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dddexTUBHBIC MOAYJIN ABYX(PAZHBIX CTPOUTEIbHBIX KOMIIO3UTOB
C 3CPHUCTBHIM 3al0JTHUTEJIeM

B.T. Epodees, A.C. Twopsaixun, T.II. Tropsixuna, A.B. Tunbraes*

Hayuonanvnwuii uccnedosamenvckuii Mopooeckuii eocyoapcmeennsiti ynugepcumem umenu H.I1. Ozapesa, Poccuiickaa @edepayus,
430005, Capanck, ya. bonvuesucmcekas, 68
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Annomayus

B knure P.M. Kpucrencena «BBeneHue B MEXaHHKY KOMIIO3UTOBY (1982) npu-
BeieHa pacdeTHast GopMyna Wil 00BEMHOTO MO/ TONHINCIEPCHBIX KOMITO3UTOB
co chepryecKMMU BKIIOUEHUAMH. OTa (OopMysia M3BECTHA PYCCKOSI3bIYHOMY YHTATe-
mro noutu 40 JeT, HO, K COMKaJICHUIO, HE MCIONB3YETCs B MPAKTHKE CTPOUTESIBHOIO
MaTepuanoBeneHus. /st BBIABICHHS IPUKIAaJHBIX BOZMOXHOCTEH hopmyia
P.M. KpucrteHnceHna BUAOU3MEHSIETCS U CBOIUTCS K Oe3pa3MepHON QYyHKINH
k =k (w, n, 0), 3aBucsILIel OT Tpex Oe3pa3MEepHBIX MAPAMETPOB, TO €CTh 3aBUCHMOM OT
TpeX BEJIMYUH: W — 00BEMHOM JIOJIM BKJIIOUEHNUS], 1] — OTHOLIEHHS MOAYJIS C/IBUTA Ma-
TepHaga MaTPHIIEl K BEJIMYMHE OOBEMHOTO MOYIIS TOH YK€ MaTpHLbl, § — OTHOILEHNUS
00BbEMHBIX MOIYJIEH MaTepHaIoB MAaTPHLIbI U BKIIFOUEHHs. YHUCIEeHHbIE UCCIIE0BaHMs
9TOM (DYHKIMM BBIIBILIIOT, YTO B JBYX(a3HBIX 3ePHUCTHIX KOMIIO3UTAX CYIECTBEHHO
cyxaeTcst 00nacTb 3HaueHUI YPHEKTUBHBIX MOJYJIEH MO CPaBHEHHUIO C 0OJNACTHIO,
orpanuurBaeMoii oreHkamu doiirra u Peiicca (B cMbIcie BepXHEeH 1 HIDKHEH TPaHUILL
peanbHBIX 3Ha4YeHui). [Ipu 3ToM HIDKHSIS OrieHKa 1o KpucreHceHy coBnaiaer ¢ oleH-

Hcmopua cmamovu:

IMoctynuna B penakuuro: 19 oxrsaops 2019 r.
Jopaborana: 02 nexabpst 2019 r.

[punsta k myonukaimn: 06 gexadpst 2019 r.

Ko#i o Peiiccy. ITpuBeieHb! YnCIeHHbIE U rpaduuecku 0(hOPMIICHHBIC Pe3yJIbTAThI HA
[pUMepax MCCICIOBAHMS ABYX XapaKTEPHBIX IPYII KOMIIO3HIMOHHBIX MATCPHAIOB.
Kpome Toro, 6e3pasmeprast popma 3¢heKTHBHOrO MOIYJIsS MO3BOJISIET OCTPOHTDH B
IUTOCKOM MPOCTPAHCTBE k — W CHCTEMY HATJISAHBIX TPpapUIeCKUX 3aBUCUMOCTEH
Gbynxiwit k(w). Tpu pasHbix 3HaueHusx 0 GyHkimei k = k(w, 1) oToOpakaeTcst my4oK
KPUBOJIMHEITHBIX OTPE3KOB, KOTOPHIM 33/1aeTCsl MONOKEHHE TUIOCKOM (PUTYPBI B TLIOC-
KOM IIPOCTpaHCTBe. [IpHBEICHBI IPUMEPBI MTOCTPOCHHUS (DHUTYP VIS XapaKTEpPHBIX 00-
nacteld 3HaueHui GpyHKuuu (), 0, w).

Kniouegvie cnosa: nByxda3Has MOJENb 36pHHCTOrO KOMIIO3HTA; chepuue-
ckasi popma (a3 marpuubl W 3anoNHUTENS; IPPEKTUBHBIA OOBEMHBIH MOIYJIb
ynpyrocta koMnosura; Buika doiirra — Peiicca 1 9 GekTHBHOTO MOy IS

Jnsa yumuposanus

Epoghees B.T., Tiopsxun A.C., Tiopaxuna TI1,
Tunveaes A.B. DPheKkTHBHBIC MOTYIH JIBYX-
(ha3HBIX CTPOMTENBHBIX KOMIIO3UTOB C 3€p-
HHCTHIM 3aronHuTesteM // CTpouTtensHas Me-
XaHUKa MHXEHEPHBIX KOHCTPYKIHHA U CO-
opyxennit. 2019. T. 15. Ne 6. C. 407-414.
http://dx.doi.org/10.22363/1815-5235-2019-

15-6-407-414

BBenenue petuueckoe uccieaopanue. [Ipu »Tom pazBuBaeTcs u
yrayonsercs Teopuss CKM, HampapiieHHass Ha POCT
Yrcia MPUKIAIHBIX 33/1a4 MEXaHUKU KOMITO3UTOB [2—4;
6—17,]. B 1aHHOM HCClIEIOBaHUU PEIIAETCS OJTHA U3

TaKUX 3a7a4.

MHTeHCHBHOE PAa3BUTHE CTPOUTETHHBIX KOMITO3H-
uuoHHbIX MatepuanoB (CKM) ctumynupyer ux Teo-

Epogees Braoumup Tpoghumosuu, 1. 1. H., mpodeccop, 3aBeIyONuii Ka-

(enpoii CTPOUTENBHBIX MaTepUaloB M TEXHOJIOTHH; akaJeMuK Poccuii-
CKOIf aKkaJieMHH apXUTEKTYPbl U CTPOUTENBHBIX Hayk; Scopus Author ID:
57080123300, eLIBRARY SPIN-xox: 4425-5045.

Twopaxun Anexceit Cepeeesun, K. T. H., IOLEHT Kadepbl IPUKIIATHON MEXaHUKH.
Twpaxuna Tamvana Ilagnoséna, aciupanT xadeapbl CTPOUTEIBHBIX MaTe-
PHAJIOB U TEXHOJIOTH.

Tunveaee Anexcandp Bacunvesuu, Maructpant kadenpbl CTPOUTEIBHBIX Ma-
TEPUAIIOB U TEXHOJIOTUH.

© Epodees B.T., Tiopsixu A.C., Tiopsixuna T.I1., Tunsraes A.B., 2019

This work is licensed under a Creative Commons Attribution 4.0

International License
o

https://creativecommons.org/licenses/by/4.0/

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLN

B mexanuke CKM moznens npeacTaBUTENBHOTO
oobema (Monens [10) mi1st 3epHIUCTOrO KOMITO3HTA J0-
CTaTOYHO 4acTO MMeET BHUA ABYyX(ha3HOW Mozenw,
B KOTOPOI B MaTpHILy (TOJICTOCTEHHYIO c(hepy) BKIIIO-
YeH mapooOpas3HbIid 3anonHuTenb (puc. 1). Matepu-
I KaXaoi u3 ¢a3 npeAcTaBlieH YIPYIUM TBEPABIM
TeJOM (CIUIONIHBIM OJHOPOIHBIM M H30TPOIHBIM).
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Puc. 1. [lnamerpansHoe ceuenre mozenu [10 3epHucTOro koMrnosura
[Figure 1. The diametrical section of
the model software granular composite]

Tlon nmelicTBHEM paBHOMEPHOTO HApYy’>KHOTO J1aB-
nenus g monens [10 medopmupyetcs, B pe3yibTare
4ero B TOYKax pasfena (a3 BOSHHKAET KOHTAKTHOE
JlaBjieHUe p. PaBHOBECHOE COCTOSIHHE TaKOW HEeOJ-
HOpoIHOM TereporenHoit moxenu I10 (puc. 1) Mmox-
HO ONMCAaTh COBOKYIMHOCTBIO OJTHOPOJHBIX MOZENEH,
COCTaBJICHHOH M3 TPEX PACUETHBIX cXeM (puc. 2).

Puc. 2. Pacuernsie cxembl monenu 10, pencraBieHHbie:
a — 3(hPexTHBHON OTHOPOIHONH MOJIENBIO (CIUIOLIHOM IIap);
0 — MOZIENBIO OTHOPOIHOM MaTPHIB! (ITyCTOTEIbIH mIap);

6 — MOJIJIBIO OJJHOPO/IHOTO 3aIIOIHUTEIS (CILIOIIHOM map)
[Figure 2. The design schemes of the software model, presented:
a — effective homogeneous model (solid ball);

6 — a model of a homogeneous matrix (hollow ball);

6 —a model of a homogeneous filler (solid ball)]

KoHTakTHOE JMaBiieHUE p MOXKHO HANTH U3 YCJIIO-
BUS PaBCHCTBA PaMANBHBIX MEPEMEIICHUN B CMEXK-
HBIX TOYKaX MATPHIILI B 3aIOJTHUATENS (pUc. 2, 6 U 8).
Takast 3amaua peraeTcss B dJEMEHTapHBIX aiareopan-
YECKUX BBIPAXKCHUSIX, €CIIM BOCIOJIB30BATHCS TpUME-
HUTENHHO K MaTpuile (puc. 2, 6) pelieHneM 3a1adn
Jlame ms Toncrocternnoit cdepsl [1; 18]. He mpuso-
Il BBIKJIAJIOK, B PE3yJIbTaTe MOIYYrM CIICIYIOIICE BhbI-
pakeHue:

14+2n,
(1+2n,w)+2n,0V°

rP=9q (1

rae w — o0ObeMHas OJIs MaTepuana 3amoJHUTeNs,
w = a@*/R® (puc. 1); V — oObeMHas 10N MaTepuana
Matpulsl, V= 1-w.

Kpome Toro, B dopmyne (1) mpuHATE 0003HA-
YEHUS, UCTIOJIB30BaHHEBIE aBTOpaMu padoT [5] u [18]:
&:1 2v, =2GM’9=6_M=&, )
e I1+v, 3K e, K,

M M 3

M
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E E
e =——=3K , g =——=2G_, (3
M 1—2VM v Eu 1+VM M ( )

rne Eu u vy — Momynb FOnra u xoaddumment Ilyacco-
Ha MaTepuanta MaTpULbl COOTBETCTBEHHO; Ky — 00b-
eMHBIN MOZyNb; Gy — MOIYJIb CABUTA MaTPHUIIBL; €y —
LI1apOBOM MOZYJb OOBEMHBIX JeopMalyii; gy — JeBHa-
TOpPHBIA MOAYJIb COBUIa MAaTPHUIIBI; Ty — OTHOLICHHE
MOJyJiel MaTpulpl; K; 1 e; — 0ObEMHBIH U IapOBOH
MOy MaTepuaja 3aloHUTENsl COOTBETCTBEHHO; O —
OTHOILICHHE OOBEMHBIX MOAYJIEH MaTepHanoB MaTpH-
L6l ¥ 3aIIOJTHUTEIS.

Ecnu Teneps ¢ yuerom (1) mpupaBHAeM paju-
JIbHBIC TIEPEeMELICHUSI B HApY>KHBIX TOUKax 3¢ ¢ek-
TUBHON Mojaenu (puc. 2, a) ¥ MOAEITH MaTPHIIBI (pHC.
2, 6), TO B pe3yJbTare MoJydyuM (CHOBa 6e3 BBIKJIA-
I0K) hopMyiy Ui BBIYMCIICHHS BETUYMHBI Oe3pas-
MepHOTO 3PPEKTHBHOTO MOy ABYX(Pa3HOTO KOM-
MO3UTa:

1+2 +2n.0V
LK _(1+2n,w)+2n, ’ @
K, V+0(2n, +w)

rae k — o0beMHBI Momyns Kommo3uta (K), BbIpa-
JKCHHBIN B TOJISIX OT MOAYJIS MaTPHIIbI (Ky,).

[Ipu 3TOM oOpaTHas dopMyna IS BEIYACICHUS
3¢ PeKTHBHOTO 00BEMHOT0 MOAYIIA K IPUMET BUJT

K=K k=K (1+21’]MW)+21'|M9V. )

YV +06(2n, +w)
Panee B padore P.M. Kpucrencena [17] Obuia

noiy4yeHa gopmyiia, aHamoruyHas ¢popmyine (5), Ko-
TOpasi B HAIMX 0003HAUCHUAX MMEET BH]

K-K, w ©)
K, +3G,

B rtakoit hopme Kpucrencenom ¢ yderom mapa-
qurMbl XarmHa [19] nonydeHa dopMyiia 1y BEIYKC-
JIeHHs1 BETUYMHBI 0OBEMHOT0 MOAYJIsl ynpyrocTa (K)
B MOJHANUCIEPCHBIX KOMIIO3UTaX €O C(HEepHUUIEeCKUM
BKUTIOUCHHEM (3amosiHuTeneM). Ilpocteie mpeobpaso-
BaHUs popmysl (6) ¢ yuerom obo3Hauenuit (1) — (3)
MIPUBOJIAT HAC CHOBa K dopmynam (4) u (5). Cneno-
BarenbHO, GopMyIsl (4), (5) u (6) HACHTHYHEI APYT
npyry. Criocod mosmyuenust popmyIisl (4) MOCPEICTBOM
HCTIONBb30BaHMs pelieHus 3afgaun Jlame MeHee Tpy-
JOEMOK, TaK Kak TPeOyeT BBIIOIHEHHS TOJBKO 3Je-
MEHTapHBIX aJredpandeckux npeodpazoBanuii. Kpu-
CTEHCEH e noiayuuia Gopmymy (6) Gonee CloOKHBIM
00pa3oM, HEMIOCPEACTBEHHO UCIIONb3Ysl YPABHEHHUS JIH-
HEWHOM TeOpuHu yIpyrocTu.

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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1. PacueTHble (hopMyJibl
3¢ PpekTHBHOrO MOAY.JIA (k) KOMIIO3UTOB

B dopmynax (4) — (6) 3adbukcupoBan (HakT TOTO,
YTO MaTepuall MOZCNIEH Ha PacueTHBIX CXeMax, uMe-
ronmx (opmy mapa (puc. 2, a u 8), IPeICTaBIeH TOJb-
KO OIHOM yIpyTroi KOHCTaHTOHW (MoxyneMm K mmn Ks),
a MaTepuall MaTPHIbl, UMEIOIeH (HOPMY TOJICTOCTEH-
HOH cdepsl (puc. 2, 6) — IByMs1 KOHCTaHTaMH (MOJIyY-
1siMu Ky 1 Gy). OTOT GaKT ¢ TOUKU 3pEHUS YIPYTHX
CBOWCTB CIIY’)KUT NPH3HAKOM OCOOEHHOCTEH ompeje-
nenus 3hdHekTUBHOro Moxyisl K, IPUCYIINX TOIBKO
IBYX(ha3HbIM KOMITO3UTaM, B OTJIMYHE OT dPPEKTHUB-
HOTO MOZYJIS APYTHUX (MHOTO(A3HBIX ) KOMITO3UTOB.

Uccnenyst dopmyny (4), 3ameTvM, 4YTO THapa-
METPHI Ty 1 W UMEIOT OAMHAKOBBIM U yIOOHBIN HMH-
tepsai (0, 1) ux 3HaueHn. OMHAKO 3HAYCHUS MOITY-
1 k v mapameTpa 6 U3MEHSFOTCSl B IPYTrOM WHTEpBa-
ne (0, c) uucen. [lostomy unrepsan (0, ) pacuie-
HUM Ha 2 wHTepBaya: uHTepBan Maibix (0, 1] u un-
TepBan Oonpmux [1, ) uncen. B Takom cimydae mo-
JMy4uM ABa paboumx BapuaHTa GopMydsl (4):

— BapuaHT 1 — mns uncen moxyns (ky > 1) npu
3HaueHmwsx 0 =0, < 1:

K, (1+2nMw)+2nM61V .

kl = = ’ (7)
K, V+6,2n, +w)

— BapHWaHT 2 — ans uucen monyns (k2 < 1) npu
3HaueHusx 0 = 0,> 1:

K, (1+2n,w)+2n.6,V

k = —_—= . 8
> K, V40,20, +w) ®

Oco60 ormetnMm, uTo B popmynax (7) u (8) ma-
pametphl 0; U 6 UMEIOT UHBEPCHBHYIO CBSI3b (C KO-
3¢ PULNEHTOM HHBEPCHH, PABHBIM €IMHHUIIE), TAK KaK
ux npowusBenenue 0; - 6= 1. Dto cBoiicTBO 0ONETYA-
eT aHanu3 pacueTHsIX (hopmyi. Ho mpenBapurensHO
BcrioMHUM runortessl Doiirta [21] u Peiica [20].

2. [Inockoe MPOCTPAHCTBO 3HAYEHUI MoayJeii k

[IpumeHss npaBUIIO cMecH, CHadasla ONPEIeInM,
coryiacHo [21], apdexTrBHBIN 00BeMHBIH MOAYIH (K)
komno3sura (puc. 1, 2). B pezynprate nony4uum 3aBu-
cuMocTh o Doiirry:

K,=KV+Kw. ©)
3aTeM, IPUMEHUB TO XK€ MPABUIIO, ONPEICIUM,

cornacHo [20], a¢pdexTuBHYI0 00BEMHYIO TOAATIN-
BocTh (1/K) MaTepuana u MOIXy4YHM 3aBHCUMOCTD IO

Peiiccy:
1 Voow
— =t (10)
K, K, K,

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

B otiimuue ot popmyi (4) u (6) B 3aBUCUMOCTSX
(9) u (10) BnussHME MOy ciBura Matpuisl (Gy) He
yuuTbIBaeTca. VIMEHHO B 3TOM W 3aKIIOYaeTcs TJIaB-
HbIM 00pa30oM MPHUOIMKEHHOCTh OLIEHOK 110 DolrTy
u o Peiiccy.

Benuuunbsl monyneit Ko U Kp COOTBETCTBEHHO
CIIy’KaT, KaK IPaBUJIO, BEPXHEH U HYXKHEHN IpaHuLCH
3HaUYCHUN peanbHBIX Moayieilt K kommo3uta. OgHa-
Ko, aHanu3 pemeHus KpucrteHncerna (6), mpencras-
nennoro Gopmynamu (4), (7) u (8), mo3BOIAET yTOU-
HUTh JIaHHOE MIPABIJIO (B CMBICJIC BEpXHEH U HIXKHEH
otieHkn BuikH Doiirta — Peficca) mpuMeHUTENBHO K
nByxdasHoit crpykrype 3epaucTeix CKM. Ho cHa-
yaja BbIpa3uM mMoayiu Ko U Kp B JOJIAX OT MOAYJIA
K, (MaTpuirel) 1 oydauM QopMyITel st Oe3pazMep-
HBIX BEJTMYHH TeX K€ MOJIyJICH:
k=Ko _p 2 K1 g

K 0 K V +0w

M M

[TpuMeHnTENBEHO K pacueTHbIM (Gopmynam (7) u
(8) BoIpaxenus (11) mpuMyT COOTBETCTBYOIINI BUI:
— BapuanT 1 (mpu 0 < 1):

w
ky,=1-w)y+—, ky, =——; 12
o =(=W 4 by = (12
— BapuaHT 2 (ripu 6 > 1):

w
kyy =(1=w)+—, ky, (13)

0, " (—w)tomw

B cnydasx, koria BeluvrnHa OTHOICHHS O Hew3-
MeHHa (0 = const), Beipaxkenus (12) u (13) craHo-
BATCSI QYHKIUSMHU OJHOTO apryMeHTa: ko = ka(w) H
kp = kp(w). CrnienoBatenbHO, 3T (YHKIUH MOTYT OBITH
MPEeICTaBIICHBI TPaQUIECKH B MIIOCKOM MPOCTPAHCTBE
oceit k u w (puc. 3). O HarIATHOCTH TAKOTO IPO-
CTpaHCTBA, MCIIOIB30BAHHOIO MpH aHanu3e Gopmym
(4) — (6), cBUOETENLCTBYET COZEpKAHNUE PAOOTHI [6].

..... y 92
T
w

Y

Puc. 3. OGnacTp mI0CKOT0 MPOCTPAHCTBA kK — W,
OrpaHH4eHHas 0csAMHU k, O u w. IIyHKTHPOM BbIJEIICHBI
2 orpeska (pyHKIMU ko = ko(0, w) pu 3HadeHHAX 0 = 01 1 0 = 02
[Figure 3. The region of flat space k — w bounded by
the axes k, 0 and w. The dashed line marks 2 segments of
the function ko = ko (0, w) for the values 6 = 01 and 6 = 0]
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B o6o3naueHHoil obnactu mpocTtpaHcTBa k — w
¢bysKE Monyneid nmo DoirTty, HampuMep, aHao-
rugHo hopmynam (12) u (13), mpuMyT BUA

ky = (1= W) +—, kg, = (1— W) +—.
0, 6,

Ot QyHKIMU 0TOOpakaroTcst ABYMs ceMeiicTBa-
MH TIPSMOJIMHEHHBIX OTPE3KOB, UCXOIAIINX M3 UX 00-
mieit Touku ¢ koopauHatamu (0, 1). Ha puc. 3 myHk-
TUPHBIMU JIMHUSAMH H300pakeHBI IBa TAaKHUX OTPE3Ka,
[0 OTHOMY M3 Ka)K0ro cemeiicTa. [IpaBbie KOHIIBI
BBIOPAHHBIX OTPE3KOB MMEIOT KoopauHaTel (1, 0;) u
(1, 61) (1a puc. 3 BbLICIEHBI YKUPHBIMUA TOYKAMH ).

Oynkuuu Moayiaeit o Peiicy u no Kpucrence-
Hy (B TOH e 00JacTH MPOCTPAHCTBA k — W) UMEIOT
KPUBOJIMHEHHOE OYepTaHue; X IpaduKu pacroio-
JKEHBI HIXKE OTPe3KOB 1o POUTTY U HEMOCPEACTBEH-
HO MPHUMBIKAIOT K 3THM OTPE3KaM CBOMMH KOHLIAMH
B Toukax (0, 1), (1, 6,) wmu (1, 0;) (puc. 3). s 6o-
Jlee YeTKOrO OMHCaHMs 3TUX (PYyHKIHH paccMOTpUM
JIBa YUCIICHHBIX IPUMeEPA.

3. CpaBHUTE/IbHBIH AHAJIN3 OLEHOK
no Doiirty, Peiiccy u Kpucrenceny

[IpoBenem ananuz pacueTHsx Gopmyd (7), (8) u
dopmyn (12) u (13) mist cpaBHEHUS BEpXHEH W HIDK-

HEll OIEHOK BeTMYMHBI 3(PPEKTHBHOIO MOIYJS YIPY-
rocT B IByX($a3HbIX KomIo3uTax. C 3TOH Lenbio BbI-
JISIUM JIBE€ TPYIIbl KOMIO3UTOB. B mepBoi W3 HUX
OTHOILICHHE 00BbEMHBIX MOJYJICH KOMIIOHEHTOB O mpH-
MeM paBHbIM 0,25, TO ecTh MEHbLIE €IUHUILIBI; BO BTO-
poii — 6ostbie equHAIIE (0 = 4).

3amaBmmck marom Aw = 0,125, BEIYHCINM MO-
oy ko 1 kp o popmymnam (12), (13) kak mns mep-
BOM, TaK W U1 BTOPOM TPyIIbl KOMIIO3UTOB. Pe3yib-
TaThl BBIYMCICHUH PEACTaBICHBI B Ta0M. 1.

3areM IJIs 3THX e TPYII BBIYUCIUM MOIYJH k
o gopmyrnam (7) u (8) mpu 3HAYEHHUAX OTHOIICHUS
Nw, PaBHBIX 1, %2 1 0, KOTOPBIM COOTBETCTBYIOT 3Ha-
yenns ko3dPunmenta [lyaccona vy, pasusie 0, 0,2 u
0,5. PesynpraTel 0TOOpaXeHHI B Ta0II. 2.

ComocraBuB TaONUIBI, OTMETHM, YTO 3HAYCHUS
CTpokH 3 B Tabia. 2 coBHAIU CO 3HAUYCHHUSIMHU CTPOKHU
2 B Tabn. 1. 3Ha4eHHA Ke CTPOKH 6 B TaOII. 2 B CBOIO
oyepenb MOBTOPAIOT 3HA4YEHUs CTpoku 4 B Tabid. 1.
Takxum 00pa3oM, HIKHAA TpaHUlla 3HaYeHUH S dek-
TUBHBIX MOAYyJIeH k, BeraucisieMblx 1mo Kpuctenceny
(Tabm. 2) TouyHO coBHasia C OLEHKOW MOAyJel kp 1O
Peticy (tabmn. 1). OmHako omeHku mo PoirTy u 1mo
Kpucrenceny paznuuHbl. DTO CIEAyEeT U3 COMOCTAB-
JICHUS IPYTHUX CTPOK TeX e TaOnuI.

Tabnuya 1
3nauenus moayJiei no @oiirry (ko) u mo Peiiccy (kp) auist ABYX rpyInn KOMIIO3UTOB
[Table 1. The values of the modules according to Voigt (ko) and Reuss (kp) for two groups of composites]
[pynna Moyn Oo0bemHasn A0J151 3aN0THHTes! w)
[Group] [Module] [Volume fraction of aggregate (w)]
P 0 0,125 0,25 0,375 0,5 0,625 0,75 0,875 1
1 o doiirty [according to Voigt] 1 1,375 1,75 2,125 2,5 2,875 3,25 3,625 4
o Peiiccy [according to Reuss] 1 1,103 1,231 1,391 1,6 1,882 2286 2,909 4
) no doiirty [according to Voigt] 1 0,906 0,813 0,719 0,625 0,531 0438 0,344 0,25
o Peiiccy [according to Reuss] 1 0,727 0,571 0,471 0,4 0,348 0,308 0,276 0,25
Tabauya 2

3Havenus moayeii k (mo Kpucrenceny) B 1Byx rpynnax komno3uTos (0 = 1/4 u 0 = 4) npu Tpex 3Ha4eHHX IapaMeTPa Nu
[Table 2. The values of the modules % (according to Christensen) in two groups of composites (0 = 1/4 and 0 = 4)
for three values of the parameter nw|

IMapameTtpsbl O0bemMHast 107151 3aN0JTHUTES (W)
[Options] [Volume fraction of aggregate (w)]

0 Nu 0 0,125 0,25 0,375 0,5 0,625 0,75 0,875 w—1
0,25 1 1 1,2 1,429 1,692 2 2,364 2,8 3,333 4
0,25 0,5 1 1,162 1,353 1,581 1,857 2,2 2,636 3,211 4
0,25 1 1,103 1,231 1,391 1,6 1,882 2,286 2,909 4

4 1 1 0,88 0,769 0,667 0,571 0,483 0,4 0,323 0,25

4 0,5 1 0,86 0,739 0,633 0,538 0,455 0,379 0,311 0,25

4 0 1 0,727 0,571 0,471 0,4 0,348 0,308 0,276 0,25

Jlis1 GoIbIIelt HATTISTHOCTH PacCMOTPHM JTBA Tpa-
(HYecKUx mpuMepa.

Tpumep 1. CoBMECTHM B OJHOM PUCYHKE Tpadude-
CKHi€ 3aBHCHMOCTH, TIOCTPOSHHBIE 110 JTAHHBIM Ta0I. 1
U 2 1715 TIepBOU TPYIIIBI BEIOPAHHBIX MaTEPHUAIOB

410

(puc. 4). IIpu 3TOM Bce 3HaUeHUA dPPEKTUBHBIX MO-
IyJiel Jekat B uHTepBaye uucen 1 <k <4.
KoHIieBble TOYKH BCEX KPUBOJIMHEHHBIX TPaQUKOB
(puc. 4) coBMeIIeHbI ¢ KOHIIEBBIMHA TOYKAMH TIPSMO-
nrHelHoTo oTpe3ka mo doitrty. Hrxawmit rpaduk 3ua-
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YeHUI MoAyJiel 1o Pelicy aeT HMKHIOK OLICHKY 3Ha-
yeHUH 3P(EKTUBHBIX MOIYJIEH peaTbHBIX KOMIIO3UTOB.
O06macTh TWIOCKOTO MPOCTPAHCTBA, OTpaHUICHHAS BEPX-
HHMM W HIDKHUM TpadyKaMu, HarTSITHO JEMOHCTPHPYET
Tak Ha3piBaeMyto BuiKy doiirra — Peiicca.

4
35
2 3 ke
]
254 —k, nv=1
z
= -
24 / 7. s = = k nm=0,5
15 //../ ——tp
1 T T T T

0 0,125 025 0375 05 0,625 0,75 0,875 1

O0beMHas 10151 3aNI0JTHHTENSA, W

Puc. 4. 3aBucumoctu Mmoxyiei ko1, k1 U ki
OT BEJIMYUHBI 00BEMHOIT 1071 W. 3HAUCHHS k1
COOTBETCTBYIOT 3HAUEHUSAM Ty, PaBHBIM 1, %2 1 0
[Figure 4. Dependences of the modules ko1, kp1 and ki
on the volume fraction w. The values of k1 correspond to
the values of nu equal to 1, Y%, and 0]

Ha puc. 4 taxke 0TOOpa’keHBI 3aBUCUMOCTH 3Ha-
4yeHuit Mmoayien ki mo KpucreHceny — Tpu KpUBOJIH-
HEHHBIX rpaduKka, COOTBETCTBYIOIIMX 3HAYCHHUAM KO-
addurmenta [lyaccona vy = 0, 0,2 u 0,5. [Ipu aToM
HIDKHUH TpaduK (co 3HaueHueM vy = 0,5) TOUHO coB-
naj ¢ rpagukom mMoxaynei kpi (o Peiiccy). CnenoBa-
TEJIBHO, HIDKHSS OLIeHKa 1o Peiiccy, onpenensemas BTo-
poit u3 hopmyi (12), SBASETCS M YaCTHBIM CITydaeM
¢dopmynsl (7) mpu 3HaueHuu My = 0 (wmm vy = 0,5,
YTO TO YK€ CaMOe).

Orenka mo DoirTy (BepxHUi rpadmk) HE COBMA-
JaeT ¢ BepxHeil ornenkoi mo Kpucrenceny (2-it rpa-
¢uk cepxy) (puc. 4), KOTOpasi, COINIACHO BhIpaXe-
Huto (7), mpu 3Ha4YeHUU My = | ompenensercs Qop-
MyJIOH

_(1+2w)+207

ky=——"- 2L — 1 14
" Y 40,(2+w) (14

3HaueHnsM |, k, OTBEYAIOT MaTepHalIbl MATPHILIB,

koaddurmment [lyaccona kotopsix vy = 0. Takue ma-
TepuaJipl Jy4Ile IPYIHX MaTepHaoB (CO 3HAUYEHMS-
MU Vy > 0) COMPOTHUBISIIOTCS AehOpMAaIHsIM CABUTA.
JdpyruMu ciioBamMH, 4YeM MEHBIIE BETHUYHMHA KO3(-
¢uImeHTa vy, TEM BBIIIE KECTKOCTh (M TPOYHOCTH)
KOMIIO3HTA.

Ilpumep 2. AHaNOTUYHO MOCTYIIM U CO BTOPOH
IPYNION BEIOPAHHBIX KOMIIO3UTOB. COBMECTUB B OJTHOM
PUCYHKE 3aBUCUMOCTH, IIOCTPOEHHBIE 110 JAHHBIM Ta0d1. 1
U 2, mony4nM rpadyKu, ogo0HbIe Tpadukam mepBoi

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

IPYIIBI MaTEPUAOB (PUC. 5), HO CO 3HAYCHUSAMU MO-
nynei k< 1.

\

0,95

AN ko
0,85 NN
0,75 \ N
3 \ ~~ \\
0,65 \ \

B --k

0,55 \\ :

—k, nv=1

n;\/l:O,S

3unauenus k

0,45 -| ——kP

0,35

0,25

0 0,125 025 0375 05 0625 0,75 0,875 1

OOBeMHas 10N 3aMOTHUTENSA, W

Puc. 5. 3aBucumoctu Moayei kaz, kp2 U k2
OT BEJIMYHUHBI 00BEMHOM 10U W. 3HAYEHHUS k2
COOTBETCTBYIOT 3HAUCHHSM IIapaMeTpa Mw, paBHbIM 1, /2 1 0
[Figure 5. Dependences of the modules ka2, kp2 and k2
on the volume fraction w. The values of k2 correspond to
the values of the parameter nw equal to 1, 2 and 0]

[NocmenoBaTenbHOCTE B PacIioiOXeHUH TParKOB
Ha pHC. 5 coxpaHdeTcs Takoil ke, Kak W Ha puc. 4.
OCHOBHBIE pa3INYUs PUCYHKOB 3aKJTFOYAIOTCS B TOM,
gT0: 1) MpAMOIMHEHHBIN OTpE30K Ha pucC. 4 n300pa-
’)KeH BOCXOJSIIMM, & Ha PUC. 5 aHAJIOTMYHBIN OTpe-
30K — HUCXOISIINM; 2) puc. 4 XapakTepu3yeT KOM-
TIO3UTHI TIepBOi Tpymnmsl (Tipu 6 < 1), puc. 5 — KoM-
MO3UTHI BTOPO# rpynmsl (ipu 6 > 1).

3aBucumoctu no Kpucrenceny (2-i u 4-ii rpa-
¢uku Ha puc. 5), onpenensemeie popmyron (8), mpu
3HAYCHUAX Ny = | B Ny = 0 IpUHUMAIOT BUI QYHKITAH

_(1+2w)+20,7
Y 40,2+w)

(15)

1
. = 16
U 0,w (10)

Takum o6pazom, 3aBucuMocTh (16) Kak 4acTHBII
ciydait popmyer Kpucrencena (8) coBmamaer ¢ dop-
myioii Peiica (13).

3akjoueHmne

Pacuernas ¢popmymna (6) P.M. Kpucrencena [17]
Uil BeNMUYUHBL () (PEeKTUBHOTO 00BEMHOT0 MOAYJIS
MOJIMIUCTIEPCHBIX KOMIIO3UTOB CYILECTBYET YK€ IO-
gti 40 JIET ¥ UMEeT MOCTATOYHO IIUPOKYIO M3BECT-
HOCTh. TeM He MeHee, K COKaJleHHIO, OHAa (paKThde-
CKH HE HCIOJB3YETCS] B CTPOUTEIBHOM MaTepHajo-
BEJCHUH. BBIIEN30KeHHbIE YUCICHHbIE HCCIEN0-
BaHUs 3TON (HOPMYJIBI TIO3BOJIMIIN BHISABUTH U Tpadu-
YEeCKH NMPOWIIIOCTPUPOBATH PsJl HECOMHEHHBIX €e
JOCTOUHCTB.
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Bo-TiepBBIX, OTHOCHTEIIBHO BEPXHHUX M HIDKHHX OLIe-
HOK BEJTMYMHBI OOBEMHBIX MOJYJIEH peallbHbIX KOM-
MO3UTOB (hOpMyJia BBISBISET CYKEHHYIO BHJIKY OIle-
HOK 110 KpricTeHceHy, o cpaBHEHHUIO ¢ 00IIEH3BECTHON
Buiikoi @oiirta — Peliccay.

Bo-BTOphIX, HIKHEE omeHkH 110 Peticcy (13) u mo
Kpucrenceny (16) coBnagaior. 9T0 yTOYHSET MOJIOXKE-
Hue Bk 1o KprcreHceny B pamkax Buiiku Dotirra —
Peticca.

B-TpeThux, HamM HHTEpHpeTAlUH (HOPMYIIBI
Kpucrtencena UMEIOT BUJI IIEMEHTApHBIX anreOpau-
YecKnX (QyHKIHHA TpeX 0e3pa3MepHBIX MapaMeTpoB
(M = 2GW/3Ky, 0 = KWK, 1w = a’/R). Do cymre-
CTBEHHO OOJIer4aeT MX YHCIEHHBIA aHAIN3 U IIpaKTu-
9YeCKOe TOJIh30BAHNE UMH.

W, HakoHet, B-4eTBEPTHIX, Oe3pazMepHas Gopma
TpEJICTaBIICHHST BETMYNHBI 3()PEKTUBHOTO MOJYIIS 3€p-
HHCTOro Komnosuta (k = K/K,;) Mo3BOJISET OCTPOUTH
B TUIOCKOM IIPOCTPAHCTBE kK — W CHCTEMYy OECKOHE-
HOTO MHO’KeCTBa I'paUIecKuX 3aBHCHUMOCTEH MO-
IyJsl k OT KOTMYECTBEHHOTO coAepKaHusl 00beMHON
JTOJTU 3aIlOJIHATENA. DTO aeT BO3MOXKHOCTH B KaXK-
JIOM KOHKPETHOM KOMTIO3HUTE BBIYHCINTH MECTO €ro
3¢ (GEeKTUBHOTO MOAYJS B IJIOCKOM IPOCTPAHCTBE
MofayJel, ompenensieMbix Gopmynoil Kpucrencena,
1 B CIy4dae HEOOXOMIUMOCTH YCHIUTH (MIH OCTIa0OWTh)
T€ WJIN UHBbIE MEXaHHYECKNX CBOMCTBA KOMIIO3UTA.
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Abstract

In the book of R.M. Christensen, “Introduction to the Mechanics of Compo-
sites” (1982), a calculation formula is given for the bulk module of polydisperse
composites with spherical inclusions. This formula has been known to the Russian-
speaking reader for almost 40 years, but unfortunately, it is not used in the practice
of building materials science. To identify applied possibilities, R.M. Christensen's
formula is modified and reduced to a dimensionless function k = k (w, 1, 6), which
depends on three dimensionless parameters, i.e., it depends on three quantities: w is
the volume fraction of the inclusion, n — the ratio of the shear modulus of the ma-
trix material to the volume modulus of the same matrix, 0 is the ratio of the volume
moduli of the matrix materials and inclusion. Numerical studies of this function
reveal that in two-phase granular composites, the range of effective moduli is sig-
nificantly narrowed compared to the region limited by Voigt and Reuss estimates
(in the sense of the upper and lower bounds of real values). At the same time, the
lower Christensen score is the same as the Reuss score. Numerical and graphically
presented results are given on the examples of the study of two characteristic
groups of composite materials. In addition, the dimensionless form of the effective
module allows to construct a system of visual graphic dependencies of the func-
tions k(w) in a flat space k£ — w. For different values of 0, the function k£ = k (w, 1)
displays a bunch of curved segments, which sets the position of the plane figure in
flat space. Examples of constructing figures for characteristic regions of the values
of the function & (0, 6, w) are given.

Keywords: two-phase model of granular composite; spherical shape of the
phases of the matrix and aggregate; effective bulk modulus of elasticity of the
composite; Voigt — Reuss plug for an effective module
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HHH TIPSMBIE U KPYIJIbIC OUePTaHMUSI 3aMKHYTBIX M OTKPBITBIX KOHTYPOB. Memoout.
IocpeacTBoM OIBITHO-KOHCTPYKTOPCKUX MPOPAOOTOK U ONTUMU3ALUOHHO-TIPOEKTHBIX
pacueToB MIBEJUICPHBIX Mpoduiiel pa3paboTaHO MX HOBOE TEXHHMUYECKOE PELICHHE,
OPUTHHAIBHOCTH KOTOPOTO MOATBEPXK/ECHA IATEHTHOH 3KCIepTH30i. Peszynbmameoi.
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Beenenne IPAKIAHCKOM CTPOUTENBLCTBE. 1IIBEIIEpHBIN THY ThINA
podWIIb O OTNPENeICHNI0 00pa30oBaH CTCHKOW U
JBYMSI TTOJIKAMH, PACTIOJIOKEHHBIMH TI0 OJJHY CTOPOHY
OT CTEHKH IOJ NpaMbIM yriioM (puc. 1, a) [45. C. 7].
Ob6nacTe €ro palMOHAIBLHOTO MPUMEHEHUS] 3aMETHO
PACIIMPHIIACH 3a CUET JIETKUX CTATIBHBIX TOHKOCTEHHBIX

T'HyTBIe M IpOKATHBIE IIBEJJIEPBI OTHOCSTCS K COp-
TOBBIM ¥ (DaCOHHBIM MPOGUIISIM CTATBHOTO MPOKATa,
HMMEIOIIMM MOBBIIIEHHBIN CIPOC B MPOMBIIIIEHHO-

Mapyman Anexcandp Cypenosuu, KaHan1aT TEXHUUECKUX HAYK, JIOLEHT,

CTapIINK Hay4YHBIH COTPYAHUK OT/ENIa OPraHU3aLMU IIPOEKTHO-IPAHTOBON KOHCTPYKIHHU (HCTK) PpasJINIHbIX 3MaHAU U COOPY-

JeSTEbHOCTH, TIPETOaBaTeb KOMIe/ka skeHu# [1-3], roe B KauecTBe OCHOBHOTO KOHCTPYK-
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ChI CTCHOBBIX M KPOBEJIbHBIX MaHEJCH, Oanku mepe-
KPBITUI U MOKPBITHHA, HAJACTPOMKU U MaHCapbl, CTPO-
MAJIa ¥ CTEJUTAXKH, PUTENN ¥ BUTPAXKH, PAMHO-CTEPIK-
HEBbIC M ()epPMEHHBIC CHCTEMBI, & TAKKe JPyrue Hecy-
e ¥ orpaxzaaromue KoHcrpykuuu [4—13]. Isen-
JepHBIH THyTo3aMKHYTHIH nTpodmits (I'3I1) ormuda-
€TCsl OT THYTOTO IIBEJIJIEpa COCTABHBIM CEUCHHEM,
B KOTOPOM CTE€HKa M TPyOYaThie TMOJKU COIPSKECHBI
JIPYyT C APYTOM TOCPEICTBOM 3yOYaThIX 3aMBIKaHUH
MPOAOIBHBIX KPOMOK M B3aHMHOTO ONHPAHUA B 30HE
KOHTaKTa JIByX €ro JHCTOBBIX 3aroToBOK. M3 HUX Ha-

> =

PYXXHas 10 CBOEMY OYEpPTaHUIO HUYEM HE OTJINYaeT-
Csl OT THYTOTO IIBEJUIEPa, a BHYTPEHHSIS B HONeped-
HOM CEYeHHUH nMmeeT HopMy KPYIJIOoro HOIyKOIbIa
JaMeTpOM, paBHBIM BBICOTE CTEHKH (puc. 1, 6) [14].
[pennaraemoe (HOBOE) TEXHUYECKOE PELICHNUE THYTO-
3aMKHYTOTO HIBEJJIEpa TaKKe OTHOCUTCS K 00JacTH
CTPOHTEJBCTBA M MOXET OBITh MCIIONIb30BAHO B Kaue-
CTBE CTEPKHEBBIX M OAJIOUHBIX SJIEMEHTOB NPH pas-
pabOTKe CTPOHUTENBHBIX KOHCTPYKIMH. B wacTHOCTH,
3TO MOTYT OBITH CTEPYKHEBBIC IEMEHTHI (DepM TTOKPHI-
THI, CTCHOBBIE PUTENN MU KPOBEJIbHBIE TPOTOHEL.

Puc. 1. CxeMbl MBEIUICPHBIX MPODHIICH:
a — THYTOT0; 6 — THyTO3aMKHYTOT'0; 8 — THyTOTO C IJIMHIPHIECKUMU BIAJUHAMHU; 2 — THyTOTO C IPOAOILHBIME TodpaMu;
0— THYTOKIJICTIAaHOTO C pr6'~IaTI)IMI/I TI0JIKaMU; e, JfC, U — THYTOCBApHOI'O C pr6‘IaTI)IMI/I IIOJIKaMHu
[Figure 1. Scheme channel profiles:
a — bent; 6 — bent closed; ¢ — bent with cylindrical hollows; 2 — bent with longitudinal corrugations;
0 — bent riveted with tubular shelves; e, o, u — bent welded with tubular shelves]

K u3BecTHOMY TEXHHYECKOMY PEIISHHIO MOKHO
OTHECTH THYTHIH IIBEJUIEPHBIN MPO(WIb TOIIIHUHON
0,8...3,5 MM, CTEHKa KOTOPOT'0 COMPsDKEHA C MOIKaMHU
MOCPE/ICTBOM YYacTKOB M3TrH0a C paJlyCHON BHYTpEH-
Hel TTOBEPXHOCTHIO M BHEIIIHEH MOBEPXHOCTHIO C BIa-
JIUHAMH B ()OpME LUIMHIPOB OMPEIICIICHHBIX pa3Me-
poB (puc. 1, ) [15]. Takue BnaauHbl CIOCOOCTBYIOT
POCTY MECTHOH (JIOKaITbHOM) YCTOHYHMBOCTH TOHKOCTEH-
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HOTO TIPOGWIIA U, KaK CJICICTBHE, YBEIMUCHHIO €T0 He-
cytielt criocoOHocTH. OJJHAKO MX BBIMOJHEHHE COMPO-
BOXKJIACTCSL IOTMOJHUTEIBHBIMH 3aTpaTaMu, a TpU UC-
MOJIb30BAHUH CTAJICH MOBBILIEHHOM M BBICOKOH IpoY-
HOCTH MOXET TIPUBECTH K 00pa30BaHMIO TpenwH. Jpy-
UM TEXHUYECKUM PEIICHUEM SIBIISIETCS THYTHIM IMpo-
(bmITh TIBEIUTEPHOTO THTIA U3 OITHKOBAHHOM CTaJd TOJI-
nwHoH 0,5...1,0 MM, comepskamuii MOJIKA M TodhpH-
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POBaHHYIO CTEHKY C 33/IaHHOH BEIMYMHON paanyca n3-
ruba Mexay HumH. [Ipoduins gomonHUTENBEHO comep-
YKUT TIPOIOJTEHBIE TOMPHI Ha MOJTKAX M OTOOPTOBKH 10
MX KpOMKaM OmpelesieHHbIX pa3MepoB (puc. 1, &) [16].
I'odpupoBanne yBeaMuuBaeT pecypcsl MECTHOM (J10-
KaJIbHOHN) YCTOMYHBOCTH M (DOPMBI TOHKOCTEHHOTO
CeueHus, Hecylias crocoOHOCTh KOTOPOTO, OJTHAKO,
OrpaHHYCHa M3-3a HE3HAUYUTEIHLHOW TONIIWHBI OTKPHI-
Toro (He3aMkHyTOro) rpoduis. TpyOuaTeiMul (3aMKHY-
TBIMH) TIOJIKAMH, UMEIOIIMMH B TIONIEPEYHOM CEUCHHUN
(bopMy IPSMOYTOJBHOM Tpamnenuu, OTINYaeTcs TeX-
HUYECKOE PEIICHNE IBEJUIEPHOTO THYTOKJIEIAHOTO
npodws (puc. 1, 0) [17]. OHO MO3BOIAET UCITOIH30-
BaTh TOHKOJIMCTOBYIO OIIMHKOBAHHYIO CTallb, HO TPH-
MEHEHHE B HEM 3aKJICTIOYHBIX COCIMHEHUH BBI3bIBAET
JIONIOJIHUTEIIbHBIE 3aTPATHL.

Hawnbonee 6m3kiM K npeiaraeMomy (IPHHITBIM
B KayecTBE MPOTOTHIIA) SBISIETCS TEXHUYECKOE PeLleHHEe
B Bujie mBesuiepHoro rayrocBapraoro npodws (I'CIT),
CTEHKa KOTOPOr'0 COMNpPsDKEHA ¢ TPyO4aThIMH IOJIKA-
MU TOTYTUIOCKOOBAIBHOTO WM MPSMOYTOJIBHOTO Cede-
HUS OIPEJIeIeHHBIX pa3mepoB (puc. 1, e, o, u) [18;
19]. [TapameTpbl CTEHKH M TIOJIOK COpPa3MEpHBI TOJI-
HIMHE TaKoro Mpouiisi U MojoOpaHbl BechbMa paru-
oHanbHO. [Ipy 5TOM HanM4KeE B €T0 COCTaBe IBYX CBap-

0 e

HBIX IIIBOB SIBJISIETCS OTPAHUYCHUEM MUHUMAILHOM TOJI-
IIMHBI CBAPUBAEMBIX DJIEMEHTOB M IIPETIITCTBUEM JIJIS
HCIOJIb30BaHMUs OLIMHKOBAHHOW ctanu. Emie ogHo Tex-
HUYECKOE pelIeHHE (MIPUHIATOE 32 aHAJIOT) MPEJICTaB-
nsiet coboit ['3I1 mpsMOyToIbHOTO CEeYeHUs! CO CThI-
KOM 10 CepeJIMHE OJHOWN U3 IJIMHHBIX TpaHeH, e Kax-
J1asl 9acTh COCTHIKOBAHHOW I'PaHM UMEET MPOJIOJKEHNE
B (opMme pedpa. JIuctoBast 3aroToBKa TaKOro MpoQuIst
BBHITIOJIHEHA 110 BCEW JJIMHE C 3yOUYaTBIMU MPOJOIh-
HBIMH KPOMKaMH, 3yOIlbI KOTOPBIX PACIIOJI0KEHBI OTHO-
CHTEJIBHO JPYT JIpyTra B MIAXMaTHOM TOPS/IKE U B3aUM-
HO 3arHYTHI B Mla3aX MEXIy COOOM IocIie 3aMbIKaHHSI
THyTOTO TIpoduiIs 1Mo pedpy (puc. 2, a, 6) [20]. 3yo6-
4aroe 3aMbIkaHue GpopMupyeT npoduib 6e3 cBapkwu,
YTO TO3BOJIIET TIPUMEHSATh OIIMHKOBAHHYFO TOHKOJICTO-
Byto cTaib. [lomepeuHoe cedeHue aHajgora ONTHMH3H-
POBaHO TI0 KPUTEPHIO PABHOYCTONYMBOCTH, PALOHAIH-
HOM IS CTEP’KHEBBIX AJIEMEHTOB, OKA3bIBAIOIINX CHIIO-
BOE€ COTPOTHBIIEHHE MPOJIOJIGHBIM HAarpy3Kam, HO Tpely-
€T OmpeeIICHHON JOpaOOTKH TS OAJIOUHBIX DJIEMEHTOB.
[NareHTHas FKCTIEPTH3a MPEIAraeMOoro MPOQHIIS BBISBU-
JIa ele 1Ba TEXHHYECKUX PElIeHUs, IOX0XKUX Ha TIPH-
HATBIA aHajior. IlepBoe U3 HUX MOYKHO OTHECTH K BO3-
JyXOBOJIaM M BEHTHJIALIIOHHBIM CHCTEMaM, a BTOpOe —
K IPOQHIIEHBIM TPYOaM HOBBIIICHHON TOHKOCTEHHOCTH.

Puc. 2. Cxembl rHyTO3aMKHYTBIX npoduiteit (I"311):
a, 6 — ONTUMHU3UPOBAHHBIX 110 KPUTEPUIO PABHOYCTOHYUBOCTH; 6, 2 — C KpEIUIeHHeM (alibLIeBOTO THIA; 0, e, o — U3 IByX C-00pa3HBIX 3ar0OTOBOK
[Figure 2. Schemes of curved closed profiles (CCP):

a, 6 — optimized by the criterion of equilibrium; 6, 2 — with fastening seam type; 0, e, orc — from two C-shaped blanks]

['HyTO3aMKHYTBIM KpeIUIeHHEM (anbleBOro TUIa
OTJIMYAETCs CIOCO0 M3TOTOBICHUS M COCAMHEHMS KO-
pobuaroro 3jgeMeHTa U3 TOHKOJHCTOBOW 3arOTOBKH,
KPOMKH KOTOPOH OTTHOAIOT, COBMEIIAIOT, pa3pe3atoT

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

Y 3aru0aloT B MPOTUBOIOJIOKHEIC CTOPOHBI 10 JIMHUH,
COEIMHSIIOIIEN OCHOBaHMS pa3pe3oB (puc. 2, s, &) [21].
3y0uaThie KpEIUICHUST 3aMKOBOT'O THITa MCIIOIB30BaHbBI
B CII0CO0E M3rOTOBJIICHUS 3aMKHYTOTO METAJLTHYECKO-
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r0 IpouIs U TEXHOJIOTHIECKOM KOMIUIEKCE TSI €T0
ocytecTBiIeHust n3 MBYX C-00pa3HBIX 3ar0TOBOK (pHC. 2,
0, e, oic) [22]. Jns yBenmudeHHs HECYIIeH CIToCoOHO-
CTH CTEHKHU M moJku C-00pa3HbIX 3arOTOBOK yCHIIe-
HBI TIPOJIOJIBHBIME TO(paMH, a 3y0uaThie KPeTIeHHs
MOCTIE WX 3aMBIKAHUS OCTAIOTCS BHYTPH 3aMKHYTOTO
npodus. CpaBHUBas Takoi MPOQUIIb C THYTO3aMKHY-
TBIM IIBEJUIEPOM, MOKHO 3aMETHTh, YTO HECyIast CIo-
COOHOCTB TIOCIIeTHETO o0ecTiedeHa 3aMKHY THIMH KOHTY-
paMu ero Mmook 0e3 MPO0JIbHBIX TOQpPOB, a 3yOua-
ThIe KpEIUIeHUs! OoJiee TOCTYIHBI U, KaK CIEICTBHE,
0oJee TEXHOIOTUIHBI.

B npuBeneHHBIX TEXHUYECKHUX PEIICHUSX, HCKITFO-
Yasi aHaJIor, HeCyIas CriocoOHOCTh npoduiieit odecre-
YeHa U3 YCIIOBUS UX CHJIOBOTO CONPOTHBIICHHUS TIOTIe-
PEeYHBIM Harpy3KaM U BO3JEHCTBHSIM, CBOHCTBEHHBIM
0aIOUYHBIM KOHCTPYKIUSAM. DTUM HPOPHIIM MOKHO
NpHUIATh 3aMKHYTYIO, HO JOCTAaTOYHO KOMIIAKTHYIO (op-
My TOTIEPEYHOT0 CEUYCHUsS C OTHOIICHHEM radapuTOB
10 IIUPUHE U BBICOTE 1/2, HTOBOIHHO YCTOWMUNBYIO U3
TUIOCKOCTH M B IUNIOCKOCTH HECYILIEH KOHCTPYKIHH, YTO
MIPUMEHUMO U JUTS TAKUX CTEPKHEBBIX DIEMEHTOB, KaK
nosica hepm. [TomoOHas nmpopadoTtka msemiepHsx 311,
BKJIIOYAIOIIAs 3aMbIKAHUS 3y04aThIX KPETJIeHWH IO
KOHCTPYKTHBHO-KOMIIOHOBOYHOMY PELICHHIO U3 aHaJIo-
ra, MOXeT YBEIMYUTh PECYPCHl HECYIIEH CITIOCOOHO-
CTH, a I[OHOHHHTCHBHBIﬁ pacue€T ONTUMAJIBHBIX IIapa-
METPOB — HOBBICUTH X OCHOBHBIE XaPaKTEPHCTHKH.

1. HIBennepusiii I'3I1 u ero pacuer

TexHIYecKNM pe3ynbTaToM TpeyIaraéMoro pere-
HUS SIBJIIETCSA JOCTaTOYHAS MECTHAs (JIOKaJIbHAas) U 00-
11asi YCTOMYMBOCTh TPOQHIISi U3 TUNIOCKOCTH U B TIIOC-
KOCTH HeCyIIell KOHCTPYKIIHH, pacIIipeHrne 00IacTH
palrOHANBEHOTO TIPUMEHEHHSI, a TaK)Ke yMEHBIIICHHE
JIOTIOJTHUTENBHBIX 3aTpar. YKa3aHHBIH pe3yabTaT J0CTH-

raercs TeM, uto B mBesuiepHoM I'3[1 crenka u Tpyo-
YaThle TOJKU COMPSHKEHBI IPYT C IPYTOM MOCPEICTBOM
3y09aThIX 3aMBIKaHUH MPOJOITBEHBIX KPOMOK W B3aWM-
HOTO ONMPaHHUs B 30HE KOHTAKTa JBYX €T0 JHCTOBBIX
3aroTOBOK, TJi¢ BHYTPEHHSISI TPAaHbh CTEHKH U TTOJIOK B
[IOTIEPEYHOM CeYeHHH MMeeT (OopMy KPYyTJIOTo TOIy-
KOJIbLIa THAMETPOM, PaBHBIM BBICOTE CTEHKU [14].
HIsennepnsiit ['3[1 obnagaer noctaTouHO yHHBEpCATb-
HBIM TEXHUYECKHM PEIIeHHEM, C peaiu3alei KoTo-
pOTro Ul €ro M3roTOBJICHUSI MOKHO HCIONB30BaTh HE
TOJIBKO 3yOUaTble 3aMbIKaHuUs, HO ¥ CBapHbIE, OOJITO-
BBIE WJIM 3aKJIETIOYHbIe coenuHeHus. [Ipu m3rorome-
HUW THYTO3aMKHYTBIX TpoQieii ¢ 3y0UaThIMU 3aMbl-
KaHHSAMH TTapaMeTpbl 3yOIIOB TPOIOIBHBIX KPOMOK MX
JIMCTOBBIX 3arOTOBOK IIEIeCO00pa3Ho Moao0parh Tak,
9TOOBI OJJHMM 3WI3aroo0pa3HbIM pe3oM (GOpPMHPOBATH
KPOMKH Cpa3y JIBYyX 3arotoBok (puc. 3, a). Torma m3-
JePKKU TIPOU3BOJCTBA OyAyT MUHUMAaJIbHBIMHU, YTO
00ecreunT yMeHbIIeHEe JOTOMHUTENBHBIX 3aTpaT. 3a-
THOBI 3y0uUaThIX kperieHuit 1311 yBenmnuuBarT TOII-
LIMHY CMSTHS, YTO MOXKET CIIOCOOCTBOBATh ONpEAEICH-
HOMY POCTY HecyIel CriocOOHOCTH COSIMHEHUI TOHKO-
CTEHHBIX 3JIEMEHTOB, pabOTalOMUX B OCHOBHOM Ha
casur [23-30]. Taxxe oHU CLIOCOOCTBYIOT COXpaHe-
HUIO MECTHOM (JIOKaJIbHOM) yCTOHUUBOCTH U (HOPMBI
CEYeHHUs] TOHKOCTEHHBIX DJIEMEHTOB IO JTOCTHKECHHS
MIPENIETbHOTO COCTOSIHMSI, YTO MO3BOJIAET PACCUUTHI-
BaTh HE pelyLIUPOBaHHBIC CEUYEHHUsI, & CEUCHHS HETTO
[31-36]. Kpome Toro, 3aru0bl 3y0UaThIX KpeTIeHHH,
pacnpeneneHHbIe PaBHOMEPHO IO BCEH IMHE IIBEN-
aepHoro I'3I1, obecrnieunBaloT €ro MOHOJIUTHOCTD B
OoJIbIIIeil CTEeNeH:, YeM 30Hbl KOHTaKTa ¢ TPEHHEM CO-
enuHeHus (haJbIeBOrO THIA B IPSAMOYTOIHHOM TIPO-
(une GanKky ¢ KperIeHUSIMU TOPIIOB K 3aIlernam, 9To
MO3BOJIMJIO CYHUTATh MOMEPEYHOE CeueHHe Oamku Mo-
HOJuTHBIM [37—40].
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Puc. 3. AKCOHOMETPHS TUCTOBBIX 3aroTOBOK mBesuiepHoro 311 (@) u pacyeTHas cxema ero MomnepeyHoro CeYeHus HeTTo (0)
[Figure 3. Axonometry of the sheet blanks of channel CCP (a) and design diagram of its net cross section (6)]
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151 KoMuecTBEHHON OLEHKH PECypCOB HECYILEH
cnocobnoctr mBemepHoro 311 menecoobpasno pac-
cunTaTh Wiomaak A, a TakKe MOMEHTHI HHEPIIUU €T0

ceuenns [ " 1 ¥ OTHOCUTCJIBHO TJIaBHBIX HEHTPAJIb-

HBIX oceil. CedeHne Takoro mpoGuisi MOKHO CUHTATh
COCTABHOM (DHTYpOH, BKITIOHAIOIIEH KPYTIIOe TOTyKOIb-
1o ToimmMHoN ¢ u paguycom U , mapy npsiMOyroiib-
HHUKOB pazmepamu ¢ x U , a Takke NpsSMOYTOJIbHUK pa3-
mepamu ¢ X V' rne U —rabapur ['3I1 no mmpune; V' —
rabapurt Toro e npodus no Beicote, V' = 2U (puc. 3,
0). PacueTHBIE BBIKIQAKH MPU 3TOM JOMYCTHMO BBHI-
MOJHATH TI0 CPeIHEH JTMHUN TOHKOCTEHHOTO CEYCHUS
0e3 yyeTa ero yriIOBBIX 3aKpYyTJICHHH M YHCICHHBIX
BEJIMYMH, COJEP)KALMX 3HAUYCHHS TOJIIMHBI, BO3BE/ICH-

HOH BO BTOPYIO U TPETHIO CTETIEHU (t*, 1 ) [41].

[lonepeunoe ceueHrne BHYTPEHHEH TpaHu LIBETI-
nepuoro I'3I1 npencrapiser coboii Kpyrioe MoIyKOIb-
10, K KOTOPOMY BIIOJIHE NMPHMEHHMBI pacueTHbIe op-
MYJIBl, IPOTECTUPOBAHHBIC MIPH ONTHMH3ALMHU Iapa-
METPOB IMOIYIIOCKOOBABHEIX TPYO s (hepMEHHBIX
1 0aOYHBIX KOHCTPYKIU# [42]:

xO,HK = 0936304(]7 ]x,nk = 1,57tU3 N

1, =0,29611461U ; A, =3,14U,

TIE X 1y 5 1 1

X,IK Y,IK

A — abcrucca HeHTpa Tshke-

CTH, MOMEHTBI UHEPLIUM OTHOCUTEIBHO OCEH X — X U
Y — Yy, IUIOIIA/lb CEUEHUS IOIYKOJbLA COOTBETCTBEH-
Ho; U — mmpwHa MONKH, paBHas PagnycCy MOIYKONbIA
M0 CpeJHEW JIMHUM €r0 CeUeHHs; [ — TOJIIMHA MOIy-
KOJIbIla, paBHAs TOJIILIMHE TPaHHU.

Pacuernas miomaab ce4eHust HETTO IIBEIEPHOTO
I'3I1 cknaaplBaeTcs M3 pacuETHBIX IUIOMIANCH cede-
HUM HETTO OJTHOTO MOJYKOJbIA U TPEX MPAMOYTOJIib-
HBIX YYaCTKOB CTEHKH U MOJIOK:

A=tUB14+2+2x1)="7,14tU .

Alcuucca LIEHTpa TAKECTH CeUEHHUs IIBeIIep-
Horo ['3I1 oTHOCUTENBHO CpeIHEN TUHUU €T0 CTCHKU
COCTAaBIISIET:

x, = (3,14tU x0,36304U + 26U x0,5U) / (7,14¢U) =
=0,2997386U ~0,29974U.

MoMeHTBI MHEPLIMU PAaCYETHOTO CEYEHHUSI HETTO
mBesuiepHoro I'311 oTHOCHUTENBHO IIEHTPaTBHBIX OCEH:

I =tU’(1,57+2,0° /12+2x1,0x1,0%) =
= 4,23666661U°;

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

1, =1U°(0,296114+3,14(0,36304-0,29974)" +
+2x0,29974% + 2(1* /12+1(0,5-0,29974)*)) =
=0,7352826:U°.

MomeHT COIIPOTUBJIICHUA PAaCUECTHOI'O CCUYCHUMA
HETTO MIBCJUICPHOTO I'3I1 B mmockoctu KOHCTPYKIUU:

W.=2I_1V =2x4,2366666tU° / (2U) =
= 4,2366666tU".

Ecnu npuHATH, YTO IUIOMAE CEUSHUS U TOJIIH-
Ha MCXOJHOW 3arOTOBKH SBJISIOTCS TIOCTOSIHHBIMU Be-
mauaamu (A = const, ¢ = const ), a oTHOIIEHKE Ta-
0apuTOB 110 MIMPWHE U BBHICOTE B OOIIEM clydac He
sByisiercst octostHubM (771 =U / V' == const), To pac-
yeTHbIe HapameTpsl mBesuiepHoro I3l npu n=U/V =
=0,5=1/2 MOXHO nepenucaTs CIeIyOIIM 00pa3oM:

U= A/(7,14t)=0,1400564/¢;
V' =0,2801124/¢,
x, =0,29974(0,1400564 /1) = 0,04198034/t;

I =4,2366666tU° =
= 4,23666661(0,140056 4/ t)* =
=0,01163894° /¢*;

1,=0,7352826tU° =

=0,7352826£(0,140056 4/ t)’ =;
=0,00201994° / *;

W.=2(0,01163894/¢*)/(0,2801124/t) =
=0,08310174° /1,

IJIe UCXO/HAs 3ar0TOBKA MOMIEKHUT 3UT3aroo0pasHoMy
pe3y Ha JBe 4acTH (HapyKHYIO U BHYTPEHHIOIO).
[NpakTryeckoe 3HaYEHHE UMEET NajbHekIee yToy-
HEHHE PAcUeTHBIX [apaMeTPoB ¢ N0OaBIICHHEM 3yO-
YaThIX KperieHui. J[J1st 3Toro B pacCMOTPEHHOM TIpo-
¢bune HeoOXxoIMMO TTOI0OPATH pa3Mephl JIEMEHTOB
3y04aroro kperuieHus (3yOI0B), KOTOPBIE JTOJKHEI
ObITh He MeHbIEe 1/10 rabapuTHOTO pasmepa cede-
Hus [46]. B qanHOM citydae 3TOT pa3Mep COCTaBIIACT
0,1U ,tne U — rabaput rayT0o3aMKHYTOTO POGHIIS

IO HIMPHHE.

B pacueTHBIX BBIKJIaAKax mapameTp 3y0daThix
KperuieHu# (pa3mep 3yO1oB) oTpasutTcs 4-KpaTHBIM
obpazom, Tak kak mBemiepHbrii ['3I1 umeeT cocras-
HOE CeueHHEe U3 JBYX JIMCTOBBIX 3arOTOBOK C IPO-
JOJIEHBIMU KPOMKaMH 3y04aToil (pOpMBI:
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Ao = A+ A =7,141U +2x2x0,1tU = 7,541U; A4=0,2(3,14x6,0+4x3,0) = 6,168 cm’;

Al Asppne = 7,14/ 7,54 = 0,9469496 ~ 0,95, x, = (3,14x6,0x0,2(0,36304 x6,0) +

YTO HE MPEBbIMAeT OCaalIeHus PeayIIMPOBAHHBIX Ce- +2(3,0%0,2x7,5+3,0%0,2x9,0)/6,168 =
YEeHU CTepKHEBBIX U O6anouHbIx a1emenToB JICTK. =4,5407924 ~ 4,541 cMm;

I.=1,57%0,2x6,0 +
+2(0,2x3,0° /12+0,2x3,0x7,5* +

2. lIpumep peasusanuu msesepuoro I'311

IIpumep peanmuzanuu npennaraemoro I'3I1 MoxxHO

MIPUBECTH, €CIIH B KadecTBe 0a30BOT0 00OBEKTA IS +3,0x0,2°/12+0,2x3,0%6, 02) =
CPaBHEHUS B MEPBOM NPUOJIMKCHUU TPUHATH TaKOU —179.4280 cm* (1 00% )

JKe TI0 OYEPTaHHUIO €T0 BHYTPEHHEH IpaHl U TOHKOCTEH- ’ ’

HOCTH TIpOGMIIE B BHIE TIOIYKPYTIIOTO JKenoba ¢ ycu- 7 =0.2961146x0.2x6.0° +

JeHHbIME TIonKaMu (puc. 4, a) [42]. Ctenka Takoro yow ’ ’

npouiis B CeUeHUH UMeeT GopMy KPYIJIOTO MOIy- + 3,14%x0,2x6, 0(6,0—4, 541)2 +

kosbiia (R = 60 mwm, ¢ =2 MM) 1 conpsiKeHa ¢ 1oJi-
KaMH, CEYEHHSI KOTOPBIX TPEICTABISIOT CO00M paBHO-

+ 2(0,2x3,0° /1240,2%3,0(7,5-4,541)" +

nonounbie yroaku (L 30x30x 2 mm). +3,0x0,2° /1240,2%3,0(9,0-4,541)*) =
PacuerHble n'apaMeprI npoduis 6a30Boro 00b- — 56,083048 o’ (100% ),

€KTa COCTaBIIAIOT:
n=U/V =(60+30)/(30+60+60+30)= rae sranoHHble (100-npoLeHTHbIE) 3HAUCHUS TIPHHS-

ThI JJIs1 COIIOCTAaBJICHHUA C aHAJIOTHYHBIMH BCJIIMYHMHA-
MU 10 IpeajiaraCMomMy TEXHUYCCKOMY PCIICHUIO.

=90/180=0,5=1/2;

Ty

R2.5

x . R2.5
<
a4 B 1 ~ o 3
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&= 4
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m
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Puc. 4. CxeMbl THYTBIX Ipoduieit:

a — B BUJIE TIOJIYKPYTJIOro xkenoba; 6 — MIBEJUIEPHOTO THIIA
[Figure 4. Schemes of bent profiles:

a — in the form of a semicircular trough; 6 — channel type]

Pacuernbie napamerps! mBemepnoro 311, ane- A =T, 54x0,09%9,0=
TepHATUBHOTO MPOQIII0 0a30BOT0 00HEKTa, COCTaB- o
ISHOT =6,1074 cm” (99,02 %);
t= A6pyTT0 /(7,54U) =6,168/(7,54%9,0) = A= 0,95A6pym =0,95%x6,1074 =
=0,090893~0,09 cu; =5,89203 cm? (94,07 %);
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1, =4,2366666x0,09x9,0° =
=277,96769 cm* (154,9 %);

I, =0,7352826x0,09%9,0° =
=48,241891 cm* (86,02 %).

CpaBHUTENBHBIA pacdeT MOKa3bIBaeT, YTO 3aMeHa
npo¢uins 6a3oBoro oobekTa Ha mmBeuieprsiid 311 co-
MPOBOXIAETCS TIPU MPOYMX PABHBIX YCJIOBHAX YMEHb-
HIEHUEM Pacxoja KOHCTPYKLIMOHHOIO MaTepuaia, yBe-
JIMYeHHEeM Te€OMETPUYECKUX (CTaTMYECKUX) XapakKTe-
PHUCTHK B CHJIOBOW IJIOCKOCTH HECYIIEeH KOHCTPYK-
UM U COKPAILEHHEM TaKMX XapaKTEPUCTHK U3 ILIOC-
KOCTH. BBIsSIBICHHOE COKpallleHHEe MOKHO OOBSICHUTh
TEM, YTO MOJYKPYTJBIH 5KelI00 ¢ YCHICHHBIMHU TOJ-
KaMH NpecTaBisieT co0oi Mpoduiib He CTOIBKO IIBET-
JIEPHOTO, CKOJIBKO KOPBITHOIO THIA. KOpBITHBIN IpO-
¢bunp 00pa3oBaH, COITIACHO OIPECIICHUIO, TPEMs CTeH-
KaMH, JIB€ U3 KOTOPBIX OIMHAKOBOTO pa3Mepa Halpas-

JIEHBI B OJIHY CTOPOHY, U AByMs IOJIKaMH, HalIpaBJICH-
HBIMU Hapyxy nipodws [45. C. §].

Tem He MeHee, BIOJIHE OUEBU/THO, YTO IIBEJUICPHBIN
I'3I1 mo mpennaraeMoMy TEXHHUYECKOMY DPELISHHUIO J0-
CTaTOYHO MEPCIEKTUBEH UL AaJIbHEHIEeH MpopaboTKu
u ontummzanuu. [loaroMy mpumep ero peanusanuu
MOKHO IPOJOJDKUT, €CJIU B KauecTBe 0a30BOr0 0OBEK-
Ta A7 CPAaBHEHUsI BO BTOPOM HPHOIIKEHUH BBIOPATh
npouii ToBBIIIEHHOH JkecTKocTH Mapok [II'C100L
(mpo¢wim rHYTBIE CTaJbHBIC, HOMUHAIBHON BBICOTHI
100 MM, IIBEJUIEPHOTO TUMA) C OTHOLICHUEM radapuT-
HBIX Pa3MEpOB IIMPUHBI U BBICOTHI n=V /U =49/102=
=0,4803921=1/2,0816326~1/2 (puc. 4, 6) [47].

PacueTHbIe BBIKIAIKH O0Jice HATIISIHBI B TAOTHYHON
dbopme (taba. 1), rae 3a stamonnsie (100-mpo-
LIEHTHbIE) 3HAUEHUS IPUHATHI MapaMeTPbl THYTHIX
npoduieid, a BeiOpanubie ToaumHb! ['3I1 (¢ = 0,40 M,

t=0,45 MM 1 ¢ =0,50 MM) 0oTBe4aroT TpeOOBaHU-

siM [48], yTO CHUXKAET JOMOJIHUTENbHBIE 3aTPaThl 10
MUHUMYMa.

Tabnuya 1
PacyeTrHble mapamMeTpbl THYThIX U THYTO3aAMKHYTBIX NpoduJiei
[Table 1. Design parameters of bent and curved closed profiles]
Mpodnan MIrcioom I'3I1 [CCP] rcioom I'3I1 [CCP] rcioom I'3I1 [CCP]
[Profiles] t=0,8 MM [mm] 100x50 t=0,9 MM [mm] 100x50 t=1,0 MM [mm] 100x50
t=0,4 MM [mm] t=0,45 MM [mm] t= 0,50 MM [mm]
A, em? [sm?] 1,33 1,433 1,52 1,612 1,72 1,791
- % 100 107,7 100 106,1 100 104,1
=2
S 2 Aspymo, o0 [sn’] 1,60 1,508 1,80 1,697 2,0 1,885
% § % 100 94,25 100 94,28 100 94,25
o 9
g g A/Aspyrro 0,83 0,95 0,84 0,95 0,86 0,95
= =
5 : I, em* [sm?] 20,0 21,183 22,5 23,831 25,0 26,479
§.-§ % 100 105,9 100 105,9 100 105,9
23
% qf 1, em* [sm?] 3,54 3,676 3,98 4,136 4,44 4,596
5 § % 100 103,8 100 103,9 100 103,5
Q
= W, cM? [sm’] 3,08 4,236 3,46 4,766 3,85 5,296
% 100 137,5 100 137,7 100 137,6

Kax BumHO, pacueTHbIil mepexof OT THYTHIX MPO-
(el mBemiepHoTo THNA K mBeuiepHbM 311 mpu
MPOYHX PABHBIX YCIOBUAX COMPOBOXKIACTCS, C OAHOM
CTOPOHBI, YMEHBIIIEHUEM Pacxo/ia KOHCTPYKIIMOHHO-
ro MaTepuala, a ¢ JIPYroi CTOPOHBI — YBEIHYSHUEM
TEOMETPUYECKUX (CTATUYCCKUX) XAPAKTEPUCTHK KaK
U3 TUIOCKOCTH KOHCTPYKITHH, TaK U B €€ IJIOCKOCTH,
YTO MOXKHO TPU3HATH JIOCTATOYHO KOPPEKTHBIM 000C-
HOBaHHMEM TEPCIICKTUBHOCTH TPEIIaraeMoro mpouis
JUTSL €TO NANbHEHIIe ONTUMU3aliN U IPUMEHEHHS B
HECYIUX KOHCTPYKLMSX 3JaHUN U COOPYKEHHUM.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

3. Ontumu3zauus mseuiepuoro I'311 na u3rud

Bce npuBeieHHbIE BBIIIIE PACUETHRIE BBIKIAIKU OT-
HocsTest K mBesuiepabiM 1311 co cTporo ¢ukcupoBaH-
HBIMHU TIapaMeTpaMH, BKJTIOYasi OTHOLICHUE TabapuTHBIX
pa3MepoB MIMPUHBI M BHICOTHI, paBHOe 1/2 (puc. 5).

IIpu yBenmyeHUM 3HAYEHUM 3TOTO OTHOLIEHHUS
MOXHO 3aMETHTh HEKOTOpPBIC MOIBIKKH B KOHTYpE
npoduiei, Koraa ux Hapy>KHbIE TPaHU MEHSIOT CBOU
mBeJUIepHbIe ouepTaHus Ha [[-oOpa3Hble, a BHYT-
pEHHHUE TpaHu — MOIyKoJblieBbie — Ha U-oOpa3Hele.
B TakoMm ciyyae i IpOJOIDKEHHS ONTUMH3aLUOH-
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Horo pacuera mBemepHbix [3I1 Oonee mpennoyru-
TEJIBHBI T€ U3 HUX, Y KOTOPBIX OTHOIICHHs rabaput-
HBIX Pa3MEpOB M0 IIUPUHE U BBICOTE HE IPEBBIIIAIOT
1/2. Torma yBenmM4MBAaeTCsl BHEIIHEE CXOJCTBO IIBEII-

aepubix '3 ¢ THYTBIMH M TIPOKAaTHBIMH ILIBEJLIEpa-
MH, a IPUBEICHHAS METOJMKA MPUOIMKEHHOTO pac-
4yeTa TOHKOCTEHHOTO CEYEHHS IO ero CpeaHeil JMHUN
HE HyX/1aeTCsl B KOPPEKTHPOBKE.

o

)

8

Puc. 5. Cxems! mBemtepusix 311
a-npu n=U/V=1/2;6-upu n=U/V >1/2;6—upu n=U/V <1/2
[Figure 5. Schemes of channel hot water supply:
a-withn=U/V=1/2;6—-with n=U/V >1/2;6—with n=U/V <1/2]

Ceuernne mBemmieproro [3I1 mpu n=U/V <1/2
MOYKHO CUHTATh COCTaBHOW (PUT'YpO¥ M3 Taphbl 3aMKHY-
TBIX (IIOJIBIX) YacTed TPEYroJbHOTO OYEpTaHHs U Bep-
THUKAJIBHOTO TPSMOYTOJIbHUKA MEXITy HUMH. B CBOIO
o4epeab Kaxaasa U3 3aMKHYTBIX yacTed B OTACJIBHO-
CTH TaK)Ke IpeACTaBHMa COCTaBHON (PUTYpOH U3 MHO-
JIOBUHBI KPYTJIOTO TONyKoJbla (R =U ) U TOPU30H-
TaJTBHOTO TIPSIMOYTOJIBHUKA (¢ x U ). 3aMKHYTBIE YacTH
COCAWHCHBI IO BEPTHUKAJIIM PA3HOBBICOKHMMHU IIPAMO-
yronbHuKamu (puc. 6, @): txV =tU/n 4 tx(V -2U) =
=tU((1/n)-2)).

3a COCTaBHYIO 4aCTb B BU/IC IOJIOBHHBI ITOJTYKOJIb-
[1a MO’KHO MPHUHATH (ParMeHT TOHKOCTEHHOTO KOJIb-
1Ia ¢ YIJIOBBIM mapaMeTpoM o =45°=mn/4=0,785
(puc. 6, 0) [44]:

A, =20tR=2x0,785tR =1,57tR ;

Yo = Rsino/ o= Rx0,7071/0,785 =
=0,9008R;

I, ..=Qo+sina—4sin’o/a)R’ /2=
=(2x0,785+1-4x

x 0,7071>/0/785)¢R* /2 =

=0,011115¢R%;

=(2a—sin20)tR* /2 =

=(2x0,785-1)tR’ /2 =0,2850R",

Iy,HHK

TI€ Vo e » IMHK , 1 [ A ., R —opnunara nentpa

TAXKECTU CCUYCHUA, MOMCHT MHEPIUHN CCUCHHUA OTHO-

422

CUTCJIIBHO OCH X — X, MOMCHT HHCPIHUH CCUCHUSA OT-
HOCHUTCIIBHO OCH )Y — V, IUIOIIaAb CCYCHUA IOJIOBH-

HBI MOJYKOJIbLIa U PAINYC TOJIOBUHBI MTOIYKOJIbLA O
€e cpeJiHeN JTUHUU COOTBETCTBEHHO.

PacuerHas miomanp ce4eHrus HETTO MIBEJLIEPHOTO
I'3I1 cknagpiBaeTcs U3 pacueTHBIX IUIOMIANEH cede-
HHUM HETTO JIBYX IOJOBHUH MOJYKOJEI U TPEeX MpsIMO-
YTOJIbHBIX YYaCTKOB CTEHKH U TMOJIOK:

A=tU2x1,57+(/n)+
+ 2x1+(1/n)-2)=tU((2/n+3,14).
Aolcrucca 1eHTpa TSDKECTH CEUCHUsS IIBEIIIep-

Horo I'3I1 oTHOCUTENBHO CpeaHEeH TUHUH €T0 CTeHKH
COCTaBJISIET

x, =U(2x1,57%0,36304+
+2x1%0,5)/(2/n+3,14) =
=2,13982U /(2 /n+3,14).

MOMEHTBI WHEPIUN PACYETHOTO CEUEHHUS HETTO
mBeriepHoro 311 oTHOCHTEEHO IICHTPAIBHBIX OCEH:

I =tU*((1/n)* /12+2x1x(0,5/ n)* +
+2(0,011115%0,5+0,2850x 0,5+
+1,57(0,5/n—0,36304)*) -2 x
x1(0,5/n-0,5)* -2x1’/12) =
=tU*(0,1666666/ n* +0,785/ n* -
~0,13982/n+0,043203);

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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1, =10 201/ n-1)(2,13982/ (2 / n+
+3,14)) +2x I /12+2(0,5-
~2,13982/(2/n+3,14))* +
+(0,2850%0,5+1,57 x
x2(0,36304-2,13982/(2/n+
+3,14))°) = tU*(5,506145/ n* +
+8,131636/n—-0,8054282) / (2/ n+3,14)".

\_ 11
T\I
O‘SII 0,57

R
>
VA
<
U
¥
0,5V

—

V=Uin

U (0,5/n-0,36304)
7o
1 |
U
d
0,5V

r_
/

0,51

0,50 10,57

0.36304U,

0.36304L 0,636960

U

a

MOMEHT CONPOTUBIECHUS PaCUETHOTO CEUEHUS
HetTo mBemiepHoro 311 B m10CKOCTH KOHCTPYKLIUU:

W.=2I_1V =2tU*(0,1666666/n’ +
+0,785/n% -0,13982/n+
+0,043203)/ (U / n) =

=tU?(0,3333332/n” +
+1,57/n-0,27964+0,086406n).

0,0992R

0,1937R
0.9008R

0.7071R 0,7071R
=%
o
o
’/ ;‘éh—
2
=
/ x
O
[oN
0
S
=
0,36304R
R
6

Puc. 6. Pacuetnsie cxembl ceuenns mBemmiepHoro 311 (a) u ero coctaBHBIX yacteii (0, 6)
[Figure 6. The design scheme of the cross section of the channel CCP (a) and its components (6, 8)]

Ecnu B monydenHsle (OpPMYJIbl MOACTABHTH
n=U/V=1/2=0,5, ToO UTOI'M YUCIEHHBLIX BBIKJIA-

JIOK COBIAAYT C YK€ HalJ€HHbIMU 3HAYCHUSIMH, YTO
YCJIOBHO MOKHO MPHUHSTD 32 MOJIOKUTENBHBINA TECT.

B xauectBe KpuTEpus ONTUMU3ALUH JJIS IPOJOI-
skeHus1 pacdera mBesuiepHoro [ 311 nemecoobpasHo nc-
TMOJTB30BaTh MAaKCUMYM MOMEHTa COMPOTHBIIEHUS €T0
CEYEHHUs B CHUJIOBOM IJIOCKOCTH HECyIIEeH KOHCTPYK-
LM, KOTOPBIM oOecreurBaeT HanOOJbIINIA 3armac mpoy-
HOCTH TIPH U3THOE:

W.=(A"/1)(0,3333332/n" +
+1,57/n-0,27964 +
+0,086406n)/ (4/n” +
+12,56/n+9,8596),
rae U? =(A%/t*)/(2/n+3,14)*, 4=const, ¢=const.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLN

UToOBI HAWTH KCTPEMATBHOE 3HAUCHUE MOMEHTA
compoTtuBieHus W, ero BbIpaxxeHUEe HEOOXOMHMO

npoaudpepeHupoBaTh M0 NEPEMEHHOW 7 H, NPH-
paBHsB K Hyi0 npousBoanywo (dW /dn=0), no-
JIy4UTh YPaBHEHHE YETBEPTOM CTENEHH

0,8519285n* +2,1705186n" —

-17,954978n" +2,093335=0

C KOPHIMH

n, =-5,8407069 ; n, =-0,6369427 ;

ny, =0,1759477; n, =3,7539311.

W3 nalijeHHBIX KOpHEH MpaKkTUYECKUUd HHTEpeC
PEZICTABIISET TPETUH, 3HAYEHHE KOTOPOrO MOXHO OKpPYI-
it 1o n =0,1759477=1/5,683507~=1/5,68.
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Torma PpaCyYCTHBIC MapaMETpbl ONITUMU3UPOBAH-
HOTO HpO(l)I/IJ'IH COCTaBAT:

A=tU(2/n+3,14)=tU(2/0,1759477+3,14) =
=14,507014¢U;

U =0,06893214/t; V =03911776A4/¢;

X, =2,13982U / (2/n+3,14) =
=2,13982(0,06893214/¢)/14,507014 =;
=0,01016764/1;

I, =tU’(0,1666666/n’ +0,785/n* -
~0,13982/71+0,043203) =
=tU*(0,1666666/0,1759477° +
+0,758/0,1759477% -
~0,13982/0,1759477 +0,043203) =
=55,204988:U° =
=55,204988¢(0,0689321A4 /1)’ =
=0,01808184" /¢*;

1, =tU*(5,506145/n" +8,131636/ n+
+0,8054282)/(2/ n+3,14)* =
=tU’(5,506145/0,1759477 +
+8,131636/0,1759477 -
—0,8054282)/14,507014” = 1,0609075tU° =
=1,0609075¢(0,06893214/ £)’ =
=0,00034744° / £*;

Wo=w_ =

X,max

=2(0,01808184° /£%)/(0,3911776 4 /) =
= 0,0924484> /1.

CpaBHUBas pacUETHHIC APAMETPHI IIBEIEPHOTO
'3[, mosy4eHHbIE 10 U MOCIE ONTUMU3AIMNH, MOXKHO
yoemuThcst B e¢ 3(p(PEeKTHBHOCTH, TTOCKOJIBKY C YBEIH-
yeHHeM rabapura 1o Bbicote B 0,3911776/0,280112 =
=1,4 pa3a MOMEHT MHEPIUH CEUCHHS B TUIOCKOCTH KOH-
cTpykuuu Bo3zpoc B 0,0180818/0,0116389 =1,6 paza,
a MoMeHT corrpotuBiieHns — B 0,092448/0,0831017 =
=1,1 pa3a.

K BbLsiBIIeHHOH 3((EKTHBHOCTH ONTHMHU3AIIH
mBeruiepHoro ['3[1 Ha u3rub criemyer 100aBUThH CHIDKE-
HHE OcllalJIeHHs pacyeTHOTO CEYEHUsI HETTO, YTO sIB-
JISIETCSI CIIEZICTBUEM CYKEHFISI OITTHUMU3HPOBAHHOTO TIPO-
¢ Mo mMHUpuHe:

424

Agpyne = A+ A4 =14,507014¢U +
+2x2x0,1tU =14,907014:U;

—14,507014/14,907014 =

=0,9731669 ~ 0,97.

Al A

OpyTTO

4. OnTUMH3aUMsl THYTOr0 HIBeJJIepa Ha U3rud

s Gonee KOPPEKTHOTO CpaBHEHHS ONTHMAIbHBIX
napameTpoB wmBeuiepHoro I'3I1 u ruyToro msesnie-
pa HEOOXOIUMO THYTHIH MPOQWIH ONTHMH3UPOBATH
Ha U3rH0, IPUMEHUB B Ka4ECTBE KPUTEPHS ONITUMH3A-
UM MAaKCUMyM MOMEHTa CONPOTHUBIICHHUS €ro cede-
HUSI B CHUJIOBOM IUIOCKOCTH HECYIIEW KOHCTPYKIIUH.
B takomM citydae BIOJIHE JOITyCTUMO BOCIIOJIb30BaTh-
Csl pacueTHOH CXEMOH INMONEepPEeYHOro CEYEHHUs HETTO
I'3I1, uckmounB K3 HEro 3aKpyTICHUS BHYTPEHHEU
rpanu (puc. 6, a).

PacyerHas miomanas ce4eHus THyTOro LIBEIe-
pa CKiIanbIBaeTCs U3 PacUETHBIX IUIOLIANCH ceueHUH
TpeX MPSIMOYIOJIbHBIX YYaCTKOB CTEHKH U MOJIOK:

A=tUQ2+1/n).

Abcrrcea TIeHTpa TSDKECTH CEUCHUS THYTOTO IIIBET-
Jiepa OTHOCHUTEIHHO CPEIHEH JTUHUU €ro CTEHKH CO-
CTaBIISIET:

X, =UQ2+1/n-1-1/n)/(2+1/n)=
=U/(2+1/n).

MOMEeHTBI MHEPIIMU PAaCUETHOTO CEUeHHUS THYTOTO
IIBeJIepa OTHOCUTENIBHO LIEHTPAIbHBIX OCEH:

1, =tU*((1/n)* /12+2x1(0,5/n)*) =
=1tU*(0,0833333/n+0,5)/ n’*;

1, =tU* 2 /12+1(0,5-1/ (2+1/m))*) +
+1/n(1/(2+1/n))*) =tU’ (0,6666666 / n* +
+1,6666666/ n+0,6666666) / (2+1/n)*.

MomenT COITPOTUBJICHUA PACYETHOT'O CCUCHUSA THY-
TOro mBeJICpa B IJIIOCKOCTU KOHCTPYKIUU:

W.=2I_|V=2nl /U=
=tU*(0,1666666 /n+1)/n.

[Nomy4ennsie GhopMyIIBI 1IEIECO00pa3HO MPOTECTH-
POBaTh C UCIOJIB30BAaHUEM PAaCUETHBIX MapaMeTpoB Ca-
MBIX KPYMHOKaJIMOCPHBIX THYTHIX IIBEJUICPOB M3 CTaH-
JIApPTHBIX COPTAMEHTOB OTEYECTBEHHBIX U 3apyOEKHBIX
W3rOTOBUTENEH cTanbHBIX npoduiei. Kak BugHO U3
OCHOBHBIX pPe3yJbTaTOB TeCTUpoBaHUs (Tabm. 2), pac-
YeT THYTBIX IIBEJUICPOB IO MPHOIMKCHHOW METOAH-
K€ JIOCTATOYHO KOPPEKTEH IS MPaKTUYECKOTO HC-
MOJIb30BaHUS B BAPMAHTHOM NPOEKTUPOBAHUH H Pe-
IIEHUN ONTUMH3AIMOHHBIX 33/1a4.
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Tabauya 2

PacyeTHble mapaMeTpsl MIBeJUIEPHBIX THYTHIX Mpoduiiei
[Table 2. Design parameters of channel bent profiles]

OobocHoBaHuUe
[Rationale]
CeueHue, MM
[Cross-section, mm]

ITo pacuery
[According to the calculation]

TV 112000-001-12586100-2009 [49]

Yxpaunckuii crangapr [50]
[Ukrainian standard [50]]

400x100x2 400x100x3 400x100x4 400x100x2 400x100x3 400x100x4 400x100x2 400x100x3 400x100x4

A, e [em?] 11,92 17,82 23,68
% 100 100 100

xo,cM [cm] 1,644 1,633 1,622
% 100 100 100

I,cm*[em?]  2618,9 38929  5143,6
% 100 100 100

L em*[em?] 97,138 14359 188,66
% 100 100 100

Wy, oM [em®] 130,95 194,65 257,18
% 100 100 100

XapakTepUCTHKH CedyeHHu i
[Cross section characteristics]

2584.,5

17,68 234 11,85 17,66 234
99,21 98,82 99,41 99,10 98,82

1,65 1,64 1,80 1,80 1,80
101,04 101,1 109,8 110,2 111,0

3836,40 5034,2 2591,1 3830,5 5033,0
98,55 97,88 98,94 98,40 97,85

143,26 188,03 96,96 143,2 188,1
99,77 99,66 99,82 99,73 99,70

193,27 254,56 129,6 191,5 251,65
99,29 98,98 98,99 98,38 97,85

Ecnu mpuHsITh, YTO IUIOMIA[h CEYCHHS M TOJ-
IIrHa JIUCTOBOM 3arOTOBKU SIBIISIFOTCSI IIOCTOSIHHBIMU
BenmununHamu (A = const, ¢ =const ), a oTHOLIEHHE
rabapuTOB MO HIMPHUHE U BBICOTE B OOIIIEM ClTydae HE
sBisgercs moctosHEeIM (n=U/V = const), T1o
OPOTECTHPOBaHHBIE (DOPMYJIBI THYTOTO IIBEJIEpa
MOYKHO TI€pEIncaTh CIIEAYIOINM 00pa3oM:

U=(A/t)/2+1/n); V =(A4/t)/(1+2n);

x,=((A4/t)/ (2+1/n))/ (2+1/n)=
=(A/t)/ (2+1/n)*;

I, =tU*(0,0833333/n+0,5)/ n* =
=1((A/t)/ (2+1/n))’(0,0833333/n+0,5)/ n* =
=(A4/£°)(0,0833333/n+0,5)/ (n*(2+1/n)’);

1, =1U°*(0,6666666/ n* +
+1,6666666/ n+0,6666666) / (2+1/n)* =
=1((A/1)/(2+1/n))*(0,6666666/ n* +
+1,6666666/ n+0,6666666) / (2+1/n)* =
= (A*/£7)(0,6666666 / n* +
+1,6666666/ n+0,6666666)/ (2+1/n)’;

W =tU?(0,1666666/n+1)/n=
=1((A/ 1)/ (2 +1/n))*(0,1666666/ n+1)/n =
= (A /£)(0,1666666/ n+1)/ (n(2 +1/n)?).

YtoOBI HANTH 9KCTPEMAJIbHOC 3HAYCHUC MOMCH-
Ta COIPOTHUBJICHUA Wx , €I'0 BBIPpAXKCHUEC HGOGXO}II/IMO

npoaudhepeHIpoBaTh MO MEPEMEHHON # |, IPHPAB-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

HB K HyI0 nipomsBoguyto (dW, /dn = 0), momyuuts

ypaBHEHHUE BTOPOU CTETIEHU
n® +0,33333321 - 0,0833334 =0
C KOPHSIMHU
n, =-0,5; n, =0,1666666 .

N3 HaiiieHHBIX KOpHEH MPaKTUYECKUN MHTEpPEC
MPEACTABISIECT BTOPOM, 3HAYCHUE KOTOPOTO MOXKHO

okpyriuth 1o 1 = 0,1666666 ~1/6,0.

Torna PACUCTHBIC MapaMETpPbl ONTHUMU3UPOBAH-
HOTO HpO(I)I/IJ'IH COCTaBAT:

U=(A4/1)/(2+6)=0,1254/t;
V=(A4/t)/(1+2/6)=0,754/t;
x, =(A/t)/(2+6)> =0,0156254/¢;

I, =(4/£)(2+6)*(0,0833333x6+0,5)6" =
=0,07031254° / ¢;

I, = (A°/£7)(0,6666666/ n* +1,6666666 / n +

+0,6666666)/(2+1/n)* =
= (A’ 1 7)(0,6666666 % 6 +1,6666666 x
x 6+0,6666666)/ (2+6)° =

=0,00188074° /£;
We =W =

=2(0,07031254° /£*) /(0,754 /1) =
=0,18754 /.
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W3 cpaBHEHHs pacUETHBIX MapaMETPOB THYTOTO
HIBeJiepa, MOJAYYCHHBIX 0 U MOCNE ONTUMH3AIINY,
ee 3P PEeKTUBHOCTH OUEBUIHA, TaK KaK C YBEITUICHHU-
eM rabapura 1o BeicoTe B 0,75/0,5 = 1,5 pa3a MOMEHT

WHEPIUHU CEUEHUS B IJIOCKOCTH KOHCTPYKIIUU BO3POC
B 0,0703125/0,0416666=1,7 pa3za, a MOMEHT CO-
nporuBjicHus — B 0,1875/0,1666666 =1,1 pasa, rae
V=054/t; I,=0,04166664°/t*; W_=0,16666664"/t
mpu n=U/V =0,5=1/2. 31eCh Tak)Ke MOXKHO 3aMe-

TUTH, 4TO B mBeuiepHoM [ 3I1 anamornunas ¢ dek-
TUBHOCTH JIOCTIDKMMA B PE€3yJbTaTe€ MEHBLIEIO yBe-
TMYeHHS TabapuTa Mo BHICOTE, a B CIy4ae OAMHAKO-
BOr0 POCTa BBICOTHOTO IapameTpa OH OoJiee mpen-
MOYTUTEIIEH.

3akaouenne

OTHoIIeHHs Ta0APUTHBIX PA3MEPOB 10 CPEITHUM
JUHUSAM PACUCTHBIX CEUYCHHUH THYTOTO IIBEJIepa U
mBemuiepHoro '3[, onTUMU3HPOBAHHBIX HA W3THO,
pasmsTcs Mexay cobodt Ha 100(6-5,68)/(6...5,68) =
=5,3...5,6 % . IlosTOMY I CPaBHUTEIILHOTO aHAIU-

3a ONTUMAJIBHBIX IMapaME€TpPoOB, KOrJa MOMECHTEI CO-
MPOTUBJICHUS WX CCUCHUH MaKCHMAJIbHBI, TPECTAB-
JSIeTCs  1eNIeco00pa3HbIM PACCMOTPEHHUE B TIEPBOM
MPUOIVKEHUH JIBYX PacyeTHBIX ciiydaeB. st oHO-
ro U3 HUX 00a COMOCTABUMBIX MPOGHUIT UMEIOT OT-
HouteHue n=U/V =1/6 (puc. 7, a), a 11 Ipyroro —
n=U/V =1/5,68 (puc. 7, 0).

IIpu n=U/V =1/6:

— ISt THYTOTO IIBEJUIepa

A=84U; 1 =36,00U° (100%);
1, =0,40740734U° (100%);
W, =12,00U% (100%);

— g wBesuiepHoro 311

A=1514t,.U;

tean = 81 /15,14 = 0,5284015¢,;

I, gy = 63,464283t.,,U° =
=33,5346221U° (93,15 %);
I, 1y =1,0741035¢,,,U° =

=0,5675579tU° (139,3 %);
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VVx,mn = 21’154761tr3nU2 =
=1 1,1782071‘[U3 (93,15 %)‘
Ipu n=U/V =1/5,68:

— ana wBemiepHoro 311

A=14,5070141., U ;

I 1 =55,204988,,,U° (100 %);

X

1 Nacliih I8 ()6()9()751r3r1U3 (1 00 %);

y

W, 1y =19,4383751,,,U°% (100 %);

X

— UIA THYTOr'O IBEJLJICpa

A=7,6835071,U ; 1, =1,8880719%,, ;

I, =31,4502931U° =
=59,380414¢.,,U° (107,6 %);

1,,=0,53651774U° =
=1,01298391,,,U° (95,48 %);

W, =11,0672131U" =
=20,895693¢.,,U° (107,5 %).

Kax BuzHO 110 pe3ynpraram nepBoro npuoOImKeHus,
MIpYU OAMHAKOBBIX 3HAUCHUSX PACUETHOM ILIOMIANU Ce-
yeHus1 0e3 ydeTa ee 0CiIalIeHni B CUJIOBOH IJIOCKO-
CTH HeCyIel KOHCTPYKIHHU Ooyiee TpeIroYTHTENb-
Hbl THYTBIC IIBEJUICPHI, a U3 IJIOCKOCTU — IIBEJIIIEP-
noie ['311.

[Tpo1oIKUTh CpaBHUTEIBHBIN aHAIU3 BO BTOPOM
NPHUOIMKEHUH MOXKHO, €CJIU TIOJYUYCHHBIC Pe3yJibTa-
Thl YTOYHUTH C UCIIOJIb30BAHUEM OCIAOJICHUI ceue-
HUH, BBISIBJICHHBIX B NPUBEJCHHBIX PACUETHHIX BBI-

knaakax: A/ As,.., = 0,86 s THYTHIX LIBEIIEPOB U

Al Asy o = 0,95 st mBesepubix 311
Ipu n=U/V =1/6:

— JUIsl THYTOTO LIBEJIEpa

1., =31,324U° (100 %);
1, =0,35444431U° (100 %);
W, =10,44tU° (100 %);

— nns mwBesueproro 1311

I, 1oy =31,85794U° (10,7 %);
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I, o = 0,53918t[U3 (152,1 %); W, = 18,17931,,U° (98,44 %).

Wran = 10,6193t[U 3 (101’7 %), W3 uToroB BTOPOTO MPUOIMKEHUS CIIETYET, UTO
MPU TeX K€ 3HAUCHUSX PACUCTHOM TUIOMIAU, HO YXKE

Ipu n=U/V =1/5,68: C YYETOM €€ 0C/Ia0JIeHHIA B CHIIOBOM TUIOCKOCTH HECY-

— st mBemtepHoro 311 1iell KOHCTPYKLUM, a TakoKe U3 3TOH IIockocTH Goree
npeamnouTuTebhbl mBemiepusie 1311, 3mech craemy-

I, 13 = 52,44471,,U° (100 %); eT 100aBUTh, YTO C MPUOIMIKCHUEM K ONTHMAILHBIM

napamerpam n=U/V =1/6...1/5,68 ocnabnenus

I, oy =1 215U (100 %);
ran = 1,00786215,U° (100 %) pacUETHOM IUIONIAM CEYEHHs THYTHIX IIBE/LIEPOB M3-3a

y

W — 18 4668t U2 (100 %) (S peJIYLII/IpOBaHI/DI yBeJ_H/II'H/IBaIOTCﬁ CIIIC 60.]]])1116, B TO
wi i ’ BpeMs Kak OcJablIeHusl PaCYETHOM IUIOMAMH HETTO
— JUT THYTOTO IIBEJIIepa mBesuiepHbIX [ 311 ymenbiatotes. Tak, mpUMEHUTEIBHO
, K THYTBIM HBesuiepaM ceueHuem 250x50%1,5...2,0 mm

— 0 .
1, =51,66098¢,,U° (98,51 %); (n=U/V=1/5) A 4., =0,389...0,503 . [lostomy
I, = 0,881296¢,,,U° (87,44 %); npeanourenue mBeuiepHsx ['311 cranoBuTCs eie

0osiee 000CHOBAHHBIM.
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Puc. 7. CpaBHUTEIbHBIE CXEMbI ONTUMHU3UPOBAHHBIX Hpoduiei (a, 6) 1 rpaduKu U3MEHEHHUI
pacyeTHBIX TapaMeTPOB THYTHIX IIBEIEPOB (cnrounsie nunuu) N mBeuiepHslx 311 (nynkmupuvie nunu)
B 3aBUCHMOCTH OT POCTa OTHOILICHHUS X TabapUTHBIX pa3Mepos (8)
[Figure 7. Comparative schemes of optimized profiles (a, 6) and graphs of changes in the design parameters of
bent channels (solid lines) and channel water distribution channels (dashed lines)
in depending on the growth ratio of their overall dimensions (s)]
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PacuerHble mapamMeTphl THYTHIX ILBEJUIEPOB U LIBEN-
nepHbIx ['31] mo HOBOMY TEXHHYECKOMY PEIIECHHUIO,
a TaKKe OCHOBHBIE PE3YJIbTaThl MX ONTUMHU3ALMHU Oolee
HaIJISITHBL Ha TpaduKax B 3aBUCHMOCTH OT OTHOIICHHUS
ra0apuTHBIX pa3MepOB MIMPUHBI U BBICOTHI (pHC. 7, 8).
Ha npuBeneHHpIX rpadukax 0003HAYECHUS C SAUHUIICH
B MHJ/IEKCE OTHOCSTCS K TapaMeTpaM THYTBIX IIBEJlIe-
POB, UMEIOIINX OJIMHOYHBIE CTEHKH U TaKHe K€ MOJI-
KM, a 0003HaUCHUS C JIBOMKOW B MHJEKCE — K IMapa-
MeTrpaMm mBeiviepHbIX 1311, oTmugarommxcsi ABOHHEI-
MU CTeHKaMu U TpyOdarbiMu monkamu. [Ipu sTom B
eMHNLIAX W3MEPEHHIA TI0 OCH OpJMHAT WCIOIh30Ba-
HBl 0003HAYEHUsI TUIOINAAN CEYECHHUSI M TOJIIMHA JIU-
CTOBO 3arOTOBKH THYTHIX ILIBEIIEPOB, KOTOpAst yCIIOB-
HO TIPUHATA UCXOAHOM 3arOTOBKOW M JUIS ILBEJUIEP-
HbIX 311 ( A = const, ¢ = const).

Urorossie rpadmky MO3BOISIOT CAENATh HEKOTO-
pBI€ BBIBOJBI B 000OIIEHMS.

1. IlIBennepHbIe THYTHIE MTPOGUIN C OXUHOYHOM
CTEHKOW W JABYMsI TaKUMHU K€ TOJIKAMH XapaKTepu3y-
FOTCSI CPABHUTENBHO Y3KHM, HO BBICOKUM ITOTIEPEUHBIM
CEYeHNEM C MaKCHMAJIbHBIM MOMEHTOM COTIPOTHBIIE-
HUS, KOT/Ia OTHOIIIEHUE TabapUTHBIX pa3MEpOB IIH-
PUHBI ¥ BBICOTHI 110 CPEIHEH JIMHUHM PacUeTHOTO Ce-
4yeHus cocTasisieT 1/6.

2. HIsemnepnsie 311 ¢ ABOMHHON CTEHKON U ABYMS
TpyOUaThIMH MOJIKAMH HMEIOT OoJiee KOMITAKTHOE TIO-
TepevHOe CeUYeHNe, MOMEHT COMPOTHUBIICHUS KOTOPO-
r0 MaKCHMaJeH MpU OTHOIICHHH TabaphTHHIX pa3Me-
POB IIMPHUHBI U BEICOTHI, paBHOM 1/5,68 1o cpenHeit
JIMHUYU PacyeTHOTO CEUCHHUS.

3. Koraa oTHoIIeHHE ra0apuTHBIX pa3MepoB MIU-
puHBI ¥ BBIcOTHI miBeutepHoro ['3I1 cocrasmusier 1/2
0 CpenHeN JIMHAK PacUeTHOTO CEYECHUS, BHY TPEHHSI
TpaHb €r0 CTEHKH W IOJIOK UMEET B paspese Gopmy
KpYTJIOTro MOJMYyKOJbIla. PacyeTHbIe mapamMeTpsl Tako-
ro npoduiasd 00nanaT (UKCUPOBAHHBIMU 3HAYCHUSI-
MH, TIPH KOTOPBIX €ro MIMPHUHA paBHA paluycy, a Bbl-
coTa — JUaMeTpy MOIyKoJbleBOM rpanu. Ecinu pas-
BHBAaTh NPOWIb B MIUPUHY MPH MOCTOSHHON BBICO-
Te, PaBHOW AWAMETpy, TO €ro Hapy>KHas TpaHb HU3Me-
HUT IIBeJuIepHOE ouepranue Ha [l-oOpasHoe, a BHYT-
pEHHSIS TpaHb — MoyKoubiieBoe Ha U-o0pasHoe. B ciy-
Yae pa3BUTHUS MPOQUIIS 1O BBICOTE MPH MOCTOSHHON
IIMPHHE, PABHOW pauyCy, yBEIHMYUBAETCS €ro CXOJ-
CTBO C THYTBIMHU ¥ MIPOKATHBIMH [IBEJJIEPAMHU.

4. eemnepubie I'3I1 o HOBOMY TEXHUYECKOMY
PEeIIeHUIO 10CTaTOuHO 3(p(EeKTHBHBI IS MCIIOIh30Ba-
HUS B HECYILMX KOHCTPYKUMSX 3IaHUH U COOPY>KEHHI.
B gacTtHOCTH, IpOCIIe)KUBAETCs ONpesiesieHHas nep-
CHEKTUBHOCTh MX JalbHEHIINX MpopabOTOK mprMe-
HUTEIRHO K OayikaM ¢ TOoGpUPOBaHHBEIMHU H Tiepdo-
PUPOBaHHBIMH CTEHKAMHU.
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Abstract

Relevance. A new technical solution for channel bent closed profiles (BCP),
distinguished by a composite section and related to light steel thin-walled struc-
tures (LSTWS), which are distinguished by high technical and economic indicators
and massive demand in industrial and civil construction, is presented. The main
results of the comparative calculation of the optimal parameters of bent channels
and channel horizontal bending sections are also given. Aim of the research. The
purpose of the study is to show that the characteristics of LSTWS can be further
improved by shaping modification profiles, combining in its composite section
straight and round outlines of closed and open loops. Methods. Through experi-
mental design and optimization and design calculations of channel profiles, their
new technical solution has been developed, the originality of which is confirmed
by patent examination. Results. Channel BCP consists of two tubular shelves
and one wall of double thickness. For its manufacture without welded, bolted or
riveted joints, the outer and inner blanks are made along the entire length with
serrated longitudinal edges, the teeth of which are staggered relative to each other
and mutually bent in grooves after closing a bent profile along its shelves. The bends
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of the gear mounts increase the collapse thickness, provide an increase in local
stability and shear strength of the thin-walled elements, and also allow not to
reduce the design sections. A comparative calculation of the optimal parameters
of bent channels and channel bending sections for bending showed that in the
first of them the strength is maximum when the ratio of the width and height of
the cross section is 1/6, and in the second — 1/5.68.
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AHnnomayus

Axmyanvnocms. lpy ipoBeIeHNN pacdeTOB KOHCTPYKIMI B HEIHMHEWHOMN
MOCTaHOBKE OOJIBIIOE 3HAYCHUE UMEET BBIOOP aJCKBAaTHBIX MOJEJICH MaTepHaIoB
u auarpamm aedopmupoBanust. [I0CKONBKY OTCYTCTBYIOT YKa3aHUs, KaK HCIIONB30-
BaTh JuarpaMmbl 1eopMUpOBaHUs OETOHA U apMaTyphl IPU UX COBMECTHOM
pabote, mpuBenennsie B CII 63.13330.2018, nns momenupoBaHus jKeIe300€TOH-
HBIX KOHCprK]J,I/II;’I KOHCYHBIMH JJICMCHTAMH OQHOI'O THUIIa HCO6XOZ[I/IMO BBOIUTH
nonymeHus. Llensto paboThl SBISIETCS MPOBEICHNE YUCICHHBIX YKCIIEPUMEHTOB
IO HMCIIBITAHHUIO 6CTOHHI)IX OUWINHAPOB Ha OAHOOCHOC CKaTUE U Bepn(pm(aum[
IIOJIyYEHHBIX PE3YJIbTaTOB C HOPMATHBHBIMU JAaHHBIMU. Memoowi. YucieHHbie
SKCIIEPUMEHTHI BBIIOTHSUTHCH B TporpamMmMHoM KoMmiuiekce LS-DYNA. [lannsrit
IIPOrpaMMHBIN KOMIUIEKC IIO3BOJISIET MOJIEIIMPOBATh COBMECTHYIO paboTy O6eToHa
U apMaTypbl C IOMOIIbIO 00BEMHBIX (/151 OETOHA) U CTEPKHEBBIX (IJIs1 apMaTy-
pbl) KOHEUHBIX JIEMEHTOB. B KkauecTBe MOJENU NMPUHAT LMIMHIP JAUAMETPOM
150 mm, BbicoToi 300 MM. OOpasiiel CMOAEIMPOBAHBI OOBEMHBIMH KOHEYHBIMH
aneMeHTaMu. J{is MojenupoBaHusi OETOHA UCIIONIB3YETCSl HeIMHEIHbIN MaTepu-
an CSCM (Continuous Surface Cap Model). UcnbiTanus mpoBOJHIHCE ¢ 00pas3-
LaMH CIIEAYIOIUX KJIACCOB OETOHA IO IMJIMHIPUYECKOH IIPOYHOCTH Ha CXKATHUe:
C12, Cl16, C20, C25, C30, C35, C40, C45, C50, C55. DTO COOTBETCTBYET Clle-
JOYIOUIMM KJlaccaM 1o KyOMKOBOW mpouHOCTH Ha cxarue: B15, B20, B25, B30,
B37, B45, B50, B55, B60, B67. Pesyasmameui. 1lpoBeneHHbIE HCCIEIOBAHUS
[I0Ka3aJli, YTO XapaKTep pa3pylLIieHus: oO0pas3loB MPH YHCIEHHOM 3KCIEPUMEHTE
COOTBETCTBYET XapaKTepy pa3pyLICHUs IPH UCTIbITaHuAX. Mccienyemast Moaens
6erona CSCM MOKET MCIOJIb30BaThCs MPH pacdeTax OCTOHHBIX U jKene300e-
TOHHBIX KOHCTPYKIHHI /11 OCHOBHBIX KJIACCOB OETOHA MPHU y4eTe JOTOTHUTEIb-
HBIX TONPABOYHBIX KOA()(PUINEHTOB K HMIMHAPUUECKOM IPOYHOCTH.

Kniouesuie cnosa: Bepudukanyst; Mozienb O6TOHA; YUCIECHHBIN SKCIIEPHMEHT;
HEeNMMHEHHBIH Marepual, OCTOHHBIH LWIMHAP;, OZHOOCHOE CXKaTHe, 0OBEeMHBIE
KOHEYHBIE JIEMEHTHI; HWIMHAPHYECKas IPOUYHOCTh

BBenenune

Pacuer KOHCTpYKIIMA B HETMHEWHONW TTOCTAHOBKE
moapasyMeBacT MOBLIMNIEHHOC BHUMAHUEC K BLI60py
aJICKBATHBIX MOJIENICH MaTepuajioB M auarpaMm jaedop-

muposanus. B CII 63.13330.2018 [1] npuBeneHs! 1ua-
rpammbl neopmupoBanus OeTona U apmarypsl. On-
HaKO OTCYTCTBYIO YKa3aHHs, KaK HMCIIOJIb30BaTh ITH
JMarpaMMBbl TIpH COBMECTHON paboTe OeToHa U apma-
Typbl. Takum 006pazom, Al MOAEIUPOBAHUS KeENe30-
OETOHHBIX KOHCTPYKLMI KOHEYHBIMH 3JIEMEHTaMH Of-
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PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLN

HOTO THIIAa HEOOXOIMMO BBOIUTH nomyiieHus. CoBpe-
MEHHBIE TPOrpaMMHbIe KOMIUICKCHI, Takue Kak LS-
DYNA, ANSYS u npyrue, 03BOJISTIOT MOIEIAPOBATH
COBMECTHYIO paboTy OeTOHA U apMaTypbl C TOMOIIBIO
00beMHBIX (1711 OETOHA) M CTEPKHEBBIX (I apMa-
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TYpbl) KOHEYHBIX JJIEMEHTOB. B Takoli mocTaHOBKe 1S
CTEPIKHEBBIX KOHEYHBIX 3JIECMEHTOB MOXXHO HCIIOJIb-
30BaTh JAWArpaMMBbl, TIpezcTaBicHHbIE B [1]. PaboTa Oe-
TOHA B CITy4ae TPEXOCHOTO HAMPSDKEHHOTO COCTOSTHUS
HE MOXKET OBITh B MOJHOM Mepe OMUCaHa JuarpaMMon
nedopMupoBaHUs OETOHA, MMONYYSHHOW IPH OIJHOOC-
HOM Ckatiu. HeoOXoaMMo MCIonb30BaTh Ooee CIoXK-
HBIE MOJIEJIH OETOHA.

1. MeTonuka pacuyera

PeanuzoBanHas B mporpaMMHOM KoMIuiekce LS-
DYNA nenuneiinas mozaens 6erona Continuous Sur-
face Cap Model (CSCM) [3; 4] mo3BoIsieT Ipeoio-
JIETh CYIIECTBYIONINE HEJOCTATKH ANarpaMM paboTHI
6erona. OHa gaeT BO3MOXKHOCTh yYHTHIBaTh COBMECT-
HyI0 paboTy OeTOHA M apMaTyphI.

W3 mazBanms Continuous Surface Cap Model cre-
JyeT, 4TO MaTeMaTuieckas MOJeNb OyJIeT IpeIcTaB-
JieHa 3aMKHYTOW IOBEPXHOCTBIO C HaJMYHEM Tak Ha-
3bIBAEMOTO KoJmaka (puc. 1).

I'mankoe B3anmozelictBue [Smooth intersection]

[ToBepxHOCTH Cpe3a

Konnaxk [Cap]
[Shear surface]

JlaBnenue
[Pressure]

ConpoTHBIIEHUE CPE3Y
[Shear strength]

Puc. 1. MaremaTtuueckas moaenb 6erona CSCM
[Figure 1. Mathematical model of concrete CSCM]

Mogens CSCM wucnons3yer 0obIinoi Habop MHO-
TOYMCIIEHHBIX CTaHAAPTHU3NPOBAHHBIX CBOWCTB Mare-
pHalia ¢ OCHOBHBIMU BXOJHBIMHU TTapaMeTpaMu — Ipod-
HOCTh Ha C)KaTHe, pa3Mep XapaKTepHOU (paKIuu KPyTi-
Horo 3anonHuTenss. Habop cBOWCTB MaTepurana is 1aH-
HOW MOJENN COOTBETCTBYeT TosiokeHnssM HopM CEB-
FIP (CEB, 1993) [5; 6; 7]. IlapameTpbl COOTBETCTBYIOT
MPOYHOCTHU Ha cxatue oT okojio 20 go 58 Mlla, B gan-
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HOM Juana3oHe Mexnay 28 u 48 MIla marepuan pa-
OoTaeT OoJiee KOPPEKTHO.

2. IlocTaHOBKA 3a1a4YH

Lenb qaHHOTO MCCIEIOBAHUS 3aKIIOUACTCS B TIPO-
BEICHUH YHCIICHHBIX SKCIIEPUMEHTOB 10 UCTIHITAHHUIO
OETOHHBIX IIJIMHAPOB Ha OJHOOCHOE C)KaTHE W TI0-
CJIEYIONIEM CPAaBHCHHUH TIOMYYCHHBIX PE3yJIbTaTOB C
AKCIIEPUMCHTAILHBIMA U HOPMATUBHBIMU JIAHHBIMH.
Panee B [8] ObUIM MPOBENEHBI YHCIICHHBIE HCCIIENO-
BaHHUs 00pa31oB OCTOHHBIX KyOOB U mpu3M. CpaBHe-
HHUE PE3yIbTaTOB MOKA3hIBACT XOPOIIYIO CXOUMOCTb.

UwncneHHple SKCIIEPUMEHTHI PeaTn30BhIBAIOTCS B
nporpammuoM Komruiekce LS-DYNA [9; 10]. B ka-
YecTBe 00pasiia B COOTBETCTBHM C [2] MPUHAT LIWIUHIP
mramerpoM 150 mm, BeicoToit 300 Mm. Obpazer; cMmo-
JETMPOBaH 00bEeMHBIMI KOHEYHBIMH dieMeHTaMu. Hrnk-
HSSL M BEPXHSSI IUIATHI UCTIBITATEIILHOM MAIIIMHBI TAKKE
BBITIOJTHEHBI U3 0OBEMHBIX KOHEUHBIX JJIEMEHTOB (pHC. 2).
HwxkHss mmTa 3aKperieHa 0T BceX BO3MOXKHBIX Tepe-
MEIIEeHNH, BEPXHAS — MOXKET MepPeMEeNaThCcs TOIBKO
B BEPTHKAJILHOM HAIPABIICHUH.

/

3

Puc. 2. Moaens UCTIBITaHHIA:

1 — obpasew uCIIbITaHMIT; 2 — HIDKHSISL OLIOPHAst [UIMTA UCIIBITATENBHOM
MaIlKHbL; 3 — BEPXHSIs UIMTA HCHIBITATENBHOM MalIMHBI (TIpecc)
[Figure 2. Testing model:

1 — test sample; 2 — lower support plate of a testing machine;

3 — upper support plate of a testing machine (press)]

Marepuan T — ctans. [ MonenmpoBaHvist 6eTo-
Ha UCTIONB3yeTcs HemmAeHHbI MaTtepuan CSCM [4-7].

B xone sxcniepuMmeHTa K BEpXHEH IUIUTE MIPUKIIa-
JBIBAIACh MOCTENICHHO YBEIMYMBAIOIIASNCS HArpy3Ka,
1 o0Opazer JOBOAUTCS 10 Pa3pyIIeHUs.

Wcnbrtanusa npoBoAWiIKUCh ¢ 00pas3amu clienyro-
LIMX KJIACCOB OETOHA MO MMJIMHIPUYECKON MPOYHOCTH
Ha cxarue — C12, C16, C20, C25, C30, C35, C40,
C45, C50, C55, 9T0 COOTBETCTBYET CICIYIONIMM Kilac-
caM 1o KyOHMKOBO# IPOYHOCTH Ha cxkarue — B15, B20,
B25, B30, B37, B45, B50, B55, B60, B67 [5-7].

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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B mponecce HWCHOBITAaHUM YUYUTHIBAJIOCH TPECHUC
MCXKAYy IJIUTaMH HCIIBITaTSIbHOM MAIIHEI K o6pa3ua.

3. Pe3yabTaThl pacuera

[IpoBeneHHsle UccIeO0BaHUS MTOKA3aIH, YTO Xa-
paKTep paspylieHHs 00pa3LoB IIPU YHCICHHOM 3KC-
IEPUMEHTE COOTBETCTBYET XapakTepy pa3pyLICHUsS
MIPU pealbHbIX HCTIBITAHUAX. Pa3zpylenne nuanHapa
C YUETOM TpeHHs IPUBEAECHO Ha pUC. 3.

Time= 0.45668 Effective Plastic Strain
Contours of Effective Plastic Strain 9.508e-01
min=0, at elem# 4722
max=0.950823, at elem# 17648 8.557e-01
T.607e-01 |
6.656e-01 _
5705601 _
4754 _|
3.803e-01 |
2.852e-01 _|
1.902e-01
9.508e-02 ]
0.000&+00

"

Puc. 3. KapTtuna paspyuieHus OSTOHHOTO LIHIXHIPA
C UHTCHCHUBHOCTBIO IIACTHYECKHX eopMaliiid.
YucneHHbIN KCTIEPUMEHT
[Figure 3. Pattern of the concrete cylinder destruction
with intensity of plastic deformations. Numerical experiment]

Ha puc. 4 npuBeneHsl yAOBIETBOPHUTEIHHBIE
paspymeHus 00pa3LoB-UMINHAPOB B COOTBETCTBHU
¢ 'OCT 10180-2012 [2].

i
¥
]
¢
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]
-

"
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[]
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Puc. 4. Kaptuna pa3pymenus 6€TOHHOTO HMIMHIPA.
DKcIiepuMEeHTalbHbIC TaHHbIC
[Figure 4. Pattern of the concrete cylinder destruction.
Experimental data]

Kaxk noxaspIBaeT aHanm3 pe3ysbTaToB, KapTHHA pas3-
PYLICHHS TIPU YUCIIEHHOM 3KCTIEPHMEHTE COOTBETCTBY-
€T UMEIOIINMCS SKCIICPUMEHTAIBHBIM 1aHHBIM.

B xozne mpoBeneHMsT YHCIEHHBIX HKCIIEPUMEHTOB
(MKCHPOBATIMCH 3HAYCHHS PA3PyIUAOLICH HATPY3KH JUIS
ITMHIPOB. DTH 3HAYEHUSI COOTBETCTBYIOT CpeAHEH
UIMHIpHUYIECcKOl pouyHocTu. [lomyyeHHble naHHBIE

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLN

CPaBHHUBAJIUCHh C HOPMATUBHBIMH 3HAYCHHUSIMU [5—7].
Pe3ynbTaThl 1U1s pa3sHBIX KIIACCOB OETOHA MPUBEIICHBI B
TabmuIeE.

Tabnuya
OcHOBHBIE Pe3yJbTaThI pacyera
[Table. Main results of calculation]
Kuace fem (cpennsisi uuauHApHYeckas), MIla
O0eToHA [fem (mean cylindrical), MPa]
[Concrete  HopmaTupHoe Yuc/ieHHbIH A
class] 3HAYeHUe JKCIIePUMEHT
[Normative [Numerical
value] experiment]
B15(C12) 20 20,3 1,5%
B20 (C16) 24 26,99 12,5%
B25 (C20) 28 33,2 18,6%
B30 (C25) 33 39,7 20,3%
B37 (C30) 38 45,6 20%
B45 (C395) 43 50,7 17,9%
B50 (C40) 48 55,5 15,6%
B55 (C45) 53 60,3 13,8%
B60 (C50) 58 64,95 12,0%
B67 (C55) 63 69,5 10,3%

HopmatuBHbIe 3HAaUEHUS CpeiHEN UITUHIpUYe-
CKOMW TPOYHOCTH M MX COOTHOIIEHHE K Kilaccy OeToHa
o cpeAHel KyOMuecKol MPOYHOCTH B3STHI U3 [5—7].

Ha puc. 5 nomyueHHble pe3yabTaThl NpeCTaBIIC-
HBI B BHJIC Tpa(HUKOB.

—o—Hopwmarnsroe 3nauerne (Normative value)

- it T (N i iment) ?

Mean cylindrical strength fcm, MPa

Cpeamnss nwammapyeckan nposnocts fop, nir

BIS  B20 B2S B30  B37 B45S  BSO  BSS  B6O B67
(C12) (Cl6)  (C20) (C25) (C30) (C35) (C40)  (C45)  (C50)  (CS5)

Kaacc GeTona mo KyOHKOBOil IPOYHOCTH
Concrete class by cubic strength

Puc. 5. Cpenusas nuianHApUYECKas IPOYHOCTD
B 3aBUCHMOCTH OT KJlacca OeToHa
[P YUCIICHHOM 3KCIIEPUMEHTE U HOPMATHBHBIX 3HAUCHHUAX
[Figure 5. The mean cylindrical strength,
depending on the class of concrete
in the numerical experiment and the normative values]

3akjoueHue

[IpoBeneHHBIC HCCITENOBAaHNS TTOKA3BIBAIOT, YTO TIO-
JIy4EHHBIN B YHCIICHHBIX UCCIIEAOBAHUSIX XapaKTep pas-
pyIIeHUs] OETOHHBIX UIHHIPOB COOTBETCTBYET DKC-
MIePUMEHTAITBHBIM JaHHBIM.

BepugukanmonHblii aHann3 EMOHCTPUPYET, YTO
B pe3ylibTaTax, NPUBEJCHHBIX B TaOIUIIE, PacXoXie-
HUSI MeX/Ty 3aJJaHHOW TIPOYHOCTBIO OETOHA IUTA HCCIe-
JYEMBIX KJIACCOB M (DaKTUIECKOM MPOIHOCTHIO OETO-
Ha, MMOJIYYCHHOW B XOJI€ UCTIBITAHHS, COCTABIISIFOT OT
1,5 no 20,3 %.
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Uccnenyemas moaens 6etona CSCM nambonee
aJIeKBaTHO XapakTepu3yeT paboTy OeroHa. Pacxoxme-
Hust 110 20,3 % Mexmy 3amaHHON TPOYHOCTHIO U (aKTH-
YeCKOW POYHOCTHIO pa3pyLIEHHs] MOYKHO CUUTATh MPHU-
EMJIEMBIMH, YTO TaKoKe MOATBEPIKAASTCS pe3yibTaTa-
MU, TiofydeHHBIMH B [11; 12]. OgHako pe3ynbTaThl,
MOTy4YeHHbIE B [§], MOKa3pIBAIOT XOPOIIYIO CXOAUMOCTh
YHCJICHHBIX KCIIEPUMEHTOB C HOPMaTHBHBIMH JaH-
HBIMH JUTS TIPU3MEHHON mpodHoCcTH. ClemnyeT oTMe-
TUTh, YTO TPH MPOCKTHPOBAHUH HECYIIUX DJIEMEH-
TOB 3JIaHUK U COOPY>KEHHH HCIIOJIB3YeTCsl TPU3MEH-
Hasi MPOYHOCTh OeToHa. Takum oOpazoM, mpesyiara-
emas monenb 6erora CSCM MOKeT MCTIOIB30BaTHCS
MpU pacuyeTax OCTOHHBIX M KeIe300eTOHHBIX KOH-
CTPYKIWH JJI OCHOBHBIX KJIaCCOB OETOHA C Y4ETOM
mepexoaa OT KyOMKOBOHW K MPHU3MEHHOW IMPOYHOCTH
W JIOTIOTHUTENBHBIX TMOMPABOYHBIX KOA(PPHUINEHTOB
K UITHHIPUIECKOH MTPOYHOCTH.
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Abstract

Relevance. The choice of adequate models of materials and deformation dia-
grams is of great importance when performing structural calculations in a nonlinear
setting. Since there are no instructions on how to use the deformation diagrams of
concrete and reinforcement when working together, given in SP 63.13330.2018,
it is necessary to introduce assumptions for modeling reinforced concrete structures
with finite elements of the same type. The aims of the work are to conduct numeri-
cal experiments on testing concrete cylinders for uniaxial compression and to veri-
fy the results with normative data. Methods. Numerical experiments were per-
formed in the LS-DYNA software package. This program complex allows to simu-
late the joint work of concrete and reinforcement with the help of volume (for con-
crete) and rod (for reinforcement) finite elements. A cylinder with a diameter of
150 mm and a height of 300 mm was taken as model. Samples were modeled by
volumetric finite elements. The CSCM — Continuous Surface Cap Model is a non-
linear material used to model concrete. Tests were carried out with samples of the
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Abstract

Relevance. Architects and engineers, designing shells of revolution, use in
their projects, as a rule, spherical shells, paraboloids, hyperboloids, and ellipsoids
of revolution well proved themselves. But near hundreds of other surfaces of revolu-
tion, which can be applied with success in building and in machine-building,
are known. Methods. Optimization problem of design of axisymmetric shell
subjected to given external load is under consideration. As usual, the solution of
this problem consists in the finding of shape of the meridian and in the distribu-
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tion of the shell thickness along the meridian. In the paper, the narrower problem
is considered. That is a selection of the shell shape from several known types,
the middle surfaces of which can be given by parametrical equations. The results
of static strength analyses of the domes of different Gaussian curvature with the
same overall dimensions subjected to the uniformly distributed surface load are
presented. Variational-difference energy method of analysis is used. Results. Com-
parison of results of strength analyses of six selected domes showed that a para-
boloid of revolution and a dome with a middle surface in the form of the surface
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of rotation of the z = —acosh(x/b) curve around the Oz axis have the better indi-
ces of stress-strain state. These domes work almost in the momentless state and it
is very well for thin-walled shell structures. New criterion of optimality can be
called “minimum normal stresses in shells of revolution with the same overall
dimensions, boundary conditions, and external load”.
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Introduction rical, parabolic, half-elliptical, and the lesser part of
elliptical domes), he determined that a dome in the
form of the lesser part of ellipsoid of revolution was

the most advantageous one because it can work as

V.V. Novozhilov [1] was one of the first scien-
tists who began to seek for a shell of revolution with
the most advantageous indices of stress-strain state.

In particular, examining four different domes (sphe-
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momentless shell with comparatively slight rigidity
of the support contour. Membrane strength theory of
shells subjected to dead load was used.

Now, the protection of erections from the terrorist
attacks and, thus, search of effective structural shapes
to mitigate the blast energy is very important problem.
The influence of inside blast pressure was studied for
six shapes of domes of the same weight and thick-
ness in a paper [2]. The study shows that the parabolic
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and bowl shape of domes could withstand the blast
load with the least top displacement.

It is necessary to pay attention to the investiga-
tion [3], carried out with five types of shells that are
spherical, elliptical, parabolic, and hyperbolic shells
of revolution as well as combined shells consisting
of two shell fragments with middle hyperbolic and
parabolic surfaces of revolution. The combined dome,
put together from the lower hyperbolic dome and the
upper paraboloid of revolution, recommended itself
best of other four types of shells.

The determination of optimal geometrical parame-
ters of a reinforced concrete elliptical shell, used as
a covering of the round building with the diameter of
the base equal to 27 m, is a purpose of a paper [4].
In general, well known domes of revolution are studied
in great number of published works. Considerably less
number of researches is devoted to shells of revolu-
tion of untypical forms, for instance, to egg-shaped
shells [5] or to toroidal domes with elliptic cross sec-
tion [6]. In papers [7; 8], stress-strain state of the well-
known shells as well as the shells of negative Gauss-
ian curvature with the opening at the top, that did not
find application else, is examined with the help of finite
difference energy method. Several shells of revolu-
tion of untypical forms are offered for the application
in a manuscript [9] and a monography [10]. Thus,
choosing the geometry of dome covering, it is neces-
sary to take into account architectural, technological,
technical, and economic demands.

Diversity of opinion of famous architects and civil
engineers on the rank of shell structures in modern
architecture is very broad, beginning from enthusiastic
reviews and optimistic expectations in the 50—60" years
of the last century until negation of progressive role
of these structures at the end of the 20™ century [11].
The well-known Portuguese architect Eduardo Elisio
Machado Souto de Moura said: “I don’t think that any
global new forms will appear but new technologies
and materials will be arisen”. R. Buckminster Fuller
answered about his architectural creations in such style:
“Let architects tell about aesthetics... I shall prefer
dome where stresses and strains are going away”.

In a paper, the illustration of the simplified selec-
tion of optimal shell of revolution is carried out for
domes of untypical forms. It should be noted that 24
criteria of optimality are known now [12]. The inves-
tigation of several untypical domes of revolution of
positive and alternating Gaussian curvatures which
did not find else the wide-spread application in archi-
tecture, construction, and machine-building is an aim
of the presented paper too. Simplified selection of
optimal shell of revolution begins with geometrical
modelling of a necessary shell.
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1. Geometrical modelling of shells
with similar overall dimensions

In figure 1, six types of shells of revolution are
shown:

— a paraboloid of revolution (figure 1, a);

— a shell in the form of the fourth order parabo-
loid of revolution with a x* = ¢z meridian (figure 1, b);

— a shell with the middle surface called “Soucou-
poid” which can be traced by a curve z = (b/a’)(a* — x*)**
in the process of its rotation about an axis Oz (figure 1, ¢);

— a shell with a middle surface of rotation of
a curve z = be “? about an axis Oz (figure 1, d);

— a shell in the form of a surface of rotation of
a curve z = —acosh(x/b) (figure 1, e);

— a shell in the form of “fairing of cycloidal
type” (figure 1, f).

Let these shells with middle surfaces of revolu-
tion have three identical overall dimensions R, f, and
h, where R is the radius of a base, f is a shell rise
(figure 2), & is the constant shell thickness.

All surfaces taken for consideration can be given
by parametric equations

x =x(r,p) =rcosP, y = y(r,p) = rsinP, z = z(r), (1)

where the coordinate lines 7 and f (parallels and meri-
dians) are the lines of principal curvatures, 0 < 8 < 2,
0 <r < R. Hence, for paraboloid of revolution (figu-
re 2, a),

z=z(r)=f(1 - IR,

for the fourth order paraboloid of revolution (figure 2, b)
z =z(r) =f(1 —r*/RY),

for a surface of revolution “Soucoupoid” (figure 2, ¢)
z=z(r)=f(1- IR?*?,

for a surface of rotation of a curve z = be”
about an axis Oz (figure 2, d)

z=2z(r)= b/exp{(rz/Rz)ln[b/(b NI}, b>1,
for a surface of rotation of a curve

z = —acosh(v/b) 2)

(ax)2

about an axis Oz (figure 2, e)
z = z(r) = — acosh(r/b),

where b = R/Arcosh (1 + f/a), a is an arbitrary number.
A surface of revolution shown in figure 1, f can
be expressed by parametric equations as [13]

x =x(t,y) =a(t +sin f) cos v,
Yy =y(ty) = a(t +sin 7) siny,
z =2z(f) = c(1 + cos 1), 3)
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where vy is the angle taken from the coordinate axis Ox a given shell rise f, that is why it is necessary to take
into the direction of the Oy axis, 0<y <2m; 0<¢t<T. in formulas (3)
The surface “fairing of cycloidal type” (figure 1, f; c=f2 a=Rn

figure 2, f) must have a given R radius of a base and

Figure 1. Six types of surfaces of revolution:
a — paraboloid of revolution; b — the fourth order paraboloid of revolution; ¢ — a surface of revolution “Soucoupoid”;
d — a surface of rotation of a curve z = bexp(—a’x?) about an axis Oz; e — a surface of rotation of a curve z = —acosh(x/b) about an axis Oz;
f— “fairing of cycloidal type”

Figure 2. Meridians of six surfaces of revolution with the same overall dimensions R =2 m and f =3 m:
a — paraboloid of revolution; b — the fourth order paraboloid of revolution; ¢ — a surface of revolution “Soucoupoid”;
d — a surface of rotation of a curve z = bexp(—a’x*) about an axis Oz; e — a surface of rotation of a curve z = —acosh(x/b) about an axis Oz;
f— “fairing of cycloidal type”
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The determination of stress-strain state of cho-
sen shells of revolution is the next stage of simplified
selection of an optimal shell of revolution.

2. Stress-strain state of shells of revolution
with similar geometrical parameters

Find the parameters of stress-strain state of the
selected shells (figure 2) subjected to a constant uni-
form over the surface load ¢ = 1000 N/m?* directed
along the Oz axis. Let f=3m,R=2m, 0 < B < 2m,
0 <r <R (figure 3). The shells have a thickness
equal to 0.05 m and the radius of the top opening
equal to 0.25 m. Taking into account that the shells
have the top opening, we can determine that the
heights f of the shells will change slightly (figure 3).

If shells of revolution are subjected to axisym-
metric loading, then the surface uniform load Y = 0,
normal (membrane) forces N,, N, shearing forces Q,,
bending moments M,, Mj, strains €, €, «, kg, and
displacements W = u., u, are axisymmetric, i.e. they
do not depend on an angle of longitude 3 and

S:Qﬁ:MrBZO, upzsrgZKrgIO.

In figure 3 the results of calculation of the given
shells of revolution by a finite difference energy method
are presented. Let the shells have the hinged immovable
supports along the round lower edges » = R but the edges
of the upper openings are free. Assume the modulus
of elasticity of the shell material £ = 3.5-10* MPa,
Poisson’s ratio v = 0.17. The special computer program
was written by V.N. Ivanov for a finite difference
energy method of calculation.

A finite difference energy method and a finite
element method (FEM) are based on the Lagrange’s
principle. A principle of minimum of the total strain
energy was assumed by Lagrange as a basis. In FEM,
a shell is divided into the finite elements and dis-
placements are approximated by the shape functions.
In finite difference energy method, a difference lat-
tice is marked on a shell structure and the derivatives
in the total strain energy functional are substituted
for difference relations. The functional of total strain
energy becomes a function of node displacements. Having
minimized this functional, one can derive a system of
algebraic equations and after that the displacements in
the nodes of the difference lattice. For the determina-
tion of strains and internal forces in the lattice nodes,
difference derivatives are used again. In a program
complex of a finite difference energy method worked
out in the RUDN University, a library of curves and
surfaces is used for the determination of geometrical
characteristics of thin-walled shell. It gives the pos-
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sibility to take into account a real geometry of thin-
walled shells in a process of analysis of their stress-
strain state.

A finite difference energy method demands the
obligatory accurate satisfaction of kinematical bounda-
ry conditions only.

The total strain energy expression can be given by

F=U-T,
where U is internal work, 7T is external work,

U :%j [(Ng + Ny, +28e,)dQ+
Q

1
+EJ. J.(MIXI + My, +2HX12)dQ:
Q
T=[ [(Xu+Yv+Zw)dV +
4

+_|. .f(qlu +qu+ qzw)dQ,
Q

where Q is an area of the middle surface of a shell;
dQ = A1A»drdB; A, A is the coefficients of the first
fundamental form of the surface; X, Y, Z are volume
external forces; g1, q2, g- are external surface loads;
u, v, w are displacements in the direction of curvilin-
ear coordinate » and P, and in the direction of the
normal z; V' is a volume of the body.

Inourcase, X =Y=272=0.

The geometrical and physical equations of a shell
theory in the principal curvatures are well known and
can be taken in [1].

Compile a table (see table) of maximum values
of displacements u, = u, u. = w, bending moments
M,, Mg and normal stresses Gas, Oup coming into ex-
istence from these moments, and normal (membrane)
forces N,, Np and normal stresses o,, 6p coming into
existence from these forces.

It is obvious that almost all calculated parameters
of stress-strain state of shells in the form of parabo-
loid of revolution and in the form of surface of rota-
tion of a curve z = —acosh(x/b) about an axis Oz are
nearly equal and they assume minimal values in com-
parison with other shapes of the shells with the same
geometrical parameters. This can be by the final
stage of selection of an optimal shell of revolution.

After the determination of the stress-strain state
of chosen shells of revolution and selection of the shell
with minimal normal stresses in comparison with other
shapes of the shells with the same geometrical para-
meters, it would be useful to get to know about appli-
cation and researches of the selected domes described
in other published works. This can have an influence
on final decision.
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Figure 3. Orthographic representation of displacements and internal force factors of the shells of revolution
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Table

The comparison of maximum results obtained by the calculation with the help of a variational-difference energy method

Figure 3 ur =u, U =w, N, Gr, Ng, o8B, M, OMr, Ms, GMp,
mm mm KN/m KPa KN/m KPa KN-m/m KPa KN-m/m KPa

a 0.019 0.025 -2.37 —47.4 —0.66 -13.2 0.363 0.87 0.096 0.23

b 0.024 0.111 -2.77 -55.4 -3.43 —68.6 8.01 1.92 23.0 55.2

¢ 0.035 0.049 —4.92 -98.4 -3.64 -72.8 —54 -129.6 10.8 25.92

d 0.039 0.058 -2.64 -52.8 -3.90 -78 34.22 82.13 7.54 18.1

e 0.019 0.027 -2.41 —48.2 -0.77 -15.4 0.24 0.58 0.104 0.25

f 0.021 0.033 -2.6 -52 —-1.08 -21.6 20.76 49.8 32 7.68

3. Recommendations for the application of
six types of the selected domes of revolution
in construction and machine-building

In this paper, six types of the shells of revolution
are submitted for consideration and only paraboloids
of revolution obtained a widespread recognition [14].
A surface “fairing of cycloidal type” which found
application in machine-building, in particular, in air-
craft industry [13] is known much less. Z.V. Belya-
eva [15] offers to use catenary line z = —acosh(7/a) as
a generatrix curve of the surface of revolution (1) with
an Oz axis. She noted that it is not possible to connect
a rise and a diameter of the dome in explicit form and
that is why it is necessary to introduce the additional
parameter b into a formula (2). Firstly, Antonio Gaudi
used catenary line in his projects, in particular, for
the design of the form of the church dome [16].

The rest of the surfaces of revolution (figure 1,
b, ¢, d) are known to mathematicians only [17].
For example, geometrical modeling being one of direc-
tion of mathematical modeling is used for solution of
complex problems of design of different objects and
processes by the descriptive geometry methods.
In a work [18], the 4™ order paraboloid of revolution
is employed for these aims (figure 1, b).

4. Results and discussions

In this paper, parametrical equations of the middle
surfaces of shells of revolution containing two con-
stant geometrical parameters f and R are presented.
So, designers can realize six shapes for one object
and can choose the most attractive shape for their
object (figure 1).

The domes on round plan, shown in figure 1, ¢, d,
the upper part of the middle surface of which is the sur-
face of positive Gaussian curvature (K > 0) but the lower
part is the surface of negative Gaussian curvature (K < 0),
are studied in this paper for the first time.

The behavior of the shell in the shape of the fourth
order paraboloid of revolution (figure 3, b) under loading
can be explained by a low stiffness of its middle sur-
face [19]. The upper part of this shell is very similar to
a plate rested upon an elastic support of large rigidity
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and that is why we have significant bending moment
M, quite far from the upper edge of the shell.

The emergence of circular tensile normal forces
N near the lower support in the shell “fairing of cy-
cloidal type” compels to use designed reinforcement
in reinforced concrete shells.

If to change geometrical parameters f, R, 4 in pro-
portion to each other, then the character of the diagrams
shown in figure 3 will not change. Hence, conclusions
and recommendations remain valid.
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Figure 5. The shell in the shape of a surface of rotation of
a curve z = —ach(x/b) about an axis Oz
(the normal stresses o, and the normal forces N;)

THEORY OF THIN ELASTIC SHELLS



Kpusowanko C.H., MBaHos B.H. CTpoutensbHas MexaHuka MHXEHEPHBIX KOHCTPYKLmiA 1 coopyxeruit. 2019. T. 15. Ne 6. C. 438448

Designers can use the results of static strength
analysis of six types of the shells of revolution in
question, given in this paper, and can choose the
suitable shape for their objects with point of view of
a shell stress-state state. The normal stresses o, and
normal forces NV, for two types of the shells is shown
in figures 4 and 5.

It should be noted that comparison of results of
strength analyses of six domes showed that a parabo-
loid of revolution (figure 1, a) and a dome with a middle
surface in the form of the surface of revolution of the
z = —acosh(x/b) curve about the Oz axis (figure 1, )
have the better indices of the stress-strain state. These
domes work almost in the momentless state and it is
very well for thin-walled shell structures.

For control of the obtained results of calculation,
test analyses of the shells, presented in figure 1, q, e,
were fulfilled with the help of the standard computer
program SCAD that uses a FEM. Practically identical
results were derived. For instance, the orthographic re-
presentation of normal stresses o, and normal forces N
for two types of the shells is shown in figures 4 and 5.

The additional information on other twelve shapes
of domes of revolution is given in the papers [7; 8].
Influence of the geometrical researches of surfaces
of revolution on design of unique structures was stu-
died in a paper [20].

Conclusion

A great quantity of published works was devoted
to geometrical modeling of surfaces of revolution,
to determination of stress-strain state of shells of revo-
lution subjected to static and dynamic loads, to inves-
tigation of buckling problems but in spite of it, in re-
cent years, these shells attract attention of geometri-
cians [15], architects [21], civil engineers [22], and ma-
chine builder [23].

Designers continue to search for optimal forms of
meridians for given load using both the membrane theo-
ry [21] and the moment shell theory of the analysis [24].
They search for a meridian shape that secures the constant
meridional and circular normal forces in the shell [22].
Domes on round, elliptical, oval, and rectangular
plans are studied. In general, numerical methods are
used for the determination of stress-strain state of the
shells. For instance, in a paper [25], a finite element
analysis is applied for the examination of a shell in
the form of paraboloid of revolution.

The famous architect and engineer E. Torroja has
told that the best erection is such one the reliability
of which is ensured, mainly, by its shape but not at
the expense of strength of its material [12]. Agreeing
with this conclusion, the authors go on with the search
of the most optimal shape of a shell of revolution the
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middle surface of which should be given by analytical
formulae, because form finding and optimization pre-
sents contemporary design methods for shell and grid-
shell structures [26]. The simplified method of selec-
tion of optimal dome can be called “minimum normal
stresses in shells of revolution with the same overall
dimensions, boundary conditions, and external load”.

It should be repeated that under results of this new
research the shape of a paraboloid of revolution (figu-
re 1, a) and a dome with a middle surface in the form
of the surface of revolution of the z = —acosh(x/b)
curve about the Oz axis (figure 1, ¢) have the most
optimal shape from six selected domes with the given
geometrical parameters which subjected to axisymmet-
ric uniformly distributed constant surface load acting
in the direction of an axis of rotation of the meridians.
These two types of meridians have the rather like form.
Probably, these meridians are the most rational curves
with rational distribution of curvatures.

The obtained results of calculations show the con-
flicting properties of shells of alternating total curva-
ture (figure 1, ¢, d). Being geometrically invariable struc-
tures, they show features peculiar to geometrically varia-
ble shells [27], i.e. they have low rigidity (a small
flexible stiffness) and heightened part of factors of
bending (figure 3, ¢, d; the curves of M,). A moment-
less shell theory is unacceptable for such shells.

Another approach was used in a work [28] where
a dome is analyzed for different external loads and for
different supports. As a result, optimal type of load-
ing of a considered dome is chosen.
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AHnnomayus

B cratbe paccMaTpuBaeTCsi aBTOMaTU3MPOBAHHOE 00Opa3oBaHNe KHHEMATH-
YECKHM MCTOIOM HOBCpXHOCTCﬁ MOJIYNPaBUJIBHBIX MHOTOI'PAaHHUKOB ApXI/IMeﬂa
Tpex (GOpM: YCEUSHHOTO TeTpadipa, yCEUEHHOTO OKTa3Ipa H yCEUEeHHOT0 MKOca-
sapa. Jlyis pemeHus moctaBiIeHHON 3a1a4un uenoib3oBaiich AutoCAD u BcTpo-
€HHBIH B HEro si3BIK mporpammvupoBanms AutoLISP. Kaxapli n3 yka3aHHBIX Tpex
MOJIyIIpaBUJIbHBIX MHOI'OI'PaHHUKOB Ale/IMC,I[a HUMECT I'paHu ABYX BHIOB. B cBs3u ¢
9TUM TIOBEPXHOCTh OTIEIHFHOIO MHOTOIPaHHHKA PAaCcCMATPUBACTCS COCTOSIICH U3
JIBYyX KOHCTPYKTUBHBIX hopm. Kaxnas koHCTpyKTHBHAs opma oOpasyercs B cpefe
AutoCAD U3 0TCEKOB IIOBEPXHOCTEH TpaHell MHOTOTPaHHUKA OTHOTO BH/A, IPHYEM
KaKJIbI OTCEK 3aKpeIUIieTCs 3a ONPE/IENeHHbIM clloeM uepTexa. OOpa3oBaHue KOH-
CTPYKTUBHBIX ()OpM 00eCHeurBalOT IMOJIB30BaTeNbCKUE (QYHKIMHU, pa3paboTaHHbIE
Ha (pyHKIIMOHATIBHOM si3bIKe mporpaMmmupoBanusi AutoLISP. ITons3oBarenbckue
(¢yHKUMU He TOJIIBKO (OpMUPYIOT 00pa3bl MOBEPXHOCTEH, HO U BBIMOJHSIIOT BCE
HEOOXOAMMBIE pacyeThl. DJIEKTPOHHAs MOJENb KaXI0ro MHOTOTpaHHHUKa (Gop-
MUpyeTcsi O0ObeAMHEHHEM ero KOHCTPYKTHUBHBIX (hopMm. U3 Hee cozpaercs OJOK.
OOpazoBaHKe MOBEPXHOCTH Ka)KIOT0 MHOTOTPAaHHMKA BBINOJHSIOT IMOJIB30BATEINb-
ckre (DYHKIUH, 00eCIeUUBaIOIIe «3aMOPaKMBAaHUE» CJIOEB YepTexka, MperHa3Ha-
YEHHBIX I OTCEKOB MOBEPXHOCTH, BCTABKY OJIOKa C AJIEKTPOHHOIH MOJENBIO MHOTO-
TpaHHHMKa U MOCJIE0BaTeNIbHOE «pa3MOpaKUBaHKeEy cioeB ueprexa. Koraa mpo-
HCXOINT «Pa3MOpPaKUBAHKE» CIIOEB YEPTexka, IpoLiecC 00pa3oBaHKs MHOTOTPaHHHKA
JEMOHCTpHUpPYETCS Ha 3KpaHe MOHHUTOpa. Pe3ynbTaToM MpOBEAIEHHOTrO MCCIe0-
BaHMS CTAJIO CO3JaHKE IPOrPaMMHOTO 0O0ECHEUECHUs, BKIIOYAIOIIET0 MO0Ib30Ba-
TeNbCKHE (PYHKUUH Tl (POPMUPOBAHHUS ICKTPOHHON MOJICIU BHIOPAHHBIX MHO-
TOTPaHHMKOB U BU3YAJIM3alUH Iponecca 00pa3oBaHUS MX IOBEPXHOCTEH B IH-
HaMHYECKOM peXXHUME.

Kntouesvie cnosa: momynpaBuIbHEIN MHOTOIPAHHHUK; 2J€KTPOHHAs MOJIENb;
KOHCTpYKTHBHas (opma; (hopMooOpa3oBaHUE; YCEUCHHBIH TETpad[p; yCedeH-
HBII OKTa3/1p; yCEUEHHBIN UKOCAdAP
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1o H. 3.). Ix Bcero TpuHamare. B yecTs Benmmkoro yde-
HOTO MX Ha3bIBalOT TeslaMu Apxumena. [1sate Apxume-
JIOBBIX TE€JI MOKHO TOJY4UTh yCEUEHHEM BEPILIHH IISITH
[InaToHOBBIX Ten, mpu 3TOM rpaHu [11aTOHOBBIX Teln
peoOpasyroTcss B MPaBWIILHBIE MHOTOYTOJBHHUKU JIPY-
roit popmel. Tak 0O6pazoBaHbl clieqyronpe Tena Ap-
XHMeJIa: YCEUEHHBIN TeTpas/ip, yCEeUSHHBINH OKTa’ap,
YCEUEHHBI KyO, yCeUeHHBIN TOMEKadip U YCEUCHHBIH
HKOCadIp. DT MHOTOTPAaHHUKH BBITYKIIbIE, MHOTOT PaH-
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TEOPUA TOHKIX OBONOYEK

TOYTOJIBHUKH JBYX TUTOB. J[Ba Tema Apxumerna — Ky0o-
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OKTa3/Ip U MKOCOIOJEKa’dIp — IMOJIYyYaroT mepeceye-
HueM AByx Ten Ilnatona. Ilpu ycedenun >Toi mapsl
MHOTOTPaHHHUKOB 00pa3yroTCsl pOMOOKYOOOKTadIp 1
poMmbonkocogoaekasp. OcranbHble Tena Apxumena
00pa3yloTcs JanbHEHIIMM NpeoOpa3oBaHUEM IOIY-
YeHHBIX Tel [4; 5].

C npeBHHX BpeMEH M3BECTHHI IPHMEHEHHE 30J10-
TOW MPOMOPLUMHU AJsl TIOCTPOSHHS MPABUIBHBIX MHO-
TOIPaHHUKOB M CO3AHHE C MX HCIIOJIb30BaHHEM 3Ha-
MEHHUTHIX XyI0’KECTBEHHBIX MPOoU3BeneHuit [6; 7].

B nacrosiiee BpeMsi UCIIONB30BaHUE ApPXUMEIO-
BBIX TEJl B apXUTEKType MO3BOJISET CO3AaBATh OPUTH-
HaJIbHBIC 37aHUs B CTHIIE IOCcTMOoAepHu3Ma. K HuM B
MEPBYIO OYepelb MOXKHO OTHeCTH HanmonanbHyto Ou6-
mmoteky PecrryOmiku benapyck. @opma 3toro 3aaHus —
poMOoKyOooKkTadaAp. [pyroit mprmep — 3nanrie Mexmy-
HapOHOTO SKOHOMUYECKOro KoMuTeTa B Kuese, B KoTo-
POM KyTio KoH(epeHII-3aia — ukoconoaexasap [8—10].

Bormpocam Busyann3alnuy HayqHbIX JaHHBIX (apXH-
TEKTYPHbIX, MH)KEHEPHBIX, T€OJIOTHYECKUX U JIP.) B TPEX-
MEPHOM MPOCTPAHCTBE MOCPEICTBOM HCIIOIB30BAHUS
PasINYHBIX BUIOB MPOIPAMMHOIO 00eCHeYeHHUs I0-
cBsimeHb! paboThl [11-17]. Mcmonb30BaHne CHCTEMBI
AutoCAD u s3pika AutoLISP s oGpazoBanus pas-
JIMYHBIX TIOBEPXHOCTEH OCBEIICHO B padotax [18-25].
Busyammzarmst o6pazoBaHus oBepxHocTelt Ten [lmaro-
Ha KUHEMaTHYECKUM CIIOCOOOM B THHAMHUYECKOM PEKH-
Me B cucteme AutoCAD paccmotpena B pabdote [26].

B nmannoii pabote n3ydaercss BO3MOKHOCTB 00pa-
30BaHUs NIOBEPXHOCTEH IMOIyNpPaBWIBHBIX MHOTOIPaH-
HUKOB Apxumena B cuctemMe AutoCAD u Busyamu-
3aluy npouecca UX GOPMUPOBAHUS C UCIIOIB30BAHH-
€M TIpOoTpaMMHOT0 obecrieueHus Ha si3bike AutoLISP.

[Nockonbky paccMaTpuBaeMble MHOTOIPaHHUKHU CO-
JepiKaT TPaHd JBYX T€OMETpPUUYECKHX (HOpM, I KaxK-
JIOr0 MHOTOTPaHHHUKA CO3JAIOTCA I10JIb30BATEIbCKHE
(GYHKIHH C TIeNTBI0 00pa30BaHMsl IBYX KOHCTPYKTHBHBIX
¢dopm. Koncrpykrusasie GpopMbl 00pa3yroTcst KHHE-
MaTHYECKUM CIIOCOOOM, IIPH 3TOM B KAaueCTBE HAIPAB-
JISTIOIIMX JIMHUN HCIONbB3YIOTCS peOdpa MHOTOIPaHHH-
KOB, a B KauecTBe 00pa3yloUInx — JMHAU NepeMeH-
HOM JJIMHBI, CKOJIB3SILINE MO pedpaM MHOTOTPaHHHUKOB.
ITockoibKy 00pa3syrolue JTMHIN U3MEHSIOTCS 110 [JIMHE,
MEXIY HUMH 00pa3yIOTCsl OTCEKH MOBEPXHOCTH Iie-
PEMEHHOW NJIMHBI.

AJNTOPUTM MPOTrPaMMHOTO 00ECHEUEHHS AT KaxK-
JIOr0O MHOT'OI'PaHHUKA BKJIIOYAET:

— opMupOBaHHE KOHCTPYKTUBHOW (OPMHI 1;

— (¢opMupoBaHHE KOHCTPYKTHBHOW (HOPMBI 2;

— o0pa3oBaHMe AIEKTPOHHOW MOJIEIN MHOTOIPaH-
HUKa;

— o0pa3oBaHHe MOBEPXHOCTH MHOTOTPaHHHUKA B
JUHAMUYECKOM PEXHME.

450

1. O0pa3oBaHue MOBEPXHOCTH
yYCe4eHHOro TeTpajapa

YcedeHHBIH TeTpadap M300pakeH Ha puc. 1 B AByX
BapuaHTax: HeMpo3pauHblil 1 po3pavHocTs 60 %. Ero
rpanu: 4 TpeyroibHUKa U 4 mectuyronbHuka. Kon-
¢urypanus BepmuHs: 3,6,6.

Puc. 1. Yceuennslit Terpasap
[Figure 1. Truncated tetrahedron]

O0pazoBaHue KapKaca YCEUeHHOTO TeTpad/ipa BbI-
TTOJTHSETCST 0OPE3KOi KapKacHBIX JIMHUH TeTpadipa Ha
1/3 ux mnuHbl ¢ 000uX KOHIIOB. Ha puc. 2 uzobpaxe-
HBI KapKacHble TuHuu Tetpadapa PA, PB, PC, AB,
BC, AC. Pe3ymbTar 00pe3Kku — KapKac yCeU4eHHOTO
Terpaspa (puc. 2).

O0pazoBanue HaOOpa OTEKOB TIOBEPXHOCTH IICCTH-
YTOJIFHUKOB BBITIONHSETCS B SUEHKE KapKaca yCe4eHHO-
ro TE€Tpal’apa, B INIOCKOCTH KOTOPOH yCTaHOBJIEHA
cUcTeMa KoopAuHAT X4 04 y; MOCPEICTBOM IEepeHoca
cucteMbl koopauHat XOy B Touky 01 U IOBOPOTOM
Ha yron (180 — 9) Bokpyr pebpa AB (puc. 2).

o

Puc. 2. Cxema K pacyeTy NOJ0XKEHHS TPEYTOIbHON SUeHKH
[Figure 2. Scheme to calculate the position of a triangular cell]

THEORY OF THIN ELASTIC SHELLS
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OOpasoBaHne OTEKOB HOBOI TPEYrOJILHOM TOBEpX-
HOCTU BbINONHsETCA B suerike MKN kapkaca ycedeH-
Horo TeTpa’apa. Cucrema KoopawHAT X,0,Y, ycTa-
HABJIMBAETCA B IUIOCKOCTHU TPEYTOJIbHOM stueiiku MKN
MIEPEHOCOM CHCTeMBI koopauHat xOy B Touky O, u
noBopotoM Ha yroi (180 — y) Bokpyr pedbpa MN. Ha-
MIPaBIISIOIINMH SABIISIOTCS oTpe3ku KM u KN (puc. 2).

VYriel 9 u y npuHaanexaTr TeTpa’apy. Yron 'y
BBIYHUCIISIETCS, IPH 3TOM IPUHUMAETCsl BO BHUMAHHE,
yto CM = CN = CK = MN. Torma ans ompenene-
HUS YIJIa Y HMEEM CIIeAYIOIINE COOTHOIICHNS:

C0,=K0, = CN * cos 30°,

CE = CK *cosy, KE = CK * sin{,

Y = a tan Co,—CE

Konctpykrusnas gopma 1 — Habop oTCekoB mo-
BEPXHOCTH YETHIPEX LIECTUYTOJbHUKOB. [lanHas dop-
Ma IMeeT TPEeyTroJbHbIe 0TBepCcThs (puC. 3).

Konctpykrusnas gopma 2 — Habop OTCEKOB TO-
BEPXHOCTH YETHIPEX TPEYTOJIBHUKOB (pHC. 4).

Puc. 3. Koncrpykrusnas dpopma 1
[Figure 3. Constructive form 1]

Puc. 4. Koncrpykrusnas gopma 2
[Figure 4. Constructive form 2]

Puc. 5. O6pazoBaHye IOBEPXHOCTH yCEUCHHOTO TETPadapa
[Figure 5. Formation of a truncated tetrahedron surface]

TEOPWS TOHKNX OBONOYEK

OObenrHeHeM KOHCTPYKTHBHBIX (opM o0pazyer-
Cs 2JIEKTPOHHAsL MOJIENb YCEYSHHOTO TeTpal’ipa, Ko-
TOpasi MCTOB3YETCS TSl 00Pa30BaAHMs €r0 MOBEPXHO-
CTH B TUHAMHYECKOM pekuMe (puc. 5).

2. O0pazoBaHne NOBEPXHOCTH
YCe4YeHHOIr0 OKTa3Ipa

'YcedeHHBIH OKTa3p Npe/CcTaBieH Ha puc. 6 B IByX
BapUaHTax: HENMPO3padHbIi U mpo3padyHocTh 60 %.
Nmeer 6 kBanpaToB U § mecTuyroabHUKoB. Kondu-
ryparnus BepIirHslL: 4,6,6.

Q0

Puc. 6. YceueHnsli okTadap
[Figure 6. Truncated octahedron]

O0pazoBaHre KapKaca yCEYEHHOTO OKTad/pa BhI-
TTOJTHSCTCST 0OPE3KOM KapKACHBIX JIMHUK OKTadapa Ha
1/3 ux mnuHbl ¢ 00oux KOHIOB. Kapkac yceueHHOro
OKTaszpa n300paxxeH Ha puc. 7.

Puc. 7. ©opmupoBaHue OTCEKOB IOBEPXHOCTEH IpaHeii BYX TUIIOB
[Figure 7. Formation of compartments of surfaces of
faces of two types]

dopmMupoBaHre Habopa OTEKOB MOBEPXHOCTH IIe-
CTUYTOJIbHUKOB BhIMONHsAETCS B sueiike ABCDE xap-
Kaca yCEeUeHHOTO TeTpad/ipa, B KOTOPOH yCTaHOBJICHA
cucteMa KoopauHat X, 0 y,. Hanpasnstommmu npu-
HATBI CTOPOHBI stueiiku AG, EG ¢ JIeBOW CTOPOHBI U
BC, DC c mpaBoii CTOPOHBI.
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OO6pazoBanue OTEKOB OBEPXHOCTH KBaapaTa BbI-
nonHsiercs B siueiike BCK O, kapkaca. B nmimockoctn
STMEWKN yCTAaHOBJIIEHA CHCTEMa KOOpAWHAT X, 05y, T0-
CpEICTBOM IepeHoca CUCTEMBI KOOpIrHAT X0y B TOUKY
0, u noBopoToM Ha yroia 90° Bokpyr oceil x u y. B kaue-
CTBE HaNpaBJSIOUINX IPUHATHI CTOPOHEI siueiiku BO,,
BC ¢ ognoti ctopons 1 KO,, KC ¢ npyro#t CTOpOHEI.

[NockonbKy 00pa3oBaHKE MOBEPXHOCTH BBITOIHS-
etcs ¢yHkumer Loft u ee onmmelt «mo ceyeHusmM», He-
00X0MMMO 00eCTIeUNTh BRIBOJT Ha DKPaH CCUCHMA KBa/I-
paToB U IIECTHYTOJHLHUKOB OJJHOTO YPOBHS OJJHOBpE-
MEHHO. JTO yCJIOBHE BBINOJTHSIETCS, eciu mar ¢op-
MHUPOBAHUS OTCEKOB NMOBEPXHOCTEH IIECTHYTOJIbHUKA
Y KBaJIpaTa 1o CMeXKHOMY peOpy OJIMHAKOB:

dylr  dy2
cos™/g - cos/,’

rae dyl — mar ¢opMUpOBaHHUs OTCEKOB TIOBEPXHOCTH
HIECTHYTONBHIKA;, dy2 — mar GOpMHPOBaHUS OTCe-
KOB ITOBEPXHOCTH KBaJIpaTa.

Bennunna dyl 3amaercs, a BennuuHa dy2 BbI-
YHCIISIETCS:

dy2 = 2L
cos™/¢
KoncrpykrusHas gopma 1 — Habop 0TCEKOB TO-
BEPXHOCTH BOCBMH ILIECTUYTOJIBHUKOB. JTa (opma
MUMeeT KBaJIpaTHbIe OTBepCcTHs (puc. §).
KonctpyktuBHas dopma 2 — HaOOp OTCEKOB TI0-
BEPXHOCTH IIECTH KBaApaToB (puc. 9).

Puc. 8. KonctpykrusHas ¢popma 1
[Figure 8. Constructive form 1]

Puc. 9. KoncrpykrusHas ¢popma 2
[Figure 9. Constructive form 2]
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Puc. 10. O6pa3zoBaHue MOBEPXHOCTH YCEUCHHOTO OKTadIpa
[Figure 10. Formation of a truncated octahedron surface]

OObearHeHneM KOHCTPYKTHUBHBIX (opM oOpa3zy-
€TCs NIEKTPOHHAs MOJIENTb YCEUeHHOro OKTa’apa. OHa
UCIIOJNIB3YeTCs JUIsl 00pa30BaHMS TIOBEPXHOCTH YCEUCH-
HOT'O OKTa’/ipa B TUHAMHUYECKOM pexxume (puc. 10).

3. O6pa3oBaHne MOBEPXHOCTH
yCe4eHHOro HKOcadapa

YceueHHbI HKOca’Ap — MOIYNPaBUIbHBIMN MHO-
TOTpaHHUK, UMEIOLIH 12 rpaHeii B opMe MpaBUIIb-
HOTO TATHyToNbHUKA 1 20 Tpaneil B (hopMe TpaBHIIb-
HOTO mecTuyroibHuka (puc. 11). B xaxnoit u3s Bep-
LINH CXOASTCA 2 IMIECTUYTOJIbHUKA U MSATHYTOJbHHUK.
Kondurypauus sepmunst: 5,6,6.

(3

Puc. 11. YceueHnHslit uxocasap
[Figure 11. Truncate icosahedron]

VYceueHHBI HKOCA3Ip MOKHO MOJIYyYUTh, CPE3aB
BEPIIMHBI Y UKOCA3Jpa WM YIJIBl Y BCEX TPEYTOJb-
HUKOB UKOCA3pa.

[l 0Opa3oBaHMs yCEUEHHOTO MKOCA’3pa KUHE-
MaTHYECKHM CITOCOOOM CTPOUTCS €ro KapKac yCeueHH-
€M KapKacHBIX JTMHUH WKocadzapa Ha 1/3 amuHbI Tpe-
YTOJIBHHUKOB C 00EMX CTOPOH.

@

Puc. 12. Bug cniepenu
[Figure 12. Front view]

THEORY OF THIN ELASTIC SHELLS
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O0pa3oBaHe OTCEKOB MATHYTOJIBHON M LIECTH-
yroJbpHOU ()OpPM BBITIONHSIETCS pas3nesibHO. Buiierns-
I0TCS YeTBIPE Psiia OTCEKOB MIECTHYTONBHOM (hopMEI,
JIBa psiia OTCEKOB MATHYTOJIBHON (YOPMBI M IBa OCHO-
BaHUs MATHYTONBHON popMmer (puc. 12). dopmuposa-
HHE UJIET TI0 PSaM.

4. ®opMupoBaHNe 0TCEKOB
TMIOBEPXHOCTH IECTUYT0JIbHUKOB

OCHOBHBIM apTyMEHTOM B OpPraHH3aLMy MpoLecca
(hopMUPOBAHUS OTCEKOB SIBJIICTCS MOJIOKEHUE TUCH-
KM KapKaca — yrojl MeXIy Hel U OCSIMHU KOOpJAWHAT.
Iockonbky B mporpaMMHOM obecriedeHnn AutoCAD
cHCTeMy KOOPAMHAT MOKHO IlepeMeIlaTh U BpallaTs,
MMeeTCs] BO3MOXHOCTh YCTaHOBKH €€ B ITOCKOCTSIX
AYeeK KapKaca B HY)KHOM IOJI0KEHHH.

Jls 00pa3oBaHMS OTCEKOB B sTUEHKE TIEPBOTO psifa
HEOOXOAMMO MOBEPHYTH CUCTEMY KoopauHaT x0yz
BOKPYT OCH Z Ha yroa 36°, 3aTeM IEpeHECTH €€ B
TouKy O W TOBEPHYTh Ha Yrol T MEXIYy OCBIO Yq
HIECTUYTOJIbHUKA U OCBIO Y. DTOT yroj U3BECTEH W3
KOHCTPYKIIMH HMKOCajy/pa, B MPOTpaMMe OH BBIYHC-
JSeTCH.

Orcexkn dopmupytotcs Qynakueit Loft mexmy
00pa3yomuMu qq U (,, CKOIB3ALIIMMH IO HaIpaB-
JSAIONMM — CTOPOHAM HIECTUYTOIBHOM KapKacHOU
sayeiiku. OTCeK MOBEPXHOCTH MEPBOro psla MOKa3aH
Ha puc. 13.

A

Puc. 13. YceueHHbIN TPEYrOJBHUK U OTCEK IIOBEPXHOCTH B HEM
[Figure 13. The truncated triangle and the surface compartment in it]

IIpu ycTaHOBKE CUCTEMBI KOOPIMHAT B IIJIOCKO-
CTH IECTUYTOJBHUKA BTOpOro psina (puc. 14) cucrema
KoopauHaT xOyz NOBOpauUBaeTCsl BOKPYT OCH Z Ha
36°, mepeHoCHUTCS B TOUKY D M TIOBOpadMBaeTCsl BO-
KpYT OCH X, Ha yTroi T.

VYrou T paBeH:

T=90°4+8, §=r=*(1—cos36)/hs,
TJie ' — paaryc OKPY)KHOCTH, OIIMCAHHON BOKPYT TISITH-

YTOJIBHHKA; h3 — BBICOTA YCEUEHHOTO MKOCAdIpa.

TEOPUA TOHKIX OBONOYEK

Puc. 14. Cucrema koopauHar 2-ro psja
[Figure 14. 2" row coordinate system]

Puc. 15. KonctpykrusHas gopma 1
[Figure 15. Constructive form 1]

B psimax Tpu u yeTsIpe anropuT™ MepeHoca CUcTe-
MBI KOOPAMHAT HA MJIOCKOCTH IIECTUYTOJIBHBIX SYeeK
AHAIIOTUYCH.

OTcekr MecTUYTONFHUKOB COCTABIISTIOT KOHCTPYK-

THBHYIO (opmy 1 (puc. 15).

5. ®opmupoBaHHNe 0TCEKOB
MOBEPXHOCTH MATHYTOJILHUKOB

[IaTuyronbHble sueiikun OOKOBOI MOBEPXHOCTH
YCEYEHHOTO MKOCadJlpa pacloioKEHBl B JIBa psja.
Ha puc. 16 nokazana ogHa siueiika BEpXHEro psa.

VYron HakioHa pebpa UKocadipa C OChI0 Y — .
Y051 MeX Ty IIIOCKOCTBIO MSTHYTOJIBHUKA M OCBIO Y — T.

[ BeIMONHEHUsT 00pPa30BaHUsI OTCEKOB TIOBEPXHO-
CTH TIATUYTOJHHUKA HE0OXOIMMO MpeoOpa3oBaTh Ha-
YaJbHYIO cucTeMy KoopauHaT x0yz B cucteMy XgN Yy,
PAaCHOJIOXKEHHYIO B IJIOCKOCTH MATHYTOJIBHOMN sS4e-
Kk ABCDE, BBINONHUB CIIEAYIONINE ONEpaliu:

— nepeHoc cuctembl xO0yz B TOUKy M

— TIOBOPOT cucTeMbl XO0yz BOKpyT auaroHanu AC
Ha yro ;

— nepeHoc cuctembl xO0yz B Touky N.

ITo noctpoenuto umeem:

AB=BC=AQ =CQ =AE =ED =DC = a.
Tpeyronsuuk ABC paBeH TpeyronbHuky AQC —
QM = BM.
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Tpeyronsauk BQM — paBHOOenpeHHbIH, KM —
BeicoTa = BK = QK.

Yron ¢ onpenenseTcs U3 CIEAYIOMHUX COOTHO-
LICHUM:

BM = QM = a * sin 36,
KM = vVBM? — BK?, t=2%* .

%

Puc. 16. Onpenenenne yria T MEXIY OCSIMH Y H Vg
[Figure 16. Determination of the angle T between the y and y, axes]

®dopMupoBaHHE OTCEKOB IOBEPXHOCTU MPOUCXO-
muT B sueiike kapkaca ABCDE Mexmy aBymst oOpasy-
IOIMMH, IBMXXYIIUMUCA CHa4dYaJla 10 HallpaBJIAOIIUM
AE u DC, a 3arem no HanpasiswomuM AB u CB.

[TockonpKy yceueHHBIH MKOCadAp WMEET TpaHu
TITUYTOIBHOM U IIECTHYTONBHOM (hOPM, TIPH 3TOM IISITH-
YTOJIBHBIE TPaHU CO BCEX CTOPOH COMPHKACAIOTCS C Iile-
CTUYTOJIPHBIMH TPaHIMH, B HEKOTOPbIE TOPU30HTAIBHBIC
CEYeHHS TOMAIAI0T JBa OTCEKa: OAWH MATHYTOIBHOM
(bOpMBEI, a IPyToi — NIeCTHYTOJILHOH.

[IsaTyrOoNBEHUK UMEET BE 00JIaCcTH: TPEYTOJIBHOMI
U TpaneneuanbHoi GopMel. J{Js mocTpoeHus: oTce-
KOB TTOBEPXHOCTH HEOOXOAMMO OTpEeNUTh U 1ar dypl
JUTSL TPEYTOJILHOW (hOpMBI, U Iiar dyp2 Iuisl Tparie-
neunanbHoi. lar dys s mectuyronbHUKa 3a1a-
ercs. Jlis onpeneneHust HeU3BECTHBIX BenunH dypl u
dyp?2 ucnions3ytotes yeprexu (puc. 17 u 18):

dypl = dys * sin36/sin 60,
dyp2 = dys * sin 72 /sin 60.

Ha6op oTcexoB MOBEPXHOCTH MATUYTOJIbHUKOB
BEpPXHETO psijia co3naeTcs QyHKUHer Array si3biKa
AutoLISP. Anroputm st o6pasoBanus Habopa oTce-
KOB ILITUYTOJBHUKOB HIDKHETO psifia MOA0OEH MpHBe-
JICHHOMY aJIrOpuTMy JJIs BEPXHETO0 psja.
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Puc. 17. Onpenenenue mara dypl
[Figure 17. Definition of dyp1 step]

Puc. 18. Onpenenenue mara dyp?2
[Figure 18. Definition of dyp2 step]

HaGops! U3 0TCEKOB MATUYTOIBHON (QOPMBI CO-
CTaBJISIOT KOHCTPYKTUBHYIO hopmy 2 (puc. 19).

Puc. 19. KoncrpykrusHas dpopma 2
[Figure 19. Constructive form 2]

OO0pa3oBaHNe OTCEKOB IMATHYTOJILHUKOB B OCHO-
BaHHUAX KapKaca yCEUSHHOTO MKOCA3Ipa BBIMOJIHSACT-
Csl TaK JKe, KaKk U B OCHOBAHUSIX JOJCKadpa — MO Tpe-
YTOJBHHUKAM, HA KOTOPbIC Pa30UBAIOTCS MATHYTOJNBHHU-
KM OCHOBaHu# [28; 29].
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Puc. 20. O6pa3oBaHHe yCEUCHHOTO HKOCAIPa
[Figure 20. Formation of truncated icosahedron]

DNeKTpOHHAsT MOJIENTh YCEYSHHOTO UKOCAdIpa Mo~
JydeHa 00beTUHCHHEM €T0 KOHCTPYKTHBHBIX (hOpM U
OTCEKOB OCHOBaHUH. OOpa3oBaHue MOBEPXHOCTH MPEI-
cTaBneHo Ha puc. 20.

3akioueHmne

Pesynbratom mpoBeneHHOI paboThl ABIISETCS CO-
3[aHHE aJTOPUTMOB U MPOTPAMMHOTO OOECTIeYEeHUs
Ha si3bike AutoLISP s oOpa3oBaHust 37IEKTPOHHBIX
MoJeneil 1 GopMUPOBaHUS KMHEMATHYECKUM CIIOCO-
O0M MOBEpPXHOCTEH CIEAYIOMMX MOTYHPaBUIBHBIX
MHOTOTPaHHUKOB ApXUMena:

— YCEUEHHOTO TeTpa3pa;

— YCEUEHHOTI'0 OKTa3/Ipa;

— YCEUEHHOT'0 UKOCadApa.
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Abstract

The paper examines the automated formation by the kinematic method of
the surfaces of Archimedes' semi-regular polyhedra of three forms: truncated
tetrahedron, truncated octahedron and truncated icosahedron. To solve this prob-
lem, AutoCAD and the built-in programming language AutoLISP were used.
Each of these five semi-regular polyhedra of Archimedes has faces of two kinds.
In this regard, the surface of a separate polyhedron is considered to consist of
two structural forms. Each structural shape is formed in the AutoCAD environ-
ment from the compartments of the surfaces of the faces of the polyhedron of the
same type, and each compartment is assigned to a specific layer of the drawing.
The formation of constructive forms is provided by user-defined functions de-
veloped in the functional programming language AutoLISP. User-defined func-
tions not only form images of surfaces, but also perform all the necessary calcu-
lations. The electronic model of each polyhedron is formed by the union of its
structural forms. A block is formed from it. The surface formation of each poly-
hedron performs user-defined functions that provide “freezing” of drawing layers
intended for surface compartments, insertion of a block with an electronic model
of the polyhedron, and sequential “defrosting” of drawing layers. When there is
a “thawing" of the layers of the drawing, the process of forming a polyhedron is
shown on the monitor screen. As a result of research software that includes user-
defined functions for the formation of an electronic model of selected polyhe-
drons and visualization of the process of formation of their surfaces in a dynamic
mode was created.

Keywords: semi-regular polyhedron; electronic model; design form; formation;
truncated tetrahedron; truncated octahedron; truncated icosahedron
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Abstract

Relevance. At present the application of numerical analyses to real problems of
dam engineering has suffered at times from the gaps between the specialists of mathe-
matical modeling and dam engineers and managers. The first group usually includes in-
formation system specialists because they are able to develop the computer models to their
full potential. The professionals belonging to the second group often prefer to revert to
traditional methods of calculation and empirical methods based on their proven experi-
ence. The aim of the work — based on recommendations of International workshops
seminars, organized by the [COLD Committee on Computational Aspects of Dam Analy-
sis and Design, help dam engineers to interact with mathematical modeling specialists
and to work with them without language barriers or gaps in knowledge. In this relation
the assessment of reliability and applicability of numerical analyses of dams allows
engineers to develop the optimal dam design. Methods. Assessment of the reliability of
numerical methods of analyses of dam behavior was based on data of 10 International
benchmark-workshop seminars, organized by the Committee in Italy (1991 and 1992),
France (1994 and 2009), Spain (1996), USA (1999), Austria (2001), Romania (2003),
China (2005), Russia (2007), in which specialists of these countries also took part.

Keywords: reliability index; numerical models and analyses; static, seismic
and hydraulic behavior of the dam

Introduction

ICOLD Committee on Computational Aspects of
Dam Analysis and Design published in 2013 Bulletin

155 “Guidelines for use of numerical models in dam
engineering” [1]. This Bulletin is a continuation of Bul-
letin 122 “Reliability and applicability of computation-
al procedures for dam engineering” [2], published in
2001.
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Assessment of the reliability of numerical methods
of analyses of dam behavior was based on data of 10 In-
ternational benchmark-workshop seminars, organized by
this Committee in Italy (1991, 1992), France (1994,
2009), Spain (1996), USA (1999), Austria (2001),
Romania (2003), China (2005), Russia (2007) [3],
in which 5 authors and some other Committee mem-
bers took part [4-12].

Each seminar bore working character: specialists
from many countries could check and compare their
software programs of numerical analyses (mainly by
finite element method) and models of materials in four
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different themes of important aspects of static and seis-
mic behavior of dams (by two themes for embank-
ment and concrete dams). Results of many analyses
were compared with the monitoring data of behavior
of real dams. The same numerical model, used for
the simulation of given aspects of dam behavior, can
be relatively reliable for different periods of its ser-
vice: construction, initial filling of reservoir and op-
eration and for different types of dams.

Reliability and applicability of
modern numerical analyses of dams

Numerical modeling of main aspects of behavior
of concrete and embankment dams under action of
static, seismic and hydrodynamic loads is analyzed.
On the basis of 10 International seminars on numerical
analysis for dams the assessment of computer programs
of numerical analysis (by the finite elements method)
concrete and embankment dams and recommenda-
tions for choice of mathematic models for their mate-
rials are given. The classification and recommenda-
tions are given for the choice of mathematic models of
soils and concrete for the numerical analyses of the
stress-strain state of embankment and concrete dams
and their foundations. These recommendations are in-
cluded in Bulletin 122 of the International Commis-
sion on Large Dams (ICOLD) “Reliability and ap-
plicability of computational procedures for dam en-
gineering “, prepared for dam professionals through-
out the world.

In the following paragraph with reference to dam
typology and to different periods of dam life, the capa-
bility of numerical modelling to analyze phenomena
related to dam safety is shown. In fact, the same model
used to analyze a definite phenomenon can be relia-
ble during the various periods of life of a dam (con-
struction, first fillings, operation) or for the various
dam types. Four numerical indices (1, 2, 3, 4), defined
Reliability Indices (RI), are adopted whose meaning is
as follows:

RI = 1 — the phenomena related to dam safety
can be confidently analyzed by numerical models;

RI = 2 — the phenomena related to dam safety
can be analyzed by means of numerical models but:

— with some limitations and/or difficulties (sim-
plifications in the computational hypotheses;

— lack or difficulty to get fully reliable experimental
data, relevant cost of the analyses, etc.);

RI = 3 — the phenomena related to dam safety
can be analyzed by means of numerical models, whose
results can give only qualitative or comparative indi-
cations, e.g. because of the strong simplifications need-
ed, etc.;

RI = 4 — the phenomena related to dam safety
cannot be analyzed by means of numerical models.

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

In general, only one index is used for each item
phenomenon-dam life period. In some cases, more in-
dices are used if the reliability of numerical model-
ling is considered different for various dam types.

In the following paragraph capital letters have
been used in this way: C — Concrete; E — Embankment;
S — Static; D — Dynamic; H — Hydraulic.

For various dam types and their behavior aspects
(CS, CD, CH, ES, ED) matrices are given [i, j], where
i — number of the given aspect of dam behavior (in the
order of its significance for dam safety) in the given
its life period: j = 1 (construction), j = 2 (first filling
of reservoir), j = 3 (operation).

1. Concrete dams — static behavior

1.1. Stress-strain state

CS [1,1], RI = 2. Construction phase

Numerical methods and procedures are available
for simulation of the construction phases for all dam
typologies. Difficulties arise from:

a) complexity of the phenomena occurring during
these phases, such as concrete setting, hardening and
shrinkage (consequent stresses produce cracks and af-
fect the stress-strain-state);

b) deformability of rock foundation, which is in-
fluenced by non-homogeneities of massive rock and
by presence of potential sliding faults whose parame-
ters of mathematical model is a very difficult task;

¢) the prediction of temperature changes in early
age concrete due to the heat of hydration. The influ-
ence of many variables, i.e. amount and type of cement
used for the concrete mix, thickness of lifts, time inter-
val between lifts, different height of blocks, external
temperature condition, should be more deeply known.
Therefore, the early age volumetric changes and crack-
producing tendencies cannot be analyzed in a com-
pletely reliable way with available numerical models;

d) lack of information about construction joints
grouting. Contraction joints can be grouted for arch
dams to form monolithic structure. In this case grout-
ing causes pre-loading condition, that is unknown.

Reliable numerical analyses (i.e. software codes
and adequate experimental-numerical validation resear-
ches) of stress-strain state in the construction phases
have been set up recently.

In most cases the evaluation of the aspects men-
tioned under points a and c is still based on practical
experience which however has shown to be not suf-
ficient to avoid the cracking problems. The monitoring
practice of placing many thermometers and thermo-
extensometers in the concrete mass during casting has
been in use for many decades; unfortunately, in most
cases, the relevant measurement data (besides being
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too local in the case of thermo-extensometers) are not
complemented with the detailed additional information
about construction history.

CS [1,2], RI = 2. First filling of reservoir

The approximation level of numerical simulation
for the first filling is due to lack of information on
permeability of rock foundation and concrete, which
could affect foundation deformability parameters.

Difficulties also arise from non-linear phenome-
na induced in the dam-foundation system by the pro-
gressive increase of the hydraulic loading (settlements,
creep, joints displacements). In particular:

a) consolidation, whose parameters are in general
not completely known, should be taken into account
to predict settlements during construction and causing
stresses in dam and foundation;

b) under applied loadings the rock continues to
deform (creep). The deformation characteristics of foun-
dations are significantly influenced by the density,
orientation, width and contact condition of joints and
cracks of loaded rock surfaces. All this quantity is
generally not known in complete way;

¢) permeability of the foundation rock can affect
significantly the stress-strain state, particularly in gravity
dams. The permeability of the foundation including
joints, fault zones and cavities is needed to determine
pore pressures for analyses of stresses and stability.
If foundation grouting, drainage or other treatments
are involved, their effect on pore pressure distribution
should be included.

The above described features affecting the ap-
proximation level of the computations are taken into
account in the design phase, on the basis of the expe-
rience and of qualitative evaluations, mainly in the de-
sign of the foundation treatments, in the definition of
the first filling program and in the design of the moni-
toring network. Usually an extensive and careful moni-
toring is also carried out to check the dam and foun-
dation behavior in this delicate phase; many monito-
ring instruments are installed for this purpose only,
and are abandoned after the successful completion of
the first filling phase.

CS [1,3], RI = 1. Operation phase

Numerical models can be considered completely
reliable because the data obtained by means of the mo-
nitoring of the dam can allow to establish good iden-
tification of dam-foundation-reservoir system.

1.2. Local and global stability related to cracking state

CS [2,1]1=CS [2,2], RI = 3. Construction and first
fillings phases

The approximation level is due to the combination
of what described in notes 1.1 together with the dif-
ficulties for a fair characterization of the crack for-
mation and propagation process.
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CS [2,3], RI = 2. Operation phase

The numerical simulation of the dam behavior dur-
ing operation could be facilitated by the knowledge
of the observed performances during the previous phases
of its life, allowing to remove some of the uncertainties
affecting the construction and the first filling phases.
The main difficulties arise from inadequacy of numeri-
cal models and lack of experimental evidences. In par-
ticular:

a) in analyzing concrete structures with realistic
constitutive models, difficulties lie in the fact that unique-
ness and stability of the solutions are guaranteed only
below certain load levels. This means that the nume-
rical algorithms should be very accurate otherwise nu-
merical errors may easily trigger potential instabilities
leading to an underestimation of the failure loads;

b) further difficulties are connected with fracture
testing. The most important problem is the uncertainty
of the reproducibility for the crack propagation pheno-
menon varying the shape and/or the size of the cracked
structure. It is still not completely clear how far it is
possible to extrapolate the laboratory results to the struc-
ture of large sizes and complex shapes. Consequent-
ly, the available mathematical models have not been
sufficiently validated.

Significant cracks are usually checked in the sur-
veillance. In addition to periodic visual inspections,
instruments are installed to monitor the crack opening
displacement of the main cracks. The direct monitoring
of crack is necessary, because often crack propagation
has little influence on measured integral quantities (crest
displacements), unless cracking has not reached very
significant extension.

1.3. Sliding and overturning

CS [3,1]1=CS [3,2] = CS [3,3], RI = 1. Construc-
tion, first fillings and operation phases

In spite of the simplicity of the methods usually
adopted (limit equilibrium analyses with reference to
rigid body formulation) they have been proved gene-
rally reliable. Nowadays numerical methods can also
be adopted; such methods are able to overcome the
limitations of a rigid body formulation that cannot give
any information about strains and displacements at
a state close to failure.

1.4. Instability of slopes or blocks

CS [4,1]=CS [4,2] = CS [4,3], Rl = 2. Construc-
tion, first fillings and operation phases

In this case material properties and geotechnical
data can be of difficult (or expensive) evaluation.

1.5. Seepage

CS [5,2] = CS [5,3], RI = 2. First fillings and
operation phases

NUMERICAL METHODS OF ANALYSIS OF STRUCTURES
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The approximation level is mainly due to the non-
homogeneity of the rock mass and to the difficulties in
defining a computational scheme for a reliable evalua-
tion of the phenomenon. The difficulty to model the
foundation treatments (grouting, drains, etc.) and the
strong coupling between permeability and stress state
in jointed rock mass can reduce the reliability of nu-
merical results.

Anyway, even for dams on sound rock foundations,
grout curtains and drainage systems are built as pre-
ventive measures apt to limit the seepage and relevant
pore water pressures. The check of the proper function-
ing of drainage and water-tightness systems is usual-
ly included in the surveillance activities. The complexi-
ty of the analyses still remains mainly because of the
difficulty to define material properties (permeability
as a function of the stress-strain state).

1.6. Ageing, alkali-aggregates reactions
and similar phenomena

CS [6,3], RI = 3. Operation phase

For such phenomena, numerical analyses can be
used only for qualitative evaluations, or to estimate
the order of magnitude of some effects. For dams under
design, the current knowledge allows to prevent the on-
set of such problems by means of proper choice and
control of aggregates and cement type.

For existing dams alkali-aggregate reactions and
ageing of materials can be detected through in situ and
laboratory tests. No direct numerical modelling of the phe-
nomena are available. However the effects due to alkali-
aggregates reactions can be, for instance, evaluated by
means of equivalent thermal analyses whereas the ageing
can be simulated assuming a suitable progressive varia-
tion of physical-mechanical parameters (stiffness, perme-
ability, etc.); also the effects of remedial measures, such
as diamond wire cutting, can be evaluated by means
of suitable numerical models.

2. Concrete dams — dynamic behavior

2.1. Stress-strain state

CD[1,1]=CD[1,2] =CD [1,3], RI =2. Construc-
tion, first fillings and operation phases

The modelling of the dynamic loads introduces
additional approximations compared to static analysis.
In fact, for dynamic analysis some aspects need to be
better highlighted. In particular:

a) the effect on strength and elastic properties of
materials under dynamic loads, which alternate between
tension and compression, have not been fully investi-
gated. The elastic modulus of concrete, as well as the yield
limit, varies with the rate of application of loads
(e.g., the instantaneous modulus of elasticity and the
strength of concrete can be more than 1.5 times the
static modulus);
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b) in concrete, stress-strain relationship exhibits
a softening behavior when the tensile strength is ex-
ceeded. The capability of concrete to dissipate addi-
tional energy before complete failure may play an im-
portant role with regard to seismic action where the dam
structure has to absorb energy arising from ground
motion. Appropriate models of these aspects have not
yet completely been attained;

c¢) In the mathematical reproduction of dynamic
behavior of dams a difficulty is originated by the need
of a suitable modelling of the energy dissipation me-
chanism through dam-rock-reservoir system;

d) the incidence of floating debris on structural
stability during floods and the ice-structure interac-
tion (pseudo-static thrust and dynamic impact) have
to be also taken into account in particular situations.
Consequently, the approximation index 2 has been as-
signed to the dynamic analyses independently from
the phase of life of the dam. However, for dams in
operation, when data related to the seismic behavior are
available (e.g. when a seismic monitoring system is
installed on the structure or when forced vibration tests
have been carried out), a Reliability Index RI =1 could
be assumed.

2.2. Local and global stability related to cracking state

CD[2,1]=CDJ[2,2] =CD [2,3], RI = 3. Construc-
tion, first fillings and operation phases

Experiments under simulated seismic action should
be performed to investigate fracture properties under
dynamic loadings. The literature indicates that both ten-
sile and compressive strength of concrete increases with
increased strain rate; but tensile strength is more rate
sensitive. The safety assessment of concrete dams when
subjected to earthquakes strongly depends on the tensile
and cracking behavior of the material. The assump-
tions regarding the incidence of water-crack interac-
tion on the transient evolution of uplift pressures acting
in cracks during earthquakes, that vary widely among
dam safety guidelines (from zero, to the full reservoir
crack mouth pressure), still remain an open problem
even for static behavior. See, also, for applicable part,
note relevant to 2.1.

2.3. Sliding and overturning

CD [3,1]=CD [3,2] =CD [3,3], Rl = 2. Construc-
tion, first fillings and operation phases

See also for applicable part notes relevant to 1.3
and 2.1.

2.4. Instability of slopes or blocks

CD [4,1]=CD [4,2] =CD [4,3], Rl = 3. Construc-
tion, first fillings and operation phases

See for applicable part notes relevant to 1.4 and
2.1.
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3. Concrete dams — hydraulic behavior
3.1. Cavitation

CH [1,1]=CH [1,2] = CH [1,3], RI = 2. Construc-
tion, first fillings and operation phases

Numerical models for simulation of free surface
flow over spillways are currently available. They can
give sufficient information about pressures distribu-
tion on dam downstream face. Some limitations occur
in presence of pressure pulsations due to development
of turbulent boundary layer. In this case more advanced
numerical models should be used. Small physical mo-
dels are used for the problem.

3.2. Erosion

CH [2,1]1=CH [2,2] = CH [2,3], Rl = 3. Construc-
tion, first fillings and operation phases

With reference to analysis of flow velocities on dam
face and to solid material content (incidence of floating
debris on hydraulic response of dams and spillways)
numerical models can supply useful information. For
assessment of erosion it is necessary to resort to cor-
relations with experimental data.

3.3. Dislocation of paving slabs of spillways

CH [3.2] = CH [3,3], RI =4. First fillings and ope-
ration phases

Presently such phenomena, due to pressures pul-
sation when the spillway is in operation, can not be
modeled mathematically, but reduced scale physical
models can be used.

3.4. Extreme flood

CH [4,1] =CH [4,2] = CH [4,3], Rl = 1. Construc-
tion, first fillings and operation phases

The evaluation of extreme floods is a classical prob-
lem in hydrology and several methods are currently
applied which can vary from country to country because
of the different traditions and type of data available.
It can be said that the methods are generally simple
to apply and the accuracy of results mainly depends
on the availability and reliability of long sets of his-
torical data on past extreme events. At any rate this
is a topic of interest of the Committee on Dams and
Floods. Once the extreme flood has been evaluated,
the numerical simulation of discharge is considered
fully reliable (RI=1).

3.5. Downstream heel erosion

CH [5,2] = CH [5,3], Rl = 4. First fillings and ope-
ration phases

In general this kind of problem, which can be in-
cluded in local scour phenomena, is dealt with by means
of reduced scale physical models.
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3.6. Siltation

CH [6,3] = 2, RI = 2 (for coarse sediments),
RI =3 (for fine sediments). Operation phase

The sediments are subdivided in different classes
and appropriate equations are applied to each class.
A distinction is made between very fine sediments, such
as silt and clay which constitute and coarser sediments,
such as sand and gravel which form the bed load and
suspended load. Mathematical models of coarse sedi-
ments have been extensively applied and the experience
developed in their use have reached sufficient degree
of reliability for practical purposes. It is strongly ad-
visable to collect as many field data on the past evo-
lution as possible in order to best calibrate the model
parameters on the particular case under study. There-
fore RI given to the first set of models of coarse sedi-
ments evolution is 2. Referring to dynamics of very fine
sediments the different processes that can occur are more
complicated and not fully understood. The available
mathematical models have not been extensively ap-
plied so that there is little experience in their use and
little knowledge on their degree of reliability.

4. Embankment dams — static behavior
4.1. Stress-strain state

Currently the most frequently used mathematical
models for the analysis of embankment dams are es-
sentially numerical ones of finite element method type.
Usually the applied models depend on the type of em-
bankment dam. An analysis in total stresses is satis-
factory for rockfill dams with cement or bituminous
concrete face. For clay core rockfill dams or perme-
able earth dams the analysis in effective stresses is
strictly recommended. In the last years advanced com-
puter codes have become available, which allow to per-
form coupled solid-fluid analyses. In the latter case
the analysis is always performed in effective stresses
and excess pore pressure is one of the field variables
(this being a transient type analysis based on integra-
tion in the time domain short term response becomes
a result of computation).

The constitutive models that are usually adopted
to model the behavior of both the solid skeleton and
the interstitial pore fluid differ depending on whether
an uncoupled or a coupled analysis is performed.
In the following a list of the more frequently used mo-
dels is reported.

The detailed classification and selection of consti-
tutive models of soils for embankment dam analysis
was given in Appendix 2 [4] in [COLD Bulletin 122.
This classification is meant to help the practising engi-
neer to identify those models which are of relevance
in a particular situation. The brief description of princi-
pal models is given below.
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Hyperbolic Duncan — Chang model [13]. This mo-
del provides quite often acceptable results as it allows
to follow in satisfactory way the non-linear behavior
of the material. The main characteristic of this model
is that the deformation modulus is a function of both
the isotropic and deviatoric stresses during monotonic
loadings, like those occurring during the construction
phases of an earth dam.

Elastic perfectly-plastic models (Von Mises, Mohr —
Coulomb, Drucker — Prager, etc.). Usually it is neces-
sary to use these models with a non-associated flow
rule, since they would otherwise produce quite unre-
alistic dilatant effects.

Hardening elasto-plastic models. Isotropic, kine-
matic, isotropic-kinematic hardening rules with harde-
ning due to plastic volumetric and shear strains give
rise to these models of varying complexity. The Critical
State (CS) model [14], models of Lade [15], Prevost [16]
and Zaretsky [17] are a few examples in this catego-
ry. The well-established CS model (modified Cam
Clay model) is the basis of 30 models proposed for
monotonic and cyclic loads. The use of such models
is the conceptually correct.

Elasto-viscoplastic models. Post-constructional set-
tlements of earth and, especially, rockfill dams are con-
trolled by creep or time-dependent plastic strains of
soils and rockfill. Due to the wet clay cores delayed
consolidation is observed and the post-constructional
performance of these dams is controlled more by creep
than by primary consolidation. Neither the assessment
of cracking in the clay cores nor the safe design of
the concrete upstream facing can be carried out without
taking creep into account.

ES [1,1], RI =2. Dam body — construction phase

In most of the cases the excess pore pressure could
be neglected in this phase; according to this, analyses
of uncoupled type give acceptable results. However,
it should be considered the possibility of saturation of
the core during the construction phase for zoned em-
bankment dams. In these cases it is necessary to ana-
lyze the consolidation phenomenon through a coupled
analysis.

ES [1,2]1=1,RI=2, Rl = 1. Dam body — first filling
of reservoir

The partial reliability (RI = 2) of this analysis arises
from difficulty of predicting propagation of the satu-
ration line and wetting collapse phenomena which take
place during first saturation of materials; the difficul-
ty of determination of reliable parameters makes the
analysis not completely satisfactory. Only for embank-
ment dams with the upstream facing these aspects could
be not so important (RI =1).

ES [1,3], Rl = 1. Dam body — operation phase

The analysis of the operation phase conditions is
more complex in the case of types a, b, d, embankment
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dams. This is due to the importance of transient hy-
draulic effects during rapid drawdown of the reservoir
which are difficult to be modelled and also to the diffi-
culty to define representative parameters to be included
in uncoupled analyses. It is then necessary to perform
coupled type analyses for a proper modelling of the
operation phase. For any type of embankment dam
a better reliability in the predictions could be obtained
through back-analysis of the dam behavior in the pre-
ceding phases.

ES [2,1] = ES [2,2] = ES [2,3], RI = 2. Founda-
tion — construction, first filling and operation phases

See for applicable parts ES [1,1], ES [1,2] and
ES [1,3].

4.2. Stability

ES [3,11=ES [3,2] = ES [3,3], RI = 1. Dam body —
construction, first filling and operation phases

Global stability analyses are usually performed using
both the limit analysis and limit equilibrium methods
with the soil modelled as rigid, ideally plastic medi-
um. Such methods provide measure of the distance
among the stress states present in the operating life
and those which correspond to different hypothetical
failure mechanisms. In this case the observation of
the dam behavior does not allow the validation of the
results of analyses, but the professional practice has
brought to adoption of safety coefficients for various
failure mechanisms which are considered suitable to
guarantee the safety.

For application to dams, a two-dimensional model
is often sufficient to give acceptable results. In some
cases, it is necessary to perform three-dimensional ana-
lyses; also in this case specific computer codes are
available. A correct analysis should take into consid-
eration, especially for the case of rockfill materials,
the non-linearity of the shear strength curve as a func-
tion of the normal stress.

In some situations, the analysis of embankment dams
could be integrated with stress-strain analyses (elastic-
plastic) of assumed failure: such analyses could high-
light phenomena of stress redistribution among the dif-
ferent zones of embankment as well as mechanisms
of progressive failure. The analysis of embankment
dams stability developed with the above mentioned tech-
niques requires the evaluation of the pore pressure
distribution through the fill; in the conditions of rapid
draw-down the evaluation of pore pressures could be
less reliable with respect to those evaluated in the steady
state conditions.

ES [4,11=ES [4,2] = ES [4,3], Rl = 2. Foundation,
abutments, slopes — construction, first filling of reser-
voir and operation phases

The analyses concerning the dam foundation or
the slopes in the reservoir zone present greater uncer-
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tainties (with respect to analyses of dam body) be-
cause of the difficulty to ascertain in complete way
the mechanical properties of the soils and hydraulic
conditions in the subsoil.

As far as the hydraulic conditions are concerned,
the models for the forecasting of the piezometric level
changes in the shells or banks, in consequence of the
precipitations and of the oscillations of the level of
the reservoir, are still not completely reliable (parti-
cularly in conditions of rapid draw-down).

As for the dam body the global stability analysis
involves in general the use of the limit equilibrium
methods. In many cases the problem must be treated
as three-dimensional ones. It could be sometimes ne-
cessary to extend the limit equilibrium analysis with more
complete stress-strain analysis: for example when the con-
ditions of flow through the rock/soil mass have been al-
tered by the stress state induced by the dam or if the pos-
sibility of phenomena of progressive failure exists.

4.3. Seepage

Seepage analyses are usually of uncoupled type
that is they do not take into consideration the stress-
strain aspects (consolidation, compaction of materials,
modification of permeability characteristics). Depending
on the problem to be solved, both steady state or transi-
ent type analyses can be performed.

ES [5,2] =2, ES [5,3], Rl = 1. Dam body — first
filling of reservoir and operation phases

The seepage analysis should not be all-important
for embankment dams with facing. As already said
analysis of situation during the first impounding pre-
sents greater complexity due to phenomena of satu-
ration of materials. In operating life, the greater dif-
ficulty concerns conditions of rapid draw-down.

ES [6,1] = ES [6,2] = ES [6,3], RI = 2. Founda-
tion — construction, first fillings and operation phases

The lesser reliability of results of the analyses is
due to the difficulty in determining representative values
and distribution of permeability by means of in situ
tests; a particular case is represented by the Karst-
formations. In some particular situations (permeability
related to presence of joint systems) the influence on
permeability of the stress state changes induced by
construction of the dam is remarkable, but very diffi-
cult to be assessed quantitatively. Further uncertain-
ties are introduced when a diaphragm wall or a grout
cut off (with their possible defects) and the presence
of the drains is to be modelled.

4.4. Internal erosion

ES [7,2] = ES [7,3]= ES [8,1] = ES [8,2] = ES
[8,3], RI = 4. Dam body and foundation — construc-
tion, first filling of reservoir and operation phases
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The problem is very important for zoned embank-
ment dams, but it could be of some relevance also for
the homogeneous earth dams; it seems that it can be
excluded for the dams with facing, unless the conse-
quences of a break of the facing are to be analyzed.
At present, during the design phase of an embankment
dam, the available procedures to prevent internal ero-
sion are based on filter criteria. In recent years many
different criteria have been established for filter de-
sign: ICOLD Bulletin 95 [9].

During construction, segregation of graded materi-
als should be avoided, since it may itself create condi-
tions susceptible to internal erosion in the core. Par-
ticular care is needed to guarantee continuity of junc-
tions and homogeneity within the embankment and
as much as possible in the foundation soils.

Since the leakage development and erosion cannot
be prevented consequences of leakage has to be han-
dled in order to maintain sufficient safety. In order to
fulfil this requirement, the strict monitoring and in-
vestigation systems for localizing deteriorated or po-
tentially weak zones is recommended. Quantities as wa-
ter losses, turbidity of water losses, pore pressures,
deformations, etc. should be monitored.

4.5. Hydraulic fracturing

ES [9,2] = ES [9,3] = ES [10,1] = ES [10,2] =
ES [10,3], RI = 3. Dam body, foundation — construc-
tion, first filling of reservoir and operation phases

The phenomenon has been conventionally related
to the event that in one or more zones of dam the minor
principal stress becomes lower than pore pressure. Back-
analyses carried out on embankment dams that expe-
rienced big problems of concentrated seepage have
pointed out cause of such seepage in the hydraulic
fracturing developed in the upper portions of the fill.
In fact, due to the arching effect, in the upper part of
the dam total vertical stresses can become lower than
the pore pressure induced by the reservoir. The pheno-
menon of hydraulic fracturing cannot be a priori exclu-
ded for homogeneous earth dams, but probability of oc-
currence is higher for zoned embankment dams or in
dams which present strong differences of deformability
or permeability characteristics in different parts of dam.

5. Embankment dams — dynamic behavior

The level of difficulty of dynamic analyses for
the forecasting of the embankment dams behavior under
seismic conditions is higher with respect to the cor-
respondent static analyses.

The reduced reliability can be attributed to greater
difficulty in defining load conditions in analysis and
to major uncertainties about a series of factors among
which the most important are the following:
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a) the difficulty to define, isolate and also to model
the reflecting/absorbing boundaries of analysis domain
(this is also valid for concrete dams);

b) the interaction of dam with foundation soil;
in case the relatively soft subsoil it modifies greatly the
seismic dam response with respect to the case of rela-
tively rigid subsoil. It is of the importance to detect
within saturated alluvium foundation the event of low
density and low mechanical characteristic layers, but
it remains really difficult to achieve the determination
of those parameters. The incidental uncertainties on
definition of foundation soils properties affect pre-
dictions of dynamic dam behavior;

c¢) the dependence of mechanical properties that
determine the seismic response from static stress-strain
state existing at the time of seismic action. These condi-
tions are defined through preceding static analysis with
consequence that uncertainties are reflected directly
on reliability of dynamic analysis.

For the evaluation of the response of embankment
dam to earthquake excitation, during and after the seismic
action, the analysis of the stress-strain state constitutes
the basis of any prediction. The global stability, liquefac-
tion potential, the behavior after seismic action, the phe-
nomena of concentrated seepage, the hydraulic fracturing,
etc. can in fact be faced with pseudo-dynamic approaches,
taking adequately into account the results of the seismic
analysis of the embankment dam and its foundation.

On the other hand, it should be emphasized that,
even if widely used conventional pseudo-static methods
are not capable to take into consideration some important
phenomena such as amplification effects, residual excess
pore water pressures after seismic actions, liquefaction,
stress redistribution. However, the interaction of dam
with reservoir does not significantly modify frequen-
cy response of embankment. The following considera-
tions are restricted to evaluation of stress-strain state.

5.1. Stress-strain state

ED [1,11=ED [1,2] = ED [1,3], Rl = 3. Dam body
and foundation — construction, first filling of reser-
voir and operation phases

Modelling typologies. 1t is well known that analyses
carried out by means of a linear constitutive model are in-
complete, unless low intensity seismic events are conside-
red. It is thus taken for granted that uncoupled, or better,
coupled time-history analyses must be used, but in any
case with non-linear constitutive models using step in-
tegration or, at least, the equivalent linear approach;
the latter in fact shows itself to be sufficiently adequate
for maximum acceleration, stresses and strains evaluation,
but evidently inadequate to estimate permanent stress-
strain phenomena. In dynamic analyses, both uncoupled
and coupled with non-linear constitutive models, the main
difficulty lies in introducing constitutive models which
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are capable to reproduce satisfactorily, under dynamic
cyclic loads, the following aspects:

a) the stress-strain response corresponding to load
pattern inversions, many models tend to amplify the hys-
teresis, compared to what is found experimentally;

b) the dissipative behavior of dam-foundation sys-
tem arising from plastic deformations and viscous phe-
nomena (this has been confirmed from experiments
and workshop seminars of our Committee);

¢) phenomena of cyclic degradation (variability
of stress-strain law with growth of cycles number);

d) phase coupling effects (a correct prediction of
excess pore pressures build up is fundamental not only
for maximum acceleration forecast, but also to eva-
luate post seismic effects).

For all the above mentioned reasons, it is not to
be taken for granted that the coupled analyses, with
the use of elasto-plastic models, are more reliable than
the uncoupled ones in terms of total stresses, given
that the latter are provided with criteria for excess
induced pore pressures predictions.

The border-line of present modelling is represen-
ted by three-phase medium to simulate behavior of
partially saturated soils. It has been recently demon-
strated that effect of variability of core material satu-
ration degree shows great influence on stress-strain re-
sponse under cyclic loads. However, it is right not to
cross border-line of two-phase medium, provided that
constitutive parameters are correctly evaluated. Dif-
ficulties in modelling mechanical behavior under seis-
mic loads are greater for homogeneous and zoned dam
but they are also highly sly for rockfill dam, the more
for loose material is loose.

Parameters definition and assumption. 1f the dam
is in highly seismic area, material properties are de-
termined by experiments, which are: dynamic in situ
tests, laboratory tests (on core materials and if it is
important, on foundation materials).

These tests supply deformability parameters with
the accuracy requested by the methods of analysis. Less
reliable is forecast of deformability parameters to be
introduced in static analyses. These are in fact hardly
deducible from in situ geotechnical tests, and show
themselves to be of poor reliability when obtained from
conventional laboratory tests (triaxial ones), not suited
to the characterization of behavior at different defor-
mation levels relevant to various life conditions of
the dam. As concerns the damping ratio to be intro-
duced both in linear equivalent and non-linear analy-
ses, it is now widely demonstrated that gross estima-
tions of this parameter induce high result dispersions.
This is further complicated by the remarkable varia-
bility of damping capabilities of cores in connection
with excitation frequencies and confining stresses.
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Heterogeneities, boundary conditions, geometrical
factors. These factors appear relatively less important
in amplifying intensity of seismic event. For strong-
motion events physical-mechanical factors connected
to non-linearity of the materials constitutive law are
of great importance. On the contrary, when the analysis
can be carried out with linear models (weak-motion
events), factors such as geometrical variability of proper-
ties, subsoil stiffness, the valley morphology, the height/
length ratio of the embankment, gain a decisive role
in response evaluation.

5.2. Post seismic internal erosion

ED[8,2]=ED[8,3]=ED [9,1]=ED [9,2] =ED
[9,3], Rl = 4. Dam body and foundation — first filling
of reservoir and operation phases

Since the post seismic internal erosion cannot be
prevented or anticipated, in order to maintain a suffi-
cient level of safety the installation of an appropriate
monitoring system is strongly recommended. Quanti-
ties such as deformations, pore pressures, water los-
ses and its turbidity should be measured.

6. Embankment dams — hydraulic behavior

Hydraulic phenomena considered in embankment
dams are practically the same as those in concrete dams

> Assumption of analysis
PacuyeTHble IPeANONOKe NS

A 4

(also the relevant indices are the same for the same
phenomena). See notes of paragraph 4.3.

Conclusions

It appears useful here to briefly summarize prob-
lems related to safety that do not seem at present ap-
proachable in a reliable manner by means of mathe-
matical models (RI 3 and 4).

Concrete dams:

— local and global stability related to cracking state
in construction, first filling (static and dynamic be-
havior, RI = 3) and in operation (dynamic behavior,
RI=3);

— damage due to ageing, alkali-aggregate reactions
(only static behavior, RI = 3) and dissolution due to
seepage (only static behavior, RI = 4);

— instability of slopes or blocks in construction,
first filling, operation (dynamic behavior, RI = 3);

— erosion of outlets during construction, first filling
and operation (hydraulic phenomena, RI = 3);

— dislocation of spillway paving slabs in first fil-
ling and operation (hydraulic phenomena, RI = 4);

— downstream heel erosion of dam in first filling
and operation (hydraulic phenomena, RI = 4).

Numerical analyses of dam behavior
UlicTIeHHbIe PacyeThl OBEICHHS
IUTIOTHHBI

Monitoring data of dam behavior
JlaHHbIe MOHHTOPHHTIA TOBEICHHS
IUIOTHHBI

A 4

A 4

Comparison of estimated and registered equivalent parameters of dam behavior
CpaBHeHHe pacyeTHBIX H 3aMePEHHbIX SKBHBAICHTHBIX apaMeTPOB
TIOBEICHHS IUIOTHHBI

NO
HET

A
Adjustment of some parameters of analysis.
Changes of project
KoppeKTHpOBKa HEKOTOPBIX PaCUETHBIX
apaMeTpoB. Mi3MeHeHs npoeKTa

Differences<Tolerances
Pasmmunsa<Jlomyckn

YES
JIA

A 4
Dam preparation for setting in operation.
IToaroToBKa INIOTHHBI K ITyCKY
B 9KCIUTyaTallHIo

Figure 1. Interaction between monitoring data and numerical modelling of dam behavior before the first reservoir filling
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Real dam (prototype)
PeanpHas WIoTHHA (IIPOTOTHIT)

New, inverse or

Mathematical model
MaremariyecKasi MOJielb

parametric
analyses

l

Hosprii,
0OpaTHBII TN

Numerical model
YricreHHas: MOZIENb

TapaMeTPHYe CKHil
pacyeTst

|

Results of analyses
Pe3synbTaThl pacyeToB

Figure 2. Four stages of numerical modelling of dam behavior during its construction

Data of dam monitoring
JIaHHBIe MOHHTOPHHTA IIOTHHBI

Data of visual inspection of dam
JlaHHbIe BU3yalbHON HHCIEKIIH
TUTOTHHBL

A 4 A

Comparison of estimated and registered

Forecast of dam behavior

parameters of dam behavior

CpaBHeH}IC PacYETHBIX U 3aMEPEHHBIX

by statistical model
IIpOrHO3 MOBECHHL
IUIOTHHBI TI0

TapaMeTPOB PaGOTHI IUTOTHHB

CTaTHCTHYECKOH MOIENH

Accordance of
dam behavior to

project?
CooTBeTcTBHE
TOBEICHHS

In case of dangerous dam behavior starting of
warning system in down-stream area
TIpu OnacHOM HOBEIEHNH IUTOTHHBI 3aITyCK CHCTEMBI
omnosemenns B Hb

Prolongation of normal
operation
IIponomxenne HOpManbHOIT
9KCIUTYaTalUH IIOTIHHBI

Restrictions of reservoir operation. Ensuring of dam safety
OrpaHnyYeHns SKCILTy aTalii BOJOXPAHILTHINA.
OGecredeHne 5e30MacHOCTH IUTOTHHBI

Figure 3. Interaction between monitoring data and numerical modelling of dam behavior in its operation

Embankment dams:

— internal erosion in construction, first filling and
operation (static, post-seismic behavior, RI = 4);

— hydraulic fracturing in construction, first filling,
operation (static, post-seismic behavior, RI = 3);

— physical-chemical deterioration phenomena (in-
cluding dissolution and dispersive clays) during con-
struction, first filling and operation (only static be-
havior, RI = 4);

— evaluation of stress-strain state in construction,
first filling, operation (dynamic behavior, RI = 3);

— evaluation of the global stability of abutments
and slopes during construction, first filling and opera-
tion (dynamic behavior, RI = 3);

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

— liquefaction of foundation in construction, first
filling, operation (dynamic behavior, RI = 3);

— post-seismic seepage during construction, first
filling and operation (dynamic behavior, RI = 3);

— erosion of outlets during construction, first filling
and operation (hydraulic phenomena, RI = 3);

— downstream heel and facing erosion of dam during
construction, first filling and operation (hydraulic phe-
nomena, RI = 4).

The safety related problems listed above are, hence,
those that deserve the efforts of researchers to promote
the implementation of adequate tools for the advance-
ments of the state-of-the-art in the field of dam engi-
neering. These tools in numerical modelling of dam
behavior are shown in figures 1-3.
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AHnnomayus

B pamMkax 1ocTaBiIeHHOI yestu pacCMOTPEHbl CBOOOAHBIE U TIOLEPEUHbIE KOJIe-
0aHusl, HCOMHOPOAHBIE MO TPEM NIPOCTPAHCTBEHHBIM KOOPIMHATAM IPSIMOYTOJIBHBIX
IUIACTUH, JIEXKAIUX HA HEOJHOPOJHO BSA3KOYNPYroM ocHoBaHMHU. IIpennonaraer-
Csl, YTO KpaeBble YCIIOBUS SIBJISIOTCS OHOPOIHBIMU. B HccienoBaHuy paspaboTaHo
3aMKHYTOE pelleHre I 331a9d 0 CBOOOAHOI BHOpAIMK HEOTHOPOJHON HPsIMO-
YTOJIbHOM OPTOTPOIHOM ILUIACTHHBI, OMHMPAIOILENCS HA HEOJHOPOIHBIH BS3KOYIIPY-
ruii pyHgamenT. Momgymu FOHra i ImIoTHOCTh OPTOTPOITHOHN IUTACTHHBI HEPEPHIB-
HO M3MEHSIOTCS OTHOCHTEIBHO TPEX MPOCTPAHCTBEHHBIX KOOPAUHAT, B TO BpeMsI
KaK XapaKTEpUCTHKH BA3KOYIPYIOro OCHOBAHUS U3MEHSIOTCS B 3aBUCHMOCTHU OT
KOOPAMHAT B INIOCKOCTH. Memoowi. COOTBEICTBYIOLIEE YPaBHEHUE JBMKEHUS 110-
JIy4EHO C HCIIOJIb30BaHUEM KJIACCHYECKOH TeOpUH IUIaCTUH. B permenuu 3agauu
IMPUMEHSINCh METOA pa3jeleHns epeMeHHbIX 1 MeTo] byborosa — 'anepkuna.
Buieoowv. Onpenenensl siBHbIe HOPMYJIbI OCHOBHOI'O TOHA YaCTOTHI IIONEPEUHOIO
KoJTe0aHMs aHM30TPOITHON IUTACTHHKH, JIXKAIel Ha HEOTHOPOIHO BA3KOYHPYTOM
OCHOBaHUU. JIeTalbHO U3yYEHO BIUSHUE HEOAHOPOAHOCTU OPTOTPOIHBIX MaTe-
pHAJIOB, HEOTHOPOAHOCTH BA3KOCTH HEYNPYTHX M YHPYTMX OCHOBaHHMIT Ha Oes-
pa3MepHBIX YacTOTaxX IJIACTHH.

Kntouesvle crosa: TuiacTHHKA; HENPEPHIBHOCTD; HEOJAHOPOAHOCTh; AaHU30TPOII-
HOCTB; IJIOTHOCTh; OCHOBAHUS; YACTOTA; IPOTHO; YPaBHEHUS TBHIKCHHS

BBenenue

B HacrosIiee Bpems Ipu CTPOUTENHCTBE KPYITHBIX
WHKEHEPHBIX KOMILJIEKCOB, MOCTOB, 3CTAKal, a TAKKe

YTOJIBHBIC TNTACTUHKH, U3TOTOBJICHHBIC U3 pa3JIMYHbIX
€CTECTBCHHBIX M HCKYCCTBEHHBIX AHM30TPOIHBIX Ma-
TEpHAaJIOB.

IIpu pacuere Ha yCTOWYMBOCTD, ONPEAECICHUN Ya-

B MalIMHOCTPOCHHHU MIHNPOKO HCIIOJB3YIOTCA IIPAMO-

CTOTHO-aMIUTUTY AHBIX XapPaKTCPUCTUK MOABJIACTCA HE-
06XO,I[I/IMOCTL y4eTa BIMAHWS COIIPOTHUBIICHUSA OKpPYIKa-

Taoscues Bazugp /Picaman Oznbl, TOKTOP (PUBNKO-MATEMATHIECKHUX HAYK,
npodeccop, 3aBeAYIOINIA OT/EIOM TEOPHH YIPYTOCTH U IUIACTHYHOCTH
WHCTUTYTa MaTEeMATHKH U MEXaHUKH.
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CTapIINii HAYYHBIH COTPYAHUK OTAETIA TEOPHH YNPYTOCTH U IUIACTHYHO-
ctu VIHCTUTYTa MaTeMaTHKU U MEXaHUKH.
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FOINeH cpenbl Tpu dKcIuTyaranud. OTHOBPEMEHHBIN
y4eT HEOAHOPOAHOCTH, aHU30TPOIHOCTH U COMPOTHB-
JICHUs BHEIITHEH Cpelbl 3HAYUTEIFHO OCTIOXKHSIET Ma-
TeMaTUYecKkoe peleHue 3amaun. Heyder sxe otux ¢ak-
TOPOB MOYKET MPUBECTH K CYIIECTBEHHOM ommoke (0co-
OCHHO B JAWHAMUYECKHX 3amadax). [IppHUMas BO BHH-
MaHHe, 9TO B CTPOHUTEIBCTBE U B PsiJie IPYTUX odnacTeit
IIAPOKO MPUMEHSAIOTCS HENPEPLIBHO-HEOTHOPOIHBIE
AQHU3O0TPOIHBIE PSIMOYTOJIBHBIE IIACTUHKY, B JAaHHON
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paboTe u3ydaroTcs monepeuHble KouebaHus 3To xe
KOHCTPYKLUH, HO C Y4€TOM HEOJHOPOAHO BA3KOYIIPY-
TOTO COIIPOTHUBJICHUS.

OynnamenTanbHas MoHorpadus B.A. JlomakuHa
MOCBSAIIEHA TEOPETHYECKUM BOIPOCAM JINHEHHO He-
OJITHOPOAHBIX YIPYTHX Tell. 31ech Ha OCHOBE IIOCTPOCH-
HOU TEOpUH YIPYTOCTU HETIPEPHIBHO JIMHENHO-YIIPYIHX
TeJN pellieH psj TEOPETUIECKUX BOIPOCOB, CBA3AHHBIX
C M3Y4EHHEM HaIPsLKEHHO-1e(OPMUPOBAHHOTO COCTO-
STHYISI 3JIEMEHTOB KOHCTpyKIuii [1].

Monorpagus I".C. Jlexuurkoro [2], mocBsineHa
TEOPHH OJHOPOAHBIX JTUHEHHO-YIPYTUX aHU30TPOII-
HBIX IUTACTHH U PELLICHNUIO KOHKPETHBIX 3a1ad.

HccnenoBanue psifa TeOPETUKO-IKCIIEPUMEHTAIb-
HBIX BOINPOCOB TOJMMEPHBIX U KOMIIO3UIMOHHBIX Ma-
TEpUAIOB MIPOBEACHO B [3], TAe yKa3aHO, YTO MPH U3-
TOTOBJICHUH TMOJIOCHI-IIIIACTUHBI TIOCIIE OIPEIETIeHHO-
To TEXHOJOTMUYECKOro Mpoliecca MOAYIb YIPYTOCTH
U IUIOTHOCTH SIBIISIIOTCSI NMEPHOANYECKON (pyHKIMER
KOOpIWHATH UTHHBI, ko3¢ dunueHnt [Tyaccona ocra-
€TCsl IOCTOSIHHOM BENMYUHOM.

Konebanune aHU30TPOMHBIX MIACTHH, JISKAILMX HA
ocHoBaHuM Tuna Bunkiepa — IlacTtepHaka, onucaHo
B paborte [4].

B [5] nccnenoBana npubmmkeHHas: METOIMKA pac-
YyeTa Ha yCTOMYMBOCTH HENPEPBIBHO-HEOAHOPOIHBIX
MPSMOYTONBHBIX MIacTUH. OOCTOATENBHO OBLIN U3Y-
YEHBI BOIPOCH! ONPEETIeHNS KPUTUUECKUX NapaMeTpoB
000JI0Y€K C y4eTOM CONPOTUBIIECHUS IBYXKOHCTaHT-
HOTO OcHOBaHuA Tuma [lacTepraka [6].

B.A. baxeHoB [7] U3JI0XUI TEOpHUIO pacueTa
NPSMOYTOJIBHBIX IJIACTUH M KPYTOBBIX LMJIMHIpUYE-
CKHX 000JI0YeK Ha M3THO W YCTONYMBOCTH, HAXOJIS-
mMxcsl B ynpyrou cpene. McciaenoBanue BOIpPOCOB
KoJIeOaHUsI OPTOTPOIHBIX HEOAHOPOIHBIX IIACTUH C
YYETOM COMNPOTHUBIICHUS PA3IMYHOIO Psifa YIpyro u
BA3KOYIpyro# cpex nposeaeHo B [8—11]. B kauectse
IpUMepa paccMOTPEHBI KOHKPETHBIE CIydal Xapak-
TEPHBIX TapaMeTPOB, BBIIOJIHEHBI YHCICHHBIE pac-
YEThl, PE3yJIbTAThl IPEJCTABICHBI B 3aBUCUMOCTH OT
napameTpa OCHOBaHUS B BUJE TaOIHIl 1 TpadHKOB.

B [12] mpoBenensp! aHamu3bl KOeOaHHUH MPSIMO-
YTOJIBHBIX IUIACTHH C YYETOM CONPOTHBICHHUSA HEOA-
HOPOJIHOW BHEIIHEHN Cpebl.

B pabore [13] — paccmarpuBaeTcs 3aga4a cBOOO -
HOTo KoJieOaHus yrpyroi 00O0JI0UKH, Jexalleil Ha of-
HOPOZIHO BSI3KOYNPYI'OM OCHOBaHHUU.

1. ITocTanoBKa 3aga4un

Kak n3BecTHO, IpU NPOEKTUPOBAHUM KPYIIHBIX
WH)XEHEPHBIX COOPYKEHHH, TaKMX KaK MOCT, ICTaKa-
Ja U IpYyrux, MHPOKO HCIIONB3YIOTCS MPSIMOYTOJb-
HBbI€ IUIACTUHKH, U3TOTOBJICHHBIE U3 €CTECTBEHHBIX U
WCKYCCTBEHHBIX HENPEPHIBHO-HEOIHOPOIAHBIX aHU30-
TPOITHBIX MaTepHAaJIOB.

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

Bo mHOrux ciyvasx npuyuHaMu MOSIBICHUS He-
OHOPOJHOCTH MAaTE€pPUANIOB SBJISIOTCA TEXHOJIOTUS
M3TOTOBJIECHUS (KOMIO3UTHBIX, CTEKJIOIUTACTHKOBBIX,
apMHUPOBAHHBIX MaTepUAJIOB), MEXaHUYECKasd U Tep-
Mudeckas 00paboTka, CBapKa, HEOJHOPOTHOCTh CO-
CTaBOB. B pe3yiibTare 4ero BO3MOXKEH cilydai, Korja
XapaKTepUCTUKHU MaTepuasia M ero INIOTHOCTh OJHO-
BPEMEHHO MOTYT ObITh (DYHKIIMEH Tpex MpOoCTpaH-
CTBEHHBIX KoopauHar [1; 3].

VYyer BblllIeyKa3aHHBIX CBOWCTB U COMPOTHUBIIEHUE
BSI3KOYTIPYTOM CPeibl OCIOXKHIIOT MaTeMaTHYECKOE
pelieHue 3a1aud. AHalIU3 MOJTYYEHHBIX Pe3yJIbTaTOB,
a HE y4eT, MOXET NPUBECTU K CYLIECTBEHHBIM IIO-
rpemHocTsM [8; 13].

B nanHo# paboTe mcciemyercs 3amada cBOOO-
HOTO KoJieOaHWs HENpPepHIBHO-HEOTHOPOIHOW aHH-
30TPONHOMN IIIACTUHKH, JeKalled Ha HEeOIHOPOIHO
BSI3KOYIIPYroM OcHOBaHMHM. Peaknus ocHoBanus R ¢
poruOOM CBSI3aHBI CIIEAYIOIUM oOpasom [§; 13]:

2

R= Kl(x,y)+1<2<x,y>% Wiy ()

rae w —nporu0; ¢ —Bpems, K (x,y)u K, (x,y) —

HETPEePbIBHBIC (DYHKIIMH, KOTOPhIC XapaKTePH3YIOT CBOM-
CTBO OCHOBAHHSL.

KoopauHatHast cucTeMa BbIOpaHa TakK, YTO OCH
X u Y HaxonsaTcst B CpeAMHHOM IIOCKOCTH, /Z —
MIEPIICHINKYJISPHO K HEH.

XapakTepuCTUKH MaTepyaia v INOTHOCTD SBIISIOT-
cst QyHKIUSAMH TPEX MPOCTPAaHCTBEHHBIX KOOPAUHAT:

a; = a f,(x, ) /,(2);

P =PoWi (%, )W, (2), 2
e a;). U P, — COOTBETCTBYET OJIHOPOIHOMY aHH30TPOII-
HOMy Matepuany; f,(x,)) €O CBOUMH HPOU3BOAHBI-

Mu 7o BToporo mopsanka f,(z), w,(x,y), v,(z) ca-
MH SIBISIFOTCSL HEMPEPHIBHBIMU (DYHKIMAMU.

CBsi3b MEX/y KOMIIOHCHTAMH TEH30pa HarpspKe-
Huil G, W gedopmanuii €; 3aNMCHIBAETCS B CIIENLy-

roriem Buge [1; 2]:
0 0 0
O = fl(xay)fz(z)(angll TapEy, +a13812)’
0 0 0
6y = fi(x, y)fz(z)(az1811 Tayngy, +a23812),

0, = L (x, )/, (Z)(aglsn + e, +ayE, ) €)

[Nonaras, uro u I HENpPepHIBHO-aHU30TPOITHOM
mracTrHKY rurote3a Kupxoda — JIssa ocraercs B cuite,
AMEET MECTO

€ =€~ 2N €0 =€) ~ZXys Ep =€y —ZYyp, (4
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TIE €, €,), €, — Mable 1ePOPMALMHU U ¥, X2» K12 —

KPUBH3HBI U KPYUCHHS CPEAUHHON TIOBEPXHOCTU C KOM-
MOHEHTAMH BEKTOpa nepemenieHuii (u,v,w) cBsi3a-

HBI CIIEAYIOIUM 00pa3oM:

ou ou Ou Ou
en = €n =7 &= + ,

T By o oy
o’w. o*w. o*w
X1 =¥, X2 ZW: Xi2 Z%' ®)

YuuteiBas (4) B (2) moaydnm

(0101611 +ape, +aje, ) -
o, = f,(x,¥)/,(2)

2

0 0 0
__Z(aan T Y T 43X, )

(aglem +aye, +ane, ) -
6, = H(x,0)1,(2)

0 0 0
i (a21X11 T anXn T A% )

0 0 0
(a31ell Ta3ey T 36, ) -

o, = £(5 ) /5(2) (6)

0 0 0 ’
__Z(a31X11 T T A% )

Tak Kak B TNIOCKOCTH TUIACTUHKH BHEITHUE CHJIBI
OTCYTCTBYIOT, €ECTECTBEHHO MPEATIONOKHT, UTO PE3YJIb-
Tupytotwe Cuibl 111, T2, T12 BCIOAY paBHBI HYIIHO

1 1 %
I 6,dz=0; j 6,,dz =0; I 6,,dz=0. (7)
7 7 2
Ioxacrasmss (6) B (7), momydanm
0 0 0
a6, +a,ey, +a;6, =
“1( 0 0 0
=44 (anXu TapXn +a13X12)a
0 0 0
ay€y) T Ay T Ay, =
“1( 0 0 0
=4, 4 (%1%11 T ayka T ayXin ) )
0 0 0
3,6y + 03,8y, + 0536, =
S 0 0 0
=4, 4 (a31X11 T a3% +a33X12)- (8.1)
Yepes
- 4
4= [ f(2dz 4= [ of,(2)dz
" 2

HETPYJHO YCTaHOBHTH, UTO C y4eTOoM (7) BBIpaKCHUE
MOMEHTOB
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-
A[:j

Y
2

371€Ch Y11, (22 ¥ (12 BRIPXKAFOTCS B CJICYIOIIEM BUIIC:

o,;zdz, i,j=12. (8.2)

ow oW, OW
> +a12 3 -i-a13
oy X0y

M11 ZM(X,)/')[GIOI

oW oW o'W

M22 :M(xay)[agl 2 +Cl§2 ayz +a§3 axayj’ (9)
o'W oW oW

M, :H(an/)[agl o +a;)2 8)/2 +a§3 axay]

r7ie IPUHATHL 0003HaueHus W(X,y) =W, f(x,);
7
2 41 . 2
W= A4 -4 A= [ f(2)7dz.
7
VpaBHEHUE IBUKECHHS CBOOOJIHOTO KOJICOaHUs
IIacTUHKU ¢ ydetoM (1) — (2) 3amuceiBaercst B clie-
IyIoLIeM BUJIE:
2 2 2
oM, +28 M, O0M,
ox’ Ox0Oy oy’

2

+[K1<x,y>+1<2(x, 02

?jW(X’ J’)"‘

2

- oW
+P\V1(X’J’)?:Oa (10)

_ "
rae p=p,h J. y,(2)dz.
%
2
OTMeTHM, 4TO €CITH TUIACTHHA HEOJAHOPOIHA TONb-
KO TIO ToyIwHe, ypaBHeHue (10) mpuHUMAaeT Cliemyro-
IIUH BUJI;
o O'W
all 4
ox

o'w
ox*0y

0 0 0
+(a12 +2a,, +a32) >

o'w o'w
+ay, ——+(a’y +2a) ) ——
22 4 ( 13 31)5)638)/
o'W

+(2a’, +a
( 12 13) x6y3

&

K (xy)+K,(x,y)—+

1

agl =0, (1)
+W1(%)’)¥
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B ciyuae, xorna xapakTepHCTHKH MaTepuaga
IUIOTHOCTb SIBJISIFOTCS] HEMPEPHIBHBIMU (DYHKUMSMH TIPO-
CTPAHCTBEHHBIX KOOPIMHAT, YPaBHEHHE JBIKECHUS 3aI11-
CBIBAETCs B CIEAYIOIEM BUAE:

LW)+K,(x,y)W +
O'W (x, )
——2==0. (121
o (12.1)
B ciydae, korjia IiacTHHKA HEOMHOPOIHA TOJIBKO
no rommuae, L(W') 3anuceiBaercs Tak:
o'w o'w

LW)=a) ?"‘(“102 +24;, +a§2)8x2—8yz+

(K, (6, 2)+py, ()

4 4
+aj, %y—pf+(af’3 +2a§1)§%+
x oy
o'w
- (13)

+ (ZaIO2 + alo3 ) oxdy

B o6mem ciydae

JOW W W }
ll 2 +a12 2 t+a 13
ox oy OxOy
3 3 3
+2% al"lapfﬂzl"2 6W2+ 0 OV
ox Ox Ox0y
yow , o'w o o'w
tW ay—ta, S5 ta;
ox ox oy ox &y
ou| oW, OW 82W
oxty 31 o ta;, 8)/2 +a 33 axﬁy
8]1 o OW oW . OW
a, Ty, St ay—— |+
ox oy ox Ox~0y

um-—{

+2

. o'w ,o'w , o'W
+2u| a;, 8x28y2 +a,, 8y4 +a,, 8x28y2
ou| , o'W ow o'W
- ay, P +ay, P +a§3a |
v X xoy
ou ow oW oW
31 2 32 3 33 2
+2— a +a +
oy Ox~0y oy Ox0y
4 4 4
+u|:agl aizgz +a22 %}Z/+ ;)3 ;;/J}V } (12.2)

Kak Bummo, (12.1) sBistercst ciaokHabM TuddepeH-
IIHATBHBIM YPAaBHEHHUEM U ONPECIICHUE TOYHOTO pele-
HUS 3aTpyIHUTENBHO. [T03TOMY TpH pellieHuH ypaBHe-
Hus (12.1) Oymem puMeHsTh KOMOMHUPOBAHHBIN CIIO-
co0: Ha MEpBOM dTale — METOJI pa3lieJIiCHHs TIepeMeH-

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

HBIX, 2 HA BTOPOM 3Talle — METOA OPTOrOHAIN3aLUU
by6HoBa — ["anepkuna.

2. MeToa peuienust
Pemenue (12.1) OynemM ucKaTh B CIESIYIOIIEM BHIIC:
W(x,y,t)=V(x,y)e", (14)

rae V(x,y) — DomkHa yJIOBIETBOPSTH KPaeBbIM yCIIO-

BUSIM; (¥ — YacTOTa.
[oncrasmsis (14) B (12.1) nonyynm

LN+ K, (x p)V -
—0° [Kz(x,y)ﬂ;wl(x,y)]V:O, (15)

rac

ol , oV 0’ 0’
L(V)— all 2 +a102 2 +a103_ +
ox’ ox oy Ox0y

au WOV, OV, OV
a ox* P oxayt " ox’oy
,ov o s O
TR ox* " ox* 0y’ s ox’ 0y "
2 2 2 2
+26M 3(.)181;""13262 a;)saV
ox0y ox oy ox0y
3 3 3
+4a—H 3 0 13/+a£2 an +ajy, 82V +
oy o) oy~ 0 ox“oy
4 4 4
+2u] aj, 82V2+ 32614/+ 0 82V +
X0y oy ox°0
2 2 2 2
+att aglﬁ 12/+a328 Z+a§3 oV +
oy ox oy Ox0y
3 3
+2— o ay, an +d, ¢ Z+ag3 ‘ Vz
oy ox“oy oy Ox0y

oV oV oV
+u{a§l oy +ajy, e +ay, 8x8y3}. (16)

Pemenue (15) Oynem uckathb B BUC

V=2.24,9,000,(»), (17)
i=1 j=1
rae A; — HeU3BECTHBIC NOCTOSHHbIC 1 KaXK/bII 0,(x)

1y, (X) MOKHBI YIOBIETBOPSTH COOTBETCTBYIOLIUM

KPAeBBIM yCIIOBUSIM.
®ynkuus ommOku M(X, ) B JaHHOM Ciydae ¢

yuaetoM (15) u (17) 3amuceiBaeTcst Kak
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n(x, y) =
v [ L0,()0,(n)+ K (x, ), (08, (») -

= 41 _
Z; o [ K, (6 )+py(x,7) |9,(0)0,(7)
#0. (18)

VYcnosus oproronanuzanuu (17) u (18) umeror
BUJI

n(x, )¢, (x) 6, (y)dxdy =0. (19)

O e
O C— >

2
[IpousBoabHOE MPUOTMIKEHUE (07 — OMIpEACs-
€TCS U3 CHCTEMbI anreOpandyecKux JTHHEHHBIX OJTHO-
ponHBIX ypaBHeHHH (19):

HmZH =0. (20)

2 o
OtHocutensHO ®° (20) sABISETCS HETMHEWHBIM
anreOpamdeckuM ypaBHeHHeM. OTpenesieHine U HaX0xkK-

JICHHE 3HAYCHHS (O C TIOMOII[BIO KOMITBIOTEPHOM Mpo-
rpaMMBbI HE BBI3BIBAET 0co0oro Tpyaa. OmHaKo B UH-
KEHEPHOU TPAKTHKEe OOBIYHO OTPAaHWYMBAIOTCS OMpe-
JIJICHHEM OCHOBHOI'O TOHA YacCTOThI, YTO U NPUBEICT
K CIEIyIOIIEMY YPaBHECHUIO:

L(9,(x)8,(») + K, (x, 1), ()0, ()~

ﬁ dxdy =0.
00

o[ K, )+ pu(x.y) |0, (00, ()

OTcro1a HaXoIUM:

2

()
j
_0

S ey

[Z((Pi (x)0 j W) +K,(x, )9, (x )ef O/)I| iy

v Q1)
“[K ,(x, y)+;_)\|/1 (x, y)] ¢,(x)0, (y)i| ddy

W3 dopmymst (21) mpu yenopun K, = 0 nomydnm
pelenue 3anauu il BUHKIEPOBCKOTO HEOIHOPO/I-
HOT'O OCHOBaHWUsI.

TpocThIM citydaeM SBISETCS ITMHAPUYEcKast Gop-
Ma U3rHOHOTO KOJIeOaHUsT KOTOpasi BO3MOJXKHA TIPH yC-
noBun a >>b.

B atomM cirygae gacTotsl onpenensercs u3 (21):

a

.H:Ll ((P1 ) +K, (x)(l)l(x):l dx
o = : (22)

pJ v (), (x)dx
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3akjaouenune

OnpeneneHsl sBHBIE POPMYIBI OCHOBHOTO TOHA
YacCTOTHI TIONEPEYHOr0 KOoMeOaHWsI aHU30TPOITHOM IiTa-
CTUHKHY, JIS)Kallle Ha HEOAHOPOJHO BA3KOYIIPYTOM OC-
HOBaHWW. BiustHuEe HEOTHOPOIHOCTH OPTOTPOITHBIX
MaTepraaoB, HEOIHOPOIHOCTH BSI3KOCTH, HEYTIPYTHE
Y yIIpyrre OCHOBaHMS Ha Oe3pa3MepHBIX YacToTax Iia-
CTHH JIETaJIbHO H3YUCHBI.
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Abstract

The aim of the work. Free, transverse vibrations are considered heteroge-
neous along the three spatial coordinates of rectangular plates lying on an inho-
mogeneous viscoelastic base. It is assumed that the boundary conditions are ho-
mogeneous. A closed solution for the problem of free vibration of an inhomoge-
neous rectangular orthotropic plate based on an inhomogeneous viscoelastic founda-
tion is developed in the article. Young's moduli and the density of the orthotropic
plate continuously change with respect to three spatial coordinates, while the characte-
ristics of a viscoelastic base change depending on the coordinates in the plane.
Methods. The corresponding equation of motion is obtained using the classical
theory of plates. The solution to the problem was constructed using the method
of separation of variables and the Bubnov — Galerkin method. Results. Explicit
formulas of the fundamental tone of the frequency of the transverse vibration of
an anisotropic plate lying on an inhomogeneous viscoelastic base are determined.
The influence of heterogeneity of orthotropic materials, viscosity inhomogenei-
ties, inelastic and elastic substrates at dimensionless plate frequencies have been
studied in detail.

Keywords: plate; continuity; anisotropy; density; bases; frequency; deflec-
tion; equations of motion
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Annomayus

Ienvio paGoTh! SIBIAETCS PAaCCMOTPEHUE NPOOIEM UMCIEHHOIO MOJEIUPOBa-
HUSI ceiiCMUUECKOi 0€30MacHOCTH KOHCOIHM ¢ OCHOBaHHEM B BHJIE YIIPYTOil MOITy-
IUIOCKOCTH IPU HECTAIIMOHAPHBIX BOJHOBBIX BO3/EHCTBUAX. BONHBI HanpsokeHUH
Pa3IMYHON MPHPOJBI, PACIPOCTPAHSCH B AeOPMHUPYEMOM Tele, B3auMOIEICTBY-
10T Apyr ¢ apyroMm. Ilociie TpexKpaTHOIro WK YETHIPEXKPATHOIO MPOXOKIACHUS U
OTpa)KeHUsI BOJIH HANPsDKEHUI B TeJIe MPOLIECC paCIPOCTPaHEHUs] BO3MYIIEHHH cTa-
HOBMTCS yCTaHOBUBLIUMCS, TEJI0 HAXOIUTCS B KoaeOaTenbHOM ABinkeHuu. [Ipobe-
Ma MOZICTIMPOBAHMS 33724 HEePEXOIHOr0 EPHOAA SIBISIETCS aKTyalbHON (yHIaMeH-
TaJbHOM M MPUKJIAIHOW HayyHOH 3anaueil. Memoodwl. [y pelieHus AByMepHOH
IUIOCKOM JMHaMU4ECKOH 3a[ja4i TEOPHU YNPYrOCTH C Ha4yaJIbHBIMHM M TPAaHUYHBIMU
YCIIOBHSIMU IIPUMEHSETCS METOJ] KOHEUHBIX 3/1EMEHTOB B IepeMenieHusx. Ha ocHo-
B€ 3TOr0 MeTo/1a pa3paboTaHbl AITOPUTM U KOMIUIEKC ITPOrpaMM JUIsl PELICHNUs JIU-
HEIHBIX IJIOCKHUX JBYMEPHBIX 3371au, KOTOPbIE MO3BOJIAIOT IPOBOJUTE PACUEThI IPU
HECTALMOHAPHBIX BOJHOBBIX BO3JEHCTBUSX Ha CIOXKHBIE cHCTeMBl. [Ipu paspaboTke
KOMILIEKCA IIPOrpaMM HCIIONb30BaJIC alropuTMuueckuil si3bik «Doptpan-90». Hc-
cnexyemasi o0acTe pa3dHBaack MO MPOCTPAHCTBEHHBIM ITEPEMEHHBIM Ha KOHEY-
HbIE JJIEMEHTH! NepBOro mnopsaaka. [1o BpeMeHHON mepeMeHHOH uccnexyemas 00-
JIACTh TaKOKe pa3OMBaIach Ha KOHEUHbIE 3JIEMEHTHI IIepBOro nopsinka. Pezynomamet.
Paccmotpena 3agaua 0 BO3IEHCTBUM IUIOCKOH MPOIOIBHOM YIPYToi BOJHBI B BUZIE
GbyHKIME XeBHucaiiia Ha KOHCONb ¢ OCHOBaHHEM (COOTHOIIEHHE IUPHHBI K BBICOTE
OUH K JiecsatH). HauanbHble yCI0BUS IPUHATHL HyJIeBbIMU. PellieHa cuctema ypas-
Hennit m3 16 016 084 Hem3BecTHBIX. B XapakTepHBIX 001aCTSIX HCCIEIyeMOl 3a1aun
HOJTy4eHbl KOHTYPHBIE HAlpPsHDKCHMs M KOMIIOHEHThI TeH30pa HampsbkeHuid. Ha oc-
HOBaHUM TPOBEAEHHBIX MCCIEIOBAHUN MOXHO CIEaTh CIEAYIOLINE BBIBOJbL: KOH-
COJb (COOTHOLIEHUE LIUPHHBI K BBICOTE OAUH K JIECATH) MOJEIUPYETCS C YIPYTHM
OCHOBaHHMEM B BHJIE YIPYTOH IOJYIIOCKOCTH; YIPYTHe KOHTYPHBIE HAIPsHKEHUS Ha
IpaHsAX KOHCOJM SIBJISIOTCS MOYTH 3€pPKaJbHBIM OTPaKE€HUEM JPYT JIpyra, TO €cTh
AQHTUCUMMETPUYHBIMU; KOHCOJIb MPU CEHCMUYECKOM BO3JIEHCTBUHM PabOTaeT Kak
CTEpP)KEHb MEPEMEHHOI0 CEYEHHUs, TO €CTh €CJIM Ha OJHOW I'PaHU PACTATUBAIO-
LI1e HaNpsHKEHUS, TO Ha JIPYrOd — CXKUMAIOIIUE HAIIPSDKEHUS; Ha KOHTYpaxX KOHCO-
JIM TIPY CECMUYECKOM BO3ICHCTBIN B OCHOBHOM IIPEOOJIAAAIOT N3THOHBIE BOTHEL.

Knrouesvie cnosa: mareMaTndeckoe MOJAEIUPOBaHHUE; BOJIHOBAs TEOpHUs
celicMuuecKoi 6e30MacHOCTH; TMHAMUYECKasl TEOpHUs YIPYTOCTH; celicMu4eckoe
Bo3JeicTBHE; (QyHOaMEHTAIbHOE BO3AECHUCTBHE, KOHCOJb; YIpyTras IHONYIUIOC-
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BBenenue

HMMnynbcHOE BO3JEMCTBUE XapaKTEpPU3yeTCsl BHE-
3aIlTHOCTBIO MMPUJIOKEHUA U KPATKOBPEMEHHOCTBIO Heﬁ-
cTBUs. B nedopMupyemMom Telie nmpu UMITyJIbCHOM BO3-
JIEICTBUM BO3HHMKAIOT BO3MYIIECHUS PA3IUYHON MPUPO-
Jibl. BonHbl HanpspKeHUN pa3inyHOM MPUPOBI, pac-
MPOCTPAaHSACH B NehOPMUPYEMOM Telie, B3aUMO/ICH-
CTBYIOT JIPYT C JPYTOM, YTO IPUBOAUT K 00pa30BaHUIO
HOBBIX 00JIacTell BOSMYIIIEHUH, TIepepacipeIeIcHII0
HarpsbkeHnit u nedopmanuil. Ilocne TpexkpaTtHoro mim
YETBIPEXKPATHOT'O MIPOXOKIACHUS U OTPAXKEHUS BOJIH
HalpspKEHUH B TeNe MPOLECC PACIPOCTPAHEHUS BO3MY-
HICHHP'I CTAaHOBUTCA YCTAHOBUBIIMMCS, HAIIPSXKCHUA U
nedopMarvi yCpenHsIFoTCS, TENO HaXOMUTCs B KoJieOa-
TEJIbHOM JIBU>KEHUU.

HexoTopblie Bompockl B 00J1acTH MOJIEITUPOBAHUS
HECTAI[MOHAPHBIX AMHAMHYCCKUX 33]au PacCMOTPEHBI
B paborax [1-11].

B [6-9; 10] npuBeneHna uHpopManus o huzmde-
CKOIl JIOCTOBEPHOCTH M MaTeMaTHYeCKOH TOYHOCTH
MOJICIMPOBAHMS HECTALIMOHAPHBIX BOJIH HANPSLKEHUNA
B Ie(OpMHUPYEMBIX TeIaX ¢ IOMOIIBIO pacCMaTpHBa-
€MBIX YUCIIEHHOTO METOJ[a, aAITOPUTMa U KOMILIEKca
Iporpamm.

1. IlocTanoBKa 3aga4u

Jns periennst 3a1auu 0 MOJIEIMPOBAHUN HECTALH-
OHApHBIX YIIPYTUX BOJH B 1e(hOPMHUPYEMBIX O0JIACTIX
CIIOKHOM (hOpPMBI paccMOTpPUM HEKOTOpoe Teno I B
MPSMOYTOJIBHOI IeKapTOBO# cructeme koopauHat XOY,
KOTOpOMY B HadaJIbHBII1 MOMEHT BpeMeHH ¢ = () c000-
1aeTcs MexaHudeckoe Bozzeiicteue. [lpennomaoxum,
gro TeNio I M3roTOBJIEHO U3 OAHOPOIHOTO W30TPOITHO-
T0 MaTepHaia, IOJINHSIIONIETOCS YIIPYTroMYy 3aKOHY
I'yka npu MalbIx ynpyrux aedopManusx.

TouHble ypaBHEHHs AByMEpHOH (IIOCKOE Hamps-
JKEHHOE COCTOSHUE) TMHAMHUYECKON TEOPUHU YIIPYTOCTH
UMEIOT BUJT

er ) 86}, ~ oy

oo, Ot
X +—2 —
ox Oy or’’

ox Oy

P57
(x,y)ET, o, =pCie +p(C.-2C)),,

6, =pCl, +p(C>-2C)e,, T, =pCly,,

ou ov ou N ov
e, =— - — -
o By oy’ Ty oy ox’
(x,y)€(Tv §), (D)
1€ Gy, O, U Ty, — KOMIIOHEHTBI TEH30pa yNPYTUX

HaHpH)KCHHﬁ; €y Sy u 7xy — KOMITOHCHTBI TCH30pa

ynpyrux aegopmanuii; ¥ U v — COCTaBISIOLINE
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BEKTOpA YIPYTrux NepeMeuieHud Bojib oceil OX
n OY COOTBETCTBEHHO; p — IUIOTHOCTh MaTepha-

na; €, = L
p(l=v7)

o f E o
T'OH BOJIHBI; CS = m — CKOPOCTH NONIEPECUHOU
p(l+v

ynpyroi Bonssl, v — kodddunuent [lyaccona; £ —
Moaynb ympyroctd; S (S,US,) — rpaHHYHBIA KOH-

— CKOpPOCThb NPOJOJBHON yTpy-

Typ Tena I'.

Cucremy (1) B o0nactu, 3anumaemoii teiaom [,
CIeAyeT UHTErPUPOBaTh MPU HAYaJIbHBIX U TPAHUYHBIX
YCIOBHSIX.

s pelieHyst IByMEpHOM TUIOCKOM IMHAMHYECKOM
3a/1a4d TEOPUU YIIPYTOCTU C HAYAJIbHBIMU U TPaHUY-
HbIMH ycToBusIMH (1) HCITONTB3yEM METON KOHEUHBIX
3JIEMEHTOB B NEPEMEICHHIX.

2. MeTtoanka

3amaua pemraercs METOJIOM CKBO3ZHOTO cueTa, 6e3
BBIJIEIEHUS Pa3phIBOB. UTOOBI BHITOTHUTH JHHAMHYE-
CKHUI pacdyeT METOJIOM KOHEUYHBIX 3JIEMEHTOB, HYKHO
HMETh MAaTpPHUILy >KECTKOCTU U MaTPUIy UHEPLUHU KO-
HEYHOIO 3JIEMEHTA.

[IpunuMast BO BHUMaHUE OTIpeIeNIeHIe MaTpUI] U
BEKTOpOB 115 Tena [, 3ammceiBaeM mpuOIMKEHHOE
3HAYEHUE YPAaBHEHUS IBMKECHUS B TEOPUHU YIIPYTOCTH:

Hb+Kb=R,
(p|z=0 =(D0’
(p|t:0:®0a ()

rne H — marpuna unepuuy; K — MaTpuia KecTko-
cti; @ — BEKTOP Y3JIOBBIX YIPYTHX MEPEeMEIICHUH;

® — BekTOp Y3/OBBIX YIPYTUX CKOPOCTEH Iepemeltie-

i, O — BEKTOp Y3JIOBBIX YIPYIUX YCKOpEHUH; R —
BEKTOP Y3J10BbIX YIIPYTUX BHEIIHHUX CHUIL.

s UHTETrpupoBaHusl ypaBHEHHS (2) KOHEYHO-
JJIEMEHTHBIM BapHaHTOM MeToja ['anepkuHa npuse-
ZIEM €rO0 K CIELYIOIIEMY BUIY:

i?ié+fq—ﬁ

dt ’
6-¢ 3)
dt '

WHrerpupyst mo BpeMEHHOW KOOPIUHATE COOTHO-
merne (3) ¢ MOMOIIbI0 KOHEYHOIJIEMEHTHOTO BapH-
aHTa Metoja [ajiepkuHa, MoIy4YrM JIBYMEPHYIO SIBHYIO
JIBYXCJIOMHYIO KOHCUHOIJIEMEHTHYIO JIMHEHHYIO CXeMy
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B NICPEMECIICHUAX MJId BHYTPECHHUX WU I'PAHUYHBIX Y3J10-
BBIX TOYCK!

b, =d +AtH' (-Kd, +R),

Dy ) =By + Aty )

1

rae: At — 1ar 1o BpeMeHHON KOOpAUHATe.

Cucrema ypaBHeHui (4) A1 BHYTPEHHHUX M Tpa-
HUYHBIX Y3JIOBBIX TOYEK, [IOJIy4€HHAs! B Pe3ysIbTaTe HH-
TErpUPOBAHUS YPaBHEHHUS ABIKEHUSI TEOPHU YTIPYTO-
CTH, JOJDKHA 1aBaTh PELICHHUE, CXOIIEEcs K PEILCHHIO
HUCXOJHOH CHCTEMBI.

Ilar mo BpeMeHHOU mepeMeHHoi At ompenens-
€M U3 COOTHOLIECHHUS

min A/,
C

P

At=k (=123 .., 7)), (5)

rae Al — AnmMHA CTOPOHBI KOHEYHOTO JJIEMEHTA; 7 —
YHCII0O KOHEYHBIX JJIEMEHTOB.

Pe3ynbTaThl YMCIEHHOTO AKCHEPUMEHTa MOKa3alHy,
gyro nipu k = 0,5 obecrieunBaercsi yCTOMIUBOCTh JIBY-
MEpPHOU SIBHOM JBYXCIIOMHONW KOHEYHORJIEMEHTHOM JTH-
HEWHOU CXEMBI.

Ha ocHOBe MeTOa KOHEUHBIX 3JIEMEHTOB B Iepe-
MEIIEHNX pa3paboTaHbl AITOPUTM U KOMILIEKC Ipo-
rpaMM ISl PEUICHUS TMHEHHBIX TUIOCKUX ABYMEPHBIX
3a/1a4, KOTOpPBIE MO3BOJISIOT MPOM3BOUTE PAcUEThl NPH
HECTAIIMOHAPHBIX BOJHOBBIX BO3ICHCTBUIX HA CIIOXK-
HBle cucTeMbl. [Ipr pazpaboTke KOMILIEKca porpaMm
HCTIONTB30BAJICS ANTOPUTMUYECKHUH S3bIK «DopTpan-90».
HUccnenyemast 061acTs pa3drBaiach 10 MPOCTPAHCTBEH-
HBIM TIEPEMEHHBIM Ha KOHEYHBIE 3JIEMEHTHI IIEPBOTO
nopsnka. I1o BpeMeHHOI IepeMEHHOI uccienyemas
0071acTh TakXe pa30rBaliach Ha KOHEYHBIC 3JICMCHThI
MEPBOTO TOPSIKA.

3. Pe3yabTathbl

PacueTsl IPOBOAMITUCE TIPH CIISYIOIINX SIMHULIAX
W3MEPEeHHS: KHIIOTPaMM-CHIIA (KI'C); CAHTUMETP (CM);
cekyHma (c). g mepexoma B Ipyrue €IUHUIIBI W3-
MEpEHHUsl OBLIN MPUHATHI CIACAYIOIIME JOMYIICHHUS:
1 kre/em® = 0,1 MITa; 1 kre c¥/em®* = 10° kr/v’.

PaccMarpuBanach 3ajaua 0 BO3JI€MCTBUM IIJIOCKOH
MPOJIOJIBHON YIPYrod BOJHBI B BUje (yHKIMH XEBHU-
caifj]a Ha KOHCOJb C OCHOBAaHHMEM (COOTHOIICHHE Y-
PHHBI K BEICOTE OJMH K Jecstu) (puc. 1).

HauanbHble yCaoBHs IPUHSTHI HyJIeBbIMUA. OT TOY-
Ki F mapainiensHo CBOOOmHOM moBepxHocTH ABEFG
HPWIOKCHO HOPMAIBHOE HAIPSDKEHHE G, , KOTOPOE IIpU
0<n<l1l (n=t/At) uzmensercs nuaeitHo ot 0
no P,amnpu n>11 paBHo P (P=¢,, c,=0,1 MIla
(1 krc/em?)).

LVHAMUKA KOHCTPYKLIWA 1 COOPYXEHUM

990H 10HH 999H

L’—J 2000H

| I

DC

Puc. 1. [ToctaHoBKa 32124 [JIsl KOHCOJH (COOTHOLICHUE
IIUPHHBI K BHICOTE OJIMH K JECATH) C YIPYTHM OCHOBaHHEM
(TONTY JIOCKOCTH)

[Figure 1. Problem statement for a console (width-to-height
ratio of one to ten) with an elastic base (half-plane)]
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Puc. 2. Touku, B KOTOPBIX [1OJIyYEHBI
KOHTYPHBIC HAIPSDKECHUS B KOHCOJIH
[Figure 2. The points at which the contour voltages
in the console are obtained]
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Puc. 3. U3MeHeHHE yIPYTroro KOHTYPHOTO HANPSKEHUS. G,

B TouKax 1 U 6 Ha KOHType KOHCOJIH BO BpeMenu ¢/ At

[Figure 3. The change of elastic contour stress G,

at points 1 and 6 on the console loop in time /At ]
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Puc. 4. 3MeHeHne ynpyroro KOHTYPHOTO HALPSUKEHUs O,

B TOUKax 2 U 7 Ha KOHType KOHCOJIM BO BpeMeHu ¢/ At

[Figure 4. The change of elastic contour stress G,

at points 2 and 7 on the console loop in time ¢/ Af ]
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Puc. 5. 3MeHeHHe yIPYroro KOHTYPHOTO HALPSDKEHUS O,

B TOUKax 3 U 8 Ha KOHTYpPE KOHCONIH BO BpeMeHu ¢/ At

[Figure 5. The change of elastic contour stress G,

at points 3 and 8 on the console loop in time ¢/ At ]
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Puc. 6. M3MeHeHHE yIpYroro KOHTYPHOT'O HANPSKEHHS G,

B TOUKax 4 1 9 Ha KOHType KOHCOJIM BO BpeMeHu ¢/ At

[Figure 6. The change of elastic contour stress G,

at points 4 and 9 on the console loop in time ¢/ Af ]
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Puc. 7. U3MeHeHHE yIPYTroro KOHTYPHOTO HAPSKEHUS. G,

B Toukax 5 u 10 Ha KOHTYpe KOHCONH BO Bpemenu ¢/ At
[Figure 7. The change of elastic contour stress G,

at points 5 and 10 on the console loop in time ¢/ At ]

I'pannunsie ycnoBus s koutypa GHIA npu
t>0 u=v=u=v=0. OTpakeHHbIE BOJIHbl OT KOH-
typa GHIA He NOXOAAT 10 UCCIETyEeMBIX TOUYEK MPU
0<n<500. Koutyp ABCDEFG cBoOozeH oT Harpy-
30K, KpoMe Touku F . Pemaercs cuctema ypaBHEHUI
3 16 016 084 HEU3BECTHBIX.

Ha puc. 3—7 nokazaHo u3MeHEHHE KOHTYPHBIX
HanpsDKEHUH Oj B KOHCONMM (pHUC. 2) BO BPEMEHHU

t/At.

3akiaouenue

Koncoub (cooTHOIIEHUE MUPUHBI K BRICOTE OJIUH
K JCCATH) MOIEITUPYETCS ¢ YIPYTUM OCHOBAHHEM B
BHJIE YIIPYTOH MOJIYIIOCKOCTH.

Ynpyrue KOHTypHBIC HAMPSLHKEHUSI Ha TPAHSIX KOH-
COJIU SIBJIAIOTCSI TIOUTH 3€PKAITGHBIM OTPKEHHEM JPYT
Jpyra, TO €CTh AHTHCUMMETPUIHBIMH.

Konconb mpu ceiicMuueckoM Bo3zieHcTBUM pabo-
TaeT KaK CTeP>KeHb MEPEMEHHOI0 CEYEHHUs, TO €CTh
€CITM Ha OJTHOHM TPaHM — PACTATUBAIOIINE HAIPSHKSHUS,
TO Ha IPYTOH — COKMMAFOIIIHE HATIPSKCHUSI.

Ha xoHTypax xoHCOMM npu celicMUYECKOM BO3/EH-
CTBUHM B OCHOBHOM TIPe00JIaatoT N3THOHBIC BOTHEI.
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Mathematical modeling of unsteady elastic stress waves
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Abstract

The aim of the work is to consider the problems of numerical modeling of seis-
mic safety of the console with the base in the form of an elastic half-plane under un-
steady wave influences. Stress waves of different nature, propagating in the deformed
body interact with each other. After three or four times the passage and reflection of
stress waves in the body, the process of propagation of disturbances becomes steady,
the body is in oscillatory motion. The problem of modeling problems of the transition
period is an actual fundamental and applied scientific problem. Methods. The finite
element method in displacements is used to solve the two-dimensional plane dynamic
problem of elasticity theory with initial and boundary conditions. On the basis of the
finite element method in displacements, an algorithm and a set of programs for solving
linear plane two-dimensional problems have been developed, which allow solving
problems with non-stationary wave effects on complex systems. The algorithmic lan-
guage “Fortran-90” was used in the development of the complex of programs.
The study area is divided by spatial variables into finite elements of the first order. Ac-
cording to the time variable, the study area is also divided into finite elements of the first
order. Results. The problem of the influence of a plane longitudinal elastic wave in the
form of a Heaviside function on a console with a base (the ratio of width to height is
one to ten) is considered. The initial conditions are taken as zero. The system of equa-
tions from 16 016 084 unknowns is solved. Contour stresses and stress tensor compo-
nents are obtained in characteristic areas of the problem. On the basis of the conducted
researches it is possible to draw the following conclusions: the console (the ratio of
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Annomayus

I]ens paboTe! 3aKmodaercs B 0O0CHOBAHHH MIPUMEHUMOCTH B HEMHEHHOH MO-
CTAaHOBKE IMPUHIIMIIA HAJIOXKCHHUS B3aUMOHE3aBHCUMBIX YaCTUYHBIX ae(l)opMaum‘/i T10JI-
3y4€CTH, U3BECTHOIO B JIMHEUHON TEOPHU MOI3y4YECTH KaK IPUHLMI CYIEPIO3ULIUN
JI. bonbumana. Memoobl. B oTiMuny OT TPagMLIMOHHOTO MOJXOZa MaTepHall KOH-
CTPYKTHBHOTO 3JIeMeHTa (OeTOH, CTanb, JEPeBo, IUIACTMACCA) PACCMATPUBACTCS KAk
00BbeIMHEHNE 3BEHBEB CO CTATUCTUYECKU Paclpee/IeHHBIMH IIPOYHOCTSIMU. Mozenb
IIPOYHOCTHOH CTPYKTYpPBI MaTepuaia MO3BOJIIET BBIBECTH PEOJIOIMYECKUE YPAaBHEHUS
MEXaHUUYECKOTO COCTOsIHMSA. B mpoliecce Harpy»XeHHs! pacCMaTpPUBAIOTCS TaK HA3bIBa-
€Mble CTPYKTYpHBIE HAIPSDKEHHS CIIOCOOHBIX K CHJIOBOMY COHNPOTHBIICHUIO 3BEHBEB
Mmarepuana. Pesyniomamaol. Ilpennoxena Moaudukanys NpUHIHIA CYHNEPIO3UIIMI
JI. BonbIvaHa, TTO3BOISTOIIAS TIPAMEHATH €r0 M IPH HeNMHEHHON 3aBUCHMOCTH Jiedop-
Malii noa3y4ecTy oT HanpspkeHui. CornacHoO KOHLEHIMHI CTaTUCTUYECKOro pacipe-
JIeTIeHHs! TIPOYHOCTEH 3BEHBEB U JIMHEHHOH 3aBICHMOCTH JepOpMaIuii OT CTPYKTYp-

HBIX HANpsDKCHUI BBIBEACHO PEOJIOTMYECKOE YPAaBHEHHE MEXaHUYECKOTO COCTOSHUSL
DTOT MOAXOA MPUBOANT K YIOOHOMY TIPY PELICHHH PEeNTaKCALMOHHBIX 3a71ad JINHEH-
HOMY MHTETpalbHOMY ypaBHeHuIo. [loka3aHa CBSI3b MPOYHOCTHOW CTPYKTYPBHI Mate-
PHAJIOB C SHEpPrHeil ero LEeJOCTHOCTH (MAaKCUMAIIbHOM SHEPruH CONMpPOTUBIIEHUS pa3-
PYLICHHIO) U C U3BECTHON M3 KCIIEPUMEHTOB HE3aBUCHMOCTBIO YIENBHON K IPOYHO-
cru pedopmarii ot Bo3pacta OetoHa. [IpuBeieHbl KOpPpEKTHbIE HHTEPIPETALN He-
KOTOPBIX U3BECTHBIX YPAaBHEHNH MEXaHUUECKOTO COCTOSHUS OETOHA.
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TEOPUA NMON3YYECTH

CyMMHUPOBAHMHM B HEKOTOPBII MOMEHT BPEMEHH 4a-
CTUYHBIX MpUpanieHu aedopMaiuii, mopoKICHHBIX
MTOCJIeIOBATENFHBIMU MTPEABLAYIIUME MPUPAIICHUASMHE
HanpspkeHui. [lomHoe mpupamierne aedopMarm mos-
3YUCCTH IPU YCJIOBHH B3aMMOHE3aBUCUMOCTU 4aCTHUY-
HBIX TIPUPALICHUN OMpeersieTcsl X CyMMOH, coriiac-
HO U3BECTHOMY B TEOPHUHM JIMHEMHOM MOI3Y4YECTH MPHH-
muny cyneprnosuuuu JI. bonmpimana. Oto ycnoBue
HeoOX0qUMO ISl TPUMEHUMOCTH TPHUHIIMIIA HaJIOXKe-
HUS KaK TPUHIIAITA THHEHHOW CyTNepIIO3HIINY.
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CrenoBaTenbHO, HCIOB30BAHUE STOTO MPUHIHIIA
B KavecTBe MpuHIuMa cynepro3uun JI. bomsimana
JUTSL B3aMMO3aBUCHMBIX YaCTUYHBIX TIPUPAIICHAHN SIBIISI-
eTcsl HeKOPPEKTHBIM U BJICUET OLIMOOYHBIC PE3yJib-
taTel. Hampumep, nepepacripenenenrue HarpsbKeHUH
BCJIE/ICTBHE CTPYKTYPHBIX MOBPEXKIIEHUI TIPH BO3pac-
TarolIeM Harpy>XeHUH BJICUET YBEJIMYECHUE KaXKIOTO
YaCTUYHOTO MpHpaIieHus 1eopMayy mpy HOcIeay-
FOIIUX YACTHYHBIX MPUPAILCHUSIX HAPSHKEHUSL, U yCII0-
BHE B3aMMOHE3aBHCUMOCTU HE BBIMOHACTCA. ITO 00-
CTOSITENIHCTBO MPUBOJUT K HEOOXOAUMOCTH Moaudu-
Kaluu npuHImna cynepnosunuu JI. bomsimana mis
€ro MPUMEHUMOCTH U TPU HEIMHEWHON 3aBUCHMOCTU
neopMaInuii OT HaIpsHKESHNH.

[onmuas medopmaryis mpyu OJHOOCHOM HarpyKe-
HUH TIPEJICTABISIET CyMMY MITHOBEHHOM Jle(hopMaIiim
U nedopMalny MOJI3YYECTH, ONpeesieMbIX Hapsay
C HarpykXeHHeM MOJyJIeM YIPYTrOCTH U MEpPOH MOM3Y-
YeCTH COOTBETCTBEHHO. BhINeNieHHe B HEKOTOPHIX pa-
0oTax 4acTH MTHOBEHHOH AedopMaryiv, OTBEYAOIICH
9BOJIIOLMM MOJYJISl YIIPYTOCTH, BIEYET TaKoe NPEACTaB-
JIEHNe YPaBHEHUS COCTOSHHS, KOTOPOE MO3BOJISIET OIIIH-
OOuYHBIE BBIBOJBI MPH €T0 HEKOPPEKTHOW HHTEpIIpe-
tanmu. JlanHas paboTa KacaeTcsi 1 3TOro BOIpoca.

Teopuu MoI3y4ecTH CTPOUTEIFHBIX MaTepHAaIoB
MOCBSIIIIEHO OOJBIIOE KOJMIECTBO padOT, 3HAUNMBIE
13 KOTOPBIX NpUHauIexar, Hanpumep, I'.H. Macinosy,
H.X. Apytionsiny, C.B. AnekcannposckoMy, A.A. I'Bo3-
ney, B.M. bounapenko, [1.11. BacunbeBy, B.I'. Haza-
penko, FO.H. PabotHoBy, A.P. Pxanmiemy, P.C. Can-
JkapoBckomy [2—-11].

B HepaBHOBECHOM ITporiecce CHIIOBOTO Jedopmu-
POBaHMS TOJI3yYECTh UTPAET CYIIECTBEHHYIO POJIb.
HamomH#M, 4TO MOJI3y4ecTh — 3TO SIBICHHUE MPHPO-

cTa nmpu T > f, Ha4aJIbHOU JeopMalny, OPOKIEH-
HOM Harpy:KeHMeM B MOMEHT T =1, .

IIpuHIMITHATBHO BaXKHBIM SIBIISICTCS IPUMEHEHUE
MIPUHIIMIIA HATOXKEHHST YacTHYHBIX Jedopmanuii mom-
3y4E€CTH TPH BBIBOJIE PEOJIOTHYECKOTO YPaBHEHUS Me-
XaHUYECKOTO COCTOSIHMA Marepuaia. B nuHeliHoW mo-
CTaHOBKE ATH YaCTHUYHBIE JedopMalui B3anMOHE3a-
BHCHMBI, U UX CyMMa INPEACTABISIET OJIHOE MpUpa-
nieHue AedopMaliiy noisydectd. B aTom cocTout m3-
BECTHBIM B JIMHEHHOW TEOPUHU MON3Yy4YECTU MPUHLUI
cyniepriosuruy J1. bonermana. B paborax [9-11] B oT-
JIMYHME OT TPAJULIMOHHOTO MTOX01a MPUMEHSAETCA KOH-
LEMIHUs MPOYHOCTHON CTPYKTYpPhI CTPOUTEIBHBIX Ma-
TepuanoB. CTaTUCTUUECKOE paclpeaesiCHUE MPOYHO-
CTell 00pa3yIoNMX MaTepHaIOB 3BEHBEB MOPOXKIAET
niepepacrpeseficHie Harpy >KeHusI Ha CIIOCOOHBIE K CH-
JIOBOMY CONPOTUBIICHUIO 3BEHbs, U B3aUMOHE3aBHUCHU-
MOCTh YaCTHYHBIX IIPUpAICHIH AeOopMaIiH Mon3yde-
CTH MMEET MECTO JIMIIIb OTHOCUTEIHHO MpUpAIECHHHA
HaIpsDKEHUS HA LEJBIX 3BEHBAX. JTO JOIMYCKAaeT MO-

484

TUUKaIUio npuHImna cynepno3unuu JI. bombiva-
Ha U TeM CaMbIM IPUMEHEHHE MPUHIUIIA HATOKEHUS
YaCTHUYHBIX JeOopMAaIiyii MoI3y4IecTH U TIPpY HeMMHEH-
HOM 3aBUCHMOCTH JIe(pOpMaIfii OT HANIPSHKEHHUH.
YacTh MrHOBEHHOH JlehopMaInu, OTBeYaromeit
SBOITIOIMY MOYJIA YIPYTOCTH, B HEKOTOPBIX paboTax
nobamsieTcs K jaedopMaliiy Moa3ydecTH, a MOTOMY
KOPPEKTHAas 3alliCh YPaBHEHUS COCTOSHHUS MOJIyda-
€TCsI JINIIb TPU BBMUTAHUW M3 MTHOBEHHOU nedopma-
MM OTMEUYEHHOU BbIlIE €€ yacTu. [Ipu 3TomM K Mepe
MOJI3YYECTH, €CTECTBCHHO, JI00ABISIETCS Mepa IBOJIO-
LMY MOJYJ yOPYrOCTH, M MOTOMY HHTEpHOpeTanus
TaKOTO YpaBHEHUS COCTOSHHS 0e3 YKa3aHHOU JOOaBKH
He sBIsieTCS KOppekTHOH. COOTHEeCeHHWE YacTh MIHO-
BEHHOH JedopManuu ¢ AeGOopMalUsIMA TOI3yUeCTH
HE SBJSETCA LIeIecO00pa3HbIM, TaK Kak J00aBleHUe
3TOW YacTU C BBIYUTAHUEM €€ U3 MTHOBEHHOU Je-
(hopMary MPUBOJNUT K PAaBHOCHILHOMY YPaBHEHUIO
MeXaHu4ecKkoro coctosuus. Kpome toro, sta onepa-
LM U3-32 OTEYaToK B 00O3HAYEHHSX B HEKOTOPHIX pa-
0oTax BieYeT HEKOPPEKTHBIE HHTeprpeTauuu. B [2; 3]
MT'HOBEHHBIE Jle(hopMaIiyl MPEeACTaBIeHBl C YIETOM
IBOJFONWHN MOJYJIS YIIPYTOCTH, YTO UCKITFOYAET 100aB-
JICHHE K Mepe MOJI3YUYECTH MEPHI ATOU SBOIIOIUH, a B

dopmynax (2.90) u (2.93) u3 [2] Benmunner C” (7, 7)

uC (l ,T) HepeyTaHbl MECTAMHU.

1. YpaBHeHUSs1 COCTOSIHUS
B JIMHEHO# MOCTAHOBKE

Peonornueckoe ypaBHEHHE MEXaHHUYECKOTO CO-
CTOSHHS BBIBOAMTCSI TPH OJHOOCHOM Harpy»KeHUH
KOHCTPYKTHUBHOTO 3neMeHTa (0Oanka, komoHHa). [lo-

CTOSIHHOE Ha IIPOMEXKYTKE BpeMeHu [j <T<{

HaIpsKCHUEC G(T) IMOPOXKIAAET OTHOCUTCIIBHYIO JI€-

hopmarmro

olt
8(t,t0)=%+Co(t,to)c(t), M
rae E(f) — momyms ympyroctu; C, (t, to) — Mepa
MOJI3yYeCTH MaTepuajga B MOMEHT T =1 MpH Harpy-
JKEHUH B MOMCHT T =1,

Bennunnnl

e (1) = ;8 we(1)=Co(t1,)0(t) ()
TIPEACTABIISIIOT MTHOBEHHYIO AedopManuio u medop-
MAIIHIO TIOJI3yYECTH COOTBETCTBEHHO.

Hedopmartust monsydecta Ag (t, t, ) , OTBEUArOIas

CTYIEHYaTOMY NPUPOCTY
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AG:iAG(Ti) 3)

HaIps>KCHUA G(T) , OIIPEACIACTCA HAa OCHOBE ITPUH-

nuna cyneprnosunuu JI. bonpimana [1] HanoxeHuem
B MOMEHT T =1 B3aMMOHE3aBHCHMBIX YaCTHYHBIX IIPH-
palleHMI TON3y4ecTr

Ag, (t,r,.)zCO (t,rl.)Acs(tl.). 4)

Cornacuo JI. BonbiMaHy, 4acTU4HOE MpUpaICHUE
Ag (t,ri) OTIpeEIACTCS JIUIh BETMINHON AG(T[)
U €r0 MPOAOJKUTEIBHOCTHIO (t_T,-) U HE 3aBHCUT
OT OCTaJBHBIX MpUpALECHUH AG(’L‘ ; ) , j#I1. Dto
00CTOATENBCTBO M03BONIAET HaXOXKAeHUE Ag (t,to)

HaJIOXeHHeM 1o T gedopmarmii Ag(t, T,) u Tem
CaMBbIM
ASH(t,to)zzCO(t,rl,)Ac(ri). (5)
B ofmem ciydae HamnpsoKeHUe (5(1:) SIBIIIETCS
KyCOYHO-HeNpepbIBHON (pyHKIMeEH, a (5) mpeacTasser
MHTEerpaibHyto cymmy 1t dynkimn C, (l‘,r). Ilepe-
xomst B (5) K mpemeny mpumax Ac( )—)0

n—>0

MoJry4ynum

Aey (1,1,) IC (t,7)do(t). (6)

)

HuaTterpupys (6) Mo 9acTsIM, IMeeM

Aey (1,1,) [C 1) C%(L%)]G(%)—
y oC, (t,7)
IG(T)TdT- (7

l
3necs C, (t,t) TaK Ha3blBaeMas KpaTKOBPEMEH-
Has nomydects. Bemmunna C, (t,t) SKCIIEPMMEHTAIb-
HO HEONpEeIENuMa U Kak B OOJIBIIMHCTBE PaboT MO
Teopuu nonsydectu noaoxum C, (t, t) =0.
C y4eToM MOPOXKIEHHOM HANpPSKEHHEM cs(to)
OJI3Y9YECTH MOy YHM

‘) (t):—jc(x)acoT(t’T)dr. ®)

HobGaBnss K € (t) MTHOBEHHYIO AehopManuio,

BBIBOJIUM PEOJIOTUYECKOE YPaBHEHHE MEXaHHYECKOTO
COCTOSIHHSI MaTepraia Ipu OJHOOCHOM Harpy>KeHUH:

TEOPUA NMON3YYECTM

‘ oC, (t,
—IG(T)%Q’T. Q)

fy

Mepa nomsyuectu C, (t, ’lT) MPUHUMAETCA B BUJIE
G, (1) =G, (0,6 )-Q(1) f(t-1).  (10)

rae €2 (r) — (yHKuys crapenus; f (t - ’r) — (yHKIHsS
HACIICACTBEHHOCTH; T={ — MOMEHT TOTOBHOCTH

CTPOUTENHHOTO MaTepuaia (I OeToHa t =28 cy-
ToK); C, (oo, t*) = }Lrg C, (t, t*) .
o?)
CorylacHO paBeHCTBY s(t, ‘c) :—+G(t) Q)(Z, r)
E(?)
IIpY 3371aHHOM Hal'[piDKeHI/II/IG(T) MTHOBEHHas Jiedop-
Mars €, (t, ’L') U fiehopmanys MoI3ydecTH £ (t, ’C)
OTPENICTSIOTCS COOTBETCTBEHHO MapaMeTpaMu E(r)
uC, (l‘ ,T ) .
Brustaue sBomonnu MOyl YIIpyrocTH E(T)

Ha nedopmanuio €, (l,’t) 3a7]a€TCsl BETMIMHOMN
1 1

C.(t,1)=—————

T R

HaIPSDKEHUS G(T) COTIOCTaBHUM Jie(OPMAITHIO

AsE(mi){ﬁ_E(ITiJAG(q). (11)

z AG COOTBET-

, U TIPUPAIIEHUIO Ac(ri)

Hanpsoxenuro AG t, t

CTBYeT Je(opManus

Aey (1.1,) = Z{ﬁ_ E(lti)}m(ri) . (2)

i=l1

[epexons B (12) x npezemy, HOTyYHUM paBEHCTBO

Aeg (1,1,) = ﬂ%— E(ITJ do(t),  (13)

a MOCJIC €TI0 MHTCTPHUPOBAHUS 110 YaCTAM

(1) = a(o) { J‘“‘)‘
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C yueroM neopMaliy, OTBEYAIOIEH H3MEHEHUIO
E(t) na npomesyTke [to , t] npu o(1)=0(t, ) , mmeewm,
YTO 4aCTh MIHOBEHHOU Z[e(I)OpMaI_II/II/I SM (l ) , COOTBCT-
CTBYIOIIAs 3BOJIOIMH E (’r) , BBIP@XKAETCs BETMUUHOMN

gE(t)zjo(T)%E(lr)}d(T). (15)

fy

PaBenctBo (15) MOXHO BBIBECTH U CIEIYIOIIUM

oOpasom. 3a Bpemst AT, =T, —T, HalpsHKCHHE
c (ri ) MOPOKIAET AePOPMALIHIO
1 1
A )= - =
()= g
of 1]
=— At - ), 15.1
GT{E(T)__CX t,-0(7,) (15.1)

rie T, <(<T.
Cormnacho (15.1), umeem

dsE(r)=0(r)§{ﬁ}dr

U cHOBa nomyuuM (15).
B cuny (15) Benmnunna

gM(f)-gE(z):ﬂ_jc(r)g[E(lt)}d(r) (16)

€CTh YacTh MIHOBEHHOH nedopmaruu Oe3 yuera 3Bo-

JIOLMKA MOAYJS YHPYrocTH E(’c) [IpencraBum c

o| 1
yuetom —| —— | =0 ypaBuenue (9) B Buje

=0
=g -ot0 G{EM“‘

ol )g{ﬁ_ﬁwo (t,T)}dr (17)

)

Beanuunna

C(t,r) =L— |

E(r) E(7)

sBIsieTcst cyMMoit Mepsl oisydectu C,, (l, T) U MEpHbI

+C, (t, r) =G, (t,t) +C; (t, r)

Ce (t, ‘C) BIIMSIHUS 9BOJIOLUN E(‘r) .

486

Ho6asnenne k C, (t,‘c) cnaraemoro Cj (t,r)

OTpa)kaeT BIMSHHUE TBEPICHUS MaTepralia Ha YIpyroe
nedopmuposanue [2]. 3amernm, uro B [2; 3] C, (t,‘c)

n C (t,r) 0003Ha4YeHbl coOTBETCTBEHHO C (t,r) "

c (t, 1:) , IPHYEM

C (t,1)= —L+C(t,r). (18)

1
E(t) E(1)
11

——— HOJNy4uM € (t) =

E(1) E()

t 0 1
“i““)a{]a(r)

}dr, u ypasrenue (9) npezcras-
JISIETCS B BUJIE

ool
ot 2] phgraala

PaBrocunbHble ypaBreHus (9), (17) u (19) o3Ha-

ITpu C'E (t, 1:) =

YajoT, YTO J00AaBIECHUE 4YaCTH &g (t) nedopMauu

€y (t) K nedopmanuu € (l‘) BO3MOJKHO JIMIIB IIpU

BBIYMTAHUH STOM YaCTH U3 €, (t) = ﬂ

E(r)

B cuny (19) paBenctBa

s(t):%—jc(r)§{$+g(nt)}dn 20)

dt (21)
He uMerT Mecta. JleficTButensHo, cornacHo (21), BbI-
YuTaHue U3 JeQopMaluu €, (t) BEJIMYMHBI € (t)
0e3 ee nmobaBieHNs K € (t) COXpaHSAET PaBEHCTBO

e(t)=gy

3ameuanue 1. YtBepxnenue B [4], [17] 06 omm-

(t) +&, (t) , YTO HEBO3MOJKHO.

6ounoctn ypasuenust (17) B cuny Buma C (Z,T)=

LI

E(r) E(v)

910 YTBCPIKACHUC CIIPABCAJINBO JIMIIb B OTHOIICHUHA

T) HC SABJIICTCS KOPPCKTHBIM.
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ypaBHeHnus (21). YpaBHeHHe Mmon3ydecTd OETOHa B
pabote [16] mpencraBieHO B BHIIE
’ oJ (t,t
Mdr; (22)
ot

e(t)=0(t,)J (t.1,)+ [ o(7)

paBHOCHIBHOM ypaBHenwuio (9) mpu C (t, 1:) =——-

E(7)
1

-——+C, (t,r) , ¥ TOJIKO B 9TOM CIIyJae Tpume-
E(7)
HSETCSI NPUHIMUI HAJOXKEHHsS M TOJIydYaeTcss KOop-
PEKTHOE ypaBHEHHE.
Cornacao (20), nmeeM ypaBHEHHE

_ o(r) ¢ ol 1
8(1)—m—£0(r)§ E(r)

KOTOPOE MPU C(t, ’L') = m —ﬁ

HOCWJIBHO ypaBHenuo (9), a npu C (t, ’L') =C, (t, ’L')

+C(1,7) |dr, (23)

+C,(2,7) pas-

HEBEpHOMY paBeHCTBY (21).
B pabote [11] B HemWHEWHON IMOCTaHOBKE C

Y4ETOM 3BOJIIOLIUN E(‘c) MOJIYICHO YPaBHEHHE

o)
“0=%0 |50

MIPUBOJISINEECS aHAJOTHYHO ypaBHEHHUIO (23) mpu

+ C(t, r) do, (r) , (24)

runoreze C (t, t) =0 k Buny

e(1)=

GEC((:)) _IGC (T)%dr. (25)

3neck G, (t) TaK Ha3pIBaeMOE CTPYKTYpHOE Ha-

NpsDKEHUE.
3ameuanue 2. B padore [17], HeBepHO momnaras
(kak ¥ B CiTy4yae JTUHEHHOW TTOCTAHOBKH) OTCYTCTBHE

B QYHKLIUH C(l, 1:) =G, (l‘, 'c) +Cy (t,‘c) cl1araeMo-

ro C, (t,r) , YTBEPKIAeTCsl OITMOOYHOCTh ypaBHe-

o(1)
Hus (24). CoriacHO COOTHOIIECHHIO S(t) =——+

E()
+C(t, t)cs(t) , DBOIIOIHSI E(r) MTOPOXKIAET YaCTh
€ (t) WMEHHO MTHOBEHHOM aedopMmariuiu, B apudme-
TUYECKOM TIPHOABJICHIN KOTOpPOH K Jedopmarue moi-
3Y4eCTH &€ (t) HeT HeoOxoqumocTH. TIpescTaBieHue

TEOPUA NMON3YYECTM

e(r) = [aM (1)-¢, (t)] + [an (1)+¢; (t)], (26)
comytcTByromee obmein mepe C (t, t) =C, (t, 1:) +
+C, (t, ’L') >tux aedopManuii, IPUBOANT JIHIIL K
yTaHuIEe B 0003HAYECHUAX U HE SBJIAETCS LIENECO00-
PasHbIM.

Cnenyer nomg4epkuyTsh, uro mepa C (t,t) eCTh
CyMMa PasjIM4HbIX 10 CBOEH (PU3UYECKOM TIPUPOJIE MED
C, (t,r) u C; (t,r) U HE MOXET SABIATHCA MEPOM

nonsyuectd. ['umoresa, uro C (t,'c) — 3T0 Mepa HoJI-

3y4eCTH, PUBOUT K HEKOPPEKTHOMY YpaBHEHHIO (21),
cozeprkameMy (cornacHo kinaccudukaimu B [17]) Tpu
BH/JIA OIIHOOK:

1) HeBepHOE ONpeIeNIEeHHE 3HAYECHHS €, (l);

2) HEMPaBWJILHOE HAXOXKICHUE BRIPAXKCHHUS sIipa
MIOJI3YYECTH;

3) ommbo4HOE TpHUYHCICHUE K IehOopMaIHsIM
MOJI3y4eCTH MTHOBEHHBIX YIIPYTHX AehopMaruii.

B [17] nonaratoT, 4TO UCTOYHHUKOM IEPEUUCIICH-
HBIX OIIMOOK SIBJISICTCS] HE YKa3aHHAS BBIIIE HHTEPIIPe-
tarus C (t, 1:) , @ IPUHIIUI HAJIOXCHUS JTehopMaIiuii
MTOJI3YYECTH.

3ameuanue 3. IIpuHIATT HATOKCHHS B3aUMOHE-
3aBHCHMBIX YaCTUYHBIX JeOpMAIii TION3y4ecTH (¥3-
BECTHBI B JIMHEHHOM MOCTAHOBKE KaK MPHUHLIMI CY-

repno3uIuu bonsiiMana) mpuMeHseTCs AJIs OTpee-
neHus nedopManuii Moa3ydecT! py MIEPEMEHHOM Ha-

MPSKCHUH G(r) M He UMEET OTHOIIEHUS K Omnbod-
HOM orepanuu I:S - (t) +eg (t)] nipuOaBieHus nedop-
MaluH &g (t) K geopmanuu €y (t) 0e3 ee BBIUNTA-

HHs U3 MTHOBEHHOI feopManun €,, (l‘) .

3ameuanue 4. B pabore [4] momaraioT, 4TO
BTOpOE crnaraeMoe B (17) yuiHee, MOsSBUBIICECS H3-32

npeHeOpeKeHNs IBOFOLIUCH E(r) B MTHOBEHHOMH ze-

dopmanun €, (l‘) . Ha camom nene kak pa3 y4er 3Bo-

1

E(1)

4acTh &, (t), U, COTJIACHO COOTHOIICHUIO ds(r) =

JIIOUMU yIPYrol MoJaTiuBOCTH MOPOXKAAET

_o[s(v)
_a E(r) dt , umeem
~ ’a’G(r) 0 af 1
SM(I)—gM(tO)+;[ E(T) +£G(’E)a E(’L’)

TMocrneHee caraeMoe 3TOro paBeHCTBa SBILICTCS YIIPYTO-
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IJIaCTHYECKOH aedopmanyeit € (l) . DTa 4acTh MIHO-

BEHHOM JedopMarini godaBiaeHa K JehOpMAITHH TT0JT-

3ydectH. IIOCKONBKY €, (to ) + IC;G(—(? =gy (t) _
I T
1

_jG(T)éz E(7) dv o e(t)=gy(1)+e,(7)

TNEPBBIC JIBaA CJIaracMbIX MPEACTABIAIOT MIHOBCHHYIO

nedopmaluo 6e3 ydera dBOJIOIHH E(t) .

Cy1iecTBEHHBIM NTOBOAOM AJISI KPUTHUECKUX 3aMe-
yaHu# B [17] mocimy>kuno npeacTaBleHUe ypaBHEHHA

s(t):%-jc(r)%dr @)
_G(t) f ol 1

e(t) m—t (r)a E(r) dt—

—jc(r)%ﬁ’r)dr , (28)

JOIYCKAIOLIEM IPU OTCYTCTBUHM TOSICHEHHUSI CTPYK-
TYPBI €T0 CIaraéMbIX HHTEPIPETALHUIO, IPUBOASLIYIO
K IIPOTUBOPEUHIO.

HctounukoMm npexncraBineHus (28) sBisercs
nmpemtokeHHoe B [3] moOamieHHe K Mepe MPOCTOU

nonsyyectu C (t,t) claraeMbIX UiS y4eTa 3BOJIIO-
[IUU MOJIYJISl yIPYTOCTH E(t) MT'HOBEHHOMW Jniedop-

MalMu €, (t) [To-Bumumomy, omnpezaeneHHOe 000C-

HOBaHHUE 3TOr0 NPEITIOKEHUSI COCTOUT B IIPOSIBIIsC-
MOM B TIpOIlECcCe pasrpy KeHHsI BO3SHUKHOBEHUU TIjia-

CTHYECKOH YacCTh €, (t) aedopmanu €, (l‘) Ilo-
CKOJIBKY HAKOIUIEHHE &,y (t) MIPOUCXOUT (KakK U Jie-
(opmanus NoI3y4ecTd €y (t)) B TEUCHHUE TIPOMEKYTKA
[to,t], T0 nedopmarus €,y (t) YCIIOBHO II0JIaracTcs

3ama3/bIBAIONIEN ¥ PACCMATPHUBAETCS BMECTE C € (t)

DopMankHOCTh 3TOTO IMOAXO0Aa OTMedeHa B [2] 3a-
MEYaHWEM, YTO TIEPBHIE JIBa CIaracéMbIX PaBEeHCTBA

. 1 1
C (t,7)= - +C(t,t 29
e @) BT @
HEOOXOOUMBI JIMIIb A OTPaKEHHS BIMSHUS TBEp-
neHus 0eToHa Ha ympyroe nedhopmupoBanue. B Mo-
Horpaduu [2] npu BeIBoJe ypaBHeHH (2.87) Mexa-
HUYECKOT'O COCTOSHUS OETOHA COOTHOLIEHUEM

o 1 _
GTEM(t) -

(30)

488

KOHCTAaTUPYETCsl, 4YTO MIHOBEHHas Jeopmanus €, (t)
orpezensercs (Hapsay C CHJIOBBIM HarpyXeHHEeM TpH
! =T ) BETUYMHONW MOIYJISA E(t) TIpu JTFOO00H 3BO-
JIIOLUU E('c) B IIPOMCIKYTKC [to,t].

B uacTtHOCTH, TIpH E(t) = E(t) npUpaIieHue

Agy, (t,to), MOPOKICHHOH JIFOOBIM PEXUMOM TIpUpa-

t
IIEHHS HArpyXXeHust AG (t) = Ia’c (1:) B JIMHEHHOI T10-
ly

)
CTaHOBKe, OMpezeNsieTcs papeHCTBoM Ag, (1,1, ) = I %,
fo
Su(7)
E()

(GyHKIUS HATPSHKEHUH MTHOBEHHBIX JieopManuii.

t
a B HeJIMHEHHOH [2] Ag,, (t, to) = '[ ,rie Sy (‘c) -
l

ITockonbky

¢ Su (1) SM(T)t t g 1

= —|S —| ——|drt, (3l
e R o R
TO TIpUBEJICHHEIC B [2] paBeHCTBa (2.86) M
0 Sy 1 1 0(r)t

= ds, = S (32)
{EM(T) EM(f),{ T OEw(0) TLR(9) ),

03HAYAIOT YYeT BIMSHUSI TBEPICHHS OCTOHA B medop-
MalluK €, (t) Y UCKITIOYAIOT 3TO BJMSIHHE HAa MEPY

1
C (t, ’L') , BEIP)KaeMyI0 100ABJICHUEM ClaraeMblxX m

T
n —— . Ormerum, 9to B [2] B paBeHCTBax (2.86) u

E(t)
(2.87) Bmecro C (t,r) 10 TEXHUYECKUM MpUINHAM
HareJaTaHo C*(t,r) , 9TO HE COOTBETCTBYET MpH-
MEHEHHOMU B [2] JIOTHKE BBIBOJIA STHUX PABEHCTB.
Cornacuo [2], Bemuunna C " (t,'c) MIpECTaBIISIET
cymmy Mepbl nonsydectd C (t,r) u mepsl Cp (t,r)

BIIMSIHMSA TBEPJACHUS Ha JeQopManuio &€,, (Z) .

2. YpaBHeHMsI COCTOSTHMS
B HeJIMHEHOM MoCTaHOBKE

OKCIIEPUMEHTHI TIOKa3bIBAIOT, YTO 3aBHCHMOCTD
nehopmarit 8(1:) OT HAIPSHKCHUN 0(1:) SIBJIAICTCSI He-

nuHeiHoi. Cornacuo A.A. I'Bo3zaeBy [5], HenuHEHHOCTH
BO3HUKAET BCJIENCTBHE OoJiee NHTEHCHBHOTO Pa3BU-
TUs fedopMalliii TOJI3yYecTH NP COXPAHCHUU JTU-

THEORY OF PLASTICITY
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HEHHOW 3aBUCHMOCTH YHPYTHX IehOpMaluil U TeM

CaMbIM
t

G(t) 86(1,1:)
8(T)=m—£0(f)7d’c. (33)
Mepa mon3ydecTu C (t,’c) no0upaeTcs coria-

COBaHHUEM C JKCIIEPUMEHTAIBHBIMU JTaHHBIMU. KpyToii
TIOJTbEM IKCIIEPUMEHTATIBHBIX KPUBBIX MOJI3yYECTH, CO-
rmacHo A.A. I'Bo3neBy [5], o3Ha4yaeT OBICTpOE HaTe-

KaHue € (t,r) IIpY MaJIbIX 3Ha4YeHusax f—1. B pa-

Oore [6] B coryiacuu ¢ HEJIMHEHHBIMU JTUarpaMMaMu
€ —G EBpOKOIOB NPHUBOANTCS MHTETPAIBHOE YPaBHE-

HHE, UMEFOIIIEe MPH E(’C):E " R(T):R (R(T) -

MIPOYHOCTH) BUJ
=ﬁ[@(f)]—jﬁ[w(r)]%dr. (34)
31ech le:cs :I &y f[s :I (‘c)

u (34) — HenuHeltHOE ypaBHEHHUE C JIMHEIHOHN MOMN3y-
yecThio. TakuMm oOpa3om, B ypaBHeHUH (33) UrHOpH-
pyercs HeMMHEHHOCTh YIPYTHX, a B ypaBHeHUU (34)
3amaszpIBalonuX aehopmanuii monsydectu. lanee mo-
Ka)kKeM, YTO CHJIOBOE Harpy>kKeHUE IMOPOXKIaeT HEH-

HEHWHOCTH TI0 G (r) 000mX BUIOB e(hOpMAITHA.

B pabote [7] mist HENMMHEWHON TEOPUH TTOI3yUe-
CTH TIPE/JIaracTcsi ypaBHEHHE

g(t):%-joc(x)% ﬁ -
6C tr)

j f[s(7) dr. (35)
3amelmnue 5. B (33) u (34) unaTerpanbHoOE cra-
raeMoe BBIBOJUTCS B paMKax JIMHCHHON TEOPHH ITOJI-
3ydectd, a B (35) HesBHO mpenmonaraercs (6e3 o6oc-
HOBaHMS) IPUMEHUMOCTE TIPUHITATIA JIMHEHHON CcyTiep-
MO3UNMH AeopMainii moJI3ydecTH.
B.M. BoHnapeHKo HENMMHEHHYIO 3aBUCUMOCTb YIIPY-

THMX U 3aMa3/bIBaloux AeGopMaiui oT (5(1?) npe-

CTaBJISICT C MOMOIIBIO HEJIMHEHHBIX QyHKIHUH. B Mo-
Horpaduu [2] BBIBOAUTCS ypaBHEHHE

(1) = Sulo(t)/R(1)]

E(1)
8C(t ) dt. (36)

fsu (ot ()] L)

IIpu aToM cymiecTBeHHa CChIIKa Ha padoTty [8],
rIe BBICKa3aHa MPUMEHUMOCTh IPUHIIMIA CYTIEPIIO-
summu JI. BonbiiMana u as HenuHEHHBIX nedopMa-

TEOPUA NMON3YYECTM

WA TON3YYeCTH TPU YCIIOBUU TPU3HAHKS B3aUMOHE-
3aBHCHUMOCTH €€ YaCTHYHBIX TIpHUpanieHuii. TeM cambiM,
Kak U B pabote [4], 3apaHee mpearosaraeTcs B3anMOHe-
3aBHCUMOCTH YaCTHYHBIX JiehopMarinii moi3ydecTy oT-
HOCHTENBHO YaCTUYHBIX MpHUpAICHUH (QYyHKIMHA Ha-

(1)/R(x)].

Bosnukmas B Teopun 6eTOHa HEOOXOUMOCTD
000CHOBaHUS HEITWHEHHBIX PEOJIOTHIECKUX ypaBHE-
HUH MEXaHWYECKOTO COCTOSIHHS CONPSDKEHA C TIPHH-
LUTIOM HAJIOKCHHs HEJIMHEHHBIX YAaCTHYHBIX Jedop-
MalUi MOI3yYecTH — KIFOUEBHIM MOMEHTOM BBIBOJA
3TUX ypaBHEHUM.

B pabotax [9—11] mpuBenena MoauQuKaIys IpuH-
uuna cynepnozuuuu JI. bonbliMana npu HenMHEHHON

npspkeHuit Sy [G

3aBICUMOCTH Jiepopmariuii € ( ’E) OT HaNpsHKEHU O (’E) .

OcHOBOIi BBIBOJIA TIPUHIIMIIA HAJIOKEHUS B HEJH-
HEMHOH ITOCTAHOBKE SBIISICTCS KOHIICIIITHS CTATHCTH-
YECKOTO PACIpe/eNICHHs] IPOYHOCTH R, ( T) 3BEHLEB
(crmoeB, BOJIOKOH), COCTaBIISIFOIIMX MaTepHUal KOHCTPYK-
THBHOTO DJIEMEHTA.

3ameuanue 6. B otmaue OT MPUHATON HAMU KOH-
LENIWH, BOoCcXomiei k [12], B npeasiaymmx pabo-
TaX KOHCTPYKTHUBHBIN MaTepuall Ipe roaraics u3o-
TPOITHBIM IO TIPOYHOCTH COCTABJISIONINX €TO 3BCHBCB.
CunoBoe 7e()OpMUPOBAHUE PA3PYILIAIO YacTh 3BEHLEB
U HampsDKCHUS. ¢ HUX TepepacnpeessuTUCh Ha LeNble

3BeHbs. Hampumep, omHoocHoe ycumue N ( Z') paspy-
I1a€T YaCTh 3BEHbEB M TEM CaMbIM OHO BOCIPHUHHMA-
€TCsl JTUIIb PaboTOCIIOCOOHOM IIIONIABI0 A(T) ce-

YCHH:, IOPOXKAasd HOPMAJIIbHOC HAIIPSAKCHUC

oc(r):%. 37

HaHpSDI(eHI/IC (¢ ¢ (T) , BOBHHUKAIOIICC BCICIACTBHEC

CTPYKTYPHBIX TOBPEKIACHUN, HA3BIBAETCS CTPYKTYP-
HEIM U CBSI3aHO C paCYETHBIM HAIPSHKCHUEM

_N()
o(1)= y (38)
COOTHOIIICHUEM
GC(‘C)= 4 G(T), (39)

A(7)
rac A — II0IaaAb HOpMaJ'ILHOFO CCUCHMU DJICMCHTA.
CTpyKTypHBIE OBPEKICHHS, OMUCHIBAEMBIE (DyHK-

mmeii S° (T) = A(r)

CHMOCTB JiehopMatiii OT JIMHEHHBIX HAIPSLKEHUH G(T) .

, TIOPOXKTAOT HEJIMHEHHYIO 3aBU-

0 o .
Oynxms S (t) HENTMHEHHOCTH HAIIPSHKSHUH orpe-
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(1
JENAeTCd UX YPOBHEM n(‘c) ZL, rie R(T) —
R(7)
TeKyIllasi MPOYHOCTh MaTepHana. B MPHIIOKEHUSIX HC-
MOJTB3YIOTCS (DYHKINH [ 3]

m

s (r)=1+7| 2|
R()
So(r):ac(r)b/c(r), 41
rae V, m, a u b — SMIOUpUIECKHE TTapaMeTPhI.
Du3nKo-XUMHYECKHE TMpoHECChl B MaTCpUraJiC BJIC-

(40)

KyT U3MECHEHNS apaMeTpoB R, ('c) U GyHKImn S 0 (T) .
B wactHoctH, merpamamus R, (T) Hapsny ¢ S 0 (1:)

YBEIHYHUBAET G, (T) =5’ (’L’) G(’C) U Tpu G(’L’) =const,
a TeM CaMbIM MTOPOXKICHHYIO TTOCTOSIHHBIM HaIpshKe-
HUEM © (r) =0 (to ) HavyanbHYO Jedopmaryio. 310 sB-
JIEHVEe TIOCIIEAYIOIIETO YBEIMICHHUsI HAaYaIbHOU edop-
MaIiu pu G(I) = CcONnst Ha3bIBAIOT MOJI3YYECTHIO.

Jedopmanus pabOTOCIIOCOOHON YacTH 3JIeMEH-
Ta CBfI3aHA C TOPOXKIAMONINM €€ CTPYKTYPHBIM (HC-
TUHHBIM) HallpsDKEHHEM 3aKoHOM ['yka

Gc(r)zE(r,to)a(r,to), (42)
rae ymnpyro-ruiactuueckuii monyib E (1?, t, ) ompe-

ACIACTCA paBCHCTBOM

E(r,to):

E(7)
. (43)
1+E(1)C(1,¢,)

B (43) — momynb ynpyrux aedopmarmii; Cl ( T, to) -
Mepa TOJ3Y4eCTH B MOMEHT T TP HArpy>XCHHU B
MOMEHT [ .

CootHomienus (42) u (43) BEITEKAIOT U3 TPEI-
CTaBJIEHUS AeopMannuu 8( T, tO) CyMMO#H MTHOBEH-
HOM ynpyroii nedopmanuu

ey (T.1,) = ‘;((:)) . (44)

u nedopmaruu momsydectu [9]

€y (r,to)=C(r,tO)cc(r). (45)
Cornacno (39) u (42),

0
(nt,) =S, (46)

E(r,to)

PaBencrsa (44) — (46) 03Ha4aIOT, 4TO AEoOpMAIIH
8(1:,10 ) » €y (t, to) U € (’L‘, to) SIBJISIIOTCS HEJIMHEH-

HBIMU (QYHKIMSMHU PAaCUETHOTO HAMPSIKEHHUS O (T) .
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[Ipeanonaras oTCyTCTBUE CTPYKTYpPHBIX MOBpeE-
KICHUH, onyuum S 0 (T) =lu

a(r,to):ﬂ. (47)

E (r, t )

J11st BBIBO/IA HENMMHEWHOTO YPABHEHUS MON3YYECTH
HeoOX0MMO HaiiTu npuparienue Agy (t,to) nedop-
MaIli{ TOJ3Y4YeCTH NMPU TMEePEeMEHHOM Ha OTpe3Ke
[to <1< t] BPEMEHU CTPYKTYPHOM HaNpPsHKEHUH.

[pu cunoBoM neopMUPOBaHUH KOHCTPYKTHBHO-
IO 3J€MEHTAa CTATUCTHYECKOE PaCIpEelelICHUE IpoU-

HOCTH R, (r) €ro 3BeHbEB (HaIpHUMep, 0 HOpMallb-
HOMY 3aKOHY) BJIEUET HENPEPHIBHOE Iepepachpere-

JICHHUEC 110 CCYCHHIO HaHpH)KeHI/Iﬁ G(T) Ha 1OCJIbIC

n
3BeHbs. CTyneHuaToMy mpHpocty Ac = ZAG(T i)
i=1
yKe He OTBEYalOT B3aMMOHE3aBHCHMbIC, KaK B IU-
HEWHOM CiIydae, YaCTHBIC TIPUpAIIeHUs nehopMarnii
non3yuyectu. B camom gene nelcTBrUe NMpPUIIOKEHHO-

0 B MOMEHT BPEMEHH T, NPUPAILCHUS AG(Ti) B MO-
MEHT T, ( j> l) YCHUIIMBAETCA U3-3a AEUCTBUSA IIpHUpa-
[ICHHUS AG(‘C ; ) , Pa3pyIIAIOIIErO YacTh IEJIbIX J0 MO-
MeHTa T, (3BeHbeB) [9].

IIycTs (VT) YacTh dJIEMEHTA (V), cocTosIas u3
IeNBIX B MOMEHT T ero 3BeHbeB. Ilonm aelicTBueM Ha-
MIPSDKEHUS GC(T) 4acTb (VT) HENPEPHIBHO YMEHb-

macTcAa a0 (V), COCTOHHICﬁ N3 COBOKYIIHOCTH IIC-

t
JIBIX B T€YEHHUE BCErO IIPOMEKYTKaA [z‘o,t] 3BCHBLEB
DJIEMEHTA.

Hedopmanuu yacrei (V) u (Vr) o1 JICHCTBU-

t

€M HaIpsDKCHUS GC(T) coBnazarT. CylecTBEHHO,
n

4TO CTyNEHYaThIH NpupocT Ac, = ZAGc (1:1.) Ha-
i=1

NPAKCHUA G(T) MMOPOXKAACT B3AUMOHC3aBUCUMBLIC B

cmbicie JI. BosbliMana yacTHbIC TpUpanieHus aedop-
MalW{ MOJI3y4ECTH.

Ipupammenus Ac, (1:1.) HE pa3pylIaloT 3BeHbs (K)

1 KUMCHHO 3TO BJICUET HC3aBUCHUMOCTD BCJIIMYHHBI

Ae (1,)=C,(1,1,) A0, (1) (48)

OT OCTaJbHBIX mHpupamenuii Ao, (’L'j), (j;ﬁi),

a TIOTOMY

THEORY OF PLASTICITY
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Aeq (0.0,) = Y C, (1.1 Ao, (1, (49)

i=1
C MOMOTIBIO TIPUBEIECHHBIX BEIIIIC TS G(‘C) orre-

paunﬁ MOJIy4YuM PCOJIOTUYCCKOC YPABHCHUC MCXAaHU-
YECKOI'0 COCTOSHHS B HEJIMHCHHON ITOCTaHOBKE

s(t):%—icc(r)%r. (50)

CootHomienue (49) sSBISETCS aHAIOTOM MPHH-
nurna HajoxxeHnus JI. boiapMana.
0
=S [G(I)]G(T)

Cornacho (44), ¢ ygetoM O, (T)

S° [0 t):I c
E(7)
—J S°[o(1)]o
3amelumue 7. B ypaBHennu (51) mpucyrcTByer
)] , a B ypaB-
HeHnu (36) pasznuuHble (YHKIUH HaNpsKeHUN
Sulo(t)/R(x)] n S;[o(z)/R

HBIX ¥ 3ama3bIBAIONINX JedopManuii. ITH QyHKIHH
CYTh HalpsHKEHUS, TIOPOKTAFOIIETO COOTBETCTBYIOMINE
nedopmaruu. B ¢u3nueckoM acrieKTe CHUIIOBOS HaIps-

HMEEM
e(1)=

[C 1,1 ]dr (51)

enuHas QYHKIUSA HANPSOKEHUHA S I:G(’E

r)] JUISS MTHOBEH-

’KEHHE MOPOXKIAET 00€ COCTABIIAIONINE &, (t) U Ep (t)
nedopMaru S(t) , 1 IO9TOMY S, I:G(T) / R(’E):I =
=5S,[o(t)/R

r)] . Takum 0Opazom, TIpencTaBICHIEe

€y (l‘) +&, (l) HE

O3Ha4YacT, 4YTO MIHOBCHHBIC M 3alla3JbIBarOIIHC OC-
(bOpMaI_[I/II/I MOPOXKACHBI PA3HBIMU HAIIPAKCHUAMU.
CormnacHo auarpaMme € — GO , HIMCEM HCHHHeﬁHym

)Zf[(s(t)], KOTOPYIO IO aHa-
o(t)
E(2)
BUJIC €, (t) = S[Eg((t;)] , TIe SI:(S(’L'):I = E(t) M (t)

DOyHKIH S [G ( T

nehopmanun a(t) B BHJIE g(t):

3aBUCHMOCTh €, (t

JIOTUU C pPaBCHCTBOM SM (t) = npeacraBum B

)] HA30BEM CTPYKTYpHBIM Ha-

MpsDKEHUEM (TaK KakK CHJIOBOE Harpy>KEeHHE BiedeT U3-
MEHEHHE CTPYKTypHI MaTepuana). [lockombky

ds [c(r)] =d [E(t)gM (t)} ,

10 dE (t,r) = C(t,r)dS [G(T)] .

TEOPUA NMON3YYECTM

13 paseHcTBa S[G(T):I =3° -G(T) HaXO0JaUM

DYHKIMIO HeMMHEHHOCTH HanpsikerHii S° :
SO — SM (T)E(I)’ (52)
o(1)
MOJTy4aeM COOTHOIICHUE
de, (t,r):C(t,r)d[SOcs(r)] (53)
Cormacro (39), pynxims S° onpenensiercst ypos-
nem (1) =

3BIBAIOT YKCIEPUMEHTHI, HE 3aBHCUT OT BO3pacta T
Marepuana, a moToMy

0 qo
P [n(z)]=0. (54)

PaBenctBa (53) u (54) o3HaualoT, 4TO CIpaBe.-
JIUBO COOTHOIIICHHUE

ds(z‘,r)=C0 (t,t)SO [n(r)]ds(t), (55)

TITO3BOJIAIOIINCE IMPUMEHCHUE ITPUHIIUIIA HAJTOXCHUA,
TEM CaMbIM

c (’L’) /R (’L’) HANPSOKEHUM M, KaK ITOKa-

Ay (67)= [, (6,5) 5" [n(1)]do (). (56)

Agy (1,1)=C"(1.4,) S’ [ (1) oy —

—jSO I:n(r)]c(r) GC;(TZ,T) dr, (57)

a MOTOMY MBI CHOBa NOJTy4uM ypaBHeHue (51).
3ameuanue 8. IlpuHIMNHUAIbHOE VIS TPUMEHH-

Moctu npuHimna boneimMana paBeHcTBO (54) sBiA-

eTCsl CIEICTBHEM CTaTUCTUYECKOTO paclpelesIeHHs

. 0
NPOYHOCTEN 3BeHbeB. DyHKIUSA S (T) onpeaeseT-
C OTHOILIEHUEM J0JM BCEX PAa3pyLICHHBIX 3BEHHEB

K JIoJIe BCeX IIENBIX 3BEHLEB. B Monean oqHOOCHOTO
HarpyXeHHUsI IMEeM

§'(1)= A =A(1)+A—A(1:)=1+Ad(1:), (58)

A(7) A(7) A(1)

rae Ad (T) — Iomaab MOIEepPeYHOro CCYCHUSA BCCX

TOTCPABLINX CITOCOOHOCTL CHJIOBOTO COIIPOTUBJICHUA
3BCHBECB.

Ha npuBeneHHOM pucyHKe muiomansm A " (’C) 3

A (1:) COOTBETCTBYIOT muiomagu S, (G) u S ) (G),
HHTETPATLHO BBIPAKAIOIIME MOBPEKIACHHYIO M LENBIE
YaCTU HArpyKEHHOT'O DIIEMEHTA.

ITocKOIbKY (DPUBUKO-XMMHYECKHE TIPOLIECCHI TIPO-
UCXOMAAT OJMHAKOBO BO BCEX 3BEHBAX, TO 3aJJAHHOE OT-

HOIICHHe Iomaneit S, (G) / S » (0) HE 3aBHCHUT OT T,
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4yTO W Bie4eT cooTHomeHue (54). B vactHOCTH, 3a-
JTAaHHBIN YPOBEHb T) (T) =0 (T) /R (’I:) HE 3aBHCHUT OT

T, 4TO MOATBEpXKAaeTcs 3KcrepumeHTamu [18], co-
TJIACHO KOTOPBIM yJIENbHAS MO0 OTHOIICHHIO K MPOoY-

HOCTH R(t) JedopManus He 3aBUCUT OT BO3pacTa

OeToHa.

fp) A

_——

0 Ry

PucyHok. [1770THOCTH BEPOSTHOCTH paclpeaeIeHus
NPOYHOCTEN 3BEHBEB. R — CTPYKTypHAs MPOUHOCTH

[Figure. Probability density of the strength distribution of
links: Ry — structural strength]

Wtak, Ha OCHOBE CTAaTHCTHYECKOTO pacIpeserie-
HUS IPOYHOCTEH MBI PUBEIH €IIe OTHO 000CHOBaHUE
MPUHLUIA CYTIEPIIO3UINN JehOpMAIHid TTOI3YUECTH
bonapnMana B HEMMHEHHOM ITOCTaHOBKE.

3ameuanue 9. B npennonoxennu C (t, t) =0,
cornacHo (54), u S? (T)G(T) =gy (T)E(’E) nMeeM
‘ oC (t, r)
0

0 (1) =—[ e (1)E(7)

fy

dr, (59)

amnpu B (T) =F (t) (st 3pesioro M cTaporo OeToHa):

€ (l‘)=—j8M (r)Mdt; (60)

; ot

s(t):gM(z)-jsM(r)%dx. (6

O‘-IeBI/I,Z[HO, YTO aHAJIOTOM JIMTHEHMHOTO OTHOCUTC/Ih-

ty

HO GC (T) HUHTCTPAJIBHOI'O YPaBHCHUS NPHU YCJIOBHUU

E(’E) =E saBnsiercs nuHENHOE OTHOCHTEIBHO YIIPY-
roii nepopmanun ypasHenue (61).
OyHKIUS P (t, 1:) = E(t) C, (t, r) HA3LIBAETCS

XapaKTEPHUCTUKOM MMOJI3yUYeCTH.
B pabote [6] ypaBHEeHHE JTHHEHHOW MTOI3YYECTH

o oC(1,1)
eq(1)= _jG(T)T

)

dt (62)

BBIPAXKAETCA YEPE3 &) (1:) C TMOMOIIBI0 (YHKIUU

Py (t), OTBEYarONIel HEJTMHENHOM TOCTaHOBKE.
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€ (t,t)

e (1)

[Tockonbky B [6] mpeamonaraercsi, 4To IMOJ3Y-

[Ipu npocToM Harpy>xeHUH ) (t, 1:) =

YECTh MOPOXKICHA HAIPSHKEHHEM S (‘C) =€y (‘C) E(‘C) =
=S,(t)o(1)E(1), 0

oy (1,1)= % (63)

Tanee B [6]

e (1)=— e (r)wdr, (64
W, cornmacho (54),

8H(t)=_jsM(r)a[E(r)C(r,r)]dT, )

S’ (o) ot

fy
OueBHIHO, YTO JIMILE [IPU E(’L’)= const umeer

MECTO 3apaHee MpernoiaraeMoe B [6] COOTHOIICHHE
f oC (t, r)
en (1) =—Jo(1)—"

)
B pabore [13] ans pa3BuTUS CTPYKTYpHO-
9HEPTeTHUYECKOT0 MOIX0/a B TEOPUH KEIe300eToHa
BBEJICHO MOHATHE YHEPIUH LIETOCTHOCTH JIEMEHTA

drt. 66
ot ! (66)

w (T) — MaKCHUMaJbHON YHEPTHH €r0 COMPOTHUBICHUS

pa3pymieHnio. JTOT mapaMeTp paBeH paboTe paspy-
[ICHUS SJIEMEHTa B MOMEHT T W CKJIaJbIBAeTCs U3

OHEPruu NeJIO0CTHOCTU VV; (T) n €TI0 3BCHLCB.

CyMMapHast 2HEpTHUs TOTEPSABIIHX CIIOCOOHOCTH
K CHJIOBOMY CONPOTHBIICHUIO 3BEHBEB 00pa3yeT pac-

cestHHYIO yactb W, (T) SHEPTUH W('c) U oTIpe/iens-
€T HEeOOpaTHMYIO 4acTh £ (t) neopManiu 8(1).
Hedopmarmst SH(t) TIOPOKIAETCs HATIPSHKEHUEM O, (T) ,
MOJyYeHHBIM Kak Jo00aBKa K Hanp;m(eHmoc(r) B
pe3yibTaTe pa3pylleHus 4acTH 3BeHbeB. BenmnunHa

w (’E) =W (’E) -W, (1:) HPECTABISIET DHEPreTHYe-

P
ckuif 3amac nenocTHocTu. DHeprusam W, (t) u Wp (’C)
OTBEYAIOT Ha PUCYHKE IJIOIIAIA Sd (G) Hu Sp (G) ,
% (1)
(1)
Cymma I:G(’E) +0, (’E)] = [Ha(r)] G(T) SIB-
JACTCA CTPYKTYPHBIM HANPSAXKCHUCM, U, COIJIaCHO

PaBEHCTBY SO(G)G(’E)ID‘HX(T):'G(T), nMeeM

1 BCIIMYKWHa (1(6) = HE 3aBHCHUT OT T.

THEORY OF PLASTICITY
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=[1+a(r)]0(r). B yactHOCTH, a(t)=V~ ﬂ ,

R(1)
rac VI/I m — 3MHI/IpI/IquKHe r[apaMeTpLI.
da(c)
B cuny o 0 Heobpatnvas Hacts €y (¢)

aebopmanuu € (t) HaXOJWT HAJIO)KEHUEM W TpHU

C(t,1)=0:

e (1) =—[a[0(1)]

B pesynbraTe HeoOpaTumble nedopMmaliiv CH-
JIOBOTO MPOUCXOMKICHHS

__a[c(r)]c(r)
R

r) 6C(t,t) 67
4(1’81 )

—ja[c(r)]c(r)%&c, (68)
MO3TOMY 0
( (t) j-c ! +C(t,r) dt+

_ja[c(r)]c(r)g E(IT)+C(t,r) . (69)

B mpennoxenHoit A.A. I'BO31eBBIM JIByXKOMIIO-
HEHTHOH HEJIMHEWHOM Teopuu oyBydecTH [5; 14] MrHO-

BCHHEIC I[C(I)OpMaLII/II/I JIMHEWHEBI 110 G(T) , BCIIMYHWHA

€y (Z) Ha3BaHa JedopMarreit oI3y4ecTy MepBoro

ponia, a BTopoe ciaraemoe B (68) — BToporo poja.
IIpu sTOM

0= flo(0)]R (17)dr (70)

)] — HeNMMHeWHas QyHKUMS HalpsDKeHHH,

e f [G(T
a Qynkmmsa f (t,r) CTPOHTCA Ha OCHOBE JKCIIEPH-
MEHTaJIbHBIX JaHHBIX [14].

Bennuuny € (Z) HEBO3MOXKHO OIPEIEIUTh

HAJIOKEHHEM YacTUYHBIX AedopManuii Mmon3ydecTH,
Y B TPaJULHOHHOM CMBICTIe OHa He nedopMaiys moi-

3y4eCTH, KaKOBOH SABIIAETCS €€ 4acTh €y (t) ABToO-
pbl B [4] monararor, 4to € (t) MpEeACTaBIsAET HENU-

HEWHYI0 (HEOOpaTHMMYI0) 4acTh &€, (l) MI'HOBEHHOU

TEOPUA NMON3YYECTM

aepopMayu €, (t), HPUCOBOKYIUICHHYIO K JINHEMH-

HOH AedopMaIiiy MoJI3y4ecTH, M TEM caMbIM [6] pr
C(t,t)=0u E(1)=E

’ oC(t,t
t) :fz[c(t)}—fc(t)gdr. (71)
; ot
[Nomy4aercst peonormyeckoe ypaBHEHHE C JIMHEH-
HOM MOJI3y4eCThIO.
3ameuanue 10. IlpenedpexeHne B HETUHEHHOM

NIOCTaHOBKE HEOOPaTHMOM 4acThIO €y (t) nedopma-

LMY TIOJI3YYECTH MMPUBOAUT K OMUOOYHOMY PEOJIOTH-
YECKOMY YPaBHEHHIO, YTO UMEET MECTO U B PEKOMEH-
nmanuax EBpokoznos [6; 15].

3akjoueHune

OO0ocHOBaHNME HETMHEWHBIX PEOJOTHYECKUX ypaB-
HEHU MEXaHWYeCKOTO COCTOSHHSI CTPOHTEIBHBIX Ma-
TEpHaIoB (B YaCTHOCTH, OCTOHA) HE peanu3yemMo 0e3
MouUKalMy npuHIMna cyneprnosuiuu JI. Bosbii-
MaHa OTHOCHTEIIHHO COOTBETCTBYIOIIETO CHJIOBOTO (DaK-
TOpa — CTPYKTYPHOTO HATIPSDKEHMSL.

CyTtp npunnumna boibiiMaHa 3aKJII04aeTCsl BO
B3aMMOHE3aBUCHMOCTH YaCTHYHBIX JeopMaIuii mos-
3y4ecTd, 1 IMEHHO Ha STOW OCHOBE pealii3yeTcs 000c-
HOBaHHBIA TojacueT aedopmanuii mom3ydectu. Cy-
IIECTBEHHO, YTO MOAM(UKAIMS MPUHIIKIIA CYIIEPIIO-
3unuy bonpMaHa NpUMeHsIeTCs U U HEIUHEHHOU
3aBHCHMOCTH JieOpMauidi OT PaCUETHBIX HampsIKe-
Hui. CTaTUCTHYECKOE paclpenesicHue TPOYHOCTEH
(bpakIuii, COCTaBJIAIOMUX OCTOHHBIN AJIIEMEHT, BiC-
YeT mepepachpeelieHue HaNpsHKEeHHH W TOPOXKIAeT
CTPYKTYpHOE HANpsHKEHHE Ha €ro CIIOCOOHBIX K CH-
JIOBOMY COTIPOTUBIICHHUIO (PPAKIIUAX.

CrpykTypHOE HamnpspkeHue ((PYHKIHS HarpsiKe-
HUH) €IWHO JJIs1 MTHOBEHHBIX M JUTUTENBHBIX Nedop-
Marui, mopoxjas 00a 3T1 BUa.

OyHKIMA HamnpsKeHUH, BBeleHHas B [2—7] sB-
JISETCS CTPYKTYPHBIM HAIPSDKEHUEM, TIOPOXKTAFOIIINM

Kak MTHOBCHHYIO &€ t , TaK M 3alla3JbIBAaIOIIyIO
M

- (t) nedopmarum.

B [6] HenuHeitHOE peooruuecKkoe ypaBHECHHE
COJICP)KUT HENMHEWHO 3aBHCAIIYI0 OT PACUCTHOTO
HAIpPsHKEHHUS MTHOBCHHYIO J1e(hOpMAIIUIO U JIMHEHHYIO
3aBHCSIIYI0 OT ATOTO HAINPSDKEHUS JeOpMAaIHIo ToJ-
3ydecTd. JTO O3HAYaeT, YTO YIMOMSHYThIC Nedopma-
UM TIOPOXKJICHBI PA3TUYHBIMU HATPSHKSHUSIMU, YTO
MPOTUBOPECUUT PU3NUCCKOMN CyIL[HOCTI/I SIBJICHUA.

)=/[ol0)] -

nepepacipeieeHue HalpsuKeHUH G(’L‘) , @ He u3Me-

[prunHa HeMMHEHHOCTH q)yHKuI/m gt
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HEHHE XapaKTEPUCTHK E(T) uC (t,'c) MaTepHaia,

OTIpeAETAEMBIX JUIIb (U3NKO-XUMHUIECKIMH B HEM
MIPOLIECCAMHU.

B [17] npuHun HaynoxeHUs] OPEICTaBICH «KaK
OCHOBOIIONIAraroIas OMMOKa TEOPUH ION3YIECTH.
CrnenyeT MOAYepKHYTh, YTO 3TOT MPUHIUI KaK CyM-
MUPOBaHHE MOCIEA0BATEIBHBIM IO BPEMEHH HaJIOKe-
HHUEM 3aIla3/IbIBAIOIINX YAaCTUYHBIX JedopMaIpid mo-
3yUYECTH SIBISETCS €CTECTBEHHBIM M IIPH MX B3aUMO-
HE3aBUCUMOCTH KOPPEKTHBIM. TakuM 00pa3oM, He TPHH-
IIUIT HAJOXXEHHUS (3TO JIUMIIh CXeMa CYMMHUPOBAHHUS)
SIBJISICTCSI OIMMUOKOM, a ero OMMUOOYHOE MPUMECHECHHE
Kak mpuHIuna cyneprnosunuu JI. bonpumana ans
B3aMIMO3aBUCUMBIX YaCTUYHBIX MPHUPAIICHUH TON3Y-
gectu. [Ipuatun cymnepno3uruu JI. bomerMana (kak
HaJIOXKEHHUE JIUIIb B3aUMOHE3aBUCUMBIX Ae(hopMariiii)
NpeCTaBIsIeT MPOCTONH KOHCTPYKTUBHBINA CIIOCO0 OTpe-
JIeTIeHns 3ama3ablBaronnX negopManuii ¥ BEIBOAA
PEOJIOTHYECKHAX YPaBHEHHH MEXaHHYECKOTO COCTOS-
Hus. bonee TOro, STOT MPUHIUI K BO3HUKAIOIIUM MIPU
HEKOPPEKTHOW WHTEPIpPETAINH CTPYKTYPHI U Iapa-
METpPOB YPaBHEHUSI MEXaHUIECKOTO COCTOSHHS OIINO-
KaM HE UMEET OTHOIIECHHSI.

IIpusenennsie B [17] yTBepkaeHus, KacaroLyecs
OIMOOYHOCTH TPUMEHEHHUsI TMPHUHIINIIA HATOKECHUS
KakK 0OBIYHOTO CyMMHpOBaHUs [16], cripaBenIuBHI U
CO3BYYHBI C OTMEUEHHBIM B JJaHHOH paboTe HEoOXo-
JIUMBIM yCIIOBHEM JIMHEHHOW CYTIePIIO3HUIINH.

KoppekTHble KpUTHYECKIE 3aMeyaHus, IPUBEICH-
Heie B [4; 17] u B manHO# paboTe, MOJE3HBI U HE00-
XOJIUMBI JUTS NaJbHEWUIIeTro pa3BUTHSI TEOPUU OeTOHA
n xkene3oberona. K ormeduenasM B [17] ommOkam
MIPUHLIMI HAJIO0KEHHUA HE MMEeT OTHOLIEHMS, TaK KaK
UX BO3MOXHOE€ HaJIM4YHe MOPOKACHO HE MPUMEHEHH-
€M 3TOTO MPHUHIIHIIA.

Jns panpHEHIIEro COBEPIIEHCTBOBAHUS HOPM
HeoOxoauMa JoOpoTHas Teopusi, 6€3yCIOBHO, BKITIO-
YaroIas 3HAUYMMBbIE TIPH pacueTe KeNe300eTOHHBIX KOH-
CTpYyKUUH pe3ynbTaThl. HekoTopble MpUIIOKEHUS TE€O-
pHH TIOJI3YYECTH B pacdeTax *KeJae300€TOHHBIX COoopy-
JKEeHUH Ha JONITOCPOYHYIO 0€30MacHOCTh OTPaKESHBI B
paborax [19-27].
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Principle of the overlay deformations in the theory of creep
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Abstract

The aim of the research is to justify in the non-linear statement the overlay
principle of fraction creep deformation, known in the linear creep theory as
Bolzmann’s principle of superposition. Methods. In contrast to the traditional ap-
proach the material of constructive elements is considered as an union of its links
with statistical disturbed strength. The model of structural strength allows the de-
duction of rheological equations. In loading process so called structural stresses of
capable to resist links are considered. Results. The modification Bolzmann’s prin-
ciple of superposition for fraction creep deformations is proposed. This permits
its applicability also under non-linearly dependence of deformations on stress-
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es. In according to concept of the statistical distribution of the strengths of links
and linear dependence of determinations on structural stresses the rheological of
mechanical statement is reduced. This equation implies the suitable on relation
problems the linear integral equation. The relation of structural strength of material
with its energy of entirety and with the experimentally known independency of
specific to strength deformation on age of concrete is showed. The correct interpre-
tations of certain known mechanical state equations for concrete are represented.
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