id. // Obo3HayeHue LemeHTa

Fracture energy (N/m) // Pabota paspyweHrna (H/m)

crack, while BCF and BBCFF cement pastes presented
four fine cracks, indicating that shrinkage stress in gap-
graded blended cement pastes is much smaller and uni-
formly distributed than those in Portland cement and
reference cement pastes.

Compared with Portland cement mortar, gap-grad-
ed blended cement mortars had nearly equal anti-load
ability and slightly larger extensibility (or toughness) as
shown in Fig. 10. Table 10 shows that the fracture energy
of reference cement and Portland cement mortars were
46.4 N/m and 53.9 N/m, respectively. In contrast, the
fracture energy of BCF and BBCFF cement mortars were
as high as 72.3 N/m and 80.7 N/m, respectively. In sum-
mary, gap-graded blended cement pastes presented smaller
volumetric deformation and superior resistance to crack-
ing than Portland cement and reference cement pastes.

6 Conclusions

The main conclusions that can be drawn from the
present review are summarized as follows:

(1) A gap-graded blended PSD was proposed for
blended cement to achieve high initial packing
density.

) To utilize cement clinker and SCMs more effi-
ciently, SCMs with high activity, cement clinker,
and SCMs with low activity or inert fillers should
be arranged in the fine, intermediate and coarse
fractions, respectively.

1200 BCF  BBCFF
\ // Portland cement //
[TopTnaHaLemeHT
1000
300 4 Reference cement //

KOHTPOMbHBIN LieMeHT
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Fig.10.  Flexural load — flexure extension curves of mortar
specimens of Portland cement, reference cement, BCF
and BBCFF cement mortars

Prc.10. Tpaduk 3aBucMmocTun nporuba ot 3rubatowei
Harpysku o6pasLoB pacTBOpa Ha OCHOBE Pa3NINYHbIX
BU/IOB LIEMEHTOB
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Portland cement //

BCF BBCFF
MopTnaHaLuemMeHT

46,4 +5,8 539+37 72,3 +4,6 80,7 +4,1

MeJIKIe TPeUVHbI, YKa3blBas Ha TO, YTO yCalouHble Ha-
HpsDKEHNS B COCTaBe M3 LeMEHTa ¢ J06aBKaMu Ipepsl-
Buctoro 'MC HaMHOTrO MeHbllle U pacrpesesieHsl bonee
PaBHOMEPHO, YeéM B COCTaBaX Ha OCHOBe NMOPTIaH/Ie-
MeHTa MM KOHTPONBHOTO LIeMEeHTa.

ITo cpaBHeHUIO C pacCTBOPOM Ha OCHOBE IIOPT-
NaHZALleMeHTa PacTBOPHI U3 [leMeHTa ¢ fobaBKaMu mpe-
poiBrcToro 'MC o6nafaioT npuMepHO OZMHAKOBOI CIIO-
COOHOCTBIO COIPOTUBIIATHCS HATPY3Ke U HoIee BBICOKOIT
PACTKMMOCTBIO (V1M BASKOCTBIO pa3pylIeHN), KaK Ho-
KasaHo Ha puc. 10. [IpuBenennsle B Tabm. 10 faHHbIe
CBUJIETENILCTBYIOT O TOM, UTO 9HEPI, 3aTpadyrBaeMas
Ha paspylleHre obpasiia Ha OCHOBe KOHTPOJIBHOIO Iie-
MeHTa ¥ TOPTIaHAIeMeHTa paBHa 46,4 u 53,9 H/m co-
OTBETCTBEHHO. B IIPOTUBONONIOXXHOCTD 3TOMY, pabora
paspylleHNs CTPOUTENBHBIX PacTBOpOB Ha ocHoBe BCF-
n BBCFF-niemenToB moxomut mo 72,3 u 80,7 H/m coort-
BeTCTBeHHO. TakyM 06pa3oM, COCTaB Ha OCHOBE II€MeH-
Ta ¢ fobaBkamu npepsiBucroro 'MC xapakrepusyercs
MEHBIIMMY YCaJOuYHbIMU HedOpMaLMAMU U BBICOKOI
TPELMHOCTOMKOCTDIO IO CPABHEHMIO C COCTaBaMM Ha
OCHOBE MOPTIAHALIEMEHTA ¥ KOHTPO/IBHOTO IJeMEHTa.

6 3aknoyeHue

OcHOBHBIE BBIBOJBI, KOTOPbIE MOXXHO CHE/IaTh
Ha OCHOBE NIPUBEACHHDBIX B CTAaTb€ JaHHDbIX, 3aK/II049a-
I0TCA B CIIEAYIOLIEM:

1 IIns obecriedeHNs1 BHICOKOI Hava/IbHOI ITIOTHO-
CTM YIIAaKOBKY IIPeJiIaraeTcs MpephIBUCTHIN, T.e€.
C TIPOIIYCKOM HeKOTOPbIX (ppaKimit, rpaHyIOMe-
TPUUYECKMIT COCTAB IlEMEHTA C JOOaBKaAMIL.

) BoicokoakTuBHble AM]I, 1IeMEHTHBIN KIMHKEP
u AM]I ¢ HU3KOJ aKTMBHOCTBIO MU MHEPTHBIE
HAMoNHUTeNN 151 6071ee 3¢ (eKTUBHOTO UCIIONb-
30BaHMA IJeMEHTHOrO KnuHKepa u AM]I creny-
eT IoJipa3/ie/IATh Ha MeJIKUe, IIPOMEXYTOYHbIe
U rpy6ble GpaKIMu COOTBETCTBEHHO.

(3) CocTaBbl Ha OCHOBE L[EMEHTOB C J0O6aBKaMy IIpepbl-
Bucroro 'MC, copiep>kaIimx Tonbko 25% KIMHKepa,
VIMEIOT IPOYHOCTb, COIIOCTABUMYIO C IIPOYHOCTDIO
COCTABOB Ha OCHOBE MOPT/IAHJIIEMEHTa, a TAKXKe
uMeroT 6o/lee HM3KMe 3HAYEHMSI YCaZOIHBIX Jie-
¢dbopManuii U BEICOKYIO TPELUVTHOCTOVKOCTb.

4 Kak 11eMeHTHBINI K/IMHKep, TaK U BBICOKOAKTMB-
uble AM]I (takue, kak ['JIIII) B cocTaBax Ha OcC-
HOBe IleMeHTa ¢ fo6aBkaMu npepsiBucroro I'MC
UMeIOT 60Jlee BBICOKYIO CTelleHb IMApaTaluiy,
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(3)  Gap-graded blended cements with only 25% clinker
content presented comparable strengths and su-
perior volume stability and cracking resistance
compared with Portland cement.

(4)  Gap-graded blended cement paste had a uniform
and dense microstructure due to significant hy-
dration of both cement clinker and GBFS.

(5) Compared with Portland cement and reference ce-
ment (interground blended cement), gap-graded
blended cements can contribute to significant CO,
emissions reducing, resources and energy conser-
vation, and will play a very important role in sus-
tainable development of the cement industry.
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B pesynbraTe 4ero ¢popMmupyercs 6onee ogHO-
POAHAA U IVIOTHASA MUKPOCTPYKTYpa.

ITo cpaBHEHMNIO C MOPT/IAHALIEMEHTOM U IIeMEH-
TOM € 106aBKaMU, IONTYYeHHBIM COBMECTHBIM
IIOMOJIOM KOMIIOHEHTOB, IPMMEHEHMNE I[eMeH-
TOB ¢ fo6aBKamy npepsiBucroro 'MC npuso-
IUT K CYL[eCTBEHHOMY COKPallleHII0 BHIOPOCOB
CO,, a TakXe K 9KOHOMUM IPUPOJHBIX pecyp-
coB 1 3Hepruu. brarogapsa sToMy oHH, IO MHe-
HUIO aBTOPOB CTAaThbM, OYAYT UTPATh BaXKHYIO
poOJb B IEPCIEKTVBHOM Pa3BUTHUN [[eMEHTHOI
I POMBIIIIEHHOCTH.
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CORRECTIONS VALUE IN RUSSIAN FEDERATION
FEDERAL LAW «ON PRODUCTION AND

CONSUMPTION WASTE» TO INTENSIFY
THE USE OF INDUSTRIAL WASTE AND BY-
PRODUCTS IN CEMENT PRODUCTION

BywunxuH B.B., HayuHbin KOHCYNbTaHT, JlomTeB A. 10., KaHAVAAT MEAVLIMHCKNX HaYK, FeHepanbHbi AUPEKTOP,
KontoH .M., 3amecTutens reHepansHoro gnpexktopa, OO0 «MHCTUTYT NPOeKTUPOBaHNA,

SKOMOTUN U ruUrveHbl», 1. CaHkT-lNeTepbypr, Poccua

SHAYEHWNE TOTMNPABOK, BHECEHHbBIX

B OEAEPAJIbHbBIV 3AKOH PO «OBb OTXOAAX
MPOV3BOLOCTBA V1 TTOTPEBJTEHIA,

LA AKTBSALNKM MCTOJNTB3OBARIA
[TPOMBILUTEHHbBIX OTXOLOB N TTOBOYHbBIX
NMPOLYKTOB B ULEMEHTHOM INMPON3BOLACTBE

Abstract

In the modern world, production and consump-
tion waste is regarded as a source of materials and en-

ergy. In late 2014, significant amendments were made
to the Federal Law On Production and Consumption

Waste, the purpose of which is the general transforma-

tion of the waste management sector by implementation

of economic and administrative steps to stimulate pro-

ducers’ responsibility and return of waste in production
as secondary resources.

The cement industry is potentially a major con-

sumer of waste.

The article discusses the prospects that appear as
a result of the law amendments for the Russian cement
industry as a waste consumer.

Key words: cement production; alternative fuel;
federal law; ash and slag waste; fuel consumption and
economy.

1 The situation with the use of waste
of various origin in cement production
in the Russian Federation

The Russian cement industry makes over 40 ce-
ment types that meet the requirements of very diverse sec-

tors of the economy. Portland cement, which is significant
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AHHOTaUMA

B coBpeMeHHOM MMpe OTXOZBI IPOM3BOJCTBA U I10-
Tpeb/IeHNsI paCCMATPUBAIOTCS KAK ChIPbEBbIE U SHEPTreTH-
4yecKkue pecypchbl. B koHie 2014 1. OpUIM BHECEHBI Cyllje-
cTBeHHbIe M3MeHeHusA B O3 «O6 0TX0ofax MpousBOfCTBA
U TIOTpeb/IeHN 1», KOTOPbIe IMEIOT LIe/IbI0 Tpe06pa3oBaTh
obmacTb obpalleHNs ¢ OTXOAMIY 3a CUEeT BHEPEHNUS 9KO-
HOMUYECKUX U A[IMUHUACTPATUBHbBIX PbIYaroB, CTUMY/IN-
PYIOLIMX OTBETCTBEHHOCTD IIPOM3BOJMUTENA 3a BO3BPAT OT-
XOJI0B B IIPOM3BOJICTBO B KAY€CTBE BTOPMYHBIX PECYPCOB.

IJemenTHas npoMbilieHHOCTh PO Takke IoTeH-
LIMa/IbHO SABJISETCSA KPYHHENIIM IOTpebuTeneM Ipo-
MBIILIJIEHHBIX OTXOJ0B 1 IIOOOYHBIX IPOLYKTOB SPYTUX
oTpacieil HApOJJHOIO X03CTBa.

B cratpe paccMaTpmBaAIOTCA IIEPCIIEKTUBBI B L€~
MEHTHOM IIPOMBIIII/IEHHOCTN P(D, CBA3AHHbIC C UIBMECHE-
HUAMHU B 3aKOHOOATE/IbCTBE.

Knrouesvie cnosa: np0u3eoacm30 uemeHma, anvmep-
HamusHoe moniuso, ¢€aepaﬂhi—lblﬁ 3AKO0H; 30710U471AdK08ble
omxoam; nompeGHeHue U 3IKOHOMUA monausa.

1 Ucnonb3oBaHne oTXoA0B
npun npon3BoacTBe LLeMeHTa

OTeyecTBeHHaA OEMEHTHAaA IIPOMBIIIJIEH-
HOCTDb BBIITYCKAa€T HECKOIBKO NECATKOB BUAOB I MapOK



for the entire industry, is a basic product in the product
range of cement plants.

A broad range of cements is based on Portland ce-
ment in view of the features of exploitation of building
structures and elements.

In particular, there is high early strength cement,
Portland cement with mineral admixtures, Portland ce-
ment for asbestos cement products, sulfate-resistant Port-
land cement, slag Portland cement, self-stressing and road
Portland cement, and other types of this binder.

Slag Portland cement was once made in limited
amounts at process lines of metallurgic plants. How-
ever, the need to increase cement production and deve-
lopment of the technology for using basic and especial-
ly acidic blast furnace slag made it possible to increase
the amount of cement production. Our country was one
of the global leaders in production of this very efficient
cement type. Production of the brand 500 of slag Port-
land cement was mastered. At present, the share of slag
Portland cement is close to 3% (data of the Federal State
Statistics Service).

Research on the use of active mineral admixtures
in cements made it possible to develop a new class of ce-
ments, namely, pozzolanic Portland cement. In 1991, its
output amounted to 1.5% of the total cement production.

Physically, the amount of ash and slag waste that
was used in 1990 amounted to 26-29 mln tons, whereas
currently it is 5-6 mln tons per year.

It should be remarked that the current market
needs are not reasonable and are due to the general de-
cline of the culture of using cement according to its pur-
pose.

Admixture-free cement is used frequently instead
of low-clinker cement. E. g., the cement brand — 500 is
used for masonry and plastering mortar and for produc-
tion of many items where it would be economically and
sometimes technically feasible to use low-brand and ad-
mixture cement.

That increases the cost of cement production and
makes its use in individual types of construction ineffi-
cient, which results in higher cement prices and cement
costs in construction.

As a result, the self-cost of building materials and
primarily cement in Russia is much higher than that of
many foreign products.

It should be remembered that, according to calcu-
lations that were made at the Cement Research Institute
(NIICement) and the Reinforced Concrete Research In-
stitute (NIIZhB), production of one ton of ITLI-ZI0 Port-
land cement requires one ton of clinker, which results
in 2.9 m* of M300 concrete, while using cement brand
IIITTI1-400 slag Portland cement with finely ground slag
results in 4.5 m® of the same M300 concrete.
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LIeMEeHTOB, YTO II03BOJISAET YLOBIETBOPATD TPeOOBaHNA
CaMBbIX pa3MMYHBIX OTpaciell HapOJHOTO X03AMCTBa.
[MopTnaHALEMeHT, MMEILWNIT 00IIe0TpacieBOe 3HaUe-
HMe, 3aH/MaeT OCHOBHOE MECTO B aCCOPTUMEHTe IIPOo-
AYKLMM LIeMEHTHBIX 3aBOJIOB.

Ha ocHoBe mopTiaH/lieMeHTa BBITYCKAaeTCA IIN-
POKMII CIIEKTp IIeMEHTOB C yYeTOM 0COOEHHOCTeIl IKC-
IUTyaTallMU CTPONTETbHBIX KOHCTPYKIUI U COOPY>KEHMIA.

LlemeHTHBIE 3aBOIDL, pabOTAOIME HA TEPPUTOPUN
P®, mpousBogAT GBICTPOTBEPAEIONINIT IIOPTIAHILIEMEHT,
MOPT/IAHAIIEMEHT C MUHEPATbHBIMHU JOOABKaMI, IOPT-
MaHALIEMEHT A5 acOeCTOLleMEHTHBIX U3eNNI, Cynbda-
TOCTOJMKII NMOPTAaH[LEMEHT, HITAaKOMOPT/IAHALEMEHT,
HaIpATaIOIUI, JOPOXKHBIA MOPTAAHALEMEHTDI U IPY-
TVie BUJBI 3TOTO BSXKYIIETO.

[IIrakomopTIaHALIEMEHT paHee BBIIYCKAJICs
B OTPaHMYEHHBIX KOMMYECTBAX (Ha TEXHONOTMYECKUX
JIVHUAX IIPYU MeTAJUTYPrudecKuX 3aBojiax), OGHAKO HeoO-
XOJVIMOCTD yBeIM4eHNA IIPOM3BOJICTBA IIeMEeHTa, paspa-
60TKa TEXHONOTUY UCIIONIb30BAHMA OCHOBHBIX, M 0COOEH-
HO KVICTIBIX, [IOMEHHBIX [IJIAKOB IIO3BOJIM/IN PACIIVPUTD
06beM IIPOM3BOACTBA 3TOTO BMfA BsDKyIero. Ilo ypos-
HI0 9 PeKTUBHOCTY IPON3BOACTBA 3TOTO BUAA [IeMEeHTa
Hallla CTPaHa 3aHMMasa OJJHO M3 MEePBbIX MECT B MUPE.
Bb1710 0CBOEHO ITPOM3BOACTBO IIIAKOMIOPTIAH/LIEMEHTa
Mapku 500. B HacTos1ee BpeMs 0/ IIJIAKOIOPTIaH] -
LleMeHTa cocTaBsgeT 0kono 3% (mauubie ®CIC).

ITpoBeneHye HayYHO-UCCIIEROBATEIbCKUX PabOT
110 MICIIO/Ib30BAaHMIO B COCTaBe IeMEHTOB aKTUBHBIX M-
Hepa/bHBIX J0OABOK IO3BOIM/IO CO3[ATh HOBBII KJIacc
LIEMEHTOB — ITYLILJOJIAHOBbII IOPTIaHALIEMeHT. B 1991 .
ero BBIIYCK cocTaBma 1,5% oT obuiero obpema mpomns-
BOJICTBA IlIEMEHTA.

O6BbeM UCIONb3yeMBIX 30/I0IITAKOBBIX OTXOf0B
B 1990 . cocTaBnAn 26-29 MJIH T, B HacTosALIee BpeEMA —
OKOJIO 5—6 MJIH T B T'OfI.

CTOUT OTMETUTD, YTO TEKyLne HOTPC6HOCTI/I
PBIHKA LIEMEHTA IIPEACTAB/IAIOTCA Masio060CHOBAaHHBbI-
MM ¥ BBI3BAaHBI 06HH/IM CHVIDDKE€HVEM KY/IbTYPbI VICIIONb-
30BaHNA HEMEHTOB I10 X HA3HAYCHUIO.

Hepenko BMeCTO Ma/IOKNMHKEPHBIX IPYMEHAIOT-
cs1 6e300aBOYHbIE IleMeHTHI. TakK, HanpyuMep, [ieMEeHT
Mapky 500 ucnonb3yercs 4 IPOU3BOACTBA K/IaOYHbIX
U IITYKaTypPHBIX pPaCTBOPOB, a TAK>Ke IIPM BBIITyCKE MHO-
TUX U3, Tie SKOHOMIYECKM, @ MHOTAA U TEXHUYECKIL,
erecooOpasHee IPUMeHATh HU3KOMapOYHble LIeMEeHTH,
copiepoKaliyie MYHepanbHble TOOABKIL.

9T0 BefieT K poCTy ce6eCTOMMOCTH LIeMEHTa, ero
Hea((PeKTUBHOMY UCIIONb30BAaHNUIO B OT/IC/IbHBIX BUIAX
CTPOUTENIbHBIX PaboT ¥, COOTBETCTBEHHO, K POCTY LieH
Ha LIEMEHT M 3aTparaM, CBA3aHHBIM C IIPYMEHEHNEM Iie-
MEHTa B CTPOUTENIbCTBE.

B pes3ynbraTre 1mokKasarenb cebecTOMMOCTI me-
MEHTa U CTPOUTENDbHBIX MAaTE€PMAIOB, IPONU3BOANMbIX
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The Table 1 shows the cement output from the
amount of binder containing one ton of clinker and
various amounts of granulated blast furnace slag ad-
mixture.

According to the Ministry of Industry and Science
of Russia, the share of waste use as a secondary raw ma-
terial in cement production does not exceed 7% of the
annual output, while in developed countries the share of
such use is as high as 70-100%.

According to NIIZhB estimates (2014), half (50%)
of the cement that is produced in Russia can and should
be made with admixtures of various origin.

PRC, the biggest cement producer worldwide
(2.4 billion tons in 2014) is planning to cut clinker pro-
duction as compared to the current level without cutting
cement production, which will be achieved by using waste
as cement admixtures.

The potential of use of admixtures from waste of
various origin in cement production subject to GOST
31108-2003, 30515, and 10178 standards can be as high
as 60 mln tons per year.

2 The basic types of ash and slag waste
that are used in cement production

Ferrous metallurgy slag: blast furnace and steel.

Blast furnace slag is produced in the course of
cast iron production and cooled in granulating facilities
at furnaces with radical water cooling; the product of
their grinding has binding properties and is used as ac-
tive mineral admixtures.

Steel slag in metallurgic production is generat-
ed in the process of refining steel from harmful impu-
rities and protects metal from oxidation by the gas en-
vironment.

The total amount of blast furnace slag produc-
tion in Russia in 2007 amounted to approximately 17.3
mln tons, of which granulated slag is 5.8 mln tons and
broken slag is 8.1 mln tons. The main consumer of
granulated blast furnace slag is cement plants, which
consume 4.9 mln tons, or 84% of the total amount of
granulated slag.

B Poccun, cyljecTBeHHO IpeBbIIIaeT 9TOT IOKa3aTeNb
BO MHOTMX 3apy6e)XHbIX CTpaHax.

YMecTHO Ipy 5TOM HAIIOMHUTb, 4TO, COIVIACHO pac-
geTaM, BoinoHeHHbIM B H M ement 1 HUVIKD, na mpo-
13BOZICTBO TOHHbI nopTIanaueMenTa [111-J10 pacxomyercs
TOHHA K/IMHKEPa, IPY 3TOM Iony4daeTcs 2,9 Mm> 6eToHa M300,
IIpY MCIIO/Ib30BaHMY ITaKonopTianaementa HITIIT — 400,
cofiepyKallero B KauyecTBe 100aBKV TOHKOVM3MeTbYEHHBDII
HUIaK, nonyunrcs 4,5m° Toro xxe 6erora M300.

IToxasaTenp BbIXOfa 6eTOHA M3 BAXKYIIETO, CO-
fepiKalllero TOHHY KIMHKepa Y pasngHoe KONMYeCTBO
HK06aBKY IPaHYIMPOBAHHOIO JOMEHHOIO IITaKa, Ipu-
Befied B Taom. 1.

ITo mannpIM MuHnpomuayku P®, fona orxonos,
UCTIONb3yeMBIX B KadyeCTBe BTOPMYHOTO ChIPbs IPU IPO-
U3BOMICTBE LIEMEHTA, He IIpeBbIIIaeT 7% OT UX TOI0BOTO
BBIXOJ]a, B TO BPEMS KaK B Pa3BUTHIX CTPaHaX YPOBEHb
ux yrunusanuu gocturaet 70-100%.

ITo onenkam HUVIKBE (2014 1.), monosuny (50%)
BBIITYCKaeMOTO IjeMeHTa B PD MOXXHO U HY>KHO IIPOM3-
BOJJUTD C UCIIO/Ib30BAHMEM Pa3/IMIHBIX 0OABOK.

KHP, xpynHeimmnit Ipou3BOAUTENb IJleMEHTa
B Mype (2,4 Mipa T B 2014 I.), INIaHUPYeT CHUDKATh IPO-
U3BOJCTBO K/IIMHKepa B CPABHEHUM C CYLIECTBYIOIINMU
HOKasaTeNAMY (P HeM3MEHHOM YPOBHE IPOU3BOJICTBA
[leMeHTa) 3a CYeT MCIIOIb30BAHNS IIPOMBIIITIEHHBIX OT-
XOJOB B Ka4ecTBe H0OABOK K [JEMEHTY.

B coorBercTBuM ¢ TpeboBaHmaMu B OCTax
31108-2003, 30515, 10178, KonMM4eCTBO OTXOMOB pas-
JINYHOI IPUPOJBI, UCIIONb3yeMBIX B KaueCcTBe [OOaBOK
K I[eMEeHTY, MO>KeT JOCTNYb 60 MJTH T B TOf.

2 OCHOBHble BMAbI NPOMbDILWIEHHbIX
OTXO0A0B, NCNOoJib3yeMbliX
npun npon3BoAcTBe LLeMeHTa

IlInaku 9YepHOIf MeTaTypruu — JOMEHHBIE U CTa-
TIeNIATEHBIE.

JToMeHHbIe ITAKU 06pasyIOTCA B Ipoljecce Ipo-
U3BOZACTBA YYT'YHA ¥ OX/IaXXHAIOTCA B IPUIOMEHHBIX
IPaHYCTAaHOBKaX IIyTeM Pe3KOTO BOJSHOTO OXJIaXK/e-
Hus. VI3MenbueHHBIN IPOAYKT B BUJI€ CTEK/IOBU/IHBIX

Table 1. Comparison of cement and concrete yield, using one ton of clinker and slag additives
Tabnuua 1. CpaBHeHue BbIXxOAa LieMeHTa 1 6eTOHa C UICNONb30BaHMEM TOHHbI KIMHKepa 1 JO6aBKM Wnaka

Cement brand //
Mapka yemeHTa

Clinker // KnuHkep Slag // Wnak
1L 400-10 1 0
ML 400-420 1 0,18
LML-400 1 0,40
LML-400* 1 0,60

*use of finely ground slag up to $=4,000-4,500 cm?’/g
*UCnosIb308aHUE MOHKOMO/IOMO20 WAKa 00 S — 4000-4500cm?/2
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Composition of cement charge, tons //
CocTaB LUeMEHTHOW LUMXTbI, TOHH

M300 concrete
output, m* // Beixop

Cement output,
tons // Boixog

Gypsum // Tunc LleMeHTa, TOHH 6eToHa M300, m*
0,05 1,05 29
0,05 1,22 34
0,05 1,45 4]
0,05 1,65 4,5



Nonferrous metallurgy slag: copper, nickel, and
aluminum (secondary) slag. Once the slag has been held
in water or on open sites for a long time, water-soluble
compounds are leached, after which the slag can be used
as a raw material for production of sulfoaluminate clin-
ker, expansible admixtures to concrete, etc.

Nonferrous metallurgy slag is so far used in small
amounts for cement production and for production
of mineral wool and cast products. Their output is
10-25 times greater than the output of nonferrous metals.

Electric thermophosphorus granulated slag is
waste of phosphorus production by the method of elec-
tric electrothermal distillation. It is produced by swift
cooling of silicate melt, which is generated in electric
kilns as charge is melted from phosphoric ore, quartz
rock, and coke. Output of one ton of phosphorus pro-
vides 10-14 tons of molten slag.

CHPP ash and slag is products of burning solid
fuel, namely, coal, turf, shale, and other combustible ma-
terials at heat power plants.

One should distinguish between the following:
> dry collection fly ash in cyclones and filters, which

are taken to ash collectors and then to silos and
consumers’ vehicles;

> fuel slag, a material that is accumulated in the
bottom part of furnace space of heating units;
> hydraulic removal ash and slag mix, which is

generated when ash collectors are cleaned with
water, after which the ash pulp is mixed with
slag. The ash and slag pulp is disposed to ash
dumps.

It has long been proven in the Russian and foreign
practice that CHPP ash and slag waste is a product for
use in production of building materials including cement.
Such materials can be used with high efficiency as substi-
tutes of natural raw components for clinker production
or as cement or concrete admixtures.

3 Use of alternative fuel
for cement production

The practical possibility of using heat from burning
heat of various origin for clinker burning and admixture
drying in the cement industry is a proven fact.

The process fuel that is used is natural resources
including gas, coal, and fuel oil.

Data on distribution of fuel types in cement pro-
duction in Russia are shown in Fig. 1.

Two trends that can be seen clearly are total domi-
nation of gas fuel and decrease of the share of coal.

With the cement production increase in the next
few years up to 80-90 mln tons per year, the gas need will
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AOMEHHBIX MIJITAKOB IIMPOKO MCIIOTIB3YETCA B KAa4€CTBE
AKTUBHBIX MMHEPA/TbHBIX ,[[O6aBOK.

CranenureifHble NITAKY 00pa3ylOTCsA B MeTall-
JIypru4ecKoM MPONM3BOAICTBE B Ipoliecce padMHUPOBaA-
HUA CTalu MPUCAZIKOJ OKMCIIUTETEN 1 BOCCTAHOBUTeEIEN
C Le/IbI0 OYMCTKM JKMUJIKOM CTany OT BPETHBIX U HeXe-
TIaTeTbHBIX MTPMMECeit; MICIIONb3YITCS HOC/Ie TIOBTOPHOM
nepepabOTKY Ha MeTa/UIyprudecKnx 3aBofjax, B IPOU3-
BOJICTBe 1[e6H, [I/Is IPOU3BOACTBA YHOOPEHNIT 11 B IIPO-
U3BOJICTBE LIJIAKOBATBbI.

O611ee TPOU3BOACTBO JOMEHHBIX IIJIaKoB B Poc-
cun B 2007 1. cocTaBuiIo 0Kono 17,3 MJIH T, B TOM 41CTIE
T'PaHY/IMPOBAHHBIX IIIAKOB — OKOJIO 5,8 M/IH T, II/a-
K0BOTO 1e6HsT — 8,1 MitH T. OCHOBHBIM TTOTpebUTEIEM
IPaHy/IMPOBAaHHBIX IOMEHHBIX IIJaKOB ABIAITCA Iie-
MEHTHBIe IpeAnpuATUI — 4,9 MIIH T, unn 84% oT ob1e-
ro o6’beMa rpaHIIIaKOB.

IlImaku BeTHON MeTAaNNyprum — MeJela-
BMJIBHBIEC, HMKEJEeBble U alIOMMHUEBble (BTOPMY-
Hble). [Ipu AnnTeIbHOM HaXOXX[EHUN LIIAKOB B BOJiE
VIV Ha OTKPBITBHIX IUIOIIAIKaX BOJOPACTBOPUMBIE CO-
€[VIHEHN A BbILENTAYNBAIOTCA, ITOCIE Yer0 UX MOXKHO
UCIIO/Ib30BAaTh B Ka4€CTBE CHIPbsA [JI IPOU3BOACTBA
Cynb(OaTIOMUHATHOTO KIMHKePa, PacUIMPsIIOMINXCS
106aBOK B 6ETOH U T.II.

IIInaxy 11BeTHOM MeTa/I/Typruy IPUMEHAIOT II0Ka
B HeOO/IBIIOM KONMYECTBE IIPU IIPOU3BOCTBE L[EMEHTa,
a TaK>Xe IIPpY IOMy4YeHUM MUHEPAIbHON BaThl M IMTHIX
uspenuii. VIx spixon B 10-25 pas mpeBbIlIaeT BBIXO],
L BETHBIX METaJI/IOB.

AnexrporepmodocopHbIe rpaHYTNPOBAHHBIE
IITAaK¥ TIPeJiCTaB/AT co60i OTXOAbI, 06pasyromyecs
B IIpoljecce MPOU3BOACTBA Gocdopa METONOM 3/IEeKTPO-
TepMUYecKoil BO3TOHKM. [Tony4datorcs B pe3ynbrare Obl-
CTPOTO OXJIaXK/I€HNA CUIMKATHOTO pacIljaBa, IOoyYeH-
HOTO B 9J/IeKTpOIleYax IIpy IVIaBKe MUXTHI U3 pocopHOi
PY#BL, KBapuuTa 1 Kokca. [Ipy BeIITycke TOHHBI pocdopa
obpasyercst 10-14 T OTHEHHO-XXUAKOTO II/TaKa.

3onbl u mraku TOC — IPOAyKTH CKUTAHUA
Ha TemoBbIX anekTpocTannyax (TOL] u 'POC) tBep-
[OTrO TOIIMBA: yI/Ieit, Topda, CTaHIeB U SPYTUX TOPIO-
YUX MaTepuajoB.

CrenyeT pasnmyaTs:

> 30/Iy-YHOC CYXOrO y[a/IeHNs B IIMK/IOHAX U 37I€K-
Tpo(uIBTpax, KOTOPAs MOCTYIIAET B 30/I0COOPHN-
KJ, Jajlee — B CMJIOCHI M B TPAHCIIOPTHbIE CPef-
CTBa moTpeduTeneit;

> TOIUIMBHBII NITAK — MaTepuaj, CKaIIuBalo-
IUICA B HVDKHEN 4aCTM TOIIOYHOTO IIPOCTPaH-
CTBa TEIJIOBBIX arperaTos;

> 307I0ITAKOBYI0 CMeCh I'MAPOYAaNeHN s, KOTOpast
o6pasyeTcs B pe3y/IbTaTe O4UCTKY 307T0COOPHUKOB
C IIOMOIIBI0 BOZBL U IOCTIEAYIOMINM CMEIIeHNEM
30JIOIIY/IBIIBI ¥ IIAKOB. 30/IOMITAKOBAs IIy/IbIIA
YHasAeTCs B OTBAJIBL.
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increase by 9-11 billion mln m? per year, and the prob-
lem of reducing fuel consumption will become even more
pressing.

The power sector, which accounts for approximately
40% (170 bln m? of gas per year in 2010) of the total gas
consumption, is a key gas consumer in Russia. Calcula-
tions show that by 2020 an extra 10.8 bln m’ of gas will
be needed, and by 2025, another 50.7 bln m?.

Therefore, based on the above and in view of the
shortage, the choice between the power sector, the cement
industry, and other sectors is not easy, provided that the
consumption volumes are comparable.

One of the methods of gas substitution in the ce-
ment industry is transferring plants to coal fuel. For com-
parison, the share of coal in the fuel and energy balance
of China is over 80%, Western Europe, 45-55%, the USA,
54%, and Russia, just 15%. New coal burning technolo-
gies that are used in Western countries are more envi-
ronmentally friendly and more energy efficient. For this
reason, increasing the share of coal in the coal balance
of the Russian cement industry using new methods of its
burning is an economically reasonable step considering
that Russia holds over 17% of the global coal reserves, but
this is unfortunately not the case due to the high cost of
primary investments, a long payback period, and the cost
of equipment upgrading.

It must also be taken into account that, accord-
ing to experimental data, it is possible to use pulverized
coal with volatile content within 18-26% and grinding
fineness that is characterized by 80 mcm sieve residue of
10-14%. It is also preferable for the moisture content in
spray fuel not to exceed 4-6%. In addition, it is not desir-
able to use coal with an increased sulfur content. Some
coal types do not have such properties.

Burning spray coal fuel with other parameters
leads to impairment of thermotechnical and process
parameters of kilns, drying drums, and boiler facilities.

Another method of solving this problem is using
various carbon-containing waste as fuel, which also solves
environmental problems.

B Gas//Taz3 — 924%
B Fueloil / MazyT— 1.5%
Coal // Yronb — 6.1%

Fig. 1. Statistics of fuels consumption in the production of
cement in Russia
Puc.1. CTaTuCTrKa NOTpe6neHNs pasHbIX BULOB TOMIMBA

npv Npon3BOACTBe LemeHTa B Poccnn
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VI3 3apy6e>KHOII M OTe4eCTBEHHOM IPaKTUKY M3-
BECTHO, YTO 30710111akoBble oTxoAbl TOLl u I'POC npen-
CTaBIAIT CO60IT [[eMEHTHOE ChIpbe [/ IPUMEHEHNUs
B IIPOV3BOICTBE CTPONUTE/NIBHBIX MaTePIUAJIOB, B TOM 4MCIIe
nemeHTa. Takye MaTepuassl ¢ BBICOKOI 3¢ eKTUBHOCTHIO
MOTYT OBITh MCIIO/Ib30BAHbI KaK B3aMeH IPUPOFHBIX ChI-
PbeBBIX KOMIIOHEHTOB TPV IPOM3BOACTBE KIMHKEPa, TaK
I B Ka4yecTBe NoOaBKM B IIEMEHT VI GETOH.

3 Ucnonb3oBaHme aJibTepHaTUBHOro
TonNnvBa Npn Npon3BoAcCTBe LLleMeHTa

[TpakTiyeckas BOSMOKHOCTD ITPMMEHEHMA TEIIa
OT CKUTAHMA OTXOJI0B Pa3IM4HOI IPUPOAbI B IIpoliecce
06yxura KJIMHKepa U CYLIKM T06aBOK B LIeMEHTHOII IIPO-
MBIIIJIEHHOCTH YK€ JOKa3aHa.

B xauecTBe TeXHOMOTMYECKOTO TOIIMBA MCIOJb3Y-
I0TCA TaKMe IIpNPOAHDIE PECYPCDI, KaK ra3, yrojib 1 Ma3yT.

JlaHHbBIe 0 MOTpe6NIeHNN pasINIHBIX BUIOB TO-
I/IXBa IIpY IPOU3BOJCTBE LieMeHTa B Poccum nipencras-
JIeHbI Ha puc. 1.

V3 puarpaMMbl BUFHO, 4TO ras, cocTaBnad 92,4%
oT 06111er0 OTpe6/IeH S, IBAETCSI OCHOBHBIM BIUJOM TO-
I/INBa B IIeMEHTHOI IIPOMBIIIJIEHHOCT). Tak>ke MOXHO
OTMETUTD, 4TO, IO CPaBHEHMIO ¢ 80-M¥ rOfaMy POLLIOTO
BEKa, 3aMETHO CHU3WJICA IIPOLEHT MCIIO/Ib3OBAaHNA YIJIA.

C pocToM IIpOM3BOACTBA L{eMEHTa B OJIVDKAIIIIe
roybl 10 80-90 M/TH T B roff IOTPeOHOCTH B rade Bo3pac-
ter Ha 9-11 Mpy M B rof, u mpobieMa CHUDKEHUS pac-
XOJla TOII/IMBA BCTAHET €llle OCTpee.

OcHoBHBIM TOTpebuTeNneM rasa B Poccuu sB-
NsAeTcA 37MeKTPO3HepreTuKa, Ha JOI0 KOTOPOi MpUXo-
purcs okomo 40% (170 mupg m® rasa B 2010 r.) ot Bce-
ro obbema moTpebneHns rasa. PacyeTsl MOKa3bIBAIOT,
410 K 2020 1. fononHuTeNBHO TOTpebyercs 10,8 mupx M’
rasa, a k 2025 r. — eme 50,7 mipg m>.

Takum 06pa3oM, B yCIOBUAX HepUIUTA TOIIUB-
HBIX PeCypcoB BBIOOP MeX/y 9HEPTeTUKOI U LieMEHTHO
IPOMBIIITIEHHOCTDIO (M He TONBKO), IPU COIIOCTaBYMBIX
06 beMax MOTpebIeHN s, TIPeCTaB/AETCS HETPOCTDIM.

OpHyM M3 myTell ra3o3aMelleHns B leMEeHTHO
IPOMBIIJIEHHOCTH ABJISAETCS IIEPEBOJ 3aBOJIOB Ha YTONb-
HOe TOINMBO. [/ CpaBHEHNSA: IPOLEHT HOTpebIeHNs
yIZIsg B TOIUIMBHO-3HepreTudeckoM Oamance Kuras —
6omnee 80%, B cTpaHax 3amajgHoit EBponbr — 45-55%,
B CIIIA — 54%, a B Poccum — Tonbko 15%. HoBrie Tex-
HOJIOTMY CXKUTaHWA YIS, IPUMeHseMble B 3aIla/HbIX
CTpaHax, He TOJIBKO 00jIee IKOMOTMIHBL, HO U HoTiee aHep-
roadpeKkTUBHBL B 3TOI CBA3M, yBeNMMUeHNE JOMU YITIA
B TOIUIMBHOM 0a/laHCe POCCUIICKOI IIeMEHTHOI ITPOMBILII-
JIECHHOCTY IIPY MCIIO/Ib30BaHMY HOBBIX METOJIOB €TI0 CXKI-
raHus ABASETCA SKOHOMUYECKM 0O0CHOBAHHBIM LIATOM,
yautbiBag, uto Poccus obnapmaer 6omee yem 17% mMupo-
BBIX 3aI1aCOB YIJIS, HO 9TO, K COXKa/IeHIIO, He pean3yer-
51 M3-3a [JOPOTOBU3HBI IIEPBIYHBIX KaIIMTAIOBIOKEHNI



Practically all the types of production and hu-
man activity waste are used for burning in cement kilns,
in particular:

> agricultural product processing waste (straw, emp-
ty corn cobs, millcake, nut shells, etc.);

> oil and gas processing waste (solid and pastelike
fractions, associated gas);

> deposit from water treatment facilities (as solid fuel
or biogas that is emitted at their decomposition);

> wood industry waste;

> paper industry waste;

> municipal solid waste (MSW), and other carbon-

containing waste.

Most of these are characterized by quite a high
calorific capacity of 2,000 to 7,000 kcal/kg.

Such diversity of burnt waste is explained not just
by the low cost of its use but also by the fact that a cement
kiln is currently the most environmentally friendly fa-
cility for recovery of carbon-containing waste including
waste that is harmful for humans and the environment.
This is due to the following factors:

> high temperature of the material (up to 1,450 °C)
and the gas environment (up to 2,000 °C);

> long stay of the gas in the hot zone, over 7 seconds
at a temperature of more than 1,200 °C;

> alkaline condition of the material in the kiln and
an acidic atmosphere;

> counterflow of the material and gas;

> intensive contact between the solid and gaseous
phases;

> neutralization of even heavy metals and toxic sub-
stances at the account of the liquid clinker phase;

> practical absence of waste of the cement technol-
ogy itself;

> availability of efficient dust collecting units in

kilns (as a rule).

As the global practice and Russian experience
shows, that waste processing and use is not only a tech-
nical problem (technologies have already been designed
and are being implemented) but a political and an eco-
nomic problem.

At present, there is only one highly automated
waste sorting facility in Russia for production of alter-
native fuel from municipal solid waste (MSW), which is
then used at the Cesla Cement Plant in Slantsy.

The experience of supply of alternative fuel, which
had been designed and researched for burning in a ce-
ment kiln, showed the following results during the entire
year 2012 when fed to the kiln.

> The levels of concentrations of carcinogens
(benzo(a)pyrene) did not exceed the atmosphere
pollution standards and may also be considered safe.

> The values of dioxin and furan parameters did
not exceed the atmosphere pollution standards
and may also be considered safe.
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U JIUTENbHOTO CPOKa OKYIIaeMOCTH, a TaKXKe 3aTpaT
Ha MOJEpPHU3aLNI0 060pyIOBaHNA.

Kpome aToro, He0OX0OAMMO YUNUTHIBATD, YTO BO3-
MO>XHO IIpMMEHEHME YTONbHOIO IOPOIIKa C COmep-
JKaHMEM JIETy4YMX B Ipegenax 18-26% u TOHKOCTbIO
IIOMOJIa, XapaKTepU3yeMoii OCTaTKoOM Ha cute 80
MKM, — 10-14%. JemaTenpHO Tak)Xe, YTOOBI BIaX-
HOCTb (POPCYHOYHOrO TOIIMBA Obla He Bblle 4-6%.
HesxenaTenbHo U MpUMEHEHME YIIA C MOBBILIEHHBIM
copiepxaHueM cepbl. TaKMMM XapaKTePUCTUKAMU 00-
NajaloT He BCE BUJDI yITIE.

Cxxuranue GpOpCyHOYHOTO YTONBHOTO TOMIN-
Ba C IpPyTMMM IIapaMeTpaMy IPUBOJUT K yXyAllIe-
HMIO TEIIOTeXHMUECKMX M TeXHONOTMYECKUX IO-
KasaTesell paboTBI Iedell, CYMMIbHBIX 6apabaHOB
M KOTeNbHBIX.

JIpyroii myThb pelleHNA SaHHOI IPO6IEMbI — JC-
II0/Ib30BaHME B Ka4ECTBE TOIUINBA PA3IMYHbBIX YITIEPOJ-
cofiepXKalX OTXOJOB C OFHOBPEMEHHBIM pelIeHNEM
9KOTOTMYECKUX POobiIeM.

H}I}I CKNUTaHNA B IEMEHTHBIX II€4aX MCIIOIb3Yy-
I0TCA NPAKTUIECKN BCE€ BUABI OTXOA0B IMIPpOM3BOACTBA
M XXKU3HEONECATC/IPHOCTN Y€/TIOBEKA:

> OTXOJbI TIepepabOTKM CENbCKOXO35I/ICTBEHHOI
IpoAyKuuy (comoma, mycTble MOYaTky KyKypy-
3bl, )KMBIX, CKOPJIYTIa OPEXOB 1 T.1I.);

> OTXOJIBI IIepepaboTKy HepTI U rasa (TBepAble I Ma-
cTooOpasHble PpaKLuy, COYTCTBYIOLINIL ras);
> OCafloK M3 OYMCTHBIX COOpYXeHMit (nmm6o

KaK TBepfioe TOIINBO, 1160 B Bije 6uorasa, Bbl-
HeNSIONET0Cs IPY ero PasloXKeHUN);

> OTXO[BI JIECOIPOMBIIIJIEHHOTIO KOMIIJIEKCA;
> OTXOObI L[el'ITIIOJIOSHO-6yMa)KHOI7[ TIPOMBINIZIEHHOCT;
> TBEpAbIE KOMMYHa/IbHbIE€ OTXO[bI, APyTU€E yIi€-

POZCOfepIKalIie OTXOMBL.

BonpIIMHCTBO M3 HUX XapaKTepusyeTcs HOCTa-
TOYHO BBICOKOJ! TEIJIOTBOPHO CITIOCOOHOCTDIO, COCTAB-
nswoieit ot 2000 go 7000 Kkan/Kr.

Takoe MHOroob6bpasme CKUTraeMbIX OTXOMOB
00O'BACHSIETCS He TONbKO HU3KOI CTOMMOCTBIO UX KC-
II0/Ib30BAHM, HO U TeM, YTO LIeMEHTHas Ie4b ABJIA-
€TCs CPaBHUTETbHO SKOMOTMYECKM YMCTBIM arperarom
0 YTWIN3ALNH YTTIEPOSICOAEPIKAIMX OTXO/I0B, BPeJHBIX
IS 9eJIoBeKa M OKPY>Kaloleil cpefbl. 9To 06yC/I0BIeHO
CIeYIOMMMU 06CTOATeIbCTBAMIML:

> BBICOKas TeMIeparypa Marepuana (go 1450°C)
u rasoBoii cpeps (1o 2000°C);
> 3HAUUTEIbHOE BpeMsl NpeObIBaHNUA ra30B B TO-

psdeit 30He — 6ojee 7 ceK, IpU TeMIepaType
Boie 1200°C;

> Ie/I0YHAsE Cpefia MaTepyaa B ey Py HaInInu
KICITOi aTMOC(epBI;

> IIBIDKEHNe MaTepuaja i ra30B B IPOTUBOTOKE;

> VHTEHCUBHBII KOHTAKT MEX/y TBEPABIMIU I Ta-

3000pasHbIMK pazamu;
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> The levels of concentrations of the basic controlled
pollutants including heavy metals, which are ob-
served in emissions at alternative fuel use, have
no significant difference from the corresponding
characteristics that are listed in the relevant MPE
volume without RDF supply.

> The border of the sanitary protected area did not
change.

> The clinker quality did not become any worse and
complied with the GOST requirements.

At present, projects of supply of alternative fuel of
various origin (car tires; rubber waste; wood (wood-con-
taining) dust and chips including wood produced from
railway ties; solid fuel from municipal waste; oil sludge
and oil processing waste; biological treatment facility
waste; prepared mix of industrial waste with a certain
morphology) are developed at Tulacement and Shchu-
rovsky Cement Plant.

Lafarge has opened an alternative fuel department
at a cement plant in Ferzikovo, Kaluga region.

The potential of use of alternative fuel from car-
bon-concerning waste, in particular, municipal solid
waste (MSW) can reach 5 mln tons per year, which will
not be buried.

4 The future for the cement industry in view
of the amendments to the Federal Law
On Production and Consumption Waste

Recovery of ash, slag, and carbon-concerning
waste, giving them the required consumer properties,
and their further use should be considered in the frame-
work of an integrated concept of waste management as a
no-alternative option.

The provisions of the Federal law of 29.12.2014
No. 458-FZ entitled On Amendment of the Federal
Law “On Production and Consumption Waste” and
Certain Legal Acts of the Russian Federation and on
Abolishment of Certain Legal Acts (Provisions of Cer-
tain Legal Acts) of the Russian Federation aim to solve
this problem.

This Federal law defines the legal foundation of
production and consumption waste management for pre-
vention of harmful impact of production and consump-
tion waste on human health and the environment and
for involvement of such waste in the economy as extra
sources of raw materials and fuel.

Some provisions and terms of the law No. FZ-89
are as follows:

The basic principles of economic regulation in waste
management are:

> reducing the amount of waste and their involve-
ment in the economy;
> payment for disposal of waste;
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> HeJITpa/M3alys 3a CUeT KUAKOI (asbl KINHKepa
JLKe TSKEIIBIX METAJIOB Y TOKCUYHBIX MaTepUaIoB;

> 6€30TXOLHOCTb CaMOJI LIeMEHTHOI TEXHOIOTUIL;

> Haym4ye B OO/IBIIMHCTBE IEYHBIX YCTAHOBOK 9¢-

(beKTUBHBIX IIBIICYTOBUTETIEIL.

Kak 1moka3pIBal0OT MMPOBasl IIPAKTUKA U OIBIT,
nonydeHHslll B PO, nepepaboTka 1 MCIONb30BaHNUE OT-
XOJIOB ABJIAETCA IPOOIEMOIT He TOBKO TeXHUYECKO
(TexHOMOTMY yXXe paspaboTaHbl ¥ BHEPSITCA B CTpa-
Hax EC n CeBepHoit AMepuku, Ifie K01 NpUMEHeHN A
aJIBTEpHATVBHBIX BUJOB TOIUIMBA U3 OTXOJOB JOCTUIA-
eT 40% u 60rmee oT MOTPeGHOCTEI [JEMEHTHOTO 3aBOJ(A),
HO ¥ IOIMTUKO-3KOHOMMYECKOIA.

B Hacrosijee Bpemst B PO paboraer equHCTBEH-
HBIl BBICOKOABTOMATV3MPOBAHHBINI MYCOPOCOPTUPO-
BOYHBIN KOMIIZIEKC TI0 NMOTYYEeHUIO aJbTePHATUBHOTO
TOIUIMBA U3 TBEPAbIX KOMMYHaIbHBIX oTx0moB (TKO),
KOTOpO€ 3aTeM JICIIO/b3yeTcs Ha «C/IaHIeBCKOM I[eMeHT-
HoM 3aBope «Ilecma».

Mertop, paspaboTaHHBII M OCBOEHHBII [JIsI IIOfA-
YU U CKUTAHUA A/IbTEPHATUBHOIO TOI/IMBA B LIEMEHT-
HOJI IleyuH, MpolIlesl IPOBEPKY B TedeHMe rofia 1 MoKasasl
clefiyIollJie Pe3yabTaThl.

> YpoBeHb KOHIIEHTpaLuy KaHueporeHos (6eus(a)
HypeHa) He MpeBbIllaeT HOPMAaTUBOB II0 BBIOPO-
caM B aTMOCepy ¥ MOXKET CUMTAThCA 6€30MacHBIM.

> 3HaueHMe MMapaMeTPOB AMOKCHHOB U (QypaHOB
He IIpeBbIIIaeT HOPMAaTUBOB BBIOPOCOB B aTMOC-
bepy 1 TaKKe MOXKET CUUTATHC OE30MaCHbIM.

> YpoBeHb KOHIIEHTpaIJi OCHOBHBIX KOHTPOIMpYe-
MBIX 3aTPA3SHUTENE, BKIII0Yas TSAKe/Ible MeTasllbl,
HabmoaeMble B BBIOPOCAX MPU UCIOIb30BAHNUN
QJIBTEpPHATUBHOTO TOIUIMBA, CYLIeCTBEHHO He OT-
NMYaeTCcsA OT COOTBETCTBYIOIUX XapaKTepUCTHK,
NIPUBEJEHHBIX B CyllecTBYwIKUX HopMax IIIB
6e3 nogaun TBO (TBepmpIx GBITOBBIX OTXOHOB).

> I'paHuIia caHMTApHO-3ALUTHON 30HBI HE M3Me-
HUTaCh.
> KadecTBO KN1MHKepa He YXYAIIMIOCh U COOTBET-

CTByeT TpeGOBaHMIM CTAaHAAPTOB.

B nacToslee BpeMsA Ha LIeMEHTHBIX IpeAIpHU-
atusax («Tynanement», IlypoBckuit ileMeHTHBII 3aBOJK)
paspabaTHIBAIOTCS MPOEKTHI IOfAYM ATbTEPHATUBHOTO
TOIUIVBA U3 OTXOJ0B COBEPILIEHHO Pa3/IMYHON IPUPOADL:
ABTOMOOW/IbHBIE TIOKPBIIIKY; OTXOfbI pe3unbl u PT;
IpeBecHas (HepeBOCOAepIKalasi) MblIb U IleNa, B TOM
YIC/Ie M3TOTOBJIEHHAs U3 JKe/Ie3HOLOPOKHBIX ILIMaT;
TBEPIOe TOIUIMBO 13 GBITOBBIX OTXOIOB; He(TEIITaMbI
U OTXOfbl HeTernepepaboTKM; OTXOABI 6MOTIOTMIeCKUX
OUYMCTHBIX COOPYXXEeHUI; CMeCh MPOMBILITIEHHBIX OTXO-
JIOB C OIIpefieNIeHHO MOP(OIOTHe.

CrnemyeT OTMETUTD, 4YTO KoMmaHyA «/Iadapx» oc-
Bonsa ucnonbsobanue AT Ha «Kamy>kckoM IeMeHTHOM
3aBofie» B oc. ®epsukoso Kanyskckoit obmactu.

HOTeHLU/Ia)'I MICIIOIb30OBAaHMA aJIBTEPHATUBHOTO
TOIIVIBA M3 YI/IEPOACOAECPIKAINMX OTXOA0B, B YaCTHOCTN



> economic stimulation of waste management activity.
(Not implemented until the present time).

The standard of recovery of product use waste is a
percentage of the amount of certain type of products and
packaging of such products, which have been sold to legal
entities or individuals including individual entrepreneurs
and must be recovered after loss of their consumer proper-
ties, and the total amount of that certain type of products
that have been released for circulation in Russia.

Burial of waste containing useful components that
are subject to recovery is prohibited. The list of types of
waste containing useful components, the burial of which
is prohibited, is set by the Russian government. Effective
from 1.01.2017.

The regional waste management operator is a legal
entity that must make a contract for waste management
services with the owner of the generated waste, the place
of collection of which is within the business area of the re-
gional operator.

Compliance with recovery standards shall be pro-
vided directly by the producer or importer of products
by organizing own infrastructure facilities for collection,
processing, and recovery of waste from use of such prod-
ucts or by making a contract with the operator for man-
agement of municipal solid waste, the regional operator.
Compliance with recovery standards may be provided
independently by establishing an association (union) of
producers or importers of products (hereinafter referred
to as the association).

Producers and importers of products that do not
provide independent recovery of product use waste shall
pay an environmental fee.

Funds received by the federal budget as the en-
vironmental fee are spent on implementation of state
programs of the Russian Federation in the form of sub-
sidies that are granted to constituents of the Russian
Federation for co-funding of duly approved regional
programs of waste management and territorial plans
of waste management, for covering the costs of collec-
tion, shipping, processing, and recovery of waste from
use of products, for covering the deficit of funds that
are received as payments of individuals' bills for man-
agement of municipal sold waste, for preparation of
engineering surveys and development of project docu-
ments for construction of facilities that are used for
processing and recovery of waste and waste deactiva-
tion facilities, and for construction and equipment of
such facilities.

Subsidies to constituents of the Russian Federation
are granted for the following:

> co-funding of duly approved regional programs of
waste management and territorial plans of waste
management;

> covering the costs of collection, shipping, processing,
and recovery of waste from use of products;
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TBEPABIX KOMMyHanbHbIX 0TX070B (TKO), MoxkeT no-
CTUYb 5 M/IH T B TOJ, KOTOpble He OYAYT 3aXOpOHEHHI.
Takum 06pasom, MOKET ObITb JOCTUTHYT HEMAJIbIil 9KO-
norudeckuit ap¢exr.

4 MepcneKTNBbI LeMEeHTHON
NPOMbILIEHHOCTU B CBA3N
Cc nonpaBKamu, BHECEHHbIMMU
B ®epepanbHbiil 3aKoH «06 oTxogax
NPoV3BOACTBA M NOTpe6neHua»

B paMKax MHTerprpoBaHHOI KOHIIE UK oOpalie-
HIA C OTXOAMU IIPY YTUAU3ALUK 3071, IIAKOB U yTI7Ie-
poncofep>XXalnX MaTepuanos, mepef HeoCpeACTBeH-
HBIM JICIIO/Ib30BaHMEM OTXOMIOB TpebyeTca o6ecednTh
HeoOXofMMble [I/Is1 HOTpebuTeneit CBOVCTBA.

Ha pemrerne maHHOIT Ipo6/IeMbl HAIIPaBIEHbI T10-
noxenns PefepanbHOro 3akoHa ot 29.12.2014 Ne458-03
«O BHeceHyu usMeHeHui1 B Genepanbhblit 3akoH «O6 oT-
XOJjaX IPOM3BOJICTBA U MOTPeOIeHN», OT/e/IbHbIE 3aKO-
HoplaTenbHbIe aKThl Poccuiickoit Gefepaniuy o MpU3HaAHUN
YTPaTUBIINMM CUTY APYTUX 3aKOHOIATE/TBHBIX aKTOB (II07I0-
YKEHUIT 3aKOHOfaTenbHbIX akToB) Poccuiickoit Oepgeparimn.

Hosblit depmepanbHblil 3aKOH OIpefeseT Ipa-
BOBBbIE OCHOBBI OOpAILEHNsT C OTXOAMI IIPOM3BOACTBA
U IOTpebIeHNA B Le/AX NMPeJOTBPAlleHN s BPeIHOTO
BO3JEIICTBIA OTXOA0B IPOM3BOACTBA M IOTpebIeH N
Ha 3/I0pOBbe Ye/IoBeKa ¥ OKPYKAIOIIYIo Cpefly, a TaK>Ke BO-
BJIeYEHMsI TAKUX OTXOJOB B X0351/ICTBEHHBII 000POT B Ka-
4eCTBe JOIOTHUTENbHBIX ICTOYHUKOB ChIPbA ¥ TOIIINBA.

Huxe npuBOASTCS HEKOTOPBIE TIOTIOKEHWS U ITO-
Hatusa us O3-89.

OCHOBHVIMU NPUHUUNAMU IKOHOMUUECKO20 Pezyiui-
posarus 8 06nacmu 00pauLeHUs ¢ 0Mx00amu S6IAOMCS:

> YMeHbUleHUe KOTUeCcea 0mx0008 U 608/1eHeHUe
ux 6 xo03sicmeen oLl 060pom;

> nAamMHOCMb pasmelleHuUs omxo00s;

> IKOHOMUUECKOe CIUMYTUPOBAte 0esMeNlbHOCHU

6 obnacmu obpaujerus ¢ omxodamu. (JJo Hacmos-
wie20 MoMeHma He peanusosano. — Ipumeu. agmy).

Hopmamue ymunuzayuy omxo006 om Ucnosnv3o-
8AHUA M06APO6 — YCMAHOBTIEHHOE 6 NPOUEeHMAX OMHO-
weHue KONUYECIN8a mosapos onpedesieHHo20 8udd, yna-
KOBKU MaxKux moeapos, peanu308aHHbX WOPUOULECKUM
UUAM, PUUHECKUM TUUAM, 8 M. Y. UHOUBUOYATIbHBIM
NPeONPpUHUMAMENIM, U NOONEHAUWUX YMUTUIAUUU NO-
c7le ympamol NOMpedUmenvCKux ceoticms, k o0ujemy Ko-
JIUYecmay mosapos onpedeneHHozo 6U0a, 8biNyULeHHbIX
8 ob6pawserue Ha meppumopuu PO.

3axopoHerie 0mx0008, 6 COCHIAB KOMOPIX 8X00AM
nonesHvie KOMNOHEHMbL, NOOZIENAU4UE YMUNUALUY, 3anpe-
waemcst. Ilepeuenv 81008 0mxo008, 8 COCMAs KOMoOPuvix
6X0051M NoTIe3HblE KOMHOHEHMbL, 3AX0POHEeHUe KOTOPbIX 3a-
npewjaemcs, yemanasnusaemcs Ipasumenvcmeom Poccuii-
cxoti Qedepavuu. (Bsooumcs c 1.01.2017 e. — Ipumeu. asm).
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> covering the deficit of funds that are received as
payments of individuals' bills for management of
municipal sold waste;

> preparation of engineering surveys and development
of project documents for construction of facilities
that are used for processing and recovery of waste
and waste deactivation facilities, for construction
and equipment of such facilities.

Use of the best available technology (BAT) is one of
the basic principles of government policy in waste manage-
ment (Russian Government Order of 23.12.2014 N 1458 en-
titled On the Procedure for Determining the Technology as
the Best Available Technology and Development, Updating,
and Publication of Information and Technical Reference
Materials on Best Available Technologies).

When determining processes, equipment, tech-
niques, and methods as the best available technology,
their compliance with the following criteria must be tak-
en into account:

a) minimum negative impact on the environment per
time unit or amount of product, job or service pro-
duced or compliance with other environmental im-
pact parameters as stipulated by the international
treaties of the Russian Federation;

b) economic efficiency of implementation and opera-
tion;

o) use of resource and energy saving methods;

d) period of implementation;

e industrial implementation of processes, equipment,

techniques, and methods at two or more sites in Rus-
sia that make a negative effect on the environment.

Licensing is required for collection, shipping, pro-
cessing, recovery, deactivation, and disposal of waste of
hazard classes I to IV and is performed pursuant to the
Federal Law of May 4, 2011, No. 99-FZ On Licensing of
Individual Types of Activity subject to provisions of this
Federal law.

It should be remarked that from 1985 to 2007,
the specific fuel consumption per ton of clinker re-
duced from 212 down to 205 kg/ton of fuel equiva-
lent, and the energy consumption for production of
one ton of cement increased from 111.2 to 119 kWh.
The year 2007 was taken for comparison as the most
representative one, as no new modern process lines
were put into operation in 1980-2007. With consid-
eration of decommissioning of approximately 17 mln
tons of capacity in 1990-2008, most of which were
obsolete and worn energy-intensive lines with wet and
dry production technologies, the specific electricity
consumption should not have exceeded 95 kWh and
fuel consumption, 185 kg of fuel equivalent.

In production of 68 mln tons of cement, the ex-
cessive consumption of electricity in the amount of
17 kWh is RUB 5 bln provided that the average elec-
tricity price is 3.5 rubles per kWh, and the excessive
consumption of fuel is RUB 6.5 bln, a total of RUB
11.5 bln or more.
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Pezuonanvruiii onepamop no o6paueHuio ¢ omxo-
damu — 10puduecKoe TUL0, KOmopoe 0053aHo 3aKI0UUMD
002080p HA OKa3aHue YCye No 00pAULeHUI0 ¢ OMX00aMU
€ c0OCMBeHHUKOM 0MX0008, KOMOpble 00pAa3yomcs u me-
cma c6opa KOMopvLX HAXOOAMCA 68 30He OesmeNvHOCMU
PezUOHANbHO20 ONepamopa.

Obecneuenue 8bInonHeHUS HOPMAUBOB YIMUNUIA-
UUU OCYUeCBIsIeMCA HENOCPeOCNBEHHO CAMUMY NPOU3-
800UmMeneM, UMNOPMEPOM MOBAPOS NYMeM OPeaHU3aLUY
cobcmeenHbIx 00BeKMO08 UHPPACMPYKIMYPbL O CO0PY, 06-
pabomke, ymunusayuy 0mxo006 on UCHONb308AHUL Ma-
KUX mM06apos unu nymem 3aKknio4eHus 002080pos ¢ one-
pamopom no o6paujeHuio ¢ meepobIMU KOMMYHATbHOLMU
omxodamu, pezuoHanvHuim onepamopom. Camocmosmenv-
Hoe obecnedenue 8bINONIHEHUS HOPMAMUBOS YIMUNUSAUUU
MOJICEM OCYUeCMBNAMmbCs nymem cO30aHUs 00beOUHEHUS
(coroza) npoussodumeneti, umnopmepos mosapos (da-
siee — 06veduHenue).

IIpoussodumenu, umnopmepo. mosapos, KOMopvie
He 00ecneuusarm camocmosmenvHot YMUAU3ayuy om-
X0008 0M UCNONIB30BAHUS MOBAPOS, YNIAYUBAIOM IKO-
Jl02ureckutl coop.

Cpedcmea, nocmynusuiue 6 gedepanvHuiii 6100-
Hem 8 cuem ynaamvl IKOL02UUECK020 cOopa, pacxody-
10MCA NOCPeOCMBOM Peanu3ayuu 20Cy0apcmeeHHbLX
npozpamm Poccuiickoii Pedepayuu 6 popme npedocmas-
neHus cybcuduii cybvexmam Poccuiickoti Pedepavuu
Ha COPUHAHCUPOBAHUE YMBEPHOEHHDLX 8 YCIMAHOBTIEH-
HOM nops0Ke Pe2UOHANILHBIX NPOZPAMM 6 00nacmu 06-
paujeHus ¢ omxo0amu U meppumopuanbHuix cxem 00-
paweHUs ¢ OMxX00aMU, Ha NOKPbimue pacxo008 Ha coop,
mpancnopmuposarue, o6pabomxy, ymunu3ayun om-
X0008 OM UCNONB30BAHUS MOBAPOS, HA NOKPbimue Oe-
Puyuma cpedcme, NOCMynaOUWUxX 6 cHerm ONAAMbL
HaceneHueMm ycuyz no 06pauseHuio ¢ meepobimu KoMmy-
HALHOIMU OMX00AMU, HA B8bINOTIHEHUE UHNEHEPHDLX
U3bICKAHULL, 10020MMOBKY NPoeKmHOll 00KyMeHmayuu
0N cIMpoumenvcmea 06vexmos, UCNONL3YeMbIX 075t 00-
pabomxu, ymunusayuu omxooos, 06vexkmos obe3spe-
HUBAHUS OMX0008, HA CTMPOUMENLCINBO U OCHAU4EHUE
maxux 00vexmos.

Cybcuduu cybvexmam PO npedocmasnaomcs:

> HAa COPUHAHCUPOBAHUE YMBEPHIEHHBIX 8 YCNAHO8-
JIEHHOM NOPAOKe PeUOHATIbHBLX NPOZPAMM 6 0071a-
CMu 00paueHUst ¢ OMX00amMU U MepPUmopuans-
HbIX cXem 00paujeHus ¢ omxodamu;

> Ha noKpwimue pacxo008 Ha cO0p, MPAHCNOPIMUPO-
sanue, 00pabomKy, ymunu3ayuo 0mxo0os om uc-
NONb308AHUS OBAPOB;

> Ha nokpvimue depuyuma cpedcms, HOCHyNarusUx
8 cuem onaamvl HAaceneHUeM YCyz no 00paweHuro
¢ MBepPObIMU KOMMYHATLHLIMU OMX00aMU;

> Ha BVLINONHEHUE UHNEHEPHVIX USbICKAHULL, N0020-
MOBKY NPOeKMHOLL 00KYMEHMAUUY OIS CIPOUMeb-
cea 00veKmos, UChoNb3yeMblx 07t 00pabomku,
YMUIU3AUUU 0MX0008, 00BeKMO06 00e3spexusa-
HUST 0MX0008, HA CIPOUMENLCINGO U OCHAUEHUE
maxkux 06vexmoas.



Hcnonvsosanue Haumyuuux 00CmMynHvix mexHo-
noeuit (HAT) — 00uH u3 0cCHO8HVIX NPUHUUNOE 20Cydap-
cmeeHHoll nonumuxu é o6pauieruu c omxodamu. (I1I1 PO
om 23.12.2014 Ne 1458 «O nopsoke onpedeneHusi mexHo-
JI02UY 8 Kauecmee HAUIYuuiell 00CMYNHOL MexHON02UU,
a makxce paspabomxu, AKMyanu3auuy u onyonuKo8aHus
UHPOPMAUUOHHO-MEXHUHECKUX CHPABOUHUKO8 NO Hal-
TYMUUM O0CIYNHBIM MEXHO02UAM).

IIpu onpedenenuu mexHonoUHeCKUX NPOUECcos,
060pydosanus, mexHuueckux cnocobos, memooos 6 Kaue-
cmee Haumyuuieti 00CMYNHOL MexXHON02UU Heo0X00UMO
VUUMBIBATD UX COOMBEMCMBUE CTIEOYIOUUM KPUMEPUSM:

a) HAUMEHLUIUTL YDOBEHD HE2AMUBHO20 8030€iiCMBUS
Ha oKpyHawuyio cpedy 6 pacueme HA eOUHUUY
spemeHU Unu 06vem Npou3soouUMol NpooyKyuu
(mosapa), svinontsemoti pabomol, 0KA3bi6aeMoll
yenyeu nubo coomeemcmeue Opyum nokazame-
JISIM 8030€UiCMBUST HA OKPYHAuLyo cpedy, npeo-
YCMOMPEHHBIM MENOYHAPOOHBIMU 002080pAMU
Poccuiickoii Qedepayuus;

6) IKOHOMUECKAS IPPeKMUBHOCY BHEOPEHUS U IKC-
nayamayuu;

6) npumeHerue pecypco- u IHepzocbepezarouyux me-
mModos;

2) nepuoo eHeOpeHUs;

0) npoMbluIeHHOE 6HEOPeHIe MeXHON02UUeCKUX NpPo-

1eccos, 000py008aHUsL, MEXHUHECKUX CNOCO008, Me-
mo0dos Ha 2 u bonee o6vexmax 8 P®, okasvisarousux
HezamugHoe 8030eiicmeaue Ha OKPYHAOULYIO CPedy.
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JluyeH3uposanuo nooseNuUm OesrmenabHOCHb
no c6opy, mparcnopmuposaruro, obpabomeke, ymunu-
3ayuu, 06e3spexusanuio, pasmeujerur omxooos I-1V
K/1ACCO8 ONACHOCMU U OCYULeCme/Aemcs 8 coomeem-
cmeuu ¢ PedepanvHvim 3axoHom om 4 mas 2011 200a
Ne 99-D3 «O nuyeHsuposaruu omoenvHvix U008 Oes-
MenbHOCMU» ¢ yuermom nonoxeruti Hacmosuseeo Pede-
panvHoz0 3aKoHa.

B saknroueHme ciaefyeT OTMeTUTb, YTO B PD
3a nepuoyg, ¢ 1985 1o 2007 IT. y#enbHbIN PacXof TOIINBA
Ha Of[HY TOHHY K/IMHKepa CHu3uics ¢ 212 no 205xr/T yc-
JIOBHOT'O TOIIMBA, & PacXof 97eKTPOIHEPIUM Ha IIPOU3-
BOJICTBO TOHHBI IleMeHTa rmoBbicuiics ¢ 111,2 mo 119 kBru/T.
B xavyecTBe OTIIpaBHON TOYKM U [/ CPaBHEHUA NPU-
HaT 2007 T. Kak Hambonee permpe3eHTATUBHBIN, TaK
Kak B 1980-2007 rr. HOBbIE COBPEMEHHBIE TEXHOJIOTIYe-
CKMe TMHUY He BBOAUIUCH. C y4eTOM BbIBOJA U3 9KCIITY-
aTallMy MOLIHOCTE, 00ecIednBaoIX BBIITYCK OKOJIO 17
MJIH T IleMeHTa (IIPeUMYIecTBEeHHO MOPAIbHO I (u3Iye-
CKM yCTapeBIIMX S3HEPro3aTPaTHbIX TMHMUI MOKPOTO U CY-
XOro CIroco60B MPOM3BOJCTBA) 3a mmepuof 1990-2008 rr.
YAe/IbHBII PACXOf 9MEKTPOSHEPIUN FO/DKEH OB COCTa-
BUTD He Oortee 95 kBru/T, a TormBa — 185Kr y. T.

ITpu mpomnsBojcTBe 68 MIH T IjeMeHTa Iiepepac-
XOff 3aTparT Ha IOTpebIeHMe 9MEKTPOIHEPT UM B PasMepe
17 xBry/T npu cpepneit cronmoctn 1 kBt 3,5 py6reit
MO>KeT COCTaBUTD 5 MIIPT, pyOIeii, a mepepacxoy 3aTpaT
Ha TOIIMBO — 6,5 MJIpA pyO6ieil, UTOTO — He MeHee
11,5 mnpp py6ieii.
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MOJ104bIX YHEHbBIX N ACTTMPAHTOB,
PABOTAIOLLNX B OBJTACTU BAXKYLLUX BELLECTB,
BETOHOB U CYXWX CMECEW
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A COMPARISON OF CEMENT PRODUCTION
EFFICIENCY WITH THE WET, SEMI-DRY
AND DRY METHODS IN THE SITUATION

OF JSC SEBRYAKOVCEMENT

MwuxuH A. C., TexHudeckui anpektop OAO «CebpsakoBUemeHT», Poccus

CPABHEHWE DOOEKTMBHOCTM
MPOWV3BOACTBA LIEMEHTA

HA OAO «CEBPAKOBLIEMEHT> MO MOKPOMY.
NONYCYXOMY W CYXOMY CMOCOBAM

Abstract

JSC Sebryakovcement in Mikhaylovka, Volgograd
region, is one of the largest city-forming companies and
cement producers in Russia. Currently, the company pro-
duces up to 3.3 mln t of ordinary and special types and
brands of cement per year. JSC Sebryakovcement provid-
ed an opportunity to compare the performance of three
technologies of clinker production that are used in the
global cement industry, namely, the wet, dry, and semi-
dry processes. As a result, it became possible to compare
the technical and techno-economic parameters that are
obtained when these technologies are used for cement
production from the same raw materials. Of particular
interest is the fact that JSC Sebryakovcement uses raw
materials with a high moisture content, which results in
some special features at low temperatures that are some-
times as low as -25°C or even -35°C.

The process of design and pilot implementation
has proven high efficiency of cooperation between the

N

Fig. 1 A view of the plant with a new dry kiln

Puc. 1 MNMaHopama 3aBofa c HOBOW Neyblio, paboTatoLlen
Mo Cyxomy cnocoby npon3BoacTBa
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AHHOTaUMA

OAO «CebpsKOBIIEMEHT» — OFHO 13 KPYIHeli-
HINX IPafoo0pasyommUX IPefIpUATUl — IPOU3BOLU-
Tenel LeMeHTa B Poccuny, pacrionoxxeHHoe B I. Muxaii-
noBke Bonrorpaznckoit obnactu. B Hacrosiee Bpems
3aBof BbIITycKaeT o 3300 000T 061iecTpOUTENbHBIX
U CIIelMaNbHBIX BIAOB ¥ MAapOK IleMeHTa B rof. B yc-
noBusix OAO «CebpsiKoBIeMeHT» ObI/Ia BO3MOXKHOCTH
CpaBHUTb II0Ka3aTe/lN TPeX OCHOBHBIX CIIOCOOOB IIpOM3-
BOJICTBA K/IMHKEPA, IPYMEHAEMBIX B MYPOBOII IIeMEHT-
HOIJ! IPOMBINI/IEHHOCT!: MOKPOT0, CyXOTO ¥ IIOTYCYXOTO.
Beinu comocTaBeHbl TEXHUYECKIE U TEXHUKO-9KOHO-
MMyecKue MoKasaTesy, MoTyYeHHbIe IIPU MCIIOIb30Ba-
HUY YKa3aHHBIX TeXHOJIOIMI IPYMEHNUTEIbHO K OfIHOII
¥ TOJI Ke [IeMEeHTHOII ChIpbeBoIl 6a3e. Ocobrlit MHTEpeC
MPEJICTABISAET TO OOCTOATENBCTBO, YTO CHIPbE, UCIIONb-
3yeMoe OAO «CeOpsKOBLEMEHT», OTINYAETCs ITOBBI-
HIEHHON BIa>KHOCTBIO, YTO CO3[IA€T CBOU OCOOEHHOCTH
B YC/IOBMAX NOHMKEHHBIX TEMIIEPATYP, O YCKAIOLINXCS
nHorna o —25-35C°.

Fig. 2. The entrance area
Puc. 2. Mpepn3aBoackan 30Ha
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Fig. 3. Chalk shredding in the plant quarry by explosion

Puc. 3. PbixneHvie mena B Kapbepe 3aBofa B3PbIBHbIM
cnocobom

major Russian cement plant and ELSmidth, a universally
recognized Danish cement company.

Key words: wet, dry, semi-dry processes of cement
production; comparison of their technical and environ-
mental performance at the same plant; impact of proper-
ties of raw materials.

JSC Sebryakovcement was founded in 1992 on the
base of the Sebryakov cement plant. The first phase of the
plant was put into operation in September 1953 based on
the Sebryakov deposit of raw materials for cement produc-
tion. The main raw materials used are chalk with 20-23%
moisture content and clay with up to 19-22% moisture
content. The corrective admixture is metallurgic waste
containing iron, and the aluminate admixture is ash and
slag that is purchased from dumps of heat power plants.
Due to the high moisture content of raw materials from
quarries, the plant used the classical technology of raw
slurry that was burned by the wet process.

After several renovations in the raw material de-
partment, raw slurry is currently made by the following
technology. Clay is brought by rail from the quarry and
delivered to the clay treatment department where it is
mixed with water in load mills and dosed into the chute
of the Hydrofol machine as clay slurry (with a moisture
content of approx. 65%). Chalk, which is delivered by
rail from the quarry, is delivered there too. In Hydrofol,
chalk passes a stage of coarse grinding and is pre-mixed
with clay. The coarsely ground clay and chalk slurry then
passes through a dosage unit to a special mixer where the
required amount of admixtures is delivered automatical-
ly according to the readings of a continuous analyzer of
the chemical composition of raw materials. Thus, slurry
with a predetermined chemical composition is made. The
ready four-component raw mix is then fed to ball mills
for final grinding.

The wet burning process was implemented in
seven long wet kilns, namely, four kilns with dimen-
sions of P¥3.6x3.3x3.6x150m, two kilns with dimen-
sions of ©4.5x170m, and one kiln with dimensions of
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Fig. 4. The burning processes in old wet kilns No. 5,6,7
and the semi-dry kiln No. 8
Puc.4 Mpouecc o6xxura B cTapbix nevax N°5, 6, 7,

paboTatoLrx No MoKpomy crnocoby npon3BoACTBa,
1 B neun N2 8 — no nonycyxomy

ITpouecc npoBefeHNs MPOEKTHDIX U ONBITHO-TIPO-
MBIIIIEHHBIX pabOoT MPOJEMOHCTPUPOBAT BBICOKYIO 9h-
(DeKTMBHOCTb COTPYAHUYECTBA KPYITHOTO POCCUIICKOTO
LIEeMEHTHOTO NPefIPUATUA C MUSBECTHOI LIEMEHTHOM 3apy-
6exxHolt pupmoit muposoro ypoBHa ELSmidth (Tanmns).

Knrouesvie cnosa: moxputil, cyxoii, nomycyxoii cno-
cobvl NPoU3BOOCNEA UeMeHMA; CPABHEHUE UX MeXHUYe-
CKUX U 9KO/I0ZUHECKUX NoKA3amerneli 6 YCI08UAX 00H020
npeonpusmus; 6nuUAHUE 0COOEHHOCMU CbIPbesoti 6a3bl.

OAO «CebpsikoBIieMeHT» OBIZIO 006pasoBaHO
B 1992 1. Ha 6a3e CeOPsIKOBCKOTO 1IEMEHTHOTO 3aBOJa.
ITepBas ouepenp 3aBofa OblIa 3amylieHa B pabOTy B CeH-
Ts16pe 1953 r. Ha 6a3e CeOPAKOBCKOTO MECTOPOXKACHMU s
IIEMEHTHOTO CprbH. B KauyeCTBe€ OCHOBHBIX CprbeBbIX
KOMIIOHEHTOB MCIIOTIb3YeTCA MeJl C BIaXKHOCTBIO 10 20—
23% u rIMHA C BIaXXHOCTHIO 10 19-22%. B kxavyecTBe
KOPPEKTUPYIOIUX J0O6ABOK VCIIOIb3YIOTCS JKENe30C0-
fiepKalijyie OTXOABI META/IIy Priu4ecKOro IPON3BOACTBA,
a JIIOMMHATHAs Bo6aBKa 3aKyIAeTCs B BUJE 307IOLIIA-
KOB C OTBAJIOB TEIJIOBBIX 9M€KTPOCTAHLIMII. YUUTHIBASA
BBICOKYIO BJIaYXHOCTDb KapbepHOTO ChIPbsI, 3aBOJ, padoTarn
10 KHaCCI/I‘IeCKOf/l TEXHOJIOTUN HpVIFOTOBHeHI/IH Cprbe-
BOTO IIIaMa U ero o6XXmura mo MOKpomy crocoby mpo-
M3BOJICTBA.

CpIpbeBoll LIJIaM IIOC/IE HECKONBKUX IPOBEEH-
HBIX PEKOHCTPYKIMII CBIPbEBOTO OTHE/IEHN S B HACTOAILIEe
BpeMs NPUTOTABIMBAETCA 110 CIe/yIolleil TeXHOMIOT UM
I'mmHa focTaBIACTCA KeNe3HOOPOXKHBIM TPAaHCIIOPTOM
U3 Kapbepa U MOJAETCA B TIMHONIPUTOTOBUTENbHOE OT-
[ie/IeH1Ie, TAe PA3MYUIMBAETCS C BOLOI B IIMHOOOITYII-
Kax U OTKy/ja B BU/Jie ITIVHAHOTO IIaMa (C BIaKHOCTDBIO
OKOTI0 65%) [O3MPOBAaHHO MOJIAETCS B TEUKY arperara
«Tugpodomny». Tyaa xe mofgaeTcss U Mel, [OCTABIsEMbII
JKeTIe3HOfIOPOXKHBIM TPaHCIOPTOM 13 Kapbepa. B «[mppo-
¢done» Men IPOXOANUT CTaUIO IPYOOTO ITOMOJIA U TIpefBa-
PUTENBHO CMEIINBAaETCsA C IMIMHOIL [Janee rpy6oMOnoOTHII
IJIHOMEJIOBOJ IIJIAaM IIPOXOAUT 4epe3 JO3MPOBOYHBIN
6710K B CIIeLMaIbHBII CMECUTENb, KA B COOTBETCTBUN
C MOKA3aHMAMM HENPEPHIBHOTO aHA/IN3aTOPA XMMMUYIECKO-
TO COCTaBa ChIPbeBbIX KOMIIOHEHTOB B aBTOMATIY€CKOM
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FLS No. of
izt the item //
No.//Ne  Item name // HanmeHoBaHne 06bEKTOB o
N2 obbekTa
obbekTa
FLS
o1 Chalk and clay receipt and crushing section // MpuemHoe 11112
1 APOBUIbHOE OTAENEHNE MENA U MIMHbI '
Gallery for shipping chalk and clay to the homogenizing storage
02 facility // fanepen TpaHCNoOpTa Mena v MHbI K yCPeaHUTENbHOMY 11112
cKknagy
03 Homogenizing storage facility for raw materials // YcpeaHutenbHbii 131
CKNaf CbiPbEBbIX MATEPUANOB
04 Supply of ash and calcine to proportioning bunkers // Mogaya 3onbl 311
1 OrapoK K J03MPOBOYHbIM OyHKepaMm.
05 Gallery for shipping raw materials to the crusher drier // 31
lanepes TPaHCMOPTa ChiPbA K CyLIMIKe-[pO6UIKe
06 Material crying and crushing department // OtaeneHve cywku 411
1 ipOONEeHNA CbipbA
Exhaust gas dedusting. Renovation of cold end electric filters //
07 ObecnbinvBaHe OTXOAALMX ra308. PEKOHCTPYKLMA SN1EKTPOGUNBTPOB 441
XOJIOAHOTO KOHLA
08 Kiln department. Cold section/Cyclone preheater tower // MNeuHoe 41
oTfeneHuve. XonogHas YacTb. dTaxepKa LMKIOHHOMO TeNNOOOMEHHYIKa.
09 Kiln department. Middle part of the kiln // MeuHoe otaeneHve. 431
CpeaHAna YacTb neyn
10 Kiln department. Hot section with dedusting // MeyHoe oTaeneHue.
[opAYas YacTb C obecnbinvBaHnem
Fig. 5. The process chart of kiln No. 5 (dry technology)
Puc.5 TexHonornuyeckaa cxema neun N25 (cyxor cnoco6 npon3BoAcTBa)

@ 5.0 x 185m, which were upgraded to some slight extent
for performance enhancement but without change of the
production method. The values of specific fuel and elec-
tricity consumption were quite high even though they did
not reach the industry average. That became especially
noticeable in the 1990s when the share of energy in the
cost of cement production was as high as 50% or more
as a result of energy price growth.

In this situation, the administration and staff of
the plant contributed maximum effort and financial re-
sources for completing the job and commissioning a new
semi-dry clinker burning line, the construction of which
had started at the plant in the Soviet period. The existing
material redistribution section, which used the wet meth-
od, was supplemented with a chamber press filter section
where water was removed from slurry with a moisture
content of up to 40% by compressed air through a filter
cloth. The cake with a moisture content of approx. 20%
from the press filters is then dosed into a rotary crusher
dryer. Dried in the crusher dryer to 0% by hot gas from
a cyclone preheater, the material in the form of raw meal
is fed continuously for burning to the kiln system, which
employs the dry process. The kiln system consists of a
two-stage cyclone preheater, a heat exchange vertical
flue with two burners, and a rotary kiln with @5x125m
dimensions.
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FLS No.
Item No. // of the item //
Ne OBbeKTa Item name // HanmeHoBaHve o6bekToB N° OBbeKTa
FLS
Gallery for shipping clinker to the existing
1 clinker and gypsum storage facility // lTanepes 471
TPaHCrNopTa KMHKePa K CyLecTByIoLeMy CKagy
KJIMHKEPa 1 rvmnca
12 Bypass section // OtaeneHue 6ainaca 451
13 Central control room // LIy
15 Power rooms in the cold section of the kiln // 491
SNeKTPOMNOMELLEHNA B XONOAHOM YacTu neyn
16 Rain and melt water tank No. 1 // EMkocTb
noxaesblx 1 Tanbix Bog N2 1
17 Rain and melt water tank No. 2 / EMkocTb
AOXKAEBbIX M Tanbix Bog N2 2
Power rooms at the chalk and clay homogenizing
18 storage facility // SnekTponomeLyeHun
npwv yCPeaHUTENbHOM CKNaAe Mena 1 ruHbl
19 Power rooms in the hot section of the kiln // 490
SNeKTPOMNOMELLEHNA B ropAYen YacTu neyun.
20 Cable rack // KabenbHan acTakaga
55 Rain and melt water tank No. 3 // EmkocTb

AOXAEBbIX U Tanbix Bog N2 3

pPeXmMe nmomaeTcAa HeO6XO]II/IMOC KO/IN4Y€CTBO 1106a1301<.
Takum o6pa30M TOTOBUTCA IIJIaM 3aJaHHOI'O XMMUYE-
CKOTO COCTaBa. 3aTeM roToBas YETPIPEXKOMIIOHEHTHAA
CbIpb€Bas CMECH IIOCTYMAET Ha OKOHYATeTbHBIN ITOMOJT
B NIapOBbIE€ MEJIbHNIIBI.

OO6XNT IO MOKPOMY CITIOCOOY OCYILeCTBIAICS
B CeMM J/IMHHBIX IeYax: YeThIpe [eun — C padMepa-
mu ©3,6x%3,3%3,6%x150M; Be e — C pa3Mepamu
04,5x170M; ongHa me4b — ¢ pasmepamu 5,0 x 185m.
Bce meun B mporjecce paboTsl mofgBepraniuch He6ob-
MMM MOJEPHM3ALMSIM /IS YIydIIeHNs] TeXHIKO-3KO-
HOMMYECKUX ITOKa3aTesreil, Ho 6e3 M3MeHeHus crmocoba
npousBojcTBa. [TokasaTenu yaenIbHOroO pacxofa TOIUIU-
Ba I 97IEKTPOIHEPIUY XOTS U HIKE CPefHEOTPACTIEBBIX,
HO OBbIIM JOCTaTOYHO BBICOKMMM. OCOOEHHO 3aMETHO 3TO
CTaJIo 1O CpaBHEHMIO ¢ 1990-Mu rogamu, KOrga B pesyib-
TaTe pOCTA L[eH Ha SHEPTOHOCUTENN OIS 3aTPaT Ha HUX
B ce0eCTOMMOCTH IleMEeHTa Ha TOIINBO ¥ /IEKTPO3Hep-
ruio gocturana 50% u Gonee.

ADMMUHUCTpaLVs U CHELMANINUCTHL 3aBofa B 90-x
rofiaX IPWIOXKMUIN MaKCUMYM YCUIUI ¥ QUHAHCO-
BBIX CPEJCTB [i/IA 3aBeplIeHNsI paboT U IycKa B 9KC-
IJIyaTalI0 HOBOJ TEXHOJIOTUYECKONM MHUN ob>xura
KJIMHKepa II0 IOYCYXOMY CIOoco6y IpOU3BOACTBA, KO-
TOpas Hayaja CTPOUTHCA HA 3aBOJie €llle B COBETCKOE



Therefore, the press filters reduce the moisture
content in the wet raw mix that enters the kiln by more
than 20%, which reduces the fuel consumption for burn-
ing significantly as compared with the wet method. That
increases the specific electricity consumption in the raw
material department by 8.5kW per ton of clinker, and
this electricity is used to remove moisture from the slur-
ry in the press filters. However, the overall cost of fuel
and electricity for producing one ton of cement by the
semi-dry method is reduced by 22% as compared with
the wet method.

Starting from 2003, JSC Sebryakovcement devel-
oped and began implementing a plant renovation pro-
gram for upgrading the equipment and renovating the
main production sections with introduction of modern
technologies, as a way to overcome the crisis. The first
goal was a significant reduction of energy costs, which
were the biggest items in the cost structure.

For the critical section of cement clinker burn-
ing, the options for switching to the dry technology were
examined. It was taken into account from the very start
that for quarry raw materials with high moisture con-
tent, the dry process is much less efficient in terms of
fuel economy than with the much lower moisture con-
tent in quarries of plants that use the dry method, and
the power consumption is much higher. Therefore, the
plant experts were looking for optimal solutions in the
situation of JSC Sebryakovcement in order to minimize
future maintenance costs and to reduce building costs.

In the considered options of switching the plant
to the dry method, the company’s experience of wet pro-
duction of raw mix from wet materials and semi-dry pro-
duction of raw meal where the material is ground and
dried in a system using a rotary hammer mill was taken
into account in the first place. A separator was added to
the crusher dryer for a preset fineness of the raw meal.
Further preparation of the raw mix and its burning were
performed in a modern kiln system with a three-stage
cyclone preheater and a pre-calciner where tertiary air
from the kiln cooler is fed.
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Bpems. CylecTBYOIINIT CHIPbEBOIT Tepefen, paboTaro-
Uit IO MOKPOMY CHOCO0Y, OBUI JOIOMHEH OTAeIeHN-
€M KaMepHbIX IIpecc-(QpUIbTPOB, B KOTOPHIX U3 LIIAMa
C BIXKHOCTBIO 710 40%, IIpM C TOMOILIY CKATOTO BO3/IyXa
4epe3 GUIBTPOBANIBHYIO TKaHb, yAandeTcs Boga. [lomy-
YeHHBIII B Ipecc-PpuIbTpax KeK, C BAa>KHOCTBIO OKOJIO
20%, noffaeTCs JO3MPOBAHHO B POTOPHYIO CYHIMJIKY-/IPO-
6mIKy. Marepuail, BBICYIICHHBIN B CYIINIKe-IPOOIIKe
10 0% OTXOOAIMMM OT LIMKIOHHOIO TEMI00OMEHHMKA
rOpAYMMM Ta3aMM, B BIJIE CBIPbEBOI MYKM B HETIPEPbIB-
HOM peXXUMe TIOJAeTCss Ha OOXKUT B MEYHYIO CUCTEMY,
paboTaIOIIYIO [TO CYXOJ TEXHOTIOTUY 00>KITa KIMHKepa.
Ileynas cucTeMa cOCTOUT U3 ABYXCTYNIE€HYATOTO IUK/IOH-
HOTO TEeII00OMEHHVKA, TeII00OMEHHOTO BePTUKAIbHO-
T'O Ta30X0la, OCHAILEHHOTO JBYM: TOpe/KaMy M CaMoit
Bpalaolerics meum ¢ pasmepom @ 5x 125m.

Takum obpasom, 3a cueT npecc-GpuUIbTPOB BIara
CBIPbEBON CMECH, IIOCTYTAIOLEN Ha 06>KUT, CHIDKAETCA
6onee yeM Ha 20%, YTO [TO3BOJIAET 3HAUNTE/IBHO, B CPaB-
HEHUY C MOKPBIM CII0COOOM IPOMU3BOJICTBA, CHUSUTD II0-
TpebeHne TomMBa Ha ookur. IIpy sTOM B ChIpbeBOM
OT/e/IEHUI BO3PACTAET YHENbHBIN pacxof, 97eKTPOJHEP-
ruu Ha 8,5 KBT B pacdeTe Ha TOHHY K/IMHKEPa, PAaCXOAy-
€MOJI Ha IIPOLIeCCH yhaleHN A BIaTu U3 IIaMa B IIpecc-
¢unpTpax. OfHAKO B II/IOM 110 CPABHEHUIO C MOKPBIM
CII0co60M IIPOM3BOACTBA Ce6ECTOMMOCTD TOHHBI IjeMEeHTa
IO CTAaThAM «TOIJIMBO» U «3NIEKTPOIHEPTUA» IIPU MTOITY-
CYXOM cIiocobe IIpOU3BOACTBA CHIDKaeTCA Ha 22%.

C 2003 r. B OAO «CebpsiKOBLIeMEHT», 10 MePE BbI-
XOZa U3 KPU3UCHOTO Mepropa, Obra pa3paboTaHa U Ha-
Yajia peajnM30BBIBATHCS IPOrpaMMa PEKOHCTPYKINNI
3aBOJia, HaIllpaB/ieHHas Ha OOHOBIIeHVe 060PyOBaHNA,
PEKOHCTPYKIIMM OCHOBHBIX Ilepefie/IoB MIPOU3BOLCTBA
C BHEIpEHMEM COBPEMEHHBIX TEXHONOIUiL. B mepsyro
OYepellb CTaBU/IACH Lie/Ib 3HAYMTETbHOTO COKpAlleHUsA
9HepreTNYeCcKUX IPOU3BOACTBEHHBIX 3aTpaT KaK Hau-
6oree éMKUX cTaTell 3aTpaT B CTPYKType Ce6eCTOMMOCTH.

Jlyist BaskHelinIero mepemesia — oOXKura [eMeHT-
HOTO KIMHKepa — ObIIM IMpopaboTaHbl BapUaHTHI Iie-
pexofia Ha TEXHOJIOTMIO CYXOTO CIIocoba MpoN3BOACTBA.

Fig. 6. Chalk acceptance for crushing in a roller mill and
proportioned addition to the raw mix

Puc. 6. Mpuemka mena ana ero Apo6aeHns B BankoBom
[pobuiKe 1 fO3UPOBAHHOIO BBOAA B CbIPbEBYIO
cmecb

Fig. 7. A view of the department where the raw mix is made
and taken to the storage facility
Puc. 7. MNaHopama oTaeneHna NPpUroToBAEHUA CbipbeBON

cMecn N nofayun ee Ha cknag
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Fig. 8. Delivery of ready raw mix for storage by a stacker
Puc. 8. YKknagKka CTakkepOoM roToBOW CbipbeBOI CMecH
Ha cKnag

As a result, a decision was made with FLSmidth
experts that the raw mix production technology at the
dry raw material section would be similar to that at the
wet section.

After separate primary crushing in roller crush-
ers, weight batchers take chalk and clay from the railway
cars to an assembly conveyor where the required compo-
nents for the raw mix with a preset chemical composition
are supplied automatically according to the continuous
analyzer’s readings.

The transporter takes the ready raw mix to a closed
storage facility where it is put in a stack.

For better mixing of the all the mix components,
a reclaimer takes the required amount vertically from
the second stack, which was made earlier, and sends it
to the crusher dryer, and after the crusher the raw meal
is taken to the kiln system immediately through the pro-
portioning bunker.

This process system has no intermediate stor-
age facilities or dosage tanks for the main raw materi-
als, which is especially important for handling moist or

Fig. 10. The heated storage facility for raw meal and the
burning system

Puc. 10. YTenneHHbI CKNag CbipbeBON CMecu U cucTema
ob6xura
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ITpy 5TOM M3HAYAIBHO YYUTBIBATIOCH, YTO Ha KAPbEPHOM
ChIpbe C BBICOKOJI BIAYXHOCTBIO CYXOil CIIOCOO Mpous-
BOZCTBa OyneT MeHee 3(p(PeKTUBEH C TOUKY 3PEHNUS IKO-
HOMMJ TOIUIMBA, YeM TPV 3HAYMUTENbHO OojIee HU3KOI
BJI&>KHOCTH ChIPbsSI B Kapbepax 3aBOJOB, pabOTaIOLINX
[0 CYXOMY CIOCO0Y, a pacxof 37eKTPOIHEPruy BBILIE.
ITosaToMy crienanucThl 3aBOJA MCKaNIM BAPUAHTHI OII-
TUMAQJIbHBIX PEIIeHNUI A1 MaKCUMa/TIbHOTO YMeHbIIIe-
HSL Oy YIMX SKCIITYaTalIOHHBIX 3aTPaT M CHYDKEHM S
3aTpaT Ha CTPOUTEIbCTBO.

B paccmarpuBaeMbIX BapuMaHTax IepeBOja 3a-
BOJia Ha CYXOif CII0CO6 GBI yUTeH B IEPBYI0 OYepenb
OIBIT CIELMAMIICTOB NPEANPUATHA 10 PaboTe C BIAXK-
HBIMJ MaTepyajaMyi [Py U3TOTOB/IEHN CHIPbEBOIT CMeCH
10 MOKPOMY CHOCO6Y ¥ OIIBIT IPUTOTOBJIEHU A CprbeBOﬁ
MYKJ IpK paboTe IO IOMYCYXOJ T€XHONOTUM, Tfie U3-
MeJIbYeHIe 1 CYLIKa MaTepyana IPOUCXONUT B CUCTEME
C MCIIONb30BAHMEM POTOPHOI MOJIOTKOBOJ APOOUIKIAL.
Ipu sTOM cymmmaka-gpobuaka O6bla fOMOMHEHA Cema-
PaTOpOM IS Oy YeHNUs MYKU 3afaHHOJ TOHKOCTH I10-
Mora. [lajiee IOATOTOBKA ChIPbEBOIT CMeCH U ee 0OXKUT

Fig. 9. A reclaimer handling a raw mix stack for
proportioned supply to the burning system
Puc.9. Pazbopka peknaimepom wtabens cbipbeBoii cMecn

AN [O3VPOBAHHON Nojaun B cuctemy obxumra

IPOM3BOAUTCA B COBPEMEHHOI! TIeYHOI! CUCTeMe C TpeX-
CTYIeHYaTbIM LIMK/IOHHBIM TeIlJIOOOMEHHIKOM U JieKap-
OOHI3aTOPOM C IIOfIayell B HETO TPETUYHOIO BO3LyXa
OT XOJIONM/IbHMKA TIEYI.

B mrore coBMecTHO CO crienmanucTaMu GpupMbl
FLSmidth 6p1710 IpUHATO pelIeHMe, YTO CXeMa IIPUTO-
TOBJIEHNA CBIPbEBOII CMECH Ha CYXOM CBIPbeBOM Iepefiernie
OyneT aHalOrMYHa CXeMe Ha MOKPOM CBIPbeBOM Iepefiere.

Mern u r1MHa U3 BarOHOB, OT/I€/IbHO PO Iep-
BUYHOE JIpo6jIeHNe B BaJIKOBBIX APOOMIIKaX, BECOBBIMMU
[o3aTopaMM ITOJAIOTCs Ha COOPOYHBIN TpaHCIOPTED,
Ha KOTOPBIIA, IO JaHHBIM HENPEPBIBHOTO aHA/IN3aTOpa,
ABTOMATMYECKM TIOJAIOTCS HEOOXOAMMBbIE KOMIIOHEHTBHI
Il IONy4eHMA ChIPbeBOJ CMeCU 3alaHHOTO XMMUYe-
CKOTO COCTaBa.



Table 1. The relation of the kiln number and the method
of clinker production
Tabnuua 1. CooTBeTCTBME HOMEpPa Neun 1 cnocoba

npoun3BoACTBa KNIMHKepa

Production method //

Kiln No. 7/ Ne Meun
Cnocob npowv3soacTea

Dry // Cyxon Ne5
Wet // Mokpbliin Ne 6, 7
Semi-dry // Monycyxon N8

Table 2.
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ToToBas chIpbeBasi CMeCh TPAHCIIOPTEPOM IIOfA-
eTCsI B 3aKPBITBIIl CK/IaJ, U YKIaAbIBA€TCs TOPU3OHTAIb-
HBIMIU CTIOSIMM B (DOPMMPYeEMBbIiT IITabeb.

/13 BTOpOTO, IPUTOTOB/IEHHOTO paHee PALOM LITa-
6er1s1 CBIPbeBOIT CMeCH, [iIs TYYIIEero CMeLNBaHUs BCeX
KOMIIOHEHTOB cMecH 1Tabenepasbopinkom (pekait-
MepoM) B 3aJaHHOM 06'beMe 3abupaeTcs 0 BepTUKaIN
M HaIIpaB/IAETCS B CYLIWIKY-HPOOMTIKY, a fajee depes

The chemical composition and modular ratios of raw meal and slurry

Tabnuua 2. Xumunyeckmii CoctaB U MOAYIbHblE KO3bOULNEHTbI CHIPbEBOI MYKM 1 Liama

Modular
Iltem Narne // Han- Oxide content, % // characteristics //
No. // nnn, % CopeprkaHne okcngos, % MogynbHble xa- KH W, %
Ne m/m MEHOBaHNE PaKTEPUCTUIKM
SiO,  ALO; Fe,O;3 CaO MgO  SO;  Na,O KO n p
1 Ne 5 34,4 13,7 347 2,71 43,7 112 0,24 0,35 0,35 2,2 13 0,96 04
2 Ne6, 7 33,8 141 3,38 3,01 43,5 1,32 0,21 0,3 0,3 2,2 11 093 40,1
3 Ne g8 33,6 13,6 3,38 2,84 439 1 0,18 0,35 0,38 2,2 1,19 0,99 04
Table 3. The chemical and mineralogical composition of clinkers
Tabnuua 3. XuMUYeckunin 1 MUHEPanornyecknin CocTaB KIMHKEPOB
) Mineralogical composition //
"\fgr?/ H’\;?/]n:\;;/g— —— Oxide content, % // ConeprkaHne okcnaos, % MI/IHepaJ?OI’I/IHeCKI/?VI p— Cag,eoeb y
Nem/n BaHne SiO,  ALO; Fe0O3 CaO  MgO  SO;  Na,O KO GS GS GA  CAF  CaOq, %
1 Ne 5 0,12 2192 5,52 434 66,31 0,58 0,36 04 04 54,7 259 6,24 11,58 0,87
2 Ne6, 7 0,2 21,83 517 4,59 66,27 1,25 0,25 0,33 0,2 59,1 22,3 6,2 1,8 0,3
3 Ne 8 016 2162 521 4,61 6646 1,05 0,21 0,31 0,35 578 22,8 59 12,6 0,27
Table 4. A comparison of specific energy costs for clinker production with various technologies

Tabnuua 4. CpaBHuUTenbHasA Tabnuua yaenbHbIX 3aTpaT SHeproHocuTene Ha NPON3BOACTBO KIIMHKEPOB MO Pa3HbIM TEXHONOMMAM

Production Speciic mel Fuel consumption as Specific electricity Eleciiciny consimsfon Economy (cost
consumption, ‘ as compared to the )
method Keal/ka clinker 7/ compared to the wet consumption, kWh/t wet method. % // Pac- reduction), rubles //
Ne  // Cnocob gc method, % // Pacxop, clinker // YnenbHbiin ' DKOHOMUS (CHYXKEe-
YaenbHblin pacxoq XO[ SNEKTPO3HEPT N
npow3Bof- TOM/IMBA MO CPABHEHMIO  PACXOf NeKTPOo3Hep- Hne cebecToumo-
Tonnmnea, Kkan/Kr Mo CPaBHEHWIO C MOKPbIM
CcTBa C MOKpbIM ciocobom, % rv, KBY/T KNnHKepa cTn), pyo.
KMHKepa cnocobom, %
1 Ne 5 902 60 49,8 109 -326
2 Ne6, 7 1505 100 45,5 100 0
3 Ne g8 1091 73 60,3 132 -202
Table 5. The physical and mechanical characteristics of cements
Tabnuua 5. PU3MKO-MexXaHNYeCKme XapakTePUCTUKN LLEMEHOB
) ) Setting time, min // Strength (MPa) after (days) //
Specific Fineness, _ Bulk _ Cpoku cxsaTbiBaHvs,  [Npepen npouHocty (Ma)
Name // surface area, sieve No.008 Consistency, ) Grinding
2 weight . ) MUH yepes (cyT)
Havme- cm®/g // (pass) // ToH- % // Hop- 2, time, min// )
o g/cm// Compressive
HOBa- YnenbHas KOCTb MOMONa,  MaslbHas OBBEMHLI Bpemsa no- beginning / y Flexural // 7 Tt @
HME  MoBepxHOCTb, CuToN2008  rycToTa, % 5 Moma,mun  2€9Inning & Mpw n3rnbe P
cm/r (npoxop) BEC, r/cm Havasno KoHeL| TN
2 28 2 28
1 Ne 5 3163 81 25 1,52 48 160 200 4] 74 17,6 41,24
2 Nee, 7 3170 6,7 25 1,48 48 160 200 39 73 16,2 4292
3 Ne g8 3140 7,2 25 1,34 43 170 230 4,3 7,7 17,3 39,8
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Fig. 11. The plant control room building
Puc. 11. 3paHue AnA NynbTOBbIX MO YNPaBNeHNo 3aBOAOM

adhesive raw materials. There is no raw meal silo either,
as we have found (with a semi-dry kiln) that handling fine
chalk raw meal causes significant layering of the meal by
its granulometric composition, and larger fractions slow
the meal movement down.

In our system, raw meal homogenization in the
dynamic crusher dryer system provides the required reli-
ability for producing high quality clinker, and the trusted
technology and equipment provide for high efficiency of
the kiln system utilization without any raw meal reserves.

JSC Sebryakovcement is very appreciative of our
cooperation with FLSmidth, which has already proven
to be a reliable partner in several joint projects. In this
project, FLSmidth contributed the engineering and the
main process equipment, and their experts shared their
experience and modern cement equipment and believed
in the results of our work as they created a process that
has no equivalents anywhere in the world, which reduced
the building costs significantly.

The operation of the process line for a year has
shown that the applied process makes it possible to
achieve the same quality of clinker and cement as the
wet process with a significantly lower fuel consumption
and the minimum possible increase of power consump-
tion (by 4.3kWh).

During the year when the system operated in the
startup mode with the semi-dry technology, more than
one million tons of clinker were produced. The design
performance of the kiln, 3,575tons of clinker per day,
was achieved and even exceeded.

As aresult, the kiln renovation made it possible to:

> Reduce specific fuel consumption by 40% or more
and save 170 mIn m’ of natural gas per year;

> Achieve the same quality of clinker and cement as
with the wet process;

> Reduce emissions and reduce water consumption
in the production process;

> Upgrade production processes to a state-of-the-
art level;
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IO3MPOBOYHBIN OYHKep ChIpbeBass MyKa cpasy IOfaeT-
sl B IEYHYIO CUCTEMY.

B npuMmeHsAeMOI TeXHONMOTMYECKON CXE€Me OT-
CYTCTBYIOT IIPOMEXXYTOYHbIE CK/I/Ibl U ;O3 POBOYHbBIE
€MKOCTY OCHOBHBIX ChIPb€BbIX KOMIIOHEHTOB, UTO 0CO-
0eHHO BaXHO Ipy paboTe C BIAKHBIMU U JTUIKUMU
CpIpbeBbIMU MaTepuanaMyu. OTCYTCTBYeT U CUIOC ChI-
PbEBOII MYKIL, IOTOMY YTO IO HAIleMY OIIBITY (Ha Ie4i,
paboTaroliieil 10 MONTYCYXOi TEXHOMOTUN) IIPU adpaliun
I oIepauuAX C ChIPbeBOM MYKOJ Ha OCHOBE MEIKOJ M-
CIIEPCHOTO MeJIa, IPU ABVDKEHUM MPOUCXOAUT 3HAUM-
TeJIbHOE PACCIOEHNE MYKY TI0 TPaHYIOMETPUIECKOMY
COCTaBY, IIPM 9TOM KPYIIHBbIe PPaKIUU TOPMO3SAT JBU-
JKeHIe MYKM.

B Hameitr cxeme TOMOT€HM3amAa CI)IpbeBOI/“I MYKN
B IVHAMMUYHOI CUCTeMe CYLIVMIKU-FPOoOUIKY obecredn-
BaeT HeOOXOAMMBIIT YPOBEHb KaueCTBa IIPY HOMyIeHUN
KJIMHKepa, a OTpaboTaHHasA TeXHOIOTUA U 000pyroBa-
HIE IIO3BONAKT JOCTUTATHb BBICOKOTO KOS(i)(i)I/H_U/IeHTa
VICIIO/Ib30BAHU A MIEYHOI CUCTEMBI 6e3 pe3epBHOT0 00b-
€Ma ChIPbeBOI MYKM.

OAO «CebpsAKOBIIeMEHT» BBICOKO LIEHUT COTPYi-
HuvectBO ¢ pupmoit FLSmidth, 3apexomengoBaBuieit
cebst B KauecTBe HaJle)XHOTO IMapTHepa MpM OCYILIecT-
BJICHMY HECKOTbKMX COBMECTHBIX IPOEKTOB. B aTom
npoekte FLSmidth BeicTynmmia B ponu mocraBmuka
MHXXVHYPUHTA ¥ OCHOBHOTO TEXHOJIOTMYECKOro 060-
pynoBaHuss. COBMECTHBIMY yCUIUAMMU OblTa CO3/jaHa
He MeI0IIas B MIpe aHAJIOTOB TEXHOIOTMYeCKasd CXeMa,
KOTOpas KpOMe TOTO II03BOJIN/IA CYLIeCTBEHHO CHNU3UTD
3aTpaThl Ha CTPOUTENbCTBO.

A OTIBIT 9KCIITyaTAL Y TeXHOIOTMYEeCKOI TNHUN
B TeYeHNe TOfa II0Ka3as, YTO IpUMeHseMasl TeXHOO-
rMYecKasi cxeMa II03BOJIsIeT JOCTUYb YPOBHA KaueCcTBa
HOTy4aeMOro K/IMHKepa I [eMeHTa He HIDKe, YeM IpH
IpUMeHEHNN MOKPOTO CII0co6a IIPOM3BOACTBA, a TAK)KE
3HAYNTE/IPHO CHUSUTDb PACXOJ TOIUIMBA U 00€CIeYnTh
MVHMMAJIbHO BO3MO>KHOE YBe/TNYeHe PACXOfia 9eKTPO-
snepruu (Ha 4,3 KBt/gac).

B TeuyeHme ropa, npu paboTe B pexkuMme IyCKO-
Ha/aIKM ¥ OCBOEHMA MOLIHOCTM Ha TE€XHOIOTMYECKOI
JIMHUU C IIPYMEHEHNeM IONTyCYXOll CXeMBl, OBIIO Ipo-
u3BefieHo HojIee OHOrO MJIH T KIMHKepa. IIpu atom fo-
CTUTHYTA U Jla)Ke IPEBbIIIeHAa KOHTPAKTHAA IIPOU3BOJ M-
TENIbHOCTD Ie4y — 3575 T KIMHKepa B CyTKMU.

PeKOHCprKLU/IH II€4YM I1I03BOJINJIA:

> CHUSUTD YHENbHBIN PacXof TONNMBA MUHUMYM
Ha 40%, cOKOHOMUTD 170 M/IH M’ IPUPOFZHOTO
rasa B rof;

> obecreunTp KavyeCTBO K/IMHKepa U IjeMeHTa

HE€ HMJKE KadyeCTBa, KOTOpoe€ obecrneynBaeTcs
IIpn MOKpOM criocobe IIpON3BOACTBA;

> CHU3UTH 00'beMBI BBIOPOCOB U CHU3NUTDH MOTpe-
O/1eHVIe BOZIBI B IIPOU3BOLCTBEHHOM IIPOLieCce;
> BHEIPUTH COBPEMEHHBII YPOBEHD yIPAB/IEHNS

IIpON3BOACTBEHHBIMMI IIpOLI€CCaAMMU;



Fig. 12.
Puc. 12.

Kiln No. 5 control room
MynbT ynpasneHua neybto N2 5

Decommission inefficient, old, and obsolete equip-
ment of five wet kilns and a set of old buildings
where it was located, which saved the company the
cost of their maintenance and repair;

Replace equipment at three old and obsolete pow-
er substations and upgrade the plant cable racks.

Conclusions

In view of the above, based on the example of JSC

Sebryakovcement that uses three technologies of clinker
and cement production (wet, dry, and semi-dry), the fol-
lowing conclusions can be made.

Renovation of plants that use the wet process and
their upgrading to the dry technology are not just
possible but necessary with the existing production
infrastructure and milling and shipping units and
due to the qualified production staft and trusted
grinding and processing technologies. The plant
has achieved a significant cost reduction, which
has improved its competitiveness, and the specific
investment costs are substantially lower than for
building new dry plants, especially in the case of
moist raw materials.

For renovation of wet cement plants, the most ef-
fective method of clinker burning is the dry meth-
od, which provides the same quality of cement and
clinker as the wet method.

That increases the efficiency of investments, es-
pecially in the case of old plant renovation, as it
enables not just a technology upgrade and better
techno-economic performance but also decom-
missioning of obsolete equipment and buildings,
which reduces the cost of their maintenance. The
entire infrastructure of the company is upgraded.

With a creative approach, renovation costs at an
existing plant can be reduced substantially.

Switching to the dry process of cement production
improves the environmental situation significantly.

cement | LemeHT

> BBIBECT U3 pabOThI HeapPeKTUBHOE, MOPAJIbHO
U U3MYeCKN ycTapeBliee 00OPYLOBaHUE IIATH
meveil MOKpPOTo crrocoba IpousBOACTBA U KOM-
I7IeKC (pr3MIecKy yCTapeBIINX 34aHUI U COO-
PY>XEHUII, Tile OHO PacIoNaraaoch, 4TO MO3BO-
JIMJI0 UCKIIOYUTD PACXOABI HA UX COfleprKaHMe
U PEMOHT;

> 3aMEHNUTDb 000pyIOBaHNe Ha TPeX MOPaIbHO U (pu-
3MYECKY YCTAPEBLINX MEKTPOHOACTAHINSIX, 00-
HOBUTD Kabe/lbHble 9CTaKaJIbl 3aBOJIA.

BbiBoabl

YunTeiBasg usnoxxeHHoe, Ha nmpumepe OAO «Ce-
OpsAKOBLIEMEHT», pPabOTAIOIEer0 OHOBPEMEHHO C IIpUMe-
HeHJEM TpeX CIOCOO0B NMPOU3BOCTBA KIMHKepa I Iie-
MeHTa (MOKPOT0, CYyXOT0 U IOTYCYXOro), MOXKHO CJe/laTh
CIefyIomIie BEIBOJIBL.

1. PeKkoHCTpPyKINA 3aBOJOB, pabOTANIIUX IO MO-
KpOMy cIoco6y IpOU3BOACTBA, M IEPEBOJ
MX Ha CYXOJf CIIOCOO CTalu He TOIBKO BO3MOX-
HBI, HO I HEOOXOMMBI C IIPUMEHEHVEM yXKe MMe-
IOIIeiiCs ITPOM3BONICTBEHHON MHPPACTPYKTYPHI,
CYILIeCTBYIOIMX ITOMOTBHBIX M OTTPY30UYHBIX
moppaspenenuit, 6marogaps KBaaupuupoBaH-
HOMY TIPOM3BOJCTBEHHOMY IIEPCOHANY, OTpa-
60TaHHOII TEXHOJIOI MY JOOBIYM Y IlepepaboTKy
CBIpbA. 3aBOJ HOCTUT 3HAYMTENBHOTO CHIXKe-
HIs ce6eCTOMMOCTH, YIY4IINB KOHKYPEHTOCIO-
cobuocTp mpeampusTusa. IIpn aTOM yhenbHbIe
3aTpaTbl BIOXKEHMIT 3[leCh CYIIeCTBEHHO HIKE,
YeM IPU CTPOUTENTbCTBE HOBBIX 3aBOJIOB, pa-
60TaOIIUX II0 CYXOMY CIIOCO6Y IPOU3BOACTBA,
TeM 60/lee PacIONaraloLiMX BHICOKOBIa)XHBIM
CBIPbEM.

2. I[Tpu peKOHCTPYKLUAX LIeMEHTHBIX 3aBOZIOB, pabo-
TAIOLINX II0 MOKPOMY CII0C00Y, Hanboree addex-
TUBHBIM CITIOCOO0M 06XKMTra KIMHKepPa SBIETCA
CYXOJl CIIOCO0, IIPU 3TOM JOCTUTAETCS KauyeCTBO
KJIMHKepa I [[eMeHTa He XyXKe 4eM IIPY MOKPOM
criocobe.

3. ITossrimaercs 3¢ PeKTUBHOCTD BIOKEHUIT, 0CO-
GEHHO [IpU PEKOHCTPYKL[UY CTAPhIX 3aBOJOB, TAK
KakK O6HOBTIHCTCH HE€ TOJIBKO TEXHOJIOIMA N yny4-
[IAIOTCS TEXHUKO-9KOHOMMYECKIME TOKA3aTeNn
IIpOM3BOACTBA, HO U IIPU BBIBOJAE M3 IKCIITY-
aTalyy yCTapeBUIEro 000PYAOBAHUS, 3LaHNIA
Y COOPY>KEHUIT CHVDKAIOTCS 3aTPaThl Ha MX IOJ-
mep>kaHue B paborocrnocobHoM coctosiHun. O6-
HOBJ/IAETCA I/IH(bpaCprKTypa IpennpuATNA B 1je-
JIOM.

4. ITpn TBOpYECKOM IOAIXO/ie Ha JIeVICTBYIOIEM IIPef-

HIPUATUYI MOXXHO CYLIECTBEHHO CHU3UTD 3aTPaThl
Ha PEKOHCTPYKIUIO.

5. ITpu mepexope Ha CyXoil CIIOCO6 IPOM3BOACTBA

OEMEHTa CYIIECTBEHHO Y/Ty4YIIA€TCA 9KOIOTNYIe-
CKas cuTyanus.
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AN NEW ADDITIVES FOR CEMENT AND CONCRETE
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3 Mechanical activation of fly ashes

Fly ash, initially, was used in the construction sec-
tor as a partial replacement of the mass or the volume of
the hydraulic cement, the most expensive component of
concrete in order to reduce the cost. However, the results
of further studies on fly ash concrete showed that the fly
ash could impart beneficial properties to the concrete.
The results of research in 1930-s served as a foundation
to adopt the early specification, methods of testing and
use of fly ash in concrete, and led to better understand-
ing of the behavior of fly ash in concrete.

For more than 70 years, fly ash has been used suc-
cessfully in Portland cement concrete as a mineral admix-
ture. And in the last three decades, fly ash has been used as
a compound of blended cement. Integrating Portland clin-
ker, fly ash, and calcium sulfate they produce Portlandfly
ash cement. Under most specifications the amount of fly
ash in the cement is limited to 30-40 wt %, but typically
an addition of about 15-25 wt % may be considered more
practical. But, too much fly ash is produced nowadays in
the world, and the level of utilization is still low (=50%).
And at the same time the level of responsibility of electric-
ity companies for the management of wastes is increasing.
One report carried out at the University of Oklahome in
2006 (for the Oklahoma Department of Transportation)
established that by using the disposed fly ash at the USA in
that moment, a fourlane highway (with 600 1b/yd® binder)
could have been built around the whole perimeter of the
United States. Nowadays (8 years later), disposed fly ash
has obviously increased significantly. On the other hand,
by comparing the expensive and energetic process of pro-
ducing Portland cement, with the enormous amount of
available land fill fly ash, this will demonstrate the eco-
nomical benefits of using fly ash in concrete. Replacing
fifty percent of cement with fly ash could reduce the cost
of concrete up to 30 percent.

Mechanical activation of fly ashes is not, in fact, a
new idea that researchers have recently applied in tech-
nical projects in order to improve the performance of
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INDUSTRY IN THE 21 CENTURY (Part 1)

OepHaHpec-XumeHec A., BeayLwmin HayuYHbl COTPYAHMK, VIHCTUTYT nm. Sgyapao (CSIC), r. Magpua, Vicnanuna

[MTPOMDBILLJTEHHOCTD B XXI BEKE.
HOBbIE JIOBABKI B LIEMEHT M BETOH (MacTs i)

3 MexaHunyeckasa akTuBayus 30/1bl-yHOCa

3071a-yHOC IIepBOHAYa/IbHO IPYMEHATACDH B CTPO-
UTEIbCTBE IS YACTUYHOI 3aMeHbI IUPAaBINYeCKOTO 1ie-
MeHTa (caMolt FOpOrocCTosiieli COCTaBALIel 6eTOHA)
0 Macce UM o6beMy B IelsaX CHyKeHus sarpar. On-
HAKO pe3y/IbTaThl [Ja/[bHENIINX UCCIeSOBAHMIT HeTOHA
Ha OCHOBE 30/IbI-yHOCa ITOKa3aly, YTO OHA MOXKET IIPH-
faBaTh OETOHY IIO/Ie3HBbIE CBOVICTBA. Pe3ybpTaTsl ncce-
poBaHMI B 1930-e roppl cTaayM OCHOBOM 11 HIPUHATUA
COOTBETCTBYIOMIel cen(UKaY METOLOB VCIBITAHNII
Y IpUMEHEHNU 30/Ibl B O€TOHE, YTO IIPUBEJIO K Ty YIIeMy
HOHVMMAaHMIO CBOJICTB OeTOHA IIPY BBELEHNM 30/IbI-YHOCA.

bonee 70 ner 30ma-yHOC yCIIEIIHO NPUMEHAETCA
B IIPOM3BOJACTBE OeTOHA Ha OCHOBe NOPTIaHALIEMEHTa
B KaueCTBe MMHepaybHOI fobaBku. [Tocnennue Tpu fie-
CATUTIETHA 3071a MICTIONIb3YETCSA B Ka4eCTBEe COCTABIAOLIEN
CMeIIaHHOTO LeMeHTa. [Ipy ucnonb3oBaHuy EMEHTHOTO
KJIHKepa, 30716l U Cy/Ib¢ara KaJblys IOTYYaIoT IleMEeHT
Ha OCHOBE 307Ibl 1 HOPT/IaH/lleMeHTa. B 6ombpmmHCTBE CO-
CTaBOB KO/IMYECTBO 30/Ibl B IieMeHTe orpaHndeHo 30-40%
OT Macchl, OBHAKO, KaK IIPAaBUTIO, 607ee MPaKTUIHBIM MOX-
HO CUMTATh BBefieHNe B IleMeHT 15-25%. B To >xe BpeMms,
CErofHA B MMUPE IPOU3BONUTCA CIMIIKOM MHOTO 307Ibl,
a ypOBEHb ee YTU/IN3ALNU OCTAeTCst HUSKUM (0K07I0 50%).
OIHOBPEMEHHO C 3TVM PACTeT YPOBEHb OTBETCTBEHHO-
CTU 3HEePreTHYeCcKUX KOMIIAHUI B 0O/IACTY yTUIN3ALIN
orxopoB. CornacHoO oT4eTy, ony6anKoBaHHOMY B OKrla-
XOMCKOM yHUBepcutete B 2006 I. (IJs1 MUHICTEPCTBA
TpaHcnopTa mrarta OK/IaxoMa), yTHIN3anys 30/Ibl-yHOCA
B CIITA Ha TOT MOMEHT IT03BO/IM/IA OBI IIOCTPOUTH YEThI-
PEXIIONIOCHOE MIocce (C pacxofioM BsKylero — 600 ¢yH-
TOB/KY0. sIpJ) 110 BCceMy IepUMeTpPy CTpaHbl. B HacTosee
BpeM: (CITyCTS BOCEMb JIeT) YPOBEeHb YTWIM3ALUI 30/IbI-
YHOCa 3HaYUTENbHO BbIpoc. C IpyTOil CTOPOHBI, IPK CO-
MOCTaB/IEHNM 3aTPaTHOTO ¥ SHEPTOEMKOTO IIpoliecca po-
U3BOJCTBA IIOPT/IAH/LIEMEHTA C OTPOMHBIM KONIMYECTBOM
CYILECTBYIOIIMX 30/I00TBAJIOB OUYEBUTHbI 9KOHOMIYECKMEe
IPENMYIIECTBA MICIOIb30BaHNA 307IbI B TIPOM3BOJCTBE Iie-
MeHTa 1 6eToHa. 3aMeHa 50% LieMeHTa Ha 30/1y-yHOC MO-
JKeT CHU3UTb CTOMMOCTb 6eToHa o4ty Ha 30%.



ashblended cements or ashblended concretes. Many au-
thors in many laboratories all around the world have tried
to stimulate reactivity of ashes in concrete or blended ce-
ments by increasing the ash specific surface.

However, when checking carefully the existing
bibliography on this topic everybody will realize that
not all written papers reach the same conclusions in the
evaluation of the effect of mechanical activated ashes on
the cement or concrete performance (usually a positive
effect). It is likely due to the fact that authors of papers
and reports are analysing very different systems (different
ashes with different physical and chemical and mineral
characteristics and also different grinding conditions).

In this sense two very simple reflections should
always be kept fresh in mind:

> Grinding is a complex operation (very complex).
Technically speaking the operation of grinding is
affected by a huge number of factors: shape and
dimensions of mill; power applied to the grind-
ing operation; grindability of materials inside the
mill; type, dimensions and nature of grinding el-
ements, etc. More and better knowledge about
grinding is needed.

> Fly ash is a complex material. It is well known that
fly ash contains small particles that are collected
from the exhaust of coal power plants. Fly ash par-
ticles are hot when they are collected, while fly ash
is cooling the small particles tend to adhere to the
surface of larger particles. Grinding of fly ash can
change the topography of fly ash particles by re-
moving the small particles adhering to the surface;
and cleaning the fly ash topography by removing
the small particles creates a larger available reac-
tion surface area overall. As a general rule high-
er reaction surface area is an important factor to
shortening the setting and curing time of concrete.

> On the other hand, the spherical particles of fly
ash are formed upon cooling the melted material
in the furnace with a predominantly glassy struc-
ture. The particles that are formed in the coldest
part of the boiler (consequently not formed at the
highest possible temperatures) tend to be more ir-
regularly shaped, because of reduced amount of
melted material present.

In summary, it seems obvious that by using a fly
ash with a very high specific surface area the reactivity
of particles should increase, but it is not so obvious how
to reach the optimal specific surface area of ashes taking
into consideration not only the expected technical results
(good performance of cement or concrete) but a realistic
economical framework.

4 Mechanochemical activation of fly ashes

Both procedures already described for the ash acti-
vation have evidenced that individually speaking (chemi-
cally and mechanically) the application of any of them
can improve the performance of ash blended cements and/
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Henb3st ckasarb, YTO MeEXaHUYECKAS aKTUBALINS 30-
JIbI-yHOCa — HOBas V/iesl, HeJaBHO IIPYIMEHEeHHA s YYeHbIMU
B TEXHNYECKUX IIPOEKTAX /I YTy 4IIeHN A XapaKTepPUCTIK
L[eMEHTOB 11 0eTOHOB ¢ HobaBKamu. [IOBBICUTD peaKIMOH-
HYIO CIIOCOOHOCTD 3071bI B O€TOHE MM B CMEIIAHHBIX Iie-
MEHTAaX ITyTeM YBelTN4YeHV YAeTbHOI TOBEPXHOCTH 307IbI
IBITA/IVICh MHOTHE UCCTIENOBATENN B 1ab0paTopIsIX MIpa.

OpHako Ipy THIATEILHOM aHaaM3e MMellel-
Cs1 IMTEPATyPBhI MO 3TOI TeMe CTAHOBUTCA HMOHATHO,
4TO He BO BCeX paboTax CHelaHbl OfHO3HAYHBIE BBI-
BOZBI [0 OLIEHKEe BJIVSTHNS MEXaHNYIECKON aKTUBALNI
307IBI Ha CBOJICTBA LieMeHTa yn 6eToHa (Kak IIpaBuIo,
3¢ deXT MOIOKUTENBHBIN). ITO, CKOpee BCEro, CBA3aHO
C TeM, UTO aBTOPHI CTaTell U HOK/IA[[OB CPAaBHUBAIIN Pas3-
Hble CUCTeMBI (pas/INYHble BUBI 307IBI C Pa3HBIMU QU3H-
KO-XVMMUYIECKVIMIL I MUHEPATIOTMYeCKIUMY CBOVICTBAMIL,
a TaK)Ke pas/IMYHbIe YCIOBUA U3METbYCHIA).

B cBsi3u ¢ 9TMM HEOOXORMMO BCeTfja YUUTHIBATD
[IBa MIPOCTHIX COOOPasKeHMSI:

> Vsmenbuenune MaTepnajloB — 3TO JOCTATOYHO
C/oKHBII mpouecc. C TeXHMYECKOM TOYKH 3pe-
HIA, HAa IPpOLECC N3MENDbYCHN A BINAET 6ombII0€
KOMN4ecTBO (PaKTOPOB (TUI U pasMepbl MelTbHU-
1bl; MOILITHOCTDH 060pyn0BaHI/m IJ1S1 USMEIbYEH A
XapaKTePUCTVUKN Pa3MOJIOCIIOCOOHOCTI MaTepu-
ajla BHYTpU MeJIbHUIIBL opMa, pasMepsl Meio-
I[MX 3/IeMEHTOB U T.1IL.). IIporecc usMenbueHns
HY>X/Ia€TCHI BO BCECTOPOHHEM M3YYEHUN.

> 30/ma-yHOC — CIIOXKHBII MaTepuan. XOpoIIo n3-
BECTHO, YTO OHA COAEPXUT MEIKNME YaCTUILbI,
KOTOpbIe y/IaBIMBAIOTCA IIPY OYUCTKE TOIOY-
HBIX YTO/IBHBIX 3/IeKTPOCTaHLMIL. YacTHUIBI 3071BI
B MOMEHT c6Opa MMEIOT BBICOKYIO TEMIEPATYPY,
B TO BpE€M:A KaK IIPU OXJTAKAECHNN MENKNE YacTu-
1Bl MMEIOT TeHeHLIMIO HA/IUIIATh Ha IIOBEPXHOCTD
6oree KpymHBIX YacTuil. [IoMOT 307IbI MOXKET I10-
B/IMSATH Ha (OPMY ITOBEPXHOCTH TeX YaCTHUL, K I10-
BEPXHOCTM KOTOPBIX NPYINIAIOT 0Jee MeNIKIe.
OuncTKa MOBEPXHOCTEI YaCTUI] 30/IbI ITyTEM YHa-
JIeHMsT MeJIKMX YacTHUI] CO3[jaeT CBOOONHBIE II0-
BepxHOCTH fi/ist peakyun. Kak mpasuio, 6onbiast
IUIOIIaZb PeaKIVIOHHOI OBEPXHOCTM ABJIAETCSA
Ba)XHBIM (PaKTOPOM JJIsA COKPAIleHNUs BpeMeH!
CXBAaTBIBAaHNA U TBEPHEHUA OETOHA.

> C npyroit CTOPOHBI, IIPM OX/IAXKAEHUY TOPAINX
OIIAB/IEHHBIX YaCTHUI 06pasyoTcs chepudeckue
JaCTUIIBI C IPEUMYIeCTBEHHO CTEKI006pasHoIl
cTpyKTypoit. HacTuiisl, mony4eHHsle B 60mee Xo-
JIOMHOM YaCTy TOIKM KOTaa (M, C/IefoBaTeNbHO,
o6pa3oBaHHbIe He IPY MaKCHMaJIbHO BO3MOX-
HOJI TeMIlepaType), KaK IpaBuUIO, UMeIT 6omee
HeIpaBUIbHYI0 GOPMY 13-3a MEHBIIIEro KOJmde-
CTBa PacIUIaB/IeHHOT'O MaTepuaa.

B nemoMm mpencTaBisgeTcs O4eBUAHBIM, YTO IIPU MC-
IIO/Tb30BAHNY 307IbI C OUYEHb BBICOKOI! y/IeNbHOM OBEPX-
HOCTBIO peaKI[MOHHAsI CIOCOOHOCTD YacTUIL HOKHA
yBEIUYUTHCSI. MeHee O4eBNIHBI CIIOCOOBI HOCTIKEHS
OIITMMAJIbHOJ IVIOLIAAY YAE/IbHON OBEPXHOCTY YaCTHII
307IBI C YYETOM HE TOIBKO OXKMIAEMbIX TEXHMYECKUX
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or ash blended concretes. It seems very obvious that the
next stage is to try with both procedures simultaneously.
A deep study of the physical and morphological proper-
ties of four fractions of sizeclassified coal fly ash was re-
ported by Gerald L. Fisher et al. in 1978. Volume average
diameters of the four size fractions were 2.2, 3.2, 6.3, and
20 pm, respectively.

Authors compared the size distributions of the four
fractions with isokinetically collected samples. Density
variations and results of three standard particle sizing
techniques were discussed in terms of particle size and
morphological properties. The most important conclu-
sion extracted from this investigation was that relative
abundances of the morphological particle types within
each size cut appeared to be particle size dependent. In
that connection, the authors found that the finest frac-
tion was composed of 87% nonopaque solid spheres and
7.9% cenospheres in contrast to the coarsest fraction
composed of 26% nonopaque solid spheres and 41% ce-
nospheres. On the basis of morphological appearance,
a coal fly ash morphogenesis scheme was developed by
the authors (see Fig. 6 from [29]).

Opacity // Henpo3pauHocTb

pe3ynpTaToB (BbICOKI/IX XapaKTEepPUCTUK LEMEHTA NIN Ge-
TOHa), HO I KOHKPETHBIX 9KOHOMMNYIECKUX ToKa3areJsieii.

4 MexaHoxnmunyeckasa akTuBayus 30.bl

O6a OIMCcaHHBIX BbIIIE METONA aKTUBALVN 307IbI
[IOKa3aJ/Iit, YTO IpUMeHeHe T000ro U3 HUX (XMMUIECKOTO
VI MEXaHMYEeCKOT0) II0 OT/Ie/IBHOCTI MOXKET YIYYIIUTD
XapaKTEePUCTUKI 307IbI, CMELIaHHBIX L[eMEHTOB /1 Oe-
TOHOB C 106aBKOI1 3071bl. O4eBU/HO, YTO C/IEYIOLIMM 9Ta-
IOM JIO/DKHO CTaTh OFHOBPEMEHHOE ITpUMeHeHne 060ux
MeToZmOoB. ViccmenoBanue ¢usndeckux u Mopdonorndge-
CKMX CBOJICTB 4YeTbIpeX (QPaKIuil 30/1bI-YHOCA, K/IACCH-
(ULIMPOBAaHHBIX ITO pasMepy, 6110 IpoBefeHo JlKepab-
mom JI. @umepom u gp. B 1978 r [29]. Cpennuit suamerp
10 00BEMY B YeThIPEX OT/eNbHBIX (PPaKIAX COCTABUI
2,2; 3,2; 6,3 1 20 MKM COOTBETCTBEHHO.

ABTOpBI CpaBHIIIM pacHpefie/ieHe YacTHL] IO pas-
Mepy B 4YeThIpeX (paKILuAX 307bI ¢ 06paslamMu, cobpaH-
HBIMM M3OKMHETNYECKUM METOHOM. Pe3ynbraTsl Tpex
CTAaHJAPTHBIX METOMVK U3y IeHNs PACIIpeeeH s YaCTHL]
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®opma Mpo3pauHble | CMellaHHble | Henpo3pauHble Bo3peiicTaune
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Fig. 6. Fly ash morphogenesis scheme illustrating probable relationship of opacity to particle composition, and relationship of particle
shape to exposure in combustion chamber (Picture taken from [29])
Puc. 6. Cxema popMoobpa3oBaHuA 30J1bl-yHOC, UITIOCTPUPYIOLLAA BEPOATHYIO CBA3b PEHTTEHOKOHTPACTHOCTY 1 COCTaBa YacTuL, a Takxe

COOTHOLWEHNEe GOPMbI HACTUL U BPEMEHW HAXOXAEHUA B Kamepe cropaHus (cxema us [29])
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The authors of this paper developed the idea of the
stimulation of reactivity of ashes just by making that all
particles (solid spheres as well as cenospheres and plero-
spheres) could undergo a chemical reaction with chemi-
cals (solid additives) in the moment that particles were
submitted to the mechanical process of grinding.

The ultimate objective of this type of activation
is to generate an optimal distribution of particles (solid
spheres, cenospheres, plerospheres, etc.) with enough re-
ticular defects in the surface (especially reactive points)
and consequently capable to reproduce in practise the
model described in Fig. 4 just by putting in contact the
ashes with water.

4.1 Hybrid Cements

Hybrid cements are complex cementitious blends
basically made with traditional Clinker Portland cement
(20-30%) and mecanochemically activated ash (65-75%).
Reaction products of hybrid cements are intricate mix-
es of different gels (the type of product formed depends
largely on the reaction conditions) [15].

In 2007 Palomo et al. [16] reported the results of
research on hybrid cements containing 30% Portland ce-
ment clinker and 70% fly ash. Their characterization stud-
ies of the hardened matrices showed that in all cases the
reaction products consisted of a mixture of amorphous
gels (C-S-H + N-A-S-H). Another remarkable finding of
this authors was that the chemical activation of the ash
at ambient temperatures is accelerated by the presence
of Portland cement. It might be explained by the heat
released during OPC hydration reaction.

Summing up, prior studies have shown that the
coprecipitation of these two gels in hybrid cements is pos-
sible, although recent research has revealed that the two
products do not develop separately, as two separate gels,
but that they interact, undergoing structural and com-
positional change in the process [23].

Consequently, the compatibility of the two ce-
mentitious gels, C-S-H/C-(A) — S-H (the main reac-
tion product of ordinary Portland cement hydration)
and N-A-S-H (the main product of the chemical acti-
vation of aluminosilicate materials), may have impor-
tant technological implications for future cementitious
systems in which both products might be expected to
precipitate.

Recent studies curried out for the same authors
in mecanochemically activated “binders” (70% FA +30%
OPC mixtures) at short and long term (28 and 365 days
respectively) showed that the C-S-H/N-A-S-H mix of gels
precipitating did not precipitate in a pure state, but rath-
er that their composition was affected by the presence of
dissolved species (see Fig. 10). After one year of hydra-
tion, unreacted ash and cement particles coexisted in the
cementitious matrix with secondary phases such as car-
boalumintaes, along with a (N, C) — A-S-H/C-A-S-H gel
mix with a tendency to form C-A-S-H gels.
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IO pasMepy ObUIM IIPOAHATM3UPOBAHbBI C TOUKYU 3PEHMUA
pasMepoB 1 MOP(OIOrnIecKux cBoiicTB yacrui. Hanbo-
Jlee BaXKHbIIT BBIBOJ] 9TOTO MCCIEHOBAHIS TAKOB, YTO OT-
HOCHUTeJIbHOE IIpeob/IalaHye TeX V/IM MHBIX Mopdonoruye-
CKMX XapaKTepUCTHUK 3aBUCUT OT pasMepa JacTull. B ceasu
C 3TUM aBTOPBI OOHAPYKIIY, YTO CaMas MeKas PpaKiusa
cocrosina u3 87% HepeHTTeHOKOHTPACTHBIX TBEPABIX cep
u 7,9% 1ieHocdep, B OTIM4Me OT CaMoli rpy6oit ppaxumnmu,
cocrosuleil n3 26% HepeHTTeHOKOHTPACTHBIX TBEPHBIX
cep u 41% nenocdep. Ha ocHoBe BHeIIHNX MOPQOIOru-
YeCKMX XapaKTepUCTUK aBTopamu [29] 6bura paspaborana
cxeMa (popMOOOpPa3OBaHIIA YTOIBHOI 3071l (CM. pUC. 6).

ABTODBI HACTOSILEN CTATHYU Pa3paboTay TEOPUIO
ITIOBBIIIICHU A peaKLU/IOHHOI?I AKTUBHOCTM 30JIbl HyTeM
IpoCTOro obecredeH st yCIOBUIL [JIsSI TOTO, YTOOBI BCe
qacTULBI (TBepyble cepbl, a TaKXKe IeHOCPepsl U ITe-
pocdepsl) MOI/IM B3aMMOAEICTBOBATD € XUMUIECKIM
TBepABIMM JOOaBKAMU B IIPOLECCE TOMOTIA.

KoneuHOI1 1je/1bI0 9TOr0 crocoba akTBaLN SIB-
nsietcsi obeciiedeHne ONTUMANIbHOTO pacIIpefeneHns
gacTul (TBeppbix cdep, neHocdep, nnepocdep u T.1L.)
C JOCTATOYHBIM KOJIMYECTBOM CETYATHIX [1epeKTOB I10-
BepXHOCTH (0COOEHHO PeaKIIOHHO-aKTYBHBIX [IEHTPOB)
U, CTIe0BaTeIbHO, CIIOCOOHBIX Ha IIPAKTIKE BOCIIPON3-
BOZUTD MOJIEe/Ib AKTUBALINH, [IPEACTABIEHHYIO Ha PHC. 4,
myTeM OOBIYHOTO KOHTAKTA 307IBI C BOZOIL

4.1 M6puaHbIe LLeMeHTbI

I'm6pupHble IeMEHTBl — 9TO CIOXKHBIE BXKYIINE
BEIleCTBAa, COCTOAILYE NIPEUMYIIeCTBEHHO U3 TPajuLIN-
OHHOTO K/IMHKepa Ha OCHOBe NMOpTIaHALeMeHTa (20-30%)
U 3071bl, aKTYBUPOBAHHOI MeXaHOXMMMYECKMUM CIIOCO-
60M (65-75%). IIpoRyKThl peakyy TMOPUHBIX [jeMeH-
TOB IIPEACTABIAIOT COOOIL CIOXKHBIE CMECH PasINIHBIX
reseit (Tun 06pasyoIerocs MpoAyKTa B 3HAYNUTENbHOI
CTeIIeHU 3aBUCUT OT YC/IOBMIT peakunn) [15].

B 2007 r. B pabote [16] O6b1111 IpefcTaBIEHbI Pe3YIib-
TaTbl UCCTETOBAHMA TUOPUIHBIX [IEMEHTOB, COePIKAIINX
30% xmmuakepa u 70% 307bI-yHOCA. VIccemoBaHnA CBOJICTB
3aTBepHeBIINX 00PA3L0B TOKA3a/IM, YTO BO BCEX CTyUasiX
HPOAYKThI PeaKLMI COCTOSIN U3 CMecy aMOP(HbIX refeit
(C-S-H + N-A-S-H). Eie oyt Ba>KHENIIUIT BbIBOJ, JaH-
HOTO MCCTIE[IOBAHS 3aK/TIOYAETCS B TOM, YTO XMMUYeCKast
aKTUBALMs 307IbL IIPY TEeMIIEPAType OKPYXKaIOIIel cpe-
JibI YCKOPSIETCS B IIPUCYTCTBUM [IOPTIAHALIEMEHTA. JTO
MO>KHO OO'BACHUTD TeM, YTO B IpOLjecce peaKI[Uuy IUapa-
Taluy 0OBIYHOTO MIOPT/IAHALIEMEHTA BBIE/ISIETCS TEILIO.

VHpIMU cTOBaMM, IpeAbIAyLye paboThl OKa3a-
M, YTO COBMECTHAS KPUCTAIN3ALNA ITUX IBYX Tesiei
B TMOPUIHBIX [[eMEHTAaX BO3MOXKHA, XOTS B MIOC/IEAHNX
UICC/IeJOBAaHUAX OBIJIO BBIABJIEHO, YTO 9TU ABa IPOAYK-
Ta He 00pasyI0TCA OTAENBHO, KaK [iBa Pa3/IMYHBIX Ieis,
a B3aMMOJIEVICTBYIOT MeX/y o600t I IIpU 3TOM NOfBEPIKe-
HBI CTPYKTYPHBIM ¥ KOMIIO3MIIVIOHHBIM U3MeHeHUAM [23].

TakuM 06pa3oM, COBMECTMMOCTD BYX Li€MEHT-
HbIx reneit C-S-H/C-(A)-S-H (0CHOBHOJ TPOAYKT
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200KV x1. 00K

Fig. 7. Original ash (supplied by the Roxboro power plant)

Puc. 7. McxopHas 3ona (Mpoba npegocTtaBfieHa anekTpocTaHumeln Roxboro)

Fig. 8. Ash after grinding
Puc. 8. 3ona nocne nsmenbyeHmna

The mechanical development of these cements can
reach more than 20 MPa at 2 days and more than 50 MPa
at 28 days; and setting times of 180 minutes for the ini-
tial and 250 minutes for the final.

4.2 Concrete with Ultra-Reactive Ash

Once explained the basic reasons of the great reac-
tivity of the mechanochemically activated ashes it is also
important to clarify that the use of Ultra Reactive Ashes
(URA) to make concrete, has no any negative effect on
concrete (no negative effects in the concrete making pro-
cess and no negative effects in the durability of concrete).

As for the workability, fly ash has lower unit weight
than Portland cement. Therefore, when the same volume
of cement is replaced with fly ash (assuming the w/c ra-
tio is constant), the amount of paste will increase. This
higher volume of the paste provides more plasticity and
cohesiveness to the concrete.

The spherical shape of fly ash particles serve as ball
bearings in the mix and reduce the friction between the
particles and between concrete and pumping line. Fly
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(TN
BO.0um

peakuMy TujpaTanyy 06bIYHOTO HOPT/IAH/LIEMEeHTa)
u N-A-S-H (0CHOBHOJ IPOAYKT XUMUYECKON aKTUBa-
VY aTOMOCV/IMKATHBIX MaTePUaioB) — MOXeT UMeTh
Ba)KHOE TEXHOJIOTMYECKOe 3HaYeHMe JI/Is MePCHEeKTUB-
HBIX BSUKYLIMX CUCTEM, P TBEPHEHUM KOTOPBIX MOXKHO
OXUJATh 06pa30BaHMA 060X IPOTYKTOB.

B mocnepgHuX mccnemoBaHUAX MEXaHOXMMMUYE-
CKV aKTUBMPOBaHHBIX BDKYIIUX (70% 3Y + 30% 06b14-
HOTO IOpT/IaH[lLieMeHTa) B Bo3pace 28 u 365 cyToK
Te >Ke aBTOPBl YCTAHOBU/IY, YTO 0Opa3oBaHMe CMeCH
reneit C-S-H/N-A-S-H B 4iCTOM BHUJie He IIPOUCXON M-
710, 2 Ha X COCTaB BIIUAIOT pACTBOPEHHbIE COeMHEHU
(cm. puc. 10). B nporiecce ruppaTanyy B Te4eHue Toxa
HelpopearnpoBaBIIVe YaCTUIbI 30/IbI ¥ IIEMEHTa COCy-
I[eCTBOBA/IN B IIeMEHTUPYIOILeil MaTpHiie OffHOBPEMEHHO
€O BTOpUYHBIMY (asaMy, TAKMMM KaK KapOOaTIOMIHATEL,
a Tax>xe renesoit cmecoio (N, C) — A-S-H/C-A-S-H, xoTo-
pas uMesna TeHAEHINIO K o6pasoBannmio reneit C-A-S-H.

MexaHn4eckas IPOYHOCTb 3TUX LIEMEHTOB MO-
et gocturate 6ormee 20 MIla B Bo3pacTe IByX CYTOK
u 6onee yem 50 MIIa B Bospacre 28 cyToK. Bpems cxBa-
ThiBaHKA: 180 MUHYT — Havano u 250 MUHYT— KOHel]
CXBaTbIBAHMA.



ash concrete is more cohesive and less prone to segre-
gation and bleeding during pumping. Thus, pumping
a fly ash concrete requires less energy and longer pump-
ing is possible.

If additionally fly ash has previously been mech-
anochemically activated, this higher volume of paste
will also provide a better packing of particles in the final
hardened material.

All extra effects provided by the mechanochemi-
cal activation will have a very interesting and positive
consequence in early mechanical strength development
of concrete. We cannot forget that normal fly ash con-
crete (with not activated ash), in general, develops lower
strength at early age than regular OPC concrete (with no
ash at all in the concrete mixture).

In a study made at Madrid (by the authors of this
paper) using a fly ash supplied by a North American power
plant (Roxboro) we applied this concept of mechanochemi-
cal activation of ashes in order to prepare a new ash concrete.

Firstly, and with the objective of observing the ef-
fect of grinding on the morphology of the ash particles a
SEM study was carried out. Fig. 7 contains 2 pictures of the
ash before grinding. In Fig. 8 pictures correspond to the
same ash sample but after grinding together with chemi-
cals. Magnification of pictures is always the same in order
not to generate confusion when valuing the grinding effect.

The grinder used in this study was a cylindrical
steel ball mill with the diameter and depth of sixteen
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4.2 beToOH Ha OCHOBe
CBepXpeakLiOHHOCNOCO6GHOI 30bl

ITocne nsy4eHnns OCHOBHBIX IPUYMH CBEpXpe-
AKI[MOHHOJ CIIOCOOHOCTY 30JIbI, IpOIIefIIell MeXa-
HOXMMMYECKYI0 aKTMBALMIO, BaXKHO TAKX€ YTOYHUTD,
YTO MCIIONb30BaHMe Ipu NMpou3Boactse H6erona CP3
He OKa3bIBaeT OTPMIATEIBHOTO BO3[EMCTBNA Ha CBOJI-
cTBa 6eToHa (Kak Ha MPOLECC ero IPOU3BOACTBA, TaK
M Ha IPOYHOCTHBIE ITOKa3aTenu 6eToHa).

Yto KacaeTcss TEXHO/IOTMYECKMX ITOKa3aTesIel, 30/1a-
YHOC ¥IMeeT MeHbIINII 00'beMHBIN Bec, YeM MOpTIaH/Lle-
MeHT. [ToaToMy IIpy 3aMeHe OHOTO U TOTO XKe 06BeMa Iie-
MEHTa 3071031 (I[P IIOCTOSTHHOM COOTHOLIeHNY B/L]), BBIXOT,
cMecy yBemmayBaeTcsa. Kpome Toro, 3Tu oKasaTeny 307bl
06eCIeyyBalOT BBICOKYIO ITACTYHOCTD ¥ CBA3HOCTD Oe-
TOHHO CMECH.

YacTuigst 307161 cepraeckoit GOpMbI BHICTYIIAIOT
B Ka4€CTBE IIAPVKOMONIIMUITHNKOB B CMECH ¥ YMEHbIIIa-
I0T TPeHMe MEXY YaCTUIIAMM U MeXJy OeTOHHOI cMe-
CbI0 ¥ HACOCHOJT /IMHMeil. BeToH ¢ o6aBKoil 30/IbI-yHOCA
AB/AeTCs 6o/iee CBASHBIM 1 MeHee CKIIOHHBIM K pacciioe-
HIIO U BOJOBBIBENIEHNIO BO BpeMs nepekayuky. Takum 06-
Pa3oM, TPAHCIIOPTHPOBKA GETOHHOIN cMecH ¢ J06aBKOI
3071bI TpeOyeT MeHbIIle SHEPTUYU U MOXKET OCYIeCTBIATLCA
B TeueHMe 6ojIee IINTE/TbHOTO BPEMEHI.

Ecnu, momumo artoro, 30ma-yHoc paHee Oblna I0J-
BEpPrHyTa MeXaHOXMMUIYECKOI aKTUBAL[UY, J0OaBKa 9TOI
3071bl 0OeceunBaeT 6onee paBHOMEPHOE pacIpefie/ieHie
JacTUIl BAXKYIIEro B KOHEYHOM 3aTBEPJEBIIEM MaTepuaie.

Fig. 9. Procedure of preparation and testing of concrete cubes (EN 12390-3:2003)
Puc. 9. Mopagok dopmoBaHMA 1 ncnbiTaHWin 6eToHHbIX Ky6oB (EN 12390-3:2003)
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inches. The ball mill spun around a horizontal axis. The
revolution rate, weight of balls, and fly ash load for each
grinding time was arbitrarily selected and kept constant
throughout the entire study.

Secondly we established a procedure for the prepa-
ration of concrete samples with both ashes (original ash
and mechanochemically activated ash).

The main concrete characteristics were previously
defined like it is done in many concrete plants (ready mix
concrete) all around the world:

4

Plastic Slump (Abrams cone) > 3-4 cm;
Compressive strength at 28 days > 20-30 MPa.

v

Concrete composition:

> Sand/grave/binder = ~3/3.5/1;
> Water/binder = ~0.52 (sometimes we had to modi-
fy this ratio in order to obtain the required slump).

The procedure of preporation of the concrete sam-
ples (15 x 15 x 15 cm?) can be observed in Fig 9. Me-
chanical strengths were determined in a testing device
SUPEZCAR 150T as described in the European standard
UNEEN 12390-3:2003.

By observing the results plotted at Fig. 10 we
rapidly discover that mechanical strength development
of concrete cubes at 3 days and 28 days is very relevant.
Even with levels of replacement of 75% of OPC by URA,
the concrete cubes (at room temperature) can develope
nearly 10 MPa after 3 days and between 20-30 MPa af-
ter 28 days.

Conclusions
Mechanochemical activation of ashes can become
a very serious alternative for electricity companies for the

massive utilization of ashes in cement and/or concrete.

This procedure has very interesting advantages:

> It is economically profitable;

> It is environmentally friendly;

> It helps to improve the performance of concrete.
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Puc. 10. PocTt MexaHuueckoi npoyHoCTM 6eToHa Npun
pa3nnYHbIX YPOBHAX 3aMeLLeHrA 06bIYHOTO
nopTnaHALeMeHTa CBepxpeakLMOHHOCNOCOOHOM
30501

Bce pononunrenpHbie 3¢ PeKTH MEXaHOXUMUYE-
CKOJ1 aKTMBALIMV MMEIOT [IOIOXKVTE/IbHbIE PEe3y/IbTATHI,
KOTOpPBble Ba>KHBI [IsI 00ecIiedyeHn sl paHHeN MeXaH!-
4ecKoil mpoyHocTy GeToHa. Henb3s 3abpiBaTh 0 TOM,
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B uccnenoBanuy, NpoBeeHHOM aBTOpaMIU Ha-
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HOBOTO cOCTaBa 6€TOHa ¢ JOOaBKOJ 30/IbI.

Bo-1epBbIX, € IIe/bI0 N3y 4eHN s BIUSHNSI U3MeIb-
YeHUs1 Ha MOPQOIOTMIO YACTHUI] 3076 OBITO TIPOBEEHO
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mpo6bl 30716l 10 M3MenbueHus1. Ha puc. 8 usobpaxkenus
COOTBETCTBYIOT OFJHOMY U TOMY K€ 00pasIy 30/Ibl, HO II0-
cJle M3MeNIbYeHN S COBMECTHO C XMMMUYECKMMU OOaBKa-
M. YBenudeHue n300parkeHnnit Be3ie OfMHAKOBOE BO U3-
6e>xaHme OMMOOK MPY OL[eHKe BAVMSIHIUS U3MeIbYeHNU.

O6opynoBaHue A7 U3MeNTbYEHN, VICTIONb30BaH-
HO€ IPU UCCTIeIOBAHNM, — IVIMHAPUYEcKas CTalbHas
IIapoBasi MeJIbHUIIA IMaMeTPOM U IV PUHOI IeCTHA/IIATD
JIOVIMOB, KOTOpas Bpallla€TCA BOKPYT TOPU3OHTAIbHOM
ocu. CKOpOCTb BpallleH)s, BeC IIApOB ¥ 3aTPy3Ka 30JIbI-
YHOCa /151 KaXK/IOTO BPEMEHHOTO MIHTEPBaa M3MeIb4eHM A
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BbI6I/Ipa)'II/ICb IIPOV3BOIbHBIM 06pa30M M 0CTaBa/IoOCh IIO-
CTOSAHHBIM BE€Ch NIEPUOA MCCTIENOBAHNIA.

B mponecce paboThl 6bII IPUHAT ONpefe/IeH-
HBIIl HOPAJIOK NOATOTOBKY 06pasIoB 6eTOHA C ABYMA
BUIaMM 307IbI (MCXOHON ¥ MEeXaHOXMMMYECKU aKTU-
BJMPOBAHHOI).

OcHOBHbBIE XapaKTEPUCTUKN 6eTOHa 6I)I)'H/[ OoIIpe-
JIETIEHBI 3apaHee TAKUM K€ 06PasoM, KaK 9TO IeaeTCsl
Ha MHOTUX 6eTOHHbIX 3aBOJax (HPOVISBOIU/ITCHHX TOBap-
HOTO 6eTOHA) BO BCEM MUpe:

> HOABIDKHOCTD (0cajKa KoHyca Abpamca) > 3-4cm;
> IIPOYHOCTD Iy CKaTvy Yepes 28 nHeit - 20-30 Ml Ia.

CocraB 6eToHa:

> Iecok/rpasuii/Baxyiee = ~3/3,5/1;

> Bogja/BsKyee = ~0,52 (MHOIA B 3TO COOTHOIIIE-
HUe l'IpI/IXOIU/I}'IOCI) BHOCUTDb M3MECHCHUA /1A 00-
CTV>KEHU S HeOOXOIMMOI IOABY>KHOCTH).

IMopsifox HOATroTOBKM 06pasmoB 6GeToHa
(15% 15 x 15 cm?) mokasau Ha puc. 9. Mexanudeckas mpod-
HOCTb OIIpeieNIANACh C IIOMOLIbI0 MEXaHMYECKOTO IIpecca
SUPEZCAR 150T B cOOTBETCTBUN C €BPOMEIICKMM CTaH-
maprom UNEEN 12390-3: 2003.

AHanus Hmomy4YeHHBIX pe3ynbratoB (puc. 10) mo-
Kasaj, YTO yBeIMYeHIe MeXaHWIeCKOIl IIPOYHOCTI be-
TOHA B BO3pacTe 3 1 28 CyTOK JOCTaTOYHO CYIIECTBEHHO.
Jla>xe mpy ypoBHe 3aMellleHIsI OOBIYHOIO NMOPT/IAHLIe-
MeHTa Ha leMeHT ¢ nobaskoit CP3 B konmuectse 75%,
6eTOHHBIE KyObl TPy OOBIYHOI KOMHATHOJ TeMIlepaType
UMeNU IPOYHOCTh 0Kono 10 MIla yepes 3 cyTok u ot 20
mo 30 MIIa — gepes 28 cyToK.

BbiBogbl

MexaHoxyMu4ecKas aKTUBAIUs 30/IbI MOXET
3aMHTEPeCcOBaTh IPOU3BOAUTEEH IMEKTPUUECKOIL
9HEPTUU C TOYKU 3PEHMS MEPCIEKTUB IO MACIITab-
HOMY UCIIO/Ib30BaHUIO COOCTBEHHBIX NMOOOYHBIX IIPO-
LYKTOB B BUJE 30/IOL/IAKOB B IIPOV3BOACTBE [jeMeHTa
u/unu 6eToHa.

Pemenne 5To¥ KOMIIJIEKCHO 3afiauM MMeeT pAf,
BA>KHDBIX IIPEUMYLIECTB!

> OHa 9KOHOMUYECKY BBITOJHA;
> OHa 9KOJIOTMYecKy He30IacHa;
> OHa CIIOCOOCTBYeT YNy4IIeHUIO TapaMeTpOB Iie-

MeHTa I 6eToHa.

BnarogapHocTb

Aprops! 6marogapar oprannusaropos X VI Mexay-
HapOJHOTO cTponTenbHOro gopyma (Mocksa, 2-4 mexa-
6ps1 2014 r.) 3a mpuITIallleH)e Y9aCTBOBATb B CTOJIb JHTe-
PECHOM MepONPUATHML.
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c=w THE BASICS OF RAISING THE FREEZE-THAW

RESISTANCE OF HEAVY CONCRETE

Tpodumos B.14., o-p TexH. HayK, Npod., KDXKHO-YpanbCkuii rocyaapcTBeHHbIN YHUBEepCUTET, . YenabuHck, Poccua

OCHOBbI MOBbILLUEHWA MOPO3OCTOVMKOCTU

TAXREJIOTO BETOHA

Abstract

The destruction of cement stone at cyclic freezing
is due to ice formation, change of hydrated phase struc-
ture, and leaching of Portlandite. The freeze-thaw resis-
tance of concrete in water solutions of deicer depends
on porosity parameters and on stability of the cement
stone structure. The latter is provided by predominance
of gel-like calcium hydrosilicates and a limited content
of Portlandite.

Key words: hydrated phases of cement stone; struc-
ture and frost salt resistance.

First research of freeze-thaw resistance of stone
materials and concrete dates back to the 19th century,
when in 1885 the reason for quick destruction of road
concrete was found, which was pore water freezing with
volume increase that caused stresses in the material. In
1886, N. A. Belelyubsky, a St. Petersburg professor, de-
signed a method for testing the freeze-thaw resistance
of stone materials, which consisted of multiple freezing
of water-saturated samples followed by their thawing in
water. This method is still used in many countries of the
world. In 1945, T. S. Powers proposed an algorithm of
concrete destruction after cyclic freezing, according to
which ice crystals are formed in concrete macrocapillar-
ies with volume increase, which cause hydraulic pressure
of unfrozen water in microcapillaries. In the case of slow
concrete freezing, ice crystal growth in large capillaries
is possible with appearance of crystallization pressure.

In most studies of the concrete destruction al-
gorithm, the main durability factor is considered to be
the presence of open capillary pores that are filled easily
with a liquid phase that becomes ice when frozen with
volume increase. That results in a stressed condition of
concrete and stress concentration in areas of structural
defects, which causes local damaging, namely, forma-
tion and development of cracks with growth of residual
expansion deformations. Therefore, for reducing freeze
failure it is recommended to reduce open porosity (reduc-
ing the w/c ratio at optimal conditions of concrete mix
compaction and concrete hardening) and air entrain-
ment to provide spare porosity where part of pore water
will be pressed out, which reduces hydraulic pressure.
Practice has shown that air entrainment provides for a
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AHHOTaUMA

PaspyleHne 1leMEHTHOTO KaMHs [P LMK/II4e-
CKOM 3aMOpPa)XMBaHIM BBI3BAHO He TONIBKO JIbZ0006pa3o-
BaHIEM, HO I I3MeHEeHEeM CTPYKTYPbI TUAPATHBIX (a3,
a Tak>Ke BbIlIle/Ia4MBaHIeM IOPTIaHANTa. MOpPO30CTOIt-
KOCTb 6eTOHA B BOGHBIX PaCTBOPaX aHTHOOIeeHNTeS
3aBJCUT OT IIAPAMETPOB IIOPUCTOCTM, A TAKXKE OT CTa-
OVMIBHOCTY CTPYKTYPBI L{eMEHTHOrO KaMHs. Ilocen-
Hsist obecrednBaercs mpeobaaganmeM reneoOpasHbIX
TU[POCU/IMKATOB Ka/IbLiMs Y OTPAHIYEHHDBIM COJepKa-
HIIeM HOPT/IAHANUTA.

Kniouesvie cnosa: zuopamuvie pasvt yemenmmnozo
KAMHS; CMPYKMypa U MOPO30CONECOLKOCHb.

V3yueHne MOpPO3OCTOMKOCTY KaMEHHBIX MaTe-
puasnoB u 6eToHa Hayanoch B XIX B.: B 1885 1. 6bl1a BbI-
sBJIeHa NIPUYMHA OBICTPOTO pas3pyIIeHNs LOPOXKHOTO
6eToHa — Iepexof; TOPOBOIT BOABI B JIef C yBeTUYEHUEM
06beMa, YTO BHI3bIBAET BOSHUKHOBEHYE HAIIPSXKEHUA
B Marepuase. B 1886 r. metep6yprckum npodeccopom
H. A. Benenwob6ckum 6bi1a paspaboTana METORMKA MC-
IBITAaHMA MOPO30CTOMKOCTM KaMEHHBIX MaTepMaJIOB,
3aK/TI0YAIOIIAsACA B MHOTOKPAaTHOM 3aMOPa’KMBaHUMA
BOJIOHACBIIEHHBIX 00Pa3I[0B € MOCTENYOLIVM OTTaNBa-
HueM B Bofie. ITa MeTOAMKA MCIIONb3yeTCA BO MHOTUX
crpanax mupa. B 1945 r. T. C. ITayapcom 6b11 mpenio-
JKeH MeXaHM3M paspylueHus 6eTOHA IpU LUK/INUe-
CKOM 3aMOpa)kMBaHNM, COTIACHO KOTOPOMY B MaKpO-
Kanuisipax 6eToHa oO6pasyoTcs KPUCTAIb IbJa
C yBenudeHneM o6beMa, BbI3BIBAIOI[/E BOSHUKHOBE-
HI€e TYAPABINIECKOTO JaBeHNA He3aMep3Ileil BOAbI
B MUKpOKammuisApax. IIpu MefeHHOM TpoMep3aHun
6eTOHa BO3MOXXEH POCT KPUCTAJIIOB JIbIa B KPYITHBIX
KaIWUIApax ¢ BOSHMKHOBEHMEM KPUCTa/IM3aLVOH-
HOTO JlaB/IeHNA.

B 6onplunMHCTBE C/Ty4aeB P UCCIESOBAHMUAX
MeXaHM3Ma paspylIeH s 6eTOHa OCHOBHBIM (GaKTOpOM
CTOMKOCTY SIBJISIETCSI HAa/IM4Me OTKPBITBIX KaIMJIISsIp-
HBIX TOD, JIETKO 3aIO/MHSIEMBIX XXIUAKO (asol, mepe-
XOisIIIell TIPY 3aMOPa>KMBAHNML B JIef C YBeIUYeHNEM
o6beMa. ITO IPUBOAUT K HOPMUPOBAHNIO HATIPSIXKEH-
HOTO COCTOsIHUsI 6eTOHA, B MeCTax Ae(eKTOB CTPYKTY-
PBI IPOVICXOAUT KOHLEHTPAL{MsI HALIPSIKEHNUsI, BBI3bI-
Baollas JIOKaJIbHble TOBPEXeHNsI — oOpa3oBaHe
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Table 1. Properties of sulfate-resistance Portland cement from the Volsky Plant
Tabnuua 1. CsoiicTBa CynbpaTOCTONKOro nopTnaHaLemeHTa Bonbckoro 3aBopa
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stable increase of the freeze-thaw resistance of concrete.
However, some researchers believe that the role of air en-
trainment is reduced radically at low w/c ratios [1]. For
raising concrete durability, it has been recommended to
introduce dampening admixtures, which can relax the
appearing stresses [2].
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Fig. 1. Change of relative strength of cement stone:
7 — no admixtures; 2 — 0.2% lignosulphonate ; 3 — 0.1%
air-entraining agent; 4 — 0.15% naphthenic soap

Puc. 1. 3meHeHMe OTHOCUTENBbHON NMPOYHOCTU LIEMEHTHOTO
KamHA: 1 — 6e3 pobaBok; 2 — 0,2% JICT; 3 — 0,1% OA;
4 —0,15% mbinoHadTa

U pasBUTHE TPELIVH C POCTOM OCTAaTOYHBIX Aedopma-
uuit pacupenys. [ToaToMy s CHYDKEHUA MOPO3HOI
HeCTPYKLMM PEKOMEHAYETCS CHUDKEHNME OTKPBITOM 1T0-
pucroctu (cHMXeHMe B/L] mpu onTUMaIbHBIX YC/IOBU-
SIX YIUIOTHeHMsI O€ TOHHOT CMeCH U TBepfieHMsI 6eToHa)
U BO3IYXOBOBJIEYeHVEe I 0OecliedeHNs pe3epBHOI
HOPYCTOCTH, B KOTOPYI0 OT>KMMAETCS 4acTh TOPOBOIL
BOJIbI, BC/IEACTBME Y€TO CHIKAETCS TUPAaBIMIeCKOe
mapneHye. Kak mokasplBaeT IIpaKTUKa, BO3LYXOBOBJIe-
YeHMe CTabuIbHO 0OecIieurBaeT MOBBILIEHIIE MOPO30-
croitkocTy 6eToHa. OZHAKO HEKOTOPbIE KCCTIefOBATENN
CYMTAIOT, YTO Npu HU3KUX B/I] ponb BO3AyXoBOB/IEYe-
HUS pe3Ko cHuKaeTcs [1]. [I1s moBbILIeHN s CTOIKOCTH
feToHa PeKOMEHAIyeTCsA BBOAUTD JAeMIdupyomuye 10-
6aBKM, MO3BOJIAIOLIVE PETAKCHPOBATh BO3SHUKAIOIINE
HanpsDKeHus [2].

IIpu ncnonb3oBaHUM 3aIIOJTHUTENIENl BBICOKOTO
KayecTBa MOPO30CTOVKOCTD TSKEIOro 6eTOHa 3aBUCUT
OT TIOKasaTesiell CTPYKTYPbI ¥ MOPUCTOCTY LIeMEHTHOTO
KaMH:, OJJHAKO MCC/IeJOBAHUI II0 MOPO30CTOMKOCTI
[[EMEHTHOTO KaMHSI CPaBHUTEIbHO MaJjiO0 U CIIOCOOBI
perynmnpoBaHusA 3TOrO MapaMeTpa HeJOCTAaTOYHO MC-
C/IeJJOBaHbI.

JIns BBIABIEHUA BIUMAHNUSA LUKINYECKOTO 3a-
MOpP@)XMBaHNUsI Ha HEKOTOPBIE CBOMCTBA L[EMEHTHOTO
KaMHSI HaMJ [IPOBOJM/INCH 9KCIIEPUMEHTAIbHbIE UC-
C/Ie[[OBaHMUsI C UCIIO/NIb30BAHMEM CY/Ib(AaTOCTONKOrO
nopriaaHpueMenTa (Taom. 1).

M3 uementHoro tecra ¢ B/I] = 0,25; 0,3; 0,35
M3rOTAaBIMBANUCh 06pasbl — Kybuku ¢ pebpom
20 MM 6e3 ob6aBok u ¢ gob6aBkamu 0,2% mmactudn-
karopa (JICT), 0,15% rugpodobusaropa u 0,1 % BO3-
nyxoBoByeKatouero komnonenta (OIOII) ot macce
IleMeHTa B IlepecyeTe Ha cyxoe BemecTBo. O6pasiiel
TBepenyu 1 cyTku B popMax IOJ BIaXKHOI TKaHBIO
1 27 CyTOK B BOJJOIIPOBOJHOI BOJE IIpK TeEMIlepaType
18-20 °C. [TonoBuHa 06pas1ioB OT 0611ero KOnu4yecTna
IO/iBEPTaNach UMKINIECKOMY BO3HENCTBIIO: 4 4aca —
3aMOpakuBaHue Ha Bosayxe npu -15°C u 4 vyaca —
oTTauBaHue B Boje npu 18-20 °C, BTopas momo-
BMHA 00pa3noB (KOHTPO/NbHbIE) XpaHNU/IACh B BOJE
npu 18-20 °C. OfHOBpeMeHHO NPOBOAMIN UCIBITA-
HMS Ha CKaTue 3aMOpakuBaeMbIX (RmM) 1 KOHTPOIb-
HbIX (RK) 06pas1oB, pe3ynbTaThl MCIBITAHUI IPUBe-
IoeHbl Ha puc. 1.
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When high quality fillers are used, the freeze-thaw
resistance of heavy concrete will depend on the struc-
ture and porosity indicators of the cement stone; howev-
er, studies of freeze-thaw resistance of cement stone are
relatively scarce, and methods for regulating these para-
meters have not been researched enough.

In order to find the impact of cyclic freezing on
some properties of cement stone, we have done experi-
mental research with the use of sulfate-resistance Port-
land cement (see Table 1).

From cement paste with w/c ratios of 0.25, 0.3, and
0.35, cube samples were made with 20 mm rib without
admixtures and with addition of 0.2% plasticizer (ligno-
sulphonate technical), 0.15% water-repelling agent, and
0.1% air entraining component of the cement weight on
dry basis. The samples were hardened for one day in molds
under moist cloth and 27 days in tap water at a temper-
ature of 18-20°C. Half of all the samples were exposed
to cyclic impact, namely, four hours of open air freezing
at -15°C and four hours of thawing in water at 18-20°C,
while the second half of the samples (control samples)
were kept in water at 18-20°C. Compression tests were
done simultaneously for the frozen (Rum) and control (Rx)
samples, and the test results are shown in Fig. 1.

All the samples that had been exposed to cyclic
freezing demonstrated more intensive strength increase
up to 20-100 cycles as compared to the control samples.
Further increase of the number of cyclic freezes (over 100
at the w/c ratio of 0.25 and over 20-80 at the w/c ratio
of 0.3 and 0.35) caused an increase of the cement stone
strength. The failure speed increased with increase of
the starting w/c ratio. The freeze-thaw resistance of ce-
ment stone increased the most under the effect of the air
entraining admixture, while the plasticizer (lignosul-
phonate) also contributed to freeze-thaw resistance in-
crease but not as much as air entraining admixture. The
water-repelling agent (naphthenic soap) did not raise the
freeze-thaw resistance of cement stone, especially at the
w/c ratio of 0.35.

For finding the reason of cement stone destruc-
tion, we found the ice content, namely, the ratio of the ice
weight to the weight of water that is evaporated at 105°C
and absorbed by the samples at water saturation when dis-
charged. The ice weight after freezing at temperatures of -5,

-15, =30°C for eight hours was determined using the dilato-
metric and calorimetric methods. The error of ice amount
measurement with the dilatometric method did not exceed
4.5%, and the calorimetric method, 3.3%. The tests showed
that no ice had formed in any of the samples at any of the
tried temperatures regardless of the w/c ratio. Cement stone
with admixtures did not contain a sufficient amount of ice,
which could be recorded in experiment, either.

Measurement of the ice weight at freezing tem-
peratures of -5, —15°C showed that in cement stone with
the starting w/c of 0.4, 0.45, and 0.5 after 28 days of wa-
ter hardening, no noticeable amount of ice had formed,
and it was only at a cooling temperature of —30°C that
a small part of water had frozen (Table 2).

60 N2 4-5 (40) 2015 «ALITinform» MexzayHapoaHoe aHanutiueckoe o603peHme

[l Bcex 06pasioB, MOABEPraBIINXCS LVIK/IYe-
CKOMY 3aMOpa)XMBaHNIO, OTMe4aeTcst 6ojiee MHTEHCHB-
HBIJ POCT IPOYHOCTH [0 20-100 MKIIOB 110 CPAaBHEHNIO
C KOHTpONbHBIMU ob6pasuamu. Ilocnenyomee yBenmde-
HIle YMCIa NVKIMYeCKUX 3aMopaxkuBanuii (6omee 100
npu B/I] = 0,25 u 6omee 20-80 npu B/L]=0,3 u 0,35)
BBI3bIBAET CHIKEHME NIPOYHOCTYU 1IeMEHTHOIO KaMHAI.
CKOpOCTD paspyLIeHN s YBeTUYNBAeTCA C BO3pacTaHNeM
ucxopHoro B/I]. B Hau6oblieil cTelleHN yBeNU4YMBaeT-
Cs1 MOPO30CTOMKOCTb IIeMEHTHOTO KaMHSI ITOfI, BIUSHNEM
Bo3ayxoBoBiekaroueit fob6asku (OJII); mractuduumpy-
fomast fob6aska (JICT) Taxoke CriocoOCTBYeT IOBBIIIEHIIO
MOPO30CTOMKOCTHY, HO B MeHbllleil cTteneny, yem OIII.
I'mppodobusupytomas fob6aBka MplIoHa(Ta He IMOBBI-
IIaeT MOPO30CTOMKOCTH [{eMEHTHOTO KaMHsI, 0COOEHHO
npu B/I] = 0,35.

[l BBIABNIEHNA IPUYMHDI Pa3PyLIEHM LIEMEHT-
HOT'0 KaMH# OIIpefeNnsAnach IbJUCTOCTb — OTHOILEHNE
Macchl JIbfia K Macce ucmapsemoitr npu 105°C Bopwl,
IOIJIOIIEeHHO o6paslaMy IpM BOLOHACHIIEHUMU
moj, paspsXeHnueM. Macca nbga 1mocie 3aMopakuBa-
HUA IpU TeMueparypax -5, -15, -30°C B TeueHne 8
JacoB ONpefe/snach AMIATOMETPUIECKNM ¥ Kaopu-
MeTpudyeckuM Metogamu. IlorpemHocTs ompeperne-
HIUA KOJMYECTBA /IbJA JUTATOMETPUYECKUM METOLOM
He npesplana 4,5%, kanopumerpudeckum — 3,3%.
VlcnipITaHMA IIOKa3a/IM, YTO BO BCeX 06paslax py Bcex
ONpo6OBaHHBIX TeMIlepaTypax 3aMOpa>kKMBaHUs He3a-
BucuMo oT B/I] nen He o6pasyercs. LleMeHTHBII KaMeHb
¢ mob6aBKaMy TaKXKe He COTEPXKUT FOCTATOUHOTO KOJIN-
4eCTBa JIbfja, KOTOPOE MOIIO 6bI OBITH 3a(UKCUPOBAHO
3KCIIePMMEHTAJIBHO.

Omnpepenenns Maccel Ibfia IIpY TEMIIEpaTypax 3a-
MopaxuBaHug -5, —-15 °C BBIABUIN, YTO B LIEMEHTHOM
KaMHe ¢ ucxogubeiMu B/I] 0,4; 0,45; 0,5 mocne 28 cyTok
BOJIHOTO TBepAeHUs He 0Opa3yeTcsi 3aMeTHOTO KOJU-
4ecTBa /IbJja, ¥ TONBKO PV TEMIIEPAType OX/NaXKIeHM s
-30 °C mpoucxoguT 3aMep3aHe HeOObIION YaCT BOLb
(radm. 2).

Takum 06pa3oM, HeCMOTpPsI Ha OTCYTCTBHUE JIbAA
IpY IIePBOM 3aMOPAKMBAHNUY B 06pasIax [[eMEHTHOTO
KaMH:, OHY MHTE€HCYBHO Pa3pyIIAIOTCS fake IIPY CAMBIX
HU3KMX BOJJOIIEMEHTHBIX OTHOIIEHMAX.

XapaKTep U3MEHEHU JIBAMCTOCTY LIEMEHTHOIO
KaMHsI MCCTIEIOBAJICS TaKKe Ha 0Opasijax HOpMaabHOTO
U TEIIJIOB/IA>)KHOCTHOTO TBEPeHN s U3 OPTAaHAIIeMeHTa
I IIJIAaKONOpTHAaHAeMeHTa. Ha ocHoOBaHum sTnx muccie-
TOBAaHUI MOXXHO CENaTh CIeYIOINe BEIBOJbIL:

L. CHKeHMe BOJIOLIEMEHTHOTO OTHOIIEHN I TPY U3-
TOTOBJIEHMM 0OPa3LIOB [[EMEHTHOTO KaMHA U II0-
BbIIlIEHME TeMIIEPATyphbl 3aMOpPaKMBaHNUA IpU-
BOJIAAT K YMEHDBIIEHNIO TbJUCTOCTY 1J€MEHTHOTO
kaMHsA. OCO6eHHO MHTEHCUBHO yMeHbIIaeTCs
TBAMUCTOCTD ITOHVXEHMEM BOJOLIEMEHTHOIO OT-
HOIIEHNA — Jla’Ke IIPpYM HU3KUX TeMIlepaTypax
3amopaxxuBaHus ( -52°C) He BcA ucnapseMas
npu 105°C 13 LleMEHTHOTO KaMH:A BOJa Mepexo-
IUT B 1IEf,.
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Table 2. Ice content in cement stone samples after curing for eight hours at —30°C
Tabnuua 2. JlbancTocTb 06Pa3LOB LLEMEHTHOMO KaMHs, BblAepKaHHbIX 8 yacos npu —30°C

Ice content in cement stone, % // JlbAUCTOCTb, %, LEMEHTHOrO KaMHsA

w/c // B/LJ N e @impanes J/ 5es me BeEoi 0.2%)}98’335\;'32?%@ 0.1% a;;%?t(;oalggwlgl agent O.15C‘V8’T5a;)h,;:|ig|§asgfap //
04 2,39 198 1,76 2,02
0,45 5,61 4,36 4,48 516
0,5 8,48 712 7,01 799

Therefore, despite the absence of ice in cement
stone samples at first freezing, they break intensively even
at the lowest water-cement ratios.

The nature of change of ice content in cement
stone was also examined on samples with normal and
steam hardening made from Portland cement and slag
Portland cement. The following conclusions can be made
based on this research:

1. Change of the water-cement ratio at production
of cement stone samples and increase of the freez-
ing temperature cause a decrease of the ice content
in cement stone. The ice content can be decreased
especially intensively by lowering the water-ce-
ment ratios, as even at low freezing temperatures
(-=52°C) some of the water that is evaporated from
cement stone at 105 °C will not become ice.

2. Increase of the number of cyclic freezes of cement
stone causes a decrease of the ice content, espe-
cially if the ice content is determined at lowered
temperatures. With a growing number of freeze-
thaw cycles, the sizes of cement stone pores will
increase primarily due to the transition of micro-
pores to macropores. Even if the ice content in
cement stone was equal to zero before the cyclic
freezing (i. e., the pore size did not exceed 2 nm),
after 50 cycles ice would be found in such stone
even at the freezing temperature of —4°C. There-
fore, by that time pores bigger than 6.36 nm would
already appear.

3. Steam curing increases the ice content in cement
stone as its structure becomes more “rough”. The
correlation for slag Portland cement stone is just
the opposite with a lower ice content in steam-
cured samples as compared to water-hardened
samples, which is due to the fact that steam curing
induces a greater hydraulic activity in slag Port-
land cement. That increases the hydration grade
and the amount of hydration products that fill
macrocapillary pores.

4. A comparison of two cement varieties shows that
Portland cement can be used more efficiently for
structures that harden without heat treatment, as
it contributes to a highly dispersed structure with
low values of macrocapillary and ice content. Slag
Portland cement stone has higher density in the

YBenu4eHMe 4ycaa NUKINIeCKUX 3aMOPaKu-
BaHMI LIEMEHTHOTO KaMHs BBI3BIBaeT POCT
TBOCOTEPKAaHNA, 0OCOOEHHO IPU MOHVKEH-
HBIX TeMIIepaTypax ONpefeeHNus IbIUCTOCTI.
C yBe/m4yeHneM 4UCIa HUK/IOB 3aMOPa>KVMBAHM A
Y OTTaMBaHUA pa3Mephl IOP LEMEHTHOTO KaMH s
YBEeMMYNBAKOTCA ITTABHBIM 06pa3oM BCIe[CTBUE
Hepexofia MUKPOIIOp B paspsif Makpomop. Jasxe
eC/IM B IIeMEHTHOM KaMHe Ilepef] HUKINYeCKUM
3aMOpakMBaHNeEM JIbJUCTOCTb PaBHAIACh HYJIIO
(To ecTp pasmep mop He Honee 2 HM), TO 4epes
50 L[MKJIOB B TAKOM KaMHe (PMKCUPOBATIOCH Ha-
JM4ue Jbfla Jaxke PV TeMIepaType 3aMOpaXKu-
BaHusA —4 °C. CrefoBaTe/nbHO, K 9TOMY MOMEHTY
yoKe MOAB/IAITCA IIOPBL, MMeole pasMep bomee
6,36 HM.

Tennosna>xHOCTHasA 06paboTKa BEI3BIBAET yBe-
AUYeHNe NbAUCTOCTU MOPTAAH/LIEMEHTHOTO
KaMHS BCJIE[ICTBIE «OTPYO/IeHNI» €ro CTPYK-
TypblL. [/ LIaKONOPT/IaHALIEeMEHTHOTO KaMH A
oTMevaeTcs obpaTHas 3aBUCUMOCTb — CHIDKe-
HUe JBAVCTOCTYU I/ IPOIapeHHBIX 00pasIoB
[0 CpaBHEHNIO ¢ o6pasiaMu BOLHOTO TBepHe-
HUA, YTO ABIAETCA CIeCTBYMEM BO30OYKIeHUA
6osbliell IUApaBIMIeCKOil aKTUBHOCTY MIJIa-
KOIIOPTIaH/l[eMeHTa NP TeIMIOBIa>KHOCTHOI
o6paboTke. ITO CIIOCOOCTBYET YBENMUEHNIO
CTeIleHU I'MApaTaliM ¥ KOMMYeCTBa IPOAYKTOB
TUApATALNH, 3AHOMTHAIIMX MaKPOKAIIN/IIAD-
HBbIE MOPBI.

CpaBHeHIe [[BYX Pa3HOBMJHOCTENl IjeMeHTa
[IOKA3bIBaeT, YTO MOPTIAH/LEMEHT Goree ad-
(bexTNBHO MCIOIb30BATh [/ M3TOTOBIEHNUS
KOHCTPYKIMI, TBEPAEIIINX 6e3 TelIoBoil 06-
pabotku, — 3TO croco6cTByeT popmMupoBa-
HUIO0 MeTKOAUCIIEPCHOM CTPYKTYPHI C HUBKUMMU
3HAYEHMSIMU MaKpPOKAIIMJ/UIPHON HOPUCTOCTH
u nppucroctu. llnakomopTiaHfieMeHTHBII Ka-
MeHb XapaKTepU3yeTCsl OBBILIEHHOI I/IOTHO-
CTDBIO B YCTIOBMAX TEIIOBIAXHOCTHOM 06paboT-
KM BC/IE[ICTBYE B3aMMO/IEIICTBIS OPTAaHAUTA
CO IITAKOBBIM CTeK/IOM. [109TOMY IHITaKOIOPT-
TaH[I[eMeHT 6oJee MPeANOYTUTENEH A1 COOP-
HBIX I MOHOJIMTHBIX Ke/1e300€ TOHHBIX U3 e/Nil
Y KOHCTPYKIMIL, ITO/iBEPraeMBbIX TEIIOBIaX-
HOCTHOII o6paboTke.

[l olleHKM BIMAHUA CTPYKTYPHBIX OCOOEHHO-

conditions of steam curing due to interaction of CTell LIeMEeHTHOTO KaMH: Ha ero0 MOPO30CTOMKOCTD MC-
Portlandite and slag glass. Slag Portland cement is IBITBIBaNNUCh 00pasipl mecyanoro 6erona (B/I] = 0,4,
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Table 3.

The effect of hardening conditions on the freeze-thaw resistance and porosity of sand concrete

Ta6n|/|L|a 3. BnuaHne yCﬂOBI/IIh TBEPOAEHUA Ha MOpO30CTOVIKOCTb N NOPUCTOCTb NecYaHoOro 6eToHa

Ice content
at —18°C, % //
JlbancrocTb
npu -18°C, %

Open capillary
Hardening conditions and time // porosity, % //
YCcnoBuA 1 AAUTENbHOCTb TBEPAEHNA OTKpbITana Kan.

MOPUCTOCTb, %
Normal hardening, 28 days //

1,2 9

Hopm. TBepa. 28 cyT
T4+ 7 daysofn.h.// T4+ 7 CyTH.T. 114 31
T6+7daysofn.h.//T6 +7 CyTH.T. 10,8 42
T8+ 7daysofn.h.// T8+ 7 cyTH.T. 109 29
TI0+7 daysof n.h.//TIO+7 CyTH. . 10,9 34
A0+ 7 daysofn.h.//AO+7 CyTH.T. 99 52
A3+ 7daysof n.h.//A3+7cyTH.T. 99 43
A6+ 7 daysof n.h.//A6+7 CyTH.T. 10,3 56

therefore more preferable for precast and cast-in-
situ reinforced concrete products and structures,
which are exposed to steam curing.

For evaluation of the influence of structural fea-
tures of cement stone on its freeze-thaw resistance, sam-
ples of sand concrete were tested (w/c=0.4, s/c=2) shaped
as 40 x40 x 160 mm bars or cubes with 100 mm edge. The
samples were made with sulfate-resistant Portland cement
and Quartz sand from the Fyodorovsky basin with 2.69
fineness modulus. Part of the samples were hardened in
anormal hardening chamber, another part was steamed
according to the patterns T4: 4 + 4 + 4 + 8, T6: 4 + 4 +
6+2,T8:4+4+8+2,and T10: 4+ 4 + 10 + 2 with a
temperature of isothermal curing of 80°C, and another
part of the samples was exposed to autoclave treatment
according to the patterns A0: 4 +5+ 0+ 2, A3: 4+ 5+
3+2,A6:4+5+ 6+ 2 at a maximum water steam pres-
sure in the autoclave of 0.8 MPa and the temperature of
isothermal curing of 165°C.

The freeze-thaw resistance of sand concrete
(Table 3), which hardened before cyclic freezing in
various conditions, changed by more than 14 times
while open capillary porosity changed insignificantly
and the ice content changed by six times. Therefore, it
is not just the porosity nature but also the condition
and stability of hydrated phases of cement stone, which
determine the type of structural links, that affect the
resistance of concrete to cyclic freezing in water-satu-
rated condition.

High freeze-thaw resistance of normal hardening
concrete samples with high open capillary porosity indi-
cates quite a significant impact of the structural features
of hydrated phases of cement stone on concrete durabil-
ity. The ice content in such concrete is minimal, therefore,
hydrated phases are mainly represented by a gel structural
component with micropores, the water in which does not
freeze at —18°C, i. e. the size of such microcapillaries does
not exceed 2 nm and they relate to gel pores.

Sand concrete steaming reduces freeze-thaw re-

sistance by increasing the volume of the part of open ca-
pillary pores where ice is formed at —18 °C, which is due
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Number of Open capillary porosity after the cycles //

cycles at =50°C //  OTKpbITas Kar. MOPUCTOCTb MOC/IE LIMKIOB
Yumcno umknos
npw —50°C 5 10 20 30 40
57 10.7 106 1.0 14 115
10,9 — 10,9 10,7 10,6
24 — — — —
37 — — — — —
43 15 15 1.9 120 124
11,0 — 11,0 10,5 10,2
38 = = = =
6 p— — — — p—
10 13
10 97 97 - - -
4 — — — p— —

II/I] = 2) B ¢popme 6anodek 40 x40 x 160 MM nmu Ky60B
¢ pe6bpom 100 mm. O6pasiipl MSTOTABINBAIICH HA CY/Ib-
¢aTocToliKOM IOPTIaHALIEMEHTEe ¥ KBaplieBOM IIeCKe
DeopoOBCKOTO Kapbepa C MOAyIeM KpyHmHoOCTH 2,69.
YacTtb 06pasiioB TBepAeIa B KaMepe HOPMaIbHOTO TBEp-
IeHNs, 9acThb — IpOINapyBanach Mo pexxumam: 14-4 +
4+4+8,T6-4+4+6+2,T8-4+4+8+2,T10-4+4
+ 10 + 2 nmpu TeMIiepaType N30TEPMUYIECKOI BBILEPIKKI
80°C, a yacTb 06pa3LOB IPOXOAN/IA ABTOKIABHYI0 00-
paborky mo pexumam: A0-4 + 5+ 0 +2,A3-4+5+3
+2,A6-4 + 5+ 6 + 2 1pu MaKCUMAaJIbHOM JJaBJIeHUY BO-
psaHOro napa B aproknase 0,8 MIla u remnepaType uso-
TepMI4ecKoll Beigepxku 165 °C.

MoposocToitkocTh (Tadm. 3) mecuanoro Ge-
TOHA, TBEPAEBIIEr0 O LMKINYECKOTO 3aMOPa>ku-
BaHMSA B pas/IMYHBIX YCIOBMAX, U3MeHseTCs Oosee
4yeM B 14 pas, Torja Kak OTKPbITas Kanu/alsApHas I0-
PUCTOCTb MEHAETCSA HE3HAYUTENBHO, & IBIUCTOCTD —
B 6 pa3. CyefoBaTeIbHO, Ha CTOKOCTb 6eTOHA K 1IN~
K/IMYeCKOMY 3aMOPaXBaHNIO B BOJOHACHIIIEHHOM
COCTOSIHMM BNIUsIET HE TONBKO XapaKTep MOPUCTO-
CTHU, HO TaK>Ke COCTOSIHME U CTaOMIBHOCTDH TUAPAT-
HBIX (a3 I[eMEHTHOTO KaMHs, OIpefe/ A0 MX BUbI
CTPYKTYPHBIX CBsI3€Il.

Bricokass MOPO30CTOIKOCTh 00pa3moB 6eTo-
Ha HOPMAa/JbHOTO TBEPAEHNA NPU OONBIION OTKPHI-
TOJ KaNlMIJIAPHOJ MOPUCTOCTM YKa3blBaeT Ha BeCbMa
Cyl[eCTBEHHOE BIAMSIHUE CTPYKTYPHBIX OCOBEHHO-
CTeN TUAPATHBIX q)as IIeMeHTHOTO KaMHS Ha CTO-
KOCTb 6eToHa. JIbAUCTOCTD TAKOTO 6€TOHA MUHMMAJIb-
Ha, CJIe[OBaTe/IbHO, TUpaTHbIe (asbl MpefiCTaBIeHbI
[JIaBHBIM 00pa3oM relleBUIHOI CTPYKTYPHOIL COCTaB-
AN C MUKPOIIOpaMM, BOJa B KOTOPBIX He 3aMep-
3aer npu -18 °C, To ecTb pasMepbl TaKUX MUKPOKa-
NUAAPOB He INPEBBIIAIT 2 HM M OTHOCATCA OHU
K IIOpaM Tejs.

ITponapyBaHye NecYaHOro 6eTOHA BBI3BIBAET CHU-
XKeHJe MOPO30CTOMKOCTH 3a CYeT yBenudeHus obbeMa
TOJM 4aCTM OTKPBITHIX KallMJUIAPHBIX IIOP, B KOTOPOII
obpasyercs nen pu —18°C, 4TO BBI3BAHO «OTPyO/IEHN-
eM» CTPYKTYPBI, yBe/INUeHNeM pa3MepoB KPUCTA//IOB
TUAPATHBIX Pas.



to a more “rough” structure and greater crystals in hy-
drated phases.

The ice content of autoclave hardening concrete
samples does not exceed that of steamed samples much
(the maximum is 1.93 times), and the value of open ca-
pillary porosity of steamed concrete samples is mini-
mum, but the freeze-thaw resistance of such concrete is
the lowest (2.4-10.7 times less than for steamed samples).
This is due to the fact that hydration products of auto-
clave hardening cement stone are the most fragile ones,
and their production is accompanied by appearance of
significant stresses. The resulting stressed fragile struc-
ture is characterized by a big stress concentration in de-
fect areas and cannot resist cyclic impact for a long time.
Nearly complete disappearance of the gel phase in such
structures reduces the role of relaxation phenomena and
reduces failure viscosity.

Volume dilatometric measurements show (Fig. 2)
that with the first and several subsequent freezing cy-
cles there are no abnormal expansion deformations of
cement stone samples due to ice formation. However,
after a big enough number of cycles (over 40), dilato-
grams of the samples show an abrupt volume increase
at a temperature of -5-6°C as water in macrocapil-
lary pores becomes ice. Therefore, cyclic freezing in
open air followed by thawing in water increases pore
size with transformation of microcapillaries into mac-
rocapillaries, and the original reason of cement stone
breakage after cyclic freezing is not ice formation but
another process. It is only when macrocapillaries appear
in cement stone that water begins to freeze at freezing
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JIbpucTocTh 06pasoB 6eTOHA aBTOK/IaBHOTO
TBEPJIEHN HEHAMHOIO IpeBbIIIAET IbJUCTOCTD MPO-
HmapeHHbIX 06pas3ioB (MakcumanbHO B 1,93 pasa), Be-
NVYMHA OTKPBITON KAIVIIISPHON HOPUCTOCTH 06pas-
110B 6eTOHa, MPpOIIeAIINX 3allapMBaHe, MUHIMAIbHa,
HO MOPO3OCTOIKOCTb TaKOTo OeTOHa caMas HU3Kas
(MeHblIe, YeM [/ MPOMApPEeHHBIX 00PasLoB, B 2,4—
10,7 pasa). DTO BBI3BaHO TeM, YTO IPOAYKTHI TUfipa-
TallM [EMEHTHOTO KaMHA aBTOKJIABHOTO TBEP/leHNA
VMEKT KPYIHOKPUCTA/INYECKYIO CTPYKTYPY, KpUCTAI-
NM3AIMOHHBIe KOHTAKTBl MMEIOT HauOO/BIIYI0 XPYII-
KOCTb, a UX CO3JJaHMe CONPOBOXAETCA BOSHUMKHOBE-
HUeM 3HauMTeNbHBIX HanpshkeHuit. O6pasoBaBurasics
HanpsDKeHHasA XpyIKasA CTPYKTypa XapaKTepusyeTcs
60/IBIIOI BETMYNHON KOHIIEHTPALUIU HANIPSIKEHMI
B fiepeKTHBIX MeCTaX U He CIIOCOOHA IINTETbHO COIPO-
TUBNATbCA UUKINYECKUM BosfeiicTBuAM. IIpakTude-
CKU ITOTTHOE MCYe3HOBEHE I'elIeBUIHOM (asbl B TAKMX
CTPYKTyPaX CHIUIKaeT pojIb pellaKCallOHHBIX AB/IE€HNA,
YM€HbIIAET BA3SKOCTb pa3pyIIeHN .

O6beMHbIe UTaTOMETPUYECKUE M3MEPEHNS
(puc. 2) noKa3pIBAIOT, YTO IIPY IEPBOM Y HECKOTBKUX
HOCTIEeAYIOMNX NUKIaX 3aMOPaXMBaHUs He QUKCH-
pyeTcss aHOMaNbHBIX fAeOopMalyil paclinpesns 06-
Pa3LOB [IeMEHTHOTO KaMHsI BCIIELCTBYE JIbF00Opa30-
BaHus. OJHAKO Ha MUIATOrPaMMax 06pasLoB IOCIe
NOCTATOYHO GONIBLIOrO KOAMYECTBA IUKIOB (6omee
40) pukcupyercst ckadakoobpasHoe yBenmdeHme 06b-
eMa 1pu Temueparype —5-6°C BcencTBue nepexopa
BOJbl B MaKpPOKAIMUIAPHBIX mopax B jex. CrenoBa-
TEe/IbHO, UK/INYEeCKOe 3aMOpPaKMBaHMe Ha BO3yXe
C OTTaMBaHMEM B BOJie CIIOCOOCTBYET yBeIMYEHMIO

AV A AV A AV A
, / /
9 /\ 2/ 90 / 7 90 3/
/
80 8 /\/ )
W/C// Bl =045 W/C// Byl =035 _ / W/C// B/l =0.25
70 7 7
// 60 / \ 60 \/ 7 / 60
! ”
/2y /avi /N
Ao // 40 // 40
/ / 30 30 / / 30
20 i 20 20
10 10 7 10
C
30 20 10 0 +0 420 30 20  -10 0 #0420 30 20 10 0 +10 420
Fig. 2 Dilatometric curves recorded at freezing of cement stone samples: 7 — at first freezing; 2 — freezing after 42 cycles at -20°C,
3 — thawing (cycle 43)
Puc. 2 JunatomeTpuyeckme KpUBbIe, CHATbIE NPY 3aMOPaXMBaHUM 06Pa3LOB LEMEHTHOTO KaMHS: 1 — Npu NePBOM 3aMOPaXXMBaHUY;
2 — 3aMopaxunBaHue nocse 42 yuknos npu -20°C, 3 — oTTanBaHue (43 uumkn)
“ALITinform” International Analytical Review — No. 4-5 (40) 2015 63




concrete | 6eToH

gV 10
35

3.0

i
25

20

N

7
/
05
7 6 5 4 3 Igrem

Fig. 3. Pore charts of cement stone samples with W/C = 0.25;
1 — before the freeze-thaw resistance tests; 2 — after
157 freezing cycles down to -20°C.

Puc. 3. Moporpammbl 06pa3LoB LEMEHTHOIO KaMHSA
B/l =0,25; T — fo ncnbiTaHNA MOPO30CTONKOCTH,
2 — nocne 157 unknoB 3amopaxuneaHma go —20°C

temperature, which will obviously accelerate the de-
struction process.

Mercury pore charts of cement stone samples
(Fig. 3) show that with a low w/c ratio of 0.25, the nature
of pore distribution by sizes practically does not change
after 157 cyclic freezes at ~18 °C. A minor decrease of the
large pore size (584-5,888 nm) and some increase of the
small pore size (39 nm or smaller) can be remarked. In ce-
ment stone with a w/c ratio of 0.25, structure-forming
processes at cyclic freezing prevail over destructive pro-
cesses, which results in greater strength and smaller vol-
ume of macrocapillaries as they are filled with hydration
products and a greater volume of micropores. Increasing
the w/c ratio to 0.3 and 0.35 did not make any principal
change in the nature of pore distribution by size before
and after the freeze-thaw resistance tests of the cement
stone samples. The porosity of cement stone is mainly
represented by the following two groups of pores:

> macropores measuring 630 nm or more; the vol-
ume of pores in this group increases with the w/c
ratio increase and amounts to the following: for
cement stone samples with w/c = 0.25-1.58-107
cm®/g, with w/c = 0.3-(2.26-2.62)- 10~ cm®/g, with
w/c =0.35-3.24-107 cm’/g.

> micropores measuring 10 nm or less; the volume
of pores in this group decreases with the w/c ra-
tio increase and amounts to the following: for ce-
ment stone samples with w/c=0.25-6.3-107 cm’/g,
with w/c=0.30-5.0-10" cm?/g, with w/c=0.35-
4.0-107 cm?/g.

Change of the open capillary porosity of normal
hardening concrete samples at cyclic freezing occurs in
accordance with the previously identified patterns of the
ultimate compressive strength change; during the first
10 cycles, porosity decreases more than for the control
samples. Further cyclic freezing causes the increase of the
open capillary porosity. Hydration processes that occur
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pasMepa Mop € IepexofioM MUKPOKANMIIAPOB B Ma-
KpOKaNM/IIAPDI, a NepBONPUUNHOI pa3pyLIeHUs lie-
MEHTHOTO KaMHA IIPU UUK/INIECKOM 3aMOpPa’KBaHUN
ABJIAETCA He NblooOpasoBaHue, a KaKoil TO APyroi
npotecc. JInmp nNpy NOABIEHUN MaKPOKaIUIIIAPOB
B IIeMEHTHOM KaMHe HaulHaeTCA 3aMep3aHle BOHBI
IIpu TeMImeparype 3aMOpa>XMBaHUA, 4YTO, OYEBUJIHO,
OyneT YCKOpATh NPOLecC pa3pyLIeHNA.

PryTHbBIE HOpOrpaMMBl 06pPa3IOB LIEMEHTHO-
ro kaMHs (puc. 3) IOKasbIBAKT, YTO IPU HU3KOM
B/I] = 0,25 mocne 157 quKIM49eCKNX 3aMOpa>kKuBa-
Huit pu —18 °C npakTuU4YeCcKM He U3MEHAETCA XapakK-
Tep pacnpejenenyd Nop o pasMepaM. Mo>XxHO oTMe-
TUTb He3HAUNUTeTbHOE CHIDKEHUE 0O6beMa KPYIHBIX
nop pasMmepom 584-5888 HM U HEKOTOpOeE yBenuye-
HIe 00'beMa MeNKMX IIOp pa3MepoM He 6onee 39 HM.
B nemenTHOM KaMHe ¢ B/I] = 0,25 cTpyKTypoo6pasy-
ol /e ITPOLeCCHl IPY LUKINYEeCKOM 3aMOPaKMBaHUU
npeobIafaoT Haf eCTPYKTUBHBIMH, YTO IPUBORUT
K poCTy (HM) IIPOYHOCTHU ¥ YMEHbIIEHNIO 06beMa Ma-
KPOKaIMIIAPOB BCIENCTBIE 3aII0THEHN A UX IPOJYK-
TaMU TUAPATALNY M YBeIMYeHUsI 06'beMa MUKPOIOP.
Yeenuuenne B/I] go 0,3 n 0,35 He mpuBeIO K NIPUHINU-
NMa7AbHBIM U3MEHEHUAM XapaKTepa paclpefie/leHNA
IOp IO pasMepaM [0 U IOC/I€ MCHbITAHUA MOPO30-
CTOIKOCTHM 00pa3I[0B [leMEeHTHOr0 KaMHs. Ilopucrocts
LIEeMEHTHOTO KaMHA IpeJCTaBIeHa B OCHOBHOM JIBY-
MA rpynnamMy nop:

> MaKpomopsl, pasmepom 630 HM u 6oree, 06beM
IIOp 3TOI TPYIIIIBI YBEIMIMBAETCS ¢ pocToM B/I]
U COCTaBIAET AJA 00paslOB IIeMEHTHOTO KaMH s
¢ B/I]=0,25-1,58-10 c™*/1, ¢ B/I] = 0,3-(2,26-
2,62)-107° cM?/t, B/I] = 0,35-3,24-107 cm’/1;

> MUKPOIIOpBl pasMepoM 10 HM u MeHee, 06b-
€M 9TOJ I'PYIIIBI IOP YMEHBIIAETCA C POCTOM
B/I] n cocraBnset pns obpasuos ¢ B/I[=0,25-
6,3-10%cm?/1, ¢ B/I[=0,30-5,0-10c™m?/T,
¢ B/I]=0,35-4,0-10%c™m’/T.

VI3smeHeHMe OTKPBITOI KallM//IAPHON IIOPUCTOCTH
06pas1ioB 6eTOHa HOPMaJIbHOTO TBEPAEHN PY LNKIINU-
JeCKOM 3aMOPa’XMBAHNM IIPOVCXONUT B COOTBETCTBUM
C paHee BbIABJIEHHBIMM 3aKOHOMEPHOCTAMM M3MEHEHU A
npefiena MPOYHOCTY IIPY CKATUM: B TeYeHMe NEPBhIX fle-
CATH LIMKJIOB IOPYCTOCTDb YMEHbIIIaeTCs B 60MbILel Mepe,
4eM [J1s1 KOHTPOMBHBIX 06pasuoB. [lanbHeillnee UKIn-
YecKoe 3aMOpa>kMBaHMe BbI3bIBAE€T POCT OTKPBITON Ka-
OMTAPHON nopucrtocTu. ['MaparaoHHble IPOLECCH,
BO3HUMKAIOIJE B KIMHKEPHDbIX PEIMKTAX BC/IEACTBUE
yBenuueHus fudQysun Boabl Yepe3 ruaparHbie 060104-
KM, CIIOCOOCTBYIOT IIOBBINIEHUIO IVIOTHOCTY U IIPOYHO-
CTU LleMeHTHOTO KaMH:A. C yBeIM4YeHeM Y1CIa IIUK/IOB
POJIb CTPYKTYpOOOPasyIOILIUX MIPOLIECCOB YMEHBIIIACTCS,
a IeCTPYKTUBHBIX YBETMYMBAETCH, YEMY, BEPOATHO, CIIO-
COOCTBYIOT CTPYKTYpHBIE U3MEHEHN A TepMOJHAMIYe-
CKJI HeCTaOM/IbHBIX Te/IeBYJHBIX IPORLYKTOB IMpaTaliuy
IleMeHTa, CKJIOHHBIX K KPUCTA/IM3AI[UN 32 CYeT U3ObI-
TOYHOJ IIOBEPXHOCTHOI 3HEPTUNL.

[Inknudeckoe 3aMoOpa)kuBaHye 00pasLOB Iec-
4aHOTO OeTOHa, MPOMIEHIINX TEIJIOBIaXXHOCTHYIO



in clinker relics due to greater water diffusion through
hydrate shells, increase the density and strength of ce-
ment stone. With a greater number of cycles, the role of
structure-forming processes decreases and that of destruc-
tive processes increases, one of the reasons for which is
probably the structural changes of thermodynamically
unstable gel products of cement hydration, which are
prone to crystallization due to excessive surface energy.

Cyclic freezing of sand concrete samples after
steam curing accelerates the development of open capil-
lary porosity significantly (as compared to the samples
that hardened normally). Concrete samples after auto-
clave hardening increase capillary porosity at frost ag-
gression quicker than steamed ones, which means that a
stressed and non-relaxing concrete structure will break
with maximum speed.

Change of the hydrated phase structure at cyclic
freezing was studied on the example of  C.S suspen-
sion. As a result of the 8 2Ca0SiO; suspension hydra-
tion at 20 °C, low-basic hydrosilicates of the C-S-H (1)
type are formed, which develop a nearly impermeable
shell on non-hydrated remains of grains of the initial
material. An increase of the amount of Ca(OH);, in the
composition of hydration products in excess of 1% by
weight causes lime absorption by the initially formed hy-
drosilicates, which in its turn increases the permeabil-
ity of the hydrate shell and accelerates binder hydration.
In areas of contact between non-hydrated  2Ca0SiO,
and water, low-basic calcium hydrosilicates are formed
again, which are gradually saturated with lime, and the
process repeats itself. Varying freezing at —18 °C and
thawing of the 8 2Ca0SiO; suspension accelerates such
processes due to faster accumulation of lime, which is
engaged in re-crystallization of primary hydrosilicates.
Cyclic freezing at =50 °C accelerates lime accumulation
and re-crystallization even more, which increases the
content of well-crystallized calcium hydrosilicates in
the cement stone.

In the presence of lime admixture, hydration of the
B 2Ca0SiO; suspension occurs with formation of calcium
hydrosilicates with the CaO/SiO; ratio exceeding 2, such
hydrosilicates being stable in saturated Ca(OH); solutions.
Cyclic freezing accelerates the formation of stable phases
in the cement stone. Extra administration of amorphous
silica reduces lime concentration and causes intensive
polymerization of silica-oxygen tetrahedrons, especially
at cyclic freezing, which provides for formation of stable
colloidal disperse calcium hydrosilicates.

Therefore, lime in cement stone has a big influence
on its durability at cyclic freezing; it is engaged in the
development of the fragile crystal structural component
of the cement stone, and lime accumulation in hydration
products is accompanied by its leaching at cyclic freezing,
disturbs the stability of high-basic hydrate compounds,
lime is absorbed by low-basic hydrosilicates, which hap-
pens most intensively at cyclic freezing, and transfers
them into a crystal condition, which means “roughening”
and “ageing” of the gel. Limiting the free lime content in
cement stone by administration of amorphous microsilica
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00paboTKY, 3HaUUTEIBHO YCKOpsieT (110 CPaBHEHMIO C HOP-
MaJIbHO TBEPAEBLINMY 00pasIiaMit) pasBUTHE OTKPBITON
KamuisipHolt nopucroctu. O6pasisl 6eToHa OCTIe aB-
TOK/TABHOTO TBEPAEHNSI C 6OIbIIei CKOPOCTBIO ITO CPaB-
HEHMIO C IPOIAPeHHBIMM YBEINUNBAIOT KAM/IIPHYIO
HOPUCTOCTD IIPU MOPO3HOI arpeccuy, 3HAYNT, HANpsi-
JKEeHHas, HepeTakcupymolas CTPYKTypa 6eToHa paspy-
IIA€TCA ¢ MAaKCUMAaAbHOM CKOPOCTBIO.

VisMeHeHMe CTPYKTYpbl TUApPATHBIX ¢as
OpY OUKINYIECKOM 3aMOPa’KMBaHUU MCCIeLOBaIN
Ha cycrneHsun f3 C.S. B pesynbrare rupparanuu cy-
cnensun 3 2Ca08SiO, npu Temneparype 20 °C popmu-
PYIOTCS HU3KOOCHOBHBIE TUJpOCUINKATEI TUNa C-S-H
(1), xoTopble 06pa3y0T MaIONIPOHUIIAEMYIO 000TOUKY
Ha HETMJPAaTUPOBAHHBIX OCTATKAaX 3€PeH MCXONHOTO
MMHepana. YBeluyeHle B COCTaBe PO YKTOB M-
npatauuyu konudectsa Ca(OH), cBoiie 1% mo Macce
HOPUBOJUT K IOITIOUEHUIO M3BECTU IMepPBOHAYATIbHO
006pasoBaBIINMUCS TUAPOCUINKATAMI, A 9TO, B CBOIO
o4epe/ib, IOBBINIAET IPOHNIIAEMOCTh 000I0UKY Ipa-
TOB M YCKOpeHMe TMjpaTaluy BAXKyIlero. B mecrax
KOHTAaKTa HerugpaTupoBanHoro 5 2Ca0SiO; ¢ Bogoit
BHOBb GOPMUPYIOTCA HU3KOOCHOBHBIE TU/IPOCYIINKA-
TbI Ka/IbIJ1, HACHIIIAOIMECs IIOCTeNeHHO M3BeCTbIO,
u nponecc nosropAerca. I[lepemeHHOE 3aMOpaXkMBa-
Hue mpu —18 °C u orransanue cycnensun f 2Ca0SiO;,
YCKOpsIeT 3THU IIPOLECCH BCIEACTBIE Ooee GBICTPO-
rO HaKOIJIEHNU S U3BECTY, KOTOpas y4acTBYeT B Ilepe-
KPUCTAANM3aLUN IePBUYHBIX TUAPOCUANKATOB. [n-
K/Indeckoe 3amopakuBanue npu —50 °C eme 6onbiie
YCKOpsieT HaKOIJIEHME M3BECTU U IEPEKPUCTAJIIN32-
LU0, B pe3y/lbTaTe 4ero IOBBIIMIAETCS COep>KaHIUe
B IIleMEHTHOM KaMHe XOPOIIO 3aKPMUCTAIM30BaHHbBIX
TU/IPOCUINKATOB Ka/lbIUA.

B nmpucyrcTBuM 106aBKM M3BECTM TUApATALUA
cycnensun 5 2Ca0OSiO, npoTtekaeT ¢ o6pa3oBaHyueM
TUAPOCUIUKATOB Kanbuus ¢ oTHoumeHneM CaO/SiO;
6oree 2, KOTOpBIE CTAOMIBPHBI B HACHII[EHHBIX PACTBO-
pax Ca(OH),. luxnndeckoe 3aMOpakuBaHue YCKOPsET
¢dbopmupoBaHye cTabUIbHBIX (a3 B IIeMEHTHOM KaMHe.
JomonHuuTtenbHOe BBefeHMe aMOPGHOTO KpeMHe3eMa
CHIM’KAaeT KOHIIEHTPALNI0 M3BECTY, BHI3bIBAET aKTUB-
HYIO IOMMEepU3anNI0 KPeMHEKNCIOPOAHBIX TeTpas-
ApOB, 0COOEHHO IIPU UVKINIECKOM 3aMOpaKMBaHUM,
4TO COCO6CTBYeT GOPMUPOBAHNUIO CTAOUTIBHBIX KOJI-
JIOMIHO-AVUCIIEPCHBIX TUAPOCUIMKATOB KaIbL/.

Takum 06pasom, n3BeCTb B [[EMEHTHOM KaM-
He OKa3bIBaeT 6OJbIIOE BIMAHME HAa €TO0 CTOMKOCTD
OpY UKINIECKOM 3aMOPaXMBAHMUU: OHA YIaCTBY-
eT B GOpMUPOBAHNY XPYIKOJ KPUCTANINIeCKON
CTPYKTYPHOJ COCTaBAAMOIEl LIeMEHTHOTO KaMHs,
HaKoOIlJIeHMe 13BeCTy B HPOAYKTAaX TUApPATAalUL CO-
MPOBOX/aeTCsl ee BBIIleNadyMBaHNEM IIPU LUKIN-
4eCKOM 3aMOpakMBAHUM, HAPYIIAeT CTAbUIBHOCTD
BBICOKOOCHOBHBIX TH/IPATHBIX COEIMHEHWII, U3BECTh
[IOT/IOIIAaeTCs] HU3KOOCHOBHBIMY THPOCUINKATAMH,
0CO6EHHO MHTEHCUBHO IPU LUKINIECKOM 3aMOpa-
S)KMBAHUU, U NMEPEBOJAUT UX B KPUCTA/TINYECKOE CO-
CTOsIHME — IIPOMCXORUT «OrpyO/eHMe U CTapeHUe»
rensi. OrpaHndeHme cofepXKauus cBOOOLHOI U3BECTH
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Fig. 4.
1 — water hardening samples; 2 — normal hardening; 3 — steaming.
Puc.4.

MN3meHeHne CKOpPOCTK BbllWenayneaHnAa N3BeCTn N3 LEMEHTHOIO KaMHA NpU ULMKNNYECKOM 3aMOopaKnBaHnn.

A — NopTNaHALEMEHTHbIN KaMeHb, b — LWNakonopTnaHALEMEHTHbIN KaMeHb; T — 06pa3Lbl BOAHOTO TBEPAEHUSA, 2 — HOpPMaNibHOe

TBEpPAEHNE, 3 — nponapuBaHne

provides for formation of highly stable colloidal disperse
calcium hydrosilicates.

The cement stone structure and hydrated phase sta-
bility can also be affected by lime leaching in the course
of cyclic freezing.

For identifying the impact of cement stone hard-
ening patterns and cement types on lime dissolution pro-
cesses, cement stone samples were produced with w/c
ratios of 0.3 and 0.45 based on ITL] 400 I-20 (Portland
cement 400 [I-20) and IIIIIIT 300 (slag Portland cement
300). These cements were made with the same clinker
and differ by the content of granulated blast furnace slag
from the Chelyabinsk Metallurgic Plant (20% and 49%
by weight respectively). These samples were hardened
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B I[EMEHTHOM KaMHe BBeJeHIeM aMOp(HOro MUKpPO-
KpeMHe3eMa CIIOCOOCTBYeT 00pa3oBaHUIO KOJIIOWJ-
HO-IUCIIEPCHBIX TUAPOCUTINKATOB KalbOMsA IIOBbI-
IIEHHOI CTabUIBHOCTH.

Ha CTPYKTYpPYy HEMEHTHOIO KaMHA " CTabuIb-
HOCTb TUIPATHBIX (1)33 MOXXET BIAUATDH N BbIIIC/IAYU-
BaHME M3BECTU B IIpolecCce€ NUKIMNIECKOro 3aMopa-
JXUMUBAHUA.

JI7151 BBISABNIEHU S BIVAHUS PEXVMOB TBePACHUA
LIeMEHTHOTO KaMH: ¥ BU/ia IleMeHTa Ha IPOLlecchl pac-
TBOPEHIS M3BECTHU M3TOTABINBATIICH OOPA3IIbl LIeMEHT-
Horo KaMmH#A ¢ B/I]=0,3 n 0,45 Ha MOpTIaHIEeMeHTe
111 400 O-20 n mnakonoptnanpuemente HIIIIT 300.
OTU LeMeHTHI M3TOTOBJIEHDI Ha 6a3e OMHOTO KIMHKepa



as follows: first series, 28 days in humid air conditions,
second series, in water conditions, and third series, 7 days
in humid air conditions after steamingat 1 + 4 + 8 + 3
pattern at 80 °C. Cyclic freezing of the samples took place
in leak-proof rubber cases with a defined portion of tap
water where calcium ion concentration was found us-
ing the trilonometry method. The water contained al-
most no aggressive carbon dioxide, and the pH value
amounted to 7.6 at the beginning of the cyclic tests and
increased to 8.5-9.0 after 100 cycles. The test results are
shown in Fig. 4.

The most intensive lime loss is typical for Portland
cement stone with water hardening. During the first test-
ing cycles (under 20 for samples with w/c of 0.45 and un-
der 60 for cement stone with the starting w/c of 0.35), the
increase of the calcium hydroxide leaching speed per one
testing cycle was recorded. Further increase of the number
of freeze-thaw cycles increases the leaching speed. Such
a pattern of the change of the specific speed of Ca(OH),
leaching is also recorded for samples with other hardening
conditions until the end of the cyclic tests and for both ce-
ment types. Change of the leaching speed can be explained
by an increase of the migration route of calcium ions in
cement stone due to the decrease of its concentration in
surface layers of cement stone. In addition, the difference
between lime concentrations in the liquid phase and the
surrounding water shell decreases as the cycle number in-
creases. The decrease of the lime leaching speed occurs as
the w/c ratio decreases when water hardening is replaced
with humid air or steam hardening followed by humid air
storage of the samples and with increase of the content of
granulated blast furnace slag in the cement. Therefore, for
reducing the speed of lime leaching from cement stone at
cyclic freezing, ordinary methods of raising durability at
type 1 corrosion are used, namely, density increase, car-
bonation, and pozzolanization of cement stone.

It therefore follows from the cement stone durabil-
ity research that pozzolanization should be considered one
of the main methods of raising its freeze-thaw resistance.
Using cement with active mineral admixtures usually in-
creases the water requirement of concrete mix and slows
strength gain down, for which reason GOST 55224-2012
regulates application of ITem1 and Ilem11/A-III for road
surface concrete with the content of granulated blast
furnace slag not exceeding 15%. Such recommendations
do not provide protection from type 1 corrosion and do
not prevent the ageing of the cement stone structure and
therefore do not guarantee high freeze-thaw resistance
of the concrete. It is also unclear why Llem II/A-MK was
not classified as a recommended cement for transport
structure concrete. As the world experience shows, add-
ing microsilica increases the durability of concrete of
various purposes. Increase of the water requirement of
cements with mineral admixtures can be rectified easily
by adding water-reducing admixtures.

Concrete behavior at cyclic freezing can be seen
best at dilatometric tests by the size of volume defor-
mations of the concrete samples during freezing and
thawing. According to our data, the nature of deforma-
tion depends on the testing conditions, namely, when
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U OTIMYAIOTCA PA3INYHBIM COfep>KaHMeM JOMEHHOTO
TpaHyIMpoBaHHOrO Hutaka Yensi61MHCKOTO MeTaanyp-
IM4YecKoro 3aBofa (coorBeTcTBeHHO 20 11 49% 1m0 Mac-
ce). OTu o6pasLbl TBEpHEIN: OfHA cepusi — 28 CYTOK
B BO3/]YIIHO-B/Ia)XHbIX YCIOBUAX, fpyTasd cepuda —
B BOJHBIX YCIOBMAX, TPeTbA cepus — 7 CyTOK BO3-
AYIIHO-BIA>XHOTO TBEPJeHMA MOC/Ie IPONapuBaHM
no pexumy 1 + 4 + 8 + 3 npu 80 °C. Lluxnuueckoe 3a-
MoOpakuBaHye 06pasIioB OCYIECTBIIANIOCh B TePMETH-
YeCKMX pe3sMHOBBIX YeX/aX C OIpefe/leHHOl mopiueit
BOJOIIPOBO/IHON BOJbl, B KOTOPOJl KOHLIEHTpaLys 1O-
HOB KaJIBIIVII BBIYMCIANACH TPUIOHOMETPUUECKIM Me-
TofoM. Bojja mpakTuyecku He cofieprKajia arpecCuBHOM
YIJIEKUCIOTHI, BenurHa pH B Hadajle LUMKINYECKUX
UCIIBITAaHUI COCTaBIANa 7,6, a yepes 100 LMKIOB MO-
BBIIIANMACh 10 8,5-9,0. PesynbTaThl MCHBITAHUI NIPU-
BeJleHBI Ha puc. 4.

Hamnbosee MHTEHCUBHBIN BBIHOC M3BECTY XapaK-
TepeH /151 HOPTIaHALIEMEHTHOTO KaMHS BOJJHOTO TBep-
menusi. Ha mpoTskeHMM mepBhIX IIUKIIOB UCIIBITAHUIT
(mo 20 ps o6pasuos ¢ B/L] = 0,45 u Ko 60 #is LeMeHT-
HOTO0 KaMH ¢ ucxofHbIM B/I] = 0,35) ormMeyaeTcs Bo3pac-
TaHye CKOPOCTH BbIILje/Ia4/BaHNS TU/IPOKCUMA KaTbLUs
3a ofyH LMK ucnbitaHuil. [Tocnenyromee yBennyeHnue
YJC/Ia IMKIOB 3aMOPa>KMBAHMS Y OTTaMBaHNUA YMeHb-
IaeT CKOPOCTDb BblllenadynBaHus. Takoil xapakrep us-
MeHeHNA yIe/NbHOM ckopocTy Boimenaunsanug Ca(OH),
COXpaHsAeTCsA A1 00paslloB IPYTUX YCTIOBUIL TBEPEHUA
10 KOHI[A IVKINIEeCKNX UCIBITAHNIT M Ha 0O60MX BUAX
[IeMEHTOB. VI3MeHeHIe CKOPOCTH BbIIIeTauBaHIS MOX-
HO OOBSICHNUTD YBeINYEHUEM IIYTY MUTPALUI VOHOB
KQJIbI[MSI B [EMEHTHOM KaMHe BCIECTBME CHIUKEHWS
€ro KOHIIEHTPALMI B TIOBEPXHOCTHBIX CTIOSIX 1IeMEHTHOTO
KamHs1. KpoMe Toro, yMeHblIaeTcs ¢ yBeIMYeHNEM YIC/Ia
LMKJIOB ¥ Pa3HOCTb KOHIIEHTPALVV U3BECTH B XKUIKOI
(ase u okpyxamoleil BOZHOI 060m0uKe. CHIDKEHME CKO-
POCTH BbIIlle/Ia4MBaHM A M3BECTY IIPOYICXOAUT IIPU YMEHb-
meHuu B/11, mpu 3aMeHe BOZHOTO TBepHEHNS Ha BO3LYLI-
HO-BJIaYKHOE VIV TeIUIOBIa)KHOCTHOE € IIOCTeAYIONM
BO3JYLIHO-BIa>XHBIM XpaHeHMeM 00paslioB, a TaKxke
IpY YBeIMYEHUY COfep>KaHMs TPaHYyINPOBAHHOTO HO-
MEHHOTO 1UTaKa B 1ieMeHTe. CrieloBaTeNbHO, /IS CHUXKe-
HUSL CKOPOCTH BBIIeTAYMBAHISI U3BECTY 13 LIEMEHTHOTO
KaMHs IIPY [UKINYECKOM 3aMOPa>KMBaHUU [IPUMEHSIIOT-
Cs1 0OBIYHBIE CIIOCOODI IOBBILIEHN S CTOMKOCTY IIPU KOP-
posun 1 Buja: HOBBILIEHYE IVIOTHOCTY, KapOOHM3AIVs
¥ IyLI[OIAHU3AL NS [[EMEHTHOTO KaMHSI.

Takum o6pa3oM, U3 pe3yIbTaTOB MCCIE[OBAHNA
CTOMKOCTM IIeMEHTHOTO KaMH: NpYU LMK/IMYECKOM 3a-
MOP@>KVMBAaHMM CHIEfyeT, YTO OfHUM U3 OCHOBHBIX CIIO-
CO00B IOBBIIIEHN €T0 MOPO30CTOMKOCTH CIIEAYeT CUM-
TaThb mynnonanusanui. [IpumMenenne nementos c AMJI,
KaK IIPaBUJIO, BbI3bIBACT MOBBIIIEHVE BOJOIOTPEOHOCTI
6eTOHHOIT CMeCH ¥ 3aMefi/IsieT Habop IPOYHOCTH, TOITO-
my T'OCT 55224-2012 pernamMeHTHpYeT Ajst GeTOHA [0-
poxHBIX MOKpHITUI npuMmeHenne Heml n Hem11/A-II
C cofiepKaHMeM JOMEHHOTO TPaHy/IMPOBAHHOTO LIJTaKa
He 6oree 15%. IIpy Takux peKOMEHAALUAX He obecTedn-
BaeTCA 3aluTa OT KOppo3uM 1 BUjja 1 He IIpeoTBpala-
eTCsA CTapeHMe CTPYKTYpPBl LIeMeHTHOTO KaMHH, a, C/Iefj0-
BaTeJIbHO, He TAPAHTUPYETCS BHICOKAsA MOPO30CTOMKOCTD
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Fig. 5. Deformations of dry (1) and water-saturated
(2) samples of fine grain concrete at freezing
and thawing, are relative expansion deformations,
are relative compression deformations.

Puc. 5. Nedopmauun cyxoro (1) n BOBOHACHILEHHOTO
(2) 06pa3L 0B MENKO3EPHUCTOrO 6eTOHA
npuv 3aMopaxKvBaHNW 1 OTTaNBaHUN, —
OTHOCKTEeNbHble fledOopMaLM PacCINPEHUs, —
OTHOCKTeNbHblE AedopMaL iy CKaTuA

water-saturated samples are frozen in open air, water or
sodium chloride solutions.

With freezing in open air and thawing in water,
three sections where expansion deformations appear are
recorded on the dilatogram (see section BC in Fig. 5).

As ice is formed in microcapillaries in a tempera-
ture interval from —4 to —6°C, the intensive expansion
deformation growth is fixed (section BC in Fig. 5) with
rather rapid decline deformation, what, in our opinion,
may be the result of squeezing microcapillary moisture
into reserve cavities (Powers T. S.).

As ice is formed in microcapillaries in a tempera-
ture interval from —30 to —44°C (section LE in Fig. 5),
there is no relaxation of the arising stresses.

As concrete samples with ice are heated, there oc-
curs more intensive expansion (section EG in Fig. 5) as
compared to compression during cooling. This is due to
the fact that the volume factor of temperature expan-
sion of ice is approximately five times greater than that
of concrete; in addition, the temperatures of formation
and melting of ice do not coincide in the process of cy-
clic freezing and thawing.

Therefore, for raising the freeze-thaw resistance,
one should aim to increase the degree of cement hydra-
tion, to reduce the w/c ratio in order to reduce capillary
porosity, and to raise the relaxation capacity by formation
of predominantly gel hydrosilicate phase of cement stone.
The popular practice of adding air-entraining admixtures
for raising the freeze-thaw resistance of concrete helps
reduce stresses and relieve pressure only as a result of ice
formation in macrocapillaries without taking account of
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6eroHa. HemoHATHO Tak)Ke, [I04eMY B peKOMEHAyeMble
[leMEHTBI A7151 6eTOHA TPAHCIOPTHBIX COOPYIKEHMIT He I10-
nan LemII/A-MK. MupoBoI1 OIIBIT TIOKa3bIBaET, 4YTO BBe-
IeHye MUKpPOKpeMHe3eMa CIIOCOOCTBYET IIOBBILICHNIO
CTOMKOCTY OeTOHa pasIM4YHOro HasHaueHMs. [loBblie-
Hle BOZONOTPeOHOCTY [{eMEHTOB C MUHEPaTbHBIMU [O-
6aBKaMI JIETKO YCTPAHsETCs] BBEfIEHVEM BOLOPER Y-
PYIOLINX TOOaBOK.

[ToBeneHue 6eTOHA P UVMKIMYECKOM 3aMOPAXKM-
BaHUM HauboJIee HATIALHO IIPOCIIEXUBAETCS IIPY V1A~
TOMETPUIECKUX UCIIBITAHUAX 110 BeTMINHE 0O BEMHBIX
medopmanuit 06pasos OeToHa B IIpoliecce 3aMopa-
JKUBaHMUA M OTTauBaHus. 110 HALIMM JJAaHHBIM, XapaK-
Tep BepOpMUPOBAHMS 3aBUCUT OT YCIOBUIT MCIIBITA-
HILS: TIPY 3aMOPaKMBAHMI BOJOHACBILIEHHBIX 00Pas1ioB
Ha BO3/IyXe, B BOJI€ M/IM B PACTBOPAX [OBAPEHHOI COMIL.

ITpu samMopa>kMBaHUY Ha BO3[AYXe M OTTAUBAHUY
B BOJe Ha JuIarorpaMme (puc. 5) GUKCUpPYIOTCA TpU
y4acTKa I0sB/IeHN gedopMalyil paciiypeHus:

ITpn obpasoBaHMM /1bJa B MaKPOKAMMIIsAPax
npy temieparype —4—6°C pukcupyeTca UHTEHCUBHOE
HapacTaHue fedpopmanmit pacuupenus (ydactoxk BC
Ha PUC. 5) ¢ HaNbHEeNIINM JOCTaTOYHO OBICTPBIM CHIDKE-
HieM fiepopMaluii — MoC/aefHee, 10 HAllleMy MHEHMUIO,
MOXeT OBITb C/IEACTBUEM OTXKATHS MUKPOKATIM/UISIPHON
By1aru B pesepHble nonoctu (o T. C ITayapcy).

ITpu o6pasoBaHMM JbJa B MMKPOKAMUIIA-
pax B uHTepBase TeMrepaTryp -30-44°C (yuactox LE
Ha puc. 5) 6e3 peakcanyy BO3HUKAMIINX HATIPSKEHNIA.

IIpu HarpeBaHMM 06pasIOB GETOHA CO TBJOM
IPOUCXORUT 6O/Tee MHTEHCUBHOE paclIMpeHne (y4acToK
EG Ha puc. 5), T0 cpaBHEHNIO CO CKaTHeM B IIpolecce
OXJIAKJeHUA. ITO CBA3AHO C TeM, YTO OObEeMHBIN KO-
3¢ UINEHT TeMIepaTypHOTO PACUIMPEHN TbJa IPU-
MepHO B 5 pas Bblllle, 4eM GeTOHa, KpOMe TOTO, B IIPO-
Iecce UMKANIECKOTO 3aMOPaKMBAaHMA M OTTaVBAaHMA
6eToHa TeMIepaTypbl 00pa3oBaHMA U TasAHNA NbJa
He COBIAJAIOT.

TakuM 06pa3oM, A HOBBILIEHUA MOPO30CTO-
KOCTM HY>KHO CTPEMUTDCS: K YBEIMYEHUIO CTEIIEHN TH-
[paTalyy LeMeHTa, CHYDKeHWIo B/L] i yMeHbIIeH s
KaIWJUIAPHOM IIOPUCTOCTH, K IIOBBILIEHNIO PeaKCaly-
OHHOII CIIOCOOHOCTY ITyTeM (pOPMUPOBAHN IPEeUMYIIe-
CTBEHHO reneo6pa3Hbe TNAPOCUIINKATHDBIX (bas EMEHT-
Horo KaMHs. [[IMpoKo pacpocTpaHeHHOe Ha IPAKTIKe
BBeJIeHe BO3IyXOBOBJIEKAIOMINX A00aBOK /I/Is1 IOBBIILE-
HIJS1 MOPO30CTOMKOCTY 6@TOHA CIIOCOOCTBYET CHIDKEHMIO
HaHpH)KeHI/H‘/II U CHATNIO BOSHUKAIOIIETO HaBJI€HNA TO/b-
KO B pesy/bTare 1bJ000pasoBaHyisi B MAKPOKAIIMILIPaX
1 HE YIMTBIBAET BIMAHNE €1lI€ NIBYX NECTPYKTMBHDBIX (l)aK-
TOPOB: IIpU 3aMOPa’XMBAaHU BOJbI B MUKPOKANIM/I/IApax
" Ipy OTTauBaHUU. OTO CHUKAET PO/Ib BO3TYXOBOB/IE€YIE-
HJIsI 0COOEHHO [1/1s1 6€TOHOB BBICOKOI MOPO30CTOMKOCTH.

Ha puc. 6 mpyBeieHb! AMIaTOIpaMMBbI 00pas3IioB
MEJIKO3EePHICTOrO 6eTOHA: CYXOro, a TaK)XXe BOJOHACHI-
IIEHHOTO 1 3aMOPa>KMBAEMOTO B KIOBETE C BOJOJL.
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Fig. 6. Relative deformations of a sample of water-saturated

concrete when frozen and thawed in water. Dry stands
for deformation of a dry sample in open air.

Puc. 6. OTHOCUTenbHbIE Aedopmaumm obpasya
BOJIOHACHILLEHHOro 6€TOHA NPV 3aMOpPaXXMBaHNUN
1 oTTanBaHum B Boge. Cyx — gepopmaLiim cyxoro
o6pasua Ha Bo3gyxe

two other destructive factors, namely, at water freezing
in microcapillaries and at thawing. That diminishes the
role of air entrainment, especially for concretes with high
freeze-thaw resistance.

Fig. 6 shows dilatograms of samples of fine grain
concrete when dry and also water-saturated and frozen
in a vessel with water.

In section AB, there occurs thermal shrinkage of
the sample in accordance with the thermal expansion
factor of water-saturated concrete. At the temperature
of —36°C, there occurs abnormal compression of the
samples as ice is formed in the vessel. In section CD, in
a temperature interval from -3 to 28 °C, ice is formed in
macrocapillaries, which is probably caused by the rise of
the water pressure in them both due to external squeezing
of ice and water freezing in the pores themselves. There
is no pressure fall here like in the case when the samples
are frozen in open air. In section DE from —30 to —45°C,
there occurs a decrease of expansion deformations due
to more intensive ice compression of ice in the pores of
concrete than concrete itself. EF is the second section
where expansion deformations develop due to ice for-
mation in microcapillaries at —45-50 °C. The FKLMGN
heating curve is much higher than the freezing curve,
and the value NA is residual deformations. By the be-
ginning of cycle 3, residual deformations tripled from
1-10-4 mm/mm to 3.4-10-4 mm/mm while the cool-
ing curve lies nearly completely in the area of expansion
deformations.

Therefore, while in the case of open air freezing of
water-saturated concrete samples there occurs an inten-
sive pressure decrease in macrocapillaries due to release
of water into reserve cavities, this is not the case in the
event of freezing in water, and in this event air entrain-
ment is probably not a radical way to raise the freeze-
thaw resistance of concrete. One can assume that as ice
is formed in the vessel, there remains a layer of water on
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Ha yvyacTtke AB mpoucxopgut Tepmmieckoe co-
KpaujeHye obpasua B COOTBETCTBUM C KodddurmeH-
TOM TepMHIYECKOTO pacIIMpeHMA HACBHIIEHHOTO BOXOM
6eroHa. IIpu Temmeparype -3 °C mpoucxoguT aHOMalb-
Hoe CKaTue 06pasIioB BCIeACTBUe 00pa3soBaHMA Tbja
B kioBeTe. Ha yuactke CD, B MHTepBajie TeMIeparyp
—-3-28°C, obpasyercst ef B MaKpOKaNMIAPax, 4To, Be-
POSATHO, BBI3BAHO IOBBIIIEHVEM [AB/IEHN BOJBI B HUX
KaK 3 3a BHELITHETO 00XKaTHI JIbJIOM, TaK U BC/IE[ICTBHUE
3aMep3aHMsA BOABL B CAaMUX IOpaX. 3eCh OTCYTCTBYeT
najieHre NaBjIeHNs, KaK Ipy 3aMOpaKMBaHUK 0bpas-
1oB Ha Bo3ayxe. Ha yyactke DE ot -30 o -45°C npo-
VICXO[UT CHIDKeHUe flepopMalinii pacliMpeHns BCIef-
cTBMe 60JIee MHTEHCYBHOTO CXKaTUA /IbJja B TOpax OeToHa,
4yeM camoro 6erona. EF — BTOpoif y4acTOK pasBUTUS
fedopmManuit pacIvpeHnus 3a CYeT IbJ000pasoBaHus
B MUKpoKanunnsapax npu —45-50°C. Kpuas Harpesa-
Husa FKLMGN npet sHauMTeNbHO BhIIIE KPUBOI 3aMOpa-
KUBAHUA, U BemndrHa NA — ocrarouHble fedopMarimn.
K mavany 3 nmkiaa octaroussle gedopMaluy yBeIu-
ynanuch B 3 pasa ¢ 1-10-4mm/MM 10 3,4-10-4 MM/ MM,
a KpMBas OXJIAX[EHNS HOUTY TIOTHOCTBIO JIEKUT B 00-
nacTy fedopMannil pacuIMpeHus.

TakuMm o6pasoMm, ecinu Npy 3aMOpPa>kMBaHUU
Ha BO3JyXe BOJOHACHIIEHHBIX 00pa31ioB 6€TOHA MOXKHO
I‘OBOpI/ITb 06 MHTEHCMBHOM CHVMJ>KEHUI OaB/JI€HUA B Ma-
KpOKaHI/UUIHan BCIIEOCTBME OT>KAaTUA BOOBI B peSepBHbIC
II0/1I0CTHU, TO HpI/I 3aMOpa)KI/[BaHI/II/I B BOJI€ 3TOT'O HE Ha-
O/mrofjaeTCs U, BEPOATHO, B 9TOM C/Iydae BO3LYXOBOBIIE-
YEeHNE HE ABIACTCA KapI[I/[HaHbeIM CHOCO6OM ITIOBbBIIIIE-
HUSI MOPO30CTOMKOCTY 6eTOHa. MOXKHO IIPEJIOMTOXNTb,
4yToO HpI/I O6paSOBaHI/H/I JIbJJa B KIOBETE€ Ha HOBerHOCTI/I
6eTOHa OCTaeTCA C/I0J BOABI, KOTOPBI 1Of, JaB/IeHMEM
B pesy/nbTaTe NbJ000pa30BaHMS IepeMeIlaeTcs B OT-
KPbITble KaIIJULAPDI X Yepe3 HUX B Pe3epBHbIE NTOTOCTIL.
C IIOHVM>XEHIUEM TeMHepaTypr JaBJICHUE yBeTH/I‘H/IBaET—
Cs1 KaK BC/IeICTBME 3aMep3aHMs 4acTY IOBEPXHOCTHOI
BOJIBI, TaK U BCTIEACTBIUE TeMIIePaTyPHOTO CXKATUA el -
HOJT 000JIMBI BOKPYT UCIIBITBIBAEMOTO obpasua. B atom
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Fig. 7. Relative deformations of a saturated concrete sample
when frozen in 5% sodium chloride solution.
Puc.7. OTHocUTenbHble fedopmaunm obpasua 6eToHa,

HaCbILWEHHOrO 1 3aMOPaXMBaeMOro B 5% pacTeope
Xnopuaa HaTpus



the concrete surface, which moves into open capillaries
under the effect of pressure that is caused by the ice for-
mation and from there it moves into reserve cavities. As
the temperature lowers, pressure increases both due to
freezing of some surface water and due to temperature
compression of the ice shell around the tested sample. In
such case, the existing cavities are filled with water and
can no longer function as reserve spaces.

Fig. 7 shows the deformations of a sample of satu-
rated fine grain concrete, which is frozen in 5% sodium
chloride solution at cyclic freezing and thawing.

The first freezing causes formation of a small
amount of ice in the amount at —4°C, which is followed
by ice formation at —5°C in the vessel and minor squeeze
deformations of the sample. In the temperature interval
from -7 to 20°C, ice is formed in macrocapillaries. The
great length of this section is probably caused by forma-
tion of fresh ice with an increase of salt concentration
in the unfrozen solution, part of the water from which
freezes at a lower temperature, and that continues until
the cryohydric point temperature where ice and crystal
hydrates of sodium chloride are formed. As the num-
ber of cycles increases, this section expands during the
second freezing (it is located in the —26°C interval) and
during the third one (from -5 to 33 °C). This is probably
due to a greater size of the microcapillaries.

In section CD, there occurs a decrease of the
ice size in concrete pores due to a greater temperature
compression factor of ice. In section DE, ice is formed
in microcapillaries. When warmed from -50 to 20 °C,
there occur intensive expansion deformations of the
concrete sample, which is followed by a section of ice
melting in micro and macrocapillaries. Residual rela-
tive expansion deformations after the first cycle amount
to 1.6-10™* mm/mm, and after the second one, 4.8-10™*
mm/mm.

From the accumulation of residual expansion de-
formations of concrete samples during cyclic freezing and
thawing, one can judge about the intensity of destruction
during testing in various conditions. Fig. 8 shows the re-
sults of comparative tests of accumulation of expansion
deformations after the first five cycles of fine grain con-
crete samples with freezing to —50°C followed by thawing
in a corresponding liquid environment at +20°C.

In the case of freezing in water or sodium chlo-
ride solutions, the degree of water saturation of samples
probably increases due to adsorption contraction, and ice
in macrocapillaries is formed in the temperature interval
from -3 to —28 °C, which is probably caused by the rise
of the water pressure in them due to external squeezing
of ice and water freezing in the pores themselves. There
is no pressure fall here like in the case when the samples
are frozen in open air. In the temperature interval from

-30 to 45°C, there occurs a decrease of expansion defor-
mations due to more intensive ice compression in the
pores of concrete than concrete itself. Ice formation in
microcapillaries is recorded at temperatures from —45 to

-50°C. At thawing, a more intensive growth of expansion
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Fig. 8. Increase of residual expansion deformations
of concrete at cyclic freezing to -50°C and thawing
in various media, namely, 7 — in water; 2 —in 3%
sodium chloride solution; 3 — in 5 sodium chloride
solution; 4 — in 10% sodium chloride solution.

Puc. 8. PocT ocTtaTouHbIx gedpopmaLmin paclumpeHns
06pasLioB 6eToHa NPY LNKIINYECKOM 3aMOpaXMBaHNn
f0 -50°C 1 oTTavBaHUM B Pa3NNyHbIX Cpefax:

1 — B BOJAe, 2 — B 3% pacTBOpe X/1I0puAaa HaTpus,
3 — B 5% pacTtBope xnopuga HaTpua, 4 — B 10%
pacTBope xsopufa HaTpua

cry4ae MMEIOIMECs IOJIOCTH 3aII0/IHA0TCA BOJOM U Tie-
PecTaloT UrpaTh ponib pe3epBHBIX 06BEMOB.

Ha puc. 7 npusopnstcs gedopmarnun obpasna
MEJIKO3ePHICTOr0 6eTOHa HACBHIEHHOTO ¥ 3aMOPaXKN-
BaeMOTO B 5 MPOIIEHTHOM PacTBOpe XIOPUa HATPUSL
[P OUKTUYECKOM 3aMOPaKVBAHUN M OTTABAHUM.

ITepBoe 3amMopa)kMBaHMe IPUBOANT K 06pa3oBa-
HII0 He6GOJIBIIIOTO KOMIYecTBa Nbjia B 6eToHe mpn —4°C,
3aTeM CiIefyeT obpasoBaHue apaa npu —5°C B KioBeTe
u Hebonmpiume fedopmanuu obxarus obpasua. B tem-
IepaTypHOM MHTepBaje oT —7 fo —20°C mpoucxopnt
3aMOpa’kMBaHMe Jbfla B MaKpOKanuansApax. bonbmas
HIPOTSKEHHOCTD 3TOTO YYaCTKa, BEPOSATHO, BbI3BaHa 00-
pa3oBaHMeM [IPECHOTO Ibfia C YBeNYeHleM KOHIIEHTpa-
UM COMM B HE3aMep3LIEM PacTBOPE, 3 KOTOPOTO BbI-
Mep3aeT 4acTb BOABI IIpY O0Jiee HU3KOI TeMIlepaType,
U TaK JJO TEMIIEPATYPbl KPUOTUAPATHONM TOYKM, IPU KO-
TOpOIt 00pas3yeTcs e ¥ KPUCTA/UIOTUAPATHI IIOBAPEH-
Holt conu. C yBenMyYeHneM YnC/a HUKIO0B 3TOT YYaCTOK
paciupseTcs npyu BTOPOM 3aMOpa>kKMBaHNMY, OH pacIo-
TIOXeH B MHTepBase oT 3 fo —26 °C, mpu TpeTbeM OT —5
mo 33°C. BepoATHO, 3TO CBA3aHO C yBelIMYEHNEM Pas-
M€POB MUKPOKAIMIIIAPOB.

Ha y4actke CD mpoucXofinuT COKpallieHIe pa3Me-
POB /b B IIOpax 6eTOHa 3a cueT 6O/IbLIIelT BETMYNHBI KO-
adduLMeHTa TeMIIepaTypHOTo cKatus nbaa. Ha ygactke
DE ¢opmupyercs nes B Muxpoxamwiispax. [Ipu Harpese
ot 50 g0 —20°C npoXofAT MHTEHCUBHBIE AedopManm
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deformations is recorded, and after thawing, a significant
relative elongation is recorded, which evidences that there
are microcracks formed in concrete samples. In such con-
ditions, air entrainment is probably not a radical way to
raise the freeze-thaw resistance of concrete.

For testing the freeze-thaw resistance of fine grain
concrete, 4x4x 16 cm bar-shaped samples were made
with ITIT 400 120 Portland cement with a C:S ratio of
1:3. When samples were made without air entraining ad-
mixtures, the w/w ratio was varied in the range from 0.2
to 0.3, and the microsilica dosage, from 0 to 20% of the
cement weight; a superplastisizer admixture provided for
the workability of the concrete mix.

After the production and hardening at 20 +2°C
and relative air humidity of 90% or more, the bar-shaped
samples were during 25 days put into 5% sodium chloride
solution for three days, following which control samples
were tested and the remaining ones were subjected to
cyclic freezing in vessels with 5% sodium chloride solu-
tion at —50°C and thawing at +20°C. The average results
of compression and flexure strength tests of the samples
(the strength variation rate in one section did not ex-
ceed 14.7%) after a different number of cycles are shown
in Tables 4 and 5.

According to the compression strength tests, the
following samples passed the cyclic freezing tests:

> 60 cycles, samples with w/w = 0.2 + 10% MS, with
w/w = 0.25 with 10 and 20% MS;
> 50 cycles, samples with w/w = 0.3 + 10% MS;

> 40 cycles, samples with w/w = 0.25 and no MS;
> 20 cycles, samples with w/w = 0.3 + 20% MS.

Table 4. Compression strength of fine grain concrete samples

Tabnuua 4. MPOYHOCTb NPU CKaTUKM 06PA3LOB METIKO3EPHUCTOrO 6eTOHa

MS content, % of C //

pacumpenns obpasua 6eToHa, 3aTeM UJIET YYacTOK Ta-
AHUA NIbJJa B MUKDPO- U MaKpokanunsapax. OcraTou-
Hble OTHOCKTe/IbHBIE fepopManny paciinpeHns I0Ce
MepBOTO LMK/IA COCTABAAKT 1,6-10-4MM/MM, a mocre
BTOpOro IuKaa — 4,8-10-4 Mm/MM.

ITo HaKOIIEHNIO OCTATOYHBIX leOopMaLuit pac-
mMpeHns o6pasLoB 6eTOHA B IpoLlecce LUKINIeCKOro
3aMOpaXMBaHMA ¥ OTTaMBaHMA MOXXHO CYJUTb 00 MH-
TE€HCUBHOCTH JeCTPYKLMM IIPU MCIIBITAHUM B PAsnny-
HBIX ycnoBuaAx. Ha puc. 8 npuBopATCA pe3ynbTaThl
CpPaBHUTEIbHBIX UCHBITAHUI HaKOIUIeHU:A fedopMa-
LMl paclIMpeHMs IOC/Ie MePBBIX MATH LVKIOB 00pas-
IJOB METKO3epHIUCTOr0 6eTOHa MpY 3aMOpaKMBaHUU
1o —50°C 1 oTTaMBaHUM B COOTBETCTBYIOMLIEN XKUAKOI
cpepe ipu +20°C.

ITpy samopaxuBaHUM B BOZie M/IM B PAaCTBOPax
MIOBAPEHHOI COJN, BEPOATHO, YBENMYMBAETCs CTEIIEHb
BOJOHACDILeHNsA 00pasIoB BC/IEACTBIE afcOpPOIOH-
HOJI KOHTpaKIuy, JIe[, B MaKpoKaNnu/isapax obpasyer-
¢ B MHTepBaje TeMnepatyp oT —3 go —28°C, 4To, BO3-
MO>KHO, BbI3BaHO IOBBIIIEHEM JaBTIeHM BOJbI B HUX
KaK 13 32 BHEIITHETO 00XXaTus IbJOM, TaK U BCIIEACTBYE
3aMep3aHusA BOABI B CAaMMX IOpax. 3Jech OTCYTCTBY-
eT IaJieHue JJaB/IeH)s, KOTopoe HabofaeTcs Ipu 3a-
MopakuBaHUU 0O6pasI[OB Ha Bo3xyxe. B mHTepBase
temieparyp oT 30 go —45°C nponcxoguT CHMUKeHUe
medopMait pacmMpeHns BCIeACTBIe 6oee MHTEHCVB-
HOTO CKaTMs JIbJja B Hopax 6eTOHa, YeM caMoro 6eTOHa.
JIpgoobpasoBaHme B MUKPOKATIMIIAPaX GUKCUPYETCs
npu —45-50°C. Ilpn oTTamBaHUM OTMedaeTcs Ooree
VHTEHCUBHBII pOCT flepopMaIvil paclIMpeHus U MOCIie
OTTaMBaHMUA PUKCUPYeTCsA 3HAYNMTEIbHOE OCTaTOUYHOE
yI/IMHEHMe, CBUJETe/IbCTBYIOLIee O IPOTEKAaHUM MUKPO-
TpemuHoobpazoBanns B 0b6pasmax 6erona. BepositHo,

Strength, MPa, after the following number of cycles //

w/w // B/B MpoyHocTb, MlMa, nocne cnefytowero KONMYecTsa LMKNoB

Copeparue MK, B % or L 0 10 20 30 40 50 60

0,2 10 84 81 85 80 83 84 90

0 68 68 67 66 67 60 52

0,25 10 67 66 68 66 67 64 66

20 78 74 75 75 77 78 82

0 57 53 46 39 32 27 26

0,3 10 62 63 64 61 62 62 60

20 62 63 64 59 56 47 38

Table 5. Flexure strength in the course of freeze-thaw resistance tests of fine grain concrete samples

Tabnuua 5. MPoOYHOCTb NPU N3rmbe B NPOLECCe NCMbITAHNY MOPO30CTOMKOCTM 06PA3LI0B MENKO3ePHUCTOro 6eToHa

MS content, % of C //

A EYE CopeprkaHue MK, 8 % ot L} 0 10
0,2 10 93 9,5

0 72 57

0,25 10 8,2 8,3
20 8,8 9,2

0 5,8 3,6

03 10 7.2 8,2

20 9,0 8,2
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Strength, MPa, after the following number of cycles //
MpoyHocTb, MIMa, nocne cnefyiowero KonMYecTsa LMKIOB

20 30 40 50 60
11,0 10,3 10,2 9.8 94
56 4.8 3,8 2,5 2,7
84 7,6 73 44 4,2
91 8,5 83 84 88
2,5 1,8 1.7 1,3 1.1

6,3 3,8 24 1,3 1,0
6,2 44 2,6 1,6 14
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Fig. 9. Accumulation of relative residual expansion
deformations of fine grain concrete samples in the
course of cyclic freezing, 1 — W/W=0.2, 10% MS;
2 — W/W=0.25,no MS; 3 — W/W=0.25, 10% MS;
4— W/W=0.25,20% MS; 5 — W/W=0.3, no MS;

6 —W/W=0.3,10% MS; 7 — W/W = 0.3, 20% MS.

Puc. 9. HakonneHne oTHOCUTENbHbBIX OCTAaTOYHbIX
fedopmannn yanmHeHUA Npu LUKINYeCKom
3amopaxunaHum 1 — B/B =0,2, 10% MK;
2—B/B=0,25,6e3 MK; 3—B/B=0,25, 10% MK,
4—B/B=0,25,20% MK; 5 — B/B =0,3, 6e3 MK;
6 —B/B=0,3,10% MK;7 — B/B =0,3, 20% MK

According to the flexure strength tests, the follow-
ing samples passed the tests:

> 60 cycles, samples with w/w = 0.2 + 10% MS, with
w/w=0.25 + 20% MS;

> 20 cycles, samples with w/w = 0.25 + 10% MS;

> 10 cycles, samples with w/w = 0.3 + 10% MS.

The accumulation of residual expansion deforma-
tions of fine grain concrete samples in the course of cyclic
freezing is shown in Fig. 9.

The most durable were the samples No. 1, w/w=0.2,
10% MS, and 4, w/w = 0.25, 20% MS; therefore high
freeze-thaw resistance can be provided with a pozzolan
admixture, the dosage of which increases with w/w in-
crease. Replacing some of the cement with microsilica
causes an increase of the Ryeuree/ Rpressure Tatio at any w/w
ratio, which increases the crack resistance of concrete.

For finding the optimal dosage of microsilica for
maximum freeze-thaw resistance of concrete, concrete
samples were made with ITLI 500 JO Portland cement
from the concrete mix with a constant w/c = 0.28 at con-
stant cement consumption with microsilica content vary-
ing from 0 to 25% of the cement weight. Microsilica was
added together with a superplastisizer by reducing the
consumption of fillers without changing the ratio of fine
and coarse fillers. After 28 days of normal hardening, the
samples were saturated with 5% water sodium chloride
solution, part of them were tested to find the initial con-
crete strength, and the remaining ones were subjected to
a freeze-thaw resistance test according to GOST 10060
using the third accelerated method where freezing oc-
curred at =505 °C in a vessel with 5% sodium chloride
solution and thawing occurred at +182 °C also in a ves-
sel that was put in 5% sodium chloride solution. After a
various number of cycles, compression strength tests were
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JULSL 9TUX YCIOBUIL 9KCIUIYaTAL[MI BO3LYXOBOBJIEYEHNE
He 6y/ieT pafiMKaIbHbIM CPELCTBOM IOBBILIEHIS MOPO-
30CTOMKOCTY 6€TOHa.

Jl7151 MCIIBITaHYA MOPO30CTOMKOCTY MENKO3€PHN-
cToro 6eToHa ObINM MSTOTOB/IEHBI Ha MOPTIAH/IIEMEH-
te IT1T 400 120 o6pasupl-6amouky 4 x4 x 16 cM cocTaBa
II:IT = 1:3. IIpu usrorosneHnn o6pas31oB 6e3 BO3AY-
XOBOBJIEKAIOIINX N00aBOK M3MeHsAnM B/B oTHolIeHue
B npegenax 0,2-0,3 1 [03MPOBKY MUKPOKpEMHE3eMa
ot 0 10 20% OT Macchl LieMeHTa, o6aBKa CyIepIIIacTH-
¢ukaTopa obecrednBana MOCTOSIHHYIO YAO0OOYKIIafbl-
BaeMOCTb OE€TOHHOII CMeCH.

O6pasibl-6a/10uKM TIOCTIe U3TOTOBIEHNS 1 TBEP-
meHus, npu Temmneparype 20 +2°C ¥ OTHOCHTENTbHOI
BIa)KHOCTY BO3fyXa He MeHee 90%, B TedeHnme 25 CyTOK
Ha Tpoe CyTOK IIOTPY>Kalyu B 5 MPOLEHTHDIN BOLHBIN
pacTBOp IMOBApPEHHOI COMM, MOC/Ie YeTO MCIBIThIBANIN
KOHTPOJIbHbIE 00DPa3I[bl, a OCTAaIbHbIE MOIBEPTAIN IIN-
K/IM4eCKOMY 3aMOPaKMBaHUIO B KIOBETAX C 5 IPOIEHT-
HBIM PacTBOpPOM Xnopupa Hatpus npu —50°C u orTan-
BaHuio npu +20°C. CpegHue pesyabTaThl UCIBITAHNUA
IPOYHOCTHU 06PasLOB IIPY CXKATUM U Ipu usrube (BHY-
TPUCEPUITHBI K03 PUIIMEeHT Bapualuy IPOYHOCTH
He IpeBbIIan 14,7 %) mocie pasmMYHOTO YUCIa IUK/IOB
HpUBeJeHb! B Ta01I. 4, 5.

ITo pesynpraTaM oIpefieleHUA TPOYHOCTU
IpY CKAaTUY BBIEPKa/M IMKIMYECKOe 3aMOpakKBaHue:

> 60 yukmoB — obpasusl ¢ B/B = 0,2 + 10% MK,
cB/B=0,25¢ 101 20% MK;

> 50 uuknoB — o6pasus ¢ B/B =0,3 + 10% MK;

> 40 yukoB — obpasusl ¢ B/B = 0,25 6e3 MK;

> 20 k0B — ob6pasust ¢ B/B = 0,3 + 20% MK.

ITo pe3ynbTaTaM UCIIbITAHMA MPOIHOCTU IIPU U3~
rube BbII€pIKaIN:

> 60 uukmoB — obpasust ¢ B/B = 0,2+ 10% MK,
¢ B/B=0,25+20% MK;

> 20 1uk0B — o6pasusl ¢ B/B = 0,25+ 10% MK;

> 10 uuxnoB — o6pasisl ¢ B/B = 0,3+10% MK.

HaxomneHue octaToYHbIX fedopManuii pacmm-
peHMs 00pasLioB MeKO3ePHUCTOTO 6eTOHA B Ipoliecce
LVIK/INYIECKOTO 3aMOPaKMBaHUA NIPefICTaB/IeHo Ha puc. 9.

Hambomnee croitkmmu okasanucb o6pasiibl
mog Ne1l — B/B =0,2, 10% MK u mog Ne4 — B/B = 0,25,
20% MK, cnemoBaTenbHO, mid obecredeHns BbICOKOIL
MOPO30CTOKOCTY HeoOXoiMMa MyNIioaHoBasg fobas-
Ka, )IO3I/IpOBKa KOTOpOIZ ITIOBbIIIAETCA C yBeHI/I‘{eHI/IeM
B/B. 3aMeHa 4yacTy IleMeHTa Ha MUKPOKpPEMHe3eM BbI-
3bIBAa€T POCT OTHOIIEHUS R,/ Reye TP NMIOOBIX 3HAUECHU-
ax B/B, 4To cnoco6CTByeT TIOBBIIIEHNIO TPELIMHOCTOM-
KOCTU 6eToHa.

Il onpeneneHys ONTYMA/IbHOM 03 POBKH J10-
6aBKUM MMKpPOKpeMHe3eMa, 06ecrednBaronein MaKkCcu-
MaJIBHYI0 MOPO30CTONMKOCTb 6€TOHA, M3TOTaBINBAJIICH
Ha II1J 500 10 o6pa3iubl 6eToHa 13 GETOHHO cMecu
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Fig. 10. Impact of microsilica dosage (% of the cement
weight) on the initial strength and freeze-thaw
resistance of concrete

Puc. 10. BnuaHune fo3npoBKN MUKpOKpemHesema
(% oT macchbl LieMeHTa) Ha HayaJibHYl0 MPOYHOCTb
1 MOPO30CTOMKOCTb 6eTOHa

performed on samples with various microsilica content
to determine the strength loss. By the results of the tests,
the freeze-thaw resistance grade of the concrete was as-
signed. The result of initial strength tests and freeze-thaw
resistance grade of the concrete (F2) are shown in Fig. 10.

The obtained results show that the initial strength
of concrete increases as the dosage of the pozzolan ad-
mixture increases. The freeze-thaw resistance of the con-
crete also increases as the dosage of the microsilica ad-
mixture increases, but it starts declining after reaching
the maximum.

The increase of the freeze-thaw resistance of road
concrete without air entrainment may be explained by
the following reasons:

Adding microsilica contributes to formation of
low-basic hydrosilicates of the C-S-H (I) type, which have
greater stability and strength as compared to high-basic
ones due to a greater share of the strong syloxane link
Si-O-Si and a smaller share of the weak ion link Ca-O.

Adding microsilica changes the contact area of the
filler with cement stone, it has fewer calcium hydroxide
crystals and high density. Low-basic gel calcium hydro-
silicates have greater stability and relaxation capacity,
which reduces the number of structure microdefects and
the concentration of stresses in these defects.

The fine pore structure of hydrosilicate gel reduces
ice formation in these defects.

In our opinion, the existence of the maximum
in microsilica dosage may be due to the fact that great-
er dosage may cause partial decomposition of low-basic
calcium hydrosilicates due to the decrease of Ca(OH),
concentration in the pore liquid. According to our data,
when the microsilica dosage is 20% or more of the ce-
ment weight, the content of Ca(OH); in cement stone with
w/w=0.3 does not exceed 0.5% by weight, and at smaller
w/w values, no Portlandite presence is recorded.
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¢ nocTossHHBIM B/I] = 0,28 mpu MOCTOAHHOM PacXofie Iie-
MEHTa C Cofiep>KaHueM MUKpOoKpeMHe3eMa oT 0 1o 25%
OT Macchl IleMeHTa. BBefleHre MUKPOKpEeMHe3eMa IIpou3-
BOJIM/IOCH COBMECTHO C CYNepPIIacTNUKATOPOM 3a CIET
CHIDKEHM S pacxofia 3alloNHuTenel 6e3 M3MEeHeHUs OT-
HOIIIEHMsI MEJIKOTO 3aMOTHNUTeEN s K KpymHoMY. O6pasiibl
nocse 28 CyTOK HOpMaAbHOTO TBEPAEHM A HACBILANICh
5 IPOLIEHTHBIM BOJHBIM PacCTBOPOM IIOBApEHHON COMN,
4acTh UCIBITHIBANACh A/ ONpefeeHNA HadyalbHOM
HpOYHOCTM OeTOHA, a OCTaNbHbIe MOABEPralInch UC-
nbITaHMo Moposocroiikoctu no 'OCT 10060 mo Tpe-
TbheMY YCKOPEeHHOMY CII0CO0y — 3aMOpa)kiBaHMe IIPO-
usBopunoch npu —505°C B KioBeTe NPY MOTPYKEHUN
B 5 IPOLIEHTHBIM PacTBOPOM IIOBapPEHHON COJIM, OTTa-
uBaHue npouspoaunoch npu +182 °C Takke B KIOBETE,
IIOIPY>KaeMoM B 5 IPOLIEHTHBII PacTBOP X/JI0pU/A Ha-
Tpus. Ilocne pasnuyHOro KonmM4ecTBa LMUKIOB IPONU3-
BOJMJIOCH VMCHBITaHMe IIPOYHOCTM Ha CKarue obpas-
IIOB C pa3s/JIMYHBIM COflep>KaHMeM MUKPOKpeMHe3eMa
IJIA OIpeJieNieHna noTepu npodHoctu. Ilo pesynpra-
TaM MCIBITAaHMS Ha3Hayajgachb Mapka 6eTOHa IO MO-
po3ocToiikocT. Pe3ynbTaThl UCIBITAHNA HadalbHO
OPOYHOCTY GeToHa U MapKy 1o MOpo3ocToitkoctu F2
npuBejeHbl Ha puc. 10.

/3 nony4eHHBIX pe3yIbTaTOB BUAHO, YTO Ha-
YyajpHas IIPOYHOCTh GETOHA BO3PAcTaeT C yBeMIMIeHN-
eM JO03MPOBKM ITYLI[ONIAHOBOIT Ko6aBKu. MoposocToii-
KOCTb 66TOHa TaK>Xe paCTeT C ITOBBIIICHNEM I[O6aBKI/I
MUKPOKpeMHe3eMa, HO, JOCTUTasi MaKCMMyMa, OHa Ha-
YMHACT I1agaThb.

[ToBbllIeHME MOPO30CTOMKOCTHU JOPOSKHOTO Oe-
TOHa 6e3 BO3[YXOBOB/ICYEHNSI MOXXHO OOBSACHUTD Clie-
AYOIYMU DPpUINHAMMA:

BBepieHre MUKpOKpeMHe3eMa CIIOCOOCTBYeT 00-
Pa3soBaHUIO MOBBIIIEHHOTO KOMNYEeCTBA HU3KOOCHOB-
HBIX TUApocUInKatos Kanbuus tuma C-S-H (I), xoro-
pble 06/1aa0T 60BN CTAOMIBHOCTBIO 1 IPOYHOCTHIO
[I0 CPAaBHEHNIO C BHICOKOOCHOBHBIMI W3 32 yBelude-
HIs B HUX JOJIU CUIbHOM CUIOKCaHOBOW cBsA3u Si-O-Si
Y YMeHbIIIeHNs Bo/u cnaboit monHoi csasu Ca-O.

BBeI[eHI/Ie MUKPOKpPEMHE3EMA ISMEHAET KOHTAKT-
HYIO 30HY 3aIIOTHUTENA C UEMEHTHBIM KaMHEM, B Hel
YMEHDBIIAETCA KOINMIECTBO KPUCTAJIIOB I'MAPOKCH A Kalb-
OVA M IIOBBIINACTCA IIJIOTHOCTD.

HuskoocHOBHBIe refie06pasHble TUPOCUINKATDI
Ka/IbLIMsl XapaKTePU3YIOTCs MOBBILIEHHO CTabUIbHO-
CTBIO U PeTTaKCAIIMOHHON COCOOHOCTBIO, YTO CHIKAET
KOJIMYeCTBO MUKPOHe(deKTOB CTPYKTYPhI I KOHIIEHTpa-
VIO HAaIIPsDKEHMIL B 9TUX JedekTax.

TonkomopucTasa cTpyKTypa IUPOCYINKATHO-
TO TejIsl yMEHBIIAeT NbI006pa3oBaHNe B Opax 6eTOHa.

Hannyne MmakcumMyMa B J03MPOBKe MUKPOKpPEM-
HeseMa, [10 HallleMy MHEHNIO, MOXKeT OBITh C/IeICTBYEM
TOTO, UTO Ipu GObIIEN TO3MPOBKE BO3MOKHO YaCTU Y-
HOe pasjioXKeHMe HM3KOOCHOBHBIX TMAPOCUINKATOB
Kamblus U3 3a CHMOKeHUsA KoHueHTpauuu Ca(OH),



General conclusions

At cyclic freezing, cement stone does not sim-
ply change its density at compression; initially
the strength of samples that are frozen in cycles
exceeds that of control samples, and then after a
greater number of cyclic freezes, destruction of
various intensity occurs.

No ice is formed at first freezing of cement stone
samples with a w/c ratio of 0.35 or less, but after
some number of cycles, expansion deformations
appear as the cement stone is frozen, which cor-
responds to the ice formation in macrocapillaries.

Pozzolanization reduces lime leaching at cyclic
freezing of cement stone and helps slow the age-
ing processes in cement gel down, which preserves
the highly dispersed structure of cement stone and
increases its resistance to cyclic impacts.

When a water-saturated concrete sample is fro-
zen in open air, expansion deformations are not-
ed during ice formation in macrocapillaries at a
temperature of minus 4-6°C, and in microcapil-
laries, at a temperature of minus 30-40°C, and
also during thawing because the thermal expan-
sion factor of ice is greater than that of concrete.
Air entrainment helps reduce the water pressure
in microcapillaries as ice is formed in big capilla-
ries, but it does not prevent destruction due to two
other reasons.

When concrete samples are frozen in water or so-
dium chloride solutions, ice formation is recorded
in a broad range of temperatures, and there is no
reduction of water pressure at ice formation in
macrocapillaries, in which case the role of air en-
trainment in raising the freeze-thaw resistance of
concrete is likely to decrease.

It is possible to produce concretes with high freeze-
thaw resistance without air entrainment by add-
ing microsilica and reducing the w/w ratio. It was
found that the optimal amount of added micro-
silica should not exceed 15-17% of the cement
weight.
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B NMOPOBOI XUAKoCTU. Ilo HaMM TaHHBIM, IpU JI0-
3MpOBKe MUKpOKpeMHeseMa 20% 1 60mee OT Macchl
nemeHnTta cogepxanue Ca(OH); B 1leMEHTHOM KaMHe
¢ B/B = 0,3 e npesbimaet 0,5% 1o mMacce, a Ipu MEHb-
KX 3HaYeHUAX B/B — He dukcupyeTcs Hanmdue
HOPTIAHJUTA.

O6wume BbIBOADI

1. IIpy UMKIMYECKOM 3aMOpaKMBaHUY LIEMEHTHBIN
KaMeHb He OJJHO3HAYHO M3MEHAET IPOYHOCTh
IpU CKaTUU: IePBOHAYaIbHO IPOYHOCTD IIUK/IN-
YeCKM 3aMOpPaK/MBaeMbIX 00pasI[oB IpeBbIIa-
eT IIPOYHOCTb KOHTPOJIBHBIX 00pa3LoB, a 3aTeM
C YBEIMYEHMEM YMCIIa [UKINYECKUX 3aMOPaXKN-
BaHUII C/IeflyeT NeCTPyKIUA pasNUMIHON MHTEH-
CUBHOCTH.

2. ITpu nepBoM 3aMOpaXMBaHNY 00Pa3L0B LIeMEHT-
Horo KaMH: ¢ B/I] = 0,35 1 MeHee He o6pasyeTcs
7efi, OfIHAKO Yepe3 KaKoe TO KOIMYeCTBO L{UKIIOB
OTMeYaeTCs IIPpM 3aMOpPaKMBAHUM TNOSABIEHNE
medopMauMii paclIMpeHNs L[eMEeHTHOIO KaMHA,
COOTBETCTBYIOIIEe JIb00OPA30BAHNIO B MaKpO-
KaIundpax.

3. [Tynonann3anysl yMeHbIIAET BbIIIe/TadMBaHNe
U3BECTY NP NUKINIECKOM 3aMOPakMBaHUN Iie-
MEHTHOTO KaMHS 1 CIIOCOOCTBYET 3aMelJICHNIO
IIPOLIECCOB CTapeHNs LeMEHTHOrO Tefls, YTO CO-
XpaHsAeT TOHKOAVCIIEPCHYIO CTPYKTYPY LI€MEHT-
HOrO KaMHS U IOBBIIIAET €r0 CTOMKOCTD K I[M-
K/IMYECKUM BO3JEeVICTBUSM.

4. IIpu 3aMopa>kMBaHUY BOZOHACHILIIEHHOTO 06pasija

6eTOHa Ha BO3/IyXe OTMEYaoTCA AepopMalny pac-
MM PeHNs IPY TbA006pa3oBaHNN B MAKPOKAIINII-
Nspax Opu TeMIiepatype MuHyc 4-6°C, B MUKpO-
KaIlMIIsApax npu Temieparype MuHyc 30-40°C,
a Tax)Ke B IIpollecce OTTaMBaHMA 3a CYeT 6O/b-
mero koadduimeHTa TepMIUIECKOTO PaCIINPEHN
nbAa, 4eM y 6eToHa. BosmyxoBoBieueHme cIo-
COOCTBYeT CHVIKEHUIO JaB/IEHNUs BOIBI B MUKPO-
KaIyUisipax npu o6pasoBaHNM JIbJja B KPYIIHBIX
KaIWIIApax, HO He IIPelOTBPaIlaeT JeCTPYKINIO
3a CYeT IBYX JPYTUX IPUINH.

5. ITpu 3aMopaxxuBaHuUM 06pasnoB 6eTOHA B BOJiE
WIN B PacTBOpax IOBApPeHHOI COMM IbJo06pa-
30BaHMe QUKCUPYETCs B IIMPOKOM MHTEpBase
TeMIeparyp, He IIPOUCXOOUT CHMIKEHNA aBiie-
HUA IpU IIbJIOO6paSOBaHI/H/I B MaKpoOKanmmiAapax,
BEPOATHO IIPN 3TOM POIb BO3NYXOBOBJIEYECHU A
B MOBBIIIEHNN MOPO30CTOMKOCTU GETOHA CHIU-
XKAETCSL.

6. bes BosfyxoBOoBnedYeHMA yhaeTcA MOMYYUTH
BBICOKOMOPO30CTOJIKIe OeTOHBI NpU BBefe-
HUM [O0OABKM MUKPOKPEMHe3eMa U CHIDKEHUN
B/B-oTHomeHNA. BpIsABIEHO, YTO ONTUMYM HO-
6aBKY MIUKPOKpeMHe3eMa He JI0/DKEH [IPEBBIIIATh
15-17% oT Maccel lleMeHTa.
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HOW TO WEAKEN THE SENSITIVITY

WITH CLAY-BEARING AGGREGATES
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e OF POLYCARBOXYLATE-TYPE SUPERPLASTICIZER
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3Dy J1., BOKTOP HayK, CTapLUMii MHXEHEP, yrpaBnsawowmnii anpekTop, LLaHxaicknin nHxxeHepHo-
MNccnefoBaTeNbCKUI LEHTP CTpouTeNbHbIX o6aBok, LLaHxaii, KHP

B B KAK CHV3NTb YYBCTBUTE/IBHOCTb
NOJIMKAPBORCUJTATHOTO
CYTIEPTITIACTUOVKATOPA K 3ATOITHUTEIAM,
COLEPKALLKMM NMPUMECK TTTINHDI

Abstract

The dosage efficiency of polycarboxylate-type
superplasticizer (PCE) was severely diminished in pres-
ence of clay-bearing aggregates. Adsorption of PCE
and PVA on bentonite were investigated with respect
to tailoring molecular structure and competitive ad-
sorption to find effective methods for weakening the
sensitivity of PCE with clay-bearing aggregates. The
results indicated that TPEG-based PCE (isopentenyl
polyethylene glycol) has more excellent clay tolerance
than MPEG-based PCE (methoxy polyethylene gly-
col). Increasing carboxyl density of main chain and
side chain length of side chain of PCE molecule is
favorable for weakening the sensitivity of PCE with
clay-bearing aggregates. PVA can serve as sacrificial
agent to weaken the PCE consumption caused by clay
based on the severe competitive adsorption between
PVA and PCE onto bentonite.

Key words: polycarboxylate; superplasticizer; poly
vinyl alcohol; bentonite; adsorption; concrete.

1 Introduction

During the past few decades a worsening situ-
ation has been witnessed, which is about a growing
dependency on manufactured sands caused by in-
creasing regulatory pressure coupled with diminish-
ing availability of naturally local occurring sands as
fine aggregates in concrete or mortar. Generally, the
presence of microfines especially clay as impurities is
always considered harmful in concrete or mortar, e. g.
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AHHOTaUMA

S¢ddexkTuBHOCTD MONMKAPOOKCUIATHBIX CY-
nepnnactugpukaropos (PCE) cymecTBeHHO napgaet
Y VICTIONTb30BaHUY 3aIIOJTHUTEIEN C IPUMeCAMM T/INH.
B pamkax moncka 3pPpeKTUBHBIX CTIOCOO0B CHVKEHMS
ayBcTBuTeNbHOCTU PCE K ITTMHNCTBIM IpyMecsaM Obla
uccrnenosana agcop6uusi PCE u monnBrHUIOBOTO Cinp-
ta (PVA) 6eHTOHUTOM B 3aBUCUMOCTY OT MopuduKa-
LMY UX MOJIEKY/ISPHON CTPYKTYpPBl ¥ KOHKYPEHTHO
apcopbuuu. Pesymprarsr mokasany, 4o PCE Ha ocHO-
Be TPEG (130MeHTHMHMUIIIONMS TU/IEHIINKO/ISL) HAMHOTO
MeHbllle YyBCTBUTENbHHI K I1uHe, yeM PCE Ha ocHOBe
MPEG (MeTOKCUIIONUSTUIEHTNNKONA). [loBbIIeHNE
IIOTHOCTY KapOOKCHMIBHBIX IPYII B [JIABHO Lenn
U yBenudeHue fIUHBL 60KoBoI menu monekynsl PCE
671arONpPUATHO CKa3bIBAIOTCA Ha YYBCTBUTETBHOCTU
PCE k rnumHKUCTBIM npuMecaM. PVA MoxeT cnyXuTb
«KePTBEHHOI» J0OABKOI IJIsI CHUYKEHNSI ITOT/IOLIEH U S
PCE rnnHoIt, 9T0 06YCIOBNIEHO KOHKYPEHTHOI aficop6-
nueit PVA u PCE 6eHTOHUTOM.

Knwueevie cnosa: nonuxapbokcunam; cynepnia-
CMUPUKAmop; NonUSUHUNOBbLL cnupm; OeHmoHum; ao-
copouyust; 6emo.

1 BBepgeHune

B TeueHue mOCIefHUX FECATUNETUN 3aBUCU-
MOCTb OT Ka4ecTBa APOGIEHOr0 IeCKa BO3PACTaeT BCe
6ornbie u 60/IbLIE M3-32 YIKECTOUEHNSI HOPMATIUBOB I
COKpalleHus 3aI1acOB MECTHBIX IIPUPOHBIX [IECKOB,
BXOLALIVMX B COCTaB GETOHA MM CTPOUTENBHOTO
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Fig. 1. Manufactured sands before and after washing
Puc. 1. [ po6néHblin NeCOK NCXOAHbIV 1 NOCSIe MOMbIBKMN

increasing the water demand to provide a concrete or
mortar of given workability [1], damaging the rheo-
logical property of concrete or mortar after absorbing
water and swelling [2], weakening the bond between
the cement paste and aggregates [3], especially dimin-
ishing the dosage efficiency of superplasticizers [4].
That is ascribed to the presence of microfines such as
limestone [5, 6], clay powder [7-9], etc. in manufac-
tured sand obstructing superplasticizers from dispers-
ing cement particles.

As is known from engineering and research
[7-9], the microfines in manufactured sands consume
a large amount of PCE which makes cement parti-
cles not to be dispersed well, and the initial work-
ability of concrete is compromised to a large extent,
in which bentonite-based clay influences concrete
workability most seriously. Our researches indicat-
ed that PCE molecules are adsorbed onto bentonite
particles by surface adsorption and interlayer inter-
calation [10, 11].

Based on the previous research, interaction of
MPEG and TPEG-based PCEs with bentonite was in-
vestigated by adsorption and zeta potential test. The
flowability of mortar and concrete with bentonite were
also tested to evaluate the sensitivity of PCEs synthe-
sized to clay. In addition, competitive adsorption of PVA
with PCE was carried out to elucidate if it is possible
to find a sacrificial agent to weaken the adverse effect
caused by clay.

2 Materials and methods
2.1 Materials

MPEG and TPEG-based PCEs were synthesized
by radical polymerization in advance, and their chemi-
cal structures are listed in Fig. 2 and Table 1. Natural
bentonite was supplied by Huangshan Baiyue Activated
Clay Co., Ltd. It was crushed, ground, sieved through a
200-mesh sieve and dried at 105°C in an oven for 2h pri-
or to use. Its physicochemical index can be found else-
where [11]. Cement, P-O42.5, was supplied by Shanghai
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pacTBopa B KauecTBe MejKoro samonHutens. Ha-
nu4dre B 6eTOHE MU CTPOUTENBHOM PacTBOpe MpU-
Meceil, 0COOeHHO TMHBI, BCETAa PacCMaTPUBANIOCH
KaK HeXXe/laTelbHOe, T. K. OHM SABJISIIOTCS IPUIMHON
HOBBILIEHM A BOJONOTPeOHOCTY Ipu obecrnedeHUN
TpebyeMoll yH0O0OyKIafbiBaeMOCT! O€TOHHOI MK
pPacTBOpPHOIL cMeceit [1], yXyAIIeHN A peolornIecKux
[oKasaTejell n3-3a MOT/IOIEHNsI IPYMeCIMIU BOJBI
[2], cHM>KeHMST IPOYHOCTM CLEIJIEHNs MEXAY Iie-
MEHTHBIM KaMHeM U 3anonaureneM [3], um ocobeHHO
MOTYT OBITb IPUUNHON CHUXEHUS 3P PeKTUBHOCTI
cynepmnactudukaropa [4]. Bce atu mponeccs ABIA-
I0TCS C/Ie[ICTBMEM HAa/IM4Ms B II€CKe MUKPOUYACTUIL],
TaKUX KaK U3BeCTHAK [5, 6], rmuna [7-9] u T1. 1., KO-
TOpble HPEeNATCTBYIOT BCTYIIEHNIO B XMMUYIECKYI0
peakuuio cynepraacTudpukaTopa ¢ JUCIeprupoBaH-
HBIMJ YaCTUL[aMI IleMeHTa.

Kak oTmMedyeHo B nccnegoBanuax [7-9], Mukpo-
JaCTUIBl TIMHBI B IecKe «chefatoT» PCE, unu BbI-
3BIBAIOT MX IOBBINIEHHBIN PacXof, YTO NPUBOJUT K
I/I0XO0JI AMCHEepPTUPYeMOCTI YaCcTHUI IleMeHTa, 11 Ha-
yajibHaA MOABMKHOCTD B 3HAUMTE/IbHOI CTeIleHU
CHIKAETCs, mpudeM OEHTOHMTOBAS [/IMHA OKa3bl-
BaeT Haubonbpllee BauAHMe. Hamu uccnegoBanms
nokasany, 4to Monekynsl PCE angcopbupyrorcs va-
cTutaMyu OEHTOHUTA KaK Ha IOBEPXHOCTH, TaK U
BHEJPAACH MeXAy crnosamu [10, 11].

C yyeToM ombITa NpeAbIAYINX MCCIElOBAHNIL,
B3aumogelicteue Mexxay PCE-nnactudukaropamn
Ha ocHOBe TPEG / MPEG u 6eHTOHUTOM 6BIIO 13-
y4eHO HaMJy METONOM OIpefeeHus agcopouun u
m3eTa-noTeHUMana. [Insa OleHKM YyBCTBUTENbHOCTHI
cuHTesuposaHHbiXx PCE-nmacTudukaTopos K Iin-
He OGBIJIO TAaKXXe MCCIe[OBAHO BIUsIHME OEHTOHNUTA
Ha MOABVXHOCTb PaCTBOPHBIX cMeceli. Kpome ToroO,
Obla TpoBeleHa OlleHKa KOHKYPEeHTHOI aficopbunn
nonusuHuUnIoBoro cnupta PVA n PCE ¢ nenbio no-
MCKa «KEePTBEHHOI0» KOMIOHEHTA I/ CHVKEHUA
OTPUILIATENbHOTIO BAMAHUA TIVHBI.

a b
CH, CH; CH;
—+cH, E—H—Cm—(l:—k +<c H1—C‘H-]—[—£Hr—i+
=() = H,

(gNn éJ Na

H H,

2 -

i i i,

pid L

Fig. 2. Chemical structure of PCEs :
a — MPEG-based PCE; b — TPEG-based PCE
Puc. 2. Xnmunyeckas ctpyktypa PCE-nnactndurkatopos:

a —Ha ocHoBe MPEG; b — Ha ocHoBe TPEG
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Table 1. Molecular structure of PCEs

Tabnuua 1. MonekynspHasa cTpykTypa PCE-nnactnoukatopos

Sample/ltem // Obpa3zeL/lNpoba Mxxx-1 Mxxx-2 Mxxx-3 Mxxx-4 MxxX-5 Mxxx-6
Mmaa/ (Mmaas Mieec) 6,44% 12,10% 1711% 21,58% 25,60% 29,22%
A/ M400 0,32 0,64 0,96 1,28 1,6 1,92
MAVTIMPES M1000 0,80 1,60 2,40 3,20 4,00 4,80
Sample/ltem // Obpaseu/lNpoba Txxx-1 Txxx-2 Txxx-3 Txxx-4 Txxx-5 Txxx-6
Maa/ (Maas Mreec) 4,58% 6,72% 8,76% 10,71% 12,59% 14,38%
T1200 0,80 1,20 1,60 2,00 2,40 2,80
Naa/NrpeG T2400 1,60 2,40 3,20 4,00 4,80 5,60
T4000 2,67 4,00 5,33 6,67 8,00 9,33

Mxxx-y and y-Txxx relate to PCE on the base of MPEG-and TPEG correspondingly // Mxxx-y u Txxx-y omHocamcsa k PCE Ha ocHoge MPEG-u TPEG coomgemcmeeHHo.

Table 2. Main chemical composition of cement used
Tabnnua 2. OCHOBHOW XMMUYECKUIA COCTaB UCMOMb30BAaHHOrO LIeMeHTa

Chemical composition (Wt%) // Xnumudeckui cocTas, (% macc.)

SiOZ A|203 CaO MgO Fezog Kzo

23,40 8,06 57,60 3,12 2,04 0,64

¥ MMM — nomepsa <maccel> npu npokanusaruu (lMpumey. nep.)

Seal Cement Group Co., Ltd. Its chemical composition
was listed in Table 2.

2.2 Methods

2.2.1 Adsorption studies

Adsorption experiments were carried out by us-
ing a batch technique. The test method can be found
elsewhere [10].

Competitive adsorption of PVA with PCE was car-
ried out by testing the adsorption amount of PCE with dif-
ferent concentration of PVA solution (0.025 g/L, 0.05 g/L,
0.10 g/L, 0.15 g/L, 0.40 g/L and 0.60 g/L).

2.2.2 Zetapotential

The zeta potentials of bentonite suspensions were
measured by a ZEN3600 Zeta Potential Analyzer (Mal-
vern, UK). The clay concentration in the suspension was
kept as 0.05 wt % in the zeta potential measurements.
The suspensions were shaken for 30 min, and then the
zeta potential measurements were conducted. The zeta
potential value for each sample was taken as an average
of 24 measurements.

2.2.3 Mortar test

Cement mortars were made by mixing cement, fine
aggregates, bentonite (2.0% bwoc) and polymer solutions.
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LOI (wt%) // TINI*/ (% macc.)

Na;O Ti,.O MnO
025 033 017 1,34
2 MaTepuanbl 1 MeToAbI

2.1 MaTtepwmansbi

MeTonoM pafiMKanbHON MOMMMepPU3aLUU ObIIN
cuHTesupoBanbl PCE-mnacTudukaTopsl Ha OCHOBe
MPEG u TPEG, xumudeckad u MOneKynapHasa CTPYK-
Typa KOTOPBIX IIpeficTaBlIeHa Ha puc. 2 1 B TalI. 1 co-
OTBETCTBEHHO. B KadecTBe MpuMecy ITIMHBI MCIOIb30-
BajIcA NpUPOJHBIT 6eHTOHUT KoMmaHuy Huangshan
Baiyue Activated Clay Co., Ltd., koTopbIit mepes ncmonn-
30BaHMeM APpOONIICH, M3MeNIbYaCcs, IOCTIe Yero Mpous-
BOZIMJIOCH ITpocenBanue yepes cuto Ne200, saTeM 1ecox
noaBeprasncs cyuike npu 105 °C B TedeHne 2 yacos. Ero
(DUBMKO-XUMMYIECKUIT NHAIEKC IpuBefieH B padoTe [11].
B mccenoBaHNM MCIIONB30BAJICA IeMeHT Mapku P-042.5,
npefocTaBieHHbIl KommaHyeit Shanghai Seal Cement
Group Co., Ltd., xuMudecknit cocTaB KOTOPOTo Mpu-
BefieH B Ta0mI. 2.

2.2 MeTop,

2.2.1  UccnedosaHue adcopbyuu

JI7151 aKCIIepMMEHTOB 1Mo afcopOiuu ObIT IpOBe-
mer oTbop mpob u3 mapTuM nemeHTa u 6eHTOHUTA. Me-
TOAVKA UCIBITaHN IpuBeneHa B [10].

KoHkypeHTHas afcopOuus HONMBUHUIOBOTO
cupta u PCE nccnefosanach myTeM onpefie/ieHUs Be-
VYUHBL afCOPOLNY [IPY PAasINIHON KOHIEHTPALNN
pactBopa PVA (0,025 r/n, 0,05 1/, 0,10 1/, 0,15 1/71, 0,40
r/n u 0,60 r/m).
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The mixing procedure was as follows: (1) cement and fine
aggregate were added into the bowl and mixed in a Hobart
mixer at a low speed for 1 min, (2) the polymer solution
was added into the mixture and mixed at low speed for
1.5 min, (3) stopping the mixer, quickly scraping down
into the batch any mortar adhered on the side of the bowl,
then starting the mixer and keep on mixing for another
1 min at medium speed. The fluidity was measured at
20 °C by pulling out spread of the mortar from a cone
of top diameter of 50 mm, bottom diameter of 100 mm
and height of 150 mm. The spread was the average of two
perpendicularly crossing diameters.

3 Results and discussions

3.1 Comparison in the adsorption of MPEG
and TPEG-based PCE onto bentonite

Based on the conclusion of intercalation of PCE
molecules into bentonite interlayer [11], PCEs with dif-
ferent carboxyl density and side chain length were syn-
thesized to investigate if it is possible to decrease the
sensitivity of PCE to bentonite by changing its molecu-
lar structure.

The variation in adsorption amount of PCE were
shown in Fig. 3. For MPEG-based PCE (Fig. 3a), adsorp-
tion amount of PCE decreased totally with increasing
carboxyl density, and when nMAA/nMPEG increased
to 0.96 (M400-3), 2.40 (M1000-3) respectively the de-
creasing trend of adsorption amount slowed down. The
affinity between anionic bentonite and anionic PCE was
mainly realized by intercalation of EO side chains into
bentonite interlayers. When the carboxyl density of
PCE main chain increased, the repelling force between
adsorbate molecules and adsorbent particles increased
correspondingly. The intercalation of side chains into
bentonite interlayer became more difficult and the ad-
sorption amount decreased. When molecular weight
of side chain increased from 400 to 1000 with a cer-
tain carboxyl density, the adsorption amount had a lit-
tle reduction (shown in Fig. 3a). That was because the
enlargement of side chain size was unfavorable for the
intercalation.

For TPEG-based PCE (Fig. 3b), the variation in
adsorption amount of PCE with carboxyl density and
side chain increasing was similar to MPEG-based PCE.
However, adsorption amount of ether-based PCE onto
bentonite was much less than that of TPEG-based PCE.
The adsorption amount of ether-based PCE ranged
from 15 to 30 mg/g with comparison to 75-120mg/g
for MPEG-based PCE in our experiment. The MPEG-
based PCE was synthesized with methoxy polyethyl-
ene glycol methacrylate (MPEG) as macromonomer
and methacrylic acid as comonomer, and the TPEG-
based PCE was synthesized with isoamyl alcohol poly-
oxyethylene ethers (TPEG) as macromonomer and
methacrylic acid as comonomer. The methyl groups in
MPEG-based PCE has strong shielding effect on neg-
atively charged carboxyl groups. Otherwise, the car-
boxyl groups in TPEG-based PCE will play effective
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2.2.2 []3ema-nomeHyuan

Jl3eTa-moTeHIMaN CyCIeH3Ul GEHTOHUTA M3-
MepsIca ¢ moMoubio aHanusatopa ZEN3600 ¢up-
Mbl Malvern (Benmko6puranms). Ilpu sTom KoH-
LEeHTpalys [IMHBI B CYCIIEH3UM IOAMEPXKMBanach
paBHoI 0,05% Maccel. Ilepen nsMepeHnAMM CyCleH-
3ui0 B3OanTeBanyu B TedeHue 30 MuH. B KagecTBe
3HAaYeHMA I3eTa-NOTeHIMana A KaXgoro obpasma
IPUHMUMANACh CPEIHAA BeIMYMHA U3 24 M3MEPEHUIA.

2.2.3 HcneimaHue cmpoumesibHO20 pacmeopa

CrpouTtenbHble PaCTBOPHI TOTOBUINCH IyTEM
CMeLIVBAHNS IIeMEHTA, MeJIKOTO 3aMOIHUTENs, OeH-
toHuta (2,0% [oT mMaccel 1eMeHTa]) U pacTBOpa Mo-
numepa. [lepememnBaHue IpOBOAUIN B CNIEflYIOLIEM
nopspke: (1) ieMeHT ¥ MeJKUIT 3alI0JTHUTETb IIoMe-
maan B yaury cMmecurens: ¢pupmsl Hobart u mepeme-
IIMBaJIM TP HU3KO CKOPOCTH B TeyeHue 1 MuH; (2)
B CMeCb N06aBANM PacTBOpP IONMMepa U IepeMe-
HIMBaMyY IPpU HU3KOM CKOPOCTU B TedeHMe 1,5 MIUH;
(3) 3aremM cMecuTenb OCTaAHABIMBAIU, OBICTPO CUU-
mlany B IepeMellaHHYI0 MacCy pacTBOPHYIO CMECh,
HaJMIIIYI0 Ha CTEHKM Yally, CHOBA BKJIIOYA/IM CMe-
CUTENb U B Te4eHMe 1 MUH NepeMelnBaau Ipu cpefi-
Hell ckopocTu. IIoBUXHOCTD PacTBOPHON cMecH
usmepAnyu npu 20 °C mo pacnnabiBy KOHyca C BepX-
HUM ¥ HUOKHUM auamerpom 50 m 100 MM cooTBeT-
CTBEHHO I BBICOTOI 150 MM. 32 BeIMUNHY paclIbiBa
NPUHMMA/N CpeJjHee 3HaYeHNE U3 IBYX U3MEPEHUI
HJDKHETO AMaMeTpa BO B3aMMHO NEPNEHJUKYIAP-
HBIX HallpaB/lIeHUAX.

3 PesynbTaTbl 1 06CyKpeHNe

3.1 CpaBHeHue agcopbumm 6eHToHUnTOM PCE-
nnactumkatopa Ha ocHoe MPEG 1 TPEG

OcCHOBBIBAasACh Ha NPeAINONIOXKeHUM 06 UH-
tepkanAuuu Monexkyn PCE B mexcnoeBoe mpo-
cTpaHCcTBO GeHTOHHMTA [11], OBIIN CHHTE3UMPOBAHBI
PCE-nnactuduKaTopsl ¢ pa3InM4yHON IIOTHOCTHIO
KapOOKCUBHBIX TPYIIN U ANIMHOI 6OKOBOI Ienn
C LIeNIbI0 MCCIE0BATh BO3MOXKHOCTD TOHU3UTD YyB-
crBuTenbHOCTh PCE K 6€HTOHUTY ITyTeM M3MeHeHUA
MOJIEKY/IAPHO CTPYKTYPHI NIaCTUPUKATOPA.

VismeHenne Benuuuubn agcopbuun PCE
nokasaHo Ha puc. 3. Ina PCE Ha ocHoBe MPEG
(puc. 3a) BenmuuuHa agcopOIMM MMACTUPUKATO-
pa BO BCeX C/yYasAX YMeHbIIaeTCA IO Mepe IOBHI-
MIeHMS MIOTHOCTY KapOOKCUIBHBIX TPYII, XOTSA
npu noBbimeHny BennunHsl nMAA/nMPEG fo 0,96
(M400-3) u 2,40 (M1000-3) TeHZeHUNA K yMeHbIlIe-
HUIO BEeIMYMHBI afjcopbuum ocnabnsercsa. Cxox-
CTBO MEXAY aHMOHHBIM OEHTOHUTOM U aHUOHHBIM
PCE nposaBnsAerca B OCHOBHOM B MHTEpPKaAALUU
9TUIEHOKCUTHBIX OOKOBBIX I[elleil B MeXXC/IOEBbIe
npocrpaHcTBa 6eHToHMUTa. [lo Mepe MOBBILIEHU A
HNJIOTHOCTY KapOOKCU/IBHBIX TPYIIN B ITaBHOI LjeNN
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a Molecular weight of side chain // b Molecular weight of side chain //
MonekynapHas macca 6oKoBbIX Lieneit MonekynapHasa macca 6oKoBbIX Lieneit
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Fig. 3. Comparison in adsorption amount of PCEs onto bentonite (a) MPEG-based PCE, (b) TPEG-based PCE)
Puc. 3. CpaBHeHMe BeNnMYnHbI agcopbunn 6eHToHnTom PCE-nnactudukatopos Ha ocHose MPEG (a) n TPEG (b)

electrostatic repulsion between the polymer and ben-
tonite particles, resulting in the reduction in adsorp-
tion amount.

3.2  The variation in zeta potentials of bentonite
suspension with MPEG and TPEG-based PCE

The variation in zeta potentials of bentonite sus-
pension with MPEG/TPEG-based PCE were shown in
Fig. 4. The zeta potential decreased with increasing car-
boxyl density of PCE (from Mxxx-1 to Mxxx-6 and from
Txxx-1 to Txxx-6). With the same carboxyl density, lon-
ger side chain is favorable for increasing zeta potential of
bentonite particles. The decrement in the zeta potential
of bentonite particle with increasing PCE carboxyl den-
sity was ascribed to the adsorbed PCE molecules onto
the particle surface which enhance the electronegativity
of electrical double layer. However, the increment in side

COOTBETCTBEHHO BO3pacTaeT CMja OTTaJIKMBaAHUA
MEXAY MOJEKy/IaMu a,ucop6aTa M YacTUIAaMU af-
copbenra. VHTepKansanus 60KOBBIX IeNell B MeX-
ClI0eBOe IPOCTPAHCTBO OEHTOHUTA 3aTpyAHAETCH,
U Benu4mHa agcopbumyu ymenpuaercsa. Korga mo-
]IeKy]IHpHaH Macca 60KOBOI7[ oenm YBCHI/I‘II/IBaCTCH
¢ 400 o 1000 mpu 0MHAKOBOI IJIOTHOCTU KapOOK-
CUIBbHBIX I‘pYHH, BE€JINYNMHA a}lCOpGHI/II/I HECKOJIbKO
yMeHbInaeTcs (cM. puc. 3a). 3To ABASAETCA NPHU-
‘IMHOI7[ HEraTmMBHOTIO BIAUAHNUA yBeHI/I‘{eHI/IH O I HbI
6OKOBOII [[eM Ha UHTEPKAALUIO.

B cnygyae PCE Ha ocuoBe TPEG (puc. 3b) us-
MeHeHMe BenunduuHel ancop6bunu PCE B 3aBuCHMOCTHK
OT IJIOTHOCTY KapOOKCMIBHBIX IPYII U yBelIMde-
HUA 6OKOBOIT I[eny ObIIO AHAIOTMYHO €€ U3MEHEHIIO
B cny4yae PCE Ha ocHoBe MPEG. OpHako BennumHa
agcopbuuy 6entonntom PCE Ha ocHOBe adupa 65ia
CYylLleCTBEHHO MeHbIle, yeM B cnydyae PCE Ha ocHOBe

a ol b
Molecular weight of side Molecular weight of side
chain // MonekynapHast 24 chain // MonekynapHas
=~ o8k Macca bOKOBbIX Lienein > Macca 6OKOBbIX Lierei
(@2} (@]
> —o— M400 = —0—T11200
Ex —o— M1000 Ex gl —0—T2400
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a< 36 =
2 g 36t
40 F
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Mxxx-1 Mxxx2  Mxxx-3  Mxxx-4 ~ Mxxx-5  Mxxx-6 Mxxx-T Mxxx2  Mxxx-3  Mxxx-4  Mxxx-5  Mxxx-6
Carboxyl density in MPEG PCE // Carboxyl density in TPEG PCE //
MnotHocTb KapbokcunbHbx rpynn PCE Ha ocHose MPEG MnoTHoCTb KapbokcuabHbIX rpynn PCEHa ocHose TPEG

Fig. 4. Effect of PCE on zeta potential of bentonite suspension: a — MPEG-based PCE; b — TPEG-based PCE)
Puc. 4. BnusHune PCE Ha ocHoBe MPEG (a) /TPEG (b) Ha f3eTa-noTeHUmnan 6€HTOHMTOBOW CyCneH3nm
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chain will shield the negative charge of carboxyl group,
resulting in the increment in zeta potential of benton-
ite particles.

3.3  Performance difference of MPEG and TPEG-
based PCE in Mortar fluidity with bentonite

The variation in cement mortar with 2% bwoc
bentonite with PCE above was shown in Fig. 5 (water/
cement ratio — 0.49, sand/cement ratio — 2.07, PCE
dosage — 0.40% bwoc). For MPEG-based PCE, the flu-
idity increased firstly and then decreased with increas-
ing carboxyl density. However, the effect of side chain
size with the same carboxyl density on fluidity didn’t
show regular trend. For TPEG-based PCE, mortar flu-
idity increased with increasing carboxyl density with
the same side chain length. That is because the increase
of carboxyl density lowered the harmful loss caused by
bentonite, and cement particles were dispersed well.
In addition, mortar fluidity increased with increasing
side chain length with same carboxyl density. With side
chain length increasing, adsorption amount of PCE onto
bentonite decreased, meanwhile, the steric hindrance
of PCE molecules on cement particle surface decreased
the agglomeration trend and improved the fluidity of
cement mortar.

3.4  Clay tolerance of MPEG and TPEG-based PCE
in concrete with clay-bearing aggregates

Concrete experiments were carried out to eval-
uate the clay tolerance of PCE. The concrete mix is
listed in Table 3. The sand used in the experiment is
manufactured sand with 13% of clay. The concrete
workability was shown in Table 4.

Molecular weight of side
- WY
chain // MonekynapHan —

TPEG. B Hamux skcnepyuMeHTaX BelM4yHa afcop6-
LMY HaXOM/IACh B nipefenax 15-30 mr/r B cnyyae PCE
Ha ocHOBe 3¢upa o cpaBHeHuo ¢ 75-120 mr/r gnsa PCE
Ha ocHoBe MPEG. PCE Ha ocHoBe MPEG/TPEG 651111
CcUHTe3MpoBaHbl ¢ ucnonbzopanneM MPEG n TPEG
B KadyecTBe MaKpOMOHOMepa ¥ MeTaKpMIOBOIl Kuc-
JIOTBHI B KaueCTBe COMOHOMepa. MeTuabHble IPYIIbI
B PCE Ha ocHOBe MPEG 0OKa3bIBalOT CUIBHOE 9Kpa-
HUpywllee feiicTBMEe Ha OTPUIIATE/IbHO 3apsKeHHbIe
KapboxkcunpHble Tpymnnbl. C IPyroit CTOPOHBI, Kap-
6oxcunbubie rpynnsl B PCE Ha ocHoBe TPEG BbI3HI-
BAaIOT CMJIPHOE B3aMMHOE OTTaJIKMBaHMeE MOMINMepa
U 9acTUI] 6EHTOHNUTA, YTO MPUBOAUT K YMEHbIICHNIO
Be/IMYUHBI aIcCOPOLNN.

3.2 /I3meHeHwe g3eTa-noteHumana 6eHTOHUTOBOW
cycneH3um ¢ PCE Ha ocHoBe MPEG/TPEG

VIsmeHeHNe fj3eTa-IOTeHIMaMa GEHTOHUTO-
Boit cycnensuu ¢ PCE Ha ocnose MPEG/TPEG npep-
CTaBJIeHO Ha puC. 4. [I3eTa-IOTEeHIIMA YMEHbIIAETCS
C MOBBILIEHNEM IIOTHOCTU KapOOKCUIBHBIX TPYIII
B PCE (or Mxxx-1 ;o Mxxx-6 n or Txxx-1 go Txxx-
6). ITpu o HOT M TOV Xe IIJIOTHOCTU KapOOKCHUIBHBIX
rpynn 6oee ZnVHHBIE 6OKOBbIE Ijeny OIArOMpusiT-
HO CKa3bIBAIOTCs Ha IOBBILIEHNUY A3€Ta-IOTeHI[Maja
gacTui OeHTOHNTA. YMeHbIIeHNe [3eTa-I0TeHI[MajIa
JacTul, 6€HTOHUTA C HOBBIIIEHMEM IIOTHOCTY Kap-
6oxcunpHbix rpynn B PCE npunucsiBaetcs afgcop-
OMpPOBAaHHBIM Ha ITOBEPXHOCTYU YaCTUI] MOJNEKYIaM
PCE, xoTOpbIe IOBBIIIAIOT 3JIEKTPOOTPUIIATETBHOCTD
IBOJIHOTO 37IeKTpuyeckoro cnos. OfHaKo yBeIudeHue
IJIMHBI 60KOBOIT L[eNN OMKHO 9KPaHUPOBATh OTPHU-
LaTeNbHBIN 3aps KapOOKCUIBHON I'PYIIIBI, HPUBO-
I K BO3PACTaHUIO [3eTa-MOTeHIMaIa 4acTu OeH-
TOHMNTA.

Molecular weight of side  ml T1200
chain // MonekynapHasa [l T2400
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Fig. 5. Effect of PCE on the fluidity of cement mortar with bentonite
Puc. 5. BnusHune PCE Ha NOABUKHOCTb LIeMEHTHbIX PaCTBOPHbIX CMecel ¢ fo6aBKol 6eHTOHMTa
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Fig. 6. Concrete workability
Puc. 6. Yno6oyKknagbiBaeMocTb 6ETOHHON cMecu

For the MPEG-based PCE, the concrete slump
is only 140-160 mm. The mix almost had no flowability.
This means the MPEG-based PCE is of great sensitivity to
clay-bearing aggregates. Otherwise, with the same dosage
of TPEG-based PCE, the concrete mix showed excellent
workability (see Fig. 6), which indicated TPEG-based
PCE is more clay-tolerant than MPEG-based PCE. In ad-
dition, improving side chain length of PCE molecules is
favorable for decreasing its sensitivity to clay. This is in
accordance with the mortar results in 3.3.

3.5 Improving clay tolerance of PCE
with PVA as sacrificial agent

The competitive adsorption isotherms of PCE
with different concentrations of PVA onto bentonite were
shown in Fig. 7. The adsorption amount of PCE decreased
with the increment in PVA concentration, indicating
that there existed competitive adsorption behavior be-
tween PVA molecules and PCE molecules. The variation
trend in adsorption amount of isotherms with certain
PVA concentration were different. When PVA concen-
tration was less than 0.15 g/L, PCE adsorption amount
increased firstly and then slowed down gradually until it
reached a platform. When PVA concentration was more
than 0.40 g/L, PCE adsorption amount increased at the
beginning and then decreased without reaching equilib-
rium, which indicated that competitive adsorption behav-
ior aggravated due to exchanging of PVA molecules with
PCE molecules adsorbed on bentonite [12].

concrete | 6eToH

3.3 Pasnuuusa B apdekTuBHOCTM BNnAHUA PCE
Ha ocHoBe MPEG/TPEG Ha noaBM»XHOCTb
CTPOUTENIbHOFO PacTBOPaA C 6EHTOHUTOM

Bnusanue ykasanubix Boinie PCE-nnactuduka-
TOpPOB Ha MOJBM>KHOCTD IIeMEHTHOJ PacTBOPHOI CMe-
cu ¢ 2% (oT Macchl eMeHTa) GEHTOHMTA MTPECTABIEHO
Ha puc. 5 (upu B/1] = 0,49, oTHOLIEHME TIECOK/I[eMEHT —
2,07, no6aBka PCE — 0,40% [oT maccs! iemenTal). B cny-
yae PCE na ocnoBe MPEG nipu yBennueHun miIoTHOCTU
KapOOKCU/IbHBIX IPYIII MOABVKHOCTb CHaYasa BO3pac-
TaeT, a 3aTeM cHIDKaercs. OJJHaKO IpU TOM Ke IJIOT-
HOCTM KapOOKCMJIBHBIX TPYIII A/IMHa OOKOBOJ Liemu
Ha MOJBIDKHOCTD BIMAET HeoAnHaKoBo. B cnyuae PCE
Ha ocHoBe TPEG mopBM>XHOCTh PacTBOPHOI cMecu
IIOBBINIAETCA C POCTOM IVIOTHOCTMU IIPY ITOCTOSTHHOM
IJIMHe OOKOBOM Ienu. ITO 0ObACHAETCA TEM, YTO IIO-
BBIILIIEHNME IVIOTHOCTY KapOOKCUIBHBIX IPYIIII CHIKAET
BpefHOe BAMsIHME OEHTOHNUTA ¥ YaCTUIIBI [[eMEHTa XO-
potro aucneprupyorcsa. Kpome Toro, mpy ogmHaKoBOI
IVIOTHOCTY KapOOKCUIBHBIX I'PYIIII HOABIDKHOCTD pac-
TBOPHOJ CMeC) BO3PacTaeT C yBeIMYeHMEeM IINHBL 60-
KoBoit enu. IIpu yBenudyeHun AAMHBI OOKOBOI Liemn
BeranHa afcopouu PCE 6eHTOHUTOM yMeHbIIAeTCs,
MeXTY TeM KaK cTepudeckas usonAanusa monexyn PCE
Ha IIOBEPXHOCTM YaCTUI] IJeMEHTa CHMKaeT TeHJIeH-
LU0 K aIJIoOMepaliyy ¥ yAydllaeT HOABMXKHOCTb pac-
TBOPHOJ CMECH.

3.4  YysctButenbHoctb PCE Ha ocHoBe MPEG/TPEG
K FIMHUCTBIM NPUMeCAM B 6ETOHHON cmecH

OKCIlepUMEHTBI ¢ 6eTOHHOI CMeChI0 IIPOBOJN-
nvick pst onenky yyBctButenbHocty PCE K rmue. Co-
cTaB GETOHHOI cMecu mpuBeneH B Tabn. 3. Vcmonbso-
BaHHBII B 9KCIIEPUMEHTAX [ECOK IPEACTABISI CO60IT
Hecok ¢ 13% ramHbl. JJaHHbIE TT0 yR060YK/Ia/[bIBaeMOCTI
6eTOHHOI cMecH MpUBeLeHbI B Ta0T. 4.

B cnyyae PCE Ha ocnoBe MPEG ocazika koHyca
6eTOHHOII cMecy COCTaBIANa BCEro MUIIb 140-160 MM.
CMechb o4ty He 06/1afia/a MOfBYDKHOCTBIO. DTO O3HaYa-
et, uto PCE Ha ocHoBe MPEG ob6/afaeT BBICOKOII YyB-
CTBUTENBHOCTBIO K IpMMecAM IMnHBL. C [pyToil CTOPOHBI,
npu toii xe camoit fose PCE Ha ocHoBe TPEG 6eTonHas
CMecCh IPOSBIIAET IPEBOCXONHYIO Y0O0YK/IaAbIBaeMOCTD
(cm. puc. 6), 9TO yKasbIBaeT HA MEHBUIYIO YYBCTBUTENb-
HocTb PCE Ha ocHoBe TPEG K I'IMHMCTBIM BK/IIOYEHM-
am nio cpaBHeHuto ¢ PCE Ha ocaose MPEG. Kpowme Toro,
yBenudeHne gnnHbl 60xoBoii renu monekyn PCE 6rma-
TOIPUATHO CKa3bIBaeTCA Ha YMEHbLIEHUU UX YYBCTBHU-
TeIbHOCTU K ITIMHE. DTO COITIACYETCs C pPe3yabTaTaMu,
MOTYYeHHBIMU IIPYU UCCIENOBAHUM CTPOUTE/NIBHBIX pac-
TBOPOB (CM. 1I. 3.3).

3.5  CHuxeHune yyBcTBUTENnbHOCTM PCE
K rMnHe ¢ nomoubto PVA B KauecTtBe
«wKEPTBEHHOWN» [O6aBKM

V3oTepMBl KOHKypupylomei agcopouun
PCE 6eHTOHMTOM IIpY PasaMYHON KOHLEHTPAL U
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Table 3. Concrete mix
Ta6bnuua 3. CocTaB 6ETOHHOWN cMecu

Material // Matepyan  Cement // LlemeHT Slag // Wnak  Fly ash // 3ona-yHoc Sand // Mecok  Gravel // [pasui  Water // Boga
kg/m? // kr/m? 360 72 48 725 887 157

Table 4. Concrete workability with clay-bearing aggregates
Tabnuua 4. Yno6oyKnagblBaeMocCTb 6ETOHHON CMECH Ha 3aMoNHUTENAX C MPUMECAMM FINHbI

Initial slump / Flow // 1 hour slump/Flow //

,\II'IOI'{/ PF(’:CEE// CoD,qusagel % //0/ HauyanbHaa ocagka KoHyca / PacnbiB KoHyca Ocapka koHyca (1 yac) / Pacnnbis KoHyca (1 yac)
‘ PAHARVETE 10, mm // OK, mu KO, mm /PK,mm  T1h,mm/ZOK1unmm Kl h mm/ZPK1 4 mm
1 M400-5 0,20 160 NA // HeT naHHbIx 130 NA // HeT naHHbIx
2 M1000-5 0,20 140 NA // HeT gaHHbIX 100 NA // HeT gaHHbIX
3 T1200-6 0,20 200 490 170 450
4 T2400-6 0,20 220 500 200 480
5 T4000-6 0.20 240 530 230 510

Effect of PVA dosage on the fluidity of cementc
mortar with 2% bwoc was shown in Fig. 8 (water/cement
ratio — 0.36, sand/cement ratio — 2.07, PCE dosage —
0.50% bwoc). Without PVA, mortar almost had no mobil-
ity, which is ascribed to the large amount of consumption
of PCE by bentonite resulting in inadequate dispersion
of cement particles. When PVA dosage increased from
0.25% bwoc to 1.00% bwoc, the mortar fluidity increased
from 130 mm to 310 mm. PVA adsorbed onto benton-
ite with PCE competitively and that decreased the PCE
adsorption amount, weakened the consumption of PCE
caused by bentonite. As a result, the insensitivity of ce-
ment dispersion with PCE was enhanced.

Conclusion

(1) TPEG-based PCE has more excellent clay-toler-
ance than MPEG-based PCE. Increasing carboxyl
density of main chain and side chain length of
side chain of PCE molecule is favorable for weak-
ening the sensitivity of PCE with clay-bearing ag-
gregates.

(2) PVA can serve as sacrificial agent to weaken the
sensitivity of PCE with clay-bearing aggregates
based on the severe competitive adsorption be-
tween PVA and PCE onto bentonite.
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Puc. 8. BnuaHne konnyectsa PVA Ha NoABUXKHOCTb

LeMeHTHOW cmecn ¢ ob6aBKoi 6EHTOHUTOM

4YTO NPUINNUCHIBAETCA CUNbHOMY nornomenuio PCE
6EeHTOHNTOM, MPUBOAAIIEMY K HEZOCTATOYHOMY
AVMCHePTUPOBAHNIO YAacTUI] IeMeHTa. [Ipu yBenu-
YeHUU copepxaHua fobasku PVA ¢ 0,25 go 1,00%
(oT Macchl IjeMeHTa), HOABMKHOCTD PACTBOPHOII
cmecu Bospactaet ¢ 130 go 310 mm. PVA agcop6bu-
pyercsa 6entoHnuToM B KonkypeHuuu ¢ PCE, a aTo
yMeHblnaeT Benuunuuy agcop6buuu PCE, 1. e. cokpa-
maeT nornowmenne PCE 6entonutoMm. Benencrue
3TOr0 YyBCTBUTE/NIBHOCTD LIeMEHTHOIl AUCIepCUN
¢ PCE cumxaercs.

3aknoyeHve

(1) PCE Ha ocHoBe TPEG o6nafaer ropasgo MeHb-
IIeil YyBCTBUTE/NIBHOCTHIO K IJIVHE IO CpaBHe-
Huio ¢ PCE Ha ocuoBe MPEG. IloBbinienne
IJIOTHOCTY KapOOKCMIIBHBIX IPYII ITIaBHOM
LleNM M YBe/u4eHye IIMHBL 60KOBOII Lielly MOJie-
kynbl PCE 6naronpusiTHO CKa3bIBaeTCs Ha CHU-
xeaun dyscrButTenbHoctu PCE x npumecam
TJIVHBI.

(2) PVA MoOXeT CIyXUTb «KepTBEHHOW» [06aB-
KOl /1l CHMXKeHusA 4yBCcTBUTenbHOCTU PCE
K IJTMHUCTBIM BK/TIOUEHUAM BCIIEICTBUE CUTBHO
BBIP@)KEHHOJ KOHKYPeHTHOIt agcopbruu PVA
u PCE 6eHTOHUTOM.
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== TARGETED SELECTION OF PCE-BASED
.rfj SUPERPLASTICIZERS FOR DRY MORTARS
% BASED ON VARIOUS BINDER SYSTEMS

Mionnep M., komnaHus Sika Services AG, Litopux, Lsenuapus; Manr ., komnarua Sika Deutschland, Slerimer, lepmaHus

LIENTEBOV MOABOP MONMMKAPBOKCUITATHbBIX
CYTMEPTTNACTVNOUKATOPOB /1A CYXMX CMECEW
HA OCHOBE PA3JTNYHDBIX BAXKYLLNX CUCTEM

Abstract

Today’s European dry mortar industry is a com-
petitive market characterized by strong price pressure.
At the same time, modern dry mortars have to meet the
highest quality standards and strict health, safety and
environmental regulations. To fulfil this, the targeted
selection of suitable raw materials and the knowledge of
their performance and desired and undesired intercon-
nections is required. With this in mind various commer-
cially available polycarboxylate ether (PCE) based super-
plasticizers are evaluated. The evaluation includes three
newly developed PCE powders. The selected application
systems require excellent flow characteristics: grouts and
self-levelling compounds based on cement, gypsum and
ternary binder systems. Recommendations are given for
the targeted selection of the appropriate additives and for-
mulation adjustments according to their intended purpose.

Key words: dry-mix additive; superplasticize; ce-
ment; anhydrite; self-levelling underlayment; screed; grout;
polycarboxylate; melamine; REACH; VOC; formaldehyde.

Introduction

Modern high-performance dry-mix formulations
such as self-levelling compounds and tile adhesives can
comprise up to 20 different ingredients. Dry mortar
manufacturers make considerable experimental efforts
not only during the initial development of a mix design.
Extensive and continuous recipe maintenance is required
due to technical (e. g. changing binder properties), eco-
logical (e. g. reduced indoor emissions, EC 1PLUS label,
Blue Angel, LEED) and economic reasons (e. g. formula-
tion cost optimization). These efforts can be significantly
reduced by targeted selection of suitable dry mortar com-
ponents and the knowledge of their potential interactions.

One of the fastest developing additive segments
is superplasticizer based on polycarboxylate ether (PCE).
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AHHOTAUMA

B HacrodAmee BpeMA IPOMBIIIIEHHOCTb CyXUX
cMmeceit B EBpornie ABNA€TCA KOHKYPEHTHBIM PBIHKOM,
KOTOPBIJ 3aMETHO BIMAET Ha LieHbL. B TO ke Bpem: co-
BpEMEHHbIE CyXIe CMECH JJOTIKHBI COOTBETCTBOBATD BBI-
COYalIIMM CTaHAApTaM KayecTBa U CTPOTUM TpeOOBaHu-
SIM T10 IPOMBIIIEHHOT 11 9KOJIOTMYeCcKOil 6e30IacHOCTI.
Jl71s1 BBIIOZTHEHN ST JAHHBIX TPeOOBAHMUII BaXXHO IIPOBO-
JUTD LieIeBOIT BEIOOP HEOOXOAMMOTO CHIPBS C YYETOM MX
pabouMx Imokasaresneil ¥ XMMUIECKUX CBONCTB. C yde-
TOM 3TOTO OblNIa IIPOBefieHa OLIEHKA PasIMYHBIX NMEI0-
I[MXCS B IPOJaXke CYNepIIacTu(UKaTOPOB Ha OCHOBE
a¢upos nonukapbokcunara (IIKJ). B pabore orennpa-
JIVCh TPY HeJlaBHO pa3paboTaHHBIX NOpoIIKoBbIx ITK3.
Beimn onpepeneHsl 06/1acTy UX MPUMEHEHN A, KOTOpbIe
TpeOyIoT obecreveHn s BBICOKMX PEONTOTMIeCKIX MOKa-
3aresiell PaCTBOPHBIX I CAMOBBIPaBHUBAIOIINXCA CMeCel
Ha OCHOBeE IIeM€HTa, TUIICA ¥ TPEXKOMIIOHEHTHBIX BAXKY-
mux. B craTbe mpuBOAATCA peKOMEHIALMY O TOAO0PY
COOTBETCTBYIOLINX H06aBOK ¥ KOPPEKTUPOBKE COCTaBa
CMeCH B COOTBETCTBUI C IIPeAIOaraeMoi 061acTbio
IpYMEHEeHA.

Kntoueswie cnosa: 0o6asku 0ns cyxux cmeceti; cy-
nepnaacmupukamop; uemenm; aHeuopum; cMecb Hanomb-
HAsT CAMOBBIPABHUBAIOUASICS NOO PUHUUHYI0 OMOENKY;
CMeCb HANOMbHAS 0N CIANKU; PACIEOPHAS CMeCh; NO-
nuxapooxcunam; menamur; mexHuveckuii peenamenm EC
«ITopadok 2ocydapcmeenHotl peeucmpayuu, SKcnepmu3ol
U TUUEeH3UposaHu xumuveckux sewecms» (REACH);
YPOBHU 6bI0POCOS NIEMYHUX OP2AHUMECKUX COeOUHEHU]
(JIOC); popmanvoezud.

BBepgeHune

CoBpeMeHHBIe BBICOKO3((PeKTUBHbBIE CO-
CTaBBl CyXUX CMecell, TaKie KaK CaMOBBIPaBHUBA-
foIMecst M OOMMIOBOYHbIE K/Ie€Bble CMECH, MOTYT
BK/IIOYaTh B ce6s 0 20 pasnIMyHbIX KOMIIOHEHTOB.



Besides various technical and economic advantages of
PCEs versus conventional flow agents, their success is
due to EHS-related advantages. In this regard, in partic-
ular the formaldehyde issue has to be mentioned which
requires the exchange of melamine-based products ac-
cording to the REACH regulation [1, 2, 3]. PCE can be
described as polymers similar to a comb in shape. By
varying the polymer structure, the properties of the re-
sulting superplasticizer can be influenced. The main para-
meters which are varied thereby are the length and na-
ture of the polycarboxylic acid backbone and the length
and number of side chains used. These essential proper-
ties can be adjusted for each application. In addition, the
PCE technology allows target-oriented combination of
different polymer structures, as shown e. g. in [4]. This
allows adjusting essential characteristics tailored to the
respective application.

First-generation PCE powders — which were com-
mercially available in the early 2000s — performed well
in ordinary Portland cement systems. In binder systems
with high C;A, high alkali and/or high sulphate content
and in combination with retarders, in particular citric
acid, performance losses and undesired side-effects like
set-retardation were seen, instead.

An extensive laboratory evaluation of 13 different
commercially available superplasticizers in 13 representa-
tive dry-mix application systems was performed, generating
more than 3 000 individual data. In the following, selected
study results are presented which have also been published
in [6]. In focus are especially high-performance dry-mix
formulations for flooring applications based on ternary and
gypsum binders.

Methods

All used PCE-based superplasticizers are com-
mercially available products (Sika® ViscoCrete® Powders).
Standardized lab-test methods were applied to evaluate
fresh and hardened mortar properties, including:

> Initial slump flow and workability time using EN
ring (SLU) or Higermann cone (SLS);

Flow time using 6 mm Ford cup;

Fresh mortar density and air content;

Start and end of setting by Vicat method;
Compressive and flexural strength using 40 x 40
x 160mm prisms.

vV vVvVvVvVvVvy

In addition, the structure development was con-
tinuously evaluated using ultrasonic testing method.

Discussion of results

In the following, the mortar test results for two
dry-mix systems are presented and discussed:

> Self-levelling underlayment (SLU) based on a ter-
nary binder system (CAC-C$-OPC);
> Self-levelling screed (SLS) based on natural anhydrite.
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[TponsBoguTeNU CYyXUX CMeECeil IPOBOJAT 3HAUMUTEIb-
HBIT 06beM SKCIIePUMEHTA/NIbHBIX PaboT He TOMBKO
B [IepPHOJ [IEPBOHAYAIBHOI pa3pabOTKI COCTaBA CMECHL.
TexHudeckye (Halp., U3SMEHeHMe COCTaBa U IapaMe-
TPOB BSDKYIINX), SKOJOTMYeCKYe [Hallp., YMeHbIIeHMe
9MMUCCUY BPEJHBIX BEIIECTB B TOMEIEHUAX, MAPKUPOB-
ka EC 1PLUS, snak «T'ony6oit auren», cucrema cepTu-
¢ukanun 3garnit LEED («PykoBofcTBO 110 9Heproad-
(eKTUBHOMY ¥ 3KOTOTMYECKOMY IIPOEKTHMPOBAHUIO»)]
Y 9KOHOMMYeCKIe IPUYMNHBI (HAIp., CHI)KEHUE CTOM-
MOCTH cMecH) TPe6YIOT IIOCTOSAHHOTO U THIATeIbHOTO
KOHTPOJIA cocTaBa cMecu. O6beM 3TUX paboT MOXKeT
OBITb 3HAYUTETBHO COKPAIl[eH IIyTeM Ile/IeBOro BbIOopa
HeoOXOMMBIX KOMIIOHEHTOB CYXUX CMeceil 1 6maro-
fapsi Y4eTKOMY IOHMMAaHUI0 MeXaHM3Ma UX BIUSIHUSA

APYT Ha #pyTa.

OpuuM u3 Haubomee 6GHICTPOPA3BUBAIOLINKCS
CerMEHTOB Ha PbIHKe [00aBOK ABIAIOTCS CyIepIla-
cTU(UKATOPHI HA OCHOBE 3(QVPOB MOTNKAPOOKCUTATOB
(ITKD). Kpome pa3nmMyuHBIX TeXHUYECKNX U SKOHOMU-
YeCKMX NPEUMYIIeCTB 3TUX [0OaBOK I10 CPAaBHEHNIO
C TPafAUIMOHHBIMMI MIACTUPULNUPYIOIUMU K06aB-
KaMH, UX UINPOKOe IPUMEHEeHEe CBA3aHO CO CHIDKe-
HJeM BIVUAHMA Ha OKPYKAIOIYI0 Cpefy, 3T0POBbe
u 6e30IIacHOCTDb XU3HegeATenbHocTH [1, 2, 3]. IIKD
MO>KHO ONNCATh KaK MONUMeD, MOX0XUil 1o popme
Ha pacuecky. IlyTeM M3MeHEHMs CTPYKTYPBI IONMMeE-
Pa MOXXHO M3MEHSITh XapaKTePUCTUKYU CyIepIIacTh-
¢uxaropa. OCHOBHBIMY M3MEHsIEMbIMI IapaMeTpaMu
ABAAIOTCA [JIMHA U COCTaB IJIABHOMN LeNU U3 IOJN-
KapbOOHOBOI KMCIOTHI, @ TAK)KE [I/INHA Y KOTTUIECTBO
OOKOBBIX IieTIell. Y OT/HeNbHBIX BULOB MCIOTb3YEMBIX
cMeceil 3TU IapaMeTpbl MOTYT ObITh M3MeHeHbI. Kpo-
Me Tor0, TexHonorus [IKS mo3Bosser oCcyIiecTBaATH
1[e/IeBOTI TOXO0p KOMOMHALMY PAa3NUIHbIX ITONTNMep-
HBIX CTPYKTYP, KaK IIOKa3aHo, Hanpumep, B [4]. Ta-
KYM 00pa3soM MO>XHO M3MEHATb OCHOBHBIE XapaKTe-
PUCTUKIM B 3aBUCUMOCTH OT IIPeAronaraeMoi obmactu
NpUMEHEHN .

IHopomku IIKS nmepBoro moxkoneHus, KOTO-
pble MOABUINCH Ha pbIHKe B Havajne 2000-x, nmenu
XOpollMe XapaKTepPUCTUKM B COCTaBaX Ha OCHOBE
06p1uHOTO MopTnaHjueMenTa. OQHAKO B COCTaBax
C IpMMEHEHMEM BSKYIIMX BEUIECTB C BBICOKMM CO-
mep>xanueM C;A, BbICOKOJ L1€TOYHOCTDIO M/M/IN BBI-
COKUM COZepXaHMeM CyIb(}aToB U B COYETAHNN C 3a-
MeJI/INTeNAMY CXBATbIBAHN A, B YJACTHOCTH TMMOHHOI
KJICTIOTON, Hab/II0[ja/I0Ch CHIDKEH e IPOYHOCTY U He-
XejaTenbHble TO60YHBIE 3¢ (HeKThl, HAIPUMEDP 3aMef-
TeHue CXBAaThIBaHM .

Bblu poBefieHbl 00N PHbIE KOMIIEKCHBIE JTa-
6opaTopHbIe MCCIENOBaHMs 13 MMEWMXCsI HA PBIHKE
cyneprnacTudpuKatopoB B 13 BUAAX TUIOBBIX CYXUX
cmeceii (6onee 3000 BapuanToB). Huxxe npefcraBieHs
OT/ie/IbHBIE Pe3Y/IbTAThI MICCTEJOBAHISE, KOTOPbIE TAKXKE
ny6aukoBanuch B [6]. Bonbinoe BHMMaHMe ObLIO yiene-
HO IOf100PY COCTABOB BBICOKO(YHKIIMOHATBHBIX CYXUX
CMeceil, UCIIO/Ib3YEeMBIX IIPY YCTPOVICTBE HAIIOMBHBIX
MOKPBITUI Ha OCHOBE TPEXKOMIIOHEHTHBIX U TUIICO-
BBIX BSDKYIIVX.
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SLU based on ternary binder
system (CAC-C$-0P(C)

The selected ternary binder system is widely used
in the dry mortar industry for applications like high per-
formance floor levelling compounds. It consists of calci-
um aluminate cement (CAC) as the major component in
combination with calcium sulphate (C$) and with minor
amounts of ordinary Portland cement (OPC), see Table 1.

During hydration of the binder components pre-
dominantly ettringite (C;A-3C$-32H) is formed. It in-
corporates a high amount of water, resulting in rapid
hardening and rapid drying of the mortar as well as ex-
cellent shrinkage compensation behaviour. [7] To fulfil
the strength requirements of the hardened mortar, the
water-demand of the dry mortar is limited to 21%. Con-
sequently, a superplasticizer is necessary to reach the
required fresh mortar properties, in particular the self-
levelling effect. A selected range of PCE-based super-
plasticizers was evaluated. The most relevant rheological
parameters of the SLU are described by:

> Water reducing power (corresponding measure:
initial slump flow);

> Slump keeping effect (corresponding measure:
slump flow at different times), and

> Viscosity influence (corresponding measure: flow

time) of the different PCE.

For the interpretation of the test results it is im-
portant to know, that both EN rings for the flow tests are
filled immediately after mixing. One is pulled right af-
ter that, the second after 30 minutes. As shown in Fig. 1,
different PCE dosage amounts are required to reach the
targeted initial flow and workability time. The most ef-
tective PCE (with the lowest dosage amount) tendentially
also reach shorter flow times than those polymers which
need to be dosed much higher.

Dopaa, cek
oo
o
S
[N

PCE dosage // Copepxatie MK3

Flow with EN-ring, mm / Fow time with Ford
cup, sec // PactekaemocCTb Mo CTaHAapTHOMY
KkonbLy (EN), mm/ Bpema ncteueHns 8 BOpOHKe

VGI11P
VCG125P
VCG150P
VG225P
VCG430pP
VG510P
VG520P

Initial flow // HauanbHas pacTekaemocTb
Flow after 30 min // PactekaemocTb uepe3s 30 M1H
Flow time // Bpema vcTeueHuns

+ PCE dosage // Copepxatne 1K

Fig. 1. Slump flow over time and flow time using
different PCEs; dosage adjusted to the initial flow
requirements

Puc. 1. PacTekaemocTb pacTBOpPHO CMeCK B 3aBUCMMOCTM
OT BPEMEHU BblA€PXKKM N BPeMA NCTeueHNnsa B
3aBucuMMocT ot Buaa MK (cogeprkaHne gobaBku
noabupanocb B COOTBETCTBIM C Tpebyemol
HavanbHOW pacTekaemMoCTblo)
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Mertompbl UCCIETOBaAHU S

ITpuMeHATNCh TONBKO MMEIOMINECS B IIPOJaske
cynepmacTudukaTopsl Ha ocHoBe ITKO (mopomkn Sika®
ViscoCrete®). [l uccnenoBaHus IoKa3aTeeil pacTBOp-
HBIX CMeceil MCTIONb30Ba/IN CTaHJAPTHDIC METO/bI 1ab0-
PaTOPHBIX UCIIBITAHMIL:

> HavaspHasl PaCTEKAEMOCTh U PabOTOCIIOCOOHOCTD
cMecell (coxpaHeHMe MOABIDKHOCTI BO BpeMe-
HI), C IpYMEHeHNeM CTaHJAPTHOTO KOJ/IbLa IO
EN (cmecu HamonbHbIe CaMOBBIPaBHMBAOIIECS
1oy, GUMHNIIHYIO OTENKY) MM KOHyca XerepMaH-
Ha (CMecy HAITOTbHbIE CAaMOBBIPaBHUBAIOIVECS
IVIS CTSKKI);

> BpeMs UCTeYeHN s, C MCIIONIb30BAHEM BOPOHKM
®oppa (6 Mm);

> IJIOTHOCTb PacTBOPHOI CMeCH U BO3ZYXOCOTep-
KaHue;

> BpeMs Hadaja ¥ KOHIIA CXBAaTBIBAaHNA IO METO-
1y Buka;

> IpefeN MPOYHOCTH IPU CKATUU U U3TUbe C MC-

H0/Ib30BaHMeEM 00pa3LoB-ipu3M 40 x 40 x 160 Mm.

Kpome Toro, npouecc pa3paboTKM CTPYKTypbl
obpasia ITOCTOSIHHO KOHTPOIMPOBAJICS NIPU TIOMOIIN
YIbTPa3ByYKOBOTO MCCIEJOBAHNA.

06cyaeHue pesynbTaToB

Hanee mpezncTaBIeHbl M IPOAHAIN3MPOBAHBI pe-
3y/IbTAThl MCCIIEJOBAHMIT PACTBOPOB U3 ABYX CIEAYIO-
IMX CYXUX CMecelr:

> HaIloJIbHbIEe CaMOBBIpaBHMBaoINecs nop u-
HumHyo otgenky (HCB®) Ha ocHOBe TPeXKOM-
HOHEHTHOro BsKy1iero coctaBa (CAC-C$-OPC:
[IMHO3eMUCTBII LleMeHT — CynbdaT KambIus —
HOPT/IaHAIIEMEHT);

> HAITOJIbHBIE CAMOBBIPaBHMBAIOIVEC IS CTSXK-
k1 (HCBC) Ha 0CHOBe IPMPOJHOTO AHTUAPUTA.

CMecu Haro/bHble CAMOBbIPaBHUBAOLMECS
nop uaNmEy otaenky (HCBD)

Ha OCHOBE TPE€XKOMIIOHEHTHOI

BsoKyeit cucremsl (CAC-C$-OPC)

Bei6paHHast TPEXKOMIIOHEHTHAsI BSDKYIAsl CU-
cTeMa LIMPOKO UCIIONb3YETCsI IPK IIPOMU3BOLCTBE CYXMUX
cMeceil [ BHICOKOQYHKIIMOHA/TBHBIX HATIOTbHBIX BbI-
PaBHUBAKOIINX cOCTaBOB. OHA COCTOUT U3 TIMHO3EMM-
croro nemenTa (I'Ll), OCHOBHOTO ee KOMIIOHEHTa, CY/Ib-
¢ara xanbuus (C$) u HeOONBIIOTO KOMMIECTBA OOBIYHOTO
noprnanpuementa (I11), cm. Ta6m. 1.

B nporecce rupjparanuy KOMIOHEHTOB BSIKY-
IIell CUCTEMBI B OCHOBHOM (OPMUPYETCS STTPUHTUT
(C5A-3C$-32H). Ou comep>xut 60/blI0e KOMTUIECTBO
BOJIbI, BC/IE[ICTBIE Y€TO PACTBOPHAS CMECh OBICTPO TBEP-
lleeT ¥ BBICHIXAET, IPU STOM MPOUCXONUT Hale>KHASA
KoMIeHcanus ycapku [7]. IInsa obecnedeHns BHICOKUX



Table 1. SLU dry-mix formulation
Tabnuua 1. CocTaB cyxoin cmecn HCBO

Component // KOMNOHeHT %
Portland cement (CEM | 42.5R) //

MopTtnanauemeHT (CEM | 42.5R) 0
Calcium aluminate cement //

[MNHO3EMUCTBIN LIeMeHT 1600
Alpha hemihydrate // [1nc BbiCOKOMPOYHbI 5.00
Sand 0.1-0.4 mm // Mecok 0,1-0,4 mm 44.00
Limestone filler // M13BecTHAKOBbIN 50xx
HanoHuTe b

Redispersible povvdﬁr// 150
Pegncneprmpyemblin MOpOLOoK

Activator Lithium carbonate // YckopuTens 0.06
(TBEpOEHNS) — KapbOoHaT NUTKNs

Retarder combination // 3amegnutens 012
TBEpOeHNA

Stabilizer combination // KomnnekcHas 0,06
CTabunmsnpytolias gobaska

Superplasticizer // Cynepnnactudurkatop pa3$!aHE||§ é/m,uu
Defoamer // MNeHoracuTesns 0.05

The different polymers do not only have an indi-
vidual effect on the rheological properties of the fresh
mortar, they also have an individual influence on the
setting, hardening and strength development (see Fig. 2
and Fig. 3).

Nevertheless, there is a tendency that the more
effective a PCE is (resp. the lower its dosage is), the less
it retards the binder setting. This is accompanied by im-
proved strength development of mortars formulated with
the suitable polymers. For the correct interpretation of
the results it must be added, that all hardened and dried
mortars had constant raw density of 2.08 £0.005 g/cm’,
accordingly the similar air content.

In the given example, a self-levelling underlayment
based on a ternary binder system, Sika ViscoCrete-510 P
fulfils the requirements best: the target slump flow is
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Start of setting // Hauano cxsatbiBaHua
End of setting // KoHel| cxBaTbiBaHuA
# PCE dosage // ConepxaHue K3

Fig. 2. Start and end of setting of the mortar using
different PCEs (dosage adjusted to the initial flow
requirements)

Puc. 2. Hauyano n KoHel cxBaTbiBaHNA PacTBOPHON cMecu
B 3aBUcMMoOCTM oT Buaa MK (cogepkaHue pobaBku
nof6upanocb B COOTBETCTBUN C TpebyemMoi
HayanbHOWN PacTEKAEMOCTbIO)
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Tpe6OBaHNUII IO MPOYHOCTHBIM MOKa3aTelAM PacTBO-
pa HeoOX0nMO, YTOOBI BOLOIOTPEOHOCTD CYX0it CMe-
cu He npepbimana 21%. CoOTBETCTBEHHO, 1A IONY-
4eHMs TpeOyeMBIX XapaKTEPUCTUK PACTBOPHOI CMECH,
B 4aCTHOCTM 3¢ deKTa caMOBBIpaBHUBAHMA, HEOOXOIM-
MO BBefieHNe cynepIuacTudukaropa. boiio mposeneHo
cpaBHeHMe 3 (PEeKTUBHOCTHU CyNepnIacTUPIKATOPOB
Ha ocHoBe ITKD. [l saToro Hanbosee IONXOAAT CIeNy-
ol Ke peonornyeckue napamerpsl gasa HCBO:

> BOJOPERYLMPYIOLIas CIIOCOGHOCTD (COOTBETCTBYIO-
IV TIOKA3aTeNb: HAYa/IbHAS PACTEKAEMOCTD CMeCH);
> PaboTOCIOCOGHOCTD cMecH (COOTBETCTBYIOILIMIA ITO-
KasaresIb: 3aBUCHMOCTb HIOIBYDKHOCTH OT BPEMEHN);
> B/IMSIHYE HA BA3KOCTD (COOTBETCTBYIOLIMII TTapa-

MeTp: BpeMs VICTeYeHN ).

Jns aHanu3a pe3ynbTaTOB MCIBITAHNUI BayKHO IO-
HIMATb, 4T0 06a cTaHgapTHHIX Konbua EN sanonssorcs
cpasy nocre nepememmnBanusi. OguH obpaser; UCIBITHI-
BaeTcs cpasy nocie GopMoBaHUA, a ApyTroil — depes 30
MIH. JlaHHbIe, TpeACcTaB/IeHHbIe Ha PUC. 1, TOKa3bIBAIOT,
4TO [1s1 0OecIeveH s Ha4aabHO PacTeKaeMOCTH U pa-
60TOCIIOCOOHOCTI TPebyeTCst Pa3INIHOE KOMNIECTBO
[IK3. Haubonee abdexrususe [IKD (c HanumeHbinm
3aJaHHBIM COflep>KaHMeM), KaK IPaBIUjIO, 00eCIedBaOT
MeHblIlee BpeMsI MCTedeH N, YeM OIMMepBI, Tpebyiolie
BBe[eHMA 6O/IBIIETO KOMMYECTBA OOABKMA.

Pasnn4uHble MONMMMePHI He TONBKO HO-pasHOMY
BIIVISIIOT HA PEOJIOTMYECKIE XapaKTEPUCTUKI PACTBOPHOM
CMeCH, HO M OKa3bIBAIOT BIINSIHIE HA CXBAThIBAHIIE, TBEP-
[eHJe ¥ KMHeTUKY Habopa Ipo4yHOCTH (CM. puc. 2 1 3).

Tem He MeHee creflyeT OTMETUTD, YTO YeM BBbILIe
apdexrnBHOCTD [IKD (M 4eM HUXKe ero comepkaHnue),
TeM B MEHBIIIel CTEIIeH) OH 3aMeJiIAeT IMPOIecC CXBAThI-
BaHUA pacTBOpHOI cMecu. Hapany c aTum yBenuynsa-
eTCsI CKOPOCTh Habopa MPOYHOCTH PacTBOPOB C J0OaB-
KaMJ COOTBETCTBYIOIMX MOAMMEPOB. 714 mpaBUIbHOM
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Compressive strength after 1 day //

lpoyHoCTb Npy CKaTvn B BO3pacTe 1 CyToK

Flexural strength after 1 day //

MpoyYHOCTb NPy U3rnbe B BO3pacTe T CyToK
# PCE dosage // Copepxatiie MK

Fig. 3. 1-day-strength of the mortar using different PCEs
(dosage adjusted to the initial flow requirements)
Puc. 3. MpoyYHOCTb pacTBOpa B BO3pacTe OfHUX CYyTOK

B 3aBUcMMOCTM OT Buaa K3 (cogep>kaHue nobaBku
nop6upanocb B COOTBETCTBUY C Tpebyemon
HayanbHOM pacTekaeMoCTbio)
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reached with low dosage, the workability time of 30 min-
utes is given, the fresh mortar has low viscosity and the
mortar is characterized by unaffected setting behaviour
and excellent strength development.

SLS based on natural anhydrite

In contrast to calcium sulphate hemihydrate
(CaS04-¥5H,0, e. g. gypsum plaster), anhydrite (CaSO,)
reacts slowly with water and usually turns not fully into
gypsum (CaSO,-2H,0). This is due to the relatively low
solubility difference of anhydrite and dihydrate. For ap-
plications of anhydrite in the construction industry, the
reaction rate must therefore be increased significantly;
anhydrite must be stimulated. This is possible in principle
by a finer milling of the anhydrite raw material and by
changing the solution conditions, for example due to the
addition of various salts (activator). Since the first option
is very energy intensive, various salts are added to anhy-
drite formulations for the flow screed production. [8, 9]

In the given case, a mixed activation — including
sulphatic (K,SO,) and alkaline component (CEM I) —
is applied (see Table 2). To fulfil the strength require-
ments of the hardened mortar, the water-demand of the
dry mortar is limited to 15%.

A selected range of PCE-based superplasticizers
was evaluated. The most relevant rheological behaviour of
the SLS is described by the water reducing power (initial
flow) and the slump keeping effect of the different PCEs.
During flow testing, the mixed material was left in the
covered mixing vessel and mixed again shortly with low
mixing intensity (15 sec at Hobart mixer level 1) before
the next slump flow test was performed (after 30 and 60
minutes). Selected test results are presented in Fig. 4. In
case of those PCEs, which are tailor-made for cementi-
tious applications (e. g. Sika ViscoCrete-1XX P series), in-
efficiently high dosage is required to reach the targeted
initial flow of the anhydrite screed. These mortars show
a further increase in flow during the first hour. This ef-
fect — known as after-wetting — can lead to undesired
sedimentation and bleeding during screed installation
causing inhomogeneities and surface film formations. In
some formulations, on the other hand, this can help to
achieve longer consistency preservation. If combined with
a PCE with strong initial flow, both effects can eliminate
each other, as exemplary proven in [5].

Table 2. SLS dry-mix formulation
Tabnuua 2. CoctaB cyxoi cmecu HCBC

Component %
Natural anhydrite // NMpvpoaHbI aHrMapuT 42.00
Sand 0.4 mm // NMecok 0,4 Mm 56.XX
Activator | (CEM | 42.5R) // 100
AxTmsatop | (CEM | 42.5R)
Activator Il (K;SO.) // AkteaTtop Il (K;SO.) 040
Variable //
Superplasticizer // Cynepnnactuonkatop PaznnuHble
BIabI
Defoamer // MNeHoracutens 0.01
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300 0.12

250 010

200 0.08

150 0.06

100 0.04

KOHycCa XerepmaHHa, Mm

O
2
Dosage, % // CopepxaHue, %

50 0.02

Flow with Hagermanne cone, mm //
PacTekaemMoCTb Npn NCoNb3oBaHUN

G430P

VGI11P
VG120P
VCG125P
VCG150P
VG225P
VGS510P
VG520p

Vi

Initial flow // HauanbHas pacTekaemocTb
Flow after 30 min // PactekaemocTb uepes 30 MuH
Flow time // Bpema ncteueruns

* PCE dosage // Copepxanue K3

Fig .4. Screed flow behaviour over time using different PCEs;
dosage adjusted to the initial flow requirements
Puc. 4. Peonornuyeckne nokasatenu pacTBOPHOI cmecu

Nno BPeMeHU Bbiie XKW B 3aBMCMMOCTN OT BMAaa MK
(copepkaHune nob6aBKM Nof6MPanocb B COOTBETCTBUN
c Tpebyemoit HayaNbHOW pacTeKaemMoCTblo)

MHTEpIpeTaluM pPe3yNbTaTOB ClefyeT YYUThIBATD,
YTO BCe 3aTBepHeBLINE Y BBICOXIINE PACTBOPHI MMEIOT
IOCTOSIHHYI0 IVIOTHOCTH 2,08 0,005 r/cM’, B cooTBert-
CTBUM C MX BO3AYXOCOHEepKaHMEM.

B npusenennoM npumepe cMecb HCB® Ha ocHOBe
TPeXKOMIOHeHTHOro Bspxymero Sika ViscoCrete-510 P
UJieaJIbHO COOTBETCTBYeT TpeOOBaHUAM: 3a/JaHHBII II0-
Ka3aTeb PACTEKAeMOCTH JJOCTUTAETCSA MPY HU3KOM CO-
IepXXaHuy, paboToCIOCOOHOCTh CMeCK COOTBETCTBYET
TpebyeMoMy 3HadeHN0 30 MMH, BpeMsl CXBaTbIBAHISI
0CTanoch HeM3MeHHBIM. KpoMe Toro, pacTBopHas cMech
XapaKTepusyeTcs HU3KOI BA3KOCTDIO ¥ OTINYHOM KMHe-
TUKOIT Habopa MPOYHOCTH.

Cmecr HanonbHble CaMoOBblpaBHMBaoWwmeca
ANA CTAXKKN Ha OCHOBE NMPUPOAHOro aHrmapnTa

B ormmume oT monyBOZHOTrO Cynbdara KaabLyus
(CaSO4-%2H,0, T.e. CTPOUTENBHBII TUIIC), AHTUTPUT
MEJITIeHHO pearupyeT ¢ BOROI 1 OOBIYHO He IIOTHOCTDIO
npespamaerca B runc (CaSO4-2H,0). 910 mpoucxoput
13-32 OTHOCUTE/IbHO HeOOBIION PasHNIbI B PACTBOPUMO-
CTM aHruppuTa u gurugpara. [Ipu ucnonb3oBannm aHIu-
[pUTa B CTPOUTENBCTBE CKOPOCTb peaKL{My JO/DKHA OBITH
3HAYMTENTHHO BBIIIIE; JI/ISI 9TOTO AHTUAPUT HEOOXOIMMO aK-
TUBUPOBATh. ITO BO3MOXXHO Ipy 60jiee TOHKOM ITOMOJIe
QHTUJIPUTOBOTO ChIPbS U IBMEHEHWM YCIIOBIUII IPUTOTOBTIE-
HUA pacCTBOPHOII CMeCH, HallpuMep, IIyTeM BBeJleHN s pas-
JIMYHBIX COJell (BBICTYIAIOMIMX B Ka4eCTBe aKTUBATOPA).
ITockoNbKy ITepBbIll BApMAHT OTIMYAeTCs OOMBIION SHep-
FOEMKOCTBIO, B COCTaBbI HA OCHOBE aHTMAPUTA /IS CTSDKKIA,
KaK IIPaBUIO, BBOASATCS pasnudHble con [8, 9].

B pabore mMcmonb30Bajcsa CMEIIaHHBIN aK-
TUBATOP TBepPHEHMs, BKIYAMINI Cyn1bdaTHBIN
(K;SO4) u menounoit kommnoHeHTsl (emedT CEM 1)
(cm. Tabm. 2). st cobniogeHns CTporux TpeboBaHmit
K IPOYHOCTHBIM IIOKA3aTesIM PacTBOPa HEOOXOmu-
MO, 4TOOBI BOJOIOTPEOHOCTD CYXOil CMECH COCTAB-
nana He 6omnee 15%.



In case of some polymers, too high dosage also
causes retardation of the binder setting and hardening
(see VC-120 P in Fig. 5), leading to green strength losses
(see VC-120 P in Fig. 6). For the screed manufacture that
means: if the room climate during screed installation al-
lows drying of the screed — in particular at higher tem-
peratures and/or air flow — even the final strength of the
screed can be reduced.

PCEs tailor-made for calcium sulfate based dry-mix-
es, on the other hand, reach the initial flow requirements
of the anhydrite screed at lower dosage level (78% lower
dosage in case of VC-510 P, see Fig. 4). Assuming equal
PCE prices, these solutions result in significantly lower
formulation costs. In contrast to the previously described
after-wetting and set-retardation, these PCEs liquefy the
mortar predominantly in the first minutes. Already within
the first hour, the screed flow is reducing (see e. g. VC-510
P after 30 and 60 min in Fig. 4) and its strength starts de-
veloping (see Fig. 5 and Fig. 6). For the screed manufacture
that means: once the mortar is mixed with water, pumped
to the place of installation and homogeneously distributed,
the unhindered binder setting and hardening starts. This
can contribute to quicker construction progress and thus
increased construction process efficiency.

In the given example, a self-levelling screed based
on natural anhydrite, Sika ViscoCrete-510 P fulfils the
requirements best: the target slump flow is reached with
low dosage, the workability time is sufficient and the
mortar is characterized by unaffected setting behaviour
and excellent strength development.

Nevertheless, in cases where the applicator re-
quires longer workability time, the combination of two
polymers (e. g. VC-510 P and VC-125 P or VC-430 P) has
been proven to be a very efficient option, see [5].

Furthermore, the setting time can be perfectly ad-
justed by using a gypsum set-retarder like Sika® Retardan’.
As known from application, the setting-time adjustment
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Figure 5.  Continuous evaluation of the screed structure
development process using different PCEs (dosage
adjusted to the initial flow requirements) by
ultrasonic transmission

Puc. 5. YnbTpa3ByKOBOW MOHUTOPUHT npoLjecca
bopmMupoBaHNA CTPYKTYPbI CTAXKW Npr
MNcnosib3oBaHumM pasnnyHbix MK (c fo3uposkon,
COOTBETCTBYIOLIEN MUHMMANbHBIM TpeboBaHUAM MO
pacTekaemocT)
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Brino nposefeHo cpaBHeHUe 3G HEKTUBHOCTI
UCIIONIb30BAHHBIX B paboTe CylepIIacTu(dUKaTOPOB
Ha ocHoBe [TIK3. Haunbosnee mogxonsmum peonormdie-
ckuM nokasarenem HCBC aBnderca Bogopenyuupy-
IoIjass CIOCOOHOCTD, KOTOpasA OIpefenseTcsa IO Ha-
4ajbHOM pacTeKaeMOCTU U PaboTOCIHOCOOHOCTHU
npu ucnonbzopaHuy pasnuunbix I1KD. IIpn ucnsira-
HIAX Ha PaCTEKaeMOCTb CMeCh B 3aKPBITOM CMeCHTee
IepeMelnBanach Ipy HU3KOM MHTEHCUBHOCTH Bpalile-
Hus (15 cex mpu 1-M ypoBHe MOIHOCTY MuKcepa Xo-
6apTa), IOBTOPHBIE UCIBITAHUS POBOAUIICH Yepes
30 n 60 MuH. Pesynbrarsl nccneoBaHu NMpejCcTaBiIe-
HBI Ha puc. 4. IIpu ucnonssoauuu I[1K3, paspaboran-
HBIX CIIeI[MaNbHO AJA BAKYI[UX MaTepuanos (HAIp.,
Sika ViscoCrete-1XX cepun P), ns goctuxeHus tpe-
6yeMoOro mokasaTess pacTeKaeMOCTU aHTUPUTHOIL
CTSKKY NOHAmoOuTCs HeaPeKTUBHO BBICOKAA HO-
3MpoBKa. PacTekaeMoCTb TaKMX PacTBOPHBIX cMecell
yBeIUYIMBACTCA B TeUeHMe epBOro Yaca. IToT ap¢exT,
U3BECTHBIN KaK «II0C/IefyIollee CMaYMBaHMe», MOXKET
IPUBECTY K HeXXe/laTeIbHOMY 9 PekTy — paccnoeHuIo
U BOOOT/ENIEHNIO TIPU YKIafiKe CTAXKY, YTO IPUBO-
INUT K TOSIBJIEHNIO HEOJHOPOLHOCTU M 06Pa30BaHMUIO
MIOBEPXHOCTHOI IyIeHKM. C Ipyroil CTOPOHBI, B He-
KOTOPBIX COCTaBax Takoil 3¢ (eKT momMoraer fOCTNYb
6oree IIUTETPHOTO COXPaHEHUA IOMBUXKHOCTU. DKC-
HepUMeHTa/lIbHO JOKa3aHO, YTO IIPU UCIIO/NIb30BaHUU
ITK3 ¢ BBICOKMM IIOKa3aTe/leM pacTeKaeMOCTM TaKue
3¢ exTH MOI'yT HUBEIMPOBATD APYT ApyTa [5].

VcnonpsoBaHMe OTHEAbHbIX MOIMMEPOB
IIPY VX YPE3MEPHO BBICOKOM COfIEP>KaHMM TIPUBOINT K 3a-
MeJJICHUIO CXBaTBIBAaHUA U TBEPAEHMS BSDKYIIETo (CM.
VC-120 P Ha puc. 5), B pe3y/nbTaTe 4ero pesko CHIDKAeT-
Cs1 paHHsIsI IPOYHOCTD pacTBopa (cm. VC-120 P Ha puc. 6).
ITpu ycTpoiicTBe CTAKKM 3TO O3HAYAET CIeAyIOIee: B CIydae,
€C/IM ITpY TIPOBefieHNN PaboT Py YK/IaIKe CTSKKY MUKPO-
K/IMIMAT CIIOCOOCTBYeT BBICBIXaHMIO CTSKKMY (B 4aCTHOCTH,
TOBbILIIEHHAS TeMIIEpAaTypa /UM aKTYBHASA KOHBEKLS
BO37IyXa), 3TO IPUBOAUT K CHIDKEHUIO IIPOYHOCTHBIX I10-
KasaTeJiell pacTBOpPa B IIO3JHIE CPOKY TBEPHEHNA.
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Figure 6.  Flexural strength of the screed over time using
different PCEs (dosage adjusted to the initial flow
requirements)

Puc. 6. M3meHeHre NPOYHOCTU pacTBOpa ANA CTAXKKM
Ha 13rnb Npu NCNonb3oBaHUK pasnnyHbix MK
(copepkaHune nob6aBKM Nog6bUpPanocb B COOTBETCTBUAN
C Tpebyemoii HayaNlbHON PAaCcTeKAaeMOCTbio)
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with a retarder in combination with a very effective super-
plasticizer results in significantly higher early strengths
than using a less effective melamine-based plasticizer
with set-retardation as side effect. This means that, un-
like melamine, the new polycarboxylate types have no
negative effect on the gypsum crystal structure forma-
tion. Depending on the binder composition, the neces-
sary ViscoCrete Powder dosage rates are then only at 15
to 20% of the original melamine dosage rates. In addition
to the resulting cost savings, formaldehyde-free and thus
future-proof screed recipes can be produced with Visco-
Crete Powders without having to compromise on quality.

Conclusions

Superplasticizers based on PCE-technology can
be perfectly tailored to the intended purposes. During
dry-mix mortar formulation development and/or adjust-
ment, first targeted selection of the appropriate additives
according to their intended purpose is crucial. Beyond
that, all relevant mortar processing requirements as well
as excellent and damage-free final product properties has
to be taken into consideration. The dosage of other dry-
mix components — in particular other additives such as
accelerators, retarders, defoamer or stabilizer — may be
necessary to adapt to further optimize technical perfor-
mance and formulation costs.

From the perspective of the dry mortar manufac-
turer, additives with a broad spectrum of applications are
interesting because often limited raw material storage facili-
ties are available in the individual plants. In subordinated
formulations a higher dosage is tolerated then. The screen-
ing in 13 different dry-mix application systems has shown
that both, high PCE performance and a broad spectrum of
applications can be fulfilled (e. g. Sika ViscoCrete-510 P).

Dry mortar manufacturers are expected to con-
tinue their cost reduction initiatives to remain competi-
tive. This includes the evaluation of alternative raw ma-
terial sources. At the same time, the cement industry is
creating incentives for their customers to switch to new
blended cements with reduced CO, footprint. These and
other conditions, including EU regulations like REACH,
create new challenges for all dry mortar manufacturers.
They are advised to actively involve relevant raw material
suppliers in the solution finding process at an early stage.
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C npyroit croponsr, I[TK3, paspabotaHHble creny-
aJIBHO JI/IsI CYXMX CMeceil Ha OCHOBe Cy/Ib(aTa Kasbliys,
YHOBJIETBOPSIIOT TPEOOBAHNSM 110 HAYa/IbHOI ITOfBIKHO-
CTY aHTYIPUTOBOJ CMecy ITpy O0JIee HU3KOM COflep>KaHUN
H0OaBKI, KOTOpoe Ha 78% MeHblile, 4eM B cnydae VC-510 P
(cm. puc. 4). Vicxops 13 TIpefIONIOXKEHNs, YTO CTOMMOCTh
ITKS opmHakoBa, 3aMeTNM, ITO TIOFOOHBIE PACTBOPSI I10-
3BOJIAIOT 3HAYNTEIBHO CHU3UTD CTOVMOCTD CYXOU CMECHL.
B ornmune ot BhleonycaHHoro s¢¢exra, Takue [IKD
obecrieunBaOT MOABIDKHOCTb CMECH TTIABHBIM 06pasoM
B Havya/IbHbIN II€PUOJ, 1 YXKe B TedeHMe NePBOro yaca
HOJBIYDKHOCTD CMeCU yMeHblraeTcs (cM., Hamp., VC-510 P
npu Boiep>kke 30 u 60 MuH Ha puc. 4), IIpu 3TOM IIPOY-
HOCTb TIOBbIIIAeTCA (CM. puc. 5 1 6). [Ipu ycTpolicTBe CTX-
KI TIOCJIE TOT0, KaK CMeChb IlepeMelllaHa ¢ BOTOif, JOCTaB/IeHa
K MeCTY YKIaJK/ I paBHOMEPHO pacIIpefie/ieHa, HauiHa-
eTCs1 CXBaTbIBaHUe VI TBepfeHMe BKYIIero. ITO CIoco6-
CTBYeT YCKOpeHMIO 1 3¢ EeKTUBHOCTY CTPOUTENTbCTBA.

B npmBemeHHOM IpMMepe COCTaB HAIO/IBHOTO Ca-
MOBBIPaBHMBAIOIIETOCS /1A CTSKKU Ha OCHOBE IIPUPOT-
Horo aHruppura «Sika ViscoCrete-510 P» npeanpHo co-
OTBETCTBYeT TpebOBaHMAM: HeOOXOAMMasl IOfBIXKHOCTD
TOCTUTALTCA TP HM3KOM HO3MPOBKE, paCTBOPHAS CMECh
MMeeT HUSKYIO BA3KOCTb M TpeOyeMyIo yao0O0yK/IaabIBa-
€MOCTb, CPOK) CXBAaTBIBAaHUs OCTAIOTCS HEM3MEHHBIMIL.
Kpome Toro, pactBop XapakTepusyeTcsi OTINIHBIM Habo-
POM IIPOYHOCTIL.

OnHaxo, ecnyt Ipy yK/Iaike HeoOX0AMMO 6oIee Ipo-
IO/DKUTENBHOE BPEMSI COXPAaHEHMs IIOBIDKHOCTY, BeChMa
9 PeKTUBHBIM OKa3bIBAETCsI KOMOMHMPOBAHNE ABYX IIO-
numepos (1.e. VC-510 P u VC-125 P i VC-430 P), cm. [5].

Kpome Toro, BpeMs CXBaTbIBaHUS MOXHO pery-
JIMPOBATH C TOMOLIBIO JOOABKM-3aMeINTE S, HATIPYIMEP
Sika® Retardan®. Kak n3BecTHO, I3MeHeHIe BpeMeHU CXBa-
TBIBaHIS IIyTeM BBefleHN A H00aBKI-3aMe[JIUTENA B COUe-
TaHUU C BEICOKO3(PEKTUBHBIM CYIepIIacTUGUKATOPOM
HIPUBOAUT K 3HAYUTENBHO OOJIee BHICOKOI paHHel Ipoy-
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¢uKaropa Ha MeTaMMHOBOJ OCHOBE, KOTOPBIJT 3aMef/IsIeT
CXBaTbIBaHMe. DTO O3HAYAET, YTO, B OT/INYME OT MeTaMU-
HOBBIX, HOBBI€ IIOJINKAPOOKCUIATHDIE TIACTU(UKATOPHI
He OKa3bIBAIOT HETaTMBHOTO BIMSAHMA Ha opmumpoBa-
HIe CTPYKTYpPbl TUIICOBBIX MUHEPasnoB. B saBucumMocTn
OT COCTaBa BSIXKYILEro, TpebyeMoe comepskanime fo6aBKu
cocraBnser Bcero 15-20% oT Heo6XOmMMOro KOMMYECTBA
MelaMuHOBOroO Iactudukaropa. [loMmumo 3HaunTEND-
HOTO CHJDKEHM 3aTpaT, He cofieprKaliye popMasbaeria
MHHOBAlLlMOHHbIE HAIlOJIbHbIE COCTABBI [/ CTAXKKM MO-
TyT USTOTABIMBATbHCA C UCTIONb30BAHMEM ITOPOIIKOBBIX
no6aBok «ViscoCrete» 6e3 moTepu KadecTsa.
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MIOJTOTOBK) COCTaBa M KayeCTBY 'OTOBOTO IPOAYKTA.
[Tox60p ONTHMANBHOTO COLEP>KaHMsI KOMIIOHEHTOB Cy-
XOJ1 CMeCTM — B YaCTHOCTM, YCKOPUTeIeil CXBaTbIBaHMA,
H06aBOK, 3aMe/ISAIONMX CXBAaTbIBaHIE, IEHOracUTe el
U cTabUIN3aTOPOB — HEOOXORMM /IS YIy4IIeHUs Ka-
YeCTBa MM CTOMMOCTH COCTaBa.

ITponsBOAMTENN CYXUX CTPOUTENBHBIX CMeCelt 3a-
MHTEPeCcOBaHBbI B J0OaBKaX C IIMPOKIM CIIEKTPOM IIPH-
MEeHEeHN 1, IIOCKO/IbKY 3a4acTyI0 3aBOJIbI OCHAIIEHBI OIpa-
HIYEHHBIMY 110 06'beMY IOMEIeHUAMY AJIs XPaHEHUs
chIpbsi. B aTOM ci1ydae B cooTBeTCTBYOmMUX GopMymax
folycKaeTcsl 6ormee BBICOKAs JJO3MPOBKaA. Pe3ynbTaTe
MCCTIefOBaHMA 13 pasIMYHBIX CYXUX CMecell TToKasai,
94TO MOI'YT OBITH OOecIeueHbl KaK BbICOKasi 3 PeKTuB-
HocThb [IK3, Tak ¥ MMPOKMII CHEKTP MX IPUMEHEHUII
(Hampumep, ¢ ucnonpsoBanyeM «Sika ViscoCrete-510 P»).

IIpousBopuTENnM CyXUX CTPOUTENbHBIX CMecelt
IOJDKHBI IIOCTOSTHHO COKPAIIATh PACXOBI /ISl obeciede-
HJA KOHKYPEHTOCIIOCOOHOCTH. [J1s1 9TOrO, Cpefy mpode-
r0, HeOOXOMMIMO JICTIONIb30BaHNMe abTePHATIBHBIX UCTOY-
HIUKOB CBIpbA. [Ipy 9TOM LieMeHTHas TPOMBIITIEHHOCTD
HMPeOoCTaB/AET CKUAKYU KINEHTaM, UCTIONb3YIOUMM HO-
Bble LleMEHTHbBIE CMeCH, TPV IPOU3BOZICTBE KOTOPHIX CHU-
»eHbI BBIOpocsl CO,. ITH U Apyrue YCIoBuUsl, BKIHOYAs
cranpaptel EC, Takne kaxk REACH, cTaBAT HOBbIE 3afjaun
nepesi MpOU3BOAUTENAMM CYXUX cMecell. VIM peKkoMeHTy-
€TCs aKTMBHO NPYMB/IEKAaTh COOTBETCTBYIOMIMX ITOCTABIIN-
KOB CBIpPbs y>Ke Ha paHHeJl CTaiuy pa3paboTK COCTaBa.
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IMPACTS OF ECONOMIC CRISIS ON CEMENT
CONSUMPTION — INTERNATIONAL REVIEW
Masakkana M., npodeccop, CTaplmii KOHCYNbTaHT komnaHuk Forecon Ltd, GuHnaHana

BJIIMAHNE SKOHOMWNYECKOTO KPN3NCA
HA OBbEMbI TTOTPEBJTEHNA LIEMEHTA:
MEXXOYHAPOOHbI OB30OP

Abstract

This article handles effects of economic crisis
on cement construction in Russia. Reference areas are
the USA, Europe and Germany. The article handles
short term (3...5 years) changes, both after the finan-
cial crisis after 2008 and outlook for next 3...5 years.
Changes in GDP and construction are very important
for cement consumption. Changes in cement use are
normally much bigger than those in GDP and some

GDP, construction and cement use in the USA //
BB, 06bembl CTpOUTENbCTBA U NOTPEGNEHNA LEMEHTA B
CWA

140 Index // NMokazatens 2003 = 100

130 =

120 / \

10 1 %‘/\

0 N\

70 \\&
60 \
50 A
40
S I8 85832z g0
S 2RSS SRR S.
GDP //BBN
—— Civil Engineering // [paxpgaHcKoe CTPOUTENbCTBO
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Fig. 1. USA: GDP growth stopped in 2008, decreased in

2009 and started to grow again in 2011. Cement
consumption decreased already in 2007, growth
started in 2011, after 6 years. Changes in total
construction volume declare well the cement
consumption.

Puc. 1. CLUA: pocT BBIM octaHoBmnca B 2008 r., BBIN
cokpatunca B 2009 r., TeHAEHUNA K yBENNYEHNIO
B0O306HOBMNACb B 2011 1. O6bembl NOTpebneHns
LiemeHTa nownu Ha cnag ¢ 2007 r., pocT Havanca
cnycTa 6 ner, B 2011 r. iameHeHunA B obLem obbeme
CTPOUTENbCTBA COOTBETCTBYIOT UBMEHEHUAM
B 06bemax noTpeb/eHns LemMeHTa.
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AHHOTaUMA

B maHHOI cTaTbe pacCMOTPEHO BIMAHME SKOHO-
MIYEeCKOTO Kp13uca Ha 00beMbl HOTPe6/IeH s LleMeHTa
B Poccun. O630p BBINONHEH B CPaBHEHMM C TAKUMI Pery-
oHamy, Kak CIIIA, EBpona u l'epmanns. Kpome toro, npu-
BOJMTCS CTATUCTUKA KPATKOCPOYHBIX (B paMKax 3-5 yieT)
M3MeHeHMIT Tocye GpuHaHcoBoro kpusuca 2008 r., a Tak-
e JlaeTcs MPOTHO3 Ha crefiyomue 3-5 sieT. VisMenenns
BBII 1 06eMOB CTpOUTENbCTBA OKA3bIBAIOT Oy TUMOE
BIMsIHNME Ha 00beM MOTpeb/IsseMoro eMeHTa. VsmeHe-
Hile 00'beMOB MOTPeOIeHNsI [IEMEHTA, KaK IIPaBIUJIO, BbI-
pa’keHbI CHIbHEe, YeM u3MeHeHNA BBII n HemHOro BbIIIe
U3MeHEeHUIT 06beMOB CTpOUTeNbCTBA. [Ipu moaroToBKe
IPOTHO30B 0 06beMy MOTpebIeHNsI LieMeHTa He0OXO0 -
MO MIMEeTb IpeJCTaBIeH)e O POIN CTPOUTENbCTBA B 9KO-
HOMVKE ¥ Pa3BUTUM OCHOBHBIX CEKTOPOB CTPOMTENb-
cTBa B OymymeM. CeKTOp KUINIHOTO CTPOUTENbCTBA
SBIAETCS CaMbIM KPYIIHBIM KOHEYHBIM HOTpebuTeNneM
I[leMeHTa, OTHAKO He MeHee Ba)keH VM CEKTOp Ipak/laH-
CKOTO CTPOMTENbCTBA. [laHHbIE, IPVMBEeHHbIE B CTaTbe
U Ha TpaduKax, ABIAOTCA aKTYaTbHBIMU U OTPaXKaioT
COCTOsIHUE Ha CeHTA6pb 2015 T.

1 MocnepctBua Kpusuca B CLUA,
EBpone n repmanun

PunancoBbll Kpusuc 2008 r. BRI3Ba pe3Koe Ma-
nenyie BBII u 06beMOB cTpouTenbCTBa B GONBLUINHCTBE
CTpaH MMpa. AHaIU3 MOCIEKPU3UCHOTO Pa3BUTUA IIO-
3BOJISIET PACCMOTPETb CTEIEHb BIVMSHNS MAacLUITAOHOTO
9KOHOMMYECKOrO KpMU3¥ca Ha 0O'beMbl CTPOUTEILCTBA
U IOTpebIeHN s LieMeHTa.

Ha puc. 1, 2 u 3 nokasaHo nsMeHeHue o6bema
BBII, 061mux 066eMOB CTPOUTENLCTBA U HOTpeOIeHNA
IleMeHTa B PaCCMOTPEHHBIX peruoHax. B ceopHoii Tabm. 1
IpUBeJieHbl OCHOBHbIE IOKA3aTe/ 110 JAHHbIM PETMOHAM.

Bo Bcex pacCMOTpPEHHBIX PerMOHaX IepPUoJ, CHU-
»keH1s1 BBIT 6611 OTHOCKTETBHO HENPOO/IKUTENBHBIM.
Cnajp 06beMOB CTPOUTENHCTBA OBI/I 3HAYMTETHHBIM



bigger than Construction. When making cement con-
sumption forecasts, one has to understand the role of
construction in the economy and future development
of main construction sectors. The new building sec-
tor is the biggest end use sector of cement, but civil
engineering is also very important. Text and figures
have been updated and correspond the situation in
September 2015.

1 Impacts in the USA, Europe and Germany

The financial crisis in 2008 caused a strong de-
cline in the GDP and in the construction volume in most
countries of the world. Analysis of post-crisis develop-
ment will allow an examination of how a powerful eco-
nomic crisis will affect the construction and ultimately
the use of cement.

Figures 1, 2 and 3, the volume development of
GDP, Total construction and Cement sales in the exam-
ined areas are shown. Summary Table 1 shows the key
results for these areas.

The period of decline in GDP was relatively short
in all the examined areas. The construction decline was
very strong in both the US and Europe. Background
can be found in the very strong growth period in con-
struction before the crisis, both in Europe and the US.
In the US in particular, housing construction had in-
creased sharply until 2005 due to light money market
and strong increase of housing loans. As a result, hous-
ing construction fell by two-thirds (-65%) during the
years 2006...2009 from preceded levels. Cement sales
fell about 45 percent during the years 2007...2009. In the
US the total volume of construction is developing very
parallel to the use of cement. Housing construction has
a significant impact on the use, but the changes in the
use of cement are smaller. The amount of the construc-
tion of 2006 should be achieved in the USA at the end
of the decade at the earliest, although growth in recent
years has been quite rapid both in residential and non-
residential sectors.

In Europe the phenomenon was parallel to the US.
The GDP decline phase lasted only one year (2009), but
construction continued to decline 5...6 years. Cement
sales developed parallel to the New Building volume. Both
the New Building and Cement sales decreased from 2007
to 2013, a total of nearly 40 per cent. The renovation in
Europe is a very significant building subsector. The ef-
fects of the financial crisis on Building Renovation vol-
ume were small in Europe.

In Germany, the development was clearly dif-
ferent from the United States and the entire European
development. German GDP declined one year as in
other areas, but the decline in construction volume
remained quite short.

The reason is that the construction activity
was not on high level during the financial crisis in
2008...2009, in contrast to the majority of the Southern
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GDP, construction and cement use in Europe //
BBI, 06bembl cTponTeNbCTBa U NOTPebneHra LiemeHTa B EBpone
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—— GDP //BBN
—— Building renovation // PeMoHT 3aaHuit
—— New Civil Engineering // CrponTenbCTBO HOBbIX OOBbEKTOB

rpax/aHCKOro Ha3HauyeHuA
—— Cement // LiemeHT
— Total construction // O6wwnit o6bem cTponTenbCTBa
—— New building // Hosble 06beKTbl
Fig. 2. Europe: GDP growth stopped in 2008, decreased

in 2009 and growth started in 2014, after 7 years.
Cement consumption began to decrease in 2007,
growth started in 2011, after 6 years. Changes in
new building construction volume declare well the
cement consumption.

Puc. 2. EBpona: poct BBl octaHoBunca 8 2008 r., BBI
cokpatunca B 2009 r. 1 BHOBb Hayan pactu cnycTa
7 neT, B 2014 r. O6bembl NOTpeb6eHNA LeMeHTa
Havyanu cokpawartbca ¢ 2007 r., pocT Havanca
cnycTa 6 net, B 2011 r. U3ameHeHus B obwem obbeme
CTPOMTENbCTBA COOTBETCTBYIOT NU3MEHEHNAM
B 06bemax NoTpebneHna LeMeHTa.

GDP, construction and cement use in Germany //
BB, 06bembl CTpoOMTENbCTBA U NOTPEGNEHNA LEMEHTA
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—— GDP // BB
—— Building renovation // PekoHCTpyKuWa 30aHui
—— New Civil Engineering // CtponTensCTBO HOBbIX 06beKTOB
rpa4aHCKOro Ha3HaueHyA
—— Cement // LiemeHT
— Total construction // Obuwit 06bem CTpouTeNbCTBA
—— New building // Hosble 06bekTbl
Fig. 3. Germany: GDP decreased in 2009, new growth

started after 1 year, no growth in 2012 and 2013.
Cement consumption had a declining trend in 2003-
2010, new growth started in 2014. Changes in both
new building and new civil engineering declare the
cement consumption.

Puc. 3. lepmanuna: B 2009 r. nokasatenb BBl cHu3unca, poct
BO306HOBMNCA Yepes rog, B 2012 n 2013 rr. pocTa
He oTMeuanocb. O6bembl NOTpebneHnA LiemeHTa
NOCTOAHHO cokpawanucb B 2003-2010 rr. n BHOBb
Hayanu pactu B 2014 r. i3meHeHusA, nponsoLwelime
B 06bemax rpax/jaHCKoro CTponTeNibCcTa
1 HOBOCTPOEK, HaLLIM CBOE OTpaXkeHne B 06bemax
noTpebneHns LemeHTa.
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Table 1.
(summary)

Impacts of Economic crisis on Construction and Cement sales in Europe, the US and Germany at the end of 2000’s

Tabnuua 1. BAnsHME SKOHOMMYECKOro Kpr3mnca Ha 06bem notpebneHns LeMeHTa u HOBOro cTpouTtenbcTea B EBpone, CLUA n

lepmaHun B KoHue 2000-x rogos (cTaTncTmKa)

Country / area // CtpaHa / pervioH Start //
Havano
Europe // EBpona
GDP // BBI 2009
Total construction // Obwmi obbem CTpouTENbCTBa 2008
Cement Consumption // O6bem noTpebneHna LemeHTa 2008
The USA // CLLA
GDP // BBIM 2009
Total construction // O6wmi 06bem CTPOUTENBCTBA 2007
Cement Consumption // O6bem NoTpebneHns LiemeHTa 2007
Germany // TepmaHusa
GDP // BBI 2009
Total construction // O6wmi o6bem CTpouTENBCTBA 2009
Cement Consumption // O6bem NoTpebneHns LiemeHTa 2007

European countries. German New Building and Ce-
ment sales had been fallen already since 2003. Thus,
the changes caused by the financial crisis in the con-
struction were minor compared to the USA or Europe.
However, the decline in new house construction took
about 3 years and the decline of Cement for about 4
years. Currently, the new construction volume as well

GDP, construction and cement use in Russia //
BBI1, 06Bbembl CTponTeNnbCTBa U NOTPebNeHNa LemeHTa
B Poccun
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Source: Federal Statistics Center of Russia, Forecon estimations, September 2015 //
Memoyruk: GedepaneHas cyx6a 20cydapcmeaeHHol cmamucmuku Poccut, no oueHkam
Forecon, no cocmosHuto Ha ceHmaA6bps 2015 2.

—— GDP //BBN
—— Building renovation // PekoHCTpyKLMA 38aHNiA
—— New Civil Engineering //
CTponTenbCTBO HOBbIX 0OBEKTOB MPaAaHCKOro Ha3HaueHus
—— Cement // LiemeHT
— Total construction // Obwuit 06bem CTpomTENbCTBA
—— New building // HoBble 06bekTbI

Fig. 4. Russia: Index for GDP, Construction by sectors and
cement use in Russia. 2003 = 100. Changes in new
building and new civil engineering declare quite well

the cement use.

Poccusa: nokasatenu BB, 06beMoB cTpouTenbCcTBa
no ceKTopam 1 06beMoB NoTpebneHns

uemeHTa B Poccnn. 2003 1. = 100%. Mi3meHeHUA,
npowusoLwejlime B rpakaHCKOM CTPOUTENbCTBE,
COOTBETCTBYIOT M3MEHEeHUAM B 06beMax
noTpebneHns LeMeHTa.

Puc. 4.
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Total change,

Duration;, years // from peak to bottom //

End// Hpoﬂo”TgTS”bHOCTb’ VIToroBble M3mMeHeHus,
Korewy A pasHuLa nokasareneil
2010 1 —4%

2014 6 -20%

2015 7 —40%

2010 1 =3%

2012 5 —45%

2011 —45%

2010 1 =5%

2010 1 =3%

2011 4 -15%

kak B CIIIA, tak n B EBpore. IIpefmnochinkoit k aToMy
MOT IIOC/TYXXUTb MHTEHCUBHBI pOCT 06BEeMOB CTpO-
UTeNbCTBA, KOTOPHIil Habmwopancsa B Espone u CIIA
no kpusuca. B wactHoctu, B CIIA 06bem cTpositero-
ca XunbA 1o 2005 1. yBeIM4IMBajaCA BbICOKMMU TEMIIA-
MU B CUJTy oOecLieHVBaHUA JieHeT U Pe3KOro pocra 3a-
JIMOB Ha >XUUIHOE CTPOUTENbCTBO. B 2006-2009 rT.

Russian GDP and world market price for crude oil /
BB Poccun 1 ueHa Ha HeOUNLLEHHYIO0 HedTb Ha MPOBOM

pBIHKE
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Source: Federal Statistics Center of Russia, Forecon estimations, September 2015 //
Mecmouruk: DedepansHas ciyx6a 20CyoapcmseHHol cmamucmuku Poccuu, No OyeHKam
Forecon, no cocmosHuio Ha ceHmAbpe 2015 2.

Fig. 5. Russian GDP and oil prices have close correlation.
This means, that oil prices effect strongly on
construction and cement sales, too. Future oil price
development is difficult to forecast, but slowing
global growth, growing oil supply and increasing
use of renewable energy give indication, that the
oil price does not reach the 2011-2014 level in near
future.

BBIM Poccun 1 LeHbl Ha HedTb TECHO B3aMMOCBA3aHbI.
TO 03HauaeT, 4YTo LieHbl Ha HepTb OKa3blBaloT
3HauMTeNnbHOE BANAHNE Ha 06beMbl CTPOUTENbCTBA

1 Npoaaxu LemeHTa. [lanbHelwee n3meHeHue LeH

Ha HedTb TPYAHO NpeAcKasyeMo, OAHaKOo 3aMeaNieHne
pocTa MMPOBOI SKOHOMUKW, yBennyeHne o6bemoB
npeanoXxeHna He$pTn N PoCT NCNONb30BaHNA
BO306OHOBNAEMbIX MCTOUHNKOB SHEPTN yKa3blBaloT,
YTO CTOUMMOCTb HedTM B GivKaliem 6yayLiem

He foCTUrHeT ypoBHA 2011-2014 rr.

Puc. 5.
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Changes in Russian GDP and Construction Output // 06 bEM CTPOSIEroCs KUMbs COKPATUICA Ha [[BE TPETU
MN3meHeHunA B BBl Poccnm 1 06bemMa B CTPOUTENIbHOM CEKTOpe (—65%) 110 CPAaBHEHUIO C TIPEXKHUM YPOBHEM, a C 2007

% 1o 2009 r. o6’beM moTpebieHns LeMeHTa yman Ha 45%.
25 . e B CIIIA o6uinit 06beM CTPOUTENBCTBA TECHO CBsI3aH
c 06’beMOM HOTpeGHeHI/IH HemeHTa. JKunuiiHoe crpon-

20 o HI T T : EDFS((. Btﬂ b Te/IbCTBO OKAa3bIBAET 3HAYNTEIbHOE BANAHME Ha 00beM

CrpouTenbéTeo HOTpeO/IeHNs LIeMeHTa, OGHAKO TaK1e M3MEHEHSI MeHee
BoipaxkeHsl. CIIIA cMOXXeT BBIIITI Ha 00'beM CTPOUTEND-
crtBa 2006 rofa He paHee KOHIIA AeCATUIETUA, HECMO-
TPl Ha TO, YTO B MOC/Ief{HME TOABI POCT CTPOUTENbCTBA
006'BEKTOB XXMJIOTO U HEXMJIOTO CEKTOPOB MPOUCXONUIT
IOBOJIBHO BBICOKVIMU TEMIIAMI.

B Espomne cutyanus msMeHANach aHATOTMYHO
TOMY, Kak 3To npoucxoauno B CIIA. Ilepuop cokpa-
menns BBII npopomxkancs Bcero ogu rof (2009), oxi-
HaKo 00'beMbl CTPOUTENbCTBA CHUIKA/IVCD ellje B Teye-
Hue 5-6 meT. O6beMbl NOTpeOIEeHNS LIeMEeHTa POCIN
HapaenbHO C YBeludeHneM 06beMa CTPOUTENbCTBA
00 2005 00 05 HOBBIX 3gaHuii. Criafy moTpe6IeHns Ha PHIHKE HOBOTO
crpoutenbcTBa U nemenTa ¢ 2007 mo 2013 r. cocTtaBun
Source: Federal Statistics Center of Russia, Forecon estimations, September 2015 // HPM6HM3MTeanO 40%. B EBPOHC PEKOHCTPYKIMA 3/1a-
gg!?oi‘:ggspfgasg(Zg:};f;ﬁ;}lyjﬂﬁgi?(yaap(mEE’HHOu[meUCmUKUPOCCUU,NOOHEHKHMFOIECON, HM]';I ABISEeTCS Ba)KHOﬁ[ YacCTbhIO CTPOI/ITC}IBHOI‘O prH'
Ka. PMHAHCOBBIN KPU3NC NMPAKTUYECKN He CKas3ajcsA

Ha 06’beMe 3TUX paborT.

Fig. 6. Changes in Russian GDP and Construction have same
direction. Changes in Construction are stronger than
changes in GDP. B I'epmanun CUTyalld 3HAYUTEIbHO OTAMYaA-
Puc. 6. M3meHeHunsa BBIM Poccrmn n 06beMoB cTpouTebCcTea nmace or CIITA n Esponbl B 1emom. Kak u B Apyrux
NOJUNHAIOTCA eAUHOI TeHAeHUMN. Vi3meHeHnA _
B 06LEME CTPOUTENBCTBA BbIPAKEHDI CUTbHEE, permoHax, noxasarenb BBII Tepmanum cHusuic B e
yeMm n3meHeHus BBI. YeHMe OLHOTO TOfa, OGHAKO COKpallleHNre 06beMOB

CTpPOUTENDBCTBA 6b17I0 BecbMa HEMPOAO/IKUTENDHBIM.

as cement sales in Germany are returning to the same IIpmumHOI nOCIy>X1Ia HEBBICOKAS, B OTINYME
levels as at the beginning of this decade. The whole OT GONMBUIMHCTBA I0XKHOEBPOIEICKUX CTPaH, aKTUB-
construction has developed positively, almost parallel HOCTb CTPOMTENIBHOTO O1M3Heca BO BpeMsi pUHAHCOBO-
to GDP because the Building renovation has been con- ro xpusuca 2008-2009 rr. O6beMBbI PHIHKOB I[eMEHTa
stantly on the rise. However, the increasing renovation Y HOBOTO CTPOUTE/IBCTBA COKPAIA/IVCh Y>Ke HauMHa A
can hardly be seen in cement sales, because renova- € 2003 . B pesynbraTe u3MeHeHNA B 06beMax CTPOU-
tion uses little cement compared to new construction. Te/IbCTBA, BhI3BaHHbIe (MHAHCOBBIM KPU3UCOM, OBIIN
He3HauNTe/NbHB MO cpaBHeHuwo ¢ CIIA u EBpomoii.
A key result of the US and European analysis Tem He MeHee CHU>KeHUe 00'beMa HOBOT'O CTPOUTE/Ib-
was that the decline of GDP because of the financial CTBa IIPOVCXOANIO IPUMEPHO B TeUeHUe TpeX JIeT,
crisis of 2008...2009 was short (about 1 year), but the a cokpaleHne 06beMOB IOTpeOIeHNS LleMeHTa IIPO-
decrease period of construction and cement demand IOJIKa/I0Ch YeThIpe rofia. B HacTosmiee BpeMst 06beM
continued, depending on the sector from 4 up to 7 years. PBIHKOB IleMeHTa ¥ HOBOTO CTPOUTENbCTBA B [epManum
Table 2. Impacts of Economic crisis on Construction and Cement sales in Russia. Impacts in financial crisis at the end of 2000’s and

estimate for current situation, impacts of economic crisis in Russia (summary)

Tabnuua 2. BAnaHne 3KOHOMNYECKOro Kpr3mnca Ha 06bembl CTPOUTENbCTBA U Npofakun LiemeHTa B Poccun. Bnnanne ¢prHaHcosBoro
Kpusnca koHua 2000-x rogos 1 oLeHKa TeKyLen cuTyaunm, NocneacTBuA SKOHOMMYeCKoro Kpusuca s Poccun

(cTaTnctuka)
Country / area // CtpaHa / Pervon j;igﬂ/é ,Egﬁe/: I‘IEg;LCcT)J;x;gLebjlw " namererR,
pasHuLa nokasartenen

Russia // Poccnsa

GDP // BBl 2009 2010 1 -8%

Total construction // O6wumi obbem CTpouTENbCTBA 2009 2010 1 -8%

Cement Consumption // O6bem noTpebneHna LiemeHTa 2007 2011 1 -30%
‘ Russia now, estimate // OueHKa TeKyLen cutyayunm B Poccuu

GDP // BBMM 2015 2016 2 -5...8%

Total construction // O6umi 06bem CTPOUTENBCTBA 2014 2016 3 -10...15%
‘ Cement Consumption // O6bem NoTpebneHns LiemeHTa 2015 2017 3 -15...20%
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Use of cement in Finland //
O6bem noTpebneHuns uemeHTa B OUHAAHAUN

:
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—— Use of cement according to the forecasting model //
O6bem notpebneHns LemeHTa B COOTBETCTBIM C MPOrHOCTU-
Yeckom Moaenbio

—— Cement deliveries // MocTaBkm LemeHTa

Fig. 7. Use of Cement in Finland. The forecasting model
calculates the use on base of quarterly building
activity and end use of cement in various
construction sectors. The model describes well the
cement deliveries in the past and if the construction
can be forecasted well, the cement forecast is reliable.

Puc. 7. O6bem noTpebneHns LemeHTa B QuHAAHZUN.
B COOTBETCTBIMM C pacyeTHON MOLENbIO MPUBOJUTCA
nporHo3 o6bema noTpebieHNs LeMeHTa Ha OCHOBe
€XXeKBapTasbHbIX AAHHbIX MO CTPOUTENbHOMY
CeKTopy 1 obwuii 06bem NnoTpebneHns LemeHTa
B Pa3/INYHbIX CEKTOPAX CTpoutenbcTa. Mogenb yxe
XOPOLLO 3apeKoMeH/oBasna cebs, COOTBETCTBEHHO,
NPV HaNNUYUM AOCTOBEPHBIX AAHHbIX MO 06bemMam
CTPOUTENBCTBA, NPOrHO3 Mo 06beMy NoTpebneHNs
LIEMEHTA TaKKe MOXET CUMTATbCA HAAEXKHbIM.

Effect on the demand of cement was higher than that
on construction.

2 Russian development and outlook

The global financial crisis affected the Russian
GDP about one-year term. In 2009, GDP contracted
by about 8 per cent, the use of cement for more than
25 per cent and the total construction volume about

Table 3.  Cement use intensity in New Building by
building types. Cement use is quite different if
blocks of flats are built compared to single family
houses, tons per m?, Finland.

Tabnuua 3. YgenbHoe noTpebneHne LuemeHTa
Npwn CTPOUTENBbCTBE HOBbIX 3AaHUN
B 3aBMCUMOCTU OT Tuna 3aaHuns. O6bembl
notpebneHns LemeHTa Npu CTponTenbCcTee
MHOTOKBapPTUPHbIX JOMOB 1 YaCTHbIX JOMOB
CUNbHO oTnuryatoTcs, T/Ky6. M, DuHNAHZWA.

Multi family houses, block of flats //

MHOTOKBapPTMPHBIE XNMTIble JOMA, KBAPTUPHbIE KOMIMIIEKCHI e
Single family houses // YacTHble goma 90
Office and business buildings // Oducbl 1 61U3HEC-LEHTPbI 150
Public buildings // 3naHua 061ecTBEHHOTO Ha3HaYeHwA 90
Industrial // 3aaHnA NPOMbILNEHHOTO Ha3HaueHA 160
New buildings average // CpefHuii nokasatenb 100

no 06beKTam HOBOro CTponTenbCTBa
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BO3BpallaeTCA K yPOBHAM Hayana gecaTuneTus. B me-
7I0M Hab/M0faeTCsl POCT CTPOUTENBHOTO CEKTOPA, KOTO-
Pl IPOMCXOAUT NPAKTUIECKH ITapaJIIEIbBHO C POCTOM
BBII B cuny TOro, 4T0 peMOHT 3[JaHUII MO-IIPEXXHEMY
ocTaeTcsA Ha nofbeMe. OHAKO POCT 06beMOB paboT o
PEKOHCTPYKLMM HECYILIECTBEHHO OTPa’kKaeTcs Ha IIOo-
Tpeb/IeH NN 1eMeHTa, IIOCKO/IbKY IPY PEKOHCTPYKIIUU
noTpebeHNe IleMeHTa MeHbllle, 4eM IIPU CTPOUTENb-
CTBE HOBBIX COOPY>KEHUIA.

Ananus peiakos CIIIA u EBponbl 1mokasbiBaer,
4yT0 coKpauierne BBII BcrencTBue hpuHaHCOBOTO Kpusnca
2008-2009 rT. 6BII0 HEPORZO/KUTENBHBIM (IIPMMEPHO
TOX), IIPY TOM, YTO CHUXKEeHVE 0O'bEeMOB CTPOUTEIbCTBA
U TTOTpeO/IeH s [IeMeHTa IPOJOJKAIOCh B 3aBUCUMOCTI
OT CeKTOpa B TedeHue 4-7 yer. Ilo cpaBHEHMIO C CUTY-
amyer B CTPOUTENLHOM CEKTOPE CIIPOC Ha IIeMEHT ObIT
6oree OABEP>KEH BAVAHNUIO KpU3Uca.

2 MepcneKTNBbI 3KOHOMMNYECKOTO
passutua Poccun

I'mo6anpHblll GMHAHCOBBINM KPU3UC OKa3bl-
Ban BausaHue Ha BBII Poccun B TeyeHuMe nmpumepHO
opuoro roga. B 2009 r. BBII cokxparuncsa npuMepHo
Ha 8%, 06'peM moOTpebIeH N IleMeHTa CHU3UICS 6oree
4eM Ha 25%, a 06muit 06’beM CTPOUTENBCTBA — IIPU-
MepHO Ha 10%. DKOHOMMYECKUII POCT BO3OOHOBUII-
ca yxe B 2010 r., 1 TeHleHIIMA POCTa COXpAaHANACh
BIIOTH o 2014 r. C Tex mop poccuiickasg 3KOHOMMKA
cHOBa mormia Ha crnaf. CormacHo IporHosam, o6b-
€M cTajja pOCCUIICKON 3KOHOMMKM COCTaBUT 5-8%,
a cTpouTenbcTBa — 10-15%. Ob1ee cHUKeHME 00D-
ema noTpebnenns nemenrta B 2015-2017 rT. cocTaBUT
15-20%, 4TO HMKE IIOKa3aTesel MOCae S9KOHOMUYe-
ckoro kpmsuca 2008 r.

B To BpeMA Kak MUpOBas 3KOHOMNUKA IPOJO-
’)KaeT pa3BUBATLCS, MHOTME CTPAaHbI IO-IPEXHEMY
CTaJIKMBAIOTCA ¢ SKOHOMUYECKVMY TPYAHOCTAMMU.
HauuHas c nera 2015 r., HabniogaeTcs peskoe maje-
HUe IleH Ha HedTb, Ta3 U MOTPeOUTETbCKME TOBAPBL
OxoHOoMMYeckuit poct B Knutae samennsaercs, B pe-
3y/bTaTe 4ero COKpallaeTcs CHpoc Ha HedTbh, ras
u coipbe. CTOMMOCTD HeTH B TeUeHNe TeKYLIETo fiecs-
Tunetus 6ygeT ocTaBaThCsA HU3KOIL. ITocKONbKY 1IeHa
Ha HedTb 1 06'beM BBII Poccun Bo MHOTOM 3aBUCAT
ApyT oT fpyra, o6bem BBII B 6nmoxaiimue ropbl, Be-
posiTHee Bcero, OyaeT cokpawarsca. Kpome Toro, ato
O3HayaeT CHMXKeHNe 00 beMOB CTPOUTENIbCTBA, @ TakK-
e TOTpebIeHNs [[eMEeHTa B TeueHIe C/IefyI0INX He-
CKONIBKUX JIeT. PocT 06'beMOB OTpeOIeHNA LieMeHTa
HPOVUCXOAUT HPAKTUYECKM OFHOBPEMEHHO C POCTOM
06'beMOB CTPOUTE/NbCTBA.

3 MporHos 06bemoB noTpe6neHns
LemeHTa Ha npumepe OuHnAHANN

O6bpembl HOTpebIEHNS LIEMEHTA 3aBUCSAT OT I10-
kasaTens BBII, oco6eHHO OT ypOBHA aKTMBHOCTY CTPO-
UTENbHOTO CeKTOpa. ITO MO3BOJAET NPe/ICKA3bIBATh



End Use of Cement in 2015 in Finland //
LleneBoe ncnonb3osaHue LyemeHTta B QuHnaHgum 8 2015 .

B Residential buildings // Xunble 3naHusa

B Non-residential buildings // Hexunbie 3aaHus
Renovation // PekoHCTpyKunA 3[aHWI

W Civil engineering, precast concrete elements // TpaxaaHckoe
CTPONTENBCTBO, COOPHBIE ene300eTOHHbIE KOHCTPYKLMM

W Civil engineering, others // TpaaaHcKoe CTPOUTENbCTBO,
npouee

Fig. 8. End use of cement in various construction sectors
in Finland. Forecasting cement use insists good
information on end-use. Share of Building renovation
in use of cement is small (4 %).

Puc. 8. O6wun o6bem NoTpebieHNsa LeMeHTa B PasinyHbIX
ceKTOpax CTpouTenbcTBa B QUHAAHZUN.
MporHo3npoBaHue ob6bema NOTPebNeHNA LieMeHTa
TpebyeT JOCTOBEPHbIX CBeleHNI Mo ero oblemy
notpebnexuio. lona noTpebneHnA LemeHTa npu
PEeKOHCTPYKLUMU 3AaHUNI He3HaUnTeNbHa (4 %).

10 per cent. Economic growth started again already
in 2010 and was very brisk until 2014. Since then, the
Russian economy has begun to decline again. The
Russian economy is forecasted to decrease totally by
about 5-8%, and the construction of 10-15%. The to-
tal decrease in the use of cement in years 2015...2017
will be 15-20%, which is less than after the 2008 eco-
nomic crisis.

Although the world economy is growing, econom-
ic difficulties continue in many countries. Oil, gas and
commodity prices have fallen sharply since the summer
2015. China’s economic growth is slowing, reducing de-
mand for oil, gas and raw materials. The oil price will
seem to stay at a low level throughout the current decade.
When the price of oil and the Russian GDP are devel-
oping well hand in hand, GDP will most likely be in a
downward trend in the coming years. This also means
decrease in construction volumes, as well as in cement
sales in the coming years. The growth in use of cement
takes place almost simultaneously with the construction.

3 Cement consumption
forecasting, case Finland

The cement use has tight coupling on the deve-
lopment of GDP and in particular of construction.
This offers opportunities to forecast the demand of
cement up to quarterly or monthly basis. Construction
Market expert company Forecon Ltd makes forecasts
for future cement demand as well as for many other
construction materials. Forecasting requires good,
fresh, monthly or quarterly statistics and forecasting
will also be done on quarterly basis. Main customers
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notpebyeHye LleMEeHTa C TOYHOCTBIO O KBapraja
nnu Mecsana. Kommnannsa Forecon Ltd, aBnsamomascs
9KCIIEPTOM Ha CTPOUTEIbHOM PBIHKE, 3aHMMAETCS CO-
CTaB/eHMEM IIPOTHO30B IO M3MEHEHUI0 00'bEMOB IIO-
TpebIeHN s LIeMEeHTa ¥ MHOTUX APYTUX CTPOUTETbHBIX
MaTepuasos. [I/1s MOArOTOBKY MPOrHO3a HEOOXOA MBI
HaJgeXHbIE U aKTyaHmee CTAaTUCTUYECKIME NAaHHBbIC
3a MecAll UM KBapTaj, IOMMMO 3TOr0, COCTaBAeTCs
e)KeKBapTa}'[beIﬁ HpOI‘HOS. OCHOBHI)IMI/I HOTpe6I/ITe—
NAMU ABIAITCA KOMIIAHUMU IO TPOU3BOJACTBY CTPO-
MTE/NbHbBIX MaTepI/IaHOB n 0TpacneBb1e 06'be,E[I/IHeHI/IH.
HporHoabI 1o 061>eMy HOTpe6neHM;1 LIeMEHTa ABIAITCA
JOCTAaTOYHO TOYHbBIMU, HOCKO}IBKY OCHOBHAaA €ro 4acCTb
UCIONIb3yeTCA PU COOPY>KeHUM HOBBLIX 3TaHMUI, CTaTH-
CTMYECKYI0 MHPOPMALNIO IO KOTOPBIM MOXXHO IIOTY-
4aTh eXXeMeCSIYHO ¢ HeOOJIbIIOoN 3afep>KKoit. Mopenb
HpOI‘HOSI/IpOBaHI/IH 06’beMOB HOTpe6}IeHI/If{ IIEMEHTa
OCHOBaHa Ha €XeKBapTaJbHOM ydeTe JaHHBIX IO IpPO-
eKTaM, peanusaniusa KOTOPBIX y>Ke HauaTa.

OdeHb Ba)XHO IOJyYaThb IOC/IEHNE CBENEHMS
OT TOCTaBUIMKOB LIeMeHTa eXKeMeCAYHO. ITO MO3BO-
JA€T OIpefeNATh, IPaBIUIbHO M IOCTPOEHA MOJe/b
IPOTHO3MPOBAaHUSA 00beMOB NOTPeO/IeHNA [JeMEeHTa
MM TI0Ka3aTeNny 3aHV>KeHbl/3aBbllleHbl. Kak npasu-
710, €C/IU IIPOTHO3BI IO 06'beMaM CTPOUTENbCTBA BEPHBI,
IPOrHO3bI 10 06'beMaM MOTpebIeH NS [[eMeHTa TaKXKe
3aC/Iy)XXUBAIOT [OBepuUs. B Mojenn HeoOXOQMMO y4m-
TBIBATh, YTO IIPY CTPOUTE/IbCTBE HEKOTOPBIX TUIIOB

Quarterly use of Cement according to Forecast Model, % —
change year-on-year in 2000-2016// ExxekBapTanbHoe
notpebneHune LemeHTa B COOTBETCTBUY C MOAESbIO
NPOrHO3MpPOBaHWA, NMPOLLEHTHOE M3MEeHEHWNEe MO CPaBHEHIO
c npepabigywmm rogom B 2000-2016 rr.
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Fig. 9. Changes of quarterly cement use in Finland

according to Forecon'’s cement forecasting model.
In 2008 and 2009 the use of cement fell strongly

in 7 quarters. Current development shows, that

in the last 4 quarters the use of cement has been

in a downward trend, but in the second half of 2015
and 2016, the use of cement is growing, although
growth rates are relatively small compared to the
previous cycles.

Puc.9. M3meHeH A B eXXeKBapTanbHOM o6beme
notpebneHns uemeHTa B QUHASHANN B COOTBETCTBIMN
C MOAenbio MPOrHO3MPOBaHUA KOMNaHWK
Forecon. B 2008 n 2009 . 06bem noTpebneHns
LileMeHTa pe3Kko CHMU3UJICA B TeueHre 7 KBapTasoB.

B HacToAlee Bpema 3a nocniefjHue 4 KBapTana
06beM NoTpebneHns LemeHTa COKpaTUICsA, OfHako
BO BTOpPOW nonosuHe 2015 . n B 2016 1. notpebneHne
GyneT pacTu, XOTA Mo CPaBHEHWIO C NPeAbIAYLLMM
nepuogamu CKOpocCTb pocTa byaeT OTHOCUTENbHO
HeBesvKa.
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are construction material producer companies and in-
dustry associations. Cement is a grateful material for
forecasting, because most of it is used in new build-
ings, where statistical information is obtained every
month with a short delay. The cement forecasting
model is based on started building projects by types
on quarterly basis.

It is very important to get fresh information
on deliveries of cement, i. e. every month. It tells you
whether the model calculated the cement forecast is
correct, or whether construction forecast is too low or
too high. Experience has shown that if the construc-
tion forecasts are correct, the forecasted demand for
cement is correct, too. The model takes into account
the fact that some building types spend considerably
more cement than the average. For example, the ce-
ment use of blocks of flats is 1.7 times higher than the
average use per m’ and the single family houses have
cement use, which is 10 per cent below the average.
As in Europe, the Finnish building renovation sec-
tor uses little cement (Finland 4 %) compared to new
building sector. The renovation works include rarely
heavy frame structure nor facade renovations. Ren-
ovation is mainly surface and interior renovation as
well as HVAC technical/pipeline renovations.

Summary and conclusions

International review on Impacts of Economic
crisis on Construction and Cement consumption pro-
vide the following key findings. The results are com-
parable in all major regions of options considered in
the US, Europe, Germany and Russia. The results are
as follows:

1. Economic growth is the most important factor for
construction and cement use. The changes occur
normally at the same time in all those.

2. GDP changes are small compared construction
and cement changes, but they tell the direction:
up or down.

3. Changes in cement consumption are bigger than

changes in construction, 3..6 x.

4. New building construction is in most countries
the best sector to describe the changes of cement
consumption.

5. Cement industry needs good, fresh, detailed con-

struction statistics and relevant forecasts. To get
high quality statistics is bigger problem than mod-
elling when forecasting the cement use.

6. Data on building permits and building starts are
most important for cement use forecasting, data
on buildings completed describes history.

7. Cement deliveries is good indicator for both econ-
omy and construction.
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KOHCTPYKIMII 00beMBI 3aTpaT Ha LleMeHT rOpa3zio BhIIe
cpepHero. Hanmpumep, Ipu cCTpouTENnbCTBE MHOTOKBap-
TUPHBIX 30aHNIT pacXofyeTcs B 1,7 pasa 6ojblire rieMeH-
Ta Ha MeTp KyOMYeCKMil IO CPaBHEHMIO CO CPefHUM
II0Ka3aTesIeM, a IIPY CTPOUTENBCTBE YaCTHBIX IOMOB pac-
xop neMeHTa Ha 10% Huxe cpengHero. Kak u B EBpore,
B OuHIAHAUM Ha 00beMBI PabOT 110 PEKOHCTPYKLNMK
3[JaHMIT IPUXORNUTCS 3HAUNTENBHO MEHBIINIT 00 bEM Iie-
MeHTa (4% B OUHAAHANN) IO CPABHEHUIO C CEKTOPOM
HOBOTO CTPOUTEIbCTBA. B X0fe paboT 10 peMOHTY pefKo
BO3BOJIATCS ONOPBL M1 BBIIIONIHAETCA BOCCTAHOBJIEHME
¢dacamoB. B 0CHOBHOM pabOThI 3aK/TI0YAIOTCA BO BHY-
TPEHHEN M Hapy>XHOJ OTJe/IKe IOMELEHNI, a TaKXe
B PEMOHTe TPyOONPOBOJOB U 06OPYROBAHMS CUCTEM
BEHTWIAL MUY, KOHOUIIMOHVPOBAHNA ¥ OTOIIEHU L.

BbiBOAbI

Ha ocHoBaHMU MeXAYHapPOLHOro 0630pa JaHHbIX
1o o6beMaM CTPOUTENbCTBA U NOTPebIeHNs [eMeHTa
B YCTIOBUAX KPMU3MCA VM COTIOCTAB/IEHNA JaHHBIX 110 BCeM
paccmoTpeHHBIM pernoHam (CIIIA, Epporma, lepmanna
n Poccmsa) MOXXHO cienaTh Criefyomye BEIBOIbL:

1. ODKOHOMUYECKUIT POCT SAB/IAETCS Hambomee Bax-
HBIM (DaKTOPOM, BAMSIOIIMM Ha 0OBEMBI CTPON-
Te/IbCTBA U IOTpebneHns nemenTa. Kak mpasuio,
M3MeHEHMsI 00'beMOB ITUX PHIHKOB IIPOVICXOMSIT
OJfHOBpEMEHHO.

2. Wsmenenns BBII HeBenMKM IO CPaBHEHUIO C U3-
MeHEeHUsIMU 00'bEMOB CTPOUTENBCTBA U MOTpe-
67eHNA IleMeHTa, OfHAKO OHM 3afIaloT oOlee Ha-
IpaBJIeHNe: POCT UIN CHUDKEHNe.

3. V3meneHus B o6beMax moTpebneHus IeMeHTa
6oree BBIpa>KeHBI, YeM M3MEHEHM B 0ObeMax
cTpoutenbcTsa (B 3-6 pas).

4, B 6onbimHCTBE CTpaH OCHOBHBIM NMHAVKATOPOM
M3MEHEeHUIT B 06'beMe HOTP€6TICHI/IH OEMEHTA AB-
JIA€TCA CEKTOP CTPOUTENDBCTBA HOBBIX 00'BEKTOB.

5. PyKoBOJCTBO IleMEHTHBIX NPENIPUATUI HYKTa-
eTCs B JOCTOBEPHOIT, COBPEMEHHOI! U TOAPOOHOII
CTaTUCTHKe IO 06beMaM CTPOUTEIbCTBA U CO-
OTBETCTBYIOUINX IporHosax. Ilpu cocrapnennn
IPOTHO30B 0 00'beMy HOTpeO/IeHNs LjeMeHTa
MO/Ty4eHMe HaJle>)KHbIX CTaTUCTUYECKUX JAHHBIX
HpefCcTaBiseT GOMBIIYI0 CTIOKHOCTD, YeM IPO-
1[eCC MOJe/IMPOBAHM IIPOTHO3A.

6. Hau6onee BaxkHOI nHbOpManueil ias COCTaB-
JIeHUSI TIPOTHO30B SBJIAIOTCS JAHHbBIE O BbIJaH-
HBIX pa3pelleHNsIX Ha CTPOUTETbHbIE PabOThI
M HAYATBIX CTPOUTENBHBIX OO'BEKTAX, B TO BPEMS
KaK CBeJIEHM 10 3aBEPIIEHHBIM 0O'bEKTAM CTPO-
UTENbCTBA TIO3BOJIAIOT JIUIIb OMUCATh USMEHEHVA.

7. O6beMbl IOCTABOK L[eMEHTA CIY>KaT IpeKpac-
HBIM MHAVKATOPOM KaK COCTOAHMA 3KOHOMMUKM,
TaK ¥ CTPOMUTEIBCTBA B LIEJIOM.
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