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O6ocHoBaHMe pa3padoTKHU U MPUMEHEHUSA
NMPOrpaMM 3KCNpPecc-OleHKH ABTOI0POKHBIX MOCTOB
MPHU NPOIYCKe M0 HUM THAKEJOBECHBIX TPAHCIOPTHBIX CPEICTB
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J1s1 {UTHPOBaHMS

Jlyeosyes E.A. ObocHOBaHWE pa3pabOTKH U
MPUMEHEHUS TIPOTPaMM IKCIIPECC-OLEHKH
ABTOIOPOYKHBIX MOCTOB TP IIPOITYCKE TT0 HUM
TSDKEJIOBECHBIX TPAHCIIOPTHBIX CPEACTB //
CrpourenbHas MeXaHUKA HUHKECHEPHBIX KOH-
CTpyKLMii u coopyxenuit. 2021. T. 17. Ne 4.
C. 315-323 http://dx.doi.org/10.22363/1815-
5235-2021-17-4-315-323

AHHoTanus. [IpuBoasTCS TeOpeTHUECKUE NPENIOCHUIKY A1 0O0CHOBAHHUS pa3-
PpaboTKH ABYX MPOrpaMM KCIPECC-OLEHKH aBTOJOPOKHBIX MOCTOB ISl OBICTPOTO
OIIpe/IeNIeHHs] BOZMOKHOCTH TIPOITYCKa TSDKEJIOBECHBIX TPAHCIIOPTHBIX CPEJICTB
10 aBTOJOPOKHBIM MOCTOBBIM COOPY)KEHHSIM Pa3pe3HON M Hepa3pe3HOH CHCTe-
MBI, U3 JIepeBa, MeTajlla, CTAJIeKeNIe300eTOHa, JKeJle300eTOHa ¢ HalpsraeMod u
HEHAIpsAraeMoil apMaTypoii, 10 H3MepsIeMOMY YTy HMOBOPOTa X OIOPHBIX Ce-
YeHHIl, C y4eTOM HMX (DAKTHYECKOTO 3KCILTYaTal[IOHHOTO COCTOSHUS. B mporpam-
Max peaM30BaH SKCIECPHMEHTAIBHO-aHATUTHYCCKHIT METOJ{ OLIEHKH TeXHHYECKOTO
COCTOSIHUSI aBTOJIOPOKHBIX MOCTOB 10 0€30TKa3HOCTH. PacKphIThl 0COOEHHOCTH,
yCJIO0BUA TIPUMEHCHUS, IMOJIOKUTCJIBHBIC W OTPHUUATCIIBHBIE CTOPOHBI KaXK10I'0
BapuaHTa nporpammsl. Co3iaHue AByX BapHaHTOB IIPOrpaMM 00YCIIOBIIEHO, C OTHON
CTOPOHBI, HEOOXOAUMOCTBIO OOecIieueH sI 0€30MaCHOCTH BOAMTEINS TPAHCIIOPT-
HOTO CPE/ICTBAa H MOCTOBOT'O COOPYKEHHS, a C IPYroil CTOPOHBI — HEOOXOJUMO-
CTBIO 00ECIeYeHHs TapaHTHH BO3MOXKHOCTH 0€3011aCHOT0 IPOIyCKa TSKEIOBeC-
HBIX TPAHCIIOPTHBIX CPEICTB, KaK MO YCIOBHUSM HECYIIEeH CIIOCOOHOCTH IPOJIET-
HBIX CTPOEHHWH, TaK M Hecyleld CIIOCOOHOCTH ONOp aBTOAOPOKHBIX MOCTOB C
y4eTOM UX (paKTHIECKOrO IKCILTyaTallnOHHOTo coctosiHus. Obe pazpaboTaHHbIE
IPOrpaMMEI pacyeTa PeaM30BaHbI C MCIOJIB30BAHHEM MIEPCOHAIBHOTO KOMIIBIO-
Tepa U IOJYYCHBI CBHAETENBCTBA O TOCYAAPCTBCHHOH PErHCTPAlUH MPOrpaMM
Ha OBM. Pa3paboTanHble IpOrpaMMBI OYAyT HCIOIB30BAHBI B COCTABE MOJEP-
HHU3UPOBAHHOTO U3MepHUTENbHOro kommiekca MK-AM.

KiioueBble ciioBa: MOCT, IIPOJIETHOEC CTPOCHUE, HpOI‘I/I6, TSKECJIOBECHOC TpaHC-
TIOPTHOE CPEACTBO, u3ruOHas KECTKOCTh, 4aCTOTa COOCTBEHHBIX KOHe6aHHﬁ,
IporpamMma pacydeTa, dKCIIpECC-OLCHKa

Jlyzoeyes Eezenuit Anamonveeuu, KanauaaT TEXHHIECKUX HAYK, JTOLEHT, JOKTOPAHT Kadeaphl 10por, MOCTOB U Iepernpas, BoeHHbIH yueOHO-HaYYHBII
nentp CyxomyTHbIX Boick «O0meBoiickoBas opaeHa XKykosa akagemust Boopysxkennsix Cun Poccuiickoit @enepannm», Poccuiickas enepanus, 119121,
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Justification of the development and application of express assessment programs
for road bridges when heavy vehicles pass through them

Evgeny A. Lugovtsev

Military Training and Research Center of Land Forces “Combined Arms Academy of the Armed Forces of the Russian Federation”,
Moscow, Russian Federation
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Article history Abstract. The theoretical prerequisites for justifying the development of two rapid
Received: February 17,2021 assessment programs for road bridges to quickly determine the possibility of passing
Revised: June 08, 2021 heavy vehicles on road bridge structures of a split and non-split system, made of wood,
Accepted: July 22,2021 metal, steel-reinforced concrete, reinforced concrete with stressed and non-stressed

reinforcement, according to the measured angle of rotation of their support sections,
taking into account their actual operational condition, are presented. The programs
implemented an experimental and analytical method for assessing the technical condi-
tion of road bridges for reliability. The features, conditions of application, positive and
negative aspects of each version of the program are revealed. The creation of two vari-
ants of programs is due to, on the one hand, the need to ensure the safety of the driver

of the vehicle and the bridge structure, and on the other hand, the need to guarantee
the possibility of safe passage of heavy vehicles, both under the conditions of the load-
bearing capacity of superstructures and the load-bearing capacity of road bridge sup-
ports, taking into account their actual operational condition. Both developed calcula-
tion programs were implemented by using a personal computer and certificates of state
registration of computer programs were obtained. The developed programs will be
used as part of the modernized IR-AM measuring complex.
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Beenenue

B pesynbrare npoBeieHHBIX UcClieoBaHul B [1; 2] mpeuioskeH u omyOauKoBaH criocod ObICTPOro ompe-
JISICHUs] BO3MOXHOCTH 0€3011acHOTO TPOMYCKa TsHKEJIOBECHBIX TPAHCIIOPTHBIX CPENICTB 10 aBTOJIOPOKHBIM MO-
CTOBBIM COOPYKCHHUAM C YUYETOM HUX (1)aKTI/I‘IeCKOI‘O OKCILTyaTallMOHHOT'O COCTOSAHHA IO U3MEPAEMOMY YTy IIO-
BOPOTa UX OMOPHBIX CEYCHUI.

Jis mpuMeHeHUs 3TOTo crocoda pa3paboTaHbI ABa BApHaHTA MPOTPAMM C UCIOIb30BAaHHEM:

1) MakeTa TSHKEIIOBECHOTO TPAHCIIOPTHOTO CPEICTBA C €r0 PEaTbHOM IMOTHONW MacCOM M pacipeaeiicHueM
€e 110 0CSM TOM )K€ KOJIECHOH (popMyIb;

2) 3TaNioHa TPAHCIIOPTHOTO CPEACTBA CYIIECTBEHHO MEHBIIICH MaCcChl U MHOM KoJieCHOU (hopMyIibl ¢ 0a30it
MeHee 6 M.

Coznmanue OBYyX BapHaHTOB MPOTPaMM OOYCIIOBICHO HEOOXOAWMOCTBIO OOECIIEUCHMS, C OJHOW CTOPOHBI,
0€30MacHOCTH BOJUTENS TPAHCIIOPTHOTO CPEJICTBA U MOCTOBOTO COOPYKEHHUSI;, C IPYroil CTOPOHBI — rapaHTUu 0e3-
OITacHOTO TPOITyCKa TSHKEITOBECHBIX TPAHCIIOPTHBIX CPENICTB, KaK IO YCIOBUSAM HECYIEeH CIOCOOHOCTH TPOJIETHBIX
CTPOEHUH, TaK M HECYIIEH CIOCOOHOCTH OTMOpP aBTOAOPOXKHBIX MOCTOB C YUETOM WX (haKTHUECKOTO SKCILTyaTallv-
OHHOTO COCTOSIHUSL.

TeopeTuyeckue NpeANOChbUIKM 1JI1 000CHOBAHMS Pa3padoTKu
ABYX NPOIPaAMM JKcIpecc-0leHKU ABTOJ0POKHbBIX MOCTOB

B [1] nonmy4ena cTporast 3aBUCHMOCTB TIPOTHOa f B cepeiMHe MPOJIETOB OT BEJIMYMHBI POJIETOB / M TaHTeHca
yIJla HAKJIOHA MX MCXOAHBIX OMOPHBIX CEYCHHUH OT BO3ACHCTBHS MPOIYCKAEMbIX HATPY30K JUIS CIIy4aeB 3arpy:KeHHUs
TF000# IPOU3BOJIEHON HATPY3KOH B CIIEIYOIIEM BH/IE:

Evgeny A. Lugovtsev, Ph.D., Associate Professor, doctoral student of the Department of Roads, Bridges and Crossings, Military Training and Research
Center of Land Forces “Combined Arms Academy of the Armed Forces of the Russian Federation”, 4 Devich'ego Polya Proezd, Moscow, 119121, Russian
Federation; eLibrary PIN: 8843-6213; Lugovea@mail.ru
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[
S Z;tge’ (1)

rae f— nporud MpoJIETHOTO CTPOCHHUS B CEPEIMHE MPOJIeTa, M; 6 — Yron HaKJIOHEHHUST OTTOPHOTO CEYCHHUS OT MPO-
MyCKaeMOT0 TPAHCIIOPTHOTO CPECTBA; [ — JUTMHA MPOJIETHOTO CTPOCHUSI MOCTA, M.

3aBUCHMOCTH HANPSKCHUS B CEPEIMHE MPoJieTa 0ATOYHOr0 MPOJICTHOTO CTPOCHUS OT JIFOO0H TOIBUKHOMN
HArpy3KH OT OTHOCHTEJBHOrO MPOruba, OTHOCHTENLHOW BBICOTHI MPOJIETHOTO CTPOCHHS M MOMAYIS yIPYTOCTH
MaTepuaia MmpoJjeTHOr0 CTPOCHUS MojyveHa 1o GyHIaMeHTanbHOl cBs3u npodeccopa [1.M. CanamaxuHa Mex-
Iy TpeMst 6e3pa3MepHbIMU TTapaMeTpamu B [1], a koaddunuenT o B [2]:

Oup = #PETT 2)

rae o — KO3 OUIUEHT, 3aBUCATITNI OT ()OPMBI ITONIEPETHOTO CEUCHUS MTPOJIETHOTO CTPOCHUS;, p — KOIPPHUITHUECHT,

3aBHUCAIINI OT CXEMBI €r0 3arpy>KeHus P = (%j =9,6; E — monynb ynpyrocti, MIla; 4 — BeicoTa 0anok mposer-

HOT'O CTPOEHUS MOCTa, M.

Koaddurmenr a, 3apucsmuii oT GopMbl B MaTepraja MOMePEeUHOr0 CeUCHMsI, TPEOYeT YTOUHEHHUS.

JUJIs CTaNmbHBIX U KJICCHBIX JIEPEBSIHHBIX MPOJICTHBIX CTPOCHHIN C yU4ETOM 0COOEeHHOCTEH UX (DOPMEI Tore-
PEYHBIX CEYeHUH U ydeTa paboThl BEpXHETO Tosca Ha 00Ilee U MECTHOE JIeiCTBHE BPEMEHHOW HAarpy3KH 3TH KO-
a¢¢urmentsl npuasTH 0,625 1 0,5 coorBercTBeHHO [3—5]. )i MPOJIETHBIX CTPOCHHUM M3 KOMOMHAIIUK OETOHA
C apMaTypoy WM CTAJIBIO OTpeieicHre KO3 PUIIMEHTOB TpeOyeT CISIHaTbHOTO PEIICHMYSL.

PaccmoTtpuMm perieHre qaHHOH 3a7ja9i TPUMEHHUTENEHO K Kelle300€TOHHBIM MPOJIETHHIM CTPOSHHSIM C He-
HaIpsATaeMOW M HaIpsATacMOW apMaTypod. DTH NIBE TPYNIBI IMPOJICTHBHIX CTPOCHUH MMEIOT OJIMHAKOBOE CBOW-
CTBO: M3TUOAIONINI MOMEHT B CEPEAMHE UX MPOJICTOB BOCIIPHHUMAETCS ITapoi CHUJI HAa HEKOTOPOM Iuieue Z MEX-
Iy PaBHOJEHCTBYIOIIMMH B METAIIJIE HJIM apMaType B HUKHEM I0sICE U PABHOACHCTBYIONIEH B OETOHE B BEpXHEM
MOSICE MOMEPEYHOIO CEYECHMUSI.

VYureM, uTo 10 (U3UYCCKONW CYITHOCTH CTATHUECKOTO MOMEHTA IUIOINAJCH, CKATOM W PACTIHYTOW 30H
paccMaTpUBAEMOTO MOMEPEYHOT0 CEUCHUSI OTHOCUTENBHO HEUTpanbHOU ocu [6] B paccMaTpuBaeMbIX CIydasx
JIOJIKHO BBITIOHSTBCS CIEAYIOIIEE YCIOBUE:

(1 - 0)2)F,,, = (a2)F,, ——, 3)

apM
oer

e Feer — IUIOIIA(b GETOHA, AKTMBHO BKJIFOYAIOIIASCS Ha CKATHE B CKATON 30HE C LEHTPOM TSIKECTH, yIaJleH-
HOM OT HeHTpanbHOl ocu Ha pacctosiue (1—0)z; Fypy — nomans apMaTyphl, aKTHBHO BKJIIOYAKOIIASCS Ha pac-
TSHKEHHE B PACTSHYTOM 30HE C LEHTPOM TSHKECTH, YAAJIEHHOM OT HEHTPAIbHON OCH Ha PACCTOSHHUE 0.2 .

VuTeM TaKkKe, UTO MO YCIOBHIO TIPOYHOCTH OETOHA TIPH 3TOM JIOJIKHO COOJIONATLCS YCIOBHE

F6eTR6eT = FapMRapM' 4)
U3 mero nojryyacm
R
Oer ”Oer
F;lpM = ° (5)
apM

[oncrasum (5) B (3) 1 momydnm

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLI 317



Lugovtsev E.A. Structural Mechanics of Engineering Constructions and Buildings. 2021;17(4):315-323

F.._ R
Ger ‘6 apm
(1= 0)2) Fiey = (o) == —=— (©)
apM E6eT
[Tocne cokpamienus Ha Feer U Z IOTydaeM
R apm
(1-a)=q—2r. 2% 7)
apM E6eT

Takum 0Opa3oM, JUIsi OTIpEeIeNICHUs] CTPOrOro 3HAYEHUS (L, TOJILKO MO (PU3NKO-MEXaHUYECKUM XapaKTepu-
CTHKaM MaTepHaloB MPOJETHOIO CTpOeHHs, Oe3 HaMuusl JaHHBIX 00 UX pa3Mepax, uMeeM

1
a = .
1y Boer Fapu ®)
RapM E oer

B [1] momydena dopmyna sl onpeaeicHus peaTbHOW M3THOHON JKeCTKOCTH EI TIPOJIETHOTO CTPOCHUS
B CCPEAMHEC IIPOJICTAa IO U3BCCTHBIM 3HAYCHUAM I/I3I‘I/I6aIOHleI'O MOMCECHTa OT BpeMeHHOﬁ Harpys3km B CCPEAUHC
MpoJieTa, BEIMYMHE NPOJICTa U MPOruly B CEPEeIUHE MPOJIeTa:

2
5 My,
= . )
48  f
BrruncnenHnas )keCTKOCTh MPECTaBIIsAeT CO00M XapaKTEPUCTHKY MONEPEYHOT0 CeUYeHHs TIPOIETHOTO CTPOSHHUS
C Y4€TOM €T0 (baKTI/I‘ICCKOFO SKCILTYyaTallUOHHOT'O COCTOSHUA.

I/ICHOJ'H:3yH JKCCTKOCTh MNPOJICTHOTO CTPOCHHUA C YUCTOM €TO (I)aKTI/ILIeCKOI‘O OKCILTYyaTalUOHHOT'O COCTOA-
HUA, IPEACTABIISACTCA BOSMOXKHOCTE OIIPEACTIUTE MOMCHT UHEPILIUU:

[nc:E_' (10)

nc

3Has MOMEHT MHEPLHMU U MCHOJIB3Ys KOAPPHUIUEHT o, BOZMOXKHO ONPENSIUTh MOMEHT CONPOTUBIICHUS
qutst HvokHe (11) n BepxHeit (12) KpOMOK MPOJIETHOTO CTPOSHHUS:

W= ()

1

Ic

XED w

WHC

BricTpoe onpeeneHue MOroHHON HArPY3KHU e OT COOCTBEHHOTO Beca MPOJIETHOTO CTPOSHHS MPEATIONKESHO
B [2] Ha ocHOBE (hOopMYJI JIUIS YACTOTHI COOCTBEHHBIX KOJIeOaHMM OaJIOUHBIX MPOJICTHBIX CTPOEHUI [7]:
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v EI

4%1.2n214

9oy = & (13)

rae A; — 4acToTa, COOTBETCTBYIOIas i-Toil (opme kxoneOanwmii, I'i; EJ — 3KECTKOCTH MPOJETHOTO CTPOCHHUS,
Yi — KOPHH XapaKTEPUCTHUECKOTO YPAaBHEHHUSI; g — YCKOPEHUE CBOOOIHOTO MaACHHUS.

IIpennosxeHHBIH c110COO SIBIIIETCS ONEPATHUBHBIM M MOXET JaBaTh IOrpeIIHOCTH. [IpakTka mokasbiBaeT,
YTO YaCTOTHl COOCTBEHHBIX KOJICOAHUI UMEIOT 3HAYMTENBHBIA pa3opoc Jaxe ISl JKelle300€TOHHBIX MPOJIETHBIX
CTPOECHMM, U3TOTOBJIEHHBIX 10 OJHOMY THIOBOMY IpoekTy [8]. Hampumep, B [9] mokazaHo HACKONBKO CHUIBHO
COOCTBEHHBIE YaCTOTHI KOJEOaHNUH 3aBUCAT OT TemnepaTypbl. OnHAKO BBHIY MPOCTOTH U JOCTYIIHOCTH METOAA
BUOPOANArHOCTUKY M0 HU3LIMM (opMaM KosieOaHWi HCCleIOBaHHUS B 3TOM HarmpasjieHuH npojoinkatores [10-12].
3a pybexoM MeToAbl BHOPOANATHOCTHKH TaKKe HaXoaT npuMeHenue [13—15].

Wzrubaromuii MOMEHT OT COOCTBEHHOI'O Beca W BPEMEHHOM HArpy3Kd ompeneinsercsa ¢ yuetoM Kodddu-
IICHTa HEPA3PE3HOCTH MPEAIOKESHHOTO B [2]:

Bacy!”
M ZT’ (14)
M 4 = BOMp> (15)

rae p — kodumueHT Hepa3pe3HOCTH; ¢c; — MOTOHHBIA BEC MPOJIETHOTO CTPOCHUS, KI/M; Qm — TUIOIAAb JTHHAH
BIMSHHS H3THOAOMEr0 MOMEHTA, M-,

Ero uncnenHoe 3HaueHUe MOTYyUYEHO MPU COTIOCTABICHUHN OPAVHAT JTUHUHA BIUSAHUS M3TUOAIOIINX MOMEH-
TOB B CEpEIHE Pa3pe3HbIX MPOJIETOB, B CPEIHUX MPOJIETaX HEpa3pe3HBIX MHOTOMPOJIETHBIX CTPOCHUAX MIPH UX
IIAPHUPHOM OMHPAHUHM Ha COOTBETCTBYIOIIME OMOPHI 0€3 3alleMIICHHUS Ha HUX.

ConocTaBuM JIMHUM BIIMSHUS U3rHOAIONIET0 MOMEHTA B CEPEUHE MPOJIETa IS Pa3pe3HOro MPOJIETHOTO
cTpoeHus ¢ mpojeToM 24, 33, 42 M 1 Hepa3pe3HOTOo I CEPEIUHBI TIepBOTO (KpaifHeTo) W BTOPOTO (CPEeIHETO)
MPOJIETa C COOTBETCTBYIOIIMMHE MPOoJieTaMu (PUCYHOK).

o : |

} L = 33.000 &

T
L =81.000 1

JInHuK BIMSAHUS U3THOAIOIEI0 MOMEHTA B PAa3PE3HBIX U HEPA3PE3HBIX IPOJIETHBIX CTPOCHHAX
Influence lines of bending moment in simple and continuous superstructures

Pe3ynbpTaThl CpaBHEHHS MAaKCUMAaJbHBIX OPJUHAT MO3BOJHIM TONXYYUTh KO3()UIMEHTH Hepa3pe3HOCTH
(Tabmuma).

Taxum o0pazom, 3HaueHHE K03 duirenTa Hepa3pe3HOCTH B ¢ MOrpeLIHOCThIO He Oonee 3 % mpuHUMaeM:

— 7151 pa3pe3HBIX MPOJIETHBIX CTPOSHHH — 1;

— Hepa3pe3HbIX Ha OIHOM omope (IepBbIi 1 nocneaHui npoiet) — 0,84;

— Hepa3pe3HbIX Ha ABYX omnopax (cpexanuit mpoiret) — 0,68.
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Tabnuya
3HayeHNs MAKCHMAJILHBIX OP/IMHAT H3rudarouero MoMeHTa U Ko3gQuiuueHTa Hepa3pe3HOCTH
3HauyeHne pacyeTHOro pakropa
Ne Hccnenyemblii paxTop N Hepa3zpesHbie npoJieTHBIE CTPOCHUS
0JIeT, M
n/n (cxema mocTa) P Paspesnoe IIC 3 mposiera 4 mpoJera 5 nposieToB
1-i 2-ii 1-i 2-it 1-i 2-it 3-it
MaxkcuManbHasi OpArHATa 24 6 5,05 5,06 5,06
1 U3rubaroIero MOMEHTa, M
(24+33 ... +24) 33 8,25 5,47 5,55 5,55 5,62
2 Koogputmen nepaspesocti 1 0.84 066 084 067 084 067 0,68
(24+33...+24) ’ ’ ’ ’ ’ ’ ’
MaxkcumManbHast OpArHATa 33 8,25 6,9 6,91 6,91
3 HM3rH0aroIIero MOMEHTa, M
(33+42 ... +33) 42 10,5 7,06 7,11 7,11 7,16
4 Kosguuuent nepaspesioctu 1 0,84 0,67 084 068 084 068 0,68
(33+42...+33) ’ ’ ’ ’ ’ ’ ’
Table
The values of the maximum bending moment ordinates and the continuity coefficient
The value of the calculation factor
The factor under study Continuous superstructures
No R . Span, m Split
(bridge diagram) 3 spans 4 spans 5 spans
superstructure
Ist 2nd Ist 2nd 1st 2nd  3rd
| Maximum bending moment ordinate, m 24 6 5.05 5.06 5.06
(24+33...+24) 33 8.25 5.47 5.55 555  5.62
The coefficient of continuity f3
2 (24433 ... +24) 1 0.84 066 084 067 084 0.67 0.68
5 Maximum bending moment ordinate, m 33 8.25 6.9 6.91 6.91
(33+42...+33) 42 10.5 7.06 7.11 7.11  7.16
4 The coefficient of continuity 1 0.84 067 0.84 068 084 068 0.68

(33+42 ... +33)

Jiis ympomieHusl pacdera Harpy3ka OT MakeTa TSKEIOBECHOTO TPaHCIOPTHOTO CPEJCTBA WM 3TajoHa
MIPUBOUTCS K PAaBHOMEPHOHN SKBHBAJICHTHON MOTOHHOW HArpy3Ke ¢, C JUIMHOHN 0a3bl s W YAAIICHUN PaBHOMICH-
CTBYIOILEH Harpy3KH OT IEPBOM €ro OCH Co.

1
2.5 6

_n .
qu - ’
S

1
s=) DP,_,; (17)
n

1
P,DR, + P,(DR, + DP,y) + P, | > DP,
n

¢ = , (18)
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rae P; — Harpy3Ka Ha [-TYIO 0Cb, KI'C; § — PACCTOSIHUE OT IIEPBOH 0 MOCIEIHEH OCH TPAaHCIIOPTHOI'O CPEACTBA, M;
DP,,, — pacCTOSTHIE MEXIYy CMEXKHBIMH OCSIMH TPAHCIIOPTHOTO CPEJICTBA, M; /1 — KOJIMYECTBO OCEH TPaHCIOPTHO-
rO CPEeNCTBA, IIT.

[IpuBeneHHbBIE TEOPETUUECCKHUE MTPEANOCHUIKH UCIIOIb30BAHbI IS Pa3pabOTKK SKCIEPUMEHTAIbHO-aHAIH-
THYECKOTO METOJIa OLEHKH TEXHHUYECKOTO0 COCTOSHHS aBTOJOPOKHBIX MOCTOB T0 Oe30TkazHocTu [16]. Mertox
pealin30BaH B ABYX MPOTrpaMMax 3KCIPECC-OICHKH TEXHUYSCKOTO COCTOSIHUS aBTOIOPOXKHBIX MOCTOB pa3pe3HOi
W Hepa3pe3HOW CHUCTEeMBI, U3 JepeBa, MeTaa, CTajlekelne300eToHa, JKeNe300eTOHa ¢ HAMPAraeMOW U HeHAIpsi-
raeMoi apMaTypoOi [0 H3MEPSAEMOMY YTy MIOBOPOTA UX OMOPHBIX CEUCHUH, C YIETOM HX (PaKTHUECKOTO IKCILIY-
aTallMOHHOT'O COCTOSIHHS.

Oco0eHHOCTH M YCJIOBHSI IPUMEHeHHs1 Pa3padoTaHHbIX IPOrPpaMM

PaccmoTpuM 0coOEHHOCTH U yCIIOBHS IPUMEHEHHS BAPHAHTOB pa3pabOTaHHBIX MPOTPaMM SKCIIPECC-OLIEHKH
aBTOJIOPOKHBIX MOCTOB.

[pencraBneHHbIe TEOpETHUECKUE TIPEANOCHUIKY MO3BOJIMIN Pa3paboTaTh ABa BapHaHTa IPOrpaMMBI OBICTPOTO
SKCIEPIMEHTAITFHOTO OMpPEAEIIeHNsT BO3MOXKHOCTH 0€3011acHOT0 MPOITyCKa TSHKEJIOBECHBIX TPAHCIIOPTHBIX CPEICTB
M0 aBTOAOPOKHBIM MOCTOBBIM COOPYKEHHUSIM € YIETOM UX (PaKTHUECKOTO IKCIUTYaTAIIIOHHOTO COCTOSIHUSI.

Ilepsviti 6apuanm npozpammusl — C UCTIOIB30BAHUEM MAaKeTa TAKEJIOBECHOTO TPAHCIOPTHOTO CPEACTBa
C €ro peaTbHBIMHU TIONHOH Maccoil M pacrpeielieHHeM ee Mo OCSIM, TOi ke KOIecHOH GopMyIIb.

Ha xaxmom miare nBmKeHHS MakeTa peajbHON Harpy3KH OMpPENeNseTcsl yroil OBOpOTa OMOPHOTO cede-
HUS OT €ro BO3AEWUCTBUSA, 10 KOTOPOMY BBIYHCISETCS MPOTHO B cepelnHe MpojieTa U CPAaBHUBACTCS C JOMYCTH-
MbIM 1o CI135.13330.2011.

B 3aBucHMOCTH OT pacrmonioyKeHnsT Harpy3KH Ha TPOJIETHOM CTPOSHUH OIPENeNTIOTCS IUI0MIab JTHHAN BIIH-
SIHASL M3THOAIOIIeT0 MOMEHTA B CEPEIUHE MPOJIeTa MO MOTOHHON PaBHOMEPHO paclpeiesicHHONW Harpy3Koi OT
MaKeTa U BBIYUCIISIFOTCS OT HEro M3rnOaloii MOMEHT M TIONIEpeYHasl CUJla Ha KaKJIOM Iare ABM)KEHHS MaKeTa.

Takxke BBIUMCIAIOTCS MaKCHMaJbHBIE 3HAYCHUS W3TUOAIONIET0 MOMEHTa M TOMEPEeYHOW CHIIBI OT c00-
CTBEHHOT'O Beca MPOJIETHOTO CTPOCHUSI.

3aTeM OT COBMECTHOT'O ICHCTBHS MaKkeTa U COOCTBEHHOTO Beca MPOJIETHOTO CTPOCHHS BBIYHCIIAIOTCS HAIIPs-
JKEHHS B KPOMKax OaJIOK MPOJIETHOTO CTPOSHHS U MTPOU3BOUTCS MX CPABHEHUE C BOBMOXKHBIMHU MX 3HAYCHUSMH.

PacueTHbie cOMPOTHBIIEHUS MaTepHalia MPOJICTHOTO cTpoeHus omnpenenstorcs mo O/IM 218.4.025-2016.
JomycTumble 3HaY€HUs TOMEPEYHON CUIIBI AJIs JKeNe300€TOHHBIX MPOJIETHBIX CTPOCHUHN OMpPEAeNIIoTCs 10
OJIM 218.4.026-2016.

Ecnu ycrmoBust mpodHOCTH 110 TIEPBOMY U BTOPOMY TPEIEIBHOMY COCTOSHHIO HE BBIMTOJHSAIOTCS Ha JTFOO0M
Iare JIBWXEHHS MaKeTa, TO MOAaeTCsl KOMaH/1a Ha OCTaHOBKY MaKeTa TPAHCIIOPTHOTO CPECTBA.

Bmopou eapuanm npocpammsi — ¢ HCIOIB30BAaHHUEM 3TajOHA TPAHCHOPTHOTO CPENCTBA CYIIECTBEHHO
MeHBIITel Macchl M MHOM KoJecHo# GopMyk! ¢ 6a3oii menee 6 M*,

OTtnmume B pacdyere B 5TOM BapHaHTE MPOTPaMMBI OT TIEPBOTO BapHaHTa 3aKIF0YaeTCs B TOM, YTO H3Mepe-
HHUE YIJIOB NTOBOPOTA OMOPHOTO CEYEHMS U MOCIEAYIOIUN pacdeT >KECTKOCTH MPOJIETHOTO CTPOEHUS, C YUETOM
ero (hakTU9IEeCKOro AKCIUTYaTallHOHHOTO COCTOSIHWS, BBHIMOJNHAETCS TOJBKO OAWH pa3 MpU yCTaHOBKE 3TaJOHA
TPAHCIIOPTHOTO CPEACTBA B CAMOE HEBBITOJHOE TIOJIOKEHHE. A MIPOBEPKA YCIOBHI MPOYHOCTH BBHITIONHSAETCS aHAIH-
THUYECKH TOJIBKO OT BO3JIEMCTBUS PEAIHbHOIO TSHKETIOBECHOTO TPAHCIIOPTHOTO CPEICTRA.

3akaoueHnue

Pa3paboTanHbIe MporpaMMbl pacuera pean30BaHbl aBTOPOM C HCIOJIL30BAHUEM MIEPCOHATLHOTO KOMITBIOTEPA.
Hcnonp3oBanne MepBOro BapuWaHTa MPOTPaMMBbl MMO3BOJSET TapaHTUPOBATH BO3MOXKHOCTH Oe3omac-
HOTO MPOIYCKa TSHKEJIOBECHBIX TPAHCIIOPTHBIX CPEICTB, KaK MO YCIOBHUAM MPOYHOCTH MPOJICTHBIX CTPOCHHIA,

3 CBHETENBCTBO O TOCYIAPCTBEHHOM perucTpamu nporpammsl s DBM Ne 2021619487 Poccuiickas denepanus.
VmuTanmoHHas MOJENb ONpeNeIeHNsT BO3MOXHOCTH O€30TKAa3HOTO IPOIyCKa CBEPXTSIKEIIOr0 TPAHCIOPTHOTO CPelCTBa
MO aBTOJIOPO’KHBIM MOCTOBBIM COOPYXEHHSIM C HCIOJb30BaHueM ero rpy3omakera / E.A. Jlyrosues, B.I1. 'epacumens,
[1.M. Canamaxun; 3asButesnis BYHI[ CB «OBA BC P®». Ne 2021618684; 3assn. 04.06.2021; omy6s1. 10.06.2021.

4 CBUIETENECTBO O TOCYIAPCTBEHHOM perucTpanuu nporpamMmel 1y OBM Ne 2021619488 Poccuiickas ®eneparus.
AHaniTudeckasi MOJIeNIb ONpeieNIeHHs BO3MOXKHOCTH O€30TKa3HOTO MPOITyCKa CBEPXTSHKENIOr0 TPAHCIIOPTHOTO CPEJICTBA 110
ABTO/IOPOXKHBIM MOCTOBBIM COOPY>KEHHSIM C HCIIOJIb30BaHHEM dTajoHa ¢ 6a3zoil meHee 6 M / E.A. Jlyrosues, B.II. I'epacu-
mens, [1.M. Canamaxun; 3assurens BYHI] CB «OBA BC P®y. No 2021618714; 3assn. 04.06.2021; omy6ur. 10.06.2021.
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TaK ¥ 10 Hecylei crmocoOHOCTH OMOpP aBTOJJOPOKHBIX MOCTOB, C YUETOM HX (PAKTUYECKOTO IKCILTYaTAI[HOHHOTO
COCTOSIHUSL.

B kadecTBe HEMOCTATKOB CIEIyeT OTMETHTh HEOOXOJAMMOCTh HCIONB30BaHHS MAaKeTa TSHKEIOBECHOTO
TPAHCIOPTHOTO CPEJICTBA IMOJIHOW MacChl U OJJMHAKOBON KOJIECHOW (hOPMYIIBI, YTO HEOE30MACHO, PEIIKO Pean3y-
€MO U HC BCCTa BO3SMOXHO ITPHU KOPOTKUX ITPOJIETAX MOCTOBBIX COOPY)I(CHI/Iﬁ.

Bropoii BapuaHT nporpaMmMbl 00eCTIeUMBaET BO3MOKHOCTh MPOITYCKa TSKEIOBECHBIX TPAHCIOPTHBIX CPEICTB
¢ JIOOBIMU TIO JUTMHE TPOJICTAMH, HO TOJBKO MO YCJIOBHSIM MPOYHOCTH MPOJICTHBIX CTPOCHUH aBTOMOPOKHBIX
MOCTOB, C YU4ETOM UX (HaKTHIECKOTO IKCILTYATAI[IOHHOTO COCTOSHHS, IIO3BOJISICT OE30ITaCHO HCIOJIL30BATh JTIO0YI0
MOJIBUXKHYIO HArpy3Ky B BUJC ITAJIOHA C JJIMHOHN He OoJiee 6 M. JlaHHBINM BapuaHT HE MO3BOJISET OILICHUThH HECY-
HIYIO CTIOCOOHOCTH OTMOP MPOJICTHBIX CTPOCHUH.

Pa3paboranHbIe mMporpamMmMbl OyIyT UCTIONB30BAHBI B COCTABE MOJICPHU3UPOBAHHOTO N3MEPHUTEIFHOTO KOMILICK-
ca IK-AM, co3naBaemoro Ha ocHOBe cuctembl uamepenuit CU-TIIIM [17] ¢ no6aBiieHuEM HOBBIX KOMIIOHCHTOR.
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HanpsizkeHHO-1eOpMUPOBAHHOE COCTOSIHUE KeJ1e300eTOHHBIX KOHCTPYKIM I
noanopHbix cren JIH-1 u JIH-2 3aropckoit 'A9C

C Y4€TOM PACKPBITHA MEKOJI0YHBIX IIIBOB U 00PAa30BaHUS BTOPUYHBIX TPELIUH
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Hctopus cratbu AHHoTanus. Akmyansrnocms. Hu30BbIe NOAIOPHBIE CTEHBI BOJOIPUEMHHKA 3a-
[Moctymmna B penakiuro: 13 anpens 2021 r. ropckoii TADC BBIMOTHIIOT OTBETCTBEHHYIO (DYHKIIMIO 3allIMThI HATIOPHBIX BO-
Jopabotana: 21 urons 2021 r. JIOBOJIOB OT 0OpyIIeHus rpyHTOBOro Maccusa. JIse u3 Hux (JIH-2 u JIH-3) 6butu
[punsita k myOmukarum: 28 utomnst 2021 r. YCHIIEHBI aHKEPHBIMH TATAMHU. YUYUTHIBAS JUIMTEIHHBIA MEPHOM JKCILTyaTalluu

(Oonee 25 ner) mpu o0OCHIEIOBAaHUAX M HATYPHBIX HAOJIOACHHUSIX BBISBICHBI OIpe-
JICTICHHBIE OTKJIOHEHHUs B padote. Tak, Ha JIULIEBON IPaHU CTEH 3a(hMKCUPOBAHBI
NPOTSDKCHHBIC TOPH30HTAIBHBIC TPEIIMHBI (PACKPBITHE TOPU30HTAIBHBIX MEX-
OJIOYHBIX IIBOB U BBIXOJ BTOPHYHBIX HAKJIOHHBIX TPEIIMH HA JIUIECBYIO TTOBEPX-
HOCTH cTeH). [ToTpeDoBaIoCck MPOBEACHHUE PACUCTHBIX MCCICAOBAHMI HAMPSDKESHHO-
ne(GOPMUPOBAHHOTO COCTOSIHUSI HU30BBIX MOJIOPHBIX CTeH. [lenb uccnedosa-
HUs 3aKIIFOYaIach B OMPEACICHUH HANPSDKEHHO-1e()OPMHUPOBAHHOTO COCTOSHUS
HU30BBIX HOAMOPHBIX CTeH BojompueMHuka 3aropckoit [ADC ¢ ydyerom pac-
KPBITHS MEXOJOYHBIX IIBOB M OOpa30BaHUsS BTOPHYHBIX HAKIOHHBIX TPEIIHH.
Memoowi. Pacuer HanpsHkeHHO-Ie(hOPMUPOBAHHOTO COCTOSIHHS TIOJIOPHBIX CTEH
[POBOIMIICS. B PaMKaX METOAMKH YHCICHHOTO MOJICIUPOBAHHUS IKEIe300eTOH-
HBIX KOHCTPYKLHUI THAPOTEXHHMYECKUX COOPYKEHHH HAa OCHOBE KOHEYHO-DJIe-
MEHTHBIX MOJeJcii. B KOHEYHO-3JIEMEHTHBIX MOJEISX BOCIIPOU3BOAMIIICH KOH-

CTPYKTUBHBIE OCOOEHHOCTHU MOJNOPHBIX CTEH, B TOM YMCJIE aHKEPHbIE TATH, IO-
PHU30OHTAIBHBIE MEKOJIOUHBIE HIBBI, (HAKTHYECKOE apMUPOBAaHHE, BTOPHYHEIE
HAKJIOHHBIE TPEIUHBL. Pe3ynbmamot. 110my4eH0 HanpsLKEHHO-1e(pOPMUPOBAHHOE
COCTOSIHME TIOATIOPHBIX cTeH. Onpeenensl HalpsHKeHNs: B IPOJIOIBHOM U more-
peuHOM apMaType, B TOM 4MCJIE IPU MU3MEHEHHH CXeMbl pabOThl KOHCTPYKIUH
13-32 QaHKEPHBIX TAT. B TOPH30OHTAIBHO MOMEPEeYHON apMarype 3aUKCUPOBaHBI
pacTsAruBalolue HANPsDKEHUs, NPEBBIIAIOIUe peaen TeKkydecTu. ITorpeboBa-
J1ach pa3paboTKa MEPONPHUATHH 110 YCHICHUIO HU30BBIX ITOANIOPHBIX CTEH.
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Stress-strain state of reinforced concrete structures
of the LN-1 and LN-2 retaining walls of Zagorskaya PSPP taking into account
the opening of interblock joints and the formation of secondary cracks
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Article history Abstract. Relevance. The lower retaining walls of the water intake of the Zagor-
Received: April 13,2021 skaya PSPP perform the important function of protecting the pressure water con-
Revised: July 21,2021 duits from the collapse of the soil massif. Two of them (LN-2 and LN-3) were
Accepted: July 28, 2021 reinforced with anchor rods. Considering the long period of operation (more than

25 years), certain deviations in the work during examinations and field observa-
tions were revealed. So, on the front face of the walls, extended horizontal cracks
were recorded (opening of horizontal interblock joints and the emergence of
secondary oblique cracks on the front surface of the walls). To carry out compu-
tational studies of the stress-strain state of the downstream retaining walls was
required. The purpose of the work was to determine the stress-strain state of
the lower retaining walls of the water intake of the Zagorskaya PSPP taking into
account the opening of interblock joints and the formation of secondary oblique
cracks. Methods. Computational studies of the stress-strain state of retaining
walls were carried out within the framework of the method of numerical mode-
ling of reinforced concrete structures of hydraulic structures based on finite ele-

ment models. In finite element models, structural features of retaining walls were
reproduced, including anchor rods, horizontal interblock joints, actual reinfor-
cement, secondary oblique cracks. Results. The stress-strain state of the retaining
walls was obtained. The stresses in the longitudinal and transverse reinforcement
were determined, including when the structure was changed due to anchor rods.
In horizontally transverse reinforcement, tensile stresses exceeding the yield
point are recorded. It took the development of measures to strengthen the lower
retaining walls.
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HuzoBeie moanopHeie cTeHbl BogonpueMHrka 3aropckoid TADC nnurensHOe BpeMst HAXOAATCS B 9KCIITY-
ataruu. [Ipu sToM neBoctoponHue crensl JIH-2 u JIH-3 ycuneHsl aHKepHBIMU TATaMH. YUYUTHIBAs CE30HHBIC
0CcOOEHHOCTH PabOTHI AHKEPHBIX TAT (B JICTHUI MEpHOA OHM OclialJIeHbl, a B 3MMHHI NEpUO] BKIIOYAIOTCA B pa-
00TYy), 3TH CTEHBI IIPETEPICBAIOT 3HAKOTICPEMEHHBIE BO3ACHCTBUA. B X01e HaTYypHBIX HAOMIOAEeHUH 1 00CiIe0-
BaHMIA ObIIH 3aMKCUPOBAHBI OTKJIOHEHHS B PadOTe OT MPOEKTHHIX NpeAnockutok. [loTpeboBanock mpoBeneHue
pacyeTHBIX MCCIENOBAaHUH HanpshkeHHO-aedopmupoBanHoro coctosiHus (HC) HU30BBIX MOANOPHBIX CTEH Ha
OCHOBE KOHEYHO-DJIEMEHTHOTO MOJEIINPOBAHUS.

MeToabl

Jnsa uccnenosannit HJIC npuHATH XapakTepHble KOHCTPYKIMM MOAMOPHBIX CTeH BopomnpuemHuka JIH-1
(paboraromieli mo kKoHcoNMbHOU cxeme) u JIH-2 (paboTaromieil ¢ aHKEpHBIMH TATAMH, KaU€CTBEHHO M3MEHSIOIINMHU
xapaktep pabotel cteH). s onpenenenuss H/AC moamopusix cren JIH-1 u JIH-2 BomompueMHuKa 3aropckoin
'ADC pa3paboTaHbl MaTeMaTHYeCKUE KOHEYHO-IJICMEHTHBIC MOJICNU. [Ipy 3TOM y4TeH OTCUECTBEHHBIN U 3apy-
OEXKHBIH OTBIT YHCICHHBIX UCCIIEIOBAHNH ITOAMIOPHBIX CTEH M CTEH Kamep Muro30B [1-13].

Nartmir V. Khanov, Doctor of Technical Sciences, Head of the Department of Hydraulic Structures, Institute of Amelioration, Water Management and
Construction Named after A.N. Kostyakov, Russian State Agrarian University — Moscow Timiryazev Agricultural Academy, 19 Pryanishnikova St, Moscow,
127550, Russian Federation; ORCID: 0000-0002-5764-4734, Scopus Author ID: 6603959022, eLIBRARY SPIN-kox: 4314-8184; vkhanov(@yahoo.com
Fedor A. Pashchenko, General Manager, JSC “LenAeroProekt”, 122B Naberezhnaya Obvodnogo Kanala, Saint Petersburg, 198095, Russian Federation;
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B pa3paboTaHHBIX KOHEYHO-3JIEMEHTHBIX MOJENSIX BOCIIPOM3BOIIINCH KOHCTPYKTUBHBIE OCOOEHHOCTH
IMMOAIMOPHBIX CTCH (FOpI/ISOHTaJH)HI)Ie Me>1<6nqu1>1e IIBbI, BTOPUYHBIC HAKJIOHHBIC TPCIINHEBI, CXEMbI apMUPOBAHU A
KOHCTPYKIINH, aHKEPHBIC TATH U JIp.); OCOOCHHOCTH XapaKTepa JAeWCTBUS Harpy30K (BKIIOYas JaBlIEHUE BOJBI U
TPyHTa B OCHOBAaHWHW W B 3aCHIIIKE CTEH, MPOTHBOJABICHNE B PACKPHIBIINXCS MEKOIOYHBIX IIBaX W HAKIIOHHBIX
BTOPUYHBIX TPEIINHAX); (PU3NKO-MEXaHHUECKHE XapaKTEPHUCTUKH MaTEPUATIOB COOPYKEHHS, TPYHTOB OCHOBAHHUS
Y 3aCBINKU MOAMOPHBIX CTEH U Ap. CxeMa MOANOPHOM CTEHBI C TPYHTOBOM 3aCBHINKOM M TPYHTOBBIMHU BOJAMHU
MpeJIcTaBlIeHa Ha puc. 1. BUapl KOHEUHO-3JIEMEHTHBIX MOJIETIeH IIpeICTaBIeHbI Ha puc. 2 U 3.

Pacdersl mpoBomMIHMCH WTEpPAMOHHBIM MyTeM. Ha KakIoMm mociemyromeM 3Tane pacdeToB KOHEYHO-
3JIEMEHTHBIE MOJICTTU KOPPEKTUPOBAIKCH C YUETOM MOJYUYCHHBIX Ha MPEABLAYIIUX dTanaxX pe3yiabTaToB.

Cxema MOJENUpOBaHUs MMPOTUBOMABIICHHS BOJbI B TOPU30HTAIHLHOM MEXOJIOYHOM IIIBE M B HAKIOHHOM
BTOPUYHOM TpeIlIMHE MOKa3aHa Ha puc. 4.

Puc. 1. Yposens rpyHTOBO# Bozb! (Ha oT™MeTke 231,0 M) B 00paTHOM 3aChINKe HU30BOH MOAIOPHON CTEHBI BofonpueMHuKa 3aropekoii TADC
Figure 1. Ground water level (at elevation 231,0 m) in the backfill of the lower retaining wall of the intake of the Zagorskaya PSHPP

Puc. 2. Buzx npocTpaHCTBEHHOM KOHEYHO-3JIEMEHTHOM MOJIENN MOANIOpHO#H cTeHs! JIH-1
Figure 2. View of the spatial finite element model of the LN-1 retaining wall
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MPOIOJIbHAS apMaTypa
longitudinal reinforcement

GJIOYHBII 1I0B
block joint

HakKJIOHHas TpeuiruHa

oblique crack|_\

MoTiepeyHasl apMaTypa
transverse reinforcement

OJIOYHBIN IIOB
block joint

HPOJIOJIbHAS apMaTypa
longitudinal reinforcement

OJIOYHBIN II0B
block joint

Puc. 3. MozenipoBanie ropru30HTaIbHON MONIEPEYHOM apMaTyphbl, IEPECEKAIONIEH HAKIIOHHYIO BTOPHYHYO TPELIUHY
Figure 3. Modeling of the horizontal transverse reinforcement crossing an oblique secondary crack

'y

MEXOJIOUHBII III0B
interblock joint

Pw

R SN

Puc. 4. Cxema MOIETMPOBaHUSI IPOTUBO/ABIICHHUS BO/IBI B TOPU30HTAJIBHOM MEKXOJIOYHOM IIBE ¥ B HAKJIOHHOM BTOPUYHOMN TpELIHHE
Figure 4. Modeling scheme of water backpressure in a horizontal interblock joint and in an inclined secondary crack

Pe3yabTathl 1 00cy:x1eHue

Pesynomamot pacuemos HJ/[C noonopnoii cmenwvt JIH-1 ¢ yuemom packpvimus mMeiconouHbIX U608.
BrimonHenHbIe Ha HagabHOM 3Tarne pacuetsl HJIC B ynpyroi moctaHoBKe Mmoka3aid o0pa3oBaHUE TPEIIUH 110
TOPU30HTAIBHBIM MEKOJIOUHBIM IIIBAM.
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C yueToM 00pa3oBaHUs U PACKPBITHS TPEIIMH 10 MEKOIOYHBIM IIIBaM (a TaKKe ACHCTBUS TPOTHBOIABIIC-
HUA BOAbI B PACKPBIBIINXCA IHBaX) IJIA BBIIICYKA3aHHBIX PACUCTHBIX CJIy4YacB ITOJIYYCHO PaCHpCACICHUC TJIaB-
HBIX PACTATHBAIONIUX HAMPSKCHUI B BEPIIUHAX T'OPU3OHTAIBHBIX TpPEIIUH. [Ipy 3TOM HAMpaBICHUS TIIABHBIX
pacTATHBAIONINX HANPSHKCHUH 0003HAYWIIM TPACKTOPUH MPOJBIKCHUS HAKJIIOHHBIX BTOPUYHBIX TPEIIUH, 00pa-
30BaHUC U NPOABMIKCHHUEC KOTOPBIX IMTPOUCXOOUT B PE3YJILTATC PACKPBITUA MEKOJIOUHBIX IIIBOB.

LlBeToBBIE TIOJIS pacIIpeieiCHUs pacTAruBaoNux HanpspkeHuid (B MI1a), Bo3HuKaromux B nporecce Gop-

MUPOBaHUS HAKIIOHHBIX BTOPUYHBIX TPEUINH, BBEIXOIANINX W3 MIBOB, JJIS BBIMIEYKA3aHHOTO PACYETHOTO CITydas
MpeJICTaBIICHbI HA PUC. S.
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Puc. 5. Bropuussle pactarusaromue Hanpspxenus, MIla, B anieMeHTax KOHCTPYKUUH oAnopHoi crens! JIH-1
Figure 5. The secondary tensile stresses, MPa, in structural elements of the LN-1 retaining wall]

W3 aHanmu3a BBIMOJHEHHBIX PacueToOB B cmaduu pabomvl ¢ 20PUSOHMATLHLIMU MPEUUHAMY HO UWEAM
B KOHCTPYKIUU HIKHEHW MOANOpHOU cTeHbl JIH-1 MOXKHO 3aKIH0YUTh CIEAYIOIIee.

B nonmnopnoit crene JIH-1 BO3HMKAIOT BTOPUYHBIE PACTATUBAIOIINE HAMIPSDKEHHUS, JJOCTUTAOIIINE MaKCUMaTh-
Hoii BenmuuuHb! 4,3 Mlla (B mBe Ha otmeTke 230,8 M). Bropuunsie pactsaruBatomue HanpsoxeHus (3,0 Mlla) ot-
MEUYAKTCS TAaKXkKe Ha OTMETKe 235,3 M B MECTE PacCIOIOKECHUS TOPH30HTAITBHOTO MEKOJIOYHOTO ITBA.

[lonmy4yeHHBIE BENWYMHBI BTOPHUYHBIX PACTATHBAOUINX HAIPSDKEHHWN BBI3BIBAIOT 00pa30BaHUE BTOPHUYHBIX
HAKJIOHHBIX TPEIINH, BRIXOISIINX U3 TOPU30HTATEHBIX MEKOJIOUHBIX IIIBOB C BBIXOJIOM Ha JIUIIEBYIO TPaHb CTCHEI.

Pezynomamot pacuemosé H/IC noonopnoii cmenwvt JIH-1 ¢ yuemom packpolmus mexco104HbIX UIB06
U 00pa3oeanus 6MOPUUHBLIX mpewiuH. JI1sa onpeneneHrs] HANPsHKSHW B apMaType ¢ y4eToM (aKTHIeCKOTO
apMHpPOBaHUS CTEHBI poBeeHs! pacueTsl HJIC Ha cragmm packpbITHS MEXOJIOYHBIX IIBOB U 00pa30BaHUS BTO-
PUYHBIX HAKJIIOHHBIX TPEIIVH JUISI BBIIICTPUBEICHHBIX PACUETHBIX CIIyYIaeB (C YIETOM JCUCTBUS MMPOTUBOABIIC-
HUS BOZBI B PACKPBIBIIUXCS IIIBaX W HAKIOHHBIX TPEIIMHAX). B TOM 4uciie B KOHEUHO-3JIEMEHTHBIX MOJIEISIX
BOCTIPOM3BEICHBI BTOPUYHBIE HAKIIOHHBIE TPEIINHBI, TIepeCceKaromIie MOIePeIHy0 apMaTypy.

[Ipu >TOM CMOJEIHPOBAHO pa3MEIICHUE TOMEPEIHON apMaTyphl B 30HAX MPOXOKICHUS BTOPHYHBIX Ha-

KIIOHHBIX TPCIIWH (HO,E[ MEKOTOUHBIMU ].HBaMI/I), Pa3BUTUC KOTOPLIX MPOUCXOAUT M3 BCPUIMH TPCIIHUH IO pac-
KPBIBITUMCS T'OPU30HTAJIbHBIM MEKOJIOYHBIM IIIBAM.

328 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



XaHos H.B., MaweHko ®.A. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLMIA U coopyxeruin. 2021. T. 17. Ne 4. C. 324-334

PacnonoxeHre pacueTHbIX CEUEHU IIpeICTaBIeHO Ha puc. 6.

PesynbTaTel pacdeToB IO ONPEACIICHUIO HANPSIKEHUN B IIPOJOJIBHON M MONEPEYHON apMaType C y4eTOM
(axTHYECKOro apMHpOBaHUs npencTaBieHsl B Ta0. 1. Kak cieayer u3 tab:. 1, HanpspKeHUs] B TOPU30HTAIBHON
MOTNEPEYHOI apMaType B 30HaX BTOPUUYHBIX TpelIUH JocTurator 524,7 Mlla, uTo npeBblllIaeT pacueTHOE COMpPO-
TUBJICHHE TTONepeyHOi apMartypsbl kinacca A-II, paBHoe Ry, = 230 MIla. /laHHbIe pe3yapTaThl CBUIAETEIBCTBYIOT
0 HEIO0CTaTOYHOM KOJMYECTBE YCTAHOBJIEHHOW FOpM3OHTAIBLHON MomepedHoil apMaTypsl. Hanpsbkenus B mpo-
JIOJIBHOM apMarype y ThUIoBOM rpanu gocruratot 240,6 Mlla.

Tabauya 1

Pe3yabTatsl pacueroB crensl JIH-1 no onpenesieHu0 HaNpsizKeHUI B NPOAOJIbHON U NoNepeYHoii apmaTtype
¢ y4eToM (paKTHYeCKOro apMHpPOBAHUS

Hanpsi:keHust 6sw B FOPU30HTAJILHOM
TonepeYyHoi apMartype, nepecexaromniei
BTOpPU4HbIe TpemnHbl, MIla

OtmeTka Hanps:xenus s B 1pog0JbHOI

Crena  Ne ceueHHs .
MEeKO0JI0YHOr0 1Ba, M apMarype y ThL10BOIi rpann, MIla

1-1 226,3 240,6 -
JIH-1 2-2 230,8 211,9 524,7
3-3 2353 1554 343,0

Table 1

The calculations results of the wall LN-1 to determine stresses in longitudinal and transverse reinforcement,
taking into account the actual reinforcement

Stresses o5, in horizontal

Section Interblock Stresses os in longitudinal .
The wall . . transverse reinforcement
number joint mark, m reinforcement at the rear face, MPa .
crossing secondary cracks, MPa
1-1 226.3 240.6 -
JIH-1 2-2 230.8 211.9 524.7
3-3 235.3 1554 343.0

Ha puc. 7 npeacraBneHo neopMHUPOBAHHOE COCTOSIHUE JKEIE300€TOHHONW KOHCTPYKLMHU MOAIOPHOM cTe-
Hbl JIH-1 ¢ yueTom packpbITHs MEXKOJIOUHBIX [IBOB M 00pa30BaHMsI BTOPUYHBIX HAKIIOHHBIX TPELIVH.

Puc. 6. Cxema pacnonoxeHus pac4eTHbIX CEUeHU
Figure 6. Layout diagram of design sections
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Puc. 7. ledbopMupoBaHHOE COCTOSIHUE KOHCTPYKIUH TOANOPHOI cTens! JIH-1
C YYETOM PACKPBITHs MEXOJIOUYHBIX IIBOB M 00pa30BaHHsI BTOPHUYHBIX TPEIIHH
Figure 7. The deformed state of the retaining wall construction LN-1
taking into account the disclosure interblock joints and secondary cracks formation

Pezynomamot pacuemoe H/IC noonopnoii cmenwvt JIH-2 ¢ yuemom packpolmus mexucO104HbIX UIB06
6 cyuae padomul ¢ aHKePHLIMU mAzamu. J17s ONIpeieNeHrs HaPsDKEHUH B apMaType ¢ Y4eTOM (paKkTHIeCKOTO
apmupoBanus crensl JIH-2 mpoBenensl pacyetsl HIC Ha cTamuu packpbITHS MEKOIOUHBIX ITBOB B clTydae pa-
OOTEI C AHKCPHBIMHU TATaMU.

[Ipu 3TOM MPOUCXOAUT KAYSCTBEHHOE M3MEHEHHUE CXEMBI pa0OThI CTEHBI, HAIMYME aHKEPHBIX TAT BHI3bIBA-
€T pacTshKeHUE JIUIEBOM IpaHu CTEHBI M PACKPBITHE TOPU3OHTAJIBHBIX IIBOB C JIUIIEBOM CTOpPOHBI. B nuiieBoit
KOHCTPYKTHBHOW apmarype (He ImpeIHa3HauYe€HHOM ISl BOCTIPUATHS 3HAYUTENHHOI'O PACTSDKEHHS) BOZHUKAIOT
HE IIPEeIyCMOTPEHHBIEC MPOCKTOM 3HAUUTEIbHBIC PACTATUBAIOLINE HAIPSKCHUS.
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Ha puc. 8 mpencraBmeno neopMUpOBaHHOE COCTOSHHE KeJIe300€TOHHOW KOHCTPYKIIMH TTOAITOPHON CTe-
Hbl JIH-2 ¢ yueTom pacKpbITHsI MEXKOJIOUHBIX IIBOB B CiTy4ae pabOThl C aHKEPHBIMH TATAMH.

Puc. 8. lebopmupoBanHoe cocTosiHE TOANOPHOH cTeHsl JIH-2 B cirydae pabOTHI CTEHBI ¢ aHKEPHBIMH TSATaMH
Figure 8. The deformed state of the retaining wall LN-2 in the case of wall operation with anchor rods

Pe3ynpTaThl pacyeToB 1O ONPEAEICHUIO HANPSIKEHUH B NMPOAOJIBHON apMaType ¢ y4eToM (akTHYECKOIOo
apMUpOBaHUs TpeacTaBieHbl B Tabn. 2. Kak cnenyer u3 tabin. 2, B cioydae paboTsl creHsl JIH-2 ¢ ankepHbBIME
TATaMH MaKCUMaJbHBIE HAIPsDKEHUS B MPOJOJIBLHONW apMaType y JIMIEBOH rpaHu pocturatoT 287,9 Mlla (B ce-

JeHUH 3), MaKCUMaJIbHBIC HAMPSDKEHUS B IPOAOILHON apMaType y ThUIoBOH rpanu mocturatot 50,9 Mlla (ceue-
Hue 1).

Tabauya 2
PezynbTatsl pacueroB cTensl JIH-2 no onpenesieHnio HanpsiaxeHuii B NpogoJIbHOI apMaType
¢ y4eToM (paKTHUeCKOro apMHPOBAHHUS B ClIy4yae padoThl ¢ AaHKePHbIMH TSTaMH
OtMmeTka HanpsxeHus s B 1poJ0JIbHOI HanpsxeHus s B 1poJ0JIbHOI
Crena  Ne ceueHHs . .
MeKOJI0YHOr0 BA, M apmarype y JuueBoii rpanu, MIla apMaTtype y TbL10BOii rpanu, MIla
1-1 2258 -18,1 50,9
JIH-2 2-2 230,1 144,7 -23,6
3-3 2343 2879 -36,8
Table 2
The calculations results of the wall LN-2 to determine stresses in longitudinal reinforcement,
taking into account the actual reinforcement in the case of work with anchor rods
The Section Interblock Stresses o5 in longitudinal Stresses o5 in longitudinal
wall number joint mark, m reinforcement at the front face, MPa reinforcement at the rear face, MPa
1-1 225.8 -18.1 50.9
JIH-2 2-2 230.1 144.7 -23.6
3-3 2343 287.9 -36.8
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AHanuz cocmoanua u oyeHKa OanbHelwell IKCNAYAMAYUN HCe1e300emOHHBIX KOHCMPYKUUIL HU308bIX
HOONOPHBIX CHEH 6000NPUEMHUKA. AHAN3 PE3yTHTATOB IPOBEICHHBIX HATYPHBIX 00CIEIOBaHIN TOKa3aj, 4TO
Ha JINIEBOW MMOBEPXHOCTH HHU30BBIX MOJIMOPHBIX CTeH BopomnpueMHuKa 3aropckoir TADC oOHapyKeHBI MPOTs-
KEHHbIe TOPU30HTAJIbHBIE TPEIIMHBI MUpHHOW packpbiTus 10 0,4 Mmm. OOpa3oBaHNE TOPU3OHTAIBHBIX TPEIIUH
CBHUJICTEIHCTBYET O PACKPBITUH TOPU3OHTAIBHEIX MEXKOJIOYHBIX IITBOB M O BBIXOJIC HAKJIOHHBIX BTOPUYHEIX TpPE-
UIUH Ha JUIEBYIO MOBEPXHOCTH CTEH.

Pacuernbie uccnemoBanus HJIC m mpodHOCTH ke1e300€TOHHBIX KOHCTPYKIIMHA TOATIOPHBIX CTEH MO/I-
TBEPAWUIIN 00pa30BaHNE BTOPUYHBIX HAKIIOHHBIX TPEIINH, BBIXOJSAIINX U3 TOPU3OHTAIHHBIX MEKOIIOUHBIX IITBOB,
a Takke 00pa30BaHHE CKBO3HBIX TPCIIUH MO TOPU30HTAILHBIM IIBaM, OTACISIONIMX BEPXHIOK YacTh CTEH OT
0CTaJbHOTO MacCHBa CTeH (B Ciiydae pabOThI CTEH ¢ aHKEPHBIMH TAramu). To ecTh IepBOHAYAIBHO POUCXO IO
PacKphITHE TOPU3OHTAIBHBIX IIIBOB C THUIOBOW CTOPOHHI (TIPH CE30HHOM OCJIA0JICHWH aHKEPHBIX TAT), a M3-3a BIIHS-
HUSI aHKEPHBIX TSAT PACKPBITHE IIIBOB MPOUCXOIMIIO C JIUIIEBOH CTOPOHEI.

U3 pacueroB HJIC nonmopuoii crensl JIH-1 Ha 0CHOBE KOHEUHO-3JIEMEHTHBIX MOJIEIIEH MOTYUYCHBI TPaeK-
TOPHH BTOPHYHBIX HAKJIOHHBIX TPEIIVH W 3HAYCHUS HANPsOKCHUU B morepedHoi apmarype (6omee 500 Mlla) B
30HaX MOJICTHPOBAHUS BTOPUYHBIX HAKIIOHHBIX TPEITUH.

MonenupoBanue paboThl creHbl JIH-2 ¢ aHKepHBIME TATaMU ITOKa3ajio 00pa30BaHKE TPEIIUH 0 TOPU30H-
TaJbHBIM LIBAM, PACKPBIBAIOLIUXCS C JTULEBOI CTOPOHBI BCIEICTBUE U3MEHEHUS PACUECTHBIX CXEM U3-3a HaJU4Us
aHKEpHOH TATH, C BBICOKMM yYPOBHEM pAaCTATHUBAIOIINX HAMPSHKECHUH B JHUIeBOW apMmatype (okono 300 MlIla),
KOTOPBIE MOTYT €IIe BO3PACTH MPHU HETPETyCMOTPEHHBIX TIPOEKTOM BO3JCHCTBHUSX.

[IpoBeneHHbIe pacueThl kene300€TOHHBIX KOHCTPYKIUH MOAIIOPHBIX CTEH MOKAa3alli, YTo TpedyeTcs pac-
YeTHOE TIONepevHOe apMUPOBaHKE B KommuecTse Gonee 30 cM? Ha mmpuHYy | . M ¥ Ha | II. M BBICOTHI CTEH,
B TO BpPEMsI KaK B CTEHAX YCTAHOBJICHO YHCTO KOHCTPYKTHBHOE TOPU30HTAITHHOE MOTIEPEUYHOE apMUPOBAHHE.

Takum oOpa3zom, Ui oOecrieueHusl TaabHeHIeii 0e30MMacHON IKCILTyaTallid HU30BBIX MOAMOPHBIX CTEH
PEKOMEHIYETCS UX YCUJICHUE.

[Ipu >TOM B MOATIOPHBIX CTEHAX, paOOTAIOMIKX IO KOHCOIBHOU cxeMe (0e3 aHKePHBIX TSAT), PEKOMEHYET-
Csl YCTAaHOBUTH HAKIIOHHBIC apMaTypPHBIC CTEPXKHH B POOYPEHHBIC OTBEPCTHS CO CTOPOHBI JIMIICBOI MMOBEPXHO-
CTU CTEH JJI1 BOCIPHUATHUS MOMNEPEUHBIX YCUINNA U BTOPUYHBIX HANPSKEHUN U AJIA NPEAOTBpPALICHUS Pa3BUTUA
BTOPUYHBIX HAKJIOHHBIX TpeuuH. [IpuHIMNManbHas cxeMa YCHJIEHUS! HNOJAIOPHBIX CTEH CO CTOPOHBI JIMLIEBOU
TpaHu MpeacTaBieHa Ha puc. 9.

Puc. 9. IlpunuunuanbHas cxeMa yCUIISHUS IOAIOPHBIX CTEH CO CTOPOHBI JIMIEBOI MpaHu:
11— TOPU30HTAJIbHBIE MeXO0JI0UHBIE IIBBI; 2- BTOPUYHBIC HAKJIOHHBIC TPCIIUHBI; 3- apMaTypHBIC CTEPKHU, YCTAHOBJICHHBIC B npoGypeHHme CKBaXXHWHBI
Figure 9. Schematic diagram of the reinforcement of retaining walls from the side of the front face:
1 — horizontal interblock joints; 2 — secondary oblique cracks; 3 — reinforcing bars installed in drilled wells
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Puc. 10. [TpunnunuansHas cxema ycuieHus nunesoil rpanu cred JIH-2 u JIH-3 yrnepoassiMu neHTamMu
Figure 10. Schematic diagram of reinforcing the front face of the walls of LN-2 and LN-3 with carbon tapes

B moamopubix crenax JIH-2 u JIH-3, paboTaromux ¢ aHKepHBIMU TATaMH, pEKOMEHIYETCS YCHIIEHHE CO
CTOPOHBI JIMIIEBOI IPaHU CTEH IIOCPEICTBOM BHELIHEIO apMHUPOBAHUS YIJIEPOJHBIMU JEeHTaMHu. IpuHInnmans-
Has cxema ycwieHus iuueBoi rpanu creH JIH-2 u JIH-3 yrineponusiMu neHTaMu npeactasieHa Ha puc. 10.

3akaouenue

PacuerHble ncciaenoBaHus HAIPSDKEHHO-AS(OPMUPOBAHHOTO COCTOSIHUS BBINOJHSUIMCH HA OCHOBE MaTeMa-
THUYECKUX KOHEUHO-3JIEMEHTHBIX Mojenei moanopHeix creH JIH-1 u JIH-2 nis 1ByX pacueTHBIX ciiydaeB: pabo-
ThI cTeH 0e3 aHkepHBIX TAT (s JIH-1) u ¢ ankepHbiMu Tsramu (i JIH-2). B koHeYHO-31€MEHTHBIX MOJEISAX
BOCITPOM3BOIMIIOCH JTaBJICHWE TPYHTa W TPYHTOBOH BOABI Ha THUIOBYIO TpaHb cTeHHI (pu YI'B = 231,0 M),
a TakXe MPOTHBOAABIEHHE BOJBI B PACKPBIBIINXCSA TOPU3OHTATBHBIX MEXKOIOUHBIX IIBaX U HAKIOHHBIX BTOPHY-
HBIX TpEIIMHAaX.

Bruta ycoBepIieHCTBOBaHA METOANKA MOAEINPOBAHUS NOANOPHBIX CTEH C YY€TOM FOPU30HTAIBHBIX MEX-
0JI0YHBIX IIBOB, 00Pa30BaHUsI BTOPHUYHBIX HAKJIOHHBIX TPEIIWH, BRIXOASAILINX U3 IIBOB, a TAKKE MPOAOJIBHOTO U
TOPU30HTAIBHOTO IMONEPEYHOT0 CTEP)KHEBOTO apMUPOBAHUS.

U3 pacueror HAC noanopHoii crensl JIH-1 Ha OCHOBE KOHEUHO-3JIEMEHTHBIX MOJENEH MOIy4YEHbl TPACKTO-
pUH BTOPUYHBIX HAKIIOHHBIX TPEIIUH M 3HAYCHUS HANIPsHKEHUH B ToriepedHoii apmarype (6omee 500 MIla) B 30Hax
MOJIEJIMPOBAHNUA BTOPHUYHBIX HAKJIOHHBIX TpelInH. HemocTaTouyHoe KOJIWYECTBO TOPU30HTAIBHON MONepeyHON
apMaTypbl TpeOyeT yCHJIeHHs MOJIOPHBIX CTCH B 30HaX TOPU3OHTAIBHBIX MeXO10uHbIX BOB. Ha puc. 9 mpen-
CTaBJICHA MPUHLUIHNAIBHAA CXEMa YCHJIEHHs MOJANOPHBIX CTEH MOCPEACTBOM HAKJIOHHBIX apMaTYPHBIX CTEpkK-
Hell B 30HaX TOPU30HTAIBHBIX MEXKOIOUHBIX [ITBOB.

MogenupoBanue pabotsl ctensl JIH-2 ¢ aHKepHBIMU TATaMH MOKa3aj0 00pa3oBaHKe TPEIUH 110 TOPH30H-
TaJbHBIM IIBaM, PACKPBIBAIOIIUXCA C JINLEBON CTOPOHBI BCIEACTBHE U3MEHEHUS PACUETHBIX CXEM HM3-3a HATUYUA
aHkepHBIX TAT. [Ipn aToMm Tpebdyetcs ycunenne cted JIH-2 u JIH-3 co cTopons! mureBoit rpanu. Ha puc. 10 mo-
Ka3aHa MPUHIUIHAIbHAS cxeMa ycuieHus noanopHeix cred JIH-2 u JIH-3 yriaeponHbIMH JIGHTaMH CO CTOPOHBI
JINLIEBOU I'PaHU.
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AHHoTaIMs1. AkmyanbHocny. TIpu CTPOUTENBCTBE 3IaHUI M COOPYKEHHI Hanbomee
LIMPOKO MPUMEHSIOTCS 3a0MBHBIC CBaW C KBaJIPATHBIM IONEPEYHBIM CEUCHHEM.
Jlnist MX yCTaHOBKH B pabouee MOJI0KEHNUE MCIIONb3YeTcs yaapHblid Meto. OHaKo
B CTECHEHHBIX YCJIOBUSX yJapHbIE HArpy3KH MOTYT IPUBOJUTH K OMACHBIM CO-
CTOSIHUSIM U Pa3pyLICHUsIM KOHCTPYKIMH OJHM3JIekKAINUX CTPOUTEIBHBIX 00bEK-
TOB. B mogo0Ho# cutyanuu HeoOX0UMO NPUMEHATh HAOUBHbIE CBaH, IOCKOJb-
Ky TEXHOJIOTHYECKHE PEUIeHHs MO WX YCTPOMCTBY HE CBS3aHHBI C yJapHBIMHU
Bo3zeiicTBUAMU Ha TPYHT. OHUM U3 TaKUX PEIICHUN SBISCTCS HOBAsE KOHCTPYK-
oy HaOWBHOM KOHYCOOOpa3HOH CBaM, yCTaHABIMBAaeMOI 0e3 BBHIEMKH IDYHTA.
Lenv uccredosanus — NpOaHANU3UPOBATH BIUSHUE I'€OMETPUYECKUX IapaMeT-
POB CBaH Ha e HECYIIYIO CIIOCOOHOCTB MOJT IEHCTBUEM BHEIIHUX HArpy30K, B 4acT-
HOCTHU yTJIa €e KOHYCHOCTH. Memoowi. Pe3yabTaThl YUCICHHOTO aHAIN3a Hamps-
YKEHHO-T1e()OPMHUPOBAHHOTO COCTOSHHS CBaH, padOTaIOIIeH B TPYHTOBOM MacCH-
BE, TIOJIyYEeHbl METOOM KOHEUHBIX JJIEMEHTOB. Pe3ynemamul. B pacueTHOM Hc-
CJIeIOBaHHU BBHINIOJHEH CPABHUTENBHBIN aHAIN3 COCTOSHHUS CBAl pa3HOW IUTMHBI
U TEOMETPUYECKOi (POPMBI, HAXOISIIUXCS TI0J NSHCTBUEM BHEIIHUX HArpys3ok.
PaccMoTpeHO BIMsIHME yrila HakioHa OOKOBOW MOBEPXHOCTH CBaW Ha €€ Hecy-
IIyI0 CIIOCOOHOCTh. BBINOIHEHA palMoHAIU3aLUsl KOHCTPYKIUMU CBAaU C Y4E€TOM
OOIIMX 3aTpaT Ha CTPOHTENbHBIE MaTepHaibl. [IpeiosKeHbl BapUaHThl TeOMeET-
pYYeCKUX W KOHCTPYKTHBHBIX pemieHni cBail mmmHoi L ot 1 go 10 m. B nans-
HellieM IpeAnoaaraeTcs pacCMOTPETh BIUSHUE Ha HECYLIYIO CIIOCOOHOCTb CBau
TEOMETPUUYECKHX MapaMeTPOB IIeOHEBOW 000J0YKH U HUKHETO 1IeOHEBOTO Mia-
pOOOpPa3HOro pacUIMPeHus], a TAKXKE NMPOBECTH CPABHUTENbHBIA aHAIU3 YHCIICH-
HBIX PE3yJbTaTOB C SKCHEPUMEHTAIbHBIMU JaHHBIMH, NTOJTYYECHHBIMH B J1abopa-
TOPHBIX Y HATYPHBIX YCIOBUSIX.

KuroueBble ciioBa: cBas, HaOuBHas cBas, OypoHaOWBHas cBas, cBas B opme
KOHyca, CBasi KOHNYECKON (POpMBI, CBasi KOHYCOOOpa3Ho#l (HOpPMBI, CBasi ¢ HIXK-
Hell mAToM, 00ooYKa cBau, omaixyOka cBad, 1ieOcHb, MEOHEBOE paclIMpeHue,
nieOHeBOe ylMpeHue, medHeBoe 00pa3oBaHue, CBas ¢ HUKHUM [IapOOOpa3HbIM
YUINPEHUEM, CBasi C HIJKHUM PacIliupeHueM B Gopme mapa
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Research of stress-deformed state
of the rammed monolithic reinforced concrete cone-shaped piles
with side and bottom forms from crushed stones
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Article history Abstract. Relevance. In the construction of buildings and structures, driven piles
Received: May 22, 2021 with a square cross section are most widely used. To install them in the working
Revised: July 4, 2021 position, the percussion method is used. However, in cramped conditions, shock
Accepted: July 24, 2021 loads can lead to dangerous conditions and destruction of structures of nearby

buildings. In such a situation, it is necessary to use rammed piles, since techno-
logical solutions for their construction are not associated with shock effects on
the soil. One such solution is the new rammed cone-shaped pile design, which is
installed without excavation. The aim of the study is to analyze the influence of
the geometric parameters of the pile on its bearing capacity under the action of
external loads, in particular, the angle of its taper. Methods. The results of a nu-
merical analysis of the stress-strain state of a pile operating in a soil massif were
obtained by the finite element method. Results. In the computational study, a com-
parative analysis of the state of piles of different lengths and geometries under
the action of external loads was carried out. The influence of the angle of incli-
nation of the lateral surface of the pile on its bearing capacity is considered. Ra-
tionalization of the pile design was carried out taking into account the total costs
of building materials. Variants of geometric and design solutions for piles with

a length L from 1 to 10 m are proposed. In subsequent articles, it is proposed to
consider the effect on the bearing capacity of the pile of the geometric parame-
ters of the crushed stone shell and the lower crushed stone spherical expansion,
as well as to carry out a comparative analysis of the numerical results with ex-
perimental data obtained in laboratory and field conditions.
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Ha ceromusmumii neHb akTyaiabHOU MpoOsieMoii roponoB Poccuu sSBIsSeTCS MX TOUEUHAs 3aCTpOWKa 37a-
HUAMU U COOPYKCHUAMU PA3HOTO HA3HAUCHHA, HAIPUMEP MHOTI'OKBAPTUPHBIMU XUJIBIMA AOMaMU U 3JaHUSIMU
OOIIIECTBEHHOTO HA3HAYCHUS: aJIMUHUACTPATUBHBIMHU IICHTPAMH, TOPTOBBIMH, PETUTHO3HBIMU, 3PSITUITHBIMHA H CIIOP-
TUBHBIMU KOMIUTeKcaMi. CTeCHEHHBIE YCIIOBHSI BO3BEACHUS HOBBIX 3/IaHUI HE TO3BOJISAIOT UCTIOIH30BATh 3a0HB-
HBIe CBaH', MOCKOJIBKY M06ast yaapHas Harpy3Ka Ha CBAlO MPUBOIMT K BHOPAIMM IPyHTa, TIepeaBaeMoii Ha Co-
CeJHUE 3/1aHUs paHHEH mocTpoiiku [1]. B ykazaHHOM ciayyae palMOHAIbHBIM PEIICHUEM SIBISICTCS NPUMEHCHUE
HAOMBHBIX CBaif’, TAKHX KaK:

— JKeJIe300eTOHHBIE CBAaN-000JI0YKH, YCTaHABINBAaEMble BHOPONOTPYKATEIIMU C TIPEABAPUTENLHON BBIEM-
KO TPYHTA U 3aMOJHEHHEM MOTy4aeMoil TI0JI0CTH YaCTUYHO MU TIOJHOCTBIO OETOHHOH CMeChio’;

Elvira R. Kuzhakhmetova, engineer, senior lecturer of the Department of Reinforced Concrete Structures, Moscow State University of Civil Engineering
(National Research University), 26 Yaroslavskoye Shosse, Moscow, 129337, Russian Federation, corresponding member of the Academy of Housing and
Public Utilities; ORCID: 0000-0002-0907-786X, eLIBRARY SPIN-code: 1949-1140; elja_09@bk.ru

I TOCT 19.804.1 CBau 3a0uBHBIE 5KeJI€300€TOHHBIE [ENBHBIE CIUIOMIHOIO KBaJIPATHOTO CEUCHHUS C HEHAIPATAEMOU apMaTypoii
U NIOIEPEYHbIM apPMUPOBAHUEM CTBOJIA U C HAIpsAraeMoi apMaTypoil. M.: M3naTensctBo cTanaapros, 1980.

2 CIT 24.13330.2011. Caaiinble Qpynmamentsl. AxkTyanusuposannas pegakuus CHull 2.02.03-85. M.: MUHMCTEPCTBO pErHOHAIb-
Horo pa3Butus Poccuiickoit @enepanuu, 2011.

3 IMarent P® Ne 141512. MoHonuTHas skene300eToHHas cBasi-000s0uka Gonpmoro muamerpa / AWM. Canoxkuaukos. 2014, Brom. Ne 16.
URL: https://www.fips.ru/registers-doc-view/fips_servlet (nara obpamenus: 12.05.2021); ITarent PO Ne 154795. Koncrpykuust coenu-
HEHHS BEPXHETO CTPOCHUS 3CTaKa bl C MOHOJIUTHOMN cBaeii-o0omoukoii / A.U. CanoxxaukoB, O.P. Kyxaxmerosa. 2015. Bron. Ne 25. URL:
https://www.fips.ru/registers-doc-view/fips_servlet (mata obpamenus: 12.05.2021).
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— HaOMBHBIC OCTOHHBIC U YKEJIE300€TOHHBIC CBaM, YCTpaBaeMbIe B TPYHTE ITyTEM YKJIaJAKH OCTOHHOM cMe-
CH B CKB2)XHMHBI, 00pa30BaHHBIC B pe3yJIbTaTe MPUHYIUTEIBHOTO BHITECHEHUS — OT/KATHS TPYHTA,

— OypoBBIE XKeNe300€TOHHEBIE CBaW, YCTPanBaeMbIe B TPYHTE ITyTEM 3aIlOIHEHHUS MPOOYpPEHHBIX CKBaXKUH
OEeTOHHOH CMEChIO WM YCTAHOBKH B HUX Kele300€TOHHBIX 3JIEMEHTOB;

— BHUHTOBBIE CBaH, COCTOSIIME M3 METAUIMYECKON BUHTOBOM JIOMACTH U TPyOUATOr0 METAIMYECKOTO CTBOJIA
CO 3HAYUTENIHFHO MEHBILEH, IO CPABHEHHUIO C JIOMACTHIO, IUIOMIAIbI0 MOTIEPEYHOTO CEYEHHs, IOrPy>KaeMble B TPYHT
MyTeM 3aBUHYMBAHHS B COUYETAHHUH C BIAaBIUBaHUEM [2].

[To xapakTepy paObOTHI B TPYHTE CBaW pas3IeisAiOT Ha CBaW-CTOWKHU M BHUCSYHE cBad. K cBasM-cTOHKaM OT-
HOCSITCSL CBaM, Mpope3arolue ciaadble TPYHTHl U Mepearonlie Harpy3Ky HWKHUM KOHIIOM Ha MPaKkTHYECKH He-
C)KMMaeMble TPYHTHI'. Bucsaune cBam TepeaaloT Harpy3Ky Ha COKHMAaeMblii TPYHT HIKHEM KOHIIOM H CBOeil 60-
KOBO#i MTOBEPXHOCTHI0. BEIOOP peleHus BhIIENepedncIeHHBIX CBail 3aBUCHT OT CII0c00a 3arTyOIeHus”, pe3yilh-
TATOB Te0JIOTMYECKUX M3bICKAaHU® U yCII0BHiA CylecTBYyIONIEH 3aCTPOIKK’, KOTOPbIE B CBOIO O4EpE/b OKa3biBa-
10T CYIIECTBEHHOE BJIMSHUE HAa HOBOE CTPOMUTENBCTBO, BKIIIOUAs TEXHUKO-3KOHOMHUYECKUE MOKA3aTeNIN U 3KOJI0-
rUdeckye TpeOOBAHMS® JIsl KaXI0H MECTHOCTH' .

[Ipu Bo3BeneHMM 3MaHUI W COOpPYKEHHI Ha CBaMHBIX (yHIAMEHTaX MOXKHO NMPUMEHSTb KaK OTIENbHO
CTOSIIIME CBAaW MOJ KaXKAYI0 KOJOHHY M ONOpY, TaK M CBAHHO-JICHTOYHBIC MM CBAHHO-IIUTHBIE (YHAaMEHTHL,
KaK TI0J KOJIOHHY, TaK ¥ TO0J] HECYIIIHE CTeHbI WX IO/ BECh KapKac 3/1aHus (COOpY>KEeHHs), IPUIEeM CBAH MOTYT
6BITh pasHoii Gopmel'’ [3-6]. B mociennue necATHIeTH HANOOIBIINIA HHTEPEC BEI3BIBAIOT 3a0MBHEIE N HAOUB-
HbIC KOHHUYECKUE CBaW. Takue CBaW MPEJACTaBJISIOT COOOH YCEUCHHBIH KOHYC, B KOTOPOM IOIEPEYHOE CEUCHUE
B popMe KpyTa U3MEHSETCs TI0 BCEH ee JUIMHE, TO eCTh BEpXHee CeueHHe IOCTEIIEHHO YMEHBIAeTCsl K HIKHEMY
ceueHuto. B [7-22] npeacTaBieH CpaBHUTEIBHO-YHCICHHBIN aHAIN3 HECYIIed CIOCOOHOCTH M YCTOMYHMBOCTH
3a0MBHBIX KOHUYECKUX CBall pasHOOOpa3HOl reoMeTpuyueckoil (hopMbl B MaccuBe TPYHTA C Pa3HBIMU (HU3HKO-
MEXaHHMYECKHMHU CBOMCTBaMH. DKCIEPUMEHTAJIbHbIE UCCIICIOBAHUS, BEIIIOJHEHHBIE B 1JAOOPAaTOPHAX U HA CTPO-
WTENBHBIX TUIOMIAIKAX, IIOKa3aal 0oyiee BRICOKYIO (10 CPAaBHEHHIO CO CBasMU JAPYTHUX THIIOB) HECYIYIO CIIOCO0-
HOCTh 3a0MBHBIX KOHHMYECKHX CBail, pabOTAIOMIMX IOJ] ICHCTBUEM KaK CTATHYECKHX, TaK M JTUHAMHUYECKUX Ha-
rpy30k [20; 21]. AHanorn4HbIe pe3yabTaThl HATYPHBIX WUCIBITAHUA MOTY4eHBI A OypOoHaOUBHBIX M OYpOUHB-
eKIHOHHBIX KOHMYECKHX CBall Ha pa3IMuHbIe BUBI HArpy3ok'' [22-24].

OpmHaKo OIMBIT CTPOUTENHCTBA TOKA3BIBAET, YTO OAHUM M3 HEJOCTATKOB NMPIMEHEHUS HAOMBHBIX CBail sIB-
JIIETCS TIepepacxo]l Marepuaia (0eToHa), KOTOpPhIM BiiedeT 3a cOOOH CyIeCTBECHHbIC (PMHAHCOBBIC H3ICPIKKH.
Kak npaBuio, pakruyeckuii pacxoy 6eToHa MpeBhIMaeT 00beM CKBaXHH Oolee ueM Ha 20 %, a B psige ciydaeB
npeBbIIeHne pacxoa 6erona gocturaet 80—-100 %, 9To 0OBICHIECTCSA YBEIHUEHHEM IUaMeTpa CKBaKUH B MPO-
necce OypeHus, IIOTePSIMH MIPH TPAHCIIOPTUPOBAHUHU U PacTeKaHWEM OETOHA B yCThe CKBaXHHBIL. [Ipu mpoxonke
CKBa)XMH B HACBHIITHBIX IPyHTaX TaKkKe BO3MOXKHA yTeuka OeTOHa B KaBEpPHBI M MyCTOTHI TpyHTa [25]. B Takom
cirydae 1menecooOpa3HO HCIIONE30BaTh HOBYIO KOHCTPYKIIHIO MOHOJUTHOHM Kelle300€TOHHON KOHHYECKOH CBau
cO TIeOHEBOM 000JI0YKON W HIKHUM IIIEOHEBBIM IIAPOOOpa3HBIM pacIIupeHHEM (CBAHYIO0 KOHCTpYKIHIO) (puc. 1),
OPUTMHANFHOCTh ¥ HOBM3HA KOTOPOH MONTBEpIKIESHBI MATEHTHOH dKCHepTu3oii'?. B mpeIoKeHHOH KOHCTPYK-
uu 1mebHeBas 000J0YKa CBau ¢ HIDKHUM IIeOHEBBIM MIApOOOpPa3HBIM PACIIMPEHHEM IPEOTBPAIIAIOT YTEUKY
0eToHa, TeM caMbIM MHHHUMH3UPYS €0 pacxo] B 00eCrednBaloT BHICOKYIO HECYIYIO CIIOCOOHOCTH, KECTKOCTh
CBau MU OONBIIKX BEPTHKANBHBIX H FTOPU30HTAIBHBIX Harpyskax ' [1].

4 Memenox H.C., Iuwxo I.®., Conosvesa A.B., Ipysunyee B.B. CBau u cpaiinble pyHIaMeHTHI (cpaBodHoe nocodue). Kues:
ByniBenbnuk, 1977. 256 c.

5 CIT 131.13330.2012. Ctpoutenbnas knumatonorus. Axryamasuposannas sepcust CHull 23-01-99*. M.: MuHMCTEPCTBO peruo-
HanpHOro pa3Butua Poccuiickoit deneparun, 2012; CII 20.13330.2011. Harpy3ku u Bo3aeiicTBus. AktyanuzupoBanHas pegaxuus CHull
2.01.07-85*. M.: MunncTepcTBO perroHansHOro passutust Poceutickoit @eneparmmn, 2011; CIT 22.13330.2011. OcHoBaHuS 31aHUIT B COOpYXKe-
Huid. AxtyanuzupoBannas pegakius CHull 2.02.01-83*. M.: MuHHCcTepCTBO pernoHaiibHoro passuths Poccuiickoit ®enepariu, 2010.

¢ CIT 11-105-97. VHKeHepHO-T€0I0rMYeCKHE U3bICKaHua st cTpouteabera. U. 1. O6mue mpaBuia Ipou3BOACTBA paboT. M.:
Tocerpoit Poccun, I'VIT LTI, 2004. 43 c.

7 CIT 11-104-97. UmkeHepHO-Te0Ie3UdecK1e U3bICKaHus 11 cTpouTenbersa. M.: Tocerpoii Poceym, TYTI LITIIT, 2005. 72 c.

8 CIT 11-102-97. UrKeHepHO-3KOJIOTHYECKHE U3BICKaHKS 11t cTpomTenbersa. M.: Tocerpoii Poccru, TYTI LTI, 2001. 38 c.

® CII 47.13330.2012. VmxeHEpHBIE W3BICKAHMS Il CTPOMTENLCTBA. OCHOBHBIE IOJNOKEHUS. AKTyaIn3UPOBAHHAS PENAKLIMSA
CHull 11-02-96. M.: MuHmCcTepcTBO peruoHanbHOro passurus Poccuiickoit enepanun, 2012.

10 Bepnunos M.B., Szynos B.A. TpuMepbl pacueTa OCHOBaHUIA U (hyHIAMEHTOB: y4eOHHUK 15l TexHMKYMOB. M.: Crpoitusnar, 1986. 173 c.

W lImonw T.M., Tenuuenxo B.H., @exnun B.M. Texnonorus: Bo3BeJeHUs MOJ3EMHOM 4acTH 31aHMI U COOPYXKeHHit: yuebHOE Mo-
cobue s By30B. M.: Ctpoiiuzaart, 1990. 288 c.

12 TTatenT P® Ne 157318. KoHCTpyKIMsS MOHOJIMTHOM ke300 TOHHOM cBan konndeckoi gopmbl / D.P. Kyxaxmerosa, A.U. Ca-
noxuukoB. 2015. brom. Ne 33. URL: https://www.fips.ru/registers-doc-view/fips_servlet (nara oopamenus: 15.05.2021).

13 Tam »xe.
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Puc. 1. MoHonuTHas sxee300€TOHHAS CBasi KOHUIECKOW (OPMBI:
a — BUJ| CBaM B pa3pese; O — OOIIHil BUJ CBau; 6 — BUJ| CBaM B IIaHe; / — MPOCTPAHCTBEHHBIH apMaTypHbIil KapKac, BHITOIHEHHEII B (hopMe KOHYCa;
2 — IPOJI0JIBHBIE apMaTyYpPHBIE CTEPXKHU EPHOJUYECKOro POdHIIst; 3 — MOIepedHble CTePXKHH (XOMYThI); 4 — eOHeBOE pacIINpEeHHe OKPYyTJIoi (GOpMBI;
5 — IONIOJTHUTEJIBHBII Kperex B BUAE CTEPXKHEH; 6 — yrpamboBaHHas 1eOHeBast 000y104Ka; 7 — GETOHHAs CMECh
Figure 1. Monolithic reinforced concrete pile of conical shape:
a — sectional view of the pile; 6 — general view of the pile; ¢ — plan view of the pile; / — spatial reinforcing frame made in the shape of a cone;
2 — longitudinal reinforcing bars of a periodic profile; 3 — transverse rods (clamps); 4 — crushed stone expansion of a round shape;
5 — additional fasteners in the form of rods; 6 — rammed crushed stone shell; 7 — concrete mix

[IpeumyiiecTBOM HOBOM CBailHOM KOHCTPYKIIMH SIBJSICTCS. OTHOCUTENbHAs mpocToTa. [Ipu ee u3rorosie-
HUU HE TpeOyeTcs CIeIMaTn3UpPOBaHHAs TEXHUKA, OTCIO/Ia U CHHKEHHE e CTOMMOCTH. [IpenmaraeMyro KOHCTPYK-
ITUIO CBaW MOKHO MTPUMEHATH JJIS1 BCEX BUJOB 3IaHUI W THUIIOB TPYyHTA.

B xome gmcienHoro mccienoBanus npoanamsupoBanbl H/IC cBaitHOW KOHCTPYKITHH C Pa3HBIMH Te€OMETpHYC-
CKMMH TIapaMeTpaMH, TAaKUMH KaK JUTMHA L, BEpXHUI THaMeTp MONepPEeIHOro CeYeHUs ¥ YroJl HaKIoHa o OOKOBOM TO-
BEpXHOCTHU. B mpoliecce 4ncaeHHOro aHamm3a TaKKe BHIIOIHEHO CpaBHEHUE MOMy4eHHBIX pe3yibpraroB HIC KoHCTpyKk-
M KOHYCOOOPa3HOM CBaW Pa3HOM JUIMHBI C UMEIOIIUMUCS CXOXKUMH 00BbEMHBIMHU TTapaMeTpaMi OSTOHA U ITIeOHS.

TexHO0JI0Orusl U3roTOBJEHUS CBAaU KOHUYECKOM q)OpMBI

MomnomnuTHas Kene300eToHHas cBas KOHMIECKOH (POpPMBI TIpeICcTaBIIsIeT cO00H HAOMBHYIO BHCSIYIO CBAIO
(puc. 1). IIpormecc obpa3zoBaHus HAOWBHOW CBaM BKIIIOUAET CIICAYIONTYIO MOCIICIOBATEIIBHOCTD MEHCTBUIN: B TIOI-
TOTOBIIEHHYIO IIMIIMHAPUIECKYIO CKBAXHHY HEOOJIBIINMU MOPIUSMHU MTEPHOANUYECKH TTOJICHITAeTCs MeOeHb pa3-
Hol ¢pakuuu. [TyTem mocnoiiHol 3a0uBKM IIEOHS 10 OTKa3a B HIYKHEM KOHILIE CBaW CO3AAETCs MIapooOpazHoe
meOHeBoe pacimupenre. B o0pa3zoBaBuIyiocs: HUIMHAPUIECKYIO CKBaKHHY C HHYKHUM IEOHEBBIM PacIInpeHUEM
BCTaBJIACTCA paCKaT4YHK. HaJIBHeﬁmaH IIOACHIIIKA IIIeGHSI B CKBAXUHY MPOHOJDKACTCA HEOONBIIMMH YaCTSIMH.
C momoIIpI0 KPYTroOBBIX IBIKEHUH pacKaTYWKa IeOCHb BIaBIUBACTCS B TPYHT M YIUIOTHsSETCA. Takum oOpa3oM,
dhopMupyeTCsl CKBaXKMHA KOHUYECKON (POPMBI, CTEHKH KOTOPOM 00pa3oBaHbl YIUIOTHEHHBIM B TPYHT IICOHEM.
B yrpamboBaHHy0 1MIeOHEBYIO 000J0YKY YCTaHABIMBAETCS MPOCTPAHCTBEHHBIM apMaTypHBIH Kapkac B (opMme
KOHYCa, COCTOALINNA W3 BEPTUKAIBHO-TIPONOJIBHBIX CTEPKHEH, KOJMYECTBO M TUAMETP KOTOPBIX OMpeleIseTcs
pacuetamu. ApMaTypHBIE CTEP)KHH COSAUHSIOTCS MEXAY COOOH TOpPU30HTANBHBIMU XOMYTaMH, LIar U AHaMeTp,
KOTOPBIX IPUHMMAKOTCSA MO KOHCTPYKTHBHBIM pELICHUSM. BepTHkanbHOE IOJOKEHHE apMaTypHOro Kapkaca
cBaM 00ECTIeUMBAETCs 32 CUET KPETeKHBIX JIEMEHTOB, N3TOTOBICHHBIX B BUAE JBYX NEPECEUYCHHBIX CTEepP)KHEH
¥ yCTAaHOBJIEHHBIX BHYTpH Kapkaca ¢ marom B (1/3—1/4) L no ee BeicoTe. JIOMTOHUTETBHBIE CTEPIKHH KPETUICHUN
BBICTYMAIOT U3 METAJUIMYECKOro kapkaca Ha BenuuuHy 0,05—0,07 M, corinacHoO CylIeCTBYIOIIMM KOHCTPYKTHB-
HBIM TpeboBanusM. [locie ycTaHOBKH apMaTypHOrO KapKaca B CKBaXHHY IMOJAETCs OETOHHAs CMECh C IOCe-
nyromum BuGpuposanuem' ! [1]. Kiacc cranu apMaTypHBIX cTepikHeil I METaJIMYeCKOro Kapkaca CBad U KJIace
0eToHa MPUHUMAIOTCS 10 PACYETY COTTIACHO MPOEKTHOMY PELICHHIO.

14 TTarent P® No 157318. KoHCTPYKIMS MOHONMTHO# XKeNe306eToHHOM cBan KoHudeckoit gopmbl / D.P. Kyxaxmerosa, A.U. Ca-
noxHuKoB. 2015. brom. Ne 33. URL: https://www.fips.ru/registers-doc-view/fips_servlet (nara oopamenus: 15.05.2021).
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MarepuaJjibl uccieJ0BAHUA

Marepuan MOHOJUTHOH KeJIe300eTOHHOW cBau KOHMYECKOH (opMBbI — TsoKenblid OeToH Kiacca B15 ¢ mo-
nynem ympyroctd E, = 24-10° MIla (tabn. 6.11)"°. 3nauenne Momyns caBura 6GETOHAa NPHHATO PABHBIM
Gy =0,4E, = 0,424-10°=9,6-10° MITa (11. 6.1.15)'® n koapdumment Iyaccona v= 0,2 (1. 6.1.17)"".

O060mouKoii (MTH onaxyOKoit) 11t HAOMBHOM KOHHMYECKOW CBa SIBISIETCS IIeOEHb pa3HOM (hpaKIim, COTIacHO
T'OCT 8267'%. Tlpumem mebens Tpymsl «A» ¢ pasmepamu 40-70 MM ¢ MomyieM ympyrocta E = 350 MIla
(tabmn. 3.2)" u xosdpdumuentom IMyaccona v = 0,3. Tommuua me6HEBOH 06010UKK NpUHATA 15 CM, a TUAMETD
mapooOpa3Horo (WiH Imapa) HIKHETO MeOHEeBOro paclIupeHHus Ha KOHIIE CBaW COCTAaBUT OKojo 1 M. /laHHbIC
napameTpbl SIBISIOTCS MOCTOSHHBIMH ISl BCEX CBall pa3HON AJHMHEI L.

I'pyHT OTHOPOAHOTO OCHOBAHMSI — IECOK YETBEPTHYHOTO OTIOKEHHS, BUICBATHIHA (KO3 PHUIIMEHT TOPUCTOCTH
e = 0,65) c monynem nepopmannu E = 18 MIla, yriaom BHyTpeHHero TpeHust ¢ = 30°, yAeIbHbIM CIEIUICHUEM
¢ =4 xIla (ta6n. 5.1)*° u kospdurmenrom ITyaccona v = 0,3 (tabum. 5.10)*.

Ha Bepxumii muametp cBau neictByroT ropm3oHTanbHas P = 10 T (100 kH) u BepTukansHast (cxxuMaroras)
N =100 T (1000 kH) Harpy3xu.

MeToabl uccaea0BaHUS

Jlist mccitemoBaHUST COBMECTHOM pabOTHI CBaifHOW KOHCTPYKITHH C TPYHTOBBIM MAacCHBOM BEIOpaHa Ipo-
CTpaHCTBEHHAsi KOHEUHO-3JIEMEHTHAsI MOJIeNb, 00beIMHSIONas 00beMHbIe Tena (Solid) MOHOIUTHOM Xene300e-
TOHHOM CBau, IeOHEBOW 000JI0YKHM, HIYKHETO paclIMpeHus B popMe Liapa 1 INpHIIeKallero rpyHTOBOTO MacCH-
Ba. [ly11 mOCTpoeHNs pacyeTHOW MOJENN UCIIOIB30BAINCh TeTpadApajbHble KoHeuHbIe 35ieMeHTHl (KD) ¢ marom
paszouenus cetku 0,5 M [26]. ['eomeTprdeckre mapaMeTphl aHATU3UPYEMBIX CBal IPEICTaBICHBI B Ta0M. 1.

[To 3aKoHaM TEOpETUIECKOH M CTPOUTENBHON MEXaHUKH TPYHT MPENCTaBIIeT COO0H CIIONTHOE, U30TPOII-
HOe, IMHEHHO e OpPMUPOBAHHOE TeNO, TIOAUUHSAIONIeecs 0606meHHOMY 3aKony I'yka??.

PacueTsl BBHITIONHEHBI METOJIOM KOHEUHBIX 31eMeHToB (MKDJ) B mporpamMmmHoM komriuiekce FEMAP with
NX NASTRAN [27; 28], m03BOJISIONIEM IETAILHO aHATHM3UPOBATh TPEXMEPHYIO KapTHHY HaIpsHKEHHO-AehOp-
MHUPOBaHHOTO COCTOSIHHSI MOJIETH U €€ KOHCTPYKTHBHBIX (DparMeHTOB: CBau, ee MeOHeBol 0000uky (omamyo-
K1), HIDKHETO paclIMpeHus B popMe mapa 1 TpyHTa.

PesynbTarnl

Jlist mccinenoBaHus BEIOpaHBI ABA THITOpa3Mepa MOHOJIUTHOM JKeJIe300€TOHHOM cBan KOHUYIECKOH (POpMBI
mumHOH L = 1-10 M ¢ HIKHUM IHaMETpOM CBaH dcs, paBHBIM 0,3 M (tum 1) u 0,4 M (Tum 1), mpuUHATEIM cOTIIACHO
TOCT 19804.5-83%, TOCT 19804.6-83%*. Bepxuue mauameTpsl cBaii D, BapbUpOBAIUCh ¢ HHTEpBaIoM 0,2 M OT
MHUHUMAIBHOTO 3HadeHus 0,6 M 1o MakcuMaiapHOTO 1,2 M. ['eoMeTpuueckue mapaMeTphl aHATM3UPYEMBIX CBai
cBeneHbl B Ta0n. 1. Ha puc. 2 mpencraBieH rpaduk u3MEHEHUS yIila HaKJIOHA 0;, °, O0KOBOI IMOBEPXHOCTH CBal
I u II tumos. [anHbI rpaduk MO3BONSIET MPOCIEANTh, KaK U3MEHSETCS YKa3aHHBIN Yro 1Mo JJIMHE CBau L, M,
C pa3MYHBIMH BEpXHUMHU D ¥ HWOKHUMH d TUaMeTpaMH yCEYeHHOTO KOHYcCa.

I5CIT 63.13330.2011. Beronnble u xene300eTOHHBIE KOHCTPYKUMH. OCHOBHBIE TOJNOKEHHUS. AKTyalu3UPOBAHHAS DPEIAKIUS
CHull 52-01-2003 ¢ usmenenusmu Ne 1. M., 2015.

16 Tam xe. C. 24.

17 Tam xe. C. 24.

18 TOCT 8267-93. 1lle6eHn 1 rpaBmii M3 IUIOTHBIX TOPHBIX TOPOJ ISl CTPOUTENLHBIX paboT. Texuuueckue ycosus. M.: Toc-
ctpoit Poccun, 1993.

19 MeToauuecKue PEKOMEHIALUH 110 MOBBILICHUIO KAYECTBA JOPOKHBIX OCHOBAHUI M3 meOHs pasanuubix nopoa. CorosIOPHUM.
M., 1980.

20 CIT 22.13330.2011. OcHoBaHust 30aHuii U cOOpy:KeHui. AkryanusupoBannas pegakuus CHull 2.02.01-83*. M.: Munucrep-
CTBO pernoHanbHoro passutus Poccuiickoit deneparuu, 2010.

21 Tam xe. C. 34.

22 [Jotmoeuyu H.A. MexaHuka rpyHTOB (KpaTKuii Kypc): yHeOHHUK It By30B. 2-€ U3., 101 M.: Beicmas mkona, 1973. 280 c.

2 TOCT 19804.5-83. CBau noJible KpPyIJIOro CEYEHUs U CBAaH-000JIOUKH JKEJIE300ETOHHBIE LEIBHBIE ¢ HEHANPATaeMOil apMary-
poii. M.: U3narenscTBO cTannapTos, 1983.

24 TOCT 19804.6-83. Cpau 10JIbIe KPYIJIOTO CEYEHHS U CBAH-000IOUKH KeJI€3006TOHHBIE COCTABHBIE C HEHAIPATAEMON apMarTy-
poii. KoHctpykiwms u pasmepsl. M.: U3narenscTBo cranmaptos, 1983.
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C yBenuueHHEM JIMHBI MOHOJIUTHOMN JKEJIe300€TOHHON CBaW YroJl HAaKJIOHA 0; WU3MEHSETCS B MEHBIIYIO
CTOPOHY, TEM CaMbIM TPUOJUKAS €€ TEOMETPUUECKUE XAPAKTEPUCTUKU K XapaKTEPUCTHKAM IMIIMHAPUICCKUX
cBait (tabn. 1). [Ipoananu3upyem BIHsSIHHE OOBEMHBIX W F€OMETPHUECKHX MAPaMETPOB CBAM HA €€ HECYIIYIO
CITOCOOHOCTH OT BepTHKAIHHBIX cxxumaromux N = 1000 kH u ropuzontansabix P = 100 kH BHemHUX cn, ipH-
JIOKEHHBIX K BEPXHEMY nuameTpy D cBaitHON KOHCTpykimu. CpaBHUM TOJYYEHHBIE Pe3ylbTaThl pacdera s
CcBaif 0 CX0XKHMM IeOMETPHUECKHM MapaMeTpaM: IIOIaH OOKOBOMH TIOBEPXHOCTH KOHYCOOOpa3Hoil cBan S, M,
1 00beMOM MaTepHana V, m’.

O6vemno-zeomempuueckue napamempsl C6aiiHol KOHCmpyKyuu. PaccMoTprM TeoMeTprdecKie 1 00beMHBIE
napaMeTphl CBAHHOW KOHCTPYKIIMU Pa3HOW JJIMHBI, BKIIOUYAs pacxoj] MaTepuaia: OETOHHON cMecH U MeOHS.
B Ta6n. 2 npuBeiCHE! YHCIOBbIE 3HAYEHNS 00BbeMa MOHOIHTHON jKele300eTORHOM cBan Vi, M°, n miomanu ee
OOKOBOIi TOBEPXHOCTH S;, M, HaiileHHbIC aHAIUTHYECKUM METOOM. B Tab. 3 MPEJICTABJICH PAcXol ICOHS s
ycTpotictBa obomouku (omanyOkw) TommuHON 0,15 M. Pacxon marepuana mis mapooOpa3sHOTO pacIupeHus Ha
KOHIIE CBaM JHMaMETPOM OKOJIO 1 M He yuuThIBaics. Pa3nenenue mo marepranaM MO3BOJISIET OTPENEIUTh HE TOIBKO
pacxon 1meOHs 1 OSTOHA, HO W BBISBHUTH JKEJIC300CTOHHBIC CBAaW IO CXOXKUM YHCIIOBBIM 3HAUCHUSM 00bhEeMa U ILIO-
aau OOKOBOM MOBEPXHOCTH. M3BeCTHO, UTO YMEHBIIICHUE OCAJIKH BUCSYCH CBaW 3aBUCUT B OOJIbINEH CTEIICHU
oT OOKOBOTO COMPOTHBIIEHU TpyHTa. HaydHbIi MHTEpec MpeiCcTaBiseT OIeHKA BIMSHUS yria HakIOHa o0pa-
3YIOIIEH KOHNYECKOH CBaM ¢ MIeOHEBOW 000I0YKON Ha €€ HECYIIYIO CIIOCOOHOCTb.

Tabauya 1
Yr/bl HAK10HA 00KOBOI NOBEPXHOCTH Wi, °, CBall pa3Hoii popMbI
Ne MoHoJ/IMTHBIE CBal KOHUYeCKOi1 popMbI pasHoii niuHbI L, M
/' Icku3 cBaii  Tunbl cBai
wn 1 2 3 4 5 6 7 8 9 10

8,54 4,29 2,86 2,15 1,73 1,44 1,23 1,08 0,96 0,86

d=0,3mM
1
7H 5,71 2,86 1,90 1,43 1,15 0,95 0,82 0,72 0,64 0,57
d=04m
B L 14,04 7,12 4,76 3,58 2,86 2,37 2,05 1,79 1,59 1,43
d=0,3mM
2.
B 11 11,31 5,71 3,82 2,85 2,28 1,99 1,63 1,43 1,27 1,15
d=0,4wm
B L 19,30 9,93 6,66 5,00 4,00 3,34 2,86 2,50 2,23 2,00
d=0,3mM
3
B 11 16,70 8,53 5,71 4,29 3,43 2,86 2,45 2,15 1,91 1,72
d=0,4wm
1200 I
B 24,24 12,68 8,53 6,42 5,14 4,29 3,68 3,22 2,86 2,58
a. | d=03m
4 il
|
\ |
« _ 1 21,81 11,31 7,59 5,70 4,57 3,81 3,27 2,86 2,54 2,29
* d=04wm

Ipumeuanue: 1) Tonuuna mebHeBol 06010uku mpuHsTa 0,15 M 114 Beex cBaif; 2) quaMeTp HHXKHEro eOHEBOr0 PacIlUpeHHs B
(dhopme mrapa paBeH 1 M A7 BceX CBaid.
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Table 1
Slope angles of the lateral surface a;, °, of piles of different shapes
No. Dra.wing Ty[?es Monolithic piles of conical shape of different lengths L, m
piles of piles 1 2 3 4 5 6 7 8 9 10
_ ! 8.54 4.29 2.86 2.15 1.73 1.44 1.23 1.08 0.96 0.86
d=03m
1
1 5.71 2.86 1.90 1.43 1.15 0.95 0.82 0.72 0.64 0.57
d=04m
800
_ ! 14.04 7.12 4.76 3.58 2.86 2.37 2.05 1.79 1.59 1.43
.4 d=03m
2 ~
_ 1 11.31 5.71 3.82 2.85 2.28 1.99 1.63 1.43 1.27 1.15
d=04m
_ ! 19.30 9.93 6.66 5.00 4.00 3.34 2.86 2.50 2.23 2.00
d=03m
3
_ I 16.70 8.53 5.71 4.29 343 2.86 2.45 2.15 1.91 1.72
d=04m
1200 I
_ 24.24 12.68 8.53 6.42 5.14 4.29 3.68 322 2.86 2.58
a| d=03m
[ H~
4 |
L
_ I 21.81 11.31 7.59 5.70 4.57 3.81 3.27 2.86 2.54 2.29
2 d=04m

Note: 1) the thickness of the crushed stone shell is taken as 0.15 m for all piles; 2) the diameter of the lower ball-shaped crushed
stone expansion is equal to 1 m for all piles.

YroJ HaKJIOHA O;, ° [Inclination angle a;, °]
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Jamna cean Li, m [Pile length Li, m]

=+-D=0.6M[m]:d=03m[m] =D=08m[m]:d=03m[m] =*D=10u[m]:d=03m[m] -*=D=12m[m]:d=0.3m[m]
<+ D=06mM[m]:d=04m[m] =D=08m[mld=04m[m] =D=10m[m];d=04M[m] = D=12m[m];d=04xm[m]

Puc. 2. I'paduik n3meHenue yria HakioHa (o, °) no mmmee (L, M) cBau st I u 11 Trmos

Figure 2. A graph of the change in the angle (a; °) of inclination along the length (L, m) of the pile for types I and II
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O0bemMHbBIE TapaMeTPbl MOHOJIMTHOI ke 1e300eTOHHOII CBal KOHUYeCcKOoii (hopMBbl

Tabauya 2

Oo6bem i-ceau V'=1/3nL(R? + Rr + 1), M°,

M IJI01AaAbL 00KOBOH MOBEepXHOCTH i-cBau S = wL(R + r), M2, 1151 cBaii:

Ne Z'[Jmna
11/;1 i-cBan I Tun, nmokuuii guamerp d= 0,3, m II Tun, nuxuei nuamerp d = 0,4, m
Lim Bepxuuii inamerp D, m Bepxuuii ntnametp D, m
0,6 0,8 1,0 1,2 0,6 0,8 1,0 1,2
| 10 0,165 0,254 0,364 0,494 0,199 0,293 0,408 0,544
’ 1,413 1,727 2,041 2,355 1,570 1,884 2,198 2,512
) 20 0,330 0,507 0,727 0,989 0,398 0,586 0,816 1,088
’ 2,826 3,454 4,082 4,710 3,140 3,768 4,396 5,024
3 3.0 0,494 0,761 1,091 1,484 0,597 0,879 1,225 1,633
’ 4,239 5,181 6,123 7,065 4,710 5,652 6,594 7,536
4 40 0,659 1,015 1,455 1,978 0,795 1,172 1,633 2,177
’ 5,652 6,908 8,164 9,420 6,280 7,536 8,792 10,048
5 5.0 0,824 1,270 1,819 2,473 0,994 1,465 2,041 2,721
’ 7,065 8,635 10,205 11,775 7,850 9,420 10,990 12,560
6 6.0 0,989 1,523 2,182 2,967 1,193 1,758 2,449 3,266
’ 8,478 10,362 12,246 14,130 9,420 11,304 13,188 15,072
7 70 1,154 1,777 2,546 3,462 1,392 2,051 2,857 3,810
’ 9,891 12,089 14,287 16,485 10,990 13,188 15,386 17,584
g 2.0 1,319 2,030 2,910 3,956 1,591 2,344 3,266 4,3541
’ 11,304 13,816 16,328 18,840 12,560 15,072 17,640 20,096
9 9.0 1,484 2,284 3,273 4,451 1,790 2,638 3,674 4,898
’ 12,717 15,543 18,369 21,195 14,130 16,956 19,782 22,608
10 10.0 1,648 2,538 3,637 4,945 1,989 2,931 4,082 5,443
’ 14,130 17,270 20,410 23,550 15,700 18,840 21,980 25,120
Ipumeuanue: nan yeproii — 06beM cBau Vi, M>; o uepToii — 60KOBas IWIOIIAIbL CBau S, M2,
Table 2
Volumetric parameters of a monolithic reinforced concrete conical pile
Volume i-piles V' =1/3aL(R*+ Rr + r*), m3,
Length and side surface area i-piles S = 7L(R + r), m?, for:
No. i-piles, Type 1, the lower diameter d = 0.3, m Type II, lower diameter d = 0.4, m
Li;m The upper diameter D, m The upper diameter, D, m
0.6 0.8 1.0 1.2 0.6 0.8 1.0 1.2
| 10 0.165 0.254 0.364 0.494 0.199 0.293 0.408 0.544
1.413 1.727 2.041 2.355 1.570 1.884 2.198 2512
) 20 0.330 0.507 0.727 0.989 0.398 0.586 0.816 1.088
2.826 3.454 4.082 4.710 3.140 3.768 4.396 5.024
3 1.0 0.494 0.761 1.091 1.484 0.597 0.879 1.225 1.633
4.239 5.181 6.123 7.065 4.710 5.652 6.594 7.536
4 40 0.659 1.015 1.455 1.978 0.795 1.172 1.633 2.177
5.652 6.908 8.164 9.420 6.280 7.536 8.792 10.048
5 50 0.824 1.270 1.819 2.473 0.994 1.465 2.041 2.721
7.065 8.635 10.205 11.775 7.850 9.420 10.990 12.560
6 6.0 0.989 1.523 2.182 2.967 1.193 1.758 2.449 3.266
8.478 10.362 12.246 14.130 9.420 11.304 13.188 15.072
7 70 1.154 1.777 2.546 3.462 1.392 2.051 2.857 3.810
9.891 12.089 14.287 16.485 10.990 13.188 15.386 17.584
g 2.0 1.319 2.030 2.910 3.956 1.591 2.344 3.266 4.3541
11.304 13.816 16.328 18.840 12.560 15.072 17.640 20.096
9 9.0 1.484 2.284 3.273 4.451 1.790 2.638 3.674 4.898
12.717 15.543 18.369 21.195 14.130 16.956 19.782 22.608
10 10.0 1.648 2.538 3.637 4.945 1.989 2.931 4.082 5.443
14.130 17.270 20.410 23.550 15.700 18.840 21.980 25.120
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Note: above the line is the volume of the pile ¥, m3; under the line is the lateral area of the pile Si, m?.
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O0bemHbIe MapaMeTpshl He0HeBoI 000,104KH (onaay0ku) ToamuHoi 0,15 m

Tabauya 3

O6nbem i-medns V=1/3aL(R?+ Rr + r}), M3,

W IJI0maAbL GOKOBOIi MoBepXHOCTH i-edus S = nL(R + r), M2, aas:

N Jomna I ” o = v — "
o i-cRam THIA CBau ¢ 1e0HeBoi 000,104K0i — HIkHMIA 1uameTp Il Tuna cBau ¢ me0HeBOoi 000/104KOM — HIZKHEH TUaMeTp
n/n Liym D=0,15+0,3+0,15=0,6, M, ipu: d=0,15+04+0,15=0,7, M, ipu:
BepxHux aAuamerpax D + D/, m / paguycax R, m BpepxHux auamerpax D + D/, m / pagnycax R, m
0,45 0,55 0,65 0,75 0,45 0,55 0,65 0,75
| 10 0,283 0,330 0,377 0,424 0,306 0,353 0,400 0,447
’ 2,355 2,669 2,983 3,297 2,512 2,826 3,140 3,454
) 20 0,565 0,659 0,754 0,848 0,612 0,706 0,801 0,895
’ 4,710 5,338 5,966 6,594 5,024 5,652 6,280 6,908
3 3.0 0,848 0,990 1,130 1,272 0,918 1,060 1,201 1,312
’ 7,065 8,007 8,949 9,891 7,536 8,478 9,420 10,362
4 40 1,130 1,319 1,507 1,696 1,224 1,413 1,601 1,790
’ 9,420 10,676 11,932 13,188 10,048 11,304 12,560 13,816
5 5.0 1,413 1,648 1,884 2,119 1,531 1,766 2,002 2,237
’ 11,775 13,345 14,915 16,485 12,560 14,130 15,700 17,270
6 6.0 1,696 1,978 2,261 2,543 1,837 2,119 2,402 2,685
’ 14,130 16,014 17,898 19,782 15,072 16,956 18,840 20,724
7 70 1,978 2,308 2,638 2,967 2,143 2,473 2,802 3,132
’ 16,485 18,683 20,881 23,079 17,584 19,782 21,980 24,178
3 3.0 2,261 2,638 3,014 3,391 2,449 2,826 3,203 3,580
’ 18,840 21,352 23,864 26,376 20,096 22,608 25,120 27,632
9 9.0 2,543 2,967 3,391 3,815 2,755 3,179 3,603 4,027
’ 21,195 24,021 26,847 29,673 22,608 25,434 28,260 31,086
10 10.0 2,826 3,297 3,768 4,239 3,061 3,532 4,003 4,474
’ 23,550 26,690 29,830 32,970 25,120 28,260 31,400 34,540
Ipumeuanue: Han uepToii — 06BeM mEGHs Vi, M3; IO 4epTOii — GOKOBAs ILTONIA/b IEOHEBOH ONIATYOKH S, M2.
Table 3
Volumetric parameters of crushed stone shell (formwork) 0.15 m thick
Volume i-piles V' =1/3aL(R*+ Rr + r*), m?,
and side surface area i-piles S = 7L(R + r), m?, for:
No. Ef_‘::ilﬁtsh Type I piles with crushed stone — loweg‘ diameter Type II piles with crushed stone — lowe.r diameter
L m’ d=0.15+0.3 +0.15= 0.6, m, with: d=0.15+0.4+0.15= 0.7, m, with:
upper diameters D + D/, m / radii R, m upper diameters D + D/, m / radii R, m
0.45 0.55 0.65 0.75 0.45 0.55 0.65 0.75
| 10 0.283 0.330 0.377 0.424 0.306 0.353 0.400 0.447
2.355 2.669 2.983 3.297 2512 2.826 3.140 3.454
’ 20 0.565 0.659 0.754 0.848 0.612 0.706 0.801 0.895
4.710 5.338 5.966 6.594 5.024 5.652 6.280 6.908
3 3.0 0.848 0.990 1.130 1.272 0.918 1.060 1.201 1.312
7.065 8.007 8.949 9.891 7.536 8.478 9.420 10.362
4 40 1.130 1.319 1.507 1.696 1.224 1.413 1.601 1.790
’ 9.420 10.676 11.932 13.188 10.048 11.304 12.560 13.816
5 5.0 1.413 1.648 1.884 2.119 1.531 1.766 2.002 2.237
11.775 13.345 14.915 16.485 12.560 14.130 15.700 17.270
6 6.0 1.696 1.978 2.261 2.543 1.837 2.119 2.402 2.685
14.130 16.014 17.898 19.782 15.072 16.956 18.840 20.724
7 70 1.978 2.308 2.638 2.967 2.143 2.473 2.802 3.132
16.485 18.683 20.881 23.079 17.584 19.782 21.980 24.178
3 2.0 2.261 2.638 3.014 3.391 2.449 2.826 3.203 3.580
18.840 21.352 23.864 26.376 20.096 22.608 25.120 27.632
9 9.0 2.543 2.967 3.391 3.815 2.755 3.179 3.603 4.027
21.195 24.021 26.847 29.673 22.608 25.434 28.260 31.086
10 10.0 2.826 3.297 3.768 4.239 3.061 3.532 4.003 4.474
23.550 26.690 29.830 32.970 25.120 28.260 31.400 34.540

Note: above the line is the volume of crushed stone ¥;, m?; under the line is the lateral area of the crushed stone formwork S;, m2.
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Hccneoosanue HAnPANCEHHO20 COCMOAHUA MOOENU «C6AUIHAA KOHCMPYKYua + zpyumy. J{ns BEIIUCIN-
TEJBHOT'0 SKCIIEPUMEHTA BhIOpaHa MOHOJIMTHAsSI XKeJIe300€TOHHAs KOHYCO00pa3Hasi CBas [UIMHON 2 M ¢ BEpXHHUM
muamerpom D = 0,6 M. Bokpyr cBam pacrionoxxeHa meOHeBas o6onouka tommuHoi 0,15 M ¢ HIKHUM 1m1e0-
HEBBIM IIIApOM, UMEIOIUM AWaMeTp okojio 1 M. BeiOpaHas maiuHA CBaW MMAPOKO TMPUMEHSIETCS MPU MPOSKTUPO-
BAaHUU MaJIOATAXKHEIX 3/aHHIT> . [PyHTOBBIM MAaCCHBOM SBIIAETCS OJHOPOIHOE, CILIOIIHOE, H30TPOIHOE, IMHEHHO
nedopmupyemMoe Terao Kyoudeckoil ¢popMel ¢ pasmepamu 7x7x7 M [29]. Ha puc. 3 mpencraBieHbl HOpMallb-
HbIe (a, 6) U KacaTeNnbHbIE () HANPSDKEHUS OT BEPTHKAIBHOW HArpy3ku N cBafHOW KOHCTPYKIUU C TPYHTOBBIM
MAacCCHBOM.

17500 5500,
10938 - 3125 - 87500, -
- - 76563
|
29375
[ |

48125
-54688,
61250,
67813,

%
/ 74375,
Output get: NX NASTRAN Case 1 -80938,

Elemental Contour: Solid Z Normal Stress -87500,

a 0 8

187
32813.
-43750,
-54688,
-65625,
5

Output 5)&: NX NASTRAN Case 1 -76563,
Elemental Contour: Solid ZX Shear Stress -87500,

Output s}s(;t NX NASTRAN Case 1
Elemental Contour: Solid X Normal Stress -87500,

32¢
o 3
SN B

D G W
L

Puc. 3. HanpspkeHHOE COCTOSIHHE TPOCTPAHCTBEHHON JIMHEHHO-1e(OPMUPOBAHHON MOJEIH «CBaifHAst KOHCTPYKLUS + TPYHT»
OT BEPTHKAIBLHOIO HATPY>KECHUS:
a — HOpMaJIbHBIC HATIPSKEHUS 110 OCH Z 00BEMHOI0 DJIEMEHTA G, H/Mz; 06— HOpMAJIbHBIE HATIPSKEHUS 110 OCH X 00beMHOT0 371EMEHTA Oy, H/Mz;
6 — KacaTeJIbHbIe HAPSDKEHHS B IIIOCKOCTH ZX 00BEMHOT0 JJIEMEHTA Ty, H/m?
Figure 3. Stress state of the spatial model “pile structure + soil” from vertical loading:
a — solid Z normal stress c., N/m?; 6 — solid X normal stress o,, N/m?; ¢ — solid ZX shear stress T.,, N/m?

Ha puc. 3, a BuIHO, 9TO BOKPYT CBaifHOM KOHCTPYKIIMM HA TIOBEPXHOCTH TPYHTA (B TUIOCKOCTH XY) BOHUKAIOT
BEpPTUKAILHBIC PACTATUBAIONINE HATIPsHKEHHS 110 ocH z (o1 17,5 no 4,4 Mlla), koTopsie 00pa3yroTcs 3a CUET BEp-
TUKAJTBHOTO CMEIICHHsI CBAHHOW KOHCTPYKIUU M TPUJICTAIONIET0 TPyHTa ¢ 00pa3oBaHWEM BOPOHKH. B oTimnume
OT MaTepuajia CBalHOTO (yHAaMEHTa TPYHTHI CIIOCOOHBI BOCIIPHHHUMATH C)KMMAIOIINE W CABUTAIOIINE YCUIIUS,
HO TIPAaKTUYECKW HE BOCIPHHHUMAIOT pacTsTuBaroniie ycwima. [lo 3Tol mpudwHe Ha TOBEPXHOCTH 3EMITH
17500, g CIEZYET OXKUJATH MOABICHUA «PasPBIBOBY BOKPYT CBAH. B paspese
\\ 10938 I TPOCTPaHCTBEHHON MOJENHM KOOPJAMHATHOM IIOCKOCTBIO ZX BHJHO,

YTO TIO TIyOMHE BO3HWKAIOT M3000JIaCTH JTABICHUN B MHTEpBAJE OT
87,5 no 2,2 MIla. U3000macTh MaKCUMaJIbHBIX JaBJieHUH (00JacTh
MaKCUMAaTbHBIX CXKMMAIOIINX HampsbkeHuit o, = 87,5 Mlla) B rpyHTe
MoBTOpsieT (GopMy KOHYCOOOpa3HOH CBauM C HW)KHHM II€OHEBBIM
mapoM. O01acTy CKUMAIONINX HAPSHKEHUN G, B HHTEpBajie ot 87,5
10 41,6 MIla mpakTHyecky MOBTOPSIOT 10 (hopMe 00J1aCTh MAKCHUMAITh-
54688, KX HanpspkeHnid (87,5 Mlla). Obnactu OCTaIbHBIX CKUMAFOIIAX
z / -61250, - HanpspkeHu# o, (Menee 41,6 MIla) umerot dpopmy oBana. C yBemude-
E‘; K ?Zi;z’ I HUEM TJIyOWHBI z UHTCHCHMBHOCTh BEPTUKAJbHBIX JABICHUN G, 3a-
Output §<ett NX NASTRAN Case 1 -80938, MCTHO YMCHBIIIACTCH.
Elemental Contour: Solid X Normal Stress 87500, OG6acTH TOPH3OHTANGHBIX HANPSUKEHHH G, (PACIIOpOB) CBAMHOM

Puc. 4. HopmanbHble HanpspKkeHus o ocu X
N N KOHCTPYKIIMHM U TPYHTOBOI'O OCHOBAHUS NpPEJCTaBJICHbI Ha puc. 3, 0.
CBaifHOM KOHCTPYKUUH U IPYHTA

-48125

OT TOPU30HTaIBHOTO Harpyxenus P = 100 kH Ha nosepxHocty rpyHTa (B IIOCKOCTH XV) BOKPYT CBAlHOI KOHCTPYK-
Figure 4. Normal stresses along the X axis K 00pasyroTcst 061acTi OOKOBBIX JaBJICHUH (paclopoB) B Auara-
of pile structures and soil 30He oT 87,5 no 46,8 MIla. OHHM HOBTOPSIOT €€ OKPYIIIyI0 (hopmy.

from horizontal loading P =100 kN C ymeHbleHHEM BelMurHbI pactiopa (ot 41 MIla) ykasaHHbie 001acTu

npuobperaroT Gopmy oBana. Ha paspese Momenu BUICH XapakKTep paclpeeicHs] MaKCUMAaIbHBIX Pacro-
poB (87,5 MIla) Ha rnyOmHe ¢ OTMeTKOH B 1/4 mmmHBI cBam. BumeH Takke XapakTep CHMMETPHYHOTO TIepe-

25 CIT 24.13330.2011. Cpaiinble QpyHaamMenThl. AkTyanusupoBanHas peaakuus CHulIl 2.02.03-85. M.: MUHHCTEPCTBO PErHO-
HaspHOTO pa3Butus Poccutickoit deneparum, 2011.
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pacripeniesieHnst B MPOTHBOIOJIOKHBIE CTOPOHBI OT IIEHTPATFHON OCH CHMMETPHUN MaKCHMaTbHBIX OOKOBBIX JaBiie-
HUI, MaKCUMaJIbHOE 3HaueHHe KOTOphIX noctruraeT 38,8 Mlla. C yBenmueHneM riryOUHBI TOTPY>KEHUST HHTCHCHB-
HOCTh OOKOBBIX JIABJIICHUH 3aMETHO YMEHBIIIAETCS, B TO BpeMs Kak Mo HMIHPHHE 00JIaCTh UX ACUCTBHS CYNIECTBEHHO
YBEITNYHBAETCA.

Ha puc. 3, 6 mpuBeaeHa KapTHHA pacIipeesieHns KacaTeIbHbIX HANpsHKEHUH T., (CABUTOB) CBaHHON MOJENH
C Y4eTOM TPYHTOBOTO MaccuBa. B riryOWHEe TpyHTOBOH TONIIM MaKCUMalbHBIE KacaTeJbHBbIE HampsKEHHS
(tx = 87,5 MIla) pacnpenenstorcss B GopMe OBYX CHMMETPHYHBIX 30H, OPHEHTHPOBAHHBIX BAOJb CBAHHON
KOHCTPYKITHH 1 OTCIIEKUBAIOIMNX ee (hopMy (110 ee OOKOBOM MOBEPXHOCTH), BKITIOYAsT HIDKHUM MIE€OHEBBIH 1ap.

HamnpsixeHust 6x 0T TOPU3OHTANBHON cocpenoToueHHoM Harpy3ku P = 100 kH mpousutrocTpupoBaHsl Ha
puc. 4. OT rOpU30HTAIFHOTO CMEILCHHSI CBafHON KOHCTPYKLUH B MAacCHBE IPyHTA BO3HHKAIOT PACTATHBAIOLIIEC
HaIpsDKEHsSI, HaXoasmuecs B quamnasone ot 17,5 no 4,4 Mlla, a Takxke CoXUMaroImye TOPU3OHTAIBFHBIC HAMPS-
JKeHUs B mipeaenax ot 87,5 mo 2,2 Mlla.

Tabnuya 4

HOpMaJ’leble H KacaTeJbHbIC HAIIPAKCHU S paC‘leTHOﬁ MOJEe/IN «CBasl — TPYHT» JUIHHOH L =2 M

Bepxuuii HopmaiibHble HANPsKeHUs o;, H/m>?

- o 2
H HHKHUHA BepTukajbHble CXKHMaOIIME TopusonTanbHble Hanpskennii | Kacareabnbie HanpsuKkeHus .y, H/m

AuaMeTphl HanpsiKeHus: oz, H/m? ox, H/m?
y 17500,

]

M
M

0,6
0,3

D
d

i Tuamerp
HIDKHHH THaMeTp

i X X S
X VATAN L/l 7 s 2 . Output Set: NX NASTRAN Case 1

= Output Set: NX NASTRAN Case 1
Qutput Set: NX NASTRAN Case 1 N,;p,‘ Contour: Solid X Normal Stress Nodal Contour: Solid ZX Shear Stress
Nodal Contour: Solid Z Normal Stress

4375,

0,8 M, | Bepxuu

03 ™M

-8750
-15313,
-21875,
-28438,
-35000,
41563
48125,
-54688,
61250,
67813,
-74375,
-80938,
-87500,

d

HWKHHWU JTUaMETP

z

L. e
Qutput Set: NX NASTRAN Case 1
Nodal Contour: Solid X Normal Stress

Output Set: NX NASTRAN Case 1
Elemental Contour: Solid ZX Shear Stress

Qutput Set: NX NASTRAN Case 1
Nodal Contour: Solid Z Normal Stress

17500,
10938,

4375,

0,3m

-8750,
15313,
-21875,
-28438,
-35000,
-41563,
48125,
-54688,
61250,
-67813,
74375,
-80938,
-87500,

d=

HIDKHUM nuamerp

L/
Output Set: NX NASTRAN Case
Nodal Contour: Solid Z Normal Stress

X i
Output Set: NX NASTRAN Case 1
Elemental Contour: Solid ZX Shear Stress

x J
Qutput Set: NX NASTRAN Case 1
Elemental Contour: Solid X Normal Stress

17500,
10938,
4375

0,3 M

-8750
-15313
-21875,
28438
-35000
-41563
-48125,
-54688,
61250,
-67813,
-74375,
-80928, " A i
-87500, Output Set: NX NASTRAN Case 1 - d Output Set: NX NASTRAN Case 1

Elemental Contour: Solid X Normal Stress Elemental Contour: Solid ZX Shear Stress

d=

HWKHHWU JTUaMETP

X
Output Set: NX
Nodal Contour: Solid Z Normal Stress

Bepxuwmii quamerp D = 1,2 M, | Bepxuuit nuametp D = 1,0 M, | Bepxuuii nuamerp D
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Table 4
Normal and tangential stresses of the design model “pile — soil” with a length L =2 m

Top Normal stresses 6;, N/m?

and bottom i , i ) Shear stresses T;x, N/m?
diameters Solid Z normal stress 6;, N/m Solid X normal stress 6x, N/m

17500,
10938,

=0.6m,
=0.3m

Top diameter D
bottom diameter d

i

Output Set: NX NASTRAN Case 1
Nodal Contour: Solid ZX Shear Stress

|4 X
X AUV 5 p—
5 TR Output Set: NX NASTRAN Case 1
Quiput Set: NX ANCaes | Nodal Contour: Selid X Normal Stress

Nodal Contour: Solid Z Normal Stress

=0.8m,
=0.3m

o
C

L v
Qutput Set: NX NASTRAN Case 1
Nodal Contour: Solid X Normal Stress

Top diameter D
bottom diameter d

X !
Output Set: NX NASTRAN Case 1
Elemental Contour: Solid ZX Shear Stress

SN N
Output Set: NX NASTRAN
Nodal Contoul olid Z Normal Stress

0.3m

Lx

Output Set: NX NASTRAN Case 1

Top diameter D= 1.0 m,
bottom diameter d

LX

Output Set: NX MASTRAN Case 1
Nodal Conto id Z Normal Stress

X |
Output Set: NX NASTRAN Case 1
Elemental Contour: Solid ZX Shear Stress

Elemental Contour: Solid X Normal Stress

© & &
¢ o] o 2 o e

03m

Top diameter D= 1.2 m,
bottom diameter d

X PAVANAVANA ; X EAVAVANAWRY) !
Output Set: NX NASTRAN Case 1 o 3 Output Set: NX NASTRAN Case 1
Elemental Contour: Salid X Normal Stress Elemental Contour: Solid ZX Shear Stress

X
Output Set: NX NASTRAN Case 1
Modal Contour: Solid Z Normal Stress

B Tabn. 4 npuBencHBI I[BETHBIC O0JIACTH, XapaKTCPU3YIOIINE BEPTHKAIBHBIC CKUMAIOIIUE W TOPH30H-
TaJbHBIC HAMPSDKCHUS, @ TAK)KE KacaTeJIbHbBIC HAIIPSDKEHUS, BOSHUKAIOIINE B HAIPSHYKEHHON 00JIaCTH TPYHTOBOTO
MacCHBa U CBaHON KOHCTPYKIIMH JUTHHOU 2 M ¢ BepxHuUMH nuamerpamu D = 0,6; 0,8; 1,0 m 1,2 M.

Hcceneoosanue oeghopmuposannozo cocmosanus ceainou koncmpyxkuyuu. Ha puc. 5 u 6 npeacTaBiieHbI
MPOCTPAHCTBECHHBIC KAPTHUHBI BEPTUKAIBHBIX U TOPU30HTAIBHBIX MMEPEMEIICHUI CBaW OT JCWCTBHS BEPTKAJIb-
Hoit (N = 1000 kH) u ropusonransuoii (P = 100 kH) Harpy3ox.

B Tabn. 5 npuBeaeHBI pe3ysibTaThl CTATHYECKOTO pacdyeTa CBaliHOW KOHCTPYKIIMH Pa3IMYHON FeOMETPUH,
HaXOSIIEHCS MO ISHCTBHEM TOPU30HTAIBHON U BEPTUKAILHOW HATPY30K.

ITo pe3ynabTaTaM pacuera MOXKHO CIENIaTh BBIBOJ, UTO JJIS CBall 0OuHAaxosou OiuHbl L; = const 4UCIOBBIC
3HAYEHUS OCAJIKU U TOPU30HTAIBHOTO IIEPEMEIIICHHS YMEHBIIIAIOTCS ¢ YBEJIUUCHHEM BEpXHEro auamerpa (Taoi. 5).
Ecnu cpaBHUTH cBau pasnou OauHbl L, HO ¢ OJUHAKOBBIMH IUIOMIAJASIMH OOKOBOW MOBEPXHOCTH S; = const,
TO MO’KHO OOHapy»HTh, UTO JUIMHA CBaW OKa3bIBaeT HaMOOJIee CYIICCTBCHHOE BIMSHUE HA OCAAKY (BEpTUKAIb-
HYIO COCTaBJISIONIYIO TEPEMEICHHUs), B TO BpeMsl KaK Ha TOPH30HTAJIBHOE MEPEMEIICHUE CBaW HanOOJIbIlee
BIIUSTHUE OKa3bIBaCT BEPXHUH nuaMeTp Dy TONEPEUHOTO CEUCHUS.
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B Tabin. 6 mimrocTpupyroTCs epeMeIeHIs OTHOCUTENTFHO KOPOTKOW CBaHON KOHCTPYKUUH (JUTMHO#H L = 2 M)
C pa3sHbIMU BEPXHUMHU JHUAMETpaMU.
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Puc. 5. Beprukansusie (¢) 1 TOpH30HTAJIBHBIE (0) EpeMELICHNs CBaHOW KOHCTPYKIUH U IpyHTa
OT BEPTUKAJILHOTO HarpyxeHus cunoi N = 1000 kH

Figure 5. Vertical (a) and horizontal (6) displacements of pile structures and soil from vertical loading by force N = 1000 kN
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Elemental Contour: T1 Translation
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Puc. 6. Beprukansusie (¢) 1 TOpH30HTAJIBHBIE (0) EpeMELIeHNs CBaHOW KOHCTPYKIUH U IpyHTa
OT FOPU30HTAJILHOIO Harpyxenus cuioi P =100 kH
Figure 6. Vertical (a) and horizontal (6) displacements of pile structures and soil from horizontal loading by force P = 100 kN

Crnenyet otmeTuTh, 9To Ha HJIC CcBaifHON KOHCTPYKITUH CYIIECTBEHHOE BIUSHUE OKA3bIBAET TEXHOJIOTH
BBIMOJTHSEMBIX CTPOUTENBHBIX pa0oT. Ecmu O0oKOBask MOBEPXHOCTh CBaM OMUPAETCS C MOMOIIBIO KPENeKHBIX
9JIEMEHTOB M OETOHHOW CMecH Ha IeOHEBYIO 000JI0UKY, KOTOpas SBIISETCS OMalyOKoH, yTpaMOOBaHHON B TPYHT
U CO3/JAIONIEeN MPH 3TOM BECbMA IUIOTHOE OKOJIOCBAalHOE MPOCTPAHCTBO, TO MO’KHO CUUTATh, YTO CBalHas KOH-
CTPYKIIUS paboTaeT Mo HArpy3KoM Kak eauHoe 1ennoe. [Ipu 3ToM pasmep cBau yBEIMYMBACTCS Ha TONIIUHY ¢ (M)
meOHeBoi 06omouku (cM. Tadi. 3). B aToM cinydae Ha ocanky cBau CYIIECTBEHHO BIHSIET PaAHYC YINIOTHEHHOTO
BOKpYT Hee IpyHTa. YKa3aHHBIA PaguyC 3aBHCUT OT (PU3UKO-MEXaHWYECKUX XapaKTEPUCTHK TPYHTA, (paKiuu
IPUMEHSEMOro IeOHs M CHIIBl BIAaBIMBaHUA ero B IpyHT. HmxHee mapoobpasHoe mieOHeBOE pacluIMpeHue siB-
JISeTCs )KECTKUM MaTEepUKOM, CBOEOOPa3HOM MPOCIONKON MeXIy CIaObIMH M Majio C)KMMaeMbIMH TPYyHTAMH.
C yBennueHHEM AJMHBI cBau OO0JbIIAs A0JIS CKUMAIOLIEH N Harpy3Ku OyJeT nepeaaBaThCcsi OCHOBAHUIO IOCPE-
CTBOM TpeHHs O0KOBOH NOBepxHOCTU. OIHAKO C TEYEHNEM BPEMEHU HEKOTOpast JOJIsI TON HAarpy3Ku IEepexoauT
Ha OCTpHE CBaW M3-3a pelakcanuu rpyHTa. [103TOMy yCTpOHCTBO mapooOpa3HOro MEOHEBOro PacHIMpPEeHUs Ha
HIDKHEM KOHIIE CBaW MO3BOJIACT MepeaaBaTh U paBHOMEPHO IepepacipeneisiTh CAKUMAIONIYIO (BEpTUKAIBbHY0) N
HArpy3Ky Ha OCHOBAaHHE, YMEHbINas MpH 3ToM ocaiky ceau’® [30]. B clyudae ecliu TeXHONOTHS MO YCTPOHCTBY
cBau co meOHeBO 000I0YKON HE TPeyCMaTpHUBAET MX COBMECTHYIO padOTy KaK €IMHOW KOHCTPYKIINH, IeOHe-
Basi 000J104Ka OyIeT SBJIATHCS BCErO JHIIbL OnanyOKkoid. B momoOHOH cuTyanuu cpaBHEHHE CXOKUX MApaMeTPOB
CIICAyET BBIMOJHATH KaK IJI1 MOHOJIUTHOH Kele300€TOHHOH CBaM.

26 Canooicnuxoe A.H., Kyacaxmemosa D.P. CriocoObl OrpyKeHUs, IPOYHOCTHBIE M Je(OPMALMOHHbIE PacdeThl cBail. b. u., 2015.
71 c. URL: https://rucont.ru/efd/314524 (nata obpamenus: 15.05.2021).
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Tabauya 5

MaxkcumaibHble nepemMenienus cBaii I u Il Tunos ¢ pa3Hoii JJIMHOM 0T BEPTHKAJIBLHOIl M TOPH30HTAJIbHOI HATPY3KH

BepTI/IKa.]'IbeIe Si 1 TOPU30HTAJIbHBbIEC NIepeMellleHUs Axi i-cBan pPa3sHoro Bujaa:

Ne _I[‘H“Ha I Tun, nuekauii anamerp d = 0,3, m II Tun, nmoxuei anamerp d = 0,4, m
n/n 1-12f1:{an Bepxuuii nuamerp D, m Bepxuuii nuamerp D, m
0,6 0,8 1,0 1,2 0,6 0,8 1,0 1,2
1 L0 0,01760 0,01590 0,01490 0,01380 0,0166 0,0160 0,0147 0,0137
’ 0,00385 0,00281 0,00236 0,00198 0,0032 0,0028 0,0025 0,0022
5 20 0,01520 0,01450 0,01390 0,01290 0,0147 0,0141 0,0131 0,0129
’ 0,00330 0,00283 0,00247 0,00214 0,0032 0,0028 0,0025 0,0022
3 3.0 0,01200 0,01140 0,01080 0,01030 0,0117 0,0111 0,0106 0,0101
’ 0,00302 0,00251 0,00218 0,00190 0,0029 0,0025 0,0022 0,0019
4 40 0,01000 0,00952 0,00904 0,00857 0,0098 0,0093 0,0088 0,0084
’ 0,00288 0,00234 0,00200 0,00174 0,0028 0,0023 0,0020 0,0017
5 5.0 0,00875 0,00825 0,00780 0,00740 0,0085 0,0080 0,0076 0,0072
’ 0,00279 0,00224 0,00190 0,00161 0,0027 0,0022 0,0018 0,0016
6 6.0 0,00777 0,00723 0,00682 0,00648 0,0075 0,0070 0,0066 0,0063
’ 0,00273 0,00216 0,00180 0,00153 0,0027 0,0021 0,0018 0,0015
- 70 0,00710 0,00666 0,00625 0,00575 0,0070 0,0063 0,0059 0,0056
’ 0,00269 0,00211 0,00174 0,00145 0,0026 0,0021 0,0017 0,0014
g 2.0 0,00644 0,00591 0,00552 0,00519 0,0062 0,0057 0,0054 0,0050
’ 0,00266 0,00209 0,00169 0,00142 0,0026 0,0020 0,0017 0,0014
9 9.0 0,00599 0,00543 0,00506 0,00474 0,0057 0,0052 0,0049 0,0046
’ 0,00264 0,00204 0,00165 0,00138 0,0026 0,0020 0,0016 0,0013
10 10.0 0,00561 0,00507 0,00476 0,00440 0,0054 0,0048 0,0045 0,0042
’ 0,00261 0,00204 0,00163 0,00120 0,0025 0,0020 0,0016 0,0013
Tpumeuanue: Hay 4epToil — ocanka (BepTHUKAIbHBIE IEPEMELICHHs); O YePTOil — TOPH30HTAIIbHBIE IIEPEMEICHUS.
Table 5
Maximum displacements of piles of types I and II with different lengths from vertical and horizontal load
Vertical s;and horizontal displacements Ax; i-piles of different types:
No IiJ-:)Iillgetsh Type 1, the lower diameter d = 0.3, m Type 11, lower diameter d = 0.4, m
A m’ The upper diameter D, m The upper diameter D, m
0.6 0.8 1.0 1.2 0.6 0.8 1.0 1.2
1 10 0.01760 0.01590 0.01490 0.01380 0.0166 0.0160 0.0147 0.0137
0.00385 0.00281 0.00236 0.00198 0.0032 0.0028 0.0025 0.0022
) 20 0.01520 0.01450 0.01390 0.01290 0.0147 0.0141 0.0131 0.0129
0.00330 0.00283 0.00247 0.00214 0.0032 0.0028 0.0025 0.0022
3 3.0 0.01200 0.01140 0.01080 0.01030 0.0117 0.0111 0.0106 0.0101
0.00302 0.00251 0.00218 0.00190 0.0029 0.0025 0.0022 0.0019
4 40 0.01000 0.00952 0.00904 0.00857 0.0098 0.0093 0.0088 0.0084
0.00288 0.00234 0.00200 0.00174 0.0028 0.0023 0.0020 0.0017
5 5.0 0.00875 0.00825 0.00780 0.00740 0.0085 0.0080 0.0076 0.0072
0.00279 0.00224 0.00190 0.00161 0.0027 0.0022 0.0018 0.0016
6 6.0 0.00777 0.00723 0.00682 0.00648 0.0075 0.0070 0.0066 0.0063
0.00273 0.00216 0.00180 0.00153 0.0027 0.0021 0.0018 0.0015
7 70 0.00710 0.00666 0.00625 0.00575 0.0070 0.0063 0.0059 0.0056
0.00269 0.00211 0.00174 0.00145 0.0026 0.0021 0.0017 0.0014
g 2.0 0.00644 0.00591 0.00552 0.00519 0.0062 0.0057 0.0054 0.0050
0.00266 0.00209 0.00169 0.00142 0.0026 0.0020 0.0017 0.0014
9 9.0 0.00599 0.00543 0.00506 0.00474 0.0057 0.0052 0.0049 0.0046
0.00264 0.00204 0.00165 0.00138 0.0026 0.0020 0.0016 0.0013
10 10.0 0.00561 0.00507 0.00476 0.00440 0.0054 0.0048 0.0045 0.0042
0.00261 0.00204 0.00163 0.00120 0.0025 0.0020 0.0016 0.0013

348

Note: above the line — draft (vertical movement); below the line — horizontal movements.
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Tabauya 6
Pe3yabTaThl pacyera KOpPOTKOii cBau JUIMHOH L =2 M

Bepxuuii 1 HUKHUA

BepTukaiasHas ocaaka si, M, ot N = 1000 kH I'opusoHTanbHOE NepemereHue Axi, M, ot P=100 kH
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Table 6
The results of the calculation of a short pile with a length L =2 m

Top and bottom

Vertical draft s;, m, from N =1000 kN Horizontal displacement Ax;, m, from P =100 kN
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%
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Puc. 7. I'pahuik «ocanxa s1, M — mmHa L, M» cBail 0T BepTUKaIbHOI Harpy3ku N = 100, T, mist HwkHuX auametpos: d = 0,3 M (a); d = 0,4 M (6)
Figure 7. Graph “draft s1, m — length L, m” of piles from vertical load N = 100, t, for lower diameters: d=0.3 m (a); d= 0.4 m (6)

Tabnuya 7
CpaBHeHuHe pe3yJIbTATOB 110 CX0KUM apaMeTpaM MOHOJIUTHOI |#e/1e300eTOHHOIi cBau
JAuametpbi IMapameTtpsbl MaxkcumanabHble Makcumasnpie
. . IMapameTtpst nepeMenieHust
. MOHOJIMTHOM MOHOJHTHO¥ TePeMEILICHUS CBAN | o S OMOuKH CBAHOI KOHCTpYKIIHH
Ne Annna JKeJ1e300eTOHHOM JKke1e300eTOHHON  (0e3 yuera 1mieGHeBOI m Yt
n/n Lm cBan cBan oBonoKH) (ronmuua 0,15 M) (¢ yueTom niedHeBOit
000/104KH)
D, m d,m vV, m? S, m? Si, MM Axi, MM vV, m? S, m? Si, MM Axi,MM
1 1,0 1,2 0,3 0,494 2,355 19,64 2,79 0,424 3,297 13,80 1,98
3,0 0,6 0,3 0,494 4,239 12,10 2,05 0,848 7,065 12,00 3,02
5 3,0 1,2 0,3 1,484 7,065 11,90 2,38 1,272 9,891 10,30 1,90
5,0 0,6 0,3 0,824 7,065 9,32 2,79 1,413 11,775 8,75 2,79
3 6,0 1,2 0,3 2,967 14,13 8,73 1,92 2,543 19,782 6,48 1,53
10,0 0,6 0,3 1,648 14,13 11,30 2,27 2,826 23,550 5,61 2,61
4 3,0 1,2 0,3 1,484 7,065 11,90 2,38 1,272 9,891 10,30 1,90
9,0 0,6 0,3 1,484 12,717 10,96 2,23 2,543 21,195 5,99 2,64
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Table 7
Comparison of results for similar parameters of monolithic reinforced concrete piles
Diameters Maximum Maximum
cr s Monolithic . Crushed stone displacement of
of monolithic . displacement of R
Length . reinforced concrete . . shell parameters the pile structure
No. reinforced . the pile (excluding . .
L,m . pile parameters (thickness 0.15 m) (excluding the crushed
’ concrete piles the crushed stone shell)
stone shell)
D, m d, m V, m? S, m? si mm  Ax;, mm V, m? S, m? si mm  Ax, mm
1 1.0 1.2 0.3 0.494 2.355 19.64 2.79 0.424 3.297 13.80 1.98
3.0 0.6 0.3 0.494 4.239 12.10 2.05 0.848 7.065 12.00 3.02
5 3.0 1.2 0.3 1.484 7.065 11.90 2.38 1.272 9.891 10.30 1.90
5.0 0.6 0.3 0.824 7.065 9.32 2.79 1.413 11.775 8.75 2.79
3 6.0 1.2 0.3 2.967 14.130 8.73 1.92 2.543 19.782 6.48 1.53
10.0 0.6 0.3 1.648 14.130 11.30 2.27 2.826 23.550 5.61 2.61
4 3.0 1.2 0.3 1.484 7.065 11.90 2.38 1.272 9.891 10.30 1.90
9.0 0.6 0.3 1.484 12.717 10.96 2.23 2.543 21.195 5.99 2.64

0,004

1\
0,0035 \\
0,003 P~

.\1\.\\*‘—-—-—-.,‘
0,0025 g

[Horizontal displasment of the pile Axi, m]

Topr30HTAILHOE HepeMellleHHe CBAR AXi, M

0,002 <
— —
0,0015
»
0.001
1 2 3 4 5 6 7 8 9 10

Jlannaa cead Li, m [Pile lenght Li, m]

—+-D=0,6M[m] ®D=08mM[m] —+D=10mM[m] —-D=12wm[m]

a

0,0035

r—
0,003 '\

0.0025 —

0 e e e e

0,0015

0,001

TopH30HTAIbHOE IepeMellleHAe CBAM AXi, M
[Horizontal displasment of the pile Axi, m]

1 2 3 4 5 6 7 8 9 10
Jlanna cean Li, m [Pile lenght Li, m]

—~+-D=06m[m] -=D=028m][m] D=10m[m] -®D=1.2wm[m]
o

Puc. 8. I'paduk «mepemertierne s2 — aymna L, M» OT ropu3oHTansHoi Harpy3ku P = 10, T, st Hikaero muamerpa: d = 0,3 M (a); d= 0,4 M (6)
Figure 8. The graph “displacement s2 — length L, m” from the horizontal load P = 10, t, for the lower diameter: d = 0,3 m (a); d = 0,4 m (6)

B Tabn. 7 npexncTaBieHbl MaKCUMaJIbHbIE BEPTUKAIBHBIC U TOPU30HTAIBHBIC IEPEMEIIECHUSI MOHOIUTHOM
KeNne300eTOHHOM cBan THMa | mo cxoxxumu napamerpamu 0e3 ydera U ¢ y4eToM IneOHeBor oOonouku. Hampu-
Mep, TIomanu OOKOBOH MOBEPXHOCTH MOHOJIUTHBIX KeJe300€TOHHBIX CBAil ATHMHOM 5 M ¢ BEPXHUM JUAMETPOM
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D = 0,6 M 1 cBau JIIMHOHM 3 M C BepXHUM auameTpoMm D = 1,2 M OIWHAKOBEIE, TO €CTh Si=5 = Si=3 = 7,065 M.
IIpu 5ToM pacxon GeTOHa COCTaBIAeT s MATMMETPOBOH cBau Vi-s = 0,824 M°, a 1y TPeXMeTpOBOii cBau —
Vi-3 = 1,484 M°. Tlo pe3ynpTaTaM YMCIEHHOTO aHATH3a 0CaJKa TPEXMETPOBOH CBAHON KOHCTPYKIIHH COCTABHIIA
Azp=3 = 11,90 MM, a 1 NATEMETPOBOI — Az;-5 = 9,32 MM, TO €cTh ocanka yMeHbImiIach Ha 22 % (B TO Bpems
KaK TOPU30HTAJIBHOE MepeMeIleHIe YMEHBITIIIOCHh Ha 34 %). CnenoBaTeNbHO, IPY CPAaBHEHUH JABYX CBall MOXHO
CKa3ath, 4TO CBas L = 5 M — 0oJjiee BBHITOJHBIN BapHUaHT, MIOCKOJIbKY PKOHOMUS OETOHA MPH €€ CTPOUTEIILCTBE
nmocturaet okoio 44 %. UucneHHbIH aHaIN3 MOKA3bIBAET, YTO HA YMEHBIICHHE OCAJIKH B OOJIBIIEH CTETIeH! OKa-
3BIBAET YBEJHMUYEHHE IUIOMAAN OOKOBOW MOBEPXHOCTH MOHOJHTHOH JKeIe300€TOHHOW CBaW, KOTOPAs IOTIOTHHU-
TEBHO BO3PACTAET 3a CUET €€ COBMECTHOM paboThI ¢ meOHeBol 000m0ukoii. OTCl0/Ia BEPTUKAILHOE W TOPU30H-
TaJbHOE MEPEMEIIEHUS CBAHHON KOHCTPYKIUN YMEHBIIWINCH Ha 15 1 34 % COOTBETCTBEHHO.

Ha puc. 7 mpencraBineHo W3MEHEHHE OCAJKH §;, M, KOHCTPYKIIMH ABYX THIIOB CBali B 3aBUCHMOCTH OT
JUTHHBI L;, M. JlaHHBIC TpadMKH HATJISIIHO JIEMOHCTPHUPYIOT MJIABHOE YMEHBIICHHE OCAJKH HauuHas ¢ L = 2 M
1o L =10 m nns cBait ¢ BepxHumu guamerpamu De; = 0,6; 0,8; 1,0; 1,2 m.

Ha pwuc. 8 mpencraBieHbl rpadukd U3MEHECHUS MaKCHMAJIBHBIX TOPHU30HTAIBHBIX ITEPEMEIICHUA CBal
pa3Hoii TeoMeTpuiecKkoi (Gopmbl (BepxHue auameTphl: De; = 0,6; 0,8; 1,0; 1,2 M) B 3aBUCUMOCTH OT JUIMHBI
L, M. BuaHo, 4TO 3aBUCUMOCTb TOPU30HTANBHBIX MIEpEMEIICHII CBall OT JUIMHBI HECYLIECTBEHHA.

Oobcyxnenue

B Hacrosmiee BpeMs IIpHU CTPOUTEIHCTBE HOBBIX 3[IaHUH M COOPYKCHHUU JIFOOOW CIIOKHOCTH M 3TaXXKHOCTH
WH)KEHEPHI IIMPOKO MPUMEHSIOT HaOMBHBIE CBaliHbIe (pyHIAMEHTHI. VX B mepByIO ouepeapb MpHBIEKaeT Oe3ormac-
HOE HUCTIOJIb30BaHue (YHIAMEHTOB B CTECHEHHBIX YCIIOBHAX TOPOJICKON 3aCTPOMKH, a TAKXKE MPH PEKOHCTPYKHH
U IUIAaHUPOBKE 3[JaHUH (COPY>KCHMI), PACHOIOKEHHBIX B HEIOCPEIACTBEHHOH OJM3M OT YK€ IKCIIyaTHPYEMbIX
M SKAIBIX 3JTaHUH.

Koncrpykuynn HaOUBHBIX cBaiHBIX (pyHIameHToB, copepxkamuxcs B CIT 24.13330.2011 «Caaiinsie QyH-
JAMEHTHI»?, OKa3bIBAIOTCS He BCEr/a MpeeMIeMbIMU BCIIEACTBHE T0POTOBU3HBI, MaJOOKYTIAEMOCTH M HEIOCTa-
TOYHOH MpoyHOCTH. OCOOEHHO 3TO XapaKTEpHO IJIsi CTPOUTEIHCTBA B CIA00CTPYKTYPUPOBAHHBIX W BOJIOHACHI-
HIEHHBIX TPyHTax. B momo0HbIX ciiyyasx HanOoiee IpaKTHYHBIM PEILICHUEM SIBIISICTCS IPUMEHEHHE MOHOJIUTHOM
KeNe300€TOHHOM CBal KOHUYECKOW (POPMBI C HIKHUM (KOHIIEBBIM) LIEOHEBBIM IIaPOOOPA3HBIM PacLIMPEHHUEM.
JlaHHas cBas MOXET OKa3aThCsl HauOoJiee BBITOJHOM, KaK IO TEXHOJOTUH NPOU3BOJCTBA, TAK U IO PacXomy
MaTepuana. XapakTepHass KOoHycooOpasHas ¢opMma cBaM ¢ HIKHMM II€OHEBBIM pacIIMpeHHeM oOecrednBaeT
CYLIECTBEHHOE YBEJIIMUEHHUE KECTKOCTH B BEPTUKAIBHOM U FOPU30HTAIBHOM HampaBieHUsX. PaboTas kak MOHO-
nuTHOE Teno™® [30], cBas MpeUTOKEHHOH KOHCTPYKIMU BIABIMBAETCS B MACCHB OCHOBAHHS, CO3/]aBasi JOMOJI-
HUTEJbHBIC YIUIOTHEHUS TPYHTA BOKPYT Iapoo0pa3Hoii (hOpMBI.

Baxnyro ponp st odecnieyeHus 3(HEeKTHBHOCTH CBafHOTO (yHAaMEHTa MIPaeT TEXHOJOTHS CTPOUTENb-
HBIX paboT. Ocoboe BHUMaHHE AOJKHO OBITh YAEICHO MOPLMOHHOM 3aChIKe IEOHs U ero yTpaMOOBKe, CHadana
npu (OPMUPOBAHMHU HIDKHETO INApOOOpa3HOI0 PacUIMpPEeHMs, a 3aTeM B IIPOLecce MOCTEINEHHO Iepexols K
cTeHKaM OOKOBOW IeOHeBoi 00omouku (omanyOku). VIMEHHO paBHOMEpPHOE BAABIMBAHWE MICOHS pPa3HOU
(bpakLuuy MO3BOJISIET CO31aBaTh PAaBHOMEPHOE YIUIOTHEHHE IPyHTA. Pamuyc yIuIOTHEHHs U IIJIOTHOCTH IPYHTA 110
OOKOBOH ITOBEPXHOCTH CBaW M IOJ €€ KOHIIEBBIM IIApOOOpa3HbIM PACLHIMPEHUEM MOXKHO ONPENENUTh TOIBKO
9KCIEPUMEHTAIBHBIM ITyTEM C IPUMEHEHHEM PA3IMYHBIX METOI0B, MOJIPOOHO ONMUCAHHBIX, HapuMep, B [31].

3akaouenue

N3BecTHO, YTO Hecylnas CIOCOOHOCTh BUCSYEH CBaW ONPENEINSETCS M3 YCIOBUS IPOYHOCTU T'PYHTOB
OCHOBAaHUS, TO €CTh CYMMBI COIPOTHUBIICHUS TPEHHUIO TPYHTA 110 OOKOBOW MOBEPXHOCTH CTBOJIA M COMPOTHUBIICHUS
TpyHTa M0 HIKHEMY KOHITy cBau [32]. OTcrona IOMOJHUTENBEHOE YBEIMUYEHHE TToMa il OOKOBOH MOBEPXHOCTH
CTBOJIA, 0OecreunBaeMoe MOHOJIUTHOM kKelle300eTOHHOM cBaell KOHMUYECKOW (POPMBI C YCTPOHCTBOM IEOHEBOM
obonoukn (onanyokn). [llapooOpa3Hoe HIKHEE pacHIMpEHUE SBISETCS CBOETO poja KECTKUM MAaTEPHKOM IS
HIDKHETO KOHIIA CBaW, CYLIECTBEHHO YMEHBIIAIOIIUM OCaJKy CBaW IOJ BEpTHKANbHOI Harpyskoi. llleOHeBble
00pa3oBaHMs BOKPYT CBau O0ECIICUMBAIOT 3HAYUTEIILHOE MOBBIIICHUE €€ HECYLIeH CIIOCOOHOCTH, IPOYHOCTH U

27 CII 24.13330.2011. Cpaiinbie QpyHaamentsl. AkTyanusupoBanHas peaakuus CHulIl 2.02.03-85. M.: MUHHUCTEPCTBO PETHO-
HaspHOTO pa3Butus Poccuiickoit deneparuu, 2011.

28 Canooicnuxoe A. 1., Kyacaxmemosa D.P. CriocoObl OrpysKeHus, IPOYHOCTHBIE M Je(OPMALMOHHbIE PacdeThl cBail. b. u., 2015.
71 c. URL: https://rucont.ru/efd/314524 (nata oopamenus: 15.05.2021).
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Hasie)kHOCTH. CHMIKAIOTCS 3aTPaThl HA YCTPOHCTBO CBaHOTO (PyHIAMEHTa H, COOTBETCTBEHHO, HAI36MHOW YaCTH
3nanus. [loydeHHbIe pe3ynbTaThl pacuera MoKa3alld, YTO Hecyllas CIOCOOHOCTh CBaWHBIX (DyHIAMEHTOB C pac-
UIMPEHUSIMA 3aBUCHUT OT T€OMETPUYECKUX M JKECTKOCTHBIX MapaMeTpOB CBaW, B YaCTHOCTH OT yIJia ¢ KOHYyC-
HOCTH W IiuHBEL. OHAKO B HACTOSIIEE BpEMs COXPAHICTCS HEJOCTATOK 3HAHUN 00 0COOCHHOCTSIX PaboTHI ByH-
JTAMEHTOB 0I00HOTO THIIA. [I03TOMY TEOPETHUECKHE U SKCIIEPUMEHTAJIbHBIC UCCIICIOBAHMS MMPOCTPAHCTBEHHOM
paboTHI 3MaHUI ¥ COOPYKEHUH, YCTAHOBJICHHBIX Ha HAOMBHBIX CBAMHBIX (DyHIaMEHTaX C PacIIUPECHUSMU, TPE-
CTaBIISIIOTCS BECbMa aKTyalbHBIMH, OCOOCHHO MPH U3yYCHUU COBMECTHOTO JCHCTBHS CTATHUYCCKHX (BECOBBIX) U
MTUTHAMAYECKUX (BETPOBBIX, CCHCMUYICCKUX ) HATPY30K.
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AHHOTauus. Llerv uccnedoganus — U3yUeHNe BIMSHHUS MEKCIOEBEIX Ne()eKTOB
TUIA PACCIOCHUN Ha MOBEACHUE MJIOCKOW TPEXCIIOMHOM MaHean ¢ COTOBBIM 3a-
MIOJTHUTENEM NPSMOYTOJIBHOM B IUIaHE MOJ IeHCTBUEM AMHAMHYECKOH Harpys-
KU yAapHOro xapakrepa. Memoowl. 3ajada pemanach YUCIEHHO C IMOMOIIbIO
MeToJla KOHEYHBIX dJIEMEHTOB B IPOrPaMMHBIX KOMIUIeKkcax Simcenter Femap u
LS-DYNA (Livermore Software Technology Corp.). dns sToro paspabarbiBa-
Jlach T€OMETpUYEcKasi MOJIeNb TIaHelI C COTOBBIM 3aronHuTeNieM. Ha ocHoBe reo-
METPHUECKON MOJIEIM CO3[aBajlaCh KOHEUHO-31eMeHTHas mozaeinb (KOM) nane-
JIM TIPU TIOMOIIM OOBEMHBIX KOHEYHBIX JJIEMEHTOB. B mporpaMMHBIX KOMILIEK-
cax mpowmsBogwica pacuer KOM mpu 3aiaHHBIX TPAaHHUYHBIX YCIOBHSX, 3aTEM
OIPEEIISUIUCH TI0JIS HANPSDKEHUH U MHAEKCOB pa3pylleHHs B IAHEIH C YY€TOM 1
0e3 yuera noBpexAcHUi. Pezyibmamol. YUCICHHO OTNIpeesieHbI MO HapshKe-
HUIl B MaHeNU ¢ Y4eTOM IOBpeXIeHHH u 0e3 moBpexaeHuid. [lomyuensl momus
MHJICKCOB Pa3pyIUIEHUs CIOEB MaHEeNIH MO ACHCTBUEM YAAapHOW HArpys3KH C IO-
Molpio panmuyusbix kputepues (Puck, Hashin, LaRCO03 (Langley Research Center))
paspylIeHus IS MOJMMEPHBIX KOMIIO3UIMOHHBIX MarepuainoB. [Ipoanammsupo-
BaHO BIHMSHHE e(EKTOB Ha IOBE/ICHHE MAHEIH C COTOBBIM 3allOJIHUTEIIEM IO
JEHCTBHEM yAapHOU HATPy3KH.
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Article history Abstract. The aim of the work is to study the effect of interlayer defects of
Received: April 19,2021 the bundle type on the behavior of a rectangular flat three-layer panel with a honey-
Revised: July 12,2021 comb filler under the influence of a dynamic impact load. Methods. The problem
Accepted: August 04, 2021 was solved numerically using the finite element method in the Simcenter Femap

and LS-DYNA (Livermore Software Technology Corp.) software complexes.
For this purpose, a geometric model of a panel with a honeycomb placeholder
was developed. Based on the geometric model, a finite element model of the panel
was created using three-dimensional finite elements. In the software complexes,

the finite element model was calculated under specified boundary conditions,
then the stress fields and fracture indices in the panel were determined, taking
into account and without taking into account damage. Results. The stress fields
in the panel are numerically determined with and without defects. The fields of
the failure indices of the panel layers under the impact load are investigated using
various failure criteria (Puck, Hashin, LaRC03 (Langley Research Center)) of
polymer composite materials. The analysis of the influence of a defect on the be-
havior of a honeycomb panel under the impact load is carried out.
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TpeXCHOﬁHBIe MaHeJIn C COTOBBIM 3AITOJIHUTCIICM HallJIM IMHUPOKOC MPUMEHCHUEC B PA3JIMYHBIX OTPACIIAX
COBPEMEHHOU ITPOMBINIICHHOCTH, HAIPUMEP B aBUAIMU. V3 HUX M3rOTaBIMBAIOT UHTEPHEPHI CAMOJIETOB U BEp-
TOJIETOB, YaCTH KOHCTPYKIIMH TIAHEPOB: CTAOMIN3ATOPHI, 3aKPBUTKH, PYJIH BBICOTHI, AIEPOHBI U T. A. JTH NaHe-
JIM UCTIOJIb3YIOTCS TAK)KE M B CTPOUTEIBHBIX KOHCTPYKIUAX. Takoe pacnpocTpaHeHHe MaHeIu mpuoopenu Oa-
rojiaps MajoMy Becy, OOJBIIOH YACTbHOW MPOYHOCTH, BBICOKOM KECTKOCTH M YCTOHYMBOCTH TIPH CXKATUHU, XO-
POIINM TEIUIO- U 3BYKOIOTJIONIAIONUM CBOHCTBAaM, BEICOKOH TEXHOJIOTHYHOCTH.

B pesynbTaTe BHEUIHHUX BO3JIEUCTBUN MpPHU IKCIUTyaTalldd M B MPOIECCE MPOU3BOJCTBA MaHEIeH MOTYT
BO3HUKATh JC(QEKTH (MTOBPEKACHHS), KOTOPbIE OKa3bIBAIOT BIMSHHUE HA MPOYHOCTh M HECYIIYIO CHIOCOOHOCTH TO-
TOBOTO U3/eNusl. Yalle BCcero BCTpEYaroTcs CleAyomre neeKThl: paccioeHe — HapyIlleHne aare3noHHON CBS-
3W MEXAY CJIOSMH B KOMITO3UTHOM MaKeTe, BRI3BAHHOE MEXaHWYECKHMH BO3ICHCTBUSAMH yIAapHOTO XapakTepa
WIM BHYTPEHHHMH HAIIPSHKEHUSIMU B U3JIENTUH 11ociie popmoBaHus (JIMO0 TOCiIe POBeeHNsT COOPOYHO-MOHTaXK-
HBIX paboT); MPOOOUHA OJHOCTOPOHHSS — HAPYIICHUE OJJHOW U3 OOIIMBOK TPEXCIOWHOW KOHCTPYKIIUU C MTOBpE-
JKICHUEM COTOBOTO 3aIMOJHUTENS WIH HECKBO3HOE TIOBPEXKIEHNE MOHOIUTHON JIETAlIN C PAcCIOEHHUEM MaTepHa-
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7a; TpoOOMHa CKBO3HAS — CKBO3HOE HApYIIEHHEe MOHOJIUTHOMN JETa M MM CKBO3HOE HapyIIeHHE ABYX OOIIMBOK
C TIOBPEXXICHHEM COTOBOTO 3allOJIHUTEINS C PacCIOSHHEM MaTepuana.

B [1] uccnenyercst mpoYHOCTH KIIEEBOTO COCTUHEHHS, NMEIOIIETO TPEIINHOIIONOOHEIH AeeKT B KiIeeBOi
npocioiike. ITpu aHamUTHYECKOM MOJIEIUPOBAHNHN KIIEEBOE COUJIEHEHUE CUUTACTCS TPEXCIOMHBIM CTPYKTYpPUPO-
BaHHBIM KOMITO3UTOM, B KOTOPOM IPSIMOJMHENHHAs TPEIIMHA PacIoOKeHa MapauleIbHO Y3KOH IUIOCKOM Mpo-
cinoiike. [y ommcaHus mpolecca pa3pymieHUsl TAKOTO KOMIIO3UTa MPUMEHSETCS MOAU(UIIMPOBAHHAS MOCIH
JleonoBa — I[lanactoka — Jlaraeina, HCIONB3YIOIIAsl JONIOJHUTENBHBIN MapaMeTp — MNOMEPEYHHUK 30HbI MIaCTUY-
HOCTH (ITUPHUHY 30HBI IPEAPA3PYIICHHS ) KIIEEBOTO CIIOSL.

Pabora [2] mocBsiieHa pa3paboTKe MHOTOYPOBHEBOW MOJICIU JUISi MHOTOMACIITA0OHOTO JIe(hOpMUPOBAHUS
TPEXCIONHBIX (COHIBUYEBHIX) KOHCTPYKIUH U3 TTOJUMEPHBIX KOMITO3UIIMOHHBIX MaTepuanoB (IIKM) tuna ma-
CTHUH C 3aIlOJIHUTEIEM Ha OCHOBE MeHoIviacTa. IIpoBeIeH0 KOHEYHO-31EMEHTHOE MOJAECIMPOBAHUE HAIPSIKEHHO-
JIe(OPMUPOBAHHOTO COCTOSHUS, TIOBPEKAAEMOCTH U pa3pylIeHHs TPEXCIONHBIX IUIACTUH C OOIIUBKAMH W3 TH-
OpUIHBIX KOMIIO3UTOB W3 YIJICILIACTHKA, C PA3IMYHBIMU pa3MepaMu JnedeKTa THUIla HEMPOIUTKH, MpH U3rude
PaBHOMEPHBIM JaBlIeHHEM. Y CTAHOBJIEHBI 0COOEHHOCTH Tporiecca AeGpOpMHUPOBAHUS U TOBPEXKIAEMOCTH JTaHHO-
T'O THTA KOMITO3UTHBIX KOHCTPYKITH.

Paboter B.W. Mutpstiikuna, O.H. be33zamerHoBa u ap. [3—5] MOCBSIIEHBI N3YYEHUIO CHIDKCHHUSI HECYIIEH CIT0-
COOHOCTH 00pa3IIOB IUIACTHH 3 PA3NYHBIX KOMIIO3UIIHOHHBIX MaTePHaoB U KOMIIO3UTHBIX TaHeNleld ¢ COTOBBIM 3a-
TIOJTHUTEJIEM TIOCIIe BO3ZICHCTBHS HArpy3KH yIapHOTO Xapakrepa. Pa3paboraHa MeTomMKa OIpeleNieHus] CTOMKOCTH K
YAApHBIM BO3JIEHCTBHAM JETANIEH JIETATENBHBIX allllapaToB M3 MHOTOCIIOMHBIX KOMIIO3ULIMOHHBIX MaTepuasioB. Hccie-
JIOBaHbI IUIOLIAIN YIAPHBIX MOBPEKICHUM METOOM YIBTPA3BYKOBOIO 3XO-UMITYJICHOTO KOHTPOJISL U METOAOM PEHT-
TEHOBCKOM KOMITBIOTEPHOM TOMOTpa(uy, YCTAaHOBJICHBI 3aBHCHMOCTH Pa3MePOB MOBPEXKICHUI OT SHEPTUH yAapa.

Panee B [6—8] Obutn paccMoTpeHs! miuacThHa U maHenb u3 [IKM mpu Hanmuumm MexciaoeBbIX Je(eKToB
B (hopme 3rumurica. [IpoBeneH aHanu3 HANPsSHKEHHO-IE(POPMUPOBAHHOTO COCTOSIHUS ATHX 3JIEMEHTOB KOHCTPYK-
UUi Mo NEHCTBUEM CTATUUECKOW U JMHAMUYECKOU Harpy30K pa3InyHOro XapakTepa.

IlocTanoBka 3agaun

PaccmaTpuBaeTcs mpsiMOyToOJbHAs IJIOCKas TPEXCIOWHAs MaHenb JIUHON a = 640 MM U IIUPUHOU
b =375 mm (puc. 1). B neHTpe maHenn Mexay BepxXHel OONIMBKOW M COTOBBIM 3aIOJHHUTEIEM MPUCYTCTBYET
nedexT amumnTrdeckoit hopmel ¢ ocsmu 110 1 50 MM (puc. 2).

[Tanens mpencTaBiaseT cOO0M KOHCTPYKIIMIO, COCTOSIIYIO M3 ABYX TOHKHX IMPOYHBIX BHEIIHHX CJIOEB —
0o0muBOK (B maHHOW paboTe BRIMOIHEHHBIX U3 [IKM), cBsI3aHHBIX MKy COOOM CIIOEM 3aIlOIHUTEIS, pa3Iels-
FOIIIETO BHEITHUE (HECYIITUE) CIION W 00ECIIEUNBAIOIIETO HX COBMECTHYIO pabOTy M YCTOWYHNBOCTD.

OOmIMBKa MaHeI COCTOMT U3 JIBYX MOHOCJIOEB, KaXJIbIii U3 KOTOPHIX M3TOTOBJCH U3 KJICEBOIO Mpemnpera
KMKC-2m.120.T10 (ctexnorkans T-10-80 u kieeBas KOMMO3UIUS). YKIAJKa MOHOCIOEB UMEET CIEAYIOIINA
Bu1: [0°/0°], Tommuaa MoHOCTOS /i = 0,28 MM.

Hamnpasnenue yxmnanku 0°
Laying direction 0°

v

AZ Jedexr
Defect

\

Puc. 1. ITanens ¢ COTOBBIM 3alIONHUTEIEM
Figure 1. A three-layer honeycomb panel
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Puc. 2. Pactionoxenue nedekxra
Figure 2. Location of the defect

Hcnonp30oBaHme KIIEeBBIX MPETIPETOB MMO3BOJIIET U3TOTABIMBATH KOHCTPYKIUH (B TOM YHCIIE W TPEXCION-
HBIE) OIMHAPHOM U CII0KHOM KPUBU3HBI 332 OIHY TEXHOJOTHYECKYIO oneparyio. CTeKI0- U YIJEIUIaCTUKU Ha OC-
HOBE KJIEEBBIX IPENPETOB 0 CPABHEHUIO C aHAIOTUYHBIMHU TPAJAUIMOHHBIME KOMITO3UTAMH MMEIOT TOBBIIICH-
HYIO TPEIINHOCTOMKOCTE, POYHOCTH MPU MEKCIOEBOM CIBUTE, YCTAIOCTHYIO U [UTHTEIHHYIO TPOYHOCTD.

COTOBBII 3aIMlOJIHUTENh BBITIOJNIHEH u3 monuMmepocortoriacta I1CII-1-2,5-48 (rekcaronanpHas ¢opma co-
TOBOM SYEHKH, pa3sMep IPaHH AUEHKM a = 2,5 MM, TONIHUHA cTeHKH & = 0,05 MM, MIIOTHOCTH p = 48 kr/M°) Ha
OCHOBE apaMHUIHOBOJIOKHUCTON CHHTETUYECKON KaJlaHAPUPOBAHHON OyMaru u (peHOJIEHOTO CBs3ytomiero. Takas
KOMOHHAIIMS TTO3BOJIAET TOBBICUTH MEXaHHMYECKHE CBOMCTBA 3alIOJHUTENS, YMEHBIIUTh BIAromnorioIieHne, odecre-
YUTP 3aIIUTY OT MPOHUKAHHS TPHOKOB, COXPAHSTh IKCILTyaTallMOHHBIE CBOICTBA.

CTeHKH COT pacIoyoKeHbI MEPIISHIUKYISIPHO HeCYIM ciiosM. Beicota cotoBoro 3amomautens H = 5,0 M.

Ha puc. 2 moHOCHOM KIIeeBoro mpemnpera obo3naueHsl mudpavu 1, 2, 3, 4. [ledekT pacmoiokeH MEKIy
BTOPBIM MOHOCJIOEM BepXHEW OOIIMBKH M COTOBBIM 3aIIOJTHUTENEM.

B pabote paccmaTtpuBaeTcs moBeAeHUE TTAHETH MO ACWCTBUEM yIapHOW Harpy3ku [9—11] mpu Hammuum
1 OTCYTCTBUH TOBPEKIEHUH (1ePEeKTOR).

YnapHoe Bo3aeiicTBUe HA IaHeIb

Co3pmannie KOHEUYHO-3JIEMEHTHOM CEeTKH OCYLIECTBISIIOCH B MPOrpaMMHOM KomIuiekce Simcenter Femap.
Kaxxaprit MOHOCITON MOAETHPOBAIICS OTAEIHHBIM HA0OPOM 00BEMHBIX KOHEUHBIX 3neMeHToB (KD). Beero B Mo-
nenu 97 177 KO. 3arem Moaens UMIIOPTHPOBANACH B MPOIPaMMHBIA KOMITJIEKC KOHEYHO-3JIEMEHTHOTO aHAJIN3a
LS-DYNA, rae 3agaBanuch Harpy3Ka W rpaHUYHBIC YCIOBHA. 30HA MOBPEKIECHUS MOJCIHPOBAIach MPH MOMO-
mu koHTakta AUTOMATIC SURFACE TO SURFACE. OcranpHble ClIOM CBS3aHBI MEXAY COOOH KOHTAaKTOM
AUTOMATIC SURFACE TO SURFACE TIEBREAK.

B kxadecTBe Harpys3Kku paccMaTpHuBaeTCs yAapHOEe BO3JeicTBHE Ha MaHeNb (TOYKa yaapa COBIAJaeT ¢ LeH-
TPOM MOBpPEXIEHH) (pparMeHTa IIMHBI U3 apMUPOBAHHOM pe3nHBI (pa3pbIB MOKPHIIIKK KOJieca IacCH caMmolieTa
TIPH B3JIETE C B3JICTHO-TIOCATOYHON IMOJIOCH adpompoma) [12—15]. dparMeHT MOIETHPYETCS TPIMOYTOIHHBIM
napaenenunenoM. OH UMeeT CKopocTh V = 16 M/c (BEKTOp CKOPOCTH MEPICHAMKYISPEH TIOBEPXHOCTH TaHe-
1), Mmacca ¢pparmenTa m = 22,48 r. [ paHUYHbIE yCIOBUS — )KECTKOE 3aIEeMIICHHE KOPOTKUX TOPLIOB MAHEIH.

Ha puc. 3 nmokazana xoHeuHo-3neMeHTHas Mojienb (KOM) nanenu ¢ neiicTByoniM Ha Hee (GparMeHTOM
LIVHBL.

Marepuan MOHOCTIOS OOIIMBKHM MaHENW (KJIEeBOM MpEnper) MMeeT cleayromue (pru3nKo-MexaHuuecKue
xapakrepuctuku: [0;] = 570 MIla, [0,] = 245 MIla, [o_4] = 555 MIla, [0_,] = 380 MIIa, [t] = 69 MIla,
[t12] = 11 MIla, E; =27,5TTa, E, = 17,5 'Ta, py, = 0,18.

XapakTepuCTUKK MaTepHraa COToBOro 3amnoiuurens: [6_;] = 1,4 Mlla, [oy;] = 1 MIla, [6,] = 0,6 MIla,
Gy = 35 Mlla, G, =20 Mlla.

3neck [04] — nmpenen mpoYHOCTH P PACTSHKEHUH [0 OCHOBE; [0, ]| — Ipeien MPOYHOCTH IPH PACTSHKEHUH
10 YTKY; [0_1] — mpeen mpoYHOCTH MPH CKATHH IO OCHOBE; [0_,]| — Mpeies NPOYHOCTH TIPH CHKATHH MO YTKY;
[t] — mpenen npouHOCTH TPU MEKCIOEBOM CABHTE; [T1,] — Ipe/ien IPOYHOCTH TIPU CABUTE B IIOCKOCTH JIUCTA;
E; — Monynp ympyrocTu HmpH pacTsDKEHHM MO OCHOBE; E, — MOLyNb YHNPYrocTH NPH PAacTSHKEHUH 10 YTKY;
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1 — ko3ddumment [Tyaccona; [oy;] — npemen NpoYHOCTH MPH CIABHUIE, MAapaIeIbHOM IUIOCKOCTH 3JIEMEHTOB side-

ek; [0,] — mpemen NPOYHOCTH NP CABHUIE B HANPABICHUH, NEPIEHIUKYISPHOM IUIOCKOCTH 3JIEMEHTOB SUEEK;

Gy — MOIyJb YIOPYTOCTH IPU CIBUTE B HANPABJICHWH, MApauIeIbHOM IMIOCKOCTH CKIEWKH JIEMEHTOB SYEEK;

G| — MOIyJIb YIPYTOCTH IIPH CIIBUTE B HAIIPABJICHUH, IEPIEHIUKYIAPHOM IIOCKOCTH CKJICHKHU 3JIEMEHTOB STUCEK.
Ha puc. 4 nokazano n3MeHeHne MOTHOW KOHTAKTHOM CHIIBI, IEHCTBYIOIIEH Ha MTaHEelb.

v
DparMeHT IHHBI
The tyre fragment

Puc. 3. KoneuHo-anemMeHTHAsE MOZETb
Figure 3. Finite element model
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Puc. 4. lI3MeHeHME [TOIHON KOHTAKTHON CHIIBI
Figure 4. Change in the total contact force

Pesynbratel pacuyera

B pesynbrare mpoBeneHHOTO MCCIIEIOBAHUS C IIOMOIIBIO pa3padoranHoit KOM ompenenseTcs pacrpemne-
JIeHUe TIoJIel HanpshKeHUH u aedopMaruii B MOHOCIOSX TaHENW B pa3iMyHble MOMEHTH BpeMeHH. Ha ocHoBe
noJielt HanpspKeHH U nedopManuii BBIYUCIISIETCS pacipe/ielieHHe HHEKCa pa3pyIIeHus f TI0 pa3IndHbIM KpHUTe-
pusim paspymenns 1t [IKM (paspyinerne HacTynaer, KOTJa HHAEKC paspymieHus f = 1).

Ha puc. 5 mokazano pacrpeneneHre IpoJoJdbHBIX HANMPSHKCHUH B ciioe 2 OOIIMBKYU MaHENN ¢ TIOBpex/e-
HUSIMU 1 0€3 TIOBPEXKICHHI B MOMEHT BpeMeHu 0,68 Mmc.

U3 puc. 5 cnenyer, 4T0 MaKCUMaJbHBIE TIPOIOIBHBIE PACTATHBAIOIINE HAMIPSHKEHUS B 00IACTH TOBPEXKICHUS
BO BTOPOM CJIO€ B CITydae IMOBPEKIEHHON MaHenu 6oubine B 2,48 pa3a, 4eM B CIIydae HeTOBPEKACHHOM TTaHe .
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Ha puc. 6 mokaszaHo pacrpeneneHe HalpsHKeHHH CIIBUTa B IUIOCKOCTH JIMCTA JJISL CJIOS 2 MaHEeNHU C MOo-
BPEXKJICHUSIMHU U 0€3 OBpeXaeH!H B MOMeHT BpemeHH 0,68 Mc.

U3 puc. 6 ciaenyer, yTo MakCHUMalbHbIC HANPSDKEHUS CIBUTA BO BTOPOM CJIO€ B Cllydyae MOBPEXKICHHOU
naHenu Oonpie B 2,26 pa3a, 4eM B cITydae HETTOBPEKACHHON MTaHEINH.

Ha puc. 7-9 nokazaHo pacnpenesieHHe MHAEKCOB pa3pylICHUs B clIoe 2 ¢ MOBPEKAECHHEM U 0e3 moBpe-
JKaeHus B MoMeHT BpemeHu 0,68 mc o kputepusim Puck [16-18], Hashin [19], LaRCO03 [20].

Ha puc. 10 nokazano n3MeHeHue nporuda B clI0€ ¢ MOBpeXAeHHEM (CII0H 2), COTOBOM 3allOJHUTENE U He-
HOBPEXICHHO MTaHEeNN B [IEHTPE PACHIOIOKEHHUS ITOBPEKICHNUS.

Ilanenb ¢ MOBpeXKIEHUEM Ilanens Oe3 moBpexaeHUS
Damaged panel Panel without damage

Puc. 5. Pacnpenenenne NpomoIbHBIX HAPsDKEHMH B cioe 2 maHenw, MIla
Figure 5. Distribution of longitudinal stresses in layer 2 of the panel, MPa

ITanens ¢ NOBpEKICHHEM TTanens Ge3 noBpexKaCHHS
Damaged panel Panel without damage

Puc. 6. PactipeneneHue HanpsbkeHUi casura B cioe 2 naHeny, MIla
Figure 6. Distribution of shear stresses in layer 2 of the panel, MPa
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Puc. 7. Pacnipenienenue MHAEGKCOB pa3pylueHus o kpurepuro Puck
Figure 7. Distribution of failure index according to the Puck criterion
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Puc. 8. Pacnpenenenue nHaekcoB paspyenus o kpureputo Hashin
Figure 8. Distribution of failure index according to the Hashin criterion
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Puc. 9. Pacnipesienienue unaekca paspyuenus rno kpureputo LaRC03
Figure 9. Distribution of failure index according to the LaRCO3 criterion
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Figure 10. Dependence of deflections on time
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W3 puc. 7-9 cnenyer, 4To HauMEHbIIEE 3HAYCHNUE MHIEKCA PAa3pyLICHUS B 00JaCTH MOBPEXICHUS TIOKa-
3piBaeT kputepuii Hashin: /= 0,1 nns manenu ¢ mospexaeHueMm u f = 0,024 1t HENOBPEKACHHON MaHEIH.
Haubonpmee 3HadueHne MHIEKCa pa3pylieHUs: B obmactu moBpexaeHus faaet kpurtepuit LaRCO3: /= 0,32 mns
TaHeJ M ¢ MoBpekaeHneM 1 f = 0,13 1y HenmoBpeKISHHOM TTaHeH.

U3 puc. 10 cienyer, 4To B MOMEHT BpeMeHH 2,68 MC Mporud B IICHTPE MaHEH C MIOBPEXKICHHEM OOJIbIIe
nporu6a nanenu 6e3 noBpexaeHuil B 2,84 pasa.

3akaoueHue

AHanu3 pe3ysbTaToB IOKa3al, YTO PACCMOTPEHHOE B pabOTe IMHAMUYECKOE HArpyXeHUe yIapHOIo Xa-
pakTepa OKa3bpIBaeT BIUSIHHE Ha M3MEHEHHE MPOTHOOB TPEXCIOWHOHN MaHenn (MakCUMaJbHBIM MPOOUB B TOUKE
yaapa Oomnbinie B 2,84 pasza), pacipeleneHne HanpsHKeHUH M MHIEKCOB pa3pylleHus. MaKkcuMallbHbIe TeUCTBY-
IOLIME IPOJOJIbHBIE HANPSDKEHHUS B HECYIUX CIIOAX [UIA ClIydasi HAINYMS HOBpexaeHus B 2,48 pasa Ooblue, yeM
B CJIy4ae OTCYTCTBUS MTOBPEXKIECHUMN.
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MIOJIHCHHEM BO BpEMsI CEHCMIYIECKHMX BOJHEHHI HE TOJHOCTBIO YUHTHIBACTCS NEii-
CTBYIOLLIUMHA CEMCMUYECKUMH HOpMaMU B pPErUOHE, a HAJINYUC 3aIIOJIHUTEIICH JJIA
JKeNe300ETOHHOTO CTPOMTENBCTBA PA3INYaeTCsl OT PErHOHA K PErHoHy. B GosbimH-
CTBE CITy4yaeB 000MOKCHHBIN TIIMHSAHBIA KUPINY, OCTOHHBIC OJIOKK M KaMEHHBbIE 0110~
KU HCIIONB3YIOTCSL B Ka4YeCTBE 3aIOJHUTENEH MPU CTPOUTENbCTBE 3MaHuil. B aToM
KOHTEKCTE UCCIIELYETCs BAXKHOCTD BEIOOPA IPABUIIBHOTO 3aIIOJHSIOIETO MaTepraia
JUTSL YITyHIICHHS CEACMUYECKUX XapaKTePUCTHK BO BpeMst 3eMieTpsceHuit. Paccmar-

pHBaeTcs 37aHue, MOCTPOSHHOE B CTOIMYHOM ropoxe Ilokxapa. CtpykTypHas Mo-
JeNb COCTABILIETCS ¢ ydeToM U Oe3 yuera 3anonHeHus. IlomHoTensl, mycToTenblii
OeToHHBIC OJIOKH M KJIaIKa U3 TIMHAHOTO KUPIMYa IIPU aHAIN3e IPUHIMAIOTCS B
KadyecTBe 3amonHutens. lloBereHHe KOHCTPYKLUH BO BpeMs 3eMIETpsCeHHiH
n3y4aeTcs ¢ MOMOIIBIO HETMHEHHOTO CTaTHYECKOT0 TOMYKa. Pe3ynbTar mokassl-
BaeT, 4yTo 3anonHureny INHB neMoHCTpUpYIOT dydline CTPYKTYPHBIE XapaKTe-
PHUCTHKH IO CPABHEHUIO C IPYTUMHU TUIIAMH 3aII0JTHUTEIICH.

JJ1st nMTHpOBaHUSA

Chaulagain H., Giri R. Study on over-
strength and ductility of reinforced con-
crete building with different infill through
nonlinear analysis / CrpoutenbHas Mexa-
HUKA WHXCHEPHBIX KOHCTPYKIMH H CO-
opyxenuid. 2021. T. 17. Ne 4. C. 366-378.

http://dx.doi.org/10.22363/1815-5235- KiroueBble c10Ba: HENUMHEWHBIH aHaNM3, 3alOJHEHHE KHUPIUYHOM KIIaIKH,
2021-17-4-366-378 KpHBas BEITECHEHHS, MEKITAKHBIHN Aperd, KodDOUIUEHT IIaCTUIHOCTH
Introduction

The territory of Nepal has geographically diversity in nature. It has higher probability of occurring earth-
quakes. The Himalayans and mountains are produced by the movement of large Indian and Eurasian tectonic
plates [1]. Since 1255 AD, nineteenth earthquakes of large intensities were recorded. The intensities of 7.7, 7.3,
6.5, 6.5 and 7.8 recorded in 1833, 1934, 1980, 1988 and 2015 respectively were quite detrimental causing hun-
dreds of deaths and loss of properties [2]. The post disaster needs assessment identified 32 districts were affected
by Gorkha earthquake 2015 in Nepal. The details building damage status is presented in Table 1.

Researchers highlighted that the selection of structure types built on seismically active region like Nepal is chal-
lenging task. The structures constructed in the region seems vulnerable due to lack of proper design, improper construc-
tion technologies and dilemma on selection of proper construction material types. In these days, the trends of RC buil-
ding construction is rapidly increased in urban areas of Nepal replacing adobe, stone, clay brick, concrete block masonry
building construction. RC framed building are constructing with different infill materials based on the availability in lo-
cality. Field study indicates that the existing RC buildings have highly structural deficiencies like insufficient structural
strength, lack of ductile detailing, poor construction technologies, soft storey at ground floor due to replacing masonry
infills by rolling shutters and weak column strong beam [3; 4]. Most of codes consider infills as a non-structural element.
The study finds that the infills increases the robustness index of building which prevents the building from collapse by
providing the alternative load path [5]. H. Chaulagain et al. (2014) upon their parametric studies determined the lower
value of inter-storey drift favoring the performance of building. The infills casted on site has best responses which has
similar behavior as of the monolithically constructed infills and frames [6]. The presence of infills on RC buildings upon
the case studies of previously build buildings upon their seismic vulnerability infills creates the soft storey failure as well
as torsion if the vertical irregularities are present on buildings which has no or some infills at some levels [7]. The main
factor governs the infilled RC building depends on frame and infill panel interface, strength of concrete and reinforce-
ment on frames, interaction between masonry units and mortar, strength of masonry panel and presence of opening,
etc. [8]. As indicated in Figure 1, the test result of different techniques subjecting in-plane horizontal loading also shows
the status of different infill panels and surrounding frames greatly effect on structural performance [9].

In the context of Nepal, clay brick masonry infills are used in terai region. In hilly regions, clay brick or
concrete blocks are popular. At mountain area stone masonry infills is used on RC frames. In these references,
this study compares the bare frame models with different infill walls. Three infills viz solid concrete block, hol-
low concrete block and clay brick masonry are selected and numerical analysis of selected four storey RC buil-
ding is done to achieve objective.

Table 1
Building damage status in 2015 Gorkha earthquake [10]
Building types Fully damaged Partially damaged
Low strength masonry buildings 474.025 173.867
Cement mortared masonry buildings 18.214 65.859
RC buildings 6.613 16.971
Total 498.852 256.697
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Figure 1. Typical shear force-story drift diagrams from test results on reinforced concrete (RC) frames [9]

Masonry infills used in Nepalese building structures

Solid concrete masonry infills. Solid block units have the net concrete cross-sectional area greater than
75% of the gross cross-sectional area. Concrete blocks are made of Portland cement, aggregate and with sand,
fine aggregate for blocks with high density. Concrete blocks having lower densities could be made up of the
wastage from industries which could have better durability, strength, sound as well as thermal resistance and
economic too. Size of solid block found in Nepal lies around 300%150%200 mm. The solid concrete blocks shall
conform standards as mentioned on [11]. For grade C, the block density of solid concrete shall not less than
1800 kg/m® and must have minimum 28 days average compressive strength of 4.0 and 5.0 N/mm? respectively.
Figure 2 shows: a — the sample of solid concrete block; b — the RC framed school building with solid concrete
block infill constructed at Pokhara metropolis.

Hollow concrete block masonry infills (INHB). Hollow concrete blocks are manufacturing in Nepal either
by hand mound or mechanically which has net concrete cross-sectional area less than 75% of the gross cross-
sectional area. The dimensions range from 400x200x100, 400%200%150 and 400%x200%200 with shell thickness
of 35, 40 and 40 mm respectively [12]. Based on standard code IS code [11], the hollow concrete blocks shall
confirm two grades:

— grade A — block density of this types of concrete blocks is minimum 1500 kg/m?, which shall be produced
for minimum 28 days average compressive strengths of 3.5, 4.5, 5.5, 7.0, 8.5, 10.0, 12.5 and 15.0 N/mm? respectively;

— grade B — block density of this types of concrete blocks lies in between 1100 and 1500 kg/m?, which
shall be produced for minimum 28 days average compressive strengths of 3.5 and 5.0 N/mm? respectively.

Clay brick masonry infills. Clay brick is extensively using as infill material in Nepal. Clay brick is com-
posed up of silica (sand), alumina (clay), lime, iron oxide, magnesia with their respective proportions. As a con-
struction material they are strong, durable, weather resistance, resistance against fire and durable, if properly
manufactured. There are various types of bricks based upon their strength, physical and chemical composition.
Brick shall comply with the requirements mentioned on [13]. According to Nepal building code [14], the stan-
dard brick size is 240x115x57 mm with tolerances along L, B, H as +/-10, +/-5, +/-3 mm respectively.
The structure with clay brick masonry infills is presented in Figure 2.

Stone masonry infills. Stone boulders are also using on Nepal mostly on areas where availability of clay
brick and concrete blocks are lesser and somewhere at certain faces of RC frames which is directly in contact
with earth so as to retain the soil pressure, and also to minimise water seepage. Relatively using stone masonry is
costly as it consumes more labours for dressing stones and more mortar due to large voids hence not preferred by
most house owners. Figure 2 shows sample of stone block units (a¢) and RC framed building constructed with
stone masonry infills at Annapurna rural municipality — 3, Kaski, Nepal (b).
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Figure 2. RC building construction trends:
a — masonry unit; b — structures with masonry infills

Description of building model. In recent years, the trends of RC building construction significantly in-
crease in Nepal. Most of the residential buildings have the plinth area in the range of 400—1100 sq. ft. In the con-
text of Pokhara Metropolitan City, buildings are built in the area 820—1800 sq. ft.

Most of the old residential buildings in Pokhara metropolis has corridor at central areas with at least 2 bay
spans with higher structural span and corridor with lower structural span ranging around 0.9—2 m. Considering archi-
tectural point of view, nowadays the trend of constructing modern residential buildings eliminate the need of corridor
and constructed on medium plots has only two structural spans along the frontage. In economical point of view during
construction phase if the structural span is less in such a condition, there is no need to provide extra row for corridor.
This trend of construction is emerging to isolate each storey by providing the staircase from outer part of building
so that the building owner could offer it on rent separately for personnel with single family. Considering this fact,
the study building is chosen with parameters as indicated in Table 2, the plan of the building is presented in Figure 3.
Similarly, the structural parameters such as reinforcement detailing of columns and beams used on the buildings are
shown in Tables 3 and 4 respectively. Reinforcement on floor slab with thickness 125 mm is taken as 10 mm diameter
TMT bars at spacing of 125 mm center — center. Grade of all concrete is taken as M20. As a masonry unit — solid con-
crete block, hollow concrete block and clay brick are taken here with uniform thickness of 101.6 mm.
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Table 2
Architectural parameters of selected building
Properties Parameters
Location of building Pokhara-08, Chautari marga, Nepal
Propose of building Residential
Type of building Class ‘B’
Plinth area of Building 100.81 m?
Plot area 168 m?
Ground coverage 60% < 70% as per NBC
Floor area ratio 2.4 <4 as per NBC
Building (L) x (B) 9.24 m x 10.91 m
Floor height 3.048 m
Number of storey 4
Number of bays Two bays along x-direction and 3 bays along y-direction

Structural spans on building
Dimension of RC columns
Size of beam
Size of plinth/tie-beam
Thickness of slab
Size of infills

Along x-direction 2 x 4.445 m and 2 x 4.148 m, 1 x 2.286 m along y-direction

Two types are used 0.3 m x 0.3 m and 0.45 m x 0.45 m

0.23mx 0.435m
0.23 m x 0.350 m
0.125m

For uniformity on all types of infills, selected thickness is 0.1016 m.
Solid concrete block basonry infill, clay brick masonry infill and hollow concrete block masonry infill

Type of masonry infills
Table 3
Reinforcement detailing of columns
Floor Column C3 Column C2

8NOS.-20mm @ —300 4.4 NOS.-25, 20 mm @

Ground floor level § ) Q )
8 mm@ Stirrups 8 mm@ Stirrups
@ 100 C-C @100C-C

~—300

8 NOS.-20 mm @

o 1eRe

8 NOS.-20 mm @
8 mm@ Stirrups %

First floor level & mm@ Stirrups
@ 100 C-C @100 C-C
4.4 NOS.-20,16 mm @ —S80 4.4 NOS.-20,16 mm @
Second floor level to roof § B i B o —
@100 CcC @100C-C
Floor Column C1 Column C0
350 350
8 NOS -25 mm @ — 4NOS.-25 mm @
’ ‘ o il 8 NOS.-20 mm @
Ground floor level g 8 "}’5’3 CS_:':"UES 8 mm@ Stimups
\ ‘ @ @ 100C-C
350 350
4,4NOS.-2520mm @ 44 NOS.-2520 mm @
First floor level ' l 8 mm@ Stirrups i ‘ 8 mm@ Stirrups
\ ‘ @100C-C \ @100C-C
4,4 NOS.-20,16 mm @ 8NOS-20 mm @
Second floor level to roof i. 8 mm@ Stirups § i ‘ %&5
‘ O)| ewcc A4
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Figure 3. Typical floor plan of study building structure (all dimensions are in mm)

Table 4
Reinforcement detailing of beams
Near Supports 3 TmT 162[TH. 0.]+ | Mid Span
2 TMT 16@[EX) 3 TMT 16@[TH. O.]
s B < T il T
Floor beam sections at all storeys [ I [ |
s g o H : b
3 TMT 16@(TH. O]+
3 TMT 16@[TH. O.] 2 TMT 16Q[EX.
8mm dia. stirrups 100mm C-C 8mm dia. stirrups 125 mm C-C
3 TMT 16@ [TH. O.]
. . . 8mm dia. stirrups 100mm C-C
Tie-beam sections at all grids SlTngQns SHups 155mm near
8mm dia. stirups 125 mm C-C at
mld-sgan
3 TMT 168 [TH. O]
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Non-linear analysis

In order to assess the seismic capacity of the four building structures defined, several non-linear analyses
were performed; in a first study it was performed a pushover analysis, with three load distribution, namely uni-
form, triangular and first mode. Finally, these results are compared with an adaptive pushover analysis. To com-
plement this analysis series of dynamic time history analysis with different earthquake records were performed.
In the following section the assumption considered for the analysis are briefly described.

Static pushover analysis. The static pushover analysis is used to estimate the horizontal capacity of
the structures. Due to simplicity in operation and minimum computational efforts, static pushover method has
become more popular for nonlinear analysis of structures [15; 16]. It can be performed as either force-controlled
or displacement controlled depending on the nature of the load and the behaviour expected from the structure.
Force-controlled option is useful when the load is known and the structure is expected to be able to support
the load [17]. Displacement-controlled procedure is used when specified drifts are sought, where the magnitude
of the applied load is not known in advance, or when the structure can be expected to lose strength or become
unstable [18]. Static pushover analysis is sufficiently accurate to assess the displacement capacity of regular low-
rise buildings [19]. Considering this, a pushover analysis with uniform, triangular distributed loading and first
mode pushover analysis is performed in each direction (X and Y) to evaluate the performance of the structure.
With the obtained results it is possible to verify the sensitivity of the buildings to lateral load patterns [20].

Non-linear modelling. The numerical analyses developed and described in the present paper with diffe-
rent non-linear modelling strategies were performed using the computer program [21]. The program includes
models for the representation of the behaviour of spatial frames under static and/or dynamic loading, considering
both material and geometric non-linearities. Seven types of analyses can be performed, namely: static and dy-
namic time-history, conventional and adaptive pushover, incremental dynamic analysis, modal analysis, and sta-
tic analysis (possibly non-linear) under quasi-permanent loading.

In this work elements with lumped plasticity were considered. Different studies have proposed expressions
to estimate the plastic hinge length (Lp) of RC elements to be adopted in lumped plasticity models. In the ana-
lyses performed in this paper, half of the larger dimension of the cross-section was considered as the plastic
hinge length with fibre discretization at the section level. The consideration of non-linear material behaviour
in the prediction of the RC columns’ response requires accurate modelling of the uniaxial material stress-strain
cyclic response.

Concrete model is based on the Madas uniaxial model, which follows the constitutive law [22]. The cyclic
rules included in the model for the confined and unconfined concrete [23; 24]. The confinement effects provided
by the transverse reinforcement were considered. The uniaxial model coupled with the isotropic hardening rules
was adopted for the steel reinforcement representation in these analyses [25; 26]. This steel model does not
represent the yielding plateau characteristic of the mild steel virgin curve. The model takes into account
the Bauschinger effect, which is relevant for the representation of the columns’ stiffness degradation under cy-
clic loading. The model adopted in the analyses performed in this study is represented in Figure 4.

In this study, the computer program is used for modelling the infill panels of the structures [21]. It is based
on a finite element package capable of predicting the large displacement behavior of frames under static or dy-
namic loading, considering both geometric non-linearities and material inelasticity. For numerical analyses
of masonry panels, the finite element program of an advanced double-strut nonlinear cyclic model is used.
The double-strut model is satisfactorily precise and less complicated than the single and triple strut models,
and can represent more accurately the local effect between infill and frame [27]. The idealization of an infill
panel is based on the assumption that there is no bond between frame and infill. The brick masonry infill is mo-
delled as a diagonal strut member whose thickness is the same as that of the masonry and whose length is equal
to the diagonal length between compression corners of the frame. The effective width of the diagonal strut de-
pends on various factors, including contact length, aspect ratio of the infill, and the relative stiffness of the frame
and the infill. The infill panel openings are taken into account by reducing the value of strut area (i.e., the com-
pression/tension strut cross-section) by a value that ranged between 30 and 50% [28]. These percentages are
comparable with the past study [29].

Selection/calculation of infill properties. Infill panel elements are represented by four axial struts and two shear
struts, which could also be named as double strut nonlinear cyclic model to represent the hysteretic response [27].
The panel elements can be categorized into three groups. First one relates about the physical characteristics, second one re-
lates on compression & tension of struts curve parameters and third one is represented by shear curve parameters to define
the shear strength characteristics of infills. Curvature Properties of Masonry infill strut as defined and adopted in [21; 27].
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a b

Figure 4. Bare framed buildings BFSB, BFCB, BFHB, BF (a) and masonry infilled building INSB, INCB, INHB ()

Computation procedure. In this study, the following approach is considered for computation of ductility
reduction factor, overstrength factor and response reduction factor.

Ductility factor. The ductility factor measures the inelastic capacity of a structure as a whole. The choices
of ductility factors depend on the expected response during earthquakes and on the design and detailing criteria.
It allows the reduction of elastic force to inelastic force. For estimating R,, the relationship as indicated in equa-
tions (1)—(3) suggest by past study is used in this study [30].

R,=1.0 for 7<0.2 sec. )
R,=./2p—1 for 0.2 sec < 7'<0.5 sec. 2)
R, =p for T> 0.5 sec. 3)

In the above expression p is the displacement ductility. It is the maximum inelastic deformation ex-
perienced by the structure, represented by the ratio of the ultimate displacement A, to the yield A, displace-
ment (4). The presence of ductility allows a structure to undergo large deformation in an elastic-plastic manner
before it collapses [31].

w=A,/ A, @)

Over strength factor. The structure could take the forces considerably larger than they were designed for.
This is due to the presence of reserve strength in the structure which is not accounted for in the design. The pre-
sence of overstrength helps the structure to stand safely during earthquakes with less elastic strength demands.
The primary sources of the overstrength are sequential yielding of the critical region, material overstrength, partial
safety factor used for load and material, concrete confinement, strain hardening, non-structural elements [32].
Mathematically, it is the ratio of strength at the first yield to the design strength.

Ry = Vly/ Va. (5)

In (5) V1, is the first yielding strength and Vg is the design strength.

Redundancy factor. Redundancy factor R, of any structure is represented in terms of its capacity to resist
lateral forces with the emergence of first plastic hinges at the most stressed section and ultimately in the overall
structure. It is the ratio of global yield force to the first yield force. Generally, the redundancy factor depends
on the number of the vertical members which are capable of resisting seismic forces. The standard guidelines
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recognized redundancy as one of the three elements of the R factor and introduced redundancy effects into buil-
ding design [33]. In their report, the number of vertical lines of moment frames was used to measure the redun-
dancy of a building.

Response reduction factor
The evaluation of the R factor is based on the formulation proposed by the standard guideline [33]
defined as

R=R,XR,XR,. (6)

In (6) R, is the ductility factor, R, is the strength factor, R, is the redundancy factor. As presented in Figu-
re 5, in any structure its ductile capacity and assign overstrength values are evaluated from post-yield behavior
which is obtained from the nonlinear static analysis.
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5 capacity ' i
= i i Due to redundancy
E ! !
g Loadat first g, [======="="~ E E
2 vield I i
= : ! Due to over strength
& Desien force Foeo 7777777/ i i
1 1
1 1
i i 1
| |
1 1
1 1
1 1
! | .
0 A\w A}' ﬂklu:-:
Roof displacement
Figure 5. Concept of response reduction factor
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Figure 6. Plot showing bilinear representation idealisation of capacity curve for BF (a) and INHB (b) respectively

Formulation used in this study. In the present study, the relationship as presented in (2) is used by assu-
ming over strength and redundancy factor as a single unit as described in section 3.3, which matches the struc-
ture designed with Indian Standard Code provision. The Indian Standard Code [34] provides an elastic shear
force for structure and divides that force by 2R to account for the nonlinearity of the structure. To evaluate all
these components from the force-displacement relationship, bilinear idealization of the curve is needed.
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2R = (Elastic strength demand) / (Design strength) =Ry X Ry =V, / Va= V) / (V) X (V) (Vo) =Ry X Rs.  (7)

Bilinear idealization of the capacity curve. For this purpose, a bilinear curve is fitted to the capacity
curve. For bilinear idealization of the capacity curve, it is necessary to simplify the capacity curve for an elastic
perfectly plastic regime. The initial stiffness of the idealized system is determined in such a way so that the areas
under the actual and idealized force-deformation curves are equal [35]. In the present research, the calculation of
the displacement ductility demand of the structure is based on the ATC-40 procedure. The bilinear idealization
of capacity curve is presented in Figure 6.

Results and discussion

The results are obtained from the analysis are discussed in this section. In the first section, the obtained re-
sult is presented in terms of comparison of capacity/pushover curves. In second section, natural period of struc-
tures. The third section highlighted status of ductility reduction factor, overstrength factor and finally response
reduction factor of the structures with different infills.

Comparison of capacity/pushover curves. From Figure 7, it can be easily seen that infilled framed buil-
ding has high base shear resisting capacity than bare framed. Among the infills, infill with high stiffness has
higher resisting capacity but lower will be the ductile nature. Infills with high stiffness could create sudden brit-
tle failure if the columns have insufficient reinforcement and inadequate structural sections, since here the con-
sidered building has adequate structural parameters so not much sudden changes on capacity curves seen.

Plot for bare framed buildings (BFSB, BFCB and BFHB) shows that it behaves with overall high ductility
having lower value of base shear than that of infilled building (INSB, INCB and INHB). For bare framed buildings
the capacity curve seems somehow similar irrespective of different types of gravity loadings for (BFSB, BFCB,
and BFHB). Also, the roof displacement of infilled building is quite lesser than that of bare framed building.
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Figure 7. Comparison of capacity curve («) and inter-storey drift ratio of RC buildings with different infills (b)
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Figure 8. Natural period of structures with different infill structures
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Natural period of the structure. In the study, the period is calculated from structural flexibility and mass to ob-
tain the ductility reduction factor. The natural period of RC buildings with different infills are presented in Figure 8.

Comparison of ductility factor, overstrength factor and ductility reduction factor. The results indicate that initial
tangent stiffness of infilled building is higher (with ascending values for INHB < INCB < INSB) as compared to bare
framed buildings which are ductile in nature with lower values of stiffness (see details in Table 5 and Figure 9). Ductility
factor is calculated by considering the maximum displacement at CP performance level on the building. In this sense
the ductility factor of INSB is 1.24 times greater than BF, INCB is 1.09 times greater than BF and INHB is 1.15 times
greater than BF. For infilled the ductility factor goes on decreasing from INSB > INCB to > INHB. As defined in previ-
ous section, the ductility factor represents the ability of structure to be displaced beyond the elastic limit and ability to
dissipate the energy, here we can conclude that the INSB has greater ability of energy dissipation/damping. Whereas
the BF has higher energy dissipation capability. But the scenario seen more stiffer building too has higher ductility factor
as compare to less stiff although it is compatible to but it requires further researches to verify.

As defined in previous, overstrength factor generates from the sequential formation of plastic hinges generated
by applied loads and is the ratio of yield strength to the designed strength, so here it is found that INHB has better
overstrength factor greater than other infilled building and BF has better overstrength factor than other bare framed
with infills gravity loading. BF has lesser value than infilled but higher than bare frames with infills gravity loading.

The combined effect of effective period and energy dissipation capability results as well as denoting
the inelastic behaviors of structures generate the ductility reduction. Here the ductility reduction for INSB seen
greater as compare to other infilled buildings, which indicates that it is stiffer buildings which could have brittle
nature of failure nature rather than the ductile nature on INHB. In case of bare framed building with infills gravi-
ty loading the ductility reduction factor for BF seen quite greater than other.

Table 5
Response reduction factor associated with associated parameters with different infills
Building type 2 Ru R
gop (displacement ductility)  (overstrength factor) (ductility reduction factor) (response reduction factor)
INSB 5.75 3.57 3.24 5.78
INCB 4.25 3.90 2.74 5.33
INHB 3.79 4.02 2.57 5.15
BF 2.18 3.86 2.18 4.20

6
5
4
3
2
1
0
n Q Ry R
OINSB INCB 2 INHB @TBF

Figure 9. Comparison of ductility factor, overstrength factor and ductility reduction factor

Conclusion

Masonry infills has predominant effect on building performance so, its effect should be considered while
designing a structure. The extent of structural response depends upon the type of infill masonry used. It mainly
depends on modulus of elasticity, diagonal compressive strength, tensile strength, shear strength, type of mortar
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used between infill units, interaction between frame and so on. In this study, the response of most popular infill
material namely: solid concrete block masonry, hollow concrete block masonry and clay brick masonry in Nepal
was studied through non-linear analysis. The main conclusions are summarised as:

— infill wall in RC frame significantly reduces top story displacements (about 50% of bare frame);

— the solid concrete block masonry (INSB), clay brick masonry (INCB) and hollow concrete block mason-
ry (INHB) increases the lateral stiffness of structures by 11.66, 8.29 and 6.53 times respectively as compared to
bare frame structure. On the contrary, the base shear value is increase by 2.46, 2.37 and 2.20 times in INSB,
INCB and INHB respectively compared to bare frame structure;

— the presence of INSB, INCB and INHB reduces the fundamental time period by 45.24, 45.86 and
56.14% respectively;

— stiffer infill masonry unit results the lesser inter-storey drift (INSB, INCB);

— infill masonry with stiffer masonry unit lowering the overstrength and ductility factor of the structure.
In the study, INSB and INCB have lower ductility factor compared to INHB (INSB < INCB < INHB).
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YKEHHO-ZIe()OPMUPOBAHHOE COCTOSIHUE THIIEPOOIHUYECKON MapaboIouaHol 000-
nouku (runap). [lens — ONpeneNuTh MCXOAHBIE KOHCTPYKTHBHBIE ITapaMeTphbl,
TaKue KaK PeKOMEHyeMasi IPOYHOCTh OETOHA U THI OMOPHI, 00ECIICUNBAIOIINE
HaujIydiliee CTPYKTYpHOE MOBEACHHUE, JUIS IOCIEIYIOIIEr0 BBITOIHEHUS pacyeTa
KOHCTPYKLMH OOOJIOUKHM JJIs MEHIeXOAHOro Mocta. Memoodsi. CtaTndeckuil Ko-
HEYHO-3JIEMEHTHBIH aHaIN3 ObUI MPOBEACH JUIs YEThIPEX MPECSIOB MPOYHOCTH
Ha cxatue Oerona (28, 40, 80, 120 MIIa), KoTOpble COOTBETCTBYIOT HOPMaJb-
HOMY, BBICOKOMY U CBEPXBBICOKOMY COITPOTHBIICHHIO OETOHA, MATH PA3TUUHBIM

JUIsl THTHPOBAHUSA CXeMaM PACIOJIOKECHHS HArpy3KH OT TOJIBI U TPEM Pa3IHYHBIM YCIOBHSAM OIHU-
panust. Pesyromamei. JIByXumapHUpHBIE ¥ OeCIIapHUPHBIE MOJICTH ITOKa3bIBAIOT
OIIMHAKOBBIC BEPTUKAIBHBIE epeMereHus. 1 ucenexyeMon TONIIHEL 0005109-
KU C TOYKH 3PSHHS BHYTPEHHHX YCHIIMI JBYXIIAPHUPHAS MOJEIb SBISETCS Oomee
s¢dexkruBHON. KOMOMHALINS IAPHUPHBIX HEMOJABH)KHBIX OMOP C MPOYHOCTHIO
6etona 80 MIla noxkasana nydiee CTpyKTypHOE OBEICHHUE.

Cajamarca-Zuniga D., Luna S. Influence of
the concrete strength and the type of sup-
ports on the stress-strain state of a hyper-
bolic paraboloid shell footbridge structure //
CrpounTenpHas MeXaHHKa HH)KEHEPHBIX KOH-

CTpyKumii 1 coopyskenmid. 2021. T. 17. Ne 4. Kito4eBble CJI0Ba: KOHEYHO-DIEMEHTHBIH aHAIU3, MEMEXOAHbIH MOCT, TUIep-
C. 379-390. http://dx.doi.org/10.22363/1815- Gonnueckuil mapaboaou, oO0NOUKa, HANPSHKEHHO-A1ehOPMUPOBAHHOE COCTOS-
5235-2021-17-4-379-390 HUE, BBICOKOMPOYHBII GETOH, YIbTPABLICOKOIPOUHBIH OETOH

Introduction

Thin shells, as well as long-span structures, spatial grids, tensegrity systems, tall buildings, among other
systems, are related to “special structures” [1]. Shells are form-resisting structures, as they mainly resist loads
because of their form rather than the amount of their material (cross-section). Because of their special qualities,
shells are used wherever high efficiency is required, such as to cover long spans with high resistance and mini-
mum material [2]. Felix Candela fomented the surge of popularity of shell structures in the 1950s, and his works
launched the modern shell era by attracting the attention of architects and structural engineers [1]. In 1951 Can-
dela built a 11 m span and 15 mm thickness hyperbolic paraboloid shell in Mexico [3—5], what was an innova-
tive project at these time. The Candela’s built hyperbolic paraboloid shells show that was possible to minimise
workforce and material resources [6]. Despite this, the widespread building of thin reinforced concrete shells
ended abruptly at the end of the 1960s [7] and for many time the use of large span shell structures has lost its
popularity compared to the peak of their construction in the 1950-1960s [8].

The 21st century brought a new era for architectural design [9] and improvement of 3D finite element analy-
sis software. Nowadays, more architects and engineers are becoming interested in the design of long-span shell
structures. Thus, the authors of this article set out to study the possibilities of using different analytical surfaces for
the construction of a thin shell footbridge, where the shell is both the supporting structure and the walking surface.

The hyperbolic paraboloid (hypar) has been known in mathematics since the 17th century and first ap-
peared in architecture at the end of the 19th century [3]. Mathematically synclastic surfaces have positive Gauss-
ian curvature K, while the anticlastic (hyperbolic) surfaces have negative curvature K. Both synclastic and anti-
clastic surfaces are of double curvature. Double curvature surfaces, if properly restrained, can work only as
membranes, irrespective of the applied loads. This singularity can be seen by comparing the failure of a cylindri-
cal and spherical vaults under vertical loads; the first will fail in bending, the second in tension.

The hyperbolic paraboloid is a twice ruled surface of negative Gaussian curvature [10], and is categorized
as an anticlastic surface [11]. This anticlastic ruled surface could be generated by straight lines. Therefore, this
shell shaped structure is simpler to build [12; 13]. It is important to consider that the hyperbolic paraboloid shell
may be stable in the postcritical range due to negative Gaussian curvature since there are also fibres in tension
that stabilise the shell [14].

At present, there are few projects in which shells are used as supporting structures for bridges. Among the most
notable projects are the Musmeci Bridge over the Basento river in Italy (Figure 1, @), the Matadero Bridge over
the Manzaneros river in Spain (Figure 1, ») and the TRUMPF Bridge over Gerlinger Strasse in Germany (Figure 1, ¢).

The Musmeci Bridge is about 300 m long and is composed of a RC box-section deck supported by a RC
continuous double-curvature shell. The shell forms 4 equal spans of 69.20 m each, has a thickness of 0.30 m and
is characterised by deeper ribs at both sides [15]. The Matadero footbridge is a RC (40 MPa) sinclastic shell that
supports a suspended metallic deck [16; 17], were the bearing structure is a shell with 43.50 m span, 8.40 m
width, 7.70 m of rise and variable thickness from 0.15 m in the centre to 0.57 m in the supports [18]. The foot-
bridge at TRUMPF headquarters is a double curved steel shell with 28 m span, 2.20 m width, and only 20 mm
thickness [19]. It should be noted that only the last of the mentioned projects (Figure 1, ¢) uses the shell structure
both as a load-bearing element and as a walking surface.
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Figure 1. Musmeci’s bridge, Potenza, Italy (a); Matadero footbridge, Madrid, Spain (b); TRUMPF footbridge, Ditzingen, Germany (c)

This research is the first stage of a project that performs a comparison of the static and dynamic structural
behaviour, architectural influence and environmental impacts between a conventional-structured footbridge built in
the city of Cuenca (Ecuador) and a proposed shell-shaped footbridge, where the shell is both the load-bearing ele-
ment and the walking surface. The whole project will study the structural behaviour of different analytical surfaces
(hyperbolic paraboloid, conoid, torse) to define the most suitable geometric shape for a pedestrian bridge. This arti-
cle shows the results of the first stage of the cited research. In this stage, the stress-strain state of the proposed hy-
perbolic paraboloid bridge was determined. The results will allow us to establish the optimal type of supports and
concrete strength for this type of structure in order to perform the subsequent structural design in the next stage.
The issues of local stability of the shell on the upper edges, as well as the reinforcement of the shell as a whole and
in different zones depending on the stress-strain state, are not considered in the present article.

Methodology

In the present work, we defined the overall dimensions of the studied shell according to the dimensions of
an existing bridge built with a conventional structural system in the city of Cuenca (Ecuador). The Juana de Oro foot-
bridge (Figure 2) is a three-hinged arch with L =24 m of span, B = 5 m of width and /= 1.2 m of rise [20].

g== T ==
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Figure 2. “Juana de Oro” footbridge [20]
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Based on the overall dimensions of Juana de Oro bridge, we defined the geometry of the studied hyperbo-
lic paraboloid shell. The defined structure is a shell with L = 24 m span, B = 5 m width, /= 1.2 of rise and
¢t = 0.1 m thickness (Figure 3).

Figure 3. Overall dimensions of the studied hyperbolic paraboloid shell structure

For the defined hyperbolic paraboloid shell structure, 60 finite element models were analysed, which include
the different combinations of parameters: 5 concrete strengths (28, 40, 80, 120 MPa), 3 support conditions (simple
supports, fixed ends or two-hinged model, embedded ends or hingeless model), and 5 crowd load positions.

The present stress-strain study involves: 1) determination of most unfavourable loading condition for the
proposed shell; 2) determination of the least efficient support conditions in terms of stresses and strains; 3) defi-
nition under which loading conditions and with which support types we will continue the research; 4) investiga-
tion of influence of the concrete strength on the stress-strain state for the selected loading condition and support
type; 5) analysis of results and drawing the conclusions.

Geometry definition of the hyperbolic paraboloid (hypar) shell. A hyperbolic paraboloid is a surface
whose general equation in Cartesian coordinates (x, y, z) satisfies the equation: z = (x/a)* — (¥/b)*. According to
Krivoshapko & Ivanov’s Encyclopedia of Analytical Surfaces [10], the explicit (canonical) equation of a hyper-
bolic paraboloid has the following form:

x2 2

X _Y
z=2 2q,p>0,q>0. (D

The formula (1) shows that hyperbolic paraboloids can be generated by the translation of a mobile parabola
y? = —2qz along a fixed parabola x? = 2pz or vice versa [10]. The computer model of the studied shell (Figure 3)
was generated by the computational integrated system for finite element structural analysis and design SCAD++,
and the system of equations (2) was obtained by the built-in SCAD++ application. In this program we have:
ho = height of the angle point, m; /#; = height of the inflection point along the X-axis, m; 4, = height of the in-
flection point along the Y-axis, m; W = length of the plane in the X direction, m; B = length of the plane in Y direc-
tion, m (Figure 4). It should be noted that the edges of hyperbolic paraboloid can be curved or straight [21],
and in our case we have defined a rectangular shape (24x5 m) on the horizontal plane projection.

x=(s—0.5W,
y = (t —0.5)B, )

2= hy + 4(hg — hy)(s — 0.5)% + 4(hg — hy) (¢ — 0.5)2.

Live (crowd) load arrangement. In order to consider the most unfavourable position of the live load in
the structure and its combination with the self-weight, we assumed the following 5 live load arrangements (Fi-
gure 5) for a pedestrian load of 4.1x107° MPa [22]:

— CV1: the crowd load occupying the entire width and half of the bridge span;

— CV2: the crowd occupying the entire width and full bridge span;

— CV3: the crowd occupying the full width and the middle third of the bridge span;

— CV4: the crowd in one lateral side (half of the width) and the entire length of the bridge;

— CVS5: the crowd occupying the initial lateral side (half of the width and half of the bridge span).
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Figure 4. Geometric parameters for defining a hyperbolic paraboloid in SCAD software
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CV4: the crowd in one lateral side (half of the width) and the entire length of the CV5: The crowd occupying the initial lateral side (half of the width and half of
bridge span the bridge span).

Figure 5. Live load arrangement. Live load acting on the blue areas

Compressive strength of the concrete. The investigation of the stress-strain state of the shell includes
the study of the influence of different concrete strengths (28, 40, 80 and 120 MP). Since, the common practice
in bridge construction in the city of Cuenca and the recommendation given in [22] suggest a concrete strength
of 28 MPa, the American Concrete Institute specifies 41 MPa as the lower limit for high-resistance concre-
te (HRC) [23-25], and the Portland Cement Association points 120 MPa as the minimum compressive strength
for ultra-high performance concrete (UHPC) [26-29], however, some authors suggest a value of 150 MPa as
the minimum compressive strength limit of UHPC [30-33]. Thus, we analysed the shell for strengths of 28 and
40 MPa that correspond to a concrete of standard compressive strength, 80 MPa matches an HRC and 120 MPa
corresponds to lower referred limit of UHPC.

Finite element analysis. The finite element structural analysis was performed in SAP2000 (CSI Compu-
ters & Structures, Inc.). We analysed 60 finite element models that include the following combinations of pa-
rameters: for each compressive strength (28, 40, 80, 120 MPa) were analysed 15 models that include 5 live load
arrangements for the simply supported system, the same 5 load arrangements for the system with pinned ends,
and the same for the model with fixed ends.

For the finite element analysis, it is necessary to define the physical and mechanical properties of analysed
concrete (specific weight, modulus of elasticity and Poisson coefficient). Some recommendations about the spe-
cific weight for concretes with compressive strength less than 35 MPa suggest a value of 2320 kg/m’, instead
for concretes between 35 and 105 MPa the following formula should be used [22]:

Yo = 2240 + 2.29f. 3)

Here y, = specific weight, kg/m’; f/ = compressive strength of concrete, MPa.

In this way the concrete of 40 MPa would have a specific weight of 2332 kg/m’, and the concrete
of 80 MPa a value of 2432 kg/m’. For the concrete of 120 MPa not being within the range given by
the AASHTO [22] a value of 2515 kg/m® was taken [22; 34].

The modulus of elasticity for models with compressive resistance of 28, 40 and 80 MPa was calculated based
on the formula (4) which is applicable only for concretes with specific weights between 1440 and 2500 kg/m’ [22].
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E, = 0.043y:5,/f). @)

Here E. = modulus of elasticity, kg/cm’; y, = density of concrete, kg/m®; f; = compressive strength of
concrete, MPa.

For the concrete of 120 MPa a value of 459 000 kg/cm?® (~45 900 MPa) was taken [35]. The assumed
Poisson coefficient is 0.2 since no physical tests of the materials were performed [22; 36].

For the analysis of the stress-strain state, we calculated 5 load combinations in the SAP2000 software. These
combinations consider the structure dead load (CM) whit each pedestrian live load in its different arrangements on
the deck (CV). We replicate these load combinations for the proposed supports types and concrete strengths.

Results and discussion

The Figure 6 shows some graphical views of the stress-strain state of the models based on the finite ele-
ment analysis. The Figure 7 shows the character of the normal forces in the shell.
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Figure 6. Comparison of deformations between different types of supports for the same concrete strength (a);
comparison of deformations between different concrete strength but with the same type of support (b);
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Figure 7. Character of the normal (longitudinal and transverse) forces in the shell
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The results of the finite element analysis of the proposed models show that the combination named R2 and

R4 (corresponding to CV2 and CV4 respectively) are the most unfavourable live load arrangement for all models
regardless of the type of supports (Figure 8).
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For the defined unfavourable live load arrangement, we have studied the influence of the support condi-
tions on the vertical displacements, the results are shown in Figure 9.

Here we can see that the simply supported condition is not viable for this type of structure, due to large
displacements under the same load condition (Figure 9, ). Figure 9, b shows that vertical displacements for
the pinned (hinged) ends and the fixed (embedded) ends models are the same. At the same time, it displays that
the 80 MPa concrete, shows a better performance in terms of rigidity among the studied strengths.

The effect of compressive strength of the concrete was analysed for the five proposed live load arrange-
ments. The results are shown in the Figure 10. Here we can note that the HRC (80 MPa) presents a deformational
behaviour slightly better than the UHPC (120 MPa), under the same geometric parameters of the shell and live
load arrangements.

In order to understand the influence of the concrete strength, we performed a stress state comparison be-
tween the pinned ends and fixed ends models under the R2 load arrangement for the 4 proposed compressive
strengths of concrete. Below, in the Figures 11-13, we show the graphs that summarise the results of the stress
state investigation.

In these graphs we can see that the maximum internal reactions in the shell with pinned supports are lower
than in the ones with fixed supports regardless of the analysed concrete strength.

Further, the structural performance of the “hypar” shell was analysed as a function of the compressive
strength of the concrete. In this research a point of balance between stresses and strains was determined accor-
ding to the strength of the concrete. The graph below shows that, as the concrete strength increases, the internal
reactions also increase, while the deformations decrease. However, the deformations stabilise at strengths close
to or above 80 MPa. This analysis shows that the better relation between strains and stresses is for a concrete
next to 80 MPa of compressive strength (Figure 14).
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Figure 15. Distribution of normal forces F11 and F22
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Figure 17. Distribution of shear forces V13 and V23

The Figures 15—-17 show the character of the stress state of the shell studied with 80 MPa concrete, both
for the case of hinged supports (right pictures) and for the case of embedded supports (left pictures).

Conclusion

The purely geometrical shape of the hyperbolic paraboloid is relatively easy to work with, both from struc-
tural analysis and design viewpoint. However, the effects of the bending stresses that are generated for the given
geometry must be considered. These bending stresses should be dealt with rationally by adjusting the curvatures
of the shell instead of increasing the cross-section [37].

In this investigation, the assessment of the static structural behaviour of a hyperbolic paraboloid shell was
performed in order to evaluate the possibilities of application of this analytical surface as a shell-shaped foot-
bridge where the shell is both the load-bearing element and the walking surface. In terms of rigidity was deter-

388 SEISMIC RESISTANCE



Kaxamapka-CyHuea [., lTyna C. CTpouTenbHas MexaHuka MHXEHEPHBIX KOHCTPYKLMiA 1 coopyxeHuit. 2021. T. 17. Ne 4. C. 379-390

mined that the pinned (hinged) supports and fixed (embedded) supports give almost equal displacement magni-
tudes (Figure 9, b). The FEA analysis shows a vertical displacement of 8.2 mm for the 80 MPa model and 8.3 mm
for the 120 MPa model. However, in terms of stresses, the pinned supports shown better behaviour than fixed
ones. The normal tensile forces F// along the longitudinal axis for the pinned supports are 11.61% less than
the fixed supports. The normal compressive forces /11 along the longitudinal axis for the pinned supports are
0.39% less than the fixed supports. The normal tensile forces 22 along the transversal axis for the pinned sup-
ports are 33.71% less than the fixed supports. The normal compressive forces /22 along the transverse axis for
the pinned supports are 0.79% greater than the fixed supports. The maximum magnitude of bending moment
M11 along the longitudinal axis for the pinned supports is 65.54% less than the fixed supports. The maximum
magnitude of bending moment M22 along the longitudinal axis for the pinned supports is 61.95% less than
the fixed supports. The maximum shear forces V13 for the pinned supports are 85.45% less than the fixed sup-
ports. The maximum shear forces /23 for the pinned supports are 59.26% less than the fixed supports.

The study of the influence of the compressive strength of the concrete on the one hand shows that
the HRC (80 MPa) shell has 43.49% less displacement than the normal resistance concrete (28 MPa), 32.16%
less than the 40 MPa, and even 1.37% less than the UHPC (120 MPa). But on the other hand, it shows an in-
crease of internal reactions as follows: for the 40 MPa concrete the internal reactions increase 0.18% compared
to the 28 MPa; for the 80 MPa concrete the internal reactions increase 1.41% compared to the 40 MPa;
and for the 120 MPa the internal reactions are 1.36% greater than for the 80 MPa concrete.

These results show that, in terms of maximum stresses, the hyperbolic paraboloid with pinned (two-hinged)
supports is the more adequate static scheme for the proposed anticlastic shell, while a concrete with compressive
strength between 40 and 80 MPa provides the best structural performance. However, it could be observed that
the model with fixed (hingeless) supports shows a most uniform stress distribution. Later the research will con-
tinue on the 40 and 80 MPa pinned-support (two-hinged) and fixed-support (hingeless) shell. In future articles
we will determine the structural behaviour under static and dynamic actions, including seismic loads. We will
revise the shell curvatures to optimise the structural behaviour, study the influence of the shell thickness on
the UHPC alternative. Also, we will review the issues about the local stiffness as well as the need for the addi-
tion of edge beams and study its effects, about the reinforcement of the shell (type of reinforcement, steel
strength, diameter, spacing) and the intensity of the reinforcement in the different zones depending on the stress-
strain state.

References

1. Bradshaw R., Campbell D., Gargari M., Mirrniran A., Tripeny P. Special structures: past, present, and future.
J. Struct. Eng. 2002;128(6):691-709. http://dx.doi.org/10.1061/(asce)0733-9445(2002)128:6(691)

2. Ramm E., Mehlhorn G. On shape finding methods and ultimate load analyses of reinforced concrete shells. Eng.
Struct. 1991;13(2):178-198. http://dx.doi.org/10.1016/0141-0296(91)90050-M

3. Aleshina O., Cajamarca D., Barbecho J. Numerical comparative analysis of a thin-shell spatial structure for
the Candela’s Cosmic Rays Pavilion. Adv. Astronaut. Sci. 2021;174:741-752.

4. Pérez-Peraza J. Reminiscences of cosmic ray research in Mexico. Adv. Sp. Res. 2009;44(10):1215-1220.
http://dx.doi.org/10.1016/j.asr.2008.11.031

5. Minor A. Up-and-down journeys: the making of Latin America’s uniqueness for the study of cosmic rays.
Centaurus. 2020;1-23. http://dx.doi.org/10.1111/1600-0498.12335

6. Mendoza M. Felix Candela’s first European Project: The John Lewis Warehouse, Stevenage New Town. Archit.
Res. Q. 2015;19(2):149—-60. http://dx.doi.org/10.1017/S1359135515000251

7. Krivoshapko S.N., Hyeng C.A.B., Mamieva [.A. Chronology of erection of the earliest reinforced concrete shells.
Int. J. Recent Res. Appl. Stud. 2014;18(2):95-108.

8. Krivoshapko S.N., Mamieva [.A. Analytical surfaces in the architecture of buildings, structures and components.
Moscow: LIBROKOM Publ.; 2011. (In Russ.)

9. Kourkoutas V. Parametric form finding in contemporary architecture Vassilis Kourkoutas. Vienna: Technische
Universitdt Wien; 2007.

10. Krivoshapko S.N., Ivanov V.N. Encyclopedia of analytical surfaces Switzerland: Springer International Publi-
shing AG; 2015. http://dx.doi.org/10.1007/978-3-319-11773-7

11. Farshad M. Design of hyperbolic paraboloid shells. In: Design and Analysis of Shell Structures. Switzerland:
Springer-Science+Business Media, B.V.; 1992. p. 215-247.

12. Oliva Quecedo J., Antolin Sanchez P., Camara Casado A., Goicolea Ruigébmez J.M. Finite element model
analysis of works authored by Felix Candela. Hormigon y Acero. 2011;(1):61-76.

CEVICMOCTOMKOCTb COOPY)XEHMM 389



Cajamarca-Zuniga D., Luna S. Structural Mechanics of Engineering Constructions and Buildings. 2021;17(4):379-390

13. Rippmann M. Funicular shell design geometric approaches to form finding and fabrication of discrete funicular
structures. PhD Thesis. Zurich; 2016.

14. Bischoff M., Ramm E., Irslinger J. Models and finite elements for thin-walled structures. In: Encyclopedia of
Computational Mechanics Second Edition. John Wiley & Sons, Ltd.; 2017. http://dx.doi.org/10.1002/9781119176817.ecm2026

15. Marmo F., Demartino C., Candela G., Sulpizio C., Briseghella B., Spagnuolo R., et al. On the form of the
Musmeci’s bridge over the Basento river. Eng. Struct. 2019;191(May):658-73. http://dx.doi.org/10.1016/j.engstruct.2019.04.069

16. Fenu L., Congiu E., Lavorato D., Briseghella B., Marano G.C. Curved footbridges supported by a shell obtained through
thrust network analysis. J. Traffic Transp. Eng. (English Ed.) 2019;6(1):65-75. http://dx.doi.org/10.1016/].jtte.2018.10.007

17. Fenu L., Congiu E., Marano G.C., Briseghella B. Shell-supported footbridges. Curved Layer Struct. 2020;7(2):
199-214. http://dx.doi.org/10.1515/cls-2020-0017

18. Peiretti H.C., Martin J.R., Delgado J.S., Matadero and invernadero shell footbridges over the Manzanero River in
Madrid. Rev. Obras. Publicas. 2011;158(3520):39-50.

19. Mclntyre J. Outokumpu: building bridges to span over distance and time. Stainless Steel World. 2019;(137):2-3.

20. Zeas Guzman K. Los puentes del Centro Historico de Cuenca. Universidad de Cuenca; 2013.

21. Saltik E., Alacam S. Experiments for design and optimization of thin shell structures. A7 2020: “Smart Buil-
dings, Smart Cities” Proceedings. Izmir: Yasar University; 2020. p. 76-90.

22. American Association of State Highway and Transportation Officials. A4SHTO LRFD Bridge Design Specifica-
tions. 8th ed. Washington D.C.; 2017 p. 1881.

23. ACI 363R-92. State-of-the-art report on high-strength concrete (vol. 92). ACI Committee 363. American Con-
crete Institute; 1992.

24. Razvi S.R., Saatcioglu M. Strength and deformability of confined high-strength concrete columns. ACI Struct. J.
1994;91(6):678—696.

25. Sheikh S.A., Shah D.V., Khoury S.S. Confinement of high-strength concrete columns. ACI Struct. J. 1994;91(1):100-111.

26. Maten R.N. ter Ultra high performance concrete in large span shell structures. Delft: Delft University of
Technology; 2011.

27. Perry V., Zakariasen D. First use of ultra-high performance concrete for an innovative train station canopy.
Concrete Technology Today — Portland Cement Association. 2004;25(2):1-7.

28. Walraven J.C. Designing with ultra high strength concrete: basics, potential and perspectives. In: Schmidt M.,
Fehling E., Geisenhansluke C. (eds.) Proceedings of the International Symposium on Ultra-High Performance Concrete.
Kassel: Die Deutsche Bibliothek; 2004. p. 853—864.

29. Ramesh M.N., Teichmann T. Ultra high performance concrete: sustainable and cost effective. B2B Purchase.
Mumbai; 2016. Available from https://b2bpurchase.com/ultra-high-performance-concrete-sustainable-and-cost-effective/
(accessed: 02.04.2021).

30. Azmee N.M., Shafiq N. Ultra-high performance concrete: from fundamental to applications. Case Stud. Constr.
Mater. 2018;9:¢00197. http://dx.doi.org/10.1016/j.cscm.2018.e00197

31. Sarmiento P.A., Torres B., Ruiz D.M., Alvarado Y.A., Gasch 1., Machuca A.F. Cyclic behavior of ultra-high performance
fiber reinforced concrete beam-column joint. Struct. Concrete. 2019;20:348-360. http://dx.doi.org/10.1002/suc0.201800025

32. Shafieifar M., Farzad M., Azizinamini A. Experimental and numerical study on mechanical properties of ultra high
performance concrete (UHPC). Constr. Build. Mater. 2017;156:402-411. http://dx.doi.org/10.1016/j.conbuildmat.2017.08.170

33. Dinggiang F., Wenjing T., Dandian F., Jiahao C., Rui Y., Kaiquan Z. Development and applications of ultra-high
performance concrete in bridge engineering. IOP Conf. Ser. Earth Environ. Sci. 2018;189:22038. http://dx.doi.org/10.1088/1755-
1315/189/2/022038

34. Bahr O., Schaumann P., Bollen B., Bracke J. Young’s modulus and Poisson’s ratio of concrete at high tem-
peratures: experimental investigations. Mater. Des. 2013;45:421-429. http://dx.doi.org/10.1016/j.matdes.2012.07.070

35. Mostofinejad D., Nozhati M D. Prediction of the modulus of elasticity of high strength concrete. Iranian Journal
of Science and Technology Transaction B: Engineering. 2005;29(B3):311-321.

36. Chen H.J., Yu Y.L., Tang C.W. Mechanical properties of ultra-high performance concrete before and after
exposure to high temperatures. Materials (Basel). 2020;13(3):1-17. http://dx.doi.org/10.3390/ma13030770

37. Ohmori H., Yamamoto K. Shape optimization of shell and spatial structure for specified stress distribution.
Mem. Sch. Eng. Nagoya Univ. Japan. 1998;50(1):1-32.

390 SEISMIC RESISTANCE



2021. 17(4). 391-403 » —

CTPOUTENBHASI MEXAHUKA UHXXEHEPHBIX KOHCTPYKLIMA U COOPYXXEHUI

y [\J%ﬁ 3 STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS
ISSN 1815-5235 (Print), 2587-8700 (Online)

HTTP://JJOURNALS.RUDN.RU/STRUCTURAL-MECHANICS

DOI 10.22363/1815-5235-2021-17-4-391-403

YK 69.04:624.042.8 HAVYHAS CTATBS / RESEARCH ARTICLE

Ouenka ceiicMUYeCKHX CHJI IPH N3MEHEHHBIX B MpoLecce KoJiebaHuii
KOHCTPYKTHBHBIX CXemMax

10.T. Yepnor'™, JI. Kéeiian D&
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Hcropus cratbu AHHOTauus. [Jens uccnedosanus — pa3paboTaTh OJWH U3 BO3MOXKHBIX METO/IOB
IMoctynuna B penakuuro: 12 nexadps 2020 r. CEHCMHUYECKOTO aHaJIN3a, KOTOPBIA YUYUTHIBAET HEYNPYTO€ MOBEACHUE KOHCTPYK-
Jopaborana: 11 mas 2021 r. IWH IPU CeHCMUYECKHUX Harpys3kax. IIpemiokHbIii MeTo/ 1 MO3BONSIET YIUTHIBATh
[MpunsTa k myonukauu: 13 utons 2021 r. HM3MEHEeHUE (CHIDKCHHE) HECYIIeH CroCOOHOCTH KOHCTPYKIHMHA TPU pa3pylIeHUH

OTAENBHBIX DJIEMEHTOB WM TOSBICHUH IUTACTUYECKHUX 30H. Memoodwl. IIpenno-
JKCHHBIE 3aBHCHUMOCTU M aJITOPUTMBI BKJIIOYAIOT ONPEIENICHHe CEHCMUIECKUX CHII,
OCHOBaHHOE Ha METOJle HOPMANBHBIX (OPM, KOTOPBIH 0 HACTOAIIETO BPEMEHHU
IIUPOKO HCIIOJIB3YETCS MIPH PEIICHUH 33/1a4 TeOpUU cericMOoCcTOHKoCcTH. Pacuer-
Hble (OPMYIBI IIPU BBIYMCICHUHM CEHCMHYECKUX CHJI Ha Ka)KIOM Iare 1o Bpe-
MEHH TPEJICTABICHBI B BUC Pa3JIoKEHHi 0 popMaM COOCTBEHHBIX KOJeOaHHIA,
KOTOpBIC YUUTHIBAIOT H3MEHEHHsI KOHCTPYKTUBHOM cxeMbl. Pacuer moBTopsiercs
Ha Ka)KJIOM IIare 1mo BpEMEHH KaK CTaTHUECKHH pacdeT Ha JEUCTBUE celcMuye-
CKHX CHJI, ONIPENEeNCHHBIX Ha HpPEeIbIAyINeM 3Tale, 0 PaspyIleHHs 3JaHusl.
Pezynvmamui. PazpaboTaHHbIe 3aBUCHMOCTH U aJITOPUTMBI IO3BOJISIIOT YIUTHIBATD
HM3MEHEHUS! KOHCTPYKTUBHOM CXEMBI B IIpoliecce Konebanuii Ha KaXI0M IIare o
BPEMEHHU, U3MECHEHUS! JUHAMUYECKHX XapaKTEePUCTHUK 3JaHUS U, KaK CIEICTBUE,
HOBBIE 3HAYEHUSI CEHCMUYECKUX CHI. BrrancnenHsle Ko3)OUUUEeHTH HeYIIpyroi
pabotbl KOHCTpyKIUi K1, KOTOpbIE MPHUBEICHBI B HOPMATHBHBIX JOKYMEHTaX,
HE BIIOJIHE COOTBETCTBYIOT PEAJbHOMY IOBEICHUIO KOHCTPYKIMHU IPH celcMu-

YyecKuX Bo3aercTBusX. [IpennoxeHHbI METO/I MO3BOJSET OMPEAEsTh pacder-
JJ1st nuTHpOBaHUSA

Yepros FO.T., Koéeiinu J]. Ouenka ceiicMu-
YECKUX CUJI IIPH U3MEHEHHBIX B IIPOLIECCE KO-
ne0aHui KOHCTPYKTUBHBIX cxemax // Ctpou-
TeNbHAS MEXAaHUKA MH)KCHEPHBIX KOHCTPYK-

HBIC 3HAUEHMS CEHICMUUECKUX CHJ U MX PaclpefesieHHe ¢ yYeTOM BIIUSHUS I10-
BPEXKICHUI DJIEMEHTOB U MOSIBJICHHUS HEYNPYTUX 30H B KOHCTPYKIUH B IpoIiecce
KoJIeOaHUH Ha KaXJOM IIare 1o BPeMEHHU BIUIOTH IO Pa3pyLICHHS HECYLIHX
KOHCTPYKUHN 3JaHUH.
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Evaluation of seismic forces under modified structural schemes
in the process of vibrations
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Moscow State University of Civil Engineering (National Research University), Moscow, Russia Federation
B9 jaafargbaily@gmail.com

Article history Abstract. The aim of the work — development of one of the possible methods
Received: December 12, 2020 for seismic analysis that considers the inelastic behavior of structures under
Revised: May 11, 2021 seismic loads. This requires the development of seismic analysis methods that
Accepted: June 13, 2021 take into account the change (decrease) in the bearing capacity or the destruction

of individual elements until the final loss of the bearing capacity of the structure.
Methods. The dependences and algorithms include determining seismic forces
using the method of normal forms, which until now is the main one in solving
problems of the seismic resistance theory in seismic regions, calculation formu-
las to calculate seismic forces at each time step are presented in the form of ex-
pansions into natural vibration modes, which regard the changes in the design
scheme. The calculation is repeated at each time step as a static calculation for
the action of seismic forces determined at the previous stage, before the building
collapses. Results. The developed dependencies and algorithms allow to consider
changes in the design scheme during vibrations at each time step, changes in
the dynamic properties of the building and, as a result, the values of seismic
forces. The value of the coefficient of inelastic work of structures K1, which are

given in regulatory documents, do not give fully correspond to the actual beha-
vior of the structure under seismic influences. The proposed calculation method
allows to determine the estimated values of seismic forces and their distribution
taking into account the influence of damage of elements and the appearance of
inelastic zones in the design process of fluctuations at each time step and to as-
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3CMJIeTp$ICGHI/I$I — OJJHHM U3 CaMBbIX OIIaCHBIX CTUXHUIHBIX 66[{0TBI/II71, IMOCKOJIBKY OHHU MPUYUHAKOT 3HAYNUTECIIb-
HBII MaTEPUATBHBIA U SKOHOMUYECKHH yIepO U MPUBOMAST K YEIOBEYCCKUM xepTBaM. Clie0BaTENIbHO, CEHCMO-
CTOUKOCTbH SIBISIETCS MPUOPUTETOM IIPH MPOSKTHPOBAHNUYU 3TaHUH C TOYKH 3PSHHS BBIOOpa CTPOUTEIHHBIX Marte-
pHAIOB U HECyIIel CUCTeMBI [1].

Jn1s1 O1feHKH CeHCMOCTOMKOCTH COOpY’KEHHH ObUTH pa3paboTaHbl HECKOJIBKO CEHCMHUYECKHX METONOoB [2; 3],
MO3BOJISIONINX OIEHUBATh PEAKIIMIO KOHCTPYKIIMA NP CEMCMUYECKUX BO3MEHCTBHUAX. METO/ MOMepeuHbIX CHIL,
MOJTATTHHBINA aHAIM3 CTICKTPa PEaKITni, HEJTMHCHHBIA JHHAMIYICSCKUN aHATN3, HEIMHEHHBIN cTaTHIeCKIi aHamm3 (push-
over analysis) — y KaXJI0ro U3 HUX €CTh JOCTOMHCTBA U HEOCTATKU.

MeTo/1 MONepeYHBIX CHUIT UCIIONB3YETCS P pacueTe CHMMETPHYHBIX KOHCTPYKIUH. B HEM ncnonb3yroTes
pactpeneneHust OOKOBBIX CHJI, MOJTy9eHHBIC HA OCHOBE YIIPYTHX PEaKIWi, 4YTO MPUBOAUT K HETOYHBIM Pe3yiIbTa-
TaM pacdera CeHCMUYECKUAX CHII U AehopMaIiniii 31aHni B CTydae HEIMHCWHBIX peaknui [4].

MoanbHbIN METOJ] CIIEKTPa MPU OLEHKU CEHCMUYECKON PeakIui JaeT OTHOCUTEIBHO TOYHBIC PE3yJibTa-
THI B CITydae JTUHEWHOU peaknuu. Mertos OblT pa3paboTaH IJIs HETHHEHHBIX CUCTEM, OJJHAKO J0 CHX IIOp OH He
MOXKET MPaBUIILHO HACHTU(GUITUPOBATH He(opMariu 3qaHui [5].
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HenuHeiHpl TUHAMUYECKUM aHaM3 XapaKTepU3yeTcs KaK OJUH U3 JYUYLIMX METOJOB C TOUKH 3pPEHUs
MPOCKTUPOBAHHS U OLIEHKHU PEaKIy HECyIIel CHCTeMBI 31aHusl. TeM He MeHee ero HCIOIb30BaHHE OrPaHUICHO
M3-32 HEOOJBIIOT0 KOJIUYECTBA KOMIBIOTEPHBIX MPOTPaMM, CIIOCOOHBIX €ro MPHUMEHSTh, CIIOKHOCTH BBIOOpa
MOIXOSIINX 3aMiCceil O ABMKEHUH TPYHTA U TPYAHOCTH WHTEPIIPETAIINH €TO Pe3yabTaToB [6; 7].

Henuneiinpiii cratnyeckuii metoy; (pushover analysis) ucnonb3yeTcs Ipu ONpeNeICHNH PeaKkiy 3AaHui
B JMana3oHe Heynpyroro noseaeHus. OH TpeOyeT 3HaHus MoJenel qeopManiy 30aHus 1 MEXaHU3Ma o0pyIie-
HUS 1 HAYaJIbHOTO pacrlpeeNieHus CeiiCMUUYeCKUX Harpy30K. HenpaBuibHbIH BEIOOp Mojesei 1 MexaHu3Ma 00-
PYILISHHS 31aHUS IPUBOIUT K HETOYHBIM pe3ylibTaTaM [8; 9].

[TpobaeMbr aHanu3a peanbHOTO MOBEACHUS 34aHUI CBSI3HO B TOM YHUCIIE C TE€M, YTO yKa3aHHBIE METOJBI
3aBHUCAT OT IMHAMUYECKHUX (hOPM KOJIeOaHH, BEIYUCICHHBIX JIJIST UICXOIHBIX KOHCTPYKIHA 03 yueTa n3MEHEeHHS
3THX (OPM C TIOSBIICHUEM IDIACTUYECKUX 30H M pa3pyLIeHUH B OTACIHHBIX SJIE€MEHTaX HECYIIeil CHCTEMBI B TIPO-
1ecce KojaeOaHHi.

VYder BIUSHUS MOBPESKACHUS 3JICMECHTOB KOHCTPYKIIUU MIPH PAcYeTe CEHCMUYECKHUX CUJ SBISCTCS OJTHUM
13 BXXHBIX (DAKTOPOB B CEHICMUYECKOM aHAIIM3€, B TOM YHCJIE IIPH OIIeHKe TUCCUIAaTUBHBIX cril [10].

HeKOTOpLIe MCKAYHAPOAHBIC HOPMbI BBOJAT AOIOJHUTEIBHBIC IMapaMCETPhl IIPU pacye€Te ceiCMHYECKHUX
Harpy3o0K, JUisl y4eTa BO3MOXXHOCTH BO3HHKHOBCHUS MOBPEKICHUN M HEMWHEHHBIX NedOopMaIuil B OTJICIBHBIX
aneMeHTax. B 9acTHOCTH, B pOCCHICKUX HOpMaX BBOAMUTCS KO3 PHUIMEHT HEYIPYTroi paboThl KOHCTPYKIHH K1.

AKTyallbHOCTD TIPEAJIaraéMoro MeTOZa 3aKII0YaeTCs B TOM, YTO OH YYWTHIBAET BIMSHHUE MOBPEKICHUI
3JIEMEHTOB U TIOSIBJICHHUS 30H C HETMHEHHOM XapaKTepoM Jie(OpMUPOBAHHS HA COOCTBEHHBIE (DOPMBI KOJIeOaHMA
3IaHUH W BEJMYMHBI CEHCMUYECKHUX CHJI Ha KaXK[IOM IIare B mpollecce koiedbanuii. Pacder mo Takoii cxeme mo3-
BOJIAT TaKKEe YTOUHUTH KOA((DHUIMEHT Heynpyroi paboTel KOHCTPYKITHiT K1.

MeToabl

Jlnst pacyera coopyKeHHS HAa CEHCMHYECKHUE CHJIBbI MCIIOJIb30BAJICS IIAroBBI MeToJ 1Mo BpemeHu. CyTh
METO/Ia OCHOBaHA Ha METOJIC HOPMAILHBIX (OPM, KOTOPBIN CUMTACTCS OJHUM U3 Hanboyee OOUIMX aHATUTHYE-
CKHNX MCTOOOB pacdye€Ta U HUCCICAOBAHUA JUHAMHWYCCKHUX CUCTEM U MPCACTABIACT PCIICHUA B BUAC PA3JIOKCHUA
10 COOCTBEHHBIM BEKTOPaM.

PacueTHas Ghopmyna Amst onpeeneH s ceHCMUIecKO# CUITbI, ISHCTBYIOIIEH Ha Maccy myj TIPH KOIeOaHUAX
coopykeHus 110 #-i popme [11]:

Sjr = ijjr]r Z?:l Yiymy; (1)

4
Jr = B f £(De2 D sin B (¢ — D)dr, @)

rjie J, — UMIyJbCHas nepexoHas GpyHkims i r-i ¢popmel. JKene300eToHHOE 3/1aHKne, pACCMOTPEHHOE B CTAaThE B
KadecTBe npumepa (puc. 1, 2), 5-3TaskHOE, CHMMETPHYHOE 110 CXeMe, C BEICOTOH 3Taxka 3,5 M, CBOMCTBA U XapakTe-
PUCTHKH MaTepHUajIoB U 3JIEMCHTOB KOHCTPYKIIMH IPUHSATHI B COOTBETCTBHH ¢ HopMamu P® (puc. 3, 4; tadm. 1, 2).

\1 T = - D
O | —
\/ ) » »
- - .
Puc. 1. Ilnan staxa 3qanus Puc. 2. Pa3pe3 31anus
Figure 1. Floor plan of building Figure 2. Section of the building
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Tabauya 1
CaolicTBa MaTepuaJoB
Moayas ynpyroctu, MIla PacueTHoe conpotuBienne, MIla OcHoBHbIe 1edopMallMOHHbIE XapaKTePUCTUKHU
beron B25
E=30000 Ry=18,5 ep1 = 0,004 €00 = 0,0056 er2 = 0,0034
Kiacc apmarypsr A400
E=2x10° R =400 &0 = 0,002 g2 = 0,025
Table 1
Materials properties
Young modulus, MPa Design strength, MPa Main deformation characteristics
Concrete B25
E=30000 Ry=18,5 er1 = 0,004 €00 = 0,0056 er2 = 0,0034
Reinforcement class A400
E=2x10° Rs =400 €0 = 0,002 &2 = 0,025
cs A oo A
Op1 = Opo =
050 = Os2 = R.r 7b1 7b0
=0, = Rp
arctgE c arctgky €
S
- Lol
€50 €52 €p1 €0 €2
Puc. 3. [luarpamma coCTOSHHS CKaTOro OETOHA Puc. 4. [luarpamMma cocTOSHHS PacTSIHYTOH apMaTypsl
Figure 3. State diagram of compressed concrete Figure 4. Tensile rebar state diagram
Tabnuya 2 Table 2
XapaKTepUCTHKH 3J1eMEeHTOB Kapkaca Characteristics of frame elements
CBoiicTBa KOJIOHHBI Column properties
Pa3mepsl ceueHusi, cM IL1omanb apMaTyphbl, cM> Section dimensions, cm Reinforcement area, cm?
60%60 25,13 60x%60 25.13
50%50 20,35 50%50 20.35
45x45 20,25 45x45 20.25
Vckopenue TpyHTa a(t), M/c*, mpuHATO B BUAE (pUC. 5)
a(t) = A; sin(w t) + A, sin(w,t). 3)

AHanu3 1 pacyeT MPOBOAMIICS C YUETOM psiia AOMYIICHHIA:

— pacmpeneneHue AedopMannu 1Mo BEICOTE CEUCHHs TMHEHHO 10 pa3pyLIeHNUS;

— pabota OeToHa MpH PACTSLKEHUH HE yUUTHIBACTCS;

— Macchl 3TaXka, BKIIIOYAs Maccy MEepPeKpBITUI M HECYIIUX KOHCTPYKIUH (KOJOHH), MEPEropoaoK U T. M.,
CTPYNIHPOBaHBI HA YPOBHSAX MEPEKPHITHH (pHC. 6).
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Puc. 5. Yckopenue rpyHra
Figure 5. Ground acceleration

10

Puc. 6. PacueTHas quHaMuyeckas cxema 37aHus
Figure 6. Calculated dynamic building scheme

Ilepeviil wiaz: BEIYUCIAIOTCS TUHAMUYECKUE XapaKTEPUCTHKH COOPYKEHHSI (MaTPHLbI )KECTKOCTH WM TO-
JATIINBOCTH), COOCTBEHHBIE YACTOTHI U (POPMBI KOJeOaHUIl C TIOMOIIBIO0 alTOPUTMa, OCHOBAHHOTO Ha METOJIE
HOpMaJTbHEIX (hopM B mporpamme MathCad Ha ka)kIoM Iare 1o BpeMeHH.

Bmopoii wae: no nporpamme ETABS mpousBoauTcs aHalu3 COCTOSHUS 3[aHUS MPU BO3ACHCTBUE cel-
CMUYECKUX CHJI U OMPEIEISIIOTCS BCE BHYTPEHHUE YCUIIUA B dJIEMEHTAaX.

Tpemuii wae: nns BceX KPUTHIECKUX CEUYCHUH OIpenersieTcs HalpspkeHHO-IeQOpMUPOBAHHOE COCTOSTHIE
B 30HE HEJMHEWHBIX JeopMaluii WM pa3pylICHUs] B 3JIEMEHTaX C IMOMOIMIBIO JWarpaMM B3auMOJICHCTBUS H
JauarpaMmbl (MOMEHT — KpUBH3HA) UTA Kaxaoro ceueHus (puc. 7—12) no nporpamme CSI COULOUM.

Moment Msd (ton-m)

\t Ned = 0.000 ton Curvature (1/1000) /m

00 10.0 zun| aun| AUU| sun| EUU| 70.0

Puc. 7. lnarpamma (MOMEHT — KpuBH3HA) cedeHust 60x60 cm
Figure 7. Diagram (moment — curvature) of the section 6060 cm

Moment Msd (ton-m)

0.0 t Nsd = 0.000 fon Curvature (1/1000) /m

00 10.0 zuu‘ au,u‘ ADD| Enn‘ 60.0

Puc. 9. lnarpamma (MOMEHT — KpuBH3HA) cedeHust 50x50 cm
Figure 9. Diagram (moment — curvature) of the section 50x50 cm
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Puc. 8. [lnarpamma B3aumozeiictsus ceuenus 60x60 cm
Figure 8. Cross-section interaction diagram 60x60 cm
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0.0 VAAngle = 0 Deq wrt X

-1000

2000 Msd (ton-m)
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Puc. 10. [lnarpamma B3anmoneiictus ceueHust 50x50 cm
Figure 10. Cross-section interaction diagram 50x50 cm
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5000

4000

3000

Moment Msd (ton-m)

2000

1000

2.0 0.0 l/AAngle = 0 Deg wrt X

L Curvature (1/1000) im
00 t Nsd = 0.000 ton ( ) -100.0

Msd (ton-m)

0.0 m,u‘ zn,u‘ auu‘ ADD‘ EUD‘ aun| mu‘ 80.0 00

GD‘ 120‘ 18 u‘ 24 u‘ ao,o‘

36.0

Puc. 11. [luarpamMma (MOMEHT — KpUBHU3HA) ceyeHus 45x45 cm Puc. 12. [luarpamma B3aumoeiicTBus ceueHus 45x45 cm
Figure 11. Diagram (moment — curvature) of the section 45%45 cm Figure 12. Cross-section interaction diagram 45x45 cm

CyI1ecTBEeHHBIM MOXHO CUHTATh TO, YTO MPHU OMPEACIICHUN 3aBUCUMOCTH (MOMEHT — KPUBHU3HA) TIPUHHU-
MaloOTCsl HE HJICATM3UPOBAHHBIC AUArPaAMMBI, & JUArpaMMbl, YUUTHIBAIOIINE COBMECTHO HAMPSIKEHUS OT IMPO-
JTOJIBHBIX CUJI 1 MOMEHTOB. 30HBI, B KOTOPBIX YUUTBIBAKOTCS 3THU 3aBUCUMOCTH, JaHbl Ha puc. §, 10, 12.

[Tocne aToro ompeaensercs M3MEHEHNE KOHCTPYKTUBHOM CXEMBI U pacyeThl IIOBTOPSIFOTCS KaK Ha TIEPBOM

are 10 pa3pyuieHus 31aHusl.
ANropuTM MeTO1a OKa3aH Ha puc. 13.

Hauano

v

BBox gaHHbBIX
(cBoiicTBa MaTepuala, CEYCHUS HIEMEHTOB,
MaTpHIa )KECTKOCTH, MaTpuIla Macc,
YCKOPEHHsI IPyHTa, BPEMEHHOM 111ar)
(K—M—a(t)—-At)

v

Pacuer quHaMHYECKHX CBOHCTB

(P-T-2)

v

Pacuer 3nanus Ha ceficMuyecKue CUiIbl
C TIOMOIIBI0 HOPMATBHBIX (hOpM
1 UX 3aBICHMOCTB OT JIMHAMUYECKHAX CBOHCTB
PaccunTats (S;—4y)
HOBYIO MaTpHILY

KECTKOCTH U MaCChI
t; = At +t;_4 A 4

Keiy My OneHNUTHh BO3MOYKHBIE TIOBPEKICHHUS
B DJIEMEHTax?

A

ti = At + ti—l

Hert

Her \ 4

MexaHu3Mm MoJIHOTO pa3pylIeHus?

Ja

\ 4

PesynpTatThl A KaXxa0ro
11ara o BpeMeHu (ceifcmu-
YECKUE CHJIbI, CMEILIEHHE. . )

v

Konen

Puc. 13. Anroput™m MeToza
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| K — MaTpuria *KecTKoCT!
i M — marpuna mMace

i a(t) - YCKOPEHHS TPyHTa
. At — BpeMeHHOH 1ar

! P — 4acToThl COOCTBEHHBIX KOjieOa-
| Humit cucTemsl

| T~ nepuozpl CHCTEMbI

| Z — MaTpulia HOPMHUPOBAHHBIX (OPM
- S; — celicMUYEeCKHe CUIIBL, IPUIIO-

. XKEHHbIE K KaxJI0i Macce Mi

| A; — cMemenme sTaxa i
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Start

v

Data input
(material properties, element cross-sections,
stiffness matrix, mass matrix,
ground acceleration, time step)
(K—M-a(t)-At)

v

Calculation of dynamic properties

(P-T-2)

v

Calculate
new stiffness
and mass matrix
ti = At + ti—l
Kiiy My

Seismic forces calculation
using normal forms and their dependence
on dynamic properties
(Si-4)

Assess damage to the elements?

A

ti = At + ti—l

y

Complete destruction of mechanism?

Yes

A\ 4

Results for each time step
(seismic forces,
displacements...)

v

End

Figure 13. The algorithm of the method

i K — stiffness matrix

| M —mass matrix

- a(f) — ground acceleration
! At — time step

| P natural frequencies of the system
| T— system periods

| Z- matrix of normalized forms

i S; — seismic forces applied to each

- mass Mi

. A; — floor displacement i

Pacuer ko3¢ Ppunuenta Heynpyroii pa6orsl KoHCTpyKkuu K1

Pacuer mpoBouiics IByMs Clioco6amMu:
1) xospduument K1 ompenensercs Kak OTHOIIEHHE CYMMBI CEHCMHUYECKHX CHJI B MOMEHT, MPEIIECTBY-
IOLIMH pa3pyIIEHUI0 KOHCTPYKLUH, K CyMME CEHICMUYECKUX CHJI, COOTBETCTBYIOLINX KOHILY YIIPYTOH CTauH:

K1=%

T osw

4)

rae Sy — cyMMa CeHiCMHYECKUX CHJI, COOTBETCTBYIOIIMX KOHITYy YIPYTO# cTamuu; Su — CyMMa CEHCMHYECKHUX CHIT
B MOMEHT, NPEAIIECTBYIONTHI pa3pyIIeHNI0 KOHCTPYKITHH;
2) MeTOJ1, OCHOBAaHHBIH Ha OIICHKE KPUBOM HECYIIICH CIIOCOOHOCTH, 3aKITFOYAETCs B IPe00pa30BaHUY KPUBOU HECYIIICH
CIocOOHOCTH (YCTaHABJIMBACTCS CBSA3b MEXKTY TOINEPEYHOHN CHJION B OCHOBAaHMH M CMEIIICHUEM TIOCIISTHETO 3TaKa) U pac-
YETHOTO CIEKTPa PEAKIIH CO CTICKTPOM HECYIIeH CIIOCOOHOCTH (CHEKTP YCKOPEHHH S, — CIIEKTp TepeMeIieHuid Sy) [ 12—14].
[IpeobpazoBaHue BHIOIHIETCS C UCIIOIB30BAHUEM CICAYIONINX YPAaBHCHUH:
— 1Sl TUarpaMMbl KPUBOW HECYIIICH CITOCOOHOCTH:

CEVICMOCTOMKOCTb COOPY)XEHMM

s
Sa =——;
WO(]'
At
Sd=—2"L—;
Yj Otop,j

)

(6)
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[S,m; 8;]°
= : . 7
% = Sy md [, mi 67T M
im0
Y= S ®

re S — momnepeyHas cujia B OCHOBaHMH; W — Macca BCErO COOPYKEHUS; Ayop — TIEPEMENIEHHE BEPXA COOPYIKE-
HUS;, O — KOO(QOUIMEHT MOJIAIbHOM MacChl j-i GOPMBIL; Y; — KOdQhUIMEHT pactipeiesieHus j-i GpopMBI.
PacyeTHBI criekTp peakIuy OnpeeseTcs 3aBUCIMOCThIO

Sa = A B KoKyp; ©)

T2
Sd = Sam, (10)

rae A — Ko3QPUIHEHT CeHCMUYHOCTH ISl PACUETHOW CEHCMUYHOCTH TUIomanku (8 6ammo); K@ — xapakrepu-
CTHKA KOHCTPYKIUH; B — KO3 GUIUEHT IMHAMUIHOCTH.

W3 oTHOMMICHNS AUarpaMMBI CIIEKTpa YCKOpPEHHUH S, K CIIEKTpy mepeMenieHuit Sy (puc. 14) 3HaueHue mapa-
MeTpa K1 onpenensercs Kak

_ 04

K1 =—.
0B 11
Sa
B .
A
o] Sd
Puc. 14. [luarpamMma criekTpa Hecymiel criocoOHOCTH
Figure 14. Bearing capacity spectrum diagram
06
05
04
u"g 0.3
0.2
01
o]
0 2 4 & B 10 12 14 16

T(c)

Puc. 15. /luarpamma criekTpa peakniuu
Figure 15. Response spectrum diagram
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3manvie HAXOAWTCS B celicMUYIeCcKOi 30He (8 OamroB), kateropus rpyHTa I, criekTp peakuu st 3Toi 00-
JIACTH COTIIACHO HOPMaM TIOKa3aH Ha puc. 15.

Pe3ysbTarhl pac4eTroB

[Noce 3aBeprreHHs pacyeToB MOMYyUSHBI CEHCMUYECKIEe CHITBI M MX pacrpe/ielieHre Ha KaXIOM IIare Imo Bpe-
MEHH, a TaKKe OIPEIIeTICHBI MeCTa 00pa30BaHMUs, KOJIMYECTBO TUIACTHYCCKUX TAPHUPOB U CMEIICHUS IO BEPXY.

Tabauya 3
PesyabTaThl ananuza
CeiicMu4ecKkue CHJIbI, Ilonepeuynass Ilepememenue KouuuecTBo Mecro
Iar BpftMﬂ NPHJIO/KeHHbIE K KaXK10ii Macce Mi, T cuiia Bepxa NOSIBUBIIMXCA  TOSIBJICHHUSA
ti,c B OCHOBAHHH  COOPY:KeHHS]  INUIACTHYECKHX IIACTHYECKUX
st,r  s2,r 83t S41  SS7 S, T Atop, MM HIAPHHPOB HIAPHHPOB
0 0 0 0 0 0 0 0 0
10 0,007 3,341 4,05 4,095 4,14 5,095 20,721 1.4
18 00126 7,616 11,406 11,872 13,141 14,688 58,723 42 Ynpyras cragus
22 0,0154 14,513 17,644 18,671 21,936 21,191 93,955 6,5 KOI?:T?;,T;IMH -
23 00161 17,112 19,639 20,863 24,782 23,107 105,503 7,3
24 0,0168 20,063 21,822 2327 27,869 25,168 118,192 8,1
25 0,018 23,358 24,192 25896 31,275 27,385 132,106 9 4 1 srax
26  0,0194 29,189 29,978 31,678 37,107 34,276 162,228 11,2 12 1 srax
27 0,0201 29,265 30,047 31,745 37,176 34,342 162,575 11,6 8 1 sTax
28 0,0208 29,297 30,075 31,772 37,204 34,371 162,719 11,8 4 2 sTaK
29 0,0215 29,333 30,106 31,801 37,23 34,404 162,874 11,8 8 2 sTax
30 0,022 29,375 30,138 31,831 37,253 34,438 163,035 11,8 4 1 atax
31 0,0369 31,485 32,185 33,879 39,361 36,646 173,556 15,7 12 1, 2 oTaxu
Table 3
Analysis results
Step ;i's';i . Teismic forces applied to mass Mi, ton I;ase shtear I’)fl:set;[; I:ltii-f Tllle Itl.m;:!)er of appl:?::n(:fe of
s ,ton S2,ton S3,ton S4,ton S5, ton orce, ton structure, mm plastuc hinges plastic hinges
0 0 0 0 0 0 0 0 0
10 0.007  3.341 4.05 4.095 4.14 5.095 20.721 1.4
18 0.0126 7.616 11.406 11.872 13.141 14.688 58.723 42 Elastic stage
22 0.0154 14513 17.644 18.671 21936 21.191 93.955 6.5 oftﬁ:hs:\rlu,ilg;ure -
23 0.0161 17.112 19.639 20.863 24.782 23.107 105.503 7.3
24 0.0168 20.063 21.822 2327 27.869 25.168 118.192 8.1
25 0.018 23.358 24.192 25896 31.275 27.385 132.106 9 4 1% floor
26 0.0194 29.189 29978 31.678 37.107 34.276 162.228 11.2 12 1% floor
27 0.0201 29.265 30.047 31.745 37.176 34.342 162.575 11.6 8 1% floor
28 0.0208 29.297 30.075 31.772 37.204 34.371 162.719 11.8 4 2" floor
29 0.0215 29333 30.106 31.801 3723 34.404 162.874 11.8 8 2" floor
30 0.022  29.375 30.138 31.831 37.253 34.438 163.035 11.8 4 1% floor
31 0.0369 31.485 32.185 33.879 39.361 36.646 173.556 15.7 12 1%, 20 floor

Takxe onpeneneHbl YacTOThI, TIEPUOJIBI K MATPUIIA HOPMUPOBAHHBIX (JOPM Ha KaXKJIOM IlIare 1o BpEeMEHHU
(Tabm. 4).
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Tabauya 4
Ilepuoas! ¢popm Koaedanmit
n T,
lar Bpewmsi 7, ¢ CPHON it popwnt T, ¢
Th T: T3 T4 Ts
1-25 0,018 0,598 0,197 0,116 0,084 0,07
26 0,0194 0,635 0,208 0,121 0,086 0,071
27 0,0201 0,816 0,239 0,13 0,089 0,071
28 0,0208 1,089 0,262 0,135 0,091 0,071
29 0,0215 1,131 0,262 0,143 0,096 0,073
30 0,022 1,19 0,266 0,156 0,102 0,074
31 0,0369 1,587 0,282 0,16 0,102 0,074
Table 4
Periods of vibration forms
Period of the i-th form T, sec
Step Time #i, sec
Th T: T3 T4 Ts
1-25 0.018 0.598 0.197 0.116 0.084 0.07
26 0.0194 0.635 0.208 0.121 0.086 0.071
27 0.0201 0.816 0.239 0.13 0.089 0.071
28 0.0208 1.089 0.262 0.135 0.091 0.071
29 0.0215 1.131 0.262 0.143 0.096 0.073
30 0.022 1.19 0.266 0.156 0.102 0.074
31 0.0369 1.587 0.282 0.16 0.102 0.074
Martpuiia HOpMHPOBaHHBIX (opM Koniebanuu ¢ 1 o 25 mrara:
0,385 -0,588 -0,569 0,394 0,137
-0,559 0,379 -0,266 0,607 0,306
Zi_»5s =| 0,576 0,237 0,511 0,372 0,451|.
-0,425 -0,592 0,358 -0,144 0,556
0,163 0,323 -0,646 -0,563 0,613
Martpuria HOpMUPOBaHHBIX (opM KojiebaHnu Ha 29 miare:
-0,135 0,334 0,587 —0,625 —0,347
0432 -0619 -0,5525 -0,421 -0,423
Z,=|—-0,651 0,145 -0,573 -0,066 -—0,462]|.
0,564 0,562 -0,137 0,319 -0,487
-0,231 -041 0,494 0,57 -0,5
Marpuua HOpMUPOBaHHBIX popM KojeOanuu Ha 31 mare:
0,067 0,212 -0,57 -0,684 0,377
-0,35 -0,608 0432 -0,338 0,44
Z31 =| 0,654 0,316 0,501 -0,002 0,459
-0,613 0,526 0,031 0,336 0,472
0,259 -0,454 -0,485 0,551 0,478
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CoOcTBeHHBIC (POPMBI IS TPEX ITAIIOB pacyueTa 1o BpeMeHH! KojeOaHui peIcTaBlIeHbl Ha puc. 16—18.

-2 -15 -1 -0.5 o 05
=5 ~0—4 —0—3 —0—2 —-0—1

Puc. 16. ®opmsl kosrebaHmii THHEHHON CHCTEMBI Puc. 17. ®opmbl konebaHuii TOCIE MOSIBICHHS
Figure 16. Vibration modes of a linear system HeoOpaTUMbIX Aedopmaruit
Figure 17. Vibration modes after the appearance
of irreversible deformations

Puc. 18. ®opmel kosiebanmii iepe MoTepel Hecymel CrIoCOOHOCTH
Figure 18. Vibration modes before loss of load-bearing capacity

Ucxons u3 Tadn. 3, mar 24 cuuraeTcs KOHIIOM YIPYrOoH CTaauyd KOHCTPYKIHH, a mar 30 — MOMEHT,
NpEAECTBYIOIUI Pa3pyLICHUIO0 KOHCTPYKIHH.
Koaddumment meynpyroit padoTsl KoHCTpYKIMH K1 paccuutsiBaeTcs o hopmyie (3):

Sy Sy, 118192

Kl=—2=2=-_"""_972
Su  S3, 163,035

C momMomsio JaHHBIX U3 Tabn. 3 u ypasHeHui (4), (5), (6), (7) ocyuiecTBIEHBI IOCTPOCHUE KPUBOM HeCy-
el criocoOHOCTH COOPYKEHHS U ee IpeoOpazoBaHue B hopMe CIIEKTpa HECYLIEH CIIOCOOHOCTH.

Pacuernsriii ciektp peaknuu (puc. 15) mpeodpa3oBaH B CIEKTP HECYIIEH CIIOCOOHOCTH, MOCIIE 3TOTO COB-
MEILleHBI TOJTyYeHHbIe CIIEKTPHI (puc. 19-22).

Koaddunuent veynpyroit pabotsl KoHCTpYKIHH K1 paccuuteiBaeTcs mo gopmyse (11):

_0A 548

Kl_ﬁ_w,z_

0,54.
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Puc. 19. Kpusas Hecy1eit ciocoGHOCTH COOPYKEHUS Puc. 20. Criextp HecyIeil CltocOOHOCTH COOPYIKEHUSI
Figure 19. Structure capacity diagram Figure 20. Structure capacity spectrum diagram
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Puc. 21. Cnextp Hecymel ciocoOHOCTH Puc. 22. CoBMeleHne CrIeKTpoB HecyIIei CHoCOOHOCTH
Figure 21. Bearing capacity spectrum Figure 22. Combination of bearing capacity spectra
Oo6cyxaenue

H3MmeHeHne KOHCTPYKTHBHOW CXEMBI B Ipolecce KoJeOaHWH Ha KaKIOM IIare 1o BpEeMEHH NPUBOIUT
K U3MEHEHHWIO TUHAMHYECKUX CBOWCTB 3AaHUS M, KaK CIEJCTBHE, H3MEHEHHUIO 3HAYCHUN M PACIIPENIEIICHUS Ceii-
CMHYECKHX CHUIL

Takum 00pa3omM, METOJIBI aHAIH3a, KOTOPHIE 3aBUCAT OT JUHAMHYECKUX (popM KoneOaHuH, BRIABICHHBIX B
YOPYTO# CTaguy, HE OTPaXKar0T HICTUHHOTO TWHAMIYECKOTO TIOBEASHIS 3aHH, YTO MTOATBEPKIACTCS aHAIH30M
Pe3yJIbTaTOB HACTOSIIEIO MCCICIOBAHUSA: MEPUO] KOJicOaHMM 3maHus 1o nepBoi ¢opme moseicwicsa (¢ 0,598
1o 1,587 c¢), 4yTo npuBeno K MI3MEHEHHSIM, KOTOPBIMHU HEJIb3s IpeHeOperaTh, yUuThIBasi, YTO nepBas popma Koie-
OaHmit ABJIACTCS ONPEACIIIONIeH GopMoii B TAKMX KOHCTPYKTAX.

3HaueHne K0d(PUIIMEHTa HEYNPYToi paboThl KOHCTPYKLMA K1, COOTBETCTBYIOIIEE JaHHBIM CBOJIA ITPABUII,
JIaeT HETOYHbIE 3HAUCHUS CEICMUUECKUX CHJI U HE UMUTHPYET CEHCMHYECKOE TIOBEICHUE KOHCTPYKLIUH.

B nacrosimem uccrnenoannu 3Hadenne kodddunuenra K1 momydeno pasaeiM 0,72, B Hopmax CHull mos
MOMOOHBIX 3MaHuH 3HaYeHNe K03 durnenta K1 mpruHUMaeTcs MpUOIMKEHHO paBHEIM 0,25,

3akiaroueHue

[IpennoxeHHbIi METOT TIO3BOJISET:

1) ompenenaTb pacdeTHbIE 3HAUSHHUS CEHCMHUYECKUX CHII M UX paclpeleieHne C y9eTOM BIMSHHS TOBpe-
JKICHUN 3JIEMEHTOB U TOSBJICHHUA HEYNPYTHX 30H B KOHCTPYKIMH B IpoIlecce KoleOaHU Ha KaXIOM IIare Imo
BPEMCHH;

2) OlLIEHUTh NUHAMHUYECKOE MOBEICHUE 3[IaHVsI U BBIIBUTh U3MEHEHUsSI €r0 JMHAMUYECKIX CBOHCTB B MPO-
1ecce KoyeOaHuit;

3) yTOYHUTH 3HAUYCHUE KO3(PUIMEeHTa HEYnpyroil paboThl KOHCTPYKIMHA K1 Kak OTHOIICHHE ceiicMuue-
CKHX CHJI Ha 3Tare, IPeAIIeCTBYIONEM Pa3pyIIeHUI0, K CEHCMHYECKIM CHJIaM Ha 3Tare, COOTBETCTBYOIEM KOHITY
YIPYTOH CTa/IuH;
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4) BBIMTOJTHATH CEHCMUYECKNAN aHAIHM3 C WCIIOIBF30BAaHUEM PEaJbHBIX AWarpaMM JIBIKEHHS TPyHTa 0e3 He-
00X0JJMMOCTH UCTIOIB30BAHNA YIIPYTHX JHArpaMM CIIEKTpa peaklud, KOTOpbIe He OTPakaloT HCTUHHOE MOBEe-
HUE TPYHTA Ha TUIOIIAaJKe ¥ Heynpyrue nedopMaIui KOHCTPYKIUH.
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Abstract. If a circle rolls around another motionless circle then a point bind with
the rolling circle forms a curve. It is called epicycloid, if a circle is rolling out-
side the motionless circle; it is called hypocycloid if the circle is rolling inside
the motionless circle. The point bind to the rolling circle forms a space curve if
the rolling circle has the constant incline to the plane of the motionless circle.
The cycloid curve is formed when the circle is rolling along a straight line. The geo-
metry of the curves formed by the point bind to the circle rolling along some base
curve is investigated at this study. The geometry of the surfaces formed when the circle
there is rolling along some curve and rotates around the tangent to the curve is
considered as well. Since when the circle rotates in the normal plane of the base
curve, a point rigidly connected to the rotating circle arises the circle, then an epi-
hypocycloidal cyclic surface is formed. The vector equations of the epihypocy-
cloid curve and epihypocycloid cycle surfaces with any base curve are estab-
lished. The figures of the epihypocycloids with base curves of ellipse and sinus
are got on the base of the equations obtained. These figures demonstrate the op-
portunities of form finding of the surfaces arised by the cycle rolling along dif-
ferent base curves. Unlike epihypocycloidal curves and surfaces with a base cir-
cle, the shape of epihypocycloidal curves and surfaces with a base curve other
than a circle depends on the initial rolling point of the circle on the base curve.

Keywords: geometry of the curves, geometry of the surfaces, base curve, epihypo-
cycloids, epihypocycloid cycle surfaces
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AnHoTanus. [Ipu xaueHnn OKPYKHOCTH IO IPYTroil HEMOABHUKHON OKPYKHOCTH
TOYKA, )KECTKO CBSI3aHHAS C IOJIBKKHOM OKPY>KHOCTBIO, 00pa3yeT KpHUBYIO: IIPH Ka-
YEHUU HEMOJBHKHOW OKPYKHOCTH — SIMLUKIOUAY, IPU Ka4€HUU [0 BHYTPEHHEH
CTOPOHE HENOJBUKHOW OKPYKHOCTU — TMIOLUKIONAY. [Ipy KkaueHun OKpy»xKHO-
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CTH IIPU MOCTOSIHHOM HAKJIOHE K IJIOCKOCTH HEMOABHYKHON OKPY>KHOCTH TOYKa,
JKECTKO CBS3aHHAs C MOJBUKHOM OKPY’KHOCTbIO, OIIUCBIBAET IPOCTPAHCTBEHHYIO
kpuByt0. [{uxnonoil Ha3pIBaeTCs KpuUBasi, 00pa30BaHHAS TOUKON MOBIKHOI OKpYK-
HOCTY, KaTsuleiica o NpsMoil. PaccMaTpuBaeTcs reoMeTpust KpuBbIX, 0Opasye-
MBIX TOYKOH, KECTKO CBSI3aHHOH C OKPY’KHOCTBIO, KaTsAILIEHCA 110 IIPOU3BOJILHON
0a30BOIf KPUBOH, a TaK)Ke T€OMETPHS MOBEPXHOCTEH, 00Pa30BaHHBIX MPH OTHO-
BPEMEHHOM Kau€HUHU OKPY:KHOCTU IO 0a30BOH KpPUBOW U BPALICHUH OKPYXKHO-
CTH BOKpYT KacaTellbHOH K 0a30Bol KpuBoOif. Tak Kak ImpH BpaIeHUH OKPYKHO-
CTH B HOPMAJILHOM TIJIOCKOCTH 0a30BOM KPUBOM TOYKA, KECTKO CBSI3aHHASI C Bpalla-
IOIIEiicsT OKPY’KHOCTBIO, OITHCBHIBAET OKPYXKHOCTB, TO 00pa3yeTcs SMUTHIONHK-
JIOUIaJIbHAsl LUMKJIMYECKas MOBEPXHOCTh. I10JIyd4eHO BEKTOPHOE YpaBHEHHUE 3IIH-
TUIOLMKIION]] U SIUTUINOLIMKIONIATIBHBIX HUKINYECKUX IOBEPXHOCTEHN C MPOU3-
BOJIbHOHU 0a30Boi kpuBoil. Ha oCHOBE BEKTOPHBIX YPaBHEHUH C UCIOIb30BaHU-
eM nporpamMHoro kommiekca MathCad moctpoeHs! rpaguky 3MUTHIIONUKION-
JalbHBIX KPUBBIX C 0a30BBIM 3JUIUICOM M cuHycounoi. IlpuBeneHsl pUCyHKU
SIUTUIOLMKIOUIAIBHBIX LHUKINYECKUX IOBEPXHOCTEH ¢ 0Ga30BBIM 3ILUIUIICOM.

Jasi nuTHpoBaHus OHM NOKa3bIBAIOT OOJIBIIME BO3MOXHOCTU (POPMOOOPA30BAHMS HOBBIX BHIOB
Hearos B.H. DIATANONUKIONIBI ¥ SITATHIIO- HOBEPXHOCTEH NPHU KAYCHHH OKPYXXHOCTH IO PA3IIMYHBIM 0a30BBIM KPHBBIM.
LIMKITHYECKHE TIOBEPXHOCTH C IPOH3BONBHOM B ominyue OT SHHMTHMIOLNMKIOHAATBHBIX KPUBBIX M IIOBEPXHOCTEH ¢ 0a30BoOif
6a3oBoit kpuBoil // CtpouTtenbHas Mexa- OKPY/KHOCTBIO dbopma STHIHIOHMKIOHIATHBIX KPUBBIX H HOBepi;HOCTeﬁ c 6a-
HYKA HEOKCHEPHBIX KOHCTPYKIMIL H COOpY- 30BOM KPUBOH, OTIIMYHON OT OKPYKHOCTH, 3aBHCUT OT HA4albHOH TOYKH Kaue-
sxenuit. 2021. T. 17. Ne 4. C. 404-413. HH OKPY)KHOCTH Ha 6a30BOH KPHBOH.
http://dx.doi.org/10.22363/1815-5235-2021-

KirroueBble ¢JI0Ba: reOMETpPHs KPHBBIX, [€OMETPHS IIOBEPXHOCTEH, 6a30Bast KPUBAs,

17-4-404-413 SIIATUIOIUKIION B, SITUT MITOUKIONIAJIBHBIC TUKINYCCKUE ITOBEPXHOCTHU

Introduction

Geometry of epi- and hypocycloids formed by the point bind with the circle which is rolling inside or outside
the motionless circle is given in various textbooks, references books, monographs [1-9]. If the moving circle is
moving along another motionless circle with some constant slope, then the point bind with the moving circle forms
the space curve. If the moving circle is rotating around the tangent at the point of contact of the circles, the point
bind with moving circle is arising a circle normal the tangent line. With rotation at 180° the point of epicycloid
goes to point of hypocycloid and if the moving circle is rolling around the motionless circle and rotating at 180°
the epicycloid curve goes to the hypocycloid curve. The space curves formed with constant slope of moving circle
can be called the space epihypocycloids. If the moving circle is rolling along the motionless circle with rotating
around tangents, the cyclic surfaces are formed. The geometry of the epihypocycloids and epihypocycloidal cycle
surfaces there were analyzed in [10; 11]. It is shown in this paper that the epihypocycloid cycle surfaces are the canal
surfaces [3; 12—15]. This article discusses the geometry of the epihypocycloid and epihypocycloidal surfaces formed
when rolling a circle along an arbitrary base curve and cyclic surfaces formed when rolling and rotating a circle.

Geometry of the epihypocycloids of the common type

Let us consider the directrix base line ry(u) along which the circle of radius a is rolling (Figure 1).
The point d which is linked with the moving circle is arising the curve r(u). To obtain the equation of the curve
it’s necessary to determine the length of the base line, covered by the moving circle from the initial point uo

u

! I __
Ostu ,THe S, =

a
For many curves the integral of the length doesn’t have an analytical solution, but the integrals can be cal-
culated by numerical methods, for example using MathCad software.
The vector equation of the formed curve can be written as

rH

to the contact point u of the motionless cycle: S, (u) = .[

U,

. The radius of the moving circle

will be rotated relative the normal of the base curve at the angle 0 (u) =

r(u)=r,(u)—a(l-pcosB)v, —apsindr,, (1)
where T, v, — the vectors of the tangent and normal of the base curve.
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Figure 1. Rolling of the circle along base directrix

If the there is rolling along the base curve at the angle v to the plane of the base curve, then the point d
forms the space curve, the vector equation of which can be obtained as following:

r(u,v)=r, (u)—apsinbt, +a(1-pcosb)e(u,v), )

where e (u, v) =vcosv+psinv, p— binormal of the base curve.
If the circle rolls from point uy towards point u; of the base curve and the radius of the rolling circle is de-

S u .
termined as a = 2i, where S, = I l s! du , then the moving circle makes k complete turns of 2.
ty

For plane base curve p = k is an ort of rectangular coordinate system.
If angle v is 0, then the circle moves at concave side of the base curve, the hypocycloid is arised, if v=m
epicycloid is formed at the convex side of the base curve.

If parameter v changes from 0 to 2z, then point d describes a circle of radius R = a(l— ucosO) around

the tangent to the base curve. If parameter v changes from 0 to m then point of the hypocycloid transforms into
the point of the epicycloid.

If the moving circle is rolling along a base curve and rotating v = (0 + 2x) the cycle surface is forming at
all points of the contacts with the base curve.

p(u,v)=r,(u) —apsinbt, +a(l—pcosd)e(u,v). 3)

The equations (2), (3) are correct for forming cycloid surfaces by rolling the circle around both plane
and space curve.
Epihypocycloids

At the Figure 2 there is shown the figures of the epihypocycloids with the base ellipse, given by the equa-
tion r, (u) =bcosu +csinu , with parameters b = 2, ¢ = 1 with point d on the moving circle (n = 1) and with dif-

ferent radius of the moving circle and initial point uo at the base curve.
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Figure 2. Epihypocycloids with the base ellipse b = 2, ¢ = 1 formatting point is on the circle, p =1
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Figure 3. Epihypocycloids with the base ellipse b = 2, ¢ = 1 formatting point is out of the circle, p =2
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Figure 4. Epihypocycloids with the base ellipse b = 2, ¢ = 1 formatting point is inside the circle, p = 0.5
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As it’s seen from the Figure 2 the shapes of the epi- and hypocycloids depend on the initial point uon the base curve.

At the Figure 3 the figures of the epihypocycloids are shown, with the on the base ellipse with parameters
b =2, c=1 and the forming point d outside the rolling circle (u = 2) and with different parameters of rolling circle.

At the Figure 4 the figures of the epihypocycloids are shown, with the base ellipse with parameters b = 2,
¢ = 1 and the forming point d inside the rolling circle (n = 0.5) and with different parameters of rolling circle.

At the Figure 5 the figures of the epihypocycloids are shown with the base sine curve y = asinmx/L,
a=0.65,L=1,x=0+2L; with various parameter of u: a) p=1; b) u=0.5; ¢) p=2.

TOES

: 2
—

3 %%

Figure 5. Epihypocycloids with the base sinus curve on two halfwaves:
a-pu=1;b—-pn=0.5;c—p=2; 1 —toprow k= 1; 2 — middle row x = 2; 3 — lower row x =3

At the Figures 5, al, b1, ¢2 the hypocycloids are shown. At another figures epi- and hypocycloids together are
shown. It’s seen from the combined figures that hypocycloids on the base sine are antisymmetrical to the epicycloids.

Epihypocycloid cycle surfaces

The figures of epihypocycloid cycle surfaces on the base ellipse are given with parameters x = 1 (Figu-
re 6), k =2 (Figure 7), x = 3 (Figure 8).

At the Figure 9 there are shown epihypocycloid cycle surfaces on base sine with different numbers of half-
waves.

Figure 6. Epihypocycloid cycle surfaces with the base ellipse, £ = 1:
a—pu=1b-p=05c-—p=2
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Figure 9. Epihypocycloid cyclic surfaces with the base sine:
a-pu=1;b-p=05c—p=2

Conclusion

The article shows the possibility of constructing generalized epihypocycloidal curves, formed by the cycle
with bind point rolling along any base curve, and the epihypocycloid cyclic surfaces, formed by rotating
the moving circle around the tangent of the base curve.

The figures are shown of the variants of the epihypocycloids and epihypocycloid cycle surfaces with rol-
ling cycle at the base ellipse and sine. The figures of curves and surfaces are made with the help of MathCad
software, on the base of the vector equations (1), (3). Using the equations with the different base curves inclu-
ding space ones it is possible to create various shapes of cyclic surfaces.

The given examples of surface visualization show great opportunities for creating new forms of spatial
structures and their use in architecture and modern urban planning.
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HOCTH BU3YaJbHO MOXO0XH, HO IPU 9TOM 3HAYUTENBHO OTJIMYAIOTCS B IUIAHE pa-
00Tbl 1oJ Harpy3koil. Maible apXUTEKTypHbIE (OPMBI ABIAIOTCA NOAXOAAIIEH
0071aCThIO MPUMEHEHHS [T HeIOCTATOYHO U3YYEHHBIX W anpoOHPOBAHHBIX KOH-
CTPYKLHMH, B OTJIMYME OT KPYINHBIX OTBETCTBEHHBIX coopy:xeHul. IIpuBonntcs
IIpUMep BapUAHTHOIO IPOEKTUPOBAHUS HEOOJIBLIOTO CaJ0BO-IAPKOBOIO COOPY-
JKEHHS B BUJIE 0OOJIOUKM 30HTUYHOTO THIIA, B X0OJIe KOTOPOTO OBLIN MPOaHAIH3HPO-
BaHbI pa3HbIC BUJIbI 30HTHYHBIX IIOBEPXHOCTEH U BBIOpaHBI TpU BapuaHTa. B uncne
uccneayeMblx (opM Takue IMOBEPXHOCTH, KaK NapaboIon L BpallleHus, IOBEPXHOCTb
30HTHYHOTO THIIA C CHHYCOHMIAIBHON 00pa3yroIel, TOBEPXHOCTh 30HTHYHOTO THTIA
C pajaJIbHBIMU BOJHAMM, 00pa30BaHHas KyOM4YecKUMH IapabosnaMu (C LEeHTpalb-
HOI IIIOCKOCTHOM Toukoif). IIpou3BeneHbl pacueT Ha IPOYHOCTh U UCCIEN0BaA-
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Introduction

These days parametric and mathematical architecture has won recognition from architects and structural
engineers all over the world. The masterpieces of Felix Candela and Eduardo Torroja, Santiago Kalatrava and
other architects are familiar to everyone interested in the subject.

Fabrication of such structures becomes more and more easy, using numerical program control equipment,
3D printers and other innovative technologies [1; 2].

Academy of Engineering of RUDN University pays attention to shell structure form finding in architecture
and has its’ own traditions, which tend to analytical surfaces and mathematical architecture [3; 4]. The numerous
students’ and researchers’ jobs are devoted to shell structures [5]. Most jobs consider geometrical modeling of
such objects, like [6; 7]. New equations of umbrella type surfaces are arised in [8; 9].

Numerous up-to-date investigations are devoted to calculation of strength and stability of various shapes on
the base of analytical surfaces, like rotation surfaces and umbrella-like surfaces [10—14], and especially domes [15-17].

The detailed overview of research and application of umbrella type shells is given in [18]. Considering di-
rectly strength analysis of umbrella type shells of building structures, the papers [19; 20] should be noted.

Meanwhile, one of the top challenges in shell architecture actually is shape optimization in all aspects [21-26]. Mo-
dern form finding is governed by efficient stress and strain distribution, mass minimization and other optimization criteria.

So, in this paper, an example is given with comparison of different shell shapes to choose the more rea-
sonable and efficient. The umbrella type surfaces were chosen for trial design studies of dome-like structures.

Materials and methods

Umbrella dome is a cyclic spatial structure, composed of several identical elements, which crossing lines
are the generatrixes of some rotational surface, which is called contour surface. Umbrella domes have increased
stiffness, stability and aesthetical properties.

Umbrella-type shells are cyclical structures, composed of several identical elements, every of them is described
by the same analytical equations that the whole surface is described. The equations can be explicit, implicit or parametric.

The main method for calculation umbrella-type shells is the finite element method, which is implemented
in ANSYS APDL. The finite element method is a method for approximate numerical solutions of physical prob-
lems. It is based on two main ideas: the discretization of the object under study into a finite set of elements and
the piecewise-element approximation of the function under study.

The reinforced concrete shell roofs of umbrella type were introduced earlier than parametric architecture
appeared. Umbrella domes are well-known architectural elements, they are used in traditional church domes,
long-span public buildings and some special structures for civil and military purposes.

The form finding of such structures usually is defined only by architect’s arbitrary considerations, or, for mili-
tary or industrial assistant engineering structures, only by practical considerations, based on ease of fabrication.
The purpose of this article is to concentrate on more reasonable form-finding, its optimization, and diversification of
variants. The way for optimization of design and calculation is introduced as mathematical approach to form-finding.
Each new shape should have definite mathematical equation. Such an approach fits into actual trend of parametrical
and ‘digital’ architecture. Some design proposals, recommended for implementation, are given in a present job.
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Types of umbrella surfaces

1. Paraboloid of rotation with radial waves. Paraboloid of rotation with radial waves is formed by para-
bolic 2D curves, which have common central point of vertexes. Lines, tangent to parabolic curves, appertain in
one plane. Parabolas lie at any section, are parallel to Oz axis.

Parametric equations are [9]

x(u,v) =ucos(v),
y(u,v) =usin(v), (1)
z(u,v) = (Asin(nv) + b)u?,

where A4 is magnitude of the wave; n is number of wave vertexes; v is angular coordinate (Figures 1, 2).

Figure 1. Paraboloid of rotation with radial waves Figure 2. Paraboloid of rotation with radial waves
with parameters A =1,n=6,b=1,uu=0...30,v=0... 2n with parameters a =0.8,n=10,b=1,uu=0... 1,v=0 ... 2n

2. Sphere with external cycloidal crimps [18]:
a) type with epicycloid at base section (Figure 3):

x(u,0)=((R+r)cos(p)—rcos((n+1)p))cos(u),
y(u,0) = ((R+r)sin(e) —rsin((n +1)p)) cos(u), (2)
z(u,9) = Rsin(u),

where R is radius of large circle; 7 is radius of small circle, small circle is rolling along the large one, arising epi-
cycloid curve; n is number of outer vertexes of epicycloid; » = R/n; u, ¢ are coordinates;
b) type with hypocycloid at base section (Figure 4):

x(u, ) = (R —r)cos(@) —rcos((n —1)@)) cos(u),
y(u, @) = ((R—r)sin(e) —rsin((n —1)@)) cos(u), G)

z(u,9) = Rsin(u).
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Figure 3. Sphere with external epicycloidal crimps Figure 4. Sphere with external hypocycloidal crimps
with parameters R=10,n=6,u=0... 12, ¢=0... 21 with parameters R=10,n=6,u=0... W2, @=0... 21

3. Corrugated surface of cubic parabolas (Figure 5):

x(u,0) = u 3 ((R+7) cos(9) —  cos((n + 1)),

y(u, @) =u> (R +r)sin(e) — rsin((n +1)9)), (4)

z2(u,0) = h(l-u),

where R and 7 — radii of large and small circles, which help to arise epicycloid, respectively; » — number of ver-
texes; h — height of the surface; u, ¢ are coordinates.
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Figure 5. Corrugated surface of cubic parabolas Figure 6. Corrugated surface of semi-cubic parabolas
R=1,n=8,h=2,r=R/n R=1,n=3,h=2,r=R/n

4. Corrugated surface of semi-cubic parabolas (Figure 6) [18]:

32
(

x(u,@)=u""((R+r)cos(p)+rcos((n+1)p)),
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(@) =1 ((R+7)sin(g) - rsin((n+1)9)), (5)
Z(ua (P) = h(l - M),
5. Umbrella type surface with sinusoid generatrix (Figure 7) [18]:
x(u,v) =ucos(v),
(6)

y(u, @) =usin(v),
z(u,) = asin(nv),

where a is the maximum magnitude of sinusoid generatrix; u, v are coordinates.
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Figure 8. Umbrella type surface with flat central point

Figure 7. Umbrella type surface with sinusoid generatrix
with parameters n=5,a=1,u=-15... 1.5,v=0... 21

with parameters n=5,a=3,u=0... w/2,v=0... 21

6. Umbrella surface with radial waves, generated by cubic parabolas (Figure 8) [18]. This surface has
central flat point, the radial waves are decaying in this point.

x(u,v) =ucos(v),

y(u,v) =usin(v), @)
z(u,v) = au’ sin(nv),

where a is constant; #n is waves number; u, v — coordinates.

Example of structure designing

While designing aesthetically attractive structures and buildings, several variants can be taken into consi-
deration, the same span can be ceiled by shells of very close visually, but quite different mathematically shapes.

For example, let us sketch the roof for small exhibition hall or recreation facility like garden house, with
circular plan and five sections. The diameter of this structure is 6 m, height is approximately 6 m. Three different
umbrella surfaces are suitable for this purpose (see Figure 8): 1) paraboloid of rotation with radial waves, para-
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meters n=5, b=0, a=0.35, u=0..3, v=0 ... 2mw; 2) umbrella type surface with sinusoid generatrix, parame-
ters n=5,b=0,a=3, u=0..7n/2, v=0..2xn; 3) umbrella surface with radial waves, generated by cubic
parabolas, parameters n=5, a=0.115, u=-3..3, v=0 ... .

Figure 9. Three variants, visually similar in shape:
a — a paraboloid of rotation; b — an umbrella-type surface with a sinusoidal generator;
¢ — an umbrella-type surface with radial waves based on cubic parabolas (with central flat point)

It presents to be of interest to calculate stress-strain state of these shells to find more optimal one, which
has the lowest values of bending moments, when material is mostly subjected to axial forces and particularly
compression. The structure behavior can be predicted by analogy to corresponding arcs, but such an analysis
doesn’t take into account tridimensional behaviour of the shell. So, the aim of this job is a finite element analysis
of the whole special structure. The three variants from Figure 9 were compared.

The aims of comparison were to reveal the features of each variant and give the recommendations for their
application. Such recommendations should be taken into account while architectural sketching and desing, while
creating finite element models.

Various software has special tools for creating surfaces by equations, but the results are sometimes not ap-
propriate, so in this job it was decided to use Ansys APDL which needs directly writing special macros to con-
struct geometry and finite element model.

1. Paraboloid of rotation. For creating this model the special macro was written to construct main nodes,
which were defined as keypoints. The model consists of 72 splines, each spline has 20 basic keypoints, obtained
by the surface equation. The problem occurred in the central point, which has singularity, so the central part was
approximated by triangles. The very shell surface is got by skinning (special function for area creation) and
meshed by size of 5 cm. The model is presented at the Figure 10.

Figure 10. Finite element model of paraboloid of rotation
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The boundary conditions were set as a hinged support along the edges, like this dome is supported freely
on some supporting contour of load-bearing walls. The loading of dead weight is applied by density and gravity
acceleration definition and their taking into account.

The thickness of the shell was defined as 8 cm, the material characteristics are: Young modulus is
325 MPa, Poisson’s ratio is 0,17. The deflections of the model are presented at the Figure 11.

The equivalent stresses (von Mises) are presented at the Figure 12.

The maximum stresses occured at the edges, the maximum is 27 835 N/m?. It can be concluded that it is
necessary to strengthen the supporting contour on the edges.

2. Umbrella type surface with sinusoid generatrix. The model is analogous to the paraboloid of rotation
model, but this one needed some refinement at the vawes tops. Finally, the appropriate results were obtained
with meshing size of 2 cm. The central point, like that in paraboloid of rotation, has singularity, so it was filled
by triangles like in the first example (Figures 13, 14).

For the preliminary analysis the model was considered sufficient and the calculation of deflection and
equivalent stresses was conducted under dead weight loading.

The maximum deflection is 0.69-10° m (Figure 15), the maximum stress is 99 764 N/m? (Figure 16).
The maximum stresses occurred in the waves tops. Due to the stresses distribution, it will be rational to streng-
then the structure with ribs.

3. Umbrella surface with radial waves, generated by cubic parabolas. The model has small difference
from the first two models, specifically, the surface does not have singularity in the central point.

For the preliminary analysis the model was considered sufficient and the calculation of deflection and
equivalent stresses was conducted under dead weight loading.

The results are presented at Figures 17—19. The maximum deflection occurred in the central point, it is
0.723-10°m. The maximum stresses are 36 785 N/m?. The most dangerous sections are located closer to the middle,
the maximum stresses are small compared to the maximum stresses, for example, in the second example. It can be re-
commended to arrange a support ring in the center, especially since the central point is flat. Comparison is given in Table.
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Figure 11. Vertical deflections u: (isofields) Figure 12. Equivalent stresses (isofields)
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Figure 13. Creation of geometrical primitives
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Surface type Max equivalent stress ~ Max deflection, m  Max bending moment My, Max axial force Fz,
(von Mises), N/m? N-m/m N/m
1. Paraboloid of rotation 27 835 0.281-1073 0.27 —5.41
2. Umbrella type surface 99 764 0.69-10°3 0.96 526
with sinusoid generatrix
3. Umbrella surface with
radial waves, generated 36 785 0.723-10°3 —-0.087 -0.98

by cubic parabolas

The equivalent stress is chosen as a main parameter of comparison, because it is most clear in physical
meaning, the bending moment and axial force enlisted in the table are calculated in cylindrical coordinate system
(which does not fully corresponds to surface inner geometry), so it can be used only for approximate estimation
of forces and moments. Compared to concrete compression and even tension strength, all these stresses are not
significant, which means that in case of loadings of the same order as a dead weight, the reinforcement needed is
minimal. The investigation of stability is necessary in prospects, the strengths evaluation is only the first stage of
analysis. As the latest publications on the topic [18] show, the interest in umbrella shells and umbrella-type
shells does not fade. Researchers are looking for new areas of application of the shells under consideration and
not only in architecture and construction [12].

Conclusion

As results, the vertical deflection and equivalent stresses and their distribution were compared.

If consider the architect choosing from three different sketches, taking the revealed peculiarities into ac-
count present to be quite useful to conduct a technical and economic comparison of options.

Such an investigation is also be useful for classification and systematization of knowledge about shells
in shape of analytical surfaces.

These results illustrate the idea [27] that visually similar shapes can have rather different strength charac-
teristics and work under loading. The analytical shapes can be investigated to reveal some patterns and rules,
in contrast to the free shapes, created only by architect’s inspiration.
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Article history Abstract. At the objects of space infrastructure and at nuclear power facilities
Received: April 14, 2021 there are industrial structures, the main task of which is to protect a person,
Revised: July 3, 2021 equipment or machinery from emergencies such as, for example, explosions,
Accepted: July 22, 2021 falling of various objects, fragments. In accordance with the requirements of

the Federal Law “On the Protection of the Population and Territories from Natu-
ral and Technogenic Emergencies”, when calculating such structures, all types
of loads corresponding to their functional purpose must be taken into account.
So, for structures located in the area of a possible accident and the fall of space
rockets, it is necessary to calculate for the fall of the destroyed parts of the rocket
engine. For nuclear power plant facilities, such accidents occur when containers
and other heavy objects fall on the ground, affecting underground structures

located in the ground, and for civil defense protective structures built into
the basement floors of buildings, it is necessary to consider situations in which
the overlying floors of a building collapse when exposed to there is an air shock
wave on them. Therefore, this problem is relevant, and in this study, a finite-
element method for calculating an underground structure in a non-linear dynamic
setting has been developed when a large overall object collides with the ground.
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Beenenue

B mpakrtuke skcriyaTtanuu NOA3€MHBIX COOPYKEHHM CIy4yaloTcsl aBapUilHble CUTYyalluH, MPU KOTOPBIX
MIPOUCXOANT NAEHUE HA HUX TXKENBIX NPEeAMETOB. Takue CUTyallu MOTYT IPOUCXOANUTh, HAllPUMEpP, HA KOCMO-
IpoMax TMpU aBapuUHOM 3amycke pakeTel. Tak, B 2002 r. mpowm3onuia aBapus Ha Kocmonpome llmecerk,
MIpH KOTOPOM CTapTOBBIN CTOJN M COCETHUE COOPYKEHUS MOTYUIIN 3HAUUTEIbHbIE TTOBPEXKACHUS, B TOM YHCIIE
OT MAaJeHUs COIUIa PaKeTHOTO IBUTATENs, KOTOpOe, maaas, MPOOMIO TOKPHITHE CTAPTOBOTO CcTOjda. B cBA3M
C 3TUM TIpU pacyeTe MOA3EMHBIX COOPYKEHHM, peIHa3HAUYEHHBIX JJIS 3aIMUTHI JI0Jei 1 000pyAOBaHHUs, pac-
CMaTpUBAETCsl pacueTHasi CHTyalHs, IPH KOTOPOW MPOUCXOAUT MaJeHUE COIUIa PAa3sTOHHOTO OJIOKa paKeThl
Ha KOCMOJIpOMax.

3amaga 0 BRICOKOCKOPOCTHBIX UMITYJIBCHBIX BO3AECUCTBUSAX HA CTPOUTENBHBIE KOHCTPYKIIUH SBISETCS 0-
CTaTOYHO U3yUYCHHOM, B TOM YHMCIie B BOeHHOH cepe. HekoTopble pe3yabTaThl TAKMX HCCIIEIOBAHHN MPUBEICHBI
B [1-5]. B HacrosIee BpeMs: IpOIOIKAOTCS COBEPIIICHCTBOBAHKE JaHHBIX HCCIIEIOBaHUA U pa3paboTka MeTo-
UK pacyeTa Ha BEICOKOCKOPOCTHEIC UMITYJILCHBIC BO3MEHCTBHS [6—14], ueMy CIIOCOOCTBYET pa3BUTHE PACUETHBIX
KOMIUIEKCOB.

B wuccrnenoBannu paccMarpuBaeTcsl AMHAMHYECKOE BO3JIEHCTBHE TSKENIOro rabapuTHOTO MpeaMmera Ha
HaXOJsIIIeecs B TPYHTE COOpYyKeHHe. [[enbro UCCIeIOBaHUS SBISETCS pa3paboTKa KOHEUHO-IIIEMEHTHON MOJIeITH
MOJI3EMHOT'0 COOPYKEHHS MPH MaJIeHUH Ha IIOBEPXHOCTh 3€MJIM KECTKOTO yIapHHKa.
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JLtst perieHus IoCTaBIIEHHOM el PeaTn30BaHbI CIICTYIOIIHE 3a1a9H:

— CO37]aHa pacyeTHas MOJIENb MaJeHus Monycdepbl Ha TPYHT, PE3YJIbTaThl CPABHEHBI C TAHHBIMU JIPYTHX
HCCIICIOBAHUM;

— pa3paboTaHa KOHEYHO-2JIEMEHTHAsI MOJEIh MOA3EMHOTO COOPYKCHUS TPH MaJeHUH Ha TMOBEPXHOCTH
3eMJIH KECTKOTO yIapHHUKa.

MaTepnanm U METOAbI MOACJIUPOBAHUA

[Iporecc BEICOKOCKOPOCTHOTO B3aUMOJICHCTBUS TEN ONMUCHIBaeTCs MU depeHIInaNbHEIMA YPaBHEHUSIMH B
YaCTHBIX MPOU3BOAHBIX. /[l pelleHns JaHHBIX YPABHEHUI YacTO Ha MPAKTUKE HCIOJIb3YETCS METOJl KOHEUHBIX
anemenToB (MKD), 3aknrouaronuiics B JeICHUM pacyeTHON o0iacTh Ha koHeuHble anneMeHThl (KD). [lanHbIi
MpoIecC Ha3bIBAeTCs AMCKPETU3AIUEH, U I MOJOOHBIX OBICTPOTEKYIIHMX 33a7a4 BBHIMIONHSIETCS KaK MPOCTPaH-
CTBEHHAs1, TaK U BPEMEHHAas AUCKPETH3aLUSI.

Tak kak ygap mo TpyHTY UMEET BBICOKOHETHMHEHHBIA XapaKTep, TO ONTUMAIBHBIM SBIISIETCS TIPUMECHECHHE
SIBHOTO METOJa MOJenupoBanus. [Ipyu JaHHOM MeToJle cHCTeMa alreOpandecKuX ypaBHEHUM, MOMYUYCHHBIX ITy-
TeM mpuBeneHus auddepeHnnaIbHbpIX YPaBHEHUH K alreOpanvecKkoil cCUcTeMe OTHOCHTEIHHO MepeMeIIeHn B
y3JaxX, peuiaeTcs HalpsMyIo, TO €CTh SBHO. DTO MO3BOJISAET pellaTh 3a/lauu ¢ OBICTPONPOTEKAIOIIMMH ITpoliecca-
MH B HEJIMHEWHOMN MTOCTAHOBKE.

JuddepennmansHoe ypaBHEHUE ABIKEHUS CUCTEMbI C KOHSYHBIM YHCIIOM CTENeHeW CBOOOIBI IPU SBHOM
METO/I€ 3aIFCHIBACTCS CIeAYIOHUM 00pa3oM:

Mii+ Cu + Ku = f%. (1)
J171st SIBHOM CXEMBI BBITJISIIUT TaK
M, + Cu, + Ku, = f2. (2)
Bekrop yckopenuii

a, = M_l(fteXt _ ftint), (3)

rae f£X — BexTop BHemHUX cuil; " — BeKTOp BHYTPEHHHUX CHIIL
Y4eT pa3snTuIHBIX TUIIOB HETUHEHHOCTEH MTPOU3BOAUTCS YePe3 BEKTOP BHYTPEHHUX CUJl {F'}:

firt = 3 (1, [BT){o}d + {Feon), (4)

rae B — marpuua aeopMaluii — nepeMeIeHnii; G — BEKTOp nepementenuii; FC°" — BekTop KOHTaKTHBIX CHIL
Bekrops! ckopocTeli 1 epeMeneHni Ha COOTBETCTBYIOIIEM IIare ONpeASaIOTCS CIeIyomIM 00pa3oM:

Verae/2 = Ve-aej2 T AcAL Q)

Ate+Ateiae
5 :

Ursat = Ut T Vesae)2 (6)
Jlnst cTaOMIBHOCTH CYETa B SIBHOM METOJZle HEOOXOAMMO BbITIONHEHHE ycnoBus Kypanra — @puapuxa —
JleBu, mpu KOTOPOM IIar MO BPEMEHHU JOJDKEH ObITh MEHBIINM, YeM MPOIOJIKUTEIBHOCTh MPOXOXKACHUS 3BYKa

M0 HAMMCHBIIEMY 3JICMCHTY. 9TO YCJIOBHA 3alIMCBIBACTCA CICOAYIOIIUM 06pa30M:
l
0<At <N, (7

rae N — koadduiueHT 6e30macHoCTy; / — pa3Mep HAaMMEHBIIIETO JIEMEHTA; ¢ — CKOPOCTh 3ByKa B 3JICMCHTE.
Juisa pemeHns 3amadun MPOCTPAHCTBEHHON MUCKPETHU3AlNN PACYETHOW MOJIEH MCTIOIB3YIOTCS JarpaHkeB
1 DIJIEPOB METOIBI, KOTOPHIC PA3IMYAIOTCA B MOAXO0/C K ONMKUCAHUIO IBIKCHUIO CPEIBL.
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JlarpamxkeB meton ucnonb3yercs B MKD. B aToM MeToze onmcanusi ABMKCHUS CPEIbI DJIEMEHTHI TIPH Jie-
dbopMaIu ABMKYTCS BMECTE CO CBOMM MaTepuayioM. [Ipu 3TOM HeT mepeTekaHus MaTepuaia OT OJHOTO K JpY-
TOMY, TO €CTh HET KOHBEKTUBHBIX IPOIECCOB. Takoi METOJ MOIXOJUT JJIsl ONMCAHUS TBEPABIX 3JeMeHTOB. O-
HAKO MpH OONBIINX MeOopMaIisIX MOXKET MPOU30NTH 3HAUNTENhHOE MCKakeHue ceTkn KD, 4To MokeT mpuBe-
CTH K OYC€Hb MaJICHFKIM BPEMEHHBIM IIIaraM U CIIyTHIBaHUIO ceTKH (puc. 1).

OiinepoB MeToJ (pUc. 2) UCIOJIB3YETCS B METOJC KOHEUHBIX PAa3HOCTEH M METOJIe KOHEYHBIX O0OBEMOB.
B sTom Metone, B OTAMYME OT MPEIBIIYIIETO, CETKA OCTaeTCs HeaeOPMUPOBAHHOH, B TO BpeMs KaKk MarepHual
MOXKET TIepeTeKaTh U3 OJHOTO dJIeMeHTa B Ipyroi (puc. 9). Takoi MeTOM MOMXOMUT IS KUAKAX MAaTepHAJIOB,
TaKUX KakK ra3 WiId BOJa, a B HAIIEM CJIy4yae U K TPyHTaM, IOTOMY YTO OHM IIPU BHICOKOCKOPOCTHOM MPOHUKHO-
BEHUU TPOSIBIISIIOT CBOMCTBA ATHX MAaTEPHAJIOB.
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Puc. 1. JlarparxeBo onucaHue IBUKEHHUS CPEX
Figure 1. Lagrangian description of the motion of a continuous medium
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Puc. 2. DitnepoBo onucaHue ABWKEHHS CPex
Figure 2. Euler description of the motion of a continuous medium
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Puc. 3. JlarpanxeBo-3i1epoBO OIMCAaHUE IBUKECHUS CPEL,
Figure 3. Lagrangian- Eulerian description of the motion of a continuous medium

O0o03HaueHHBIE METOBI UMEIOT CBOM JIOCTOMHCTBA U HEAOCTATKHU, IIO3TOMY Ha MPAaKTHKE U PEIIEHUS
BBICOKOCKOPOCTHBIX 3a/1a4 B3aUMOJCHCTBHS TBEPIBIX Tel U XHUAKuUX Matepuainos (fluid-structure interactions,
FSI) npumensitotca coBMecTHO 00a Merona (puc. 3), nononHstomue apyr apyra (arbitrary Lagrangian Eulerian,
ALE). IIpu 3TOM NMpOUCXOAWT aBTOMAaTHYeCKas MepecTpOrKa M CTiIaKWBaHHE KOHEYHO-3JIEMEHTHOW CETKU NpPH
BBIPOXJICHUH AJIEMEHTOB. [IprMepaMu Takux 3a7a4 MOTYT OBITh IOBEPXHOCTHBIC B3PBIBHI (TUIOCKHMH (POHT BOJI-
HBI), TI€ BO3IYyX SIBISIETCS SHIIEPOBBIM, a TPYHT U COOpPYKEHHE JlarpaHkeBbIMU. Vnu mpu MOA3EMHBIX U Ha3eM-
HBIX B3pbIBax (TOUCUHBII B3PHIB HA IOBEPXHOCTH), KOTAA BO3AYX U IPYHT 3MIEPOBBI, @ COOPYKECHHUE JIAT PAHIKEBO.
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Kpome ocroBHOTO pemrarens ALE, ucnonssyercst ero moguduimpopadHas Bepcus S-ALE, mo3Bomsromas
ONMCHIBaTh KOHEYHBIE 3JIEMEHTHI 3UJIEPOBON CETKH B BUE MAaCCHBA, YTO HA MOPAIOK COKpaIaeT 00beM BXOTHO-
ro ¢aiina u o0neryaer MoCTPOCHNE U MEPECTPOCHUE SHIEPOBON CETKH, IO CPABHEHHUIO C HECTPYKTYPHPOBAHHBIM
MOIXO0JI0M, YTO B COBOKYITHOCTH 3HAUUTENBHO COKPAIIAET BpEMs pacdeTa U MOACINPOBAHUS.

Jnst penieHus: MOCTaBICHHBIX 3a1ad OyJieM HCIIONb30BaTh MporpaMMHbiil komiieke LS-DYNA, no3Bo-
JSFOIIUM pemars MOoJOOHbIE 3aJaui B HEMHEWHON NTHMHAMUYECKOW MOCTAHOBKE, C HCIOJBb30BaHHEM METOJa LICH-
TpanbHbIX pazHocTedl [15—17]. dna annpoxcuManuu ypaBHeHuil LS-DYNA ucnons3yer meron I'ogyHoBa BTo-
pOTo MOpsiIKa TOYHOCTH IO MPOCTPAHCTBY. MHTErpHpoBaHNE ypaBHEHHH IO BPEMEHHU OCYIIECTBIUIOCH C IIO-
MOUIBIO SIBHOM CXEMBI BTOPOTO MOPSAKA TOYHOCTH (METOA LEHTPAJbHBIX Pa3HOCTEH) C COOMIOJEHNEM YCIOBHUS
YCTOMYHMBOCTH CXEMBI IO KpuTeputo KypanTa.

I'panuunvie ycnosus. Ha rpanunax pacyeTHOH 00JacTu B KayecTBE IPAHMUYHBIX YCIOBHUIl IPUIOKEHBI
YCIIOBHUS CKOJIBKEHUS, IPH KOTOPBIX 3aHYNAIOTCS BEKTOPhI CKOPOCTH B HOPMaJIbHOM HaNpaBiIeHHUH, YTO MO3BO-
JSIeT MOJACIUPOBATh HEOTPAKAIOIINE IPAHHLIBI PACUETHON O0NACTH M TEM CaMbIM HE YUUTHIBATh BTOPUYHOE OT-
pa’keHUE BOJIH OT TPYHTA C MOCIEAYIOMUM BO3ICHCTBHEM HX HAa COOPYKEHHE. XOTA B ClIlydae HaXOXKACHUSA MOJ
COOpYKEHHEM CKaJIbHOTO I'PYHTA BCE K€ HaJl0 YUYUTHIBAThH JaHHBIE dYPPEKTHI.

Moodenw cpynma. JlucniepcHble TPYHTBI HEOJHOPOIHBI, aHU30TPOIHBI, UMEIOT HEJTMHEWHBIE 3aBUCHMOCTH
MEXIY HalpsDKEHUSIMH U JeOpMalsIMU U, KaK IPAaBUIIO, IPH YUCICHHOM MOJAEIHPOBAHUN 3aBUCUMOCTD MEX-
Iy HaNpsDKESHUSAMHA U nedopmarusamMu uaeann3upyior. B [18-24] nokazano, ato moxens Mopa — Kyiona — 3to
uieaNbHas-yIpyroruiacTHYeckass MOJIeNb JTMHEHHO AeQopMUpyeMOro MpOCTPaHCTBA, B KOTOPOH OMHUCHIBAIOTCS
noJst AeopManuii ¥ UCIONIB3yeTCsl ycaoBue nNpoyHocTH KysoHa Ajst IpenenbHOro coCTOsIHUS, IPU 3TOM OTMe-
YaeTcsl, YTO TaKasi MOJEIb MOXKET ObITh IPUMEHNMA VIS 33124 BHICOKOCKOPOCTHOI'O BO3JICHCTBUS HA TPYHT.

Mopens Mopa — KynoHa — 370 MaTeMaTH4€ecKasi MOJIEb, B OCHOBE KOTOPOH JIEKUT TMIIOTE3A O 3aBUCUMO-
CTH TIpENIeNbHBIX KacaTeNbHBIX HANpsHKEHUH OT CpeJHEr0 HOPMaJbHOTO HANpsDKEHHs, KOTopas 00yciIoBieHa
BHYTPEHHUM TPEHHEM B MaTepHale.

Kinaccuueckast mogens Mopa — KynoHa OnMCBIBAaETCS CIEAYIOIKUMH YCIOBHIMHU NPOYHOCTH, KOTOPBIE
MMEIOT pa3INYHbIM BUJ IPU Pa3HbIX YCIOBUAX HCTIBITaHUN. [IepBoe ycnoBre MpOYHOCTH:

T=o,tge’ + ¢’ 3
— KOHCOIIMIUPOBAHO-IPEHUPOBAHHBIH C/IBHT;
= (0o, —ultgp +c ©)
— KOHCONTMIMPOBAHHO-HEIPEHUPOBAHHBIN CIIBHUT;
T=o¢y (10)
— HEKOHCOJIMIUPOBAHHO-HEIPCHUPOBAHHBIN CIBUT (IJIS1 BOJOHACHIIICHHBIX TPYHTOB);
T = (u, —wtge? + (o, —wWtge' + ¢ (11)
— KOHCOJII/II[I/IpOBaHHO-HeILpeHI/IpOBaHHLIﬁ CIABHI', MaJIOITIOABWKHBIC I'PYHTBHI,
T = o,tge) + ¢} (12)

— B citydae OonbIux Aeopmanuii ciBura,
T7Ie T — KacaTelbHOE HAIPsDKEHUE, MIPH JOCTHIKEHUH KOTOPOTo OyAeT MPONCXOIUTh pa3pylleHne TPYHTa; ) —
s pexTuBHOE HOPMATbHOE HanpsDKeHUe; @' — 3G (EKTUBHBIA yTOJI BHYTPEHHETO TPEHUS; ¢ — APSHHUPOBAHHBIN
YroJI BHYTPEHHET0 TPEHUS, ¢ — IPCHHUPOBAHHBIC CHUJIBI YACIBHOTO CHEIUICHUS; ¢’ — 3P PEKTUBHBIC CHUITBI yICIb-
HOT'O CHEIUICHHUS; U, — AaBJICHUE MOPOBOTO BO3AYXa; U — AaBJICHUE OPOBOW BOABI; (O — YTOJ BHYTPEHHETO Tpe-
HUS, 3aBUCSIINA OT BEJIMYMHBI MAaTPHYHOTO BCACBHIBAHMS; (D — OCTATOYHBIA YroJ BHYTPEHHETO TPEHHS; C; —
OCTAaTOYHBIC CHUJIbI YACIIBHOTO CUCIUICHUS, C;; — HCAPCHUPOBAHHAsA IIPOYHOCTbD.
Bropoe ycnosue npouHOCTH:
. 01— 03
sing = oL+ 0, (13)
— ISl TPABEINIUCTHIX, TECYaHBIX M KPYMTHOOOJIOMOYHBIX TPYHTOB;
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01 — O3 .
= 14
(0, + 03 + 2cctge) sine (19

— IJIsI TTUHACTBIX TPYHTOB.
VYpaBHEeHHE IPH TPEXMEPHOM HANPSLKEHHO-Ae(OPMHUPYEMOM COCTOSIHUU IPUMET B

oy — o0,| = (2ectgp — 0, — 0,)sing,
lo, — 03] = (2cctge — 6, — 03)sing, (15)
(2cctge — 03 — 04)sin.

log — o4l

CoriacHo TOMy YpaBHEHHIO, TIOBEPXHOCTh TeKyuecTd Mopa — KynoHa B MpOCTpaHCTBE TIIaBHBIX HAIPSKeE-
HHU MMEeET BHJI IECTUTPAHHOM TIUpamMuibl (puc. 4) ¢ BEpIIMHON B TOUYKE C KOOpauHaTaMu {cctg; cctgy; cctg@}.

O

I10BEPXHOCTH TEKYUYECTH
Yield surface

02

Puc. 4. IloepxHocTh TekyuecTu Mopa — KysioHa B mpocTpaHCTBE ITIaBHBIX HAIIPSKCHUH
Figure 4. Mohr — Coulomb yield surface in the space of principal stresses

Ha puc. 5 npuBeaens! npenensHble orudaronie Mopa — Kynona, koTopeie MOTYT OBITh ITOJTy4YEHBI 110 pe-
3yJIbTaTaM TPEXOCHBIX UCIBITAHUI 00pa3L0B IPyHTA.

05,C,

(plslclh m

a 9] 8

Puc. 5. Ipenensubie orudaroniue Mopa — Kynona:
a — CeKyIUH YroJl BHyTPEHHEr0 TPEHHUs; 6 — KacaTelIbHbI YTroJl BHYTPEHHEr0 TPEHUs,
6 — YroJl BHyTPEHHET0 TPEHHs1, KOTOPBIi 3aBUCHUT OT yIJia HAaKJIOHA MIPe/eNIbHOIT orudaroreit
Figure 5. Mohr — Coulomb limit envelopes:
a — internal friction secant angle; 6 — internal friction tangent angle;
6 — the angle of internal friction, which depends on the angle of inclination of the limiting envelope

Bun orubarorieit, mpencraBieHHBIA HA PUC. 5, 8, COOTBETCTBYET BUY TPYHTA, JIJISI KOTOPOTO XapaKTepHO
ompeeNicHUE MPOYHOCTH TOJILKO TPeHUEM. Takoi TPYHT sBIsieTCs (PUKIIMOHHBIM MaTEepHaIoM (HapuMmep, Ie-
coK). B 3TOM cirydae ycioBre IpOYHOCTH IS KaXKIOTO HAIPSKEHHOTO COCTOSHUS OyIeT HMETh BUJT

T o, (16)
I1e Q5 — CEKYIIH YTo BHYTPEHHETO TpeHHUs; 6’ — 3 PEeKTHUBHOES HOPMATbHOE HAIPSDKCHHE.
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Ycaosue npodHocTH (8) COOTBETCTBYET M300paKCHUIO, IPUBEIACHHOMY Ha puc. 5, 6. B nanHOM ciydae
MpeJeNnbHas npsiMasi SBJsieTcd HaWiIydIilel KacaTenbHO#l K kpyraM Mopa. OnHako B 00IieM ciiydae MpOBECTH
TaKyI0 KacaTelbHYI0 K Kpyram 3aTpyIHHUTEIbHO, TaK KaK 3aBUCUMOCTb MEKAY HOPMAaJbHBIM JaBJICHUEM U Ipe-
JIeJIOM TPOYHOCTH SIBJIETCS CYLIECTBEHHO HENMHEHHOW. Torna Ha OTAENBbHBIX y4acTKax NpelesibHasi KpUBas
anmpoOKCUMHUpYeTCs MPSIMOH, a Ha OCTAIbHBIX 3aMeHsIeTcs orubaromeit Kk kpyram Mopa.

Kax BuaHO, maHHas MoJenb ONMUCHIBAET PA3IWYHbIE BUABI TPYHTOB IPU Pa3IUYHOM BOJOHACHIIICHUH.
Kpome knaccuueckoil MOAEIH CYIIECTBYIOT €€ MOAU(HUKALNH, UCIIOIb3yEeMbIe UI OTAEIBHBIX CIEIU(UIECKUX
3agauy. Hanmpumep, Ui 3a1a4d B3pbIBa 3apekoMeHaoBana ceds moxnens Mopa — KysoHna, ocHoBaHHas Ha paborax
A.J. Abbo and S.W. Sloan, BeimonHeHHBIX B 1995 T. [25], yunThIBaroIIas Bce MEPSUNCIICHHBIC BBIIIC MTOBSACHUS
TPYHTOB, a TaKXK€ yJaJI€HUE AIEMEHTOB, UTO XapaKTEPHO MPHU B3PBIBHBIX Harpyskax [26; 27]. IloaTomy uMeHHO
3Ty Bepcuto Mojenmn Mopa — KyitoHa u OyieM UCIToTb30BaTh.

OObruHas moBepXHOCTh TeKydecTd Mopa — Kynona onmuceiBaetcst pyHKIHEH

F = —Psing + K(G)\/]_z —ccosp = 0, 17

rie P — cpenHee qaBJeHHE; (p — yroy BHyTpeHHero Tpenus; K (0) — gyHkims yria 6 B 1eBHATOPHOM MIOCKOCTH;
+/J2 — KOpeHb KBaJIpaTHBIH W3 BTOPOTO MHBAPHAHTA JICBHATOPA HANPSDKEHHI; ¢ — CLIETUICHHE.

MomudunupoBaHHasi IOBEPXHOCTh TEKYUYECTH SIBIISIETCS TUIIEPOOIIONIOM, «IOJOTHAHHBIMY K ITOBEPXHO-
cti Mopa — Kynona. Ypasaenue MoauUIMpoBaHHON MTOBEPXHOCTH UMEET BU

F = —Psing + /J,K(8)2 + a2sin2¢ — ccose = 0, (18)

rIe a — mapaMeTp, ONpeaeSIomMUN TPUOIKeHne MOAN(DUIIMPOBAHHON MOBEPXHOCTH K OOBIYHON MOBEPXHOCTH
Mopa — KyinoHa.

Mooens bemona u apmamypsl. MonenpoBanre 6€TOHa MPHHSATO C TIOMOIIBIO BOCBMUY3JIOBBIX KOHEUHBIX
3IIEMEHTOB C IOJHBIM MHTETPUpOBaHUEM MO 00beMy. Mcnonbiyercst Monens 6eToHa YHH(QPUTA, YIUTHIBAIOLIAS
JIOTIONTHUTENBHBIE 3(h(HEKTHI CKOPOCTH, a TAK)KE HANMYHE TPELVH 1 apMatypsl [7; 27; 28]. [Ipounocts MaTepuana
Ha cxkatue puHaTa 18,0 MIIa, uTo cooTBEeTCTBYeT Kiaccy 6eToHa 1o mpounoctd B25'. Apmarypa monenupyercs
CTEp>KHEBBIMU KOHEYHBIMH 3JIEMEHTaMH C MCIIOJIb30BAaHUEM HJICAIbHON YNPYTrOIUIAaCTHYECKON MOJIENTN MaTeprana
C OTPaHUYCHUEM IUTACTHYECKUX NeOPMALUI Empey. JHarpamMma paboter apmatypsl kiacca AS00 u A240 npuHH-
Majach JABYXJIMHEHHOH . J{yist B3aumMoieiicTBIsS 00beMHBIX (6ETOH) U CTEP/KHEBEIX (ApMaTypa) KOHEUHBIX JJIeMeH-
TOB MCIIOJIB3YETCSl MEXAHU3M JIarpaHKEeBO-3UIEpOBBIX CBsi3edl. [IpoyHOCTh apMaTypel IPHHATA HOPMATHUBHOM.
[penensHas mmactuueckas AeopManus, pyu KOTOPOH AIIEMEHT apMaTyphl BEIKITIOYAETCsl U3 pacyeTa (yaaisiercs),
MIPUHSATA paBHOU &np = 0,05. Takum 00pazom, npen = 0,0525. [IpodHOCTE HA pacTsHKEHHE W CXKaTHE TPUHUMAETCS
OJIMHAKOBO#, PaBHOI HOPMATUBHO} MPOYHOCTH Ha PACTSKEHHE B COOTBETCTBHH C OTEUECTBEHHBIMM HOPMAMH'.

CpaBHI/ITeJ'Il)HLIﬁ AHAJIU3 ¢ CYHIECTBYIOIIMMHA UCCJICTOBAHUAMHA

Paccmotpum 3amady o majgeHun skectkoi momycdeps! auamerpoM 0,66 M co ckopocThio 40 M/C B TPYHTOBBIN
MaccuB pazMepoM 3%3x3 M (puc. 7) ¥ cpaBHUM C pe3yJbTaTaMu, TIPUBEIACHHBIME B [21] (manee — SKCIIEpUMEHT), TIIe
ObLTa YMCIICHHO U SKCIICPUMEHTAILHO PEellieHa MoI00Has 3a1a4ya. [ pyHT paccMaTpuBaics ¢ mapaMeTpamMu, yKa3aHHBIMH
B TaOn. 1. J{nst atoro permmm nannyto 3aqa4qy B ALE, S-ALE u narpankeBoii mocTaHOBKAX, Te UCXOMHBIMU JTAHHBIMH
SIBTSTFOTCST CKOPOCTB TTOJTyChephl B MOMEHT COYTApSHHUS ¢ TPYHTOM M JIABIICHHE OT COOCTBEHHOTO Beca rpyHTa (pHC. 8).

Tabnuya 1 Table 1
IlapameTpsl rpyHTa Soil parameters

ITapametp 3nayenne Parameter Value
[TnoTHOCTE 2200 kr/m3 Density 2200 kg/m?
Monyib caBura 1,53 MIla Shear modulus 1,53 MPa
Koaddurment ITyaccona 0,35 Poisson’s ratio 0.35
VYT0J1 BHYTpEHHETO TPEHHUS 150 Internal friction angle 150
Cuenienne 68 xlla Adhesion 68 kPa

' CI1 63.13330.2018 «BeTOHHBIE H KENE300€TOHHbIE KOHCTPYKLKH. OCHOBHBIE MOJIOMKEHUS.
2 Tam xe.
3 Tam xe.
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Y mapHUK MOJENUpOBajCs Kak )KeCTKOe TEJIO0 U3 aIFOMHUHUS C TapaMeTpaMu, yKa3aHHBIMU B TaOI. 2.

Tabruya 2 Table 2
[MapaMeTps! aTIOMHHIEBOI0 YIAPHUKA Parameters of the aluminum striker
IMapamertp 3nayenne Parameter Value
[lnotHOCTH 2812 kr/m? Density 2812 kg/m?
Mopnyib ynpyrocti 73 000 MIla Elastic modulus 73 000 MPa
Koaddurment Iyaccona 0,33 Poisson’s ratio 0.33

Tounocts pemeHnst B MKD 3aBUCHT OT pa3MepoB KOHEUHBIX DJIEMEHTOB, TIOITOMY BBINIONHSIACH CEPHS
pacyeToB C MOCIIE0BATEIbHBIM U3MEILYCHUEM Pa3MEePOB KOHEUHOTO 3JIeMeHTa OoT 5 110 3 cM Yepe3 kaxuble 0,5 cm,
JI0 TOTO MOMEHTA, IT0Ka pa3HHUIa B pe3yJibTaTaxX pacdyera CXeMbl MEXy Haubosee MENKON CeTKON M IMpenblry-
MM pa3MepoOM CETKH COCTaBHUT He Oonee 5 %. Ha puc. 6 mpuBeaeHbI rpauiku T1aBICHMSI BO BPEMEHH, U3MEPEH-
HBIE Ha TIyOuHE 1,5 M IpH pacueTe B TpeX MOCTAaHOBKAX M MPH Pa3INYHBIX pa3Mepax KOHEYHOTO AJIEMEHTA.
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Puc. 6. Pe3ysbraThl pacyera naBiicHus Ha riyoune 1,5 m:
a — ALE nocranoBka; 6 — S-ALE nocranoBka; 6 — JlarpanxeBa mocTaHOBKa;
2 — 3aBHCHMOCTb OTHOMTEJILHOM MOIPENIHOCTH OT Pa3Mepa KOHEYHOTo dIeMEHTa
Figure 6. The results of calculating pressure at a depth of 1.5 m:
a— ALE; 6 — S-ALE; ¢ — Lagrangian; 2 — dependence of the relative error on the size of the finite element

Ha puc. 6, 2 moka3an rpaduk 3aBUCHMOCTH MOTPELIHOCTH 3HAYCHUH MHMKOBOTO AABJICHUS OTHOCHTEIBHO
HauboJiee MEJIKOHW CETKHM B 3 CM, IJle IOKa3aHO, 4YTO CeTKa B 4 cM sBiIIeTCS HauOoJjiee ONTUMAILHOM C II0-
TpEIHOCTHIO He Oonee 5 %.

B kadecTBe pe3ynbTaToB pacdera B padoTe [21] Obu1 mpuBeneH rpadMK YCKOPEHUS OTycepsl IpH yaape
0 TPYHT, IJIe MAKCUMaIIbHOE YCKOpeHHe momycdeps cocTaBmo 12 643 m/c? (puc. 10).

B pesynbrare perieHuns 3a1a4n B TpeX MOCTAHOBKAaX MOXKHO YBHIETh, UTO rpadMKH YCKOpEHHs Moimychepsl
(puc. 10) B ALE- u S-ALE-nmoctaHoBKax oka3aguch HauOonee OJM3KUMH K DKCIIEPUMEHTAIbHOMY IpaduKy IO
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¢dopMe u 10 MaKCUMaJIbHOMY 3HAYeHHUIO yCKOpeHHs. MakcumaibHOe ycKkopeHue moirycdepst coctasmio 12 700 u
12 680 M/c%, TO ecTh OTHOCHTENbHAS TIOTPEIHOCTh cocTaBmna 0,43 u 0,25 % cooTBeTcTBeHHO. IIpy pemenun 3a-
Jauy B JarpaHkeBoil MOCTAHOBKE MAaKCHMANIFHOE YCKOpEHHe cocTaBuio 18 710 M/c%, To ecTh OTHOCHTENIbHAS TI0-
TPEeIIHOCTh cocTaBmia 67 %, 4TO MPOM30IIIO B pe3yibTaTe 3HAYUTENFHOTO MCKakeHHs ceTku (puc. 9, 6). Ilpu
3TOM TaK)K€ CPaBHHUBAIOCH Bpems pacyera. [Ipu pemennu 3amaun B ALE-moctaHOBKE BpeMsl pacdeTa OKa3aloch
paBHbIM 60 MuH, B S-ALE-nioctanoBKke — 45 MUH, B JIarpaH>K€BOH NOCTaHOBKE — 25 MUH (pacyeT BBIMOJHAICS Ha
nporeccope Intel(R) Core(TM) 17-10750H CPU @ 2.6 GHz, 2592MT, 6 sinep, 12 norudeckux mporeccopos).

V napHux I"pYHTOBBIH MacCHB

Soil massif 250

Heorpaxarommue
TPAaHHYHEIE Y CIOBHA 225
Non-reflective 3 o 20.0
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Puc. 7. Pacuetnas monens Puc. 8. [laBnenne ot cobcTBEeHHOTO Beca rpyHTa, Kl la
Figure 7. Calculation model Figure 8. Pressure from dad weight of soil, kPa
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Puc. 9. PactipocTpanenue yaapHoii BOJIHBI B TpyHTe HpH peinennu 3a1auu B ALE (a), S-ALE (6), narpamkeBoii (6) mocTaHOBKax
Figure 9. Propagation of a shock wave in the soil when solving the problem ALE (a), S-ALE (6), lagrangian (s)

W3 npuBeneHHBIX pe3yIbTaToB pacdera (puc. 9) MOKHO cllenaTh BBIBOJI, 9TO METOANKA pacuera B S-ALE-
MOCTaHOBKE JaeT HauboJjiee OJIM3KKUE K IKCIEPUMEHTY Pe3yJIbTaThl pacyeTa M0 MaKCUMaJIbHOMY MUKOBOMY 3Ha-
YeHUI0 yckopeHus. Kpome Toro, naet 0ojiee TOYHBIC pe3yJIbTaThl PU OMHCAHUU MEPBUYHBIX ¥ BTOPUYHBIX ITH-
KOB (pHC. 9, @) ¥ 3aHUMAaeT MEHbIIIC MATUHHOTO BPEMEHH IIJIsT MOJICTTUPOBaHus U pacdeta, ueM B ALE. IToaromy
B ):[aJ'IbHeﬁIHeM 6y;[eM HCIIOJIb30BaTh UMCHHO 3TY METOJUKY.
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Puc. 10. I'paduku yckopenus nonycdepsl, HOIy4YCHHbIE B PE3yJIbTaTe MOJECIUPOBAHHS U KCIICPUMEHTa
Figure 10. Hemisphere acceleration plots obtained as a result modeling and experiment

MopaenupoBaHue najeHus TAKEJ0T0 raGapuTHOTO MpeaMeTa HA MOJ3eMHOE COOpPY:KEeHHe

Jia manpHEHIero mccienoBaHUs HamnpsKeHHO-Ie(OPMUPOBAHHOTO COCTOSHUS COOPYXEHHS M TPYHTa
BOKPYT HETO PacCMOTPUM CBOOOIHOE MaleHHE C BHICOTHI UITHHIPUIECKOTO KECTKOTO Tena AUaMeTpoM 3 M (Ia-
Jiee — YAapHHUK), KOTOPOE MaJaeT TOPLEBOH IIOCKON 4acThio Ha ITPyHT. MI3BeCTHO, YTO Ipu CBOOOAHOM MaJACHUH
TeJla CKOPOCTh €r0 COYAapeHHUsi ¢ TPYHTOM OyIeT BBIpakaTbCs U3 PaBEHCTBA MOTCHIUATBLHON M KHHETHYECKOH
SHEPIUH:

mv
mgh = . (19)
2
IJIe m — Macca Naarolnero Tena; g — yCKopeHHe CBOOOJHOTO MajCHus; i — BBICOTA MAJACHUS.
N3 (19) ckopocTh coymapeHus OyIeT BBIpaKaThCs Kak
V =,2gh. (20)

B kadecTBe MCXOAHBIX NAaHHBIX MPUMEM BBICOTY majneHus 60 M, a Bec magaromiero ynapuuka 6 . Toroa
ckopocTh coymapenus u3 (20) cocraBut 34,3 m/c. PaccmorpuM omHomposieTHOoe coopyxkenue (puc. 11, 12),
npeAHa3HaueHHOe sl YKPBITUS JIMYHOTO COCTaBa OT MajAeHHUs 0OJOMKOB Ha KocMonpome. Pazmepsl coopyke-
HUs B 1iaHe 6X6 M U BbIcOTO# B cBeTy 4 M. TommuHb! cTeH u nmokpeitus 400 MM, 3armyOieHne TOKPBITUS OT
MOBEPXHOCTH IPYHTa IPUHUMACTCSI HA OCHOBAHUM CPABHEHUS] 5KOHOMHYECKOH 3((QEKTUBHOCTH, TO €CTb, C OJHOU
CTOPOHBI, 3ariyOJIeHHe JODKHO OBITh HEOONBLIMM JJISl YMECHBIICHUS aBJICHHUS TPYHTA, a C APYrOd CTOPOHBI —
JUCTIEPCHBIA TPYHT JOJDKEH 3HAYMTENBHO «cAeMII(UpOBaTh» MPUHUMAEMBIH yIap, 4TO MPOMCXOAMUT 3a CYET
YIUIOTHEHUS U MOSIBJICHUS IUTaCTHUECKUX AedopMannii B rpyHTe. Takum 00pa3oM, BBICOTA 3aCHIIKH IPUHUMAET-
sl HIDKE 30HBI TUIACTHYECKUX JeopmManuii. B Hamem cirydae 30Ha Oonbinux AedopManuii ¥ yIUIOTHEHHS COCTa-
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Bryia okosio 1 M. [lpuanmaem 3armyGienne nokpeitus 1,5 M. B xauecTBe NCXOAHOM HArpy3Ku MPUHSITA HArpy3Ka

OT COOCTBEHHOI0 Beca COOPYKCHHA U TPYHTOBOI'O MacCuBa.

YV napHuK

Bosayx
Air

I'pyHTOBEIH MaccuB

Soil massif

Heotpaxaromue

TPpaHUTHBIC YCIOBHUA
Non-reflective boundary
conditions

CoopyxeHne

Underground
structure

Puc. 11. PacuyeTnas Moueinn
Figure 11. Calculation model

90.0
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65.0
52.5
40.0
27.5
15.0
2.5
-10.0
-22.5

-35.0

Puc. 13. N3omnons naBieHuid B MOMEHT BpeMEHH!
nepen ynapom 0,3218 c, kIla
Figure 13. Pressure at the time moment before the shock 0.3218 s, kPa
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Puc. 12. ApMupoBaHue COOPYKEHUS

Figure 12. Reinforcement of the structure
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'

Puc. 14. U3onons nasienus B MOMeHT BpeMeHH 0,3248 ¢

(navano ynapa)

Figure 14. Pressure at the moment of time 0.3248 s

(the beginning of the impact)

Puc. 15. N3omnons naBneHus B pa3iinyHble MOMEHTHI BpeMeHu, klla:
a-03412¢;6-0,3552 ¢
Figure 15. Pressure at different points in time, kPa:
a—0.3412s;6—-0.3552s
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Puc. 16. U3onoins naBneHus Ha NOKpbITHE coopyxeHus, Klla Puc. 17. Mo3anka 3¢ GeKTHBHBIX IIIaCTHIECKUX HANPSKEHUN
Figure 16. Pressure on the coating of the structure, kPa Figure 17. Effective plastic stresses

Puc. 18. Kaptuna TpeniHoo0pa3oBaHus B CTEHAX COOPYKEHHS TOCIIE yaapa
Figure 18. The picture of cracking in the walls of the structure after impact

Kak u Ha mepBoii craanu pacueTa (IUIs MMOy4YeHUs O0Jiee TOYHOTO PEIICHNUs), pACCMATPUBAINCH HECKOJIb-
KO pacueTHBIX MOJIENICH ¢ M3MEIbUCHUEM pa3Mepa KOHEUHOTro dneMeHTa ot 25 1o 15 cM. B urore 011 ompee-
JIEH ONTHMAaJIbHBIN pa3Mep KOHeYHOro aemMeHTa — 20%20 cM.

B pesynbrare BeIMOIHEHHOTO pacueTa (puc. 13—18) momyueHa aeopMupoBaHHas MOACIH «IMIIHHAPUYIC-
CKH{ yHapHHUK — TPYHT — COOpykeHue». U3 pacdera moirydeHo, 4yTO MPH BO3ACUCTBUU Ha TPYHT YAApHHK 3a-
rIyOJsieTcss B HEro Ha 2 ¢M, W Ha puc. 14 u 15 mo mpuBEeICHHBIM HM30MOJAM JABJICHUS MOXHO YBUAEThH, YTO
BCKOpE TIOCTIE yJapa yAapHUKA O TPYHT HMPOUCXOTUT PACIPOCTPaHEHUE BOJHBI CXKATHS 10 MOKPBITUS COOpPYKe-
HUs (IaBIeHHE Ha MTOKPBITHE COOPYXKEeHHsI cM. Ha puc. 16). [locie 3Toro B cTeHaX W MOKPBHITHH COOPYKEHUS TI0-
SBIIIOTCSA TpelMHbI muprHOoi 10 0,5 MM (puc. 18), mpu 3ToM apMupoBaHWe pabOTaeT B yNpyro CTaavu, 4TO
CBHUJICTEILCTBYET O MPABUIILHO MOIOOPAHHBIX apMUPOBAHUM W TOJIIMHE KOHCTpYyKImid. HmwkHee n BepxHee ap-
MHUPOBaHHUE MOKPBITUS NPUHATO ceTkor D25A500 ¢ marom 200x200 MM, monepeuHoe apMmupoBanue J12A500
¢ mmaromM 200%200 mm.

3akiarouenue

Pa3pa60TaHa KOHCYHO-3JICMCHTHAA MCETO/JUKA pacucTa MOA3EMHOI'0 COOPYIKCHHA B HEIMHCHHON JTUHAMU-
YEeCKOH ITOCTAaHOBKE npu CoyagapC€Hnuu ¢ TPpYHTOM OOJIBIIIOTO Fa6apI/ITHOFO npeamMeTa. PeSynLTaTBI pacucTa nmoka-
3BIBAKOT, YTO NPUBEACHHAA METOANKA IMO3BOJISICT BBIIIOJIHATH HO,Z[O6HBI€ pacyeThl C HCO6XOI[PIMOI>i TOYHOCTBIO U
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MONTy4aTh ONHM3KYIO K pealbHON KapTHHY B3aMMOJIEUCTBHUS TPYHTOBOTO MAacCHBa C COOPYKEHHEM TIOCIE yIapa.
CrnenyeT Takke OTMETUTh, YTO Ta0apUTHBIMHU HPEAMETaMHd MOTYT OBITh HE TOJBKO IaJalolue MPEAMEThI MPH
aBapyH PaKeT, HO TAaKXKe Pa3IMIHbIe CTPOUTENbHBIC KOHCTPYKIIHH, TIA/IAl0IHe HAa TPYHT MIPH OOPYIIICHUH 3IaHUS
WA COOPYKECHHS.
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