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AHHOTAUMA

BBegeHue. Mpun ncnonb3oBaHnM BETOHHBIX M XXene300eTOHHbIX KOHCTPYKLMIA HeobXxoaumo npeogoneHne npobnem, cBa3aH-
HbIX C KayecTBOM GeTOHa Npy 3aTBepAEBaHUM U BbICbIXaHUN YMEHbLLATLCSA B pa3Mepe U UCMbITbIBaTb ycadky. [Ans pelueHus
npobnem c ycagkon ocoboe BHUMaHue yaensieTcs marepvanam, Kotopble npu gobasneHun K 06bIMHOMY NOPTNaHALEMEHTY
[AaloT BO3MOXHOCTb Momny4nTb 6e3ycafoyHble, paclumpstowmecs LeMeHTsl. Lnpoko n3sectHbIM cnocobom nonyyeHus pac-
LUMPSIFOLLMXCS LIEMEHTOB SIBISIETCSI COBMECTHBIN MOMOIN LLEMEHTHOTO KINMHKEpa, rurca 1 creynansHon gobaeku. Kpome Toro,
BBEZIEHWNE aKTUBHBIX MUHEpasibHbIX 400aBOK, 06naaaroLLmMx NyLLonaHOBbIMU CBOMCTBAMM, NO3BOSSIET YNNOTHUTL CTPYKTYPY
LIEMEHTHOIO KaMHSl, CHU3UTb MOPUCTOCTb, MOBLICUTb MPOYHOCTb U YMEHbLUUTL ycaaky. OHU Takke S3KOHOMAT KIUHKEP Anst
NPOV3BOACTBA LIeMeHTa, CNOCOBCTBYIOT CHUXKEHMI0 CebeCTOMMOCTM 1 MOMOralT CHU3UTBL Harpy3Ky Ha OKpYXKatoLLyto cpeay.
OpHoW 13 Taknx MUHeparbHbIX 406aBOK SIBNSETCS Tpenen.

MaTepuanbi n meToabl. Bbino usyyeHo BnusiHWE copgepxaHns Aob6aBok Ha AedopMaLMOHHOE CBOWCTBO KOMMO3ULIMOH-
HOrO BSDKYLLEMO C MCMOMb30BaHMEM METoAa MraHMpoBaHUS aKcnepuMeHTa. Jedopmauun uemeHTa B Bo3pacTe 2, 3, 7,
14 v 28 cyT onpepensanucek B COOTBETCTBUM C MeTogom obpaboTtku pesynsratoB B cootBeTcTBum ¢ FTOCT P 56727-2015,
[OCT 11052-74. UccnepoBaHust npoBogunuce B nabopatopumn kadenpbl CTpouTenbHoro matepuanoseaeHns HAY MICY.
Pe3ynbratbl. [lonyyeHHble pedynbTaTel NpeacTaBneHbl B BUAE NOBEPXHOCTU YPaBHEHWUST pErpeccun BTOPOro YpOBHS, Onu-
CbIBaIOLLENO 3aBMCUMMOCTb AechopMaumn BSXKYLLEro OT coAep)XaHWUs KOMMIEKCHON pacLuMpsiioLLe 1 nyuLonaHoBow Ao-
6aBku. B pesynsrate npoBeAeHHbIX IKCNEPUMEHTOB ObInM MOryyYeHbl COCTAB C MakCUManbHbIM pacLUMpeHUeM U CoCTaB
C MaKCumarbHOW ycafKomn C UCnonb3oBaHWEM KOMMIEKCHbIX fobaBok. MNonyyeHHble pesynbraThl OyayT B AanbHEWLeM nuc-
nonb30BaHbl A1 NPOrHO3NPOBaHNs AedOPMaLMOHHbBIX CBOMCTB BSKYLLETO.

BbiBoabl. OcHOBbIBasiCb Ha pesynbsraTtax 3Toro MccrnefoBaHus, B Byaylem aBTopbl MPOOOMKaT U3yvyeHne CBOWCTB BSKY-
LLMX MaTepraroB Ha OCHOBE KOMMNIIEKCHOW pacLuupsitoLLEe U NyLLonaHoBo fobaBku.

KIMKYEBBIE CITOBA: komno3uuuoHHast gobaBka, gedopMaunsi LeMeHTa, rinc, Tpenen, rMuHO3eMUCTbIA LEMEHT, NnaHu-
poBaHVe 3KCNepVMEHTOB, YpaBHEHNE perpeccum
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ABSTRACT

Introduction. When using concrete and reinforced concrete structures, it is necessary to overcome problems associated
with the quality of concrete to shrink in size and experience shrinkage during hardening and drying. To solve problems
with shrinkage, special attention is paid to the materials that, when added to ordinary portland cement, make it possible to
obtain non-shrinkable, expanding types of cements. A well-known way of producing expanding cements is to grind cement
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clinker, gypsum and a special additive together. In addition, the introduction of active mineral additives with pozzolanic
properties allows to compact the structure of the cement stone, reduce porosity, increase strength and reduce shrinkage.
They also save the clinker for the cement production, help to reduce the cost of production and help to reduce the burden
on the environment. One of these mineral additives is tripoli.

Materials and methods. The effect of additives content on the deformation property of the composite binger was studied
using the experiment planning method. Deformation of cement at the age of 2, 3, 7, 14 and 28 days were determined in
accordance with the method of results processing in accordance with GOST R 56727-2015, GOST 11052—74. The research
was carried out in the laboratory of the Department of Construction Materials Science of the Moscow State University of
Civil Engineering.

Results. The results obtained are presented as the surface of a second level regression equation describing the dependence
of the blinder deformation on the content of complex expanding and pozzolanic additives. As a result of the experiments
conducted, the composition with the maximum expansion and the composition with maximum shrinkage using complex
additives were obtained. The results will be further used to predict the deformation properties of the binder.

Conclusions. Based on the results of this study, the authors will continue to study the properties of binders based on
a complex expanding and pozzolanic additive in the future.

KEYWORDS: composite additive, cement deformation, gypsum, tripoli, alumina cement, experiment planning, regression
equation
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BBEJAEHHUE

IIpu ncronk30BaHUU OCTOHHBIX U JKEIE300ETOH-
HBIX KOHCTPYKIHI HEOOXOIUMO MPEOI0ICHUE IPOOIIEM,
CBsI3aHHBIX C KAQY€CTBOM 6eTOHa IIpu 3aTBEpACBAHUU
1 BBICBIXaHUH YMCHBIIATHCA B pasMEPEe U UCIBIThIBATH
ycaaky. Ycaaka MOXKeT ObITh TaKOW CHIIbHOM, YTO KaXK-
Joe TPEmsATCTBUE yMEHBIICHHUS pa3Mepa, TaKkoe Kak
pacTopHbBIe YCTPOHUCTBA, apMarypa 00 3alOTHUTENb
OeTOHa, BHI3BIBACT MOSIBICHUE B I[EMEHTHOM KaMHE
OeToHA OONBIIMX PACTITHBAIOIIMX HAIPSDKCHUU, KO-
TOpBIE TPU MPOJOKUTESIEHOM BO3JICHCTBUH YCaKH
MOTYT HPUBOAMTH K pa3pylieHuto 6erona. OcobeHHO-
CTHU UCIOJIB30BaHUA HEMCHTOB B Pa3IMYHbIX O6J'IaCT${X
CTPOHTENHCTBA BRIABUTAIOT 0COObIE TPEOOBAHUS K HIM,
B YaCTHOCTH K CITOCOOHOCTH pacuInpsAThCs. Pacmmpsi-
IOIIUICS IEMEHT IPH TBEPIECHUU 00eCIeunBaeT yBe-
JTUYeHne 00beMa IIEeMEHTHOTO KaMHs, er0 YIDIOTHEHHE,
pacupeHue u camoHamnpspkenue [1-3].

B Hacrosiiee Bpems oco0oe BHUMaHKE Y/elsieT-
Csl MaTepuajam, KOTopbie, Py J00aBICHUH K 0OBIYHO-
MY HOPTIAHALEMEHTY, JAIOT BO3MOXKHOCTb IIOJIYy4YUTh
OGe3ycamouHble, PacHIUPAIOIINECS U HampsTalonue
neMeHTHl [4—6]. Hanbomee mmpoko U3BECTHBIM CIIO-
co0OM TOJIy4eHHs PaCUIUPSIONUXCS IIEMEHTOB SIB-
JSIeTCSI COBMECTHBIA IMOMOJI IEMEHTHOTO KIWHKEpa,
TUIICA U CIICIHATBHON N00aBKH. YUYCHBIMU B PA3HOE
BpeMsI MpeJIaraiuch Pa3InIHbIE CIIOCOOBI OTYYCHHUS
pacIIupsIoIIerocs IIeMEeHTa Ha OCHOBE MOPTIIaH/IIIe-
MEHTa, LUIAKOBOTO WJIU TIMHO3EMHUCTOTO II€MEHTa
[7-10]. bein pa3paboTaH HampsTarOUIUK IIEMEHT, KO-
TOPBIH IPUTOTOBIISITA COBMECTHBIM ITOMOJIOM B IIIapo-
BOH MEJILHUIIE CMECH, cocTosmel u3 rumca (8—10 %),
rmuHO3eMHuCcTOro IeMeHTa (15-20 %) u mopTiaHe-
menTa (70-80 %) [11, 12].

AKTUBHBIC MUHEpalbHBIC N00aBKHU, 00J1anaro-
muyue mynuoJiaHOBBIMU CBOﬁCTBaMH, HCIIOJIB3YIOT-
Cs YXKE€ Ha NPOTAXKCHUN MHOTUX JICT IJId YITYy4YHICHUA
(U3MKO-MEXaHUYECKUX CBOWCTB IOJy4aeMbIX Mare-
pHAIOB Ha OCHOBE IIEMEHTOB. VICIIOIb30BaHIE aKTHB-
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HBIX MHHEPAJIbHBIX J100aBOK MMPUBOIUT K MOBBIIICHUIO
UX JIOJITOBEYHOCTH, a TAaK)K€ XMMUYECKOM CTOMKOCTH.
OmHO¥ U3 TAKUX MUHEPATBHBIX T00ABOK SBISETCS Tpe-
nenr. [IpuMeHeHne mynIoJaHoBEIX J00aBOK MO3BOISET
HE TOJIBKO 3HAYUTEILHO CHU3UTh KOJTMYECTBO IIEMEHTA,
pacxoayeMoro Ha TOHHY OCTOHHOW CMeCH, HO U Yayd-
LIUTh €r0 CTPOUTEIbHO-TEXHUUECKUE XapaKTEPUCTUKH.
DKOHOMHYECKOE 3HaUuCHHE MCIOJIB30BaHUS Tperela
JUTS 3aMEIIIeHHs YaCTH [IEeMEHTa UMEeT CYIIeCTBEHHOE
3HadeHue. [loaTBepKaeHUEM SBISIOTCS Pa3INIHbIE
JIaHHBIC, CPAaBHUBAIONINE UCIOJIB30BAaHUE OOBIYHOTO
[EeMEHTa U 1ieMeHTa ¢ nobaBkamu [13]. Ha cerommsmi-
HUH JIeHb J0JIsI HCIIONB30BaHMS IEMEHTA ¢ T00aBKaMu
CTPEMUTENBHO PACTET.

Tpenen o cBoeil mpupoae u 3PpPEeKTUBHOCTH
BIIUSIHUSL Ha MOPTJIAHALIEMEHT OY€Hb CUJIBHO MOX0XK
Ha nuatomut. CommacHo uccienoBanusM |14, 15], nua-
TOMUTHI ¥ TPEMe B €CTECTBEHHOM COCTOSIHUH 00Ja1a-
0T TIJIOXOH a7cOPOIMOHHON CIIOCOOHOCTHIO, OOIBIION
MOPUCTOCTHIO, YTO HETATUBHO BIUSAET HA MPOYHOCTHBIE
CBOICTBA I[ECMEHTA IPU UX JOOABICHUU K KIUHKEPY.
CoriracHO M3BECTHBIM JAaHHEIM [16], 000X>KeHHBIN
mpu 900 °C 1raTOMHT B COCTaBE MOPTIAHALIEMEHTHOTO
KIIMHKEPA TT03BOJISIET YIUIOTHUTH CTPYKTYPY TaKUX KOM-
MO3UIIMOHHBIX [IEMEHTOB 32 CUET U3MEHEHHUS MIOPOBBIX
cTpykTyp. Tpenen cogepxxkut 10 75-96 % axkTUBHOTO
KpeMHe3eMa, I03TOMY OH SIBIISICTCSI OMHOM M3 JIYYIINX
AKTUBHBIX MUHEPAIBHBIX 100aBOK K BOKymnM. Kpome
TOTO, OHU UCTIONB3YIOTCS TIPU TIPOU3BOJICTBE TEIIIION30-
JISIIMOHHBIX MaTepuaios [17].

Cdepa nmpuMeHeHHS TIIMHO3EMHUCTOTO IEMEHTA
XapaKTEPHU3yeTCs ero YHUKATBHBIMU TEXHHYECKAMH
XapaKTepUCTUKaMU. | UIICOITIMHO3EMUCTBIM HEMEHT UC-
MOJIB3YETCSI ISl U3TOTOBJICHUS 0€3yCaI0UHBIX BOIOHE-
MPOHUIIACMBIX PACHIUPSIONUXCS OETOHOB, PACTBOPOB
Y THJIPOU3O0JSIIIMOHHBIX 00Ma30K. B MeTpocTpoennn —
JUTS 3a]ICJTKH IIIBOB MEXKAY OCTOHHBIMU KOHCTPYKITHS-
MU, THAPOU3OIISAINN, PEMOHTAa U YCHJIEHHS CTaphIX
KOHCTPYKIMH. B rpak1aHCKOM M IPOMBILUIEHHOM



BAnsiHue COAepXaHUSI KOMIMAEKCHbIX A06aBOK Ha AepopMaLMOHHbIE XapaKTepPUCTUKU LIeMeHTa

C. 137-151

CTPOUTEIBCTBE — ISl TUAPOHU3OISALUU pyHAaMEH-
TOB, BO3BEACHUSI OETOHHBIX €MKOCTEH, 3aJJeJIKH [ITIBOB
KaHaJU3alMOHHBIX U BOJOIPOBOAHBIX KOJUIEKTOPOB,
TUAPOU30JISLIMN OYUCTHBIX COOPY>KEHUH, TNKBU ALY
aBapUHHBIX CUTYAIMH, PEMOHTHBIX PA0OT KOHCTPYKIHIA
1 MIOMEIIECHUH, pabOTAIONINX B YCIOBUSX MTOBBIIICHHON
Brnaxknoctu [18, 19].

B nanno#t paboTte OBLIO MPOBEACHO HCCIENOBA-
HUE BJIMSHUS COCTAaBAa KOMIIO3MLMOHHOIO BSIXKYILETO
C HEOPraHWYECKHUMH 100aBKaMU MPUPOTHOTO MPOHC-
XOXIeHHs Ha Je(hopMaluK IEMEHTa IPU TIOMOILHU Op-
TOTOHAJIBHOTO LIEHTPAJIbHOIO MIIAHUPOBAHUS BTOPOTO
nopsnka bokca — Yuncona.

MATEPHUAJIBI U METO/bI

Marepuaasl. I[loptnannunement (II1[) —
LHEM I 42,5H (M500 J10) ¢ MCTHHHO# TIJIOTHOCTBIO
3,208 r/cm?, coorBercTByomuit Tpeboanusm 'OCT
30515-2013. I'munozemuctseiii nemedt 'Ll 40 ¢ uc-
TUHHOH TUIOTHOCTBIO 3,196 T/cM?, COOTBETCTBYIOMITHIA
tpeboBarmsim 'OCT 969-913. Ipuponusrii runc (1))
BTOoporo copra B coorBercTBrr ¢ [OCT 4013-2019 (co-
nepxxanane CaSO,-2H,0 pasnsercs 93,20 %) ¢ uctun-
HOM I0THOCTHIO 2,316 r/cM?. Tpernen (Tp) XoThIHEIKO-
TO MECTOPOXKACHUS C HICTUHHON IIIOTHOCTHIO 2,395 1/
cm’. Boza i U3roToBJIeHHS 00Pa3IoB COOTBETCTBYET
HopMaTuBHBIM Tpebosanusm ['OCT 23732-2011.

MeTonpl. McTrHHAS MIIOTHOCTH ObLIa ONpeiesieHa
B cootBeTcTBHH ¢ OCT 30744-2001. dns onpenene-
HUs pedopManny eMeHTa B TeueHue 28 cyTok Obun
MPUTOTOBIIEHH 00pa3iel — Oamouku 4 x 4 x 16 cm
IPU BOJOIIEMEHTHOM OTHOIIEHHH, paBHOM 0,5, ¢
MOMOIIBI0 aBTOMAaTHYECKOTO PacCTBOPOCMECHUTENS
Automix CONTROLS u ¢opm anst onpeneneHus Je-
dhopmanuu nementHoro pactsopa CONTROLS 62-
L0009. Jedopmanuu 0Opa3oB OBLIU OMPEICICHBI
C MCIIOIB30BaHUEM YCTPONCTBA I CPABHEHUS JJIH-
Hbl Mogienmn CONTROLS 62-L0035/A B maboparopun
Kadeapsl CTpOUTENbHOTO MarepuaimoBenenns HUY
MI'CY. Pacuer nedopmanmu 1ieMeHTa MPOU3BOIUIICS
o 'OCT P 56727-2015, TOCT 11052—74. B atom nc-
CJIEZIOBaHUH JUTSL pa3pabOTKH Pe3yJIbTaTOB HCIBITAHUN
UCTIONIB3YETCS] OPTOTOHAJIBHBIN [IEHTPATbHO-KOMITO3H-
IIMOHHBIN T1aH BTOporo nopsizka (meron bokca — Yui-

Taou. 1. /lnana3zoH nepeMeHHbIX BIUSIOMINX (pakTopoB

CoHa). YpaBHEHHE PErpecCHH BTOPOTO YPOBHS, BHIYNC-
nenHoe 1o ¢opmyse (1), npencrasneHo ke [20-23]:

y=d”+zn:djxj+zn:dﬂxf+Z":Zn:djuxjxu, (1)
=1 71

u=1 j=1
J#u

e d, dj " dju — K02 PHUIMEHTHI PETPECCHU; /I — JHC-
710 (haKTOpPOB; X, — (axTopsr; XX, — B3aUMoOJIelicTBHE
MeXIy (hakTopamu.

PE3YJIBTATHBI HCCIEJOBAHMUA

JList vicciteioBaHuUs BIVSIHUS COJCPIKaHUS JOOABOK
B KOMITO3UIIMOHHOM BSDKYIIEM OBLIT IPUMEHEH OPTOTO-
HAJBHBIN [IEHTPAIEHO-KOMITO3UITUOHHBIN IIJIaH BTOPO-
TO MOpsAIKa MpH TpeX pakTopax. B aTom uccnenoBannu
M3y4asioch BIUSHHE COJCpKaHuUs J00aBOK Ha Aedopma-
LMY LIEMEHTHOT'O PacTBOpa B TeUeHHe 28 CyTOK TBEp/e-
Hus. BxognbIe (hakTOphl, BIHsIONINE Ha eopMaIinoH-
HBIE CBOMCTBA IIEMEHTHOTO pacTBopa (Tadm. 1):

* X, — colepxaHue I'l] or 10 mo 14 % ot maccel
BSDKYILIETO;

* x, — conepxanue I' ot 7,5 no 12,50 % ot mac-
ChI BSDKYILIETO;

* X, — COjepKaHue Tp ot 12 10 20 % oT macchl
BSDKYILETO.

Macca spxymero: %IIL + %I+ %I+ %Tp=
=100 %.

KonmuectBo ucnbitTanuii N onpeaensiock no ¢op-
myne (2):

N=2+2-n+m=2+2-3+1=15, ©)

rae n = 3 — KOJIMYECTBO BXOJOB; m = 1 — Konuye-
CTBO DKCIIEPUMEHTOB B LIEHTPE (VIS OLEHKU (YHKIMN
OTKJIMKA JIeJIaJIH JIBE AOTIOJHUTEbHBIE ITONBITKY B IIEH-
Tpe IUIaHa, He YYTeHHbIe B 00umx Qopmynax (1) u (2),
k=3).

[Nocne xonupoBaHuUs IEPEMEHHBIX OBLIM MPOBEIE-
HBI COOTBETCTBYIOIINE SKCIIEPUMEHTHI.

PesynpTarsl 3KCIEPUMEHTOB MPEACTAaBICHBI
B TaO. 2.

Koa¢ppunuenT ypaBHeHUs! perpeccUy pacCUUThI-
Basics o ¢opmyie (3) [20-23]:

DakTopbl VYpoBHH BapbupoBaHUs (aKTOpoB

B KaueCTBE MEPEMEHHBIX B HaTypaJbHOM BHUJIE -1 0 +1
X, %I 10 12 14
x, %I’ 7,5 10 12,5

X, %Tp 12 16 20
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Ta6u. 2. CooTHoleHUst 100aBOK B BSUKYILEM, KOIMPOBAHHBIC 3HAYCHNS U IIOTyYEHHbIE PE3YJIBTaThl 110 METOLYy OPTOTOHAIBHOTO
HEHTPAIN30BaHHOTO MJIAHUPOBAHHS BTOPOTO MOPSIIKA

Ipumeuanue: y, — byHKIHSA OTKIMKA, TIPEACTABIAIOMAS TUHEHHYIO Te(hOPMAIMIO IEMEHTa Ha 2-€ CYTKH, MM/M;
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¥, — (QYHKIHS OTKIMKA, MPEACTaBAIONIAs THHEHHYIO e opMaIlhio IIEMEHTa Ha 3-H CyTKH, MM/M;

¥, — (GYHKIHS OTKINKA, MPECTaBAIONAs THHEHHYIO e OpMAIIHIO [IEMEHTA Ha 7-€ CYTKH, MM/M;

¥,,— yHKIMS OTKJIHKa, MPEICTABIONIAs TMHEHHYIO IehopMaluio IleMeHTa Ha 14-e CYyTKH, MM/M;

¥,e— yHKIMS OTK/IMKa, Mpe/CTaBAIONIAs TMHEHHYI0 TehopMaluIo IeMEeHTa Ha 28-€ CYTKH, MM/M.

(1 mm/M = 0,1 % nuneiiHoe paciiupenue (ycaaka)).

N
2 XY, _
d, =% v, =1l.n;
S
i1
N
ijixuiyi
d/u :':;V—v/,u
2 XX
o1
N
2
d, =L—d“x12

3)

B HarypasibHOM BH/IE B kauecTBe nepeMeHHBIX DyHKINH OTKJINKA U PE3yJbTaThl HCHBITAHUH
s 2
é %I’ %I’ %Tp X, x, X, v, Vs v, Vi Vg
10 7,5 12 -1 -1 -1 0,777 0,815 0,829 0,840 0,913
14 7,5 12 +1 -1 -1 0,138 0,190 0,265 0,269 0,346
§ 10 12,5 12 -1 +1 -1 0,677 1,194 1,960 2,656 3,423
E 14 12,5 12 +1 +1 -1 1,038 1,590 2,869 3,623 4,367
E 10 7,5 20 -1 -1 +1 1,389 1,405 1,493 1,556 1,710
E 14 7,5 20 +1 -1 +1 0,469 0,492 0,554 0,638 0,810
10 12,5 20 -1 +1 +1 1,200 1,919 3,221 3,963 4,346
14 12,5 20 +1 +1 +1 3,523 4,671 6,444 7,194 7,427
9,57 10 16 -1,215 0 0 1,029 1,452 1,892 2,179 2,288
5 14,43 10 16 1,215 0 0 1,721 2,004 2,065 2,088 2,096
% 12 6,96 16 0 -1,215 0 0,269 0,044 | —0,008 | —0,050 | —0,046
§ 12 13,04 16 0 1215 0 1,071 | 1,523 | 2,821 | 3,771 | 5,119
f% 12 10 11,14 0 0 -1,215 | 0,798 1,263 1,690 1,688 1,696
12 10 20,86 0 0 1,215 1,094 2,077 3,350 3,623 3,758
% 12 10 16 0 0 0 1,171 1,877 2,358 2,367 2,371
E E 12 10 16 0 0 0 1,095 1,765 2,165 2,181 2,221
£t
E 12 10 16 0 0 0 1,257 1,957 2,445 2,495 2,471

B pe3synbrare ObLIH MOMTyYEHBI CIEAYIONINE YpaB-

HEHUSI PErPECCUHL:

»,=0,986 + 0,179x, + 0,424 x, +

+0,394x, + 0,530x,x, + 0,210x,x; +

4)

+0,258x,x; + 0,280 x,x,x; + 0,304x7 —

~0,174x2 +0,013x2;

py=1,524 + 0,208, + 0,755x, +

+0,519x, + 0,586x,x, + 0,259, x; +

)

+0,364x,x; + 0,331x,x,x, + 0,216 x] —
- 0,424x; + 0,176 x7;
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¥, =2,005+ 0,259x, + 1,350x, + S2
_Ba .
+0,713x, + 0,704x,x, + 0,242, x, + © me =g (13)
+0,485x,x, + 0,336 x,x,x; + 0,059x] — N .
-0,328x; + 0,426x: ; 5 Z(y,-—yi)
Sp == N > (14)
Vi = 2,072 + 0,237 x, + 1714x, + &
+0,759x, + 0,711x,x, + 0,240 x, x, + (7) e S? — 3nauenue aucmepcun; S, — OCTAaTOYHas
+0,474x,x, + 0,326 x,x,x, + 0,106 x> — JWCIIEPCHs Ha OJHY CTEIIeHb CBOOOJBI; Y, — 3HAYCHHE
—0.079x2 + 0.459x2 : i-TO DKCIIEPUMEHTA; V; — 3HaueHue (QyHKIUH, MOJTy-
’ S P YEHHOE B COOTBETCTBUM C DKCIIEPUMEHTOM [; g — KO-
Yos = 2,195+ 0,212, +2,014x, + JUYECTBO KOA(PPUIIMEHTOB PErPECCHH.
CooTBeTcTBYyIOIIEE TAOIMYHOE 3HAUYCHUE KpHUTe-
+0,708x; + 0,687 x,x, + 0,226x, x; + (8) pust Quwepa F, (v, v,) Obu10 Halineno no Tabu. 3.5

+0,340x,x; + 0,309x,x,x; +
+0,036x] + 0,269x; + 0,398 x;.

3HaYMMOCTh KOA(p(HUIMEHTOB YpaBHEHHUS perpeccui
ObLTa IpOBEepeHa IpH oMo Kputeprs CThIoneHTa.

Koadpumment ¢ j CAMTACTCS CYIIECTBCHHBIM, CCITH
|tdj|2tp(v2)‘

Cormacuo [24], B Tabn. 3.2 — t, (v,) = 4,30
(»p=0,05v,=k—-1=3—1=2 uncro crenenen cgo-
601151).

3mauenue f, ObuI0 Onpeneneno mo dopmyie (9)
[18-21]:

=5 ©)

3HavyeHHe JUCIIePCHH KO3(D(PHUIIMEHTOB perpeccuu
Sy 0BUT0 paccuntano 1o Gopmyre (10) [20-23]:

(10)
rne S,f — OCTaTO4YHas JUCIEPCUs HA ONHY CTEIECHb
cBoOoBI [20-23].

K — 2
s zl(yoc Yo )
Sy == 11
1/ k _ 1 ( )
-1 &
m=;2%” (12)
c=1

e k — KonuuecTBO TIOBTOPHBIX DKCTICPUMEHTOB B IICH-

TpE; Yy — CpeaHee 3HaAYCHUC k OKCIICPUMCHTOB B LICH-
TpE; yOc — MMOJYYCHHOC 3HAUYCHHUC C-TO IKCIICPUMCHTA
B LICHTPC.

IIpoBepka ageKBaTHOCTH MOJETH

[IpoBepka ageKBaTHOCTH MOAETH ObLIA BBITION-
HEeHa Ipyu noMoInyu kputepus Pumepa no Gopmynam
F,.(3)nS,, (14) [22]:

[24] (nmpoueHTHBIE TOUKM F-pacrpeneieHus), Ipu
ypoBHe 3HaunuMocTu p = 0,05. [TomyueHHOE coOTHOILIE-
Hue F/ < F . T03BONACT NPHHATE THIIOTE3Y 00 ajek-
BaTHOCTH PETPECCUOHHON MOAETH.

ITocne npoBepku BhIIIEyKa3aHHBIX KPUTEPHUEB IO-
JY4YUIIM YPaBHEHUsSI PEIPECCUU, IPEICTABICHHbIE HUXKE:

¥, =0,986 +0,179x, + 0,424x, + 0,394 x; +
+ 0,530, x, + 0,210x,x; + 0,258 x,x; +
+ 0,280, x,x; + 0,304 x} — 0,174 x; ;

(15)

y; =1,524+0,208x, + 0,755x, + 0,519x; +
+ 0,586 x,x, + 0,259, x; + 0,364x,x, +
+ 0,331x,x,x; + 0,216x7 — 0,424 x; ;

(16)

¥, = 2,005+ 0,259x, + 1,350x, + 0,713x, +
+0,704x,x, + 0,242 x,x; + 0,485x,x; +
+0,336x,x,x;, — 0,328 x2 + 0,426x7;

(17)

Yy =2,072+0,237 x, + 1,714x, +
+ 0,759x; +0,711x,x, + 0,474 x,x; +
+ 0,326 x,x,x; +0,459x; ;

(18)

Vo = 2,195+ 0,212x, + 2,014x, + 0,708 x, +
+0,687 x,x, + 0,226 x, x, + 0,340 x, x, +
+0,309x,x,x, + 0,269x; + 0,398x; .

(19)

[MomyyeHo n3o0paxkeHHe OBEPXHOCTEHl BBIpaxe-
HUS 1eneBoil QyHKInu 11 ypaBHeHH perpeccun (19)
(puc. 1, a, b) c MOMOIIBI0 KOMITEIOTEPHOM MPOTPAMMBI
Origin. Onenka nedopMaioHHON XapaKTePUCTHKH Lie-
MEHTa B OCHOBHOM OCHOBaHa Ha ypaBHeHHH (19) mpu
u3MepeHnu aehopManiy B Bo3pacTe 28 CyToK, IOTOMY
YTO TOra OOJIBLINHCTBO KOMIIO3ULIMOHHOTO BSKYILIETO
Y4YacTBOBAJIO B IIPOLIECCE TUIPATALNY [IEMEHTA.

OO0mue koMMeHTapud K (QYHKLHUSIM, OINHMCHIBAIO-
UM TIpoLece Ae(pOPMUPOBAHHS LIEMEHTA B Pa3IMYHOM
BO3pAaCTe, CICAYIOLINE: COOTBETCTBYIOIINE KOA(dULIM-
SHTBI PErPeCcCHH YPaBHEHHH, B TOM YUCIIE U CBOOOTHbIC
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X, MM/M
9,15
7.93
6.70
548
125
303
1,80
0,58
0,65

S N A O ®

Mpux, = 1215w T =143 % 1215  © = & =
a

Puc. 1. IloBepxHOCTh ypaBHEeHHUS perpeccui (19)

YWICHbI YPaBHEHUH, YBEINUMBAIOTCS HA BCEM IPOTSDKE-
HHH NPOBEJICHUSI 3KCTIEpUMEHTA. DTO HaOJIIoAeHHE U TOT
(hakT, 9TO OONBITIMHCTBO KOA(PPHUIIHEHTOB UMEIOT TIOJIO-
JKUTEIbHBIA 3HAK, CBUAETEIBCTBYIOT, YTO MPEUMYIIE-
CTBEHHO NPOUCXOUT PACUIMPEHUE [IEMEHTHOTO KaMHSL.

Ananu3upys ypaBHeHue perpeccuu (19), Mox-
HO OTMETHTb, YTO NEPEMEHHAs X, (KONMIECTBO THIICA
B CMECH BSDKYIIETO) UMeeT HanOOIbIHi K03 uituent
ypaBHEHHUs perpeccud, paBHseTcs +2,014 u, cnemosa-
TEJIbHO, OKa3bIBACT HAMOOJBIICE BIUSIHUE HA PACIIH-
penue neMeHTHOro kamHsi. Cynbdar Kaiblys BCTyNaeT
B PEaKIHI0 C MUHEpaJIaM1 MOPTIaH/IIEMEHTHOTO U IJIH-
HO3EMHCTOTO KJIIMHKEPa U MPOITYyKTaMH UX THIpaTaliy
¢ obpazoBaHueM >TTpuHTHUTA [3, 18, 19, 25]:

C,A+3CaSO0, - 2H,0 + 25H,0 — C,A(CS) H, ;

?;Ca(OH)2 (TIpu THOpaTauU TOPTIAHIIEMEH-
ta) + 2Al(OH), (npu rugpaTanuy IMHO3EMHUCTOTO
nemenra) + 3CaSO, - 2H,0 + 19H,0 — 3CaO x
x ALO, - 3CaSO, - 31H,0;

C,AF +3CaS0, - 2H,0 + H,0 +
+ Ca(OH), — C,A(CS)H,, + C,FH,;

Q
o o0

A e Saadrmer
N

(3]

WHW
o

3CA+CaSO, - 2H,0 + 31H,0 — C,A(CS),H,, +
+2AI(OH),.

[Ipu HamuuuyM Tpemnena MPOUCXOIUT MyIIOIAHO-
Bas peaKuus:

28i0, (amopdmbiit) + 3Ca(OH), (npu rujparanuu
noptiaHanemenTa) — 3Ca0 - ZSiO2 *3H,0.

Koo duuments! mpu TMHEHHBIX 4ileHax X, 1 X, (Ko-
JIMYECTBO TIIMHO3EMHCTOTO IIEMEHTA 1 TPETENa COOTBET-
CTBEHHO) UMEIOT HOJIOKUTEIIBHBIN 3HAK, CIIEJIOBATENBHO,
MIPY YBEJIMYEHUN KOJIMYECTBA 3TUX KOMIIOHEHTOB B CO-
CTaBe BSDKYIIETo pacliMpeHne [IeMEHTHOTO KaMHs pac-
teT. OmHaxo kodpduuuent mpu x, = +0,212 apasercs
HaMMEHBIINM cpeln Kod(QPHUINEHTOB ypaBHEHHsS pe-
rpeccun (19), 4To TOBOPHUT 00 OrpaHHYCHHON POJIH TITH-
HO3EMHCTOTO [IEMEHTA B IIPOLIECCE PACIIUPEHHS LIEMEHT-
HOT'O KaMH4 110 CPAaBHECHHUIO C IPYTUMHU KOMIIOHCHTaMH
BsDKyTIeTo. JIMHSHHBIH 1 KBaIpaTHIHBIN KO3 OUIIHEHTHI
IPU X, PaBHbI, COOTBETCTBEHHO, +0,708 u +0,398. D10
OOBSCHSIETCS IOPHICTOM CTPYKTYPOil M pa3BUTON ITOBEPX-
HOCTBIO TOOABKH, OJlaromapsi KOTOPBIM Tperer o0anact
BBICOKUMH a0COpOHPYIONTMMH CBOHCTBaMHU. B pesyib-
Tare HaJM4YKe TPEreia B COCTaBe BSHKYILETO HPUBOIUT
K YBEIMYCHUIO Ha0yXaHNUsI IIEMEHTHOTO KaMHs. Bo3mMoxk-

Taéu. 3. [Ipenensuble 3HaueHUs AehOpPMALIUii IEMEHTHOTO KaMHS B 3aBUCHMOCTH OT COZICp)KaHMs KOMITOHEHTOB Ha 2, 3, 7, 14

U 28-e cyT TBEpACHUS

KonupoBaHHOE 3HaYCHHE
Jedopmariyu nemeHTa, MM/M
Cocras %I | %l | %Tp ¢axropa
X, x, X, 2cyr | 3cyr | 7cyr | ld4cyr | 28 cyT
y28mcu<c = 9’15 MM/M
(Cocras 1) — 14,43 | 13,04 | 20,86 | +1,215 | +1,215 | +1,215 | 4,37 | 5,40 7,69 8,38 9,15
pacmmpenue
Vo = —0,62 MM/M
(CocraB 2) — 14,43 | 6,96 | 15432 | +1,215 | -1,215 | -0,142 | 0,11 | 0,30 | -0,82 | —-0,72 | —0,62
ycazka
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HO, aOCOpOMpPOBaHHAS TPEIEIOM BOJIA yYaCTBYET B peak-
IIUSIX 00Pa30BaHUS STTPUHIUTA.

[IpucyTcTBUE MONOKUTENBHBIX KO3(D(DHUIIMEHTOB
JIBOMHOTO U TPOMHOTO B3aMOJIEHCTBYUS, UNCIICHHbBIE 3HA-
YEHMSI KOTOPBIX 3HAYMTEIBHO MPEBOCXOAAT KO3 PUIIUESHTHI
NPH JIMHEHHBIX WICHAX YPAaBHEHUS, CBUICTEIBCTBYET, YTO
OoubIII0e 3HAUYEHHE Ha UCCIIElyeMble CBOICTBA HIMEET COOT-
HOIIICHHS MeX Ty (hakTopamu BapbupoBanus. Hanbosbiee
3HAYCHUE MMEET COOTHOIICHNE «IJIMHO3EMHCTBIN [IEMEHT—
THIICY, TAaK KaK B PEe3yJIbTaTe UX B3aUMOJCHCTBUS 00pasy-
©TCs1 TTPUHIHUT, YTO ¥ OBLIO TOKA3aHo BhIiIe. Tpernes Toke
Y4acTBOBAJ B IyIoNanoBoH peakimu ¢ Ca(OH),, nosro-
MY MOYKHO OOBSICHUTB TTOSIBJICHHE CYIIIECTBEHHBIX KO3 dH-
IMEHTOB B3aMMOJICHCTBUI MKy (haKTOPaMH.

O4eBHIHO, YTO PACHINPEHNE IEMEHTHOTO KaMHS
(bynkums 19) qocturaer MakCUMajabHOTO 3HAYCHHMS,
pasHoro 9,15 mm/M unu 0,9 % npu x, = x,= x,=+1,215
(puc. 1). IIpu 3TOM 3HaUE€HUN TTEPEMEHHBIX COAEP)KaHNE
TJIMHO3EMHUCTOTO LieMeHTa paBHO 14,43 %, runca —
13,04 %, Tpenena — 20,86 %. brna ncmonb3oBaHa
nporpamma MatLab 1 HaXOXXICHUS COCTaBa ¢ MUHH-
MaJIbHbIMH JiehopManusMu (¢ MAKCUMaJIbHOM YCaJIKOM,
paBHoit —0,620 MM/M) npu 3HaUeHUH KO3 UIHEHTOB
x, = +1,215; x, = -1,215; x, = -0,142 u, cooTBETCTBEH-
HO, COZep>KaHUU TTTMHO3EMHUCTOTO IIEMEHTa, PABHOM
14,43 %; runca — 6,96 %; Tpenemna — 15,432 %.

[lomydeHHbIe pe3yasTaThl MPEACTaBICHHI B Ta0MI. 3
U Ha puc. 2.

10 9,15
8,38 —
. 7,69 -
=
) 6
=
Eﬂ
= 4
<
=
&
=9 2
]
= 0,72 0,62
0.7 _
0 , ,
4 %
-2
0 5 10 15 20 25 cyT
=— Cocras 1 =@~ Cocras 2

Puc. 2. Kunernka pa3sutus qedopmannii HEMEHTHOTO KaMHsI B 3aBUCHMOCTH OT COCTaBa KOMIO3UIIMOHHOTO BSOKYIIETO

3AKJTIOYEHHUE

Ha ocHoBannm aHanm3a AaHHBIX, MOTYyYCHHBIX
B XOJI¢ HPKCIIEPUMEHTA, MOXHO CHENaTh CIeAYIOIINe
BBIBOJIBL.

1. Wcnonp3ysi alropuTM SKCIEPUMEHTATBLHOTO
TUTAHWPOBAHUS, HAWJCHBI YPaBHEHUSI PErPECCHH, OIIH-
CBHIBAIOIINE B3aMMOCBSI3b MEKIY HEICBBIMA (DYHKIIH-
smu: nedopManuu IIEeMEHTHOTO KaMHs Ha 2, 3, 7, 14
u 28-e CyT TBEepIACHHUS.

2. Bein mpoBeneH aHalM3 BIHWSHHUS COCTaBOB
Ha nedopManunio IIEeMEHTHOTO KaMHs Ha 0a3e IMorydeH-

HBIX pe3ynasTaroB. COCTaBHI BXKYIIEH CMECH C Mak-
CHMaJIbHOM yCcaJkoil M MaKCUMaJIbHbIM PacCIIMpPEHU-
eM mpencTaBieHsl B Ta0u. 3. [lomyueHHble 3HAYCHUS
nepopmManuii m3MeHs0Tcs B uHTEepBaie ot —0,620
110 +9,150 Mmm/M.

3. C nmoMoImIpi0 KOMIBIOTEPHBIX MPOrpaMM OBLITO
MOTy4eHO N300paKeHne MMOBEPXHOCTH ypaBHeHH (19),
MIpeACTaBIeHHOE Ha pucC. 1.

4. ITomy4yeHHBIe pe3yabTarsl OyayT B AajbHEHIIIEM
UCIIOJIb30BaHBI JUIsl TIPOTHO3UPOBAHUS Je(OpMaIOH-
HBIX CBOWCTB BSKYIIIETO ITPH IMPOBEICHNUHN JaTbHEHIIINX
HCCIIEIOBAHUMN.
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INTRODUCTION

Concrete and reinforced concrete structures have
to overcome problems associated with the quality
of concrete to shrink in size and experience shrink-
age during hardening and drying. Shrinkage may be
so high that every obstacle in the way of shrinkage,
such as spacers, reinforcement or concrete aggregate,
causes high tensile stresses in the concrete, which
may cause the concrete to collapse under prolonged
exposure to shrinkage. The special use of cements in
the various construction sectors imposes special re-
quirements on them, particularly on their ability to
expand. Expanding cement during hardening provides
an increase in the volume of cement stone, its compac-
tion, expansion and self-stressing [1-3].

At present special attention is paid to materials,
which, when added to ordinary portland cement, make it
possible to obtain non-shrinking, expanding and stressing
cements [4-6]. The most widely known method of ex-
panding cements is the combined grinding of cement
clinker, gypsum and a special additive. At various times
scientists suggested various ways of production of ex-
panding cement based on portland cement, slag cement
or alumina cement [7-10]. Expanding cement was de-
veloped by grinding a mixture consisting of gypsum (8-
10 %), alumina cement (15-20 %) and portland cement
(70-80 %) in a ball mill [11, 12].

Active mineral additives with pozzolanic prop-
erties have been used for many years to improve
the physical and mechanical properties of cement-
based materials. The use of active mineral additives
leads to an increase in their durability as well as chem-
ical resistance. One such mineral additive is tripoli.
The usage of pozzolanic additives can not only sig-
nificantly reduce the amount of cement consumed per
ton of concrete mix, but also improve its construction
and technical characteristics. The economic impor-
tance of using tripoli to replace part of the cement is
significant. This is evidenced by various data compar-
ing the use of conventional cement and cement with

additives [13]. Today the usage of blended cement is
increasing rapidly.

Tripoli is very similar to diatomite in its nature and
effectiveness on portland cement. According to studies
[14, 15], diatomite and tripoli in their natural state have
poor adsorption capacity, high porosity, which negative-
ly affects the strength properties of cement when they
are added to clinker. According to the known data [16],
diatomite burnt at 900 °C in the composition of portland
cement clinker allows to compact the structure of such
composite cements by changing the pore structure. Di-
atomite contains up to 75-96 % active silica, so it is one
of the best active mineral additives in binders. They are
also used in the production of thermal insulation materi-
als [17].

The scope of application of alumina cement is
characterised by its unique technical characteristics.
It is used to make waterproof, watertight, expandable
concrete, mortars and waterproofing coatings. In un-
derground construction — for sealing joints between
concrete structures, waterproofing, repair and reinforce-
ment of old structures. In civil and industrial construc-
tion — for waterproofing of foundations, construction
of concrete tanks, sealing joints of sewage and water
supply reservoirs, waterproofing of treatment facili-
ties, elimination of emergency situations, repair work
of structures and premises operating in conditions
of high humidity [18, 19].

In this paper, the effect of the composition
of a composite binder with inorganic additives of nat-
ural origin on cement deformation was studied using
a Box-Wilson second-order orthogonal central plan-
ning.

MATERIALS AND METHODS

Materials. Portland cement (PC) — CEM I 42,5H
(M500 DO0) with true density 3.208 g/cm?, correspond-
ing to the requirements of GOST 30515-2013. Alumina
cement GTs 40 with true density 3.196 g/cm?, corre-
sponding to the requirements of GOST 969-913. Natu-
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ral gypsum (G) second grade in accordance with GOST
4013-2019 (CaSO, - 2H,0O equals 93.20 %) with true
density 2.316 g/cm®. Tripoli (Tr) from Khotynetskiy
field with a true density of 2.395 g/cm?. Water for mak-
ing samples complies with the normative requirements
of GOST 23732-2011.

Methods. The true density was determined in
accordance with GOST 30744-2001. To determine
the deformation of cement for 28 days samples
were prepared — beams 4 x 4 X 16 cm at a water-
cement ratio of 0.5, using an automatic mortar mixer
Automix CONTROLS and molds to determine
the deformation of cement mortar CONTROLS
62-L0009. The deformations of the samples were
determined using a CONTROLS 62-L0035/A length
comparison device in the laboratory of the Department
of Construction Materials Science at the Moscow State
University of Civil Engineering. Cement deformation
was calculated according to GOST R 567272015,
GOST 11052-74. In this study, a second-order
orthogonal centre-component plan (Box — Wilson
method) is used to develop test results. The second
level regression equation calculated by formula (1) is
presented below [20-23]:

y:da+z x/+Zdﬂxj +22dﬂxlx”, (1)
=

u=1 j=1
J#u

where d , dj and dju — regression coefficients; #n — num-
ber of factors; X, — factors; XX, — interaction between
factors.

RESEARCH RESULTS

A second-order orthogonal centre-component plan
with three factors was applied to investigate the ef-
fect of additive content in the composite binder. In this
study, the effect of the additive content on the defor-
mation of the cement mortar during 28 days of curing
was studied. The input factors affecting the deformation
properties of the cement mortar (Table 1):

* x, — GC content of 10 to 14 % of the binder
weight;

* x,— G content of 7.5 to 12.50 % of the binder
mass;

Table 1. Range of influencing variables

* x, — Tr content of 12 to 20 % of the binder
weight.

Binder weight:
=100 %.

The number of tests N was determined by
formula (2):

%PC + %GC + %G + %Tr =

N=2"+2-n+m=2*+2-3+1=15, 2)

where m = 1 is the number of experiments in the centre
(to estimate the response function, 2 additional attempts
were made in the centre of the plan, not accounted for in
general formulas (1) and (2), k= 3); n =3 is the number
of inputs.

After coding the variables, appropriate experi-
ments were carried out.

The results of the experiments are presented in Ta-
ble 2.

The regression equation coefficient was calculated
according to formula (3) [20-23]:

N

Zxﬁyf
v]

_ =1
d, =%

J
2%

Zxﬂxlllyl
d, = Ja

Z'le ut

N

—

NG JEU 3)

The following regression equations were obtained
as a result:

»,=0.986+ 0.179x, + 0.424x, +
+0.394x, + 0.530x,x, + 0.210x,x; +

“4)
+0.258x,x, + 0.280x,x,x, + 0.304x] —
~0.174x3 + 0.013x2;
y;=1.524 + 0.208 x, + 0.755x, +
+0.519x, + 0.586x,x, + 0.259x,x; + 5)

+0.364x,x, + 0.331x,x,x, + 0.216x —
—0.424x; + 0.176x7;

Factors Levels of variation in factors
As variables In kind -1 0 +1
x, %GC 10 12 14
x, %G 7.5 10 12.5
X, %Tr 12 16 20
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Table 2. Binder additive ratios, coded values and results obtained using the orthogonal second-order centralised planning
method

= In kind As variables Response functions and test results
gg
a Q%
G— O =
-l
£ § § | WGC| %G | %Tr X, x, X Y Vs ¥; Yia Vs
£ s
G
o]
10 7.5 12 -1 -1 -1 0.777 0.815 0.829 0.840 0.913
14 7.5 12 +1 -1 -1 0.138 0.190 0.265 0.269 0.346
=
) 10 12.5 12 -1 +1 -1 0.677 1.194 1.960 2.656 3.423
~
E 14 12.5 12 +1 +1 -1 1.038 1.590 2.869 3.623 4.367
o
g 10 7.5 20 -1 -1 +1 1.389 1.405 1.493 1.556 1.710
.g 14 7.5 20 +1 -1 +1 0.469 0.492 0.554 0.638 0.810
(=¥
10 12.5 20 -1 +1 +1 1.200 1.919 3.221 3.963 4.346
14 12.5 20 +1 +1 +1 3.523 4.671 6.444 7.194 7.427
9.57 10 16 -1.215 0 0 1.029 1.452 1.892 2.179 2.288
14.43 10 16 1.215 0 0 1.721 2.004 2.065 2.088 2.096
.g 12 6.96 16 0 -1.215 0 0.269 0.044 | —0.008 | —0.050 | —0.046
=%
g 12 13.04 16 0 1.215 0 1.071 1.523 2.821 3.771 5.119
12 10 11.14 0 0 -1.215 | 0.798 1.263 1.690 1.688 1.696
12 10 20.86 0 0 1.215 1.094 2.077 3.350 3.623 3.758
=
= 12 10 16 0 0 0 1.171 1.877 2.358 2.367 2.371
o
g 12 10 16 0 0 0 1.095 1.765 2.165 2.181 2.221
g
=
3
£
= 12 10 16 0 0 0 1.257 1.957 2.445 2.495 2.471
£
o
(=¥

Note: y, is the response function representing the linear deformation of the cement on the 2nd day (mm/m);
v, is a response function representing the linear deformation of the cement on the 3rd day, mm/m;
v, is a response function representing the linear deformation of the cement on the 7th day, mm/m;
»,, 1s a response function representing the linear deformation of the cement on the 14th day, mm/m;
¥, 1s a response function representing the linear deformation of the cement on the 28th day, mm/m.
(1 mm/m = 0.1 % linear expansion (shrinkage)).

¥, =2.005 + 0.259x, + 1.350x, + Vs =2.072+ 0.237 x, + 1.714x, +

+0.713x, + 0.704x,x, + 0.242x,x; + ©) +0.759x, + 0.711x,x, + 0.240x, x; + ™
+0.485x,x; + 0.336x,x,x, + 0.059x] — +0.474x,x; + 0.326x,x,x; + 0.106x; —
-0.328x; + 0.426x; ; -0.079x; + 0.459x; ;
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Fig. 1. Surface of the regression equation (19)

Yoy =2.195+0.212x, +2,014x, +

+0.708 x, +0.687 x,x, +0.226 x, x; +
+0.340.x,x, +0.309x,x,x, + ®
+0.036x7 +0.269x +0.398x2.

The significance of the regression equation coef-
ficients was tested using Student’s test.

The coefficient 7, is considered significant if
Ity 21, (1)

According to [24], in Table 3.2 — (v)) = 4.30
(p=0.05,v,=k—1=3—1=2 number of degrees
of freedom).

The value of ¢ 4 Was determined by formula (9)
[18-21]: "

d
t =%. )

The value of the variance of the regression
coefficients Sb/. was calculated according to formula (10)
[20-23]:

(10)

where S, ,f is the residual variance per degree of freedom
[20-23].

k

Z(yoc _;’0 )2

S/? = = k—l ;

— 1&
Yo :E;yOU

(11)

(12)

where k is the number of repeated experiments in
the centre; J_/O is the average value of k experiments
in the centre; y  is the resulting value of the c-th
experiment in the centre.
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Checking the adequacy of the model
The adequacy of the model was checked using
Fisher’s criterion using _ (13) and S, (14) [22]:

2
=S—‘§; (13)
Sll
N - \2
Z(y, _yi)
Sy =4t , (14)

where S; is the value of the variance; S, is the re-
sidual variance per degree of freedom; y, is the value

of the i-th experiment; J; is the value of the function
obtained according to experiment #; g is the number
of regression coefficients.

The appropriate table value of the Fisher criterion
F, (v, v,) was found from Table 3.5 [24] (percentage
points of the F-distribution), at a significance level
of p = 0.05. The resulting correlation F/ < F, , allows
us to accept the hypothesis that the regression model is
adequate.

After testing the above criteria, we obtained the re-
gression equations presented below:

¥, =0.986 + 0.179x, + 0.424x, + 0.394x, +
+0.530x,x, + 0.210x,x; + 0.258x,x; +
+0.280x,x,x, + 0.304x7 — 0.174x; ;

(15)

v, =1.524 + 0.208 x, + 0.755x, + 0.519x, +
+0.586x,x, + 0.259x,x, + 0.364x,x, +
+0.331x,x,x; + 0.216x] — 0.424x ;

(16)

¥, =2.005 + 0.259x, + 1.350x, + 0.713x, +
+0.704x,x, + 0.242x,x; + 0.485x,x, +
+0.336x,x,x, — 0.328x7 + 0.426x; ;

(17)
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Table 3. Limit values for cementitious stone deformation as a function of component contents on days 2, 3, 7, 14 and 28

The iﬁ:efjc\;ziue of Cement deformation, mm/m
Composition %GC | %G %Tr
X, X X, 2days | 3days | 7days | 14 days | 28 days
Vg = 9-15 mm/m
(Composition 1) — | 14.43 | 13.04 | 20.86 | +1.215 | +1.215 | +1.215 | 4.37 5.40 7.69 8.38 9.15
expansion
Vogmin = —0.62 mm/m
(Composition2) — | 14.43 | 6.96 | 15432 | +1.215 | —-1.215 | -0.142 | 0.11 -0.30 | -0.82 | -0.72 —0.62
shrinkage
V1 =2.072+0.237x, + 1.714x, + 3CA+CaSO, - 2H,0 + 31H,0 — C,A(CS),H,, +
+0.759x; + 0.711x,x, + 0.474x,x, + (18) +2Al(OH),.

+0.326x,x,x; + 0.459x7;

Yy =2.195+ 0.212x, + 2.014x, + 0.708 x; +
+0.687 x,x, + 0.226 x,x, + 0.340x,x; +
+0.309x,x,x; + 0.269x7 + 0.398x2.

(19)

The expression surfaces of the target function for
the regression equations (19) (Fig. 1, a, b) were ob-
tained using Origin computer program. The estimation
of the strain response of the cement is mainly based
on equation (19) when measuring strain at 28 days
of age, because then most of the composite binder was
involved in the cement hydration process.

General comments on the functions describing
the deformation process of cement at different ages
are as follows: the relevant regression coefficients
of the equations, including the free terms of the equa-
tions, increase throughout the experiment. This obser-
vation and the fact that most of the coefficients have
a positive sign indicates that expansion of cement stone
predominantly occurs.

By analysing the regression equation (19) it can be
noted that the variable x, (amount of gypsum in the bind-
er mixture) has the highest coefficient of the regression
equation, equal to +2.014 and therefore has the greatest
influence on the expansion of the cement stone. Calcium
sulphate reacts with minerals of portland cement and
alumina clinker and products of their hydration to form
ettringite [3, 18, 19, 25]:

C,A+3CaSO, - 2H,0 + 25H,0 — C,A(CS),H, ;
3Ca(OH), (in Portland cement hydration) + 2A1(OH),
(in alumina cement hydration) + 3CaSO, - 2H,0 +
+19H,0 — 3CaO - Al O, - 3CaSO, - 31H,0;

C,AF +3CaS0, - 2H,0 + H,0 +
+ Ca(OH), — C,A(CS) H,, + C,FH,;

37731

In the presence of tripoli, a pozzolanic reaction
takes place:

2810, (amorphous) + 3Ca(OH), (during hydration
of Portland cement) — 3CaO - 28i0, - 3H,0.

The coefficients at the linear terms x, and x,
(the amount of alumina cement and tripoli, respectively)
have a positive sign, hence, when the amount of these
components in the binder increases, the expansion
of the cement stone increases. However, the coefficient at
x, =+0.212 is the lowest among the coefficients of the re-
gression equation (19), which indicates a limited role
of alumina cement in the expansion of the cement stone
in comparison with other binder components. The linear
and quadratic coefficients at x, are +0.708 and +0.398,
respectively. This is explained by the porous structure
and the developed surface of the additive, due to which
the tripoli has high absorption properties. As a result
the presence of tripoli in the composition of the binder
leads to an increase in the swelling of the cement stone.
It is possible that the water absorbed by the tripoli is in-
volved in the formation of ettringite.

The presence of positive coefficients of double and
triple interaction whose numerical values greatly exceed
the coefficients in the linear terms of the equation
indicates that of great importance to the studied
properties is the relationship between the variation
factors. The alumina cement-gypsum ratio has
the greatest importance, as a result of their interaction
ettringite is formed, which has been shown above. Trip-
oli was also involved in the pozzolanic reaction with
Ca(OH),, so the appearance of significant ratios of in-
teractions between the factors can be explained.

It is evident that the expansion of the cement stone
(function 19) reaches a maximum value of 9.15 mm/m
or 0.9 % at x, = x,= x, = +1.215 (Fig. 1). At this value
of the variables the alumina cement content is 14.43 %,
gypsum 13.04 % and tripoli 20.86 %. The MatLab
software was used to find the composition with mini-
mum deformation (with maximum shrinkage equal to
—0.620 mm/m) at the coefficients value x, =+1.215; x, =
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Fig. 2. Kinetics of deformation development of the cement stone depending on the composition of the composite binder

—1.215; x, = —0.142 and the alumina cement content
equal to 14.43 %; gypsum, 6.96 %; tripoli, 15.432 %
respectively.

The results are presented in Table 3 and Fig. 2.

CONCLUSION

The following conclusions can be drawn from
the analysis of the data obtained during the experiment.

1. Regression equations describing the relationship
between the target functions cement stone deformation
on days 2, 3, 7, 14 and 28 were found using an experi-
mental planning algorithm.

2. An analysis of the effect of the composi-
tions on the deformation of the cement stone was
carried out on the basis of the results obtained.
The binder compositions with maximum shrink-
age and maximum expansion are shown in Table 3.
The resulting strain values vary between —0.620 and
+9.150 mm/m.

3. Using computer programmes, the surface image
of equation (19) was obtained, shown in Fig. 1.

4. The results will be used to predict the deforma-
tion properties of the binder in future studies.
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