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YOK 656.13.022.5
EDN RWOIDV

OBOCHOBAHUE 3HAYEHWI BECOBbIX KO3®®ULMEHTOB
METOAMKN ONTUMU3ALNUN PACTTUCAHUA OBUXEHUA
OBWECTBEHHOIO TPAHCIOPTA
C YYETOM AYBJIMPYEMOCTU MAPLUPYTOB

A.E. BawapumoB
Benopycckuli 2ocydapcmeeHHbil yHU8epcumem mpaHcriopma,
2. lomenb, benapyck

AnHOmauyus. [ybnupyrouwull y4acmoKk — y4acmok mapuwpymHol OopoxHol cemu, 20e
MapuwpymHbie mpaHcrnopmHbie cpedcmea pasHbix Mapuwpymos 0guzaromcsi 8 0OHOM Haripas-
JIEeHUU U ocmaHaenuearmcsi Ha OOHUX U MeX e 0CmaHO804YHbIX ryHKkma. PaccoenacogaH-
HOCMb pacrucaHusi 08UXEHUS MapWpymHbIX MpaHCrIopmHbIX cpedcme Ha makux ydyacmkax
npusoduUmM K pocmy spemMeHU OXudaHus ux npubbimusi naccaxupamu, ux 83aUMHbIX ToMexam
Ha 0CmMaHO80YHbIX MyHKMax u rnepeaoHax u m.o.

Cywecmesyowass Memoouka onmumu3auyuu pacrnucaHusi 08uxXeHusi ¢ ydemom Oybnupye-
Mocmu mMapuwpymos npedrofiazaem paHXupo8aHUe MaKux y4acmkos o cmerneHu ux 3Hayu-
mocmu. pu 3mom ucronb3ymcecsl KoaghbuyueHmsl, y4yumslearouue OMHOCUMESbHYH 8aX-
HOCMb Konu4yecmea Mapuwpymos U 0CMaHO80YHbIX MyHKMoe 8 Oybnupyrowem ydacmke. B daH-
Hol pabome onpedensitomcs 3Ha4eHUs1 Makux 8eC08bIX KO3(huyueHmos.

Knro4deenblie criosa: obujecmeeHHbIU mpaHcrnopm, pacrucaHue, uHmepasar, onmumu3ayusi

JUSTIFICATION VALUES OF WEIGHTING COEFFICIENTS
METHODOLOGIES OPTIMIZATION OF PUBLIC TRANSPORT
SCHEDULES INCLUDING ROUTE DUPLICATION

A.E. Basharimov
Belarusian State University of Transport
Gomel, Belarus

Abstract. A duplicate section is a section of a route road network where route vehicles of
different routes move in the same direction and stop at the same stops. Inconsistency of the
schedule of route vehicles on such sections leads to an increase in the waiting time for their
arrival by passengers, their mutual interference at stopping points and distances, etc.

The existing methodology of traffic schedule optimization taking into account the duplicability
of routes implies ranking of such sections by the degree of their importance. In this case, coef-
ficients are used that take into account the relative importance of the number of routes and stops
in the duplicated section. In this paper the values of such weighting coefficients are determined.

Keywords: public transport, schedule, interval, optimization

BBEOEHUE

OnTMMMU3aumsa pacnucaHus ABWKeHWs obLLeCTBEHHOrO TpaHCNopTa UrpaeT BaXHyHo posb B obecneyve-
HUK adhchbeKTMBHOCTY 1 yaobcTea naccaxupo. OcobeHHO akTyarnbHa aTa 3aJaya Ha A4yonmpyroLwmx yyacT-
kax (OY), rae HeCKonbKo MapLUpPYTOB AyOnvpyrT Apyr apyra.

Oy6nvpytoLme y4acTkv — 3TO y4acTKM JOPOrY UMM MapLLPYTOB, FAe HECKOMbKO TPaHCMNOPTHBLIX CPeaCcTB
npeanaraloT CXoXue NyTU U OCTaHaBNMBAIOTCS HA OOHWUX U TeX e OCTaHoBKax (pPUCyHOK 1). OTo MoxeT
NPUBOANTBL K U3BBITOYHOCTM M HEOMTUMANbHOMY MCNOMb30BAHUIO PECYPCOB, TaK Kak Ha pasHbIX MapLupyTax
ABVXEHME MOXeT ObiTb HecbanaHCMPOBaHHBIM, @ NAacCaXmpbl MOTYT CTaNKUBATLCS C ANUTENbHBIMU OXU-
AaHVSMW UK NePEnOSTHEHHBIMU TPAHCMOPTHLIMW CPEACTBaAMM.
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Pucyrok 1 — pagpudeckoe usobpaxeHue Oybnupyrouie2o y4acmka

Figure 1 — Graphic image of the duplicate section

MpeanoxeHHas [1, 2, 3] MeToaMKa oNTUMKU3aLMK pacnnucaHns ABWKEHUS MapLUPYTHbLIX TPAHCMOPTHBLIX
CPeAcCTB C y4eToM AyOnmMpyeMocTy MapLUpYTOB NpeanonaraeT paHxuposaHve 1Y no gopmyne

S = Qon - Kon + QmTc - KmTC.

raoe Qon — konnyectso Ol B Y,

QmTC — KOMMYecTBO MapwpyTos B 1Y,

S — 3Ha4yumocTb 1Y,

Kon — koagpdpmumeHT 3HaummocTun Ol1,

KmTC — KoaddpmumeHT 3Haummoctnn MTC.

Mpun npoBegeHun anpobaumm anroputMa gaHHble koaddmumnenTsl Kon n KMTc npuHuManuck 1, 4to
©ObIno HMKak He 06ocHoBaHO. OBOCHOBAHME 3HAYEHWI TAKUX KOS PULMEHTOB SIBMSETCA LIENbH0 aHHON pa-
0oTbI.

OnucaHue MCXoaHbIX AaHHbIX

[ns obocHoBaHUA 3HaYeHWIN BECOBbIX KO3PULIMEHTOB NPOU3BOAUIIOCH MOAENMPOBAHUE ONTMMU3a-
UMM pacnmcaHus ABWKEHWS MO BbILLEYNOMSHYTOW METOAMKE MPY PasnmyHbIX 3HAYEHUsIX Takmx koadpdumum-
eHTOoB. [1pn aTom koadpdpuumeHTbl Kon n Kmtc nameHsnmcs ot 1 go 10 ¢ warom 0,5. PesynbTaTt ontumnsa-
LM OLeHMBArCst OTHOCUTESbHBLIM CHUXXEHMEM BPEMEHW OXXMAAHUS MaccaXupamm NpubbITUS MapLUPYTHbIX
TPaHCMOPTHBIX CPEACTB Ha BCEX OCTAHOBKAaX HaCENEeHHOro MyHkTa. Takke Npy MOAeNMpPOBaHUM paccmart-
pvBanucb BapmaHTbl pasnmMyHoro konuyectsa Y ons mogenvpoBaHus B o6LLEM Yncre Takux y4acTkos [4].

WcxogHble faHHble onst mogenvpoBaHms cobpabl 01.05.2023 n npeactaBnsioT cobor LWaxmaTHyHo Be-
AOMOCTb MapLUpYTOB, KOTOpblE BKMoYaT B cebs: Ha3BaHME OCTaHOBOK, BPEMEHU MPUOLITUSI HA OaHHYO
OCTaHOBKY, Ha4aro pevica 1 kapTouky pevica. MicxogHelMn AaHHBIMM Takke siBMsnack Tabnuua ¢ HassaHu-
SIMW BCEX OCTaHOBOYHbIX MYHKTOB ropofia, B KOTOPOM MPOBOANTCS ONTUMM3aLNS pacicaHns C UX YHUKanb-
HbIMU MHAEKCaMM.

OCHOBHAA YACTb

o pesynbTatam MOAENUPOBaHMSA MOCTPOEHA rMCTorpaMmMa pacnpeneneHms OTHOCUTENBHOIO BpeMEHU
CHVKEHMS OXMOAHUS naccaxxupamy nocrne onTMMusaumm pacnucanms (pucyHok 2). Ms pucyHka 2 BugHo,
YTO 3aKOH pacnpeaeneHns OTIMYeH OT HOPMarbHOro, 3TO ONpeaensaeT HenapameTpUYECKNe NHCTPYMEHTHI
Ansi fanbHenLWwero cTaTtMCTUYecKoro aHanunaa.

Ha pucyHke 3 nprvBeaeHa avarpamma, Ha KOTOpon BUAEH pa3dmMax 3HauYeHUN OTHOCUTENBHOrO BpeMeH
CHWXEHUS OXnaaHUs naccaxupamm nocrie onTMMusaLmmn pacnmcaHmns B 3aBUCUMMOCTY OT konndecTtea [1Y B
HaceneHHOM nyHKTe. U3 pucyHka 3 crnefyeT, YTO pasnuyHble 3Ha4YeHUsi BECOBbIX KOA(ULIMEHTOB AatOT
pPasnnyHOE KONMYeCTBO AYyONUPYHOLLMX YHACTKOB HA OOHOW M TOW e MapLupyTHoW ceTn (5 n 9 ansa paccmar-
pvBaemoro ropoga). lNpoaHanuanMpoBaB pUCYHOK 3, MOXHO caenaTtb BbIBOA, YTO Npu Gonbliem ynicne OY
adpchekT oT onTMMM3auum Gonee 3HauMM, Yem Npu MeHbLUEM. AHaNM3 3HAYUMOCTU Pa3NUYUIA, BbIMOSTHEH-
HbI NpY NomoLLm Kputepues Banaa-Bonbdosuua, Konmoroposa—CMumpHoBa 1 Tecta MaHa-YuUTHM nokasan
CTaTUCTMYECKYIO 3HAYMMOCTb TakuX pas3nmymnii.

Ha pucyHke 4 npedctaBneHo OTHOCUTENbHOE BPEMS CHWDKEHUS OXMAAHMSA naccaxupamy npubbiTs
MapLLPYTHOrO TPAHCMOPTHOIO CPeACTBa Ha OCTAHOBOYHBIN MYHKT B 3aBUCMMOCTM OT Aorm Y, Ha KOTopbIX
npoBoAmMiacb onTuMM3auus. M3 pucyHka 4 BUGHO, YTo HambornbLumin adhdeKT OT ONTMMU3ALMU pacnncaHns
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OBVXKEHUS [OCTMraeTcs Mpy ONTUMM3aLMM Ha BCeX QyOnMpytoLwmx y4acTkax, 4To obycrnaBnmeaeT Heobxo-
AVMMOCTb paccMaTpuBaTh Bce AyOnupyroLLmMe y4acTku Npu onTUMmM3aLmm.

OTH cHux BpemeHr oxuaanna = 2840°0, 2 normal(x; 0,6077; 0,5249)
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PucyHok 2 — 'ucmozpamma pacripedesieHuUs1 OmHOCUMETbHO20 8PeMEHU CHUXEHUST OXXUGaHUs naccaxupamu
rocrie onmumu3ayuu pacrnucaHusi, %

Figure 2 — Histogram of the distribution of the relative waiting time reduction
by passengers after the optimization of the schedule, %
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PucyHOK 3 — [uazpamma pa3maxa 3Ha4eHUll OMHOCUMESIbHO20 8PEMEHU CHUXXEHUS OXXUOGaHUs
naccaxkupamu riocse onmumu3ayuu pacrnucaHus 8 3agucumocmu om konudyecmea Y, %

Figure 3 — Diagram of the range of values of the relative waiting time reduction by passengers after optimizing
the schedule, depending on the number of remote control units, %
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OTH CHItK BPEMEHN OHWMAAHUA
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PucyHok 4 — OmHocumeribHoe 8peMsi CHUXKEHUST OxudaHUsI naccaxupamu
8 3asucumocmu om donu Y, Ha Komopsbix npogodurnack onmumusayusi, %

Figure 4 — Relative waiting reduction time by passengers depending on the proportion
of remote control units on which optimization was carried out, %

Ha PUCYHKE 5 npmeegeHa anarpamMmma, OTHOCUTESNTIbHOE BPpEMA CHMKEHUA OXKOAaHUA naccaxnpamu no-
cne ontnMmnsaunm pacnmcaHmna B 3aBUCUMOCTU OT COOTHOLLEHUA KOS(*)d)VILI,I/IeHTOB Ko/Km, %.
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PucyHok 5 — OmHocumeribHOe 8peMsi CHUXEHUS OXUOaHUSs naccaxupamu rnoce
onmumu3ayuu pacrucaHusi 8 3agucumocmu om coomHoweHus1 Ko/Km, %

Figure 5 — Relative waiting time for passengers after optimizing the schedule, depending on the ratio of Co/Km, %.

M3 pucyHka 5 NoHATHO, Y4TO Hanbosbluee 3HAaYEHNE OTHOCUTENBHOIO CHUXKEHWS BPEMEHWN OXMOAHWS
naccaxvpamm HabnogaeTcs npy pasnuyHbiX 3HaYeHnsx oTHowweHust Ko/Kwm.
Ha pvcyHke 6 npyBeaeH yBennUYeHHbIN pparMeHT pucyHka 5 Ha uHtepsane ot 0 o 2 no ocu Ko/Kwm.
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PucyHok 6 — Yeenu4eHHbil chpaemeHm 8biuienpusedeHHoU duaspamMmMbl Ha uHmepsasne om 0 0o 2 no ocu Ko/km

Figure 6 — Is an enlarged fragment of the above diagram in the range from 0 to 2 on the co/km axis

M3 pucyHka 6 BugHO, 4TO HamborbLuee 3Ha4YeHNE OTHOCUTENBHOIO CHKEHWS BPEMEHM OXMAaHNs nac-
caxvnpamu HabntogaeTcs npy 3HaveHusx oTHoweHuns Ko/Km 1 1 6onee. OgHako npu Takmx 3Ha4YeHUsX OT-
HOLLEHMS HabnoAakTCA, U ApYrMe 3HaYEHWS CHDKEHUS] BDEMEHW OXXUAaHNS naccaxnpamu.

MockonbKy BbILLE NOKa3aHo, YTO MaKCMMYM OTHOCUTESTbHOTO CHKEHWS BPEMEHWN OXWUAAHWSA Naccaxu-
pamun Habntogaetca npyu 100%-Mm paccmoTpeHun Bcex Y, TO n3 aHanmaa, NpPMBEOEHHOTO Ha PUCYHKe 6,
UCKITHOYEHbI HAbMIOAEHWSA, B KOTOPbIX 0N PACCMOTPEHHbIX AyGnunpytoLmx y4actkoB MeHbLue 100%. C yye-
TOM 3TOM0 3aBUCMMOCTb OTHOCWUTEMBHOMO CHWXKEHWS BPEMEHU OXMAAHUSA MaccaXvmpamu OT OTHOLUEHWS
Ko/Km BbIrmsamT cnegytowmm obpasom (PUCYHOK 7), a B yBENMYeHHOM Macutabe no ocu X npveegeH Ha
puCyHke 8.

2.1

2,0
GESRETTTD O O O O 0O O 0O O 0O 0O 0 0O 0 0O 0 0

OTH CHWX BpEMEHU OXWAaHWUA

-20 0 20 40 60 80 100
Ko/Km

PucyHok 7 — 3asucumocmb OMHOCUMESTbHO20 CHUXKEHUST 8peMeHU OxudaHusi naccaxupamu om omHoweHusi Ko/Km

Figure 7 — Dependence of the relative decrease in waiting time by passengers on the ratio of Co/Km
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PucyHok 8 — 3asucumocmb OMHOCUMESIbHO20 CHUXXEHUS 8peMeHU OXXudaHUSsI naccaxupamu
om omHoweHusi Ko/Km e ysenudeHHom macwimabe ro ocu Ko/Km om -1 0o 2

Figure 8 — Dependence of the relative decrease in waiting time by passengers
on the ratio to/Km on an enlarged scale along the Co axis/Km from -1 to 2

W3 nocnegHero pucyHka BuaHo, 4to 3HadeHnsx npu Ko/Km> =11 100% paccmoTpeHHbIX 4y nmpytoLmx
ydacTkax 4OCTMraeTcs MakCMmarnbHbIN 3pdekT OT ONTUMM3aLMN pacnmcaHms.

3AKIIOYEHUE

PesynbTaTbl uccrneaoBaHns MokasbiBatloT, YTO NPU ONTUMM3aLMN PacicaHns ABWKEHUS OOLLEeCTBEH-
HOro TpaHcrnopTa HeobXoAMMO paccMaTpuBaTh BCe HaWAEHHbIE AyOnupytoLMe y4acTky, Y Npu NX PaHXu-
poBaHve HeobxoaMMo, YTOObI OTHOLeHWe koadbdurumeHToB Ko/Kv> = 1.
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YOK 624
EDN HDUVFB

OUEHKA MPUMEHMMOCTU M’MNOTE3bl MNNMOCKUX CEYEHUNA
MPU PACYETE BANOK PASHOW TOJILLUHbI

E.B. Ap3aHoB
Cubupckull eocydapcmeeHHbIl asmomoburibHO-00poxHbIU yHUsepcumem (CubAAN),
e. Omck, Poccus

AHHOmauus. lNpedcmasneHa memoduka pacdyema raocKUx cedeHuli pa3Hol monuwjuHb! Ha
u3aub 8 HeckorbKux eapuaHmax. [lpueedeHbl npumepkl pacdema MemoOoM COMPOMUBIIeHUSs
Mamepuaros, meopuu yrpy2ocmu, a makxe rnpedcmaesfieHo cpasHeHuUe pe3yibmamoes.

Knroueenle cnosa: banka-cmeHka, usaub, HOpMaribHbIe HarpsKeHUsi, Memod KOHEeYHbIX
pasHocmed, «paMHasi aHas102usi»

ASSESSMENT OF THE APPLICABILITY OF THE FLAT SECTION HYPOTHESIS
IN THE CALCULATION OF BEAMS OF DIFFERENT THICKNESSES

Evgeniy V. Arzanov
The Siberian State Automobile and Highway University (SibaADI),
Omsk, Russia

Abstract. A method for calculating flat sections of different thickness for bending in several
variants is presented. Examples of calculation by the method of resistance of materials, the
theory of elasticity are given, and a comparison of the results is presented.

Keywords: beam-wall, bending, normal stresses, finite difference method, «frame analogy»

BBEOEHUE

B cTpoutenbCcTBE LLIMPOKO pacnpoCTpaHEHbl KOHCTPYKTUBHBIE 3rieMeHThl B Buae 6amnok. ToYyHoCTb
pacyeTa TakuMx 3anemMeHTOB siBndeTcs obsizatenbHbiM TpeboBaHnem. OueHka MPMMEHNUMOCTM TMNOTESbI
MMOCKMX CEeYEeHUN npu pacveTe Oanok pasHoM TOMWWHLI TpebyeT aHanmsa reomMeTpuyecKmx
OCODEHHOCTEN CEeYEeHUN W PacCMOTPEHUA BO3MOXHbIX (pakToOpoB, KOTOpble MOFYT BHOCUTb
OOMONMHUTENbHBIE UCKaXKEHWST B pacnpeaeneHne HanpspkeHni.

OCHOBHAA YACTb

PaccmoTtpym 6Ganky npsiMOYronbHOrO MOMEPEYHOro CevYeHust TonwuHon, pasBHow 1. Banka
LapHUPHO orepTasl, 3arpy>keHa pPaBHOMEPHO pacnpeferieHHon Harpyskon (. Beicota nmonepeyHoro
ceyeHunsa 6ankm h, nponet 6ankn paBeH |.

PaccmoTpum Tpu BapuaHTa oOrnpeaeneHust HarnpsbkeHUn B OnacHbIX cedeHusx npu h/l=1; Ya.
PelueHnne nonyymm Metogamm ConpoTMBEHNS MaTepUanoB 1 TEOPUM YNPYTroCTy.

PacueTtHas cxema (pucyHok 1):
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PucyHok 1 — PacyemHasi cxema

Figure 1 — Calculation scheme
1. PelueHne MeTogoM CONPOTUBIIEHUSI MaTepurarnos.
MonoxeHne HeNTpanbHOM OCU onpefensaeM U3 ycrnoBus paBeHCTBaA HyM NPOLONbHON cunbl [1].

HenTtpanbHaa ocb 0-0 pacnonaraetcs Ha paccTosiHumn h/2 OT HWKHEN rpaHn CTEHKMU.
OnpeneneHne HopmarbHbIX HanpsXeHu no opmyne [2]:

0=—=Xy, 1)

rae MOMEHT MHEPLIMM CeYeHnsl HaxoamM no dopmyre

bxh3
Ix - 12 ' (2)
n3rndaroLmin MOMEHT Haxoaum no oopmyne
2
M, = &£ 3)

8

Mocne NOACTaHOBKM YMCMOBBIX Aa@HHBIX MOMYYMM 3HAYEHWUS dMPbl HOPMarbHbIX HanpsKeHU B
3aJaHHbIX TOYKax (PUCYHOK 2).

v v v v v b b 47

75.00

h/2

h/2

75.00 |
/2 1/2 |

PucyHok 2 — Jriopa HopMaribHbIX HanpspKkeHul
Figure 2 — Plot of normal voltages
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2. PelleHne meTogamm TEOpUN YNpyrocTu.

Takol pacy€T CBOAMTCHA K peLUeHuIo NOCKOW 3agayvm Teopum ynpyroctu. Ha nnockoctb 6anku-
CTEHKM HaHOCUTCS ceTka fIMHUIA (LlaroM AX No ropusoHTanu n Ay no BepTukanu), TOYKU nepeceyeHus
KOTOpbIX Ha3blBalOTCA y3rnamu. 3a HEU3BECTHbIE NPUHMMAKOTCHA 3HAYEHUS (OYHKUMM HaMpsXXeHun ¢ B
y3nax ceTku [3] (pucyHok 3).

|77 |76 |77
- ' - g
F T ¥ T ¥ T 3
{ﬁlﬁ_ /I " U VAN R
=, . . .
Sl s ) . o n_m
i éﬁza_ 2__ !6 i FF: 2__20
o - _t e — - e —_ - RS
< 13 ‘14 15 24 13
at ' 21 22 S B
Ax | Ax [ Ax [ Ax

{

PucyHok 3 — PacuemHasi cxema Oris1 peuweHuUsi MemodOM KOHEYHbIX pa3Hocmel

Figure 3 — Calculation scheme for solving by the finite difference method

W3 ycrnoBusa paBHoBecUs1 Bankn-CTEHKM (C Y4ETOM CUMMETPUUN HArpy>KEHUs OTHOCUTESTbHO OCU Y)
Haxogum peakumm onop, NPUHUMas MX PaBHOMEPHO pacnpenenéHHbIMU UHTEHCMBHOCTLIO g1 Mnpu
3Ha4YeHMAX TOMWKHBI Ganku pasHon 1, anuHbl (1) paBHon 8 (M) U MHTEHCMBHOCTWU pacnpeneneHHon
Harpy3ku (q) = 100 kH/m.

h
OTHOLWEHMs BbICOTbI Banku K ee nponeTy — NprH1MaeM paBHbIM 1.

»F,=0:q*8—-2q1%08=0, 4)
1=160
ql = M

[na onpegeneHuns 3HaYeHus PYHKLUUM HaNPSHKEHUI @ B KOHTYPHbIX y3Max UCMOMb3yeM «pamHyto
aHanoruto» [3]. PaccMoTpuM CTEPXXHEBYIO HEU3MEHSAEMYIO CUCTEMY, CTEPXHU KOTOPOW PacrorioXeHbl
MO KOHTYpPY Oanku-cteHkm [4] (pUcyHok 4).

ﬁééééééqéjﬁ

g T

PucyHok 4 — PamHasi aHarnoausi

Figure 4 — The frame analogy
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Ons BbIOGpaHHOW CTEPKHEBON CUCTEMbI CTPOMM 3MNOPbI N3rnbdatoLLmx MoMeHToB M 1 npogonbHbIX
cun N (p1cyHok 5).

9 8 7 8 9 9 8 7 ] 9
0 0 1w & 400 400 O w
1 60 600 1 1 1
800

17 12
%0 12 12
- Ve B I O O D 3 73 ]

% 5 %4 % 5 %
a 6

PucyHok 5 — Sriropbi sHympeHHux cun: a — M uzaubarouwjux momeHmos (kH*m); 6 — N npodoribHeix cun (kH)
Figure 5 — Plots of internal forces: a) M of bending moments (kN*m), b) N longitudinal forces (kN)
3HaveHns PyHKUUM HanpshKeHU @ B 3aKOHTYPHBIX y3nax onpegensem no dopmynam (5), (6):
¢, =9, + Ng X 2 XAy, (5)
P =0, + Njg X2 X Ax. (6)
AHanNorm4yHo HaxoamMm OYHKLUN HANPSDKEHUIM 1151 OCTalNbHbIX Y3I10B.

[na kaxporo BHYTPUKOHTYPHOrO y3ra CeTKM C MOMOLLb0 ornepaTtopa (pUCyHOK 6) 3anucbiBaem
KOHEYHO-Pa3HOCTHbIN aHanor GUrapMOHNYECKOrO YpaBHEHHUS.

IMpu Ax=2Ay

IMpu Ax= Ay

PucyHok 6 — KoHe4YHO-pa3HocmHasi cxema 13-4reHHO20 ypagHEeHUs:
a—npu Ax = Ay; 6 — npu Ax = 2Ay

Figure 6 — A finite-difference scheme of a 13-term equation:
a) at Ax = Ay; b) at Ax = 2Aya
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[ns Hawero npyMepa noryyaem cuctemMy ypaBHeHWn (7):
21, — 8¢, + ¢, — 169, + 4¢, = 4000
=8¢, + 200, — 8¢, + 49, — 169, + 49, = —960
¢, — 8¢, + 219, + 40, — 169, = 640 @
=80, + 20, + 23¢9, — 8¢, + ¢, = 4800
29, — 8¢, +2¢, — 89, + 22¢, — 8¢, = 840
—2¢, — 8¢, + ¢, — 8¢, + 230, = 2560.

/——_—/\———\

B pesynbTate BbluMCNEHMIA NONyYaeM 3HaYEHNs (OYHKLUMN HANpskeHUn: ¢, @, P O, Py P
BblumMcnaem HanpsikeHne B 7-M yane no gopmyrne (8), aHanorMyHo BblYUCASEM HaMNpsKeHUsa ansg
y3nos 1,2,3,15:

_ 91672%X07 %0, 8)

cT7x Ayz

Mo pesynbTaTam BbIMUCIIEHWUIA CTPOUM 3MOPY HOPMarbHbIX HaNpsKeHWn G, (PUCYHOK 7).

24,36

19,68

7 b 24,22
N
119 74

PucyHok 7 — Oriropa HopmarbHbIx HanpskeHul (kH) npu omHoweHuu h/l = 1

~I=

Figure 7 — The plot of normal stresses (kN) at the ratio h/l = 1

Pasbepewm elle 0gHO pelLeHne MeToA4amMn TEOPUM YNPYroCTH, HO C APYIMMU UCXOOHBIMU AaHHbIMU:
h 1
OTHOLLIEHMS! BbICOTbI Garku k ee NponeTy —NPUHMMaeM PaBHbIM - .

Bce BbluMCNEHMSI aHanoOrMyHbl pacyeTy, MNpuMBedeHHOMY Bbiwe B nyHkTe [4]. Pesynbrtatom
BbIYMCIEHNN SBNSAETCS 3Mntopa HOpMarbHbIX HANPSKEHUN o, (PUCYHOK 8).

5183

\@ 24,35

2.91

\ 22.52

&)
6130

PucyHok 8 — Oriropa HopmarbHbIX HanpsbkeHul (kH) npu omHoweHuu h/l = %

~I=
1
Nol=

Figure 8 — The plot of normal stresses (kN) at the ratio h/l = %
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TEXHOJIOT'MN CTPOUTEJIbCTBA

3. CpaBHeHve pe3ynbTaToB BbIYUCMEHWUIA OBYMS METOA4AMM.

OueHky NpoM3BoAMM MO OYEPTAHUIO 3MOPbl HOPManbHbLIX HANPSXXeHWN ,. Hanoxum apyr Ha apyra
nony4veHHole anopbl (pucyHkn 9, 10). TyHKTMPOM nokasaHa arpa HOPMarbHbLIX HanpsHKeHWUN,
nony4yeHHas pelleHvemM meToda ConpoTUBMEHUSA MaTepmaros.

24,36

AN 19,68

24,22

~=
1]
~

2.79

119,74

PucyHok 9 — CpasHeHue 3rropbl HOpMasibHbIX HanpsKeHud, nosay4eHHol peweHueM memodamu CornpomueieHust
Mamepuarsios u Memodamu meopuu yrpyaocmu npu coomHoweHuu h/l = 1

Figure 9 — Comparison of the normal stress diagram obtained by the solution by methods
of resistance of materials and methods of elasticity theory at the ratio h/l = 1

5183

S\ 24,35

2.91

~I
I
N~

61,30

PucyHok 10 — CpasHeHue armopbl HOPMaribHbIX HanpsiKeHUd, Mosy4eHHoU peweHuemM memodamu
conpomuerieHusi Mamepuarsos U Memodamu meopuu yrpyaocmu npu coomHoweHuu hil = %

Figure 10 — Comparison of the normal stress diagram obtained by the solution by methods
of resistance of materials and methods of elasticity theory at the ratio h/l = %2

PacxoxgeHue anop SABNSETCa 3HaYUTESbHbIM, Hanbonee I'Ipl/l6]'IVI)KeHHbIM K 3Ha4YeHuaAMm,
nony4YeHHbIM pacyeToM No MeToay COonpoTUBNEHUA MaTepuanoB ABNAETCA pacydeT MeTtoaamMmu Teopun

h
YNpYrocTi C TakuMn UCXOAHBIMU JaHHBIMU: OTHOLLEHUEM BbICOTbI CEYEHUs K €ro nponeTy —< 1. Mpwm
HaMMeHbLUeM oTHoweHun h/l pesynbTaT CTAaHOBUTCS TOYHEE.
h
OueHKa TOYHOCTU: Mpu 7= 1. PelueHne metogammu Teopmm ynpyrocTv Npyv TakoM COOTHOLUEHUU He

AalT ToyHoro pesynbTtarta. Ownbka Ha OCHOBAHWM HECMELLEHHOWN OLIEHKU AMCMEepCUN COCTaBMsieT =
46,3% [5].
h 1
OueHKka TOYHOCTU: MpK =5 PelueHne mMeTogamMun TeOpWUM YMpPYrocTy NMpu TakoM COOTHOLLEHWU

TakKe He JaeT TOYHOro pesynbTarta. B gaHHoM criyyae owmnbka Ha OCHOBaHWM HECMELLEHHOW OLEHKU
aucnepcum coctaenset = 23,7% [5].
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3AKNIOYEHUE

h 1
I'IpM OTHOIJJeHVIVIT = > M MeHblle coBnaaakT pe3ynbTaTtbl pacdeTa MeTtogdamMun ConpoTuBieHUA

maTepuanos 1 Teopun ynpyroct. Mpu GOMbLLEM OTHOLLEHUM METOAbl COMPOTUBMEHUA MaTepuanos
MeHee TouHbI. [Mpy GonbLLON ToMLLMHE Ganok MeToaAbl CONPOTMBIIEHUS MaTepUarnos He NPUrogHLl Ans
pacyera.
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YOK 624.139
EDN PFKKRI

HAHOTEXHONOINW XXI BEKA 151 CTPOUTEJIbCTBA
SKOJNorm4yHoum n oonroBe4HOU TPAHCNMOPTHOU MHOPACTPYKTYPbI

B.A. Acmamynaese®, P.5. Acmamynaee*, H.5. Acmamynaee?, P.A. Mazaymoe®
1TOO «HNUTIK «KazdopuHHosauus», 2. Anmamsl, Pecriy6nuka Kasaxcmat
2TOO KasHWNIMN «Jopmparc», 2. Anmamei, Pecny6iuxka Kasaxcmar
3TOO «[lasnodapxondapbi», 2. Maenodap, Pecnybnuka KazaxcmaH

AHHOMauyus. B cmambse npusedeHbl pe3yribmambl MHO20/1eMHUX Hay4HbIX uccriedogaHuli
U HabnrleHul 3a mpaHCrnopmMHO-3KClyamauUuoOHHbIM COCMOSsTHUEM QOPOXHbIX KOHCMPYKUUU
Ha ocHogse 6enumosbiX UeMeHmMOos, Mosy4aeMbiX C UCMOMb308aHUEM MHO20MOHHAXHbIX
MPOMBIWIIEHHBIX MEXHO2EHHbIX MUHeparsibHbiX 0mxo008. PaccmompeHHsie 6enumosbie
uemMeHmbl ¢ npeuMywiecmeeHHbiM codepxxaHuem 08yxKanbyuegoeo cunukama (bonee 50%
C,S-benum) obecriequsarom don2o8e4HOCMb O0POXHBLIX 6€MOHO8 U 3Kcrnyamauyuro dopoe He
meHee 50 nem. [lonzogeyHocmb cmpykmypbl 6esumosbix yemeHmos obecrieqyusaemcs
HaHOpa3MepHbIMU HO800bpasogaHusiMu — eaudpocunukamamu kanbuus C-S-H, komopbie
criocobecmeyrom ripakmu4ecku nosnHouU eudpamauuu UeMeHMHbIX 3EPeH.

Knrodyeeble cnoea: asmomoburnbHbie dopoau, 6enumosbie UeMeHMbl, KOr/oUGHbIe
8sKyujue, HU3KOOCHOBHbIE eulOpoCcuiuKambl KanbUus, MUKCOMPOMuUsi U PEeoreKkcus,
00/1208€4HOCMb

NANOTECHNOLOGIES OF THE 21ST CENTURY
FOR THE CONSTRUCTION OF ENVIRONMENTALLY FRIENDLY
AND DURABLE TRANSPORT INFRASTRUCTURE

B. A. Asmatulaev?, R. B. Asmatulaev?, N. B. Asmatulaev?, R.A. Mazgutov?
1«NI&PC Kazroadinnovatsiya» LLP, Almaty, Republic of Kazakhstan
2«KazNIIPI Dortrans» LLP, Almaty, Republic of Kazakhstan
S«Pavlodar Zholdary» LLP, Pavlodar, Republic of Kazakhstan

Abstract. The article presents the results of many years of scientific research and observa-
tions of the operational condition of road pavement structures based on belite cements produced
using large-tonnage industrial technogenic mineral waste. The considered belite cements with
a predominant content of two calcium silicates (more than 50% C,S-Belit) ensure the durability
of road concrete and road operation for at least 50 years. The durability of the structure of belite
cements is ensured by nano-sized new formations - calcium hydrosilicates C-S-H, which con-
tribute to the almost complete hydration of cement grains.

Keywords: roads, belite cements, colloidal binders, low-basic calcium hydrosilicate, thixot-
ropy and rheopexy, durability

BBEAEHUE

B Hayane HblIHELWHero cToneTtus MMPOBbIMMN KOHUENUMAMUN BbIOBNHYTblI HOBbIE Tpe6OBaHVIFI K
MEXPEMOHTHbIM CPOKaM OOPOXHbIX KOHCprKLI,VIVI, B CBA3U C NOBbILLEHNEM TPaHCMOPTHbIX HArpy3oK Ha
aBTOMOBUNBbHbIX aoporax B 2-3 pasa. YcTaHOBNEHO, YTO 3aTpaTbl Ha YXN3HEHHbIV LUK aBTOMOBUMNBbHbIX
O0pOr OKynakTCA Npu CpoKax UX aKkcnnyartaumm He MeHee 50 ner.
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B KasaxcrtaHe paspaboTaHbl M anpobupoBaHbl HAHOCTPYKTYPUPOBAHHbIE OOPOXHbIE OETOHBI,
obecneumBaiolLme camo3saneyvBaHue AeCTPYKUMA OT AENCTBUS TPaHCMOPTHBLIX U KIMMaTUYeCKUX
Harpy3ok B yCNOBUSIX MHOrONeTHeN aKcnnyaTaumMm aBToOMOOUIbHbIX J0POr.

Mpu aTom cbipbeBon 6a3oi ans Takux 6eTOHOB ABMATCA MHOTOTOHHAXHbIE TEXHOrEeHHbIE OTXOAbI
(TMO), yTnnu3aumsa KOTopbIX SBMSETCA rocy4apCTBEHHOW NPUOPUTETHON 3adaden, cnocobCTBytoLLel
YNy4LIEHWIO 3KONOrMn 1 OKynaemocTu 0por.

B pesynbTate BbIMNOMHEHHbIX HayYHbIX WCCReAOBaHWA M MHOrONETHEro MOHMTOpWUHra Aopor
BNepBble B MWPOBOW [OPOXHON NPaKTMKE YCTAHOBIEHO, YTO B [OPOXHOM CTpouTenbcTBe Gonee
3EKTMBHO UCMONb30BaTbh ONIUTENBbHO YNPOYHsiiowmne 6ennToBble LEMEHTbl M MUHeparbHble
Bxywme u3 TMO. BenutoBble UEMEHTbI U MUHepanbHble BSXKYyLIME C NPEUMYLLECTBEHHbIM
COAepXaHMeM B cocTaBax [ByXkanbuueBoro cunukata (6onee 50% C2S-benut) cosgatoT
OOMNroBEeYHOCTb [OPOXKHbIX OETOHOB M akchnyaTauuo gopor He meHee 50 net. [donroBe4yHOCTb
CTPYKTYpbl 0enuToBbIX LIEMEHTOB obecrneuymMBaeTcs HaHOpasMepHbIMM HOBOOOpa3oBaHUAMU —
rmgpocunukatamy kanbums C-S-H, koTopble CMOCOBGCTBYOT NpaKTUYECKM MOMHOM rmapaTtauum
LIEMEHTHbIX 3€PEH, B OTNNYMNE OT TPAAULIMOHHO UCMOMb3YEMbIX B JIOPOXXHOM CTPOUTENbLCTBE aNUTOBbIX
NOpTNaHOUEMEHTOB C MPEMMYLLECTBEHHbIM coAepxaHvem A0 65%, ObicTpo 3aTBepaeBaroLlero
Tpexkanbumesoro cunukata (CsS — Anut). MN'mgpaTtauma CsS conpoBoxgaeTca obpasoBaHMeM BOKpPYr
3EpeH UemeHTa BOOOHENpoHMLaemMon 0BONOYKM U3 KPUCTannmM3aLMoHHOW CTPYKTYpbl, KOTopas co
BpeMeHeM NpensaTcTByeT NOMHOW rmapaTtaunm BHYTPEHHEN YacTu 3épeH LieMeHTa.

Mpn 3TOM nonyvyeHa yHWKanbHas HOBM3HA 3HaHWA — B pe3ynbTaTe BbINOSHEHHbIX rMy6oKmx
byHOAMEHTanNbHbIX U MNPaKTUYECKUX UCCrefoBaHU B JOPOXHON Hayke BrnepBble B MUPOBOW Teopuun
TBEPAEHUS MUHEPATbHbIX BSXKYLLMX NOATBEPXAEHA 3hpEKTUBHOCTL 1 CNPaBEANMBOCTb NPUMEHEHUS
TEOpPUM KOMMOMOHOW CTPYKTYPbl YNPOYHEHUS] LIEMEHTOB UM MUHEparbHbIX BsXKyLLMX, obrnagaroLmnx
CBOWCTBAMW TUKCOTPOMWU — CAMOBOCCTAHOBIIEHMS OT paspylUEeHWUs U PEONEKCUM, — OJIUTENbHOro
YMPOYHEHNS OT AENCTBUS TPaHCMOPTHbIX W TeMnepaTypHbIX Harpysok, B YCIOBUAX MHOrofieTHen
3KCnnyaTauum aBTOMOBUIBHBIX JOPOT.

[locToBepHOCTL UccreoBaHM NOATBEPXAEHA pe3ynbTaTamMmy MOHUTOPWUHIA JOPOT C UCNbITAHMAMU
BGeTOoHHbLIX 06pasuoB, ANUTENLHO BbIAEPXaHHbLIX NPY PasnNUyHbIX Temnepatypax B nabopaTopHbIX
YCINOBUAX N KEPHOB, OTOBPaHHbIX U3 AOPOXHbIX BETOHHBLIX Ha OCHOBE BEMUTOBBLIX LIEMEHTOB.

OCHOBHAA YACTb

BeToH — cambIl pacnpOCTPaHEHHbI CTPOUTENbHLIN MaTepuan, SBNSALWNACA HAHOCTPYKTYPHbBIM
MHOropasHbIM KOMMO3UTHBIM MaTepuariom, KOTOpbI co3peBaeT co BpemeHeM. OH CcocTouT u3
aMmopdHon ¢asbl, KpUCTasrIoB pa3aMepoM OT HaHO- 4O MUKPOMETpa M cBsA3aHHon Bogbl [1, 3, 4, 5, 6].
CeolictBa 0eTOHa, Kak W [OECTPYKUMOHHbIE XapaKTepPUCTMKW, CYLLECTBYHOT B MHOromacLutabHom
AvanasoHe (0T HaHO- 40 MMKPO- M MakKpOypOBHEN), KOraa CBOWCTBA MaTepuana Ha Kaxaom ypoBHe
dopMuMpytoTCsl Ha Gase CBOWCTB MpeablayLlien si4erku MeHbllero pasmepa [3, 4 6], 4To nosgHee
NMOATBEPXAEHO W 3apybexHbiMu uccriegoBanHuamu [7, 8, 9, 10, 11, 12, 13]. AmopdcHasa dasa
rmgpocunukata kanbums (C—S—H) — 310 «knen», KOTOpbIN CKpennsieT KOMNoHeHTbl 6eToHa [3, 4, 5, 8,
9] 1 cam no cebe ABnNsieTcs1 HAHoMaTepuanom. B nocrnegHee Bpems, bnarogaps 3aMHTEpPEeCOBaHHOCTU
B (pOpMMPOBaHWM YCTOMYMBLIX CTPYKTyp ©OeTtoHa [2, 9, 10], Gonblwoe BHWMaHWe yaensieTcs
HaHopasMepHou Mogudukauun cTpykTypel C-S—-H ana cosgaHus rmMbpuaHbIX, OpraHuYeckux,
LEMEHTMPYIOLWNX HAHOKOMMO3MTOB. Criouctasi KOHCTPYKUWMS U CKIOHHOCTb KPEMHMEBBIX Lienoyek
(kpome TeTpasagpuyecKon) K CTPYKTypHbIM agedektam B C—S—H [3, 6, 10,11] oTKpbIBatOT BO3MOXHOCTb
O BBeAeHMs pa3HoobpasHbIX OpraHn4ecknx monekyn B 6asoByto cTpyktypy C—S—H. [NpeanoxeHbl
TPU CXeMbl ONs rMbpuau3aumMm Unn BBEAEHUst «rocTeBbiX Morekyn» B C—S-H. lMepBasi cxema
WHTEPNONMpyeT opraHnyeckme monekynel B cnon C—S-H [3, 6,12,13].

DU3MKO-XMUYECKMMM HaMMK uccriegoBanusmu [15, 13] nogTBepXaeHo, YTO MUHEPArormyeckuni
cocTtaB OEnuMTOBOrO LEMEHTHOIO KaMHS MPEUMYLLECTBEHHO COCTOUT W3 MeONEHHOTBEPAEHLLNX
HU3KOOCHOBHbIX rugpocunukatoB C-S-H no cpaBHEHMIO C KpUCTannMyYeckMmMu HOBOOGpa3oBaHWUSIMU
anuToBOro nopTnaHauemeHTa. PopmmpoBaHME CTPYKTYpPbl MELNEHHOTBEPAEIOLWErO LIEMEHTHOMO
KaMHS1 B Mpouecce ero TBepAeHus B TevyeHue 8 neT Ans HarnmsgHOCTW MokasaHo Ha doTorpadmsx
pa3roMOB LIEMEHTHbIX Oano4vek (PUCYHOK 1), MCNbITAHHBLIX HA pPacTsXKeHne Npu usrmbe.

Ha pucyHke 1, a 4eTko HabnwoJalTCsl HEepasnoOXMBLUMECA 3epHa LUEMeHTa W 3epHa C
obpa3soBaBLUecsa nepudeprinHO 000NTO4KON, KOTopast NOCTENEHHO PacTEeT (pUCYHOK 1, 6) n nepexoanT
B aMopdHble reneBmaHble HOBOOOpa3oBaHusA. AMopdn3M 3TMX HOBOOOpasoBaHui obycrnaBnuBaeTca

TexHuKa n TexHonorum ctpoutennctBa, Ne 4 (36), 2023 http://ttc.sibadi.org/

18



TEXHOJIOT'MN CTPOUTEJIbCTBA

HEYETKOCTBIO M PacnbiBYaTOCTBIO UX FpaHen U 6ecrnopsgoYHbIM MX POCTOM BO BCEX HarnpaBIieHUsIX.
Hapsigy ¢ amopdutamu HabniogawTcss eavHU4YHble reneBugHble HoBoobGpasoBaHua C—-S—H (cm.
pucyHok 1, 6), KONMYECTBO KOTOPLIX yBenuumBaeTcs yepes3 8 net (pucyHok 1, 2). B ummepcumn renb
npegcraeneH OecLBETHOM W30TPOMHOM Maccoil C nokasaTtenem ceTonperniomrnenuns 1,330-1,567.
KonnyectBo reneBunaHbIix HOBOOOpa3oBaHui B npobax C yBenuyeHueMm Bo3pacTta o06pasuoB
noeblwaetcs. Ho paxe uvepe3 8 neT TBepAeHMsl B HOpMarbHLIX YCNOBMSX B Mpobax LemeHTa
HabnogalTca HermapaTMpoBaHHbIe 3epHa, YTO CBUAETENbCTBYET O MOTEHLUMArnbHOW CNocoBGHOCTU
LeMeHTa K AarnbHenemMy TBEPAEHMIO.

R -
' r”’ %

«

PucyHok 1 — ®@omoepadhbuu paznomos obpa3syos, meepOesuiux 8 HopMasibHbIX YCr08USIX U UCMbIMAaHHbIX Yepes:
a—1e00; 6— 3e200a; 8 — 6 nem; 2— 8 nem

Figure 1 — Photographs of fractures of samples hardened under normal conditions and tested after:
a— 1 year; 6 -3 years; 8 — 6 years; 2 — 8 years

PeHTreHorpammbl 6EMMTOBOrO LIEMEHTHOMO KaMHsi, NMpUBEdeHbl Ha PUCYHKe 2, MOATBEepXaatoT
MoNyYeHHble AaHHbIE.
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PucyHok 2 — PeHmeeHozpammMbl 06pa3yos 6enumogozo UeMeHmMHo20 KaMHS,
meepdesauiux 8 medeHue 3 mecsiyes ripu memnepamypax 5 °C; 0 °C; muHyc 5 °C; muryc 10 °C:
a — nocrie 1 Mecsya ebl0epxusaHusi 8 HOPMarlbHbIX yCroeusix; 6 — 663 8bidepPKUBaHUS 8 HOPMaIbHbIX YCI08USIX

Figure 2 — X-ray patterns of belite cement samples hardened for 3 months at temperatures of 5 °C; 0 °C;
minus 5 °C; minus 10 °C: a — after 1 month of aging under normal conditions; b — without normal conditions
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Takum obpasom, He3aBUCMMO OT TeMMEepaTypHbIX PEXUMOB TBepaeHus 6enuToBoro LLeMeHTHOro
KamHs (B npegenax oOnbliTa) M CPOKOB BblaepXMBaHMA ¢pa3oBbii cOCTaB HOBOOOpAa3oBaHWN He
npetepneBaeT CKOMbKO-HUOYAb 3HAYMTENbHbIX U3MeHeHun. O 3ameaneHnyM NpoLEeccoB rmapaTtauum
LeMeHTa C NOHWKEHNEM TemnepaTypbl TBEPAEHUS CBMOETENbCTBYET YMEHbLUeHne OUdpakLMOHHON
NNHUKM TeneBuUaHbIX HoBOODOpasoBaHun C—S—H, COOTBETCTBYHOLLEN MEXMNIOCKOCTHOMY PacCTOSIHUIO
3,027A, no cpasHeHuto ¢ 3,039A, npu TBepAeHUU MNPU MOSMOXUTENbHLIX TemnepaTtypax, AeTanbHo
onucaHHom X. ®. Tennopom [5].

PeHTreHoasoBble (CM. PUCYHOK 2), TepMorpaduyeckne (He MpuBeaeHbl) U 3NEeKTPOHHO-
MUKPOCKOMUYECKMe uccnenoBaHus, mnsobpaxeHHble Ha ¢OTO (pUCYHOK 3) MoaTBEepXOatoT, YTO B
HaHOCTPYKTYPUPOBaHHbIX OeTOHax BbllleyKkadaHHble TEXHOMOrM4eckne WU  SKCMnyaTauMoHHbIe
npenmMyLiecTtsa 06ecnevmBaloTCd B OCHOBHOM KOMMOWAHOW CTPYKTYPOW ANUTENbHOrO YNPOYHEHWs
6enutoBbix (C2S) uemeHTOB, 0bnagaloLMX CBOWCTBaMM: TUKCOTPOMUU-CAMOBOCCTAHOBMEHUS U
peonekccun — YNPOYHEHUss OT AENCTBUS TPaHCMOPTHLIX U TemnepaTypHbIX Harpysok [3, 4, 14, 15],
NOATBEPXAEHHbIX NPUBEOEHHBIMU pedyrbTaTaMu UccrnegoBaHUA U MOHUTOPWHIa 4OPOT.

sacSH -
PEEL N SN

PucyHok 3 — Mukpocmpykmypa uemeHmHo20 KamHsi Ha ocHoge C3S u C2S (¢homo 31eKmpOHHbIM MUKPOCKOMOM,
yesenuyeHue 8 25 000): criesa — anumosbili yeMeHMHbIl KaMeHb Yepe3 28 cym:
E — kpucmannei smmpuHauma, CSH — eonokHa C-S-H; cnpaea — 6enumoebil yeMeHMHbIU KaMeHb:!
a — yepe3s 28 cym; 6 — 4yepes 90 cym, mpybouka (C-S-H);
8 — yepes 180 cym, sonokHa C-S-H

Figure 3 — Microstructure of cement stone based on CsS and C2S
(electron microscope photo, magnification 25,000):
on the left — alite cement stone after 28 days: E — ettringite crystals, CSH - C-S-H fibers;
on the right — belite cement: a — after 28 days; b — after 90 days, tube (C-S-H);
¢ — after 180 days, fibers C-S-H.

Ha pucyHke 4 nokasaHbl pe3ynbTaTbl UCMbITaHWsA 00pa3sLoB GENUMTOBOrO LLeMeHTHOro kamHst Ne 5,
6, 7, 8, BblAEPXKaHHbIX MPU pasnMYHbIX TeMnepaTtypax TBEPAEHUHA, MO CPABHEHUIO C KOHTPOJSIbHbIMU
obpasuamu Ne 2, NOCTOSHHO TBEPAEBLUMMY B HOPMasibHbIX YCIOBUSX.

[aHHble CBMOETENBbCTBYIOT O TOM, YTO HU3KUE MOMNOXWUTENbHbIE N OTpULATENbHbIE TEMNEPaTYpbI
3amMenisioT NPoLEecC TBEPAEHNS LLEMEHTA, NPEABAPUTENTbHO BblAEPKaHHOro B HOPMaribHbIX YCITOBUSX.
Mpn aTOM YeM HWKe TeMNepaTypa TBEPAEHUS, TEM MeAJIEHHEE NPOUCXOAUT Habop MPOYHOCTH.

MonyyeHHble pesynbTaTbl MeTporpauyeckoro, PEHTreHOCTPYKTYPHOro, AuddepeHumnansbHo-
TEPMUYECKOrO aHanusa W HabniogeHNst C MOMOLLBIO CKaHMPYHOLLEro 3MEKTPOHHOTO MUKpocKona
nokasanu, 4YTO Mpu TBepAeHUN OennToBbIX LIEMEHTOB OCHOBHBIMW CTPYKTYypoobpasyrowmmm
HOBOOOpa3oBaHWsiMM B 6ETOHE ABMSIOTCA refieBUAHbIE HU3KOOCHOBHBIE MMAPOCUIMKATLI Kanbums Tvna
C-S-H.
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PucyHok 4 — KuHemuka usmeHeHus1 npo4YHocmu obpa3yos 6enumogozo YeMeHMHo20 KaMHs 80 8PEMEHU:
2 — 10cCmMosiHHO 8 HOpMaribHbIX ycrosusix; 5, 6,7, 8 — npedsapumernbHO 8bidepxxaHHbIX 1 mecsiy,
MpuU HopMarbHbIX YCIo8usix, 3amemM, coomeemcmeeHHo, pu 5 °C; 0 °C; muHyc 5 °C, muHyc 10 °C,
3ameM onsimb 8 HOPMaribHbIX YCII08USIX: @ — MPOYHOCMb Ha cxamue;
6 — NpoYHOCMbB Ha pacmsikeHue rnpu uzaube

Figure 4 — Kinetics of changes in the strength of belite cement samples over time:
2 — constantly under normal conditions; 5, 6,7, 8 — pre-conditioned for 1 month under normal conditions,
then respectively at 5 °C; 0 °C; minus 5 °C, minus 10 °C, then again under normal conditions:
a — compressive strength;
b — flexural strength

Mony4yeHHble aKCnepuMeEHTarnbHble pe3yrbTaTbl NO3BOMSIOT NPEANONoXNUTb, YTO U3 BCEX TEOpUi
TBEPAEHUS MUHEpParbHbIX BSXKYLLNMX MOXHO BbiAEMNUTb KOMMOUAHO-XUMUYECKyto Teoputo B. Muxaanuca
[5], koTopas, oyeBmgHo, Gygetr Gonee obocHoBaHHOW ANA OOBACHEHUS MPOLECCOB AMNUTESTBHOrO
YyNPOYHEHNs1 BENUTOBBIX LIEMEHTOB.

Mpn HopmanbHOM TemnepaTtype rugpocunukatel C—S—H dopmupyoTcs B Buae nracTuHYyaTtbiX
CYBMMKPOKPUCTAaNsoB, CPpeaHas AnuHa KoTopblX 6rmska k 10 000A° (1 MK), a wupuHa M TonlimHa
COCTaBMAT, cooTBETCTBEHHO, 360—560A° 1 20-30A° (36-56 HM 1 0,2-0,3 HM — HaHomeTp). Beuay
O4YeHb MarbiX pasMepoB MMOPOCUMMKATOB, a TakkKe KX CMocobHocTM agcopbupoBaTb Ha CBOEN
NMOBEPXHOCTU BOAY, OHM WMEKT CBOWUCTBa Konnowgos. [loTeps wnn  HacbleHve BOAOW
CONPOBOXOAETCS UBMEHEHMEM PACCTOSHUA MEXAY CIOSIMU KpUCTaNIMYeCcKon peLleTkn rmapocunmkara
C-S-H, u4tOo npuMBOOMT K BPEMEHHOMY W3MEHEHWO MPOYHOCTM MaTepuana. [HanbHenwee
BblEPXKMBAHME MaTepuana BO BMNaXHbIX YCNoBusSX obecnevvBaeT apcopbuuwio Bnaru renem,
BOCIMOJTHEHME CBA3YIOLLMX BOAHbIX NMIIEHOK MEXAY CMOSMU PELLETKM MApOoCHmKaTa n BOCCTaHOBIEHME
npoyHocTM Mmartepuana. [lostomy GenutoBble [OOpPOXHble 6eTOoHbl 06nagalT  CBOWCTBOM
CaMOBOCCTaHOBMEHMS B HE3aBMCMMOCTU OT  TEMMNEepaTypHO-KNMUMATUYECKUX WU3MEHEHUR W
OVNHaMUYECKMX TPAHCMOPTHBIX HArpy3oK.

OCHOBHBIM CTPYKTYpOOOpasyoLwmMmM KOMMOHEHTOM B 6€nMTOBOM LIEMEHTHOM KaMHe SIBNSATCS
HU3KOOCHOBHbIE rMapocunukaTel Kanbuus C—S—H, koTopble nNpeacTaBnsoT cobon aMopdHbIA Knewn
HaHOPa3MEpHbIX BEMWYMH M O0ONagalT CBOWCTBOM ANUTENBHOMO KOMMOMOHOro YnpoYHeHus. Hamwu
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YCTaHOBIEHO, YTO KOMNfiomaHas cuctema ynpodHeHus 6ennToBbIX LLEMEHTOB U MUHEPabHbIX BSDKYLLMX
obnapaer cBoWcTBamMu Oonee  ANWTENbHONO  COXPaHeHMA  TUKcoTponum —  obpatumoe
CaMOBOCCTaHOBMEHME MNOCMe HEeOAHOKPaTHLIX PaspylIeHU, a Takke pPeonekcun — ynpoyHeHue OT
OENCTBMA TPaAHCMOPTHBIX U TeMnepaTypHbIX Harpy3oK 3a CHET yrnyoneHus rmgpataumm MuHeparnbHbIX
BSKYLLMX U MOBbILUEHWUSI ANUCMIEPCHOCTN HOBOOOPa3oBaHWIM MpU HU3KNX TemnepaTtypax (CM. PUCYHOK 4).

HopoxHble 6GenutoBble OeToHbl 00nagaloT MeafieHHblM TBEpPAEHUMEM MO CPaBHEHWIO C
TPaAVLMNOHHBIMU anuTOBbIMU LIeMEHTaM1, HO MPOYHOCTHbIE Noka3aTenu 6eToHoB B Bo3pacte 180 cyT
NpaKkTU4eCKN CpaBHUBAOTCA, a AedpopMaTMBHbIe NokasaTenu 6enuToBoro 6eToHa gaxe npesbillalT
nokasarenu anutosoro 6eToHa, Ha OCHoBe MopTnaHauemMeHTa. [1pyM 3TOM NPOYHOCTb Ha pacTsKeHue
npu nsrnde Ha 31% Bbilwe, a MogyNb yNpyroctu Hxe Ha 5000 MlMa (tabnwuua).

Tabnuuya 1
ConocmaesneHue nokazamersiel yemeHmobemoHa Ha ueMeHme asumogozo u 6es1umoeozo cocmaeos
Table 1
Comparison of indicators of cement concrete using cement of alite and belite compositions
Mpenen npoyHocTu B Bo3pacte 180 cyt, MlMa Mogaynb ynpyroctu
Bug uemeHTa - ’
At Rox Rusr Rus/Rox Mra
BenuTtoBbI LEMEHT 30,9 5,9 0,19 30000
AnutoBbi LemeHT, M400 30,0 4,5 0,15 35000

3AKIMIOYEHUE

B KasaxcTtaHe 3a nepuog 1976—1990 rr. 66110 noctpoeHo 6onee 1200 kM aBTOMOBUNBHBIX 40POr €
OOPOXHBIMU MNOKPLITUAMU U3 GETOHOB Ha OCHOBE GENMTOBBLIX LLIEMEHTOB CO CI0EM M3HOCA M3 XONOQHOro
n ropsiyero acanotobeTtoHa. Npu 3TOM ANA NPUroTOBNEHUA BENUTOBbLIX LIEMEHTOB MCMOMb30Banunch
MHOTOTOHaXHbIE OTX0Abl: POCHOPHbIE TPaHyNUPOBaHHble wnakn LbiMkeHTckoro u >Kambbinckoro
docdopHbIX 3aBOOOB, OOMEHHbIE TPaHYNMPOBaHHbIE LWNaku KaparaHgMHCKOro MeTannyprnyeckoro
3aBofa, 6okcuToBble Wnambl [MaBnogapckoro antoMUHUEBOTO 3aBoAa, a Takke 30mbl-yHoca TOL.

Ha pucyHke 5 npeactaBneH MOHUTOPUHI MPOYHOCTHBIX MUCMbITaHWA 0bpa3sLoB 6ETOHOB Ha OCHOBE
0ennToBbIX LIEMEHTOB, OTOOPAHHLIX M3 AOPOXHbLIX MOKPLITUA, MOCTPOEHHLIX B nepuog 1976-1990.
Ynpo4yHeHne 6eToHOB nponcxoaunt yxe B TedeHne 30—40 neTt B npouecce akcnnyaTauum gopor.
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PucyHok 5 — KuHemuka Habopa rpoyHocmu 6eTOHOB Ha OcHoge 6ernumosbiX UeMeHmos:

1 — yemeHmMsb! Ha OCHOBe 30/1bl-yHoCca T3OL; 2 — uemeHmMbI Ha 0OCHo8e BOKCUMOB020 Wiriama;
3 — yemMeHmbI Ha ocHoge SPaHyIupo8aHHbIX Wiiakoe

Figure 5 — Kinetics of strength gain of road concrete based on belite cements:
1 — cements based on fly ash; 2 — cements based on bauxite sludge; 3 — cements based on granulated slags
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Acmamynaee bopuc Alicaesud — 0-p mexH. Hayk, nodemtbit rnpogp. MALOU, Axkademudyeckuli coBEMHUK
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