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TeopeaneCKne OCHOBBI pacueTa MOCTOB Ha BLIHOC/JINBOCTDH C UCIIOJIb30BAHUEM
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JaHHbIX, noiaydeHHbIx akagemukom AH CCCP C.H. XKypkoeim. OH He TpeOyeT
JUIATENBHBIX UCIBITAHUN MaTepHAJIOB, @ OCHOBAH Ha MCIIOJIb30BAHNH PE3YJIbTATOB

KpPaTKOBPEMEHHBIX CTaHJapTHBIX MAIIMHHBIX Pa3pyIlIEeHUH ABYX I'PYII CTaHIapT-
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Academician of the USSR Academy of Sciences S.N. Zhurkov. It does not re-
quire long-term testing of materials, but is based on the use of the results of
short-term standard machine failure of two groups of standard samples of mate-

rials at two significantly different temperatures. When using these parameters
and the Bailey integral criterion for summing up the losses in the durability of
materials, it is possible to calculate the endurance of elements of road bridge
structures from any structural materials and to determine the residual durability
resource of the structure under the predicted subsequent mode of loading it with
real temporary vertical loads.
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BBenenue:

KPaTKasi KPUTHYECKAS OLIEHKA PACYeTOB HA BHIHOCIHBOCTH 3JIEMEHTOB aBTOIOPOKHBIX MOCTOBBIX COOPY KEHHI
MO0 AefCTBYIOIIMM 0T€YeCTBEHHBIM H 3apy0e:KHbIM HOPMAaM UX MPOEKTHPOBAHUS

B nactosmee Bpems m. 4.57 neiictByiommx B PO HOpM IpOEKTHPOBAHHS aBTOJOPOKHBIX MOCTOBBIX CO-
opyxenunit (CHull 2.05.03-84*) mpeaycMoTpeH pacueT Ha BHIHOCIMBOCTB TOJIBKO CTANBHBIX UX 3JIEMEHTOB U CO-
eauHeHuH, a 1. 3.91-3.92 tex e HOpM NPEeAyCMOTPEH PACUET HA BBIHOCIMBOCTB TOJIBKO IUIUTHI MPOE3KEN da-
CTH aBTOJIOPOXKHBIX U TOPOJICKHX JK€JIe300€TOHHBIX MOCTOB.

[Ipy BBHIMONHEHHU 3THX PAcUeTOB HEOOXOIUMO BHIYUCIATH 3HaYeHUS KOd(PPUIUEHTOB aCHMMETPHH Ha-
MPSDKEHUH, MO BO3ACHCTBUEM KOTOPBIX HaXOAATCSA 3JIEMEHTHI, pACCUUTHIBAEMBIE Ha BHIHOCIMBOCTD HCIIONIB30-
BaHHEM (popMyT

TJI€ Gmax, Omin, Tmax, Tmin — HAUMEHBIIIUE U HAMOOJIBIIINE 1O a0COMIOTHOM BEJIMYHMHE 3HAUCHUSI HANIPSHKCHUHN B AJ1e-
MEHTE CO CBOMMH 3HAKaAMHU.

OT UCTHHHOTO 3HAYeHHS 3TUX KOA(PHUIMEHTOB 3aBHCUT aJeKBATHOCTh pacueTa Ha BBIHOCIHUBOCTbH. Mc-
THHHOE WX 3HAYCHHE MOXET OBITh ONPEEICHO JIMIIb C YISTOM BO3JCHCTBUS PEalbHO NEHCTBYIOMIEH BEpTH-
KaJIbHOW HOPMATUBHOM Harpy3kH, JEHCTBYIOIIEH Ha MOCTOBOE COOPYKEHHE, YTO HE OOECICUMBACTCS JICUCTBY-
IOLIMMU HOPMATUBHBIMU BEPTUKAJIbHBIMU HArpy3KaMU Ha aBTOJIOPOXKHBIE MOCTHI B HacTosiiiee BpeMs B PD.

[Ipennaraembie aBTOpaMH HOBBIC HOPMATHUBHBIE M PACUCTHHIC 3HAYCHHS BEPTHUKAIBHBIX BPEMEHHBIX
Harpy3ok tuna H-48 niau H-35 mo3BosidroT npy mpoeKTHpOBaHUN KaXKJIOTO PEATbHOTO MOCTOBOI'O COOPYKEHUS
W3BECTHBIMU W OOIICTIPUHATBHIMHU CIIOCOOAMH OIPEJIEIIUTL B JTFOOOM €ro JIEMEHTE pPealibHble 3HAUCHUS MaKCH-
MaJIbHBIX 1 MUHUMAJIFHBIX HANpPSHKEHUH, 9TO HEOOXOIUMO IS BRIYMCIICHHS PEATbHOTO 3HAUYEHUST KOd(UIeH-
Ta aCUMMETPUU B 00ECTICUCHHS aJeKBATHOCTH PACUECTOB JIEMEHTOB Ha BBIHOCIIMBOCTD TI0 METOJUKE JICHCTBYIO-
UIUX HOPM MPOCKTUPOBAHUS.

Henocrarkom neiictByromeit meroauku CHull 2.05.03-84 saBnsercs To, 4TO OHa IpU pacueTe Ha BBIHOC-
JIUBOCTh YUUTHIBACT BO3/ICHCTBHE YCIOBHBIX HOPMATHBHBIX KOMOWHHUPOBAHHBIX HAarpy3ok Al4, He MMEIONINX
OUEBHUIHOM CBSI3U C PEAIbHO JICHCTBYIONUMH HArPy3KaMH, a TAKIKE BIMSHUAE TOJIbKO Han0O0JI€e HEBBITOIHBIX JIJIS
MaTepuaia 3HaueHu Ko duimeHToB acummeTpun. OTHAKO OOIEU3BECTHO, YTO BEIHOCIMBOCTh MaTepHaa hc-
YepIBIBACTCS BO BCEM PEATEHOM JHMAITa30HE PA3Max0B HAIPSKCHUH.

3anaHOEBPONICHCKUMU HOPMaMU MPEIYCMOTPEHBI PACU€Thl Ha BEIHOCIMBOCTE 3JIEMEHTOB MOCTOBBIX CO-
OpPYKEHUH C HCIIOJIL30BAaHUEM JMarpaMM YCTAJIOCTH MaTepuaa, MOJYYCHHBIX Ha OCHOBE OOJIBIIOrO 0OBemMa
SKCIIEPUMEHTAILHBIX UCCIIEAOBAaHUHN 3apyOeKHBIMU crieranucTamu. OHU MPUMEHUMBI IS IIUPOKOTO Habopa
JeTane ¥ COCMUHCHUN TMPU CHMMETPUIHBIX ITUKIIAX 3arpyKeHUs Ha 0aze 2 MIIH MHUKJIOB 3arpyxkeHus. B Hux
MIPUHSTO, YTO 0 5 MJIH IIUKJIOB 3arpy KEHHsI KpUBasl yCTAJIOCTH OMUCHIBACTCS KyONYIeCKON 3aBUCUMOCTEIO, a TIOCHIE
5 MJIH UKJIOB KPUBOM MATON CTEHECHH.

[Ipu u3BECTHBIX pazMaxax HaIpsLDKEHHUM, BOZHUKAKOUIUX MPHU MPOXOXKICHUU IO MOCTOBOMY COOPYKEHUIO
Pa3JIMYHBIX TPAHCIIOPTHBIX CPEJICTB, 3TH HOPMBI 00CCIICYMBAIOT BO3MOXKHOCTh HAa OCHOBE JIMHEHHOTO 3aKOHA
HaKOIUICHUS TOBPEKICHUIN BBIUUCIUTH CYMMapHOE 3HAYCHUS TIOBPEKICHUI U TEM CaMbIM OILICHUTh OCTaTOYHBIN
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peECYPC MOCTOBOTO COOPYKEHUS, HCXO U3 NCUEPIIaHHs BO3MOKHOCTH MaTepHaia 110 BOCIIPUATHIO UM CHJIOBBIX
BO3/IecTBUI O€3 yueTa BIMAHUSA Ha MaTepHuall TEMIIEpaTypbl OKPYKaloIIel Cpebl.

Crenyer npH 3TOM UMETh B BUAY, YTO JHArPaMMbl YCTaJOCTH OBUIN MOIyYeHB! IPU CUMMETPUYHBIX IHK-
JaxX 3arpy>keHHs W IPU 4acTOTaX 3arpy’KeHHs B COTHHU DPa3 IPEBBINAIOIUX pPEAJbHbIE YaCTOTHl U3MEHEHHS
HaIPSHKEHUH B 3JIEMEHTaX MOCTOBBIX COOPYXEHHMH. DTO BBHI3BIBAET COMHEHHUS B YAaCTH aJIeKBATHOCTH 3TUX AHA-
IrpaMM YCTalO0CTU IIPU pacyeTe BBIHOCIUBOCTHU 3JIEMEHTOB MOCTOBBIX COOPYKEHHM.

TeopeTnueckne 0CHOBBI METO/a PACYETA HA BHIHOCJIAHBOCTH
3J1€MEHTOB aBTO0POKHBIX MOCTOBBIX COOPY KEeHHI

Pa3paboTka agekBaTHOrO0 MeToJa pacuera Ha BBIHOCIMBOCTH 3JIEMEHTOB aBTOJOPOXKHBIX MOCTOBBIX CO-
OpY’KEHUH N3 KOHCTPYKIIMOHHBIX MAaTEpHAJIOB C SIBHO MPOSIBIAIOLICHCS TEMIEpaTypHO-BPEMEHHONW 3aBUCHUMO-
CTBIO IPOYHOCTH TpeOyeT MpOoBeAEHUs! OONBLIOro 00beMa 3KCIIEPUMEHTANBHBIX HCCIIEIOBAHUI, YTO B COBpE-
MEHHBIX YCIOBHIX POCCUHCKON 3KOHOMHUKH M COCTOSHUS HayKu B Poccuu, Mo-BHINMOMY, MPaKTHUYECKH HEBO3-
MOJKHO.

OO0OBeM IKCIEPUMEHTATIBHBIX HCCIIEA0BAHUI MOXKHO MHOTOKPAaTHO HayYHO OOOCHOBAHHO YMEHBIIHUTH, €CIIH
B OCHOBY HOBOTO METO/Ia pacieTa Ha BHIHOCIMBOCTh HECYIIUX KOHCTPYKIHUN U3 MAaTepHAIIOB C SIBHO MPOSABIISIO-
HIelcsl TeMIepaTypHO-BPEMEHHONH 3aBUCHMOCTBIO MPOYHOCTH 3aJ0KUTh clenyronye GyHIaMeHTaJbHble Hayd-
HBIE JOCTH>KEHUS MPOIIOTO BeKa:

1) KHHETHYECKYIO TEOPHUIO JOJITOBEYHOCTH MAaTEPHAJIOB IO BO3AECHCTBHEM Ha HHUX IOCTOSIHHBIX BO Bpe-
MEHH HAIPSHKEHUH MPH Pa3iIMyHBIX TeMIepaTypax MX dKCIUTyaTalyH, pa3padoTaHHYI0 COBETCKMMHU YYEHBIMHU B
50-60 rogwl mpouwioro cronerus B dusuko-texuunueckoM mHCTUTYTe Akaaemuun Hayk CCCP monm pykoBon-
crBoM akagemuka C.H. Xypxosa [1-10], a Takxe wiena-koppecrnounaeara AH CCCP I''M. baprenesa [11-13],
¢ yueToM paboThl aBTopa [14];

2) uHTerpanbHbIi KpuTepuil beitu cyMMrpoBaHHUs NOTEPh AOJITOBEYHOCTH MaTepHuaia 1moJi Bo3IeHcTBUEM
MIPOM3BOJIBHOTO 3aKOHA AEUCTBYIOIINX HAINPsDKEHHH, IKCIIEPUMEHTAIBHO OATBepKAeHHBIN B padorax C.H. XKyp-
KOBa M €T0 YUYE€HUKOB.

JloroBe4HOCTh MaTe€pHaa B 3aBUCUMOCTH OT YPOBHSI ACHCTBYIOIIEr0 IIOCTOSHHOIO HANPSDKEHUS G U a0-
comrotHOM Temriepatypsl 1 cpenst C.H. JKypkoBbIM npencTaBinena nokasaTelbHONH QyHKIHen

Uy-yO
T=1 T, (1)

rZie T — JOJTOBEYHOCTh B MPHUHUMAEMBIX €MHHIIAX BPeMEHH (MUHYTAaX, 4acaxX, CyTKax) MaTepuaia, IKCILUTyaTh-
pyeMOro IpH BO3ACHCTBUH MTOCTOSHHOTO HanpspkeHUs 6 B MIla npu aGcomoTHO# Temriepatype 7 B KeJIbBUHAX;
To — €IUHUYHASL JJOITOBEYHOCTh (TIEPHOA MEKAaTOMHBIX KoJeOaHWH) MaTepuana B TeX K€ eJHHUIAaxX BpeMEHH;
e = 2,7182818284 — ocHOBaHME HATYypaIbHBIX JorapuMoB; Uy — SHeprus akTHBAIH (MEKAaTOMHBIX CBSI3el) MaTepHa-
Jla B JDKOYJAX (HBIOTOH-METpax), 3aJI0KEHHAs MPUPOIION B 00beMe 3arpy’kKaeMoro CTaHIAapTHOTo obOpasma u3
3TOrO Matepuana; T — TeMIiepaTypa dKCIUTyaTallii MaTepuana B KenbeuHax; k = (1,380622 £ 0,000044) x 10 JIx/K —
nocrosinHas Credana bonpumMana — ¢pu3ndeckas HOCTOSHHAS, ONIpeeNsIomas CBA3b MEXIy dHEPTUei MaTepua-
Ja B JDKOYIIAX M €T0 TEMIIEpaTypol B KeIbBUHAX; Y — 00hEM aKTHBHOM YacTH CTaHAApTHOTO 00pasila MaTepuania,
MOJIBEPraeMoro CTaHAAPTHOMY HCIBITAHUIO Ha PacTsDKEHHE (C)KaTHe), BHIYUCISIEMBIN KaK MPOU3BEACHUE III0-
AU B M” €r0 aKTUBHOM YacTH TOMEPEYHOr0 CEUeHHs Ha IUIMHY B M €T0 aKTHBHOMN YacTH C HOCTOSHHBIM TIOTIe-
PEYHBIM CEYCHUEM.

®opmyma (1) C.H. XKXypkoBa ycraHaBIHBaeT CBSI3b JOJITOBEYHOCTH (BPEMEHH €Tr0 padOTHI 0 pa3pyllie-
HUs) JIFOOOTO MaTepualia co 3HAUCHISIMU TIOCTOSTHHOTO HAIPSKEHUS U TEMIIEPATYPBI CPEIEL.

s obecriederns y1o0CTBa OMpeAeNeHrs TapaMeTPOB STOM CBS3U M0 HKCIIEPUMEHTAIBHBIM JaHHBIM T10-
nmydeHa oOpaTHas 3aBUCHMOCTbB: CBSI3b YPOBHS HAIPsDKEHWH B MaTepHalie CO BpeMeHeM paboThl MaTepuaia 10
€ro pa3pyleHHs, TO ecTh GopMya JJisl pa3IHYHBIX TEMIIEPATyp €ro dKCILUTyaTalliH:

U kxT
Gz—O—L(lgr—lgro). (2a)
vy yxlge

dopMyna HonydeHa ¢ UCIOIb30BaHUEM JIoTapu(MHUPOBaHHsI COOTHOLIEHUS (1) ¢ AeCITUYHBIM OCHOBAHH-
€M M TocJenoBaTeNbHBIX NpeodpazoBanuil. M3 (2a) ciemyer, 4To ypoBeHb BO3MOKHBIX HAIpsDKEHUH G B Marte-
puase npu GUKCHPOBAHHOHN €ro TeMIepaType HaXOAUTCS B JIMHEHHOM 3aBUCUMOCTH OT AECATHYHOTO JIorapupma
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BpEMEHU NEUCTBHS HampspKeHUs (puc. 1), a yroj HaKJIOHA 3TOH JTMHEHHOW 3aBUCUMOCTH CBSI3aH JIMHEHHO ¢ a0-
COJIIOTHOM TeMIIEpAaTypoi MaTepuarna.
DTa 3aBUCUMOCTh MOXKET OBITh MIOCTPOCHA TI0 JIBYM SKCIIEPUMEHTAIBHO MOJYyYSHHBIM TOYKAaM TpH CyIIe-
CTBEHHO Pa3JIMYHON JTOJITOBEYHOCTH, UTO JIJIST OJTHOM M3 TOUEK TPeOyeT MHOTO BpeMEHH (MECSIIBI B TaXKe TOIbI!).
UTOOBI YMEHBIIUTH 00BEM H JUIMTEIHFHOCTh MCIIBITAHHBIA 3aMETHM BHadaje, uTo B Gopmyiie (2a) mo pe-
3yJIbTaTaM HCIBITAHUN MaTepualia HeoOX0AUMO ONPECIIUTh TOIBKO 3HAYCHMSI SHEPTUH aKTHBAIUY MaTepralia u
3HaueHHE eIUHUIHON JTONTOBEYHOCTH, TaK KaK BCE OCTaJIbHBIE apaMeTpbl PyHKIUH (2a) MOTYT OBITh U3BECTHBI
0 pe3yibTaTaM OOBIYHBIX MANTMHHBIX CTAaHAAPTHBIX AOBEICHHUN 0 Pa3pyIIEHUS OBYX TPYIH CTaHJAPTHBIX 00-
o pasloB IIpH IBYX CYLIECTBEHHO Pa3IMYHBIX TeMIlepa-
Typax.
B xonme 3arpykeHus KaXJ0TO U3 CTaHAAapPTHBIX
00pa3IoB 0 MX pa3pylICHUs CleAyeT (UKCHpPOBAThH
~ TOYHBIC 3HAYCHUS JOCTUTHYTHIX YCWINH B HBIOTOHAX,
MIPH KOTOPBIX MPOU3OILIO Pa3pylIeHne CTaHIAPTHBIX
00pasIoB U BpeMs (B CEKYHaxX) HapaCTaHUs 3THX YCH-
Ui 10 paspyienus o0pasios (puc. 2, a).
[Ipu neneHnn ycunmii Ha MJIOMIAb MOTEPEIHO-
ro cedeHHs 0Opa3lOB B M’ MOTYT OBITH BEIYHCIIEHEI
lgr 3HAYEHHS MAaKCHMMAaJIbHEBIX Pa3pyIIaloN[UX HaIpsoKe-
0 8T, e, Huii 6 B MIla.
OTO MO3BOJUT TSI KAXAOTO JTOBEIECHHOTO 10
Puc. 1. [luarpamma nonroseunoctn marepuana no C.H.JKypkosy  paspyinennst cranmapTHOro o6pasia BBEIYUCIUTE UM-
Figure 1. Material durability diagram according to S.N. Zhurkov nysbe IMP HanpsokeHus (puc. 2, @), BBI3BABIIETO €ro
paspylieHre, Kak IUIoMaas rpaduka UMITyIbca HAPSDKEHUH B BHIE MPSIMOYTOJIBFHOTO TPEYTONBHUKA C BEPTH-
KaJbHBIM KaTeTOM pa3MepoM ¢ B MIla u ropu30oHTaNbHBIM KaTETOM C pa3MEpOM ¢ B CEKYHJY, UYTO JJaeT ero 3Ha-

aenue no hopmyne IMP, =c . -t/2.

[}

[~ ] E——

OKBUBaJICHTHAS JOJITOBCYHOCTH ti/ B CCKYHIOY o6pa3ua IIpyu TOM K€, HO IMIOCTOSAHHOM, MAKCUMAJIbHOM HaIIps-
JKEHHHU MOXKET OBITh OmpeaciICHa 110 YCIOBHUIO paBCHCTBA rmomaz[eﬁ HUMITYJIbCOB HaHpH)KeHI/Iﬁ IIPpU Pa3HbIX PEKUMaAX

Harpy xeHus 00pasua 0 ero paspyueHus (puc. 2), 4to gaet s vee Gopmyny T, ; =17, ; /2, T, =1y, /2.
Cpennue 3HaueHHs SKBUBAICHTHBIX JOJITOBEYHOCTEH 00pa3LoB IBYX TPYII C yYETOM HU3BECTHBIX KOJH-
4ecTB 00PA3LOB B KaX/O0H IPYIIIE BBIYUCISIOTCS 10 GopMynam T, . = Z T/ Js Ty = Z T,/ J-

AHaJIOTUYHO BBIYHUCIISIIOTCS CPEAHUE 3HAYCHUS pa3pyllaoIluX HaNpspKeHUH 00pasioB 00eux Tpyml.

Nmaxn H
Mlla

ocT ?

Omax, MIla

v
v

1, CEeK t5ks, CEK

a 7]

Puc. 2. I'paduk k pacueTy SKBUBAJIICHTHOW JIOJITOBEYHOCTH MaTepralia CTAaHJAPTHBIX 00PAa3IIoB [0 PE3yJIbTaTaM HCIBITAHUI:
a — yCUIIUS 1 HAIPSKEHUS 110 PE3YJIbTAaTy HMCIBITAHUI KaXxaoro 06pa3ua; 6 — DKBHBAJICHTHAS JAOJITOBEYHOCTh MaT€pHajia CTaHAapTHOTO 06pa3ua
Figure 2. Schedule for calculating the equivalent durability of standard samples according to the test results:
a — efforts and stresses according to the test result of each sample; b — equivalent durability of the sample
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Takum oOpa3om, MpH CTaHAAPTHBIX MANTUHHBIX HCIBITAHUSAX JIBYX TPYI OJUHAKOBBIX 00pa3lioB MaTepH-
aja MpeACTaBIAETCS BO3MOKHBIM OINPEICINUTh 3HaUCHUE HAPSHKEHUSI B MOMEHT pa3pylIeHHUs U SKBHBAJIEHTHOE
BpeMsi JI0 pa3pylIeHHUs] MaTepuala MpH IBYX CYIIECTBEHHO Pa3MUUHBIX Temreparypax (Hampumep 100 u —30 °C)
Y TIOJYYHUTH CTATHCTUYECKH 000CHOBAaHHBIC MX CPEIHIE 3HAUCHHS I KOKION M3 3TUX TPYIII.

Nmes nx, MOXKHO Ha OCHOBE ypaBHEHHS (2a) TOITOBEYHOCTH COCTABHUTH /IBA YPABHEHHUS C HCIIOJIb30BaHU-
€M IOJyYEHHBIX CPETHHUX 3HAYCHUH I 00€HX TPYII CTAaHAAPTHBIX 00pa3IoB:

U, kT,
lcp 'Y 'Ylge (g lcp g O) ( )
U, kT,
c,,=————Ug,., —lgT,). 2B
2c¢cp 'Y 'Ylge (g 2c¢cp g 0) ( )

[Ipu pemeHun 3To¥ cHCTEMBI YpaBHEHHH OmpeneiaeHbl (OpMYIIBI I YHCICHHBIX 3HAYCHUH SHEPTHH aK-
TUBaIuHu Uo MaTte€puaia B JDKOYJIAX U eHHHHqHOﬁ OOJITOBEYHOCTH MaTE€purajia To B BUIAC

_ ’Y'lge.(Glcp _Gch)+k'(T1 .lgrlcp _T2 'lgTch)
k-(T,-T,)

lgt, , (3a)

k-T
UO ZY(020p+ 2 .(lg’chp_lgTO))' (36)
v-lge

OTMeTuM, YTO NP 3TOM I MOJMY4YEHHs MMapaMeTpoB AMArpaMMbl JOJTOBEYHOCTH JHOOOro Mmarepuana
TpeOyercs He Oosiee OHOM Helenr, a He MHOTHE MECSAIIbI WK Jake Toabl!!!

B kauecTBe TeopeTHUECKOl OCHOBBI JUIsl PELICHUS] pacCMaTpUBAaEMON 3a7auu CO3JaHMsI METOJla a/leKBaT-
HOI'0 pacyeTa aBTOAOPOXKHBIX MOCTOBBIX COOPYKEHHH Ha BBIHOCIMBOCTH IIPHMEM TaKXkKe IOJIOKEHUE O Hempe-
PBIBHOCTH ¥ HEOOPATUMOCTH TIpOIlecca pa3pylleHns CTaHAapTHHIX 00pas3IoB MaTEepHajIoB, HE NMEIONNX Haape-
30B, MOJ1 BO3ICHCTBHEM Ha HUX pa3HbIX YPOBHEH HaNpspKEeHHH, yCTaHOBIIEHHOE beiinu u noaTeepkaenHoe QyH-
nameHTanbHbIMU HccnenoBanusiMu C.H. XKypkoBa u ero coTpyaHHKOB.

B [7; 15] C.H. XypKoBsIM C COTpYAHHKaMH PACCMOTPEHBI TaK)Ke CIOKHBIE OCOOCHHOCTH TPOTHO3UPOBA-
HUS pa3pylIeHHs MaTepHaioB, UMEIOIINX Hape3bl. [[puMeHUTENbHO K aBTOJOPOKHBIM MOCTOBBIM COOPYXKEHH-
SIM OHHU HE aKTyaJbHBI, TaK KaK B 30HAaX 3JEMEHTOB ATUX COOPYKEHHUH C MaKCUMaJIbHO BO3MOKHBIMH Harpsike-
HUSIMH HE JOITyCKAaeTCs HAIMYKE PA3INYHOr0 POAA KOHIIEHTPATOPOB HANPSKEHHM.

HeobOpatnMocTh U HENPEPHIBHOCTH TpoIiecca pa3pymieHus Marepraios 0e3 Haape3oB C.H. Xypkossim
Obula JOKa3aHa MPU CPAaBHEHUH PE3YJIBTATOB ABYX PEKMMOB 3arpy>KE€HHS: B IIEPBOM U3 HUX MPOU3BOIUIOCH 3a-
IpY’KEHHE TOCTOSIHHBIM BO BPEMEHH HANPSDKEHHEM G M ONpeesiiach J0JTOBEUYHOCTh T (BpeMs OT Hayana 3a-
TPY)KEHHSI 10 pa3pylIeHHs MaTephalia), a BO BTOPOM IPOBOIMIOCH IHKINYECKOE 3arpyKeHHe HMITYJIbCaMHU
NPSMOYTOJILHOH (POPMBI € TEM K€ YPOBHEM HaIPsKEHHUN JITTUTENBHOCTBIO At.

[Ipu cpaBHEHMM PE3yNbTAaTOB MCHBITAHMS NMPH 3THX PAa3HBIX PEKUMAax 3arpy>KeHHs ObUIO yCTaHOBJICHO
(U1 aMIOMMHUSL M OPICTEKJIA), YTO B Mpelesiax pa3zdpoca olluee BpeMs pa3pyLIeHHs MPU LUKIMYECKOM Aei-
CTBUM Harpy3KH, HE3aBUCHUMO OT JUINTEIILHOCTH MMITYJIbCA, PABHO JOJTOBEYHOCTH MarepHaia, orpeneisieMoi

IIpHU CTaTHYCCKUX HUCIBITAHUAX, TO €CTh T = ZAt .

39to mo3Bommwio C.H. XXypkoBy mpuHATE HOMYyIIEHWE O TOM, YTO TEJI0, HAXOAIIEeCs MO TPOU3BOIBLHEIM
3aKOHOM Harpy»XeHUs, HEPEPHIBHO ¥ HEOOPATUMO Pa3pylIaeTcsi B COOTBETCTBUH C XapaKTEPOM JICHCTBYIOLIETO
HanpspkeHus. [lon gelicTBHEM MalbIX HANPsDKEHWH pa3pylIeHHs HAKAILTMBAIOTCS MEUICHHO, IPHU BBICOKUX Ha-
MPSDKEHUSAX TPOMCXOIAT 3HAUNTENbHO ObIcTpee. [locTenmeHHO mporecc HAKOIJICHUS pa3pyIIeHHH MPHUBOAWT B
HEKOTOPBI MOMEHT BPEMEHU K MOJTHOMY Pa3pyILICHHUIO.

Ecnu manpsbkeHue ¢ NefCTBOBAJIO B TEYCHHE MOMEHTA BpeMeHHU At, a o0Inas JOJArOBEYHOCTH MPH 3TOM
HAMPSHKEHUH T, TO MPOU30MIET OTHOCUTEIBHOE YMEHBIIICHHUE JOJTOBEYHOCTH Ha At / T.

B Teuenue crnenyromero nepuoaa Aty 1elcTBUS TOW K€ HArpy3KU MPOU30MIET HOBOE COKpaIllEHUE J0JT0-
BEYHOCTH Ha Aly / 1.
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[lomHOE pa3pylneHre HAaCTYNMUT TOTa, KOTJAa CyMMa OTHOCHUTENIbHBIX YMEHBIICHHH JOJITOBEYHOCTH CTa-
HET paBHOU €IMHUIIE, TO €CTh KOTJa

tc:a[llk dt 1
o Wo®).7)

CootHouenue (4), noayyeHHOE U3 yCIOBHUsS HeoOpatuMocTu paszpymenus matepuana C.H. XKypkoBsiM u
eme panbiue beinn, mo3BonsieT mpeackasarh JOJITOBEYHOCTh MaTepHajia B KOHCTPYKLIUHU IPH JIIOOOM PeXHMe
3arpy’>KeHHs1, €CIIM N3BECTHA 3aBUCUMOCTS (1), U3 pe3yIbTaToOB UCTIBITAaHUH.

[IpencraBuM 3aKOH U3MEHEHHS HANPSDKEHHH B HanOoJee HANPSHKEHHOM DJIEMEHTE MPOJIETHOTO CTPOCHHUS
¢ TpoJsieToM L mpu mpoxoxIeHHH 10 HEMY TPAHCIOPTHBIX CPENICTB CO CKOPOCTHIO V B CIIENYIOIEM, BIIOJIHE pe-
aNBHOM, BHJIE

(4)

60)= | 7O o a5 T | ©

I7I€ Gmax — HAIIPSDKEHUE B 3JIEMEHTE MPOJIETHOIO CTPOEHHUS OT COBMECTHOTO JeMCTBHUA COOCTBEHHOIO Beca, 00-
IIeT0 ¥ MECTHOTO EHCTBHS BPEMEHHOM HArpy3Ku ¢ o0mieil Maccoil M; Gmin — HANIPSDKEHUE B TOM K€ DJIIEMEHTE
MPOJIETHOTO CTPOEHUS OT JEHCTBHsI COOCTBEHHOI'O €ro Beca.

3aBucUMOCTH (5) MO3BOJISET MOAEIMPOBATh 3aKOH N3MEHEHNUSI HANIPSDKEHUH B 37IEMEHTE KOHCTPYKLHIH B 3aBHUCH-
MOCTH OT JUIMHBI IIPOJIETHOTO CTPOEHUSI U CKOPOCTH JBWKECHUSI TPAHCIOPTHOIO CPEACTBA MPH M3BECTHBIX pasMepax
3JIEMEHTOB MPOJIETHOTO CTPOEHMS, O0LIIeH Macchl TPAHCIIOPTHOIO CPEACTBA U TIOTOHHOM BECE MPOJIETHOTO CTPOEHHSL.

Tak, mpu mpornycke ¢ OAMHAKOBOM CKOPOCTBIO IO MPOJIETHOMY CTPOEHHUIO TPAHCIOPTHBIX CPENCTB C pa3-
JIMYHBIMHU OOIIIIMH MaccaMHy, BBI3BIBAIOIIMMHI MaKcUMallbHbIe Hanpsokerns 42, 36, 30 u 24 Mlla npu HanpspkeHHH
ot cobctBeHHOTO Beca 14 MIla, 3axoH U3MeHeHHs HaNpshKEHUI OyIeT IMEeTh BUI, IPEICTaBICHHbIH Ha puc. 3.
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Puc. 3 W3menenue HaHpﬂ)KeHI/II;'I B DJIEMECHTE OT TPAHCHOPTHLIX CPEACTB C pa3IMYHbIMU 06IJ_II/IMI/I MaccaMunu
Figure 3. Change in stresses in the element from vehicles with different total masses

[Ipu mporycke mo MpoJIeTHOMY CTPOCHHUIO TPAHCIOPTHBIX CPEACTB, BHI3BIBAIOITUMHU MaKCHMAaJIbHBIE Ha-
npsokerns 42 Mlla npu HanpsokeHHH OT coOcTBeHHOTO Beca 14 MIla ¢ pa3HBIMH CKOPOCTSIMH, 3aKOH H3MCHEHUS
HaNpsHKEHUH OyIeT UMETh BUJI, TIPEICTaBICHHBIN Ha pHC. 4.
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Figure 4. Dependence of stresses on the speed of movement

Pa3Hble 3aKOHBI HANPSHKEHHH B PACCUMTHIBAEMOM JJIEMEHTE Ha BBIHOCIMBOCTH MO-Pa3HOMY BIHSIOT Ha
COKpallleHHE JIONITOBEYHOCTH MaTepHaa.

Bnusinue Bcex pazHooOpa3HbIX (PAKTOPOB HA COKpAIIEHUE TOJTOBEYHOCTH MaTepraia B KOHCTPYKIUH OT
BOSI{CﬁCTBHﬂ PEKUMOB HArpyXEeHus MPOJIETHOTIO CTPOCHUA MNPCACTABIIACTCA BO3MOXHBIM YYCCThH C IMOMOIILIO
dbopmyst (1) JOATOBEYHOCTH MaTepHaia U WHTerpaia betnm.

Tak, OTHOCHTENBPHOE COKpAIIEHHE JAOJTOBEYHOCTH MaTepualia B KOHCTPYKIIUH 32 JIF0OOH TepHoj ee JKC-
IUIyaTalliy IIPU M3BECTHBIX WIM MPOTHO3UPYEMBIX PEXUMAaX €€ 3arpyKeHus B TE€YEHHE JTOro Iepuoia mpen-
CTaBJIETCS BO3MOXKHBIM BBIUYUCIUTH 110 (hOpMYJIIe C UCIOIb30BaHUEM WHTerpaiia beinm:

- ©)
70 (G(t) Ty

B aT0ii GpopmyIie Mpou3BOIUTCS CyMMUPOBAaHHE BO3JCHCTBHI TPAHCIIOPTHBIX CPEJCTB PA3IMYHBIX TPYIII
Ha COKpAIllEHUE JIOJTOBEYHOCTH MaTepuaia B KOHCTPYKIIMHA NPU BO3HUKHOBEHHUU PA3JIMYHBIX 3aKOHOB M3MEHE-
HUSI HANPsHKEHUH.

B cnyuae ecnu mo dopmye (6) BBRIYUCICHO OTHOCUTENBHOE COKPAIIECHUE TOJITOBEYHOCTH 32 OIWH TOJ
SKCIITyaTalluv, TO IpU YCIOBHUH, YTO B MNOCICAYIOINHE TOABI PCXKUM ISKCIUTyaTalluu 6YI[6T AHAJIOTUYCH, NTPEa-
CTaBJIAETCS BOBMOYKHBIM BBIUYUCIIHTH OPHEHTUPOBOYHBIA OCTATOYHBIN CPOK CITY>KOBI MOCTOBOTO COOPYKEHHUS 110
YCIIOBUIO BBIHOCIIMBOCTH Martepuaa 1o gopmyie

R, = 2975 (7)

I[J'IH pcam3anuu HU3JI0)KEHHOM METOJHUKH Tpe6yeTC${ MMPOBCACHUC OTrPaHUYCHHOI'O o0bema OKCIICPHUMCH-
TaJIbHBIX I/ICCJIC,Z[OBaHI/Iﬁ IJI1 OIIPCACIICHUSA MMapaMETpPOB Uo " To JJIA IPUMCHACMBIX B MOCTOCTPOCHHUU KOHCTPYK-
IIUOHHBIX MaTCpUajioB.

3akjaouenue

C yueroMm ycranoBineHHol akagemukoM AH CCCP C.H. XXypkoBbIM 3aBHCHMOCTH JOJITOBEYHOCTH KOH-
CTPYKIIMOHHBIX MaTE€PUaJIOB OT YPOBHS JEHCTBYIOUINX B HUX ITOCTOSIHHBIX HAaNPsDKEHUH U a0CONIIOTHON UX TEM-
nepaTypbl IPEAI0KEeH SKOHOMUYECKU 11e1ecO00pa3Hblil crioco0 OmpeneNeHusl HEU3BECTHBIX N1apaMeTPOB 3TON
3aBUCHMOCTH AJIS JIIOOBIX KOHCTPYKLUHOHHBIX MaTepuaioB. OH He TpeOyeT IIMTETbHBIX UCIBITAaHNH MaTepHha-
JIOB, a OCHOBAH Ha UCIIOJIb30BaHNH PE3YJIbTaTOB KPATKOBPEMEHHBIX CTAaHAAPTHBIX MAIIMHHBIX Pa3pyLICHUH ABYX
TPyl CTAHAAPTHBEIX 00pa3L0B MaTepHuala MpH JIBYX CYIIECTBEHHO Pa3JIMUHBIX X TEMIEpaTypax U UCIIOJIb30Ba-
HUU CHCTEMBI IBYX YpaBHEHHH Ha OCHOBE MOMydyeHHON (hopmMyibl (2a) A AMarpaMMBbl T0JITOBEYHOCTH JII000TO
KOHCTPYKLMOHHBIX MaTepuaa.
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ITokazaHo, 4TO TIPU KUCIOIB30BAaHUHU PE3YJIHLTATOB UCIBITAHUN U MHTETPAJILHOTO KpuTepus beilu cymmu-
POBaHHUSA MOTEPH TOJTOBEYHOCTH MAaTEPHAJIOB MIPEICTABISIETCS BOZMOKHBIM BBITIOJHUTD JOCTOBEPHBINA pacyeT Ha
BBIHOCJIMBOCTb JIEMEHTOB aBTOJIOPOXHBIX MOCTOBBIX COOPYIKEHHUH 13 JTIOOBIX KOHCTPYKIMOHHBIX MaTepHAlIOB U
OIIPENICNIUTh OCTAaTOYHBIH Pecypc NOJITOBEYHOCTU COOPY)KEHHS IPU MPOTHO3MPYEMOM IOCIEIYIOLIEM PEXHUMeE
€ro 3arpy’Ke€Hus pealbHOM BPEMEHHOU Harpy3Koi.

[MponemoncTpupoBano, uyTo ucnonb3oBanue B popmyne (1) C.H. XKypkoBa nomyueHHbIX TapaMeTpoOB Ma-
Tepuaa IpH ONpeAeTIeHUH OTEPH TOJITOBEYHOCTH KOHCTPYKLMH U3 3TOTO MaTepHaia ¢ UCIOJIb30BaHUEM HHTE-
rpana beinu, To ecTh Ipu pacdere Ha BHIHOCIUBOCTh KOHCTPYKIMHU, IPU IPOTHO3UPYEMOM BO3JEHCTBUH peallb-
HBIX BEPTUKAJIbHBIX HOPMAaTUBHBIX HAarpy30K U COOCTBEHHOTO Beca MPOJIETHOIO CTPOEHMS MPEACTaBIsAETCS BO3-
MOYKHBIM BBIYMCIIUTD 32 MPOILEALIINNA CPOK CITY>KObI COOPY>KEHHUS MOTEPIO €ro JOJITrOBEYHOCTH 1o (opmyre (6),
TO €CTb BBIIIOJHUTH CTPOT'HH pacueT Ha yCTaJOCTh KOHCTPYKIUH 33 IPOLIEIIINI CPOK IKCILTyaTalluy.

Ecnu o ¢opmyne (6) BEIYUCIIEHO OTHOCHTEIHHOE COKpAIlEHHE JOJITOBEYHOCTH 33 OJUH T'0Jl IKCIUTyaTa-
IIUH, BO3MO>KHO BBEIYUCIUTH OPHEHTHPOBOYHBINA OCTATOYHBII CPOK CITY>KOBI MOCTOBOTO COOPY>KEHHSI IO YCIOBUIO
BBIHOCJIMBOCTH MaTepuaia 1no ¢gopmyine (7), IpuHMMas BO BHUMaHME, YTO B MOCIELYIOLINE I'OAbI PEXUM HKC-
IUTyaTanuy OyZeT aHAJIOTUYEH.

Jns peanuszanuy MpeioKeHHONM METONKN pacyeTa 3J€MEHTOB MOCTOBBIX COOPYKEHUI Ha BBIHOCIUBOCTh
TpeOyeTcs MOCTaHOBKA HAay4HO-MCCIIENOBATEIBCKOM paboThl ¢ IeIbl0 OOOCHOBAaHHS MapaMETPOB AHArpaMMEI
JOJTOBEYHOCTH MAaTEPUaIOB MO BO3EHCTBUEM OCTOSHHBIX HANPSDKEHUH PAa3IMUHOTO YPOBHSL.
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AnHoTauus. Mccnenyercst yCTOWYUBOCTh CHCTEMBI «BBICOTHBIH OOBEKT — FPYyH-
TOBOE OCHOBaHHE». B mpakTrKe NPOEKTHPOBAHKS aKTyalbHa OLCHKA 3araca yCToH-
YUBOCTH MPOTHUB OIPOKHUIBIBAHUS BBICOTHOTO 3aHUS C YUYETOM HECKONBKUX BH-
JIOB HEIMHEHHOCTH Ae(hOPMHUPOBAHHSI €T0 TPYHTOBOTO OCHOBaHMA. DJTa 3ajgada
MOKET OBITh pelIeHa C HCIOJIBb30BaHHEM METOJIOB HEJIMHEHHOH CTPOUTENHHON
MeXaHUKH. [J1s peneHust HeMMHEHHBIX 3aa4 YCTOWYHBOCTH IPOTUB OIPOKUIBI-
BaHUSI PACCMOTPEHBI HECKOJIBKO METOJIOB: 1) medopMalmoHHbIH, TTO3BOJISIOMINAN
IIPOCTIEKUBATE COCTOSIHUSI PABHOBECHSI CHCTEM C F€OMETPHUYECKOH M KOHCTPYK-
TUBHOW HENMHEHHOCTBIO; 2) TMHEAPU3allUi HEIMHEHHBIX YPAaBHEHUH M MpOCIIe-
JKUBAHUSI COCTOSIHUH PABHOBECHS CHCTEM CO CTAaTUYECKOW M KOHCTPYKTHBHOW He-
JIMHEWHOCTBIO; 3) JHMHeapu3aluyi HEJIMHEHHBIX (U3MYECKHX COOTHOLICHHH CH-
CTeMbl C KOHCTPYKTHBHOW HEJIMHEHHOCTHIO Ha 0a3e HEJIMHEHHOW MHKpPEMEH-
TaJILHOW CTPOMTEIBHOW MEXaHUKH; 4) MPOCICIKUBAHUS MCTOPHUHU Ipolecca Je-
¢dbopmupoBaHus GU3NIECKH HETMHEHHOTO OCHOBAHHUS C yUETOM Pa3BHTHUS 30H
pa3rpy3KH U KOHCTPYKTHBHON HelHHEHHOCTH. KaXIpIM M3 MepedncieHHBIX
METOJIOB PEIIEH MOJENbHBIN nmpumep. B mpumepax paccmaTpuBaercs ycToiun-
BOCTb BBICOTHBIX OOBEKTOB OMPOKUIBIBAHMS P ACHCTBUH BETPOBON HArPY3KH.
VYuuteiBaeTCsl HEIMHEWHBIM XapakTep 3aJadd, B TOM YHCIE Te€OMEeTpHUYECKas,
(u3nveckas ¥ KOHCTPYKTUBHAs HEJIMHEHHOCTh. B 001ieM Buje 3aga4a ycToituu-
BOCTH BBICOTHOTO 00BEKTa IPOTHB ONPOKUABIBAHUS MOXKET OBITH NpeCTaBiIeHA
MHOTOKPAaTHO HENWHEHHOW C pa3NUYHBIMH BHAAMHU HEJIWHEHHOCTH. B cBszu ¢
9THM B NIPAKTHKE NPOEKTUPOBAHUS BHICOTHBIX 3[aHMH HEOOXOIMMO NajbHeHIee
Hay4HO U METOAMYEecKOe 00OCHOBaHHOE METOJOB OLIEHKH 3aIlaca yCTOHYUBOCTH
IIPOTUB ONPOKHUIBIBAHKS C YYETOM HETMHEHHBIX (akTOpoB. YUeT 3THX (akro-
POB NO3BOJIUT CAeNaTh 00Jiee TOUHBIMH OLIEHKH YCTOHYMBOCTH BEICOTHOTO O0B-
€KTa IPOTHB OIPOKHUIBIBAHUS.
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YCTOHYUBOCTB, ONPOKHUIBIBAHNE
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Roll-over stability as a problem of high-rise buildings’ designing
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Article history Abstract. Roll-over stability of tall buildings under wind loads is considered.
Received: February 4, 2021 The nonlinear nature of the problem is taken into account, including geometric,
Revised: April 10, 2021 physical, and structural non-linearity. The problem is solved on the base of
Accepted: May 15, 2021 a system of linearized incremental equations of structural mechanics that de-

scribes the behavior of a system “tall building — foundation soil”. Several me-
thods are examined for solving nonlinear problems of roll-over stability, specifi-
cally: 1) deformation method of systems’ equilibrium states’ tracing; 2) method
of linearization of nonlinear equations and systems’ equilibrium states’ tracing;
3) method of linearization of nonlinear physical relations of a systems with con-
structive, static, geometric nonlinearity; 4) method of linearization of nonlinear
physical relations of a system with constructive nonlinearity based on nonlinear
incremental structural mechanics; 5) method of the deformation process tracing
for a physically nonlinear soil base, given the increase of discharge zones and
constructive nonlinearity. Each of these methods is used to solve a model task.
These tasks take into account roll-over stability of high structures under action of
wind loads. In general, the problem of roll-over stability of a high object can be

represented as repeatedly nonlinear one with various types of non-linearity.
For citation In this regard, in the practice of high-rise buildings’ designing, it is necessary to
Inozemtseva O.V., Inozemtsev V.K., Mur- develop scientifically and methodically substantiated methods of assessing roll-
tazina G.R. Roll-over stability as a problem over stability, considering non-linear factors. Taking these factors into account

of high-rise buildings’ designing. Structural . . . - . . .
Mechanics of Engineering Constructions and will make it possible to assess the roll-over stability of a high-rise object more

Buildings. 2021;17(3):228-247. (In Russ.) accurate.
http://dx.doi.org/10.22363/1815-5235-2021- Keywords: high-rise buildings, wind load, geometric non-linearity, physical non-
17-3-228-247 linearity, structural non-linearity, stability, rollover

BBenenue

PaccmaTpuBaroTcsl BBICOTHBIE 3[JaHHSI HA yYacTKax MPOEKTUPYEMOIo CTPOUTENbCTBA B MOCKBE, OLIEHUBA-
eMBIX KaK MOTEHUHMAJIbHO OMNACHBbIC B OTHOLIEHUH HPOSIBICHHUS KapCTOBBIX mpoueccoB. OcoOEHHOCTh AaHHBIX
BBICOTHBIX 3[JaHUH U UX (YHAaMEHTHBIX KOHCTPYKIMH CBA3aHA C BO3MOXHOCTBIO OIPOKHBIBAHUS IO BO3.EH-
CTBUEM BETPOBOTO JABICHUS.

CornacHo «CxemaTudeckol KapTe WHKEHEPHO-TE€OJIOTMYECKOr0o pallOHMpOBaHUS MOCKBBI 1O CTENEHU
OIAaCHOCTH TIPOSIBJIEHUS KapCTOBO-Cy(P(O3NOHHBIX MPOLIECCOBY, CHPABOYHBIM JAAHHBIM, TaHHBIM M3BICKAaHUN U B
COOTBETCTBUU ¢ «HCTpyKIMEN IO IPOEKTUPOBAHUIO 3[aHUI U COOPYKEHUM B paiioHaX MOCKBBI C IPOSIBICHHU-
€M KapcToBO-Cy(p(POo3HOHHBIX MPOIIECCOB», MHOTHE YYaCTKH HPOEKTUPYEMOTO CTPOUTEIHCTBA OLIEHUBAIOTCS KaK
MOTEHIUAIBHO OTIACHBIE B OTHOLICHUH MIPOSIBIEHUS KapCTOBBIX Ipoueccos (puc. 1, 2).

IIpumepoM opraHn3anuu, NPOECKTHPYIOWIEHN BBICOTHBIE 3[aHHU HAa y4acTKax TeppUTOPHUH MOCKBBI C IIPO-
SBJIEHHEM KapcToBBIX mporieccoB, sBiusercas OO0 «Kb “Cwmaptlipoext”». Kommuieke takux 3manuii «Ksapran
Headliner» ctpoutcs B LIAO MockBbl B paiioHe MykoMoibpHOTO Tipoe3na. Hecymme KOHCTPYKITMH BBICOTHBIX
3MaHUN 3alPOCKTUPOBAHBI Ha (DyHIAMEHTE, MPEACTaBIIONIeM co00if MOHOJHUTHYIO JKelle300eTOHHYI0 (hyHmIa-
MEHTHYIO IIJIUTY, ONHPAIOIIYIOCS Ha CBaifHOE OCHOBAaHWE C Pa3IMYHBIMU MapaMeTpaMH KOHCTPYKTHUBHBIX dJie-
MEHTOB:

— Marepual pyHIAMEHTHOW IUIHTHI — OeToH kiacca B45 W8 F150;

— ToNmmHHA PYHIAMEHTHOM ITATHI MOXKET m3MeHAThes oT 2000 10 2500 MM;

Olga V. Inozemtseva, leading designer, Candidate of Technical Sciences.

Vyacheslav K. Inozemtsev, Professor, Department of Building Materials, Structures and Technologies, Doctor of Technical Sciences; eLIBRARY SPIN-
code: 8384-7039.
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— CBaifHOE OCHOBAHWE MPEICTABIIICT paBHOMEPHOE CBAlfHOE T10JIe M3 OypOHAOMBHBIX cBai-cToek D800 MM;
— Marepua cBaii — 6eron B30 W8 F150;
— 3aJI0’KEHHE CBal TIIy0OKOe C ONOPOH U Mepenadeil Harpy30K OT 37aHUS Ha CKAlIbHBIE TTOPOIBL.

PP

Potentially dangerous

IMoTeHumnanbHO onacHas ¢
territory

| | reppuropust

‘ Dangerous territory ‘

l

: {Onacuaﬂ TEPPUTOPUS ‘

Puc. 1. YuacTky IpoeKTHPYEMOro CTPOUTENbCTBA B MoCKBe, Figure 1. Areas of planned construction in Moscow,
OLICHUBAaEMBbIE KaK MMOTEHIHAILHO ONACHBIE assessed as dangerous and potentially dangerous
B OTHOIIICHHH TPOSIBJICHUS KAPCTOBBIX MPOLIECCOB in relation to karst processes

Puc. 2. BricoTHbIe 31aHUS M yYaCTKU IPOEKTUPYEMOT0 CTPOUTENLCTBA B MOCKBe,
OLICHMBAaEMbIE KaK MOTCHIUAIBFHO ONACHBIC B OTHOLICHHUH IPOSIBIICHNS KapCTOBBIX HPOLIECCOB
Figure 2. High-rise buildings and areas of planned construction in Moscow,
assessed as dangerous and potentially dangerous in relation to karst processes
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Jlist IIUTHO-CBaHOrO (yHIAMEHTA IPUHUMAETCS CIIEAYIOIee KOHCTPYKTUBHOE PEIlICHHE:

— CBaW He 3ax0iT B QyHmaaMeHTHYI0 Uty (cornacHo 1. 6.11.17 CIT 22.13330.2011, «y3e conpspkeHus
CBail ¢ POCTBEPKOM JOJDKEH NMPELyCMaTpUBAaTh BO3MOXKHOCTh MX BBICKAJIb3BbIBAHHSA, YTOOBI HCKIIOYUTH JOMOJ-
HHUTEJIBHOE Harpy)KeHHE OCHOBAHUS U KOHCTPYKLMH COOPYKEHHUS 3aBHCAIOIIMMH CBAsIMH, HaXOISIUMHCSA Ha
y4acTKe 00pa30BaBILETOCs MpoBaja Moa (pyHAaMEHTOM);

— TOJIOBHI CBail 00BETUHSIOTCSI apMUPOBAHHON OETOHHOH MOATOTOBKOH 160 MM.

OCHOBHOI1 Harpy3Ko AJIs1 BBICOTHOT'O 3[JaHMUs, IPEACTABISIOIEH OMaCHOCTh B OTHOLIEHUH IIOTEPH COCTO-
SIHUSI PABHOBECHS M OTIPOKU/BIBAHUS, SIBIAETCS FOPU30HTAJIbHAS BETPOBask Harpy3ka. OueBHIHO, YTO Takas omac-
HOCTb aKTyajbHa JAJIsl BEICOTHOTO 3AaHUS WM COOPY>KEeHUsI OAIllEHHOTO THIA, KOTOPbIE CKJIOHHBI K OMPOKUABIBA-
Huto. [Ipu mpoxoXXOeHNU 3KCIEePTU3bl MPOEKTHOM AOKYMEHTALUH U 3THX 30aHHUN TpeOyeTcs OLeHKa 3amaca
YCTOMYMBOCTH IPOTUB OIIPOKUABIBAHUS.

Panee 3amaya ycTOWMYMBOCTH MPOTUB OMPOKUABIBAHMS perranack B [1-5]. B obmiem Bume »Ta 3ampada Mo-
JKeT OBITh OTHECEHa K KJIACCY 3a/1a4 YCTOHUYMBOCTH C OHOCTOPOHHHUMH CBSI3SIMH, OCHOBY aHaJIUTUYECKOH CTaTH-
KM U TAKUX CHCTEM 3aJIOKIIIN aBTOpHI [6—8]. B [9] paccmarpuBanack mpobiaemMa yCTOWIUBOCTH TIPOTHUB OIIPO-
KHUJIBIBaHUS BBICOTHOTO COOPY’KEHHS HA OJHOCTOPOHHEM YIIPYTOM OCHOBAaHHUH, B KOTOPOW ONpeAeNeHbl TPaHHUIIbI
o0macTell yCTOWYMBOCTH BBHICOTHOTO COOPY>KEHHMSI, BBIYMCICHHBIE 110 Pa3IMYHBIM KpuTepusiM. [IpoOGnemMsr mpo-
eKTHPOBaHUs BBHICOTHBIX 3/1aHUI paccMOTpeHsl B [10—15], mpobiembl B3aUMOJEHCTBHS CHCTEM C OCHOBaHHEM —
B [16-18].

AKTyaJ’[BHOCTb HCCJIeJ0BaHUA

O4eBHIHO, YTO TIOCJE MOTEPH YCTOMYMBOCTH CTPOTO BEPTUKAIHHOTO ITOJIOKEHHUS PABHOBECHS BO3MOXK-
HOCTb ONIPOKHUJIBIBAHUS COOPYKEHMS CBsI3aHA C MOTepel paBHOBECHOTO cocTostHUs. [Ipu atoMm, cormacHo . B.9
CII 63.13330.2018, nmpu pacuyeTre yCTOHYHUBOCTH IOJIOKEHUS KOHCTPYKIIMM BBHICOTHOW YacTH 3[JaHHs NMPUHHMA-
IOTCSI KaK KeCcTKoe Heie(hOpMUPOBaHHOE TENIO0, A0COMIOTHO JKECTKUM IPH 3TOM NPUHUMAETCS 1 OCHOBAHUE.

Ha puc. 3, a BepTukanpHas M TOPU30HTANbHAS PABHOICHCTBYIOIIUE CHII, NIEHCTBYIOIIUX Ha OOBEKT C BBI-

COKO PACIIOJIOKEHHBIM LEHTPOM TsDKeCTH (TouKa C), CO3AI0T yACPKUBAIOWMA M, ¥ ONPOKUIBIBAIOIMA M

MOMCHTBI OTHOCHUTCIBHO pe6pa BO3MOXHOT'O OIIPOKUABIBAHUA C().

M
k=2 M
MOHP

rie k — K03 HUIHEHT YCTOHUYUBOCTH MOJIOKCHUS, WIH YCTOWYNBOCTH MIPOTUB ONPOKHIBIBAHHSL.

| |
| i | Q
! ! s 2
| | | !
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Puc. 3. PacueTnas cxema BHICOTHOTO 00beKTa ()
1 rpa)MK 3aBUCHMOCTH PaBHOJCHCTBYIOLIEH BETPOBOTO IABJICHHUS U yIila I0OBOPOTA BEPTHKAIBHON OCH BHICOTHOTO 00BeKTa (6)
Figure 3. Design scheme of a high-rise object (a)
and plot of the dependence of the resultant wind pressure and the angle of rotation of the vertical axis of a high-rise object (6)
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B mpakTuke mpoeKTHpOBaHUS TOTEPIO PAaBHOBECHOTO COCTOSHHUS TPH ONMPOKUABIBAHUM BBICOTHOTO CO-
OpYKEHHS OOBIYHO HA3BIBAIOT MOTEPEH YCTOMYMBOCTH IMOJIOKEHUSI. DTOT KPUTEPUN JJIS 33724 ONPOKHIBIBAHHUS
BBICOTHBIX 3/IaHUH M COOPYKEHHI B TPOSKTHON MPAKTHUKE UCIIOIB3YETCS 0 HACTOSIIETO BPEMEHH.

Jlpyras pacueTHas cxema JaHHOW 3amadu Obuia mpemroxeHa B 1934—1936 rr. I'. Kpamepom u H.I1. I1aB-
mokoM [1; 2], a Heckonbko no3xke u S1.b. JIbBunbM [3; 4]. B Hell paccMaTpuBaetcst feopMupyeMoe 0CHOBaHUE
Y TIOKa3aHO, YTO YCTOWYMBOCTH IPOTUB ONPOKHUIBIBAHUS CBs3aHA CO 3HAYCHHEM OU(YPKAMOHHONW KPUTUIECKOH
narpysku B . T'. Kpamep u H.II. I1apjok npeiosKuiiy NpMHAMATh B KauecTBe Kod(puiuenTa ycToiInBocTH

OTHOIIICHHUEC

_ L
Pl P

; 2

rae ¢ — KodhUINEHT KECTKOCTH OCHOBaHUS; J — MUHMMAaJIHHBIH MOMEHT WHEPIWH TUIOMIAIH TTOIOMIBE (pyHIa-
MEHTHOH TUIMTHI OTHOCHTEIBHO IIEHTPATBHON OCH; [/ — BBICOTA MOJIOKEHHUS IICHTPA CHJI TSKECTH; P — paBHOJICH-
CTBYIOINASI CHIT TSDKECTH; Py — KpUTHYECKast Harpy3Ka.

[Ipu dhopmyarpoBaHUN HETWHEHHOW 3adadd YCTOWIHUBOCTH CBOOOIHO CTOSIIHMI Ha YIIPYroM OCHOBAaHHUH
BBICOTHBIH OOBEKT IMMOJIYYHNJI KOJIMYCCTBECHHYIO OILICHKY 06H1€I71 YCTOP'I‘II/IBOCTI/I B ClIy4da€, Korga ropu3oHTaJbHBIC
CHJIBI OTCYTCTBYIOT.

JJis1 BBICOTHBIX 3/IaHUH TJIABHBIM XapaKTEPHBIM MPU3HAKOM 3a/la4H yCTOHYMBOCTH MPOTHB OMPOKUIBIBA-
HUS SIBJIAETCS MPUCYTCTBHE TOPU3OHTANBHOM HArpy3Ku, OOBIYHO 3TO pPaBHOJEHCTBYIONIAS BETPOBOTO JaBICHMS.
B sToM citydae ko3 UIMEHT yCTOMYUBOCTY IPOTHB OMPOKUIBIBAHUS ONPEACISACTCS HEIMHCHHBIM yPaBHEHUEM,
CBSI3BIBAIOIIUM YTOJI TIOBOPOTA BEPTUKAIILHON OCH 3[JaHUS () M TOPU30HTAIBHYIO (BETPOBYI0) Harpy3ky O (puc. 3, 0).

e ol |, )

rIe /1 — BBICOTA MOJIOKEHHUST paBHOACHUCTBYIOLICH BETPOBOTO IaBICHHUS; @ U b — pazMepbl (hyHIaAMEHTHOM TUIUTHL.

HenuneiHplii XapakTep NOCIENOBATEIILHOCTH BO3MOXHBIX COCTOSHHNA PaBHOBECHs 3[JaHUS IIPU IOCTE-
NICHHOM YBEJIWYEHUHN TOPU30HTAILHON CHIIBI M YIJIa ¢, OTpa)kaeT U3MEHEeHHE (PU3NYECKUX YCIIOBHH B3aMMOJEH-
cTBus GyHAaMeHTa ¢ ocHoBaHHEM. IIpu oTpriBe momomBel pyHIaMEHTa OT OCHOBAHMSI MOMEHT paclpeesIeHUs
CHJI peakLMi OCHOBAHUsI MepecTaeT ObITh MPOMOPIMOHATIBHEIM YTy HAKJIOHA OCH 31aHuA. Takol BUA HEIHHEH-
HOCTH HOCHUT Ha3BaHHME KOHCTPYKTHBHOHM HEIMHEHHOCTH. MakCMMyM KpHBOM onpezaessieT HauOoJjbllee 3Hade-
HHE TOPU3OHTAJILHOM CHIIBI, IPH KOTOPOM €II¢ BO3SMOXHO PaBHOBECHE 31aHuA Q = Q, . Koaddumment ycroii-

YMBOCTH IPOTHUB ONPOKUIBIBAHUS 3[EChH OIPENEISIETCS OTHOIICHUEM KPUTHYECKOIO 3HAYEHHS PAaBHOAEHCTBYOLIEH
BETPOBOMU HArpysku QK (akTuyecku aeiicTyromeil paBHOAEHCTBYIOIIEH BeTpOBOI Harpy3ku Q: k = Q w ! O -

3TO MO3BONMIO CYHIECTBEHHO YTOYHUTH KOXPQHUIMEHT ycTOWYMBOCTH NojoxkeHus k. B kuure S.I'. Tla-
HOBKO [5] oTMeuaeTcs, 4YTO YTOYHEHHBIN K03 (UIMEHT k ¢ ucnoabp3oBaHueM (3) B IBa paza HUXKE, YEM OIpele-
neHHbIA 1m0 (1) mtst abcoMoTHO JKecTKoro ocHOBaHUs. CorytacHbI ¢ 3THM BeIBOZIOM S1.I°. [TaHOBKO M aBTOPHI KHU-
ru 00 ycToitunBocTH paBHOBecus KoHCTpykuuit A.B. Ilepensmytep u B.U. Cnuskep [9].

[IpuBeacHHBI KpPUTEPUH YCTOMYMBOCTH NPOTHB OMPOKHUIBIBAHUS BBICOTHOTO 3JaHHS HaIpaBlICH
Ha BBISIBICHHE COOCTBEHHO MOMEHTA ONpPOKUAbIBaHHA. OIHAKO €ro MCIOJIb30BaHUE B MPAKTUKE IMPOCKTUPOBA-
HUSl IMEeT OTrpaHnYeHHne. DTO CKIIOHHOCTh MPOESKTHPOBIIMKOB B OONBIIECH MEpe OPHEHTHPOBATHCS HA PEKOMEH-
nmauun CHull u CII, npepocrapisioniye 0oiblIyl0 YOSAUTENIFHOCTh NPH MPOXOXKICHUN IKCIIEPTU3bI MPOEKTA.
B CIT 22.13330.2016 st olleHKH JaBJICHUS Ha TPYHT y Kpas MOIOIIBBl BHEIICHTPEHHO HArpyXeHHOro (yHma-
MEHTA HCIOJIB3YIOTCS (POPMYJIIBI COIIPOTHUBIICHUS! MaTECPHAIIOB:

«5.6.28. KpaeBrie gaBnenus p, klla, onpenensror no hopmynam:

MIPH OTHOCUTEIFHOM JKCIeHTpHucHuTeTe e/l < 1/6

P = NlA+yd £ MIW, (5.11)

rae N — cyMMa BepTHKAJIbHBIX Harpy3okK, AEWCTBYIOIIMX Ha OCHOBaHHE, KpoMe Beca (pyHIaMeHTa M IpyHTa Ha
ero o0Ope3ax, U ompeaensieMbIX U cliydasl pacueTa OcHOBaHUS mo aedopmanusam, kKH; 4 — miomanb moaomBEL
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byHaaMeHTa, M; Y — CPEJHEB3BELICHHOE 3HAYCHUE YCIbHBIX BECOB Tela (pyHIaMeHTa, IPyHTa U H0Jja, pacio-
JIO’KEHHBIX HaJ MOJOMBOH (yHAaMenTa, npuauMaroT paBubiM 20 kH/M’; d — Tonmmuna ¢ynaamenta; M — Mo-
MEHT OT PaBHOIEHCTBYIOIIEH BceX HArpy3okK, ACHCTBYIOIIMX MO MOJoUIBe (pyHIaMEHTa, HAlIEHHBIX C YYETOM
3arnyOseHus QpyHIaMeHTa B IPyHTE U NEPEepacHpeiessoIero BIUSHUSA BEPXHUX KOHCTPYKLUI uiau 6e3 3Toro
yueta, KHM; /¥ — MOMEHT CONPOTHBIIEHHS MIONIAM HOJONIBEI (QYHIAMEHTA, M».

OpHako HenMHEWHAas 33aJa4a yCTOWYMBOCTH IPOTHUB ONPOKH/IBIBAHUS TOJIKHA PEIIAThCs ¢ UCIIOJIb30BaHU-
€M YpaBHEHHH CTPOUTENbHON MeXaHUKd. OTMETHM, 4TO B PAMKaxX MCIOJIb30BAHUSI COOTHOIIECHUH CTPOUTEIBbHON
MEXaHHUKH, KOIZla MPOCJIEKUBAHNE PABHOBECHBIX COCTOSHHUM BBICOTHOI'O 3[aHUs IPU BO3PACTaHUU BETPOBOTO
JaBJICHUS BBIMOJHICTCS IyTeM BBEACHUs 0000IIEHHOTO mapaMeTpa nepeMelleHnid B BHJE yria MOBOpOTa Bep-
TUKAJIBHOW OCH 3JaHUi, MIPUXOIUM K KJIACCHYECKOH 1o (opme (opMmye cONpOTHBICHHUS MaTEpUANIOB AJIsl BHE-
LEHTPEHHOI'O CXKAaTHUsl.

Ha puc. 4 paccmaTtpuBaeTcsi pacueTHas cxema C SMIOpOi JaBJIeHHs] B OCHOBaHUH B BHJE Tpameuu. JTy
SMIOPY MOXHO paccMaTpUBaTh Kak 3IMI0PY OTIIOpa OCHOBAHMSA, COCTOSIIYIO U3 ABYX CIaraéMbIX B BHJE NPSIMO-
YTOJIbHOM U TPEyTroJibHOM 31op. PaBHOIEHCTBYIONIME AaBIEHUS OTIIOPA 3TUX S0P

2
N = abdc; chazb(p. 4)

Orpannuenue, BBoauMoe pekoMmeHaanuei m. 5.6.27 CII 22.13330.2016 kak oTHOIIeHHE OOIBIIEH CTOPO-
HBI Tparenuy K MeHblei He Oonee 4-x (3tan 3 Ha puc. 4, 0), MO3BOIAET NPUHATE O = a@ / 3.

Takum 06pa3omM, ycIoBHE paBHOBECHS CHJI HAa BEPTUKAIBHYIO OCh OyIeT
2 2 2
ab ab 5 a'b
¢ te ¢_> c ¢
2 3 2

N+R=c

= P. 5)

Otcroaa ciemyer, 9To yroJi IOBOPOTa OCH BRICOTHOTO 3/IaHUS, COOTBETCTBYOMU pekomeHmausm CHull,

6P 30,
= =—, 6
? 5ca*b o @ 5 ©

rae ([)1 — yroj noBopoTa BepTHKaﬂBHOﬁ OCH BBICOTHOT'O 3JaHUA, TOCJIC KOTOPOro0 pa3sBUTUC ,I[e(bOpMaI_II/Iﬁ Kpc€Ha

HOCHUT HEJTMHEUHBIN XapakTep.
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Puc. 4. Dranbl U3MEHEHUS MIOPBI OTIIOPAa OCHOBAHUS
Figure 4. Stages of changing the rebuff plot of the foundation soil
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IToxaxxem 31€ch, UTO BETPOBasl HAarpy3Ka BbI3BIBAET 3HAUUTEIIbHYI0 HEPABHOMEPHOCTD SIIOPHI IABJICHUS,
KoTopas orpanndena pexomernnaumeit CII 22.13330.2016, ncnonp3yemMble COOTHOLIEHUS CTPOUTENBHON Mexa-
HUKHU cBOIATCS K popmyne 5.11 manHoro CIL

B cooTHOIIEHUSX CTPOUTENIBHONW MEXaHUKH PacCMaTpPUBAETCs 3II0pa OTIOpa OCHOBaHMA B (opMe Tparie-
UM, KOTOPasi IIPH 3alUCH YpaBHEHHUI PaBHOBECHS MTPEICTABISIETCS KaK CyMMa JBYX COCTaBJISIOIIMX, TPE/ICTaB-
JICHHBIX B (JOpME MPSMOYTOJIBHHUKA U TpeyrojibHuKa (puc. 4). PaBHomelcTByIomas otmopa N BBIYHUCIAETCS C HC-
TI0NIb30BaHUEM K03 (GHIMEnT mocTenu ocHoBanus ¢ [kKH/M]:

N = abcd, (7

rae a u b — reoMeTpudecKkue pa3mMepsl QyHIaMEHTHON IUTUTHI B TUTAHE; o — paBHOMEpHas B IJIaHE ocanka QpyH-
NaMEHTHOH IUIUTEL.

CornacHo 1. 5.6.27 CIT 22.13330.2016, pa3mepb! (yHIaMEHTOB PEKOMEH/TyeTCsl Ha3HaYaTh TAKUMH, YTOOBI SITFO-
pa aBieHuil ObLUIa TPANCIMEeBUIHOM, C OTHOIICHHEM KPACBBIX JABJICHUM Pmin/Pmax > 0,25. [IpHHUMAS Prmin/Pmax = 0,25,
BEJIMYKMHY PABHOMEPHOM B IUIaHe (yHIAMEHTHOM IUIMTHI OCAAKM O MOJy4YUM B BUIE O =a@p/3, B yCIOBHAX

JTUHEWHOTO ehOpMUPOBAHUS CIKATH OCHOBAHHUS AIIOPY JaBJIEHHS OTIIOPA OCHOBAHUS MPEACTABUM KaK CyMMY
c=c, o, @®)

Tae ¢, — AaBJIICHHUC OTHOPA, IIPCACTABJICHHOC B YPABHCHUSX PABHOBCCHSL paBHOL[efICTByTOH.ICfI N:

N N
Moab A
©,, — laBJICHUE OTIIOPA, IPEJCTABJICHHOE B YPABHEHHUAX PABHOBECUS PABHOJICHCTBYIOIIEH R:
a 10
M, =0h=R—=0,W. (10)

CyMMUpYysl TIOTYYCHHBIE BBIPKECHUS ISl SIIOP JABJICHUS OTIIOpa, TIOIY4YUM OOBIYHBIE COOTHOIICHHUS CO-
IIPOTUBIIEHUS MAaTEPUAIIOB Il BHELICHTPEHHOI'O CIKATHUSA:

(11)

Takum o0pa3oMm, B paMKax HCIIOJIb30BaHUS COOTHOIICHUH CTPOUTENHFHON MEXaHHKH ITyTEM BBEICHUS
00001IeHHOTO MTapaMeTpa NepeMeIeHNi B BU/E yIila MOBOPOTAa BEPTUKAIBHON OCH 3/IaHMH MPUXOIUM K KJlac-
cuuecKoi o popme GopmMylie CONPOTUBICHHSI MATEPHAJIOB JJIsl BHCHEHTPEHHOTO CHKaTHA.

31eck MOXKET BO3HMKHYTH BOIIPOC: MOYEMY B BBINOJIHAEMBIX pacdeTax He Hcmoisb3yercs ¢popmyna (11)?
310 00YCIIOBIECHO TEM, YUTO NPH MPOCIECKUBAHUN PABHOBECHBIX COCTOSHHI BBICOTHOTO 3/1aHHS B YCIIOBHSIX BO3-
pactaHus BETPOBOH Harpy3Kd PaBHOBECHBIC COCTOSHHS OIMCHIBAIOTCS HA JTanax JMHEHHOTO W HEIMHEHHOTO
JIeOpPMUPOBAHUS CUCTEMBI «(pyHIaMEeHTHasl TUINTa — OCHOBaHUE» B BUJE 3aBUCUMOCTH (Tpaduka) Mexay pas-
HOZICHCTBYIONIEH BETPOBOTO JaBJICHHS U 00OOIIEHHBIM ITApaMEeTPOM — yTIJIOM IOBOPOTA OCH 31aHus (puc. 4, a).
OpnHako eciu MOTpeOyeTcsl BEIYMUCIIUTD SMIOPHI AaBJICHUSI HA TPETheM dTane AeGopMUpPOBaHUS CUCTEMBI «PyH-
JaMEHTHas IUINTa — OCHOBAHHUEY, 3TO MOXKHO ceNaTh, Ucob3ysa hopmyny (11).

I'paduk Ha puc. 4, 6 TOKa3bIBAET XapaKTep 3aBUCUMOCTH OTHOIIEHUS (K03 duimenTa k) BeIHINHBI paB-
HOJIEHCTBYIOIIEH BETPOBOIO JIABJICHUSI HA BBICOTHOE 3/IaHME K PAaBHOJEUCTBYIONIEH BETPOBOrO JABJIEHUS, MIPHU-
HSTOH B MPOEKTHBIX JaHHBIX. PaccmarpuBasi UCTOpHIO pa3BUTHs AedopManuii KpeHa BBICOTHOTO 3JaHHS 11O
JEiCTBHEM BETPOBOTO JABJICHUS, MOJTYYUM COOTBETCTBYIOIINE JTallbl M3MEHEHHS JIIOPHI JABJICHHS MOIOIIBBI
(byHIaMEHTHOI KOHCTPYKIIMU HAa OCHOBAHHME!

Oman [ — npsAMOYTOJIBbHAS JITIOPA AABJICHUS TIPH OTCYTCTBUH BETPOBOM HATPY3KH.

Oman 2 — Bo3[eicTBUE BETPOBON HAIPY3KH IIPUBOAUT K SIIOpE IaBJIeHUs B (hopMe Tpareluu.
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Oman 3 — BeTpoBas Harpy3Ka BbI3bIBAET 3HAUYUTEIIbHYIO HEPABHOMEPHOCTbH 3IIOPHI JaBJICHUS, KOTOpas
orpannueHa pekomenganueit CIT 22.13330.2016: otHomeHne OOJbILEH CTOPOHBI TpallelMK K MEHbIIeH He 60-
nee 4-x.

Oman 4 — npenenbHas BEJINYMHA BETPOBOTO JABJICHUS, HAUMHAS C KOTOPOH HapyIlIaeTcsl KOHTaKT MOAOLL-
Bbl (DyHJIaMEHTHOH KOHCTPYKIIMU C TPYHTOBBIM OCHOBaHHEM, TO €CTh IMOSIBIISICTCS OTPHIB ()YHIAMEHTHOW KOH-
CTPYKLIMU OT OCHOBaHMH.

Oman 5 — panbHeHIIee yBeJIMYEHHE BETPOBOM HArpy3KH BBI3bIBAET Pa3BUTHE 30HBI OTPHIBA IOAOILIBHI
¢dbyHaaMeHTa, npouecc pa3BUTHA JeQOpMaIii KPeHa BBICOTHOI'O 3/1aHHsI CTAHOBUTCSA HEJIMHEWHBIM, YTO CBOM-
CTBEHHO 3aJa4aM YCTOHUMBOCTH. Takoi BUJ HETMHEHHOCTH HA3bIBAETCSI KOHCTPYKTUBHON HeJIHMHEHHOCTHIO. [1s-
TBIH 3Tall 3aKaHIMBACTCS ONPOKUIBIBAHUEM 31AHHSL.

W3 rpaduka Ha puc. 4, 6 cinenyeT, 9To KodPPHUITUEHT k|, TIOTYyIESHHBIN B COOTBETCTBUHU C PEKOMCHIAITUSIMHU
CII 22.13330.2016, He cBsizaH ¢ MOTepell PaBHOBECHBIX COCTOSHUI BBHICOTHOTO 3/1aHUS MPH ONPOKHUIBIBAHHH,
KPUTEPUEM JUIS OTIPEJICIICHHSI KOTOPOM SBJIsIeTCs] KOO PHULUUEHT 3anaca k3.

Takum o0pazom, HEOOXOIUMO BOIPOC 00 YCTOMYMBOCTH MPOTHB ONPOKUIABIBAHHS BBHICOTHOTO OOBEKTa pac-
CMaTpHUBaTh C Y4ETOM KOHCTPYKTUBHOM HEINMHEMHOCTHU € MO3ULMI METOJIOB CTPOUTEIBLHON MEXaHUKU. B npuio-
skeHun B o meromax pacdera ycrounsoctu CII 63.13330.2018 pexomennyercs: «B.13. Pacuer KOHCTpYKTHB-
HBIX CHUCTEM IPOM3BOAAT METOAAMH CTPOMTENbHOW MexaHUKH. [Ipu 3ToM B 0011eM ciyyae MPUMEHSIOT METOX
KOHEYHBIX 3JIEMEHTOB, METOJ] KOHEUHBIX PA3HOCTEH U APYI'He YHUCIEHHBIE METOIBIY.

Lenp HacTosIIEr0 HCCIeI0BaHMs — IPUMEHEHHE METO/I0B CTPOUTENFHON MEXAaHUKH IS TIOCTPOSHUS MO-
JIeN AJIsl CUCTEMBI «BBICOTHBIM OOBEKT — OCHOBaHMe». IIpu 3TOM mpeanararoTcs pe3yibTaTbl PEIICHUs 3a1ad
YCTOMYMBOCTH TAKOM CHCTEMBI C Y4E€TOM Pa3JIMYHBIX BHIOB HEJIMHEHHOCTH, TAKMX KaK KOHCTPYKTHUBHas, Ieo-
METpHUeCKas cTaTndeckas 1 (puznveckas HeTMHEHHOCTH.

MeToanbl

MeTozp! MCCieIOBaHUs OCHOBAaHBI HAa KIIACCHYECKUX METOAaX CTPOUTENHFHOW MEXaHWUKH ISl peIIeHUs He-
JIMHENHBIX 3a/ad.

1. Jepopmayuonnviii memoo npocielicusanusi COCMOSHULL PAGHOBECUSL U OYEHKU YCIMOUYUBOCMU NPOTNUB
ONPOKUOBIBAHUSL CUCHIEMbL C 2eOMEMPUYECKOU U KOHCMPYKMUBHOU HeluHeunocmamuy. PaccMoTpum nedopmarm-
OHHBIA pacdeT yCTOWYMBOCTH PAaBHOBECHS TSDKEIOTO BBICOTHOTO OOBEKTA C YUETOM T'€OMETPUICCKON M KOH-
CTPYKTHBHOW HEIMHEHHOCTEH, TOPOXKJAEMbIX YaCTHUYHBIM OTPBIBOM TMOAOIIBHEI ()YHAAMEHTHOMW IUTUTHI TIPU pa3-
BUTHU NehopMaIuii KpeHa BBICOTHOTO OOBEKTa.

B kauectse npumepa npumem: H =210 m; He= 100 M; a =9 m; b = 66 m; ko= 3000 kH/M3; ¢, =5- 107 pap.

B ycnoBusix oTCyTCTBUS SIBJICHUSI OTPBIBA MOJIOMIBBI (PYHAaMEHTHOW MPH TpaleleuanbHOl opMe IITIo-
PBI peaKyy OTIOPA PEANN3yeTcs KOHCTPYKTUBHO JIMHEHHOE PaBHOBECHOE COCTOSTHHE (pHC. 5, a):
R —lkUabcos( ); R —lkU abcos(¢) (12)
0~ 2 0~ 0 D); a 2 0~ a ?).
YcnoBus paBHOBECHS BBICOTHOTO OOBEKTa OYAyT UMETH BUJL

R,+R, = P; kOTa(Ua ~U,)cos* () =6—PH(sin((p)+ sin (@, ). (13)
a

HauanbHoe KOHCTPYKTHBHO HEMHEHHOE PaBHOBECHOE COCTOSHHE BO3HHMKACT IPHU TPEYrojbHOH (opme
SMIophl peakuuu otmopa (puc. 3, 6). CoOTBETCTBYIOIIAS HAYaIbHOMY PAaBHOBECHOMY COCTOSIHAIO BEIMYMHA

Harpysku P, yroj noBopoTa BEpTUKaJIbHON OCH (, :

2
R=0; R,=R: R="cos(p)sin(e) (14

P

. 2
cos(o,)sin(g,) = T

L 15
b (15)
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V¢0BUs PaBHOBECHS BEICOTHOTO 00BEKTA Oy IyT UMETh BH]L
ab . .
?lcos((pl) = RH(sm (¢, )+sin (e, )) (16)

Pa3BuTHe KOHCTPYKTUBHO HEIMHEHHOIO PABHOBECHOI'O COCTOSHHUS CBA3aHO C yMeHbIleHHeM €D — mio-
IaJI1 KOHTaKTa ()yHIaMEHTHOH ILTUTHI C HECYIIIUM CIIOeM OCHOBaHUS (puc. 5, 6). B aToMm ciryuae

k&’ 2P
o o , 17
a>g;, R =P, P 5 cos ((p) sin ((p), & \/kob cos ((p) sin ((p)’ o
da-2e ; 2 —koz b cos’(@)sin(¢) = PH(sin (p)+sin(,)); (1%
P=(3a-2¢) ket cos’ () (o) ' )
12H (sin(¢)+sin(g,))

Peakiust ocHOBaHUSI CTPOUTCS HA 0a3e MOJEIU MEeCTHBIX nedopMmaruii (Mmoaenu Bunkiepa) (puc. 6).

[Ipu yueTe reoMeTpu4eCcKOl HEIMHEWHOCTH PABHOBECHOTO COCTOSHUS, XapaKTEPU3YIOIIET0Cs COOTHOIIIE-
HUeM € < @, 3MIopa OTIOPAa OCHOBAHUS JBYX3HA4YHAs, YTO HE COOTBETCTBYCT MPHUHATOW MOJEIU TPYHTA.
B nipunsiTOl MOzenM TpyHTa IpEIonaracTcs, YTo Ha pacTshKEHHE TPYHT He padoTaeT. B aTom cityuyae npu yBenmuue-
HHUY HArpy3Ky IUIOMIAJIb KOHTAKTa (hyHAaMEHTHOM TUTUTHI M OCHOBAHHWS CTAHOBHTCS MepeMeHHou (puc. 6, 6). Ipo-
CJIC)KHUBATh U3MECHEHHE PABHOBECHOTO COCTOSHHS C KOHCTPYKTUBHON HEJTMHEHHOCTHIO MOXKHO, HAYMHAS C YPOBHS

HarpysKu, Ipu KOTopoM BepTukansHoe nepememenne U, = 0 . [Tepememenne U, onpexnernsercs BbIpakeHHEM

_ 6H P . . P
“ ke (Sa - 28)b cos’ ((p) (sm ((p) e ((PO )) ! kecos ((p) ' (20)

Puc. 5. PacuerHas cxema pa3BUTHS KOHCTPYKTHBHON HEJIMHEHHOCTH OCHOBaHHUS
Figure 5. Calculation scheme of the increase of structural nonlinearity of the soil base

236 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



WHosemygesa O.B., MHosemuyes B.K., Mypma3sura I".P. CTpoutenbHas MexaH1Ka UHXEHEPHBIX KOHCTPYKLUMIA 1 coopyxeruit. 2021. T. 17. Ne 3. C. 228-247

a 0

Puc. 6. Peakiis ocHoBaHus Ha 6a3e MOENIN MeCTHBIX AedopmManuii (Monenn Bunkiepa)
Figure 6. Reaction of the soil base on the basis of the model of local deformations (Winkler model)

Ha puc. 7 nokasansl rpaduku BepTukanbHbIX nepemerneruit U, U, . I'paduk 1 coOTBETCTBYET reoMeTpHye-

CKU HEJIMHEWHOM 3a/aue, rpauk 2 — TeOMeTpUIecKd U KOHCTPYKTUBHO HEJIMHEHHOW 3amade, rpaduk 3 — 3aBucH-
mocTs U, OT yriia moBOpoTa OCH BBICOTHOIO 00BEKTa, oOpalleHue B Holb rpaduka U, mokas3piBaeT Hayajo OTphbI-

Ba TIOJOIIBEI (hyHIAMEHTa OT TOBEPXHOCTH OCHOBaHWS (Touka 4). Pa3BuTHe KOHCTPYKTHUBHOW HEITMHEHHOCTH
HaunHaercss npu 3HadeHHH U, < (0. Yder KOHCTPYKTHBHOH HEMMHEHHOCTH (TpaMK 2) IOKa3bIBAeT CHIDKECHUE

BEPTHKAIBHOTO nepemenierns U, 1o CpaBHEHHIO C TEOMETPHYCCKH HEJTMHSHHOM 3a1auei.

02 1 U, U,
/
016

14+10° 1 p [kH]

1
4
D12 12+10
10+10*
0.08 2
g+10"
0.04 610" / 4
4 / \
2+10
0.04 ) P
Uy 1 T i . T _ . ) .?q |
008 0 0.005 0.01 0.015 0.02 0.025 0.03
Puc. 7. I'paduxn nepemermennit Puc. 8. 'padyiky 3aBHCUMOCTH Harpy3KH OT yIJIa TOBOPOTA
C FEOMETPHYECKON M KOHCTPYKTHBHOM HEIMHEHHOCTHIO OCH BBICOTHOT'O 00BEKTA C Y4ETOM FE€OMETPHUYCCKOMH
Figure 7. Displacements graphs of the system Y KOHCTPYKTHBHOI HEJTMHEWHOCTH
that is characterized with geometric and constructive nonlinearity Figure 8. Graphs of the dependence “load — axis

of a high-rise object’s angle of rotation”,
taking into account geometric and structural nonlinearity

Ha puc. 8 mokaszansl rpadMKy 3aBUCUMOCTH Harpy3kd OT YIJia TIOBOPOTa OCH BBICOTHOro oObekrta. ['pa-
¢ux 1 — GudpypraunoHHass KpUTHYECKas IPU OTCYTCTBUHM HadalbHOro sKcueHtpucurera @, =0, rpadux 2 —

TeOMETPUYECKH HEelMHEeHas 3a/1a4a, rpaduk 3 — COOTBETCTBYET reéOMETPHYECKH U KOHCTPYKTHBHO HETMHEHHOU
3amaue. ['paduku 2 1 3 pacXoaaTcs MPU pa3BUTHH KOHCTPYKTHBHOW HeNMMHEWHOCTH (Touka 4). I'paduk 3 mmeer
MIPENEIBbHYI0 TOUKY, COOTBETCTBYIOILYIO IIPEAEIBHON HArPY3Ke, IIPU MPEBBIICHUN KOTOPOH TEPSIETCS COCTOSIHUE
paBHOBECHUS BEICOTHOTO OOBEKTA.

TakuMm 06pa3zom, 06IIas YCTOHINBOCTh BRICOTHOTO 00bekTa cHInKaetcs ¢ 12-10* no 8-10* [kH] npu ydere
KOHCTPYKTHUBHOU HEJIMHEHHOCTH.

PACYET U NPOEKTVUPOBAHVE CTPOUTENBHBIX KOHCTPYKLM 237



Inozemtseva O.V., Inozemtsev V.K., Murtazina G.R. Structural Mechanics of Engineering Constructions and Buildings. 2021;17(3):228-247

2. Memoo nuneapuzayuu HeIUHEUHbIX YPAGHEHUU U NPOCIEHCUBAHUSA COCMOSAHUU PABHOBECUS C OYEHKOU
OUPYPKAYUOHHO YCMOUNUBOCMU U YCIMOUYUBOCU NPOMUE ONPOKUOLIEAHUS TUHEAPUZ0BAHHOU CUCEMbL «Bbl-
comubili 06vexm — oeghopmupyemas hyHOAMERMHAS NAUMA — OCHOBAHUE» CO CMAMUYECKOU U KOHCMPYKIMUGHOU
Henuneunocmamu. PaccmorpuM nedopmupoBanne M OMPYpPKAITMOHHYIO YCTOMYHBOCTH BBICOTHOW CHCTEMBI,
OTpeeNsieMyI0 KpUTHUECKOI Harpy3Koi npuBeAeHHoi B (2) (puc. 9).

7

Puc. 9. PacueTHast cxemMa CHCTEMBI «BBICOTHBIN 00BEKT — yHIaMEHTHAS IUTMTAa — OCHOBAHHE»
Figure 9. Calculation scheme of the system “high-rise object — foundation plate — soil base”

I[I/I(i)q)epeH]_II/IaIILHLIe YpaBHCHUS TaKou CHUCTCEMBI, 3alTMCAHHBIC B JINHCAPU30BAHHOM BU/JIC B IIPUPALICHUAX!
DV*AW (x,y)+kAW (x,y) = Ag(AW, W, AP, P), Q1)

rae D — uunmHApruecKas KecTKocTh (QyHIaMEeHTHO InThl; AW (x,y) — NPUPALICHHE BEPTUKAIbHBIX Mepe-

MEIIEHUI B BO3MYIIICHHOM COCTOSTHUHM paBHOBecHs;, k — koadduruenT mocreny ocHOBaHUS; Ag — MpHpalicHue
Harpy3ky Ha (pyHZaMEHTHYIO IUTUTY IO ONOpPaMH COOPYXCHHS, P — paBHOJCHCTBYIOIIAS Beca COOPYKCHUS
B I[CHTPE CHJI TSXKECTH.

I'parnunBIe yCIOBHS I CBOOOAHBIX KpaeB TUTHI (x = 0; y = 0;) UMEIOT BT

O'ANW AW o 83AW AW _ o
2 tH 2 (2 l’L) ’
Ox oy Oxoy*
AW | SAW _ 83AW O'NW
2 —tH 2 5 0; (2— )FZO (22)
y X YOX

[pupaiiieHns peakTUBHBIX CHJI TI0J] OIIOPAMH COOPYIKEHHsI OIPEACIIAIOTCS 110 hopMyJiaMm

nx AP( 1 H nx 4 H nx 4
ART == (2+2—(W -w )}+PJ(AW - AW
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X AP 1 H nx e H nx v
AR’ =7(5—§(W -w ))—P2—az(AW — AW

w AP(1 H H 0 "
AR" = [_J,_(W.v_Wy)}+PW(AWy—AWy);

! 2 (2 2»
AR;y:%G_%Z(Wﬂ_Wny))_Pzibz(AWny_AWny)_ (23)

B kauecTBe MeTona cBeAcHUS AU PEPEHIIUATBHBIX YPAaBHCHHIH B YaCTHBIX MIPOU3BOIHBIX K ajreOpanye-
CKOM CHUCTEME PUMEM ISl AUCKPETU3AIMN METOJ] KOHEUHBIX pa3HocTeit [19].

Ha puc. 10 npuBeneHs! pe3ynbTaThl pacuera 0cagok (GyHIaMEHTHOHN TUTHTHI JJIsl Pa3IMYHBIX CXEM pacro-
JIO’)KCHHS HECYIIMX TTHIIOHOB HAI3EMHOM YaCTH BHICOTHOTO OOBEKTA.
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Puc. 10. Ocazxyt GyHIaMEHTHOM IUTUTHI TSl PA3JIMYHBIX CXEM PACIIOIOKCHHS HECYIIUX THIOHOB HA[3eMHON YacTH BHICOTHOI'O 00BEKTa
Figure 10. Foundation plate displacements for various positions of load-bearing pylons of the aboveground part of a high-rise object

Hns cxembl Ha puc. 10, a mpuBeaeM pe3yibTaThl pacdera oOmIeH yCTOWYMBOCTH BBICOTHOTO OOBEKTA C
HayaJbHBIM HECOBEPILEHCTBOM B BHUJIE 3KCLEHTPHCUTETA LIEHTPA CUJ TSDKECTH X, paHoM 0,025 m. [lpyrue na-
paMeTpsl PUMEM B COOTBETCTBHM C 0603HaueHHsMH puc. 91 H = 60 m, Lx = Ly = 24 m, k = 10 MHA/P,
D = 75*%10* kHw?. Tonmuny (yHIaMEHTHO} TIMTH TIPEMEM JOCTATOYHO OOMBIIOH IS TOrO YTOOBI CUUTAT €€
I10 KECTKOCTHBIM XapakTepUCTUKaM OJIM3KOH K HeaedopMupyeMoid. To MO3BOJIMUT TECTUPOBATH PE3YJIbTAT pac-
4yeTa, CpaBHUBAs KPUTHUECKYIO HArpy3Ky, MOJYYCHHYIO YHCICHHO ¢ aHAIUTHYSCKUM perieHueM [1; 2]. AHamu-
TUYECKOE PEIICHUE AT 3HAUCHNE KPUTUICCKOM Harpy3ku, papHoe 4608 MH.

Ha puc. 11, @ nokazansl rpadMKy OpupaIieHuil BEpTUKAIBHBIX TIEpEeMEIIeHUI 0] JIeBOH 1 MpaBoi Omo-
pamu coopyxxenus. llpu mpubimkeHnu napamerpa Harpy3kd P K KPpUTHYECKOMY 3HAYE€HHUIO, COBIIAAAIOLIEMY
C QHAIWTUYECKUM pEIIeHHEM, HapacTaroT TOPHU3OHTAIbHBIE MEPEMELICHHs IEHTpa CUJI TSKECTHU U, COOTBETCT-
BEHHO, IedopMannu KpeHa coopyxkenus. Ha puc. 11, 6 mokazana smiopa ocafok GyHIaMEHTHOH MpH YpOBHE
Harpy3ku P = 3250 MH.
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Puc. 11. I'paduiku npuparieHnii BepTHKaIbHBIX IEpeMELICHUI 1 pa3BuThe AedopManunii KpeHa GyHIaMEHTHOM TIHTHI
Figure 11. Graphs of increments of vertical displacements and increase of deformations of the foundation plate

PaccmoTpuM MonenbHBIN puMep pacuera cucTemsl (puc. 12, @) Ha yCTOHYMBOCTH MPOTUB OMPOKUIBIBA-
HUS IIPU IEUCTBUH FOPU30HTAIBHONW PaBHOAECUCTBYIOIEH BETPOBOU HAarpy3ku V.
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Puc. 12. PacueTHble cXeMbl BBICOTHOIO 00BEKTa M PE3YJIbTAThl pacueTa KPUTHYECKOTO BETPOBOTO JABJICHUS
Figure 12. Calculation scheme of a high-rise object and critical wind pressure

s 5TOl pacueTHOM CXeMbl BBIPAXKEHHUsI IS ONOPHBIX pEeakIUi Ha dTame BO3ACHCTBUS BETPOBOTO
JIaBIICHUS

AR = £[1+£(W” - W”“))+PEZ(AW'”‘ —AW“)+%;

22 24° a Ly
AP(1 H H AL

AR :_(___z(W”" —W“q)}P—z(AW'“ —AWT )= @9
2 2 24 2a Ly

rae AV — npupaiienue paBHOACHCTBYOIIEH BETPOBOI HATPY3KH.
Pe3ynpTaTsl UNCIEHHOTO pacdyeTa CPaBHUM C aHATMUTUIECKUM PElIeHHEM, TPeNIOKEHHBIM TSI 3TOH 3a/1a-
9H B [5] ¥ pacCMOTpPEHHBIM paHee.

240 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



WHosemygesa O.B., MHosemuyes B.K., Mypma3sura I".P. CTpoutenbHas MexaH1Ka UHXEHEPHBIX KOHCTPYKLUMIA 1 coopyxeruit. 2021. T. 17. Ne 3. C. 228-247

g 3TOTO CpaBHEHHS IPUMEM COOTHOIIEHUS pa3MEpOB MPSIMOYTOJIBHOHN B IIaHe (yHIAMEHTHOM IIIHTHI
OJIM3KMMM K PacCMOTPEHHOW paHee IUIOCKOW pacueTHOW cxeme Ha puc. 5. OtHomeHue cropoH (Lx/Ly) Oyner
pasHo 18,5. OtHomenue H/Lx = 4; Lv/Lx = 6,6. OTHOIIEHHE Beca HECYIINX KOHCTPYKLHUI COOPY>KEHHsI K paBHO-
JeicTBYyIOMEl BeTpoBOro naBneHns npuMeM P/V = 36. Kosddumuent nmocrenu ocroBarus — 10 MH/m’. OtHo-
IICHUE M3TUOHOW JKECTKOCTH (DYHIAMEHTHOW IUIUTHI K JKECTKOCTH OCHOBAHUS MPUMEM JOCTATOYHO OOJIBbIINM
JUTSL CPABHEHHS YMCIICHHOTO pacyeTa C aHAJTUTUYCCKUM PEIICHUEM TSl HEJIe(POPMHUPYEMOTO COOPYKEHUSI.

Jia pemieHus TMHEApU30BAaHHOTO ypaBHEHHs YCTOWYMBOCTH HCIIONB3YEM B Ka4eCTBE METOJA TUCKPETH-
3amuy METO KOHEYHBIX pazHOCTel. KonmdecTBo y37I0B CETKH B HAIIPaBICHUH KOPOTKOW CTOPOHBI b TIpUMeM 5,
BJIOJIb IJTMHHOU CTOPOHBI @ — 75.

Pacuyer BemomnHsuIcs B Ba dTamna. llepBhIil aTan — HarpykeHHe COOpYyKEeHHS BEPTUKAIBHON Harpy3Kou Be-
ca HeCcyIux KOHCTpyKimid 10 ypoHs P = 700 MH. Bropoii aTanm — HarpykeHue coopy>KeHHsI paBHOICHCTBYIO-
e BETPOBO# HArpy3ku V 10 MOTepH PAaBHOBECHOT'O COCTOSIHHSI IPY MTOCTOSIHHOM 3HAYEHUH CHUIIBI P,

Pe3ynbraThl cpaBHEHHUS TOKA3bIBAIOT JOCTOBEPHOCTh YKCICHHOTO pacdeTa M XOpOoIlee COBMAJIEHUE C pe-
3yJabTaTaMH aHAUTHIECKOTO permenus (puc. 12, 6). Ha atom puc. 12, 6 noka3ansl rpauKyd 3aBUCHMOCTH PaB-
HOJICHCTBYIOIIEH BETPOBOTO JABJICHHUS OT yIJla IOBOPOTa BEPTUKAIBHOMN ocu coopyxenus. [ paduk 1 mokas3niBa-
€T aHAJIMTUYECKOe peleHue, rpaduk 2 — yucieHHoe pemieHue. Ha puc. 12, ¢ moka3aHo pa3BUTHE KOHCTPYKTHB-
HOW HEJIMHEWHOCTU B CBSI3U C OTPHIBOM (PYHIAMEHTHOW IIUTHI OT OCHOBaHUs. PacueT MO3BOJSET MpociaennTh
mporecc neopMHUpPOBaHUS OCHOBAHUS M Pa3BUTHE OCANOK (DYHIaMEHTHOH IUIMTHI 10 OMPOKHUIBIBAHHUS COOPY-
JKEHHSI B MOMEHT IIOTEPH PABHOBECHOT'O COCTOSHUSI.

3. Memoo nuneapuzayuu HeTUHENHbIX PUIULECKUX COOMHOWEHUL 2PYHMOBOU CPedbl OCHOBAHUSL C KOHCIPYK-
MUBHOU HEIUHEIIHOCMbIO HA 6a3e HeNUHEUHOU UHKPEMEHMANbHOL CIMPOUMENbHOU MEXaHUKU OJid paciema 8biCom-
HO20 0bvexma npomus onpoxkudviganus. CylleCTBEHHBIM HEJOCTATKOM IPU MCIOIB30BAHUK ONMMUCAHHBIX TOAXO-
JIOB K OIICHKE YCTOWYMBOCTU MPOTUB ONPOKUIBIBAHHS BEICOTHOTO 3JIaHUS SIBJISICTCS MPUMEHEHHUE MOJISITU JINHEHHO
nedopMupyeMoit cpeabl ocHoBaHUs. PaccMoTpuM ocHOBaHMeE ¢ (pu3nyeckoil HeMMHEHHOCThI0. B 3TOM ciydae B
MIPUPALICHUAX 3aIMChIBAIOTCS HE TOJIbKO YPAaBHCHHUS PAaBHOBECHs, HO U (pU3MUECKHE ypaBHeHUs. Takas 3amuch
YpaBHEHUH MPEANOaaracT UCIOIb30BaHIUE COOTHOLICHUM HHKPEMEHTAIBHON CTPOUTEIBHON MexaHuku [20].

WNukpemenTanbpHble (U3NUECKAE COOTHOIIEHUS MONTydatoTcst Kak nuddepennuan ['ato ypaBHeHM B 000-
3HAYCHUSX, IPUHATHIX B [20]:

Ac, =(L.A0+2u.Ae, )+(AL0+2Ap.8, ),
A, =(hA0+2u,Ac, )+ (AL 0+2Ap 8, ),
Ao, = (1 A0+2u A ) +(AL B+2Ap8, ),
A’ny = HCAny + Auc,‘{xy’ (25)
ATy = HAY ) + ALY e
Asz = McAyzx + AMCYZ)M
rme 0= 8x+8y +€E,;

E.v, E |

C

A, - e Ee L E ),
Tl-av)(+v,) T2,y Vf‘z[l z 2V°)J’

(26)

E.=0,/€, — ceKylui MOLylb QUarpaMMmbl A€(pOPMHUPOBAHUS; G, — UHTEHCHMBHOCTb HAlpPSKEHUM; €; — HH-
TeHCUBHOCTH Aeopmanuii. Kosduuuent Iyaccona mns Henuueiino paedpopmupyemoro marepuana, £ u v, —

HaYaJbHBIA MOIYJb yIpyrocT u kooddumuent Ilyaccona.
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VpaBHEHUS ABIAIOTCA JHHEHHBIMU OTHOCHTENIBHO Npupamenuid nepopmannii. [pupamenus AL, , Ap,

T0JIy4aloTCsl B pe3ysIbTaTe BOSMYILEHHS IAPaMETPOB A, L. :

dA, dn, du
A =P ap = Ap, = e pnp Mg 27
cT4E " T uE He =i ( ) @7

c c i c

rae AE, (E -E ) E =d of /d €; —KacareJIbHbIH MOAYJIb.
l
Huarpamma nedopmupoBanus GU3MUECKH HEJIMHEHHON ITPYHTOBON Cpelibl OCHOBAHHS MOXKET OBITH Ipel-
CTaBJIeHA SKCTIOHEHINAJIbHON 3aBHUCUMOCTBIO

E.=0c,/e :g£1—6>(p(—i +Y, (28)
€ p

rae o, B, Y — 3KcrepuMeHTalIbHble K03()(UIMEHTBI, XapakTepu3yIoIue TPACKTOPUIO HArpyKeHus rpyHra. Tak,
3HaueHus KodQPuuueHtos mpumeM: o = (Eo—v)B; B = 0,05; y = 0,05E0; Eo = 70 MI1a.

OcHOBaHME TIPENCTABISCTCS HEIMHEHHO eOpMUPYEMBIM TPEXMEPHBIM CIIOEM TOJIIMHOW H, pacmoso-
’KEHHBIM Ha >K€CTKOM MOACTHJIAIONIEM OCHOBAaHMH. JTOT CJI0i OyaeM Ha3BaTh HecymuM. B aTom ciydae mpupa-
[ICHUS BEPTUKAJIBbHBIX ITepeMEIICHUH

Aw(x,y,z) =AW (x,y)y(2); (29)
Mopens HeTMHEHHO JehOpMHUPYEMOT0 OCHOBAHUS IIOCTPOMM Ha 0asze BapuarimoHHOro Merona [21].
Hcnonb3ys BaprHallMOHHBINA PUHLUI, TIOJTYYUM YPaBHEHHS BO3MOXKHBIX paboT:

\V(z)dz IAG ] (Z)dz+_f w(z)dz = —_f Aq (x y)\y (z)dz (30)

J- T OAT,

0

rae Ho — MOIMHOCTB HECYHIETO CIOSI.
WukpeMeHTanbHOE ypaBHEHHE 1e()OPMHPOBAHKS BBICOTHOTO OOBEKTa Ha (YHAaMEHTHOM IJIMTE, B3aUMO-
JIEHCTBYIONLIEH C HENMHEIHO NeOpMUPYEMBIM HEOJHOPOIHBIM OCHOBAHHEM, OyJI€T UMETh BUJL

DV*AW + cAW —aV’ AW ~b, %W b, GQW = Aq(AW,W,AP,P), 1)
X Y

rie Kod(OPUITHMEHTHI OTPEACIISIOTCS CIICTYIONTIM 00pa3oM:

H H
a=[wEN’dF; c=[(h+2n)E, (v') dF;
0 0

H 5 a H 5 a
b=V ——(WE, )dF; bf{\v é—y(ulEk)dF;

0

1 E % 1 1 3
=—[1=-—0=-2vy) |} = < s Ay Er——— s e L, ————
V. 2( E ( Vo)j 1 (1—2VC)(1+VC) 2 2(1+VC)2 K 2(1+Vc) K, 4(1+VC)2
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PaccmarpuBas B mpumepe, IpeacTaBIeHHOM Ha pucC. 12, TpyHTOBOE OCHOBaHHE (PU3NICCKH HETHHEHHBIM,
OLIEHMM COOTBETCTBYIOIIIEE CHIKEHHE On(ypKallMOHHON KpUTUYIECKON Harpy3ku ooriel ycroitunBoctu. Ha puc. 13
MIPEICTaBIICHBI PE3yNILTAThl pacueTa Ul InHeitHo (Tpaduk 1) n HenuHelHO (Tpaduk 2) nedopMUpyeMoro OCHO-
BaHMs. ['padmk 3 mMokas3wsIBaeT CHIOKEHHE omnpenenuTels (det) mTuHeapru30BaHHOTO YpaBHEHUS ON(ypKaImOHHON
ycroitunBocTr. Ha rpadukax pasButust ocagoxk W(P) coopyxeHusi oTMedeHsl Touku oudypkanuu b1 u b2, co-
OTBETCTBYIOIIME KPUTHUYECKOMY 3HAUCHHIO YpoBHs HarpyxkeHus P. [Ipomecc nedopmupoBaHusl CHCTEMBI «CO-
OpYXEHHE — OCHOBAHHE» I10CTIE MIPOXOKACHUS TOUeK On(ypKaluy CTAHOBUTCS HEYCTOHYHBBIM.

det 0 '
U MH
> detD *Pkp [MrH] 30.000 ——V([) ]
6000 0
Pk]J 1,7 25.000 ——qu

5000 bl —,’ e 1
AN 2 - 20.000 /
4000 kp/
o \ - 15.000 / /2
2000 W? 10.000 //
I Vi.. =148
1000 /\ | 5.000 ki

/ \ W 107 [v] ¢ =0.021 ¢
0 ' w ' 0.000 . . :
0 50 100 150 0 0.01 0.02 0.03
Puc. 13. Pesynprarsl pacuera s uHeiHo (rpaduk 1) Puc. 14. Pe3ynprarsl pacuera s uHeiHo (rpaduk 1)
U HeNMHeHHo (rpaduk 2) neopMHpyeMOro OCHOBaHUS U HeNMHeHHo (rpaduk 2) neopMUpPyeMOro OCHOBAHHUS
O ypKaOHHON KPUTHYECKON Harpy3KH 0o0IIel yCTOMYMBOCTH KPUTUYECKOH BETPOBOU HAIPY3KH
Figure 13. Calculation results of the bifurcation critical load Figure 14. Calculation results of the critical wind load

for the linear (graph 1) and nonlinear (graph 2) deformable soil base for the linear (graph 1) and nonlinear (graph 2) deformable soil base

PaccmoTpum pe3ynbTaThl pacyeTa yCTOMYHMBOCTH MPOTHUB ONMPOKUIBIBAHMS HA BTOPOM 3Talle HAarpyKEHUs
COOPYKEHUS BETPOBOM HArpy3KOM MpU MOCTOSHHOM 3HAYEHUH Beca HeCylIux KoHcTpykiuit P = 700 MH.

Ha puc. 14 rpaduk 1 — ananuTHyecKoe pelieHne IMHeHHO 1ehopMUpyeMoro OCHOBaHus, Tpaduk 2 — du-
3U4YECKU HEJIMHEHHOE OCHOBAHUE.

4. Memoo npocnexcuganus ucmopuu npoyecca 0eQopmuposanus Gu3UYecKy HeIUHeuH020 OCHOBAHUSL
C yYemom pas3eumusi 304 pasepysKu U KOHCmpykmuerou xenutetinocmu. OCOOEHHOCTBIO BTOPOTO dTara Harpy-
YKEHUS SBIISICTCS HAayallo pa3rpy3Kd OCHOBAaHHS C HABETPEHHON CTOPOHBI COOPY)KEHHUA. YUET pa3rpy3Kd U pas-
IPY304HBIX MOJYJICH B HACTOsIIEe BpeMs BOCTPEOOBaH B CBSI3U CO CTPOUTEIHCTBOM TSDKEJBIX BBICOTHBIX 3IaHHUH
B IIyOOKWX KOTJIOBAaHAX W MPH IUKIMYECKOM HArpyKeHuu. Pe3yapTaThl MHOTOUHCICHHBIX UCIIBITAHUHI TPYHTOB,
BBITIOJTHCHHBIX B TOM YHCIIE B JIabopaTopun mpukiagHoi reomexannku MI'CY, mokasanu, 9T0 MOIYJb pas3rpys-
KM B HECKOJIBKO pa3 MpeBbIIIaeT MOAYJIb HArPYy3KH, BKIIIOYas M HAYaIbHBIM MOAyNb. VI3BeCTHO, YTO B JUara3oHe
Harpyxenus g0 500 KII, cBsi3p MexIy HanpsDKEHUSMU U eopMalusMu Ha Tpaduke pasrpy3KH MOXHO pac-
cMaTpuBaTh Kak ynpyryto. [lpu aToM Moy pa3rpy3ku B 5—10 pa3 mpeBsIaeT MOAYJIh HArPY3KH U B OOJIbIIICH
CTETIeHN XapaKTepu3yeT ynpyroe mosefenne TpyHToB [22]. [Ipumem mpu ydere pasrpy3Ku OCHOBAaHHUS MOIYITh
pasrpy3ku B 10 pa3 mpeBBIIAIONIUM MOIYJIb HATPYKCHUSI.

[IpencraBuM pe3ynbTaThl pacdeTa HaNpsSKEHHO-Ie(hOPMUPOBAHHOTO COCTOSIHHS OCHOBAHUS IO/ JIEBOH U
MpaBoii ommopamu coopykenus. Ha puc. 15 rpaduk 1 cooTBeTcTBYET 1-My dTamy Harpy>KeHUs OCHOBAHHUSI BECOM
HEeCyIIX KOHCTpYKUMA 10 ypoBHA P = 700 MH, rpaduk 2 — 2-My 3Tamy Harpy>eHHs OCHOBaHUS IO MpaBoi
OTIOpOi PaBHOACHCTBYIOIIEH BETPOBOIl Harpy3KH, rpadk 3 omMCHIBACT MpOLECC pa3rpy3KH OCHOBAHUSA MOJ Jie-
BOM OTOPOI.

B mpouecce moBopoTa BepTHKaIBbHOW OCH COOPY)KEHHS Ha YacTH MOBEPXHOCTH OCHOBAHHS MPOUCXOIUT
CHW)KCHUE JaBicHus (DyHIaMEHTHOHN ILTUTHI (pa3rpy3ka), 3aBepIIaroIeecss OTPBIBOM OJIOMIBhI (DyHIaMEHTHON
IUTUTHL OT MOBEPXHOCTU HECYIIETO CJIOS OCHOBaHMS. Pa3BuTHE 3TOro mpoiecca HOCUT Ha3BaHUE KOHCTPYKTHUB-
HOM HENMHEWHOCTH. Y4eT KOHCTPYKTUBHON M (PH3NUIECKON HENIMHEHWHOCTEH nehOopMHUpPOBAHUS TPyHTa OCHOBA-
HUS MPUBOJUT K CHUXKEHUIO YCTOWYMBOCTH COOPY>KEHHSI MPOTUB ONpOKuAbIBaHus. [Ipu 3TOM »miopa naBieHus
(yHIAMEHTHOI IJTNTH HA OCHOBAaHUE UMEET TPH 30HBI: 30HY OTpbIBa PyHAAMEHTHOW TUTUTHI OT OCHOBaHUS, 30HY
pasrpy3Kd OCHOBAHWSI, 30HY HarpykeHus (puc. 16).
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Puc. 15. Pe3ynbTathl pacueTa HaNpsHKEHHO-ISHOPMUPOBAHHOTO
COCTOSIHHSI OCHOBAHWUSI O] JICBOHM U MPABOM OMIOPaMH COOPYKCHHUS
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Figure 15. Calculation results of the stress-strain state
of the soil base under left and right pillars of the structure,
taking into account physical and structural nonlinearity

30HA
HATPYKEHHT X

Puc. 16. Tpu 30HBI 3ITIOPHI JaBieHUs PYHIAMEHTHOH IUIUTHI HA OCHOBaHHE:
30HA OTPHIBA ()YHJAMCHTHOM IUIUTHI OT OCHOBAHHS, 30HA Pa3TPy3KH OCHOBAHMS, 30HA HATPY>KSHUS
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Figure 16. Three zones of pressure on the soil base:
the zone of detachment of the foundation plate from the base, the zone of unloading of the base, the loading zone
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Pe3yabTathl U 00cyx1€eHNE

PaccmarpuBas BOIpOCHkl YCTOMYMBOCTH MPOTHUB OMPOKUABIBAHUS B MPAKTUKE MPOCKTUPOBAHUS BHICOTHBIX
3IaHUN CIIEYEeT OTMETUTh, YTO Ha KPUTEPHH OMCHKH K0P PHUITMEHTa YCTOWIMBOCTH TTOJIOKCHIS, YUIH YCTONIH-
BOCTH IIPOTHUB OIIPOKH/IBIBAHNS, YEPE3 CPABHEHHE YAECPKUBAIOIIET0 My, U ONPOKUABIBAIOLIETO Monp, MOMEHTOB
OTHOCHUTEJILHO pedpa BO3MOXKHOIO onpokuabiBanus Co, BCTPEUarOTCs CChUIKK B juteparype [23]. Kak ormeua-
ercs B [5; 9] mms TSHKENMBIX U BBICOTHBIX OOBEKTOB 3TOT KPUTEPUH OIIEHKH YCTOMYMBOCTH MPOTHUB OMPOKUIBIBA-
HUS JAeT 3aBBINICHHBIA pe3ynbrar. JlanbHellee YTOUHEHHE OLEHKH YCTOWYHMBOCTH MPOTUB OIPOKHUIBIBAHUS
BO3MOXXHO TPH OOpAaIleHUH K METOAaM CTPOUTEIHLHOH MEXaHUKH. AHAIU3 TOTYYEHHBIX YHACICHHBIX Pe3ysbTa-
TOB pacueTa MOKa3bIBaeT, YTO HEOOXOANM YUeT HeTMHEHHOTO XapakTepa 3TOH 3afjaud YCTOHYMBOCTH METOIAMH
CTpoUTEIbHOM MexaHuku. OAHAKO MX HCMIOJIb30BAHUE B MPAKTHUKE MPOCKTUPOBAHUS UMEET OTpaHUYCHUE. ITO
CKJIOHHOCTB MIPOCKTUPOBIIMKOB B OoJbIneii Mepe opueHTupoBathes Ha pekomenganuu CHull u CII, npenocTas-
JISIONIHE OOMNBIIYI0 YOSAUTENbHOCTD MIPH MPOXOXKACHUN SKCIEPTU3BI MPOEKTa. DTH HOPMATHBHBIE TOKYMEHTHI,
HanpUMep, OTPAaHUYHMBAIOT JABJICHUS HA TPYHT Yy Kpasl MOJIONIBEI BHEIIEHTPEHHO HArpy»XCHHOTO (yHIaMEHTa, a
TaKKe TpeACIbHBIA KPEeH BBICOTHOTO 00BbeKTa. TeM He MeHee IS OLEHKH 3araca YCTOWYHBOCTH BBICOTHOTO
00BEKTa IPOTHUB ONPOKHUIBIBAHNSA HEOOXOUMO BBINTH 32 PAMKH 3TUX OTPaHUYEHHUI U MPOCIeXNBATh PaBHOBEC-
HBIC COCTOSIHUSI BRICOTHOTO OOBEKTA MPU BO3JICHCTBUY BETPOBOW HATPY3KH BIUIOTH O MOMEHTA €T0 OMPOKHIBI-
BaHus. [Ipu >TOM OYEBHIHO, YTO MPH MPHUOIUKEHUH K MOMEHTY OTNPOKHUIBIBAHUS PA3BUBAIOTCS HEIMHCIHBIC
OoJpIIMe TepeMenieH s, BO3HUKAaeT (u3ndecKass HENUMHEHHOCTh Ne(OpPMUPOBAHIS TPYHTOBOW Cpeabl OCHOBa-
HUSl, YaCTUYHBIA OTPHIB MOJOMIBEI (PYHAAMEHTa OT OCHOBaHUS U, COOTBETCTBEHHO, KOHCTPYKTHBHAS HEIMHEH-
HOCTh. Y4eT 3TUX (PaKTOPOB TO3BOJIUT CHAENATh OIIEHKH YCTOMYMBOCTH BBICOTHOTO OOBEKTa MPOTHB OMIPOKUbI-
BaHUs OoJiee TOYHBIMHU.

3akaoueHnue

B nHacrosmiee BpeMsi HOpMbI CTPOUTEIBHOIO MPOEKTUPOBAHNS OCHOBBIBAIOTCS HA MCIIOJIb30BAHUU METOa
pacyeTHBIX TpenenbHBIX cocTossauid. B crammapre (I'OCT 27751-2014) moHATHE YCTOWYWBOCTH ITOJIOXKCHHS
(YCTOMYMBOCTD MPOTHB OMPOKHUIBIBAHUS) BXOJUT B MEPEUCHb MPU3HAKOB TIPYII MPEIEIbHBIX COCTOSIHUN KOH-
CTpyKUui. XapakTepHOH 0COOEHHOCTHIO MO CPABHEHHIO C IPYTHMMHU KPUTEPUAMHU MPEAETbHBIX COCTOSHUN SIBIIS-
€TCsl BHE3AITHOCTh U 9acTO HempeackazyeMocTb. C HEKOTOPOH JToJiell CipaBelTMBOCTH MPOOIIEMy YCTOWIMBOCTH
MPOTHUB OMPOKHUBIBAHUS MOKHO OTHECTH K SIBJICHHSM BHE3AITHOTO MPOTPECCUPYIOIIEro OOpYILIEHHUS COOPYKEHHUSL.
B o0mem Buje B pesynbraTe KaueCTBEHHOTO HCCIIE0BAHUS MOBEACHUS YIIPYTUX CHCTEM IPH MOTEepe YCTONUH-
BOCTH PacCMOTPEHHAs B CTaThe MpobieMa penieHa B paMkax Teopuu karactpod [24]. Teopus katactpod cocpe-
JOTOYMJIa BHUMaHUE McCIeJoBaTeNeil Ha OOIMX CBOMCTBAX CUCTEM U OMMCHIBAET MPAKTHUECKH BCE THUITBI KaTa-
cTpo(, KOTOpBIE HA3BIBAIOT AJIEMEHTAPHBIMU. OYEBHUIHO, YTO CaMU KaTacTpo(dbl MPOSIBISIOTCS U B CTPOUTEIb-
HOW MexaHHKe. B kauecTBe mpuMepa MpUBEAEM BEPTHKAIBHO CTOSIIYI0 OECKOHEYHO JKECTKYIO CTOMKY, Harpy-
JKEHHYIO BEpTHKAJIBHOM CKMMAIOIIEW CUIION, OCHOBaHHE KOTOPOM 3aKpenyIeHO Mapoy yNpyrux CBA3€il moBopoTa
B JIBYX MEPIEHAUKYJSIPHBIX MJIOCKOCTSIX. DTa MOJENb HOCUT Ha3BaHUEe AyTycTH, IO UMeHHU ee aBTopa. OHa je-
TaTBHO HCClenoBana B [24]. MI3ydeHsI u Apyrue MOJEIH, KOTOpEIe B OOIBIICH MEpe MOKHO OTHECTH K 3ajadaM
TEXHUYECKOW MEXAHUKH, YEM K CTPOUTENIBHOM MEXaHUKE, TaK KaK CTPOUTENBHBIE COOPYKEHHUS B3aUMOAEHUCTBY-
IOT CO CJIO)KHOW Cpelor TPYHTOBOI'O OCHOBaHMs. B CBSI3U C 3TUM HE yUE€T CIIOXKHBIX HEJTMHEHWHBIX CBOMCTB KOTO-
pOIi CYIIECTBEHHO OTAAJSET Pe3yNbTaThl TEOPUU KaTtacTpod OT 3a7ad YCTOHYHBOCTH COOPYKEHHUH, MpeacTaB-
JICHHBIX B BUJIE CUCTEMBI «BBICOTHBIN OOBEKT — TPYHTOBOE OCHOBAHHE.

BriBoabr:

1. MHoOrHe y49acTKd MPOEKTUPYEMOTO CTPOUTENHCTBA B MOCKBE OIIEHHWBAIOTCS KaK MOTEHIIMAIBHO OIac-
HBbIE B OTHOLICHWH TMPOSBICHUS KAPCTOBBIX MPOLIECCOB, B CBA3M C 4eM A1 (GyHAAMEHTHBIX KOHCTPYKIHH, CO-
rmacHo 1. 6.11.17 CIT 22.13330.2011, pexomenmyertcsi, YTOOBI y3€7 COMPSIKCHUSI CBall C POCTBEPKOM Tpeay-
CMaTpuBajl BO3MOXKHOCTh MX BBICKANb3bIBaHUA. TakuM 00pa3oM, MpU 3HAYUTEIHHBIX TOPH30HTAIBHBIX BETPO-
BBIX Harpy3kax M pa3BUTHHU AeQOpMalii KpeHa BBICOTHOTO 3JaHHMsS BO3MOXKEH YACTHYHBIH OTPHIB MOAOILIBHI
(yHAaMEHTHOW IUTUTHI OT CBAHHOTO OCHOBAHUS, TIPUBOJSIINI K KOHCTPYKTUBHON HETMHEHHOCTH 3a/1a4H OICH-
KH yCTOMYMBOCTH MPOTUB OMPOKHUIBIBAHHS.

2. [IpociexnBaHue COCTOSIHUIM PAaBHOBECHS BILIOTH JI0 MOMEHTA OIIPOKH/IBIBAHUS BHICOTHOTO 0OBEKTA ITPUBO-
JWT K Pa3BUTHIO OOJBIIOTO yIia MOBOPOTA €r0 BEPTHKAIBHON OCH M, COOTBETCTBEHHO, K OOJIBIINM MepeMellie-
HUSIM, 4TO TpeOyeT yueTa reoMeTpruuecKkor HemmHeHHoCTH. [Ipu ydyere Gpusnueckoi HeMMHEHHOCTH JeQopMupy-
€MOM TPYHTOBOI cpefibl OCHOBAHUS BBICOTHOT'O 3/IaHHS TIOBOPOT €r0 BEPTUKAIBHON OCH MO BO3JIEHCTBUEM BET-
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POBO# HArpy3KH MPUBOIUT K pasrpy3Ke 4acTH OCHOBAHWS, YTO HAPAAY C (PM3NYECKON HETMHEHMHOCTHIO BIICYET
BO3HUKHOBCHHE HEJIMHEWHOW HEOIHOPOJIHOCTH, TaAK KaK Pa3rpy3Ka OCHOBAHMS MPOUCXOIMT IO 3aKOHY aedop-
MHUPOBaHUs, OTIIMYAIOIIEMYCSI OT 3aKOHA Ie(pOpPMHUPOBaHUS TIPU HATPYKEHHH.

3. B oOmiem Buze 3aaya yCTOMYNBOCTH BBICOTHOTO OOBEKTa MIPOTHB OMPOKUABIBAHHS MOXKET CTaTh MHO-
TOKPATHO HEJIMHEWMHOW C pa3iMYHbIMU BUJAMU HEJIMHEUHOCTU. I peuieHns TaKuX HEJITMHEWHBIX 3a]1a4 CTPOU-
TeNIbHAsl MEXaHUKa IMpeajaraeT COOTBETCTBYIOIIMN pa3nen «HenuHeitHas nHKpeMeHTanbHasi CTPOUTENIbHASI Me-
XaHWKay, MO3BOJIIONINI MTPEICTABUTh HEIMHEHHBIE ypaBHEHUS 3a/la4d B MHKPEMEHTaIbHON (popMe B JHHEApH-
30BaHHOM BUJIE.
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Abstract. Over the past 20 years, rolled compacted concrete (RCC) dams have
continued to be built in many countries because of their technical and economic
advantages over conventional dams of vibrating concrete and embankment dams.
The aim of this study is the development of new structural and technological
solutions in RCC dams in order to reduce the consumption of cement and expand
their use on non-rock foundations, which will allow them to successfully compete
with concrete face rockfill dams. The numerical analyses of static and seismic
stress-strain state (SST) of gravitational dams in roller compacted very lean con-
crete dams have been made, as well as their stability, strength and cost have been
assessed. For rock and dense sandy-gravel foundations the most economical is
the concrete face rockfill dam and symmetrical RCC dam of very lean concrete
with bases (0.5-0.7) of both slopes and outer zones of conventional concrete and
central zone of rockfill strengthened by cement-ash mortar. Taking into account
that the cost of diversion and spillway tunnels for very lean RCC dam will be
less and the construction period — shorter than for the concrete face rockfill dam,
it can be concluded that variant of symmetrical RCC dam of very lean concrete
is the technically and economically effective. Symmetrical RCC dams of very
lean concrete with 1V/(0.5-0.7)H slopes have more seismic resistance and tech-
nical and economic efficiency as compared with conventional gravitational RCC
dams and other types of dams. These dams up to 200 m high can be built on rock
foundations and up to 100 m high — on dense sandy gravel foundations.

Keywords: very lean roller compacted concrete, dams, strengthened by cement
rockfill, geomembrane, stress-strain state
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THBHO-TEXHOJIOTHYECKHE PEIICHHUS B IUIOTHHAX U3 YbB ¢ Lebio CHIDKEHHs pac-
Xo4a HEMCHTA U paClINPCHUS UX MPUMCEHCHUS Ha HCCKAJIbHBIX OCHOBAHUAX, YTO
MO3BOJIUT MM YCIEIIHO KOHKYPUPOBAaTh C IPYHTOBBIMU IUIOTHHAME C SKPaHAMH
13 Kene300eToHa. BhIMOTHEHBI YHCIIEHHBIE PACYCSTH CTATHYECKOTO U ceiicMude-
CKOTO HANpPSHKEHHO-e()OPMUPOBAHHOTO COCTOSIHUS TPABHUTALMOHHBIX IUIOTHH U3
0c000 TOIIEr0 YKaTaHHOTO OETOHA, a TAKXKE OLIEHKA UX YCTOWYMBOCTH, IIPOYHO-
cTU U crouMocTr. Hanbonee 3KOHOMUYHBIMH JUTSl CKAJTBHOTO M TUIOTHOTO TIeCYaHo-
IPaBEICTOr0 OCHOBAHHH SIBISIFOTCS TPYHTOBAsI IUIOTHHA C 9KPAHOM U3 JKEJIe30-
0eToHa ¥ CHMMETpPUYHAs TUIOTHHA C 3al0KeHueM 0TKocoB 0,5-0,7 ¢ HapyKHBI-
MH 30HaMH U3 0CO00 TOLIEro yKaTaHHOro OCTOHA M LICHTPAIBHOM 30HOI U3 KaM-
Hsl, YIIPOYHEHHOTO IIEMEHTHO-30JbHBIM PACTBOPOM. YUHTBIBAs, YTO CTOUMOCTH
OTBOALIMX U BOZOCOPOCHBIX TyHHENEH MPH IUIOTHHE U3 0C000 TOIIEro yKaTaH-
HOro 6eToHa OyJIeT MEHbIIE, a CPOK CTPOUTENILCTBA — KOPOYE, YeM MPHU TPYHTO-
BOU IUIOTHHE C 9KPAHOM M3 JKeJIe300eTOHa, MOXKHO CIENATh BBIBOI O TEXHHKO-
9KOHOMHYECKOH 3()(EKTUBHOCTH BapuaHTa MUIOTHHBI M3 0CO00 TOIIETO yKaTaH-
HOro 6eroHa. [IMOTHHBI CHMMETPHYHOTO MPOGUIIS U3 0CO00 TOIIETO YKATAHHOTO

OeToHa ¢ 3anoxkeHueM oboux orkocoB 0,5-0,7 oOiamaroT 0oJjiee BHICOKOM Ceii-
CMOCTOHKOCTBIO U TEXHHUKO-3KOHOMHUYECKOH 3()(HEKTUBHOCTHIO 10 CPABHEHHIO C
O6I)I‘{HI>IMI/I FpaBl/ITal_lI/lOHHbIMI/I IJIOTUHAMU U3 YB u leyFl/IMI/l BUAAMHU IIJIOTHH.
TI10THHBI TaHHOTO TUMA BHICOTON 710 200 M MOXHO CTPOUTH Ha CKAIBHBIX OCHO-
BaHUsX, a BEICOTON 10 100 M — Ha TUIOTHBIX MECUAHO-TPABEITUCTHIX OCHOBAHUSX.

JJ1st puTHpOBAaHUS

Jlanuues FO.II. VIHHOBallMOHHBIE KOH-
CTPYKIIMH TUIOTHH M3 0C000 TOIEro yka-
TaHHOTO OeToHa // CTpouTeNbHAs MEXaHU-
Ka WH)XCHEPHBIX KOHCTPYKIUH H COOpYy-

skenuii. 2021. T. 17. Ne 3. C. 248-260. KuroueBble ¢JI0Ba: MJIOTHHBI, 0CO00 TOIIMN yKaTaHHBIH OETOH, YHPOYHEHHBIN
http://dx.doi.org/10.22363/1815-5235-2021- LIEMEHTOM KaMeHb, TeOMeMOpaHa, HalpsHKeHHO-1e()OPMUPOBAHHOE COCTOSHUE,
17-3-248-260 ceificMocTOHKOCT

Introduction

In most countries of the world when designing gravity dams from conventional and RCC use two main
conditions of strength (M. Levy and O. Hoffman), written in the following form respectively:

o(B) — ywH > o; 1)
do(B) / da > 0, @)

where o(B) — total vertical normal stress (compression with sign “~) in point B (at the end of open crack, Figure 1, b;
vw — density of water; H — head; o — tensile strength of RCC in seams; a; — crack length in upstream face.

In crack (opened “cold” seam) there is complete uplift water pressure and shear resistance in RCC seam is
absent. The first condition (1) means that the effective normal stress in point B does not exceed the tensile
strength of RCC in seams (approximately equal to cohesion) and then the AB crack does not develop (seam
opening does not occur).

Equation (1) requires knowledge of stresses o(B), which is not determined by the equilibrium equations
alone. According to the theory of eccentric compression, which is not applicable, especially for the contact sec-
tion, the distribution of total vertical stresses will be linear from point B to the downstream face, i.e. in closed
(work) zone of RCC seam (Figure 1, b). For this RCC dam profile and the operating loads, the stress in point B
depends on coefficient a of relative depth of crack propagation (oo = AB / AC). With increase of a coefficient
the moment from dam own weight relatively to point B increases, which leads to decrease of normal stress, while
uplift water pressure increases, which leads to increase of normal stress. The balance between these two counte-
ractions is expressed by Hoffman condition (2). If Hoffman condition (2) is not held and Levy condition (3-1) is
held, then this means crack spreading or seam opening. As a. coefficient increases, the tension in point B de-
creases, which leads to decrease of normal stresses. There may be value of a coefficient greater than given a, for
which Levy condition will be held.

If both conditions (1) and (2) are not held, this means unstable crack propagation or opening of RCC seam with
increase of a coefficient effective tension in point B increases. Dam failure is inevitable if Hoffiman condition (2) is
not held for any value of a coefficient greater than o,. The fulfillment of both conditions in designing of gravity dam
of height of 100 m of conventional concrete with vertical upstream face for average values of shear strength of
the rock foundation (excluding seismic loads) leads to adoption of base of downstream slope of about 0.8.
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Figure 1. Strength condition for crack appearance (joint opening) in RCC dam
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Figure 2. Vertical stresses, MPa, in foundation of gravity (a) and symmetrical (b) RCC dam (h = 100 m)
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Further are the given results of calculations of stability and contact stress in symmetrical dam from very
lean RCC with base of downstream slope of 0.7 and in conventional gravity dam of 100 m high (on rock foun-
dation) with lower face of 0.8. Figure 2, b presents results of calculations of boundary vertical contact stresses
(in MPa), dependence of angle of deviation of resultant of all forces in dam foundation from the vertical and
margin of safety in-plane shear (SF) in dam foundation from degree of residual uplift water pressure and due to
drainage operation.

For comparison, Figure 2, a shows the same results of calculations and dependences for gravity dam of
the same height (100 m) from conventional concrete (density 2.4 t/m?) with vertical upstream face. In rock foun-
dation of both dam, equal shear strength is adopted (internal friction angle ¢ = 30° cohesion C = 0.3 MPa),
which correspond to the criteria of Hoek for rock granite-gneisses of average weathered with crack spacing of
0.5 m. Another large difference between both dams concerns shear stresses in the contact section: in symmetrical
dam from RCC the average shear stresses are much lower. than in gravity dam (0.36 vs 0.63 MPa). The angle of
deviation 0 of resultant of all forces in foundation from the vertical, depending on uplift pressure u in symmet-
rical dam, varied from 14 to 22° whereas in gravity dam from 27 to 42° (Figure 2, a).

In 1992, P. Londe, President of ICOLD proposed an idea of solid embankment [1] from very lean RCC
with a cement consumption of 50 kg/m? in dam of symmetrical profile h = 100 m with the base of both slopes of
0.7 on rock foundation. This idea was supported by some specialists [2]. The water tightness of dam was provi-
ded by reinforced concrete face on upstream slope (Figure 3).

Perforates pipes from PVC Precast concrete
J\ blocks of casing

Section 1-1

Al——

RCC of 30 cm thick
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To drainage gallery 0 1 2
See details

{ -
drains ‘\ oy
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Anchor bolts
T d
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Drainage holes

100 ™M

Drainage curtain

Figure 3. Symmetrical h = 100 m of the very lean RCC dam with reinforced concrete face

Further development of this idea led to development in 1998 [3-4] of project of symmetrical dam h =100 m
with base of both slopes of 0.5, external zones of RCC of 3rd type according to RCC classification [4] (cement
consumption 70-80, fly ash 100-120 kg/m®) with width equal to (3 + 0.1H), (where H is reservoir head, m) and
inner zone of rockfill, enriched or hardened with cement-ash mortar (REC) or RCC-0 (Figure 4). Advantages of
symmetrical dams of very lean RCC (Figure 3) and rockfill enriched or hardened with cement-ash mortar (Fi-
gure 4) compared to conventional gravity dams from RCC are following:

1) reduction of stresses in dam body and its foundation;

2) low cost of very lean RCC and rockfill enriched with cement;

3) greater seismic resistance than that of gravity dams from RCC,;

4) the possibility of construction on semi-rock foundations;

5) treatment of horizontal seams is not required;

6) small number of deformation joints with their large spacing (3040 m);

7) drainage of dam foundation occurs due to permeability of lower layer of the inner zone REC or RCC-0,
seepage uplift pressure in foundation due to grout curtain from the gallery will be small.
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Water impermeability of upstream face is provided by geomembrane CARPI (Switzerland) — a two-layer
film made of PVC and drainage of 3 mm thick geotextile (Figure 4). Installation of strips of film with 2.1 m
width is carried out independently and in parallel with placement of RCC by platforms fixed on dam crest and
descending along upstream face along the rails. The lower end of film is anchored in concrete apron in founda-
tion of upstream face and upper end is anchored in dam crest on steel plates and bolts (Figure 5). The impermea-
bility of film joints and fasteners is provided by rubber seals and smearing of joints with epoxy glue.
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Figure 4. Symmetrical dam with outer zones of RCC (type 3) from 30 cm thick layers and inner zones of rockfill enriched
with cement-ash mortar (REC or RCC-0) from 60 cm thick layers
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p— Typical cross sections:
: a — RCC layers;
b — water-proof geomembrane;
¢ — vertical anchorage and drainage of geomembrane;
d - drain-box of contour system of drainage area;
e — contour sealing;
f — contour slab-apron;
g - ventilation pipe

s

Vertical anchorage
and drain-age of geomembrane (c):
1 - embedded profile;
2 — profile-bracing;
3 - fastening system;
4 — drainage layer;
5 — waterproofing insulating tape;
6 — canal for water passing

Contour slab-apron (f):
h — drainage canal;
i — grout curtain;
j — contact grouting;
k — gallery

Figure 5. Geomembrane CARPI of upstream face of RCC dams
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The CARPI geomembrane is installed and successfully operated on 37 dams from the RCC [5-8].
It is characterized by high reliability from punctures, water resistance, high drainage capacity and is recommen-
ded for use in these dams in ICOLD Bulletin 135 (2010) [9].

Methods

Methodology of numerical modeling of seismic resistance of dam
taking into account the possibility of opening of technological seams

When numerically assessing of seismic resistance of system “dam — foundation — reservoir” system of
equations of motion is to be solved:

(K] (U} + [CT V) + [M] (W) = {R(D)5, 3)

where [K], [C], [M] — matrix of stiffness, damping and masses of calculation area; {U}, {V}, {W} — vectors of
relative displacements, velocity and acceleration in fixed points of calculation area; {R(f)} — vector of variable
dynamic actions.

Solution of system of equations (3) is made according to method used in analyses of dams from conven-
tional concrete. These analyses did not take into account the influence of gravitational waves and simplified
the boundary conditions between reservoir and dam and reservoir and dam foundation at these boundaries
the condition of equality of movements normal to these boundaries, both for solid body (dam, foundation) and
water, is fulfilled. Transmission of tangential stresses at these boundaries is taken into account, which simplifies
the task by abandoning introduction of contact elements. To describe behavior of RCC an elastic plastic (with
hardening) model of conventional concrete used in seismic analyses of concrete dams was used, in which shear
parameters of RCC seams were adopted (internal friction angle ¢ = 45°, cohesion C, tensile strength across seam
p = C). Description of RCC deformability in the model is made by piecewise smooth loading surface separating
the area of elastic operation of RCC in stress space from the stress change area in which plastic deformations are
developing. Introduction of loading surface defines the concepts of loading, unloading and neutral loading.

Complete deformations consist of viscoelastic and plastic deformations. In analysis of viscoelastic and
plastic deformations the flow law associated with loading function from Mises maximum principle is used:

de”; = ), dAtof, / Ocj;. 4
For system of determining parameters tangent and normal stresses on maximum shear site are accepted
Tw=(01—02)/2; o,=(c1+02)/2 ®)
Hardening parameters are shear and volumetric pseudoplastic deformations on maximum shear site
v = (e +e))/2 07 =(e +€))/2. (6)

Loading functions of the model are formulated on the basis of analysis of available experimental data of
RCC as follows

T, = Gy —P. (7)

Equation (7) reflects the destruction of RCC with predominance of tensile stresses, equation (6) — behavior
of RCC in case of its destruction from compressive stresses.

The RCC model allows to reproduce in analyses the appearance of horizontal cracks in dam (opening of
RCC seams) and in dam foundation — arbitrary cracks and subsequent work of RCC in crack zone only for com-
pression.
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Results of analyses and its discussion
Analyses of stability, strength and cost of RCC dams

Below are given results of analyses of stability and strength of 4 types of dams h = 100 m: gravity dam from
RCC-3rd type (Figure 6), rockfill dam with reinforced concrete face, dam from very lean RCC (Figure 3) and dam
from RCC and rockfill enriched with cement-ash mortar (Figure 4). The rock foundation (angle of inner friction
¢ = 45° cohesion C = 1 MPa) was considered in all variants, non-rock foundation ¢ = 30°, C = 0.3 MPa) in variants
2-4. These analyses took into account the earthquake intensity on the MSK-81 scale of 8 grade (acceleration 0.2g).

Variant 1 (Figure 6): gravity RCC dam with downstream face with the base of 0.8 and upstream face with
the base of 0.1, crest width of dam — 8 m. Uplift water pressure in dam foundation is taken into account its de-
crease in drainage by 35%. Parameters of shear strength in RCC seams: ¢ = 45°, C = 2 MPa. Seismic resistance
of the dam was determined by the pseudostatic method [28].

Variant 2: rockfill dam with with reinforced concrete face, the base of upstream slope 1.4, the base of
downstream — 1.5, crest width of dam — 8 m. The shear strength of rockfill: ¢ = 45° C = 0. Seismic resistance of
both slopes was determined by the pseudostatic method of Terzaghi — VNIIG.

Variant 3 (Figure 4): symmetrical dam with outer zones from RCC-3 and inner zone from rockfill, en-
riched with cement-ash mortar with base of both slopes 0.5 with upstream face of geomembrane CARPI. Para-
meters of shear strength in RCC seams: ¢ = 45° C = 0.5 MPa, in rockfill, enriched with cement-ash mortar:
¢ = 45° C = 0.1 MPa. Uplift water pressure in drainage is decreased by 40%.

Variant 4 (Figure 3): symmetrical dam from very lean RCC with face of reinforced concrete (base of both
slopes 0.7). Parameters of shear strength in RCC seams: ¢ = 45°, C = 0.5 MPa. Uplift water pressure in drainage
is decreased by 40%.

Calculations of cost of all dam variants (for running meter) were made by unit prices (for 1 M%) in 1995,
given in [10].

As criteria for the stability of RCC dams the safety factor for in-plane shear (SF) in dam foundation or
for round-cylindrical sliding (in variant 2) and tg® (@ — angle of deviation of resultant of all forces in dam foun-
dation from the vertical), normal vertical stresses oy: tensile (+) and compressive (—) were used. Results of ana-
lyses of seismic resistance and cost of 1 running meter of dam is given in Table. 3.1 and 3.2 for both dam foun-
dations [10]. As can be seen from Tables 1 and 2 the most economical for rock and sand-gravel foundations will
be: variant 2 (rockfill dam with reinforced concrete face) and variant 4 (symmetrical dam with outer zones of
RCC-3 and inner zone of rockfill enriched or hardened with cement-ash mortar).

Normal
operation

100.0 m \l/level

Spillway sill
L in spillway dam section

0,8

/3cct¥pei

Drainage curtain

0.0m \[/

Grout curtain

Figure 6. Gravity dam from RCC-3
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Table 1
Results of analyses of stability, stresses and cost of dams on rock foundation
Cost, thous. doll. SF (tg9) SF (tg9) oy, MPa, oy, MPa,
per running m whithout seism with seism whithout seism with seism
140 3.0(0.7) 1.85 (1.16) <0 +1.2
91 1.4 1.2 - -
115 4.3 (0.23) in D-S 2.7 (0.43) in D-S —1.03 in D-S —0.74 in D-S
3.3(0.34) in U-S 2.1(0.58) in U-S -1.56 in U-S -1.78 in U-S
4.8 (0.21) in D-S 2.9 (0.32) in D-S
155 3.7(0.29) in U-S 2.3(0.48) in U-S <0 <0
Note: D-S — downstream slope; U-S — upstream slope or face.
Table 2
Results of analyses of stability, stresses and cost of dams on soil foundation
Cost, thous. doll. SF (tg9) SF (tg9) oy(-), MPa, cy(-), MPa,
per running m whithout seism with seism whithout seism with seism
91 1.4 1.2 - -
115 2.8 (0.32) in D-S 1.51 (0.56) in D-S —-1.12in D-S —0.8 in D-S
2.1(0.39) in U-S 1.16 (0.82) in U-S —1.67 in U-S -1.9in U-S
155 3.0(0.28) in D-S 1.57 (0.53) in D-S -0.9in D-S —0.6 in D-S
2.3(0.42) in U-S 1.20 (0.8) in U-S -1.4in U-S -1.8in U-S

Note: D-S — downstream slope; U-S — upstream slope or face.

Given that the cost of diversion and spillway tunnels in variants 3 and 4 will be much less, and the con-
struction time will be shorter than in variant 2 approximately by half a year or a year, it can be concluded about
cost effectiveness of variants 3 and 4 of RCC dams.

Stability and strength of RCC dams for static and seismic loads

Tables 3 and 4 show stability and safety factors for in-plane shear on foundation of conventional gravity
dam from RCC-3 (& = 100 m) with vertical upstream face and downstream face with bases 0.7; 0.8; 0.9 and
symmetrical RCC-3 and RCC-0 (4 = 100 m) with bases of both slopes 0.5 and 0.7.

Both dams are located on rock (¢ = 40°, C = 0.2 MPa) and dense sandy-gravel (¢ = 35°, C = 0) foun-
dations. In analyses the uplift water pressure along the axis of grout curtain (on rock foundation) or wall curtain
(on soil foundation) in 40% of water pressure was taken. Analyses of seismic stability of the dam were carried
out according to the linear-spectral theory (LST).

Table 3
Coefficients of stability factor on shear of gravity dam from RCC-3 (4 =100 m)

Coefficients of stability factor of dam on shear (static/seismic) for bases of downstream slope

Type of foundation

0.7 0.8 0.9
Rock 1.91/1.47 2.14/1.60 2.37/1.73
Sandy gravel 1.33/1.02 1.50/1.12 1.66/1.21

Table 4
Coefficients of stability factor on shear of symmetrical dam from RCC (4 = 100 m) for various foundations

Coefficients of stability factor of dam on shear (static/seismic) for bases of both slopes

Type of foundation

0.5 0.7
Rock 3.15/2.21 4.27/2.74
Sandy gravel 2.20/1.55 2.98/1.92

Comparison of Tables 3 and 4 with normative stability coefficients of concrete dams of class I, equal in
static and seismic cases 1.32 and 1.18 respectively, shows that seismic resistance of gravity dam (bases upstream
slope of 0.7-0.8) is insufficient on sandy-gravel foundation. In this case, it is necessary to change the usual dam
profile to symmetrical one of RCC-0 and RCC-3 with bases of both slopes of 0.5-0.7 (Figures 3 and 4).
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Analyses of 100 m high symmetrical dam (from RCC-3 and RCC-0)
on action of powerfull earthquake accelerograms

In these analyses the same parameters of shear strength of RCC-3 and RCC-0 were used as in previous
analyses of seismic resistance within LST framework and parameters of deformability of rock foundation
(E =10000 MPa and v = 0.2).

Symmetrical dam analyses of RCC-3 and RCC-0 for 100 m high dam with bases of both slopes of 0.5
for action of the earthquake accelerogram with horizontal acceleration of 0.2g and vertical one of 0.14g showed
that for magnitude 8 of earthquake the dam works elastically and quite reliably and its movements completely
fade by the end of earthquake.

Figure 7 shows the mesh of finite elements (FE) of dam with one short crack (seam opening) in foundation
of upper zone RCC-3. With horizontal acceleration of 0.4g and vertical one of 0.28g, the dam reaction in
its foundation is elastic with complete damping of oscillations, in upper part the dam reaction is elasto-plastic.
The picture of opening seams of RCC (Figure 8) shows that in dam foundation the depth of seams opening from
reservoir side reaches the middle of dam profile and from downstream side reaches its quarter. Taking into ac-
count availability of CARPI membrane on upstream slope the uplift water pressure in opened seams of RCC is
excluded and the seismic resistance of dam is ensured.
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Figure 7. Mesh of FE and joint opening (bold line) Figure 8. Mesh of FE and joint opening (bold line)
in base of upstream zone of the RCC-3 in base of upstream zone of the RCC-3
for earthquake of magnitude 8 (A2 = 0.2g, Ave" = 0.14g) for earthquake of magnitude 9 (A2 = 0.4g, A" = 0.28g)

Thus, symmetrical dam of h = 100 m (bases of both slopes of 0.5) has sufficient factor of seismic re-
sistance during earthquake of magnitude 8 and 9, which indicates expediency of its consideration in dam projects
in seismic areas of Russia, CIS countries and foreign countries. At present the optimization of structures and
technologies of construction of traditional RCC dams [11-23] and competing with these dams rockfill dams with
reinforced concrete faces [24-27] continues.

Examples of new symmetrical dams from very lean RCC
Cindere 107 m high dam in Turkey

In 2005 Cindere dam was built in Turkey, the highest (107 m) and largest (the volume of RCC is 1.5 mil-
lion m?, the total volume of concrete is 1.7 million m®) dam of this type. Feature of dam layout is arrangement on
its downstream slope the operated spillway and water intake of hydropower power plant (Figure 9). The spillway
central section of dam has base of downstream slope increased to 0.89 for favorable interface with the apron
slab. The spillway with 4 holes of 10 m wide and 12.5 m high, overlapped by segment gates is designed to pass
3620 m*/sec. The profile of Cindere dam is symmetrical with base of both slope of 0.7. Figure 10 show the sta-
ges of its construction given in [20]. The dam is located on semi-rock foundation of aspid shales with dry com-
pressive strength (5-24) MPa and deformation module (1-7)10* MPa. In the dam particularly rigid RCC-1 was
used with consumption of cement 50 and fly ash of 20 kg/m?, thickness of layers of RCC — 25 cm. Watertight-
ness of upstream slope was provided by precast concrete panels with PVC film fixed on them, which cannot be
considered successful due to danger of its punctures during mounting.

The dam stability to shear in its foundation and seams in RCC was ensured for maximum horizontal ac-
celeration of 0.4g. Compressive stresses were provided on upstream slope of the dam and its foundation, ensu-
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ring that there is no opening of contact seam in foundation and seams of RCC. Due to the high seismicity RCC
seams on the upstream side were treated with layer of cement mortar 25 mm thick to depth of 13 m in the bottom
of upstream slope and 5 m in dam crest, which ensured high cohesion between RCC cold layers. The construc-
tion period of the dam was 34 months, which corresponds to the average monthly intensity of placement of RCC
of 50 thousand m®. At present 3 project of such dams are being considered in Turkey.
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Figure 10. Top (a) and upstream (b) views of Cindere dam [20]

Ituango dam of height 180 m in Colombia

In 1999 energy company ISAGEN (Medellin) invited the author of article to conduct expertise of the fea-
sibility study of the dam project. In the feasibility study rockfill dam with reinforced concrete face was adopted
as main variant, which was used in many dam projects in Colombia.

Instead of this dam variant by our recommendation was developed symmetrical gravity dam from RCC-2
with bases of both slopes of 0.7, height of 180 m, length along the dam crest of 450 m, RCC volume of 2.4 mil-
lion m® with surface spillway (Figure 11), which allows to abandon spillway tunnels, significantly accelerates
the total dam construction time and reduces its cost [3]. The dam is able to resist earthquake of 9 magnitude
without opening of RCC seams and dynamic loads when flood of 21.000 m®/sec passes through operating spill-
way with 21.7 m head (with smooth spillway face and jet throw in downstream zone). The head of spillway was
made of reinforced concrete, non-overflow part of dam crest has curved surface to reduce stress concentrations
during the earthquake. Composition of RCC-2 (per 1 m®): cement 100-120 kg, crushed stone — 1250 kg, pebble
gravel — 1000 kg. Due to wide dam profile the treatment of cold seams of RCC with cement mortar is assumed
only in pressure and upper zones of the dam. The dam profile includes 33 m high upstream coffer dam with
grout gallery on its crest, which will accelerate the dam construction.
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Figure 11. Profile of spillway section of RCC-2 Ituango dam, H = 180 m

Yumaguzinskaya dam from very lean RCC (65 m high, Russia, project variant)

When designing this hydraulic system we developed variant of dam 65 m high and 600 m length from
very lean RCC on soft foundation. Technical and economic advantages of this dam variant in comparison with
accepted variant of rockfill dam: 1) arrangement of regulated spillway in channel part of dam, which allows to
abandon bank side spillway; 2) allowing overflow of peak of catastrophic flood over dam crest, which reduces
level of Surcharged Reservoir Level (SRL) and flooding of downstream area; 3) lower cost and construction
time. Analyses of stability and strength of spillway dam (bases of both 0.7) in channel of gravel-pebble deposits
for static and seismic loads (7 grade) showed high stability and strength of dam and its foundation with uniform
diagram of vertical stresses in foundation. Figures 12 and 13 show symmetrical profiles of spillway and non-
overflow dam sections from very lean RCC. In foundation of both sections from upstream gallery were made
trench walls-curtains (15 m deep in channel and up to 70 m on right bank).
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Figure 12. Spillway section of Yumaguzinskaya from very lean RCC:
1 — watertight reomembrane; 2 — channel deposits; 3 — trench wall-curtain; 4, 5 — semi-rock deposits;
@ITY — surcharged reservoir level; HITY — normal reservoir level; PITY — rated reservoir level;
RCC — RCC type 2; REC - rockfill, strengthened by cement-ash mortar; CVC — conventional vibrating concrete
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Figure 13. Non-overflow section of Yumaguzinskaya dam from very lean RCC:
1 - CARPI membrane; 2 — precast concrete blocks; 3 — gravely sands; 4 — trench cut-off wall; 5 — drainage holes; 6 — bed rock;
CVC — conventional concrete; RCC-1 — RCC type 1; REC — rockfill, strengthened by cement-ash mortar

Conclusion

Dams of symmetrical profile of very lean RCC with bases of both slopes 0.5-0.7 have higher seismic re-
sistance and technical and economic efficiency compared to conventional gravity dams from RC C and other
types of dams.

These dams up to 200 m high can be built on rock foundations and up to 100 m high on dense sandy-
gravel foundations.

The possibility of building these dams in seismically active areas of Russia, CIS countries, Latin America
and Asia, as well as in Russian dam projects abroad should be considered.
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Abstract. Engineering structures are designed with observation of rules for
structural performance under specific design loads, defined in the so-called
structural codes. While dead loads are directly dependent from the selection of
structural materials to a given structural function, live and accidental loads are
often linked to the region where the structure must perform. In a complete oppo-
sition to engineering principles in Ancient Egypt, the inverted pyramid was de-
signed to become a statement of how to bend gravitational laws, and what can be
achieved by modern engineering, sill with intelligence to fulfill its function in
a region where engineering structures are subjected to extreme live and acci-
dental load regimes, e.g. high risk of earthquakes and high wind seasonal loads.
A hybrid structural concept was specified, comprising lightweight structural wall
elements anchored to a relatively heavyweight structural core. The suggested
design concept fulfills the global equilibrium equation defined by architecture,
and should become a structural example from a structural design perspective.
As any other project involving non-comprehensive geometry, design and con-
struction of the inverted pyramid is highly sensible to management options,
which shall assure high precision manufacturing, and accurate control of its pro-
duction.

Keywords: structural engineering, complex structures, hybrid structures, steel-
reinforced concrete structures, structural design, noble structures, inverted py-
ramids, history of engineering
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Buarogapnoctn

KoneunosneMeHTHBIH pacueT U ONTUMU3a-
11 KOHCTPYKIUU B BUJE TMOPUIHON Iie-
PEBEpHYTON IMpaMU/bl BBIIOIHEHBI HHXKE-
Hepom Dunune Apreiipo. ABTOp BbIpaka-
€T MPU3HATEIBHOCTb 33 €0 YCUIIUS, JHTY-
3Ma3M M y4acTHE€ B NPOEKTE, B YACTHOCTHU
3a paboTy [0 ONTUMM3ALUK aBTOPCKON MO-
JleNu Ul TaHHOTO IpoekTa. Taxoke 3aciy-
KMBAeT yIOMUHaHuUs umxkeHep Xopxe Omu-
Beiipa, y4acTBOBABILMI B 0OCY>KICHUH Iiere-
COO0pa3HOCTH CTPOUTENBCTBA U TEXHUKO-
9KOHOMMYECKOH OLIEHKE AJIsI COCTABICHHUS
KOMMEPUYECKOT0 IPEATI0KEHUS.

BkJ1ag yyacTHUKOB

Jhuc Iedpo @P Capmermo Dcmesewt, (PhD) —
[POEKTHPOBaHNE KOHCTPYKIHHU, BBIOOp Ma-
TEpUaJOB U YIpaBieHUE NpoeKTamu; Du-
aune Apmetipo (MarucTp) — pacuyer KOHCTPYK-
I 1 ONTHUMHM3ALIHI METOAOM KOHEYHBIX
anemMeHToB; Xopxe Onueetipa (OakanaBp) —

BpEMEHHBIE M 0COObIE HAarpy3KH IUKTYIOTCS Ha3Ha4eHHEM MU OOJIaCThIO MpHUMe-
HEHMsI 3TOW KOHCTPYKUHMH. B NIpPOTHBOIOIOXKHOCTh MHKEHEPHBIM IPHUHIUIIAM
HpeBrero Ernnra nepeBepHyTas mupamuaa Oblia CIPOEKTHPOBAHA € HETBIO 1M0-
Ka3aTh, YTO C IOMOUIbIO COBPEMEHHON MHKXECHEPHOW HAyKH MOYKHO IPEOJ0JIETh
3aKOH TpaBUTAIMHU, IPHYEM 3Ta «yMHasD» KOHCTPYKIHS BBIIOJNHIET CBOU (PyHK-
LU B PETUOHE, Iie NH)XEHEPHBIE COOPYKEHUS IOABEPIaroTCs KCTPEMAIbHBIM
Y aBapuiHBIM Harpy3Kam, HalpuMep, B CEHCMOOMACHBIX pailoHaxX MM peruoHax
¢ mpeobagaHreM CHIBHBIX BeTpoB. McciemoBaHa ruOpuaHas KOHIENUHUS, KO-
TOpast MPEAIOAraeT JIerkue KOHCTPYKTUBHBIC CTEHOBBIE 3JIEMEHTHI, 3aKpEeTIeH-
HbI€ Ha OTHOCHUTENBHO TSDKEIOM CTPYKTYpHOM siape. Ilpennaraemast KoHIenuus
IIPOEKTHPOBAHUS YIOBIETBOPSET YPABHEHHIO INTOOAIFHOIO PaBHOBECHs, OIpe-
JeNIIEMOMY CaMOH apXUTEKTYpOH COOpPYKEHHs, U MOXKET CIYXKHUTh IPUMEPOM
COOpY’KEHHMs, CO3JaHHOTO B TPEHJIC NEPCIEKTUBHBIX HAINPABICHUN MPOEKTHUPO-
BaHUS CTPOUTEIBHBIX KOHCTPYKIMNA. Kak u mo60ii 1pyroil mpoekT KOHCTPYKIHUU
C HEIOJIHOM reoMeTpuel, NPOEKTUPOBAHUE U CTPOUTENIHCTBO IEPEBEPHYTON
MUPaMUJIBI TIPEJICTABISIETCS BEChMa 11€71€C000pa3HbIM IPH UCITIOJIb30BAaHUU CXEM
YIpaBJIeHUsS MPOU3BOACTBOM, KOTOPBIE IOJDKHBI 00ECHEYHBATh BBICOKYIO TOY-
HOCTb M3TOTOBJICHHSI U COOTBETCTBYIOIIUI KOHTPOJIb.
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Introduction: theoretical

Egypt contains a few of the most remarkable early age “engineering” projects in the world, dated from
the foremost prime centuries of human development. Engineering structures have evolved in almost all the as-
pects since that period, although archeology has often described those projects by simple or inexistent mathema-
tical models containing more or less elaborated construction processes, centered in the manufacture of stone,
to construct primordial large scale structures with no gravitational instability, e.g. large scale pyramids and tem-
ples (Giza, or other major temples) [1].

As far as human knowledge can reach, this primary approach to “engineering” based on such simple and
rather intuitive “mathematics” has not greatly evolved through many centuries, just read R. Marcolongo (1937),
on arches and vaults, in [2] — “an arch is nothing but a strength caused by two weaknesses”, viz. meaning that
and arch is elementary constituted by single weak structural parts, acquiring structural stability due to their struc-
tural assembly, or, “...these quarter-circles, each very weak in itself, wish to fall, and opposing each other’s ruin,
convert weakness into a single strength”.

Inversely, to think giving structural integrity to an Inverted Pyramid involves primarily a degree of
thorough considerations in the domain of structural engineering, as any decision will influence the ability and
structural performance of such unstable solid in service, beyond the most advanced mathematical theories ever
brought to us [3-6].

The suspension of a solid in space can be relatively easily solved by the use of cables attached to arch
peers, such as the case of stay-cable bridges (see first stay-cable bridge) [7]. A second possibility is the use
of post-tension in specific structural elements to resolve or minimize large local stresses and subsequent elastic
deformations which would be generated by those large suspended structures, such as cantilevers, whereas its
maximum span can be expanded from a couple of meters up to 7 meters, after remarkable developments in struc-
tural engineering [7-8].

Thus, in principle, any of the approaches are technically viable to be used in the structural design of an in-
verted pyramid, up to a certain scale and geometry, defined by the span allowance and geometrical freedom
within their intrinsic safety boundaries. There are not many practical cases being proposed to fulfill such incom-
prehensive geometry and anti-gravity present in an inverted pyramid. The well-known classical example is of
course brought by Oscar Niemeyer [8], in Brasilia, and later, Venezuela. In the first case, a massive reinforced
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concrete structure is suggested as structural solution, while the second case has not found any formal engineering
description, or construction. A second, although minor example in terms of scale, is found performing in the Louvre,
part of the renovation work commissioned directly by the French President, Mr. Francois Mitterrand, which was
completed in 1989 [9]. A thin steel frame suspends an Inverted Pyramid in Glass, used as structural system.
However, this “glass sculpture” is designed and engineered to perform without any major significant live or ser-
vice load, being prohibited to any human interaction. The third and final example hereafter, and probably
the most challenging project developed to Porto Cultural City, through the World Heritage Prize defined by
UNESCO bi-annually, is the contemporaneous Music House in Portugal (2000), awarded to OMA Partners [10].
The use of post-tensioned concrete wall elements to fulfill large architectural and structural spans specified for
the building, have shown to be appropriate to service the “imaginary” section of an inverted pyramid. Recall that
Porto is located in a region characterized by medium levels of earthquake risk.

The structural engineering of the inverted pyramid designed to Azores, Portugal (2002), involves a third
concept, consisting in the definition of a hybrid structure, described in the following sections.

Structural design of the inverted pyramid

The inverted pyramid is designed with formal structural parts comprising reinforced concrete, and struc-
tural steel frames, defining a hybrid structure. A mass foundation in reinforced concrete is specified on the theo-
retical vortex of the pyramid to assure its global equilibrium, and to offset combined effects produced by
the dead load of the singularity, and those resultant from the natural gravitational movement by the inverted py-
ramid, coupled with any acting horizontal live load, viz. wind and earthquake (see structural section shown in
Figure 1). Optimization through finite element analysis is performed on the full solid part, whereas structural
steel is designed by direct application of method of forces combined with elasticity theory, to specify a column-
beam structural frame [11].
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Figure 1. Structural cross section of the different levels of the pyramid (meters), taken through the horizontal plane

The structural design consisting in the definition of “lightweight” roof and wall system has as conse-
quence a substantial reduction of the dead load acting on the structural core. This decision results in an effective
dead load reduction of 75%, and effective stress reduction of more than 300% on the anchor level of the pyra-
mid, when compared with a standard wall structural system, such as structural concrete, or other special structu-
ral systems. In fact, the use of structural concrete as superstructure would in fact make this project economical
not viable, considering the installed development capacity in Azores, and technically, without elaborated design

PACYET U MPOEKTVUPOBAHVE CTPOUTENBHBIX KOHCTPYKLM 263



Sarmento Esteves L.P.FR. Structural Mechanics of Engineering Constructions and Buildings. 2021;17(3):261-269

options such as post tension in most of the structural parts of the structure. The center of gravity of this pyramid
is also of special consideration, as it is slightly tilted, therefore, generating natural gravitational displacement
towards its east facade. A massive foundation is installed to counteract this effect, beyond its typical standard
function with regards to concrete structures. In addition, the inverted geometry generates automatically com-
posed and deviated bending in any of the structural parts of the pyramid, adding additional complexity to design

and structural analysis.
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Figure 2. Structural plan for the roof (meters), with definition of structural facades (1-3). H profiles with 220 mm are specified

for the highest span (longitudinal axis). Maximum deflection is found at X/2 and Y/2, and equals approximately 7 mm
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Figure 3. Steel frame specified to wall system in facade 3:
a —real length of the structural elements; b — projection in the x-axis and definition of joint types
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Detail | (ESC:1:10)

Section 12-12

Front view Lateral view

Detail J (ESC:1:10)
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Figure 4. Detail of the anchor points for the connection of the steel shell and reinforced concrete structure:
a — detail I, with 6 connectors and correspondent stabilizing plates; b — detail J, with 4 connectors and correspondent stabilizing plates

A steel mesh of H and I profiles was chosen as superstructure (Figure 2). H profiles with height of
220 mm, are set to perform in a span of 17 m. Due to the tilted geometry of the pyramid, the longitudinal direc-
tion of the mesh was prioritized to resistance and the perpendicular direction, prioritized to stability. Expansion
joints (G) are installed in H beams to allow horizontal displacements due to e.g. thermal deformations, and integ-
rity of the pair beam-column. H columns are defined coherently with the same section and inertia in the shell
superstructure (facades 1-3). A detailed geometry of the steel mesh elaborated for the wall system is shown in
Figure 3 (facade 3), where real length of each column is defined.
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The shell structure of the inverted pyramid is fully constituted by the defined steel frame, whereas insula-
tion may be placed on the available space left by steel, or beneath it. In the outer skin, stone may be suspended,
while the interior skin may comprise finishing in wood or blended wood-mortar panels. This leads to an average
dead load of less than 0.5 kN/m?, less than the live load considered characteristic in the roof. As nearly all stress
generated by any horizontal live or accidental load event will tend to concentrate on the steel frame, stresses are
quickly transferred by steel columns and stabilizing beams comprising the wall units towards their anchor points,
which are positioned in the concrete structural core (see Figure 3). A detail of such anchor points is shown in
Figure 4, designed to pull out structural contribution from the concrete core into the global stability of the struc-
tural shell, although additional constructive precautions are raised. The anchor points I-J will develop resistance
to e.g. rotation in about 6 to 9 points, absorbing or releasing stresses in the axial plane of the reinforced concrete
floor, coupled with the anchor point positioned in the wall unit. The limit state of this type of connection is

greater than the pull out strength of reinforcement bars in concrete, viz. 0.24/f. to 0.32y/fy (N/mm?),
as it also mobilizes opposing resistant compressive strength exerted by structural concrete (see Figure 4, detail I,
section 12—12), as far as yield strength in the screws installed on the head of the connector is not reached.

Structural analysis

The optimization of floor and wall units comprising the structural core was performed by means of finite
element analysis (FEM). A linear element was selected for this purpose, from where stress and strain is derived,
and reinforcement may be defined, according to stress-strain analysis performed in each structural element.
The approach followed the concept of ultimate limits state for 24 load combinations, in order to isolate the most
unfavorable load case. This corresponded to the dead load of the structure, coupled with live load imposed by
service. The simulation of ultimate and service limit states is obtained from the following general expression,
whereas the correspondent design coefficients are utilized [11].

S, = ZYgiSGik Y, I:Sst + ZWOjSQik :l’
i=1 Jj=2

where, Sgix — stress resultant from characteristic values of dead load; Spu — stress resultant from characteristic
values of live load; Spj« — stress resultant from characteristic values of remaining live loads (except earthquakes).
Minoring and majoring coefficients are set according to design regulations defined elsewhere [11].

Structural integrity is achieved by assuring that the design loads are lower than the resistant load,
viz. 8¢ < Ry is fulfilled.

The stress-strain analysis performed show maximum tensions appearing in level 1, due to bending, larger
than any major tension (tensile) operating in any part of concrete wall elements, with exception to stress concentra-
tion located at the anchor points and singularities, where dead and live loads transferred from the superstructure
(steel part) induce stress-strain of considerable magnitude. In particular, the interface of the floor and wall units in
facade 2, which corresponds to the steepest angle formed by the inverted pyramid, concurs the highest internal ten-
sion in any section of the structure, originating composed compression and tensile stress. A direct comparison with
stress-strain in the same region at the opposite facade (1) is elucidatory about how inverted geometry has a tremen-
dous effects in design of reinforced concrete structures, with variations of more than 75% (absolute value of stress),
for a differential increment of 25° in the angle with the hypothetical vertical plane Z. The maximum stress operat-
ing in reinforced concrete of the inverted pyramid is in fact situated at the interface between the floor and the con-
crete wall unit, that will be subjected to permanent shear force produced by the dead load of the steel superstruc-
ture, coupled with the axial tension generated by structural concrete to opposed horizontal displacements. This
permanent load has however a positive effect on bending, and it will reduce deformation in concrete elements in
the opposite direction (vertical section plane — YY), as in the case of pre-tensed or post-tensed reinforced concrete.
The slab at level 1 will be subjected to permanent axial tension with average value of 100 KN/m and up to
400 KN/m, in singularities of the structure (such as the encounters of wall units, and slabs throughout the section).

To exemplify the application of ultimate limit state in structural concrete, Figure 5 is elaborated, showing
the quantity of reinforcement required to fulfill structural integrity in the concrete slab (level 1), predefined with
height of 200 mm. Up to 5 cm?m are required to be distributed in the perpendicular direction with regard to
the horizontal plane to hinder tensile stresses due to bending, in the tensioned region of the section plane.
The load case refers to the ultimate limit state combination 12 (dead load and corresponding live load character-
ristic in public spaces), whereas the bending moment of 25 KN-m will not lead to any major deflection, being
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admitted the contribution of both internal and external bearing walls, designed to hinder rotation of the bearing
by specifying reinforcement at the compressed region of the plane, that will take up the double of the value of
the bending moment at half span. The evaluation of the maximum deflection in the slab, so that the minimum
crack width criterion of 0.2 in ultimate limit state is fulfilled, is within the limit of L/400, with a maximum dis-
tance between reinforcement limited to 150 mm in the tensioned region of the section plane. This is particularly
relevant in external walls, due to marine environment that Azores is geographically linked to.
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Figure 5. Result of FEM and subsequent stress-strain analysis Figure 6. 3D perspective of the inverted pyramid (without scale)
performed in the main concrete slab (level 1) of the inverted credits to James Grainger for the development of the 3D model
pyramid (negative position of the section plane), from where in CAD [1]

reinforcement is defined. The load case refers to the ultimate
limit state combination 12 (dead load and corresponding
live load characteristic in public spaces)

The inverted pyramid (Figure 6), in the most unfavorable load case, will be able to stand up to 4000 KN
of force into the mass foundation, and hinder rotations up to 4000 KN-m.

Economics of the inverted pyramid

The tender to launch the inverted pyramid in Azores is based on pricing with reference to 2004. The pre-
dicted cost of construction is less than 0.25 million euros, whereas structural costs represents 70% of the tender.
The cost can be breakdown in about 70% to steel structures, and the remaining to reinforced concrete structures.
The environmental footprint of the project may be elaborated from the mass of each structural system, combined
with known characteristic environmental footprint from production. Manufacturing high precision hybrid struc-
tures requires accurate production techniques, whereas tolerances shall be restricted to those utilized in the pro-
duction of steel structures. The complexity of the defined geometry, lead to specification of unique parts in struc-
tural elements, in particular the elements composing the steel structure, where each profile has unique dimen-
sions. Such complexity is only compatible with high precision construction methods.

Final remarks

Structural design of this inverted pyramid is an example of how gravitational forces of a theoretical unsta-
ble solid can reach equilibrium by using smart structural design and modern engineering analysis and calculus.
The proposed structural solution targeted the reduction and optimization of dead loads acting on the structure,
while holding its safety parameters.
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The use of a standard steel frame will fulfill a free span of 17 meters, with a predicted deflection
of 70 mm. Structural wall elements coupling steel elements and insulation have reduced the stress on structural
elements such as reinforced concrete structural parts, and foundation. The steel-concrete connection solution
adds structural integrity to the system, by pulling structural contribution from the concrete slabs and wall units
as resistant elements towards horizontal and vertical loads, within ultimate and service limit state for 24 load
combinations.

This approach permitted a feasible and reasonable design of the inverted pyramid, without the use of rela-
tively heavyweight superstructures, and high concentration of steel rods or post tension cables in concrete struc-
tural elements, which would require to use special construction techniques, and would represent a duplication of
the economy needed to fulfill this project.

Structural design of an inverted pyramid is not a common project in engineering work. Beyond the com-
plexity in design and analysis from a structural point of view, it raises many challenges to production methods,
only compatible to rather high accuracy, due to limited allowances that are already characteristic in the manufac-
turing of steel structures.

Although the scale of the project is not large, when compared to a couple of thousand-meter bridge,
we consider this project part of the world heritage of engineering, in the elegancy of its time.
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Introduction

Multi-story structures made of reinforced concrete hold a significant market share in the world. The posi-
tion of the shear wall should be carefully considered as it gives different seismic load resistance performance [1].
These structures are typically upheld laterally by cantilever shear wall or foundation wall, which are discarded
asymmetrically around the structure causing a large displacement of the stiffness center (CR) from the mass cen-
ter (CM) of the structure. The displacement, also known as the central eccentricity, can amplify a large building
displacement in seismic conditions, thus increasing the building’s exposure to severe damage [2]. The displace-
ment request of a building is always more important at its edges.

Drift has been defined in terms of total drift (the total lateral displacement at the top of the building) and
inter story drift is defined as the relative lateral displacement occurring between two consecutive building levels.
The drift index is a simple estimate of the lateral stiffness of the building and is used almost exclusively to limit
damage to nonstructural components [3].

Lateral deflection and drift affect the entire building or structure [4]. Above 25 stories, the relatively high
lateral flexibility of the frame calls for uneconomically large members in order to control the drift [5].
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Figure 1. The story drift profile along the height of frames [6]

In Figure 1, story drift profiles are introduced along tire heights dependent on the invert three-sided load
designs, flexibility first mode, multi-mode, and uniform examples. Likewise, nonlinear sequential history ana-
lyzes were performed on case study framework for specific ground movements.
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System structure used to reduce the displacement due to the earthquake framed tube structures

In this system, the perimeter of the building consists of closely spaced columns connected by deep span-
drel beams (Figure 2) [2]. The system works quite efficiently as a hollow vertical cantilever. However, lateral
drift due to the axial displacement of the columns commonly referred to as chord drift and web drift, caused
by shear and bending deformations of the spandrels and columns, may be quite large depending upon the tube
geometry. For example, if the plan aspect ratio is large, say, much in excess of 1:2.5, it is likely that supple-
mental lateral bracing may be necessary to satisfy drift limitations. The economy of the tube system therefore
depends on factors such as spacing and size of columns, depth of perimeter spandrels, and the plan aspect ratio
of the building.

This system should, however, be given serious consideration for buildings taller than about 40 stories.
In its simplest terms, a framed tube can be defined as a three-dimensional system that engages the entire building
perimeter to resist lateral loads. To create a wall-like three-dimensional structure it is a necessary requirement to
place columns on the building exterior relatively close to each other, joined by deep spandrel girders.

Shear wall

Shear walls are reinforced concrete walls that are used in tall buildings to resist loads from wind or seis-
mic movements in addition to vertical loads. Shear wall is one of the most commonly used lateral load resisting
systems in buildings. Shear wall has high plane stiffness and strength which can be simultaneously resist large
horizontal loads and support gravity loads, which significantly reduces the lateral sway of the building and there
by reduces damage to structures and its contents.

When the shear wall is strong enough, it will transfer the horizontal load to the next element in the load
path below them such as floors, other shear walls, slabs or footings. Shear wall also provides lateral stiffness to
prevent the roof or floor above from large lateral sway. When shear wall is stiff
enough, they will prevent floor and roof from moving off their supports. Also, buil-
dings that are sufficiently stiff will usually suffer less non-structural damage.

Shear walls behavior depends upon the material used, wall thickness, wall
length, wall positioning in building frame. Since shear wall carry large horizontal
earthquake forces, the overturning effects on it is large. Shear wall in buildings must
be symmetrically located in plan to reduce ill-effects of twist in buildings. When
shear wall is placed in advantageous positions in the building, they can form an effi-
cient lateral force resisting system by reducing lateral displacements under earth-
quake loads [7]. Shear walls carry the adequate lateral strength to resist incoming
horizontal earthquake forces [8].

The shape and plan position of the shear wall influences the behavior of
the structure considerably, the position of shear wall will affect the attraction of
forces, so that wall must be in proper position. If the dimensions of shear wall are
large then major number of horizontal forces are taken by shear wall. Providing
shear walls at adequate locations substantially reduces the displacements due to
earthquake [9]. The design base shear (Vb) shall be distributed along the height of
the building as per the [10].

The walls are in various forms such as U, I, T, L, E, or as a line and are usually
continuous until the bases are in a cantilever shape. These mentioned walls may be
solid or container on the openings, depending on the architectural function performed by the wall, but it is worth
noting that the openings increase the complexity of the construction work, especially in those cases where these
openings are asymmetrical, infrequent, or irregular. Although shear walls are often suitable in concrete structures,
we find that they are sometimes used as part of steel structures containing huge steel panels, especially in areas
exposed to maximum values of shear forces. The walls are single, or (Link Wall), which connects to the slabs or
beams while neglecting the moments, or (Coupled Wall), which is connected by elements to resist moment.

A Ravi Kumar et al [11] conducted a thorough study for determining the solution for shear wall location in
multi-story building as shown as in Figure 2 based on its elastic and plastic behaviors. He analyzed a 10-storey
building, 40 m in height for earthquake load using ETABS. He concluded that shear walls are one of the most
effective building elements in resisting lateral forces during earthquake and for a developing nation shear wall
construction is considered to be a back bone for construction industry [11].

Figure 2. Shear wall system [12]
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Coupled shear walls system

In many shear wall buildings, a regular pattern of openings will be required to accommodate windows,
doors, or both, shear walls such as those shown in Figure 3 [13], exhibits a stiffness that far exceeds the summa-
tion of the individual wall stiffnesses. This is because the interconnecting slab or beam restrains the cantilever
bending of individual walls by forcing the system to work as a composite unit. It is seen that the total overturning
moment, M, in the wall without openings shown in Figure 4, a, is resisted at the base entirely by flexural stres-
ses. On the other hand, shown in Figure 4, b, ¢, axial forces as well as moments occur at the base to resist
the overturning moment. This system is economical for buildings in the 40-story range. Since planar shear walls
carry loads only in their plane, walls in two orthogonal directions are generally required to resist lateral effects.
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Figure 3. Coupled shear walls [13] Figure 4. Lateral load-resistance of single and coupled shear walls [13]

Position of shear wall need to be considered carefully because it gives difference performance to resisting
earthquake load. In choosing suitable locations for lateral-force-resisting shear walls, three additional aspects
should be considered:

1) for the best torsional resistance, as many of the walls as possible should be located at the periphery of
the building;

2) in multi-story buildings situated in high-seismic-risk areas, a concentration of the total lateral force re-
sistance in only one or two shear walls are likely to introduce very large forces to the foundation structure,
so that special enlarged foundation may be required;

3) the more gravity load can be routed to the foundations via a shear wall, the less will be the demand
for flexural reinforcement in that wall and the more readily can foundations be provided to absorb the overtur-
ning moments generated in that wall [14].

Ideally, the structural engineer should select the most suitable structural elements to resist gravity and la-
teral (wind and seismic loads). However, perfect design conditions are seldom present. A structural engineer
must understand the following limitations to the most efficient design:

— interior planning for architects;

— selected materials;

— architects ’selection of exterior cladding and décor;

— the size of the expected horizontal loads;

— height determined by the owner and architectural preferences.

The walls are single, or link wall, which connects to the slabs or beams while neglecting the moments,
or coupled wall, which is connected by elements to resist moment.
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Methodology

In order to calculate the drift, we created a thirty-story model in the Robot structural program and made
an analysis according to the ASCE 7-16 code'. The results of this analysis will help to obtain the maximum dis-
placement. To find the drift, we did calculations in Excel sheet.

To determine the design of story drift, as shown in Table 12.12-1 in code ASCE 7-16, involves the fol-
lowing steps:

1. Determine the lateral deflections at the different floor levels by an elastic investigation of the structure
under the design base shear. The lateral deflection at floor level x, gotten from this analysis, iS Omax.

Start

Insert 3D module
by Robot structure

|

Building > 5

No ‘ Yes

Load-bearing walls Seismic include

Analysis

Result

No

| Conclusion |

Figure 5. Algorithm process for project

2. Amplify 3. by the deflection amplification factor, Cy. The amount Cadmax 1s an expected design seismic
displacement at floor level x. ASCE 7-16 requires this amount to be isolated by the importance factor,
I, because the forces under which the dmax, displacement is registered are already amplified by /. Since
ASCE 7-16 drift limits are tighter for structures in higher inhabitance classes, this division by /. is significant.
Without it, there would be a twofold fixing of drift impediments for structures with seismic significance factors
more prominent than one.

amaXrC
8 = e d (D

! ASCE/SEI 7-16. Minimum design loads and associated criteria for buildings and other structures. American Society of Civil En-
gineers; 2017.
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Calculation earthquake eccentricity direction Y, for stories parking and center 1: dmaCenter = 1.5;
dmaxParking = 0.3; C4=4.5.

. 45x%0.3
8., (parking) = — = 1.35 mm.

As(parking ) = §,,(parking) — 0 = 1.35 — 0 = 1.35 mm.

45x1.5
8, (Center 1) = —] = 6.75 mm.

Ag(Center 1) = §,,(Center 1) — §,,(Parking) = 6.75 — 1.35 = 5.4 mm.

The quantity Cudx. / I. at floor level x is dx, the adjusted design earthquake displacement.

3. Calculate the design story drift A, for story x (the story underneath floor level x) by deducting the
changed design seismic displacement at the lower part of story x (floor level x—1) from the changed design seis-
mic displacement at the highest point of story x A = 6, — 6.1

The A, values must be kept within limits, as given in ASCE 7-16 code for (Table 12.12-1).

Let us consider a fragment of the algorithm Figure 5 for creating a digital of a structure, namely, the pro-
cess from the beginning of drawing 3D modeling to the result of the story drift check.

During the study, a drawing of 30 floors will be used by the structural robot program. The building will be
analyzed after loading the loads for each floor by using the ASCE 7-16 code. This will be followed by the third
stage: the structural model will be done by making the calculations and comparing them manually. In the next
(fourth) stage, we determine if the results are identical and meet the requirements of the analytical investigations
of the building, and after that, the design determines whether the resulting model meets the requirements for
completion.

Result and discussion

The drift evaluation was checked as demonstrated in Table, to calculate the displacement, by taking data
from program. Equivalent linear static analysis of the case study structures was performed using a primary Robot
dependent on letteral force. Identified as ASCE 7-16 code for seismic work in Sudan. The seismic mass was de-
termined considering 100% of the dead load and 25% of the storage load, the horizontal surface forces were re-
solved dependent on the seismic load. After determining the lateral forces, static linear analyzes were performed
on each of the thirty story buildings. The static analysis procedure is used to obtain the maximum displacement.
From the formula (1) we should find the amplified displacement. By deduct between the two amplified dis-
placement stories we should find the story drift.

Calculation check drift from Excel

EQECC DIRECTION Y

Ci=45 I.=1 Dy =10.02

Maximum elastic displacement Amplified displacement Story drift  Allowable drift

Story High Check
Omax Om As Aa
Parking 2800 0.3 1.35 1.35 56 Ok
Center 1 2800 1.5 6.75 5.4 56 Ok
Center 2 3500 4.5 20.25 13.5 70 Ok
Center 3 3500 9.3 41.85 21.6 70 Ok
Center 4 3500 15.5 69.75 27.9 70 Ok
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The end of the Table

EQECC DIRECTION Y

Ci=4.5 I.=1 Dy=0.02

Maximum elastic displacement Amplified displacement  Story drift  Allowable drift

Story High Check
Omax Om As Aq

Center 5 3500 22.9 103.05 333 70 Ok
Story 1 3000 30.1 135.45 324 60 Ok
Story 2 3000 37.9 170.55 35.1 60 Ok
Story 3 3000 46.4 208.8 38.25 60 Ok
Story 4 3000 55.3 248.85 40.05 60 Ok
Story 5 3000 64.6 290.7 41.85 60 Ok
Story 6 3000 74.3 334.35 43.65 60 Ok
Story 7 3000 84.3 379.35 45 60 Ok
Story 8 3000 94.5 425.25 45.9 60 Ok
Story 9 3000 104.9 472.05 46.8 60 Ok
Story 10 3000 115.5 519.75 47.7 60 Ok
Story 11 3000 126.2 567.9 48.15 60 Ok
Story 12 3000 136.9 616.05 48.15 60 Ok
Story 13 3000 147.6 664.2 48.15 60 Ok
Story 14 3000 158.3 712.35 48.15 60 Ok
Story 15 3000 168.9 760.05 47.7 60 Ok
Story 16 3000 179.5 807.75 47.7 60 Ok
Story 17 3000 189.9 854.55 46.8 60 Ok
Story 18 3000 200.3 901.35 46.8 60 Ok
Story 19 3000 210.5 947.25 45.9 60 Ok
Story 20 3000 220.6 992.7 45.45 60 Ok
Story 21 3000 230.6 1037.7 45 60 Ok
Story 22 3000 240.4 1081.8 44.1 60 Ok

Hall 3000 250.5 1127.25 45.45 60 Ok

Roof 4000 263 1183.5 56.25 80 Ok
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Conclusion

This paper explains the contents of the drift between stories, and the use of some theories to reduce
the drift. After analyzing the structural model from the Robot structural analysis, we used the maximum dis-
placement of the story in the Y direction. It’s evident from Table that for all stories the lateral drift obtained from
the prescribed lateral force in direction Y are less than the limiting value.

The allowable overall building drift for strength level Earthquake was A, < 0.020Asx from ASCE 7-16.
The allowable overall building drift for strength level earthquake is H/50 = 92 600 / 50 = 1852 mm and
the building drift is 1183.5 mm which is within the limit. Thusly, it is protected to utilize the shear wall in
the model. Based on this study, it was seen that the utilization of shear wall can contribute to increased struc-
tural rigidity. It diminishes the regular time of structure, lateral displacement and story-drift essentially.
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Abstract. Bearing units of lifting machines, products of construction, road, avia-
tion, space and other branches of technology are very important structural ele-
ments, since the failure of even one bearing can cause the failure of the entire
product. The results of experimental verification of the theoretical model of bear-
ing operation under combined loading conditions are presented. The behavior
under load of bearing units in the most general case can be represented by a se-
quence of five design schemes, expressed in the form of five statically indeter-
minate beams. The purpose of the experiments was to test this model under real
loading conditions. The experiments were based on the analysis of the geometric
shape of the curved elastic line, which the shaft of the bearing assembly acquires
under load. The experimental results confirmed the validity of the model and
showed that the previously generally accepted model of a two-support beam is
not implemented. The conclusion is confirmed that in responsible lifting ma-
chines, as well as in responsible products of construction, road, aviation, space
and other branches of technology, it is impractical to calculate bearings accord-
ing to the traditional method, since an erroneous value of bearing durability can
be obtained, overestimated from 28.37 to 26.663.9 times.
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CTaBJICHBI PE3YJIbTAThl SKCIIEPUMEHTAILHOW MPOBEPKH TEOPETHYECKOH MOJEIH pa-
0O0TBI O/IIMITHUKOB B YCIOBUSIX KOMOMHUPOBaHHOTO HarpyeHus. [loBeneHue mox
Harpy3koi MOUIMITHUKOBBIX Y3JIOB B HarOoJiee 00IIeM ciiydae MOXET ObITh Tpe/-
CTaBJICHO NOCJICAOBATCIBHOCTBIO U3 TIATH PACUCTHBIX CXCEM, BBIPAXKCHHBIX B BUJC
IISITU CTATHYECKH HeompeenMbIx Oaok. L{esnpio npoBeneHns SKCIepiMeHTOB SBH-
Jach MPOBEpKa TAHHOH MOJENH B YCIOBHSX PEAIbHOTO HArpy KeHUs. DKCIEepHMEH-
ThI OBUTH MOCTPOCHBI Ha aHAJIN3E TEOMETPUUECKOH (POPMBI U30THYTOM YIpyro Jiu-

HHUHM, KOTOPYIO IPHOOpeTaeT Bajl MOIIMITHUKOBOIO y3I1a 1moj| Harpy3koii. [Toryden-
HBIC PE3yJIbTaThl MOATBEPIMINA CIIPABETMBOCTE MOJICIH U MOKA3aJIM, YTO HCIOJb-
30BaBILIAsICS paHee OOIICPU3HAHHAS MOJIENb JIBYXOIOPHOM Oalku HE peann3yercsl.
IloaTBepxeH BBIBOA O TOM, YTO B OTBETCTBEHHBIX I'Dy30IOABEMHBIX MAaIMHAX,
a TaK)Ke B OTBETCTBEHHBIX U3/ICNUSIX CTPOUTENIHHOM, JOPOXKHOM, aBUAIIMOHHOH, KOC-
MMYECKOH M APYTUX OTpaciell TeXHUKH HEeLeaecoo0pa3HO PacCUMUTHIBATh MOINII-
HUKH T10 TPAJULHOHHOI METOJIMKE, IIOCKOIBKY MOKET OBITH MONYyYEeHO OMINO0YHOE
3HAYEHHE JIOJTOBEYHOCTH MOIIIUITHAKOB, 3aBbIIeHHOE OT 28,37 10 26663.9 pas.

Jnsi (UTHPOBaHMS

Kupunoecxuii B.B., benoycos FO.B. Jkcnie-
pHUMEHTalTbHAS TIPOBEPKA HOBBIX OCOOCHHO-
CTeli pabOTHI MOIIINITHAKOB B YCIOBHSIX KOM-
OGuHMpoBaHHOTO HarpyxeHus // Crpoutesns-
Hasl MEXaHUKa WH)XCHEPHBIX KOHCTPYKIHHA
u coopyxenuid. 2021. T. 17. Ne 3. C. 278-287.
http://dx.doi.org/10.22363/1815-5235-2021-
17-3-278-287 KuroueBble c10Ba: OMopsl BAJIOB, pacueTHas CXeMa, PeakuH B OIopax

Introduction

Increased requirements for long-term trouble-free operation are imposed on the bearing units of lifting
machines, as well as to the units of critical products in the construction, road, aviation, space and other branches
of technology, since they must operate in the widest range of external operating conditions — from normal to
critical and maximum permissible. In all cases, the calculation of the strength of the bearing units is reduced to
the calculation of the durability of the standard bearings used in this units. It is very important to have accurate
and reliable information about the forces acting on the bearings, because in any, even the most unfavorable
external conditions, it is these forces that cause the bearings to malfunction and, accordingly, they determine
their durability.

The forces acting on the bearings are the reactions in the supports of the beam, which is used as a design
model in relation to a given bearing unit. The traditional, generally accepted design model for calculating and
designing bearing units is a two-support beam, i.e. a smooth beam mounted on two hinged supports (Figure 1, a).
When this beam deflects under the action of an external radial force F, directed downward, its free ends rise
upward, and the cross-sections located on the supports make a hinge rotation at a certain angle a. In this case,
one radial reaction occurs at a time on each support Ra and Rp.

However, at the N.E. Bauman Moscow State Technical University developed a theoretical model of
the internal interaction under load of the parts of single-row radial ball bearings installed according to the spur
pattern [1]. The model covers the most general conditions of combined loading, including axial F, and continu-
ously increasing radial F, forces. In accordance with this model, the behavior of bearing units is most adequately
described by a sequence of five design models, expressed in the form of five statically indeterminate beams.
We call three of these five models the main ones — seal with an additional hinged support (Figure 1, b), double-
sided seal (Figure 1, c), two double hinged supports (Figure 1, d). And the other two we call intermediate or
transitional models — double hinged support on the left, simple hinged support on the right (Figure 1, €) and
double hinged support on the left, seal on the right (Figure 1, f). The specified theoretical model justifies the de-
velopment of several design models by the fact that, under conditions of combined load, the nature of the inter-
action of bearing parts does not remain constant and changes, therefore, the functions of the supports that
the bearings perform under load are also modified and converted from one type of support to another type. It was
found that the specific type of design model (type of beam) that can be applied to a given bearing unit depends
on the magnitude of the radial force F;. In turn, the composition, magnitude and direction of reactions in sup-
ports depend on the type of design model. And the nature of the reactions depends on the durability of the bear-
ings, therefore the type of the design model is a very important, if not the primary in importance, characteristic in
the calculation and design of bearing units.

Due to the fact that bearing units for general engineering applications operate under statically indeterminate
design models, the loads acting on the bearings (reactions in the bearings) will actually be greater than the tradi-
tional design model of a two-support beam suggests. Therefore, the traditional bearing design method based on
this two-support beam overestimates the durability values. The variance between the calculated and actual re-
source can reach 50 to 100 times [2]. This is a major disadvantage of the traditional bearing design method. Ear-
lier, to explain this discrepancy, a large number of assumptions were made, based on important, but not primary
factors. In accordance with one of them, the discrepancy is associated with the features of the condition of the oil
layer, its contamination and other parameters, therefore it was proposed to introduce additional coefficients into
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the calculation dependencies given in the international standard ISO 281: 2007 “Dynamic load ratings and rating
life” features. The necessity to take these parameters into account under constant and variable loading conditions
is reflected in GOST 18855-2013, as well as in the works of famous scientists [3—4]. Additionally, contact inter-
actions in bearings were studied [5-7] in order to increase their service life and carrying capacity [8-11].

Figure 1. Reactions in the supports and the shape of the elastic line of the beams before (a—f) and after deformation (g—m):
a — statically definable two-support beam; b—f — statically indeterminate beams

The regularities of the formation and accumulation of fatigue microdamages in the surface layer of
the raceways were investigated in the publications [12; 13]. In addition, publication [13] proposes an interesting
but very laborious method for repairing the properties of a layer with accumulated microdefects. This method
can be applied to machines of unique design with very expensive bearings. Its content lies in the fact that by re-
moving the defective layer, further unfavorable development of microdefects can be prevented. For this, it was
proposed to disassemble the bearing, additionally regrind the raceways to a depth that ensures the removal of
the defective layer, and then assemble it with new rolling elements, the diameter of which is increased in com-
parison with the original diameter by the thickness of the metal layer that removed by regrinding.

A wide range of studies are known based on the finite element method (FEM) [14-18]. The topics of these
publications are similar or close to publications [5-11]. Studies [14-18] allowed to summarize a large amount
of information about the operation of bearings in various operating conditions and confirmed the results ob-
tained earlier.
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A separate group of publications are studies devoted to monitoring the operation of bearings directly as
part of an operating unit [19-24]. Monitoring is carried out in the form of continuous or discrete (periodic) diag-
nostics of bearings, which makes it possible to monitor the development of microdamages in raceways, to pre-
dict in a timely manner the impending failure of the bearing and thereby prevent its possible adverse conse-
guences. There are many methods for bearing diagnostics. One of the most promising is the method based on
the analysis of acoustic emission signals arising from the movement of rolling elements along the raceways.

In [20], a method based on the analysis of the sparse decomposition of K-means is considered, which in-
cludes an algorithm for searching for a sparse adaptive correspondence and an iterative method based on
the minimum similarity of the atomic structure. This makes it possible to reliably extract and process the useful
signal from a flow of complex arbitrary vibration signals. The method is useful for detecting minor bearing da-
mage in the early stages of its occurrence.

In [21], it was proposed to register the early nucleation of microdefects by the method of pulsed amplifica-
tion of the characteristics of the sparse representation, which makes it possible to improve the signal-to-noise
ratio for a weak acoustic emission signal.

In [22], a method for extracting a useful signal using the structure of symbolic aggregate approximation
(SAX) is proposed for similar purposes. This method takes into account the bearing loading conditions based on
a two-support beam.

For effective recognition of acoustic emission signals indicating the development of microdefects, it is addi-
tionally proposed to use the Thomson multiparameter periodogram [23] or the empirical wavelet transform [24].

The studies listed above provide very important, useful and interesting material for the analysis of the opera-
tion of bearings. They point to a large number of different aspects that affect the design or actual life of the bea-
rings. However, most likely, the reason for the variance between the calculated and actual life lies precisely in
the more severe than previously assumed operating conditions of the bearings and the higher loads acting on them.

The aim of the experiments

Two aims were set during the experiments:

— to check, under real loading conditions, whether radial single-row ball bearings installed according to
the spur pattern fulfill the function of traditional pivot bearings or whether a model based on statically indeter-
minate design models is valid,;

— to decide the gquestion of whether the type of supports, the functions of which are performed by the bea-
rings during loading, is constant, or whether they are modified and converted from one type to another.

Method of experimental study

The method of experimental study was based on the analysis of the geometric shape of a curved elastic
line, which is acquired by the shaft of the bearing assembly under load (Figure 1, g-1). The idea behind the ex-
periments is based on a simple and very reliable fact. The type of support, the function of which the bearing per-
forms at the moment of loading, can be unambiguously established by the direction of movement in the space of
the free end of the shaft, near which this bearing is installed.

So, if, under the action of a radial force directed downward, the end of the shaft (beam) rises up, the bea-
ring closest to this end acts as a hinge support. In Figure 1, h or | is the right end, and in Figure 1, g — both ends
of the shaft. If the free end of the shaft (beam) is stationary in space, the bearing in the design diagram can be
represented by a seal (left end in Figure 1, h, right end in Figure 1, m, or both ends in Figure 1, i). If the end of
the shaft goes down, the nearest bearing can be represented by a double pivot bearing (Figure 1, k—m).

The study was carried out in the following order (Figure 2). Shaft (1) with two exit ends was mounted on
single-row deep groove ball bearings (2 and 3) according to the spur pattern. A continuously increasing radial
load F, was applied in the middle part of the shaft by moving the screw press rod, on which the pusher (4) was
installed. The axial load F, was applied using an adjustable threaded stoper (5), which, when unscrewed, acted
on the stationary press column (6) through the ball (7). The movements of the left and right ends of the shaft
were measured using the left (8) and right (9) indicators.

The object of study was a cylindrical single-stage gearbox (1) (Figure 3), in which its experimental models
with two exit ends were used as a drive shaft (Figure 4, b). Shaft samples were mounted on bearings 305 according
to the spur pattern. The gearbox was fixed on the Table 2 (Figure 3) of the screw press (3) and, with the help of
the threaded stoper (4), the central axial force F5 was applied to the left end of the investigated shaft. Then, by moving
the pusher (5), a radial load Fr was applied in the middle part of the shaft. The value of the radial force was determined
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by the readings of the indicator (6) of the dynamometer (7). The vertical displacements (bending) of the left and right
exit ends of the shaft were controlled by the left (8) and right (9) indicators. Samples of the drive shaft with four
different values of the bending stiffness in the middle part were used in the study (Figure 4, b). Studies using a simi-
lar method, but in a reduced volume, were carried out by us earlier with one fixed value of the shaft stiffness [25].

8

AN
s

S
N N

Figure 2. Model of experimental study

Figure 3. Experimental setup (photo by V.V. Kirillovskiy):
a —general view of the press; b — the gearbox under study
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Results and discussion

The graphs of Figure 4, a reflect the dependency of the bending A of the left and right ends of the experi-
mental shafts on the value of the radial force F.. The lines on the graph are numbered 1, 2, 3 and 4. Each line corre-
sponds to a certain stiffness of the shaft. The graph numbered 1 corresponds to a shaft whose diameter in the mid-
dle section is 15 mm (Figure 4, b). In the group of shafts under study, the stiffness of this shaft was minimal. Line 2
corresponds to a diameter of 20 mm, line 3 to a diameter of 25 mm, and line 4 to a diameter of 30 mm.

For a more visual perception of the shape of the graphs, we have drawn four abscissa axes with their up-
ward displacement relative to each other by one division of the A scale. Similarly, the graphs themselves were
shifted (i.e., they formed four origin of coordinates). Otherwise, all four graphs starting at one point would par-
tially merge and make it impossible to clearly perceive their shape.

We used the part of the field located to the left of the ordinate axis to represent the bending of the left ends of
the shafts, and the right part — for the right ones. The values of the radial force F; were plotted on the abscissa axis
to the left and to the right. These values on both branches of the axis are designated by points 1, 2, ..., 13.
The numbers correspond to the number of indicator divisions 6 (Figure 3). Thus, points with the same numbers on
the left and on the right correspond to the same values of the radial force Fr = Nk, where N is the point number,
k is the proportionality coefficient of the dynamometer 7 (k = 311 N in accordance with the manual of the press).

The bending values, directed upwards, were plotted on the positive branch of the ordinate axis, and those
directed downward, on the negative one. The division value of A scale is 0.02 mm (corresponds to the division
value of the indicator 6, Figure 3).

The experimental results fully confirmed the provisions of the theoretical model. The predicted statically
indeterminate design models were most pronounced at the minimum stiffness of the shaft (this is line number 1 —
the diameter of the shaft in the middle section is 15 mm). Using this graph as an example, we will consider its
features in more detail.
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Figure 4. The results of experimental studies:
a — the nature of the vertical movements of the shaft ends at different values of the radial force F;
b — sketches of the studied shafts of different stiffness

As the radial force F; increased from point 0 to point 4 (0 < Fr < 1244 N), the left end of the shaft remained
motionless. Therefore, this bearing in the specified range of values of the radial force performed the function of
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a seal. Fixation of the shaft end in space was ensured by reactions that occurred in the bearing. Further, starting
from point 4 and up to point 13 (1244 N < F, < 4043 N), the left end went down. l.e., in this range of F, the reac-
tions in the left bearing increased to such an extent that they overcame the resistance of the left end of the shaft
and elastically bent it down. This means that in the specified range 1244 N < F < 4043 N, the seal function, which
the left bearing previously performed, has been converted into the function of a double pivot bearing.

At the same time, the right end from point 0 to point 8 (0 < F, < 2488 N) went up (the right bearing served
as a pivot bearing), from point 8 to point 11 (2488 N < F, < 3421 N) remained practically motionless (the pivot
bearing was transformed into a seal), and from point 11 to point 13 (3421 N < F < 4043 N) went down (the seal
was transformed into a double hinge support). Thus, from point 1 to point 4, the original design model developed
“to the left of the seal, to the right of the hinge support”, from point 4 to point 8 — the intermediate transitional
model “on the left is a double hinge support, on the right is a conventional hinge support”, from point 8
to point 11 — another intermediate transitional model “left double pivotal support, on the right seal”,
from point 11 to point 13 — the final main model “two double pivotal support”. Consequently, the position of
the theoretical model on the possible implementation of intermediate transient design models was also con-
firmed. The formation of such intermediate calculation models is explained as follows. The transformation of
any current type of support into a subsequent one cannot occur instantly. This transformation requires a certain
finite period of time. In addition, transformations in the left and right supports cannot occur at the same time.
Therefore, it seems quite natural that such a transformation has already been completed in one bearing (for example,
in the left bearing), while in the other it has not yet begun (for example, in the right bearing).

It can be seen from the graphs that the stiffness of the shaft has a significant effect on the type of the de-
sigh model. With an increase in stiffness (lines 2, 3, 4), the transition from the original model (“seal with an ad-
ditional hinge support”) to the later current design models shifts to the area of increased values of the radial
force, i.e., the transition occurs with a delay in comparison with low stiffness. With a diameter in the middle sec-
tion of the shaft of 20 mm (line 2), the transition to the left of the seal to the double hinged support occurred ap-
proximately at point 5 (Fr = 1555 N), at & 25 mm (line 3) — at point 6 (Fr = 1866 N), for & 30 mm (line 4) —
at point 7 (Fr = 2177 N). And on the right, the transition from the hinged support to the seal occurred: at & 20 mm —
at point 9 (Fr = 2799 N); at & 25 mm — at point 10 (F, = 3110 N); at & 30 mm — at point 11 (Fr = 3421 N).

Discussion of the results

1. During the experiments, indicators 8 and 9 (Figure 2), installed at the ends of the shafts, measured
the total displacements As, which consisted of several elementary displacements: Az = A1 + A, + As, where A1 is
the elastic deflection of the shaft end under the action of an external load, the size and direction of A; depend
on the type of support, which at the moment of loading is performed by the bearing closest to this exit end of
the shaft, as well as on the bending stiffness of the shaft; A, is the subsidence of the shaft, as a rigid body,
as a result of contact deformation of bearing parts; Asz is the subsidence of the gearbox body as a result of elastic
deformation of the bearing seats (holes in the body) under load. It is of great interest what is the proportion
of A1, deflections of the shaft ends, in the obtained values of As.

2. The following can be said about A, and As. The value of A, cannot exceed the limits for the dimensions
of the raceways, as well as the limits for the shape and location of these surfaces. In turn, the value of Az cannot
exceed the values of limits for dimensions and values of limits for the shape and location of the surfaces of
the bearing seats in the body. The specified limits are established by GOST 520-2011 and GOST 3325-85.
If, as a result of contact deformation of the bearing seats or bearing rings, the parameters specified in GOST are
exceeded, the bearing assembly will be deemed unsuitable for operation. Standard limits of bearings 305 used
in the experiment, as well as limits of bearing seats, are in the range of 0.005 to 0.01 mm.

By installing additional indicators at various points of the gearbox body, and, first of all, in the area of
the lugs, we made sure that the value of Az did not exceed in the experiments the values of hundredths of a mm.

Further, if we estimate, for example, the values of Ax(8) for the right end of the shaft at point 8 (Figu-
re 4, a), in which Ax(8) = 0.14 mm, we can say that Ax(8) is 14 to 28 times more than possible values of A
and As. This shows that A; (bending) is the main contributor to the value of Ax(8).

In addition, when the shaft end bends, its position becomes inclined. We installed two indicators at the left
and right output ends — at the beginning and at the end of the corresponding exit section to check whether
the end of the shaft sags in parallel, like a rigid body, as a result of contact deformations, or if its position as
a result of bending becomes inclined and its angle of inclination increases with an increase in the external radial
force. The readings of the indicator at the end of the exit section always (except for the seal condition) were lar-
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ger and increased to a greater extent than at its beginning, which indicated precisely the angular displacements of
the ends. When the shaft subsided as a rigid body, the readings of the indicators at the beginning and at the end
of the sections would change identically.

Thus, it can be argued that the readings of the indicators presented in the graphs in Figure 4, a, contain
mainly the values of Ay, i.e., the values of the bending of the ends of the shafts.

Conclusion

The carried out experimental studies have confirmed the main provisions of the theoretical model, which
are as follows:

a) the traditional design model of a two-support beam is not implemented, when loaded with a combined
load of ball radial single-row bearings installed in a spindle;

b) under conditions of combined loading with a continuously increasing radial force Fy, a sequential trans-
formation of the three main statically indeterminate design models is realized, starting from the “seal with
an additional hinged support” model, through a possible “double-sided seal” model to the final model “two dou-
ble hinged supports”;

c) the functions of the supports, which the bearings perform during the loading process, are not constant
and can be modified. So, in the left bearing, the original seal is converted into a double pivot bearing,
and in the right bearing — the original pivot bearing is converted into a seal first, and only then into a double
pivot bearing;

d) the time intervals during which the transformation of the current types of supports into subsequent ones
occurs on the left and right, differ significantly from each other. Therefore, a situation is possible when,
for example, on the left, the transformation of the embedment into a double pivot bearing has already been com-
pleted, and on the right, the pivot bearing or the embedding still continues to exist. Then, as experiments have
confirmed, in addition to the main models, intermediate transitional design models can also develop — “double
hinged support on the left, hinged support on the right” and “double hinged support on the left, seal
on the right”. Thus, the behavior under load of the considered bearing units in the most general form can be de-
scribed by a model that includes five design models — three main and two intermediate transition models.

Seals are short-term forms of supports and, in the future, if the bending stiffness of the shaft permits,
they are converted into double hinged supports. This transformation takes place first at the left support. So,

End*

with the bending stiffness of the shaft in the middle section El = =521,9 MNxmm? u and stiffness of

end section El = 4026,7 MNxmm? transition of the seal from the left to the double hinged support occurred in
the experiments at the value of the radial force Fr = 1244 N, and on the right — at F, = 2488 N.

The most complete sequence of design models is realized with a low bending stiffness of the shaft. This is
the case for relatively thin and long shafts as well as thin-walled hollow shafts. With an increased stiffness of
the shaft, the transition from the current design model to the next one occurs with an increased external radial
load F.. In the case of high bending stiffness, a variant is possible when the initial design model will also be fi-
nal. Short shafts with relatively large cross-sectional diameters have high bending stiffness.

Tasks for further study

1. The traditional method of calculating bearings for durability is based on the use of a design model of
a two-support beam. This is expressed, first of all, in the fact that this method involves the action of one radial
reaction on each bearing. In reality, for example, in the seal and double pivot bearing, several forces act on
the bearing. In the future, it will be necessary either to develop a new method for calculating bearings, or to mo-
dify the existing one in order to adapt it to real statically indeterminate design models.

2. It is also likely that changes will be required in many of the traditionally established ideas about the ope-
ration, design, manufacture, testing and operation of bearing units, since these ideas are also based to one degree
or another on a two-support beam.

3. It may be necessary to clarify the currently accepted, including internationally, concepts of static and
dynamic radial load ratings of bearings, as well as change the values of these parameters given in the catalogs of
bearing manufacturers.

This is explained as follows. The definition of the concept of static radial load capacity is established by
the standards ISO 76:2006 and GOST 18854-2013, and the concept of dynamic radial load capacity is estab-
lished by 1SO 281:2007 and GOST 18855-2013. In accordance with these standards, the specified parameters
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mean one static or one dynamic radial force of the maximum value, which, when acting on a bearing under
standard loading conditions, can lead to the degree of damage specified by the standards.

Considering that not one, but several radial forces act on the bearing in the seal and the double pivot bea-
ring, it is impossible, based on the current standards, to determine what force or what combination of forces is
to be considered static or dynamic radial load capacity. In such a situation, the analytical expressions given in
the standards for determining the durability of bearings lose their relevance. And also the calculated values of
the static or dynamic radial load capacities, which are currently indicated by the bearing manufacturers in their
catalogs, become unacceptable. Accordingly, analytical expressions and catalogs need to be revised and refined.

To do this, it will be necessary to establish the patterns of damage accumulation and collapse of the sur-
face layer of the raceways and rolling elements as a result of their cyclic contact interaction in the process of mu-
tual rolling, moreover, it is in the conditions of statically indeterminate models.

4. The loads acting directly on the bearing (reactions in the bearings) significantly depend on the condi-
tions in which statically indeterminate design model the bearing operates, since the composition and values of
the reactions in each of the models differ significantly from each other. Apparently, it will be advisable to indi-
cate in the revised catalogs of bearings not one value of the static and one value of the dynamic radial load ca-
pacity, but five revised values — one for each specific design model.

5. It will be necessary to adjust the bearing test procedure in such a way as to carry out them separately for
each statically indeterminate model and so that during any tests the conditions of their carrying out are guaran-
teed not to go beyond the required model.
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an experimental and theoretical substantiation of technical solutions to strengthen
the reinforced concrete structures of hydraulic structures with prestressed basalt
composite reinforcement. The aim of the work was to carry out a set of experi-
mental and theoretical studies of the stress-strain state and internal forces in low-
reinforced concrete structures of hydraulic structures reinforced with prestressed
basalt composite rebar. Methods. Experimental studies of the stress-strain state and
internal forces were carried out on the basis of low-reinforced concrete beam-type
models with interblock construction joints, harden with prestressed basalt compo-
site reinforcement in the stretched (compressed) zones of the models. Theoretical
studies of the stress-strain state and internal forces were carried out on the basis of
the theory of reinforced concrete and structural mechanics. Results. As a result of
the research carried out on typical low-reinforced concrete structures of hydraulic
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BBenenne

Jnst pa3pabOTKN TEXHUYECKUX PEIIEHUH MO YCHJICHUIO AJHUTENbHO SKCIUTyaTUPYEMBIX JKeIe300€TOHHBIX
KOHCTPYKIMI ruaporexundeckux coopyxenuit (I'TC), takux xak OamoyHble KOHCTPYKIIMHM BOAONPHUEMHUKOB
u 3pannii 'OC (I'”ADC), moaropHbIe CTEHBI U CTEHBI KaMep IITI030B, (yHIaMEHTHBIE ITUTH BOAOIIPUEMHUKOB
u 3paanii 'DC (I'ADC), SBIUTOCH HEOOXOAMMBIM MTPOBEICHUE KOMIUICKCA SKCIEPHUMEHTATEHO-TEOPETHICCKIX
pabor mo oOOCHOBaHMIO NMpHMEHEeHHUs Oa3anmbToKoMIto3uTHOW apmaTtypel — ABK (cpaBHMMOH 1o cronmocTH
CO CTalbHOW apMaTypoH), YUWUTBIBAIOMIKX: OONBIIYI0 MPOYHOCTH (B 2,5-3 pa3a) ABK Ha pa3pbiB u MeHbIIHIA
Bec (B 44,5 paza), a cienoBaTelIbHO, YIPOLICHNUE TEXHOJIOTUU MPOU3BOJCTBA CTPOUTEIBHBIX U PEMOHTHBIX
paboT, B CpaBHEHHHU CO CTaJbHON apMaTypoil IpH paBHOM AHMAaMeETpe; YCTOWUYMBOCTH K IEJIOYHON cpene
OeroHa; a Takke BaXHBIH ¢akT, uro ABK He KoppoaupyeT B BOAHOMW, BIArOHACHIIEHHONW W JPYTHUX arpeccHB-
HBIX cpenax. Ilpu 3ToM clenoBano ydUTHIBaTH XapakTepHbIE OCOOCHHOCTH MAacCHUBHBIX MaloapMHPOBaHHBIX
xkene300eToHHBIX KOHCTpyKIuid ['TC (M3roTOBIIEHHBIX M3 O€TOHA W apMaTyphl HEBBICOKHX KJIACCOB), B TEp-
BYIO O4Yepeab HaJINYHWe MEXKOJIOUYHBIX CTPOUTEIHHBIX IIBOB, a TakKe OCOOCHHOCTH TPEHIMHOOOpa30BaHMS,
BKJII0Yasl HAKJIOHHBIE TPELIMHBI, BEIKINHUBAIOIINECSH U3 MEKOIOUHBIX CTPOUTEIBHBIX IIBOB. YUET B 3KCIIE-
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PUMEHTAJIBHBIX MOACIIAX U B TECOPETUUCCKUX HCCICAOBAHUAX IMEPECUUCIICHHBIX XapaKTCPHBIX ocoOeHHOCTEH
MAaCCHBHEIX JK€JI€300€TOHHBIX TUAPOTEXHUYCCKUX KOHCTp}/KHI/Iﬁ TMMO3BOJISICT PACTIPOCTPAHUTHL PE3YJIBTATBI OKC-
NEPUMCHTAJIBHBIX U TCOPCTUUCCKUX I/ICCJ'IG,Z[OBaHI/Iﬁ Ha IJ_II/IpOKI/Iﬁ KpYT THAPOTCXHUYICCKUX KOHCTPYKHHﬁ.

MeTtoabl

[IpoBenens! SKcIepUMEHTANIbHBIE HCCIEA0BAaHMUS, YUYUTHIBAIOIINE XapaKTepHble 0COOEHHOCTH XKene300e-
ToHHBIX KOHCTpYKImiA ['TC: HeBbIcokuil knacc OetoHa (o B35) u cranpHoii apmatypsl (1o A500); koadduuu-
eHT mpoJoNikHOTO padodero apmupoBanus U < 0,01; HanHuue MEKOIOYHBIX CTPOUTENBHBIX IIBOB; HAPYIICHUE
CIETUIEHUS] paboueil cTadbHON apMaTyphl ¢ OETOHOM B 30HE Pa3MEIIEHHsI CTPOUTENBHBIX MIBOB KaK Pe3yibTaT
NPOSIBIICHHUS YCalOYHbIX IeopManuii OeToHa IpU TBEPACHUU (B MEPUOJ] CTPOUTEILCTBA), a TAKKE AITUTEIBHOM
skcruryaranuu KoHCTpykuuid ['TC mpu TeMrepaTypHBIX M 3HaKOTIEPEMEHHBIX Harpy3kax; 0COOBIH XapakTep
TpemuHO00pa3oBanus MamoapMupoBaHHBIX KoHCTpykmmid ['TC [1-3]. Ilpu mpoBeneHUN SKCIIEPUMEHTATBHBIX
WCCIIEZIOBAaHMHN YUUTHIBAJICA OT€UECTBEHHBIN 1 3apyOeKHBIN ONbIT uccienoBanuii koHCTpykiuit ['TC [4-18].

XKenezobeTonnsie koHCTpYyKIMU Oanouynoro tumna b1, B2, B3, b4 u BS ¢ BepTukanbHBIMU MEXOJIOYHBIMU
CTPOUTEIHHBIMY IIBAMH UMEITH pa3mepsl: juymHa — 2000 MM, BeicoTa — 300 MM, mupuHaa — 150 MM; Ki1ace 6eToHa
B30-B35.

Bce ompiTHBIE OaNKK M3TOTABIMBAIKCEH CO CTaJIbHOM apMaTypol B ABa mpuema (0104HOe OETOHUPOBaHKE)
JUTSL yCTPOHCTBA MEXKOJIOYHBIX CTPOUTEIbHBIX IBOB. Monenu b2-b5 nzrorosnens ¢ kananom ABK ¢ nmocrienmy-
IOITIM TpeaBapuTeNbHbIM HanpshkeHrneM ABK Ha 6eToH, oMOHONMMYMBaHMEM KaHajla ¥ C TMOCIEAYIONINM OTITyC-
koM ABK Ha GeToH 0ajok mociie Habopa MpOoYHOCTH OETOHA KaHaja.

ABK B bankax b2-b5 noasepranacek npensaputensHOMY HanpsbkeHUIo Ha BennunHy 0,45 x 800 = 360 MIla
(mpunsTO: Kodddumment 0,45 — m. 1.4.2 CII 63.13330.2012' [19]; R;, = 800 MIla. Ilpenen mpounoctu ABK
npu pacTskeHnu — Ta6m. 1, m. 5.2.4 CIT 295.1325800.2017% [20]) ¢ mocieayomuM GeTOHHPOBAHHEM KaHAJIOB
B OaJkax.

[Tomepeunas mpenBapUTENbHO HampsbKeHHAs apMaTypa 12 ycraHasnuBanach B Oankax bl (sram 2),
b3 (aran 3), b4 (3tam 4) u bS5 (3Tan 2) mo AnuHEe HAKIIOHHBIX TPEUINH, 00Pa30BaBIINXCS U3 MEKOIOUYHBIX CTPOH-
TETHHBIX IITBOB TI0 HAIIPaBJICHUIO K cuie P/2.

KoncTpykius onsITHRIX Oaok MpuBeeHa Ha puc. 1.

Harpyska mpuknaneiBajgach BEPTUKAIBHO CTYNEHSIMH MOCPEICTBOM THAPABIMYECKOrO AOMKpara M Iie-
penaBanach 4epe3 TOPU3OHTAIBHYIO TpaBepCy B IBYX TOYKaxX Ha pacctosHuu 310-330 MM oT meHTpa Oanmkw,
MIPU 3TOM PACCTOSTHUE MEXIy CHIaMH (30Ha YUCTOTO m3rnba) cocraBmio 620—660 MM, a pacCTOsTHHE MEXIY CH-
JaMu 1 onopamu (mposiet cpesa) — 500-540 mm (puc. 1).

Pe3yabTaTthl 1 00cy:KkI1eHUe

B pesynbrare nmpoBeqeHHBIX 3KCIEPHMEHTOB TOJTydeHa CHiIa P, COOTBETCTBYIONIAs pa3pylIeHUIO OeToHa
(Tabm. 1).

AHanM3 pe3ysbTaTOB SKCIEPHUMEHTAIBHBIX HMCCICIOBAHUI IMMO3BOJISICT BBLACIUTH YETHIpE dTama paboThI
KOHCTPYKIIHH C MEKOJIOYHBIMH CTPOUTEIBHBIMY IIBAMH Ha BOCIIPUSATHE ITOTIEPEYHBIX CHII: TIEPBBIH — 10 00pa3o-
BaHUA TPCUIUH, BTOpOﬁ — O6pa3OBaHI/Ie TPEIIUH 10 Me)I(6J'IO‘-IHI)IM CTPOUTCIIbHBIM IIBaM W HOPMAJIbHBIX TPCIIUH,
TpeTuil — oOpa3oBaHue U Pa3BUTHE HAKIOHHBIX TPEUIMH M YETBEPTHIN — pa3pylIeHue. Y CUIeHHE jKene300eToH-
HBIX MaJloapMUpPOBaHHBIX 0anok (s = 0,0056) mpou3BOAMIOCE MOCTE X PaspyLIeHUs TOCPEICTBOM MpeaBapH-
TEJIEHO HANPsHKEHHON 0a3aIbTOKOMITO3UTHOU apMaTypbl (Gr = 360 MIla), pacrionaraemoii 1ubo B cxxaToi, 1100
B PaCTSIHYTOH 30HE KOHCTPYKIHH.

Kak1oit U3 nmepeurcleHHbIX CTauii paboThl COOTBETCTBYET OIPECICHHOE HaNpshHKeHHO-1e(pOPMUPOBAHHOE
COCTOSIHHE KOHCTPYKIIMH, KOTOPOE YUYUTHIBAET CIEIUPHUKY U OTpaxkaeT HampsKeHHO-I1e(OPMUPOBAHHOE COCTO-
sHUE OETOHA, MPOJOIBHON CTaIbHOM M 023aTbTOKOMIIO3UTHOH apMaTypBhI.

OcHoBHast HH(pOPMAIHS O HANPSHKEHHO-Ie()OPMUPOBAHHOM COCTOSIHUM KOHCTPYKIIMHU B IPOIIECCE HArpy-
’KEHHS — 3TO PE3YJIbTATHl HKCIIEPUMEHTOB B YCIOBHAX HHTEHCHBHOTO TPeIIMHOOOpa3oBaHus 1 nedopmartuii oe-
TOHA U apMaTyphl.

I CIT 63.13330.2012. BeToHHBIE U KENE300ETOHHBIE KOHCTPYKIMU. OCHOBHBIE MOJOXKEHMA. AKTYaIu3UPOBAHHAS PENAKIMS
CHulI 52-01-2003. M., 2012. 161 c.

2 CI1 295.1325800.2017. KoncTpyKiMu G6ETOHHBIE, apMUPOBAHHBIE IOJIUMEPHOM KOMIIO3UTHOM apMaTypoii. [TpaBuia IpoeKTupo-
BaHust. M.: Cranmaptuadopm, 2017. 55 c.
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C menp0 M3y4eHHUs HamnpsHKeHHO-Ie(hOpPMHUPOBAHHOTO COCTOSHHSI apMHPOBAHHBIX KOHCTPYKIIMH B 30HE
JEHCTBUS TIONIEPEYHBIX CHJI H3MEPSUTUCH JeopMalii OETOHA W apMaTyphl IOCPEICTBOM UCIIOJIL30BAHUS TCH30-

pe3ucTopoB ¢ 6azoit 10 + 50 mm.
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Puc. 1. KOHCTpYKINH OMBITHBIX MAIIOAPMHUPOBAHHBIX JKENIE300€TOHHBIX MOJIETIEH,
YCHIJICHHBIX IIPEIBAPUTEIHHO HANPSHKEHHON 0a3aIbTOKOMIIO3UTHOM apMaTypoi
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Figure 1. Structures of experimental low-reinforced concrete models reinforced with prestressed basalt composite reinforcement

AHanu3 pe3ysbTaToB MPOBEACHHBIX 3KCIIEPUMEHTANBHBIX HCCIESAOBAHUN M 00O0OIIECHNE WX C JaHHBIMH
Jpyrux 3KcmepuMeHToB [19-21] mo3BonseT cienyrouM o0pa3oM IMPeACTaBUTh YEThIpE 3Tarna HamnpshKeHHO-
Ie(OpPMUPOBAHHOT'O COCTOSIHUSI KOHCTPYKLIMH IIPH YBEIMYCHUH BHELIHEH HAarpy3KH (puc. 2).
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Tabauya 1
Pe3yabTaThl 3KCIIEPMMEHTAJIBHBIX MCCIe10BAHMI 0a10K
Cuna P, b1 b1 B2 B3 B3 B3 b4 b4 b4 b4 b5 B5
coorBercTBYIOIasi  (3tanm 1) (3tam 2) (ranl) (3ran2) (@ran3) (@ranl) (@ran2) (@ran3) (@ran4) (@ram1) (3Tam 3)
Pa3pylIeHHIO 0aJIKH,
xkH
OMLTHBIC SHACHHA 557 4 1040 520 676 728 416 468 5512 832 82 1040
cwiel P, kH
Table 1
The results of the experimental studies of beams
Force P, b1 b1 B2 B3 B3 B3 b4 b4 b4 b4 b5 b5
corresponding (stage 1) (stage2) (stage 1) (stage 2) (stage 3) (stage 1) (stage2) (stage 3) (stage4) (stage 1) (stage 3)
to the destruction

of the beam, KN

Experienced values
of force P, kN

52.7 62.4 104.0 52.0 67.6 72.8 41.6 46.8 55.12 83.2 83.2 104.0

Oman 1. B craguu paboTel 10 00pa3oBaHMs TPEIIMH KOHCTPYKIHS BeAET ceOs KakK CIUIONTHOE TeJIo W3
yrpyroro Matepuana (puc. 2, a). [Io HopMamTbsHBEIM CEUCHHSIM AePOpPMAITIN CKATUSA U PaCTHKCHHS OeTOHA H3Me-
HSIIOTCA 110 JJMHEHHOMY 3aKOHY B COOTBETCTBHH T'HITOTE30H IUIOCKHX CEUSHHI; eOpMaIiy CIBUTA TAKXKeE pac-
MIPEACISAIOTCS 1O BCEH BHICOTE HOPMAJIBHBIX CEUCHUI.

Hedopmanmy mpoaoipHON apMaTyphl IPOUCXOASIT COBMECTHO C OKPYKAIOUINX OETOHOM B COOTBETCTBUU
C U3MEHEHUSIMU U3rH0aIOIIero MOMEHTA.

[TepBbIe 3Tanbl HATPYKEHUST KOHCTPYKIMK XapaKTEPU3YIOTCS JTUHEHHOM 3aBUCUMOCTBIO «HAMPSDKCHUS —
nedopMmalim»y B OETOHE, SIIOPHI MPOIOIBHBIX CKUMAIOIINX U PACTATUBAIONIUX HANPSHKECHHA UMEIOT TPEYTOJib-
Hyto hopmy. [Ipn Bo3pacTanum Harpy3Kku B 30HE AEWCTBUS M3THOAIOMINX MOMEHTOB B PACTAHYTOM OETOHE pa3-
BUBAIOTCSA HEYNpyrue neopMaliiu, dI0pa pacTArUBaIOIIMX HaNpsDKeHHH TpUoOpeTaeT KpUBOIUHEHHYIO dop-
My, MaKCHUMaJbHbIE 3HAYCHHUS PACTATHBAIONINX HAMPSHKCHUN MPHUOIKAIOTCS K Mpelery IPOYHOCTH Ha pacTs-
KEHHE W TIPOUCXOIUT 00pa3oBaHNe HOPMATBHBIX TPEIIHHBI 0 MEKOIOYHBIM CTPOUTENFHBIM IITBAM W HECKOJIBKO
MO3KE — B 30HE JICHCTBUS MAKCUMAJILHBIX M3THOAIONIMX MOMEHTOB.

[Tocne 06pa3oBaHuss HOPMAIBHBIX TPEIIMH IPOUCXOAMT Mepexo K dtamy 1l HanpsbkeHHO-1epopMHUpOBaH-
HOTO cOCTOSTHUSA (pHC. 2, ).

Oman II. Obpa3zoBaHne HOPMAIBHBIX TPEIIMH BBI3BIBACT Pa3IMYHOE HANpPSKEHHO-/e(OPMUPOBAHHOE CO-
CTOSIHE OETOHA B CEUCHUAX C TPEIIMHON M MEX]Ty TPCIIUHAMU.

Hedopmanmu cxxaTust M pacTsHKeHHs O€TOHA B CEUEHUSIX MEKIY TPEIIMHAMU PACIPEIeNIOTCS 110 JIMHEH-
HOMY 3aKOHY C MaKCHMaJbHBIMH 3HAYEHUSMH y COKAaTOW W PAaCTAHYTOH TpaHeii; nedopMarii CaIBUTa TakkKe pac-
NpEAeTSIOTCs 1o Beell BhIcoTe ceyeHus (aHanornuHo stamy [). Jledopmanuu cxxatus U pacTsbKeHHsT OETOHA B
CEYEHUH C TPEIIMHON UMEIOT JIMHEWHBINH XapaKTep, OHAKO OHU PacIpPeNessIFOTCs B IUANa30He OT CIKATOW IpaHu
JI0 BEPIIMHBI TPEUIMHBI, 00pa30BaBIIelics B pacTIHYTOH 30He. [ledopmanmy caBura BOSHUKAIOT B HE TPECHYB-
el yacTu OeToHa ¢ MAaKCHMYMOM MPUMEPHO B CPEAHEH YaCTH 10 BBICOTE TOH 30HKI. [Ipubmmkascek K cxaTon
TPaHU U K BEPIIMHE HOPMAJIBHOW TPEUIWHBI, NeOpMAIUK CIIBUTA YMEHBIIAIOTCS. VICKIIFOUEHUS COCTaBJISIOT
TPEIIMHBI TT0 MEKOJIOUHBIM CTPOUTENEHBIM IIBaM, KOTOPHIE B AalbHEHIIIEM MEpeXOIsaT B HAKIOHHBIE. BOmM3n
TaKWX TPEIrH Ae(opMalliy cBUTa PE3KO BO3PACTATOT.

B 30He pacTsbkeHHs HaJ BEPUIMHOM HOPMAaJbHOM TPEIIMHEI, a TAKXKE B CEUCHUAX MEXKIY TPEIIMHAMHU 3a-
BHCHUMOCTH MEXy PACTATHBAOIINMHU HANPSHKECHUSIMH U JehopMarusMi B OETOHE C POCTOM HAarpy3Kd CTaHO-
BATCSl HEJIMHEHHBIMH M HAIIPSHKEHNST BO3PACTAIOT, MIPHONMKAACH K TIPEIETHPHOMY 3HAYEHHUIO. DTO BBI3BIBAET JIaib-
Helflee pasBUTHE CYIIECTBYIOIIUX TPELMH U 00pa30BaHNe HOBBIX HOPMAIbHBIX TPEIIHH.

B cuiny manoapMupoBaHHOCTH THAPOTEXHUYECKUX COOPYKEHHM M KOHCTPYKIIMHM SIIOPHI COKUMAIOIINX
HaIPsOKEHUH B CXKaTOW 30HE OETOHA MMEIOT TPEYTONBbHYIO (pOopMy, UTO OTpaXeHO B HOPMATHBHBIX JOKYMEHTaxX
CHull 52-01-2003°.

3 CHulI 52-01-2003. BeToHHbIE H AeNe306€TOHHbIE KOHCTPYKIUH. OCHOBHBIE NOJI0XKeHus. M., 2004. 29 c.
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Puc. 2. CxeMbI HaIIPSHKEHHOT'O COCTOSIHUSA Ha 3Tanax -1V
Figure 2. Diagrams of the stress state at stages [-IV

[IpomonbHas cTambHAsE apMaTypa HaYWHAET HHTEHCUBHO 1e(OPMHUPOBATHCS TIOCIIe 00pa3oBaHus U M0 Mepe
pa3BUTHS HOPMAJIBHBIX TPEIINH.

Oran Il HanpsHkeHHO-Ie(OPMUPOBAHHOTO COCTOSHUS KOHCTPYKIIMH 3aBepIIaeTcs 00pa3oBaHUEM HaKJIOH-
HBIX TPEIINH, BEIKIIMHUBAIOIINXCS U3 MEXKOJIIOUHBIX CTPOUTENBHBIX IBOB.

Oman Ill. TlosBneHne HAKJIOHHBIX (KPUTHYECKUX) TPEIIMH, BHIKIIMHUBAIOIINXCS M3 MEKOIIOUYHBIX CTPOH-
TEJbHBIX IIBOB, BHI3BIBAET 3HAUMTENbHBIE U3MEHEHUS XapaKTepa HamnpsKeHHO-Ie()OpMHUPOBAHHOTO COCTOSHHUS
KOHCTPYKIMH B IIEJIOM, B TOM 4HncJie OeTOHa U MPOJOIBHON apMaTypsl (puc. 2, 6).

[Ipoucxoaut mepepacnpenenaeHne aegopManuii OeToOHa 10 JJIMHE W MO BBICOTE KOHCTPYKIHMHU, Hanbolee
3HAYUTENHFHOE BOIHM3M KPUTUYECKOW TPEIIUHBI, KOTOPAas 1O BHICOTE HOPMAJBHBIX CEUSHHH pa3IessieT CKaTyro
30HYy Ha ABe yacTu. C pocToM Harpys3ku JAedopMaiuy cKaTusl HaJl BEPIIMHON KPUTHUECKONH HAKIOHHOM Tpelu-
HBI PacTyT 3HAYUTEIHLHOU OBICTpEe, YeM MOJ] Hel.
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Ilocne nosiBiIeHUST KPUTUYECKUX HAKJIOHHBIX TPEIUH Ae(opManuu cIBUra B HOPMAJIbHBIX CEUCHHSX IIe-
pepacnpenensiorcs, Mpu 3TOM MakCUMyM JAedopMaliuii cmemaercs K ux BepmuHam. Jlepopmanuu casura B ce-
YEHUSAX C HOPMAJbHBIMU TPELIMHAMHU KOHLEHTPUPYIOTCS B 30HE HE TPECHYBILIEH 4acTH OETOHA, C MAaKCHMyMOM
B BEPLIMHE HAKJIOHHOHN TPELIUHbI, YMEHbBIIA’Ch 10 HyJIA Ha C)KaTOU TPaHu.

JHedopmanmu caBura B CEUCHHSAX MEXKAYy HOPMAaIbHBIMU TPEIIMHAMH TaKXKe YMEHBLIAIOTCS OO0 HYJS Ha
ckaToll rpanu. OKOHYaHHE TPETHEro dTara HanpspKeHHO-IeOPMUPOBAHHOTO COCTOSIHUS U MEPEX0] K YeTBep-
ToMy 3Tany (puc. 2, 2) ompenensercs TeM, YTO KOHCTPYKLHS [EPECTaeT CONPOTUBIATHCS ACHCTBUIO BHEIIHEH
Harpy3ku. B 3T0T MOMEHT IpencTaBiseTcss HeOOXOAUMBIM IPOU3BECTH YCHICHHE KOHCTPYKINHU IIPEIBAPUTEIb-
HO HamnpspKEHHOH 0a3abTOKOMITO3UTHOM apMaTypO € pacloioKeHUEM B PacTAHYTOHU (CxKaToii) 30He.

Oman V. [lpumep: 6anka b3 (3tam 1) ycunena npenBaputenbHo HanpsbkeHHON BIIA, pacmonoxeHHO# B pac-
TSHYTOW 30HE, TIPH 3TOM (3a CUET YCHIICHHS) Harpy3Kka pa3pyrieHus 6anku b3 (atam 2) yBemmamnacs B 1,3 pasa, pas-
HO Kak W Harpyska paszpymienus 6anku b4 (stam 3) mo otnomenuto k b4 (3ran 1) ¢ pacnonoxenuem BIIA B cxxaroii
30He. Pazpyienue npon3omnio mo cxxaToi 30He OeToHa Hajl BEPIIMHON KPUTHYECKOH HAKIIOHHOM TPEIIUHBL

OmIopa CKUMAIOIUX HANPSDKCHUH B O€TOHE Hajl TPEIIMHOM NPH Pa3pyLICHUH UMEET TPEYrobHY0 (Gopmy
C MaKCUMAaJIbHBIMH 3HaYEHUSIMH Y C’)KATOW T'paHH (YTO MOATBEPKACHO SKCIIEPUMEHTAIBHBIMH JTaHHBIMH). DIIopa
KacaTeJIbHBIX HaNpsKECHUH B HOPMaJIbHOM CEUEHHUH, NMPOXOJIIEM Yepe3 BEpIINHY KpUTHYECKON HaKJIOHHON
TPEIIMHBI: MAaKCUMYM Tipu paspymiernd (1,5—1,85) Ry, MONTy4eHHBIH SKCIEpUMEHTAIFHBIM ITyTEM, JCHCTBYET B
BEpILMHE HAKJIOHHOM TPEIIUHbI, YMEHBINASCh B HAIIPABICHUH CKAaTOW U pacTSIHYTOW rpaHei.

P/2

YRR Ne(Wiw

Puc. 3. Bun ¢parmenra onsitHoi 6anku (3tamst [11 u IV)
Figure 3. View of a fragment of the experimental beam (stages I1I and IV)

OCHOBBIBasICh Ha BBIIIEU3TIOKEHHOM, MPENIAraeTcsl ONpeAesaTh IPOUYHOCTh THAPOTEXHUUYECKUX MaJloap-
MHUPOBAHHBIX KEJI€300€TOHHBIX KOHCTPYKLHUI ¢ MEXOJI0YHBIMU CTPOUTEIbHBIMU IIBAMH, B TOM YHCIIE YCHJICH-
HBIX TpeABapuTeNbHO HanpsbkeHHOU BIIA, cormacHo cremyromieil MeTouke.

[Tonepeunoe ycunue (p, BOCIpUHUMAaEMOe OETOHOM C)KaTOW 30HBI B HAKJIIOHHOM CEUEHHH, OTPENENISIeTCS
Ha ocHOBe (popmymsl (65) CIT 41.13330.2012* [25]:

0,8QwPsP3PnYjRpcbho
Qp=— T ) (1)

14—
Qho

rae ¢,, — Ko3pPUIUEeHT BIUSHUS MPEIBAPUTEIBHO HAIMPSDKEHHBIX XOMYTOB (CTanbHBIX Wik U3 BIIA) B 30He
cpes3a, IpUHUMAEeMBId paBHBIM 1,2 B clTydae WX JOIMOJHUTEIHLHOW YCTAaHOBKHU; ¢ — KO (PHUIMEHT, yIUTHIBAIO-
HIMH BIMSTHEE TPOJIOTIBHOM apMaTypBbl, ONpeiesisieMbli o Gopmyie

4 CIT 41.13330.2012. BeTOHHEIE U %eI€300€TOHHBIE KOHCTPYKIUU MHAPOTEXHUYECKHX COOPY/KEHH (aKTyalu3upOBaHHAs PeaaK-
st CHull 2.06.08-87). M.: Cranpaptundopm, 2019. 72 c.
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504
¢s =1+ 2)

u mpuHUMaeMblii He Oomee 2,0; @3 = 1,0 — mia 3meMeHTOB KOHCTPYKIUK C BbICOTOW cedeHus h < 0,6 M,
0,83 — st 3IEeMEHTOB KOHCTPYKIIU# ¢ BhIcOTOU ceuenust h = 0,6 M; @, — KO3QPHUIIUCHT, YIUTHIBAIOIIWHA BIHUSI-
HHE NPEABAPUTEIbHO HANPSHKEHHOH 0a3aIbTOKOMIIO3UTHOM apMaTyphbl,

N.
=P 3
(pn Rbt'b'xo’ ( )
rae Np — yCWJINC NPEABAPUTCIbHOTO HAIPSAXKCHUAA,
xo =K, x, 4)

B KOTOPOM X — BBICOTa CXXAaTOM 30HBI JIEMEHTa KOHCTPYKIUH, BRIYUCIIIEMAas TIPH TPEYTOJIbHOM dmope 1o (op-

’A E,
myse x = hgy/Ju-n = hy - ﬁE_z

Koaddumment K, onpenensieMplii Mo pe3ynbraTaM KOMILIEKCAa SKCIIEPUMEHTAIBHBIX MCCICOBaHHM, pa-
BeH 1,5 — mpu pacmoyioKeHnu MpeaBapuTeNIbHO HANPSKEHHOH 0a3albTOKOMIIO3UTHOM apMaTypbl B pacTSIHYTOH
30HE 3JIEMEHTa KOHCTPYKIMHU U 1,85 — pH pacmonoXeHUH MpeaBapUTEIbHO HANPsDKEHHON 0a3a1bTOKOMIIO3UT-
HOW apMaTyphl B C)KaTOW 30HE AJIEMEHTa KOHCTPYKIHH; ¢, = 1,0 — Ipu OTCYTCTBUU MpEeABAPUTENBHOTO HAMps-
JKEHUS; Y; — KOAQOUIHMEHT, YIUTHIBAIOIINHN BIUSIHUE MEKOJIOYHOTO CTPOUTEIBHOTO 1IBA B 30HE JEHCTBHUS IOTIe-
PEUHBIX CHJI, IPUHUMAEMBIN 110 TalJI. 2, TA€ /; — pacCTOSHUE MEXIy CEYCHUEM II0 LIBY U HOPMAaJIbHBIM CEUCHU-
€M, IPOXOAALINM Yepe3 KOHELl HAKJIOHHOTO CEYEHUsI B CHKAaTOM 30HE; /i — BbICOTA CeUeHMs 10 WBY; M u Q — u3-
rHOAOINI MOMEHT M TOIepeyHast CHja B HOPMaJIbHOM CEUCHHH, POXOIAIIEM Yepe3 KOHEl HAaKIIOHHOTO ceve-
HUS B CKATOH 30HE, COOTBETCTBEHHO.

Tabauya 2
3HavyeHns1 KOA((PUIHEHTA, YYUTHIBAIOLIET0 BIMSIHEE MeKOJI0YHOT0 CTPOUTEIHLHOIO IBA B 30He el CTBHUS NMONEPeYHbIX CHJI

li | hj 0,45 1 MeHbIIIE Ot 0,46 10 0,64 0,65 u BbIlIE
Yj 1,0 1-[(4 / k) —0,15] 0,80

Table 2

Values of the coefficient taking into account the influence of the interblock construction seam in the zone of transverse forces action

li | hj 0.45 and less From 0.46 to 0.64 0.65 and higher
Y; 1.0 1—[(i / hj) = 0.15] 0.80

CpaBHeHHE pe3ynbTaToOB pacdeToB mo Gopmyne (1) ¢ JaHHBIMU SKCTIEPUMEHTOB MOKa3bIBAET TOCTATOYHOE
coBmajZieHue ¢ oTKIoHeHueM 110 7 %.

3akaoueHnue

C ydeToM pe3yIpTaToB MPOBEICHHBIX HCCICIOBAHUNA XapaKTePHBIX KelIe300€TOHHBIX KoHCTpyKIuit ['TC
C MEKOJIOYHBIMH CTPOUTENBHBIMU IBaMU copmynuposansl dtansl (I, 11, 111, IV) nanpspkeHHO-nepopMUpoBaH-
HOTO COCTOSIHHSA kene300eToHHbIX KoHCTpyKiui ['TC, koTopoe xapakTrepu3yercsi 0COOCHHOCTSIME pacIipeiene-
HUSI HOPMAJIBHBIX U KacaTeJIbHbIX HANPSKEHUI B HOPMAJILHOM CEUYECHUH, TPOXOAALIEM YEPE3 BEPIINHY KPUTHYEC-
CKOW HAKJIOHHOW TPEIIHUHEI, BRIKIMHUBAIOIICHCS 13 MEKOIOUHOTO CTPOUTEIHHOTO IITBA.

Ha ocHoBe pe3yibTaToB MPOBEACHHBIX HCCIIEAOBaHNHN kele300eToHHBIX KoHcTpykimid ['TC, B ToM uncne
YCHIICHHBIX TPEABAPUTENLHO HAMPSDKEHHON 0a3aIbTOKOMITO3UTHON apMaTypoii (Kak B pacTSIHYTOH, TaK U B CxKa-
TOM 30HaX KOHCTPYKIIMH), a TAK)Ke MPeBapUTEIHHO HANPSHKEHHBIMA XOMYTaMH B 30HE cpesa, paspaboTaHa Me-
TOJUKA pacyeTa MPOYHOCTH MATOapMHUPOBAaHHBIX XKeJe300eTOHHBIX KOHCTpYKuui I TC, nmeromux Mexx0104HbIe
CTPOUTEIIBHBIC LIBHI.
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Abstract. In concrete mixing plan, we usually encounter a combination of aggregates
including sand, the amount of cement, which is actually the criterion of concrete grade,
and the volume of water consumed. Changes in the quality and quantity of these com-
ponents actually create the usual types of concrete. But the attitude that formed the basis
of this research is based on the change in the nature of the components of the concrete
mixing design. Removal of water and cement from the mixing plan and replacement of
polymeric materials as well as the use of mixed LECA aggregates instead of aggregates
is the basis of this research. In this paper, by examining and selecting LECA grain style
and pre-treatment (hydrophobicity and coupling), in a constant ratio of resin, concrete
samples were selected from three dimensional categories. After making the samples,
flexural strength test was performed on them and the results were analyzed. Various
compounds and processes have so far been proposed in the lightweight concrete mixing
scheme. The distinctive point of this study is the use of lightweight expanded clay con-
crete with heat-treated acrylic polymer (crosslinking constituents) and related coupling
agents. It is also important to select and apply the right amount of hydrophobic nanopar-
ticles for hydrophilic surface hydrophobicity. Hydrophobicity was possible due to
the non-polar nature of the acrylic polymer and the use of hydrophobic nanomaterials.

Keywords: flexural strength concrete, LECA polymer lightweight concrete, lightweight
concrete, nano-hydrophobic concrete, polymer concrete, Scoria polymer lightweight
concrete
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oHHble TUIBI OeToHa. Hacrosiee uccnenoBaHue OCHOBAHO HAa W3MEHEHUH Xa-
pakTepa KOMIIOHEHTOB KOHCTPYKIUH OeTOHOCMenIeHHs. B ero ocHOBe ynaneHue
BOJBI U IIEMEHTA W3 IUIaHA CMCIIMBAHUS ¥ 3aMEHA MX ITOJMMEPHBIMU MaTepHa-
JIaMU, a TaKkKe HMCIOoJb30BaHUe cMemanHbix 3anonuuteneit tuna LECA. [Tyrem
n3ydenus 1 BbiOopa tuna 3epHa LECA u npeasaputenbHoil 00paboTku (THapo-
(hOoGHOCTD ¥ CLICTUICHUE) B TIOCTOSSHHOM COOTHOIIEHHUHU MOJMMepa ObLIH 0TOOpa-
HBI 00pa3ubl 0eToHa U3 TPEXMEPHBIX KaTeropuii. [locie n3roroBiaeHust 06pa3noB
Ha HUX OPOBOJUIIUCH UCIIBITAHUSA Ha MPOYHOCTD IIPU I/I3FI/I6€ 1 aHAJIM3UPOBAJIUCH
IIOJTyYeHHBIE pe3ybTaThl. PaHee B cxeMe CMEINBAaHU JIETKMX O€TOHOB Mpeasa-
TaIUCh Pa3NYHbIe BapHAIMU COCAMHEHHS U IpoueccoB. OTIHYHTENEHAsS 0CO-
OEHHOCTh JTAaHHOM PabOTHI 3aKIIOYAETCS B MCIOIBb30BAHUH JIETKOTO KEPaM3HUTO-
0eToHa TepMOOOPaOOTaHHEIM AKPHIIOBBIM MOJIUMEPOM, CKPEIUIIOMINM KOMIIO-

JI;isi UMTHPOBAHHUS HEHTBHl, MU COIYTCTBYIOIIMMH CBSI3yHOIIUMH BemlecTBaMu. Ocoboe BHUMaHUE
. . €IICHO BBHIOOPY W HAHECEHHIO HYXXHOTO KOJHMYECTBa TUApOo(OOHBIX HaHOYA-
Kharun M., Ehsani A., Nasimi Sh., Gebre T.H. ya 4 Y Ap (1).,
CTUIL ISl JOCTHOKEHHSI THAPO(GOOHOCTH MPEexae THIpO(UIEHON MOBEPXHOCTH.
T'uapodoOHOCTE cTasia BO3MOXKHOM 01arofapsi HEMoJIIPHOM MPUPOJIE aKPUIIOBO-
r'0 MOJMMeEPa U HCIOIB30BaHHIO THAPOPOOHBIX HAHOMATEPHUAIIOB.

Properties and behavior of light hydro-
phobic concrete // CTpoutenbHas MeXaHuU-
Ka MH)XCHEPHBIX KOHCTPYKIHH U COOpYXe-

Huid. 2021, T. 17. Ne 3. C. 299-307. Ki1roueBbie ci10Ba: GETOH C IPOYHOCTBIO HA M3rHO, Jierkuii mosumepoeron LECA,
http://dx.doi.org/10.22363/1815-5235-2021- JIETKU GeTOH, HAaHOTUAPO(POOHBIA OETOH, IOIUMEPOETOH, IETKU IoauMepbe-
17-3-299-307 TOH Scoria

Introduction

In the concrete mixing plan, we are usually faced with a combination of aggregates, including sand,
the amount of cement, which is in fact the standard of concrete grade and the volume of water used. Changes
in the quality and quantity of these materials actually create the usual types of concrete.

But the attitude that formed the basis of this research is based on the change in the nature of the compo-
nents of the concrete mixing design. Removal of water and cement from the mixing plan and replacement of
polymeric materials as well as the use of mixed LECA aggregates instead of aggregates is the basis of this re-
search. In this paper, by examining and selecting the LECA grain style and pre-processing (hydrophobicity and
coupling), in a constant ratio of resin, concrete samples were selected from three dimensional categories. After
making the samples, flexural strength test on They were performed and the results were analyzed.

Polymer concrete is a composite material where the binder is a thermosetting polymer reinforced with ag-
gregates. It was developed in 1970 responding to the need of a lightweight material with high compressive
strength and good chemical resistance [1; 2]. Vibration damping is also another polymer concrete relevant pro-
perty [3]. There are several uses of precast polymer concrete such as drains, tanks, manholes [3], restoration
building [4; 5], pavements [6], and underground utility structures [1], among others. The final properties of po-
lymer concrete depend on its design and production conditions such as the type of binder, the mixing method,
and the type and size distribution of the aggregates. The binder of polymer concrete is usually a thermosetting
resin; hence, the viscosity and the gel time of the resin are also important preparation factors [7].

Materials and methods

Choose LECA seed style. The specifications of processed structural aggregates must comply with the cri-
teria (ASTM C330) [8]. The volumetric mass of structural aggregates is much less than conventional aggregates.
The bulk density of structural aggregates is between 560 and 1120 kg/m®. While the bulk density of ordinary
aggregates varies between 1200 to 1760 kg/m®. Water absorption of light grains is between 5 and 20%
by weight of dry materials [9].

The average specific gravity and water absorption of some types of light grains are given in Table 1.

Table 1
Characteristics of different grain styles

Type of materials Average bulk density, kg/m3 Water absorption, %
Beneh Kohol pumice 457 37
Eskandan pumice 730 20
Scoria 850 16
LECA (lightweight expanded clay aggregate) 367 15
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An experiment to determine the mass crushing properties of aggregates is called the crushing value test in
Part 3 of the Regulations (BS 812 1975) [10]. When considering aggregates with unknown performance (espe-
cially in cases where aggregates are suspected of having less power), for example in the case of limestone and
some granites and basalts, the value of crushing can be a useful guide. In this test, a force of 400 kN is applied to
the piston of the lightweight particles in 10 minutes. The disadvantage of this test is its inaccuracy for the smaller
aggregates, which after crushing the larger aggregates, get stuck among the larger aggregates, and this reduces
the quality of the test. In the third chapter of the standard, the 10% fine-grained test is presented, which is more
accurate. For weaker aggregates, the 10% fine-grained test is more sensitive and gives a more realistic picture of
the differences between more or less weak samples. Therefore, this test is valuable for evaluating lightweight
materials, but there is no simple relationship between the result of this test and the maximum strength of concrete
made with the aggregates tested [11]. The results of the 10% fine-grained test are shown in Table 2.

Table 2
Results of ten percent fine-grained test
Test results
Type of materials Name of materials Specific weight (aggregates Force
between 1/2 and 3/4 inch sleve) (to create 10% fine grain), kN
Beneh Kohol pumice 453 22
) Eskandan pumice 728 29
Light .
Qorveh Scoria 826 37
LECA 356 26
Normal Payam Marand Aggregate 1603 221

Two-component acrylic resins. Two-component hydroxyl acrylic resins hardened by isocyanates have
two main characteristics. The first characteristic is the formation of urethane bonds, which are formed by
the reaction between hydroxyl acrylics and basic isocyanate polymers. The second characteristic is the ability
to produce these resins with different percentages of hydroxyl groups [12].

Flexural strength test methods and equipment. In concrete flexural strength test, the tensile strength of con-
crete is indirectly evaluated. This test was performed according to the central point load standard [13], which is the same
as three-point load. The test diagram is shown in Figure 1. 2

Ezperimental sample sigze. The Indian stan%iard speci- Head of Testlng
fies a sample size of 150 mm in width, 150 mm in depth, Machine
and an aperture of 700 mm. The standard also states that Sl = i I d=L/3

b o e =

if the maximum aggregate size is not greater than 19 mm,
it may exceed 100 mm. Width, 100 mm depth and 500 mm [

aperture used. The British standard specifies a square cross- ]

. L/2

section of 100 mm or 150 mm and an aperture of four to € >

five times the depth of the specimen. However, this stan- Span Length =L

dard also prefers sizes of 150 mm by 150 mm and an aper-

ture of 750 mm. In this research, based on standard 17731, Figure 1. Flexural strength test

the method of making and processing concrete samples in of a central point or three-point concrete load

the laboratory for compressive and flexural tests has been performed by the Iranian Institute of Standards and
Industrial Research. In this standard, the dimensions of the sample for flexural strength test are defined as
LXLXLx3L+5 cm. In making the samples of this research, the width and height of 10 cm and therefore
the length of 35 cm have been selected for the test.

Concrete flexural testing equipment:

1) steel or iron molds or molds of any other non-absorbent material measuring 100 mm by 100 mm by 350 mm;

2) impact rods two large rods (16 mm in diameter and 600 mm long) and one small bar (10 mm and
300 mm long);

3) a test machine capable of applying loads evenly and without interruption;

4) small shovel;

5) trowel;

6) scales with an accuracy of 1 kg;

7) electric concrete mixer;

8) vibrating table.
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Research related standards. Various components are involved in the manufacture of lightweight polymer
concrete with hydrophobic properties. Each of these components is effective in determining the final concrete
properties: ASTM C1228. Standard practice for preparing coupons for flexural and washout tests on glass fiber
reinforced concrete [14]; ASTM C642. Standard test method for density, absorption, and voids in hardened con-
crete [15]; ASTM C78. Standard test method for flexural strength of concrete (using simple beam with third-
point loading) [16]; ASTM C293. Standard test method for flexural strength of concrete (using simple beam with
center-point loading [17] and central loading (three-point) [18].

Sample making steps:

1. Pre-treatment of lightweight aggregates with water repellent nanomaterials. One of the objectives of
this research is to achieve light polymer concrete with hydrophobic properties. To achieve this goal, two solu-
tions are considered. First, polymer concrete is made using the appropriate ratio of components and then superfi-
cially by one of a variety of methods of waterproofing and surface hydrophobicity, this feature should be provided.
It should be noted that the types of polymers used in the manufacture of polymer concretes such as polyester re-
sins, epoxy, acrylic, polyurethane, etc., are inherently waterproof, but what makes the nano-hydrophobic process
is the nature of waterproof resins have different levels depending on each other and the water resistance perfor-
mance of most resins changes over time and the desired performance decreases. On the other hand, mixing ag-
gregates with resin in such a way that all surfaces of aggregates are completely covered by resin will not happen
in practice and uncovered ducts will be the path of water penetration and in the manufacture of products that,
in addition to the surface, the depth of work is also in the water, such as blocks and porous floors with water per-
meability, cannot be completely waterproof and will not be responsible for durability. Because the relationships we
create between lightweight aggregates and polymer chains are predicted by temporary Van der Waals forces.
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Figure 2. Percentage of water absorption per minute:
yellow circles — 5 to 10 mm; blue circles — 10 to 20 mm

In the second case, using nano-hydrophobic concrete, first the lightweight aggregates are immersed in
the hydrophobic solution so that the entire surface of the aggregates is covered by hydrophobic materials. After
this work and drying of light grains, mixing with resin is done. In this method, all the aggregates are completely
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covered due to the dispersion and very high surface coverage of the nanomaterials, and due to the covalent
bonds between the hydrophobic nanoparticles and the aggregates, the hydrophobic action will be permanent.
On the other hand, nanomaterials due to their structure, which are polar on the one hand and non-polar molecules
on the other. They are connected from the polar side to the building materials, which here are the same as Leica
ores, and from the other side to the non-polar resin chains. In fact, the hydrophobic nanomaterials in Inch play
arole as binders (coupling agents).

We mixed light grains (LECA) with ratios of 1, 3 and 5 wt.% of nanomaterials (dissolved in a ratio of 1
to 15 in water). After 24 hours and completing the reaction of Ibn Nanomaterials and granules (LECA), 100 g
of lightweight aggregates (LECA) from all three samples containing 1, 3 and 5% of hydrophobic nanomaterials
were poured into the container separately. Plastic mesh was placed on the light grains so that they would not
float on the surface of the water. Then 500 ml of water was added to each container. After 72 hours, light grains
(LECA) were removed from the containers and weighed by a digital scale with an accuracy of 0.01 g. Figures 2,
3 & 4 shows the water absorption values by granules (LECA).
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Figure 3. Percentage of water absorption per hour:
yellow circles — 5 to 10 hours; blue circles — 10 to 20 hours
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Figure 4. Percentage of water absorption per day
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Refereeing Table 3, three groups of lightweight LECA with sizes of 0—4, 4-10, 10-25 mm were prepared.
After light grain processing (mixing process with hydrophobic nanomaterials) and after a certain time to com-
plete the surface reaction between LECA aggregates and nanomaterials, it is time to mix with resin.

The tested samples were from medium-sized LECA grains with a light grain size of 4 to 10 mm, which
in fact had the highest surface area compared to other grading sizes. First, 100 g of LECA light grain was placed
in the container as a control in the same way as the hydrophobic samples, and after placing a plastic net and ad-
ding 500 mg of water to the container and 72 hours passed, the LECA sample was weighed.

The water absorption rate of light grains was 18% based on the standard test ASTM-C 642 according to
the following formula

m-—-mg

Percentage of water absorbed = x 100,

mo

where M — wet sample weight; M, — dry sample weight.

2. Meshing and making samples of LECA and resin. The strength of polymer concrete is directly related to
the size of the aggregate and the optimal ratio of resin consumption. First, the optimal size of the aggregate has
been determined.

For this purpose, three groups of LECA light grains with sizes of 0—4, 4-10, 10-25 mm were prepared
from LECA company. Since the simultaneous supply of lightweight concrete and being in the range of light
to medium concrete is the desired structure, and according to information sources, it is predicted that LECA
granules with 0—4 mm granulation will have better results to ensure, 9 samples of the three granulation groups
were made and tested with a higher amount of resin. The test results proved the equality of the predictions and
the obtained results.

Table 3
Special weight of LECA grading

Grading Special weight (average) Special weight (max)
1 0-4 mm 510 kg/m? 560 kg/m?
2 4-10 mm 320 kg/m? 370 kg/m?
3 10-25 mm 250 kg/m? 300 kg/m?

Three groups of lightweight LECA with sizes of 0—4, 4-10, 10-25 mm were prepared. After light grain
processing (mixing process with hydrophobic nanomaterials) and after a certain time to complete the surface
reaction between LECA aggregates and nanomaterials, it is time to mix with resin. Since the maximum amount
of resin used against 50% aggregate can be and above this the nature of the material composed of composite ma-
terial and polymer will be more commonly known as polymer, therefore, the highest percentage of resin, which
is 50% by weight relative to lightweight, was selected. First, we weigh the grains that are completely dry and
dried in the oven. The mold was made of high-strength Hilux plates and smooth surfaces to prevent the resin
from adhering to the mold body, in dimensions of 35%x10x10. The mold was lubricated with paraffin oil before
loading. After weighing the lightweight aggregate and resin, mixing was performed. It should be noted that at
each stage of the work, after mixing the resin with the reactant in a ratio of 3 to 1, 1% of the saline coupling
agent was added to the resin. This allows the resin to bond better to the surface of the aggregates, in fact the cou-
pling agent prevents cracking of the polymer concrete, which includes mineral and organic components. When
the light mix of grain and resin is done, we mold the sample. After an hour, open the mold and put the sample in
the oven at 80 degrees for 6 hours for baking. After cooking the samples, we turn off the oven and let the sample
lose its temperature. Sudden exit of the sample from inside the oven to the outside space can cause small cracks
in the resin connecting the grains.

Probation. After making the samples, in order to perform flexural strength tests, precise loading devices
were used in the form of three-point loading or central loading. Samples with a length of 350 mm were made.
According to the standard 17731 flexural strength test, the distance between the two supports was 3 or 300 mm.
The loading speed of 200 kg/s was defined for the test device. The test method was the same for all samples in
different stages. Before flexural strength tests, the weight of the specimens was accurately measured. By calcu-
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lating the exact dimensions of the specimens, the volumetric weight of each specimen for placement in the for-
mula was obtained. The method of breaking the sample with Leica 10 to 24 mm grain style is shown in the Fi-
gures 5 and 6.

Figure 5. Examples of lightweight polymer concrete Figure 6. Sample failure method
with different grain styles with Leica 10-25 mm grain style

After fabrication of the specimens and fracture strength test, the flexural strength of each specimen has
been calculated. For each specimen fabricated, its dimensions in three directions were accurately measured with
a caliper. After that, the weight of each sample was determined accurately using a digital scale. Then, from these
two components, volumetric weight was obtained. Loading at a rate of 200 kg/s was performed by a device with
high accuracy of flexural and tensile strength in the laboratory. For flexural strength tests, the distance between
the two supports to the edge of the sample is 25 mm on each side according to the standard was calculated.
The calibration values of the device were calculated by the operator of the device. Then the values of flexural
strength were calculated based on the obtained information. The Standard of Flexural Strength Test Method
of Concrete Using a Simple Beam with Point Loading in the Center of the National Standard Organization
of Iran [14] has been used for the test method and calculation of rupture modulus:

3PL

R =—2=
2bd?’

where R — the modulus of rupture, in terms of 2; P — the maximum applied load, indicated by the test device,
in terms of 4; L — mouth length, in millimeters; » — average test width, in failure time in millimeters; d — average
test height, at the time of failure, in millimeters.

Results

Water absorption test results. By performing water absorption test, samples made of LECA polymer con-
crete with 0—4 mm granulation and weight ratio of 50% of resin, the results mentioned in the Table 4 were ob-
tained. In this test, two components of granulation and the ratio of resin to grain size are considered constant.
The difference between the amount of nanomaterials used in the hydrophobicity of grain style has been mea-
sured. With increasing the amount of hydrophobic nanomaterials from 1 to 3 and 3 to 5%, the amount of water
absorption of Leica light grains has decreased from 18 to 3%. The Table 4 shows the results of water absorption test.

Table 4
Results of flexural strength test of three types of lightweight granulation with 50% resin
Line Nano hydrophobic percentage The amount of light grain Percentage of sample water absorption
1 5 100 3
2 3 100 10
3 1 100 15
4 0 100 18
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The results obtained from flexural strength tests on specimens using the same volume of resin and differ-
rent grain sizes of LECA grain style indicate that the density due to the reduction of grain size grain size leads to
an increase in flexural strength in the same ratio of resin.

These results are shown in the Table 5.

Table 5
Flexural strength test of three types of lightweight granulation with 50% resin
. . o Average specific gravity Average failure force Average flexural strength
Line  Light grain size, nm of 3 samples, kg/m3 of 3 samples, kg-f of 3 samples, MPa
1 04 880 1205 3.76
2 4-10 550 674 2.1
3 10-25 475 481 1.5

By examining the results of flexural strength test for light grain samples of LECA and paying attention to
the pictures of the failure sections of the samples, it is revealed that by increasing the volume of light grain,
its mechanical strength decreases. Due to the effect of porosity in order to reduce the elastic modulus of con-
crete, it is predictable that larger grains of lightweight aggregate will reduce the bearing capacity of concrete and
flexural strength.

10-25>4-10 > 0-4.

Conclusion

Initially, 1, 3, and 5 percent by weight of LECA lightweights were diluted 15 times with water and nano-
materials. The obtained solution was used for sealing hydrophilic surfaces. Using 5% nanomaterials, the water
absorption rate of LECA lightweights decreased from 18 to 3%. Subsequently, a mixture of hydrophobic
LECA'’s was prepared in three groups of 0—4, 4-10 and 10-25 mm and 5% weight resin relative to the weight of
the lightweight aggregates. Flexural strength test was performed after molding and curing and passing of time
for 72 hours. The 0—4 mm LECA’s showed the best flexural strength. After designing and performing different
stages of this research, all predetermined goals were achieved. The purpose of this research was to reduce
the weight of concrete and at the same time maintain the mechanical strength of hydrophobic lightweight con-
crete, at least in the range of non-structural lightweight concrete Water absorption has been done. The average
results obtained for lightweight polymer concrete with a grain size of 0 to 4 mm are as follows.

Three samples of LECA polymer lightweight concrete blocks with a specific gravity of 880 Kg/m3 on
average were tested in the laboratory for flexural strength. The average breaking strength was 1205 kg-f. Then,
the flexural strength of each sample was obtained and the average flexural strength was calculated to be
3.76 MPa. Based on the classification of lightweight concrete into three categories of structural, medium and
non-structural with specific weights, respectively, the first group, lightweight concrete. Instruments with a spe-
cific weight of 1400 to 1900 Kg/m®, flexural strength is higher than 17 MPa and the second group of lightweight
concrete is classified as 800 to 1400 Kg/m® and the flexural strength range is 17 MPa and the third group of non-
structural lightweight concrete with a specific gravity of 800 to 1400 and flexural strength of 0.31 to 7 MPa are
classified. In this study, due to the use of 50% by weight ratio of resin per light weight of grain, the specific
gravity of the average lightweight concrete has increased to some extent for this purpose, in a parallel study of
this study, 30 to 40 % of the specific gravity of the resin was used. The results and flexural strength tests and
failure tests in the sample sections indicate that due to the low failure threshold of light LECA grains compared
to resin has little effect on reducing flexural strength.

Therefore, lightweight polymer concrete with a flexural strength of 3.76 MPa for non-structural light-
weight concrete and a specific gravity of 880 Kg/m® has been completely satisfied and has been in line with
the research objectives.
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Buxrop Angpeesnu baxenon (1941-2021)

Vien u3 )KU3HU WieH pelaKIIMOHHOM KOJUIETUH HaIllero *ypHalla, BbIAAIOIINNCS yUeHbIH-MeXaHuK Buk-
Top AHzpeeBnu baxeHOB.

B TedeHne MHOTHX JIET OH COAEICTBOBAN MOAAEPKAHHUIO BBICOKOTO HAYYHOI'O YPOBHSI JKypHaJIa.

Bukropa AHapeeBrua Bce 3HAJIM U JIOOMIIM KaK y4eHOTo M IeJarora, MHOTOJIETHETO 3aBEIYIOIIEro Ka-
dbenpoii CTpOUTENTFHON MEeXaHUKH, TUpeKTopa HaydHo-mccmenoBaTeIbcKoro HHCTUTYTa CTPOUTEIBHON MEXaH!-
ku KrneBcKoro HalmoHaIpHOTO YHHUBEpPCUTETA CTpouTenbeTBa U apxuTekTypel (KHYBA), mepBoro mpopekropa u
caMmoe IJIABHOE KaK CBETJIOTO U J0OPOro uesioBeka.

Buxrop AnnmpeeBnd baxxenoB pomwics 12 utons 1941 1. B ropone ['opomus YepHHUTOBCKOW 00macTH.
B 1963 1. okoHUYMI cTpOUTENbHBINH QakynbTeT KneBcKOoro HHXKEHEPHO-CTPOUTEIBHOTO HHCTHTYTa. PaboTan
CTapIiuM Hay4YHBIM COTPYIHHKOM KueBckoro momutexauyeckoro mHCTHTyTa (1963—-1975 rr.), HauanbHUKOM
ynpasnenuss MunuctepcTBa Boiciiero oopasoanus YCCP (1975-1986 rr.), B KueBckom HanmuoHalsHOM YHH-
BEPCHUTETE CTPOUTENHCTBA U apXUTEKTYpPhl — MPOPEKTOPOM o HayuyHoW padote (1986—1988 rT.), mepBbIM mpo-
pexropom (1988-2013 rr.), 3aBeayromum kadeapoi ctpoutensHoi MexaHuku (¢ 1989 r.) u aupexropom Hayu-
HO-HCCIIEOBATENbCKOI0 HHCTUTYTA CTPOUTENBHON MexaHuku ¢ 1992 r.

B 1969 r. 3amutun kaHauaaTckyo, a B 1984 r. noxkropckyto auccepranuu. B 1987 r. npucBoeHo yueHoe
3panue npogeccopa. B 1999 r. 6pi1 n30paH YICHOM-KOPPECHIOHACHTOM AKaJIeMHH MeIarornieckux HayK YKpa-
UHBI, akazeMuk HannoHanpHOW akafeMuu negarorndeckux Hayk YkpauHsl ¢ 2010 r. 3acmykeHHBIH aesTenb
HayK{ U TEXHUKU YKpauHsl (1992 1.), 1BaXKIbI Iaypeat rocyIapCTBEHHBIX IIPEMU YKpanHbI B 0071aCTH HAYKH U
texHuku (1991 u 2003 rr.), naypear ['ocynapcTBeHHO# npemun YKpauwHbl B o0nacti oOpasosanus (2013 r.).
Harpaxxnen opnenamu «3a 3aciayrm» I ct. (2000 1.), «3a 3acayrm» Il ct. (2006 r.), «3a 3acmyru» [ ct. (2011 r.),
MenansaMu «3a TpynoByro nobnectb» (1981 r.) u «B mamsats 1500-netus Kuesa» (1982 r.), [loderHoii rpamMoToit
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Kabunera muanuctpoB Yikpauns! (2001 r.), 3HaKOM MuHHCTEpCTBa 00pa30BaHMsI M HAYKH YKpPawHbBI «3a Hayd-
HbIe gocTmkeHus» (2006 r.), MegansaMu AkageMun rmeJarorndeckux Hayk Ykpaussl «Ymuackui K. J1.» (2006 1.),
«"puropuit Cxoopoga» (2011 r.), «Bragumup Moromax» (2016 r.). UneH psga oTpacieBbIX akajgemmuii: Aka-
JIEMHUH CTPOUTENbCTBA YKpawHbl, AKaleMUN HH)KEHEPHBIX HayK YKpauHbl, AKaJIeMUN TEXHOJOTHIECKUX HAaYK
YkpauHbl, MeKyHApOAHON aKaJleMUN HAayK BBICIIEH LIKOJIBI.

Coznan Hay4yHYIO IIKOJY 1O TEOPUU U METOJaM MaTEeMaTHYECKOTO MOJCIUPOBAHUS, COBPEMEHHBIM YHC-
JICHHBIM METOJ[aM PEIICHUs 3a/lad CTPOUTENhHON MeXaHUKd. ABTOp Ookojio 630 HaydHBIX pabOT, B TOM YHCIE
43 monorpadwmii, 31 yueOHuKa. [lox ero HaydYHBIM PYKOBOICTBOM 3alTUINCHO 13 MOKTOPCKUX M 27 KaHIHUIAT-
CKHX JUCCepTalui.

BuxTop AHapeeBrnd mMpoBoAMI OOIBIIYI0 HAYYHO-OPTaHU3AIMOHHYIO pa00Ty: MHOTO JIeT ObUT Mpejcena-
TeleM ODKCIIEPTHOTO COBETAa IO apXUTEKType, CTpOUTeNbeTBY U reomesnnn BAK Vikpawmast 1 MOH Ykpaunnsi,
BO3TJIABJUT CIICLIMATU3UPOBAHHBIN YUeHBIH coBeT mo 3ammuTe auccepramuii B KHYBA, Ov11 npencenarenem
cekiu «CTpOUTENHCTBO U CTPOUTENBHBIE MaTepuanby KoMmuTteTa mo rocyJapCTBEHHBIM IIPEMUSIM YKpauHbl B
o0yacTv HayKW W TEXHHKH, MPeIceNaTeIbCcTBOBaN B cekunn «Mexanmnkay Hayanoro coera MunucrtepcTBa 00-
pa3oBaHus YKpauHbl, ObLI TJIABHBIM PEIAKTOPOM HAyYHO-TEXHHUUECKOTo cOopHUKa «COMPOTHBIICHHE MaTepHa-
JIOB ¥l TEOPHS COOPYKEHUID.

Y4eHUKH U KOJUIerd Beeraa OyIyT MOMHUTh U YBakaTh Bukropa AHnpeeBuda. B Hameil maMsaTi oH HaBce-
T/1a OCTaHEeTCSI NICKPEHHUM HaJIe)KHBIM JIPYTOM, JOOpOKeTaTeIbHBIM COBETINKOM, TIPO(PECCHOHAIOM CBOETO JIENa.

Peokonneaus scypnana « CmpoumenvHas Mexanuka UHICEHEePHbIX KOHCMPYKYULL U COOPYIHCEHUTLY
npuHOCUmM coboae3H08aHUL POOHBIM U Oau3KuM Bukmopa Andpeesuua bascenosa.
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IaBen Muxaiinosuu Canamaxuun (1930-2021)

VYimen u3 )KU3HU TOKTOP TEXHUUYECKHX HayK, mpodeccop, akaaeMuk Poccuiickoil akageMuu TpaHCIOpTa,
By HAYYHBIH COTPYAHUK MOCKOBCKOTO aBTOMOOMIIBHO-IOPOKHOTO TOCYIAPCTBEHHOTO TEXHUYECKOTO YHU-
Bepcurera (MAJIN) [TaBen Muxaiinosuu CanamaxuH.

B 1956 . oH 3aKOHYMI CTpOUTENBHBIN (akynbTeT BoeHHO-WHXeHepHOH akanemuu nMmeHn B.B. KyiiObi-
1IeBa, Iociie 4ero npopadoran Ha CeMHUNanaTUHCKOM CIIELHAIbHOM IOJIUTOHE TPU I'0/1a HAa MHXCHEPHBIX J0JIK-
HocTsX. B 1959 r. ObIT BBEEH B COCTaB HAYYHO-HCCIIEAOBATEILCKOM JIaOOpaTOpUH MOCTOB W Tepenpas BUA
umenu B.B. KyiiOpiieBa, B koTopoii padotan g0 1972 r. Ha TOIHKHOCTH CTapIIero HaAyYHOrO COTPYAHHUKA, a 3a-
TeM HadajbHHUKaA jJabopatopuu. [lo pe3ympraraM CBOWX HAy4YHBIX padoT 3amuTiil B 1963 T. KaHAMAATCKYIO,
a B 1974 r. nokropckyto auccepraumu. Ero kanaunatckas quccepranus Obliia MOCBSIEHA UCCIET0BAHUIO 1IeNe-
c000pa3HOCTH MPUMEHEHHs CTEKIOIIACTUKOB B TIEPENPABOYHO-MOCTOBBIX KOHCTPYKIHAX, a JOKTOPCKAst — aB-
TOMAaTH3aLUN IPOEKTUPOBAHNSI BOEHHBIX MOCTOB.

C 1972 mo 1974 r. pabotan Ha Kybe criermmaincToM-KOHCYIFTaHTOM BOEHHO-TEXHUYIECKOTO MHCTUTYTa B
I'apane. C 1974 mo 1985 r. npenogaBan Ha Kadeape MOCTOB, a Mo3ke Ha Kadenpe koHCTpykiui BUA nMenu
B.B. Kyiiosnmesa. [lox ero pykoBoacTtBoM Ha kadenpe moctoB MA/JIW Benuck ucciaeqoBaHus B 00JIaCTH ONITHMH-
3aIlM{ U aBTOMAaTU3aLUK [IPOEKTUPOBAHNU MOCTOBBIX KOHCTPYKLMH, ONPEAEICHNS] BO3MOXKHOCTH O€30I1aCHOTO IpOo-
MyCKa TSKETOBECHBIX TPAHCTIOPTHBIX CPEZICTB 110 aBTOJOPOKHBIM MOCTaM C YYETOM HX (PaKTUIECKOTO COCTOSTHHSI.

Agrtop Oonee 200 omyOnMKOBaHHBIX HAYYHBIX padoT, cpely KOTOPHIX 6 MOHOTpaduii, 5 aBTOPCKHUX CBHACTEIb-
CTB ¥ 2 MaTeHTa Ha m300pereHus. 3a BpeMs cBoei Hay4qHoi paboTel B BUA nmvenn B.B. Kyiiobimesa 1 MAJIU BeicTy-
naja OUIMATBHBIM OMITIOHSHTOM 0 7 TOKTOPCKUM U Ooiiee 30 kaHauaaTckuM aucceptaimsy, B MAJIU um moaroTos-
neHo 24 xanauaaTa TexHuueckux Hayk. Harpaxnen snakamu «IlouetHsiit gopoxauk Poccuiickoit deneparmmy, «Ilo-
YeTHBIA TPaHCIIOPTHEINA cTpouTens Poccuiickoit @eneparmu u «[lodeTHbIil pabOTHHK BBICIIETO TPOPECCHOHATEHOTO
obpazoBanms». B 2004 1. n30paH AeHCTBUTEIRHBIM WIeHOM PoccHiicKol akageMuu TpaHcropTa. [IpekpatuB dreHume
JIEKLUH 110 COCTOSHHUIO 3/I0POBbS, HAXOICh B JOJDKHOCTH BEAYIIEro HaydyHoro corpyaanka MA/IM, HampaBuia cBOM
YCHIIMSL Ha KPUTHYECKYIO OLIEHKY CYLIECTBYIOLIMX OTE€UECTBEHHBIX M 3apyOeKHBIX HOPMATHBHBIX BPEMEHHBIX BEPTH-
KaJIbHBIX HAarpy30K Ha aBTOJOPOXKHBIE MOCTOBBIE COOPYKEHMs, 0O0CHOBaHHE (popMaTa HOBBIX (PU3MUECKU CYILECTBY-
FOIIMX, CTATUCTUYECKH OOOCHOBAHHBIX M 3KOHOMHYECKH IeJIeCO00Pa3HBIX HOPMATUBHBIX BPEMEHHBIX BEPTHUKAIBHBIX
Harpy3oK Ha aBTOJOPOXKHBIE MOCTOBBIE coopy:keHHs Poccuiickolt denepaluy 1 KOHLETIMH Pa3pabOTKU MPOrpamMm
ABTOMaTU3HPOBAHHOTO IPOEKTHPOBAHKSI MOCTOBBIX COOPYKEHHUM 110 33JaBAEMOMY KPUTEPHIO MX ONTUMAIBHOCTH.

Konnexmue oenapmamenma cmpoumenvcmea Hnsicerneproii axademuu Poccutickozo yrugepcumema opyrcovl Hapooos
u peokoanezus dcypHana « CmpoumenvbHas MexauuKa UHICEHEPHbIX KOHCMPYKYUL U COOPYHCEHU»
npuHocsam cobonesnogarus poousvim u oauzkum Ilasna Muxatinosuua Caramaxuua.
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