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|M.I/I. 5PVCCEP|, KaHA. TEXH. HayK., Bef,. Hay4HbIA coTpyaHuUK JTabopatopum Ne 14,

|C.A. MOJMABOBA|, kaHA. TeXH. HayK., BEfl. HayuHblil COTPYAHUK Jla6opatopun Ne 4
HUWMXKB um. A.A. M'Bospgesa AO HUL «CtponTenbcteo» (109428, Mocksa, yn. 2-a IHcTUTyTCKas, 6)

lipoexTHPOBAHHE COCTABOB TAMENOr0 W MENKO3EPHHCTOro 6eTona. MlyTv pasBuTHA

PaccmoTpeHbl pekomeHzaLmm o npoOeKTUPOBaHUI0 COCTAaBOB TSKESI0ro U MEJTIKO3EPHUCTOro 6€TOHa, Kak 0ObIYHOIO,
Tak v BbICOKOMPOYHOro. Brnepsbie paccmatpvBaroTcs nogxonbl K nogoopam caMmoymnyioTHSOLErocsi 6eToHa, a Tak-
XK€ HanpsAraroLero BbICOKOMPOYHOIroO TSXXKESI0ro M BbICOKOMPOYHOIro MEJIKO3EPHUCTOro 6eToHOB. [JaHa nctopuydeckas
cripaBka no «PykoBOACTBY no rnofbopam cocTaBoB Tsxesnoro 6eToHa» (1979 r.) n «PekomeHgauyvsim o nogéopy
TSDKEJIbIX U MEJTKO3epHNCTbIX 6€ToHOB (k TOCT 27006-86)» (1990 r.). HenocpeAcTBeHHO B repBovi pefakumm Pe-
KoMeHAaumi n3MeHeHbl Noaxonbl rnpy pa3paboTke cocTaBoB 6ETOHA M0 06ecrneyYeHno 3aaHHoN yaoboyKnanbisae-
mocTu. Takxe npegcTaBrieHa METOANKA pa3paboTKu MPON3BOACTBEHHbBIX HOPM, T. €. Ha NpyUMepax u B TEKCTE AaHbl
HaumMeHee TPy[oeMKMe Ccriocobbl pa3paboTKky COCTaBOB OETOHA, KaK HOPMasibHOro TBEPAEHNS /151 MOHOJIUTHBIX KOH-
CTPYKUMH, Tak 1 6eTOHa /151 COOPHbIX XENE300ETOHHbIX U3[ESIN.

KnroueBbie cnoBa: 6€ToH, Nofgoop coctaBa, peKoMeHAaLmm, BOAOHENPOHNLAEMOCTb, MOPO30CTOUKOCTb.

Ansa uutuposanHusa: Bpyccep M.U., NMogmaszoea C.A. [MpoeKTUpoBaHne COCTABOB TAXENOro U Menko3epHUCTOro
6eTtoHa. Nyt paseutus // betoH n xeneszobetoH. 2021. Ne 2 (604). C. 3—7.

M.I. BRUSSER|, Candidate of Sciences (Engineering), Leading Researcher, Laboratory No. 14,
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Design of Heavy and Fine-Grained Concrete Compositions. Ways of Development

Recommendations for the design of compositions of heavy and fine-grained concrete, both conventional and high-strength, are considered. For the first time, ap-
proaches to the selection of self-compacting concrete, as well as straining high-strength heavy and high-strength fine-grained concrete are considered. Historical
information is given on the “Guide to the selection of heavy concrete compositions” (1979) and “ Recommendations for the selection of heavy and fine-grained
concrete (to GOST 27006-86)” (1990). Directly in the 1st edition of the Recommendations, the approaches to the development of concrete compositions to
ensure a given workability have been changed. The methodology for the development of production standards is also presented, i.e. the least labor-intensive
methods for the development of concrete compositions, both normal hardening for monolithic structures and concrete for precast concrete products, are given

in the examples and in the text.

Keywords: concrete, composition selection, recommendations, watertightness, frost resistance.
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«PekomeHngaumm no nogbopy COCTaBOB OETOHHbIX
cMecer pns TSHKeNbIX U MEeNKO3EPHUCTbIX GETOHOB»,
paspaboTaHHbie B 2016 r. (qanee — PekomeHgauum), He-
o6xoauMMbl gns nogbéopa cocTaBoB, O6ecrnevynmBaroLLmx
NPOEKTHbIE TPeboBaHUSA K GETOHY B 4YacTW MPOYHOCTH,
BOAOHEMNPOHMLIAEMOCTIN, MOPO30CTONKOCTN U Ap.

B 1990 r. 6bn BbinyweHbl «PekomeHgaumm no
noabopy COCTaBOB TSXKENbIX U MENKO3EPHUCTbIX 6eTo-
HoB (k TOCT 27006-86)» [1] (manee — PekomeHgauun
1990 r.), KoTopble paspabaTbiBannUCb COTPYAHUKaMMU
HUWXXB nm. A.A. T'Bo3gesa, BHXKene3o6eToH n Opr-
3HeprocTpon. B aTOT nepuon BpeMeHn CTpouTenbHas
WHOYCTPUSi B OCHOBHOM NMpon3soauia coOpHbI Xeneso-
6€eTOoH, No3aToMy B PekomeHgaumsax 605nbLUIoe BHUMaHWe
YOEensanocb cucteme pas3paboTKu COCTaBOB 6eToHa Anf
COOPHOro Xene3obeToHa; AN FoTOBbIX 6ETOHHbLIX CMe-
cen (ToBapHbIX 6€TOHOB) OTAENbHbIX KNACCOB Aaxe Ao-
nycKanocb Ha3Ha4aTb COCTaBbl MO Tabn1Le N NPUMEHSATb
cocTaBnsoLme 6eToHa CpefHero kavecTsa, HO C 3Kcre-

pPUMEHTaNIbHOW MPOBEPKON U KOPPEKTUPOBKOM MOOBMX-
HOCTK 6ETOHHON cMecu. Takxe B 3TOT NepMoS BPEMEHN
NpakTUYeCcKn OTCYTCTBOBANO MPUMEHEHUE XMMUYECKUX
po6asok. Npun aTom B PekomeHgaumax 1990 r. 6bin pas-
pen «[Mog6op coctaBa 6eToHa ¢ nnacTUuUUMpPYOLWLNMN
N KOMMJIEKCHbIMU [o6aBkamMu», rae cHadana paccyuTbl-
Basica coctaB 6eToHa 6e3 Jo6aBOK, a cnegyroLwmm Lwa-
romMm B MeToax nogbopoB Aans obecrneveHus 3agaHHOM
NOABWMXKHOCTM Mpeanaranacb Metogumka pacyera OnTu-
ManbHOro kKonuyecTtea gob6aeku. Llenb BBegeHus goba-
BOK — yry4LleHne CBOUCTB 6ETOHHOW cMecu 1 6eToHa, a
Takxe yTunmsaumsa 0TXo40B NPOMbILLIIEHHOCTU.

B 3agaHvn Ha nogbop coctaBa 6eTOHa yKal3aHo B
TOM 4UCne, YTO MnokasaTenn OJHOPOAHOCTM MO MPOY-
HOCTW, NOMy4YeHHble Ha AaHHOM MPOW3BOACTBE, Crepdy-
eT UCnonb3oBaTb AN Ha3Ha4YeHWs YpPOBHA Tpebyemon
NPOYHOCTMU.

B pasgene «TpeboBaHusa K Matepuanam» nepeyuc-
NeHbl PeKOMEHYeMbIE U O0MyCKaeMble MapKu LieMeHTa
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npv TBEPOEHUN B Pa3INYHbIX YCNIOBUSAX U NEPEUNCTIEHDI
rpynmnbl LEMEHTOB MO 3(hheKTUBHOCTM NpU Nponapunsa-
HWUW, KOTOpblEe CnefyeT MPUMEHATb NPV MPOU3BOACTBE
CcO0OpHOro xenesobeToHa. B cnyvae Bo3BegeHnss MOHO-
NIUTHBIX KOHCTPYKLUMIA Npy OoTpuLuatensHoW TeMnepartype
BWUA U Knacc (Mapky) LemMeHTa, Npu n3roToBNEeHUN roTo-
BbIX 6ETOHHbIX CMECEN, cregyeT HasHadaTb B COOTBET-
CTBUN C ykaldaHusamu B [NpunoxeHun A (Cnpaso4Hoe)
FOCT 10178-85 «[MopTnaHQueMeHT 1 LnakonopTnaHa-
LeMeHT. TeXHUYECKMEe YCNOBUSI».

[na Menkoro 3anonHUTens npegyaraeTca LUMPOKUIA
CMEeKTP KPYMHOCTWN necka ¢ Modynem KpynHocTu ot 1 go
3,5, C pasnuMyHbiMU PELLUEHUAMU MO YKPYMHEHWUIO WK
CHWXEHWIO KPYMHOCTM MENKOro 3arnofnHuTens.

B «PykoBopgcTtee no nog6bopy coCTaBOB TSXeNnoro 6e-
ToHa» [2], koTopoe BbIWo B 1979 1., B pasgene «Mcxon-
Hble JaHHble ONns pacyeTa u nogbopa coctaBa 6eToHa»
6bIM pa3paboTaHbl TPeboBaHUsA K MPOYHOCTM 6eToHa
B BMae Tabnuy Ons HasHayeHUs BOAOLEMEHTHOro OT-
HOLLEHUsi Npu onpefenieHHbIX TpeboBaHNAX Mo BOAOHE-
NPOHMLLIAEMOCTN 1 MOPO30CTOMKOCTU, KOTOPbIE, B CBOKO
o4epenp, Ha3Ha4anMcb B 3aBUCUMOCTM OT BMAA U YPOB-
HSi cpefbl SKcnayaTauum.

B panbHenwem B PekomeHgauusax 1990 r. 3ToT noa-
X0f, He npumeHsncs. B pasgene «O6Limne nonoxeHus»
HanucaHo, 4YTO ecnu npuv nogbope COCTaBOB KpPoOMe
MPOYHOCTM NMPELbABNAOTCA OONOMHUTENbHbIE TPE6OBa-
HUA (MOPO30CTOMKOCTb, BOAOHEMPOHULIAEMOCTb, KOp-
pPO3MOHHAsA CTOMKOCTb M T. A.), TO cCrnegyeT y4uTbiBaTb
M3BECTHblE 3aBUCMMOCTM, CBA3bIBAKOLLME KAYeCTBO
MaTepuanoB Ofis 6€ToHa M TEXHONOrMI0 ero MpUroToB-
NeHus co CBOMCTBaMM GETOHOB, KOTOPbIE HEOBXOAMMO
obecneuntb. B 3Tux cnyyasax coctaB 6eToHa, OTBeYaro-
WM TpeboBaHMAaM 3agaHns rno MPOYHOCTU, NPOBEPSIOT
Ha COOTBETCTBME OPYrMM HOPMMPYEMbIM MokasaTensm
kadecTtBa. Ecnu 370 ycrnoBue He BbINOMAHAETCS, TO NPO-
N3BOAAT HOBbIM NOAGOP cocTaBa 6ETOHA C NMPUMMEHEHU-
€M pasnnyHbIX TeXHOSOrMYeCcKnx MpuemoB, obecneyu-
BalOLLMX NoflydeHne 6eToHa CO BCEMM HOPMUPYEMbIMU
nokasarensMu Ka4ecTsa, Kak npasusno, 6e3 yBennyeHus
pacxoga uemeHTa.

Takum o6pas3om, crefmyer OTMETUTb, YTO B Cly4vae
TpeboBaHWIi MO BOAOHEMPOHULAEMOCTM U MOPO3OCTON-
KOCTM OTCYTCTBYIOT KOHKpPETHble MeTOAbl Mpu paspa-
60Tke cocTaBoB, a PekomeHgaumm 1990 r. npegnaratoT
paspabaTbiBaTb COCTaB 6€TOHA, KOTOPbIN 06ecne4vmBaeT
TONbKO 3afaHHY0 NPOYHOCTb, U TO C y4ETOM OLHOPOAHO-
CTV NPOYHOCTU, NOAYHYEHHON Ha JaHHOM NPeanpuUaTUn, a
He cpefHel NPO4YHOCTU Knacca, paBHOW MPo4YHOCTU 6e-
ToHa npn V=13,5%

Mpyn nopgrotoBke akTyanbHOM pejakumm PekoMeH-
Jaumin Ha ocHoBaHuM aHanm3a Pykosogctea 1979 r. un
Pekomenpgauunm 1990 r., a Takxe aHanu3a npou3Bog-
cTBa M3genuin n3 cOopHOro >xenesobeToHa M 6eToHa
LN MOHOSIUTHOrO CTpouUTENbCTBa ObINMW pasdpadoTaHsbl
HOBble MOAXOAbl U METOAUKWU ANS NPOEKTUPOBaHUA CO-
CcTaBoB 6eTOHa Kfiaccos Mo npoyHoctu ot B15 po B55
0151 O6bIYHOr0 MESIKO3EPHUCTOro U TSHXKEeNoro 6eToHa ¢

obecrneyeHvemM MapokK Mo BOAOHernpoHuuaemoctn W2—
W14, moposocToiikocTn F,75-F,1000 1 wmnpokum auna-
nasoHoM yno60yKnaabiBaeMoCTy.

B o6Lwnx nonoxeHusax paspaboTaHHbIX PekomeHga-
UMA NOKasaHo, B KakMX criydasx MpPOEKTUPYIT HOBbIE
cocTaBbl 6€TOHa, B TOM 4ucne onga paspaboTku npoms-
BOACTBEHHbLIX HOPM, T. €. CEpMM COCTaBOB Pa3fINYHbIX
KIaccoB, KOTOpPbIE MSIaHMPYeTCs BbINyCcKaTb Ha Mpou3-
BOACTBE rOTOBbLIX GETOHHbLIX CMeCel Ans MOHOSINTHOIO
cTpouTtenbcTBa. [ns cO0pHOro xene3obeToHa NpoeKTu-
poBaHue cocTaBa (Mnmn cocTaBoB) 6eTOHa NPON3BOAUTCA
AN KaXXO0W KOHKPETHOW TEXHOSIOrnn, C y4eToM Tpeby-
eMon yno60yKnaabiBaeMOCTH, PEXUMOB TBepAeHUs U
obecreyeHns pacnanybo4Hon, OTMNYCKHOW unu nepepa-
TOYHOW MNPOYHOCTM.

B 3agaHvm Ha nogbop coctaBa 6eToHa 6osee LWnpo-
KO npefcTaBrieH Habop TpeboBaHUN K 6ETOHY N3Qenui n
KOHCTPYKUNA, TpeByeMble TEXHONOrMYeckKme nokasarenu
kadyecTBa GETOHHOW CMECK, a TakXe TeXHOSIormyeckme
yCNoBMSA NPON3BOACTBA.

B paspgene «TpeboBaHus K marepuanam Ans npu-
roToBfieHns 6eTtoHa» crnegyet OTMETUTb pas3paboTas-
Hyt0 Tabnvuy no pekomMeHgyembiM Mapkam (knaccam)
LEeMEHTOB, KOTOpble CrnefyeT MNpUMeHATb Ons 6eTtoHa
npyv TBEPAEHUN B HOPMasibHbIX YCMOBUSAX UMW NpU Te-
nnosBon 06paboTke, B 3aBUCUMOCTU OT MNPOEKTHOro
Knacca 6eToHa no Npo4YHOCTU. Knaccel uemeHTa npeg-
cTaBneHbl BcneacTeme Toro, 4to B FTOCT-31108 «Lle-
MEeHTbl obLlecTpouTenbHble. TexHWYecKne ycrnoBus»
BCE LEMEHTbI MepeLunn B HOBOE 0603Ha4YeHme Knacca,
Hanpumep LIEM |, LEM 1, LLEM Ill, npn 3TOM Ananal3oH
Kofie6aHUn aKTUBHOCTU LIEMEHTA B KaXXAOM Kracce no
cTaHgapty Bo3MOXeH B npegenax 20 Mlla B otnvyuve
OT MapokK LiemeHTa. CHUKEHNE aKTUBHOCTM (MPOYHOCTM)
MO OTHOLLEHUIO K MOKa3aTesio Kak Mapku, Tak 1 Knacca
LeMeHTa, fOMKHO 6bITb He 6oree 2,5 MIa (3TO HUXHWUIA
MarnosHa4nTenbHbln gedekT). Ecnn cHuxeHve npou-
HocTu Bbiwe 2,5 MlMa, To gaHHaa napTusa npuemMKe He
noanexut (FCOCT 30515-2013 «LlemeHTbl. ObLLme Tex-
HUYECKMe YCNoBuUs»).

B pasgene «[lo6aBku» OTCYTCTBYIOT Nogpasgenbl Ha
MUHepasbHble U XMUYECKME [06aBKKW, HO MPUCYTCTBYET
YCNOBHOE pasfenieHne Ao6aBoK Ha Tpy Buaa:

— XMU4ecKme [obaBku;

— MUHeparsbHble [o06aBKW;

— OpraHoMWHeparbHble MOAUMMKATOPSI.

Bug pob6aBku cnegyeT HasHayaTb B 3aBUMCMMOCTU
OT TEXHOSIOrMYeCcKMX YCNoBWUA npou3BoacTeBa 6eToHa
N3OENNA N KOHCTPYKUMI Ana obecrneyeHus TpedyemMbix
TEXHONMOrMYeCKNX napaMeTpoB 6ETOHHOM CMECU U Mpo-
EeKTHbIX TpeboBaHUM K 6eTOHY. B nepByto ovepeb B pas-
pene «Pac4yeT 1 npoekTupoBaHme (nogbop) CocTaBoB
6eToHa» paspaboTaHa MeTogmka nogbéopa 06bI4HOIO TH-
Xenoro 6eToHa Ans MOHONMUTHBLIX KOHCTPYKLUWUA 1 COOpY-
XXEHUMI, T. €. COCTaBbl 6€TOHa HOPMaSIbHOIO TBEPAEHUS C
NPUMEHEHNEM XUMNYECKMX 00OABOK.

Mpouecc nogbopa coctaBa 6eTOHa COCTOUT U3 Cre-
OYIOLLMX 3TanoB.:
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—3Tan 1 — TeopeTnyeckni pacyeT coctaBa 6€TOHHON
cmecw;

— 3Tan 2 — 3KCNepPUMEHTasIbHbIN NOA60P U KOPPEKTU-
pOBaHWe HOPMUPYEMbIX TEXHONIOTMYECKMX NoKasartenemn
KayecTBa 6E€TOHHOW CMecH;

—a3Tan 3 — 3KcnepuvMeHTasibHas nNpoBepka COOTBEeT-
CTBUS HA4YaNbHOro0 HOMWHANBLHOIrO cocTaBa 6eToHa Tpe-
6yemown cpefHen NpoyHocTn Knacca npu V=13,5%;

— 3Tan 4 — NpoBepKa 1 KOPPEKTMPOBAHME HavanbHO-
ro HOMUHAmNbHOrO cocTaBa 6eTOHa Ha ero COOTBETCTBUE
BCEM [OpPYrMM HOPMMPYEMbIM MokKasaTensaMm KavecTBa
6eToHa;

—3Tan 5 — Ha3Ha4YeHne N KOPPEeKTUPOBaHNE paboUmnx
COCTaBOB 6ETOHA;

— 3Tan 6 — NpoBepKa N KOPPEKTUPOBAHNE TEXHOMNOIU-
YecKMX nokasartenen kadectBa 6€TOHHOM cMmecu pabo-
4YMX COCTABOB Ha NPOU3BOACTBE.

Onsa onpepeneHvs UEMEHTHO-BOAHOIMO OTHOLLEHMUS
MOXHO BOCMNOfb30BaTbCA MO0 hopmynon, nmMéo rpa-
dmkom. B cnyyae pacyeta LI/B oTHOLLEHMA NO hopmyse
crnegyeT 06paTuTb BHUMAHME Ha TO, YTO 3a aKTUBHOCTb
LeMeHTa NpUHMMaeTCsa nokasaTtenb Knacca LemMeHTa, a
NPOYHOCTb 6eTOHA paBHa TpebyeMor NPOYHOCTU 6eToHa
HOPMarbHOro TBEpAEHUs Npun Ko3hduLmMeHTe Bapmauum
13,5% B BO3pacTe 28 cyT.

CnepytoLLiee KOpPPeKTUPOBaHME TeKCTa COCTOUT B
TOM, 4TO 0603Ha4YeHHbIe B TabuLe BogopenyLmpyoLmne
[06aBKM UMEIOT pasHyto CTeNeHb 3PPEKTUBHOCTU, KOTO-
pble cnegyeT NPUMEHSATb NpK onpeaeneHHon TpedyemMon
yoo6oyknagpiBaeMocTu. Takxe yBenvyeHa fons necka B
CMeCW 3anosfiHUTEeNeNn, Tak Kak UccnegoBaHus, KoTopble
NPOBOAMNCH ANA pa3paboTku CTaHOAPTHOM METOAMKMU
Mo MCMbITaHUIO OO6aBOK B GETOHE, Mmokasanu, 4YTo Osis
NOBbILLEHNS 3(PPEKTUBHOCTM AENCTBUA XUMUYECKNX LO-
6aBOK B 6€TOHe crieflyeT NoBbICUTb OO0 Necka B cMecu
3anofiHUTeNs NO OTHOLLEHWIO K TEM A03MPOBKaM, KOTO-
pble 6611 B PekomeHgaumsax 1990 r.

B aTOM Xe pasgene npueedeH npumep pacyeTta Ha-
YanbHOr0 HOMWHANIBHOrO U OBYX AOMOJIHUTENbHbIX CO-
cTaBoB 6eTOHa C BojopeayumpyoLle/nnactucmympyto-
LLier fo6aBKoW.

Mocne npamMbIX NOAGOPOB U MONYYEHUSA AAHHBLIX MO
NPOYHOCTM HOMUHABLHOIO U AOMOSIHUTENbHbIX COCTaBOB
6eToHa HeOH6XOAUMO NMOCTPOUTL 6a30Bble 3aBUCMMOCTU
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Puc. 1. 3asucumocmu npounocmu 6emona 6 pasHvix 603pacmax meep-
deHusi om uemeHmHo-600H020 omHouienusi: 1 — 6 eo3pacme 3 cym;
2 — 6 603pacme 7 cym; 3 — 6 6o3pacme 28 cym

Fig. 1. Dependences of concrete strength at different curing ages on the
cement-water ratio: 1 — at the age of 3 days; 2 — at the age of 7 days;
3 — at the age of 28 days

2,36 3 4

«npoyHocTb — LI/B (nnun B/L) oTHowweHWe» ons Bo3pac-
TOoB 3, 7 1 28 cyT (puc. 1).

Mo 3aBMCUMOCTSAM B Nony4eHHOM aunanas3oHe Li/B oT-
HOLLIEHMA paccyUTbIBAKOT COCTaBbl 6GEeTOHa MO CpepHewn
npoyHocTu Knacca npu V=13,5%, B gnanasoHe OT Knac-
ca B20 (26 Mla) go B40 (52,4 Mr1a).

OTO BaxHOe HOBOBBEAEHWE, KOTOPOE MOKa3blBaeT,
4YTO OS5 pa3paboTKM NPOM3BOACTBEHHbLIX HOPM pacxoga
COCTaBNAOLLMX OOCTATOYHO paccymTaTb U OTKOPPEKTU-
poBaTb TpW COCTaBa C MOABWXHOCTBIO, Hanpumep, M4
(OK 16-20 cm), 4TOo6bl Ha OCHOBaHMM MOMNYYEHHbIX OaH-
HbIX paccyuTaTb MPOU3BOACTBEHHbIE HOPMbI pacxopa
mMaTepuanoB Ass 6eToHa KfaccoB Mo MPOYHOCTU B WH-
Tepsane B20-B40 (Tabn. 1).

B pasgene «3OkcneprMeHTanbHas npoBepka COOTBET-
CTBMSl HA4YanbHOro0 HOMMHAmNBLHOro coctaBa 6eToHa Tpe-
6yeMo MPOYHOCTU» NOKa3aHo, Kak Ha3HavyaTb CpegHIo
NPOYHOCTb 6ETOHA, B TOM YMCNE €CNN B TEXHNYECKOM 3a-
OaHun ykasaHbl TpeboBaHms Mo MOPO30CTOMKOCTM M BOJO-
HenpoHuuaemocTu. B 3ToM cnyyae paccunTbiBaloT COCTaB
6EeTOHa, OPUEHTUPYACH Ha NpunoxeHune A (Tabn. 2 u 3).

Buag uemeHTa HasHa4aeTCq B 3aBMCUMMOCTW OT Tpe-
6yeMon Mapku rno MOpo30CTOMKOCTW. [pn mapke no

Ta6nuua 1
Table 1
Mpou3BoacTBEHHbIE HOPMbI pacxoAa MaTepuanoB AN 6eToOHa KNaccoB Mo NPOYHOCTU
Production rates of material consumption for concrete of strength classes
Knacc 6eToHa Hob6aska, Kr/m
(mpo4HocTs npu V=13,5%) LB e | T ke | UL e | B, K CynepsoAopeayLMpyoLas BoafyxoBOBNEKakoLLAs
B20 (26 MMa) 1,56 286 932 979 184 1,72 1,5
B22,5 (30 MMa) 1,71 314 909 979 184 1,88 1,5
B25 (32,7 MMa) 1,83 336 890 979 184 2,01 1,5
B27,5 (36 Ma) 1,95 358 871 979 184 2,15 1,5
B30 (40 MMa) 2,10 385 847 979 184 2,31 1,5
B35 (45,8 MIMa) 2,33 428 811 979 184 2,57 1,5
B37,5 (49,3 MMa) 2,45 450 793 979 184 2,7 1,5
B40 (52,4 MMa) 2,57 472 774 979 184 2,83 1,5
March-April'2021 5
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Ta6bnuua 2
Table 2
OpUEHTUPOBOYHbIE TEXHOJOIMYECKUe napameTpbl, o6ecrne4ymBaroLe BOAOHENPOHULAEMOCTb 6eToHa
Approximate technological parameters ensuring the water tightness of concrete
. Mapka no BogoHenpoHuuaemoctn W
[lnana3oH TeXHOMOrM4ecknX nokasarene
4-6 8-10 12-14
CpepHsas npo4HocTb 6eToHa, MIa 30-35 40-45 50-60
LiemeHTHO-BOIHOE OTHOLLIEHWe, LI/B 1,67-1,82 2,22-2,5 2,63-2,86
Bopo-LiemeHTHoe oTHoLLeHve, B/LI 0,6-0,55 0,45-0,4 0,38-0,35

Mpumeyanus:

OpUEHTMPOBOYHbIE TEXHONMONYECKIe NapamMeTpbl onpeaeneHbl Npu npuMeHeHnn Liementa LIEM | 42,5H v kpynHoro 3anonHutens dpakuny 5-20 mm.

Mapka 6etoHa no BopoHenponuuaemoctn W4-W14 v Bup uementa, cootseTcTBytowwmii Tpe6oBaHmnam FTOCT 31108-2016 «LlemeHTbl o6LecTpouTenbHble.
TexHudeckue yenosusi»; FTOCT 10178-85 «MopTnaHALeMeHT 1 LunakonopTnaHaleMeHT. TexHudeckue yenosusi»; TOCT 22266-2013 «LiemeHTsl cynbgatocTorkme.
TexHudeckue yenosus»; FOCT P 55224-2012 «LleMeHTbI ins TpaHCMOPTHOTO CTPOUTENBCTBA. TEXHWUYECKVE YCIOBUS»HA3HAYaeTCs B 3aBUCUMOCTY OT YCIOBUIA SKC-
nayaTaumn U3nenuii n KoHCTpykumi no CIM 28.13330.2012 «3atumta CTponTeNbHbIX KOHCTPYKLMIA OT Koppo3un» (AKTyanuanposaHHas pegakums CHulM 2.03.11-85).

Ta6nuua 3
Table 3
OpMEeHTUPOBOYHbIE TEXHONOrMYECKME NapameTpbl, o6ecnevymBaroLLue MOpo30CTOMKOCTb 6eToHa
Approximate technological parameters providing frost resistance of concrete
Mapka no MOpo30CTOMKOCTH
TexHonornyeckue nokasarenu F475-100* F1200-300* F4400-600* F4700-1000*
- F,100** F»200** F»,300-500"
CpepHsas npo4HoCTh 6eToHa, MIMa > 30 >33 > 36 >40
LlemeHTHO-BOAHOE OTHOLLEHME LI/B >1,67 >1,82 >2,0 >2,22
BopouemeHTHOe oTHOLLEHNe B/L| <0,6 <0,55 <0,5 <0,45
[o6asku no FOCT 24211-2008 «[o6aBku [i1st 6ETOHOB W
CTPOUTENbHBIX PacTBOPOB. OBLUME TEXHNHECKME YCNIOBWS» BospyxoBoBnexatolLan (ra3oo6pasyiolLas)
BoapyxoBosneyexue, % - 3-7

Mpumeyanus:

** Mop0o30CTOMKOCTb GETOHOB JOPOXHbIX 11 A9POAPOMHBIX MOKPLITUIA F .

* Mop030CTOMKOCTb BCEX BUI0B GETOHOB, KPOME GETOHOB IOPOXHBIX M @3POLPOMHBIX MOKPLITUA F .

Mopo3socToikocTs 60nee F1300 (F2100) fnis Bcex BUROB 6ETOHOB crepyeT 06ecneymsathb C NPUMEHEHIEM BO3AYXOBOBNEKAIOLLEN (ra3006pa3ytoLLier) Ao6aBKM.

mopo3ocTorkocTh F,300 (F,100) u Bbile cnegyeT Ha-
3HayaTb BUA LIEMEHTa, COOTBETCTBYOLLMIA TpeOOBaHNAM
FOCT 10178,IOCT 22266, TOCT 31108 n'OCT P 55224
C cofiepxaHviem TpexkanbLnesoro anomMuHara (C,A) He
6onee 7% n Konn4ecTea MUHepPasnbHbIX [OOABOK B BUAE
wnaka He 6onee 15%.

Pacxop uemeHTa Ha3HadaeTcsi B 3aBMCUMMOCTU OT
CTENeHM arpeccmMBHOro BO3AENCTBUS HA GETOH N NPUHK-
maetca He MeHee 300 Kr/mS.

Pacxop uemeHTa B 6€TOHE KOHCTPYKLUIA U U3LENni,
obecneynBaloLLNn NPOEKTHbIE TPe6oBaHUA MO ycaake 1
Monay4ecTu, crnedyeT HazHavaTb He 6onee 490 Kr/ms,

B cny4ae, ecnu B 3apgaHuu Ha nogb6op cocrtasa be-
ToHa (6ETOHOB) KpOME MPOEKTHOWM MPOYHOCTU yKalaHa
BOLOHEMNPOHMLAEMOCTb UM MOPO30CTOMKOCTb, Crnepy-
eT no Tabn. 2 u 3 onpegennTb Knacc 6eToHa, KoTopbli
o6ecneynBaeT He TOMbKO HECYLLYK CMOCOBHOCTb, HO U
NPOEKTHYIO BOOOHENPOHMLAEMOCTb U MOPO30CTOMKOCTb.
Hanpumep, Tpe6osaHue npoekta B25 W10 F,300: ans
Mapkm no BogoHernpoHuuaemoctn W10 cnegyet wms-
rotaBnmeatb GETOH CO cpefHen npo4dHocTeio 45 Mlla
(B35); ona mapku no moposoctomkoctn F,300 Takxe
Heobxoanmo obecrnedntb NpPo4HOCTL 6onee 40 Mla ¢
0653aTeflbHbIM  MPUMEHEHMEM BO3[4YXOBOBJEKatoLLEen
po6asku (tabén. 3). Takum obpa3om, 4Tobbl 06ecnevmTb
W10 » F,300, cneayet uaroTaBnmeaTtb cocTaB 6eTo-
Ha B35 c BBegeHnem BO30yxOBOBSiEKatoLLen 0OO6ABKM.
B Tabn. 1 npuBepeH coctaB ansa knacca B35 (cpenHss
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Puc. 2. 3asucumocms npounocmu 6emorna nocie mennooii 06padbomxu
OMm YyeMeHMHO-800H020 omHouweHus: 1 — uepesz 28 cym nocae menaogoi
obpabomku; 2 — uepe3 4 4 nocie menaogoii 0bpabomxu
Fig. 2. Dependence of the strength of concrete after heat treatment on the
cement-water ratio: 1 — 28 days after heat treatment; 2 — 4 hours after
heat treatment

R, MlMa

npoyHocTb 46 MIa), 3HaunMT, Ha3Ha4aeM cocTaB, KOTO-
pbii cMoxeT obecrniedmsate B35 W10 F,300.
[MpoekTnpoBaHMe M Ha3Ha4YeHWe COCTaBOB 6GETOHa
Onsi COOPHOro Xenes3obeToHa paclumpeHo, U No AaHHbIM
MPOYHOCTM Ha4yanbHOro HOMWHANIBHOrO cocTaka WM ABYX
JOOMONHUTENBHBIX NpU onpegeneHHoMm L/B oTHoLueHun
CTPOWTCH 3aBUCUMOCTb U paccHMTLIBAIOTCS [Ba COCTa-
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Ta6nuua 4
Table 4
MpoeKkTUpoBaHWe U Ha3Ha4YeHNe COCTaBOB 6eTOHa AN COOPHOro xene3odeToHa
Design and assignment of concrete compositions for precast concrete
06aBKa, Kr/m3
Tpebyemast cpeaHss MPOYHOCTb /B L, k/md | 1, kr/m3 | LU, ke/mB | B, kr/m® A
Cynepsogopegyuvmpytowias | Bosgyxososnekaroas
OtnyckHas npo4HocTb 70% (28 MIa) 2 330 933 1000 165 1,98 1,5
OtnyckHas npoyHocTb 90% (36 Mla) 2,25 370 893 1000 165 2,22 1,5
Mpumeyanne. ins 70% oTnyckHol npoyHocTv (~28 MIMa) goctatouHo HasHavath L/B=1,95, Ho ans goctwxenus 40 MIMa B 28 cyT Bo3pacTe cneayeT HasHavaTh
LI/B otHoLueHve, paBHoe 2. [ins Toro 4to6bl 06ecneyunTb 1 70% oTnyckHor n 100% 28 cyT Mpo4HOCTH, criegyeT npuHaTb Li/B=2.

Ba (puc. 2, Tabn. 4), Hanpumep:

—1- cocTaB, rge oTnyckHas MpoyHoCcTb 70% OT
cpefHer NpoyYHocTU Knacca B30;

—2-n cocTaB, rge OTnyckHas npo4HocTb 90% oOT
cpeaHer npo4HocTM Knacca B30.

O6953aTenbHbIM YCOBMEM SBASETCA OOCTUXKEHME B
28 cyT BO3pacTe Mpv 3afaHHbIX YCNOBUAX TBEPAEHWUA
YPOBHSI 3aflaHHOW MPOEKTHOM Mpo4YHOCTU. Bce cocTtaBsbl
pa3pabaTbiBaloTCsA C MPUMEHEHMEM XMMNYECKMX [OOABOK.

B pasgene 10 npuBegeH nopsgok nogbopa cocrtasa
Hanpsratowiero 6eToHa HOPManbHOro TBEpAeHus, raoe
obpalLaeTcs BHUMAHWE Ha caMOHanpsXXeHue, T. €. He06-
XOOMMOCTb 06€ecneynTb He TOMbKO CPEAHIO MPOYHOCTb
Knacca v 3afaHHyl0 Mapky no BOLOHENPOHWLIAEMOCTH,
HO Takxe Mony41Tb 3a[j@aHHOE CaMOHarnpsXXeHne, KOTOo-
poe 3aBUCUT OT pacxoda paclumpsioLlencs godasku (PO).

B pasgene «PacyeT 1 nog6op coctaBa BbICOKONPOY-
HOro 6eToHa C MWHepasnbHbIMM o6aBKamu» BriepBble
npegnaraeTcs K paccMOTpeHuio nogobop (NpoeKkTupoBa-
HME) COCTaBOB MENIKO3EPHUCTOr0 BbICOKOMPOYHOro 6e-
TOHa Mo NPOYHOCTU Ha cxaTtue B60 u BbiLle.

Takxe paeTca MeTogMka nogbopoB COCTaBOB TH-
XEenoro BbICOKOMPOYHOrO 6eTOHa KaccoB MO MPOYHO-
ctn B60 u Bbilwe. Nog6opkl cocTaBa BbICOKOMPOYHOMO
6eToHa OCYLLECTBAIOTCA MO TEM Xe MNpuHUMNam, 4To
MPUHATBI B OCHOBY MeTofa nogbopa 06bI4HbIX THXENbIX
6ETOHOB, HO C Y4ETOM OCOBEHHOCTEN, CBA3AHHbIX C 0065-
3aTesibHbIM UCMOMb30BaHNEM OpraHOMUHEpParibHbIX, MU-
HeparnbHbIX 1 XUMUYECKUX J06ABOK.

Takxe cnegyetr OTMETUTb MOAXOObl K MOHUMaHWUIO
NPOEKTUPOBaHMA coCcTaBa CaMOyMnoTHAKLEerocs 6e-
ToHa (paspgen 12), roe nokasaHo, YTO KONMMYECTBO CO-

Cnucok nutepartypbl

1. PekomeHgaumm no nopobopy COCTaBOB THXEsbIX
n MenkodepHucTbix 6etoHoB (K TOCT 27006-86.
M.: LUMTTIT Focetpost CCCP, 1990.

2. PykoBoacTBO nMo nMog6bopy COCTaBOB TAXENOro 6e-
TOHa. Hay4Ho-uccnepoBaTenbCKUA UHCTUTYT 6e-
ToHa u xenesobetoHa (HUNXXB) MNocctpos CCCP.
M.: Ctponusgar, 1979 r.

3. Tlogmazoa C.A. Ob6ecrnieveHne TEXHOMOIMHYECKUX
nepefenos — rapaHTus kadectsa // TexHonorum 6e-
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TEXHOMOMMYECKMX MapameTpoB, BUSAIOLMX Ha KO-
HeYHble cBoncTBa 6eToHa // TexHonorun 6EeTOHOB.
2015. Ne 11-12. C. 48-51.

CTaBJIAOLWNX KOMMNOHEHTOB 6eTOHa yBen4MBaeTca u B
cocTaBe 6eToHa OO0/MKHbI MPUCYTCTBOBATb:

— LEMEHT;

— [Be bpakumm necka, Hanpumep ¢ M, =1,8 u M, =2,4;

— MUHeparsbHble [obaBku, COOTBETCTBYOLLME
FOCT P 56592-2015 «[Jo6aBkn MuHepanbHble ana 6e-
TOHOB N CTPOUTENbHbIX pacTBOpoB. O6LLME TEXHUYECKNE
yCnoBus», BKIt0Yas aKTUBHbIE (MUKPOKPEMHE3EM, 30M1a-
YHOC, METaKaOoSIMH, TOHKOMOSIOTbIE JOMEHHbIV rpaHynu-
POBaHHbIN LUMaK WU ApUpoAHble MyLLOSaHbl) U UHepT-
Hble — MUKPOHAaMOSTHUTENN;

— KPYNHbIA 3anonHuTens dpakumnm 3 (5)—10 mm;

— XMmn4eckme pobaBku B BUAE BOLOPERYLIMPYOLLMX/
NNacTUPUUUPYIOLLNX U CTabUNU3npyoLWwmnx Bodoyadep-
XXMBAIOLLMX.

Kpome o6ecrneyeHunst MpoYHOCTU 1 APYrUX NPOEKTHbIX
TpeboBaHU BaxHasd 3ajadya nogbopa cocTaBa camo-
YANOTHAOLLErocsd 6eToHa — co3gaTb GETOHHYIO CMECh,
YCTOMYMBYIO K PACCITOEHMIO 1 BOAOOTAENIEHMIO.

B nomollb npoussBoguTeNnsM CaMOymnoTHAOLLEro-
ca 6etoHa B [lpunoxeHmn B PekomeHpauun npuse-
OeH ayTeHTU4HbI nepesof EBponerickoro craHgaprta
EN 12350-8 «/cnbiTaHnsa 6eToHHOM cmecn — YHacTtb 8:
CamoynnoTHaWNNCS 6eTOH — UCNbITaHNE GETOHHOM
CMecCH Ha pacnsbIB Npu ocajke KoHyca».

Vicnonb3oBaHne nNpuv NPOEKTUPOBaHWM COCTaBOB TS-
XKEeNnoro n MenKo3epHUCTOro 6eToHa «PekomeHgaumi no
nogoopy CoCcTaBoB GETOHHbLIX CMecer Ans TSXEenNbIX W
MeNKO3epHUCTbIX 6eTOHOB» 2016 r. N03BONSAET nonyyatb
cocTaBbl, 06ecneymBatoLLMe BECb KOMMEKC MPOEKTHbIX
TpebOoBaHWN, a 3Ha41T, N OONrOBEeYHOCTb 6eTOHA, nage-
TN N KOHCTPYKLMIA [3, 4].
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Bnnsinme gucnepctbix No604HbIN NPORYKTOB NPOMbILAGHHOCTH
Ha NpoYHoCTh 66TOHA

Bsenenune gucriepcHbix MuHepasbHbiX J06aBOK OKasblBaeT 651arofpusiTHoOE B/IUSIHWE HA MHOMMe CBOVCTBa 6ETOHA.
3710 cBA3aHO ¢ PU3NYECKM dQYGHEKTOM, KOTOPbIV MPOSIBISIETCS] B TOM, YTO MEJIKME YacTULbl OObIYHO UMEIT 6071ee
TOHKWU rpaHyTOMEeTPUHECKUI COCTaB, YeM MopTIaHALEMEHT, U NPOSIBIIAIOT ce6s1 Kak MUKPOHaronHuTens. C apyrov
CTOPOHbI, 3TO MOXET ObITb CBA3AaHO C UX MYLILI0/IAHOBOM aKTUBHOCTbIO, KOTOPAsI NPOSIBIISIETCS B CIOCOOHOCTU KpeMHe-
3ema v riMHo3emMa B3auModevicTBoBaTh C rmapaTtoM OKUCU KaslbLusi n 06pa3oBbiBaTb MMAPOCUINKATLI U MMapoarto-
MUHaTbI KanbUusl. B gaHHoV paboTe akTMBHOCTb MUHEPAsIbHbIX AUCTIEPCHBIX KOMIOHEHTOB OLIeHUBA N 110 TeopeTnye-
CKOMY 3Ha4YeHUIo KoaghULUMeHTa ruapaTaymoHHON akTUBHOCTM, KOTOPbLIV ONPEREsIsSIv Mo UX XUMNYECKOMY COCTaBy .
DakTNHECKN KOIOPUUNEHT ruapaTaLMoHHOM akTUBHOCTU PaCcCYUTbIBASIN 10 MAKCUMasibHOMY 3Ha4eHUIo rnpupocTa
Macchl JUCTIePCHbIX MO6OYHBIX MPOAYKTOB MPOMbILLIEHHOCTU NyTeM MormnoLeHus aTumm gobaskamm Ca(OH), n3
HacbILeHHoro pacteopa n3sectu. Konmm4ecTBEHHbIV 1 BELLECTBEHHbIN COCTaB KPUCTAaNIIMYECKNX COEANHEHWV B I10-
60YHbIX MPOAYKTaxX MPOMbILLIIEHHOCTU ONPEREesisisivn OQHUM U3 KOCBEHHbIX METOA0B, & UMEHHO C MOMOLLbIO PEHTre-
Hoga30Boro aHanm3a. SKcnepuMeHTanbHbIMU AaHHbIMY ObI/IO YCTaHOBIIEHO, YTO (haKTM4ecKas nyyLoiaHoBas akx-
TUBHOCTb 0Ka3asiacb HAMHOIO HVXXe TeOPEeTUHECKOro 3Ha4eHUs1, 1 MO3TOMY MO60YHbIE MPOAYKTbI MPOMbILLIIEHHOCTH
pPacrionoXuancb B TakoU rocie[oBaTesibHOCTH: 30/10LLS1aKOBasi CMecb — MOOOYHbIN MPOAYKT yriieoboralleHns —
LOMEHHbIV rpaHyIMpoBaHHbIN LLISIaK, YTO NOATBEPXAAeTCs pe3yibTataMy PeHTreHopas3oBoro aHanamsa v cornacyer-
CS1 CO 3HAaYEHUAMM ripegena npo4YHOCTY 6ETOHHbIX 06pa3L0B NPy CXAaTUM, UCTIbITAHHBIX B Pa3HbIV Nepuos TBEPLAEHNS.

KntouyeBbie cnoBa: peHTreHohas30BbIi aHa/Im3, 30/10LLMAaK, LLaK JOMEHHbIV rpaHy/IMpoBaHHbIF MOOTbIN, OTX0A
yrreoboralLleHusi, MyLLonaHoBasi akTUBHOCTb, NPeAes MPOYHOCTY GETOHA MU CXaTuu.

Anga yutuposanus: MariwyH E.C., AspysH X.C., Xanowes A.K., Bo6uH B.H. BnusHne gucnepcHbix NO604HbIX Npo-
OYKTOB NMPOMBILLIIEHHOCTU Ha NPOYHOCTb 6eToHa // beToH 1 xene3ob6eToH. 2021. Ne 2 (604). C. 8-13.

E.S. GAISHUN, Assistant (SUBARU156@yandex.ru), K.S. YAVRUYAN, Candidate of Sciences (Engineering) (khungianos@mail.ru),
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Don state technical University (1, Gagarina Square, Rostov-on-Don, 344000, Russian Federation)

Influence of Dispersed Industrial By-Products on the Strength of Concrete

The introduction of dispersed mineral additives has a beneficial effect on many properties of concrete. This is due to a physical effect, which manifests itself in
the fact that small particles usually have a finer granulometric composition than Portland cement and manifest themselves as a “micro-filler”. On the other hand,
this may be due to their pozzolanic activity, which is manifested in the ability of silica and alumina to interact with calcium oxide hydrate and form calcium hydro-
silicates and hydroaluminates. In this work, the activity of mineral dispersed components was estimated by the theoretical value of the coefficient of hydration
activity, which was determined by their chemical composition. The actual coefficient of hydration activity was calculated from the maximum value of the mass
gain of dispersed industrial by-products by absorbing Ca(OH), from a saturated lime solution by these additives. The quantitative and material composition of
crystalline compounds in industrial by-products was determined by one of the indirect methods, namely, by X-ray phase analysis. Experimental data showed
that the actual pozzolanic activity was much lower than the theoretical value, and therefore the industrial by-products were arranged in the following sequence:
ash-slag mixture — coal-enrichment by-product — blast furnace granulated slag, which is confirmed by the results of X-ray phase analysis and is consistent with
the values of the compressive strength of concrete tested in different hardening periods.

Keywords: X-ray phase analysis, ash slag, granulated ground blast furnace slag, coal enrichment waste, pozzolan activity, compressive strength of concrete.

For citation: Gaishun E.S., Yavruyan Kh.S., Khalyshev A.K., Bobin V.N. Influence of Dispersed Industrial By-Products on the Strength of Concrete. Beton i
Zhelezobeton [Concrete and Reinforced Concrete]. 2021. No. 2 (604), pp. 8-13. (In Russian).

AHanu3 nuTepaTypHbIX UCTOYHWKOB CBUAETENLCTBY- — MarTepuanax fiBNAeTCH BaXKHOW 3KOMOrMHYECKOM U Hayu-
€T, 4YTO0 9PEKTMBHLIM HanpasBfeHUeM MNPUMEHEHUS  HO-TEXHUYECKOW MpobremMoun, TpebyioLllen cBoero pas-
MUHepasbHbIX NO60YHbIX MPOAYKTOB MPOMbILLSIEHHOCTU  BUTUSA, B TOM YUCHE OMbITHO-MPOMbILLUSIEHHOW OTPaboTKM
SIBNSETCA NPYMEHEHWE 30/ W LUIAKOB TEMJIOBbIX 3/1eK-  HOBbIX TEXHONOrMIM npuMeHeHus 3on TOC n ux BHegpe-
TpocTaHumii [1]. MprumeHeHne 3on TAOC B CTPOUTENBHBIX  HWSA Ha 3aBofdax CTponMMHaycTpum [2, 3].
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Ecnv Takon nogxof K BOnpocam TexHonornn 6etoHa
B 70-X IT. umen onpefeneHHoe 9KOHOMUYecKoe 060CHO-
BaHWe, TO KOHUenuus 6eToHOBeAEHUS HA COBPEMEHHOM
3Tane passBuTMA 06LLecTBa OUKTYeT COBCEM Apyrue ro-
TpebHOCTH, 0BYCNOBMEHHbIE NpeXae BCEro 3HaYUTESb-
HbIM yOOPOXaHMEM U OedUUMTOM IHEPreTUHECKUX W
CbipbeBbIX pecypcoB. 10 MHeHuo J1.A. ManuHuHON n
B.I'. BatpakoBa [4], 06LMM HanpaeneHemM 6eTOHOB HO-
BOr0 NMOKOJSEHMA JOMKHO CTaTb peLLeHne Npobnem gasnb-
HeWLlero noBbILLEHNA NokKasaTenen Kkadectea 6eToHa, a
TakXe 3HEepro- u pecypcocbepexeHns npu ero nNpouns-
BOACTBE.

CoBpeMeHHast KOHLEeNUMs pa3BuTusa B TEXHOMOrnm 6e-
TOHa BKJtOYAET CO3aHNE MHOMOKOMIMOHEHTHbIX LIEMEHTOB
3a CYeT MOBbILLEHHOrO COAepPXaHUsi B HAX MUHEpasibHbIX
[06aBOK pa3nnMyHOro reHeamnca, YTo CBA3aHO CO CHUKEHU-
eM 3Hepro3aTtpaT M BO3MOXHOCTbLIO YyTUIU3aLUnMn KPYrHO-
TOHHAXKHbIX OTXO[OB Pasnn4HbIX NPon3BoACTB [4—7].

CTpykTypa 1 CBOMCTBA LIEMEHTHbIX 6ETOHOB (HOPMU-
pytoTCsl B pesynkraTe COXHbLIX XMMUYECKMUX U PU3NKo-
XUMUYECKUX MpeBpalleHuii B TBEpAEelLen cucteme,
NPOMCXoQfALLMX MapanfenbHo C MOMEHTa 3aTBOPEHMUS
BOLOW KOMMOHEHTOB 6eToHHOM cmeck [8]. Cam xe npo-
Lecc TBepAeHus LieMeHTa 06yCnoBeH XMMUYeCcKUM B3a-
NMOZENCTBMEM MEXAY TBEPAOM ha30M U XNOKOCTbIO 3a-
TBOpEeHus [9].

3o0n0LUnakoBble OTXOAbl TEMMOBbLIX 3NEKTPOCTaHLMN
[oHbacca xopoLuo nay4eHsbl cneumanuctamm HAWM «[o-
Heukun MpomctporiHUWnpoekT» [1, 10]. B 4actHOoCTH,
B AnccepTaumoHHon paboTte C.B. MNonoea [1] nokasaHo,
YTO 30/1bl rMAPOYyAaneHnsi B OCHOBHOM COCTOSAIT U3 cdoe-
pudecknx obpasoBaHuii pasmepom OT 2 0o 110 MKm,
npeobnagatoT YactTuupbl guametTpom 12—80 MKM, COCTOAT
N3 antoMOCUIIMKATHOrO CTeKNa NepeMeHHOro cocTasa.

30nbl 9NEeKTPOPUNIETPOB MMEIT HECKONMbKO MEHb-
Lne pa3mepbl chep: MakcumanbHbI guameTp 75 MKM,
npeobnagaet pasmep 2—20 mkMm. LLInakoBbie 3epHa Ha
80-90% npeacTaBfneHbl YUCTbIM CTEKSIOM, B OCHOBHOM
NNoTHbIE CO cnabopasBmUToN Nopusaumen.

Mo paHHbIM [11] MONOTLIM [LOMEHHbIA FpaHLUiaKk
npegcrasneH Yactmuamu B guanasoHe ot 10 o 45 Mkm
CO 3Ha4YUTENbHbIM CcoAepXaHWeM 4acTul OuameTpom
mMeHee 10 MkM. Kak 1 3ona-yHoca, NpeumyLLlecTBEHHO
OCTEKI10BaH, X0Ts hopMa 3epeH 3Ha4MTeNbHO OTNn4aeT-
Cs1 OT chepongoB 3071bl.

BBefneHne muHepasnbHbIX O6GABOK OKasbiBaeT 6na-
ronpusaTHOE BRNSIHME Ha MHOrMe CBOMCTBa 6eToHa. 31O
CBA3aHO NIM60 C PU3NYECKUM 3PPEKTOM, KOTOPLIV MPO-
SIBNSIETCA B TOM, YTO Mefkue 4YacTuubl OObIYHO MMEIOT
60nee TOHKMIA rpaHysIOMETPUHECKUIN COCTaB, Yem MopT-
naHguemMeHT, nMbéo ¢ KX NyuuonaHOBOW akTUBHOCTLIO
npv TBEpOeHun LemMeHTa [12], koTopas nposiBnsieTcs B
CMOCOBHOCTN KpemMHe3eMa U MMHO3eEMa MUHepPasibHOW
[06GaBKM B3aMMOLENCTBOBATb C rMAPaATOM OKWUCKU MO

MpupocT Macesl, Mr/r

1020304050
Bpewms, cyt

Puc. 1. Kunemuxa noenowenuss Ca(OH), nobounvimu npodykmamu
NPOMBIUACHHOCIMU U3 HACLIUWEHH020 pacmeopa usgecmu: 1 — ¢ dobas-
kot 3on0unaxa TOC; 2 — ¢ dobaskoil yeneoboeaujerusi; 3 — ¢ 006agKoll
WAaKa 00MeHH020 epanyauposartozo mosomozo GGBSS 4500

Fig. 1. Kinetics of Ca(OH), absorption by industrial by-products from
a saturated lime solution: 1 — with the addition of TPP ash and slag;
2 — with the addition of coal preparation; 3 — with the addition of
GGBSS 4500 granulated blast furnace slag

cnepylowmnM ypaBHeHnsam peakumii [13, 14; Daderko G.
Specifying blended cements for performance and strength
The Construction Specifier. http//:www.lafarge-na.com]:

2Si0,+3Ca(OH),—~3Ca0-2Si0,'H,0;
Al,O4+3Ca(OH),+3H,0—3Ca0-Al,0,6H,0.

[Mpy 3TOM MO MHTEHCUMBHOCTW U rNy6yHe Takoro B3a-
WMOLENCTBUSA, pe3ysibTaToM KOTOPOro sBnsfeTca obpa-
30BaHMe LieMeHTMpYyoLmMX as, nyLLonaHoBble fobas-
KU XapaKTepuaylTcs TakMM napameTpoM, Kak MHOEKC
nyuLONaHoBOM akTMBHOCTU. CormacHo TepMWHONOrnu
nHctutyTa, AC| MHOEKC nyuuonaHoBOM akKTUMBHOCTU
onpefenseTcs NPOYHOCTLIO BAXKYLLMX CUCTEM, cogepxa-
WX rMapaBInyeckuii LEMEHT ¢ fobaBkon 1 6e3 fobas-
ku nyuuonaHel [ACI Concrete Terminology. http: //www.
concrete.org/Technical/CCT/FlashHelp/ACI_Concrete_
Terminology.pdf.].

B TO e Bpemsi CyLLeCTBYOT U OpYyrne KOCBEHHble
METOOMKN WCCNENOBaHWUA MyLULONaHOBON aKTUBHOCTU
MUHEpasibHbIX [O6ABOK, B YHAaCTHOCTM PEHTIeHO(Da30BbIN
aHanus, anNeKTPoHHast MUKPOCKOMUS, KOTOpble NO3BOMS-
0T ONPeaennTb KONIMYECTBEHHO COAep>XXaHne aMmopHON
N KpUcTannmyeckon as B maTtepmarsne, o6ycnosnmeato-
LLIMX BOSMOXHOCTb XMMUYECKOr0o B3aMMOLENCTBUS C rna-
pokcugom kansums [15; Testing methods for pozzolanas
(Practical Action Brief) http://www.appropedia.org/
Testing_methods_for_pozzolanas].

M3 cyliecTByoLwmMx cnocob6oB BBEAEHNS MUHEpPaTlb-
HbIX JO6ABOK B 6ETOH MOXHO BbIAENUTb ABa NMPUHLN-
nManbHO pasfinyHbIX: MUHepanbHas gob6aBka BBOOUT-
cs B 6€TOH No 06beMy B3aMeH LieMeHTa UM B3aMeH
necka. lNyuuonaHoBas akTUBHOCTb MPOSBNSAETCA Mpu
nobbIX cnocobax BBedeHUA fo6aBku, a 3PPEKT MU-
KPOHaNONMHUTENS — NMULLbL NPU POCTE COAEPXaHUs MeS-
Knx YacTtuy B cmecu [16; 3oTknH A.T. BeToH 1 xeneso-
6eToH. 1994. Ne 3].
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Ta6nuua 1
Table 1
XuMMYeckuin coctaB MUHepanbHbIX f06aBOK
Chemical composition of mineral additives
[o6aska CopepxaHue okeuaoB, %
Si0, | AlL,O; | Fey, | TiO, | CaO | MgO | K,O | Na,0O | SO; | MnO | MMM
Heo60X0KeHHbIA NOBOYHBIA MPOAYKT Yrneo60oroLeHus 50,1 20,3 5,44 0,94 0,3 1,5 4,01 1,01 0,8 0,05 15,3
3onowmnak TC 55,7 22,4 15 0,75 2,1 1,6 2,26 0,78 0,01 - 0,02
LLnak [OMEHHbI rpaHynMpoBaHHbIA MONOTbIN 34,9 13,4 0,51 2,25 34,2 12,3 0,45 0,56 0,35 0,54 2,7
[ 4000 = 400
a | s | _ b B 350 I c
: £ 3000 £ 300 |
] mﬂ"")b § § 250| s s 2
.Iw,,.‘-'*’ & 2000 g 200 | L J M '
ail: S 2 150 M I
o o 8 g _ o Rall W | ‘ |
D IR £ 1000 = ol = %0 u.wm““ M’*‘M MidioAd
29 25 21 17 13 9 ol 0l . ~Yron 20
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Puc. 2. Penmeenocpammol 00pasyos: a — 3010uinaxogoii cmecu TOC; b — HeoboxcHceHHbIX 0mMX0008 yereoboeaujenus; ¢ — WAaKka 00MeHH020

epanyauposanroeo moromoeo GGBSS 4500

Fig. 2. X-ray diffraction patterns of samples: a — ash-and-slag mixture of TPP; b — unburned waste of coal preparation; ¢ — slag of blast-furnace

granulated ground GGBSS 4500

Llenb pa6otbl
Llenbio nccnegoBaHUs CTaBUIOCh U3YYUTb BAUSHUE
NOGOYHbIX MPOAYKTOB NMPOMbILLIIEHHOCTM Ha UX MyLLona-
HOBYIO @KTUBHOCTb U (PU3NKO-MEXaHNYECKME CBOMCTBA
6eToHa.

XapakTtepuctuka matepuanos
“ METOLOB UCCefoBaHUMN

B kKayecTBe MuHepanbHbiX [06ABOK MPUMEHSANN:
HEOOOXKEHHbIN MOBGOYHbLIM MNPOJYKT yrreoboratle-
Husa [17-21], 3onownakosble oTxoabl TOC n wnak po-
MEHHbIA TpaHynMpoBaHHbIA MonoTeii GGBSS 4500
(TY 0799-001-99126491-2013). XumMuyeckuin coctas
MUHepasnbHbIX [O6ABOK NpeaAcTaBneH B Taén. 1.

AKTMBHOCTb MUWHepasbHbIX J06aBOK OLUeHuBanu B
COOTBETCTBUM C METOOUKOM, onucaHHou B pabote [13].
Mo NonyyYeHHbIM 3KCNEPUMEHTaNbHBLIM AaHHLIM paccyun-
TbiBaNU KOSPPUUMEHT rmgpaTaLmoHHON aKTUBHOCTM MO

dopmyne [16]:
] ;:0 = ln E\II a("{:(}' (1)

Vicxomsa M3 Buaa MuHepanbHom fobaBky (3o5oLnak,
Lufak) gns pacyeTta TeopeTUHECKOro KoadduumeHTa rm-
ApaTauMOHHOW aKTUBHOCTU NMPUMEHSIN COOTBETCTBYIO-

Lyto coopmyny (2) unm (3):

RO+ AlLO, .

= 2
“ Si0, +Fe,,,’ @

Si0, + ALLO,

“= RO+ R,0 )

Pe3ynbTraTbl 3KCNEPUMEHTOB U 06CcyXXaeHne
Pe3ynstatbl pac4eToB XMMUYECKOro cocTaBa MNpeg-
CTaBNeHbl B Tab6N. 2.
Mo makcumasnbHbIM 3Ha4EHNAM NPUPOCTa Macchl AUC-
NEePCHbIX MOBOYHBLIX NMPOAYKTOB MPOMbILLSIEHHOCTU pac-

CUUTBIBANN KOIPMDULMEHT rmapaTaumoHHON aKTUBHOCTH
N CpaBHMBANN €ro ¢ TEOPETUYECKNMN 3HAYEHUSMNA.

Bce hakTnyeckne 3aHa4eHna GUCNEPCHbIX MOBOYHbIX
NPOAYKTOB NPOMBILLAEHHOCTN Nokasanu 6onee HU3Kne
3Ha4YeHNss NO CpPaBHEHWUIO C TeopeTudecknmun. BeponaT-
HO, 9TO CBAI3AHO C TEM, YTO OKpy>XKaroLlue yCnoBus npu
NPOBEAEHMMN IKCMEPUMEHTA OTNINYHANNCE OT PEKOMEHY-
embix B [13].

PeHTreHohas3oBbI aHann3 Mo6O04YHbIX MPOOYKTOB
NMPOMBILLNIEHHOCTX MNoKasan cregyowme pesynsrathbl.
PeHTreHorpamma 3onownakoson cmecn T3OC, npep-
CTaBMeHHasiHa pUC. 2, a, XapaKTepunayeTcs NpUCyTCTBU-
€M 3HaYUTENbHOrO0 KONMMYecTBa MUKOB, COOTBETCTBYHO-
LLNX pa3nnNYHbIM COEONHEHNSM B 32KPUCTaNIM30BaHHOM
cocTtosHumM: KBapy (d=0,228; 0,334; 0,426 HM), remaTuUT
(d=0,16; 0,251; 0,268; 0,369 Hm), mynnuT (d=0,206;
0,207; 0,232 Hm), nonesow wnat (d=0,294; 0,303 HMm).

B cBo o4vepefdb peHTreHorpamma no6o4HOro Mpo-
JyKTa yrneoboratleHus (puc. 2, b) cooepXxut 60nbLIoe

Ta6nuua 2
Table 2
3HayeHus KoacpuumeHTa ruapaTauMoOHHON aKTUBHOCTHN
NO6OYHbIX NPOAYKTOB MPOMbILLIEHHOCTH
Values of the coefficient of hydration activity
of industrial by-products

3HaueHue KoadhduumeHTa
rMapaTauMoHHON akTUBHOCTU
Marepwan pacyeTHoe
hakTnyeckoe
dopmyna 2 | dopmyna 3
3onoLunakoeasi CMecb 0,369 1,58 1,12
[0604HbI NPOAYKT
yrneo6oralleHus 0,398 1,24 1.05
LLInak AOMeHHbIi
rpaHyn1poBaHHbIi 1,7 - 0,92
monoTbin GGBSS 4500
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Ta6nuua 3
Table 3
CocTaBbl 6€TOHOB Ha NOGOYHbIX OTXOAAX MPOMbILLIEHHOCTU
Compositions of concrete on industrial by-waste
Pacxof; MaTepuanos Ha Kr/m®
N 3anonHutenu " X o
o EMEHT MapKm MMUYeckas TXOAb!
Mecok LLieGens LEM | Hanontuent nobaska MPOMBILLMIEHHOCTM
M.=1,7 M.=2,1 ®p. 5-10 ®p. 10-20
K1 560 200 390 615 410 40 19,7 -
C2 3N
C3 Yrneo6. 560 200 390 615 348 40 19,7 61,5
c4aru
7 - onTMMalibHOe COOTHOLUEeHWEe MeXAy Pa3HbIM Neckom u

i:.
l&

Mpenen npoYHoCTM Npu cxaTumn Rey, MiMa
wW
(2]
\
[
B> e

Bpems TBEpaeHNs, 4

n
o

2,5 InT

| |
7 14
Puc. 3. Hzmenenue npedena npounocmu bemorna npu cocamuu: 1 — ¢
006a6K0ll 00MEHHO20 ePAHYAUPOBAHHO20 Wiaaka; 2 — ¢ 0006asKoil 30-
snouwnaxka TOC,; 3 —c dobaeskoil yereoboeauerus; 4 — KOHMpPOAbHbLIL Oe3
dobasku

Fig. 3. Change in the ultimate strength of concrete in compression:
1 — with the addition of granulated blast furnace slag, 2 — with the
addition of TPP ash and slag; 3 —with added coal preparation;
4 — control without additive

i
2

| IT, cyT
3 28

KONMUYeCTBO COEOMHEHWI, HaXOOsALMXCH B 3akpucTtan-
NM30BaHHOM COCTOsIHWUW: ruppocntoga (d=9,99 Hm), kao-
AMHUT (d=7,07 HM), okemabl aniomuHung (d=3,34; 3,19;
2,56; 2,45; 2,12; 1,81 HM). B cocTtaBe gOMeHHOro rpa-
HYIMPOBAHHOIMO LUlaka MOoNoToro (puc. 2, ¢) BbisiBe-
Hbl KpUCTaNIM4YECKNE COEQUHEHUS B BUOE MUHEpPanoB
BonnactoHuta (d=0,406 HMm), menunuta (d=0,285 Hm),
mMepBuHuTa (d=0,187 HM) 1 Opyrux coeamHeHuni. B 1o xe
BPEMS U3BECTHO, YTO coAepXXaHne KpUCTanIMYeCcKmnx co-
eQuHEeHU cTeknogasbl YCKOPSET NOMON Lfiaka, 0gHaKo
3amMeqisieT npouecchl CTPYKTYpoobpa3oBaHus, 0COOEH-
HO B paHHWE CPOKU TBEPOEHUS.

M3 TexHonormm 6eTOHOB M3BECTHO, YTO Ha npegden
MPOYHOCTM MPU CXaTun 6eTOHa 3HAYUTENBHOE BMUSHUE
OKa3blBaKT Ka4eCTBEHHblE NoKasaTenu 3anonHUTENen.
TaK, TOHKO3EPHWUCTLIN MNecok, obnagas MOBbILLEHHON
BOLOMOTPEOHOCTLIO, YBENMYMBAET PacXof LieMeHTa B
6eToHe. [pMMeHeHre KpyrnHoro necka B 6€TOHe NpuBo-
OVT K nepepacxofy LeMeHTa 13-3a BbICOKON MEX3EpPHO-
BOW MYCTOTHOCTW. [103TOMY Ans NPUroToBfEHUS 6eTOHA
NAOTHOW CTPYKTYpPbl NpeaBaputesisHO ycTaHasnvMsanu

LebHeM, KOTOpPOe ONpeaensanm No MakCcuManbHowm cpea-
HeW NI0THOCTW.

Ona nccnefoBaHna KMHETUMKM pocTa npefena npou-
HOCTWK 6eToHa npu cxartuu B Bo3pacte 3, 7, 14 n 28 cyt
HOPMasnbHOro TBEPAEHWUS TOTOBWUIM OGETOHHYIO CMeChb
mapkn BCTB35M15. HomuHanbHbIi cocTaB 6eToHa Mo
pacxofly KOMMOHEHTOB O6blf cnedylowmm, Kr/m3: ue-
meHT LIEM | (42,5) npomssogctea OAO «Hosopoc-
uemeHT» — 410; necok NpuUpoaHbIi «Mavickas 3apsi»
(M,=2,1) — 200; necok Np1pofHbIN JlaTHEHCKOro MecTo-
poxaeHua (M,=1,7) — 560; webeHb dpakumn 5-10 Mm
npounssoacTea AO «[Maenoeck Hepyn» — 390; Lie6eHb
dpakumm 10-20 mm npomnssoactea AO «[llasnoeck He-
pyg» — 615; HanonHuTens MMM nopoLlok Nnpon3eoacTea
3A0 «HIM UMWO» — 40 kr; Boga — 150 n. B 6eTOHHytO
cmecb BBOAMNM cynepnnactudukarop MMx Ynetpa B
konmnyecTBe 4,8 Kr OT Macchbl uemeHTa. [NoaBMXHOCTb
6ETOHHOM CMecK OMNpemensanu no cTaHgapTHOM MEeTOLM-
ke, npuBeneHHor B NOCTe. MNocne onpefenexHus ocag-
KN KOHyca ¢hopmoBanu ctaHgapTHble 06pa3subl-Kybbl C
pebépom 10 cM, KOTOpble BblAep>XuBanv B Kamepe Hop-
ManbHOro TBepaeHust B TeveHue 3, 7, 14 n 28 cyt. Pas-
paboTaHHble cocTaBbl 6eToHa nNpeacTaeneHsl B Tabsn. 3.

MpupocT npo4YHOCTN 06pa3uLoB C AO6GABKOW 30510-
wnaka TOC B Bo3pacTe 3 CYT HMXE KOHTPOSIbHOIO CO-
cTaBa Ha 7%, K 28-CyT BO3pacTy 3TOT MPUPOCT CHU3UIICA
n coctasun 5% (puc. 3).

[nsa aHanornyHbix cocTaBoB C Jo6aBKOW oTxoda M3
yrneo60oraLleHns CHUKEHNE NPOYHOCTU TaKXe HeE3HaUK-
TenbHO U cocTassnseT B Bo3pacte 3 n 28 cyT no 15%.
BeposTHO, 9TO CcBA3aHO C 605ee BbICOKOW NyLLONaHo-
BOM aKTUBHOCTbIO W AMCMEPCHOCTLIO 4acTuL 30S10LLU-
naka TOC B cpaBHeHUM C oTxodamu yrneoboralleHuns.
HanmeHbLIMA NpUpOCT NPOYHOCTU MoKasas SOMEHHbIN
rpPaHyNIMPOBaHHbIN LUNAK B CPaBHEHUM C KOHTPOSIbHbIM
COCTaBOM.

Ha ocHoBaHWMM pe3ynbTaToB MPOBEAEHHbIX MUCChe-
OOBaHUI NpU OLEHKe Ka4yecTBa TEXHOMEHHOroO Cbipbs U3
NO60YHbLIX NPOAYKTOB MPOMbILLIEHHOCTU B TSXenoMm 6e-
TOHe crnefyeTt coenaTh BbIBOA: U3 aHanM3a XMMMYeCcKoro
coCTaBa HavbOMbLUYIO TEOpPEeTUYeCcKy ruapaTaLlmoH-
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HYI0 aKTMBHOCTb MMEET LUNaK AOMEHHbIN FpaHynmpo-
BaHHbIN MonoTbii GGBSS 4500, 3atem 3oso0Lunakosas
CMeCb M MOBOYHBIN NPOAYKT yrneoboraileHus. B 1o xe
BpeMSs 13-3a 60MbLLIONO KOMYECTBa BELLEeCTB B 3aKpu-
CTanIM30BaHHOM COCTOSIHUM dhakTMyeckas nyLLonaHo-
Bas aKTMBHOCTb JOMEHHOrO rpaHynmMpoBaHHOro LUnaka
oKasarnacb HaMHOroO HMXe TEOPEeTUYECKOro 3HaYeHus 1
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3 aHBaps 2021 r. Ha AeBsHO-
CTO BOCbMOM rOAY XWU3HU yLLUen
13 XU13HM BbIOAIOLLMICA YYEHBIN,
[OKTOP TEXHWYECKUX HayK, npo-
tbeccop Anatonun ®epoposud
MunosaHoB.

Bcio cBot0 Xu3Hb AHaTonwii
®enopoBNY  NOCBATUN  CTPOU-
TeNbHOW HayKe 1 ABNANCS KPYNHEALIMM CMeLmnanucToM B 0651acTu
HaIeXHOCTW M [ONrOBEYHOCTU XKENe300ETOHHBIX KOHCTPYKLMA,
paboTatoLmMx B YCrOBUAX TeMnepaTypHbIX BO3AENCTBMIA, MO pac-
4eTy ¥ NPOEKTUPOBAHMIO MPOMBILLIEHHBIX U FPXAAHCKWX 30aHWIA
1 COOPYXeHUI, paboTatoLLMX B YCIOBUAX XapPKOro Knumara, npu
BO3/ENCTBUM TEXHONMOrMYECKON TEeMNepaTypsl U NOXapHON cpedbl.
lMog ero pyKoBOACTBOM pa3paboTaHa KOHLENUMs OLEHKU OrHe-
CTOWMKOCTM XeNe306eTOHHbIX KOHCTPYKLMIA 1 U3LhaH psg HopMaTvBe-
HbIX [JOKYMEHTOB MO OrHECTOMKOCTM U XapOCTONKUM BETOHAM.

A.®. MunosaHoB poaunca 14 centabps 1923 r. B Mockse,
B cemMbe paboyero. B 1941 r. okoHumn wkony 1 noctynun B Moc-
KOBCKMWI @BTOLOPOXHbIA MHCTUTYT UM. MonoToBa. TpygoByto fes-
TEeNbHOCTb Ha4an B MHCTUTYTe «Colo3aopnpoekT» B 1946 r., nocne
MONYYeHUs UnnoMa UHXeHepa-CTpoUTeNs MOCTOB.

Hay4Has pestenbHocTb A.®. MunosaHoBa Havanack B 1950 T.
nocne NOCTYNNEHUs B OYHYI0 acnupaHTypy LleHTpanbHoro uH-
CTUTYTa NPOMBbILLNEHHbIX coopyxeHuit (LIHWWMC), kotopyto oH
OKOHYMN B 1953 I". 1 BbIN 3a4MCIIEH B 3TOT MHCTUTYT HA JOMKHOCTb
MafLLero Hay4HOro COTPYaAHMKa.

B nepviog 1954-1955 rr. A.®. MunoBaHoB 6bl71 KOMAHAMPO-
BaH Ha CTpounKy B Bonraputo, rae sABNANCA HavanbHUKOM CTPOU-
TenbHOW nadopatopun CneLmnanbHOro CTPOUTESIBHO-MOHTaXHOMO
ynpasnenns. C auBaps 1957 r. Hayan TPYAOBYIO AEATENBbHOCTb
B Hay4Ho-uccnepoBartenibCkoM MHCTUTYTE 6eToHa W Xene3obe-
ToHa (HUWXXB, co3gaH Ha 6a3e LIHWWMC) nog pykoBogcTBOM
KpYNHEWLero COBETCKOro y4eHOro, AOKTOpa TEXHUYECKUX Hayk
B./. MypaluoBa — co3gaTens Teopun XeCTKOCTU XeNle306eToHa,
a Takxe METOAOB pacyeTa OrHeCTOMKOCTU XKEeNe3066TOHHbIX KOH-
CTPYKLWMiA, paboTatoLLIMX B YCHOBUAX BO3LEVCTBUS BbICOKON TEM-
neparypsl.

B nepwvog 1959-1970 rr. A.®. MunosaHos Bo3rnassnsn na6o-
paTopuio XapOCTOMKMX Xene306eTOHHbIX KOHCTpyKunii HAVKE
1 NNOAOTBOPHO paboTan Ha Hay4HOM NomnpuLle ¢ TakUMu BULHbI-
MK yyeHbiMK, Kak K.[. Hekpacos, H.IN. XXpaHoea, B.B. Xykos,
B.H. CamoineHko.

B 1970 r. AHatonuii ®efopoBuy 3aLMTUN JOKTOPCKYHO AuC-
cepraumio no Teme: «/ccnepoaqune padoTbl XENe3066TOHHBIX KOH-
CTPYKLWA NpW BO3LENCTBUM NOBLILLEHHOW U BLICOKOW TEMMEPATypbI».

lMog ero pyKoBOACTBOM LUMPOKOMACLUTABHO MPOBOANUIUCE TEO-
peTuyeckne 1 3KCrepuMeHTasnbHble UCCNefoBaHUs PasnnyHbIX

flamatn npocheccopa
AHATOJIHS SEAOPOBUYA MUIOBAHOBA

BUOOB CTPOWUTESbHBIX KOHCTPYKLMIA M3 0ObIYHOIO ¥ XapoCTOMKOro
XenesobeToHa, npefHasHa4YeHHbIX Ans padoTbl B YCMOBUAX TEM-
nepaTtypHbIX BO3AENCTBUNA. Pa3paboTaHHble UM B COOPYXECTBE C
konneramu 13 BHAWIMO TeopeTuyeckne Metodpl pacyeta orHe-
CTOMKOCTM BOLUMM B MPaKTUKY NPOEKTUPOBAHNSA XeNe306ETOHHbIX
KOHCTPYKLWA 30aHUIA U COOPYXEHWUi 1 ABNAKOTCA OCHOBOW ANs CO-
BPEMEHHBIX CTPOUTENbHBIX HOPM.

bonbLoit Hay4HbIn Bknag A.®. MunosaHoB BHeC B passuTue
HayKu 0 XapoCTOMKNX 6eTOHaxX. B CBOMX Hay4HbIX TpyAaX, BbICTYN-
NIEHNSX B MEYaTV W HA Hay4HbIX KOH(hepeHLmsX kak B Poccum, Tak
1 33 pybexXoM OH aKTWBHO MponaraHAMpoBan NPUMEHeHWe Xa-
POCTOMKOro GEeTOHa U Xene3ob6eToHa B KOHCTPYKLMSX TEmnoBbIX
arperaToB BMeCTO JOPOroCTOALLMX (PaCOHHbIX OrHeyrnopos. B ero
MOHorpagusx «XKapoCTONKUA 6ETOH» U «PacyeT XapoCTOMKMX Xe-
Ne306€TOHHbBIX KOHCTPYKLMIA» Gblnn NpeAcTaBneHbl MeToMb! pacye-
Ta XeNe306€TOHHbIX KOHCTPYKLMI HA COBMECTHOE BO3LEVICTBME Bbl-
COKOVi TEMNEepaTypbl 1 Harpy3Ky, a TakXKe OCHOBHbIE NOMOXEHUS MO
KOHCTPYMPOBAHMIO XapOCTOMKWX KEne300ETOHHbIX KOHCTPYKLMA.

Vpes npumeHeHWs XapoCTOMKOrO GeTOHa M xene3obetoHa
BOMNJIOTUNACh B PAAE 3HAYNTENbHBIX KOHCTPYKTUBHBIX U MHXEHEp-
HbIX PELLeHUI, B TOM Y1CNE 3aM0XEHHbIX B OCHOBY MaccoBOro 3a-
BOLACKOr0 NPOM3BOACTBA COOPHbIX XXAPOCTOMKMX XENE306ETOHHbIX
KOHCTPYKLWA M B TUMOBOM MPOEKTUPOBaHUW, Kak B Poccuu, Tak
1 3a py6exoM. pakTU4ecKn HET H1 O[HOrO METannypru4eckoro
3aBoga B Poccun, YkpaunHe, Cnubumpm, Kasaxctase u Ha Antae, rae
bl HE MCMOMb30BaNNCh HOPMbI, MIHCTPYKLIMK, PEKOMEHAALMN, pas3-
paboTaHHble nog pykosogcteom A.®. MunosaHoBa. PyHOaAMEHTbI
LOMEHHBIX neyert 3aBofoB Apuamexp (MpaH), Kapauu (Makuctan),
VckengepyH (Typums), Bxunan (MHaus), nm. Xoce Maptu (Ky6a),
Yengrvn (KHOP), chyHaameHTbl KOKCOBbLIX 6aTapeit Ha 3aBopax
XKenesapa 3enuua (HOrocnaswus), KpemukoBupl (bonrapus), dy-
Hai Bakwmio (BeHrpus), Onb-Xapxap (Amkup), Amkaokyta (Hu-
repus), (byHOAMEHTbl 3MIEeKTpPONeYen, BO3OyXOHarpesaTenen, u
3TOT CMUCOK MOXHO MHOFOKPATHO MPOJOMKUT.

AHaTtonuin ®efopoBuny 6bin aKTUBHBIM YHACTHUKOM U YNIEHOM
MEXOYHaPOLHbIX Hay4HbIX OpraHu3aLii: KOMUCCUM NO OrHECTO-
kocTv CUB B AHrnmm (1960), kKomuccuin Mo OrHECTOMKOCTY Mpes-
BaPUTESTbHO-HAMNPSKEHHbIX XeNe300€TOHHbIX KOHCTPYKLMA OUT
B OPI (1965), AHrnuun (1967, 1973) v Fonnangum (1975), Kow-
rpeccos OUIM 1 komuccum No orHecTonkocTn Bo Opaxumu (1966),
Yexocnosakum (1970) n CLLUA (1974).

MHorue rogel A.®. MunosaHoB npopaboTan B COCTaBe 3KC-
NEepPTHOro COBETA N0 CTPOUTENLCTBY U apxuTekType BAK, aensancs
npegcegareneM Kommccu Hay4Ho-KkoopamHaLoHHOro coBeTa no
6eToHy 1 xene3o6eToHy locctpos CCCP no MOHOMUTHBIM COOpY-
XXEHUAM BaLLEHHOro TUNa, a TakXe KOMUCCUM MO pacyeTy, Npoek-
TUPOBAHMIO W UCTbITAHWNIO XENE306EeTOHHbIX KOHCTPYKLMIA, Nped-
HasHa4eHHbIX 4119 paboThbl B YCNOBUAX CYXOrO XapKoro Knumara.
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Bygoyum yxe B npeknoHHom Bo3pacTe, npogeccop A.®. Muno-
BAHOB JIMYHO y4acTBOBaN B 0OCNEAOBAHMAX MOCIE MNOXapoB Ta-
KMX YHUKambHbIX 06bEKTOB, kak OcTaHkuHekas Tenebatuns n [Jom
[NpasuTenscTsa B r. Mockee.

Mpotheccopom A.®. MwnoaHOBbIM pa3paboTaHbl CeMb
FOCToB no TemaTuKe XapoCTOMK1X GETOHOB, a Takxe psag HOp-
MaTVBHbIX JOKYMEHTOB: yKa3aHus Mo pacyeTy Xeneso6eToHHbIX
ObIMOBbIX TPYO; MHCTPYKLUMM MO MPOEKTUPOBAHMIO (PYHLAMEHTOB
[OMEHHbIX Neyew; pekoMeHAaumn no pacyeTy Xene3o6eTOHHbIX
CBalHbIX (hyHOAMEHTOB, BO3BOAMMBIX HA BEYHOMEP3MbIX MPYHTaX
C YHYETOM TeMnepaTypHbIX 1 BNXHOCTHbIX BO3AENCTBUN 1 Ip.

A.®. MnnosaHoB ABNANCS aBTOPOM M306pETEHWA B 06acTy
OrHECTOWMKOCTM Xene300eTOHHbIX KOHCTPYKUMA. M 6binn paspa-
60TaHbl OpUrMHaNbHbBIE KOHCTPYKTUBHbIE CMOCOBbI CHKEHWUS BN~
SHWA BbICOKOW TEMMepaTypbl Ha Xene306eTOHHble KOHCTPYKLWK,
MOBBILLIEHUS CTEMEHN UX HaAEXHOCTU U JONTOBEYHOCTH, KOTOPbIE
6bINW 3aLLMLLEHbI AEBATHIO aBTOPCKUMY CBUAETENLCTBAMM.

Mog asTopcteom A.®. MunosaHosa u3gaHo okoso 250 pabor,
3 HWX LLECTb MOHOTPachuiA, KOTOPbIE M3BECTHbI HE TOMbKO B HaLLIen
CTpaHe, HO W 3a Py6exom, B TOM uucrne MoHorpadus «OrHecToi-
KOCTb Xene300eTOHHbIX KOHCTPYKUWiA». [1og ero pegakuyen 6biim
130aHbl TpY CO0PHMKA paboT labopaTopum 1 COOPHUK Hay4HbIX TPY-

[0B KOMUCCWM M0 XapKoMy KnumaTy, a MoHorpagms «BbicokoTem-
nepaTypHbIi HarpeB Xene306eTOHHbIX NMEPEKPBITUIA MPK aBapum Ha
YepHobbinbekoit AC» 6bina BoCTpe6oBaHa AMOHCKMMM KOieramm
¥ NepeBefeHa Ha AMOHCKUIA f3bIK nocne aBapun Ha Oykycuve.

Mog pykoBoacTBoM AHatonus ®epoposuya 42 Monofpix cne-
umManucTa npoLLnv o6y4eHne B aCnMpaHType, YCNeLwHo 3aLynTm
JmccepTaumu, Nofyyuny Y4eHy CTeneHb KaHOMAATOB 1 BOKTOPOB
TeXHUYeckux Hayk. Ero ctax pa6otsl B HUIMXKB coctasun 70 ner.

3a ycneLuHyto 1 nnoaoTBOpHYK0 paboTy A.O. MunosaHoB 6bin
HarpaxpeH Mepanbto «3a TPYAoBOe OTNMYME», 0BUNENHON Meaa-
nblo «3a [O6NeCTHbIA Tpya», opaeHoM [pyx6bl HapogoB, Meaa-
nbto «850 net MockBbl», ABax/pl — npemuent Coseta MnHMCTpOB
CCCP v siBnsAncs noyeTHbIM cTpouTenem Poccuu.

B nocnegHue rogbl xu3Hn AHatonuin ®enopoBuy, Haxoasach
Ha 3aCry>XeHHOM OThbIXe, FBAANCA KOHCYNLTAHTOM B 06nactut
XKapOoCTOWKUX BGETOHOB W OrHECTOMKOCTU XeNe306€TOHHbIX KOH-
cTpykumin HUVDKB nm. A.A. I'Bo3geBa, nepefasan cBon npodec-
CMOHaITbHBIA OMbIT NPEACTABUTENAM MOJOLOTO NMOKONEHUS UHXeE-
HEepoB-CTpOUTENEN.

B yenoeyeckom nnare ana konnektmea HAVDKE AnaTtonui
®enoposny 6bi1 06pa3LOM XN3HENOOMUS, CTOWKOCTM, NPUHLMMK-
anbHOCTM, OUCUMMIMHBI, LIENeyCTPEMIIEHHOCTU K UCCNEAOBAHUAM
1 No3HaHusM Hooro. OH ABRANCA 60MbLUMM aBTOPUTETOM A1iA
KOnner 1 CneuuanncToB, ¢ pafocTbio Aennncs CBOUMU 3HAHUAMMU
C Nto6bIM 4enoBEKOM, KOTOPbIN K HeMy obpalianca 3a npodec-
CWOHANBHOW NOMOLLbH. TTOMUMO MOBBM 1 NPeJaHHOCTM Hayke W
npodeccui, OH GbIN YENOBEKOM LLMPOKOr0 Kpyro3opa, noburenem
Knaccuyeckon Mysblku, 6aneTa u Teatpa, UHTEpEecHeiMM cobe-
CeAHVKOM M MPOCTO XM3HEPALOCTHbLIM YENOBEKOM.

MusHeHHbIn NyTb AnaTonus efopoBuMYa MOXHO Ha3BaTb
MOWCTVHE NereHaapHbIM W JOCTOMHBIM NPUMEPOM [Nl MOMOAOrO
rnokoneHns. Ero KoH4MHa SBNSETC HEBOCMOMHUMO yTpaToi ans
konnektnea HAVXKB nm. A.A. TBo3peBa.

[py3ba 1 Konnern ckopbaT 0 kKoHuuHe AHaTtonus ®egoposuya
MunoBaHoBa v HaBcerga CoXpaHaT O HeM CBETYH0 NaMATb.

March-April'2021



HayyHo-TeXHHYECKUA MypHAN

DETON W NENESOBETON

V1K 693.542.4

N.A. TUTOBA', kaHg. TexH. Hayk, M.lO. TUTOB?, kaHg. TexH. Hayk,
M.N. BEUNNHAT, MHXeHep-TexHosor, CT. Hay4. coTp.,
B.A. LUABAJTVHT, Begywmin nHxeHep (niizhb-7 @yandex.ru);
E.B. MUTIOKOBA?Z, nHxeHep-meTannypr, BeayLLmii akcnepT (mieva @ severstal.com)

T AO «HWL| «CtponTenscTtso» (109428, r. Mockea, 2-1 IHCTUTyTCKaA yi., 6)
2TAO «CesepcTasb» (162608, r. Yepenoseu, yn. Mupa, 30)

JieKTHBHOCTL NPUMEHGHNA [PAHYNMPOBAHHBIN JOMEHHbIX WAAKOB
NpH NPOM3BOACTBE GETOHHbIX CMEceH H 6eToHoB

AKTyarnbHOU 3agaqes pa3BuTUs SKOHOMUKN Ha COBPEMEHHOM 3Tare SIB/ISIeTCS co3AaHne rpOoMbILLIIeHHOCTH Mo re-
pepaboTke 1 yTunu3aLuum OTX0A0B MPOMbILLIIEHHbIX Npou3BoAcTB. CTpouTelbHasi 0Tpacsb B 3HA4YUTESbHbIX KOJN-
4YecTBax yTUIN3NPYET KPYNHOTOHHAXHbIE OTXOAbI MEeTaslslypruyeCKmX npou3BOACTB, K KOTOPbIM OTHOCATCS [OMEH-
Hble wiakn. Ocoboe BHUMAaHWE Mpu 3TOM YAEAEeTCS YMEHbLLIEHWIO NOTPEb/IeHN KITMHKEPHOIo LieMeHTa B OETOHe,
CHVDKEHUIO cebeCTOMMOCTU 6ETOHa. B cTatbe npefcTaBieHbl XapakTepUCTUKN MOSIOTbIX MPaHynNpOBaHHbIX LLIIAKOB
MAO «CeBepcTasnb» 1 6€TOHOB ¢ 3aMeHoV [0 50% LieMeHTa Ha MOMOTbIV LUaK. OKOHOMuYeckas dQheKTMBHOCTb
MCrob30BaHus rpaHyiMpoBaHHOro JOMEHHOIr0O LLIaka 3aK/io4aeTcsl B pacLUMpeHnm CbipbeBov 6a3bl 47151 MOy YeHus
SPHEKTUBHBIX CTPOUTESTbHBIX MAaTepUasioB; COKpaLYeHun pacxofa KimHkepa (4o 50%); cokpalleHun CTouMoCTy BSI-
XyLUero; obecrnedyeHnn BbICOKUX SKCITyaTaLUnOHHbIX XapakTepucTuK 6€TOHa rpy MpUMeHEeHNM MOSIOTOro JOMEHHOro
rpaHynMpoBaHHOIro Luiaka. Jkonornyeckas 3ghheKTMBHOCTb 3aK/IHOHaETCA B PELLUEHUN 3KOJIOMMYECKoW 3aaa4m 3a
CYeT yTUNM3aLmum 0TX0L0B METAaJINTyPru4eCKOU MPOMbILLIIEHHOCTY.

KnroueBble cnoBa: [JOMEHHbIV rpaHy/IMpoOBaHHbIN LUK, TOHKOCTb TOMO1a, rmAapaB/nyeckasl akTMBHOCTb, 6ETOH-
Hasi CMEeCb, MPOYHOCTb, BOJOHENPOHNLAEMOCTb, [JO/TTOBEYHOCTb.

Ona uutuposaHua: Tutosa J1.A., Tutos M.IO., BennuHa M.U., LLa6anuH B.A., MuTiokoBa E.B. OddekTnBHoOCTb
NPYMEHEHNS rPaHyNMPOBaHHbIX AOMEHHbIX LUIaKOB NpU NPOU3BOACTBE GETOHHbLIX CMecen U 6eTOHOB // BETOH U
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Eficiency of Application of Granulated Blast Furnace Slags in the Production of Goncrete Mixes and Concretes

An actual task of economic development at the present stage is the creation of an industry for the processing and disposal of industrial waste. . The construction
industry disposes of large-capacity waste from metallurgical industries, which includes blast furnace slag, in significant quantities. Particular attention is paid
to reducing the consumption of clinker cement in concrete, reducing the cost of concrete. The article presents the characteristics of ground granulated slags of
PJSC “Severstal” and concretes with the replacement of up to 50% of cement with ground slag. The economic efficiency of the use of granulated blast furnace
slag consists in expanding the raw material base for obtaining effective building materials; reducing the consumption of clinker (up to 50%); reducing the cost
of binder; ensuring high performance characteristics of concrete when using ground blast furnace granulated slag. Ecological efficiency consists in solving the
environmental problem due to recycling waste from the metallurgical industry.

Keywords: blast furnace granulated slag, fineness of grinding, hydraulic activity, concrete mix, strength, water tightness, durability.

For citation: Titova L.A., Titov M.Yu., Beylina M.I, Shabalin V.A., Mityukova E.V. Efficiency of application of granulated blast furnace slags in the production of
concrete mixes and concretes. Beton i Zhelezobeton [Concrete and Reinforced Concrete]. 2021. No. 2 (604), pp. 16-20. (In Russian).

MpaButensctBOM Poccuiickon depepaunn yTBepX-
pdeHa Ctparterns pasBuTus NPOMbILLIEHHOCTU Mo obpa-
60TKe, YyTUIM3aumMm 1 06e3BPEXMBAHNIO OTXOOO0B MpPO-
M3BOACTBA W NoTpebneHus Ha nepwog o 2030 roga
(30 aHBapsa 2018 r. onybnmkoBaHO pacnopsxeHue lNpa-
ButenoctBa Poccuiickoni ®epepaumm Ne 84-p). OgHum
N3 OCHOBHbIX BUOB OTXOOO0B SIBMSAOTCA OFPOMHbIE 3ana-
Cbl LU1AKOB METanypruyeckmx nNpomsBoACTB, KOTOPbIe

MOryT MCMONb30BaThbCA NPU MPOU3BOACTBE CTPOUTESb-
HbIX MaTepwuanos [1, 2].

OCHOBHOWM WHTEpeC NpPeAcTaBnsiloT CO6OM OOMEH-
Hble wnakn. OHW OTNMYAKOTCA OTHOCUTENBHO MOCTOSH-
HbIM XMMUYECKMM COCTaBOM W 3KONOrm4eckn 6esonac-
Hbl. B Poccun 3HauuTenbHas [0Ns OOMEHHbIX LU1akoB
(~20%) HanpaBnseTcs B OTBasbl, B TO BPeMS Kak B 3a-
PYOGEXHOW NpaKTUKe LUMPOKO pacrpocTpaHeHbl UMMopPT-
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Hble MOCTaBKM rPaHyNMpPOBaHHbIX LLUAKoB, B TOM 4Yucne
MOSIOTbIX.

MoBblweHne 3PEKTUBHOCTU OETOHHLIX U Xene-
300€TOHHbIX KOHCTPYKUWN MOXeT OblTb LOCTUTHYTO
nyTeM ONTUMMU3aLMK CTPYKTYypooOpa3oBaHNsA 6eTOHOB
3a cyeT NPUMEHEHNs MUHepasnbHbIX J06aBOK, B 4acT-
HOCTW LWnakoB. Mpu MCnonb30BaHUM AOMEHHbIX FPaHy-
NMPOBAHHbIX LUIAKOB CHMXAKTCA Kak TOM/MBHO-3HEp-
reTmyeckme 3aTtpaTbl NpW MPOM3BOACTBE GETOHOB WU
LEMEHTOB, TaK 1 3aTpaTbl Ha cogepxaHne ob6opyaoBa-
HMsA. Ha coBpeMeHHOM aTane pasBuTUA CTPOUTENbHbIX
MaTepuanos 60NblLUOe BHUMaHuUE yaenseTcs YMeHb-
LLEHWIO NOTPeBNEHUA KIIMHKEPHOIO LleMeHTa B 6eTOHe,
CHVKEHWNIO ce6eCcTOMMOCTM BEeTOHa 3a CYeT yTunusa-
UMM OTXOAOB, B YAaCTHOCTW LUNAKOB, U OOAHOBPEMEHHO
peLLalTCs 9KONMOrMyeckne 3afaqm OXpaHbl OKpYyXato-
wewn cpegbl [3—11].

LOMeHHbIV rpaHynMpOBaHHbIN LUNaK — CTeknoobpas-
HbI MaTepurarn, nosly4aembli NyTeMm ObICTPOro oxnaxae-
HMS LLUNaKoBOro pacrnnasa onpeaesieHHOro cocrasa, Ko-
TOpPbIV Nnosly4aeTcs kak NO6OYHbIN NPOAYKT Npwu nnaBke
XXenesHow pyabl B AJOMEHHbIX nevax. beicTpoe oxnaxge-
HWe BKITIOYaeT B cebs rpaHynsaumio u KomkosaHue [3, 4].
[omeHHble LLnaku NpeacTaBnstoT cobor cnnaBbl CUMK-
KaToB, antOMWHATOB, CYNnb(aTtoB, HEKOTOPbLIX COMen u
OKCUIOB, B OCHOBHOM KasbLMs, MarHus, xenesa n map-
raHua. CymmapHoe cogepxatue Ca0, SiO,, Al,O4, MgO
v Fe,Og, nHorpa TiO, pocturaet 90-95%.

Mo XxMMMYecKoMy cocTaBy AOMEHHbIE LLUNaKn oTnnya-
I0TCA OT MOPTNAHALEMEHTHOMO KfIMHKEpa COOTHOLLEHW-
€M HEeKOTOpbIX KOMMOHEHTOB. LLnaku cogepxart noBbl-
LLIEHHOE KONMMYEeCTBO KpeMHe3eMa, MHOrAa raMHo3emMa 1
MeHbLLEe okemnaa Kanbums [10].

MoBbILEeHNE peakuMoHHOM CNOCOBHOCTM N adhdek-
TMBHOCTW LLUNAKOB AOCTUrAeTCsA NPy TOHKOM M3MesbYe-
HUK. 3a pybexom — B 3anagHon Eepone, AnoHun n Ko-
pee — UCMOMb3YIOTCA LUMaKK C YAENbHOW NOBEPXHOCTLIO
He MeHee 500 M2/kr. Mpu 3TOM aKTMBHOCTb LLSIAKOB
Bo3pacTtaeT Ha 20-30% [6]. [MapaBnmMyeckue BaxXyLLme
CBOWCTBa AOMEHHOrO rpaHyfMpOBaHHOrO LWfaka Mnpo-
SIBNAIOTCA NPW OECTBMM HA TOHKOU3MESIbYEHHbIN LLUNaK
LLIEeNOYHbIX 1 CynbhaTHbIX akTMBATOPOB TBepAeHus. MNpn
COBMECTHOM MOMOJe LIeMEHTa CO LLUIaKoM MOryT Npoms-
BOAMTBLCS pasfivyHble BUAblI Matepuarnos [5].

B HacTosilwen paboTe Obls1 MCMOMb30BaH MOJOTbIN
OOMEHHbIN rpaHynupoBaHHbii wnak (MIOLW) MAO «Ce-
BepcTanb» (Tabn. 1).

Okevp  Kanbuusa  npepcTaBneH B BUAE  [OBYX-
Kanbuvesoro cununkara (2Ca0-SiO,) u renexuTa
(2Ca0-Al,04-8i0,). Okcup MarHus, copepXatumiics
B LUMAKe, MOXET B OMNpefeneHHOM CTEeneHn 3ameHsTb
CaO u 6naronpuaTHO BNMATb HA FMAPaBIIMYECKYIO aK-
TUBHOCTb Lnakoe. KpemHesem (SiO,) cocTaenset 3Ha-
YUTENbHYIO YacTb XMMUYECKOro cocTaBa Lunaka (38%).
Mpu oxnaxneHnn Wnaku NoYTU He KPUCTann3ytTes 1
3acCTbIBaIOT B BUE CTeKNa.

Okeuvp mapraHua (MnO) oTpuuaTenbHO BAMSET Ha
rMapaB/IMHECKY0 aKTUBHOCTb LLUSIAKOB, OOHAKO ero co-
AepxxaHue B Lunake coctaensaet He 6onee 0,33%, 4To OT-
BeyaeT TpeboBaHuam FOCT 3476—-2019 «LLinaku gomeH-
Hble W 3NeKTpoTepModOCcOpHbIE rpaHyNMPOBaHHbIE
AN NpoM3BOACTBa LemeHToB». Okeup xenesa (Fe,05)
NPaKTUY4ECKN He BMUSET Ha TMOPaBIMYECKY aKTUB-
HOCTb wnaka. CepHucTtele coeauHeHna SOj, Haxons-
LLMecs B COCTaBe LUnaka B BuAe CynbgaToB, OrpaHu-
YEHHO BMMSAIOT Ha aKTMBHOCTb LWMaka. [nokeug TutaHa
(TiO,) 1 coeanHeHnst hocdopa He BNMAIOT Ha CBOMCTBA
pomMeHHoro wnaka MNAO «Ceepctanb» M3-3a Manoro
copepXXaHus.

DUBMKO-XMMUYECKUIA aHann3 rpaHynMpoBaHHOro O0-
mMeHHoro wnaka MNAO «CeBepcTtanb» BbinonHeH Bceco-
I03HbIM Hay4YHO-UCCe[oBaTEeNIbCKUM MHCTUTYTOM MUHE-
paneHoro cbipba uMm. V.M. ®epoposckoro. Pesynstatsl
aHanunsa MMHepanorn4eckoro coctaBsa nNpobbl nokasanu,
YTO LUMAK XapakTepua3yeTcs coAep>XXaHuem CTeknogasbl
(100%), Npn 3TOM OCHOBHbLIM MWHEpPASIOM LUMaKa ABNS-
eTca reneHut coctaea Ca,Al[AISIO,], Hann4ne koToporo
noaTBepXaaeT CnocobHOCTb LWnaka K rugpataumu. Jdo-
MEHHbIE TPaHyNMPOBaHHbIE LUIaKU SABASKOTCA CKPbITO-
rmapaBMyecKMMM BelllecTBamMu, o6/1afatoLLuMmn BbiCO-
KOW MoTeHUMasribHOM CnoCOBHOCTbIO K TBEPAEHMID. DTO
CBOWCTBO CBSA3aHO C 0C0601 amopHOM (CTEKNOBUAHOWN)
CTPYKTYPOW rpaHLLnakoB. AKTMBHOCTb LUSIAaKoB BO3pac-
TaeT nNpu [o6aBKe aKTMBATOPOB.

LLinak B cocTaBe nopTnaHALemMeHTa BbINOMHAET POrb
aKTWMBHOM MUHepansHoOW [06aBKK, Tak Kak pearnpyer c
rMOPOKCMOOM KanbLusi, 06pasyst 4OMOSHUTENbHOE KOMU-
4YeCTBO MMAPOCUNNKATOB Kanbums. [Mpu 3TOM ynpoYHseT-
CsA CTPyKTypa 6eToHa, KonbMaTauusi nop obecrneyvsaeT
NOBbILLEHNE BOLOHEMPOHMLAEMOCTN U OONrOBEYHOCTU
6eToHa.

Mpu nccnepoBaHMM TBEPAEHMS LUNAKOB A MOBbI-
LLEHNs1 aKTUBHOCTM WUCMONb3YIOT pasHble CTEMEHU ak-
TvBauun. CamMbiM pacnpoCcTpaHeHHbIM COCOBOM MOBbI-

Ta6nuua 1
Table 1
XuMmnyeckuii coctaB MOJIOTOrO rpaHyIMPOBaHHOIO AOMEHHOrO wWnaka, %
The chemical composition of ground granulated blast-furnace slag, %
CaO SiOo, Al,O4 MgO Fe,O,4 Na,O K,0 TiO, MnO CI
35,31+0,32 38+0,53 | 11,35+0,45 | 11,4+0,38 0,4£0,1 0,22+0,08 | 0,4+0,05 1,12+0,5 | 0,36+0,03 | 0,02+0,01
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LLEHNA aKTUBaLMK LUMAKOB ABMAETCH MexaHoaKTuBaums,
3aknoyatoLlascs B 6o5ee TOHKOM NOMOJIe aKTUBHBIX MU-
HeparsbHbIX [O6ABOK.

B paHHOM paboTe oueHMBanoChb MOBbILIEHME aKTUB-
HocTM pomeHHbIX Lwwnakoe [MAO «Cesepctanb». [lo-
MOS LUMAKOB MPOBOAMNCA B OBYXKaMepHOM LLapOBOW
mMenbHuue tvna 1456AY3. VMamepeHne OMCnepcHOCTU
wnakoB cornacHo NOCT 310.2-76 «LlemeHTbl. MeToap!
onpefeneHns TOHKOCTW Momosna» onpegensnn npuoéo-
pom BneiHa, B KOTOPOM yaernbHas MOBEPXHOCTb LUfaka
na3mepsanacb No CKOPOCTU MPOXOXKAEHMA BO3ayxa vepes
YMNOTHEHHBIN CON LUnaKa.

CTteneHb rMapaBnMyecKon akTUBHOCTM FpaHLuUnaka,
Nno aHanornm ¢ NOPTNaHALEMEHTHbIM KIIMHKEPOM, MOXET
ObITb OXapakTepnsoBaHa MOAYNEM OCHOBHOCTU U MOAy-
nem akTMBHOCTW. MmapaBnmyeckas akTMBHOCTb LLMAKOB
BO3pacTaeT B OOMbLUMHCTBE CNy4aeB C YBENUYEHWEM
MOAYNS OCHOBHOCTU 1 OCOGEHHO MOAYNSA aKTUBHOCTMU.

OueHKy aKTMBHOCTW LUMaka Mpov3BOAMAN cornac-
Ho MeToamke TOCT 8269.0-97 «LllebeHb 1 rpaBui n3
NAOTHbIX FOPHbIX MOPOA M OTXOOOB MPOMbILLNIEHHOIO
nNpPoOmn3BOACTBA ANs CTPOUTENbHbIX padoT. MeTtogpl du-
3MKO-MEXaHNYECKMX UCTIbITaHUA» MO OLEHKE 3HaYeHus
npegena npoYHOCTU B BOAOHACHILLEHHOM COCTOSHUU Ha
obpasuax-kybax ¢ pebpomMm 7 CM M3 LUNAKOBOro TecTta
MakCUMarnbHOW NAOTHOCTW NpU ONTUManbHOM fobasne-
HUWM BOAb! (BOOOLLUNIAKOBOE OTHOLLUEHME OOMKHO ObiTh B
npegenax 0,12-0,16). YnnoTHeHne o6pasLoB OCYLLECT-
BNAMM Ha npecce npuv gasnexdnn 20 Mla.

XpaHeHne 06pasLoB NPOU3BOAAT B TEHEHNE 7 CYT Ha
BO3ayxe npu Temnepatype 18—20°C, nocne 4ero vx no-
MeLLaroT Ha 18 cyT B Kamepy HOpMasibHOro TBepOeHns C
BNI2XKHOCTbIO He MeHee 95%, 3aTemM 06pasLibl B TeHeHue
2 CYT HacbILLaT BOAOW KOMHATHOW TeMnepaTypbl.

MpourocTb o6pasua npu cxatum R, MMa, onpepe-
NS0T No hopmyne:

R L
roe P— paspywatollee ycunue npecca, H; F— nnowanb
MornepeyYHoro cevyeHms obpasLa, cM2,

AkTmBHOCTb wWnaka NMAO «CesepcTanb» B 3aBUCK-
MOCTM OT €ro yAenbHOW MOBEPXHOCTWU NpepcTaBfieHa
B TA6N. 2.

Kak BMOHO M3 MOMyYeHHbIX pe3ynsraTtos, Mpu yBe-
NNYEHUN yaernbHOM nosepxHocTn Ao 430,3 M2/Kr akTue-
HOCTb LUNaKka yBenMyMBaeTcs NpUMepHO B OBa pasa, a
MNPV YBEIMYEHUN YOemnbHOWM MOBepXHOCTM [0 645 MZ/Kr
aKTMBHOCTb YBENMYMBAETCH NPMMEPHO B TPU pasa.

Takum 06pa3om, NoBbILLEHNE PEeaKLMOHHON Cnocob-
HOCTU LLINAKOB 1 PErynnmpoBaHne nx CTpyKTypbl JOCTUra-
eTcsa npu 6o5iee TOHKOM U3MeSbYeHUN.

Hapsigy ¢ mMexaHn4eckon akTuBauuewn LUMakoB LUK-
POKO MCMOSb3YETCA UX XUMUHYECKAs aKTUBaLUS, 3aKIo-
yawoLlasacs BO BBeAEHUW rmapaTvpylolenn CUCTEMbI

Ta6nuua 2
Table 2
AKTUBHOCTb LUSIaKa
Slag activity
Ne n/n VoenbHasi NOBEPXHOCTb, CpepnHsis IPOYHOCTb Mpu
- m/kr cxatum (akTmeHocTb), MIMa
| 280 5,1
Il 430,3 10,8
1] 645 15,8
Ta6nuua 3
Table 3

MpapaBnuyeckas aKTMBHOCTb LLaKa B NPUCYTCTBUN
LLIeSIOYHOr0 aKTMBaTopa
Slag hydraulic activity in the presence of
an alkaline activator

Ne [MpoyHoCcTb Npn CpepHsas ruppasnuyeckas
cepun cxarmm, Mla akTnBHocTb ¢ NaOH, MIMa

| 6,97 7.4

Il 141 14,4

1l] 25,66 26,5

LLENOYHbIX N LLIENOYHO-3EMESbHBIX KOMMOHEHTOB. BBe-
JeHne [06aBOK-aKTMBATOPOB HapyLlaeT TepMOAMHAMMU-
YeCKN HeyCTOMYMBOE PaBHOBECUE LLUAKOBOrO CTEKNa 1
Cnoco6CTByET 06pa30BaHN0 MTMAPOCUINKATOB N rMapO-
antoMNHaTOB.

MopaBnuyeckas aKTMBHOCTL LUflaka — 3TO Crnoco6-
HOCTb LUJSIaka 06pa30BbIBaTb rMapaBINYecKoe BaXYyLLiee
BELLEeCTBO, CBONCTBA KOTOPOro 3aBUCAT OT XMMUYECKOTO
1 ha3oBoro coctaea, ero CTPYKTypbl U MUHEPanormu.

MeTog onpegeneHus rmapaBfiMyecKon akTUBHOCTU
Lunaka ocHoBaH Ha metoamke ASTM C1073-18 (TY 0799-
001-99126491). AKTMBHOCTb LUNaKa onpeaensny rno pe-
3ynbrartaMm LLEeNoYHOro BO3L4ENCTBUSA, KOTOPOE CMOoCco6-
CTBYET NPOSABAEHNIO NOTEHLUMANbHbIX BXYLLMX CBOUCTB
LLaKoBOro cTekna.

[nsa npoBefeHns UcnbITaHW UCNOMb30Basnu cneayto-
Lne matepuanbl:

— CTaHOapTHbIM BOSIbCKUI NECOK;

— 20%-1 pacTteop rugpokcuga Hatpusa (NaOH);

— BUCTUNIMPOBAaHHYIO BOaY.

MpurotoBneHne o6pasLoB OCYLLUECTBASANAN B COOT-
BetcTBUM ¢ TOCT 310.4-81 «LlemeHTbl. MeTogbl onpe-
JeneHnsa npegena npoYHOCTU Npy N3rmée 1 cxxatumn» , 3a
WCKIIOYEHMEM TOr0, YTO BMECTO BOAbl 3aTBOPEHUST UC-
Nomb3yl0T TOT e 06beM pacTBopa rmapokcuaa HaTpus.

OTtdhopmoBaHHble 06pasLpl (Kybbl 70X70X70 Mm) no-
MeLlaT B repMETUHHOM KOHTEMHEpEe B MPOMapoYHyo
kamepy ¢ Temneparypon 55+2 °C npu ycnosum 100%
BNIQXXHOCTN Ha 24 4, nocrne 4ero obpasupbl U3BMEKaoT
13 OPM U XPaHAT JO UCMNbITAHUA B €CTECTBEHHbIX YC-
nosusix. OnpeneneHune npegena NPOYHOCTU NPU CXaTnm
npouseoaT B cootBetcTBumn ¢ FOCT 310.4-81. [vgpas-
nn4yeckasi akTMBHOCTb LUakKa Yepes 24 4 nocrie 3aTsep-
[JeBaHMs OLeHMBAETCA Kak rmapaBimyeckas akTMBHOCTb
C weno4HbiM aktmeatopom NaOH.
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Ta6bnuua 4
Table 4

DU3NKO-TEXHUYECKNE XapaKTepPUCTUKMN 6eToHa
Physical and technical characteristics of concrete

Hopmupyemblie napameTpbl HopmaTuBHblEe JOKYMEHTbI ®dakTnyeckune 3HadeHus, MMa
[MpoyHOCTb 6€TOHA MpK CXaTun B BO3pacTe: FOCT 10180-2012 «beToHbl. MeToabl onpeaeneHns
7 cyT MPOYHOCTU MO KOHTPOSIbHBLIM O6pasLam»; 31,8
14 cyt FOCT 18105-2018 «beToHbl. NpaBuna KoHTpons 40,4
28 cyT M OLIEHKM NPOYHOCTM» 46,5
[Mpo4HOCTbL 6eTOHA Ha pacTsXeHue npu FOCT 10180-2012 9.15
narvnbe [OCT 18105-2018 ’
FOCT 24452-80 «beToHbl. MeToabl onpegenexHus
[Mpu3ameHHas NPo4HOCTb NPU3MEHHONM NPOYHOCTU, MOAYNS YNPYrocTn n 50,2
koadppuumenTa lNyaccoHa»
FOCT 12730.5-2018 «BbeToHbI. MeToAbl onpefenexns
BopoHenpoxuuaemocts W, mapka BOMIOHENPOHMLIABMOCTI 18
o FOCT 10060-2012 «beToHbl. MeToabl onpeneneHns
Mopo3socToiikocTs F, Mapka MOPO3OCTOMKOCT» 300
3alnTHbIe CBOMCTBA NO OTHOLLEHWUIO
K CcTanbHOW apmarype:
1. MNNoTHOCTL TOKa Npu noteHumnane 0,4
+300 MB, 10 10 MKA/CM?2 BKNIOUUTENBHO [OCT 31383-2008 «3aLmta 6eTOHHbIX 0,39
N Xene3o6eTOHHbIX KOHCTPYKLUIA OT KOPPO3UK. 0,38
MeToabl ncnbiTaHU»
2. MoTeHuman 4epes (60+5) c nocne +600
OTKIIOYeHWs Toka, 6onee +5 MB +590
+590

MmapaBnnyeckyd aKkTMBHOCTb MPW UCMbITAHUU OLe-
HVMBanu Npu yBenuyeHun yaenbHOM NOBEPXHOCTW Luna-
Ka. Pe3ynbraThl UCMbITaHWIA NpeacTaBneHsl B Tabn. 3.

AHanu3 pes3ynsTaTtoB Mokasar, YTo rmapaBnnyeckas
aKTMBHOCTb MOJMIOTOM0 AOMEHHOr0 FPaHyMpOBaHHOMO
wnaka B npucytcteun NaOH coctaenset 7,4 MlMNa npu
yaenbHo NoBepXHOCTY Wwnaka 280 mM2/kr; 14,4 MMa npu
430 M2/Kr (yBenuyeHve nprmepHo B Asa pasa); 26,5 MMa
npu 6450 M2/Kr (yBenuyeHune npumepHo B 3,6 pasa).

Ha coBpemMeHHOM 3Tane pas3BUTUS CTPOUTENbHbIX
mMarepvanoB 60MbLIOEe BHUMaHWE yOEenseTcs yMeHbLLe-
HUIO MOTPEOGNEHUsT KNMHKEPHbIX LemeHToB. OpgHou 13
aKkTyasbHbIX 3aJa4 CTPOUTENbHOW MPOMbILLIEHHOCTH
SIBNSIETCA MCNONb30BaHNE ManoKIMHKEPHbIX U CMeLLaH-
HbIX BSKYLLMX, YTO 3HAYUTENbHO CHUXAET maTtepuarsno- 1
3HEProeMKOCTb MPOM3BOACTBA NPU MONyYEHUU MaTepu-
anoB C Heo6XxoOUMbIMM CBOMCTBaMU. FABMASACH MO CYyTH
oTX0AamMu, LUNaKM MOTyT He TOSIbKO CHU3UTb copepXa-
HME KINMHKEpPa, HO U MOJSTy4UTb 3KOHOMMIO CbIpbsi MPU ero
naroTtosneHuu [7, 8].

B HacTosiwen pabote onpegeneHbl HOpMUpyeMble
napameTpbl 6ETOHOB MPU 3aMeHe 4acTu BSHKYLLIEro Mo-
NOTbIM FPaHYNMPOBaHHBIM [JOMEHHbIM LLUAKOM.

[nsa nccneposaHnin 6611 onpefernieH coctaB 6eTOHHOM
cmecyt: noptnanauemeHT MLU50040 — 216 kr/m3; mono-
TbIA JOMEHHbIN rpaHynupoBaHHbIi wnak MNAO «Cesep-
cTanb» — 144 kr/m3; necok (Mofynb KpynHocTu 2,3-2,6) —
830 Kr/M3; rpaHNTHbIN LWe6eHb (pp. 520 Mm) — 1060 kr/m3;
cynepnnactudukarop Sika 5-600 SP — 3,2 kr/m3; Bopa —
170 n (nogBuXHOCTbL cmecu M3).

OCHOBHbIE  (PM3MKO-TEXHUHECKUE XapaKTEPUCTUKM
6eToHa NpefcTaBrieHbl B Tabn. 4.

AHanuaupys nosiy4eHHble HOpMUpYyeMble nokasaTte-
N1 6eTOHa, MOXHO KOHCTaTUpOBaTh, YTO 3aMeHa 4actu
BsXyLLero (o 50%) B coctaBe 6€TOHa Ha MONOTbIN O0-
MEHHbIN rPaHyNMPOBaHHbIN LUNAK NO3BOMSET MOMY4YUTb
6eToH knacca B30—B35 ¢ BogoHenpoHuuyaemocTeto W18
n mopo3ocTonkocTbio F1300.

Cnepyet 0co60 OTMETUTb, YTO ANA MUCCNeaoBaHuA
6bl1 Bbl6paH rpaHwWwnak ¢ yaoefbHOW MOBEPXHOCTLIO
280 M2/Kr, T. €. Lunak Hamboriee SKOHOMUHHOrO NOMona u
C OTHOCUTENbHO HU3KOW rMapaBAMHECKON aKTUBHOCTLIO.
Vcrnonb3oBaHue Lwnaka ¢ 6onee BbICOKOW yAenbHOM no-
BEPXHOCTbIO MO3BOMUT MOMY4UTb BbICOKOI(MDEKTUBHYIO
GETOHHYI0 CMECb C MEHbLUMM Pacxof4oM nopTiaHaue-
MeHTa. OgHako Heo6xoOuMbl AOMOMHUTENbHbIE CyLLle-
CTBEHHbIEe 3aTpaTbl Ha NMOMOJI.

BeToHbI, B COCTaB KOTOPbIX BXOAAT BAXYLLME HA OC-
HOBE MOJIOTOr0 rpaHyNMpOBaHHONO OOMEHHOMO LUMaKa,
npu nogTeepxaeHun no FOCT 31383—-2008 nx koppo3u-
OHHOW CTOMKOCTM B 3afaHHbIX YCIIOBUSAX dKcnnyaTaumm
no MOCT 31384-2017 «3awumrta 6€TOHHbIX 1 Xene3obe-
TOHHbIX KOHCTPYKLMIA OT Koppo3uun. O6LLmne TEXHUYECKMEe
TpeboBaHUs» MOryT WCMONb30BaTbCA B CTPOUTENbHOM
WHOYCTPUW ONS BO3BEAEHWUS XUMULLHBIX U OOLLECTBEH-
HbIX 3JaHWIA C pas3NMYHbIMWU YCMOBUSAMMU UX SKCryarta-
LmK, a Takxe Ans Bo3BeAeHWs NOA3EMHbIX U eMKOCTHbIX
COOPY>XXEHUNA.

OKOHOMUMYEeCKas 1 aKonornyeckas 3(eKTUBHOCTb
JaHHOWM paboThbl 3aK/4YaeTcs B pacLUMPEHNN CbipbEBON
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6a3bl 415 nony4eHns 3peKTUBHbBIX CTPOUTENbHBIX Ma-
Tepuarnos; cokpalleHun pacxofa BsxyLuero (go 50%);
COKpaLleH CTOMMOCTM GETOHHOM CMeCK 3a cYeT npu-
MEHEHVS OEeLLEeBOro LWaka B ka4ecTBe BAXYLLEro; o6ec-
NeYeHnn BbICOKUX 3KCMyaTalMOHHbIX XapaKTepucTuK
6eToHa Npu NPUMEHEHUM MOSIOTOr0 OOMEHHOrO rpaHy-
NIMPOBAHHOrO LLNAaKa; PeLLEeHUN SKOOrMHECKON 3aJaqm
3a CYeT yTMnu3aumm OTXOO0B MEeTasnypruyeckon npo-
MbILLIEHHOCTMW.

10.
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AO «HUL| «CtpoutenbctBo» (109428, r. Mockea, yn. 2-1 ViHcTutyTtCckas, 6, K. 1)

0 HeKoTOPbLIX NOAXO/IAX K PeleHH0 3aa4 penaKcauun 6eTona

TpynHocTb, conpoBOXAaroLLasi MPUMEHEHUE Teopun MosI3yHecTn B CTPOUTESTbHOU MNPaKTUKe, Mo MHEHUIO aBTOpOB,
3aK/I4aeTcs B JEKOMIO3ULmMn feghopMaLMOHHbIX CBOVICTB 6eToHa. OHa crnoxunace uctopuyecku. B 1660 r. P. [yk
ChopMynIMpoBasl 3aKOH, ONPEAesSoLLMI CBA3b MEXAy HarnpsykeHneM v gecpopmanmeni yrnipyroro tena. Briepsble Ha
Heynpyrue cBovicTBa 6eToHa obpatui BHuMaHue A. KoHeugep (nyénvkauyms B 1905 r.), 7. e. Ha 245 neTt nosgHee.
C 3TO0ro BpeMeHu MOXHO BECTU OTCHET U3YHEHUS MOM3Y4HeCcTy, KOTOPOE BEJIOCh NapasisiesibHO C U3YyHYeHUeM yrpy-
roctv 6eToHa, v B CBSI3n C MPUOPUTETOM 10 BPEMEHWN UCCIIeN0BaHUI YrpyrocTy rnosi3y4ecTb nosyyYuna ctatyc rnpu-
KflagHoU. Y Toro v pyroro Hanpas/ieHUsl Orpeaessisincb CBOV IMIMUPUYECKNE 3aBUCUMOCTU, HUYEM HE CBA3aHHbIE
Apyr ¢ Apyrom. 310 npyBesio K TOMY, HYTO pa3fesieHne SKCrEPUMEHTASIbHbIX 3HaYeHu fegopmaLui Ha yrnpyrme m
Heynpyrne B 3aBUCUMOCTSIX, MOJTYYEHHbIX U3 OMbITOB, MPOBOAWIOCH M0-pasHoOMY. B faHHOM cTaThbe rokasaHo, 4To
CBOVICTBO OOLLYHOCTU DYHKLMN CTAPEHUS 03BOMISET n3bexarb 3TOV JEKOMIO3NLMN.
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On Some Approaches to Solving Relaxation Problems of Concrete

The difficulty that accompanies the application of the creep theory in construction practice, according to the authors, is the decomposition of the deformation prop-
erties of concrete. It has developed historically. In 1660, R. Hooke formulated a law that defines the relationship between stress and deformation of an elastic body.
For the first time, A. Consider drew attention to the inelastic properties of concrete (publication in 1905), that is, 245 years later. Since that time, it is possible to count
the study of creep, which was conducted in parallel with the study of the elasticity of concrete and, in connection with the priority of the time of research on elasticity,
creep has become an applied role. Both directions had their own empirical dependencies, which were not connected with each other in any way. This led to the fact
that the dependences obtained from experiments that were carried out under different conditions, the division of the experimental values of deformations into elastic
and inelastic ones were carried out in different ways. This paper shows that the generality property of the aging function makes it possible to avoid this decomposition.
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PenakcaLoHHble 3aa4m Teopum Non3y4ecTy Ha oc-
HOBE CYyLLUECTBYIOLLUMX YPABHEHUA COCTOSHWUIA NPUBOOAT
K CJIOXHbIM 32BUCUMOCTAM, 3aTPYOHAOLWMM UX NpUMe-
HeHne B CTpoUTESIbHOM NpakTuke. MNMpuymHa, No MHEHWIO
aBTOPOB, 3aKNo4aeTcs B 4EKOMMNO3MLMN AedopMaLMoH-
HbIX CBONCTB 6€TOHa. YpaBHEHUs COCTOAAHUSA YOOBNETBO-
PSOT OMbITHLIM AAHHbIM, HO NMPUMEHUTb UX K PELUEHUIO
npakTuyeckux 3aga4 TpygHo. CrefytoLlen TpygHOCTbIO
SIBNSIETCA TO, YTO YMOMSHYTble YpaBHEHUS He OMUChbI-
BaloT pasrpysky. A.A. [Bo3ges npennoxun genntb ae-
dopmaumm He No NpU3HaKy yrnpyrocTu U HeynpyrocTu,
a no npusHaky obpatumocTu. Pazeuneas aty ugeto, UM u
ero y4yeHukom K.3. lanyctoBbiM paspaboTaHa OBYXKOM-
MOHEHTHas Teopus Non3y4ecTu, KoTopas KapavHanbHO
YCTPaHsET ee, HO He YCTpaHseT BMeCcTe C TeM MNepByto
TpygHocTb. CTaHAapTHBIM METOOOM peLLeHUs penakca-
LUMOHHbIX 3a4ay B NIMHEMHOW TEOPUW MON3Y4YecTn ABNS-
eTcsa npegBapuTenibHOe ornpefeneHve saapa penakca-
LK, CONpsXXEeHHOe C MeJIEHHO cxoaaLmmes psgom [1].

MpumeHeHne npeobpasoBaHua Jlannaca B codeTaHum ¢
MeToAoM Marsoro napameTpa NyaHkape MHOrofesnsHo, 1
peLleHne 3ajay penakcaumm, 6e3 4ero Teopus He MOXeT
6bITb 3aKOHYEHHOW, TPYAHO0603puMo [2—6]. B 1978 .
C.B. AnekcaHpgposckuii 1 B.B. ConomoHoB [7, 8] ycTa-
HOBWMM B OMbITax TO, 4TO Aedhopmaummn Mon3y4ecTw,
yOEenbHbIE MO OTHOLUEHMIO K HayYarbHOMY OTHOCUTESb-
HOMY YPOBHIO HanpsXXeHWn, NpakTUYeCKU He 3aBUCAT
OT Bo3pacTa 6eToHa, T. €. MHBapUaHTHbl OTHOCUTENBHO
Havana Harpy>eHus. OTOT Cepbe3HbI peadynstaT fonro
He Oblfl 3aMeyYeH Hay4HOW O6LLEeCTBEHHOCTb. U Tonb-
ko K 1989 r. [9] OH NO3BONMUN YCTAHOBUTL TECHYIO CBA3b
Mexay 3TMMU ABYMS CBOMCTBaMM 6eTOHa (YyNpyrocTbio U
nonay4ecTbio). YAanock nokasarb, YT0 Y BCeX KOMMOHEH-
TOB Aedopmaumm (MPOYHOCTU, YNPYroCTU 1 MON3y4ecTm)
ofHa obLan yHKUMA cTapeHns 6eToHa, onpepensemas
XUMWYECKON peakumen B NpoLecce TBEPAEHMS.

B paHHOM cTaTtbe nokasaHo, YTO CBOMCTBO OOLLHOCTMU
PyHKLUMN CTapeHns MNo3BOMSET CBECTU MHTerpasbHoe
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ypaBHEHWE COCTOAHUSA K MPOCTOMY JIMHENHOMY Andddoe-
peHumanbHOMy YpaBHEHMWIO MePBOro nopsaaka.

Mpumem pns npumepa pacrnpocTpaHeHHyo 3anucb
Mepbl MON3y4ecT B  MyJbTUMAMKATMBHON  (hopme
W.E. MNMpokonosu4ya — E.H. LLep6akosa:

C(t,t) = C(0,28)0(D)f(t — 1).

O6wasa gna ynpyroi n 3anasgbisatoLlen gecgopma-
unin yHKUMA cTapeHns 6eToHa [7, 8]:
__E(28)
0(t) = Ok

N No3TOMY
C(t, 1)o(1) =C(00,28)0(Df(t—T)o(T) =
=E(28)C(o0, 28)f(t—T)g, (1.
Tem cambim o6uias gecdopmaums Npu NPOCTOM Ha-
rPY>XEeHWM:

cr(r)

e(t, ‘r)— +C(t Do(v) =g, (D+of(t—Dey (1), (1)

roe @= E(28)C(°0, 28).
MonHbin guddepeHuymnan c ydetom dt =dt:

de(t, 1) =dey (1) + 9 L2 f(t — D)d +
+e, (022 4 —"f(;j)] dr.

af(t—‘t) _

_9f(t-1)

Mockonbky 6t ,

10 de(t, 1) =dey(0)+

+ g, (Df(t—dr, roe € (T)—
Hee ypaBHEHWe Ha OTpeskKe [t,, t], nosly4Ynm npupatleHue
nedopmaumm:

Ae(t, D) = £y (D) — £, (to) + @ [, £,(D)

Monarasg u=f(t—1) un dv=¢,(1)dr,

b b
[’ udv=uv®? — [’ vdu umeem:
a a

i of(t—t
0J} & @ft—Ddr=[e, (DD}, [ &, (D 2 dr
v npu f(t—t)=1—e Y1(t=0

@, & (Of(t—Ddr=—0f(t—to)e, (to)+
+ Y19 fttosy(‘[)e_YI(t—T) dT;

6f(t T) dr.

no npasuiy

@ f(t—t0)ey (t0) =E(28)C(e0, 28)(t —t0) 75 =
=C(0, 28)0(to)f(t —to)o(te) =C(t, to)o(ty).
Takum o6pasom:
Ae(t, 1) =g, (D) —&,(to) —C(t to)o(to) +
+Y:10 f;sy (De (=0t

[o6asnsasa K npupawleHnio HavanbHyo gedopmMaumio

[E(t S+ C( to)] o(ty), MONYYNM YPaBHEHME COCTOSHUS:

e(t to) = &y (0 + 10 f,, ey (e, ()

Ona onpepgeneHus WCKOMOro HanpsikeHus o(t)=
=g, (DE(t) no mssectHon pedopmaumn &(t, to) cenem
(2) B nnHenHoe guddbepeHumansHoe ypaBHEHNE NepPBO-
ro nopsgka otHocutensHo £y (t). YMHOXMM (2) Ha eYit:

e"e(t, ty) = g, (e’ +y ftt g, (Ve V1tdr,
0
UK, 0603HAYMB a=Y; @, MOMNYYNM:
eVtle(t, ty) = g, (e’ + aftt gy(De™V1tdr.
0

OudbdepeHLmpys ero no t ¢ y4eTom % ft:)f(r)dr=f(t),
nony4nm:

eV [e(®+ye(D)]=
Hanee, ymHOXas Ha e~ Y1t

& (0+; [1+E(28)C(c0, 28)]e, (0 = (D) + v (D).

eyit[s'y ®+v, sy(t)] +eY1tag, (t).

0603HaunB b=y;[1+E(28)C(,28)] n @o()=£(t)+
+v,&(t), OKOHYATENBHO MONY4NM:

gy (1) + bey (1) = @ (1), )

O6Lee pelleHne ypasHeHus &, (t)+be,(t)=0 ecTb
gyo(D=Ce™P" a obwee pelwenne ypasHenus (3) Ha-
XOOUM M3BECTHbIM METOAOM Bapuauuv Npou3BOSbHOWM
NMOCTOSIHHOW, MpefAcTaBnss pelweHve ypaBHeHus (3)
B Buge & (0=C(De™" y nogcrasnss ero B (3), nony-
yaem  C()e P'—bC(H)e Pt4+bC(HePt=q,(t), oTkyna
C(H)e™Pt=q,(t) n C(t) =@, (t)ePt. UnTerpupya, nonyyaem
C(t)=[ePlgy(H)dt+C=d,(1)+C, roe $o(t) — nepsoo6-
pasHasn gyHKLmn €tpq (1),

Tem camblM obLLee peLleHne ypaBHeHus (3):

g, (1) = Ce™t + (D), (4)

roe d(D)=e" [Py (Ddt — yactHoe pelueHve ypas-
Hetnss (3). CornacHo (2) &(ty)=¢y(to). [Mockomnbky
e(ty) =Ce P+ (t,), TO:

C = [e(to)— d(to)]e™. (5)
Taknm 06pasoM &, () =[e(ty) —d(te)]e P+ (1)
1 OKOHYATENbHO:

_ E(28)

=30 Uelto) = ()] + (0} (6)

PaccMOoTpuM 4acTHbIi cry4an MOCTOSIHHOW, 3a-

,u,aHHon BO BpemeHu, pgedopmaumm e(t)=g, Mmeem

gD =13 1 Tor,u,a g, (0=Ce P4+ = EO_Ce_bt0+m,
to £28) bty
o norowy (=B o)=L )
— E@8)z ¢ —b(t—ty) _
BEGIEET)) (<Pe 0 +1), U1 OKOHYaTENbHO:
_ _E@8)g —b(t-ty)
o= Fmrg (0o H1) (7)

Kak Bmaum, npu t— oo pesynstaTt 65IM3KO coBnagaeT
C [EeCTBYIOLLMMU HOpMaMK, pasHuLA TOSIbKO B TOM, YTO
B HalleM cfly4ae B COOTBETCTBUMU C OBYXKOMMOHEHTHOMN
Teopuen NocTosiHHaA gedopmauns €, npeacTaBnseT 06-
paTnuMyto 4acTb OOLLEN.
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B pa6ote [10] ypaBHEHME COCTOAHNS CBEOEHO K AnND-
dhepeHumansHomy Buay:

e+ y:18(0=¢,(D+v18,(D+y1C(e0, 28)6 (Do (1.

3atem o(t) BbipaxeHo Yepes ynpyryio aedopmauimio
C NOMOLLIbIO AvarpamMmbl, NpearioxxeHHor EBpokogom 2.
Torga 3TO ypaBHEHWE CTAHOBWUTCA CIOXHbIM OTHOCU-
TenbHO £,(t), YTO MPUBOAUT K 3HAYUTESNIbHLIM TPYAHO-
CTAM MNPV peLLlEHNN penakcaumoHHbIX 3adau.

BbiBOAbI

B penakcaunoHHbIX 3afaqax onpepensoTcs Hanps-
XeHus No 3afaHHbIM fedopMaumsaMm ucxods U3 UHTe-
rpanbHOro ypaBHEHUs COCTOsHMA. PelleHne 3agay 3Ha-
YUTENbLHO YNpOoLLAeTCs, eCNN ypaBHEHNE yaaeTcs CBECTU
K anddepeHumansHomy. MNpuHATble B cTaHgaptax Pd
Mepbl NOAATIMBOCTU NO3BONSIOT 3TO cAenathb.

CyLLIECTBEHHO, YTO MMEHHO Hanmyme equHomn oyHKLN
cTapeHus Onsi Mep MrHOBEHHbIX W 3anasfplBalolmx fe-
dhopmMauuii NO3BONSET CBEAEHNE K MPOCTOMY JINHENHOMY
andpdepeHumansHoOMy ypaBHEHUIO MepBOro nopsigka, a
NCMosib30BaHMe CBA3W HanpshKeHUs ¢ ynpyron gedgopma-
LMen cornacHo ynoMmsHyTON Bbille auarpaMmme npusoauT
K HENMMHENHOMY OTHOCUTENbHO UCKOMOW Yrpyron aedop-
Maumy ypaBHEHUIO C HEMOCTOSIHHBIMU KO3 dULMEHTaMM.
PeLueHve cTaHOBUTCA CNOXHbBIM, U O4eBUAHA MPEAnoYTH-
TeNbHOCTb NONy4eHHON B AaHHOW paboTe anddepeHum-
anbHOM hOpMbl YpPaBHEHNS COCTOSIHUSA U COOTBETCTBYHO-
Lee en peLleHne penakcaumoHHON 3adaqum.
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MopenupoBan1e noBejieHna 6eToHa, 3aBHCALIEr0 OT BpeMeHH, B Me3omaciuTabe

lMonsyyecTs u ycafnka 6eToHa — 3TO 3aBUCsLUME OT BpEMEHU AegopmaLuu, BvsiroLyme, B NepByro o4epenb, Ha
SKCrIyaTaymoHHyIo MpUrogHoOCTb, @ B HEKOTOPbIX CIIy4asiX U Ha 6e30MacHOCTb Xesle306€TOHHbIX KOHCTPYKLUI, U C
npensapuTesibHbIM HarnpskKeHneM, n 6e3 Hero. Ycaka, B OCHOBHOM, 06YC/I0B/IEHA KaK CaMOBbICYLLMBAHNEM, TaK n
BbICbIXaHWEM Bniaru, ecriv 6€ToH NnoABepraeTcsi BO3AENCTBUIO OKPYXaloLLEV cpefbl ¢ 6051e€ HN3KOV OTHOCUTESTbHOM
BJ1@XHOCTbI0. BAobaBoK v B co4eTaHun ¢ 3TUM, OOJIbLLINE W B 3HAYNTESTbHOV CTEMNeHU HeyCTpaHuMble negopmaymm
rongy4ecTvi 6eToHa MOryT BbI3BaTb 3HAYNTESIbHbIE U3MEHEHNST BO3AEVCTBUNM HA KOHCTPYKLMN C TOYKU 3PEHUs pac-
rpeneneHuns: BHYTPEHHUX HarpsKeHuil, Ype3MEPHbIX NpornboB 1 rnotTepk npeaBapUTesibHOro Harnps»KeHusl, a Takxe
MpUBECTU K 06pa30BaHuio 60/bLUNX TPeLYnH. Bce 3T aghgheKTbl BINSIOT Ha paboTOCMOCOBHOCTL U [OSITOBEYHOCTh
KOHCTPYKUMU, & TakxXe MOryT BJINATb Ha UX CTPYKTYPHYH 6€30NacHOCTb.

[rsi 06bsiCHeHUs1 N MOAENNPOBaHUS 3aBUCSALLEro OT BPeMeHU NMoBeneHNs 6eTOHa NMPeaioxeHo MHOro Mogeses.
Kpome Toro, B nutepatype 6b1710 NPeACTaBIeHO HECKO/IbKO METOLOB, YrpoLLatoLymx pacyeT gegopmaymm rnonsy-
4eCcTN KOHCTPYKUWUN, TAKUX Kak MeTos 3(hEKTUBHOIrO MOAYIIA, METOL CKOPOCTH 10/13YHeCTu, METOL KOS hULMeH-
Ta ctapenus (Metoq AAEM) v noaxos, OCHOBaHHBIV Ha JIMHEVIHOM Teopumn BA3KOYNpYrocTu ctapeHus. B nocnenHee
BpeMsi pa3paboTaHbl Takxe 60s1ee COBEPLUEHHbIE W MPOABUHYTbIE NOAX0Ab!I K AeTallbHOMY YUCIIEHHOMY aHann3y
CTPYKTYPHbIX 3¢D(PEKTOB MON3YHEeCTU U ycafKkn 6eTOHA B C/I0XHbIX, HEOAHOPOLAHbIX U MOC/IE[0BATE/IbHO BO3BOAU-
MbIX KOHCTPYKUmsix. OgHaKo 3aBucsiLLjee OT BpeMeHN noBeneHne 6eToHa JOMKHO ObiTb COriacoBaHo C OrnpenesieH-
HOU 06CTaHOBKOW B 60/1e€ LUMPOKUX BCEOOLEMIIIOLUMX PAMKAaX, MOCKOIIbKY OHO SB/IIETCS pe3ysibTaTOM B3anuMoLfeu-
CTBUSI MHOFOYUCTIEHHbBIX XUMUYECKUX, OUNHECKUX 1 MEXAHNYECKMX MPOLECCOB, KOTOPbIE ABJSIOTCA (OYHKLUMAMMU
coctaBa matepuana v ero BblEepXUBaHWS, & TakXXe BO3[EeVICTBUS OKPYXaroLLel cpefibl 1 YCII0BUM Harpy>XeHusl.

lpupoga v macLuTabsbl, B KOTOPbIX PONCXOAAT BCE BbILLEYNOMSIHYThbI€ MPOLECChl, NPEACTABIAOT COBOU CITIOXKHYIO
3apaqy A5 YUCTIEHHOro MOAennpoBaHus. beTtoH — reteporeHHbIVi Matepuars, CoCTOALLMN U3 [BYX KOMIMOHEHTOB,
UMeroLUMX O4eHb 60/IbLLIME Pa3IINYUS: LIEMEeHTHOV MaTtpulbl 1 3anosiHuTesnesn. 3anosiHUTenn, Kak rnpasusio, ropasgo
boriee XecTkne, MeHee rnopucTble, U UX 3aBUCSILLMe OT BPEMEHU AedopManmn Ha MopsiaKu HUXKe, YeM y LIeMEeHTHOM
matpuybl. OcTaBasicb Ha Me30ypoBHe, 3T fBe ¢hasbl CO3[aI0T OCHOBHYHO reTeporeHHOCTb 6ETOHA, MOCKOJIbKY B 3TOM
macLutabe BKNan rpaHvlbl pasgena MatpuLya/3anonHnTeslb, Ha3biBaeMor «MexXgha3Hou nepexonqHou 3oHo» (ITZ),
MOXHO YCITOBHO OObEANHUTL C MaTpULEN N OT/INYNUTB X OT 3arOSTHNTESISA, YTOObI 3aTeM OnucaTb OCHOBHYIO reTepo-
reHHocTb 6eToHa. [yTem oThAeneHns 3arnoHNTENIs OT MatpuLibl MOXHO HENOCPEACTBEHHO Y/I0BUTb ME30MAacLLTabHoe
B3auMoLeVicTBue Ha STOM YPOBHE; HarnpuMep, Korga 6ETOH HarpyXXaeTcs rnpy cxxatnm, Me30CTPYKTYpa UCTIbITbIBAET
XOPOLLIO U3BECTHBIV MexaHU3M pacLuyensieHns 3anonHutenen. MesomaclutabHbie MOLEeNn criocobHb! paspeLlars Ha-
MpsKeHUs n geghopManymn Ha TaKkoM ypOBHE M MOryT pasmyatb gehopMaumu pacTsdKeHWs: U CxaTus, B TO BpeMsi
KaK MakpOCKOMUM4YeCcKne MoAesn JOIMKHbI YCPERHATb UX. OTO passimyme CTaHOBUTCS O4E€Hb BaXXHbIM Mpy B3anMog[eu -
CTBUW MOBPEX[EHWV U MON3YHeCcTw/ycanku, Ui Korga BHYTPEHHUE CaMOypaBHOBELLIEHHbIE HAaMNPsXKEHWs ABJISIOTCS
©eMHCTBEHHbIM UCTOYHUKOM HarpyXeHusi, Kak, Harnpumep, rnpy HepaBHOMEPHOM BbICYLLIMBAHWUN 1IN CBOOOJHOM pac-
LUMPEHNN TP MIPOrPEeCcCcUpYIoLLen LLETOYHOU peaKkuymun 3anonHutens (ASR); B aTux criyHasx MakpoCKOMMYeckue Ha-
npskeHust pasHbl Hyso. CrefoBaTesibHO, MaKpOCKOMMYECKME HerpepbiBHbIE MOAENN [AOMKHbI IBHO y4YUTbIBATL 9TU
AB/IEHUS] HA 60/1e€ HU3KOM YPOBHE B CBOMX OCHOBHbIX (KOHCTUTYTUBHBIX) 3aKOHAX.

B nutepatype cyLyectByeT MHOXECTBO Me30MAacLUTaOHbIX MOAXOLA0B, OCHOBAaHHbIX HA KOHTUHYAIIbHbIX MOJESIX KO-
HeyHbIx ariemeHToB (FE), Ha ANCKPETHbIX MOJENSIX, TAKNX KaK KIlacCu4eckme MeTofbl AUCKPETHBIX 3/IEMEHTOB YacTul
(DEM). OnvcaHbl peLuetyatbie MEeToAb! M KOMIJIEKCHBIV 0AX0H, codeTaroLymvi B cebe oba BbILLENPUBEAEHHbIX METOAa
U HAa3bIBAEMBIV «PELLETHYATOU AUCKPETHOV MOLEIbIO YacTULy». VI3BECTHbI CETU «XXECTKOro Tesa — npyxwHel» (RBSN), a
Takxxe MHTepericHbIe MOLEIN STIEMEHTOB C ONPeAEsISoLLUMMMN 3aKOHaMM, 6a3UPYIOLUNMUCS HA HESTUHEVIHOV MeXaHuke
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pasapyLueHus. To/bko Yepes (hn3nHeCcKyro OCHOBY KOHCTUTYTUBHbIX MOAX0[0B MOXET ObITb MPpeofosieHa rnpobriemMa cos-
JaHusi HaLEeXHbIX MOZEIeN MPorHO3nPOBaHUs, HO 3TO rO-NPEXHeMY TPebyeT KasmbpoBK/ B OOLUMPHOV 6a3e [aHHbIX.

B paHHovi cTatbe BriepBbie 6yneT pacCMOTPEH COBPEMEHHbIVI ME30MACLUTAOHbIV 104X04, CrTIOCOOHbIV YaNBUTESTb-
HO XOpPOLLIO MPefCTaBUTh 3aBUCSLLee OT BPEMEHN NoBeaeHne 6eToHa. STOT Me30MacLUTabHbIv Nogxo  COCTOUT n3
KOMOUHaLUMN Me30MacLUTabHoVi QUCKPETHOV MOLEsN, Ha3blBAEMOW «pPeLIeTHaTou AUCKPETHOU MOAEJIbHO 4acTul»
(LDPM), koTopasi siBnsieTcs BceobbeMtoLLes Mogesbio 6eToHa. OHa NpefACcTaBrisieT BHYTPEHHIOK CTPYKTYpy (Heos-
HOPOAHOCTL) MaTepuasa ¢ NoMOLLbIO Habopa KPYrHbIX 3aro/IHUTEIeH, KOTOPbIe B3auMOLENCTBYIOT Ha ANCKPETHbIX
rpaHuyax pasgena. Mogesnb ycrieLLHo rnpuMeHssiachk rpv MogesmpoBaHuy 06pasLoB 6eTOHa v Xes1e306€TOHHbIX KOH-
CTPYKUYMI B pasiinyHbIX YCII0BUSIX CTATUHECKOIO U AUHaMN4Yeckoro Harpyxenusi. HegasHo LDPM 6bina obbeguHeHa
¢ rugpotepmoxummdeckori (HTC) mMogesnbro, 4TO NMpUBesio K CO3[aHUI0 MysbTUOU3NHECKOV nnaTtghopmsbl, KoTopas
ro3xe bblya pacLumpeHa 4/1s1 y4eta cBsidaHHbIX eopMaLmil rnon3y4ecTu, yCanku v LLESIOYHOM peakumy 3arosiHuTe-
151 (ASR). B aToM KOHTEKCTE AeghopmaLimm rnosdyHecTv n ycaaky MOLEIMPYIOTCA Ha OCHOBE ANCKPETHOro BapuaHTa
TEOPUN MUKPONPELHArNPsXKeHNs1 — TBEPLHEHUS.

HakoHey, ansi AeMoHCTpaumy BO3MOXHOCTEN U YHUKAJIbHbIX OCOOEHHOCTEU MPensIoKEHHOV BbIYUCITNTESIbHOM
nnargopmbl B CTaTbe UCIOMb3YHTCSA PasinyHble HAbOPbl SKCIIePUMEHTAalIbHbIX JaHHbIX, UMeroLYnecs B iTepartype.
[NocKorbKY BblYnCINTESIbHAS MIaThopMa COCTOUT N3 HECKOIbKMX KOMITOHEHTOB, OHa TpebyeT 00 beKTUBHOV TBEPLON
cTpateruy KasimbpoBKM MHOXeCTBA rnapamMeTpoB. B yngpoBbix npuMeHeH X cHa4vana rpejcTasriseTcs KajamopoBKka
KaX[oro KOMroHeHTa MOAEes M Ha OCHOBE MPUro[HbIX 4/15 3TOUW e JaHHbIX UCTbITaHUA. 3aTteM BbIrNOSIHAETCSA Ba-
smgagms ¢ UCriosib30BaHNEM SKCIIEPUMEHTASIbHbIX AaHHbIX, KOTOPbIe HE ObIiInN UCIOb30BaHbI 4J151 Kanmbposku. [pu-
Mepbl, PACCMOTPEHHbIE B CTaTbe, OTHOCATCS K M0/1I3YyHECTU n ycaaKke rpu pasinyHbiX rmgpoTepMUYecKuX yCrioBUSIX,
BJIMSIHUIO CTAPEHWs Ha MPOYHOCTb, TPETUYHOU MOI3YHECTU U ee NPUMEHEHWIO K aHann3y BPeMeHW [0 paspyLLeHVs,
paspyLuaroLiemMy 3¢hheKTy LesI04HON peakuymmn 3anonHuTenedi (ASR) B codeTaHnm ¢ rnosi3y4ecTbio 1 ycaaKou.

Krnro4eBble cnioBa: 6€TOH, MON3y4ecTb, ycaaka, crapeHne, auhgysus snaarv, augysvs ternsa, Me3oMacLLuTabHoe
mogenvpoBaHue.

ABTOpBI UCKpPEHHE Tpu3HaTeTbHbI 1pod. Mapuo YumopuHo u mpod. Bsuecnapy dannkmaHy 3a BO3MOXHOCTbH OITyOJMKOBATH PYKOTHCH B
KypHasie «beToH U kes1e300eTOH», a TaKKe 3a MOCTOSIHHBINM CTUMYJT M TIOJIEPKKY BO BPEMST €€ HaITMCAHUSI.
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Mesoscale Modeling of Concrete Time-Dependent Behavior

Creep and shrinkage of concrete are time-dependent deformations that influence primarily the serviceability, and in some cases also the safety, of reinforced
concrete structures with and without prestressing. Shrinkage is mainly driven by both self-desiccation and moisture drying if exposed to lower relative humidity
environments. In addition, and in combination to that, the large and widely unrecoverable creep deformations of concrete can cause significant modifications
of action effects in structures in terms of internal stress distributions, excessive deflections and loss of prestressing forces, and produce large cracks. All these
effects affect the serviceability and the durability of structures and may impact on their structural safety as well. Many models were formulated to explain and simu-
late the time-dependent behavior of concrete, among others. Also, several methods have been presented in the literature to simplify the calculation of creep strain
for structural calculations, such as the effective modulus method, rate of creep method, the ageing coefficient method (AAEM method), and the approach based
on the aging linear viscoelastic theory. More refined and advanced approaches for detailed numerical analyses of the structural effects of creep and shrinkage of
concrete in complex, heterogeneous and sequentially built structures have also been developed in recent times. However, time-dependent behavior of concrete
must be contextualized in a wider comprehensive framework since it is a result of interplay between multiple chemical, physical, and mechanical processes that
are functions of the material composition and its curing as well as the surrounding environmental and loading conditions.

The nature and scales at which all these aforementioned processes take place represent a challenge for the numerical modeling. Concrete is a heterogene-
ous material made of two components having very large differences: a cementitious matrix and aggregates. The aggregates are typically much stiff, less porous
and their time-dependent deformations are orders of magnitude lower than those of the cementitious matrix. Staying at the mesoscale, these two phases repre-
sent the main heterogeneity of concrete since at this scale the contribution of the matrix/aggregate interface, called the Interfacial Transitional Zone (ITZ), can
be lumped together with the matrix and distinguish them from the aggregate to represent the main heterogeneity of concrete. By differentiating aggregate from
the matrix, mesoscale interaction at that level can be directly captured; for example, when concrete is loaded in compression, the meso-structure experiences a
well-known splitting mechanism of the aggregates. Mesoscale models are capable of resolving the stresses and strains at such level and can differentiate be-
tween tensile and compressive deformations, while macroscopic models have to average it. This distinction becomes very important during damage and creep/
shrinkage interaction or when internal self-equilibrated stresses are the only source of loading like in non-uniform drying or free expansion under ASR progression
in which cases the macroscopic stresses are equal to zero. Hence, macroscopic continuous models have to explicitly account for these lower-scale phenomena
in their constitutive laws.
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In the literature there are many meso-scale approaches based on continuum finite element (FE) models and discrete models, such as the classical
particle discrete element methods (DEM), the lattice methods, a comprehensive approach that combines both of them called Lattice Discrete Particle Mod-
el, the Rigid-Body-Spring Networks (RBSN), and interface element models with constitutive laws based on non-linear fracture mechanics. Only through
physically based constitutive approaches the problem of establishing reliable prediction models can be overcome, but this still requires a calibration on an
extensive database.

In this paper, a recent mesoscale approach capable of representing remarkably well the concrete time-dependent behavior will be first reviewed. This
mesoscale approach consists of the combination between the mesoscale discrete model termed Lattice Discrete Particle Model (LDPM) that is a comprehensive
concrete model. It represents the internal structure (heterogeneity) of the material using an assemblage of coarse aggregates that interact at discrete interfaces.
The model has been successfully used in modeling concrete samples and reinforced concrete structures under various static and dynamic loading conditions.
The LDPM was recently coupled with a hygro-thermo-chemical (HTC) model resulting in a multi- physics framework that later was extended to account for
coupled creep, shrinkage and ASR deformations. In this framework, creep and shrinkage deformations are modeled based on a discrete version of the Micropre-
stress-Solidification theory. Finally, different experimental data sets available in the literature are here used to show the capabilities and the unique features of the
proposed computational framework. Since the computational framework consists of several components, it requires an objective solid calibration strategy of the
numerous parameters. In the numerical applications the calibration of each model component based on suitable test data is first presented. Then, the validation is
performed using the experimental data that were not employed for the calibration. The examples considered in the manuscript deal with the creep and shrinkage
under varying hygro-thermal conditions, the aging effects on strength, the tertiary creep and its application to time to failure analysis, the deterioration effect of

the Alkali-Silica-Reaction (ASR) coupled with creep and shrinkage.

Keywords: concrete, creep, shrinkage, aging, moisture diffusion, heat diffusion, mesoscale modeling.
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Creep and shrinkage of concrete are time-dependent
deformations that influence primarily the serviceability,
and in some cases also the safety, of reinforced concrete
structures with and without prestressing, and of hetero-
geneous concrete and steel structures. Shrinkage is
mainly due to the changes in the moisture content/status
dictated by both self-desiccation and drying if exposed
to lower humidity environments. Shrinkage alone may
cause damage and early age cracking of concrete with
a huge impact on the durability of the structure. In ad-
dition, and in combination to that, the large and widely
unrecoverable creep deformations of concrete can cause
significant modifications of action effects in structures in
terms of internal stress distributions, excessive deflec-
tions and loss of prestressing forces, and produce large
cracks. All these effects affect the serviceability and the
durability of structures and may impact on their structural
safety as well. In tall structures, absolute and differential
shortening and deviations from verticality due to creep
and shrinkage of concrete may be a matter of concern
requiring serviceability and safety checks and proper re-
medial actions [1-3].

Over the last century, many models were formulated to
explain and simulate the time-dependent behavior of con-
crete, among others, but not limited to [4—11]. Also, several
methods have been presented in the literature to simplify
the calculation of creep strain for structural calculations,
such as the effective modulus method [12], rate of creep
method [13], the ageing coefficient method (AAEM meth-
od) [14], and the approach based on the aging linear visco-
elastic theory [15]. More refined and advanced approaches
for detailed numerical analyses of the structural effects of
creep and shrinkage of concrete in complex, heteroge-
neous and sequentially built structures have also been de-
veloped in recent times and they are illustrated e.g., in [2].

However, time-dependent behavior of concrete must
be contextualized in a wider com- prehensive framework
since it is a result of interplay between multiple chemi-
cal, physical, and mechanical processes that are func-
tions of the material composition and its curing as well
as the surrounding environmental and loading conditions.
Chemical processes include the continued reactions of
cementitious materials, in addition to a variety of deleteri-
ous reactions that vary as functions of the environment
and material composition such as Alkali-Silica Reaction
(ASR), Sulphate Attack, Physical Salt Attack, and others.
These chemical reactions that occur within the porous
cementitious matrix, at the matrix/aggregate interface, or
even inside the aggregate, result in changes to the mi-
crostructure that lead to stiffness change and/or damage,
swelling or dilation. Physical changes are typically related
to thermal and hygral changes. As the hygro-thermal en-
vironmental conditions surrounding concrete vary, mois-
ture and heat diffusion processes take place within the
material and result in volumetric deformations, such as
during thermal shocking, exposure to fire, repeated freeze
and thawing, temperature rise in early-age massive struc-
tures, or moisture drying that in thick or restrained ele-
ments can be induce serious damage. Also, the stresses
induced by either the environmental effects or loading
lead to deformations that are not purely elastic even if no
damage is caused. This is due to the creep of concrete
that has little to share with the creep of other materials,
such as metals, polymers, woods, and clays, due to its
different physical origin.

It is important to mention here that the nature and
scales at which all these aforementioned processes take
place represent a challenge for modeling. Concrete is a
heterogeneous material made of two components having
very large differences: a cementitious matrix and aggre-
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gates. The aggregates are typically much stiff, less po-
rous and their time-dependent deformations are orders of
magnitude lower than those of the cementitious matrix.
Staying at the meso-scale, these two phases represent
the main heterogeneity of concrete. However, the matrix/
aggregate interface is also an important phase in con-
crete, and it affects its behavior significantly (especially
for normal strength concrete), still, this zone, called the
Interfacial Transitional Zone (ITZ) is chemically similar
to the matrix with much higher porosity. In addition, the
thickness of this zone is typically in microns and it is near-
ly negligible in high strength cementitious materials like
Ultra-High-Performance Concrete (UHPC). Therefore, in
meso-scale models the ITZ and matrix can be lumped to-
gether and distinguish them from the aggregate to repre-
sent the main heterogeneity of concrete.

By differentiating aggregate from the matrix, meso-
scale interaction at that level can be directly captured; for
example, when concrete is loaded in compression, the
mesostructure experiences a well-known splitting mecha-
nism of the aggregates. Mesoscale models are capable of
resolving the stresses and strains at such level and can dif-
ferentiate between tensile and compressive deformations,
while macroscopic models have to average it. This distinc-
tion becomes very important during damage and creep/
shrinkage interaction or when internal self-equilibrated
stresses are the only source of loading like in non-uniform
drying or free expansion under ASR progression in which
cases the macroscopic stresses are equal to zero. Hence,
macroscopic continuous models have to explicitly account
for these lower-scale phenomena in their constitutive laws.

In the literature there are many meso-scale approach-
es based on continuum finite element (FE) models [16-23]
and discrete models (that treat the material directly as an
assembly of separate blocks or particles. Within discrete
methods, the most popular ones are: the classical particle
discrete element methods (DEM) [24-30], lattice meth-
ods [31-33], a comprehensive approach that combines
both of them called Lattice Discrete Particle Model [34],
the Rigid-Body-Spring Networks (RBSN) [35-38], and in-
terface element models with constitutive laws based on
non-linear fracture mechanics [39]. The advantage of the
meso-scale modelling (in particular the 3D formulations)
is the fact that it directly simulates meso-structure and
thus may be used to comprehensively study the mecha-
nism of the initiation, growth and formation of localized
zones and cracks that greatly affect the macroscopic con-
crete behavior, as discussed above. The disadvantages
are the huge computational cost and a difficult calibra-
tion procedure with respect to geometric and mechanical
properties, especially considering the ITZ effect. In addi-
tion, in spite of significant progresses in the field, a fully
exhaustive material science knowledge of all the physical
mechanisms of creep and shrinkage is still missing. Only

through physically based constitutive approaches the
problem of establishing reliable prediction models can be
overcome, but this still requires a calibration on an exten-
sive database [40].

In this paper, a recent mesoscale approach capable
of representing remarkably well the concrete time-de-
pendent behavior will be first reviewed. This mesoscale
approach consists of the combination between the me-
soscale discrete model termed Lattice Discrete Particle
Model (LDPM) and the hygro-thermo-chemical (HTC).
LDPM that a comprehensive concrete model. That repre-
sents the internal structure (heterogeneity) of the material
using an assemblage of coarse aggregates that interact at
discrete interfaces [34]. The model has been successfully
used in modeling concrete samples and reinforced con-
crete structures under various static and dynamic loading
conditions [41—-44]. The LDPM was recently coupled with
a hygro-thermo-chemical (HTC) model [45, 46] resulting
in a multi- physics framework that later was extended to
account for coupled creep, shrinkage and ASR deforma-
tions [47-49]. In this framework, creep and shrinkage de-
formations are modeled based on a discrete version [48,
49] of the Microprestress-Solidification theory [50-53].
Finally, some applications of this framework in simulat-
ing different coupled deformation phenomena will be illus-
trated highlighting the unique features of this approach.

1. General multi-physics framework

This section presents the numerical framework that
combines a Hygro-Thermo-Chemical (HTC) model with a
discrete meso-scale (LDPM) model for concrete. The ba-
sis of the time-dependent mechanical analysis is a multi-
physics model that simulates all the relevant chemical/
physical phenomena in a cement-based material, such as
the chemical reactions of the binder coupled with moisture
transport and heat transfer in interaction with the environ-
mental changes. The solution of this problem produces
all the basic physical and chemical quantities that drive
the thermal strains, the hygral shrinkage, the evolution of
material properties, as well as the kinetics of basic and
drying creep.

1.1. Hygro-Thermo-Chemical (HTC) model

The HTC model [45, 46] simulates the moisture and
temperature evolution in a cementitious material consid-
ering the simultaneous chemical reaction — hydration of
cement and pozzolanic reactions. The reaction kinetics
are formulated in terms of reaction degrees that represent
the progress of a chemical reaction as the ratio between
the amount of reacted material and the total initial amount
of it. The reaction kinetics are characterized by an appro-
priate chemical affinity [6, 54] and by an Arrhenius type
term. As a matter of fact, the rate of the cement hydra-
tion degree, a., is expressed by the product between the
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normalized chemical affinity A.(h, a.) and the Arrhenius
exponential term as
a. = Ac(h ac)e%z

—_ fa (A2 o _
T 1+(5.5-5.50)% ( + ac) (ac

o0
ac

where E . is the activation energy and R the universal
gas constant. The normalized chemical affinity is ex-
pressed in terms of three material parameters, 4., 4,
and n, that can be calibrated on the basis of experimen-
tal data or as recently proposed, using a numerical multi-
scaling approach [55]. The term @c'=1.032 w/c (0.194
+ w/c) (where w/c is the water to cement ratio) is the
theoretical asymptotic degree of hydration [56]. The first
term of the normalized chemical affinity A¢(h, a.), which
is function of the relative humidity 4, represents the hy-
dration slowdown due to the reduction of the available
water [50, 57, 58].

Similarly, if a pozzolanic material is utilized in the mix-
ture, such as silica-fume, the rate of its reaction degree
can be describe using a similar approach [45].

The coupling between chemical reactions and trans-
port processes (water and heat) is achieved by combining
the water mass and enthalpy balance equations with the
Eq. 1, in which the cement hydration degree is assumed
as an internal variable, leading to a system of partial dif-
ferential equations with only two state variables, i. e., the
temperature T and the pore relative humidity 4,

Owe Oh  Owe .

an ot dac ¢ da,
where D, is the moisture permeability of concrete, w,
and w, nare the evaporable and non-evaporable water,
respectively, and o is the silica fume reaction degree.
The rate of non-evaporable water in Eq. 2 is given by
Wn=0.253 ¢ d..

Tl —in =0 (2)

F . e . Ao
pcta—: ==V -(k,VT)+a.cQZ + dysQq (3)

where k, heat conduction coefficient, p density, c,isobaric
heat capacity, ¢ and s cement and silica fume content,
and @2 and Qs are the enthalpies of hydration and silica
fume reaction, respectively.

The HTC model solves the heat transport problem
considering only one mechanism of heat transfer, i.e.,
the heat conduction that is expressed by the term the
heat flux (Fourier’s law), k,VT, in Eq. 3. The other two
heat transfer mechanisms, surface heat radiation and
heat convection, are neglected since in porous material
as concrete the main mechanism of heat transfer is the
conduction.

For the moisture transport (Eq. 2) a non-linear water
diffusion process is assumed depending also on the tem-
perature field. Following [45], the moisture permeability is
expressed as a nonlinear function of the relative humidity
h and temperature T and it is formulated as:

RT
where T=296 K, E,/R= 2700 K [59].

The relation between the amount of evaporable
water and relative humidity is the so-called adsorption
isotherm for increasing relativity humidity or desorption
isotherm for the inverse case. Although their differences
are not negligible [60], due to a lack of experimental
data, no distinction is made hereafter and just the term
sorption isotherm is used with reference to both con-
ditions. This approximation is generally valid for many
practical applications and for the majority of laboratory
tests (including in the current study) in which wet and
dry cycles are not considered. The sorption isotherm
is also assumed as a function of the degree of hydra-
tion and the degree of silica fume reaction as originally
proposed in [61]:

We(h' A 0(5) =G (ac' as) [1 -

b= (=2 i (2=1) o]

1
elo(glu?—uc)h]

+ Ky (@, a;)[et0@reach — 1] (5)
Gi(ac, as) = kjgacc + kygass (6)

o0
Wo—0.188acc+0.22a55 G4 [1-€ 1009148 ~ac)|
e10(g1a~ac) 4 (7)

K, (ac' as) =

where 91, k;4 and k;4, are material parameters that must
be identified from experimental data or as recently pro-
posed, using multi-scaling approach [55].

1.2. Discrete mesoscale mechanical model

The mesoscale discrete model employed in the
framework is the so-called Lattice Discrete Particle Model
(LDPM) [34, 41]. It simulates the heterogeneity of con-
crete considering the mechanical interaction of coarse
aggregates in the cementitious matrix. The discretized
concrete mesostructure is built through three main steps,
as shown in Fig. 1a. First, the coarse aggregate pieces
are placed into the concrete volume by a random pro-
cedure. Then, zero-radius aggregate pieces (nodes) are
randomly distributed over the external surfaces for the
application of boundary conditions. Eventually, a three-
dimensional domain tessellation, based on the Delaunay
tetrahedralization of the generated aggregate centers,
creates a system of polyhedral cells interacting through
triangular facets and a lattice system composed by the
line segments connecting the particle centers. Fig. 1b
shows an idealized spherical aggregate piece surrounded
by the generated system of interaction facets. The two
vectors shown in Fig. 1b are the stress vector ¢ and strain
vector ¢ acting on this facet.

The stress vector o=[ry 1,,¢,]7 on each facet is com-
puted through constitutive relationships, a=f(¢), govern-
ing the mesoscale behavior of the material, in which ¢ is
the strain vector on the same facet.
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Elastic, cracking
and Damage strains

Volumetric  Viscous Visco-Llastic strains

Strains strains

Fig. 1. One Lattice Discrete Particle Model (LDPM) cell around
an aggregate piece (a); equivalent rheological model based on strain
additivity (b); rheological model of elements in series (c)

Puc. 1. Oona sueiika pewiemuamoii OUCKpemHol modeau uacmuy
(LDPM) 6okpye 3anoanumens (a); 3K6uaneHmMHAs peoN0UHeCKas MO-
deav, ocHosanHas Ha addumusHocmu degpopmayuii (b); peonoeuueckas
Modenb 21eMeHM08 NOCAe008AMENbHO COCOUHEHHBIX INeMeHMO08 (C)

Rigid body kinematics is assumed to describe the de-
formation of the LDPM lattice/particle system and the dis-
placement jump, [ucl, at the centroid of each facet is used
to define a measure of strain as

_nTuc] _1Tuc] |

_ mTuc]
EN=— & L

M= (8)
where L=distance between particles; n, I, and m, are unit
vectors defining a local system of reference attached to
each facet, and e=[e, ¢,, ¢,]” represents the facet mate-
rial strain vector (see Fig. 1b). The LDPM has been used
successfully to simulate concrete behavior under a large
variety of loading conditions [34, 41]. It has been also
formulated for fiber reinforced concrete [62, 63] and for
ultra-high-performance concrete (UHPC) [64]. In addition,
LDPM was successfully used in structural element scale
analysis using multiscale methods [42—44].

Assuming the additivity of strains at mesoscale level
of each facet, one can write

E=e +E+e+éE+e"+ ¢ 9)

where £ is the total strain, é" represents the effect of in-
stantaneous elasticity and damage, % represents the
strain rate due to material degradation such as ASR,;
&% and & are shrinkage and thermal strain rates, respec-
tively; 7 is the viscoelastic strain rate and &’ is the purely
viscous strain rate. The strain additivity of Eq. 9 can be
represented as a rheological model of elements in series
that is depicted in Fig. 1c.

1.2.1. Elastic, Cracking, and Damage Behavior
In the elastic regime, the normal and shear stresses
are proportional to the corresponding strains: ty = Eyey,
ty = Erey, t, = Ere;, where Ey=E,, Er=aE,, E,=effec-
tive normal modulus, and a=shear-normal coupling pa-
rameter. In vectorial form, one has =1/ EGo:

1 0 0
G = 0 1/0! 0
0 0 1/a (10)

It must be observed that, E, represents the instanta-
neous deformation since all creep strains, which always
occurs during quasi-static loading, are included in the Kel-
vin chain of the rheological model. However, the Kelvin
chain has a limited number of elements and, in this case,
E, will also include the effect of very short-term creep
whose characteristic time is smaller than the smallest of
the discrete chain.

Fracture and cohesion due to tension and tension-
shear. The fracturing behavior under tensile loading, i. e.
ey >0, is expressed through an effective strain, e, and the
effective stress, ¢, defined as:

e=yex?+alen?+¢,2) and o=/ox*+ (o +0,2)/a

in which the normal and shear stresses are ty =ey(t/e),
ty=aey(t/e), and t,=aej(t/e). The effective stress tis
computed incrementally elastic (t=Ey€) with the condi-
tion that 0<t <0, (e, w) where

oyt (e, w) =g (w)exp[—Ho(w){e—eo(w))/ap(w)]
with  (x)=max{x,0}, tan(w)=e;/Jae;=tiJa/e;,
and e;=./e;?+e;%. The post peak softening modulus
is defined as Hy(w)=H;(2w/m)™, where H, is the soft-
ening modulus in pure tension (w =m/2) expressed as
H,=2E,/(l;/1-1); l,=2E,G;/0? Lis the length of the tet-
rahedron edge; and G, is the mesoscale fracture energy.
LDPM provides a smooth transition between pure tension
and pure shear (w = 0) with parabolic variation for strength
given by g, (w)= atrszt(— sin w++/sin2 w+ 4a cos? w/rszt)/
/(4a cos’w), where ry, = g,/0, is the ratio of shear
strength to tensile strength.

Compaction and pore collapse in compression. Under
compressive loading, i. e. e](," <0, to simulate pore collapse
and material compaction, LDPM normal stresses for are
computed through the inequality —0sc(ep,ep)<ty<0,
where 0y is a strain-hardening boundary assumed to
be a function of the volumetric strain, ey, and the de-
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viatoric strain, ej=ey—eyp. The volumetric deformation
is calculated from the volume variation of the Delau-
nay tetrahedra as ey = AV/3V; and is assumed to be
constant for all facets of given tetrahedron. The elas-
tic limit, —0p., is defined as —0uc(ep, 7)) =0 for ep <0,
—0opc(ep, ep) =0+ (—ep—ep)H (Tpy) for 0<—ep<eco
and —opc(ep, ep) =01 (rpy)exp(—epy — —ec)He(1py)/
/0.1 (Tpy) otherwise. In those formulae epy =ey +Bep, B
is a material parameter, g is the mesoscale compres-
sive yield stress, €.o=0¢0/Ey is the compaction strain at
the beginning of pore collapse, H¢(7py) is the hardening
modulus, e.1=Kco€co is the compaction strain at which re-
hardening begins, ko is the material parameter governing
the re-hardening and 0.1 (rpy) =00+ (€c1—eco) He (rpy).

Friction due to compression-shear. The incremental
shear stresses are calculated as iy =Er(éy —¢é)) and
t,=Er(é;—¢;7), in which €y =409 /ty, €,/ =10¢/ty,
A is the plastic multiplier with loading-unloading condi-
tions A<0 and 1>0. The plastic potential is defined
as ¢=./t4 —t}—op,s(ty), where the nonlinear frictional
law for the shear strength is assumed to be 0ps(ty)=
=05+ (lo—Hw)Ono[1—exXp(ty/Ono) ] —Heotm, Ono is the
transitional normal stress; iy and U«=0 are the initial and
final internal friction coefficients.

1.2.2. Rate effect

The loading rate has a direct effect on the mechani-
cal properties of concrete as it has been shown by many
authors [65—69]. This phenomenon is explained by three
main contributions: the creep of the material, the rate ef-
fect on the bond rupture in the mesoscale fracture, and
the effect of inertia force on the crack propagation. It must
be noted that even for quasi-static loads, with a typical
loading strain rate, &, between 107 and 103 s, the first
two mechanisms mentioned above are dominant. While
increasing the strain rate loading the third contribution be-
comes dominant. Since the fracture can be seen as the
consequence of the rupture of atomic or molecular bonds
dominated by a thermal activation of the bond breakages,
the rate effect can be modeled by the concept of a rate
dependence on the fracture process [70].

As proposed in [71], the cohesive crack model can
be made a time-dependent process characterized by
its aforementioned activation energy. The Maxwell-
Boltzmann distribution describes statistically the thermal
energies of the vibrating atoms or molecules in a solid
material as f =k,exp(—U/RT), in which fis the frequen-
cy of particles having a potential energy of U, k, is a con-
stant, R the gas constant and T the temperature. If the
value of the potential energy, which physically represents
the barrier of energy that a particle has to exceed in order
to break a bond, is Q. When a stress, s, is applied, the
potential energy varies among Q * 7,0,. By denoting f
and f, the frequencies of the varied potential energies,

U,=Q+ r,0, and U,=Q—1,0,, the rate of crack opening
W can be taken as their difference with the proportional-
ity constant kf as W=k (f,—f1). By substituting the ex-
pressions of the frequencies of the varied potential en-
ergies, the rate of crack opening can be expressed as
W =2k,ksinh(r,0,/RT)exp(—Q/RT) which for constant
temperature, and under the assumption of proportional-
ity to the softening function, ¢ (w), of the cohesive crack
model, o, X o — ¢ (w), yields:

o(w,w) = [L+Cysinh™ (Z)] o) (1)

with Co=2k,krexp(—Q/RT,) and C, are material con-
stants.

The above concept has been implemented in
LDPM [72] by scaling the stress-strain boundary, defined
in previous sub-section by the function F(€) as:

pe (e, w)=F (€)ap(w)exp[—Ho(w){e =& (w))/do(w) with

F(¢) =1+ C,sinh™? (L)

Cols (12)
1.2.3. Solidification Theory

for Visco-Elastic Deformations

According to the Solidification Theory [50, 51, 52, 53],

the visco-elastic behavior of concrete comprises the vis-

co-elastic strain of the aging hardened cement gel that
can be formulated as [50]:

1

(D=1 () with y(0) =, @(t,()~t,(D))Godr (13)

where y (t) represents the cement gel visco-elastic micro-
strain rate, v(a.)=(a./aZ)"* is a function that repre-
sents the volume fraction of cement gel produced by ear-
ly-age chemical reactions, ®(t —ty) =&, In[1+ (t —ty)%!]
is the non-aging micro-compliance function of cement
gel, with t —t, as the loading time interval, $; and n, are
model parameters. To account for the effect of change
in relative humidity and temperature the reduced time
concept is used [52], where tr(t)=f0tll)(f) dt and
Y()=[0.1+0.9h(t)?]exp[Q,/R(1/Ty—1/T(t))], where
h, T are the relative humidity and temperature (in Kelvin)
at time 7, Ris the universal gas constant and Uy is the ac-
tivation energy for the creep processes. For typical con-
crete mixes Q,/R~5000 K [53].

For finite element analysis an incremental stress-
strain relation is needed. For this purpose, it is convenient
to convert the integral in Eq. 13, which governs the evo-
lution of the visco-elastic strain, into a system of differ-
ential equations. This can be achieved by approximating
the non-aging micro-compliance function @ (t—t,) with a
Dirichlet series, which is equivalent to modeling the visco-
elastic strain of cement gel in terms of a non-aging Kelvin
chain. Then the aging is imposed by multiplying all the
Kelvin element stiffnesses (or compliances) with the ag-
ing term 1/v(a.). The non-aging creep compliance func-
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tion @(t—t,) can be represented by an Dirichlet series
with N elements as:

P(t,to) = Ey=1 Au[1—exp(—(t —to)/7,)]

where 7, is the retardation time and 4,=1/E, the compli-
ance, in which E,, is the elastic moduli, all of the m-th term.
The identification of those parameters is not a simple task
which may lead to ill-posed problem and to non-unique
chain properties [2, 3]. However, the most effective ap-
proach to approximate a creep function with a Dirichlet
series is the introduction of a continuous retardation spec-
trum based on the Post-Widder formula to calculate the
parameters of the series [3, 73, 74].

The most effective way to determine the terms of the
series expansion in Eq. 14 is to choose 7,=107,_1 (m=1,
2, ... N) and to assume A,=In(10)L(m), where L(m) is the
continuous relaxation spectrum of the function ®(t, t).
The retardation spectrum can be expressed as [3, 73, 74]:

_ k
L(0) = — lim S5 9@ (kr) (15)

k—oo (k—1)!

(14)

where £ is the order of the retardation spectrum and &)
denotes the kth derivative of the compliance function .
Based on the chosen functional form of the creep compli-
ance @ and using the Eq. 15 the retardation spectrum of
third order approximation can be expressed as:
-37)3 200(37)%2+369(37)*1+171

L(T)z_fl( 2 : (31’)2-9((31’)0-1+(1)()1000(31')(0-21-2000(3‘[)0-1+1000)(16)

Then the creep compliance ®(t,t,) can be approxi-
mated as a finite sum:

D(t, ty) = Ag + Xh=1 Au[1 — exp(—=(t — o) /7,)]1(17)

Since the discrete spectrum contains only a finite
number of retardation times 7,, the part of continuous
spectrum up to the shortest retardation time is not con-
sidered. To account this contribution, one has to calcu-
late the area under the continuous spectrum up to the
shortest retardation time considered, t,. This area under
the tail is included in the constant 4, in Eq. 17. The theo-
retical value of the constant 4, is given by the integral
A0=f_rgo t,(7)dt where the upper integration limit 7o can
be determined for a spacing of log(10) as 7,=1,/V10,
where t; = the first retardation time of the Kelvin chain.
However, the constant 4, can be also computed by the
minimization of the error between the series approxima-
tion in Eq. 17 compared to its real value of the function
D(t—ty) =& In[1+(t—t,)%1] [52]. Using this approach,
the calculated value of A4, in [75] are: 0.226 [Pa~'],
0.279 [Pa~'], and 0.343 [Pa™'] for 7,=10"° [days],
7,=10~% [days], and 7,=103 [days], respectively.

1.2.3. Microprestress Theory
for Viscous Deformations
The purely viscous strain rate represents the totally
unrecoverable part of the creep strain and it is associ-

ated to long-term creep, drying creep effect (also called
Pickett effect) and transitional thermal creep. From the
microprestress theory the purely viscous strain rate can
be expressed as [51-53]:

&= &xoY()SGo (18)

where S is the microprestress computed by solving the
differential equation S+ (£)S2 =k, |T In(h)+Th/h|
where ko, ki, and & are model parameters, and
P (£)=[0.140.9h(t)*]exp[Qs/R(1/Ty—1/T(t))] with
Q,/R=3000 K [53]. The solution of this differential equa-
tion for isothermal basic creep condition, i. e., T=0and
h=0,is S=S,(te/t) with Sy 1 =K, t,, in which the initial val-
ue of the microprestress S, at time t =t can be calculated
for to=1 day without loss of generality. It must be ob-
served here that, the three parameters, ko, k1, and &; are
not independent as far as the viscous strain is concerned.
Basic creep viscous strain depends on &; only [52]; dry-
ing and transitional thermal creep depend on ¢, and the
product Kok4, [76]. This is simple to show since introduc-
ing the auxiliary variable S =#,S one has ¢/ =&,y (t)SGa,
S+1s(t)S? =k |T In(h)+Th/R| [2]. Therefore, a con-
stant value of ko=2x10"3[MPa day]~" will be used in this
work. Even though the value of Ky should be identified
from experimental data on the microprestress, which is
not available at the moment.

Recently it has been shown that the microprestress
arises in nanoscale simulations of CSH in which the loga-
rithmic creep and power-law microprestress relaxation
emerge from generic deformation kinetics in such disor-
dered systems [77].

1.2.5. Hygral and thermal deformation
The variation of the relative humidity in the mate-
rial pores causes free hygrometric strain &° (swelling
or shrinkage, for positive or negative relative humidity
change, respectively). One can write:

&= ag,hl (19)

where ay, is the shrinkage coefficient and h relative hu-
midity variation. Similarly, temperature changes cause
thermal strain rates, &, which can be expressed as

=TI (20)

where ar is the coefficient of thermal expansion.

1.2.6. ASR induced deformations (ASR Expansion)

In this research, ASR induced deformations, in ad-
dition to thermal, shrinkage and creep deformations are
formulated within the framework of the Lattice Discrete
Particle Model (LDPM). The formulation proposed in [47,
49, 78, 79] is here briefly reviewed. A diffusion process at
the meso-scale has to happen to transport alkali ions into
the aggregate for ASR gel to form and to also transport
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water for the gel to imbibe and later expand. Since in this
study the meso-scale ASR-LDPM [47, 49] is employed,
all the major phenomena at that length scale are explic-
itly considered, whereas only in average all the sub-scale
ones. ASR-LDPM implements in the mesoscale geometry
of LDPM a model describing ASR gel formation and ex-
pansion at the level of each individual aggregate particle.
The overall average rate of expansion of a single aggre-
gate piece is related to two main processes: (1) basic gel
formation; and (2) water imbibition. Subsequently, the
volume increase due to water imbibition is imposed as an
eigenstrain within the LDPM model.

Gel Formation. The gel formation is modelled at the
mesoscale (length scale of coarse aggregate pieces).
The gel mass Mg generated from an aggregate particle
with diameter D, is derived by solving the equation gov-
erning a radial diffusion process into the aggregate par-
ticle (see Fig. 2). Thus, one can write, similarly to the work
in reference [47]:

MQZKapg%(D3—8Z3) and Z':—KZ w

_We _
2(1-5)
where W, = water content in the concrete sur-
rounding the aggregate particle estimated based
on [45] as w,=(Ww/c—0.188a’)c at saturation;
a’=1.031w/c/(0.194+w/c) asymptotic hydration
degree [56]; w/c = water-to-cement ratio; ¢ = cement
content. Furthermore, in Eq. (21), z = the diffusion front
position measured from each aggregate particle center
as shown in Fig. 2, Pg (with units kg/m3) represents the
mass density of gel formed and it depends on its chemi-
cal composition and silica content per aggregate volume.
K, =1,0€xp|Eqg/R(1/To—1/T(t))] represents the diffu-
sivity of alkali rich water into the aggregate and has units
of m%/(kg day) where Kk, is its value at room temperature

(21)

Reactive aggregate

surface

Fig. 2. Idealization of gel formation in one aggregate

Puc. 2. Ynpowennoe uzobpaxcerue 06pazoeanus eeasi Ha 00HOM 3ano-
Humene

(T;=296°K); T(t) = current temperature; E,, = activa-
tion energy of the diffusion process; and R = universal
gas constant. kg =min({c,—Ca0)/(Ca1—Cap),1) accounts
for the fact that alkali content available in the cement
paste surrounding each aggregate particle, is not always
enough for the ASR reaction to occur; ¢, is the thresh-
old alkali content at which, no or minimal expansion is
observed, and ¢q; is the saturation alkali content enough
for complete silica reaction. Note that z might represent,
depending on the situation, the evolution of different phe-
nomena, from the thickness of the reaction rim to the ex-
tent of the penetration of alkali rich water needed for the
reaction of isolated silica pockets.

Water Imbibition. The water imbibition process is de-
scribed by relating the rate of water mass M; imbibed by
gel to the thermodynamic affinity and a characteristic im-
bibition time. Considering the gel mass M, given by the
integration of Equation (21), the rate of water imbibition
is given by:

M; = % (kM — M) (22)

where the imbibed water at thermodynamic equilibrium
has been assumed to be linearly proportional to the mass
of formed gel with k;=kK;exp[Es/R(1/To—1/T(¢t))]
as the constant of proportionality, and temperature-de-
pendent through an Arrhenius-type equation governed
by the activation energy of the imbibition capacity, Eq;
, and is its value at room temperature, k. Similarly,
C;=Cipexpl[Eq,/R(1/Ty—1/T(t))] represents the bulk
diffusivity of imbibed water through both the cement paste
surrounding the aggregate and the reacted external rim of
the aggregate; E,. = diffusion process activation energy
and Cj = value at room temperature; D is the aggregate
diameter. The inverse of the ratio C;/D? represents the
imbibition rate characteristic time as in [47, 80]. The char-
acteristic time is assumed to be constant at full saturation,
but depending on silica distribution, type of aggregate,
porosity and the inter-connectivity and tortuosity of its
pore system, this coefficient can vary with the amount of
imbibed water. Also, the characteristic time is affected by
the availability of water transport paths, which can reduce
by the clogging of pores due to water imbibition, and by
the aggregate cracks that can easily increase the diffusiv-
ity. So, to settle things once and for all, a constant value
is assumed here [47, 80].

Extension for nonsaturated conditions. In real situ-
ations, full saturation condition is rarely achieved, and
amount of moisture content is typically governed by a
nonlinear diffusion process that considerably affect the
ASR evolution [47]. ASR-LDPM was extended to account
for nonsaturated conditions in [49]. The spatial and tem-
poral distributions of relative humidity 4, temperature T
and degree of cement hydration @, are computed using
the Hygro-Thermo-Chemical (HTC) model (described in
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the Section 2.1). The amount of evaporable water, we, in
the surrounding of aggregate particles is calculated ac-
cording the Egs. 5, 6, and 7. However, the Eq. (5) does
not account for the water consumed in the ASR process.
This is a reasonable assumption because the ASR pro-
cess is a multi-decade process with a different time scales
that typically contribute to w, variations (relative humidity
variations and aging are processes with time sub-scales
in respect to the time scale of the ASR process). Similar
observations apply to variations of relative humidity and
temperature. This means that there is only one-way cou-
pling is only one way coupling between the hygro-thermo-
chemical processes and the ASR process. All the field
variables, 4, T and a., are calculated (see Section 2.1)
assuming no effects from ASR evolution. For nonsaturat-
ed humidity environments, the imbibition is dramatically
reduced, and for relative humidity lower than 60%—80%,
no noticeable ASR expansions has been observed [81].
The effect of relative humidity is introduced into the diffu-
sion front speed z by making the diffusivity parameter k,
a function of 4 as:

Ko (hT) =1k [1+ (z—i ~1)a- h)"Z]_l (23)

where Kt =klyexp[Eq,/R(1/To—1/T(1))]is the diffusivity
at room temperature 7 and full saturation (h=1); k1, = dif-
fusivity at room temperature 7o and full saturation (A=1);
K2=Kpoexp|Eqq /R(1/To—1/T(t))] diffusivity at the cur-
rent temperature 7'and dry condition (2=0); Ko = diffusiv-
ity at room temperature 7o and dry condition (2=0); n, is a
model parameter.

A second effect is also introduced in the ASR gel wa-
ter imbibition process assuming a dependence of the ef-
fective diffusivity parameter C; on the relative humidity h.
This is obtained by setting:

~ ~ ¢l -1

Ci(h, Ty =CE1+ (F —1) (1 -] (24)
where C1=Cl,exp[E,./R(1/T,—1/T(t))] is the effective
diffusivity at room temperature T and full saturation (2=1);
Caois the diffusivity at room temperature 7o and full satura-
tion (h=1); C2 =C% exp[E,w/R(1/Ty—1/T(t))]is the effec-
tive diffusivity at the current temperature T and dry condi-
tion (h=0); C%, = diffusivity at room temperature 7o and dry
condition (2=0); ny is a model parameter. In absence of
specific experimental data, it is assumed that, at constant
temperature, the ratio of gel diffusivities is equal to the ra-
tio of water imbibition diffusivities k3 /x%, =C%/C%=rpand
also the exponents are the same n;=ny=np. With this
assumption the effect of relative humidity variations is the
same for both processes, gel formation and gel imbibition.

The water imbibition rate M; for each specific aggre-
gate is given by the Eq. 22 and, where there is no more
room for the additional mass to be accommodated, the
aggregate starts to swell. Initially the expansion of the
ASR gel can be partly accommodated without signifi-

cant pressure build up. This is also facilitated by the ex-
istence of the so-called interfacial transition zone (ITZ)
(see Fig. 2). Similarly, to the ITZ size, the equivalent
thickness, d., of the layer in which the capillary pores are
accessible to the ASR gel may be considered constant
and independent of the particle size D. To account for this
behavior, the amount of imbibed water used to compute
the aggregate expansion is defined by (M; — M?), where
M?=(4mp,,/3)((r+8.)3+73) is the mass required to fill
this space, pw is the mass density of water, and {..) are
the Macaulay brackets. The increased radius of each ag-
gregate particle of initial radius »=D/2 can be calculated
as 1,=(3(M;— M?)/4np,,+7r3)/3. The rate of radius in-
crease can be written using the chain rule as:

. dry _ drydM; _ . odrp
T =G Tamar - Migm, "
= ampn B(M; — M) /4mp,, +13)72/3 (25)

This definition of radius change rate is used to com-
pute an incompatible ASR gel normal strain rate as

ey = (T +7i2)/1
where ri; and ri2 are the increases in the radii of the two
aggregate particles sharing a generic facet. Note that the
model formulated herein assumes approximately that the
imposed facet shear strains due to gel swelling are neg-
ligible, ey; =ef* = 0. Based on this simplification, the ASR
gel strain rate is given by:

(26)

& =[eg 0 0]F (27)
1.2.7. Aging

As widely known concrete properties typically improve
in course of time, especially in the early weeks after cast-
ing. This complex process is called aging and its source is
the ongoing hydration, which depends on the mix design
and the environmental boundary conditions.

In the literature, a wide range of approaches which de-
scribe the evolution of mechanical proper- ties as a func-
tion of hydration degree are found. However, the evolution
of mechanical proper- ties does not only depend on the
hydration degree, but also the curing temperature history.
That means that specimens which have the same mix
design but are hydrated at different temperatures show
different strength for the same hydration degree. This is
because a lower curing temper- ature leads to a more
uniform distribution of the hydration products compared
to higher curing temperatures and consequently to higher
strength and stiffness.

Cervera et al. [54] developed a chemo-mechanical
model which captures the influence of the temperature on
the mechanical behavior in an empirical way. This is done
by expressing the evolution of mechanical properties as
a function of aging degree rather than hydration degree.
The aging degree 1 is calculated as [54]:
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. rp-T \™ :
A= Tr—Tres (BA - ZAAac)ac (28)

with the hydration degree a., the maximum temperature
under which hardening of concrete occurs Tr, the refer-
ence temperature for determining the mechanical prop-
erties Trer, By=[1+ A3 (a2”— )| /(a&—a?), and the
model parameters which need to be calibrated 13 and A,.
Di Luzio and Cusatis [53] followed the same approach
and adopted the concept of aging degree for describing
the mechanical behavior of concrete at early age and
beyond by the Solidification-Microprestress-Microplane
model. Hereafter, a summary of the studies performed by
Wan et al. [82] and Czernuschka et al. [83] is presented.
Both authors used the concept of aging degree to estab-
lish a lattice discrete particle model with chemo-mechan-
ical coupling in order to simulate the aging behavior of
concrete. The framework couples the previously intro-
duced HTC model to the LDPM by a set of aging func-
tions, expressing the evolution of meso-scale parameters
as a function of aging degree.

The authors found that the age-dependent meso-scale
parameters are the normal modulus, the tensile strength,
the tensile characteristic length and for some cases also
the shear strength ratio. The aging functions are formu-
lated in terms of a power-law for the normal modulus, the
tensile strength and the shear strength ratio since it rep-
resents the most flexible functional form and can be ap-
plied to a wide range of data. The evolution of meso-scale
properties x as a function of aging degree A herein can be
expressed as:

x(A) =x"(a+ (1 —-a)l) (29)

with the asymptotic meso-scale parameter x*, the rela-
tive initial parameter a and the parameter related aging
exponent n. Furthermore, the evolution of the tensile char-
acteristic length was expressed as a linearly decreasing
function of the aging degree A:

L) =12k =2 +1] (30)

where [° defines the asymptotic tensile characteristic
length and k is a positive constant.

1.3. Numerical implementation
of the chemo-hygro-thermal-mechanical coupling

Numerical implementation of the constitutive relations
presented in the previous Section requires that at each
time step, the stress increment Ao is calculated from the
response at the previous step and current strain incre-
ment Ae. At the beginning of each step, before the inte-
gration of the mechanical constitutive equations, the che-
mo-physical model (HTC in Section 2.1) must be solved,
and the solution fields transferred on each centroid of the
facets. This is done using the shape function of the fi-
nite element mesh utilized to solve the HTC model that

is solved using a three-dimensional tetrahedral finite ele-
ment with Crack-Nichols method for the time integration
(see for details [46]).

Since the integration of the mechanical constitutive
equations is done explicitly, all strain increments other
than As* must be calculated as imposed strain increments.
Rearranging Eq. 9 in an incremental form, we have:

Ae*=NAe —(Ae+ AeS+ Aet + Ae¥+ AeT) (31)

At the beginning of each time step, nodal velocities
are used to evaluate the rates of displacement jumps at
each LDPM facet, from which, the total facet strain rate £
is computed. By simply multiplying it by At, the total strain
increment becomes Ag =Até&.

Shrinkage Ae® and thermal Ae® strain increments are
computed at each facet based on humidity and tem-
perature increments at the beginning of the time step as
AeS=a,Ah[100]" and Ae*=a;AT[1 0 0]".

For the ASR strain increment, at the beginning of each
time step, in all aggregates, in which ASR is progressing,
the diffusion fronts are first computed through the inte-
gration of the second equation in Eq. 21 over the time
increment At using forward Euler method. Then, the gel
masses are computed from the first expression in Eq. 21
and finally, substituting them in Eq. 22, the current incre-
ment of imbibed water AM, is obtained. For each aggre-
gate piece, the increase in radius is computed from the
incremental form of Eq. 25. Then, the ASR gel normal
strain increment is computed as Aey=(Ar;+Ar;)/1
and the ASR imposed strain increment vector becomes
Ag%=[Aef 0 0]".

Finally, also the creep strain increment is calculated
on the facet level under the assumption of constant stress
at each time increment. i. e., a stepwise stress history is
assumed (as in the Euler explicit method). Using this ap-
proach, the error is proportional to the step size that, with
the explicit numerical implementation of LDPM, is typical-
ly very small. As presented in the above Section 2.2.3, the
visco-elastic creep strain is modeled with an aging Kelvin
chain model. For a one-dimensional single Kelvin mod-
el with spring constant £; and damper coefficient #; the
stress o is given by 0=Ejy;+n;Y;, where Yj is the strain
and being 7;=E;/n; the retardation time. Because the
stress is assumed constant, o(f)=o(#;)=¢', in the time step
from # to #+1 with At=t:1—1;, the general solution of the
strain evolution is given by y;(t)=A+B exp[—(t —t;)/7j]
with 4=0/E; and B=y;—0'/E; (using the initial condition
i (£)=Y;. The strain at time ti+1 is then given by:

. i - s
Yt = g—] (1 —e ’1'> +yje i (32)
For a chain of N Kelvin elements, the strain increment
becomes:

At
Ay =3 (40 —v}) <1—e ff) (33)
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where 4; and Tj have been above defined in Section 2.2.3.
Considering a constant function = (t) =yt =y°
over the time step, one can write, Aty =t D —t, () =
=[; @[] p@ydr=[" p)dr=yiac. So, in-
cIudlng all effects the visco-elastic strain increment is
given by:

_wiar
Ae” = E)o(GAj0" 7)) <1 —e >v(i£) (34)

Similarly, the purely viscous strain increment at the
facet level is computed considering again constant stress
o and constant i = 1(t"), in each time step. This pro-
vides the incremental form of Eq. 18 as:

Agl= Até,k,)'S'Ga' (35)

with the following discrete relation to integrate the micro-
prestress formulation

AS'= —plicoST At + i, [AT! In(R) + TARI/RE| (36)

Subtracting all those imposed strain increments in
Eq. 31, the remaining strain increment Ae” is used in the
LDPM constitutive relations to compute the facet stress
vector increment Ac. The LDPM equations are integrated
with reference to the apparent normal modulus Ey(t) de-
fined as Eo(t)=1/[1/Ey+ Ao/v(a.)]. Therefore, elastic
effective LDPM stress (see Section 2.2.1) is first calcu-
lated at each step and then, the nonlinear behavior in the
LDPM constitutive equations is imposed through a verti-
cal return algorithm [41].

The presented formulation is implemented into MARS,
a multi-purpose computational code for the explicit dy-
namic simulation of structural performance [84].

2. Model applications

Different experimental data sets found in the literature
are here used to evaluate the capabilities of the proposed
computational framework.

Since the computational framework consists of several
components, it requires an objective calibration strategy of
the numerous parameters. This can be achieved through
the individual calibration of each model component based
on suitable test data. This task is not always simple be-
cause all model components are coupled together and,
in some cases, available experimental data refer to more
than one model components. For example, an accurate
calibration of concrete creep requires low load levels at
which the existence of damage can be excluded.

Since LDPM is a discrete model that mimics the me-
so-structure of concrete and automatically reproduces the
part of the experimental scatter that is related to the ran-
dom position of coarse aggregate pieces. Thus, a number
of repetitions with different particle positions is re- quired
for each model configuration and loading scenario. Typi-
cally, three realizations each were generated and run as
a trade-off between confidence in the mean value and

computational cost. A more detailed discussion on the
particles placement and the related influence on the nu-
merical scatter can be found in [85].

2.1. Creep and shrinkage
under varying hygrothermal conditions

In this section one example of the simulation of creep
and shrinkage phenomena using the presented frame-
work is shown, however for more details and applications
an interested reader can look at [48, 86]. The considered
experimental investigation was performed by Bryant et
al. [87], which includes a series of shrinkage and creep
tests under sealed and drying (60% R.H.) conditions at dif-
ferent loading ages. Using concrete prismatic specimens
of size 150xX150X600 mm, creep tests were performed
with a sustained stress of 7 MPa applied after 8, 14, 28, 84
and 182 days from casting. The reported prism compres-
sive strength was 50.1 MPa at 28 days and this value was
utilized to calibrate the LDPM strength parameters. The
mix design data are c=390 kg/m3, w/c=0.47, a/c=5.1, and
d,, =24 mm. The identified LDPM parameters are meso-
scale tensile strength, g=4.4 MPa; shear strength ratio,
05/0=5.15; and meso-scale tensile characteristic length,
t=212 mm. Other parameters were assumed based on
existing literature see [49].

After calibrating the LDPM strength parameters, the
calibration of the time dependent parameters is per-
formed. This task is not simple since, although the ex-
perimental data is not limited in quantity (many curves
are available relevant to sealed and drying creep at vari-
ous loading times), they are limited in variety because
no information about the hydration process nor humid-
ity drop during sealed or drying shrinkage is available.
Therefore, a coupled calibration process was performed
using both the sealed and drying shrinkage curves to
identify the HTC and visco-elastic parameters. The identi-
fied parameters or assumed (for lack of specific experi-
mental data) HTC parameters [46] are reported in the
third column of Table 1. Note that the diffusion param-
eters are identified together with the shrinkage coefficient
a=1.9x10-8. The thermal expansion/contraction coef-
ficient ar=10"°. Fig. 3a shows the best fitting between
the experimental and numerically simulated shrinkage
strains under both sealed and drying conditions, showing
excellent matching. Next, the visco-elastic and viscous
deformation parameters are calibrated using the appar-
ent compliances of 3 drying cases at 4, 28 and 84 days,
and the sealed and drying creep deformations for initial
loading at 14 days. Following this procedure, the calibra-
tions yielded E=83.33 GPa, ns=5, §1=1.3x10"% MPa™",
Kk1=485 MPaK and §,=10~6 MPa~".

The remaining height curves corresponding to sealed
and drying creep at 8, 28, 84 and 182 days are a very
strong final validation that is presented in Fig. 3b and ¢
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Table 1
Ta6nuua 1
HTC parameters used for aging simulations
mppoTepmoxumuyeckue napameTpbl, UCNONb3yeMble AN MOAENUPOBaHUA CTapeHus
Material property Symbol Sec. 3.1 UHPC LSC Sec. 3.3 Sec. 3.4
Density, kg/m3 o 2400 2400 2453 2400 2400
Isobaric heat capacity, J/kg°C ¢ 1100 1100 1100 1100 900
Heat conductivity, W/m°C As 2.3 5.4 2.8 2.8 5.4
Cement hydration enthalpy, kJ/kg on 450 500 500 500 450
Silica fume reaction enthalpy, kJ/kg st - 780 - - -
Hydration activation energy/R, K E,/R 5000 5490 5000 5000 5000
Silica fume activation energy/R, K E,/R - 9700 - - -
Diffusivity activation energy/R, K E,i/R 2700 2700 2700 2700 2700
Silica fume efficiency SFe - 0.9 - - -
Hydration parameter, h=1 Aa 4.26x108 2x108 2.4x107 2.5x107 1.41x107
Hydration parameter Ao 3.8x1074 106 2x10~4 5x10-3 5x10-3
Hydration parameter Ne 9.3 6.5 6.4 7.5 8
Silica fume reaction parameter, h™! Aq - 5x1014 - - -
Silica fume reaction parameter Ag - 1076 - - -
Silica fume reaction parameter up - 9.5 - - -
Moisture diffusion parameter, mm2/h Dy/c 9.23x107° 104 2x103 2.38x1074 4.88x1073
Moisture diffusion parameter, mm2/h Dy/c 1.67 3.1 20.8 4.76 0.98
Moisture diffusion parameter n 6.5 3.9 6 4 2.35
Self desiccation parameter g1 1.75 15 2.2 1.5 1.7
Self desiccation parameter kfg 0.25 0.2 0.2 0.2 0.2
Self desiccation parameter [-] k‘fg - 0.4 - - -
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with an overall very good fit. Note that this fit is matching
the asymptotic values of total drying deformations for all
five different ages at 1820 days. Another benefit of us-
ing this numerical framework is the ability of capturing
the nonlinear creep behavior and the real value of mate-
rial shrinkage (cracking effect). This can be explained by
comparing Fig. 3, in which creep deformations calculated
by subtracting drying shrinkage from total deformation
show a slightly concave curvature which is not present in
the total deformation. This is due to the fact that shrink-
age deformation is measured on the sample surface that
is the result of shrinkage as well as of cracking due to the
moisture drying gradients. In the sample loaded for creep,
the stress is always compressive and thus, cracks do not
appear. This different behavior in stresses and the corre-
sponding cracking is correctly captured by the presented
formulation. A continuum models could capture only part
of the stress gradient effects, only in an average sense
not at the meso-scale level. Additional proof of this feature
can be seen by comparing Fig. 3b with Fig. 3d. Both pres-
ent sealed deformations where experimental data beyond
500 days were not plotted in Fig. 3d to improve clarity. As
it can be seen, neither plots show any concave curvature
at any age.

2.2. Aging effects on strength

The presented framework was successfully applied
to simulate the evolution of mechanical properties of Ul-
tra-High-Performance Concrete (UHPC) as well as low,
normal and high strength concrete. In this Section it is
considered an UHPC with a mixture that includes ce-
ment type Lafarge H, F-50 sand, silica flour type Sil-co-
sil 75, Elkem ES-900-W silica fume, a super-plasticizer
and normal tap water. The water-cement ratio w/c was
0.21 and the water-silica fume ratio s/c was 0.39. In addi-
tion, a regular concrete is also considered in this Section.
This low strength concrete (LSC) features water-cement

Table 2
Ta6bnuua 2
Aging degree parameters for UHPC and low strength concrete
MapameTpbl cTeneHn cTapeHus
ynbTpaBbicoKothyHKLMOHanbLHoro 6etoHa (UHPC)
M 6€TOHa C HU3KOM NPOYHOCTbIO

Type In°Cl Ty | 1y 4, %
UHPC 120 22 0.1 0.2 |0.278
Low strength concrete 100 20 0.3 0 0

ratios w/c between 0.36-0.83, aggregate-cement ratios
a/c of 4.10-8.83, cement types CEM 11 42.5 N and R, and
CEM | 52.5 R, as well as different aggregate sizes, types
and shapes. The mechanical behavior was captured for
ages between 0.8—155 days.

In the following the results for both UHPC and LSC
are presented. The used HTC parameters can be found
in Table 3.3 and in the publications of Wan et al. [82],
Czernuschka et al. [83]. Table 2 summarizes the param-
eters related to the determination of the aging degree
A for the studied UHPC and a low strength concrete.
The low strength concrete consisted of cement type
CEM Il 42.5 R, a water-cement ratio w/c of 0.83 and an
aggregate cement ratio a/c of 8.83. Table 3 reports in the
fourth and fifth columns the identified aging parameters
used for coupling the multi-physics analysis to the me-
chanical model. The shear-strength ratio is constant in
time and is 5.5 for UHPC and 1.83 for the low strength
concrete and therefore not included in the table.

Fig. 4 shows the good agreement between the nu-
merical results obtained by the simulation of compression
tests and fracture tests with the aging framework and the
experimental data for both presented concretes. The sim-
ulated ages for the UHPC reach from 3 days to 28 days
and for the low strength concrete from 2 days to 156 days.

The introduced calibrated and validated framework is
an important tool in describing the long-term performance
of concrete and concrete structures. It is helpful in evalu-
ating the aging influence on the (tertiary) creep behavior
of concrete. This is relevant because these tests typically
are performed over a long time period in which the con-
crete properties may change noticeably. On top of that it
is a powerful tool to study the behavior of concrete at early
age and beyond in order to correctly predict the damage
evolution subject to external mechanical loads and eigen-
strain gradients due to thermal loads, drying processes or
other deterioration mechanisms.

2.3. Tertiary Creep and applications to time
to failure analysis
In this section the findings reported in [75] are here
summarized. A specific contribution has been selected
from the literature out of the very few available experi-
mental investigations of time-dependent fracture of con-
crete that include different types of tests, such as fracture,
creep/relaxation, rate-effect on strength, and time to fail-

Table 3
Ta6bnuua 3
Aging degree parameters for UHPC and low strength concrete
NapameTpbl ctenenn ctapenuns ansa UHPC n 6eToHa HU3KOW NPOYHOCTU
Type E’ GPa ag ng 07, MPa a, n, I, mm k

UHPC 75 0 1 13.3 0 2.33 10.6 22.2

Low strength concrete 63 0.36 12.51 3.52 0.32 7.24 174.4 1.84
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Puc. 4. Pesyromamsr nocmpoenus KarudbpogouHsIX pamox 045 NPOHHO-
cmu npu cacamuu 8blcoOKopyHKuuonarvHo2o bemona (UHPC) (a); nuk
mpexmoueuroeo uzeuda (TPB) das evicokopyHKUuoHarbHo20 6emoHa
UHPC (b); npounocmo npu cocamuu 6emora HU3K0U npouHocmu (c); u
UK mpexmoueuHo2o uzeuba ons bemona Huzkoil npounocmu (d)

ure. This is the case of the work of Zhou [88], in which
bending time-to-failure tests on notched and unnotched
beams in a three-point bending configuration and creep
relaxation tests on notched cylinders under tensile load-
ing were executed. Many researchers and engineers still
differentiate between linear and nonlinear creep. How-
ever, the numerical simulations of the Zhou’s data will
demonstrate that the apparent nonlinear creep can be ex-
plained by a series coupling of linear creep and damage
at the mesoscale level. Also, the compressive and tensile
creep can be represented by the same model since the
creep is rooted in the mesoscale behavior irrespective of
the macroscopic loading direction.

Zhou performed tests on concrete with cement con-
tent, ¢=420 kg/m3, w/c=0.55, and aggregate to ce-

ment ratio of a/c=3.81 with crushed stone aggregates
of 24 mm diameters. The concrete mechanical proper-
ties are compressive strength of f,,,=38 MPa at 28-days,
modulus of elasticity of E=36+2 GPa, tensile strength
/;=2.8+0.2 MPa, and fracture energy GF=82+9 Nm/m2,
The table 4 presents the geometry and the number of
specimens tested for the quasi-static tensile and fracture
tests, the tensile relaxation tests, the rate tests and the
time-to-failure creep tests.

The model’s calibration is not a simple task for this
set of experimental data, since the rate dependent phe-
nomena cannot be isolated from other tests. Even in
quasi-static tests with a finite duration during which
creep and rate-effect exist. Therefore, creep and the
loading rate dependence have to be active in the model
during the calibration of the static LDPM parameters.
To overcome this challenge an iterative procedure has
been adopted: a first sequence of parameter calibra-
tions followed by a second iteration that include all the
different aforementioned contributions to optimize the
calibrated parameters, if necessary. The adopted cali-
bration strategy follows the following steps: (1) calibra-
tion of creep parameters on relaxation or creep data
at low load levels without damage using the relaxation
tensile test on NC specimens that were loaded such
that the notch opening reached 0.05 mm within 5 min-
utes and then it was kept constant for the next hour;
(2) calibration of LDPM mesoscale static parameters
on quasi-static data accounting for creep using the uni-
axial compression tests, the notched cylinders (NC)
tested under tensile loading and the notched prisms
(NP) tested for three-point-bending; (3) calibration of
the rate effect parameters on experiments performed
with four strain rates on NP specimens; (4) iterative
improvement of calibrations to account for interactions
of rate-dependence, creep and damage. The latter is
especially important since only creep tests at moder-
ate to high load levels are available and damage con-
tributes to the observed response. A complete calibra-
tion procedure should also include the determination of
the HTC parameters. Unfortunately, for the considered
experimental investigation no information about the

Table 4
Ta6bnuua 4

Zhou data: Overview of the specimen geometry and number of tests
AaHHble Yxoy: KpaTkuit 0630p reomeTpun o6pasLioB U KOIMYECTBA UCTIbITaHUI

Tests type ID Geometry, mm No of tests Property
Tension NC 64x60 5 Tensile strength
Fracture NP 840x100x100 6 Fracture Energy
Relaxation NC 64x60 6 Creep (Relaxation)
Rate NP 640x50x50 14 Stress at peak
Creep NP 840x100x100 14 Creep rupture
Creep UpP 320x50x50 12 Creep rupture
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Fig. 5. Calibration of the mechanical parameters using data in [88]:
tensile notched cylinder (a) and three point bending test (b) for the
LDPM static parameters, creep stress relaxation test for LDPM creep
parameters (c); three point bending testes with different loading rates to
calibrate the LDPM rate parameters (d)

Puc. 5. Kaaubposka mexanuveckux napamempog ¢ Ucnonb308aHuem
dannbix u3 [88]: yuaunop c Hadpesom Ha pacmsadicenue (a) u ucnvima-
HUe Ha MpexmoHeuHblil u32u6 0Nsk CMamu4eckKux napamempos peuiem-
uamoii modeau duckpemunvix yacmuy, (b); ucnsimanue Ha peaaxkcayuro
HanpsiceHuss noazyuecmu oas napamempos noazyvecmu LDPM (c);
UCHbIMAHUS HA MPEXMOYeHHbLI U32UDO ¢ PA3HBIMU CKOPOCMAMU HACPY-
JHcenust 0 kaaubposku napamempoes ckopocmu LDPM (d)

hydration kinetics is provided. Thus, the parameters
from literature [46] were adopted see in Table the sixth
column. All the tests of Zhou’s data were performed
at a concrete age of approximately 4 months and the
test duration were relatively short with a maximum of
0.12 days. Therefore, the hydration degree, as well as
the pore humidity and the temperature, can be consid-
ered to be constant during the all the tests.

The calibration of the creep parameters is performed
by simulating the relaxation tests on NC. Fig. 5¢ shows
the fitting of the creep calibration with the experimental
result. As a consequence of the prescribed displacement
history, the load on the specimen reached about 75% of
the maximum load obtained from the quasi-static tests.
At this load level, micro-cracking surely happened and
certainly influenced the relaxation process, which can
be captured through the damage model on the level of
facets. The calibrated model parameters for creep are
&1=2x105 [MPa~"] and §,=2.8x1076 [MPa"].

The LDPM parameters are calibrated to match simul-
taneously the above mentioned experimental compres-
sive strength and elastic modulus, and the experimental
stress-notch opening curve of the notched cylinder under
tensile loading. The compressive strength value was cor-

(2
=
e
=
oz
7
]

1 [mm] | [mm]

Fig. 6. Maximum principal stresses normalized to their maximum value
Jforthe a — lowest and b — highest of the rate tests of Zhou’s data at the
peak of the sustained load

Puc. 6. Makcumanvivie 0CHOGHbIE HANPANCEHUS, HOPMAAUZ0BAHHbIE
K UX MAKCUMAAbHOMY 3HAYEHUI, 015: A — HaAuMeHbe2o U b — nHau-
004bUIC20 U3 PE3YALIMAMO8 UCHbIMAHULL, no 0anHbiM 9oucoy, Ha nuke
0aumenvHol Hazpy3Ku

rected with an aging function taken from the European
Code and a simulation was performed on a cubic speci-
men with an edge size of 100 mm. The results of the
fitted tensile tests are reported in Fig. 5a. Following the
proposed calibration sequence, the entire process was
repeated having the creep and rate effect active and ad-
justing the mesoscale characteristic length to /=210 mm
instead of /=195 mm, which was its initially calibrated
value. In Fig. 5b one can see the excellent agreement
also for the TPB simulation with a deflection rate of
5 pm/s. The identified mesoscale static LDPM parame-
ters are Age=120 days, E,=65 GPa, a=0.25, 9t=2.6 MPa,
[=210 mm, 05/0¢=3, u=0.2, and n=0.9. The effective
modulus, E,, represents the instantaneous modulus
without any creep effect [49].

Finally, the tests performed with different loading rates
are adopted to calibrate the rate effect parameters, in
particular, the three point bending specimens tested with
loading rates of 0.05, 0.2, 2, and 50 ym/s. Fig. 5d shows
the best fitting of the relative peak load (relative to the
peak load of the highest rate) obtained for the different
loading rates. The numerical model is capable of catching
the increase in the peak load with increasing loading rate
and, as shown in Fig. 6a and Fig. 6b, a larger volume in
which a higher fracture energy is dissipated. This means,
as previously shown in [89], that the concrete behavior
becomes more brittle as the loading rate decreases. Simi-
lar behavior has also been observed for thermally dam-
aged concrete, in which the higher the temperature of the
thermal treatment, the more ductile is the material behav-
ior [90, 91]. The identified rate-effect LDPM parameters
are ko=1x10"2 (MPa days)~' and k=7 MPa/K.

After the calibration of all three model components,
the computational framework is adopted to simulate
experimental data that have not been used for the cali-
bration and, in this step, no model parameter is further
adjusted. The time-to-failure curves for the flexural creep
tests of Zhou serve for the validation. The failure times are
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Puc. 7. Hcnoimanus Yxcoy npusmot ¢ Ha0pe30m: IKCREPUMEHMANbHbLE
U HUCACHHbIE KPUBbLE 3A8UCUMOCIU PACKPbIMUS MPEUUHbL OM 8peMeHU
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determined as the time when the reaction forces on the
supports dropped significantly giving a dynamic behavior
of the numerical simulation.

The results clearly show that the behavior of concrete
under moderate to high load levels can be predicted with
a constitutive model that combines in series a linear creep
model with a rate-dependent fracture model.

As for model calibration, also for the time to failure
simulations, three different realizations are run for each
problem resulting in a numerical scatter in the obtained
times to failure. The sustained load levels for the simula-
tions are based on the mean peak values of the respective
quasi-static simulations. First, simulations of sustained
load tests on notched and unnotched beams in [88] are
carried out. The load levels are selected to be the same
as those from the experimental tests: 76%, 80%, 85%,
and 92% of the peak load (P,,y) of the test with a deflec-
tion rate of 5 pm/s.

Fig. 7 shows the crack opening-time curves for
the different considered load levels. The solid lines
represent the mean numerical crack opening evolution
(mean of three repetitions), while the envelope illustrates
their scatter. The simulations are compared to the one
experimental curve per load level provided in [88], which
is represented by the x markers. Zhou also reported the
experimental failure times for all tests, so the vertical red
dashed lines in Fig. 7 denote the minimum and maximum
experimental time to failure observed. The comparison
between the numerical and experimental results shows
excellent agreement in terms of time to failure and related

scatter for all the load levels.
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Fig. 8. Three-point-bending of Zhou’s data [88]: experimental and
numerical time to failure plots of flexural creep for (a) notched and (b)
unnotched specimens; normalized load crack opening curve obtained
experimentally (c) and numerically (d)

Puc. 8. Tpexmoueunwiii uzeu6, no dannvim Youcoy [88]: sxcnepumen-
MmanvHble U HUCAeHHbIe ePapuUKU 8peMery 00 paspyulerus noa3yuecmu
npu useube oas (a) obpasyos c Hadpesom u (b) obpasyoe 6e3 nadpesa;
Kpueas packpuimus mpewur npu HOpMupo8aHHol Hazpy3Ke, NOAYyHeH-
Hasl SKcnepumMeHmanvHo (¢) u uucierto (d)

Additionally, also flexural creep tests on unnotched
prisms were investigated based on the available experi-
mental data. Specimens were loaded at 95, 90, 85, 80,
76, 70, and 67% of the reference load. In Fig. 8, numerical
and experimental times to failure are plotted for the differ-
ent load levels for both notched and unnotched prisms.
The numerical results for both cases are in very good
agreement with the measured data. In Fig. 8b the results
of unnotched beams are shown. The diamond mark-
ers represent the tests which didn’t fail within 10,000 s
(2.78 hours). Nevertheless, for these two load levels,
which were 70 and 67%, respectively, the failure times
were numerically predicted as 17 hours and 2.3 days, re-
spectively.

Furthermore, it is interesting to note in Fig. 8a, for
notched beams, the change of slope at the 76% load
level. The slope is diverging from a typical power law
that is assumed to describe the failure in relation to the
load level [92]. This is more pronounced in the case of
the unnotched specimens (Fig. 8b), where also lower
load levels are involved. In [88] the strain failure limit of
the creep tests under high load levels is also observed.
Fig. 8¢ shows the experimental load—crack opening data
for different load levels compared to the quasi-static test.
The same results obtained from the numerical analyses
are plotted in Fig. 8d. Both figures show very good agree-

ment where the rupture occurs at CMOD values which
are slightly less compared to the corresponding CMOD
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value obtained from the quasi-static test or simulation. In
case of the experiments this reduction is between 1-4%,
while for the numerical case is among 2-9%.

It is also worth remarking that two different sources
of time dependence are employed in the numerical
framework: the creep of the material and the rate effect
on crack opening. The presented numerical simulations
demonstrate the importance of considering both sources
of time- dependence that, for all considered load levels,
must be considered to predict the correct concrete time-
to-failure, more details can be found in [89, 75].

2.4. ASR coupled with Creep and shrinkage

This section presents numerical simulations of ex-
perimental data relevant to reinforced concrete elements
undergoing ASR deformations in different environmental
conditions, more details can be found in [49]. Three sets
of experiments were considered as presented in [93].
The first the mechanical properties were characterized
using cylindrical specimens (320 mm length and 160 mm
in diameter) with uniaxial compression tests and Brazil-
ian splitting tests. Also tests to evaluate the free ASR
expansions lasting 480 days were performed under three
different relative humidity conditions: saturation, com-
pletely sealed, and 30% RH. Besides that, full scale (3 m
long and 250x500 mm cross-section) simply supported

beams were monitored to measure their long-term de-
formation and the internal humidity profile. Only the
self-weight load was applied. Beams were kept at a tem-
perature of 38°C with both lateral sides sealed, so a 1D
humidity profile was created along the beam by immers-
ing its bottom 7 cm in water and leaving the top surface
at a fixed relative humidity of 30%. Five different beams
were tested: 2 were nonreactive control beams with and
without reinforcement (labeled here as NPC and NRC, re-
spectively); one reactive plain concrete (labeled here as
RPC) beam and two reactive reinforced concrete beams
with different (0.45% and 1.8%) longitudinal reinforce-
ments (labeled here as RRC1 and RRC2, respectively).
For HTC numerical simulations, all samples (cylinders,
prisms, and beams) were discretized with 3D Tetrahe-
dral finite element meshes made full use of any possible
symmetry, i. e., only 1/8 of both cylinders and prisms,
and 1/4 of the beams is considered. For the LDPM sys-
tems, all cylinders and prisms were fully meshed, but the
symmetry was used also for the LDPM beam specimens.
Fig. 9a shows the HTC and LDPM meshes for the cyl-
inder. LDPM and HTC beams are also shown in Fig. 9¢
and d, respectively.

The experimental data in [93] did not consider tests
to identify cement hydration parameters. For this reason,
they were assumed based on existing literature as report-
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Fig. 9. a— 1/8th HTC cylindrical mesh colored by the values of the relative humidity (RH) field for the drying case at 420 days, and the corresponding
interpolated values of RH into LDPM facet centroids; b — experimental and numerically simulated average axial expansions of both cylinders and
prisms under fully saturated, sealed and 30% RH exposure conditions, ¢ — beam simulated geometry, showing symmetry boundary conditions, LDPM
generated mesh and reinforcements for NRC, RRC1 and RRC2 beams (aggregate are colored by their relative size); d — HTC mesh colored by the
RH field at 448 days showing the quarter that was simulated; e — experimental and numerically simulated RH values along the depth of the beam at
28 and 448 days

Puc. 9. a — 1/8 yuaundpuueckoir eudpomepmoxumuueckoii (HTC) cemku, okpauieHHas 3HaueHusMu noas omuocumenvroll eaaxchocmu (RH) oas
cayuas evicymusanus 6 420 ouneil, u coomeemcmeyuue UHMepnouposartole 3navenus RH 6 epansx mouku npunoxcerus pagHooeicmeyrouei
LDPM; b — sxcnepumenmanshbie u HUCIEHHO CMOOeAUPOBAHHbIE CDEOHUE 0Ce8ble PACUUPEHUsl, KaK YUAUHOPOE, MAK U NPU3M 8 YCA0BUSX NOAHO20 HA-
CblUYeHUsl, 2epMEMUMH020 8bldepicusanus u 6osoeiicmeus 30% omHoCUmMenbHOl 8AANCHOCMU,; ¢ — MOOeAUPYeMas ceomempust OANKU, NOKA3bI8aIouasl
2paHuuHble yeaogus cummempuu, eenepupyemyro cemky LDPM u apmuposarue oas 6asox NRC, RRC1 u RRC2 (3anoanumenu okpauieHsi 6 coom-
eemcmeuu ¢ ux omuocumenvrvim pasmepom); (d) cemxa HTC, okpawennas nosem RH uepe3 448 oneil u nokaswiearouas cmooeauposanHyro yem-
6epmb,; 0 — IKCNEPUMEHMANbHbIE U YUCACHHO CMOOAUPOBAHHbIE 3HAHEHUs. OMHOCUMENbHOU 6AAXNCHOCMU NO 2AyOuHe banku 6 eospacme 28 u 448 oueii
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ed in Table 1 and taken from [46]. The relative humidity
measurements from the NPC beam were used to cali-
brate other HTC model parameters. The 4 sensors placed
at 8, 17, 27 and 37 cm from the top drying surface of the
beam to record the relative humidity evolution during the
tests. The identified parameters or the assumed HTC pa-
rameters from [46] (for lack of specific experimental data)
are reported in the last column of Table 3.3.

Fig. 9b shows the best fitting with excellent agreement
between the simulated humidity profile and the reported
sensor data from [93]. It must be considered here that
most of the relative humidity sensors have an error of
about 1% to 2% in the middle range of relative humid-
ity (20% to 80%) and around 2% to 4% close to satura-
tion and dry conditions. Fig. 9d shows the HTC mesh for
one quarter of the beam, colored by relative humidity at
14 months from curing (448 days).

Given the HTC parameters, the internal relative hu-
midity change in the cylinder kept in an environment
with 30% of relative humidity is known. So, its axial de-
formation history can be used to identify the shrinkage
coefficient ah. This gives ah=9><10—4 which is in excel-
lent agreement with typical values reported in the litera-
ture [53]. The thermal expansion/contraction coefficient
a;=1x1075. Simulated vs experimental deformation
curves are shown in Fig. 9c and the two curves are nearly
identical. The simulation results are the average of both
cylinders and prisms axial deformations at 30% relative
humidity exposure, while the experimental curve is the
cylinder axial deformation only [93]. The reported defor-
mations are measured after 28 days of curing before the
beams were resting on ground. The reported quasi-static
elastic modulus was used to calibrate the parameter k.
The meso-scale creep compliance at 28 days of age and

o
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=

Axial Expansion %

~0.06
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Fig. 10. a — Midspan deflections of unreinforced NPC and RPC
beams; b — Midspan deflections of reinforced RRC1 and RRC2 beams,
¢ — Simulated pure ASR expansion versus coupled ASR, creep and
shrinkage expansion; d — Simulated creep and shrinkage expansions
only; e — Sum of simulated ASR shrinkage and creep expansions versus
Sfully coupled expansion
Puc. 10. a — Ilpocubul 6 cpednem nposeme Heapmupo8aHHbIX OANOK
NPC u RPC; b — npoeub apmuposarusix 6aroxk RRC1u RRC2 6 cepe-
dune nponema; ¢ — Mooeauposarnue Hucmo2o pacuupenus npu weao4 -
Holl Kopposuu 3anoanumens (ASR) é cpasnenuu c coesmecmmubim pacuiu-
penuem npu ASR, noazyuecmoto u pacuuperusmu ycaoxku,; d — moavko
Modeaupyemble pacuiuperuss npu Noa3yvecmu U ycaoke, e — CyMma
cmodeauposannoil ycadku ASR u pacwupenus npu noasywecmu no
CPABHEHUIO € NOAHOCIBIO COBMECIHbIM PACUUPEHUEM

0.001 load duration can be assumed to be equal to the
reciprocal of the apparent LDPM normal modulus at 28
days E,s=F, (28 days)=1//(28,0.001) as typically accept-
ed in the literature [94, 95]. It can be assumed that £;=2.3/
Ej based on average ratios of their values in the extensive
calibrations in [53]. With this assumption, three indepen-
dent parameters E, $2 and k1 need to be calibrated using
2 different tests: the test to measure the elastic modulus
according to the ASTM C469 method [96] and the NPC
beam deflection history. In the elastic modulus test, since
the contribution of the viscous creep is very small, it is
mainly calibrating E,. The second test is the simulation of
the NPC beam mid-span deflection history whose slope
is mainly governed by ¢,. Following this procedure, the
calibrations yielded £,=133.33 GPa, n,=1.9, §1=1.75X10~
5MPa1, k1=19 MPaK and §,=7x10-% MPa~". Using those
value, the simulated elastic modulus is 37.7 GPa and the
experimentally reported value was 37:3 GPa. Fig. 10a
shows the relevant experiments versus simulations com-
parison that match well the deformation trend and magni-
tude over most of the time history up to the end.

LDPM parameters were calibrated based on reported
values of compressive strength, f¢=38.4 MPa, and split-
ting tensile strength, f{=3.2 MPa. The identified LDPM pa-
rameters were: meso-scale tensile strength, 0:.=4.75 MPa;
shear strength ratio, 0s/0:=3.07; and meso-scale ten-
sile characteristic length, [;=75 mm. Other parameters
were assumed based on existing literature see [49]. The
averages of the simulated concrete properties are:
fénum=38.41 MPa and f/num=3.19 MPa, which match
the given experimental data with an error smaller than
0.026% and 0.31%, respectively.

The already calibrated HTC, creep, shrinkage and
LPDM parameters are used with no changes for the ASR
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parameter calibration procedure. This is the only reason-
able approach for the calibration process, since the ASR
evolution presents a visco-elastic feature that can render
the simulated ASR expansion unreliable. Similarly, the
HTC model parameters are extremely important because
they characterize the 4 and T fields that affect ASR pro-
cesses (gel formation and its expansion). It is worth men-
tioning that the identified ASR parameters are relevant to
T=38°C, which was the temperature at which the tests
were performed [93]. The identification of ASR parame-
ters was executed first by the calibration of ASR evolution
parameters at full saturation and then by the identification
of the parameters that govern the effects of relative hu-
midity on ASR induced expansion.

Since the ASR expansion is characterized by two
main processes, i.e., the gel formation and water imbibi-
tion, the calibration procedure should decouple them. It
is possible to fit an ASR expansion curve by over- or un-
der- estimating one process rate and doing the opposite
with the other one especially if the ASR expansion curve
does not reach an asymptotic value within the experi-
mental testing period. By examining the axial deformation
curves for the 100% case for both cylindrical and pris-
matic samples in [93], it is clear that they reach a plateau
at about 420 days. This means that the largest aggregate
pieces have to react completely around 420 days. Since
the temperature is constant throughout the test period,
only K3 needs to be calibrated to adjust the time of full
aggregate reaction as k;=2.62x10-10 m5/(kg day). In the
actual experiments, the fine aggregate was not reactive
while the coarse aggregate (>4 mm in diameter) was re-
active therefore all reactive aggregate could have been
modeled in LDPM. Next, the amplitude of the expansive
deformation due to ASR and its profile also need to be
fitted. In the model, its initial part is controlled by J. and
C}! while the amplitude is controlled by ka*xg*ki. In the ref-
erence experimental program [93], potassium hydroxide
was added to the mixing water to raise the alkali content
to 1.25% by cement mass of Na20eq as typically done
in similar accelerated tests for ASR [97, 98]. Thus c.=c
x1.25/100=410x1.25/100=5.125 kg/m3. This value is
typically higher than the required saturation alkali con-
tent [47]. Therefore, the available alkali content is more
than enough to react with all silica in aggregate. This
leads to x.=1.0. Furthermore, as the gel composition and
silica content are not known from [93], a reasonable esti-
mate of k,=689 kg/m?3 can be obtained based on previous
works [47, 79]. This means that only xi, dc and C} are free
parameters. The calibration now is simple, first, dc is set
to zero, then, an initial estimate of «; is obtained. Next, C}
is calibrated to match the linear slope of the middle stage
of ASR expansion. Finally, to match the initial delay along
with the final asymptote, J. is introduced along with adjust-
ing xi. Then fine tuning is done for the three parameters.

This final step gives dc =6.0x106 m, ('=7.78x10-10 m2/
day, and xi=1.45x1072,

It must be mentioned here that the experimental data
are largely scattered, therefore, the calibrations, dis-
cussed above, were performed on the average axial de-
formation of cylinders and prism samples. For more de-
tails on the reasons of this scatter, one can refer directly
to [93], in which the main explanation was the different
direction of concrete casting for prisms and cylinders.

At this point, only two parameters remain to be cali-
brated rp and np. For this calibration, the average of ex-
perimental data for sealed samples (both cylinders and
prisms) is used. The calibrated parameters are rD=3600
and np=2. It must be noted here that the sealed samples
had a relative humidity of 97% at 28 days. The fitted ex-
pansive deformation due to ASR is shown in Fig. 9b. It is
worth noting also that the experimental program suffered
from small water loss in the sealed samples as reported
by [93], therefore, the slightly increasing final value in
the numerical simulations that does not match the aver-
age can be explained by that moisture loss in the experi-
ments.

At this point, all model parameters are fully calibrat-
ed, all effort was made to minimize redundancy and to
keep the calibration process as uncoupled as possible.
Now, the validation of the overall framework is performed
against a completely different scale and range of con-
ditions. The set of considered experiments consists of
3 different reactive beams tested in [93] with the same
dimensions of the NPC beam used in the creep model
calibration and Fig. 9¢ shows the geometry of the beams
along with their reinforcement. As can be seen from
Fig. 10a, a good matching between experimental and
simulated responses is achieved for the RPC beam. In
fact, this is an excellent prediction given that the scatter
observed in experimental data used for ASR calibration
was over 20%.

For the reinforced beams RRC1 and RRC2 (see
Fig. 10b and c), the model correctly captures the different
stages of the response: an increase in deflection in the
beginning; then as time goes on, it starts to plateau, then
finally, the deflection decreases back. For RPC, since no
reinforcement is present, the ASR induced expansions in
the bottom part are at their maximum and shrinkage of
the top is also unrestrained, as a result, the beam bends
down and never returns up again, but towards the end,
the deflection rate slows down as both shrinkage and
ASR induced deformations reach a plateau. The mod-
el captures very well the behavior, which means that it
does represents the correct effects of humidity on ASR
expansion, even if it overestimates the whole curve. The
discrepancy can be partially explained again by the very
large scatter in the experimental data and by the fact that
only one beam sample of each type was tested.
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Fig. 11. Simulated crack pattern distribution due to ASR with coupling
and without coupling with creep and shrinkage deformations
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As shown here, the proposed framework is able to
replicate full structural members deformations induced by
ASR under varying environmental conditions, loads, and
reinforcement arrangements based on small companion
specimen’s behavior. Simplified empirical models that
can only estimate deformations without explicit evaluation
of damage and stress transfer. They cannot be used to
evaluate strength degradation and service life prediction.
It must be remarked the coupling aspects to elucidate the
unseen redistribution of cracking and stress relief as a
result of creep-ASR coupling. Looking closely at Fig. 11,
with a 30 pm crack opening cutoff, it is pretty clear that
in the case of considering only ASR effect the specimen
presents much more distributed small cracks and the
maximum crack opening is 128 pm. Whereas in the case
of fully coupled model (ASR expansion with creep and
shrinkage) the specimen presents less distributed cracks
(about 13% less cracking) with a maximum crack open-
ing of 113 pm. Fig. 10c shows, for the fully coupled model
and the ASR-only, the axial deformations versus time ob-
tained under different conditions, namely 100% environ-
mental RH, sealed condition, and 30% environmental RH.
The effect of coupling is quite pronounced with a signifi-
cant difference of 16.4% for sealed condition. Finally, as a
proof that ASR does not significantly affect the calibration
of the shrinkage coefficient based on the 30% RH case
axial deformation, the simulated expansion with ASR-only
model at 30% RH was only 1.27x107%.

To further understand the actual contributions to
the observed deformation, the axial deformations due
to shrinkage (and creep) were also simulated for the
three different cases and are plotted in Fig. 10d. At
100% RH swelling is very small (only 5.6x107%%) but
a little shrinkage is observed in the sealed case which
was -3.8x1073%. If this is subtracted from the coupled

case, the sealed expansion becomes 0.1033% and still
the uncoupled ASR expansion is 12% higher than the
coupled one. This means that for the sealed case, al-
though the overall expansion is less, the creep affects
more the overall deformation. This can be explained
again in a fully coupled setting because, as the relative
humidity drops, the microprestress decay is slowed down
slightly and thus, more viscous strains can develop. In
addition, the higher ASR imposed strains in the 100%
RH case cause earlier cracking which, in turn, prevents
these cracks from contributing to creep/relaxation of the
internal stresses build up. It is very important here to no-
tice that, if a continuum-based formulation is used, all
these meso-scale phenomena cannot be explicitly cap-
tured and, on the contrary, they have to be phenomeno-
logically assumed. Thanks to the discrete appraoch that
mimicks the concrete internal structure and heterogene-
ity, this framework allows for clear understanding of the
coupling mechanisms and their interactions. As a final
clarification here, the sum of shrinkage/swelling and ASR
deformations is compared to their corresponding result
of the coupled model in Fig. 10e and, again, at 100%
RH the sum overestimates the coupled one by 8.8%, the
sealed one is 12.6% overestimated, and at 30% RH no
large difference is observed.

3. Conclusions

This study presented a numerical 3D mesoscopic
approach based on the Lattice Discrete Particle Model
(LDPM) for the characterization of the long- and short-
term mechanical behavior of concrete that simulates
coupled thermal, shrinkage and creep deformations and
ASR damage. The framework accounts for variations
in environmental conditions including temperature and
moisture changes as well as concrete aging as a function
of cement hydration. All phenomena are translated into
imposed strains, that are applied to the Lattice Discrete
Particle Model which simulates concrete mechanical be-
havior including cracking and damage in a discrete setting
at its meso-scale (length scale of large aggregate pieces).
The framework is fully calibrated based on small samples
experimental and then validated using plain concrete and
reinforced concrete elements. The obtained results sug-
gest the following conclusions.

e The framework can predict effectively creep and
shrinkage deformations for both sealed and drying con-
ditions under temperature variation, humidity changes,
loading and unloading at different loading ages. Also,
predictions were relevant to old concretes with only ce-
ment as the binder as well as modern concretes with both
cement and other cementitious materials.

e The framework can also predict effectively the non-
linear creep response of concrete in which the apparent
macroscopic stress-dependence of creep can be ex-
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plained by a series coupling of linear visco-elasticity and a
rate-dependent damage model at the meso-scale without
any cross effect.

* The framework can predict degradation phenomena,
such as ASR that takes a few years to multi-decades de-
pending on moisture and temperature conditions as well
as cement chemistry and aggregate mineralogy making
ASR in full interaction with other aging and deterioration
phenomena like creep, shrinkage and thermal expan-
sions. It is shown in this work that Simple addition of the
deformation induced by these phenomena is incorrect be-
cause the different phenomena are nonlinearly coupled.

* The meso-scale modeling reveals the sub-scale in-
teractions between coupled phenomena that are not seen
at the macroscopic length scale. Namely, for the case of
ASR induced free expansion, only modeling of deforma-
tions at the meso-scale can capture meso-scale creep
deformations and relaxation of meso-scale stress build
up that are not seen at the macroscopic scale because
the macroscopic stress is zero.

e The structural application of the meso-scale model-
ing reveals that the ASR expansions in reinforced con-
crete elements can lead to large internal forces build up
and may lead to reinforcement vyielding, reinforcement
slippage, and partial bond loss.
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B H3natenncTee «GTpoAmaTepuanbh> Bbl MOMETE NPUOGPECTH CReunanbylo nuTepaTypy

MoHorpachus «3awmura gepeBsHHbIX KOHCTPYKLUi»

AgTop — JTomakuH A.LL.

PaccmoTpeHbl BOMPOCHI KOHCTPYKLMOHHOW M XUMUYECKOW 3ALUNTbI [EPEBAHHLIX KOHCTPYKLWIA, MCMONb3YEMbIX B Mano-
3TOXHOM [AOMOCTPOEHUU, NPU CTPOUTENLCTBE 3[AHWNA 1 COOPYXKEHUI PAXAAHCKOr0 U NPOMBILLMIEHHOT0 HA3HAYEHUs, B TOM YuCIe, C
XUMUYECKI arpecCUBHON CPeAOM, a TaKXKe OTKPbITbIX COOPYXXEHWUA (aBTOLOPOXKHbLIX W MELUeXOAHbIX MOocToB, onop JI3M u ap.).
(OcBeLLeHbl BOMPOCHI 3aLLMTbI OT 3KCMITyaTaLUOHHbIX BO3LENCTBIIA 1 BO3TOPAHUS HECYLUNX KOHCTPYKLUIA U3 KNEeHO ApeBecuHbl v J1BJ1
1 MPUBELEHO KpPaTKOe OmucaHue Haubonee 3GEKTUBHBIX CPEACTB M CMOCO60B MX 3awuTbl. ONnCaHbl METOAbl OLEHKM 3aLUMTHBIX
CBOWCTB NOKPLITUIA 4119 APEBECUHbI, METOANKA W Pe3YbTaTbl HATYPHbIX KNMMATUYECKMX UCMbITAHWIA MOKPbITUIA HA 06pa3uax u parmeH-
Tax KOHCTPYKUWiA. MpuBefeHbl METOAMKA W Pe3yNbTaTbl MOHUTOPUHIA BNXKHOCTHOTO COCTOSHNA HECYLUMX KNEEHbIX AePEBAHHBIX KOH-
CTPYKLMIA B NPOLLECCE 3KCnayaTayni.

MoHorpachusa «[Ipon3BoAcTBO AEPEBAHHBIX KIIEEHbIX KOHCTPYKLMUIA»

ABTOp — 3aCNy>XeHHbIii aedTenb Hayku Poccun, g-p TexH. Hayk Kosanbuyk J1.M.

B KHUre paccMOTpeHbl OCHOBHbIE BOMPOCHI TexHOMoruu narotosnieHns OKK, nokasaHbl 0651aCTh UX NMPUMEHEHWUS, ONUCaHbI
marepuansl Ans ux n3rotosneHns. 0co60e BHUMAHWE YLENEHO BOMPOCAM OLEHKU KavyecTBa, METOLAM WUCMbITAHWUA, MPUEMKE U
cepTudnKaumnm KneeHblX KOHCTPYKUMIA. B KHWre npuBeaeH NoJiHbIA nepeyYeHb 0TEYECTBEHHBIX U 3apY6eXKHbIX HOPMATUBHBIX AOKY-
MEHTOB, PernaMeHTUpYLWNX NPOU3BOLACTBO U npumMeHeHne JKK.

Yye6Hoe nocobue «Xumu4eckas TEXHONOrMs KepamMukn»

AsTopbl — AHapuaHoB H.T., bankesuy B.J1., bensikos A.B., Bnacos A.C., Tyaman 1.4., Jlykun E.C., Mocun t0.M., CkuaaH b.C.

(OcBeLLeHbl BONPOCHI COBPEMEHHOI0 COCTOSIHUSA TEXHOSIOTI OCHOBHbIX BUAOB KEPAMUYECKUX U3JESUIA CTPOUTENBHOIO, XO3NCTBEH-
HO-ObITOBOrO 1 TEXHNUYECKOTO HAa3HA4eHNs, @ TaKXKe PasNnyHbIX BUAOB OrHeynopoB. [MaBHOe BHUMaHWE YAeneH0 0CHOBHbIM NpoLeccam
TEXHOOrM KEPaMUKM 11 e CBOICTBaM. [104pO6HO N3NOXEHbI XapAKTEPUCTMKA PA3NNYHbIX BULOB Cbipbsi, TPO6IEMbI NOArOTOBKM Kepa-
MUYECKIMX MACC PasfNyHOro BUAA U X (DOPMOBAHME PA3NINYHBIMU METOAaMK, 0COBEHHOCTM MEXaHU3MOB CMeKaHus, a TakKe LOMNONHN-
TenbHbIe BUAbl 06pa6OTKN Kepamuki: MeTannn3aums, rnasyposaHue, LeKOpUpoBaHue, MexaHndieckas 06paboTka. [letanbHo onucaHbl
CBOIACTBA KEPAMUYECKNX U3LENNA — MEXaHWU4eckue, AeOpMaLMOHHbIE, TeNn0ogU3NYeCKne, 3NeKTPOU3NYECKNEe, B TOM YUCne npu
BbICOKIX TeMmeparypax.

Knura «Kepamuyeckue nurmeHTbI»

AsTopbl — MacneHHukosa I'.H., Muw N.B.

B MoHorpadgpuu paccmoTpeHbl (PU3NKO-XMMU4ECKNE OCHOBbI CUHTE3A NUTMEHTOB, B TOM YUCNE TEPMOANHAMUYECKOE 060CHOBaHME
peakuuil, TeOpUs LBETHOCTY, COBPEMEHHbIE METOAbI CUHTE3A MUTMEHTOB W UX Knaccuukauus, MeToabl OLEHKM KadecTsa. [puBeseHsb!
CBELeHNs MO TEXHONOrUM NMUIMEHTOB M KPACOK PasfiM4HbIX LIBETOB W KPUCTANNUYECKUX CTPYKTYP. OnncaHbl COBPEMEHHbIE METObl
[eKopupoBaHUs Kepamn4ecKUMI Kpackamn n3aennii n3 cCoptToBoro cTekna, hapcopa, gpasHea U Manonuku. KHura npegHasHaqeHa ans
HAy4HbIX COTPYAHMKOB, CTYLEHTOB, CNIELMANN3NPYIOLLMXCA B 06M1aCTL TEXHOMOTAN KEPAMIKN 1 CTEKNA, @ TaKXKe AN UHXEHEPHO-TEXHN-
4eCKNX PabOTHUKOB, 3aHATbLIX B NPOU3BOACTBE KEPAMUYECKIX U3LENNA U KPACOK.

Kuura «TexHonorus npoM3BofcTBa CTEHOBbIX LLEMEHTHO-NECHAHbIX U3AENUIA»

Astopbl — banakwnh H0.3., Tepexos B.A.

OnncaHo NpoM3BOACTBO M NPUMEHEHNE CTEHOBbIX MaTepuanoB MeTOLOM BUOPONPECCOBaHMS U3 LIeMEHTHO-NeCYaHbIX 6ETOHOB.
PaccmoTpeHa cyLLecTBYOLLAs 1 NEPCNEKTMBHAS HOMEHKNaTypa U3AeNuiA U X CBOMCTBA. [JaHbl XapakTepuCTUKM CbIpbeBbIM MaTe-
puanam — necky, Weo6H, BHXYLLAM U XUMUYECKUM A06aBKam, 1 peKoMeHaauuy no nogéopy coctasa 6eTOHHO cMecw. [1oapo6HO
npeacTaBfieHa TeXHONOrMs Npou3BOACTBA LIEMEHTHO-NECYaHbIX BUOPONPECCOBAHHbIX CTEHOBbLIX U3aenuin. 0co60e BHUMAHME yae-
JIEHO TEXHOJIOrNYECKOMY KOHTPOSIHO Ha NPOM3BOJCTBE W TEXHUYECKOMY KOHTPOIO 1 06CNYXNBAHMIO 060pya0BaHMs. KHura npefiHa-
3Ha4YeHa A1 opraHn3auum NponM3BOACTBEHHO-TEXHMYECKOr0 06y4eHNs Ha NpeanpuaTn, 6yaeT none3Ha MHXeHEePHO-TEXHUYECKOMY
MepcoHasy W WNPOKOMY Kpyry CneLmnanncTos.

KHura «TexHonorus runcoBbIX OTAEN04HbIX MaTEPUAN0B U U3AENHII»

AsTop — ®eaynos AA.

B KHUre onucaHo npon3BOACTBO rMNCOBbIX OTAEN04YHbIX MAaTepPManoB U U3LeNni 0T 406bI4Y CbipbA [0 YNAKOBKM FOTOBON NPOAYKLMN.
Ocob0e BHMMaHME aBTOP yAensieT noApO6GHOMY OMUCAHMI0 TEXHOMOTNYECKIX NNHWIA U OTAENbHbIX eAuHUL, 060PYA0BaHUS, YCTAHOBMEH-
HbIX Ha NepPeAOoBbIX NPeANPUATUASAX TUNCOBOI NMPOMBbILUAEHHOCTI. B KHUre NpeAcTaBneHo 60MbLLI0e KONNYECTBO MAMKOCTPALIA BCEX TeX-
HONOTNYECKMX NepeaenoB, KOTOPble MOMOTYT ry6)Ke NPeACTaBUTb U MOHATb TEXHONOrMYeCKNe NPOLECChbl TPOM3BOACTBA TOMO UK UHOTO
u3nenus. OnucaHme TEXHONOMNK KXXA0r0 BIAA FMNCOBbIX M3AENNIA OCHOBbIBAETCA Ha CYLLECTBYHLLMX NPOU3BOCTBEHHbIX PerfiamMmeHTax
npeanpuatuii Poccun, frepmanum n laHuu, BKNtOYas WAXThbl, KAPbEPbI, KOTOPbIE aBTOP NOCELLAN fINYHO.

KHura npegHasHayeHa CTyAeHTaM, U3y4aroLiM NpOM3BOACTBO CTPOUTESIbHbIX MaTepuanos W KOHCTPYKUWUIA B Ka4ecTBe [OMOJSHU-
TeNbHOro MaTepuana o TeXHONOMAN COBPEMEHHbIX TUMCOBbIX M3AENNIA, 2 TAKXKE 411 MHXXEHEPOB-TEXHOIOMOB 3aBO0B, MPOU3BOASLLINX
TMNCOBYO MPOAYKLMIO B KA4eCTBE CMPaBOYHOr0 Matepmana.

XHMHHYECKAS
TEXHOJIOTHSI
KEPAMHWKH

KE]]}I MHYECKHE
THIMEHTBI

3akasaTb nuTepaTypy MOXHO 4Yepe3 peaakuuro, HanpasuB 3aaBKy no e-mail: mail @rifsm.ru,
no ten.: (499) 976-22-08, 976-20-36; wnu ohopMUTb 3aKa3 Ha cailTe www.rifsm.ru






