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Abstract: To control water production, it is necessary to seal the channels of 20-25 mm thickness in the cement sheath at a depth
of hundreds and thousands of meters. The most promising solution is the use of self-healing cements.

The concept of self-healing materials has been known since the 1980s due to the studies of Donald Jud. The most fundamental
works are by Sybrand van der Zwaag, Sheba D. Bergman and Fred Wudl, Richard P. Wool, D.Y Wu, N.R. Sottos, Erin B. Murphy, Henk
Jonkers, who substantiated the concept, suggested technologies and additives to restore the integrity of polymer and cement
materials.

Despite active research in this area, Schlumberger is the only service company which elaborated and successfully applied the
«self-healing» well cement called Futur.

The authors of the article set the task of well cement modification that enables autonomous «healing» of water-conducting
channels through which formation water migrates.

The following materials were used in the study: polyacrylamide (PAA), water-swellable polymer (VNP V-615), sodium polyacry-
late (SP), cross-linked PAA copolymers, active waterproofing mineral additives and swelling elastomers. Most of the additives have
a degree of swelling of more than 150%, they effectively reduce a permeability of the cement stone, however multi-layer coating is
required to control the speed of their swelling. A significant drawback of the analyzed materials was the complexity of the coating.

A cross-linked AA copolymer based on anionic polycrylamide was the most effective reagent, which was easy to cover with
a water-soluble shell. The cement stone with integrated agent of AA copolymer demonstrated a permeability of 0.0018 um? with
the strength of the samples for bending at the age of 2 days equal to 8.0 MPa.

Keywords: cement stone, water passages, water absorbing reagents, modifying additives, triggering mechanism, autonomous
cement sheath repair, self-healing cements.
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Pe3iome: [Ins orpaHNYeHUA BOAONPUTOKA B CKBaXKMHAX HEOOXOAMMO repmMeTu3npoBaTh KaHasbl B LLIeMEHTHOM KOoJibLie TON-
WrHOMN 20-25 MM, Ha ryOrHe COTEH 1 TbicAY MeTPOB. Mpyr 3TOM Haubosnee NepPCneKTUBHbBIM PELLEHNEM ABNAETCA MPUMEHeHVe
CcaMO3aneunBaoLLMXCa LLeMeHTOB.

PaboTbl Mo NonyyeHro CaMOBOCCTaHaBIMBAOLWMXCA MaTePUANoB Hayanucb ¢ 1980-x ronos, ¢ paboT JoHanbaa Oxyaa. Wn-
POKYI0 M3BeCTHOCTb nonyuunu paboTtol CubpanasaH fep Ligaara, We6a [. beprmaHa n ®pepa Byana, Puuappa M. Byna, [.. By,
H.P. CotToca, dpuHa b. Mepdu, XeHka [I>koHKepca, KoTopble 060CHOBaNN KOHUENUWY, NPeanoXuiv TeXHONorum n 4o6aBku ans
BOCCTAHOBJIEHUA FePMETUUYHOCTY NMONIMMEPHbIX U LleMEHTHbIX MaTepuanoB. HecMOTpA Ha akTMBHOe pa3BUTMe 3TOro Hanpasse-
HMA nccnefoBaHUi, TONbKo KoMnaHuA Lntombepike ocTaeTca eANHCTBEHHON, pa3paboTaBLuei 1 yCrnelwHo npruMeHaioLen ana
LleMEeHTMPOBaHUA CKBaXKMH «CaMO3anieunBatoLmnnca» uemeHT «Futury.

ABTOpamMu CTaTbU CTaBMIACh 3afava MOANGULMPOBaHNA TaMMOHAXKHbIX LIEMEHTOB, CMOCOOHBIX K aBTOHOMHOMY «3afieunBa-
HMI0» BOAOMPOBOAALMX KaHaJI0B MPUTOKa NiacTOBOW BOAbI.

B nccnepoBaHumaAx ncnonb3osaHbl nonmakpunamug (MAA), BogoHabyxatowwmii nonnmep (BHIM B-615), nonnakpunat HaTpuaA
(MAH), cumnTble cononumepsbl MAA, akTVBHbIE MAPOU30AMPYIOLME MHEepPabHble f06aBKM 1 HabyxatoLme snactomepbl. bonbLwmnH-
CTBO f06aBOK MMeeT cTerneHb HabyxaHua 6onee 150%, oHU 3PEKTUBHO CHMXKAKOT MPOHMLIAEMOCTb LIeMEHTHOTO KaMHS, HO AnA
perynmpoBaHua CKOPOCTH X HabyxaHnA HeOOXOAVMbI MHOTOC/IOHbIE 060/T0UKM, CO3AaHNE KOTOPbIX ABIAETCA CYLLECTBEHHbIM
HeOCTaTKOM BOJbLIMHCTBA MaTepUasos.

Hanb6onee 3¢ppeKTUBHLIM peareHToM ABMUCA CLLUUTBIN cononumep AA Ha OCHOBE aHVIOHHOTO MONIMKPUIaMIA], IEFKO NMOKpPbI-
BAOLWMIACA BOJOPACTBOPUMON 060N10UKON. LieMeHTHbIN KameHb ¢ fobaBkol cononumepa AA umen npoHnaemocTb 0,0018 mkm?
npv IPOYHOCTY Ha 13rnb B Bo3pacTe 2-x cyTok 8,0 MlMa.

Knroyeesbie cnosa: ueMeHTHbIN KaMeHb, BogonpoBoAAlmMe KaHalibl, CaMOBOCCTaHaBNMBawwmeca matepmuarbl, Tpmrrepru?l
MeXaHN3M, aBTOHOMHO€E CaMOBOCCTaHOBJIEHNE LEMEHTHOIO KaMHA.

Ana yumupoearus: Arsamos O.A., Vicmarunosa 3.P., Camo3aneunBatojnecs LemMeHTbl — KoY K COXPaHEHUI0 repMeTUYHOCTH
Kpenu ckBaxuH. Yactb 1 // HaHoTexHonornn B ctpoutenbcTee. — 2019. - Tom 11, Ne 5. - C. 577-586. — DOI: 10.15828/2075-8545-
2019-11-5-577-586.
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INTRODUCTION

he history of uneven-aged wells operation reveals

the vulnerability of cement stone while being exposed
to high dynamic loads and inner pressures as well as to
aggressive formation water seepage [1]. However, there is
a possibility to maintain the integrity of well lining as long
as an appropriate modification of well cement is chosen.
Many Russian and foreign scientists set the task of well
cement modification using special additives which can
effectively seal the space between the borehole wall and
the casing, as well as eliminate channeling thus preventing
the formation of a system of cracks and behind-the-casing
leaks. The most promising solution of the channel mend-
ing is the use of self-healing cements.

MAIN PART
Historical review

The concept of self-healing polymeric materials has
been known since the 1980s. In 1981 Donald Jud featured
a possibility of healing stealth micro-cracks for prolon-
gation the service life of the polymeric components [2].

The first articles, which further inspired scientists
of the entire world, were «Passive smart self-repair in
polymer matrix composite materials» published in Vir-
ginia, USA [3] and «Autonomic healing of polymer com-
posites» [4], which demonstrated successful attempts to
assess regularity of crack prolongation within polymeric
materials and the ability of range of polymeric materials to
repair the crack. In 2003 a group of researchers from dif-
ferent American universities demonstrated a self-healing
fiber-reinforced structural polymer, which was a matrix
composite material with microencapsulated chemical
catalyst and was exposed to the crack propagation and
room temperature [5]. Since that time, a period of interest
in self-healing mechanism and materials searching had
risen, attracted different organizations from architecture,
civil engineering to US air force [6] and European Space
Agency [7], which largely invested in self-healing poly-
mers studies.

The first overview of wide spectrum of self-healing
materials was written by professor of Deft University
of Technologies Dr. Sybrand van der Zwaag, who de-
scribed categories, different design approaches and factual
structural abilities of such materials as ceramics, poly-
mers and metals [8]. The confident self-healing stud-
ies of Deft University provided to the university holding
the First International Conference on Self-healing Mate-
rials in the Netherlands, 2007. At the same time a group
of American researchers developed a concept of effective
size encapsulating of self-healing polymers, comparing to
a possible max size of crack thus carried out the desirable
response of healing effect to damage [9].

In the journal of Materials Chemistry issued in 2008,
Dr. Sheba D. Bergman and Professor Fred Wudl, based
on the property of reversibility they fully described
the mend ability of polymers [10]. The same results were
confirmed and supplemented by the research group of the
University of Warwick, which proceeded the study of in-
trinsic healing in polymers in more details [11]. Professor
Richard P. Wool contributed into the material science
described mechanical and thermally induced damage
and healing for polymers, based on the related area
of polymer-polymer interfaces [12]. The team of D.Y. Wu,
in their article described the fracture mechanism and
concept of healing in polymeric systems, also proposed
methods for evaluating self-healing efficiencies [13]. The
full spectrum of self-healing applications was summed
up in the papers of Chinese researchers [14]. The team
of reputable and experienced in these matters N.R. Sottos
presented to the public a new concept of «Bio-inspired
materials for self-cleaning and self-healing», which dem-
onstrated perspective on self-repair through integrated bio
systems and damage-triggering autonomic response [15].
The first «Potential application of self-healing materi-
als in the construction industry» was officially reported
by the group of researchers from the Cardiff University,
which underlined durability issues relating to cement ma-
terials and anticipated a great demand for self-healing
concrete [16].

However, Schlumberger is the only petroleum service
company so far that devised advanced cement called Futur
and applied it to well cementing successfully. Moreover,
the role of repair activator in the Futur system hydro-
carbons plays. In case of cracks emergence in the ce-
ment stone, the first gas shows and after that formation
fluid comes, some constituents of hydrocarbons interact
with special additives in cement stone, thus within sev-
eral hours of activation a cement sheath is restored to
the original strength and durability. The crack is sealed,
no more fluid migration can be detected [17].

The overview of Erin B. Murphy, Fred Wudl then
encompassed «The world of smart healable materials».
The study presented a deep view of the field of stimuli-
responsive healable materials, beginning with a descrip-
tion of the healing of polymeric materials, shortly discuss-
ing the regular methodics for mending and maintenance
of composite materials [18].

In the Annual review of Material Researches, a group
of honoured authors reported a new approach toward safe,
long durable class of elastomers and different ways of ma-
terial coating [19]. From 2010 most of the literature was
devoted to the problems of encapsulation and transporta-
tion of different healing reagents [20, 21, 22] and inhibitors
for corrosion protection [23, 24]. Almost nine years were
spent by the Deft University research group working un-
der the control of microbiologist Henk Jonkers, to devise
a self-healing concrete, the successful application of which
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was announced in May, 14 2015. The concept is in species
of bacillus bacteria incorporation into the concrete. These
bacteria are encapsulated in biodegradable plastics that
will only burst open when interact with water. After being
exposed to water, the bacteria feeds on calcium lactate and
produce calcium precipitate, which is homogeneous to
cement material thus because of the adhering properties
is perfect as cement bonding material [25]. As the author
claims, the product will fit best for constructing under-
ground retainers for hazardous waste, but also will faultless
serve for tunnel-lining, structural basement walls, highway
bridges, concrete floors and marine structures.

Self-healing science accounts almost 35 years of study.
However, the biggest breakthrough has been done over
less than 15 years. It is explained by the development
of new route of engineering and chemical science called
nanotechnology, which allowed manipulation atomic
structure and size in order to create a new product.

The most fundamental studies were carried out by
researchers of USA and Netherlands. The range of heal-
able materials was identified, mechanism of self-healing
process, design approaches, transportation of mending
agent, encapsulation, triggering mechanism, living envi-
ronment of healing agents, methods for evaluating self-
healing efficiencies, functional testing conditions all these
and many others sides were enlightened.

Self-healing systems found application in various
fields. They were successfully adopted by construction en-
gineering. However, this “smart” cement system is a new
tendency for petroleum industry, thus requires more detail
study of triggering-healing mechanisms. Consequently,
there is a sharp relevance of setting the system with spe-
cial properties in order to ensure the reliable operation in
complex reservoir conditions.

The requirements to materials used for self-healing ce-
ments production

The authors of the article set the task of searching for
the range of materials most suitable for well cement mod-
ification that enables autonomous “healing” of water-
conducting channels which appear in the cement stone
due to various technological operations. The requirements
for the cement modifying additives were set in accor-
dance with the influence of alternating temperatures, high
pressures, humidity and periodic dynamic loads to which
a cased well is usually exposed.

We believe that they can be formulated as follows:

— the presence of a durable multilayer shell, which
should prevent premature swelling of the additive
during the cement slurry mixing and injection;

— the activation starts not earlier than after 6 hours after
cementing ends;

— the duration of self-healing effect — until the complete
stoppage of the water flow;

— the ability to block cracks ranging in size from 50 to
150 microns;

— the continued ability to repeat the activation on the pe-
riodic occurrence of the defects;

— no effect on the technological properties of the cement
slurry and cement stone.

Objects of the research

We believe that the water-swellable additive wrapped
in a water-soluble coating is firmly fixed in the pores of the
cement stone and cannot be washed out by water. When
a system of cracks is formed enabling formation water
passes through, then the additive is to swell thus filling
the entire volume of the cavity and shutting down a crack
through which the water filters [26].

The next materials were substantiated and afterwards
used in the study: polyacrylamide (PAA), water-swellable
polymer (VNP V-615), sodium polyacrylate (SP), cross-
linked PAA copolymers, active waterproofing mineral
additives and swelling elastomers.

The suitability for water absorbing was substantiated
for the each material; the experiments outcomes of the
materials swelling kinetics were demonstrated, as well as
the resistance to mechanical destruction.

Polyacrylamide (PAA) technical [—CH,CH
(CONH,)—|n, is a copolymer of polyacrylamide with
acrylates at a content of not more than 10%; it is made
of acrylonitrile CH, = CH—CN, which upon hydrolysis
in the presence of sulfuric acid yields acrylamide and
partially acrylic acid. Low molecular weight species PAA
can be used to as additives for the well sealing and ce-
ment stone filtration reduction. High molecular weight
species PAA are suitable for creation the elastic and du-
rable film possessing high flocculation ability. There are
temperature limitations, since PAA is thermally stable
up to 100°C.

Water-swellable polymer is a single macromolecule
sewn from molecular chains. An elastic net is formed by
the chains and the bonds between them, which in a dry gel
or partially filled with water is twisted and tightly packed
in a small volume of grains, for this the osmotic pres-
sure is a water-absorbing mechanism.The particle size
of WSP granules — no more than 2 mm, density ranges
from 1150 to 1200 kg/m?. Powdered WSP swells in fresh
water increasing in the volume by 80—100 times, and in
formation water (with mineralization of 150 gram per liter
and more) — by 50—60 times. The process of swelling and
WSP expansion does not depend on the pressure applied
to it; it is also resistant to the influence of temperature
(up to 170°C).

Sodium polyacrylate (SP) is a sodium salt of polyacrylic
acid with the chemical formula [-CH, CH(COONa)—|n
and is an anionic polyelectrolyte with a negatively charged
carboxyl group in the main chain. One of the main prop-
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erties of the compound is the ability to absorb liquids
200—300 times its weight. Sodium polyacrylate is well
soluble in water; it easily swells, and therefore is a good
thickener and gelling agent.

Waterproofing mineral additives (WMA) can also be
used for the cement stone sealing restoration. WMA’s
pozzolanic activity is determined by the presence of amor-
phous silica in the composition, which interacts with
Ca(OH),, forming highly dispersed calcium hydrosili-
cates with enhanced binding properties, which contributes
to both increasing the strength of the stone and reduc-
ing the size of pores, as well as reduces the cement stone
permeability. Acid ashes act in the same way, the poz-
zolanic reaction of which begins at the age of concrete
of 7—14 days, and most of the reaction takes place within
30 and 90 days [28].

Highly dispersed WMA, such as silica fume, metaka-
olin most actively interacts with lime at an early age
of 3 days. The high chemical activity of silica fume leads
to the fact that, according to some data, 25—30% silica
fume by cement mass can completely bind Ca(OH), in
the cement stone, whereas 60% ash by cement mass ap-
proximately 3—4% lime remains in the free state.

Water swellable elastomers are rubbers and rubber
compounds, which operate on the principle of osmosis,
the water is drawn into the elastomer and after retained
therein due to differential salinity across the elastomer
surface [29]. Swelling elastomers-polymers have highly
elastic properties, — by adjusting the recipe of elastomer
compositions, the dynamics of swelling in a particular me-
dium can be set (up to 400% or more), — the swelling rate,
the operating temperature, the physical and mechanical
requirements of the product, etc.

BBEJEHUE

CTOpPUS DKCIUTyaTallMu pa3HOBO3PACTHBIX CKBa-

JKMH MOKa3bIBAET, YTO LIEMEHTHBIN KAMEHb SIBJISI-
eTcsl HanuboJiee ysI3BUMbIM 3BEHOM M CITOCOOEH JIETKO
pa3pyliaThbCes Moj AeMCTBUEM JTUMHAMUYECKUX HAarpy30K
U JaBJIeHUM, IeMCTBYIOIINX U3HYTPU 00CaTHOI KOJIOH-
HbI, OT BO3/I€HACTBUS arpeCCUBHBIX IIACTOBBIX (JIIOU-
JIOB, IEWCTBYIOIINX CO CTOPOHBI TOPHBIX opox [1]. Oxn-
HaKo CYIIECTBYET BO3MOXHOCTb COXpaHEHMUSI LIEJOCT-
HOCTH KPeIU CKBaXKMHbI IIPU COOTBETCTBYIOLLEH MOIM-
(pukanum neMeHTOB. 3amMady IO YIYJIIICHIIO KauyecTBa
LIEMEHTHOTO KaMHSI C UCITOJIb30BAHUEM CITeLIMaIbHbIX
I06aBOK, CTTIOCOOHOTO 3(h(EKTUBHO TePMETU3NPOBATH
MPOCTPAHCTBO MEXY CTEHKOM CKBaXKMHBI U 00CATHOM
KOJIOHHBI, a TaKXe yCTpaHsITh KaHaj1000pa3oBaHue

Cross-linked copolymer AA is a superabsorbent based
on anionic polyacrylamide. It is a water-insoluble cross-
linked copolymer of acrylamide and potassium acrylate.
The polymers contain a set of polymer chains parallel
to each other. They are regularly connected by cross-
linking agents, forming a grid. When water contacts one
of these chains, it is drawn into the polymer molecule
by osmosis. Thus, water is stored, quickly migrating into
the polymer network. The cross-linked AA copolymer
absorbs the amount of water up to 500 times its mass,
turning into gels.

CONCLUSION

Thereby, the performed studies have shown:

— the cement stone in oil and gas wells is known to be
the most vulnerable element of the lining, which
can be easily destructed during technological opera-
tions carrying out inside the well, and there is almost
the only way to restore the cement stone integrity
which is in the usage of “self-healing” cement;

— analysis of foreign experience in the elaboration and
application of self-healing materials demonstrated
the high efficiency in various industries, as well as
showed a possibility of the successful application for
oil and gas wells cementing;

— requirements for materials which can be used as
modifying additives for self-healing cements were
substantiated;

— various types of polymeric materials were substantiated
and analyzed, and it was shown the crosslinked copo-
lymer AA, which is superabsorbent based on anionic
polyacrylamide, meets the most requirements.

IO MOMEHTa 00pa30BaHUS CUCTEMBI TPCIIUH U 3a-
KoJoHHOU tmpKynsnuu Bogsl (3KII), craBsr mepen
0001 MHOTHE POCCUICKIE U MHOCTPAHHBIC YICHBIC.
OODHUM U3 IepCIEeKTUBHBIX PEeIICHU yKa3aHHOU 3a-
JTauy SIBJISETCS MIPUMEHEHNE «CaMO03aJIeYMBaIOIINXCSI»
IIEMEHTOB.

OCHOBHAS YACTb
HcTopuueckuii 0630p

KoHIIemnmsa caMoBOCCTaHABIMBAIOLIIXCS TTOTMMEDP-
HBIX MaTepHraiaoB u3BectHa ¢ 1980-x rT. B 1981-m romy
Jonansn JIxxyn B cBoeit pabote oTpa3uyi BO3MOXKXHOCTh
HCIEICHNUS HEBUINMBIX MUKPOTPEIINH C IIEIbIO TTPOI-
JIEHWST CPOKA CITY>KOBI TTOJTMMEPHBIX KOMITOHEHTOB [2].
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[lepBBIMU CTATBSIMU, KOTOPBIE TTPOIEMOHCTPHUPO-
BaJil CIIOCOOHOCTH psiga MOJMMEPHBIX MaTepHaIOB
«caMo3aJIeunBaTh» TpelnHy, Obn «IlaccuBHOE yM-
HOE CaMOBOCCTAHOBJICHHE B TIOJIMMEPHBIX MAaTPUIHBIX
KOMIIO3UIIMOHHBIX MaTepuaiax», olyoJInKOBaHHAS
B Bupmxunun, CIIIA [3], u <ABTOHOMHOE UCIIeJIeHI e
TOJTMMEPHBIX KOMITO3UTOB» [4], Te OB 0O0HApOI0-
BaHbI YCIICIIHBIE MOMBITKU OLEHUTh 3aKOHOMEPHOCTh
pa3pacTaHMsI TPEIIMHBI B IOJTMMEPHBIX MaTeprajlaxX U MX
BocctaHoBieHre. B 2003 romy rpyrmma ucciemnoBaTeeii
M3 pa3HBIX AMEPUKAHCKUX YHUBEPCUTETOB TIPOIEMOH-
CTpPUpPOBaja CaMOBOCCTAHABIMBAIOIINIICS apMUPOBAH-
HBI BOJIOKHAMHU CTPYKTYPHBIN ITOJIMMEP, KOTOPBIA
TIPEICTABIISUT COOOM MAaTPUIHBIM KOMITO3UTHBIM MaTe-
pHaj ¢ MUKPOKAIICYIMPOBAHHBIM XUMHUECKIM KaTajIi-
3aTOPOM, TTOABEPTaBIINIACS TPEITMTHOOOPA30BAHMIIO TIPHU
KoMHaTHOM Temmnepatype [5]. C Tex mop MHOTOKpPaTHO
BO3pOC MHTEPEC, CBSI3aHHBIM ¢ TTOMCKOM MaTepUaliOB
¥ UCCICIOBaHMEM MeXaHM3Ma CAMOBOCCTAHOBIICHMUS,
TIPUTSHYB BHUMAaHUE Pa3JIMIHBIX CTPATCTMICCKH BaxXK-
HBIX OPTaHU3AIIUI — OT apXUTEKTYPHBIX aTeHTCTB, TPaXK-
nmaHckoro crponresnscTsa 10 BBC CIIA [6] u EBporreii-
CKOTO KOCMHMYECKOTO aTeHTCTBA [ 7], KOTOPBIC BIOXMIIN
3HAUYMTEIBHBIC CPEIICTBA IJIST IIPOBEICHUSI MCCIeAOBaHII
CaMOBOCCTaHABIMBAOIINXCS TIOJIMMEPOB.

[TepBrIit 0630p IIMPOKOTO CIIEKTPa CAMOBOCCTaHAB-
JIMBAIOIINXCST MATEPUAIOB OBLIT HAITMCAH ITpodeccopoM
HendTcKoro TeXHNIECKOTO YHUBEPCUTETA, TOKTOPOM
Cubpann BaH aep LIBaaroMm, KOTOPHIN ONMCal KaTero-
pUM, pa3IMIHbIC TTOOXOObI K pa3paboTKe 1 (haKTuye-
CKHE CTPOUTEIBHBIC CITOCOOHOCTH TAKMX MaTEepUAaJIOB,
KaK KepaMUKa, ImoJuMepsl 1 MeTayiiel [8]. Hambomee
yoemuTeIbHbIC UCCIICAOBAHMS, CBSI3aHHEIC C SIBJICHICM
CaMOBOCCTAHOBJICHUSI MaTePUAJIOB, OBLIN IIPOICMOH -
CTpUpOBaHbI HeI(TCKIM TeXHIIECKUM YHUBEPCUTETOM
BO BpeMsd nipoBeneHus B 2007 rony «IlepBoit MmexxmyHa-
POIHOI KOH(EPEHITNN TI0 CAMOBOCCTAHABIMBAIOIITIMCST
MaTepHanam», ipoxonusiineil B Humeprangax. B To ke
BpeMsI TPYIIIa aMepUKaHCKUX MCCeIoBaTeNeil pa3pa-
6oTaja KOHICIIINIo 3P GEeKTUBHOTO pa3Mepa YacTHUI]
WHKAICYJINPOBAHHBIX CAaMOBOCCTAHABINBAIOIINXCS
TIOJIMMEPOB, KOTOPBIEC OBUTM COpa3MepPHBI MaKCUMAaJTb-
HO BO3MOXHOMY pa3Mepy TPeIINHbBI, TAKUM 00pa3oM,
PE3YIIBTAT UCCICAOBAHMI ITPOIEMOHCTPUPOBAJ TOCTH -
JKEeHHe XKeJIaeMOTro BOCCTAHOBUTEILHOTO a(pdekTa [9].

B xxypHaiie «XuMusi MaTepuaioB», OIyOIMKOBAHHOM
B 2008 romy, moktop Illeda 1. beprman u mpodeccop
®pen Bymin, ocHOBHIBasICh Ha CBOMCTBE 00paTUMO-
CTH, TIOJTHOCTBIO OTIHMCAJIN CITOCOOHOCTH ITOJIMMEPOB
K BoccTaHoBieHuIo [10]. Te Xe pe3yabTaThl ObUIH TTOA -
TBEPXKICHBI U TOITOTHEHBI UCCIICIOBATEIBCKOM TPYIITION
u3 YHuBepcureta BapBuka, KoTopast 6ojiee 1eTajabHO
W3y4nIIa SIBJICHUE CAMOBOCCTAHOBJICHUS B TIOJIMMEpax
[11]. TIpodeccop Puuapn I1. Byn BHec BKitam B Mate-
puajoBeicHIE, OTICaB MEXaHMICCKOE M TEPMUIECKOE

MOBPEXAeHNE 1 3aKUBIIeHNE TToimMepoB [12]. Komanma
J1.M. By B cBoeii cTaThe onucaja MexaHU3M pa3pyleHuUsI
1 KOHIICTIIINIO 3aKMBJICHUS B TIOJIMMEPHBIX CUCTEMAX,
a TakXKe MpeaioXuaa MeToabl OLleHKU 3((hEeKTUBHOCTH
camoBoccTtaHoBieHud [13]. [ToaHBINM cIIeKTp mpuMe-
HEHHS CaMOBOCCTaHABIMBAIOIINX CIIOCOOHOCTEI Ma-
TepuajaoB ObLT 00001IeH B pab0oTaxX KUTANCKUX UCCIIE-
nosareneii [14]. KomaHaga aBTOPUTETHBIX U OITBITHBIX
nccaenonareseii mon pykosomctsoMm H.P. Corroca npen-
cTaBMJIa OOIIECTBEHHOCTH HOBYIO KOHIIEeHIINIo «bro-
WHCTIUPUPOBAHHBIX MaTEPUAJIOB IS CAMOOUYUIICHUS
1 CaMOBOCCTaHOBIICHUS», KOTOpas IIPOIEeMOHCTPHUPO-
BaJIa TIEPCIIEKTUBY CAMOBOCCTAHOBJICHUS C IIOMOIIIBIO
MHTETPUPOBAHHBIX OMOCHCTEM ¥ aBTOHOMHOTO pearupo-
BaHus Ha rioBpexxaeHus [15]. [lepBoe «IloteHumanbHoOe
IIPUMEHEHIE CAMOBOCCTAHABIMBAOIINXCSI MATCPUAJIOB
B CTPOUTEJILHOI OTpacin» ObLIO O(pULIMATIBHO OITyOIM-
KOBaHO TPYMIION MCcaeaoBaTesieii 13 YHUBepCcUTeTa
Kapnudda, koropast BeIHEc]Ia TTPOOIEeMbl JOJITOBEY-
HOCTH IIEMEHTHBIX MaTePUAJIOB U TIpeIcKa3ajia BEICOKMIA
CIIPOC Ha CaMOBOCCTaHaBIIMBaroIIecs 6eToHbI [16].

OmHako Ha CeTOMHSIITHMI TeHb KoMnaHus Lmom-
Oepike SIBIIICeTCS eAMHCTBEHHOM He(hTecepBUCHOI KOM-
naHuel, pa3paboTraBlieii U yCHEIIHO ITPUMEHSIIONICH
«caMo3aJIeunBaOIINIicS» eMeHT Futur, KoTopsIii ak-
TUBHO TIPUMEHSICTCS [IJI IIEMCHTUPOBAHUS CKBAXKIH.
Kpowme Toro, postk TpUITepHOTO MEXaHM3Ma TSl AaKTHUBa-
LMY [IEMEHTHOM CUCTEeMBI Futur BEIITOTHSIIOT YIJIEBONO-
pomHbIe ra3el. TakuM 06pa3oM, IIPY MOSIBICHUN TPEIIH
B IICMCHTHOM KaMHE, HEKOTOPBIC KOMITOHCHTBI ITPOHMK-
HYBIIETO YIJIeBOAOPOMAHOTO ra3a BCTYIAalOT B KOHTAKT
CO CIIeIMaJIbHBIMU J00aBKaMM, MHTETPUPOBAHHBIMU
IIPY 3aTBOPEHUM LIEMEHTA, TTOCJIC UX B3aUMOICHCTBUS
paHee TTOBPeXXIEeHHBIN IIEMEHTHBIIT KAMEHb BOCCTaHAB-
JIMBAETCS 10 TIEPBOHAYATILHOTO BUIA, COXPAHSIS NCXOMI-
HYIO IPOYHOCTH. LleMeHTHOE KOJIBIIO TepMETU3UPYETCS
B TCUCHME HECKOJBKUX YaCOB, TIOCIIC YeTO MUTPAIIUK
XKUIKOCTU He Tpoucxonut [17].

00630p DpuH b. Mepdu n @pena Bynna oxBaTui
«Mwup YMHBIX UCLEJISIONINX MaTepraioB». B ux mcce-
JIOBAaHUU TIPEIACTAaBJICH INTyOOKMIT B3IJISIT Ha 00JIaCTh ca-
MOBOCCTaHABIIMBAIOIINXCSI MATEPUAJIOB, IIPEICTABICHBI
HEKOTOPBIC aKTMBATOPHBIC MEXaHMU3MEI 1 CITOCOOHI 3a-
JICYMBAHMS KaHAJIOB, BKpaTIle 00CYKIACTCS JOJITOBCY-
HOCTh 1 MHOTOKPAaTHOCTb MCTIOIh30BAHMS KOMITO3UTHBIX
MaTepuaiion [18].

B «ExxeromHom 0030pe ucciieqoBaHul HOBBIX MaTe-
pHYAIOB» TPYIIA AaBTOPUTETHRIX aBTOPOB COOOIIMIIA O HO-
BOM TIOIXOJIE K pa3paboTKe 0€301acHOT0, JOJTOBEYHOTO
KJIacca 3JIaCTOMEPOB, a TAKKE O Pa3IMIHBIX CIIOCO0ax
HaHeceHUs TTOKphITHif Ha Matepuaisl [19]. C 2010 roma
3HAUYNTEILHBIN 00BheM MCCIICIOBAHUIN OBLT ITOCBSIICH
IpoGIeMaM MHKATICYIISIITAN ¥ TPAHCTIOPTUPOBKY Pa3IiTd-
HBIX caMo3ajieunBaronmx areHToB [20, 21, 22], a Takke
WHTUOUTOPOB VIS 3aIUTEI OT KOppo3uw [23, 24].
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[TouTy IeBSTH JIET TPYIIION yueHBIX 13 JlenhTcKOTro
TEXHUYECKOTO YHUBEPCUTETA IO, PYKOBOACTBOM MUKPO-
6uosnora rmpogdeccopa XeHka JIxkoHKepca IPOBOIUINCH
HCCIIeN0BaHMS 1 pa3paboTKa CaMOBOCCTaHABIMBAIOIIIE-
rocs 6eToHa, ycrnelrHoe IpUuMeHeHWe KOTOPOro ObUI0
o0baBieHo 14 mag 2015 roga. KoHnemnys naHHOM pa3-
paboTKHU 3akjovyajach B BBEAEHUU OCOOEHHOTrO BUIIA
OakTepuii OALMII B COCTAaB CTPOUTEJIHLHOTO OeTOHAa
¥ 00ecIIeueHUN UM ITUTATETbHOM cpelbl. DT OaKTepun
ObUIM 3aKJIIOYEHBI B OMOpa3jiaraeMblii MIacTUK, KOTO-
PBI pa3iaraics Ipyu B3auMoaeicTeuu ¢ Boaoii. Ilocie
TOTr0, KaK KaricyJibl ¢ 0akTepusiMy TTOJIBEprajrich BO31EH-
CTBMIO BOJbI, OAKTEpUU HAUMHAIN MUTAThCS JIAKTATOM
KaJIbLIUSI Y TTIPOU3BOIUTH OTJIOKEHMS KAJIbLIUSI, KOTOPbIE
B CBOIO OY€pe/ib SIBJISIIOTCS TOMOTEHHBIMU 110 OTHOIIIE-
HUIO K LIEMEHTHOMY MaTepuaily, AeMOHCTPUPYS Ueab-
HYIO aare3uto K rmocienHeMy. CoOTBETCTBEHHO, IIPOTHO
CHEIUISISICh ¢ 0a30BbIM MaTepUaIOM, MPOIYKT KU3HE-
NesITeIbHOCTH OalnyIl epeKpbiBasl KaHaJl, TEM CaMbIM
O10KUpYH ITyTh MUTpaumu Ta3a [25]. Kak yrBepkaaet
aBTOp pa3pabOTKU, €ro MPOAYKT JIy4llle BCErO MOAXOIUT
JUJISI CTPOUTEILCTBA TTOA3EMHBIX XPaHWJIUIILL OTTACHBIX OT-
XOJIOB, a TaK>Ke JIJISI TIPOKJIaAKX MOA3EMHbBIX TYHHEEH,
(byHIaMeHTOB, aBTOTOPOKHBIX MOCTOB, OCTOHHBIX TTepe-
KPBITUI Y TUAPOTEXHUUYECKUX COOPYKEHUIA.

Hayka, nsyuatoiias Mmatepuaibl 1 MEXaHU3MBbI ca-
MOBOCCTAHOBJICHHUSI, CYIIECTBYET yke 0oiee 35 jer,
OIHAKO CaMblii OOJIBIION MPOPHIB ObLIT ClieJlaH MEHEe
yeM 3a 15 tet. D10 00BICHSIETCI pa3BUTHEM HOBOTO Ha-
MpaBJIEHUsI UHXXEHEPHOU 1 XUMUUYECKO HayK, Ha3BaHWeE
KOTOPOMY HAaHOTEXHOJIOTHSI, KOTOPOE Ia€T BO3MOXHOCTh
paboTaTh CO CTPYKTYpOUl aToMa U, MOABEprast ero pas-
JIMYHBIM MaHUMYJISIIUSIM, CO3/1aBaTh HOBBIN MPOIYKT.

Tax, ocHoBoMoJIaralolue uccaeToBaHus ObLIN MPO-
BeaeHbl yueHbIMU 13 CIIA n Hunepnanmos. AMepu-
KaHIIaMU ObLIT OTIpeAesieH CIEKTP MaTeEPUaIOB, 1EMOH-
CTPUPYIOLIUX CIOCOOHOCTU K CAMOBOCCTAHOBJIEHUIO;
M3y4eH MeXaHU3M aBTOHOMHOIO caMo3ajieurMBaHUs.
lNonnanauaMu pazpaboTaHbl CIIOCOObI MHKAMICYJIMPO-
BaHUS caMO3aJIeuMBaIOIIMX areHTOB, UX TPAHCIIOPTU-
pOBKa 10 MeCTa Ha3HAUYEHMUS, TPUTTEPHbIE MEXaHU3MBI,
cpeibl OOMTaHMST CaMO3aJeUMBaIOIIX aT€HTOB, METO/IbI
OLIEHKU 3(P(PeKTUBHOCTU CAMOBOCCTAHOBJIEHUSI, YCIIO-
BUSI IUIST TCCTUPOBAHUSA NX (DYyHKIIMOHAIBHOM IIPUTOI-
HOCTHU Y MH. JIp.

CaMOBOCCTaHABIMBAIOIINECSI CUCTEMBI HAIIUIM CBOE
MPUMEHEHUE B PA3IMYHBIX 0071aCTIX, OCOOEHHO ObLIN
YCMNEUHO MPUMEHEHBI B MPOMBIIILIEHHOM CTPOUTENb-
crBe. OmHAKO MMOJ00HAasT «yMHasI» lIEMEHTHAasI CHCTe-
Ma SIBJISIETCSI HOBOM TeHAeHLMel mis1 HeTSIHOM TIpo-
MBILJIEHHOCTHU, O3TOMY TpeOyeT 6oJiee NeTaibHOTO
M3Y4YEeHMSTI MEXaHM3MOB aKTUBALIMU U BOCCTAHOBJICHMSI.
B Tom uucine Tpebyercs 3agaHue CUCTEME CITeLIMaTIbHBIX
CBOICTB, 0OecrneurBaloIMX €€ HaaeXKHOe (PYHKIIMOHM-
pPOBaHME B CJIOXKHBIX TJIACTOBBIX YCJIOBUSIX.

TpeOoBanus K MaTepuaiam AJIs MOJyIeHHsT CaMO3a-
JIeYUBAIOLINXCS IEMEHTOB

ABTOpaMu JaHHOW CTaThbM CTaBUJIAaCh 3ajaya
Mo OompeaesieHUI0 CIeKTpa MaTepuajioB, HauboJee
MPUTOAHBIX IJIST MOAM(PULIMPOBAHUS TaMITOHAXKHBIX
LIEMEHTOB IS MPUIAHUSI UM CITOCOOHOCTEMN K aBTO-
HOMHOMY «3aJIeYrBaHNIO» BOAOIIPOBOISIINX KaHAIOB,
TOSIBJISTIONIMXCS B IEMEHTHOM KaMHE BHYTPY CKBaXKMHbI
B IMpo1iecce MPOBEAEHUS pa3IUUYHbIX TEXHOJIOTUUECKUX
orepauuii. Ucxonst u3 Bo3neicTBUsI 3HAKOMEPEMEHHbBIX
TeMIiepaTyp, BbICOKMX NaBJIEHUI, BIAXKHOCTU U TIepU-
OAMYECKUX TUHAMUYECKMX HArPy30K, MPUXOIAIIMXCS
Ha Kperb CKBaXXMHbBI, ObLIM ONpeaeaeHbl TpeOOBaHUS
K CBOMcTBaM 100aBOK, UCITOJIb3yEeMbIX 11 MOAU(UKA-
LIMU LIEMEHTOB, TPUMEHSIEMBbIX TTPU KPETIJICHUH.

MbI TtosiaraeM, 4To X MOXKHO ¢(popMyIMpoBaTh Clie-
NYIOIIUM 00pa3oMm:

— HaJIMuyMe MIPOYHON MHOTOCJIONHON 000JIOUKHU, KO-
Topasl JOJKHA MPeIoTBPATUTh MPEXAeBPEMEHHOE
HaOyxaHue 100aBKM Ha 3Tarle MPUTOTOBJICHUS U 3a-
KauKM LIEMEHTHBIX PACTBOPOB;

— HayaJio aKTUBAlIMX BOAOTMOIJIOIIEHUS HE paHee, YeM
yepe3 6 4acoB I0CIe OKOHYAHUSI LIEMEHTUPOBAHMUSI,

— UTMTETLHOCTH 3 (PeKTa caMo3aleTNBaHMSI - 0 TTOJT-
HOTO TpeKpallleHUsI MOCTYIUIEHUS BOJIbI;

— CHOCOOHOCTb IMepeKpPbIBATh TPEUIUHBI pa3MEPOM
ot 50 mo 150 MKM;

— COXpaHEHME COCOOHOCTH MHOTOKPATHOTO EUCTBUS
Ha IepruoInIecKoe BOSHUKHOBCHME A¢(DEKTOB;

— OTCYTCTBHE BJIUSIHUS HA TEXHOJIOTUUYECKNE CBOMCTBA
TaMITOHAXXHOTO PaCTBOPA Y IEMEHTHOTO KaMHSI.

O0BeKThI HCCIeIOBAHNS

MBI 1Toj1araeM, 9T0, HaXOmsICh B ITOpaxX IIEMEHTHOTO
KaMH$, BogoHa0yxarolast 1o0aBKa, 00epHyTast Bomopac-
TBOPUMOI 000JIOUKOI, JKECTKO 3aKPETUISICTCS B TIOPaxX 1 He
BEIMBIBaeTCsI Bomoii. [1pr o0pa3oBaHIM CUCTEMBI TPEIIMH
1 TIOCTYIUICHUM TIJIaCTOBOM BOIBI J0OABKA MOJDKHA Ha-
Oyxatb, 3aIIOJTHSISI BECh 00bEM ITOJIOCTH, UYTO HE TIO3BOJIUAT
BoJie (DMIIBTPOBATHCS Yepe3 LIEMEHTHBIN KaMeHb [26].

s mpoBedeHUST WCCIeTOBAaHUNT OOOCHOBAHEI
1 BEIOPAHEI CIICAYIONINE MAaTePUAJIbI: TTOIUAKPUIAMUIT
(ITAA), Bomona6yxatouii moaumep (BHIT B-615), no-
ymakpwunat Hatpus (ITAH), cimteie comommmMepsr [TAA,
aKTUBHBIC TUAPOU3O0JINPYIOIINEe MITHEPATbHBIC MTOOABKH
1 HaOyXaloIIKe 5JIACTOMEPHI.

g Kaxmoro MaTepuajia 000CHOBaHA €ro IPUTOI-
HOCTh B KQUECTBE BOIOIIOTTIOTUTEIIS, TAKKE ITPEICTaB-
JICHBI PE3YIbTAaThI SKCIIEPUMEHTOB TI0 OIIPEICICHHIO
KWHETUKN HAOYXaHMS MaTepHaIOB M CTOMKOCTH MeXa-
HUYECKOMY pa3pyIICHUIO.

Hoauakpusamud (I1AA) mexnuuecxuii [-CH,CH
(CONH,)—|n, npezcrapisieT cOO0M COMOIMMED TTOJIH-
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aKpUJIaMUIa ¢ aKpWIaTaMU IIPY CONEPIKaHUH TTOCIICTHITX
He 0osee 10%, Npou3BOAUTCS M3 HUTPUIA aKPUIOBOM
kucynorel CH, = CH—CN, KOTOpBIii TPU TUAPOIU3E
B IIPUCYTCTBUM CEPHOM KMUCIOTHI JacT aKPYUIAMUI 1 Ya-
CTUYHO aKPUJIOBYIO KMCIOTY. HU3KOMOJIEKYIsIpHBIE
pazHOBUAHOCTU [TAA MOTYT OBITh UCITOJIL30BAHBI IS
CO3MaHMsI T00aBOK C IIEIbI0 TePMETU3aIUN U CHIKE-
HUS PUIBTpAaINU IIEMEHTHOTO KaMHSI, BEICOKOMOJIEKY-
JISIpHBIC pa3HOBUIHOCTU [TAA TTOIXOIST TSI CO3TAHMS
31aCTUYHON U IIPOYHOM IMJIEHKU C BRICOKON (hJIOKYIIU-
pyIoIIeii Crtoco0HOCThI0. CYIIeCTBYIOT TeMITepaTypHBIE
OTpaHNYCHUS, TTOCKOIBKY [TAA TepMUUECKH YCTOMINB
o 100°C.

Boodonabyxarowuii noaumep peacTaBiIsIcT cOOOM
eIUHBIC MAKPOMOJICKYJIBI, CITUTHIC U3 MOJICKYISIPHBIX
nemodek. Llermouyky 1 cBsI3M MexXIy HUMU 00pa3yioT
VIIPYTYIO CETKY, KOTOpast B CYXOM TeJjie VI YaCTUIHO
HAITOJJHCHHOM BOIOI CKpy4YeHa U IIOTHO YITaKOBaHa
B HEOOJIBIIIOM 00beMe KPYITMHOK, JUISI KOTOPBIX OCMO-
THUYECKOE ITaBJICHUE SIBJISICTCST BOOOITOTIIOTUTEILHBIM
MmexaHusMmoM. Pasmep yactui rpanyn BHIT — He Gonee
2 MM, TUTIOTHOCTB OT 1150 mo 1200 xr/m>. TTopomikoo-
o6pasnbiii BHIT HaOGyxaeT Bo BpeMeHM B IIPECHOI BOAE
B 80—100 pa3, a B I1acTOBOI BoAe (C MUHEpaIN3aIli-
eit 150 r/nutp u Goublie) — B 50—60 pa3 mo oGbemy.
ITpouecc Habyxanus u paciuupenuss BHIT He 3aBucut
OT IABJICHUS Ha HETO, TAKXKE OH CTOCK K BO3ICUCTBUIO
temmepatypsl (mo 170°C).

Ioauaxpuasam nampus — HaTpueBasi CoJib MOJU-
AKPUJIOBOI KMCJIOTHI, UMEET XUMUUICCKYIO (DOPMYITY
Buna [-CH, CH(COONa)—|n u npencrasiseT coboit
AHMOHHBIN TTOJIMAJICKTPOIUT C OTPHUIIATEIIEHO 3aPSIKEH-
HOI1 KapOOKCUIILHOM TPYIITOi B OCHOBHOI 11er. OmHUM
M3 OCHOBHBIX CBOMCTB COCTMHEHUS SIBJISIETCSI CIIOCO0-
HOCTb abcopoupoBanus xkuakoct B 200—300 pa3 601b-
me cooctBeHHOTO Beca. [TAH xopoiio pactBopsitoTcst
B BOIIE, IIPX 3TOM JIETKO HaOyXaioT, ITO3TOMY SIBIISIIOTCS
XOPOIITUMU 3aTYCTUTEIISIMU 1 TeIe00pa3oBaTeIISIMH.

Tudpousoaupyrowue munepaavnote dooasxu (I'MJ1)
TaKKe MOXHO MPUMEHSITH IJISI BOCCTAHOBJICHUS Tep-
METUIHOCTH IIEMEHTHOTO KaMHs. [1yIiomanoBast akTiB-
HocTh 'M/I ompenesieTCsT IPUCYTCTBUEM B X COCTaBE
aMop(HOTO KpeMHe3eMa, KOTOPHII B3aUMOICHCTBYET
¢ Ca(OH),, 06pasys BbICOKOAMCIIEPCHBIE TUAPOCUIINKA-
THI KaJIBIHS C TIOBBIIICHHBIMU BSKYIITUMH CBOMCTBAMH,
YTO CITOCOOCTBYET KaK YBEJIMUCHUIO TIPOYHOCTH KaMHSI,
TaK 1 YMEHBIIICHUIO pa3MepOoB IOp, YTO CHIDKAET IIPO-
HUIIAeMOCTb IIEMEHTHOTO KaMHsI. TaKoit aKTMBHOCTBIO
001amaioT, HAIIpUMep, KUCIIbIe 30J16I, ITYIIII0IaHOBas
peakins KOTOPBIX HAaUMHACTCS B BO3pacTe OeToHa
7—14 cyTOK, a OCHOBHAs €€ YacTh IIPOTEKACT B TIEPUOI
30—90 mueit [28].

BricokogucnepcHbie M /I, Takue Kak MUKPOKpPEM-
He3eM, MeTaKaoJIMH HanboJjIee aKTUBHO B3aMOICHCTBY-
FOT C M3BECTHIO B paHHEM BO3pacTe, HAUMHas C 3 CYTOK.

Bricokast xuMmrdecKkast aKTUBHOCTb MUKPOKpPEeMHe3eMa
MIPUBOIUT K TOMY, 9TO, IT0 HEKOTOPEIM ITaHHBIM, 25—
30% ero ot Macchl LieMEHTa MOI'YT ITOJIHOCTBIO CBSI3aTh
Ca(OH)2 B LIEMEHTHOM KaMHe, Torna Kak rmpu 60% 30161
rpuMepHO 3—4% ero octaeTcst B CBOOOIHOM COCTOSIHUM.

Bodonadyxarowue snacmomepor — 310 KayIyKu 1 pe-
3MHOBBIC CMECH, KOTOPBIE padOTaIOT IO IIPUHIIUITY OC-
MOCa, ¥ BoJa BTATUBACTCS B 2JIACTOMED 1 YICPKUBACTCS
B HEM M3-3a Tleperana COJICHOCTH TTOIIePEeK IIOBEPXHOCTH
snactoMepa [29]. Habyxatomme 351acToMephI-TTOIMMEPEI
00J1aIaf0T BEICOKOAIACTUICCKUMU CBOMCTBaMHU. Pery-
JIMPYS PEHEIT 3IACTOMEPHBIX KOMITO3UIINIA, MOXHO
3a7aBaTh IMHAMUKY HaOyXaHUSI B KOHKPETHOM cpeme
(10 400% u 6ostee), CKOPOCTb HAOYXaHUS, TEMIIEPATYPY
SKCIUTyaTallnu, (U3UKO-MeXaHNIeCKIEe TpeOOBaHMUS
W3OCINS U T.1.

Cwumotii conoaumep A4 — cyriepabcopOEHT Ha OCHOBE
AHMOHHOTO TToMKpuiIaMuaa. OH MPeaCcTaBIsIeT CO00M
HEepacTBOPUMEIC B BOJIC CIIMMTBIC COITOJTMMEPHI aKpHJIa-
MHIa ¥ akpuiiata Kanus. [ToamMepsl comep:kat Habop
TTOJTMMEPHBIX LIETIOUCK, TapaJUIeIbHBIX APYT ApyTry. OHM
PETYISIPHO COeAMHEHBI CITMBAIOIINMI areHTaM1, 00pa-
3ysI ceTKy. Korma Boma KOHTaKTHPYeT ¢ OMHOM U3 3TUX
IIETIOYEK, OHA BTATUBACTCS B MOJICKYITY TIOJIMMepa 01aro-
Iapst OCMOCY M COXPaHsSIeTCsI, OBICTPO MUTPHUPYSI BHYTPb
nomMepHoii ceTku. CIINTLIN cormomMep AA abcopou-
pyeT KoamaecTBo Bombl 10 500 pa3 6oJIbIIe CBOEH MACCHI,
TIepexoms B TEIIN.

3AK/IIOYEHUE

Taxum 06pa3oM, BEITIOTHEHHBIC MCCIICIOBAHMS T10-

Kaz3aJIm:

— IIEMEHTHBIN KaMeHb B HE(DTSIHBIX U Ta30BBIX CKBa-
KWHAX, SIBJISISICh HanboJIee YI3BUMBIM DJIEMECHTOM
KpeTu, JIETKO pa3pyIIaeTcs IIPU IMPOBEACHUH TEXHO-
JIOTUIECKUX OTIepalliii BHYTPpH CKBaXKWHBI, U TIPaK-
TUYECKY ¢IMHCTBEHHBIM CIIOCOOOM BOCCTAaHOBJICHUS
€0 TePMETUYHOCTH SIBIISICTCST IPUMEHEHIE CaMO3a-
JICYNBAIOIINXCS IIEMCHTOB;

— aHajuM3 3apyOesKHOTO OMbITa Pa3pabOTKM U IIpUMe-
HEHUS CaMOBOCCTAaHABIIMBAIOIIMXCS (CaMO3aIednBa-
FOIMXCST) MaTePHUAJIOB, UMEIOIINX BBICOKYIO 3(DheK-
TUBHOCTB B Pa3IMIHBIX OTPACIISIX IIPOMBIIUICHHOCTH,
IToKa3aJjl, 9YTO OHM HE MOTYT MCIOJIb30BaThCS IPU
KPEIICHNN He(TSHBIX 1 Ta30BBIX CKBAXKIH;

— 000CHOBaHBI TPeOOBAHUS K MaTepHaiaM, KOTOPBIC
MOTYT OBITh MCTIOJTb30BaHBI B KAUECTBE MOIN(ULINPY-
IOLLMX JO00ABOK K CaMO3aJIeUBAIOLIMCSI LIEMEHTAM;

— 000CHOBaHEHI 1 MPOAHATM3UPOBAHBI PA3TAIHBIC BUIBI
ITOJTMMEPHBIX MaTepUaIOB U ITOKa3aHO, YTO B HaM-
OOJIBIIICH CTEIICHM TIPEIbIBISICMBIM TPEOOBAHUSIM
OTBEYaeT CIIMTHINA comoaumep AA, SIBIISTIOIITAIACS
cyrepabcopOeHTOM Ha OCHOBE aHMOHHOTO ITOJIH-
KpUJIaMHIIA.
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