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AHHOTAIUSA

[lepcieKTUBHBIM HAaNpaBiICHUEM [JIsl YBEIWYEHHsS] CPOKOB CIYXKObl ac(haibTOOETOHHBIX MOKPBHITUH SBISETCS CO3AaHUE
«YMHBIX» MaTepuajioB, CIIOCOOHBIX B MpOIeCCe JKCILTyaTallud CaMOCTOSITENBHO PEearupoBaTh HAa U3MEHEHHUE CTPYKTYpHI U
MPUHUMATh MEphl [0 UX YyCTpaHEHWto. Peanu3anus TEXHOIOTMH CaMOBOCCTAHOBICHUS ac(anibTOOCTOHOB MOMKET OBITh
obecrieyeHa 3a CUET HCIOJNB30BAHMS  WHKANCYJIUPOBAHHBIX  MOIU(UKATOPOB, KOTOpBIE MPEACTaBISAIOT  COOOM
BOCCTaHABIMBAIOIINNA areHT BHYTpU (PyHKUMOHAIBbHOHN Kamcynbl. Hambornee mpocTbIM METONOM IS HHKAICYJIHUPOBAHUS
MOAU(HUKATOPOB AJSI CaMOBOCCTAaHABJIMBAIOIIMXCS MAaTEPUAJOB SIBISIETCS albIMHATHAS TEXHOJOTHS, TJe B U3TOTOBJICHHE
KarcyJs ¢ BOCCTAaHOBUTENIEM OCYILIECTBISETCS Yepe3 BOAHBIN pacTBOp anbruHata HaTpus. [lokazaHo, YTO aqbIMHATHI SBISIOTCS
3G GEKTUBHBIM ~ KOMIIOHEHTOM,  MO3BOJISIONIMM  PEajM30BaTh  TEXHOJOTHIO  WHKAICYJIHUPOBAHHS  MOIU(GUKATOPOB
(BoccTaHOBHTENCH) ISl CAMOBOCCTAHABIUBAIOIINXCS aC(abTOOCTOHOB.
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Abstract

A promising direction for increasing the service life of asphalt concrete pavements is the creation of "smart" materials that
can independently respond to changes in the structure during operation and take measures to eliminate them. The
implementation of the technology of self-healing of asphalt concrete can be achieved through the use of encapsulated
modifiers, which provide a reducing agent for a functional capsule. The simplest method for encapsulating modifiers is the
self-healing alginate technology, where capsules with a reducing agent are produced through an aqueous solution of sodium
alginate. It has been shown that alginates are an electrical tool that allows the use of encapsulation methods (reducing agents)
for self-healing asphalt concrete.
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Beenenne

IIpoTsKEHHOCTh aBTOMOOMJIBHBIX JOPOT C ac(ambTOOETOHHBIM IOKPHITHEM BO BCEM MHUpPE COCTaBISeT Mopsaka 15
MUJIJIHOHOB KHJIOMETPOB, M3 KOTOPBIX Ha CTpaHbl EBpomeiickoro coro3a MpUXOAUTCS 5 MUIIHOHOB KmioMmeTpoB, CIIA — 8
MUJUTHOHOB KUIIOMeTpoB [1], a B Poccun— 1 munmon kunomeTpoB [2]. Bonbinas npoTsHKeHHOCTh CETH aBTOMOOMIIBHBIX TOPOT
TpeOyeT cephe3HBIX (MHAHCOBBIX 3aTpaT Ha ee cojepkaHue. I[Ipy 3TOM OTCYTCTBHE CBOEBPEMEHHBIX MEPOIPHITHII IO
yCTpaHeHUIo 1e(eKToB achalbTOOETOHHOrO MOKPBITHS, BOSHUKAIONIMX B IPOLECCE €CTECTBEHHOTO N3HOCA I10]1 BO3JIEHCTBHEM
OKCITyaTallMOHHBIX (AKTOPOB, NPHBOAUT K 3HAYMTENFHOMY YBEJIMYECHHUIO CPEJCTB, TpeOyeMbIX Ha BOCCTAHOBJICHHE
JIOPOXKHBIX KOHCTpYKIMH. [ToMuMO NpsIMBIX 3aTpaT Ha PEKOHCTPYKIMIO aBTOMOOMIIBHBIX JOPOT CEPhE3HBIN YPOH Pa3BUTHIO
9KOHOMHKH HAaHOCAT YOBITKH OT HapyIlIEeHUs JJOTHCTUYECKOI ceTH aBTOMOOUIBHBIX TPY30IEePEBO30K U MAaCCaKUPOIOTOKA.

TpaguuroHHBIE aBTOMOOUIIBHEIE JOPOTHU MPEICTABISIOT COOOH MHOIOCIONHHBIE KOHCTPYKLIUHU, B KOTOPBIX A yCTpoiicTBa
BEPXHUX CJIOEB NMPUMEHSIOTCS pa3nyHble BUJIBI ac(haabToOETOHa, CPOK CIY)KOBI KOTOPBIX cocTaBiseT 10 24 net [3]. Oxnako,
B YCJIOBHSX HWHTEHCHBHOTO aBTOMOOWJIBHOIO TpaduKa M CIOXHBIX KIMMaTHYECKUX YCJIOBHH, B COBOKYIHOCTH C
HEeHaJUIeXKAl[UM COJAEpKaHHEM, CPOKH CIykObl aBTOMOOMJIBHBEIX Jopor B Poccum He mpessimarot 4...8 net [4]. Pemrenue
mpoOJIeMbl yBelIndeHus: 0e3peMOHTHBIX CPOKOB 3KCIITyaTalMu ac(anbTOOETOHHBIX MOKPBITUH SBIsSETCS OCHOBHOH 3amaueit
MaTepHaloBeICHHUS B 00JIACTH JOPOKHOTO CTPOUTEIHCTBA.

Pemenne mnocTaBleHHONW 3aJaud BO3MOXKHO 3a CYeT IIPUMEHEHHUS KOMIUICKCHBIX Mep 10 MOAU(pUIUPOBAHUIO
ac(aapTOOETOHHONH CMecH, KOTOpbIe OOecredar yJydllleHHe CTPYKTYpbl ac(anbToOeTOHa M BBICOKYIO CTaOMJIBHOCTH €ro
CBOMCTB B IIpollecce dKCILTyaTalluH, a TaK K€ MO3BOJAT MPOJUIUTh MEKPEMOHTHBIE CPOKU. IlepCreKTUBHBIM HalpaBlICHUEM
JUIsL YBEIMUYEHHUS CPOKOB CIyXObl KOHCTPYKIUIl SBISETCS CO3JaHUE «YMHBIX» MaTepHaloB (smart materials), cmiocoOHBEIX B
Ipolecce dKCIUTyaTallud CaMOCTOSTENBHO PearupoBaTh Ha M3MEHEHHE CTPYKTYphl (oOpazoBaHue Ae(eKTOB) W IPHHUMATH
Mepbl 10 UX ycTpaHeHHI0. CIOCOOHOCTh MaTepuaia BOCCTAHABIUBATH COOCTBEHHYIO (YHKIMOHAIBHOCTh B KOHCTPYKIIHH,
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IIPEAyCMOTPEHHOM ero Ha3HaueHUeM, IPUHSATO Ha3bIBaTh «CAMOBOCCTAHOBICHHEM» WMJIM «camo3aneunBanuem» (self-healing)
[5]

Peanu3anusi TEXHOJIOTMHM CaMOBOCCTAHOBJIEHUs ac(aJbTOOETOHOB MOXET OBITh OOecIedYeHa 3a CYET HCIOJIb30BAHMS
MHKAICYJIMPOBAaHHBIX MOJIU(PHUKATOPOB, KOTOPBIE IPEJICTABISIOT COO0M BOCCTAHABIMBAIONIMH areHT BHYTPU (QYHKIIMOHAIBHON
kancymsl. Kancynsl ¢ MogupukaTopoM 100aBiIsIoTCs B achalbTOOETOHHYIO CMECh B IIPOIlecce €€ MPUrOTOBICHHs, a 0007109Ka
IpeJoTBpallaeT  B3auMoOJeiicTBHE BOCCTAaHOBUTENS C OCHOBHBIMM KOMIIOHEHTaMH. B  mepBHuHOM  mpolecce
CTPYKTypooOpa3oBaHus MOAN(HUKATOpP ydacTHsl He NpUHHMMaeT. B mporecce skcrutyaTanuu acdaibToOeTOHHOTO MOKPBITHS
npu (HopMHPOBaHUU Ne(DEKTOB, TPEIIUH, KalCylbl pa3pylIaloTcs, a MOAUMUKATOP BBICBOOOXKAAETCS U, B3aUMOAEHUCTBYS C
acdanapTo0eTOH, CIOCOOCTBYET BOCCTAHOBIICHUIO €T0 (DYHKIIMOHAIBEHOCTH.

Haubonee mpocTbIM METOAOM Ul HHKAICYyTUPOBaHHMA MOAM(DUKATOPOB AN CaMOBOCCTAHABJIMBAIOMIMXCS MaTepHAlOB
SIBIISI€TCS aJIbTUHATHASL TEXHOJIOTHS, T/Ie B U3TOTOBJIEHHE KAICYyJl C BOCCTAHOBUTENIEM OCYIECTBIIsETCA Uepe3 BOAHBIM pacTBOp
anbruHaTa HaTpHUs.

MaTepuaibl U MeTOABI

ATnBruHaThHl MONY4YaoT U3 OYPBIX BOZOPOCIEH, IIMPOKO PacIIPOCTPAHEHHBIX B MOPSAX YMEPEHHBIX U MPUIOSPHBIX MIHPOT.
ATnBruHaThl BXOJUT B COCTaB KJIETOYHBIX CTEHOK M MEKKIETOUHOTO BeIlecTBa OyphIX Bopopociei. Monekynsl agpruHara
IpUJAIOT PACTEHUSAM OJHOBPEMEHHO THMOKOCTh M IPOYHOCTh - CBOMCTBA, HEOOXOIMMBIE I pocTa M CYUIECTBOBaHUSA B
MOPCKHUX yCIOBHUSX. AJBI'MHATHI IPOU3BOJAT B BUJE COJIEH, IPEeUMYyIIECTBEHHO aJbIMHAT HATPUs, THAPATUPYIOIIUIACS B BOJE C
00pa3oBaHUEM BA3KHX PaCTBOPOB.

DKCTpakiys ajJbrUHOBOIM KUCIOTH U3 OypBIX BOAOPOCIEH MPOTEKaeT MEAJIEHHO. JTa HepacTBOpUMas B BOJIE albIMHOBAs
KHCJIOTa SIBISIETCS MPOMEXKYTOUYHBIM MPOAYKTOM IpPU MPOH3BOJACTBE anbruHaToB. OHA MOJABEpKEHA aBTOKATAIUTHUYECKOMY
KHUCIOTHOMY TUAPOIN3Yy M MOITOMY HecTabunbHa. [y MONyueHHs CTaOMIBHBIX BOJOPACTBOPUMBIX COJICH allbIrMHOBOM
KHUCJIOTH! (QJIBIMHATOB) B CHCTEMY BBOAST Heopranuueckue conu: Na,CO; ans momyueHus ansruHata Hatpus; K,COs; —
anpruHata Kanus, — Ca,CO; — anbruHaTa Kajablys U T.IL.

AJBrUHATHl SBIAIOTCS OPraHUYECKMMHU BELIECTBAMU B BHJE HEPa3BETBICHHBIX OMHAPHBIX COMOIHMEPOB, CTPYKTypa
KOTOpBIX oOpa3oBaHa ocTatkaMu [-D-manHyponoBo# kucinotrsl (M) u a -L-ruamyponoBoit kucnotsl (I'), mexay coboit
KOTOpBI€ COEIMHEHBI TIMKO3UAHBIMH CBSI3SMU, pa3InYaroInecs MOCIeI0BaTeIbHOCTBIO U COCTaBOM (pUCYHOK 1) [6].
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Puc.1 — CTpykTypa ajJbrusaros [7]:
a — pa3HOBUHOCTH MOHOMEPOB; O — LleIHasi KOHPOpMalKs; B — BApUAHT pacrpeeeHus 0JI0KOB

CTpykTypa ambrMHaTa COCTOMT 3BEHbEB MOHOIONMMEPHBIX M- u ['-GJI0KOB, KOTOpBIE B PA3MUYHBIX pPaCHpeleICHUS
(GhopMHPYIOT NOTHMMEPHBIE LEMH.

B03MOXHOCTh aIbTUHATOB CBSI3BIBATh MOHBI O0YCIAaBIMBAET X XapaKTEpHYIO reieo0pasyromux cnocobHocTs. CpoacTBo
MOJIEKYJT aJIbTMHATOB K IOJIMBAJIEHTHBIM KaTHOHAM 3aBHCUT OT UX COCTaBa, a CPOACTBO K IIEJIOYHO3EMEIbHBIM MeTalaaM —
BO3pAacTaeT B MOPSJIKE, IPEICTABICHHOM Ha PUCYHKE 2.
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Mg 7] _[Ca 2; St 1 _[Ba %

MArHIAN 8 KANbLWA CTPOHUMMA g BAPUN i
24.312 2 22.99 87.62 2 137.34 2

N ®

Puc.2 - HOpﬂ}IOK CPOACTBA AJIBI'MHATOB K IICJIOYHO3EMEJIbHBIM METajlllaM

JluHaMudeckass BA3KOCTh CYCIIEH3MHU OIpefelsiachk ¢ MpUMEHEHHEeM poTaluoHHOM Bucko3uMerpe MCR 101, Anton
Paar ¢ HCMONB30BAHHEM H3MEPHTENBHOM CHCTEMBI KOAKCHATBHBIC IHIHHIPHI IIPU IPU MOCTOSHHON CKOPOCTH ciBHra 36 ¢ u
temneparype 25 °C.

CpenHuil iuamMeTp U TONIIUHA CTEHKU KaICyJbl ONpeNeNsaIich ¢ MOMOIIBI0 MUKPOMETpa ¢ TOUYHOCThIO £10 MKkM. 3a
TOJILMHY CTEHKHM KallCyJbl IMPUHUMANach 3HA4YE€HHE MOJOBUHBI BBICOTHI CIPECCOBAHHON «TaOJIETKH», IOJYYEHHOH W3
KarCyJIbl.

Pe3ysibTaThl HCC/Ie10BAHUSA H 00CYKICHHE

Bs3kocTe pacTBOpa anbrMHaTa OHpeAeNnseTcs [UIMHOW MOJIEKyJIsl 3TOro MOJIHMepa, MpUYeM HaOogaeTcs dYeTkas
KOppemslus BA3KOCTH PacTBOpa allblMHATa B YUCTOM BOJE M MOJEKYJIPHOM Macchl IO ypaBHeHUI0 Mapka-XOoyBHHKa-
Caxypans! (MHS). Pe3ynbTatsl onpeeneHus BI3KOCTH ¢ IIOMOIIBIO peoMeTpa NMpeICTaBICHBI Ha PUCYHKE 3.
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Puc.3 — 3aBUCHMMOCTh N3MEHEHHUS BA3KOCTH pacTBOpa OT KOHIHECHTPAIIUU AJIbI'HHATA HATPUA

AHanu3 NMoly4yeHHbIX Pe3ylbTaTOB MOKAa3bIBAeT, YTO IPU MPUTOTOBICHUU aJbIMHATHOHN CyCIIEH3UU BBEJCHUE allbIMHATa
HATpUS 3HAUUTENIBHO YBEIMYHBAET BSI3KOCTh CHUCTEMBI, YTO CBA3aHO C yBEIHUEHHEM KOJIMYECTBA MAaKpOMOJIEKYJ alblrHHATa
HaTpHs XaOTUYHO OPUEHTUPOBAHHBIX B MPOCTPAHCTBE, KOTOPBIE B3aUMOJAEIHCTBYSI MEXIY CO0OIl, CTIOCOOCTBYIOT ITPOSIBICHUIO
HEHBIOTOHOBCKHMX CBOHCTB JKUAKOCTH. [IpM HU3KHX CKOPOCTSX CIBHra MOJEKYJIBl OPHEHTHPOBAHBI Ooliee HIM MeHee
Cly4aifHO, HO IpU YBEIUYEHUH CKOPOCTH CABMra MOJEKYJIbl HAUMHAIOT OPHEHTUPOBAThCA IMapauleIbHO OJHA APYTOH.
CrenoBaTenbHO, KOTIa CKOPOCTH CIBHMIA BBIMJIET 3a I'PaHMIBI HayaJbHOI HBIOTOHOBCKOW 00JIAacTH, KaXkymiascs BS3KOCTh
OyZeT yMeHbIIAaThCA.

PerynupoBaHne BSA3KOCTH 3a CYeT YNOpaBIEHHs pPELENTYpHBIMH (akTopaMH MO3BOJIUT HCIONB30BaTh  JUId
MHKATCYIMPOBAaHUS aJbIUHATHBIA PACTBOP C HEOOXOIUMBIMHU TEXHOJIIOTHYECKUMU cBoiicTBamu [8].

WukancynupoBaHne BOCCTaHOBUTENEH Al acaibTOOETOHOB (HAIpUMEp, PEIOHMBATOPOB) MOXKET OCYIIECTBISATHCS
METOJZIOM JKCTPY3HM WU C IOMOIIBI0 AMYJIbCUU BOCCTaHABIUBAIOILIETO areHTa, KOTopas IO KalllsM 3aKpeIuiseTcs depes
PacTBOp KalabLUEBOU COJIN.

TexHoyoruyeckas cxemMa MHKaICYJUPOBaHUsS MoAU(HKaTopa (BOCCTAHOBHUTENS) JUlsl ac(aibToOSTOHA MpeJcTaBlieHa Ha
pucyHke 4.
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Puc.4 — Cxema HHKancyIupoBaHUa MOJU(PHUKATOpa (BOCCTAHOBUTEIA)

TexHoIOrMYeCKni Tpollece HHKAICYJIHMPOBAaHHUS MOIU(HKaTOpa (BOCCTaHOBUTENs) sl acdaibroOeTOHA BKIOYAET
4eThIpe OCHOBHBIE CTAUH:

— IPUTOTOBJICHUE AIBTUHATHOTO PacTBOPA C MOMOIIBIO0 BEICOKOCKOPOCTHOM MeEIIaNKH;

— IIPUTOTOBJIEHHE AJIbTUHATHOM IMYJIbCHU MOAU(HUKAaTOPa (BOCCTAHOBHUTEIS) C ITOMOLIBIO BEICOKOCKOPOCTHOM MEIIAJIKH;

— JleJIeHHe aJIbrMHATHOW AMYJILCHU MOJIU(HKATOpa (BOCCTAHOBUTEIS ) HA OTAEIbHBIC KAIlJIH;

— 3aKpeIuIeHHe OTAENbHBIX KalleJlb albTHHATHON 3MYJIbCHU MOAN(HUKAaTOpa (BOCCTAHOBUTENS) Yepe3 pacTBOP KaJbLUEBOI
COJIU B albIUHATHBIE IAPUKH;

— CyIIKa aJbIUHATHBIX IApUKOB.

bnouynas cTpykTypa anbrMHaTOB OOYCIAaBIMBaeT HX CIOCOOHOCTh K Telleo0pa3oBaHHI0, KOTOPOE IPOHUCXOIUT B
IIPUCYTCTBUM HOHOB KaJbLUs, YTO OOECIeYMBACT BO3MOXKHOCTH 3aKpEIICHUs OTJENbHBIX Kalejib albIMHAaTHOW 3MYIbCHU
MoaubuKkaTopa (BOCCTAaHOBUTENS) B IIapuku. MexaHu3M oOpa3oBaHUS aJbTMHATHBIX Tejleif BKIIOUAeT COBMECTHOE
CBA3BIBAHME MOHOB KaJIBIUSI MEXIY PAcIOJIOKEHHBIMHU B OJHY JIMHHMIO JEHTAaMH MaKpOMOJIEKYJI, KOTOpbIe UMEIOT MOPBl WK
nonoctu pasmepom 0,19...0,20 HM, cootBercTByIomHe auamerpy mona Ca®' [9, 10].Vkasauubiii >(pdexT mpoucxomut B
pe3ynbpTaTe B3auMojeiicTBus menu ['-6s10ka 0HOI MOIeKynbl anbruHaTa ¢ ['-6510k0oM Apyroil depe3 CBA3M KaJbliMs, BBICTyMas
B KayecTBE y3J0BOH 30HBI, a M-01m0oku u MI'-06510Kku y4acTBYIOT B (DOPMHPOBAHUM T'elIEBOM CETKH B KAUe€CTBE DJIACTUYHBIX
cerMeHTOB. IHTeHCHBHOE TeneoOpa30BaHUE NMPOUCXOAUT MPHU 3aNOTHEHUH IOP MOHAMU KanbLus, oOeclieurBas MONepevHoe
CIIMBAHHE MAKPOMOIEKYIT Yepe3 3aMellleHHbIe KaTHOHBI HATpHs Na' (PHCYHOK 5).

COONa COONa COONa COONa
| | | |
T I Ca* T I
COONa COONa COoO- COOr
| |
cl:a+ Cla+
COONa qOONa COO- ?OO'
1 1
| T | T
COONa COONa COONa COONa

Puc. 5 — CxeMa nonepevHoro CIIMBaHUS adbTUHATA HATPHUS HOHAMU KalbIus [12]
B mpouecce BhICYIINBaHUS POUCXOIMT HCHapeHne M30BITKA BJark U3 Tejis ¢ yMEHbIIEHHEM 00beMa, MPOBOLHpYIOIIee
paspylieHHe SMYIbCUM BHYTPH OTJCIBHOM YaCTHIBI aJbTMHATHOTO Telii C MOCISAYIOIIUM OO0pa3oBaHMEM KalblUii-

aJbI'MHATHOM KallCyNbl, COAEpIKallled BOCCTAHABIUBAIOLIUN areHT. IIpu 3ToM cojepkaHue aabrMHATa U BOCCTAHOBUTEIA
BIIHSIIOT Ha pa3Mep MOITy4aeMBbIX Karcyl (PUCYHOK 6).
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Puc. 6 — JIluameTp KaabIUi-aIbIMHATHBIX KAIICYJ ¢ BOCCTAHOBUTENEM:
1-13,33 %;2 - 10,00 %; 3 — 6,67 % (0T Macchl BOABI B AIbTHHATHON IMYJIBCUH )

3aBUCUMOCTh M3MEHEHHUS JuaMeTpa Kalcyl OT KOHILEHTpAaluM aJblHMHAaTa MMEeT BHJ IOJIMHOMA BTOPOH CTENeHH ¢
IKCTPEMYMOM €O 3HaueHHeM 2,5 %, a Ipu yBEJIMYEHUHU COAEP)KaHUS BOCCTAHOBUTENS B COCTaBe aJbIMHATHOM SMYIbCHU
JTUaMeTp YBEIMUYUBAeTCs MPOHNOpHHOHANbHO. IIpM STOM anbruHaTHas TEXHOJOTHS IO3BOJIAET IOITYy4aTh KamlCydbsl ¢
cozepkanue BoccTaHoBuTeNs 10 83 % oT obmero oovema [12].

3akiai04yeHnue

Takxum 00pa3oM, ambrUHATHI SBISIOTCS 3()(HEKTUBHBIM KOMIIOHEHTOM, ITO3BOJISIOIMM Peanu30BaTh TEXHOIOTHIO
MHKAICYJIMPOBaHUS MOTU(PHUKATOPOB (BOCCTAHOBUTENIEH) ISl CAMOBOCCTaHABIMBAIOMIKX s achanbTo0eToHOB. [Ipn aTOM
yIpaBJIeHUE PelleNTypPHBIMH apaMeTpaMH MO3BOJSAET B IIUPOKOM JHAaNa30He yIPaBIATh TEXHOIOTHIECKUMU CBOHCTBAMHU
aNBIUHTAHOTO PACTBOPA U AMYJIBCHIL, a Takyke MapaMeTpaMy MOJIy4aeMbIX ¢ UX IIOMOIIBIO KalCyJl, COAepKaIlux
Mo (UKATOPOB (BOCCTAaHOBHUTEINEH) JJIsl CAMOBOCCTAHABIMBAIOIINXCS aC(haTbTOOSTOHOB.
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