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BoamoxxHoctn CINOC Crponnnowagku 4.0
Ha NpakTU4eckoMm npumepe

Kaxgbli 3anpoekTUpoBaHHbI OOBbEKT peanusyeTcs Ha cTpouTenbHon nnowagke. W yem Gonee
3ambICrioBaTOe 3[aHWe WM COOPYXEHWe, TeM CIIOXHee OpraHu3m, rge Bce AOMMKHO ObiTb CO034aHo
CBOEBpPEMEHHO, Ha CBOEM MeCTe U B HyXHOM obbeme. OT 3TOro 3aBMCUT KayecTBO BO3BOAMMOIO
obbekTa U Bpemsi, 3aTpadMBaemoe Ha cTpouTensctBo. Komnanumsi «Marma-KomnbtoTep» BbinyckaeT
HoByto Bepcuio nporpammbl CIMAOC Crponnnowagka 4.0, no3sonswoLlyo paspabateiBatb pasgensi NMOC
(mpoekTbl opraHusauum ctpouTensctsa), MNP (npoekTbl npomnsBoacTBa pabot), TK (TexHonornyeckne
kapTbl), THB (ropm3oHTanbHO HanpaBneHHoe bypeHue). ATO NPUNOXKEHNE MOCTOAHHO paclimpsaeT cdepy
CBOEro npuMMeHeHus. Ha cerogHaWwWHUn aeHb oHa paboTaeT Ha nobon 13 Tpex nnatdopm: nanoCAD,
AutoCAD, ZWCad, 4To no3BonsieT akTMBHO NPUMEHATbL MX Mo Bcen Poccun, B KaszaxcTtaHe, YkpauHe u
OPYrux CTpaHax.

Celryac oyeHb akTyanbHO CO34aHWe He MNPOCTO YepTexen MPOEKTUPYyemMoro obbekTa, HO U
dopmupoBaHme ero uHcpopmaumoHHon mogenu (BIM). lNocteneHHo 3aTa TexHomorus nNpuvaeT U Ha
CTPOMTENbHYIO MMoWaakKy. YXe ceryac Halla KoMnaHus npegnaraeT HanonHUTb UHpopMaLnen Kaxabln
00BbEKT, Kaxayt NuHUI0 Ha 4vepTexe. OcTanock B npowsom mcnonb3oBaHne CAD-NpoayKTOB Nulb B
KayecTBe YOOOHbIX KyrnbMaHOB. [MpuULINO BpeMsi YMHbLIX NapaMeTpUYecknx OOBLEKTOB, MO3BOSSIOLLNX
ObiCTpee, KayeCTBEHHEE W TOYHEE MpPOEKTMpoBaTb, a TaKkKe MNOCpPeAcTBOM TMOKON BO3MOXHOCTM
pefakTUpoBaTb YXe co3faHHble OOBbEeKTbl M MPOEKTbl B LESIOM, UCKIYas BO3MOXHOCTb MOSABIEHUS
MEJKMX A0CafHbIX OLIMBOK U HETOYHOCTEWN.

Mporpamma CIAC Crtponnnoliagka no3BonsieT BbICTPOUTb CTPOUTESbHBIE NMPOLLECCHI AN CaMbIX
pasHbiX OOBLEKTOB: HEOONbLUMX 3AaHUA WKW COOPYXXEHWW; 30aHWWA, MPOEKTUPYEMbIX B CTECHEHHbIX
FOPOACKUX YCMOBUSIX; KPYNMHOMacLITabHbIX OOBHEKTOB, pacCYMTaHHbLIX HA HECKOMbKO 3TanoB 1 oyepeaen
ctpoutenbcTBa. MeHemxep npoektoB obecneunt cbop mHdopmauun n3 Heckonbknx DWG-cannos,
00beaVHUT ee B YETKO BbICTPOEHHYI uepapxuto paboT, KoTopble COo3AdalTcs nofb3oBaTeneMm unm
bepytca m3 npepoctaBneHHblx 6a3 NOCH n EHWP. WM HasHavatoTca gaTbl BbINOMAHEHMS, 06beEM U
eavHULbl M3MEpEHUs, KOMMYeCcTBO HeobxoauMbix pabounx. PasHble Bknagkm MeHemxepa npoeKToB
NCMonb3ylT eAWHbIN CMMCOK paboT, HO NpeAocTaBnAlT 6onee NogpobHY0 MHGOPMaLMI O CTOMMOCTMH,
TEXHWUKE, CTPOUTESbHLIX MaTepuanax.
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Ha Bknagke TexHuka ncnonb3yemasi TEXHMKa HasdHadaeTcs Ha paboTel B MeHemkepe NpoekToB, a
3aTeM pasmellaeTca Ha 4epTexax. XoTs BO3MOXHO U HaobopoT: cHayana OTpMCOBbIBAEM
CTpOVIFeHHHaH, a 3aTeM Ha3Ha4daeM Ha paGOTbI TEXHUKY U3 NpoeKTa. OTa B3anMocBs3b npenocrtaendeT
CYLLEeCTBEHHbIE MNpenMyLLecTBa NpuM HeobXxoauMMOCTM 3aMeHUTb, HamnpuMmep, OOWH Tarad Ha Opyrom.
KomaHga 3ameHums nosuyuro no ecemy rpoeKkmy nepeHasHavymT AaHHy no3uuuio Ha Bcex paboTtax, a
Takke 3aMeHUT Bce rpadmyeckne oTobpaxeHUss OaHHOW TEXHUKU Ha BCex vepTexax u Bo Bcex DWG-
harinax, OTHOCSILLMXCS K TEKYLLEMY MPOEKTY.

C kaxgon HoBoW Bepcuel paclumpsieTcst 6aza 060bekToB. I Ha AaHHbIA MOMEHT OHa COAEpPXUT
crnepyowmne BUAbI CTPOUTENBHON TEXHUKU:

rpy3onogbemMHyto (balleHHble, aBTOMOOUNbHBIE, MHEBMOKOJIECHBIE N I'YCEHUYHbIE KPaHbl);
3eMNEPOVIHYIO;

OTBarbHYIO;

TpyboyKnagouHyto;

CBaeboNHYI0;

TEXHUKY Anst OypeHus;

DeTOHOCMECUTENNBHYIO;

0ETOHOHACOCHYIO;

aBTONOABEMHYIO;

aBTOMOBUIILHYIO.

Ecnu Bce e KakOW-TO KOHKPETHLIN KpaH MNu MogbeMHMK He oBHapyxuncs, To 3ToT npoben
HecnoxHo BocnonHute. B CMAOC Crponnnowanky BxoauT npunoxedve CIIOC, roe  MOXHO
Mcnonb3oBaTb MHCTPYMEHT Macmep 06bekmos, NO3BONSIOWMIA Nosfb3oBaTento B 060N MOMEHT
nononHuTbL 6asy napameTpuyeckmx o6bHEKTOB camocTosTenbHO. Kpome Toro, paspaboTymk MOCTOSIHHO
obHoBnseT 6a3sbl No 3asiBkaM. Bce aTu gononHeHns k 6a3e JOCTYMHbI HA canTe Spds.ru.

Bknagka Mamepuanbl B MeHemkepe NPOEKTOB SIBMSIETCA OAHOW M3 HOBbIX (pyHkumi CI1AC
Ctpovnnowagkn 4.0. OHa no3BonsdeT Ha3HavaTb Ha paboTy Tpebyembie martepuansl. [lo3unumto
MaTepuana MOXHO B3ATb M3 npegoctasnsemon 6asbl nubo cosgatb ceow. OHa obnagaer Bcemu
HeobxooMMbIMM NapamMeTpamu, 4YTOObl B AanbHEenwWwem paccymtatb MnAowagum Ans CKNnagupoBaHUSa U
OTpUCOBaTb pekoMeHAyeMble CXeMbl CKraanpoBaHus rpy3oB. Kpome Toro, aTu martepuvanbsl MOryT GbiTb
pa3meLLeHbl Ha CTpounreHnnaHe B Buae oObEKTOB CKNagupoBaHus, a ux dpakTnyeckas nnowaab dyaet
yuntbiBaTbcs MeHeaxepoM NpoeKToB.
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HopmamveHeiit Emtusr  Boicota Hopma Kostpuuner
CTOUHIK MSMEDEHNR CKNAMMPO.. CKNSMMDO.. MPOXOADS

El Cransele usnends
# Apratypa normacs:/fnormacs.ruf19EF T 0.71-0.83 1.3
# Crans apraTypHan normacs:/formacs.ruj 1SEF 1nnH. py6 0.44 16
@ CTans-poKaT v CTaNk CopToBaA normacs: formacs.ruf 1SEF T 0.55-0.8 3
## TpyGel avaneTpon Gonee 500 mm normacs:/fnormacs.ruf19EF T 0.40.71 13
4 TpySel avameTpom A0 500 Hm normacs:formacs.ruj19EF T 0.4-0.71 L3
] CBoprisie wenesofeToHHbIe 1 GETOHHEIE KOHCTPYIKLIM 1 AET...
@ Banky BeToHHbIE PeKOMEHAELIM 3 2.53 2.2:2.5 1.3
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12 Ckaadupolane Meaorapmneo Memgang B cmensano

O6patumcsa Kk npaktvke. Ha npumepe npoekta «CTpouTenbCTBO TMOA3EMHOIO nepexodar
pPaccMOTPUM CO3[aHue CTPOWreHnnaHa M TEXHONOrMYecKoi kapTbl Ha 3abuBaHue LinyHTa. CroXHOCTb
3TOro NMpoeKTa 3aKni4yaeTcss B TOM, YTO CTPOWUTENbCTBO OCYLUECTBISIETCA Ha OOHOW U3 LEeHTparbHbIX
YNUL, ropoda C BbICOKOW MIMOTHOCTbIO 3aCTPOMKM U CYLLECTBYIOLMMU KOMMYHUKAUMSIMK, U MPU 3TOM
ABVXEHWe aBTOTpaHCnopTa Mo Hel ObIIo peLleHo He NepekpbIBaTh.

MepeyeHb paboT Gbin pa3duT Ha aTanbl U 3axBaTKW, YTO B JarbHEWLEM MO3BOMUIIO CO3daTb
KaneHdapHbIl NraH npou3BoAcTBa paboT wnn Kakon-nnbo [pyrorM OTYET Ha KOHKPETHbIM 3Tar.
OpraHusauusi, BbIMOMHAOWAA CTPOUTENbCTBO Nepexoda, pewwvna, u4To 3abuBaHve wnyHTa
«Jlapcen-500» 6OyneT npousBOAMTLCA CaMOAENbHOW CBaeBAaBnvBatollen YycTaHoBkon «CBY-1».
CoOTBETCTBEHHO, ANl BHECEHUA 3TOW TexHUKM B nNpoekT 6bin co3gaH obbekt B 6Gase ClOC
Crpovinnowagku.

Mpoext Bug  Pacueret  Oruerer  Momows

& PaBorel |  pacueHin I&L TexHuKa |&- MaTepuant
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& R ‘ « % &9 MapameTp 3raueHie %
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Haumenosanme S Enfaigi s fam [7] | Homep LLtd H'%LTH%}? H‘
paGat MIMEPEHMA  Ha4ana OKOHYZHIR 3
| HaumerosaHne Morpysexue eaesna. ..
FgF1c or crp =0 01.10.2013... 30.10.2013| | |El Aatm —
Elg 1.13an1 a 01.10.2013... | 14.10.2013 Aata Ha4ana 01.10.2013 08:00 N
=] ﬁl.l.l?»axsawa 1 0 01.10.2013... 07.10.2013] | Data okoHdaHua 07.10.2013 13:00 g & '
wr 01.10.2013... 07.10.2013| | | = O6wmen pador R
El @ 1.1.2 3axsatka 1 {HO4HOIA [} 01.10.2013... 06.10.2013| EAWHMLLI M3MEPEHWA | WT - L i
ﬁ) 1.1.2.1TMorpy»eHne cB3eEABMVEAIOWE. .. | 23 wr 01.10.2013... |03.10.2013) Ofbem pafior 67 \I [’ — L{ﬂﬁ
& 1.1.2.2 MorpyxeHue cBaeBaBnMBatolLe. .. 27 wT 04.10.2013... 06.10.2013 | Crommocts [1]
El @ 1.1.33axeatras 2 0 03.10.2013... 12.10.2013 | | Konwuectso nepeo... 0
6’? 1.1.3.1 NorpyeHu1e cBaeBAaBNMBatoLLE. .. 40 wr 08,10.2013,.. 12.10.2013|~ HYucno cver zanep... 1
F1 @ 1.1.43axsatia 2 (Houroii) 0 08.10.2013... [12.10.2013 | | Hopmwarme
% 1141 Morpyeqne cBaEBASENMEIOILE. .. 25 wr 08.10.2013... 10.10.2013 Crune Mozmyta
fl. 1.4.2 MNorpy*eHne CBaeBA8BNMBAIOWE. .. & wr 11,10.2013... 12.10.2013 | Homep no ctaHaapTy 05-01-012
El @ 1.1.53axsaia 3 o 13.10.2013... 15.10.2013 MpumeqEHe
w) 1.1.5.1NorpyseHHe cBaeBAaE8NMBAI0ILE. .. | 27 wt 13.10.2013... |15.10.2013 CocTae . MPOBEPKa 33MKOE, MaPKWPOBKa W PasMeTka cBail, 02, VisroToBneHue
B @ 1.237an2 o 16.10,2013... |30.10.2013 MHOBHAHBI cBait, 03, Monaqa ceall K MecTy norpyweHis. 04, Morpykerme
e MAAHHBIX CB3l W YCTSHOBKS HANPABNADMX CXBATOK. 05. YETHOBKE U CHATUE
= ¢ 1.2.150xmamka 1 C 16.10.2013... 119.10.2013) sufiponorpyswatens. 06, Morpyxerie csan. 07. Cre
" 1.2, 1. 1Torpy*eHKe CBaeBAaBNMBaIoWE, ., 31 wr 16.10.2013... 19.10.2013] . —
Eﬂ’m o 20.10.2013... |23.10.2013 £
1.2.2. 1 Tlorpy*eHre CBaeEA3ENHBAIOWE. ., 39 wr 20.10.2013... 23.10.2013
5l @ 1.2.3 3axsatka 3 0 24,10.2013... |27.10.2013 T
{I.Z.S.IHBI'FWMEHME cBaeBAaBNMBatouLe. .. 33 wr 24.10.2013... 27.10.2013 ~ —
|« [ | 3
7
Hammerosarne Egﬂg;ﬁ'ﬂ :::anapw [E

i
El @ YacTe 1. 3emnameie paboTe:
‘ﬁ?asnen 1. MexaHW3MpoBaHHas paspaboTka rpyHToB(3KCKAEATOpaMY, ckpenepatu, Bynbaosepamu, rpefia...
8%, Paznen 2. [lpyrie BMae) SEMnsHsX paBOT, NOAGTOSHTENEHEIE, COMYTCTEYIOWME 1 YKPEMHTENLHEIE
‘i?asnen 3. MexXaHU3MPOBAHHOE PHIXNEHHE W PaspafioTka BEUHOMEPINLIX MPYHTOB(SKCKABATOPEMM, CKPENE. .. 3CH 2001-01

Mocne  HasHayeHna Ha  «CoopyxeHue  orpaxgeHust  CTPOMTENbHbIX  KOTMOBAHOB»
CBaeBOaBNMBAOLLEN YCTAHOBKM W TAradya WX pasMecTunn Ha nnaHe kotnoBaHa. B cBasn ¢
OrpaHU4YeHHOCTbLI0 MPOCTpaHCTBa nogkpaHoBble Nyt CBY-1 ona kaxgon 3axsaTku yCTaHaBMMBalOT MO-
pasHoMy (4TO M oToBpaxeHo B nuctax npoekTa). OTKOChI, OrpaXaAeHUs, CyLLECTBYIOLLME U BPEMEHHbIE
3[@aHNs TaKKe HaHeCEHbI C NOMOLLbI0 06BbeKTOB CTponnnoLwaaku.
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3aTemM Tabnvua YCroBHbIX O0O3HAYEHWI, SKCMNUKALUUW 30aHUA U COOPYXKEHWUI opMUPYHOTCS
aBTOMaTuyeckn. Ha ocHoBe uHgopmauum M3 MeHemkepa MPOEKTOB CO34al0TCs KaneHAapHble nnaH
npon3BoAcTBa paboT, KaneHaapHbIi rpachvk NOTPEBHOCTN B MalLMHAX Y MexaHu3Max U npoyne oTyeThl,
YTO CYLLECTBEHHO 3KOHOMMUT BPEMSI MPOEKTMPOBLLMKA, KOTOPOMY GoriblLue He TpebyeTcsl BbICUMTLIBATL UX
«BPYYHYHO».
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B pamkax 3TOro npoekta WMHXeHepbl UCMONb30Bann BO3MOXHOCTU M3MEHEHMs1 KOHTypa 30H. o
YMOJI4aHUIO MporpaMmMa CTpouT paboyyto, MOHTaXHYH M OMAcHYH 30HbI PaboTbl KpaHa aBTOMaTUYECKU B
3aBUCMMOCTM OT BblfieTa kptoka U rabapuToB rpy3a. Ho npy HeoGXOAMMOCTM UX KOHTYP MOXHO
oTpedakTupoBaTb (O00aBWMTb K KOHTYpY, BblMECTb W3 KOHTypa) WM nepesajaTb 3aHOBO.
PaccunTbiBalOTCS 30HBI B COOTBETCTBMM C HOPMaMU U CTPOSITCH COOTBETCTBYIOLLIMM O6pa3om:

onacHasl 3oHa paboTbl KpaHa;

onacHas 30Ha nageHus npeamMeTa co 30aHus;

onacHas 30Ha paboTbl rpy30BbIX NO4LEMHUKOB;

onacHasi 30Ha paGoTbl rPY30MacCaXXMPCKMX NOAbLEMHUKOB;
onacHasl 30Ha paboTbl aKckaBaTopa.

Mporpamma npegocTaBnseT GoraTblii MHCTPYMEHTaPUI ANA NPOSKTUPOBAHUA BPEMEHHLIX [0POr.
CyuwiecTByeT 6a3a yCnoBHbIX 0603HAYEHUIA ANS PasfMYHbIX BUOOB aBTOMOOUIIbHBIX U KeNe3HbIX 40pOor C
3afaHveM paguycoB, HEMOCPEACTBEHHOW LUMPWHON O0OpPOr U 060YMH, HaHECEHMEM pPa3MepoB, OTKOCOB,
napamMeTpOB packnagkv 6ETOHHbIX NIUT B KOHCTPYKLMW JOPOTN.

& [Jopora
Buag Bcraeka Lrpuxoska KoncTpykums [Momouwys

MNapametp 3HaveHne [ - | — NS L S 900 |

3 Tn" L p— —_— | == e SESST o M |
Tun aoporu ABTOMOBMABH. ..

[= Hassanmne 18
Hassanue aoporu Aopora
CTpouTenbHas NnowanKka * /‘/

=] Tpacca

[= NMpoesasn yacTb

EE oK

B npencraBneHHoOM MnpoekTe BbINOfIHEHA BpeMeHHas aBTOMOOMNbHas gopora v nnowaika and
passopoTa. CMAOC Ctponnnowagka npegnaraeT HECKOMbKO BapuaHTOB MMOLWAAOK AN pas3BopoTa U
ywimpeHun. MNMepekpecTkn aopor opMUpyrTCa aBTOMaTUYECKM, HO MPY HEOBXOAUMOCTU UX NnapameTpbl
nameHsoTCcA. basza JOPOXHbIX 3HAKOB U 3HAKOB 6E30MacHOCTU MOCHYXUT NONE3HbIM NOACMOPLEM MpU
NPOEKTMPOBaHUN AOKYMEHTALMN MO OpraHn3auum JOPOXKHOIO ABUKEHMS.

CneumnanuavpoBaHHoe pelueHne CIMOC Crpoinnnollanka No3BofsieT CIKOHOMUTb BpPeMs Mpu
CO34aHUN aBTOMaTUYECKMX OTYETOB Ha OCHOBE ee OGBLEKTOB, YNPOCTUTb CO34aHWE U pedakTVpoBaHue
Kak rpaduyeckoil yacTu NpoekTa, TaKk W MNOSICHUTENbHOM 3anucku, a akcrnopT B «[paHa-CmeTty»
obecneyunT nepedavy AaHHbIX B yAo6HOM dhopmate Ansi CO34aHUsi CMETHOW JOKYMEHTaLMM.

Ornbea ApmemMbesa,
HavasibHUK omdesia pa3sumusi npo2pamMmMHo20 obecnevyeHuss «Mazma-komnsromep»

E-mail: artemyeva@mcad.ru
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KnHeTnyeckne ocobeHHOCTN BCNeHNBaHUS TEPMOPEAKTUBHbLIX
nosfimMmepos Mnpu noJtiydeHnn Tenion3osTIAUNOHHbIX MaTepunuasrioB B
NMPUCYTCTBUUN MUHEPASIbHOIO HarNoJTHUTESA

AcnupaHm A.E. BypdoHoes,
Upkymckuli eocydapcmeeHHbIl mexHU4Yeckul yHugepcumem

AHHOTaumMa. B paHHOM cTaTbe npeactaBneHo  MccrnefoBaHWe  3aBUCUMOCTEN  BIMSHUA
HanonHWTEeNsi B BWAe 30Mbl YHOCa, TemnepaTtypbl CMecu U Apyrux (PakTopoB Ha KMHETUYecKue
XapaKTEPUCTUKM BCMEHUBAHUS KOMMO3ULMOHHBIX MaTepuarnioB Ha OCHOBE CMECUM TepPMOpPEeaKTUBHbIX
nonvmepoB (cheHondopmManbaerngHbiXx CMOJST  pasfMYHbIX Mapok), 30fbl YHOCA W  crneuumarnbHbIX
mMoaucmumpyoLmx 4ob6aBoK.

B cratbe nokasaHbl MPOOOMKUTENBHOCTb, KPATHOCTb BCMEHMBAHMWSA, a Takke Mepuoa MHAOYKLUK
KOMMO3WLUMM B 3aBMCMMOCTU OT KONMYECTBA MCMOSb3YEMOro HaMOMHUTENS U APYrMX TEXHOMOrMYeCcKuX
napameTpoB. BbisBNeHO, 4TO AnNs MOnyyYeHus KOMMo3WTa OAHOPOAHOW pPaBHOMEPHOW CTPYKTYpbI
MUHUMarnbHasa TOfLLMHA CIos, 3anMBaeMoro B AepeBsHHy0 dopmy (S = 1 Mz), OOJDKHA COCTaBMsATb He
mMeHee 4 MM. Peakuusi ¢ 3onoi yHoca TOU-9 (OAO «UpkyTckaHepro», r. AHrapck) HaunHaeTcs Ha 27 %
paHbLUle, YeM Npu UCNOoNb30BaHUK 301bl YyHoca YcTb-Unumckon TOLL. Ha ocHoBe nonydeHHbIX AaHHbIX
pa3paboTaHbl MaTemMaTU4YeCKMe MOLENN, BblpaXatoLMecs ypaBHEHUSMN perpeccun.

KnioueBble crioBa: TENNon3onauuna; KUHETUKa BCNeHNBaHUA, 30/1a YyHOCa, cMorna
d)eHOﬂd)OpMaﬂb,D,eer,D,Haﬂ; HanonMHUTENb; KOMNO3NUWMOHHbIE MaTepuarsbl

B HacTosillee Bpemsi kak B Poccuu, Tak 1 3a pybexom LUMPOKO pacnpoCTpaHeHbl HAMOSTHEHHbIE
KOMMO3MLIMOHHbIE NeHoMaTtepuansl [1, 2]. BBegeHne HanonHuTenen obecneynBaeT CHWXEHWE pacxona
OeUUNTHBIX, OOPOroCTOSALWMX MOMMMEPOB, CMNOCOOCTBYET MOBLILEHUIO MPOYHOCTU UM CTOMKOCTU K
BO31eMCTBMIO BbICOKUX TEMMEpaTyp 1 BNarv 1 ynyyleHuio Apyrux nokasarenen [3—6].

B kavecTBe HanonmHutenew Ans NpPou3BOACTBA MONMUMEPHO-MUHEPArbHbIX KOMMO3UTOB MOXHO
MCrnonb3oBaTh MPaKTUYECKN BCe U3BeCTHble B npupoge Matepuansl [7—10]. CyliectByeT MHOXeCTBO
nccrnegoBaHuin No BBEOEHUI0 M3MeNbYeHHbIX OTXOAOB MEHONnacToB W nnacrMacc, ApeBEeCHON MyKM,
CTPYXXKW, Kpaxmana, necka, CTEeKNOBOOKHa, Pa3fyHbIX OTXOA0B MeTannyprryeckor n sHepreTm4eckomn
NPOMBILLFIEHHOCTM B KOMMNO3MLUUOHHLIE MaTepuansl [11, 12, 13].

Bo Bcex cnyyasx K Marepuanam, MWCMNOMb3yemMbiM And NpPoOuU3BOACTBA  KOMMO3WUTOB,
NnpeobsaBnsAlTCs crneuvanbHble TpeboBaHus. Bbibop OucnepcHbIX HanomnHWTeNen B MEPBYH o4yepedb
onpefensietca ¢oopMoK, pasmepamu 4yactuL 1 ux pacnpegeneHnem. [1octatoyHO BaXHbIM NapamMeTpoMm
C TOYKM 3peHUs 3IPPEKTUBHOCTM OENCTBUIN ONCMNEPCHBIX BELLECTB SBNSAETCA UX YAENbHas MOBEPXHOCTb.
CyLLeCcTBEHHOE BIUSHME Ha MNPOLIECC MOSTyYEHUS BbICOKOHAMOSIHEHHbIX MOSIMMEPHbLIX KOMMO3ULMNA
OKasblBaeT XxapakTep YMakoBKM uYacTuu. [Ons OOCTUXKEHWS MWHMMAIbHOIMO He3aHAToro obbema
CMeLUMBalOT pasnnyHble dpakumm HanonHutens. Npu nogbope dpakuunm yunthiBalOT TOT PakT, YTo
yrnakoBka Haubonee KpynHbiX yacTuy onpegensdeTt obwwmi obvem cuctembl. bonee menkue 4vactuupl
3aHMMAalOT NyCTOTbl Mexay 6onee KpynHbIMU, NPpY 3TOM CYMMapHbI 00beM He yBenuumnaeTcs [14].

[MpuMeHeHne HanonHuTeNnen pasnuYHOro NPONCXOXOEHUS AaeT BO3MOXHOCTb C UCNOMNb30BaHNEM
OfHOW W TOW >Xe MONIMMEPHON COCTaBMSALWEN NONyYUTb psg MaTtepuanoB C pasHbiMUM CBOWCTBAMW.
CywectByeT 6Gonbluoe KONUYecTBo BellecTB [15], KoTopble He BNUAKOT Ha U3NKO-MeXaHuyeckune
XapaKTepUCTUKN KOMMNO3NUTa 1 NPU 3TOM CHUXAaIOT ero CTOUMOCTb.

[nsa co3pgaHna KOMMNO3MLUMOHHBLIX MatepuanoB Heobxoanmo onpefenute TpeboBaHUS K CTPYKType
NMONMMMEPHO CMECWU W HamMoNHUTENS, a Takke BblOpaTb ONTMMArnbHbLIA AONs MCNONb30BaHUSA B
onpedeneHHbiX cdepax NPOMBILMIEHHOCTU cocTaB, obecneuvBaloWwmn Tpebyemble MNPOYHOCTHbLIE W
aKcnnyaTaunoHHble ceoncTea [16, 17, 18].

MHorne MuHeparnbHble OTXOAbl MO CBOWM TEXHUYECKMM CBOWCTBaM, XMMWYECKOMY COCTaBy W
SKCNMyaTauMOHHbIM  XapaKkTepucTukam OGnuskn K nNpupoaHOMY Cbipbto. B HekoTopbIx  cnydvasx
NMPOMBbILLIIEHHbIE MUHEparibHble OTXOAbl UMENT pag npeumyliects. WX npumeHeHne B npousBoACcTBe
CTPOUTENbHBLIX MaTeprarnoB SBNAeTCS OOHWM U3 OCHOBHbIX HanpaBneHUn CHKEHNS MaTepranoemMKoCTm
npoussoactea. B To ke Bpems CHwkeHne obbemoB paspabaTbiBaemMoro npuUpOAHOro Chipbs U
yTUnmn3aumsi OTXO40OB MMEIT CYLLEeCTBEHHOE 3KOMOro-skoHommyeckoe 3HadveHue [19]. B psage cnyyaes
BypmonoB A.E. Kunermdeckue 0COOEHHOCTH BCICHHBAaHUS TEPMOPEAKTHBHBIX IMOJMMEPOB NPU IIONYYICHUH
TETIJION30JIAMUOHHBIX MAaTEPHUAJIOB B IIPUCYTCTBUN MUHEPAITIBHOT'O HAITOJTHUTEIIA
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NCMOSb30BaHME Cbipbsi M3 OTBalNiOB MPOMBILSIEHHbIX MPEANPUSTAA  NMPaKTUYECKM MOSHOCTLIO
yAOBETBOPSIET NOTPEBHOCTU OTpaciv B MPUPOAHbLIX pecypcax.

OfHuM 13 Hambornee KpPYMHOTOHHAXHBbIX SABNAETCA OTXOA TENMO3HepreTU4eckoro KoMmnnekca —
3ona yHoca, npefctasnaowas cobon TOHKOAWUCMEPCHbIM nopowok. OHa [OCTaToOYHO  LUMPOKO
UCnonb3yeTcs BO MHOMMX OTpacnsx HapoaHoro xosancrea [20, 21, 22].

BBeneHne HanonHutenen B NONMMMMEPHYK CUCTEMY MEHAET napamMmeTpbl HEHOO6pa3OBaHI/I‘i| cmMecu.
I/I3yquMe [aHHbIX CBOWCTB Heobxogumo Ans npaBuUIibHOINO NOCTPOEHUA TexXHOJIorm4eckoro npoiuecca
npon3soacTtBa KOMMO3NLMOHHbIX MaTepuaoB. B MI/IpOBOIZ N OTEYECTBEHHOMN nnTepartype HeT NOJIHbIX
OaHHbIX O5nd pacdeTa U BbiABIIEHUA KNMHETUYECKUX 3aBUCMMOCTEN BCMNeHMBaHUs cmecn. Heobxogumo
OTMEeTUTb TOT CbaKT, 4yTO HpeﬂCTaBﬂeHHbIVI B pa60Te HanomnHutenb OO0 CUMX NOop HWUKOrga He
ncnosb3oBarca npu npon3BoacTBe NoJIMMepHO-MUHepParbHbIX KOMMO3MUMIA. YunTbiBas NepcnekTUMBHOCTb
McnoJsib3oBaHMA 30J1bl YHOCA MNpu Npoun3BoACTBE CTPOUTESIbHbIX MaTtepunarnoB pas3fiM4HOro HasHa4deHwusd,
MOXHO yTBepXaaTb, YTO U3yvYeHne KMHETUYECKUX XapaKTepucTtuk BCneHnBaHnA KOMMO3MLIMOHHON CMecH
SABNsiIeTCA HeobXo0aANMbIM 1~ aKTyallbHbIM.

Llenbto paboTbl ABNSETCS BbIIBNEHWE 3aBUCUMOCTU KMHETMYECKUX XapaKTEPUCTUK BCMEHUBaHMUS
NONMMMEPHON KOMMO3ULUM Ha OCHOBE CMECU TEepMOPEaKTUBHbIX CMOS OT CTeneHW HanosHeHUs
KOMMO3MLMM 305101 YHOCA, €e HayarnbHOW TemnepaTypbl U TOMLLMHbI 3anNMBaeMoro Crost KOMNosuunm.
TennonsonsiuMoHHblE MaTtepuarnbl Ha OCHOBE [aHHbIX KOMMO3WUMIA pa3paboTaHbl COTpyOHMKaMMU
MpKyTCKOro rocyapCTBEHHOIO TEXHUYECKOro yHuBepcuteta [23].

3KcnepUMeHmaanaﬂ Yacmeb

B kauyecTBe cBAsylowen mMaTpuubl AAsS KOMAO3ULUK UCMOMb3oBannck heHondopmansaerngHbie
CMOSbl PasnuyHbIX MapoK, 3Mynbratop, KatanuvsaTop, oTBepauTens M rasoobpasoBaTens. B kayecTtse
HaMOMHUTENsST UCMOMb30BaNMCb 30fbl YHOCA OT CxXuraHus yrnen Ha Yctb-Unumckon T3IL, n TOL-9
(cdbmnmanel OAO «UpkyTckaHepro», r. AHrapck).

paHynomMeTpuyeckMin COCTaB UCMONb3yeMblX 30N MNpefctaBneH B Tabnuvuax 1 n 2 [24, 25].
TBepaocTb 4YacTuy, 30Mbl cocTaBnsier 4—6 no wkane Mooca [26]. OnemMeHTHbIA COCTaB U yaenbHas
achdekTuBHOCTL akTMBHOCTM EPH ncnonb3yembix 3on yHoca npuBeaeHsl B pabote [27].

Ta6bnuuya 1. NpaHynomempu4eckuli cocmae 30J1bl yHoca Ycmb-Mnumckol TAL (ISO 13320-
2009)

Knacc
0,25- | 0,14— 0,08- | 0,05- 0,02—
prn::;cm, >0,315 0315 0.25 0,10-0,14 0.10 0,08 0.05 0,01-0,02 < 0,01
q’paOZ“”"’ 1,5 0 1,48 3,84 3,84 11,92 34,47 23,84 19,11

3ona yHoca MMeeT [OCTaTOYHO LUMPOKOE pacrnpeferneHne yactuy no pasmepam. lNpeobnagatot
dpakumm < 80 MkM, n3 KoTopbix okono 35% — vactuubl ot 20 go 50 mkm, 19 % — meHee 10 MKM.
®pakuyun > 80 MKM npeacTaBneHbl B HE3HAYNTENBHOM KONMYECTBE.

Tabnuuya 2. paHynomempuyeckuii cocmae 30JbI yHoca T3L-9 (ISO 13320-2009)

Knacc
0,25~ | 0,14- 0,08- | 0,05- 0,02—
prn:':cm, >0,315 0.315 0,25 0,10-0,14 0,10 0,08 0,05 0,01-0,02 < 0,01
q’pa(;,“""’ 0,50 0,00 1,49 4,88 5,57 16,82 36,32 17,81 16,61

paHynomeTpmyeckun coctaB 301 YyHOca, nonyyeHHblx Ha TOU-9 u Ycrtb-Unumckon TOIL,
OTNINYAETCH HE3HAYNTENBHO. KCNEPUMEHT NMPOBOAMUIICS C MCMOMNBb30BaHUEM YyKa3aHHbIX HAMONTHUTENEN B
obbeme 40 %. YcnoBusi nonydeHusa: temnepartypa — 21 °C, atmocdepHoe pasneHue — 101,4 klla,
OTHOCUTESbHAs BIAXHOCTb — 56%.

Mpu 3anvBke KoMnosvuuym B ¢popmbl ObINO 3aMeveHo, YTO Ha MPOJOIKMTENbHOCTL MpoLecca
neHoobpa3oBaHWsi BNUSIET TOMLLMHA 3anMBaeMOoro crnosa komnoauuum (puc. 1).

BypmonoB A.E. Kunermueckwe 0COOEHHOCTH BCICHHBAHUS TEPMOPCAKTHUBHBIX IMOJMMEPOB NpPU IIONYICHUH
TETION30JSIIMOHHBIX MATEPHAIOB B IPUCYTCTBUM MHUHEPAILHOTO HATIOIHUTEIS
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AKTMBHOCTb NMpeAcTaBfeHHbIX B paboTe CUCTEM XapaKTepuayeTcsl BPEMEHHbIMM MapaMeTpamu
BCMEHNBAHUSI, KOTOPbIE SABMNSIOTCSA NPSIMbIM CINEACTBMEM CKOPOCTEN XUMWUYECKUX peakuuii pearmpyoLimx
KOMMOHEHTOB, 06pa3yoLLMX NMOMMMEPHYI0 OCHOBY KOMMO3MTa. QT CKOPOCTM 3aBWCAT Kak OT KaTanvaa,
Tak 1 OT TeMnepaTypbl.

300
250 A
200 A
150

100 +

Bpems BCNEeHWBaHUA KOMMO3MUMA,C.

0 T T T T T 1

0 10 20 30 40 50 60
TonwwHa cnos,Mmm

Ha ocHose 30nbl yHoca T3U-9 (Hu3) —
Ha ocHoge 30nbl yHoca Y- T3L (Bsepx)

PucyHok 1. 3aBUCMMOCTb NPOAOIIKUTENBHOCTU NpoLecca BCneHnBaHus
OT TOSILMHBLI 3a5IUBAEMOro Criosl MOSIMMEePHO-MUHEeparibHOM KOMMNO31LK

Bo Bpemsi BCMeHVMBaHWS MOSIMMEPHO-MUHEPAribHOW  KOMMO3UUMM  Bblaensietcs  Gonbluoe
KonuyectBo Tenna. OddpekT BCNeHMBaHMA BO3pacTaeT, eclv BblAeNvBLUEECS TEMno He OTBOAMTCS
WHTEHCUBHO CTEHKamMu popMbl. B NpOTMBHOM Criyyae 3HauMTenbHasi YacTb SHEPIUM pacxofyeTcs Ha ee
Harpes.

Bcnegctene  aTOro  KOMMO3WT, Mofiydyaemblin B ¢popmMax M3  maTepuana C  HU3KOW
TENNONpPOBOAHOCTLIO, HAMPUMeEpP U3 AepeBa, UMEEeT MEHbLUYIO MOTHOCTb, YeM MaTtepuansl, nosyyaemble
B MeTannuyeckux dopmax. [Ana nonyyeHns maTepuana OAHOPOAHOW PaBHOMEPHOW CTPYKTYPbI
MUHMMarbHas TOSLMHA Cros, 3annMBaemMoro B AepeBsHHy hopmMy, AOMKHa COCTaBMATb He MeHee 4 MM
(yoenbHas TennoeMKocTb COCHbI — 2,72 k[x/(kr*K)).

MoBbiweHMe TOMWUHLI 3anvBaemoro cnost bonee 20 MM He3HaAYMTENbHO MEHSIET NpoLEece
MOMyYeHUs KOMMO3NLMK, ECAIN NMOLLaAb 3anMBaeMoii MOBEPXHOCTW He npeBbiiaeT 1 M°. BenenuBaHme
KOMMO3UUMM C UCMonb3oBaHueM 3onbl yHoca TOL-9 npoucxoanT paHblue. [pw yBENMYEHUN TOMLLMHBI
3anMBaeMoro Ccriod komnosvumm Ha 1 MM Bpemsi BCMEeHMBaHUSA yBenuuuBaeTcs Ha 4,4 cekyHfbl,
KOMMO3ULMN C UCNONb30BaHNEM 30751bl yHOca YCTb-Unumckon TOL, — Ha 4,9 ceKkyHAabI.

MaTemaTnyeckme Mogenu 3aBUCUMOCTM MNPOAOIKMTENBbHOCTM Mpouecca BCMEHMBaHWA OT
TONLWWMHBI 3anMBaemMoro Crnosi NoNIMMEPHO-MUHEPanbHON KOMMO3MLMK C UCMONb30BaHMEM 30Mbl yHOCA
T3U-9 (1) n 30nbl yHoca YcTb-Unumckon TIL, (2) BoipaxatoTca ypaBHEHUSMU perpeccumn:

t=-0,002n" + 0,2296n° — 2,1613n + 21,624 (1)
t=—0,0026n" + 0,2916n° — 2,7449n + 27,463 (2)

rae t — NnpogoMmKNTENbHOCTL NpoLiecca BCNeHBAHUA KOMMO3ULINK, CeK;
n — ToNlMHa 3animBaemMoro crios nonmmepHo-MMHepaanon KoMnos3nuunun, Mm.

C yMeHblleHneMm TOMWMHbI 3anvMBaemMoro Crnos u3-3a TennooTBoda 4Yepe3 CTeHKM opMbl
Temnepartypa B cepAueBuHe cMmecu ymeHbluaeTtcs. [Mpu ucnonb3oBaHum TepMmocTaTvpyembix opm B
KpaeBOM 30HEe (30HEe KOHTaKTa KOMMO3UuuM CO CTEHKaMW) noadepxuBaeTcsa Temnepatypa, bnmskas K
3afjlaHHON TemnepaTtype TepMocTaTupoBaHug. [laHHbIN Noka3aTenb HXe, YeM B cepeauHe obpasLa.

B cBA3M C 3TUM MpWU MONyYeHUM KOMMO3ULIMK yCTaHaBNMBAETCA TemnepaTypHbld rpagueHT no
TonwyHe obpasua M, kak creacTBue, UMeloT MECTO pasHble CKOPOCTU XMMUYECKOro B3aumoaencTBus u
rasoobpasoBaHus. B LieHTpanbHOM YacTy 3anvMBaeMoro KomMnosuTa peakuun npoxodsaT GbicTpee, Yem B
KpaeBoi 30He. B rotoBom msgenuu 31O BblpaxaeTcss obpasoBaHMEM MOBEPXHOCTHOW Kopku ¢ Gonee
BbICOKOM MIIOTHOCTbI0O B CpPaBHEHUWM C MJIOTHOCTbIO KOMMO3MTa B LIEHTparibHOM 4YacTu obGpasua.
dopMUpoBaHUIO MOBEPXHOCTHOM KOPKM CMOCOGCTBYET Takke [OaBrieHMe, pasBuBaemoe B dopme

BypHOHOB A.E. Kunernueckue 0COOCHHOCTH BCIIEHHBAHHUS TCPMOPCAKTUBHBIX TIOJIMMEPOB IIPH MOJYUYCHHUU
TCIUIONU30IMUOHHBIX MATEPHUAJIOB B IIPUCYTCTBUU MUHCPAJIBHOTO HAIIOJTHUTEIIA
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BCNeHmBawLwenca kKomnoauumen. [daHHble YCIiOBUA BITUAKT Ha cbopMy nosfiy4aembix nagenuin npum
cBOOOAHOM BCMEHMBAHUN.

OTcloga MOXHO chenatb BblBOA, YTO OOHMM M3  BaXHEWWWX akTopoB MpOM3BOACTBA
TEMOM30NSALMOHHOIO MaTepuaria Ha OCHOBE CMECH TEPMOPEAKTUBHBIX CMOJT, 305Tbl YHOCa M pasfnnyHbIX
andvTVBOB SIBMSIETCS TemnepaTypa Komnosvumn. Ha pucyHke 2 npepgctaBrieHa 3aBUCMMOCTb BIMSIHUS
TeMnepaTtypbl KOMMNO3ULIMN Ha KPATHOCTb ee BCMEHUBaHWS.

3 1 3
30 R 2
& 4
;
'i' 25 4 : x5 4
s *
g &
8 s
g g
3 20 ¢ 2
£ 3
T 2
g g
15 : i : X 15 4
10 : ; . : . : : . . . 10 T T T T T T T T T T Y Y T |
0 15 20 25 30 33 4 45 S0 55 60 0 5 1015 20 25 30 3 &4 30F 606 N0 75 D
TeMneparypa KoMNo3v,0C Cosepxarisg 30761 1HXC3, %
points — ponts
PucyHok 2. 3aBMCUMOCTb KPaTHOCTHU PucyHok 3. 3aBUCUMOCTb KPaTHOCTH
BCNeHUBaHUSA NOJSINMEPHO-MUHeparbHON BCMeHUBaHus OT coaepxaHus 30Mbl yHOca

KOMMO3ML UM OT ee HavyanbHOM TemMnepaTtypbl

[MonyyeHHble AaHHble (puUC. 2), HECOMHEHHO, MOXHO OTHECTM K [OOCTOMHCTBaM KOMMO3WLMW.
N3meHdAss ee TemnepaTtypy, MOXHO perynvpoBaTb KpaTHOCTb BCMNEHVMBaHWSA Martepuvana, TeM CaMbiM
N3MEHATb CBOWCTBA MOMyYaeMblX TENfoM30NSLUOHHBIX KOMMO3WMTOB. AHanu3upysi npeacTaBreHHbIN
rpacuk (puc. 2), MOXHO CKasaTb, YTO NPOU3BOACTBO M3AENWA HA OCHOBE [AAHHOM KOMMO3WLMK Mnpu
TemnepaTtype Hwke 10 °C um3-3a GonblumMx MNOTepb Tenna sBMSETCs 3KOHOMUYECKU HEBLIFOLHbIM.
KpaTHoCTb BCneHvBaHusa yBenuymusaeTtcs B npomexyTke oT 10 go 30 °C. B gaHHOM TemnepaTypHOM
AnanasoHe KpaTHOCTb BCTMEHUBAHWSA BO3pacTaeT B cpeaHeM Ha 2,7 % npu HarpeBaHuM KOMMO3WULMKU Ha
1 °C. lNpun aToM KpaTHOCTb BCneHvBaHus npu Temnepatype ot 31 o 40 °C BospacTtaeT Ha 0,7 % Ha
Kaxkabl rpagyc Harpesa.

YBenunyeHue TeMnepaTtypbl KOMNO3nMuMKM Bbllle 40 °C YMEHbLaeT KpaTHOCTb BCNEHMBaHUA
MaTtepuana 3a cyeT yBeJiM4eHusa CKOPOCTU OoTBepAdeHUA MaTtepunarna U noBblleHWA OaBlieHnA BHYTPU
ra3oBbIX MYy3bIPbKOB. KpaTHOCTb BCNMeHnBaHUA Matepualia CHMm>XaeTtcqa B cpeaHemM Ha 1,8 % Ha kaxabli
rpagyc Harpesa CMeCH.

MaTemaTuyeckue MoOOENM 3aBUCUMMOCTU KPATHOCTW BCMEHVMBAHUS MOJIMMEPHO-MUHEPArIbHOW
KOMMO3MLMM OT €ee HavanbHoi TemnepaTypbl (3) M 3aBUCMMOCTb KPaTHOCTU BCMEHUBAHWSA OT
cofepkaHus 3051bl YHoca (4) BblpaXatloTcsl ypaBHEHUSIMU PErPECCUN:

r=5E— 07T — 9E-05T" + 0, 0064T° — 0,2222T° + 4,4285T — 13,636 (3)
r=-0,0028¢ — 0,0823x + 33,032 (4)

rae r — KpaTHOCTb BCMEHUBAHMS KOMNO3ULNK;
T — HayanbHasa Temnepatypa komnosuumu, °C;
X — cogeprkaHue 3onbl yHoca, %;

E-2,718.

Kak nokasana npakTWKa, Ha KpaTHOCTb BCMEHMBaAHUSA BINUSIET He TONMbKO TemnepaTypa
KOMMO3MLUMK, HO W COAEPXaHMe HarnofHWTENs, B HalleM criydyae um siBndetca 3oma yHoca TOLU-9
(puc. 3).

BypHOHOB A.E. Kunernueckre OCOOCHHOCTH BCIIEHHBAHUS TCPMOPCAKTUBHLIX [MOJUMEPOB IIPpU NOJTYUCHUU
TCIUION30JIINUOHHBIX MAaTE€PpHaIOB B IPUCYTCTBUHU MUHEPAJIbHOT'O HAIIOJIHUTECIIA
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Bbes ncnonb3oBaHUA 301kl KOMNO3ULMA UMEET KpaTHOCTb BecneHnBaHusa 32—-34. MNMpu cogepxaHum
305bl B kOMMNo3uuun, pasHom 60 %, KpaTHOCTb BCNEHMBAHUSA CHUXaeTcsa B 2 pa3a u coctaBndeT 16—18.
[Mpn 3TOM KOMNO3MLMA NOMyYaeT AOCTAaTOYHO BbICOKME PU3NKO-MEXAHNYECKME XapaKTePUCTUKM (Mpegen
npoyHoctn npu m3rmbe 0,7 MIMa). MNpu yBennyeHum KOHUEHTpauuu 3ofbl yHoca Ha 1 % KpaTHOCTb
BCMeHuBaHusa cHmxaeTcs Ha 0,3. MNpu BBegeHun cabiwe 69 % 30nbl yHOCa BCMEHMBAHME HE MPONCXOOMNT,
a o0pasyeTcs cChekwascss Henopuctass Macca C  OYeHb BbICOKMMU  (PU3MKO-MEXAHUYECKUMMU
xapaktepuctnkamun. [JaHHbli pakT obbAcCHAeTCA Tem, Y4TO 30Mna yHoca NponuTbIBaeTCA MONMMepoM, u
3Ha4YUTENbHAsA €ro YacTb HE MCMOMb3yeTCsa NPU BCNEHMBAHUM KOMMO3ULIMW.

KnuHeTun4yeckne xapakTepuUcTuku neHoobpasoBaHusl (MHAYKLUMOHHbIA Nepuon, BpeMsi MogbeMa neHbl
W T. [.) ra3oHanosIHEHHbIX KOMMNO3MTOB SIBMSTCA BaXKHEALWMMK hakTopamu npy Bbibope onTumMarbHbIX
peuenTyp U B UCCredoBaHNN MexaHn3ma npouecca BcneHnsaHus [28].

OT npaBwnbHOro Bbibopa KOMMOHEHTOB 3aBUCUT HE TONbKO HOPManbHOE MpoTekaHue npouecca
neHoobpasoBaHus, HO U CTPYKTypa, a crefoBaTenbHO, U CBOMCTBA BCMEHEHHONO mMatepuana [29]. Ons
npyvaaHnsa KOMMO3UTY NEHUCTON CTPYKTYPbl HYXXHO, YTOObI BO 8peMSsI 8CrIeHUBaHLUISI MacChl CMEHKU S4eeK
obrnaganu HeobXOAMMOW MPOYHOCTBIO U HEe paspylanvicb MOA AaBMEHUEM PacLUMPSIOWUXCA rasos,
nokasaTterib KOTOPbIX UMEET NPsIMYL0 3aBUCMMOCTb OT TemnepaTypbl.

Ha pucyHkax 4, 5 npeacTaBneHbl 3aBUCMMOCTM Neproga UHAYKUMU OT coAepXKaHUs HanonHUTens
B CMECM U NepBoHaYyanbHON TeMnepaTtypbl KOMMO3ULUN.
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PucyHok 4. 3aBUCMMOCTb nepuoga MHAYKLUU PucyHok 5. 3aBucumocTb nepuoaa MHAYKUUN
OT cofiepXXaHUA HanonHuTens OT HayaslbHOW TeMnepaTypbl KOMNO3UL UK

Kak M3BecTHO, nepuog VHOYKUMM yKa3biBA€T Ha CIOXHbIA XUMUYECKUA NN OU3NKO-XUMUYECKUIA
xapaktep siBrneHuss B xoge peakuum [30, 31, 32]. lNpu yBENnuYeHMM KOHLEHTpaLMKM 305fbl YHOCa B
KOMMO3NLMN U3MEHSETCH CKOPOCTb 06pa3oBaHMs KOHEYHbIX MpoaykToB. B Hawem crnyyae 3oma yHoca
ABNSETCA UHIMBUTOPOM, NPENSATCTBYIOLWNM Pa3BUTUIO LLENMHON peakumu.

M3 nony4veHHbIX AaHHbIX (pyuc. 4) BUAHO, YTO 30Ma yHoca T3L-9 3ameTHO MeHee akTMBHas, Yyem
3ona Ycrb-Unumckon T3L. Peakumm ¢ Hell HaumHawoTcsa Ha 27 % paHblue, YeM Npu UCNonb30BaHUK
30nbl yHoca YcTb-Unumckon TOL,. BoaMoxxHO, faHHbIN dhakT obycrnoBneH 6onee BbICOKOM COPOLUOHHON
CMOCOOHOCTLIO HanomHUTENs, NMMbo pasnuyremM B XMMMYECKOM cocTaBe 3051bl. CTOUT OTMETUTb, UTO Mpu
yBENUYEHNN KONMYECTBA 30Ibl YHOCA MO MpeAcTaBfieHHbIM KOMMO3UUMSAM BO3pacTaeT nnactuyeckas
BA3KOCTb cMecu. OfHaKo 3aBMCUMMOCTb B €€ U3MEHEHWW MPWU PasfiMyHOM HaMOMHEHUW KOMMO3Uumn
OTCYTCTBYET, YTO MOXHO OOBACHUTH HEOOHOPOOHOCTbIO MOBEPXHOCTHOW CTPYKTYPbl 30Mfbl YHOCa WU
HepaBHOMEPHOW NPOMMWTKOM pacniaBoM nonmMepa.

Meproa mHOyKUMM KOMMO3MUUKM C 3050n yHoca T3L-9 BospactaeT Ha 1 €. Mpu yBenuMyeHuu
KOHUeHTpauun HanonHutens Ha 1,56 %. [lonyyeHHble AaHHble ABMSATCS BaXKHbIM NokasaTenem npu
BblOOpe HanonmHuTens Ans NPOMbIWIEHHOTO MNPOU3BOACTBA U3OENWIA, MOCKOMbKY 3HAYUTENbHO
coKpaLlaeTcs BpeMs X nosiydeHus.

BypHOHOB A.E. Kunernueckue 0COOCHHOCTH BCIIEHHBAHHUS TCPMOPCAKTUBHBIX TIOJIMMEPOB IIPH MOJYUYCHHUU
TCIUIONU30IMUOHHBIX MATEPHUAJIOB B IIPUCYTCTBUU MUHCPAJIBHOTO HAIIOJTHUTEIIA
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MaTemaTnyeckne Mogenu 3aBUCMMOCTM Mepuoaa MHOYKUMU OT cofepaHusi 3onbl yHoca TOL-9
(5) v 3onbl yHoca YcTb-Unumckon TOL (6) BbipaxatoTcs ypaBHEHUSMU PETPECCUMN:

P = —2E-06x" + 0,0002x° — 0,0027x° + 0,2019x + 11,953 (5)
P =3E— 06x" +0,0003x° — 0,0034x° + 0,2564x + 15,18 (6)

rae P — nepuoa vHOyKumK, cexk;
X — cogepkaHue 301kl yHoca, %.

Ha pucyHke 5 npeacraBneHa 3aBUCUMOCTb Neproa MHAYKUMM OT TemnepaTtypbl KoMnosuuuun. Mpu
yBENMYEHUN Ha4vanbHOW TemnepaTtypbl koMno3uuun Ha 1 °C nepuoa nHayKuum ymeHbliaetcs Ha 0,5 c.
CornacHo nony4yeHHbIM pe3dyrnbTaTtaMm, YeM HWXe HadvalnbHaa TeMnepartypa CMecun, TemM oonbLue nepuon
MHOYKUMN KOMMNO3NUTA.

Matematuyeckne MoAenu 3aBUCUMOCTM Mepuoda WHOYKUMKM OT HadanbHOW TemnepaTtypsl
KOMMNO31UMK (7) BblpaxatTcst ypaBHEHUSIMU PErPECCUN:

P = 0,009 — 1,0898x + 41,236 )

raoe P — nepuoa vHOyKUMK, Cexk;
T — HavanbHas memnepamypa komnosuyuu, °C.

OnTumarnbHasa TemnepaTypa NonMMepHO-MUHeparnbHon komnoduuumn coctaensieT 20-25 °C, T. k. B
OaHHOM TemnepaTypHOM [Auana3oHe o06ecneumBaeTcsi CUHXPOHHOCTb MPOLIECCOB BCMEHMBAHUS U
OoTBepXeHust komnosvumun. MNpu yBennyeHnn Temnepartypbl Bbiwe 25 °C npouecc neHoobpasoBaHus
npoTekaeT o4YeHb ObICTPO, YTO NPMBOAUT K agmabaTMYecKoMy B3pbiBY C CUIbHbIM 3K30TEPMUYECKUM
apdekTom, ¢ obBpasoBaHMEM KPYMHOSAYEUCTOW CTPYKTYpbl KOMMO3UTa. YMEHbLUEeHWEe TemnepaTypbl
KOMMO3ULMM  HWKE MPMBEAEHHbIX MapaMeTpoB Takke sBNseTcs Hed(MEeKTUBHbIM, MOCKOMbKY
3HaUNTENbHO YBENuuYMBaeT Nepuoj MHAOYKUMM cMecu. YacTb BblOENsOWEencss npu 9K30TEPMUYECKON
peakuMn 3HEepruu pacxogyeTcs Ha HarpeB KOMMO3ULMK, YTO B UTOre BMUSIET Ha XapaKTepUCTUKM
KOHEYHOro NpoAayKTa.

Bbi8o0bI

1. B xope paGOTbI BbiABNEHbl 3aBUCUMOCTU KUHETUYECKUX XapaKTepUCTUK BCNeHUBaHUA
I'IOJ'II/IMGpHOVI KoMno3numm Ha OCHOBE CMeCU TepMOpeaKTUBHbIX CMOJT OT CTeneHu HanoJiHeHUA
KOMMO3MLUMN 305101 YHOCa, ee HavanbHoOn TeMmnepaTtypbl 1 TOJWWHBbI 3annBaemMoro croa KoMmnosnuun.

2. TpuMeHeHune 305bl yHoca pasnuyHblix TOL OAO «WpkyTckaHepro» ¢ pa3mepom vactuy bonee
0,315, HO He meHee 0, 01 cHwxaeT BcneHMBaeMoOCTb koMmnosuuuu. MNpu BBegeHUn cebiwe 69 % 30nbl
yHOCa BCMEHMBaAHWE He MPOMCXOAUT, a 0b6pa3yeTcsi CneKwascss HemopmcTas macca ¢ OYeHb BbICOKMMU
hU3NKO-MEXAHNYECKMMM  XapaKTepucTukamu. [aHHbIM akT obbsiCHAETCA Tem, 4YTO 30Mma  yHoca
nponuTbIBaeTCs MNONMMMEPOM, W 3HAYMTENbHAsi €ro 4acTb He WCMoNb3yeTcs Mpu BCMNEHUMBaHWUM
KOMMO3uLmm.

3. Ons nonyyeHuss KOMMo3uTa OOHOPOAHOW PAaBHOMEPHOW CTPYKTYPbl MWUHMMAarbHasi TONWMHA
Criosi, 3arnMBaeMoro B AepeBsiHHYo hopMy nnowaabto 1 M, [OMMKHa COCTaBNSATE 4 MM.

4. Peakuus c 3onon yHoca TOU-9 HaunHaeTcs Ha 27 % paHblue, YeM Npy UCMOoMb30BaHMM 301bl
yHoca Yctb-Unumekon TOL,. OaHHbii hakT obycrnoeneH 6onee BbICOKOW COPOLMOHHON CMOCOBHOCTBLIO
HanonHuten4d, nmbo pasnun4ynem B XMMmM4eCKOM COCTaBe 30/J1bl.

5. BbigBneHbl ontumansHble Temnepatypbl cmecn (20-25 °C) ona OOCTUXEHUS MakCMMaribHOW
KpaTHOCTM BCMeHWBaHuA. B gaHHOM TemnepaTypHOM [Amana3oHe obecrneunmBaeTcsl CUHXPOHHOCTb
NpoLLEeCccoB BCNEHNBAHUSA N OTBEMKAEHNS KOMMO3ULINN.

6. |_|p0I/I3BOD,CTBO M34enun Ha OCHoBe npencrtaBlieHHbIX B pa60Te KOMMNOo3unummn npun temneparype
Hmwke 10 °C aBnAeTCa 3KOHOMMYECKM HEBbIrOAHbIM. KM3MeHsis TeMnepartrypy KomMmnosmuun, MOXKHO
perynmpoBaTtb KpaTHOCTb BCMNeHMBaHWA MaTepuana, TeéMm CaMbiM U3MEHATb CBOWCTBa nosniy4yaembix
TEennNon3onAUMOHHbIX MaTtepunarnos.

7. MNpn yBenuMyeHWM KonuyecTBa 30Mbl YHOCA B NPEACTaBMEHHOW KOMMO3UuMM BO3pacTaet
nnactnyeckas BA3KOCTb cMmecn. OfHaKko 3aBUCUMOCTb B €€ M3MEHEHUW MpWU pasfvyHOM HamnosiHeHWUK
KOMMO3NLUMM OTCYTCTBYET, YTO MOXHO OOBACHWUTb HEOAHOPOAHOCTBLIO MOBEPXHOCTHOW CTPYKTYPbl 30Mbl
YHOCa 1 HepaBHOMEPHOW NPONUTKON pacniaBoM nonumepa.

BypmonoB A.E. Kunermueckwe 0COOEHHOCTH BCICHHBAHUS TEPMOPCAKTHUBHBIX IMOJMMEPOB NpPU IIONYICHUH
TETION30JSIIMOHHBIX MATEPHAIOB B IPUCYTCTBUM MHUHEPAILHOTO HATIOIHUTEIS
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OueHKka NoTpebuTenbCKNX XxapakTeEPUCTUK N3Lennin 13
BbICOKOHAMNOSTHEHHOIO NOSIMMEPHO-MUHEPanbHOMO
KOMMNO3ULMOHHOIO MaTepuarna Ha OCHOBe MONMBUHUIIXSIOpMAA
n otxogos TOC

AcnupaHm B.B. bapaxmeHko,
Upkymckuli eocydapcmeeHHbIl mexHuYyeckuli yHusepcumem

AHHOTauuA. B ctaTbe pacCMOTPEH KOMMIEKC 3KCMITyaTaUMOHHbIX CBONCTB BbICOKOHAMOMHEHHOIO
30510/ yHOCa MNONMMEPHO-MUHEPArbHOrO KOMMO3uTa Ha OCHOBE MOMMBUHUIIXIOPUAA, BAUSIOWMX Ha
OONrOBEYHOCTb CTPOUTESNBbHBIX U3AENWI HAPYXXHOTO MPUMEHEHUS.

MpenctaesneHbl pesynbTaThl UCCNeAOBaHWA MO  OnNpeaeneHnto  Ko3IMULMEHTOB TensioBoro
paclwmnpeHnst MONIMMEPHO-MUHEPANIBHOTO KOMMO3MTa Ha OCHOBE MONMBUMHUIIXIIOPUAA, HAaMOMHEHHOro
3omnon yHoca TOC. Takxke Oblnnm npoBedeHbl YCKOPEHHbIE KNMMaTUYEeCKMe UCMbITaHWUsa U nccregoBaHne
YCTOMYMBOCTU 0OpasuoB K BO3AEUCTBUIO YyNbTPadUoNeToBOro M3nyvyeHusl C Lenbio NpOorHo3npoBaHus
cpoka cnyx0bl uM3genun u3 JaHHOro Martepuana. BbiBneHO BnvMsiHAE COMCTOM  CTPYKTYpbI,
TEXHOMNOrMYeCcKMX MnapameTpoB MPOM3BOACTBA M KOMWYECTBa HaMOMHUTENs Ha KoadduumeHTol
TEPMUYECKOrO CXKaTuUsa — pacluMpeHns maTtepuana, T. €. YMeHbLUeHWe pa3MepoB Matepuana no AnuHe u
LUMPUHE U YBENUYEHME B TOMLLMHY, NpU nameHeHnn temnepatypbl ot 40 go 80 °C.

YcTaHOBNEHO, 4YTO MPUMEHEHUE OTXOAOB TEMMOSHEPreTukM, a MMEHHO 305kl yHoca TOL, B
KayecTBe HamnosfIHUTENs B MOJSIMBUHWUIXIIOPUAHON KOMMO3WLMK, HE TONbKO YCUITMBAET MeXaHW4ecKkue
XapaKTeEpPUCTUKN MaTtepuana, HO W MOMOXUTENbHO BAMSIET HA COBOKYMHOCTb CBOWCTB, OT KOTOPbIX
HaNpsMy 3aBUCUT CPOK CNY>Obl M30enuni U3 NoNMMEpPHO-MUHEPArTbHOrO KOMMO3uTa.

KnioueBble crnoBa: nonnMepHble KOMMO3MUMOHHbIE MaTepuarbl; HanoMHUTENb; OONTOBEYHOCTb;
3051a yHoCca; KO3(hhMLMEHT TEMMOBOro paclUMpeHNst; KIMMaTUYeCKue UCMbITaHNs; NONUBUHUIIXIIOPUA,

BeedeHue

ViccnepoBaHue CBS3aHHbIX C  KIIMMaTUYECKMMU U3MEHEHUSIMU  SKCMIyaTauMOHHbLIX CBOWCTB
MONMMMEPHBIX CTPOUTESNbHBLIX MaTepuarnoB, WUCMOMb3yeMbIX AFS HAPYXXHOro MPUMEHEHUS, SBNSETCS
Hanbonee BaXHbIM [N OUEHKM WX cpoka cnyxbbl. Cpean XxapakTepucTUK MONIMMEPHbIX
KOMMO3WLIMOHHBIX MaTepuarioB, BNUSIOWMX Ha OOMTOBEYHOCTb W3AENUN, BbIAENSTCA KOI(UUNEHT
NIMHENHOrO TeMnepaTypHOro paclMpeHnd, YCTOMYMBOCTbL K BO3AEUCTBUIO  YyrbTpaduoneToBoro
N3ny4yeHnsi, MOPO30YyCTONYMBOCTb U BOOOMOITIOLLIEHNE.

O6bekTom mccrnenoBaHnst paboThbl SIBMISIETCS XECTKUIN NONTMMEPHO-MUHEpanbHbIi komnosuT (MMK)
Ha OCHOBe MonuBMHUNXMopuda. B kauyecTBe HanonHWTENs WUCMNONb30BafiMCb MUHEepanbHble OTXoAbl —
3ona yHoca T3U-9 r. AHrapcka Wpkytckon obnactu (40 % mnnn 80 mMaccoBbixX YacTen HanosHUTENs Ha
100 maccosbix 4Yacten [1BX), npeactasnsiowias cOOOM TOHKOAMUCMEPCHbLIA MOPOLUOK C  LUMPOKUM
pacnpegeneHnem 4actuy cdepudeckom Gopmbl no pas3Mmepam (guameTp cdep oT 2 A0
50 mukpomeTpoB). TexHonoruss NPousBOACTBa Mccreayemblx maTepmanoB — 3KcTpyaua [1-5]. 3onbl
YHOCa Y)Xe AaBHO LUMPOKO UCMOMb3YTCA B JOPOXHOM CTPOUTENBLCTBE, B acanbTo- U LLEMEHTOOETOHAX,
npu cTabunmnsaummn rpyHToB, B Ka4eCTBE CaMOCTOATENBHOIO BsxyLlero [6, 7, 8, 9].

O630p nnumepamypsbl

O6patMmbii nNpouecc TENMOBOrO paclUMpeHus — oxaTud — 3Hauyumasa SKcnryatalMoHHas
XapakTepucTuka CTPOUTENbHbLIX W3AENUA, OCOBEHHO ANg MaTepuanoB, WCMNONb3YEMbIX CHapYXwu
NMOMELLEHUA W NOABEPXEHHbIX HArpeBaHUID COMHEYHbIMU fydYamu. OTO B 3HAYUTENBHOM CTENeHu
KacaeTca MNONMUMEPHbIX KOMMO3UTOB, WU3OEenusl U3 KOTOPbIX MPUMEHSIIOTCA B KayecTBe HacCTUMoB
(TeppacHas gocka, cagoBas nnuTa), o6nmuoBKU (CanguHr, hacagHble NaHenu), a Takke KpoBNv 3aaHWN
(yepenuua, kOHbKOBbIE anemeHTsl) [10, 11].

BenuuvHa Ko3MULUMEHTOB TEPMMUYECKOTO PacLUMpPeHuUst — cXaTusl, T. €. OTHOCUTEIbHOe
M3MeHeHMe pas3MepoB obOpasua K eduHUUEe TemnepaTypHOWM LiKasnbl, MpeacTaBnsieT WHTepec Ans
MPOV3BOAMTENEN CTPOUTENbHbIX U3OENUiA M3 MONMMEPHbIX MaTepuaroB, T. K. AaHHbIA MokasaTenb Y
nractMacc B 6-9 pas Bbille, YeM y MeTannoB. PasHuua B TENOBOM PacLUMPEHUN MOXET HeraTMBHO
CKasblBaTbCsl Ha KOHTaKTUPYIOLIMX MaTtepuanax, MpuBoAs K pasBUTUIO BHYTPEHHWUX HamnpshkeHWn u
Pa3pyLLUEHNIO KOHCTPYKLNN.

Bapaxterko B.B. OmeHka MmOTpeOUTENBECKUX XaAPAKTEPUCTUK HW3ICIUH W3 BBICOKOHANIOJHEHHOTO MOJIMMEPHO-
MHHEPAIBHOT0 KOMIIO3UIIMOHHOTO MaTepHaia Ha OCHOBE MOJIMBUHUIXJIOpHAA 1 0TX0110B TOC
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PeweHnem npobnemMbl NOBbILLEHUS YCTOMYMBOCTU K KIMMATUYECKUM BO3OENCTBMSAM, B YACTHOCTM
CHWXeHWs1 KoadphmLmMeHTa TENNOBOro pacLUMpPEeHnsi, B NONMMEPHbLIX MaTepuanax MoXxeT B MOMHON Mepe
cTaTb BBeAeHMe BONbLIOro KoNmMyecTBa MUHEPanbHOro HanonHuTens B komnosuuuio [10, 12].

Bonblwoe 3HadYeHue MMeeT TO, YTO BO3HUKAKLIME M3MEHEeHUs (BblKpaluMBaHue, BblBETPMBaHWME,
Aedopmaunmn) SBnAKTCS CNeACcTBMEM COBMECTHOrO BO3AENCTBUS BbllLEeYyKasdaHHbIX DakTopoB, NO3TOMY
HenpaBUIbHO M3y4YaTb TOMbKO BO3AeNCTBME YNnbTpadnoneToBoro nsnyyeHus Ha matepman [13, 14, 15].
lMpoBedeHHble  KNUMAaTUYECKUEe  UCMbITaHUA W onpeferneHne  Kod@UUMEHTOB  TEPMUYECKOro
pacTshKeHNs — CXaTusl MO3BONSAT BbISIBUTb COOTBETCTBME MaTepuana TpeboBaHusM K npodunbHo-
MOrOHaXXHbIM M3OENUsIM CTPOUTENBHOTO Ha3HAYeHWst C YYETOM OLEHKM [OOMOBEYHOCTM B YCITOBUAX
KNMMaTu4ecknx BO3OEWCTBUA. Takke paHee YCTaHOBMEHO, YTO WUCCMEAYEMbIA BbICOKOHAMOSHEHHbIN
3onon yHoca MK wnmeeT o4veHb Huskoe BogonornoweHue (0,2 %), a Tawkke ynydleHHble (u3nKo-
MexXaHU4yecKkne XxapakTepuCTUKN NO CPaBHEHUIO C APEBECHO-MOMNMMEPHLIM KOMMNO3UTOM [4, 5].

B npoaHanusnpoBaHHOW nuTepaType B HeOOCTaTOMHOM CTEMEHW W3yYeH BOMPOC BAUSHUSA
HaNoOMHUTENs B MNONMMMEPHOM MaTepuane Ha KOMMEKC CBOMCTB (YCTOMYMBOCTb K ynbTpachmnonetoBomy
N3NyyYeHnto, TemnepaTypHoe CxaTue — pacluMpeHne, CTOMKOCTb K KNUMaTU4EeCKMM BO3OENCTBUSAM),
HaNpPsIMyt0 CBA3aHHbIN C OLEHKOW LOMrOBEYHOCTM KOMMO3UTA.

LleﬂbIO pa6OTbI ABNAETCA aHalnn3 Ccpoka Cﬂy)K6bI CTpoOUTEnbHbIX nsgenun gns Hapy>XHOro
NnpUMEeHeHNnAa n3 nNnorMMMepHO-MMHeEpParibHOro KOMNO3nLMoOHHOIo Mmatepunana, HanofiHeHHOro 3onoun YHOCa
TeﬂJ'IOSJ'IeKTpOCTaHLI,VIIZ.

3apavelt gaHHOW cTaTbU SIBMSIETCS Nn3y4eHne XapakTepucTtuk, BINAKLWNX Ha OO0JITOBEYHOCTb U
SKCnyliyatauMOHHbIEe KadecTBa MOJIMMEPHO-MUHEeparbHOro KomnosuTa: YCTOVIHMBOCTb K KnnMaTn4eCkKknm
BO34ENCTBUAM, K yanpachoneTOBomy N3Iy4eHuto, KOS(pCbVILI,VIeHT TENI0BOIo pacllmpeHna — CXXaTud.

Pe3ynbmamsi uccriedogaHull

WcnbiTbiBanueb TeppacHsle gocku ns MNMMK, onpegeneHne KoapdULNEHTOB NMHENHOTO TEMNNOBOrO
pacwupeHmsa nposoaunoce no [OCT 15173 «lnactmaccel. MeTton onpepeneHvuss cpegHero
KoabduumMeHTa NMHENMHOro TENMOBOro  paclimpeHusiy B HayyHo-uccnegoBaTenbCKOM — LEHTpe
«[dpeBecHo-NonMMepHble KOMMNo3nTbl», Mockaa.

[aHHbIN MeTog NpedycmaTpuBaeT onpeaerieHne NMMHENHOro TENSIOBOrO pacluMpeHns maTepuana,
CBSI3aHHOIMO C U3MEHEHNEM pa3mepoB obpasLa, Npu HarpeBe B YCTAHOBNEHHOM MHTEpBane TemnepaTyp
ot +40 po +80°C. CpegHuin KO3(PMULUMEHT FMHENHOrO TEMSIOBOIO PacCLUMPEHUST XapakTepusyeT
OTHOCUTENbHOE MpUpaLleHne ANUHbI, LUMPUHBLI UKW TOMLWMHBI obpasua, Bbl3BaHHOE MOBbILIEHWEM €ro
TemnepaTypbl OT HWXHEN [0 BEPXHEW rPaHULLbl MHTepBarna, OTHECEHHOE K BENUYMHE 3TOr0 MHTepBana.

dL/Lo /% 1 3, %
15 1 &
10
3uavenwe: (1986 °C, 15.75 %
- | - I =B W G e = ~ros =
Inavenne: 400 °C, 002 % \
| \
3navenne: 799°C, 0.21% \
% | 3navenme: 198.6 °C, -T.72 %
Buavenne: 40.0 "C, -0.00 % BHauenne: Z_Q_,Q *C, 005 % | y ..\
e dee— Y - \
. o =+ Suavenue: 120.0 °C, -0.65 %| =rp
1 g — H \ \
i 3mavenne: 1599 °C, -2.3\%
3nauenue: 40.0 °C, 0.01 % ¥ \ ‘\
3HaveHme 75 8°C, 000 % S \ \,
-5 | 3pavenne: 1200 °C, -1.87 % AR Y
. .‘l\.
3javenne: 159.9 °C, 4.56 %

40 60 80 100 120 140 160 180
TemnepaTypa /°C

PucyHok 1. 3aBMCUMOCTb OTHOCUTESTLHOIO U3MEHEHUsl IMHEAHOro pa3mepa Tena oT
TeMnepaTypbl 06pa3LoB TeppacHOW AOCKU: 1 — MO ANuHe; 2 — NO WUpPUHe; 3 — No ToNWMHe

Bapaxterko B.B. OmneHka mOTpeOUTENBCKAX XapPaKTEPUCTHK W3ICTUN W3 BBICOKOHAMIOJHEHHOTO MOJMMEPHO-
MHHEPAIBHOTO KOMIIO3UIIMOHHOTO MaTepHaia Ha OCHOBE MOJMBUHIIXJIOpUAA B 0TX0110B TOC
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B Tabnunue 1 ykasaHbl 3HA4YeHUA KO3IPPUUMEHTOB ITMHEMHOIO TEPMWUYECKOTO pPacLUMPEHUs]
nccnegyembix oopasuos NMK.

Ta6bnuua 1. 3Ha4yeHus1 Ko3agh¢huyueHmMoe TUHeliHo20 MepPMUYEeCKO20 pacliupeHust

Ne | Temnepartypa, °C Mo TonwwmHe Mo pnuHe Mo wupuHe

1 80 °C a=525x10°x °C” a=0 a=1,25x%10°x °C”
2 120 °C a=13x10"*x°C” a=-3,12x10"*x°C’ a=-8,13x10°x°C’
3 160 °C a=433x10"%x°C" a=-38x10"x°C" a=-192x10*x°C"

BbigBneHo, 4TO TeppacHad [ocka M3 HamofHeHHOro 30M0W YyHOoca MonMBUMHUIIXNopuaa B
OnanasoHe Temnepatyp ot +40 go +80 °C He wu3MeHAeT CBOeW [OfWHbI, T. €. UMeeT HyrneBou
KO3(h(pMUMEHT TemnepaTypHOro pacluMpeHus B 3TOM HarnpaBneHun, 4YTo SBNAETCA ONTUMarnbHbIM
nokasartenem pfAns MNoNMMEpPHbIX CTPOUTENbHbLIX u3genui. Hanpumep, ons aHanora uccriegyemoro
MaTepuarna, ApeBECHO-MOMMMEPHOTO KOMMO3UTa, 3TOT nokasaTenb coctaBnsieT oT 3,5 x 107° x °C™" go
4,5 x10°x °C”’ [10]. MMpu skcnnyaTaunm B >XapKyto norogy naxe npu MnpsMblX COMHEYHbIX Iyyax
HacTunbl 13 NMMK He OyaoyT yBenuuuMBaTbCA B ONWHY, MpU 3TOM He OyadyT BO3HMKaTb BHYTPEHHWE
HanpshKeHUs 3aKkpenmeHHbIX WypynaMu v rBo3asiMm 40COK B HACTUIE NPY MOCTOAHHOM pacLUMpeHnn —
cKaTuu, YTO UCKNIYUT «KOpoOneHue», uaMeHeHne reomeTpun, gedopmMaumvm U nNpexaeBpeMeHHoe
paspyLleHme maTepuanos.

Takke B 9TOM AManasoHe TemnepaTyp OTMe4yaeTCs He3HauuTerbHOe YBenvyeHue pasmepoB
nsgenuin us NMK B wupuHy n TonwmHy Ha 0,05 n 0,21 % cooTBETCTBEHHO.

B yactHocTh, npu HarpeBaHun cebilwe 80 °C pa3mep 06pasLoB B ABYX HanpaeneHusax (o ArnvHe u
LUIMPMHE) YMeHblLaeTcs, 4YTO rOBOPUT O npeobnajaHWM ApyrMx MPOLEeCcCCOB Hag TepMUYECKUM
paclumpeHmem, Hanpumep gedopmaunii, 00yCnoBMEHHbIX UCMAPEHMEM NETYYMX BELLECTB, XMMUYECKUMMU
npoueccaMu AeCTPYKUUN 1 penakcauven BHYTPEHHMX HaNpsbkeHn nog AeNcTBUEM TemnepaTtyphbl, Moo
3TO MOXET 00BACHATLCS 0cobeHHOCTAMU CTPYKTYpbl [MMK € BbICOKMM HanosiHeHneM.

Tonbko npu nosbiweHnn Temnepatypbl 6onee 100 °C HabntogaeTcsas HEKOTOpPOE M3MEHEeHue
pasMepoB MaTepuana Bo BCeX HanpaBIieHNsX, Kak B CTOPOHY yBenuyeHns (no tonwmHe 1,04 %), Tak n B
CTOPOHY YyMeHbleHus (no gnvHe 1,87 %, no wwupuHe 0,65 %), OogHaKO Mpu OBbIYHBIX YCMOBUSX
aKcnnyatauunm Hactunbl U3 MNOJIMMEPHO-MUHEpParbHbIX KOMMNO3WMUMOHHBLIX MaTepuanoB He 6yp,yT
nogeepraTbCda CTOJSIb CUJIbHOMY HarpeBaHUIO.

I'IonyquHue AaHHble 6y,u,yT Mcnofb3oBaTbCA ANA pacydeTa BeJIMYUHbI ,u,e(boplvlau,mm HanomnbHbIX
MOKPBLITUA MPU MOHTaXe BO BpeMsl HarpeBaHUs, HanpuMmep, CONMHEYHbIMU fydyaMu, 1 Ans onpeaeneHns
HeOoOXO4MMbIX 3a30POB MEXAY [OCKaMU BO n3bexaHne KopobneHns HanomnbHbIX NOKpbITUNA [16].

PaHee npoBeaeHHble uccrieqoBaHus MukpodoTorpacmii NoNMMepPHO-MUHEParnbHOro matepuana
Ha OCHOBE MONIMBMHUNXITOPWUAA, HAMOMHEHHOro 30510 YHOCaA, MoKasanu, 4YTO Mpu  yBENU4YeHuu
konudectBa HanonHutens ¢ 25 go 40 % (c 40 go 80 maccoBbix YacTer Ha 100 monuBMHUNXIOPMAA)
3aMeTHO W3MEHSIeTCs CTpykTypa matepuana. MoHonuTHas CTpykTypa C NoTHbIM OGBOMakuBaHMeM
YyacTul HanomHuTensi ¢ HeboMnbLIMM KONMMYECTBOM XOPOLLO PasnuyMMbiX NycToT (mMaTtepuan ¢ 25 %-m
HanosIHeHMeM 3010/ YHOCa, PUCYHOK 2) hopMuMpyeTcsa BCNeACTBUE OEWACTBUS BCMIEHMBAIOLLENO areHTa.
Cnoucrto-yelwyinyataa cTpyktypa komnosuta (matepuansl ¢ 40%-m HanonHeHWeM 30M0M  YHOCa,
pucyHok 3) obpasyeTca B pesynbTaTe 3HaYUTENbHOMO YBENUYEHWS KOnMyecTBa HanofHWTens u
N3MEHEHHbIX BCreACTBNE 3TOr0 TEXHONOMMYECKUX PEXMMOB NPOU3BOACTBA U NPOoLEeccoB hopMUpOBaHUS
nonumepHoro martepmana [2].

OTpuuaTenbHblii  KO3MMUUMEHT TEPMUYECKOTO  PacLUMPEHUs  UCCreayemoro  noriMmepHo-
MUHepanbHOro KOMMNo3uTa MoXHO OGBbACHUTb CNIOUCTON CTPYKTYPOI. Tak Kak TEXHOMNOrMein U3roToBneHus!
maTtepuana siBNseTcs SKCTPY3usi, TO CTPYKTYPHbIE Criou MaTepuana pacrnoraraioTcs o ArnvHe npoduns,
W NpV HarpeBaHuu maTtepuan 6yageT yBenuumeaTtbes B GorblUel CTENEHWU MOCIONHO, T. €. B TOJILLUMHY.
YacTtuubl 3051bl B MaTpuLie Npyu HarpeBaHun ByayT obnagatb 60MnbLNM NPUTSXKEHUEM, YeM NPU 0BbIYHBIX
YCMOBUSIX, COOTBETCTBEHHO, 06pasLbl OyayT yMeHbLAaTbCA B pasmepax Mo AfIMHe U LWMPUHE B MOMb3y
TONLUMHBI.

Bapaxterko B.B. OmeHka MmOTpeOUTENBECKUX XaAPAKTEPUCTUK HW3ICIUH W3 BBICOKOHANIOJHEHHOTO MOJIMMEPHO-
MHHEPAIBHOT0 KOMIIO3UIIMOHHOTO MaTepHaia Ha OCHOBE MOJIMBUHUIXJIOpHAA 1 0TX0110B TOC

19




HNHkeHepHO-CTPOUTEIBHBIN sKypHaJ, Ne3, 2014 MATEPWUATNbI

L 20KV X350 50um, . 2013/03/19 3130 SEM_SEI
PucyHok 2. MaTtepuan c 25 % HanonHuTens PucyHok 3. Marepuan c 40 % HanonHuTens
(yBenuyeHue 300x) (yBenuyeHune 350x)

Takum obpa3om, aHM30TPOMMA TEPMUYECKOTO PACLUMPEHUSA, KaK Nokasanv Halu UCCregoBaHus,
00BbACHAETCA U3MEHEHMEM CTPYKTYpbl MaTepuana npu  BbICOKMX COOEPXaHUSX MUHepasnbHOro
HanonHuTenss B KOMMO3uuuun. CnoucTOCTb CTPYKTYPbl OOBSCHSET M MNOBbILWEHHbIE MNPOYHOCTHbIE
XapakTepucTukn nsgenuii u3 paspaboTaHHOro MaTtepuana C BbICOKMM HamnofHEHWEM 30510M yHoca, Tak
KaK W3BECTHO, YTO MHOrOCMOWHbIE FOpPHbIE MOPOAbLI, HAaNpuMep, Bcerga npovHee, YeMm noponpl Apyrou
cTpykTyphbl [17, 18, 19, 20].

C uenblo NpOrHo3MpoBaHMs cpoka cnyxbbl TeppacHow gocku us NMK (onucaHue cMm. Bbiwe)
NPOBOAMMUCH KNMMATUYECKUE UCMbITaHUS NyTeM OLEHKU U3MEHEHUs AeKOpaTUBHbIX CBOWCTB U NoTepu
MPOYHOCTUN NpU CTaTU4eckoM marnde nocne 20 LMKINOB YCKOPEHHBIX UCTIbITAHUNA.

VcnbiTaHme npoBogunucs B HayyHo-uccnegoBaTenbCKOM UeHTpe  «[lpeBecHO-MonmMmepHble
Komno3uTbl», Mockea, B cootBeTcTBumM ¢ FTOCT 30973. JononHutenbHo Obinv onpeaeneHbl U3MeHeHne
Maccbl, TOJLLMHbI CTEHOK U NOTEpPsi MPOYHOCTM NPU CTaTUYECKOM M3rnbe obpasuoB nocre NpoBeaeHust
NCMbITaHUNA.

OueHka BHewHero Buvaa ob6pasuUoB B MPoOLECCEe WUCMbITaHWMM NPOBOAMMACb B COOTBETCTBUM C
FOCT 9.407 «EC3KC. NokpbITMA nakokpacodHble. MeTon OLEHKM BHELLHErO BUaa».

Mpouenypa NpoBeAeHUs! UCMbITaHUN Ha CTOWKOCTb MOKPBLITUA B YCMOBUSIX YMEPEHHO-XONOAHOMO
KnvMmaTta COCTOUT M3 MOCNeAoBaTENbHOrO nepemelleHnss 06pasuoB MOKPbITUIA M3 OJHOrO annapaTa B
JpYyroii, B COOTBETCTBUM C 3a4aHHbIM PEXMMOM UCMbITaHWIA.

MocnegoBaTtenbHOCTL  MepeMelleHnss o6pa3uoB B annaparax WM PeXumbl  YCKOPEHHbIX
KNMMMaTUYeCKUX UCTIbITaHUiA NpuBeaeHbI B Tabnuue 2.

Ta6nuya 2. MNocnedoeamenbHOCMb nepemMeuseHust o6pasyoe

Mpoaonxu- °
Bpems Bup o6pabotku TeNbHOCT, 4 Temnepatypa, °C MpumeyvaHue
- Bblaepxka B eMKOCTU C KoHueHTpauumsa pactBopa
9.00-10.00 pactesopom conu (NaCl) 1 2+2 NaCl 3 %

Mocne Bblaepxkn obpaseL, NPOMbITb BOAOM, MOBEPXHOCTb MPOMOKHYTb (hMNbTPOBanbLHOM Gymaron u cpasy
NMOMECTUTb B MOPO3WIbHYIO Kamepy

10.00-15.00 | 3amopaxueaHme \ 5 | -30 \
Uepes 5 yacos 06pasLibl M3BMeYb 13 MOPO3UMEHON Kamepbl 1 MOMECTUTh B MKOGThL C BOOM
15.00-16.00 | Bblgepxka B Boge | 1 | 22+2 |

Mocne okOHYaHMUs BbIOEPXKKM B BOAE MPOMOKHYTb (pUNbTpoBanbHoW BGymaroi 1 NoMecTWTb B TEpMOLLKAd)

Mpm Hannuuu B WKady
BEHTUINSALMOHHBIX
OTBEPCTUIN OHU JOIMKHbI
ObITb 3aKPbITHI

16.00-9.00 HarpeB B TepmoLukady 17 602

PesynbTaTbl YCKOPEHHbIX KNMMMaTMYECKNX UCNbITaHMI TeppacHon aockn u3 NMMK npeacraBneHs B
Tabnuue 3.

BaanTeHKO B.B. OLIeHKa HOTpe6I/ITe.]'H>CKI/IX XapaKTCpUCTUK I/I3Z[€J'IPII7[ 13 BBICOKOHAINOJIHCHHOT'O IOJIMMEPHO-
MUHEPAJIBHOI'0 KOMIIO3UIIMOHHOT'O MaTe¢praia Ha OCHOBEC IMOJMBUHWIXJIOpHUJA U OTXOA0B SC
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Tabnuya 3. Peaynbmambl KiluMamu4ecKux ucrbimaHull

Mokas3atenb | O6pasen NMMK

UcxoaHble AaHHbIe

Liset TeppakoT

1 2 3 4
npeﬂen NPOYHOCTU NpU CTaTU4ECKOM 519 52 52.2 51.8
n3rmbe, MMa . ’ ’

CpenHee 3HaveHue 52

KoHe4Hble gaHHble

KonuyecTtso umknos — 20 Pexum ncnbitanun — Tabnuua 2
Liset LI1, He3HaunTenbHOE NocBETNEHNE | (AE=1,7)
Bneck b1 Bneck 6e3 nsmeHeHui
[lekopaTuBHbIE CBOWCTBA A01
1 2 3 4
Mpenen NpoYHOCTM NPU CTaTUYECKOM 51.4 50,1 493 51
nsrnbe, MMa
CpenHee 3HaveHue 50,45
MoTepst NPOYHOCTM NpKU CTaTUYECKOM
0 3,09
narnée, %
M3ameHeHne maccol obpasua, % YBenuyenue Ha 0,14 %
/3MeHeHVe reoMeTpuyecknx Anuna, % WwpvHa, % TonwmHa, %
pasmepoB npoduns, % 0,055 -0,1 0,065

OO6pasel TeppacHoOW [OCKM U3 MOMMMEPHO-MUHEPArTbHOrO KOMMO3WLUMOHHOIO MaTepuana B
YCIOBUSAX OTKPbITON NMPOMBbILLNIEHHON aTMocdepbl ymepeHHo-xonogHoro knumata (YXJ1 1) coxpaHseT
CBOM [OekopaTuBHble cBoncTBa Ao Ganna A1 (0o606LieHHasi oueHka BHELUHEro BuMaa MO KOMIIEKCY
N3MEHEHN OEeKOPATUBHBIX CBOWCTB MOKPbLITUIA), TO €CTb OCTaeTCs NOSIHOCTbIO 6€3 N3MEHEHUI B TEYEHME
2 ner.

MporHo3upyembli cpok crnyxbbl 6e3 cyLecTBEHHOM NOTepy NPOYHOCTH Npu n3rnbe (MeHee 5 %) —
6onee 10 net. OgHaKO OLEHKa 3TOro cpoka cnyxbbl orpaHMyeHa MeToaUKON uccrnegoBaHus, npy bonee
ONUTENbHBLIX UCTbITAHUAX BO3MOXEH Ooree MOMHbIA M TOYHbIA aHanM3 [ONITOBEYHOCTU MONIMMEPHO-
MUHepanbHoro maTepuana. [lporHo3 [OMroBe4YHOCTM [Ansi KOMMO3WUTHOW TeppacHOW [OCKUM npu
MCNONb30BaHUN BHE MOMELLEHWUA, T. €. B OTKPbLITOM Knumarte, coctaBngaet ot 4—24 mecsues oo 20 net
[10], Takum obpasom, uccrnegyemMbii Matepman MMeeT AOCTaTOYHO ANUTENbHBIN CPOK 3KCMnyaTaumu.

YnbTpacdmonetToBoe u3nyvyeHue, Hapsgy C Takumu paktopamun kKak TemnepaTypa M BNaXHOCTb,
OKasblBaeT 3HauMTernbHOE BMMSHWE Ha MPOMBbILMEHHbIE U3Oenns, B OCOBEHHOCTW Ha CTpouTesNbHble
matepuanbsl U3 MNOMMMEPHbIX KOMNO3MTOB. KomnnekcHoe BnusHWE 3TuX (akTopoB NPUBOAUT K
CYLLECTBEHHbIM U3MEHEHUSIM MOBEPXHOCTU U3AENVIA: BbIKPALLMBAHUIO (MOBEPXHOCTHOMY PaspyLUEHUIO C
BblNageHnem vactuy), obecLBeuvBaHUO, MOBbLILLEHHOW XPYNKOCTW, pacTpeckvBaHwio u Ap. Bce aTo
NMPUBOAUT K CHKEHWIO JOMNTOBEYHOCTU N COKpALLLEHUIO CPOoKa CNy>0Obl MOMMMEPHbIX KOMNO3WTOB [21, 22,
23, 24].

OnpegeneHne ycTonunBocTM 0bpasLoB K BO3AENCTBUIO YrbTpadrmonetoBoro usnyyeHus (noteps
uBeTa, «BblBETPMBaHWE») NPOBOAMIOCH B COOTBETCTBMM C MeToAaMu OrfpeferieHust yCroBHON
cseTtocTorkoctn FOCT 21903. OueHka o6pasuos npomssoaunack cornacHo FOCT 9.407-84 (Bu3yarnbHO)
n FOCT P 52490-2005.

PesynbTaTbl McCnegoBaHWiA NpeacTaBneHsbl B Tabnvue 4.

Bapaxterko B.B. OmeHka MmOTpeOUTENBECKUX XaAPAKTEPUCTUK HW3ICIUH W3 BBICOKOHANIOJHEHHOTO MOJIMMEPHO-
MHHEPAIBHOT0 KOMIIO3UIIMOHHOTO MaTepHaia Ha OCHOBE MOJIMBUHUIXJIOpHAA 1 0TX0110B TOC
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Tabnuya 4. Ycmolivyueocmb meppacHol 0ocKuU k eo3delicmeuro YP-o06n1yyeHust

WcxoaHble gaHHbIe

Liset TeppakoT

U3meHeHMe uBeTa/6necka:

Konu4yectBo YacoB Pe3yanaTbI OCMOTpa

24 4 L1; LiseT Bu3yanbHo 6e3 nameHenui (AE = 1,38). bneck 6e3 nameHeHui

LI2; MoTeMHeHne nATHaMu No BCcer NOBEPXHOCTHU.
240 4 M3mepeHune nokasatensa AE B Heckonbkux Todkax AE = 3,72-5,4.
B2 He3HaunTenbHoe nsmeHexune bnecka (20-40 %);

LI2-L13 notemHeHne naTHaMmu nNo Bcen noBepxHocTu. LiBeT obpasua ot
CBETJI0-KOPUYHEBOIO O TEMHO-KOpUYHEBOro. MiamepeHune nokasartens AE B
HecKonbkux Todkax AE = 3,5 - 7,06.

B3 3HaunTenbHoe nameHeHue 6necka (40-60 %);

500 4

Ha pucyHke 4 npegctaBneHo ¢oTo M3MEHeHUs BHelWwHero Buaga obpasua nocne 500 vacos
3KCMOHNPOBaHMS.

PucyHok 4. U3ameHeHue BHelwHero Buaa teppacHon pocku NMMK

B npaBoM BepxHeMm yrry pucyHka nepBoHavarnbHbl LBET OOCKU («TeppakoT») U3 NofMMepHO-
MWUHeparbHOro KOMMo3uTa.

Mpn SKCMOHMPOBaAHMK B UCMbITATENBHOW CBETOBOW kamepe Suntest XLS B TeuyeHne 24 vacoB
BHELWHMN Bug MaTepuana octanca 06e3 u3MeHeHWW, nokasaTenb MOSIHOrO LIBETOBOMO pasnuyus
AE = 1,38, 6neck npexxuui. MNMocne 240 yacoB BblAEpKNBaAHUS NOSIBUITOCH HECYLLLECTBEHHOE MOTEMHEHUE
obpasua ydacTkamu, nokasaTenb MOSIHOrO LBETOBOrO pasnuumsi koTopbix coctaBun AE = 3,72-5,4, a
Takke He3HauynTenbLHoe n3mMeHeHve bnecka.

Mocne akcnoHupoBaHus B TedeHe 500 yacoB B CBETOBOW kaMepe y obpasiua TeppacHOW OOCKU
HabnopgaeTcs HecylwecTBeHHoe uameHeHue ueeta (AE = 3,5-7,06) u cHwkeHue Gnecka, ogHako Ha
3KCMOHNPYEMOM MOBEPXHOCTM He OOHapyXeHO MpU3HakoB paspylleHus MaTepuana OCHOBbI
(BbIBETPMBAHMUSA, BbIKpallMBaHWA MoOBepXHOCTM). [oaTomy obpasel, TeppacHoW [OCKM U3 MONMMMEPHO-
MUWHepParnbHOro KOMMO3ULMOHHOIO MaTepuana cYutaeTcs B MOJSIHOW Mepe BblOepXXaBLWMM UCMbITaHWe
cornacHo HopmaTtueHbIM nokasatensam HUL «[OMNK» ana HacTMnoB 13 KOMNO3UTHBIX 4OCOK.

Bbi8o0bI

B pesynbTate wuccrnegoBaHuin Mo onpedeneHuio  KoamUUMEHTOB TEMMOBOro paclunmpeHus
YCTaHOBMNEHO, 4YTO obpasubl TeppacHOW [OCKM U3 MONMMMEPHO-MUHEParbHOrO KOMMo3uWTa Ha OCHOBE
nonueuHunxnopuga n 3onsl TAC B Ka4eCTBe HAMOMHUTENS HE N3MEHSANN CBOEN ATNWHbI NPU YBENNYEHUM
Temnepatypbl ¢ +40 go +80 °C, Habnoganock NULlb HECYLWEeCTBEHHOE YBenuyeHue B TONWUHY W”
LWunpurHy obpasuos. CnegoBaTernbHO, NpY 3KCMMyaTauMu UCMbITbIBAEMOro Matepuana BHe NOMELLEHNN,
C NOCTOSIHHbIM Mepenagom Temnepartyp, B YCroBusix, korga matepuan 6yaet HarpeBatbest Ao +60 °C un
Bbille Npu nonagaHum NpsMbIX CONTHEYHbIX NyYen, He npounsonaeT aedopmaunii, USMeHeHNss reoMeTpum
N npexaeBpeMEeHHOro paspylleHusi. BbiSiBNeHO BnMsiHWE CrOWCTOM CTPYKTYPbl, TEXHOMOrMYecKmx
Bapaxtenko B.B. Onenka mnoTpeOMTENbCKHMX XapaKTEPUCTHK H3ACIHH N3 BBHICOKOHATIOJIHEHHOTO ITOJMMEPHO-
MHUHEPAIBHOIO0 KOMITO3UIIMOHHOTO MaT€prajia Ha OCHOBE IMOJIMBUHUIIXJIOpUAA U OTXOJ0B T5C
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napameTpoB MPOM3BOACTBA U KONMMYECTBA HAMOMHUTENS HA KOIMUUMEHTbI TEPMUYECKOrO CXaTus —
paclmpeHust matepuana, T. €. yMeHbLUEHNE pa3MepPOB MaTepuara rno AfVUHE U LWMPUHE U yBENNYEHUE B
TONLWMHY NpU n3ameHeHnn TemnepaTypsbl oT +40 go +80 °C.

yCKOpeHHbIe KnnMmaTunyeckmne wumcnbliTaHnd nMnokasarnun, 4To o6pa3|_|,b| nonnMmepHo-MmnHeparibHoOro
mMaTepuana B YCMOBUSAX OTKPbITOW MNPOMbILWMEHHON aTtMocdepbl YyMEepPEeHHO-XOMOAHOro  KnMmara
COXpaHSAlOT CBOM [OeKopaTuBHble CBOWCTBA MOMHOCTbIO 06e3 U3MeHeHW B TedeHue 2 TneT.
MporHosmpyemblin Cpok cryxObl 6e3 3HauMTenbHOW MOTepU npegena MPOYHOCTM MPU CTaTUYECKOM
n3rnde coctaensiet bonee 10 neT.

nOHMMepHO-MMHepaﬂbeIVI KOMMNO3UT BblaepXall ucnbltTaHnA YCTOVIHMBOCTM 06pa3LI,OB K
BO34ENCTBUIO yanpachoneTOBoro n3ny4yeHma wun CooTBETCTBYET Tpe6OBaHVIﬂM K I'IpO(*)VIJ'IbHO-
MOroHaXXHbIM N3aefnmnamMm CTponuTesibHOro Ha3Ha4eHua ¢ y4eToM OLEeHKM OaHHOIo nokasaren4d.

Taknm obpa3om, NPUMEHEHNE OTXOA0B TEMNITOSHEPTETUKM, @ MMEHHO 30751bl yHoca TOL, B kKayecTse
HanonHWTEnNs B  MOMNWBUHWIXIIOPMAHOW  KOMMO3WUMM HE TONMbKO YCWUMMBAEeT  MexaHudeckme
XapakTepucTukn matepumana, Ho U NONIOXKNTEJNbHO BIUAET Ha KOMMJEKC CBOVICTB, OT KOTOpPbIX HanpAamMyto
3aBUCUT CPOK CJ'Iy)K6bI I/I3,El,eJ'IVII7I M3 nNnofiMMepHoO-MnHeparnibHOro KoMmno3unTa.

UccnedosaHue 8birnonHeHo npu ¢uHaHcosol noddepxke MuHobpHayku P® (2ocydapcmeeHHoe
3a0aHue obpasosamersibHbIM Op2aHu3ayusiM ebicuie2o obpasosaHus, ripoekm 1118).
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Abstract. This work is devoted to the research of the strength and elastic properties of the
laminated fiberglass composite. Experiments were performed on tension and compression of specimens
with different orientation of the reinforcement in relation to the loading direction. The predictions of three
different failure criteria (Hill criterion, Tsai-Wu criterion, Zakharov criterion) were compared to
experimental results.

The strength and elastic properties of the composite separate components have been also
researched with the aim to perfom finite element simulation of composite failure process. The elastic
moduli of the composite are determined by means of the method of the finite element homogenization.

Key words: laminated composite; fiberglass material; experiment; elastic properties; strength;
orientation of the reinforcement; failure criteria; orthotropic material; finite-element method

Introduction

High strength, light weight, durability and affordability of modern composite materials make it
possible to replace traditional, natural and man-made materials in all areas of life: in construction and
reconstruction [1-3], mechanical engineering, shipbuilding, aerospace engineering. There are a lot of
compositions of fibers [4] and matrixes [5]. However, correct analysis of strength and durability of
construction elements made of composite materials requires development and application of new,
complex criteria and their experimental verification. Various strength criteria and their comparison with
experimental data for anisotropic composites are given in [6—9]. Modern literature is focused on the Tsai-
Wau criterion. In this paper we consider three criteria — Hill, Tsai-Wu and Zacharov. Zacharov criterion has
not been considered in modern literature and its predictions have not been compared with experimental
data. Computation of elastic properties of composite materials is another problem of composite materials
mechanics. Methods to determine effective elastic moduli of anisotropic materials by homogenization are
considered in [10-12]. A finite-element homogenization method can be applied to anisotropic materials,
One of the main problem of this method is how to determine the representative volume element correctly.
In this work we consider a layered fiberglass composite, belonging to the orthotropic materials class. In
reconstruction of a power plant pipeline that has lost its cross-section circular form because of long-term
weight loads of overlying layers of soil [13], a problem rose related to obtaining properties of composite
when strengthening the pipeline walls with this material.

The composite under study has a laminate structure, which represents an alternation of fiberglass
fabric and epoxy resin. In this composite the fiberglass fabric T-23 made by TU 6-48-53-90 [14] is used.
Properties of this fabric are presented in Table 1. Thickness of one layer of composite (fiberglass fabric +
epoxy resin) is 1 mm. Fabric T-23 has a plain weave. The warp and weft are perpendicular to each other.
Each layer of fiberglass fabric is placed evenly in manufacturing the composite.

Table 1. Basic properties of the fiberglass fabric [14]

Parameter Value
Density (number of yarns per 1 cm) along the warp 13+1
Density (number of yarns per 1 cm) along the weft 71
Fiber width, mm 1.05
Fiber thickness, mm 0.12
Surface density of the fabric, g/m? 285425

The composite is considered an orthotropic material [15, 16]. Its elastic and strength properties
depend on direction, but are symmetrical with respect to orthotropy axes 1, 2, 3 (Figure 1). Axes 1 and 2
coincide with directions of the warp and weft. In general, orthotropy axes do not coincide with global
Nekliudova E.A., Semenov A.S., Melnikov B.E., Semenov S.G. Experimental research and finite element analysis
of elastic and strength properties of fiberglass composite material
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coordinates of the composite x, y, z. The stresses in the plane of reinforcement in the orthotropy axes
and global coordinate system are interconnected in the following way [14]:

o,=0,cos’ p+0, sin’ g+7, sin2g,
o,=0,sin’ g+0, cos’ p—7,, sin2g, (1)
T, = (O'y -0, )cos gsing + 17, cos2g,

where ¢ is an angle between the warp and axis x.

-
=3

L T T a,

Figure 1. Orthotropy axes of the laminated fiberglass composite [17]

Failure Criteria for Orthotropic Materials

The problem discussed in this section concerns evaluation of laminate load-carrying capacity
[18, 19]. The failure criterion allows determining ultimate stresses that cause the composite fracture.
Generally, failure criteria for an orthotropic material can be written in a compact form [20-22]:

F(O'. TA):I, (2)

i7"

where o; are components of the stress tensor written in the orthotropy axis. The composite works if

s Tij
F <1 and fails if F = 1. It does not exist as a load-carrying element if F > 1.

The criteria considered in this paper will be written for a composite in a plain stress state. It allows
comparing the predictions of different criteria with the experimental results.

Hill Failure Criterion

We write the generalized von Mises criterion (square criterion)[19]:

$4Vos=1 3)

where S is a deviator of the Cauchy stress tensor, *V is a tensor of 4" rank constants.
The generalized von Mises criterion recorded for an orthotropic material is the Hill failure criterion.

For an orthotropic material in plane stress state the Hill criterion, recorded in the orthotropy axis, is
the following [22]:

2 2 2
o o (L 1 1) . %_, s
—2 —2 —2 —2 —2 1727 —2 T (4)
o, O, 0, O, O3 12

where o_'l.,le.l. are ultimate (limiting) stresses determined experimentally.

It is assumed that the strength of the composite in direction 3 and in the direction at the angle of
45° to the warp is determined by the strength of the composite isotropic matrix, i.e. destruction occurs in

Nekliudova E.A., Semenov A.S., Melnikov B.E., Semenov S.G. Experimental research and finite element analysis
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these areas at the same critical value of stress, it is denoted as G, . Let &, be a certain critical stress
intensity. Then we have this relation:

or = ‘/5?12’ (5)
then we find:

_ O,

7, =4 (6)

V3

Dependence of the limiting stress on the direction of the applied load can be obtained from the Hill
failure criteria. Let us now consider the case of uniaxial tension. Let the load be applied along the x-axis.
Angle ¢ is the angle between the applied load and warp. After we substitute into (4), the formula for the
stresses (1) and take into account (5) and (6), we obtain the following dependence:

4 . 4
_ _|cos"e sin" @ 1 1 1 T 7
Oy =|—F—+——+| 59— ——=——5 |cos psin" | . (7)
o, o, o,. 0 0,

The equation (7) shows dependence of the limiting stress on the angle between the applied load
and warp. Since this dependence is based on the Hill failure criterion, the sign of the applied load is not

taken into account. This is also true for tension and compression. The values of o ; are taken from a
tensile experiment.

Tsai-Wu Failure Criterion

Let us consider the Tsai-Wu tensor-polynomial criterion [20]:

W 6+6-'W, 6=, (8)

or, in the index form:

Fo,+F,00,=11,j=16. 9)

Tsai-Wu criterion takes into account the sign of the applied load, because it contains linear

summands ono;. Let us rewrite the criterion (9) for the orthotropic material in plane stress conditions
[23, 24]:

Fo, +F,o, + FHO'IZ + F220'22 + F,o0, + F667122 =1. (10)

The constants for Tsai-Wu criterion are defined as follows:

1 1 1 1 1
KH=—-—F=—-—", F=——,
0, Oy O, Oy 01,0,
(11)
1 1
Fzz___ aF12:_2 F11F22’F12:__2
O-Zto_2c le

where index t is tension, index ¢ is compression.

To obtain the dependence of the limiting stress on the direction of the applied load, we substitute in
(10) the expression (1). o, =7 = 0. As result we obtain the equation for & :

A5+ BG, =1, (12)

where
Nekliudova E.A., Semenov A.S., Melnikov B.E., Semenov S.G. Experimental research and finite element analysis
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A=F, cos* ¢+ F,sin* p+(2F, + F )cos” psin’ ¢,
. (13)
B=F cos’ p+F,sin’ ¢.
When solving (12) with respect to &, , we get two expressions of limiting stress on angle 1/
between the applied load and warp:

_  —-B-\B*+44 ,
o, = for compression.
24
(14)
_  —B+~B*+44 _
o, = Y for tension.

Thus, on the basis of the Tsai-Wu criterion that takes into account the direction of the applied load,
we obtain two different expressions of the limiting stress on the direction of the applied load.

Zakharov Failure Criterion

The Zakharov criterion is a special case of the Gol’denblat-Kopnov criterion [25]:

(H ik O-ik )a + (H pqnm O-pq Gnm )ﬁ + (H rstlmn Grsatl O-nm )V .= 1 (1 5)

If in (15) we get only the first two invariants and put & = /=1, we obtain the Zakharov criterion.

The Zakharov criterion for orthotropic material in the plane stress state has the following form [22]:

ol + Ao’ + Bo,o, +Co, + Do, + E=0. (16)
Constants for the Zakharov criterion are defined as follows:

O .
55 E+—%-(C+D)
A:%, B=-1-4-4 2_2 s C:(Elc_glt)’
O-Zto-2c 0-45" (1 7)

D= A(52c _521)5 E= _51051t

The Zakharov criterion, like the Tsai-Wu criterion, considers the sign of the applied load, but does
not take into account the shear stress impact. Expressions for the limiting stress on the direction of the
applied load are similar to the Tsai-Wu criterion:

5 —N =+ N*+4ME

= 3Y; for compression.

_ :—N+\/N2—4ME

O-xt 2 M

(18)

for tension.

where M =cos® ¢+ Asin® ¢+ Dcos’ ¢psin’ ¢, N =Bcos” ¢+ Csin’ ¢.

Nekliudova E.A., Semenov A.S., Melnikov B.E., Semenov S.G. Experimental research and finite element analysis
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Experimental research of elasticity and strength properties of the
composite

Elasticity and strength properties of individual components of the composite

Determination of the elastic moduli and limiting stress of individual components of the composite is
required to perform finite element analysis research of the elementary representative volume (RVE) of
the composite. To determine the elastic moduli of the material components, tensile strength experiments
on epoxy resin and glass fiber have been performed.

For the experiments, samples were made from the same epoxy resin as the one used in the
composite. Sample sizes were 25%x10x250 mm. The loading test was carried out on the Instron 8801
machine at the rate of 2 mm/min. Deformations were measured with an Instron 2620-603 strain gauge
transducer, which was fixed to the broad side of the sample. As a result of the experiments, a stress-
strain diagram was obtained for the epoxy resin (see Fig. 2), the Young's modulus was calculated and
the limiting stress was defined (see Table 2). For each of the defined values the mean square deviation
was calculated:

1 —\2
5=~ 3% (x;-x) (19)
ni=1
where n is the number of experiments, x; is the measured value, ; is the expectation (mean) value of
the measured values.

Table 2. Outcome of epoxy resin tensile strength experiment

o, MPa E, MPa
Sample Ne1 49.2 3907
Sample Ne2 41.3 3669
Sample Ne3 52.2 3131
Expected value 47.6 3569
5 4.6 325

60

ot R S A—— a
Sample Ne1 | | :

Sample Ne2 |
Sample Ne3 |:

20 i i R R S i I

0 0.5 1 1.5 2 25
&, %
Figure 2. Stress-strain diagram of the epoxy resin

Additional experiments on tensile strength of samples were performed to determine the epoxy
resin Poisson coefficient. The result for the epoxy resinis v=0.2.

Nekliudova E.A., Semenov A.S., Melnikov B.E., Semenov S.G. Experimental research and finite element analysis
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To determine properties of the glass fibric, extracted from fabric T-23, tensile strength experiments
of glass yarns were performed. The ends of fiber were fanged with epoxy resin to place them into the
grips of the testing machine. The length of the yarns outside the grips was 100 mm. A loading test was
carried out on an Instron 5965 machine. The experiments resulted in obtaining a stress-strain diagram for
glass yarn (see Fig. 3), calculating the Young's modulus and defining the limiting stress (see Table 3).

Table 3. The Results of Experiments on Glass Yarn Tensile Strength

o, MPa E, MPa
Sample Ne1 1300 60
Sample Ne2 1610 80
Sample Ne3 756 70
Expected value 1222 70
] 353 8
e 1 S
e — RS S
— Sample Ne1
0D e ——— Sample Ne2 [T T e A
i | —— Sample Ne3 |i : ‘ ‘ :
R e o o T F
D“ ; : : : : ;
E WUU[]—« """"""""""""""" FE S o [
e S— T S——
e s S
ol R
e S o e e S
0 | i | | | |
0 0.005 0.01 0.015 0.02 0.025 0.03

&, %
Figure 3. Stress-strain diagram of glass yarn

In further calculations we will accept the value of the glass Poisson coefficient as the glass fabric
Poisson coefficient v =0.23.

Experimental research of elasticity and strength properties of the composite material

Experiments were performed on tension and compression of fiberglass composite material
samples at angles of 0°, 15°, 30°, 45°, 60°, 75°, 90° to the warp yarns, on an Instron 8801 testing
machine, according to GOST 25.601-80 [26] and GOST 25.602-80 [27]. Deformations were measured
with an Instron 2620-603strain gauge transducer. Samples for tension had size 25x10x140 mm, the size
of samples for compression was 25x10x250 mm. Stress-strain diagrams were obtained for tension and
compression (see Fig. 4, 5), Both Young's moduli were calculated and the maximum values of stress

max

o and limiting values of stress, 0 , at which the material is destroyed, were defined (see Table 4, 5).
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Figure 4. Stress-strain diagram of the composite in tension at different angles to the warp
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Figure 5. Stress-strain diagram of the composite in compression at different angles to the warp

Table 4. Result of experiments on composite tensile strength at different angles to the warp

Angle between warp and applied load 0° 15° 30° 45° 60° 75° 90°
O, MPa 96.88 85.67 64.37 48.24 57.39 64.47 65.32
o™  MPa 96.88 85.67 66.30 55.54 59.41 64.47 65.32
E, MPa 8308 5861 4539 3585 3969 4723 5427
Table 5. Result of experiments on composite compression strength at different angles to
the warp
Angle between warp and applied load 0° 15° 30° 45° 60° 75° 90°
O, MPa 93.72 84.33 83.46 50.84 57.09 67.48 68.02
o™ , MPa 93.72 84.33 83.46 71.33 77.56 67.48 68.02
E, MPa 7533 7667 5514 4627 5492 5526 12478
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Photos of the broken samples are shown in Figures 6, 7.

Figure 7. Samples broken under compression at angles (from top to bottom) 45°, 60°, 75°
to the warp

Under tension the value of the limiting stress is O, the maximum stress is

o™ and Young's modulus reaches the highest value with loading along the warp. The minimum values

of the limiting stress & , the maximum stress o™ and the Young's modulus are observed under loading
at the angle 45° to the warp yarns. It should be noted that under this loading the sample breaks at the
stress of 48.24 MPa, which is almost exactly the same as the tensile strength of the epoxy resin.

The character of deformation diagrams varies depending on the type of loading. At 0°, 15°, 75° and
90° angles of loading the values of limiting and maximum stresses coincide. When a load is applied at
30°-75° angles these values differ. The form of the deformation diagram also varies: after reaching its
maximum value, the stress begins to decrease, yield is reached and the highest values of deformation
are obtained.

The fracture pattern is the same in all the cases: first, the epoxy resin breaks, then the fiberglass
fabric is torn.

Under compression the maximum value of the Young's modulus is observed in compression
across the warp, and this value is higher than the one for tension. The values of the limiting stress and
the maximum stress reach their maximum level under the loading along the warp. The minimum value of
the ultimate stress @ is reached under the loading at the angle of 45° to the warp. This value is close to

the ultimate strength of the epoxy resin. But the value of the maximum stress o ™ increases compared
to the tensile strength experiment. This may be due to the fact that under compression the bearing
capacity of the sample is lost as a result of delamination of the material rather than complete destruction

of the matrix, as it happens in tension. The minimum experimental value of o™ iis reached under the
loading at the angle of 75° to the warp yarns. The Young's modulus, as in the tensile strength
experiment, is minimal at the angle of 45 ° to the warp.
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The pattern of stress-strain diagrams is the same as the one in tension. Absence of yield plateau in
the diagrams for compression at the angle of 30° may be caused by premature stopping of the
experiment.

The mode of destruction is same in all the cases of compression: there is a local matrix and glass
fiber delamination with the subsequent buckling of the yarns.

Comparison of Failure Criteria Predictions with Experimental Data

To estimate how well the Hill, Tsai-Wu and Zakharov failure criteria predict the limited stress, we
plotted relations (7), (13) and (18). Depending on what kind of experimental data will be substituted into

the formula, we obtain dependence of the limiting stress & or maximum stress o™ on the angle
between the applied load and the warp [28]. Plotted dependences are presented in Figures 8, 9.
Experimental data points are plotted on graphs too.

Experimental results and results obtained on the basis of various criteria are shown in Tables 6, 7.
For each criterion, the mean square deviation was counted from the experiment.

Table 6. Comparison of the limiting stress obtained according to various criteria and

experimental data

Value, MPa Experiment Hill criterion Tsai-Wu criterion Zakharov criterion
o, 96.88 96.88 96.88 96.88
o, 93.72 96.88 93.72 93.72
_1501 85.67 74.55 78.09 74.77
O 5. 84.33 74.55 76.40 73.217
_3001 66.30 54.80 59.09 54.93
_3006 83.46 54.80 58.71 54.60
045, 48.24 48.24 52.04 48.24
_45°c 50.84 48.24 52.39 48.54
_60°t 57.39 50.20 53.25 50.11
O e 57.09 50.20 54.32 51.05
_750 , 64.47 58.66 60.17 58.57
0. 67.48 58.66 62.21 60.50
0,, 65.32 65.32 65.32 65.32
0,, 68.02 65.32 68.02 68.02

o - 10.03 7.89 9.94
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Table 7. Comparison of the maximum stress obtained according to various criteria and
experimental data

Value, MPa Experiment Hill criterion Tsai-Wu criterion Zakharov criterion
o 96.88 96.88 96.88 96.88
o 93.72 96.88 93.72 93.72
ol 85.67 80.70 83.21 80.87
o 84.33 90.67 88.70 88.45
O s 66.30 62.77 66.33 62.89
O 83.46 79.54 79.45 78.91
(oo 55.54 55.54 58.73 55.54
lopin 71.33 71.33 72.53 71.99
oo 59.91 56.10 58.45 56.02
(oo 77.56 67.11 69.14 68.79
fopiin 64.47 61.52 62.49 61.45

- 67.48 65.61 68.13 68.01
oy 65.32 65.32 65.32 65.32
o 68.02 65.32 68.02 68.02

) - 4.19 3.05 3.53

According to the results of all the experiments the smallest mean square deviation is observed in
the Tsai-Wu criterion, which takes into account the sign of the applied load and influence of shear
stresses.

The premature stopping of the experiment on compression at the angle of 30° to the warp explains

a sufficient error for (73000.

100
80
A,
= 60
3
S 40
20

Compression Tension

—— Hill criterion
—— Tsai-Wu criterion
Zakharov criterion

® Experiment

Figure 8. Dependence of limiting stress on the direction of the applied load
for compression and tension
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Figure 9. Dependence of maximum stress on direction of the applied load for compression and
tension

Results of Finite Element Modeling

The finite element model of the representative volume element of the composite is shown in
Fig. 10, 11. For this, the composite representative volume element is a single cell of plain weave [10, 29].

Parameters of the model are presented in Tables 8, 9. The material properties are specified from the
experimental results.

Figure 10. Finite element model of the Figure 11. Plain weave within the representative
representative volume element of the

volume element of the laminated fiberglass

laminated fiberglass composite composite (red yarn is warp, blue yarn is weft)

Table 8. Parameters of the FE-model

Table 9. Material properties
Parameter Value Material Material E, MPa
Element type Solid Epoxy Isotropic 3569 0.20
Number of elements 20867 Glass yarn Isotropic 70-10° 0.23
Number of nodes 73671
Number of DOFs 221013

So as to calculate the elastic moduli of the composite, numerical experiments were performed on
the representative volume element under tension in three main directions, and under shear in three

planes. The stresses and strains are calculated by averaging over the elementary volume [30]:

1
(o)= [, oV, (20)

(g)= %jyng. 1)
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where V is the volume of the representative volume element.

Examples of stress and strain field distributions are shown in Figures 12,13.

AN

—
- T82E+07 -148E+09 .289E+09 -430E+03 .5T1E+09
- T82E+08 -219E+09 -360E+09 -S00E+09 - G41E+09
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Figure 12. The distribution of stress field o, under tension along the weft
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Figure 13. The distribution of the strain field &, under tension along the weft

If we use finite element homogenization, we obtain 9 elastic constants of the composite. The

results are presented in Table 10.

Table 10. Elastic moduli of the composite obtained by the finite element homogenization

Constant Value
E, 8417 MPa
E,, 5511 MPa
E., 4257 MPa
Vi, 0.160
Vi 0.217
Vo, 0.225
G,, 2356 MPa
G, 1764 MPa
G, 1797 MPa
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Since the composite under consideration belongs to the orthotropic materials class we have the
following dependence on direction for its Young's modulus [14]:

-1

4 .4

E = {—COS / + (—1 4P Jcos2 $sin’ ¢+ =e ¢} (22)
Ey G, E, Ey

To check consistency of the results, obtained through finite element computations, with
experimental data, we plot the dependence of Young's modulus £ of the angle between the warp and

the x-axis. We substitute in (22), the data from table 10 and compare the results with the experiment. For
each value of the Young's modulus the error is calculated by formula:

E, —E
A= X1 100%, (23)

Xg

where E, is FE-modeling results, £, is experimental results.

The results are presented in Table 11 and in Figure 14.

Table 11. Comparison of the Young's modulus depends on the angle between the x-axis and
the warp yarn, and is done with the data from FE-calculation and experiment

Value Experiment, MPa FE-calculation, MPa A, %
E, 8308 8417 1.31
Is° 5861 5944 1.42
E30° 4539 4167 8.20
E45° 3585 3647 1.73
EGOO 3969 3867 2.57
E75° 4723 4747 0.51
E, 5427 5532 1.93

FE-calculation
s Experimental data

Figure 14. Comparison of the experimental and FE-homogenized Young's modulus for different
angles between the x-axis and the warp yarn

The comparison is made with the tensile strength experiment, as neither dependence (22), nor
built model take into account the differences between properties of the material in tension and
compression. Results of the FE computation demonstrate satisfactory consistence with the experiment.
When comparing it should be noted that the properties of epoxy resin and glass fiber, defined in the finite
element model, have been determined experimentally, which could affect the accuracy of calculation. It
should be also taken into account that the experimental data may differ slightly from the actual properties
of the composite.
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Conclusions

1. Experiments for determination of the ultimate (limit) stresses in tension and compression for
different orientations of the load direction with respect to the warp yarns have been made on the
laminated fiberglass composite specimens. There is a pronounced anisotropy of the mechanical
properties and their sensitivity to the stress form (the difference in tension and compression).

2. Dependences of limiting stresses on the angle between the load application and warp yarns is
obtained based on various failure criteria. There is a decrease of limiting stresses when load is applied to
the corners at the range of 30-60 ° caused by redistribution of load between the matrix and the
reinforcement to the side increasing the load on the epoxy resin. The criteria considering the effect of the
first invariant of stress (Tsai-Wu and Zakharov) can predict more accurately the strength of the material at
the entire range of loads (both in tension and in compression). However, more experiments are required
to identify the constants.

3. The finite element model of the representative volume element of the composite has been
proposed. The effective elastic properties of the composite have been determined with the use of the
finite element analysis. The simulation results coincide satisfactorily with the experimental data. Further
improvement of the model will allow determining in the future the properties of the composite without
complex, lengthy and costly experiments.
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UCIMbITAHUA

OcobeHHOCTM UCMbITAHUIN U XapaKkTep paspyLleHns
NONMMEPKOMMO3NUTHON apMaTypbl

AcnupaHm A.P. r'uzdamynnuH;

0.m.H., 3aeedyroujuli kaghedpoli TCMUK B.I". Xo3uH;

acnupaHm A.H. KyknuH;

3asedyrowjuti 1abopamopueti TCMUK A.M. XycHymOuHos,

KasaHckuli 20cydapcmeeHHbIl apXumeKmypHO-CmpoumeribHbIl yHU8epcumem

AHHoTaumMAa. B cratbe npuBedeHbl pesynbTaTbl UCMbITaHUA 06pa3LoB  pPasnUyHbIX TUMNOB
NOMMMEPKOMMO3UTHON apMaTtypbl MpU  PaCTSXEHUW, YCTAHOBMEHbl XapakTep WX paspyLlueHus,
3aBMCMMOCTb MPOYHOCTU W MOZYNSA YNpyroctu OT AuvameTpa cTepxHeW. [lonyyeHHble pesyrnbTaThl
conocTasrieHbl C pac4eTHbIMM 3HAYEHMAMM MPOYHOCTU MPWU PacTSHXKEHWUM NS CTanbHOW apmaTypbl.

Ha ocHoBaHuUM NoOMy4YeHHbIX pesynbTaToB cAenaHbl BbiBOAbI O COMOCTABMMOCTU PaCYETHbIX
3HaYEHUN NMPOYHOCTW NPU PACTSKEHUN MOSIMMEPKOMMO3NTHON apMaTypbl C BbICOKOMPOYHOW CTarbHOW
knaccoB A-V 1 A-VI npu 3HaumTensHo GonblieM MOAyrne ynpyrocTu y nocrnegHen. B pesynbtaTte atoro
Takum 06pasomMm, nNpuMMEHeHWe MOoNMMEPKOMMNO3MTHON apmatypbl Aff  apMUpPOBaHWA  HeCyLUMX
n3rmbaemblx KOHCTPYKLMIA BO3MOXHO TOMbKO Npv npedsapuTtenisHOM Bbibope Aedopmauuii apmaTypbl
(ee npenBapuTENbHOM HaTSXKEHUM), IMOO ee CyLLEeCTBEHHOM nepepacxoge.

CpoenaH BbIBOA O TOM, YTO AanbHevillee COBEPLUEHCTBOBaHWE TEXHOMOrMM M3roTOBNEHUS
NONMMEpPKOMMO3NTHON apmaTypbl Heob6XoOuMO HamnpaBWUTb Ha YyBeNuYeHwe, npexae BCero, Moayns
YRpyroctn apMaTypsbl, a He ee NPOYHOCTH.

KnioueBble cnoBa: NONIMMEPKOMNO3NTHAA apmMmatypa; CTEeKNnAHHOEe BOJIOKHO; faszanbToBOE
BOJIOKHO; 3noKCcnaHaaA cMona; Npo4YHOCTb; MOAYIb YNPYroCcT nNpu pacTtaxXeHnn

BeedeHue

3a nocrnegHme 30 neTt nonumepkomnosuTHas apmatypa ([MIKA) npowna nyTe oOT
3KCMEepUMEHTanbHbIX 00pasuoB [0 MNPOMBIWMEHHO BbiMyckaemMoro 3ddekTMBHOro MmaTepuana,
CMOCOBGHOro 3amMeHuUTb CTanb BO MHOrMMX obractax ctpoutenbctBa. KA no CTpykType M CBOWCTBaM
OTHOCUTCSI K BOJIOKHUCTBIM BbICOKOOPUEHTUPOBAHHBLIM MOSIMMEPHBLIM KOMMO3ULMOHHBIM MaTepuanam
(komnosmTam), BblCOKasi MPOYHOCTb Ha pacTsKeHWe KOTOpbiX OBycrnoBneHa MpPOYHOCTLIO OOHOOCHO
OPUEHTUPOBAHHbIX BOSIOKOH, NPOYHO CBA3aHHbIX B MOHOMUT MNONMMeEPHOU MaTpuLei. Beicokas agresns u
noaaTnMBOCTb MOMMMEPHOM MaTpuubl ObecrneyvBaloT COBMECTHY0 paboTy MaTpuubl M BOJIOKOH U
BOCMNpUSITME CABUraloLWNX HANPSPKEHUI Noa, pacTarmsatoLLen Harpyskom [1].

B kauvectBe cBszyowux B KA, kak u B OpPYrMx KOHCTPYKLMOHHbLIX MONIMMEPHBIX KOMMO3nTax,
NCMONb3YHT SMNOKCUAHbLIE CMOSbI (ONUrOMEpPbI), OTBEPXAAEeMble aHTMApPUAAaMM OpraHUYecKMX KUCIoT,
MOCKOSIbKY MMEHHO OHM 06ecneyvnmBaloT He TONbKO BbLICOKYH MPOYHOCTb, HO M TEMMOCTOMKOCTb (XOTA
TennocTtorkocTb (~ 150 °C) He Bcerga ABNsieTCs [OCTAaTOYHOM ANS HECYLLMX KOHCTPYKLMIA).

B IMNMKA ucnonb3yloTca CTeknsHHble, 6a3anbToBble, YrNepoaHbie U OPraHoMoNIMMEPHLIE BOJSIOKHA
(tabn. 1). MNMpn oOweM BbICOKOM ypOBHE MPOYHOCTM BOJSIOKOH Ha PaCTSKEHME CBOMCTBA BOJIOKHUCTbIX
apMUpyOLWLMX MaTepuanos pasnMYHOW XUMWYECKOW npupoAdbl MPUHLMNWANBHO OTNMYaloTCs Apyr oT
Apyra [2].

Ta6nuua 1. MexaHu4YecKue ceolicmea 80JIOKOH U3 pa3Jiu4HbIX Mamepuasios

MokasaTenb YrnepopgHoe CTteknsiHHOe CranbHoe | ApamugHoe BbicokoopueHTu-
BOJOKHO BOJIOKHO BOJIOKHO BOJNIOKHO poBaHHoe
«KeBnap» nonuaTuneHoBoe
BOJIOKHO
MnoTHocTb, Kr/m® 1700 2600 7850 1440 970
Mpegoen npo4vHoOCTH 2000-5000 4200 350 3275 3000-4000
npu pacTaxeHuu,
Mrlla
Mogynb  ynpyrocTuy, 345 70-90 200 120-130 55-70
MMa

lMepBOHayanbHO Havbonee LWMPOKOe MPUMEHEHME HaLUNM CTEPXHW Ha OCHOBE CTEKNAHHOro
BOMokHa [3], 4To 660 OOYCNOBNEHO TEXHUKO-3KOHOMUYECKMMU NPENMYLLECTBAMU CTEKMNOMMACTUKOB MO
I'mparymma A.P., Xo3ur B.I'., Kykmma A.H., XycayrmuHoB A.M. OCOOSHHOCTH HCHBITaHHUI W XapakTep
pa3pyLIeHus IOJTUMEPKOMIIO3UTHOM apMaTypbl
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CpaBHEHWO C APYrMMy MONMMEpPHbIMW Komnosutamu. B Hactoswee Bpemsi B Poccun HapasHe cO
CTEKMoNnacTMKoM MNPOU3BOAATCH CTepXHUM M3 6a3anbToBOro BOMOKHA € 6Gombluert MPOYHOCTBIO U
LLLeN0YeCTOMKOCTbIO. YrnepoaHble BOJIOKHA B apMMPOBAaHHbIX MNacTMKax CTPOUTENbHOrO Ha3HayeHus
BBUAOY MX BbICOKOW CTOMMOCTU NOKa NPUMEHSAOTCS KpanHe peako U B OCHOBHOM 1S BHELLUHErO YCUNeHus
KOHCTPYKUMA [4—6], XOTS MO MPOYHOCTU M MOZYMIO YMNPYroCTU MpU pPacTsXKEeHUU OHM MPEeBOCXOAAT
CTeKNsHHble 1 6a3anbToBble BOMOKHA.

MKA wu3rotaBnuBaloT MeTogamm dunbepHon (NynTpyaus) wn  0e3unbepHON  MPOTSHKKA
(HnanTpy3ua, nnenHTpysus). CoseplueHcTeoBaHne NMKA n TexHonorun ee npousBOACTBa MAET MO NyTU
BUOOU3MEHEHUS penbeda CTEPXHS, YBENIMYEHUs MPOYHOCTU W TEMSIOCTOMKOCTM 3@ CYET HOBbIX
cBAsyowmnx. Ha cTpouTenbHom pbiHke Poccum B HacTosilee Bpemsi cyulectByeT Oomnee 50
npou3soguTenen NoNMMEPKOMMNO3NTHOW apmaTypbl (B OCHOBHOM CTEKMO- U 6a3anbTonnacTnMkoBOMW) Ha
3MOKCUOHOM CBSA3YIOLEM Pas3NMYHOro MpPoJofIbHOrO NPOdunsi, BapnaHTbl KOTOPOro, C OOHOW CTOPOHbI,
NOBTOPAIOT Mepuoguyeckun npodurb CTanbHOW apmaTypbl, C APYroM — nNpu OTHOCUTENBHO MPOCTON
TEXHOMOrMm ero PoOpMMpPOBaAHUSA — MEHSIKOTCS B LLUMPOKUX Npeaenax.

HecMOTpsa Ha BbICOKYIO MPOYHOCTb MPU PacTsXEHUU, KOPPO3MOHHYHD CTOMKOCTb, Manbli BeC,
BblCOKME AnanekTpudeckune ceownctaa KA, cywectByeT pag hakTopoB, 3HAYUTENBHO OrPaHUYMBaIOLLNX
obnactb ee NPYMEHVMOCTW U He MO3BOMSALIMX HavyaTb MaccoBOe BHeApeHue B cTpoutenbcrtse [7].
K HUM OTHOCATCHA HM3KME MOAYMb YNPYrocTU U TENNOCTONKOCTb, HEBO3MOXHOCTb M3rOTOBMEHUS THYTbIX
CTEPXHEN U CBapKy B MNOCTPOEYHBIX YCMOBUSX, HO flaBHOE — OTCYTCTBUE OTEYECTBEHHON HOPMaTUBHOW
6a3sbl ANA NPOEKTMPOBaHNA BETOHHBLIX KOHCTPYKLMIM, apMnpoBaHHbIX KA.

O630p nnumepamypsbl

Oo 2013 roga B Hawem cTpaHe OTCYTCTBOBAN HOPMATUBHBLIA [OKYMEHT Ha camy
NorMMEpPKOMMO3NTHYIO apmaTtypy M MeToabl €€ WCMbiITaHWi, YTO TMPUMBOAMNO K CYLUECTBEHHbIM
TPYAHOCTSM Mpu ee cepTudmnKaLMm n UCNoNb30BaHUN B CTPOUTENLCTBE.

Haubonee cnoxHbiM ©ObINO NpOBEAEHNE WUCMBITAHUA Ha pacTsbkeHne cTepxHen [MKA.
CylecTBoBaBlUME METOAMKU, W3MNOXEHHble B HOPMATMBHbLIX [JOKyMeHTax [8, 9], He yuuTbiBanu
crneumdpuky crepxHen MNKA, y KOTOpbIX NPOYHOCTb Ha pacTsiKeHMe MpeBbIlaeT MPOYHOCTb Ha cxatune
6onee yem B 10 pas. B pesynbtaTte 3T0ro Npy UCNbITAHUW HA PACTSHKEHNE MO NMEBLLMMCS HOPMATWBHBIM
OOKYMeHTaM npoucxoauno paspyLueHne obpasuos NKA B 3axBatax nMbo nx npockanb3biBaHUe.

Mexgy Tem, cornacHo 3apybeXHbIM WCCNeAOBaHUAM W HOPMAaTUBHbIM AoKymeHTam [10-14],
KOHUbl obpasuoB MNMKA nepea vcnbiTaHMEM HEOOXOAUMO 3aMOHONMYMBATL B CheUMasnbHble CTarbHble
TPpyOKM — aHKepa, NpeAHa3HayvYeHHble AN nepedaydn yCUnuii OT 3axBaToOB WUCMbITATENbHOW MalUWHbl Ha
obpasey, npu HarpyxeHuu. [pu 3TOM nonyyvyaemble pesynbTaTbl 3aBUCAT OT METOAUKM WCMbITAHWUNA:
ONWHbl paboyen 30HbI CTEPXHA (ydacTka Mexay aHkepamu), crnocoba obxumma aHkepoB (rybkamu
HenocpeAcTBEeHHO 3a Tpybky, nNMbo 3a Topew Tpybok) [15—16].

B HacTosilee Bpems B Hawen cTtpaHe pa3pabotaH TOCT 31938-2012 «ApmMaTypa KOMMNO3UTHas
nonMMepHasi 4ns apMMpoBaHusa 6ETOHHBLIX KOHCTPYKUMIA» [17], B KOTOPOM MPUHATA METOAMKA UCTbITaHWI
Ha pacTtskeHne KA. Metoguka aHanormyHa ACI 440.3R-04 [10] u ocHOBaHa Ha paspylleHun Ha
paboyem yyacTke obpasua npu MPUIOXKEHMN K HEMY OCEBOM pacTArMBarowen cunbl, 6e3 paspyLleHus
UNK NpoCcKarb3blBaHMs CTEPXKHS B 30HE 3aXBaTOB UMM aHKepax.

OnuHa paboyero ydactka La npuHumaeTca He meHee 40d cTepxkHs, AnvHa adkepoB La,
npegHasHaJeHHbIX ANs KpenneHus obpasuoB C 3axBaTamy MCMbITaTeNbHOW MaluvHbl, NPUHMMaeTcs B
3aBUCMMOCTM OT JMaMeTpa CTePXHS, HO He meHee 300 mm.

KoHcTpykumusi o6pasua asisi npoBeAeHUs UCNbITaHWiA NMokasaHa Ha pucyHke 1.

[nga onpegeneHns mogyns ynpyrocTy BbIMOMHAETCA M3mepeHue gedopmauum Jo Tex nop, noka
Harpyska He pocturHeT 50% OT npegena nNPoOYHOCTM Mpu pacTskeHuwn. [Mpegen npoyHOCTU Mpu
pacTshkeHUW onpeaenstoT no dopmyrne:

P

o, =—

6 k
A

roe o, — npegen NnpoYHoCTU Npu pactsxeHmu, MlMa;

P — paspyLatowasa Harpyska npu pactsbkeHuu, H;

A — nnowaab NoNepeyYHoOro Ce4YEHUsI CTEPXKHS, Mm>.
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PucyHok 1. Bug Tunosoro onbiTHOro obpasua

lNocmaHoska 3ada4yu

HecmoTtpsa Ha Bbixog MOCTa [17] Ha NONMMEPKOMMNO3UTHYIO apMaTypy U METOAbl €€ UCNbITaHuN,
NpoM3BOAMTENN 3ayacTyld MCMOMb3yOT [OaHHble CTapbiX WCMbITAHUA, KOTOpbl€ BbINOMHANUCE B
nabopaTopusix, He OCHaleHHbIX HeobxoaumbiM obopydoBaHWEM, W  WUMEKT MPOTUBOPEYMBLIE,
HEeKOppeKTHbIe, a MHOrAa 1 BOBCE CKONMPOBAHHBbIE Y KOHKYPEHTOB AaHHble. B pesynbratax ucnbiTaHum
noBcemMecTHO NpMBOAUTCA KpaTKOBpeMeHHaA NPOYHOCTb Npu pacTAaAXeHun He3aBUCUMMO OT AnamMeTpa U
TMNa BOMOKHa CTepxXHeW. [pn 3TOM OTCYTCTBYET MH(pOpMaUns O Ha3HaAYeHUM pacyeTHbIX 3HaAYEeHUN
NMPOYHOCTU NPY pacTAXKEHUMU, XapakTepe NoBeAeHUA apMaTypbl oS, Harpy3kon n ee paspyLUeHnn.

OnucaHue uccrnedosaHus

B 2013 rogy cneumanuctamm nabopatopum kadpenpbl TEXHOMOMMU CTPOUTESbHBIX MaTepuarnos,
n3genum n KOHCTPyKUM KasaHCKroro rocygapCTBEHHOrO apXUTEKTYPHO-CTPOUTENBHONO YHUBEpPCUTETa B
cooTBeTCcTBUM C MeToaumkon OCTa [17] BbINONHANMCL UCTbITaHWUA Ha pacTsXeHne obpasuoB YeTbipex
TUMNOB MONIMMEPKOMMNO3UTHOW apMaTypbl, UMEIOWMX PasnUYHY0 CTPYKTYPY M TWUN NOBEPXHOCTHOMO
npocuns. Huxe npuBeneHsl pesynbTaTtbl UcnbiTaHui obpasuos MNMKA ¢ Lenblo onpegeneHns NpoYHOCTM
N MoAyns ynpyrocty Npu pactsbkeHun cornacHo [17]. KonnmyecTBo 0obpasuoB Kaxaoro anameTpa 6 wr.
MapameTpbl MCNONb30BaHHLIX 00pa3uoB nNpuBedeHbl B Tabnuue 2, pesynbTaTbl UCMbITaHUA — B
Tabnuue 3.

Tabnuya 2. O6pa3ybl, UcNoNb308aHHbIe OJisl UucnbimaHul

Ne Twn BonokHa Tun o6MOTKKN OunameTtp ®doTo obpasuoB
n/n CTepPXHSA CTEepPXHA CTEePXHS, MM
1 2 3 4 5
1 CTEKITOBOOKHO OAVHapHoe 3,2
CTEKINOBOJTOKHO 5
6,9
9,2
11
2 CTEKNOBOJTOKHO oauHapHoe 4.5
6aszanbToBOE 7
BOITOKHO
8
3 6asanbToBOE 6e3 0OMOTKM 2
BOJTOKHO (onecyaHeHa) 4
6
8
4 CTEKINOBOOKHO OAVHapHoe 6
CTEKIOBOJTIOKHO 8

I'm3parymumun AP, Xosun B.I'., Kykmma A.H., XycHyrauHoB A.M. OcoOeHHOCTM HCHBITAHUH M XapakTep
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Ta6bnuya 3. Peaynbmamsi ucnbimaHutl

Moaynb
Mpenen ynpyrocty E,
Tun Tun BonokHa | Avametp MPOYHOCTH NpU
apma- | cTepxHs, Tun | 06pasua, | pacTHKEHUU Omax, Mna XapakTep paspyLlieHus
Typbl 06MOTKM MM Mna (cpeaHee ans (cpennee
6 06pa3LoB) Ans 6
ob6pasuoB)
1 2 3 4 5
3,2 1477,3 50724 PaspbiB CTEPXKHA NO CEYEHNIo B
30HE COMpsKeHns cBOOOAHON
c 5 1197,3 49867,1 30HbI C aHKEPOM
TEKNOBOIOK-
1 HO, OZIMHAPHOE 6,9 1189,83 51003,5 1. OTcnoeHue onnetku ot
CTEKIOBOMOKHO 9’2 1003,1 48682,0 CTEepPXXHA Ha KpauHUX y4acTKax,
npockanb3biBaHWe CTEPXHS B
11 966,43 48989,5 | 30H€ aHKEpOBKY
2. Pa3pblB CTEPXKHA NO CEYEHNIO
PaspblB CTEPXXHS NO CEYEHUIO B
4,5 1149,6 48 242.6 30HE conpsikeHnst cBo6oaHOM
CTeKNoBOnoK- 30HbI C aHKEPOM
5 HO, OQuHapHoe 7 1116,6 47 624,8 1. OTcnoeHue onneTkn ot
6asanbToBOE CTEPXXHS1 Ha KpalHWUX y4acTkax,
BOJTOKHO npockanb3blBaHWe CTEPXHS B
8 1090,8 50 134,8 30HE aHKEPOBKY
2. Pa3pblB CTEPXKHSA MO CEYEHUIO
2 1390 56010 PaccrnoeHne cTepHsi no Bcen
BbasanbToBoe 4 1268 53281 OnvHe, NMB0o pa3pbiB CTEPXKHS
3 BOJTOKHO, 6e3 no ceveHnto
0BMOTKM 6 1169,5 52242,8
8 889,1 52 288,5
6 1150,2 49 075, 2 1. OTcnoeHve onneTku ot
CTeKnoBOnokK- CTEPXXHSA Ha KparHWX yyacTkax,
4 HO, oQuHapHoe npockanb3biBaHe CTEPXHS B
CTEKITOBOMOKHO 8 1092,1 51 878,6 30HE aHKEPOBKY
2. Pa3pblB CTEPXKHA NO CEYEHNI0
a)
i A PR -

PucyHok 2. XapakTtep pa3pyweHus obpasuos NKA

cpeAHuUX AnamMeTpoB: OTC/TIO€HUe OnJieTKu,

nocre 4yero NPoMcxoauT pa3pbiB OCHOBHOIO CTEepPXHA
I'm3parymmua A.P., Xosun B.I'., Kykmua A.H., XycHyramHoB A.M. OCOOEHHOCTH HCHIBITAaHHHA M XapakTep
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PucyHok 3. XapakTtep paspyleHus o6pasuoB NKA Manbix AgMaMeTpoB: pa3pbiB CTepPXHSA
NpPoOUCXoanUT MFTHOBEHHO B MeCTe CONPSXKEHUS1 CTEPXKHSA C aHKepoOM

PucyHok 4. Xapaktep pa3pylweHus obpasuoB [NKA 13 6a3anbToBoro BosiokHa 6e3 o6MOTKU:
paspbIB CTEPXXHA NPOUCXOAUT NyTEM PacCriOeHUA ero No Bcen AfiMHe

Mpn aHann3e xapakTepa paspyLieHusi 06pa3LI,OB YCTaHOBJIEHO criegyioulee:

1. Pa3pylieHne obpa3uoB U3 CTEKNOBOSIOKHA Masbix AuameTpoB (5 MM 1M MieHee) NPOVUCXOAUT B
OfHY CTaauio, NyTEM pa3pbiBa CTEPXKHSI B COMPSHKEHU CBOBOAHOIO y4acTka C aHKepOM Mpu AOCTUKEHUM
HanpsKeHWEM B CTEPXKHE 3HAYEHUS Opay.

2. PaspylwieHne obpasLoB U3 CTEKNOBOSIOKHA CpefHux anameTtpoB (6—11 Mm) npoucxoguT B OBe
cTaguu: BHadane MpoucxogouT OTCIOeHUe OOMOTKM Terna CTEPXHS Mpu OOCTVXKEHUW HanpsikeHnem B
cTepxHe 3HayeHnn ~ 85-90 % OT Opax, MNOCIIE YETo NMPOUCXOAUT Pa3pbiB CTEPXKHS MO CEYEHUIO.

3. PaspyweHne o6pasuoB u3 0Gas3anbTOBOrO BOSIOKHA MPOWUCXOAUT B OAOHY cTaguio nyTem
PacCrnoeHns CTepXHSA Mo Bceit ANUHE NpU AOCTUKEHUN HAMPSHKEHNEM B CTEPXKHE 3HAUYEHUS O may.

Ona Bcex TunoB [MKA oTHocUTENbHOE YANMHEHME MPSMO MPOMOPLMOHANBbHO pacTaArMBaroLwen
Harpyske BMfOTb OO paspyLleHus, B OTfM4Me OT CTanu, y KOTOPOW MMeeTcs 30Ha ynpyrom paboTbl,
nrnowagka Teky4ecTtu, 3oHa CaMOynpOYHEHUs 1 paspbiBa. 3TO O3HA4aeT, 4To nNpu paboTe nog Harpy3kom
Yy KOHCTPYKUMA, apmupoBaHHbiX KA, 3HayeHuss npornboB OyayT pacTv paBHOMEPHO, BMfOTb A0
paspyLleHunsi, MPOMNOpLMOHaribHO YBENUYEHUKD BHELUHENW Harpysku, B OTMYME OT KOHCTPYKLMA,
apMMPOBaHHLIX CcTanbHon apMaTypor. OcobeHHOCTLI0 paboThl CTanbHOW apMaTtypbl ABASETCA Hann4ne
aTana, Korga npornbbl pactyT 6e3 yBENMYEHUS BHELLHEN HArpy3kM B MOMEHT AOCTVIKEHMS HAaNPsSXKEHUN,
COOTBETCTBYIOLLUX Npeaeny TeKy4ecTun, 4To He Habnogaetcs y NMKA. 3HavyeHns npegena npoYHOCTM Ha
pacTsbkeHne (BPEMEHHOro conpoTuBneHus) y Bcex obpasuyoB [IKA HaxogATcs B MHTEpBane
889,1-1197,3 Mla, yto BblWe, Yyem y ctanu 35IC, pasHoro mo FOCT 5781-82 [18] 590 Mlla, un
COOTBETCTBYIOT MapamMeTpaM Ans BbICOKOMNPOYHbIX cTanen knacca A-V un A-VI, umerowmm 3HavyeHus
BpemeHHoro conpoTtusnerHmsi 1030 MIMa n 1230 MlMa cooTBETCTBEHHO.

Mo pesynbTatam ucnbiTaHW YyCTAHOBMNEHO, YTO MPOYHOCTb U MOAYIb YNPYroCTW Npu pacTsKeHun
CYLLECTBEHHO 3aBUCAT OT AuameTpa CTepXHHA. Yem MeHblle gnameTp apmaTypbl, TEM Bbille ee
MPOYHOCTb M MOAYIb YNPYrocTu. [laHHbIN hakT 0b6bACHAETCA TeM, YTO NONIMMEPKOMMNO3UTHasA apmaTtypa
COCTOMT W3 CTeKMsiHHbIX Wnu 06a3anbToBbIX BOJIOKOH, CKMEEHHbIX MONMMMEPHbLIM  CBSA3YOLUM,
aedopmMaTMBHOCTL KOTOPOro B HECKONbKO pa3 Bbilwe, Yem BonokHa. Npu pactsmeHun ctepxHs MMKA
paspbiBHOE YyCUNUE BOCMNPUHUMAETCH HapPY>XHbIMW BOFIOKHAMMK, PaCnOSIOKEHHbIMU Ha MNOBEPXHOCTU
CTEpXHs, a 3aTeM MocneaoBaTeNlbHO Yepes [MPOCONKU  CBASYIOLWEro nepefaeTcs  BOMOKHaM,
HaxoasiMMcs B ero cepgueBuHe. B cBsisam ¢ 3TuM B npouecce pacTsbkeHusi obpasua Haubonbluve
HaNpsHKEHUS MoMny4aloT BOMOKHA, PacrnonoXeHHble Ha NoBepxHOCTU crepxHa [3, 19, 20]. BHyTpeHHee

I'm3parymumun AP, Xosun B.I'., Kykmun A.H., XycHyranHoB A.M. OCOOCHHOCTH HCHBITAHHH M XapakTep
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HanpsbkeHne npu pacTskeHun B ceveHumn ctepxHsa MNMKA pacnpegensetcs HepaBHOMEPHO, Kak nokasaHo
Ha puUcyHke 5. DakTU4eckn y cTepxHen BonblUMX AnameTpoB CpeaHME BOJIOKHA (CepaueBnHa) ceyeHust
MKA Bknoyaetca B paboTy Torga, Koraa HapyXHble BOMOKHA yXe MMEHT 3HauuTenbHble BHYTPEHHWEe
HanpsbkeHus. PaspylweHne o6pasuoB HauMHaeTcs C paspblBa Haubonee HarpyXeHHbIX BOJIOKOH,
PacnonoXeHHbIX MO HapyXHOMY MepuMeTpy CTepXkHs, MOCne Yero 3a cyeT nepepacnpeneneHns
HanpsKeHU NPOUCXOANT Pa3pblB BOMOKOH B OCTaBLUEMCS CEYEHUN CTEPXKHS.
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PucyHok 5. HanpsikeHHOe COCTOSIHME B CEYE€HUU CTEePXKHS CTEKITONSIaCTUKOBOW apMaTypbl Npu
pa3pbiBe: 1 — CTEHKU CTanbHOro aHkepa, 2 — BONOKHO, 3 — MONMMepHoOe CBA3yKLee

CnepoBaTenbHO, YeM MeHblUe OUAMETp CTEepXHSl, TEM paBHOMEPHEE HanpsbkeHue W norHee
BKIOYEHbI B pabOTy BOMOKHA MO CEYEHUIO CTEPXKHS M BoMblue 3HAaYEHNE Omay. A YEeM Donblue gnameTtp
CTEPXHS, TeM GorblUe KONMMYECTBO BHYTPEHHUX BOJIOKOH CEPALIEBUHbI, BbIKMOYEHHbLIX M3 paboTbl Ha
pacTshkeHue.

Ha pUCyHKe 6 nokasaHa 3aBUCMMOCTb npegera npovYHoCTn U MoaynAa yrnpyroctm npu pactaxeHum
ana pasnimyHbiX CTep)l(HeVI OT UX AnameTpa.
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PucyHok 6. 3aBMcuMMOCTb Npegena NPOYHOCTU NPU pacTsXKeHUU OoT auameTpa obpasuoB

3aknoyeHue

Xapaktep nosegeHusa KA nog Harpy3koW 3HaAYMTENbHO OTNMYaAETCs OT CTanbHOM apMmaTypbl:
JuarpamMmma «0—e» NpakTU4eCKU NUHerHas BNnoTb A0 paspylleHus apMaTypbl, KpOMe TOro, MMeeTcs
MacLTabHbIA (pakTop, CYLLECTBEHHO BIMSIOLWUA HA MPOYHOCTHbIE XapakTepucTuku MKA: npo4HOCTb U
mMoaynb ynpyroctu MNKA cHuxalTcs ¢ yBenuiyeHmeM aMaMmeTpa CTEPXHS.

B cBA3M C 3TUM OCTaeTcs OTKPbITHIM BOMPOC O Ha3HAYEHWM PacyeTHOro npeaenia npoYHOCTM Npu
pacTsbkeHuun. [laHHasi npobnema ctaHoBUTCS elle Gonee akTyanbHON Npy ydeTe ANUTENbHOM NPOYHOCTH
U Moayns ynpyrocTu npu pactsbkeHuun. [puuem, cormacHo [13], ecnyM NpoYHOCTb MpU pacTsHKEHUU
MOSIMMEPKOMIMO3UTHON apMaTypbl CYLLECTBEHHO CHMXaeTcs B MpoLecce HaxoxaeHus B GeToHe, TO
3Ha4eHne MoZyns YNpyrocTi NpPakTMYeCckn He MeHsIeTCS.
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CornacHo [3] ana pacdeta 6€ETOHHbIX KOHCTPYKUMIA, apMupoBaHHbIXx [MKA, pacuyeTHoe
COMpPOTMBMEHME MNPUMHUMAETCH KaK MPOu3BEedEeHMEe BPEMEHHOro COMPOTUBMEHUS Ha Ko3adduumeHTbl
ONUTENBHOM MpoYHOCTU K¢ = 0.65, koadpduumeHTbl akcnnyataumm k; = 0.8 -0.9 u un3rotoBneHus
ks = 0.8 — 0.95. B npoekte CI1 «KoHCTpyKkumm 13 6eToHa C KOMMNO3UTHON HEMETanIM4eckon apmaTypon.
MpaBuna npoekTnpoBaHua» [21] pacyeTHOE CONPOTMBIIEHNE NPESSIOXKEHO ONpeaenaTe NepeMHOXEHNEM
BPEMEHHOIO COMPOTUBIIEHNST HA KOIULMEHTLI ycroBui paboTbl vy = 0.7 — 1, ANMTENbHOro 4enNCcTBmA
Harpy3kn Vp =0.3—-0.6, 4yto cootBetcTByeT 0.21-0.6 OT HayanbHOro 3Ha4YeHUS BPEMEHHOrO
COMPOTUBMNEHNS,  OMPedeneHHOro Mnpu  KPaTKOBPEMEHHbIX  UCMbITaHWSX, W AeKnapupyeMbix
npoussoguTensamm kak npodvHocTb KA. CornacHo ACI 440.1R-06 [10] pac4yeTHoe 3Ha4eHuWe npenena
MPOYHOCTM MPUHUMAETCA MEPEMHOXEHNEM T[apaHTUPOBAHHOIO MNpedena MpoYHOCTU, 3asiBIIEHHOIO
npousBoguTenem, Ha MOHWXAWNA KOIPMUUMEHT, 3aBUCALLMIK OT YCMOBUK 3JKCnayaTtauunm u Tuna
BOMOKOH cg= 0.7 — 1.

Ha npaktuke, yumTbiBas Huskum mopynb ynpyroctu KA, ana obecnedyeHuss HOpMaTUBHbIX
TpeboBaHW MO BTOPOM rpynne npegenibHbiX COCTOSIHUA NNnowadb CevYeHUs1 NoSIMMEPKOMMO3UTHOM
apMatypbl HecyLux nsrmbaemblX KOHCTPYKUUIA CTAHOBUTCSA 3HAUUTENbHO Gonblue, YemM CTanbHOW, npwu
TeX Xe Harpyskax. OTOT akT npuMBOAUT K HeonpasdaHHOCTU npumeHeHus [MKA B OBbIYHbIX
KOHCTPYKLMSIX, B CBA3U C YeM valle Bcero NKA HaxoguT cBoe npuMeHeHwe Ans apMUpOBaHUS Knaaku
(B BMOe cBA3en, ceTok) [22-26] B cnabo HarpyXeHHbIX, paboTalowmux Ha YnpyroMm OCHOBaHWMU
KOHCTPYKLUUSIX, rae npodyHocTHom noteHuman MNMKA (gaxe CHMXEHHbIN MNOHWXaLWUMMKN Ko3bduuneHTamm)
He peanuayeTcs B MOJSIHOW Mepe, MO0 B KOHCTPYKUMSIX, MOOBEPraloLLMXCsl BO3AENCTBUIO arpeCCUMBHbIX
cpen, rae nepepacxoq apMaTtypbl KOMNEHCUPYETCS SKOHOMUEN CpeaCcTB Ha peMoHT [27-30].

B cBs3u ¢ 9TuM JanbHenwne MccneaoBaHus Y yCOBEPLUEHCTBOBAHME TEXHONOMMM NPOU3BOACTBA
MKA HeobxoouMMoO HampaBuTb MNpeXae BCEero Ha yBENMYeHWe Moaynsi ynpyrocT U TensioCTOMKOCTU
MOMMMEPHOro CBA3YHIOLLEro, a He Ha MOBbILLEHWE MPOYHOCTU NPU PaCTSHKEHUU, KOTOopas U cenvac nveet
Hepeanuayewmbli NoTeHuman.
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MexaHuka paspyLUeHnsi CUCTEMbI
«ra3obeToHHas knagka — LTyKaTypHOe NOKPbITUEY

K.m.H., douenm B.A. [lapyma,
Odecckasi 2ocydapcmeeHHasi akadeMusi cmpoumenibcmea u apxumeKkmypbl

AHHoTaumaA. MNpPoYHOCTHbIE CBOMCTBA LUTYKaTYpPHbLIX pacTBOPOB HEOGXOAMMO Ha3Ha4YaThb C y4ETOM
MEXaHVK/M paspylleHus CUCTEMbl «KIagka — LITyKaTypHOe TMOKPbITUE», TOHMMasi MpPOLECChl,
npoTeKatoLLMe Npu ero TBepAEHUM 1 3KcrnyaTaumun. PaccmMoTpeHne BHYTPUCTPYKTYPHBIX HanpspkeHuin B
LUTYKaTypHOM MOKPLITUM M 30HE €ro KOHTaKTa C KNagKoi, MPOLECCOB 3apOXAEHWs, HaKOMMeHUs wu
pasBUTMS TPELUMH MPU LMKIUYECKUX U CUMOBbLIX Harpyskax siBNseTcs npeaBapuTesibHbIM YCMOBUEM B
MOCTPOEHUM TEOPUUN MEXAHUKW pa3pyLUEHNS TaKo CUCTEMBI.

B cTaTbe paccMoTpeHbl MpOLEcchl, NpoTekawlue npu TBEPAEHUM LUTYKaTypHOro pacTBopa,
MexaHWKa paspyLUeHWs CUCTEMbl «Knafka — LITyKaTypHOe MNokpeiTMex». WMcxoas us uHdopmaumum o
npoueccax, NpoTeKaloLWmX NpyY HAaHECEHUN U TBEPAEHUMN LUTYKaTYPHOTO MOKPbITUS, U AAHHBIX MeXaHUKU
paspyLUeHusi, 3anpoeKTUPOBaHbl COCTaBbl LUTYKaTypHbIX pPacTBOPOB AN rasoGeTOHHOM Kradku.
MonyyeHHble pacTBopbl 06MagalT  HeoOXOAUMBbIMKU  (PM3UKO-MEXaHUYECKMMU  CBOWCTBAMU U
TPELUMHOCTONKOCTbO.  [lpuMeHeHWe Takux pacTBOpPoB  06ecrnevnT  BbICOKYD — JONTOBEYHOCTb
LUTYKaTYPHOIO MOKPbLITUS U CTEHOBOW KOHCTPYKLIUN.

KnioueBble crioBa: MexaHuka pa3pyLieHust; ra3o6eToH; WTyKaTypHOE NOKpbITHe

LLinpokoe npumeHeHne aBTOKNaBHOro rasobetoHa TpebyeT maTepuanoB M TEXHOMOrMM AN ero
otaenkn. PaspaboTka cOCTaBOB LUTYKaTypPHbIX pacTBOPOB 4S5 aBTOKIABHOro ra3obeToHa M TeXHOMOrnu
X NPUMEHEHNs SBNSAETCHA akTyanbHOW 3aJayen, KOTOpyK pellalT MHorve cneuuanuctol [1, 2, 3, 4].
HepocTtaTtkom paspaboTaHHbIX COCTaBOB SIBMSETCH TO, YTO MM BCEM B TOW WM WHOW Mepe npucylie
TpelumHoobpasoBaHue [3, 5], kKOTOpoe NPUBOAUT K Pa3pyLUEHWUIO LUTYKATYPHOTO MOKPLITUSE U CHUXKEHWUIO
OONrOBEYHOCTM OrpaxaatoLLernt KOHCTPYKLUNN.

Mo HaweMy MHEHWIo, MPOUCXOAMT 3TO M3-3a TOro, YTO MPU MPOEKTUPOBAHUM COCTaBa U CBOWCTB
LUTYKaATypPHOrO MOKPLITUSI HE B MOJTHON MEpe YYUTbIBAETCA COBMECTHOCTb €ro paboTbl C ra306eTOHHOM
krnagkoi. CTEHOBYIO KOHCTPYKUMIO CriefyeT paccMaTpuBaTtbh Kak MHOTOCMOMHYI0 CUCTEMY, Arsl KOTOPOW
HeobxoOMMO, B 3aBUCMMOCTM OT XapaKTepUCTUK MaTtepuana knagku, [gedopmauuii Knagku u
BO3HUKAIOLLIMX HAMPSPKEHUI B KMNaKe U LITYKaTypHOM MOKPbITUM, LierneHanpasneHHo noabvpaTb cocTas
LUTYKaTypHOW CMECHU C onpeaeneHHbIMI Ka4eCTBEHHbIMMU U KONMYECTBEHHbIMI NapamMeTpamMu.

HopmaTuBHble [OKYMEHTbI onpeaensoT HeobxoaMMble napameTpbl ANs LWTYKaTypHbIX pacTBOPOB:
CpefHIol MNMOTHOCTb, MPOYHOCTb MPU CXaTum UM Npu n3rube, BOOOMOIMOLLIEHNE, MOPO30CTOMKOCTD,
NaponpoHULLaeMoCTb, afre3uio K CTeHoBOMy MaTepuany. [1py 9Tom B pa3HbIX HOPMaTUBHbIX JOKYMEHTaxX
TpebyloTcHa pasnuyHbie NokaszaTeny NPOYHOCTM M He OroBapvBaloTcsl TpeboBaHMA NO TPELUMHOCTONKOCTH
Ans dacagHbIX LWITyKaTypok. He coBceM MOHSATHO, M3 KakUX NpPennochiniok BbiTekaloT TpeboBaHMs no
MPOYHOCTHBIM MapameTpam.

3agadeit uvccnegoBaHus  SIBNsieTCA  paspaboTka TeopeTMYeCcKUX U MPaKTUYeCKUX OCHOB
COBMECTHON paboTbl ra3obeTOHHOW KMadky W LUTYKaTyPHOTO MOKPLITWS, HAa OCHOBE KOTOPbLIX MOXHO
MPOEKTUPOBATb COCTaBbl LUTYKaTYPHbIX PaCTBOPOB C BbICOKOM TPELLMHOCTOMKOCTbLIO. [Nsi onpeaeneHust
napameTpoB, KOTOPbIMM AOIKHO 0b6rafaTth LUTYKaTypHOro MOKpbiTe, HEeOOXOAUMO 3HAaTb MPOLECCHI,
npoTeKalolLMe B CUCTEME «KNafKa — MNOKPbITUE» NPU HAHECEHUW LUITYKaTypHOro pacTBopa Ha Knagky, ero
TBEPOEHMN W SKCMyaTauuu, a Takke MNOHUMaTb MeXaHWKy paspylleHusi cucTembl. PaccmoTpeHwue
BHYTPUCTPYKTYPHbIX HANPSXKEHWIN B LUTYKaTYPHOM MOKPLITUW 1 30HE €ro KOHTaKTa C KMaaKkoW, NpoLieccos
3apOXKOEHMUS, HAKOMMEHUA W PasBUTUS TPELIMH MpU  LUMKIUYECKUX (HarpeBaHMM U  OXNaxkaeHuw,
3aMOpPaXuBaHNUM U OTTaMBaHWUK, YBMaXHEHUM W BbICYLLUMBAHUM) W CUIMOBbLIX Harpyskax sBnseTcs
npeaBapuTenbHbIM  YCIIOBUEM B TMOCTPOEHUM MEXaHWKU paspylleHuss CUCTEMbl. JTO MO3BOSUT
npeackasaTtb NoBeAeHNe CUCTEMbI «Kradka — MOKPbITUE» BO BpeMeHu, pa3paboTaTb pekomeHdauuu no
NpeaoTBpaLLEeHN0 AEeCTPYKTUBHBIX NPOLIECCOB, MOBLILIEHWIO JONITOBEYHOCTU LUTYKATYpHOrO MOKPLITUS U
orpakgatoLlein KOHCTpyKumm. Mcnonb3oBaHve KapTWHbI paspyLUeHUsi, pacyeT KOHKPETHbIX Mokasatenen
HanpshkeHHO-A4e(POPMUPOBAHHOTO COCTOSIHUS U APYIMX SHEPreTUYEecKMX U CUMOBbIX MapamMeTpoB
MeXaHVK/ paspyLleHnst NMO3BONST MPOEKTUPOBATb COCTaBbl LUTYKAaTypPHOro pacTBopa ¢ HeoGXoaAMMbIMU
MPOYHOCTHLIMK NapaMeTpaMm 1 TPELMHOCTONKOCTBLIO.

[Mapyra B.A. MexaHuka pa3pyIIeHHs] CHCTEMBI «T'a300€TOHHAS KIIaKa — IITYKaTypHOE TIOKPBITHE)
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Teopemu4yeckue 0CHOBbI coeMecmHoU pabomsl 2a306€MOHHOU KnadKu u
wmykKamypHo20 MOKPbIMusi

PaspyLueHne WwTykaTypHOro NoKpbITUSA CBA3aHO C 0Opa3oBaHMEM, HaKOMMEHWEM U pa3BUTUEM B
CTPYKTYpe MaTtepuana [edeKkToB (MUKPO- M MaKpOTPELUMH), KOTopble 0DpasyloTcs Npu HaHeceHuM,
TBEpAEHUM 1 akcnnyaTaumm [6, 7, 8]. OcobeHHOCTLIO Mpolecca TBEPAEHMS LUTYKaTypHOro pacTtBopa
SABNSIeTCA TO, UTO rMapatauus LemeHTa npoTekaeT MpuM HeOoCTaTOYHOM KOMnuyecTBe BOAbl M3-3a ee
WHTEHCUBHOTO WUCMAapeHnst U MOrNOLWEHNS MOPUCTBIM OCHOBaHveM. B aTux ycnosusix dopmumpyetcs
dedeKkTHaas CTPyKTypa LEMEHTHOro kKamHg, o0pa3ylTcad HepaBHOBECHbIE, MeTacTabunbHbIe
NoNMKpUCTann4yeckme HoBoobpa3oBaHus. TBepaeHue npu noHwxkeHHom B/Ll npuBognT K HenomHomn
peanusauuu BSDKYLLErO noTeHumana LemeHTa, nageHuto NMPOYHOCTMH, MOBbILLUEHHOMY
TPELMNHOOBPa30BaHNIO N CHMXKEHMIO AOSITOBEYHOCTU 3aTBEPAEBLUETNO LUTYKATYypPHOro NokpbITms [9—-11].

Mpoucxoaunt rmgpasnuyeckas (0,3...0,8 mm/m) 1 nnactnyeckas (2...5 Mm/m) ycagka WTYKaTypHOro
pacTtBopa [1, 12—15], a Tak Kak ra300eToHHas Knagka coepxmeaeTt 3Tu gedopmMaumm, TO 3TO NPUBOANT K
BO3HUKHOBEHWIO HAaMNpPsPKEHWW B LUTYKaTypHOM MOKpbITUKM (8), KOTOpble B CeMb pa3 MNpeBbIalT ero
npeaen NPOYHOCTU NPU PACTSHKEHNN:

_Ae*E

1—p
roe E v u — mogynb ynpyroctu u koadpdpuumeHT yaccoHa wTykaTypHOro MOKpbITUS; AE — pasHOCTb
aedopmaunin LITyKaTypkn 1 ra3obeToOHHOro 0CHOBaHuS [5].

o

M3-3a 3TnX HanpsXKeHUN 1 13-3a TOro, YTO YMEHbLUEHNe CTENEeHN rmapaTtaunm LemeHTa npmBeeno K
CHWKEHWUIO npefdenbHOW pacTskumoctu MaTtepuana Ha 20..50% [3, 5, 16], npoucxogut
TpewwunHoobpa3oBaHue B LUTYKaTypHOM MOKPbITUM, HA MOBEPXHOCTM U B 06beme maTtepuana (puc. 1b, c),
a TaKke B KOHTAKTHOW 30He C ra3obeTOHHbIM OCHOBaHMeM (puc. 1a).

B pesynbraTte dopmupyeTcsa gedekTHas CTpyKTypa mMaTepuana, BKI4YaloLwas nopbl, TpewwmnHbl 1
COBMELLEHHbIE MOpPbI C TpelwmHaMu. TpeLwuHbl B LUTYKAaTYPHOM MOKPLITUM PacipoCTPaHSAOTCS MO BCEM
HanpaBneHnsM. B LEeMEeHTHOM KaMHe OHW NPOXOAAT MNPENMYLLECTBEHHO BOKPYr WM 4yepes
HermgpaTMpoBaHHbIE 3epHa LieMeHTa, BOONb KPUCTaNoB NOpPTraHAWTa, KOTOPbIE MMEKT CKIMOHHOCTb K
packanbiBaHWIO, a TakKe Yyepes Nopbl. YCTbe TPELUMH pacrnofnaraeTcs OKomno 3epeH necka, n B6rman Hero
HabnwgaeTcd MHOXECTBO MMUKPOTPELUMH. TpewuHbl UMelT pas3BeTBreHusd, 3uraaroobpasHbie
BKMOYeHnsa pgnvHon 10 MKM, a Takke nepecedeHusi. HabnogawTcs HepaspylleHHble  y4acTKu
LEMEHTHOrO KaMHs, ABMsoLWMecs MocTukamu npovHocTn [17, 18].

PucyHok 1. TpewunHoobpa3oBaHue: a) B KOHTAaKTHOW 30HEe «ra3o6eToHHOe OCHOBaHMWe —
LITYKaTypHOe NoKpbITUE»; b) B 06beme LWITyKkaTypHOro pacTBopa; C) Ha ero NOBepPXHOCTH

Mpu oKcnnyaTauuMmM Ha  CTEHOBYHO 5 B @ TR =
KOHCTPYKUMIO OKa3sblBaloT BMUsiH/E 1o
KOMMJIEKCHbIE Harpysku (cunosble, Zos )
TemMnepaTtypHble, BIaXKHOCTHbIE " o
KOPPO3VOHHbIE), MOL BO3AEWUCTBMEM KOTOPbIX Zo0s6
= BnaxHocTHAA
npoucxoauT pa3BuTHe nedekToB, = |
06pa3oBaBLUKXCS B CTPYKType maTepuana Ha gos
cTaguu TBEPAEHWS. Luknuyeckue = /“-“"“’*"3‘"““
- 0.2
TemnepaTypHO-BMaXHOCTHbIE  BO3AEUCTBUSA /
0

(puc. 2, 3) npuBogat k gedopmauun (ALp, o e e
ALc, AL;;) 1 OONOMNHUTENBHBIM HaMNPSHKEHWAM OTHOCHTERHAR RIERHOCTS BOTTYXa, %
B matepuarne (0).

PucyHok 2. lecpopmanum LITYKaTYPHOro NOKPbLITUSA

[Mapyra B.A. Mexanuka pa3pyIIeHHs CHCTEMBI «T'a300€TOHHAS KJIaJKa — IMITYKATypHOE TIOKPBITHEY
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AL, = AT’ ;AL = aAT°L; AL, =(eATLE,)+(AL L),

roe ALp, ALc — pebopmauun pacTsKEHUs N CKaTus; d — KOIMULMEHT TeMnepaTypHOro YANMHEHUs
maTtepuana; AT — pasHocTb TemnepaTyp; L — anuHa cteHoBoro anemeHTta; ALy — TennoBnaxHOCTHbIE
Aedopmaumu; Fr, — nokasaTens matepuanbHbix gedektos; AL, — BnaxHocTHble Aedopmauuu [3].

S=k-Jla,+b-(L-c)lo*
o*=E-a,-At,

roe E — mogynb ynpyroctu; o, — koadMULMEHT NTIMHEAHOrO paclUMPEHNs LUTYKAaTyPHOro MOKpbITUS; At —
pac4yeTHbI Nepenaa TeMneparyp.

BnaxHocTHble pedopmauum HabyxaHuss M ycagkm COBMECTHO C MOfieM TemnepaTypHbIX
aedopmaunii  cnocobCTBYOT pa3BuTUIO TpewuH B MaTepuane. [ns maTepvana xapakrtepHa
HEOOHOPOAHOCTb HAaMpPSPKEHHOTO COCTOSHMA. Ha rpaHuue UemMeHTHOM MaTtpuubl U KBapLeBOro
3anonHuTens — AByx gas ¢ pasnuyHbiMn KTP (koadhpmumeHToM TeMNepaTypHOro paclumMpenns a) — npu
N3MEHEeHNN TeMNepaTypbl BO3HMKAKOT CXMMalOLME HanpsbkeHnst, AencTByowmne Ha a3y C BbICOKUM O, U
pacTarMBatoLine, gencTByowmne Ha asy ¢ MeHbwnm a. JlokanbHble HanpsXeHuss 0COGEHHO BEMUKM B
yCTbe 00pas3oBaBLUENCHA TpEeLUUHbl, rae MNPOUCXOOUT KOHLUEHTpaumMsa HanpskKeHur, NpuyeM OHU TeM
foonblwe, Yyem OGonbwe ee pa3mep. lNMpyn HanpsHKEHUsIX CBEPX HEKOTOPOro KPUTUYECKOro 3Ha4veHus
NPONCXOAMUT nogpacTaHne TpeLLUHBbI.

I'Ipvl YBINaXXHEHUN LUTYKATYpPHOro MOKpPbITUA MeHee 00BOHEHHblE rmaparthl, O6pa3OBaBLIJI/|ECF|
paHee, CTaHOBATCA TepMOANHaAMUNYECKU HecTabunbHbIMN 1”1 CTpeMATCA K nepexoay B boonee
00BOAHEHHbIE, CTAabUIbHbIE B HOBbIX yCcnosuax rmgpaTtHbie (ba3b|:

0,42 (BCaO : A|203 ) 6H20) + 1,42(3CaO : A|203 ) CaSO4 ' 12H20) +
3,38Ca(OH), + 0,07CaS0O, - 2H,0 + 100H,0 —
1,34 (4Ca0 - AL,O; " 19H,0) + 0,49 (3Ca0 - AL,O, 3CaS0, - 32H,0) + 2,04Ca(OH), + 79,71H,0

Mpouecc nepekpucTanu3auum COMpPoBOXAAETCA yBenuMyeHnem obbema TBeppon ¢asbl (oo
45 %), 4TO nNpPMBOOAWUT K 3HAYUTENbHbIM BHYTPEHHUM HaMpsiKeHMsM B MaTepuane, 4To Takke
crnocobCcTBYeT pasBUTUIO MUKPOTPELLUH. KOHUEHTpauns 3TuX MUKPOTPELLMH pacTeT, U Npu AOCTMKEHUN
HEKOTOPOro  KPUTUYECKOro 3HayeHust obpasyloTcsa  Makpockonudeckue  TpewwmHbl  [19].  Poct
MaKpPOCKOMWUYECKNX TPELLUMH MPOXOAMT Yepe3 30HY KOHTakTa C 3anofiHMTenem unu vepes LeMeHTHbIN
KaMeHb B 3aBUCUMOCTU OT MX MPOYHOCTU N Hanuunsa aedektoB. Korga gedopmMaums B BEPLUNHE TPeLUMH
[OCTUraeT KPUTUYECKOro 3HayeHus, obnactb paspyllaeTcs, AnuHa TPeLUMHbl BO3pacTaeT, HanpsbkeHve
nepepacnpegensercs Ha cocegHue 3NIeMeHTbI, nocre 4ero npoiecc nosTtopsietcd. lNepepacnpenensis
Aedopmaunm 1 HanpsXeHUs B matepuane, TPEeLLMHbI, COeQUHSISICb, NPOAOIHKAT pacTtu (puc. 3).

; | /2 P2
C/' o e
| == q ////T)/ ,-—T:(

PucyHok 3. Pa3BuTue TpeLUH B WITYKaTYPHOM MOKPbLITUN NPU 3KCNITyaTaLlMOHHbIX BO3AEUCTBUAX
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0,000 Loon

PucyHok 4. [lechopmanmm cTeHOBOMN KOHCTPYKLMM U M3ONONSA HanpsKeHUn

LTykaTypHOEe NoKkpbiTe He paboTaeT 060COONEHHO B CTEHOBOW KOHCTPYKLUMW, MO3TOMY Ha €ero
HanpshXXeHHOe COCTOsiHME OKasblBaloT BNusHUe gedopmMaumu knagky. [ecdopmauns Knagkm npoucxoaut
noA, BO3OEeNCTBMEM MOCTOSHHbIX M BPEMEHHbIX Harpy3oK, ycagku KrnadoyHOro pacrsopa, kapOoHu3aumm
[Mapyra B.A. MexaHuka pa3pyIIeHHs] CHCTEMBI «T'a300€TOHHAS KIIaKa — IITYKaTypHOE TIOKPBITHE)
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rasobeToHa, yBnaXHeHUs napoobpasHon Bnaron, MUrPUPYHOLLENA M3 MOMELLEHUST U KOHOEHCUPYIOLLENCS
BHYTPU KOHCTPYKLUMKW, TemnepaTtypbl W BNaXHOCTU OKpYXalolWen cpenbl, BETPOBbIX Harpysok,
aedopmauum xenesobeToHHoOro kapkaca [14, 20]. BcnepctBne 3TOro CTEHOBAsi KOHCTPYKUMS
ncrnbIThiBaeT AedopMaLmMm pacTshKeHUs U cxkaTtus, narmba ms nnockoctu (puc. 4, 5). MNMpu goctmkeHnn
OMNpederieHHOro 3HaYeHus pacTArvBaloLller Harpy3kM wus-za gedopmaumm Knagkv nponcxogut
danbHevwee nogpacTaHWe TpewmH B LUTYKaTypHOM MOKPbITUM W AeKOpaTMBHO-3aWUTHOM Crioe
(puc. 5b).

m=fps

—
b

L
i

al ¢

Nl

=
J

|

-1
M-zPs

-t
o

a)

PucyHok 5. [lechopmanimm cTeHOBOM KOHCTPYKLMM U LUTYKaTYPHOro NOKpbITUA (a),
TpelmnHoobpa3oBaHMe B CTEHOBOM KOHCTPYKLUM, LUTYKaTYPHOM NOKPbLITUM U AeKOpaTUBHO-
3awuTHOM cnoe (b)

M3-3a pasHocTn gecopmaumini 1 Moaynen ynpyroctm raso6eToHHOro OCHOBaHUS W LUTYKaTypHOro
MOKPbITWS, B KOHTAKTHON 30HE MEXAY HUMM BO3HUKatOT aedopmauun (puc. 5, 6) n HanpskeHust cogura
(1) (puc. 6), KOTOpble ABMAKTCA MPUYMHOM Pa3BUTUA MArucTparbHOM TPELMHbI B KOHTAKTHOW 30HEe

(puc. 6, 7):
/
r=[ATa, - ATzozz]/[yE1 + 1E2} :

roe T — HanpsbkeHue caBura OT TemnepaTypHbiX Aedopmauui, krc/em®; ATy, AT, — pas3HoCTb
TeMnepaTtypbl LUTYKaTypHOro MOKpbITUs W knagku, °C; aq, a; — KO3PMUMEHTBI TEPMUYECKOTO
paclmMpeHns Knagkm 1 LWTyKaTypHOro nokpbitus; Eq, E; — mMogynu ynpyroctn Knagku v LWITYKaTypHOro
MOKPBITUSA, KIC/CM®.

-81.9 -68.2 -545 -40.9 -27.3 -13.6 -0.36 0.36 13.6 27.3 356

-96.2 -80.1 -64.1 -48.0 -32.0 -160 -1.57 157 158

]

a) b) c)

PucyHok 6. TemnepartypHbie gecgopmauuum (a, b) n HanpsixkeHus (C) B KOHTaKTHOW 30He
«ra3so6eToHHas Knagka — WTyKaTypHoe NOKpbITUe»

OcoBeHHOCTBIO  Npouecca y y
SBMSAETCA TO, YTO MarucTpanbHas
TpelmHa B KOHTaKTHOM 30He
paseBMBaeTcs Ha rpaHuue [gOsyx  [osepxuocrs
pasHOpPOAHbIX ~ MaTtepuanos ¢ P
pasnMuYHbIMK  CBOWCTBAMM — —
ra3ob6eToHHOM Knagke 7
LWITYKaTypke (puc. 7).

/T
LAY
P )

/. .’

TPEIIHHBI

PucyHok 7. PazBuTe MarucTpanbHOW TPewnHbl B KOHTAaKTHOM
30He «ra3ob6eToHHaA Knajka — WTyKaTypHOe NOKpbITUE»

[MTapyra B.A. MexaHuka pa3pylieHHs] CHCTEMBI «ra300eTOHHAs KiIajKa — IITyKaTypHOE MOKPHITHE)
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Ons cuctembl «knagka — LUTYKaTypHOE MOKPbITME» XapakKTEePHO YCTanoCTHOe pas3pylueHne npu
OTHOCUTENbHO HU3KOM YPOBHE HaMpsKeHUW W 4acToM MX UMKIWYHOCTW, KOTOpOe MpoBOAUT K
npopacTaHuio MarmcTparnbHON TPELMHbl B KOHTAKTHOW 30HE MeXQy LWTYyKaTypkon W Knagkon wu
obpasoBaHuIo ceMmencTsa MarncTparbHbIX TPELMH B LLTYKATYPHOM NOKPbITUM €O ckopocThbio (dI/dN):

dl/dN = A(AK)"

roe A u n — SMIMpuyeckne KoappuumeHTbl, N =2—7, C yBENMYEHMEM XPYNKOCTU Marepuana n
yBenuuusaeTcs; AK = Ky ax — Knin — Nepenag koagduumeHTa MUHTEHCMBHOCTWN HaNps»KeHU 3a OOUH LNK;
N — yncno yuknos.

PaspyleHne aare3anoHHOro coeanHeHNs He NPOUCXOAMT cpa3y Mo BCen NOBepxHOCTU. M3-3a Toro
YTO HanpsKEHUSA B KOHTAKTHOW 30HE pacnpegeneHbl HepaBHOMEPHO, y4acTku, nogsepratowmecsa bonee
BbICOKUM HampsbkeHUsIM, paspyLlaroTcs B MNepByl0 ovepelb, YMeHbLuas TeM caMbiM NPOYHOCTb BCEW
KOHTaKTHOM 30HbI B LernoM. CTapT U pocT MaructpanbHOW TPELUUHbI B KOHTAKTHOM 30He onpeaensitoTcs
COCTOSIHMEM U MpoLleccamMu y ee BePLUMHbI U peanuayoTcs N0 MexaHn3My, KOTOPbIV BKIHOYaeT pasBuTune
MUKPOTPELUUH B 30HEe MNpeapaspylleHns N ux obbeanHeHne B MakpoTpelumHy. OCHOBHOW MPUYMHON
pasBUTUS MakpOTPELLUMHbI SBMSETCA U3MeHeHne aedopMauui U HanpsbkeHWA B BEPLUMHE TPELLMHBI,
BO3HMKAOLLME MPU YBMAXHEHUN U BbICYLUMBAHUN, HAarpeBaHWN U OXNaXXAEHUN CTEHOBOW KOHCTPYKLMM U
LITYKaTypHOrO MOKPbITUS. B BepLluMHE MUKpPOTPELUMHbI KOHLEHTPMpYeTCa HanpsxeHue. Moka ypoBeHb
HanpshKeHUN MeHblUe npeaenbHOro 3HaYeHst agre3vioHHOW MM KOre3MOHHOW MPOYHOCTU, TpeLuHa He
pacteT. Ecnu B xode AanbHEnWero pocrta BHELWHEeW Harpysku gedopmaumm n HanpsKeHus B yCTbe
TPeLUHbI NPeB30MAYT NpeaenbHbIN YPoBEHb, MPOM30ONAET ee nogpactaHue (puc. 7).

Ha obpaTHOM xo4e uukna HarpyXeHusi (CHWKEeHWM TemnepaTypbl UM BNaXHOCTM) Npoucxoaut
YaCTUYHOE BOCCTAHOBMEHUE FeOMETPUM BepLUMHbl TPELMHbl U pa3mepa YnpyronnacTU4eCcKon 30HbI,
OQHaKo B JanbHeWweMm TpelwimHa yBenuumeaeTcs. C pOCTOM TpelUMHbl pacTeT W HanpskeHue B ee
BEpLUMHE, U Korga pasmep TPeLMHbl JOCTUraeT KPUTMYECKUX 3HAYEHWR, a HanpsbkeHwe B BeplunHe
TPelMHbl  MPEBOCXOAUT  MOBEPXHOCTHYIO SHEpPruvio  paspylleHus BewecTBa, TO  Mpoucxoaut
Heynpasnsemoe paspylueHWe COeAMHEHUS U OTCMOeHWe LUTYKaTypHOro MOKPbITUS OT rasobeTOHHON
Knagkw.

Bo3HVKHOBEHME 1 POCT TPELUMH MOXET NPOUCXOANTL Kak HEMOCPEACTBEHHO Ha rpaHuLe KOHTakTa
Knagku CO LUTYKaTYPHbLIM MOKPbITUEM, Tak U B LUTYKaTYpPHOM MOKPbITUM UNW ra3obeTOHHON Knaake, yYTo
onpegensieTcs COOTHOLIEHMEM BEeNWYMH aaresvn Mexay HUMW K BenUYMHE UX Koresun. Yem Hmke
agresvst M Bbllle Koresusi, TeM Gonblle BEpOSATHOCTb pPaspyLlUeHUss COeQUHEHUs HEenoCpPeaCTBEHHO Mo
rpaHuue — aare3voHHbIN XapakTep paspyLleHus (puc. 8).

a) b) C)
PucyHok 8. Buabl paspylieHnin B KOHTaKTHOWN 30He «ra300eTOHHas Knagka — WTyKaTypHoe
NOKpbITUE»: @) aAre3amoHHoe; 6) cMelwaHHOe; C) pacKNMHUBaKLLlee AeACTBUE BOAHbLIX NJIEHOK B
MarucTpanbHOMn TpeLwnHe

Mpouecc paspylueHUs UHTeHCUMUUMPYETCA U3-3a Hanuuus Brark, arpeccUBHbIX KUAKOCTEN U
rasoB, oTpuuaTenbHbIX TemnepaTyp. Bnara, npoHukass B yCTbe TPEeLIMH LUTYKaTypHOro MOKPbITUS U
KOHTAKTHOW 30HbI «Krajka — MOKPbITUEY», CO34aeT packiMHMBaloLLee AaBreHne, KOTopoe criocobeTeyeT
pasBuTUO TpeLwmH (puc. 8c). Mpu “cnapeHnn Bnary packnMHUBAIOLWME CUMbl MepecTalT AencTBoBaTb U
B MaTepuane BO3HMKAIOT HanpsbkeHust ycagku. C  yBenvYeHMEM OTHOCUTESIbHOW  BaXHOCTU
OKpyXXaloLlell Bo3gylHOW cpedbl MaTepuan BHOBb YBMNaXHSETCH, a TPEeLMHbl pacKpbiBaloTcs U
pasBuBaloTCS.

Mpouecc paspylleHnsa UHTEHCUMULNPYETCA M3-3a BO3AEWUCTBUS Ha OrpaXkaatoLLyto KOHCTPYKLMIO
arpeccuBHbIX rasoB WM XWOKOCTEN (OKUCK yrnepona, OBYOKUCU cepbl, a30THbIX COeaUHEHUA 1 Op.). Tak,
SO;, coeamHAACh ¢ aTMOCHEPHOW Bnarow, npesBpallaeTcs B CEPHYH KUCMOTY, a 3aTeM B Bue MOHOB
SO, paspyLlaeT cunukaTbl kanbumsa n kapboHaTHble 06pa3oBaHMs B LUTYKaTypKe v knagke. B TpewmnHax
06pasytoTcss  MpoayKTbl KOPPO3MKM, KOTOPble OKasblBAOT pPackiMHUBAOWEE BIUSHME, YTO Takke
CNOCOGCTBYET Pa3BUTMIO MarMcTpasnbHbIX TPELMH B LUTYKaTYPHOM PacTBOPE U KOHTAKTHOWN 30HE.

[Mapyra B.A. MexaHuka pa3pyIIeHHs] CHCTEMBI «T'a300€TOHHAS KIIaKa — IITYKaTypHOE TIOKPBITHE)
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Ewe ogHum w©3 BMOOB paspylUaloLero

I | BO3OENCTBMS  BHELWHeNn cpegbl B Nepuoa

\ aKcnnyaTaumm CTEHOBOW KOHCTPYKUMM sIBNSIETCA

MHOrOKpaTHOe 3amMopaXMBaHWe W OTTauBaHue.

3amepsaowas B TpewMHaxX  LITYKaTypHOro

MOKPbLITUSS M KOHTAKTHOW  30HbI  Bnara

z _ yBenuumMBaeTcs B obbewme, BbI3bIBasi

Tl = ' . 3HaYUTENbHbIE HAaMPSPKEHUS B YCTbE TPELLMHBI,

— 4yTO npuMBOAUT K ee nogpactaHuio [13].

B pesynbTaTe BbllWeONUCAHHbIX  MPOLIECCOB

PucyHok 9. Paspywenue u oTcnoenve npoucxoauT paspyLueHve LITYKaTypHOro

LITYKaTypHOro NOKpPbITUSi OT ra306eTOHHOM MOKPbLITUS U €ro OTCroeHve OT ra3obeTOHHOM
knapku [21] knagku (puc. 9).

Ona Toro 4ToGbI NpegoTBpPaTUTL TPELUMHOOOpa3oBaHWE B CUCTEME «Knadka — LITykaTypHoe
MOKPbITUE», MPOEKTUPOBaHME LUTYKATYPHbIX PacTBOPOB HeobxoaMMO BECTM C Y4EeTOM MpOLIeCCOB,
NpOTEKAOLWMX NMPU HAHECEHUU U TBEpPOEHUM PacTBOPa, U HANPsKEHWI, BO3HUKAKOLWMX B LUTYKATYPHOM
MOKPbITUM  M3-3a  AecpopMaLMili  CTEHOBOW  KOHCTPYKUMM U camoro nokpbiTus. Heobxoaumo
MWUHUMU3NPOBATL KONMMYECTBO YCAAOYHbIX TPELUMH, KOTOPbIE BO3HUKAKOT B MOKPLITUM MPU HAHECEHWUU Y
TBEPAEHUN LUTYKaTypHOro pacTtBopa. [poYHOCTb nNpu pacTsikeHun pacTeopa, AepopMaTUBHOCTb
pacTBopa M KOHTAKTHOW 30Hbl [OIKHbI OBGecneynBaTh BbLICOKYIO TPELUMHOCTOMKOCTL LUTYKaTypHOro
MOKPbITUS W KOHTAKTHOW 30Hbl. TOMbKO B 3TOM chydae MOXHO OyaeT obecneunTb BbICOKYHO
[ONrOBEYHOCTb LUTYKaTypPHOrO MOKPbLITUS U CTEHOBOW KOHCTPYKLMU B LIETIOM.

[lpoekmuposaHue cocmagos wmyKkamypHbIX MOKPbIMuUU
C 8bICOKOU MpewjUHOCMOUKOCMbIO

Llensto  uccrnegoBaHuin  6bINO  NONyYeHUe  LITYKaTYpHbIX — PacTBOPOB  C  BbICOKOW
TPELLMHOCTOMKOCTLIO Npy obecneveHnn TpeboBaHNin HOPMaTUBHLIX JOKYMEHTOB MO CPeAHen NAOTHOCTY,
MPOYHOCTM NPU CKaTUM 1 U3rnbe n apyrux napameTpax. ATo obecneymT onTUMarbHbIe YCNoBus paboThbl
cucTeMbl «ra3obeToHHasi knagka — LTyKaTypHOE MOKPbITUE» W BbICOKYIO [OMrOBEYHOCTb CTEHOBOW
KOHCTPYKUWMW.

Mcxopgs M3 BbILLEM3NOXKEHHbIX TEOPETUYECKMX NPEANOCHIoK 6binn  nogobpaHbl  cocTaebl
LUTYKATYPHbIX CMECEN Ha pasnn4yHbIX BMAAX 3aMOSNHWUTENEN U HaNOMHUTENEN — BEPMUKYNIUTOBOM U U3
604 razobetoHa (cmecb Ne1), kap6oHaTHOM u nepnmToBoM (cMecb Ne2). [ins onTMMu3auun peuenTypHo-
TEXHOIMOIMYECKNX NapamMeTpoB UCMOMb30BanM NATU(AKTOPHLIA  SKCMEPUMEHT CO  CreayloLwumm
BapbupyeMbiMu dpakTopamu (Tabnuua).

Ta6nuua. Quana3oH eapbupoeaHusi ghakmopoe

Pacxop Pacxopn Pacxop
Pacxo.q 3anonHutensa n Pacxon egucneprupyemoro Tylose
Bua Owvana3soH BSOKYLLErO, ¢hubpbI, peAa prupy I\);IBZ
Bapbupo- Kr/m Hanon;iwgenﬂ, Krim non_wmepHoro nopoLlika
cmecu BaHUS m’Im Winnapas 5043 H, % 15009, %
X1 X2 X3 X4 X5
500 1,05/1 1,2 5 0,5
C,“\j"ff" 0 400 1,05/1 0,9 3 03
-1 300 1,05/1 0,6 1 0,1
1 400 1,05/1 1,2 5 0,5
C,“\l"fzcb 0 300 1,05/1 0,9 3 0,3
-1 200 1,05/1 0,6 1 0,1

[nga onpegeneHus CBOMCTB LUTYKaTypHOro pacTBopa uarotaBnveany obpasubl-6anoykm paamepom
40x40x160mm. Banoykn copmoBanm Ha rasaobeTOHHOM OCHOBaHMU. Pexum TBepaeHwWst — BO3QYLUHO-
CyXOW, MOLENMPYILWMIN paboTy LWTYKaTypHOrO MOKPbITUS B peanbHblX ycrnoBusix. locne 28 cyTok
TBEpPAEHUS ONpeaensanm OCHOBHblE (PU3MKO-MEXaHUYeCcKne CBOWCTBA: MPOYHOCTb MpU CxaTtum u nsrube,
CpEefHIo MMOTHOCTb M Ap. TPEeLMHOCTONKOCTb ONpPeaensann KayeCTBEHHO, BM3yaribHO — MO Hannyuto
TPELLMH B MOKPbITUM, N KONMYECTBEHHO, PACCUYNTLIBAs OTHOLLEHWE MPOYHOCTU MPU U3rnbe K NpoYHOCTH
npu cxaTun.

B pesynbrtate nonyyeHa LwTykaTypka, nossonsiowaa obecneunte COBMECTHOCTb paboThl
ra3obeTOHHON KNagKku CO LUTYKaATYPHbIM MOKPbITUEM U TEM CaMbIM BbICOKYH) AONTOBEYHOCTb CTEHOBOM

[Mapyra B.A. Mexanuka pa3pyIIeHHs CHCTEMBI «T'a300€TOHHAS KJIaJKa — IMITYKATypHOE TIOKPBITHEY
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KOHCTpyKUMn. OCHOBHbIE cpmsvmo MeXaHU4YecKne XapakTepucTuKW LITyKaTypkm u3 cmecu Ne2: cpeaHss
nnoTHocTb 700—1100 kr/m®, NPOYHOCTb Npu M3rnbe 10-25 kr/cm?, NMPOYHOCTb Mpun cxatum 15-35 kr/cm?,
KoabhnUMEHT TpeLLLVIHOCTOI/IKOCTI/I 0,25-1,0 (puc. 10 a—d) Ona cmecn Nel: cpepHss I'IJ'IOTHOCTb
600—1500 Kr/m®, NPOYHOCTL npu un3rmbe 12-18 kr/cm?, NPOYHOCTL npwu Cxkatun 18-36 Kr/cm?,
KoabduumeHT TpewwmHocTonkoctn 0,56-0,74 (puc. 11 a—d).

—~ A I
700 1g/ 15—

~——800 / 20 ¢ / 20

~——900 / / 25— 1.00—

1000 / a0 0.75—o
AN - 35— o050

a) b) c) d)

PucyHok 10. CpegHAs NNOTHOCTL (a), NPOYHOCTL Npu n3rube (b), npoyHocTb Npu cxkaTtum (c),
koadcpnumeHT TpewmHocTomkocTn (d) coctaBa Ne2

LY e
~——1500—"] N 18y [0 gﬁ \
15 \ y 0.56-"
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a) b) c) d)

PucyHok 11. CpegHAsa nnoTHOCTL (@), NPOYHOCTL Npu n3rnbe (b), npoYyHOCTL Npu cxaTtum (c),
Ko3adcpmnumeHT TpewmHocTonkocTu (d) coctaBa Ne

[Mony4yeHHble WITyKaTypHbIE PacTBOPLI yp,osneTBopmoT TpeboBaHusIM HOpmaTI/IBHbIX [OKYMEHTOB
no cpegHen nnotHoctn (600-1600 KI'/M) npoyHoctM npu un3rmbe (10-25 KI'/CM) n oxarum
(25-50 Kr/CM) LUTtykaTypHoe nokpbiTUe 0OnagaeT BbICOKOM TPELWMHOCTOMKOCTLIO, KO3IMULMEHT
TpewuHocTonkocTn coctasnseTr 0,25-1,0, Torda Kak TPEeLMHOCTOMKOM CcuMTaeTcs LTykaTypka C
nokasarenem donblue 0,26.

MpvBeaeHHblE [daHHble CBMOETENbCTBYIOT O TOM, YTO LeNieHanpaBfeHHoM Moaudukaumei
LUTYKQTypHOW CMECU MOXHO MOfyYUTb LUTYKaTypHOTO MOKPLITUE C BbICOKOM TPELIMHOCTOMKOCTBIO U
obecrneunTb ONTMMAasibHble YCMOBUSI COBMECTHOW paboTbl «ra3obeToHHas Knagka — LUTyKaTypHoe
MOKpbITUE». JTO, B CBOK 0o4epedb, 06ecneymnT noBbiLeHe 4OSITOBEYHOCT CTEHOBOMN KOHCTPYKLIMU.

Bbieo0nbi

1. Mpy NPOEKTMPOBaHWM TMPOYHOCTHBLIX MAPaMeTPoOB U  TPELUMHOCTOMKOCTM  LUTYKaTYpPHbIX
pacTBOPOB HEOGXOOMMO OCHOBLIBATLCA HA MeXaHWKe paspylleHWs CUCTEMbl «Knafka — LUTyKaTypHoe
nokpbiTMe». CredyeT HasHayaTb KOHKpPETHble TpPeGoBaHUs MO MPOYHOCTU Npu cCKatuu, usrmbe wu
TPELUMHOCTOMKOCTM UCXOAS M3 HaMpshKEHUIA, BO3HMKAIOLWIMX B LUTYKaTYPHOM MOKPLITUW MpU TBEPAEHNM U
3KCMIyaTaLMOHHbIX BO3AEACTBUSIX.

2. Obecneuntb  HeoOXoOoumble  CBOWCTBA  LUTYKATypHbIX  PacTBOPOB  MOXHO  MyTeEM
LeneHanpaBneHHon MogudvKaumMmn, To ecTb BBEAEHMEM pPeaucneprupyemMbix MNOSIMMEPHBLIX MOPOLLKOB,
abmpoB Lennono3sbl, HU3KOMOAYNbHLIX 3anofHUTENEN, MUKPOANCMIEPCHBIM apMUPOBAHNEM.

4. B pesynbTaTe u,eneHanpaBneHHom MoauduKkaumm nosnyyeHbl mTyKaTypr|e pacTBopbl CO
cpepHen I'IJ'IOTHOCTb}O 600—1500 Kr/m>, NPOYHOCTbLI0 Npu M3rnbe 10-25 Kr/cMm?, NPOYHOCTbLIO MPU CXaTum
15-36 Kr/cM?, 4TO COOTBETCTBYET Tpe6OBaHMﬂM HOpMaTuMBHbLIX OOKYyMeHTOB. Martepuan obnagaet
BbICOKOWN TpeLLI,VIHOCTOI;IKOCTb}O, koacbdmumeHT TpewmHocTonkoctn 0,25-1,0, 4To oBecneynT BLICOKYHO
[ONroBeYHOCTb LUTYKaTYPHOrO MNOKPbLITUS U CTEHOBOW KOHCTPYKLINN.

[Mapyra B.A. MexaHuka pa3pyIIeHHs] CHCTEMBI «T'a300€TOHHAS KIIaKa — IITYKaTypHOE TIOKPBITHE)
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AHanmsa CTpyKTypHO-da30BOro COCTOSIHUS
MOHOanMuHaTa Kanbums

A.¢p.-m.H., npogheccop KO.A. Ab63aes;

90.m.H., npogheccop KO.C. Capkucos,

Tomckuli 2ocydapcmeeHHbIl apXumeKmypHO-cmpoumeribHbIl yHusepcumem;
9d.m.H., npogheccop T.B. Ky3Heyoea,

Poccutickuli XuMuKo-mexHosioau4eckull yHueepcumem umeHu .M. MeHOerneesa;
d.m.H., npogheccop C.B. CamyeHKo,

Mockoeckuli eocydapcmeeHHbIlU cmpoumeribHbIU yHU8epcumem;

0.¢b.-M.H., npogheccop A.A. Knonomoe,

Tomckul eocy@apcmeeHHbIl apXxumeKkmypHO-CMPOoUMmMesbHbIU yHugepcumem;
K.m.H., doyeum B.[. Knonomoe,

HauyuoHanbHbIl uccriedogamernsckuli ToMmckuli nonumexHudeckul yHugepcumem;
mnadwul Hay4HbIl compydHuk [J.A. A¢haHachkes,
Hayu4Ho-uccnedosamernbckas opaaHu3ayusi Cubyp-TomckHegpbmexum

AHHOTauMA. AnoMrHaTbl KanbLMs OKa3biBalOT OMNpedensioliee BAWSHUE Ha rMOpaBriMyecKyto
aKTMBHOCTb LieMEeHTa, B CBS3W C 3TUM WX AeTanbHOe U3yvyeHue SBMSeTCs akTyanbHOW 3agadven. Llenb
HacTosLwen paboTel — onpegeneHne asoBoOro CoctaBa W AeTanbHblA aHann3 CTPYKTYpHO-(ha3oBoro
COCTOSIHMS MOHOaNMMHaTa KanbLms MeTog0M peHTreHoa3oBoro aHanmaa.

WccnemoBaHmsa nopolika MOHOantOMUHaTa  KanbUua NPOBOAWNUCL Ha  gudpakToMeTpe
OPOH 4-07, koTtopbin 661 mognduumpoBaH K uudposor obpaboTke curHana. CbemMkn NpoM3BOAMIMCH
Ha MegHoM um3nyydeHun (Ka) no cxeme bperra — BpeHTaHo ¢ warom 0,020 n BpemeHeM 3KCno3uumu B
Touke 1 cek, yrnoBom guanasoHe 682 °.

B paboTe nokasaHo, 4YTO OCHOBHOM (ba3ol B MWUHepane MOHOANioMUHATa Kanbuus sBnsieTcs
coeguHeHne AlL,O;. Takke uOEeHTMUUMPOBaHbI Creaylowmne CTPYKTYPHO-(ha3oBble  COCTOSIHUS:
CcTpyKTypHbI MOTMB AlCaO u coeguHeHus Al,O3, Fe;04, CaO. CTpykTypHbIi MoTuB AlCaO obHapyxeH B
dopme AByx Moaudukaumn (Kybmyeckom u opTOpPOMOMYECKOM) C BLICOKOW [ONEN KX CYMMAapPHbIX
nHteHcuBHocTen (18,3 n 29,6 % cooTBeTCTBEHHO). Takke B UCCNeayeMoOM MuHepane obHapyXMBaKTCs
BKMagbl B WMHTErpanbHyld WMHTEHCUMBHOCTb KakK OT KpUCTanfM4Yeckux, Tak U OT amMopdpHOM CTPYKTyp,
a Tarke (PoHOBOe u3nydeHue. [N aMmopdHbIX CTPYKTYP XapaKkTepHO CoxpaHeHue BnmxkHero nopsaka B
pacnosnoXeHnn aToMoB.

KnioueBble cnoBa: KpucTannuyeckoe CTpOeHue; napameTpbl peLleTkn; amopdHas ¢dasa;
MoaenvpoBaHue amopHomn dasbl

BeedeHue

MonyyeHve pasnuMyHbIX Pa3HOBMOHOCTEN LEMEHTOB C 3afaHHbIMM CBOWCTBaMM — ofHa W3
aKTyanbHbIX 3a4ay COBPEMEHHOro CTPOMTENbHOro MartepuanosefeHvs. C 3TOW Uenblo Kak B Hallen
CTpaHe, Tak 1 3a pybGexxom NPoBOAAT MHOMOYUCHIEHHbIE NCCneoBaHNs No MOAMMULIMPOBAHUIO CBONCTB
KMVHKEPHbIX MWHEpPanoB M TEXHOMOrMM MONyYEeHUs KINUHKepa, U3MEHSS KaK CTPYKTYPY KIMHKEPHbIX
COeQUHEHMN, TaK W COOTHOLWEHUE amMopdHbIX W  KpuUCTannmyeckux as, OonpeaenstoLmx
rMApPaBNYECKY0 aKTUBHOCTb W ApYyrue 3KCniyaTauMOHHbIE XapaKTepucTuKM uemeHTa. B 3apybexxHbix
pabotax [1, 2] wccnegoBaTenu yAaensiloT nNpucTanbHOE BHUMaHWE W3YYEHWIO KPUCTannnyeckoro
COCTOSIHMSI B MCXOOHOM Chbipbe, @ Takke B npoaykrtax obxura v genawT CyxaeHue no pesynbTtaTam
npoBedeHHbIX UCCNeaoBaHMM O KavecTBe norlydaemoro knvHkepa. OgHako amopdpHon hase, ee ponu,
yaensieTca HegocTatoyHoe BHuMaHue. OuyeBMOHO, YTO peakuMoHHasi CrnocOBHOCTb LIeMEHTHOro
KNMWHKEepa BO MHOIOM ornpejensieTcs fonen amopgHOro COCTOSHUS BeLLecTBa, M B MOSHOW Mepe 37O
OTHOCUTCS K aroMUMHaTaMm KanbLMs Kak MepBUYHBbIM KNWHKEPHbIM MuHepanam. CneposaTtenbHo,
yTOuHeHue a3 KMMHKEPHbIX MWHEpParnoB Kak B aMOP(HOM, Tak U B KPUCTanfMYECKOM COCTOSHUK
Mo3BOMSET HanpaBfeHHO PerynupoBaTb CBOWCTBA LEMEHTHOrO KIMHKEpa pPasfivyHOro TeXHWYecKoro
HasHa4vyeHwus1, YTO 1 onpegensieT akTyanbHOCTb NOAOOHLIX nccrnenoBaHui [3].

Mpn obxwure noptnaHauemeHTHoro kruHkepa npu 1100-1300 °C npoTtekatoT croXHble U3NKo-
XMMMYeckme npoueccbl obpasoBaHNs antoMUHATOB KanbLMs pasnuyHoro coctasa [4—15]:

A63aes 10.A., CapkucoB 1O.C., Kysmemoa T.B., Camuenko C.B., KmomotroB A.A., Kmomoro B.J,
AdanaceeB [I.A. AHAIH3 CTPYKTYPHO-(PA30BOTO COCTOSIHAS MOHOATIOMIHATA KaJIbIIHS
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a 6 1) CaO + Al,O; — CaO-Al,O; (CA);
2) Ca0 + Al,O3 + 2Ca0 — 3Ca0-Al,O; (C3A);

3) 2CaO-Fe,0;+ CaO-Al,03+ CaO — 4Ca0-Al,0;-Fe,0;
(C4AF);
4) CaO + 2A1,0; — Ca0-2A1,0; (CA);
5) CaO + 6A1,0; — CaO-6A1,0; (CAs) 1 ap.
yCTaHOBJ'IeHO, 4YTO B KIIMHKEpEe Haunbonee BEpPOATHO
06paaoBaH|/|e cneayrowmx COG,DMHGHI/IIZ anrmoMnHaToB KalbuUUA:

CA, CA,, CsA;, C3A, CAg, CioA7, npudem CA — MOHoanomMuHaT
KanbLWs — NEPBUYHBINA KNMHKEPHbIA MUHeparn.

MpuMecHble oKcuabl MOFYT OKasblBaTb CYyLLECTBEHHOE
BMUSIHUE Ha CTPYKTypy MuHepanoB. CopepxaHue mx B CA u
C,AF nokasaHo B Tabnuue 1 [16].

Mpumecn  BAMAKOT Ha  YCTOMYMBOCTb  PasfUYHbIX
PucyHok 1. TpuroHanbHas Moaundbukaumm okcmaa antoMUHUS.
10-aTomHas Avenka o—A,0; (a) n
40-aToMHasA aneMeHTapHas
Avenka y—A,0; (6) [19]

N3sectHo 11 wmoagndumkaumn Al,Os, cpean KOTOPbIX
Hanbonee yacto obpasytores 8 hopwm: a, v, n, %, O, U, 6, K [16].

dasosble nepexogbl oT 06—, 6—, y—AlL,O; B 0-Al,O3 npeacrTaBnaT cobon nepecTpomnky camon
aHWOHHOW nogpelleTkn. Bce ocTanbHble coeaUHEHUS! SABRSIOTCSA NMPOMEXYTOYHBIMU U CTabUNU3npoBaHbI
monekynamu sogbl unu OH-rpynnamum [17] c obwen dpopmynon: Al,O5-nH,0, rae 0 < n < 0,6.

Ta6nuua 1. CodepixaHue npumeceli okcudoe e asmoMuHamax Kanbyus, %

Okcuabl-npumecu MwuHepanbl KnuHKepa

CA C.AF

Na,O 1,0 0,1

MgO 1,4 3,0

SiO, 3,7 3,6

NiO, 0,2 1,6

Maz03 - 0,7
Fe20s 5,1 214

CoeguHeHne o—AlL,O3 (KOpyHO) LUMPOKO pacrnpoCTPaHEHO W SBNAETCA MNPAKTUYECKU BaXKHOW
KpucTannuyeckon moamdukaumen okcmaa antoMuHng. dnemeHtapHas svenka o—Al,O; npuHagnexuT Kk

pomMboagpuyeckor cuHroHun R3¢ (napameTpbl s4erikn B pombosapudeckon yctaHoBke a = 0,5128 HM 1
o = 55,3 ° 1 B rekcaroHaneHon a = 0,4884 Hm n ¢ = 1,2849 Hm) n cogepxmnT 10 GasncHbix atomoB [17,
18]. SnemeHTapHas sderika kopyHaa (a—Al,O3;) obpasyeTtcs aBymsi monekynamu (puc. 1a) [19]. ATombl
KMcrnopoga YeTbIpexKkpaTHO KOOPAUHMPOBaHbLI aTOMaMun aritoMUHKS. ATOMbI antOMUHUS KOOPAMHUPOBaHbI
LLECTbI0 aTOMaMu KUCIOpPOoAa, NpUYeM UMerTCs Tpu Grivbkanwmnx atoma Ha pacctosiHum 0,1866 HM 1 Tpu
atoma, cnegyroLmx 3a bnvkanwmmmn Ha pacctosHum 0,1983 Hwm.

Kpome Toro, m3 6onbworo Habopa MeTacTaburbHbIX KPUCTanIMyYeckux Moaudukauui okcuaa
anioMUHNST Hanbonee BaXHbIM W PacnpPOCTPaHEHHbIM KaTanUTUYECKUM MaTepuarnom SIBRsieTcs
coeguHeHmne y—Al,O3. Oxur amopdHoro coeanHeHusi Al;O3 npnBoauT K 06pa3oBaHMIO KPUCTaNIMYECKon
moamdukaumm y—Al,O3 (puc. 16) [19]. CoegmHeHune y—AlL,O; nmeeT CTpPyKTypy AeEeKTHOWM LNUHEenNn ¢
BakaHCMSMM B KaTMOHHbIX nonoxeHusx [20]. OnemeHTapHas s4yerika 40-atomHas y—Al,O3; Ha ocHoBe
CTPYKTYpPbI LWNUHENW C ABYMSI KATUOHHLIMW BakaHCUSIMU B OKTasApUYECKMX MOMOXKEHUSX, MaKCMMarbHO
yOaneHHblXx Apyr OT Apyra, npuBedeHa Ha pucyHke 16 [19]. lNpocTpaHcTBeHHas rpynna /41/amd
coeanHeHuns y—Al,O3 n napameTpbl anemMeHTapHon sdenkn criegytowme: a = 0,5647 um, b = 0,5612 Hm,
c=1,6778HM, o =59,79° pB=5524° y=5967° AtomMmbl A1 wWectn- U YeTbiPpEXKPaATHO
KoopauHupoBaHbl atomamu O. Hanuume kaTuOHHbIX BakaHcui B cTpykType y—AlL,O; npuBogut K Tomy,

A6zaeB 10.A., Capkuco I0.C., KysmemoBa T.B., Camuenko C.B., Kiuomoror A.A., Kiomoros B.J,
AdanacreB [I.A. AHanIHU3 CTPYKTYpPHO-(PA30BOTO COCTOSHHS MOHOATIOMUHATA KAIIBITHS
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yto atombl O KOOPAWHMPOBaHbI Tpems u 4veTbipbmsa atomamu A1l. CoeguHeHne o—AlL,O; — KOHe4Hasi
dopma  BbICOKOTEMMNEPATYPHOM MepekpucTannuaaumm okcuga anmtomuHusa  (1000-1300 °C) ¢
pomboagpunyeckor kKoopanHauuen antoMmnHIS No KMcnopoay. BaxHo 1o, YTO «CKPbITOKPUCTaNINYECKNA»
y—Al,O3; obnagaeT 6onbLIo cNOCOOHOCTLIO MornowaTeh Bnary (CUbHO FTMIPOCKOMUYEH), @ TaKkke apyrue
BellecTBa.

AOcCOpOLUMOHHO-XMHUYeckass  akTuBHocTb  a-AlbO; BecbMa Hu3Kasi, 4TO  OOYyCrOBIEHO
3aceneHHocTblo  3d-opbutanern u  crepuyeckumu  dpakTopamm [AIOG]‘Q-OKTaa,qepOB [21]. Specb
KoopanHaumoHHoe uncrnio (KY) no kmcnopogy camoe BbiCOkOe. YMeHblueHne KY antomuHmsa no
Kucnopogy npvBOAWUT K BO3pacTaHWIO ero peakuMoHHOM crnocobHocTu. Bsaumopencrtsue muHepanos
NnopTnaHALEMEHTHOrO KMMHKEpa C BOOOW Takke COnpoBoXxaaeTca uameHenvem KY anomuHus no
kncnopogy. Nockonbky antoMmMHaTHblE MUHEpanbl ABASKTCS cnabbiMy CONAMN antoMUHUEBOW KUCIOTHI,
rmaponua3 ux npotekaeT no aHuWoHy. Haubonee BaXHbIMM aniOMUHATAMKU Kanbuus sIBNSAOTCS
3Ca0-Al,03-:6H,0 (C3AHg); CaO-Al,0310H,O (CAH4g); 2Ca0-Al,05-8H,0 (C,AHg); 4Ca0-Al,03-H,0
(C4AHx, roe X=13-19 H,0) [15]. Hanpumep, rugpatauma CzA npoTtekaeT oyeHb ObicTpo. CteneHb
rmgpatauum npu 25 °C yxe yepes 1 cyTku coctaenseT 65 %, yepe3 3 — 75 %, yepe3 7 — 78 %, a k 28
cyTkam moxeT nporuapaTtuposatb 86-100 % [16]. lNMpu rmgpataumm v rmgponuse Bcex opm okcuaa
antomMuHns obpasyetcst Al(OH)z. YCTOMYMBOCTb akBa- U rmapOKCOKOMIMIIEKCOB antoMUHUS B 3aBUCUMOCTM
oT pH-cpeabl AaHa B Tabnuue 2 [16].

Tabnuuya 2. Ycmoliyueocmb 2UGPOKCO- U aK8aKOMIMJIEKCO8 ajlloMUHUSI 8 3asucumMocmu om
8000p0o0dHO20 Nnokaszamernsi

Ne n/n CTyneH4aTbI XapaKTep Auccouvaumm noHa AP* YctonumBoctb npu pH-
cpeae
1 A" +6H,0—[Al(H20)6]** 2_6
2 [Al(H20)6]*" —[Al(H20)sOH]* +H" 4-7
3 [Al(H20)50H]**+OH —[Al(H20)4(OH)2] +H,0 5-7
4 [AI(H20)4(OH)2]"+OH — | [Al(H20)3(OH)3]+H20 6-10
5 [Al(H20)3(0OH)3]+OH —AI(H20)2(OH)4] +H20 8-14

Kak BngHO mn3 Tabnuupl 2, no mMepe Bo3pacTaHusa pH-cpegbl yaansawTca n3 KOOPAWHALMOHHOW
cdepbl MOMeKynbl Bodbl M HabnogaeTcs yCNOXHEHWE CTPYKTYPbl MOHHbIX koMnnekcoB. IMpu pH = 6-10
obpasyetca konnoumgHbii ocagok Al(OH);. Takonm xapaktep CTyrneH4YaTon guccoumaunm MoHa A" Bo
MHOFOM OOBSACHAET MPOYHOCTHbIE XapPaKTEPUCTUKM LIEMEHTHOMO KaMHS Ha KIMHKEPHbIX BSDKYLLUX
(Tabn. 3) [16].

Tabnuua 3. lpoYHOCMb Ha cXXamue 6 cucmeMe «KJIUHKePHbIU MuHepasn — eoda» e
3aeucuMocmu om epeMeHU ebliIe)XueaHus

Ne n/n | CoctaB TBepaou ¢asbli CaO/Al;03 MpouHocTb Ha cxaTtue B MIla oT BpemeHu, 4
24 4 72 4 168 4 672 4
1 CsA 3 12 10 6 2
2 C12A7 1,7 35 12 36 31
3 CA 1 50 60 75 80
4 CA; 0,5 10 32 65 135

M3 tabnuubl 3 BuaHo, uto CA 1 CA, obnagatoT mMakcumarnbHOW NPOYHOCTLIO, Toraa kak CzA —
MWHUManbHOW, T.e. C YyMeHbleHnem oTHoweHus CaO/Al,O; npoyHOCTbL nocne TBepAeHus Mpu
KOMHaTHOM TemnepaType B TeyeHne 672 4. (28 cyTok) 3HaunTenbHO yBenuyMBaeTcs.

Takum 06pa30M, ﬂpOBeﬂeHHbIVI aHanm3 nokasblBaeT, YTO B KITMHKEPHbIX MWHEepanax aJitoMMHaToOB
Kanbund pewarwyr ponb UrpakT pasfinyHblie (*)OprI Al,O3 N COCTOSIHME aHMOHHBIX KOMIMIIEKCOB
pPa3yiIn4HOro coctaBa N CTpOEHUA.

MwuHepan AlL,O; npeacraeBnsieT cobol, Kak MNpaBuIlo, CMECb Pasnu4yHbiX Moaudumkauum c
pasnuyHon gonen amopdHon (A) n kpuctannmyeckon (K) cdas. Bknag B nameHexnme A/K BHocut kak CaO,
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Tak n Al,O3z, ogHako, ponb Al,O; B 3TOM npouecce sBnseTcss npeobnagatowien. B psage pabort, kak
Hanpumep B [22], onpegensanucb CTPyKTypa M CTpoeHne amopdHon ¢asbl. PaHee B pabote [14] ans
MuHepana C,AF Bnepsble OblNM KONMMYECTBEHHO OUEHEHbl Aons amopdHon a3kl n ee ponb B
npoueccax KnmHkepoobpasoBaHWs Ha OCHOBE CTPYKTYPHOrO MOLAENNPOBaHNSA KIMHKEPHOrO MUHepana.

Mcxooa m3 Bbllecka3aHHOro, akTyarbHbIMKW, Ha Hall B3rfsa, SBNATCA PEHTTEHOCTPYKTYPHbIE
nccnenoBaHMs MoHoantoMuHata kansumsa CA, KoTopbli BXOOUT B cOCTaB noptnaHauemeHTa [4]. Llenbto
HacTosilen paboTbl sIBNSETCA onpederneHne ¢a3oBOro cCocTaBa PEHTTEHOCTPYKTYPHbIM METOAOM U
aHanm3 CTPYKTYPHO-(ha3oBOro COCTOSIHMUSA MOHOoantoMuHaTa Kanbuus. 3gecb HeOOXOAMMO OTMETUTL, YTO
CUITbHO OCMOXHSAOLWMM (DaKTOPOM UHANLMPOBAHUSA PEHTTEHOrPaMM SIBMSETCA TO 0OCTOATENLCTBO, YTO
KpucTannuyeckasi pelletka CoeQUHEHU, BXOASLIMX B NOPTNaHAUEMEHT, 00nafaeT HNU3KOW CUHTOHMEN U
AndpakuMoHHasa kKapT1Ha HacblleHa nepekpbiBaloLWMMncs pedrnekcamm oT OCHOBHbIX has [4, 13, 14].

1. Memoduka akcrniepumeHma

PeHTreHOCTpYKTYpHble uccnefoBaHus nopowka CA  nposoaunuce Ha audpaktomeTpe
OPOH 4-07, koTopbivi 6bIn MogudmumpoBaH K LmdpoBor 0bpaboTke curHana. CbeMKu NpoM3BOLAMITUCH
Ha megHoMm manyydeHun (K,) no cxeme bperra — bpeHtaHo ¢ warom 0,02 ° n BpeMeHeM 3KCMo3nLmmn B
Touke 1 cek, Nnpu yrnoBoMm AnanasoHe 6—-82 °.

B pabote wucnonb3oBancst 3TanoHHbIM 06pasel, MuHepana CA 3aBOACKOrO W3roTOBMEHMUS.
OnpegeneHne aTOMHOMO  cocTaBa, MNPOCTPAHCTBEHHOW  FPyMMnbl  KPUCTANIMYECKOW  PeLUeTKM
MOHoarntoMuHata kanbums CA npousBogunocb B ABa 3Tana. Ha nepBoM M3 HMX ocyllecTBnsnach
KayecTBeHHas naeHTudgukauma gasbl, Ha BTOPOM — KONMUYECTBEHHbIW (ha30BbI aHanu3. KavyecTBeHHas
noeHTndmrkaumnsa cTpyktypbl MuHepana CA npousBogunacb B nporpamme Trial Bepcun naketa Match.
Ota npouenypa npeactaBnsdeT cobor KONMYECTBEHHOE CPaBHEHWE 3KCMEPUMMEHTanbHbIX U 3TaNOHHbIX
andpaktorpamm Ha ocHoBe kputepuss FOM (Figure of Merrit) [14]. B kadyecTBe 9TanNOHHbIX
AndpakTorpaMM MCMonb3oBanucb OTKPbITble B CBOOOAHOM AOCTYME KapTO4kM U3 CTPYKTypHOn 6asbl
AaHHbix COD [23].

B cooTtBeTCcTBMM CcO cTpaTermen metoga PutBenbga npounsBOAMMOCE YTOYHEHUME CTPYKTYPHbIX,
NpoUnbHbIX MNapaMeTpoB MHOXUTENEN WHTEHCUMBHOCTEW 3TanoHOB C  Uefbld  MUHMMKU3ALMK
OTHOCUTEINbHbBIX  Pa3HOCTEN  Mexdy  3KCNepuMeHTanbHOW  AudpakTorpaMMon UK pacyeTHOW
OndpakTorpaMmmon.

Ha ocHoBe M3BECTHOrO 3NIEMEHTHOrO COCTaBa C LUenblo uaeHtudwmkauum a3 muHepana CA B
nakete Match paccmaTpuBanucb MHTEHCMBHOCTW 3TarlOHHbIX coeanHeHun Ha ocHoBe Ca-(OH); Al-O;
CaO0; Al-Ca-0; Fe-0O; unctein Ca; Ca-Fe; Mayenite. 13 MMHepanoB ¢ yka3aHHbIM 35IEMEHTHbIM COCTaBOM
nocrie CpaBHEHUSA UHTEHCUBHOCTEN BblIGMpanucb aTanoHbl ¢ Hanbonbwnm kputepnem FOM. Ha pucyHke
2 npvBefeHbl 3KCNepUMEHTarbHbIE U pacyeTHbIE AudpaKTorpamMmmel MOHoantoMnHaTa kanosums CA.

Ha cnepytowem atane npeaBapuTENbHO COCTaBIIEHHbIA CMMCOK 3TANOHHbIX AudpakTorpamm oT
NPOVHANLMNPOBAHHBIX COEAMHEHUN C HaubonbwuMn 3HaveHuamun FOM aHanusupoBancst C Uenbto
onpegeneHns KonuyecTBeHHoro coctaBa pa3. AHanus npoussoauncsa B nporpamme Reflex. [lo
dopmynam (1) ObiMM paccuMTaHbl WUTOrOBblE KPUTEPUWM COrMacusi, B KOTOPbIX paccMaTpuBaroTcs
OTHOCMUTEIbHbIE PA3HOCTU MEXAY AKCNEPUMEHTANbHON UHTEHCUBHOCTLIO M MHTEHCUBHOCTBLIO 3TANOHOB.

1/2
2
2 Willpacy (26;) = Iygen (267)] > Wi [Tpaca (265) = Loger (26;)
1 _ i

. R, - (1)
Zwi[IBKCH (29i)] ’ Zwi |IBKCH (291)| ,
i i

R.. =

wp

30ecb W; — ctaTUCTUYEecKUn Bec pedrieKkcos, [ acq(zei) — WHTEHCMBHOCTM OT 3TaNOHHbIX CTPYKTYP U
1 p

IBKCH(ZG) — 9KCMepuMeHTarnbHasi MHTEHCUBHOCTb MOHoaniomuHata kanbums CA. Kputepuun cornacus
npy TakoM MHANLMPOBAHUWN oKasanucb pasHbiMK Ry, = 17.43 % n R, = 12,39 % cooTBeTCTBEHHO.
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PucyHok 2. Aucpaktorpammbl MOHOanoMuHaTta kanbumua CA: a — akcnepMmMmeHTanbHas
(1 — aKcnepuMeHT; 2 — TeOPEeTUYECKUN pacyeTHas CyMMapHasi MHTEHCMBHOCTb OT pedifieKCoB BCeX
¢ha3; 3 — pa3HOCTb MexAy TeopeTUYECKM pacyeTHOM U IKCNEePUMEHTaNIbHOM UHTEHCUBHOCTAMMU);
6 — TeopeTnUeckmu pacueTHas (4 — pedonekcol ¢pasbl AICaO (opTopom6my.); 5 — pechnekchl asbl
AICaO (kybuueck.); 6 — pecnekcb! dasbi Al,O3)

2. Pe3aynbmambl peHmaeHoCcmpyKmypHbIx uccrnedosaHull

Ha pvcyHke 2 npvBeaeHbl SKCnepuMeHTanbHble U pacyeTHble AudpakTorpamMmmbl MOHOanNioM1MHaTa
C Y4YeTOM CTPYKTYPHbIX MapameTpoB coeduvHeHuh w3 6asbl gaHHbix COD [23]. Oudpaktorpamma
MUHeparna MMeeT CNoXHoe pacnpegeneHne pednekcoB OT NATU (Kak MUHUMYM) MPOUHAMLMPOBAHHBLIX
coeguHeHun. Pe3ynbTaTbl KONMYECTBEHHOrO PeHTreHoHa30Boro aHanM3sa npeacraBneHsl B Tabnuue 4.

Tabnuuya 4. CmpykmypHo-¢ha3oebili cocmae u napamMempbl 3/IeMEHMapHbIX s4YeeK
coeduHeHUul

Ne | CoeauHeHus OTHocuTenbHasn BecoBasi | a, b, c (Hm), B° CuHroHus MpocTpaHcTB.
MHTEHCUBHOCTb, % | ponsa, % rpynna

a=1,191956 _
1 AICa0 18,31 0,32 b = 98,61 Ky6uu. 143d
a=0,527326
2 AlCaO 29,61 0,18 b =1,447906 Oprop. Ima2
¢ = 0,539202
a=1,180490
b =0,2890186
3 Al,O3 16,7 95,70 ¢ = 0,562100 MoHoKr. C2/m

B =102,22

a=0,526350
4 FesOx 10,92 3,79 b=0315318 1 powokn. c2im
¢ =0,306283

B = 124,36

BugHo, 4tO ocHOoBHOW (pasonm B MuHepane CA andetca coeauHeHue Al,O;. B Tabnuue 4
npeacTasBneHbl CNUCOK COEANHEHUA, OTHOCUTENbHAsA NHTerparbHas MHTEHCUBHOCTb UX BECOBbLIX AOMNEN U
napameTpbl 3MeMeHTapHbIX s4yeek. B MmoHoaniomuHate kanbumsi CA 6binnm  MaeHTUMUMPOBaHBI
cnegyowmne CTpyKTypHO-hasoBble COCTOAHUSA: CTPYKTYpHbIM MOTnB AlICaO n coegnHerus Al,O5, FesOy,
CaO. CrpyktypHbin MotuB AlCaO obHapyxeH B dopme p[Byx Moaundukaumnm (kybrnyeckon u
OpTOPOMOUYECKON) C BLICOKOW AONen Ux cyMMapHbIX uHTeHcmeHocTen (18,3 u 29,6 % COOTBETCTBEHHO).
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BecoBas pona coeguHeHust Al,O; Hambonbwas. B uvccrnegyemMom muHeparne MpuUCYTCTBYET Takke
HebonbLoe cogepxaHue okucroB Fe;O, n CaO (tabn. 4).

HeobxogMmMo OTMETWUTb, YTO pacyeTHad CyMMapHasi WHTEHCMBHOCTb pedrekcoB OT
oBHapyXeHHbIX a3 cocTtasnseT npumepHo 81 % OT aKcnepuMeHTanbHOW. JTO CBUAETENBCTBYET O TOM,
4YTO B MOHOanMuHaTte Kanbums CA HaxoguTcs ewe He MHauMUMpoBaHHble Hamun ¢asbl, KOTOPbIX HET
B CTPYKTYpHOU 6ase gaHHbix COD [23].

M3 aHanusa pacnpegeneHMs WHTEHCUBHOCTU  pacCesiHUS  PEHTrEeHOBCKUX  Nyyerm  Ha
andpaktorpamme (puc. 2) cnegyet, 4Yto B uccnegyemom muHepane CA obHapyxualoTcs Bknagbl B
WHTErpanbHyl0 WHTEHCUMBHOCTb Kak OT KPUCTamniM4eckux, Tak M OT aMOpdHOW CTPYKTyp, a Takke
doHoBOe usny4veHune. Pedinekcbl kpuctannuyecknx das opmMupyoTcs B pesyrnbTate Ccyneprnosvuumn
OTPaXEHHOro KorepeHTHoro usnyyexHus. OT amopdHbix has Ha Audppaktorpamme opmupytoTcs
PEHTTeHOBCKMEe rano B OnpeferieHHbIX YrroBblX WHTepBanax. PoHOBOE wu3nyveHWe faeT Bknag B
pesynbTaTe HEKOrepeHTHOro OTPaXKEHHOrO PEeHTrEHOBCKOro U3rydeHns 1 NpeacTaBnseTcs nuHuen 3 Ha
pucyHke 3. [Ins aMopdHbIX CTPYKTYP XapakTepHO COXpaHeHwe OnumxHero nopsiaka B pacronoXeHuu
aToOMOB.

AMIT/CEK

-4

MNHTEHCUBHOCTE

PucyHok 3. PeHTreHoBcKasi AucpakrorpamMmma MoHoanoMmMHaTa kanbuus CA:
1 — aKcnepuMmeHTanbHas 3aBUCUMOCTb MHTEHCUBHOCTM OT Yriia paccesiHus;
2 — Bknapg ot amopcpHom da3sbl; 3 — BKnag ot poHa

3aknryeHue

lMpoBeadeHHble  PEHTTEHOCTPYKTYPHbIE  UCCREeAoBaHUS MO3BOMUNKW  ONPpefenuTb  CTPYKTYPHO-
(hbasoBoe COCTOsSHME MoHoanwoMuHata kanbuus CA. Heobxogumo oTMeTWTb, 4YTO OOGHapyXeHHoe
coeanHeHue Al,O3; C MOHOKITMHHOM CTPYKTYPOW HE XapaKTepHO Anis uccnegyemoro muHepana. Nostomy
HeobxoaMMO Mpu MOMOLLU OPYrUX CTPYKTYPHbIX METOAOB MPOBECTVM YTOYHEHWE CTPYKTYPHO-(A30BOro
COCTOSIHWUSI JaHHOIO MUHepana. Hanpumep, cylwecTtByeT 6onbluas BEPOSATHOCTb 0Opa3oBaHus LUNMHENN
FeAl,O, B nccnegyemom martepuane.

Taknum obpas3om, yTouHeHne hasoBOro COCTOSHUA KIMHKEPHbIX MUHeparios, B MEPBYO ovepedb
anioMvHaTa KanbLus, MOXeT MO3BOMWUTb HamnpaBneHHO MNPOBOAUTb CUMHTE3 LLEMEHTHOrO KrMHKepa C
MOBbLILEHHbIMU TEXHUYECKMMU XapakTepucTukaMmum nytem perynnupoBaHns COOTHOLIEHMS aMOPMHbIX U
KpucTannmyeckmx gas.
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Investigation of fresh and hardened properties of
Calcium sulfoaluminate (CSA) cement blends

B.Eng. P. Herrmann,
University of Dundee

Abstract. Calcium sulfoaluminate (CSA) is a comparatively new cementitious material that is
mainly established in China where it is produced in a large scale. CSA cement is not covered by
European standards. However, it provides different beneficial properties such as rapid hardening and
high early strength development. Furthermore, the usage of CSA cement can save energy during
production process in comparison to established cementitious materials. Therefore it is also more
environmental friendly.

Insufficient knowledge of this material behaviour restricts the possibilities and makes further
research necessary. The research project applied a laboratory test program to elaborate the
characterization of the materials. The obtained knowledge from these tests was then applied to further
tests to determine application relevant key properties of CSA based pastes and mortars.The properties of
pure CSA cement had been compared with the properties of CSA blends. The additions were PC, HAC,
FA and GGBS with quantities of 10, 20 and 30%. The water to cement ratio was varying between 0.4, 0.5
and 0.6. General tests like fineness, XRD and XRF were used to define the present non-standardized
material. Investigation of fresh pastes included measurement of setting time and calorimetry. Hardened
mortar specimens of different ages were examined for compressive strength.

The results showed that CSA itself hardens very rapidly and gives an early strength development.
Possible ways of utilization of CSA based mortars and concretes were also emphasized in the paper.

Keywords: CSA; calcium sulfoaluminate cement; investigation; properties

Introduction

Construction industry is one of the largest industrial sectors in the world. It makes approximately
9 % of the world Gross Domestic Product (GDP) and employs around 7 % of labours all over the world
[1]. Construction industry has not only a huge investment volume, but according to some estimates it also
emits about 5 % of the anthropogenic carbon dioxide in the world. [2]

The main material used in the construction industry worldwide is concrete. Concrete production
exceeds 10 billion tons in 2014 [3]. Gartner [4] specifies in 2004 that in order to produce a cubic meter of
concrete, 0.2 tons of CO, emissions are produced.

Portland Cement (PC) is one of the most energy-intensive construction materials as it is the most
important cementitious binder nowadays [5]. The production process of PC emits approximately the same
amount by mass of CO, into the atmosphere as the produced mass of PC [6]. PC is a well researched
and established cementitious material. Certain chemical additions such as retarders, plasticizers or air
entrainments can be added to modify the properties of fresh and hardened concrete. However, these
admixtures can be expensive and often have a big impact on the environment. [7]

An alternative to PC can be calcium sulfoaluminate (CSA) cement. The phases of CSA are
different to these present in PC. This leads to different properties of the hardened paste, mortar or
concrete depending on its usage. This comparatively new material has not been used yet in high
amounts in Europe. [8]

While in China, CSA cements are standardized and used in a large scale for approximately 30
years. Glasser [9] specified that the annual production of CSA cements in China is more than 1 million
tons in 2014. In most countries as well as in the UK this standardization is missing. It is mainly due to the
fact that this material is still poorly researched outside of China. Especially long-term properties of CSA
applications are partially unknown.

The aim of this project is to obtain detailed information about the properties of calcium
sulfoaluminate cement and to trace back these properties to their origins. Therefore a variety of tests had
been carried out. The first set of tests aimed on characterizing the present materials. Tests carried out
were namely PSD (particle size distribution), Fineness (via Blaine method, BET and Laser), XRF (X-ray
fluorescence) and XRD (X-ray diffraction). The crucial point in this characterisation process was to
compare the unknown CSA cement with familiar materials such as PC.

Investigation of fresh cement pastes included setting time tests. Compressive and tensile strength
tests had been carried out on mortar specimens.
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Blending the examined materials CSA, PC, GGBS, FA and HAC with each other aimed on taking
advantage of the benefits of different materials. Furthermore different w/c ratios were applied throughout
the whole testing procedure. The comparatively high w/c ratios that were used compared to the usage of
PC is due to the fact that in a related study CSA was found to require more water for the best
performance than common cements such as PC. [10]

1. Literature Review. Introduction into CSA cement

In the 1960’s Alexander Klein patented a cementitious phase that is called ye’elimite. It means that
in comparison to other cementitious materials it is a quite new development. In the cement chemistry
ye’elimite is marked as C4A3S. In honour to its inventor, it is also called Klein’s compound. It has the
chemical composition Ca4AlI6S04012. [8]

Calcium sulfoaluminate cement (CSA cement) contains as main phase ye’elimite (approx.
30-70 %). The actual intention of Klein in using ye’elimite was to use it as a shrinkage compensation
additive to normal binders. Therefore it became patented. [8]

CSA cements can be produced in a cement plant in the same way as PC is produced. While the
temperature that is required within the clinkering process is only around 1300°C, which is less than the
temperature necessary for PC production. The raw materials used for CSA clinker production are bauxite,
limestone and calcium sulfate (anhydrite, CaS0O4). The latter is the unhydrated form of gypsum. [8]

Only if gypsum is added to the clinker, hydration process becomes highly accelerated. As long as
calcium sulfate is present in the solution, aluminium hydroxide and ettringite are forming instead of
aluminium hydroxide and monosulfate. [8]

During the latest studies at the University of Dundee other CSA cements were also examined.
Some of these CSA cements did not hydrate at all. The phase composition of CSA cement that did not
hydrate, is given in Table 1.

Table 1: Phase composition of a CSA cement examined on University of Dundee

Mineral Phases Constituents [%]
Ye'elimite C4AsS 61,79
Belite C,S 13,04
Anhydrite CaS0q4 -

Zhang et al. [11] also stated that the property of rapid hardening comes from the ye’elimite phase
in combination with calcium sulfate. Furthermore, he says that with increasing the amount of calcium
sulfate the formation of ettringite replaces the formation of monosulfate.

Due to the special properties of CSA cement, a broad range of possible applications can be listed.
First of all, the characteristical shrinkage-resistance is important in order to know for what it actually
became invented. Therefore it is often used in the pre-stressed concrete. The China Building Materials
Academy (CBMA) used CSA cements to produce self-stress concrete pipes [12]. According to
specifications of a Chinese CSA cement supplier, ettringite is able to expand to a volume that is two
times greater than the volume of its educts. [13]

Juenger [8] states a variety of applications for the CSA cement such as its usage in concrete pipes,
seepage prevention projects, precast concrete, pre-stressed concrete, waterproof layers, glass fibre-
reinforced cement products, low temperature construction and shotcrete.

Péra et al. [12] specified the importance of lime in the production of the CSA cement. With no lime
ettringite is formed by another reaction and the properties of ettringite are dramatically changing. Now it is
no more expansive but achieves a very high early strength that is declared here as 40MPa already after a
period of 6 hours.

According to current studies at the University of Dundee CTU (Concrete Technology Unit), the
production of foam concrete is reliant on cements that are setting very rapidly. CSA cement is one of the
used materials here. [14]

2. Laboratory results and discussion

Portland cement used in this test program was obtained from Hanson who is a member of the
Heidelberg Cement Group which is a German cement manufacture. The used material is designated by
the supplier as PC 52.5N and is a CEM | Portland cement according to the standard BS EN 197-1: 2000
with a strength of 52.5 MPa and a normal setting velocity [15]. HAC was also obtained from Hanson.
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Hanson HAC was manufactured according to BS915: Part 2: 1972, the standard for High aluminate
cements [16]. The used GGBS was also obtained from the supplier Hanson. According to the supplier it
is the only type of GGBS produced in the UK [17]. The corresponding standards are BS EN 197-1:2011
and BS EN 15167-1:2006 [18, 19].

Fly ash used in this test program was obtained from Cemex and designated as Cemex 450-S
where ‘S’ stands for special fineness according to BS EN 450-1 [20].

Several CSA cements from various Chinese manufacturers were used in different studies at the
University of Dundee. Only one of them was chosen for comparison and characterization within this
study. For the CSA cements no European standard can be applied.

2.1. Chemistry

The analysis of the oxide composition was carried out through X-ray fluorescence (XRF). Table 2
shows the oxide compositions of the five compared materials.

For CSA cement the presence of Al,O3; and SOj; is crucial because the formation of ettringite is
wanted. SOz and CaO can form anhydrite which is able to form with ye’elimite ettringite. Calcium oxide is
obviously the main oxide in the examined CSA with an amount of over 45 % by mass. It is important as it
is used in ye’elimite and anhydrite formation and therefore required in a higher scale. Al,O; is presented
with over 21 % and SOj; with over 16 %. The oxide composition seems to be suitable for the hydration
processes. However, the XRD results will show if the required phases were actually formed by the
present oxides.

Table 2. Oxide composition of the examined materials

Oxides Constituents [%]
CSA PC HAC GGBS FA
CaO 45,11 65,10 40,16 39,91 3,37
Al2O3 21,31 4,79 39,37 12,09 20,19
SOs 16,20 2,64 0,13 1,17 2,03
SiO; 6,93 19,30 4,40 34,60 43,15
Fex03 3,02 3,23 13,87 0,55 9,79
MgO 0,79 1,03 0,62 7,02 1,24
TiO, 0,70 0,45 1,84 0,68 1,06
K20 0,30 0,66 0,08 0,58 2,84
Na,O 0,12 0,39 0,36 0,35 1,99
P20s 0,07 0,23 0,06 0,03 0,41
Cl 0,00 0,10 0,00 0,00 0,00
MnO 0,05 0,05 0,07 0,53 0,08
Total 94,59 97,96 100,95 97,52 86,15

2.2. Mineralogy

By means of X-ray diffraction the mineralogical phases of the tested materials were determined. It
is impossible to detect non-crystalline phases. GGBS and FA consist only of 20-30 % by mass of
crystalline phases, the rest is non-crystalline. Therefore, GGBS and FA were not investigated
quantitatively. The quantitative analysis of the other materials is shown in Table 3 and the qualitative
analysis is shown in Table 4.

The amount of calcium oxide was quite high in the investigated CSA cement, so it formed with
SiO, Larnite (belite), with SO5; anhydrite and with Al,O3; aluminate. However, the important results are the
values for ye’elimite and anhydrite which are the highest constituents. It means that the formation of
ettringite during hydration process seems to be likely. Belite was also formed in a quite high magnitude.
In case belite hydration presumably forms portlandite, the aluminate phase could react with water to form
the aluminium hydroxide.

The main phase discovered in Portland cement was alite with 54 % and the second highest value
was belite. Both are forming portlandite and CSH while hydrating. CSH is responsible for the strength
development during the hydration process and other typical properties of PC.
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Table 3. Quantitative XRD analysis of CSA, PC and HAC

. Constituents [%]
Mineral Phases
CSA PC HAC
Ye'elimite C4AsS 34,6 - -
Larnite C.S 14,6 16,6 8,9
Anhydrite CaS0, 24,0 - -
Brownmillerite C4AF - 9,1 -
Calcium aluminate CA - - 59,5
Aluminate C3A 4.5 10,8 -
Gehlenite CoAS - - 7,3
Alite CsS - 54,1 -
Mayenite C12A7 - - 6,3
Total 77,7 90,6 82,0

Table 4. Qualitative XRD analysis of CSA, HAC, GGBS and FA

CSA HAC GGBS FA
Ye'elimite Calcium Feroxyhite Quartz
Larnite Gibbsite Cooperite Mullite
Anhydrite Trona Cassidyite Magnetite
Lime Thermonatrite Imhofite Maghemite
Gypsum Calcium aluminium Cesstibtantite Anhydrite
Calcite Currundum Churchidyte Gypsum
Currundum Kilchoanite Currundum
Currundum

2.3. Fineness

Testing fineness was determined through three different tests BET, Blaine Test und Laser Test. It
cannot be said that one of the three values is the right result because of the fundamentally different
testing procedures. However, it is not of interest how big the surface area of a material is, but which
material has a higher area than another one. Higher fineness is correlated to a higher surface area which
leads to higher water demand in the hydration process.

Table 5 shows the results of the three tests that were carried out. Portland cement has the lowest
value in all tests. The fact that the surface area of PC is smaller and there are no rapid hydrating phases
which present in the PC tested will presumably lead to a slower setting time.

All tests confirmed that the CSA cement is a comparatively fine material. Thus the fact that the
CSA cements are very rapid hardening could be due to its high surface area.

The corresponding standard for testing fineness is BS EN 196-6: 2010 [21].

Table 5. Fineness investigated through three different methods

Method Fineness [m?kg]
CSA PC HAC GGBS FA
Blaine 705 394 713 430 499
BET 1790 971 1120 1171 2260
Laser 450 286 347 419 593

2.4. Setting Time

One of the most important properties is setting time. CSA cement is especially important because
of its rapid hardening behaviour. Several special applications depend on rapid hardening.

Previous tests showed that the CSA has a high potential to provide rapid hardening. This
presumption was supported by setting time tests. Compared with the familiar PC, CSA cement needed
for the whole hardening process only a fraction of time that PC requires to start setting (Table 6).
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Table 6 shows that irrespective of the amount of GGBS and FA added setting time is even
accelerated in comparison to the plain CSA cement. Only the addition of PC leads to a decrease of
setting velocity compared to plain CSA.

In each case, irrespective of which blend is focused on, a higher w/c ratio leads to a decelerated

hardening process.

The corresponding standard for testing setting time is BS EN 196-3: 2005 [22].

Table 6. Setting times of pure cement pastes and blended CSA cement pastes

Sample Initial setting time [hrs:min:sec] Final setting time [hrs:min:sec]

CSA 100% 0.4 00:04:09 00:06:14
CSA 100% 0.5 00:05:03 00:06:06
CSA 100% 0.6 00:11:18 00:14:27

PC 100% 0.4 03:47:16 05:04:07

PC 100% 0.5 04:22:30 05:45:57

PC 100% 0.6 04:58:53 07:20:35
HAC 100% 0.4 06:52:13 07:44:09
HAC 100% 0.5 08:17:10 09:34:41
HAC 100% 0.6 08:38:36 11:03:48
CSA +10% PCO0.4 00:05:19 00:06:22
CSA + 10% PC 0.5 00:06:04 00:07:06
CSA +10% PC 0.6 00:08:20 00:08:20
CSA +20% PC 0.4 00:05:54 00:06:56
CSA +20% PC 0.5 00:07:05 00:08:07
CSA + 20% PC 0.6 00:08:08 00:10:14
CSA +30% PC 0.4 00:07:57 00:07:57
CSA + 30% PC 0.5 00:08:39 00:09:42
CSA + 30% PC 0.6 00:09:35 00:11:40
CSA +10% PFA 0.4 00:02:28 00:03:31
CSA + 10% PFA 0.5 00:03:26 00:05:31
CSA + 10% PFA 0.6 00:04:49 00:06:54
CSA +20% PFA 0.4 00:03:22 00:04:24
CSA + 20% PFA 0.5 00:04:18 00:06:23
CSA + 20% PFA 0.6 00:05:39 00:07:44
CSA +30% PFA 0.4 00:05:43 00:07:49
CSA +30% PFA 0.5 00:04:57 00:04:57
CSA + 30% PFA 0.6 00:06:48 00:06:48
CSA + 10% GGBS 0.4 00:04:50 00:04:50
CSA + 10% GGBS 0.5 00:05:26 00:06:28
CSA + 10% GGBS 0.6 00:07:21 00:07:21
CSA + 20% GGBS 0.4 00:04:50 00:05:53
CSA + 20% GGBS 0.5 00:06:32 00:06:32
CSA + 20% GGBS 0.6 00:07:31 00:08:33
CSA + 30% GGBS 0.4 00:04:45 00:05:48
CSA + 30% GGBS 0.5 00:06:24 00:07:26
CSA + 30% GGBS 0.6 00:08:27 00:09:30

2.5. Compressive Strength

Strength test results were obtained from a related study at the University of Dundee in 2013 [10].

Within this study the compressive strength of pure CSA cement mortar cubes and blended CSA
cement mortar cubes were examined. Mortar specimens were produced with w/c ratios of 0.4, 0.5 and
0.6. The specimens were stored for 1.5 hours, 6 hours, 1 day or 28 days. The results shown in Table 7
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are given in the unit MegaPascals [MPa]. In the shown table the three highest and lowest results for a
certain storing time are highlighted.

The best performance was observed with the Portland cement mixes. Especially in earlier ages PC
cement blended mortars provided good results. It is correlated with the results obtained from calorimetry,
which will not be presented in this report. Higher reactivity was observed there when the CSA was mixed
with PC, which means that more hydration products were formed. The weakest test results were found in
the blends with GGBS.

Focusing on the water content, it can be said that the optimal w/c ratio found in this test program
was 0.5. The enlarged water demand is very interesting as it improves the workability of the CSA cement
based on concrete or mortar. This is another argument supporting the CSA cement usage in shotcrete or
pumped concrete. Furthermore, higher plasticity makes compaction easier.

The determination of the compressive strength was carried out according to the American standard
ASTM C 109/C 109M — 02. This was to gain results that are comparable with the ASTM C 1600/C
1600M-08 standard for rapid hardening hydraulic cement.

Table 7. Compressive strength of pure CSA mortar cubes and blended CSA mortar cubes

Sample Compressive strength [Mpa]

1.5 [h] 6 [h] 1[d] 28 [d]
CSA 100% 0.4 9,0 17,9 17,9 314
CSA 100% 0.5 13,8 25,7 39,1 52,6
CSA 100% 0.6 10,2 20,3 30,7 45,6
CSA +10% PCO0.4 7,9 13,6 25,4 35,2
CSA +10% PC 0.5 14,8 29,1 40,7 51,1
CSA +10% PC 0.6 13,8 25,1 31,2 42,4
CSA +20% PC 0.4 18,1 29,5 37,4 37,1
CSA +20% PC 0.5 19,3 31,3 40,2 48,5
CSA +20% PC 0.6 14,3 26,5 33,2 45,9
CSA +30% PC 0.4 19,5 28,7 38,2 50,2
CSA +30% PC 0.5 17,1 30,4 36,6 48,9
CSA + 30% PC 0.6 13,1 25,0 31,3 43,9
CSA +10% PFA 0.4 5,5 11,6 19,8 29,1
CSA +10% PFA 0.5 12,8 25,3 36,6 55,1
CSA + 10% PFA 0.6 10,3 243 30,7 39,5
CSA +20% PFA 0.4 9,5 16,7 31,3 41,0
CSA +20% PFA 0.5 10,4 22,2 30,6 43,0
CSA + 20% PFA 0.6 8,7 20,6 25,1 34,2
CSA + 30% PFA 0.4 9,3 14,3 32,8 49,0
CSA + 30% PFA 0.5 9,9 20,5 259 36,5
CSA + 30% PFA 0.6 6,8 17,3 20,8 28,5
CSA + 10% GGBS 0.4 5,5 5,5 23,1 33,3
CSA + 10% GGBS 0.5 12,3 245 39,1 60,0
CSA + 10% GGBS 0.6 9,8 24,2 29,9 40,3
CSA + 20% GGBS 0.4 3,8 3,8 22,5 36,4
CSA + 20% GGBS 0.5 10,3 10,3 31,9 48,1
CSA + 20% GGBS 0.6 8,4 19,6 22,7 34,8
CSA + 30% GGBS 0.4 41 4,1 17,5 19,3
CSA + 30% GGBS 0.5 9,1 9,1 25,6 41,0
CSA + 30% GGBS 0.6 6,8 16,0 19,7 30,5
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Conclusions

Within this study, properties of CSA cement and CSA cement blends in fresh and hardened
condition were investigated. The obtained knowledge about particle sizes, specific surface areas, oxide
compositions, mineralogical phases and morphology was used to link it to the construction industry
relevant properties such as setting time and strength. Different w/c ratios and different contents of
additions were used to produce the samples. Therefore, a broad range of results was achieved, where all
the results are comparable to each other, as the testing procedure and parameters were kept. It enabled
back tracking of the developed properties to its origins.

Outcomes of the study

Through the investigation by means of XRF it was observed that the examined CSA cement
provided a similar oxide composition as PC but with high differences in the quantitative distribution. XRD
tests of the CSA showed that the phase composition was strongly different from what was observed in
other cements such as PC and HAC. The exceptional phase ye’elimite in combination with anhydrite
achieved very rapid hardening properties.

Furthermore, the pure CSA provided very high early strength. Even greater improvements of the
compressive strength could only be achieved by blending the CSA with PC. Calorimetry also showed that
reactivity of this cement blend was enlarged. This validates that PC supplies certain components that are
absent in CSA which leads to the restriction of hydration reactivity in case of applicating pure CSA
cement.

Besides, it was discovered that the CSA cement needs higher w/c ratios for the best possible
strength performance in comparison with common cements. A w/c ratio of 0.5 was found to be
appropriate.

When it comes to heat development, it was discovered that GGBS and FA can enhance the
excessive heat development of the CSA cement during the hydration process. Thus the risk of thermal
shrinkage induced concrete cracking could be reduced by using GGBS and especially FA as an addition
to CSA cements.

Recommendations for further research

The potential of the tested CSA cement is shown in this paper and general behaviour of pure CSA
cement and cement blends based on CSA was emphasized. In further research it is important to focus on
special ways of application.

The behaviour of the CSA based concretes and mortars in the realistic environment should be
investigated. Test programs could be focused on carbonation depth tests related to time, testing of
possible correlation with different types of aggregates, water and air penetrability tests or tests to
determine the impact of the CSA cement on reinforcement steel.

Long-term effects on structural important properties such as compressive strength or creeping
need to be investigated. Long-term tests are obligatory to actuate the formation of standards. Different
age accelerating methods can be applied on the specimen to carry out this kind of tests in the laboratory.

Applications in the extraordinary environments such as coastal areas, sewage plants or disposal
facilities require knowledge about how far the CSA cement provides resistance against chlorine, sulfate
and acid attack.
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Optional reference method to determine
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Abstract. The main purpose of this research is to create the new reference method to determine
the freeze-thaw resistance of concrete that is characterized by small labor inputs, high efficiency and a
wide scope application. The offered method is based on the measurement of long strength by a
nondestructive method.

During this research, the theoretical analysis of concrete specimen dependence on freeze-thaw
resistance and energy, which is emitted by a specimen during destruction, has been carried out. Freeze-
thaw resistance of a specimen is calculated as the mathematical relation of these energies, and the
freeze-thaw resistance of concrete is calculated as an arithmetic mean across specimens.

Correctness of the offered method is proved by experiments. The offered method doesn't demand
long tests. It is highly efficient and has a wide scope, but special further laboratory test duration is
needed.

Key words: frost resistance; concrete; long-term strength; dilatometric method; non-destructive
loading; acoustic issue; relative tension set; durability of concrete

Introduction

Although there is a variety of modern construction materials and technological research in this
area, concrete remains the most convenient material. It is a multipurpose and widespread material which
is used in construction of buildings and structures. The most important properties of concrete, which
show themselves at the design stage of objects, are durability of concrete in terms of
compression/tension, water resistance and freeze-thaw resistance. In climatic conditions of northern
latitudes, where the North West region of Russia is located, the latter property is considered the most
important one.

Freeze-thaw resistance of concrete is an ability of a water-saturated concrete specimen to
withstand repeated standard thermal cycles without noticeable damage. Different types of water pressure
cause freeze-thaw deterioration of concrete, such as hydraulic and osmotic pressure [1], capillary
pressure [2] and other types of water impact according to the existing freeze-thaw resistance theory [3].
Decreasing strength of a construction material is caused by water freezing in it (for example, rock [4]).
Water gets into the structure of porous bodies, separates particles and breaks bonds between them [5].
Porosity of a material is a crucial factor for frost resistance and, subsequently, durability [6, 7]. So, the
strength of concrete could be represented as a porosity function [8]. In order to determine the
composition of concrete mix, it is necessary to take into account freeze-thaw resistance.

1. Scope and Objectives of Project

International experience offers some test methods to determine durability of concrete by freeze-
thaw damage, such as Slab test [9], CDF [10], CIF-Test [11] and Cube-Test [12]. These test methods
include the following steps: curing and preparing specimens, pre-saturation of specimens and their
thermal cycling. The test liquid simulates a deicing agent and contains 3 % of NaCl weight and 97 % of
(demineralized) water weight in case of the freeze-thaw test and deicing salt resistance and
demineralized water to test the freeze-thaw resistance of concrete respectively. Scaling of specimens is
measured after a well defined number of freeze-thaw cycles and resistance of the tested concrete against
freeze-thaw damage is evaluated. Test methods, however, vary in terms of their procedures and
conditions. Moreover, the CIF test determines internal damage by measuring the relative dynamic
modulus of elasticity (by taking into account ultrasonic transit time) [13]. In addition, there are some
models of labor concrete damage due to cyclic freezing and thawing, for example, interaction of load and
freeze-thaw cycles with chloride exposure regime on surface scaling of concrete and internal cracking
process [14].

There are two different standard types of methods to determine freeze-thaw resistance of concrete:
basic one [15] and reference one [16] in the Russian Federation.
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If freeze-thaw resistance of concrete is evaluated by the basic method, a considerable random
dispersion of values of concrete strength (variation coefficient p = 15 ... 20 %) [17] under invariable
conditions of production and tests of specimens gives rise to a wide range of average values of strength,
which requires a large volume test (quantity of test pieces 25 ... 50) as a proof that relative decreasing in
strength of AR/R = 0,05 ... 0,15 occurs as a result of freezing and defrosting.

Therefore, basic methods have two main weaknesses: high labour input and low operability.
Determination of freeze-thaw resistance by basic methods takes long-term intervals (from 1 to 6 months),
so reference methods are necessary.

One of the existing reference methods is the Dilatometric rapid method to determine freeze-thaw
resistance of concrete [16]. This method is a prototype of the method which has been suggested by us. In
this method freeze-thaw resistance of concrete is determined by the maximum relative difference of
volume deformations of the tested concrete and standard specimens in accordance with the tables
provided in a standard specification [15], which take into account the type of concrete, its form and size of
specimens.

However, results from the tables provided in the federal standard specification are acceptable only
for Portland cement concrete and slag Portland cement concrete without surface-active additives
(PEAHENS). Today such types of concrete are used extremely seldom. Now a lot of new types of
concrete are investigated, tested and used, for example, nano-modified concrete [18, 19, 20], high-
strength concrete [21, 22], concrete on the basis of fine-grained dry powder mixes [23], concrete with
recycled concrete aggregates [24], etc. In order to obtain new tables, long labour-consuming
experiences, which imply using basic methods, are needed [25, 26]

This project is aimed at elaborating techniques to determine freeze-thaw resistance of concrete
rapidly, decrease labour input and increase operability.

2. Suggested Method to Determine Freeze-Thaw Resistance of Concrete

A solution has been suggested which belongs to test methods of porous water-saturated bodies
and is intended to define the type of concrete in terms of freeze-thaw resistance. The main goal has been
reached in the prototype by producing a series of specimens from concrete mix and specimens sated
with water, measure specimens, and freezing them down to the standard temperature. The suggested
method includes the following important steps:

e measurement of relative tension set of a specimen Oy, after one cycle of freezing and
defrosting by dilatometer (a DOD-100-K dilatometer was used);

e measurement of the biggest nondestructive loading Ly of a specimen under stretching by
acoustic methods for nondestructive testing of concrete [12] (an AF-15 AE-complex by
Kishenevskiy was used) to determine the specimen’s long-term strength Ry under stretching;

e measurement of the short-term strength R.

At present, the concept of the biggest non-destructive loading Lo is usefully employed for
express-monitoring of different kinds of long-term resistance, such as durability (mechanical and
exegetical, remaining life of the product, longevity [27, 28], freeze-thaw resistance [29], cracking
resistance, erosion behaviour [30], corrosion [31] and time-dependent deformation [32].

The damage of concrete that occurs during freezing is explained by subcritical cracks growth. In
brittle solids, cracks start growing due to a shearing action [33] and they develop at a speed of no more
than 107 m/s [30, 34]. Therefore, in the conditions of freezing water, the filled crack in concrete captures
the nearby closed pores. It stabilizes pressure in the water of the filled crack by about the value causing
tensile stress in the material which equals to the long-term strength of a specimen under stretching [30]. If
the temperature of the body changes from 78 K to 1493 K and the loading is the same as described
above, the L, value shifts inside its deviation determination, i.e. 1+3 %. This fact allows using the L, value
obtained at a low temperature when the energy per unit of the specimen’s volume that is disseminated in
the course of freezing-defrosting is defined.

If Lo is determined, it is possible to calculate the long-term strength R of the specimen in the
conditions of stretching:

_2L
Ri=—g

where S is the area of a specimen’s section perpendicular to compression planes;
L, is the biggest non-destructive loading of a specimen under stretching.

(1)
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Definition of a relative tension set and long-time strength of a specimen allows evaluating the
energy disseminated in the processes of destruction during W, freezing-defrosting by formula:

Wc = eten Rt’ (2)

where Oy, is a relative tension set of a specimen;
Ry is a long-term strength of a specimen under stretching.

Loading of a specimen in the conditions of monoaxial compression under extreme loadings,
registration of these values of axial loadings and axial strain correspond to the loads that allow calculating
energy per unit of the specimen’s volume disseminated in the course of its compression under extreme
loadings by numerical integration of dependence of axial loading on axial strain. The value of the energy
disseminated in the unit of volume of a specimen under compression under extreme loads is in proportion
to the square value of the short-term strength [35]:

W, =aR, 3)

where R is a short-term strength;
a is a proportionality coefficient.

The logarithmation and differentiation of expression (3) allow calculating the specimen’s freeze-

thaw resistance £, by formula:

F

sam

zz[AR/R]-%, 4)

tc

where [AR/ R] is a standard relative decreasing in terms of strength ([AR/ R] = 0,05 ... 0,15 [4]);
freeze-thaw resistance of concrete is found as average values of freeze-thaw resistance for specimens.

3. Implementation of the Method Suggested

This method is implemented as follows. First, specimens are made in the form of cylinders or
cubes with edges of 10 cm from concrete mix of the demanded structure. After that curing specimens are
sated with water, and measured. Further, the biggest non-destructive loading of L, is defined for each
specimen by non-destructive testing, for example, an acoustic emission method [36]. Without outreaching
Lo, cracking of a specimen does not develop yet in the conditions of stretching. Ry is calculated by
formula (1). After the specimen is frozen and defrosted up to the standard temperatures and definition
Oken it is possible to calculate Wy, by formula (2).

Further, a specimen is squeezed in the conditions of monoaxial compression under extreme
loadings, and current values of the axial loading and relative tension corresponding to a specimen are
registered. Freeze-thaw resistance for a Fg,,, concrete specimen is calculated according to the received
results by formula (4). Freeze-thaw resistance of concrete is found as an average value of freeze-thaw
resistance for specimens. The confidential interval of freeze-thaw resistance of concrete is calculated
according to dispersion of values of freeze-thaw resistance for a series of specimens.

In particular, this technique was implemented on 10 specimen cubes with the edge of 10 cm, aged
88 days and made of concrete mix of the following structure: Brand 400-1 Portland cement weight part,
sand — 2 weight parts, granite rubble 5 ... 20 mm — 4.5 weight parts, waters — 0.6 weight parts. It is
experimentally defined in two different ways for this concrete aged 88 days that after 105 freezing-
defrosting cycles corresponding to this concrete type in terms of freeze-thaw resistance, the average
relative decrease in strength makes 0.142 on a way [30] and 0.16 on the basic way [15], that both values
lie within an error of the used ways. On average, relative decrease in strength amounts to 15 %.

Specimens were sated with water according to the item’s federal standard specification, measured
and registered volume. For each cube sated with water, splitting according to the item value of the
biggest nondestructive load (without which excess of a crack in a specimen which has not developed yet
is irreversible) has been defined. After each test the plane of compression of a specimen was changed
for the perpendicular plane to previous compression. Definition of the greatest nondestructive loading is
carried out by means of an acoustic emission way [37] with the use of an AF-15 AE-complex by
Kishenevskiy. Acoustic sensors with the frequency of 20-200 kHz were installed on the edge of a
specimen, parallel to the plane of compression. In order to create an axial loading, a hydraulic press was
used. The value of the long-term strength of a specimen in stretching was defined by the received value
of the greatest nondestructive loading corresponding to it. Then the average value of the long-term
strength was defined, too. The results of calculation are given in the table.
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Water-saturated specimens were placed in the measuring camera of a DOD-100-K differential
volume dilatometer and tested according to the standard [17]. According to the dependency diagrams of
differences, relative volume tension set of a concrete and aluminum specimen was calculated. Energy
per unit of specimen’s volume disseminated in freezing-defrosting is defined by formula (2) for each
specimen.

Further average value of long-term strength of the specimen being stretched was defined as
arithmetic average R of long-term strength values in the conditions of stretching.

Axial compression of specimens at the speed of 400 kg/sec was carried out on a hydraulic press
equipped with the graph plotter of dependence of axial loading on axial strain. By the dependence
received on the graph plotter the area under it was determined, i.e. the energy disseminated per volume
of a specimen in the course of its compression under extreme loads was received.

Then for each brand of a concrete specimen freeze-thaw resistance values were calculated, (table)
as the number of freezing defrosting necessary to decrease its strength by 15 % is defined by
formula (4).

Further, the average F5 for values of Fs;, and average square deviation of results of experience

VO (Fis;—F)*

g Z( 15i ) ’ (5)
3

where S is an average square deviation of the experience results;

Fis; is specimen concrete value in terms of freeze-thaw resistance at decreasing short-term strength of

were calculated:

the specimen under compression by 15% was received in the suggested way; where i is changed from 1
to 10;

}71 5 is freeze-thaw resistance of concrete equal to the arithmetic mean value of freeze-thaw resistance

for a series of concrete specimens at decreasing their short-term strength under compression by 15 %.
The average square deviation of Fqs5 values is equal to 16. Considering this, the divergence of the

freeze-thaw resistance average value of concrete is considered to be 99.7 and the earlier experimentally

found number of cycles is 105 (F15 brand) which is necessary to decrease R by 15 %. It is possible to
consider these data casual, and the suggested way is correct.

Table. Definition of the type of concrete in terms of the freeze-thaw resistance according to
the suggested method

Ne R, MPa 6, -10* w,-10°,mPa | W, -10*,MPa | [7]-10*,MPa | F
1 1,5 2,7 4,05 0,9990 2,997 74
2 1,7 3,1 5,27 1,7215 5,165 98
3 1,8 1,8 3,24 1,2312 3,694 114
4 1,9 2,6 4,90 1,6796 5,039 102
5 2,0 2,5 5,00 1,4333 4,300 86
6 2,1 1,9 4,00 1,4364 4,309 108
7 2,2 2,6 5,72 2,2308 6,692 117
8 2,3 2,1 4,83 1,3846 4,154 86
9 2,9 1,8 5,22 1,6008 4,802 92
10 3,1 1,5 4,65 1,8600 0,558 120
Average 2,15 2,1 4,69 1,5577 99,7

Conclusions

The suggested technique extends a list of technical means for the rapid method to determine
freeze-thaw resistance of concrete. Duration of determining the freeze-thaw resistance of concrete is
caused by a long time of the specimen’s water saturation (4 days according to standard specification
[17]). At present, there is a pending patent application for the suggested method. Detailed research and
pilot experimental studies are necessary to get more data and create a new method to determine the
freeze-thaw resistance of concrete in the future.
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XMUYecknn MeTo OLEHKM CTeneHn dnoaerpagauun ApeBECUHbI
KOHCTPYKTUBHbIX 311EMEHTOB

UnxxeHep T.A. Ceposa,

OAO «Cr16 HAul no pecmaspayuu namMsmHUKo8 ucmopuu u Kyrsmypbl
«HUW CIELNMPOEKTPECTABPALUA;

K.6.H., eedyuwjuli Hay4HbIU compyOdHuk FO.A. Tumosa;

K.6.H., eedyuwuli Hay4Hbil compyOHuk 10.[]. LLleHuH,

Bcepocculickuli Hay4Ho-uccredogamesibCKUl UHCMuUmym 3awjumsl pacmeHud

AHHOTaums. [lpeBecuHa — OKOMOMMYHBIN W Nerkuin martepwan, u3gaBHa WCMNOMb3yeMbll
B cTpouTenbcTBe. K coxaneHuio, B COCTaBe€ KOHCTPYKTUBHbIX 3MEMEHTOB 30aHUN OH BOCNPUUMYMB
K NMOpPa)XeHW0 pasrnnyHbIMU BUONOrMYECKMMM areHTaMu Npu HecobnaeHNM OOIMKHOrO TeMnepaTypHo-
BTAXHOCTHOIO pexuma. Cpean bropecTpykTopoB Beayllee nonoxeHune 3aHuMaroT
JepeBopaspyLualolme OOMOBble PUbbl M MIIECHEBbIE MUKPOMULIETbI. OTW OpPraHu3mbl UCMOSb3YHT
OpEeBECUHY B KadecTBe Tpodmyeckon 0asbl, U3MEHAS €€ XUMWYECKUA COCTaB W, COOTBETCTBEHHO,
MeXaHW4eckme CBOMCTBA.

B pabote wuccrneaoytoTcd UW3MEHEHUS COOEPXKaHUSA OCHOBHbIX OMONONMMEPOB OpPEBECUHDI
(uennnosbl U NIMrHUHA), a Takke 30fbHOCTU U BNaXHOCTU MaTepuana nog AeWCTBMEM Kak MIECHEBbIX,
Tak U JOMOBbIX rpnboB B obpasuax KOHCTPYKTMBHBLIX 3JIEMEHTOB C Pa3HOW CTEMEHb MHTEHCUMBHOCTU
6uogectpykumm. C 9TON Lienblo UCNONb30BanNu XMMuUYeckne MeToapbl BblAENEHNs Lennonosbl U NUrH1Ha
M3 WMHTaKTHOW M NOpaKeHHOW rpubamu gpeBeCUHbl, METOL BblMUCMEHMS BAAXHOCTU mMatepuana u ero
30MbHOCTU. BbINO BLIACHEHO, 4YTO MNpu pPas3BUTUM TNYOOKMX MOPAXKEHUN COAEPXKaAHWE LEenmnonosb
cHuxaetcs Ha 20 %, nurimHa — Ha 40 %. [NokasaTenu BrnaxHOCTU N 30NbHOCTU APEBECUHbI Takke MOryT
CNYXWUTb Mapkepamu pasBuTus BUOAECTPYKLUN ONPeAENEHHON CTEMNEHM.

KniouyeBble cnoBa: [peBeclHa; XWMUYECKUA COCTaB [PEBECUHbI; LIeNonosa; IUrHuH;
AepeBopaspyluatoLme rpubsi

BeedeHue

Enb (Picea abies (L.) Karst) n ocobeHHo cocHa (Pinus silvestris L.) — Hambonee 4acto
ucnonb3dyemble B CTPOUTENbLCTBE MNOPOAblI ApeBecuHbl kak B Poccun, Tak m 3a pybexom [1, 2].
K coxaneHuio, npu HecobnogeHun BEPHOro TeMnepaTypHO-BMaXHOCTHOMO pexuma AepeBsiHHble
KOHCTpYKUMM nopaxarwTca 6uoaecTpyktopamu, 4alle AepeBopaspyliarowmmu rpubamu [3, 4]
PaspyLueHus, Bbi3biBaeMble rpubammn Bypon rHunu (GomMoBbiMU rpubamm), ABRAOTCA Hanbonee vacTon
NPUYMHON OOpYLUEHMS KaK OTHOCUTENBHO HOBBIX, TaK U UCTOPUYECKNX KOHCTPYKUUA [1]. Kpome MOLLHbIX
paspywutenen-6asnagnommueTtoB (Coniophora cerebella (Pers.) Pers, Serpula lacrymans (Wulfen) P.
Karst., Antrodia xantha (Fr.) Ryvarden, Fibroporia vaillantii (DC.) Parmasto n gpyrue), AepeBsiHHble
3M1EMEHTbI YacTO NnopaXkatTcs NecHeBbIMU rpubammn, MMKpoMULIeTaMn, cpeamn KoTopbix Penicillium spp.
Link, Fusarium spp. Link, Acremonium spp. Link, Aureobasidium pullulans (de Bary) Arnaud v gpyrue [5].
OTM opraHM3Mbl Takke CMOCOOHbI W3MEHATb MPOYHOCTHbIE CBOMCTBA [ApeBecuHbl. [lpobnema
obcnenoBaHMsa OepeBSHHbLIX 3NEMEHTOB Ha npeameT BuonopaxeHus ABnseTCs OOQHON U3 KIYeBbIX B
pectaBpaumm nocnegHux net [6]. HopmaTtuBHas 6Gasa no 3TOMy BOMPOCY HaxoauTcs B npouecce
pas3paboTkn, MO3TOMY HOBble CBEAEHWS MO BO3MOXHOCTU KONMYECTBEHHOW OLEHKM CTeneHu
GuoaecTpykuMmM ABNATCA BECbMa CBOEBPEMEHHBIMM.

MpencrtaBneHne o TOM, Kak WMMEHHO W3MEHSIOTCA CBOWCTBA [OpPeBECUHbl No4  AENCTBUEM
pa3nunyHbIX rpMboB, BaXXHO ANs NMOHUMaHUS npouecca 6uoaecTpyKUMM U NPOrHO3MPOBaHUS N3MEHEHNS
COCTOSIHMS 3neMeHTa U KOHCTPYKUMM B LenoM. B ocCHOBHOM aBTOpbI NPUBOAAT AaHHbIE MO NoTepe Beca,
3MaCTUYHOCTU, a30THOMY KOMMOHEHTY M CMeKTpaMm MOrfoLeHNs BOMH onpedeneHHbix anvH [7—10 v gp.].
M3meHeHVe codepXaHusa MUrHWHA WM Lennonosel B ApeBecuHe nog Aenctenem rpubos 6enown rHvmm
4acTo oOueHuBalT AN OBOCHOBAHWS MPUMEHEHUS 3TUX OpraHM3MoB nepen CynbaTHOW BapKoWn
APEeBeCUHbI, NpM NPON3BOACTBE LIENnioNo3bl, bymarn nnm B npounx obnacrax, rae Heobxoguma cragus
aenvrindpukaumm [11-15 un gp.].

B Hopme gpeBecuHa COCHbl COAEpPXUT Okono 56 % uennonosbl N 27 % NUrHUHA. XUMUYECKUIA
COCTaB paHHe|7| 7] I'IO3,IJ,HeI7I OpeBeCuHbl B rOOUYHbIX CINOAX NPaKTU4eCKM OOMHAKOB. Mo BbicoTe cTBONA
XUMUYECKNA COCTaB [LPEBECUMHbI MEHSIETCA Marno. Y COCHbl B BO3pacTe CMenoctu OBHapyXeHo
He3HauuTenbHOEe YBENUUEHUE CcoaepXaHus UEenniono3bl U MOHWXEHUEe CcoaepXaHust nurHHa u
NeHTO3aHOB B CpefHe No BbICOTE YacTu cTBona. o cpaBHEHMIO C OPEBECUHON Kopa COaepKUT Gonblue

CepoBa T.A., TuroBa FO.A., lllernn 10.J[. Xumudecknuii MeTOI OIICHKH CTENCHH OWOIErpajalliil APEBECHHEI
KOHCTPYKTHUBHBIX 3JICMEHTOB
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30/1bl, 3KCTPAKTUBHbBIX BELLECTB W JIMMHWHA, HO 3HAYMTENbHO MEeHbLUe Lennonosbl (noytu B 3 pasa) u
MEeHTO3aHOB, MPUYEM PE3KOro pPas3nnuusa no COAEpXKaHW MEHTO3aHOB B KOpPE XBOWHbIX NMOpOA (COCHe,
€enuv) N NUCTBeHHbIX (bepese, ocuHe) He Habnwaaetca [16—18]. Ham GbINoO MHTEPECHO BbLISICHUTb, Kak
N3MEHSAETCHA KONMYECTBO MaXXOPHbIX KOMMNOHEHTOB APEBECUHBI (JIMrHUHA LLEeNo3bl), HEeNoCPEeACTBEHHO
onpefensarLnx ee MexaHM4eckme CBOMCTBA, T. K. MHGOPMaLMM N0 3TUM [AHHbIM AN UCTOPUYECKON
OpeBECUHBI, 0TOOPaHHOM HEMOCPEACTBEHHO C MOPAXEHHbIX M UHTAKTHbIX KOHCTPYKTUBHbIX 3/IEMEHTOB B
3[4aHuAX, ABNSAIOLLMXCA apXUTEKTYPHBIMU NAMATHUKAMMU, NO HaLLEeMY MHEHWIO, He OCTaTOYHO.

Ob6bekmsbl uccriedosaHul

Ob6bektamn unccnegoBaHMin ObinNyv anNemMeHTbl AepPeBAHHbIX KOHCTPYKUMA KamMeHHOOCTPOBCKOro
TeaTpa, 9NeMeHTbl 4YepAadyHOro NepekpbITUS UCTOPUYECKOro 34aHUSA TFOCTUHMLBLI U KOHCTPYKTMBHbIE
ANeMeHTbl MOABanbHOrO MOMELLEeHUs W MEepBOro dTaxa 34aHWs HapKOMOrM4yeckoro AucnaHcepa
(3 pectaBpaLMOHHBLIX UCTOpUYECKNX 06bekTa). OTBMpannch Kak nopaxeHHble BuogecTpykTopamu, Tak u
KOHTponbHble 06pasubl, He 3aTpoHyTble OuopecTpykumen. OOpasubl NOpPaXeHHbIX AepeBSHHbIX
KOHCTPYKUMIA B 0BOMX MCTOPMYECKUX 3[AaHMAX OTOMpanucb Mo crnegylowmMm nNpuHUMNam: TUMNUYHOCTD,
obbem u creneHb nopaxeHus. CTeneHb MNOpaXeHWs MpucBavBanacb 3MEeMEHTY B COOTBETCTBMM C
Hopmamu [19].

O6pasubl MOPaXeHHbIX [OEPEBSAHHbIX KOHCTPYKUMA oTOMpanu cnocobamy  BbINWMBaHMSA,
BbICBEPIMBAHMWS, BbILLENNIEHNS U cockabnmBaHusa Ha rnyouHy go 20 cM OT MOBEPXHOCTU C MOMOLLBIO
WHCTPYMEHTOB (LLUWMO, HOX, CTaMecka, MOJIOTOK-rBO34OAEP, Opernb) N CTepurnbHOM Tapbl Ans otbopa
o6pasuoB. Bce npobbl nomewany B cTepunbHble NakeTbl M AOCTaBNSANM Ans aHanu3a B nabopatopuio.
Kaxxabl KOHTPOSbHbLIM 00pasel, UMen CMELLaHHbIN COCTaB N3 HECKOITbKMX 06pasLoB, 0TOOpaHHLIX B NATH
TOYKaXx afieMeHTa KOHCTPYKUNW.

MemoOdbI uccnedosaHul

OuHamuka Bbl6paHHbIX nokasaTtefnieM oueHMBanacb Kak Ha NOBEPXHOCTN, TaK W B TOJuWe
OECTPYKTYPUPOBAHHbLIX N KOHTPOJIbHbIX 3J1EMEHTOB pPa3JinyHbIX KOHCTPYKLLMVI 30aHUR.

KoHTponbHble 06pasLibl, B3siTble HA MOBEPXHOCTU 3MIEMEHTA KOHCTPYKLUKN U U3 rryboKo nexalumx
CNOEB, MPAKTUYECKN CXOOHbl MO CBOMM MOKa3aTensiM, YTO FOBOPUT O BO3MOXHOCTM UCMOSIb30OBaHUA U
€[MHOro KoHTpons. [na 34aHus HapKOMOrmyeckoro gucrnaHcepa B CBs3M C OOMbLUOW pasHuUen B roge
NOCTPOWKM MCMONb30Bancs OTAENbHbIA KOHTPOSb.

Ona xapakTepucTuku OCOBEHHOCTEN U CTEMEHW pPasfnoXeHUs OCHOBHbIX 6BuononMmepos
OpeBecuHbl, onpedensioWmnx ee MexaHW4YeckMe CBOWCTBA, WCNOMb30BanuCb HeopraHnyeckne wu
opraHudeckue pactsoputenu (HNO;, H,SO,4, HCI, C,H5;0H, CgHsOH) [20].

lMepen nNpoBEeAEHMEM XUMUYECKMX aHanu3oB 00pasubl BbiCyLUMBaNM OO0 BO34YLIHO-CYXOro
COCTOSIHMS, M3MeNbYanu Ha 3NEeKTPUYECKON MENbHULLE M MpOocCeuBanun 4epes CUTO C AUaMETPOM Mop
1 Mmm. Bo Bcex obpasuax onpefensnu codepXaHue 3ofbl NpokanvMBaHWeM B MydbenbHol neuvn npwu
Temnepatype 600°C.

1. Memod konudecmeeHHo2o ornpedesnieHusi sugHUHa (C  72%-n  CEepHOW  KUCITOTOW,
MoandpuumpoBaHHbIn KomaposeiM) [20, 21]. HaBecky okono 1 1, B3BELLEHHYH ¢ TOYHOCTbio Ao 0.0002 r,
npeaBapuTenbHO 0OECCMOMEHHYI0 CNMPTOBEH30MIOM UM CEPHbIM 3(MPOM U3MENbYEHHOW OPEBECUHBI
(BNaXXHOCTb KOTOPOW onpeaensnu B otaensHon npobe), obpabaTbiBany B konbe ¢ nputepton npobkon
15 mn 72%-n cepHom kucrnoTol (yA. Bec 1.64) B TeyeHue 2.5 vacoB npu TemnepaType 24-25°C
(TepmocTar), nepuoamMyeckn pasmelumBasa coaepkummoe konbbl BO m3bexaHue obpasoBaHUS KOMKOB.
3atem cMecb NUrHWHa ¢ cepHou kucnoTon pasbasnsany 200 Mn AUCTUNNMPOBAHHOW BOAb! U KUNATUMMN B
TeuyeHve 14aca B konbe c obpaTHbIM XonoaunbHWKOM. [laBanu NWUrHUHY OCecTb, Mocne 4ero
OT(PMNbTPOBLIBaNM €ro 4epes npeaBapuUTENbHO BbICYLIEHHbIA [0 MOCTOSIHHOMO Beca MOpPUCTbIN
CTEKNSAHHbIA punbTp Nel. JIurHuH npombiBany ropsyert BOAOW OO0 HENTpanbHOW peakuuu, BbICyLUMBaNu
00 MOCTOSIHHOIO Beca v B3BeLwwmBanu. MNMony4yeHHoOe KONMYECTBO NIUTHMHA PacCYUThIBany B NPoOLEeHTax oT
Beca HeobeCcCMONeHHON abCoOMTHO CyXON HaBECKN OPEBECUHBI.

2. Memod konu4ecmeeHHO20 orpedesieHus yennonodel no KropuwHepy u Xogpgepy [20]. Okono
1T M3MenbYeHHOW ApPEBECMHbLI MOMELlann B KOHMYEcKyto konby obbemom 200-250 mn, pobasnsanu
25 Mn cmecu, coctosien n3 1 obbemMa KOHLEHTPUPOBAHHOW a30THOW KucnoTbl (ya. Bec 1.4) n 4
06bEeMOB 3TMIMOBOrO CNUpTa, MEASIEHHO KUNATUNN B TEYEHUe Yaca B konbe ¢ obpaTtHbIM X0NoaUNTbHUKOM
B BogsHon 6GaHe. [locne kunsveHMs M ocedaHWst ONUIIOK OCTOPOXHO CrMBanu >XUOKOCTb 4Yepes
CTEKINSAHHbIA UNbTP, NPeaBapUTENbBHO BbICYLLEHHbIV OO NOCTOSIHHOrO Beca, 1 B3elumBanu. NonasLuyto
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Ha pUNbTP OpPEBECUHY CMbIBAnuM 25 M CBEXen CMecu CnMpTa C a30THOWM KUCINOTOW, CHOBA HarpeBanu Ha
BoAsHOM OaHe B konbe ¢ obpaTHbIM XONoauIibHUKOM B TeyeHne 1 yaca. Takyto o6paboTKy npoBoOaMnm
3—-4 pasa. NpunsHakomM KoHUa AenurHndukaLm gpeBecuHbl CIyXUo OTCYTCTBME KPacHOro OKpaluMBaHus
npuM AenWcTBMM Ha OcCTaToK obpasua COMNSHOKMCMOro pacTeopa TopornuumHa. Takke M[poBOAMIM
MUKpOCKOMMYeckoe nccrnegoBaHne npobbl ¢ XMOPLUUHKNOAOM, KOTOPbIN OKpalLMBaET BOMOKHA APEBECHON
uennonosbl B ouoneToBbin UBET. NpucyTcTBue nNUrHMHa obHapyxmBanu Mo XenToMy OKpalUMBaHUIO.
Mocne nocnegHen obpaboTkM LEennono3dy oTunbTPOBbIBaNM Ha CTEKNSHHOM (UMbTpe, NPOMbIBanu
10 MmN cBexen cMecu cnvpTa U a3OTHOW KUCMNOTbI, 3aTeM ropsyen BOAOW AOBOAMMM OO HENTpanbHOM
peakuun, BbicywmBanu npu 105°C o nocTosiHHOro Beca u B3BewwuBanu. CogepxaHue Lenmonosbl
BbIYMCIANM B NPOLIEHTax OT Beca abCOMOTHO CyXOW APEBECUHbI.

3. Memod onpederneHust eraxHOCMU U3MEIbYeHHOU OpesecuHbl rymem ebicywusarus [20].
BaBelumBanu HU3KuM GIOKC C KPbILWKOW, 3aTeM 1 I M3MeNbYEeHHOW OPEBECUHBI U NMepechinann HaBecKy B
Gtokc. BbicylumMBanu oTKpbITbIN BHOKC ¢ HaBeckon B CyluuribHOM wkady npu 100-105°C B TeyeHne 3—4
yacos. lNocne BbiCylWMBaHNS B3BeLLMBaNu 6IOKC C HABECKOW B 3aKpblTOM BuAae. Bblumcnsanu BnaxHOCTb
onunok p, %, no opmyne:

p = (Mz— my/my) x 100 %,

roe p — BJ1aXXHOCTb ApeBECUHblI;

My — Macca 3aKkpbITOro Glokca ¢ HaBeckon nocne CYLUKWU, T;
My — Macca 3aKkpbITOro Otokca, T;

m4 — Macca UHTaKTHOW ApPEeBECUHbI, T.

4. MemoO0 onpedeneHusi 3or1bHocmu OpesecuHbl [20]. BasewmBanu dpapdopoBbii TUrenb, 3aTem
1 r U3MenbYeHHON APEBECUHBI N NepPeckinany HaBecKy B Turenb. [Mpoxurany HaBecKy Ha OrHe ropernku.
Hanee nomewanu Turenb C HaBECKOW B MydpemnbHyl0 Neyvb C 3afaHHbiM HarpeBoM go 575 +25° C.
BblgepxuBanu turenb B nevn He meHee 3 yacoB. [Mocne m3BnevyeHus u3 nevu gasanv TUMMK C 305101
OCTbITb, 3aT€M B3BeLUMBaNM ero. 305bHOCTL i, %, BbiCUUTbIBANU No doopmyne:

i= (m2 - mO/m1) x 100 %,

roe i — 30NbHOCTb APEBECUHBI;

m, — Macca TUrNsA ¢ HaBeCckomn nocrne o6paboTkn B neuwm, T;
Mo — mMacca TUrns, T;

M4 — Macca UHTaKTHOW APEBECUHbI, T.

5. Memod onpedeneHus codepxxaHus Uesnnonoss! U/unu nueHUHa B NpoLeHTax oT Beca UCXOL4HOM
OpeBecUHbl (MPUHMMAETCs, 4YTO cogepXaHue 3ofbl B o0Opasuax ocTaetcss MocTosiHHbIM) C, %,
OCHOBbIBaeTCs Ha pacyeTax no opmyne:

C =100 % x my/mg—mgq x p,

rae p — BNaxHocTb 06pasua ApeBECHHDI;
m; — Macca uckomoro 6uononmumepa (Lennonosa, IMrHuH);
m, — obwaa macca obpasua gpesecuHbl [20, 21, 22].

Pe3ynbmambi u obcyxoeHue

Mo pesynbTatam wuccnegoBaHust Obin  onpedeneH rpagveHT nokasaTenen coaepXaHus
KOMMOHEHTOB, ONpeaensioWwmnx MexaHn4eckMe CBOWCTBa ApPEBECUHbI, OT MOBEPXHOCTU Ha rmybuHy 15—
20cMm (B cepedvHy 9MEMEHTOB KOHCTPYKLUMW) WM Ha BO3MOXHO MakCUManbHyt rnyouHy (Ons
MernKopa3smepHbIx anemeHToB) (puc. 1, 2).CoaepxaHne NUrHMHa B NOPaXeHHbIX obpasuax, B3siTbIX Ha
MOBEPXHOCTM ApPEeBECWHbI, pa3nuyHo. B o6pasuax C NOBEPXHOCTHbIM MOPaXeHNeM [OpPEeBECUHbI
MUKpoMuLeTamm (nnecHeBbiMu rpubamm) | u Il cteneHen GuogecTpykuum B 3gaHum Teatpa (puc. 1, A: I-8,
11-2, 1-3, Y-6, Y-7), aucnaHcepa (puc. 1, B: Xl) n | ctenenn B 3gaHum roctmHmubl (puc. 1, B: 1, 4)
cofepXXaHue NUrHMHa NPakTUYeCckn COOTBETCTBYET KOHTPOMbHOMY. Takke B criyqae obpasua IV 3gaHus
ancnaHcepa ¢ Il cTeneHbld MHTEHCMBHOCTM OUMOOECTPYKUUM CcoAepXaHue nurHuHa O6nm3ko K
KOHTPOMbHOMY Ha (hOHE CWUMBbHOrO CHUXEHWUS codepxaHus uennonosbl. B cnyvae obpasuos co |l
CTeneHbd UHTEHCUBHOCTU MOPaXeHUs MUKpoMuUeTamMu B 30aHWM rocTuHuubl (2, 5) n aucnaHcepa (I1)
coaepXaHue JUMHWMHA CHWKEHO MO CpaBHEHUID C KOHTPOSbHbIM, YTO CBA3aHO CO CMOCOOHOCTbLIO
BbISIBMEHHbIX MWKPOMULETOB YyCBamBaTb MWIHWMH MpPUM  KOMOHM3auuW JApeBecuHbl [23, 24, 25].
HaunmeHblUlee copepXaHue NUrHMHa BbISIBNEHO B oOpa3suax rmyboko AeCTPYKTYpUpOBaHHOW OPEBECUHBI
(11-1, 1-4, 1V-5 B 3pgaHum TeaTpa; 3, 6 B 3gaHuu roctuHuuel; I, Ill, V-X B 3gaHmm gucnaHcepa).

CepoBa T.A., TuroBa FO.A., lllernn 10.J[. Xumudecknuii MeTOI OIICHKH CTENCHH OWOIErpajalliil APEBECHHEI
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@ Conepxanme nemmono3sl M Coaepkanve uranHa [ 3ompHOCTs [0 BiaakHocTs

Ctenenb HHITITHETTTIN
GuogecTpyKUmm

KOHTP OJTb
@ Coxnepxanue nemmonodsl M Conepokanue murana O 3onbpHocTh O BiiakHocTh

Ctenenb LILHETTTI
GuogecTpyKumm

v VI XI KOHT) 071b
B Coep KaHHe LIETLTION03bI B CoJep KaHHe THTHHHA O30npHOCT OBmaxHOCTL
Crenenns T HEHETEOEWEHEN
GuoaecTpykunn

PldcyHOK 1. CteneHb 6Mo,qerpa.qau,vm NOBepPXHOCTHbLIX C/l0eB ApeBeéCUHbLI B 06 pa3uax pasfinyvHbIX
3J1IeMeHTOB KOHCprKLIMﬁ: A - 3paHusa KaMGHHOOCTPOBCKOFO TeaTpa, B - 3gaHuA rocTHnubI,
B - 3gaHuna HapKoJiorm4eckoro gucnaHcepa

CepoBa T.A., Turosa 0.A., Illenun 10.J. XumMudeckuili MeTo] OLEHKHM CTENEHNW OHMOMETpafalliy JIPEBECHHBI
KOHCTPYKTHUBHBIX 3JIEMEHTOB
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CopepxxaHue UEenmnonossl BO BCEX MOPaXeHHbIX obpasuax oTnnyaeTcs oT KoHTpons B 1.2-3.7
pasa B CTOPOHY YMEHbLUEHWS ee COAepXXaHnUs Npu nopaxeHun (kpome obpasua |l 3gaHma gucnaHcepa co
Il cteneHbto OuopecTpykumn). Haumbonee rnybokas OuogecTpykums MakpoMuueTamyn (Z4OMOBbIMU
rpubamm) xapakTepusyeTcsl CHWKEHMEM codepXaHus uennonossl B 1.5-3.7 pasa; npyM NOBEPXHOCTHOM
NMOPaXXEeHUN 3NEMEHTOB KOHCTPYKLMWA MNPOUCXOOUT MeEHee 3HauuTenbHOE CHWXEHWE CcodepXaHust
Lennionosel, BbI3BaHHOE XU3HEAEATENbHOCTLIO MUKPOMULLETOB (puc. 1, 2).

%

111-4 V-5 4-7 1-8 KOHTP OJIb

@ Conepkanne nemtoniossl M Cozxeprkanue nuranHa [0 30s1bHOCTB O BnaxHocTh

Ctenenb HETHHEHTHEININ
GuogecTpyKumm
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i
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@ Coznepxanue nemnonossl M Copepokanve nurauHa [0 3ombHocts [0 BnaxksocTh
Crenenb LITHITTTI
GuogecTpyKumm
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40 A
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2 30 A
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(-) -
2 1 i m v v Vo vII X XI  KOHIpOIb
B Coxep KaHHE LIELTIOI03bI B Coxep KaHHe THTHHHA O 30MbHOCTE OBnaxHOCTbL
Crenenb HETHEHEHEIEHETTN
ovopecTpykumm

PucyHok 2. CteneHb 6uMopgerpagaumm riny6okux crioeB ApeBecuHbl B 0Opasuax pasnuyHbIX
351eMeHTOB KOHCTpyKuuMii: I — 3agaHna KameHHooCTpoBCKoOro Teatpa, [ — 34aHUsA roCTUHULbI,
E - 3paHusa gucnaHcepa

CepoBa T.A., Turosa O.A., lllennn 10.J]. Xumnudeckuil MeTO] OLEHKA CTEHNEHHM OMOIETpajallii JpPEeBECHHBI
KOHCTPYKTHBHBIX 3JIEMEHTOB
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30nbHOCTL Kak nokasaTernb obLLero cogepxaHus opraHuku cybetpara [20, 26] npyn GuogecTpykumnm
OPEeBECUHbl NPaKTUYECKNM BO BCEX CMyyasX 3HAYUTENbHO HWKE KOHTPOMbHbIX 3HaYeHWn (B 34aHum
roctHuubl B 2.1-4 pasa, B 3gaHum Teatpa B 2.2-10.5 pas, B 3gaHum gucnaHcepa B 1.1-2.3 pasa).
CHuxeHne aToro nokasaTens cBUOETEenbCTBYET O rmnybokon 6noaecTpykumm 9NeMeHTOB KOHCTPYKLWN,
MUHepanu3aumm OCHOBHbIX KOMNOHEHTOB APEeBECUHbI U nepexode YacTu yrnepoga ¢ CO, B aTmocdepy.
MoaTomy Yem Huxe 30MbHOCTb MCCredoBaHHOro obpasua, Tem 6onbluen aerpagaumu NoaBepPriuchb ero
KOMMOHEHTHI [27].

BnaxHOCTb Mopa)XeHHOW Ha MOBEPXHOCTU APEBECUHbI MPaKTUYECKU BO BCEX Cry4asix Bbllle
KOHTPOSbHbLIX 3Ha4YeHun (puc. 1), YTO TaKkKe CHYXUT rokasaTenieM BO3HWKHOBEHWUSI GuonopaxeHui
OPEBECUHbI U Pa3BUTUSI MOBEPXHOCTHON GuoaecTpykumu. Yem Bbille STOT MokasaTeflb, TEM akTUBHee
NPONCXOAMUT KOMOHM3auus cybcTpaTa, ero gerpagaums n obsogHeHue [23, 28-34].

CogepxaHne nurHMHa B rnybokMx crnosix npu BbICOKMX Gannax nopaxeHuss B 1.3—-2.5 pasa
oTnmMyaeTca oOT koHTpons. OOpasubl € nopaxeHunem Makpomuuetamm (6ann ) oTtnmyatotca
MOHWXEHHbIM COAEPXaHUWeM fUrHMHa B TNyOOKUX Cnosix ApeBECWHbl, 4YTO CBUAETENbCTBYET O
Buogerpagauum npakTnyecku Bcen Tonwm anemeHTta. B obpasue Xl n3 3gaHusa gucnaHcepa (CTeneHb
Buogectpykuum 1l) cogepxaHne nNUrHUHa GNM3KO K KOHTPOSbHOMY Ha (DOHE MOHWXEHHOTO CoAepXaHust
uenntonosbl. CogepxaHue nurHnHa B obpasuax co |l creneHbto Ouogerpagaumy MNpakTUYECKM He
OTNMYaEeTCs OT KOHTPOSbHOrO B 34aHUM TeaTpa WM CHWXeHO B 1.5 pas3a Mo OTHOLUEHWUIO K KOHTPOMO B
3[aHuWsAX rOCTUHULBI 1 AucnaHcepa.

OTO MOXeT ObITb CBA3aHO C Pa3BUTUEM NMOPAXEHUS Briybb anemMeHTa, He QUarHOCTUPYEMOro Kak
BM3yarbHO, TaK U Npy NPOBEPKE MEXaHUYeCKOW MPOYHOCTU B YCNOBUSX 34aHus. Kpome Toro, BO3MOXHO
konebaHne codepxaHusi B pamMKax MPOLIEHTHbIX COOTHOLUEHWUIA MakKpOMOSEKYNSPHbIX COEAWHEHUI B
cocTaBe [peBecuHe CocHbl [26, 35, 36]. O6Gpasupl ¢ Oannom nopaxeHus | B 3gaHuWsax TeaTtpa u
rOCTUHULBbI UMET OnmM3kMe K KOHTPOSNbHbIM MOKa3aTenu coaepxaHust nuriumHa (puc. 2, I, [).
Brvoperpagaumsa Bo Bcex criyyasix CONMpPOBOXAAETCS YBENMYEHUEM BIIaXKHOCTU, CHWXKEHMEM 3051bHOCTM
OpeBecuHbl U codepxaHus uUennonosbl. VIMeHHO no aTUM nokasaTensM MOXHO CyAMTb O Havane
OMoOeCcTpyKUMM SNEMEHTOB KOHCTPYKUMM M O | cTeneHnm 6Guoperpagaumm maTtepuana, npuvem
BbllleyKa3aHHble TEHAEHLMM BbISBMEHbI KaK ANsi NOBEPXHOCTHbIX, TaK U Ans rnyOokux CnoeB ApeBECUHBI,
noaseprarollencs BO3OEVNCTBUIO ee KONoHu3aTtopoB. 1o Mepe pasBUTMA MUKOrEHHOW OeCTpyKuMu
yMeHbLUaeTca cogepxaHue Lennonosbl B 1.5-3.7 pasa, nurHuHa B 1.1-2.4 pasa, 3onsl B 1.2-9.0 pas,
npv 3TOM BNaXXHOCTb yBenuumBaeTcs B 1.1-2.1 pasa (puc. 1, 2).

Pesynbtatbl oueHkn cTeneHn Ouogerpagjaumm ApeBecuHbl | cTeneHn ©GuonoBpexaeHus
KOMMSIEKCOM MWKpPOMULIETOB-OMoaecTpykTopoB (6e3 yyacTns makpomuueTa) nokasaHbl Ha PUCYHKe 3.
KapTvHa pasnoxeHus OCHOBHbIX NOMMMEPOB APeBeCUMHbI 0BPasLOB C HU3KOW CTeneHbio broaecTpyKumm
cxopHas. Cnabas noBepxHoCTHasi BUOAECTPYKUNS APEBECHHBI UCCEA0BaHHbIX 3N1IEMEHTOB BbipaXaeTcs
B MOYTU OOMHAKOBOM COAEPXaHWW NWUrHMHa B KOHTPOMbHBIX M B MOABEPrwmnxcs 6GuoaecTpykumm
obpasuax, B3sTbIX U3 rMyBOKMX CNOEB 3NeMeHTa U C NOBEPXHOCTU (puc. 3).

CopepxaHue uennonossl B obpasue U3 30aHUA TeaTpa MpPakTUYEeCKU He OoTnmvaeTcs oT
KOHTpornbHOro (puc. 3, A). B rnybokmx cnosix nopaxKeHHbIX 3MEMEHTOB M3 34aHWUst FOCTUHWULbI
cogepxaHve uenmonossl B 1.2-1.7 pasa Hwxe, 4emM B KoHTpone. CofepxaHwe UENnonosb B
NMOBEPXHOCTHbIX cnosx B 1.5-2.0 pasa Huxe, a BnaxHocTb B 1.2—1.3 pa3sa Bbilwe koHTpons (puc. 3, b, B).
B MWKOCWMHY3MsIX 9TUX 9MEMEHTOB HaMu pPerncTtpmpoBanucb BuAbl MWUKPOMMULIETOB, KOTOpble U
obecneuynBaloT NOBEPXHOCTHOE pas3fioXeHue Lennono3bl. 30MbHOCTL 00pasLUoB M3 MOBEPXHOCTHbIX
CrNoeB MeHbLLE KOHTPOIbHOW B 2.3 pasa, Ans rmyboKMx CNoeB 3TOT NokasaTenb MEeHbLUE KOHTPOSIbHOMO B
2.0-3.8 pasa.

MTak, Ha NOBEPXHOCTN KOHCTPYKLMIA B Ha4yane MUKOreHHON OeCTPYKLUN YMEHbLUIAETCS 30JIbHOCTb
N copepxaHue uennonosbl B 1.4—-1.8 pasa, a cogepxaHue NIMrHMHa OCTaeTCsl Ha YPOBHE KOHTPOJIbHbIX
3HayeHun. Npu 3aToM HabnogaeTcs 3Ha4UnTeNbHOE yBenuyeHne BriaxkHocty B 1.8 n 1.3 pasa ansa agaHun
TeaTpa U roCTUHULbI COOTBETCTBEHHO (puC. 3).

CepoBa T.A., TutoBa F0.A., lllennn FO.JI. Xumudeckuii MeTOI OLIEHKH CTENEHHW OWMONETPAaNaIliH JPEBECHHBI
KOHCTPYKTHBHBIX DJIEMEHTOB
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10 KOHTPOJb I'  KOHTPOJb I
-10.J KOHTPOJIb T KOHTPOJIb I @ Conepxanne nemmosnoss B CopeprKaHue JIMTHIHA
O Conepxanue nemtonossl M CojeprkaHue JTUTHAHA 0 301bHOCTH O Braxsocts
O 3ompHOCTH O BnaxxsocTh

PucyHok 3. CteneHb 6uogerpagaumu gpeBecuHbl B
ob6pa3suax 3/IeMEeHTOB KOHCTPYKLMK ¢ | cTeneHblo
OuonoBpexaeHUs, oTOGpaHHbIX: A — B 34aHUM
TeaTpa; b n B — B 3gaHMun rocTMHULbI.
MpumeyaHue: «r» — obpasey oTobpaH Ha 20 cm
Brny6b afieMeHTa; «n» — o6paseL, oTobpaH Ha
NOBEepPXHOCTU 3rIeMeHTa

.10 4r 4n KOHTPOIb T KOHTPOMb I
@ Conepxanve nemtonossl @ CoziepkaHue JHTHUHA
O 3oxbHOCTH 0O Braxuocts

Mpn Grnogectpykuun Il cteneHn, ocyLLeCTBNAEMON KOMMSIEKCOM MUKPOMULETOB, BbISBIMEHbI Kak
oblWmne 3aKkOHOMEPHOCTM B U3MEHEHWW WuccregyeMblX MokasaTenen (3gaHve TeaTpa), Tak W
3HaYMTEmNbHbIE OTNNYNS B COAEPXKaHUN OCHOBHbLIX Bruononumepos ApeBecuHbl (puc. 4).

Cop,epx(aHme NUIHMHA CHWXEHO Wnu uMMmeeT Onuskue K KOHTPOJIbHbIM 3HaA4Y€HUA B 06pa3u,ax,
OT06paHHbIX KaK Ha MNOBEPXHOCTWU, TaK U B ITIyGOKVIX crnoAax ApeBeCUHbI. McknioueHne coctaBnaoT
BbICOKME MOKa3aTesln coaepXXaHnda nnMrinHa.

B nNOBEpPXHOCTHBLIX CIOSIX 3MEMEHTOB CTPONWibHOW cuctembl TeaTpa (Y-6, Y-7) obpasupl
cogepxanu octatku kopbl. CHXEHUE copepXaHus NUrHnHa B obpasuax ApeBecuHbl CTPONWA 34aHuN
rocTuHMUpBl 1 gucnaHcepa (puc. 4, [, E, XK), no-engnmomy, CBA3aHO C NIMTHONMUTMYECKON aKTMBHOCTBIO
KOMMIiekca MMKPOMULIETOB-KOMNOHN3aTopoB. CoaepkaHne Lenmnonosbl B LENIOM HXKe Ha NOBEPXHOCTY, B
rnyBokMx cnosix 6mnmM3Ko K KOHTPOSIbHBIM 3HAaYeHUsAM, YTO yKa3blBaeT Ha pas3BMTUE MOBEPXHOCTHOro
nopaxeHus rpubamun-6uogectpykropamun. [lokaszatenu BRAXHOCTU rnybOKMX CRNOEB ApPEeBECUHbl U
NMOBEPXHOCTHbIX B NpeAernax owmnbku (puc. 4).

3onbHocTb B 2.0—10.0 pa3 HMXe KOHTPOrbHOM B 06pasLax nopaxeHHoW ApeBecuHbl. VicknodeHne
cocTaBnseT obpasel, Y-6, 0oTOGpaHHbIN U3 3NEMEHTOB KOHCTPYKLMIA, CAeNaHHbIX U3 APEeBECUHbI C KOPOW.
3onbHOCTb aTOro obpasua Bbille KOHTPONbHON B 1.2 pa3a. BnaxHocTb B npegenax owmbKkn n3amepeHui.
Heckonbko Bblille 3TOT NokasaTterib N0 OTHOLLEHUIO K KOHTpOIto B o6pasLe Ne2 (puc. 4).

Wtak, B obpasuax Il creneHn GUOOECTPYKUUM 34aHUNA BbISIBIIEHO CHWXKEHWE KaK 30fIbHOCTW B
1.1-10.0 pas3, Tak n cogepxaHna uenntonosel B 1.1-3.1 pasza u nurimHa B 1.1-1.7 pasa B
MOBEPXHOCTHBIX U MYOOKMX CNOsiX 9NIEMEHTOB KOHCTPYKLUMIA Ha (DOHE CTOMKOrO MOBLILIEHUS] BNAXHOCTU
nocrnegHux OT noBepxHocTn B 1.2—1.5 pasa Brny6b anemeHta B 1.1-2.0 pasa (puc. 4). Hamnbonee
CUIbHblE M3MEHEHWsT KOMNMYeCcTBa CTPYKTYPHbIX KOMMOHEHTOB APEBECMHbI, KakK NMpaBuIio, 3aTparveatT
MOBEPXHOCTHbIV CMON OPEBECUHBI, FAe Y Pa3BMBaTCA MUKPOMULLETLI-OMOOECTPYKTOPEI.

CepoBa T.A., TuroBa FO.A., lllennn 1O.J[. Xumudecknii METOI OIICHKH CTENCHH OWOIErpajalliil APEBECHHEI
KOHCTPYKTHUBHBIX 3JICMEHTOB
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-1 - ?ﬁ.'{ T 1I-3 1 KOHTPOJIb I KOHTP.OJIb 1T
@ Conepxanne nemmono3sl @ CojepikaHue THTHAHA
0O 30/1HOCTB O BnaxHocth

@ Conepxanve nesutrono3sl M CozepkaHue JTUTHAHA
O 30/1bHOCTH O BraxHocTh

KOHTPOIb I KOHTPOJIb II

@ Conepkanue newmonosst M ConeprkaHue TMrHAHA @ Conepxanme nemmonossl M Conepkanye JTUrHAHA
O 3ompHOCTH 0O Braxxsocts 0 3oabHOCTH [ BraxHocth

. 2 2 -10 - KOHTPOIIb I KOHTPOIIb 1T
10+ o Co;:rne KaHue uenmlg)nom Klomcggg L)lga}mg ?1%2 " O Copepkanne uennionossl B Coiepokanue IMTHIHA
[} 3om>£ocrr, (] Bmg{om O 3obHOCTS 0O BraxHocTh
3

- or on KOHIPOMbT KOHIPOMBII XIr XIn KOHTPONILT KOHIP OMbII
@ Coneprkanue nemnrono3sl M CojepxaHue JIUTHUHA
E gggfg:g.? € LIEILIIOIIOSEI E ggna eipH)(i;g;lI]’d © JINTHIHA O 3osibHOCTH O BiaxxHOCTH

PucyHok 4. CteneHb 6nogerpagauum gpeBecuHbl B obpasuax co Il cteneHb0 6uonoBpexaeHus,
oTobpaHHbIX: A-I' — B 3gaHum TeaTpa; [ n E — B 3gaHum roctuHuubl; XK n 3 — B 3gaHumn
AucnaHcepa. NMpumeyvaHue: «r» — obpasew, oTobpaH Ha 20 cm Brnyob anieMeHTa; «n» — obpasew
oTOGpaH Ha NOBEpPXHOCTU 3rieMeHTa

CepoBa T.A., Turosa 0.A., Illenun 10.J. XumMudeckuili MeTo] OLEHKHM CTENEHNW OHMOMETpafalliy JIPEBECHHBI
KOHCTPYKTHUBHBIX 3JIEMEHTOB
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Mpn Owvopgerpagauny OPEBECUHbl 3MEMEHTOB KOHCTPYKUMUIA C  yyacTMEM MakKpOMULIETOB—
O1OOECTPYKTOPOB M (POPMMUPYEMbBIX UMK  KOMMIIEKCOB MWUKPOMULIETOB MPOUCXOAST 3HAYUTENbHble
N3MEHEHUSI B COCTOSHUWM [OPEBECUHbI, OOYCMNOBMEHHbIE W3MEHEHWEM COAEep)KaHWsi OCHOBHbIX ee
GuononMMepoB, onpedensloWwmnx MexXxaHu4yeckne CBOWCTBA. ATU M3MEHEHUSI NPUBOAAT K CyKLEeccuu
KOMMIIEKCOB MWKPOMULIETOB, OMWCaHHOM B Mpeablaywem pasgene. BoisBnsiowme Xod CyKLEeCccum
rokasaTenu NpeacTaBneHbl Ha pucyHkax 5-7.

MNpouecc KONoHM3auum MakpomuLeTaMu AepeBSHHbIX KOHCTPYKUMI 3[4aHWA TeaTpa Havancs ¢
yeTBepToro ataxa (IV-5), nanee nepewen k Tpeteemy (l11-4) n sBropomy (II-1) ataxam. CooTBETCTBEHHO,
caMoe HM3KOEe COAEepXKaHue Lienmnono3bl B JpEBECMHE 3aN1eMeHTOoB B obpasue IV-5 1 camoe Bbicokoe — B
ob6pasue II-1. CogepxxaHne nNUrHMHa B Npefenax KOHTpons: HabnogaeTcs AeCTPYKTUBHBINA TUM THUEHUS,
00yCrOBMNEHHbIA MaKpOMULIETOM Oypon rHUNN OPEBECUHbI, OTHOCALLMMCS K cnabbivm paspyumtensm [29]
(puc. 5, A-B). KonoHusauus gpeBecuHbl MakpomuueTamu Geron rHunm B obpasuax 3 1 6 3gaHua
FOCTMHULBI HAXOAUTCS NPMBONM3UTENbLHO B OOHON CTaauw.

J_ T

-5

1-1n KOHIpOJIb I KOHTPOJIb 1L -10 -4 r [1-4 n KOHTPOIIb I KOHTPOIb I

E Conep:xanne uemnmonossl M ConeprKaHue JIMTHIHA @ Conepxanue uemnonossl M CozeprkaHue JIMTHUHA
0O 3oabHOCTD O BnaxHOCTB O 301bHOCTE O BiaxksocThb
B
65

60
55
PucyHok 5. CteneHb 6uogerpagaumm gpeBecuHbl 451(5) ]
B obpa3uax aneMeHToOB KOHCTpykuun c il 40
cTeneHbio bMonoBpexaeHus, oTo6paHHbIX: A-B — 3(5) §
B 34aHUU TeaTpa. o\°25 i
MpumeyaHue: «r» — obpasey oTobpaH Ha 20 cm 20
Brny6b anemeHTa; «n» — o6paseL, oTo6paH Ha o
NOBEPXHOCTU JJIeMeHTa 5
0+

_ -(5) | IV-Sr IV-51 KOHTPOJIb T KOHTPOJIb II

O Conepoxanue nemnonossl M CozepikaHue JIMTHUHA
O 3oabHOCTD 0O BnaxnocTb

O6pasel 3 B3AT M3 Oanku 4YepaadyHoOro nepekpbiTus, obpasel 6 — M3 HAKMNOHHOW CTPOMUITbHOM
Horn (Bonbliero no o6beMy ApeBECHHbI 3reMeHTa CTPONWUMbHBLIX KOHCTPYKUUA). B ¢BA3M ¢ Hanuuvem
yrna HakrnoHa OnaronpusTHble YCNoBWsi ANsi Pas3BUTMS MakKpoMuLeTa CO3[aloTCA B HWXKHEW 4acTu
3MNemeHTa, MNO3TOMY MOpaXeHWe OXBaTbiBaeT He BeCb 3NeMeHT. BnaXHOCTb ydacTka HaKMoHHON
cTponunbHoM Horn (obpasey 6) 0ObIMHO ObIBaeT 4YyTh Bbiwe, YeM Ganku (obpasey 3), YTO BNUSET Ha
WHTEHCUBHOCTbL Buogectpykuum (puc. 6 I, [).

CepoBa T.A., TuroBa FO.A., lllennn 1O.J[. Xumudecknii METOI OIICHKH CTENCHH OWOIErpajalliil APEBECHHEI
KOHCTPYKTHUBHBIX 3JICMEHTOB
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BuogecTpykuMsi  KOHCTPYKTUBHBLIX  3NEeMEHTOB  AMCMaHcepa npoucxoauna B pasfnuyHbIX
TeMnepaTypHO-BNaXHOCTHbIX YCNOBUSX U HaYMHanacb He ogHoBpeMeHHo. OJHaKo B CBSA3M C TEM, YTO
30aHne He OTannuBanocb, U MpY 3TOM KPOBMA B MoclefHee [OECATUNETME CUMbHO MpoTekana,
NpaKTU4eCKn BCe ArleMeHTbl MopaxeHbl BUoaeCTpyKTopamu B 3HAYUTENbHOW cTeneHu. MNpu nopaxeHwuu
MakpoMuLeTamu 3a HECKOMbKO NeT MPOM3O0LLNO paspyLueHne GoMbLION YacTh CTPYKTYPHBIX KOMMOHEHTOB
OPEBECUHbI, MO3TOMY MOKa3aTenu WX COAepXaHus B MaTepuarne CHWKEHbl NOYTM BO BCex obpasuax: B
1.5-2.8 pasa uenntonosa un B 1.1-1.5 pasa nurHuH (puc. 7, E-M).

-10 3r 3n KOHTPOJb T KOHTPOJIb 11 -10 61 6m KOHTP.OIb I KOHTPOIb 11
@ Conep:xanue nemmonossl M CoeprkaHue IMTHUHA @ Conepxanye nemntonossl M CozepoxaHue TUTHAHA
0O 3oneHOCTH 0O Braxsocts O 301bHOCTH 0O BrakHocTh

PucyHok 6. CteneHb 6uogerpagaumm apesecuHbl B o6pasuax anemMeHToB KOHCTpyKuui c I
cTeneHbI0 OMonoBpexaeHusi, oTobpaHHbIx: I' u [ — B 3aaHUM rOCTUHULbI.
MpumeyaHue: «r» — obpasew, oto6paH Ha 20 cm Brny6b anemMmeHTa; «n» — obpaseL, oTob6paH Ha
NOBEPXHOCTU 3rIeMeHTa

Jinwe B obpasue VIl (puc. 7, K) nokasatenu cogepaHus OCHOBHbIX GMOMOMUMMEPOB APEBECUHBI
CHWXeHbl Tonbko B 1.2—1.5 pasa (uenmntonosa B riyouHe n Ha noBepxHoctn) n B 1.1-1.3 pasa (NMUrHuH B
rnybuHe n Ha noBepxHOCTH). [okasaTenu coaepXKaHus MUrHUHA 1 Lensionossbl , Kak v B ApYyrux 30aHusx,
CUNbHEE CHWXEHbl B MOBEPXHOCTHbIX CrOsiX, Yem B rNybokux, T. K. BMOAECTPyKUMS HavmHanacb ¢
MOBEPXHOCTHbIX CIOEB NPV KOMoHu3auuu maTtepuana mukpomuuetamu. CoaepxaHve Lennonosb
CHWKEHO B DOOonblUen cTeneHn, YeM CoaepXKaHWe NUrHMHA, T. K. Ha dreMeHTax BbisiBfieHbl B OCHOBHOM
rpmbbl 6ypon rHunu. 3onbHocTb obpasuoB B 3.0-9.0 pas Huxe, YeM KOHTPONbHOro obpasua u Ha
MOBEPXHOCTU, U B TOrLLE anemeHTa. BnaxHocTb 06pas3uoB B npegenax wnu YyTb Bblllie KOHTPOSbHOM
(puc. 6, 7).

Wtak, B obpasuax anemMeHTOB KOHCTpykumn c Il cTeneHblo 6GunonoBpexneHusi BbISIBNEHO
MaKcUMarbHOe AMS KaXO0ro M3 34aHni — 00beKTOB 3-NeTHUX NCCrefoBaHMn — CHUXKEHME COOEpXKaHWS
uenntonosbl B 1.4-3.8, 1.3-2.8 pa3sa, nurHuHa B 1.1-2.4, 1.1-2.5 pasa n 30nNbHOCTU gpeBeCcuHbl B 1.2—
7.0, 1.1-9.0 pa3 KaKk Ha MOBEPXHOCTW, TaK U B rMYyOOKMX CrOSX AECTPYKTYPMPOBAHHBLIX 3NIEMEHTOB MO
CPaBHEHMIO C KOHTPONbHbIMU Obpasuamu ApeBecuHbl, He noaseprwenca buogecTpykumn. BnaxHocTb
06pasLoB CUNBHO OECTPYKTYPUPOBAHHbBIX 3NIEMEHTOB Takke JoCTuUrana MakCumarnbHbIX 3Ha4yeHun, B 1.2—
2.1 pasa npeBbllasi KOHTPOrbHbIE (puc. 5-7).

-5 -5 - :
Ir In KOHTPONbT KOHTP 0Nk IT mr Mn KOHIPQIIET KOHIPOJIBII
@ Copnepixanue temttono3sl M CopepxkaHue JTUTHIUHA O Conepxarne uennronossl B CozepikaHue JIUTHUHA
O 30apHOCTB 0 BrnaxxHocth O 30mbHOCTH O Braxuocts

CepoBa T.A., Turosa 0.A., Illenun 10.J. XumMudeckuili MeTo] OLEHKHM CTENEHNW OHMOMETpafalliy JIPEBECHHBI
KOHCTPYKTHUBHBIX 3JIEMEHTOB
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VIIr VIn KOHIPONBT KOHIPOMbII VIIr VIOno  KOHIPOMbTI KOHTPOMNbII
@ Conepskanue 1eswiono3sl W Cojep KaHue JIMrHAHA @ Conepxanue nemmonossl M CogeprkaHue IMTHAHA
O 3onpHOCT O BraxHocTh O 3onpHOCTB O BnaxHocTh
M

PucyHok 7. CTeneHb 6uogerpagaumm
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55
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%

ApeBecUuHbl B o6pasuax afieMeHToOB 40
koHcTpykuui c lll cteneHblo GuonospexaeHus, ;g
oTob6paHHbIX: E-M — B 3gaHuu gucnaHcepa. 25
MpumeyaHue: «r» — obpasey oTo6paH Ha 20 cm ?2
BriyOb 3rieMeHTa; «n» — o6pasew; oTobpaH Ha 12
NOBEPXHOCTU 3fIeMeHTa 0
4 Xr Xn KOHIPONbLT KOHTP ONbIT
@ Conepixanue nesutono3sl M Coﬁep ’KaHHE JTHTHAHA
O 30J'ILHOCTL a Bnaxuocts

Bbi1800bI

B xone uccnegoBaHus Obinu BbisSIBIIEHbI CrieaytoLe 0CoO6eHHOCTH:

CXOOHble TEHAEHUMN W3MEHEHUs COAEepXKaHWsl OCHOBHbIX OWMOMONMMEpPOB APEBECUHBLI MpU
ONM3KMX YPOBHAX BMOOECTPYKLUN SNIEMEHTOB;

NpONopUMOHanbHOE CHWKEHWE COAEPXaHWA JUIHMHA W Lennkono3bl  npu  rnyGokon
OvopecTpyKumu;

YMeHbLUEHNE 30MnbHOCTM cybcTpata Oonee 4em Ha 50 % NO CpaBHEHWIO C KOHTpONem —
rnokasaTtesb pasBUTUS MUKOTEHHOTO NOPaXKEHUs!; TakMmM obpa3omM, 30fbHOCTL cybcTpata MoXeT
CNyXMTb Noka3aTtenem buogerpagaunm OCHOBHbIX KOMMOHEHTOB APEBECUHbI;

noBblleHWe BriaxHocTn 6Gonee 4Yem Ha 20 % NO CpaBHEHWIO C KOHTpPonieM B obpasuax
OpEeBECUHbI — NMoKa3aTesb pasBUTUSE MUKOr€HHOTO NOopaXeHUs;

CHWXEHME cofepxaHus Lenntonosbl 6onee yem Ha 20 % No CpaBHEHUKD C KOHTPOSIEM — MapKep
pa3BUTUS MSATKOW FTHUIN OPEBECUHDI;

yMeHbLUEHNe cogepxaHus nurHnHa 6onee vem Ha 40 % NO CpaBHEHVMIO C KOHTpoOnem
yKa3blBaeT Ha pasBUTME NUTHUHPAa3pyLlaloLWUX MaKPOMULETOB M TMNyOOKyld OModecTpyKumto
OPEBECUHBI.

CepoBa T.A., Turosa O.A., lllennn 10.J]. Xumnudeckuil MeTO] OLEHKA CTEHNEHHM OMOIETpajallii JpPEeBECHHBI
KOHCTPYKTHBHBIX 3JIEMEHTOB
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OnucaHHble B cTatbe BMAbI XMMWUYECKOr0 aHanmMsa MOXHO MPUMEHSTb B pecTaBpaLMOHHOMN
npakTuke ANns BbIACHEHWUSA COCTOSIHUS APEBECUHbI B CBA3U C TEM, YTO KaK NMOBEPXHOCTHAs, Tak u rnybokas
pas3HOBMAHOCTUN BUOAECTPYKUMM XapaKTePU3YITCS yKadaHHbIMU NokasaTensamMmmn cogepxaHns Lennonosbl
W NUrHUHA, a Takke 30MbHOCTLI0. [prBedeHHbIV aHann3 ByaeT noneseH B criyyasx, Korga onpegenutb
BUA paspyLuMTens HEBO3MOXHO B CBSA3M C OTCYTCTBMEM MuUenus (rpubHuubl) n nnogosbix Ten. Kpome
TOro, yKa3aHHbI Cnocob OLEHKM COCTOSIHMSA MOBPEXOEHHOW ApeBeCcHHbl NMO3BONSAET KONMUYECTBEHHO U
[OCTaTO4YHO TOYHO OLUEHUTb CTeneHb MOPaXeHus, B TO BpeMmsl, Kak oueHka Mo obbemy MnopaeHHbIX
BOJIOKOH OT obuwero obbema anemMeHTa $BNSETCS BO MHOIOM CyOBLEKTMBHOW W 4alle BCero
NpUBN3NTENBLHOW.

Taknm oOpa3omMm, BbISIBMEHbl CXOAHble TEHAEHUUW W3MEHEHUs CoAdepXXaHusi OCHOBHBIX
orononuMepoB ApPeBECUHbI NMPU BIM3KUX YPOBHAX OMOAECTPYKUNM 3NTIEMEHTOB AEPEBSIHHBIX KOHCTPYKLNN
obcnenoBaHHbIX 34aHWMA. OTU OaHHbIE MOTYT ObITb MCMOMbL30BaHbl B AarNbHENLLEM MPU UCMOSb30BaHUN
XUMUYECKOr0 MeTOAa B KayecCTBe KOJSIMYECTBEHHOW OLIEHKM CTEMEHU pasfoXeHUa OpeBeCUHbl Mnojg
OencTBnem JOMOBBIX U MECHEBLIX rPUBOB.
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depepanbHoe rocyaapcTBeHHoe GroakeTHoe o6pasoBaTenbHOE yupexaeHue
BbIcLUero npocgeccmoHanbHoro o6pasoBaHus

CaHkT-lNeTepOyprckui rocyaapcTBeHHbIN NONUTEXHUYECKUA YHUBEpPCUTeT

TEP 9
= 1899”_%% NH)XeHepHO-CTPOUTENbHLIA UHCTUTYT
.& ~
gy roemspemmemmal £ Kypchbl noBbiweHns KBanudukauum n npocgeccmoHanbHomn
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ECKMI

REE al nepenoaroTtoBKu
HALIOHAABHBII HCCAEAOBATEABCKHIA 195251, a. CaHKm-ﬂemepGypa, lMonumexHu4eckasi yn., 29,
o gy’ meui/ghakc: 552-94-60, www.stroikursi.spbstu.ru,
N “BEpc ws & . P .
2y F e stroikursi@mail.ru

MpurnawaeT cneuManucToB NPOEKTHbIX U CTPOUTESNbHbLIX OpPraHU3auun,
He uMerLwmnx 6a3oBoro NnpodnLHOro Bbiclwero o6pasoBaHus
Ha Kypcbl npoceccuoHansHomn nepenoarotoBku (ot 500 yacon)
no HanpaBneHu «CTponTenbLCTBO» NO NporpaMmmam:

M-01 «MpomMbiwneHHoe U rpaXXaaHCKoe CTPOUTENIbCTBOY \

Mporpamma BKoYaeT y4yebHble pasgenbi:

OcHoebl cmpoumesibHoO20 desa

UHxeHepHoe ob6opydosaHue 30aHuli U COOpYyXXeHul

TexHos102Us1 U KOHMPOJIL KaYecmea cmpoumesibcmea

OcHoebl npoekmupoeaHusi 30aHull U coopyXeHul

Aemomamu3sayusi npoekmHbIx pabom ¢ ucrnosib3oeaHuem AutoCAD

Aemomamu3sayusi cmemHo20 desia 8 cmpoumersibcmee

YnpaeneHue cmpoumenbHoU opaaHu3ayuel

YnpaeneHue uHeecmuyuoHHO-cmpoumesibHbIMU rpoeKkmamu. BbinonHeHue hyHKYyUl MexHU4ecKo20
3aKa34yuka

M-02 «3koOHOMMKa U ynpaBrieHue B CTPOUTENbLCTBE» \

[Mporpamma BknoyaeT y4yebHble pasgensi:
e  OcHoebl cmpoumesibHo20 dena
e  UHxeHepHoe o6opydoeaHue 30aHuli U cOOpPyxKeHul
e TexHoso2usi U KOHMPOJIb Ka4Yecmea cmpoumesi-cmea
e YnpaesieHue uHeecmMuyuoHHO-CMpPOUMesibHbIMU NMPoekmamu. BbinonHeHue ¢hyHKYuUl mexHU4ecKko20
3aKa34uka u 2eHepasibHO20 NoodpsidyuKa
YnpaeneHue cmpoumenbHolU op2aHu3ayuel
e  OKOHOMUKa u yeHoob6pa3oeaHue 8 cmpoumesicmee
e YnpaeneHue cmpoumenbHol op2aHusayuel
e  OpeaHusayus, ynpaesneHue U njaaHuposaHue 8 cmpoumesiscmee
Aemomamus3sayusi cMmemHoz20 desla 8 cmpoumesiscmee

n-03 «MH)KeHeprle CUCTEMbI 34aHUN U coopy)Keva» ‘

[Mporpamma BKkIo4aeT y4ebHble pasgensi:
o OcHO8bI MexaHUKU XudKocmu u 2a3a
e UHxeHepHoe o60opydoeaHue 30aHUl U COOPYKeHUl
e [lpoekmupoeaHue, MOHMaXx U 3KCMJyamayusi cucmem eeHmuisiyuu u KOHOUYUOHUPOBaHUS
e [IpoekmupoeaHue, MOHMa) U 3KcnJyamauyusi cucimem omorsieHuUsl U mernsocHabxeHusi
e [IpoekmupoeaHue, MOHMax u 3Kcnjyamayusi cucimem e000CHab)xeHusi u eodoomeedeHust
¢ Aemomamu3sayusi NPoeKmMHbix pabom c ucnosb3oeaHuem AutoCAD
AnekmpocHabxeHue u anekmpoobopydoeaHue o6BLekmoea

M-04 «[MpoeKkTMpoBaHWe U KOHCTPYMPOBaHWe 34aHUN U COOPYKEHUN» \

[Mporpamma BknoyaeT y4yebHble pasgensi:

e OcHo8bI conpomuseJsieHus1 Mamepuasos U MexaHUKU CImepXXHea8bIX cucmem
lpoekmupoeaHue u pac4yem ocHogaHul u gpyHameHmMoe 30aHuli U COopyKeHul
lpoekmupoeaHue u pacyem xes1e306eMmMoOHHbIX KOHCMPYKUUU
lpoekmupoeaHue u paciem Memasiiu4ecKux KOHCmMpyKyuu
lMpoekmupoeaHue 30aHuli u coopyxeHuli ¢ ucrnosib3oeaHuem AutoCAD
Pacyem cmpoumenbHbIX KOHCMPYKUYUU ¢ ucnonb3osaHuem SCAD Office

M-05 «KoHTponb KayecTBa CTPOUTENLCTBAY \

[Mporpamma BKkIto4aeT y4ebHble pasgensi:
e OcHoebl cmpoumesnibHO20 dena
UHxeHepHoe o6opydoeaHue 30aHuUll U cOopyKeHuUl
TexHos102us1 U KOHMPOJIL KaYecmea cmpoumesibcmea
lpoekmupoeaHue u pacyem xes1e306eMmMoOHHbIX KOHCMPYKUUU
lpoekmupoeaHue u pacyem Mema’su4eckux KOHCmpyKkyul
O6cnedosaHue cmpoumesibHbIX KOHCMPYKYuUl 30aHull u COopyXeHull
BbinonHeHue hyHKYUl MexHU4YeCcKo20 3aKa34yuka U 2eHepasibHO20 MoopsidyukKa

Mo okoH4YaHuu KypcCa cnyuwaTteni BbligaeTcd aguniom o npocbeccuouanbuoﬁ nepenoarotToBke
yCTaHOBIIeHHOro 06pa3ua, gglOI.l.Wlﬁ npaBo Ha BegeHue NpodecCuoHanbLHOM AeATENbHOCTU
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