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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 could enable 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 that was easily covered with
a water-soluble shell. The cement stone with integrated agent of AA copolymer demonstrated a permeability of 0.0018 um2 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: [InsA orpaHNYeHUA BOAONPUTOKA B CKBaXKMHAX HEOOXOAMMO repmMeTu3npoBaTh KaHasbl B LLIeMEHTHOM KOoJibLie TON-
WrHOMN 20-25 MM, Ha rybrHe COTEH 1 TbicAY MeTPOB. Mpr 3TOM Hanbosnee NepPCneKTUBHbIM PELLEHNEM ABNAETCA MPUMEHeHre
CaMO3aneunBaoLLMXCa LLeMeHTOB.

PaboTbl Mo NonyyeHro CaMOBOCCTaHaBINBAOLWMXCA MaTePMANoB Hayanucb ¢ 1980-x rogos, ¢ paboT JoHanbaa xyaa. Wn-
POKYI0 M3BeCTHOCTb nonyuunu pabotbl CubpanasaH fgep Ligaara, LWe6a [. 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 KoMmnaHuA Lntombepike ocTaeTca eANHCTBEHHON, pa3paboTaBLuei 1 yCrnewHo npruMeHaioLen ana
LleMeHTMPOBaHUA CKBaXKMH «CaMO3aneunBaomnca» uemeHT «Futury.

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

B nccnepoBaHumaAx ncnonb3osaHbl nonvakpunamug (MAA), BogoHabyxatowwmii nonnmvep (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 MONIMKPUNAMIA], IEFKO NMOKpPbI-
BAOLWMIACA BOJOPACTBOPUMON 060N10UKON. LieMeHTHbIN KameHb ¢ fobaBkol cononumepa AA umen npoHnaemocTb 0,0018 mkm?
npvi IPOYHOCTY Ha 13rnb B Bo3pacTe 2-x cyTok 8,0 MlMa.

Knioyeesbie cnoea: ueMeHTHbIN KaMeHb, BogonpoBoAAlmMe KaHalibl, CaMOBOCCTaHaBnMBawwmeca matepmuarbl, Tpmrrepru?l
MexXaHN3M, aBTOHOMHO€E CaMOBOCCTaHOBJIEHNE LEMEHTHOIO KaMHHA.

Ana yumupoearus: Arsamos O.A., Vicmarunosa 3.P., Camo3aneunBatowjnecs LeMeHTbl — KU K COXPaHEHUIO repMeTUYHOCTH
Kpenu ckBaxuH. Yactb 2 // HaHoTexHonornn B ctpoutenbcTee. — 2019. - Tom 11, N2 6. — C. 730-742. — DOI: 10.15828/2075-8545-
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THE EXPERIMENTAL PART
Methodology of the experimental research

he physical and mechanical properties of the mod-

ifying additives, cement slurry and cement stone
made of the modified cement were determined, with
a water-cement ratio of 0.5 using standard equipment in
accordance with the State Standards GOST 1581-96 and
GOST 310.1.96. The granulometric analysis of the com-
ponents was carried out applying the standard method
of sieve analysis.

The swelling kinetics was evaluated with a device for
swelling kinetics determination called PKN-2. The degree
of the polymer swelling was identified through its mass
expression, %:

M = (m—-m_)/m, « 100,

m —weight of swollen polymer;

m, — initial polymer weight.

The permeability of the cement stone was defined
using the equipment called OFITE MODEL 90 Cement
Permeameter.

The tensile strength of the cement stone for bending
and compression was measured at the age of 2 days with
a universal testing machine MATEST.

There is a phenomenon of mechanical activation —
the acquisition of high rheological activity due to defor-
mation of self-stressing microdefects — all along of which
the water absorption rate of the crushed modifying ad-
ditives increases tremendously [27]. In order to enhance
the modifying additives activity, they were subjected to
additional grinding in a laboratory disintegrator at colli-
sion velocity of 150 m/s.

The results of experimental studies

We made samples of modifying additives to test
the possibility of polyacrylamide (PAA) usage as a water-
swellable component. The sample was composed of a PAA
core and a silicone polymer shell.

Evaluation of the swelling kinetics (Fig. 1) demon-
strates: the additives started to swell in 2 hours after the in-
teraction with water, and the swelling proceeded within
7 hours with a maximum increase in volume of up to
150% comparing with the initial volume of the additive.

While studying the permeability of “self-healing” ce-
ment samples containing 1% modifying additive based on
PAA at WCR = 0.5, the sample received through defects,
and broke into pieces.

When testing the sample for bending at the age
of 2 days, the results did not exceed 3.3 MPa. Figure 2
shows a snapshot of the sample, at the break of which
the gel-like PAA fibers are visualized, the entire sample is
covered with slime, while the stone has a heterogeneous
structure, besides medium sized cavities can be seen.

Furthermore, difficulties in coating the PAA powder
arose due to PAA size and the impossibility of its granula-
tion. Moreover, the PAA active water absorption requires
a multilayer shell.

Testing of water-swellable polymer (WSP) for the first
ten hours of swelling given by the swelling degree at 144%
of the initial volume, for the first day the swelling degree
was equal to 174%, and for 4 days — 321%, then the sta-
bilization phase began (Fig. 3).

Samples made of cement modified with additive
of WSP (1%) had permeability of 0,002 um?2.

The strength of the samples at the age of 2 days in
water and 5 days on air was equal to 7.4 MPa. Figure 4
shows a snapshot of a sample at which a bending load
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Fig. 1. Dynamics of PAA swelling
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Fig. 2. Samples of cement stone containing PAA (1%)
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Fig. 3. Dynamics of WSP swelling

Fig. 4. Samples of cement stone containing WSP (1%):
a) at the age of 2 days in water; b) at the age of 5 days on air
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was applied. The sample was not completely broken, and
at the same time gel-like fibers can be seen on the crack
(Fig. 4a). After 5 days of air-hardening the fibers became
dry resulting in the fibers fusion thereafter the gap disap-
peared (Fig. 4b).

The difficulty in coating of WSP powder turned out
to be the main disadvantage. An experiment on WSP
granulation with calcium polysulfide coating showed
that the layer of coating does not fall evenly, caus-
ing clumping of WSP, the granules of which quickly
harden. The second layer of silicone lies on the WSP
evenly, loosening the particles of WSP in the calcium
polysulfide layer. In case of the shell damage, when at
the stage of cement mixing vulnerable areas may appear,
the mobility of the slurry will be quickly lost even with
a plasticizer addition.

Sodium polyacrylate (SP) swells within the first
13 hours, with an increase in volume of up to 175% (Fig-
ure 5).

Samples made of cement modified with additive
of 1% SP demonstrated a permeability of 0,0012 um?,
which is several times less than the permeability of a stone
with an additive of WSP and ten times less than the per-
meability of a cement stone having no additives.

The strength of the samples for bending at the age
of 2 days in water and 5 days on air was equal to 9.9 MPa.
SP additive was well integrated into the cement slurry,
besides it is hardly noticeable on the cut of the cement
stone sample (Figure 6).

The difficulty in coating of SP turned out to be
the main disadvantage of this material.

Silica fume is one of the most effective waterproofing
mineral supplement (WMS). Swelling of microsilica is not
visible, but according to the results of tests the perme-
ability was equal to 0.001 um?, while the strength of the
samples for bending at the age of 2 days was equal to
8.4 MPa. These outcomes are explained by the change
in the structure of the stone during the transformation

Volume, mm3

0 2 4 6

Swelling time, hours

8 10 12 14

Fig. 6. Samples of cement stone containing SP (1%)

Fig. 5. Dynamics of SP swelling

of Ca(OH), into calcium hydrosilicates due to the mi-
crosilica introduction.

There are some disadvantages of this material such
as a slight swelling and difficulty in the coating occurred
due to the nano sized particles. In addition, it is neces-
sary to regulate the presence of WMS, since there should
be no complete binding of Ca(OH), in order to prevent
the depassivation of the steel structure.

Water swellable elastomers, WSE, (rubber compounds)
demonstrate the ability of the volumetric swelling to vary
in the aqueous medium, for fresh water — up to 850%,
for formation water — up to 200%. The temperature
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Fig.7-1. Dynamics of swelling of WSE with different concentrations of water absorption
modifiers in the formation water of 5% salinity at 90°C

350

300

250

200

150

Volumechange (%)

100

50

0 1 2 3 4 5 6

7 8 9 10 11 12

Swelling time, day

——1 —0—2

Fig. 7-2. Dynamics of WSE swelling in the formation water of 25% salinity: 1 — at 22°C; 2 — at 90°C

range of elastomers application is from —30 to +100°C
(Figure 7).

Samples made of cement modified with additive of 1%
WSE demonstrated a permeability of 0.0014 um2, while
the strength of the samples for bending at the age of 2 days
was equal to 7.4 MPa.

There are some disadvantages of this material such
as weak adhesion to cement stone and a relatively small
degree of swelling.

Figure 8 shows the dynamics of cross-linked copo-
Iymer AA swelling. This is a superabsorbent, which ab-
sorbs most of the moisture within an hour. It is observed

that the smaller the size of the superabsorbent granules,
the greater the rate and volume of adsorption.

Samples made of cement modified with additive
of crosslinked AA copolymer (1%) demonstrated a per-
meability of 0.0018 um?, while the strength of the samples
for bending at the age of 2 days was equal to 8.0 MPa.

Samples of superabsorbent are easily covered with
a water-soluble polymer complex, which is able to with-
stand dissolution for 6 hours; they can be easily integrated
into the cement system, since the density and size of the
particles are commensurate with the particles of cement
powder. In a full-scale experiment with the creation
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Fig.8. Dynamics of swelling of superabsorbent based on anionic polyacrylamide

of a system of artificial cracks in a sample of cement stone,
the water was passed through thus enabling the additive
of superabsorbent to swell, filling the entire cavity by
the increased volume, and completely blocking the water
passing channels.

After conducting a comparative analysis of the wa-
ter carrying capacity of two samples of cement stone,
one of which is made of neat cement, and the other
with the addition of superabsorbent when filtering fluid
through a system of artificial cracks, it was revealed that
at steady state filtration of water, the amount of incom-
ing liquid was equal to the amount of liquid filtered
through the cement stone having no additives. With
a similar regime of water filtration through the sample
with modifying additives, after 5 hours from the moment
of the beginning of the water passing through the stone,
the process slowed down, after 6 hours the filtration
of water completely stopped.

CONCLUSIONS

1. A number of reagents combined into a group were
considered and analyzed according to two criteria: an
increase of the additive in the volume due to the water-

absorbing mechanism, and the subsequent isolation
of water influx by blocking the conducting channels
due to a multiple increase in the volume of the modi-
fying additive.

. The additives do not affect the technological proper-

ties of cement slurry and cement stone. The density
and size of the additive’s particles are commensurate
with the particles of cement powder, after being in-
tegrated into the cement system are chemically inert
to it. Activation of additives results from prolonged
and periodic contact with the trigger that is forma-
tion water, when triggered providing selective isolation
of water conducting channels.

. Application of the process of mechanical activation to

increase the rate of modifiers hydration, while control-
ling the speed of their swelling is achieved by coating
the water-absorbing agents in multilayer shells.

. Modifying additive of cross-linked copolymer AA

sustains the repeatability of the activation, environ-
mentally safe, affordable and easy to manufacture.

. A comparison of the modifying additives effects on

the technological properties of the cement slurry and
the resulting cement stone defined the preferability
of cross-linked AA copolymer.
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OKCHHEPUMEHTAJ/IbHAA YACTb
Meroauka SKCIepMMEHTAIbHBIX HCCICI0BAHMIA

M3UKO-MEXaHUYECKUE CBOICTBA MOAUMDULIUPY-
[OIIMX J00ABOK, PACTBOPA U LIEMEHTHOTO KaMHSI
13 MOAM(UIIMPOBAHHOIO LIEMEHTA OIPEAE/ISIUCH IIPU
BOIOLIEMEHTHOM OTHOLIeHUH 0,5 Ha CTAHAAPTHBIX IIPK-
6opax corinacHo 'OCT 1581-96 u T'OCT 310.1.96. I'pa-
HYJIOMETPUUYECKUIA COCTAB KOMIIOHEHTOB OIPEIeIsICS
CTaHAAPTHBIM METOIOM CUTOBOTO aHAJIM3A.
OLeHKa KUHETUKY HAOyXaHUs IIPOBOAWIACH HA ITPK-
o6ope [TKH-2. Crertenb HaObyxaHUs 00Opaslia orpeness-
JIach 110 €€ MacCOBOMY BhIpaxkeHMIo, %:

M = (m—m_)/m, « 100,

IIe m — Bec HaOyXIIIero IMoJuMepa;

m, — UCXOIHBI BEC MOTUMEDA.

ITpoHMIIaeMOCTh IIEMEHTHOTO KaMHS OIIpeIeIsIach
Ha mpuoope OFITE MODEL 90 Cement Permeameter.

IIpenen MpoOYHOCTH LIEMEHTHOTO KaMHS Ha U3ru0
M CXKaTHe OIPEIEIISIICS B BO3pacTe 2-X CYTOK Ha MAaIlIHE
npounocti MATECT.

ITocKoIbKy CKOPOCTH BOOOITOTIOIICHUS N3MEITh-
YeHHBIX MOIU(PUIUPYIOIINX 100aBOK 3HAUNTEILHO
yBeuuuBaeTcs [27], 4To ¢cBS3aHO ¢ PeHOMEHOM Me-
XaHOAKTUBAIIUM — MPUOOPETEHNEM BBICOKOI pPeoro-
TUYEeCKOI aKTMBHOCTH MpH AehopMallii MUKPOJIEC-
¢deKToB, KOHIICHTPUPYIOIINX Ha cecOe HAIIPSKEHUS,
IIJIST TIOBBIIEHUST 3P (PEKTUBHOCTA MOTU(PUITIPYIOIITNX
I00aBOK, OHU TTOJABEPTraICh JOMMOJTHUTEIBHOMY IO~
MOJIY B TaOOPaTOPHOM JIE€3UMHTETPATOPE TIPU CKOPOCTSIX
coymaperust 150 m/c.

Pe3ynbTaThl 3KCIEPUMEHTAIbHBIX HCCJIEI0OBAHMIA

st mpoBepKM MPUHIUIIHATIBHON BO3MOXKXHOCTH
mpuMeHeHusT noauakpuramuda (ITAA) B KagecTBe BOIO-
Ha0yXaroIero KOMITOHEHTa T00aBKH OBUTA M3TOTOBJICHEI
00pa3Ibl MOIM(HUITNPYIOIINX T00aBOK, B KOTOPHIX SIIPO
npexactasieHo [TAA, a o6oouka — KpeMHUOpraHuYe-
CKHM TIOJIMMEPOM.

OneHka KMHETHKY HabyxaHus (puc. 1), mokasana,
4yTO M0OABKa Hayaja HabyxaTh yepe3 2 yaca ¥ Jajiee Ipo-
JoJDKaia B TeUeHUE 7 9acOB TP MAKCUMATLHOM YBCIIH-
yeHUH o0bema 10 150%, 1o cpaBHEHUIO C MCXOIHBIM
00BEMOM T0OaBKMU.

[Tpu ompeneneHNN TPOHUIIAEMOCTH 00PA3IIOB «Ca-
MO3aJIcUMBaIOIIErocsi» leMeHTa ¢ 1% n00aBkoil pu
B/L1 = 0,5 obpa3selr ¢ MOTUGUIIUPYIOIICI T0OaBKO Ha
ocHoBe ITAA nosryuni1 CKBo3HbIC 1e(DeKThI U pa3BaJILIICS
Ha 9acCTH.

I1pu TecTupoBanuu obpasia Ha U3rud B Bo3pac-
Te 2-X CYTOK pe3yabTaThl He TpeBbicuiv 3,3 MIla.
Ha puc. 2 mpencTaBiieH CHUMOK 00pasiia, Ha CJIOMe
KOTOPOT0 BU3YAJIM3UPYIOTCS Tejie00pa3HbIc BOJIOKHA
ITAA, Bech 0O6pa3el] MOKPBIT CAU3bIO, TPU 3TOM KaMEHb
o0J1IagacT HEOTHOPOITHOM CTPYKTYPOIi, 3aMEUICHBI CPeI-
HUX pa3MepOB ITOJIOCTH.

Kpowme Toro, n3-3a pazmepon nopoiuka [TAA u He-
BO3MOXXHOCTH €TO TPaHyIMPOBAHUS BO3HUKIIN CJIOXHO-
ctu 1ipu obonaunBanum [TAA. I1pu 3ToM aKTUBHOE BO-
nonoriouieHue [TAA TpeGyeT MHOTOCIOMHOM 000JI0UKMN.

HcnpiTanus godonabyxarouieeo norumepa (BHIT)
ITOKAa3aJik, YTO CTEIIeHbh HaOyXaHMs 3a TepBhIC ACCATh
yacoB gocTturaer 144% ot mepBoHaYaaIbHOrO 00beMa,
3a nepBble CyTKU — 174% u 3a 4 cytok — 321%, nocie
5TOTO HacTymaeT ¢ha3a cradbmim3anuu (puc. 3).
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Puc. 2. Oopasup kamus ¢ 1006aBkoii ITAA (1%) nociie uCNbITAHAS HA U3THO

O6bem obpasua, mm3
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Puc. 3. Jlunamuka nadyxanus BHIT

Puc. 4. Oopas3upi ¢ nodaskoit BHII (1%):
a) 2-¢ CyTOK B Bofie; 0) 5 CYTOK Ha BO3IyXe
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O0pa3iibl, U3TOTOBJICHHBIE U3 IIEMEHTa, MOIU(DUITI-
poBaHHoTo no6akoit BHIT (1%), mokazaiv nmpoHuIiae-
MOCTb, paBHY1O 0,002 MKM?.

ITpoyHocTh 00pa3ioB B BO3pacTe 2-X CYTOK B BOIE
U 5-TU CyTOK Ha Boznyxe coctaBuia 7,4 MIla. Ha puc. 4
BUIHO, YTO TIPY HAJIOKEHUW M3TUOAIONIEH HAaTpy3KU
oOpa3elr ciioMasics He 10 KOHIIA, TIPU 9TOM Ha TPeIlnHe
BU3YaTU3UPYIOTCS TeJIEBUAHBIE BOJIOKHA (puc. 4a). [To-
cJie 5 CyTOK BO3AYLIHOTO TBEPAEHUS BOJIOKHA BBICOXJIH,
U TpelllrHa CTSHYMAch (puc. 40).

Henocratkom manHOTO MaTepuaia TakKe SBUJIACh
CIIOXXHOCTB TP co3gaHnu oboxouku Ha BHII. Dkcrre-
puMeHT 1o rpanyisiuuu BHIIT ¢ monydeHueM o6oouku
U3 TOMUCYTh(MUIA KATbIUS TT0KA3aJI, 9YTO OH JIOXKUTCS
HEOIHOPOIHO U BbI3bIBaeT KoMkoBaHue BHII, rpanyibt
KOTOpPOTO OBICTPO TBepACIOT. Bropast, kpeMHUMitopra-
HUYeckas obosouka, yoxurcsd Ha BHIT paBHoOMepHO,
paspexisist yactuuku BHIT B 060mouke monucynbhu-

Jla Kanblus. B ciydae moBpexneHust Takoil 000JT09KT
¥ TIOSIBJICHUST YSI3BUMBIX YUACTKOB Ha dTarie 3aTBOPEHUST
IIeMEeHTa, aXxe pu No0aBIeHUY TUIacTUdUKaTopa, Obl-
CTpPO TepsIeTCs TIOABUXKHOCTH PAaCTBOPA.

Habyxanue noauaxpusama nampus (ITAH) mpoxomgur
B TeueHue 13 yacoB, ¢ yBeanyeHueM odbema 10 175%
(puc. 5).

LlemMeHTHBII KaMEeHb, U3TOTOBJICHHBIN U3 TIEMEHTA,
moaupuumrpoBanHoro gobaskoit [TAH (1%), mokazan
MPOHUIIAEMOCTh, paBHYO (,0012 MKM?, 9TO B HECKOJIBKO
pa3 MeHbllle MPOHULIAEMOCTH KaMH$ ¢ 1obaBkoit BHIT
U B IECSATKYU pa3 MEHbIIIE TTPOHUIIAEMOCTH IIEMEHTHOTO
KaMH$ 0e3 100aBOK.

IIpoyHOCTh 06PA3IIOB HA M3TUO B BO3pACTe 2-X CYTOK
B BOJIE M 5-TU CYTOK Ha Bo3myxe coctasuia 9,9 MIla.
Hobaska [TAH xopo1110 uHTErpupoBagach B IEMEHTHBIA
pacTBOp 1 MaJio 3aMETHa Ha cpe3e 00pasiia IEMEHTHOTO
KaMHs (puc. 6).
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Puc. 6. Oopasusi ¢ nodaskoii IIAH (1%)

Puc. 5. JIlunamuka nadyxanus [TAH

HenmocraTkoMm nanHoro mMatepuasna siBUJIACh CIIOXK-
HOCTb ipu obonauynBanuu [TAH.

Tudpousonupyrwuwue munepanrvivie 006asKu OBIINA
TpeacTaBiIeHbl MUKPOKpeMHe3eMoM. Bunumoro Ha-
OyxaHUsI MUKpPOKpPEMHe3eMa He TTPOU30IILIO0, OJHAKO
TMPOHUIIAEMOCTh 00pa3iia IeMeHTHOTO KaMHsI COCTa-
pwia 0,001 MKM?, a TPOYHOCTh Ha U3TUO B BO3pacTe
2-x cyToK — 8,4 MIla. DT pe3yabTaTsl OOBSICHSIOTCS
W3MEHEHUEeM CTPYKTYPbI KaMHsI TIpU TpaHCc(hopMaIun
Ca(OH), B rurpocuIMKaThl KajibLivs 3a CYET BBEIEHHOTO
MUKPOKPEeMHe3eMa.
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Puc.7-2. lunamuka HaGyxaHusi 00pa3noB pe3NHOBOI CMeCH B IJIACTOBOIA Bojie
¢ MuHepammsanueii 25%: 1 — ipu 22°C; 2 — ipu 90°C

HemocrtaTkaMu maHHOTO MaTepuaja SBIJINCH He-
0oJbllI0e HAOyXaHWe U CJIOXHOCTHU TIPU €ro 0001aun-
BaHUM B CBSI3W ¢ HaHOpa3Mmepamu. KpomMe Toro, He-
00X0aMMO perjaMeHTupoBaTh npucyrcteue 'MJI, Tak
KaK He JTOJDKHO IIPOMCXOOUTH MOJTHOTO CBSI3BIBAHUS
Ca(OH), n HapyieHus yCJa0BUiA TaccHBalMu obca-
HOIT KOJIOHHBI.

Bodonabyxarouue 3nacmomepst (pe3NHOBEIC CMECH)
MO0Ka3aJiv, YTO BEIMYMHA MX 00BEMHOTO HaOyxXaHUs
B BOITHOI cpelie MOXET BapbHPOBAThCSI: IJIsI TIPECHOMN
BoIbI — 10 850%, mns tutactoBoii Bombl — 10 200%. TeMm-

MepaTypHbIil AUAMAa30H IPUMEHEHHUS 2J1ACTOMEPOB —
ot —30 mo +100°C (puc. 7).

OO0pa3supbl ¢ J00aBKOI PE3MHOBOI CMeCH IT0Ka3aan
MMPOHULIAEMOCTD, paBHYI0 0,0014 MKM?, 1 IPOYHOCTD Ha
n3rubd B Bo3pacTe 2-X cyToK — 7,4 MIla.

['MmaBHBIMU HEAOCTATKAMU BOJOHAOYXAIOLIMX 3J1a-
CTOMEPOB (PE3MHOBBIX CMeceil) IBUIMCH cllabast aire-
3M$1 C IEMEHTHBIM KAMHEM U CPaBHUTEIbHO HEOOJIbILIAst
CTerneHb HaOyXaHusl.

Ha puc. 8 npeacraBieHa quHaMKUKa HAaOyXaHUS
cutumoezo conoaumepa AA, cyrnepabcopOeHTa, KOTOPbIiA
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Puc. 8. /lunamuka HaOyxanus cynepadcop0enTa Ha OCHOBE AaHMOHHOTO MOJMKPUIAMUIA

abcopOupyeT OOIBIIYIO YaCTh BJIard B TEYEHUE Yaca.
3aMedeHo, 4TO YeM MEHBIIE pa3Mep TpaHyll cylepad-
copbeHTa, TeM OOJIbIIEe CKOPOCTh U 00BEM aICOPOLIMH.

O06pa3npl ¢ 100aBKOI CIIUTOTO comoinuMepa AA
(1%) nokasanu MpoOHULIAEMOCTb, paBHy10 0,0018 MKM?,
a TIpeaesl IPOYHOCTH Ha M3TUO B BO3pacTe 2-X CYTOK
cocrasui 8,0 MIa.

O6pa3sisl cyrepabcopObeHTa JIETKO MOKPLIBAIOTCS
BOJIOPACTBOPUMBIM TOJIMMEPHBIM KOMIUIEKCOM, KOTO-
Pblii ClIOCOOEH BhIIEPKATH PACTBOPEHNUE B TeueHMe 6 Ya-
COB, 1 HE BEI3BIBAIOT CIOKHOCTEH TIPU €T0 MHTETPAITAN
B LIEMECHTHYIO CMCTEeMY, TaK KaK IJIOTHOCTh U pa3Mep
YaCTUL COPa3MEPHbI YACTULIAM LIEMEHTHOTO IMOPOILKA.
Ha HaTypHOM 3KCIIeprMEHTE C TTOJTYIYCHUEM CHUCTEMBI
HMCKYCCTBEHHBIX TPEIINH IIPH TTOCTYIUICHUH TIIaCTOBOM
BOJIbI 10OaBKa cyrnepabcopbeHTa Hayajaa HabyxaThb, 3a-
TIOJTHUB BeCh 00BEM IOJIOCTH, TIOJTHOCTHIO 3a0JI0KPOBAB
BOIOITPOBOISIIINE KaHAIIHI.

[IpoBenst cpaBHUTEILHBINM aHATIN3 BOAOIIPOITYCKHOM
CITOCOOHOCTH ABYX 00pa31I0B IIEMEHTHOTO KaMHSI, OTNH
13 KOTOPBIX BEITIOJHEH 13 6€3100aBOYHOIO IIEMCHTA,
a Ipyroii — ¢ mo0aBKoii cyrepadbcopOeHTa mpu (puibTpa-
WY KUIKOCTHU Yepe3 CUCTEMY MCKYCCTBEHHBIX TPEIINH,
OBLIO 3aMEUYEHO, YTO MPU YCTAHOBUBIIECMCST PEKIME
(UIBTpaM KOJTWYICECTBO BXOMSIICH XKUIKOCTH OBLIO
pPaBHO KOJMYECTBY XUIKOCTH, TPOGUIBTPOBAHHOMN
yepe3 IeMEHTHBIM KaMeHb, He COIep KAl JOOaBKU.
[Tpu aHamOrMIHOM peXuMe (PUIBTPAIINKA BOOBI Yepe3
o0pa3zerr ¢ MOTU(UIIMPYIOIICI MOOABKOM IT0 NCTCUYCHUN
59acoB ¢ MOMEHTA HavyaJa IIPOIYCKaHUsI BOIBI IIPOIIECC
3aMeIJInIcs, yepe3 6 yacoB (UIbTPALIMS BOIbI IIOJIHO-
CTBIO TIPEKPaTUIACh.

BbIBO/IbI

PaccMmoTpeH 1 TTpoaHaau3upOBaH PSIT PEareHTOB,
00BEIMHEHHBIX B OOLLYIO TPYIITY I10 IBYM IIPU3HA-
KaM: yBeJIMUeHUe N00aBKM B 00beMe 3a CUET BOIO-
MOTJIOTUTEILHOTO MEXaHM3Ma U TTOCIIeAyIoast U30-
JISILIVS BOIOTIPUTOKA OJIOKMPOBAHUEM TTPOBOISIIINX
KaHaJIOB B pe3y/IbTaTe KPaTHOTO YBEJIMUEHUS 00beMa
MoaupuIUpyolei 100aBKU.

OTCyTCTBUE BAUSTHUS MOIU(PUIIMPYIONIEit 100aB-
KM Ha TEXHOJIOTMYECKNE CBOICTBA TAMIIOHAXKHOTO
pacTBopa 1 lieMeHTHOTro KamMHs. [1JT0THOCTh U Bec
YaCTUII T0OaBKY COpa3MePHBI YaCTUIIAM LIEMEHTHOTO
TOPOLIKA, [IOCJIE UHTETPALMU B IEMEHTHYIO CUCTEMY
XUMHWYECKN MHEPTHBI K Heil. AKTUBAIUS 100aBOK
MIPOUCXOIUT B pe3yJIbTaTe IJINTEIbHOTO U TTIePUOIH -
YeCKOTO KOHTAKTa C TPUTTEPOM, KOTOPBIM SIBJISIETCS
IJ1acToBasl Bojua, obecreuynBasi CeJIEKTUBHYIO U30-
JISILIATO BOJOTIPOBOISIIINX KaHAJIOB.

ITpMeHeHNEe TEXHOIOTUYECKOTO ITprieMa MeXaHOaK-
TUBALWU TSI YBEJIMUCHUSI CKOPOCTU TMApaTaLIU MO-
IUGULIMPYIOLINX T00ABOK U PETYJIMPOBAHUE CKOPOCTHU
MX HAOyXaHUSI JOCTUTACTCS ITOKPBITUEM BOIOITIOIJIO-
LIAIOIIIETO peareHTa B MHOTOCJIOMHBIE 00OJIOUKH.
Moaudunupyromast 1o6aBKa U3 CIIUTOTO COIIO-
ymMepa AA 00J1ajaeT MHOTOKPAaTHOCTBIO IEICTBUS,
9KOJIOTMYECKM Oe30TacHa, JOCTYITHA U HeCJIOXHA
B U3TOTOBJICHUH.

CpaBHeHUe AeUCTBUI MOIU(DULIMPYIOIINX J0OaBOK
Ha TEXHOJIOTMUECKMEe CBOMCTBA IEMEHTHOTO pac-
TBOpA U TTOJTy4aeMOT0 IIEMEHTHOTO KaMHSI TTOKa3aJIo
MPENMYIIECTBA CIIUTOTO cormonMmepa AA.
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