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Ilpeocmaeneno obocnoeanue cyuwiecmeoeanus nepuooa 0ecCmpyKuyuu 4acmuy yemenma
npu zuopamayuu 6emona Ha OCKOIKU, RO PA3MEPY CYWLECINGEHHO DObULe CPEOHUX PA3MeEPO8 MoTle-
Kkya. Ilpunama uoeanusuposannas cmpykmypa AueeyHo20 nPeocmaesieHus Ona 3epHa yemenma u
OKpYydHcarouieli e2o 600bl 8 8UOE 6JI0MHCEHHBIX chep, npuyem eHeWHAA chepa He UZMEHAEm CEOUX KO-
opounam, a 6HYMpPeHHAA chepa, uMuUmupPyIOuian 3epHo UeMeHma, C meueHueM npouecca yMeHbula-
emc 3a cuem nepenoca 00pazyouiuxcs 0CKoIK06 8 mexccghepuueckoe npocCmpancmeo, 3anoaHeHHoe
600oi. Coenano oonywienue, 4mo KOHYEHMPAUYUOHHOE Noe OOHOPOOHO U USMEHAEMC RO PAOUYCY.
Ilpoyecc opobnenusn onucan ¢ UCNOIBL306AHUEM PUUYECKOU MOOeNU «NCECOOPACMEOPEHUA) U Da-
3upyemca na gpopmynupoeke zakona @uxa. Illymem egedenus ckopocmu 0ecmpyKyuu, C6A3aHHOU ¢
nepemeuieHueM MelcPasnoi panuybl, CcOHOPMYIUPOCAHA MAMEMAMUUECKAA MOOENb 6 6UOe
HAUAIbHO-KPAeeoil 3a0auu 011 ypasHeHus oug@y3uonnozo muna ¢ chepuieckoii cucmeme Koopou-
Ham. Beedenuem cneuyuanvnoii cucmemuvt KOOpOUHam c@opmynuposanHHas HAYaibHO-Kpaesas 3a-
oaua mpauncgopmuposana 6 3adauy ¢ puxcuposannvimu panuyamu. Hnmezpuposanue noayueHHol
CUCeMbl GbINOJIHEHO YUCIEHHO C NOMOWbIO AGHOU KOHEYHO-PA3ZHOCMHOU cxembl. Bviuucaumens-
HbLIl IKCHEPUMERI ROOMEEPOUT PADOMOCHOCOOHOCHb NPEOTIONHCEHHOZO0 ANZOPUMMA, YO NO360IUIL0
npoeecmu Ka4eCmeEeHHblil AHAIU3 MOOeU, KOMOPbLl ROKA3A1l KOPPEKMHOCIYb 0ONYU|eHUN, RPUHS-
mMbIX npU HopMyIUPOKe MAMEMAMUUECKOU MOOeaU. YCmanoseneno, umo 6 cghepuueckoil aueiike,
cooepircanieil CpeOHeCmamucmuiecKoe yeMeHmHoe 3epHo, 0CKOJIKU JIOKAAU3YIOmMca 601u3u meiic-
aznoit nosepxnocmu uz-3a cnavozo euAHUA OupPy3uonnozo mexanuzma nepenoca. Ilposedena
OUEHKA CPEeOHe20 pazmepa OCKOJIK08, KOMOpble CYULeCHEEHHO DO01buie CPEOHEMOIEKYNAPHOZ0 Pa3-
mepa, umo OOnOIHUMENbHO NOOMEEPOUI0 2UNOME3Y CYU{ECHIB08AHUA NEPUOOA OCCPYKYUU 3ePeH
Uemenma 6 HAYAIbHOU CMAOUU 2Uopamayuu Gemona.

KiroueBble ciioBa: yacTuIlbl [IeMEHTa, ruapatanus, Auddy3us, MoJIellb ¢ ABIXKYIICHCS Mex(pazHON
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The substantiation the existence of the destruction period of cement particles during the
hydration of concrete into fragments, in size significantly larger than the average size of molecules
is presented. An idealized structure of the cell representation for the cement grain and the water
surrounding it in the form of nested spheres is adopted. The outer sphere does not change its coor-
dinates, and the inner sphere imitating the cement grain decreases in the course of the process due
to the transfer of the formed fragments into the inter-spherical space filled with water. The assump-
tion is made that the concentration field is uniform and varies along the radius. The crushing
process is described using a physical model of **pseudo-dissolution™ and is based on the formula-
tion of Fick's law. By introducing the rate of destruction associated with the movement of the in-
terfacial boundary, a mathematical model is formulated in the form of an initial boundary value
problem for the diffusion-type equation in a spherical coordinate system. By introducing a special
coordinate system, the formulated initial-boundary value problem is transformed into a problem
with fixed boundaries. Integration of the obtained system is performed numerically using an ex-
plicit finite-difference scheme. The computational experiment confirmed the efficiency of the pro-
posed algorithm, which allowed to conduct a qualitative analysis of the model, which showed the
correctness of the assumptions made in the formulation of the mathematical model. It is found that
in a spherical cell containing an average cement grain, the fragments are localized near the inter-
facial surface due to the weak influence of the diffusion transfer mechanism. The estimation of the
average size of the fragments, which are significantly larger than the average molecular size, fur-
ther confirmed the hypothesis of the existence of the period of destruction of cement grains in the

initial stage of concrete hydration.

Key words: cement particles, hydration, diffusion, model with moving interphace border
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BBEJJEHUE

B ocHoBe momydeHHs OETOHOB pPa3IUYHBIX
COPTOB JISKUT TPOIlECC TBEPJEHHUS, OCHOBAHHBIA Ha
XUMHUYECKON peakIuy THUIPaTalliil COCTaBIISIONINX
neMeHnTa [1, 2], Kmaccu4ecKuid BHI KOTOPOM JJIst OC-
HOBHBIX KOMIIOHEHTOB (JIByX- M TPE€XKaJbIIHNEBBIE CH-
JIUKATBI, TPEXKAIBIIUEBBIA AFOMUHAT, YEThIPEXKaIlb-
UEBBINA amFOMo(eppuT) IpuBeieH B [3].

OOpa3oBaHHbIC THAPATHI 3ANOIHIIOT 00BEM C
[EMEHTOM U BOJIOW B BHJIE TUCTIEPCHOM TBEPIOH (pak-
UK C 00pa30BaHUEM CBSI3EH MEKY HIMU 32 CUET Bpac-
TaHUs KPUCTAJUIOB APYT B pyra [4-6].

B aT01i CBsA3M HauMeHee U3yUEHHBIM SBISIETCA
WHUIMMPYIOIUN MEXaHU3M JECTPYKLIUH MOPUCTBIX
YaCTHII [IEMEHTA /IS YBEIHUEHUS TOBEPXHOCTH XHUMHU-
YECKOTO B3aMMOEWCTBHUS M Havajla peaKkIuy TuaparTa-
i [7]. Ilpryem B paMkax MpuHSTOHN (HHU3HIECKONH MO-
JIeJIM Ha 3TOM 3Tarie npenonaraercs [8], 4To B BOIHOM
cpejie BO BHYTPEHHHUX CJIOSIX YaCTHUI] LIEMEHTa BO3HU-
KalOT HEKOMIIEHCUPOBAHHBIE 3apsbl, KOTOPBIE M 3a-
MTyCKaIoT Tporiecc odpa3zoBanus ruapatos [9, 10]. s
OLICHKH I'€OMETPUYECKUX Pa3MEPOB BOJHOU SUEHKH,
coZIepyKaIlel YacTHITy IIEMEHTa, TipuMeM, Kak u B [11, 12],
YTO TOCJE MOMOJa IIEMEHTa JUaMETP YacTHUI] HaXo-
mutcs B auanasone | = 1-100 mxMm. Eciau nomycTuth
PaBHOMEpHOE paclpeieieHle YacTHLl M0 pa3Mepam,
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TO cpenHuil uX guamerp paseH | = 50 MKM (COOTBET-
CTBEHHO PaJUyC COCTaBJIseT o= 25 Mkm). O003HAUMB
00beM dacTuIb! U sueiiku uepes Vo=4/3nro*u V. = 4/3nr?
(r. — pamuyc sueiiku), HaigeM 0ObeM BOJIBI B siUCHKe
Vw = 4/3n(re*-r:). Kak MIPABHJIIO IIEMEHTHBIE YaCTHUIIBI
OKPY)KEHBI BOJIOW 3aTBOPEHHUS MPHUOIU3UTEIHHO Ha
60 00.% [13], otkyna Vw= 0,6V, uiu r.= 68 mxm. Ot-
CI0JIa CTAHOBHUTCS SICHBIM, YTO TUIIOTETHYESCKU JTOJDKEH
CYIIIECTBOBAaTh BPEMEHHOH OTPE30K, HAa KOTOPOM Tpo-
HCXOJUT MEXaHMYECKOe APOOJICHNE YacTUIBI ¢ IU(-
(hy3MOHHBIM BBIPAaBHMBAaHHWEM KOHIICHTPAIIMHA OCKOJ-
KOB 10 00BeMY siIeUKH. [[BrKyIas cuja 3TOTo Ipo-
1ecca MOXKeT BO3HUKHYTh, HAIIPUMEP, 110 TIPUINHE Ka-
MWUBIPHOTO (BHYTPUIIOPOBOTO) JABJICHHS: B CiIydae
cheprueckoit Mexx(azHOW TPaHUIIBI paanyca I 1 KuI-
KOCTH C KOX((UIIMEHTOM MOBEPXHOCTHOTO HATsDKe-
HUs G U3 3aKkoHa Jlartaca [14] ps= 20/r cnenyer, 4To
JUTst BozB! TIpH I = 10 HM BenmumHa P cocTaririer 150 aT.
Takoe maBiieHE THIIOTETUIECKU CIIOCOOHO TIPUBECTH
K pa3pylICHUIO YacTHUIIBI Ha 00Jiee MEIKUE COCTaBIIs-
rorue (OCKOIIKH).

MOJIEJIb

[IpuBeneHHBIC BBIIIE OIEHKU ITO3BOJISIOT HMH-
THPOBATh MPOIECC APOOJICHHS TPOIECCOM «IICEBJIO-
PACTBOPESHMSI» YACTHUIIBI M HCIOJIB30BaTh (OPMYIIH-
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poBKy 3akoHa PHKa JUIA IIIOTHOCTH MAaccoBOTO MO-
Toka [15]:

j = —Dgradc, (1)
B KOTOpoM 1oJ D 1 C mpaBoMOYHO MOHUMATH KOAPPH-
UeHT «3(p(GEeKTUBHOW» (KOHBEKTUBHOW) muddy3un
OCKOJIKOB ¥ UX JIOKQJIBbHYIO KOHIIEHTPALIHUIO.

Ecnu u nanpiie nmpoBOAWTH aHAJIOTHIO C MIPO-
[IECCOM pacTBOPEHHS, TO HEOOXOJMMO HCIIOIB30BATh
JIOTIOTHATENBHO K popmyrie (1) OCHOBHO# 3aKOH KHIHE-
THKH (husuyeckoro pactBopenus mo IllykapeBy [16].
OpHako NMOSABISETCS HEONIPEACIIeMbIH AJIs HalleH mo-
CTAHOBKH 3aJ[au¥l MapaMeTp KaKk KOHIIEHTPANUs HAChI-
IIEHHS U3-3a OTCYTCTBUS (PU3MUECKOTO CMBICIIA B 3TOM
ciydae. [103TOMy BMECTO 3TOTO 3aKOHA BBEIEM CKO-
POCTB JECTPYKIHH V, CBSI3aB €€ C MepeMellcHHeM Te-
KyIIeld KOOpAHHATHI MeX(a3HOH TpaHUIIHI 'y, TO €CTh

c(ry, 1) = co1(ry), (2)
rae Iy = o - VT, T — BpeMsl; o — HadaibHasi KOOpAWHATa
MeK(a3HOW TpaHUIbl, Co — KOHLEHTPAIHS OCKOJIKOB
Ha Mexdasnoii rpanuiie; 1(rv) — dynkius XoBucaiaa.

IIpencraBuM cxeMaTHUYeCKU AYEUKY, OKpYyKa-
IOIIYFO 3€PHO IIEMEHTa, BIIOXEeHHBIMH chepamu (prc. 1).

BHemHss rpaHuia He U3MEHSET CBOMX KOOp-
JMHAT, 2 BHYTpEHHsIsSI cepa, UMUTHUPYIOIIAs 3epHO Lie-
MEHTa C TCYCHHEM IPOIecca, YMEHBINACTCS 32 CUET
MEPEHOCa OCKOJIKOB TI0 AU((y3HOHHOMY MEXaHU3MY
B MEKC(HEepUuecKOM MPOCTPAHCTBE, 3aTI0JTHEHHOM BOJION.

1

Puc. 1. Pacuetnas cxema staetiku: Boga (1); 3epHo nemeHTa (2)
Fig. 1. Design scheme of the cell: water (1); cement grain (2)

[IprmeM, 9TO KOHIIEHTPALIMOHHOE TI0JI€ OJTHO-
POJTHO M M3MEHSIETCS TOJIBKO O paanycy, a D u v mo-
CTOSIHHBI, TOTAa B c(hepudecKoil cucteMe KOOpIuHaT
ypaBHeHUE IU(PQPY3MOHHOTO TMEPEeHOCca OCKOJIKOB B
BOJIE TIPUMET BUJ:

dc(rr) _ 29c(r) | 9%c(rn)
o b [r ar T oz ] )
C HaYaJIbHBIM YCIOBUEM
c(r,0) =0, (p=r=<n) 4)

OTCYTCTBUEM II€PEHOCA OCKOJKOB 4YEPE3 TIpaHHuIy

STYETKH
dc(re,r) _
ar 0, (5)
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1 ¢ pobaBieHueM yciaoBHA (2) TIpH OJHOBPEMEHHOM
BBITIOJTHCHUU OaJlaHca Mo Macce B siueike

3 (Tc
%for r2c(r,t)dr = C,. (6)

B 6e3pasmeproM Bujie cructema (2)-(6) Takosa:
ac(R 8) _ 20C(RB) , 9*°C(RS).

R OR oR? '’ (1)

C(R 0) =0, (1 <R<R); (8)

C(ReO) _ . )
OR ’

C(Ry,8) = 1(1 —K6); (10)

3/ R2C(R,B)dR = 1, (11)

rie 0 =Dt/r¢; R=r/ry, C(R,0)=c(r,0)/co;
R, =1./19; Ry =1y/19; K = vry/D. be3pa3mepnas
BeanunHa K sBisgeTcs CAUHCTBCHHLBIM IMapaMETPOM
MOJIeTN, KOTOPBIH MMEET BIIOJIHE SICHBIN (pr3muecKuit
CMBICJI: OTHOLIEHHE MHTEHCHBHOCTH AECTPYKLUUH 4a-
CTULbI NEMCEHTAa K MHTCHCHUBHOCTH IICPEMCIINBAHUA
BOJHOM cpefbl B AUEHKE.

BBIYMCJIMTEJIBHBIA SKCIIEPUMEHT

[epexom x KOOpI[I/IHaTaM [17]
g=—_n=0 (12)

¢ SlkoOMaHoOM, OTIIMYHBIM OT HYJIS, TpaHCHOPMHUPYET
cuctemy (7)-(11) B 3aa9y ¢ HEMOABMKHOM TpaHUIIEH:

Wen_ 1 A2 k- k >] T 4 ) (13)
;Pl’p(é 0)) (14)
o (Scm)

ot 0 (15)
Y1) =1 (16)
31— K [ E¥Emds =1,  (17)

rae & = Rc/(1 — KM); OTHOCHTENBHO QYHKITUH
W) = C[R(En), 6(E)]. (18)

Cucrema (13)-(17) mpowHTErpHpOBaHa 4HC-
JIEHHO ¢ 3aMeHo# (QyHKuu (18) CeTOYHBIM aHaJIoToM,
onpezeneHHsM B y3nax (i,j), i=0,7n; j=0,m obnactu
unTerpupoBanus [1,&.] X [0,1/K], npu ee nuckperu-
3anuu maramu An = 1/(Km), AT = [mR./(m —j) —
1]/n
WEN) = W(E,n)) = P(idg jan) = ¥/ (19)
U C anmpoKCcHMaIliel MPOu3BOAHBIX OT W KOHEUHBIMH
Pa3HOCTSIMH TEPBOTO W BTOPOTO MOPSIKA TOYHOCTH B
HaNpaBJICHUN OCEH KOOPJMHAT 1) M & COOTBETCTBEHHO
TI0 SIBHOM CXeMe:

Jj+1 _ J J
W/ = a W] + bW, ey,

(i=1n-1;j=0,m), (20)
lp{;:o i=0,n; (21)
_—(4 v ), J =0m; (22

l}’é =1, j=0,m;

a; = [1-—221f;
Ag2(1-Kn))
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_ An 2 An .
by = a2 — K&l = Kn)] + ()
_ An An 2 .
vy e o] R G,

& = 1+1iA§ n; = jAn.
PE3VJIBTATHI 1 X OBCYXXJIEHUE

Pesynbrarer pacueToB (puc. 2) mpu 6e3pa3mep-
HBIX pagmycax sueiikn Rc= 2 u 3epHa nementa R = 1 B
HAYaJbHBIA MOMEHT BPEMEHH TTOKa3aJIH, YTO THAPOTHU-
HaAMHU4YeCKass OOCTaHOBKA SIBISCTCS OMPEACISIONINM
(hakTOpOM Ha pacrpe/ielieHHe OCKOIKOB B siUcHKe.

R

Puc. 2. Jlunamideckoe pacnpeeneHue 6e3pa3MepHoii KOHIIEHTpa-
MK OCKOJKOB B stuetike mpu K=0,1 (a) u K=10 (6) B MOMEHTHI OTHO-
curenpHoro Bpemenu 0: 1 —0; 2-0,01; 3-0,03; 4 -0,05; 50,08
Fig. 2. Dynamic distribution of dimensionless concentration of
fragments in a cell at K=0.1 (a) and K=10 (6) at moments of rela-
tive time 6: 1 — 0; 2 —0.01; 3-0.03; 4 - 0.05; 5-0.08

[pu K<1 (mepenoc ockoskoB o auhdy3noH-
HOMY MEXaHH3MY IMpeBAIUPYET HaJ MePEeHOCOM HX 3a
CYeT MHTEHCHBHOW NECTPYKLUUHM LIEMEHTHOTO 3EpHa)
MIPOUCXOAUT OBICTPOE JOCTH)KEHHE OIHOPOIHOCTH
KOHIIGHTPAITMOHHOTO MOl  ockonkoB. [lpm K>1
HaOII0aeTcs KOHIEHTPUPOBAHUE OCKOJIKOB Y IIO-
BepxHOCTH pazgena (a3. CornacHo [18] HauanbHBIN
NePUO/] TUPATAIIUH JUTATCS IPUMEpHO 4-6 MHH, TOT 1A
C Y4ETOM TOT0, 4To Oe3pa3mMepHOe BpeMsl JOCTHKESHUS
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YMEHBIIICHUS [IEMEHTHOTO 3¢pHa HATIOJIOBHHY TEPBO-
HavyanbHOTO paauyca [19, 20] coctaBurt 0,05, moxyuum
0*ré

(25.10-6)?
p=9m _ 0,05-(25-107°) = 1,04 - 10713 m2c,
T 300

Ipu 3TOM CPEAHAA CKOPOCTh ACCTPYKIUU IEMEHTHOT'O

3epHa ecTh

T 1,25-107° _
=L =" _—417-10"8 m?%c.
2t* 300

Taxum 06pa3om, mapameTp MojIeIH OyIeT paBeH
K=Y _ 4,17-10 8-2_5-10 6 = 10,02,

D 1,04-10713
YTO cyliecTBeHHO Oonbie 1. CiaenoBaTenbHO, IPaKTH-
YEeCKH BCETZa CO3AAIOTCs YCIOBUS IJIsi HEpaBHOMEP-
HOTO pAaclpeliesieHus] OCKOJIIKOB B IPOCTPAHCTBE
MEXJy 3epHaMH LeMeHTa. Eciam BOCHONBb30BaThCs
dhopmyioit CTokca-OUHINTENWHA, OMUCHIBAIOIICH TU(-
(dy3uto cheprudeckux dHacTurl B KUAKocTH [21], To
MOXKHO HOJTyYHTh OLICHKY CPEAHET0 Paiyca OCKOJIKOB

_ kgT
" emDp’

rine ks=1,38-102% JIsx/K — xoncranTta bonbimana;
T = 293 K — Temneparypa cmec; p = 10°Ila-c — ko-
3 PunmeHT nMHAMHUYECKON BA3KOCTH, OTKyAa I =
2,06-10° M, uTo CcymiecTBEHHO GOJIbIIE CpPeTHEMOIIE-
KyJIApHOTO pasMmepa, pasHoro 1,38 A, a aTo moaTsep-
KIAeT TUIOTE3Y O CYLIECTBOBAHUH IIEPUOJIA IECTPYK-
LMY 3€PEH LIEMEHTA B HAYAJIbHOW CTaIMU TUAPATALIUI
OeroHa.

BBIBOJbI

[IpoBeneHHBI aHANM3 C MOMOIIBIO MPEIJIO-
JKEHHOM MaTeMaTU4YeCKOW MOJIEN «IICEBIOPACTBOpPE-
HUS» TUGPY3HOHHOTO THIA C ABKYIIEHCs Mexdas-
HOM TpaHUWIEH NpH MPUHATON CTPYKType 00JIacTH B
BHJIe chepudeckoil srueiiku, comepikaliei cpeHecTa-
TUCTHYECKOE IIEMEHTHOE 3€PHO, TI0Ka3all, YTO OCKOJIKU
[IPU IECTPYKLUUHU CYLIECTBEHHO OOJbIIE CPEAHEMOJIE-
KYJIIPHOTO pa3Mepa, KOTOpbIE JIOKaJIM3YIOTCsl BOIM3H
MTOBEPXHOCTH IIEMEHTHOTO 3€pHa M3-3a HE3HAUUTEIb-
HOTO BIMsHUS (D (HY3MOHHOTO MEXaHU3Ma IIepeHoca.
[lonmy4eHHbIl pe3yabTaT MOXKET OBITH MCIIONB30BaH B
BHJIE HHCTPYMEHTAPUS AJIS1 BO3MOXKHOTO YIIPaBJICHUS
peaxiuei TuApaTalny C IeIb0 TOBBIIMIEHUS Ka4eCcTBa
OeroHa.
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