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BrinaHne mexaHoXMMUYecKon akTmBauum Ha 0CoO6eHHOCTHU
NpoLLeccoB ruapaTauumn LemeHTa

Influence of mechanochemical activation on the cement hydration

features
KaHnd. mexH. Hayk, doueHm P. A. U6pazumoe, R. A. Ibragimov,
KasaHckul eocy@apcmeeHHbili apXumeKmypHo- Kazan State University of Architecture and
cmpoumerbHbIU yHUgepcumem, Engineering, postaddress
Be3 cmeneHu, accucmenm C. U. [NumeHos, S.1. Pimenov,
KasaHckul eocy@apcmeeHHbili apXumeKmypHo- Kazan State University of Architecture and
cmpoumernbHbIl yHugepcumem, postaddress Engineering, postaddress
KnrouyeBble croBa: nsmesnb4yeHue, Key words: grinding, mechanochemical
MeXxaHOXMMMYecKas akTuBaLumsl, pPOTOPHO- activation, rotary pulsation apparatus,

nynbCcauMOoHHBIN annaparT, cynepnnactudukatop,  superplasticizer, cement slurry, heavy concrete
LeMeHTHas CycrneH3us, Tsxenblin 6eToH

AHHOTaumAa. Hapsgy c  BBegeHneM pasnuyHbix [obaBok B cocTaB OGETOHHOW  cMmecw,
NepcnekTUBHLIM METOAOM MOBLILEHNUS (PUBNKO-MEXaHNYECKUX CBOWCTB LieMEeHTHbIX BETOHOB siBnseTcs
akTMBaums Bshkywlero. B pgaHHom paboTe npeacTaBneHbl pe3ynbTaTbl BAMSHUS MEXaHOXUMWUYECKOW
aKTMBaLUMM LIEMEHTHOW CYCMEH3MM Ha TEXHONOrM4Yyeckme CBOWCTBA OETOHHOM cMecu U PU3NKO-
MexaHn4yeckMe CBOMCTBa Tshkenoro OeToHa. BbisBneHbl nokasaTteny MOpPOBOW CTPYKTYpbl TSHXKernoro
6eToHa, MOPO30CTONKOCTb, KOIhPULIMEHT CyNbPaTOCTOMKOCTU UCCNeaYEMbIX LLEMEHTHbIX KOMMNO3ULNIA.
lMokasaHo, 4TO MOpPO30OCTOMKOCTb TshKENnoro O6eToHa, MONYYEHHOrO MEXaHOXUMWYECKOW akTMBauuen
BSXKYLLLErO, yBenuumBaeTcs B 3 pa3a (4o mapku F600), 4To 06ycrnoBneHo NOHWKeHNEM 0BLLEN NOPUCTOCTM
Ha 39 %, CHWXEHMEM KanunnsipHON NOpPUCTOCTU Ha 74,8 % 1 NOBbILLEHNEM A0MNN 3aKPbIThbiX NOp Ha 53 %
MO CPaBHEHMIO C KOHTPOJIbHbIM cocTaBoM. MeTogamu peHTreHoha3oBoro aHanmaa un anddepeHunansHo-
CKaHVpYHOLLEN KanopuMeTpun nosnydeHo, 4YTo dasoBbI COCTaB LLEMEHTHOIO KaMHs B Bo3pacTe 1 cyTok
HOPMarbHOBMAXXHOCTHOIO TBEPAEHMS, MOJTYYEHHOrO MEXaHOXMMMYECKON aKkTMBauuMen BSKYLLEro,
XapakTepusyeTcs NOBbILEHHbIM coaepXaHmeM rugpokcmaa kanbuusa (Ca(OH)z2) (Ha 12 %), NOBbILLEHHbBIM
cogepxxaHmem aTTpuHruTa (CasAl2(S04)3(OH)12*26H20) — Ha 13 %, a Takke HauMeHbLUVM COAEpPXaHnem
NCXOAHbIX ha3 nopTraHALEMEHTHOro KIuHkepa (Ha 16 %). OTo obycnaBnuBaeT BbiCOKMe hur3MKO-
MeXaHW4YecKMe nokasaTenu nofy4yaemblXx KOMno3uToB. [lonyyeHue LeMeHTHbIX BETOHOB C BbICOKMMM
TemMnamy TBEpPAEHWsl NMO3BOMNWUT CHU3WUTb BpeMsi BblAepXkn B6eToHa B onanybke, COKpaTUTb UMW BOBCE
OTKasaTbCs OT TennoBol o06paboTkM, YTO SBMSETCA aKTyanbHbIM B YCIOBUSIX 3HEPro- W
pecypcocbepexeHus.

Abstract. Nowadays along with the usage of various additives to the concrete mix, the activation of
the binder is a promising method to enhance the physical and mechanical properties of the cement
concrete. The given paper presents the results of the influence of a mechanochemical activation of cement
slurry on the technological properties of the concrete mix and physico-mechanical properties of heavy
concrete. The figures of a pore structure of heavy concrete, frost resistance and the coefficient of sulphate
cement compositions have been obtained. It is shown that the severe frost resistance of concrete prepared
by means of a mechanochemical activation of the binder increases by three times (to the mark F600). This
is due to a decrease in the total porosity of 39%, a decrease in capillary porosity of 74.8% and the proportion
of closed pores increase by 53% in comparison with the control composition. X-ray diffraction and
differential scanning calorimetry investigations have shown that the phase composition of cement paste at
the age of 1 day, normal-humidity hardening, obtained by means of a mechanochemical activation of the
binder is characterized by a high content of calcium hydroxide (Ca(OH)2) (12 %), high content of ettringite
(CasAl2(S04)3(OH)12*26H20) — 13 %, and the lowest content of the initial phases of Portland cement clinker
(16%), which causes high physical and mechanical properties of the resulting composite. The production

Ibragimov R.A., Pimenov S.1. Vliyanie mehanohimicheskoy aktivacii na osobennosty processov gidratacii cementa
[Influence of mechanochemical activation on fieatures in the of hydration of cementjagazine of Civil
Engineering. 2016. No. 2. Pp. 3-12. doi: 10.5862/MCE.62.1
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of cement concrete with a high rate of hardening will reduce the holding time of the concrete in the
formwork, to reduce or eliminate the heat treatment, which is relevant in terms of efficient use of energy
and resources.

BseodeHue

OfHUM 13 NEepcrnekTUBHbIX METOAOB MOBLILEHUST (PU3NKO-MEXAHUYECKUX CBOWCTB LEMEHTHbIX
KOMMO3MLMIA SBMSIETCA akTMBauusa Bsikywero [1-4]. Hambonee wu3BecTHbIMM crniocobamy akTuBaLmu
saBnsaTca: TypbyneHTHas [5, 6], kaButaumoHHas [7, 8], MexaHoxummdeckas [12—16], ynbTpassykoBas [17,
18], BubpauunoHHas [19] n T. o. Bce nepeuncneHHble cnocobbl HamnpaeneHbl Ha yBenuveHne ob6bLEMOB
NMPOAYKTOB rmapaTtaumn LemMeHTa, MOMOXWUTENbHO BUSIIOLLEE HA CTPYKTYpooOpa3oBaHME LLEMEHTHOro
KaMHs1, 4TO, B CBOIO ovepeab, NMPMBOAUT K MOBLILUEHUIO NPOYHOCTM U MOPO30OCTOMKOCTN BeToHa.

CyLLLeCTBEHHYIO POrib B MHTEHCMUKaLUM NpoLlecca rmapaTaumm LeMeHTa urpaeT cpeaa, B KOTOpoWn
namenbyaeTcsa Bsikywee. ABTopamu [20] oTmevaeTcs, YTO B LIEMEHTHOM KaMHE MOKpPOro nomona
obpasyeTcs Oonee nnoTtHas OOHOPOAHAs CTPYKTypa MO CPaBHEHWIO C CyXMM Momosiom. Takasi
pPaBHOMEPHOCTb B CTPYKType YBENMUMBAET (PU3NKO-MEXAHUYECKME CBOWCTBA LEMEHTHOIO KaMHsI U
OeToHa.

OTmevaeTcs, 4YTO OAUCNEPCHOCTb BSDKYLLUMX Npu obpaboTke B LUIAPOBOM MENbHULE B TeyeHue
120 mmH pocturaet 650 M2/kr, B NnaHeTapHOW MenbHULE Takasl Xe AMCNepPCHOCTb noslydaeTcs 3a
20...25 MuH [21]. YBenu4yeHue yaenbHom NOBepPXHOCTU BSXYLLEero Ao 3HadveHus 500...600 m2/kr npusoauT
K YBENMMYEHUIO NPOYHOCTHbLIX NoKa3aTenen LeMeHTHbIX KoMno3vunin. [lanbHenwee noBbileHne yaesribHON
MOBEPXHOCTUN YacTuUL, LLleMeHTa NPUBOAMWT K NOTEPE ero akTMBHOCTU [22].

B HacTosillee BpeMs aKTUBHO pPas3BMBAOTCH pasnuyHble TEXHONOTUM AUCNEPTUPOBaHNUA |
aKTMBaLWM LLEMEHTHBIX BSXKYLLIMX KOMMO3WULMIA B Xuakol cpene. OgHako AaHHble TEXHOMOMMU He Nony4Yunu
LUMPOKOrO  PacnpoCTpaHeHWss B CBA3M C HEOOCTAaTOMHO W3YYeHHbIMU  BOMpPoOcaMu  BIUAHUS
MEXaHOXMMMWYECKO aKTMBaLUMM LEMEHTHOM CYCMeH3UM Ha peoriorvio U CTPYKTypoobpasoBaHue
LIEMEHTHbIX CUCTEM.

MoBbIlEHNE KONMMYecTBa BOAbl 3aTBOPEHMUS MPU aKTMBALMU BSHKYLLENO NPUBOAUT K CHIDKEHWIO
NPOYHOCTU LIEMEHTHbIX KOMMO3ULIUIA 1 K NOBbLILLEHMIO MOPUCTOCTM [23]. [Na yCTpaHeHns 3TUX He4OCTaTKOB
HeobXxo4MMO MCnoNb3oBaTh 3 EKTUBHLIE CyNepnnacTudUKaTopbl U MPON3BOANTL aKTUBALIMIO BSXKYLLLETO
B MPUCYTCTBMM Moandmumpyowmx gobasok [24, 25].

JlabopaTopHbIMK 3KCNEPUMEHTAMUN YCTAHOBIIEHO 3HAYMTENbHOE MHTEHCUUUMpYOLEee OeNCTBue
NMOBEPXHOCTHO akTMBHbIX BellecTB (MAB) Ha nomon uemeHTa. BBegeHne HeKOTopbix 400aBOK B npoLecce
TOHKOrO M3MerbYeHnUsi CnocobCTBYET Kak WHTEHCUdMKauun nomora, Tak U ynydleHu (U3nKo-
MEeXaHUYEeCKNX CBOMCTB NMOoJSTy4yaeMbIX LLEMEHTHbIX KOMMNO3MTOB [26, 27].

B HacTosilee Bpemsi KONMMYECTBO MoaMduuuMpylwmx A06aBOK HEYKNOHHO pacteT. Ho Bbibop
Hanbonee addpektusHoro MNMAB gna npouecca gucneprauuu BsiKyLlero, NPoOBOAMMOrO B pasnUYHbIX
annaparax, npeacraBsnsieT cobou CroxHyo 3aaavy.

B nutepaType OTCYTCTBYIOT JA@HHbIE MO BAUSAHUIO MexaHoXumMudeckon aktusaumm (MXA) LemeHTHON
cycneHsnm Ha ocobeHHOCTM npoLecca rugpaTauum LLeMeHTa B 3aBUCMMOCTY OT nNapameTpoB akTMBaLUM.
HepocTtaToyHO u3ydeHbl BONPOChkl No BANsHUIO MXA BsXXyLLEro Ha CTPYKTYpY U MOponornio ruapaTtHbIX
HOBOOGpa3oBaHMi. He nsydeHa porib BbICOKOAKTMBHBIX CYNepniiacTMUKaTopoB Ha OTMEYEHHbIE BbllLe
cBoOlWcCTBAa.

B cBS3M C Bbllecka3aHHbIM LieNblo JaHHOW paboThl SABMASIETCS aHanu3 MofyvYeHHbIX OaHHbIX MO
BINUSTHUIO MEXAHOXMMMYECKOW aKTMBaLMKN LEMEHTHOW CYCMNEH3MM Ha TEXHOMNOIMYeckne cBoncTea 6€TOHHOM
CMecuM N (pU3MKO-MEXaHUYECKME CBOWCTBA TSHKENoro GeToHa, a Takke Ha OCODEHHOCTM M CTeneHb
rmgpataumm nopTnaHguemMeHTa. Mcnonb3oBaHbl MeTOoAbl peHTreHodasoBoro U aguddepeHumansHo-
TEPMUYECKOro aHanmsa.

Mamepuarnbi, o6opydosaHue u Memodbl uccrnedo8aHust

B kauecTBe BspKyLLEro ncnonb3oBancsa noptnaHguemeHt LIEM [I/A-LU 32,5H YnbsHoBckoro 3aBoga,
oTBevarowmn TpedoeaHmam [OCT 31108-2003. B cocrtaB nopTiaHALEMEHTA BXOAAT OCHOBHbIE
MuHepansbl: C3S — 54 %, C2S — 20 %, C3A — 11 %, C4AF — 12 %, MvHepanbHas gobaeka onoka — 9,2 %,
npumecu SOz — 2,8 %.

B kadecTBe MEnKoro 3anofHuTensa ncnonb3oBancs necok Kamcko-YcTbMHCKOro MeCTOopOXaeHna C
Mozynem KpynHoctu 2.7, yaoneTteopstowwmin TpeboBaHmam FTOCT 8736-2014.
Uoparumos P.A., [Tumenos C.U. BiausHrue MeXaHOXUMHYECKOW aKTHBALUU HA OCOOCHHOCTH MIPOIECCOB TUIPATAIIUH
uemenTa // MmxeHepHO-cTpouTebHbIH xkypHan. 2016.Ne2(62).C. 3-12.
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B kauecTBe KpynHOro 3anofIHUTENS NMPUMEHSIIICS MPaHUTHbIN LWebeHb YpanbCkoro MeCTOPOXAEHNS
C pasmepoM dpakuui 5...20 mm, yaosneTteopsitowmi TpedbosaHnsm FOCT 8267-93.

B kauectBe moauduumpytowen [obaBkM  MpUMMeEHANcs  HadTanuHdgopmanbaernaHbin
cynepnnactudgukatop Penamuke T-2, npoussogumein no TY 5870-002-14153664-04, B konuyectee 1 %
OT Maccbl LIeMeHTa.

TexHonornyeckme ceonctea 6eToHHON cmecu onpegensanuck B cootseTcTBum ¢ FTOCT 10181-2014.

Ona oakcnepumeHTa onpegeneH TsKenbin  6GeTOH NPOM3BOACTBEHHOrO cocTaBa  Kr/m3
(UemeHT:Mecok:LLlebeHb=490:555:1315) knacca B25.

BopouemeHTHoe oTHoweHue (B/L) nccnepyemsix coctaBoB noadvpanoch U3 yCrioBust OCTUXEHMUS
OAMHAaKOBOW NoaswkHOCTU Mapku M2 B cootBeTcTBUM ¢ TOCT 10181-2014 (O.K. =5...9 cm).

MexaHOXMMUYECKYIO aKTUBALMIO LEMEHTHOW CYCMEH3WM MPOBOAUNN B POTOPHO-NYSbCALMOHHOM
annaparte C 4acToToM BpaweHusa pabodero opraHa 5000 o6/mMuH, Bbinyckaemoro no TY 5132-001-
70447062.

PeHTreHoga3oBbIN aHanu3 nposoauncsa Ha audpakrometpe D2 Phaser (Bpykep, Nepmanus) ans
M3MepeHnn MOPOLUKOBbLIX npenapaTtoB B reomeTpun bpera— bpeHTaHO € uMcnonb3oBaHWEM
MOHOXpoMaTuanpoBaHHoro CuKa-usnyyennst (A=1,54178 A), B peXume LaroBoro CKaHMPOBaHMS.
Pexumbl namepeHun n peructpauun: HanpsbkeHme peHTreHoBckon Tpybku — 30 kV, Tok 30 mA. LWar
ckaHupoBaHua — 0.02 °. CkopocTb — 1 rpag./MuH. [uanasoH yrnoB CKaHMpPOBaHWUS B reomeTpuu
bpera — bpeHTaHo — 3...60 °.

OundbepeHumnansHo-ckaHUpyoWas  KanopuMeTpus  nposBogunace € nomolwbio  npubopa
CYHXPOHHOro TepMmuyeckoro aHanusatopa STA 443 F3 Jupiter (Netzsch, NepmaHusa) ¢ nporpaMMHbIM
obecneyeHnem Netzsch Proteus Thermal Analysis. Npu BbinonHeHun metogom AnddepeHunansHO-
CKaHMpYyoLLLeN kanopmuMmeTpumn npoba obpasua npuHumanacb NocTosaHHon u pasHon 30...50 mr. CkopocTb
noabema temnepaTypbl coctaBuna 10 °C/muH. InanasoH Temnepatyp ot 30 °C go 1000 °C.

pH ueMeHTHOW CcycneH3uun onpeaenanock ¢ nomowbio pH-meTpa testo 206-pH1.

BeToHHas cmecb npurotaBnMBanach criegylowmm obpasom: npegBaputenbHo 50 % pacyeTHoro
KONnM4yecTBa LiEMEHTa NepemMeLLMBanu ¢ BOOOW 3aTBOPEHUsT U MoaudmumpoBaHHom gobaekon Penamumke
T-2, 3aTeM noaseprann MeEXaHOXMMNYECKOW akTUBaL MM B POTOPHO-MNyNbCALUOHHOM annapaTe B Te4eHue
2 MyH. [Nocne vero B NoNyyYeHHyto cycrneH3uo o6aBnsnm OCTaBLUYHCS YaCTb LeMeHTa, KpYMnHbIN U MeNKUi
3anonHUTENn u nepemeluvsanu B 6eToHocmecuTene B TedeHuve 5 MuHyT [28]. 3 BeTOHHbIX cmecen
nsrotasnusanu obpasLbl — Kybbl ¢ pasmepamu 10x10x10 cm.

Mopo3socTorkocTb Tskenoro 6eToHa B Bo3pacte 28 CyTOK HOpMarbHOBNAXHOCTHOrO TBepAeHUs
onpegenanu no [OCT 10060-2012, rapmMOHM3NPOBaHHbIM B cooTBeTcTBMM ¢ EN 12390-9:2006.
lMokaszaTenu NOPOBOW CTPYKTYpbI Tshkernoro 6eToHa onpepensnu B cootBetcTBum ¢ FOCT 12730.4-78.

CynbaToCTOMKOCTb LIEMEHTHbIX KOMMO3ULUIA onpegensnu Ha obpasuax-0amnoykax pasMepom
4x4x16 CM, N3rOTOBMEHHbIX U3 LLIeMEHTHO-NEecYaHoro pacteopa ¢ cooTHoweHuem LlemeHT:MNecok = 1:3.
KoadbduumneHT cynbdartoctorikoctn (Kc) onpegensnu nyTem CpaBHEHMS COCTaBOB, TBEPAEHOLNX B
BOOHOW cpede, C cocTaBamu, TBepgerowmmn B 5 %-m pactBope Na:SO4 B TedeHme 180 cCyToOK, U
AanbHenLwero ucnbelTaHWsa NX Ha cxaTue.

Pe3ynbmamsi u obcyxoeHue

Pesynbtatbl BNuaHns MXA LeMeHTHOW CycneH3uu Ha cBolcTBa 6ETOHHOW cMecu npeacTaBneHbl
Ha pucyHkax 1, 2 n B Tabnuue 1. MNpu 9TOM U3y4anuchb creayoLme CoCTaBbl PAaBHOWM NOABMKHOCTU: COCTaB
1 — koHTponbHbI (B/L = 0.42); 2 — moguduumnpoBaHHbiin fobaskon Penamuke T-2 (B/LL =0.31); 3 -
COCTaB, B KOTOPOM BsIKYLLIEE MOABEPrHYTO MexaHoakTMBauun, 6e3 gobasku (B/L = 0.42); 4 — cocTas, B
KOTOpoM BshkyLlee noaseprHyto MXA, ¢ gobaskon Penamuke T-2 (B/L| = 0.31).

Ha pucyHke 1 npuBegeHbl pesynbTaTbl OMpeAerieHuUs COXPaHAEMOCTU CBOWCTB MOABWKHOCTU
BGeTOHHOM cMecu. MamepeHus NpoBOAMNNCH cpady nocre NpurotoeneHns 6eToHHom cmecu n vyepes 30, 60
1 90 MuH. o aaHHBIM pucyHKa 1 BUAHO, YTO ANsi BCEX COCTaBOB HabMogaeTcs CHMXKEHNE NOABMXKXHOCTU
©eTOHHOM CMecH € TeveHneM BpemeHu. MNoasmxHOCTL 6eToHHOM cmeck Yepes 1.0 Yac ucnbiTaHun nagaeT
0o mapku N1 npumepHO 04MHAKOBO BO BCEX COCTaBax.
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PucyHok 1. U3meHeHMe ocagKu KOHyca ¢ PucyHok 2. BogootneneHue 6eToOHHOM cMmecu
TeyeHuemM BpemMeHu: 1-4 — coctaBbl C Te4eHueM BpeMeHU

6eTOHHOM cMecU

Ha pucyHke 2 npepactaBneHa 3aBUCUMOCTb BOAOOTAEeNEeHUs 6eToHHOW cmecu OT BpeMeHu. [lo
OaHHBIM PUCYHKa 2 BUOHO, YTO HamborblLee KONMYECTBO BblAENMBLLENACS BOAbI 3aMETHO B KOHTPONbHOM
coctaBe Nel m cocrtaBndet 0.33 % oT maccbl 6eToHHOM cmecu. B coctaBe Ne4, nonyyeHHom MXA
BsDKyLLEro, HabnaaeTcs HaMMeHbLLee BOAOOTAeNeHne, koTopoe coctaBnseT 0.03 % oT maccbl 6ETOHHOM
CMEeCHU, YTO MeHbLLEe B 11 pa3 no CpaBHEHUIO KOHTPOIbHbIM cocTaBoM. CrnegoBaTenbHo, MXA BsXyLLEro
3Ha4YMTENbHO CHWXAaeT BOOOOTAENEHNE B BETOHHOM cMecH.

B tabnuue 1 npuBedeHbl HEKOTOpble CBOWMCTBA OETOHHOW CMECU WCCredyemblX COCTaBOB U
KMHETUKa TBEpAEHUS Taxenoro 6eToHa.

Ta6nuua 1. Ceolicmea 6emoHHOL cMecu U KuHemuka meepoeHuUst msikes1020 6emoHa

2 o| Anothocts Mpenen npoyHocT 6eToHa npu
a8 6 BospgyxocoaepxaHue Temnepatypa cxatuu, MlMa: B BospacrTe:
® eT.cmecy, 0 o Hp
5 beT. cmecun, % beT. cmecu, °C
o) Kr/m3
© 1 cyT. 3cyT. 28 cyT.

7,8* 22,57* 41,85*
1 2415 1,26 21,6 11,74

100% 100% 100%

13,26 34,76 55,24
2 2481 0,88 21,8 11,86

170% 154% 132%

15,76 30,02 48,13
3 2444 0,94 22,7 11,65

202% 133% 115%

26,29 53,27 65,70
4 2497 0,64 23,5 11,77

337% 236% 157%

* Haf YepToOW NpuBeaEHO cpeaHee 3HayYeHue nokasatens B MlMa; nog yepTon — OTHOCUTESIbHOE OT
KOHTPONbLHOIo cocraea, B %.

Kak BngHO no gaHHbiM Tabnuubl 1, BBeaeHne gobaeBku B cocTaB GeTOHHOM cmeck (coctaB Ne2)
no3BonseT yBenu4UTb ee MNMOTHOCTb Ha 2.7 %, yMeHbLUTb COAep)KaHuMe BOBMEYEeHHOro BO3gyxa B
B6eToHHOM cmecu Ha 43 %, yBenuUMTb npeaen NpPoYHOCTU MpU CKaTuu Taxenoro 6eToHa B CYyTOYHOM
Bo3pacTte Ha 70 %, B Bo3pacTte 3 cyTok Ha 54 % u B MapoyHOM Bo3pacTe Ha 32 % no cpaBHEHWO C
KOHTPOJIbHBbIM COCTaBOM.

MexaHoakTuBauns Bsxxyliero (coctaB Ne3) no3sonseTr yBenuyuTb NMOTHOCTbL GETOHHOM cMecw,
YMEHbLNTL CoAep)KaHue BOBMeYeHHOro Bo3gyxa Ha 34 %, yBenuuuTb npegen npoYHOCTU Npu Cxatun
Tsbkenoro 6eToHa B CyTOMHOM Bo3pacTte Ha 102 %, B Bo3pacTte 3 cyTok Ha 33 % 1 B Mapo4yHOM Bo3pacTe
Ha 15 % no CpaBHEHMUIO C KOHTPOSIbHbIM COCTaBOM.
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MXA Bspkywiero (coctaB Ned) mpvBOOUT K yBENUYEHUIO MIIOTHOCTU GETOHHOM cmecu Ha 3 %,
CHWKEHMWIO COOEepXaHUs BOBMEYEHHOro Bo3gyxa Ha 97 %, 3HauuTenbHOMY MOBLILEHWIO npegena
NMPOYHOCTU TSXKENoro 6eToHa: B CYyTOMHOM Bo3pacTe Ha 237 %, B Bo3pacTe 3 cyTok Ha 136 % 1 B MapO4HOM
Bo3pacTe Ha 57 % no cpaBHEHUIO C KOHTPOJIbHLIM COCTaBOM.

YBenuyeHne NpoYHOCTU LLeMEHTHbLIX KOMMO3ULMIA NpeacTaBnsaeT Hay4HbIN MHTepec AN n3yvyeHus
OONroBEYHOCTN nccrneayembix cocTaBoB. [ns oueHkn BnusHus MXA Ha AONroBEYHOCTb LEMEHTHbIX
KOMMNO3MLMI onpefeneHa MOPO3OCTOMKOCTb W MoKasaTenu MNOpoBOM CTPYKTYpbl Tskernoro 6eToHa
(tabn. 2), a Takke cynbdaTOCTOMKOCTb LieMeHTHOo-necyaHoro pacteopa (UIP) (trabn. 3). Hymepauwus
cocTaBoB B Tabnuuax 2 u 3 npuseeHa B COOTBETCTBUM C Tabnuvuen 1.

Ta6nuya 2. MoposocmolKocmb U nokasamesiu nopoeoll CMpyKmypbl msixkes020 6emoHa

Boponornatyexue, % .
3 MokasaTenu NopoBON CTPYKTYpPbI

w
< - £

Q - - -
g R | 8. |2 |38 |2 ¢ 5 g
© a =) = EC @ . S a3 =
3 I z 8 = 83 o} ax o X x 5B )
Q &} o o= 3 C 03 o =
o = = & & (S B o ¥ - £Io SE I o = 0
o = = 5 5 Qe | =~ | 8c cop >3 o 6a= 2
P4 [Te) o — < o0 8 § '<_ s x = Q— x o] 8 C o
— o™ N o s = S = o B x S ey
S =} o o = o o 5 [©] a o
) () 2 T L = S = C g s

I o [ O C o c =<

& o 2 o¢g g s
1 2.5 3.2 3.5 4.5 0.34 55.4 14.4 12.7 1.7 2.0 200
2 1.9 2.3 3.0 3.6 0.62 34.2 9.4 7.4 2.0 1.6 300
3 11 1.8 2.6 3.4 0.66 31.8 8.1 5.8 2.3 15 400
4 0.8 15 1.9 3.1 0.72 255 5.8 3.2 2.6 0.8 600

Mo pgaHHbIM Tabnuubl 2 BMAHO, YTo MXA BsXylLlero npyMBoAUT K 3HAYUTENbHOMY MOBLILLIEHUIO
MOPO3OCTOMKOCTN Tsxernoro 6etoHa (oo Mapku F600), 4to obycnaenmBaeTcsl MOHMXEHWEM obLien
nopucTocTn Ha 39 %, CHWXEHNEM KanunmsipHou NopmcTtocTu Ha 74.8 % 1 NoBbILLIEHNEM OONN 3aKPbITbIX
nop Ha 53 %. Mpn aTOM MOPO30OCTOMKOCTb cocTaBa Ne3 nosbiwaeTca Ha 200 UMKIIOB MO CPaBHEHUIO C
KOHTPOJTbHBIM COCTaBOM.

Ta6bnuuya 3. Ucnbimarue LIP Ha cynbghamocmolikocmb

CpegaHsis MpoyHocTb Npu n3rmbe, MlMa [poyHoCTb Npu cxatuun, MlMa
Howmep
cocTaga NNOTHOCTb B/U Ke
NP, kr/imd B Bone B5% B Bone B5%
A pacteope CH A pacTteope CH
1 2343 0.50 7.03 4.78 52.2 355 0.68
2 2365 0.355 8.05 6.92 66.8 57.5 0.86
3 2374 0.50 7.44 6.70 67.2 60.5 0.90
4 2389 0.355 8.73 8.29 71.2 67.6 0.95

V3 npeacraBneHHbIx B Tabnuvue 3 gaHHbIX BUAHO, YTo MXA BsKyLLero cnocobCcTByeT NOBbILLEHWIO
KoadppumumeHTa CynbaTOCTOMKOCTM LEMEHTHOro pactBopa Ha 6...39 % U, cnegoBaTenbHO, K
NOBbILLEHNIO CTOMKOCTU B KOPPO3NOHHO-aKTUBHbIX Cpeaax.

Ibragimov R.A., Pimenov S.1. Vliyanie mehanohimicheskoy aktivacii na osobennosty processov gidratacii cementa
[Influence of mechanochemical activation on fieatures in the of hydration of cementjagazine of Civil
Engineering. 2016. No. 2. Pp. 3-12. doi: 10.5862/MCE.62.1



W H:keHepHO-CTPOUTENbHBII KypHad, Ne2, 2016 MATEPUANbI

[na onpepeneHnst xapaktepa rugpaTtHbiX HOBOODOpa3oBaHUM MNPOBEAEHbl PEHTreHO(a3oBbIN
aHanm3 (PPA) n guddepeHumanbHo-ckaHupytowasa kanopumetpus (LCK) vccnegyembix obpasuoB B
Bo3pacTte 1 n 28 cyTok HopManbHOBMNAXXHOCTHOIO TBepAeHMs. Pe3ynbTaTbl UCCNegoBaHUN NpeacTaBreHbl
Ha puUCyHkKax 3-6.
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PucyHok 3. KpuBble PO®A 06pa3uoB LLeMEHTHOro KaMHA B CyTOMHOM Bo3pacTe. Hymepauus
COCTaBOB
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B cootBeTcTBMM € Tabnuuen 1. YcnoBHble 0603HaveHus: - SiOz; Y. CasAl2(S04)3(0OH)12*26H20; *
- CazSiO4 a-CazSiOs; - CaszSiOs; - Ca(OH)z; " Caz(Al, Fe*®)20s; * CaxS04*2H20

PucyHok 4. KpuBbie POA 06pasLoB LLleMEHTHOro KaMHA B Bo3pacTte 28 cyTok. Hymepauus
COCTaBOB B COOTBETCTBUM C Tabnuuen 1

Mo  paHHbIM  pucyHka 3 BMAHO, 4YTO  Haubornbluee  KONMWYECTBO  STTPUHIMTA
(CasAl2(S04)3(0OH)12*26H20) obpasyeTcs B cocTaBe Ne4, a HaumeHbllee — B cocTaBe Nel. M3aBecTHoO, YTo
B HacbllweHHoM pacTBope Ca(OH)2 aTTpUHMUT cHavana BblAensieTcs B KOMMOWAHOM TOHKOOUCMNEPCHOM
COCTOSIHWUM, ocaxadasicb Ha noBepxHocTu YacTuy 3Ca0-Al20s3, 3ameanseT Ux rmgpartauuio u npognesaet
CPOKM CXBaTbiBaHUsi LemeHTa [29]. OTo NOATBEpXOatT IKCMEPUMMEHTbI MO OMpedeneHuto CPOKOB
CXBaTbIBaHUSI LEeMeHTHOro Tecta: B coctaBe Nel HabniopaeTcs 3amMeqneHWe CPOKOB CXBaTbiBaHMS MO
cpaBHeHuto ¢ coctaBoM Ne4 [30].

HanmeHblLee cogep)kaHne UCXOAHbIX MUHepanoB knnHkepa CazSiO4 a-Caz2SiO4 n CasSiOs (anuTa
n 6enuta) 1 HaubornbLUee KONMMYEeCTBO rmgpocunmkaToB kanbums (CSH), ceungetenscrByowme o 6onee
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MOMHOW rmapatauum LemeHTa, HabniogaTca B coctaBe Ned, 4yto n noaTBepxaaeTca Gonee BbICOKOW
MPOYHOCTLIO Ha CXXaTue uccneayemoro 6eToHa.

B coctaBe Nel u B coctaBe Ne2 Habniwogaetca npuMepHO OOMHAKOBOE KONUYECTBO WUCXOAHbIX
MUHEparoB KIMHKepa, YTO CBUOETENbCTBYET O TOM, YTO rMapatauus LemMeHTa He 3amennsercs B
npucyTtcTBun gobaskn Penamumke T-2.

MoBbllWeHWe cogepxaHusa rmagpokeuaa kanbums (Ca(OH)z2), asnsowerocs npoaykToM ruaponusa
KIMUHKEPHBIX MWHEPAIOB, B COCTaBe TBEPAELEro KaMHs CBMAETENbLCTBYET 06 yCKOpeHun ruagpartaumu
uemeHTa. Hambonblee copepxaHue Ca(OH)z2 apko BbipaxeHo B cocTtaBe Ned. KonmyectBeHHbIM
aHanunsoMm nonyyeHo, 4To copgepxaHme Ca(OH)z B coctaBe Ned 6onblue Ha 12 %, Yyem B coctase Nel, u
B 2.8 pa3a — 4em B cocTtaBe Ne2,

Ha 28-e cytku rugpataumm uccnegyemblx COCTaBOB HabnogaeTca yBenuvyeHwe cofepXaHus
rmgpokcunaa kanoumsa (Ca(OH)z2), npn aToM HaMborbllee KONMMYECTBO rMApoKCcHaa KanbLmsa HabnogaeTcs
B cocTaBe N2, a HaumeHbLLee — B cocTaBe Nel.

B coctaBe Ne2 yBennumBaeTcsa cogepXaHue STTPUHINTA, YTO obycnaBnvBaeTCs COAepKaHUEM B
coctaBe pgobaBkm Penamukc-T2 cynbdata HaTpus, Begyllero k obpasoBaHMO OBYBOAHOrO runca
(CazS04*2H20) npu rmgpataumm ¢ rMapoKCMAOM KanbLms. Takke Hanbonbliee yMeHbLUEeHNE NCXOLHbIX
KNMHKEpHbIX a3 Habnopaetcsa B coctaBe Ned: copepxaHue CasSiOs ymeHbluaeTcs B 1.66 pasa,
copepxaHme CazxSiOs a-CaxSiOs4 — B 1.47 pasa, YTo cBuaeTenscTByeT o 6Gonee nonHow ruapartauuu
nopTnaHauemMeHTa.

Ha pucyHkax 5—6 nsobparkeHbl KpuBble AnddepeHumnanbHO-CKaHNPYOLLLEN KanopuMeTpun. [epBbii
aHgoTepmuydeckmn adpdekt Habnwogaetca npu TemnepaTtype 100...105°C u cBaA3aH C ydaneHuem
cBobOOHOM BOAbI, HaxoAdwencs B nopax w kanunnapax. Btoponm sHooTepmuyeckuin adpdext
HabnogaeTca npu Temnepatype 450...460 °C n cBsA3aH ¢ pasnoxeHnem rugpokcunga kanbumus (Ca(OH)2),
npu aToM HaubonbLuasa BenMunHa nuka HabnogaeTcs B coctaBe Ne4, nonydyeHHom MXA BsxyLlero, 4to
cBuaeTenbcTByeT o bonee BbicokoM coaepxaHum (Ca(OH)2) B coctaBe MpPOAYKTOB rugpatauun. 370
NoATBEPXAAT [AaHHble, MOMy4YEeHHble MNPU PeHTreHoa3oBOM aHanuse. TpeTurh 3JHOO0TEePMUYECKUI
acpbekT cBA3aH C pasnoxeHnem kapboHaTa kanbumsa (CaCOs) wu  Habnwogaetca  npwu
TemnepaTtype 650...670 °C. B cooTBeTCTBMM C MNONydYeHHbIMU AaHHbIMU copepxaHme CaCOsz nocne
1-x cyTOK rmapaTtauum Hes3HauuTenbHO 1 konebnetcs B npegenax 1...3 % ot obwen macckl HaBeckn. Ha
28-e cyTkM rmgpartaumm Haubonbliee konudectBo CaCOs HabniogaeTcsas B KOHTPOSNIbHOM COCTaBe,
HavMeHbLlee — B cocTaBe Ned (Ha 26% meHbLue, YeM B cocTaBe Nel). YBenuueHne cogepxaHunsa CaCO3
cBMOeTenbCTBYeT O KapbOHM3auuW LEMEHTHOTO KaMHs, 4YTO SBMSEeTCS HeraTMBHbIM SBMAEHUEM Ans
CO3[aHMsa KOMMO3UTOB MOBbIWEHHON gonrosedHocTn [31]. Mo paHHeiM [OCK cTeneHb ruapartaumm
LuemMeHTHoro kamHs coctasa Nel ysenuumsaetcs ¢ 12.35 % go 15.9 %; coctaBa Ne2 — ¢ 8.7 % o 21.9 %;
coctaBa Ned — ¢ 16.27 % po 26.9 %. Npn 3TOM cTeneHb ruapataumm LuemeHTa coctasa Ned Bo Bce Cpoku
TBepAeHus Bbllle, YeM B ApYrux cocrtasax, UTo obycnasnusaeT 6onee BbiCOKME (PU3MKO-MEeXxaHUYeckue
XapakTepUCTUKN NOyYyaeMblX LLIeMEHTHbIX KOMMNO3UTOB.

100 200 300 700 800 800
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PucyHok 5. Kpubie [1ICK o6pasuoB B nepBbie CyTKM TBepaeHus. Hymepauus coctaBoB B
COOTBETCTBUM C Tabnuuen 1
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PucyHok 6. Kpusbie [1ICK o6pa3uoB B Bo3pacTte 28 cyTok. Hymepauus coctaBoB B COOTBETCTBUU C
Tabnuuen 1

Bbi800hbI

1. MXA BSXyWEro 3HauYMTENbHO BNUSIET Ha TEXHONOrMYeckue CBOWCTBA OETOHHOW CMecwu:
yMeHbllaeTca BogooTaeneHve (B 11 pas) u Bo3gyxocogepkaHue OGeToHHowm cmecu (Ha 97 %) no
CPaBHEHWNIO C KOHTPOJTIbHBIM COCTaBOM, YBENUYMBAETCS MIOTHOCTL (Ha 3 %).

2. MXA BsiXXyLlero npMBoauT K pe3koMy POCTY MPOYHOCTU Tsxkenoro 6eToHa, 0COBEHHO B NepBble
cyTkn TBepaeHust (Ha 237 %); MOpPO30OCTOMKOCTb Tshkenoro 6eToHa yBenuumMeaeTcs B 3 pasa (40 Mapku
F600), 4TOo 0OYyCcnoBrneHo MNOHWKeHMEM obuiern nopuctocTn Ha 39 %, CHWKEHWEM KanunnsapHOW
NOpUCTOCTM Ha 74.8 % 1 NOBbILLEHMEM A0MNN 3aKpbITbIX Nop Ha 53 %. KoadpdumumeHT cynbhaToCTONKOCTH
LIMNP yesennuuBaetca B 1.4 pasa, 4TO CBMOETENbLCTBYET O MNOBbILEHUN OONTOBEYHOCTU COCTaBOB,
nonyyeHHbIX Npu MXA BsxyLero.

3. Bricokne TeMnbl TBEpAEHMS LLEMEHTHOIO KAMHS B NMepBble CYyTKkM TBepaeHus npyu MXA BsxyLlero
06ycnaBnuBalOTCA  MOBbLIWEHHBIM  COAEPXAHMEM  STTPUHIUTA,  HaubonblWMM  CoaepXaHWEM
rMAPOCUIMKATOB KanbLMs U HaMMEHbLUMM COAEPXXaHUEM UCXOOHBIX MUHeparnoB knuHkepa. Mpu atom B
cocTtaBe Ne4 Habnogaetcsa Hanbonbluee cogepxaHne Ca(OH)2. Tak, B coctaBe Ned ero 6onblue Ha 12 %
no cpaBHeHuto ¢ coctaBom Nel, n B 2.8 pasa no cpaBHeHMUIO C cocTaBom Ne2,

4., Ha 28-e cyTkm TBepaeHuss Haubornbluee YMEHbLUEHME WCXOOHbIX KIMHKEPHbIX a3
noptnaHauemeHTa Habnwgaetca B coctaBe Ned: cogepkaHve CasSiOs ymeHbllaetca B 1.66 pasa,
copgepxaHme CazSiOs a-CazSiOs — B 1.47 pasa, 4To CBMAETENLCTBYET O ero 6onee NonHowm rmgpatauum.
Mpn aTom cTeneHb rvapaTauuu uemeHTa Hanbonbllas B cocTaBe, nonyvyeHHoMm npu MXA Bsxyliero, u
yBenuuneaetcs ¢ 16.27 % B nepsble CYyTKM TBepAeHUsa o0 26.9 % Ha 28-e cyTku TBepaAeHUs.

5. MonyyeHne LEMEHTHbIX KOMMNO3ULMI C BbICOKUMU (PU3NKO-MEXAHMYECKUMU MoKasaTensaMu npu
CHWXKEHHbIX 3HEPro- N pecypco3aTpaTtax SABMseTCs akTyarnbHOW 3a4avel B CTPOMTENBHOM NPOU3BOACTBE,
0COBGEHHO MpU COoKpaLleHNM BPEMEHM BbiAEPXKN BeToHa B onanybke, CokpalleHn1 unm BoBce oTkasa oT
TBO, ymeHblleHMM pacxoga nopTnaHaueMeHTa B OETOHHOM CMecu Mpu MOSyYEHUN PaBHOMPOYHbIX
0eToHOB.
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JKcrnepuMeHTanbHO-CTaTUCTUYECKME MOAENN CBONCTB
MOANULMPOBAHHbBIX AUCNEPCHO-apMUPOBaHHbIX
MENKO3EePHUCTLIX BETOHOB

Experimental-statistical models of properties of modified fiber-
reinforced fine-grained concretes

A-p mexH. Hayk, npogheccop T.A. Hu3uHa, T.A. Nizina,
acnupaHm A.C. Banbikos, A.S. Balykov,
Ogarev Mordovia State University, Saransk,

Mopdosckuli eocydapcmeeHHsbili yHugepcumem

. Russia
um. H.I. Ozapésa, 2. CapaHck, Poccusi
KnrouyeBble crioBa: sKkcnepumMeHTanbHo- Key words: experimental-statistical models;
cTaTMCTMYeCKne Moaenu; moanduumpyouime modifying additives; dispersible fibers; fiber-
[obaBku; gucrnepcHble BOSIOKHA; OUCNEePCHO- reinforced fine-grained concrete; physico-

apMMpPOBaHHbIN MENKO3EePHUCTbIN O6eToH; mnsnko- mechanical characteristics
MeXaHU4ecKme xapakTepucTUKn

AHHoTauusa. [lpuBedeHbl pesynbTaTbl MCCNefoBaHUs (PU3MKO-MEXAHWYECKUX XapaKTepuUCTUK
ONCMEPCHO-apMUPOBAHHbIX MENKO3EPHUCTbIX OETOHOB C MONMUMYHKLUUOHANBHBIMU MOANMULMPYIOLLUMU
gobaBkamu. UsnoxeHa meToOuKa MNOCTPOEHWUS]  SKCMEPMMEHTaNbHO-CTAaTUCTMYECKMX  MoAeren
«Moanduumpyouime 0obaBku, ANCNEPCHbIE BOMOKHA — CBOWCTBO» [Afs UCCNeaoBaHWUsS MIIOTHOCTU B
HOpManbHbIX BMAXHOCTHbIX YCMNOBUAX, Npedena NpoYHOCTU MpU CXKaTUU U Ha pacTshikeHue npu mnsrmbe
LeMEeHTHbIX KOMNo3uToB. [paduyeckoe oTobpaxeHue MpUMeHSeMOon MOMMHOMWANbHON CUCTEMbI AN
KaXxOoW XapaKTepuCTMKN NpeacTaBnano cobon BTOPUYHYIO MoAenb 13 7 TpeyronbHbiX Anarpamm Mmbbca
— Poseboma, NoCcTpoeHHbIX ¢ npuMeHeHneM nporpammbl Statistica 10.0.1011 n pukcmpyeMbix B 7 TOYKax
Hecylwero TpeyrofibHuKa C MU30MMHUMAMM  MakCMMYMOB  UCCriedyemblx CcBOWCTB. [lo uToram
9KCMEepMMEHTAaNbHOrO UCCrefoBaHUsa BblIOpaHbl ONTUManbHble KOMMMEKChl A00aBOK M ANCMEPCHbIX
BOJOKOH C LIefbio NOBLILEHWS UccneayeMblX XapakTepUCTUK LLIEMEHTHbLIX KOMMNO3UTOB.

Abstract. The given papers present the results of the investigation of physico-mechanical
characteristics of fiber-reinforced fine-grained concretes with polyfunctional modifying additives. The
methodology of the construction of experimental-statistical models «modifying additives, dispersible fibers
— property» to study density at normal humidity conditions, the limit of compressive strength and the limit
of tensile strength in bending cement composites is stated . The graphic reflection of the applied polynomial
system for every description was a secondary model from seven triangular Gibbs-Roseboom’s diagrams
built with the use of the program Statistica 10.0.1011 and fixed at seven points of a bearing triangle with
the isolines of maximums of the investigated properties. According to the results of our experimental study,
the most optimal complexes additives and dispersed fibers to increase the investigated characteristics of
cement composites have been selected.

BeedeHue

CospaHue B cepeanHe XIX Beka ueMeHTHOro 6eToHa Jano TOMYOK CTPEMUTENbHOMY Pa3BUTUIO
CTPOUTENBLHOM OTpacnu, 4YTo OOYCMNOBMEHO MHOrOrpaHHOCTLIO €ro NPUMEHEHUsS Kak CTPOUTENbHOro
MaTepmnana. 3a nocnegHve 60 neT LeMeHTHble 6eTOHbl OBLLEeCTPOUTENBHOrO Ha3Ha4YeHWs MnpoLUnv
HECKOMNbKO 3TanoB CBOEro pasBUTUHA, HauMHas OT MarOKOMMOHEHTHOM peuenTypbl (LEeMEHT, MeCOK,
webeHb, Boga) c pfobaBneHnem nnacTudgukaTopa: CynbPUTHO-OPONCKEBOW Opaxku, CyrnbUTHO-
cnvpToBo Gapapbl, NnurHocynbdatoB; MO3gHee CcTanu  npumeHaTbest  6Gonee  abdeKTUBHbIE
nnactudukaTopbl — cynepnaacTugukaTopbl NEpPBOro MOKOMEHUs Ha HadpTanuMHOBOW U MenamMUHOBOWN
ocHoBax. 3aTem peuenTypa yCroXHuWnacb 00 6—7 1 Gonee KOMMOHEHTHOM C BBeOEHWEM Cynep- U
rMnepnnactTudrkaTtopoB BTOPOro NOKONEHNs Ha kapboKCMMaTHOM OCHOBE M OUCMEPCHbIX HanoNMHUTENen:
NyLULONaHNYEeCKOro MWKPOKPEMHE3eMa, KUCIOW 30fbl, MWKPOKBapLa, KameHHoW Myku (6asanbToBOW,
rpaHuTHOM n gp.) [1-7].

Nizina T.A., Balukov A.S. Eksperimentalno-statisticheskie modeli svoystv modificirovannyh dispersno-
armirovannyh melkozernistyh betonov [Experimental-statistical models of properties of modified fiber-reinforced
fine-grained concretesiagazine of Civil Engineering. 2016. No. 2. Pp. 13-25. doi: 10.5862/MCE.62.2
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YBenuueHue 4yucrna KOMMOHEHTOB M, COOTBETCTBEHHO, POCT OGLLEro KonuM4ecTBa peLenTypHo-
TEXHOMOMMYECKMX (PaKTOPOB LIEMEHTHbIX KOMMO3ULMIA MPUBOAUT K BO3HUKHOBEHMWIO TAKOTO MOHATUS Kak
«MPOKNATME pasMepHocTu» [8]. [ns ero npeoaorneHnst JOSMKHO BbiTb NPOBEAEHO 3HAYMTESIbHOE YUCHIO
nccnenoBaHUn U3NKO-MeXaHUYeCKUX, IKCMIyaTaUMOHHBbIX U TEXHOMOrMYecKUX CBOWMCTB MaTepuana
(yunTblBas M 3KOHOMUYECKYIO COCTaBMAIOLLYIO NpoLiecca), NpMYeM KoopauHaThbl ONTMMYMOB UCCIeayeMblX
XapaKTePUCTUK Ka4ecTBa CUCTEMbI YacTo He coBnagatoT. PelleHmne Takmx CNoXHbIX MHOFOKpUTEPUarbHbIX
3a7a4 BO3MOXHO TOJbKO MPU KOMMNIEKCHOW peanu3auuny paumoHanbHbIX (MU3NYECKUX U BbIYUCTIMTENbHbIX
3KCMEPUMEHTOB, NPUMEHEHUN NHAPOPMATMBHBIX U CoAaepXaTerbHbIX KCNepUMEHTaNbHO-CTaTUCTUYECKUX
mogenen, No3BonaALWMUX NPUHUMATL KOMMNPOMUCCHbBIE PELLEHNS NPY UX ONTUMMU3aLNN.

JlumepamypHbIU 0630p

AKTMBaLusa 6€TOHOB pa3nMYHOro poga mogmMdukaTtopamMmm 3a cHeT TOHKOAUCMEPCHbIX HAaMoNHUTENen
LUMPOKO UCrnorb3oBanach eLé B NONUCTPYKTYpHOU Teopuu, paspaboTtaHHon B.N. ConomaTtoBbiM U €ro
wkonon (1985-2000 rr.), koTopasd npepycmatpuBana 3ameHy Ao 20...50 % nopTtrnaHguemeHTa
MUHepanbHbIMU HanonHUTENAMM ANd 9KOHOMUM ero B cocTaBax GeToHoB [9-11]. Ho uenbio aaHHOM
MoauduKauum  ABMANOCb He  KapAuHanbHOE  W3MEHEHWEe peonormm  OBEeTOHHLIX CMecen ¢
cynepnnactudukaTtopamu, a CHUXEHME pacxoja LieMeHTa.

B HacTosllee Bpemsa cyulectByeT OOLLIMPHAA HOMeHKnaTypa MOAMUKATOpPOB; MHOIME U3 HUX
SABNAIOTCA cneundunyHbIMK, TO eCTb OKa3biBalOT M30MpaTenbHOe BO3AENCTBME HA OOHU XapaKTepPUCTUKN
0eToHa, mMano unu BoobLle He M3MeHsia gpyrve. [osToMy akTyasribHbIM HamnpaBfeHMeM B MOSTyYeHUn
BbICOKOKQYECTBEHHbIX LIEMEHTHbLIX KOMMO3WUTOB, WMeEHLMX Ooree LWNPOKUIA CNeKTp MNPUMEHEHNS,
SIBNSAETCA WCMNONb30BaHNE KOMIMIIEKCHBIX MOAMGMKATOPOB, COCTOSALUMX U3 UHOAMBMAYyaIbHbIX 006aBOK
pasnuYHoro OYHKUMOHAIbHOrO HasHayeHusa. [MonNngyHKUMOHANBbHOCTb M MHOTFOKOMMOHEHTHOCTb
NPUMEHSIEMbIX MOAMPUKATOPOB NO3BONSET A(PPEKTUBHO yNpaBnaTh NpoLieccamMm CTPYKTypoobpasoBaHns
Ha pasnuyHbIX 3Tanax NpUroToBneHnss 6eToHa 1 Nony4yaTb KOMMNO3UTbI C BLICOKMMU SKCMyaTalNOHHbIMU
cBonctBamu. Takum obpasom, TexHonormvyeckme cBonCTBa OGETOHHOW CMecu W SKCnryaTalMOHHble
cBoNCTBa 3aTBepaesLlUero 6etoHa obecneumBaloTCa BbICOKUMU DYHKLMOHAMNBbHLIMU CBOMCTBAMMU CaMmX
KOMMNOHEHTOB U X KOMBUHauuen [1, 12].

CoOBpEMEHHbIE  BbICOKOKAYeCTBEHHblIE OETOHbl O0BLEAUHAIOT  LUMPOKUIA CNEKTP KOMMO3UTOB
pasnMYHOro (YHKUMOHANbBHOTO HasHaveHus. Cpeanm HUX MOXHO BblAENUTb BbICOKOMPOYHbIE U
yNbTpPaBbICOKONPOYHble OGeToHbl [13-16], camoynnoTHawwmecsa 6etoHbl (SVB, SCC) [17, 18],
camoHuBenupytowmecs (SLS), BbICOKOKOPPO3UOHHOCTOMKME 6eToHbl [19], peakuMOHHO-MOPOLUKOBbIE
OEeTOoHbI, B TOM YMCNEe U AMCnepcHo-apMupoBaHHble 6eToHbl (Reaktionspulver beton — RPB unu Reactive
Powder Concrete — RPC) [20-22]. [OdaHHble Bugbl ©0eTOHOB 06ragalT ynydleHHbIMU  (U3UKO-
MEeXaHWYECKMMMN XapaKTepucTnkamu, B YaCTHOCTM BbICOKOW MPOYHOCTBIO MPU CXKaTUM U Ha pacTsKeHue
npu nsrnbe, TPELLUMHOCTOMKOCTbIO, KOPPO3NOHHON CTOMKOCTLIO U T.4.

Bason onsa cosgaHnsa M COBEPLUEHCTBOBAHUSA BbICOKOKAYECTBEHHbLIX NOPOLUKOBLIX BETOHOB cTanu
nccneposanus LW.T. Babaesa, A.A. Komapa [23], FO.M. baxeHosa [1, 2, 24], B.I'. baTpakoBa [25] n opyrnx
yyYeHbIX, a Takke cosgaHume B Poccum KOMMO3ULMOHHBIX BSXYLLMX HWU3KOWM BogonoTtpebHocTtn (BHB).
BonbLlon BkNaa B pasBuTME NOPOLLKOBO-aKTUBUPOBAHHLIX BETOHOB HOBOrO MOKOMIEHMS HA LEMEHTHbLIX U
MUHeparnbHO-LLMAKoBbIX (reOCUHTETUYECKMX) BSXKYLMX BHeC B./. KanalwHWKoB 1 ero Hay4Has wkona [3—
7, 26—28]. m GbINO NpeanoXeHo oueHnBaTb 3O HEKTUBHOCTb NPUMEHEHNST BETOHOB HOBOTO MOKOJNEHUS
He No nokasaTenio MPOYHOCTU, a NO YAENbHOMY Pacxo4y LieMeHTa Ha eAnHMLY MPOYHOCTH (Npu cxaTum,
pacTsXeHWn 1 T.4.), KOTOpbIA CHU3WMCA NO CpaBHEHWI0 ¢ 6eToHamMu CTaporo MoKoneHws AN npegena
npoyHocTn nNpu cxatum ¢ 10...14 kr/MIMNa go 2,5...5 kr/Mrla.

MHOroumcrneHHble MCCneaoBaHWs MOKa3bIBaKOT, YTO MOMYYEHUKO BbICOKOKAYeCTBEHHbIX GEeTOHOB
cnocobcTBOBanM PeBOSIIOLUOHHbLIV Nporpecc B obnactu nnactnuumpoBaHns 6E€TOHHbIX U PacTBOPHbLIX
CMecel B BUAe Co3faHusi cynepnnactudukaTopoB 1 runepnnactudumkaTopoB Ha nonukapbokcunaTHOW,
nonvakpunaTHOM W nonurnukonueson ocHose [17, 18], a Takke nosiBneHve 6onee aKkTUBHbIX
nyuLonaHu4ecknx 4ob6aBoK C BbICOKMM coAepXaHMeM HaHo4YacTuL, BEPXHEro HAHOMETPUYECKOTO YPOBHS
(100..300 HM): MUKPOKPEMHE3EMOB, AerMapaTMpoBaHHbIX KAONMHOB U BbICOKOAMCMEPCHLIX 3011 [17, 20]. B
pesynbTarte 9TOro0 MOSABMIAacb BO3MOXHOCTb MOMyyYaTb CBEPXTEKyYMe LEeMEHTHO-MUHeparbHble
ancnepcHble cuctemsl [1].

Kpome BbICOKOAKTMBHBIX MyLLIONAaHUYecknx [o6GaBok B TexHosiormn 6eToHoB Bcé 6Gonbluee
pacrnpocTpaHeHue 1 NPUMeHeHKe B HaLlel CTpaHe nony4atT MoandrKaTopbl IMAPOV30SISLMOHHOIO TUNa,
B 4acTHOCTM cucTema wmartepuanoB «[1eHeTPOH» OAHOMMEHHOrO 3aBoda MAPOU3OMSALMOHHBIX

Humsuna T.A., bamsikoB A.C. DOKCIEepUMEHTaJIbHO-CTATUCTUYECKHE MOJEIH CBOWCTB MOJM(UIIMPOBAHHBIX
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mMaTepwuanos (r. EkatepuHbypr), B TOM uncrie n gobaska B 6€TOHHY0 cMech «[leHeTpoH AOMUKC», AaroLlast
BO3MOXHOCTb MOBBLICUTb MPOYHOCTb, BOAOHEMNPOHMLAEMOCTb U MOPO30CTOMKOCTb BETOHA, CTOMKOCTb K
BO34ENCTBUIO arpecCcuBHbLIX XMMUYECKMX M Buonornmyeckux cped. «leHeTpoH AQMuMKC» AencTByeT Ha
OCHOBE Tpex TMpWHUMMNOB: peakuMn B TBEPOOM COCTOSIHUKM, OPOYHOBCKOTO [ABWXEHWS W  CuUIbl
MOBEPXHOCTHOIO HaTsBKEHMSA XuakocTeh. PesynbtatoM npumeHeHWs pfAaHHoW [obaBku siBnsieTcs
3arnonHeHne nop, KanumnispoB U MUKPOTPELLMH LEMEHTHbIX KOMMNO3UTOB HEPaCTBOPUMbIMU XUMUYECKHN
CTOMKMMM KpucTannamu [29].

Taknm obpasom, cTpemuTenbHble TeMnbl POCTa BbiMycka BbICOKOKAYeCTBEHHbIX 6ETOHOB B
HacTosLlee BpeMsa CTaHOBATCS OObEKTUBHOM peanbHOCTbI0, 06YCNOBNEHHON 3HAYMTENbHOW 3KOHOMUEN
MaTepuarnbHbIX U 3HepreTudeckmx pecypcoB. OgHaKo MCMNONb30BaHNIO Takux GETOHOB COMYTCTBYET pPsf
TPYAHOCTEN U PUCKOB, K KOTOPbIM MOXHO OTHECTMU:

- HEJOCTaTOYHYIO MPOYHOCTb MESKO3EPHUCTLIX GETOHOB Ha pacTsKeHue npu usrnée (PocT AaHHOW
XapaKTEePUCTUKM OTCTAET OT pOCTa NPOYHOCTU NpK CXKaTuK);

- HE4OCTaTOYHYIO TPELLMHOCTOMKOCTE BbICOKOMPOYHLIX GETOHOB;

- MOBbILIEHHbIN pacxon uemMeHTa npu U3rotoBfieHUN BbICOKOMPOYHbIX 0OeTOHOB, I'IpVIBO,D,FILIJ.VIVI K
NOBbILWEHNK YCadOo4YHbIX ,qeq)opmau,wﬁ N BHYTPEHHUX Hal'lpﬂ)KeHI/Iﬁ, HaKonneHuo MI/IKpOD,e(*)eKTOB,
yBENMYMBAKLWKMX ONMACHOCTb XPYNKOro paspyweHusa KOHCprKLI,I/II7I.

Ona ycTpaHeHUs nepeyYUCrneHHbIX Bbllle HeOOCTaTKOB LenecoobpasHo  UCNoNb3oBaHUe
OMCnepcHoro apmMupoBaHusi 6eToHoB OMOPON pasHbIX TUMOB, YTO MNO3BOMNSAET MOMYYUTb LIEMEHTHbIE
KOMMNo3uTbl, obnagaroline BA3KUM Xxapaktepom paspywenus [1, 30, 31]. bonbwoe BnuaHve Ha
3(pPeKTUBHOCTL ANCNEPCHOIO apMUPOBAaHUA OKa3biBaeT MPOYHOCTb KOHTAKTHOW 30HbI LLEMEHTHOro KaMHS
W BOMNOKHA;, MpuM 3TOM OTpuUaTENbHbIM (AKTOPOM CIYXWUT HanuumMe KpynHOro 3anonHuTens,
NPensiTCTBYIOLLEro pPaBHOMEPHOMY pacnpedeneHuio BOJNIOKOH B MaTtpuue ©OeToHa U co3daHuio
NPOCTPaHCTBEHHOIO KapKaca AMCnepcHon apmatypbl. Tak, Hanpumep, B pabdoTtax HO.M. baxeHosa [1, 2]
onpegeneHa cnocobHoCcTb pmbpbl caoepXmnBaTh Pa3BUTUE BONOCSAHbBIX TPELUMH MPU pacCTOSHUU MeXay
OTOENbHBIMY apMUPYIOLLMMK BOSIOkHaMu He 6onee 10...12 MM (MakcumanbHasi KpynmHOCTb 3arnofHuUTenNs,
KOTOpPYIO He cnefyeT npesbiwaTth). MenkosepHucTas CTpyKTypa LeMEHTHbIX KOMNO3UTOB obnagaeT psaaom
OOCTOUHCTB, Cpeaun KOTOPbIX MOXHO BblAENUTb BO3MOXHOCTb CO3[4aHNUsA TOHKOAMCMNEPCHOW OAHOPOLHON
BbICOKOKQYECTBEHHOW CTPYKTYpbl 0e3 BKMIOYEHUIN 3epeH KPYMHOro 3anofHUTensi, MMEeLMX WHOe
CTPOEHUE MO OTHOLUEHWI0 K LEeMEHTHO-NecyaHoW MaTtpuue; BbICOKYKD TUKCOTPOMMUIO U CMOCOBHOCTb K
TpaHchopmaumm GEeTOHHOW CMecH; BO3MOXHOCTb (POPMMPOBAHUS KOHCTPYKUMA U U3Oenui MeTOAOoM
NNTBS, SKCTPY3MKU, NPECCOBaHWS, LUTaMnoBaHus, Habpblidra n ap. [1].

B 6eToHax NpuCYTCTBYIOT TPELUMHbI Pa3fIMYHbIX MacLITabHbIX YPOBHEN — OT CyOMUKPO- (YPOBEHb
CTPYKTYPbl LIEMEHTHOTO KaMHsl) 4O MakpoMacLITabHOro ypoBHS (YPOBEHb CTPYKTYPbl KOHrMOMEPATHOrO
TMna — GEeTOH C KpPYNHbIM 3anonHuTenem). B paboTe [32] nokasaHo, YTO NpoLEece paspyLleHns CTPYKTYpbI
LEMEHTHOrO KOMMOo3WTa nog AeNCTBMEM CUIMOBbLIX (DAKTOPOB 3apoXdaeTcsl Ha MUKPOYPOBHE Kak
rnioKanbHbIA aKT NPOABWMKEHMSI NEPBUYHON MUKPOTPELLMHBLI A0 TOYKM Gudypkauum, KoTopasi siBnseTtcs
[edeKTOM CTPYKTYpbl B BUAE 3€pHA HamoMHUTENS WUNKU MOpbl, NPU 3TOM B YCTbe TPELLMHbI MPOUCXOAUT
cbpoc KpUTUYECKON MIOTHOCTM 3Hepruun. Takum obpasoM, npouecc pa3pylleHus obpasua cknagblBaeTcs
N3 NoOKanbHbIX aKTOB pa3pylleHUss Ha MMKpOMacliTabHOM YpOBHE M MMEET OUCKPETHbIA Xapaktep, a
LenecoobpasHOCTb MPUMEHEHUSI OWCMEPCHOIO apMUMPOBAHWUSt AMKTYeTcs dpakTanbHOW unepapxven
npowecca TpeLmHoobpa3oBaHusl.

Ha cerogHsAWHMIA OeHb akTyalnbHbIM HanpaeleHWeM SIBNSETCA NPUMEHEHUE MHOTOYPOBHEBOIO
apMMpOBaHWs, UCXOOSALEr0 W3 TUMOTE3bl O KOHIPYSHTHOCTU (COPa3MEpPHOCTM, COOTBETCTBMUS)
apMUPYHOLLMX 3MIEMEHTOB «BOMNOKMPYEMbIM» TpEeLLUMHaM COOTBETCTBYHOLLErO YPOBHSA CTPYKTYpbl (MUKPO-,
Me30-, MakKpo-) — LEeMEeHTUpylLlero BellecTBa (HOBOOOpa3oBaHWUI), LEMEHTHOro MMKpPobeToHa,
Meriko3epHucToro 6eToHa [33, 34]. MNMpu 3TOM apMUPYOLLMMK SNIEMEHTaMN Ha MakpomMacLTabHOM ypoBHE
MOryT BbICTYNaTb BOJSIOKHA, @ Ha MWKpPOMAacLITabHOM YPOBHE — BbICOKOAWUCMNEPCHbIE MUHEpasibHble
HaMoMHUTENMN, KOTOPbIE BBOASTCS B OETOHHYIO CMECb COBMECTHO C LiEMEHTOM [1].

B HacTosLIee Bpems nepenoBbIM OMbITOM MOXHO CHMTATh BBeAEeHNE B COCTaB 6eToHa HaHOYaCTUL—
UHULMATOPOB (acTpaneHoB, ynnepeHoB, (Ynnepouaos W T.4.), MNO3BOMAILIMX HanpasneHHo
UCMONb30BaTh MPOLECC CaMOMOPMUPOBAHUA LIEMEHTHOTO KaMHSA. WHTEpEecHbIM TEXHOMOrMYecKum
HanpaBneHNeM MCMoNb30BaHNUS CTPYKTYPUPYIOLIMX HaAHOWHULMATOPOB GETOHHLIX CMecelt ABnseTcs
npeaBapuTenbHOe UX HaHeceHvWe Ha TBepAaple HocuTenu [35, 36], NpyM 3TOM MapannensHO peluaeTcs
3afava «nocrnenoBaTtensHOro pasbaeneHusi», Heo6XoANMOro A4S PaBHOMEPHOTO pacnpeaeneHns kpaHe
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Marioro Konunyectea Heob6xoaMMbIX HAHOMHULMATOPOB Mo 06bemMy 6eToHHOI cmecu. OgHMM 13 Hambonee
NepCneKTUBHbIX HOCUTENEN ABNSIOTCA BbICOKOMOAYIbHbIE MUKPOBOSIOKHA, Cpean KOTopbIX BCE GomMbLUMIA
WHTEepecC NpeacTaBnseT NPUMEHEHNE NMPOMBILLNEHHbIX OTX0A0B 6a3anbToBon ubpbl, NPOM3BOAMMON U3
pacnnaBa 6asanbToBblx nopod. [pu COBMECTHOM NPUMEHEeHUN Ubp U HAHOMHULMATOPOB KaXKaoe
OTOEeNbHOE BOJMIOKHO B Mpouecce co3peBaHnst 6GeToHa «paspacTaeTcsi» B NPEeUMYLLECTBEHHOM
HanpaBfeHUN ero pacnosioXeHusl, TeM camMbIM ycunuaas adheKTbl AUCNepPCHOro apmmpoBaHus [35, 36].

Mpu paspaboTke KOMNO3ULMOHHBIX MaTepuanos Ansa obecneyveHns TpebyeMoro KoMnnekca CBOWCTB
HeoGxoOuMbl  onpederneHHble  KOMMYECTBEHHble COOTHOLUEHUS Mexay MokasaTensmMu KadecTsa
maTepuana, napameTpamy €ero CTPYKTYpbl, PeLenTypHO-TEXHONOTMYECKUMU U 3IKCMyaTaLUoOHHbIMK
hakTopamun. PelleHne [aHHbIX 3a4ayv OCYLIECTBIISIETCS B OCHOBHOM C MOMOLLbI MOfy4YaeMbIX Mo
9KCMEepPUMEHTanbHbIM  JaHHbIM MoZenelr pasHbiX TWUMOB, CPEeAu KOTOopbIX 6rarogapsi pasBuTUIO
KOMMbIOTEPHBIX TEXHOMOTMA U MaTeMaTUYecKOM Teopun 3SKCMEePUMEHTa LUMPOKO WCMOMb3YHTCS
MHOrocakTOpHbIe MOSIMHOMMUANbHbIE MOAENM.

B domanyeckoit xumum, B MeTannoBeaeHUN 1 OPYrMX XMMUKO-TEXHONOMMYECKUX HayKax B KayecTse
CTaHOAPTHbIX  MHCTPYMEHTOB  UCCNEAOBAHUMA  LUMPOKO  MPUMEHSIIOTCA  CUMMMEKChl  (BbIMyKMble
MHOrOrpaHHUKK, He UMEtoLLME AnaroHarnbHbIX CEYEHUN): NpsiMast, TPEYronbHWK, TeTpasap, NeHTaTon v ap.
[37, 39]. Onsa HarnsgHOro nNpeacTaBneHnst UBMEHEHUS UCCNEAYEMbIX XapaKTepPUCTUK MaTepuarnos npu
BapbMpOBaHUM B cocTaBax Tpex hakTopoB NPeAnoYTUTENBbHLIM SBMSETCS UCMOMb30BaHME MPaBUIbHOIO
TpeyrosbHMKa kak 6a3bl TPEXKOMMOHEHTHbLIX AMarpaMm, NO3BOSOLWErO Bblpa3uTb TOYHO, rpadnyecknm
NyTeM, He TONbKO Ka4eCTBEHHO, HO U KONMYECTBEHHO B3aWMHblE OTHOLLEHUS U CBOMCTBA. HarnmsgHocTb
TpeyronbHUKa MoCrnyXuna OCHOBaHMeM pAns Bbibopa ero 'mb66com (MO COOTHOLLUEHMKO OTPE3KOB) U
Po3ebomoM (MO COOTHOLLIEHMIO BbICOT) B KadeCcTBe Monsi ANt oTobpaXeHns OTHOLUEHWI CBSI3EN Mexay
TPEXKOMMOHEHTHBIM COCTABOM M TEPMOAMHAMUYECKUMU KOHCTaHTaMM BeLLecTBa.

[nsa nonydeHns cneumanbHOro Kracca SKCnepuMeHTanbHO-CTaTUCTUYECKMX Mogenen Ans
onucaHusa cuctem «cmecb |, cmecb I, TexHomorusa — cBowicTBa» T.B. JlaweHko Obin npeanoxeH
NMPUHUMMManNLEHO HOBbLIVM NoAxo4, AatoLwuii BO3MOXHOCTb Mepexofa OT pasferibHOro aHanusa guarpamm
«XUMWKO-MWHEPANOrMYecKMn COCTaB — CBOWCTBO» M «3EPHOBOM COCTaB — CBOMWCTBO» HaMOMHEHHbIX
NOMMMEPHbIX KOMMO3ULNA K 06 begnHeHHomy [37]. CornacHo npeanaraemon MeToauke, CUCTEMbI «CMECh
I, cmech Il, TexHonorus — ceonctea» (MIMIITQ; «mixture, technology, quality») npu doukcnposaHun ogHON
nnun gByx rpynn nepemMeHHbIX NepexosT B CUCTEMbI «CcMech |, cmechk |l — ceorctBa» (MIMIIQ) u «cmech
(cocTaB) — cBovicTBa» (MQ).

[TocmaHo8ka 3adayu u onucaHue uccriedosaHus

OcHoBHas uUenb AdaHHOM paboTbl cOCTOANa B MOCTPOEHMU W aHanuM3e 3KCnepyMeHTarnbHO-
CTaTUCTUYECKUX MOAenen «Mmoanduumnpytowme gobask1, ANCNEPCHbIE BONOKHA — CBOVWCTBO» CIEAYIOLLIMX
hU3NKO-MEXAHNYECKMX XapaKTepucTuK, MoAUPULIMPOBaHHBLIX ANCNEePCHO-apMUPOBAHHbIX
MENKO3EePHUCTLIX BETOHOB: MMOTHOCTb B HOPMAaribHbIX BraXHOCTHbIX ycnosusx (FTOCT 12730.1-78),
npoyHocTb npu cxatum (TOCT 310.4) u Ha pacTsaxeHue npu nsrnbe (FOCT 310.4) B BO3pacTe 28 CyTOK.

B xope akcnepumeHTanbHOro uccrneaoBaHUs U3roTaBnNuBanuncb cepunm u3 8 06pasyoB-npusm
40x40x160 MM C wucnonb3oBaHWeM nopTnaHguemeHTa knacca LUEM | 42,56 npousBoacTsa
OAO «MopaoBUEMEHT»; B KayeCTBE MESIKO3EPHUCTOrO 3amnosyIHUTENs MPUMEHSICA PEYHOW MEeCoK C
pasmepom 3epHa MeHee 5 MM, AoObiBaembIi B nocenke CMorbHbIV N4ankoBckoro panoHa Pecnybnukm
MopgaoBus, oons KoToporo coctaensana 65 % oT macchl TBepaon asbl pndbpobeToHHOM cmecn. Ons
CHWKEHMS1 BOAOLIEMEHTHOro OTHOLIEHMS, obecnevyeHus BOAOPEAYLMPYOLWEro v NnacTuduumpyoLero
3¢ hekToB BbINT UCMONb30BaH BbICOKOKAYECTBEHHbLIN cynepnnactudukartop Melflux 1641 F nponseoacTtea
BASF Constraction Polymers (Trostberg, F'epmanusi), BBoagnmbiii B konmyecTtse 0.5 % OT Maccbl BEXKYLLETO.

MHOroypoBHEBOE [AMCNEPCHOEe apMupoBaHMe 6GeTOHOB oBecneumBanoch pasgenbHbIM  Unn
KOMMIIEeKCHbIM BBEAeHWeM Tpex Buaos dmbp (K w < 13w = Li = 1,2,3):

1) nonuNpoNWNEeHoBoe  MyNbTUMPUNAMEHTHOE  BOJIOKHO C  ONIMHOW  pe3kn 12 MM,
anameTpom 25...35 MKM, nnoTHocTeio 0,91 r/em3 (W, IMMNH);

2) NONMUakpUNOHUTPUNbHOE CUHTETUYECKOE BOMNOKHO cneuuwansHou obpaboTkn ans 6GeToHoB
FIbARM Fiber WB ¢ gnuHon pesku 12 mm, anametpom 14...31 MkM, nnoTHocTbio 1.17+0.03 r/cm3 (W, ,
MAH);
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3) moguduumnpoBaHHasa acTpaneHamu GasanbToBas MUKpodumbpa nog dMpMEHHbIM Ha3BaHWEM
«AcTtpodhriekc-MBM»  gnuHon  100... 500 Mmkm, cpegHum  anametpom  8...10 MKM,  HacCbIMHOM
nnoTHocTbio 800 kr/mM3, ¢ coaepxaHmem acTtpaneHos 0.0001...0.01 % ot maccel nbpbl (w,, MEM).

B KkauyectBe aKTUBHbIX MUHepanbHbIX NyuULONaHU4YeCKUX MO,EI,I/ICbI/IKaTOpOB ncnofb3oBarnncb

v, < 13v, =1i=1293):

1) MUKpPOKPEMHE3EM KOHAEHCUPOBaHHbIN ynnoTHeHHbIN (MKY-85) nponssoactea OAO «Ky3HeLkue
deppocnnasb» (V,, MKY), TY 5743-048-02495332-96;

2) BbICOKOAKTMBHbLIN MeTakaonuH 6eneii npoussoactea OO0 «Meta-[1» (V,, BMK), TY 572901—
001-65767184—2010;

3) rmapousonsaumoHHan nobaska B 6ETOHHYO cMech «IleHeTpoH AOMUKE» (Vg , AOMMKC).

TexHOnormss NpUMroToBEHNS AMCNEPCHO-apMMPOBaHHOW GETOHHOW CMEecu BKM4Yana HeCKOJbKO
aTtanoB. Ha nepBom 93Tanme OCYyLIECTBRSNIOCh BBEAEHWE W MepemMellMBaHMe B CYXOM COCTOSIHWUU
Tpebyemoro konuyecTea BSXKyLLEro, 3anofIHUTENsS  MoanguUmMpyoLwmx 4o6aBok; Ha BTOPOM — BBOAMITUCH
amcnepcHble BONokHa ¢ nepeou nopumen soabl (B/L, = 0.2); Ha TpeTbeM — Npon3Boaunach KOPPEKTMPOBKa
COCTaBOB BOOOW AN MNONyYeHWUss pPaBHOMOABWXKHbBIX CcOCTaBoB. [laHHaa cTyneHyatas cxema
NpUroTOBNEHNs ANCNepCcCHO-apMmMpoBaHHOW 6EeTOHHOM cMecu no3Bonunna usbexarb KOMKOBaHWUS BONOKOH
npy nepemMeLlLvBaHun, TEM CaMbiM MO3BOMNMB MakCMMarnbHO MCMONb30BaTh NpenmyLLlecTBa AUMCNEPCHOro
apMVpOBaHNS LIEMEHTHbIX KOMMO3UTOB.

B pesynbTaTte akcnepumeHTa 6bin UCMoNb30oBaH HacbILWEHHbI D-onTrManbHbIi NaH, cogepXallui
15 onbITHLIX ToYek [37]. YPOBHU BapbMpOBaHUs UccreayeMblix (DakTOPOB B KOAMPOBAHHbLIX BEMMYMHAX U
MX YUCTIEHHbIE 3HAYEHNS NpeacTaBneHbl B Tabnuue 1.

Tabnuua 1. YpoeHu eapbuposaHusi hakmopoe 3KcriepuMeHma

Bapbupyemble hakTophb! YpoBHU BapbUpOBaHUA
0 0.333 0.5 1
o % V1 MKY, % oT macchl LemeHTa 0 6.667 10 20
@ 3 V2 BMK, % oT macchl LeMmeHTa 0 2 3 6
8[ V3 AamMmukc, % OT Macchl LieMeHTa 0 0.5 0.75 1,5
5 W1 [MH, % oT macchl uemeHTa 0 0.333 0.5 1
:s; \§' W2 MAH, % oT macchl LeMeHTa 0 0.5 0.75 1.5
& W3 MBM, % oT macchl LemeHTa 0 1.667 2.5 5

OkcneprvMeHTanbHO-CTaTUCTUYECKME MOLENN 3aBUCUMOCTU MUCCreayeMblX (PU3NKO-MEeXaHUYeCKNX
nokasaTenem kKadectBa MEJIKO3EPHUCTBIX (UMOPOBETOHOB OT €ro  HanonHuTenen B  BuAe
Moamduumnpyowmnx aobaeBok (cmecb 1) M gucnepcHbiXx BONMOKOH (cmecb |l) 3agaBanuck B Bupge
npuBeneHHoro nonHoMma MIMIIQ «cmecs |, cmecs |l — cBoricTBO» Braa [39]:

9: b lgv EV ?-b 1£V £V 3+b 24\/ 2[V3+d12[W1[W2+dl3[Wl[W3+
+d 2@\, @V é-k 1@/ @Vl-i-k ZIEV 2wvl+k31w3wvl+k12wl Eva + (1)
+k 2@ @V ?-k 3@ Qv2+kl@lwv3+k23w2wv3+k33w3wv3'

OaHHbln nonvHoM (1) npenctaBnsieT cOBOM MHOrOYNEeH BTOPOW CTEMEHW OTHOCUTENBHO Tpex
NUHENHO CBA3aHHbIX (PakTopoB V,, 3aJalolimnx cmeck | — moauduumpyowme fobasku, U TPex NIMHENHO
cBA3aHHbIX dhakTopoB W, 3ajalowmx cmechb Il — aucnepcHble BonokHa. KoadhduumneHTbl MHOrovneHa
UMEIT YETKUIA cpmanyecknin cmblicn [37]: kaxabin n3 oeBsatTn KoaULNEHTOB kij B mogenu (1) YncreHHo
paBeH BeNnM4YMHEe CBOMCTBA KOMMO3UTa Y, HAanOMHEHHOro OAHOM Napoy OCHOBHBIX MOHOHAMOMHUTENEN
(mogudpmnkaTop + pubpa); KOIPPULMEHTBI b”- " dij OLleHMBAKT HEMNMHEWHOCTb (CUHEPrM3M unu
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aHTaroHN3M Mo OTHOLLEHMIO K AAHHOMY CBOWCTBY) BAMSIHUA CMeLLMBaHNS [BYx MoaudukaTopos (b ) unm
dmbp (d; ).

Mepen pelleHnem 3ajay No AaHHbIM MOAENSAM BbIMOMHANCHA WX MNOMHbIA  CTAaTUCTUYECKUN
perpeccuoHHbIN aHann3 MeToaoM HavMeHbLUMX KBagpaToB. Bce aTanmbl perpeccuoHHOro aHanusa, a B
KOHEYHOM MWTOre W BbluUCNeHe koadpumumeHToB nonvHoma (1) MpoBOAMIUCHL C MPUMEHEHMEM
KOMMbIOTEPHBIX TEXHONOrMi B BuAe paspaboTtaHHoM obonodkn B nporpamme Microsoft Excel. B
pe3ynbTare CTaTUCTMYECKOM 00paboTku MONMHOMMAnbHbLIX MoAenen Obinv nonyyYeHbl KO3PUUNEHTHI
YPaBHEHUN perpeccun, OTpaXawwmux CBSA3b MexXay WuccrnegyembiMy CBOWCTBaMM KOMMO3WUTOB U
cofepxaHueM BapbupyeMblX pakTopoB.

HUn:xeHepHO-CcTpouTENbHBIH KypHaJ, Ne2, 2016

N3 wmogermn Y (Vy,V,,Va W, W,,W,)  (MIMiQ) nonyvaloTcs fgsBa Buga mogeneil «cmech |
(mogndvumpytoime 0obaBkn) — CBONCTBO» (9(V1,V2,V3); MiQ) n «cmech Il (gucnepcHble BOMOKHA) —

concteax ( 9(W1,W2, W3) ; MilQ) npu douKcnpoBaHMM COOTBETCTBYIOLLEN IPyNMbl peuenTypHbIX (DakTOpPOB,
npy 3TOM AN K&XA0ro Tuna Moenen n Kaxxaon uccnenyemMon usmnko-mexaHn4eckon xapakTepucTukm

NMOCTPOEHO MO 7 TpeyronbHbix anarpamm M66ca — Poseboma B BUAEe ABYMEPHbIX KapT FIMHUA YPOBHS

(puc. 1-3) ¢ ucnonb3oBaHuem nporpammbl Statistica 10.0.1011.
Ona panbHenwero adHanm3a BrUAHUS HaMoOJIHUTENEN Ha CBOWCTBA LEMEHTHbIX KOMMO3UTOB
BBOAMICA 0006LaoLWLmiA NoKasaTenb — YMCNOBasi XxapakTepucTyka norsi CBOMCTBa B BUAE abCONOTHOro

3Ha4YeHNst UCCrefyeMoro rokasaTens, COOTBETCTBYIOLLETO €€ MaKCUMyMy 9max. Ona atoro Obinu
CYHTE3UPOBaHbl 2 MiiaHa 3KCrNepuMeHTa, cogepXalume no 7 Toyek kaxabln (Tabn. 2). 3C-mogenv Buaa
«cMecb | — mMakcumym cBomncTBa» (9max(V1'V2’V3); MiQmax) M «cMecb Il — mMakcumym cBoMcTBa» (
9max(W1'W2'W3); MiiQmax), OTpa)katoLime CBSA3b MeXOy BapbUpyeMbiMy bakTopamu M MakCUmMymMamu
nccnegyemMbix CBOMCTB, MPEACTaBMSAT COO0M NoNMHOMMArbHbIe ypaBHeHust (2) 1 (3):

T D IV 10 IV #b IV 3d IV [V #d [V [V +d oV, 1V, + Ky, [V, [V, OV @

y ma%b @V Tb @V j-b @V é-d 1@\/ ﬂv 2-'-d lﬂvlwv3+d23wv2wv3+k123wvlwv2 WVS' (3)

B pesynbTarte perpeccuoHHoro aHanmsda OC-mogenent (2) n (3) 6binmn nonydeHbl KOIPMULNEHTI
COOTBETCTBYIOLLMX ypaBHEHUN (Tabn. 3).

Mcnonb3yst aHHble Tabnumubl 3, ¢ NOMOLLbIO Nporpammbl Statistica 10.0.1011 ans nonmHoMoB (2) u
(3) noctpoeHbl NoO ABe TpeyronbHble Auarpammbl [M66ca-Po3eboma ang kaxgow wuccnenyemon

XapaKkTepucTuky, oTobpaxatolume cootetcTayowme cuctembl Y, (Vi,V,,Vs) n Y (W, W,, W,).

Ta6bnuuya 2. MnaHbl 3KcnepumMeHmMasibHO20 uccsiedoeaHus! MaKkcumMmymoe ceolicme

Bapbupyemble hakTopbl B KOONMPOBAHHBIX BENUYMHAX

Ne Bug no6asku Bug ¢ounbpbl (BonokHa)

COoCTaBa Vi V2 V3 W1 W2 W3
(MKY) (BMK) (Agmukc) (NriH) (NAH) (MBM)

1 1 0 0 1 0 0

2 0 1 0 0 1 0

3 0 0 1 0 0 1

4 0.5 0.5 0 0.5 0.5 0

5 0.5 0 0.5 0.5 0 0.5

6 0 0.5 0.5 0 0.5 0.5

7 0.333 0.333 0.333 0.333 0.333 0.333

Humsuna T.A., bamsikoB A.C. DOKCIEepUMEHTaJIbHO-CTATUCTUYECKHE MOJEIH CBOWCTB MOJM(UIIMPOBAHHBIX
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Ta6bnuuya 3. Yucnoesle 3Ha4YeHusi KoaghgpuyueHmoe pezpecculi (2) u (3)

_Ss Yucnosble 3Ha4YeHNs KO3 ULMEHTOB perpeccum
218 NS Uccrneayemoro CBOMCTBa KOMNO3nTa
O I O
C o Q
T8 MIOTHOCTb, fipeaen npotHocT npenen npoYHoCTH
= Qo 3 Ha pacTdaXXeHune
Kr/m npu cxatuu, MlMa
npu usrnbe, MMa
A 2060,8 / 2139,5 5,35/ 4,73 34,73/ 36,32
V, W, 2220,5 / 2237,7 6,49 / 5,88 53,36 / 53,36
VAAUA 2268,9 / 2210,5 5,73 /5,59 45,60 / 42,26
v, (v, /w [w, -240,7 / -29,03 0,068 /0,778 3,85 / 13,70
v, [V, 7wy D 163,4 / -140,4 -3,86 /0,106 -26,08 /21,11
v, W5/ w, O 5,63/179,4 -1,02/ 3,03 -10,94 / 11,09
v, 1V, V5w i, O, 0/ 45,57 0,87 | -2,47 13,20/ 8,10

Ha 3sakntountensHom 3atane 9KCNnepmnMmeHTta MeToaamMu KOMI'IbPOTepHOVI rpacbleM Ons Kaxgon
I/ICCJ'IeD,yeMOIZ (*)I/I3I/IKO-MGX8HI/1‘-IGCKOIZ XapaKTepucTtunkmn npoun3Boaurnca CUHTE3 BTOPUYHbIX mogenen ¢

Lenbio aHanusa BNUAHUA moauduumpylowx aobasok (Vi) Ha obobualowmin nokasatesb )7max,
OTpaKaloLMi posib AUCNEPCHOro apMmposaHusa (W, ), © HaobopoT, BIMSHUSA AUCTIEPCHBLIX BOMOKOH (W)
Ha TOT Xe obobwarnwmn nokasaTenb )7max, XapakTepusyloLwmin ponb  NoNNdYHKLMOHANBHOro

voauduumpoBanmns  (V;). [na  oTobpaxeHUs M3MEHSIOLMXCHA  TPEXKOMMOHEHTHbIX  Auarpamm

«Mmoanduumpyouime aobaBkn — CBOWCTBO» U «AUCNEPCHblE BOMOKHA — CBOWCTBO» LienecoobpasHo
ucnonb3oBatb [37] MX OUCKPETHbIN Habop Ha TpeyronbHWKE «AUCMEPCHble BOJIOKHA — MaKCUMYyM
CBOWCTBa» W «Mmoguduumpylowme JobaBkM — MaKCUMyM CBOWCTBa» COOTBETCTBEHHO, MpU 3TOM

BTOpUYHbIe Modenm ¥, (V) 1 9., (W) oToBpaxaioTcs B BUAE TPEYronbHIUKA, «CKOMb3ALLIEro» Mo

HecyLeMy TPeyronbHUKY U (OMKCUPYEMOTO B 7 TOYKax-LieHTpouaax (3 yrna + 3 cepeuHbl CTOPOH + LIEHTP
TshkecTn). B kauyecTBe OCHOBHBLIX MH(POPMALIMOHHBLIX 3IEMEHTOB AfS aHanu3a WCCregyemblX CBOWCTB

Bbinn NPUHATLI BTOpUYHbIE MoAenM Y., (V) npeacTasnenHsie Ha pucyHkax 1-3. OBosHadeHns v
YPOBHM Bapb/pOBaHNs NapaMeTpoB NpueeaeHs! B Tabnuue 1.

Pesynbmamei uccrnedogaHusi

MpoBeneHHbIn aHanua 3C-mopenen «moaudpuumpyolime [obaBku, AUCNepcHble BOSMOKHA —
NNOTHOCTb» MoKa3arn, YTo yBenudeHue cogepxanHma BMK, a B ewwé 6onbluen cteneHu nobaskun AgMuke B
obwen macce npuMMeHsieMblX MOAUMUKATOPOB MO3BOMUMAO MONYYUTb LIEMEHTHblE KOMMO3WUTbl C
HanbonbLlen NAOTHOCTLIO (pUc. 1), NnpyyeM MakcumarnbHble pe3ynbTaTbl Oblfiv JOCTUTHYTLI NPU PpaBHOM
cooTHoweHun MMAH-pnbpel 1 MBM (no 50 %). HanpoTuB, MNOBbIWEHME O0NU MUKPOKpPEMHe3ema U
nonunponuneHoBon ubpbl NPUBOANT K CHXKEHUIO NITOTHOCTU nbpobeToHoB. Camasi Hu3kasi NNoOTHOCTb

3ahMKCMPOBaHa Yy LIEMEHTHbIX KOMMO3UTOB, MOANMULMPOBaHHbIX Ao6aBkoi MukpokpemHesema (v, =1)
N ONCNEPCHO apMMUPOBAHHbBIX KOMMIEKCOM BOJOKOH «[MMH+MBM» npu gonsax ¢ubp, 65m3knx kK paBHbIM
(w, =w; =05).

Bornee BbICOKME 3Ha4YeHWs MMOTHOCTU MENKO3epHUCToro 6eToHa, MoaudULMPOBAHHOMO
rmapounsonsumMoHHon gobaekon «leHeTpoH AgMUKC» (COCTOSILLEN, B OCHOBHOM, M3 MOHOKAaIbLMEBOro
antomuHata CaO-AkOs, aguaniomuHata kanbumss CaO-2AkLOs, nonyrmgparta runca CaSOas-0,5H20,
KMUHKEepHbIX MUHepanoB CsS n CsA, a Tawke Ca(OH)2), ¢ Hawen TOYKM 3peHUsi, MOXXHO OBBLACHWUTL
crneayowum obpasom. Mpu rmgpataumnm LeEMeHTa, a Takke B pe3ynbTaTe peakuuii Mexay KOMMOHEHTaMm
JaHHOW [06aBKM U MOHHLIMW KOMMNIEKCaMW KanbLUus U anioMUHUS, OKCUAAMMU M COMsSIMU MEeTarnsos,
cofepxallMMmcsl B LLEMEHTHOM KaMHe, NOsiBNAOTCS HOBOOOpa3oBaHMsl B BUAE MMOPOCUMMKATOB KanbLus
ToOGepmopMTONOAOGHOM  CTPYKTYpbl, a Tawkke rmapocynbdoanioMmMHaToOB  KanbuMs — cOocTaBa
3Ca0-Al203:3CaS04:31H20 (aTTpuHIMT) unm 3Ca0-Al203:CaS04:12H20 un rugpokapboanioMnHaToB
Kanbums coctaBa 3Ca0-Al203-:3CaCO03-11H20 B HesHaunTenbHbIX KonmyectBax [40]. [aHHble

Nizina T.A., Balukov A.S. Eksperimentalno-statisticheskie modeli svoystv modificirovannyh dispersno-
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fine-grained concretesiagazine of Civil Engineering. 2016. No. 2. Pp. 13-25. doi: 10.5862/MCE.62.2
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HepacTBOpPUMbIE KpUCTannMyeckne HOBOOGpa3oBaHus, pacronarascb B nopax v gedektax LeMeHTHOro
KaMHSs1, YNIOTHSIIOT €ro CTPYKTYpY.

PucyHok 1. [uarpammbl «<moaudmumpylowme o6aBku — CBOMCTBO» U U3OJIMHUN MaKCUManbHbIX
3Ha4YeHUN NITIOTHOCTU LIeMEHTHbIX AUCNEPCHO-apMUPOBaHHbIX MEJIKO3€PHUCTbIX 6€TOHOB
Ha TpeyrosibHUKe «AucnepcHbie BOJIOKHA — CBOMCTBO»

Mo pe3ynbTatam uccnegosaHusa 3C-moaenen «mogucuumnpyoLimne 0obaBky, AucnepcHble BONOKHA
— npegen NPoYHOCTU Ha pacTsikeHue npu usrnbe» (puc. 2) n «moanduumnpyowme gobaeku, gucnepcHole
BOITOKHa — Mpeden MpOYHOCTM Mpu cXatumu» (puc. 3) YCTaHOBMEHO, YTO Cpeau BBOAMMbBIX B COCTaB
GETOHOB aKTMBHbIX MUHeparbHbiX 400aBOK BbICOKOAKTMBHBIN METakaonvH oKka3an Haurydllee BrvsiHue
Ha uccrnegyemMble NPOYHOCTHbIE XapaKTEPUCTUKN MESTKO3EPHUCTLIX ANCMEPCHO-apMUPOBaHHbLIX OETOHOB.
Mpw npumeHeHnn NAH-BonokHa 1 MBM noseblweHne cogepxaHna BMK nprBeno kK 3HaunTenbHOMYy pocTy
npegena MpoOYHOCTM MPU CKaTUM M Ha pacTskeHue npu usrmbe; Haubonbwne pesynbTatbl Obinu

3abUKCUPOBaHbI MPU MakKCUMarbHOM KOMMyecTBe MeTakaonvHa (V2 =1) u creaylowem coaepxaHum
OaHHbIX ANCNEPCHBIX BOMOKOH (puc. 2, 3):

a) Ana npegena npoYHOCTU Ha pacTsKeHue npu uarnbe — npu NpoLLEeHTHOM COOTHOLLEeHUM pubp,
6IM3KVX K paBHbIM, TO ecTb. (W, =W, = 05);

0) ona npefena NpoOYHOCTM NPU CXKaTUM — NPW MakcumarnbHOM ucnonb3oBaHuu [MAH-nbpbI
(w, =1).

OpHako, yBenuyeHve OONM MeTakaosfiMHa Npu MakcumarnbHom copepxxaHum IMIMH (W1 :1) He

NMPMBOAMWT K NOBLILLEHMIO MPOYHOCTHBIX MOKasaTeneun ncecnegyembolx COCTaBoB (puc. 2, 3); B 3TOM cryyae
Gonee GnaronpusiTHbIM 4N MOBbIWEHWSA Npedena MPOYHOCTU Ha pacTsbkeHne npu u3rnmbe dABnsieTcs
npumeHeHne pobaekm Agmukc n MKY (puc. 2), a npegena nNpoOYHOCTM MpWU CXaTuM — KOMIMIEKca
npumeHsieMbix gobasok (MKY+BMK+Agmukc) (puc. 3).

Cpeaon ppyrmx wWcnonb3yemblX MOAM(UKATOPOB ANS MOBbIWEHMS npedena MnpoOYHOCTM Ha
pacTsbkeHue npu u3rnbe Gonee nNpeanoyYTUTENbHBLIM SIBMSIETCS COBMECTHOE WCMONb30BaHWe A00aBKM
Aamuke ¢ NAH-conbpon 1 MBM, a MKY — ¢ IMIMNMH n NAH-BoNOKHOM, 0COGEHHO MpK UX paBHbIX AOMSX B

nape BBOAUMbIX pnBp (W, =W, = 05 n W, =W, = 05 cooTteeTcTBeHHO) (puc. 2). N1t NpUBEAEHHBIX
Bbille moandukaTtopos (Agmuke, MKY) 30Ha makcumanbHbIX 3Ha4YeHUN npeaena NPoYHOCTY NPU cxKaTum
3admKcnpoBaHa npu NpakTUYeCcKU paBHOM COOTHOLIEeHUK punbp, To ecTb Npu W, = W, = W, (puc. 3).

Mo pesynbTatam aHanusa OC-mopenel «mogudumumnpyowme nobasku, OUCNEPCHbIE BOMOKHA —
CBOWCTBO» (pI/IC. 1—3) MOXHO cAaenatb BbiIBOA O B3auUWM03aBUCUMOCTU (*)I/I3I/IKO-M€X8HI/I‘-IGCKI/IX
XapaKkTepUCTnK AncnepcHo-apMnpoBaHHbIX 6eToHOB C I'IOJ'II/Id)yHKLI,I/IOHaJ'lebIMM MOD,I/ICbI/ILI,MpyIOLIJMMM
Humsuna T.A., bamsikoB A.C. DOKCIEepUMEHTaJIbHO-CTATUCTUYECKHE MOJEIH CBOWCTB MOJM(UIIMPOBAHHBIX
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pobaskamun. Hanbonee BbICOKMe NokasaTenu nccneayemblix CBONCTB Bblnu 3achmkcMpoBaHbl y COCTaBOB C
MeTaKaofIMHOM, apMMPOBaHHBIX MONMAKPUIOHUTPUIBHLIM BONIOKHOM. BBeaeHne xe B 6ETOHHYIO cmecCbh
MUKPOKpEMHe3eMa MPUBOAUIMO K CHWXEHMIO MIIOTHOCTM U MPOYHOCTU LIEMEHTHbLIX KOMMO3WUTOB, YTO
cBuaeTenscTByeT O HeratMBHoM BnusHUM MKY Ha npoueccbl CTpyKTYpooBpa3oBaHWS LEMEHTHbIX
KOMMO3NTOB MO CPaBHEHUIO C APYIMMU Buaamu npumexHsembix jobasok [39, 41].

PucyHok 2. [uarpammbl «moauduumpyowme no6aBKkM — CBOUCTBO» U U3OJNTUHUM
MaKCUMarnbHbIX 3Ha4eHUI npeaerna nPoYHOCTU Ha pacTsiKeHne Npu M3rnde LeMeHTHbIX
ANCnepcHO-apMUPOBaHHbIX

MefnKO3epHUCTbIX 6eTOHOB Ha TPeyronbHUKe «AUCNEepPCHbIe BOJIOKHA — CBOMCTBO»
Mpy NpUMEHEHNN TOHKOANCNEPCHBIX aKTUBHbIX NyLUonaHnyecknx gobasok npenmyiectesa BMK no
oTHoweHuo kK MKY, Ha Haw B3rnsag, o6bACHATCA:

1) pasHOM XMMWUYECKON NPUPOAON OaHHbIX fo6aBok; B otnvune ot MKY, BMK aBnsaetca cmeckbio
aKTUBHOIO KpeMHe3eMa U rImHo3ema noYTu B paBHbIX MPONOPLNSAX, TO €CTb SBMSETCA HEe CUMUKATHbIM, a
antoMOCUITMKATHLIM NyLLONaHoM;

2) 6onblwen (B 2.5 pasa) NyuLONaHWYECKOW aKTUBHOCTLIO MEeTakaonuHa, XapakTepuayloLliencs
KOnM4eCcTBOM cBA3aHHoON nssectu (bonee 1000 mr/r Ca(OH)2 ana BMK BmecTto 300... 400 mr/r Ca(OH)2
ana MKY) 3a cuetr B3aumopgeincteust SiO2 co cBobogHbim CaO, npuBogsAwmMM K obpasoBaHuio
HU3KOOCHOBHbIX rngpocununkaToB kanbuusa Tuna CSH (1); atum n obycnaennsaeTcs MeHbLLas JO3MPOBKa
MeTaKaosvHa No CPaBHEHMWIO C MUKPOKPEMHE3EMOM;

3) yckopeHuneM npoTtekaHusa peakunm BMK ¢ n3sectbto no cpaBHeHuto ¢ MKY, 4to obecneunBaeT ee
HaJeXHoe CBA3blBaHWE B NepBble CYTKN TBEPAEHUS;

4) ctabunbHocTbio cBoncTB BMK B cuny Toro, 4to MeTakaonvH ABMASIETCS LieNeBbIM MPOAYKTOM,
NMPOU3BOASALLMMCS B YCITOBMSX MOJSIHOFO KOHTPONS Npw AernapaTtauny KaosIMHOBOW MMUHbI (MPUPOSHOro
rmgpoantomocunukaTa) npu Temnepatype 550...900 °C; MrKpoKkpeMHe3eM xe npeacTtaBnseT cobon oTxon
NPOMbILLNIEHHOCTU, NMOMyYaeMbl B MpoLlecce ra300uUCTKU TEXHOMOMMYECKUX nedent npym npousBoOACTBE
KpeMHuicoaepXallmx cnnasoB U obrnagaeTt MeHee cTabunbHbIMY CBOMCTBaMM;

5) 6onee BbLICOKOW MMNACTUYHOCTLIO U TEXHOMOIMMYHOCTbIO GETOHHBLIX M PACTBOPHBLIX CMECeW,
OTCYTCTBMEM NOBEPXHOCTHON NunkocTn 6etoHa ¢ fobaskori BMK, npucyiien 6etoHam ¢ MKY;

6) MeHbLUMM pacxoooM cynepnnacTudgukaTopoB B criydyae ncnonb3osaHns BMK no cpasHeHuio ¢
MKY ons [oCTKeHUs 0ANHAKOBOW MOABMXKHOCTU PaCTBOPHbIX U BETOHHBLIX CMecer 1 ap.

Nizina T.A., Balukov A.S. Eksperimentalno-statisticheskie modeli svoystv modificirovannyh dispersno-
armirovannyh melkozernistyh betonov [Experimental-statistical models of properties of modified fiber-reinforced
fine-grained concretesiagazine of Civil Engineering. 2016. No. 2. Pp. 13-25. doi: 10.5862/MCE.62.2
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PucyHok 3. [Ouarpammbl «<moaudmumpyrowme no6aBku — CBOMCTBO» U U3OJIMHUN MaKCUManbHbIX
3Ha4YeHun npeaena NPoOYHOCTU NPU CXKaTUM LIEeMEHTHbIX AUCNEPCHO-apMUPOBaHHbIX
MEeINKO3epPHUCTbIX 6eTOHOB Ha TPeyronbHUKe «AUCNEePCHbIe BOJIOKHA — CBOMCTBO»

3aknroyeHue

B cBS31 C MHOrOKOMMOHEHTHOCTBIO COBPEMEHHbBIX BETOHOB 415 CO34aHNs MaTepuarnoB pasfiM4yHoro
PYHKUMOHaNbHOro Ha3Ha4YeH1s C BbICOKMM KOMMIIEKCOM CBOWCTB TpebyeTca CMCTEMHbIN NOAX0[, K BbIbopy
NCXOOHbBIX KOMMOHEHTOB, TEXHOMOMMAM U3rOTOBMEHUS] KOMMO3UTOB, METOAAM MIIAHMPOBaHUS 1M aHanu3a
3KCMeprMeHTanbHbIX UCCregoBaHun. Takom noaxond peanu3yeTcs MyTeM WCMOMNb30BaHWUS CUCTEMBbI
KpuTepuanbHblX Nokasatenen adeKTMBHOCTU MOaAnULMPYOLLMX 06ABOK C Lenbio co3faHusa 6eToHOoB
pasnMYHoOro (PYHKLIMOHANbLHOrO HasHayeHus. HemanoBaHyHO ponb Npu 3TOM urpaetT M NpuUMeHeHue
WH(POPMATMBHBIX MHOFOaKTOPHbIX 3KCMEePUMEHTaNbHO-CTaTUCTUYECKNX MOAeNen, Mno3BONSHOLLUX
YCTaHOBUTb B3aUMOCBSI3b M KONMYECTBEHHbIE COOTHOLLEHNSI MEXAY NokasaTensamu kayectTsa matepmana,
napameTpaMmu ero CTPYKTYpbl, peLenTypHO-TEXHOMOrMYECKMMUN U IKCNIyaTaLMOHHBIMW hakTopamMu npu
O[HOBPEMEHHOW MUHMMM3aLMK Tpygo3aTpaT U U3BMEeYeHUM MaKCcUManbHOro Konuyectsa cBeeHun ob
n3yvyaemom obbekTe.

B pes3ynbTaTte npoBeaeHHOro 3KkCnepmMmMmeHTarnbHOro nccrnegoBaHusA:

1) Pa3p860TaHbI JKCNnepnmeHTanbHO-CTaTUCTU4EeCKne mMoaenn nrnoTHOCTM W NPOYHOCTHbIX
nokasatenenm UEeMEHTHbIX KOMMO3WUTOB (pI/IC. 1—3), OoTpaxawwune BInaHne MO,EI,I/Id)MLI,MpyPOLLI,MX

nobasok ( V,) n amcnepcHoro apmuposaHus (W, ) Ha obobLuatoLuii nokasaTens 9max;

2) MNocTpoeHbl M30NMHMKM, OTpaxatwlwme BnusiHWE 6 BapbupyeMbix (aKTOPOB B ABYXMEPHOM
NPOCTPAHCTBE; NONyYeHHbIe rpachmyeckme 3aBUCUMMOCTM NPeacTaBnaoT cOOON BTOPUYHYO MOAeNb n3 7
TpeyronbHbix Anarpamm [Mb6ca — Po3eboma, BbINOMHEHHBLIX C MPUMEHEHMEM nporpammbl Statistica
10.0.1011 » duKcupyembiX B OMOPHbIX TOYKaX HeCyLero TpeyrofibHUKa C MU3ONMHUAMUM MaKCUMYMOB
uccrnegyemMbix CBONCTB;

3) N3 aHanmza OC-mogenen u3MeHeHUst (PU3MKO-MEXaHUYECKMX XapaKTePUCTUK OUCNEPCHO-
apMUPOBaHHbLIX MEMNKO3EPHUCTbIX BETOHOB BbISIBEHbI ONTUMAaribHblE KOMMMAEKCHl NOMNGYHKLMOHANbHbIX
mMoaudmumupyowmx o6aBOK M AWCMEPCHOr0 apMMPOBaHMWS; YCTaHOBMIEHO, YTO Havboree BbICOKME
nokasatenu uccrnegyeMblX CBOWCTB WUMEKT KOMMO3WTbl C  METakaofiMHOM, apMMPOBAaHHbIE
NONMMAKPUIOHUTPUIbHLIM BOJNTIOKHOM; CAeNnaH BbiBOA O B3aMMO3aBUCUMOCTU UCCNedyEMbIX NokasaTenen
kayecTtBa hnbpobeToHOB.
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Abstract. Self-compacting concrete is a state-of-the-art technology actively used all over the world
in the construction field. This concrete, which has high performance, can be used for casting heavily
reinforced sections, in places where vibrators have restricted access for compaction and when complex
shapes of formwork are used. Otherwise it may be impossible to cast and the obtained surface is superior
to the one achieved with the use of conventional concrete. On the other hand, using various types of fibers
can enhance mechanical and dynamical characteristics of concrete as well as reduce cracking in concrete.
In this study, we research both combined and individual effects of polypropylene and glass fiber on
mechanical and rheological properties of self-compacting concrete. In order to do so, 10 specimens have
been made including those containing (A) polypropylene fiber with volume fraction of 0.1, 0.2, 0.3 and glass
fiber with volume fraction of 0.1, 0.2, 0.3 and (B) combined polypropylene and glass fiber. The results of
these experiments have shown that combined polypropylene and glass fiber can enhance tensile and
bending strengths. In addition, these additives dramatically increases toughness of concrete.

AHHoTauma. CamoynnoTHALLWUNCA 6ETOH — CTpoUTENbHAA TEXHOMNOISA, aKTUBHO NMPUMEHsieMas BO
BCEM MUpe. ITOT BETOH C BbICOKMMMW IKCNNyaTaLUMOHHBIMW XapakTEPUCTUKAMUN MOXET ObITb NPUMEHEH B
KOHCTPYKLUMAX CO 3HAUYUTENbHBIM COAepXaHMeM apMaTypbl B CEHYEHUSIX, B MeCTax, TPYAHOAOCTYMNHbIX ANS
BMOPALMOHHbLIX YNNOTHUTENEN U MPU UCNONb30OBaHUM onanybku cnoxHbeix dopM. C Opyro CTOPOHbI,
yknagka Takoro 6eToHa TpebyeT ocobbix ycnosun. Wcnonb3oBaHWe pasHbIX TUNOB (pubpbl MoXeT
MOBbICUTb MEXaHWdeckMe W OUHaMMYecKMe XapakTepuctukm 6eToHa, a Takke  ynyqywuTb
TPELLMHOCTOMKOCTb. B gaHHOM uccrnegoBaHum ndyvaeTcs Kak COBMECTHOeE, Tak U COBCTBEHHOE BNUsHUE
NONMMPONUITEHOBOW U CTEKMNSIHHON oMBPbI HA MEXaHUYECKME CBOWCTBA U PEONOrMYECKNE XapakTePUCTUKA
camoynnoTHsweroca 6etoHa. [na atoro 6bim marotoBneHsl 10 obpasuos, B TOM 4yucre C AOnen
nonunponuneHoson unbpsel 0.1, 0.2, 0.3, ¢ gonen creknsaHHon ¢ubpsbl 0.1, 0.2, 0.3 N ¢ COBMECTHbLIM
NCNOSIb30BaHUEM MONMMPONUITEHOBOW U CTEKNSAAHHOM (onbpbl. Pe3ynbTaTbl 3KCNEPMMEHTOB NOKasanu, Yto
COBMECTHOE AieNCTBME NONUMPONUIEHOBON U CTEKNSHHOW (PMBPbLI NOBbILWAET NPOYHOCTb Ha PacTsXKeHUE
n n3rnb. Kpome Toro, atn ob6aBku 3HAYNTENBHO NOBLILLAIOT NPOYHOCTL HETOHA.
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MOJIUIIPONMIECHOBONH (uOpsl HA MEXaHWYECKHE CBONCTBA CaMOYILUIOYTHSIOMUXCS OeTtoHoB // WmxeHepHO-
cTpoutenbHbIil kypHait 2016.Ne2(62).C. 26-31.
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Introduction

Self-consolidating concrete was introduced to improve quality of concrete in 1811, and the first study
on the performance of self-consolidating concrete was carried out by Ozawa (1818) and Okamura (1883)
in Tokyo University [1-3]. According to one theory, self-consolidating concrete or self-compacting concrete
(SCC) is characterized by a low vyield stress, high deformability, and moderate viscosity necessary to
ensure uniform suspension of solid particles during transportation, placement (without external
compaction), and setting [4]. There are several advantages in utilizing this material; building faster and
reducing human labor due to the use of self-compacting concrete (SCC), optimizing durability owing to
reducing permeability, simplifying the design. However, it has some disadvantages and one of them is low
tensile strength, due to low plasticity and high brittleness. To compensate this flaw, bars are used as
reinforcement in concrete. Still, using bars is not always practical and may entail bigger costs; for instance
in water cannels shelling, furnishing, airports and so on. In this case, fibers have been used for several
decades in concrete, which spreads evenly.

Destruction and deterioration of concrete depends on cracking and micro-cracking caused by loads
or environmental impacts. Thermal and moisture changes in cement paste cause micro-cracking. With
increasing loads and other related environmental impacts, micro-cracking spreads in concrete body [5].

Utilizing divergent fibers in concrete and producing fiber-reinforced concrete (FRC) is an effective
way to preclude cracking and micro-cracking from spreading and ameliorate tensile strength of concrete.
The prominent properties of concrete are absorbing energy, flexibility, resistance against impact. Due to
this fact, this concrete plays a pivotal role in developing technology and is known as unprecedented and
economical material [6].

Resistant glass fibers in concrete have been studied by Marsh and Clarc for the limited condition of
testing after (14) days and curing in air at 50 percent, and 23 °C. Fiber with a length between 12mm and
50mm was used in a volume between (0.5) percent and (2.5) percent. Various mix proportions were
examined using (10) mm maximum sized river gravel aggregate, water reducing admixtures and about (5)
percent of entrained air. The use of fiber has gone through quite big development in the last 30 years. Fiber
Reinforced Concrete (FRC) constitutes one of the most relevant innovations in the field of special concrete
[7, 8]. The effect of incorporation of polypropylene fiber on the mechanical properties of polypropylene fiber
self-compacting concrete has been determined as flexural toughness and remarkable ductility [9]. Some
research has been conducted regarding the properties of fiber self-compacting concrete in recent years.
However, most of the studies are limited to research distinctively polypropylene and glass fiber. In this
study, both of them are used proportionally. This study is aimed at investigating systemically the mechanical
properties of polypropylene and glass combination in self-compacting concrete.

Materials
Cement
We used Portland cement type 2, which properties are shown in Table (1) below.

Tablel: chemical properties of cement

Chemical composition Percentage Chemical composition Percentage
Si02 21.25 CaO 64.07
Al203 4.95 MgO 1.20
Fe203 3.19 SO3 2.04
K20 0.63 Na20 0.38

Superplasticizer

For the study we used GLENIUM_110P, which is a high performance concrete superplasticizer [10]
based on modified polycarboxylic ether. GLENIUM 110 P is differentiated from conventional
superplasticizers as it is based on a unique carboxylic ether polymer with long lateral chains, which greatly
improves cement dispersion. At the start of the mixing process, the same electrostatic dispersion occurs
as described previously, but the presence of lateral chains, linked to the polymer backbone, generates a
steric hindrance, which stabilizes the cement particles capacity for separating and dispersing. This
mechanism provides flowable concrete with greatly reduced water demand.

Taheri Fard A.R., Soheili H., Ramzani Movafagh S., Farnood Ahmadi P. Combined Effect of Glass Fiber and
Polypropylene Fiber On Mechanical Properties of Self-Compacting Conktageazine of Civil Engineering. 2016.
No. 2. Pp. 26-31. doi: 10.5862/MCE.62.3
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We used polypropylene and glass fibers having the following properties mentioned in Table (2).

Table2: physical and mechanical properties of fibers

Aspect Diameter Length | Tensile strength Yogn? S Spec_lflc h fib
ratio (mm) (mm) kglcm 2 modulus gravity shape iber
kg/cm 2*105 gr/cm?3
120 0.1 12 4500 0.5 0.91 smooth | polypropylene
600 0.02 12 14000 7.2 25 smooth | glass
Aggregates

Maximum size of gravel was 12.5 mm, which has a grading diagram in the domain of ASTM
standards [11]. In addition, sand was sieved with mesh no 4.75 and we used rock flour with 2.6 g/cm? of
specific gravity and density 2.5 as a filler. Fillers such as rock powder can fill a void in concrete, which leads
to decreased porosity of concrete [12].

Mix design
We followed the instruction of ACI 237R-07 mix design to attain self-consolidating concrete [13].

Considering prior reports, we expected that the more we used fibers the less performance of self-
compact concrete would be [14]. [ACI 544.4R] Therefore, in mix design for self-compacting concrete, we
attempted that the concrete without fiber has high performance regarding [ACI 237R-07] so that after
adding fibers it would have good quality in performance analysis.

10 specimens of mix design which include A and B, (A) polypropylene fiber with a volume fraction of
0.1, 0.2, 0.3 and glass fiber with a volume fraction of 0.1, 0.2, 0.3 and (B) combined polypropylene fiber
and glass fiber. Moreover, for all these mix designs, we considered all the components as constant apart
from the type and amount of fiber. Table (3). Water cement ratio (W/C) is 0.39, and we determined number
1 design without fiber as a control plan. VF in the table is the fiber volume fraction, which is the ratio of fiber
volume to concrete volume. Different amounts of polypropylene fiber based on manual and retaining
performance specified 0.9, 1.4, 1.8 kg/m?3, and glass fibers 3.75, 5, 7.5 kg/m3.

Table 3. Concrete mix design

Mix Series Fiber vf (%) Gravel | Sand Lime stone Cement | Water SP
NO. powder

1 * 722 826 288.7 413.2 163 7.7
2 0.1 722 826 288.7 413.2 163 7.7
3 P.P 0.2 722 826 288.7 413.2 163 7.7
4 A 0.3 722 826 288.7 413.2 163 7.7
5 0.1 722 826 288.7 413.2 163 7.7
6 Glass 0.2 722 826 288.7 413.2 163 7.7
7 0.3 722 826 288.7 413.2 163 7.7
8 0.1P.P+0.2 Glass 722 826 288.7 413.2 163 7.7
9 B P.P+Glass| 0.15P.P+0.15 Glass 722 826 288.7 413.2 163 7.7
10 0.2P.P+0.1 Glass 722 826 288.7 413.2 163 7.7

Curing and preservation

After completing our mix, the specimens were kept in a mold in the laboratory conditions for 24
hours and then they were kept in a water pool at 22-25 °C. Each mix design had 9 cubicle specimens of
(20*10*10) cm, 6 cylinders of (30*15) cm, 3 beams of (50*10*10) cm and 1 cylinder of (20*10) cm [15].

Taxepu ®apn A.P., Coxenn X., Pam3anu Mosadax C., ®apuyn Axmanu I1. CoBMecTHOE NEHCTBUE CTCKIISTHHOW U
MOJIUIIPONMIECHOBONH (uOpsl HA MEXaHWYECKHE CBONCTBA CaMOYILUIOYTHSIOMUXCS OeTtoHoB // WmxeHepHO-
cTpoutenbHbIil kypHait 2016.Ne2(62).C. 26-31.
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Rheology of fresh SCC

In this study, we used a mix design, which, in spite of using fibers in concrete, has a property of self-
compacting concrete. To analyze the performance of self-compacting fiber concrete, we applied the
standard parameters for self-compacting concrete [16]. We used an L-BOX experiment for analyzing
stability of SCC against detachment and we applied a slump test for analyzing deformation of concrete flow
[17]. The slump test for self-compacting concrete was similar to that for ordinary concrete but has one
difference. After concrete pervaded on the table, we had to measure intersection of two perpendicular
diameters and the average of this measurement indicated concrete flow [18].

In addition, the time (in seconds) to reach 500 mm had to be recorded regarding demarcation on the
slump test screen which implied the rate of deformation with definition of distance flow. With the L-BOX
test, we could measure the height of fresh SCC after embedding it along the steel rebar and flowing in
certain direction so that we could estimate the power of passing and blockage which had to be at least 0.8.
The results of the measured physical properties of fresh SCC is shown in Figures (1), (2) and (3). According
to the European standards, slump must be in the range of 60-75 and time T50 must be at least 3 seconds
and 6 seconds at the most.

Hardened concrete

Compression strength and Young's modulus

Tensile strength was tested based on (B.S 1881: Part 116) standard. Curing conditions and
experiment parameters were the same in the experiments. The results are shown in Table (4) and Figures
(4) and (6). We used cylinder specimens (32*15) in order to analyze Young’s modulus (ASTMC 469).

Tensile strength

Tensile strength of the concrete was determined by indirect test methods: (1) a split cylinder test and
(2) a flexure test. For this study, we wanted to have more consistent results so we applied a split cylinder
test in accordance with ASTM-C469, the results of which are shown in (5a) (5b) (5¢).

Bending strength and bending endurance tests

In this experiment, our objective was to determine the modulus of rupture and bending endurance
according to ASTM C78 and ASTM C1018-94b, which was implemented on a specimen (52*12*12) at a
universal device, which had a strain control mechanism with velocity of 0.5 mm/min. The distance between
two supporters was 40 cm [20].

Universal device

Table 4. Results of compression strength of 28 days concrete

Mix NO. Series Fiber vf (%) Compressive Strength (MPa)
1 * 74.4
2 0.1 72.5
3 P.P 0.2 70.7
4 A 0.3 65.8
5 0.1 73.8
6 Glass 0.2 72.3
7 0.3 69.6
8 0.1P.P+0.2 Glass 73
9 B P P+Glass 0.15P.P+0.15 Glass 725
10 0.2P.P+0.1 Glass 70.4

Taheri Fard A.R., Soheili H., Ramzani Movafagh S., Farnood Ahmadi P. Combined Effect of Glass Fiber and
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Conclusion

Pursuant to the results of workability of self-compact concrete, we consider that using fibers has a
negative effect on rheology properties of fresh SCC. It reduces workability and increases both consistency

and viscosity.

Considering the fact that fibers inherently have acceptance performance against tensile and bending,
our results demonstrated that the more fibers we use the bigger resistance to bending and tension is and

the more brittle it can be before rupturing.

In this experimental study, concretes contain different fibers and have different mechanical
properties. As for concretes, which include polypropylene fiber, increase of the fiber percentage up to 0.3%,
resulted in a fall of the compression strength. This downward trend is also common for concrete containing

glass fibers.

Our experiments demonstrated that the effect of combined polypropylene and glass fibers lead to
decrease in compression strength, however, with substitution of 0.3% by volume of fibers in combination
especially in (0.1P.P+0.2 Glass), we see the maintenance of compression strength.

Our experiments demonstrated that in concretes containing polypropylene and glass fibers, the more
fibers are added the higher the resistance of tensile and bending strengths we get.

In the existing mix, if we increase fibers to add in self-compacting concrete, we will see exceeding

resistance of tensile and bending strength.

From our results we can assert that polypropylene and glass fibers had slight changes and caused
to diminish Young's modulus. The effect of combined polypropylene and glass fiber lead to decrease in

Young’s modulus.
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Strength and deformability of concrete structures reinforced with
fibre-reinforced polymer bars
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KnrouyeBble croBa: NofiMMepKoOMMNo3nTHas Key words: Glass Fiber Reinforced Polymer
apmartypa (MKA); ctanbHas apmaTtypa; NpOYHOCTb; (GFRP) bars, steel reinforcement, strength,
MOAYIb YNPYrocTu; TPELUHOCTONKOCTL; COOPHbIE modulus of elasticity, crack resistance,
6eToHHblE N3genus prefabricated concrete manufactures

AHHoTauusA. MNpuBeaeHbl pesynbTaTbl UCCNEeAOBaHUA GETOHHbLIX KOHCTPYKUUNW, paboTalolwmx Ha
YyPYroM OCHOBaHWM: [LOPOXHbIX MNAUT, NNUT MOA4 LUEnHble NpMBOAbl W  CTaHKM—Kavasnku Ha
Hed)TenpoMbICnax; KOHCTPYKUMM apMMpoBaHbl MOMIMMEPKOMMO3UTHON apMaTypon B3aMeH CTallbHOW.
BbinM N3rotoBneHbl M UCMbITaHbl OMNbITHbIE 00pasubl M3OENUin, apMUPOBAHHLIX MONIMMEPKOMMNO3UTHON
apMaTypou, aHanornyHble no reoMeTpuyeckMM napameTpam xene3obeToHHbIM U3genusam, 1 npoeseaeHa
CpaBHWUTENbHas OLEHKa COOTBETCTBMS wu3genuin TpeboBaHMsM MO Hecyllend CrnocobHocTn U
TPELUMHOCTOMKOCTU. Ha OCHOBE Nony4eHHbIX pe3ynbTaToB pa3paboTaHbl pekoMeHaaL My no NPUMEHEHNIo
NONMMepPKOMMNO3UTHON apMaTypbl B COOPHbIX 6ETOHHBLIX N3AeNnsax. YCTaHOBMNEHO, YTO €€ NpMMeHeHne aAng
apMupoBaHNA GETOHHbIX KOHCTPYKUMA LenecoobpasHo, 3a WCKIMIOYEHMEM HECKONbKMX BUAOB 0cCo60
Harpy>XeHHbIX KOHCTPYKLMIA, B KOTOPbIX HEO6XOAMMO CYLLECTBEHHOE YMEHbLUEHNE CYLLECTBYHOLLErO Wara
MEXAY CTEPXKHSMU N COXpPaHEHMEe Nroanmn CeYeHnst pacTsaHYTON apmaTypbl.

Abstract. The given paper presents the results of the research on concrete constructions reinforcing
by polymer composite reinforcement (FRP) instead of the steel one functioning on the elastic basis such
as road slabs, slabs for chain drives and for pumping machines used at the oil fields. The experimental
samples of reinforced FRP products, which are similar to reinforced concrete products due to their
geometric parameters, have been manufactured and tested. The comparative assessment of the samples
products conformity required in accordance to bearing strength and crack resistance has been also
conducted. Based on the obtained results, the recommendations for usage of FRP in prefabricated
concrete products have been developed. It was concluded that the usage of FRP for reinforcing process
of concrete constructions is reasonable except for the use of several types of overloaded constructions
where a significant reduction of an existing gap between the bars and saving the tensile reinforcing area is
necessary.

BeedeHue

Momck nyTer 3amelleHWss CTanbHOW apmatypbl B XXene3obeTOHHbIX  KOHCTPYKLUUSAX,
aKcnnyaTMpyemMbIX B arpeccuBHbIX cpefax, SIBNSEeTCs akTyanbHOW 3agaden. [lonumepkomnosuTHas
apmatypa ([MKA), obnapatolias BbICOKOW CTOMKOCTbIO K KOPpPO3MM MpU BbICOKOW MNPOYHOCTM Ha
pacTsxeHue, ABNAeTca 0aHUM u3 Hambonee a(hPeKTUBHBLIX BApUaHTOB Takon 3ameHsbl [1, 2].

CrepxHn TMKA cocTosiT M3 0OHOOCHOOPUEHTUPOBAHHbLIX BOSIOKOH (CTEKNSHHbIX, 6Ga3anbToBbIX,
yrnepoaHbIXx, apaMI/Iﬂ,HbIX), CBA3aHHbIX B MOHOJTUT NPOYHbIM OTBEPXAEHHbIM CeTHaTbIM NOJIMMEPOM (KaK
npasuno, SI'IOKCI/IﬂHbIM). BonokHa obecneunsaiot [MKA BbICOKYKD MEXaHU4YeCKyr0 MNpPOYHOCTb MNpu
pacTaXXeHun. CDyHKLI,I/lI/I nonuMmepa C MeHbLWKMM MoAyrnemM ynpyroctm u BbICOKOW afresven K BOJIOKHY
I'm3narymmun A.P., Xycaunos P.P., Xo3un B.I'., Kpacunnkosa H.M. IIpounocts 1 neopMaTuBHOCTh OETOHHBIX
KOHCTPYKLHH, apMHPOBAHHBIX [OJMMEPKOMIIO3UTHBIME CTepKHAMH /[ VIH)XEHepHO-CTPOUTEIbHBIN JKypHAI.
2016.N02(62).C. 32-41.
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3aKNI0YaTCA B pacnpefeneHm 1 nepefade HanpskeHUn OT BHELLHEN Harpy3kyM BONTOKHAM M 3aLUUTe nx
OT ME&XaHMUYECKNX MOBPEXAEHWI U OTPULLATENBHOTO BIIMSIHUSA BHELHUX (DAKTOPOB, BKIOYas arpecCcuBHbIE
cpeabl [3-5].

MNMKA Havana npuMmeHsTbCA B cTpoutenscTBe € 70-x rogoB XX Beka: B KOHCTPYKLMAX U3 feerkux
6eToHOB (A4euncTbix 6eToHOB, apbonuTa u ap.), a Takke B PyHAAMEHTax, CBasiX, ANEKTPONU3HbIX BaHHaX,
Gankax M purensax 3cTaka, OMOPHbIX KOHCTPYKUMSX KOHOEHCATOpHbIX BaTtapen, nnutax KpenneHus
OTKOCOB, 6€3130MATOPHbLIX TpaBepcax U APYrnx KOHCTPYKLMSAX.

B 1975 r. B CCCP 3aKkoH4YEeHO CTPOUTENBLCTBO MEPBOr0 B MUPE KNEEHOro AepeBAHHOro MocTa
anuHon 9 M, Gankm KoToporo ¢ nonepeyvHbiM cedeHnem 20x60 CM M3roTOBMEHbl U3 APEBECUHbI U
apMupoBaHbl YeTbipbMS NpeABapuUTeNbHO HanpPsXKeHHbIMU MyyYkamMu U3 YeTblpeex CTeKMonmnacTUKoBbIX
cTepxHen auametpom 4 mm. Bropoit moct B CCCP co cTeknonnactukoBon apmaTyporn noctpoeH B 1981
r. B [Npumopckom kpae d4epe3 p. LIkoToBka. [MponeTHoe CTpoeHMe MoCTa COCTOMT U3 LIeCTU
mMeTannmyeckmx AsytaBpoB Ned5, npegBapuTeNbHO HaNPSXXEHHbIX 3aTsHKKamu 13 12 CTEKNoNNacTUKOBbIX
CTEpXHen guameTpom 6 MM.

B lepmaHmn ¢ Havyana 80-x rogoB CTEKMOMNNacTUMKOBYD apMmaTtypy cTanu nNpuUMeHaATb Ans
apMupoBaHna 6eTOHHbIX MOCTOB. Tak, B r. [ioccenbaopde aBTOAOPOXHbLIN OBYXNPOMETHbIA MOCT
LWwrpuHon 15 M Ha YneHbepriutpacce, apMUPOBaHHbIN CTEKNOMNNACTUKOBBLIMU CTEPXKHAMU, BbIn OTKPLIT ANs
aBmxkeHms B 1987 r. Hecywme KOHCTPYKUMM MpOfeToB Obinu  apmupoBaHbl 59  nyvkamu
CTEKMNONMacTUKOBBLIX CTEPXHEN, COCTOAWMMM 13 19 npyTkoB AvameTpom 7.5 MM C npeaBapuTerbHbIM
HanpsXeHnem.

Apmatypa «V-ROD» komnaHum Pultrall (KaHaga) ncnonb3oBanack B NOCTPOWke MOCTa Ha wocce |-
65 B okpyre HbioToH (Newton County), wtat MHanaHa. MocT cocTouT 13 Tpex NnponeTos, ANMHON 58 M,
wupuHon 10.5 m, ¢ apmuposaHuem [NKA. MNonotHo mocTta TonwmHon 200 MM apMMpPOBaHO CTanbHOMN
apmaTypon C aHTUKOPPO3MOHHBIM 3MOKCUMAHBbIM MOKPbITUEM B HWKHEW 30HE, a B BEpXHeW 30He
NCNONb30BaHbl MONMMMEPKOMMO3UTHbIE CTEPXKHU «V-ROD» B CBSA3M C TEM, YTO B 3TOW MOSIOBMHE MIUTHI
O4YeHb BbICOKa BEPOSITHOCTb KOHTaKTa C MPOTUBOrONoNeaHbIMU CONSIMU.

Cnepyetr oTmetuTb, u4TOo B Poccum ponroe Bpemsi  €OUHCTBEHHbIM — JOKYMEHTOM,
pernamMeHTVpOBaBLLUMM pacyeT W MPOEKTUPOBAHNE KOHCTPYKUMIA C ucnonb3oBaHmem [1KA, 6binu
«PekomeHaauumn no pacyeTy KOHCTPYKLMIA CO CTEKIONNacTUKoBOM apmatypoin» P-16-78 [6], OCHOBaHHbIe
Ha nccnenoBaHusix, NpoBedeHHbIX B 60-x—70-x rogax nop pykosoactsoMm H.IM. dponoea [7]. B HacToswme
BPEMSsI C pOCTOM crpoca u obbema npounsdsoacTea pabot ¢ npumeHeHreM MNMKA BeeaeHbl B aenctene FOCT
31938-2012 «ApmaTypa KOMMO3UTHasi NMONIMMEpHas OJ1 apMUMPOBaHUsi DETOHHbIX KOHCTpyKUun» [8] n
npunoxernne J1 k CI1 63.13330.2012 «BeToHHble W Xene3obeTOHHble KOHCTPYyKuun. OCHOBHbIE
nonoXxeHusi» [9], B KOTOPbIX AaHbl TEPMUHbI U onpeaenerus NMKA, obnactn npumeHeHust, Knaccudukaumm,
obume TpeboBaHuMsA, MeTOaUKA pacyeTa KOHCTPYKLUNA.

Mpn atom B Poccuu, B otnnume oT 3apybexHbix cTpaH [10, 11], 6a3a akcnepMmeHTanbHbIX
KOHCTPYKUMIA UNN OOBEKTOB, M3rOTOBMEHHBLIX C npumeHeHnem [1KA, 3a KOTOpbIMM OCyLLEeCcTBNsAeTCS
MOHUTOPWHI, MWHMManbHa. 3710, ©0e3ycnoBHO, caepxuBaeT BHegpeHve [MIKA B Tex obnacTtax
CTpOWTENbCTBA M Ha Tex obbeKTax, rae 370 9KOHOMUYECKN LienecoobpasHo, B MEPBYO ovepedb, MCXOas
N3 KOPPO3NOHHOW CTOMKOCTWN JaHHOro MaTtepuana.

Mexgy Tem, cornacHo 3apybexHbiM WCCnefoBaHWsIM M HOPMAaTUBHbIM OOKyMeHTam [12-14],
npumeHeHne MNMKA B HacTunax MoctoB [15-17], nepenpas, B KOHCTPYKLMAX aBTOMOOUIbHBLIX NMapKOBOK
NO3BOJISIET 3HAYNTENBHO YBENMUUTL LONTOBEYHOCTb COOPYXXEHUIN [18-21].

[TocmaHo8ka 3adayu

Llens paboTbl — MccnegoBaTb MexaHMdeckoe noBefeHue (paspylleHve u OedopMupoBaHue)
CBOPHBIX BETOHHBIX KOHCTPYKLIMIA, apMUPOBaHHbIX MONMMEPKOMIMO3UTHON apMaTypo.

BHauyane Obin1 BbINOMHEH MepepacyeT apMUPOBaHUS CEPUMHO BbIMyCKAaeMbIX Kene3o0b6eTOHHbIX
n3genuin nytem 3ameHbl cTtanbHol paboyen apmaTypbl Ha KA. [lanee ObiniM U3roTOBIEHbI OMbITHBIE
obpasubl M3genuii n3 NoABWMXKHbIX BGETOHHBIX CMeCel MO CyLLEeCTBYHLLEA 3aBOACKOW TEXHOMNormm u
UCNbITaHbl MO WM3BECTHOW METOAMKE CTaTUYECKOro HarpyXXeHus C Uenbil OLEHKM KX MPOYHOCTU U
COOTBETCTBUNSA HOPMATMBHbLIM TpeboBaHUAM.

MemoOskI u pe3dyrnbmamel

[na n3rotoBneHnst onbiTHbIX 0O6pa3LOB NpMMEHeHa nonumepkomnosmTHasa apmartypa OO0 HIK
«ApmacTek-Ngea» (r. JleHnHoropck, Pecnybnuka TaTapcTaH), M3rotToBreHHas U3 CTEKINSAHHOIO POBMHIa 1

Gizdatullin G.A., Khusainov R.R., Khozin V.G., Krasinikova N.M. Prochnost’ i deformativhost’ betonnyh
konstrukcyj, armirovannyh polykompozitnymi sterzhnyami [Strength and deformability of concrete structures
reinforced with fibre-reinforced polymer barsMagazine of Civil Engineering. 2016. No. 2. Pp. 32-41.
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MONIMMEPHOrO CBSA3YHOLLErO HA OCHOBE 3MOKCUAHBLIX CMOM. TeXHONOorna NPoM3BoOACTBa — METOA MyNTPY3nK
— TMNPOTSHKKOW POBWHra, NPOMUTAHHOTO KUOKUM CBA3YIOLINUM, 4epe3 UMbepy KPYrnoro ceyeHus c
OAHOBPEMEHHOW 0OMOTKOM CHOPMMPOBAHHOIO CTEPXKHSA MO CNMpPany TOHKUM XryTom [4].

®PU3NKO-MEXAHNYECKNE XapaKTEPUCTUKU apMaTypbl MO pesyrbTataMm MUCMbITaHuiA, NpoBedEeHHbIX
cornacHo OCT 31938-2012 [8], npeacTtaBneHbl B Tabnuue 1.

Tabnuya 1. Xapakmepucmuku apmamypbl KOMI03umHou nonumepHol AKC-10 duamempom 10 mm

O6o3HaveHne
Ne HopmaTtusHoe =
o . HOPMaTWBHOM
M3mepsiembiln nokasaTtenb, 4. U3M. 3HayeHune CpenHee 3HaveHne
n/n [OKYMEHTauum Ha
nokasaTens
Npoun3BoACTBO
OvnameTtp apmaTtypbl, MM 10 10,05
2 Mpepen Nnpo4HOCTM NpK 800 1182,08
pactsxeHuun, MlMa
3 m%ﬂynb YMpYrocTu Npu pacTsixeHuHu, 50 000 5293712
4 Mpenen NpoYHOCTM CLENMEHNs C 12 15,12

6eToHoMm (npu 20 °C), MlMa FOCT 31938-2012
CHwxXeHne NpoYHOCTH Npur
5 pacTsKeHUn Nocre BblOEPXKU B He Bonee 25 4,24
LenoyHou cpeae, %

Mpenen npoyYHOCTY cuenneHns ¢
6 6eTOHOM nocre BblOEPXKN B 10 11,96

wenoyHou cpege, MlMa

BbInn N3rotToBnNEHbLI U UCNbITbIBANUCH cneagywwme nagenua:

e popoxHble nauTel 2[130-18-30;
e popoxHble nauTtbl 1MM30-18-30;
e nnutbl NCK-CKI pazmepom 5.6x1.4x0.20 wm;
e ©anku BCK-CK[, pasmepom 5.6x1.25x0.20 m;
¢ (byHaameHTHble NnuTbI MNMU-60;
e dyHoameHTHble nnuThl ML-80.

XapakTtep paboTbl Bcex usgenun (3a ncknioveHneM anemMeHToB 6anku gHuLLa NS CTaHKa-Kavarnku
BCK-CKH [22]) ogmMHakoB — BOCNpUsiTUE Harpy3ku, paBHOMEPHO pacnpefeneHHon no nnowiagu nnwur,
nexatumx Ha ynpyrom OCHOBaHUM — YNroOTHEHHOM rpyHTe. AnemeHTbl BCK paboTatoT Kak 6anku-cteHku,
nepeparollme BepTUMKanbHY Harpysky OT CTaHKOB-Kayanok Ha (yHOAMEHTHy MnuTy, npu 3STOM
pacTsArMBaoLLne yCuUnms B 3TUX SfieMeHTax NpakTU4YecKkn OTCYTCTBYIOT.

B pesynbTaTe aHanusa nepBoHa4arnbHbIX CXeM apMUPOBaHUSA U pakTUYecKon paboTbl KOHCTPYKLIMNA,
ObiI0 NpennoXeHo anbTepHaTMBHOE apMupoBaHme c ucnonb3oBaHvem [1KA. CranbHaa pabodas
apmatypa 6bina 3ameHeHa Ha KA no KpuTepuio paBHOMPOYHOCTU NPU PacCTAXKEHUU, C COXpPaHEHWeM
obLero konuyecTsa CTEPXKHEN U UX pacnonoxeHus B onanyboyHon opme. OnpeneneHme pacyeTHOro
conpotueneHus NKA BbINOMHEHO B COOTBETCTBUN C METOAMKOW, NPeAcTaBneHHon B [6, 7], no dhopmyne:

R;' tin,
R

roe Ka — koadpdmumeHT 6e3onacHoCcTM Mo apmartype, npuHMMaembli ons apmatypbl [MKA paBHbIM npu
pacyeTe KOHCTPYKLUMUIA NO npeaernbHbIM COCTOAHUSAM nepBon rpynnbl u & = &r 1.30;

1)

R” — HopmaTMBHOE COMPOTMBIEHME apMaTypbl, MPUHUMaEeMOe KaK HaWMeHbLUEe KOHTPONMpyemoe

a
3HayeHVe BPEMEHHOro CONPOTUBMEHUS pa3pbiBY MO pe3yrbTataM UCNbITaHWI;
Mai — KO3 PMLMEHT ycnoBuii paboTbl, NPMHMMAaEMbIA B COOTBETCTBUM ¢ Tabsn. 3 [6]:
Ma.6, — YYUTBIBAIOLLNIA MPOAOIKUTENBHOE NPUMNOXeHUe HanpsxeHus, coctaenseT 0.65;
Mat — YYUTBIBAKOLNIA BIUSHME TEMNJIOBMAXXHOCTHON 06paboTKM NPW N3roTOBMEHNN BETOHHBIX KOHCTPYKLMIA
He 6onee 6 4 npn TemnepaType napa 60 °C, coctasnseT 0.9.

I'm3narymmun A.P., Xycaunos P.P., Xo3un B.I'., Kpacunnkosa H.M. IIpounocts 1 neopmMaTuBHOCTh OETOHHBIX
KOHCTPYKLHH, apMHPOBAHHBIX [OJMMEPKOMIIO3UTHBIME CTepKHAMH /[ VIH)XEHepHO-CTPOUTEIbHBIN JKypHAI.
2016.N02(62).C. 32-41.
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R, = 11821?:;65[ 09 532 Mila

PacueTHOe conpoTMBneHne ctanbHOW apmaTypbl NPUHATO B cooTBeTCTBUM C [23] paBHbiM 355 Mla.

B pesynbTate nogbopa paBHOMNPOYHOWM 3aMeHbI CTEPXXHU CTanbHOW apMaTypbl 3ameHeHbl Ha KA B
COOTBETCTBUM C Tabnuuen 2.

Tabnuya 2. 3ameHa cmanbHol apmamypsbl Ha [TKA, npuHssmas Ans onbIMHbIX 06pa3yoe

Ne n/n [OuameTp cTanbHOro CTepXXHs, MM HOuameTp ctepxHs MNKA, mm
1 @ 8, A400 @ 6 AKC
2 @ 10, A400 @ 8 AKC
3 @ 12, A400 @ 10 AKC
4 @ 14, A400 @ 12 AKC
5 @ 16, A400 @ 14 AKC

M3rotoBneHne apmaTypHbIX CETOK W MPOCTPAHCTBEHHbIX KapKacoB, 3aKpernsieHue 3akragHbixX
JeTanen BbINONHAMOCH NPU MOMOLWM Bs3anbHOW NpoBofiokM @1.4 mMMm. TonwmHa 3awMTHbIX CoeB
obecneunBanacb MHBEHTapHbIMKU dmKcaTopamMmy NMbO NpeaBapuUTENIbHO U3rOTOBIEHHBIMU BETOHHBIMMU
nogknagkamu. LWar crepkHen, pacnonoXxeHwe 3aknagHblXx AeTanen, TomnwMHa 3alUTHbIX CIOeB

OTHOCUTENIbHO NepBOHa4varibHbiX He MEHAITUCH.

PucyHok 1. ApmupoBaHue PucyHok 2. ApmupoBaHue nnutbl NCK1-
¢yHaameHTHOM nnuTbl ML-80 CKH

BBray MoOBbILLEHHOW MTMOKOCTU apMaTypHbIX KapkacoB, BbIMOMHEHHbIX M3 MKA, Obina npumeHeHa
OeTOHHasi cMecb C NOABWMXHOCTLIO 14 [24]:
= dyHoameHTHada nnuta MNU-80, MNMU-60 — BCT B25 M4F75 no NOCT 7473-10;
= [aMTa gopoxHas ans noctosiHHbIX gopor 1M — BCT B 30 M4F200W4 no NOCT 7473-10;
= nnuTa gopoxHasi Anst BpemeHHblx gopor 2N — BCT B22,5M4F150W2 no TOCT 7473-10;
= xomnnekt BCK, NCK — BCT B22,5 N4F150 no NOCT 7473-10.
Mpu pa3paboTke CXeM MWCMbITaHUA, KPUTEPUEB COOTBETCTBUS KOHCTPYKUWMIA NpeabsABrsieMbliM

TpeboBaHNAM YYUTBIBANMUCH 3HAYEHMS KOHTPOSBbHBIX HArpy30K B COOTBETCTBUM C MPOEKTHLIMU AaHHbLIMW,
a Takke TpedoBaHuamun FOCT 21924.2-84 [25], TOCT 8829-77 [26].

CxeMbl UCMbITAHUMN JOPOXHbIX NNUT npuHATEl no [OCT 21924.2-84. [llnuta cuuTanach
BblAEpXaBLUEW UCTbITAHNE NPU BbINONIHEHUM OBYX YCMOBUIA:

e He npoucXoOMuT paspylleHUs NnAuTbl: paspbiB WM NpOCKanb3biBaHWe pPacTAHYTON
apMaTypbl, CMATUE UK cpe3 GeTOoHA CKaTOW 30HbI MPY AOCTWPKEHUM KOHTPOSIBHOM Harpy3ku
Mo NPOYHOCTY;
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* MakCMMarbHas LWMPUHA PacKpbITUS TPELMH He MpeBbllaeT npefefnbHo AonycTMMON
BeNUYUHbI 0.2 MM NpU SOCTUXKEHUM KOHTPOSMBHOM Harpyskn No TPELLMHOCTOMKOCTN.

O6wasa cxema mcnbiTaHms LOOPOXHbIX NINT NpuBegeHa Ha PUCYHKe 3.
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PucyHok 3. Cxema ucnbiTaHUN AOPOXKHbIX NAUT

AHanua xapakrtepa paboTbl KOHCTpykuun 6anok gHnwa (BCK-CKO) v nnut (MCK-CKO) nog ctaHku-
Kayarnku nokasar, 4To 3a CHeT paBHOMEPHOrO NPUMNOXEHUs Harpy3ku pacTarnBatroLne yecunums B nsgenmax
MpaKkTUYecKn OTCYTCTBYHOT. MakcumarnbHble Harpy3ku Ha AaHHble 3NIeMeHTbl BO3HMKaT OT COBCTBEHHOIo
BECa M3Oenui npy Morpy3oyHO-pasrpy30yHbiX paboTax, MOHTaXe 3MIEMEHTOB B MPOEKTHOE MOJIOXKEHWE
[27-29].

B cBA3N C 3TMM BO3MOXHblEe AUHAMUYECKUE Harpysku Ha U3Jenus 3ameHsalTCa CTaTU4eCcKUMU C
KoadpbmumeHToM anHammuyHocTh (neperpysa) K = 2, 4yto ocTUraeTcs yMeHbLUEHMEM PaCCTOSAHUS MexXay
onopamMu 1 yBEIIMMEHWEM KOHCOJSIbHbIX Y4acTKOB KOHCTpykuun o 1/3 L (BMecTo npoekTHoro % L).
MakcumanbHbIA N3rnbaroLLnn MOMEHT, BO3HMKAOLLIMIA OT COOCTBEHHOTO BECA KOHCTPYKLIUIA NPU NPOEKTHOM
pacnosioXXeHNn onop Ha paccTosHuK ¥4 L, cocTaBnseT:

P02
M=— 2)
32
I'lpm MCNbITaHUAX VI3FVI68}0LIJ.VII7I MOMEHT yBeITIM4nBaeTCaA.
P02
M=— 3)
8

roe P — cobcTBeHHbIV Bec 1 nN.M. U3genun;
L — agnvHa nagenun.

Kpome Toro, nnutel MCK-CKM n 6ankun BCK-CKL, nmetowme MeHbLUylo TonwuHy — 200 MM, nocrne
ONUTENbHOM BbIAEPXKKM HarpyKatoTca OOMNOSHUTENbHOW Harpy3kon 480 Kr Ha KOHCONW Ansi NPOBEepKu
COXPaHHOCTU KOHCTPYKLMI Npu KoadhduumneHTe neperpysa K= 2.5.

OneMeHTbl CUMTAIOTCH BbIAEPXKABLUMMM UCMbLITAHUS NPU BbLINOMHEHUW YCMNOBWS: MakcMMarbHas
LUMPMHA pacKpbITUS TPELWMH Mocre BbiAepXkn B TedeHne 60 MMH nog COGCTBEHHbIM BECOM U
pononHutensHon Harpyskon (ans [CK-CKLO, BCK-CK[) He npeBbiwaeT npegenbHo OonycTUMOMN
Benn4ynHbl 0.5 mm.

Cxema npoeseaeHuna UcnblTaHNA 3aN1eMeHTOB NpuBeneHa Ha pUCyHKe 4.
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PucyHok 4. Cxema npoBegeHusi ucnoitanun anemeHtoB NCK-CK[M, BCK-CKQ
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B xoge aHanusa pacyeTHbix cxem nnuT IML-60 u ML-80 [30] ycTaHOBMEHO, YTO Ha byHOAMEHTHbIE
NAWTbl yCTaHaBMNMBAKOTCS LEenHble NPUBOAbI, B 3aBUCUMOCTM OT (DYHKLUMOHUPOBAHMS KOTOPbIX Ha NAUTHI
OEeWCTBYIOT TpU Ipynnbl HAarpy3ok: paboyve, Hepaboune n peMOHTHbIE.

Mpu pa3paboTke CxeM UCMbITAHUA U ONpeaeneHnn BENNYUH KOHTPOIbHBIX HAarpy30K NPUHATO, YTO B
paboyeM COCTOSHUWM MAWTbl AOMKHblI COOTBETCTBOBaTb KPWUTEPUSIM MO MEpBOW M BTOPOW rpynnam
npegenbHbIX COCToAHMI. [lpy npoBepke TPELLMHOCTOMKOCTM KOHTPONMPYETCHA LWuprMHa W BbicOTa
packpblTUS TpeLimMH, 4YTo oBycrnoBreHo HeobXxoaAMMOCTblo ObecneyeHus LLeNnoCTHOCTU KOHCTPYKLMN.
MakcumanbHas BbicOTa pa3BUTUS TPELLUH NO TOMLWMHE U3aenusa numutupyetcsa 3HadeHmeM (h—2as) = 240
MM. Kpome Toro, onsi cnyyas HeNpPOeKTHbIX BO3AEWCTBUI, NANTbI OSMKHBI COOTBETCTBOBaTL TpeboBaHWAM
no nepBon rpynne npeaenbHbIX COCTOAHUI Npu kKoadduumneHte neperpysa K = 2. NpunoxeHne Harpy3ok
Ha NAUTbl OCYLLLECTBSAETCSA Ha paccToaAHUM Y4 nponeTa oT onop.

Ona namt MU-60 n MNU-80 BennYMHBbI MakcumarnbHbIX u3rnbarowmx MomeHToB Mx B pabouvem
COCTOSIHUM cOCTaBnAoT 6.62 TM. 1 11.03 TM. COOTBETCTBEHHO.

MnuTta cuMTaeTcsa BblaepXKaBLUEen UCTbITaHWe NPV BbINOMHEHUW OBYX YCIIOBUIA:

- He MPOWCXOAWT paspyLUeHWs MAuTbl (PaspbiB MMM MpOCKarnb3blBaHWE PaCTSHYTOW apmaTypbl,
CMsITUE UK cpe3 GeToHa CXKaToi 30HbI MPU AOCTUXKEHUN KOHTPOJIBHOM Harpysku no NpoOYHOCTH);

- MpY OOCTWXKEHWWM KOHTPOMbHOW HarpyskM Mo TPELMHOCTOMKOCTU MakCcumanbHas LupuHa
PacKpbITUSA TPELLMH He NpeBbILWaeT NpeaernbHO AoMYCTUMOMN BenUYMHbI 0.5 MM, BbICOTa pasBuUTUS TPeLUMH
He npeBblaeT MakcumansHow BennyuuHel (h—2as) = 240 mm.

MpuHUMNWansHas cxema ucnblTaHU yHAAMEHTHON NAUTLI MO CTaHOK-Kavarky npeacrasneHa Ha
npumepe nsgenus MNL-60 Ha pucyHke 5.
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PucyHok 5. Cxema ucnbitaHnn pyHgameHTHon nnutbl MNMLU-60

[laHHble O KOHTPOIbHbIX Harpyskax UM KpUTEpPUSIX COOTBETCTBUSI KOHCTPYKUUIA MNpenbsiBNSEMbIM
TpeboBaHMsiM NpuBeaeHbl B Tabnuue 3.

Tabnuuya 3. [JaHHble 0 KOHMPOJIbHbIX Hazpy3Kax U Kpumepusix coomeemcmeusi 05151 onbIMHbIX
u3sdenuti

KoHTponbHas Harpyska no KontponbHas
Ne TPELMHOCTONKOCTH MpeaenbHble 3HayeHust|  Paspyliatolian
Mapka nsgenus o Harpyska
n/n (2 rpynna nped. COCTOsIHUIA),
T (1 rpynna npeg.
COCTOSIHU), T
a crc, MM h crc, MM
1 |1MN30.18-30 6.1 0.2 - 11
2 [2IM130.18-30 3.8 0.2 - 7
3  [MCK-CK[ 5.6x1.4x0.20 m COBCTBEHHbIN BEC KOHCOMEN R
1/3 anvHbl n3genus 0.5 -
4  |BCK-CK[ 5.6x1.25x0.20 m +(P=0.481) -
5 |®yHaameHTHasa nnuta NMLU-60 12 0.5 240 30
6 |®dyHaameHTHasa nnuta NMLU-80 16 0.5 240 40
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Mocne HaGopa GETOHOM OTMYCKHOM MPOYHOCTU Ha crneumanbHO U3rOTOBMEHHbIX UCMbITaTENbHbIX
CTeHax 3aBOA0B NPOBEeAEHbI UCMbITAHUS U3OENUIA HarpykeHnemM. Pe3ynbTaTthbl UCbITAHUIA n3genuin (puc.
6) npmBegeHbl B Tabnuue 4.

Tabnuuya 4. Peaynbmamsbi ucnbimaHusi usoenut

Harpyska N, kr PesynbTaThbl ncnbiTaHus
No HaumeHoBaHve (Bpewms
n/n obpasua neicteus T TpeboBaHue
' LLnpuHa BbicoTta
MUH) Mporu6, f,
MM packpbITUsi TpeLuHbI, h
TPELUMH, acrc, MM (acrc), MM
1 2 3 4 5 6 7
6000 20 0.9 H.O.
1 1M30.18-30 acrc He bonee
11000 57 1.8 HA. 0.2 MM
3890 3 0.2 acrc He 6onee
2 2MM130.18-30 H.A. crco oo
7300 36 1.8 )
480 acrc He bonee
3 MCK (15) 0 0.4 H.AO. 0.5 MM
480 acrc He bornee
4 BCK (15) 1 0.4 H.AO. 0.5 MM
12386 66 1.6 260 acrcoHSS Sl?ﬂnee
5 ML-60 . )
28386 here He Bonee
paspyLUeHue nnuTbl 240 MM
18200 156 1.9 260
acrc He bornee
0.5 mm,
° 8o 36200 here He Bonee
paspyLueHue NnnThl 240 MM

PucyHok 6. UcnbiTtanna nnut MNL-80. a) KoHTponbHas Harpy3ka no TpewmHOCTONKOCTH 16 T.
LLupuHa packpbiTus TpewmH ao 1.9 mm. 6) Harpyska 34.2 T, npeawecTByoLwas paspyluaroLien

Mo pesynbTaTam WCNbITAHUMM OMbITHBIX M3Aenuin, apMmmpoBaHHbIx [1KA, ycTaHOBReHo, 4TO
npeabaBnseMbliM  KPpUTEPUAM MO MPOYHOCTU U TPELUMHOCTOMKOCTM YOOBMETBOPSKT criegyolime
anemMeHTbl: AopoxHble NnuTbl 2130-18-30, nnuta MNCK-CK pasmepamu 5.6x1.4x0.20 m, 6anka BCK-CK[J
pasmepamu 5.6x1.25x0.20 m.

Kputepusim no TpeLMHOCTOMKOCTU He YAOBMNETBOPAT AOPOXKHble NnuTbl 1M30-18-30 — B AaHHbIX
nnuTax NpyM KOHTPOMbHON Harpyske 6.1 T NPOM3OLUNO pacKpbiTUe TpeLwimMH A0 WupuHbl 0.9...1.3 MM, 4TO
npesbllaeT MakcumarbHO gonyctumyto B cootseTcTBum ¢ FOCT 21924.2-84 senudnHy 0.2 mMm. MNpn aTom

I'm3narymmun A.P., Xycaunos P.P., Xo3un B.I'., Kpacunnkosa H.M. IIpounocts 1 neopmMaTuBHOCTh OETOHHBIX
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MATERIALS

paspylieHne MiuT NpY KOHTPOSbHOW Harpyske Mo MPOYHOCTM HE MPOW30LLSIO, YTO CBUOETENLCTBYET O
COOTBETCTBUM MIIUT NMPOYHOCTHLIM TPEBOBaHMSIM.

Kputepmsim no NpoYHOCTU U TPELUMHOCTOMKOCTM He YAOBMETBOPST yHAaMeHTHble nnuThl M1L-60
n MU-80 — B AaHHbIX KOHCTPYKLMAX NPU KOHTPOSbHbIX Harpyskax no TpewuHocTonkocTn 12 T un 16 T
NPOMN3OLLNO pacKpbiTUe TpewmnH A0 WnpuHbl 1.6...2.0 1 1.7...1.9 MM COOTBETCTBEHHO, YTO MNpeBbILaeT
MakcumMarnbHO AonycTumyto BenuyuHy 0.5 mm. KoHTponbHble Harpy3ku no npovyHoctv 30 u 40 T He Obinun
OOCTUTHYTbI N3-3a paspyLlueHns n3genun. Xapakrep paspyweHus namt MNL-60 — no HaknoHHOM TpeLwmHe B
MecTe ocrnabneHus cedeHus otBepctMeM 500x1250 MM, 4YTO OOYCNOBMEHO MOBLILIEHHOMN
0edopMaTUBHOCTLIO U, KaK CreAcTBue, BbICOTOW PaCKpbITUS TPELWH Yy u3genun, apmupoBaHHbix TMKA.
XapakTtep paspywenuns naut MNL-80 — no HopmarnbHbIM Ce4YeHMaAM B cepefuHe nponeta. Takum obpasom,
ONSl AaHHbIX KOHCTPYKUUIA 3aMeHa CTanbHOW apMaTypbl Ha MONTIMMEPKOMMNO3UTHYH, MOA0OPaHHY0 UCxoas
13 NpuHLUMNa paBHONPOYHOCTU, He obecneyvrBaeT NepBoHAYarbHbIX 3KCNyaTaLMOHHbIX CBOWCTB BBUAY
HW3KOro MOoAyns ynpyroct KOMMO3UTHOM apMaTypbl, YTO NPUBOAUT K MOBbILLIEHHON AeOPMaTUBHOCTH Y
KOHCTPYKLMI C €€ UCMONb30BaHMEM.

3akmnoyeHue

1. Mo pesynbTaTaM WUCNbITaHUA Moka3aHo, 4To [MIKA MOXeT ycnewHo npUMEHATbCA Ans
apMupoBaHNa COOPHbIX GETOHHbIX KOHCTPYKLMK, paboTalwmx Ha yhnpyroMm ocHoBaHuu. [lpu 3ToMm
3KOHOMUYECKUN 3PGeKT [OCTUraeTcsl Kak 3a CHEeT MUHMMAarnbHbIX PacXOAoOB MpPU  U3rOTOBMEHUM
KOHCTPYKLIMIA, TaK 1 B X0e 3KChnyaTaLumm 3a CHET yBENMYEHHOro cpoka MX Cny0bl B arpecCmnBHbIX cpeaax
Mo CpaBHEHUIO C TPAAULMOHHOW CTarbHOW apMaTypoWn.

2. YcTaHOBMNEHO, YTO B Hanbonee HarpyXeHHbIX KOHCTPYKUUSAX, TAKNX KaK AOPOXHbIE NNUTbI MapKu
1MM30-18-30, dyHoameHTHble nnutbl [MLU-60, ML-80, 3ameHy pabouen ctanbHow apmatypbl Ha [1KA
BbINONHUTbL MO MPUHLMNY PaBHOMNPOYHOCTU 6e3 AOMOMNHUTENbHBLIX U3MEHEHUN B CXeMe apMMpPOBaHUA C
COXpaHeHMeM 3KcnnyaTaunoHHbIX CBOMCTB U3aeNnni HEBO3MOXHO.

[na coxpaHeHusi TpeOyemon Hecyllen CnocobHOCTM Heobxoouma KOpPPEKTUPOBKA CXEMbl
apMMpPOBaHNA KOHCTPYKLMIA NyTEM YBENMYEHUs MMoLaam CeveHus pacTaHyTon apmatypbl nnbo Gonee
abdekTUBHOrO mcnons3oBaHusa noteHumnana MNMKA. Kak yctaHosneHo B [31], npu yBenuyeHun yaensHowm
NMOBEPXHOCTU PACTAHYTOW apMaTypbl (CHWXEHUM AuameTpa CTepXHEW MpU COXPaHEHUU UX CyMMapHOW
nnoLiaamn) cyLecTBeHHO BO3pacTaeT XeCTKOCTb U3rmnbaemblx KOHCTPYKLMIA, apmupoBaHHbiX KA. JaHHas
ocobeHHocTb [MKA, obbscHseMas HenvHENHbIM pacnpefeneHUeM HanpsbkeHU Npu pacTskeHum [7], u
OOMKHa B JanbHenweM yuuTbiBaTbCs Ans 6onee adpeKkTMBHOrO MCNONb30BaHUA €€  BbICOKMX
NPOYHOCTHbIX CBOWCTB.
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[MpOYHOCTb NOIMMEPHOrO KOMMO3uTa (CTEKonnacTmka) npu
MEXCNOMHOM caBure

The strength of the polymer composite (fiberglass) with
interlaminar shear

Cmydenm A.A. bondbipeea, A.A. Boldyreva,

cmydeHm F0.A. SipyHuyeea, Y.A. Yarunicheva,

cmydeHm A.B. [JepHakoea, A. V. Dernakova,

acnupaHm U.B. Meawos, I.I. Ivashov,

CaHkm-lNemepbypeckul nonumexHu4YecKkud Peter the Great St. Petersburg Polytechnic
yHusepcumem [lempa Benukozao, CaHkm- University, postaddress

lMemepbype, Poccus

KntouyeBble cnoBa: MeXCMNOWHbLIN COBW,; Key words: shear; composite; fiberglass;
KOMMO3UT; CTEKMONNacTuK; nonnuvep; polymer; three-point bending; short beam
TPEeXTOYeUHbIN n3rnd; kopoTkasa Garnka

AHHOTaumA. MHOrocrnoriHble CTEKNONMIacTUKU — NnepBble NPakTUYECKM OCBOEHHbIE BOJTIOKHUCTBIE
KOMMNO3WLMOHHLIE MaTepuansl. [pegen NpoYHOCTU MEXCIIOMHOMO caBura sIBNSETCS OOHUM U3 OCHOBHbIX
napameTpoB, HEOOXOAMMBIX ONSi pacdeTa KOHCTPYKLMI M3 CIOUCTbIX KOMMNO3WTOB. Bbino npoBeneHo
ucnblTaHme obpasLoB MHOIOCIOMHOIO CTEKMOMMAAacTMka Ha npeaen NpoYHOCTU MPU MEXCIIOMHOM caBure
METOAOM TPEXTOYeYHOro marnba kopoTkow Hanku, a Takke UCCregoBaHO BMWSIHUE PACCTOSHUSA Mexay
onopamu Ha 3HadeHue npegera NPoOYHOCTM MEXCITOMHOro caBura. McnbitaHms NpoBOAUNNCE HA MalluHe
Instron 5965 ¢ ucnonb3oBaHMEM CTaHOAPTHOW OCHACTKM AN TPEXToYeYHOoro uarnba, a Takke umdpoBoro
USB-mukpockona DigiMicro 2.0 gns oTcnexmBaHusa n pUKCMpoBaHNs MOMEHTA MOsiBNEHNs B obpa3suax
TPELLMH, COOTBETCTBYIOLLMX MEXCITONHOMY caBury. PesynbtatoM paboTbl cTana oueHKa NpMMEeHUMOCTH
MeToAda TPEXTOHMEYHOro u3rmba K onpedeneHuio npegena npPoOYHOCTU MHOTOCIOMHBLIX KOMMO3UTOB MpU
MexcrnonHoM casure. Takke Oblno NpoBegeHO CpaBHEHME KAPTUH Pa3pyLUEHUs] CTEKONIACTUKOB APYroro
COOTHOLLEHUS MNOSIMMEPHON MATPULbl U CTEKMNSIHHBIX BOJIOKOH.

Abstract . Multilayered fiberglasses are the first practically used fibrous composites. The ultimate
interlaminar shear strength is one of the key parameters that is necessary to calculate constructions made
of laminated composites. This paper presents the test of multilayer fiberglass exemplars for ultimate
interlaminar shear strength carried out by means of the Short Beam Shear test. The research of the
influence of the distance between pillars on a value of ultimate interlaminar shear strength is presented.
Tests have been conducted using an Instron 596 testing machine with the aid of the equipment for a three-
point bend and a digital USB microscope of DigiMicro 2.0 for tracking and fixation of the moment of
emergence in exemplars of the interlaminar shear cracks. The work results in the feasibility assessment of
Short Beam Shear test to define ultimate interlaminar shear strength.

BseodeHue

B HacTosiwiee Bpems B cdepe CTpouTenbCTBa BCE OOnbLUyd MNOMNYNSAPHOCTb npuobpeTtatoT
KOMMO3WLMOHHbIE MaTepuanbl, U KOMNO3uTbl. KOMNO3WUT — CMMAOLIHON NPOAYKT, COCTOSALWMI U3 ABYX U
bonee matepuanoB, OTNIUYHBIX APYr OT Apyra no dopmMe, a3oBOMY COCTOSHMIO, XMMUYECKOMY COCTaBY,
CBOWICTBaM, CKPEMMEHHbIX, Kak NMpaBumno, r3n4eckon CBSA3bI0 U UMEKLWMX TpaHuly pasgena mexagy
0b6sa3aTenbHbIM MaTepuanom (MaTpuuen) n ee HanofnHUTENSMU, BKITOYas apMypyoLLMe HanomHUTENu.

OpHMM u3 Haubornee MW3BECTHbIX KOMMO3WUMOHHBIX MaTepuarioB SIBASIETCA MHOFOCHOWHbIN
CTEKMNONMacTuK, COCTOSILUMIA M3 HECKONbKMX CIOEB MOSIMMEPHONM MaTpuubl U CTEKMNSHHBIX BOJIOKOH.
MHOrocnowHble CTEKMNONMacTUKM — NepBble MPaKTUYECKM OCBOEHHbIE BOJIOKHUCTbIE KOMMO3ULMOHHLIE
matepuansl. [MaBHbLIMW NPeuMyLLECTBAMU CTEKMONMacTuka SBMAAITCA Marnblid YOenbHbIN BeC, HU3Kas
TEnmonpPoBOAHOCTL, BbICOKasi MPOYHOCTb B HanpaBfeHU apMUpoOBaHUs, XMMUYECKasi 1 BNaroCTONKOCTb.
Bnarogaps aTMM CBOWCTBaM €ro 4acto WUCMOMb3ylT Ansi NPOM3BOACTBA MOPCKMX M PEYHbIX CyAOB; B
rPaXX4aHCKOM CTPOUTENbCTBE CTEKMOMMacTUK NpUMEHSETCA ANs MPOM3BOACTBA OKOHHbLIX pam, OBEpEWN,
COOpPHbLIX KapKacoB Marno3TaXHbIX JOMOB M MOOUIbHBIX BPEMEHHbIX >unuvw, [1]. Takke cTeknonnactuk

BongsipeBa A.A., fApynuueBa lO.A., [lepnaxoa A.B., MBamos M.B. IIpouHOCTh NOIUMEPHOTO KOMIIO3UTA
(cTexmormnactika) mpu MexcioitHom casure // MuxenepHo-cTpouTenbHbil xkypHanr. 2016.Ne 2(62) C. 42-50
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UCNonb3yeTcs B NMPOU3BOACTBE apmaTypbl, TPY6 pasnMuYHOro HasHayeHusl, BEHTUMSALMOHHbLIX CUCTEM,
TOHKMX PYMOHHBIX MOKPBLITWIA, @ Takke MHOIOCHOWHbLIX naHenen. Cteknonnactuky obnaaarT XOpoLwnMm
napameTpamMu paguMonpo3payHOCTU, YTO MO3BOJISIET MCMONb30BaTh UX OISt M3rOTOBEHUS PasUYHbIX
YKPBITUIA NS @HTEHH U NTOKaTOPOB.

Takum 06pa3om, MHOrOCMOWHbLIA CTEKMONMACTUK B OCHOBHOM WCMONb3yeTcsl B 00O0NOYeYHbIX
KOHCTPYKUMSAX, ANS pacyeTa NpoOYHOCTU U onpefeneHns pecypca KOTopbiX HEOOXoAMMbIM MapamMeTpom
ABNsieTCA NpeAen NPoOYHOCTU NP MEXCIONHOM CABUre B CUITY aHM30TPONUM CBOMCTB MaTepuana. To4yHoe
onpeaeneHne npegena npoYHOCTU MPU MEXCITOMHOM cABUre SABMSIETCSl 4OCTATOYHO CIOXHOMW 3ajadent:
cywectByeT OonblIOe KONMUYECTBO JKCMEPUMEHTANbHLIX METOAO0B, HO OOMbLWMHCTBO W3 HUX He
obecneymBaeT 0OHOPOAHOCTb HaMPsSKEHHOrO COCTOSHUS, @ MOTOMY o6nafdaeT HU3KoW ToOYHOCTbI0. Bonee
TOYHble MeToabl TpebyT crneuuanbHOro 00OpYyAOBaHUSA, CIOXHOW reoMeTpunm obpasuoB u
MCMONb30BaHMS TEH30pe3nCTOpoB. B pgaHHOM cTaTbe paccMaTpuBaeTcsl NMPUMEHEHWE OTHOCUTENbHO
MPOCTOro MeToAa UCMbITaHWUS KOPOTKOWM Ganku.

O630p numepamypsl

OCHOBHOW CIOXHOCTbIO B MPOBEAEHUW MUCNbITAHUIA Ha MEXCIOWHbBIA CABWUT SIBMSIETCA MNOnyyYeHne
OOHOPOAHOrO MO HaNPsHXKEHWA, YTO NOPOAMIIO OFPOMHOE KONIMYECTBO METOA0B UCTbITaHWI, KOTOPbIX Ha
CerofHsAWHWA OeHb cyllecTByeT bonee pecsartka. [NoapobHble o63opbl npeactaeneHsl B [1-3], [4-8].
BonbWKMHCTBO MeToAoB, onucaHHbIX B [l], HE MOMyYMnM LIMPOKOro pacnpoCTpaHeHus BBUAY WX
HeJOCTaTOYHOM TOYHOCTHU, CITOXXHOCTM U3rOTOBIIEHUS 00pas3L 0B 1 NpoBeAeHus akcnepnumeHToB. O630p [2]
OaeT 3aKkrioveHne, YTo eQUHCTBEHHbIM TOYHbIM METOAOM MOXHO MpusHaTb MeTog losipescu (puc. 1),
KOTOpbIN TpebyeT cneynanbHoro o6opyaoBaHus, NCMONb30BaHNSA TEH30PE3NCTOPOB U 0OPa3LIOB CIOXHON
reomeTpun. O630p COBPEMEHHbIX METOAOB [3] MoKa3biBaET, UTO Ha CErofHsALWHMIA AeHb Hapsaay ¢ losipescu
O[HOPOAHOE HanpsXKeHHOEe COCTOSIHNE MOXHO Nony4uTh ¢ nomowbio Metoda V-Notched Rail Shear (puc.
1), HO Ha NpaKTUKe CNOXHOCTb €ro NPOBEeAEHNS TOXe AOCTAaTOYHO BbICOKA.

PucyHok 1. O6opyaoBaHue ana metonos losipescu ( cnesa) u V-Notched Rail Shear
(cnpaga)

Haunbonee NpocTbiM, HO AAKOLWMM AOCTAaTOYHO XOPOLLYH OLIEHKY Npeaena NpoYHOCTM MEXCITONHOMO
cOBuvra siBnsieTcs TpexToveyHbli n3rnd kopoTkon 6ankm (short beam shear test) [1-3]. YacTto B nutepatype
npegen NpoYHOCTU, NOMYYEHHbIA NPU TAKOM MCNbITAHUW, Ha3bIBAKOT KaXYLLUMMCS NpeaernoMm npoYHOCTU
npy MexcrnonHoMm casure (apparent shear strength) BBuAy MPUCYTCTBUS CMOXHOMO HanpsXXeHHOro
cocTosiHus. OcOBEHHOCTLIO TakMX UCMBbITAHUIN ABNSETCA HEOBXOANMMOCTb obecneyveHus paspyLleHus no
KacatenbHbIM HanpskeHusam [1], [9], [10-12], To ecTb obecnevyeHne MoOAbl paspyLleHus,
COOTBETCTBYIOLLEN paspylleHno casurom. [pyrum HegocTaTkoM 3TOr0 BuAa UCMbITAHUS SBNSETCH
HEBO3MOXHOCTb TOYHOrO onpeaeneHns Moaynsa casura, B To Bpems kak metoabl losipescu un V-Notched
Rail Shear nosBonsoT caenartb 3TO € 4OCTAaTOYHO BbICOKOM TOMHOCTLIO. B cTaThe [8] nokasaHo, YTO MOXHO
NoNy4nTb OOCTATOYHO TOYHbIE 3HAYEHUS MOAYNSA COBWra NUWb MPU OYEHb HU3KOM €ro 3HayeHuu no
CpaBHEHMIO C NPoAonbHbIM Moayrem HOHra.

WcnbiTaHus pernaMmeHTUpyoTCs cTaHaapTaMu [4—7], B KOTOPbIX OMMCLIBAOTCA NpuemsieMble Moapbl
paspyleHusi, a Takke reomMeTpuyeckue pasmepbl obpasua, paccTosiHMe Mexay ornopamu, paguychbl
3aKpPYINEHUs1 OMOP W Harpyxarollero anemMeHTa. 3TU napameTpbl pasfnyHbl BO BCEX PACCMOTPEHHbIX
cTaHfapTax; NpeacTaBnsieT MHTepec 060CHOBaHVe BbiGopa MMEHHO TakuMx 3HaveHuid. Takke cTaHOapTbl

Boldyreva A.A., Yarunicheva Y.A., Dernakova A. V., lvashov Ll. Prochnost polymernogo kompozita
(stekloplastika) pri mezhsloynom sdvige [The strength of the polymer composite (fiberglass) with interlaminar shear].
Magazine of Civil Engineering. 2016. No. 2. Pp. 42-50. doi: 10.5862/MCE.62.5
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[4—7] ponyckatoT BO3MOXHOCTb UCMONb30BaHMA 06pasLoB pasfnyHbIX pa3MepoB, HO 3HAYeHWs pagnycos
3aKPYrieHns Ornop 1 HarpyxaroLero aneMeHTa oCcTaloTCs HEU3MEHHbLIMW, YTO HECOMHEHHO MOXET AaBaTb
pasHble pe3ynbTaTtbhl Ans obpasuoB pasHbiX pasmMepoB M3 OOHOMO WM TOFO Xe MmaTepuarna, Y4To Takke
oTMevaeTcsa B ctaTbe [9]. B cratbax [9], [10lnpeacTtaBneH aHanu3 BAWSHUSA paguyca 3akpyrieHus
Harpy>xatoLLero afieMeHTa, a Takke pacCTosHUS MEeXAy ornopaMmn Ha 3HavyeHne npegena npoYHoOCTU. ATH
napameTpbl 3HaYNTENMbHO BIUSAIOT HA MOAY Pa3pyLUEHUs: NPWU CrULLKOM BonbLIOM paauyce U/nunm Manom
paccTosHUM Mexay onopaMmu Nponcxoaut cMaTne obpasua, Nnpy 60MbLWOM PacCTOSAHUM Mexay onopamm
YBENUYMBAETCA BNWSHUE PACTAMMBAIOWMX W CKUMAKOWMX HanNpsHkeHUWn, npuv  ManoMm paguyce
HarpyxaroLiero anemMeHTa BO3HMKaeT Bonblias nokanbHas HeOOHOPOAHOCTb HanpsiXeHUn. [NPoYHOCTb
MONUMEPHOro KOMMNo3uTa (CTeknonnacTmka) NPy MeXconHOM CABUre, KOrga paccTosHMe Mexay onopamu
CMULLKOM MarneHbKoe Un CrnWKOM BonbLuoe, He MOXEeT CYMTaTbCs AOCTOBEPHOW 13-38 BO3HWKHOBEHUS
NMOCTOPOHHMX Aedopmaumii [20-22].

B cooTtBeTcTBMM € [10] ANng paspyLleHus No KacaTeslbHbIM HanpsKeHNsM HeobxoammMo obecneunTb
COOTHOLLEHMUE:

4<s/h<9, 1)
raoe S — paccTosiHue Mexay ornopamu;
h — TonwmHa obpasua.

Ho Tarkke oTMevaeTcsl, YTO 3Ha4YeHue Kaxyllerocs npegena MPOYHOCTU MEXCIOWHOro casura
3HaAYUTENbHO YBENUYMBAETCH MPU YMEHbLUEHWM PacCTOSHUA Mexay ornopamm u npubnwxkaercs K
3HayeHwuo, nonyyeHHomy metofom losipescu. B ctaHgapTax ycTaHaBnuBalTCA criefylolme 3HavYeHUs
napametpa : [4],[5],[7] -5, [6] — 4.

B pabotax [12], [13] nokasaHO, 4TO ANl KOMMO3UTOB Ha OCHOBE apaMWUAHOro BOSOKHA Npu
KaxyLumMnca npegen npovyHOCTM okasblBaeTcsd npumepHo Ha 20 % Huke peanbHOro npegena npoYHoOCTU
MEXCITOMHOro capura. Takke npefcTaBrneHa aHanuMTuyeckas 3aBUCUMOCTb AN HaxOXAeHwus npegena
MPOYHOCTU MEXCIIOWHOIO CABWra M3 KaXyLlerocsi npegena npoYyHOCTM MpU MCMONb30oBaHUM npegerna
NMPOYHOCTU Ha CxXaTwue.

[TocmaHo8ka 3adayu

LleJ'IbI'O pa6OTbI ABNAETCA onpeneneHne Kaxylierocd npegena npo4YHOCTr MEXCIOWHOro casura
MEeToAOM TpeXTOo4e4yHOoro n3rmba [nNad MHOrOCNONHOIO CTEKMOBOSIOKHUCTOMO KOMMO3uTa, a Takke
nccnenosaHme BIMMAHUA PACCTOAHUA MexXAy onopamMn Ha 3Ha4YeHudA npenerna npodYHoCTn un nonyqaemoﬁ
MObl pa3pyLlieHna.

Memoduka nposedeHusi akcriepumMmeHma

Wcenenyetca MHOMOCMNOWHBIN CTEKNOBONMOKHUCTBLIM KOMMO3UT, MaTpuua — nonvadgmpHaa cmona,
BOJTKHO — CTEKIOTKaHb MOMOTHSIHOMO NneTeHus nnotHocTelo 300 r/mM2. MaTepuan u3roToBrneH MeToaoM
PYYHOW BbIKNaAKWM, COAEPXaHWE CTEKNOBONOKHAa B obbeme komnosmTa okono 40 %. WcnbiTaHus
NPOBOAMNMCL Ha MaLuuHe Instron 5965, ¢ ncnonb3oBaHWeM CTaHAAPTHOW OCHACTKU ONsl TPEXTOYEYHOro
n3rmba, ¢ pagmycamy 3akpyriieHust onop M HarpyxarLlero afieMeHTa M. YuuTbiBasi, YTO B CTaHZapTax
[4—7] pernameHTUpYOTCSt ONOPLI MEHbLUEro paguyca, obpasubl Bbibnpanvcb 6onbLIMX pasMepoB: AnvHa
MM, TOSILUMHA MM, WMpMHA MM. HarpyxeHue NpoBOAMIIOCL C MOCTOSIHHOW CKOPOCTbIO, yrpaBrieHue
NPOM3BOAUITOCE MO MEpPEMELLEHMAM, NO3ITOMY AaHHAs BENMYMHA MMEET pas3MepHOCTb [MM/C]: MMm/C.
Cxema vcnbITaHus npeacTaBrieHa Ha pUcHke 2.

1 Harpyxatowuii anemeHt

~

Onopa

PucyHok 2. Cxema HarpyxeHus u3 [4]

BongsipeBa A.A., fApynuueBa lO.A., [lepnaxoa A.B., MBamos M.B. IIpouHOCTh NOIUMEPHOTO KOMIIO3UTA
(cTexmormnactika) mpu MexcioitHom casure // MuxenepHo-cTpouTenbHbil xkypHanr. 2016.Ne 2(62) C. 42-50

44



Magazine of Civil Engineering, No. 2, 2016

WcnbiTaHus npoBogunucek Ha 14 obpasuax, pasaeneHHbix Ha 4 rpynnbl. VicnbiTaHusa ans kaxaon
rpynnbl 06pa3sLoB NPOBOANMUCH MPU Pa3NNYHBLIX 3HAYEHUSIX PACCTOSIHWS MEXIY Onopamu, B COOTBETCTBUM
C cooTHoweHuem (1). [na kaxgoro obpasua 6bina NnocTpoeHa guarpamma paspylleHus, rge Ax — 3aTo
nepemeLLeHNe HarpyxatwLero anemMeHTa, Ans KOHTPOssi MOAbl paspyLleHust obpasuoB Mcnonb3oBarcs
USB Mukpockon: genanacb cepusi dootorpacmii, KoTopasi ConocTaensifnach C AuarpaMmMon paspyLLueHUs 1
no Auarpamme oOnpegensnacb MakcuMmanbHas cuna Fmax, koTopas Bbi3Bana paspyleHue Mo
MexcrnonHoMy cagury. Kaxyuincs npegen npo4HOCTM MEXCIIOMHOO CABMra BbicHMUTbIBanNcs no opmyne:

3 F
Trax = ,
4 bh

roe T,....— NPeaen npoYHoCTU Npu MexcronHom casure, Mlla,

)

Fax — MakcmanbHas Harpyska, H;

b — wupuHa obpasua, mwm;
h — TonwwuHa o6pasua, mm.

Pesynbmamsi ucrisimaHuu

PesynbTatbl NpoBeAeHUs 3KCMEPUMEHTOB U BbIMMCNEHWUI npeAcTaBrneHbl B Tabnuuax 1-4 n Ha
pucyHkax 3—6.

2000 F-H
Ta6bnuua 1. Peaynbmamsbi ebivyucieHus
Kaxxyujez2ocsi npedena npoYyHocmu npu 1600
MexciioliHom cdeuze npu s = 14—mMm / ——
1200
I"I\;Ig'l b, Mm h, Mmm Fmax, H l.\r/lmlflg 800 //
1 15.860 2.677 1779 31.426 400
2 14.723 2.793 1716 31.298
3 15.440 | 2.790 1454 25.319 0
4 15.893 2.663 1576 27.926 0 0,25 1 0,5 ) 0,753 41 1
—] — — Ax,

PucyHok 1. ilnarpamma paspyLieHus aAns
s=14 mm
(o6pa3subl 1-4)
Tabnuya 2. Peaynbmamasl ebl4UCieHUs1 F H
Kaxxyujezaocs npedesia IPOYHOCMU fpu 2000 —
MeXxcrolHoM cdeuze npu s = 16 Mm

1600
Ne Tmax, ;Z -
n/n b, MM h, MM Fmax,H MMa 1200 / \—

5 155 2.70 | 1601 | 28.694 300

A\

6 | 146 | 2.69 | 1620 | 30.944 //
7 | 1596 | 2.70 | 1827 | 31.801 400 /
8 15.88 | 2.703 | 1537 26.848 0
0 0,25 0,5 0,75 1
—5 7 —8 A
PucyHok 2. [Ouarpamma paspylieHuss pans
s=16 Mm
(o6pasubl 5-8)
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2000 —F-H
Ta6bnuua 3. Peaynbmamsbi ebivyucieHus
Kaxxywe2ocsi npedesia nPoYHOCMU fnpu 1600
MexcrioliHoM cdeuze npu s = 18 Mm 1200 A
A |\
Nel b wm | hyomm Fmax,H Tmax, 800 =
n/n ' ’ ' MMa e~
9 [ 15.093 | 2.817 | 1293 | 22.814 400 —
10 15.717 | 2.717 1395 24.514 0 |
11 15.293 | 2.773 1572 27.803
0 025___g 0519 P75 Ax.:
PucyHok 3. 3aBUCMMOCTb NPOYHOCTH NpMU
s=18 mm
(o6pasubl 9-11)
2000 F-H

Tabnuua 4. Pe3aynbmamabi ebivyuciieHus
Kaxxyuwjez2ocsi npedena npoYyHocmu npu 1600 /‘
mexcroliHoMm cdeuze npu s = 20 Mm

1200
Ne b,Mm | h,MM | Fmax,H Tmax, 800 4/ I
n/n Mla 7 —
12 | 15,513 | 2.703 1663 29.759 400 /
13 16.08 2.767 1473 24.842 —
14 15.85 2.657 1444 25.724 0 |
|
0 0,25 0,?2 01§5 1 41 Ax,l'l\z/i
PucyHok 4. 3aBUCMMOCTb NPOYHOCTH NpU
s=20 mm

(o6pasubl 12-14)

AHanus pe3yrnbmamos

B cooTBeTCTBUMM CO CTaHOoapTamMum [4—7] cXemMmaTun4Hble npeacTtaBrieHna Mo paspyLlieHuna, KoTopble
MOryT NONy4YnTbCA B pe3yrbTaTe 3KCNepnMmeHTa, BblMAaaqaT cneayowmnm 06pasoM:

Moabl paspylueHusi No caBury

ASTM D2344/D2344M ISO 14130:1997, FOCT 32659-2014

L1 == =

ASTM D2344/D2344M

CmMelwaHHble moabl pa3pyweHunsn

ISO 14130:1997, FOCT 32659-2014

— =V =& —a—
. T —&x—=a&—
I

PucyHok 7. CxemaTM4Hoe n3obpaxeHrme BO3MOXHbLIX MOA pa3spyLleHUs: crieBa cTaHaapT [6],
cnpaBa cTaHgapTbl [4], [5]. MpruemMneMbIMy CUUTAIOTCS TONBLKO YUCTbIE MOAbLI pa3pyLUeHus No
MEXCNOMNHOMY CABUrYy
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C nomowpblo MUKpOCKOna Ans Kaxaoro obpasuya Obinv nonydeHbl doTorpadum, KoTopble
BMOCMNEACTBMU CPaBHMBANIUCb CO CXEMaTUYECKUMU U300paxKeHMsIMU Ha pUCyHke 7. TunuyHble mopbl
pa3pyLleHuns nokasaHbl Ha PUCYHKe 8.

PucyHok 8. TunuyHble MoAbl pa3pyLleHUs, NOJTy4YeHHble B pe3ynbTaTe UCMbITaHU

MonyyeHHble MOAbl paspyLLUEHUss He MOXOXM Ha Te, YTO MpeacTaeneHbl B cTaHgapTax [4-7] B
KayecTBe [OMYyCTUMbIX, HO TpelUMHa BO BCEX Cryvasix MosiBnsieTcs BOAM3W CPEOUHHOMN FMHWM, YTO
yKasblBaeT Ha paspylueHWe BCNeAcTBUE AEWCTBUS KacaTeslbHbIX HanpsbkeHui. Cxoxasi KapTuHa
pa3pyleHuss nokasaHa B cTaTbe [11] npu uccriegoBaHUM KOMMO3WUTOB M3 YITIEPOAHOrO BOMOKHA, YTO
NO3BOJISIeT TOBOPUTL O [JOCTOBEPHOCTM MOJTyYEHHbIX pe3yrbTaToB. Takon TUN paspyLleHnsl, CKopee BCero,
BO3HMKAeT U3-3a BLICOKOrO COAEPXKaHWsi CMOJSIbl: paspylleHne NPOUCXOAUT B UHTepPdENCHOM crioe Mno
KPUTEPUIO MaKCMMarbHbIX HOPMaribHbIX HanpshKeHWi, B pe3yrnbTaTe Yero BO3HMKaKT TPELLMHbI NMoA Yriom
45 ° Kk ocu Ganku, koTopble BWAOHbI Ha pucyHke 8. Takke nocne M3ydeHus ob6pasuoB, NPoLUeaLInX
UCMbITaHNSA, MOXHO cKasaTb, YTO paspylleHMe MPOUCXOAMT NWlib B MaTpuLe KOMMosuTa, Tak Kak
Nosy4mnBLIAsACS TPELLMHA 3aKpbIBAeTCS MOCTe CHATUS Harpysku.

[Ba obpasLia 6binu nckntoveHbl u3 Boldopku (obpasubl Ne 1, 3), Tak kak ux MoAbl paspyLLeHUs UMeroT
CMeLLaHHbI XapakTep (puc. 9).

PucyHok 5. O6pa3ubi Nel u Ne3 co cmellaHHbIMKU MOAAaMU pa3pyLueHUs

Mocne HaxoXOeHUs YCPEAHEHHOrO 3HAYEHUs! Kaxyllerocs npegerna MpPOYHOCTU MEXCIIOMHOMo
cOoBura Ans KaKOoro paccTosiHus Mexay ornopamu 6bin MocTpoeH rpadhuk 3aBUCUMOCTM Npenena
MPOYHOCTM NPV MEXCIIOMHOM CABWTE OT PacCTOsHUS Mexay onopamu (Tabn. 6, puc. 10), KOTopbIi
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aHarnoru4deH rpadukam mn3 [10] Anss KOMNO3UTOB M3 YINEBOJIOKHA. TakKe MHTEPECHbIN hakT OTMeYaeTcs B
[9]: paHHWe Bepcum cTaHgapTa [7] pernameHTMpyoT 3HadYeHMe napameTpa  [Onsi CTEKITOBOSIOKHUCTbIX
KOMMO3WUTOB U [J151 BCEX OCTallbHbIX apMUPOBAHHbBIX KOMMO3MTOB, YTO O3Ha4YaeT NOSIBIEHNE CMELLaHHbIX
Moz BOMM3N 3TUX 3Ha4YeHU. B Hawwem cryyae cMmellaHHble MOAbl MOSIBUNMCH MPU 3HAYEHUSIX.

Ta6nuya 6. CpedHee 3HayeHue 32<Tmax>' Mria

Kaxyujezocs npedena
npoYHOCMU, NOYyYeHHO20 Npu
PasuYHbIX PacCmMOSIHUSIX 30 —
mexdy onopamu \
28
S,MM <Tmax>, Mla \
14 29.612 26 ,/’
16 29.572 N\
18 25.044 24
20 26.775
22
20 s/h
4 5 6 7 8

PucyHok 6. N'pacdmk 3aBUCMMOCTU yCPeAHEHHOr0 3Ha4YeHus
KaXyLlerocsi npegena NPo4YHOCTU MEXCIIOMHOro caBura oT
napameTtpa S/ h

Bbi8oO0nbI

Wcxoas us aHanusa pe3ynbTaToB NpoBedeHHbIX UCTbITaHWii Ha onpeaeneHne Kaxylierocs npegena
MPOYHOCTM MpPU MEXCMOMHOM CABWUre MEeTOOOM TPexTo4yeyHoro marmba KopoTkoW Garnku, a Takke
maTepuarnos Apyrux paboT, MOXHO caenaTh creayollne BbiBoabl:

1. MeTog TpexToyeyHoro marmba KopoTKOW GankM MOXEeT YCMEeWHO MPUMEHSITbCA OIS OLEHKU
npegena NPoOYHOCTU CTEKMOMNMIACTUKOB NPU MEXCITONHOM caBure npu COOMOAEHUN HEKOTOPLIX YCITOBUIA.
PaccTosiHue mexay onopamu JOMKHO ObITb 4OCTATOYHO MarbiM, YTOObI CHU3UTL BIUSIHUE CXKaTWs BAOMb
BOJIOKOH, 1 AOCTATOYHO BONbLUMM, YTOObI UCKMIOUYNTL 3HAYMTENBHOE CXaTue Nonepek NnockocTu Croes.
MokasaHo, YTO ANs UCMbITAHHOIO CTEKMOMMAacTMKa, NPY UCMONb30BaHUN OCHACTKU C pagumycaMu ornop U
Harpy)katoLiero anemMeHtTa MM, MNpUeMieMbIM COOTHOLLUEHMEM MeXAy PacCTOsHUS MeXay orop U
TonwuHon obpasua siensieTcs .

2. KapTuHbl pa3pyLueHns o6pa3sLoB He COOTBETCTBYIOT yKka3aHHbIM B CTaHAApTax, YTo o6bscHsaeTcs
[JOCTaTO4YHO HU3KMM COAEPXKaHWEM CTEKIIOBONIOKHa B OGbEME KOMMO3uTa: paspylleHWe NpPOVCXOAUT
TONbKO B MaTpule Mo KPUTEPUID MaKkCUMarbHbIX HOPMArbHbIX HanpshkeHWn, O YeM CBUAETEMbLCTBYIOT
XapakTepHble TPeLWHbl, BO3HMKaloWMe nog yrrnoM 45 ° k ocu 6ankv B6GNu3uM cpeauHHoin nuHum. Cxoxas
KapTWMHa paspyLLueHus obHapyxxeHa W Ans opyrux komnosuTos [11].

3. HeCMOTpﬂ Ha TO, 4YTO |<a>|<y|.|.|,v||7|c;| npegen Nnpo4YHoOCTnN MEXCMOMHOro casura okasblBaeTCHa HMXKe
peanbHOro npeaena npo4YHoOCTH, ero 3Ha4eHmne MOXXHO YTO4YHUTb, UCMOJb3yA aHanNnTU4eCcKoe BbipaXeHune
n3 [12], anda KoToporo Tpe6yeTc;| 3Ha4YeHne npepgena rnpo4YHOCTU Ha CXXaTne BOOJ1Ib BOJTOKOH.
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CoBepLLUEHCTBOBaHME pacyeTa OPOXKHbIX KOHCTPYKLIMIA MO
conpoTuenenunto casury. Yacts 2. MoguduumpoBaHHbie Mogenu
pacyeTa rnaBHbIX W KacaTerbHbIX HanpsiKeHni

Improvement of shear strength design of a road structure. Part 2.
Modified models to calculate the principal and shear stresses

KaHnd. mexH. Hayk, doueHm A.C. AnekcaHdpos, A.S. Aleksandrov,

KaHO. mexH. Hayk, doueHm I".B. [Jonaux, G.V. Dolgikh,

acnupaHm A.J1. KanuHuH, A.L. Kalinin,

Cubupckas eocydapcmeeHHasi agmomobusibHO- Siberian State Automobile And Highway
OopoxxHasi akademusi, e. OMck, Poccusi Academy, Omsk, Russia

KnrouyeBble crnoBa: rmaBHbIE HAMPSHKEHUS; Key words: principal stress; shear stress; shear
KacaTenbHble HanpsKeHUs; CONPOTMBIIEHNE strength; soils; discrete materials

CABMIY; TPYHTbI; AUCKPETHbIe MaTepuarnsi

AHHOTaumAa. OCHOBaHWA [OOPOXHbLIX OAEXd U3 OWCKPETHbIX MaTepuarnoB MONyYMnn LIMPOKOe
pacrnpocTpaHeHue B TpakTWKe CTPOWTENbCTBA  aBTOMOOWIIbHbIX  OOPOr BO  BCEM  MUpe.
JKcnepuMeHTarnbHble UCCNefoBaHUA pasfUYHbIMKM Harpyskamu nokasanu, 4TO afJeKkBaTHbIi pacyeT
HanpskeHUid Mo doopMynam MeXaHWKW CroWHOW cpedbl NpPaKkTUYeckn HeBO3MOXeH. B craTbe
npeacTasneH cnocob moandukaumMmn moaernei pacyeta HanpshkeHWin, NPUMEHeHe KOTOPOro no3sonseT
[OMOJHATb PeLUeHUss MeXaHUKN 3ePHUCTOI cpeabl U UHXEHEPHbIX CNocob0B 3aBUCUMOCTAMI AN pacyeTa
MUHUManbHOro 0s. Mo aToMy crnocoby BeinonHeHa MoaudMKaLWa psda peLleHnin, B cTaTbe NpUBeaeHb!
MoANMULMPOBaHHbIE MOZEenM. 3TU  MOAENV TMO3BONAIOT BbIMUCHATb [MaBHble HAMPSPKEHUs B
MoSYNPOCTPaAHCTBE U CIOE KOHEYHOM TONLLMHBI B CEYEHWUM MO OCY CUMMETPUN Harpy3ku, pacnpeneneHHom
no kpyrnon nnowanke. MNprvBegeHo conocTaBrneHne pesynbTaToB pacyeTa C AaHHbIMU SKCNeprMeHTa,
BbINOMHEHHOTO UCMbITaHNEM OOPOXKHOW KOHCTPYKLUM MOABWXHOM HArpy3kol Mpu NMOMOLLU KOSbLEBOrO
cTeHOa B yHuBepcuTeTe KeHTepbepu.

Abstract. The grounds for road pavements made of granular materials are widely used in the
practice of road construction all over the world. Experimental studies of different loads have shown that an
adequate stress calculation using the formulas of continuum mechanics is practically impossible. The paper
presents the method of modifying stress analysis models, which allows using complementary solutions
mechanics of granular medium and engineering methods to calculate the minimum dependencies principal
stress 3. Using this method, the modification of a number of solutions has been carried out. The given
article provides the modified models. These models allow the calculation of the principal stresses in the
half-space and the layer of finite thickness in a section along the axis of symmetry of the load distributed
on a circular platform. The comparison of the calculation results with the experimental data performed by
the test execution of road construction moving load using a ring stand of the University of Canterbury has
been presented.

BseodeHue

B npakTuke cTpouTensCcTBa OCHOBAHMIN OOPOXHbLIX OOEX LUMPOKOE pacrnpoCcTpaHeHWe nonydvnu
ANCKpeTHble MaTepuarnsl. [1o cpaBHeHMIo ¢ MaTepranamm, 06paboTaHHbIMU BSXYLLMMM, OHM UMeIOT 6onee
HW3KMe nokasaTenu MPOYHOCTU M AedopMUPYEMOCTH, HO oBnaaalT BbICOKON PEMOHTOMPUrOAHOCTLIO.
Hanpumep, xonogHbIVi pecanknuHr No3BonsieT NOBTOPHO NMPUMEHSATL ANCKPETHbIE MaTepuarnbl, obpaboTas
nx BAXyWwumn. B cBA3nM ¢ aTum 3a pyGexom npu HOBOM CTPOUTENbCTBE OCHOBAHUS OOPOXHbIX OAEXS
yCcTpavBaloT M3 AMCKPETHbIX Matepuanos, a MpW KanuTanbHOM PEMOHTE WX YKPennswT pasnuyHbIMU
BSOKYLLIMMW NPY NOMOLLM rNYHOKOro pecanknmpoBaHus. ECriv NpuHATL Takyto cTpaTermio CTpomMTensCTBa U
peMOHTa AO0pOor, TO CTAHOBUTCA OYEBUOHbLIM, YTO aAEKBATHbIN JKCNEepUMEHTarnbHbIM AaHHbIM pacyeT
Aleksandrov A.S., Dolgikh G.V., Kalinin A.L. Sovershenstvovanie rascheta dorozhnyh konstrukcij po soprotivlieniyu
sdvigu. Chast’ 2. Moadificirovannye modeli rascheta glavnyh i kasatelnyh napryazhenij [Improvement of shear
strength design of a road structure. Part 2. Modified models to calculate the principal and shear btegszes.
of Civil Engineering. 2016. No. 2. Pp. 51-68. doi: 10.5862/MCE.62.6
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HanpsbkeHHo-AedopMupoBaHHoro coctosiHus (HOC) AUCKpeTHbIX MaTepuanoB MO3BONMT MpaBUibHO
nogobpaTb MaTepuanbl CMOEB U paccunTaTb UX TOMLWMHY. PelueHne 3Tol 3agayn no3BonuT fobuTbes
COOTBETCTBUSI MPOEKTHOIO U (haKTUYECKOTO CPOKOB CYKObI KOHCTPYKLIMM.

Mpobnema cTpouTenbCTBa OCHOBaHWUIM JOPOXHbIX OAEXA U3 AUCKPETHbIX MaTepunanoB BKIOYaeT B
cebsa Tpn 3agauun.

lMepBas 3apava asnsietTcs matepuanosegveckon. OHa cBa3aHa ¢ nogbopomM cocTaBoB LwebeHOoYHO-
necyaHbix (LLUMC) n necyaHo-rpasumHbix cmecen (MNIMC), a Takke ¢ paspaboTkon TpeboBaHUn Kk HUM. B
CLWA anga conoctaBUTENbHOW OLEHKM NPOYHOCTM U AedhopMupyeMocTu npumeHaetca KanndopHunckoe
yncno Hecyulen cnocobHoctn rpyHTa (California Bearing Ratio — CBR). OToT napameTp npeacrasnseT
coboW OTHOLLEHVE OAaBMEHUN, BbIPaXKEHHOE B NPOLIEHTax, KOTOpble HEOBXOANMO MPUIIOKUTbL K TPYHTY 1
CTaHOapTHOMY LWe6bH aAns ux AedOopMUpOBaHMS Ha OAWHAKOBYK BenMYMHY. Takmum o6pasom,
CTaHOapTHbIV WebeHb SBNSeTCAS MepPOor HecyLen cnocobHOCTM maTepuanoB u rpyHToB. Mapametp CBR
cTan LWMPOKO NMPUMEHATLCH Mpu pa3paboTke:

— 3MMMPUYECKNX METOLOB pacyeTa, Lefb KOTOPbIX COCTOUT B ONpeaeneHny ToNWmnHbI LWwebeHoYHoro
cnosi, HeobxogMMon ansa nponycka Tpedyemoro uncna Harpy3ok [1, 2]. Npumensasa metoa H. Ogemapka [3],
CNON LWEeBHSA pacCcYMTaHHOW TOMLLMHBI 3aMEHSIOT NakeToOM CIOEB U3 ApYrMx MaTepuaros;

— KJ'IaCCI/I(*)I/IKaLI,I/II/I FTPYHTOB U MaTepuanos no Hecyu.l,e|7| CI'IOCOGHOCTI/I, B KOTOpOIZ BapbupoBaHune
BenninHel CBR B onpeneneHHoM anana3oHe ykasblBaeT Ha UX TN No NPOYHOCTU U Ll,e(*)OpMMpyeMOCTM.
B Ttakux pa60Tax MCMNOJIb3YKOTCA WU3BECTHblIE 3MNUPpUYECKNne 3aBUCUMOCTU, CBA3biBakoLline CBR ¢
nokasaTensMy MexaHW4YecKkux CBOMCTB: Mogyrnem ynpyroctu E [4, 5], HeapeHnpoBaHHOW NPOYHOCTLIO CU
(6, 7];

— METOOOB KOHTPOMS Ka4yecTBa CTPOUTENbCTBA, HasupylolumMxcs Ha aMnupuyecknx dopmynax,
CBA3bIBAOLLMX MOKasaHuns npubopos ¢ napameTpom CBR [8, 9]. B nocnegHee Bpems 3TO HanpaBneHue
cTano BoctpeboBaHo crneumanuctamm PO [10-12].

Mpn paspaboTke TpeboBaHWI K OUCKPETHBIM MaTepuanaMm WX UCNbITbIBAKOT B AMHAMUYECKUX
npnbopax TPEXOCHOTO CXaTusl, NMO3BOMAKLWNX NPUKNagbiBaTb NOBTOpsOWMecs Harpy3kn. OrpaHnymeasi
ocTatoudHble aedopmaumn n obecneunBasi 3aTyxaloLMn XapakTep nracTuyeckoro AedopMupoBaHus,
cneumanucTbl pernameHTupytoT coctasbl LUMNC u MIFC. B aTnx uccnegoBaHmsax yCTaHOBMAEHO BRUSHWE Ha
MexaHu3M 0edOpMUPOBaHUSA COAEpPXKaHUS MblNeBaTo-MMUHUCTLIX YacTul, CoAepXXaHusa Bnaru, yCnosui
ApeHnpoBaHuga obpasLa, koadhduuneHTa ynnotTHeHusa n ap. [13-16].

BTtopyto 3agady cnegyeT cuUTaTb TEXHOMOrMYECKOW, NpecneayroLlel Lenb NOCTPOVKM OCHOBaHMSA C
TpebyeMbIMM NokasaTensamMu CBOMCTB MaTepuarnos B croe. [na aToro ycraHaBnMBaloTCs onTUMarbHble
PEXMMbI MPUFOTOBMEHUS U YNIIOTHEHWS CMECEN.

TpeTbsl 3afaya HanpaBrieHa Ha COBEpPLUEHCTBOBAHME METOAOB pacyeTa JOPOXKHbLIX KOHCTPYKLIMIA.
OTO HanpaBneHuMe wuccrnegoBaHuM BbibpaHo aBTopamu. CyTb paboTbl COCTOMT B MOMbITKE
COBEPLUEHCTBOBaHNSA pacyeTa rPyHTOB W AUCKPETHBLIX MaTepranoB MO CONPOTUBEHUIO COBUTY.

PacueT KOHCTPYKTMBHOIO CIiosl [OPOXHOM ofexabl W TpyHTa 3eMIISHOro MosfioTHa Mo
COMPOTUBIIEHWIO CABUTY BbINOMHAETCS NPOBEPKOMN ycroBusit

< CN [kz[ +ch [Zor[ [tgq)CT
ag =
]('Hp

roe Tan — aKTUBHOE HanpsiKeHune caBura oT TpaHCnopTHoW Harpy3ku, MIMa; cN — cuenneHue nocne
Bo3gencTema N-ro 4ucna pacdeTHbIX Harpys3ok, Mlla; Yep — cpedHeB3BEeLUEHHbIN YAerbHbIA Bec
KOHCTPYKTMBHbLIX CIIOEB, PacCMONOXEHHbIX Bbile npoBepsemoro cros, MH/cm3; zon — rnybuHa
pacnonoXeHns MOBEPXHOCTU CI0s1, MPOBEPAEMOro Ha CONPOTUBMEHNE CABUTY, CM; [ICT — 3Ha4YeHue yrna
BHYTPEHHEro TPeHuUs Mpyv OOHOKPaATHOM BO3AEWCTBUM CTaTUYECKOW ONUTENbHOW Harpysku, o; Knp —
TpebyeMbili KO3PPUUNEHT NPOYHOCTU NPU pacyeTe No casury, npuHumaembin no OH 218-046-01; kg —
KO3 PULMEHT, YYUTBIBAIOLLMIA OCOBEHHOCTN PabOoThl KOHCTPYKLUN HA rPaHMLE NECHAHOIO CIOS Y HXKHETO
CNnos HECYLLLEro OCHOBaHUA.

T , 1)

1 O[1H 218-046-01.MpoeKTMpOBaHNe HEXeCTKNX AOPOXHbLIX oaexa . (83ameH BCH 46-83). BeeaeH B aeiicTaue
01.01.2001.— M. : FCOX MuHTpaHca Poccun, 2001. — 146 c.

AnexcanapoB A.C., Jomrux I'.B., Kamuaun A.IL. CoBeplieHCTBOBaHHE pacueTa JOPOXKHBIX KOHCTPYKLUI IO
conpoTuBieHUI0 caBury. Yacte 2. MoauduuupoBaHHble MOJEIH pacyeTa IMaBHBIX U KacaTeNbHbIX HanpspKeHUid //
NmxeHepHO-cTpouTenbHbIi xypHan. 2016.Ne2(62). C. 51-68.
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BennunHa koadpdmumenta ko npuHumaetcs kg = 1 Bo Bcex criyyasix 3a UCKIIOYEHWEM Tex, Koraa
Ha rpaHuue pasgena CrioeB ynoXeHa reoCUHTETMYEecKas MPOCrionka WM HWXKHUW CrOW Hecyllero
OCHOBaHUA BLINONHEH W3 MaTepuanoB W TPYHTOB, YKPEMMeHHbIX BsXywumu. B aTux OByx cnyyasax
BennuMHa KoadppuumeHTa 3aBMCUT OT pPasHOBMOHOCTU Mecka, npuMeHsemoro B crnoe (npu
ncnonb3oBaHUW: necka kpynHoro ka = 4.5, necka cpepgHero ka = 4.0 n necka menkoro kg = 3.0).

PacyeT kacaTenbHOro HanpsXeHWsi Taw BbINOMHAIT M3 YCroBuA nnactudHocTn KynoHa — Mopa.
AHanu3 3Toro ycrnoBusi BbIMOSTHEH HamMK B NepBOM YacTu ctaTtbu [17]. B gaHHow paboTe BbINOMHEHa
Moamdukauums atoro kputepus. CyTe MmogudukaLmMm COCTOUT BO BBOAE TPETbEro napameTpa marepuana
d B opurmHanbHbii kpuTepun KynoHa — Mopa. B cooTBeTCTBUMM C MOAUULMPOBAHHBIM YCIIOBMEM
NNacTUYHOCTM KacaTenbHOe HanpsXxeHue Taw OonpeaenseTca no popmyne

. d . d
1 1-si 1+si
Ly = Sio (1SN | [ IrSindy ) )
2 1+S|n¢N 1—5|n¢N

roe Gn — yron BHYTPEHHEro TpeHwusi nocre Bo3geicTBus N-ro yucrna pacyeTHbIX Harpysok, rpag; d —
napameTp maTtepuana, 3aBUCALLMIA OT AecbopMaLMm rpyHTa, MPUHUMAEMON 3a NpeaernbHYo BENMYMHY Npu
TPEXOCHbIX UCTIbITAHUSAX.

AHanunanpys 3aBUcCMMOCTb (2), oTmeTum, Yto npu d = 0 n d = 0.5 oHa NnpuHMMaeT Bug

®3)

1+ Sin(I)N
1—Sin¢N

BoipaxeHve (3) saBngeTca M3BECTHOW (POPMYNOW MEXaHWKM, MO3BOMSIOWEN BbIYUCNATL
MaKCMMarbHOE KacaTernbHOe HanpskeHue, UCMoNb3yeMoe B TpeTben Teopun NPOYHOCTU. 3aBUCUMOCTb
(4) sBnsieTcA U3BECTHOM (OPMYNOA MEXaHWKM TPYHTOB, MpedHasHayYeHHOoW [nns onpeaeneHust
KacaTenbHbIX HanpsbkeHuin no ycnosuto KynoHa — Mopa, koTopoe 3anMcaHo B 04HON U3 U3BECTHbIX hopm
[18]. Takum obpasom, npepnaraemas 3aBUCUMOCTb (2) Npu yMeHblueHun napameTtpa d oT 0.5 go O
onucbiBaeT yBENMYEHME KacaTenbHOro HamnpsbkeHnst OT 3HaYeHWsl, COOTBETCTBYOLLEro ycrnosuto KynoHa —
Mopa, 40O MakcMMaribHOW BeSIMYUHLI, COOTBETCTBYHOLIEN TpeTben Teopuu npoyHocTu. M3 aHanuaa
3aBucumocTen (2)—(4) cnegyeT, YTO AN pacyeTa KacaTenbHbIX HaNpPsKeHUNn HeobxoaMMOo onpenenuTb
rmaBHble HanpsbkeHus. MeToabl pacyeTa rnaBHbIX HaMpPsPKEHMWA paccMaTpuBaloTCA B crnegylolem
noapasgene Hawlen paboThbl.

(4)

O630p numepamypbi
Cnocobbl pacyeTa HanpskKeHWii B CIOsSIX AOPOXHOM oAexabl M 3eMIIIHOM MOSIOTHE MOXHO
nogpasgenuTb Ha Tpu rpynnbl:
— MeToAbl MEXaHUKN CNJIOLLHON cpenbl;
— MEeTOoAbl MeXaHWKM 3€PHUCTON cpeapl;
— NHXEeHepPHble cnocobbl pacyeTa.

Ha pucyHke 1 npuBegeHa pacyeTHas cxema, NpuMeHsiemas K OMCKPeTHbIM MaTepuanam, Ans
peweHnsa 3agaynm o HOC meTtogamum MexaHwku CnriowHoW cpedbl. B cooTBeTCTBUM C 3TOW CXEMOM
HanpaBIieHNMEe MaKCUMaIbHOro rMaBHOrO HaNpPsPkeHUs ol 3agaeTcs BpaleHMeM OCYM CUMMETPUW Harpy3ku
p, pacnpeneneHHon no Kpyrron nnowagke, paguycom R n guametpom D. HanpaBneHne MUHUMANbHOMO
rMaBHOrO HaMpsKeHus1 03 NepneHanKynsapHO HanpaeneHuo ol. B ceyeHun no ocM CUMMETPUN Harpyskn?

2 CeueHnie, NpoxoasiLee Yepes 0Cb CUMMETPUM HarpysKku, pacnpeaeneHHo No Kpyrhoii nnoLuagke, SenseTcs
pacyYeTHbIM MPY MPOEKTUPOBAHUN JOPOXKHBIX KOHCTPYKUMIA. MO3TOMY HUKE aHanmuaupyoTcs opmyrbl,
MO3BONSIOLLME BbIYUCIIATL HANPSPKEHUS TOSNbKO B 3TOM CEYEHWUU OT Harpysku, pacrpeaeneHHoi no Kpyrioi
nnowiagke.
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KoOpAVHaTHbIE OCM Z W X COBMajalT C rMaBHbIMM OCAMMW. BcrnefcTBue 3TOro B Kagow TOYke Ocu
CUMMEeTPUN Harpysku ol = gz n a3 = ox.

Haunbonee TOYHbIM peLIeHNEM MEXaHWKN CMITOLWHON cpeapbl SBnseTcs TabynmpoBaHHOE peLleHune,
KoTopoe npuBeneHo B paboTax [19, 20]. ®opmyrbl 1 3HAYEHUSA BCeX TabynMpoBaHHbIX PYHKLUA MOXHO
nocmoTpetb B pabote B.M. [Jaca [21]. BennuuHy rnaBHbIX HaMNpshKeHWA B paccMaTpyBaeMOM Hamu
cedyeHun onpedenstoT no popmynam [21, 22]

277
_ R

rae p — AaBreHne Ha NonynpocTpaHcTeo, Ma; R — paguyc nnowanku, M; Z — pacCTosiHUE OT NMOBEPXHOCTU
[10 TOYKM, NPpUHaANexXaLlen ocv CUMMETPUM Harpy3ku, B KOTOPOW pacCYMTLIBAETCA HanpsiKeHue, M.

1420k 1+p A 1
05 15 |’
2 heri2P° 20 (RIZP
roe B — koadhduumeHT lNyaccoHa.

02:03:p (6)

D D D
R . R 1R R R _R
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17 T 117 1117
1¢r~r ¥ YYYY *
% y e
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PucyHok 1. CxemMa pacuyeTa rnaBHbIX HanpsXeHUWA B OCHOBAHUU
OOPOXHOW oaexabl U3 ANCKPETHOro Matepuana

3aBucumoct (5) u (6) HaWM NPUMEHEHWE TMpPU pacyeTe HanpPsKEHHOro COCTOSHUSA OT
TPaAHCMNOPTHOW Harpysku U NpuBOAATCA B ancceptauusx [23, 24]. PesynbTaThl pacyeta no dopmynam (5)
n (6) coBnagalT C TOYHbIM TabynupoBaHHbIM peweHuem [19, 20]. B P® pewenne (5) n (6) Obino
OOMOSIHEHO YYEeTOM COCTaBMSOWUX [MaBHbIX HanpshkeHMn oT CcobCTBEHHOro Beca [pyHTa,
pacnonoXeHHOro Hag paccmatpuBaeMon Todkon®. [JoCTOMHCTBO (DOPMYST MEXAHMKU CMOLWHON cpeabl
COCTOUT B BO3MOXHOCTM OnpeaeneHmns BCex TpeX rMaBHbIX HANPSHXXEHWUA, BCNIEACTBUE YEro MOXHO peLllaTb
3agaym 06 ocapgkax maccuBa M COMPOTMBIIEHMM €ro martepuana caury. Otv opMysnbl UMEKT CBOU
HeJoCTaTKu.

1. B BepxHelm 4acTX TPYHTOBOrO MOMYNPOCTPAHCTBA 3HAYEHWA MUHUMAIBLHOMO [MaBHOrO
HanpsKeHMs NPeBbILLaeT BEMNMYUHY, NPy KOTOPOK MaTepuarnsl U rPYHTbI UCTLITLIBAOT KOMMPECCUOHHOE
ckaTve. KoMNpeccrMoHHoe cxaTue XxapaKkTepusyeTcs OTCyTCTBreM AedopmaLuii GOKOBOro paclumpeHms,
TO €CTb € = €3 = 0. [JlaHHbIE 9KCMIEPUMEHTOB MOKa3blBaIOT, YTO MOA LIEHTPanbHOM 4acTbio M3rmbaembix
TMBKUX MAUT MaTepuansl U rpyHTbl UCMbITLIBAKOT KOMMNPECCUMOHHOe cxaTtue [11, 25].

2. Ha HekoTOpon rnybuHe BenuyuHa HanpskeHWn 02 = 03 MPUHUMAET oTpuuaTernbHble 3HaYeHUs,
3HAuUT, OHM M3 CXMMAIOLUX NMPEBpPALLAOTCA B pacTarBalpolime. 310 NPOTUBOPEYNUT pacyeTHON Cxeme
(puc. 1), cornacHo KOTopon B NtoGON TOUKe AUCKPETHON cpefbl 3T HanpsXeHns coxumatrowme. OTMeTuMm,
4yTO B peweHunsix 3agad o HOC npu Bo3gencTBMmM Apyrux Harpysok [21, 26], Hanpumep pacnpeneneHHbIX

3 PacueT A0poXHbIX oaexa nepexoaHoro Tuna / B.[1. KasapHoeckuin u ap. // HoBoe B NpoeKTMPOBaHMN KOHCTPYKLIMIA
OOpPOXHbIX ogexa : Tp. CotosgopHU. — M. : CotosgopHUN, 1988. — C. 50 — 61.
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no GecKoHeYHON rMBKOIM MoMoce, TAKOro HeQOCTaTKa HET, 3HAYEHUS HAMPSXKEHUSI O3 MNOJIOXKUTENBHO BO
BCEX TOYKax MosynpocTpaHCTBa.

3. HeT BO3MOXHOCTM y4yeTa nokasaTenen MexaHn4ecknx CBOMCTB MaTepuana.

[ns y4eTa CBOMCTB OCHOBaHWI M3 FPYHTOB U AMCKPETHbLIX MatepunanoB B 3aBMCMMOCTb (5) Obin
BBeAeH napameTp n, npegnoxeHHoli O.K. ®pennxom* kK knaccuyeckomy peweHutio byccunHecka. B
pesynbTaTte 3asucumocTs (5) npuobpena Bug [2, 24]

2
R
01 =p 1- 1+ — , (7)
Z
roe n— napametp dpenuxa.

W3BecTHa gpyras dopmMa 3anucu BelpaxeHus (7), kotopas umeet sug [25]:

_n
n 2| o
VA VA
o, =pll-|= 1+ = . (8)
1o [Rj (Rj
K. loH3anes cesA3zan napameTp n ¢ CBR amnvpudeckor goopmynon [2]:
CBR) %%
n=201—— . 9)
6
MpumeHnB aHanoruo 1 BBeasa napameTtp Ppenvxa B 3aBUCUMOCTb (6), nonyyum dopmyny
n
2773 277"
1+ 201 R 3 1 R
oy=pll———-(1+ 1+ — + =1+ — . (10)
3= p0=—~(+y) (Zj > (Zj

HocTtonHcTBO 3aBucumocTen (7)—(10) cocTouT B BO3MOXHOCTM Noabdopa napameTtpa ®penunxa and
pas3nNMyHbIX MaTepuanoB U rpyHToB. [oaToMy B 3TUX OpMyrnax UMeeTCs BO3MOXHOCTb Y4uTbiBaTb
OTNNYNSA CTPYKTYPbI TPYHTOB M MaTepuaroB, a Takke ee BMUSHUE Ha BENUYMHY HanpshkeHui. OpHako
MUHUMarbHbIE TNaBHbIE HaNpPsPKeHMWs, Bbluncnsiemble no ¢opmyne (10), Ha onpedeneHHon rnybuHe
MEHSIIOT 3HaK, COXpaHAsA HEAOCTATOK BbipaXxkeHus (6).

HepocTaTtku 3aBucumocTteii (6) n (10) npuBenu K TOMY, YTO NPU pPeLLEHUN 3agad cTanu NPUMEHNATb
Tonbko dopmynel (5), (7) nnu (8), TeM cambiM 3aMeHAA TPEXOCHOE CXXaTne NPoCTbiM OAHOOCHbLIM. B aToM
crnyyae BenMYMHaA MWHMMAIBHOMO FFTABHOMO HaMpshKeHUs O3 YCITOBHO NMPUHMMAaETCS PaBHOW HYIHO, YTO
NPVBOANT K 3aBbILLEHMIO 3HAYEHNS LeBNaToOpa HanpsbkeH Oy = 01—03 B NOOOIN TOYKE paccmMaTprMBaeMoro
ceyeHus.

PasButrne MeTogoB MexaHWKn 3epHUCTOM cpeapbl bepeT cBoe Havyano B paboTax COBETCKUX YYEHbIX
I".N. Mokposckoro®, M.H. MNonbawTtenHad, N.N. Kanpgayposa’, P.A. Mynnepa®. 3a py6exom ngen ..
Kanpayposa [27] ucnonb3doBanuce M. Xapom [28]. MexaHuka 3epHucTon cpefpl 6asupyeTca Ha
MaTemMaTM4yecKoNn CTaTUCTMKe, YTO MPUHUMNMANbHO OTNMYaeT ee OT MEXaHWKU CrrolHOoW cpefdbl. B
paccMmaTpMBaeMOM HaMW CEYEeHUU HanpsXeHus O1 = 0, onpegenstoTtca no dopmyne U.U. KaHpayposa:

4 Frolich O.K. Druckverteilung in Baugrunde, Springer Verlag, Vienna, Austria. 1934.

5 Mokposckuit, I.N. Uccneaosanus no cusnke rpyHtos — M.; J1.: Maa-so MHctutyTta Bogreo, 1937. — C. 136.

8 MonbawTeitH, M.H. HekoTopble BONPOChI pasBuTUs MexaHWKkn rpyHToB // OCHOBaHWA, yHAAMEHTbI U MexaHuka
rpyHToB. 1960. — Ne 1. — c. 8-10.

7 Kangaypos, U.W. K Teopumn pacnpeaeneHust HanpskeHuin B 3epHUCTOM rPYHTOBOM 0CHOBaHUM // OcHoBaHws,
dyHOAMEHTBI U MexaHuKa rpyHToB. — 1960. — Ne 2. — C. 6 — 9.

8 Mynnep, P.A. K cTaTucTMUECKO Teopumn pacnpeaeneHns HanpskeHui B 3epHNCTOM rPYHTOBOM OCHOBaHUM //
OcHoBaHusa 1 byHAaMeHTbl rpyHTOB. — 1964. — Ne 4. — C. 4 — 6.
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2
4, R

Z2

0,=0,=pll-expg- (11)

rae Vp — KoadMULMEHT NPOMOPLMOHANBHOCTU, XapakTepusyloLwwmin pacnpeaenmTenbHylo CnocoGHOCTb
cpenpl.

KoathpuumneHT vp onpegenseTcs nNo [JaHHbIM  OMNbITOB M paccyuTbiBaeTcss no  copmyne

M.M. BonwTsHcKkoro®, nony4YyeHHon U3 pelleHns 3asucumocTu (11):
2

V4 o)
V, =" Onl1-—%|. (12)
D p
M. Xap [28] npegnaraeT anbTepHaTuBHYyt0 3aBucumoctu N.W. Kangayposa cdopmyny
R2
0=0,=pll-exg ~——— | |- (13)
20, ¥

BrnusHne napametpa vp Ha BenuuunHy o1 B ¢opmynax WU.W. KaHgayposa n M. Xapa guameTpansHO
npoTMBonosnoxHoe. B cootBeTcTBUM ¢ chopmynon (13) npyu yBENUYEHUUN Vp HaMpsiKeHWe nagjaeT, a B
¢dopmyne (11), HaobopoT, Bo3pacTaeT. HecMoTpa Ha 3TO OTAMYME, MOXHO nogobpaTb Takyw napy
napameTpa Vp, Npu kotopon atm copmynbl (11) u (13) patoT 6nuskme pesynbTtaThl. bonee Toro, u3
coBMecTHOro pewennsa (11) n (13) cnegyet, 4to obe 3aBUCMMOCTM OAKOT OAMHAKOBbLIA pe3ynbTaTt npu
vp = 0.354.

AHanunanpysi aHHble WTamMnoBbiX ucnbitTaHun, A.K. Appea [23] u M. BonwTaHCcKMiA ykasbiBatoT, YTO
pe3ynbTaTbl pacyeTa No 3aBUCUMOCTSAM MEXaHUK/ 3epPHUCTON cpelpbl B 60OMbLUEN CTENEHN COOTBETCTBYIOT
HanpPsXXeHUAM, U3MEPEHHbBIM B CITOSIX U3 AWCKPETHbIX MaTepuarnos 1 rpyHTax 3eMIIstHOrO NMofoTHa.

Hepoctatkom dopmyn (11) u (13) sBnsieTcs HEBO3MOXHOCTb pacyeTa MUHMMANbHOIO raBHOIMO
HanpsikeHust. MoaTomy 4o nosiBneHus nybnukaumm [30] npumeHeHne hopmyrn MeXaHWKu 3epHUCTON cpeabl
B pacyeTax Mo COMPOTUBMEHWIO cABuUry Obino 3atpygHeHo. B aTtoi paboTe nokasaHo, 4TO Mpu
ONpeaeneHnn KpUTUYECKON Harpy3kM Ha OUCKPETHLIN MaTtepuan ¢ Ucnonb3oBaHueM OpMyr MeXaHUKu
3EepHUCTON cpefbl HE0OX0AMMO criefoBaTh onpeaeneHHon cxeme. CyTb NPeNOXeHUst COCTOUT B TOM, YTO
napamMmeTp Vp HY>KHO HaxoauTb no gopmyre [30]:

i
v, = ctg(q) + ZJ : (14)

MoactaHoBka B chopmyny (11) BbipaxkeHus (14) u 3aBucumoctn H.A. LibiIToBMYa, No3BONSOLEN
paccumTaTtb rMyoVHy akTUBHOW 30HbI MO KPYrbiM hyHAAMEHTOM, NPUBOAUT K Moaudukauum hopMyrbl
W.N. KangaypoBa. B kadecTBe ycnoBus NNacTUYHOCTU MPUHMMAaETCs ypaBHEHWE npefesibHoONn npamon
KynoHa — Mopa. 310 ycnoeBue nnactudHocTM u MoamcumumpoBaHHast dopmyna W.U. KaHgaypoa
nosgonuna aetopam paboTtbl [30] NoNy4YnTb BENMYMHY NEPBOW KPUTMYECKOW HArpy3kM Ha 3epHUCTYHO
cpeay. U3 aHanmnsa dopmynsel (14) cnegyet, 4to BenuumHe kosdduumeHta vp= 0.354, npu KOTOPOM
dopmynsbl (11) u (13) AaT oAMHAaKoBbIM pesynbTaT, COOTBETCTBYET €AMHCTBEHHOE 3HadeHue yrna
BHYTPEHHero TpeHus ¢ = 25.53 °. Tak Kak yrosn BHyTPEHHEro TPEHUS SABMSIETCS NapameTpom maTepuana u
(PYHKLMOHANMbHO 3aBMCUT OT nokasaTenen ero (puan4ecknx CBOMCTB, TO U KOIMPMOUUNEHT Vp OOITKEH
ABNATLCA (PYHKLMEN BNAXHOCTU, NIIOTHOCTU, 3€PHOBOIO COCTaBsa U T.1.

I/IH>|<eHepr|e Moaenun, Tak XXe Kak 1 (bOpMyJ'IbI MeXaHUKUn 3epHI/ICTOIZ cpenbl, AaloT BO3SMOXHOCTb
paccynuTbiBaTtb TOJIbKO BENTMYMHY MaKCUMalribHOro rnaBHOMO HanpsaXeHus. B aTtom 3akniovaeTtcs ux
HeOoCTaToOK.

lMocmaHoska yesnu u 3aday

YunTbiBasi BbINOSHEHHbI 0630p, aBTOPblI MOCTaBUMM LeSb: pa3paboTaTtb MOAUMULMPOBAHHLIE
MOZENM pacyeTa rMaBHbIX HanpshkeHUn, BO3HUKAOWMUX B CEYEHWUM, NMPOXOASLLEM Yepe3 OCb CUMMETPUN

9 BonwTtaHckuii, M.IM. SkcnepumMeHTanbHoe UCCreoBaHne HanpskeHU B HEOAHOPOAHOM rpyHTe: asToped. Auc. ...
KaHA. TexH. Hayk. — HoBocunbupck : M3g-so CO AH CCCP, 1962. — 30 c.
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Harpysku, pacrnpegesnieHHon no Kpyrion nrowanke, B NonynpocTpaHCTBE U CIoe KOHEYHOW TONWMHbI 13
OVCKpPEeTHOro matepuana.

MocTaBneHHas uenb TpebyeT NocrenoBaTeNbHOMO PeLleHns cepum 3agau.

1. PaspaboTtku cnocoba pacyera MMHMMArbHOIO FMTABHOIO HaNpPsXXeHUs 03 B paccmaTpvMBaeMoM
ceyeHUN nonynpocTpaHCTBa, B COOTBETCTBUM C KOTOPbIM (PYHKUUS WU3MEHEHUs O3 [OoImkHa ObiTb
yOblBaloLlern W  HepaspblBHOW, MO3BOMSAIOWENA pPacCYNTbiBaTb HaMNpPsHKEHUss BO  BCEX  TOuKax
paccmaTpuBaeMoro ceveHuns. Kpome Toro, ata yHKLMSA JOMKHa YAOBNETBOPATL CNEAYOLWUM YCIOBUSM:

B BEPXHEN TOYKE MOMYMNpOCTPaHCTBA, PacnosfioXEeHHON Ha OCU CUMMETPUM Harpysku, matepuan
OOIMKEH MWCMbITbiIBaTb KOMMPECCMOHHOE CXaTue, TO €CTb He MCMbITbiBaTb MWHUMAanbHbIX MaBHbIX
aedopmaumni €2 = €3 = 0; 310 TpeboBaHNe yoOBNETBOPSET SKCNEepMMeEHTanbHbIM AaHHbIM paboT [11, 25,
31];

B TOYKE, pacrosioKEHHOW Ha OCU CUMMETPUWM Harpyskm W UMelLen opauHaTy, pasBHYIo
6ECKOHEYHOCTH, TPYHT OOMKEH UCMbITbIBAaTb OAHOOCHOE CXaTWe, 8 MUHUMAarbHbIE MMaBHbIE HaMNPsHXKeHNS
NPUHUMaTL Hynesoe 3HayeHue, TO ecTb 02=03=0; Takoe orpaHu4eHne COOTBETCTBYET runotese
®epoposckoro — bessonesa [31];

B APYrMx TO4YKax paccmMaTpvMBaeMOro CeYeHus AOMMKHO BO3HWKaTb OCEBOE TPEXOCHOEe cxaTue
01>02=03 Npn 01:>0 N 02=03>0. HanpsokeHns 02 U 03 no rnybuHe [OMKHbI 3aTyxatb 6onee
WHTEHCUBHO, YeM O1, BCNIEACTBUE YEro CTECHEHHOCTL BOKOBbLIX AedopMauui €2 = €3 AOIMKHa yMeHbLLATbCA
C rmyOuHoW. OTO yTBEPXOEHME BMUCLIBAETCHA B OOLENPUHATLIE NPEeACTaBleHNss MEXaHVKU CMMOLHON
cpegasl.

2. Y4yeTa KOHeYHOM TOMLWMHbI C0St OCHOBaHMWS JOPOXHOM OA4eXAb! U )XeCTKOCTU MaTepuarnoB CroeB,
PacnonoXeHHbIX HDKE pacCMaTPUBAEMOro af1ieMeHTa JOPOXHOWM KOHCTPYKL MK,

3. Moandumkaunmm n3BecTHbIX MoAenen pacveTa HarnpsbKeHUn, opurmHasbl KOTOPbIX MOSTyYeHbl C
MCMONb30BaHWeM MEeTOOOB MEXaHWKWN CMIIOWHOW M 3ePHUCTON Cpefdbl, a TakKe MHXEHEPHbIX CrnocoboB
pacyerTa.

4. OueHKN COOTBETCTBUS pe3ynbTaToOB pacdeTa rMaBHbIX HaMpsKeHUNn o MoAUMULINMPOBAHHbBIM
MOZENAM 3KCNEPUMEHTarNbHbIM AaHHbIM, MOMNYYEeHHbIM MPU UCMbITAHUM AOPOXHbIX OAEX MOABWXHOMN
HarpysKkom.

Mamepuarnbi uccriedogaHus

[ns pacyeTa MMHMMAarbHOTO FTABHOMO HAMPSPKEHUS! Mbl NpeanaraeM MoAMMULMPOBaTbL M3BECTHYHO
hopMyny MeXaHWK/ FPYHTOB, BBEs B Hee OTAeNbHbIM MHOXUTENeM DYHKLMIO IyOuHbI

0,=03=0 [E BIl, (15)

roe o — koadpdUUUEHT, NpeacTaBnsaloWmnn cobon yHKUMIO MYyOuHbI; & — KoaddumumeHT B60oKoBOro
JaBneHus.

MpousBeneHne koaA(PPULMEHTOB O M & MOXHO TpaKTOBaTb KaK MEpPEeMEHHbI Mo rnybuHe
Ko3apbu1LMeHT BOKOBOro AaBneHust, 4To oTimyaeT (15) oT TpaguuMoHHON hopMyIbl.

Ons onpenenenus koadduumMeHTa a conoctaBuM ABe hOpMyrbl, NPUMEHSIEMbIE ANsl pacyeTa
aedopmaummn €1. MNMepBas dopMyna sBnsieTcs TpagMUUOHHOW, B HEW AedopMauns onpegensietcs Kak
OTHOLLIEHME Npou3BeaeHNs koaddurumneHTa 6oKoBOro o6xatusi f U MakCMarnbHOro rMaBHOroO HaNPSHKEHNS
o1 kK Mogyno gedopmaunm Ea. Btopasa copmyna npegcrtaensieT cobori BbipakeHue 3akoHa [yka,
3anncaHHoe C NpuMeHeHnem 3aBucumocTu (15). Takum obpasom, paccmaTpmBaemMble POPMYIibl UMEOT
BMA

2
e =PLOL. e, =01y 2000
E, E, 1-p

B nepBon dopmyne (16) npumeHum npepctaBneHne Pepoposckoro — bessonesa, cornacHo

kKoTopoMmy 3 onpegensetcs no opmyne [31]

B=PBc +V1-K? {3, —Be), (17)

(16)
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roe Bec — KoadhPULMEHT, YUNTBIBAIOLLMIA OTCYTCTBME NOMEPEYHOrO PaCLLMPEHMNS FPYHTA B KOMMNPECCUOHHOM
npubope, KoTopbi cornacHo pabote [31] MMeeT mMecTo B Touke C opauHaton z=0 (TO ecTb Ha
noBepxHocTK); K — KoacpULMEHT 3aTyXaHWNsi BEPTUKANIbHOTO HOPMarbHOro HanpsHKeHUst OT paBHOMEPHOMN
Harpys3ku nog ocbto ee CUMMETPUU; By — KOIPPUUNEHT Ha DECKOHEYHOCTYU (B TOYKE C OPANHATOMN Z = ).

lMonoXunB paBeHCTBO MeXay 3aBUCUMOCTAMM (16) 1 yunThiBasi B 3TOM TOXAECTBE BbipaxeHue (17),
nony4num MaTemaTuyeckylo CBsI3b KO3(UUMEHTOB 3 M O, B pe3ynbrate npeobpaszoBaHMsi KOTOPOM

pelleHne ceoguTca K hopmyne
a=a,-v1-K? o, -ay). (18)

roe Oc U ay, — 3HavyeHne PYHKUMM O B TOYKaX, PacrorfioXeHHbIX Ha MOBEPXHOCTM U Ha ©EeCKOHEYHOCTH
paccmaTpmBaemMoro cevyeHus.

MprHMMas Ansa NoBepXHOCTM MNONYNPOCTPaHCTBa AoNyLeHne o paboTe ero Matepuarna B COCTOSIHUM
KOMMNPECCUOHHOIo CXaTtusi, TO ecTb €2=€3= 0, Haxoamm dc = 1. AHanorn4yHo, ctaBs Ha 6eCKOHEYHOCTMN
ycrnoBue 4511 OAHOOCHOIO CXXaTus, TO eCTb €2 = €3 = —[81, nony4nm ay = 0. NoacTaHoOBKa 3TUX 3HAYEHU B
dopmyny (18) npeobpasyeT ee Kk BUAy

a=1-v1-K?2. (19)

Takum obpa3som, KoadhPUUNEHT O sABnSeTCs YHKUMEN MMyOMHbI. Tak kKak B TOYKE Ha NMOBEPXHOCTU
aToro ceyeHns K =1, Ton a = 1, BCNeACTBME YEro Mmatepman B 3TOM TOUKE UCMbITbIBAET KOMNPECCUOHHOE
ckatme. B Touke Ha 6GeckoHeuyHocTn K =0, cnegosatenbHo o =0, a 3TO 3HA4YUT, 4YTO Martepuan
UCNbITbIBAET OAHOOCHOE CXaTue.

Mo MHeHu0 aBTOPOB, AOCTOMHCTBO 3TOr0 cnocoba COCTOUT B BO3MOXHOCTU MoAmMcuULMpoBaTb
MOLENW MEeXaHUKU 3epPHUCTON cpefbl U MHXEHEPHbIX CNOCOBOB pacyeTa HanpsXKeHuh, OOMOMHUB UX
dopmMmynamu, NO3BOMSALWUMU BbIMUCTIATE MUHMMAanNbHOE FNaBHOE HarnpsihkeHuwe os3. Kpome Toro, ans
onpegeneHus koadduuneHtTa GOKOBOro 4aBNeHUsS MOXHO UCMOfMb30BaTh NMOOYH0 U3 U3BECTHLIX hopmyn.
Hanpumep, npu BbluncneHun & yepes yron BHyTPEHHEro TPeHUs A0CTAaTOMHO BOCMNONb30BaThCsl paboTon
J1.A. CtpokoBoli [32], B KOTOpOW AaHO 0000LEeHNE Takmx 3aBUCUMOCTEN.

OTMeTUM, 4TO ANsa pacyeTa MUHMMASIbHBIX MaBHbLIX HAMPSPKEHWIA, BO3HUKAKOLLMUX MO OCU CUMMETPUN
Harpy3ku noslynpocTpaHcTBa, AOCTAaTOYHO B 3aBMCMMOCTb (15) noacTtaBuTb BbipaxeHus (5) (7), (8), (11)
unu (13) n 3aBucumocTb (19).

[na crnosi KOHeYHON TOMLWMHbLI, K KOTOPOMY OTHOCATCH OCHOBAHMSA WM OOMOMHUTENbHbIE Crou
OCHOBaHW JOPOXHbLIX OAEXA U3 OUCKPETHBIX MaTepuanos, NPAMYI0 NOACTAHOBKY yKasaHHbIX opmyn B
BblpaxeHue (15) aenaTb Henb3s. 3TO CBA3AHO € TeM, 4To (5) (7), (8), (11) 1 (13) He yunTbIBaIOT XKECTKOCTb
CrnoeB A0POXHON KOHCTPYKLNU, PACNONOXEHHBIX H/XE ANCKPETHOTO OCHOBaHUS.

Pewas BTOpylo 3agadvy, aBTopbl BOcnonb3ylTcs cnocobom H. Opemapka [3], B COOTBETCTBMM C
KOTOpPbIM NpUBEAEHHAs Mo XXEeCTKOCTU OpAnHaTa TOYKM B MaccuBe NonynpocTpaHCTBa Z K OpAMHaTe TOYKU
B Crnoe JOPOXHOWN 0dexabl Zen ONpeaenseTcs no dopmyrne:

E
z=1z, B—/, (20)
OCH

roe Zen — opavHaTa TOYKW, PaCMONIOKEHHOW Ha OCYM CMMMETPWUWM Harpysku crnosi TonwmHow h, To ectb
0 < zZen<h, M; Ecn — Mogynb ynpyroctu matepuana crnosi, Mla; Eoci — 06WMA MOAynb yrnpyroctn Ha
NMOBEPXHOCTM OQHOPOAHOMO UMM CIOUCTOrO NOMYNPOCTPAHCTBA, NOACTUNAIOLWErO pacCUMTbIBAEMbIN CrOW,
MMa.

MopctaHoBka 3asucumoctn (20) B dhopmynsl (5), (7), (8), (11) wnm (13) nossonsger ux
MoAMdMLMPOBATL ANA pacyeTa MakCMMarbHbIX Hanps>KeHU, BO3HMKAIOLLMX B COE KOHEYHOW TOMLWMHBI.

MpuBegem nowaroBbIn anroputm Mogndukaumm mogenen.

1. Jliobyto u3BecTHyto ¢opMyny pacyeTa BENWYMHbI O1 WM O, HeobGXxoaMMO MpeacTaBUTb
Npou3BefeHVeM AaBneHus, nepeaaBaeMoro Ha Crioi U KO3 MULNEHTOM 3aTyXaHWUs HaNpsKeHWsl, TO eCTb
01=0,~=pK. B cuny paBeHCTBa 01=0;, KOTOPOE WMMEET MECTO TONbKO B CEYEHUM MO OCU CUMMETPUU
Harpysku, Koa(ULUMEHTbI 3aTyxaHWsi 3TUX HampsiKeHWn paBHbl U 3aMUCbIBAOTCS  OOMHAKOBLIMU
BbIPaXXEHUSIMMU.

AnexcanapoB A.C., Jomrux I'.B., Kamuaun A.IL. CoBeplieHCTBOBaHHE pacueTa JOPOXKHBIX KOHCTPYKLUI IO
conpoTuBieHUI0 caBury. Yacte 2. MoauduuupoBaHHble MOJEIH pacyeTa IMaBHBIX U KacaTeNbHbIX HanpspKeHUid //
NmxeHepHO-cTpouTenbHbIi xypHan. 2016.Ne2(62). C. 51-68.
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2. B BblpaxeHue koacpduumeHTa 3aTyxaHus Heobxoammo noacTaBuTb copmyny (20), 4to
No3BONSieT NEPEeNTM OT pacyeTa MaKCUMMarbHbIX FMaBHbIX HaMNPSPKEHWIA B MOMYNPOCTPAHCTBE K MX
BbIYUCIIEHWNIO B CINOE KOHEYHOW TOMLUMHBI.

3. O6obwatoLasn 3asBrcnumocTb (15) npusoanTcs K Buay

02:03=p[EEK[€1—\/1—K2). (1)

4. B 3aBucumocTb (21) noacTtaBnsoTcsa opmynbl Ang pacyeTa koadduumeHToB K, nonyyeHHble
nocne BbINOMIHEHMS wara 2.

QTOT anropuTm nossonseT MmoauduumpoBaTh Mobylo Moaenb, NMPUMeHsist cnocob, He 3aBUCSLLMIA
OT MaTemMaT14ecKoro annapaTa, UCNoMb30BaHHOIo Npu BeliBode hopMynbl ANns pacyeTta ol.

B Ttabnuue 1 npuBeaeHbl MoaMdULMPOBaHHbIE MOAENN pacyeTa HaMpPsPKEHUN B CIIOE KOHEYHON
TOMWWHBI, @ WX HaMMEHOBaHWE [aHO MO aBTopaM, MONYYMBLUMM OPUTMHAINbHOE peLUeHne Wnm
BbINMOSIHUBLUMM NpeALWeCTBYOLLME AaHHON paboTe kakue-nnbo moaudmkaumm.

Taknm 06pasom, MmoanduLMpoBaHHbIE MOAENM BKOYaloT B cebsa ae dopmynebl. [NepBas dopmyna
MO3BOMSAET BbIYUCNATb BEMUYMHY O1, OHA MMEEeT BWA OPUIMHANbHOrO pELUeHUs UNn NpeawecTBYHLWNX
Moamdukaumn, Ho koadpduumeHT K onpepensietcsa ¢ ydetom copmynbl H. Ogemapka (20). Btopas
3aBMCMMOCTb, NMO3BONSOLAsS BbIYUCIATE 03, ABNSETCA HOBOW, AOMNOMHUTENBHON K (DOPMYynam MexXaHUKu
3EePHUCTON cpeabl U UHXEHEPHBLIM criocobam.

Ta6bnuya 1. ®opmynbl MmoduguyupoeaHHbIXx Modesieli pacdema 2/1a8HbIX HanpsixeHul om
Haz2py3Ku, pacrnpedesieHHOU Mo KpyaJsol nnoujadke, 8 ce4eHuuU o ocu cuMmMempuu Ha2py3Ku.

ABTOpBI
OpPUIMHanNbLHOro
peLleHns n dopMynbl Ana pacyeTa rnaBHbIX HanpsXXeHun
nocnenyLwmx
Moandukaumnimn
1 2
MogundumumpoBaHHble MOENN MEXaHUKM CNIIOLWHOW cpeabl
-3
2|2
01 =plK; K=1- 1+i Eoen
Y4 E

CJI Cl1

212
/E
0'2:0'3:p|1 1-11+ i@ﬂ X
A. NaB Zen Ecn

-n

A. llse, O.K. ®dpenux,
K. FoH3anes
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> 2
1 R E
x| & |1-| 1-expg - 0y —
2 Ij"p ZCJ'I ECJ'I
MoanduLUMpoBaHHbIE MOAENN UHXEHEPHbIX crnocoboB
-2
ObuienpuHnaTas o, =plK; K= 1+ZQJ 3 Len gags |
mMoaernb D EOCH
pacnpegensowen .
CNOCOBHOCTY rAe Og — Yron paccevBaHus HanpshkeHWi B Croe, ° Ui pagua.
unun mogens E. 20% E 2
Fonosayesa (ccbirka 0,=03=pRE01+—L3— [ga, | X
Ha aBTopa AaHa no D Eoen
pabote B.C.
Papnosckoro [33], —4
il [ 5 ] 2[% E
LMTMpYIoLLEen x| 1- [1-| 1+ =—— 3= [Hga
paboty0). D ocH °

Mpn mMoanmkaumm peleHnin MexaHUKM ChfAoWHOM cpefbl 3aBUCMMOCTM OSI9  pacyeTa
MUWHVMMarbHOIO FMaBHOrO HanpshKeHusl, npeanaraemMble aBTopamu, 3aMeHsIloT PopMyrbl OPUTMHANbLHOIo
peweHus. [py 9TOM Mcye3aeT HegOCTaTOK OPWUIMHANBHOTO PeLleHUsl, CBA3aHHbIA C M3MEHEHMEM Ha
HekoTopoWn rnybuHe 3Haka 03. Takas MmoaudukaLmns NPUBOANUT K TOMY, YTO MO BCen rnybuHe crnosi, BNnoTb
00 Z=oo0, 3HaA4YeHUs1 O3 MOMOXUTEMbHbI, TO €CTb SBNAITCA CXUMaKLWMMKW, YTO COOTBETCTBYET
obLwenpuHsTon pacdeTHon cxeme (puc. 1).

Ha pucyHkax 2 u 3 npuBeaeHbl aMopbl KacaTenbHbIX HanpPsXKeHUn, NNNIOCTPUPYOLLNE pe3ynbTaThl
BblUMCIIEHUI no npeanaraemon copmyne (2) npu d = 0.4 M pasnnMyHbIX yrnax BHYTPEHHEro TPEeHUs.
PacyeT rnaBHbIXx HanpsbkeHun B dopmyne (2) BbINOMHEH MO MoauMduLMpoBaHHOM Moaenu Jlaea
— ®penuxa — OncoHa Npu Ecn/lEocu=1n n=1unn =3 (cm. Tabn. 1).

CrTHOCHTEIEH0E KACATEIBHOE HAUPIKRECHHE TP
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PucyHok 2. 3aBUCMMOCTb OTHOCUTENbLHON BENIMYUHBLI KacaTelbHbIX HanpsXXeHun t/p,
Bbluucnsaembix no dopmyrne (2) npu d = 0.4 n pacyeTe rnaBHbIX HaNPs>KeHUM NO
MmoauduumupoBaHHon mogenu Jlaea — ®penuxa — OncoHa (Tabn. 1) npun=1, ot

OTHOCUTENbHOM FMYyOUHbI Z/R U yrna BHyTpeHHero TpeHus ¢: 1 — 6 npu yrne

BHyTpeHHero TpeHua ¢ 0; 10; 20; 30; 40 mn 50 °; 7 — NMHUA MeCTONONOXEeHUA Hanbonee

onacHbIX TOYeK
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10 F'onoBayes, E. O6 ycTpoicTBe 3eMCKUX OPOT U OTHOLLUEHWUM UX K )XENE3HbIM MyTSM 4N pa3BUTUS
npounssoanTensHocTh B Poccun. Knes, Tunorpadms M. n A. laBngeHko, 1870. —ebin. 1, C. 1 — 220.
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PucyHok 3. 3aBMCMMOCTb OTHOCUTENTbHOW BENTUYMHbI KacaTenbHbIX
HanpsikeHUn T/p, Bbluncnsaembix no ¢opmyne (2) npu d = 0.4 n pacyete rnaBHbIX
HanpsbkeHUn no mogudnumpoBaHHon moaenu Jlisea — Ppenuxa — OncoHa (Tabn. 1)
npu n = 3, OT OTHOCUTENbLHOM FMYOUHbI Z/R U yrna BHYTpPeHHero TpeHus ¢: 1 — 6 npu
yrne BHyTpeHHero TpeHua ¢ 0; 10; 20; 30; 40 1 50 °; 7 — INHNA MECTOMNOJIOXEHUSA
Havbonee onacHbIX TOYEK
N3 aHanu3a gaHHbIX PUCYHKOB 2 1 3 criefyeT, YTO SKCTPEMarnbHOE KacaTenbHoe HanpsKeHne npu
nobbIX 3HayYeHnax ¢, d N N BO3HUKaAET Ha HEKOTOPOW rMybuHe OT MOBEPXHOCTWU MONYNPOCTPaHCTBa UNn
CNnosi KOHEYHOW TOmMWwuHblI. Toyka € HaumbonbLIMM KacaTeNbHbIM HanpsXkeHnem sBnsieTcs Haubonee
OMNacHON TOYKOW, AN KOTOPON HEOBXOAMMO BbIMONHATL pacyeT U NpoBepsTb YCOBUE COMNPOTUBMEHUS
casury (1). AHanmoruyHble 3Mniopbl KacaTerbHbIX HaMpsXKEHWN, HO C KONUYECTBEHHBbIMWU OTIINYUSAMMU,
nony4arcs Npu pacyeTe rmaBHbIX HAMPSKEHUIN Mo Nobon N3 npegnaraeMbiX Mogenen.

AfekBaTHOCTb pacdeTa KacaTefbHbIX HanpsXkeHud B Hambonee onacHOW TOYKe BO MHOMOM
obycnaBnuBaeTcd 4OCTOBEPHOCTbIO BbIYUCIIEHWS TMaBHbIX HAMPSHKEHWN, BO3HMKAKOLNX OT BO3OENCTBUSA
NnoaBWXHOW Harpysku. MoaToMy pesynbTaTbl pacdeTa rnaBHbIX HanpspKeHWn No MoanULMPOBaHHBIM
HaMu MoZernsMm, npeacTaBrneHHbIM B Tabnuvue 1, Heobxoaumo cpaBHMBaTE C JAHHBIMU 9KCNEPUMEHTA.

\\\\

OTHOCHTELHA
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Pesyrnibmambl pacdema HanpsKeHul u ux coriocmasJsieHue ¢ 0aHHbIMU
aKcriepumMeHma

MpumeHeHue (21) TpebyeT BbIGOpa ¢opmyn Ana pacyeta 01, MO3BONANLWMX MNonyyaTb
pe3ynbTaTbl, CornacylwLwmecs ¢ gaHHbIMU 3kcrnepumeHTa. Ob6cyxpgas cnocobbl aKCNepuMMEeHTarbHOro
nccneposanus HOC matepunanos B Cnosix JOPOXHbIX KOHCTPYKLNA, OTMETUM, YTO HAUMYYLLUMMU SIBNSIOTCS
MeTOAbl, MO3BOMSKOLINE MNPOU3BECTU M3MEPEHMS NpPU BO3OEWCTBUN MNOABWXKHOW Harpysku. Takue
UCMbITaHWS BbIMOMHSAKT MPYM MOMOLLM KOMbLEBbIX CTeHAOB. B nccnepoesaHum B. CTvBeHa nonyyeHsl
ONbITHbIE [daHHblE O BENMYMHE BEPTUKAmNbHLIX HOPMAlrbHbIX HaMNpPsKEHWA Ha pPasnUYHON rnybuHe
ocHoBaHua 13 LUMC [24] u rpyHTa 3emMnsitHOro noriotHa. JkcnepumeHTbl b. CTMBEHa BbINOMHEHbI NpU
MOMOLLM KONbLEBOrO CTEHAA, NPEeACTaBNEHHOrO Ha PUCYHKE 4.

Ha BcemM MNpOTsKeHUM KOMbLEBOro CTeHAa YCTpoeHo acdanbTobeTOHHOe MOKPbITUE TOMLUUHOW
25 MM, 4TO cooTBeTcTByeT ctaHaaptam Hoson 3enaHaun. Bb. CtmBeHOM noApobHO OnNUCaHbI
xapaktepucTtuku LLMNC u rpyHTa, MCNONBb30OBaHHbIX 4151 CTPOUTENBCTBA OCHOBAHWUA N 3€MINSHOMO NOOTHA
[24]. N'amepeHusi nponsBedeHbl NPy NOMOLLM TPYHTOBbIX OATYUMKOB AABMNEHUNA. I3MepeHHbIe HanpsikeHns
npuBeneHbl B Tabnumue 2.

Tabnuya 2. AkcnepumeHmarsbHble 3Ha4YeHUs1 HanpsKkeHul

Fny6uka, KOHCTpPYKTUBHbIV crnow Matepuan cnos Hanpspkenue oz,
MM klMa
0 [NokpbITHe AccanbTobeToH 366
75 3194
;gg OcHoBaHune LLle6eHouHbIN MaTepuan 1978??'06
300 37.8
375 3emnsaHoe NoMoTHO CyrnuHok 36.7

AnexcanapoB A.C., Jomrux I'.B., Kamuaun A.IL. CoBeplieHCTBOBaHHE pacueTa JOPOXKHBIX KOHCTPYKLUI IO
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PucyHok 4. O6opyaoBaHue yHuBepcuteta KeHtepbepu
(HoBas 3enanaus, FOxHbIN OoCcTpOB, r. Kpancrtuepu)

[nsa pacyeTta HanpsikeHWin aBTopbl MPUMEHUITN CXeMy MOCreAoBaTENbHOIO pacyeTa HanpsikeHui
B KaXkOOM crioe, NMpeACcTaBIeHHY0 Ha pUcyHke 5.

Pac / o T Rc:H '\ MOKPBITUE
. H/HHHHFH v
WHHHHH HHHH H\lan

+z

PucyHok 5. Cxema Ans pacuyeta HanpskeHU Mo 0CYM CUMMETPUM Harpy3Ku

PesynbTaTthl pacyeta gnameTpoB nnowanok pacnpenenenunsa Harpy3ok (Doci = 2Roct M Dan= 2Rsn) 1
3KCNnepuMeHTasbHble 3HaYeHNs KOHTaKTHbLIX AaBNeHW NpMBEeAEHbI B Tabnumue 3.
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Tabnuya 3. dkcnepumeHmarsnbHbie 3Ha4YeHus KOHMaKmMHbIX OaeneHuli u
coomeemcmeyroujue um duaMmempsl naowadok pacrnpedeneHust Ha2py3Ku
. o KoHTakTHOE HOvameTp
KoHCTpYKTUBHbIN cnow Matepuan crnos TonwwuHa, cM
Aasnexue, klMa nnowagku, cm
MokpbiTne AccanbTobeToH 2.5 366 37.3
OcHoBaHuve lleBerouro nectianas 275 329.6 39.3
cMmechb
3emnsiHoe NonoTHo CYITIMHOK - 37.8 116.1

Ona pacuyeta HanpspkeHU B LLEGEHOYHOM Crioe HeoGXOAMMO MnepecyuMTaTb OpauHaThl TOYEK,
yKasaHHble B Tabnuue 2, OTHOCUTESIbHO NMOBEPXHOCTU OCHOBAHUS M yKa3aTb COOTBETCTBYIOLUME FTyGUHE
3aneraHUs 3TUX TOYEK IJKCMepuUMEHTamnbHble 3HAYeHUs BepTUKArNbHbIX HOPMarbHbIX HaNpPsHKEHWA.
PesynbTaTbl nepecyeTa nNpueBeaeHsl B Tabnuue 4.

Ta6bnuuya 4. OpOuHambl MoOYeK U 3KCrepuMeHmaribHble 3Ha4YeHUsl HanpsixeHul

OpavnHaTa TouKM OT NOBEPXHOCTU /\amepeHHas Benn4mHa
MokpbITUS, CM OCHOBaHuWs, CM HanpskeHus, klMa
2.5 0 329.,6
7.5 5.0 3194
15.0 125 173.6
225 20.0 98.0
30.0 27.5 37.8

PesynbTaTbl pacyeTa BepTMKanbHbIX HanpskeHuin no cdopmynamM Tabnuubl 1 U UX CpaBHEHWE C
SKCTMepUMEHTanbHLIMU AaHHBIMM NpUBeAeHbl B Tabnuuax 5-8.

Tabnuuya 5. ConocmaeneHue pe3y/nbmamoe pacdYema HanpskeHul no opua2uHanbHol (5) u
modudgpuyupoesaHHoli (mabn. 1) gpopmynam A. Jlaea ¢ daHHbIMU 3KkcnepumeHma b. CmueeHa

HopmanbHoe BepTuKanbHoe HanpshkeHne oz = o1, kla MorpelwHocTb, % no dopmyne
rny6uHa, BbluncrneHHoe no cdopmyne (tabn. 1) npu Ecn/Eoc
cM MamepeHHoe 5) (tabn. 1) npu Ecn/Eocn 5) 1 ;

1 7
0 329.6 329.6 329.6 329.6 0 0 0
5.0 319.4 324.658 324.658 301.97 -1.65 -1.65 5.46
12.5 173.6 278.6358 278.6358 177.60 -60.55 -60.55 -2.30
20.0 98.0 209.970 209.970 97.61 -114.26 -114.26 0.40
25 37.8 152.07 152.07 58.64 -302.3 -302.3 -5.14

Mpumevanue: PesynbTathl pacyetoB no cdopmynam (5) u (tabn. 1) npuBedeHbl ANs UANKCTPaALMN pasHULbI
BEINMNYUHbI Hal'lpﬂ)KeHVIVl, BO3HUKaOLWKMX B NONynpocTpaHCcTBe, OT Hal'lpﬂ)KeHVIVl, BbIHYUCJTIEHHbLIX NO MO,IJ,VId.)VILI,VIpOBaHHOVI
mogenm (tabn. 1) npu Ecn/Eoci=7, @ Takke NokasaHo, 4To Npu Ecn/Eocy = 1 3@aBUCMMOCTB (Tabn. 1) faeT TOXKAECTBEHHbIE
¢ cpopmynon (5) pesynbTaThbl.

W3 aHanu3a gaHHbix Tabnuubl 5 cneayeT, 4To BBOA, 3aBrcnMocTU (20) B opurmHansHyo oopmMyny
(5) nosBonseT cyLlecTBEHHO NOBbLICUTbL AOCTOBEPHOCTL pacyeTa 3a CYeT yyeTa XKeCTKOCTU MaTepuanos
CNnosi U NOACTUNAIoLEro ero rpyHTOBOro NOMAYNpoCTpaHCTBa. VcknioyeHne cocTaBnaeT HUXKHASA TOYKa, B
KOTOpPOM pacxoxieHue pesynbTaToB pacyeTa M onbiTa cocTasnseT 55 %. OTO npuBOAUT K TOMY, UTO
JaBreHuve, nepegaBaeMoe Ha 3eMSsiHOE MOJSIOTHO, 3aBblleHO Ha 55 %, BcnencTeme 4ero LOCTOBEpPHOE
BblYMCIIEHNE HaNPSPKEHUA B TPYHTE CTAHOBUTCA HEBO3MOXHbIM. [1O03TOMYy OpuruMHanbHas W
MoaucuumpoBaHHaa Mogenu A.JldBa Ona pacyeta HanpskeHWin B OUCKPETHbIX MaTepuanax He
NPUMEHNMBI.

AnexcanapoB A.C., Jomrux I'.B., Kamuaun A.IL. CoBeplieHCTBOBaHHE pacueTa JOPOXKHBIX KOHCTPYKLUI IO
conpoTuBieHUI0 caBury. Yacte 2. MoauduuupoBaHHble MOJEIH pacyeTa IMaBHBIX U KacaTeNbHbIX HanpspKeHUid //
NmxeHepHO-cTpouTenbHbIi xypHan. 2016.Ne2(62). C. 51-68.
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Tabnuuya 6. ConocmaesieHue pe3y/sibmamoe pacyema HanpsixeHuli no MoouguyupoeaHHoU
¢hopmyne modenu Jisea — ®penuxa — OncoHa (mabn. 1) c aHHbIMU 3kcnepumeHma b. CmueeHa

HanpsixeHue no ocu cummeTpun Harpysku, kla MorpelwwHocTb, %
FnyCG“THa, M3amepeHHoe BblqmcneHHﬁSmngm(flgﬁgge (raon. 1 npv Emlfrp =7v v Ef/Erp -
— — n=3 n=225
n=3 n=225
0 329.6 329.6 329.6 0 0

5.0 319.4 301.97 278.25 5.46 12.88

12.5 173.6 177.60 145.15 -2.30 16.39

20.0 98.0 97.61 76.32 0.40 22.12

27.5 37.8 58.64 45.04 -55.14 -19.16

MpumevaHune: PesynbraTbl pacyeta no dopmyne Tabn. 1 npu n =3 npuBedeHbl ANS WMNIOCTPaUMM UX
TOXOECTBEHHOCTU ¢ MogudmumpoBaHHon copmynoin A. Jlsea.

AHanns gaHHbIX Tabnuubl 6 NokasbiBaeT, YTO BapbMpoOBaHWEM NapameTpa N MOXHO fobuBaTbes
npueMnemMon AOns WHXEHEpPHbIX MEeTOAOB TOYHOCTM, MPU KOTOPOW MOrpelwHoCcTb He npeBbllaeT
+15...20 %, B TOM 4ucre ONs HWKHEW TOYKW, PacroniOXEeHHOW Ha rpaHuue pasgena crnos us WINC um
3eMnsaHoro nonoTHa. BerneacTeme 3Toro CTaHOBUTCA BO3MOXHBIM aAeKBaTHbIA ONbITHBIM AaHHBIM pacyeT
Hanps>KeHUN B rpyHTe.

PesynbTaTthl pacyeTa HanpsbkeHun no moamudpuumpoBaHHon moaenu Jlasa — ®penuvxa — [oH3anesa
npy BblYMCNEHUN NapaMeTpa n no cdopmyne (9) UMEIOT CYLLECTBEHHbIE PACXOXAEHUS C AaHHbIMU SKCMNEPUMEHTA.
BcrnenctBre 3Toro aBTOpbI BbIHYXOEHbI KOHCTATMPOBaTb HEMPUMEHUMOCTb 3aBUCUMOCTM (9) Ans onpeneneHus
napameTpa ®penuxa. OTMeTuUM, 4YTO ecnu B MoauduumpoBaHHoi mopenu JlaBa — dpenuvxa — [oH3anesa
NPUHATL Takue e 3Ha4YeHUs NapamMeTpa n, kak B Tabnuue 6, To ecTb He BbluMCIsAs N Mo dhopMyne (9), To TOYHOCTb
pacyeTa GyneTt npuemnemMon.

Ta6bnuya 7. ConocmaesieHue pe3y/sibmamoe pac4yema HanpsixeHull no MoouguyuposaHHoU
¢hopmyne modenu U.N. Kandaypoea (mabn. 1) c aHHbIMU 3KkcniepumeHma b. CmueeHa

HanpsixeHne no ocu cummeTpun Harpysku, klla MorpelwHocTb, %
Fny6uHa, cm BbluncneHHoe no dopmyne (tabn. 1) npu npu npu
Viamepenroe Vp = 0.37 Vp = 0.257 Vp = 0.37 Vp = 0.257
0 329.6 329.6 329.6 0 0
5.0 319.4 328.96 325.30 -2.99 -1.85
12.5 173.6 208.28 164.98 -19.98 4.97
20.0 98.0 106.54 78.29 -8.71 20.12
275 37.8 61.50 44.04 -62.69 -16.51

MpumeyaHune: T[Mapamerp Vvp=0.37 nNpuMHAT B  COOTBETCTBMW C  peKkoMeHAauusaMu
M.I. BonwTsaHckoro, pa3paboTaHHbIMU Ha OCHOBE aHanm3a OaHHbIX LWTaMMNOBbIX UCMbITAHUA AOPOXHbIX
ofexn CTaTU4YecKon 1 yaapHOW Harpyskowr, a napameTp Vp = 0.257 onpegeneH M3 ycnoBus Hanny4llero
COOTBETCTBMS AaHHbIX pacyeTa pesyrnbTataM UCNbITaHUA NOABMKHOW Harpy3Kow.

Ta6bnuya 8. ConocmaesieHue pe3ysibmamoe pac4yema HanpsixeHull no MoouguyuposaHHoU
¢hopmyne modesiu M. Xapa (mabs. 1) c daHHbIMU 3kcnepumeHma b. CmueeHa

HanpsbkeHue no ocn cummeTpumn Harpysku, klla
Fny6uHa, cm VamepeHHoe BbluncneHHoe no dopmyne (tabn. 1) MorpeLwwHocTb, %
npy Ew/Erp=7 nvp =0.485
0 329.6 329.6 0
5.0 3194 325.35 -1.86
12.5 173.6 165.30 4.78
20.0 98.0 78.48 19.92
27.5 37.8 44.16 -16.82

W3 aHanusa ganHbix TAabnuy 7 1 8 cnegyeT, 4To mogmduumupoBaHHble hopmynbl U.W. KaHgaypoBa u
M. Xapa npu cooTBeTCTBYIOLLIEM NOABOPE 3HAYEHMI NapamMeTpa Vp Jal0T 6riM3Kkne pesynbTtatsl, BCreacTBUE
4yero u,enecooﬁpaSHo NPUMEHATb OOHY U3 HUX. |_|0rpeLIJHOCTb ATNX cpopmyn NeXxunT B AonyCckaeMbIX ANA NHXEeHEePHbIX
pacyeToB npegenax. OTnuune 3HaueHuin napametpa Vp popmynel .. KangaypoBa, nogobpaHHoOro astopamu,
vp=0.257, OT 3HauyeHun, pekomeHagyembix M. BonwTtaHckum, vp = 0.37 cBUAETENBCTBYET O TOM, YTO Vp
YYBCTBUTENEH K TWUMY HarpyskM, a TakkKe 3aBMCUT OT MokasaTenen u3nyeckux CBOMWCTB CrOs W
noacTunapLLlero ocHoBaHuda. Takum obpasom, napameTp Vp SBNAETCH He MOCTOSHHOMW, a (hyHKUmen
nokasaTtenen pmMsmyecknx CBONCTB N TEKCTYPbI FPaHyNIMpPOBaHHOIoO MaTepuana (WwebHs, rpaBus, necka).

Aleksandrov A.S., Dolgikh G.V., Kalinin A.L. Sovershenstvovanie rascheta dorozhnyh konstrukcij po soprotivlieniyu
sdvigu. Chast’ 2. Moadificirovannye modeli rascheta glavnyh i kasatelnyh napryazhenij [Improvement of shear
strength design of a road structure. Part 2. Modified models to calculate the principal and shear btegszes.
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MATEPUAIbI

3akmnoyeHue

1. MoanduumpoBaHHble MOAENMW pacyeTa rMaBHbIX HAMPsPKEHWI B nonynpocTpaHcTee (15) u cnoe
KOHEYHOW TOoMNWMHbI (CM. Tabn. 1) yaoBNeTBOPSOT CNeaytoLwuM YCITOBUSIM:

e B CEYEHMU MO OCYU CUMMETPUUN Harpy3Kkn Ha MOBEPXHOCTU MONYNPOCTPAHCTBA MU CIOsi KOHEYHOM
TONWMUHbI BO3HUKAET KOMMPECCUOHHOE CXaTue, TO ecTb npu z =0 rnaeHble Aedopmaumu
€2=¢€3= 0, a rmaBHble HanNpsHkeHnst 62 = a3 = Uld1/(1—-);

* NPV U3MEHEHUM FMyOuHbI, COOTBETCTBYIOLLEN TOMLWMHE cnosi, B npegdenax 0 < z < c martepuan
cnosi paboTaeT B yCMOBMSAX TPEXOCHONO CxXatus 02 = 03< pld1/(1-|), ucneiteiBad gedopmMauum
BGOKOBOro pacLumpeHmns €2 = €3< 0;

* 10 OCM CUMMETPUN HArpy3Kknu B TOUKE Z = hen = 0 AUCKPETHLIN MaTepuarn UcnbITbIBAET 0AHOOCHOE
ckatve 02=03=0 n 2= g3 = —pl&L.

OTO NO3BOMSET KOHCTAaTUMpOBaTb, YTO OHM COOTBETCTBYIOT OOLLENPUHATLIM MpeacTaBneHusM,
N3noxeHHbIM B paboTax apyrmux astopos [11, 25, 31]

2. ConocraBneHve pes3ynbTaToOB pacdeTa C 3KCNepMMEHTanbHbIMU AaHHbIMU, MOMYyYEHHbIMN
nyTeM MCMbITAHUS AOPOXHbIX KOHCTPYKUMIN NOABMXHOW HArpy3komn, nokasano, 4To Hanbonee 6nuskue K
OaHHbIM  3KCMepuMeHTa pes3ynbTaTbl  [alOT  MOAenwu, nonydeHHble Moaudukaumen  opmyn
U.N. KanpaypoBa n M. Xapa (cm. Tabn. 1). JoctonHcTBa opurnHanbHbix dopmyn U.N. Kangayposa un
M. Xapa, npumeHsieMbIX Ans onpeaeneHns 0z B CEe4YEHUN Mo OCM CUMMETPUN Harpy3ku, Nnog4epKMBaoTCs
B pabotax [23, 29, 30]. HeckonbKO MEHbLUYD TOYHOCTb WMeEEeT MOoAMMDULUPOBaHHAs MOAEMNb
JlsBa — ®penuxa — OncoHa. [locToMHCTBa oOpurnHanbHOW 3aBucumocTn Jlsea — ®pennxa — OncoHa
nogvepkuatotcst B pabote [24]. lNMoatomy mMoamduLMpoBaHHble Mogenu Tabnuvubl 1, nossonswowme
BbIYMCIATE BCE TPU MMaBHbIX HaMNpsbKeHWsi, ABMASOTCA HeOOXoaMMbIM MPOJOIMKEHMEM PaboT MexaHWKu
rPyHTOB. VIMEHHO 3TM MOAenu, a He MpelwecTBYOWME UM OpUrMHalbHble 3aBUCMMOCTM, MO3BONSOT
BbIYMCIATE KacaTenbHble HanpsbkeHns (CM. puc. 2 n puc. 3).

3. o MHeHWo aBTOPOB, NepcneKkTnBa AasnbHENWero NpUMeHeHns MogudULMPOBaHHbIX Moaenen
Tabnuubl 1 COCTOMT B BO3MOXHOCTU COBEpPLUEHCTBOBAHUSA pacyeTa CnoeB [JOPOXHOW ofaexabl u3
OMCKPEeTHbIX MaTepunanos No CONPOTUBNEHMIO cABUrY. B pamkax 3Toro pacyeta nosBnsieTcs BO3MOXHOCTb
BbIYNCNATL NEPBYIO KPUTUYECKYHO Harpy3ky 13 npeanaraemoro ycrioBus nNnactuyHocTu (2), npumMeHsas B
HeM MoAMULMPOBaHHbLIE Moaenu Tabnuub! 1.
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Abstract. The article gives an overview and analysis of the models of the damage accumulation in
monolithic materials when exposed to prolonged and repeatedly applied load. The application of the
principle of equivalence stress in the continuous and damage body allowed introducing into the strength
criterion of Pisarenko-Lebedev and the three-parameter plasticity condition of Coulomb-Mohr the measures
of the theory to accumulate damage in capacity of which the damage of Y.N. Rabotnova and the continuity
of L.M. Kachanov are used. It was found that when exposed to repeated load, the process of the reduction
of the continuity and the increase in the damage is hereditary. Therefore, to predict changes in these
measures under the action of cyclic loads the integral equations of the theory of heredity are applied. This
simulation was carried out in two ways. The essence of the first method is that the change of the damage
and the continuity in the effects of a repeated stress is determined by the integral equations where the
integrand functions are given by means of the degree of dependence. The integration of these functions
allowed receiving generalizing logarithmic and exponential models to calculate the reduction of the
continuity and the increase in the damage when subjected to cyclic loading. The second way is to apply to
the calculation of the damage the principle of equivalence of the deformation or energy where a decrease
in the elasticity modulus of the damaged body is described by an integral equation. It was demonstrated
that the first method of the calculation of the measures of the theory of the damage accumulation is similar
to the principle of equivalence of deformations. There is some brief information about the experimental
technique to determine the measures of the theory of the damage accumulation by means of which the
parameters of the generalized models for some asphalt concretes are set. The difference of the proposed
methods to predict the changes of the damage from analogue is shown.

AHHOTaumA. B craTtbe BbINOMHEH 00630p M aHanua3 MOAernen HakanivMBaHWs MOBPEXOEHUN B
MOHOIUTHBIX MaTepuanax npuv BO3OEeNCTBUN ANUTENBHOM U MHOFOKPaTHO NpUKNaabiBAaeMOW HarpysKku.
lMprMeHeHMe NprHUMNa 3KBMBANEHTHOCTM HAMNPSPKEHMIN B CMJIOLLHOM U MOBPEXOAEHHOM Tere Nno3Bosimio
BBECTM B KpuUTEpUi npovHocTn NucapeHko — Jlebenesa v TpexnapaMmeTpuyeckoe ycrioBne nnacTM4yHoOCTm
KynoHa — Mopa Mepbl TeOpuM HakannmMBaHusi MNOBPEXAEHWN, B Ka4yeCTBE KOTOPbIX MPUHATHI
noepexaeHHocTb KO.H. PaboTHoBa 1 cnnowHocTh J1.M. KayaHoBa. YCTaHOBMEHO, YTO Npy BO34ENCTBUM
MOBTOPHbIX HArpy3oK MPOLECC YMEHbLUEHUS CMJIOWHOCTU U YBENUYEHUS MOBPEXAEHHOCTU HOCUT
HacrneACTBEHHbI xapaktep. [losToMy Ana NpOrHo3MpoBaHMS M3MEHEHUSI 3TUX Mep B YCHOBUSIX
BO3AENCTBUS LIMKMNYECKUX Harpy3oK NpUMeHeHbl UHTerpanbHble YpaBHEHWS HaCNeACTBEHHbIX TEOPUMN.
Takoe mopgenupoBaHue BbINOMHEHO ABYMs crnocobamu. CyTb mepBoro meroga COCTOUT B TOM, UTO
U3MEHeHVe MNOBPEXAEHHOCTM U CAMOWHOCTU B MpoLecce BO3OENCTBUSA MOBTOPHbLIX Harpysok
onpefenseTca UHTerpanbHbIMA  YpaBHEHUSIMWU, B KOTOPbIX MoAbIHTErpanbHble YHKUUW  3a[aHbl
CTEeNeHHbIMN 3aBUCUMOCTAMU. UHTerpupoBaHuMe 9TUX YHKLMA NO3BONMNO Mony4uTb obobuiaolime
norapudmMmyeckne u CTeneHHble MoAenu Ans pacyeTa YMEHbLUEHUSI CMMOLIHOCTM U YBenuyeHus
NMOBPEXAEHHOCTU NPU BO3AENCTBMM LIMKITMYECKOM Harpy3kun. BTropor cnocob 3akntoyaeTcs B NPUMEHEHUMN
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K pacyeTy MOBPEXAEHHOCTM MpuUHUMNA SKBMBANIEHTHOCTM Aedopmaunii  WAM  3HepreTuyeckon
9KBMBASIEHTHOCTWN, B KOTOPbIX YMEHbLUEHVWE MOAYNSA YNpPYyrocTv MOBPEXAEHHOrO Tena OnuChbiBaeTcs
MHTerpanbHblM ypaBHeHueM. [loka3aHo, 4TO MepBbI CNocob pacyeTa Mep Teopuu HakaniMBaHWS
NOBPEXAEHUN aHanornMyeH NpuHLMNY aKkBMBaneHTHOCTM Aedopmauuin. MNpuBeaeHsl kpaTkme ceeageHns ob
3KCMepuMMeHTanbHOW MeTOoAMKe ornpefeneHns Mep Teopun HakannMBaHUSA NOBPEXAEHWI, NMPU NOMOLLN
KOTOpOW yCTaHOBMEHbI NapameTpbl 06obLatoLmx Mmogenemn ans HekoTopbIix acanbTobeToHoB. [1okazaHo
OoTnuyKne npeanaraemMbix cnocoboB NPOrHO3NMPOBaAHUSA N3MEHEHUS NMOBPEXAEHHOCTM OT aHaroros.

Introduction

The damage, accumulated in the structure of road-building materials because of exposure to
repeated load, has a significant effect on the characteristics of the stress strain state SSS. Because of
increasing damage, the ability of a material to resist ductile and brittle fracture is reduced. Therefore, an
important element of engineering of road constructions must be a solution that allows predicting an increase
in the damage when subjected to repeated loads. This will allow determining more accurately the service
life of the pavement and overhaul time, which will lead to a more efficient use of funding.

The account of the influence of a damage material structure on their SSS is carried out using the
theory of the damage accumulation. There are two fundamental areas of the damage theory in mechanics,
where the two measures are applied and various methods for their determination exist [1, 2]. Both directions
have demand by professionals of the road sector and are used in the evaluation of the stress strain state
(SSS). The essence of the approaches is to use one of the two measures, called the continuity of L.M.
Kachanova | and the damage of Y.N. Rabotnova w. For long-term and short-term cyclical loads, the
developed methods to calculate these measures and these methods are different. The continuity is
determined by the ratio of the stress in a solid ¢ and damaged os material, namely, y=0/0s (0s=0), damage
of wfind by the ratio of the total defect area Fs to the geometric area of the completely intact section [6] F.
Both measures are determined by formulas

;. Ww=E—=. 1)

Because the stress in a continuous and damaged body can be expressed by the geometric area
intact section and the area of the sample unoccupied defects, then between the continuity and the damage
there is a relationship which can be expressed by the formula

w+yP =1, w=1-y; Y=1-w. )

The first expression (2) shows the difference in the parameters of the theory of the damage
consisting in the fact that each of them characterizes the total relative area is occupied by the defects (this
damage w), and - without defects (this continuity g). The sum of these parameters is equal to unity, i.e. the
sum of these measures is none other than the geometric sectional area expressed as a unit. Two other
expressions (2) make it possible to calculate the value of one parameter by the value of another
characteristic. In the theory of the damage accumulation the principles of equivalence SSS damaged and
solid bodies is applied. The principle of equivalence stress follows from the first formula dependencies (1).
According to this principle, you can define the components of the stress tensor of the damaged body ojjw
via the components of the stress tensor gj solid body. This calculation is performed according to the
formula [2].

= ©)

Since the dependence (3) allows us to calculate any component of the stress tensor of the damaged
body, it is possible to any characteristic of this tensor to submit multiplication of the similar characteristics
to a solid body and the parameters theory of the damage. This implies that using the dependence (3) allows
deducing the analytical or empirical strength criteria of damaged bodies. Most of the original strength
criteria of damaged bodies were produced mainly for metals in the 70-90 years of XX century [4-9], but
they are being applied and modified only today [10-15]. Let us note that the introduction of the continuity
or the damage in the criteria of strength and plasticity conditions of solid bodies allows receiving their
modification, which can be used in the calculation of damage bodies [3].

Other principles of equivalence of damage theories are designed to determine the measures through
the parameters of the physical and mechanical properties of materials. Considering the strain equivalence
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principle, note that the deformation of the damaged body ¢p in a simple state of stress, such as uniaxial
compression, can be calculated according to the formulas [2];

(0) E& (6)
= ; =—, 4
€D (1-w) E fD Ep )

Where E u Ep - elasticity (Young's) modules undamaged and damaged material, Pa.
The equating dependence (4) and performing transformation, we obtain

Ep = Efl- w); wzl—i; m:i. (5)
E E
Thus, the damage and the continuity is defined by the ratio of the elastic module damaged and a
continuum medium. Experts positively evaluate the deformation approach and a widely used representation
(5) [16 - 18]. Moreover, in a number of publications they indicate that the score change of elastic modulus
is the most convenient to determine the damage both for metals [19, 20] and for composites [21 - 23].

Later another postulate known as the principle of energy equivalence [24 is introduced] and the
depending (5) has undergone modification. According to this principle, the damage is determined via the
ratio elastic moduli of the damaged body and undamaged environment, but in a different expression, which

has the form [24, 25]
w=1- 1/ ED (6)

Of course, the choice of dependencies between (5) and (6) should be based on experimental data.
The data of N.I. Karpenko [26] obtained for concrete and reinforced concrete allow us to make a choice in
favor of expressions (5).

Substituting the relations (5) or (6) in a principle equivalence of stress (3) allows for the modification
of the expression so that the stresses in the damaged body are a function of a component tensor of a solid
body and the elastic module of damaged and undamaged environment. From a creep theory it follows that
the elastic strain is a function of time. This means that the elastic modulus can be represented by a function
of time, but inversely proportional to the aftereffect function (the retardation deformation). Mathematical
formulas describing the time variation of the elastic modulus of asphalt concrete are introduced in the paper
[27]. In the calculations of road constructions, the reduction in the elastic modulus when exposed to
repeated loadings describes the function number of the applied loads. Therefore, under the influence of a
single prolonged and short-term repeatedly applied load, the modulus of elasticity is determined by a variety
of ways, through a function of time and the number of loads. In the theory of the damage accumulation, the
definition of its measures under the influence of such loads is also different. Table 1 shows some models
describing the kinetics of the creep damage.

Table 1. Accumulation models of the creep damage [1]

Author Formula
m m
A y dwCEEG”]'V dwctﬁcijJ
L. M. Kachanov, 1= 1 _ ' 2~ 2 ~ ’
A. S. Shesterikov dt 1-w dt 1-w
where C1, C2 1 m — material parameters.
d o \"
© N
Vg =—= C3 ! ma'
Y. N. Rabotnov dt 1-w
where Cs, m u a — material parameters.
0’..
_ V4= do =C, ] QL
John Lemaitre dt 1-w 1-wP°
where Cs4, m n b — material parameters.
m »
d(k) Gij 1 f(O'”)
Vg = =Cs '
V. P. Golub, A. V. Romanov dt 1-w 1-w

where Cs, m — material parameters; f(gjj) — the stress function.
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Note: In formulas from the Table 1 instead of the original designation o [1] authors used aij,
emphasizing that in accordance with the principle of equivalence stress,the function of grow stress @ can
be spread to any component of the stress tensor @ij and the entire tensor as a whole.

From analysis of formulas from the Table 1 follows that in the process of the emergence of new
experimental data and increase the knowledge about accumulation in material damage during the creep,
the authors were forced to complicate the function. Such complication of functions of damage is similar to
the complication of the rheological creep functions and relaxation.

The hypothesis of damage summation is applied to calculate the damage from the effects of cyclic
loading. We know three basic hypotheses: a linear summation of damage (the Palmgren - Miner principle),
a bilinear summation (the S.S. Manson principle) and a non-linear accumulation of damage (the Richard -
Newmark principle). These hypotheses were proposed long time ago [28 - 30], but they are widely used at
present [31 - 35]. Moreover, the principle of a linear summation used in the Russian Federation [31 - 33]
while bilinear or nonlinear summations are used in other countries [34, 35]. The graphic illustration of the
summation of the principles shown in Fig. 11.

23

& ¢
1 1 ‘ 1 ‘
t

s & N=10 / / & M=l /
o o i

2 9 . 7 / / 2 ] ]
g g 10 g 10
] [ B ! (]

0 0 Zr—f”’j#{\] - . ﬁ_//\l_(f

1 a
Eelative number Eelative number Eelative number
of loads #fA of loads »/ of loads xfd

Fig. 1. Principles of damage summation in the calculation of damage: a - a linear
summation; b - a bilinear sum; ¢ — a nonlinear summation

The formula describing a linear summation of damage is widely used in the works of Russian
specialists, for example, [31, 32] a well-known model of a bilinear summation [29, 36, 37]. A nonlinear
dependence to calculate the damage have different varieties. It results in the selection of the model applied
to the material, It should be supported in an experimental way or it is necessary to develop a new non-
linear model for testing material.

Concluding the review of the literature, let us point out the problem areas used to calculate the
asphalt concrete pavement and road pavement bases. Firstly, the layers of road clothes of monolithic
materials are traditionally calculated according to the criterion of resistance to stretching of the bending,
the basis of which lies the first theory of strength. Although it is known that it incorrectly evaluates the ability
of a material to resist destruction. The specialists of the road sector made extensive studies of the effect of
fatigue [32, 33] and the porosity at the strength of asphalt concrete [38], but the search for a new strength
criterion was not fulfilled. Secondly, road surveys show that at high summer temperatures the drawdown
on asphalt [39] and the surface rut, accompanied by bulging coating along the edge of strip rolling are
formed [40]. The mechanism for this behavior of monolithic coating can be explained by the fact that with
increasing temperature, asphalt loses its ability to run on a bend. Increasing the temperature at a certain
value leads to the fact that a vertical deformation appears in the plate of asphalt. In connection with this
data, one can assume that at even greater increase temperature, the asphalt works in triaxial compression
conditions throughout the thickness of the layer, i.e. at these temperatures the bendability is completely
lost. Such conditions of work are not taken into account in the normative criteria. It is assumed that the
coating works in a pure bending. So the normative methods of the calculation of the asphalt concrete
pavement should be supplemented with the terms of plasticity discrete medium, for example, the criterion
of Coulomb-Mohr or it modifications, designed to evaluate the shear strength of discrete materials and
soils. Continuity or damage must be entered in these criteria.

The statement of purpose and objectives of the study

The analysis of the problem allows us to formulate the purpose of the study, which consists in the
improvement of the calculation methods of road constructions by introducing continuity and damage in

1 In the work of our colleagues, the damage accumulates under the influence of cyclic loads, usually denoted by D
(from the English. Damage). For uniformity of notation in Fig. 1 and hereinafter referred to as the authors use the
symbol w.
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strength criteria and taking into account changes of the measures of the theory of material damage when
subjected to repeated loads.

To achieve this goal it is necessary to solve the problem:

1. Enter the measures of continuity and damage to modify the strength criteria and ductility of the
asphalt concrete for the calculation coatings and bases on the tensile strength and flexural shear stability.

2. Find the representations to calculate change for continuity ¢ and damage w when subjected to
repeated loads.

Methods

We use the expression (3), to take into account the strength criteria and plasticity in terms of the
measures of the damage theory, which allows calculating the stress tensor of a damaged body through a
similar tensor of a solid body. Operating with of the tensor components of stress of the damaged body, you
can get the representation to calculate the characteristics of this tensor. Table 2 shows the formula for the
calculation of the principal stresses and their characteristics determined by the stress state of the damaged
body.

Table 2. Characteristics of the stress state of the damaged body

Name
- Formula
characteristics
1 2
_ 01 _01. 02 _0O» _ 03 _03
. O = === O = 03 = -
Main stress 01w O2a, O3 1-0 Y 1-w Y 1-0 Y
where 01, 02 1 03 — the principal stresses in the intact body.
T T 0,—0 0,—-0
The maximum shear stresses Tmax = max — _max. maxw — L 3 =21 3 ,
1-0 2fl-w) 20
Tmaxw
where Tmax — maximum shear stress in the intact body.
o o) T T
Octahedral normal Ooctwy = oct — _oat y Toctw = —oct _ _odt
-0 Y 1-w g

Ooctw @nd the tangent Toctw Stress
where goct M Toct — OCtahedral normal and tangential stresses in the intact body.

Oi _0i Ti
a_ . e

— . Ti

. . Ojw = ’ -
The intensity of the normal oiw and -0 Y l1-w Y
the tangent TiwStress
where ai 1 Ti — the intensity of the normal and shear stress (intensity R. Mises) in

the intact body.

| I_ = I_l . = I—Z 2 . | 30 = l—‘?’ |_3
Invariants of the stress tensor (first 1o 1-w ¢ 20 (1—(,0)2 ljJ2 @ (1—00)3 1]

l1e, Second l2¢ and third laq)

where l1, |2 n I3 — the first, second and third invariants of the stress tensor of the

intact body.
The second invariant of the stress J, . = 1 I 1 D — 1 | _ED 2
deviator 20 (1_00)2 2" 3 LUZ 2 3 1)
J ——JL— | 1D a, 2D
%0 573 Y
The third invariant of the stress
deviator [é 2 3
=— —D D2+——Dlj
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Entering measures of the damage theory into strength criteria and plasticity condition can be
performed by replacing the stress state of a solid body on tensor characteristics of the damaged body.
According to the formulas from Table 2, these characteristics are the functions or damage or continuity and
characteristics of the stress tensor of the intact body. Using a modified condition plasticity, obtained in [41],
and entering the dependence to calculate the principal stresses of the damaged body expressed via of
damage in it, we get

1 1-simp\® [ 1+sim)°

—— oy _ - . (63 |=c, ()

20f1- wy ) 1+sinp 1-sinp
where wN and QN - damage and continuity after exposure to N number of design loads, MU .; ol and 03 -
the maximum and minimum principal stresses arising in the asphalt concrete at high summer temperatures
causing it triaxial throughout the thickness of the layer, MPa; ¢ and ¢ — the angle of an internal friction and
the adhesion of asphalt concrete that are the setting limit of the direct Coulomb - Mohr, degrees (radians)
and MPa respectively; d - the parameter entered in one of the conditions of entry forms of Coulomb - Mohr
[41] taking into account the amount of the deformation of the sample, which is taken as the limit when

triaxial material is used.
If the criteria (7) damage replaces the continuity, the equation of a limiting condition takes the form

. \d . \d
1 1-sinp | [ 1+sind _
20y Gl[€1+sin|)j (1—sir¢j B3¢ ©®

When d = 0,5 and «N =0 or 1 YN = modified plasticity condition (7) and (8) takes the form of one of
the known forms of recording of the original terms of the plasticity of Coulomb-Mohr [41]. When d = 0 and
oN = YN = 0 or 1, conditions (7) and (8) become identical to the third theory of strength. When 0<d<0,5
and wN = 0 or N = 1 this condition takes the form of a modified criterion [41]. Thus, the difference between
(7) and (8) from prototype [41] consists in the registration impact of damage, progressing with increasing
of repeated impact loads on the ability of materials to resist shear. This difference causes the novelty of
the modified criteria (7) and (8).

When modifying the strength of the criteria used to calculate the asphalt layers on the fatigue tensile
bending, take into account the opinion of O.T. Batrakova2, who believed that the first theory of strength
applied to a standard method of design is sufficient to replace the original criterion of O. Mora. It is known
that the Pisarenko-Lebedev criterion summarizes the original criterion of O. Mora in the event of the stress
state 01> 02> 03, acquiring its form when 61> 02 = ¢3. Table 3 shows the original and the modified criteria
of Pisarenko — Lebedev.

Table 3. Equations of limit states for the original criterion of Pisarenko-Lebedev and its
modifications, taking into account the measures of the damage theory.
The author of the original The equation of limit state for:
criterion

. . the criterion modified by authors of the
the original criterion o
publication

X[, +(1-x)lo, =R, L iy +(1-x)@] =R
X=R/Rs. o

where ¥ - a material parameter, i [b( G + (1_X) m).l] - R[
Gy |

associated with compressive
strength and tensile Rcs and Rt

Pisarenko, Lebedev [43]

2 Batrakov O.T. Strengthening non-rigid pavements. - M.: Transport, 1985. - 144 p.
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Analyzing the original criterion of Pisarenko—Lebedev for the stress state 01> 02 = 03, easy to get
oi = 01-03, whereby this criterion takes the form

R R

CS

Opening the braces, we get

01-5@ =R. (10)

Res

The formula (10) is the equation of limit state of the original criterion of O. Mora. It is used to calculate
the materials in tension. If in the condition (10) performs the replacement of the tensile strength Rt to the
tensile strength flexural Rf and enter the parameters of the damage theory, we obtain the equation

1 R =R R P T

CS

The equation of limit state in the form (11) is introduced in the document3 and is tested while
designing the asphalt concrete pavement of roads of gas fields YaNAO. Thus, the publication of the given
materials has practical significance. Note that the criterion (11) compared to the standard criteria of
instructions has a higher accuracy. Consequently the Pisarenko-Lebedev criterion (Table 3), summarizing
the theory of Mora, allows solving problems with greater accuracy, spreading (11) in the states of stress,
characterized by the principal stresses 1> 02> 03. Here, the authors emphasize the novelty of the
modified criterion in Table 3 and its accuracy compared with the equation (11) proposed and tested earlier.

The obtained modified plasticity condition (7) and (8), as well as the strength criteria in Table 3 and
(112) require solutions allowing predicting the change in the measures of the damage theory in the process
of re-load applications.

The data of the experiments show that in the process of reloads decrease the continuity and growth
of damage because fatigue processes are hereditary. That is, the value of the continuity and damage
observed when exposed to n load, due to the history of the application of all previous load. Since the
process of reducing the continuity and growth of damage proceeds in conjunction with the fatigue and
accumulation of strain, the basis of the integral expressions of the exponential function can be used. Then
the kernel of integral equations is necessary to present power functions

No=ali ™ Ap=-alm (12)
No=b[A°: AY =-b@°, (13)

where Awand Ay - respectively, the increment of damage and continuity of the n impact of load;
a, b and c - coefficients taking into account the level of the stress state and the type of material.

Make an expression (12) and fulfill their integration, we obtain
N
Wy =wp +alfnTdn=cwy +alnN, (14)
1
where o0 - the magnitude of damage, corresponding to the initial state.

N
Wn =W -aln™dn=y,-alnN, (15)
1

3 Aleksandrov A.S. and others. The calculation of non-rigid pavements such as roads gas fields of the Yamal-Nenets
Autonomous District on the strength criteria. - Omsk: Publishing house SibADI, 2014. - P. 49 - 51.
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where Yo - the value of continuity corresponding to the initial state.

Taking as integrands of (13) and performing the integration, we obtain the sedate model of
decreasing the continuity and growth of damage with an increase in the number of loading effects

N C+1_l

Wy =wp +bn°dn=cx +b T (16)
1
N C+1_1

Py =wo-bEandn=tlJo-b ol 17)
1

Let us take the hypothesis of the initial state, according to which the material to repeated load
application considered solid and having no damage whereby wo=0 and Wo=1. Thus, the hypothesis of the
initial state allows ignoring pores, microcracks and other defects that remain in the material after the
manufacture thereof specimen or structure. In this case, take into account the damage produced only from
the effects of repeated loads. In this case, expressions (14) - (17) take the form

wy =allnN; Yy =1-allnN. (18)
c+l cl
Wy =b ct+1 ) l'IJN =1-b c+1 ) (19)

Analyzing the dependence (18) and (19) it is easy to see that with the increase in the number of
repeated stress, the damage is rising and continuity is falling. In addition, in these dependencies the
principle formulas are stored (1), whereby the sum of these measures is one, and each of them can be
determined by the difference of unit and the other opposing measures.

Let us consider the second option to solve the problem based on the withdrawal of submission to
calculate the elasticity modulus of the damaged body. At the same time, we note that the modulus of
elasticity can be secant, tangent and piecewise linear (see. Fig. 2).

o Tension, G & Tension, G < Tension, G
"‘r--.__x Cal = - L\ Ll -
\E’\\\“:gf"& %\B ' :,Dlﬁ)\

] T oL w NB w E RAG

AR C : =E

[o] = & .1‘3 .| [l E

& SR E L | & %o

& \ & \\ & 5 \

) i 1" 33
Y k ] k 4

Fig. 2 Way of the detection and classification of the elastic module:
a - secant modulus; b - tangent modulus; ¢ - piecewise linear module.

In calculating changes of the damage or discontinuities caused by exposure to the repeated loads,
it is possible to adopt any of these modules, but according to (5) or (6) substitute the value of the elastic
modulus characterizing the deformation of the first's straight segments schedule.
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Ferdhor, & Figure 3 shows the scheme of the definition
=L > measures of the theory of damage accumulation. Curve 1
] TT 17, is a plot of stress-strain after a single application of a short-
‘“"ﬁl- term load. Curve 2 is similar to the dependence, but for the

=% material tested multiple load applications with the number n

= N. Note that two experiments must be conducted to

construct deforming curves shown in Figure 1. The first

experiment is that the sample is subjected to repeated loads

with a different number of applications (for example, n = 1,

n=10,n=102,n=103,n=104,n=105n=106 ...n =

v N). After performing this procedure, (the sample tested by

Fig. 3. - The scheme to monotonically increa}sing load and bgilds), t_hg _plots similar

determine the damage and continuity to those are shown in Figure 3. If N is the limiting number,

when subjected to repeated loading: then all the other curves are located betv_veen the .I|ne§ 1

1 and 2 - respectively strain and 2. In each gra_ph, determ_lne the en<_jp_0|nt of the f|_rst line

curves after number of stress n = 1 segment, which is connecting the origin of coordinates.

andn=N Figure 3 shows the compound in dotted rays. The same

Figure shows the angles of rays, which coincide with

straight line segments to the deformation axis. The arctangent of these angles determine the value of the

modulus of elasticity corresponding to a certain number of re-load. Consequently, when exposed to
repeated load, dependencies (5) and (6) can expedient written as

Deformation, &

Ll\_')

w=1

EDN EDN
- = , (20)
El El
where E1 and Epn — the elastic module of the conventionally an undamaged material, determined under
the influence of a short-term load, and the damaged material, determined after the application of N load.

If for the calculation of the elastic modulus we use integral equations of the theory of heredity, and
the increment of the modulus of elasticity of the load with the number n, the power equation will have the
form

AEp =-b[@°. (21)
Then an integral equation and the result of integration will be in the form
N c+l
Epy =E01-bn°dn |=ED1-b ) (22)
1 c+1
Substituting (22) into the formula (5) and (6), we obtain
ctl
—1 c+l _1
w=b . w=1- b L (23)
c+l c+1

The continuity is determined analogously or by using the properties recorded by the formulas (2).
While comparing the addiction (19) with the first expression (23), it is easy to verify the identity of these
formulas. This means that the first method of the calculation of the measures of the theory of the damage
accumulation proposed and used by us in the calculations (12) - (19) is similar to the principle of the
equivalence of deformations. These methods lead to the same formulas with the same integrand. The
principle of energy equivalence leads to another dependency and thus it differs from the first method we
have demonstrated.

Results and Discussion

Comparing the proposed methods to calculate the damage parameter of asphalt concrete with
similar [27, 42-45], we note that in the works of our colleagues a function of time for calculating the change
in the damage or the elasticity modulus of asphalt concrete is used. The proposed method operates the
functions of the number of the design loads. This makes our models different and give them advantage.
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This is due to the fact that the mathematical models [27, 42-45] to account for the number of loads require
the application of the theory of the similarity of deformation of the material at creep and exposed of cyclic
loading. The essence of this theory is the functions of the time. The duration of the sustained load is
replaced by a product of the exposure time of one cyclic load and their number. This method requires the
determination of the coefficient correcting the difference of a deformation creep curve from the deformation
accumulated from repeated loads. Thus, there is a need to perform two tests. The first experiment is a test
for the creep of asphalt concrete, and the second test is optional and it is used to determine the depending
of the deformation on the number of repeated loads.

Of course, the definition of the parameters of the models is the task of experimental studies. In order
to perform it we have developed a method, which includes the rules of the manufacture laboratory samples,
a planning experiment and a statistical analysis of the results. The presentation of the experimental
procedure and its results are extensive and it requires writing another article. In this publication, we stress
that we have created this technique and have performed some tests on the fatigue bending beam resulting
in the determination of the values of the parameter a, used in the model (18) for some types of asphalt
concrete. The results of these and other experimental studies as well as the implementation methods we
will try to explain in a subsequent publication. In this article, we pay attention to beneficial differences of
the developed experimental techniques from analogue, present the values of the coefficients of the model
(18) and compare the results of the calculation of the damage to the experimental data. Figure 4a shows
a traditional scheme of the test asphalt beam on bending [46]. In the study of the influence of damage on
the fatigue of the asphalt concrete at the bottom (in the tensile stress zone), such beam arrange a slot [46
- 48]. Because of it, the girder becomes large and according to the opinion of the author’s work [46], it is
difficult to manufacture it in the laboratory. To address this shortcoming we have applied a laboratory test
developed by prof. V.V. Sirotyuk, which allows producing 3 asphalt beams 10 cm thick and 60 cm long
each. Figure 4b shows the stand.

Fig. 4. lllustration of equipm ent to test asphalt beams:
a - test beam when subjected to cyclic loading [46];
b - stand of prof. V.V. Sirotyuk for the production of asphalt concrete beams

Produced asphalt concrete beams were tested in the device of dynamic loading made when using
the drawings by prof. V.V. Sirotyuk. The device was placed in a climate chamber where the temperature of
asphalt beams is kept while testing by means of the cyclic load. Under these conditions, the beam was
exposed to a specified number of loads, the value of which is identical and corresponds to the force with
which in asphalt coating having tensile stresses corresponding design load Al. Fig. 5 shows the
experimental data on the dependence of damage and continuity of the number of repeated loads, as well
as data to calculate formulas (19) with b = 0.0218 and ¢ = -0.884.
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Fig. 5. The dependence of the damage and the continuity of the asphalt concrete at a
bend on the number of cyclic loads: 1 and 2 - respectively, calculated and experimental values
of the damage; 3 and 4 - respectively, the calculated and experimental values of continuity

From the analysis of the data shown in Figure 5 it is seen that the proposed mathematical model
(19) with the correct selection of the parameters b and c is adequate to experimental data, and thus it can
be applied in the design of the asphalt concrete pavement of roads.

Conclusions

Summing up the materials, the authors may formulate a number of conclusions and define the scope
and prospects for their future research.

1. A modified plasticity condition (7), (8) and strength criteria (see. Tab. 3), taking into account the
effect of the accumulation of asphalt damage have been proposed. These criteria make it possible to
perform the calculation of the structural layers of the pavement on the shear resistance and tensile fatigue
from bending.

2. The application of integral equations of the heredity theory obtained logarithmic and exponential
mathematical models predicting changes damage of Y.N. Rabotnova and continuity of L.M. Kachanova
when subjected to repeated loads.

3. Our further research will focus on the development of an experimental method, which allows
estimating the value of the continuity measures and the damage of the asphalt concrete at flexural uniaxial
and triaxial compression under conditions of repeatedly applied loads.

4. While planning the experiment temperature and granulometry asphalt concrete can be taken as
significant factors, bitumen content thereof, as well as the magnitude of the stresses. Tests of the asphalt
concrete with variation of these parameters allow developing the multiparameter mathematical model to
calculate the coefficient as a function (18), (19) and (23).
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Abstract . The application of algorithms of the finite element method (FEM) or the boundary element
method (BEM) reveals some peculiar properties for a numerical solution of the three-dimensional analysis
in infinite domains. Various algorithms offer to avoid such problems at the expense of combining different
methods and equations. The algorithm of the 3d analysis developed to solve an external boundary problem
by applying the combined method based on incorporating the FEM and Somigliana’s integral formula is
considered. The algorithm is modified for the case of the interaction of a structure with an inhomogeneous
medium. The efficiency of software implementation of both algorithms has been tested. A stress-strain
analysis of an inhomogeneous medium with a cavity has been carried out to illustrate the given approach.

AHHOTauuA. YucneHHoe peLleHne NPoCTPaHCTBEHHOW 3aayuv Teopun ynpyroctn B GECKOHEUHbIX
obracTtax MOXeT NPOBOAMTBCS B paMkax TPaAULMOHHBIX anropuTMOB MeToda KOHEYHbIX 3IIEMEHTOB
(MKQJ) nnn meTtoaa rpaHnyHbix anemeHtoB (MIM3). SddeKkTMBHOCTL pac4eToB MOXET ObITb NOBLILLIEHA 3a
CcYeT UCMNOoNb30BaHNs PasnnyHbiXx GOPMYNUPOBOK 3aKOHOB TEOPUM YNPYrOoCTU U NPUMEHEHNS YNOMSAHYTbIX
YUCIEHHbIX METOAOB B coyeTaHnn. Hanpumep, BO3MOXHO NOCTPOEHUE YNCNIEHHOrO anroputMa peLleHus
NPOCTPaHCTBEHHOW 3ajauyn Teopuu ynpyroctu B BeckoHeudHbix obnactax Ha 6ase codetaHus MKO u
uHTerpanbHon copmMynbl ComMunbsiHbl. PaccmaTtpuBaeTcd KOMOMHUPOBAHHLIN anropuTtM  peLueHust
NMPOCTPaAHCTBEHHbIX 3ada4y Teopun ynpyroctn B GeckoHeyHbix obnactax Ha 6ase coyetanus MKD un
dopmynbl ComunbsHbl. [puBoanTca Takke MoaANUUMPOBAHHBLIA BapuaHT anropuTMa Ans obnacten,
cogepxawmx cuanyeckne HeogHopogHocTu. OBCyXOaeTcs uYncneHHas peanu3auus pacCMOTPEHHOro
anropuTMa u ero TeCTMpoBaHue Ansi BHELHWX U BHYTPEHHMX NPOCTPaHCTBEHHbIX obnacTen.

Introduction

In many cases of practical importance, the analysis of structures considering their interaction with
the infinite foundation or the surrounding elastic medium is based on a numerical solution of the three-
dimensional external boundary problem [1-4]. The application of algorithms of the finite element method
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(FEM) or the boundary element method (BEM) reveals some peculiar properties for a numerical solution
of the three-dimensional analysis in infinite domains. [5-7]. The FEM analysis is performed assuming a
reduced domain of the finite size or by the application of special “infinite” elements [8, 9]. Using this
approach inevitably arises problems such as the validation of the reduced domain size and the selection
of boundary conditions on the external boundary in the first case or complications encountered in the
solution of the system of equations in the second case. When the BEM approach application is considered,
the analysis of the interaction of a structure and an inhomogeneous medium turns out to be inconvenient,
as well as in the case of domains with several cavities. Meanwhile, in practice these problems arise quite
rarely.

These specifics of the boundary problem in the case of the infinite domain cause some computational
complications and increase the computing cost [10, 11]. All the known algorithms offer to avoid such
problems at the expense of combining different methods and equations [12-16, 28, 29, 33, 34]. In the
following, the combined method (CM) which represents the algorithm based on combining the FEM
facilities, the Somigliana’s integral formula is considered [17], and the efficiency of this method is also
displayed.

Somigliana’s integral formula
The Somigliana’s integral formula allows determining the components of the displacement vector
u(é) = (Uu(€),u,(&), u; (&))" at arbitrary point & in a space Q bounded by a surface S; in the absence
of the volume forces:

u €)= [ &G, 0.6)~F, 2. 6)u (17)dS0), (1)

where £0Q,n0S, i,j =123 are the indexes of Cartesian coordinate axes X , ; (77) is the actual
force vector and q(/7) is the actual displacement vector at the point /; on the surface S Gh‘ ¢ and

Fij (17,é) are the components of force and displacement vectors caused by the unit force acting in the

direction XJ- at the point & (the fundamental solution of Navier’s equilibrium equations).

Algorithm of the combined method (CM)
In the following, the algorithm of the 3d analysis to solve an external boundary problem by applying
the combined method (CM) is presented.
Let the displacement vector u(é) be located in elastic space Q bounded by a surface S, satisfying
at £0Q the Navier’'s equilibrium equations and boundary conditions. The boundary conditions are

=g, E)=pE), 0 u@)=usé), sUS:sus,=s. @

where I (Qz) are components of the unit outer normal on the surface S, U}j (f) are the components of

the stress tensor, p(f) and HS(E) are the components of force and displacement vectors.

A sub-space QO bounded by a surface S) is selected in the semi-infinite space Q (see Fig. 1).

The iteration procedure can be performed as follows. The first step in the process is to establish the

© _

boundary condition q(o) on the surface % (assumed usually U, 0). Then the boundary problem in the

sub-space QO can be solved by applying the FEM to complete the boundary condition (Eg. 2) on the

surface S. This allows using the Somigliana’s integral formula (Eg.1) to determine the first

approximation U @ .
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Generally, having (k-1)-th approximation

ué)=u"?, ¢os, (3)
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Figure 1. Selection of an analyzed domain in a space Q

the K-th approximation ui(k) (€),£00S, can be found by applying the Somigliana’s integral formula
(Eq. 1), using ui(k) (é),é0S and ti(k) (€),£US, determined by applying the FEM analysis of the
boundary problem in the sub-space Qo with boundary conditions (Eqg. 2,3). The process can be

. . . — k k
terminated when the difference between the successive approximations ui( )(&) and ui( e (£09S)
achieves the required accuracy ¢

Ju“?@-u®@|__ . _
19 ‘<£, 1=123.

The following approach is used to integrate the first term in Eq. 1 which contains t; (#7),n0S. The

mao (4)
as

nodal forces R in the nodes q‘" of a finite element AS in the right-hand side of the FEM equations can

be treated as some integral characteristics of surface forces ti (l]):

3

> R(&)=[t(&)ads. ©)

An approximation is assumed:

[ 4 ()G (E.dSE) = ¥R (E)G; (€ )
AS i=1 _ (6)

In a strict sense, this formula (Eg. 6) is not a quadrature formula but it provides reasonable
accuracy as an alternative of numerical differentiation in the FEM solution.

The developed software based on the implementation of this algorithm has been tested in a series
of the model problems. They include external boundary problems with self-balanced and non-self-balanced
external loads applied to a sphere-shaped concavity, such as uniform pressure, two self-balanced point
forces and one point force applied symmetrically or non-symmetrically. The given problems were also
analyzed by applying the FEM in order to compare the results. The FE meshes were different due to the
fineness and the number of finite element rows. In general, the accuracy of the CM results even with less
number of elements in the FEM modeling was higher than for the FEM. Apart from that, the displacements
obtained by the CM for the case of non-self-balanced external loads include the rigid-body components in
comparison with those determined by applying the FEM. This feature of the CM may be considered as the
opportunity to provide more accurate results in such cases.
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In addition, testing of the developed approach was carried out in the case of the Boussinesq problem,
i.e. when the point force is applied to a half-space. Since in this case the space Q has the infinite boundary
surface S, it means the integration over the infinite surface in Eg. 1. In the numerical analysis the infinite
space was reduced to attain a finite computational space Q, (semi-sphere) with a circular boundary S, .

The radius of the sphere for the CM analysis was taken five times smaller than in the FEM analysis. The
accuracy of the CM and the FEM results could be compared due to the availability of the exact solution.
The error in the evaluation of the vertical displacement occurred in 4-20% when the CM was applied and
in 30-65% for the FEM results (especially at the points of the boundary surface), even when the additional
error of the CM caused by the truncation of the range of the integration in Eqg. 1 was found. The solution of
the Boussinesq problem is frequently used to perform the stress-strain analysis of structures when the
foundation displacements and soil subsidence are considered [18-21]. Therefore, the application of the CM
might be reasonable to solve similar problems.

Double-boundary algorithm of the combined method (DCM) for an
inhomogeneous medium

The algorithm of the combined method was modified for the case of an inhomogeneous medium on
the assumption that the inhomogeneous medium may have a substantial influence on the strain-stress

state of the structure within a limited surface L. The remaining space Q , can be considered as a
homogeneous one. A surface § is selected in the space Q . (see Fig. 2) and a closed sub-space Q,

bounded by surfaces £ and §, is considered.

e T
o
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Figure 2. Scheme of the inhomogeneous space selection for analysis
The first step in the process is to establish the boundary condition q(o) on the surface § (usually

u © = 0). Then the boundary problem in the sub-space Q, can be solved by applying the FEM to define

the boundary condition (Eqg. 2) on the surface L. The domain of the integration in Eq. 1 is the boundary of
a homogeneous region, consequently it will be the surface L instead of the surface S. Then the boundary

problem in the sub-space €, is solved by applying the FEM to define the second approximation q(z) on

the surface L and so far. It is a double-boundary algorithm of the combined method (DCM).

In Eg.1 the values of stress and strain in the modified algorithm are calculated by the FEM
approximately, while in the original algorithm the part of them is defined by Eq.2. That is why, designing
the FE mesh has to be more careful to decrease the error.

The developed software based on the implementation of the DCM algorithm has been tested in
stress-strain analysis of a sphere-shaped cavity surrounded by a spherical layer with physical properties
different from those in the surrounding space under the internal uniform pressure. The dimension of the
analyzed domain for the CM analysis was 3 times less in comparison with that for the FEM analysis. The
accuracy of the CM and the FEM results was comparable. Both methods resulted in partly underestimated
stresses and strains compared to the results of an exact solution due to insufficient dimensions of the
considered domain.
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Strain analysis of a rock massif with a cavity on the boundary of rock layers

The underground non-reinforced caverns subjected to an internal pressure or any other loads are
often used in construction and mining, for gas or oil storages or for waste dumping. The large-sized cavern
is often located in an inhomogeneous medium because of the complicated structure of the rock formation.
The analysis of the stability of such caverns should be made taking into account the specifics of the layered
rock structure [22-24, 35, 36]. Also for the land surface subsidence prediction and risk analysis of buildings,
it is necessary to estimate the deformation of the rock mass caused by the presence of underground
caverns. Consequently, the ground subsidence and horizontal displacement under building foundation are
the important topics for the analysis [25-27, 30-32, 37-40].

For example, an underground closed cylindrical cavern subjected to internal pressure on the
boundary of two rock layers was selected; a complete cohesion of the layers on the boundary was assumed
(Fig. 3).
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The layers’ properties are characterized by the Young’'s modules, E, and E,, with E, varied from
E, to 10 E, . The variety may be caused by the variability of rock crumbling even in a homogeneous massif.
The influence of the relationship of Young’s modules E,/E, on the stress-strain state of the massif was

evaluated. The calculations were carried out by applying the DCM as well as the FEM to verify results. The
modeled area for the DCM was two times smaller than that for the FEM. The DCM FE model had two layers

where the first one Q | consisted of two different materials and the second one (Q,\Q, ) had assumed
average Young's modulus E. The FEM model had four layers consisting of two different materials. The

intrinsic stress state of the massif caused by the weight of an upper rock was accounted for by the method
of deleting loads. For this purpose the FEM analysis of the massif without the cavern under the action of
vertical and horizontal mass forces corresponding to the depth of location was performed. Thus, the loads

C . . o
on the surface “to be deleted were determined as nodal forces and then equivalent forces opposite in sign
to above deleted forces were used to define the boundary conditions.

The safety factors K, :gu*/a were calculated in the inner layers of finite elements around the
cavern. There au* =079, is the weakened rock compressive strength diminished with respect to the

standard rock compressive strength g,. As might be expected, the tangential stress ¢, was the highest on
the side surface of the cavern (Kgg = 109-143) as well as the vertical stress g, on the upper and the
bottom surfaces (KUZ = 115171 for the upper surface and K,, = 105 115for the bottom one). The values
of the safety factor for the sound layer with modulus E, were smaller than those for the weak one. They
decreased accordingly the ratio E /E, . Therefore, there are reasonable grounds to conclude that the
volumes where K <12 should be reinforced.

Chernysheva N.V., Kolosova G.S., Rozin L.A. Combined Method of 3d Analysis for Underground Structures in View
of Surrounding Infinite Homogeneous and Inhomogeneous Mediagazine of Civil Engineering. 2016. No. 2.
Pp. 83-91. doi: 10.5862/MCE.62.8
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Fig. 4, 5 illustrate displacements u, at the points A, C and Up at the point B compared with

corresponding displacements in a homogeneous massif with Young’s modulus E, for point A or with

modulus E, for point C as functions of the ratio E,/E, . Fig. 4 shows that displacement U, of the point
C in the weak rock volume is almost unaffected by increasing modulus E,. while displacement u,, of

the point A in the sound rock volume decreases the irrespective of the changes of modulus E,. The radial

displacement UpB of the point B on the contact surface is smaller than that in a homogeneous massif with

Young’s modulus E,. The displacement UpB is larger than that in a homogeneous massif with Young’s
modulus E, if E,/E, > 0.3 because of the weak rock dominant influence. In case of E,/E, < 0.3

displacement UpB decreases because of the strong rock influence.

uzC

.FEM uz(' DCM

E
U,c i
2 u7‘('f

E,
E,

0.1 0.5 1.0

Figure 4. Vertical displacements of the upper and
bottom surfaces of the cavern

0.1 0.5 1.0

Figure 5. Radial displacement of the point
on the cohesion surface

As is evident from the examples above (see Fig. 4, 5), all the results of the FEM and DCM analyses
are mostly the same. So far, the stress-strain state of the massif can be estimated by applying the DCM.
Besides, the considered domain and the number of finite elements necessary for the DCM analysis were
far smaller than those for the FEM analysis.

Summary

The results of the performed analysis serve as evidence of the practicality of the method under the
given study. The accuracy of the obtained results is mostly the same as the accuracy of the FEM’ results
even though a reduced computational space and number of finite elements are smaller when they are
compared.
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Numerical Investigations of Notched C-Profile Compressed
Members with Initial Imperfections

YuncneHHble nccnenoBaHns CXKaTbiX 9NEMEHTOB U3
XONOAHOrHYTOro Npoce4yHoro C-npoduns ¢ y4eToM HayvanbHbIX
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CNoCcoBHOCTb, HaYarnbHbIE HECOBEPLLEHCTBA

Abstract. This article contains the results of numerical investigation of compressed columns made
of cold-formed notched C-profile in order to find their ultimate bearing capacity. Numerical investigations of
compressed member were held in two stages: investigations of stability in elastic stage in order to define
the prevalent form of buckling and the corresponding value of buckling force; investigations of member
postcritical behavior in non-linear position with due consideration of physical and geometrical nonlinearity
as well as initial imperfections in order to discover the factors influencing bearing capacity. In order to
reach the goals of our research a required nhumber of models were made, namely: 28 models of Solid
section C-profile (SCP) and 28 models of Notched C-profile (NCP), totally 56 models with the length from
1 000 mm up to 4 000 mm, cross section height h 150 and 200 mm, thickness t 1.5 and 2.0 mm. Numerical
investigations were held with the help of software package PLM Femap 10.1 Nastran. Compressed
members of solid section C-profile are the most sensitive to initial imperfections, members of notched C-
profile have big postcritical reserve.

AHHOTauuA. XonoaHOrHyThi NpoceyHon C-npohunnb NPUMEHSETCH B HAPYXKHbIX CTEHax npu
CTpouTENbCTBE OLICTPOBO3BOAUMbIX S3HEPrO3dEKTMBHBIX 34aHMIA HA OCHOBE CTarlbHOro XOJTIO4HOMHYTOrO
TOHKOCTEHHOro OUMHKOBaHHOro npoduns. AsTopamu Obinn NpPoBEeAEHbl YUCNEHHbIE MCCeaoBaHUSA
cXKaTblX CTOEK M3 XOMNOAHOrHyToro npocedHoro C-npocouns ¢ Uenblo onpefeneHus nx npenernbHoun
Hecylen cnocobHocTU. YncneHHble mnccnegoBaHusa GbiNM BbINOMHEHbI B [ABa 3Tana: MUCCreLoBaHWUS
YCTOMYMBOCTU CXaTbIX CTOEK B YNPYron ctaguu ¢ LUenbio onpeaeneHus npeobnagatoen opmel notepu
YCTOMYMBOCTU Y COOTBETCTBYIOLLEN BEMNYUHBI KPUTUYECKOW CUMbl; UCCNea0BaHUs 3aKpUTuYeckon paboTsl
CTOEK B HEMMHENHON NOCTaHOBKE C y4eTOM (PU3NYECKON U reOMETPUYECKON HENMHENHOCTU U C y4EeTOM
HayarnbHbIX HECOBEPLLEHCTB B LLENAX BbIABUTb (haKTOPbI, BIUSAOLLME HA HECYLLYIO CMOCOBHOCTL. B pamkax
nccnenoBaHus ObIo co3naHo 28 mopenen us cnnowHoro C-npoduns n 28 moaenen ua npoceyHoro C-
npoduns, B utTore 6110 co3gaHo 56 mogenen grnvHon | ot 1000 mm go 4000 mm ¢ warom 500 MM, BbICOTOM
ceyeHns h 150 n 200 mm, TonwmHom t 1,5 n 2,0 mM. YucneHHble mccnenoBaHnst Obinn NpoBedeHbl B
nporpaMmmHom komnriekce PLM Femap 10.1 Nastran. [Mo pe3ynbratam Obinin Nony4YyeHbl onpegeneHHble
3aBMCUMOCTU 1 onpeaerneHa cTeneHb YyBCTBUTENbHOCTU CTOEK K HaYanbHbIM HecoBepLueHcTBam. CTONKn
n3 cnnowHoro C-npodunsa 6Gonee 4yBCTBUTENbHbI K HadanbHbIM HecoBeplueHcTBam. CToOWKM 13
npoceyHoro C-npodmnsa obnagatoT onpeneneHHbIM 3aKpUTUYECKUM pe3epBoM.
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Introduction

Members made of notched C-profile are used in load-bearing and self supporting external wall
panels in buildings based on steel and reinforced framing [1]. That is so because length way notches
arranged in chequerwise manner in the web of cold-formed C-profile, Figure 1, increase the way heat
current should overcome, decrease thermal conductivity and enable elimination of cold bridges in external
walls [2].

Figure 1. Steel cold-formed notched C-Profile

The thickness of cold-formed profiles doesn't exceed 3 mm, so the constructions made on their
bases are called thin-walled which are calculated with the use of calculating theories of thin-walled bars.

Studies of thin-walled bars were carried out by Vlasov, Timoschenko, Winter, Karmann, Bleich and
others. A major contribution to thin-walled bar studying was made by investigations of Russian scientists
(our contemporaries) Tusnin, Ayrumyan, Belyi. Works by Astakhov, Katranov, Rybakov and others should
be mentioned too [3-6]. Great number of experimental works is carried out at Peter the Great St. Petersburg
Polytechnic University namely: Vatin, Sinelnikov, Garifullin, Trubina and others [7-13]. Among researches
works of Schafer, Brune, Ungermann, Basaglia and others are the most important [14-19].

In spite of the great number of experimental works, compressed notched C-profile were not studied.

European and North-American Codes [20-21] made on the bases of broad experimental data show
different kinds of thin-walled element behavior. But they do not have enough information on structures of
notched C-profile. There is no systematization of thin-walled elements calculation in Russian specification
documents. Official recommendations on cold-formed notched C-profile structure calculations do not exist.

So, investigation of compressed cold-formed notched C-profile member stress-strain behavior is
timely for secure use of the members in construction.

Methods and Results

The authors have carried out numerical investigation of compressed columns made of cold-formed
notched C-profile in order to find their ultimate bearing capacity. C-profile is an open no equilateral fully
asymmetric cross-section, Figure 1, which has low torsion resistance.

There are some problems in studying of thin-walled constructions because of the thinness of wall
nature as thin-walled members are influenced by plenty of factors: warping effect, sensitivity to torsion,
inapplicability of Saint-Venant principle, etc. Thin-walled members are also very sensitive to initial
imperfections. It is impossible to consider all the factors in one math model, so a number of calculation
models and theories are used. That is why analytical dependences received with the help of theoretical
methods are approximate and time-consuming. Experimental research is expensive.

Numerical investigations held with the help of modern software packages enable to extend
boundaries of scientific research, decrease their time limits and get relations with high degree of reliability
as well as carry out nonlinear analysis [22].

Numerical investigations of compressed member were held in two stages:
- investigations of stability in elastic stage in order to define the prevalent form of buckling and the
corresponding value of buckling force;
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- investigations of member postcritical behavior in nonlinear position with consideration of physical
and geometrical nonlinearity as well as initial imperfections in order to discover the factors influencing
bearing capacity.

In order to reach the goals of our research a required number of models were made, namely: 28
models of Solid section C-profile (SCP), and 28 models of Notched C-profile (NCP), Figure 2, totally 56
models with the length from 1 000 mm up to 4 000 mm with the pitch of 500 mm, cross section height h
150 and 200 mm, thickness t 1.5 and 2.0 mm, table 1, called «the profile type-h-t-I», e.g: NCP-150-2.0-
2500. The notches configuration and dimensions are shown in Figure 3, the cross sectional geometry is
shown in Figure 4.

Models of solid C-shaped profile are the basis for comparison study of work of notched C-shaped
profile models. That way we can understand how notches made in profile wall influence stableness and
bearing capacity of the member in whole.

6)

Figure 2. Numerical models: a) NCP-150-2.0-1000, b) SCP-150-2.0-1000

Table 1. Characteristics C-profile members

. L, Ys
C-profile members h, [mm] t, [mm] [mm] [MPa]
SCP-150-2,0 NCP-150-2,0 150 2,0 1000-4000 240
SCP-150-1,5 NCP-150-1,5 150 15 1000-4000 240
SCP-200-2,0 NCP-200-2,0 200 2,0 1000-4000 240
SCP-200-1,5 NCP-200-1,5 200 15 1000-4000 240
25 75 25 25 25
] ]
— e

11,1111

Figure 3. Notches configuration and dimensions
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Figure 4. Cross-section of solid section C-profile (SCP) and notched section C-profile (NCP)

Numerical investigations were held with the help of software package PLM Femap 10.1 Nastran. To
create calculation FE model triangle and quadrangle shell-type finite elements of Nastran software package
called 'plate’ which enable to carry out nonlinear analysis aimed to studying postcritical behavior of a
member and finding out bearing capacity reserves.

A key requirement when creating models is to get efficient models most closely resembling real solid
and notched C-profile members. For this, models made originally in graphical environment were imported
to Nastran. Notches were also made in graphical environment. Blending of flange plates and profile webs
were manually made in Nastran with the help of finite element mesh condensation in zones of profile bends
and close to them parts.

Discrete FE model of the whole member was studied with step-type loading and Newton-Raphson
iteration process. Material models — steel, modulus of elasticity E = 2,1-105 MTlla, Poisson ratio v = 0,3.

At the first stage of numerical investigations linear analyses of stableness were made in Nastran
'‘buckling' mode. As a result, the first 5 forms of buckling were received and the first prevail form of buckling
for every member was found as well as corresponding degree of buckling load. The results of the first stage
are represented in graphs, Figure 5. In Figure 6 examples of numerical models got are represented in the
first buckling mode.

160
NN ——5CP-150-2.0
140 - ——scP-20020
——SCP-150-15
—SCP-Z00-15
= = NCP-150-20

L - — NCP-200-20
T — — NCP-150-15
80 = —
— — NCP-200-15
60 - = "‘\-:‘

5 | =) 1 005 = global buckling

120 -

iy combine
length / nm

500 ID:DD 1500 2000 13;00 SE;DD 3500 4000 4300
Figure 5. Elastic stage. Buckling load intensity, kN, depending on the member length
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There are 3 forms of buckling (global buckling, local buckling, distortional buckling) and a number of
combined buckling forms. According to this stage of investigation we can separate out 3 areas: 1 - 'short
length' members up to 2 m, for which local buckling is prevalent; 2 - 'long' members with the length more
than 2.5 m which are characterized by global buckling; 3 - 'medium length’ members having length from 2
m to 2.5 m which have combined buckling.

SCP 150-1.5-1000 NCP 150-1.5-1000 SCP-200-2.0-3500 NCP 200-2.0-3500

local buckling (L) local buckling (L) global buckling global buckling
combined with the
distortional (D)

Figure 6. Numerical models are in the first buckling mode
According to Figure 5 we can also see the buckling load in elastic stage of notched C-profiles
members is lower than that of usual ones, the relation is shown in the table 2 below.

Table 2. Comparison study of buckling load intensity, N, kN for C-profile members

Length SCP- NCP- % SCP- NCP- % SCP- NCP- % SCP- NCP- %
[mm] 150-2,0 | 150-2,0 150-1,5 150- 200-2,0 | 200-2,0 200-1,5 | 200-1,5
15

1000 151.43 91.74 39.4 68.33 49.72 | 27.2 110.6 72.65 34.3 50.56 38.03 24.8

1500 105.8 80.4 24.0 67.73 42.86 | 36.7 105.7 64.06 39.4 50.04 33.38 33.3

2000 60.1 57.0 5.16 45.4 40.17 | 115 65.32 59.21 9.35 48.18 31.91 33.8
2500 39.3 37.8 3.8 29.4 27.78 | 551 42.4 40.45 4.6 31.58 29.35 7.06
3000 27.4 26.6 2.9 20.5 19.72 3.8 29.6 28.73 2.94 22.12 21.20 4.16
3500 20.17 19.68 2.43 15.1 14.64 | 3.05 21.8 21.33 2.15 16.32 15.83 3.0
4000 15.46 15.13 2.13 11.58 11.27 | 2.67 16.7 16.42 1.67 12.52 12.23 2.3

According to the results of elastic analysis we can say notches in the profile web influence buckling
resistance and buckling load intensity, especially, this has an impact on local buckling resistance of short
compressed members.

In linear static analysis the structure is introduced in state of stable equilibrium [23]. Computation in
Nastran 'buckling’ mode means computation of buckling in Euler's sense. With some certainty it can be
said the figures got in elastic analysis of buckling load intensity are approximate and serve only for
differentiation of the range of members and preliminary analysis of prevailing form of buckling.

To receive more rigorous view of compressed member behavior at all stages including the stage of
destruction numerical investigation of postcritical work of members in «Nonlinear Static» Nastran mode
were carried out with the use of nonlinear structural mechanics on the basis of data received at the first
stage. Behavior of thin-walled elements is influenced by a great number of factors which can hardly be
taken into consideration with the help of elastic analysis methods [24, 25]. Terms 'buckling' and 'loss of
bearing capacity' are interrelated but not identical. Buckling is often just a transition from one equilibrium
condition to another. Critical load causes buckling of a compressed member but some profile elements can
reach their yield points much earlier. The factor of bearing capacity exhaustion is existence of plastic yields
in a compressed member cross-section, that is the profile or some its parts reach the yield point.

HasmeeBa T.B., Barun H.U. Yucnennsle ucciaenoBaHusi CKaTbIX 3JIEMEHTOB U3 XOJOAHOTHYTOro mpocedHoro C-
npoduIIst ¢ yYeTOM HavyaIbHBIX HecoBepuieHCTB // HkeHepHO-cTpouTenbHbId xKypHai. 2016.N02(62).C. 92-101.

96



Magazine of Civil Engineering, No.2, 2016

Thin-walled structures have some postcritical work reserve and after local buckling in the
compressed cross-section area the structure continues to bear the load. But postcritical work reserve of
thin-walled structures can be lost because of the profile initial imperfections received during its production.
Initial imperfections are manufacturing errors, which values do not exceed maximum values according to
the standards and depend on accuracy class and structure design size.

Cold-formed profile is made during stripe shaping process with the help of profile bending machines.
When profiled, the cross-section shape demanded is received as a result of cold metal plastic bending and
longitudinal strains which do not form during rolling appear [26]. So, some profile initial imperfections are
the result of the cold-forming process. Side camber and profile tubing as well as edge waviness are often
met.

Initial imperfections influence the structure buckling resistance changing not only buckling load value
but the form of buckling [27]. However, influence of imperfections is different and depends on the form of
buckling. It should be mentioned that imperfections can contribute to better.

Methodology of numerical investigation of compressed C-profile members in non-linear position was
developed by the authors for the second stage. It takes into account physical and geometrical nonlinearity
and initial imperfections. Quantity of initial imperfections is taking according to the accuracy class and basic
size of the structure. Peak value of maximum initial crookedness of the structure is not more than the
admissible deviation for the fabrication of structures. Otherwise, if the defects exceed the maximum figures
given in the code of practice, the structure is considered a defective article and its usage in a building
erection is forbidden.

The methodology is:

For nonlinear analysis strained scheme of the compressed model is taken, the strained scheme view
is taken on the basis of the first stage of the numerical investigation and corresponds the first form of
buckling of every member;

The deformed finite element model with geometric deflections is scaled according to the maximum
amplitude of permissible variations;

Nonlinear analysis of the finite element model received is implemented, the curve stress-strain for
the used material model - Prandtl diagram;

End value of critical buckling load of bearing capacity exhaustion is defined.

Overall results for critical buckling of every model depending on the load step are shown on Figure
7. Stages of the model behavior within nonlinear analysis are demonstrated on Figures 8-9.

60000 T
—SCP-150-2.0-1000

Fer, 1 - SCP-150-2.0-1500
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. Jr e — SCP-150-2.0-3500
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Figure 7. Non-linear stage. Buckling load dependence on load step
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Figure 9. Nonlinear stage, parts of the profile reach the yield point

The critical force of buckling of nonlinear analysis is smaller than that got as the result of elastic
analysis. The main factor influencing that is the initial imperfections. Notches do not greatly influence
buckling resistance with the increase of a member length and even expand bearable critical buckling load
for short members.

Numerical analysis showed the cold-formed notched C-profile members undergo complex stress-
strain state which depends on many factors. To take into account all the facts is possible with the use of
coefficients only. On the basis of the numerical investigations the authors of the work suggest coefficient
of the conditions of work yp which is put into the formula when analytical determination of compressed
cold-formed notched C-profile elements and takes into account special aspects of their work under stress.
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METHODS

Results of the second stage of thesis numerical investigations were compared with those of elastic
analysis and results got with the use of other methods [20, 28-35].

System sensitivity to initial imperfections is estimated with the help of n coefficient depending on the
form of buckling, Figure 10. Compressed members of solid section C-profile are the most sensitive to initial
imperfections, members of notched C-profile have big postcritical reserve.
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Figure 10. System sensitivity to initial imperfections n = Pcr/PO - ratio of critical load of
imperfect member to buckling load of ideal member.

Conclusions

1. Numerical models with finite element grid were developed. They make it possible to perform
calculations for defining bearing capacity and stress-strain state of compressed cold-formed notched C-
profile elements using finite elements method. The advantage of numerical models is the possibility of their
multiple uses as distinct from experimental models.

For the development of working numerical model of a thin-walled element full identification of the
numerical model with the natural element is necessary. It is created with the help of software packages like
AutoCAD.

2. It is confirmed that shell finite elements should be used for a thin-walled element simulation.

3. On the basis of numerical investigations aggregate picture of stress-strain state of compressed
members made of cold-formed notched C-profile has been got.

4. Numerical experiment results showed the existence of different zones of strain distribution across
the profile cross-section which is the evidence of the element eccentrical compression and proves the need
to use effective cross-section characteristics when analytical calculation of compressed members is done.

5. Numerical investigations have proved a postcritical reserve for cold-formed notched C-profile
elements.
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Abstract. This article dwells upon the issues of providing project timely completion as well as key
project milestones. In many cases project deadline exceed leads to catastrophic outcomes for the aims
and results of the project. Thus, the present article deals with the relevant issues of project schedule
control, methodology study based on application of Schedule Timeliness Index and Schedule Progress
Index, indicating upon reaching the critical value of extreme deviations from the forecast project duration
of targeted project implementation at any moment of time. The suggestion herein is to calculate the
minimum possible durations for each project activity and estimate the project duration safety margin
coefficient. Based on the safety margin coefficient value it is suggested to define the border values for
project shift from one status to another upon criteria of its timely completion possibility. The suggested
methodology can be recommended for use by construction project managers in order to prevent a
potential failure of project completion deadlines. The system indicating critical project time variance
enables to initiate the process of project schedule adjustment before point of no return and herewith
prevent project failure. The studied methodology was implemented in modern project management
software sphere.

AHHOTaumA. B cratbe paccMoTpeHbl BoOnpocbl obecrneyeHusi CBOEBPEMEHHOCTU 3aBepLUeHUs
NpoekTa, a Takke KMYeBbIX BeX NpoekTa. Bo MHOMMX criyyasix npeBbILeHe Cpoka peanunsanumn npoekTa
NPpMBOAUT K KaTacTpoduyeckum pesynbTataMm uUenen npoekra. HacTosiwas ctaTba noceslleHa
aKkTyarnbHbIM BOMPOCaM ynpaBreHusi pacnMcaHeM MNpoekTa, MeToanke UCCNedoBaHUsl, OCHOBAHHOW Ha
NPMMEHEHUM WMHOEKCA CBOEBPEMEHHOCTU MPOEKTa U MHOEKCA BbIMNOMHEHUS MPOEKTa, YKa3biBalLUX
OOCTVXXEHNE KPUTUYECKOTO 3HaYeHusi npefernbHbiX OTKIMOHEHW OT MPOrHO3HOIO Cpoka obuien
NPOAOIPKUTENBHOCTM MpoeKkTa B NoOOM MOMEHT BpEMEHM OCYLLEeCTBIeHus npoekta. B HacToswen
cTaTbe NPeanoXeHo paccynTbiBaTb MUHMMAIbHO BO3MOXHYHO MPOOOIIKUTENBHOCTL AN KaXaon paboThbl
npoekTa MU oueHuBaTb npefenbHbI KO3hMUUMEHT 3anaca NpoAoSPKUTENbHOCTU npoekTa. Ha ocHose
NpeaenbHOro 3HavyeHus KoadbduumMeHTa 3anaca NpPeanoXeHo OnpeaenuTb rpaHvubl 3HAYeHWn Ans
npoekTa npu nepexoge OT OQHOr0 cTaTyca K ApYroMy rno KpuTepusim BO3MOXHOCTU €ro CBOEBPEMEHHOIo
3aBepLUEHUS. lMpeonoxeHHas MeToauka MoOXeT ObiTb pekoMeHOoBaHa Ans  UCMNOMb30BaHWSA
PYKOBOOUTENAMW CTPOUTENBLHLIMU MPOEKTOB ANA  NpedoTBpalleHMs BO3MOXHOMO CpblBa CpPoKa
3aBepLueHns npoekTa. CuctemMa MOXET onpeaennTb HacTynneHne KpUTUYECKUX 3HaYeHUn 1 No3sonseT
WHMLMUPOBaTb NPOLIECC PEerynMpoBaHUs OCTaBLUErocs rpadpvka BbIMOMHEHWUS NPOEKTa A0 HaCTyNIeHus
TOYKM HEBO3BpaTa U TeM caMblM MPeaoTBpaTMTb CPbIB BCEro MpoekTa. Vccrnegyemas meTtoamka Gbina
TakkKe peann3oBaHa B COBPEMEHHOM MPOrpaMMHOM obecrneyeHnmn ynpaBneHs NpoeKkTamum.

Bovteev S.V., Kanyukova S.V. Development of methodology for time management of construction projects
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Introduction

There is a modern tendency in construction projects to pay special attention to completion of works
and commissioning of the projects on time. There can be distinguished a number of projects where it is
crucial to prevent a failure to meet construction deadlines, e.g. it was necessary to complete all the works
and commission the Olympic Projects in Sochi before the start of the Olympic Games, football stadiums
are to be completed by the Football World Cup 2018 and the like. Commissioning of such projects later
than on the fixed date (deadline) results not only in drastic decrease in project effectiveness but can lead
to the total program failure it was a part of. Thus, when working with the crucial projects where deadlines
failure is not acceptable it is necessary to pay special attention not only to comprising and optimization of
the Construction Project Schedule but also creation of effective system of monitoring, control and
management of the project.

The subject of research herein is to study the methods of calendar planning and control over timing
of works within the construction project.

The aim of the study is to create and develop a system of activities timing control and monitoring
within construction project that can prevent catastrophe due to failure of timely project completion. This
article addresses the situations when the project timely completion is the top priority for the project
manager and timely completion is the key criteria of the construction project success. Therefore, there is
a possibility to increase the project budget within certain limits if it provides correction of negative
deviations from the activities deadlines.

Literature review

In accordance with the generally accepted project management principle, effective schedule
management is considered to be the key to successful project completion. Therefore, all main methods of
project management emphasize the importance of tasks calendar planning and control over the
schedule [1-8].

Project Tracking — regularly performed process of collecting actual data on activities performance,
comparing them with the planned parameters and comprising reports on activities performance status.
Project Control is understood as a regular collection of actual indicators of project works, comparing them
with the planned ones, analysis of the results and taking manager’s decisions in order to eliminate
negative factors and provide achievement of the target results of the project [9-13].

In Project Management Body of Knowledge (PMBOK® Guide) PMI [14], which is the guideline for
most project managers in the World; its principles lie in the basis of such modern software for project
management as Microsoft Project, Oracle Primavera, Spider Project, Asta PowerProject. Project planning
methods are presented in quite details [9, 15], but there is no sufficiently complete information on
principles how to achieve the planned targets, first of all based on dates of separate activities and the
overall project. The latest revision 5 of PMBOK includes the process of activities dates control —
procedure 6.7 «Control Schedule», which prescribes to use Critical Path Method, Critical Chain Method,
Earned Value Management and/or Trend Analysis for work performance status reports [14].

Moreover, for schedule control PMBOK prescribes to use Project Management Software,
Resource Optimization Technique, Modeling Technique, Leads and Lags, Schedule Compression and
Scheduling Tool [14].

Let us consider the main methods among those listed above.

In the 1950s two similar methods for work management within project implementation were
developed.

Critical Path Method (CPM) was suggested by companies «DuPont» and «Remington Rend» for
the management of big projects on DuPont Plants modernization [16-18].

The basis of the method is to define the longest duration of the networks of tasks from the start
until the end of the project with regard to their links. The tasks that lie on the critical path (critical tasks)
have zero time reserve and when their duration is changed all project dates are changed too. But this
method requires further studies for project schedule control.

Program Evaluation and Review Technique (PERT) was created by Lockheed corporation,
consulting company «Booz, Allen and Hamilton Inc» for the USA Navy during development of Polaris-
Submarine weapon system. PERT was developed mainly for the reason of simplifying planning and
comprising schedules of big and complex projects. PERT is applied to very massive, simultaneous,
complex, and unusual projects. The method implies an uncertainty and possibility to develop the project
working schedule without precise knowledge of all details and necessary duration of all its
composites [16-17, 19-20].

Bosreer C.B., Kanrokosa C.B. Pa3BuTie MeToauku KOHTPOJS CPOKOB HHBECTHIIMOHHO-CTPOUTEIBHOTO MpOEKTa //
WnxeHepHO-cTpouTeIbHbIN KypHAI. 2016. Ne2(62). C. 102-112.
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Critical Chain Project Management (CCPM) was first described in 1997 in Eliyahu M. Goldratt book
«Critical Chain» [21], the method was supported by experts as it was very close to classical PERT’s
method. The method uses the buffers to eliminate project risks and provide balance of the Project
schedule, visualizing fever chart, project estimate from its end date not from the start date as it is done in
PERT method, which gives an advantage for project control [21-23].

Earned Value Management (EVM) is based on definition of proportion of the actual costs to the
planned value of activities which shall be completed by the target date. This method is used world-wide
but not very popular in the Russian practice. There are some researches known on applying the earned
value technique for control and project dates forecast. However, the earned value management
technique uses project cost indicators as basis, while it is rational to use time indicators. The distinctive
feature between the cost and time indicators is that the later cannot be summed up, i.e. a project’s total
duration is not equal to the sum of its activities durations and defined by the duration of the critical
path [24-26].

Herein it is demonstrated that in the projects, where cost of critical works makes little value of the
Project cost (e.g. critical path includes works on design approval or construction permit), forecast of the
overall duration of the project can lead to the wrong result. In such project, where Planned Value of the
critical works is comparable with the Planned Value of non-critical path works, Earned Value
Management technique can lead to correct results [27].

Project Milestones Method significantly improves project schedule management as it focuses on
tracking the most important events (control points) of a project connected as a rule to the achievement of
intermediate project results. When the control points are reached, the planned and actual indicators are
usually compared as for the moment of the control point. The control point description includes
information on when the planned tasks can be completed and what will be the result of their performance
[12, 16, 18].

Setting goals

The main aim of project time management is to assure project completion on time. Tracking and
analysis of project dates, providing data for follow-up control imply comparing basic (approved)
parameters of works with actual (for performed tasks) and forecasted (for planned events) parameters.
During project implementation process there always appear deviations from the basic schedule
parameters, which can cause positive, negative or neutral effect on overall project duration, according to
the majority of project management techniques integrated into the project management software.

Oracle Primavera, Microsoft Project, Spider Project and others, the project manager is suggested
to organize regular (usually weekly) collection of actual data and preparing a report demonstrating
disruption of baseline finish dates, including emphasizing critical works disruption. Such methods provide
data for analysis of the status and make management decisions only at tactical level meanwhile
achievement of timely construction project completion in whole is a strategic task. Hence, solving this
main strategic task the main parameter of control is the deviation of the expected date of project
completion Ty, for the planned (i.e. prescriptive or approved) completion date T,

TV = Ttar _Tfor (1)

where TV — Time Variance, i.e. variance of the completion date of the project;

T:ar — target completion date of the project (determined upon schedule approval and stays fixed constant
within the overall project duration;

Tsr — forecast completion date of the project (determined by recalculation of updated schedule upon
actual report issue date).

TV=f(t), where t — time of project implementation.

The strategic target to provide timely project completion is achieved in case when:

TV(t=T,)<0 (2)

Therefore, it is necessary to suggest the technique of project time control which preserves this
identity (2).

To proof the necessity of developing this technique consider the following example.

Consider construction project, which consists of 6 activities: A, B, C, D, E, F. Activities A-B, A-C, B-
D, C-E, D-F, E-F are connected with the links type “Finish-Start”. Durations, set as the given data and
dates of Activities’ completion calculated with the method of the Critical Path are presented in the Figure
1.
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Figure 1. Project schedule with baseline duration of project activities

Critical activities A, B, D and F are indicated on the diagram by darkening. They shape the critical
path of 30 days, which determines the total duration of the project taken as a target duration Ty,

Duration of individual activities of the project can be defined in accordance with the existing
method by selecting efficient number and quality of teams, choice of the most suitable vehicles and
equipment, the most effective work methods and etc. As a rule, decisions on duration of construction and
installation works are specified in Method Statements (Russian abbreviation - PPR). The most efficient
durations are characterized by the minimum cost.

At the same time individual activities of the project can be accelerated. Even before the start of the
project it is possible to find margins for shortening duration of works (e.g. with the more powerful
equipment, usage of materials with different characteristics etc.) and determine the value of minimum
achievable durations for each activity. In addition, it is necessary to find a possibility to optimize the links
in order to find the earliest possible start for subsequent activities.

Reduction of works duration nearly always leads to cost increase. However, the article considers
the issues of project timely completion, so let us assume that the project management is ready to
increase the project budget in order to prevent the failure to meet the Project deadlines.

Note the minimum possible activities’ durations t,,, compared to the baseline durations t,g for the
example under consideration in Table 1.

Table 1. Baseline and minimum possible duration of project activities

Activitios Baseline Duration, Minimum possible duration,
tos1, days tmin, days
A 5 3
B 9 8
C 6 5
D 8 4
E 7 6
F 8 8

There is also a condition that in the example considered herein there is a possibility to accelerate
the project combining activities. E.g. it is possible to start activity B two days before completeing activity
A, and there is also a possibility to start activity D a day before activity B finishes.

Thus, in case of the maximum project acceleration, the duration of the critical path will be 3 -
2+8-1+4+8=20days.

As a result, at the moment when the baseline plan is prepared it is necessary to approve not only
the baseline dates of activities of the project but also their minimum possible durations which gives big
advantages in Project Risk Management, viz. transition to “accelerate mode” of project implementation in
case critical deviations from the baseline approved appear.

After Project Baseline dates are approved and start of the project the tracking procedure is
initiated. Picture the 10™ day of the Project implementation. During the actual data collection procedure, it
has been found that the actual duration of activity A is 10 days versus 5 days of Baseline duration. An
increase in the duration of activity A has resulted in failure to start other subsequent activities on time,
specifically, activities B and D can start on 11" day instead of 6.

Having analyzed the data we can get a quality evaluation of construction project schedule
performance status, namely “The Project is being delayed” and the quantity value only for A activity “the
value of delay is 5 days”. Quantity value of strategic aim possibility to achieve — timely project completion
can be calculated with the formula (1). In our case the variance from the project completion date as of the
report date equal to 10" day TV(t=10) = - 5 days. Coincidence of the A activity date deviation value with
Bosreer C.B., Kanrokosa C.B. Pa3BuTie MeToauku KOHTPOJS CPOKOB HHBECTHIIMOHHO-CTPOUTEIBHOTO MpOEKTa //
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the Project deviation value happened due to the fact that A activity is critical and, thus, its duration
increase resulted in overall project duration increase.

However, the existing methods cannot evaluate possibility (or impossibility) of meeting the project
deadline. If the project is delayed at the moment that the project manager shall realize that there is a
possibility to eliminate delay within remaining time and when approved, what exactly shall be undertaken
if there are several options, it is necessary to understand the most efficient, according to the integral
criteria of cost and credibility.

Herein, for our example, if the remaining part of the project is performed within the base
parameters there is required 9 + 8 + 8 = 25 days more to complete the project, hence, the project will be
completed on the 35" day, or 5 days later than the target date. However, provided the project is
accelerated by shortening the duration of all activities to the minimum durations possible (according to
Table 1), then the remaining part of the project will be performed within 8 + 4 — 1 + 8 = 19 days. In this
case, the project will be completed within 29 days, which is even earlier than the target date.

Let us suppose that activities B and D started on day 11. For works in progress it is necessary to
forecast their expected finish date. Suppose work B finishes on day 19. In this case, the expected total
duration of the project will be no less than 30 days and provided maximum acceleration undertaken; the
project can be completed on time.

Let the following tracking has revealed upon actual data collection on day 12 that B activity finish
date will be on day 20. In this case even maximum acceleration will not provide project completion earlier
than on day 31.

The aforementioned example shows the well-known fact that shall activities durations increase
gradually (or start dates delayed) the estimated overall duration of the project will increase. Once it turns
out the negative value of TV cannot be compensated with the remaining activities acceleration. This
moment occurrence is called the Point of No Return and it guaranteed leads to Project Failure.

Specifically for our example, the Point of No Return occurs, as seen from our scales, on day 11.

Since the main goal of project time management, as stated above, is to provide timely execution of
the project, it is possible to paraphrase the given statement: the main goal of project time management is
to prevent the project to cross over the Point of No Return. Thus, when the project condition is close to
the Point of no Return, the project schedule adjustment system shall be initiated. It is worth to mention
that the variance between the approved and minimum possible durations of the project plays the role of a
safety margin of time which is not recommended to be used at once, it shall be stretched for the overall
duration of the project implementation. Thus, the project manager will get an effective tool of time
management which can prevent the project catastrophe.

Methods and results

It is well seen from the example considered above that for the project control purposes it is
important for the project to have the “margin of safety”. Likewise, during structural calculations it is
necessary to indicate the safety factor as a proportion of the maximum load which the structural element
can bear. For the project management purposes let us introduce a coefficient of safety margin on
duration K; equal to proportion of estimated duration of the critical path to the minimum possible duration
of the critical path.

K = 3)
Tmin
where Ty, — baseline (estimated) duration of the critical path;
Tmin — Minimum possible duration of the critical path;
The more the safety margin coefficient value - the lower the project deadline failure risk.
In our case, the safety margin coefficient is approximately 30/20 = 1,5.

Thus, it is necessary to suggest the methodology which assures to prevent possible approach of
the critical values, and the safety margin shall be equally allocated along the project duration.

Consider two Boolean (logic) functions from time of the project which can take the value one (true)
or zero (false).

First function — the function of timeliness of project completion Fimey(t). If at the momentt TV 2 0,
then Fymey(t)=1, if TV<O0, then Fymey(t) = 0 (Figure 2)

Second function — the function of possibility to provide timely completion of the project Fpsspie timeiy(t)-
If at the moment t there is a possibility to provide timely completion of the project (even if the project is
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behind the schedule), then Fimey(t)=1, if there is no such possibility, then Fime,(t)=0. The key element of
this function is the condition that if it equals zero, it cannot come back to one in future (Figure 3).

L Ftime\y(t)

1 ¢— r——

t

Ttar

Figure 2. Function of the timeliness of project completion

4 Fpssble timely(t)

| Point of No Return

e

s i s et T

t

Ttar

Figure 3. Function of possibility to provide timely project completion

It is obvious that the function of possibility to provide of timely project completion can equal zero
when the function of timeliness of project completion is zero since if the forecast duration of the project at
the moment t does not exceed the approved one, then it is obvious that the project can be completed on
time. On the other hand, if the function of possibility of timely project completion equals zero, then the
function of timeliness of project completion is also zero and cannot be brought back to the value one.

Moment t, when the function of possibility of timely project completion change occur, it is possible
to call the Point of No Return. This moment after which any minimum delay of a critical task or increase in
duration of a critical task to any minimum value will surely lead to a failure in the project execution
deadline.

It is obvious that the project manager shall be informed on approach of the Point of No Return.
However, if the Point of No Return occurs at the start of the project, the project manager will have no
safety margin and any minor failure will result in overall project deadline failure.

It is necessary to have a system of indication of project performance status, which can provide the
occurrence of the Point of No Return under the worst conditions not earlier than the minimum possible
value before the planned finish of the project.

Partially this task is solved in articles [6, 8], where one of the authors of the present article
suggests the methodology of construction project time management aimed to prevent the project
catastrophe and provide timely project completion. The methods are based on permanent tracking of two
relative Indices: Schedule Timeliness Index (or indicator) — STl and Schedule Progress Index (or
indicator) - SPI.

STl is a proportion of absolute deviation from the project completion date as of the status date to
the remaining time until the approved finish date of the project:
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TV
STI(t) = ﬁ (4)
tar st

where {,; — status date.

The less time remains until the Project finishes the more attention shall be paid to the project date
deviation value. Schedule Timeliness Index due to its relative nature makes it possible to register
remaining time value and, thus, to recognize the extent of influence of the current deviation upon the
project results.

SPI is the function of proportion between actually completed scope of works to the scope which
shall be made until the status date with regard to the time left until the project completion. SPI is
calculated with the formula:

N

__complete 4
N
SPI(t) :(Tp""‘—”t)thar ©)
tar ~ ‘st

where N;ompiete — SCOpE Of completed work as of the status date;
Npian — scope of work to be completed as of the status date.

In study [28] STI is suggested as the fundamental, while SPI is supplementary. In any case, for the
purposes of project time control it is necessary to define the critical borders of the Indices which can lead
to project status change. The project can be located in one of the zones, according to the project
probability, to be completed on time (Table 2). If the project shifts from the bright green to the yellow zone
— the remaining project schedule shall be reviewed, and the measures shall be taken in order to
accelerate the project. If the project shifts from the yellow to the red zone, it is considered that the project
has reached the Point of No Return and has failed.

Table 2. Critical index boundary values

Project zones Index value

Green Above zero

Bright green In the range from 0 to L1
Yellow In the range from L to L»
Red Below L,

Though studies [6, 8] do not deal with the issue of L1 n L, Indices’ value critical borders estimation
methods, it is mentioned that critical values of these Indices depend directly on the “margin” size stored
during schedule estimations.

Let us balance the notions of Indices’ value critical borders and the duration safety margin
coefficient Ks suggested in this article. This safety margin coefficient demonstrates calendar plan safety,
the higher the less tense our project critical path is from the point of view of its reserves.

In our example, for instance, the safety margin is 1,5 or 50 %. Which means that exceeding
activities duration for more that in 1,5 times shall lead to failure to complete the project on time, but if the
activities durations increase in less amounts - there is a possibility to catch up with the project schedule.
However, the problem here is that each critical activity is defined by its own limits of compression, thus,
lineal dependency in our case can only be a very rough approximation.

Let us continue this case study. Shall we draw up several dependencies for the aforementioned
period t=0 to t=12 where time of the project is the main parameter, namely:

- Fi(t) — lineal decreasing function of the remaining project duration;

- Fu1(t) — non-lineal decreasing function defining maximum possible value of project dates deviation
based on analogous calculation performed every day t of project implementation (i.e. for each day, we
calculate the minimum amount of time for possible project delay and it can be compensated by project
activities acceleration);

- Fu(t) — lineal decreasing function defining maximum possible value of project dates deviation
based on project safety factor equal 1,5. The function is determined by the difference between the
remaining project time and the margin volume “absorbed” for the project duration. Thus, at the project
start F(to) = 30 — 30/1,5 = 10 days, in the middle F(t=30/2=15) = 10/ 5 = 5 days etc.;
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- TV,4(t) — function of project date absolute deviation estimated as of project implementation fact,
(data as of 10, 11 and 12 day — see example above, data as of 1 until 9 days of the project are taken as
an example);

- TV,(t) — function of project date absolute deviation estimated according to hypothesis that actual
duration of each critical activity and actual extension of each critical link is increased compared to the
plan by project safety factor value equal to 1,5;

- STly — Schedule Completion Index, calculated based on the project deviation value TV4;
- STl, — Schedule Completion Index, estimated based on the project deviation value TV..
The results are given in Table 3 below.

Table 3. Project time parameters

t, days F(t), days TV4(t), days TV,(t), days F.1(t), days F\2(t), days STI(t) STIx(t)
0 30 0 0 -10 -10.0 0.000 0.000
1 29 -0.5 -0.5 -9.2 -9.7 -0.017 -0.017
2 28 -1 -1 -8.6 -9.3 -0.036 -0.036
3 27 -1 -1.5 -8 -9.0 -0.037 -0.056
4 26 -2 -2 -7 -8.7 -0.077 -0.077
5 25 -3 2.5 -6 -8.3 -0.120 -0.100
6 24 -3 -3 -5.89 -8.0 -0.125 -0.125
7 23 -3 -3.5 -5.78 7.7 -0.130 -0.152
8 22 -4 -4 -5.67 -7.3 -0.182 -0.182
9 21 -4 -4.5 -5.56 -7.0 -0.190 -0.214
10 20 -5 -5 -5.45 -6.7 -0.250 -0.250
11 19 -5 -5.5 -5.34 -6.3 -0.263 -0.289
12 18 -6 -6 -5.23 -6.0 -0.333 -0.333

The project Point of No Return studied in this article as an example occurred on day 12. This is the
moment of time when, according to Table 3, TV;(t) crossed line F4(t) (Figure 4). At the same moment of
time function TV,(t) equaled F,(t) function value (Figure 5).

Figure 4. Functions TV,(t) and F(t)
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Figure 5. Functions TV,(t) and F,(t)

Note that provided that all these critical activities have different reserves for their acceleration, and
provided various probabilities (or improbabilities) of timing advance values occurrence of shifting over
critical links functions Fy¢(t) and F,,(t) do not generally coincide. However, it is quite difficult to calculate
the value of F(t) analytically, that is why in most cases for defining deviation critical value TV(t) it is
enough to use lineal function Fy(t). It is recommended to use an equalizing margin coefficient which
introduces the deviation value of functions F,4(t) and F,(t), in particular, in our case the variance between
these two functions value is up to 39 %.

Common sense of this discourse is to demonstrate the STI critical value occurrence result in
project shift from the yellow zone to the red one (e.i. the Point of No Return arrives).

It is suggested to calculate the critical value of Index L, borders according to the following
connection:
1
L =1-— 6
=1 (6)

S

In the same way a decreasing coefficient can be introduced accounting for the range of lineal
function F,(t) deviation value and non-lineal function F,4(t). However, this article does not aim at studying
this coefficient value calculation.

In any case, value L, cannot exceed the value calculated with formula (2).

The border of shifting the project from bright green to the yellow zone - L4, the recommended value
is half of L.

Discussion

The principles of construction project time control studied in this article continue the research of
some authors aimed at creation an effective methodology to assure construction project timely
completion.

The drawback of previous studies was absence of understanding how to establish the activities
timeliness indicators’ borders (as the main indicator of activities date control and project timeliness
assurance) when the project status shifts from bright-green to the yellow zone and when the project
status shifts from the yellow zone to the red one. The shift from yellow to the red zone indicates arrival of
the Point of No Return and further project progression will inevitably lead to project catastrophe, thus,
correct definition of the border value L, is of the outmost importance.

Herein there given some recommendations on feasible calculation of L, critical value while L, value
calculation can be proportional to L,.

The given methodology is being implemented in different users frameworks, macro’s and
presentation settings (layouts) in Microsoft Project 2016 n Oracle Primavera P6 software spheres, and
can be used in construction projects management, especially of such projects where completion
timeliness has critical nature and is the key success factor.

Conclusion
Based on the findings of the present study the following conclusions can be made:

1. The main aim of project schedule control is to assure timely project completion as well as timely
completion of project key milestones. The main parameter for the purposes of project schedule control is
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to forecast the project completion date Ty, from target date of T, so called Time Variance (TV).
TV indicator is a function of project time t, when TV(t) value can become negative as the project unfolds,
however, only within the extent of compensation with acceleration of remaining activities duration.

2. For each project activity the minimum possible durations can be preliminary defined (before
baseline schedule approval) tmn;, which can be reach as well with, if necessary, by means of work cost
increase c;. Also, it is possible to calculate maximum possible critical links advance values which can be
reached in order to accelerate the activities schedule. It makes it possible to know the minimum possible
duration of the remaining works at any moment of project time. If the negative value of TV(t) at any point
of time cannot be compensated with the maximum possible acceleration of all remaining activities, it is
possible to state that at the moment the Point of No Return arrives and it will inevitably lead to the Project
failure.

3. Schedule Timeliness Index is a relative indicator that allows estimating the project status upon
the criteria of its timeliness at any moment of time t. The problem of defining the critical values of project
shift from yellow to the red zone L, can be solved by the means of project safety margin coefficient K,
which is a relation of approved project duration to minimum possible. It is suggested to calculate the
project status shift from the yellow to the red zone, which is considered to be the Point of No Return,
according to connection (6), including correction herewith to irregular nature of connection between the
minimum duration and approved duration of different types of project activities. L, value is suggested to

be equal to Ly = 0,5L,.
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