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WiccnepoBaHue BAUSHUSA NUPOreHHOr0 HAHOKPEMHE3eMa
Ha TENNOBbIJENIEHHE U MUKPOCTPYKTYPY LLEMEHTHOIrO KaMHS

MpuBeaeHbl pe3ynbTaTbl UCCNELOBAHNA NO ONPEAENEHNI0 KMHETUKN BbIAENEHNS TeNNa, N03BONAOLLEHA CyanTb 0 CKOPOCTM ruaparaumum
BSKYLLIEro npu ruapataunm uementa 6e3 406aBOK 1 ¢ BBefeHNeM [06ABOK CynepniacTugmkatopa u HaHOAMCNEPCHOMo Anokcuaa
KPEMHUS — HAHOKpeMHe3ema. KHeTuKy BblAeneHns Tenna npu ruaparauny LeMeHTa onpeaensinn KOCBEHHbIM METOA0M MO U3MEHEHWIO
Temnepatypbl r’uapaTHOM CUCTEMbI C NOMOLLbIO Norrepa Temnepatypbl Testo-176T4. Mpu BBeAeHMM cynepnaacTuukaTopa npoucxoant
3amefneHne nNpoLeccoB ruaparaumn LeMeHTa 3a CYeT aacopobumm J06aBKi Ha NOBEPXHOCTY LIEMEHTHOIO 3epHa, Y4TO NPensTCTByeT
JOCTYNYy XXNAKOM dhasbl. ITO NPUBOAMT K NAZEHMI0 TemMnepaTypbl MAPATUPYIOLLErocs BSXKYLLEro B NOCTUHAYKLUMOHHBIA Nepuoa
rugpataunn. Mpu BBEAEHNN HAHOKPEMHE3EMa B ONTUMalbHbIX KONNYECTBAX MPOUCXOANT COKpaLLEeHNe MHAYKLIMOHHOIO Nepuoaa
rnapataunm 3a cHeT B3aMMOAECTBMSA HAHOKPEMHE3eMa ¢ NPoAyKTamMu rifparauny LemeHTa. YCTaHOBMEHO, YTO KOMMIEKCHOe
npUMeHeHne cynepnnacTudukaTopa 1 HaHOAMCNEPCHOr0 AMOKCMAA KDEMHIS YCKOPSET NPOLECChl rapatauny LeMeHTa 3a CYeT
ancneprauuy LEMEHTHOTO 3epHa B NPUCYTCTBUM cynepnnacTudukaropa 1 B3auMofLencTBINS HaHOKPEMHE3eMa C NOPTIAHAUTOM C
06pa30BaHNeEM AONOSHMTENILHOMO KOMMYECTBA MALPOCHANKATOB KanbLus. MpuBefeHbl JaHHble 9NeKTPOHHO-MUKPOCKOMNYECKOro
aHanu3a, 40Ka3bIBalOLLNE N3MEHEHNE MUKPOCTPYKTYPbI LIEMEHTHOrO KamMHS C BBeJEHMEM J06ABOK, YTO NPUBOAUT K YNYYLLIEHNIO
(DU3MKO-MEXaHNYECKIMX XapaKTePUCTUK FMAPATHOMO KaMHS He TOMbKO B PaHHWE, HO U NMO3AHWE CPOKW TBEPAEHUS.
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Research of the Influence of Pyrogenic Nanosilica on the Heat Hydration and Cement Stone Microstructure

The article presents the results of studies to determine the kinetics of heat generation, which makes it possible to judge the rate of binder hydration during cement hydration without
additives and with the addition of superplasticizer and nanodispersed silicon dioxide — nanosilica. The kinetics of heat release during hydration of cement was determined by an indirect
method to change the hydration temperature of the system via the logger Testo-176T4 temperature. With the introduction of superplasticizer, the hydration of cement slows down due to
the adsorption of the additive on the surface of the cement grain, which prevents the access of the liquid phase. This leads to a drop in the temperature of the hydrated binder in the
post-induction period of hydration. With the introduction of nanosilica in optimal amounts, the induction period of hydration is reduced due to the interaction of nanosilica with cement
hydration products. It is shown that the combined use of superplasticizer and nanodispersed silicon dioxide accelerates cement hydration due to the dispersion of cement grain in the
presence of superplasticizer and the interaction of nanosilica with portlandite with the formation of an additional amount of calcium hydrosilicates. The data of electron microscopy anal-
ysis are presented, which prove the change in the microstructure of cement stone with the addition of additives, which leads to an improvement in the physicomechanical characteristics
of hydrated stone not only in the early but also in the later stages of hardening.
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CoBpeMeHHOE pa3BUTHE TEXHOJOIMU OSTOHOB ITOA-
pa3yMeBaeT IMOBbIlIeHE PU3UKO-MEXaHNYECKUX U DKC-
IJIyaTallMOHHBIX CBOMCTB 3a CUET PAlMOHAIIBHOIO IO~
0opa KOMIIOHEHTOB U IIPUMEHEHUSI MOAU(DULUPYIOLINX
J100aBOK, 3HAYUTELHO U3MEHSIOLINX CTPYKTYPY KOMIIO-
3uTa. Bompockl MCIOJIb30BaHUSI HAHOPAa3MEPHBIX KPEM-
He3eMCOoAepXKalluX J00aBOK B TEXHOJIOIMU LIEMEHTHBIX
OETOHOB MCCIENOBAINCh MHOIMMM aBTOopamu [1-—9].
I1pu KcnoNb30BaHUM HAHOPA3MEPHBIX J00ABOK BaXKHbI-
MU BOIPOCAMU SBJISIOTCS UX COBMECTUMOCTD IIPH IPO-
Lieccax TMapaTaluy LeMEHTa, BIUSIHUE Ha PeoJIorhye-
CKUe MToKa3aTe v LIEMEHTHOIO TeCTa U GETOHHOM CMeCH,
B3aMMOJIENCTBYUE C U3BECTHBIMU IIACTU(DULIMPYIOIITUMU

(CYPONETIBHIBIE

The modern development of concrete technology im-
plies an increase in physical, mechanical and operational
properties due to the rational selection of concrete com-
ponents and the use of modifying additives that signifi-
cantly change the structure of the composite. The use of
nanosized silica additives in cement concrete technology
has been investigated by many authors [1—9]. When using
nanoscale additives, important issues are the compatibil-
ity of additives in cement hydration processes, their effect
on the rheological performance of cement paste and con-
crete mix, interaction with known plasticizing additives
and uniform distribution over the volume of the compos-
ite [10—15].
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The following materials were used in
the studies: Portland cement (OPC) of
class CEM 1 32.5, superplasticizer (SP)
“Steinberg GROS-63 MA” based on
polycarboxylate ether polymer, pyrogenic
nano-silica (NS) “HDK Wacker”, ob-
tained by burning tetrachlorosilane (SiCl,)
in a stream of hydrogen and oxygen. The
content of amorphous silica in it is 99.8%,

Puc. 1. CD|/|3V|K0 -MexaHn4yeckume nokasaTenu LemMeHTHoro kamHs ¢ HK v CM: 1 — ML, (kOHTpOnbHbIA
— MU+HK (0,05 mac. %); 3 - NU+HK (0,1 mac. %); 4 — NU+CIM; 5 - NU+CM+HK

cocTaB); 2
(0,05 mac. %); 6 — NU+CM+HK (0,1 mac. %)

Fig. 1. Mechanical properties of cement stone with NS and SP: 7 — OPC (control composition);
2 - OPC + NS (0.05 wt. %); 3 - OPC + NS (0.1 wt. %), 4 — OPC + SP; 5 - OPC + SP + NS

(0.05 wt. %); 6 - OPC + SP + NS (0.1 wt. %)

no0aBKaMy U paBHOMEPHOE pacrpeesieHre o oobemy
koMmo3uTa [10—15].

B mpoBoaMMBIX HMCCIIEqOBaHUSIX MCIIOJIb30BAIUCH
cllemyIolMe MaTepuajbl: IMOPTIAHAIEMEHT Kiacca
LHEMI132,5H, cyneprutactudukarop (CIT) «[raitn6epr
GROS-63 MA» Ha ocHOBe mosimMepa 3dupa MmoauKap-
O6okcunatoB, nuporeHHbIil HaHOKpeMHe3eM (HK) «HDK
Wacker», mojyyaemblii B pe3yabTaTe CKMIaHUS TeTpa-
xjopcunana (SiCly) B Toke BOAOpOAa U KUCIODPOAA.
Conepxanue aMop(HOro KpeMHe3eMa B HEM COCTaBIIseT
99,8%, cpeqHuii pasMep MEPBUYHBIX YacTUIl 5—50 HM,
yenbHas MoBepxHocThb 150 M%/r.

IIpoBeneHHbIE SKCIIEPUMEHTBI MOKA3aI U3MEHEHUE
(hm3MKo-MexaHNYeCKMX IToKa3aTesieil IEeMeHTHOTO KaM-
Hs nipu monudukauuu ero HK u CIT (puc. 1).

Beenenne HK B konmmuectse 0,05 Mac. % NpUBOIUT K
MOBBILIEHNIO IPOYHOCTH MPU CKATUU LIEMEHTHOTO KaM-
Hs Ha 25% B Bospacre 2 cyT u Ha 10% B Bo3pacrte 28 cyT
tBepaeHus. [1pu coBMecTHOM ncnoyib3oBaHuu CITu HK
HabII0JaeTcsl HeOOMbIIOe CHIKeHUE (PU3NKO-MEXaHU-
YeCKUX ToKa3zaTesield B HayajbHbIE CPOKU TBEPICHUSI,
CBSI3aHHOE C JCCTBUEM cynepruiacTiugrKaTopa, 1 I10-
BBILIIEHKE ITPOYHOCTHU IIpU cxkaTuu Ha 25—30% B Bo3pac-
Te 28 CyT TBepIeHUS.

WUsmeHeHns (pU3MKo-MeXaHMYECKUX IoKa3aTesei
MOANMDUIIMPOBAHHOTO 1IEMEHTHOTO KaMHSI TTPOUCXOMISIT
3a cyeT akTuBHoro BiausiHUSI HK u CIT Ha mpoieccs,
MIPOTEKAOIINEe B IEMEHTHBIX CHUCTEMaxX Ha HAJaJIbHBIX
CTaaMsIX TUAPATALIMU U TBEPACHUS. DTH IPOLIECCH MOX-
HO OLICHUTb I10 BeJIMYMHE TEILIOBBIICIEHNUS LIEMEHTHOTO
tecta [16—18]. MccneqoBaHus TeMIepaTyphl IIpY rUapa-
TalMK LIEMEHTa ¢ HAHOKPEMHE3eMOM U CyrepIuiacTudu-
KaTOpOM Ha OCHOBE MoJimMepa 3¢hupa moJuKapooKcHIa-
Ta MOKa3ajJiy 3HAYUTEIbHbBIC CMEIEeHUs BPEMEHU 1 WH-
TEHCUBHOCTH IMMKOB TEMIIEPaTyphI (pHC. 2).

M3BecTHO, YTO B HaYaJIbHbIE CPOKU TUAPATALIVU 1Ie-
MEHTa MOXHO BBIICJIUTh HECKOJIBKO ITEPHUOIOB: IIPESIMH -
IYKUIVNOHHBIN, WHAYKUMOHHBI W TOCTUHIYKIIMOH-
Hbli [16]. B npeinHIyKIMOHHBIN epuo coctaBbl ¢ HK
u CII nmoka3bIBaloT UHTEHCHUBHOE ITOBBILICHKUE TEMITEPa-
Typbl Tipu ruapatauuu — a0 30—35°C, 4uro cBsI3aHO C
Jle3arperanmeil YacTuIl IeMeHTa 3a CYET CTepPUYECKOTO
apdekra CII 1 o6pa3zoBaHUsI JOTIOJHUTEIHLHOMN peaKiy-
OHHOAKTMBHOU TMOBEPXHOCTH 1IEMEHTa, C KOTOPOMl aK-
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the average size of the primary particles is
5—50 nm, the specific surface is 150 m?/g.

The experiments showed a change in
the physicomechanical parameters of ce-
ment stone during the modification of its
NS and SP (Fig. 1).

The introduction of NS in the amount
of 0.05 wt. % leads to an increase in compressive strength
of cement stone by 25% at the age of 2 days, and by 10%
in 28 days of hardening. With the joint use of SP and NS,
there is a slight decrease in physical and mechanical prop-
erties in the initial stages of hardening, associated with the
action of superplasticizer and an increase in compressive
strength by 25—30% at the age of 28 days of hardening.

Changes in the mechanical parameters of modified ce-
ment stone occur due to the active influence of NS and SP
on the processes occurring in cement systems at the initial
stages of hydration and hardening. These processes can be
estimated by the heat release of the cement paste [16—18].
The temperature studies during hydration of cement with
nanosilica and a superplasticizer based on a polycarboxyl-
ate ether polymer showed significant shifts in the time and
intensity of temperature peaks (Fig. 2).

It is known that in the initial periods of cement hydra-
tion, several periods can be distinguished: pre-induction,
induction and post-induction [16]. In the pre-induction
period, compositions with NS and SP show an intensive
increase in temperature during hydration to 30—35°C,
which is associated with the disaggregation of cement par-
ticles due to the steric effect of SP and the formation of an
additional reactive cement surface with which NS actively
interacts, leading to an increase in the amount of hydro-
silicate gel. It should be noted that in compositions with-
out a SP the maximum temperature values in the pre-in-
duction period do not differ significantly, while with the
combined use of NS and SP, the temperature difference is
more significant. This confirms the assumption of cement
disaggregation by superplasticizer and active cement hy-
dration with the introduction of NS.

Significant changes in the considered compounds oc-
cur in the induction and post-induction periods. For
compositions with SP, the hydration process slows down,
which is explained by the adsorption of SP on the cement
surface, leading to isolation from water. The presence on
the cement surface of adsorbed shells of polymer chains of
superplasticizer leads to a decrease in the formation of
Ca?" jons in the liquid phase of the cement paste. In com-
positions without SP, with an increase in the content of
NS to 0.1 wt. %, an increase in the time of the induction
period and a decrease in the maximum temperature by

Qraw EIIBHBI

lu

aneaps-gpespans 2020 VIAVERVRVIBIR



To realization of the XII International conference «Nano-technology for green
and sustainable construction», 27—31 March, Sharm El Sheikh, Egypt

TUBHO B3aumoaeicTByeT HK, mpuBoas K
MMOBBIIICHUIO KOJUYECTBA TUAPOCHUIIN-
KaTtHOro Teiiss. CTOUT OTMETHUTh, UTO B
cocrapax 6e3 CI1 3HaueHUsT MaKCUMaJlb-
HO# TeMIIepaTypbl B IPCAMHIYKIIMOH-
HBII MEepUON 3HAYUTEIbHO HE OTJIMYa-
I0TCS, B TO BpeMsI KaK IMPU KOMILIEKCHOM
ucnoyb3oBaHuu HK u CII paznuua B
TeMmIiepaType 0oJjiee 3HaYUTeIbHAsA. DTO
IMOATBEPKIAET TIPEIAIIONOXKEHNE O Ie3-
arperaluy lieMeHTa cynepruiacTuduka-
TOPOM UM aKTUBHOM rapaTalliy LIeMEHTA
npu BBeaeHun HK.

3HauyuTeIbHBIC U3MEHEHUS B paccMa-
TPUBAEMBIX COCTaBaX ITPOMCXOAAT B MH-
JYKLIMOHHBIM U TIOCTUHIYKIIMOHHBIN T1e-
puonsl. st coctaBoB ¢ CIT Habmomaercst
3aMeJIeHre TIpollecca THApaTalfu, 4TO
oobsicHseTcs anmcopbuueit CIT Ha mo-
BEpPXHOCTH IIEeMEHTA, IIPUBOISIIEH K 30~
JISIIMK OT Boabl. Hamuuue Ha moBepxHO-
CTU IIEMEHTa aJCcopOMPOBAHHBIX 000JIO-
YeK U3 IMOJMMEPHBIX LIeTei cymnepruia-
cTiuUKaTOpa MPUBOAUT K CHIKEHUIO 00-
pasoBanust moHoB Ca’" B xuukoii (ase
eMeHTHOTo Tecta. B cocraBax 6e3 CII
npu yseaudeHuun conaepxaHuss HK no
0,1 mac. % HaGmogaeTcsl yBeJIUYCHUE
BpeMEHM WHAYKIIMOHHOTO ITIeproga |
CHIKEHUE MaKCHUMAaJIbHON TeMIlepaTyphl
Ha 5—10°C. D10 TOBOPHUT O TaK Ha3bIBac-

MOM «OTpaBJI€HUU» CUCTEMbI, KOTJa BbICOKAasi KOHIIEHTpa-
st HK aktmiBHO B3aMMOJEHCTBYET C MOBEPXHOCTHIO 11e-
MEHTa U OJIOKUPYET ee, 3aMeIsisl MPOLECC ITMapaTaluu.

Ecnu pacecmatpusath coctaB ¢ CITu HK (0,1 mac. %),
TO BUIHO, YTO WHAYKIIMOHHBIN TEPUOI ITPOXOAUT ObI-
crpee, ueM B coctaBe ¢ CIT u HK (0,05 mac. %). Dro,
IMO-BUANMOMY, CBSI3aHO C aIicopOImeii cymepruracTudu-
katopa u Ha yactunax HK, 4To cka3piBaeTcs Ha MeHb-

1Ieit GJIOKMPOBKE YaCTHUIL LIEMEHTA.

HMHTeHCcMUKAIMs TIPOIIECCOB THIpATallii B ITOCT-
WHAYKLMOHHBIN Mepuod B OOJbllIeil Mepe MPOsIBIISIETCS
Jutst coctaBoB ¢ cogepxxanrem HK 0,05 mac. %, raoe Ha-
OyirofaeTcsl MOBBIIIEHUE MaKCUMAaJbHOM TeMIlepaTyphbl
Ha 5—7°C 1o cpaBHEHMIO C KOHTPOJIBHBIMU COCTaBaMMU.

M3MeHeHrs KMHETUKU TMApaTalMyd B HavajlbHbIE
cpoku TBepaeHus npu BBemeHuu B nemeHT HK m CII
MMOATBEPXKIAOTCI W3MEHEHHEM MUKPOCTPYKTYPHI IIe-
MeHTHoro kamHs (LIKIT «IIporpecc» BCIYTY, puc. 3).

IMpu BBenenun HK u CI1 Ha 1MOBEpXHOCTH LIEMEHT-
HOro KaMHsI HabJrogaeTcst 0oJibliiee KOJIMYeCTBO 00pa3o-
BaHHBIX THAPOCWINKATOB KAaJbLMS B BUAE WTOJHYATHIX
KPUCTAJUIOB, 00pa3yIoIIUX IUTOTHBI MPOCTPAHCTBEHHBIN
Kapkac. B KOHTpOJIbHOM XK€ COCTaBe HAJIMUME TMAPOCH-
JINKATOB KaJbIIUS Ha TOBEPXHOCTH MEHEE BBIPAKEHO.

BriBoanbI

B pe3yabTaTe IMPOBECACHHBIX UCCJIEIOBAHUA MOXHO

cIeNaTh CJICAYIONINE BEIBOIBI:
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Puc. 2. Temnepatypa npu rugpataunm nopTNaHALEMEHTA C HAHOKPEMHE3EMOM U CyNepniacTu-
dukatopom: 1 — ML, (koHTponbHbIi cocTas); 2 — MU+HK (0,05 mac. %); 3 — MU+HK (0,1 mac. %);
4 - Nu+Cn; 5 - NU+CN+HK (0,05 mac. %); 6 — MU+CMN+HK (0,1 mac. %)

Fig. 2. Temperature during hydration of Portland cement with nanosilica and superplasticizer:
1 - OPC (control composition); 2 - OPC + NS (0.05 wt. %); 3 - OPC + NS (0.1 wt. %); 4 - OPC + SP;
5—-0PC + SP + NS (0.05 wt. %); 6 — OPC + SP + NS (0.1 wt. %)

Puc. 3. MyKpoCTpyKTypa LEeMEHTHOro kaMHs nocne 28 cyt TBepaeHus: a — ML (KOHTPONbHBbIN
coctas); b - NU+CM+HK (0,05 mac. %)

Fig. 3. The microstructure of cement stone after 28 days of hardening: a - OPC (control
composition); b — OPC + SP + NS (0.05 wt. %)

5—10°C are observed. This indicates the so-called “poi-
soning” of the system, when a high concentration of NS
actively interacts with the cement surface and blocks it,
slowing down the hydration process. If we consider the
composition with SP and NS (0.1 wt. %) it can be seen
that the induction period passes faster than in the compo-
sition with SP and NS (0.05 wt. %). This, apparently, is
associated with the adsorption of superplasticizer on NS
particles, which affects less blocking of cement particles.
The intensification of hydration processes in the post-in-
duction period is manifested to a greater extent for com-
positions with an NK content of 0.05 wt. %, where an in-
crease in the maximum temperature by 5—7°C is observed
in comparison with the control compositions.

Changes in the kinetics of hydration in the initial
stages of hardening when NS and SP are introduced into
cement are confirmed by a change in the microstructure
of cement stone (Center “Progress” VSGUTU, Fig. 3).

With the introduction of NS and SP on the surface of
the cement stone, a greater amount of formed calcium
hydrosilicates in the form of needle crystals, forming a
dense spatial frame, is observed. In the control composi-
tion, the presence of calcium hydrosilicates on the surface
is less pronounced.

Conclusions
As a result of the research, the following conclusions
can be drawn:
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— BBegeHrue HK u CIT npuBoaut K yaydylueHuIo ¢pu-
3MKO-MEXaHMYECKUX CBOMCTB ILIEMEHTa, IpUYeM IpHU
COBMECTHOM WX BBeleHUM 3((HEKT YBEIIMUCHUS ITPOU-
HOCTH GoJiee BhIpakeHHbIN (25—30%);

— MCCJICIOBAHNE TETUIOBBIICICHUS B IPEIMHIYKIIM -
OHHBI TTEPUOJ TOKA3aJI0 MHTEHCU(DUKALIUIO TTPOLIECCOB
rugpatanuu nipu BBenennn HK u CII, yto cBsIzaHO C
Je3arperalMeil 4acTull LIEMEeHTa CyIepruiacTuduKaTo-
POM M aKTUBHOI ruapaTtauueii neMeHnra ¢ HK. B unayk-
IIMOHHBIN TIepUa IIPOUCXOAUT 3aMeIJIcHUe IIpollecca
rugpataiuu ajist coctaBoB ¢ CIT. B mocTMHAYKUMOHHBIM
MIePUO. IIPOUCXOOUT 3HAUYUTEIPHOE YBEIIMICHUE TeMIIe-
paTypHl TIpY THApaTalny IieMeHTa Tipy BBegeHun HK B
kosmuectse 0,05 mac. %;

— TIPOBEICHHBIN 3JIEKTPOHHO-MUKPOCKOITNYECKUIA
aHaJIU3 TMOBEPXHOCTU LIEMEHTHOI'O KaMHS TOKa3bIBaeT
KoMIUIeKCHbI MexaHu3M Bosueiicteusga HK u CII Ha
CTPYKTYpOOOpa3oBaHWEe IIEMEHTAa, 3aKITIOYAIOIINICS B
VIIYYILICHUM €70 MUKPOCTPYKTYPHI.
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— the introduction of NS and SP leads to an improve-
ment in the mechanical properties of cement, and when
combined, the effect of increasing strength is more pro-
nounced (25-30%);

— a study of heat release in the pre-induction period
showed an intensification of hydration processes with the
introduction of NS and SP, which is associated with the
disaggregation of cement particles by superplasticizer and
active hydration of cement with NS. In the induction pe-
riod, the hydration process slows down for compounds
with SP. In the post-induction period, a significant in-
crease in temperature occurs during cement hydration
with the introduction of NS in the amount of 0.05 wt. %;

— electron microscopic analysis of the surface of the
cement stone proves the complex mechanism of the influ-
ence of NS and SP on the structure formation of cement,
which consists in improving its microstructure.

References

1. Chernyshov E.M., Artamonova O.V., Slavcheva G.S.
Applied nanotechnological tasks of increasing the ef-
ficiency of cement concrete hardening processes.
Nanotekhnologii v stroitel’stve: scientific Internet-
journal. 2017. No. 1, pp. 25—41. (In Russian).

2. Korolev E.V. Nanotechnology in building materials
science. Analysis of status and achievements. Ways of
development. Stroitel’nye Materialy [Construction
Materials]. 2014. No. 11, pp. 47—79. (In Russian).

3. Khozin V.G., Khokhryakov O.V., Nizamov R.K.,
Kashapov R.R., Baishev D.I. Experience of nano-
modification of low water demand cements.
Promyshlennoe i grazhdanskoe stroitel’stvo. 2018.
No. 1, pp. 53—57. (In Russian).

4. Tyukavkina V.V., Kasikov A.G., Gurevich B.IL.
Structure formation of cement stone modified with
additive of nano-disperse silicon dioxide. Stroitel ‘nye
Materialy [Construction Materials]. 2018. No. 11,
pp. 31-35. DOI: https://doi.org/10.31659/0585-
430X-2018-765-11-31-35 (In Russian).

5. Sorvacheva Yu.A. The effect of nano-silica on the ki-
netics of alkaline corrosion of concrete. Izvestija
Peterburgskogo universiteta putej soobshhenija. 2014.
No. 2 (39), pp. 118—123. (In Russian).

6. Flores Y.C., Cordeiro G.C., Toledo Filho R.D. and
Tavares L.M. Performance of Portland cement
pastes containing nano-silica and different types of
silica. Construction and Building Materials. 2017.
146, pp. 524-530. DOI: 10.1016/j.conbuild-
mat.2017.04.069

7. Khrustalev B.M., Leonovich S.N., Yakovlev G.I.,
Polyansky 1.S., Lahaene O., Eberhardsteiner J.,
Skripkiunas G., Pudov I.A., Karpova E.A. Structural
modification of neoplasms in a cement matrix using a
dispersion of carbon nanotubes and nanosilica. Nauka
itehnika.2017.Vol. 16. No. 2, pp. 93—103. (In Russian).

8. Potapov V.V., Grushevskaya E.N., Leonovich S.N.
Modification of materials on the basis of cement
with hydrothermal nano-silica. Stroitel’nye Mate-

(IR OVIENIBIDIE

aneaps-gespans 2020 VIAYERVAVIBIR



To realization of the XII International conference «Nano-technology for green
and sustainable construction», 27—31 March, Sharm El Sheikh, Egypt

8. Iloranos B.B., I'pymesckas E.H., JleonoBuu C.H.
MomudunmpoBaHue THUIPOTEPMAJIbHBIM HAHOKpPEM-
HEe3eMOM MaTepHaJioB Ha OCHOBe LieMeHTa // Cmpou-
menvHbie mamepuanst. 2017. Ne 7. C. 4—9. DOI: https://
doi.org/10.31659/0585-430X-2017-750-7-4-9

9. Rai S., Tiwari S. Nano silica in cement hydration //
Materials Today: Proceedings. 2018. Vol. 5 Iss. 3,
pp. 9196-9202. https://doi.org/10.1016/j.
matpr.2017.10.044

10. Yepasrmmos E.M., ApramonoBa O.B. Konnenmun u
OCHOBaHMsI TEXHOJIOTM HaHOMOIWGUIIUPOBAHMS
CTPYKTYP CTPOMTEIBHBIX KoMITo3uToB. Y. 7. 3akimo-
YUTeNIbHAS: aKTyaJTbHOE 00001eHNe // CmpoumenvHole
mamepuanst. 2019. Ne 11. C. 3—14. DOI: https://doi.
org/10.31659/0585-430X-2019-776-11-3-14

11. Kanpuenos C.C., Illeitndensa A.B., Kapaymsau I'.C.,
Yumua U.A. O mogbope cocTaBOB BEICOKOKAYECTBEH-
HBIX OETOHOB C OpPraHOMWHEPAJIbHBIMU MOIM(UKA-
topamu // CmpoumenvHvie mamepuanst. 2017. No 12.
C. 58-63.

12. Kanpuenos C.C., lleiindensn A.B., Jonaykos B.T.
LemeHTbl ¥ 100aBKU [JIsI IIPOM3BOACTBA BBICOKO-
MPOYHBIX OeTOHOB // CmpoumenvHble mamepuansl.
2017. Ne 11. C. 4-10.

13. AxosneB I''U., Apoxutka P., IlepBywmun I''H., I'pa-
xoB B.I1., Caupnosa 3.C., 'opaouna A.@., llaii6amy-
muHa A.B., TlymoB M.A., Dnbpedan A.D.M.M.
Menko3epHUCTBINN ~ O€TOH, MOIMPULMPOBAH-
HbIA CYCIIEH3UEU XPUIOTUJIOBBIX HAHOBOJO-
KOoH // Cmpoumenvhvie mamepuansi. 2019. No 1-2.
C. 4-10. DOI: https://doi.org/10.31659/0585-
430X-2019-767-1-2-4-10

14. KocmaueB I1.B., JdembsinHenko O.B., Bmacos B.A.,
Konmanuma H.O., Ckpunnmkoa H.K. Kommo3n-
LIMOHHBIE MaTepHUaJIbl HA OCHOBE IIeMeHTa C HAHOIM -
CIEPCHBIM TUOKCUIOM KpeMHus // Becmuuk Tomcko-
20 20CY0apCMBEHHO20 APXUMEKMYPHO-CIMPOUMENbHO20
yHusepcumema. 2017. Ne 4 (63). C. 139—146.

15.Zhang B., Tan H., Shen W., Xu G., Ma B. and Ji X.
Nano-silica and silica fume modified cement mortar
used as Surface Protection Material to enhance the
impermeability // Cement and Concrete Composites.
2018. Vol. 92, pp. 7—17. https://doi.org/10.1016/j.
cemconcomp.2018.05.012

16. Muemnos-Ilerpocsan O.I1., Ymepos-Mapmak A.B.,
Vpxenko A.M. TeruioBbiaeneHe TpU TBEPACHUU
BSDKYIIMX BellecTB U 6eToHa. M.: Ctpoiiuzaat, 1984.
224 c.

17. YmepoB-Mapmak A.B., Kabycs A.B. ®DyHkmmo-
HaJIbHO-KMHETUYECKUIA aHAJIU3 BIMSHUS 100aBOK Ha
TBepAeHue LieMeHTOB // Heopeanuueckue mamepuanoi.
2016. T. 52. Ne 4. C. 479—484.

18. UBanos U.M., MatseeB /I.B., OpioB A.A., Kpa-
map JI.A. BausiHue BOOOLIEMEHTHOTO OTHOLIEHUS U
CyIepIrIacTU(UKATOPOB Ha IPOLIECCHI TEIIOBbIACIIC-
HUSI, TUApaTallii U TBEPAEHUS LieMeHTa // Becmuuk
FOoicno-Ypansckoeo eocyoapcmeentoeo yHusepcumema.
Cep. Cmpoumenvcmeo u apxumexmypa. 2017. T. 17.
Ne 2. C. 42—49. DOI: 10.14529/build170206

rialy [Construction Materials]. 2017. No. 7,
pp. 4-9. DOI: https://doi.org/10.31659/0585-
430X-2017-750-7-4-9 (In Russian).

9. Rai S., Tiwari S. Nano silica in cement hydration.

Materials Today: Proceedings. 2018. Vol. 5 Iss. 3,
pp. 9196-9202. https://doi.org/10.1016/j.mat-
pr.2017.10.044

10. Chernyshov E.M., Artamonova O.V. Concept and
bases of technologies of nano-modification of building
composites structures. Part 7. Final: Actual
Generalization. Stroitel'nye Materialy [Construction
Materials]. 2019. No. 11, pp. 3—14. (In Russian).
DOI: https://doi.org/10.31659/0585-
430X-2019-776-11-3-14

11. Kaprielov S.S., Sheinfeld A.V., Kardumyan G.S.,
Chilin I.A. About selection of compositions of high-
quality concretes with organic-mineral modifiers.
Stroitel’nye Materialy [Construction Materials]. 2017.
No. 12, pp. 58—63. (In Russian).

12. Kaprielov S.S., Sheinfeld A.V., Dondukov V.G.
Cements and additives for producing high-strength
concretes. Stroitel’nye Materialy [Construction
Materials]. 2017. No. 11, pp. 4—10. (In Russian).

13.Yakovlev G.I., Drochytka R., Pervushin G.N.,
Grakhov V.P., Saidova Z.S., Gordina A.F.,
Shaybadullina A.V., Pudov 1.A., Elrefaci A.E.M.M.
Fine-grained concrete modified with a suspension
of chrysotile nanofibers. Stroitel’nye Materialy
[Construction Materials]. 2019. No. 1-2,
pp. 4—10. DOI: https://doi.org/10.31659/0585-
430X-2019-767-1-2-4-10 (In Russian).

14. Kosmachev P.V., Demyanenko O.V., Vlasov V.A.,
Kopanitsa N.O., Skripnikova N.K. Composite mate-
rials based on cement with nanosized silica // Vestnik
Tomskogo gosudarstvennogo arhitekturno-stroitel ‘nogo
universiteta. 2017. No. 4 (63), pp. 139-—146.
(In Russian).

15.Zhang B., Tan H., Shen W., Xu G., Ma B. and Ji X.
Nano-silica and silica fume modified cement mortar
used as Surface Protection Material to enhance the
impermeability. Cement and Concrete Composites.
2018. Vol. 92, pp. 7—17. https://doi.org/10.1016/].
cemconcomp.2018.05.012

16. Mchedlov-Petrosyan O.P., Usherov-Marshak A.V.,
Urzhenko A.M. Teplovydelenie pri tverdenii vjazhush-
hih veshhestv i betona [Heat release during hardening
of binders and concrete]. Moscow: Stroyizdat, 1984.
224 p. (In Russian).

17. Usherov-Marshak A.V., Kabus A.V. Functional-
kinetic analysis of the effect of additives on cement
hardening. Neorganicheskie materialy. 2016. Vol. 52.
No. 4, pp. 479—484. (In Russian).

18. Ivanov I.M., Matveev D.V., Orlov A A., Kramar L.Ya.
Effect of water-cement ratio and superplasticizers on
the processes of heat release, hydration and hardening
of cement. Vestnik Juzhno-Ural skogo gosudarstvenno-
go universiteta. Serija «Stroitel stvo i arhitektura». 2017.
Vol. 17. No. 2, pp. 42—49. DOI: 10.14529/build 170206
(In Russian).

HayuHO-mexXHU4ecKuil U NPOU3800CMBEeHHbIIL HCYPHAN

ﬁfmyrrznaﬂmz

/| BYERVIAYIDIN Aaneaps-gespans 2020



K nposeaennio XII MexaynapoaHoii koHepenunn «HaHOTeXHOJIOTHHA 114 IKOJIOTHIECKH
YHCTOT0 H YCTOHYHBOIO CTPOUTENBCTBA», 27—31 maprta, Illapm-Dan-Illeiix, Eruner

VAK 691.3
DOI: https://doi.org/10.31659,/0585-430X-2020-778-1-2-8-15

H.M. IYKYTUOBA, g-p TexH. Hayk (natluk58@mail.ru), P.A. EOPEMOYKWH, Marnctp TEXHNKM 1 TEXHONOMN
no HanpaBneHuto NoaAroToBkK «CTponTENbCTBO» (ramzez32@yandex.ru),
O.N. BOPCVYK, nHxeHep (liz.tumanova2014@yandex.ru), C.H. TOJTOBUVH, 6akanasp (s.n.golovin@mail.ru)

BpsHCckuIi rocynapCTBEHHbIN MHXEHEPHO-TEXHONOIMYECKMA yHUBEepcuTeT (241037, r. BpsaHck, np-T Ctanke Qumntposa, 3)

doTOKaATANUTNYECKN aKTUBHbBIN

CaMOOYMLLAOLLMIACA MENKO3EPHUCTDIH OETOH

MpuBeaeHbl pe3ynbraTbl OLEHKN CNOCOBGHOCTU Menko3epHucToro 6etoHa (M36) ¢ fo6aBkoit MOAUMUUMPOBAHHOTO ANOKCKAA TUTaHA
(aHaTas) K camOO4MLLEHN0, OCHOBAHHOMY HA OKMCIIUTENbHO-BOCCTAHOBUTESbHBIX PEAKLMAX PA3NOXEHNA 1 YOANEHUs 3arpA3HAIOLLIMX
BELLIECTB. PACCMOTpPEHbI Pa3ninyHbIe BapMaHThl BBEEHNUS A06aBKIN MOAMMULMPOBAHHOMO aHaTa3a B coctas M3b u otgenoyHoro cnos.

B cootetcTBum ¢ meTogmkoii FOCT P 57255-2016 onpeeneHbl 3Ha4eHUs KOHTAKTHOMO yrna cMaqnsanns (KYC) menko3epHUCTOro 6eToHa
6e3 n06aBku, ¢ 06aBKON, BBOAUMON B cocTaB M3b 1 0TAEN0YHOro Cos, a TakKe HAHOCKUMOWN Ha NOBEPXHOCTb OTAENIOYHOIO NOKPbITHS.
YCcTaHOBMEHbI TPU NEPUOA M3MEHEHUS! KOHTAKTHOIO Yria cMadnBaHus. [epBbiii Nepuof XapakTepuayeTcs UHTEHCUBHBLIM CHKeHnem KYC.
Hanbonee 3Ha4MTENbHOE €r0 YMEHbLLEHWE NPOUCXoaunT B nepeble 30 MuUH Bo3aeicTBua YPD-n3nyyeHus, a aanee npoLecc 3ameansercs
(BTOpOIt MEpNOAL) W CTabURM3UPYeTCs (TPETUiA nepuop). KOHTaKTHBIA Yron CMaunBaHNs CHXKAETCS [0 3Ha4eHuii MeHee 5° 3a 60 MUH
Bo3zeicTBua YO-nanydeHus. Takoii 9d)dhekT JOCTUraeTCs 3a CYET CofiepXKaHns MoAUGMLMPOBAHHBIX HAHOYACTML, aHaTa3a pa3mepamm
meHee 90 HM. [oka3aHa 3DheKTMBHOCTb MOBEPXHOCTHOMO HAHECEHUS 06aBKM MOANCMLMPOBAHHOIO aHaTa3a no CPaBHEHMIO C 06bEMHbIM
ero cofepxaHunem. KoHTaKTHbIil yron cmaunBaHus Yepe3 30 MiH Bo3aencTBuUs YD-13nyyeHns ymeHbluaetcs ot 53,4° 1o 5,1°, B To Bpemst
KaK ans 06pasLos, B KOTopbIX TiO, BXOAUT TONLKO B COCTaBE OTAEN04HOr0 10, KYC N3MEHSIETCS B MEHbLLEN CTeneHu.

KnioyeBble cnosa: hoToOKaTaNIMTUYECKAA aKTUBHOCTb, CAMOOYULLEHNE, MENKO3EPHUCTBIA 6ETOH, MOLMMULMPOBAHHDI aHaTas,

KOHTAKTHbIiA Yron cMa4uBaHus.
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Photocatalytic Self-Cleaning Fine-Grained Concrete

The results of evaluating the ability of fine-grained concrete (FGC) modified with titanium dioxide (anatase) to self-cleaning, based on oxidation-reduction reaction of decomposition and

removal of pollutants, are given. Different variants of introducing the modified anatase additive into the FGC composition and the finish surface are considered. According to the method-
ology of GOST R 57255-2016, the values of the contact wetting angle (CWA) of fine-grained concrete without an additive, with an additive into the FGC and the finishing layer, as well as
on the surface of the finishing coating are defined. Three variation periods of the contact wetting angle are recorded. The first period is characterized by an intense decrease in the CWA.
The most significant reduction occurs during the first 30 minutes of UV radiation exposure, then the process slows down (the second period), and stabilizes (the third period). The con-

tact wetting angle is reduced to less than 5° within 60 minutes of UV radiation exposure. This effect is achieved due to the modified anatase nanoparticles of less than 90 nm. The effec-
tiveness of surface application of the modified anatase additive in comparison with its volume content is shown. The contact wetting angle decreases from 53.4° to 5.1° after 30 minutes

of UV radiation exposure. At that, the CWA in the samples with Ti0, as a part of the finishing layer changes to a lesser extent.

Keywords: photocatalytic activity, self-cleaning, fine-grained concrete, modified anatase, contact wetting angle.
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K OCHOBHBIM MCTOYHMKAM 3arpsI3HEHMI B TOPOJ-
CKOIf YepTe OTHOCSTCS BBIOPOCHI B aTMOchepy TaKux
BEIIECTB, KaK AUOKCUIBI yIiaepoaa, Cephl, a30T, JeTy-
yye OpraHM4YecKHUe COCAMHEHMSI, KOTOPbIE OCaXAasiCh
Ha IMMOBEPXHOCTHU CTPOUTEIBHBIX KOHCTPYKIIMI B ITOpax
U MUKPOTpPEIIMHAX OTACIOYHBIX MaTepUaloB, yXyalla-
IOT 3KCIUTyaTallMOHHbBIE U 3CTETUYECKKE CBOiCcTBa (da-
CalloB 3MaHUI U COOPYXKEHUI, YTO IPUBOAUT K YBEIU-
YEHHUIO 00beMa U CTOMMOCTH PEMOHTHO-BOCCTaHOBM-
TEJbHBIX paboT.

OmHUM M3 TIyTel pelIeHnsT JaHHOM MPOoOJIEeMBI SIBJISI-
eTCs MCIOJIb30BaHKE (HOTOKATAIUTUYECKUA AKTHBHBIX

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

The emissions of harmful substances by stationary and
mobile sources are the main pollution sources in the ur-
ban area. Depositing on the surface of buildings in the
pores and microcracks of finishing materials, sulfur diox-
ide, nitrogen oxides, carbon, and volatile organic com-
pounds form clogging, reducing the performance and
aesthetic properties of building facades. This leads to a
sharp increase in the volume and cost of repair and resto-
ration work.

One of the solutions to this problem is application of
photocatalytic self-cleaning concrete. It makes possible
not only to reduce clogging of structures and improve the
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CaMOOYMIIIAIOIIMXCSI MaTepualioB, KOTOPble HE TOJbKO
MMO3BOJISIIOT CHU3UTHb YPOBEHb 3arpsi3HEHUSI KOHCTPYK-
LW, YAYYIIUTh 3KOJIOTUIECKYI0 OOCTAaHOBKY, HO U CO-
XPAHUTh 3CTCTUYECKUN BUI 3NAHUN U COOPYKCHHUI HaA
BecCh Iepuos akcruryaTanumu [1—-3].

Juvokcua ThTaHa, 00Jamasi BBICOKOH XUMMYECKOM
CTaOMJIBHOCTBhIO M HU3KOM CTOMMOCTBIO, OTHOCUTCS K
3¢ GHEKTUBHBEIM KOMITOHEHTAM IS TIOJIYIeHUST MaTepra-
JIOB ¢ (DOTOKATAIUTUYECKUMU CBoMcTBamMu [4—6].
B mpucyrcTBuuM cBeTa, 1 B YaCTHOCTH YIbTpadmoseTo-
Boro usnydyeHus, TiO, crnocobeH ycKOpSTb peakuuu
paavKaJbHOTO pacriaja OPraHWYeCKUX COCTUHEHUN.
Ecnu HaHOKpUCTANIMYECKUI TMOKCUI TUTAaHA Haxo-
IHUTCSI B cpelie, CoaepKalleil KMCI0POI, BOLY U OpraHM-
YecKue 3arpsi3HeHMS, TO TIOJT IeiCTBMEM CBETa C IJTMHOM
BoJIHBI MeHee 380 HM 1 Heprueii ¢oToHOoB Oonee 3,2 5B
Ha ero MoBepXHOCTU OyaeT MpPOUCXOAUTH Tpolecc (po-
TOKATaJUTUYECKOIO OKHUCJIECHUSI OPraHUYECKUX COEIM-
HeHuit [7].

IIpn momamaHny Ha 4YacTHIy (PoTOKaTaIM3aTopa
KBAaHTA CBETA C SHEPIrUei, MPEBhIIAIOIICA BEIUYNHY 3a-
TIPEIEHHOMN 30HBI, 3JIEKTPOH M3 BAJICHTHON 30HBI TTepe-
XOJUT B 30HY MPOBOAUMOCTHU. YeM OoJiblile HMIMprHa 3a-
MIPEIIeHHO 30HbI, TEM MEHEE BEPOSITCH 3TOT IEPEXO]I.

OaHUM U3 HanboJiee BaXKHbBIX MPOLEeCcCOB (hoTopeak-
LM gBasgeTcs GOToaKTUBALUS, T. €. 0Opa3oBaHUE Iap
BJIEKTPOH—ABIpKA. B pesynbTaTe TOIJIOMIEHUS CBeTa
JMOKCUIOM THUTaHA MOcCje 00pa3oBaHUs 3JIEKTPOHHO-
IBIPOYHON Maphl IPOMCXOISIT TAaKME IIPOIECCHI, KakK
Iuddy3us 3JEKTPOHOB U ABIPOK K IMOBEPXHOCTH MOJY-
IMPOBOIHNKA; 00beMHAasI peKOMOMHAIIUS 3JICKTPOHOB U
IBIPOK; IIOBEPXHOCTHAS PEKOMOWHAIIMS; peaKINU
3JICKTPOHOB U ABIPOK C aICOPOMPOBAHHBIM BEIIECTBOM.
O6pa3oBaBIIrecsT JIEKTPOH U IBIPKA MOTYT MUTPUPO-
BaTb K IOBEPXHOCTHU U BBUIY X YPE3BbIYAHON peaKIy-
OHHOM CIOCOOHOCTM NPUHUMATh yYacTHE B OKHUCIIH-
TeJIbHO-BOCCTAaHOBUTEJIBHBIX Tpolieccax ¢ aacoponpo-
BaHHBIMM coenuHeHMsIMU [8, 9]. OOpasywliuecs npu
STUX PEeaKIUIX CYIIEPOKCHA W TUAPOKCUI PaguKallbl
SIBJISIIOTCSL YpE3BbIYaifHO aKTUBHBIMU OKHCJIUTEIbHBIMU
YacTUIIAMU, CIIOCOOHBIMU OKUCIISITH JIFOOBIC OpraHmde-
CKHM€ MOJIEKYJIbl, HaXOISIIMecs B HEIMOCPEICTBEHHOM
6suzoctu ot Hux 10 CO, u H,0.

W3BecTHO, UTO B OOJBIIMHCTBE CIy4aeB JMOKCUI,
THTaHA B (DA30BOM COCTOSTHMU aHATa3 IPOSIBIISICT OOJIb-
LIYI0O aKTUBHOCTb, YEM APYTHE OJTMMOP(HBIE €r0 MOAU-
¢ukanun [10], yTo 0OBSACHSIETCST OOJIee BHICOKUM pac-
MoJIoKeHueM ypoBHSI DepMu, CHIDKAIOIIMM CITOCO0-
HOCTb K IIOIVIOIIEHUIO KMCJIOPOIa, W IOBBILICHHBIM
YHUCJIOM TUAPOKCWILHBIX TPYIIT Ha MOBEPXHOCTH (CTe-
neHb ruapokcunuponsanusi) [11]. ¥ nuokcuaa TutaHa B
(dazoBoM cocTosiHUM aHaTa3 ypoBeHb DepMu coCTaBIsSIET
3,23B, aypyruna — 3 3B.

Kpome Toro, Ha (poTOKATAIMTUUYECKYIO aKTMBHOCTH
OKa3bIBaeT BiusiHue pazmep vyactuil TiO,. [IpumeHeHue
HaHOPa3MEPHBIX YaCTUIL AUOKCUAA TUTAHA MPUBOIUT K
VBEIMYCHUIO (DOTOKATATUTUYCCKOM aKTUBHOCTU MaTe-
puana. HecoMHEHHBIM UX MPEUMYILIECTBOM I10 CpaBHE-
HUI0O C MUKPOYACTULIAMU SIBISIETCS OOJbIIAsl BEpPOST-

environmental situation, but also to maintain the aes-
thetic appearance of buildings for the entire period of their
using [1-3].

It is known that titanium dioxide, having high chemi-
cal stability and low cost, is an effective component of
materials with photocatalytic properties [4—6]. In the
sunlight and, in particular, by ultraviolet radiation, TiO, is
able to accelerate the reaction of radical decay of organic
compounds. If nanocrystalline titanium dioxide is in the
medium containing oxygen, water and organic contami-
nants, the sunlight with a wavelength of less than 380 nm
and photon energy of more than 3.2 eV will lead to the
process of photocatalytic oxidation of organic compounds
on its surface [7].

When a light quantum with an energy exceeding the
value of the forbidden zone hit a photocatalyst particle, an
electron from the valence band passes into the conduction
band. The larger the width of the forbidden gap is, the less
possibility of the electron passing from the valence to con-
duction band is.

Photoactivation or the formation of electron-hole
pairs is known as one of the most important processes of
photoreaction. After the formation of an electron-hole
pair the light absorption by titanium dioxide results in
such processes as electrons and holes diffusion to the
semiconductor surface; bulk recombination of electrons
and holes; surface recombination; reactions of electrons
and holes with the adsorbed substance. The electron and
hole produced can migrate to the surface and, due to their
extreme reactivity, take part in oxidation-reduction pro-
cesses with adsorbed compounds [8, 9]. The superoxide
and hydroxide radicals as the products of these reactions
are extremely active oxidizing particles, capable of acidi-
fying any organic molecules in their immediate vicinity to
CO, and H,O0.

It is known that in most cases in the anatase phase ti-
tanium dioxide shows greater activity than other poly-
morphic modifications [10]. It is due to a higher location
of the Fermi level, reducing the ability to absorb oxygen,
and an increased number of hydroxyl groups on the sur-
face (the hydroxylation degree) [11]. In the anatase phase
the Fermi level of titanium dioxide is 3.2 eV, and of rutile
is3.0eV.

The particle size of TiO, affects the photocatalytic
activity as well. The use of nanosized titanium dioxide
leads to a significant increase in the photocatalytic activ-
ity of the material. In comparison with microparticles
their undoubted advantage is a high probability of charg-
es coming to the photocatalyst surface. Since the pene-
tration depth of UV radiation into TiO, particles is lim-
ited (~100 nm), only the outer surface is active [12].
Reducing the size of the photocatalyst particles to nano-
sized values leads to the light absorption by the entire
particle volume (Fig. 1).

Since oxidation-reduction reaction occurs on the sur-
face of titanium dioxide, one of the main requirements for
photocatalysts is the complex specific surface, due to a
large number of defects in the structure and a low degree
of crystallinity, reducing the photocatalytic activity.

HAY4HO-MeXHU4eCcKUil U nPou3800CHEEHHbLI JCYPHAA
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HOCTb BBIXOZIAa 3apsIIOB Ha ITOBEPXHOCTH (poTOKaTaIM3a-
Topa. Tak Kak ri1yorHa MIPpOHUKHOBEHUS Y D-U31ydeHNsT
B yactuupl TiO, orpaHnuueHa (~100 HM), aKTUBHO Oy-
JIeT TOJIbKO BHEIIHSIS MOBEPXHOCTHb [12]. YMeHbIlIeHUE
pa3mMepoB yacTuil ¢oToKaTaIM3aTopa 10 HaHOpa3Mep-
HBIX 3HAYEHMI MPUBOAUT K TIOTJIOLIEHUIO CBETa BCEM
00BbeMOM JacTUIbI (puc. 1).

Tak Kak OKMCIIMTEIbHO-BOCCTAHOBUTEIIBHBIC peak-
LI TIPOMCXOMSIT Ha MOBEPXHOCTU NMOKCHOA TUTaHA,
OIHUM M3 OCHOBHBIX TPEOOBAHWIA, MPETBSIBISIEMBIX K
(doTokaTanuzaTopaM, SBISETCS HaJIMYUE Pa3BUTOM
YIEJIbHON MOBEPXHOCTU, KOTOPASI CBSI3aHA C OOJIBIIUM
KOJINYECTBOM Ne(EKTOB B CTPYKTYpe W HU3KOM CTere-
HbIO KPUCTAJULIMYHOCTH, UTO YMEHbIIIaeT (DOTOKATATUTH -
YECKYI0 aKTUBHOCTL. JIJIg ee yBelIWueHUsT HEOOXOAMMO
cobjoneHue OajlaHca MeXIy 3TUMM AByMs (haKTOpaMM.
B pa6orte [13] ycTanoBieHo, uTo Hanbosee 3hGHEeKTUBHO
npoiiecc (poropasaokeHusI UAST Ha TTIOBEPXHOCTH THOK-
cuja TUTaHa B (pa30BOM COCTOSIHUM aHaTa3 C yAeJbHOM
MOBEPXHOCTHIO Gostee 50 M%/T.

[MosToMy, UcIoNb3yst 10OABKY AMOKCHIA TUTAHA MO-
nudukauuy aHaTas ¢ pazmepamu yactull MmeHee 100 HM B
CTaOMJIM3MPOBAHHOM/Ie3arpeTUPOBAHHOM COCTOSIHUM,
BO3MOXHO TIOJlydeHME (DOTOKATATUTUIECKN aKTUBHOTO
CaMOOYMIIIAIOIIETOCST OeTOHA.

Llempio paboOTHI SIBISETCS MCCIACHOBAHUE CAMOOYM-
IAIOMIENCST CTTOCOOHOCTU MEJIKO3EPHHMCTOrO OeTOHa ¢
n00aBKOM MOAM(ULIMPOBAHHOIO aHAaTa3a.

HOna M3b B KkauecTBe BSIXYIIETO BEIIECTBA MpUMe-
HsuIcs nmoptiananeMeHT Mapku IIEM II/A-IIT 42,5H
I'OCT 31108—2016 (r. KoctiokoBuuu, Pecny6iuka
Benapych), KBapleBblii IIECOK C MOIYJIEM KPYITHOCTH
1,5 (r. bpssHck) n mo6aBka MOAUGULIMPOBAHHOTO OV~
okcuma TuTaHa. s m00aBKM WMCMOJB30BAIaCh BOIA
nuctuiupoBanHas mo 'OCT P 58144—2018, nopoii-
KooOpa3HBI Mommpukatop-cradbmwimsarop C-3 (1mo-
BEPXHOCTHO-aKTUBHOE BEIECTBO HAa OCHOBE HATpHE-
BBIX COJICi MPOAYKTOB KOHIAEHCALMU Ha(pTaJIUMHCY/Ib-
dbokuciaoTel m (opManbaeruga) B COOTBETCTBUU C
TY 5745-004-43184789—05 (r. Cankr-IletepOypr) u
aHara3 mapku DHA-100 (puc. 2) ¢ conepxanuem TiO,
98,54% (Kuraii). Pe3ynbraThl Jla3epHOil TpaHyJIOME-
TPUM TIOKa3aju, YTO pa3Mepbl YaCTHUIL
aHaTa3a COCTaBJSIIOT oT 41 mo 567 HM
(puc. 3, a).

IMonyyeHne mobGaBKU MoOAUGULIUPO-
BaHHOTO aHATAa3a OCYILECTBIISIOCH B YJIb-
Tpa3BykoBoM MexaHoakTuBatope I1Ch-
4035-04 npu cootHoienuu Ti0,:C-3 1:1
W 3aKTI0YaloCch B KaBUTAlIMOHHOM CY-
crieH3upoBaHuu nopoiuka TiO, B BonHOMI
cpene crabmmmsaropa C-3 1pu TeMIiepa-
Type (20+£2)°C m 4YacTtoTe YJIBTpa3ByKa
35 xI'. ITocne ynpTpa3ByKOBOTO AUCIIEP-
TMPOBaHUS MOINAIBHBINA TUaMETP YaCTHI]
coctaBun MeHee 90 Hm (puc. 3, b), a
yIe/IbHas TOBEPXHOCTb — 54,4 M%/T.

B paHee BBINMOJHEHHBIX MCCIIEAOBA-
HUSIX aBTOPOB TIOJTYYEHBI MaTeMaTuye-

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

a b
Ultraviolet light
Ultraviolet light
@
@g%@
NG
A\@

Puc. 1. Cxema nornouieHns KBaHTOB CBeTa MWUKPO- (@) U HaHoYacTuua-
Mu (b) anokcmaa TuTaHa

Fig. 1. Scheme of light quantum absorption by micro- (@) and nanoparti-
cles (b) of titanium dioxide

Therefore, it is necessary to maintain a balance between
these two factors in order to increase it. In the paper [13]
it is established that the most effective process of photode-
composition takes place on the surface of titanium dioxide
in the phase of anatase with a specific surface area of more
than 50 m?/g.

Thus, using a titanium dioxide additive in the phase of
anatase with the particle size less than 100 nm in a stabi-
lized/disaggregated state, it is possible to obtain photo-
catalytic self-cleaning concrete.

The research objective is to study the self-cleaning
ability of fine-grained concrete with a modified anatase
additive.

To obtain fine-grained concrete as a binder Portland
cement CEM II/A-SH 42.5 N, high-silica sand with 1.5
fineness modulus and a modified titanium dioxide addi-
tive were used. The additive contained the distilled water
by GOST R 58144—2018, a powdered modifier-stabilizer
S-3 (a surfactant based on sodium salts obtained by con-
densation of naphthalene sulfonic acid and formalde-
hyde) in accordance with Technical specifications 5745-
004-43184789—2005, and anatase DHA-100 (Fig. 2) con-
taining 98.54% TiO, (China). The laser granulometry
showed that the sizes of anatase particles are from 41 to
567 nm (Fig. 3, a).

WIRAS LMY
View Fiebd; 108 pm SEM WV 150KV 500 mem

SEM MAG: 150 kx

Fig. 2. Anatase microstructure
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Puc. 3. MpaHynomMeTpmnyecknii CocTaB aHaTasa [0 y/bTPa3BykOBOIro AUCNeprupoBaHns (a) n nocne Bo3AeNCTBUS yibTpassyka (b)
Fig. 3. Granulometric anatase composition before ultrasonic dispersion (a) and after ultrasound exposure (b)

CKME 3aBUCUMOCTH CBOMCTB HJOOABKU MOIU(DUIINPOBAH-
HOTO aHaTa3a OT €e COCTaBa U ITapaMeTPOB YJIbTPa3ByKO-
Boro aucneprupoBaHus [14, 15].

[ns1 ompeneneHusl caMOOYMIIAIONIENHCS] CITIOCOOHO-
ctu M3b o6pasiibl pazmepamu 10X10X1,2 cM opmoBa-
JIA U3 MEJTKO3EPHUCTOM cMecH cocTasa 1:3 mpu Bopoiie-
MeHTHOM oTHouueHuu 0,4. Iliomans oThopMOBaHHBIX
06pa31oB coctasasiia 100+2 cm?.

ITocie TBepaeHUS B HOPMAJTEHBIX YCIOBUSIX B TCUCHIUE
28 CyT Ha MTOBEPXHOCTh MEJIKO3epHUCTOr0 OETOHA HAHO-
CUJICST OTIEIOUYHBINA CJION M3 KOMITO3UIIMOHHOTO OeIoTo
uemeHTa mapku LIEM 1 42,5 tommunoii 2 mm. /lobaBka
MoOn(pULIMPOBAHHOIO aHaTa3a Bxomwia B coctaB M3b,
otaesiouHoro cios (0,3%) u HaHOCWJIACh Ha €To MOBEPX-
HOCTb 13 pacueTa 5 i Ha 0,01 M? (cM. TaGmuLLy).

B cocraBax 1.1—1.4 no6aBka He COmEPXUTCS, B OT-
Juyue ot 2.1-2.4.

IToaroroBka 06pa3loB U UCCIEIOBaHNE CITOCOOHO-
CTU MEJIKO3ePHUCTOr0 0€TOHA K CAMOOUYMUILIEHUIO IIPOU3-
Boawioch comtacHo Meroauke ['OCT P 57255-2016
«BeToHBI hoTOKATATNTUIECKN aKTUBHEIE CAMOOUYHNIIIAIO-
muecst. TexHn4yeckue yCJIOBHUsI» , KOTOpast 3aKJII0YaeTCs B
M3MEPEeHUM KOHTAKTHOTO yIJla CMAauMBaHMS Ha ITOBEPX-
HOCTM oOpa3slia I1oj BO3ACHCTBUEM YIbTPadroIeTOBOro
u3nydeHus1 mpu temmneparype 23+5°C u OTHOCUTENTbHOM
BaaxHocTtu 40—70%. B pabote mpuMeHSIIN yIbTpaduo-
JIETOBBIM 00JIydaTesb ¢ OCBeIeHHOCTRIO 2£0,1 MBT/cM ¢
MaKCUMaJIbHOM IJIMHOM BOJHBI 351 HM, ¢ rojiydoi cre-
KJISTHHOM 000JI0YKOM JUIS TTOIIOIIEHUS] BUIMMOTO 1IBETa
(BLB-namma).

Ha noBepXHOCTh MOATOTOBJAEHHBIX IIOCKUX 00Opas-
moB M3b BpyuHyI0 HAaHOCWIN OJICMHOBYIO KHUCJIOTY U
PaBHOMEPHO paclpele/siid €e OT LIEHTpa K KpasMm 00-
pasiua. M30bITOK KMCITOTHI YIAJSIM, OCTaBJIsIsI €€ Maccy
2+0,2 mxut Ha 100 cm?.

DPGEeXTUBHOCTL CaMOOUMILAIONIEH CIOCOOHOCTU
MEJIKO3EPHUCTOTO O€TOHA OIEHUBAIOT 10 BPEMEHU J10-
CTMKEHUSI OKOHYATETbHOTO KOHTAKTHOTO YIjla CMauuBa-
HUSI TIOCJIe HaJaia O0JIydeHUSI.

(CYPONETIBHIBIE

The production of the modified anatase additive was
carried out in the ultrasonic mechanical activator PSB-
4035-04 at a TiO,:S-3 ratio of 1:1 and consisted in cavita-
tion suspension of TiO, powder in the water medium of
S-3 stabilizer at the temperature (20+2)°C and at ultra-
sound frequency of 35 kHz. After ultrasonic dispersion,
the modal particle diameter was less than 90 nm (Fig. 3, b),
and the specific surface area was 54.4 m?/g.

In previous studies, the authors obtained mathemati-
cal dependences of the properties of the modified anatase
additive on its composition and parameters of ultrasonic
dispersion [14, 15].

To determine the FGC self-cleaning ability the sam-
ples of 10x10%1.2 cm were formed from 1:3 fine-grained
mixture with a water-cement ratio of 0.4. The area of the
molded samples was 100£2 cm?.

After hardening under normal conditions for 28 days,
a finishing layer was applied on the surface of fine-
grained concrete based on modified white cement of the
CEM 142.5 grade 2 mm thick. The FGC and the finish-
ing layer contained the modified anatase additive
(0.3%), which was applied on its surface at 5 ml per
0.01 m? (Table).

Unlike the compositions 2.1—2.4, samples 1.1—1.4 do
not contain the additive.

Sampling preparation and study of the self-cleaning
ability of fine-grained concrete was performed according
to GOST R 57255-2016 “Photocatalytic self-cleaning
concrete. Specifications”, which implies measuring the
contact wetting angle on the FGC surface under ultravio-
let radiation at the temperature 23+5°C and relative hu-
midity of 40—70%. An ultraviolet lamp with illuminance
2+0.14mW/cm and a maximum wavelength of 351 nm
with a blue glass encapsulation to absorb visible colour
(BLB-lamp) was used.

The surface of the prepared flat FGC samples was
manually covered with oleic acid, distributing it evenly
from the sample center to its edges. The excess acid was
removed, leaving its mass 2+0.2 ul per 100 cm?.

HAY4HO-MeXHU4eCcKUil U nPou3800CHEEHHbLI JCYPHAA
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syringe needle

BapuaHTbl UCNONIb30BaHUS A06aBKU MOogUPULMPOBAHHOIO aHaTa3a

Variants of application of the modified anatase

Ne o6pasua Bup 6eToHa Cnoii nokpbITus
Ne sample Type of concrete Coating layer
11 M3B (KOHTPOAbHbIN) OToenoyHbI Croi
) FGC (control) Finishing layer
M35 OTAenoYHbIi Croii ¢ 4o6aBKoi MoAGULMPOBAHHOMO
1.2 FGC aHatasa
Finishing layer with the modified anatase additive
OTAEeN04HbI COV C MOBEPXHOCTHLIM HAHECEHWEM
13 M3b6 n06aBky MoaMdULMPOBAHHOMO aHaTa3a
' FGC Finishing layer with the surface application of the
modified anatase additive
OTaenoyHblii cnoii ¢ o6aBkoit MoLGULMPOBAHHOMO
M35 aHaTasa 1 C NoBepXHOCTHbIM HaHeceH1eM [100aBku
1.4 FGC MOLMPULMPOBAHHOrO aHaTasa
Finishing layer with the modified anatase additive and
Puc. 4. Kanns anctunnvposaHHOW BOAI, the surface application of the modified anatase additive
chopmmpoBaHHas Ha NOBEPXHOCTU MENKO3ep-
HUCTOro GeToHa M3B ¢ nob6askoit

Fig. 4. The distilled water drop on the surface of 2.1
fine-grained concrete '

MOAMPULIMPOBAHHOIO aHaTasa
FGC with the modified anatase

OTAenoYHbIi cnow
Finishing layer
additive

Meron nexameir Karim (KOH- 292
TaKTHOTO YyIJIa CMaYUBaHMS) OTHO-
CHUTCST K MPOCTBIM U MH(MOPMaTHUB-

M3B ¢ nobaskoi
MOAMPULMPOBAHHOrO aHaTasa
FGC with the modified anatase

OTAenoyHbIN cnoii ¢ 1o6aBKoin MOANDULMPOBAHHOTO
aHaTasa

additive Finishing layer with the modified anatase additive

HBIM cIloco0am OIIPCHOCIICHUA I10-

M3B ¢ nobaskoit
MOAMPULMPOBAHHOrO aHaTasa

OTaEeN0YHbIA COV C MOBEPXHOCTHLIM HAHECEHWEM
n06aBky MoAMGULMPOBAHHOMO aHaTasa

BEPXHOCTHBIX CBOMCTB, B 1aCTHOCTHA 2.3 FGC with the modified anatase | Finishing layer with the surface application of the
ruapodobHO-TuapodunLHOro Oa- additive modified anatase additive
JIaHCa. M3E 6 . OTAen04HbIN Cnoit ¢ 06aBKoi MOAMPULIMPOBAHHOMO
CMayuBaeMOCTh SIBJISIETCS BaX- 35 ¢ Aobaskoi aHaTasa 1 ¢ NOBEPXHOCTHbIM HAHECEHEM [106aBKN
. . MOAMbULMPOBAHHOrO aHaTasa
HO (PM3NKO-XUMUIECKOM XapaKTe- 24 FGC with the modified anatase | MOR/PIPOBAKKOMO aKarasa

PUCTUKOW B3aWMMOJEUCTBUS KUIKO-
CTU C TIOBEPXHOCTBIO TBEPIBIX TeJl.

Finishing layer with the modified anatase additive and

additive the surface application of the modified anatase additive

BenuunHoit, xapakTepusymoliei
CMauyMBaHUeE, SIBJISICTCS] KpaeBOi (KOHTAKTHBII) yrojl cMa-
yyBaHus 0, KOTOPHIi onpenensercsd 3akoHoM HOHra [16]:

(GTF - OT)K)/OX(F’ (1)

TO€ Opp Oy, Oy — OTO YIEJIBbHBIE CBOOOAHBIE MOBEPX-
HOCTHBIC SHEPTUM Ha TpaHUIAX pasaesia TBepmoe Teyio/
ras3, TBEpIOe TeJI0/KUAKOCTh, XKUIKOCTh/Ta3.

B 3aBucuMMOCTH OT 3HaYEHMSI KOHTAKTHOIO YIjla CMa-
YBaHUS pa3andaioT HecMaurBaHue (0>90° unm cos0<0)
u cmaunBaHue (0<90° win cos0>0).

[ns1 ompeneneHUsT CaMOOYMIIAIOIIEH CITOCOOHOCTH
M3b u3mepsiiu HayaJabHbI KOHTAKTHBINA yTOJI CMayKBa-
HMUSI C UCITOJIb30BaHMEM KarleJib JUCTULUIMPOBAHHOMI BOJbI
B ITSITH TOYKAX KaxXIOTO U3 IIATH 00pa31ioB 10 O0TyIeHUs
U PacCUMTBIBAIM CpeAaHee 3HayeHue. [lociie BKIIOYEHUS
yIbTPa(UOJETOBOrO 00JydaTesis UMEPSUIM U3MEHEHUS
KOHTAKTHOTO yIjJla CMaYMBaHMS BO BPEMEHU BCSIKUIA pa3
He MEHee YeM B IISITU TOYKAX IS ST 00pasLioB.

Karuto IucTiimpoBaHHON BOIBI TTOMEIAIA Ha T10-
BEPXHOCTb OUYMILIEHHOI'O GETOHA C TIOMOILBIO BEPTUKAJIb-
HO pacnoJIoXeHHOro Impuua B rnpudope Kruss drop
share analyzer DSA25 (I'epmanust). JluameTp Karju co-
CTaBJISLT OT 2 A0 5 MM, YTOOBI KOHTAKTHBIH YTOJI HE 3aBU-
ceJ OT AMaMeTpa KaIld, TaK Kak B CIydae O4eHb MaJIbIxX
Kalle/lb BEJIMKO BJIMSIHUE MOBEPXHOCTHOIO HATSIKEHUS

cos O =

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

The effectiveness of fine-grained concrete self-clean-
ing ability is estimated at the time of the final contact wet-
ting angle after the beginning of irradiation.

The sessile drop method (of the contact wetting angle)
is one of the simple and informative methods for deter-
mining surface properties, in particular, hydrophobic-
hydrophilic balance.

Wettability is an important physicochemical property
of liquid and solid surface interaction. The value charac-
terizing wetting is the edge (contact) wetting angle 0, de-
termined by Young’s law [16]:

cos 0 = (0

ey

0'sl)/ O'Ig,

where 0y, 0, 0y, are the specific surface free energies at
the solid/gas, solid/liquid, liquid/gas, interfaces.

Depending on the value of the contact wetting angle,
one can distinguished non-wetting (6>90° unu cos0<0)
and limited wetting (6<90° or cos6>0).

To determine the FGC self-cleaning ability, the initial
contact wetting angle was measured prior to irradiation
using distilled water drops at five points of five samples,
and an average value was calculated. After switching on the
UV irradiator, the changes in the contact wetting angle
were measured over time at five points of the five samples.

J 15T B
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80

KoHTaKTHbIN yron cmaumsanus 0, rpaa
0 degrees

Bpems, MuH
Time, min

Puc. 5. VI3mMeHeHne KOHTaKTHOrO yrna cmMayvBaHus OT BPEMEHW BO3AEN-
cteus YP-nsnyyeHnsa ana obpasuos 1.1-1.4

Fig. 5. Changes of the contact wetting angle in relation to the time of UV
radiation exposure in samples 1.1-1.4

21

KoHTaKTHbIV yron cmaumsanus 0, rpaa
0 degrees

Bpemsi, MuH
Time, min

Puc. 6. V/I3mMeHeHne KOHTaKTHOrO yrna cMayvBaHus OT BPEMEHU BO3AEN-
cTBus YP-nanyyeHus ana obpasuos 2.1-2.4

Fig. 6. Changes of the contact wetting angle in relation to the time of UV
radiation exposure in samples 2.1-2.4

Puc. 7. UameHeHne KOHTaKTHOro yria cMadvMBaHus Kanim AMCTUIMPOBaHHOM BOAbI HA NoBepPXHOCTU o6pa3suos cepun 2.1-2.4 yepes 5, 10, 15 MuH
Fig. 7. Changes of the contact wetting angle of the distilled water drop on the surface of samples 2.1-2.4 after 5, 10, 15 minutes

camoil Xxunkocty (0yayT ¢hopMUpPOBaThCs chepudyecKue
KaIlTA), a B cIydae OOJBIINX KalleJb HAYMHAIOT IIPeo0-
JIaaTh CWJIBI TPaBUTAIIU.

B Merone nexamieit Karim U3MeEpSIeTCST YTOJI MEXIY
TBEPIOI ITOBEPXHOCTHIO 1 XKUIKOCTHIO B TOYKE KOHTAKTa
Tpex a3z (puc. 4).

M3MmepeHne KOHTaKTHOTO yria cMaunmBaHuss M3b ¢
JIT00aBKOW MOIM(HUIIMPOBAHHOTO aHartasa, rmocie Yd-
W3Ty4eHUSI TIPU Pa3IMIHBIX BPeMEHHBIX WHTEpBaiax
nokasajno, yto KYC menko3epHUCTOro 6€ToHa CHUXKAET-
cd, 3a MCKJIIOYEeHHEM KOHTPOJbHOro obpasua 1.1, mis
KOTOPOTO OH IPaKTUYEeCKU He MeHsieTcsT (puc. 5, 6).

W3 rpacukoB BUAHO, YTO HaubOJIee MTHTEHCUBHO KOH-
TaKTHBI YTOJI CMA4YMBAaHUSI YMEHBIIACTCSI B IICPBHIC
30 MuH, a Jajiee npoliecc 3aMmeIsieTcss. MOXXHO BbIIEIUTh
tpu niepuoga nsMeHeHust KYC. Ilepseolit ot 0 no 30 MuH,
BTopoii oT 31 go 60 MuH U Tpetuit or 61 g0 120 MuUH.
[lepBbIii mepyon XapaKTepU3yeTCcsl 3HAYUTEIbHBIM CHM-
xenneM KYC (0 menee 30° mist coctaBoB 1.2—1.4) u me-
Hee 20° p1s1 coctaBoB 2.1—2.4. Bo BropoMm nepuoze Ipo-
UCXOOUT 3aMeIjicHHMe TIporecca (POTOKATATMTHIECKOTO
okuciieHus (0 MeHee 15°). Tperuii mepuon CBsI3aH CO
crabuu3aiueil mpouecca camoouuiineHus (0 mexee 5°).

A distilled water drop was placed on the surface of the
cleaned concrete by a vertically positioned syringe in the
Kruss drop share analyzer DSA25 (Germany). The drop
diameter was 2—5 mm, so that the contact angle did not
depend on it. Very small droplets result in the surface
tension of the liquid itself, as spherical drops can be
formed; and the large ones lead to prevailing the gravity
forces.

In the sessile drop method, the angle between the solid
surface and the liquid is measured at the contact point of
three phases (Fig. 4).

Determination of the FGC self-cleaning ability with
the modified anatase additive after UV radiation at dif-
ferent time intervals showed that the contact wetting
angle of fine-grained concrete decreases, except for
control sample 1.1, without any practical change of
CWA (Fig. 5, 6).

The diagrams show that the contact wetting angle is
most intensively reduced within the first 30 minutes, and
then the process slows down. Three periods of CWA
changes are singled out. The first is from 0 to 30 minutes,
the second is from 31 to 60 minutes and the third is from
61 to 120 minutes. The first period is characterized by a

HAY4HO-MeXHU4eCcKUil U nPou3800CHEEHHbLI JCYPHAA
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CrnenyeTt OTMETUTD, 4TO AJist 06pa3uoB 2.1-2.4 M3b ¢
J00aBKOM MOAM(PUIIMPOBAHHOTO aHATa3a B COCTAaBE MeJI-
Ko3epHUcTOro O6etoHa m3MeHeHue KYC mpoucxomut
ObIcTpee, 0COOEHHO B TiepBhie 15 MuH (puc. 7), yeM s
06pa3noB 1.2—1.4 6e3 100aBKM, 4TO IMOATBEPKAACT yda-
ctue TiO, B mpouecc GOTOKATAIMUTUYECKOTO OKHCIE-
HUsI, HECMOTpPSI Ha TO YTO YAaCThb YACTHI[ HAXOTUTCS B
o0beMe MaTepuaa.

Jlnst o6pa3uoB 1.3 u 2.3 nmpu MOBEpXHOCTHOM HaHece-
HUU J00aBKA MOAUGMUIIMPOBAHHOIO aHaTa3a Haboma-
eTcs 6oJiee UHTeHCUBHOE cHIkKeHue KYC, vem mist 1.2 u
2.2, comepXalIux 100aBKy TOJIBKO B COCTaBE OTAEIOYHO-
IO CJIOA, YTO CBSI3aHO ¢ OoJbluei akTuBHOCTBIO Ti0, Ha
MMOBepXHOCTH Marepuana. KOHTaKTHBINA yroj cMadymBa-
HuUs 11 06pa3ioB 1.3 u 2.3 ¢ MOBepXHOCTHBIM HaHece-
HueM nob0aBku depe3 30 MuH BosmeicTBusT YD-
n3nydeHust ymeHbpimaeTcst oT 50,2 mo 20,4° u ot 53,4 mo
5,1° cooTBeTcTBEHHO. B TO BpeMs Kak st o6pa3nos 1.2
u 2.2, B xotopeix TiO, BXOIUT TOJIBKO B COCTABE OTIE-
sioyHoro ciost, KYC usmensiercs or 63,9 no 30,4° u or
58,1 no 9,7°.

Takum o0pa3oM, TSI BCceX MCCIIEMyeMbIX 00paslioB
MEJIKO3EPHUCTOrO OeTOHa, comepKallux H100aBKYy MOIM-
(humpoBaHHOTO aHaTasza C pa3MepaMM YacTUI] MEHee
90 HM (3a UCKITIOYEHHEM KOHTPOJILHOIO), ITOJIyYeH I10J10-
KUTENbHBIN 3(dexkT camoouuieHus. Hawmydiime pe-
3YJIBTAaThl JOCTUTAIOTCS TIPU TTOBEPXHOCTHOM HaHECEHUM
J00aBKM MOAU(PUILIMPOBAHHOTO aHaTa3a M COBMECTHOM
MpUMEHEHUM 100aBKM B coctaBe M3b, oTnemouHoM ciioe
M Ha ero nopepxHocTH. 3a 60 MuH Bo3meiicTBust YD-
W3JTy4eHMST KOHTAKTHBINA YTOJI CMAUMBAHUS CHIDKACTCS 10
3HaYeHUI MeHee 5° 1 CTaOUIM3UPYETCS.
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significant decrease in CWA (0 less than 30° for composi-
tions 1.2—1.4 and less than 20° for compositions 2.1—-2.4.
In the second period the process of photocatalytic oxida-
tion slows down (O is less than 15°). The third period is
connected with the stabilization of the self-cleaning pro-
cess (0 is less than 5°).

It should be noted that CWA changes happen faster for
FGC samples 2.1—2.4 with the modified anatase additive
in the fine-grained concrete (Fig. 7), than for samples
1.2—1.4 without additives. It is confirmed by the TiO,
participation in the FGC photocatalytic oxidation pro-
cess, despite the fact that most of particles are in the ap-
parent volume.

The CWA lowering is more intensive with samples 1.3
and 2.3 after surface coating with the modified anatase
additive than with samples 1.2 and 2.2 containing the ad-
ditive only in the composition of the finishing layer. It is
due to the higher activity of the TiO, on the surface of the
material. The contact wetting angle of samples 1.3 and 2.3
with the additive surface application after 30 minutes of
UV radiation exposure is reduced from 50.2° to 20.4° and
from 53.4° to 5.1°, respectively. In samples 1.2 and 2.2
with TiO, only in the finishing layer the CWA varies from
63.9° to 30.4° and from 58.1° to 9.7°.

Thus, for all samples of fine-grained concrete with the
modified anatase additive (with the exception of the con-
trol one), the positive self-cleaning effect has been ob-
tained. The best results are achieved after the surface ap-
plication of the modified anatase additive and the com-
plex application of the additive in the FGC composition
in the finishing layer and on its surface. Within 60 minutes
of UV radiation exposure the contact wetting angle de-
creases to less than 5° and stabilized.
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AKTUBaLMA CTPYKTYpPOOOGPa3yoLKUX CBOWCTB OKCuAa rpagieHa
B LIEMEHTHbIX KOMNO3UTaX

MpoaHanuanpoBaH OnbIT 3apy6exHbIX KONMer no UCCNefoBaHUI0 OKCUAa rpadoeHa B Ka4ecTse A06aBKN ANs LIEMEHTHBIX MaTepuanos.
BonbWKMHCTBO 3TUX PaboT HaNpaBneHbl HA M3Y4EHNE MEXaHWUYECKON NPOYHOCTY, rMApaTaLmm LIeMeHTa, CTPYKTYPbI LLEMEHTHOr0 KamHs,
B TOM 4UC/e BNNAHWUA OKCWUAA rpadpeHa Ha hOpMUPOBaHNE CTPYKTYPbI LLEMEHTHON MaTpuupl. Kak 0TMeYatoT 1ccrefoBartesun, 0KCcug
rpacheHa y4acTByeT B peakuuu rugparaumum LiemMeHTa u ABseTcs NepenekTMBHON J06ABKONA, C NOMOLLbI0 KOTOPON MOXHO 6yaeT
yNpaenaTb POPMMUPOBAHNEM MUKPOCTPYKTYPbI LLEMEHTHOM MATPULLbI, YTO [AET BOSMOXHOCTb MOJy4eHns MaTepuana ¢ 3ajaHHbIMN
ceoiicTBamu. Oco60€e BHUMAHKE 3aCNyXWUBAET TO, 4TO Bnarofaps Hannmynio KapboKCUbHbIX FPYNM OKCuA rpadpeHa MoXxeTt
B3aMMO[ENCTBOBATL C NpoAyKTamu rugparaunu uementa C-S—H n Ca(OH),. MNpeacTasnedsbl pesynstartbl UCCNEA0BAHNSA BIUSHUA OKCUAA
rpacheHa B konuyectse 0,05% 0T Macchl LEMEHTa Ha MPO4HOCTb LLEMEHTHOr0 pacTeopa npu AOMOSHUTENBHOM BBELEHUU B BOAY
3ateopeHus 0,1% AI(NO3); n 0,1% Ca(NOs),. Kak nokasanu pesynbrarbl 3KCNepuMeHToB, [o6aBneHne HuTpara antoMuHUA 1 HUTparTa
Kanbuua yCUnuno BausHUe okeuaa rpadpeHa Ha NPpOYHOCTHbIE CBOMCTBA LLEMEHTHOMO pacTeopa. Mpu 3TOM MOBbILLEHUE NPOYHOCTM
pacTsopa npw u3rube 1 cxartum coCTaBuIo COOTBETCTBEHHO 24,8 1 19,7% N0 CpaBHEHWIO C KOHTPOSIbHLIM COCTaBOM (63 106aBOK),
a Npu Mcnosib30BaHMK TOMbKO okcupa rpadeHa B konuyectse 0,05% 0T macchl LieMeHTa — Bcero 2,2 u 4,6% COOTBETCTBEHHO.

C NoMOLLbHO CKAHMPYIOLLLEro aNeKTPOHHOro Mukpockona JSM-7800F nay4eHa MuKpoCTPYKTypa 3aTBEPAEBLUEr0 LLEMEHTHOTO KamHsi.
YCTaHOBNEHO, 4TO BBEJEHME J062BOK 3HAYNTENBHO BAMSET HA MOPIOMOrMI0 U pacnpeieneHue NpoayKToB rugparaunn LEMeHTa,

a TaKXXe Ha pacnpegeneHue n guamerp nop.

KntoueBble ¢noBa: okcup rpadoeHa, CyCcrneHsms, LLeMeHTHasa MaTpuLia, KOMNO3MLMOHHbIE MaTepuanbl, HUTPAT antOMUHUS, HATPAT KanbLus.

Insa uutuposanus: ®egoposa [, Anekcangpos I.H., CKpsbuH A.MN. AKTMBaLMS CTPYKTYPOOOPA3YHOLLMX CBOUCTB OKCMAA rpadpeHa B LieMeHT-
HbIX komnoawuTax // CtpoutenbHbie matepuansl. 2020. Ne 1-2. C. 17-23. DOI: https://doi.org/10.31659/0585-430X-2020-778-1-2-17-23
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Activation of Structure-forming Properties of Graphene Oxide in Cement Composites

The article shows that a significant amount of work is being done to study graphene oxide as an additive for cement materials abroad. Most of these studies are aimed at studying of
mechanical strength, cement hydration, cement stone structure, including the effect of graphene oxide on formation of cement matrix structure. As researchers note, graphene oxide is
involved in cement hydration reaction and is a promising additive with which it will be possible in the future to control the formation of microstructure of cement matrix, which makes it
possible to obtain a material with desired properties. Of particular note is the fact that due to the presence of carboxyl groups on graphene oxide, it can react with cement hydration
products C-S-H and Ca(OH),. The results of study of graphene oxide effect in an amount of 0.05% of cement weight on the strength of cement mortar with additional introduction of
0.1% AI(NO;); and 0.1% Ca (NOs), into the water are presented. As experimental results showed, addition of aluminum nitrate and calcium nitrate enhanced the effect of graphene oxide
on the strength properties of cement mortar. At the same time, increase in bending and compression strength of solution was 24.8 and 19.7%, respectively, compared with control
composition (without additives), and when using only graphene oxide in amount of 0.05% of cement weight, only 2.2 and 4.6% respectively. By studying the microstructure of hardened
cement stone using a JEOL JSM-7800F scanning electron microscope, it was found that introduction of additives significantly affects the morphology and distribution of cement hydra-

tion products, as well as distribution and diameter of pores.

Keywords: graphene oxide, suspension, cement matrix, composite materials, aluminum nitrate, calcium nitrate.

For citation: Fedorova G.D., Alexandrov G.N., Scryabin A.P. Activation of structure-forming properties of graphene oxide in cement composites. Stroitel'nye Materialy [Construction
Materials]. 2020. No. 1-2, pp. 17-23. (In Russian). DOI: https://doi.org/10.31659/0585-430X-2020-778-1-2-17-23

ITpu pa3paboTke 6GETOHOB HOBOTO MOKOJICHUS aKTy-
aJIbHbIM SIBJIIETCSI TIOMCK CIOCOOOB HaIlpaBJIEHHOTO
JIEACTBUSI HA IIEMEHTHYI0 MAaTpUIly, YTOObI TOJYyYUThb
Marepua ¢ 3aJaHHBIMM CBOMCTBaMU. B aTOM Harpasie-
HUU paboTaeT MHOTO POCCUNCKUX yueHbIX. Hanmpumep, B
paborax [ 1—3] mokazaHo, YTO C TIOMOIIIIO CYTEePILIACTH -
(pKaTOPOB HOBOTO TIOKOJIEHUSI I PA3HOOOPA3HBIX YJIb-
TPaguCIEPCHBIX 100aBOK (MUKPOKpPEMHE3eM, METaKao-
JIUH, 30J1a-YHOC ¥ T. T.) MOXHO JOOUTHCS lieJIeHaIpaB-
JICHHOTO BO3JEUCTBUSI Ha CTPYKTypooOpa3zoBaHUE
6eToHa. B pe3ynbTaTe YBeJIMUYWINCH OOBEMBI TPOU3BOJI-
CTBa BBICOKOITPOYHBIX OETOHOB, BHEIPSIIOTCS HOBBIC
BUJIbI OETOHOB CO CIEIMATbHBIMU CBOMCTBAMU, HATIPU-

(CYPONETIBHIBIE

One of the actual problems in development of new-
generation concrete is the search for methods of directed
action on cement matrix in order to obtain material with
desired properties. A lot of our scientists work in this di-
rection, for example, in [1—3] works it was shown that
with the help of new generation superplasticizers and
various ultrafine additives (silica fume, metakaolin, fly
ash, etc.), a targeted effect on concrete structure forma-
tion can be achieved. As a result, production of high-
strength concrete has increased, new types of concrete
with special properties are being introduced, for example,
self-compacting, expanding concrete, etc. It has been es-
tablished that these additives, interacting with calcium
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MEp CaMOYIUTOTHSIOIIMECS, pacIIMpsIonecs: OeTOHbI
WU T. 1. YCTAaHOBJIEHO, YTO IIPU 3TOM YKa3aHHBIE T00aBKU,
B3aMMOJCICTBYS ¢ TMIPOKCHUIOM KaJIbIIMSI, 00pa3yrole-
rocsi MpU TUApaTALlMU LIeMEHTa, 00eCleyrnBalOT MOBbI-
IIEHNE MIPOYHOCTH U O0JIee TIIIOTHYIO CTPYKTYPY KOMITO-
3UTa, TEM CaMbIM obecrieurBasi 60jiee BHICOKHME SKCILTY-
aTallMOHHBIE CBOMCTBA, TaKWE€ KAaK MOPO30CTOMKOCTh U
KOPPO3MOHHAas CTOMKOCTD.

Hapsay ¢ 3TuM BHUMaHUE YYeHBIX 00pallleHo Ha 13-
YUeHWE BIUSHUS Pa3TMIHBIX HAHOZ00AaBOK Ha CTPYKTY-
poobpa3ylolide CBOWCTBA LIEMEHTHBIX KOMIIOHEH-
TOB [4—6]. DT pabOThl OKA3BIBAIOT, YTO [IJIS1 yIIPaBIIE-
HUSI CTPYKTYpOoOOpa3oBaHMEM CHCTEM TBEPACHMUS
1eMeHTa 3¢ (GEKTUBHBIM SIBJISIETCS] UMEHHO IIPUMEHEHUE
HaHOPa3MEPHBIX 100AaBOK, TAKMX KaK 30JI YaCTHUIL T -
POKCHJIA aTIOMUHUS U TUAPOKCUIA Kejle3a; CIIeHIMaTbHO
cuHTe3upoBaHHble yacTulbpl SiO, nH,0; HaHOTPYOKHU
XpU30TWJIA; YIJIEPOIHbIE HAHOTPYOKU (bYIIEPOUTHOIO
THUIIA; YIJIEpOAHBIE TpyOKM TuIa «AcTtpeneH-C»; mpu-
DPOOHBINA ITYHTUT U T. 1.

OOBEKTOM HCCIeNOBAaHUI aBTOPOB SIBISIETCS OKCHJL,
rpagena (nanee — OT') [7—11]. UccnenoBaHue BO3MOX-
HOCTU IPUMEHEHUsI oKcHaa rpacdeHa B IEMEHTHBIX CH-
cTeMax IIUPOKO TIPOBOAMTCST 3a PYOEKOM U SIBJISIETCS
MHHOBALIMOHHON obJyiacThio. IlepBas cTaThsl MOSIBUIIACH
B 2011 1., a HaunHas ¢ 2015 r. TOIMYJISIPHOCTD TAKKUX HC-
CJeIOBAaHU I 3HAYUTEIBbHO MOBBICKIACH [12].

Ecnu B mepBbIX McClIeAOBAHMSIX peUb I1Ia B OCHOBHOM
0 TOM, UTO TIpY BBEACHUHU OKcHa rpacheHa B IIEMEHTHYIO
MaTpUIly OTMEYaeTCsl 3HAUUTEIbHOE IMOBBIILIEHUE TTPOY-
HOCTH 1IeMeHTHBIX cucTeM [13—14], To B mocyieaHee Bpe-
MsI Bce OOJIBIIIe CTAaTel MMOCBSIIIEHO OOCYKIEHUIO PE3YIIb-
TaTOB MCCJICIOBAaHUI IO BJIMSIHUIO aKTMBALIMM OKCHIA
rpaceHa ApyruMM HaHodactuiamu [15—19]. Ananus
OITyOJIMKOBAaHHBIX PA0OT MOKA3bIBAET, YTO OOJBLIMHCTBO
HCCIIeI0BATeIeil CYMTAIOT, UTO OKCHU TpadpeHa SIBIIIeTCS
OIHWM U3 MEePCIEKTUBHBIX MaTEPUATIOB, KOTOPBIA U3ME-
HUT Oyayliee IIEMEHTHBIX CTPOUTENIBHBIX CHCTEM.
Braromapst aByMepHOMY pa3Mepy, HEPOBHOM TTOBEPXHO-
CTU U BBICOKOI IPOYHOCTM 4YellyeK OKCHuI IpadeHa B
LIEMEHTHOI MaTpuile paboTaeT Kak MUKpoapMmarypa, Kak
MEJIKOIMCITePCHAs YacTHUIIa OCeIaeT B MUKPOIIopax, T. €.
croco0cTByeT (OPMUPOBAHUIO 00JIee TUIOTHOM CTPYKTY-
pbl LleMeHTHOro KamHsi. Kpome Toro, oxkcun rpadeHa,
obnamasi BBICOKOU YIAETbHON TTOBEPXHOCTBIO, SIBJISIETCS
SIIPOM  3aPOABIIIIE00pa30BaHUST TUIPOCUITUKATOB Kalb-
1IMs1, TEM CaMbIM ITOBBIILIAET CTENEeHb IMApATaLIUY LIEMEH-
Ta, BJAUSIET Ha 00beM OOpa3oBaHUsSI TMAPOCUIMKATOB
KaJIBIIMST ¥ X (POPMBI, OT CTPYKTYPBI KOTOPOif BO MHOTOM
3aBUCHUT IIPOYHOCTb lieMeHTHoro kKies. HecomHeHHO,
OoJiee TIy00KO€e M3ydeHNE STHX IMPOIIECCOB IaCT BO3MOX-
HOCTh MPaBUJIBLHO YIIPABISITh CTPYKTYPOOOpa3oBaHUEM
LIEMEHTHOTO KaMHsI JUISI TIOJIyJIeHUSI 3aJaHHBIX CBOMICTB.
ITpuMeHeHMe LIS aKTUBALMM OKCUAa rpacdeHa MUKpO-
KpeMHe3eMa, HaHOKpeMHe3eMa [15—19] Takxke mpecie-
JTyeT 1IeJTh YIIPaBJISATh MOP(MOIOTUEN 1 MUKPOCTPYKTYPOI
C—S—H. Kpowme Toro, B 1utepaType UMEIOTCS CBEICHUS,
4yTO OKCUJ rpadeHa 6arogapst 0COOEHHOCTSIM €T0 XUMU-
YECKOIo CTPOSHUS MOXET pearupoBaTh C TMAPOCUINKA-
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hydroxide formed during cement hydration, provide in-
creased strength and more the dense structure of compos-
ite, thereby providing higher performance properties such
as frost resistance and corrosion resistance.

Along with this, the attention of scientists is drawn to
the study of various nano-additives effect on structure-
forming properties of cement components [4—6]. These
works show that it is effective to use nanosized additives,
such as sols of particles of aluminum hydroxide and iron
hydroxide, specially synthesized particles of Si0,-nH,O0,
chrysotile nanotubes, fulleroid type carbon nanotubes,
“Astrelen-C” type carbon tubes, natural shungite, etc. to
control the structure formation of cement hardening
systems.

The object of our research is graphene oxide (hereinaf-
ter referred to as GO) [7—11]. The study of possibility of
using graphene oxide in cement systems is widely carried
out abroad and is a new area. The first article appeared in
2011, and since 2015, the popularity of such studies has
increased significantly [12].

If in the first studies it was mainly about the fact that
with introduction of graphene oxide into cement matrix,
a significant increase in strength of cement systems is
noted [13—14], recently, more and more has been devot-
ed to discussion of research results on activation of influ-
ence of graphene oxide by other nanoparticles [15—19].
Analysis of published works shows that most researchers
believe that graphene oxide is one of the promising mate-
rials that will change the future of cement building mate-
rials. Due to two-dimensional size, uneven surface and
high strength of flakes, graphene oxide in cement matrix
works as a micro-armature, as a fine particle settles in
micropores, i.e. contributes to formation of a denser
structure of cement stone. In addition, having a high spe-
cific surface area, graphene oxide is the nucleus of forma-
tion of calcium hydrosilicates, thereby increasing the de-
gree of hydration of cement, affects the volume of forma-
tion of calcium hydrosilicates and their shape, the
structure of which largely depends on strength of cement
glue. Undoubtedly, a deeper study of these processes will
make it possible to correctly control the structure forma-
tion of cement stone to obtain the desired properties. The
use of microsilica, nanosilica [15—19] for activation of
graphene oxide [15—19] also aims to control the mor-
phology and microstructure of C—S—H. It should also be
noted that there is information in literature that graphene
oxide, due to peculiarities of its chemical structure, can
react with calcium hydrosilicates formed during cement
hydration [20]. The authors of the article proposed a
model of three-dimensional structure of C—S—H gels, the
essence of which is as follows: between GO and C—S—H
gels there is an ionic bond formed between Ca>" cations
from gels and —COO from graphene oxide flakes; OG is
located in interlayer space and in the pores of C—S—H
gels or in central layer of a tobermorite-like sheet. As a
result, the structure of gels is compacted and adhesion to
cement matrix is increased.

It is necessary to verify in the work that when calcium
and aluminum cations are introduced into cement mor-
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TaMU KaJbllKsl, 00pa3ylolIMMUCS MPU TUApaTalliy 1ie-
MeHTa [20]. ABTOpaMu CTaTbU MpeIioKeHa MOJIeb TpeX-
MepHoO#t cTpykTypsl reneii C—S—H, cyrb koTopoit
cocrouT B cienywomeMm: Mexay OI' u rensimu C—S—H
CYIIIECTBYET MOHHAS CBSI3b, KOTOpasi 00pa3oBaHa MeXKIy
katnoHamu Ca®" u3 coctasa reneit u rpynnamu —COO
yenryek okcuaa rpadena; OI' HaxoauTCcs B MEXCIIOMHOM
MPOCTpaHCTBE U B nopax rejeit C—S—H unu B LeHTpasb-
HOM CJI0o€ TOOEpMOPUTOIIOA00HOTrO ucTa. B pesynbraTe
VIUTOTHSIETCST CTPYKTYypa Tejieil ¥ TTOBBIIIAeTCST CUIa Clie-
IUIEHUS C LIeMEHTHOM MaTpUIIEH.

B paGoTte HeoOXOaAMMO MPOBEPUTH, UTO MPU BHECE-
HUU KaTUOHOB KaJIbLIMS U AJTIOMUHUS B LIEMEHTHBIN pac-
TBOp IMOTHUMETCSI YPOBEHb IMPOYHOCTHU IIPU CXKATUM U
n3rnbe 1n3-3a BOSHUKHOBEHUSI MIOHHOM CBSI3W MEXIY OT-
pUMLIATeIbHBIMU TUAPOCUIMKATAMU U OKCUAOM rpacdeHa
yepe3 MOJIOKUTENIBHBIC ITBYXBaJICHTHEIC W TPEXBAJICHT-
Hble KaTMOHbI. MccaenoBaHuss HEOOXOAUMO TTPOBOAUTH
C PaCTBOPMMBIMU B BOZE COJISIMU KaJIbLIMS U aTIOMUHUS,
KOTOPBIMU SIBJISTIOTCST X HUTPATHI.

Llenbio HacTosIIEl PAaOOTHI SIBJISIETCS MCCIIEI0BaHUE
CTPYKTYpOOOpa3yIoliero CBOWMCTBA okcuaa TpadeHa B
LIEMEHTHBIX MaTepuajax IyTeM BBEIEHUs IBYXBaJCHT-
HBIX 1 TPEXBAJICHTHBIX KATUOHOB C BOJOI 3aTBOPCHUS B
TIpoIIeCCce TTPUTOTOBJICHUST PAaCTBOPHOM CMECH.

JI71s1 BBINOJTHEHUSI 9KCIIEpUMEHTa UCITOIb30BaHa Cy-
CITeH3MsT oKcua rpadeHa, KoTopas Obljla TPUTOTOBJIEHA
000 «MHUII «I'padben» (1. Axyrck). XUMUYECKUIA CO-
cTaB oKcuaa rpacdeHa IpeacTaBiieH B Ta0. 1. BomHbrit
pacTBop okcuaa rpadeHa (2 Mr/in) mepea ucrojb30BaHU -
€M IIOJABeprajii BO3ICHCTBUIO YIbTPa3ByKa B TECUCHHE
5 muH. CpemHeB3BeIIEHHBIN JaTepalbHEIN pa3sMep Co-
craBui 0,58 MKM, TOJIIMHA HAHOJIMCTOB KOJEONETCS OT
1,5 1o 2 HM.

71 IpUroTOBIEHUS LIEMEHTHOIO PacTBOPA UCHOJIb-
30BaH mnopTiaangueMeHT wmapku IHEM 1 32.5B
I'OCT 31108—2016 «lleMeHTHI 0OILIECTPOUTENBHBIC.
Texnuueckue yciaoBusi» (moctaBimk OAO «AKyT-
eMeHT»). [lopTIaHaeMeHTHBIN KIMHKEp XapaKTepH-
3yetcst conepxkanueM 58,7% C;S; 16,38% C,S; 6,44%
CiA; 14,35% C,AF; 2,7% MgO; 0,1% (Na,0+R,0).
Oxcup cepnl OTCYTCTBYeT. IloTepy mpu NpoKaJIuBaHUU
He menee 0,13%.

71 IpUroTOBICHUS LIEMEHTHOI'O pacTBOPA MCHOJIb-
30BN PEYHOM IME€COK, OTHOCSIIIUIACS K TPYIIIIe OYEHb
menkux (M,=1,1). ConepxaHue MbUICBUIHBIX U TJIMHK-
CTBIX YaCTUIl B mecke cocTaniseT 1,2%. B necke 3epHa
pasmepoM Gosree 0,63 MM MpPaKTHUECKU OTCYTCTBYIOT,
YTO 3HAYUTEJIbHO MOBHIIIACT BOIOIMIOTPEOHOCTH pac-
TBOpHOI cMecu. [ToaToMy 1 cpaBHEHUS C paHee ToJTy-
YEeHHBIMU pe3yJIbTaTaMU COOTHOIIIEHUE LIEMEHTA U TIecKa
npuHsTO paBHbIM 1:3 mo macce, a B/11=0,73 BeiOpanu u3
ycioBus obecrnevyeHus paciibiBa KOHYCa Ha BCTPSIXMBaA-
IOIIEM CTOJIUKe, paBHOro 110 MM mpu BBeIeHUU UCCIIE-
JIyeMbIX T00aBOK.

Panee BbImoMHEHHBIMU 3KcniepuMeHTaMu [10] GbL10
YCTAHOBJIEHO, YTO JIJISI MECTHOTO TIOPTJIaHAIIEMEHTA OIl-
TUMAaJIbHBIM SIBJISIETCSI pacxoj okcuaa rpadeHa B KOJIM-
yectBe 0,05% ot macchl LieMeHTa. [ToaToMy B HacTosi-

Ta6nuua 1
Table 1
AneMeHTHbIV cocTaB cycneH3umu okcupaa rpacdeHa
The elemental composition of the suspension
of graphene oxide

SnemeHT Yrnepopn, | Knucnopog Cepa
Element Carbon Oxygen Sulphur
ATOMHOE cogepxaHue, %
Atomic content,% 52,5 44,2 3.3

tar, the level of compressive and flexural strength will in-
crease due to appearance of ionic bonds between negative
hydrosilicates and graphene oxide through positive diva-
lent and trivalent cations. Studies should be carried out
with water-soluble salts of calcium and aluminum, which
are their nitrates.

The aim of this work is to study the structure-forming
properties of graphene oxide in cement materials by intro-
ducing divalent and trivalent cations with gate water dur-
ing the preparation of mortar mixture.

To carry out experiment, a suspension of graphene
oxide was used, which was prepared by “MIP Grafen”
LLC (Yakutsk). Chemical composition of graphene oxide
is presented in table 1. Aqueous solution of graphene ox-
ide (2 mg/1) was subjected to ultrasound for five minutes
before use. The weighted average lateral size was 0.58
mkm, the thickness of nanosheets varies from 1.5 to 2 nm.

For preparation of cement mortar, porous cement of
brand CEM 1 32.5B GOST 31108—2016 “Cements for
general construction. Technical conditions” (supplier
0OJSC “Yakutcement®). Portland cement clinker is
characterized by a content of 58.7% C;S, 16.38% C,S,
6.44% C;A and 14.35% C,AF, 2.7% MgO, 0.1%
(Na,0+R,0). Sulfur oxide is absent. Loss on ignition
not less than 0.13%.

For preparation of cement mortar, river sand was
used, which belongs to the group of “very fine” (fineness
modulus My =1.1). The content of dust and clay particles
in sand is 1.2%. In sand, grains larger than 0.63 mm are
practically absent, which significantly increases the water
demand of mortar mixture. Therefore, to compare with
previously obtained results, the ratio of cement to sand
was taken to be 1:3 by weight, and W/C = 0.73 was cho-
sen from the condition of ensuring the cone spread on
shaking table, equal to 110 mm with introduction of stud-
ied additives.

Earlier experiments [10] showed that consumption of
graphene oxide in the amount of 0.05% by weight of ce-
ment is optimal for local Portland cement. Therefore, in
these experiments, it was decided to maintain this con-
sumption of graphene oxide.

To enhance the structure-forming properties of gra-
phene oxide, aluminum and calcium cations were intro-
duced into solution mixture in the ratio of one unit mass
of salt per three mass units of graphene oxide. For one
milliliter of cement sample, taking into account the con-
centration of graphene oxide, the salt mass was 2/3 mg.
We proceeded from the following. When aluminum and
calcium cations are located close to each other on two
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IIMX 3KCHEPUMEHTaX PEIIeHO COXPAaHUTb JaHHBIA pac-
X0oJI okcuaa rpacdeHa.

[nst ycwsieHusT CTpyKTypOooOpas3yIolux CBOMCTB OK-
cuna rpadeHa B pacTBOPHYIO CMECh BBOAMJIM KaTHOHBI
ATIOMUHUSI Y KaJbIASI B COOTHOIIEHUW OJHA €IUHUIIA
MAacChl COJIM Ha TPU €OWHUIIBI Macchl OKcuaa rpacdeHa.
Ha 1 M neMeHTHOTO 00paslia ¢ y4eTOM KOHIIEHTpaluu
okcuaa rpadeHa Macca conu coctaBuia 2/3 mr. Ilpm
9TOM UCXOAWIM U3 cieaytoiero. Ilpu pacroigoxeHuun
KaTHOHOB aTIOMUHUS 1 KaJIBIUSI BIPUTHIK IPYT K IPYTY
Ha ABYX MoBepxHocTax vemryiiku OI' Macca HUTpaToB
ATIOMUHUS W KaJIbIMSI OTHOTO ITOPSAIKA ¢ MAaccoil Je-
mryiiku OI'. B ieMeHTHOM pacTBOpE KOHIIEHTPALUs OK-
cuna rpacdeHa MeHbIIe MepBOHAYAJIIBHON BEJIWYUHBI, a
KaTUOHBI aTIOMUHUS 1 KaJIbIIMS pacIioaraloTcs Ha He-
KOTOPOM YIAJIECHUU JAPYr OT Apyra U 3aHMMAIOT OKOJIO
30% moBepxHOCTe Yyelryek okcuaa rpadeHa.

CpenHsisi Macca OJHOM 4YellyiHKu okcuaa rpadeHa:
7,573-10°1 .

Macca oaHOIf MOJEKy/Jdbl HHUTpaTa aJIOMUHUS:
212,104:1,667-10"%*=3,536-102% r. Inowans ceyeHUs
atoma amoMuHust: 3,14-(143-1071%)>=6,421-102° m?, Tor-
1a Ha ofHy yenryiiky OT ¢ miomanbio | MKM? MTPUXOAUT-
ca 1,56:107 atomoB amoMuHMs. Macca comu Ha OIHY
vemyiiky OT: 1,56-107-3,536:10722=5,516-10""3 r. Takum
o0Opa3om, macca conu B 14 pa3 6onbire maccsl Ol mpu
pPacoJIOKEHUM KaTHUOHOB aJIIOMUHUS BIPUTBIK APYT K
IpyTy Ha ABYX noBepxHocTax Or.

Macca opmHOI MOJIEKYJIbl HUTpaTa KaJblus:
164,088:1,667-10724=2,735-102 r. Ilnowmanb ceyeHUs
atoma Kampuust: 3,14-(231:10712)2=1,675-10""° m2. Torma
Ha onHy veryiiky O ¢ mromanpio 1 MKM? IPUXOANTCS
0,597-107 aroMoB KanbIms. Macca coim Ha OJIHY Yelllyii-
Ky OTI: 0,597-107-2,735-1022=1,633-10""3 r. Macca conu
B 4eThIpe pasza 0ojbine Macchl O Tipu pacnonaoxeHUn
KAaTHOHOB KaJIbIIMS BIPUTHIK IPYT K APYry Ha ABYX ITO-
BepxHocTsx OT.

TakuMm oOpa3oMm, WIS aKTWMBAlMKA OKcHUOa TpadeHa
comu Al(NO;); u Ca(NO;z) BBOAWJIKMCH B KOJIMYECTBE
0,1% ot Macchl LieMeHTa B IIPOLIECCE IIPUIOTOBJICHUS
pacTBOPHOI CMecCH, MpeABapUTEIbHO PacCTBOPEHHBIC B
BOJIE 3aTBOPCHMUSI.

Ut MpUTOTOBJIEHUS PACTBOPHOW CMECH CHavajia
LIEMEHT MepeMellnBaIi ¢ BOOHBIMU PACTBOPaMU 100aB-
K{ ¥ BOIOI 3aTBOPEHMS B TeUeHME 1,5 MUH, TTOCTIe YeTO
MOPILIMOHHO TO0ABJISIICS TECOK MpU paboTaroIieM cMe-
cuteie. OOIIee BpeMsl IepeMEIIMBAaHUS COCTaBUIIO
5 MUH. 3ateM IS yaydlleHus pacnpeaeaeHus: HaHOIO-
0aBKM cMeCh JOIMOJHUTEIbHO OOpabaThiBajach yabTpa-
3ByKOM B TeueHue 10 MuH. MI3roToBIeHNE U UCTIBITAHWE
obpasuos ¢ gobaskamu 0,05% OI'+0,1% AI(NO;); u
0,05%0I'+0,1% Ca(NO;), pazmepom 40x40x160 MM
ocyuiectBasuiock B cootrBetcTBUM ¢ 'OCT 310.4—81.
O6pa3ibl mocie pacopMOBKH BHIIEPKUBAINCH B KaMe-
pe HOPMaJbHO-BJIAXKHOCTHOTO XpaHEHMs (TeMIlepaTypa
Bo3ayxa (20£2)°C, BnaxHocTb Bo3ayxa (9515)%).
HcriplTaHns IpOBOOMINCHE B Bo3pacte 2, 7 m 28 CyT.
ITonydyeHHbIe pe3ysbTaThl CPAaBHUBAIU C pe3yJbTaTaMUu
paHee BBHITTOJTHEHHBIX 3KCIEPUMEHTOB IS IIEMEHTHBIX
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surfaces of OG flake, the mass of aluminum and calcium
nitrates is of the same order as the mass of OG flake. In a
cement mortar, the concentration of graphene oxide is
less than initial value, and aluminum and calcium cations
are located at some distance from each other and occupy
about 30% of surfaces of graphene oxide flakes.

The average mass of one graphene oxide flake:
7.573:10"1¢ g.

The mass of one molecule of aluminum nitrate:
212.104-1.667-10"2*=3.536-10%2 g. The cross-sectional
area of aluminum atom: 3.14-(143:1072)>=6.421-102° m?,
then one flake of exhaust gas with an area of 1 mkm? ac-
counts for: 1.56-107 aluminum atoms. The mass of salt per
one exhaust gas flake: 1.56-107-3,536-10722=5.516-10"" g.
Thus, the salt mass is fourteen times the mass of the ex-
haust gas when the aluminum cations are located adjacent
to each other on two surfaces of exhaust gas.

Mass of one molecule of calcium nitrate:
164.088:1,667-1024=2,735-10"22 g. Cross-sectional area
of calcium atom: 3.14-(231-107'2)2=1.675-10"'" m?. Then,
on one flake of exhaust gas with an area of 1 mkm? there
are: 0.597-107 calcium atoms. The mass of salt per one
exhaust gas flake: 0.597-107-2.735-10-2=1.633-10"" g.
The salt mass is four times the mass of exhaust gas when
calcium cations are located adjacent to each other on two
surfaces of exhaust gas.

Thus, to activate graphene oxide, the salts AI(NOj3);
and Ca(NOj;), were introduced in amount of 0.1% by
weight of cement during preparation of mortar mixture,
having previously dissolved it in mixing water.

To prepare the mortar mixture, first cement was mixed
with aqueous solutions of additive and mixing water for
1.5 minutes, after which sand was added portion wise with
perforator running. The total mixing time was 5 minutes.
Then to improve distribution of nano-additives, the mix-
ture was further sonicated for 10 minutes. Manufacture
and testing of samples with addition of 0.05% exhaust gas
+0.1% AI(NO;);and 0.05% exhaust gas + 0.1% Ca(NO;),
measuring 40x40x160 mm was carried out in accordance
with GOST 310.4—81. After release from samples, the
samples were stored in a normal-humidity storage cham-
ber (air temperature (20£2)°C, air humidity (95+5)%).
Samples tested at the age of 2, 7 and 28 days. The results
were compared with the results of previously performed
experiments for cement mortars without additives and
with the addition of 0.05% exhaust gas [11].

The results are presented in table 2. Fig. 1 and 2 show
the kinetics of hardening of cement mortars. For com-
parison, the graphs also show the kinetics of hardening of
cement mortars without additives and with addition of
0.05% exhaust gas, performed on the same materials. The
control compositions differ in a lower W/C=0.67, in
compositions with W/C salts it was 0.73 to ensure the
same consistency of solution.

As can be seen, from Fig. 1, as a result of additional
introduction of additives of 0.05% GO + 0.1% Al(NO;);
and 0.05% GO + 0.1% Ca(NO;), into the mortar mix-
ture, the bending and compression strength of solution at
28 days of age, it was 24,8 and 19,7%, respectively,
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Puc. 1. Baunauve no6asok ¢ O Ha NPOYHOCTHbLIE CBOMCTBA LEMEHTHOro pacTeopa: a — npu uarnbe; b — npu cxatun; 1 — 6e3 nobaeku; 2 — 0,05% Or;

3-0,05% Or+0,1% AI(NO3)3; 4 — 0,05% Or+0,1% Ca(NO3),

Fig. 1. Effect of additives with GO on the strength properties of cement mortar: a — flexural strength; b — compressive strength; 1 — without additive; 2 — 0,05%

GO; 3 - 0,05% GO+0,1% AI(NOg)3; 4 — 0,05% GO+0,1% Ca(NO3),

pacTBOpoB 06e3 J00aBKU M ¢ 100aBKOI
0,05% OT [11].

JlanHbIe, TTOydeHHBIC TP NCITBITAHNU-
sax? mpeAcTaBieHbl B Taba. 2. Ha puc. 1 u 2
MOKa3aHa KWHETMKA TBEPACHUS LIEMEHT-
HBIX pacTBOpOB. /71 cpaBHEeHUS Ha rpadu-
Kax IMpeACTaB/IeHa TakKXe KMHETUKA TBEP-
JIEHUST IEMEHTHBIX PAaCTBOPOB 0€3 100aBKU
u ¢ no6askoit 0,05%O0TI", BEIMOTHEHHBIX Ha
Tex Xe Marepuajiax. KOHTpoibHbIE coCTa-
BBl omIMyaloTcsi MeHbimiuM B/11=0,67; B
cocraBax ¢ comsimu B/Il coctaBmio 0,73
IJIsT  00ecCIIeYeHUs] OINMHAKOBOW KOHCH-
CTEHIIMU PacTBOpa.

HanHHble puc. 1 IOKa3bIBaloOT, 4TO B pe-
3yJbTaTe HOITOJIHUTEILHOTO BBEIACHUS B
pacTBOpHYyI0 cMech a06aBok 0,05% OI+
0,1%AI(NOy); u 0,059 OI+0,1%
Ca(NO;), npupocT NpOYHOCTU NIPU U3TU-
0¢ ¥ cKaTuu B 28-CyTOYHOM BO3pacTe CO-
craBun 24,8 u 19,7% cOOTBETCTBEHHO IO
CpPaBHEHUIO C KOHTPOJIBHEIM COCTAaBOM
(6e3 106aBoK), TOrma Kak IMpu MCIONb30-
BaHUM TOJIBKO OKCuaa rpadeHa B KOIM4e-
ctBe 0,05% or Macchl LIEMEHTA ITOBBILLIE-
HHE TIPOYHOCTH 10 CPAaBHEHMIO C KOHTPOJIBHBIM COCTa-
BOM cocTtaBisiia Bcero 2,2 u 4,6% COOTBETCTBEHHO.
AHalM3 KWHETUKU TBEPACHUS II0KA3bIBAeT, YTO IPU
JIOIIOJIHUTEJIbHOM BBEIECHUM COJIEM HMUTPATOB TEMIIbI
TBEPIEHUS IIEMEHTHOTO pacTBOpa 3HAYMTEIHLHO MEHS-
JOTCSI IO CPAaBHEHMIO C TEMIIAMU PACTBOPOB 0e3 100aBKU
u ¢ godaskoii 0,05% OI'. IIpu 3TOoM Hamo 0cobo OTME-
TUTbh, YTO 4Yepe3 7 CYT pacTBOp IpaKTUIECKU HabupaeT
MPOEKTHYIO MPOYHOCTb.

IToMUMO MPOYHOCTHBIX ITOKa3aTeseil IEMEHTHOIO
pacTBOpa M3ydajau MHUKPOCTPYKTYPY CKOJIOB, TBEpPAEB-

Puc. 2. COM-CHUMKM LEeMEeHTHOro pacTeopa: a — 6e3 gobasku; b — 0,05% OrF; ¢ - 0,05% Or+
0,1% AI(NOg)g; d - 0,05% Or+0,1% Ca(NOg),

Fig. 2. SEM images of cement mortar: a — without additive; b — 0,05% GO; ¢ — 0,05% GO+0,1%
Al(NOg)3; d — 0,05% GO+0,1% Ca(NO3),

compared with control composition (without additives),
whereas when using only graphene oxide in amount of
0.05% by weight of cement, the increase in strength com-
pared with control composition without additive was only
2.2 and 4.6%, respectively. Analysis of hardening kinetics
shows that in case of additional introduction of nitrate
salts, the rate of hardening of cement solution varies sig-
nificantly compared to the rate of solutions without addi-
tives and with addition of 0.05% exhaust gas. In this case,
it should be especially noted that after 7 days the solution
is practically gaining design strength.
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Tabnuua 2
Table 2

BnusiHne okcupa rpacdbeHa u conein HUTpaTa Ha NPOYHOCTb LLEeMEHTHOro pacTtesopa
The effect of graphene oxide and nitrate salts on the strength of cement mortar

MpoyHOCTb pacTBOpa, TBEPAEBLUErO B KAMEPE HOPMabHO-BIAXHOCTHOIO
Losauposka OF, Pacnnbis xpaHeHus, MMa
LL:M, no macce % OT macchl B/LL KOHyCa, | The strength of cement mortar, hardened in the chamber of normal-humidity
Cement:Sand LiemeHTa Water/ MM storage, MPa
) ’ | Content of GO, Flow of
by mass . Cement npm cxatmm npu n3rnée
% by weight of cone, .
compressive strength flexural strength
cement mm
2 cyt/days | 7 cyt/days | 28 cyt/days | 2 cyt/days | 7 cyt/days | 28 cyTt/days
0,05%GO+
i3 0.01%AINOy); | &7° 110 1.1 24,1 26,1 2,4 3,35 3,97
’ 0,05%GO+
0.1%Ca(Nog), | %7 | 10 13 24,2 26,1 2,34 3,45 3,97

IIIETO IIEMEHTHOTO KaMHS$I, C TIOMOIIbI0 CKaHUPYIOIIEeTO
anekTpoHHOro Mukpockorna JEOL JSM-7800F.

Mzyuenne COM-cHUMKOB (puC. 2) TTOKa3bIBAET, YTO
BBeACHUE 100aBOK MEHSIET MOP(OJIOTHIO U MUKPOCTPYK-
Typy LIEMEHTHOTO KaMHsI, YMEHBIIIaeT 00beM U pa3Mep
Mop B IIEMEHTHOM KaMHe. bosiee TJIOTHBIE CTPYKTYphI
HabaomaloTcss npu npuMeHeHun pgob6aBok 0,05%
Oor+0,1% Al(NO;); u 0,05% OI'+0,1% Ca(NOs;),, uto
COIJIacyeTCs ¢ JaHHBIMU UCIIBITAaHUST 00Pa31IOB.

TakuM o6pa3oM, MOJyYEHHBIE PE3YAbTaThl TPEOYIOT
JaJIbHEMIIIero U3yYeHUs ¥ MoKa3bIBalOT 3 (HEKTUBHOCTh
MPOBEACHUST MCCIEAOBAHUN CTPYKTYpOoOoOpa3ylomeit
cnocoOHOCTU 100aBOK Ha OCHOBE oKcuaa rpadena. s
TOro YTOOBI Pa300paThCsl B MEXaHU3ME TBEPIACHUS Ha-
HOCTPYKTYPUPOBAHHBIX BSIKYIITUX, HEOOXOAMMO BBITION -
HUTb CJIOXHBIA KOMILIEKC HcciienoBaHuid. IlepcrnekTus-
HOCTb IPMMEHEHUsI OKcHuaa rpadpeHa B IEMEHTHBIX CH-
cTeMax TIOATBEPXIAETCS IOMYISIPHOCTBIO TaKUX
HUCCIEN0BAHUI 32 PyOEKOM.
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OueHka 3p(pekTUBHOCTH NPUMEHEHUA BOAHOK AUCNEPCUM
yrnepoaHbIX YacTUL B aHTMAPUTOBOM BAXYLLEM

MpuBOAATCA pe3ynbrartbl UCCNEA0BAHNIA MEXAaHMYECKUX CBOWCTB M CTPYKTYPbI BSXKYLLEr0 HA OCHOBE NPUPOAHOr0 aHrnapuTa B
NPUCYTCTBIAU BOLHOM AMCNEPCUN YIEPOLHbIX HYACTUL, — TEXHUYECKOI CaXU 1 U30CTaTUYECKOro rpadputa. IpaHynomMeTpuyecKuin aHanna
NnoKaszan, YT0 YaCTULbl CaXN UMEIOT 60ee BbICOKYH) AUCMEPCHOCTb B CPAaBHEHNN C rpacpuTom. Mpn aTOM OCHOBHOW AnManasoH 4acTul
caxun Haxoautcs B uHTepeane ot 50 o 500 HM. icnonb30BaHne caxu B BUAE KONEPOBOYHON NACTbl U rpadputa — 0TX04a NponN3BOACTBA
06€eCneYnBaeT NOBbILLEHNE MEXAHWYECKUX XapaKTepUCTUK [0 25% npu onTumansHom coaepxxaHny nobaskm 0,001 n 0,005%
COOTBETCTBEHHO. AHann3 pesynbraTtoB 06pa3LoB ¢ J06ABEHNEM CaXM, NMONYYEHHbIX AN depeHLmManbHO-CKaHUPYOLLEN
kanopumetpueii u MK-aHanu3om, nokasan Hanu4ne U3MEHeHWIA B OKPY>KEHUM KPUCTannormapaTHbIx CTPYKTyp. B xoae
MUKPOCTPYKTYPHOIO aHann3a BbISBIEHO HanN4me Kak OGHOPOLHbIX, TaK U HEOAHOPOAHbBIX Y4aCTKOB CTPYKTYPbI FMNCOBOr0 KamHs. Mpu
3TOM YCTAHOBNEHO HanMyue Ynopsa04eHHOro CKONNEHUs X0POLo CGHOPMMPOBAHHBIX U MIOTHOYNAKOBAHHbIX KPUCTaNI0B ABYBOAHOMO
runca, NPeAnonoXUTenbHO N0 NOBEPXHOCTM YaCTUL CaXM, HANMYNE KPUCTANN0B C BOTHYTbIMU NOBEPXHOCTAMMN W HANNYME NAOTHBIX
KOHTaKTOB MeXAy KpucTannamu, 06ecrneymBatoLLnX NOBbILIEHUE NNOTHOCTI MEXX(A3HOI NOBEPXHOCT 11 MPOYHOCTU aHMMAPUTOBOIA
matpuubl. Beeaenune nnactudmkaropa B COCTaB aHrMAPUTOBOrO BSXKYLLEro B konnyecTtse 0,8% COBMECTHO C caxei o6ecne4msaeT
NOBbILLEHNE NPOYHOCTU A0 45% Ha NO3AHNX CPOKAX TBEPAEHUS W CYLLECTBEHHOE MOHUKEHNE HA PAHHUX CPOKaX TBEPAEHMS.

Knio4eBble CNOBa: NPUPOMHLIA aHTUAPUT, TEXHUYECKAS CaXKa, N30CTATUYECKIA rpachuT, CynepnnacTuduKaTop, MexaHu4eckue
XapaKTepUCTUKI, MUKPOCTPYKTYpPA.
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Estimation of Efficiency of Applying Aqueous Dispersion of Carbon Particles in Anhydrite Binder

The study focuses on the mechanical properties and structure of a binder based on natural anhydrite in the presence of an aqueous dispersion of carbon particles: industrial soot and
isostatic graphite. Granulometric analysis shows that soot particles have higher dispersion compared to graphite, the main range for soot particles being from 50 to 500 nm. The use of
soot in the form of tinting paste and graphite, a production waste, provides an increase in mechanical properties up to 25% with an optimal content of additive of 0.001% and 0.005%,
respectively. The analysis of the results of the samples with the addition of soot obtained by differential scanning calorimetry and IR analysis shows the presence of changes in the envi-
ronment of crystalline hydrate structures. The microstructural analysis has revealed the presence of both homogeneous and heterogeneous parts of the structure of gypsum stone. At
the same time, the study has established the presence of orderly accumulation of well-formed and closely packed crystals of calcium sulfate dihydrate, presumably over the surface of
soot particles, the presence of crystals with concave surfaces, and the presence of tight contacts between crystals which increase the density of the interfacial surface and the strength
of the anhydrite matrix. Adding a plasticizer to the composition of anhydrite binder in an amount of 0.8% along with soot provides an increase of up to 45% in the late stages of harden-
ing and a significant decrease in the early stages of hardening.

Keywords: natural anhydrite, industrial soot, isostatic graphite, superplasticizer, mechanical properties, microstructure.
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B Hacrosiiiee BpeMst U3BECTHO OOJIbIIOE KOJTUYECTBO
VIJIEPONHBIX COCAWHEHU, MO3BOSIONINX MOAUDUIIH-
poOBaTh CBOMCTBa MUHEpaIbHBIX MaTpull. Haubosee us-
BECTHBIMU CPEIU HAHOYIJIEPOAHBIX MATePUASIOB SIBJISI-
10TCsl (byJUIepeHbl, HAHOTPYOKM, TpacdeHbl, (QyIEPUTHI.
OHM OKa3bIBAIOT CYIIECTBEHHOE BIWSIHWE Ha (PU3UKO-
MEXaHUYeCKUe CBOWCTBA U CTPYKTYPY TMIICOBBIX U Iie-

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

According to present knowledge, a large number of
carbon compounds can modify the properties of mineral
matrices. The most famous among nanocarbon materials
are fullerenes, nanotubes, graphenes, and fullerites. They
have a significant impact on the physicomechanical prop-
erties and structure of gypsum and cement composites.
For example, adding multi-walled carbon nanotubes in an
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MEHTHBIX KOMITO3UTOB. Tak, IIpu BBEIEHUH MHOTOCJIOM -
HbBIX YIJICPOAHBIX HAHOTPYOOK B KojmyecTBe oT 0 10
0,15% B LIeMEHTHBIC MAaTPUIILI JOCTUTAETCS TTOBBILIEHNE
MPOYHOCTH MPH CXKATUHU, pACTSKEHUN 1 U3ruoe no 35%,
IIPY 3TOM OTMedJaeTcs, 9To GopMUPYETCs 00JIee TTOTHAS
cTpykTypa [1]. Yriuepon-i1aTeKCHbI HaHOMOAUGUKATOD
OKAa3bIBAeT CYIIECTBEHHOE BIMSIHIUE HA MUKPOCTPYKTYPY
TMIICOBOTO MaTepuaa: MeHsieTcs (popMa 1 CyIIeCTBEHHO
yBeJIMYMBaeTCs pa3Mmep Kpucrtaaios [2]. HaHouacTuubl
OKAa3bIBAIOT BIMSHUE Ha TIPOIIECC TUAPATALINY TTOTYBOI -
HOTO TUIICA, TP 3TOM CITOCOOCTBYIOT 00Jjiee MOJTHOMY
Iepexoy ITOIYBOAHOIO TUIIca B ABYBOAHKINH [3]. B pado-
Te [4] mpuBOASTCS pe3yabTaThl TIOBBIIICHUST TIPOYHOCTH
LieMeHTHOI MaTpuubl 10 30—60%, HO IpU 3HAYUTEIBHO
MEHBIIIe!l KOHIIEHTPAIlMM HaHOYACTHUI] 0,025%.
Hcnonb3oBanue rpadeHOBBIX YaCTHUII ITOBBIIIAET IIPOY-
HOCTb LIeMeHTOB 110 35% |3, 6, 7]. Tem He MeHee TTpon3-
BOJICTBO HAHOYIJICPOAHBIX MAaTePUaJIOB SIBJISIETCS TOPO-
MM, U B IPOMBIIUIEHHOM MacluTabe OCBOCHO MpPOM3-
BOJICTBO HAaHOYIJIEPOJHBIX MaTepuajoB Ha OCHOBE
¢ynnepeHa u TyoyneHa [8].

K yrieponcomepxamnuMm maTepuajaM TaKKe OTHO-
caTcs caxa (TexHuyeckuii yriaepon) u rpapur. Caxa B
0OJIBLIIOM KOJIMYECTBE MCIOJIb3YETCS B Ka4eCTBE Kojiepa
MpU TIPOM3BOJICTBE UYEPHBIX JIAKOB, 3Majieif, Kpacok.
TepMHUH «TeXHUYCCKUI YIJIEPOI» OTHOCUTCS K OTHCIIb-
HOMY KJIaCCy TTPOMBIIIJIEHHBIX YTJIEPOAHBIX MTPOAYKTOB,
I1e YIJepoa HaXOAUTCs B MoaudUKaIliK, He BCTpevaro-
LIeicsT B mpUpOaHbIX MaTepranax [9]. OmHako cBOMCTBa
YaCTHUIl CAKU MOTYT 3HAYUTEJIBHO OTJINYAThCS TPU OT-
O6ope Mpod KaK Ha pasIUYHBbIX y4yacTKax OAHOTO U TOTO
JKe TIJIAMEHM, TaK U TIPU Pa3InIHbIX YCIIOBUSIX CTOPAHUS
toruiuBa [10]. Tak, BBeneHUE B IEMEHTHOE TECTO TOHKO-
JUCIIEPCHOI Ta30Boii caxu B KoandecTBe ot 0 10 0,01%
OT MaccChl IIEMEHTa TO3BOJISIET YBEJIUYMTh IPOYHOCTh
LIEMEHTHOI'O KaMHSI IIPU CXXaTUU B paHHEM BO3pacTe Ha
18—79% npu ontumanbHoi KoHLeHTpauuu 0,006% [11].
HobGaBneHue caxXyd — YHUBEPCAJIbHOIO ITUTMEHTHOIO
KOHIICHTpATa Co cpeaHNM pa3dmepoM yactud 150—180 Hm
B KoimmuectBe 0,001—0,005% crioco6eTBYyeT MHTEHCH DU~
KallM¥ IIPOLIECCOB TBEPAECHUS TMIICOLIEMEHTHO-ITYIILIO-
JIAHOBOTO BSIXKYIIIETO W MIPUBOIUT K (popMUPOBAHNIO 60-
Jiee OMHOPOAHON U TOHKOJAUCIIEPCHOI (ha30BOil CTPYK-
Typbl Bsoxymiero [12]. B pabGore [13] mokazaHo, 4To
BBEIIEHUE B COCTaB TMIICOBOTO BSIKYIIIETO TEXHUYECKOTO
yIjIepoaa B BUIE KOJIEPOBOYHOI MMaCcThl IPUBOIUT K M3-
MEHEHUI0 MOP(MOJIOTUN KPUCTAIJIOTUAPATOB JTBYBOIHO-
ro cyib(ara KaJlbLUsl, YIVIOTHEHUIO CTPYKTYPhI TUIICO-
BOI MaTpUIILI U, KaK CJICACTBHE, K MTOBBIIICHUIO TTPOY-
HOCTH 3aTBEPACBIIIETO TUIICOBOIO BSLXYILETO.

M3BecTHBI TOHKOAUCIICPCHBIE MaTepUaibl Ha OCHOBE
rpacuTa, Takke IMO3BOJISIONINAE YIYJIIIaTh CBOMCTBA MU-
HepaJIbHbIX MaTpull. Tak, BBeACHHUE YIbTPAIUCIEPCHBIX
rpacdutoBbix yactuil B KouecTse 0,001% B cocTaB rui-
COBOTO BSDKYIIIETO MOBBIIIACT IPOYHOCTH TMIICOBOTO KaM-
HSI Ha pacTsDKeHMe npu usrube Ha 43%, rpu 5TOM OTMe-
YyaeTcs MOSBIEHUE CTPYKTYPHBIX MI3MEHEHUI B TUTICOBOM
kaMHe [14]. BBenenue rpacdurta — oTX01a IMPOM3BOACTBA B
kosmyectse oT 0 10 25% npu MPOU3BOACTBE TUIICOCOAEP-

amount from 0 to 0.15% to cement matrices provides an
increase in compressive, tensile, and bending strength of
up to 35%, a denser structure being formed [1]. The car-
bon-latex nanomodifier has a significant effect on the
microstructure of gypsum material. In this case, the shape
changes and the size of crystals increases significantly [2].
Nanoparticles affect the hydration of calcium sulfate
semihydrate and contribute to a more complete transition
of calcium sulfate semihydrate to calcium sulfate dihy-
drate [3]. Paper [4] gives the results of increasing the
strength of the cement matrix to 30—60%, but at a signifi-
cantly lower concentration of nanoparticles of 0.025%.
The use of graphene particles increases the strength of
cements to 35% [5—7]. Nevertheless, the production of
nanocarbon materials is expensive, and, thus, the produc-
tion of nanocarbon materials based on fullerene and tubu-
lene has been implemented on an industrial scale [8].

Carbon-containing materials also include carbon
black and graphite. Soot in large quantities is used as a
color in the manufacture of black varnishes, enamels, and
paints. The term “carbon black” refers to a separate class
of industrial carbon products, whose carbon modification
is not found in natural materials [9]. However, the proper-
ties of soot particles can significantly differ when taking
samples both in different parts of the same flame and un-
der different conditions of fuel combustion [10]. Thus, the
introduction of finely dispersed soot in the cement paste
in an amount of from 0 to 0.01% by weight of cement al-
lows to increase the compressive strength of set cement at
an early age by 18—79% at an optimal concentration of
0.006% [11]. The addition of carbon black, a universal
pigment concentrate with an average particle size of
150—180 nm in an amount of 0.001—0.005%, helps to in-
tensify the hardening processes of the gypsum-cement-
pozzolanic binder and leads to the formation of a more
uniform and finely dispersed phase structure of the bind-
er [12]. Study [13] shows that the introduction of carbon
black in the form of tinting paste into the gypsum binder
leads to a change in the morphology of crystalline hy-
drates of calcium sulfate dihydrate, densification of the
structure of the gypsum matrix, and, as a result, an in-
crease in the strength of the hardened gypsum binder.

Fine materials based on graphite are known, which
also provide the improvement of the properties of min-
eral matrices. Thus, the introduction of ultrafine graph-
ite particles in an amount of 0.001% into the composi-
tion of the gypsum binder increases the tensile strength
of gypsum stone in bending by 43%, along with the oc-
currence of structural changes in the gypsum stone [14].
The introduction of graphite, a production waste, from
0 to 25% into the production of gypsum-containing
boards leads to a significant increase in the thermal con-
ductivity of the material [15], and, when used in gypsum
boards in an amount of 0 to 25%, it increases the me-
chanical characteristics and reduces the porosity of
gypsum stone [16]. The addition of graphite, a produc-
tion waste, in an amount of from 0 to 50% in lime pastes
and cements allows to increase the strength and thermal
conductivity [17, 18].

HAY4HO-MeXHU4eCcKUil U nPou3800CHEEHHbLI JCYPHAA
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>KaIUX TUIAT TIPUBOIUT K CYIIIECTBEHHOMY ITOBBIIICHHIO
TETUIONPOBOAHOCTY MaTepuana [15], a mpu ucnoib3oBa-
HUU B TUIICOBBIX ITacTax B KojmuecTse OT 0 10 25% MoBbI-
1IAeT MEXaHUYECKUE XapaKTePUCTUKU M CHIXKACT IOPU-
CTOCTh TUTICOBOTO KaMHs [16]. loGaBieHue rpacdura —
oTXO0Ja IpOM3BoACTBAa B KommdectBe oT 0 1o 50% B
MU3BECTKOBBIE TACTHI M LIEMEHTHI ITO3BOJISIET JOCTUYD I10-
BBILLIEHUS] IPOYHOCTU U TeruionpoBoaHoctu [17, 18].

Takum o0pa3oMm, yriaepoacoiepKalliue MaTepuabl
Ha OCHOBE Caxu W Tpadura pa3IuIHOTO TPOUCXOXKIE-
HUS TaKXXe MOTYT MPUBOJIUTH K CYIIECTBEHHOMY ITOBbBI-
LIEHUIO (PU3UKO-MEXaHUYECKUX XapaKTePUCTUK MMHE-
PaJTBHBIX MATPUIl, HO OHM UMEIOT MEHBIIIYIO CTOUMOCTD B
CpPaBHEHUHM C UCKYCCTBEHHO CMHTE3MPOBAHHBIMU HAHO-
YIJIEpOAHBIMU coearHeHusiMmu. KpoMe Toro, o630p ju-
TepaTypHBIX MCTOYHMKOB II0Ka3aj, 4YTO CBOMCTBA M
CTPYKTYpa TUTICOBBIX BSLKYIIMX C MCIIOJIB30BAHUEM YTJIe-
POIHBIX MaTepHUAJIOB Ha OCHOBE CaXky U TpaduTa B Kade-
cTBe MOIU(UKATOPOB MPAKTUYECKK HE U3YYCHEI.

Llenbio mTaHHOTO MCCIEA0BAHUS SIBUJIACh OLIEHKA (-
(beKTMBHOCTY MCIIOJIB30BAHMS BOTHBIX JUCIIEPCUIA YIJie-
POOHBIX YAaCTHII HA OCHOBE CaXW U TpaduTa myTeM U3y-
YEeHMST MEXaHUYECKUX XapaKTePUCTUK U CTPYKTYPHI BSI-
KYILEro Ha OCHOBE IIPUPOIHOIO aHTMIPUTA.

Marepuajbl 1 METOIbI HCCJIET0OBAHUS

B kauecTBe BSIKYLIEro MCIOJb30BAICS MPUPOTHBIN
aHruaput (puc. 1, a) EpraumHCKOro MecTopoxkaeHUs
(Kynarypckmuii paiioH, I[lepmckuit Kpait), KOTOPBIi IpoO-
ouJics B 1ieKkoBoii apoowmike IIJI-6 1 3aTeM n3Mebya-
¢ B quckoBoii menbHUIe MJ1-200 1o ynenbHOI moBepX-
Hoctu 0,3 M%/r. I'paHyIOMeTprYeCcKuil aHATU3 TTIOKa3aJ,
4yTO 0KOJI0 60% uacTull aHTUAPUTA BapbUPYETCS B aua-
na3oHe ot 0,04 1o 0,5 mxMm. TeMm He MeHee B cocTaBe CO-
IEePKUTCS 3HAYUTEbHASI MOJIS1 KPYIHBIX YaCTUIL C pa3-
MepoM oT 5 1o 100 MKM, HaTMure KOTOpOit OYAeT yXya-
1aTth (U3MKO-MEXaHUYECKHUE XapaKTEePUCTUKU THUIICO-
BOro KamHsI. /{719 yCKOpeHUS TBEPACHUS aHTUAPUTOBOTO
BSDXYILIEro MpUMeHsLICS TuapodocdaT aMMoHMS.

B kauecTBe yriaepoacoaepxamimx 100aBOK ObITA MPH-
HSTBl TEXHUYECKas caxXa M M30CTaTUYECKHWil Tpadur.
TexHuueckuii yriepoa — MNOJUAMCIIEPCHBIN MOPOIIKO-
0o0pa3HbIii MaTepral YEPHOTO 1IBETa, 00-

Thus, carbon-containing materials based on soot and
graphite of various origins can also lead to a significant in-
crease in the physicomechanical characteristics of mineral
matrices, but they are less expensive in comparison with
artificially synthesized nanocarbon compounds. In addi-
tion, a review of literature shows that the properties and
structure of gypsum binders using carbon materials based
on soot and graphite as modifiers have not been studied.

The purpose of the study is to evaluate the effectiveness
of using aqueous dispersions of carbon particles based on
soot and graphite by studying the mechanical characteris-
tics and structure of a binder based on natural anhydrite.

Materials and methods

Natural anhydrite (Fig. 1, a) of the Ergachinsky de-
posit (Kungursky district, Perm Territory) was used as a
binder, which was crushed first in the “SchD-6” jaw
crusher and then in an disk mill “ID-200” to a specific
surface of 0.3 m?/g. Granulometric analysis showed that
about 60% of anhydrite particles range from 0.04 to 0.5
microns. However, the composition of the particles has a
significant proportion of large particles with a size of 5 to
100 microns, the presence of which will impair the physi-
cal and mechanical characteristics of gypsum stone. To
accelerate the hardening of the anhydrite binder, ammo-
nium hydrogen phosphate was used.

Industrial carbon black and isostatic graphite were
taken as carbon-containing additives. Carbon black is a
polydisperse powdery material of black color, which is
formed in the gas phase during thermal or thermooxida-
tive decomposition (incomplete combustion) of carbon-
containing substances, mainly hydrocarbons. In this
study, soot was represented by tinting paste (Fig. 1, b),
consisting of a dispersed soot concentrate in a surfactant
solution. For the production of universal tinting paste
“CS.BK?” of “Palizh™” manufactured by “Novyy Dom”
LLC, pigment soot with a particle size of 30 nm and a
specific surface area of 65—100 m?/g was used. At the
same time, the pigment content in the paste was 34%.

Industrial isostatic graphite was obtained from the waste
of graphite electrodes used in electroslag remelting of steel.
The additive was produced in the form of a dispersion sta-

Ppa3yIoILIMiiCs B ra30Boii (ha3e pu TEPMU-
YECKOM WMJIM TEPMOOKMCIUTEILHOM pa3-
JIOXKeHUN (HETIOJTHOM CTOpaHWM) YyIJie-
POICOIEPXKALIUX BEIIEeCTB, MPEUMYIIE-
CTBEHHO yIJIEBOIOPOAOB. B maHHOi pa-
bore caxa ObUIa MpeacTaBlIeHa KOJIepo-
BOYHOI nacToii (puc. 1, b), cocrosiimeii n3
JTUCTIEPTUPOBAHHOTO KOHIIEHTpATa CaXkn
B pactBope ITAB. JIng mpousBoacTBa
VHUBEPCATBHON KOJIEPOBOYHOM ITACThI
«CS.BK» ¢upmnbr «Palizh™» mnpousBon-
ctBa OO0 <«HoBwIil gOM» MCIOIB30Ba-

JIach caXka MUTMEHTHas ¢ pa3MepoM 4a-
ctuil 30 HM ¥ yIeIbHOI MOBEPXHOCTHIO
65—100 m2/r. Ilpu 3TOM comepxaHue
MMUTMEHTA B ITACTe COCTaBIsuio 34%.

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

Puc. 1. BHewHWii BUO, UCXOA4HbIX MaTepuasnoB: @ — aHrMAPUTOBLINA KameHb nocne Apo6neHus;
b — caxa B BUae AMcneprnpoBaHHOro KoHUeHTpaTa B pacteope MNAB

Fig. 1. The appearance of raw materials: a — anhydrite stone after crushing; b — carbon black in the
form of a dispersed concentrate in a surfactant solution
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Puc. 2. JUCNepCrOHHbIN aHann3 yrnepoaHbIxX YacTuL,: a — TEXHUYECKON caxu; b — nsoctaTnyieckoro rpadpura
Fig. 2. Carbon dispersion analysis: a — of industrial soot; b — of isostatic graphite

TexHoreHHbIN M30CTaTUYECKUIA TpacuT ObLT IMOJIYy-
YeH M3 OTXOIOB IpadMUTOBEIX 3JCKTPOIOB, MCITOIb3YE-
MBIX ITPU JIEKTPOLILIAKOBOM IeperiaBe ctanu. JlobaBka
ObUIa M3rOTOBJIEHA B BHUIE AUCIIEPCUU, CTAOMIM3UPO-
BaHHOM cMauuBarelieM «Altarau S8» nmpou3BoaCTBA KOM-
maHuu «Stachema» (0,1% ot maccel aucrnepcuu). s
TIOJTyYeHUS TUCIICPCUM TTPUMEHSIIACh THAPOIMHAMMIYIC-
cKasl KaBUTalusl.

I'panynoMeTpuyecKuii aHaiau3, BBIMOJHEHHBIA Ha
JIa3epHOM aHaJIM3aTope, IMoKas3all, YTO CPeIHUN pa3Mep
yacTuIl caxu U rpaduta coctaBui 0,2 1 6,5 MKM cooT-
BeTCTBEHHO. OYEeBMIHO, YTO YACTUIIBI CaXH B IPOIIecCe
MOJyYeHUsI 00bEIUHSIIOTCS B arperatbl, KOTOpbIe CIMITIa-
I0TCSI B MEHee IIPOYHBIe 00pa30BaHMSI B BHUIE XJIOIBCB.
ITpy 3TOM OCHOBHOI AWaNa30H IS YACTUII CaxK1 HAXO0-
nutcs B uHTepBasie ot 50 mo 500 HM (puc. 2, a), a 1jasa
rpaduTa — B ropa3mgo 0Oojiee IIMPOKOM WHTEpBae
(puc. 2, b). Takum 00pa3oM, YaCTULBI CaxXU UMEIOT 00-
JIee BBICOKYIO TUCIIEPCHOCTD B CPABHEHUH C TpapUTOM.

Hnd mnactudukauuy U IPeaoTBpallleHUST arperupo-
BaHMS IIPU MCIIOJIb30BAaHUU YACTHUIl CaXKU MPUMEHSIICS
cymepmiactupunkarop Melment F10 mpomsBomcTBa
komnaHuu «BASF Construction Solutions» (Trostberg,
l'epmanmst).

JJ1s1 M3roTOBJEHUS OIBITHBIX OOPa3lOB MCXOIHbIE
KOMITOHEHTBI MEPEMEIIUBAIIMCH APYT C APYIOM B T€Ye-
HUE 2 MMH B TaKOH MOCJIeI0BaTEIbHOCTH: TUAPOdOC-
¢dat HaTpusa A00aBISJICSI B BOAY 3aTBOPEHUsI, 3aTeM
BBOAMJIACH BOOHAS OUCIIEPCUS CaXXU WIIM M30CTaTHUC-
cKoro rpacdurta, najaee BBeIEHHbIE KOMIIOHEHTHI Iepe-
MEIINBAJINCh B BOMIE 3aTBOPEHUS C MOCICAYIOIINM I0-
OaBJIeHHEM B TOHKOMOJIOTBIM aHTHAPUT. g ompenme-
JICHUSI MEXaHWUYEeCKMX XapaKTePUCTHK HCCIEAYyEeMBIX
COCTaBOB OBITM M3TOTOBJIEHBI 00PA3IIbI-0aTOUYKU pas-
MepoM 40%x40x160 MM, KOTOpbIe pacHaayOJIMBaINCh
yepes 24 u, BeaepxxuBanuch rnpu T=20+5°C u orHOCH-
TeJbHOM BJIaXHOCTH Bo3ayxa 60—75% c¢ mocienyroiu-
MU ME€XaHUYECKMMMU UCTBITAHUSIMU Yepe3 7 U 28 CyrT.
BonoaHruapuTtoBoe OTHOIIIEHME MPUHUMAIOCh PaB-
HeIM 0,25. [ BBHISIBJICHUS WU3MEHEHUI B CTPYKType
MOAU(UIIMPOBAHHBIX 00Pa31I0B MPUMEHSUTUCH AP de-
peHuuManbHO-ckaHupytomas kajgopumerpus (JICK),

(PO Y BB

bilized by Altarau S8 wetting agent manufactured by
Stachema (0.1% byweight ofthedispersion). Hydrodynamic
cavitation was used to obtain the dispersion.

Granulometric analysis performed on a laser analyzer
showed that the average particle size of carbon black and
graphite was 0.2 and 6.5 microns, respectively. It is obvi-
ous that during the production process soot and graphite
particles are combined into aggregates, which bind into
less durable formations in the form of flakes. The main
range for soot particles is from 50 nm to 500 nm (Fig. 2, a),
and for graphite it lies in a much wider range (Fig. 2, b).
Thus, carbon black particles have higher dispersion com-
pared to graphite.

To plasticize and prevent aggregation when using soot
particles, a superplasticizer of Melment F10, manufac-
tured by BASF Construction Solutions (Trostberg,
Germany), was used.

For the preparation of test samples, the starting com-
ponents were mixed with each other for 2 min in the fol-
lowing sequence: sodium hydrogen phosphate was added
to the mixing water, after that an aqueous dispersion of
soot or isostatic graphite was added, and then the added
components were mixed in the mixing water, followed by
the addition to finely ground anhydrite. To determine the
mechanical properties of the compositions under study,
samples of beams with dimensions 40x40x160 mm were
made, which were stripped off after 24 hours and kept at
T=2045°C and relative air humidity of 60—75% with sub-
sequent mechanical tests after 7 and 28 days. The water
anhydrite ratio was taken as 0.25. Differential scanning
calorimetry (DSC), infrared spectral analysis (IR), and
microstructural analysis were used to detect changes in
the structure of the modified samples.

Results and discussion

Mechanical tests. Anhydrite binder is known to acquire
the ability to interact with water in the presence of hard-
ening activators. In this regard, at the first stage, the influ-
ence of the hardening activator, ammonium phosphate,
on the mechanical properties of anhydrite binder was
studied. The analysis of the results of mechanical tests of
samples with the introduction of a hardening activator in
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WHGbpaKpacHbIil crieKTpaibHbll aHaau3 (MK) u mukpo-
CTPYKTYPHBIN aHAIN3.

Pe3ynbTaThl HcclIeI0BaHUS H HX 00CYXKIEHHE

Mexanuueckue ucnoimanus. V138eCTHO, YTO aHTUIPU-
TOBOE BSIKYILIEE IMPHOOPETAeT CIIOCOOHOCTh K B3aMMO-
JIEVCTBUIO C BOJOM B IIPUCYTCTBUM aKTUBH3aTOPOB TBEP-
neHus. B cBs3u ¢ 3TUM Ha MepBOM 3Tare ObLJIO U3YYEHO
BIIMSTHUE aKTWBaTOpa TBepAeHUs — doccara aMMOHUS
Ha MEXaHWYECKUE XapaKTepUCTUKN aHTMIPUTOBOrO BsI-
XKyIIero. AHaJIM3 pe3yIbTaTOB MEXaHWYCCKUX MCITBITa-
HUIA 00pa3IloB ¢ BBeIECHWEM aKTWMBAaTOpa TBEPACHUS B
kosmmuectBe oT 0 10 7% mnokasai (puc. 3), 4To IPOYHOCTh
IpY CXKaTUM YBEJIMUMBAETCS B 2,5 pa3a B CpaBHEHUM C
KOHTPOJbHBIM COCTaBOM IPU ONTUMAJIBHOM COAEpXKa-
HuU [06aBKu B 3%. BeposTHO, MexaHU3M [IEUCTBUS
docdata aMMOHHUS 3aKIIIOYAETCS B CO3MaHUU CUJIBHO-
LIEJIOYHOM CPelbl, YTO CIIOCOOCTBYET ITOBBIIICHUIO CTE-
MIEHW PACTBOPUMOCTH aHTUAPHUTA U YIYIIICHHUIO TIPOTE-
KkaHus ruaparaiuu [19]. Takum o6pazom, B naJbHEHILINX
HCCIIeTOBAHUSIX KOJIMICCTBO ruapodocdaTa HATpUsI IPU
M3TOTOBJIEHUYU 00PAa3lOB MPUHUMAIOCh PaBHBIM 3%.

Ha crenyronem atane ObUI10 M3y4eHO BIUSIHUAE TEXHU -
YeCKOM Caxki Ha MEXaHNYEeCKHUE XapaKTepUCTUKI aHT U/ -
PUTOBOIO BSIKYIIEro. AHAJIM3 MEXaHWYECKUX HCIbITa-
HUI 00pas3lIoB ¢ T00aBICHNEM CaXkl B mHTepBaje ot 0 10
0,01% mnokazaj MOBBIIIEHUE MPOYHOCTH MPU CKATUU U
n3rube 10 25% npu oNTUMaIbHOM COAEPXKAHUU JOOaBKU
0,001% (puc. 4). Ilpu ganbHERIIEM YBETUYEHNUN KOJIAYE-
CTBa CaXXu MPOUCXOIUT MOHOTOHHOE CHIUKEHHME MEXaHU-
YECKHX XapaKTePUCTUK aHTUAPUTOBOTO BSKYIIETO.

ABTOpBI padoT [11] OOBSICHSIOT MEXaHU3M IEICTBUS
VIJIEpOOHBIX YAaCTUIl TEM, YTO HAHOPa3MepHBIC CasKeBHIC
YaCTUIILI, 00amafoIIe OYeHb OOJBIION YACTBHON ITO-
BEPXHOCTBIO, BBIMOJHSIIOT (DYHKIIMIO LIEHTPOB KPUCTAI-
JIN3AIWH T TUAPATHBIX HOBOOOPA30BaHUIA IIPU TBEPIC-
HuU ueMeHTa. KpoMe Toro, oH1 MOT'YT 3aMOJIHSTh MMyCTO-
TBI MEXIY 3epHAMM IIEMEHTA, CIIOCOOCTBYSI TEM CaMBIM
VIUIOTHEHUIO CTPYKTYPhI LIEMEHTHOIO KaMHs, YTO MpPU-
BOIUT K MOBHIIIEHHUIO €0 HEIIPOHMUIIAEMOCTH M IIPOYHO-
CTH, B TOM UHCJIe B paHHEM Bo3pacte. B padote [13] aBTO-
PbI HA OCHOBaHMU PE3YyJIbTaTOB (PM3UIECKOTO MOJALIUPO-
BaHUS TBEPACHUSI TUTICOBOTO BSKYIIETO IT0JIAraroT, 9TO
KPUCTAJUTM3ALMS TUTICOBOTO BSDKYIIIETO TaKXKe TPOMCXO0-

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA
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Fig. 4. The dependence of the strength of anhydrite binder on the content
of soot at the age of 7 days: - Bending strength; [l] - Compressive
strength
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an amount from 0 to 7% showed (Fig. 3) that the com-
pressive strength increases 2.5 times in comparison with
the control composition with an optimal content of addi-
tive of 3%. Probably, the mechanism of action of ammo-
nium phosphate is to create a highly alkaline environ-
ment, which helps to increase the degree of solubility of
anhydrite and improve the flow of hydration [19]. Thus, in
further studies, the amount of sodium hydrogen phos-
phate in the manufacture of samples was taken as 3%.
The next stage studied the influence of industrial soot
on the mechanical characteristics of anhydrite binder. The
analysis of the mechanical testing of samples with the addi-
tion of soot in the range from 0 to 0.01% showed an in-
crease in compressive and bending strength up to 25% with
an optimal additive content of 0.001% (Fig. 4). The amount
of soot being increased, a monotonic decrease in the me-
chanical characteristics of the anhydrite binder occurs.
The authors of [11] explain the mechanism of action of
carbon particles by the fact that nanosized soot particles
with a very large specific surface serve as crystallization
centers for hydrated new formations during cement hard-
ening. In addition, they can fill the voids between the
grains of cement, thereby contributing to the compaction
of the structure of set cement, which leads to an increase
in its impermeability and strength, including at an early
age. Based on the results of physical modeling of harden-
ing of a gypsum binder, the authors of [13] believe that
crystallization of a gypsum binder also occurs from crys-
tallization centers, which are carbon black particles.
Considering that soot is an inert additive, that is, it
does not have pozzolanic and hydraulic activity, soot par-
ticles are likely to act as “crystallization centers”, on the
surface of which crystallization of new formations of cal-
cium sulfate dihydrate occurs. In addition, the presence of
nanosized particles in the system is known to substantially
change the environment for the formation of the anhy-
drite matrix system [20]. A relatively small increase in
mechanical indicators is obviously caused by both aggre-
gation of soot particles and uneven distribution of the
particles in the matrix volume.
At the next stage, the effect of isostatic graphite on the
mechanical characteristics of the anhydrite binder was
studied. The analysis of the results of mechanical testing
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AT U3 LIEHTPOB KPUCTAIM3ALIMU, B KAUeCTBE KOTOPBIX
BBICTYMAIOT YAaCTUIIBI TEXHUYECKOTO yIJIepoa.

Y4yuteiBas, 4TO caxa sIBJIsSIeTCSI MHEPTHOM 100aBKOA,
T. €. He 00JIafgaeT MyLLOoJaHUYECKON U TMAPaBINYECKOR
AKTUBHOCTBIO, BEPOSITHO, UTO €€ CaXKH BBICTYITAIOT B Kade-
CTBE «IICHTPOB KPUCTAJLTM3AIIMI» , TTO TIOBEPXHOCTU KOTO-
PBIX TIPOMCXOOUT KPUCTAIM3ALUsS HOBOOOpPa30BaHMUIA
JByBOogHOTO Turica. Kpome Toro, u3BeCTHO, 4TO MPUCYT-
CTBUE B CCTEME HAaHOPa3MEPHBIX YaCTUII CYLIIECTBEHHBIM
00pa3oM MeHsIeT OOCTaHOBKY (POPMUPOBAHUS CHUCTEMBI
anruaputoBoit Matpuubl [20]. OTHOCUTENBHO HEOOJIb-
IIOM TIPUPOCT MEXAHUYECKMUX T10Ka3aTesIer, OYEBUIHO,
BBI3BaH KaK arpernpoBaHNEM YaCTHI] CaKM, TaK U HepaB-
HOMEPHOCTBIO UX pacIipeie/ICHUSI B 00beMe MaTPUIIBI.

Ha cnenmytoiem atamne ObUIO M3Yy4E€HO BIWSHUE M30-
CTaTUYECKOro rpacrra Ha MEXaHUYECKUEe XapaKTepruCTU-
KJ aHTUIPUTOBOTO BSDKYIIETO. AHAIN3 Pe3yIbTaTOB Me-
XaHUYECKUX MCITBITAHUI 00pa3lioB ¢ J00aBIEHUEM Ipa-
¢uta B unrepsaie or 0 mo 0,01% mnoxkaszan (puc. 5)
MOBBIIIICHUE TIPouyHOCTH 10 20% B CpaBHEHWU C KOH-
TPOJBHBIM COCTaBOM IIPY OINTUMAJIbHOM COJEPXKaHUU
npo6aBku 0,005%. Ipu ganbHeileM IOBBILIEHUM ITPOKC-
XOIUT CHUXKEHVE MEXaHUYECKUX IToKa3aTteeil. O4eBrUIHO,
YTO YacTUIIH IrpaduTa, KaK U Caxky, UTPAIOT POJIb «IIEH-
TPOB KPUCTAIM3aLlMKU», YTO CIOCOOCTBYET OOJbLIEMY
MpEeBpalIeHUIO MOJYBOAHOIO I'MIICAa B IBYBOAHBIN TUIIC U
MIPUBOIUT K TOBBIIICHUIO TIPOYHOCTH. XYIIINE Pe3yIbTa-
ThI, OYEBUIHO, CBS3aHbI C 00JIee KPYITHBIM pa3MepoM Ya-
CTUII B CPaBHEHUH ¢ caxeil. [TocTeneHHoe mageHue mpod-
HOCTH IIPY BBEIACHUM YTJICPOAHBIX YACTHII BEI3BAHO Aehr-
LIMTOM BSDXYILETO B TPAaHUYHBIX CJIOSX U 00pa3oBaHUEM
TTOBBIIICHHOM TTOPUCTOCTH CTPYKTYPHI TUTICOBOTO KaMHSI.
Taxkum o6pa3oM, HEIOCTATOYHO BBICOKUI MPUPOCT MeXa-
HUYEeCKMX IT0Ka3aTeJIei, BEPOSITHO, CBSI3aH C TUCIIEPCHO-
CTBIO YaCTHII BCJICACTBUE arperMpoOBaHUS M HEMOCTATOY-
HOI paBHOMEPHOCTBIO MX PacHpeaeIeHUs] B aHTUIPUTO-
BOI MaTpHUIIE.

Ha cneayromiem 3tane 0bLIO U3YYEHO BIUSHUE ILIa-
ctudukaropa Melment F10 Ha MexaHM4YeCKUe Xapak-

4 | | |
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Fig. 5. The dependence of the strength of anhydrite binder on the content

of graphite at the age of 7 days: - Bending strength; [l - Compressive

strength
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of the samples with the addition of graphite in the range
from 0 to 0.01% showed (Fig. 5) an increase in strength up
to 20% in comparison with the control composition with
an optimal additive content of 0.005%. With a further in-
crease, the mechanical indicators decrease. It is obvious
that graphite particles, like soot, play the role of “crystal-
lization centers”, which contributes to a greater transfor-
mation of calcium sulfate semihydrate into calcium sul-
fate dihydrate and leads to an increase in strength. The
worse results are obviously associated with a larger particle
size compared to soot. A gradual decrease in strength with
the introduction of carbon particles is caused by a defi-
ciency of binder in the boundary layers and the formation
of increased porosity of the structure of gypsum stone.
Thus, an insufficiently high increase in mechanical indi-
cators is probably associated with the dispersion of parti-
cles, due to their aggregation and insufficient uniformity
of their distribution in the anhydrite matrix.

At the next stage, the effect of the plasticizer Melment
F10 on the mechanical characteristics of an anhydrite
binder with the addition of soot was studied. The analysis
of the results of mechanical testing of the samples with
soot in an amount of 0.001% and a plasticizer in an

>

12

8 |-
6
4
2 |-
0 K 0,2 0,5 0,8

CopnepxaHue nnactudukaropa, %
Content of plasticizer, %

>
T

MPOYHOCTb aHrMapPUTOBIO BAXyLLero, Mia
Strength of anhydrite binder, MPa

- npenen
Fig. 6. The dependence of the strength of anhydrite binder on the content of soot and plasticizer: a — after 7 days; b — after 28 days; — Bending strength;
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Fig. 7. Derivatogram of anhydrite matrix: @ — without additives; b — with soot

TEPUCTUKU aHTUIPUTOBOTO BSIKYIIETO C MOOABIEHUEM
caxu. AHaJIU3 pe3yJIbTaTOB MEXaHUYECKUX UCTBITAHUI
00pasios ¢ fobaBieHneM caxu B KoauuecTse 0,001% u
miactudukaropa B konuuectse ot 0,2 no 0,8% mokazain
MOHOTOHHOE IIOHMXXEHMHE IPOYHOCTU OOpasloB 10
25% udepe3 7 CyT B CpaBHEHUU C KOHTPOJbHBIM COCTa-
BOM (puc. 6, a). OgHaKo IPOYHOCTH OOPAa3LIOB Yepes3
28 CyT mpeBBIcHIA IIPOYHOCTh KOHTPOJIBLHOTO 00pasiia
Ha 45% Tipu ONITUMAbHOM COIEPXKAHUM TUTaCTU(dUKA-
topa 0,8% (puc. 6, b).

N3BecTHO, 4TO TUTACTU(UKATOPH MOTYT TTO-Pa3HOMY
BJIMSITh Ha (DU3UKO-MEXaHNYECKE CBOMCTBA MUHEPATb-
HBIX BsDKymux. Tak, B padote [21] BBemeHue Melment B
AHTUIPUTOBOE BSIXKYIIee HAa OCHOBE (hocdorurmca mpuBo-
JIUT K 3HAYUTEILHOMY 3aMeVICHUIO Habopa IIPOYHOCTH B
paHHWE CPOKU TBEPAEHUS C TTOCIEAYIONINM BhIpaBHIBA-
HHEM B MO3IHUE CPOKU. BeposiTHO, 1oOaBIeHME TIJIaCTU -
(hukaTopa COBMECTHO C CaXel BeleT K 3aMeJICHUIO
npoliecca I'uaApaTaluyi B HaYyaJdbHble CPOKU TBEPIACHUS B
pe3ysIbTaTe ero aacopOoIy Ha TIOBEPXHOCTH YaCTHIL BSI-
KYIIETO M, KaK CJIENCTBUE, K YXYAIIEHUIO MEXaHNIeCKMUX
mokasareseit. [ToBblllieHHe MeXaHUYECKUX TToKazaTenei
B TIO3[THUE CPOKU MOXHO OOBSICHUTH AUCIIEPTUPOBAHM -
€M YacCTUI[ BSDXYILETO BCIEICTBUE aACcOpOLIMM ILJIaCTU-
(hukaTopa W OKOHYAaHMEM Tpollecca KPUCTALIU3ALUN
TUTICOBOTO KaMHsI.

Hccaedosanue cmpykmypol aneudpumogoii Mampuubl.
C 11e/1b10 BBISIBJICHUSI UBMEHEHUH B CTPYKTYpe 00pa3iioB
1 00OCHOBAHMSI MOJYYEHHBIX Pe3yIbTaTOB ITPOBOAUIOCH
uzydyenue ctpyktypel meronamu JICK, MK-ananuza un
PacCTpPOBOI1 2JIEKTPOHHOI MUKPOCKOMME. AHAIU3 CIIeK-
TPOB KOHTPOJBHOIO OoOpa3lia UM ¢ J00aBJIIEHUEM CaxXu
(puc. 7) nokaszan Haauyre 3HA03(D(HEKTOB, CBI3aHHBIX C
yaajeHueM KpucrauioruapaTHoii Boasl (183,5 u 174°C);
9K303¢deKTa, OTBEYAIOIIETo 3a MePEeCTPONKY KpUcTal-
JIMYIECKOU pelieTKy cyiabdaTa Kanbius (444 u 441°C), u
5HI03(P(PEKTOB, CBSI3aHHBIX C pa3loKeHUEM KapOoHaTa
KaJbLIUs U YaCTUYHOM AMccolLMaluel cyiabgara Kajlb-
uus (810 u 816°C). Ho Ha criekTpe obpasiia ¢ caxeii 1mo-
SABJISIETCST HOBBIN 9K303¢dekT npu 361,5°C, cBsI3aHHBIN
C BBITOPAHUEM OPTAaHUYECKUX KOMIIOHEHTOB, WMEIO-
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amount of 0.2 to 0.8% showed a monotonic decrease in
the strength of the samples to 25% after 7 days in com-
parison with the control composition (Fig. 6, a). However,
the strength of the samples after 28 days exceeded the
strength of the control sample by 45% with an optimal
plasticizer content of 0.8% (Fig. 6, b).

Plasticizers are known to have different effects on the
physicomechanical properties of mineral binders. Thus,
in [21], the introduction of Melment into phosphogyp-
sum-based anhydrite binder leads to a significant slow-
down in strength gain in the early stages of hardening,
followed by its leveling in the later stages. The addition of
a plasticizer together with soot is likely to lead to a slow-
down of the hydration process in the initial stages of hard-
ening due to its adsorption on the surface of binder parti-
cles and, as a result, to a deteriorated in mechanical
properties. The increase in mechanical properties in the
later stages can be explained by the dispersion of binder
particles due to the adsorption of plasticizer and the end of
the process of crystallization of gypsum stone.

Study of the structure of the anhydrite matrix. In order to
find changes in the structure of the samples and support the
results obtained, the structure was studied by means of
DSC, IR analysis, and scanning electron microscopy. The
analysis of the spectra of the control sample and the sample
with soot (Fig. 7) showed the presence of endo-effects as-
sociated with the removal of crystallization water (183.5
and 174°C), the exo-effect responsible for the rearrange-
ment of the crystal lattice of calcium sulfate (444 and
441°C), and endo-effects associated with the decomposi-
tion of calcium carbonate and partial dissociation of calci-
um sulfate (810 and 816°C). However, the spectrum of the
sample with soot has a new exo-effect appearing at 361.5°C
and associated with the burning out of the organic compo-
nents found in soot. In addition, it should be noted that
there are displacements in temperature effects, for exam-
ple, 183.5 and 174°C, which indicates changes in the struc-
ture of the new formations of calcium sulfate dihydrate.

The analysis of the IR spectra of the control sample
and the sample with soot showed (Fig. 8) that there are
some differences in the structure of the samples. The in-
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Fig. 8. IR spectra of anhydrite matrix: a — without additives; b — with soot dispersion

muxcs B caxe. Kpome Toro, ciieyer OTMETUTh HATMYKE
CMEIICHUI B TeMIlepaTypHbIX 3¢ deKTax, HalpuMep
183,51 174°C, uTo yKa3bIBaeT HaA U3BMEHEHUS B CTPYKTY-
pe HOBOOOpa30BaHUI IBYBOIHOTO THUIICA.

Ananu3 UK-cniekTpoB KOHTPOJBHOTO 00pa3iia u ¢ 10-
GaBJIeHMEM caxXU ToKas3aja (puc. 8), 4TO B CTPYKType 00-
pa3loB UMEIOTCS HEKOTOPhbIe OTINYUsSA. VIHTEeHCUBHOCTD
JIMHMI TOIIOLIEHNs B HHTepBaie yactoT 500—700 cm™!
(594,08 1 671,23) 1 1000—1200 cM™!, cooTBeTCTBYIOIIMX
MOHaM SOf' yMeHbllaeTcsl. Takxke CHUXAeTcs WHTEH-
CMBHOCThH TIOJIOC TIOTJIOIIEHMWSI B WHTEpBajie 4acTOT
1600—1700 1 3200—3600 cM™!, cOOTBETCTBYIOIINX je-
(hopMaIIMOHHBIM M BaJIeHTHBIM KojeOaHusM. CHIKe-
HUE MHTEHCUBHOCTH I10JIOC B TAHHBIX MHTEPBAJIaX, BU-
MO, CBUIETEIBCTBYET O 3aMEUICHUH IIpoliecca ruapa-
Taluu B obpaslax ¢ 100aBIeHUEM BOAHOW MMCIIEPCUU
caxu. Takxe ciieayeT OTMETUTh HEOOJIbIIOI CABUT Ya-
CTOT B OKpyXeHuu noHos SO, (1118,71 u 1116,78 cm™!)
U 0oJiee CyIIECTBEHHBIN cABUT B oKpyxxeHnn OH-rpymnn
(3547,09 u 3652,88 cm™!), 4TO yKa3pIBaeT HA CTPYKTYp-
HbIe M3MEHEHHS B HOBOOOpPAa30BaHMUAX JBYBOMIHOIO
rurnca. CieayeT OTMETHTb OTCYTCTBME HOBBIX JUHUI
TTOTJIOIIEHUSI Ha CIMIEKTPax, YTO TOBOPUT 00 OTCYTCTBUM
HOBBIX IMPOAYKTOB TUApPATallMM B COCTaBE€ TI'MIICOBOTO
KaMHS.

Takum 00pa3oM, IIpU BBEACHUM CaXXU ITPOMCXOIUT
3aMeJIeHue MpoLecca TuapaTaluy aHTUAPUTOBOTO Bsi-
KYIIEro, TeM He MeHee M3MEHEHHE BOJHOBBIX YMCEN,
XapaKTepHbBIX JUISI TPYMIIT MOHOB SOf" n OH™, cBuge-
TEJBCTBYET 00 M3MEHEHUM OKPYXEHUSI, YTO, BEPOSITHO,
MPUBOIUT K M3MEHEHMIO BUAa U (POPMbI KPHUCTAJUIOB
JIBYBOTHOTO THUTIICA, B pe3yJbTaTe 4ero (opMUpYyeTCs
OoJiee TIOTHAs MaTpuia. s moaTBepKAeHUS JaHHBIX
BBIBOJIOB BBITIOJIHSUIOCH MCCIICIOBAaHNE MUKPOCTPYKTY-
pbl 00pa3LoB.

MUKpOCTPYKTYPHBI aHan3 00pas3LoB 0e3 1060aBOK
U ¢ 10OaBJIEHNEM Caxk! MOKa3aJl, YTO B COCTaBE IMIICOBO-
ro KaMHsI (DOPMUPYIOTCST YIAaCTKU C pa3InyHoOil Mopdo-
JIoTUel W pa3MepoM KPUCTAIJIOB U COOTBETCTBEHHO C
pa3IMYHOM TMOopUCTOCThIO. Tak, Ha CHUMKe (puc. 9, a)
MOXHO YBMIETh YIIOPSAOYEHHOE CKOIUIEHHME XOPOILIO

(CYPONETIBHIBIE

tensity of the absorption lines in the frequency range
500—700 cm™! (594.08 and 671.23) and 1000—1200 cm"!
corresponding to SOf‘ ions decreases. The intensity of the
absorption bands in the frequency range 1600—1700 and
3200—3600 cm!, corresponding to deformation and
stretching vibrations, respectively, also decreases. The
decrease in the intensity of the bands in these intervals,
apparently, indicates a slowdown in the hydration process
in the samples with the addition of an aqueous dispersion
of soot. We should also note a small frequency shift in the
environment of SO; ions (1118.71 and 1116.78 cm™') and
a more significant shift in the environment of —OH groups
(3547.09 and 3652.88 cm™!), which indicates structural
changes in new formations of calcium sulfate dihydrate.
The absence of new absorption lines in the spectra should
be noted, which indicates the absence of new hydration
products in the composition of gypsum stone.

Thus, with soot being added, the hydration of the an-
hydrite binder slows down. However, the change in the
wave numbers typical for SOf" and OH™ ion groups indi-
cates the change in the environment, which probably
leads to a change in the type and shape of crystals of cal-
cium sulfate dihydrate and, as a result, a denser matrix is
formed. In order to confirm these findings, the micro-
structure of the sample was studied.

Microstructural analysis of the samples without addi-
tives and with soot showed that areas with different mor-
phology and size of crystals and, accordingly, with differ-
ent porosity are formed in the gypsum stone. So, in the
picture (Fig. 9, a) you can see orderly accumulation of
well-formed and close-packed crystals of calcium sulfate
dihydrate in the form of layer-by-layer stratification.
Dense accumulation of crystals is likely to form on the
surface of soot particles, which act as crystallization cen-
ters for crystalline hydrate structures.

We should also note the presence (Fig. 9, a) of dense
“glued” contacts between the crystals, providing an in-
crease in the density of the interphase surface and, as a
result, the strength of the anhydrite matrix. In addition,
non-typical new formations with concave surfaces can be
seen in the image (Fig. 9, a). Fig. 9, b shows the heteroge-
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cOpMUPOBAHHBIX U IIOTHOYIAKOBaH-
HbIX KPUCTAJIOB IBYBOAHOIO THUIICA B
BUAE TIOCJTOWHOTO HaIUIaCTOBAHMSI.
BeposiTHO, IUIOTHOE CKOIUIEHHUE KpU-
CTaJUIOB (POPMUPYETCS TI0 TTOBEPXHOCTH
YaCTUIl CaXy, KOTOPHBIE BBICTYIIAIOT B
KavyecTBe LIEHTPOB KPUCTAJLIM3ALUN It
KPUCTAJJIOTUAPATHBIX CTPYKTYP.

Takke cieayeT OTMETUTh HaJIMYMe
IJIOTHBIX «CKJIEEHHBIX» KOHTAKTOB MEX-
Iy Kpuctauiamu (puc. 9, a), odbecrieun-
BAaIOIINX YBEJIWYCHUE TUIOTHOCTH MEXK-
(hazHOI1 MOBEPXHOCTHU U1, KaK CJICICTBUE,
MPOYHOCTU AHTUAPUTOBOM MATPHUILIBI.
Kpome Toro, Ha cHuUMKe (puc. 9, a)

e TESCAN|

ASMas - FAST VUT Brao

Puc. 9. MUKpoCTPYyKTypa aHrmapuToBOro BsXyLLEro ¢ A06aBNeHNEM CaxXM: a — YNOPaA0HEHHOe 1
NAOTHOE CKOM/IEHNE XOPOLLO CHOPMUPOBAHHBIX KPUCTANIOB B BUAE MOCNONHOrO HaniacToBaHus

(B LEHTPasIbHOM YacTu CHUMKA); b — HEOAHOPOAHAsA CTPYKTYPa MMNCOBOro KaMHs

MOXHO YBUIETb HeXapaKTepHble HOBO-
00pa30BaHUsI C BOTHYTHIMU ITOBEPXHO-
ctsamu. Ha puc. 9, b npeacrasieHa He-
OIHOPOIHAS CTPYKTYpa TMIICOBOTO KaM-
HS C HaJW4MeM KaK KPYITHBIX, TaK W
MEJIKMX KPUCTAJUIOB C TOYEUHBIMU KOH-
TaKTaMU MEXIY HUMMU.

Ha puc. 10, a u b npencraBiaeHbI
CHUMKM HEYMOPSIIOYEHHOU CTPYKTYPBI
C HAJIMYMEM KPYITHBIX TTOP Y KPUCTAJIIIOB
¢ pasnuyHoii Mopdosorueit. PopmMupo-
BaHUE CTPYKTYPhl KPUCTAJUIOTUIPATOB C
pa3nyHoii MopdoJsiorueii u pasMepaMu
obecIieunBaeT IIOBBIIICHHYIO IIOpH-
CTOCThb M, KaK CJEICTBHUE, CHUXXEHUE
MPOYHOCTU aHTUAPUTOBOI MaTPHUIIBI.

Takum 006pa3oM, B CTPYKType TUIICO-
BOro KaMHsI MMEIOTCSI YYacTKU C IUIOT-
HOYMAaKOBAHHBIMU U XOPOIIO chOpMU-
POBAaHHBIMU KPUCTAJUIAMU, TPEATONO-
XKHUTEJBHO IO ITIOBEPXHOCTH YaCTHUIL
Caxu, 4TO CIOCOOCTBYeT (hOPMUPOBAHUIO TTPOYHOMN
CcTpyKTyphl. HO B TO ke BpeMsi UMEIOTCSI y4acTKU C He-
YIIOPSIAOYEHHOW CTPYKTYpPOM, COCTOSILLENA U3 KPUCTAI-
JIOB PA3IMYHBIX pa3MEePOB U MOPGHOJIOTUU C TOYSCUHBIMU
KOHTaKTaMH1 MEXIy HUMM, UYTO BeIeT K CHIDKCHUIO ITPOY-
HOCTHM aHTUIPUTOBOM MaTpuilbl. Hamuume ydJacTKoB ¢
pa3IMYHON OTHOPOIHOCTBIO, OYEBUIHO, BHI3BAHO 3Ha-
YUTETHHBIM Pa30pOCOM YaCTHUIL TT0 pa3Mepy, UX arperu-
pOBaHMEM C MOCJIENYIOLIE MOTepPE CBOMCTB U HepaB-
HOMEPHOCTBIO pacmpenesieHus B 00beMe MaTPUIIHI.

BoiBoapl

Ilo pesynbraTam wuccienoBaHUs ToKazaHa 3¢hdek-
TUBHOCTb MPUMEHEHMS BOAHBIX TUCTIEPCUI YTIIEPOIHBIX
YACTUIl HA OCHOBE CaxXH U TpacduTa B KauecTBe Moau(u-
LUPYIOLIUX 100aBOK B COCTABE AHTUIPUTOBOTO BSLKYIIE-
ro. OddheKT oT ux IeHCTBUS COMOCTAaBUM C HAHOYTIJIE-
POIHBIMU COENMHEHMSIMHU, HO CTOUMOCTD MX MCTIOb30-
BaHUSI CYIIECTBEHHO HUXe. Mcronb3oBaHWe caxu B
BUJIE KOJIEPOBOYHOI MACTHI U TpaduTa — OTX0Aa Mpou3-
BOJICTBA 00OECIeurBaeT MOBBIIIIEHNEe MEXaHUUECKUX Xa-
PaKTEepUCTUK N0 25% TIpU ONTUMATBHOM COIEepKaHUU
pob6asku 0,001 u 0,005% coorBercrBeHHO. [Ipu 3TOM

HAayuHO-MexXHU4ecKuil U nPoU3800CMBEeH bl HCYPHAN

Fig. 9. The microstructure of anhydrite binder with soot: a — orderly and dense accumulation of
well-formed crystals in the form of layer-by-layer stratification (in the center); b — heterogeneous
structure of gypsum stone
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AdMa% - FASTVUT imo

Puc. 10. MuUKpOCTPYKTYpa aHrmapuToBOro BSXYLLEro C A0GaBNEHNEM Caxun: a U b — Hanuuue
KPYMHBIX MOP M KPUCTANOB C PasiMyHon mopdonoruei

Fig. 10. The microstructure of anhydrite binder with soot: @ and b — the presence of large pores
and crystals with different morphology

neous structure of gypsum stone with the presence of both
large and small crystals with point contacts between them.

Figures 10, a and b show images of a disordered struc-
ture with the presence of large pores and crystals with dif-
ferent morphology. The formation of the structure of
crystalline hydrates with different morphology and sizes
provides increased porosity and, as a consequence, a de-
crease in the strength of the anhydrite matrix.

Thus, in the structure of gypsum stone there are areas
with close-packed and well-formed crystals, presumably
along the surface of soot particles, which contributes to the
formation of a strong structure. At the same time, there are
areas with a disordered structure consisting of crystals of
various sizes and morphology with point contacts between
them, which leads to a decrease in the strength of the an-
hydrite matrix. The presence of areas with different unifor-
mity is obviously caused by a significant difference of par-
ticles in size, their aggregation with subsequent loss of
properties, and uneven distribution in the matrix volume.

Conclusion
The results of the study show the effectiveness of the use
of aqueous dispersions of carbon particles based on soot
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YIJIEPOJHbBIE YACTHUIIbI BBHICTYMAIOT B KauyeCTBE LICHTPOB
KPUCTAJIM3ALMH, 110 TOBEPXHOCTU KOTOPBIX IIPOUCXO-
IWT aKTUBHAS KPUCTAJUIM3AllMS PACTBOPEHHOTO Bellle-
CcTBa. AHaju3 pe3ysibTaTOB 00pa3loB C A00aBIEHUEM
caxu, monydeHHBIX JICK 1 MK-ananmu3oM, mokasaj Ha-
JINYMEe U3MEHEHUI B OKPYKEHUN KPUCTALIOTUIPATHBIX
CTPYKTYP. B X0ome MUKPOCTPYKTYpHOTO aHaJI13a BBISIBIIC-
HO HajJluWyuhe KakK OJHOPOAHBIX, TaK W HEOJHOPO.I-
HBIX YYaCTKOB CTPYKTYpPhI TUIICOBOro KaMHs. [1pu 3Tom
YCTaHOBJICHO HAJIMYNE YIIOPSIIOUYCHHOTO CKOTUICHUS XO-
poiro choOpMUPOBAHHBIX U TUIOTHOYIIAKOBAHHBIX KPM-
CTaJUIOB IBYBOAHOIO TUIICA, IIPEAIIOIOXUTEIBLHO I10 IT0-
BEPXHOCTH YACTHII CaKW, HAIMUKE KPYCTAJJIOB C BOTHY-
TBIMM TOBEPXHOCTSIMU, a TakKXXe HaJW4ue TUIOTHBIX
«CKJICEHHBIX» KOHTAKTOB MEXKIY KpUCTa/IaMU, odecIie-
YUBAKOIIUX YBEJIMYEHUE ILJIOTHOCTU MexXdaszHoil Mo-
BEPXHOCTH M IIPOYHOCTH AHTHAPUTOBON MAaTPHUIIHIL.
BBenmeHre B cocTaB aHTMAPUTOBOTO BSIKYILETO TUIACTH-
¢dukaTopa B Koinuectse 0,8% cCoBMECTHO ¢ caxeil obec-
Me4YrBaeT MOBBIIIEHUE MPOYHOCTU 10 45% Ha MO3THUX
CpOKax TBEPIECHUS U CYILIECTBEHHOE ITOHIKEHME Ha
paaHnX. HemocTaTouyHO BBICOKMIT IPHPOCT MEXaHWUE-
CKMX MoKa3aTejieli BbI3BaH 3HAUMTEJIbHBIM DPa30poCcoOM
JacTHIl IO pa3Mepy, MX arperupoBaHUEM C ITOCIEAYIO-
1IIEW TTOTEPEN CBOMCTB M HEPABHOMEPHOCTBIO pacIpeae-
JICHUS B 00beM€E MaTPUIIbI.
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and graphite as modifying additives in the composition of
anhydrite binder. The effect of their action is comparable to
nanocarbon compounds, but the cost of their use is signifi-
cantly lower. The use of soot in the form of tinting paste and
graphite, a production waste, provides an increase in me-
chanical characteristics up to 25% with an optimal additive
content of 0.001% and 0.005%, respectively. In this case,
carbon particles act as crystallization centers, on the surface
of which the active crystallization of the solute occurs. The
analysis of the results of the samples with soot obtained by
DSC and IR analysis showed the presence of changes in the
environment of crystalline hydrate structures. The micro-
structural analysis revealed the presence of both homoge-
neous and heterogeneous parts of the structure of gypsum
stone. At the same time, the study established the presence
of orderly accumulation of well-formed and close-packed
crystals of calcium sulfate dihydrate, presumably over the
surface of soot particles, the presence of crystals with con-
cave surfaces, and the presence of dense “glued” contacts
between the crystals, which increase the density of the in-
terfacial surface and the strength of the anhydrite matrix.
The introduction of an anhydrite binder plasticizer in an
amount of 0.8% together with soot provides an increase of
up to 45% in the late stages of hardening and a significant
decrease in the early stages of hardening. The insufficiently
high increase in mechanical indicators is caused by a sig-
nificant difference of particles in size, their aggregation
with subsequent loss of properties, and uneven distribution
in the matrix volume.
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Peonornyeckas aktuBauus (hTopaHrnapuToBbIX KOMNO3ULHUIA
3thupamn nonukapbokcunara

Llenbto JaHHOr0 MCCNef0BaHNUA ABNANOCH CHKEHWUE BOJOBSKYLLEr0 OTHOLIEHUS 1 NOBbILLEHNE IM3UKO-MEXAHNYECKMX XapaKTepucTuK
KOMMO3MLNIA HA OCHOBE TEXHOTEHHOr0 aHrMApUTa N1 PacLumMpeHns 061acTi X UCMOoMb30BaHUA. ABTOpaMu Gblfla M3y4eHa 3aBMCUMOCTb
(PU3NKO-MEXAHMYECKUX CBOWMCTB BbICOKOMPOUHbIX U 06JIErYeHHbIX BCMY4EHHbIM NepIMTOBbLIM NECKOM (hTOPaHMMAPUTOBbLIX KOMMNO3MLNIA
Nnpy BBEAEHUM B HWUX NNACTUUKATOPA HA OCHOBE 3(PUPOB NONUKAPOOKCUIaTa, JONUPOBAHHOTO MHOTOCOHBIMMN YINepPOAHbIMN
HaHOTPy6Kamu. Pe3ynbTarbl 1a60PATOPHbIX 3KCMEPUMEHTOB MOKa3blBAKOT, YTO BBEAEHUE B KOMMO3ULMIO 2% BOHOIO pacTeopa
NoNMKap6OKCUIATHOTO NNACTUMKATOPA NMPUBESIO K CHIKEHWUIO BOLOMOTPEOHOCTU CMECEN, YBEJIMYEHWNIO NPOYHOCTU 3aTBEPAEBLUErO
KaMH$ Ha pacTskeHue npu narnée Ha 20%, npu cxatun — Ha 46% no CpaBHEHWIO C KOHTPOSIbHbIM 06pasuom. Kpome Toro, BCeacTBue
YNIOTHEHWUA CTPYKTYPbl pa3paboTaHHbIX KOMMO3MLMIA NOBbICKIACL BOLOCTONKOCTL Matepumana (Ha 28%) u CHU3UNoch
BOZOMOINOLLEHME. YNyyLleHne PU3NKo-MexaHU4ecKnx XxapakTepyucTuk Npon3oLLsio 3a CHeT M3MeHeHus Mopdhonoruu
KpuCTaniornaparHblix 06pasoBaHuni, yBenuyeHus nioLany KOHTakta Mexay HoBoo6pasoBaHusaMU BCIIEACTBUE CUHEPreTU4ECKOrO
a(pdpekta OT COBMECTHOIO BO3JENCTBUA HA CTPYKTYPbI MHOTOCITONHbLIX YNMePoAHbIX HAHOTPYOOK 1 3¢PUPOB Kapbokcunara, 4To
NOATBEPXKAAETCA pe3ynsratamMmum MUKPOCTPYKTYPHOrO aHanmsa 06pasuoB. PEHTreHOBCKMA MUKpOaHanu3 amopdoHbIX HOBOO6GPa30BaHUIA
B CTPYKTYpe MaTpuLibl N03BONUN YCTAHOBUTL POPMUPOBAHME TMAPOCUITMKATOB KanbLms, KOTOPbIE 06ECNEYMBAOT AOMOHUTENbHBI
NPUPOCT NPOYHOCTN MaTepuana. PaspaboTaHHble KOMNO3ULMM MOTYT UCMONb30BATLCA NPU YCTPOCTBE CAMOHUBENUPYIOLLNXCA
BbICOKOMPOYHbIX CTSXKEK U MOJIOB C MOHMXEHHON TENsI0NpoOBOAHOCTBIO.

KntoyeBble ¢noBa: hTOpaHrUapnT, NEPANT, NONNKAPOOKCUNAT, KOMMO3ULIMOHHBIE BSKYLLUE, HAHOTPYOKM.
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Rheological Activation of Fluoroanhydrite Compositions with Polycarboxylate Esters

The aim of this study was to reduce the water-binding ratio and increase the physicomechanical characteristics of compositions based on technogenic anhydrite in order to expand the
field of their use. The authors studied the dependence of the physicomechanical properties of high-strength and lightweight fluoroanhydrite compositions upon the introduction of a
plasticizer based on polycarboxylate esters, doped with multi-walled carbon nanotubes. The results of the experiments show that the introduction of a 2% aqueous plasticizer solution
into the composition led to a decrease in the water demand of the mixtures, an increase in the tensile strength of the set cement by 20% and the compressive strength by 46% com-
pared to the control sample. In addition, due to the compaction of the structure of the obtained compositions, water absorption decreased and the water resistance of the material
increased (by 28%). The improvement of physical and mechanical characteristics was due to a change in the morphology of crystalline hydrate formations, an increase in the contact
area between new formations due to the synergistic effect of the combined effect on the structures of multilayer carbon nanotubes and carboxylate esters, which is confirmed by analy-
sis of the microstructure of the samples. X-ray microanalysis of amorphous neoplasms in the matrix structure made it possible to establish the formation of calcium hydrosilicates,
which provide an additional increase in the strength of the material. The developed compositions can be used in the construction of self-leveling high-strength screeds and floors with
reduced thermal conductivity.

Keywords: fluoroanhydrite, perlite, polycarboxylate, plasticizer, nanotubes, microstructure.

For citation: Kalabina D.A., Yakovlev G. I., Drochitka R., Grakhov V. P., Pervushin G.N., Bazhenov K.A., Troshkova V.V. Rheological activation of fluoroanhydrite compositions with poly-
carboxylate esters. StroiteI'nye Materialy [Construction Materials]. 2020. No. 1-2, pp. 38—47. (In Russian). DOI: https://doi.org/10.31659/0585-430X-2020-778-1-2-38-47

KonndecTBo BOABI 3aTBOPEHMSI, HEOOXOIUMOM IS
OCYILECTBJICHUS peakluii ruapaTalyyd TUICOBOTO MU
AHTUAPUTOBOTO BSLKYIIETO, HAa MPaKTUKe CUIIBHO TIpe-
BBILIAeTCSA Ajs obecriedeHus] yaoO0OyKJIaablBAEMOCTU
cMmeceid. M30bITOuHass Boga YaCTUYHO ucnapsieTcs, 00-
pasys KalMUISIpHBIE MTOPHI, TNO0 OCTaeTCd B 3aTBEPICB-
IIeM KaMHE B BHJE 3aIlIOJJHCHHBIX MUKPOIIOp WJIX al-

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

The amount of mixing water required for hydration
reactions of gypsum and anhydrite binder is greatly
exceeded in practice to ensure workability of mixtures.
Excess water partially evaporates, forming capillary
pores, or remains in the set cement in the form of
filled micropores or adsorption layers [1]. Both of
these structural defects reduce the operational charac-
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To realization of the XII International conference «Nano-technology for green
and sustainable construction», 27—31 March, Sharm El Sheikh, Egypt

COpOLIMOHHBIX npocioek [1]. O6a 3T gedekra CTPyK-
Typbl CHUXAIOT 3KCIUIYyaTallMOHHBIE XapaKTePUCTUKU
Marepuaia, 4YTO TMOATBEPXKIEHO MHOTOKPATHBIMU MC-
clienoBaHUsSIMMU [2].

st yctpaHeHus Takux AeeKTOB pa3pabOTaHBI CIIO-
COOBI CHMKEHUS BOAOBSIKYIIEro oTHoleHus. Hanbonee
3¢ GEKTUBHBIM M PaCIIPOCTPAHCHHBIM SBJISIETCSI BBElIE-
Hue B Bsxyllee ITAB — moBepXHOCTHO-aKTUBHBIX BOJO-
pPacTBOPUMBIX BEILIECTB, KOTOPbIE MOTYT OKa3blBaTh BO-
JIopeaynupyoliee AeiicTBUe (TaK Ha3bIBaeMbIe pPa3Xu-
SKUTEJIN) WU OCYILLECTBIISITh PEOJIOTMYECKYIO aKTUBALIMIO
(rmmactudukaTopsl) [3]. Cuurtaercs, yTo MoJieKyiasl [IAB
OCBOOOXIAIOT BOAY U3 €€ aACOPOLMOHHBIX TBEPAOIO-
TIIOOHBIX cloeB [4].

B ruricoBrle M aHTUAPUTOBBIE BSIKYIIME BMECTE C
BOJIOI1 3aTBOPEHUsI BBOISITCS IIaCTU(UKATOPHl HA MeJia-
MuHpopmanbaeruaHoit ocHoBe — Melment F15G; cyib-
donHadpranuHpopmanpaerugHoro tuna C-3, CII-1 [5],
kapookcunatHoro tuna Melflux 5581F, Master Glennium
SKY 591, Sika Visco Crete-5 Neu [6, 7].

IMonukapOoKcunaTHeIi cynepruiacTUuuKaTop cyuTa-
eTcsl Hanboiree 3(PHEKTUBHBEIM AMCIIEPraTOpoM MaTepHa-
JIOB Ha OCHOBE 1LIEMEHTA, a TAKXKE JEMOHCTPUPYET BHICOKYIO
CIIOCOOHOCTh AMCIEPTUPOBATh YacTULbl rurca [8—10].
Beenenue BomHoro pactBopa 3(MpoB MoIMKapOOKcHUIaTa
CIIOCOOCTBYET yBEJIMUeHUIO TIpouyHocTH [11—13], cHuKe-
HMIO BOJOTIOTpeOHOCTH [14, 15] ¥ TTOBBIIEHUIO TIOIBIIK-
HOCTH cMeceit [16]. Beicokast ymo6oyKiIagsBaeMOCTb CMe-
ceil, Momu(UIIMPOBAHHBIX d(UpaMU TTOIMKApOOKCUIaTa,
TTO3BOJISIET 3HAYUTEIBHO PACIIMPUTH 00JIACTh MX HUCITOJb-
30BaHUSI U JeJlaeT UX IPUTOTHBIMU Ul MPUMEHEHUS B
YCTPOMCTBE CAMOHUBETMPYIOIINXCS CTSKEK TTOJIOB Ha OC-
HOBE TMIICOB U aHTUAPYTOB.

Mmeetrcs pa3paboTka CaMOHMBEJIMPYIOLIUXCS CMe-
ceil Ha ocHoBe (ocdorurica ¢ nobdaBIeHUEM CYIb(O-
aJllOMUHATa KaJlbllMsl W TPaHYJIMPOBAaHHBIX JTOMEHHBIX
IITAKOB, YTO TTO3BOJIWIIO TIOJYIUTh IIPOYHOCTH B BO3pac-
te 1 cyT Ha cxkatue 6 MIla, Ha pacTsKeHUe TIpU U3rube
2,5 MIla [17].

B pa6ore [18] mpeniaraercs jgerkas Terjao3ByKOU30s-
LIMOHHASI CyXasl CMECh, BKITIOUAIOIIAs B ce0sI TUTICOBOE BSI-
XyIiee, TIEHOTIOJMCTUPOJIbHBIE TPAHYJTbI, MOIU(MUKATOPHI
U peryiupympouige no0aBKU. XapaKTEPUCTUKU CMECH:
1oTHOCTh 610 Kr/m3; TeruonposoaHocTs 0,11 B/(M°C),
BomocToiikocts 0,87; mpouHocts Tipu cxkatum 1,5 MIla
(uepe3 2 cyt). Takke pa3paboTaH BbBICOKOIPOUHBIN MOJ
(TIpeTaraeMplii KaK BEICOKOITPOYHAST CTSDKKA HaJ TEILIO-
M3OJISIIIMOHHBIM CJI0€M) Ha OCHOBE TMTICOBOTO BSIKYIIIETO,
KBapIIEBOIO Mecka ¥ 1006aBOK CO CEIYIOIMMU XapaKTepy-
cTMKamMu: TwIoTHocTh 2100 Kr/M%; TermompoBOgHOCTB
0,72 Bt/(Mm-°C); BogocToiikocTh 0,98; MpOYHOCTH ITpU CXKa-
tum 25 MIla (yepe3 6 cyt). BpeMst BrICBIXaHMSI U TBepiIe-
HUs 000MX COCTaBOB — 3 CYT.

3amaTeHTOBaH CIIOCOO ITOJyYEeHUSI aHTHAPUTOBOIO
BSDKYIIIETO M3 TeXHOTeHHOTo aHruapuTa IlojeBckoro
KpuoauToBoro 3aBoza [19]. I[TosyyeHHOe BSKyIllee MMe-
€T TIpenest MpoyHocTu ipu cxkatuu 27 MTIla, cpoku cxBa-
ThIBaHUS: Hayayuo — 10 MuH, KoHell — 20 MuH. Bricokue
IIPOYHOCTHBIC TTOKA3aTeNIN JOCTUTHYTHI MCIIOJI30BaHU-

teristics of the material, as confirmed by repeated
studies [2].

To eliminate such defects, some methods have been
developed to reduce the water-binder ratio. The most ef-
fective and common is the introduction of surfactants to
the binder, i.e. surface-active water-soluble substances
that can have a water-reducing effect (so-called thinners)
or provide rheological activation (plasticizers) [3].
Surfactant molecules are considered to “release” water
from its adsorption solid-like layers [4].

Melamine formaldehyde based plasticizers are intro-
duced into gypsum and anhydrite binders along with mixing
water — Melment F15G; of sulfonaphthalene formaldehyde
type S-3, SP-1 [5], of carboxylate type Melflux 5581F,
Master Glennium SKY 591, Sika Visco Crete-5 Neu [6, 7].

Polycarboxylate superplasticizer is considered the
most effective dispersant of cement-based materials and
also demonstrates excellent ability to disperse gypsum
particles [8—10]. Adding an aqueous solution of polycar-
boxylate esters increases the strength [11—13], reduces
water demand [14, 15] and increases the consistency of
mixtures [16]. High workability of mixtures modified with
polycarboxylate esters can significantly expand their field
of application and makes them suitable for self-leveling
floor screeds based on gypsum and anhydrite.

There is a development of self-leveling mixtures based
on phosphogypsum with the addition of calcium sulfoalu-
minate cement and granulated blast furnace slag, which
allowed to obtain strength at the age of 1 day: compressive
strength 6 MPa, tensile bending strength 2.5 MPa [17].

In [18], a light heat and sound insulating dry mixture is
proposed, which includes gypsum binder, polystyrene foam
granules, modifiers, and adjusting additives. The mixture
characteristics are the following: density 610 kg/m?,
thermal conductivity 0.11 W/m-°C, water resistance 0.87,
compressive strength 1.5 MPa (after 2 days). A high-
strength flooring (suggested as a top layer over a heat-insu-
lating one) based on gypsum binder, quartz sand, and addi-
tives of the following characteristics has been developed:
density 2100 kg/m?, thermal conductivity 0.72 W/m-°C,
water resistance 0.98, and compressive strength 25 MPa
(after 6 days). The drying and hardening time of both com-
positions is 3 days.

A method for producing an anhydrite binder from
technogenic anhydrite of the Polevsky cryolite plant has
been patented [19]. The resulting binder has a compres-
sive strength of 27 MPa and the following setting time:
start at 10 minutes and end at 20 minutes. High strength
indicators were achieved due to using potassium sulfate as
a hardening accelerator in an amount of 1% by the weight
of anhydrite and polycarboxylate as a superplasticizer in
an amount of 0.4% by weight of technogenic anhydrite.

The aim of this study was to reduce water-binder ratio
and to increase the physico-mechanical characteristics of
fluoroanhydrite compositions to expand their field of use.
In the course of the work was studied the effect of a plas-
ticizer based on an aqueous solution of polycarboxylate
esters, doped with a dispersion of multilayer carbon nano-
tubes on the properties of high-strength and lightweight
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eM cyJibdhaTa KaJusl B KaYeCTBE YCKOPUTES TBEPACHUS B
koymuecTBe 1% OT Macchl aHTUAPUTA U ITOTMKAPOOKCH -
JlaTa B KadyecTBe CyIepIuiacTu(ukaTopa B KOJUYECTBE
0,4% ot Macchbl TEXHOTEHHOTO aHTUIPUTA.

[lenbio JTaHHOTO WCCIEOBAHUS SIBIISIOCH CHUXKEHUE
BOJOBSIXKYIIETO OTHOILIEHUS U TTOBBIIIIEHUE (hU3UKO-Me-
XaHMYECKUX XapaKTepUCTUK (DTOPAHTUIPUTOBBIX KOM-
TTO3UITNIA JJIST paCIIMPEHUST 00JIACTH MX MCIIOJIB30BaHUS.
B xone paboThl ObLIO U3YYEHO BIUSIHUE TIJ1aCTU(UKATO-
pa Ha OCHOBE BOIHOTO pacTBOpa 3(MPOB MOJIUKAPOOK-
cunara DC-5, ponupoBaHHOro AWCIIEPCUEl MHOIO-
CJIOMHBIX YTJEPOAHbIX HAHOTPYOOK Ha CBOMCTBa
BBICOKOIIPOYHOM M 00JICTYEHHOU BCITYYEHHBIM IIepPJIH-
TOBBIM TI€CKOM KOMITO3UIIMM Ha OCHOBE TE€XHOTEHHOI'O
anruapurta [20], a MeHHO (TOpaHTHAPUTA — OTXOMAA
MPOM3BOJACTBA ILIABMKOBON KUCJIOTHL. M3BECTHO, UTO
MMPUMEHEHNE OTXOMOB IMPOMBIIIJICHHBIX ITPOM3BOACTB
SIBJISIETCSI OJTHOM M3 TIEPBOCTEIIEHHBIX 3a1a9 CTPOUTEIb-
HOTO MaTepHuaJoBeACHMSI, IIO3TOMY pa3padOoTKa KOMIIO-
3UIIMI Ha OCHOBE (hTOPAHTUIPUTA TIPEACTABIISIETCS aKTy-
aJIbHOM C TOYKM 3pEHMST CHUKEHUST Ce0EeCTOMMOCTU U3-
eI 1 DKOJIOTMYECKOM HArpy3K B MeCTaX CKOILJICHMUS
otxonoB [21]. KpoMe Toro, HemaBHUE HUCCIEAOBAHUS
noxkazanu [22], 4To 00beMbI BEHIOPOCOB TIPU ITPOU3BO/I -
CTBe MOPTJIAHALIEMEHTA COCTABJISIOT IPUMEPHO 5—7% OT
MHPOBOT0 00beMa BEIOPOCOB yIyieKucioro raza. Ha kax-
OBl TIPOM3BENCHHBIM KWJIOTpaMM ITOpTIaHAIIEMEHTA
npuxoautcest ot 0,66 1o 0,82 kr CO,. [Toatomy 3ameliie-
HUE TOPTIAHAIICMECHTOB BSLKYIIMMM Ha OCHOBE CYJIb-
¢aTKaJIbLMEBBIX OTXOAOB SBJISIETCS BaXKHON TEXHOJIOTH-
YECKOM 3aJaueil.

Marepuajibl 1 METOIBI HCCJIEOBAHMS

1 IpUTrOTOBJACHMSI KOMITO3ULIMI B 9KCIIEPUMEHTE
HUCIOJIb30BAJICS TTOPOIIKOOOpa3HbIE (PTOPAHTUAPUT
koMnanuu «lamolTonumepllepMb», COOTBETCTBYIOIIUMN
TV 5744-132-05807960—98.

XuMudeckuii coctaB (TOpPAHTUIPUTA TIPEACTABICH
B Tab. 1.

B kxadecTBe CBepXJIETKOTO 3aIOJTHUTEIST UCTIOIb30BAI-
¢ BermydeHHBI nepsmtoBblii ecok (TOCT 10832—2009)
C HACBIITHOM IIOTHOCTHIO 98,9 Kr/M>. XuMudeckuii cocTaB
BCITyYEHHOTO TIEPJIMTOBOTO TTeCKa TIPUBEIEH B TaOI. 2.

JlucrepcMOHHBIN aHAIU3, TTPOBEACHHbBIN Ha JIA3EpPHOM
a"ammzaTope SALD-7500nano Shimadzu [20], mmokasan,
YTO CPeNHUIA pa3Mep YacTUI] BCITyYEHHOTO IMEePIUTOBOIO
Iecka COCTaBIseT 65 MKM, 10 72% 4yacTull BCIIyYEHHOTO
MEePAUTOBOrO Necka uMeroT pazmepsl 10 100 Mmxm. CpenHuit
JIMaMeTp YacTUIl MOJIOTOTO (hTOpPAHTUAPUTA COCTABIISIET
10,5 MKM, TakKe TTPUCYTCTBYET HAHOAMCIIEPCHAST COCTaB-
JISIOIIAs CO CpeaAHUM pa3MepoM dyacTull 140 HM.

B skcriepuMeHTe MpUMEHSIICS CyTIepILIacTU(UKATOP
DC-5 (TY 2493-001-68708012—2014), mnpeacraBisiio-
U co00#l BOOHBINA pacTBOpP 3(GUPOB MOJIMKAPOOKCU-
Jlata, MOIUGUIIMPOBAHHBIX MHOTOCTIOMHBIMU YTJIEPOMI-
HBIMU HaHOTpyOKamu. Mcnosib3oBaHue KapOokcuiaTa,
JIOIMMPOBAHHOTO YIJIEPOAHBIMA HAHOTPYOKAaMHM, CITOCO0-
CTBYET MPOSIBJICHUIO CUHEpreTnyeckoro a¢hdeKra oT co-
BMECTHOTO BO3IEUCTBUS Ha CTPYKTYPY (PTOPAHTUAPUTO-

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

Ta6nuua 1
Table 1
XumMmunuyeckuii coctaB propaHrugpurta, %
Chemical composition of fluoroanhydrite, %

Ca0 SO, CaF, Sio, Al,0, Fe,053
He meHee 45
35-36,5 Not less than 45 2,2-5 | 2,6-3,4 | 0,5-0,7 | 0,2-0,95
Tabnuua 2
Table 2

XnMunuyeckuii coctaB BCNy4eHHOro NepsMToBoro necka, %
Chemical composition of expanded perlite sand, %

sio, | A0, | k0 | TiO, Ca0 +Mg,0 + Fe,0,

73 15 4,7 5 2,3

expanded perlite sand compositions based on technogenic
anhydrite [20], namely, fluoroanhydrite, a waste product
of hydrofluoric acid.

The use of industrial waste is known to be one of the
primary tasks of building materials science; therefore, the
development of fluoroanhydrite-based compositions
seems relevant from the point of view of reducing the cost
of products and environmental load in places of waste ac-
cumulation [21]. In addition, recent studies have
shown [22] that emissions from the production of Portland
cement are approximately 5—7% of global carbon dioxide
emissions. Each kilogram of Portland cement produced
produces between 0.66 and 0.82 kg of CO,. Therefore, the
replacement of Portland cement with binders based on
calcium sulfate waste is an important technological task.

Materials and methods

For producing a high-strength binder, powdered fluo-
roanhydrite was used, which is a waste product of hydro-
fluoric acid produced by “HaloPolymer,” corresponding
to TS 5744-132-05807960—98.

The chemical composition of fluoroanhydrite is given
in Table 1.

Expanded perlite sand (GOST 10832—2009) with a
bulk density of 98.9 kg/m?® was used in the experiment.
The chemical composition of expanded perlite sand is
given in Table 2.

Dispersion analysis [20] showed that the average par-
ticle size of the expanded perlite sand is 65 um, up to 72%
of the particles of the expanded sand have sizes up to
100 um. The average particle diameter is 10.5 pm. It is
necessary to note the presence of a nanodispersed compo-
nent in the composition of fluoroanhydrite with the aver-
age particle size of 140 nm.

The experiment used a superplasticizer DC-5, which is
an aqueous solution of polycarboxylate esters modified
with multi-walled carbon nanotubes (TS 2493-001-
68708012—2014). The use of carboxylate doped with car-
bon nanotubes contributes to the manifestation of a syn-
ergistic effect from the joint action of two components of
the modifying additive on the structure of the fluorohy-
drite matrix. In addition, carboxylate esters cover the
surface of carbon nanotubes with functional groups pro-
viding chemical affinity with the binder matrix.
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BOl MaTpUIbl ABYX KOMIIOHEHTOB MOAUMUIIMpPYIOIIeiH
nobasku. Kpome Toro, acupbl KapooKcuaaTa moKphIBa-
0T TIOBEPXHOCThH YIJIEPOAHBIX HAHOTPYOOK (DyHKITIMO-
HaJIbHBIMU TpyMIlaMu, 00€CIIeUNBAIOIIMMU XUMUYECKOe
CPOJICTBO C BSDXYIIEH MaTPULIEN.

MexaHUYeCKre UCIIBITAHUS TOJYYEHHBIX KOMIIO3M-
TOB TIpoBOIWINCH Ha mpecce cepun [II'M-100MTI4 B
cootBeTcTBUM ¢ TOCT 8462—85 « Martepuajibl CTCHOBBIE.
Mertoanl onpeneeHus MpeacJoB MPOYHOCTU MPU CxKa-
i v u3rube» u FOCT 23789—79 «BstKy1re TUIICOBBIE.
Mertoasl ucnbiTaHuit». 715 onpeneieHrs MUHEepaJIoTu -
YeCKOI'0 COCTaBa MCXOMHBIX MAaTePHAIOB MCIIOIb30BAICS
peHTreHoBckuit indpakromerpIPOH-3. UccienoBanue
pacrpeeeHUsT YacTUIl IO pa3MepaM B HCIIOJIb3yeMbIX
MaTrepuaiax omnpeaessuioch ¢ ITOMOIIBIO JJA3epPHOTO aHa-
quzatopa SALD-7500nano Shimadzu. WccaenoBaHus
MHUKPOCTPYKTYPBI TTOJTYICHHON KOMIIO3UIIUY BEITIOJTHE-
Hbl Ha MuKpockorne MIRA3 TESCAN B uccienoBaTesib-
ckoM 1eHTpe AdMaS TexHMYecKOro yHHUBEpCUTETa
bpHo. MK-cnekrpockonuueckuii aHaJIu3 MPOBOAUIICS
Ha UK-Dypre-criekrpoMerpe ITRAffinity-1 Shimadzu.
OmnpeneneHre TETJIOMPOBOAHOCTU TPOU3BOAUIOCH
¢ nomouipio mnpubopa MUTII-MI4-100 (OO0 «CKb
Crpoitipu6op», YeIsI0MHCK).

Omnpenenenue (PU3NKO-MeXaHHIECKIX
XaPAKTEPUCTHK KOMITO3UIIHiA

Hns onpeneneHus GpU3MKO-MEXaHUIECKUX ITOKa3aTe-
JIe KOMITO3ULINY TIPUTOTABIUBAINCH B CIICAYIOIIEM T10-
psnKe: (hTOPAHTUAPUT 3aTBOPSJICS BOAHBIM PacTBOPOM,
comepxamuM 2—3% aktuBaropa rumpatanuu docdara
Hatpus [23] u 2% cynepractudukatopa DC-5. B 06-
JIETYEHHBIX COCTaBaX BCIyYEHHBIN MEPJUT BBOAWIICS B
rOTOBOE¢ (PTOPAHTUIPUTOBOE TECTO IJISI OOECIICUCHUS
JIyYIIEro CLETUICHUSI ITOBEPXHOCTU 3aIlOJHMUTENSI C Ma-
TpULIEH BSKYIIEro [24] 1 MCKITIOYeHUST HACHILLICHUS TIep-
JINTOBOTO TTecKa BOTHBIM pacTBOpoM docdaTa HaTpusI.

CocTaBbl UCCAEAYEMbIX KOMITO3ULIMI TTPEACTaBAEHbI
B TaoOII. 3.

s onpeneaeHUs MPOYHOCTHBIX XapaKTePUCTUK UC-
cJieIyeMbIX COCTAaBOB U3TOTaBIMBAINCh 00Pa31IbI-0a04-
K1 pasmepamu 40x40x160 MM, KOTOpbIe MepBbie 7 CYT
tBepaeau npu 100% BaaxHOCTH, a 3aTeM IO BO3pacTa
28 cyT — npu HOpMabHBIX ycoBusx. C 1enpio odecre-
YeHUs TOCTOBEPHOCTU Pe3yJbTaTOB MCIbITAHUSI 00pa3-

Mechanical tests of the obtained composites were car-
ried out on a press of the PGM-100M G4 series in accor-
dance with GOST 8462—85 u GOST 23789—79. To de-
termine the mineralogical composition of the source ma-
terials, an X-ray diffractometer DRON-3 was used. The
distribution of particle sizes in the used materials was de-
termined using a SALD-7500nano Shimadzu laser ana-
lyzer. The microstructure of the obtained composition
was studied on a MIRA3 TESCAN microscope at AdMaS
research center of the Technical University of Brno. IR
spectroscopic analysis was performed on an IRAffinity-1
Shimadzu FT-IR spectrometer. The thermal conductivity
was determined using an ITP-MG4-100 device
(SKB Stroypribor LLC, Chelyabinsk).

Analysis of physical and mechanical characteristics
of compositions
To determine the physico-mechanical parameters, the
compositions were prepared in the following order: fluo-
Ta6bnuua 3
Table 3

CocTaB uccnegyembix KOMNO3ULA
The compounds of the studied compositions

Komnosunums
Composition

CocTaB KOMMO3nLMM
Compounds

dTOPaHrMAPUT, 3aTBOPEHHDIN 3% BOAHBLIM PACTBOPOM
docdara HaTpus

Fluoroanhydrite tempered with a 3% aqueous solution of
sodium phosphate

DTOpaHrMapUT, 3aTBOPEHHBINA BOAHBIM PACTBOPOM, COAEP-
xawmm 3% docdara HaTpusa n 2% nnactudukaropa DC-5
2 Fluoroanhydrite tempered with an aqueous solution con-
taining 3% of sodium phosphate and 2% of DC-5 super-
plasticizer

DTOpPaHrMapuT, 3aTBOPEHHBIA 3% BOAHBIM PACTBOPOM
docdara HaTpus ¢ BBEAEHNEM 50% BCMy4EHHOrO
NepsMTOBOro necka (Mo 06beMy Cyxoro BeLlecTsa)
Fluoroanhydrite tempered with a 3% aqueous solution of
sodium phosphate, 50% of expanded perlite sand added
(by dry volume)

DTOpPaHrMapuT, 3aTBOPEHHBIA BOAHBIM PACTBOPOM,
copepxatmnm 3% docdara Hatpus n 2% nnactudukatopa
DC-5, ¢ BBeieHMeM 50% BCMy4EHHOrO NEPINTOBOrO Necka
4 (no 06beMy Cyxoro BeLLecTBa)

Fluoroanhydrite tempered with an aqueous solution contain-
ing 3% of sodium phosphate and 2% of DC-5 superplasti-
cizer, 50% of expanded perlite sand added (by dry volume)

Tabnuua 4
Table 4
BnusHue nnactudpukaropa DC-5 Ha cBoOMCTBa GPTOPAHIUAPUTOBBLIX KOMMO3ULUIA
The effect of the DC-5 plasticizer on the properties of the fluoroanhydrite composition
MpoyHocTb Ha 28 cyT, MMMa KoadbduumeHT
Strength after 28 days, MPa Bopossxyluee CpegnHss Koadduument Bogonorno- Tennon%cc?scl)-luﬁocm
Komnoauums OTHOLUEHVE MNOTHOCTb, Kr/M® pasmsryeHus weHwne, % Br/(m-°C) ’
Composition | HapacTaxenme Moucxatum | Waterbinder | Average density, Softening Water e
npy u3rnGe Combpressive attitude kg/m® coefficient | absorption, % Coefficient of thermal
Tensile bending P ’ conductivity, W/(m-°C)
1 9,66 32,4 0,27 2023 0,71 5,6 0,715
2 11,67 42,5 0,2 2193 0,91 1,9 0,721
3 4,65 12,1 0,6 1344 0,52 20,4 0,38
4 5,6 17,5 0,35 1594 0,67 10,6 0,473
f‘ THOLTE S r0]2  HayuHO-mexHuYecKuil u NPOU3B0O0CMBEHHDLI JHCYPHAN
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Tabnuua 5
Table 5
The setting time of the compositions
Cpoku cxXBaTbiBaHUSA UccneayeMbiX KOMNO3ULUA

Cpoku cxBaTblBaHUS, MUH
Komnosuuust Setting time, minutes
Composition HaYano KOHeL,
start of setting end of setting

1 133 257

2 237 288

3 319 463

4 340 478

LBl IJI OMpPEeACICHWSI BOMNOCTOMKOCTH MaTepHralia 10
Bo3pacTa 28 CyT OCTaBaJIMCh BO BJIAXXHOM cpene, 3aTeM
IMoOMeIIaJInuch B Boay Ha 1 cyT. Pe3yabraThl ucnbiTaHuit
MIPUBEICHBI B TA0I. 4.

TakuMm o6pa3oM, MOXHO cIeaTh BbIBOI, YTO BBEIE-
HUE B KOMITO3UIIMIO IIACTA(HUKATOPA ITO3BOJIMIO YBe-
JIMYUTH IPOYHOCTh 00PA3LIOB HA PACTSKEHUE MPU U3TU-
6e Ha 20%, npu cxartun — Ha 30—46%. Kpome Toro, 3a
CUeT YIDIOTHEHUSI COCTaBOB 3HAYUTEIBHO VIYUIIAINCH
MmokKasaTeJu I10 BOAOIMOIJIOLIEHUIO MaTepuaja, BOIO-
CTOMKOCTB BBIpOC/Ia Ha 28% MO CpaBHEHUIO ¢ KOMITO3U-
UMy 0e3 miactTudukarTopa.

Bnusinue rmractugukaTopa Ha CPOKM CXBaThIBAaHUS
KOMITO3ULIMI MpuBeneHO B Tab1. 5. VI3 moy4eHHbIX JaH-
HBIX BUIHO, YTO BBeAeHUE IUIacTU(dUKaATOpa 3aMEeIIIO
CXBaThIBaHME KOMITO3UIMI. B 4acTHOCTH, Havyaio cxBa-
ThIBaHWS HACTYyIaeT Ha 1,5 4 mo3xe /il BBICOKOIIPOYHOM
KOMITO3MIIMK ¥ Ha 20 MUH — IJISI KOMIIO3ULIMU, 00JIer-
YEeHHOI BCITYYEHHBIM ITEPIIMTOBLIM TIECKOM, TI0 CpaBHE-
HUIO ¢ KOHTPOJbHBIMU oOpa3iiaMu. KoHell cxBaThIBaHUS
HacTymaeT no3xke Ha 30 MUH (TSI BBICOKOIIPOYHOTO CO-
craBa) u 15 MuH (a1s1 obseryeHHoro). Hecmotpst Ha cHU-
XKEeHNE CKOPOCTU CXBaTHIBaHUSI, IUIACTU(DUIIMPOBAHHEBIC
COCTaBBI COOTBETCTBYIOT TEXHWYSCKIM TPEOOBAHUSIM IO
YCTPOMCTBY CAMOHUBEIMPYIOIIMNXCS CTSKEK ITOJIOB.

DKCIIepUMEHTHI, TIpOBecHHBIC HAa OCHOBE (PTOpaH-
TUAPUTA, UCIIOJIb30BAHHOIO Yepe3 7 CyT Iocje BbIXoda
U3 peakTopa, IToKa3ajam 0ojiee BBICOKHME ITPOUYHOCTHEIC
XapaKTepPUCTUKU 3aTBEPIAEBIIErO0 KaMHS U YCKOPEHUE
CPOKOB CXBaThIBaHUsI KOMIIO3ULIMI (Tabj. 6). OHU 1pu-
rOTaBJIMBAJIMCh Ha OCHOBE (hTOPAHTUIAPUTA, 3aTBOPEH-
HOTO BOAHBIM PacTBOPOM, coaepxkaiuM 2% cyrepIuia-
ctudukaropa u 3% docdara HaTpusI.

roanhydrite was tempered with an aqueous solution con-
taining 2—3% activator of hydration of sodium phos-
phate [23] and 2% DC-5 superplasticizer. In lightweight
formulations, expanded perlite was added into the fin-
ished fluoroanhydrite dough to provide better adhesion of
the aggregate surface to the binder matrix [24] and elimi-
nating saturation of perlite sand with an aqueous solution
of sodium phosphate. The compounds of the studied
compositions are presented in table 3.

To determine the strength characteristics of the stud-
ied compositions, beam samples with dimensions of
40x40x160 mm were made, which hardened for the first
7 days in a 100% humid environment and then under nor-
mal conditions until the age of 28 days. In order to ensure
the reliability of the test results, for determining the water
resistance of the material the samples remained in a hu-
mid environment up to the age of 28 days and then placed
in water for 1 day. The test results are shown in table 4.

Thus, it can be concluded that adding the plasticizer
into the composition made it possible to increase the ten-
sile bending strength of the samples by 20% and compres-
sive strength by 30—46%. In addition, due to compaction
of the compositions, the indicators of water absorption
and water resistance significantly improved. So, water re-
sistance has increased by 28% compared with composi-
tions without plasticizer.

The effect of the plasticizer on the setting time of the
compositions is given in table 5. From the data obtained,
adding the plasticizer can be seen to have slowed the set-
ting of the compositions. In particular, the setting starts
1.5 hours later for the high-strength composition and
20 minutes later for the composition lightened with ex-
panded perlite sand compared to the control samples. The
end of the setting occurs 30 (for high strength composi-
tion) and 15 minutes (for lightweight composition) later.
Despite the reduction in setting speed, plasticized compo-
sitions comply with the technical requirements for the
construction of self-leveling floor screeds.

The experiments based on fluoroanhydrite, used 7 days
after leaving the reactor, showed higher strength charac-
teristics of the set cement and accelerated setting time of
the compositions (Table 6). They were prepared on the
basis of fluoroanhydrite sealed with an aqueous solution
containing 2% superplasticizer and 3% sodium phosphate.

The increase in the strength and setting speed of com-
positions based on a fresh batch of fluoroanhydrite can be

Tabnuua 6
Table 6

CpaBHeHue pU3nKo-mMmexaHU4ecknx nokasaresieil BbiCOKONPOYHbIX KOMMNO3ULMii Ha ocHoBe ¢pTopaHrnapuTa
c Bo3pactom 7 n 90 gHeiA
Comparison of the physical and mechanical properties of high strength fluorohydrite-based compositions,
aged 7 and 90 days

Komnosuuus Ha ocHoBe pTopaHrnaputa ¢ BO3pacToM

MpoyHocTsb Ha 28-e cyT, MMa
Strength after 28 days, MPa

Cpoku cxBaTbiBaHWS, MUH
Setting time, minutes

Fluoroanhydrite-based composition with age Ha pacTsixeHue npu narnde Ha cxatne Hauasno KOHeLL
tensile bending compressive start end
3mec / 3 months (90 days) 11,67 42,5 237 288
7cyt / 7days 12,19 43,5 37 75

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA
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Tabnuua 7
Table 7

®dusmnko-mexaHMyeckue xapakTepucTMkKn nuacTuduLupoBaHHbIX KOMMNO3ULNA
C pas3nuyHbiM coaepxaHuem pocdara HaTpUs
Physico-mechanical characteristics of plasticized compositions with different contents of sodium phosphate

Mpepen npoyHocTn, MMa Cpoku cxBaTbiBaHNS
ConepxaHue Strength, MPa Setting time
docdara Hatpusi, % Ha PacTsXeHue nNpm n3rnbe npwv cxatum
Content of sodium tensile bending compressive Hayano KOHeL,
phosphate > 28 cyT 7oyt 28 cyT start end
after 7 day after 28 days after 7 day after 28 days
>3uyac
0 3,02 9,46 14,68 37,11 >3hr -
37 MuH 1415 MuH
3 10,23 12,19 34,88 43,5 37 min 1 hr 15 min
2421 MuH 2457 MuH
5 10,91 10,36 42,43 42,12 2 hr 21 min 2 hr 57 min
2426 MUH 2456 MyH
10 915 9,06 87.2 87,32 2 hr 26 min 2 hr 56 min
4416 MUH >Ty
15 8,98 9 36,7 36,41 Ahr 16 min >7hr

[ToBbIllIeHWEe TTPOYHOCTH M CKOPOCTU CXBATHIBAHUS
KOMITO3UIIMI1 Ha OCHOBE CBeXKel mapTuu propaHTuapuTa
MOXHO OOBSICHUTD €T0 IMOBBIIIIEHHOW aKTUBHOCTHIO, 00-
YCJIOBJIEHHOM, BEPOSITHO, 00Jiee BLICOKMM COAEPKaHUEM
pactBopuMoro aHrugapura. Pesyneratel MK-cnekTpo-
CKOTIMM CTaporo M CBEXero o0pas3loB (TopaHTHIpUTA
(puc. 1), mpoBeneHHoi1 B o61acTu yacTor 4000—400 cm”!
¢ momomkio ciekrpomerpa IRAffinity-1 Shimadzu FT-IR,
MMOKAa3bIBAIOT YBEIMYEHNE MHTEHCUBHOCTH JUHUI MOTJI0-
IIEHUS Y CBEXETO (PTOpaHTUIPUTA U MX CMEIIIeHUE B 00-
JacTh Oojiee HU3KUX 4dacToT: v=1197,79 no 1199,72 u
1087,85 mo 1091,71 cm™'. OcHOBHOE BOJHOBOE YHCIIO
TpeXMeCsIYHOro (MTOpaHIMAPUTA, COOTBETCTBYIOIIEE
rpyrmne Si—O, M0 MHTEHCUBHOCTU ITPEBOCXOAUT TPYIIITY
SO,. B cBexeM cocTtaBe HabmoaaeTCs OoJIbllee coaepxka-
HUe CyIbMaTHOM I'PYMIIbI 10 OTHOIICHUIO K CHJIMKATHOM
(haze, 9TO IPUBOIUT K POCTY aKTUBHOCTHU 1 0OJIEE BHICO-
KOl KOHEYHOI MPOYHOCTY MaTeprajia Ha OCHOBE CBEXe-
ro (pTopaHTUIPUTA.

explained by its increased activity, which is probably due
to a higher content of soluble anhydrite. The results of IR
spectroscopy of old and fresh samples of fluoroanhydrite
(Fig. 1) conducted in the frequency range 4000—400 cm™!
using a spectrometer [RAffinity-1 Shimadzu FT-IR,
show an increase in the intensity of absorption lines in
fresh fluoroanhydrite and their shift to lower frequencies:
v=1197,79 to 1199,72 and 1087,85 to 1091,71 cm™'. The
basic wave number of 3-month old fluoroanhydrite cor-
responding to the Si—O group exceeds the group SO, in
intensity. In the fresh composition, there is a higher con-
tent of the sulfate group relative to the silicate phase,
which leads to an increase in activity and a higher final
strength of the material based on fresh fluoroanhydrite.
During the experiments, there was a complete absence
of efflux in the form of crystalline sodium sulfate on the
surface of plasticized samples. Therefore, in order to iden-
tify the optimal content of sodium phosphate in a high-

B xo1e s3KcriepMeHTOB OBIIO BBISIBICHO
IMOJIHOE OTCYTCTBHE BBICOJI000pA30BaHUS B
BUIIE KPUCTAJUTMUECKOTO CyIbh(dara HaTpus
Ha MOBEPXHOCTHU ILIACTU(PUIIMPOBAHHBIX
o6pa3uoB. [1o3ToMy C LIEJIbIO BBISIBICHUS
ONTUMAJIBHOIO cofepxkaHus (ocdara Ha-
TPUSL B BBICOKOINPOYHOW IIACTU(MULUPO- ;4
BaHHOW KOMIIO3UILIMU OBLIM TIPOBEACHBI
WUCCJIEIOBAHUS €€ CBOWCTB C Bapualuein
KoHIIeHTpamu docdara Hatpust ot 0 1o
15% (1a6n. 7). [1pu 3TOM BBICOJI000pa3oBa-
HHUE OBIJIO OTMEUEHO Ha MOBEPXHOCTU 00-
pas3uoB, cogepxamux 10 u 15% docdara
HaTpusl.

YBenuueHue KOHIIEHTPAIIUW BOIHOTO
pacTtBopa docdara HaTpus ¢ 3 1o 5% nipu-
BEJIO K POCTY IPOYHOCTU KOMIIO3UIINU
MpU CcXaTUW B Bo3pacte 7 cyT Ha 22%.
OpHako, KaKk BHUJIHO W3 TaOJUILIbI, Jalb-
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Puc. 1. UK-cnekTtpbl dTopaHruaputa B Bo3pacTte: 3 mec (1) u 7-aHeBHoro (2)
Fig. 1. IR-spectra of fluorohydrite at the age of: 3 months (7) and 7 days (2)
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HEHIIero pocra MPOYHOCTH 00Pa3IOB C COoIep:KaHUEM
(ocdara Hatpus 5% u 6onee He mpoucxoamio. Takum
00pa3oM, TIOBBINIEHWE KOHIIEHTPAIlMM BOIHOTO pac-
TBOpa (pocdara HaTpus CBbIIE 5% OKa3ajioch Hedd-
(beKTUBHBIM.

DuU3NKO-XUMUYECKHE HCCIIeTOBAHUS
CTPYKTYPbI KOMIIO3UIIMH

HccnenoBaHuss MUKPOCTPYKTYPBI TTOJTYYEHHON KOM-
ITO3UIINH BEITIOJTHEeHBI Ha MuKpockorie MIRA3 TESCAN
B uccieaoBarelibckoM LieHTpe AdMaS TexHuyeckoro
yHuBepcureta bpao. Ha puc. 2 BunHo, 4to B ruiactudu-
LIMPOBAHHOW KOMMO3MIUM HabatomaeTcss (opmupoBa-
Hue 0oJjiee TIOTHOM CTPYKTYpPBI ¢ U3BMEHEHHEM MOpPdO-
JIOTMHM KPUCTAJIJIOTHAPATHBIX 00pa3oBaHuii (puc. 2, b) n
npeodaagaHueM B Hel KPYIMHBIX OJIOKOB MOHOJUTHBIX
KPHUCTAJIJIOB TUIica (puc. 2, ¢).

Ha puc. 3, a, b B KOHTaKTHOM 30He MEXIy BCIyYeH-
HBIM TIEPJIUTOM U (DTOPAHTUAPUTOBOM MaTpUlIeil BUTHO,
YTO CBSI3b MEXIY HUMM OOeCTIeurBaeTCs 3a cueT (hu3u-
YeCKOro CLICIIICHUSI.

MSRAY TESCAN

AdMas - FAST VUT Brna

strength plasticized composition, studies of its properties
were carried out with a variation in the concentration of
sodium phosphate from 0 to 15% (Table 7). In this case,
efflorescence was observed on the surface of samples con-
taining 10 and 15% sodium phosphate.

An increase in the concentration of an aqueous solu-
tion of sodium phosphate from 3 to 5% led to an increase
in compressive strength of the composition at the age of
7 days by 22%. However, as it can be seen from the table,
further growth in the strength of samples with a sodium
phosphate content of 5% or more did not occur. Thus,
increasing the concentration of an aqueous solution of
sodium phosphate more than 5% was ineffective.

Physico-chemical studies of the structure
of the composition
Studies of the microstructure of the resulting composi-
tion were performed using a MIRA3 TESCAN micro-
scope at the AdMaS Research Center of the Technical
University of Brno. Figure 2 shows that the plasticized
composition has a denser structure formed with the

MIRAD TESCA

AN - FAST VIIT Brmo AdMAS -FAST VUT Brno

Puc. 2. M1KpOCTPYKTypa BbICOKOMPOYHOM PpTOpaHrnapuToBor Matpuusl npyu 5000-kpaTHOM yBenuyeHun: a — 6e3 nnactudukaropa; b — ¢ nnactudpukaro-
pom DC-5; ¢ — dpparMeHT MUKPOCTPYKTYypbl Npu 20000-kpaTHOM yBENMYEHUN

Fig. 2. Microstructure of a high strength fluorohydrite matrix at 5000X magnification: @ — without plasticizer; » — with DC-5 plasticizer; ¢ — 20000-fold
microstructure fragment

R
v
MERAS TESCAN 300 kK | Det SE

SEMHV. 200KV | 101an

1 | I} MIRA3 TESCAN

AdMas - FAST VUT Broo | MAdMas - FAST VUT Brno AdMas - FAST VUT Brno

Puc. 3. MukpocTpyKkTypa nnactuhuLmMpoBaHHON KOMMO3ULIMK CO BCMY4YEHHBIM NEPNTOM: @ — Npu yBenndeHnn B 1000 pas; b — 061acTb BKIIIOYEHUS 4acTu-
Libl NEPIMTOBOrO Necka; ¢ — GparMeHT MUKPOCTPYKTYPbI C BKIIIOYEHWMEM NEPIMTOBOro necka; 1 — 0bnactu BKIIIOYEHUS YacTuUL, NEPNTA; 2 — KpUCTanbl rmnca

Fig. 3. Microstructure of the plasticized composition with expanded perlite: @ — 1000X magnification; b — perlite sand particle inclusion region;
¢ — microstructure fragment with inclusion of perlite sand; Tagging: 1 — perlite sand particle inclusion region; 2 — gypsum crystals
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Puc. 4. PEHTTeHOBCKUIA MUKPOaHaNIM3 MUKPOCTPYKTYPbI M1aCTUDULMPOBAHHBIX KOMMO3ULINIA: @ — HA MOBEPXHOCTU KPUCTaNINIONMAPATOB; b — HA MOBEPXHOCTMU

aMOpP®dHbIX CTPYKTYP

Fig. 4. X-ray microanalysis of the microstructure of plasticized compositions: a — on the surface of crystalline hydrates; b — on the surface of amorphous

structures

XUMHUYECKOe B3aMMOACHCTBUE, IPOMCXOISINee Ha
rpaHUIle KOHTaKTa (PTOPAHTUAPUTOBOM MATPUIILI U TT0-
BEPXHOCTH BCIYYEHHOTO MEPJUTOBOTO MeCKa B IJIaCTH-
GUIIMPOBaHHON KOMIO3WIINK, IIPUBOIUT K BO3HMKHO-
BeHMIO aMOp(MHBIX HOBOOOpa3oBaHuit (puc. 3, c¢), cno-
COOCTBYIOIIUX VIIYYIICHUIO CUEIUICHUS MEXIY KpUCTaI-
JIOTUAPATAMU B 3aTBEPAEBIIECM BSKYIIEM.

PeHTreHOBCKUiIT MUKpOaHAIU3 KOMIO3UINI MTO3BO-
JIVUT MAeHTU(PUIIMPOBATh KPUCTAJUTBI TUIICA (pHUC. 4, a), a
TaKkXKe HaJMuve B aMOp(HBIX HOBOOOPAa30BaHUSIX aTO-
MoB Kanbius Ca, kpemHus Si, kuciopona O (puc. 4, b),
YTO ITO3BOJISIET TOBOPUTH 00 00pa30BaHUM THIPOCHIINKA-
TOB KaJIbLIMSI, 00ECIIeUNBAIOIINX TOMOJHUTEIbHBINA TPH-
POCT TIPOYHOCTH KOMITO3UIINH.

3akioueHue

Takum 06pa3oM, BBeIeHHE B KOMIO3ULINIO 2% BOJ-
HOTO pacTBOpa I1acTU(UKATOpa Ha OCHOBE 3(PUPOB MO-
JIMKapookcuiiata, MOTU(PUIIMPOBAHHBIX MHOTOCTIOMHBI-
MM YTJIEPOAHBIMU HAHOTPYOKaMu, MPUBEIO K IOBbIIIE-
HUIO yOOOOYKIaJbIBAEMOCTH CMECE M CHUXKEHUIO WX
BOIOITOTPEOHOCTH Ha 26% 11T BLICOKOIIPOYHOTO COCTa-
Ba 1 Ha 52% nnsa obineryenHoro. Kpome toro, 3a cuer
U3MEHEeHUs MOPGhOIOTMY KPUCTALIOTUAPATHBIX 00pa3o-
BaHUI U YBEJUYCHUS ILIOIIAAM KOHTaKTa MEXITy HUMM
TPOM3OIIIIO0 3HAYMTEbHOE YIIJIOTHEHUE CTPYKTYPHI Ma-
Tepuajia, 4YTO MOATBEPKAAETCS aHAIU30M MUKPOCTPYK-
TypHI 00pas31IoB.

BcnencrBue yIIOTHEHMSI CTPYKTYPBI KOMITO3UIIMIA
3HAYUTEIbHO CHU3UJIOCH BOAOIOINIOIICHNE W ITOBBICH-
Jlachb BOJIOCTOMKOCTh Marepuana. [IpoyHoCTh Ha pacts-
JKeHMe npu u3rnde yBeandmiach Ha 20%, npu cxxatud —
Ha 46% 10 CpaBHEHUIO C KOHTPOJbHBIM 0GPa3IIOM.

PazpaboTaHHbBIE KOMITO3UIIMM MOTYT MCIIOJIb30BaTh-
Ccsl MPHU YCTPONCTBE CaMOHMBEJIMPYIOIINXCS BBICOKO-
TPOYHBIX CTSIKEK U TI0JIOB C TOHWKEHHOU TETIOTTPOBO/I -
HOCTBIO.
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of water-binder ratio on properties of phosphogypsum

(CYPONETIBHIBIE

changing morphology of crystalline hydrate formations
(Fig. 2, b) and the predominance of large blocks of mono-
lithic gypsum crystals in it (Fig. 2, ¢).

In Figure 3, a, b in the contact zone between the ex-
panded perlite and the fluoroanhydrite matrix, the con-
nection between them can be seen to be ensured by physi-
cal cohesion.

The chemical interaction that occurs at the interface
between the fluoroanhydrite matrix and the surface of the
expanded perlite sand in the plasticized composition leads
to the appearance of amorphous new formations (Fig. 3, ¢)
that improve the adhesion between crystalline hydrates in
the hardened binder.

An X-ray microanalysis of the compositions made it
possible to identify gypsum crystals (Fig. 4, a) as well as
the presence of Ca, Si, and O atoms in amorphous new
formations (Fig. 4, b), which suggests the formation of
calcium hydrosilicates providing an additional increase in
the strength of the composition.

Conclusion
Thus, the introduction of a 2% aqueous solution of a
plasticizer based on polycarboxylate esters modified with
multi-walled carbon nanotubes into the composition led to
an increase in workability of mixtures and a decrease in their
water demand by 26% for a high-strength composition and
52% for a lightweight one. In addition, due to a change in
the morphology of crystalline hydrate formations and an
increase in the contact area between them, a significant
densification of the material structure occurred, which is
confirmed by analysis of the microstructure of the samples.
Due to the compaction of the structure of the composi-
tions, water absorption significantly reduced and the water
resistance of the material increased (by 28%). The tensile
bending strength increased by 20%, and the compressive
strength by 46% compared with the control sample.
The developed compositions can be used in the con-
struction of self-leveling high-strength screeds and floors
with reduced thermal conductivity.
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CuHepreTuyeckunit ahhekT npu BBEAEHUM
TeXHOreHHbIX ,06aBOK B rUNCOBYH) KOMMNO3ULMUIO

MpoBejeH CPaBHUTESbHbIA aHANU3 (OM3NKO-MEXaHUHECKMX U (DU3NKO-XMMUYECKUX CBONCTB MOANMDULMPOBAHHOIO MMNCOBOr0 KAMHSA 1
KOHTPONbHOrO cocTasa. [puBefeHbl pe3ynbTarthbl UCCIeA0BaHNA, BbISBUBLUEr0 CUHEPreTUYecKnii 3ChheKT Npu BIMSAHUN L06ABOK
NerkonnaBKon MeNKOANCNEPCHON MnHbI U aucnepcHoro otxoda TIK (TOMAMBHO-3HEPreTUYECKOro KOMNIEKCa) B BIAE TEXHUYECKOI
Cepbl Ha CBOMCTBA MMNCOBOrO KaMHs nocie TepMuyeckoin 06paboTku. OnpeaeneHo, 4To Npu COBMECTHOM BBEAEHUM [OOABOK B
TUNCOBYIO MATPULLY B NPOLIECCE 3aTBOPEHUS C NOCeLytoLLeid TepMU4ecKoin 06paboTKOM U3LeNnii NPO4HOCTb U BOJOCTOMKOCTb
06pasLoB onTMManbHOro coctasa GM-3 NoBbILLIAKOTCA, U HA 7 CyT NPOYHOCTL cocTasnseT 11,5 MITa npu nPpOYHOCTU KOHTPOMBHOIO
coctasa 8,28 MIa. YcTaHoBNEHO, YTO 4acTuMLbl CEpbl U anesposiuTa akTMBHO Y4acTBYHOT B NPOLIECCE CTPYKTYpO06pasoBaHus runcosoro
KaMH$, c03[iaBas ycnosua Ans popMupoBaHms aMopHbIX, HePaCTBOPUMbIX HOBOOOPA30BaHWNIA, YNINOTHAIOLLMX CTPYKTYPY W
M3MEHEHSIOLLMX KOMIOHEHTHbI COCTaB KOMMO3UTa, KOMMNEKCHO BO3LEACTBYA HA 3KCNJyaTaLuoHHbIe CBONCTBA. M0Ny4eHHbI MaTepuran
ABJIAETCA NEPCMEKTUBHBIM L1 MOMYYEHUS LUTYYHbIX U3LESTUIA, NPUMEHSEMbIX MPU YCTPONCTBE OrpaXXAAIOLLMX U HECYLLUX KOHCTPYKLIMA.

KnioyeBble cNoBa: aneBponuT, CUHepreTUyeckuii aheKT, runcoBas MaTpuLia, TEeXHUYecKas cepa, ruapaTaLuoHHbIe CTPYKTYpbI,

HOBOOOPA30BaHWs, LUCNEPCHble J06ABKN.
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Synergistic Effect during the Introduction of Human-Induced Additives in the Gypsum Composition

The presented article focuses on the comparative analysis of the physicomechanical and physicochemical properties of the modified gypsum stone and the control compositions. The
paper presents the results of a study of the synergistic effect manifested by the influence of additives of fusible finely dispersed clay (siltstone) and dispersed waste powder of the fuel
and energy industry in the form of industrial sulfur on the properties of gypsum stone after heat treatment. Analyzing the results showed that along with the joint introduction of addi-
tives into the gypsum composition during the mixing process, followed by heat treatment of the products, the strength and water resistance of the final samples increase, for sample
GM-3 the strength is 11.7 MPa in 7 days, but for the sample without any additives the strength is 8.28 MPa. Sulfur and siltstone particles are actively involved in the structure formation
of gypsum stone, creating conditions for a complex influence due to the modifying effect, which appears as a change in the structure and properties of the composite.
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Hecmotpst Ha pacnpocTpaHEeHHOCTh TMIICOBOTO BsI-
XKYLIETO KaK ChIPbEBOTO Marepuayia U TOBBILLIEHHbBIN
MHTEPEC K HEMY B IIPOILLUIbIE TOAbI, HA JAHHBIA MOMEHT
HaOJIIOIaeTCsl CHUKEHUE KOJIWYECTBA UCCIEAOBAaHUNA B
00JTaCTM TIPpUMEHEHUSI CBHIPbs, OOYCIOBIEHHOE HECTa-
OMJIBHBIM Ka4eCTBOM, a TaKXKe€ UCIOb30BAHUEM TEXHU-
YECKOIro THUIICa, KOHKYPEHTOCIIOCOOHOCTbh KOTOPOIO
BBILIIE, YEM Y TPUPOIHOro MaTepuana [1].

OO0IIen3BECTHO, YTO KPUTUYECKUM HEIOCTaTKOM
TUIICOBBIX U3IEIUNA SABJIIETCA HU3KAsA CTOMKOCTb K BO3-
JNIEACTBUIO BJIATU; C APYTO CTOPOHBI, TUTICOBBIE U3IEIUS

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

Despite the prevalence of gypsum binder as a raw
material and increased interest in it in previous years, at
the moment there is a decrease in the number of studies
in the field of using raw materials due to unstable qual-
ity as well as the use of industrial gypsum, the competi-
tiveness of which is higher than that of the natural ma-
terial [1].

It is well known that a critical disadvantage of gypsum
products is their low resistance to moisture. On the other
hand, gypsum products have much higher density and
thermal conductivity than similar ones [2, 3].
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HUMEIOT Topa3ao 0osiee BHICOKME 3HAYEHMS TJIOTHOCTU U
TETJIONPOBOTHOCTH, YeM aHAJIOTUUHBIE [2, 3].

Ha coBpeMeHHOM CTPOUTETLHOM PBIHKE C(hOPMUPO-
BaJlach TEHICHLIMSI POCTa MPUMEHEHHUs 3KOJOIMYEeCKU
YHUCTBIX MAaTEPUAJIOB M M3ICINNA, MO3BOJISIOMINX PEIIATh
3aJa4y¥ MOHWXXEHMUSI SHEProeMKOCTH, HE HaHOCS TMpU
9TOM Bpeia oKpyxXaroleil cpeae. PaccMarpuBast rurico-
BbIE MaTepUaJIbl ¥ U3JETNS B CBETE SKOJOTMIECKUX TCH-
JMEHLIMI, MOXHO 3aKJIIOUUTh, YTO OHU SIBJISIIOTCSI HAaU0O-
JIee TIPEATNIOUYTUTEIITEHBIMUA B CPaBHEHUHU C IPYTUMHU 00-
LLIUPHO MPUMEHSIEMBIMU B CTPOUTEILCTBE [4].

B 0CHOBHOM T'HITIC CYUTACTCST SKOJIOTMIHBIM MaTePH-
aJloM 3a CYEeT CBOUX (DU3MKO-XUMUYECKUX CBOMCTB: MO
XMMMYECKOMY COCTaBy OH HETOKCUYEH M HE COIEPKUT
BPEIHBIX TIPUMeECeii; B TIpoliecce mepepaboTKu B OKPY-
JKAIOIIYIO Cpely He BbIACNISIOTCS TOKCUYHbIEC BEIlECTBa;
KMCJIOTHOCTb cocTaBisieT pH=3,5, ruric saBisieTcs nu-
2JIEKTPUKOM [5].

Hcxons u3 mpeacraBiaeHHBIX (PaKTOB COBpEeMEHHbBIE
uccienoBaHus cOKyCMPOBaHbBI Ha CTaOMIM3AIUN KC-
ILUTyaTallMOHHBIX XapaKTePUCTUK KOHEYHOIrO IMpPOAyKTa
3a CUeT MPUMEHEHMST KOMITICKCAa MUHE PATbHBIX 100aBOK
U BHECEHMSI UBMEHEHUI B TEXHOJOTUYECKMI MpOIecC
M3TOTOBJIEHUS U3IEIUii [6].

C 1enpro U3MeHeHUs (PM3UKO-TEeXHNIECKNX CBOMCTB
TUIICOBOTO KaMHSI B COBPEMEHHBIX McCeaoBaHUIX [7]
oTpeneniIach TeHIEHIUS K MPUMEHEHUIO KOMIIIeKca
MUWHEPAJIbHBIX 100aBOK, CITIOCOOHBIX K MPOSIBICHUIO CH-
HepreTudyeckoro a¢gpdexra.

Ha ceromHsmmHmii IeHb B UCCIETOBAHNUSIX B 00J1aCTH
MoarGUKAIIUY U3AETNI Ha CyIb(h)aTHOM BSKYIIEM ITPH-
MEHSICTCSI TEXHUUYECKasl cepa W MIMHUCTHIC TOPHBIE ITO-
ponbl [8—10]. Ilpu 3ToM, OCHOBBIBasICh Ha MCCIEA0Ba-
Husix [9, 10], MOXHO TOBOPUTH O TOM, YTO TIPUMEHEHUE
JI00ABOK TEXHUYECKOW Cepbl M aJIeBPOJIMTA TIO OTIEb-
HOCTU CITOCOOCTBYET ITOBBILIEHUIO (PU3UKO-TEXHUYE-
ckux cBoiicTB Ha 20—30%.

OcHoBbIBasICh Ha 3¢ (GEKTUBHOCTU MTPUMEHEHUST 1aH-
HBIX J00ABOK, a TaKKe OLIEHMBas MX (PM3MKO-XUMHUIE-
CKMe CBOICTBa, UCCAeNOBaHHbIE B padoTax [11—13], 6bu1a
BBIABMHYTA TUIIOTE3a O BO3MOXHOCTH ITPOSIBJICHMSI CH-
HepreTnyeckoro 3¢h@eKTa OT COBMECTHOTO BBEACHUS
IJIMHUCTOM TOPHOM IOPOAbI ajJ€BPOJMTA M OTXOJA TOII-
JINBHO-3HEPTETUYECKOTO KOMITJIEKCA TEXHUYECKOM CEPBHI.

I'muuucrasg ropHas mopoja (aJleBpOJUT) SIBISETCS
JIETKOTIJIAaBKOM TJIMHOM, oOJyagalolieil CIocoOHOCThIO
BCITyYMBAThCS MPU HarpeBaHUM A0 Temrieparypsl 1050—
1250°C [14].

Texuuueckast cepa, mojgydyaeMasi Ipu OYMCTKE IIPHU-
POIHOTO Ta3a 1 He(TH, SIBJSIETCS TTOJIMMOP(MHBIM aJITI0-
TPOITHBIM 3JIEMEHTOM Sg U COLEPXKUT HEOOJbILINE MPU-
Mecu oKcunmoB cepbl U caxu (Menee 0,01%) [13]. Kak
M3BECTHO M3 MPEABIAYIINX UCCIEI0OBAHUMN MO MpUMEHEe-
HUIO TEXHUUYECKOM cephl B mojmMepoeToHax [10], oHa
00JIalaeT TOJIOKUTEIIBHEIMUA CBOMCTBAMM, TAKUMHU KakK
HU3Kasl 3JEKTPO- U TEIJIONIPOBOAHOCTD, TUIPODOOHOCTD
1 WHEPTHOCTH K KMCJIBIM U1 IIIEJIOUHBIM CPEIaM.

IMonyyennas u3 pacmiaBa (mpu 180°C) TtBepaas
cepa [10] comepXuT B OIpemecHHBIX KOJUICCTBAX TPHU

In the modern construction market, gypsum stone is
one of environmentally friendly materials and during its
usage making no harm to environment. From the envi-
ronmentally friendly point of view gypsum based materials
are preferred over other widespread building materials [4].

The physic-chemical properties of gypsum are unique,
chemical composition isn’t toxic, without any detrimental
impurities and when it is being processed there are no
harmful substances, pH 5.5, gypsum is non-conductor
material.

Based on the presented facts, modern research pays
special attention to stabilizing the operational characteris-
tics of the final product due to the use of a complex of
mineral additives and making changes to the manufactur-
ing process of products [6].

In order to change physical and technical properties of
gypsum stone, modern research [7] has formed a tendency
for the use of a complex of mineral additives capable of
exhibiting a synergistic effect.

Today’s research in the field of modification of sulfate
binder based products uses industrial sulfur and clay
rocks [8—10]. Moreover, based on studies [9, 10], we can
say that the separate use of industrial sulfur and siltstone
additives contributes to an increase in physical and tech-
nical properties by 20—30%.

Based on the effectiveness of the use of these additives
as well as evaluating their physicochemical properties
studied in [11—13], a hypothesis was constructed on the
possibility of a synergistic effect from the joint introduc-
tion of silty rock and the waste of the fuel and energy in-
dustry of industrial sulfur.

A clay rock of siltstone is a low-melting clay with the
ability to swell when heated to a temperature of 1050—
1250°C [14].

Industrial sulfur obtained by refining natural gas and
oil is a polymorphic allotropic element Sg that contains
small impurities of sulfur oxides and soot (less than
0.01%) [13]. Previous studies on the use of industrial sul-
fur in polymer concrete show [10] that it has positive
properties, such as low electrical and thermal conductivi-
ty, hydrophobicity, and inertness to acidic and alkaline
media.

Solid sulfur obtained from melting (at 180°C) [10]
contains certain amount of three allotropic forms of sulfur
(polymeric, crystalline — cyclo-octasulfur, and active al-
lotropic varieties). The quantitative ratios of these forms
may vary depending on a number of conditions presented
in the study [14]. The use of these forms in the mass of
mineral material has been proved to improve its physical
and technical properties due to structural and chemical
changes.

Based on the results of the presented research analysis,
we can conclude that there is a potential synergistic inter-
action of industrial sulfur and low-melting clay siltstone
during heat treatment in the mass of gypsum stone [16].

Raw materials and methods
For the manufacture of compositions and comparative
analysis, the air binder used in the study was commer-
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JUTOTPOITHbIE (DOPMBI (MOJTMMEpHast, KpUCTaLIMIecKast —
LIMKJIOOKTOCEpAa Y aKTUBHBIC AJJIOTPONUYECKHME pa3HO-
BumgHOCTH). KoNMuecTBEHHBIE COOTHOIICHUS HaHHBIX
¢dopM MOIYT MEHSITHCS B 3aBUCUMOCTH OT Psiia YCJIOBUIA,
MIpeACTaBICHHBIX B MccienoBanud [14]. beuto mokasano,
YTO MpUMEHEHME TaHHBIX (POPM B Macce MUHEPATBLHOIO
MaTepHraja TO3BOJISIET IMOBLICUTh €TI0 (PU3MKO-TeXHUYE-
CKME CBOWMCTBA 3a CYET CTPYKTYPHBIX U XUMMUECKUX U3-
MeHeHui [15].

ITo pe3ynbratam MpeACcTaBIEHHOIO aHaIM3a UCCIIeNO0-
BaHW MOXHO ClieJIaTh BBIBOI O MIOTEHIIMATbHONK BO3MOX-
HOCTU CUHEPTETUYECKOTO B3aUMOICUCTBUS TEXHUYECKON
Cephl 1 JICTKOITJIaBKOM TJIMHEI aJIeBPOJINTA TIPU TeMIIepa-
TypHOM 00pabOTKe B Macce TMIICOBOro KaMHs [16].

CripbeBble MaTepUAJIbI 1 METOIbI MCC/IE0BAHMIA

J171s1 I3rOTOBIICHUSI COCTABOB M CPaBHUTEIFHOTO aHa-
JIM3a UCITOIb30BAJICS B KAYECTBE BO3MYIITHOTO BSIXKYIIETO
runc I'4 nmpousBoactBa OO0 «I'umncomogumMep», cooT-
BerctBytomnit [OCT 125—79 «Bsoxyime TUIICOBBIE.
Texuuueckue ycinoBusi». J1ist MoguguKaluy TUIICOBOTO
KaMHS$I TIPUMEHSUTUCH JBE MUHEPaIbHbIE T00aBKU C T10-
BBILIEHHON PeakIMOHHON CIOCOOHOCTBIO MPU HU3KO-
TeMIepaTypHoOi 00paboTKe.

B xoze akcriepuMeHTa KOHTPOJIBHBIN COCTaB CPaBHU-
BaJICSI C cOCTaBaMU, MOIMMUIMPOBAHHBIMU TEXHHYE-
CKOW cepoil U 0OOXCKEHHBIM ajieBpoauToM. B Tabm. 1
MpeaCTaBIeHbl SKCIEPUMEHTATbHbIE COCTABbI MOJYYEH-
HbIX 00pa3LoB.

s onpeneieHus] ONTUMAaTbHOTO COOTHOIEHMS 10-
0aBOK 1 MX KOJIMUECTBA B IIpeIaraéMbIX COCTaBaxX ObLIO
MPOBEICHO UCCJIEIOBAHNE UCXOMHBIX MaTEPUAIOB.

OnpeneneHyue TpaHYJIOMETPUUYECKOIO COCTaBa IIMC-
MepCHBIX 100ABOK, CPEIHETO IMAMETPA CHIPHEBBIX KOMIIO-
HEHTOB OCYILECTBISIOCH C TOMOIIBIO JIA3€PHOI0 aHaIM3a-
Topa pasmepoB yactuil SALD monemu SALD-7500 nano.

B nensix uzyyeHunst uaMeHeHU B (DU3UKO-XUMUYE-
CKOM COCTaBE MCKYCCTBEHHOI'O KaMHSI Ha OCHOBE MO~
(huMpoBaHHOI TUTICOBOY cMecu ObUT TTPOBENECH KOM-
TUIEKC MCCEIOBAaHUI, BKIIIOUYAIOIIUI PACTPOBYIO JIEK-
TpOHHYI0 MUKpockomnuio, MK-crekrpockonuio u aud-
depeHLaTIbHO-TEPMUUYECKIUI METOI aHAI13a.

ciallyavailable gypsum G4 manufactured by Gypsopolymer
LLC, which corresponds to GOST 125-79 “Gypsum
binders. Specifications”.

Gypsum stone was modified with two mineral addi-
tives with increased reactivity at low temperature process-
ing. Results were compared for compositions with miner-
als additives and without them. The obtained results are in
the table 1.

To determine the proportion of additives in composi-
tions their properties were established.

The particle size distribution of the dispersed additives
and the average diameter of the raw components were
determined using a laser particle size analyzer SALD,
SALD-7500 nano.

In order to study the changes in the physicochemical
composition of artificial stone based on a modified gyp-
sum mixture, a complex of studies was conducted, includ-
ing scanning electron microscopy, IR spectroscopy, and
differential thermal analysis methods.

The microstructure of the modified gypsum stone was
studied using a scanning electron microscope TESCAN
MIRA3 XMU used to obtain microstructure images of
high and ultra-high resolution.

Infrared spectroscopy of the samples was performed
on an IRAffinity-1 IR Fourier spectrophotometer that
records the spectra of various substances in the wave-
length range from 4000 to 450 cm™'. The spectrophotom-
eter error on the scale of wave numbers is + 0.5 cm™'.

In order to comprehensively study physicochemical
changes, we used the method of differential thermal analysis
of the samples of control and modified gypsum stones, in-
cluding thermogravimetric analysis (TGA), the method of
differential thermogravimetry (DTG) and differential scan-
ning calorimetry (DSC). These studies were carried out on
a TGA / DSCI1 thermal analyzer produced by Mettler-
Toledo Vostok CJSC. Environment: measurement interval
60—1100°C, heating rate 30 deg/min, platinum crucibles,
working medium — air. The particle sizes of siltstone, deter-
mined on a laser analyzer using a surface-active additive in
the form of a wetting agent are shown in Fig. 1.

Siltstone mainly contains: 6—12% of iron oxide, 2—3%
of alkaline oxides, and up to 3% of organic impurities [ 14].

Ta6nuua 1 L Q) .
Table 1 = — g
OKcnepuMeHTasnbHble COCTaBbI - a' =
Experimental compositions § W "
TEe |
. Bopa (% 83 “
Mapkuposka mea, OS](Z;)KE;!::IM OT MacChl §% , [
PKIP % (r) fvnc 4, % (r) P ’ BSXYLLEro) %E
CcOoCTaBoOB % (r) €L s | w
i Sulfur, | Gypsum G4, % (g) Water (% 8 |
Compositions Burned S5 |
% (9) . depends on £3 .
siltstone, % (@) | ... N |
binder mass) § g o f
KOHTPONbHBbIN 52 | i
Control 0 100 (1200) 0 0,59 § | _
o :
GM-1 10 (120) 100 (1200) 2(24) 0,59 ? L | hl-___
- m,ﬂ,mameTp qébmu, 1% '
GM-2 15 (180) 100 (1200) 5 (60) 0,59 Particle Diameter. um
GM-3 20 (240) 100 (1200) 7 (84) 0.61 Puc. 1. PesynbTartbl na3epHOro rpaHys0MeTpu4eckoro
! aHannaa pa3mMepoB YacTuL, aneBponmTa
GM-4 25 (300) 100 (1200) 10 (120) 0,84 Fig. 1. Results of laser particle size analysis of siltstone
particle sizes
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Ta6nuua 2
Table 2

KomMnoHeHTHbIV cocTaB n pusnyeckme xapakrepucTukKu TEXHUYECKOM cepbl (MO nacnopTy Npon3soauTens)
Constituents and physical properties of industrial sulfur (values from manufacturer documents)

HanmeHoBaHue nokasarens EovHuua namepexns

PesynbTat ucneitaHms

MeToa ncnbitaHus

Weight content of particles with
diameter within 2,0-7,0 mm

Characteristic Measurement units Results Test
®dopma rpaHyn B Monycdepuyeckas BuayanbHo
Shape Semi-circle By eye
';"_affﬂ‘ﬁa” AOTIA TPARYIT ANaMeTPOoM n.6.2.1TY 2112-144-31323949-2010
% 94,9 Specifications 2112-144-31323949-2010

Paragraph 6.2.1

r/cm®
g/sm®

HacbinHas NNoTHOCTb
Volume weight

n.6.2.2TY 2112-144-31323949-2010
1,3 Specifications 2112-144-31323949-2010
Paragraph 6.2.2

MaccoBsas nons cepeol

FOCT 127.2 (pa3pen 2)

Weight content of water

o)

Weight content of sulfur % 99,99 GOST 127.2 (part 2)
Maccosas nons 3onbl % 0.005 FOCT 127.2 (pa3pen 3)
Weight content of ash ° ’ GOST 127.2 (part 3)
MaccoBsas [ons opraHm4eckmnx
Weight content of organic ’
MaccoBas [ons KUCnoT B nepecyeTe
Ha CEPHYIO KNCNOTY % 0.0003 FOCT 127.2 (pa3nen 4)
Weight content of acids expressed as ° ’ GOST 127.2 (part 4)
sulphuric acid
Maccosasi AOMs BOmbl n.6.2.3TY 2112-144-31323949-2010

A A % 0,01 Specifications 2112-144-31323949-2010

Paragraph 6.2.3

MukpocTpykTypa MOAU(MULMPOBAHHOIO TUIICOBOTO
KaMHSI U3yJajiach MOCPEACTBOM PAaCTPOBOTO 3JIEKTPOH-
Horo mukpockona TESCAN MIRA3 XMU, ucnonb3ye-
MOTO IIJISI TTOYIeHUSI CHUMKOB MUKPOCTPYKTYPBI BBICO-
KOTO M CBEPXBBICOKOTO pa3pelieHMSI.

WUnodpakpacHasg CHEKTPOCKOIUS o00pa3lioB Ipo-
n3Bommitack Ha HMK-Dypse-cnekTpodoTomeTpe
“IRAffinity-1”, perucTpupyouiem CIeKTpbl pa3InuyHbIX
BEIlleCTB B AMAma3oHe AIUH BoiaH ot 4000 no 450 cm!.
ITorpemrHOCTh CreKTpodOTOMETpa MO 1IKajIe BOJTHOBBIX
yucesn coctapisieT + 0,5 em™!.

B 1iensx KOMIUIEKCHOTO M3ydyeHUs (DU3NMKO-XUMUYe-
CKMX U3MEHEHUN TIpUMEHSIICS MeTol nuddepeHInaIb-
HO-TepPMUYECKOTO aHajin3a 0Opas3loB KOHTPOJBHOTO M
MOIU(UIIMPOBAHHOIO TUIICOBOIO KaMHS, BKJIKOYasl MC-
CJICIIOBaHUE C TIOMOIIIBIO TEPMOTPAaBUMETPHIECCKOTO aHa-
mm3za (TT), meTona nuddepeHuMaIbHON TepMOrpaBuMe-
tpun (JITT) u nuddepeHIInaIbHOM CKaHUPYIOIIEH Kajlo-
pumetpuu (JCK). [laHHbIe HCClieq0BaHUS TIPOBOAUIUCH
Ha TepMmoaHanu3atope TGA/DSC1 3A0 «Mettaep-
Toneno BocTok». YcinoBusi CheMKU: MHTEPBaAI U3MEpPE-
Huit 60—1100°C, ckopoctb HarpeBa 30 rpaa/MuH, TUIJIK
TJIaTUHOBBIE, pabovast cpefia — BO3IyX.

Pa3mepnl yacTull ajgeBpoauTa, ONpeaeeHHbIE Ha Ja-
3¢pHOM aHaJIMU3aToOpe C IMPUMEHEHHEM ITOBEPXHOCTHO-
aKTUBHOM MOOABKM B BUIE CMAuMBaTEIsI, TIPEACTABICHEI
Ha (puc. 1).

AJIEBPOJIUT TIPEUMYIIECTBEHHO COAEPXKUT B CBOEM
coctaBe: 6—12% oxkcuna xene3a, 2—3% IICITOYHBIX OK-
cuaoB U 10 3% opraHnuyecKux nmpumeceii [ 14].

To identify the possibility of a synergistic effect, a ther-
moplastic oil and gas treatment waste was selected as a
concomitant additive — industrial sulfur corresponding to
GOST 127.1-93 Sulphur for industrial use. Specifications.
During the study, industrial sulfur of grade 9998 was used,
corresponding to the manufacturer’s quality certificate,
some characteristics are shown in the table 2.

The analysis of the properties of the modified gyp-
sum mixture was conducted in accordance with
GOST 125—79. The physical and technical characteris-
tics of the control and modified samples were deter-
mined at the age of 7 days with preliminary drying of the
samples to constant weight.

Results and Discussion

In order to achieve a required result of the modifica-
tion at first the industrial sulfur powder was treated by an
organic solvent and then the mixture was stirred by a dis-
solver at the rate of 1500 rpm.

Compositions with industrial sulfur and siltstone and
without any additives were prepared from a normal con-
sistency mixtures and then samples 40x40x160 mm were
formed in molds. Samples were in molds for 2 hours at
standard conditions and then they were removed and
treated by temperature in two periods. First period was
isothermal treatment for 1 hour, at 180°C and then second
period was a cooling for 2 hours to the room temperature.

The maximum effect during the modification of gyp-
sum stone was achieved for GM-3 composition with the
introduction of a man-made thermoplastic additive (in-
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J17151 BBISIBJIIEHUST BO3MOXKHOCTH ITPOSIBJICHUSI CUHEpIe-
TUYeCcKoro 3(pdekra B KauecTBe COMYTCTBYIOIIEH J00aB-
KA OBbUT BBIOpaH TEPMOIUIACTUYECKUI OTXOH HePTU U
ra3004YMCTKM — TEXHMYECKasi cepa, COOTBETCTBYIOLIAS
I'OCT 127.1-93 «Cepa Texunueckasi. TexHUUecKue ycjio-
Busi». [Ipy mpoBeneHMM MCCIEAOBaHMS MCIOIb30BaIach
TeXHU4JecKas cepa copta 9998, cooTBeTCTBYIOIIIAS TTACTIOP-
Ty KauyecTBa MPOM3BOIUTENISI, NMPUBEACHHOMY B Tabid. 2.

AHanu3 CBOWCTB MOAMMUIMPOBAHHON TUIICOBOM
cMmecu npoBomwics B coorBerctBuu ¢ T'OCT 125-79.
OnpeneneHne (QU3MKO-TEXHUYCCKUX XapaKTePUCTUK
KOHTPOJIbHBIX M MOAM(MUIMPOBAHHBIX OOpPa3LIOB OCY-
IIECTBIISITIOCHh B BO3pAcTe 7 CYT C TIPENBAPUTEILHBIM BbI-
CyLIMBAHUEM A0 ITOCTOSIHHOI MacChlI.

PesyabTaTnl v 00CyKAEHUS

B memsx momuduKannm COCTAaBOB IPEABAPUTEIBHO
MPOBOAMJIACh 00pabOTKa TEXHUYECKOU Cepbl: MEIKOIU-
CHEPCHBIN TOPOIIOK 00pabaThIBaJCSI OPraHMYECKUM
pacTBOpUTENIEM, 3aTeM TTepeMEITNBaICS JIaDOPaTOPHEIM
nuccoabBepoM 1pu 1500 06/MuH.

OO6pa3bl Ha OCHOBE THIICA KOHTPOJBHOTO COCTaBa
06e3 100aBOK U ¢ J00aBKaM1 TEXHUYECKON cephl U ajleB-
POJINTA U3TOTABIMBAJIMCH U3 TECTAa HOPMAJIBHOM T'yCTOTHI
W 3aJUBaJNCh B (POPMBI pasMepaMu
40%x40x160 mMMm.

BreigepxxuBanne o6pa3moB B (opMme
MPOM3BOIMUIIOCH B T€YEHME 2 U B HOPMaJIb-
HBIX YCJIOBUSIX, 3aT€M OHH pacIiaiy0JIvBa-
JINCH W TIOABEPTAINCH TeMIIepaTypHOI 00-
paboTKe B ABe cTaguu: 1 — M30TEepMUUe-
ckag Beimepkka rpu 180°C B TeueHme 1 u;
2 — oxJ1axXIeHue B TeUeHUe 2 4 0 KOMHAT-
HOH TeMIlepaTyphl.

MaxkcuManbHbI 3G hEKT TPy MoIUdI-
Kallid THUIICOBOTO KaMHS OBUI ITOCTUTHYT
Ha obpasuax GM-3 npu BBeIeHUM TEXHO-
TeHHOW TepMOIlIacTUYeCKO a00aBKU
(TEeXHMYECKOU cepbl) U MIPUPOIHOTO MaTe-

_
© O

MpoyHocTb, MlMa
Rcom, Mrla
o

LK

KoHTposnbHbii  GM-1 GM-2
Control

GM-3  GM-4 !

Puc. 2. MNpo4HOCTHbIE XapakTePUCTUKN FTMNCOBOIM KOMMO3MLMM B BO3pacTe
7 cyt: [l - npouHocTb Npu narube; | - NpoYHOCTL NpY CxaTUM

Fig. 2. Strength characteristics of the gypsum composition at the age of
7 days: [l - Bending strength; | — Compressive strength

dustrial sulfur) and natural material (siltstone) in the fol-
lowing proportions: gypsum, industrial sulfur — 20% and
siltstone — 7%. The additives were measured depending
on % of the binder mass. Considering the component
composition and thermal properties of the additives, the
samples with the optimal content of components have
compressive strength up to 11.5 MPa, and the strength of
the control composition is 8.28 MPa (Fig. 2).

Puc. 3. dusuko-xumuyeckme uccnemosaHusa obpasua GM-3 n obnactb uccnenoBaHus
EDX aHanusatopa

Fig. 3. Physicochemical studies of the GM-3 sample and the research area of the EDX analyzer

puana (ajieBpojuTa) B CIEAYIOMMNX TPO- _

MOPLIMSIX: TUIIC, TeXHUYecKast cepa —20% 1 a5

aneBposuT — 7%; mo3upoBaHue A00ABOK
TIPOU3BOIUIIOCH B % OT MaccChl BSIKYIIIETO. 1
Y4uthiBasi KOMIIOHEHTHBI COCTaB U Tep- ]
MHYECKUE CBOMCTBA ITOOABOK, 00pa3lbl C 7. -
ONTUMAJILHBIM CONEPXKaHWEM KOMITOHEH- ]
TOB MMEIOT MPOYHOCTh IMPU CXATUH IO
11,5 MIla, npu MpoOYHOCTU KOHTPOJBHOTO :
cocTtaBa 8,28 MIla (puc. 2). 1.5
IMpu BBIOEpXUBaHUM OOpPA3LIOB OoJee
JUIUTEIBHOE BPEMS W MCIBITAHUM WX Ha  g75
14-e cyT TBepaeHUsI COXpaHUJIACh TEHICH-
IMST POCTa TMPOYHOCTHBIX TOKaszaTesiell y 5
obpasua GM-3, mpupocT NPOYHOCTU KOTO-
poro coctaBuI 0koJio 30% 1o cpaBHEHUIO C
KOHTPOJIbHBIM COCTaBOM. ke
Kak BuUIHO U3 MHUKPOCTPYKTYPHI
(puc. 3) MoauduLMpoBaHHOrO oOpasiia
npoosl GM-3, HabmomalTCs BUIOU3ME-

=
(=]
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Puc. 4. NK-cnekTpbl KOHTPOIBHOMO (CUHMIA LIBET) 1 MOANPULMPOBAHHOrO obpasua (KpacHsbIii
uBeT) ¢ nobasneHnem 7% anesponuta n 20% TEXHUYECKO cepbl

Fig. 4. IR spectra of the control (blue color) and the modified sample (red color), with the
addition of 7% of siltstone and 20% of industrial sulfur
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HeHMsT GOPMBI U pa3MepoOB IMAPATHBIX HOBOOOpPa3oBa-
HUi1, TIosIBIeHeM aMopdHOIi (a3bl, 0Opa3oBaHHON B
pe3ynbTaTe BHYTPEHHEW TepMOAKTUBAIIMM NOO0ABKU B
npoiecce Tepmoobpadbotku npu 180°C. PesymbTaThbl
CPaBHUTEJILHOTO aHAJIN3a MUKPOCTPYKTYPHI TIOATBEPK-
JaloTcs maHHbIMU  uccaegoBaHuss EDX  (puc. 3).
MoauuiinpoBaHHBIE COCTAaB XapaKTepU3YeTCsl IUIOT-
HBIMU ¥ TIPOYHBIMU 3JIEMEHTAaMH CTPYKTYPHI, TIPU 3TOM
HaOJomaeTcs U3MEHeHNEe KOMIIOHEHTHOTO COCTaBa.

Ananmu3 UK-crnekTpoB KOHTPOJIBHOTO M MOAMDUIII-
POBAaHHOTO COCTAaBOB ITOKa3al (puc. 4), 4TO MpPU CO-
BMECTHOM BBeJIEeHUHU T00aBOK HAOJIIOIAeTCs ITOSIBJIEHUE
HOBBIX BOJTHOBBIX UMCEJI, COOTBETCTBYIOIINX BaJICHTHBIM
konebanuss —OH rpynmbl, KOTopble MOTYT OBITH O0Y-
CJIOBIIEHBI (hOPMHUPOBAHUEM HOBBIX aMOP(HBIX KpH-
CTJJIOTUAPATHBIX MPOMYKTOB, BBISIBICHHBIX ITOCpEI-
CTBOM MUKPOCTPYKTYPHOTO aHAJIA3a.

Takxke ycTaHOBJIEHO HM3MEHEHME XapakKTepa IHKa
(pa3MbIBaHME BEPILIMHBI), COOTBETCTBYIOIIETO OCHOBHO-
My BOJTHOBOMY YMCIY CYJIb(aTHOMN TPYIIbI, YTO MOXKET
OBITh CJICICTBUEM BBEICHUS CUJIMKATHBIX KOMIIOHEHTOB
(a71eBpOIMTOB), UMEIOIINX OJIM3KNE 3HAYCHMSI BOJHO-
BBIX UKCEJI.

ITo pesyapraTam muddepeHInaIbHO-TEPMUUECKOTO
aHaM3a MOAU(UIIMPOBAHHOIO COCTaBa (pPUC. 5) MOXHO
clenaTh BBIBOA O CMEILEHUM 3HIOTEPMMUUECKOro IHKa,
CBSI3aHHOTO CO CTYINEHYaTOM Aeruaparauueit cyabdara
KajabLus B obiacty 190—230°C. OTMedeH CUIBHBIN 2K~
3o0TepMumdecKuii K B obiacti 300—400°C, BeI3BaHHBIN

When the samples were kept for a longer time and
tested on the 14th day of hardening, the growth tendency
of the strength characteristics of the GM-3 sample re-
mained. The increase in strength of this sample was about
30%, compared with the control composition.

As it can be seen in the microstructure (Fig. 3) of the
modified sample of the GM-3 sample, changes are ob-
served, represented by a modification of the shape and
size of hydrated new formations and the appearance of an
amorphous phase formed as a result of internal impregna-
tion during the melting of industrial sulfur at 180°C. The
results of the comparative analysis of the microstructure
are confirmed by the EDX study data (Fig. 3). The modi-
fied composition is characterized by dense and strong
structural elements, while a change in the component
composition is observed.

An analysis of the IR spectra of the control and modi-
fied compositions showed (Fig. 4) that, when the additives
are added together, new wave numbers appear that cor-
respond to stretching vibrations of the —OH group, which
may be due to the formation of new amorphous crystalline
hydrate products revealed by microstructural analysis.

The study also found a change in the nature of the peak
(its smearing) corresponding to the main wave number of
the sulfate group, which may be a consequence of the in-
troduction of silicate components (siltstones) having close
values of wave numbers.

According to the results of the differential thermal analy-
sis of the modified composition (Fig. 5), it can be concluded

mg)TGA
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Puc. 5. CnexTpbl anddepeHumanbHO-CKaHNPYIOLWEN KanopuMeTpumn: KOHTPOJIbHLIV o6pasel, (3, 4); o6paseL,

GM-3, mogndunumpoBaHHsbiit nobaskamu (1, 2)

Fig. 5. Spectra of differential scanning calorimetry: the control sample (3, 4), the GM-3 sample of modified

industrial sulfur (1, 2)

100 150 200 250 300 350 400 450 500 550 600 630 700 750 800 850 900 950 10001050°C

Puc. 6. MukpocTpykTypa 06pa3LoB nocne
MCNbITAHWS HA BOLOMOrNIOLLEHME NPU YBE-
nmyeHun 2000X: a — KOHTPONbHBIV obpa-
3eu, b — MOONGUUMPOBaHHLIN 06paseL,

Fig. 6. The microstructure of the samples
after testing for water absorption, 2000-
fold magnification: a — control sample;
b — modified sample
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HAJIOXKEHUEM JBYX 3K30TepMHYECKUX 3(PDEKTOB: Iep-
BBbIii OOYC/IOBJIMBAET MEPEKPUCTAUIM3ALUIO aHTUAPUTA,
BTOPOIl — BHITOpaHWE CEPbl, KOTOPOE COTIPOBOKIAETCS
3HAYUTEJbHBIM CHIDKEHUEM Macchl oOpa3ua. B obiaactu
800—900°C wnabOmomaeTcs sHIOTepMUIeCKUit dpdexT,
CBSI3aHHBIN C pa3IOKEHUEM KapOOHAaTa KaJbIIusI.

st onpeneseHUs CTEEHU BJIMSHUSI COBMECTHOIO
BBEIEHUST 100aBOK Ha (hM3MKO-TEXHUYECKHME CBOMCTBA
MOIU(PUIMPOBAHHBIX COCTABOB ObIJIO OMPEACICHO BOJIO-
TOTJIOIICHWE MaTepuasia U XapakTep CTPYKTYPHBIX W3-
MEHEHUI 00pa3IoB MOC/e MX BBIICPKUBAHUS BO BIIaXK-
HbBIX YCJIOBUSIX.

IIpu uccienoBaHUKM MUKPOCTPYKTYPHI (pHC. 6) KOH-
TPOJIBHOTO X MOAM(MUIMPOBAHHOTO 00pa3lia Moce 1c-
MMBITAHWI Ha BOJOITOTJIOIICHWE OTMEUYEHBI M3MEHEHUS
CTPYKTYPHI BCJICACTBUE BEIMBIBAHMST PACTBOPUMBIX KOM-
IIOHEHTOB THUIICOBOIO KaMHSI, XapaKTEepHBIC IS KOH-
TPOJIBHOTO COCTaBa, M MPAKTUYECKU He M3MEHUBIIASICS
CTPYKTypa MOIUGUIIMPOBAHHOIO MaTepuaa ¢ CoXpaHe-
HueM aMopdHOi1 (a3bl.

BoiBoapI

IIpennaraeMplii 1j11 MOAUMDUKALIUYA TUTICOBOTO BSIXKY-
IIEeT0 KOMITIEKC J00aBOK Ha OCHOBE TEXHMIECKOI CephI
N OOOXKEHHOTO aJIeBpOJMTa MMEET OIpele/ICHHBIN
MPaKTUYECKUI TTOTEHIIUAJT IJISI U3TOTOBJICHUSI TUIICOBBIX
W3ICIUNA ¢ YAYIIICHHBIMA (DU3UKO-TEXHUUSCKIMHU Xa-
PaKTepUCTUKAMM.

MogubninpoBaHHBIE MaTepHaIbl 00J1agal0T TTOBHI-
IIEHHBIMU 3KCIUIyaTallMOHHBIMU CBOWCTBaMU, 4YTO
MpeanoyiaraeT MX IMPUMEHEHUE NP OTHOBPEMEHHOM
BO3ICHCTBUN HATPY3KHU 1 BJIAXKHOCTH.

WUccnepoBaHHasg CTpyKTypa, (PU3MKO-TEXHUYECKUE
1 (UBUKO-XUMUUYECKIE CBOMCTBA COCTABOB IIPEIOIIpEe-
JIEJISTI0T BO3MOXHOCTh UCITOJIb30BaHMS JAHHBIX 100aBOK
B KauecTBE B3aMMOIOIOJHSIONINX, CTeNIEHb BIUSHUS
P COBMECTHOM BBEIEHUU KOTOPHBIX 3HAUYMTEIBHO
BBIIIIE [0 CPABHEHUIO C pa3AebHbIM BBEACHUEM KOMIIO-
HCHTOB.

IMonydyeHHbIE Pe3yabTaThl UCCIEAOBAHNS 3HAYUTETb-
HO pacCIIMpPSIIOT 00JIACTh MIPUMEHEHUSI TUIICOBBIX BSTKY-
IIMX C BO3MOXHOCTBIO TIPUMEHEHUS TTPUHIMITHAIBHO
HOBBIX TEXHOJIOTUYECKMUX PELICHUM TSI MOIUMULIMPO-
BaHHBIX U3JIECINN.
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that the endothermic peak is displaced due to the stepwise
dehydration of calcium sulfate in the range of 190—230°C. A
strong exothermic peak was determined in the region of
300—400°C, caused by the overlapping of 2 exothermic ef-
fects: the first causes the recrystallization of anhydrite, and
the second causes the burn off of sulfur, which is accompa-
nied by a significant decrease in the mass of the sample. In
the range of 800—900°C, the endothermic effect is associ-
ated with the decomposition of calcium carbonate.

To determine the degree of influence of the joint intro-
duction of additives on the physicotechnical properties of
the modified compositions, we determined the water ab-
sorption of the material and the nature of the structural
changes in the samples after they were kept in wet condi-
tions.

The study of the microstructure (Fig. 6) of the control
and modified samples after water absorption tests revealed
structural changes due to leaching of soluble gypsum stone
components typical for the control composition and prac-
tically unchanged structure of the modified material with
preservation of the amorphous phase.

Summary and conclusion

The complex of additives based on industrial sulfur
and calcined siltstone that is suggested for modification of
the gypsum binder has a certain practical potential for the
manufacture of gypsum products with enhanced perfor-
mance characteristics.

The modified compositions have an extra performance
properties and it makes them usable under a load and hu-
midity at once.

The studied structure and physicotechnical and physi-
cochemical properties of the compositions determine the
possibility of using these additives as complementary, the
degree of influence of which when introduced together is
much higher compared to their introduction.

The results of the study significantly expand the field of
gypsum binders with the possibility of applying fundamen-
tally new technological solutions for modified products.
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BropuyHoe ucnonb3oBaHue 6ETOHHOrO JIoMa
B KaYeCTBE CbIPbEBbIX KOMMNOHEHTOB LIEMEHTHbIX 6ETOHOB

Paccmarpmsaetcs BONPOC KOMMIEKCHOTO NMPMMEHeHUs 6ETOHHOMO JIOMa B Ka4ecTBe Le6Hs (BTOPUYHOro) B3aMeH NpUPOLHOro B
LeMEHTHbIX 6ETOHAX Knacca no NPOYHOCTM Npu CXaTui Bbile B35, a Takxe B Ka4eCTBE BTOPUYHOMO BSXKYLLEr0. YCTaHOBIEHO, YTO
BTOPWYHbIN LLe6EHb U3 6ETOHHOrO JIoMa ¢ Mapkoi no apobumoctn M600 MOXXHO MCNOoNb30BaTh 415 NoNyYeHUs 6eTOHOB Knacca B40
1 mopo3ocToikocTbio Fy 200. Mo cBolicTBaM OH He ycTynaeT 6eTOHY Ha MPUPOLHOM 3anonHuTene ¢ Mapkon no apo6umoctn M1200.
MpeacTaBneHbl Pe3ynbTaThl 3KCNEPUMEHTANbHbIX UCCNEA0BAHNA 3aMeHbl NOPTNAHALEMEHTa BTOPUYHBIM BSXKYLLMM. [T0Ka3aHo, 4To
cynepnnacTugukaTop B coctaBe 6eTOHA ABNAETCA TAKXKE ero MHTEHCMMKATOPOM NoMona u 3DheKTUBHOCTb BTOPUYHOTO BSXKYLLEr0
3aBWCMT OT NCXOLHOMO COCTaBa Ap06/eHOro 6eTOHa, NPM 3TOM 3aMeHa NOPTNaHALEMEeHTa Ha BTOPUYHOE BSXKYLLEe N03BOMUT
cakoHomuTb 0T 20 0 40% Bsxywero. OnpefeneHa KPaTHOCTb YTUAM3ALMN OAHO 1 TOMO ke 6eTOHA. ABTOPbI NOKa3anu, YT BTOPUYHOE
1CMOMb30BaHNe GETOHHBIX 0TXOA0B NO3BOASET PACLIMPUTL 06bEM ero 3 (EKTUBHOrO NPUMEHEHMS HE TONbKO B KA4eCTBE BTOPUYHOIO
1e6Hs B Ka4eCTBEHHbIX 6ETOHAX PACNPOCTPAHEHHbIX KNACCOB, HO U B KA4eCTBE aKTUBHOW MUHEpanbHOW fo6asku. MaTepuans!
MCCNEA0BAHNUS MOTYT ObITb MOME3HbIMI NPON3BOANTENSM 6ETOHA U U3AENNA N3 HErO.
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Reuse of Concrete Waste as Input Products for Cement Concretes

The paper explores the comprehensive application of concrete waste as (recycled) crushed stone instead of natural cement in cement concrete across cement strength classes above
B35 as established by GOST 26633-15 as well as looking into its use as a recycled bonding material. It has been established that recycled crushed stone made of concrete waste with a
crushing grade of M600 can be used for producing concretes with a class of B40 and a frost resistance of F, 200 with its properties in no way inferior to natural filler-based concretes
with a crushing grade of 1200. The paper also presents the findings of experimental studies involving replacing Portland cement by a recycled bonding material. It is shown that the
superplasticizer which is part of the composition of the concrete also happens to serve as its grinding intensifier and the efficiency of the recycled bonding material depends on the ini-
tial composition of crushed concrete, while replacing Portland cement with a recycled bonding material will save from 20 to 40% of that bonding material. The multiplicity factor of dis-
posal of the same concrete has been determined. The authors of the paper have shown that the secondary use of concrete waste allows for increasing amounts which can be put to
effective use not only as recycled crushed stone in high-quality concretes of widespread classes, but also as an active mineral additive. These study materials will be of use to manufac-

turers of concrete and concrete products.

Keywords: construction waste, concrete waste, recycled material, recycled crushed stone, second disposal, recycled cement, grinding intensifier.
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OKO0J10 OTHOU TPETU NMOTPEOISIEMOI SHEPTUM YEJIOBE-
YeCTBO 3aTpauyMBaeT Ha IIPOM3BOACTBO MAaTEpHAJIOB.
W xoTs ynenbHast 9HEPTOEMKOCTb CTPOUTETBHBIX MaTe-
puajioB camMasi HM3Kasl (KUPIUY, CTEKJIO, LIEMEHT —
8—10 M/Ix/xT), IO 00BEMY ITPOM3BOICTBA OHU 3aHUMA-
10T nepBbie MecTa [1]. Tak, MOIITHOCTH T10 IMTPOU3BOJACTBY
LIeMeHTa TTPUOJIKAIOTCST K 6 MJIpA T B Tox [2], a mpou3s-
BOJCTBO OeToHa — cBbIle 18 mupa T. B menom oobem
JI00BIBAEMOT0 MMHEPAJIIBHOTO CHIPbS IJISI IIPOM3BOACTBA
CTPOMUTENBHBIX MaTepUuajoB BeJUK, OOJbllIe, YeM J00bI-
THIX B MUPE YIJISI U KEJIE3HOM pyIbl, B YEThIpEe pasa: B
2016 T. MUPOBOII 00BEM TOJTHKO HEPYIHBIX CTPOMUTEIb-
HbIX MaTepuasioB coctaBu 43 mapa T [3]. B Poccuu 3a
2019 ., KaKk 1 B IIOCIEAYIOIINE IBA, IT0 TaHHBIM Poccrara,

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

Humankind spends about one third of all consumed
energy on the production of materials. While the energy
density of construction materials is the lowest (brick,
glass, cement accounting for 8—10 mJ/kg), but they still
come in first in terms of production output [1]. For in-
stance, cement production capacities are seen reaching
6 bln. per annum [2] whereas concrete production stands
at over 18 bln. tons. In general, the volume of extracted
minerals for production of construction materials is large
that is 4 times higher than the whole quantity of coal and
iron ore globally produced in 2016. The global volume of
aggregates added up to 43 bln. tons [3]. According to the
Federal State Statistics Service, 468 min. m? (about
650 mln. tons) were produced in 2016 and in the two fol-

(Y PONIED)

56

_ EVIBHIBIE
aneaps-gpespans 2020 VATERVAYIBIR



To realization of the XII International conference «Nano-technology for green
and sustainable construction», 27—31 March, Sharm El Sheikh, Egypt

npousseneHo 468 MutH M (okos0 650 MutH T). U Bce 310
MU3bIMaeTCs U3 3eMJIU KapbePHBIM CIIOCOOOM.

LleMeHTHBI OETOH — TJIaBHBINA CTPOUTENbHBIN MaTe-
puai, a o00beMHasl 10J1s1 3al0JIHUTE/IEN B HEM COCTaBIISIET
okoj10 80%. [ToaTOMy 3aMeHa KX Ha BTOPUYHbBIE PECYp-
Cbl — OTXOHbl NMPOMBIILIEHHOCTH M CTPOUTEIbCTBA —
BechbMa BaxkHasl 1 TIepCIIeKTUBHAS 3a/1a4a, UMEIOIIas 1Ba
acrieKkTa: 5KOHOMUYECKUI 1 sKoorndeckuii. O6a oTse-
YaloT IPUOPUTETAM LUKINUYECKON SKOHOMUKHM U LEJISIM
YCTOMYIMBOTO Pa3BUTHUS, TIPAKTUUECKAS peaTn3aus Ko-
TophIX B nocienHue roasl B EBpone u CILA peanusyercs
C IOMOIIIBI0 HAMIYYIINX JOCTYITHBIX TEXHOJIOTHI1. B co-
OTBETCTBUU C HAIIIIPOECKTOM «DKOJIOTHSI» MX BHEIPECHNUE
B Poccum Havato ¢ 2019 r., a 3aBepuieHue — B 2024 (cTo-
UMocTb — 2427,3 Miapa p.).

[IpobaeMa yruiuzanuu 6ETOHHBIX OTXOIOB Ha Ipe-
MIPUSITUSIX COOPHOTO 3KeIe300eTOHA B BUIE HEKOHIUIIH-
OHHBIX U3JEINI U KOHCTPYKIINIA, a TAKKE OTCITY>KUBIIMX
CPOK 3KCIUTyaTallMd WM 0OOpa3ymoIIuXcs IIpU CHOCE
3MAHUHT U COOPYKEHUI pelIaeTcs IyTeM NX NepepaboTK
(IpoGJieHUsT) C LIeJIbIO MOMYYEHUS 3aTIOJIHUTES 11T T10-
BTOPHOTO IIpMMEHEHMS B OeToHax. Takas mpakThKa cy-
1IeCTBOBaJa B HOMEHKJIAType elle B MPOIIIOM BeKe Ha
HekoTophix 3aBonax KbU u onucana B yueOHMKax, Ha-
npumep B [4].

OmHakKo IIMPOKOIo paclpOCTPaHEHUS OHA HE IOJIy-
yuja 10 CUX TIOp, XOTSI €€ SKOHOMUYECKUE M OCOOEHHO
9KOJIOTMYECKUE TTOJOXKUTENbHbIE (PaKTOPhl HECOMHEH-
Hbl. [T03TOMY Ha BCeX KPYITHBIX HAyYHBIX KOH(bEPEHIIN-
SIX MO mpobseMaM OeToHa M Kejle300eToHa B Hallei
CcTpaHe IpobyieMaM 3KOJIOTUU U BTOPUYHOTO MCITOJIb30-
BaHUs O€TOHA yAESI0Ch OOIbIIOEe BHUMAHME [J].

CrenyeT OTMETUTh, YTO OETOHHbBIE OTXOJbI ACIIEBIIE,
yeM MPUPOIHOe ChIpbe. HammpuMep, sHepro3arpaTsl Ipu
JIOOBIYE TIPUPOTHOTO MIEOHS B BOCEMb pa3 BBINIE, UYeM
MpU IOJyYEHUU 1ISOHS M3 OTCIYKMBIIEro 0eToHa, Mmo-
3TOMY Ce0eCTOMMOCTh HOBOTO Ha BTOPUYHOM IIeOHE
cHuxaercs Ha 25% [6].

IMpumMeps! MCTIONMB30BaHUS OETOHHOTO JIOMa B Kade-
CTB€ 3aIIOJTHUTENIC MOXKHO HA0II0AaTh BO MHOTMX CTpa-
Hax EBpocoro3a, rae MoJUroHs! ISk 3aXOPOHEHUsI CTPO-
WUTETBHBIX OTXOJOB OTCYTCTBYIOT M, COTJIACHO IEUCTBYIO-
IIMM TaM 3aKOHaM, APOOJIeHUE U pereHepalmsl OTXOI0B
TIPOM3BOIUTCS HA MeCTe cHoca 3aaHuii [7]. O6bem mpu-
MEHEHUs 3allOJTHUTEJIeH U3 CTaporo 0eToHa B psilie CTpaH
EC cocrasiser nopsaka 30%.

Tak, HanpuMep, TIpUMEHEHNEe OETOHHBIX OTXOIOB B
KayecTBe PELUKIIMPYEMbIX 3aIloJIHUTEeNIe 1jisi O0eToHa
ObLI0 pa3pellieHO B BennkoOpuTaHuu 1ocjie BBEASHUS
cragmapta BS EN 12620:2002 «3anmonHuTenn s 6eTo-
Ha». TeXHUYECKHE yCIIOBUS Ha HUX IIPUBEICHBI B CTaH-
mapre BS EN 8500-2:2002 «betoH — pomojiHeHUE K
crangapty BS EN 206-1: TexHudyeckue yCaoBHsI Ha CO-
CTaBJISTIONINE MAaTepUAJIbl U OETOH».

B cOOTBEeTCTBUM ¢ 3TUM CTAaHIAPTOM OTXOIbI OETOHA
ITOAPa3aeISTIOTCS Ha IBE TPYIIITHL;

1-4 rpymnma — peuKIMpyeMbIii OETOHHBINA 3aMOJHU -
teab (RCA — recycled concrete aggregate), comepsKalui
6o1ee 95% npobiieHoro GeToHa;

lowing years in Russia. All these are extracted from the
earth by the open-pit method. Cement concrete is the
basic construction material with the volume ratio of its
fillers accounting for about 80%. That is why replacing
them with recycled resources, industrial and construction
waste, constitutes a rather important and long-range ob-
jective with two aspects to it: economic and ecological.
Both meet the priorities of the circular economy and the
sustainable development goals that have been practically
implemented in Europe and the USA in recent years using
the best available technologies. According to the National
Project titled “Ecology”, their implementation in Russia
started in 2019 and will be completed in 2024 (the total
cost being 2427.3 bln. rubles).

The issue of concrete waste disposal at prefab rein-
forced concrete enterprises in the form of off-standard
products and structures, as well as those with expired
service life or obtained from the demolition of buildings
and constructions is solved by them being processed
(crushed) to produce aggregates for re-use in concretes.
This practice could be found in the nomenclature of some
plants which specialized in concrete products as early as
in the last century and is described in the textbooks, for
example, in [4].

However, it has not been widely used until now,
though its economic and, especially, ecological factors are
without doubt. That is why the issues of ecology and reuse
of concrete were of the focal points of all major scientific
conferences on issues of concrete and reinforced concrete
in our country in the early 21% century already starting
from the Conference “Concrete at the Turn of the Third
Millennium” [5].

It should be noted that concrete waste is cheaper than
natural raw material. For example, the energy demands of
natural crushed-stone production is eight times higher
than that of crushed-stone obtained from old concrete
which is why the prime cost of new concrete made of re-
cycled crushed-stone is reduced by 25% [6].

The examples of using concrete waste as aggregates can
be seen in many EU countries where there are no construc-
tion waste landfills and, according to the laws in force,
waste must be crushed and regenerated at building demoli-
tion sites [7]. The scope of using the old concrete-based
aggregates in many EU countries adds up to about 30%.

For example, using concrete waste as recycled con-
crete aggregates was approved in the UK following the
introduction of BS EN 12620:2002 Concrete Aggregate
Standard. Their specifications are given in BS EN 8500-
2:2002 Concrete - Additionto BS EN 206-1: Specifications
for Component Materials and Concrete”.

Under this standard, concrete waste is divided into two
groups:

1 — recycled concrete aggregate (RCA) containing
more than 95% of crushed concrete,

2 —recycled aggregate (RA) containing a lesser amount
of crushed concrete.

Scientists from the Moscow State University of Civil
Engineering together with specialists with Satorn
Corporation have developed TU (Technical Specifica-
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2-s1 TPYIIa — PEUUKIUPYEMBbI 3a- 70

monHuteab (RA — recycled aggregate), .
cojepxXaliuit ApoOJieHbli OeToOH B i
MEHBbILIEM KOJIMYECTBE. w 60— 3 ~ 34,2
Vyenbie MTACY coBMecTHO co crie- §§ 53,6 ... $ss.s
HUaJIucTaMu Kopriopauuu «CaTopH» §§, % 534® % 5123 Ry 54,6
paspabotamu gokymeHT TV 5711-001- £8 50 i 32.3 » '“"9. yS tg2 43'.
40296246—99 «Ille6eHb U3 6eTOHa», KO- & 5 - = = '19'9. = 47,0
TOPBIA PEKOMEHAYeTCs JisI U3rOTOBJIE- 45,8 i O 458 ;S
HUS TSDKeIoro GeToHa 10 Kiacca B25 40 i :
BKJIIOUUTENBHO [8]. - .
OmHako clIeayeT OTMETUTD OrpaHNYHU- 1 2 3 4 6 7 8 9

Barolye (pakTopbl MCIOIB30BaHUS B Ha-
111 cTpaHe 3aroMHUTENEH U3 OETOHHOTO
soma: TOCT 26633—2015 «beToHBI TsIKe-
JIble U MEJIKO3epHUCThIe. TexHuyeckue
YCIIOBUSI» PEKOMEHIYeT MX MCIIOJIb30Ba-
HMe B 6eTOHaX KJjiacca 1o IPOYHOCTU TTPU
cxatuu He Bblle B35, a mpoduiabHbIM
T'OCT 32495-2013 «IllebeHp, MecoK U
MecyaHo-111e0EHOYHbIE CMECHU U3 APOOJIe-
Horo 6eToHa u xejiezoberoHa. TY» — B
oeroHax kiacca B22,5 u Huke. OngHako,
10 MHEHMIO aBTOPOB, 3TO HOPMAaTUBHOE
OrpaHUYEHMEe B TIPUMEHEHWY 3aITOJIHUTENEH U3 OETOHHO-
0 JIOMa He JOJDKHO CAepKMBATh MCCIEI0OBAHUS 110 pa3pa-
060TKe 1x 6oiree 3((PEKTUBHOTO UCIIOIH30BaHMS B OeTOHAX
BBICOKOM ITPOYHOCTH U IOJITOBEYHOCTH [9], 4TO paciuipuT
BO3MOXHOCTH O€TOHA KAK «3KOJOTMYECKOI0 KOMIIEHCA-
TOpa» U3AEePKEK CTPOUTENBHOIM OTpaCIu, NOTpeOsIoNIei
40% HeBO30OHOBJISIEMBIX IIPUPOIHBIX PECYPCOB M 00pa3y-
towueit 10 40% npou3BoACTBEHHBIX 0TX010B [10].

Llenbo MpoBeNeHHOrO MCCIEI0BaHUS SIBUJIOCH pac-
IIUPEeHNe BO3MOXHOCTE! yTIIM3allni OETOHHOIO JIoMa
B MIPOU3BOACTBE LIEeMEHTHOro O0eToHa. /s ee peleHus
OBUIM IIOCTABJICHBI CACAYIOIINE 3a0a9u:

1) ompeneneHne BO3MOXHOCTH HUCTIOJb30BAHUS BTO-
PMYHBIX 3aIlOJHUTENEl U3 OETOHHOIO JIOMa B IIEMEHT-
HBIX OETOHAX KJIacca 1Mo MPOYHOCTH BhItie B35;

2) yCTaHOBJICHHUE KPaTHOCTU MCITOJb30BaHMUsI OETOH-
HOTO JIOMa;

3) omnpeneneHre BO3MOXHOCTY YTUIM3AIUY IEMEeHT-
HOT'O KaMHSI.

Panee ObutOo ycTaHoOBieHO [11], 4TO mpuMeHeHUe
KPYITHBIX 3aM0JIHUTENE U3 APOOJIEHOro OETOHA KJIaCCOB
B20—B40 no3BoJisieT mosydath 6ETOH ¢ TOM K€ ITPOYHO-
CTBIO WU He3HayuTeJbHO (mo 10%) MeHbIei, yeM
MMPOYHOCTh O€TOHA Ha IPUPOIHBIX 3aIIOJIHUTEISIX.

Astopamu [12, 13] moka3aHO, YTO TTOJOXHUTEIBHEIN
9(bGbeKT ToCTUraeTcs MpUu UCIOAb30BaHUU KPYITHOIO 3a-
MOJIHUTENS U3 APOOJEeHOro 6ETOHA B COUETAHUU C TPU-
POIHBIM KBaplIEBBIM MEeCKOM. Takxke OTMedaeTcs, 4To
MMPOYHOCTb OETOHOB, M3TOTOBJICHHBIX HAa KPYITHOM U
MEJIKOM 3aITOJTHUTENSIX TOJBbKO U3 OETOHHOTO JioMa, Ha
30—35% HuXKe IPOYHOCTH OETOHOB Ha TEX XK€ KPYITHBIX
3AIIOJTHUTENISIX B COYCTAHUU C IIPUPOITHBIM KBapIIEBBIM
neckoM. Kpome Toro, oHu cUMTalOT HelleJeCo00pa3HbIM
HCITOJIb30BaHUE B O0CTOHAX BTOPMYHBIX MEJIKHUX 3arloJI-
HUTEJIEW U OTCEBOB C KPYITHOCTHIO 3epHa 0—5 MM.

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

KonuyecTBo 6eTOHHBIX 06pa3LI0B
Number of concrete samples

CpepHee 3Ha4eHMe NPOYHOCTY 06Pa3LIOB 13 NPUPOAHOrO Necka 1 BTOPUYHOTO LeBHS
Medium strength value of samples from natural sand and recycled crushed stone
CpepHee 3HayeHne NPOYHOCTY 06Pa3LIOB 13 BTOPUYHBIX NECKA U LLEeBHS
Medium strength value of samples from recycled sand and crushed stone
CpepiHee 3Ha4eH1e NPOYHOCTM 06Pa3LIOB Ha NPUPOLHBIX 3aNOAHUTENSX
Medium strength value of natural aggregate samples
06pa3supl N3 NPUPOAHOTO Necka 1 BTOPUYHOTO LLEeBHS
Samples from natural sand and recycled crushed stone
06pasLbl N3 BTOPUYHOTO NEcKa N BTOPUYHOTO LEBHS
Samples from recycled sand and recycled crushed stone

Puc. 1. MNpoyHocTb 6eToHa knacca B40 B 3aBMCMMOCTM OT BMAA 3anofiHUTenemn
Fig. 1. Strength of concrete of class B40 depending on the type of fillers

tions) 5711-001-40296246—99 Broken Concrete that is
recommended for production of heavy concrete of up to
grade B25 inclusive [8].

However, the limiting factors for use of concrete ag-
gregate in our country also bear mentioning:
GOST 26633—2015 recommends their use in concretes
with a compression strength grade of B35 maximum
while stating that field-specific GOST 32495-2013
“Crushed-Stone, Sand, and Sand and Crushed-Stone
Mixes of the Crushed Concrete and Reinforced Concrete.
TU” should be applied in concretes of grade B22.5 and
lower. But in our opinion, this regulatory restriction lim-
iting the use of concrete aggregates must not hold back
studies focusing on making their use more efficient in
durable super concretes which will promote concrete as
the “environmental replenisher” of expenses in construc-
tion that consumes 40% of nonrenewable natural re-
sources also generating up to 40% of industrial
waste [9, 10].

The objective of our study is to enhance the options for
concrete waste disposal in cement concrete production.
The following tasks have been set forth:

1) identify the feasibility of using the recycled concrete
waste aggregates in cement concretes of a grade higher
than B35;

2) establish the concrete waste reuse ratio;

3) determine the opportunity of cement stone disposal.

It has been established earlier [ 11] that using the coarse
aggregates of crushed-stone of grades B20—B40 made it
possible to produce a concrete of the same strength or
slightly lower (within a range of 10%) than the strength of
the natural-aggregate based concrete.

The authors [12, 13] have demonstrated that the posi-
tive effect is achieved by using the coarse crushed-stone
aggregate in combination with the natural quartz sand.
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49

Also it is noted that the strength of the

47 4;’,1 46.5 ‘9° concretes made of coarse and fine aggre-
. Ay gates of concrete waste is by 30 to 35% less
§ § 45 than that of the concretes made of the
5243 427 same coarse aggregates in combination
§ g’ 4 402 i with the natural quartz sand. Besides, they
25 " 397 W0.2e 4 O * 8397 500 | it is thought to be reasonable to use recy-
O o5 < 35? 385  cled fine qggregates and screening dust of
37 352 3_l1 g : 0—5 mm in the concretes.

35 ; On the contrary, the authors
1 2 3 4 5 6 7 8 9 P.N. Kurochka, R.R. Mirzaliev in work
Koﬂﬂ“r‘fggfgfﬁfgﬁggg;’:rgf)f:SOB “Properties of crushed stone from prod-
Cpe,u.Hee 3Ha4YeHne NPO4HOCTH oﬁpaauos 13 NPUPOAHOro necka n BTOPU4HOro I.Ll,eﬁHﬂ uCtS Of CruShing Of SGCOl’ldaI'y Concrete as
Medium strength value of samples from natural sand and recycled crushed stone inert filler of concrete mixtures” believe
— Cpep.Hee 3Ha4eHMe MPO4HOCTY 06PA3LIOB M3 BTOPUYHBIX NECKA U LeOHS that when using a recycled aggregate, the

Medium strength value of samples from recycled sand and crushed stone o ”
pr— CpenHee 3HayeHne NPOYHOCTY 0OPa3LIOB Ha MPUPOAHDIX 3AMONHUTENSX so-called concrete “reinforcement hap_

Medium strength value of natural aggregate samples
¢ 06pasubl M3 NPUPOAHOTO Necka

Samples from natural sand
= 06pasLbl M3 BTOPUYHOrO Necka

Samples from recycled sand

Puc. 2. NpoyHocTb 06pa3uoB 6eToHa knacca B30 nocne nepeoro Apo6neHus

Fig. 2. Strength of B30 class concrete samples after the first crushing

Astopsl I1.H. Kypouka, P.P. Mup3anueB B pabote
«CBoiicTBa 1IeOHS 13 TIPOAYKTOB APOOJIEHUST BTOPUUHOTO
0eTOHA KaK MHEPTHOTO 3arOJTHUTENISI OCTOHHBIX CMECeit»,
HanpoTUB, CYUTAIOT, YTO MPU UCIIOJIb30BAHUU BTOPUYHO-
TO 3aIlOJHUTENIS peau3yeTcs TaK Ha3bIBaeMbIil 3(hdeKT
«apMUPOBaHUS» UM OETOHA BCJIEACTBHME BHICOKOTO CIICTI-
JIEHUS LIEMEHTHOI'O KaMH$I C €T0 IOBEPXHOCTHIO, B PE3YJIb-
TaTe Yero MPOYHOCTh OeTOHA pe3Ko Bo3pacTtaeT. [1pu aTom
BTOPUYHbIN 3aIOTHUTEb BKIIIOYAETCS B paOOTY KOMITO3U-
Ta JI0 UCYEPIIaHUST BO3MOXKHOCTEH OTHOI M3 ABYX (ha3 —
LIEMEHTHO-TIECYaHOTO KaMHST WJIM 3aTTOJTHUTEISI.

Jns sKcriepyMeHTa ObLIM MCIOJIb30BaHbI CIEAYIO-
1€ MaTepUaIbI:

— BTOPUYHBIN 3aMOJIHUTEIb C MAapPKOU MO APOOUMO-
ctu M600 mo TOCT 32495—2013, KoTOpHbIil MoTydain
MyTeM Ipo0JeHUsSI OETOHHBIX 00Pa310B B JIaOOPATOPHOM
mekoBoit apoounke I 100*200; mist mogydeHust «BTO-
poli yTWUIM3alMu» 3aTlOJTHUTENST OETOH Ha BTOPUYHOM
3aIl0JIHUTEIe MOABeprajcs TakKe ApoOJIeHUIO, aHaIo-
TUYHO U TIPU «TPETheU YTHIIN3AIUN».

— BTOPUYHBIA LIEMEHT, ITOJIyYaeMblil TOMOJIOM OTCEBa
MMPOAYKTOB APOOJICHMS LIEMEHTHOTO KaMHSI M pacTBOpa,
TpoIIeIIero Yepe3 cuto ¢ otBepctreM 0,14 MM, B 1a60-
patopHoii BUOpallMOHHO-11apoBoii MejbHuLe CBM-3;

— B KauyecTBe 0a30BOr0 BSIXYIIETO MCIOIB30BAICS
noptaaHateMeHT LIEM 142,5 (OAO «MopaoBLieMEHT»);

— cynepmactudukaTop CIT 1 (OO0 «Ilonuruiact»)
B KosinuecTBe 0,5% OT Macchl LIeMEHTa;

— IPUPOAHBIE 3aIIOJHUTEIIN:

» mecok Kamckoro mecropoxnenus [1O «Hepyn-
marepuaibl», T. Kasaub, M,,=2,3;

* mebeHb TPAaHOANOPUTOBEIN MApKH IO APOOUMOCTH
M1200, ¢ppakuuu 5—20 MM, ymOBIAETBOPSIONINI
tpe6oBanusam 'OCT 8267—93 «IlleGeHb U rpaBuii
U3 TJIOTHBIX TOPHBIX MOPOJ, I CTPOUTEIbHBIX pa-
60T. TexHUYeCKHE YCIAOBUSI».

(CYPONETIBHIBIE

pens due to the high adhesion of the ce-
ment stone to its surface, and as a result,
the strength of the concrete drastically
increases. The recycled aggregate sets to
works in the composite until the capaci-
ties of one of two phases — the sand-ce-
ment stone phase or the aggregate
phase — have been exhausted.

We have used the following materials for the experi-
ment:

— a recycled aggregate with a crushability grade of
M600 under GOST 32495—-2013 produced by having
concrete sample crushed by a laboratory alligator crusher
DSh 100*200 while the “second disposal” aggregator
batch, recycled aggregate-based concrete was also
crushed. The same procedure was used for the “third dis-
posal” batch as well.

— recycled cement obtained by grinding the cement
stone crush dust and mortar put through a 0.14-size sieve
with the use of a SVM 3 laboratory vibrating pebble mill;

— Portland cement CEM 1 42,5 (manufactured by
Mordovcement OJSC) was used as the basic bonding ma-
terial;

— superplastifier SP1 (manufactured by Polyplast
LLC), in the amount of 0.5% of the cement weight;

— natural aggregates:

— sand from the Kamsk field run by the Nerudmaterialy

quarry, Kazan, fineness modulus M_=2,3;

— granodiorite crushed-stone with a crushability grade
of M1200 and a fraction of 5—20 mm size meeting
the requirements of GOST 8267—93 “Crushed-
Stone and Gravel of Solid Rocks for Construction
Works. Specifications”.

The specific surface of the bonding material was as-

sessed using a PSKh12 device.

The mean strength was assessed according to
GOST 10180—12.

To solve the first task, BST V40P4 concrete mixes were
tested according to GOST 7473—2010; they were identical
by the quantitative content of the cement, aggregates (ce-
ment — 490 kg/m3, crushed-stone — 1220 kg/m?,
sand — 630 kg/m’) and had a consistency grade of P4
(cone slump =16—20 cm).
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YieabHy0 TOBEPXHOCTh BSDKYIIETO BEIEeCTBa Olie-
HuBanu Ha rmpuodope [MCX12.

3HaueHNe CpeaHell MPOYHOCTH PACCUNUTHIBAIM IIO
I'OCT 10180—2012.

JL1s1 perieHus epBoit 3a1a4u ObLIA UCITBITAHBI OETOH -
Hble cmecu BCT B40I14 o I'OCT 7473—2010, uaeHTHAY-
HBbIE 10 KOJIMYECTBEHHOMY COAEePKAHUIO LIEMEHTAa, 3aI10J1-
HuTeneit (uemeHT — 490 kr/m>; mebens — 1220 kr/m>;
necok — 630 kr/mM%) 1 ¢ Mapkoii o moasmkHocTu [14
(OK=16-20 cm).

Pesynbrarhl MCTIBITAHUI HA TIPOYHOCTH OETOHA B BO3-
pacrte 28 CyT B H. y. IpEICTaBICHEI Ha puc. 1.

MapouHasi TpOYHOCTh COCTaBa Ha IPUPOIHBIX 3a-
nomHuTenssx — 55,8 MIla, a coctaBa Ha BTOPUYHOM
KpyIHOM 3anoyiHutene — 54,6 MIla (puc. 1). Hecmotpst
Ha TO YTO MPOYHOCTb BTOPUYHOTO 3aIlOJIHUTEIIS B IBa
pa3a HIKe TMIPOYHOCTH IIPUPOTHOTO IIEeOHS, 3aMeHa T10-
CJICIHETO Ha BTOPUYHBIA (cOCTaB 2) HE OTpa3ujach Ha
IIPOYHOCTH OETOHA, TAK KAaK 3TOT BTOPUYHBIA 3aI10JHU -
TeJTb UMeeT 0oJiee Pa3BUTYIO TIOBEPXHOCTh M, KaK CJIe/-
CTBHE, JIYUYIITYIO aTe31I0 C LIEMEHTHBIM KaMHeM. OqHaKo
MpY 3aMeHEe W KPYITHOTO M MEJIKOTO 3aIlOJTHUTENeil Ha
BTOPUYHOE ChIpbE HAOJIOAACTCS CHYDKEHUE IPOYHOCTH
1o 47 MIla, T. e. Ha 16% OTHOCUTEIBHO KOHTPOJIbLHOIO
COCTaBa Ha ITPUPOIHBIX 3aITOTHUTEIISIX.

Mop030CTOKOCTh — OfHA M3 OCHOBHBIX XapaKTe-
pUCTUK OETOHa, OMpenessIoniasi ero AOJTOBEYHOCTD.
Mopo30CcTOMKOCTh OeTOHA Kiacca Mo npoyHocTu B40
Ha BTOPMYHOM 3aIlOJIHUTENIC ONpeAclsIi IO
TI'OCT 10060—2012 «betoHbl. MeTOoabl OIpeneneHus
Mopo3ocToiikocTu (¢ IlompaBkamm)». OOpa3slbl BbI-
mepxanu 200 LIMKIJIOB 3aMOpaKMBaHUS-OTTaMBaHUS,
T. €. UMEIT MapkKy no Moposoctoiikoctu F; 200.
IToteps macchel 06pasios cocraBmna 0,5—1,5%.

TakuM o00pa3oM, BTOPUYHBIN IIIe-

The concrete strength test results at 28-day age in the
normal conditions are represented in Fig. 1.

The grade strength of the natural aggregate-based
composition is 55.8 MPa, and the recycled coarse aggre-
gate-based composition is 54.6 MPa (Fig. 1). While the
recycled aggregate strength is twice less than that of the
natural crushed-stone, the replacement of the latter with
the recycled aggregate (composition 2) did not affect the
concrete strength, as this recycled aggregate has a more
extended surface which gives it better adhesion to the ce-
ment stone. However, when replacing both the coarse and
fine aggregates with recycled material, the strength goes
down to 47 MPa, i.e. by 16% relative to the natural ag-
gregate reference composition.

Freeze-thaw resistance is one of the basic characteris-
tics of concrete which defines its durability. The freeze-
thaw resistance of the recycled aggregate-based concrete
with a strength grade of B40 was determined according to
GOST 10060—2012. The samples withstood 200 freeze/
thawing cycles, i. e. they can be assigned a freeze-thaw
resistance grade of F; 200. The sample weight loss value
was 0.5—1.5%.

Therefore, the recycled crushed-stone based on con-
crete waste can be used for production of grade B40 con-
cretes with a high freeze-thaw resistance (F; 200) which
makes it possible to expand the scope of effective use of
concrete waste.

To solve the second task, we used concrete waste pro-
duced from a concrete with a strength grade of B30
(M400) which enjoy much demand on construction sites
across Russia.

The graphs (Fig. 2 — Fig. 4) show the strength change
produced by each crushing, i.e. the recycled aggregate
concrete was subject to re-crushing and reuse.

OeHb M3 OETOHHOIrO JIOMa MOXKHO WC- L
MOJIL30BATh Ul ITOJY4EHUs OETOHOB 44 pi
o o 42 % 20
kiacca B40 ¢ BBICOKOI MOPO30CTONKO- 'S “a 22 L
cteto (F, 200), uyTo mo3BossieT paciIu- 42 u 3
1 ’ © 41,4 40,9 40,8
puTh 00BeM 3(P(PEKTUBHOTO IIPUMEHE- SE€ 4 05
HUSI OETOHHBIX OTXOI0B. = W37 N U
o O = 376 372
Jlnst pelieHust BTOpOii 3amaun pac- 2 38 J “
CMOTpEIN OETOHHBIN JIOM, TTOJy4YEeHHBI §% % ﬁ'l (G 36,9
U3 «BOCTpeOOBAHHOTO» KJjlacca OeToHa — * 356 Sdis &%
MO MPOYHOCTU HA CTPOUTEJIbHBIX OOb- 34 : e :
ekrax P®, — B30 (M400).
32 . : : = . ; .
Ha rpadukax (puc. 2—4) mokasaHo, ; 5 3 % 5 & o : S
KaK M3MEHSIETCSl MPOYHOCTh MOCIe KaX- KonuuecTso GeTorHbIx 06pasLios
Number of concrete samples
JIOTO TIOCJIEAYIOIIEero ApOOJIeHUs, T. €.
e CpenHee 3HaueHre NPOYHOCTM 06Pa3LIOB U3 MPUPOAHOTO Necka 1 BTOPUYHOIO LweBHS
GETOH Ha BTOPUYHOM 3aITOJTHUTEIE TTOfI- Medium strength value of samples from natural sand and recycled crushed stone
BE€prajcd IOBTOPHOMY Z[pO6J'[eHI/IIO " e CpepHee 3Ha4YeHne NPO4YHOCTM 06pa3L0OB 13 BTOPMYHLIX Necka 1 LWebHs
MOBTOPHOMY HCIIOJIb30BAHMUIO. glledlum strength value of sampleﬁs from recycled sand and crushed stone
peaHee 3Ha4eHne NPOYHOCTN 00PA3LI0B Ha MPUPOOHbLIX 3aN0NHUTENAX
W3 nonyyeHHBIX pe3yIbTaToB (pUc. 2) Medium strength value of natural aggregate samples
BUIHO, YTO MapO4YHas ITPOYHOCTb COCTa- ¢ 06pa3Lbl M3 NPUPOAHOTO Necka
Ba Ha TNPUPOAHBIX 3allOJTHUTCIAX — Samples from natural sand
40,8 MIla, a cocTaBa Ha BTOPUYHOM @ O0pasusiuseTopuHoro necka

KpynmHoMm 3amnonHutene — 42,7 MIla.
TakuM 00pa3oM, WMCIIOJIb30BaHUE BTO-
PUYHOTO 11IeOHS TToCc]Ie TIEPBOro ApoodIie-

poi yTunuaaumm)

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

Samples from recycled sand

Puc. 3. MNpoyHocTb 06pasuoB 6eToHa knacca B30 nocne BTOporo noBTopHoro apobnexHus (BTo-

Fig. 3. Strength of Class B30 concrete samples after second re-crushing (second recycling)
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HUS YBEJIMYMBAET IIPOYHOCTh OeTOHA (Ha [ o
4,6%) 110 CPABHEHMIO C COCTABOM Ha IPH- e E i CXN R 2
POIHOM 3aIoJHUTENIE, YTO CBSI3aHO ¢ 00- - il = & 6,13
Jiee akTMBHOII (IEPOXOBATOM) MOBEPX- & & 334m 338H 35 M2l
HOCTBIO BTOPMYHOTO 3anomuutens. Ipn =3 4
=
3aMCHEC U KPYITHOT'O 1 MEJIKOTO 3aIl0JTHU - ::S 'él
Tejieil Ha BTOPUYHOE ChIpbe HAGIOmaeT- 35 25
|
cd, TaK Xe Kak u B 6etone B40, cHuxe- ian 198 o
HUe IPOYHOCTH Ha 5,6% (38,5 MIla) or- 20 5 ~ > & -~ 9,0
19.8 )
HOCUTEJIEHO KOHTPOJILHOTO COCTaBa Ha " T 18,4 188 18,4
MIPUPOAHBIX 3arnonHutensx. Cuenyer oT- 1 2 3 4 5 6 7 8 9
KonunyecTBo 6eTOHHbIX 06pa3LoB
METUTD, YTO ITPEAD! e UCCJICAOBAaHUS
’ PEIBIIYIL A Number of concrete samples
4BTOPOB IIOKA3aJin, 9TO MPHUPOCT PO~ CpefiHee 3HaueH1e NPOYHOCTI 06PA3LIOE U3 NPUPOAHOTO NEcKa U BTOPUYHONO LeGHs
HOCTU HaGJI}OﬂaeTCH Ha BCEX CpPCOHUX Medium strength value of samples from natural sand and recycled crushed stone
kjaccax (¢ B15 no B25), . CPEAHEE 3HAYEHNE NPOYHOCTM 0GPA3LIOB M3 BTOPUIHBIX NECKa 1 WeCHS
Medium strength value of samples from recycled sand and crushed stone
M3 puc. 3 BUAHO, YTO TaKKe BO3MOXK-
e CPEAHEE 3HAYEHNE NPOYHOCTM 0GPA3LIOB Ha MPUPOAHBIX 3AMONHUTENSX
HO MOBTOPHOE HMCIIOJIb30BAHNE BTOPUY- Medium strength value of natural aggregate samples
HBIX 3aIl0JIHUTENEN U3 6eTOHa, TIOJTy4YCH- 06pa3ubl M3 NPUPOAHOTO Necka
Horo u3 GeroHa B40 Ha BTOpPUYHOM Samples from natural sand
M = 06pa3Libl M3 BTOPMYHOrO Necka
KPYIIHOM  3aIlOJTHUTCIIC. apo4yHasda Samples from recycled sand

MPOYHOCTh COCTaBa Ha MPHMPOAHBIX 3a-
momauTensix — 40,8 MIla, cocraBa Ha
BTOPMYHOM KpPYITHOM 3aIlOJIHUTENIC M3
BTOPMYHOIO O0eToHa (BTopas yruiausanus) — 36,9 MIla u
Yy cOCTaBa Ha BTOPUYHBIX 3AITOJTHUTENISIX U3 BTOPUIHOTO
6eToHa — 40,6 MITa. Takum 006pa3om, BTopast BTOpUYHAs
YTAIU3AIUS 3aTIOJTHUTESIEN TTO3BOISIET TIOJYIUTh TaKyIO
K€ IIPOYHOCTb, KaK 1 Ha TPUPOIHBIX 3aTIOJTHUTEISX, TIPH
3TOM 3aM€Ha TOJIbKO Ha OJIMH KPYITHbI BTOPUYHBIN 3a-
TOJTHUTENIb C MCTOJB30BaHUEM TPUPOTHOTO TIeCKa I10-
KasblBaeT CHIDKEHHME MpodHocty Ha 9,5% (36,9 MIla).

MNHuasa xapTuHa HaOaogaeTcsl MpU TPEThe yTUIM3a-
1My 0eToHHOro joma (puc. 4), KoTopas MoKazaHa Ha
MpUMepE.

MapouHast TIpOYHOCTh COCTaBa Ha MPUPOTHBIX 3a-
nonHutensix — 40,8 MIla, coctaBa Ha BTOpUYHOM KpyII-
HOM 3aIlOJTHUATEJIC U3 BTOPUYHOTO OeTOHA (TpeThsl YTH-
Jm3anus) — 19 MIla 1 y coctaBa Ha BTOPMYHBIX 3aI10J1-
HUTEJISIX U3 BTOpUYHOro 6etoHa — 36,1 MIla. Takum
00pa3oM, 3aIOJTHUTEIM, ITOJYYEHHBIC ITOCJIE TPEThEro
JIpoOJIeHUS, 3HAUUTEIBHO CHIKAIOT TTIPOYHOCTh O€TOHA:
Ha IIPUPOJHOM IECKE ¥ BTOPMYHOM LieOHe — Ha 53%; Ha
BTOPUYHBIX MecKe U 1ieOHe — Ha 12%.

CremoBarenbHO, cpeaHre MapKu 6eToHa (0 M400)
MOXHO ITOJIBepraTh yTUIU3AIUK IBaXKIbl 0€3 CHIDKEHUS
MPOYHOCTHBIX XapaKTEPUCTUK. DTO IO3BOJUT B Oydy-
IeM 3HAYUTEJIbHO PaCIIUPUTh CHIPHEBYIO 0aszy IS 3a-
MOJIHUTEIe OETOHA U CYILIECTBEHHO COKPAaTUTh MOTPe0-
JIeHNe HEBO30OHOBIISIEMBIX TIPUPOIHBIX PECYPCOB.

7151 pellieHus TpeThel 3a1a4u IIepBOHAYAIBHO OIpe-
JISTAIM METOAOM TPaBJIeHHUS B COJITHOM KUCIIOTE COAEP-
’KaHWe IIeMEeHTa B 3allOJTHUTENISX M3 OETOHHOTO JIOMa,
MOJYYSHHBIX IIOCJE IEPBOTO M BTOPOrO IpOOJCHMUS.
ConepkaHue 1IEMEHTHOTO KaMHSI BO BTOPUYHOM KpYII-
HOM 3anosiHuTesie u3 6eroHa B30 mocse nmepBoro u BTo-
poro npobieHus cocTaBuiio 42 u 56% cOOTBETCTBEHHO.
Torma kak B oOpa3ilax MeJIKOro 3aIlOJIHUTENSI IT0Cie
IIEPBOTO U BTOPOTro ApobjeHus oHO cocTaBuio 80 u 94%
COOTBETCTBeHHO. TakuM oOpa3oM, JJIsT BTOpPUYHOTO MUC-

(CYPONETIBHIBIE

Puc. 4. MNMpoyHocTb 06pa3uoB 6eToHa knacca B30 nocne TpeTbero NoBTOPHOMO Apo6neHus
Fig. 4. Strength of concrete samples of class B30 after the third repeated crushing

It can be seen from the results obtained (Fig. 2) that the
grade strength of the natural aggregate-based composition
is 40.8 MPa, and the recycled coarse aggregate-based com-
position is 42.7 MPa. Therefore, using recycled crushed
stone following the first crushing improves the concrete
strength (by 4.6%) as compared to the natural aggregate-
based composition which is related to the more active
(rough) surface of the recycled aggregate. When replacing
both the coarse and fine aggregates with recycled material,
the strength is reduced by 5.6% (38.5 MPa) relative to the
reference natural aggregate based composition much like in
the case of the B40 concrete. It should be noted that our
previous studies showed that the strength growth was ob-
served for all medium grades (from B15 to B25).

Fig. 3 shows that the recycled concrete aggregates pro-
duced from the grade B40 concrete based on the recycled
coarse aggregate can be also reused. The grade strength of
the natural aggregate-based composition is 40.8 MPa
whereas the grade strength of the recycled coarse aggre-
gate made of recycled concrete (second disposal) is
36.9 MPa and the grade strength of the recycled aggregate
made of recycled concrete is 40.6 MPa. Therefore, a sec-
ond re-disposal of the aggregates produces a strength
similar to that of the natural aggregates while replace-
ments which involve just one recycled coarse aggregate
using natural sand results in the strength reducing by 9.5%
(36.9 MPa).

A different situation can be observed for the third dis-
posal of concrete waste (Fig. 4) shown by an example of
such disposal.

The grade strength of the natural aggregate based com-
position 40.8 MPa, and of the recycled coarse aggregate
made of the recycled concrete (third disposal) is 19 MPa,
and of the recycled aggregate made of the recycled con-
crete is 36.1 MPa. Therefore, the aggregates produced
after the third crushing significantly impair the concrete
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Puc. 5. YaenoHas NOBEPXHOCTb BSXYLUMX BELLECTB, CM2/I'
Fig. 5. Specific surface area of binding substances, cm?/g

ITOJIE30BAaHUS TIPOTUAPATHUPOBAHHOTO HEMEHTA TIPEIIIO-
YTUTEJIbHEE ero BTopas yruiausaius. CileayeT OTMETHUTb,
YTO paspylIieHre OeTOHA IIPU APOOICHUHU IIPOUCXOIUT B
OCHOBHOM I10 IIEMEHTHO-TIECYaHOMY KaMHIO VJIH TI0 TT0-
BEPXHOCTU €ro KOHTaKTa C KPYIHBIM 3aIlOJIHUTEIIEM.
KonnuecTBo npoOGaeHBbIX 3epeH 1eOHS B MOJIy4yaeMOM
MPOAYKTE BeChMa HE3HAUUTEIbHO, a IIOIIaah OOHAXKEH -
HBIX TOBEPXHOCTEl pPACKOJIOTOTO IIMEOHS COCTaBIISICT
10—20% or o01ieit MOBepXHOCTH 3¢pHA 11eGHSI He3aBU-
CHMO OT €ro pa3mepa.

Taxk Kak MOBEpXHOCTHEIN CJIOH IIeMEeHTa ITOIBEPraeT-
csl TUIpATaliy, a €r0 BHYTPEHHSS YacTh COXPaHSIET aK-
TUBHOCTb, CYLIECTBYET pe3ePB MOBBIILIEHNUS 3TOI aKTUB-
HocTU [14] myTeM CHSITUSI C TTIOBEPXHOCTU YACTHUIL] T'M-
IpaTHOM 000J0YKM TToMOJOM. IIpOYHOCTH THUIAPATOB
HITKE TTPOYHOCTH KIIMHKEPa, IIO3TOMY OHHM TTOCIIe TIOMO-
JIa UMEIOT OOJIbIIYIO OUCIIEPCHOCTb, YeM YacCTHULBI Lie-
MeHTa. MIcXomst M3 3TUX 3aKITIIOUCHU BCE COCTaBBI MO~
Beprajy MoMoJjy B Ja0opaTOpHOII BUOPAIIMOHHO-1IIApO-
Boi1 MmeapHuLIe CBM-3 B TeueHUe 5 MUH. YCTaHOBIICHO,
YTO yHeabHAasl TOBEPXHOCTh BTOPUMYHOTO IIEMEHTA 3aBU-
CUT OT «MCXOAHOIo» MaTepuaja (puc. 5). [IpeaBaputenb-
HO TIOATOTOBWJIU CJIEAYIONINE 00pa3Ilh:

— UIeaau3upoBaHHAsl MOJE/Ib — U3 IEMEHTHOTO KaM-
st (B/L1=0,5);

— u3 pactBopa (LI:11=1:3).

H3zBectHO, yTo CHUMIT 82-02—95 (11. 5.17) 00s13b1BaeT
HCITOIB30BaTh B OETOHHBIX CMECSIX C MapKoOil IO IOm-
BIDKHOCTU Oosiee I12 mnactudgumupyromme n00aBKH.
IMosromy mns ouenku BimstHUS TTAB Ha pasmosoctio-
COOHOCTH B COCTaB LIEMEHTHO-TIECYAHOTO pacTBOpa Mpu
€ro IPUTrOTOBJICHMU BBOAWIM CYIEpILIaCTU(DUKATOP
CIl11 B konuuectBe 0,5% OT MacChl BSXKYILETO U B 6€310-
0aBOYHBII COCTaB LIEMEHTHO-IIECYAHOTO PAacTBOpa MpPH
roMoJie BBenu cynepruiactucukarop CIT1 B KonuuecTse
0,5% oT Macchl BSXKYILETO.

W3 paHHBIX pUC. 5 BUAHO, YTO yAeIbHAs TOBEPXHOCTD
BTOPUYHOTO BSDKYIIETO, IOJIYYCHHOTO ITOMOJIOM IIe-
MEHTHOTO KaMHs, — 5784 CM2/F. MakcuManbHas yaeib-
Hasl IOBEPXHOCTh HAOJIIOAACTCS Y BSDKYILETO, MOJYYeH-
HOTO TIOMOJIOM 0e3700aBOYHOTO MEJKO3EPHUCTOTO Oe-

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

strength: natural sand and recycled
crushed-stone based — by 53%; recycled
sand and crushed-stone based — by 12%.

Consequently, the middle concrete
grades (to M400) can be disposed twice
without strength characteristics impaired.
This will allow further to expand the ma-
terial base for concrete aggregates and
significantly reduce the consumption of
the nonrenewable natural resources.

To solve the third task, at first, the ce-
ment content in the concrete waste ag-
gregates received after the first and sec-
ond crushing was determined by etching
in the hydrochloric acid. The cement
stone content in the recycled coarse ag-
gregate of the B30 concrete after the first
and second crushing made 42% and 56%,
respectively. At the same time, in the fine aggregate
samples after the first and second crushing, it made 80%
and 94%, respectively. Therefore, for the hydrated ce-
ment reuse, its second disposal is preferable. It should be
noted that the concrete destruction during crushing is
primarily made on the cement-sand stone or its contact
surface with the coarse aggregate. The quantity of the
crushed grains in the received product is rather minor,
and the area of the exposed surface of the cracked
crushed-stone makes 10—20% of the total surface of the
grain irrespective of its size.

As the cement surface layer is subject to hydration
and its internal part preserves activity, there remains the
activity increase reserve [14] by removing the hydration
sheath from the particle surface through grinding. The
hydrate strength is less than that of the clinker, that is
why after grinding they pertain higher degree of disper-
sion than the cement particles. That is why all composi-
tions were ground in the laboratory vibrating pebble mill
SVM-3 for 5 minutes. It was established that the specific
surface of the recycled cement depended on the “input”
material (Fig. 5). The following samples were prepared
in advance:

— “idealized mode” of the cement stone (V/C=0.5);

— of the mortar (C:S=1:3). It is known that SNiP §2-
02—-95 (cl. 5.17) is binding on using the plasticizers in the
concrete mixes with the consistency grade higher than P2.
That is why to assess the surface-active substance (SAS)
impact on the crushing capacity, the superplasticizer SP1
in the amount of 0.5% of the weight of the bonding mate-
rial was added to the cement-sand mortar during its
preparation and the superplasticizer SP1 in the amount of
0.5% of the weight of the bonding material was added to
the plain cement-sand mortar during grinding.

Fig. 5 shows that the specific surface of the recycled
bonding material produced by cement stone grinding is
5784 cm?/g. The maximum specific surface is observed for
the bonding materials produced by plain fine concrete in
combination with SAS, that is 6,827 cm?/g (SP1 is the
grinding intensifier that is explained by the known
Rehbinder effect), then during grinding the fine concrete

6827

Momon ¢ MAB
Fine Concrete in
combination with SAS
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Puc. 6. NpoyHOCTHbIE XapaKTePUCTMKN KOMMO3NTOB, B KOTOPbLIX Npou3eeaeHa 3ameHa ML Bsxxywmnm: @ — nonyveHHsiM u3 LIK; b — nony4yeHHbIM nyTem nomMo-
fla MEeNKo3epHUCTOro 6eToHa; ¢ — NOJly4eHHbIM MyTeM NoMona Mesiko3epHUCTOro 6eToHa, B coOCcTaBe KOTOporo coaepxutcsa MAB; d — nony4eHHbIM nyTem
nomona 6e3406aBOYHOr0 MeNko3epHUCToro 6eToHa coBMecTHo ¢ MNAB

Fig. 6. Strength characteristics of composites in which the PC was replaced with: @ — cement stone binder; b - the knitting, received grinding of fine-grained
concrete; ¢ — binder obtained by grinding fine-grained concrete containing surfactant; d — binder obtained by grinding of non-packed fine-grained concrete

together with surfactant

ToHa coBMecTHO ¢ TTAB, — 6827 cm?/r (CIT1 aBnsetcs
MHTeHCU(PUKATOPOM IOMOJIA, YTO OOBSICHSIETCS U3BECT-
HbIM 3¢ dekToM Pebunmepa); 3aTeM y MEIKO3epHUCTOTO
OeToHa, B cocTaBe KoToporo coxaepxutcsa ITAB, —
6480 cM’/T ¥ MUHUMATBHBI POCT Y BSKYILETo, TO-
JIYYEHHOTO TIOMOJIOM MEJIKO3epHUCTOro OeToHa, —
4960 cm?/r. TakuM 06pa3oM, YCTAHOBIEHO, UTO CYIep-
racTuduKaTop SIBJSETCS MHTEHCU(UKATOPOM TTOMOJIA
3aTBEpACBIICTO OETOHA, B KOTOPOM OH HAaXOMIUTCS.

Pesynbrarhl BAIUSHUS YaCTUIHOW 3aMEeHbI TIOPTJIAHI-
IIEMEHTa Ha BTOPUYHBIA B COCTaBE MEJIKO3CPHUCTOrO
oerona (L[:IT=1:3) Ha IPOYHOCTH B MAaPOYHOM BO3pacTe
MOKa3aHbl Ha puc. 6.

W3 puc. 6 BUAMM, 4TO BCe KOHIICHTPALIMOHHBIE KPH-
BbI€ UMEIOT Pa3HbIi XapakTep 1 3(PHEKTUBHOCTH BTOPUY-
HOTO BSDKYIIETO 3aBMCUT OT MCXOZHOTO COCTaBa JIpo0-
neHoro 6etoHa (LIK). Tak, Hanpumep, ripu 3ameHe 10%
MOPTJIAHAIIEMEHTa BSDKYIIMM, mojydeHHbIM u3 LK,
MPOYHOCTH ToBbIIaercd Ha 150%. 3aMeHa nmopTiaHLe-
MEHTa BSLKYIIWM, TIOJY9eHHBIM TTOMOJIOM MEJTKO3epHM-
cToro OeToHa, oNTUMaJbHA IMPU €ro copepxaHuu 5%
(IIpOYHOCTh MOBbILIAETCS Ha 167% OTHOCUTEIHLHO KOH-
TPOJILHOT'O COCTaBa). MaKCUMaJIbHBIN MPUPOCT ITPOYHO-
CTU IIPU BBEIECHMH BSDKYIIETO, MOJYYEHHOIO IOMOJIOM
MeJko3epHucToro 6erona ¢ ITAB, — 10%, npo4HOCTb
noBbiIaeTcs Ha 228%. MakcuMabHy10 3 (MEKTUBHOCTh
MpY 3aMeHe TT0KA3aJI0 BSDKYIIEE BEIIEeCTBO, MOJTYYEHHOE
ITOMOJIOM 0€3100aBOYHOTO MEJIKO3EPHHUCTOTO OETOHA CO-
BmecTHO ¢ [TAB. Ilpu ero BBemenuu B xKoaudectse 15%
MPOYHOCTh MOBBIIIAETCS Ha 333% OTHOCHUTENIBHO KOH-
TPOJBHOTO 0€3100aBOYHOI0 COCTaBA.

(CYPONETIBHIBIE

contained SAS, that is 6480 cm?/g, and minimum growth
of the bonding material produced by grinding the fine
concrete, that is 4960 cm?/g. Therefore, it was established
that the superplasticizer is the grinding intensifier of the
hardened concrete it is contained in.

The effects of the partial replacement of the Portland
cement with the recycled one in the fine concrete
(C:S=1:3) on the grade age strength are shown in Fig. 6.

Fig. 6 show that all of the concentration curves are of
different nature with the efficiency of the recycled bond-
ing material depending on the input composition of the
crushed concrete (CS). That being said, when replacing
10% of portland cement with a bonding material pro-
duced from cement stone, the strength value increases by
150%. Replacing Portland cement with a bonding mate-
rial produced from grinding fine concrete is optimal when
the content of the latter is 5% (the strength value increases
by 167% relative the reference composition). The maxi-
mum rise in strength when adding a bonding material
produced from grinding fine concrete with SAS is 10%
with the strength value growing by 228%. The maximum
efficiency during the replacement was achieved by the us-
ing a bonding material produced from grinding plain fine
concrete in combination with SAS. When it is added in
the amount of 15%, the strength value goes up by 333%
relative the reference plain composition.

It should be noted that in all cases, the optimal amount
of replacements with recycled cement (without any loss in
strength) is 20%, and in cases of the portland cement be-
ing replaced with a bonding material produced from
grinding fine concrete containing SAS and with a bonding
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Crenyer OTMETUTb, YTO MPM BTOM BO BCEX CIIydasix
OINTUMAJIbHOE KOJIMYECTBO 3aMEHBI Ha BTOPUYHBINA [IEMEHT
(6e3 motepu pouyHOCTH) cocTaBiseT 20%, a B Ciiydasix 3a-
MeHbl TT1 BSKyImM, MoydeHHBIM ITOMOJIOM MEJIKO3ep-
HUCTOTO O0ETOHA, B cocTaBe KoToporo coaepxurcs [TAB, u
BSDKYILIMM, TTOJTYYEHHBIM ITOMOJIOM 0€3100aBOYHOI0 MeJ-
Ko3epHucToro 6etoHa copMectHo ¢ [TAB, — 40%.

YacTtuyHas 3aMeHa TTO3BOJIUT COKOHOMUTH OOJIBIIOE
KOJIMYECTBO BHEPIUH, PECYPCOB, ChIPbS U YMEHBIIUTH
BIVSTHUE Ha OKPYXAIOIIYl0 Cpemy IpU TMPOU3BOJICTBE
OeToHa, paCTBOPOB, CYXUX CMECEl M IPYTUX CTPOUTEIb-
HBIX MaTepPHaJIO0B Ha OCHOBE IIEMEHTHOIO BSIKYIIIETO.

BriBoapl

[MpoBeAcHHEIMU WCITBITAHUSIMU YCTaHOBJIEHO, YTO
OETOHHBIN JIOM:

— MOXHO YTWJIM3NPOBATh B BUAEC BTOPUYHOTO KPYII-
HOTO 1IeOHS IJ1s MoJiyueHus1 6eToHOB Kjacca B40 ¢ BbI-
cokoit Mopo3socroiikocTteio (F; 200), nmpu stom Kpart-
HOCTb YTWJIM3AllUU COCTABJISIET IBA pa3a;

— TIPOAYKT IIOMOJIa OCTOHHOIO JIOMa ITO3BOJISIET
COKOHOMUTH MNopmiaHaueMeHT g0 40%, 6e3 morepu
npouyHocTu 6eToHa. I1pu 3ToM 3hPeKTUBHOCTH 3aMEHBI
MMOPTIAHALIEMEHTA BSKYIIUM, ITOJYYCHHBIM ITOMOJIOM
LIEMEHTHOI'O KaMHsI U3 OETOHHOTO JIOMa, 3aBUCUT OT 1C-
XOTHOTO JIOMa: MaKCUMaJIbHBIA 3¢¢eKT HaOMomaeTcs
Mpy BBeAeHUH 15% BSDKYILErO, TOJYYEHHOTO TTOMOJIOM
6e3mobaBouyHOro MenkozepHucroro o6eroHa c ITAB,;
IIPOYHOCTH ITOBBIIIACTCS OOJIee YeM B TPH pa3a;

— CcylepIuiacTu(duKaTop, BXOIASIIMIA B cOCTaB OETO-
Ha, SIBJISCTCS MHTEHCH(MUKATOPOM TIOMOJIA, TaK XK€ KakK
1IeJIEBO€ MCITOJIb30BAaHME €0 IIPU ITOMOJIE.
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material produced from grinding plain fine concrete con-
taining SAS, this value reaches 40%.

A partial replacement will allow for saving large
amounts of energy, resources, raw materials while also
minimizing the impact on the environment during pro-
duction of concrete, mortars, dry mixtures, and the con-
struction materials based on cement bonders.

Conclusions

Tests have shown that that concrete waste:

— can be disposed as recycled coarse crushed stone for
production of grade-B40 concretes with a high freeze-
thaw resistance (F; 200), and the number of disposals
makes two times;

— the concrete waste ground product makes it possible
to save Portland cement up to 40% without any lost in the
strength of the concrete. The efficiency of the Portland
cement being replaced with a bonding material produced
from grinding cement stone of the cement waste depends
on the input waste and the maximum effect is observed by
adding 15% of the bonding material produced from grind-
ing plain fine concrete with SAS with the strength increas-
ing by more than 3 times;

— the superplasticizer contained in the concrete is a
grinding intensifier and it also serves this purpose during
grinding.
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lpuMeHeHue TeXHoNnoruu (PuabTPaLUOHHOr0 NpeccoBaHus
B NPOM3BOJACTBE KPOBENbHLIX U3 ENUN

MccnepoBaHa 0aHa 13 TEXHONOMNYECKMX BO3MOXHOCTE (PUIbTPALMOHHOMO NPECCOBAHNS LEMEHTHO-NECYAHbIX KOMMO3ULNIA C
CUHXPOHHbIM OTBOAOM BbDKMMAEMOIA BOAbI. TexHONOrns uUNbTPALMOHHOIO NPECCOBaHMS COCTABOB, KOTopble cogepxar 20-30%
noptnanauementa u 70-80% KBapLeBOro necka Meskux pakuuii ¢ nocnefytowmm nobasneqnem Bofbl B kKonuvectse 50-70%

0T MacChbl LieMeHTa, BKI04aeT 06paboTky 06pasLoB fasneqnem 5-10 MIa B TeqeHne 2—4 MuH. Hepes mnbTp npecc-popmbl 13
¢hopmoBOYHON Macchl yaansnoch Ao 60% n36biTka BOAbI 3aTBOPEHUS. BBeAEHNE MUKPOHANONHUTENS B KOMNO3ULIMK NPYU NPOU3BOLCTBE
LileMEHTHO-NEeCYaHbIX 13Aenni No MNLTPONPECCOBO TEXHONOMN NO3BONSET 3HAYUTENBHO YAYULWUTL (HOPMYEMOCTb CMECH U
ya060yKnagblBaeMoCTb B YCI0BUAX MPECCOBAHNS, NOY4MTb 60Nee NIOTHYIO CTPYKTYPY MaTepuana u yBeanduTb ero fONroBeYHOCT.
MokazaHo, 4TO B TEXHONOrUM (PUALTPALIMOHHOIO NPECCOBAHUA NPU OTHOCUTENBHO YMepeHHbIX AasneHnsx ot 5 go 10 MIMa gocturaetcs
60nbLUee BOAOMOHVKEHNE, YeM NPW UCMONb30BAHMM CYNepniacTMdMKaTopoB. VicnbiTaHns 06pa3LoB NOMy4eHHbIX U3LENUIA NoKasanu,
4TO OHW UMEIOT Mpesen NPOYHOCTM Npu cxatun (B Bospacte 28 cyt) 100 MMMa n 6onee, npegen npoyHocTy npu n3rnbe — 20 Mia

1 60nee; MOpo30CTONKOCTb — 6onee 500 LKKIIOB NONEPEMEHHOI0 3aMOPaXXMBaHNA-0TTanBaHNA; HU3KOE BOLOMOITIOLLEHNE

(1,5% 1 meHee), 4TO NO3BONAET CYLLECTBEHHO NOBbLICUTL LONITOBEYHOCTb NONY4AEMbIX KPOBENbHbIX U3JENUA.
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MOPO30CTOWKOCTb.

Ins uutuposanms: Cunnunna E.A., Hegoceko U.B., Xanukos P.M., MynoskuH A.H. MpumMeHeHne TexHonorum unsTpauynoHHoro
npeccoBaHns B NPON3BOACTBE KPOBEMbHbIX u3aenuii // CtpoutensHbie matepuansl. 2020. Ne 1-2. C. 66-72.
DOI: https://doi.org/10.31659/0585-430X-2020-778-1-2-66-72

E.A. SINITSINA', assistant, (sinitsina.katy@yandex.ru),

1.V. NEDOSEKO', Doctor of Sciences (Engineering) (nedoseko1964@mail.ru),

R.M. KHALIKOV', Candidate of Sciences (Chemistry) (rauf_khalikov@mail.ru);

A.N. PUDOVKIN?, Candidate of Sciences (Engineering), (11pk@rambler.ru)

' Ufa State Petroleum Technological University (195, Mendeleeva Street, Ufa, 450080, Russian Federation)

2 Kumertau branch of Orenburg State University (3B, 2nd Lane Soviet, Kumertau, 453300, Russian Federation)

Application of Filtration Pressing Technology in the Manufacture of Roofing Products

One of the technological possibilities of filtration pressing of cement-sand compositions with synchronous extraction of squeezed water is investigated. The technology of filtration
pressing of compositions containing 20-30% of Portland cement and 70-80% of quartz sand of small fractions with the subsequent addition of water, in an amount of 50-70% of the
cement mass, includes processing of samples under the pressure of 5-10 MPa for 2-4 minutes. Through the mold filter, up to 60% of the excess mixing water was removed from the
molding mass. The introduction of a micro-filler in the composition when producing cement-sand products using filter-press technology makes it possible to improve significantly the
formability of the mixture and the workability under the conditions of pressing, get a more dense structure of the material and increase its durability. It is shown that the filtration press-
ing technology achieves greater water reduction at relatively moderate pressures from 5 to 10 MPa than when using superplasticizers. Tests of samples of the products obtained have
shown that they have a compressive strength (at the age of 28 days) of 100 MPa and more, a bending strength of 20 MPa and more; frost resistance — more than 500 cycles of alter-
nate freezing and thawing; low water absorption (1.5% or less), which can significantly increase the durability of the resulting roofing products.

Keywords: filtration pressing, roofing materials, cement-sand tiles, structure formation, frost resistance.
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B cTpouTtenbHON MHAYCTPUM BO3POXKIAETCS UHTEPEC
K KpOBEJbHOU uepemnulie, KOTOpasi UCMOJb3yeTCs BO
MHOTMX cTpaHax EBporibl (10 80% KpoBesb XXUJIBbIX 10-
MoB). KpoBesbHast uepenuiia XapakTepu3yeTcst BBICOKOM
MOPO30CTOMKOCTbIO, BOAOHETIPOHUIIAEMOCTBIO, OTHE-
CTOMKOCTBIO, a TAaKXe BBICOKON apXUTEKTYPHO-XYIOXKe-
CTBEHHOM BBIPa3UTEJIbLHOCTbIO (MIPUYEM JAaHHOE CBOM-
CTBO TIPUCYIIIE TOJBHKO 3TOMY BHMIY KPOBEJIbHBIX M3Je-

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

In the construction industry there is a resurgence of
interest in roof tiles, which are used in many countries of
Europe (up to 80% of the roofs of residential buildings).
Roofing tiles are characterized by high frost resistance,
water resistance, fire resistance, as well as high architec-
tural and artistic expression (this property is inherent only
to this type of roofing products). Therefore, tiles can and
should be successfully used for the construction of rolled
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Jquit). CrnemoBareflbHO, Yyepenuila MOXET WM AOJIKHA C
YCIIEXOM MPUMEHSTBhCS UISI YCTPOMCTBA CKATHBIX KPO-
BEJIb XKWUTBIX W TPAXXTAHCKUX 3MaHUU B Pa3IMIHBIX KITH-
MaTuuyecKux yciaoBusx [1]. OmHako goas1 KepaMU4ecKoi
1 LIEMEHTHO-TICCYAHOM YePEITNIIBI IIPU BO3BEACHUH 3/1a-
HUI 1 coopyXeHni B Poccuiickoit Meneparnyn B 001IeM
0o0BbeMe TTOTpedJIeHNST KPOBEJbHBIX MaTepHajioB COCTaB-
JISIET BeCbMa He3HayuTeNIbHYIo pomo, Bcero 0,1—0,4%.

TexHo0rus1 Npor3BOACTBA IEMEHTHO-TIECYaHOI ye-
permmirel (LITTY) [2] mpuBnekaeT mpexiae BCETo ee IHep-
ro3(peKTUBHOCTBHIO; B YAaCTHOCTHU, MO CPaBHEHUIO C
kepamuueckoit (TOCT P 56688—2015 «Yepenuiia kepa-
Muueckas. TexHuuecKre yCloBUs») B TIPOU3BOICTBEH-
HOI1 CXeMe OTCYTCTBYET CTaaUsl CYIIIKU 1 BBICOKOTEMIIE-
patypHoro ooxwura (mo 1200°C) usgenmii. OCHOBHBIMU
HWCXOMHBIMM KOMIIOHEHTAMM CBIPhS IJI IIPOM3BOICTBA
KkpoBeiabHoU IIITY sBasioTcs LieMeHT, MEeCOK U BOJA;
TexHoyiorust mpouspoacTsa LIITY BkitouaeT ciaeaymoiimne
CTaguM: ITOATOTOBKA CBIPhEBBIX MaTepHAIOB U IIPUTO-
TOBJIEHUE TTOJYCYXOil cMecr, GopMOBaHVE YepeNULIbl U
TepMOBJIAXKHOCTHasI 00paboTKa OT(GOPMOBAHHOIO M3-
JIeTus.

BcaencrBue moBbIlIeHHBIX TPEOOBaHUI K KaUeCTBY
JINIIEBOM TTOBEPXHOCTU YEPETHUIIBI, HE IOMYCKAIOIINX
HaJW4YMsl Ha €€ TTOBEPXHOCTU IIEPOXOBATOCTEH U Apy-
rux nogo0HbIX nedekToB. Kposenpayto LIITY mmo cran-
JTapTHBIM TEXHOJIOTUYECKUM cXeMaM (BUOpodopMoBa-
HUeE, MpoKaTKa U NIp.) OOBIYHO M3rOTABIMBAIOT U3 10-
CTaTOYHO TUIACTUYHOU MACCHI, MOJYyYaeMOW 3a CYeT
M00aBJIEHUS B LIEMEHTHO-IIECYaHYIO CMECh 3HAUUTEJIb-
HOTO KOJIMYECTBA BOMBI, YTO 3a4aCTYIO IIPUBOIUT K Cy-
LIECTBEHHOMY CHUXXEHMIO MPOYHOCTU TroToBbIX LITTY.
ITosTomMy i1 monydeHUsS BBICOKOKAYECTBEHHOM Iie-
MEHTHO-TICCYAHOM YepeTHUIIBl NUCITOJIB3YIOT MOPTIAH/I -
1IeMeHT Mapku He Huxke 400, a U3roTaBIMBaIOT €€ TOJI-
IIMHOI He MeHee 12 MM M Maccoil, IIpeBHIIIAIONICH
4,5 xr [3], npu 3TOM pe3KO BO3pACTAIOT HAarpy3ku Ha
HecylIre KOHCTPYKIIMY KPOBJIH, TOCTUTAIOIINE JOITOJI-
HUTEJIBHO (110 CPaBHEHUIO C PYJIOHHBIMY 1 JIUCTOBEIMU
KPOBEJIbHBIMU U3ACIUSIMU Ha OUTYMHON 1 MeTajinye-
cKoit ocHoBe) 45—50 Kr/cM?.

B pabote mpemioxeHo MCIONB30BAHUE TEXHOJOTUU
PUIBTPALIMOHHOTO MPECCOBAHMUS B IPOM3BOICTBE KPO-
BEJIbHOM LIEMEHTHO-IIECYAHOM YePEIULIbL.

B ycnoBusIx GUIBTPALIMOHHOTO ITPECCOBAHMST YBEIIH -
YyeHre BOAOMOTPEOHOCTH CMeCel C HCIOJIb30BaHUEM
TOHKOIWUCIIEPCHBIX HAITOJTHUTENICH HEe WIpaeT OTpHUIla-
TEJBHOM POJIM, TaK KaK M30BITOK BOIKI 3aTBOPECHUS yaa-
JsieTcs 4epe3 (UALTpylolIUe MaTepuaibl. BBemeHue
MHUKPOHATIOJTHUTENISI B IIEMEHTHBIC KOMIIO3WIINU TIPU
MPOM3BOJCTBE U3ACIUIA IO DUILTPONPECCOBON TEXHO-
JIOTUHA TIO3BOJISICT HE TOJBKO 3HAYMTEIBHO YIYYIIUTh
dopMyeMOCTh CMECH U €€ YIOO0OYKIaablBAEMOCTb B yC-
JIOBUSIX MPECCOBaHUSI, HO U IOJYYUTH O0Jjiee TUIOTHYIO
CTPYKTYpy MaTepmaja, a CJeHOBaTebHO, YBCIUYHUTH
JIOJTOBEYHOCTh. TeXHOJa0TUsl DUIBTPAlMOHHOIO Mpec-
COBaHMUSI, B KOTOPOI peaTn3yeTcs IMPUHIIAI U30BITOYHO-
ro coAep>KaHUs BOAbl OTHOCUTEIbHO KOJIMYECTBA, HEOO-
XOIVMOTO JIJIsI TUApaTallMK BSKYIIETo W MpUIaHus TuIa-

roofs of residential and civil buildings in different climatic
conditions [1]. However, the share of ceramic and ce-
ment-sand tiles in the construction of buildings and struc-
tures in the Russian Federation in the total volume of
consumption of roofing materials is very small (0.1—
0.4%).

The technology of production of cement-sand tiles
(CST) [2] attracts primarily its energy efficiency, in par-
ticular, compared to ceramic tiles (GOST R 56688—2015)
in the production scheme there is no stage of drying and
high-temperature burning (up to 1200°C) of products.
The main raw materials for the production of roofing CST
are cement, sand and water, and the production technol-
ogy of CST includes the following stages: preparation of
raw materials and preparation of semi-dry mixture, form-
ing of tiles and heat-moisture treatment of the moulded
product.

Due to the increased quality requirements of the face
surface of the tile, which prevent roughness and other
similar defects on its surface, the roof of CST according
to standard technological schemes (vibration molding,
rolling, etc.) is usually made of a sufficiently plastic mass
obtained by adding a significant amount of water to the
cement-sand mixture, which often leads to a significant
reduction in the strength of the finished CST. Therefore,
Portland cement of not less than 400 grade is used to ob-
tain high-quality cement-sand tiles, and its thickness is
not less than 12 mm and weight exceeding 4.5 kg, at the
same time loads on bearing structures of roofs are sharply
increased [3], reaching additionally (compared to roll
and sheet roofing products on bitumen and metal bases)
45—50 kg/cm?.

This article proposes to consider the use of filtration
pressing technology in the production of roof-cement-
sand tiles.

Under filtration pressing conditions, the increase in
the water demand of the mixtures using fine fillers does
not play a negative role, since the excess of the gate water
is removed through the filter materials. Introduction of
micro-filler into cement compositions during production
of products according to filter-press technology makes it
possible not only to significantly improve formability of
mixture and its easy-to-lay under pressing conditions, but
also to obtain more dense structure of material and there-
fore to increase its durability. The technology of filtration
pressing, which implements the principle of excessive
water content relative to the amount required for hydra-
tion of the binder and making the formed mixture plastic,
wasfirst proposed indomestic practice by I. M. Lyashkevich
for gypsum binders [4]. The technology of filtration press-
ing of cement-shell facing products of increased durability
was tested in West Kazakhstan region [5].

Excess water during filtration pressing is removed by
pressing (due to applied pressure), this makes it possible to
eliminate disadvantages inherent in semi-dry pressing
methods, connected with lamination of moulding mixture
and its unsatisfactory redistribution during pressing, fuzzy
faces of finished products, etc. [6]. In comparison with
vibration forming with loading [7], in the process of which
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CTUYHOCTU (OpMyeMOii CMeCH, BIIEPBBIE MPELIOXEHA
WU.M. JlgamkeBuyeM [JISI TUIICOBBIX BsDKymux [4].
TexHonorvss GUIBTPAIMOHHOTO TTPECCOBAHUS IIEMEHT-
HO-paKyIIeYHbIX OOJIMIIOBOYHBIX M3AEIWI ITOBBIIIEH-
HOI TOJITOBEYHOCTH ObLTa ampoOuMpoBaHa B 3aragHo-
Kazaxcranckoit odnactu [5].

W306pITOUuHAs Bojga B mporecce (PUIbTPALIMOHHOTO
MPECCOBAHMS YAAISIETCS «OTKATHEM» (3a CYET IpuJiara-
€MOTO JaBJIeHUs ). DTO MO3BOJISIET YCTPAHSITh HEIOCTaT-
KU, TIpUCYIIME CrocobaM TIOIYCyXOro TPecCOBaHUS,
CBSI3aHHBIE C paccioeHreM OPMOBOYHOU CMeCH U He-
YIOBJICTBOPUTEIILHBIM €€ TIepepaciipeieIcHUeM B IIPO-
1ecce MPecCcoBaHUsl, HEYSTKUMHU TPaHSIMH TOTOBBIX 13-
nmenvit v T. 1. [6]. ITo cpaBHEHUIO ¢ BUOPODOPMOBAHM -
€M C purpysom [7], B mpolecce KOTOPOro yIaOTHEHHUE
¢GOPMOBOYHOI CMeCH BBIIOJHSETCS MPU HU3KOM AaB-
nenun (0,15 MIla), ¢unbrpanimoHHOe TpeccoBaHUE
JMaHHBIX M3IEJUI OCYIIECTBISETCS IMPU AaBJIECHUU B
100 pa3 Beie. I1pu aTOM gaBiieHKE IIpPecCOBaHUS pac-
CMaTpUBAaETCs aBTOPAMU B KauecTBe (pakKTopa, KOTOPHIH
oIpenesisieT He TOJbKO CTeNIeHb YIUIOTHEHUS, HO TakKXke
KMHETUKY TUApaTallui U CTPYKTYpOOOpa30BaHUE MaTe-
puana.

OmHUM U3 TEePCHEeKTUBHBIX CIOCOOOB IMOJIYYECHMUS
LIEMEHTHO-TIECUAHBIX U3IEIUN TOBBIIIEHHONH MTPOYHO-
CTU Y JOJITOBEYHOCTU U3 IUIACTUYHBIX CMECEe SBIsIeTCs
WCTIONIb30BAHNE B KAYECTBE BSIXKYIIETO MEXaHOAKTHUBU-
POBAHHOTO IIeMEHTa ¢ 100aBJIEeHUEM CyTepIiacTudrKa-
TOpOB [§]. DTO MO3BOJISIET MOJTyYaTh BHICOKOTUIACTUYHEIC
IIEMEHTHO-TIecYaHble (hOPMOBOYHBIE KOMITO3ULIMU C
MUHMMaJIbHBIM KOJIMYECTBOM BOIbl 3aTBOPCHMUSI.
NsrotosnenHas u3 takux cMmeceit kposenbHas LIITY xa-
paKTepu3yeTcsl HauOOJbLICH IJIOTHOCTbIO M MPOYHO-
cThio (rpu u3rube mocturaetr 60 MIla), yTto mo3BoIsSIET
CYILIECTBEHHO YMEHBIIINTh TOIIINHY, a CJIEA0OBATEILHO, 1
Maccy Yepemnuiibl IPU COXPaHeHUM TPpeOyeMbIX CTaHaap-
TOM IMPOYHOCTHBIX XapaKTeprucTrK. [ToBbIIIEHE KOPPO-
3MOHHON CTOMKOCTU 0OO€CIIeUMBaeTCs ONTUMAaTbHBIM
moadbopoM BsDKyIuX [9] u 3amoaHUTENeH, yBETUIeHUEM
TUIOTHOCTU M 00pabOTKOM IMOBEPXHOCTHOIO CJIOSI KOH-
CTPYKIIMU 3aIIUTHBIMU ITOKPHITUSIMU. BO3MOXHOCTD 10O~
JIy4EHUST PEOJIOTUIECKHN BHICOKOITOABMKHBIX IIEMEHTHO-
MecCYaHbIX CMecell MO3BOJISIET U3rOTaBIMBaTh U3 TaKUX
KOMITO3UIINI OoJiee JIETKYIO ¥ TIPOYHYIO YepeTuily, OT-
BEYaoIIyl0 TPeOOBAHUSM CTaHIAPTOB, B TOM YHCJIE U 10
Ka4yeCTBY JIUIIEBOM ITOBEPXHOCTH.

HcnbiTanre o06pa3iioB, M3TOTOBICHHBIX U3 MOIU(DU-
LIMPOBAaHHBIX OETOHHBIX CMECel TpU JaBJICHUM MPecco-
Banus oT 10 mo 20 MIla, moka3anu, 9TO0 OHU MMEIOT:
npenesl MPOYHOCTU MpU CXaTUM B Bo3pacTe 28 CyT
or 32 mo 48 MIla; mopo3socroiikocts 100—350 1mK-
JIOB TIONIEPEMEHHOTO 3aMOPaXWBAaHWSI M OTTaMBa-
HMA; MIoTHOCTh 2300—2400 xr/m3; BomomoriolieHue
0,9—6% [10, 11]. U3nenust ¢ TaAKUMU TIOKA3aTENISIMU 10
MMPOYHOCTH M MOPO30CTOMKOCTU IIeJIecOO0pa3Ho, IO
MHEHHMIO aBTOPOB, MCIOJIb30BaTh B KAa4eCTBE YEPEIMY-
HOW KPOBJIY 30aHUIA U COOPYKECHU.

B 90-x rr. XX B. B X0[i¢ IIepeCTPONKHU MPOMbIIILICH-
Horo Komiutekca Poccuiickoii ®enepaiiuyu BEICBOOOIM -

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

compaction of moulding mixture is performed at low
pressure (0.15 MPa), filtration pressing of these articles is
performed at pressure 100 times higher, at that pressure of
compaction is considered as factor, which determines not
only degree of compaction, but also kinetics of hydration
and structure formation of material.

One of the promising methods of obtaining cement-
sand products of increased strength and durability from
plastic mixtures is to use as binding mechanoactivated
cement with addition of superplasticizers [8], which en-
ables to obtain highly plastic cement-sand moulding com-
positions with minimal amount of sealing water. Roofing
CST made from such mixtures has the highest density and
strength (bending up to 60 MPa), which allows to signifi-
cantly reduce the thickness and therefore the weight of the
tile while maintaining the strength characteristics required
by the standard. Improvement of corrosion resistance is
provided by optimal selection of binders [9] and aggre-
gates, increase of density and treatment of the surface
layer of the structure with protective coatings. The possi-
bility of producing rheologically highly movable cement-
sand mixtures makes it possible to make lighter and stron-
ger tiles from such compositions, which meet the require-
ments of standards, including the quality of the face
surface.

The test of samples made of modified concrete mix-
tures at a pressing pressure of 10 to 20 MPa showed that
they had a compressive strength at 28 days of age of 32 to
48 MPa, frost resistance — 100—350 cycles of alternate
freezing and thawing and density — 2300—2400 kg/m?,
water absorption — 0.9—6% [10, 11]. Products with such
strength and frost resistance are, in our opinion, useful as
a tile roof of buildings and structures.

In the 1990, during the restructuring of the industrial
complex of the Russian Federation, hydraulic presses of
different capacities were released, the conversion of which
for filtration allows to produce from cement-sand mix-
tures piece products of different purpose. In work [12], an
energy-saving method and recommendations for intensi-
fication of hardening of pressed articles are given, self-
organization parameters are calculated, quantity of film
water is determined, its role in formation of contacts at the
interface of phases is established and dense, water-resis-
tant structure of composite is obtained.

One of the most rational ways to create a dense and
durable structure of the material of roofing small-format
products is the technology of filtration pressing cement-
sand compositions (Fig. 1).

Schematically denoting the microparticles of the
same-sized ball precipitate (Fig. 1, b), it can be seen that
water filtration is possible in a space that remains free of
the adsorption films and it has the shape of an equilateral
triangle. Ensuring durability of cement systems in condi-
tions of filter-pressing of cement-sand compositions can
be achieved by introduction of dispersed and ultradisperse
micro-fillers, which allows to ensure high degree of com-
paction of material structure at low water-solid ratios [13].

Article [14] deals with issues of increasing durability of
flat roofs of buildings by using modified self-compacting
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JINCh TUAPABINYECKUE MPECCHl pa3HbIX MOIIHOCTE, me-
peobopynoBaHUEe KOTOPBIX IO (UILTPOIIPECCOBAHUE
MTO3BOJISIET TTPOU3BOANTE M3 LIEMEHTHO-TICCYAHBIX CMe-
Ceil IITy4yHbIe U3EIUs pa3IMYHOro Ha3HayeHus. B pa-
6ote [12] mpuBOIMTCS BHEProcOeperalomnii Crrocod u
pPEeKOMEHAAUKU MO0 UHTeHCUMUKALIMA TBEPACHUS Mpec-
COBAaHHBIX M3IEINN, paCCUMTaHBI ITapaMeTPhl CaMOOpra-
HUM3aIIM1, OTPEIeIEeHO KOJUYECTBO TUICHOYHOM BOJBI,
yCTaHOBJIEHAa €€ PoJib B (DOPMUPOBAHMU KOHTAaKTOB Ha
rpaHulle paszneia (a3 u mojaydeHue TUIOTHOM, BOIOCTOM -
KOI CTPYKTYpbl KOMIIO3UTA.

OmgHuM 13 HanboJIee pallMOHAIBHBIX CIIOCOO0OB CO3-
JITaHWS TUTOTHOM M JONTOBEYHO# CTPYKTYPHI MaTepHaia
KPOBEJIbHBIX MaJoOpMaTHBIX U3IACIUNA SIBJSETCS TeX-
HOJIOTUS (DMIBTPAIIMOHHOIO IPECCOBAHUS IIEMEHTHO-
recyaHbIX KoMIno3uuuit (puc. 1).

CxeMaTtndeckKu 0003HAaUYMB MUKPOJACTHUIIBI OCAIKa B
BUJIe IIApOB OJWHAKOBBIX pa3MepoB (puc. 1, b), MOXHO
3aMETUTb, YTO (PUIbTpalLsg BOALI BO3MOXHA B IIPO-
CTPAHCTBE, KOTOPOE OCTAETCSI CBOOOTHBIM OT aIcOPOIIH-
OHHBIX IIJIEHOK U UMeeT (hOpMy paBHOCTOPOHHETO Tpe-
yroimpHEKa. O0ecriedeHre TOJITOBEYHOCTH IIEMEHTHBIX
CHCTEM B YCJIOBMSIX (PUIBTPONPECCOBAHMST LIEMEHTHO-
IeCYaHbIX KOMITO3UIINI MOXKET OBITh TOCTUTHYTO BBElIE-
HUEM AUCIIEPCHBIX Y YIBTPATUCIIEPCHBIX MUKPOHATIOJ-
HUTEJIEH, TO3BOJISIIONINX 00ECIIEUUTh BHICOKYIO CTEIIEHb
VIUIOTHEHUSI CTPYKTYPHI MaTeprajia IIpyu HU3KUX BOIO-
TBEPABIX OTHOLIEHMSX [13].

B pab6ore [14] paccMOTpeHBI BOIIPOCHI MOBBIIIEHUS
JIOJITOBEUYHOCTH TUIOCKMX KPOBEJIb 3MaHWI ITyTEeM IIpH-
MEHEHUs] MOAU(UIIMPOBAHHOTO CaMOYIUIOTHSIIOIIETOCs
6eroHa. [TonyyeHHbIE TaHHBIE MO3BOJISIIOT MPOTHO3UPO-
BaTh BBICOKME 3KCIUIyaTallMOHHbBIE XapaKTePUCTUKU ca-
MOYIUTOTHSIIOIIIETOCST O€TOHA: TIPW MapKe 110 PaCIUIBIBY
koHyca P5 MoauuinpoBaHHBIA OETOH UMEET KJIacc Io
MPOYHOCTU mpu cxkatuu B50, BBICOKYIO MOPO30CTOiI-
kocTth (mo F500) m BomoHempoHUIIae-
MocTb W16.

YcTaHoBIIeHME BaXKHEHIIINX TTapaMe-
TpOB TIIpolecca GUIbTPALIMOHHOTO

a P b
IHHHlH]

i
b o o e o |
"

N i—
Puc. 1. Cxema: a — TexHonoruns d)VIﬂpraLLI/IOHHOFO npeccoBaHug; b— MWKpPO-
CTPYKTYpa ANCMEPCHbIX HAaNONHUTENEN

Fig. 1. Scheme filtration pressing technology (a) and the microstructure of
dispersed fillers (b)

concrete. The obtained data make it possible to predict
high operational characteristics of self-compacting con-
crete: in case of mark by P5 cone vagueness, modified
concrete has class on strength at B50 compression, high
frost resistance (up to F500) and water-tightness of W16.

Installation of the highest parameters of the filtration
pressing process of cement-sand compositions: pressure
of pressing, time of holding under pressure, amount of
micro-filler, initial water-binding relationship — possible
by simulation. When compressing the mixture with a con-
stant load, the whole process of deformation of cement-
sand compositions can be divided into two periods: steep
— pressing of pore and diffusion liquid; hemisphere — par-
tial removal of water diffusion molecules.

First, the free water flows relatively quickly through
the open voids, during which period the pore space of the
compacted mixture is an open hydraulic system. After
plugging the voids with bound water, the pore space of

30 100 30

npeccoBaHusA HEMEHTHO-II€CYaHbIX
KOMMO3WULINIA: JaBJICHUE IIpEeCCOBaAHNA,
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BpeMS BBIIEPXKKU IIOJ JABJIECHUEM; KO-
JIMYECTBO MUKPOHAIIOJIHUTENS; UCXOM-
HOE BOJOBAXYIllEE OTHOLUIEHUE — BO3-
MOXHO MofaenupoBaHueM. [lpu cxatumn
CMECH TIIOCTOSIHHOM HAarpy3koil BeCh
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BHauane mnpoucCXoAuT CpaBHUTEIbHO
OBICTpOE HCTEUYEHHE CBOOOIHOI BOJIBI
Yepe3 OTKPHITHIC IYCTOTHL: B 3TOT IIEPU-
O TIOPOBOE MPOCTPAHCTBO YIUIOTHSIE-
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Fig. 2. General view of the mold: 7 — matrix; 2 — punch with voids; 3 — insert with polished surface;
4 — moldable mixture
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IMocne 3akynopku MycTOT CBSI3aHHOI BOIOI MOpPO-
BO€ MPOCTPAHCTBO LIEMEHTHO-IIECUAHBIX KOMIIO3ULIUMA
CTAaHOBUTCS 3aKPBITOW TUIAPABINYECKOW CUCTEMOUN C
3aTpyJHEHHBIM MCTEUEHUEM BOABLI. DTO BhIpAXXaeTCs B
MOCTENEHHOM BBITAJIKABAHWM MOJIEKYJ BOIBI W3 al-
COpPOLIMOHHOI TJIEHKU B CBOOOJHOE MPOCTPAHCTBO Lie-
MEHTHO-IIECYaHbBIX KOMIIO3ULIUM C 3aMEHOMU UX DKBUBA-
JIEHTHBIM KOJIMYECTBOM MOJIEKYJ BOJIbI; (PUIbTpaLIUs
npeKpailaeTcss U yCTaHaBAMBAETCS PAaBHOBECHOE CO-
CTOSTHUE.

MareMaTHu4yeckoe ypaBHEHHE TEeXHOJOTMYeCKOTro
mporecca GUIBTPAIIMOHHOTO IIPECCOBAHUS MOXET OBITh
MOJYy4YeHO B COOTBETCTBUM C 3aKOHOM (UIbTpALIUU

Hapcu:

dt " poc(t) Ho(1)’

rae M(t) — obGbeM ¢uiabTpaTa K MOMEHTY BpPEMEHH,
V(0)=V,>0; Y — mocrosiHHas npouecca GUIbTPOBaAHUS;
P, (t) — naBneHue B XUIKOI (hasze ocanka; Poc(T) — yaesb-
HOe 00BeMHOE CONTPOTHBIICHUE ocanka; H,.(T) — Tomm-
Ha ocagka opMyeMoil MaccChl.

XO0JIOMHOE UV TOpsTYee TTPECCOBAaHME KECTKMX CMe-
Ceil LIEMEHTHBIX BSDKYIIMX M I€CYAHBIX IOPOLIKOB C
HU3KKM BOJOTBEPIABIM OTHOIIEHHUEM HMEET CYIle-
CTBEHHBIC HEIOCTATKM: SHEPIUS AaBJICHUST PACXOMYeET-
csl Ha npeogosieHue cui TpeHus. Cleayer TakxKe OTMe-
TUTh, YTO KPOBEIBbHOE M3ACINE IO 3TOM TEXHOJIOTHU
IOJIy9aeTcsl ¢ HEOMHOPOMHOW M IOPUCTOM MUMKpPO-
CTPYKTYpOM.

IIpoussoacteo LITY BkIIOUaeT ciaemyrole OCHOB-
Hble CTaAuU: AO3UPOBAHUE MCXOAHBIX KOMIIOHEHTOB;
CMEIIeHWEe U TIPUTOTOBJIeHHE (HOPMOBOYHOM CMECH;
¢dopMoBaHue U3AEAUN (UILTPALIMOHHBIM TIPECCOBAHU-
eM. CoctaBel comepxaT 20—30% mnopTiaHAleMeHTa
(mapku 500) u 70—80% xBapueBoro mecka (M,<1).
3aTBopeHue mnpousBoautcs 50—70% Boabl (OT Macchl
eMeHTa). TexHosorus (GUIBTPallMOHHOIO IpeccoBa-
HUsI BKJTIOYAeT BBIIEPKKY ITox gaBieHueM S5—10 MIla B
TeueHue 2—4 MuH. Yepes GpunbTp npecc-hopMbl U3 Ghop-
MOBOYHOM Macchl yaansuioch 60% 1 6oJiee BOObI 3aTBO-
peHus. 3aTeM WU3AENWs OTIPABISIM Ha BBIIEPXKKY
(B HOpMAaJIbHO-BJIAXKHOCTHBIX YCIOBUSIX).

DU3NKO-XUMUYECKUE TIPOIECCHI CTPYKTYPOOOpa3o-
BaHUS Y TBEPACHUS BSKYILIEH KOMIO3UIIMU B YCIOBUSIX
IepBOHAYAIbHOIO U30BITKA 1 ITOCIEAYIOLIErO HeA0CTaT-
Ka BOIBI pa3HOHAIIpaBJIEHHBI. €CIM B Hadaje Habopa
MMPOYHOCTU BOJHBICE OOOJOYKM CHUXKAKOT KUHETHUKY
TBepICHUsI, TO TIpH JAJTbHEHIICH THIpaTallud U Habope
MPOYHOCTH OHM OKa3bIBAIOT MOJOXUTEIbHOE IeHCTBHE.
Mojekybl BOIbl 00€CTIeYMBAIOT OBICTPYIO TUAPATAIIAIO
MMKPOYACTUI] LIEMEHTHOTO BSDKYIIETO W CO3[AI0OT YCIIO-
BUSI (DOPMUPOBAHMS KOATYJISIIMOHHOM HAHOCTPYKTYDHI,
Ha 6a3ze KOTOpoil 3aTeM (hOPMUPYETCS KPUCTAJUTU3AIIM -
OHHasl TBepaas (paza KOMITO3MTA.

IIpeccoBaHue ¢ OTBOAOM BOAbI OCYIIECTBISUIOCH IIPU
nainenuu 10 MIla B ipecc-dopme (puc. 2). BHauase u3
00pa3LoB BhIACISECTCS OCHOBHAS 4YaCTh CBOOOIHOI BOIbI

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

cement-sand compositions becomes a closed hydraulic
system with difficult water leakage. This is expressed in
the gradual ejection of water molecules from the adsorp-
tion film into the free space of cement-sand composi-
tions with their replacement by an equivalent amount of
water molecules; Filtering stops and the equilibrium
state is set.

The mathematical equation of the filtration pressing
process can be obtained according to the Darcy filtra-
tion law:

dV(v) _ y-Pi(7) (1)
dv (1) -Hy(1)

where M(t) — the filtrate volume at the time, V(0)=V,>0;
Y — filtering process constant; P;(t) — pressure in the liquid
phase of the precipitate; ps(T) — specific volume resis-
tance of the sediment; H(t) — the thickness of the sedi-
ment mass to be formed.

Cold or hot pressing of rigid mixtures of cement binder
and sand powders with low water-solid ratio has signifi-
cant disadvantages: pressure energy is used to overcome
friction forces. It should also be noted that the roofing
article according to this technique is obtained with a non-
uniform and porous microstructure.

CST production involves the following main steps:
dosing of starting components; Mixing and preparation of
a moulding mixture; forming articles by filtration press-
ing. The technology of filtrational pressing of structures
which contain 20—30% of the Portland cement (brand
500) and 70—80% of quartz sand (fineness modulus
M, <1), with the subsequent addition of water of 50—70%
of the mass of cement included endurance under pressure
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MpoyHoCTbL Npu cxaTtun, Mla
Compressive strength, MPa
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CopepxaHne TMH, mac. %
Relative content FSF, mass fraction in %

Puc. 3. VIameHeHus guHammkn Habopa MPOYHOCTU LLeMEHTHO-MEeCYaHoro
komno3auta: TMH — TOHKOMONOTbIN NecYaHbIi HANOHUTESNb; @ — TBEPAEHME
B BoZe B TeyeHue 3 cyT; A — TBEpAEHVE B BOAE B TeyeHue 28 cyT; 1 — pas-
neHve punbTPauMoHHOro npeccosanmns 5 MMNa; 2 — pasnexHve punsTpaum-
OHHOro npeccosaxusa 10 MMa

Fig. 3. Changes in the dynamics of the set strength of a cement-sand
composite: FSF - fine-grained sand filler; @ — hardening in water for 3 days;
A - hardening in water for 28 days; 7 - pressure filtration pressing 5 MPa;
2 — filtration pressing pressure 10 MPa
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A BMECTE C 3aMe/UIeHWeM (QUIbTpAlMM YMEHBIIAETCS
CKOPOCTD IBUXKEHMS ITyaHCOHA (ITOPIITHS).

3aMeTHBIII POCT TMPOYHOCTU IIEMEHTHO-TIECYAHOTO
KoMIIo3uTa HaOiwogaercss npu gaBieHuu 5—10 MIla
(puc. 3). [IpoyHOCTb IIEMEHTHO-TIECYAHON KOMIIO3UIIUHT
NP TTOBBIIIEHUY COAEPKAHUS IEMEHTAa CHUXKAETCS, 3TO
00BsICHSIETCSI HEOIATOMPUSTHBIMU YCIOBUSIMU (DUIIBTPA-
uuu u30bpiTKa Boabl. Ilpu comepxanuum TMH (kak u
Jo6oro HanojiHuTe 1) MeHee 20% ycnoBus puIbTpaLu-
OHHOTO TIPECCOBAaHMS yXyHIIaloTcs. YMCTO 1IeMEeHTHOe
TECTO «paboTaeT» MOAOOHO TJIMHSHOMY, M3 KOTOPOTO
YOQAIUTH BOAY MOXHO TOJbKO BaKyyMUPOBAHUEM, 1aBJIe-
HU€e TIpeccoBaHUs B JaHHOM cllydyae He JaeT a¢@exTa.
IMTostomy uem Boiie comepxkanue TMH, tem nerde u
oricTpee mpotekaer mpouecc PII. Hdauubiil 3ddekT
HauboJsee XapaKTepHO MPOSBISIETCSI MPU YUCTOM 1ie-
MeHTHOM TecTe (conepxkanue TMH no 20%), ipu 6071b-
IIUX KOHILIEHTPALMSIX HAITOJIHUTENS Tpoliecc QuibTpa-
LIMOHHOTO MPECCOBAHUSI OYAET yCKOPSTHCS (YMEHbIIATh-
cs BpeMs BBIIEPKKW OOpas3lioB MOI JaBJI€HWEM), HO,
0e3ycI0BHO, MPOYHOCTh KOMIO3UTa OYIET MIaBHO CHU-
XKatbcs ¢ pocToM coaepxanus TMH.

Hcnbrtanust oOpa3oB MOJyYEHHBIX U3ACIUN TTOKa-
3aJI1, YTO OHU MMEIOT TIpelie] TTPOYHOCTU MPU CXKATUU
rocJjie TBepAeHUs B Bozie B TeueHune 28 cyT bosee 40 MI1a;
MMPOYHOCTh Npu u3rude gocrturaet 15 MIla u 6osee; mo-
po3ocToitkocTh — Gosiee 500 UKIIOB TOMIEPEMEHHOTO
3aMOpaXVMBAHUS U OTTAWBAHWS; HU3KOE BOAOTMOIIIONIE-
Hue (MeHee 1,5%), 4TO MO3BOJISIET CYIIECTBEHHO MOBbI-
CUTD JIOJITOBEYHOCTh 1IEMEHTHO-ITeCUYaHOM YePETTUIIHI.

BriBoanbl
TaxuM 00pa3oM, MOXXHO CIEJIaTh BBIBOL, YTO TEXHOJIO-
rusg  QUIBTPAIlMOHHOTO IIPEeCCOBAaHMSI (HDOPMOBOUHBIX
Macc, coaepxaninx 20—30% noptianauemenTa u 70—80%
MEJIKOTO KBaplIeBOIo I1ecKa, ¢ ITOCICAYIONIM yIaJIeHUEM
U30bITKA BoAbI Mof gaBieHueM 5—10 MIla mo3BoJsier 1mo-
JlydaThb TPOYHbIE U JOJTOBEYHBIE IIEMEHTHO-TIECUaHbIC
KOMTIIO3UTHI C TMPo4YHOCThio Tipu cxkatum 30—50 MIla,
MOJIHOCTBIO cooTBeTcTBYytoIMe TY 21-0284757-6—91
«Yepenuiia 1eMEHTHO-IIECUaHas», KOTOpPBIC IIEJIECOO0-
Opa3HO MCIOJIB30BaTh ISl M3TOTOBJIEHUs KauyeCTBEHHOM

LIEMEHTHO-I1eCYaHOI YepeTHLIbL.
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of 5—10 MPa within 2—4 minutes. Up to 60% or more of
the closure water was removed from the molding mass
through the mold filter. The articles were then sent for ag-
ing (under normal humidity conditions). Physical and
chemical processes of structure formation and hardening
of binding composition under conditions of initial excess
and subsequent lack of water are differently directed: if at
the beginning of strength set water shells reduce kinetics of
hardening, then at further hydration and strength set they
have positive effect. Water molecules provide fast hydra-
tion of microparticles of cement binder and create condi-
tions for formation of coagulation nanostructure, on the
basis of which crystallization solid phase of composite is
then formed.

Pressing with water discharge was carried out at a pres-
sure of 10 MPa in a mold (Fig. 2). First, the main part of
the “free” water is extracted from the samples and, to-
gether with the slowing down of filtration, the speed of
movement of the punch (piston) is reduced.

A marked increase in the strength of the cement-sand
composite is observed at a pressure of 5—10 MPa (Fig. 3).
The strength of the cement-sand composition as the ce-
ment content increases is reduced, this is due to unfavour-
able conditions of filtration of excess water.

Tests of samples of the obtained articles showed that
they have a compression strength after hardening in wa-
ter for 28 days 40 MPa, for bending up to 15 MPa; Frost
resistance — more than 500 cycles of alternate freezing
and thawing; Low water absorption (less than 1.5%),
which allows to significantly increase durability of ce-
ment-sand tile.

Conclusions

Thus, we can conclude that the technology of filtration
pressing of molding materials containing 20—30%
Portland cement and 70—80% fine quartz sand, followed
by removal of excess water under a pressure of 5—10 MPa,
makes it possible to obtain strong and durable cement-
sand composites with compressive strength of 30—40 MPa,
which is advisable to use for the manufacture of high-
quality cement-sand tiles.
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CoBpeMeHHasl CTPOMTEeIbHAsE UHIYCTPUs Ha IPOTSI-
KEHUU MHOTHUX JIET CYUTAET OETOH U KeJIe300€TOH JINIe-
pOM CTPOUTEIBHOTO PBIHKA, HECMOTPSI Ha OTPOMHEIC
3aTpaThl, CBSI3aHHBIE C WX MPOM3BOACTBOM. M 3aTpaThl
5TH B TIEPBYIO OYepeab COIPSIKEHBI ¢ MCIIOIb30BaHUEM
SHEPrO- M PEeCypCOeMKOTO BSIKYIIEro KOMITOHECHTA.
[TosToMy BOIpPOC CO3IaHUST aIbTEPHATUBHOIO PELICHMS
STOMY 3aTPaTHOMY MaTepHajTy BhI3BIBACT BO3PACTAIOIIMIA
MHTEPEC U SIBJISIETCS aKTYaJIbHbIM.

Ha manHBIiI MOMEHT €CTh pa3pabOTKU, MPEIIOKCH-
Hble 1KoJjoi mpodeccopa B.J. I'myxoBckoro: muiako-
LLEJIOYHBIE LIEMEHThI K GETOHBI HA UX OCHOBE IMOJIYYMIIK

(CYPONETIBHIBIE

Bceobiee mpu3Hanue B 70-x rr. XX cronetus. [Iponssom-
CTBO 3TUX KOMIIO3UTOB TPeOyeT MPUCYTCTBUSI JOMEHHBIX
IPaHyJIMPOBAHHBIX IIIJIAKOB YEPHOU METAJUTypTUU B TOH-
KOJIMCTIEPCHOM COCTOSIHWMU, JUISI aKTUBallUM KOTOPBIX
HeO0OX0IMMO UCTIOIb30BATh IIETOYHbIE PACTBOPHI, TAKHE
KaK XHUIKOE CTEKJIO, KaJbIIMHUPOBAHHAs cofa, CIKUA
HaTp, MeTacuaukartel HaTpusi. CyliecTByeT MHOIO pe-
3yJIBTATOB, MTOATBEPKAAOINX 3(PHEKTUBHOCTH JTAHHOTO
HamnpaBJeHUusl, HO TeM He MeHee LIMPOKOMACIITaOHOTO
BHEJPEHMS 3TUX Pa3paboTOK He HabJomaeTcs, Tak Kak
OCTaeTCsl MHOTO HEUCCJIEOBAHHOTO B 3TOM TEXHOJIOTUH,
TpeOylolIero aaabHelero nsyyeaus [1-7].
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B naHHOI1 paboTe aBTOPHI MPEACTABISIOT CBOM B3IJISA
Ha pa3BuUTHe OeCKIMHKepHOM TexHojoruu. Ilmaku yep-
HOM METaJTypruM IO CBOEMY XMMUUYECKOMY COCTaBYy
CXOXHU C COCTaBOM KJIMHKEPHBIX MUHEPAJOB, IMO3TOMY
TPOIIECCH CTPYKTYPOOOPa30BaHMST 1IEMEHTHOTO KaMHS
OyayT cXoxu A5t 06oux BUA0B BseKylero [8—10]. C yye-
TOM TOTO, YTO BO MHOTHUX peTHOHaX Poccuu oTCyTCTBYIOT
3amachl OTXOJOB Y€PHOM METATypTMM, a TPaHCIIOPTH-
POBKa 3TOIO ChIPbsI Ha NAJIbHUE PACCTOSTHUSI SKOHOMU-
YeCKU HelleJecoodpasHa, ObLT TPOBEIeH TTOMCK MaTepy-
ajia, KOTOPbI MOT Obl 3aMEHUTh TOMEHHBIN TpaHyJIMpPO-
BaHHBIN IIUIAK; CAEIaHbI ITOITBITKY ITOJTyYSeHUS BSIKYIIIX
IIEJIOYHOTO 3aTBOPEHMST C MCIOJIb30BAaHMEM TOHKOIM-
CMEPCHBIX MUHEPAJbHBIX MOPOIIKOB Pa3IMYHOrO MpPO-
HUCXOXIECHUSI.

ODTO SBUJIOCh BO3MOXHBIM, Tak Kak CeBepHbIi
KaBka3 o0y1agaeT orpoMHBIM IIPUPOIHBIM OTCHIINATIOM
IIJIST pa3BUTHS MHAYCTPUH BSDKYIIIUX. B rOpHBIX permoHax
COCpEIOTOUYEHBI 3aIlachl IIEMEHTHBIX Meprejieii, n3BecT-
HSIKOB, OTIOKW, IOJIOMUTOB, KPYITHbIE MECTOPOKICHUS
CTPOMTEIBHBIX U CTEKOJIbHBIX MECKOB, U3BECTHSIKa-pa-
KyIIIEYHNKA, TTeCYaHUKOB, IIPUPOMTHBIX O0apXaHHBIX IIe-
ckoB Tepckoit Hu3MeHHoctu [7, 8].

Jlig pa3paboTKM OECKIMHKEPHBIX 1IEMEHTOB IIIEI0Y-
HO aKTUBALINU OBLIH TTPUTOTOBICHE MUHEPAJTBHBIE TOH-
KOIMCIIEPCHBIE MOPOIIKU M3 TOPHBIX MTOPO OCaT0YHOIO
¥ MarMaTUYeCKOTO MMPONCXOXKIEHMS: OKPEMHEHHBIN Mep-
reJib M KBaplEBbI MECOK BeneHCKOro MeCTOpPOXIECHMUS,
N3BeCTHIK Spbi-MapablHCKOTO Kapbepa, OapXaHHBIE
necku IlleTKoBCKOro MecTOpOXIeHNs, BYJKaHUISCKUIA
Ty n3 Kabapauno-bankapckoit Pecniyonuku.

DHEpProaucNepCUOHHBIM MUKPOAHAIN3 MCCIenye-
MBbIX ITOPOIIIKOB, BBIITOJIHEHHBIN C MOMOIIBIO PACTPOBO-
ro 3JIeKTpoHHOTO MuKpockomna Quanta 3D 200 i, moka-
3aJl CYIIECTBEHHOE pa3inyie B XUMUYECKOM COCTaBe
BBIOpaHHBIX MUHEpPaJIoB (Tab. 1).

[ IpUTOTOBICHNUSI TOHKOIUCIIEPCHBIX TTOPOIITKOB
U3 MCCIEAYyEeMbIX TOPHBIX MOPOJ KPYIMHOKYCKOBBIE U3
HUX IIPeABapUTEIbHO U3MEIbYIN B IIEKOBOM IPOOMII-
Ke, a 3aTeM, KaK U MEJKO3EPHUCTbIE, OHU ObUIM MOJI-
BEPTHYTHI TOHKOMY U3MEIbYCHHUIO B IAOOPATOPHOM BHU-
OpammoHHO mapoBoii MeabHUIIe BM-20. Yepes ompe-
JIeJIeHHbIe TPOMEXYTKHM BPEMEHU M3 MEJIbHMIIBI
OTOMPAIUCH TIPOOBI IS OMPENEJICHUS yOEAbHOW IO-
BEPXHOCTH IMOPOIIKOB 1 MPOBEAECHUSI CPABHUTEIBHOTO
aHanu3a (tipu momoiu npudopa IMCX-12). YnensHas

1200
1000
1000

YenbHas noBepXHOCTb, M2/Kr

400

10 20 30 40 50 60
MPOLONKATENLHOCTL U3MENBYEHNS, MUH

3aBNCUMOCTb YAENbHOW MOBEPXHOCTU TOHKOAMCMNEPCHBIX MOPOLUKOB OT
NPOAOCSIXKUTENBHOCTN N3MENbYEHUS: T — KBAPLEBbLIA NECOK; 2 — BYJIKAHNYE-
cKuin Tyd; 3 — N3BECTHSK; 4 — Mepresib; 5 — 6apxaHHbIi NeCOK

Dependence of the specific surface of fine powders on the grinding time:
1 — quartz sand; 2 - volcanic tuff; 3 — limestone; 4 — marl; 5 — sand dune

IMOBEPXHOCTh ITOJIYICHHBIX ITOPOIIKOB B 3aBUCHUMOCTU
OT MPOIOJKUTEIBbHOCTU M3MEIbYEHUS BapbUpOBaach
ot 210 g0 1120 M?/KT (CM. PUCYHOK).

OCHOBHBIM BSDXYIIMM B IIpeIIara¢MbIX KOMITO3ULIM -
SIX SIBJISICTCSI IIEJIOYHOM aKTUBATOP. 3aTBOPSISI UM HCCIIe-
JIIyeMble MOPOIIKHK, ObUIO IOJYYEHO LIEMEHTHOE TECTO,
3aTBepAcBaoIIee CO BpeMEeHEeM M 00pasys IIeJI0YHOM
LIeMeHTHbI KameHb [11—13]. HeoOxonuMo OTMETUTb,
YTO CBOMCTBA LIEMEHTHOT'O KaMHSI OyIyT 3aBUCETh KaK OT
MPUPOIEI MUHEPAIHHOTO ITOPOINKa, TaK M OT BHIA 3a-
TBOpUTEN [14—20].

J71s1 M3y4eHMsT BIUSTHUAS YASTbHOM TMTOBEPXHOCTH T10-
JIy4eHHBIX MUHEpaJbHBIX IMOPOIIKOB Ha CBOMCTBA TeCTa
OBUTM TIPUTOTOBJICHBI (DOPMOBOUYHBIE CMECH M3 UCCIICIY-
€MbIX KOMIIOHEHTOB, IIPY 3TOM aKTUBALIMIO UX OCYILECT-
BJISUTM Pa3IMYHBIMU IIEJIOYHBIMUA PacTBOPAMU: TOBap-
HBIM KUIKUM HATPUEBHIM CTEKJIOM, €IKWM HATpOM M
KATBLIMHUPOBAHHOU COHOW.

Ha mepBoM sTame HeoOXOAUMO OBbLIO MPOCIEAUTb,
KaK yaeJibHas MOBEPXHOCTh MHUHEPAIbHBIX ITOPOIIKOB
OyneT M3MEHSITh HOPMAJIbHYIO TYCTOTY IIIEJIOUHOTO TECTA.
HopmaasHyIo TYCTOTY OIpeneIsiiia IO CTaHIapTHOMN Me-
ToauKe, Ha Npubope Buka, uriay 3aMeHUB MECTUKOM;
pe3yIbTaThl IPUBEICHBI B TA0I. 2.

Pesynbrathl MccienoBaHUs MoKa3aan, YTO HOpMasib-
Has TYCTOTa BCEX MCCICIYeMbIX COCTABOB HECYIIIECTBCH-
HO OTJIMYAETCS B 3aBUCHUMOCTH OT IPUMEHSIEMBIX IIe-
JIOUHBIX PAcCTBOPOB: HMCIOJIb30BAaHUE €IKOTO HaTpa U
KaJbIIMHAPOBAHHOM CONBl HEMHOTO IOBBIIIAIOT 3TOT

Ta6nuua 1
Table 1
CocTae MuHepanos
The composition of the mineral
CocraBnsiowume, %
MwuHepanbHas nob6aska - -
MgO Al,O4 SiO, K,0 CaO Fe,04 TiO, Na,O SO, nnn
KBapueBbIi Necok 6,32 14,99 73,83 1,83 0,6 0,97 1,32 - 0,14 -
BynkaHnuyeckuin Tyd 0,2 13,57 73,67 1,79 1,52 2,85 - - 0,4
N3BecTHaK 0,72 1,55 5,05 90,14 1,4 - - 0,49 -
OKpEeMHEHHbIN Meprenb 1,64 6,42 28,6 1,33 16,9 1,08 0,47 - 0,29 43,2
BapxaHHble necku 2,41 7,81 59,54 1,44 17,52 2,6 - 1,35 0,21 7,12
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Ta6nuua 2
Table 2

HopmanbHasi rycToTa LWesio4YHOro LLeMEeHTHOro TecTta, %
Normal density of alkaline cement paste, %

Tabnuua 3
Table 3
BnunsiHme npupoabl MUHEPaJibHbIX MOPOLLUKOB
" LLEeJIOYHOr0 pacTBOpa Ha CPOKU CXBaTbIBaHUS

= BSXYLUMX LLEJIOYHO aKTUBauumu
MUHEpanbHbIe NOpOLLKiA LLleno4Hoi pacTBop The influenct_a of the r?ature of miner_al p?wders
Na,SiO; NaOH Na,CO, and alkaline solution on the setting time
YaenbHas noBepxHOCTb Sy,=250 M2/kr MuHepanbHble LLLenouHOM pacTeop
KBapuesblii necok 25 26 27 MOPOLUKM Na,SiO; | NaOH | Na,COj
BynkaHvieckuii Typ 24 24 25 Hayano,/KoHeL, CXBaTbIBAHWUS, Y—MWH
OKpeMHEHHbI Mepresb 24 25 26 KBapueBbili necok 0-30/0-55 | 0-35/1-05 | 0-36/1-10
BapxaHHbIi necok 28 29 29 BynkaHuyeckuit Tyd | 0-26/0-45 | 0-34/0-55 | 0-40/1-05
MspecTraK 27 28 28 OKDEMHEHHLIA 0-20/0-35 | 0-25/0-42 | 0-30/0-50
YaensHas NoBepxHOCTb Sy;=500 M2/kr Meprenb
KeapLiesblii necok 26 57 o8 BapxaHHbIli necok 0-14/0-23 | 0-20/0-35 | 0-24/0-40
By POk TyD 25 o7 o7 N3BecTHsIK 0-50/1-22 | 1-05/1-34 | 1-15/1-45
OKpPEMHEHHbIV Meprefb 25 26 26
BapxaHHbiii Necok 29 29,5 30 nokazatejib. BecoMoe BIMssHUE OKa3bIBA€T MPUPOIA MU-
yI——— o7 59 29 HEepaJIbHOI'O HOpOH_IE(a U CTEIIEHb TUCIIEPCHOCTU: C YBE-
JIMYEHUEM YIIEJIbHOM TTOBEPXHOCTU HOPMAaJIbHAS TYCTOTA
YAenbHas NoBepxHOCTb Sy;=900 M?/kr nosbimaercd. OCOGEHHO BBICOK 3TOT TOKAa3aTelb IS
Keapuiesbiit necok 27 29 29 BBICOKOAMCITEPCHBIX GapXaHHBIX MTOPOILKOB, OOBACHE-
BynkaHudeckuii Ty 26 28 27 HUIO 3TOMY CIIYXXWT MPUCYTCTBUE TJIIMHUCTBIX YaCTHUIL B
OKPEMHEHHbIV MEpresb 26 o7 o8 cocrase necka [7, 8]. AHanM3upys pe3yabTaTbl, MOXHO
BapXaHHLI NEcOK 33 34 35 rnoJjaratb, 4YTO C YBEJIUYEHUEM YIECJIBbHOU MOBEPXHOCTU
MOTPEOHOCTh MOPOIIKOB B ILIEJOYHOM PacTBOPE PACTET.
VissecTHsk 29 st st ClenoBaTebHO, AT MOJTYyYeHUS BSXKYIINX LIETOYHOTO
Ta6nuua 4
Table 4
KuHeTuka HaGopa NPOYHOCTU BAXYLLErO LLEJIOYHOr0 3aTBOPEeHUs
Kinetics of set of durability of binder alkaline mixing
Mpenen Npo4yHoCTU Npu cxatuu, MlMa Ha cyTku TBepAeHUS
gﬁﬂg;:gg Mocne TO B Booe HopmarnbHble ycnosus
28 90 180 28 90 180 28 90 180
KBapueBblli necok
Na,SiO; 24,7 25,6 26,1 18,4 23,5 24,7 18,4 19 19,6
NaOH 20,2 21 22,3 16,4 17,4 18,4 16,5 17 17,5
Na,COjy 15,3 15,7 15,9 12,7 18,6 13,9 12,1 12,9 18,2
BynkaHnueckuin Tyd
Na,SiO; 44 46,5 48,7 42,6 44,7 45,2 39,1 40,8 42,6
NaOH 35,3 36,8 37,9 33,2 34,9 35,7 31,5 32,3 33,6
Na,COy 30,2 31,8 32,6 29,8 30,1 31,6 27,5 27,4 27,9
OKpeMHeHHbI Mmepresib
Na,SiO; 45,4 50 51,3 441 46,3 48,6 40 42,2 43,4
NaOH 36,1 37,5 39,7 34,3 37,5 39,7 33,1 35,2 36,2
Na,CO3 31 32,6 33,8 30,7 31,6 33,5 29,2 30,3 31,5
BapxaHHbIN necok
Na,SiO; 46,6 47,9 49,5 441 45,4 46,7 42,5 43,7 44,8
NaOH 35,4 36,8 38,4 33,7 35,7 36 31,9 32,6 33,7
Na,COjy 34,2 34,9 35,9 31 31,7 32,8 30,6 31,6 32,9
M3BecTHAK
Na,SiO; 9,7 10,1 10,7 6,4 6,5 6,5 4.5 4.6 5,6
NaOH 8,1 8,7 9,3 - - - 4 4,2 4,3
Na,CO, 7 7.6 7.9 - - - 3,4 3,9 44
(&3 TECLTE 50582 HayuHO-mexHuMecKull U NPOU3600CIMEEH b JCYPHAN
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3aTBOPEHUSI HET HEOOXOAUMOCTH B ITUTEIbHOM U3MEJTb-
YeHUM MMHEPAIbHBIX 100aBOK, BIIOJHE JOCTATOYHO
S, =250 m*/Kr.

Ha cneayroomeM sTtame Oblla ITOCTaBjJeHa 3agayda
OrpeneieHus CPOKOB CXBAaTBIBAHUS BSIKYIIMX IIET0Y-
HOW aKTMBallMM Ha OCHOBE MCCJIEAYEMBIX MOPOIIKOB C
YIEIbHOM MOBEPXHOCTBIO S, =250 m2/kr. [Ipennourenue
WMEHHO 3TOH CTEeTleHMW AMCIIEPCHOCTU OBLJIO OTIaHO B
LIEJISIX PallMOHATBHOIO UCTOJb30BAHUSI TEXHOJIOTHUYE-
CKOTro 00O0pyIOBaHUS M 3KOHOMHUU 3JIEKTPOIHEPTHUU.
PesynbraThl MccaeaoBaHUit MpuBeaAeHbI B Ta0. 3.

[MosryyeHHBIE pe3ynbTaThl TTOATBEPKAAIOT, YTO CPO-
KU CXBaThIBAHUS BSIXKYIIMX ILIETOYHOTO 3aTBOPEHMS 13-
MEHSIIOTCS B 3aBUCMMOCTH OT BUIa aKTUBATOPA: UCIIOJb-
30BaHME MeTacWIMKaTa HaTpUsl TIPUBOIUT K OBICTPOMY
CXBAaTbIBAHUIO CMECH; €OKUM HATPUU U KaJbLIMHUPO-
BaHHAs cola Ha 5—7 MUH yIJIMHSIOT 3TOT 1MOKAa3aTellb.
Takxe HEOOXOJUMO OTMETUTh, YTO MUHEPAJIbHbIE TO-
POILKY M3 U3BECTHSIKA, 3aTBOPEHHBIE IIEJOYHBIM pac-
TBOPOM, XapaKTepu3yloTcs OoJjiee 3aMeIJIeHHbBIM Haya-
JIOM ¥ KOHIIOM CXBaTbIBaHMS U, 6€3yCIOBHO, TPUUUHOM
3TOMY MeTporpachuueCcKnii COCTaB JAHHBIX TIOPOJI; BEPO-
SITHO, UTO NMpeodafalonnii B HACTOSIIEM CTydyae MUHE-
paJI KaJbIIUT HAMHOTO TI03Xe pearnpyeT ¢ HIeJOUHBIM
aKTUBATOPOM.

M3BecTHO, YTO KOMIIO3UIIMM Ha OCHOBE XXHUIKOTO
CTEKJIa OTHOCSITCSI K KaTeTOPUYW BO3MYIIHBIX BSIKYIIUX.
OnHako 1eJblo JaHHBIX MCCIeNOBaHUI OBIIO ToyYe-
HUE JOJTOBEUHBIX BOJIOCTOWKUX MaTepPUAJIOB, CIIOCO0-
HbIX TIPOSIBJISITH TUIpaBIMUecKue cBoiicTBa. s uccie-
JIOBaHUSI BOJAOCTOMKOCTU ObLIA TIPUTOTOBJIEHBI 00pa3-
bI-0asouku pazmepom 20x20x 100 MM 13 popMOBOUHOIM
CMECH, COCTOSIIE W3 HUCCIeAyeMbIX TMOPOLIKOB
Sy =250 M?/KT, 3aTBOPEHHBIX 1LEJOYHBIM PACTBOPOM, a
B KauecTBe 3arlOJHUTEISI OB MCTIOJIb30BaH KBapLIEBBII
MEeCOK C MOAyJIeM KpyrHocTu 2,8. Uepe3 CyTKH, a HEKO-
TOpble 00pasiibl HAa BTOPbIE CYTKU paclanyOJIMBaKCh.
YacTe 00pa3ioB momemanach NEPUOIUYECKU HA He-
CKOJIBKO YacOB B CYHIWJIbHBIN 1IKad Mpu TeMrepaType
40°C. Tlocne TepMO0OPaOOTKM YaCTh OOPA3IIOB XPaHU-
JIach B BOZI€ B TeueHUe 28 cyT, a Apyras 4acTb 0Opas3loB
TBepliea B HOPMAJIbHBIX YCJIOBUSAX TPU TeMIlepaType
18—20°C. UccnenoBaiu KMHETUKY Habopa MPOYHOCTH
BSDKYILIMX IIEJOYHOM aKTUBALIMU TIPYU Pa3IMIHBIX YCI0-
BUSIX TBepneHust. COCTaB TBEPABIX KOMITOHEHTOB B KOM-
MO3UIUSAX ObUI TTOCTOSIHHBIM, M3MEHSICS TOJBKO pac-
XOJI IIeJIOYHOTO 3aTBOPUTENISI B 3aBUCUMOCTU OT HOP-
MaJIbHOM TYCTOTBI CMECHU: MUHEPaJbHBI TOPOIIOK
500 xr/m?3, Menxuit 3anmoaHuTens 1500 kr/M3. PesyabraTh
WCCIIeOBaHU I TIPUBEIEHBI B Ta0JI. 4.

[MonyyeHHbIe pe3ynbTaThl MOKA3aIM, YTO METACHUIIU-
KaT HaTpUs SIBJIIETCS HAWJIYYIIUM aKTUBATOPOM MWHE-
PAJBHBIX MMOPOIIKOB Pa3IUYHOTO MPOUCXOXKICHUS; pac-
TBOP €IKOTO HATPUSI U KATBILIUHUPOBAHHOM COMbI yCTYTIA-
10T 3TOMY 3aTBopuTesto. Hanbonee BrICOKME pe3yIbTaThl
MOKa3aJ BSDKYIIUE IEJTOYHONW aKTMBAIIMM Ha OCHOBE
OapxaHHBIX TIECKOB M OKPEMHEHHOTO MepPTeJisi, HEeMHOTO
yCTynaeT UM MOPOLIOK ByJIKaHU4YeCcKOTO Ty(ha. OObSICHUTD
3¢ GHEKTUBHOCTD 0003HAYEHHBIX ITOPOIIKOB MOXKET HX

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

aJTIOMOCWJIMKATHasI MpUupoaa, MO3BOJoIIas Py aKTHU-
BallMM ILEJOYHBIM PacTBOPOM OOpa30BbIBATh ITPOUYHbII
TeJIMOIOJUMEPHBIN KaMeHb, TIpeJCTaBIeHHbINA Tpexmep-
HBIM aJIIOMOCWIMKATHBIM TuaporeieM. Ho BaxHo yuyu-
ThIBaTb U JOPOTOBM3HY >XKMIKOTO HATPUEBOIO CTEKIIA,
MO3TOMY B JajibHEMIIIEM HalllM UCCAeA0BaHus OyayT Ha-
MpaBJEHbl HA CO3IaHUE MEHEE IHEPro3aTPaTHOrO aKTH-
BaTOpa, WIU UCIIOJb30BaHKE OMHAPHBIX 1LEJTOYHbBIX pac-
TBOpPOB [3, 4, 6, 7].

HexoHauunoHHbIe OapXaHHbIE MTECKW OTHOCSTCS K
KJIacCy TOHKHUX C MomysieM KpymnHoctu 0,65, 1 uc-
MOJIb30BAHUS B CTPOMTEJILCTBE OHU SIBJISIIOTCSI HEIIPU-
TOAHBIMU, TaK KaK OTJIMYAIOTCS BHICOKMM COJAEPXKaHUEM
TJIMHUCTBIX YAacTHUIl, HO B MPEJIaracMoil TEXHOJOTUU
3TO MOXET TOJIbKO OJIaTONPUSITHO CKa3aThCs Ha CBOM-
CTBax KOMIIO3UTOB, K TOMY K€ MOXHO UCIOJIb30BaTh UX
B €CTECTBEHHOM BHUJI€, HE MOABEPrasi TOHKOMY U3MEJb-
YEeHMUIO.

IMonyyeHHbIe pe3yabTaThl UCCAEAOBAHUI MO3BOJIST
3HAYUTEJIbHO PAaCIIMPUTL 00JacThb NPUMEHEHUs1 Oec-
KJIIMHKEPHBIX LIEMEHTOB LIEJIOYHOTO TBEPAECHUS U CTATh
aJIbTEPHATUBOM 3HEPro- U PeCcypco3aTpaTHOMY MOPT-
JIAHAUEMEHTY; Toraa, 0e3yCI0BHO, MOSIBUTCS BO3MOX-
HOCTb XOTsI ObI YaCTUYHOI 3aMEHBI €TI0 B CTPOUTEIBbHOMN
OTpaciu.
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[paHynupoBaHHbIE NEHOCTEKNOKPUCTANNNTLI HA OCHOBE
KpemHe3eMucTbIX nopop HxHoro Ypana

MpencTtaBneHbl peaynsraTbl 1A60PATOPHO-TEXHONOMMYECKON ONTUMM3ALMIN COCTABOB 1 TEPMUYECKIMX PEXMMOB NMONYYeHUs
rPaHyNMpOBaHHbIX NeHOCTEKNOKpUCTannuToB (IMG) M NPOMbILINEHHbIX UCTIbITAHWIA X MPOU3BOACTBA U3 KPEMHE3EMUCTBIX NOPO.,
HOxHoro Ypana (onoka LLnnosckoro mectopoxaeHus — Pecnybnuka Kazaxctad u Tpenen MoTaHUHCKOro MeCTOpPOXAeHNs —
Poccuiickas ®epepauuns). Guanko-mexaHuyeckue ceoiictea TIC, nony4yeHHble N0 pa3paboTaHHOMY TEXHONIOMMYECKOMY PernameHTy
Ha TEXHONOMNYECKON JIMHUN C OTEYECTBEHHbIM 060PYA0BaHMEM, COOTBETCTBYIOT, @ N0 PAAY CBOMCTB NPEBOCXOAAT KNacCu4eckoe
NEHOCTEKNO, YTO onpefenseT 60nee WMPOKYH 06M1acTb UX NpuMeHMMocTU. GAenaH BbiBOA, YTO TEXHONOMNA NPOM3BOACTBA
PaHyNMpPOBaHHbIX MEHOCTEKIOKPUCTANINTOB U3 LLMPOKO PacnpOCTPAHEHHOTO KPEMHE3EMMCTOr0 Cbipbsi 663 UX NpeaBapuUTenbHOIA
nepennaekmn B CTEKNO MOXET ObITb peani3oBaHa B MPOMbILLMEHHbIX MacLiTabax Ha OCHOBE OTEYECTBEHHOr0 060PYAOBaHMS.
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Granulated Foam-Glass Crystal Materials Based on Silica Rocks of the Southern Urals

The results of laboratory and technological optimization of compositions and thermal regimes for obtaining granular foam glass crystallites and industrial tests of their production from
silica rocks of the Southern Ural (opoka of the Shipovsky Deposit — the Republic of Kazakhstan and tripoli of the Potaninsky Deposit — the Russian Federation) are presented. The physi-
cal and mechanical properties of GFG, obtained according to the developed technological regulations on the production line with domestic equipment, correspond to, and in a number of
properties exceed the classic foam glass, which determines the wider scope of their applicability. It is concluded that the technology of production of granulated foam glass crystallites
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Pa3paboTka U MpOU3BOACTBO AOJTOBEYHBIX, IKOJIO-
TUYECKU YHUCTBIX U 3 (PEKTUBHBIX TEIIOU3OISILIMOHHBIX
MaTepuaoB BCETAa SABJSIach aKTyalbHOM 3amgaueii. Kak
MOKa3bIBaeT MpaKTUKa, MUHEPaIbHbIC U3NEIUS HA CUH-
TETUYECKMX CBSI3YIOIINX W IPYTUE NCKYCCTBEHHEIC Opra-
HUYECKHE MaTepralibl CO BpEMEHEM TePSIOT CBOU TETIO-
3alIuTHBIC cBoicTBa [1]. IToaToMy Hayka U TIpOM3BOI-
CTBO 00OpaIIaTcsI K HOBEIM MaTepraiaM, KOTOPBIE 4acTO
OKAa3bIBaIOTCSl «CTApBIMU» M HE3aCIy>KEHHO 3a0bITHIMU.
K Takum mMaTepragaM MOXHO OTHECTH ITEHOCTEKIIO, TIe-
HOCUJIMKATBI U MEHOCTEKJIOKPUCTAUIMYECKUE MaTepra-
JIBI, KOTOPBIC OTJIMYAIOTCS TI0 BULY MCXOTHOTO CHIPhS U
TeXHOJIOTUUECKMM TTpreMaM UX MTPOU3BOACTBA [2].

Heckonbko net Hazan B XXypHajie «CTpouTeIbHbIE Ma-
Tepuaibl» BbILUIA CTaThsl «[IeHOCTEKIIO — TEXHOJIOTMYE-
CKME pealuy U pbIHOK» [3]. OO1uii BBIBOM, CleJaHHbIN
aBTOpaMu, I-pOM TeXH. HayK A.A. KeTOBBEIM 1 KaHI. TEXH.
Hayk A.B. ToaMaueBbIM, — OeCepCrieKTUBHOCTD ITPOU3-
BOJCTBA IIEHOCTEKJIa B HAILICi CTpaHE IPU CYIIECTBYIO-

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

X TEXHOJIOTUSX, TOIKPEIUICHHBIM pacdeTaMy ce0ecTo-
MMOCTH TIIPOAYKIIMK. ABTOPBI pacCMaTpUBAIM KaK KJIac-
CHUYECKOE IIEHOCTEKIIO, IIPOM3BOIUMOE 110 TPAAULIMOHHOM
CYTbMUIHON TEXHOJIOTUN U3 CMECH TOHKOM3MEIBYCHHO-
IO CTEKJIa C ra3000pa30BaTe/IsIMU, TAK U IIEHOCTEKIOKPH -
CTaJUTMTHI, W3TOTaBIMBaeMble Ha OCHOBE IIPHUPOITHOTO
CBHIPbsI C T00aBJICHUEM ILEJIOYHBIX TUIaBHE, Oe3 IpeaBa-
PpUTEILHOM BEICOKOTEMIIEPATyPHOI BaApKH CTEKJIA.
HecMmoTpst Ha BBICOKOE KaueCTBO MEHOCTEKIIA U3 CTe-
KJ1000s1 MJIX CIIEUaIbHO CBAPEHHOI0 CTEKJIa, Y HAC 3TO
MIPOM3BOACTBO, IeCTBUTEIHLHO, ITOKA HE TIOJIYUMIIO TITH -
pOKOro pas3Butusi. IlpuuvHaMU SIBISIOTCS BBICOKHE
SHEPreTUUYCCKHE 3aTPaThl Ha BapKy CTEKJIa, OTpaHUYCH-
HOCTb TAKOTO NCTOYHUKA CHIPhsI, KaK 001 CTeKJIa, KOTO-
PbIil XapaKTepu3yeTcs IUPOKUM pa3HOOOpa3ueM XUMU-
YECKOIo COCTaBa, M BBICOKAsl CTOMMOCTH 3apy0eXKHOTO
obopynoBaHus. B Hacrosiiee BpeMsi TeXHOJIOTHS MPO-
W3BOJCTBA MEHOCTEKIIA, pa3paboTaHHas B HAIIeil cTpa-
He akagemukoMm M.W. Kutaitropoackum, rpeajiaraetcs
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B amnmapaTypHoM OGOpPMJIEHUM HEMELUKONH GUupMBbI
«Poraver» u amepukaHckoit «Foamglas».

Jpyroe yTBepXaeHue aBTOPOB CTaThbU O Oecrepcrek-
TUBHOCTU MPOU3BOACTBA IMEHOCTEKIOKPUCTALIMYECKIX
MaTepuajoB U3 TIPUPOIHOTO CHIPhs, HA HAIl B3IJISII, HE
HMMeeT JOCTaTOYHBIX OCHOBaHUi. 3BecTHO, yTO B Poccuun
CYILIECTBYIOT HE TOJBKO TEOPETUIECKME, HO U YaCTUIHO
peayM30BaHHBIE B IIPOM3BOICTBE pa3pabOTKM I10 TIOJTyde-
HUIO TIEHOMAaTepUaJIOB THUIIA TIEHOCTEK/Ia C UCIIOJIb30Ba-
HUEM KPEMHE3eMUCTBIX TIOPo] 0e3 UX TPeABAPUTETHHON
neperuiaBku B cTekJ1o [2]. Jlerkuii (p,,, =140—650 Kr/MY),
npouHslit (R, =0,5-5 MIla), nonaroseuHblii U He-
TOpIoYrii MaTeprall ¢ HU3KOW TEIJIONPOBOJHOCTHIO —
0,045—-0,1 Br/(Mm'K) MoOXeT BBIITyCKaTbCs KaK B BUIE
rpaHyJi, Tak U B BUje OJIOKOB U TIUT [4].

B HacTostieit ctaThe mpeacTaBiaeHbl Pe3yIbTaThl 1a00-
PaTOPHO-TEXHOJIOTUYECKONW ONMTUMU3AIMUA COCTABOB U
TEPMUYECKHUX PEXKUMOB MOJYYESHUS TPaHyIMPOBAHHBIX ITe-
HOCTEKJIOKPUCTAIUIMIECKMX MATEPHAIOB M IIPOMEBIIIUICH-
HBIX WCITBITAHWI WX TPOM3BOACTBA M3 KPEMHE3EMHCTHIX
nopox FOxxHoro Ypana (ormoka IlumoBckoro MecTopoxmie-
Hus1 — Pecnybonuka Kaszaxcrtan u tpernen [lotaHuHCKOrO
MecTopoxaeHust — Poccuiickass @enepariys).

Pe3yabTaTsl 1a00paTOPHO-TEXHOIOTHIECKUX UCCIIEN0-
BaHuii. OCHOBHOI COCTaBJISIONICH MCCIeTOBAHHBIX
KPEMHE3eMUCTBIX TOPOJ SBJISETCS XeMOTEHHBINM Omal,
KpUCTaTMIecKue (ha3bl IPeNCTaBIeHbI KBapIleM U KpH-
CTOOQJIMTOM, B HEOOJIBILIOM KOJMYECTBE MPUCYTCTBYIOT
TJIaTMOKJIa3 U TNIMHUCThIe MUHepaibl. [1lopoas! SBISIIOT-
¢S IOPUCTBIMU KOHIJIOMepaTaMu (ITOpUCTOCTh 10 85%),
YTO CITOCOOCTBYET 00pPa30BaHMUIO THAPATUPOBAHHBIX T10-
JIMCWJIMKATOB HATpWsI HE TOJBKO Ha IMOBEPXHOCTU 4Ya-
CTULI, HO ¥ B X o0beMe [5]. XMMUUECKHUi1 COCTaB Tpere-
Jia ¥ OTTIOKM MpUBEJEH B TaoI. 1.

B xauecTBe MIaBHSI UCIOJIb30BAJICS TMIPOKCUI HaT-
pust. s npuoaHus HEOOXOMUMBIX (PU3UKO-MeXaHIe-
CKUX CBOMCTB KOHEYHOMY ITPOIYKTY BBOIWJIN Pa3INIHbIC
(YHKLMOHAJIbHBIE TOOaBKH.

B naGopaTopHbIX yCA0BUSX ObUIM pa3paboTaHbl OM-
TUMaJibHbIE COCTaBbl, CIIOCOOBI MOATOTOBKU TpaHy1 U
PEXMMBI BCTICHUBAHMSI IJISI U3TOTOBIICHUSI TIEHOCTEKIIO-
KPUCTAJIUTOB U3 OMOKU U Tperiesia ¢ pa3InyHbIMU J0-
0aBKaMM IIpU KOHIIECHTPALMU TUAPOKCHUAA HATPUS B CO-
cTaBax (Ha CyXyl 4acTh IIUXTHI) oT 17 mo 22 mac. %.
IIpu ontumanbHoit KoHueHTpaiuu NaOH mnonaydeHbl
TPAHYJIBl PA3IMIHBIX KJIACCOB C HACBHIITHO IJIOTHOCTHIO

Ta6nuua 1
Table 1
XnmMunyeckuii coctaB KPeMHUCTbIX NOPOA,
Chemical composition of silicon rocks

T CozepxaHie OKCU0B B NepecyeTe

I3 Ha Cyxoe BeLLecTBo, % HI;I/I'I,
o

= [ sio, | ALO, | Fe,0, [ Mgo [ ca0 [ R0 [ P0. | ~
©

S| 81,07 | 7,63 | 3,87 | 1,08 | 069 | 1,89 | 0,08 | 3,59
(@]

@

5| 7616 | 752 | 41 |o75|105| - | 123 75
!

150—450 xr/M> ¥ MIPOYHOCTBIO COOTBETCTBEHHO OT 0,5
1o 5 MIla. Ha nabopaTopHOM TypOOJIOIIAaCTHOM TpaHy-
JIITOpe OBUIM OTPabOTaHbl PEXMMbI IPAHYISALIMU, B pe-
3yJIbTAaTe YeTO yAAJIO0Ch MOJYYUTh TIEHOCTEKIOKPUCTANI-
JIMYECKME TpaHyJbl TUIIOBBIX KJIACCOB, aHAJIOTMYHBIX
BBIITyCKaeMbIM (upMmoii «Poraver».

Pe3yabTaThl ONBITHO-NPOMBINLIEHHBIX HCIBITAHWI M
BHeapenua. [IpoBepka mojiy4eHHBIX B JJaDOPaTOPHBIX yC-
JIOBUSIX PEe3YJIbTaTOB TIPOBOAMIACH HA OTEUECTBEHHOM
000pPYI0OBaHUH OIBITHO-TTPOMBIIIUIEHHOTO 11eXa 110 MOJIe-
JINPOBAHUIO M OTJIAAKE TEXHOJIOTMIECCKUX PEKUMOB TIPO-
M3BOJICTBA IIEHOCWJIMKATOB 13 KPEMHE3EMUCTOIO ChIPhS B
noc. IMoranuno YensgoumHckoii o0iy. IIpombIleHHbIE
WCTILITAHUS ITPOBOAIINCEH Ha TIPEICTABUTEIBHEBIX TEXHO-
JIOTUYECKUX Mpodax KpeMHe3eMUCThIX mopoj HOxHoro
Ypana — onoku [lIumoBckoro u Tperenos [ToTaHuHCKOTO
MECTOPOXXICHUI KapbepPHOI BJIAXKHOCTBIO COOTBETCTBEH -
HO 32—35 u 38—40% u xiaccoB -40+0 mm 1 -200+0 MM.

ChIpbe TIpenBapuUTENbHO APOOMIOCH B TIIMHOPBIXJIM-
TeJie U Ae3UHTErpaTope A0 MaKCUMAaJIbHOIO pa3Mepa 4da-
ctuir 15—20 mm. Crenyromiasi TeXHOJOTUYECKAsT OTie-
pauus — cyxoe obOorallleHHue — OCYIIECTBJISIaCh B W3-
MeJTbUUTETHHO-CYIMIbHON ycTaHoBKe YCII-C-04.55M
MPOM3BOAUTEILHOCTBIO 2 TH/Y, TIIe CHIPhEe OTHOBPEMEH-
HO IIOABEPrajoch CYILKE, IIOMOJIYy U OOOrallleHUIO s
MTOJTy4eHUsI ITopoIika Kinacca -60+0 MKM ¢ BIaKHOCTBIO
4—8%. I1onydeHHBIi TTOPOLIOK I'PaHyIMPOBAJICS Ha IIPO-
MBIIIJICHHOM TYPOOJIOIIACTHOM CMECHTEJIe-TPaHyJISITOpe
TJI-100 nepuoguyeckoro AeWCTBUS TPOU3BOACTBA
J3epsknHcKTexHoMall. bt oTpaboTaHbl TEXHOJIOTUYE-
CKHMe TTapaMeTphI (COCTaB IIHUXTHI, KOJTMYECTBO BBOIUMBIX
JI00aBOK, KOHIIEHTpALIMs pacTBOpa ILEJ0UYM, €T0 TeMIIe-
paTypa, BpeMsl TpaHyJISIUH, BIaXXHOCTh, (DPAKIIMOHHBII

Tab6nuua 2
Table 2

XapaKTepucTUKN rpaHyJsi NeEHOCTEK/IOKPUCTaNInTa Ha ocHoBe onoku LLinnoBckoro mectopoxaeHua ¢ppakuum 2,5-5 mm
Characteristics of granules of foamed glass crystallite on the basis of Shipov dope of 2.5-5 mm fraction

HaumeHoBaHWe nokasarenei En. usmepenus Pesynbrarhi cnuirari TpeGosaris o
3HayeHne Mapka TY 5914-001-73893595-2005 [6]

O6bEMHO-HACKIMHAS MIOTHOCTb Kr/m3 220 D250 201-250

Mpenen NPOYHOCTM NPW CXaTUW B LMINHAPE MMMa 1,54 100 1,2-1,6
YCTONYMBOCTb NPOTMB CUANKATHOIO pacnasa % 1,4 - He Gonee 5
Mopo3ocToiikocTb 15 LyKIOB (MOTepu Macchl) % 1,8 - He 6onee 8
BognonornowieHue no 06bemy % 4,2 - 2-20

[oTepun Macchl NPU KUMNSYEHNN % 0,55 He 6onee 5
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Ta6nuuya 3
Table 3
dusnko-mexaHnyeckue XapaKTepuCTUKU rpaHys neHoCcTeKNnokpucTanautTa
mapku 'C Ha ocHoBe Tpenena MoTaHMHCKOro MecTopoXaeHus
Physical and mechanical characteristics of GS grade foamed glass crystal

granules based on Potaninskoye deposit treble

dunsunko-mMmexaHM4Yeckue xapakTepucTUK1 rpaHysi NeHOCTeKNIoKpUcTanauTa
mapku FCO Ha ocHoBe Tpenena MNoTaHMHCKOro MEeCTOPOXAEHUS
Physical and mechanical characteristics of granules of foamed glass crystal
of GSO grade on the basis of Potaninskoye deposit treble

Pa3mep dpakuuin B MM
HammeHoBaHWe nokasarenei
0,1-0,3 | 0,3-0,6 | 0,6-1,25 | 1,25-2,5
HacbinHast iNOTHOCTb, Kr/M® 440+40 | 380+30 | 330+30 | 300+20
OBbemHas (KaxyLuascs) MIOTHOCTb rpaHyn, kr/m® | 940+100 | 610+40 | 480+40 | 420+40
MPOYHOCTL NpK coaBnnBaHuM B umnuHape, Mra, 25 2.2 13 12
He MeHee
KoadduumeHT TennonposogHoctu, Bt/(m-K), 0,085 0,08 0,077 0,072
He Gonee
Ta6nuua 4
Table 4

Paamep dpakumin B Mm
HaumeHoBaHue nokasarenei

0,1-0,6 | 0,6-1,25 | 1,25-2,5 | 2,5-5 5-10
HacbinHas nnoTHOCTb, Kr/M3 400+40 240+20 210+£20 | 170+20 | 150+30
OBbewmras (kaxywascs) MOTHOCTe | g0, 100 | 440240 | 370240 | 300:40 | 260+40
rpaHyn, Kr/m
TMPOYHOCTb NPY CAABAMBAHUN 12 1 08 06 05
B UMnuHape, MrMa, He meHee
gi’;ﬁ%”ﬂg“GTOL‘Z’;“O”F’O”””OCT“’ 007 | 0067 | 0063 | 005 | 0045 20 won

. Puc. 1. Makpo- n mukpocTtpykTtypa MIC: a — o6wmin

COCTaB rpaHyJIsATa U T. 1), 00CCIIEYNBAIOLINE ITPOTEKAHIE
MPOLIECCOB CUJIMKATOOOPa30BaHUS U TPpaHYJIUPOBAHUS
IS TIOJTYYEeHUS TTPOAYKIIMU TpeOyeMOoro KayecTBa.

CyIIKy CBIPIIOBBIX T'PAHYJI IO OCTaTOYHOM BIaXKHOCTH
0,5% ocyliecTBISIN B MPOMBILIICHHON GapabaHHOM
CYIIWJIKE, TIOCJI€ YETO BBICYIIEHHBIE TPAHYJIBI TIepel 00-
SKWTOM B 3JICKTPUUIECKOI ITeur cMeImBaim ¢ 5S—10mac. %
KAOJIMHOBOTO TOPOINKA ISl IPEIOTBPAIICHUST CIIUIIA-
HUsI TpaHyJI IIPU BCITyIUBaHUY. PeXXMEBI CYIIIKM 1 00K~
ra rpaHyJMpPOBaHHBIX MEHOCTEKJIOKPUCTAIIUTOB IIPU
MMPOBEACHUN TIPOMBIIUICHHBIX WCIBITAHUN COOTBET-
CTBOBAJIM JIAOOPATOPHOI IIPOITUCH.

DU3NKO-MEXaHMYECKHE CBOICTBA IIOJYyYEHHBIX B
MIPOMBIIIIEHHBIX YCIIOBUSX TEHOCTEKIIOKPUCTAINTOB
onpenensavch B Jadopatropuu OAO «3amagHo-Cubup-
CKMIT NCTIBITaTeIBbHBIN 1IeHTP» (HoBoKy3Henk). Pe3yib-
TaThl UCIIBITAHUI OJJHOTO U3 KJIaCCOB IpaHyJl Ha OCHOBE
orokn IIInmoBcKOro MecTOpOXIeHMS, BBIIOJIHECHHBIX
no 'OCT 9758—2012, npuBeneHsl B Ta01. 2.

Ha ocnose tpenenoB I[ToTaHMHCKOTO MECTOPOKICHMS
B IIPOMBIIIIICHHBIX MaCIITa0aX OBII TTOJTyYeHBI IIEHOCTEK-
JIOKPUCTAITMYECKHE TPaHYJIbI Pa3IMYHOIO (bYHKIIMOHAJb-
HOTO HA3HAYEHMSI: 3BYKO- W TETUTOM3OJISIIIMOHHBIN MaTe-
puan ansa crpoutenbersa (I'C); HamoJHUTENM TSI CyXUX
crpoutesbHBIX cMeceli (I'CO — Ternibie oIkl M ITYKaTyp-
HBIE COCTAaBbI) M HATIOJTHUTEIIH JIJIT TAMITOHAKHBIX PACTBO-
poB (I'H). OcHOBHbIE XapaKTepUCTUKU IpaHyJl, KOTOPhIE

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

Bua ¢ppakumn MC; b — nopuctas MakpocTpykTypa
I'TIC; ¢ — ocTeknoBaHHas cTeHka nop INMC

Fig. 1. Macro- and microstructure of granules of
foamed glass crystal: a — general type of granules of
foamed glass crystal fraction; b - porous macrostruc-
ture of granules of foamed glass crystal; ¢ — vitrified
pore wall of granules of foamed glass crystal

Ta6bnuua 5

Table 5

DuU3nKo-MmexaHMYeckue XxapakTepucTmMKu rpaHyn
neHocTeknokpuctannura mapku N Ha ocHoBe Tpenena
MoTaHMHCKOro MecTopoXaeHus
Physical and mechanical characteristics of granules
of foam glass crystal of GN grade based
on Potaninskoye field treble

. Pa3mep dpakuuii B MM
HammeHoBaHve nokasartenei

0,1-0,3 0,3-0,6 0,1-0,6
HacbinHasi iNOTHOCTb, Kr/M® 480+40 420+30 450+40
Ob6bemHast (Ksaxyu.l,aﬂcq) NNOTHOCTb 980+120 | 92060 95080
rpaHy”n, Kr/m
MpoYHOCTL NpY CAABAVBaHUN B

5 4 4,5

umnuHape, Mra, He MeHee
KoadbduumeHT TennonpoBoAHOCTH, 0,09 0,087 0,089
B1/(m-K), He Bonee

onpenensumch 1o F'OCT 9758—2012 u MeToaMKaM KoMIIa-
Huu Dennert Poraver, npuBeneHs! B Tab1. 3—5.

J17151 Bcex TUIIOB IPaHyJl BOAOIIOIVIOIIEHUE COCTABUIIO
4—7 mac. % no DIN 4226-3—2002; conepxaHue BOAOpac-
TBOPUMBIX CEPHUCTBIX U CEPHOKMCIIBIX COCIMHEHUI He
6oxee 1,5 Mac. %; MOPO30CTOMKOCTD (TTOTEPST MACChI TTO-

(PO EIIBHBIE
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typa I'TIC xapakrepusyercss OTHOPOJHOCTHIO U
YIOBJIETBOPUTEIBHON OCTEKJIOBAHHOCTBIO CTe-
HOK TT0p, B KOTOPBIX (hOPMUPYIOTCS OoJiee MeJ-
K€ TIOpBL. DTO CBUACTEIBCTBYET O paBHOMEP-
HOM O00pa30BaHMM THAPATUPOBAHHBIX ITOJIM-
MEPHBIX CWJIMKATOB HATPUSI 10 BCEMY OOBEMY
TPaHyJMPOBAHHOTO MaTepHaa.
HamnpasineHHass KpHUCTa/UTM3alivs CTEHOK
rop I'TIC nmo3BoJisieT 3roTaBIUBaTh Ha TUIIO-
BBIX TEXHOJIOTMYECKUX JIMHUSIX C OTCYECTBEH-
HBIM 00OpPYIOBaHUEM TeONEHOCUTAIbI, CTEH-

Puc. 2. Makpo- 1 MMKPOCTPYKTYpa reorneHocuTana: a — nopa reoneHocurana ¢ kpucran-
namMu AeBUTPUTa; b — CTeHKM NOp reoneHocuTasnos ¢ kpucTtannamm kombenTa n oeBnTpuTa
Fig. 2. Macro- and microstructure of a geofoam sitall: a — pore of a geofoam sitall with
crystals of devitrite; b — pore walls of a geofoam sitall with crystals of combite and
devitrite

cJte 25 IMKJIOB 3aMOpaXXBaHUSA-OTTauBaHus) — 4—5 mac. %;
MOTEPST MACChI IIPY KUTISTYEHUU He Oosiee 4 Mac. %; aKTUB-
HOCTb €CTeCTBEHHBIX paIMOHYKIIMIOB He 6onee 370 Bk/KT.

®dusrko-mMexanndeckue cpoiictBa I'TIC, momydeHHBIE
10 Pa3pabOTaHHOMY TEXHOJIOTMYECKOMY pPErIAMEHTY Ha
TEXHOJIOTUYECKON JIMHUY C OT€YECTBEHHBIM 000PYIOBaHM-
€M, COOTBETCTBYIOT, a ITO PsIIy CBOMCTB IPEBOCXOMIAT Kjlac-
CUYECKOe TIEHOCTEKJIO, YTO OTpeNesisieT 0ojiee IMMPOKYIO
obyactb MX NpuMeHUMOCTU. [ToBbIllIEHHME MPOYHOCTHBIX
cpoiictBa ['TIC 00ycoBIeHO HATMYMEM KPUCTALTUYECKOM
(ba3bl B CTEHKAX ITOPUCTOTO ITIeHOMaTepHajia, KoTopasi Ipe-
CTaBJIsIET COOOI TYrOIUIABKME MUHEPa/Ibl KICXOIHOIO ChIPhSI,
HE YCIIEBIINEe aCCUMITPOBATLCS BHICOKOBSI3KIM pacIlia-
BOM CTeKJ1a B Ipoliecce ooxkura. M3-3a HU3Koi KOHIIEHTpa-
MM 3TOT BUI KPUCTAUIMIESCKON (ha3bl 3JIEKTPOHHO-MH-
KPOCKOIMMYECKUMU UCCAe0BaHUSIMU B cTeHKax mop I'TIC
He JMAarHOCTUPYETCS, II03TOMY MaKpO- U MUKPOCTPYKTYpa
nopucroii cuctembl I'TIC 1 TekcTypa CTEHOK MOp aHajlo-
TMYHBI TIEHOCTEKITy (puc. 1, a—c). Makporopucras CTpyK-
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K{ TIOp KOTOPBIX aHAJOTWUYHBI TIEHOCHUTAIaM
[7] u mpencTaBasIIOT COOOI CTEKIIO C KpUCTa-
JIMIeCKUMHM (ha3aM CYOMUKPOHHOTO pa3mepa
(puc. 2, a, b). leButpudukanus TUpoIIacTu-
YECKMX CTEHOK IOpP OCYILECTBIISIETCS B IIpoliecce 00Kura
OIHOBPEMEHHO C TTOopoobpa3oBaHMeM. Bua Kpucramim-
3ylolerics da3bl 3aBUCUT OT COCTaBa CTEKJIa U PeXHUMa
00XWTa W TIPEACTABIISIET CO00M MOHO- WM CMeCh KpH-
crajummyeckux (as cocraBoB NagCasSigO,5 (kombeur),
Na,CaSi;Oq4 (okTasapuueckas pasa), Na,Ca;SigO,4 (ne-
BUTpUT). ['eoneHOCUTAIbI KPOME IOBBIIIEHHON IIPOY-
HOCTHU 00JIaJal0T YCTOMYMBOCTBIO B arpeCCUBHBIX CPENax,
B TOM YHCJI€ B IIEJIOYHBIX.

Pesynbratel 1a00paTOpHBIX KCCIEAOBAHUI W TIPO-
MBIIIUIEHHBIX MCIBITAHWM TOKAa3bIBAalOT, YTO HAa OCHOBE
LIMPOKO PACIPOCTpaHEHHBIX Ha Teppuropuun HOxHOro
VYpana, Cubupu u JlanpHero Boctoka KpeMHHUCTBIX TOPOJT
C UCIIOJIb30BAHMEM OTEYECTBEHHOTO 000PYI0OBAHMUS MOX-
HO OpraHU30BaTh B TIPOMBIIIUIEHHBIX MacIITabax Mmpomn3-
BOACTBO TI'PaHYJIMPOBAHHOIO IT€HOCTEKIOKPUCTAJINYC-
CKOTO Marepuajia IIMPOKOTO CIEKTpa WMCIOJIb30BAHUS,
COOTBETCTBYIOIIIETO BCEM HOPMATHBHBIM ITOKa3aTesIsIM Ha
IOPUCThIE HEOPTaHUYECKME 3aII0THUTEIN.
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MOoCKOBCKMIA aBTOMOOUTBHO-AOPOXHbIN FOCYAAPCTBEHHbIN TexHUYeckuit yHnsepcuteT (MALW) (125319, r. Mockga, JleHnHrpaackumin np., 64)

BnusaHue apMupyroLUX reOCMHTETUYECKUX MaTep1anos
Ha NPOYHOCTDb XECTKNUX AOPOXHbLIX OAEXA
C ac)anbT06ETOHHLIM NOKPbITUEM

13y4eHo BNUAHIE apMUPYIOLLIEA TEOCETKI Ha NPOYHOCTb XKECTKON JOPOXKHOM 0AXbl C aC(ansTO68TOHHBIM NOKPLITUEM.
MpoaHanuanpoBaHbl TUMbI U BIAZbI FEOCUHTETUYECKIUX MATEPUanoB, NPUMEHSEMbIX AN1S apMUPOBAHNA achansTo6eToHa. PaccMoTpeHbl
OCHOBHbIE NPOGNEMbI, BO3HUKAIOLLME NPU NPOEKTUPOBAHUN U PacyeTe apMUPYIOLLIMX NPOCNOEK U3 Te0CUHTETUYECKIX MaTepyUanos.

Ha npumepe pacyeTa BapuaHTOB [OPOXHbIX 0AEX[ C apMUPOBAHUEM 1 6€3 Hero nokasaHa 3thPEeKTUBHOCTL NPUMEHEHS
O0CMHTETUYECKMX CETOK ANnA apMUpOBaHUs acansTo6eTOHHOr0 NOKPLITUA. CAHOPMYNMPOBaHbI PEKOMEHAALMI, ONPELensioLe
BEKTOP Pa3BUTUS JOPOXKHBIX FEOCUHTETUYECKIX MATEpPUanoB 1 UX MPUMEHEHUe B OPOXKHOM CTPOUTENLCTBE. [PUBOAATCA apryMeHTbl,
[I0Ka3bIBAIOLLME, YTO UCMONb30BAHUE apMUPYIOLLIEA TEOCUHTETUYECKON CETKI YBENNYUBAET 06LLMIt MOAY b YNPYrOCTU KOHCTPYKLMN
Ha 10%. BbIABNEHbI M YKa3aHbl MPUYUHbI, NPENATCTBYIOLLME 60MIee aKTUBHOMY BHEAPEHNIO FEOCUHTETUYECKIX MaTepuanos

B CTPOUTENbLCTBO, PEMOHT 11 PEKOHCTPYKLMIO [IOPOT, NMPELIOKEHbI NYTU PELIEHUS AaHHbIX NPo6em.
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Influence of Geosynthetic Reinforcing Materials on the Strength of Rigid Pavements with Asphalt Concrete Coating

The influence of the reinforcing geomesh on the strength of rigid pavement with asphalt concrete coating was studied. The types and categories of geosynthetic materials used for
asphalt concrete reinforcement are analyzed. The main problems arising when designing and calculating reinforcing interlayers made of geosynthetic materials are considered. The effi-
ciency of using geosynthetic meshes for reinforcing asphalt pavement is shown by the example of calculating variants of road surfaces with and without reinforcement.
Recommendations defining the vector of development of road geosynthetic materials and their application in road construction are formulated. Arguments are given to prove that the
use of a geosynthetic reinforcing mesh increases the overall modulus of elasticity of the structure by 10%. The reasons that prevent the more active introduction of geosynthetic materi-
als in the construction, repair and reconstruction of roads are identified and indicated, and ways to solve these problems are proposed.
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B Hacrosiiee BpeMsi T€OCMHTETMYECKUE MaTepuaibl
LLIMPOKO MTPUMEHSIIOTCS B IOPOXKHOM CTpouTebeTie [1—3].
O0macTh X TPUMEHEHMSI TOCTAaTOYHO Besika [4—7]. Bton
YCUJICHUE HeCYIIel CITOCOOHOCTH CIa0bIX TPYHTOB, U pa3-
JIeJIEHVE CJIOEB JOPOKHOM OEXK/IbI U 3EMJISTHOTO TIOJIOTHA,
MPENOTBPAIlleHNe pa3pylIeHUus] U pa3MbiBa OTKOCOB,
YCTPOMCTBO IpeHaka U T. M. A TaKXe apMUPOBAHUE 3eMJISI-
HOTO TTOJIOTHA U IOPOXKHOM OIEXIIBI.

B npencraBieHHOl paboTe paccMaTpUBaeTCs BIIUSI-
HUE apMUPYIOIINX TEOCUHTETUYECKUX MaTepuajioB Ha
MPOYHOCTh XECTKMX TOPOXHBIX OACXI C achanbTobe-
TOHHBIM TTOKPBITUEM.

ApmupoBaHue achambTo0eTOHa TEOCUHTETUYECKUMU
MaTepraliaMy B HaIllei cTpaHe MPUMEHSIETCST He TaK J1aB-
HO, OJIHAKO HEKOTOPBII OMBIT B 3TOU 00JIaCTU Y JOPOKHM -
KOB yX€ HaKOIUIEH. A TJIaBHOE, IPUHSTHl HOPMAaTUBHBIC
JIOKYMEHTBI, pErIaMEHTUPYIOII1e MPUMEHEHNE TeOCUHTE-
tuku st apmupoBanust: [OCT P 55029—-2012 «/Ioporn
aBTOMOOWJIbHBIE OOIIIETO MOJIb30BaHUSI. Marepuasl reo-
CUHTETUYECKUE MJISI apMUPOBaHUST ac(arbTOOETOHHBIX
CJI0€B JOPOXHOU omexnpl. TexHuuyeckue TpeOOBaHUS»;
OIM 218.5.001-2009 «MeToauueckue peKOMEHIALMU

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

10 IMPUMEHEHMIO T€O0CETOK 1 ITOCKUX TeOpPeIleTOK ISt
apMupoBaHUsl acGalbTOOETOHHBIX CJIOEB YCOBEpPIIEH-
CTBOBAaHHBIX BUIOB MOKPBHITMN IpPU KallUTAJIbHOM pe-
MOHTE W PEMOHTE aBTOMOOWJBHBIX Aopor»; [lucemo
Munrpanca Poccum ot 12.04.1993 Ne HTO-8-6/78
«PexoMeHmanmu mo pacueTy M TEXHOJIOTMU yCTPOMCTBA
ONTUMAJIBHBIX KOHCTPYKIIWI TOPOKHBIX ONEXKII C apMU-
PYIOIIMMM TPOCIOMKAMU TIPU CTPOUTEILCTBE, PEKOH-
CTPYKIIMU W PEMOHTE AOPOT ¢ ac(hasbTO0ETOHHBIMU T10-
KPBITUSIMU» U T. [I.

TI'eocuHTeTMYECKME MATEPHAJIBI 111 ADMUPOBAHUS
ac$abT00e TOHHBIX MOKPBITHIA

C TosSBJIeHWEM TE€OCMHTETUUYECKUX MaTepuajioB
MPaKTUYECKU Cpasy BCTaJ BOMPOC 00 UX UCTIONb30BAHUN
B LIEJISIX apMUPOBaHUs achaTbTOOETOHHOTO TTOKPBITHSI.
Ha nepBbix mopax AJis 3TUX LieJiei IPUMEHSUIA pa3iny-
HbIE TEOCUHTETUYECKHE MaTePUAJIbl: TeOTEKCTUIIb (UTJIO-
MMPOOVBHOM WJIM TEPMOCKPETUIEHHBIH ); CETKU U3 CTEKIIO-
BOJIOKHA, 6a3ajibTa, MOJMMEPOB; KOMIIO3UTHBIC MaTEPU-
anbl (CETKM CKpEIUIEHHBIE C TEOTeCTUIEM) W T. .
B nocienHee Bpemsi Bce yaille B KAUECTBE apMUPYIOIIETO
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MaTepvaja MPUMEHSIOTCS T'€OCETKM U3 IOJUMMEpPOB U
MHHEPaJIbHOTO ChIPhSI, KOTOPBIE XOPOIIO ITOKa3aIM ceOst
B COBMECTHOM paboTe ¢ achaTbTOOETOHOM.

3a pybexKoM IMOMUMO T€OCUHTETUKM IJISl YCUJIEHUS
ac(agbTOOCTOHHOTO MMOKPHITHUS Ha HanOoJee mpodIeM-
HBIX yJacTKax (Bo3Jjie cBeTo(hOopoB, Ha Tiepee3nax u T. 1.)
HCIIOIB3YIOT METAINTMYECKHNE CETKHU, 00paboTaHHbBIC aH-
TUKOPPO3UHHBIMU BEIIECTBAMU C aAT€3MOHHBIMM CBO-
CTBaMM, aHAJIOTUYHBIMU achaibToOeoHy [8].

U tem He MeHee apMUpYIOIIE CETKU B HACTOSIIEE
BpeMs1 3aHUMAIOT Juaupyollee mojaoxeHue. Cpeau 3a-
Jla4, CTAaBSIILIMXCS Iepel MPOSKTUPOBIIMKAMU U CTPOU-
TEJISIMA TIPY WCIIOJIb30BAHUU TE€OCETOK, MOXHO BHINIE-
JINTH CJEAYIOIINE:

— 6opbba ¢ TpelIMHOOOPa30BAHUEM;

— 3aKperieHue MPOA0JbHOTO I1Ba MEXIY CYIIECTBY-
IOIIIMM W HOBBIM TTOKPHITUSIMU;

— yKJIaJKa Te0CeTOK HaJl IMPOJIOXKEHHBIMM TIOJT I0PO-
roil KOMMYHUKAIIUSIMHM, B MECTaX COIMPSIKEHUS TOPOXK-
HBIX OHEXI C MOCTOBBIM ITOKPBITHIEM, Hal IIBaMU IIe-
MEHTOOETOHHOT'O OCHOBAHMUS;

— TIOBBIIIIEHNE HECYIEel CIoCOOHOCTH achanbrode-
TOHHOI'O MOKPBITUS MPU HOBOM CTPOUTEILCTBE MyTEM
apMHMPOBaHUS OTHOIO U3 €0 CJIOEB.

CeTKu 7151 apMUPOBaHMS acaabTodbeToHa BRIOMpa-
I0TCS 1O CJAEAYIOIIMM OCHOBHBIM TEXHMYECKHUM Ilapa-
MeTpaM:

— TUTI Te0CeTKH (MOJUMEPHAs UM MUHEpaJbHas);

— MPOYHOCTh Ha PaCTSLKeHUE (B MPOIOIHLHOM M II0-
TIepEeYHOM HaIlpaBJICHUSIX);

— OTHOCUTEJIbHas AedopMalusl HpU IpeaebHOMU
TPOYHOCTU Ha PaCTSIKEHUE;

— MOIyJb YIPYTOCTU IIPU MaJIbIX OTHOCUTEJIbHBIX
npedopmarusix (2—3%);

— aare3us ¢ achasbTOOETOHOM.

Kpome Toro, mwist paiioHOB C CypOBBIM KJIMMAaTOM He-
MaJIOBaXHYIO POJIb UTPAET MOPO30CTONKOCTh TEOCUHTE -
TUYECKOro MaTepuaia, Tak Kak MHOTOKpaTHOE 3amMopa-
KWBaHNWE W OTTaMBaHUE T'€OCETOK IPHBOAUT K IOTEpe
WMU TIPOYHOCTU U TUIACTUYHOCTH.

K coxanenwuio, eie He pa3pabOTaHBl PeKOMEHIALINU
10 TWIIaM TEOCETOK, TpemHa3HauYeHHBIX TSI OOPBOBI C
OTpaXk€HHbIMM TpelIMHaMHu, oOpa3oBaHUEM KOJeu, a
TaKXe IJIST YBEJIMUYECHUST TIPOYHOCTHU JOPOXKHOTO TTOKPHI-
THUSI U YBEJIMYEHUS €r0 CPOKOB CIYKOBI. DTO CBSI3aHO C
TeM, YTO B HACTOSIIECe BpeMsl HET METOAWMK PacyeToB,
TTO3BOJISIIONINX ONPEAeTUTh 3(PHEKTUBHOCTh TTPUMEHE-
HUSI TEOCUHTETUYECKUX MATepUAIOB JUISI TeX MM MHBIX
ueneit. B Poccun u B apyrux crpaHax B TaKMX CIIydasix
0oJIbIlIe OMUPAIOTCS HE HA PacYeThl, a Ha SMIIUPUIECKUE
METOIbI, IIPOBOMAS UCIBITAHMUS Ha CTeHAAX JINOO MCCIIe-
IIysl YK€ TTIOCTPOEHHbBIE YYaCTKN aBTOMOOWJIBHBIX TIOPOT,
B TOM UYMCJI€ ¥ ONBITHBIX [9]. A 3¢ GeKTUBHOCTD MPUME-
HEHUsI pa3IMYHBIX TUTIOB CETOK OIIEHUBAETCS UCXO/S U3
BPEMEHM TIOSIBJICHUSI Ha TTOKPBITUM TPEIIUH U UX KOJIU-
YeCTBa Ha eIMHUITY TToBepxHocTH [10].

3a pybexkoM OCHOBHBIM MaTepUajoM ISl apMUpPOBa-
HUs acanbTOOETOHHOIO MOKPHITHS SIBISIIOTCSI T€OCETKU
W3 TIpONMJICHA U ToJT3(Hpa (BKITIoUast mojauactp). Cpenn

HanboJiee M3BECTHBIX MPOU3BOAUTENCH CleAyeT Ha3BaTh
Takue GUPMBI, Kak «Xblockep», «Tensar» «Tenax»,
«[Tomudenst». Ilpemtaraemple MU MaTepUaTbl IIIMPOKO
MPUMEHSIIOTCSl B OTEYECTBEHHOM JOPOXXHOM CTPOUTENb-
ctBe. [Ipuuem B psne ciaydaeB (pekoHCTpyKimst MKAIL,
Tpetbe TpaHcnoptHoe Kojblio, KAl B Cankr-Iletep-
Oypre) mepea UCIOIIb30BAHMEM T€OCMHTETUKM pa3paba-
TBIBAJINCHh TEXHUYECKUE YCIOBUSI, IJISI YETO TTPOU3BOIM-
JIMCh MOJIEBBIE VCCIEIOBAHUS paHee TTIOCTPOEHHBIX YUacT-
KOB JIOpOT, Te ObLIO MpUMeHeHo apMupoBaHue [11].

Ha naHHbIli MOMEHT Bce yalle MOosIBISIIOTCS MaTepua-
JIbI, M3TOTOBJICHHBIE 13 TonuBUHWIANKOTONST (PVA). Mx
OCHOBHBIM MPEUMYIIIECTBOM TEPE] TEOCETKAMU U3 TIOJTHU-
a¢upa (PET) mpexze Bcero sBisieTcst MeHbIIast nepopma-
TUBHOCTb. DTO O3HAYAET, YTO MPU MPUIOXEHUN OTHOU U
TOM 3Ke Harpy3ku Noau3UpHbIE CeTKU OyAyT YIUTUHSITHCS
OoJTblIIE, YEM CETKU U3 MOJMBUHWIAIKOTOJS. A CTieluaib-
Hasi 00paboTKa 00ecrevyrBaeT BBICOKYIO COIPOTHUBIISIE-
MOCTb MaTepHraia XMMHUIESCKOMY BO3IEHCTBHIO [12].

CpaBHeHHe re0CeTOoK ISl apMUPOBAHMS
achanbTo0eTOHHBIX MOKPBITHIA

IIpu BEIOOPE T€O0CETK OCHOBHBIMU TPEOOBAHUSIMU K
HUM B 3aBUCHUMOCTH OT IIPUMEHSIEMOT0 MaTepuaJa sIBJIsI-
IOTCSI: BOIOCTOMKOCTh; OMOCTONKOCTD; YCTOMYMBOCTh K
BO3IEHCTBUIO PA3JIMUHBIX CPEI; YCTOMYMBOCTD K CBETO-
BOMY BO3JIEHICTBUIO; MEXaHMUECKE CBOMCTBA BOJIOKOH.

B 1abi. 1 oTpaxkeHbl OCHOBHBIE XapaKTePUCTUKU T10-
JIMMEPHBIX TEOCETOK, ITPUMEHsIeMbIX B Poccnu Ha maH-
HbIIf MOMeHT [13].

W3 Tabu. 1 BuImHO, 4TO HanbojIee MPEaITOYTUTETHHBIMUA
SIBJISIIOTCSI CETKM U3 nojmadupa (rmonmmactpa). [ommsdup
UMeeT HU3KUE IoKaszaTeld MOJ3Yy4ecTM — CyMMapHOe
VIUITMHEHWE, Pa3BUBAIOIEeCs] BO BPEMEHU TIOJ BOSZMIEH-
ctBueM mnoctosiHHoil Harpysku (I'OCT 18197—-2014
(ISO 899-1:2003) Ilmactmaccel. Merton ompeneneHus
MOJI3Yy4eCTH TIPU pacTsLKeHUM). s nonuagupa 3ToT 1o-
KazaTesib paBeH 3—5%. Paznuualorcs monnaupHbie HUTH
C BEICOKMM MOIYJIEM PacTSDKeHUS (BBICOKOIIPOYHEIC) —
HM u ¢ Hu3koi1 ycaakoii — LS, a Takzke couerarolye oda
mmokazarenst — HMLS.

IToMyuMO MOJIMMEPHBIX CETOK INMPOKOE MPUMEHEHUE
MOJTYYMJIN CETKU 13 CTEKIIOBOJIOKHA. CpaBHUTENIbHBIE (DU~
3MKO-MeXaHMUeCKIe TToKa3aTeNIn Mo GUPHBIX HUTEH 1
HUTEH U3 CTEKJIOBOJIOKHA MpeAcTaBiaeHbl B Taom. 2 [13].

['MaBHBIM TOCTOMHCTBOM CETOK M3 CTEKJIOBOJIOKHA
SIBJISIETCS MX OTHOCUTEJIbHO HEeOOJIblIasi CTOMMOCTD (Je-
menie I[1D® reocetok B 2—4 pasza). Ho npu 3ToM oHu
00J1aJa10T MaJIOi 3JIaCTUYHOCTEIO, Beero 2—4%. ViMeHHO
MMO3TOMY TOJIMACTP, BJIACTUYHOCTh Kotoporo 20-—25%,
CUNTACTCS OMHUM M3 CAMBIX TEXHOJIOTMUYHBIX MAaTepHUAJIOB.

YToObl YBEJIMYUTH CPOK CHYXKObI, T€0CETKU HMEIOT
CIIeabHYyIO IMporuTKy. Kak mpaBwio, moausdupHbie
T€OCETKM TIPONMUTHIBAIOTCS JIMOO TTOJMXJIOPBUHUIIOM B
cilyJae, eCJIM IpeIriogaraeTcs KOHTaKT CEeTKU C 3eMJICH,
J160 OUTYMOM, €CJIM OHA MpeAHa3HauYeHa UTsl apMUpOBa-
Hug achanbTodeToHa. CylIeCTBYIOT ellie U TeOKOMITO3UT-
HbIE MaTepUaibl, KOTOPbIE OO0JIATAIOT CBONCTBAMU TeX
MaTepualioB, U3 KOTOPBIX COCTOUT KOMITO3UT [14]. UMes
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Ta6nuua 1
Table 1
OCHOBHbIE CBOMCTBA CUHTETUYECKUX BOJIOKOH [13]
The main properties of synthetic fibers [13]
Chbipbe
Mokasatenu
Monnadup (nonnactp) Monnammng, Monunponunex
o CHwxeHve npoyHocTu 1o 30%
BogpocToikocTb Xopowuast Xopowuast
NPV YBRAXHEHWN
BuocToiikocTb Xopowas Xopowas Xopowas
CTOMKOCTb K BEACTBUIO KMCNOTHBIX W LLENOYHBIX CPea, CHWXeHVe NPOYHOCTU B [lononHuTENbHOE CHIXEHWE Xopowas
BO3MOXHbIX B YC/IOBUSIX 3KCMyaTaLmm LLenoYHoM cpepe ¢ pH>9 npu pH cpeabl meHee 5,5 P
CBEeTOCTONKOCTb Xopowas Mnoxas Mnoxas
o Hu3kasa pnutenbHas
MexaHnyeckue CBOMCTBA BONOKOH Xopouwwue Xopouwwue
NPOYHOCTb
TabGnuua 2
Table 2

CpaBHuTenbHble pU3NKO-MexaHnyeckme nokasarenu reocetok ns HM NI3d Huteit n ns creknosonokHa [13]
Comparative physicomechanical parameters of geogrids from NM PEF threads and fiberglass [13]

r'eocetka 13 HM M3 [eoceTka U3 CTEKNOBONOKHA
Mokasaresns HaTelitC | HaTelit HaTelit HaTelit

4017 4017 30/19 30/13 [CK-50 | FCK-70 | rCK-200
Macca, r/m? 330 240 460 240 320 450 700
Paamep sueitkn, Mm 40x40 30%30 30x30 25x25 | 25x25 25%25
MpenenbHas NPOYHOCTbL NP PACTSKEHMM, NPOLO/bHO/MoNepeYHo, kH/m 50/50 90/90 50/50 50/50 70/70 | 200/200
YonuHeHue npy pa3pbiBe NPoAobLHO/nonepeyHo, % 12/12 | 12/14 12/14 12/14 4/4 4/4 4/4
YCTO4MBOCTb K BbICOKOI Temnepatype, °C He 6onee 190 Lo 360-400

KOHKpETHBIE TpeGOBAHMUS K TEOCeTKAaM M MX XapaKTepH- Taﬁ_l’_':b":‘:g

CTUKAaM, MOXHO BEIOPaTh KOHKPETHBIN TUIT TEOCETKH 13
HE00XOAMMOTro CUHTETUYECKOro martepuana [15].

PacyeT BapuaHTOB KeCTKUX JOPOXKHbBIX OEXK]
¢ apMHpPOBaHHeM U 0e3 apMHPOBAHUS

YToOBl HAMISAMHO TI0KA3aTh BIWSTHUE apMUPYIOIIETO
CJI0S1 Ha TIPOYHOCTh JOPOXKHOM OeXIbl, B KAYECTBE MPU-
Mepa MPOU3BEAEM PacyeT IByX BAPUAHTOB KOHCTPYKIIUMN:
JKECTKOU MOPOKHOM OAEXAbl 0€3 apMUPOBAHUS U XKECT-
KOI JTOPOXHOM OAECXKIBI C IIPUMEHEHUEM apMUPOBAHMSL.

PacueT OymeT mMpou3BOIMTBECA MO «MeETOMMUECKUM
pPEeKOMEHIaIUsIM 110 IPOSKTUPOBAHUIO KECTKMX J0-
poxHbIX omexn» (B3ameH BCH 197-91) c ydetom
OIM 218.3.032—2013 «MeTtonuyeckue peKoMeHAALUuU
10 YCWICHUIO KOHCTPYKTUBHBIX 3JIEMEHTOB aBTOMO-
OMJIBHBIX JOPOT MPOCTPAHCTBEHHBIMU TeOpeIIeTKAMMU
(reocotaMm)».

Bynmer mpousBeneHa TpoBepKa YCIOBU TPOYHOCTH
JIJIST XKeCTKOM TOPOXKHOM ofexXabl ¢ achalbTo0eTOHHBIM
IMOKPBITUEM, pacuyeT MOIYJICH YIIPYrOCTH IPEICTaBICH-
HbIX KOHCTPYKLIMH. IIpoBepKa CONPOTUBICHUSI MOHOJIUT-
HBIX CJIOEB YCTAJIOCTHOMY Pa3pyIICHUIO OT PacTSKCHUS
MpY U3TMOE TTO3BOJIUT OTPENETNTh, KaK apMUpPOBaHUE
BJIMSICT Ha HauOOJIbllIee PACYETHOE pacTSTUBarollee Ha-
MpsDKeHWEe, W T0KAa3aTellb TPEIMMHOCTOMKOCTA ITOKPHI-
T [16]. ITocie 3TOro, cpaBHMBAs MOKA3aTeIN IBYX KOH-
CTPYKLIMI, MOXHO OLIEHUTD 3(P(PEKTUBHOCTDL TPUMEHEHUST
T€OCETKM U3 TMOJIMICTPA I apMUPOBAHUS XKECTKOM J10-
POXKHOM OeKAbI ¢ ac(hanbTOOETOHHBIM MOKPBITHEM [17].

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

JaHHble pna NOCTaHOBKU 3aja4m
Data for the statement of the problem

PaiioH npoekT1poBaHus CapartoBckas 061acTtb
KaTeropusi aBTOMOOUILHON AOPOrK 1]
[LOPOXHO-KNMMaTNYecKas 30Ha 1]
KonnyecTso nonoc ABUXeHUs 2
PacueTHbIi CpoK cyx6bl NOKPLITUS, NET 15
PacyeTHas Harpyska Ha 0gHY ocb, KH 115
MpupaLLeHe HTEHCUBHOCTK 1,04
Cxema yBiaxHeHus paboyero cnos 2
[PYHT 3eMASHOrO NONOTHA Cynecb nerkas
OTHOCUTENbHAs BNAXHOCTb IPyHTa 0,65
PacyeTHbIi ypoBeHb HafexXHOCTH, KH 0,98
KoadduumeHT npoyHocTn 1
Y1cno NpunoxeHwnia 1588856

B xadecTBe MaTepuana JIsi apMupoBaHUs acaabTo-
OCTOHHOIO MOKPHITUSI IIPUHUMAEM IeOCETKY U3 ITOJIM-
actpa HaTelit C 40/17. I1pu pacuere apMUPOBaHHBIX JT0O-
POKHBIX OeX] KO3(POUIIMEHT apMUPOBaHUSI BBOIUTCS
10 KPUTEPUSIM YIPYrOro Mpornda v COMpPOTUBIICHUS
MOHOJIUTHBIX CJIOEB YCTaJIOCTHOMY pa3pyIIeHHIO OT pac-
TskeHus npu u3ruode [18]. I1pu ncnonb3oBaHUM JAHHO-
ro Marepuaja Ko3hGUIIMEHT YBeIUIEHUS 00IIEeTro MOIY -
JIsl YIPYrOCTH apMMPOBAaHHOM KOHCTPYKLIMU IIPUMEM
Ve=1,1. B pesyibrare pacyera MOJYYEHbl CIEAYIOLLNE
KOHCTPYKIIMU AOPOXHBIX ofexn (puc. 1, 2). Pacuer no-
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Menko3epHucTas nnoTHas
acdanbTo6eTOHHas CMEeCh Ha

,6cm

E=4500 MMa

LlemeHTOOeTOH KNnacca
Btb 2,8 no FOCT 26633-2015,
E=28000 MMMa

20 cm

-

Sl B4 Ayl df & LLle6eHo4Has cmech Cg
Fovveveveivyavavevavea, nolOCT25607-2009,
E=280 MlMa

25cm
q
o
g
q

-

LononHUTENbHBIA CNOI
OCHOBaHWS 13 Necka cpeaHen
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Puc. 1. KOHCTPYyKLMS XeCTKOM AOPOXHOW oaexabl 6e3 apMmMpoBaHus
Fig. 1. Rigid pavement construction without reinforcement

Kazaj, 4To reocetka us noiuactpa HaTelit C 40/17 yBe-
JIMYMBAET OOIIMI MOIYJIb YIPYrOCTH KOHCTPYKIIMHU C
840 mo 924 MIIa (t. e. Ha 10%), HanboOIbIIIEE pacCYETHOE
pacTsTHBapolee HarpstskeHue Bospocio ¢ 0,43 mo 0,46
(1. e. Ha 6,5%), nMoKa3are/ib TPEIIMHOCTONKOCTU TIPH
YCIAOBUU TIpeAeabHOro coctossHus Boipoc ¢ 0,28 mo 0,3
(1. e. Ha 6,6%). YBennueHre TaHHBIX MTOKa3aTejeil no-
Ka3biBaeT 3(M@PEKTUBHOCTh MCMOJIb30BAaHUSI T€OCETKU
JUISI apMUPOBAHUST KECTKOM MOPOKHOW OFEXKIBI C ac-
¢$anbTO0ETOHHBIM MOKPHITHUEM.

OcHoOBHbIE IPOOJIEMBI IPH MPOEKTUPOBAHUHI
aPMUPOBAHHOM JKECTKOM TOPOKHOM OIEKbI

[MpuMeHeHNEe TEOCUHTETUKN U TEOKOMITO3UTHBIX Ma-
TEpUAJIOB B TOPOXKHOM CTPOUTEILCTBE MO3BOJISIET CYIIE-
CTBEHHO YJIYUIINTH KAYeCTBO JOPOKHOM OMEKIBI, YTO
HATJISIHO OBIIO TOKA3aHO TPEACTABICHHBIM PAaCUCTOM.
DddeKT OT MPUMEHEHUSI TeOCETOK PacIpOCTpaHsIeTCs
KaK Ha CTPOMUTEILCTBO HOBBIX JOPOT, TAK M Ha PEMOHT
WA PEKOHCTPYKIIMIO CTAPBIX JOPOXKHBIX IMOJOTEH.

leoceTka mpu apMupoBaHUM acaTbTOOCTOHHOTO
MOKPBITHUS BBIITOJTHSET CJIEAYIOIIME OCHOBHBIE 3a1a4Uu:

— TIOBBIIIAET MPOYHOCTH acaibTOOETOHA TIPU U3TU-
0¢, TeM cCaMBbIMU YBEJIMUNBAsSI €T0 BO3MOXHOCTB K COIIPO-
TUBJICHMUIO PACTSATMBAIOIIMM YCWIMSIM, BO3HMKAIOILIUM
TPV TMHAMUICCKUX U CTATUYECKMX HArpy3Kax;

— MPENATCTBYET Pa3BUTHIO TPELINH;

— YBEJIMYMBACT MEXPEMOHTHBIC CPOKM M CHIKAeT
3aTpaThl Ha colepKaHue ac(aTbTOOETOHHOTO TTOJIOTHA.

OaHaKo Ha CETOIHSIIITHMI IeHb CYIIECTBYET psia pak-
TOPOB, MPETATCTBYIOIINX MHTCHCUBHOMY POCTY CITpOca
Ha FeOCUHTETUYECKUE MaTepuasbl B JOPOKHON OTpaciu.
[Nepeuncanm HEKOTOPHIE U3 HUX:

1. CucremMa (WHAHCUPOBAHUS, MUHUMU3HUPYIOIIAST
HCTOJb30BaHUE B MACCOBOM CTPOUTEIBCTBE YTYIIIAIOIINX
MatepuanioB. OTpaHUTYCHUS 10 CTOUMOCTH MaTEepUAJIOB B
cMeTe npoekTa. CuctemMa 00yCJIOBIMBAET YacToe UCKIIIO-
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Puc. 2. KOHCTPYKLMS XECTKOM AOPOXHON OAEXAbl C aPMUPOBaHNEM reo-
ceTkoi n3 nonuactpa HaTelit C 40/17

Fig. 2. Rigid pavement construction with reinforcement by HaTelit C 40/17
polyester geogrid

YeHUE TeOCMHTETUIECKUX MATEPUAIOB M3 MPOEKTOB JO-
KYMEHTAaLMU paayd 5KOHOMMU CPEICTB Ha CTPOUTEICTBO.

2. HemocraTtouHo pa3BuTasi MeToguiecKkast 0a3a Impo-
ekTupoBaHus. OTCyTCTBHE €AMHBIX, IPOYHBIX, CTAHIAP-
TU3UPOBAHHBIX ITPOEKTHBIX METOIMK (AJITOPUTMOB OIIpE-
JIeJISHUST MCXOAHBIX YCJIIOBUI NpPUMEHEHWs, Toadopa
MaTepuajioB, PacyeToB) IS pelleHUs] 3adady Ha Bcex
CTagusIX IPOCKTUPOBAHUSI, B TOM YHCJIC TIPHA pa3padboTKe
paboyeil TOKyMEeHTalIMU.

3. HemocraTtouHo pa3BuTass HOpMaTUBHO-TEXHUYECKAsT
0a3a B yacTu TpeOOBaHU K MaTepraiaM, B OCOOEHHOCTHU C
TOYKM 3PEHUS UX PETBHOTO (DyHKLIMOHUPOBAHUS B OCHO-
BaHMSIX U JOPOXHBIX ofexaax. CIMIIKoM 000OIIeHHBIE
CTaHAAPTHI AJTS IMMPOKOTO CIIEKTPa MaTeprasoB.

4. Cnabag ucrbITaTelbHag 0a3a: HEZOCTATOYHOE KO-
JIMYECTBO PE3YJIbTATOB MCHIBITAHUN TE€OCUHTETUYECKUX
MatepuayioB (rmoaTBepxkaeHue 3¢ dexkTuBHocTr). Orpa-
HUYEHHOE KOJMYECTBO JIA0OpAaTOpPUil KOHTPOJISI Kaue-
CTBa MIPOIYKIINH.

5. 3aTpymHEHHBIM BHIOOp MaTepHAaJiOB BCJICACTBUE
M30BITOYHO IIMPOKOH HOMEHKIIATYPHI C HETIPO3PauHBIM
MepeyHeM IapaMeTpoB U (DYHKIIMOHAJIA.

6. HeBbicokasi KBaTu(dUKALMSI KOMIAHUN-TIOAPSII-
YUKOB, OTCYTCTBUE PETYJSIPHOTO OIIbITa pabOThI C Ieo-
CUHTETUKOM B ITPOEKTAaX.

Oco0eHHO X0YeTCs OCTAaHOBUTHCS HAa HOPMATHUBHOM
nmokymeHTtayu. B HacTosiee Bpems B Poccuu cyiiecTBy-
0T HOPMaTUBHBIE TOKYMEHTHI, B TOM WJIM MHOW CTETIEHU
perlaMeHTUpPYIOIIe TPUMEHEHUE TeOCHMHTETHUYECKUX
MaTeprajIoB B TOPOKHOM CTPOUTENbCTBE. OTHAKO B 3TUX
JIOKyMEHTax PeKOMEHIAIIMKA 4acTO HOCSAT OOIIUI Xapak-
Tep, MPaKTUIECKH OTCYTCTBYIOT TPeOOBAaHMS K pasidd-
HBIM THIIaM MaTepuajoB, a TaKKe MMEIOTCS METOIMKHA
WUCHBITAHUI JIUIIIh MaJOro YKCJa CYIIEeCTBYIOLIMX MaTe-
puanoB. Mcxons u3 31oro O0NBbIIMHCTBO MPOU3BOIUTENEH
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‘ Marepuaabl H TEXHOJIOTHH

BBIHYKJIEHbI OPUEHTHPOBATHLCSI Ha 3apyOeKHbIe TpeOOoBa-
HUS IIPU IIPOU3BOICTBE T€OCUHTETUUECKHUX MaTePUajoB,
a TaKKe COCTaBJISITh COOCTBEHHBIE TEXHUUECKUE YCIIOBUS
JIJIS1 XapaKTePUCTHUKU BBITyCKaeMOM MPOAYKIIUU.

OneHuBas OIBIT APYTHX CTpaH, CICAyeT cKa3aTh O
EBporne, rae B HacTosIiee BpeMs pa3pabaTbiBaeTCs eau-
Hasi HOpMAaTWBHas1 0a3a NPUMEHEHUSI TeOCEHTETUKU B
JIOPOKHOM CTPOMTEILCTBE. B paMKax 3Toil IporpaMMBI
npexactapiieHo 0ojee 20 ctaHAApTOB, KOTOPHIE MO 0OIb-
el YaCT! HarpaBJIeHbl Ha pa3paboOTKy METOIOB MCITHI-
TaHUI TEOCUHTETUUYEeCKUX MarepuasioB. Ilepeyucium
HECKOJIBKO UX HUX:

1. DIN EN ISO 10319-2015 «I'eocuHTeTunka.
HcnpiTanus Ha pacTsskeHUe ¢ IPUMEHEHUEM IITMPOKOit
TTOJIOCHI».

2. DIN EN 13249—-2016 «['¢0OTeKCTUIb 1 T€OTEKCTH -
JenogoOHble u3nenus. XapakTepUCTUKU, TpebyeMble
IIJIST ICTTOJIb30BaHUS TIPU CTPOUTENIBCTBE TOPOT U IPYTUX
TPaHCIIOPTHBIX 30H».

3. DIN EN ISO 12957-1-2005 «I'eocmHTEeTHKA.
OnpeneneHue xapakKTeprucTUK TpeHus. I1psiMoe ucroiTa-
HUE Ha COBUT».

AKIIeHTUpYS BHUMaHWE Ha HEMEUKMX IpaBujax,
MOXHO CKa3aTh, UTO OHHM BKJIIOYAIOT BECh CIIEKTP pa3-
JIMIHOM MH(MOPMAIIUM O MaTepHaiax, IpMMepOB pacuyeTa
TpeOyeMbIX MapaMeTpoB, a TaKxKe METOIOB MPOBEPKU U
WCTIBITAHUMA.

OgHuM u3 Hux gBiagerca craHgapt BS 8006-
1:2010+A1:2016 «CBoxm mpakTUYECKHUX IPaBWI IO ap-
MUMPOBAaHUIO TOPOKHBIX ofekm». OH cOmepKUT MaTepU-
ajibl, IMpeaHa3HaYeHHbIE IS MPAKTUYECKOIo PyKOBOJ-
ctBa. PexomeHmauuu, comepkaiidecsi B HEM, Tpe.-
Ha3HayeHbI JJISI UCITOJIb30BaHUS T€OCUHTETUKM IS ap-
MUpPOBaHUs achaabTOOETOHHOTO TOKPBITUSI B pa3iny-
HBIX YCIOBHUSIX.

Cnncok aureparypbi

1. BacwibeB E.I'., KpusomeeB C.I'. MOHUTOpPUHT 00B-
€KTOB JOPOXHOTO CTPOUTEIBCTBA, YCTPOEHHBIX C
MPUMEHEHUEM TEOCUHTETUYECKUX MaTepuayioB //
AxmyanvHbie 60npoCbl NPOEKMUPOGAHUS ABMOMO-
ounvhbix dopoe: CbopHux HayuHolx mpydoe OAO
THITPOJOPHHH. 2011. Ne 2. C. 141—145.

2. Opymxosa O.H., Illunkapyk A.A. YBeiuueHue He-
CyllIell CITOCOOHOCTU TPYHTOB € IMTOMOIIBIO TEOCUHTE-
TUYECKUX MaTepuaioB // I[Ipombiuinentoe u epaxcoan-
ckoe cmpoumenscmeo. 2012. Ne 10. C. 30-31.

3. Iadypos C.C., INwmunsk C.A. IlpumeHeHue reo-
CUHTETUYECKUX MAaTePUaIOB B KOHCTPYKIIMU TOPOXK-
HbIX 01X // Becmnuk Upkymckoeo eocyoapcmeento-
20 mexnuueckoeo yuueepcumema. 2013. Ne 5 (76).
C. 106—110.

4. TloBunaiitene M., Orunckac P. I'eocuHTeTMUECKME
Marepuagbl B CTPOUTENILCTBE U PEMOHTE aBTOMO-
OMJIBHBIX U 3KeJIE3HBIX Hopor // Cmpoumenvhbie ma-
mepuanst. 2005. Ne 10. C. 74—76.

5. Ilepowna E.B., Temnmuenko B.U., AmekceeB A.A.,
CMmytuyk b.B., CnenneB II.A. T'eocuHTeTMYECKUE
Marepuanbl: kKiaccudukanus, cBOWCTBa, 00JaCTb

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

IlonBoas utor, MOXHO CKa3aTbh, YTO OIBIT 3apyOex-
HBIX CTpaH NPEACTaBJECH Topas3no OOJbIIMM O0O0BEMOM
HOPMAaTUBHBIX JOKYMEHTOB, HallpaBJICHHBIX Ha IIPOMU3-
BOJICTBO, UCITOJTb30BaHME U MOCTABKY TEOCUHTETUUECKUX
MatepuaiioB. B Haleil ctpaHe HOpMaTHMBHAsI TOKYMEH-
Talus MPEACTABIISIET COOO! pa3pO3HEHHbBIE JOKYMEHTHI,
HEIOCTaTOYHO YBSI3aHHBIE MEXITY COOO0Ii, HEKOTOPhIE U3
HUX Ha JAaHHBIA MOMEHT YCTapeu.

BriBoapl

B HacTosmmit MOMEHT HEOOXOTMMOCTh YBEITMICHMUS
MPOYHOCTH 1 HAIEXKHOCTH JTOPOXKHBIX OEXK HE OCTTaph-
BAaeTCsI, OCOOEHHO BBMIY €XKETOQHO pacTyIIeil MHTEH-
CHBHOCTH IOBIKCHUS M HArpy30K Ha MOKpbITHE. OTHUM
13 CIIOCOOOB TOCTHXKEHUS MOCTABICHHOM LIEJIU SIBISIETCS
MMPUMEHEHNE TE€OCMHTETMYECKMX MaTepHrajoB, UTO IO-
Ka3aHO MPHUBEACHHBIM PacUyeTOM.

CohopMynupyeM HEKOTOpbIE PEKOMECHIAIINM, Ha-
MpaBJIeHHBIE Ha TIePCIICKTUBY Pa3BUTHS TOPOXKHEIX T€0-
CUHTETUYECKUX MaTEPHAJIOB:

1. Co3maHre TUIIOBBIX KOHCTPYKTUBHBIX PEIICHUI C
MPUMEHEHNEM T€OCUHTETUYECKUX MaTepHAaJIOB.

2. Cospmanue B Poccuiickoit ®enepaiiyn coOCTBEH-
HOMl HOMEHKJIaTYyphl T€OCHHTETHMYECKUX MaTepualioB,
MPUMEHSTIOIINXCS B JOPOKHOM CTPOUTEIBCTBE.

3. Pa3paboTka MeTOIOB pacueTa, IO3BOJISIIONINX OIe-
HUTBH 3P PEKTUBHOCTb TPUMEHEHUS T€OCHHTETHUKH.

4. Co3maHme M aKTyaau3alrs HOPMATUBHOM TOKY-
MEHTAUMU [Ji IIMPOKOIro MpUMEHEHUSI TeOCUHTeTHYE-
CKMX MaTepuaioB B 00JIACTH CTPOUTEIBCTBA U IMPOEKTU-
POBaHUS TOPOKHBIX U MOCTOBBIX COOPYKCHUIA.

PelreHyie BhIlIEIIepeYMCIIEHHBIX 3a0a4 CTAHET XOPOIIM
CTUMYJIOM ISl BHEIPEHMS TTePEeIOBBIX TEXHOJIOTHI, CBSI3aH-
HBIX C MCTIOJTb30BaHNEM TCOCUHTETHKH B TIPOSKTUPOBaHNH,
CTPOMTENBCTBE M COIEPKAHMI aBTOMOOVJIBLHBIX TOPOT.
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Liuknuyeckas npovyHocTb 6ETOHOB HOBOI0 NOKONEHUA

Ha ceroaHswwHuit aeHb B Poccum u 3a py6exxom pa3paboTaHbl pasnuyHble BUabl 66TOHOB, B TOM YUCE BbICOKONPOYHbIE

1 CamOynNOTHAKOLLMECS. BbICOKNE pe3ynbTaTbl MPOYHOCTY W APYTrUX CBOWCTB NOMYYeHbl HA NOPOLLKOBO-aKTUBUPOBAHHbIX NECYAHBIX
6eTOHAX HOBOIO NOKOEHUS — NNACTU(IULMNPOBAHHBIX 6ETOHAX C NOBbILIEHHbIM COAEPXXaHUEM CYCMNEH3UOHHONM COCTABMSIOLLEN.

K HacTosiLLeMy BpeMeHN TEXHONOMNYECKN U3y4eHbl (DU3NKO-MEXaHYecKne CBOMCTBA NOPOLLKOBO-aKTUBMPOBAHHbLIX 6ETOHOB

B 3aBMCUMOCTU OT OCHOBHbIX CTPYKTYpOO6pasytoLLiux )akTopoB. HacTosLwme uccneaoBaHns NoCBALLEHbI YCTAHOBEHWIO CTOKOCTY
NOPOLUKOBO-aKTUBMPOBAHHbLIX 6ETOHOB HOBOrO NOKONEHUs NPy LeACTBUM LIMKITUYECKUX HArpy30K. CpaBHeHNe pe3ynbraTos
npoBOAUIIOCH C 6ETOHAMU NEPEXOAHOr0 NOKONeHUs. cnbiTaHns KpaTKOBPEMEHHON HArpPY3KOii BEJUCh Ha CMeunanbHo U3roTOBIIEHHOM
cTeHge. HarpyxxeHnue nponssoannock cepusamu no 100 NpunoxXeHnin Harpy3ku. Mo nosiy4eHHbIM JaHHbIM NOCTPOEHbI KPUBbIE
MaJioLMKNOBOIA yCTanoCcT 6eTOHOB, KOTOPbIE annpOKCMMIUPOBANIMCHL C MOMOLLbIO APO6HO-CTeNeHHOR yHKuUmMK. 06paboTka
pe3ynbTaToB NPoOM3BeAeHa MeTOAOM NPSAMONNHENHON Koppensuun. YCTaHOBAEHO, YTO KPUTEPUEM MANOLMKIOBOI YCTORYNBOCTH
ABNAETCA KO3 PULNEHT BbIHOCIMBOCTY, NOKA3bIBAOLLMIA CPOK COXPAHUBLUENCA NPOYHOCTU (HeCyLLeid cnoco6HOCTH) nocse
MOBTOPHbIX N MHOTOKPATHO NPUMEHEHHbIX HAarpy30K. YCTaHOBMEHbI NPeNMyLLeCcTBa NOPOLLKOBO-aKTUBUPOBAHHbIX BETOHOB.

[N faHHbIX COCTABOB 3HAYEHUS MANOUMKIIOBOM 1 MHOTOLMKIOBOIA YCTanocTu Ha 6ase 5-10° unknos — K, pur=0,83 R, Ha 6aze
2-10° unknos Kj, ,,=0,4R;,
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Cyclic Strength of Concretes of a New Generation

For today various types of concrete, including high-strength and self-compacting have been developed in Russia and abroad. High results of strength and other properties were
obtained on powder-activated sand concretes of a new generation — plasticized concretes with an increased content of suspension component. To date, the technological physical
and mechanical properties of powder-activated concretes depending on the main structure-forming factors have been studied. The present research is devoted to establishing the
stability of powder-activated concretes of a new generation under the action of cyclic loads. Comparison of the results was carried out with concretes of a transitional generation.
Short-term load tests were conducted on a specially made stand. Loading was carried out in series of 100 load applications. According to the data obtained, curves of low-cyclic
fatigue of concretes were built, which were approximated using a fractional-exponential function. The results were processed by the linear correlation method. It is established that
the criterion of low-cyclic stability is the coefficient of endurance, showing the term of preserved strength (bearing capacity) after repeated and repeatedly applied loads. The advan-
tages of powder-activated concretes are established. For these compositions, the values of low-cycle and multi-cycle fatigue on the basis of 5-10° cycles — Ky 1= 0,83 R, on the
basis of 2:10° cycles K} ;= 0,4R,.

Keywords: concretes of new generation, powder-activated concretes, mineral additives, cyclic strength, loading cycles, asymmetry coefficient, fatigue, durability.
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B HacrosIee BpeMs 110 YPOBHIO TEXHUYECKUX U 9KO- Ha ceropnsimnuii neHs B Poccuu u 3a py6exkom pas-
HOMWYECKHX TToKa3aTelieii 0eTOH M KeJe300eTOH SIBJIsI-  pabOTaHbI pa3IMUYHbEIC BUAL OCTOHOB, B TOM YHMCJIC BBI-
IOTCS U OYyIyT OCTaBaTbCSI OCHOBHBIMM KOHCTPYKIIMOH-  COKOIIPOYHKIE U caMOyIuIoTHsomuecs [1—8].

HBIMU MaTeprajaMy U 3aHUMaTh IIPUOPUTETHOE MECTO B Bricokue mokasareaud MO MPOYHOCTU U APYTUX
0011Iell CTPYKTYpe MUPOBOTO TIPOM3BOJCTBA CTPOUTEIb-  CBOWCTB TMOJy4eHbl Ha MOPOIIKOBO-aKTUBUPOBAHHBIX
HO TIPOIYKIINH. IIeCYaHbIX OeTOHAX HOBOTO MoKojieHus [8§—11].
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ITopolilKoBO-aKTUBMPOBAHHBIE OETOHBI — 3TO ILIa-
CTU(UILIMPOBAHHBIE OCTOHBI C MOBBIIIICHHBIM COACpPXKa-
HHUEM CYCIICH3MOHHOM cocTtapisiomeit [12, 13]. OcHoB-
HOM CYCHIEH3UOHHOI COCTaBJISIONICH B JAHHBIX OeTOHAX
SIBJISIETCS] TIIACTU(PUIIMPOBAaHHASI, BHICOKOKOHIIEHTPH-
pOBaHHasl lIEMEHTHAasl CYCITeH3UsI.

K HacTostimeMy BpeMeHM H3y4eHBI TEXHOJIOTHYE-
cKkue 1 HPU3NKO-MeXaHUIEeCK1Ee CBOMCTBA ITOPOIITKOBO-
aKTUBMPOBAHHBIX OCTOHOB B 3aBUCUMOCTU OT OCHOB-
HBIX CTPYKTYypOOOpa3yonmx (pakTopoB: BUAa IIEMEHTA,
Bnusiius B/1l-oTHoleHus, cynepruiacTuuKaTopoB u
HamosHUTeNnei [8—11]. B pabdorax [14—17] 6butn mIpo-
BEJIEHBI MCITHITAHUS TTIOPOIIKOBO-aKTUBUPOBAaHHBIX O¢-
TOHOB Ha ITMHAMUYECKHE HArpy3Ku, a TaKxKe UCCIeI0-
BaHO BJUSIHWE LUKJIMYECKU IEHUCTBYIOIIMX ITOJTOXM-
TeJIbHOW U OTpUIIATeIbHOI TEMIIEPATyPhl, TOBBILLIEHHOM
BJIAXKHOCTH U TIEPEMEHHOM ITOJIOKUTEILHON TeMIlepa-
Typbl. Hacrosiimue wucciieqoBaHusl TTOCBSIIEHBI yCTa-
HOBJICHUIO CTOMKOCTH pacCMaTpUBaeMbIX OCTOHOB IIpU
JNEeNCTBUM IMKIWYEeCKUX Harpy3ok. HeobGxommmocTb
U3Y4YEeHUST TUKINYECKON MPOYHOCTH MaTepuaioB 00y-
CJIOBJIEHAa TPAKTUKOW WX IKCIUTyaTallud B YCIOBUSIX
BUOpaLIMOHHBIX Harpy3ok. Crieuuduka ycrajioctu Oe-
TOHOB CBSI3aHa C IIPOSIBICHUEM peJlaKCcallid, B3aUMO-
nerctBusg Mukpoaectpykuuit [18]. Pa3Butue ykaszaH-
HBIX IIPOIIECCOB OMPEAEISIETCS COCTOSIHUEM CTPYKTYPhI
KOMIIO3UTa W BIUSHUEM MHOTUX CTPYKTypooOpasyo-
KX (baKTOPOB Ha YIIPYTOIPOYHOCTHBIE U IPYTHUE CBOM-
CTBa KOMITIO3UTOB.

B kauyecTBe OOBEKTOB MCCJIENOBaHUI paccMaTprBa-
JINCh LIEMEHTHBIE KOMIIO3UTHI COCTaBa: MecYaHbIii 0ETOH
HOBOTO TTOKoJIeHU ¢ Tunepruiactudukaropom (I'TT) 6e3
MukpokpemHueseMa (MK) (Ne 4); TOT ke 6ETOH C MaJIbIM
pacxonoM 1ieMeHTa (Ne 4.1); mecuaHbiii 6ETOH HOBOTO
rokosiernst c MK u I'TI Melflux (Ne 5); mecuaHbIii 6eToH
nepexonHoro nokojieHus ¢ I'TT Melflux (Ne 6); mecua-
HBII O0eTOoH TepexomHoro mokoyieHus ¢ I'TT Melflux
(Ne 7); mrecyaHBIii GETOH MEPEXOIHOIO ITOKOJEHUS C
I'TI Xuneran (Ne 8). MccnemyeMbie coCTaBbl MPUBEIECHBI
B Taob. 1.

dyHpaMeHTanbHbBIE pabOTHI IO UCCIIEI0OBAHUIO HH-
3WYECKMUX OCHOB BBIHOCJIWBOCTU O€TOHA OBLIM BBHITION-
Hennl O.4. beprom. B ero pa6orax [19, 20] noka3aHo,

YTO paspylleHue OeToOHAa HayuMHaeTcs ¢ oOpa30BaHUS
TpeIINH, HAMpPaBJICeHHBIX BOOJb AeHCcTBUSA ycwmius. [1o
Mepe MOBBIIIEHMSI YPOBHS HallpsKeHUI B O€TOHE pa3-
BUBAIOTCS MUKPOpPa3PYLICHUS, KOTOPBIC C YBEIUUCHU-
€M Harpysku TMnepepacTaloT B MaKpopa3pylleHMUs.
0O.4. bepr B cBOMX OIBITaX YCTAaHOBUJ, YTO C POCTOM
YHCia IWKJIOB HArpyKeHWsI OETOHHBIX 00pa3IoB MpH
Pa3BUBAIOLLUXCA B HUX HAIPSDKEHUAX Op,.> R, Koad-
(UIIMEHT MTOIEPEYHOTO PACIIMPEHUS V YBEIMINBACTCS.
Pazpabortannas O.f. Beprom Teopust 0OBICHSIET CHU-
JKEHME TPOYHOCTU O€TOHA MUKPOTPEIIMHAMU, BOSHUK-
HOBEHME KOTOPBIX CO3HaeT B MoJic¢ OETOHA YJYaCTKH
KOHIIEHTpallMM HampsokeHui. [1pu Bo3aeiicTBUM MHO-
TOKPaTHO MPUJIOXKEHHBIX HArPy30K IPOMCXOIUT o0Opa-
30BaHME HOBBIX 1 Pa3BUTHE CTaphIX TPEIIUH. B pe3ynb-
TaTe 3TOro 3HAYMTEeJbHAs YaCTh O€TOHA MO HAarpy3Koi
BBIKJTIOYACTCS M3 PabOTHI M pa3pylIeHUE ITPOUCXOIUT
MpU PaBEHCTBE CTATUYECKOU MPOYHOCTU U BEIUYMHBI
LAKJINYECKON HAarpy3Ku Ha COXpaHUBIIEHCS 4acCTU Ce-
yeHus. [1pu meitcTBuM Ha 6€TOH MHOTOKPATHO TTPUJIO-
KEHHOM Harpy3kM IIPOUCXOIUT WMHTEHCU(DUKAIIUSI
CBOIMCTB OUarpaMM ITOJI3Y4ECTH, TOJIYYMBIICH Ha3Ba-
HUE BUOPOIIOJI3yUYECTHU.

M3yyeHnI0 MHOTOIIMKIIOBOM YCTAJIOCTH IEMEHTHBIX
OCTOHOB ITOCBSIIIEHO JOCTATOYHO OOJIBIIIOE KOJTMIESCTBO
Hay4dHBIX padot. B pabote FO.M. baxenosa [21] npuBe-
JIeHBI 0000IIAOIINEe Pe3yIbTaThl MCCIeAOBAHNI MHOTO-
LIMKJIOBOI ycTajocTu. JlenaeTcss BBIBOA, 4YTO TPM Oeki-
CTBMM MHOT'OKPATHO IIPMJIOKEHHBIX HArpy3oK OeTOH
paspylaeTcs Mpu HampsDKeHUsIX, MEHBIINX €To mpeaesa
IMPOYHOCTH.

Yro KacaeTcs UCCIeTOBaHWI MAIOLIMKIIOBOM yCTaIIO-
CTU LIEMEHTHBIX OETOHOB, TO OHU IPAKTUYECKU OTCYT-
CTBYIOT, TIO3TOMY IIEJIBIO TaHHO# paOOTHI ABJISIETCS BOC-
MOJIHEHKE 3TOro nmpobea.

HcnbiTaHusl KpaTKOBPEMEHHON HArpy3Koil BEIUChb
Ha CIeMaJbHO M3TOTOBJICHHOM YCTaHOBKE, OCHAIICH-
HOI1 3axBaTaMM 1151 00pa3LoB (puc. 1) [22, 23].

HcrpITaHnsT Ha MAJIOIIUKITOBYIO YCTAJIOCTh BEJIMCH Ha
CeuMaJbHOM CTEHJE MAaJOLMKJIOBOIO HArpyXeHus B
BUJIC KAYaIOUIENCsa MAaCChl EMKOCTHU C BOJIOM, YTSIKEIEH-
HOW JOIMOJHUTEIbHBIMU 2JIEMEHTAMU C O0IIEi Maccoi
25 xr. IlpousBomunock 10 Harpy:keHWil B MUHYTY,

Ta6nuua 1
Table 1
CocTaBbl LLeMEHTHbIX KOMMO3UTOB
Compositions of cement composites
CopnepxaHue MacCoBbIX YacTell B COCTaBax
KOMMOHEHTbI
4 4.1 5 6 7 8
LlemeHT ynbaHosckuia ML, 500 40 1 1 1 1 1
Mecok MONOTHI (MMKPOKBApL) 11 0,825 0,75 - - 0,825
MwuKpokpemHe3eM - - 0,1 - - -
Mecok ¢p. 0-0,63 mm 2,753 2,065 1,775 2,065 2,51 2,065
Mecok ¢p 0,63-2,5 mm 2,347 1,76 1,975 1,76 2,14 1,76
M Melflux 0,009 0,009 0,009 0,009 0,009 -
M Xvpetan - - - - - 0,012
Bona 0,6 0,56 0,475 0,525 0,56 0,56
f‘ THOLTE S r0]2  HayuHO-mexHuYecKuil u NPOU3B0O0CMBEHHDLI JHCYPHAN
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Puc. 1. O6wwmii BUA yCTaHOBKM 1S UCMbITaHWI HA BLIHOC/IMBOCTb
Fig. 1. Type of endurance test rig

500 HarpyxXeHUi1 B yac, 4 ThIC. HArpy>XXEHUI1 B CYTKU.
CpenctBo 060paboTku uHGOPMAUU: TMOPTATUBHBIN
komnbloTep (HOyTOYK). Ilepes HayajlioM UCHBITAaHUI
Kaxablii obpasell hororpacdupoBajcs B Ha4aJbHOM CO-

1,8
1,6

14

12

0,8 -
0,6
0,4
02

0 4 . . . . .
7 6 8 4 4,1 5

Coctas

Paspywatowias Harpyska KHM

Puc. 2. PeaynbTaTbl UCMbITAHWIA HA NONepeyHbIi N3rmé o6pasuoB U3 nec-
yaHoro 6eToHa

Fig. 2. Sanding Concrete Cross-Bend Test Results

cTosTHUU (hOTOATITIAPATOM U LIM(DPOBBIM MUKPOCKOIIOM.
DuKCUpPOBAJIOCh HayajJbHOE COCTOsSIHME o0pasiia.
Harpyxenue npoBoauiaoch cepusimu 1o 100 mpuitoxke-
Huil Harpy3ku. Ilocie Kaxmaoi cepur TPOBOIWIOCH
dotorpacbupoBaHue WIS CPAaBHUTECIBHOIO aHaIM3a W3-
MEHEHU B 00pasliax.

MHOTOIIMKIIOBYIO YCTaJOCTh M3ydaJd Ha MCIIbITa-
teabHOI MammHe MIT 5113-100. Texunyeckue BO3MOXK-
HOCTHU TIO3BOJISTIOT MPOU3BOANTH MCITBITAHUS Ha BEIHOC-
JIMBOCTh 00pa3LOB-IIPU3M Ha IOIEPEYHbI M3rub ¢ 3a-
MepOM MPOTUOO0B MCCIIeAyeMOro 3jieMeHTa [22, 23].

HcnbiTanus o0pas3lioB IPOBOAWIMCH IIPU Pa3HBIX
YPOBHSIX HAarpy3KH, COCTABJISTIONIEH OMPEAeEHHYIO JOJTI0
OT pa3pylIaoleid, IpY ITOCTOSTHHOM JUTSI BCeil cepuu 00-
pa3uoB Ko3pGUIMEHTe acCUMMETpUM 11KJa. Bece oOpas-
1Bl JIOBOIMJIMCH IO Pa3pyllIeHus ¢ (PUKcalmeil Kommye-
CTBa IIMKJIOB IPWIOXKEHUST HATPY3KU. [1JIs1 yCTaHOBJICHUS

Ta6bnuua 2
Table 2
Pe3ynbTaTthl UCNbITaHWI 06Pa3LL0B HA MaNIOLMKIIOBYIO YCTaNoCTb
Low-cycle fatigue test results
Ry pui/ Ry I N, unknos Ry pui/ Ry I N, unknos Ry pui/ Ry I N, uuknos Ry pui/ Ry I N, uuknos
Cocrtas Ne 7
0,94 0,87 0,81 8,12 0,76 22,23, 24,30, 65
0,9 3 0,85 0,78 15,17,25 0,73 54,66, 112
CoctaB Ne 8
0,88 4,5 0,85 9 0,81 19, 20, 28 0,77 42,60, 121
0,86 6,7 0,83 13, 15 0,79 28, 33, 34 0,75 80, 111
Cocras Ne 4.1
0,92 2 0,87 9 0,83 21 0,78 62,112
0,88 5,6 0,85 11,15,16,17 0,81 24,30,33,38,47 0,75 88,115
Cocras Ne 4
0,92 3,4 0,87 17,19, 20 0,84 35 0,82 100
0,88 8,11,12 0,85 23, 26, 30, 32, 40 0,81 66, 73, 124 0,81 117
Cocras Ne 5
0,94 3 0,91 9,12,13,17,18 0,87 21, 26, 30, 32,43 0,87 73,123
0,92 4 0,9 22 0,88 35 0,85 99, 116
Mpumeyanue. N - KONMYECTBO LIMKNOB A0 Pa3pyLlenust; Ry pyi— Npeaen npoYHOCTW NpK NOBTOPHOM (MasIOLIMKIOBOM) HarpyxeHum; Ry — npeaen npo4HoCTy
LIeMeHTOBETOHA NpK CXaTu.
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1 r . . : Ta6nuua 3
= ‘ICOCTaB Ne7 @ CoctasNe8 O CoctasNe4.1 |l Coctascmecu Ne4 A Cocras cmecy Ne 5 Table 3
§ 09 & MporHo3upoBaHue npepenos
g T%S{:;,, " ManouuKI0BOI YCTaNoCTn
g o e o # é T Predicting low-cycle
208 e - A — : = fatigue limits
3 -~ —— — —
g N e e S P |
>Q - _______.____;—_—_ —
0,7 " - B E——— MocTosH-
0 20 40 60 N 80 100 120 140 Hble xapak- | Mpeaenbi ManouyKNoBO
ko8 Bug TepucTukM | yctanocti Ha 6ase uuknoB
Puc. 3. ManouyknoBas ycTanocTb necyaHbix 6€TOHOB
MmaTepuana | Marepuanos
Fig. 3. Low-cycle fatigue of sand concrete
, 2002 0 g | 100 | 500 | 1000 | 5000
= 19102
5 2
g 11 CoctaeNe7 | 0,37 | 0,33 0,71 | 0,68 | 0,67 | 0,66
% 1710 11 2
g 16-10-2 5 T
g 4 4 CoctaB Ne 8 0,32 0,33 ]0,750,72 | 0,71 | 0,69
8 15107 | J
2 1ai00 == 0
3 1210° 4
= CocrasNe4.1 10,29 10,330,771 0,75 | 0,73 | 0,72
g 13102
2 12102
8 CoctaeNe4 | 0,2410,33]0,81]0,79 0,78 | 0,77
® 11102
=0
10-102
0 1108 1-108 1,4:108 2108 2,4-106 3108 CocrasNe5 | 0,18 |1 0,33 | 0,86 | 0,84 | 0,84 | 0,83
Konnyectso N

Puc. 4. Kpuble BMOPOMNON3Yy4EeCTU 3NEMEHTOB N3 LEMEHTOGETOHOB MpU MomnepeyHom

narunée: 1 —0,7Rpu; 2 — 0,56 Rpu; 3 — 0,6 Rpu; 4 — 0,55Rpu; 5 — 0,5Rpu; 6 — 0,4 Rpu

Fig. 4. Vibro-creep curves of cement concrete elements with transverse bending:

1-0,7Rpu; 2 - 0,56 Rpu; 3 — 0,6 Rpu; 4 — 0,55 Rpu; 5 — 0,5Rpu; 6 — 0,4 Rpu

KOJIMYECTBEHHBIX CBA3€ MEXIY MPEAEIOM BBIHOCIUBO-
CTHU 1 JJoraprMOM YKCia IIUKJIA 10 Pa3pyLISHUS UCITOIb-
30Bajicsl MeTOH MPpSIMOJMHENHONW Koppenasuuu [21—23].

Pe3ynbTaThl HccieA0BAHUIT MAJIONUKIIOBOM
1 MHOTOLMKJIOBO# YCTAJIOCTH OE€TOHOB
IIpyu ucnbITaHUSIX Ha BO3IEUCTBUE KPAaTKOBPEMEH-
HOM Harpy3ku ObUIM TMOJyYeHbl 3HAUYEHUS pa3pyllaro-
1Iei HAIPy3KU, IIPEACTaBICHHBIC HA PUC. 2.
Pesynbrathl McnibITaHU OOpPa3lOB Ha MaJOLMKIIO-
BYIO YCTaJIOCTh MPUBEACHbI B TA0JI. 2.
M3 gaAHbIX puc. 2 1 Tabj. 2 CIeIyeT, YTO IMTOPOIITKOBO-
aKTUBUPOBAaHHbBIE OETOHBI UMEIOT 60JIee BHICOKHME TTOKa3a-
TEJIM CTAaTUYECKOM ITPOYHOCTU U MAJIOLIMKIIOBOM YCTAJIOCTH.

Ha puc. 3 npuBeneH rpaduk MCOBITAHKWS Ha TTOBTOP-
HO€ BO3JICCTBUE HAIPy30K.

ATIIPOKCUMAIINST KPUBBIX MAJIOIIMKIIOBOM YCTAJIOCTH
OETOHOB OCYIIIECTBIISLIACH C TIOMOIIBIO JPOOHO-CTETIEH-
HO¥# (DyHKIIMU BUAA:

Ry =1 —a(N° = 1)/N°, (1)
e oL 1 O — MOCTOSTHHBIE KO3(h(HULIMEHTHI MaTepHraia, Orpe-
JIeJICHHbIE M3 YCJIOBMSI MUHMMYyMa KBaapaTUIHBIX a0Co-
JIIOTHBIX OTKJIOHEHU U OTBITHBIX U TEOPETUYECKUX KPUBBIX.

MakcrManbHOe PacXOXIeHUE IKCTIEPUMEHTATBLHBIX
JIAHHBIX C BBIYMCICHHBIMU MO MPEIIOKEHHOU hopMmyie
cocrtabJisieT B cpeaHeM +10%.

Ta6nuua 4
Table 4
Pe3y.ﬂbTaTbl YCTaNnoCTHbIX UCnNbiTaHUN ueMeHToﬁeTOHHbIX 3JIeMEeHTOB
npu koadpPpuumeHte acummetpum uukna p=0,2 (coctas Ne 5)
The results of fatigue tests of cement concrete elements
with a cycle asymmetry coefficient p=0.2 (composition No. 5)
Ne PaspyLualoUJ,me OTKNOHEHME OT KBa,u,paTMque Yucno LIMKNOB A0 aN OTKnoHeHue oT KBa,D,paTVI‘-IHoe I'IpomaBe,u,eHme
- Harpyskm cpeaHero 3Ha4eHnsa OTKJIOHEHKE paspylieHna N 9 cpenHero 3Ha4yeHunsa OTK/IOHEHKNE OTKNOHEHNI
n-2 1,31(0,7) 0,249 0,062 130200 5,116 -0,525 0,2756 -0,137
n-3 1,22 (0,65) 0,159 0,0253 200200 5,301 -0,344 0,1183 -0,0547
n-1 1,12 (0,6) 0,059 0,0081 320100 5,505 -0,136 0,0185 -0,008024
n-4 1,03 (0,55) -0,031 0,00096 490800 5,691 0,05 0,0025 -0,00155
n-6 | 0,937(0,5) -0,124 0,0154 895100 5,951 0,31 0,0961 -0,03844
n-5( 0,749(0,4) -0,312 0,0973 1900500 6,279 0,6 0,36 -0,1872
Mm%, = 1,61 >=0,2058 Mg, = 5,641 2=0,871 2 =-0,4206
0,2058 _ .~ /08710 _ D ue _ . ,__ -0,4206
o,="\/ 5 -0.185; Oy= \l g -038% Y 3,78-0,485x; r= 6-0,185.0,381 0,992.
(&3 THOMTE 02 HayuHoO-mexHuvecKuil u NpoU3800CMBEHHbLI JHCYPHAN
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WUcnonbs3ys popmyiy (1) ¢ yueToM MpoBeAEHHBIX UC-
MMBITAHUI OETOHOB, MOXKHO OCYIIECTBJISAThH IIPOrHO3UPO-
BaHUE TIPENEIOB MAJOLMKIOBON YCTAJIOCTH Ha 000
¢daze nukioB (Tadi. 3).

IMo monyuenHo#t 3aBucumMocTu (1) ocymecTBisieTcst
MPOEKTUPOBaHKE 00Jiee SKOHOMUYHBIX M JOJTOBEUYHBIX
OCTOHOB.

WM3yyeHre MHOTOLMKIJIOBOM YCTaJOCTH BEJOCh sl
obpasuoB coctaBa Ne 5. IlpenBapuTebHBIM pacueToOM
OBLJIO YCTAHOBJIEHO MUHMMAJTbHOE KOJWYECTBO 00pa3-
0B (6 11IT.), HEOOXOAUMBIX JIsI [TOCTPOESHUST TUHUU BbI-
HOCJIMBOCTH 110 (popmyiie (2):

_ [ 7 2
N=kZ= 7 2
/ A

rae 27 — KBaHTWJIb HOPMUPOBAHHOTO HOPMAaJILHOIO
pacripeficieHuss; A — OTHOCHUTEJIbHAasg MaKCHUMaTbHasl
olMOKa B OIpedesieHMU Mpeneia BBIHOCIUMBOCTH;
Y — K03(pDULIMEHT Baprualuy IIpeaesia BBIHOCIUBOCTH;
k — xoa(ddumeHT, 3HaueHUE KOTOPOTO OMNpeAeasieTcs:
YUCJICHHBIM ITapaMeTPOM YPaBHEHMSI.

Kaxnprit o6pasenr u3 cocraBa JOBOIAWICS IO pa3py-
1IeHUs ¢ puKcalueil KoauuecTBa HUMKIoB. Hanbombiee
KOJIMYECTBO IMKJIOB JI0 pa3pylIeHus TpoIes obpaser]
I1-5 — 1,9-10° mpu Harpyske 0,4R,, nmu 17,05 MIla;
HauMeHbImee — oOpaser I1-2—13000 OuKI0B IIpU IO-
rpyxenuu 0,7R,,.

MeTonoM MPSIMOJIMHEMHOM KOPPENSUM OblIa Tpo-
u3BeAeHa 00paboTKa pe3yabTaTOB IKCIIEPUMEHTA, MPU-
BeIIEHHBIX B Ta01. 4.

Mpu N=2-10° uuknos oy=0,4R,,. B Tabn. 4 npuse-
JIEHBI Pe3YJIbTAaThl CTATUCTUYECKOI 00pabOTKM pe3yabTa-
TOB DKCIIEPUMEHTAIbHBIX JAHHBIX.

IMonyyeHHbt K03pduLMeHT Koppensuuu r=-0,992
CBUIETEJILCTBYET O HAIMYMU TECHOU JIMHEMHOM KOPpPEJIsI-
IIMOHHOM CBSI3W MEXKY TTPeIesIOM BEIHOCIIMBOCTH U JIOTa-
pudMOM Yucaa 10 pa3pylieHus. DTa CBsA3b BbIpaxkaeTcst
ypaBHEHUEM SMITMPUICCKOM JIMHUY BEIHOCIMBOCTH:
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HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

¥=3,79 —0,483LgN. 3)

B mporuiecce ucnbiTaHuii TPOU3BOAWIOCH U3MEPEHUE
nporuboB nocepeanHe odpasua. [lo pesynapratam 3Kc-
MepUMeHTa ObUIU TIOJyYEHBI KPUBbIE BUOPOTION3YYeCTH
LIEMEHTOOETOHHBIX 3JIEMEHTOB NpU KO3GhGUIIMEHTE
acuMMeTpuu nukia p=0,2, mpruBeIeHHBIC Ha puC. 4.

W3 rpadukosB (puc. 4) caeayet, 4To MOPOLIKOBO-aK-
TUBUPOBAHHbIE OETOHBI MMEIOT BBICOKUE MOKAa3aTelun
CTOMKOCTHU K BO3IEUCTBUIO NUKJIMYECKUX HArpy30K.

BoiBoapI

1. ITpuBeneHbl cBeneHUsI O OETOHAX, PA3JIMYHBIX IO
CBOICTBAM U OTHOCSIIIIMXCS K MaTepraliaM IePeXOTHOTO
W HOBOTO ITOKOJeHMI. [TomydeHsl pe3yabTaThl KpaTKo-
BPEMEHHOI IPOYHOCTU LIEMEHTHO-IIECUaHbIX OETOHOB
HOBOTO U TIEPEXOIHOTO ITOKOJICHMIA.

2. OT™MeuYeHa NepCcrneKTUBHOCTb MPUMEHEHUS B CTPO-
WUTEJIbCTBE ITOPOIIKOBO-aKTUBUPOBAHHBIX OCTOHOB HO-
BOTO TTOKOJICHUS.

3. M3ydyeHa MaJlOLIMKJIOBasl YCTAJIOCTh BhIIIEYKAa3aH-
HBIX MAaTEPUAJIOB U YCTAHOBJICHO, YTO KPUTECPUEM MaJio-
LIMKJIOBOI YCTaJOCTH SIBsSIeTCS KO3(MGUIUEHT BBIHOC-
JuBOCTH: K, 1= Ry / Ry

4. Mcnonb3ysl BBILIENPUBEACHHYIO 3aBUCHUMOCTD C
Y4eTOM TIPOBEACHHBIX HCITBITAHWA OCTOHOB, MOXHO
OCYIIECTBASATh IPOTHO3UPOBAHME MAaJOLMKIOBOMI
YCTAJIOCTU Ha J1000M (ha3e KM3HEHHOIO ILUKIa 3Je-
MEHTOB.

5. ®usnyecknii CMbICT KO3(MOULIMEHTa BHIHOCIUBO-
CTH 3aKJIIOYAeTCS B TOM, YTO OH ITOKA3bIBACT JOJIO CO-
XpaHUBIIEWCS MMPOYHOCTY WM HECYLIWMI CIOCOOHOCTHU
ITOCJIe TTOBTOPHBIX M MHOTOKPATHO IPMMEHEHHBIX Ha-
TPY30K.

6. 11 coctaBa Ne 5 1oiydyeHBI 3HAYEHUST Majo-
IIUKJIOBOM M MHOTOLIMKIIOBOM YyCTaJOCTH: Ha 0ase
510° unknos K,,, = 0,83R,; Ha Gase 2-10° umkios
Ky pui = 0,4R,,
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KoMmno3uuuoHHble noapenbcoBble 0cHOBaHUSA. MaTtepuanbl

Mo 3kcnnyataLMoHHbIM CBOCTBAM, 3KOHOMUYHOCTY, PELUEHUI0 3KOMOrMYECKNX NPO6SIEM 1 YCTOMYMBOMY PasBUTUIO
)KeNe3HO40POXHOr0 TpaHCNopTa KOMMO3MLMOHHbIE MOAPENbCOBbIE OCHOBAHUSA ABNAIOTCA OTIMYHON ansTepHATUBON TPAAULIMOHHBIM
KOHCTPYKLMAM M3 [PEBECUHbI, CTaNU U XXene3o6eToHa. B 0630pe nokasaHo, YTO N0 OCHOBHbIM 3KCMNyaTaLMOHHbIM XapakTepucTuKam
KOMMO3MLMOHHbIE NMOJPesibCOBbIE OCHOBAHMS, 1 B YaCTHOCTM Hambosiee PacnpoCTPaHeHHbIA UX B — KOMMO3ULMOHHbIE LUNanbl,
MPeBOCXOAAT CBONCTBA TPAAULMOHHbIX KOHCTPYKUMIA. Ha ocHoBaHuUM 6onee 100 nuTepaTypHbIX UCTOYHUKOB CBEAEHMS O CBOCTBAX
NPUMEHAEMbIX MaTepuasioB U CPABHUTESIbHbIE XapaKTepUCTUKN MaTepuanos TPaLULMUOHHBIX 1 KOMMO3ULUUOHHBIX NMOAPENbCOBbIX
OCHOBaHMIn NpeAcTaBneHbl B Buae 14 tabnuy. 0606LLeHbl MCXOLHbIE MAaTEPUabl AN UX NONY4YEHUS, BbISIBNIEHbI CUCTEMHbIE TPEOOBAHMS
K Matepuany KOMMo3uLMOHHbIX NOAPENbCOBbIX OCHOBAHWIA, PACCMOTPEHbI NEPCMNEKTUBHbIE HAMPAB/IEHUA UX PA3BUTUA B OTHOLLEHUN
MCXOZHOTO0 CbIpbs, YTO ABMAETCA BAXKHOM MHAOPMATMBHON 6230/ N0 NOLOOPY Chipbs ANs pacLUUPeHNs NPON3BOACTBA
KOMMO3ULMOHHBIX KOHCTPYKUMIA ANS XKeNe3HOL0POXHOro TpaHcnopTa.

Knio4eBbIe CNOBa: KOMMO3WULMOHHbIE NOAPENbCOBbIE OCHOBAHMS, KOMMO3ULMOHHAs WNana, UCXOAHbIE MaTepuansl, [PeBecUHa, CTanb,
KeNe3066TOH, KOMMNO3UT, MaTpuLia, rGPa, HANONHMTENb, CBONCTBA MaTepuana.
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Composite Underrail Basements. Materials

Composite underrail basements are excellent alternatives compared with traditional structures made of wood, steel, or reinforced concrete in terms of operational properties, economic
performance, solving environmental problems and sustainable development of railway transport. Composite underrail basements, especially their most common form — composite
sleeper, surpass the properties of traditional structures according to the main operational properties. In this article, properties of the widely used materials are analyzed, material proper-
ties between traditional and composite sleepers are compared, the raw materials for their production are summarized, system requirements to the material of composite sleepers are
identified, and perspective directions for their development in relation to feedstock are proposed. Therefore, the article provides an important informative base for the selection of raw
materials, which helps expanding the production of composite structures in railway transport.

Keywords: composite underrail basements, composite sleepers, raw materials, wood, steel, reinforced concrete, composite, matrix, fiber, filler, material properties.
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1. Beenenne BBIACPXKHBAA IIPU 3TOM CHUJIOBLIC 1 KIIMMAaTUYCCKUE (I/IHO—

IMonpenbcoBble OCHOBaHMS, SIBISIICH OCHOBHBIM 3JI¢-
MEHTOM BEPXHETO CTPOCHMS KEJIC3HOMOPOKHOTO (K. II.)
ITyTH, BBITIOJTHSTIOT BaXKHbIE (PYHKIIVU: MIepenady U pacripe-
JIeJICHUE YCWIMIA OT IIOABMXKHOTO COCTaBa Oa/ulacTHOM
Mpu3Me, O0ecrieueHre IMapaMeTPOB KeJIE3HOIOPOXKHOM
KOJIe Y HEOOXOIMMOI'0 COMPOTUBJICHYS IIPOAOJIBHOMY U
IOIIEPEYHOMY CMEIIEHUIO PEIbCOLIIAIBHON PELIETKH,

Ia KCTpeMajbHble) IJIWTeIbHbIe Bo3aeicTBus [1, 2].
B mupe Ha 1,2 MJTH KM XK. 1. TIyTH YJ0XEHO OKOJIO 3 MIIpIT
INT. IIIaJ Pa3jiMYHOi KOHCTPYKLIMM, OCHOBHBIE THIIBI
KOTOPBIX T10 PsITy PETMOHOB MUpa IpUBEICHBI B Ta0m. 1.

[lo mpumeHsieMBbIM MaTepuaiaM KOHCTPYKIIMW TIOM-
PEJICOBBIX OCHOBaHMIA MOAPA3ACISIOTCS Ha TPAaAULIMOH-
Hble (JIepeBSIHHBIC, XeIe300eTOHHBIe, METALTUYECKIE —

Taomuua 1
Table 1
MpumMmeHeHne pa3nnyHbIX TUMNOB LWNan B psAae permoHos mupa [3—6]
Application status of different types of sleepers in several regions of the world [3—6]
PervioH Poccus EC KuTaii CLUA .
T (rnaeHbIN NyTb) (Ha 0BLWMX NyTsaX) (Ha oBLWMX NyTAX) (Ha nyTsix 1-7
Wbl Lnan kaTeropum)
JepeBsHHble 16,4 /37 / 2,5* 48,9 /163,6 / 11 3,6/11,7/0,8 94,1 /2149 /14,4

)Kene3o6eToHHble (X. 6.) 83,6/188,5/3,8

46,9 /156,9/ 3,1

82,1/265,5/5,3 -

CranbHble _

42/14/0,7 - _

Mpoune _

- 14,3/46,3/1,5 5,9/31,5/0,9

OObLee KomM4ecTBo 100/225,5/6,3

100/334,5/14,8

100/323,6/7,6 100 /246,4 /15,3

3aMeHsdaeMble B X. 4. NyTW wnasnbl, MJIH LWT.

* [laHHbIE NPUBEAEHDBI B CNenyloLWen NoCneaoBaTeNbHOCTU: YNOXEHHbIE B X. A. MyTb Wnanbl, % / TO Xe, MH WT. / TO Xe eXerogHo
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‘ Marepuaabl H TEXHOJIOTHH

CTaJIbHbIE) U KOMITO3ULIMOHHbIE (KOMITO3UTHbBIE, IJIaCTHU-
KOBBIC). B HacTosimiee BpeMsi HU OOVH U3 TPaIUIIMOHHO
MMPUMEHSIEMBIX MaTepUajIoB ISl TIOAPETBCOBEIX OCHOBA-
HUIA HE MOXET B ITOJIHOM Mepe YIOBJIETBOPUTh TPeOOBaHMSI
10 3KCIUTyaTallid K. A. Iyti. Hampumep, Xene300eToH
HMMeeT BbICOKYIO KeCTKOCTb, APEBECHA — MAIYIO Maccy 1
IMOHIDKEHHYIO 9KCIUTYyaTallMOHHYIO CTOMKOCTb, METALl —
BBICOKYIO CTOMMOCTh M HU3KHE 3JIEKTPOM3OIMPYIOIINE
CBOIiCTBAa. DTO CO3MAeT OIpeaesieHHbIe MPOOAeMbl ISt
YCTOMYMBOTO Pa3BUTHS XKeJIE3HOMOPOKHOM oTpaciu [7, §].

AnbTepHaTMBON TPaAULIMOHHBIM MaTepuajgaM IS
ITOIPEJIbCOBBIX OCHOBAHMI SIBJISIIOTCSI KOMITO3UIIMOHHBIC
TTOIPEJTbCOBBIE OCHOBAHMSI, B YACTHOCTHA KOMIIO3UITMOH-
HBIE IIIaJIbI, KOTOPbIe MMEIOT PsSI MPEUMYILECTB, CBSI-
3aHHBIX C BO3MOXHOCTBIO JOCTHUKEHMS KOMITPOMUCCHBIX
GU3MKO-MEXaHMYECKUX XapaKTEPUCTUK, SKOJIOTUYECKOMI
0€30IMacHOCTHIO, BEICOKOM TOJITOBEYHOCTRIO, BOBMOXKXHO-
CTBI0O MX TIepepabOTK M TIOBTOPHOTO WCITOTb30BaHUS
MMOJTYYEHHOTO IIPU 3TOM CHIPbS, YTUIU3ALMEH TPOMBIIII-
JICHHBIX OTXOJOB Ha WX M3TOTOBJICHUE U JP.

2. TpaguuuoHHbIE MATEPHAIBI

TpaaulMOHHBIMU MaTepUalaMiu X. 1. TIOAPETbCOBBIX
OCHOBAHUI SIBJISIIOTCS IPeBECUHA, KeJIe300€TOH U CTaJIb,
Cpellu KOTOPBIX JPEeBECHHA U KeJIe300eTOH HallUId Hau-
boJiee IMPOKOe TPUMEHEHUE Ha . II. TTYTSIX BCEro MUpa,
a cTajb OTPAaHWYEHHO TIPUMEHSIETCS Ha HeANeKTpudu-
LIMPOBAHHBIX yYaCTKAX U MO/ O0JIbIIINE HArPy3KU B YCJIO-
BUSIX B OCHOBHOM METAJUTyPIMUYECKUX MPEITTPUSTUI.

2.1. Jlpesecuna

B camMoMm Hauane Ha XeJIe3HBIX JOpOTax UCIOb30Ba-
JINCh NepeBsIHHBIE IIaabl. B HacTosiee BpeMs B MUpe
VIIOKEHO B IIyTh CBBIIIC 2,5 MJIPA INT. HePEBSIHHBIX
LIMaa, JUIMTeJbHBIA OMBIT SKCIUTyaTallMi KOTOPBIX MO-
Ka3ajJ MX OTHOCUTEJIBbHO BBICOKHE 3KCILTyaTallMOHHBIC
cBoiicTBa [9]. lepeBsSHHBIE IIMaibl U3rOTaBIMBAIOT U3
TBepabiX (OyK, 1y0 U TBepaask TpoluyeckKas IpeBEeCHHA)
uii MITKUX (cocHa) mopoxa apeBecuHbl. Lllmaner u3
TBEPION APEBECUHBI MPEBOCXOMAT IIMAJIBl U3 MSTKOMN
JIPEBECUHBI IO O0ECIICYCHHNIO CTAOMIBHOCTHU IIMPUHBI
KoJien, (PMKCAlIMU KOCTBIJIEH, TTOBBIIIIEHHON CTORKOCTH
K TPEIIMHOOOPa30BaHUIO U THUEHUIO, IIPEIOIIPeacIIsIo-
Mx 0oJiee UINTETbHBIE CPOKU X IKCILTyaTaluu.

K mpeumyliecTBaM AepeBSIHHBIX INIMaJT OTHOCSTCS:
a) MOHIKEHHAs XeCTKOCTh XK. 1. IIyTH; 0) IIPOCTOTa 00-
paboTKM IIITaj TIPY M3TOTOBJIEHWM; B) HU3KUE 3aTpaThl
Ha IMepeBO3KYy, OOYCJIOBJIEHHbIC X HU3KOI Maccoil, u
BO3MOXHOCTb €IMHUYHON 3aMEHBI IIMas B XK. 1. TyTH,
YTO COKpallaeT MpOoAOJIKUTEIbHOCTh TEXHOJOTMYECKUX
«OKOH»; T) BBICOKAasI B3JICKTPOU3OJISIIMOHHAS CITOCO0-
HOCTB; 1) BO3OOHOBJISIEMOCTb ChIPbeBOIi 0a3bl.

Henocratku nepeBsIHHBIX IITIAJ CBSI3aHBI C: ) KOPOT-
KUM (haKTUYECKUM CPOKOM UX CITYKOBI; O) UyBCTBUTEIIb-
HOCTBIO K OMO3p031U, BbI3bIBAEMOI IpubaMu U TEPMU-
TaM¥; B) TUIOXWM COTIPOTUBJICHUEM WMCTUPAHUIO U CMSI-
TUIO OT JEUCTBUSI BEPTUKAJIBbHON HArpy3kud B MecTax
MIPUKPEIJICHUST PEIHCOB K IIMane (0COOCHHO TS IITaj
W3 MSTKUX TIOPOJI IPEBECUHBI); T) TUIOXUM COTIPOTHUBJIE-

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

HUEM CABUTY U3-3a MPOIOJLHOTO PACIIOIOXEHMS BOJIO-
KOH U BBICOKOU YYBCTBUTEJIBHOCTHIO K PacTpeCKuBa-
HUIO; 1) MOTpebieHreM OOJIBIIOrO KOJUYECTBa BEICOKO-
KAUYeCTBEHHOM KPYITHOCTBOJIbHOM OPEBECUHBI, apeal
MPOU3paACTaHUS KOTOPOU ITOCTOSTHHO COKpalllaeTcs;
€) HM3KOM MaccCoH I1Iajl, He o0ecIieunBaloieit ynepKu-
BAIOIIYIO CIIOCOOHOCTB XK. JI. MYyTH OT €€ BBIOPOCOB BCIIEN-
CTBUE BO3JEWUCTBUS TeMIIEPaTYpPHbBIX HANIPSDKEHUM, BO3-
HUKAOIIUX B pelIbcax; 3X) HEOOXOMMMOCTBIO MCITOIb30-
BaHUS AaHTUCENTUKOB TNPU U3TOTOBJIEHUM IIIIal,
OTPHULIATEJIbHO BIUSIONINX HA IIPUPOIY U 3I0POBbE YeJI0-
BeKa KaK Ha MPOU3BOJCTBE, TaK U MPU IKCIUTyaTallUU;
3) HA3KOU OTHECTOMKOCTBIO; K) TPYAHOCTBIO U BBICOKOM
3aTPATHOCTHIO UX YTYIIN3AIINMN.

IToBbllIeHNE KOHKYPEHTOCHOCOOHOCTH EPEBIHHBIX
ILIIaJ CBSI3aHO C pa3pabOTKOM M IMPUMEHEHUEM 3KOJIO-
TU4YeCcKr 6€30IMacCHbIX KOHCEPBAHTOB IS 3aLUTHI IPEBE-
CUHBI OT THUEHUS U BO3ACHCTBUS TEPMUTOB, a TaKXe
MoauduKkaimeir cBoUcTB apeBecunsl [10, 11].

2.2. Cmaav

Hcnonb3oBaHue CTaIbHBIX IHIAJ OrPaHUYEHO B OC-
HOBHOM TipuMeHeHueM B Uumuu, Aurimvu, ['epmanuu u
Asctpasuu. Ux npumeHeHue B Hnuu u ABcTpaninu o0y-
CJIOBJIEHO TeM, UTO, C OTHOM CTOPOHBI, B XKapKOil Tponuye-
CKOM Cpelie U IPU BBICOKOM BJIAXKHOCTU YCKOPSIOTCS TIPO-
1I€CCHI THUEHMSI IEPEBSTHHBIX 1IN, U, C APYTOi CTOPOHBI,
TePMUTHI, IIMPOKO PaCIPOCTpPaHEHHbIE B TPOMHUKaX U
CyOTpOIUKaXx, SIBJISIOTCS CEPbe3HOM YTPO30ii 1EPEBIHHBIM
mmanam. B 'epmaHuy u AHTTIMM HapsIoy ¢ TpAgULIMSIMU X
MMPUMEHEHNSI Ha HAaYaJIbHBIX BTallaX CTPOUTEIBCTBA Ke-
JIE3HBIX JIOPOT 3TO OOBSICHSIETCS TaK XK€ BBICOKUM YPOBHEM
Pa3BUTHS CTAICIIUTEHHOMN IIPOMBILIUIEHHOCTH.

ITpeumyiiiecTBa CTadbHBIX IIMAT: a) O6oJee MPOIOI-
KUTEJIbHBIA CPOK CIIy>KOBI TI0 CPABHEHUIO C I€PEBSIHHBI-
MM HITajamMu; 0) MeHbIIIast Macca 1o CPaBHEHUIO C XeJie-
300€TOHHBIMU U ACPEBSIHHBIMMU IIMAJIaMU, O0JIeryaronast
YCTaHOBKY M 3aMEHY €IMHMYHBIX KOHCTPYKLMI B XK. II.
IyTH; B) BBICOKOE COIMPOTUBJIEHUE OMO3PO3UH; T) BBICO-
Kas TOYHOCTb M3ICIMIA; ) BO3MOXHOCTb YTUJIM3ALIMU.

Hemocratku cTambHBIX MITIAT: a) BBICOKAS JIEKTPOIIPO-
BOIHOCTb; 0) MOBBIILIEHHAS] IIIyMHOCTb MPU ABUXKEHUU IO~
€3]I0B; B) BBICOKAsI KECTKOCTb; T') YyBCTBUTEIILHOCTD K KOP-
po3uu, 0COOEHHO MPU BO3ACUCTBUU OJTY>KIAIOIIUX TOKOB.

IMomMumo yiydilieHUsT HEMOCPEICTBEHHO CBOMCTB Me-
TaJl1a 1S Co30aHus1 60iee KaYeCTBEHHBIX CTATbHBIX LA,
MEePCIEKTUBbI PACIIMPEHUST IPUMEHEHMS CTAIM IPU U3T0-
TOBJICHM TIONPEIhCOBBIX OCHOBAaHMI TaKKe CBSI3AHBI C
TIPUMEHEHNEM METaJTMUeCKOM (prOPBI M BBICOKOTIPOYHOM
apMaryphl Ui apMAPOBAHUSI, B YaCTHOCTH, 3KeJIe300eTOH-
HBIX IITIaJT, @ TAKKE B BUIIE METALTMUECKIX 2JIEMEHTOB TSI
CAEePXXMBAHUSI Pa3BUTUSL B IEPEBIHHBIX IIMajaX TPEIIWH.

2.3. Keaezobemon

Kene3o0eToHHbBIE TOAPEILCOBBIE OCHOBAHUSI, U B
MEepBYI0 OYepedb KeJIe300€TOHHBIE IIIAJIbI, MOJTYYWIN
ObICTpOE pa3BUTHE U IIMPOKOE MPUMEHEHUE MOCIe
Bropoii MUpOBOI1 BOMHBI, YeMY CITOCOOCTBOBAIM TaKUE
(hakTOpBI, KaK HEXBAaTKa KPYITHOPA3MEPHOU IPEBECUHBI,

(NPONIENBHBIE
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COBEPIIICHCTBOBAHUE TEXHOJIOTUI MPOU3BOJCTBA XeJje-
300€TOHA U MIPEABAPUTEIPHOTO HATSKEHUS apMaTyphI U,
KaK CIIECTBUE, Pa3BUTHE TEXHOJOTUU OECCTBIKOBOTO
nytu. B HacToslee Bpems Xkeae300e TOHHbIE TOAPEIbCO-
BBIC OCHOBAaHUSI Pa3IMYHBIX KOHCTPYKLIMIA HAXOMST IITH-
poOKoe MpUMeHEHUE BO BCeM MUPE U 0COOEHHO 3(PpdeK-
TUBHBI IS TSDKEJIO Harpy>KeHHBIX U BBICOKOCKOPOCTHBIX
KeJIe3HONOPOKHBIX JIMHUI. B TO XXe BpeMs 13-3a BHICO-
KO )X€CTKOCTHU 1 OOJIBIIION MacChl X UCIIOJIb30BaHUE Ha
CTaJIbHBIX XeJIE3HOTOPOKHBIX MOCTaX OTPAaHMYCHO, a MX
MPUMEHEHUE COIMPOBOXKAACTCS MOBBIIEHHBIM M3HOCOM
5JIEMEHTOB XK. 1. ITyTHU U IIOABMKHOI'O COCTaBa.
ITpeumyniecTBa Xene3006 TOHHBIX IIIMaI: a) OOJIbIIAs
Macca (cBoimie 230 Kr), obOecIieuMBalollas XOPOIIYIO
YCTOMUYMBOCTb XK. [I. yTU; 6) CONPOTUBIEHUE OMO3PO3UU
U XMUMUYECKON KOppO3UM, Mpeaomnpenesioniee -
TEJIbHBII CPOK MX CIYXKOBI; B) CIIOCOOHOCTh BBIICPIKIM-
BaTh OOJBIINME HATPY3KM OT MOABWKHOTO COCTaBa, 4eM
IyTh Ha JOEPEBSIHHBIX IIMajax; I') BBICOKAs TOYHOCTHb
KOHCTPYKIIUM, OOCCIIeUnBaoIias CTaOMILHOCTh XK. .
MyTH; 1) JIETKOCTb M3TOTOBJICHUS M CO3MaHUE palllo-
HaJIbHOU (DOPMBI, MAKCMAJTEHO COOTBETCTBYIOIICH Meii-
CTBYIOLLIMM ITO IJIMHE 1Akl U3rMOa0IIMM MOMEHTAM.
HenocraTtku xe1e300€TOHHBIX IITIA: a) OOJIbIIAsT KeCT-
KOCTh, KOTOpasi TIPUBOIUT K BBICOKMM HAIIPSCKEHUSIM B
0aJU1aCTHOI MPU3ME ¥ 3eMJISTHOM IT0JIOTHE (Bbillie Ha 25%,
YeM Y JIPEBSHHBIX IITIAJT), CIIOCOOCTBYIOIINM YCKOPEHHO-
MY YXYILIEHUIO COCTOSIHUS OaJIIaCTHOM TTPU3MBI; 0) 00JTb-
ast 3KECTKOCTb IIPUBOOUT TAaKXKe K IIPEKICBPEMEHHOMY
M3HOCY PEJIbCOB, KOJIEC Y JIEMEHTOB TOIBIKHOTO COCTABA,
YCII0XKHEHUIO KOHCTPYKIIMY CKPEIICHUH 1, KaK CJIeACTBUE,
K COKPAIIICHUIO CPOKa UX CIIYyKOBI B 3—4 pa3a B CpaBHEHUU
C PacyYeTHBIMU TTOKA3aTeJIIMU; B) BOBMOXHOE MX pa3pylie-
HMeE TIPY COYETAaHUM BBICOKHX TMHAMUYECKMX HATPy30K U
XVMMUYECKOM KOPpO3UM OETOHA, BHI3BAHHOW IMpEeHMYIIe-
CTBEHHO 00pa30BaHMEM B HEM STTPMHIUTA WIA IPUMEHE-
HMEM KPYITHOTO 3aIlOJTHUTENISI, COACPXKAIETO aKTUBHEIN
KpeMHe3eM; I') BOSHUKHOBEHNE BOJTHUCTOTO MU3HOCA PEeilb-
COB BCJICICTBHEC YYBCTBUTCIIEHOCTH ITyTH K JIeeKTaM TIpu
CBapKe pesbCOB; 1) BHICOKAsI XPYMKOCTb U HU3KOE COIPO-
TUBJICHUE yIapy 0eToHa (TP CXOIe MOS3I0B, IIPH IIOTPY3Ke
7 pasrpy3Ke ITaJjl, IPH YITIOTHEHNY OAJITIaCTHOM TIPH3MEI);
€) TPYIOeMKOCTb YKJIaAKU U 3aMEHbI €TUHUYHBIX TTOBPEX-
JICHHBIX IITAT M3-3a WX OOJBIION MACCHI;, X) BBICOKHE 3a-
TpaThl NpU YTWIU3AIUK; 3) OoJiee BbICOKas CE0ECTOMMOCTD
10 CPAaBHEHUIO C ACPEBIHHBIMU IITTATAMM.
MHoOTro4MCIIeHHBIC MCCIICIOBAHMST HAIIPaBJICHBI Ha CO-
BEPLIEHCTBOBAHME KOHCTPYKLIMU M MaTepuaia xese3o0e-
TOHHBIX TTOIPETLCOBBIX OCHOBAHMIA, BKITIOUAsI MCITOJTE30Ba-
HME CTaJIbHbIX, 0a3aJIbTOBBIX, MOJUITPOIMJIECHOBBIX BOJIO-
KOH, IIPOMBIIUICHHBIX IIJIAKOB, PE3MHOBOI KPOIIKH,
TOHKOAVCIIEPCHOTO KBaplia U psiaa IPyruX MOTUPHUIIPYIO-
IIMX 100aBOK, MOBBIIIAIOIIMX SKCILTyaTallMOHHBIE CBOM-
cTBa OETOHA, a TAKXKE CITOCOOCTBYIOIIMX YTWJIM3ALMN pa3-
JIMYHBIX OTXOIOB M CHWXKAIOIIUX MX cebecTouMocTh [12].

2.4. Komnozum

JBIDKyIIIE# CUITON TTOSIBJICHIST KOMIIO3UIIMOHHBIX IIITIaJT
TOCJIY>KWJIO HECKOJIBKO MPUYMH, CBSI3aHHBIX C YMEHbIIIE-

HUEM IPUMEHEHUS JePEBSIHHBIX I1IIaJI BCISACTBUE PE3KOT0O
COKpAIIeHUS JIECHBIX PECYPCOB C IIPUTOIHOM TSI X U3T0-
TOBJIEHMS KPYITHOPa3MEPHOM IPeBECUHOM, BPEMTHOCTU BO3-
JIEHCTBUS TIPUMEHSIEMOTO aHTUCENTUKA Ha OKPYXKAIOIIYIO
Cpeny U XKMBOU MUP; HECOUETAEMOCTBIO IEPEBIHHBIX 1 JKe-
JIe300€TOHHBIX 1A B IMYyTU U3-3a CYILIECTBEHHOIO pa3/iu-
YU B X KECTKOCTU 1 HAJTMIMSI KOHCTPYKTUBHBIX OTJIMIMIA;
HEOOXOMMMOCTBIO TPUMEHEHMS Ha CTATbHBIX K. I. MOCTaxX
1ITIa1 ¢ 6ojiee BBICOKOM, YeM JpeBecrHa, YIIPYrOCThi0, HO
MEHBIIIEH MacCOM 1 KECTKOCTHIO, YeM TP UCIIONB30BaHIHT
2KeJ1e300€TOHHBIX WX CTAJIbHBIX 1A, CYIIECTBYIOIIMMU
MMpo0IeMaMA WCTIOJIb30BaHMS IIITA M3 TPaTUIIMOHHBIX
MaTepyajoB B KPUMBBIX MAJOro pamdyca W PsiioM JIPYrux
(akTOpOB, CBSI3aHHBIX B YACTHOCTH C PACIIMPEHUEM ChI-
PBEBOI 0a3bI IS TTOTYIEHIST KOMITO3UITMOHHBIX KOHCTPYK-
LA TIOAPEIbCOBBIX OCHOBAHMI C 1IEJIbIO YMEHBIIECHUS
9KOJIOTMYECKOI Harpy3Ky Ha OKPYKAIOIIylo CPeLy.

B ominume or mman M3 TpaaAULMOHHBIX MaTepua-
JIOB — IPEBECUHBI, 0ETOHA M CTAJIM IIIIAJIBI M3 KOMIIO3H-
LIMOHHBIX MaTePUAJIOB MMEIOT MOMHUMO KOHCTPYKTHB-
HBIX PsII MPEUMYIIECTB, K KOTOPBIM OTHOCSTCS BBICOKAsI
IMPOYHOCTB; OOJBINAS, YeM Y ACPEBIHHOIM, HO MEHBIIAsI
YyeM y KeJae300€TOHHOM IIIajibl, Macca; A0CTaToYHas
OTHECTOMKOCTB; BEICOKHE CTOMKOCTB K TPEIIMHOO0Pa30-
BaHMIO, B3JIEKTPOCONPOTUBICHUE U BUOPOU3OJISLIMOH-
HBbIE CBOMCTBA; XOpOIlIas CTOMKOCTb KO MHOTUM arpec-
CHBHBIM XMMHMYECKMM cpefaM; BO3MOXHOCTh Iepepa-
OOTKM M IIOBTOPHOIO HCHOJb30BAaHUS U PO APYTUX
npenMyinecTB. CpaBHEHHE CBOWCTB MaTepHaiOB pa3-
JIMYHBIX IIIaj] TPUBEIESHO B Ta0. 2.

CornacHO CTaTUCTUYECKUM JaHHBIM, ¢ 1950 r. 1o Ha-
CTOSIIIIETO BPEMEHU TOJIBKO 9% U3 BceX MPOM3BEACHHBIX
IUIACTUKOB OBLIO TlepepaboTaHO, HO OOJbIIAs YacTh U3
HUX ObUIa 3aXOpOHEHAa HAa MHOTOYMCJICHHBIX CBAJIKaX U
HaHecjla HemomnpaBuMblii Bpea mnpupoae [13]. Kpome
TOTO, OKOJIO 8 MJIH T IUIACTUKOBBIX OTXOIOB €XKETOTHO
noctynaet B okeaH [14]. B HacTosiee BpeMsi MUPOBOA
YPOBEHb MepepadbOTKU IIACTUKOBBIX OTXOIOB HE TOCTH-
racT M ogHOU mATOM yacTu: B 2014 T. caMbIii BBICOKMIA
YPOBEHb MepepaboTKu ruiacTuka otMevascs B EBpone u
pocturai 30%, B Kurae on cocraBun 25%, B CIIIA ¢
2012 r. mepepabaThIBaIOT TOJBKO 9% IIaCTUKOBOIO MY-
copa [13]. B Poccuu B Hacrosiiiee BpeMsl OEHCTBYET
okoio 500 mpemnmpuATHiI, Ha KOTOPBIX, IO Pa3HBIM
olieHKaM, nepepabartbiBaeTcs oT 350 mo 450 ThIC. T mia-
CTUKOBBIX OTXOJIOB B TOJI, YTO COCTaB/IsIeT auiib 7—12,5%
OT UX exXerogHoro Beixojaa [15]. B cBs13u ¢ aTum nepepa-
0OTKa TUIACTUKOBBIX OTXOIOB U PACIIMPEHHE BO3MOXK-
HOCTE#l X TTOBTOPHOTO MCIOJIH30BAHNUS MMEIOT BaXKHOE
3HAYEHUE KaK JUISl 3alllUThl OKpYKalollleil cpenbl, Tak 1
IIJIST TTIOMbeMa 3KOHOMUKHU. CHIphEeM TS TTOJTYICHUST KOM-
MO3UIMOHHBIX 1Al MOTYT CJIYXUTb pa3HOOOpa3HbIE
MaTepHaibl, B TOM YHCJIC KPYITHOTOHHAXXHBIC OTXOIBI 1
MMOOOYHBIE TTPOIYKTHI IIPOMBIIIUIEHHOCTH, BKITIOYAsT ObI-
TOBOM IUIACTUK, CTAPOTOAHbIE NEPEBSIHHBIC IITIAIbI U T.
II., YTUJTA3AIKs KOTOPHBIX ITOJIOXUTEIBHO BIIMSIET HA 9KO-
JIOTUIO OKpyxXarwlei cpenbl. CpaBHEHUE 3KOJIOrMYe-
CKOM Harpy3Ky pa3IMIHBIX MaTePHUAJIOB Il Ha OKpY-
XKaUIylo cpeay MpuBeneHo B TabJ. 3.
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Taomua 2
CpaBHeHue 3KcnJyaTalMOHHbIX CBOMCTB LUNan nu3 pas3nuyHbix matepuanos [16] Table 2
Comparison of performance of sleepers from various materials [16]
ApeBecuHa
CgolicTBa )KenezobeToH Cranb Komnoaut
TBEPAAs msrkas
MprmeHnmMocTb XOPOLLO naoxo naoxo naoxo XOpOoLUO
JocTynHoCTb Chipbs TPYZHO nerko nerko nerko nerko
MnoTHocTb mMaTepuana cpenHe cpegHe BbICOKO OY€Hb BbICOKO perynupyema
TpyaHoCTb 06paboTkK nerko Nerko TPYAHO cpepHe cpenHe
Macca wnansbl, kr 60-70 70-80 230-285 70-80 perynupyema
OneKkTponpoBOAHOCTb HU3KO HN3KO HN3KO OYeHb BbICOKO HU3KO
OrHecTomkocTb nnoxo naoxo XOpOLLO XOpOLLO perynupyema
MoHTax 1 3ameHa nerko nerko TPpyaHO TPYOHO nerko
®dukcaums KocTbinemn XOpOLUOo naoxo VHTErpMpoBaHa VHTErpMpoBaHa XOpOoLLOo
KoHTakT ¢ 6annactom 04€eHb XOPOLLIO XOpOLLO 0OY4€EHb XOPOLLO naoxo XOpOLLO
ATMOC(EPOCTONKOCTb cpenHe M0Xo XOPOLLIO cpepHe XOPOLLO
BubponzonsaumoHHble cBONCTBA XOpOoLUOo XOpOLLO naoxo naoxo XOpOLLO
HAdemnowupyowme cesoncTea O4YeHb XOpPOoLIO O4YeHb XOPOoLLO naoxo cpenHe O4YeHb XOPOLLO
PaboTta o6cnyxnBaHus cpegHe MHOro masno cpegHe masno
Cpok cnyx0bl, roabl 15-25 10-15 50-60* 20-30 30-60
3artpatbl XXM3HEHHOIO LMKna BbICOKO cpenHe cpenHe cpenHe HN3KO
* DakTUYEeCKNin CPokK CNy>XObl ene300eToHHbIX Wnan B 3—4 pasa HUXe yKa3aHHOro PacyeTHOro Cpoka no NpuymHe nx 3aMeHbl n3-3a
npexaeBpeMEHHOI0 N3HOCa PESIbCOB.

3. McxomHble MATEPHAIIBI JJIS CO3MAHUS

KOMIO3UIMOHHBIX [NAJ

Kommno3uuroHHas 1iraja COCTOUT U3 MOJUMEPHOM
MaTpUILbl U, KaK MPaBUIo, pa3MELLIEHHBIX B HEM apMUPY-
FOIIUX JIEMEHTOB, MMEIOIINX Pa3InIHyIo GopMy U pac-
roJiaraloluxcs BAOJb Lnajbl. B cBolo ouepenb MaTpulia
LLIMNaJbl IPEACTABISIET COO0K MHOTOKOMIIOHEHTHYIO CU-
CTeMY, COCTOSLYIO U3 MOJIMMEPA, SIBJISIIOLIETOCS HEMpe-
PBIBHOI (pa3oii KOMIIO3UTa, U PACIIOJOXKEHHBIX B HEMl
IHMCKPETHBIX 3JIEMEHTOB B BUIe (PUOPHI pa3TUnIHOM IIpH-
pOAbl, HAMOJHUTEIEH 1 MOAU(UKATOPOB.

bnarogaps nmposiBieHNIO0 cCMHEPreTHYecKoro agpdexra
B KOMITO3UTE MPY pallMOHAJIbHOM COYETAaHWW BUJIA U CO-
NIEP>XXaHUSI BXOISIIUX B HErO0 KOMIIOHEHTOB CBOWMCTBA
KOMITO3MIIMOHHOTO MaTepraia IIajl MOTYT U3MEHSThCS
B LLIUPOKOM JIMAIIa30HE, KOTOPbIE COOTBETCTBYIOT Ha3Ha-
YEHUIO M3/IEJIMSI, B TOM YUCJIE€ CO3JaHMI0 KOMIO3ULIMOH -
HBIX LIMaa ¢ TpeOyeMbIM KOMILJIEKCOM CBOWCTB, palyo-
HaJIbHBIM JUISI KX IPUMEHEHUS B XK. [I. TIyTHU.

3.1. Mampuua

Martepuan MaTpULBl TIpeAHAa3HAYCH I (QUKCALINU
apMUPYIOIINX 3JIEMEHTOB B U3IEIMU U O0ECIIEYSHUS MY
TpedbyeMoii ¢popMbl. BbIOOp MaTpUUHOTO TTOJIMMEpa KOM-
MO3UTa OTIPEAeNSIeTCs] ero (PU3NKOo-MeXaHUIEeCKUMU
CBOMCTBaMU, TEXHUYECKUMU TPEOOBAHUSIMM K UCXOIHO-
My IIPOAYKTY, 0OBEMOM CBIPbEBOI 0a3bl, CTOMMOCTEIO,
TEXHOJIOTUYHOCTBIO ITepepadbOTKM MoIMMepa U APYTUMM
mapameTpamMu. JIss IPOU3BOACTBA KOMITO3MLIMOHHBIX
MOAPETLCOBBIX OCHOBAHWM CaMbIMU BOCTPEOOBAHHBIMU
MOJIMMEpaMU SBJISIOTCS IUIACTUKY OOILEro Ha3HAYCHMS,
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KOTOpPbI€ HAXOAAT LIMPOKOE IIPAKTHUECKOE IPUMEHEHME
W VMMEIOT OOIIMPHYIO CBHIPbEBYIO 0a3y, HU3KYIO CTOM-
MOCTb, a TAaKXe 10 CBOUM (PM3UKO-TEXHUYSCKUM CBOI1-
CTBaM MPUEMJIEMBI IJIT SKCIUTyaTalluM B YCIOBUSX X. II.
TpaHcriopta. Ilpy NpPOM3BOACTBE KOMIIO3ULIMOHHBIX
MOJAPENbCOBBIX OCHOBAHUI MPUMEHSIOT MOJMATUICH
Boicokoro (ITBJ1) u Huskoro (ITH/) maBneHusi, moau-
nponuieH (I1I1), momusunmixnopun (I1BX), monucru-
pon (I1C), ABC-muractuk, nomdopmansaerun (I1D),
deno-dopmanbaernanyio cmony (PPC), moanyperan
W HEKOTOpBIC APYTHE ITOJIMMEpPHI, OCHOBHBIC CBOMCTBA
KOTOPBIX MPUBEACHbBI B Ta0JI. 4.

B kxauecTBe mojiiMepa MaTpUIbI IIPUMEHSIIOTCS Be-
IIIECTBA CAMOTO IIIMPOKOTO CIEKTPa, OTHOCSIIMXCS KaK K
KJIaCCy TePMOIUIACTUYHBIX (TEPMOILIACTHI), TAaK U TEPMO-
PEaKTUBHBIX (PEaKTOIIACTHI) ITOJTMMEPOB, Cpeld KOTO-
pPBIX TEPMOILIACTHI Hauboyiee IPEANIOUYTUTEIbHBI It
KeJIC3HOJOPOXKHOM MHAYCTpUHM OJ1arofapst ux 6oJiee 1u-
POKOMY pacIipoCTpaHEHUIO CPeay BTOPUYHBIX TIACTH-
KOB, OTHOCSIIIMXCSI K OBITOBBIM OTXOAaM, BO3MOXHOCTH
repepaboTKM M TTOBTOPHOTO MCITOJb30BaHUs. OmHAKO
UX IPUMEHEHUWE B CMECH Pa3HBIX MOJMMEPOB TaKXe
HMMeET XOPOLIre MEePCIEKTUBEI JUIS IIPOU3BOACTBA KOM-
MMO3UIIMOHHBIX TTOAPETHCOBBIX OCHOBAHMIA.

3.2. Apmupyrowue 31emenmot

ApMUpYIOLIKE 3JIEMEHTHI, pacIiojaralplnrecs Kak 1o
JUIMHE LIITAJIbl, TAK U JUCKPETHO B IOJUMEPHOI MaTpH-
11e, TIpeIHa3HaYeHBI 1T IIPUIAHUS U3IEINIO TPEOYeMBbIX
GU3NKO-MEXaHUIESCKUX CBONCTB. ApPMUPYIOIINE BJIe-
MEHTBI MOAPA3AEIISIIOTCS Ha ABE IPYIIIbl — XUMUYECKHE
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Materials and technologies

Taomuua 3
Table 3

CpaBHeHMe 3KOJIOrM4eCcKOo Harpy3ku pasinyHbiX MaTepuanos LWnasn Ha okpyxatowyyto cpepy [17, 18]
Comparison of environmental impact of various sleeper materials [17, 18]

OCHOBHbIE CBOWCTBA NOJIMMEPOB, NPUMEHAEMbIX A1 USTOTOBJIEHNS KOMMO3ULUOHHbIX wnan [19-23]

Bo3obHoBnsemocTb Bbibpoc OHepro- MN3Hoc Ytunnan-
Tun matepuana OKOSOrMYHOCTb
CbIpbs CO, E€MKOCTb obopynoBaHus pyemMocTb
TBEpOan nnoxo BbICOKO HWN3KO HN3KO TPYyOHO nioxo
OpesecuHa
msirkas XOpOLUO BbICOKO HW3KO HWN3KO TPYOHO nioxo
XenesobeToH cpenHe BbICOKO™ BbICOKO cpenHe cpenHe cpepHe
Cranb XOpOLUO cpenHe BbICOKO BbICOKO cpenHe cpenHe
Komnosut XOpOLUO HN3KO HN3KO cpenHe nerko XOPOLUO
* C y4eToM NpOn3BOACTBA LIEMEHTA.
Tab6auna 4
Table 4

Major properties of polymers used for manufacture of composite sleepers [19-23]

} Monumep nBL4 nHA nn nBx nc ABC- | g | Mommyperan |
CgovicTBa nnacTuk (>KecTknin)

MnoTHocTb, r/cm® 0,92 0,95 0,91 1,61 1,05 1,05 1,42 1,17 1,14
Mpo4HOCTL Npu pacTsixeHun, MIMa 7-16 18-32 26-41 14-52 30-60 35-50 70 50-60 10
gﬂa%ﬁi;beﬁ%?rgm npw 0,2 0,7 09-1,8 | 1,1-3,7 | 2,5-35| 1,7-29 | 26 1,2-1,3 2,5
KJITP* 108, °C™' 300 110-300 | 110-180 50-80 70 74 120 57 50
Temnepartypa nnaenexus, °C 112 135 170 212 240 170 175 - -
MpoyHocTb Npu n3rmbe, MMa 12-20 20-40 44 - 35 50-87 108 - 10
OTHOCUTENbHOE YANIMHEHVE, % 150-1000 | 300-800 | 200-700 40 30 3 15 600 2
YnapHas BA3KOCTb, KIx/M? - 2 6,5 30 6,5 12 8,5 - -
* KoadhdULMEHT NMHeHOro TemnepaTypHoOro pacLUMpeHns.

U HaTypajlbHble, KOTOpPbIE MOTYT WCIOJb30BAaThCS OT-
JIEJIbHO WIM B KOMOMHALWU APYT ¢ ApyroM. Beibop Tuma
apMUPYIOIINX 3JIEMEHTOB Y BUJIa MaTepraa, U3 KOTOpo-
rO OHU U3TOTOBJIEHBI, OTPELIISIeTCs B IIEPBYIO OUYEPEIb
BO3MOXHOCTBIO TOCTWXXKEHUSI HEOOXOIMMBIX TEXHUYE-
CKHUX TpeOOBaHUU, MPEAbSIBISIEMbIM K IITAaJIe TIPU 3KC-
TUTyaTalliy B X. [I. MyTU, HUTMYUEM JOCTATOYHON ChIpbE-
BOWi 0a3bl, a TAKXKEe 3KOHOMWYECKUMMU MOKa3aTeIsSIMU.

3.2. 1. Xumuueckue 6o10kHa

ITo npoucxoxxaeHNIO BOJIOKHOOOPA3YIOIIETO BellleCTBa
XMMWUYECKHE BOJIOKHA TTOAPA3ICIIAIOTCS Ha JBa MOIKIIAC-
ca — MCKYCCTBEHHBIC M CMHTETUUYECKUE, OTIMYUE MEXITY
KOTOPBIMM COCTOUT B TOM, YTO K MICKYCCTBEHHBIM ITPUHSITO
OTHOCHUTH BOJIOKHA, M3TOTABIMBacMEIe ITOCPEICTBOM He-
IIyOOKOI MepepabOTKU MPUPOTHOTO CHIPhSl — CIIOXKHBIX
COCMMHEHUN, KIACCUDUIIMPYEMBIX KaK BBICOKOMOJICKY-
JIIpHBIE, B TO BpeMsI KaK K CUHTCTUYECKUM IIPUHSITO OT-
HOCHTB BOJIOKHA, KOTOPBIC M3TOTABIIMBAIOTCSI TP UCIIOb-
30BaHUM HU3KOMOJIEKYJIIPHBIX BEILIECTB, YACTO HEOPTaHU-
YEeCKOIo IIPOMCXOXICHUSI, IIyTeM X ITOJMMEpPU3aliu,
TTOMKOHACHCAIINY VT BBICOKOTEMIIEPATYPHOU Tepepa-
o6otku. [Ipruem B poliecce rirydboKoii mepepaboTKU ChIpbst
drpMa-TIpON3BOANTEIh CUHTETHUCCKIX BOJIOKOH MOXET
PETyJIMpOBaTh MX XMMHUYECKMII COCTaB M yCTaHABIMBaTh
TaKMM 00pa30M XKeJlaTesIbHble MOTPEOUTEILCKIE CBOMCTBA
COOTBETCTBYIOLLIMX MaTepUaoB 1 UX CTPYKTypy. Hanbosee
TUITMYHBIE XMMUYECKHUE BOJIOKHA, TIEPCIIEKTUBHBIE ISl 13-

TOTOBJICHUSI KOMITO3UIIMOHBIX TTOIPETHCOBBIX OCHOBAHMIA,
U UX CBOMCTBA MPUBEACHBI B TA0JI. 5.

3.2.2. HamypaavHbie 6010KHA

HatypanbHbIe BOJJOKHA — 3TO BOJIOKHA, KOTOPBIE CY-
LLIECTBYIOT B IPUPOJie B TOTOBOM BUJIe U 0Opa3ytoTcs 6e3
HEIOCPEeACTBEHHOIO yyacTUsl yejioBeka. B a3ty rpymmy
BXOZST BOJIOKHA YXMBOTHOTO, MUHEPAJTBHOTO U PacTH-
TEJbHOTO IPOUCXOXKIACHUS.

HarypanpHbIe BOJIOKHA JKMBOTHOTO IIPOMCXOXICHNS, B
YaCTHOCTH IIEPCTh U IIEJK, COCTOAT U3 CUHTE3UPYEMBIX B
MPUPOJIE XKUBOTHBIX OEJIKOB — KepaThHa 1 (puOporHa, pas-
JIMYAIOIIIXCST MOJIEKYJISIPHOM CTPYKTYPOH, UTO OTIpENEsIsieT
pa3IMyus U B CBOMCTBAX BOJJOKOH. DTU BOJIOKHA B OCHOB-
HOM HCITOJIB3YIOTCSI B TEKCTMJIBHOM IIPOM3BOICTBE, HE3HA-
YUTEJIbHOE KOJIMYECTBO B CTPOUTEILCTBE, U OHU MajloIep-
CIIEKTUBHBI JJI1 U3TOTOBJICHUSI KOMIIO3UILIMOHHBIX IITIAJL.

HarypanbHble BOJIOKHa MUHEPATEHOTO TTPOUCXOXKIEHUS
00pa3yroTcs B X0O/I€ MPOTEKaHUS B 3eMHOIM KOPE TeoJIornye-
CKMX TIPOIIECCOB. DTH BOJIOKHA, B OCHOBHOM, acOecT, sSIBJISI-
JOTCS1 COOMPATETbHBIM Ha3BAaHUEM IPYIIITbl TOHKOBOJIOKHM-
CTBIX MHMHEpAJIOB M3 KJlacca CHIMKATOB. B mpupome 310
arperarsbl ¢ POCTPAHCTBEHHOM CTPYKTYPOW B BUIC TOHYAM-
IIMX TMOKMX BOJIOKOH. [lo xumumyeckoMy coctaBy acOecT
TIPEICTaBIIsIeT CO0OI BOMHBIE CUJIMKATHI MarHus, Kejesa,
KaJIbLIYS U 3aJIeTaeT B TOPHBIX IOPOAaxX B BUAE XKW U MPO-
xwok. M3-3a Toro, 4ro acbecToBbie BOJIOKHA IPYIIbl aM-
($1OOJIOB MOTYT CTAaTh MPUUMHON pa3IMYHBIX 3a00J1eBaHUIA
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OcHOBHble PU3NKO-MexaHN4Yeckue CBOMCTBA XMMUYECKNX BONNOKOH [24—-30]
Major physico-mechanical properties of chemical fibers [24—-30]

Taoauua 5
Table 5

MaTepuan BOSIOKOH 1 ero CBONCTBA nnOTZZ%Tb’ r/ ?/E_ﬁ;vgf;:’"&e I'Ipo'\l;ll-lllc;cm, ynp:/\cggzlﬂ,brl'la KNTP* 108, °C-!
Axpwvin 1,14-1,18 20-40 260-1000 17-20 130
Apamup, 1,38-1,45 2-12 2068-3102 60-119 -5,7
Basanbt 2,56-3,05 3,1-3,2 4100-4840 93,1-110 6,5
Bop 2,41-2,82 - 3600-4000 400 4,5
Buckosa 1,49 11,4 593 11 -
FnnHo3em 3,5-4,1 0,1 210-290 220-370 57
Kap6wua, kpeMHus 3,08 0,07 1960-4410 176-294 4.1
YrnepogHas HaHOTpyoOKka 8 16 11000-63000 270-950 12
Monwakpunonutpun (MAH) 1,18 12,7 490-660 8,2-10,6 60-70
MonnatuneH Bbicokoro aaesnenuvs (MNBA,) 0,92 25-50 75-117 5 100-200
MonnatuneH Hmnakoro pasnerHuns (MHAQ) 0,95 20-30 344-490 5 60-110
Monnacdup 1,38 8-30 275-1172 17,2 90-150
Monunponwunen (MNM) 0,91 10-20 448-689 3,4-5,2 150
Cranb 7,8 0,5-3,5 480-2620 210 11,1
Crekno 2,5 2-4 1516-4000 71-80 3,3
Yrnepop, 1,5-2 0,5-1,5 1500-5500 150-500 -0,1**

* KoapPULMEHT IMHENHOro TeMnepaTypHOro pacLUMpeHns.
** BoONb rNaBHOM OCU KPUCTANNIOB yrnepoaa (rpadura).

JIETKMX, B TOM YKCJI€ BbI3bIBAaTh paK, a Oe30IMacHbIi acbecT
TPYMIbl XpU30TWIA UMEET OrpaHUYEHHOE PacIpOCTpaHe-
HIeE, UCTIOJIb30BaHUE acOecTa MpU M3rOTOBJIEHUH KOMITO3M -
LIMOHHBIX MOJPETECOBbIX OCHOBAHUI HEMEPCIIEKTUBHO.

HarypanbHbie BojoOKHA pacTUTEILHOTO TTPOUCXOXKIE-
HUSI TTPEUMYILIECTBEHHO COCTOSIT U3 LEJTI003bI (94—96 %),
TMOMUMO KOTOPOU B HUX TAKXe COMEPKATCs TeMULIEILTIO-
JI03a, JIMTHWUH, BOCK, XWp, OCJIKOBBIE BEIIECTBA W Jp.
PactutenbHble BOJIOKHA OTJIMYAET IIAPOKAsl ChIphEeBast
0aza, TOCTyIHAas 1IeHa, BO3MOXHOCTb IIOBTOPHOM Tepepa-
60TKU 1 MOIU(UKAIIMN, OHU UMEIOT ECTECTBEHHYIO pere-
Hepaluio 1 OuopasnaraeMbl, 00J1a1al0T BEICOKOI MPOYHO-
CTBIO Ha eAMHUILY TIOTHOCTH. Kpome Toro, o6anast Bbl-
COKO¥ IIPOYHOCTHIO ITPU PACTSKEHUU,, 00IbIION OTKPHITOMN
TTOBEPXHOCTHIO, HU3KOU TBEPAOCTHIO, UCKITIOYAIOIIEH UH-
TEHCUBHBII U3HOC TEXHOJIOTMYECKOTO OOOpYNOBaHUS, U
JIPYTUMU TIOJIOXUTEIbHBIMUA Ka4eCTBAMU, PACTUTEIbHbBIE
BOJIOKHA HAXOJSIT IIMPOKOE IIPUMEHEHUE B BUIEC apMUPY-
JOIIETO MaTepurasa B TepMoruiactax [31].

3HavueHusT (HU3MKO-MEXaHMYECKUX CBOWCTB Hamboee
MEPCMEKTUBHBIX IS U3TOTOBJIEHUSI KOMMO3UIIMOHHBIX
IITIJT HATYPAIbHBIX BOJIOKOH PACTUTEIHLHOTO TIPOMCXOXK-
JICHUSI, KaK 3TO ClIeAyeT U3 TabJ1. 6, BAPUPYIOTCS B IIIMPO-
KUX TIpeJesiaXx B 3aBUCUMOCTH OT XUMUYECKOTO COCTaBa U
CTPYKTYPHI, TUTIA BOJIOKHA U YCJIOBUI MX TTPOU3PACTAHUSI.

3.2.3. llpyeue snemenmoi

IToMuMO BOJIOKOH [UTSI YCHIIEHUST KOMITO3UILIMOHHBIX
MOAPEIbCOBAX OCHOBAHUI MOIYT HMPUMEHSTBLCS IPYIrHe
BUIBI aPMUPYIONINX 3JIECMEHTOB B BUE IIEIThI, JaMUHA-
Ta, TKAHW, POBHMIIbI, CETKHU, BSI3aHbIX U3CIUIA U T. 1.

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

3.3. Hanoanumeau

IToMyMO TOIMMEPHOM MaTPULIBI M apMUPYIOIIUX 3J1e-
MEHTOB, Ba&XHbIM KOMIIOHEHTOM Marepuaja KOMITO3ULIM-
OHHBIX IITIAJI SIBJISIETCST HATTOJTHUTEITh. OH UCIIOIB3YeTCS ISt
VAYYILIEHUST CBOMCTB M CHIKEHUST Ce€0ECTOMMOCTH KOMITO-
3ULIMOHHBIX MaTepyajioB. B ominune oT apMUPYIOLIMX BbI-
TSIHYTBIX JIEMEHTOB HAMOJHUTEIN UMEIOT 3€PHUCTYIO (hop-
My. B IIpucyTcTBMM HaImoJHMTENEil MOJEKYJIsIpHas Lelb
TMOJIMMEPHOM MAaTPUILIbI HE MOXKET 3aHMMATh BCE MIPOCTPaH-
CTBO, CJIEIOBATEJIBHO, CBSI3AHHBIE CETMEHTBI MOJIMMEPOB B
HEKOTOPOi1 CTENEHU MMMOOWIM30BaHbl, BbI3bIBAIOT OPUEH-
TalMI0 MaTPUYHOIO MOJMMEPA U OTPAHUYECHHOCTh JABUXKE-
HMSI €70 MOJICKYJISIPHOM LIeTTH. DTO MPUBOIUT K IOBBIIIIE-
HUIO TeMIlepaTypbl TEIJIOBOM AedopMaliuu, MOIYJS YIpy-
TOCTH, TBEPAOCTH, XECTKOCTU U YAAPHOM BI3KOCTU MOJIM-
Mepa, a Takxke K ero (popmoycroitunBoct. Kpome Toro, Ha-
TMOJIHUTEJIM MMEIOT BBICOKYIO TBEPIOCTb, XMMMYECKYIO
CTOMKOCTB 1 IIPH HU3KOM 1IEHE CITOCOOCTBYIOT IOBBIIIICHIIO
M3HOCO-, MOPO30-, BOIO- Y XUMUYECKOM CTOMKOCTH, a TaK-
Ke 00eCeyrBaloOT MOJIydeHUE TOJMMEPHBIX KOMITO3UTOB
TOHWXKEHHOU ctouMocTh. Hanborsee pacrpocTpaHEHHBIMU
HAaIOJHUTEISIMU SIBJISIIOTCS] KapOOHAT KaTbLvsl, TUIPOKCH
ATIOMIHUS, KAOJIMH, CYJIbMAT KaJIbIIUS 1 TIP.

3.4. Xumuueckue dobasxu

HecMmoTpst Ha TO YTO XMMHWYECKHE TOOABKM OOBITHO
HCIIONB3YIOTCS B OTHOCUTEJILHO HEOOJIBIIOM KOJIMYECTBE
110 CPaBHEHMIO C MOJIMMEpPaMU, apMUPYIOIIUMU JIEMEH-
TaMU ¥ HATIOJTHUTEJISIMU, OHU BBITIOJTHSIIOT BasKHBIE (DYHK-
LMK TIpU MOIU(UKALIMK TTOJIMMEPOB, O0ECIICUEHUN CO-
BMECTHMOCTHA apMHPYIOIINX 3JEMEHTOB M ITOJIMMEPHOM

CIPOMIENBBIE
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Tabmna 6
Table 6

OcHOBHble HPU3NKO-MEeXaHUYeckne CBOMCTBA HaTypasibHbIX BOJIOKOH PacTUTENIbHOro npoucxoxaeHus [31-41]
Major physico-mechanical properties of natural fibers of plant origin [31-41]

Bug, BonOKHA MAoTHOCTb, r/cm® ?/L;?/lCvaf;:,H‘;)e I'Ipeﬂ,en'\;lllp_)lquOCTM, Moﬂynbl}ll_ll-lgyrocm’ KJTP* 108, oC!
AHaHac 0,8-1,6 3 170 29,8
Baracca 1,3 3-7 184-290 15-19
Bambyk 0,6-0,8 1,3 140-800 11-30
BaHaH 1,34 4,2 458 17
Ixyt 1,4-15 1,1-2,5 393-1000 13-54
KeHnad 1,2 1,6 240-930 14-53
Kokoc 1,1-1,5 4-6 131-220 15-40
Kpanuea 1,5 2,1-2,5 560-1600 24-87
Nén 1,5 2,7-3,2 345-1100 27,6 2,5-9,5
MacnnyHag nanbma 0,7-1,6 25 248 3,2
MeHbka 1,5 1,6 310-800 17-70
Pamun 1,5 15 400-970 24,5
Cusanb 1,5 2-7 450-700 9-22
TBepoas opeBecuHa 0,6-0,9 11-13 90-110 -
XBOWHas opeBecrHa 0,3-0,7 8-14 60-90 -
XeHekeH 1,2 3,7-5,9 430-570 10-16
Xnonok 1,5-1,6 1,2-1,5 287-800 13-27

* KoadpduumeHT nMHERHOro TeMnepaTypHOro pacLUuMpeHuns.

MaTpPHIIBI, YIYIIIEHUN TIpoIlecca MPON3BOICTBA, a TAaKKe
IIPY TTOBBIILIEHUH CBOMCTB MOJIMMEPHOTro Kommo3uta. [Ipu
HEKOTOPOM YBEJIMUYCHNHM IIEPBOHAYAJIBHON CTOMMOCTH
BBEICHME XMMUYECKUX T00ABOK B ITOJIMMEPHI YIy4IIaeT UX
SKCIUTyaTallMOHHBIC U TEXHOJIOTMUECKIE CBOMCTBA B IIPO-
Iecce TIPOM3BOACTBA, OOECIeUMBasi BBEICOKMI TEXHUKO-
SKOHOMUYECKU 3(pdeKT OT nx npuMeHeHus1. B 3aBucu-
MOCTH OT Ha3HAYeHUSI XUMHWUCCKIE TO0aBKH, IIPUMEHSIE-
MBI€ TIPU ITPOU3BOJCTBE KOMITO3UIIMOHHBIX ITOAPEILCOBAX
OCHOBaHMI, BBITIOJHSIOT POJIb CBETOCTAOMIIM3aTOpa, aH-
TUOKCHUIAHTA, TUKCOTPOITHOTO BEIIECTBA, Pa3leIUTEIIb-
HOIO areHTa, aHTUIIMPEHa, aHTHCEINTUKA, KaTalu3aropa,
WHUIMATOPa, MTHTMOWTOpA, OTBEPAMTEIIS U TIp.

3.5. Teepovie omxoovt

BriTOBBIE (OCOOEHHO TIJIACTUKOBBIE), CTPOUTEJIBHBIE,
MPOMBIIUIEHHBIE, JIECOIIPOMbIIIUIEHHBIE U CEIbCKOX03Si-
CTBEHHBIE OTXOIBI OTHOCSITCS K KPYITHOTOHHAXKHBIM TIPO-
JIyKTaM, KOTOPBIE, C OMHOI CTOPOHBI, HAHOCSIT 3HAYNTE b~
HBII Bpe/l OKPYKAIOIIEl cpele 3arpsi3HeHUEM TTOYBBI, BO-
JIOEMOB 1 aTMOC(ephbl, YXYAIIAIOT CAHUTAPUIO Y YTHETAIOT
JKHBBIE OPTaHMU3MbI, a C IPYroil — OOJIBIIMHCTBO U3 HUX
WMEIOT TaK1e (PU3NKO-TEXHUIIECKIE XapaKTEPUCTUKH, KO-
TOpBIE TIO3BOJISIIOT PACCMAaTPUBATh MX KaK ITOTEHLIMAILHO
TePCIIEKTUBHOE CHIPEE VTS MIPOM3BOICTBA KOMITO3UITMOH-
HBIX ITOZIPEJIbCOBAaX OCHOBAHUIA (Tab1. 7).

4. Vcxoanble MATEPHAJIbI IPUMEHAEMBIX

KOMITO3HIIMOHHDIX HIIAJ

Ha MupoBOM pbIHKE CYIIECTBYIOT pa3HOOOpa3HbIE
KOMITO3ULIMOHHBIE IITAJTbI, OTIIMYAIOIINECS UCXOTHBIMU

MaTepHalaMy, TEXHOJIOTUEH U3TOTOBJICHUS 1 KOHCTPYK-
nueit. B aToii ¢BsA3M KilacCUPULIMPOBATh KOMIO3ULIMOH -
HBI€ IIMaJbl MOXKHO I10 Pa3HbIM IIpU3HAKaM, B YaCTHO-
CTH TI0 TUITY MATPHIIEI, TI0 CITOCO0Y apMUPOBAHUSI KOM-
MO3UTOB, MO HAJIWYUIO WJIM OTCYTCTBUIO apMMPYIOIIMX
anemMeHTOB 1 Tip. Huke B Tabs. 8—12 npuBonutcs kiac-
cuduKalys KOMIIO3ULIMOHHBIX IIIITaJ 10 CIIOCO0y apMu-
poBaHMS U TIPUMEHSEMBIM HCXOMAHBIM MaTepualiaM.
Ha ocHoBanuM npuBeaeHHOM KiacCH(UKAIINT MOX-
HO 3aKJIIOYUTh, YTO UISI U3TOTOBJICHUSI KOMITO3UIIMOH-
HBIX IOMHajJ MIPUMEHSIOT pPa3HOOOpa3HBIC MaTepHUaIbL.
B yacTHOCTH, B KayecTBE COCTABJSIOIIUX (KOMITOHEH-
TOB) MAaTPULBl KOMITO3UIIMOHHOW INMAJIbI MCIIOIb3YIOT
BTOPUYHBIE OTXOIBI M3 ITACTHKA (ITOJTUITUJICH CITATHIMA,
HU3KOTO 1 BBICOKOTO AABJICHMUSI, TTOJUMPONUIIEH, ITOI1-
BUHUJIXJIOPU], TIOJTUCTUPOJT U T. [II.), TBEPAYIO TMOJIUype-
TaHOBYIO II€HY, HATypajbHbI KayuyyK, SMOKCUIHYIO U
(heHoNDOPMANTBACTUIHYIO CMOJIBI U T. 1I., @ TAKXKE KOM-
OMHALINY 13 HUX. ApMUPYIOIINMH MaTPUILY dJIeMEHTaMU
IPU 3TOM MOTYT CIY>KUTh KaK MCKYCCTBEHHBIE (CTEKIIO-
BOJIOKOHHBIEC, METAJTMYECKNE, 0a3aJbTOBBIE, YIJIEPOI-
HbI€, MOJU3(DUPHBIC BOJIOKHA, CTEKJIOTKAHU, APEBECHO-
BOJIOKHMCTBIC TUIATHI, JIAMAHATHI M TIp.), TaK U HATy-
paJibHbIEe (IpeBecHbIE, 0aMOYKOBBIE, KOKOCOBbBIE, W3
baracca, cu3aaid M T. [.) BOJIOKHA, a Takxke IIeIa.
CpoiicTBa MaTpHWIIBl MOINMUIMPYIOT BBEACHUEM W3-
MeJIbYEHHBIX TBEPABIX TPOMBIIIUIEHHBIX OTXOA0B (IIUIaK,
U3MeJIPYCHHBIC M3HOIICHHBIC IITUHBI, pyOJICHBIE OCKOJI-
KU CTapbIX CTEKJIOBOJOKHUCTBIX MOJUMEPHBIX KOMITO31-
TOB M 1Ip.) U MUHEPAJbHBIX HAMOJHUTEIEH (KapOoHaT
KaJiblus, TpaduT, 30j1a-yHoca, cepa, Cioaa u Ip.).
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‘ Marepuaabl H TEXHOJIOTHH

Taoauua 7
Table 7

Teepable 0TX0Abl, NPUroAHble AN USrOTOBJIEHNS KOMMNO3ULMOHHLbIX Wwnan [42-48]
Solid wastes suitable for manufacture of composite sleepers [42-48]

Twvn oTx0n0B

HasBaHune oTxon0B

[MoTeHunan npuMeHeHus

BbiTOBbLIE
LWWHbI 1 ap.

[a3eTbl, KHAMM, NIACTUKOBbLIE N CTEKNAHHbIE OYThINKN, ObITOBAA TEXHNKA, OAeXaa,
WIPYLLIKU, KepaMuka, MeTaninieckme KOHTelHepbl, Mebenb, N3HOLLIEHHbIE

Martpuua, 3anonHuTenu,
apMUPYIOLLIYIE 3IEMEHTSI,

npOMbILIJﬂeHHbIe

MeTannyprudeckue (Lunaku, nNbian 1 wnam), ropHoAo0bIBaloLwme (BCKPbILLIHbIE
nopopael, 060raTUTENbHLIE Y MPOMbIBOYHBIE LLUAKK, Pa3nyHble XBOCTbI),
TOMNMBHBIE (YrOfibHbIE LLUMAK U Mblfb, 3051a), XMMUYECKUE (LLUNaK CEPHOKMCNOTHOrO
Npon3BOACTBA, KapOUAHbIN LINaK, WenoyYHble 0TX0Abl, 0TX0Ab! NiacTMacc

N Pe3nHbl), CTEKNSHHBIE, KEpammuyieckme, GyMaxHble 0TXoabl 1 Np.

3anonHutenu,
XnMmyeckume nobaskm

CtpouTtenbHble
necok, MeTanni un gp.

AcdanbTt, 6€TOH, pacTBOp, KaMeHb, LebeHb, ralweHas n3Bectb, 6amoyk,
Kepamuyeckas nauTka, 4epeBo, KUpnud, CTEKN0, NIacTMKoBbIe TPYObl, Bymara,

MaTpuua, 3anonHuTenNu,
apMUpYIOLLME 3NEMEHTbI

JleconpOMbILLNEHHbIE
1 CeJIbCKOXO-
39NCTBEHHbIE

OcTaTtkm 06paboTkn ApeBecuHbl, 6amobyka 1 Op. B BUOE BOTOKOH U MEJIKUX YacTuL,
pucoBas wenyxa, 6aracca, coioMma, B TOM ymcne 6060oBasi, ctebesnb Kykypy3abl,
COpro, XJI0MoK, panc, NoACOSIHEYHMK, TPOCTHUK, OPEXOBasi CKopyna 1 ap.

ApMUpYIOLLME 3NEMEHTbI

OTMeTHM, UTO B pa3HBIX CTpaHaX,/00JacTsIX OTHAETCS
IIPUOPUTET OIPEISICHHBIM MaTepHaiaM, IS KOTOPHIX
MMeEEeTCsI COOTBETCTBYIOIIAS CEIpheBast 0a3a WM pa3BUTHI
6a3oBbie TexHoaoruu. Hanmpumep, SAnonus cnenyaninsm-
pyeTcs Ha CMHTETHUECKUX IIIITajIaX U3 MOJINYpPEeTaHOBOU
MEeHbl U CTEKJIOBOJIOKHA. B Amepuke M eBpOmercKuX
CTpaHaX OTXOIBI IUIACTMACCHI, PE3WHBI 1 CTEKJIOBOJIOKOH
SIBJISTIOTCSI OCHOBHBIM MCXOIHBIM CBHIPhEM JUIST M3TOTOB-
JICHUSI KOMITO3MILIMOHHBIX mmaji. B Poccum ocHoBHOe
BHUMaHUE YIEISIeTCS NCIIOJIB30BAHUIO OTXOIOB JIePEeBO-
nepepaboOTKX U OBITOBOIO IJIACTHKA, a TaKXKe YIydllle-
HUIO CBOMCTB ACPEBIHHBIX IIIIaJ KOMOMHAIIAEHN IPYTUX
MaTepuaioB WK 3J1eMeHTOB. B ABcTpanuu pa3paboTKu B
OCHOBHOM CBSI3aHBI C IIPOM3BOACTBOM KOMITO3UIIMOH-
HBIX 1A U3 CKJIEEHHBIX JIJAMUHATOB WJIV U3 T€OTIOJH-
MEpHBIX MaTepuaaoB. Pa3BuTHe MpOM3BOACTBA KOMIIO-
3UIIMOHHBIX A M3 MEHOIOJNYypeTaHa U CTEKJIOIUIA-
CTHKa SBJISETCS OCHOBHBIM HarlpaBieHUeM B Kwurtae.
Kpowme toro, B Unauu, Taunanne, Mugonesuun, Kurae u
psne ctpaH IOro-BocrouHoii A3uu, rae uMerTcs: bora-
Thle HaTypaJibHble BO300OHOBIISIEMbIE pecypchl 0aMOyKa,
cH3alsd M JIp., MHTEepeC MPOSIBIISICTCS K MCITOJIb30BAaHUIO
BMECTO MCKYCCTBEHHbBIX 3JIEMEHTOB HaTypabHbIX BOJIO-
KOH (IIIEeTIbI) M3 OBICTPOPACTYIINX KYCTAPHUKOB.

Yrto KacaeTcs SKCIUTyaTallMOHHBIX CBOMCTB, XOTS B
MUpe ObLIO MPEAJIOKEHO OOJIBIIOE KOTUYECTBO PA3TUYHBIX
TUTIOB KOMIIO3UIIMOHHBIX IITIaJI, HO OYeHb MaJO M3 HUX
YCHEIIHO MPOIIUIN SKCILTyaTallMOHHbIE MCTTBITAHMS 1 Halll -
JIA TIAPOKOE TIpaKTHdecKoe npuMeHeHne. K Hanbosee ga-
CTO BCTpeYaronIMMcs IpodieMaM OTHOCSTCS HU3KOE yaep-
XKUBaloIllee yCUIWe IS IIypyroB; BHICOKas CeOecTou-
MOCTb; TOJI3y4eCTh; BEICOKMIA KO3(D(GUIIMEHT JTMHEWHOTO
TEMIIepaTypHOIO PACIIMPEHMs; HU3Kass aTMOCHepoCToii-
KOCTB; TEXHOJIOTUIECKIE Ne(DEKThI, OTHOCAIIMECS, HAIIPH-
Mep, K PaCTPECKUBAHUIO OTBEPCTUI MPU OXJIAKICHUU W3-
JIenit; SKCIUTyaTallMOHHBIE HEIOCTaTKM, CBS3aHHBIC, B
YAaCTHOCTHU, C HU3KHM IOTIEPEYHBIM 1 TTPOIOIBEHEIM COITPO-
TUBJICHUEM YTOHY XK. JI. ITyTH; IIOHKEHHAsI COITPOTHUBJISIC-
MOCTb JIEUCTBUIO JUTMTEIBHON LIMKJIWYECKOW HArpy3kul 1
np. OcHOBHbIE (PUBNKO-MEXaHUYECKUE CBOMCTBA MaTepra-

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

Jla HEKOTOPBIX YCIIELIHO BHEAPEHHBIX KOMIIO3ULIMOHHBIX
1Inaa U TpeOoBaHUSI CTAaHAAPTOB MpUBEAEHbI B Ta0a. 13.

5. CucremMHble TPeOOBAHHUS U HATIPABJICHUS

Pa3BUTHS KOMIO3MIMOHHBIX 1A

[MonpenbcoBble OCHOBaHUS, BKJTIOYAIOIINE IITIANBI,
TepEBOIHbBIE U MOCTOBBIE OPYChSI, SIBJISIOIIMECS KITIOUEBbI-
MM 3JIeMEHTaMM BEepXHEl YacTh KOHCTPYKLIMH XK. [I. ITyTH,
U1 obecrieueHus1 6e30macHoi, KoMMOPTHOU M SKOHOMUY-
HOM ero 3KCIulyaTallMy JOJKHBI BBIMOJHSTH CJASIYIOIINE
byaxkym [1]: a) BO3MOXHOCTh (DUKCAIMU PETHCOB TIPU
TIOMOIIM CKPETUIEHUIA; 6) BOCTIPUSTHE YCUIUIA OT PEIbCOB
U UX KaK MOXHO 0oJiee paBHOMEpHas repenada GauiacT-
HOW Mpur3Me; B) obecriedeHre IMMPUHBI KOJed Y HaKJIOHA
PENbCOB; T) 00ecIeYeHUE EKTPOUIOIIIIIUN MEXIY Peslb-
camu; 1) obecriedeHre TOCTATOYHOTO ITOTIEPETHOTO U TIPO-
JIOJIbHOTO COMTPOTUBJICHUSI YTOHY BEPXHETO CTPOCHUSI MYTH;
€) JIJTUTEIbHOE BOCTIPUSTHE TTIOE3MHON HATPy3KU U yCTOM-
YUBOCTB K aTMOC(HEPHBIM BO3eiCTBUsIM. TSl peanmn3am
BBILIEYTTOMSIHYTBIX (DYHKLMI TTOAPETbCOBLIX OCHOBaHMI
HEo0XOIMMO, YTOOBI CBOMCTBA MaTepUalia U3AEIniA JOCTH-
rajiv oIpeeIeHHOro YpOBHS TpeOOBaHUI IO TaKUM (PYHK-
LMOHAJIBHBIM TTOKA3aTeJIsIM, KaK 00ecIIeYeHre SKCILTyaTa-
LIMOHHBIX CBOMCTB U 3KOJIOT0-3KOHOMIYecKast 3(pheKTrB-
HOCTh Ha IPOTSDKEHMH BCET0 UX KU3HEHHOIO IIMKIIA.
DyHKIIMOHAIBHBIC ¥ TEXHIUYSCKYE TTOKA3aTeNIH, 00SCIICU -
BaroIme 3¢hdHEKTUBHOCTL KOMITO3UIIMOHHBIX MOAPEIbCO-
BBIX OCHOBaHUI, IIPUBEICHEI B Ta0. 14.

[TonpenbcoBble KOMMO3UIIMOHHBIE OCHOBAHUS U HaM-
0oJiee MaCcCOBBII UX MPEACTaBUTEIb — KOMITO3UIIMOHHBIC
IITIAJTBI B TIPOLIECCe SKCIUTyaTallMK TIOABEPKEHBI MEXaHU -
4ecKUM, (PU3UYECKHUM, XUMMYECKUM, aTMOC(HEpPHbIM U
OuosormuecknM BozzaelicTBusM. [Ipy 3ToM cBolicTBa Ma-
Tepuajia KOMIO3UTa U KOHCTPYKIIMM B LIEJIOM TOJIKHBI
OBITH COAJITAHCUPOBAHBI M TOCTUTAaTh KOMIIPOMUCCA MEXITY
MHOKECTBOM TEXHMUYECKUX TOKa3aTesIei, OIpeneIsIoImX
(byHKILIMOHAJIBHYIO TIPUTOIHOCTD U3ICNINS, TIPU KOTOPOM
3HAUYEHME KaXIOTO KJTIOUEBOTO TOoKa3aTesIsl JOJKHO ObITh
COITOCTaBMMO WJIU JaXKe MPEBOCXOAMTh 3HAUEHUE COOTBET-
CTBYIOILLIETO TIOKa3aTessd UL TPaAWLMOHHBIX KOHCTPYK-
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Tabuuna 8
Table 8

CbipbeBble MaTepuarsbl, NPUMEHsieMble AJIS U3rOTOBJIEHNSA KOMIMO3ULIMOHHBIX NOAPEJIbCOBbIX OCHOBaAHUM
6e3 BOJIOKOH UJN TOJIbKO C KOPOTKVUMMU BOJIOKHaAMU B NOJIMMEPHO maTpuue
Raw materials used for manufacture of composite inderrail basements without fibers or only with short fibers in a polymer matrix

HaseaHune npoaykummn CtpaHa McxogHble maTtepumansl O6nacTb NPUMEHEHNS Ccblinka
OTxoapl MHA*, pybneHble 0CKONKM [na marncTpansHbIX 1 opyrux
USPL Duratie — wnana CLWA CTEKJI0BOJIOKHUCTbIX MOJIMMEPHbIX TPaH3UTHbIX NyTeN, B TOM [49]
KOMMO3NTOB yncne MocToB
Onsa marnctpanbHbiX 1 ApYrux
Polywood — nnacTtukoBas wnana CLUA OTxoppl MHA*, oTxoabl noaMcTupona TPaH3UTHbIX NyTEN, B TOM [49]
yucne MocToB
o 3amMeHa cTaHAapTHbIX Wnan,
AXION ECOTRAX(R) — 100% nepepaboTaHHbIi NNacTuK o Aap o
CLLA NnepeBOAHON 1 MOCTOBOM [50]
KOMMO3ULMOHHAN wnana (nnacTukoBble NakeTbl, OYTbINKA U T. A.) 6pychs
AKCUOH PYC - Poccus OTxoabl pasHbix BUAOB nepepaboTaHHOro | [1ns 3amMeHbl AepPeBSAHHbIX 1 (51]
KOMMO3ULMOHHaN wnana nnacTuka Xene306eTOHHbIX LUnar
TieTek — M3HOLLEHHbIEe NIACTUKKW, LUNHBI 1 3ameHa cTaHAapTHbIX LWnan,
CLLUA CTEK/I0BOSIOKHA, MUHEpPasibHble nepeBOAHON 1 MOCTOBOM [52, 53]
KOMMO3ULMOHHAN wnana
HanoJiHuTeNn 6pycbs
N9 3aMeHbl 6e36ann1acTHbIX
AnATaK - wnana Poccusa MonnmMepHbIe KOMMNO3NTHbLIE MaTepuanbl A [54]
MOCTOBBIX MONIOTEH 1 BPYyCbEB
100% BTOpWYHbIE OTXOAb! M3 NacTuka, [ns nepBOKNAaCCHbIX,
) B MaTpuLLEe COAEPXNUT CLUNTBIN NPUropoaHbIX,
Integri Co — wnana CLUA PyILY Aep . PUrOpOAY [55]
NONINATUNEH, UMEIOLLNIA CBEPXBbICOKYIO MPOMBILLUAEHHbBIX Y PYOHUYHbIX
NPO4YHOCTb X. 4. nyten
100% ObITOBOI U MPOMbILLNEHHbIA J151 3aMeHbl AEPEBSHHbIX
I-PLAS — wnana AHAVS o P A Aep (56, 57]
nepepaboTaHHbIe NNACTUKN wnan
BTopuyHbIE NOANATUNEH BBICOKOW 719 3aMeHbl AePEBSAHHbIX
SICUT - nnactukoBas wwnana AHrnusa P A Aep [58]
MAOTHOCTU 1 NOANNPONUIEH wnan
. CMeLlaHHbIe NNACTUKOBbLIE OTXOAbI U
Fraunhofer ICT Mixed — A [na 3amMeHbl AepeBAHHbIX
FepmaHng | N3HOLLEHHbIE CTEKNOBONOKHA, [59]
nnaacTukoBas wnana wnan
BCMOMOraTesibHble KOMMOHEHTbI
SUNRUI — koMno3unumoHHasa .
wnana Kntan MnacTukoBblE KOMMO3UTbI [na ctanbHbIX X. 4. MOCTOB [60]
OTtxoabl NBX* 46-60%, otxoabl MTHOI*
Tianjin Yanwen Weiye — KuTaii 1-5%, otxoabl P3IM* 1-5%, nopoLuok [ns 3aMeHbl AePEBSAHHbIX 161]
nnacTukosas wnana 0TX0A0B pe3nHbl 18-25%, otxoapl MIM* wnan
1-15% unT. 4.
KomnoauumoHHas wnana Ha
o JpeBecHble 0TX0Abl, CTEK/IOBOSIOKHO, [nsa 3aMeHbl TPaAULIMOHHBIX
OCHOBE IECHbIX M MPOMBbILLSIEHHbIX Kntan [62]
deHonbHas cmona, NPOMBbILLIEHHAN 301a | wnan
OTXOA0B
®dypaHoBbLIE CMOJIbI, MUHEPATIbHbIE
JpeBecHO-CTEKIOBONOKHUCTLIE [nsa 3aMeHbl TPAAVLIMOHHBIX
Poccus | HanonHWTENM 1 3aNONHUTENW, APEBECHAdA [63]
KOMMO3ULMOHHbIE LWMabl wnan
Lena, CTEK/IOBOSIOKHO U T. A.
Cmona PAM*, 6eH301CcyNbGPOKUCNOTA, [lns NnecoBO3HbIX X. O. nyTei
KomMnosuumoHHag wnana Ha y
NecoK pPeyHou, rpaduToBas anekTpoaHas | 1 4opor OOLLEero Ha3HaYeHus,
OCHOBE OTXOZO0B JIECHOIrO Poccusa [64]
KOMMNeKca MyKa, Myka 13 NMPUTOBLIX OrapKoB, a TaKkxke Noabe3aHbIX
uiena, cTeknoceTka n 1. a. 1 TpaMBaMHbIX NyTEN
Jlutaa wnana gnsg X. 4. nyten ApesecHtie sonokHa 50-70%, Ans x. 4. nyTen Wwnpokomn
. ATy Poccus | metannuyeckasn nposonoka 30-10%, ATy [65]
LUNPOKO Koneun o o Konewn
kaydyk 5-10%, Buckosa 5-10%
JpeBeCcHO-KOMMNO3ULMOHHas [peBecHble BosniokHa 80%, cBsiyioLlee [na X. 4. nyTen Wwmpokomn
Poccua o o [66]
wnana 10%, nopotwuok meTanna 10% Konewn
Menkas pe3nHoBas KpoLuka CTapbIxX
CocTtaBHas KOMMNO3ULIMOHHas aBTOMOOUNbHBIX WKH 50%, apeBecHoe [ns X. 4. nyTen Wwmpokomn
Poccua o o [67]
wnana BONOKHO 30%, nonunponunen 10%, Konen
aHTucenTuk XXTK 10%
HaTypanbHbIi kaydyk, caxa,
KomnoauumoHHas wnana Ha CTeapuHOBasi KNCNOTa, aHTUOKCUOAHT o o
Tawnnang, [nsa x. O. nytei yakon Koneun [68]
OCHOBE HaTypaslbHOro Kay4vyka 6PPD, yckoputenb CBS, cepa, okcug
LIMHKa, pucoBag Lwenyxa, 6baracca u T. 4.
(&3 THOLTE S r0]2  HayuHO-mexHuYecKuil u NPOU3B0O0CMBEHHDLI JHCYPHAN
N ATEPITAYIBIR
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‘ Marepuaabl H TEXHOJIOTHH

IIponomkenne Tadu. 8

HassaHune npoaykunmn Ctpana McxopHble maTepuansl O6nacTb NPMMEHEHMS Ccbinka
. Kene3obeToHHbIN BPYCOK U NoNMMepHas
Green Rail - koMno3uunoHHas o [na 3ameHbl TPagULMOHHbIX
Utanna | obonoyka (nepepaboTaHHbIN NAACTMK [69]
wnana wnan
M N3HOLLEHHbIE LUVHbI)
IOxHas CwmelueHve nepepaboTaHHOro [Ons meTpononuTeHa, LWaxTHbIX
Tufflex — wnana nonMNpPonuieHa n NOANaTUAEHA (B TOM [OpOr 1 X. . NyTen y3Kon [70]
Adpuka * ¥
yncne NHO* n NBA*Y) Koneun
Otxoabl MHAO* 55%, pe3nHoBas KpoLuka [11 3aMeHbl TPAANLIOHHbIX
KomnoauumoHHas wnana NHaonsa 12,5%, cTeknoBonokHo 12,5%, P [71]
o, | wnan
HanonHuTenn (CaCO,, cropa n 1. A.) 20%
[MonnaTnneH BbICOKOM NAIOTHOCTY, LUNAK,
Linana Ha 0CHOBE OTX0A0B Erunetr | CaCOg, nonnadupHasa cmona [ns 3ameHbl AepeBsiHHbIX Wwnan | [7273]
nnacTuka v wnaka 3 ’
CTEKJIOBOJIOKHO
Permali Wallace ApmMupyioLme BOSIOKHa U MaTpuua n3
Nuaons PMUPYIOLLY puLy [na 3ameHbl AepeBSHHbIX LUnasn [74]
FRP — wnana CMOJIbl
MNopTnanauemMeHT, pe4HON Necok,
BeToHHag wnana ¢ P AL N p
o M3MeJIbYeHHbIN 3anofIHUTENb, PE3UHOBAs
MCMNOSIb30BAHNEM PE3NHOBOM NHpuna [Ons 3ameHbl X. 6. wnan [75]
KDOLUKN KPOLLKa, NOPOLUOK KPEMHUS,
cynepniactudukaTop 1 T. 4.
Duratrack railway — wnana AscTtpanus | NMepepaboTaHHbIE NAACTUKN U [lna 3aMeHbl TPaANLMOHHbBIX [76]
nonuctupeH 85%, nobaskn 15% wnan
*MHA W MNBO - coOTBETCTBEHHO NONNITUIEH HU3KOIO 1 BbICOKOT 0 AaBneHus; MBX — nonveununxnopug; NTH —nonutetpadTOpaTUNEH;
d3r - droprpoBaHHbI 3TUNEH-NponuneH; MM — nonunponuneH; ®AM — pypdyponaueToHoBas cMona.

Tab6smuoa 9
Table 9

CblpbeBble MaTepuanbl, N(PpUMeHaeMble OJI1 U3roTOBJIEHUA KOMMNO3ULMNOHHLIX Wnan ¢ AJIMHHbIMU BOJIOKHamMum,
ceTKaMum Ui TKaHaAMU B nonumepuoﬁ MmaTpuue
Raw materials used for manufacture of composite sleepers with long fibers, nets or fabrics in a polymer matrix

HassaHune npoaykummn Ctpana McxopHble maTtepuansl O6nacTb NPUMEHEHNS Ccbinka
SEKISUI - nonumepHas wnana AnoHng Teeppas nonnypetaHoBas neHa | Ans marnctpasnbHbix nytei, BCM*, [77]
13 neHonosnnypeTaHa (Sekisui) 1 CTEKJI0BOJIOKHO CTpesiok 1 MocToB 6e3 Gannacrta

[na meTpo, NerkopenbLcoBoro
. TBepaas nonvypeTaHoBas neHa
SUNRUI - nonnmepHas wnana Kutan TpaHcnopTa, MarucTpasbHbIX K [78]
1 CTEKJI0BOJIOKHO o
TSAXKENOrPY3HbIX INHWIA
KEBOS - wnana 13 .
o MeHononunypeTaH, [na marncTtpanbHbix nyTen, BCM,
neHononnypeTtaHa, KuTan o [79]
apMM1POBAHHBLI CTEKTOBOSIOKHOM | CTPEIOK 1 MOCTOB
apMMpOoBaHHast BONOKHOM
KoHconnguposaHHas o J19 3aMeHbl TPAAMLMOHHbBIX LUNarl,
Anp Kurtai JlyumHbl 6ambyka, cMona u T. 4. A Pan wm [80, 81]
6ambykoBas Lunana ONs1 PYAHWYHBIX MyTen
Crteknonnactukosas o TepmonnacTnyHas cMmona, cetka
KunTain [lns 3aMeHbl TPAAMUMNOHHbIX Lnan [82]
CUHTEeTMYeCKas wnana N3 CTEKNOBOJIOKHA U T. 4.
LLinana n3 apMMpoOBaHHOIro . [na marnctpanbHbIX y4acTKOB,
o o E-cTeknoTkaHb, KBapLEeBbI
BOJIOKHaMM nyiacTrka ocoboi KunTan HecoK. cMona MPUMEHSIOLLMX CUCTEMbI KOHTPOA [83]
dopmbl ’ noaBMXKHOIO cocTaBsa
MonumepbeToH 1 BONOKHUCTLIE | [1na 3aMeHbl AePEBSAHHbIX, CTasIbHbIX U
KomMno3uuyoHHaa wnana AscTpanus [84]
KOMMO3UTHI X. 6. wnan
* BCM — BbICOKOCKOPOCTHasi MarmcTpaib.

mit. [TosToMy IpoeKTHpOBaHNE KOMIIO3UIIMOHHBIX MO~
PeJIbCOBBIX OCHOBAaHWM TIPEACTaBIISIET COOOI CIOXHYIO
MHOTOIIEJIEBYIO ONITUMM3ALIMOHHYIO 3a7a4y.
OrpaHn4eHHOCTb B pecypcax M IHepTUH TPEOYIOT BBICO-
KoM 3(p(PEeKTUBHOCTU UX UCTOJIB30BaHUSI Ha (hOHE PE3KOTO
YBEJIMICHUS Y HAKOTUICHMS TIPOMBIIIJICHHBIX M OBITOBBIX
OTXOZIOB. DTO ACIAET pa3BUTUE TEXHOJIOTUH MepepadOTKU U
IMOBTOPHOI'O HCIIOJb30BaHUSI MaTepualioB Bce Oojiee Ha-
3pEBIIVMU, U 3aMEHA MATEPUAIIOB, CONEPXKAIIUX BPEIHBIC
BEILIECTBA, HA 3KOJOTMYECKM YMCTble CTajla aKTyaJIbHOM
TEXHUYECKOM NMpobsieMoid, TpeOylollieil He3aMeITUTEIbHO-

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

ro petieHus. UMeHHO B 3TOM acrekTe MOsIBUINCH MTEPBbIE
pa3paboTKU U HAYaJIX pa3BUBATHCS TEXHOJIIOTAN IPOU3BO/I-
CTBa KOMITO3ULIMOHHBIX [MOAPETBCOBBIX OCHOBAHUIA.

B cooTBeTcTBMM € KOHLIETTIUEN CO3IaHUS TEXHOJIOTUNA
KOMITO3UILIMOHHBIX LM UCITOJIb3YEMBIE ISl UX U3TOTOB-
JIEHUSI MAaTE€PUAJIbI IIPU YAOBJIETBOPUTEIIbHBIX AKCILTyaTa-
LIMOHHBIX XapaKTEPUCTUKAX OTHOCATCS HE TOJBKO K 3KO-
JIOTUYECKU YUCTBIM, HO X UMEIOT OTIIMYHYIO SKOJIOTAYE-
CKYI0 COBMECTMMOCTb C OKpPYXalollel cpeaoi, crocob-
CTBY €€ yiIy4leHuo. [1o 5Koaornyeckoil COBMECTUMO-
CTBIO B JAHHOM CJIy4yae MoApa3yMeBaeTCsd HU3KOE MOTpe-
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Materials and technologies

Ta6mua 10

Cblpb&Bble MaTepuabl, NIpUMeHdaeMble AN U3rotToBs1IeHNd KOMNO3NLNOHHLIX LWnan
C apMupyloLWMMKU GpyckamMmu unm npounsaMm B nNoJIMMeEpPHO MmaTpuue
Raw materials used for manufacture of composite sleepers with reinforcing bars or profiles in a polymer matrix

Table 10

HaseaHue npoaykumm CtpaHa McxopHble maTepuarnbl O6nacTb NPMMEHeHMS Ccbinka
[na marncTpanbHbIX NyTen,
KLP - rubpuaHas 100% nepepaboTaHHbIe N1acTMaccoBbIe CTPENOYHbIX NEPEBOAOB, MOCTOB
prA HupepnaHapl pep P PEBOA [85, 86]
nonnMepHas wnana marepuassl n apMmatypa 1 y4acTKOB, rae TpebyeTcs B
CHUXEHWe BUbpaumm 1 wyma
MnactmaccoBas MaTpuua 13 pasfinyHbIX
MnacTtukoBas
nnactMmacc 6e3 pasgeneHus unm
KOMMO3NLUMOHHAs Wwnana .
C [IEPEBSHHBIM CLUA cneumanbHOM O4YNCTKN, KOTopas coaepXnT | [na 3aMeHbl 4ePEBSHHbIX LUNan [87]
P CLUMTbI MONVATUSIEH; NPSMOYTrOJibHbIE
cepaevyHuUKoM
nyboBble 6pycku
Komnoguumonras [epeBsiHHblE BpyCKX, ApeBecHas Lena [nsa 3aMeHbl TPaAULIMOHHBIX
Lwinana, apMMpoBaHHasa Poccus ’ ’ [88]
deHondopmanbgerngHas cMona u T. A. wnan
BOpyckamMu ApeBECUHbI
JepeBaHHaga wnana, CTeknoBOIOKHO, SMNOKCUAHAA CMONa, [na noBbILLeHns CBOCTB U
3ak/Il04EHHas B CLUA pesopunHdopmManbaerngHasa rpyHToBKa, cpoka cnyx6bl AePEBAHHbIX [89]
CTEKJIOKOMMNO3UT [peBecHas cepauesnHa wnan
MynTpy3noHHbIE Nonble Npodun
FeononumepHas YITRY pod
(n3odTaneBas cMona 1 BbITAHYTOE BAOJb
3anonHeHHas 6eToOHOM o [ns nerkopenbcoBoro
ABcTpanus winanbl CTEKSIOBOSIOKHO B 06beme 60%), [90, 91]
NynTPy3MOHHas TpaHcnopTta
3anoJiHeHHblEe NONMMePOETOHOM C
KOMMO3ULMOHHAn Lwnana
MCNOJIb30BAHMEM 30/J1bl-yHOCA
Taomuua 11
Table 11

CblpbeBble MaTepuarnbl, TPUMEeHsaeMble OAJ1I9 USroTOBJIEHUA KOMMO3ULMNOHHLIX LUMas U3 CKJ/IEEHHbIX JIJaMUHAaTOB
Raw materials used for manufacture of composite sleepers from glued laminates

HasBaHue npoaykummn CtpaHa McxopHble maTepuansl O6nacTtb npumeHeHus | Ccbinka
KomnosuumoHHas o [ns 3amMeHsbl
CaHABUY-NaHenNn, CKieeHHbIe U NOKPbITbIE AMOKCUAHOM
Linana n3 CoHABUY- AscTpanus . ~ [EPEBAHHbIX LWNnasn Ha [92]
. NOSIIMEPHON MaTpuuen o
naHenen nyTsX y3KOn Koneu
B0on0OKOHHbIE JNIBJ1-6pyc, naMmyHaTbl U3 yriepoaHOro BOJIOKHA CBEPXY M
[na cTpenoyHbIx
KOMMO3ULVOHHbIE ABCTpanus | CHU3Y, 3aLMLLEHHbIE C NOBEPXHOCTU LWNanbl NEDEBONOB [93]
noapenbcoBble BpycKkn CTEKJIIHHBIMW BOJIOKHAMM PEeBOA
ApMUPOBAHHbIE CTEKIOBOJIOKHOM MOIMMEPHbIE
o [ns cTpenoyHbIx
KneeHas wnana ABCTpanus | Hapy>XHble NAACTUHbI C CEPALLEBUHON, NEPEBOLIOB [94]
moanduumpoBaHHon peHondopmanbaernaHon CMonon P
CaHaBu4y-naHenn n3 BOJIOKHUCTOrO KoMno3uTa n
o [ns 3ameHsbl
MonumepHas wnana, AscTpanusa | NOIMMEPHOWN CMOJIbI, YeTbIPE apMaTYPHbIX CTEPXKHSA (4119 ePEBSIHHBIX LWNan [95, 96]
MOCTOBbIX OPYCbEB), 3aMOJIHUTENN U T. A. P
CaHaBuy- .
CTeknoTkaHu, ApPeBECHO-BONOKHUCTLIN NAacTuK U3 [ns MocToBbIX
KOMMO3ULMOHHasA MNHpoHesuna [97]
\unana 6aracchl 1 KOKOCOBbIX BOJIOKOH, 3MOKCUaHas cmona OpycbeB
OJ1eHUe MPUPOIHBIX PECYPCOB 1 DHEPTUU, MAJIOe 3arpsi3- Ha sToM nyTu OCHOBHOII MpoOJeMOi BBICTYIAeT

HEHWE OKPYXAIOIIEH CPeabl U BBICOKU YPOBEHb YTUJIN-
3auuu. I[lo Mepe MCTOIEHUS MPUPOIHBIX PECYPCOB U
pocTa MPOMBIIUIEHHBIX U OBITOBBIX OTXOJOB, BbI3bIBAIO-
IIMUX 3arpsi3HEHUE OKPYXXAIONIeH Cpelbl, BMECTO KpUTE-
pUsl SKOHOMUYHOCTHU, TIOJIOKEHHOTO B OCHOBY IIPUMEHE-
HUS OAPEJIbCOBBIX OCHOBAHUM U3 TPAAULIMOHHBIX MaTe-
pUaJiOB, ONpPEAENAdIOLIAM CTAaHOBUTCHI KpUTEPUH
9KOJIOTO-9KOHOMMYECKON 3((HEKTUBHOCTA UX XXKU3HEH-
Horo nukia. [Ipy 5TOM TpaguIIMOHHBIE KOHCTPYKIIUU
MO/IPEIbCOBBIX OCHOBAHUM OyAyT MPOUTPHIBATH KOMIIO-
3UTaM U TEM CaMbIM OMPEIENSATh MPEUMYIIECTBEHHOE
pa3BUTHE UHHOBALIMOHHBIX TEXHOJIOTMIA U KOHCTPYKLIUI
KOMITO3ULIMOHHBIX MOAPETbCOBBIX OCHOBAaHUM.

TPYAHOCTh CcOaJIaHCUPOBATh IIPOTUBOPEUYME MEXIY Tpe-
0OBaHMUSIMU K DKCIUTyaTallMOHHBIM CBOMCTBAaM M 3KOJIO-
ro-3KOHOMMYECKON 3(hGEKTUBHOCTBIO XU3HEHHOIO
LIUKJIa, YTOOBI CIEIaTh X JOCTATOYHO KOHKYPEHTOCIIO-
COOHBIMU I10 CPAaBHEHMIO C TPATUIIMOHHBIMU MTOAPEITb-
COBBIMU OCHOBaHMSIMU. HaxoxmeHuro Takoro OajaHca
OyneT cnmocoOCTBOBAaTh MCMOJIB30BaHUE HATypajbHBIX
pecypcoB (Hanmpumep, 6amMOyK, cu3anb U T. A. B KOro-
Bocrounoit Asum [104, 105], mpeBecHble OTXOABI B
Poccuu, CIIIA, Kanane) ¢ 60b1101 CKOPOCTBIO pOCTa U
BO30OHOBJISIEMOCTBIO ChIPbSI B BUIE BOJIOKOH, IIEIBI U
€CTECTBEHHBIX (DparMEHTOB PACTEHUI /IS apMUPOBAHUS
KOMITO3UTOB IIPU MaKCHMMAaJIbHOM BBEACHUM B MATPUILY

HAY4HO-MeXHU4eCcKUil U nPou3800CHEEHHbLI JCYPHAA

ﬁfmyrrznwmz

/| BYERVIAYIDIN Aaneaps-gespans 2020

105



‘ Marepuaabl H TEXHOJIOTHH

Ta6uuma 12
Table 12

CbipbeBble MaTepuarsbl, TPpUMeHsieMble AJiSl U3roTOBJIEHUS KOMMO3ULMOHHbIX LUnan,
nony4yeHHole MoauduKauuein TPaAULMOHHDIX WNan
Raw materials used for manufacture of composite sleepers, obtained by modification of traditional sleepers

HaseaHuve npoaykumnn CtpaHa McxoaHble matepuansl 0O6nacTb NpUMEHeHNs Ccbinka
BeToHbI, apMUpoBaHHbIE BazanbToBble BONOKHA ANMHON 6—-30 MM, [na 6e36annacTHbIX OETOHHbLIX MANT
6a3anbTOBLIMU Kutain | uemMeHT, 3anofiHuTesNb, BOAA, XMMUYEeckme M TPAANLUMOHHBLIX GETOHHbIX [98]
BOJIOKHaMMU 1 MUHepasbHble o6aBKkm noApenbCOBbIX OCHOBaHW
XKene3obeToHHas MonvnponuneHoBble BOOKHA
wnana, apMmpoBaHHas Kuraii (pacxon 0,02-1 kr/m%), LemeHT, BOAA, [ns noBbilweHnsa Gnanko- [99]
MOJIMNPONMIEHOBLIMU apmatypa, MeNiK1iA 1 KPYMHbIA 3anoHUTENN, | MEXaHNYECKUX CBOMCTB X.0. wnan
BOJIOKHAMMU BOJOMOHMXalLWas nobaska
YcuneHHasi oepeBsiHHasA AepessHHas wnana, Metanmseckue [ns coxpaHeHus Topua AEPEBAHHBIX

Poccus | onunku 50%, apesecHble BonokHa 30%, [100]
wnana o Linan oT pacTpecknBaHus
nonuctupon 20%
MNonumepbeToHHas
o MNonvmep6eToHHAs KOHCTPYKLUUS BOSHOBOIO | [INsi CHUXEHUS Lyma OT KadeHust
Lirnasna CrioxKHom Kopes [101]
Tna, 6ETOH Kkonec Ha BCM
KOHCTRYKLMN
MpenHanps>xeHHas YacTnyHasa 3ameHa B X. 6. KOHCTPYKLMN
X. 6. wnana Kopes | LEMEHTa 1 necka AOMeHHbIM BmecTo X. 6. Wwnan n noapesibCoBbIX [102]
C CMNOJIb30BaHNEM P rpaHyIMpPOBaHHbLIM MOJIOTbIM LLAKOM U OCHOBaHW TPagNUMOHHOIO CoCTaBa
OTXOA0B NPON3BOACTBA LLUSTAKOM 3/1eKTPOAYroBOM Nneyn
K. 6. wnana, ycuneHHas CTekJI0BOJSIOKHA UKW YrNepoaHble BOIOKHA
KOMMO3ULIMOHHbIMMN WpaH C 3NOKCUAHOW CMOJION A1 apMUPOBaHNS [ns ycunexns x. 6. wnan [103]
marepuanamm X. 6. wnan

Pa3IMYHBIX TTPOMBIIIIJIEHHBIX U OBITOBBIX OTXOMIOB B Ka-
YeCTBE HAIOJHUTECH IS TOJMYYeHUSI DKOJOTHYSCKU
06e30MacHBIX KOMITO3UIIMOHHBIX ITOJIPEITHLCOBEIX OCHOBA-
HUI ¢ BBICOKMMH 3KCIUIyaTallMOHHBIMM CBOMCTBAMU U
KOHKYPEHTOCTIOCOOHOI Ce0eCTONUMOCTHIO.

M3 BhILIENTPUBEICHHOTO aHAIM3a CJISAYET, YTO KOMITIO-
3ULUOHHBIE MIOAPE/ILCOBbIE OCHOBAHMS 1 IIIIAJIbI KAK HAM-
0oJree IIIMPOKO TIPUMEHSIEMBII NX TPeACTaBUTeNb, TTOJY-
YEeHHbIE [10 Pa3HbIM TEXHOJIOTUSIM, CYILIECTBEHHO pa3/inya-
f0TCS TI0 (PU3UKO-TEXHUUCCKIUM CBOMCTBAM M Macce, YTo
MPEIIToJIaraeT BOBMOXHOCTh B 3aBUCMMOCTH OT BKCILTya-
TALIMOHHBIX YCJIOBUM (KJIMMaTa, IIMPUHBI KOJIEH, OCEBOM
Harpy3ku, CKOPOCTH Y MHTEHCUBHOCTH JBMKEHUS T1OE3-
JIOB U T. [I.) U ChIPbEBBbIX PECYPCOB KOHKPETHOM CTPaHbI
WY JaXe PeTMOHA YCTaHABIMBATH PAITMOHAIBHYIO TEXHO-
JIOTUIO M CBOMCTBA MaTepuajia KOMITO3ULIMOHHBIX MO~
PpeTbCOBBIX OCHOBaHM. [1py Ha3HAYCHNM palIMOHAIBHBIX
CBOICTB Marepuaja U KOHCTPYKIIMKM KOMIIO3UIIMOHHOTO
IOIPEJILCOBOIO OCHOBAHUSI aKTyaJIbHOM SIBIISIETCS 3amaya
Ha3HaYCHMSI CBOMCTB MaTepriajia KOMITO3HTa, 00eCIIcUBa-
JOIIETO KOMITIPOMUCC MEXAY XKECTKUM (Ha XKeJie300€TOH-
HBIX IITIaax) 1 0ojice MITKUM (Ha ACPEBSHHBIX IITIAIAX)
pPEeXMMaMM IBVIKEHHs TTOIBUKHOTO COCTaBa.

6. BoiBoapl

1. B otinuue oT moapebCoOBBIX OCHOBAHUI U3 TPagu-
IIMOHHBIX MaTePUAJIOB KOHCTPYKIINHU U3 KOMITO3UIIOH-
HBIX MaTepHUaJIOB UMEIOT PSII IIPEMMYIIECTB, K KOTOPBIM
OTHOCSITCS BBICOKasI IIPOYHOCTH, BO3MOXHOCTD PETYIIH-
pPOBaHUS CBOMCTB B IIMPOKOM AMaNa3oHe, CTOMKOCTh K
TPELIMHOOOPA30BaAHNIO, BHICOKME 3JIEKTPOCOIPOTUBIIE-
HIe W BUOPOU3OISAIMOHHEIC CBOMCTBA, XOpOIIast CTOM-
KOCTb KO MHOI'MM arpecCMBHBIM XMMHUUYECKHM CpeIaM,

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

BO3MOXHOCTB UX ITepepabOTKU 1 IOBTOPHOTO MCIIOJIB30-
BaHUA U DAL APYIUMX MNPEUMYIIECTB, OIPEAEIIAIOLINX
MEPCIEKTUBHOCTD Pa3BUTUS KOMIIO3UIIMOHHBIX ITOM-
PETBCOBBIX OCHOBAHMIA JUTSI XKeJIE3HOMOPOKHOM OTPaCIIH.

2. KoMITo3u1oHHEbIE MTOAPEILCOBbIE OCHOBAHUS MMe-
0T Pa3HOOOpPa3HyI0 0a3y MCXOMHOTO CHIPBS, OTpeesisie-
MYIO KaK COOCTBEHHBIMU ChIPEEBBIMU PECYPCAMU CTPAHbI
(BUI CBHIPBSI, KOJIMYECTBO, 1IEHA U T. 1.), TAK W pa3INIreM
B YCJIOBUSIX B3KCITIyaTallMM KeJIe3HBIX IOpor (KJIMMmar,
IIMPUHA KOJIeW, Harpy3Ka Ha OCb, CKOPOCTb I MHTEHCUB-
HOCTb JIBVDKEHUST TIOE3[0B, Ha3HAUeHWE XK. M. MMyTed U
T. 11.), ONIPEACJISIOIIMMMU IJIs1 KaXKI0W CTpaHbl U, BOZMOXK-
HO, OTIEJIFHOTO PeTHOHA HEOOXOOUMOCTD PAIIIOHAIEHOTO
BBIOOpA TEXHOJIOTUHN, UCXOTHBIX MaTEPUAJIOB 1 JaXe KOH-
CTPYKIIMHU ITOAPETHCOBOTO OCHOBaHUsA. B yacTHOCTH, MUIs1
FOxH0-A3MaTCKOTO pernoHa MePCIeKTUBHBIM TSI X W3-
TOTOBJICHUS SIBJISIIOTCS HaTypaJibHble pecypchl (0aMOyK,
cu3alib U T. II.) C IMPOKOW CHIPHEBOU 0a30i1, OOJBIIOI
CKOPOCTBIO pOCTa U BO300HOBISIEMOCTBIO PECYpPCOB.

3. Ilo cnmocobam apMUpOBaHUSI KOMIIO3ULIMOHHBIE
TOJPEIbCOBBIE OCHOBAaHUS TOAPA3AEISIIOTCS Ha KOH-
CTPYKLIMU: a) O3 UJIU TOJbKO C KOPOTKMMU BOJIOKHAMU B
TOJIMMEPHOM MaTpulie; 0) ¢ JNIMHHBIMA BOJIOKHAMH, BO-
JIOKHUCTBIMM CeTKaMH1 WJIM TKaHSMHU B MOJMMEPHOU Ma-
TPUIIE; B) C apMUPYIOIINMHU OpyCKaMU WU IPOGIIISIMU B
MOJIMMEPHOI MaTpulie; I') U3 JIAMMHATOB, CKJIEEHHBIX
MOJIMMEPHOM CMOJION; A) MOJyYeHHble MomupUKaLUei
TpagULIMOHHBIX n3nenuii. [IprmopuTeTHHIM HaIIPaBICHM -
€M pa3BUTUSI KOMITO3ULIMOHHBIX MTOAPEIbCOBBIX OCHOBA-
HUI, © B YAaCTHOCTU IIIAJ, SIBJISIIOTCSI KOHCTPYKLIMU
TIEPBOU TPYIIIIHI.

4. JIns mpou3BOACTBa KOMITO3ULIMOHHBIX MOAPEThCO-
BBIX OCHOBAHUH TTEPCIIEKTUBHBIM HAIIPaBJICHUEM SIBJISICT-
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Ta6amna 13
Table 13
du3nko-mexaHm4yeckue CBOACTBa KOMMNO3ULMOHHbIX LUNan u TpebGoBaHUs CTaHAapToOB
Physico-mechanical properties of composite sleepers and relevant standard requirements
Mokasarenm wnans! I'InomogTb, yrl'\llgl)c;/?ggim ng]oz?ﬂ)iim (I:_Ix?;:MHV? (;TI\:QCF')I'VEI Bb?;fb?g:fmq KJG'ITP*1
O

HanMEHOBAHNE Kr/m npm';snr:6e, npml\ﬁg‘ﬁe’ o::;zj\;:}?y?ﬁﬁga my?(wos, 10°, °C
Axion [50] 849-897 1724 20,6 20,6 31,6 74
TieTek [52] 1153 1724 18,6 16,5 35,6 135
IntegriCo [55] 1121 1655 18,6 15,9 73,4 126
Railwaste [59] - 1169 18,9 - - -
Egyptian [72] - 2139 21,4 26,4 50 -
FFU [77] 670-820 8100 142 58 65 -
Wood core [87] 993 1517 17,2 15,2 - 20
Glue laminated [96] - 5190 103 63,8 -
AREMA** ctanpapt - >1170 >13,8 >6,2 >22,2 <135
* KOadpdUUMEHT NMHENHOIrO TEMNEPATYPHOrO PACLUMPEHUS.
** AREMA — AMepukaHckas accoumaums XeneaHoa0p0oXHOro MallMHOCTPOEHUS U 0OCTYXMBaAHUS NMYTHW.

Ta6mmna 14

Table 14

dyHKUMOHaNbHbIE U TEXHUYECKUe Nnoka3aTenu, obecneunBsawime appeKTUBHOCTb
KOMMO3ULMOHHbIX NOAPENbCOBbIX OCHOBaHUM
Functional and technical indicators ensuring the effectiveness of composite underrail basement

CDyHKLI,VIOHaJ'IbeIe nokasarenun

TexHn4yeckme nokasatenm

dunsunyeckne o
MOPO30CTOMKOCTb U MNp.

MNoTHOCTb, KOAPDUNUMEHT ANHENHOIO TEMMNEPATYPHOrO PACLLUNPEHNS, SNEKTPONPOBOAHOCTb,

MexaHnyeckune

Okcnnyarta-

Mopaysb ynpyroctu npu cxaTum 1 npy n3rnbe, NpoYHOCTb Ha CABUI, MPOYHOCTb NPU CXaTuu,
yCcunne BbipbIBaHWS LLIYPYNOB, NONI3Y4YEeCTb, YAApHas BA3KOCTb, YCTaNOCTHAas MPOYHOCTb,
nemndurpyolme CBOMCTBA U Np.

LIMOHHbIE
CcBOWCTBa

K aTMocdepHbIM BO3AENCTBUSM — [OXA0, CHETY, BNare, 3aMep3aHunio 1 0TTanBaHuio,
ynbTpacdroneTy, NOBLILLEHHON TEMMNEpPaType OKPYXatoLLen cpeasl v np.

CrolikocTb
TEPMUTOB) M Mp.

K 6uonormnyeckon Koppo3uu, Bel3biIBaEMOI rpubamm, BO3LENCTBUIO HACEKOMbIX (0COOEHHO

K xumnyeckonm Koppo3uu, BbI3bIBAEMOW KMCIOTHBIM JOXOEM, LLLESIOYHbIM BELLLECTBAM,
nponveam Npu TPaHCNOPTUPOBKE, BO34ENCTBMIO Macen n np.

noapenbCOBbIX OCHOBAHUMN

Pacxofbl Ha UCxoaHble MaTepuanbl 1 3Hepros3aTpaTthbl NPy NPON3BOACTBE KOMMO3ULIMOHHbLIX

Skonoro- OKOHOMMWYHOCTb

Pacxoabl Ha co3gaHue 1 06CNyXrBaHne NPON3BOACTBEHHONO 060PYA0BaAHNS TEXHONOMMYECKMX
JIVHUI MO NPOM3BOACTBY KOMMO3ULIMOHHBIX NOAPESIbCOBbIX OCHOBAHWIA

3KOHOMMUYeckas
3PEKTUBHOCTD
XXM3HEHHOr o

JkcnnyaTaumMoHHbIE PACX0Abl HA PEMOHT 1 00CNYXMBaHME KOMMO3ULUMNOHHBIX MOAPESIbCOBbIX
OCHOBaHWI (06beM paboTbl, CPOK CYXObI) B X. 4. NyTN

umkna

Pacxoabl Ha yTUAn3aumio CTaporoaHbIX KOMMO3ULMOHHbIX MOAPESIbCOBbLIX OCHOBAHMWI

OKONOrM4YHOCTb
NnoapenbCOBbLIX OCHOBaHNA

Pacxopnbl Ha oxpaHy okpyXatoLLeli cpeabl N3-3a BelOpoca BPeAHbIX ra30B, CTOYHbIX BOA,
TBEPAbIX OTXOAO0B NPW NPON3BOACTBE, 3KCIIyaTaLuumn 1 yTUIM3aumm KOMMO3MLMOHHbIX

Cs WCIOJIb30BAaHUE OBITOBBIX (OCOOEHHO TUIACTUKOBBIX),
CTPOUTEJIbHBIX, TPOMBILIIEHHBIX, JIECOIIPOMBILUIEHHBIX
U CEJIbCKOXO3SIMCTBEHHBIX OTXOAOB, YTO CIIOCOOCTBYET
CHWXXEHUIO 3arpA3HEHMS BOLHOW CPelbl U MOYBEI, OCBO-
OOXIEHUIO 3aHUMAEMBIX UMHU 3€MEBHBIX PECYPCOB, pac-
IIAPEHUIO BO30OHOBISIEMOI ChIPhEBOIl 0a3bl U B 1IEJIOM
YCTOMYMBOMY Pa3BUTUIO XKEJIE3HOLOPOKHOMN OTPACIIH.

5. OcHOBHOI TIPOOIEMOI [IJIsT IMPOKOTO TTPUMEHE-
HUS KOMITO3ULIMOHHBIX TOAPEIbCOBBIX OCHOBAHU B-
JISIETCS HEOOXOAMMOCTh COaTaHCUPOBATH MPOTUBOPEUYUE

MEXIy TpeOOBaHUSIMU K MX SKCITyaTallMOHHBIM CBOM-
CTBaM, HaIIpUMED MO CHYKEHUIO 3aKPUTUIECKHI BEICOKO-
ro 3Ha4eHMSI KOX(GUIINEHTAa JTUHESHMHOTO TeMIIepaTyp-
HOTO pacIIUpPEeHUsT MOJMMEPHOM MaTPUIIbI, M 3KOJIOTO-
SKOHOMUUYECKON 3(P(PEKTUBHOCTbIO MX XU3HEHHOTO
IIVKJIA, SIBJISTIONIEMCST TIPEIISITCTBUEM TSI O0ecTiedeH st
MX KOHKYPEHTOCITOCOOHOCTH TPaIMIIMOHHBIM IOIPEIIb-
COBBIM OCHOBAHMSIM.

ABTODPBI 3asIBJISIIOT 00 OTCYTCTBMM KOH(JIMKTA UHTE-
pecoB.
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Hudopmanna

il Ill]ﬂrllTI]BMTb K NYOMUKALUA HAY4HO-TEXHAYBCKYID CTATbI0

KypHaibHas HaydHO-TEXHMYECKasl CTaThsl — 3TO COYMHEHME HeOOMBILOro pa3Mepa, YTo camo Mo cebe
OTIpeIeIseT TPAHMIIBI M3JI0KEHUS TEMBI CTaThU.

HeoOxomuMbeIMu 351eMeHTaMy HAYIHO-TEXHIIECKO CTaThH SIBJISTIOTCS:

—  TIOCTAaHOBKa IPOOJIEMBI B 00IIIEM BUIIC 1 €€ CBSA3b C BAXHBIMU HayYHBIMU WM TTPAaKTUYECKUMU 3a1a4aMu;

—  aHaIM3 MOCNEIHUX JOCTIKEHUI 1 MyOIMKAIIiA, B KOTOPBIX HAYaTO pellieHe JAHHOH MPpo0JIeMbl U Ha
KOTOpbIE OMUPAETCS aBTOP, BbIAEJIEHHE paHee He PEICHHBIX YacTeil o0mieil mpobieMbl, KOTOPHIM
MOCBSIIEHA CTAThs;

— (opMmyaMpoBaHue 1ieNeii CTaThbk (TOCTAHOBKA 3a/1aUK);

—  W3JIOXEHUEe OCHOBHOTO MaTepyaa NCCIeNOBAHMS C TIOTHBIM 000CHOBAHWMEM TIOTyJeHHBIX PE3YITbTATOB;

—  BBIBOIBI M3 JAHHOTO MCCIIEIOBAHMS U TIEPCIIEKTHBBI JalbHEMIIIEro Morcka B N30paHHOM HaIPaBICHUM.
HayuHble cTatbu perieH3UpyIOTCS CIIeIMATICTAMK. YUUTBIBAst OTKPHITOCTD XKypHasa «CTpoUTeIbHbIe MaTe-

pl/laJ1bI>>® JUTSL YYEHBIX M ICCIeIoBaTe el MHOTUX JIECATKOB HayuHbIX yupeskaeHuii u By3oB Poccum u CHI, mpen-

CTABUTEJIM KOTOPBIX HE BCE MOTYT OBbITh MPECTABICHbI B PEAAKIIMOHHOM COBETE M3NAHMSI, XKeIaTe/IbHO Mpe-

CTaBJISITh OMHOBPEMEHHO CO CTaTheli OTHOIIEHHE YIEHOTO COBETA OPTaHM3AIINH, TIe IPOBEIeHa paboTa, K TIpeI-

CTaBJIIEMOMY K TTYOJIMKALMI MAaTePUATTY B BIIIE COTPOBOIUTEHHOTO TTHChMA WM PEKOMEHAINN.
bubmmorpaduyeckre CMcKy IUTUPYEMOIA, MCIOIB30BaHHOM JTUTEPATYphl JOJKHBI MOATBEPKAATh

ClieIOBaHKE aBTOpa TPEOOBAHUSM K COAEPXAHUIO HAYYHOM CTAThH.

HE PEKOMEHIYETCA:

1. BxutouaTh cChUIKM Ha (enepaibHble 3aKoHbI, Moa3akoHHble akThl, [OCTbel, CHullel u mp.
HOPMATHBHYIO JIUTEPATYpy. YIIOMUHAHNE HOPMATHBHBIX TOKYMEHTOB, Ha KOTOPBIC OMMPAETCS aBTOp B
UCTIBITAHWSX, PACYETaX WK apTyMEHTAIUH, JIYYIlle TeJaTh HETIOCPEACTBEHHO 0 TEKCTY CTAaThH.

2. CchlnaTbes Ha yueOHBIe M y9eOHO-METOMMUECKIE MTOCOOKS; CTaTbi B MaTepHaiaXx KOH(epeHIii 1
cOOpHUKAxX TPYIOB, KOTOpbIM He mpucBoeH ISBN 1 KoTopble He momamaioT B Beayliude OMOIMOTEKU
CTpaHbl U He MHAEKCUPYIOTCS B COOTBETCTBYIOIIMX Oa3ax.

3. CchlmaThbes Ha IUCCEPTALUM (CCHUTKM Ha aBTOpedepaThl IMCCePTAIIMid He TOTYCKAIOTCS ).

4. CaMOLIMTHPOBAHUE, T. €. CChUIKU TOJIBKO Ha COOCTBEHHbIE MyOIMKalMK aBTopa. Takasi mpakTuka He
TOJIBKO HapyIiaeT 3TUIeCKre HOPMBI, HO U TIPUBOIUT K CHIDKEHUIO KOJMYECTBEHHBIX MyOJMKAIIMOHHBIX
ToKa3ateJieii aBTopa.

OBA3ATEJIBHO caenyer:

1. Ccbnatbesl Ha CTaTbU, ONMYOJMKOBAHHbBIE 3a TOCAeAHME 2—5 JIeT B BEAYIMX OTpACIeBbIX HAYYHO-
TEXHUYECKUX Y HAYYHBIX M3TAHMSX, Ha KOTOPBIE ONMUPACTCS aBTOP B MOCTPOCHUM apTyMEHTAIIMU WA
MOCTAaHOBKE 3a/1a91 UCCIICNOBAHNSI.

2. Ccpinatbest Ha MOHOTpaduy, omMyOIMKOBAHHEIE 3a TIocHenHue 5 eT. boee maBHUE MCTOYHUKY
TaKXe HeTaTUBHO BIMSIOT Ha TIOKa3aTeNu My0IMKAIlMOHHOI aKTUBHOCTH aBTOpA.

HecomHeHHO, YTO BO3MOXKHBI CChUIKM M HA KJIaCCMYECKKE pabOThl, OMHAKO HE CIeAyeT 3a0bIBaTh, UTO
HayKa BCeraa pa3BMBAeTCsl MOCTYMATeJbHO BIEpel M HE3HaHWE aBTOpaMM TMOCTETHMX TOCTMXKEHWI B
00J1aCT! MCCIIeIOBAHMIA MOXKET MMPUBECTH K TyOIMPOBAHHUIO PE3yIbTATOB, ONTMOKAM B TOCTAHOBKE 3a1a9i
UCCIIeOBAHUS M MHTEPTIPETAIIMY TAHHBIX.

CraTby, HarpaBJIsieMbIe TS OITyOIMKOBAHMUS, IOJKHBI O(POPMIISITHCS B COOTBETCTBUY C TEXHUUECKHU-
MU TpeOOBaHUSIMU U3NAHUIA:

— TeKCT CTaThM JOJKeH OBbITh HabpaH B penakTope Microsoft Word u coxpanen B ¢hopmate *.doc, *.docx
uu *.1tf ¥ He TOJIKeH cofepXaTh MITIOCTPALIMA;

— Tpaduyeckuii Matepual (rpadyKu, CXeMbI, YePTEXH, TMarpaMMBI, JIOTOTUIIBL 1 T. T1.) TOJDKEH OBITh
BBITIOJTHEH B rpadmdeckux penakropax: CorelDraw, Adobe Illustrator w coxpaHeH B opmarax *.cdr,
*.ai, *.eps cooTBeTCTBeHHO. CKaHMpOBaHMe TpahIeCKOro MaTeprana ¥ UMIIOPTUPOBAHME €T B Iepe-
YUCJICHHBIE BBIIIE PEIAKTOPHI HEMOIYCTUMO;

— WUTIOCTpaTUBHBIN Matepuan (dboTorpaduu, KOIaxu U T. I.) HEOOXOAUMO COXPaHSTh B (hopMmate
* tif, *.psd, *.jpg (KauecTBO «8 — MaKcUMabHOE») M *.eps ¢ paspemienneM He meHee 300 dpi, pa3-
MepoM He MeHee 115 MM o mmpue, nsetosas moaenbr CMYK unu Grayscale.

Marepuan, mepenaBaeMblii B PETAKIIMIO B SJIEKTPOHHOM BHJIE, IOJDKEH COTIPOBOXIATHCS: PEKOMEH/IA-
TEJTbHBIM TMCbMOM PYKOBOIUTEJIS TIPEANPUATHS (MHCTUTYTA); IMLEH3MOHHBIM JIOTOBOPOM O Tiepeiade mpaBa
Ha TyOMMKAIIMIO; pacnieyaTKoid, JYHO MOANHMCAHHOI aBTOpamu; pedepatoM oobeMoM He MeHee 150 cioB Ha
PYCCKOM M aHIJIMIACKOM SI3bIKAX; MOATBEPXKIEHUEM, UTO CTaThsl MpeIHA3HAYEHA LTS TYOJIMKALIMHU B XXypHAIe
«CrpourtesibHble MaTepuaib»®, paHee HULIE He MyOIMKOBANACh U B HACTOSIIEE BPeMsl He MepeiaHa B IpyrHie
U3NaHKUS; CBEICHUSIMM 00 aBTOpax ¢ YKa3aHUEeM MOJHOCTbIO (haMIIMU, UMEHH, OTYECTBA, YUEHOM CTETIeHH,
JIOJDKHOCTH, KOHTaKTHBIX TeJle(hOHOB, TIOYTOBOTO M 3IEKTPOHHOTO aipecoB. MIUTIOCTpAaTHBHBI MaTeprat
JIOJXKEH OBITH MepeaH B BUIE OpUTMHAIOB (hoTorpaduit, HETaTUBOB WM CNIAMIOB, pacrieyaTtku (aiiios.

B 2006 r. B xypHaine «CtpoutenbHbie Matepraibi»® GbUI omybanKoBaH psj crateil «HaunHaomemy
aBTOPY», 03HAKOMUTBCS ¢ KOTOPHIMKM MOKHO Ha caiiTe usgarenbctBa www.rifsm.ru/files/avtoru.pdf

IToapoOHee MOXKHO 03HAKOMUTBCS C TPeOOBAHUSMH Ha caiite xKypHaja https://journal-cm.ru/index.php/ru/avtoram
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