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AHHOTANUS

Yeaoka oona us enasnvix npobnem ceA3aHHbIX ¢ MeepOeHueM OEmOHHbIX U HCeNe300eMOHHbIX KOHCMPYKYULL, 3a8uciyum om euoa Oe-
mona u e2o kavecmsa. Hecamugnoe enusnue ycaoxku MOJICHO Npeoomepamums, UCNONb3YA 000a6KU ¢ 00bIYHLIM NOPMAAHOYEMEHMOM, KO-
mopble NO360JAI0M NOAYHUMb Oe3ycadoynble U pacuupsarowuecs yemenmeol. [Ipumenss 6 kavecmsee 000asKu 2uUnc u cmeuusas ezo ¢ ye-
MEHMHBIM KIUHKEPOM, NYMeM COBMECHHO20 NOMONA MOJICHO NOLYHUMb PACUUPAIOWUIICS YeMeHN, MAK Jice NPUMEHSS aKMUGHble MUHepalb-
Hule 0obasku (AM/), obradarowue nyyyonaro8oil akMUEHOCMbIO, MONCHO NOJYHUMDb YEMEHMHbIIL KAMEHb ¢ OoJiee NIOMHOU CMPYKMYpPol, ¢
HU3KOU NOPUCMOCMBIO, C 8bICOKUMU DUSUKO-MEXAHUYECKUMU XapaKmepucmukamu u ¢ 6oaee nuskoul ycaoxou. Ilpumenenue AMJ] 6 6e3yca-
O0UHBIX U PACUUPAIOWUXCS YEMEHMAX, MAK Jice 8bl200HbL C IKOHOMUHECKOU U IKOI02UY eCKOU MOYKU 3PeHUs, MAK KAK IKOHOMAM KIUHKeD
npu npouseoocmee yemenma. B dannoii pabome 6 kauecmse AMJ] evicmynaem mpenen. bvino uzyueno enusanue 0006a60K Ha oepopmamusHsle
CBOLICMBA BAICY W20 NPU NOMOWU MeNMOOa NIAHUPOB8anUs. IKcnepumenma. JJecpopmayuu yemenma onpedensiuce na 2,3,7,14 u 28 cymku 6
coOmeemcmeuy co CMaHOAPMHLIMU MEMmOOUKaMU UCCIe008aAHUs U 0OpabomKy pe3yibmamos 0e@opmMamueHblX CE0UCHE YEeMEeHMHO20
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pezpeccuu 6mopo2o nopsoxa. Peepeccuonnas 3a8ucumocms onucvlgaem eusHue akmueHol MunepatsHoll pacuupsaioueli 006asku Ha oe-
Gopmuposanue yemenmnozo xamms npu meepoenuu. OnvlmuviM nymem noayueHbl cocmasbl ¢ HAUOOTLUUM IPPEKMoM pacuiupenuus u ¢
Haubonvuiell ycaokoll ¢ NpUMeHeHUeM KOMNIEKCHbIX 000a6ok. MICnonb3ys pe3yibmambyl UCCIeO08AHUsL, MOHCHO NPOSHOZUPOBAMb 0edopma-
YUOHHDBIE CBOUCTNBA BANCYIUIE20 C KOMNIAEKCHOU 000ABKOI.
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ABSTRACT

Shrinkage is one of the main problems related to the hardening of concrete and reinforced concrete structures, which varies depending on
the type of concrete and its quality. The negative effects of shrinkage can be prevented by using admixtures with ordinary Portland cement,
which produce non-shrinking and expansive cement. The author used gypsum as an additive, mixed it with cement clinker, and obtained
expanded cement. Additionally, by using activated mineral additives (AMD) with pozzolanic activity, the author obtained a cement stone with
a denser structure, low porosity, and high physical properties. From an economic and environmental perspective, the use of AMD in non-
shrinking and expanding cement is also beneficial, as it saves clinker in cement production. The influence of additives on the deformation
properties of the binder was studied using the experimental design method. The deformation of cement at the ages of 2, 3, 7, 14, and 28 days
was determined according to standard methods for researching the deformation characteristics of cement stone. The research results are
presented in surface form and represented by a quadratic regression equation. The regression equation describes the influence of active
mineral expansion additives on the deformation of cement stone during hardening. The results obtained include a composition with the
maximum expansion effect and a composition with maximum shrinkage when using complex additives. These results can be used in the future
to predict the deformation properties of the binder.
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planning, regression equation.
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BBEJEHHUE

HecmoTps Ha Bce yCHIIUSI yUCHBIX U CTPOUTENEH OOIBIINH-
CTBO OCTOHOB TO/IBEPraloTCcs 00pa30BAHUIO TPEIIUH IIPU TBEP-
neHun. PactpeckuBaHHME MOKET OBITH BBI3BAHO PA3IHMYHBIMU
NIPUYMHAMH, TAKUMH KaK TeMIepaTypHble KojeOaHus, N3MeHe-
HUE BJIQXXHOCTH, a TAKKE BO3JCICTBUE BHELIHEH WU BHYTPEH-
Hell cpenpl. Pa3pymienue rieMenTa 1 6eTOHA M3-32 00pa30BaHUS
TpemrH 00BIYHO CBS3aHO C PACTPECKMBAHMEM HA PAHHHUX CPOKaX
TBEpPCHUSL.

[TonsiTHO, YTO TWpenoTBpalieHre oOpa3oBaHUs TPEUIMH Ha
paHHUX CTPOKaxX TBEPJACHMs UMEET 3HaueHHe Jyisi Habopa Ipo-
EKTHOM NMPOYHOCTH [IEMEHTOB M COXPAHCHHS TPEeOyeMBbIX Xapak-
TEPUCTUK BO BPEMsI BCEr0 CPOKa IKCILTyaTalluy U3AENHUs UIIH CO-
OpYXKCHHUSL.

Pazmep ycanku mpH BBICBIXaHMH 3aTBEPAEBIIETO IEMEHT-
HOTO TecTa O4YEHb BaKEH Ul NIPUMEHEHHS LIEMEHTOB. YcaJKa
MOXET BBI3BIBATh PACTPECKUBAHNE BOKPYT 3aII0JIHUTEISI OCTOHA,
a COOTBETCTBEHHO BIIMSIET HA NPOYHOCTh OeTOHA. Ycaaka Iie-
MEHTa IIpY TBEPACHHUHU B IEPBYIO Ouepe/ib 00yCIOBICHA YCa KON
IpU BBICBIXaHUU. BI/II[I/IMI)IC TPCUINHBI, BbBI3BAHHBLIC ycaI[KOﬁ B
M3JIETNSAX U3 [EMEHTa, KOTOpBIE 00pa3yloTCsl B YCIOBHSIX CAEp-
JKUBaHUSI N3MEHEHHsI 00beMa U3-3a PaCHOPHBIX YCTPONCTB, ap-
MaTypHBIX CTEPKHEH ¥ KPYITHOTIO 3aIIOJIHUTEIIS, BIHSIIOT Ha JJ0I-
TOBEYHOCTb U3fenuii [1-3], a Takxke Ha CTPYKTYpHBIE XapaKTepH-
ctuku Oetona [4,5]. CnenoBaresibHO, HEOOXOMMO POTHO3UPO-
BaTh, KOHTPOJHMPOBAaTh M, B HEKOTOPBIX Cilydasx, H30eratb
yCaJaKy LIEMEHTA IIPU TBEPACHUU.

Jlo6aBkM AJIs1 IEMEHTOB OBIBAIOT CaMbIX Pa3HBIX BHJIOB, UX
KOJIMYECTBO JOXO/IMT JI0 HECKOJIBKHX JIECTKOB KaTErOpHid, Kax-
Jas M3 KOTOPBIX CHOCOOCTBYET YIIYYIIEHHIO ONpPEJCICHHBIX
CBOWCTB LIEMEHTHBIX BSDKYIIMX WM OeToHOB. [locTosiIHHO Be-
AYTCA UCCIIEA0BaHU B HAIIPABJICHUHW IMOBBIIICHUSA IMTPOYHOCTU U
JIONITOBEYHOCTH M MHOTHE 0OABKH CTAJIN OYTH HE3aMEHUMBIMH
JUTSl IPUMEHEHUS B IIEMEHTHBIX U OETOHHBIX cMecsx. [6-8].

JIyist yMEHBIICHNS YCaJKH U CHHXKEHHSI BEPOATHOCTH 00pa3o-
BaHUA TPpCUIMH, 6])1.]'10 MMPEAIOKECHO MHOXKECTBO MECTOZ0B, TAKUX
Kak BHyTpeHHee oTBepkacHue [9,10], n3mMeHeHne mpomopuuu
LIEMEHTHOH CMECH, HCIIOJIb30BAaHHE PACIIMPSIONINX JI00aBOK
[11-14] nnu BOJIOKOH U ApYTHeE CIIOCOOBI.

Hanpumep, BkiroueHne cynib(OTIOMHHATHOW TOOAaBKH M
Tpemnesna MOXET NMPUBECTH K CHIDKEHHIO ycaqouHoW nedopma-
IIUIO TIEMEHTHOT O TeCTa MpH TBepAeHu [ 15,16].

Bornbiioe BHUMaHKE yAENsSETCS PEMOHTY M YCHIICHHUIO CyIIe-
CTBYIOIINX OCTOHHBIX KOHCTPYKIMHA. OmHOM M3 mpobieM Ie-
MEHTHBIX PEMOHTHBIX CMECEH SIBIISETCS CLEIUICHNE C CYIIECTBY-
IOIIMM OCHOBAHUEM U YMEHBIIEHHE yCaJKu IpH TBepaeHuH. [1o
OLIEHKaM, 3aTpaThl Ha PEKOHCTPYKIHUIO U PEMOHT OETOHHBIX CO-
opykeHuit MoryT nocturath 50% OT CTOMMOCTH CTPOUTEIHCTBA.
Yarme Bcero HEOOXOAMMOCTb B PEKOHCTPYKIMH WIIM PEMOHTE
BbI3BaHbl N3MEHEHUSIMU B HA3HAYCHUH DKCILTyaTallui KOHCTPYK-
II1H, HAIIPUMEP YBEINYEHHUE HATPYy3KU WM U3MEHEHHE apXUTEK-
TYpBI, CTapeHHe OETOHAa M CHW)KEHHE HECyIleiH CIiocoOHOCTH
koHcTpyKimu [17-21]. TToaToMy BO3HUKAaEeT HEOOXOAUMOCTh Pa3-
pabOTKN HOBBIX MaTEPHAIOB M TEXHOJOTUH JUTS MOJTydCHHS WH-
HOBAIIMOHHBIX IEMEHTHBLIX COCTABOB.

eap uccier0BaHus: N3yYUTh BIUSHAE KOMIUIEKCHON J10-
0aBkM Ha OCHOBE Cyib(oaTroMuHaTa KalbLHsl, PHUPOIHOTO
THUIICA U Tpenena AepOpMalNOHHbIE XapaKTEPUCTUKH BSKYIIEH
KOMITO3HIIUH.
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INTRODUCTION

Currently, concrete structures experience cracking
during the hardening process. There are many different
causes, including the difference in temperature inside
and outside the concrete structure, and changes in mois-
ture. Poor cement quality also contributes to cracking in
the early stages of hardening.

Preventing the formation of cracks in the early stages
of hardening is important for achieving the design
strength of cement and maintaining the required charac-
teristics during the lifespan of the product or structure.

Shrinkage, particularly drying shrinkage, is a critical
factor when using cement. It can cause cracks around the
concrete aggregate, thus affecting the strength of the
concrete. Cement shrinkage mainly occurs during con-
crete hardening. Visible shrinkage cracks in cement
products form when spacers, steel reinforcement, or con-
crete aggregates prevent volume reduction, affecting the
product's durability [1-3], as well as the structural prop-
erties of concrete [4,5]. Therefore, predicting, control-
ling, and in some cases avoiding cement shrinkage dur-
ing hardening is necessary.

Cement additives come in different types, each de-
signed to improve certain properties of cement and con-
crete based on them. Research is constantly conducted
to increase strength and durability, and many additives
have become almost indispensable for use in cement and
concrete mixtures [6,7,8]. To reduce shrinkage and the
possibility of cracking, various methods have been pro-
posed, such as internal curing [9,10], altering the cement
mixture ratio, using expansion additives [11-14], or fi-
bers and other methods.

For instance, including sulfoaluminate and tripoli ad-
ditives can lead to reduced shrinkage deformation of ce-
ment paste during hardening [15,16].

Attention has also been paid to the repair and rein-
forcement of existing concrete structures. One challenge
with cement repair mixtures is achieving adhesion to the
existing substrate and reducing shrinkage during harden-
ing. It is estimated that the cost of rebuilding and repair-
ing concrete structures can amount to up to 50% of the
construction cost. Typically, the need for rebuilding or
repair is due to changes in the structure's intended use,
such as increased loading or architectural changes, aging
of concrete, and reduced load-carrying capacity of the
structure [17-21]. Therefore, studying the deformation
characteristics of composite adhesives with calcium sul-
foaluminate-based additives is extremely necessary.

The aim of the study: to investigate the effect of
complex additive based on calcium sulfoaluminate, nat-
ural gypsum and trepel deformation characteristics of
binder composition.
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MaTepuaiabl H MeTOABI HCCIETOBAHUS

Matepuaasl. [Toptnanauement (I1L) - LIEM 142,5H (M500
J10) ¢ mioTHOCTBIO p = 3,205 r/cM® M y/Ie/IbHOM HOBEPXHOCTHIO
Syx= 3650 cM?/r. MuHepanorudeckuii coctas cynb(poanroMUHaT-
noro niemenTa (CALL) npeacrasinen CAK c¢ comepkanmeM He Me-
nee 50%, 6enura C,S He 6omnee 35%, C4AF ne 6o1ee 10%, ¢ uc-
THHHOI IIIOTHOCTBIO p = 3,045 r/cM® 1 yae/bHO# HOBEPXHOCTBIO
Syx=4600 cm?/r . Tlpupoansiii runc (') BToporo copra (comep-
xanue CaSO4-2H,0 paBusiercs 93,20%) nuMeeT HCTUHHYIO TUIOT-
HOCTBIO p = 2,316 r/cM?, rie yaenbHas IOBEPXHOCTh paBHa Sy, =
2235 cm?/r. Tpenen (Tp) XOTHIHELKOIO MECTOPOKIEHUS UMEET
UCTHHHYIO TJIOTHOCTBIO p = 2,395 r/cm> M yaenbHyto moBepx-
HOCTh Sy, = 6355 cM?/r. Bona npesHasHaueHHas Ui 00pa3LoB
MOJI'OTOBJICHA B COOTBETCTBHU C HOPMATHUBHBIM TPEOOBAHUSIM
I'OCT 23732-2011. TlopTnaHaueMeHT, CyJb(hOATIOMHUHATHBIA
LEMEHT, [PUPOJHBII TUIIC, COOTBETCTBYIOT TPEOOBAHHUAM HOP-
MaTHBHBIX JoKyMeHTOB: ['OCT P 56727-2015, TY 5745-008-
00281306-18, TOCT 4013-2019, cooTBETCTBEHHO.

MeTtoasl. OnpeneneHrie HCTUHHON TNIOTHOCTH IPOBOIUIIOCH
B COOTBETCTBMH ¢ MeToaukoi onucannoi B 'OCT 30744-2001,
onpenenenue yaenpHoi nmosepxuoctu mo 'OCT 21043-87. [le-
¢dopmanms nemenTa Ha 2,3,7,14 u 28 cyTku OBUTH OTpeICICHBI
Ha CTAaHJAPTHBIX 00pa3iax pasmMepom Oanouku 4x4x16 cMm npu
BOJIOLIEMEHTHOM OTHOIIEHHH, paBHOM 0,5 ¢ MOMOIIBIO aBTOMa-
tuaeckoro pacrtopocmecurens Automix CONTROLS u dopm
JUIA  OompeneNeHus  aeopMarii  [EMEHTHOrO  pacTBopa
CONTROLS 62-L0009. Jluneitapie nedopmarim 00pa3ioB
onpenensauck npu nomomu yctpoiictBa CONTROLS 62-
L0035/A B maboparopun kadeapsl CTPOUTEILHOTO MaTepualo-
Beaenus HY MI'CY. Pacuer nedopmanuii HeMEHTHOTO KaMHs
BEIMONHsICS B coorBercTBHH ¢ 'OCT P 56727-2015 u TOCT
11052-74. lns aHanu3a pe3yjbTaTOB UCHBITAHUN MPUMEHSIICS
OpPTOTOHANBHBIA IEHTPATFHO-KOMITO3UIIOHHEIN IIaH BTOPOTO
mopsinka (meromom Box-Wilson) [22-25]. VpaBHeHue BTOpOTO
YpOBHsI, paccuuTanHoe 1o Gopmysie (1), mpeacTaBiIeHO HIKE:

n n

2

F=e,+) ex;+) X
=l =

rze: Xj - pakTopsl;

XiXj - B3aMMOJICHCTBHE MEXy (paKTOpaMHu;

€0, €j U €ji - KOAPPUIIEHTBI PErpeccuu;

N — 9ucIo (pakTopoB.

IKCMepUMEHTHI H 00CyKIeHne pPe3yIbTaTOB

Heo0xoauMoCcTh OpTOrOHAIBHOTO [EHTPATbHO-KOMITO3HIIH-
onnoro 1wiana (OLKII) Broporo mopsiaka 00yCJIOBJICHA CIIOXK-
HBIM B3aHMOJEHCTBHEM JI00aBOK B KOMIIO3UIIMOHHOM BSDKYIIEM
MeXay co0oi 1 nopiananeMeHToM. OneHka BIusSHUS J00aBKH
MIPOBOAMIIACH NIPU U3MEHEHHH TpexX (akTopos. Miryuenue Bius-
HUSI 100aBOK Ha 1e)OpMaIUN IIEMEHTHOTO KaMHS ITPOBOMINCH
B TeyeHUe 28 CyTOK ero TBepJeHus. Bapeupyemblie (axTopsl,
BIMAOMINE Ha Je(opMamOHHbIE CBOMCTBA IEMEHTHOTO KaMHS
(Tabmuua 1):

- x1 — comepkanusi CAILL ot 10% mo 14% ot Macchl BSIKY-
IIEero;

- X2 — cogepxkanus I' ot 7,5% no 12,50% ot macchl BsiKy-
IIEero;

- x3 — conepxanus Tp ot 12% 10 20% OT Macchl BSOKYILETO;

Macca Bsoxymiero: %I IL+%CAL+%I+%Tp = 100%.

n n
+2. D XX,

Materials and methods of research

Materials. Portland cement (PC) - CEM 1 42.5N
(M500 DO0) with a density (p) of 3.205 g/cm? and a spe-
cific surface area of 3650 cm?/g. The mineral composi-
tion of sulfoaluminate cement (SAC) contains no less
than 50% SAC, no more than 35% belite (C,S), and no
more than 10% C4AF, with a true density of 3.045 g/cm?
and a specific surface area of 4600 cm?/g. Natural gyp-
sum (G) of the second grade, with a CaSO4-2H,0 con-
tent of 93.20%, a true density of 2.316 g/cm?, and a spe-
cific surface area of 2235 cm?/g. Trepel (Tr) with a true
density of 2.395 g/cm® and a specific surface area of
6355 cm?/g. Mix water meets the requirements of GOST
23732-2011. Portland cement, sulfoaluminate cement,
and natural gypsum are in compliance with GOST R
56727-2015, TU 5745-008-00281306-18, and GOST
4013-2019, respectively.

Methods. The true density and specific surface were
determined according to GOST 30744-2001 and GOST
21043-87. The deformation of cement on days 2, 3, 7,
14, and 28 was determined on samples sized 4x4x16 cm
with a water-cement ratio of 0.5, using an Automix
CONTROLS automatic mortar mixer and forms for de-
termining the deformation of cement mortar (CON-
TROLS 62-L0009). Linear deformations of the samples
were determined using a device for comparing lengths
(CONTROLS 62-L0035/A) in the laboratory of the De-
partment of Building Materials Science at the National
Research University MGSU. The calculation of cement
deformation was carried out according to GOST R
56727-2015, taking into account the measurement error
according to GOST 11052-74. In this work, an orthogo-
nal central composite design of the second order (Box-
Wilson method) was used to process the test results [22-
25]. The second-level regression equation was
calculated using formula (1):

: (M
u=l 1:]

J#u

where: x; - factors;

XiXj - interaction between factors;

€o, €j and ej; - regression coefficients;

n — number of factors.

Experiments and discussion

To study the influence of the content of additives in
the composite binder, a second-order orthogonal central
compositional design with three factors was utilized. In
this research, the authors investigated the effect of addi-
tive content on the deformation of cement mortar over
28 days of curing. The input factors influencing the de-
formation properties of cement mortar are presented in
Table 1:

- x1 — sulfoaluminate cement content from 10% to
14% by weight of the binder;

- X2 — Natural gypsum content from 5% to 10% by
weight of the binder;

- x3 — Trepel content from 12% to 20% by weight of
the binder;

Binder mass: %PC+%SAC+%G+%Tr = 100%.
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TABJMLA 1. JUATIA3OHbI BAPBUPYEMBIX ®AKTOPOB
Table 1. Values and ranges of influencing factors

DakTOpbI YpoBHu BapbupoBaHus (paKTOPOB
Factors Levels of variation
B kavecTBe mepeMeHHBIX B HaTypajanHOM BHe 1 0 +1
Real variable Real variable
V)
xi v 10 12 14
0
0,
X2 s 5 7.5 10
0
V)
X P 12 16 20
0

. The number of experiments N was determined by for-
KommgectBo ncnsitannii N onpenensercs no gopmyie (2):

mula (2):
N=2"+2xn+m=2342x3+1=15 2)
I'me: m = 1 — KOMMYECTBO SKCIIEPUMEHTOB B IICHTPE JKCIIe- Where: m =1 — the number of repeated experiments in
PUMEHTAJIBHOTO IJIaHa, N = 3 — KOJMYECTBO BXO/IOB. the center, n = 3 — the number of input factors
HeoOxomumMbIM 3Tamom mepes dKCIIEPUMEHTOM SBISIETCS After coding the variables, the corresponding experi-
KOJIMPOBaHUE IepeMEHHBIX. Pe3ynbpTaTel npeacTarieHsl B Tab- ments were conducted. The results of these experiments
nuare 2. are presented in Table 2.

TABJINIA 2 KOHHEHTPALIA JOBABOK B BAXKYIIEM, KOAUPOBAHHBIE 3HAYEHUA U
IOJYYEHHBIE PE3YJIBTATHBI IO METOJAY OLKII BTOPOI'O ITIOPAJKA
Table 2. The ratio of additives in the binder according to the second-order orthogonal central planning method

B HaTypaibHOM BHIe B kadecTBe nepeMeHHbIX DYHKIHH OTKJIUKA U Pe3yJbTATHI HCILITAHMIA
Real variable Variable coding Response functions and test results
Ne i/t
Ser. No.
“,’//':)(Sjig ://: (1; :),//?}5 X1 X2 X3 f f3 f7 fia f2s
1 10 5 12 -1 -1 -1 0,384 0,465 0,496 0,457 0,493
2 14 5 12 +1 -1 -1 0,135 0,121 0,079 0,068 0,061
3 10 10 12 -1 +1 -1 1,373 2,140 3,608 3,838 3,806
4 14 10 12 +1 +1 -1 6,865 7,497 7,726 7,781 7,785
5 10 5 20 -1 -1 +1 -0,037 -0,179 -0,219 -0,238 -0,242
6 14 5 20 +1 -1 +1 0,211 0,131 0,151 0,160 0,151
7 10 10 20 -1 +1 +1 2,085 2,844 4,295 4,516 4,610
8 14 10 20 +1 +1 +1 4,127 6,179 6,722 6,756 6,746
9 9,57 7,5 16 -1,215 0 0 2,300 2,659 2,715 2,693 2,663
10 14,43 7,5 16 1,215 0 0 0,878 1,148 1,097 1,124 1,211
11 12 4,46 16 0 -1,215 0 0,133 0,040 0,037 0,035 0,046
12 12 10,54 16 0 1,215 0 1,796 2,808 4,427 4,709 4,771
13 12 7,5 11,14 0 0 -1,215 2,669 2,780 2,775 2,793 2,804
14 12 7,5 20,86 0 0 1,215 2,500 3,098 3,285 3,308 3,350
15 12 7,5 16 0 0 0 2,542 2,583 2,529 2,548 2,546
16 12 7,5 16 0 0 0 2,155 2,191 2,225 2,269 2,265
17 12 7,5 16 0 0 0 2,691 2,685 2,681 2,690 2,669
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B xoropom: f> - GpyHKIHMS OTKIIMKA, TTPECTABIISIONIAS JIU-
HeitHasg nedopmariis neMeHTa Ha 2 CyTKH (MM/M),

f3 - GyHKIMS OTKIIMKA, IPEACTABIIONIAs JIMHEHHAs 1edop-
Mariusi IleMeHTa Ha 3 cyTKu (MM/M),

f7 - GyHKIMS OTKIIMKA, TPEACTABIIONIas JIMHEHHAs gedop-
Malysi [IeMeHTa Ha 7 CyTKu (MM/M),

fi4 - QyHKIMS OTKIMKA, TPEACTABIAIONIAs JINHEHHAS Jie-
¢dopmanus riemenrta Ha 14 cytku (MM/M),

o8 - QyHKIUSA OTKIHKA, MpPEACTAaBIAIONIAs JMHEHHAs Jie-
¢dopmarnus riemMenTa Ha 28 cyTkH (MM/M).

(Imm/m = 0,1% nunHeiHOE pacimupenue (ycamuka)).

Koa¢p¢puunenTsl perpeccCHoHHBIX 3aBUCHMOCTEH paccyu-
ThIBaJICS 110 hopmyiie (3) [22-25]:

In which: f; is the Linear deformation equation of ce-
ment on day 2 (mm/m),

f3 - Linear deformation equation of cement on day 3
(mm/m),

f; - Linear deformation equation of cement on day 7
(mm/m),

fi4 - Linear deformation equation of cement on day 14
(mm/m),

23 - Linear deformation equation of cement at day 28
(mm/m).

(Imm/m = 0.1% linear expansion (shrinkage)).

The regression equation coefficient was calculated us-
ing formula (3) [22-25]:

N N
ijifi . zxﬁxuifi - N
e, =5—V,=1.n e, =V, =l.n; j#u Zfl . _
2 R e ="——eX —..=¢,x,
i=1 i=1 N

5
VYpaBHEHUsI PErpeccud € PacCUUTAHHBIM KOI(PQHUIMCH-
TaMu:

£5=1,971 +0,530x; + 1,441x5 — 0,235x3 + 0,942x1x> — 0,369x1x3 — 0,210x2%3 — 0,493x1X2x3 — 0,133%,2 — 0,555%>°

As a result, the following regression equa-
tions were obtained:

+0,541x:2 “)
f3=2,129 +0,623x; + 1,962x> — 0,079x3 + 1,091x1x2— 0,171x1x3 + 0,002x2%x3 — 0,335XX2X3 — 0,053X12 — 0,378X22 5

+ 0,648x5? ©)
£7=2,189 + 0,414x; + 2,481x2 — 0,031x3+ 0,824x x> — 0,113x;x3 + 0,04 1x2x3— 0,310x1x2%3 — 0,118x,% + 0,103x,> 6

+0,643x;2 (6)
f14=2,225+0,391x; + 2,568%x> — 0,030x3+ 0,772x1x2 — 0,1 15x;x3 + 0,032%,x3 — 0,31 1X1X2X3 — 0,144X12 +0,1 70X22 7

+0,629x32 7
53 =2,253 4 0,394x; + 2,577x2 — 0,020x3 + 0,769x1x2 — 0,127x1x3 + 0,051 x0x3 — 0,334x1x2%3 — 0,151x;% + 0,169x,> 8

+0,621x32 ®)
3HauMMOCTh K09((UIUEHTOB ypaBHEHUs PErPECCHU Ole- The significance of the regression equation coefficients

t ‘ was tested using the Student's t-criterion. The coefficient
nuBanack no kpurepuo Cretomenta. Ecmn | 91 > ¢, (v2), T0

k03 duimeHT tyj 3HaunMbIi. CormacHo [26] B Tabn. 3.2 = t,
(v2) =4,30 (p = 0,05, =k — 1= 3 — 1= 2 gncno creneHei
cBoOOABI). Benuuuna tg; Obuta ompenenena mno dopmyie (9)
[22-25]:

Jucnepcus koaddunmeHTos perpeccut (Sej) ObuIa paccun-
TaHa 1o gopmyuie (10) [22-25]:

Ine: S%1— ocTaTouHas OUCIEpPCHs HA OJHY CTEHeHb CBO-
0O0IbI.
k

z (fOC -

k-1

— 1 X
fo :ng%

2 _ =l
Sll -

I'ne: k - KonU4ecTBO MPOBOANMBIX SKCIIEPUMEHTOB B IICH-
Tpe IJIaHa;
fo- ycpenneHHOE KOIMYECTBO MCIIBITAHUHA B LIEHTPE;

‘tej‘ is considered significant if it is greater than or equal
to tp(v2). According to [26] in Table 3.2, tyn2)= 4,30 (p =
0,05; v, =k—1=3—1=2 degrees of freedom). The value
of to; was determined using formula (9) [22-25]:

(€)

The dispersion value of the regression coefficients (S;j)
was calculated using formula (10) [22-25]:

(10)

Where: S?—residual dispersion per degree of freedom.

£0)>

(1n

(12)

Where: k is the number of repeated experiments in the
center;
fois the average value of k experiments in the center;
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foc — TTOJTydeHHOE 3HaYEHHE TI0 pe3yJIbTaTaM C-T0 KCIICpH-
MEHTa B I[EHTpE IUIaHa.

[TpoBepka aseKBaTHOCTH MOJICNH: OICHKA aJIeKBaTHOCTH
MO/IEJIH BBITIOJIHEHA 10 Kpureputo durepa o popmynam Fpace
(13) 1 Saq (14) [24]:

F =

pacc 2

721

N

Z (e, — ;i)z

82 — =l
€

Ine: S?)- ocraToyHas JMCIEPCHsS HA OJHY CTEIEHb CBO-
0O0/BI;

S% - 3HAYEHHE AUCTIEPCUH;

g - KOTMYeCTBO KO3 (HUIIMEHTOB perpeccui;

yi— 3Ha4eHHE i-r0 HKCIIEPUMEHTA;

¥i — 3HaYeHWe (YHKLUH, MOJTyYEHHOE B COOTBETCTBHH C
AKCIICPUMCHTOM 1.

3nauenne kpurepus Puimiepa, COOTBETCTBYIOIIEE TaOINI-
Hoe 3HaueHue kpurepus Oumepa Fp, (Vi v2) 610 HalICHO 110
Tabmuie 3.5 [26] (mporeHTHBIE TOUKH F-pacnipenenenus), npu
yposHe 3HaunMocTH p = 0,05. [TomydaenHoe cooTHOmenune Fp <
F1a6n TOBOPHUT O TIOJIOKHUTEILHOM HPOX0XKICHUN POBEPKU 110
JaHHOMY KpUTEpHIO. Y CIelIHas [IpoBepKa 1o kpurepusm CTb-
1oaeHTa 1 Puniepa, MO3BOJISIET NPUHSATH TUIIOTE3Y 00 aJeKBaT-
HOCTH PETPECCHOHHOI MOJIEIH, MOCiIe Yero MOKHO IpescTa-
BUTH YPaBHEHUsI PETPECCUH B BUJIE TIOJIMHOMOB TIEPBOM M BTO-
pOii cTerneHy, IPEACTaBICHHbIEC HUXKE:

f,=1,971 + 0,530x; + 1,441x, + 0,942x,x2 — 0,493X,X2X3
f3=2,129 + 0,623x; + 1,962x, + 1,091x;x; + 0,648X32
f;=2,189 + 0,414x, + 2,481x, + 0,824xx, + 0,643x53>
f14 =2,225+0,391x; + 2,568x, + 0,772x1x, + 0,629X32
fr8 =2,253 + 0,394x; + 2,577x> + 0,769xx2 — 0,334x1X0X3 + 0,621X32

[Toy4yeHa OCHOBHAsI TIOBEPXHOCTb, BBIPAKCHHAS LICJICBOM
¢byHnkumelt ypasHenus perpeccuu (19) Ha puc. 1. YpaBHeHue
(19), onmceBaronie aedopmManuy MaTepuia Ha 28 CyTKH, SIB-
JISIeTCsl TJIABHBIM TTOKa3aresieM Je(OpMaTHBHBIX XapaKTepH-
CTHK KOMIIO3MIMOHHOTO BSDKYILErO, TaK Kak OoJblIas 4acTb
KOMITOHEHTOB KOMIIO3HUIIMOHHOI'O BSKYIIIETO BCTYITHIIO B PEeak-
MO THApATAIMK [IEMEHTa IMEHHO B Bo3pacTe 28 CyTOK.

OO01mre KOMMEHTAPHH K TI0JTyYeHHBIM 3aBUCHMOCTSIM, OIIH-
CBIBAIOIUM ITpoliecc Je(opMUPOBaHHUs LIEMEHTA B Pa3INYHOM
BO3pacTe, CISAYIONINE: OCHOBHAS YacTh KOA(PPUIIMEHTOB ypaB-
HEHUH perpeccu, B TOM YUCIIe ¥ CBOOO/IHBIC YJICHBI, yBEIHYH-
BAIOTCSL BO BCEM JAMAINa3oHE NPOBEACHHUS dKclepuMeHTa. Ilo
puc. 1 u ypasaernusm (15), (16), (17), (18), (19) BumHO, YTO
KOMIUIEKCHOE BJIMSHHE CYJIb(OATIOMUHATHOIO LEMEHTa, IIe
TJIaBHBIN KOMITOHEHT CyJIb(OamOMHHAT KaJIbIIUS, U TUIICA ITPHU-
BOJIUT K PACIIUPEHHIO B OOJIbIIECH YacTH paccMaTpHBaeMOro
JMara30Ha MCCIEI0BaHM 110 BPEMEHH ruaparauud. JpyruMu
CJIOBaMH, INPHU YBEJIMYECHUH COJIEp)KaHHU Cyib(hoanmtoMHUHATA
KQJIBIIMS ¥ THIICA B KOMIIO3MLIMOHHOM BSDKYILEM IPHBOIHUT BO
BCEM JIMara3oHe NCCIeJOBAaHMs, K YBEIMUCHHUIO fedopmanuii B
CTOPOHY PaCIIMPEHUS LIEMEHTHOIO KaMHS.

PaccmatpuBas ypaBHenue perpeccu (19), MoXHO cenaTb
BbBIBOJI, YTO BJIMSAHUC )]O6aBJ'leHI/IH Trurca B KOMIIO3HMITMOHHOC
BSDKYIEE UTPaeT OOJIBIIYIO POJIb B PACIIMPEHUN LEMEHTHOTO
KamHs. Takoil BBIBOJ MOXHO C/iesaTh MCXOJs U3 Koadduuu-
eHTa mepen X; = +2,577. O6pa3zoBaHne STTPUHTHTA 00YCIIOB-
JICHO HAJIMYUEM B PACTBOPE MOHOB KANIBIHS, CYJIb(AaT-HOHOB 1
WOHOB aJITFOMHHUA, 6J'IaFOl'IpI/I$[THa$I cp€aa B IEMCHTHOM TECTC
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foc is the obtained value of the c-th experiment in the
center.

Checking the adequacy of the model: To check the ad-
equacy of the model, it was performed using the Fisher cri-
terion using the formulas Fpacc(13) and Saq (14) [24]:

(13)

(14)

Where: S is the residual dispersion per degree of free-
dom;

S?. - dispersion value;

g - number of regression coefficients;

yi — value of the i-th experiment;

¥i — function value obtained in accordance with exper-
iment i.

The corresponding table value of the Fisher criterion
Fp, (vi, v2), was found in Table 3.5 [26], which lists the
percentage points of the F distribution, with a significance
level of p = 0.05. The resulting ratio F, < Fp allows us to
accept the hypothesis regarding the adequacy of the re-
gression model. After verifying the above criteria, the re-
gression equations obtained are presented below.

15)
(16)
a7
(18)
(19)

Images representing the expression surface of the ob-
jective function for regression equations (19) are presented
in Fig. 1. The assessment of the deformation characteris-
tics of cement is largely based on equation (19), especially
when measuring deformation at the age of 28 days, since
most of the components of the composite binder have re-
acted with the cement hydration by this age.

We observe that the corresponding regression coeffi-
cients of the equations, including the free terms, increase
throughout the experiment. From Fig. 1 and equations
(15), (16), (17), (18), (19), it is evident that the complex
influence of sulfoaluminate cement, where the main com-
ponent is calcium sulfoaluminate, and gypsum leads to an
expansion in most of the considered range of research on
hydration time. In other words, an increase in the contents
of calcium sulfoaluminate and gypsum in the composite
binder results in an increase in the expansion of cement
stone throughout the entire research range.

Considering the regression equation (19), it is clear
that the x» variable (the amount of gypsum in the binder
mixture) has a coefficient equal to +2.577, which is the
largest in the regression equation and, therefore, has a sig-
nificant impact on the expansion of cement stone. Calcium
sulfate reacts with Portland cement and SAC minerals and
their hydration products to form ettringite. The formation
of ettringite is due to the presence of calcium ions, sulfate
ions and aluminum ions in the solution, a favorable envi-
ronment in the cement test is formed in the presence of



Technique and technology of silicates. Volume 31, Nol, 2024

o0pa3zyeTcs B TOM YHCIIe IPH HATMYNH cylibgara Kanplus, Mu-  calcium sulfate, SAC minerals reacting with each other
HepanoB CALl BcTtynaronMu B peakiuio Mexy codoii u mu-  and Portland cement minerals [19,20]: according to the re-
Heparamu nopTirananeMenTa [ 19,20], cormacHo peakmusMm (20-  actions (20-27)

27)

PUCYHOK 1

MOBEPXHOCTb  VPABHEHUSI
PETPECCHH (19)

Figure 1

Regression surface (19)

1
2

3C3A3C§ +70H,O — C3A(C§)3H31 + 10A1(OH)3 + 3C,AH;g (20)
C3A3C§ + 18H,0 — C3AC§H12 + 4A1(OH)3 (21)
3C3A3CS + 97H,0 — C3A(C§)3H31 +4Al(OH); + 6CAH,o (22)
C3A;3CS + 2CaS042H,0 + 33H,0 — C3A(CS)3H3; + 4A1(OH); (23)
3C3A;5CS + 10Ca(OH)»+ 85H,0 — C3A(CS)3Hs; + 8CAHg (24)
C3A;5CS + 6Ca(OH),+ 8CaS042H,0 + 71H,0 — 3C3A(CS)3Hs, (25)
3Ca(OH)»+ 2A1(OH); + 3CaS042H,0 + 19H,0 — C3A(CS)3Hs, (26)
3Ca(OH),+ 2A1(OH); + 3CaS042H,0 + 4H,0 — C;ACSH1» (27)
[osiBieHHE TOPTIAHIUTa BO3MOXKHO IIPH B3aUMOJICH- The appearance of portlandite is possible through the

cTBUM TopTaaHaueMenta n Muaepana C3A(CS)3H;; 8 CAI] ¢ interaction of Portland cement and the C3A(CS)3H3; min-
Bojoil. Hammume B Tpemene amopduoro kpemueséma o0y- eral in SAC with water. In the presence of tripoli, a
CJIOBJIMBAET IyLIOJAHOBYIO PEAKIMI0O B KOMIIO3UIIMOHHOM pozzolanic reaction occurs:
BSDKYILEM, PeaKLHs IpeicTaBlIeHa HIDKE:
28102 @amopgmeity + 3Ca(OH)2 — 3Ca0.2810,.3H,0 (28)
[Ton0XXNTENBHBINA 3HAK MPH JIMHEHHBIX WieHa X| (KOHIIEH- The coefficients for the linear terms x; (the amount of
tpaust CALL) roBoput o nmonoxutenabHoM BiusiHuu Ha pac-  SAC, respectively) have a positive sign. Therefore, an in-
IIMpeHre IIEMEHTHOTO KaMHsA B TIEpPHOA TBepAeHHUs. crease in the amount of this component in the binder leads
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Kosppunment npu by = + 0,394 nammMensmmii, ciemosa-
TEJILHO OT/IENIbHOE BIIMSIHUE AaHHOTO (DaKkTopa MPHUBOIUT K
pacHInpeHuIo IEMEHTHOTO KaMHs citabee, YeM MPH UCHOIb30-
Banuu komiuiekca CAlLl ¢ ruricom by = 0,769. KBagpatuunsrit
ko3 punmenTs! mpu bsz = 0,621, 3T0 TOBOPUT O TOM, UTO J0-
0aBjieHHE Tperesia BO BCEM UCCIIEyeMOM Jnara3oHe MOKa3bl-
BACT IOJIOKUTEIBHOE BIUSHHUE HA 1e(OPMUPOBAHIE LIEMEHT-
HOT'O KaMHS$I, 0COOCHHO B 3BE3/HBIX TouKax. [lopucrast cTpyk-
Typa Tpelena U ero pa3BuTas IUIOLIalb MMOBEPXHOCTH, JaeT
nmo0aBKe BBICOKHE aOcopOHMpyromue CBOWCTBA. Bo3MOXKHO,
Tperes B COCTaBe BSDKYIIEro MPUBOJUT K YBEIMYCHUIO HAOY-
XaHUS I[EMEHTHOrO0 KaMHs, a abcopOMpoBaHHAs TPETeIoM
BO/J1a, B3aUMOJICHCTBYET C IPOYKTaMHU I'MIpATAIlMN U THIICOM
¢ oOpa3zoBaHMEM STTPUHTHUTA.

B3aumHOe BiMsiHME NEpBBIX ABYX (DaKTOPOB BapbUpPOBa-
HUSI, TOBOPUT O MPUCYTCTBUH MOJIOKUTEIBHBIX KOIPPUIHEH-
TOB B3aMMHOT0 BIUSHHS ABYX (pakTopoB CALl u rumca, unc-
JICHHBIC 3HAYCHUU KOTOPBIX 3HAYUTEIILHO PEBOCXOST KO-
(GULIMEHTH! TPU JMHEHHBIX WICHAX ypPaBHEHHS, CBHUICTEIIb-
CTBYET O TOM, YTO OOJIBIIOE 3HAYCHUE Ha UCCIIEyeMbIe CBOH-
CTBa UMEET COOTHOUICHHS MEX Iy (PaKTOpaMH BapbUPOBaHMUSI.
Tak kak B pe3yibTare MX B3auMOJCHCTBHUS oOpasyercs 5T-
TPUHTHUT, 4TO M OBLIO MMOKAa3aHO BhIIIE. Tpernen B CBOIO ove-
pens ygactByet B peakiuu ¢ Ca(OH),, CAL] + rumc, Tax xe
Y4acTBYIOT BO B3aMMOJICHCTBHH C MOPTIAHINTOM, YeM U 00b-
SICHSIETCSI COBMECTHOE BIHSIHHE 3-(haKTOPOB Ha JeQOpMaIuio.

IMpn x; = 1,215; xo=1,215; x3=- 1,215 (puc.1) pacummpe-
HHUE IIeMEHTHOTO KaMHA (19) mocTuraer MakCUMaaIbHOTO 3Ha-
yenus pasHoro 8,514 mm/m nim 0,8514%. Ilpu sTom 3Have-
HuM nepeMeHHbIx conepxkanue CALL pasno 14,43%, rumca —
10,54%, Tpemena — 11,14%.

B pabote npumensuiack nporpamma MatLab aist Haxox-
JICHUS] COCTaBa C MUHUMAJIbHBIMU JIe(OpMaUsIMH, APYTUMH
CJIOBaMH, C MakCHMalIbHOHM ycankod paBHOH - 1,632 Mm/Mm,
npu 3HaueHUH K03 dunuentos x; = +1,215; xo=— 1,215; x3
= —0,397 u comepxaHUW CYIb(POATIOMUHATHOTO IIEMEHTA,
rurnca, Tpenena - 14,43%, 4,46%, 14,412%, cOOTBETCTBEHHO.
[Tomydennsle pe3ynbTaThl MPEACTaBICHBI B Tabmumne 3 U Ha
pHUCYHKe 2.

to an increase in the expansion of the cement stone. The
coefficient at x; = +0.394 is the smallest, indicating that the
individual influence of this factor on the expansion of the
cement stone is less than when using the SAC complex with
gypsum. The quadratic coefficients at x3 = 0,621 suggest
that the addition of tripoli throughout the studied range has
a positive effect on the deformation of cement stone. This
can be attributed to the porous structure and developed sur-
face of tripoli, which endows the additive with high absor-
bent properties. As a result, the presence of tripoli in the
binder composition leads to an increase in the swelling of
cement stone. The water absorbed by tripoli may be in-
volved in the formation of ettringite.

The presence of positive coefficients for the mutual in-
fluence of the two factors, SAC and gypsum, whose numer-
ical values significantly exceed the coefficients for the lin-
ear terms of the equation, indicates that the relationships
between the varying factors greatly influence the studied
properties. Their interaction results in the formation of
ettringite, as shown above. Tripoli, in turn, participates in
the pozzolanic reaction with Ca(OH),, SAC + gypsum, and
also interacts with portlandite, explaining the combined in-
fluence of three factors on deformation. The negative sign
of the triple interaction suggests that a simultaneous in-
crease in tripoli, SAC, and gypsum leads to a decrease in
expansion. This can be explained by the expansion of ce-
ment stone being associated with the formation of binder
hydration products of a larger volume than the original
components.

It is evident that the expansion of cement stone (19)
reaches a maximum value of 8,514 mm/m or 0,8514% at x;
=1,215;x,=1,215; x3=-1,215 (Fig.1). With these variable
values, the content of SAC is 14,43%, gypsum is 10,54%,
and tripoli is 11,14%.

The MatLab program was utilized to find the composi-
tion with minimal deformations (with maximum shrinkage
equal to -1,632 mm/m), with coefficients x; = +1,215; x, =
-1,215; x3 = -0,397, and accordingly, the content of alumi-
nous cement equal to 14,43%; gypsum 4,46%; tripoli
14,412%. The results obtained are presented in table 3 and
figure 2.

TABJIAIIA 3. IPEJEJBHBIE 3HAYEHUS JTE®OPMAIAN IIEMEHTHOT'O KAMHSA B 3ABUCUMOCTH

OT COJAEPKAHHUA KOMIIOHEHTOB

Table 3. Values of deformation of cement stone depending on the content of components

KonupoBannoe 3HaueHune
bascropa Jedpopmanun LeMeHTa, MM/M
%CALl | %I %Tp Coded factor value Cement deformation, mm/m
%SAC | %G | %Tr .
X1 2 s 2 cyT. 3 cyrT. 7 cyT. 14 cyt. | 28 cyT.
2d. 3d. 7d. 14 d. 28 d.

fZSMaKc = 8,5 14
mm/M (Cocras 1)

— pacumpenue

frsmax = 8.514 14,43 10,54 | 11,14 | 1,215 1,215 -1,215 6,641 7,837 7,872 7,888 8,514
mm/m (Compo-
sition 1) — expan-

sion

f28MI/IH = -1 ,632

mm/M (Cocrag 2)
— ycajka

fosmin = -1.632 14,43 4,46 14,14 | 1,215 -1,215 -0,397 -0,815 -1,006 -1,437 -1,461 -1,632
mm/m (Compo-
sition 2) - shrink-

age
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KoaunpoBannoe 3HaueHue
paxropa Jedopmannu nemeHTa, MM/M
%CAIl | %I | %Tp P Cement deformation, mm/m
o o o Coded factor value
%SAC %G % Tr
v . » 2 cyT. 3 cyT. 7 cyT. 14 cyt. | 28 cyT.
! § } 2d. 3d. 7d. 14d. | 284.
KoHTponbHbIi
coctaB (%lILl =
0,
100%) 0 0 0 - - - -0,017 -0,100 -0,135 -0,127 -0,156
Control
composition
(%PC = 100%)
PUCYHOK 2 Jedopmalinu KOMIIO3UIIMOHHBIX BSDKYIIMX B PA3HOE
BpeMs THpaTalyuu
JTE@OPMALIMM LIEMEHTHOT'O KAMHSI B 8,51
3ABMCHMOCTH OT COCTABA KOMIIO3H- 3 7,84 7,87 7,89
HUOHHOI'O BAXKYIWEIO 6.64
g 6
E
Figure 2 2“
= 4
Deformations of cement stone depending on the =
composite binder composition g
a2
Qo
=
O
= o
‘),02 Io 10 14 m 13 16
-0,82 -1,01
-2 -1,44 -1,46 -1,63
2 cyT. 3 cyrt. 7 cyr. 14 cyr. 28 CyT.
B CocraB 1 ®CocraB2 © KoHTponas
3akJiouenune Conclusions

[IpoBenensl wucciieoBaHus J1eOPMALMOHHBIX CBOWCTB
KOMITO3MIIMOHHOTO BSDKYIIEr0 Ha OCHOBE NMOPTIAHALIEMEHTA C
KOMIUIEKCHOH /100aBKOH, MMEIOIIEH B CBOEM COCTaBe CyJIb-
(hoaTIOMHHATHRIA [IEMEHT, COJEpPKAIIUN CyIb(poaTIOMUHAT
kanbuusa - CAK, npuponnslii runc u tpenein. [na mogenupo-
BaHMs PE3yJbTaTOB OSKCIEPUMEHTAILHOM paboThl ObUI TO-
CTPOEH OPTOTOHAIBHBIN IIEHTPATbHO-KOMITO3UIIMOHHBIN TIIaH
BTOpOTO Nopsijka. B pe3ysibrare npoBeIeHHbIX UCIIBITAHUMN M10-
Jy4eHbl 3aBUCHMOCTH H3MCEHEHHMs Ae(OpMalny LEMEHTHOIO
kaMHs. Ha ocHOBe mpoaHaIM3UPOBAHHBIX AAHHBIX, MOJIYUYEH-
HBIX B XOJI€ 9KCIIEpUMEHTA 1 0030pa JTUTEPaTyphl, MOXKHO CJIe-
JaTh CIEIYIOINE BHIBOIbI:

1. IlpuMeHeH MeToT MaTeMaTHYECKOTO TNTAHUPOBAHUS IKC-
MEPUMEHTA U TOCTPOCHUSI MOJIENH Ne(hopMHUpOBaHUS Iie-
MEHTHOT'O KaMHsI B IepHo TBepaeHus 1o 28 cyT. [lomyueHo 5
ypaBHEHHI perpeccun Ha 2,3,7,14 u 28 cyTOK TBepACHHUS;

2. Anamus BausiHus conepxanuil CALL, rumnca u Tpenena Ha
neOpMHUpOBaHUE LIEMEHTHOTO KaMHS B HEPHOJ TBEpICHHS
MOATBEPI THITOTE3y O (PU3NYECKUX W XMMHUUIECKHX ITPOIIec-
cax, TMPOTEKAIOMINX B pPe3yJbTaTe TBEPJCHUS KOMITO3UIMOH-
HOTO BspKyIero. ITomydeHsl cocTaBbl BSOKYIIEH CMECH € MaK-
CUMaJIbHON ycaJKol U MaKCUMAaJIbHBIM PacIIUpEeHHeM. 3Haue-
HUS qeopMaIiii U3MEHSIOTCs B HHTEpBase ot -1,630 MM/M 10
+8,514 mm/m.

3. ITocTpoeHa OBEPXHOCTH, KOTOpast H300pakaeT 3aBUCH-
MOCTb Jie(hOpMaIIK [IEMEHTHOTO KaMHSI B MApOYHOM BO3pacTe
TBEPJICHUSI BSOHKYILETO OT COAEPIKAHUS JOOABOK.

The deformation properties of composite binder based
on Portland cement with complex additive, which has in
its composition sulfoaluminate cement containing calcium
sulfoaluminate - SAC, natural gypsum and trepel, have
been investigated. To simulate the experimental results, a
second-order orthogonal center-composition plan was
constructed. As aresult of the tests performed, the depend-
encies of the change in the deformation of the cement
stone were obtained. Based on the analyzed experimental
data and literature review, the following conclusions can
be drawn:

1. The method of mathematical planning of experiment
for construction of model of deformation of cement stone
in the period of hardening up to 28 days has been applied.
5 regression equations were obtained for 2,3,7,14 and 28
days of curing;

2 Analysis of the influence of SAC, gypsum and trepel
contents on the deformation of cement stone during hard-
ening confirmed the hypothesis of physical and chemical
processes occurring as a result of composite binder hard-
ening. Compositions of binder mixture with maximum
shrinkage and maximum expansion were obtained. The
strain values vary in the range from -1.630 mm/m to
+8.514 mm/m.

3. The surface, which depicts the dependence of ce-
ment stone deformation at the age of hardening of the
binder on the content of additives, is constructed.
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4. PezynbTaTsl pabOTHI MOTYT HCIOJIB30BATHCS IS TPOTHO-
3UpOBaHMs e(hOPMAaTUBHBIX CBOWCTB BSDKYIIETO IIPH NPOBE/Ie-
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4. The results of work can be used for prediction of
deformative properties of binder during research.
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