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CYYACHI TEXHOJIOI'TI B MAIIMHOBY IVBAHHI, TPAHCITOPTI TA I'IPHUL[TBI

VIIK 624.012.045

PACYHETHASI MOJEJIb CTATUKO-IUHAMUWYECKOI'O IE®OPMUPOBAHUS
KEJIE3OBETOHHBIX U3T'MBAEMbBIX KOHCTPYKLIUM

B MOMEHT PA3PYIHIEHUSI BETOHHOU PACTSIHYTOM MATPULIbI
B. 1. KosuyHos, U. A. SIkoBeHKO

HanyoHanpHbI aBUAUMOHHBIN YHUBEPCUTET

npocn. KocmonasTa Komaposa, 1, kopr. 5, aya. 5.510, r. Kues, 03580, YkpauHa. E-mail: 12103 @ukr.net

IIpemyioxkxeHa pacyeTHas MOJENIb CTAaTUKO-IHMHAMHYECKOLO ne(pOpMUpPOBaHUA JKeJIe300€TOHHON M3rubaeMoii
KOHCTPYKUMH B MOMEHT paspylieHUs OCTOHHOH pacTAHYTOM MaTpULbl C Y4YETOM MMITYJIbCHOI'O BO3EMCTBUA.
[lpuBeieHbl OCHOBHBIE THIIOTE3bl U TEOPETUYECKHE AMArPAMMBI neOpMUPOBaHUA OETOHA W apMaTypbl I OLEHKH
d(pdexTa UMITYyTHCHOrO BO3AEHCTBHA Ha KEJIE300ETOHHYIO M3ru0aemMyr0 KOHCTPYKIMIO B MOMEHT pa3pyIIeHUs

OCTOHHOM pacTAHYTONH MaTpuibl. [TonydYeHsl 3aBUCHMOCTH UIA ONpENCICHUA HANPS)KCHUH B PAaCTAHYTON apmarype U
CXKAaTOM O€TOHE B CE€YEHUH C TPEUIMHOM, KOTOPbIE BO3HUKIU ObI B ATOM CUCTEME, €Cld Obl Iepexo] n-CUCTEMBI B

CUCTeMY (#-1) OCYIIECTBIIAIICS B pe3yJIbTaTe MTHOBEHHOTO Pa3pyLICHUS YaCTH CeUeHUs k.

KiroueBble c/ioBa: )kene300€TOHHBIE KOHCTPYKLMH, M3rub, pacueTHas MOJeb. CTaTUKO-IMHAMHUYECKOE
ne(pOpMUPOBAHUE, UMITYJILCHOE BO3EICTBHE.

PO3PAXYHKOBA MOJEJIb CTATHKO-@HAMIHHOFO AEDPOPMYBAHHASA
3AJIIBOBETOHHUX KOHCTPYKIIU, SAKI IPALIIOIOTH HA 3T'UH

B MOMEHT PYMHYBAHHS BETOHHOI PO3TSITHYTOI MATPULLI
B. 1. KosiuyHoB, 1. A. SIkoBeHKkoO

HaioHanbsHMil aBialiitHuil YHIBEpCUTET

nmpocn. KocmoHnasta Komaposa, 1, koprm. 5, aya. 5.510, m. Kuis, 03580, YKpaiHa. E-mail: 12103 @ukr.net

3alpONIOHOBAHO PO3PaXyHKOBY MOJENIb CTATHUKO-IMHAMIYHOIO ne(opMyBaHHs 3aT1i300€TOHHOI KOHCTPYKLIi, sKa
[Ipallo€ Ha 3rMH B MOMEHT PYMHYBaHHA OCTOHHOI PO3TATHYTOI MATpHLi 3 YpaXyBaHHAM iMITYJILCHOTO BILUIMBY.
HapeneHo OCHOBHI rimote3sn i TeopeTwdHi aiarpamu aehOpMyBaHHA OCTOHY 1 apMmaTypu IUIA OLIHKU edeKTy
IMITyJIbCHOTO BIUIMBY Ha 3alli300€TOHHY KOHCTPYKIIIO, SKa Mpalo€ Ha 3rMH B MOMEHT pYHWHYBaHHA OETOHHOI
PO3TATHYTOI MaTpulll. OTPHUMaHO 3aleXHOCTI [UIS BU3HAYEHHS HANpPYKEHb B PO3TATHYTIA apMaTypi 1 CTUCHYTOMY
OeTOHI B Tepepi3i 3 TPIMMHOK, SKi BUHUKHYIHM 6 y wifi cucremi, skOwW nepexia n-CUCTEMH B cuctemy (n-1)
3M1HCHIOBABCS y pe3yJIbTaTi MUTTEBOTO PYIMHYBaHHS YaCTHHH Iepepisy k.

Kiro4oBi ciioBa: 3a1i300€TOHHI KOHCTPYKIIii, 3rMH, PO3paXyHKOBA MOENb, CTATHKO-IMHAMIYHE neopmMyBaHHA,
IMITYJIbCHUM BIUIUB.

AKTYAJIBHOCTb PABOTBEL. B  nponecce CUCTEMBI OyJE€M HCXOOUTh M3 CIEAYIOLIUX OCHOBHbBIX
COBCPIICHCTBOBAHUS  TEOPUM  Kejle300eTOHAa  BCe cunomes [1-5]:
OOJIbIIIE BHUMaHUA yAEJSIeTCs [IEPEXOTHOMY — IO0J MIHOBEHHBIM paspyLICHUEM 3JeMeHTa (WIH
COCTOAHUMIKO OT CONPOTHUBJICHUS KeJIe300€TOHHBIX €ro 4acTH) U3 JBYXKOMIIOHEHTHOTO YIIPYro-XpyHIKOIo
KOHCTPYKUMH CO CIUIOIIHON PpAaCTAHYTOM 30HOH K MaTepuasa Oyaem [NOHUMATh pa3pylLIECHHE,
CONPOTHUBJIEHUIO TMIOCJIE HApPYIIEHHUS CIUIOIIHOCTH M IPOAOJDKUTEIBHOCTE peanuzauuu KOTOPOro
MOSABJICHMS LIEJIOro psiaa TpemuH [1-3]. HUCYHUCIIACTCA AECATBIMH U COTBIMM JOJIAMHU CEKYHIBI;

B MoMeHT paspymeHuss OETOHHON pacTAHYTOM — TCOPETHUYECKass nuarpaMMa COCTOSTHUS apMaTyphl
MaTpHIBl (OOpa3oBaHUA TPEIIUH) B XKeJIe300eTOHHBIX 0 HACTYIUICHHSA TEKY4YeCTH MNPUHUMAETCA B BHIIE
KOHCTPYKLHUAX UMEET MECTO UMITYJIbCHOE BO3IEMCTBUE, JIMNHEMHOH IuarpaMMsl, puc. 1;

KOTOpO€ B psAl€ CJIydaeB HEOOXOIMMO Y4YUTHIBAaTH B
pacuere | 1-3].

Llene pa®oTel — pa3paboTka pacueTHON MOIeIH
CTaTUKO-AUHAMHYECKOTO JIe(POPMHUPOBAHUA KEJIE30-

¢ : k_bA
OCTOHHON W3rubaemMoil KOHCTPYKLMH B MOMEHT 7 d
paspylIeHUs: OETOHHOM PacTAHYTON MaTPHUIBI C YYETOM >
UMIYJIbCHOIO BO3JEHCTBUSA HAa OCHOBE aHAJIM3a W €
O000IIEHHS JKCIEPUMEHTAJBHBIX M TEOPETHUYECKHX
UCCIen0BaHUU. I DOCTHXKEHUS MOCTABJIEHHOM LeH
HEOOXOOIMMO  3adaThCsi  pabOYMMM  T'MIOTE3aMH, 4 |B ¢

HarOoJIee MOTHO OTpaKaLIMMHK aeiicTBUTENbHOe HJ[C
KOHCTPYKIIMU € y4eToM 3(dexrta HMITYIbCHOTO

BO3JICUCTBUSA B BHUJAE MIHOBEHHOI'O BBIKIIOYEHUS U3 PucyHok 1 — Teopernueckas AuarpamMma

paOoTEI OTAEIBHOTO dIEMEHTA (CEUEHUS WU ero 4acCTH, e(OpMUPOBAHUSA apMATYPBHI, UCIIOJIb3yeMas 1A

y3J1a) KeJIe300€TOHHOM CHCTEMBI. 5 ONMPEIC/ICHUA TUHAMHUYECKHUX HAIPSKEHUN apMaTyphl
MATEPHUAJI U PE3VJIbTATHI UCCJIIEJOBAHUMN. B CEYCHUH C TPEIIMHOM (7-/)-pa3 BHYTPEHHE

JUia oueHKH 3(P@exTa UMNYJIBCHOrO BO3IACHCTBUS B CTaTUYECKOM HEOMNpPEAeTUMOM CUCTEMBI

BUAC  MIHOBCHHOT'O  BBIKIKOYEHHS U3  padoOTHI U3 IBYXKOMIIOHEHTHOI'O MaTepualia

OTIEJBHOI0 3JIEMEHTA (CEYEHHSA WIM €ro 4acTH, y3Jia)
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CYYACHI TEXHOJIOT'II B MAILIMHOBY IYBAHHI, TPAHCITOPTI TA ' IPHHULITBI

— TIIpM MTHOBEHHOM TII€PEXOJ€ 3aJaHHOU n-ou
CTCPKHEBOH KOHCTPYKTUBHOW CUCTEMBI (€€ pacueTHOM
MOJIEIH) U3 IBYXKOMIIOHEHTHOro Martepuana Kk (n-1)
CUCTeME (pacyeTHOM MOJENM), IMOJHAsg yAejabHas
SHEPTrUsA CUCTEMBI HE U3MEHAETCH;

— TEOpeTHYECKasd auarpamMma COCTOsIHUs OeToHa
NMPUHUMACTCsI B BH/A€ HEKOTOPOM MPOMU3BOJILHOM
HEeJIMHEWHOM auarpammsl [6, 7] (puc. 2);

O'bA

O-b,m— c

k—_—_b « @
Gg,n-l | |',.- T d
C a
Gb,n =1k
A|B |C Sy
() .C . R >
Eon Ebn-i b,n-1

PucyHok 2 — TeopeTruueckas quarpamMma
ne(popMUpoBaHus O€TOHA, UCTIOIB3yeMas IIPH
00pa3oBaHMM TPEIIMH B JKeJIe300€ TOHHBIX
KOHCTPYKLUAX AJI ONPEaeIeHUs JUHAMHUYECKHUX
HanpsDKEHHUH CKaToro 0€TOHAa B CEYEHHMH C TPEIUHOM

(n-1) pa3 BHyTpEHHE CTaTUYECKOI HEOMPE IeIMMOA
CUCTEMBI U3 JBYXKOMIIOHEHTHOIO MaTepualia

— TIIpM MIHOBE€HHOM BBIKJIIOYEHUM U3 padOThI
PacTAHYTOH 30HBI OTAEJIBHOIO C€UYeHUs (00pa3oBaHUA B

HEH TPEIIUHbI) AWHAMUYECKUN 3(dekT nposBisercs
corlaCHO npuHUUIy CeH-BeHaHa UL B MECTHOM
30HE, MPUJIErarlled K CEYEHUIO ¢ TPELIUHOM; TPU 3TOM
Hanbosee CYIEeCTBEHHOE MPOABIEHUE JUHAMHYECKOTO
dpdpexkrta umeer Mecto B apmarype [8], B mecte
[epeCceYeHUs €€ TPEIINHOM, KaK B MOMEHT 00pa30BaHUA
TpelMHbl (3, 9], Tak U B ciay4ae pa3pylIEeHHS OT
paspbiBa apMaTyphl.

B cxaroM OetoHe auHaMUYeCKui 3 deKT
OKa3bIBA€T CYIIECTBEHHOE BIJIUSAHHUE JIMIIbL B CIIy4ae
nepexoaa n-ou CTEPKHEBOW KOHCTPYKTHUBHOM BHEIIHE

CTaTHYECKH HEONpeaenuMoii cucteml k  (n—1)

CUCTEME B pe3yJibTaTe€ HaACTYIUIEHUS NpeaeIbHOro
COCTOSHMA B O€TOHE CXaToil 30HBI; IPH HTOM
0000IIIeHHas AUarpaMma, XapakTepH3yIoas COCTOSHUE
CEYECHHUS CTATHYECKH HEOIPEAETUMON kKene300e TOHHO M

KOHCTPYKIUH [P MTHOBEHHOM Harpy>X€HUH, B IEPBOM
MPUOJIMDKEHUH MOXKET OBITh OIKMCaHa KBaJpaTHOI

napadoJjioil ¢ HUCXOIAIIEH BeTBBIO Je(HOPMHUPOBAHUS

(PaCCMOTPEHUIO JTOro cjay4das OyaeT mOCBsAIIEHA

OTAEJIbHAs CTaTh).

0
apMmartype R

COOTBETCTBYIOIIIME UM OTHOCHUTEJIbHBIE Ae(hopMalliy B
[MPOU3BOIBHOM K-TOM CE€YE€HUM Hepa3pyIIEHHOW 4YacTH

(n - 1) -pa3  BHYTpPE€HHE  (BHELIHE)  CTAaTUYECKHU

HEOTIPEICIMMOH  CHUCTEMBI B TE€YEHUE  II€PBOrO

nonynepuona e€ kosieOaHuil; O0€3yCIOBHO OHHM OYyIyT
[IPEBBIIIATh AHAJIOTMYHBIE MMAapaMETPhl, KOTOPbIEe UMEIIH

OBl MECTO B JTOW CHCTeMe, eClu OBl Mepexom 7 -
CUCTEMBI B CHCTEMY (n — 1) OCYILIECTBJISAJICI HE B

PE3YJIbTATC MI'HOBCHHOTO pa3spylI€HUA YaCTHU CCUYCHUA

K, a TIyTéM ero MeLIEHHOr0 IPUHYIUTEIBLHOIO
pasrpyK€HUsl OT HEKOTOPOro 3HAYE€HUA IpeesIbHOIO

HanpsokeHus B (beToHe) o©

- ¥

HalpsO>KC€HUSA, BOCIPUHUMAEMOT'0 3TOM 4aCThIO CEYEeHUSA
10 Hyna. llpy HEW3MEHHOW BHENIHEW Harpy3ke Ha

CUCTEMY (n =1, = const) AU MEMLICHHOM MpPHUHYIU-

TeHHOM IIEPEBOJE CUCTEMBI 7 B cucteMmy (n-—1)

C
n—1

COOTBETCTBYIOIIME MM OTHOCUTEJIbHBIE Ae(hOpMaIliU B
CCYCHUU C TPEHIMHOU XeIe300€TOHHONM KOHCTPYKLHH
paBHAIMCE OBl  COOTBETCTBYIOIIMM  3HAYECHUAM
HanpsOKeHUW U aedopmauuii B HCXOOHOW HEJIMHENHO-
yIOpyrol CHCTEME C 3apaHee VYIaJIeHHOW 4YacThiO
CCYCHHUA (TPEIIMHON) NpH MEIJIEHHOM CTATHYECKOM

BO3pacTaHUH ITapaMeTpa 1 OT HyJsA 0 1, .

HampsDKEHUsA B (0eTOHE) o©

apMarype U

Illepen oOpaszoBaHueM TpemMHLEI B CEYEHHAX
)KE€JI€300€TOHHON KOHCTPYKIIMM HMEET MECTO CTaaus
HanpsHOKEHHO-A€(POPMUPOBAHHOIO COCTOsSIHUS — la.

PacTaruBaromyie HanpsokeHuss B OetoHe — O,

MPUOJIMKAIOTCS K MpeAey MPOYHOCTH IMPH PACTHKEHUH —
Ry,,. B pacTaHyTOi 30HE€ Ce4YeHHS BO3HHUKAIOT

Heynpyrue naeopmauuu, 3Mopa HanpsHkeHui OeToHa
UCKPUBIACTCA, a AehOopMalLUMM Y UTMHEHUSA HOCTUTaAOT

MpeAeIbHbIX 3Ha4YeHUl €p,, . B cxaroii 30He OeTOH

CII€  MCIBITBIBAET  MPEUMYIUECTBEHHO  YNPYyIHUe

neopManui. JIMOpa HaANpsHKeHWT OeTOHa B CXKATOi
30HE O€TOHA TpeyroJibHas (puc. 3, a).

M3 ypaBHeHUs paBHOBeCHsA MPOEKLMI BCEeX CHJI Ha
OCh X paBHBIX HYJIIO ( E A = O) OIIpeaesIAeTCA BhICOTA

el C
C)KaTOM 30HBI O€TOHAa X, :

_le,n +Ngt,n +N§,n _Msz,n =0 ; (l)
b +b b+b
-0,5-03,, L——-E)x,‘,f +R,, -——-’-"—(h—x,‘f;')+
: 2 2
+0'§,n - A, —o;f:,n s Ay =0, (2)

3nech o, =2 Ry, ; Op, U O, , OTBICKHBAIOTCA C

HUCIIOJIB30BAHUEM THUIIOTE3bI IUIOCKUX CEYEHUH 110
dopmynam:
B X5
e “Dlu *n
Ub,n —"__C Eb (3)
h—x,
C /
€., (X, —a.)
'C bt,u n S
" Ose,n = o ' Es ) (4)
h—X,
rie oy, (sin) —  HanpsoKeHUs  (OTHOCHUTEJILHBIE
neopMalMi) B pacTAHYTOM  apMarype Iepes
o0pa3zoBaHMEM TpelWUH; O, (8;‘;") —  HanpsHKEHUs
(oTHOCHTENBHBIE JeopMalUU) B CXKATOM apMarype
nepen  oOpasoBaHMEM  TpeLIUH; O, n(sf, n) —

HamnpsHKeHUA (OTHOCHUTENbHBIE nedopMalivi) B CKaTOM

. C
OeToHe mepel OOpa3OBaHHMEM TpPEUIMH; X. — BBICOTA

C)KaToro OeToHa nepen oOpa3oBaHUEM TPEILMH.
Torna, moacrasnss (3) u (4) B (2), moaydum:

_05. R E, (b +b”)x,‘; +R, (b+b”)(h—x,‘j)+
h—x, 2 2
L o /
+20- Ry, A, - Cotu * n — ) EA =0 (5)
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CVYACHI TEXHOJIOI'II B MAILIMHOBY IYBAHHI, TPAHCITIOPTI TA I'PHULITBI

PucyHok 3 — HanpsbxkeHHO-1e POPMUPOBAHHOE COCTOSHUE K€J1€300€TOHHOM U3rudaeMoil KOHCTPYKIMHK B CTaauM la:
g — cXeMa yCHWIHI B ONEPEYHOM CEUYeHUU; O — FUIOTe3a IUIOCKUX CeUEeHUN I Ae(popMali;
8 — MOIePEYHOE CEYECHUE

B utore, nocie ajiaredpamdeckux npeoOpa3oBaHUid,

BBICOTA C)KAaTOM 30HBI O€TOHA X, ONpEAeNsAeTCs U3
KBAJPaTHOTO YPaBHEHUS:

A-(x,‘j)2+B~x,‘,i+C=0; (6)
rAC A"—‘OaS'ebt,u'Eb'(b""bn)_Rbt'b"Rbt'bn;
_Q.M.E A
h—x, e
2¢ “—a.)-E_A.h
C=_4a.Rbt.Ash+__é££(_x_'1_‘_’ﬁ_)__.__i_£.__
h—x,
2 2
_Rbtb'h —Rbt'bn‘h .
MOMEHT, BBI3BIBAIOIIMKA OOpa3oBaHUE TPELIUH

onpenenseTcs M3 YpaBHEHUS paBHOBECHUS MOMEHTOB
BCEX CUJI OTHOCHUTEJIBHO TOYKHU B ( 2 My = o):

M o 0 A, (ho —kik; - x, )—
(b+bn)_\:h—xfj 2b+b,

2 3 b +b

+x,‘; — kK, -xﬁ](h—xﬁ)+
C ’
Shtu (x, —as)

C
n—X,

+ E,(kk, - x - d,)=0,

(7)

rae Ky =), / (0,5 - x,‘,i) — KO3 PULUUEHT y4deTa BIUAHUA

Tpaneuud IO CPAaBHEHUIO C IPUHATBIM H3MEHEHHEM
[IEHTPA TSOKECTU TEeOMETpUYECKO GUurypel (y, -—

pPacCTOSIHUE OT BEPXHEro OCHOBAaHUA Tpamnenuu [0
[IEHTPA €€ TAKECTH);

k> — y)Ke U3BECTHBIA KO3(D(PULMEHT, YYUTHIBAFOIIUN
Gopmy SImOpel  HaNpsOKEHUH IpU  ONpPECICHUHU
PacCTOSAHUS [0 TEOMETPUYECKOro I[EHTpa JIOPHI
c)kaToro 0etoHa nepea o0pa3zoBaHUEM TPEILIUH, paBHbIA

1/3 nns  TpeyrosibHON OSmOpbl  HanpsbkeHWi (oHa

OCTAE€TCs TPEYroJIbHOM W
[UIOIIAAU CEYEHUS).

Ob6a ko3dduumenTa k; U k; BIUAIOT Ha IOJIOKEHUE
[IEHTPA THKECTHU CJIIOKHOU MPOCTPAHCTBEHHOM (PUTYPHI
(U3MEHSAETCS MJaouwiadb B OJHOM HampaBJIECHUU U

HANOJ/IHEHUe  DIIIOPbl HANPSOKEHUH B JIPYroM
HaIpaBJICHUH ).

Npyu  TpaneuueBUIHOU

2b, +b' x,

Torma, kk, = _l?.'__."_l?ﬂ__z_l_ — 2(2bn +b’)
AR g Aee T T ol )

[Ipy OpAMOYroJIbHOM CE€YE€HUU  KOHCTPYKUMH
NpPOM3BEAECHUE ITUX KO3()(OUUHEHTOB BO3BpaAlIAETCAd K

- 1
M3BECTHOMY 3HAYECHUIO: K| -k, = - (3b) = -
9-(26) 3
C y4yeTOM BBIIIE IPUHATHIX O0003HAYEHUN OyIem
UMETh:

MCI"C =20t'Rbt-AS(h0—k1k2-xz)+Rbt-(é-%2’le
| % .2_b_+_l.’ﬂ_+x§ —kik, - x© -(h—x,‘;’)—
3 b, +b
gbt,u'(x;_a;)E (kk C r)
— < Ls\Ryt Xy — 4 =Rbt'W' (8)
h—x,
Tornaa,
Mcrc:'Rbt'Wﬂ (9)
rae
W =20 A,y —kikey - x5 )+
+.(b_+bn_). -}-z—:—)-c—’-'--zlié’l+x§—k1k2-x§ -(h—xf,)—
2 3 b, +b
Sbru'(xz_a;)'Es C r
-t Kiky X, —a 10
—R;(h—_;a—'(l 2 ) (10)
[Tocne oOpa3oBaHuA TpPEIUMH B  CEUECHUAX

)KeJIe300€TOHHOM KOHCTPYKIMM HMEET MECTO CTaJus
HanpsH>KeHHO-AepopMupoBaHHOro cocrosHusas — II. B
PAacTAHYTOM 30HE TpEIIMHA pPaclpoOCTpaHAECTCA M0
HYJI€BOM JIMHUM W BCE pacTAruBalOIIUe YCUIHUSA B
CEUEHUHM C TPEIIUHOU BOCHPUHHUMAKTCA TOJIBKO
pacTAHYTONH apMmarypoil, puc. 4, 6 (CONPOTUBICHUEM
O€TOHAa B  pacTAHYTOM 30H€ HaJa  TPELIUHOM
npeHeOperaem). Ha y4dacTke Mexay TpellnHaMu
CLIETJIEHHE apMaTyphl ¢ OETOHOM HE HapylLIeHO U OETOH
NpoJ0JDKAET padoTaTh HA pacTHKEHUE, HECKOJIBKO
pa3rpyxas apmarypy [1-3]. _
[Io BeICOTE CeUeHHUs ¢ TpEeUIMHON AehopMaLlUu IPH
n3ruoe B ctaauu Il usmMeHAroTcsa HenuHelHo |3, 6, 7],
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PucyHok 4 — HanpsikeHHO-1e hOPMUPOBAHHOE COCTOSIHUE XKeJIe300€TOHHOM M3rubaeMoi KOHCTPYKIMHU B cTaauH 11:
a — cXeMa YCHIUii B IONEPEeYHOM CEYEHHH; 6 — TMIOTe3a IVIOCKUX CeYeHUH I CpeqHMX aedopMalui B OJ10Ke

TaKk KaK BCJEACTBHE  HapyLI€HUd  pPaBHOBECH:A
BHYTPEHHMX CHJI B MOMEHT paspbiBa 0€TOHa
PaCTAHYTOM  30HBI  MOABJIAKOTCA  CWIbl  CIABUIA,
HCKPUBJIAKOLIINE CEUCHUE.

[lo mmuHe »iaemeHTa JAedopMalMi CXaTod U
PaCTAHYTOM 30H CEYEHU U BBICOTA CXKATOM 30HBI TAKKE
[epeMEeHHbIe, a HelTpasibHasA OCh BOJIHOOOpa3Has.

JIis cpeIHUX CEYE€HM, pacIioIOKEHHBIX Ha y4acTKe
MEXAY TPEeIIMHAMU YU UCIHBITHIBAIOIINX CUMMETPHUYHBIC
BO3JEMCTBUA CJieBa U CIpaBa, MOXKET OBITh IMPHUHATA
FAMOTe3a IUIOCKUX ceyeHur. KMcxoada w3 cpeaHux

nepopmaumii €, ,; A Kpasg G€TOHA CKATOM 30HBI U

€5 m.n—1 A4 PACTAHYTOM apMaTypbl, HAXOIUM CPEHIOIO

BBICOTY CKAaTOU 30HBI:

C
5 e Sb,m,n—l h 11
xm’n—l P __E.—-—_____ R : & ( )

&
Ss,m,n-l T 8b,,m,,m—l
raie hy — pacCTOSHME OT LEHTPa TKECTH CEYECHUA
PacTAHYTOM apMaTypel A0 CXKaToil TrpaHH O€TOHa

(pabouasgs BBICOTA CEUYEHHUs). 3aBUCHUMOCTbH MEXKIY

C

mn-1 HA BBICOTOM

CpPEIHEN BBICOTOM CXKATOH 30HBI X

CKaTOM 30HBI B CEUEHHMH C TPELIMHOM X, _; MOXET OBITH
BEIPaK€HA IMIIUPUIECKON (POPMYIIOH:

s
(p:_)&!:_!_-_-;l_.__o_’.z___ (12)
x;m_l 100}1+1

C yBelMyeHHEM KOYpPUUHMEHTA apPMHUPOBAHMA
u= A /b-hy , KOOQOULUEHT @ CTPEMHUTCSA K €IUHHULE.

B ceuenun ¢ TpemmHON (puc. 4) HaINpsOHKEHU,
BRIpAKEHHBIE Uuepe3 aedopMaLiu, OyAyT ONpeaeaaThCs:
— B pacTAHYTOM apmarype 1o popmyJie:

C 52 _
Gs,n-—l ol s,n—lEs ’ (13)
— B 0OETOHE Y CXKAaTO# rpaHu 1o GopmyJe:

el
Ys VX C (14)

c a—
Opn-1= ‘ p ) Os.n-1>
U hO(P — Xp-1

— B CXKaToM apMaType 1o popMyIie:

C
rC X

= n—l_as'(p_ C (15)

Osc,n-1~ — "Ws ' Ogn-1-
hO " P= X

MEXAY TPCIIHHAMHU; 6 — IIOTIEPEYHHOC CCUYCHUC

31ecs G, (si n_l) — HAMpsHKeHUs (OTHOCHUTEIBHBIE

nedopmalii) B pacTIHYTOM apMaType B CEYE€HUM C
TPEIIMHOM, KOTOpbI€ BO3HUKJIM OBl B 3TOM CHCTEME,
ecii Obl mnepexoa #nN-CUCTEMBI B CHUCTEMY (n — 1)

OCYIIECTBJIAJICA HE B pPE3yJIbTaTC MIHOBCHHOIO

pa3pylIeHUs PacTAHYTON YyacTu O€TOHA B CEYEHUH K , A
My TEM ero MEIJIEHHOTO NPUHY JUTEJIBHOTO
pa3rpy>keHusi OT HEKOTOPOro 3HAa4Y€HWs IpPeAesIbHOrO
Hamps)KEHUSA, BOCIIPUHUMAEMOTI0 3TOH YaCThbIO CEYCHUA
10 HYJIA,;

c;f;,n_l(afg‘;n_l) —  HanpsbkeHus (OTHOCHUTEINIbHBIE

nedopmanuy) B CXKATOM apMarypeé B CEYEHHU C
TPEIUHOM, KOTOpPbI€ BO3HHUK/IUA OBl B 3TOM CHCTEME,

ecnu Obl MEPEXOX 7 -CHCTeMBI B cucTeMy (n—1)

OCYIIECTBJIAJICA HE B pe3yjabTaTe MIHOBEHHOTO
pa3pylIeHUs PacTAHYTOM 4yacTu OETOHA B CEYEHUH K , A

IyTEM ero MEIJIEHHOTO IPUHY AUTEJILHOTIO
pa3rpy>Xe€Huss OT HEKOTOPOro 3HA4Y€HUA MNPEACIBbHOTO
HanpsHKEHUs, BOCIIPUHAMAEMOT'0 3TOH YaCThiO CECUCHUA
10 HYJIA,

G p (8‘,’; n_l) —  HanpsbKkeHUsA  (OTHOCHUTEJIBHBIE

nedopmanuu) B CXKaroM O€TOHE B CEYECHHUH C
TPEIINHOM, KOTOphI€ BO3HUKIU OBl B ITOH CHCTEME,

ecd OBl mepexox 1 -CHCTEMBI B CHCTEMY (n - 1)

OCYLICCTBJIAJICA HE B PE3YJIbTAaTEC MI'HOBCHHOIO

pa3pylIeHUs PacTAHYTOM 4acTH O€TOHA B CEYEHUHU K, a

MyTeM ero MeJIEHHOTO NMPUHYIUTEJIBHOTO
pa3rpy>KeHuss OT HEKOTOPOro 3HAa4Y€HUs MpPEaeIbHOro

HaIpsHKEHUs, BOCIPUHAMAEMOro0 3TOM 4YacThlO CECUYCHUSA
00 HYJIA;

C
xn-—-l

— BBICOTA CXXaToro O€TOHAa B CEYECHHUH C
TpelMHON , KOoTopas wumena Obl  MeCTO, ¢
HaNpSOKEHUAMH  (OTHOCUTENIBHBIMM  1e(OpMaLisiMu)
KOTOpPhIE BO3HHUKJIHM Obl B 3TOW cuUcTEME B OE€TOHE M
apMartyp, ecjau Obl IepeXo1 n-CUCTEMBbI B CUCTEMY (n-1)
OCYILIECTBJIAJICS HE B pe3yabTaTeé MIHOBEHHOIO
pa3pymeHHs YaCcTH CEYEHUS K, a IyTEM €ro MeJIEHHOIO
NMPUHYAUTEIBHOIO  pasrpy>XeHus OT  HEKOTOpOro
3HAYECHUSA MPEICIIbHBIX HANPsSXKEHUH BOCHPHHUMACMBIX

3TOH YaCThIO CEUECHUA 10 HYJIA,;
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C
m,n—1

CEYEHUU C TPELIUHOM, KOoTOopas uMela Obl MeCTO, C
HaNpsOKEHUAMM  (OTHOCUTEJIBHBIMUA  Ae(OopMaLMsAMMU)
KOTOpPbI€ BO3HMKJIM Obl B 3TOM CUCTeMEe B O€TOHE M
apMartyp, €Ciau Obl MEPEXO] n-CUCTEMBI B CUCTEMY (n-1)
OCYLIECTBJIAIJICE HE B  PE3YyJIbTaT€ MIHOBEHHOIO
pa3pyLICHUA YaCTHU CEYEHUA K, @ ITyTEM €r0 MEIJICHHOTO

NPUHYAUTEIBHOIO  Pa3srpyXe€eHust OT HEKOTOpOro
3HAYCHUS MPEACIbHBIX HaNpsHKCHUU BOCIIPHUHUMAEMBIX
3TOU YaCTHIO CEYECHUA 10 HYJIA;

Y, — KOIpOUUHEHT, YUYUTBHIBAIOWIUK padoTy

pacTAHYyTOro OE€TOHAa HAa Y4YacCTKE MEXAy TpelMHaMU
| 10], paBHBIM OTHOILLIEHUIO COOTBETCTBYIOLIMX CPEIHUX
nedopManuii apMaTypsl K €€ aepopManusiM B CEYSHUU
C TpPEUIUHOHW; B COOTBETCTBUU C [JEHMCTBYHOUIUMH
HOPMAaTUBHBIMU [JOKYMEHTAMHA OH OTBICKMBAETCA IIO

bopmyne:

X — CpeaHsAA BBICOTA CXAToro OETOHa B

M
| WS, g (16)
M
Takum oOpa3zoM, nOpu HEU3MEHHOM BHEIIHEH

Harpy3ke Ha CHUCTEMY (n =1; = const) U MEIJICEHHOM

NPUHYIATEJILHOM MEPEBOAE CUCTEMEBI 1 B CUCTEMY (n-1)

HapsH>KEHUA B apMaTtype (0€TOHE) U COOTBETCTBYIOLIUE
UM OTHOCUTEJIbHBIE JedopManMd B CE€YEHUHM C

TPEIIMHON XKEJIE300€TOHHOM KOHCTPYKIUM PABHSAIMCH
Obl COOTBETCTBYHKOIIUM 3HAYEHHUAM HANpsHKEHUN WU

nedopMaluii B UCXOOHOW HEJIUHEMHO-YIIPYTOM CUCTEME
C 3apaHee€ YIAJIEHHOM YacThi CEYEHUA (TPELIHMHOM)
NPy MEIJEHHOM CTaTHYECKOM BO3pacTaHUM IMapaMeTpa

N OT HyJnd A0 N, . lIpu 3TOM U3 ypaBHEHUsS paBHOBECUS
NPOEKLMI BCEX CHUJI Ha OCh X paBHBIX HYJIIO ‘Z : X=0)

OIpeIe/IsieM BBICOTY CXXaTO# 30HBI OETOHA B CEYEHUHU C
TPEIIUHON X, _; :

C C .
_Nb, 1+thnl+ _N;cnl_oﬂ (17)
Tak kak B ctaauu 11 le,,n_l =0, Toraa
C C
_Nb,n-l+Ns,n—l_ sc,n—-1 = O
' — L]
— W Gbnl Ab+0snl Ag = 0-scml A; =03 (18)
rne o — KO3PPUIUEHT MOJHOTEI  00BbeEMa

KPUBOJIMHEMHON JIMIOPHI HAIPsHKEHU OE€TOHa CXKaToil
30HBI (IJI IPAMOYTOJIBHOTO CEYEHUS () U3MEHAETCH OT
0,5 npu TpeyrojpHOM »smope g0 |  npwm
NOpAMOYTOJIBHOM), €  Ppa3BUTHEM  ILUIACTHYECKUX
neopManmii OeTOHa CXXaroil 30HBI BeJUYMHA ()

CTPEMUTCA K € IUHULIE.
I IpUMEHUTENIBHO K PUC. 4, MOJIYUYUM:

(b'+b,)
' X1
2
+Gsnl A 0-scnl A:s':O; (19)

[lpyHuMags BO BHUMAHUE pUC. 2 U YYUTHIBAA B
coOTBeTCTBUU C (12) — (15), uTO

&
=@ GCp 1 T

C '
X, —da. -
1C _ *n-1] ) C
Osen-1 = P W5 O -1
0 P~ X,
V. VX,
C ) n—|\ -
U Oy, = 'O p-1>
’ C ’
9 hO(p_xn-l

BeIpaxeHue (19) npuaumaeT BUL:

—_ (D) ° \VS.V.x:;_l .M.xc +-
1 Ot(ho(P = Xl ) 2 "
+ A4, - T \ps-A;=0. (20)
By -@—X,_
BrInoHUB COOTBeTCTBy}omHe anreopanyecKue
MpeoOpa30BaHUA, TTOJTYUUM:
Al'(xg_1)2+Bl-(x§_1)+ Cl :0, (21)

=y, -v-(b'+b,);

B, =20y A, + 204, ;

C, =—20a,0y A —204,hy9.

HM3rubaromuii MOMEHT B CE€YEHHHM C TPEUIMHOM

MOXET OBITh BBIPAXEH KAaK MOMEHT BHYTPEHHHUX
YCUIUA OTHOCUTEJIBHO T. B — LEHTPA TAXKECTHU SIIIOPHI

ckatus B OeToHe (ZM B = O)

rae A,

' C / C /
M=0g, AS-(klkz-x —as)+
C £ O
T 0-s._,n—l"‘cls : (hO iy klkZ " Xp-1 )_ 0-S.,.n—l ' I/Vt : (22)
Y4YuTeiBasg, 4YTO II0CJI€é OOpa3oBaHUA TPEUIUH

BHEIIHUM CTAaTUYECKUHM MOMEHT HE€ WU3MEHWICS, TO
[IpUpaBHUBasA 3aBUCUMOCTH (8) U (22), 1oayyum:

)+ R, (b+b,)

=<, 4, (1, - Kk, - x :

S,n1° S

M=M,_,

% M.M_sz_klkz .x;' .(h_x;)_
3 b, +b

c ;
gbtu'(xn_as) ( C y)
—"""—""'_"'""—"—'_—C ‘Es'klkz‘xn_as ——

R—x.
= Oy —a;)+

x,). (23)

sc,n—1 A’ (k1k2 - X,
+ 05 n14y '(ho — Kk -

M3 ypaBHeHus (23) OTBICKMBAETCS HEU3BECTHOE
HalpsDKEHUE B PACTIHYTOW apmaType B CEYEHHUH C

TPEIHUHON G ,_;.

0-2 Bl = Rbt - W - (24)
| K'+As'(h0_klk2'x§—l)
X, | —a.

r'ié K = k- \VS'A;'(klk2'x£-—l_a')’

hO Q= 'xn—l
a W onpepensercs no gopmye (10).
B dopmyny (24), nmoacTtaBiaseTcs BbICOTA CXKATOTO

O€TOHA B CEYEHHUM C TPEIIMHOM X, _, KaK W3BECTHBIN

n—I
napaMeTp, ornpenensieMsii 1o ¢gopmyne (21).

lTeneps, nmpuHUMass BO BHUMAaHUE MCCJIEIOBAHMA,
npoBeaeHHble B pabore [l1], npumeHuTenbHO K
paboueil apMaType ¢ ydeToM puc. 1, Oyaem UMeTh:

0
Og,n-1= 20—?,:1-1 = G?,n : (25)

[loactaBnsas B Qopmyny (25) BeIpaxeHUs i

C
orpeneneHus Oy ,_;, MONyYEeHHbIE U3 YpaBHEHUsA (24),
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a TAK)XKe Y4YMTBIBasg, 4To O, =20 - R, , OTHICKUBAEM

’,

HalpsOKEHUS B apMaType O,

B IIPOM3BOJILHOM K-

TOM CE€UYeHHH Hepa3pylleHHOM vactu (n-1)-pas
BHYTpPEHHE (BHEIIHE) CTaTU4YECKH HEONpeaeIMMOM
CUCTEMBI B T€UEHHE MEPBOTO MOJIyNnepruoaa KoaeOaHHil.

2-R,, - W :
G?m—l = ——(_bt_—__cd)— Os,n s (26)
K+ AS ; ho —k1k2 . xn_l
0

roe O ,-| — HanpsHKeHHs B PacTAHYTOHU apMaType B

CeYEeHHUH C TPEUIMHOM, KOTOpbl€ BO3HHUKIUA OBl B 3TOH
CUCTEME, €CIIH OBl MEPEXo n-CUCTEMBI B cUCTEMY (n-1)
OCYIIECTBJIAICA pe3yJIbTaT€ MTHOBEHHOIO pa3pylieHHA
4YaCcTU CEYCHMU K.

3necey W onpenensetcs no ¢gopmyJe (10), a BeicoTa

cKaToro 0eTOHa B CEYEHHH C TPEIIUMHOH X, ; — U3

ypaBHEHUA (21), COOTBETCTBEHHO.

AHaJOrM4HO, HaIpPsKEHUI B

0 o
Oh -] B CEUEHMH C TPEILIMHOM, KOTOPbIE BO3HHKIIH Obl

C)KaTOM OeToHe

B JTOMl cucTeMe, e€CJd OBl MEPEXoJ n-CUCTEMBI B

cucteMy (n-1) OCYyIIECTBIIAJICA B pe3yJibTaTe
MICHOBEHHOIO  pa3pylleHHs  4YaCcTHU  CEYEHHUA K,
ONMpEeNeNsAOTCS B COOTBETCTBUM C  (DOPMYJIOH,

aHAJIOTMYHOM popmyiie (25), MpuUMyT BUI:
0 5 C s
Jb,n—l £ 2Gb,n—1 i c.)-b,n gk

C > ¥
2 ’ \'VS Y ! xn_ C 8bt,u xn
T e
h el L ’ h"" &
X O(p xn—l xn

B dopmyne (27) 3HaueHUs Xx,_; OIpEAEIAETCA IO

(27)

bopmyne (21), a 3HaueHua x, no ¢opmyse (6). Ilpu
yToM (urypupyromue B popmyine (27) HanpsOKEHUS B

apMaTtype (Gg,n—l )s B
TPEIMHOM, KOTOPBIE BO3HHUKIMA OBl B 3TOH CHCTEME,
ecii OBl Tepexo] n-CUCTEMbI B cucTeMy (n-1)
OCYIIECTBJIICA pe3yJibTaT€é MTHOBEHHOI'O pa3pyllICHUsA
4YaCTH CEYEHUA K.

BbHIBOJIbl. Takum o0pa3oM, B pe3yJIbTarTe
MPOBEAECHHBIX MCCJIIEJOBAHUM MpPEIOKEHA pacyeTHasd
MOIEJIb CTAaTHUKO-AUHAMHUYECKOro AeGopMUpOBaHUA
KeJle300eTOHHON M3rudaeMom KOHCTPYKLIIMH B MOMEHT
pa3pymieHuss 0ETOHHOM pacTAHYTONH MaTpHLBI C Y4ETOM
UMIYJIbCHOrO BoO3aeucTBUA. llpuBeneHBI OCHOBHBIE
[ATOTE3bI 5 TEOPETUYECKUE TMarpaMMmal
neopmupoBanus OeToHa U apMaTypbl IJIS OLIEHKH
3 dekTa UMITYJIBCHOTO BO3EeMCTBUA Ha
KeJ1e300€TOHHYK KOHCTPYKLIMIO B MOMEHT pa3pylLIeHUA
OETOHHOU PacCTAHYTOM MaTPHULIBL.

[TlonyyeHsl  3aBUCHUMOCTH

pacTAHYTOHU CEUEHUU C

UL ONpeAeJICHUS

HaIIpsHKEHUM B PacTAHYTOU apMaType G?,n_l U CXKXAaTOM

0 e
OeTOHE 0,,; B CEUEHWH C TPEUIMHOH, KOTOPBIE

BOSHUKIUA OBl B 3TON cUCTEMe, eclid Obl mepexon n-

CUCTEMBI B CUCTEMY (#-1) OCYILECTBIIAIICA B PE3yJIbTATE
MTHOBEHHOT'O pa3pyIlIeHUs YaCTU CEUYEHUA K.
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