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6 1 SHEPTETUYECKME METOAbI ONPEOENEHNA OEPOPMALINA

1 YJHEPTETUYECKHWE METO/bI OITPEIEJIEHU S
NEPEMEIIEHUN YIIPYTON CTEP)KHEBOW CUCTEMBI

1.1 MMoTreHuuagbHas JHeprug aeopMannu ynpyroi cucremMbl

OpHoli W3 BaKHEWIIMX 3aJlay COMPOTUBIICHHUS MAaTEpPUANIOB SIBISETCS OILICHKA
KECTKOCTH KOHCTPYKLHH, T.€. CTENEHM HUCKaKeHUs ee (opMbl 1O ACHCTBUEM
HArpy3oK, CBsi3ed, HU3MEHEeHUs TemrepaTypsl. [[ns pemieHus yka3zaHHOW 3agadyu
HEOOXOMMO yMETh OMPECNIATh MepeMelleHusl (JIMHEHHBIC W YIJIOBBIC) YIPYroi
cucteMbl (0ajKu, pambl, KPUBOJMHEWHOTO CTEP)KHS, (epMbl M T.J1.), HArpyKEHHOU
MPOU3BOJIBHBIM 00Pa30M.

PaccmoTpum 00muii cinydail Harpy>keHus Opyca, Korja B MONEePEeYHbIX CEUCHHSIX
MOTYT BO3HUKATh HOPMaJIbHbIE W TONEpPEYHbIC CUJIbI, U3TMOAIOUIUE M KpPYTALIUE
MOMEHTBI OTHOBPEMEHHO.

Pemenue mnocTaBieHHOW 3aJayd HEOOXOJIHMMO HE TOJBKO [IJIsi BBIICHEHUS
BEJIMYMHBl CAMHUX TEpPEMEIIEHUH M OLEHKH >KECTKOCTH KOHCTpykiuu. Ha ocHoBe
ONpeJieNieHUs] TMepPeMENICHU co3/al0Tcs O0IIMe METO/Abl ONpPEEICHHUs] BHYTPEHHUX
CWIOBBIX (DaKTOpPOB B CTaTHYECKH HEOMpeAeNMMbIX cucteMax. OmpeneneHue
nepeMenieHnii HeoOX0IMMO Tak)Xe MPU MCCIEI0BAaHUU BOMPOCOB KOJIEOaHUI yNpyrux
CUCTEM.

OTOT 00WMKA METOJ OIpe/esieHHus NEpPEeMEeIleHHs] OCHOBaH Ha JIBYX OCHOBHBIX
NPUHIMIIAX MEXAHWKHM. Ha Havayie (MM MPUHIMIIE) BO3MOXKHBIX MEPEMCIICHUA U Ha
3aKOHE COXPAHEHUS SHEPIHH.

CornacHO 3aKOHY COXpaHEHHs SHEpruu, paboTa BHEIIHUX CHUJI HE HCUE3aeT, a
TpaHcHOpPMHUPYETCS B MOTEHIMAIBbHYIO SHEPrul0, HAKaIJIMBAEMYIO B YIPYroM Tele.
CnenoBaTenbHO, BEJIWYMHA HAKOIJICHHOW MOTEHIMAIBHOW HSHEpruu aedopmaiuu
onpeensieTcss BeMUYMHOM paOOThl BHEIIHUX CUJI. DTa DHEPrusl MPOSIBISIETCS B BUJE
paboThl, COBepIIaeMON MpHU pasrpy3Kke BHYTpeHHUMH cuiiamu. CHHUMas, Hampumep,
4acTh THPb, NMPUIOKECHHBIX K Oanmke (puc. 1.1), 3ameTnM, uTo Oajka HECKOJBKO
BBINIPSIMUTCS U IPUITOJHUMET OCTABIIHUECS TUPH.

1
1

Pucynox 1.1



1.1 MNoTeHumanbHas aHeprna gecopmaumm ynpyrom CUCTEMbI 7

Takum o0pazom, ympyroe Telno CIHOCOOHO aKKyMYJIHPOBAaTh MEXaHHUYECKYIO
DHEPTHI0, KOTOPYIO MOXHO BEPHYTH IIPH pa3rpy3Ke.

PaccmoTtpum nporecc neopMupoBaHus yIpyroro Tejaa ¢ YHEPreTHUECKON TOUKU
3peHus. BHENTHUE CHITBI, TPHIIOKEHHBIC K YIIPYTOMY TETy, COBEPIIAIOT OTPEICICHHYIO
pabory. O603Haunm eé uepes A. D1a pabora YACTHYHO MEPEXOIUT B IMOTEHIUAILHYIO

9HCPIruro U JIC(l)OpMaI_II/II/I TCJaa, a 4aCTHYHO HACT Ha COO6H_ICHI/Ie CKOpPOCTH MacCCcC TCJIa,

T.€. IpeoOpasyeTcsi B KHHETHIECKYIo sHepruio K.
banaunc sHeprun umeeT BU

A=U+K.

Ecnm HarpyxeHue NpOU3BOAUTCS MEIJIEHHO, U CKOPOCTh IEPEMEILICHHS Mace
Tena Oyner BechbMa Manoi, To MoxHo cuntath K=0. Takoii mpouecc HarpyxeHus

MOXHO CYHTaTh CTaTHYECKUM. Tejlo B J000H MOMEHT BPCMCHHU HAXOOUTCA B
COCTOSTHHUH PABHOBCCHSI. B sTom ciaydac

A=U,

U BCs pab0Ta BHEIIHUX CHUJI IEPEXOAUT B MOTEHIMABHYIO SHEPTUIO 1ePOopMaltu.

[Ipu pasrpy3ke Tena ero BHYTPEHHHE CHJIBI MPOU3BOAAT paboTy 3a cuer
NOTEHIMAJIBHON 3Hepruu Jedopmanuu tena. Takum oOpa3oM, ynpyroe Teno SBISeTCS
AKKyMYJIITOPOM SHEepruu (Harmpumep, Mpy>KHHa YaCOBOI0 MEXaHU3Ma, peccopa u T.1.).

[Ipu »ToM ™Mbl Oyaem mpeHeOperaTb MarHUTHBIMH, DJJIEKTPUYECKUMH U
TEIJIOBBIMHU SIBJICHUSIMH, COMPOBOXKIAIONIMMU YIIPYTHe cTaTU4YecKue aedopmaliu Tea,
MTOCKOJIbKY UX BIIMSHUE HE3HAYUTEIIBHO.

Takum o00pazoM, MOKHO CKa3aTh, 4YTO MOJIHOE MpPeoOpa3oBaHUE OJHOTO BUIA
SHEPruM B JPYyroil MMeEEeT MEeCTO, ecliu aepopManus MPOUCXOAUT Oe3 HapyHIeHUs
paBHOBECUSI CUCTEMBI. Mepoil SHEpruu, NpPEeBpATUBLIEHCA B APYrOod BHUM, SIBISAETCS
BEJMYMHA pabOThl, IPOU3BEACHHON CUIaMU, JEHCTBYIOIIMMHI Ha KOHCTPYKIIUIO.

OGo3HaUMM BEJIMYMHY HAKOIUIEHHOM IIOTeHIManbHOM sHepruu uepes U, a
YMEHBIICHHE TOTCHIIHATBHOI SHEpruy BHEIIHNX Harpy3ok depes Uy, Torna Benmunna

Up U3MepSAETCs TOJOXKUTENbHON paboTOl ATHX HArpy30K Ap C napyroil CTOpPOHHBI,
HAKOIUICHUIO MOTEHLUAIbHON 3HEpruu AedopMali COOTBETCTBYET OTpHIIATENIbHAs
paboTa BHYTpeHHHX MexaydacTuunbelx cui (-A), T.K. IepeMelleHus ToueK Tena Ipu
neOpMHUPOBAHUN TMPOUCXOJAT B OOpAaTHOM IO OTHOLIEHHWIO K BHYTPEHHHUM CHJIAM
HaIPaBJICHUU.

3aKOH COXpaHEHHMs SHEPTHH MPHU 1ePOPMUPOBAHUU YIIPYTUX CUCTEM NMPUHUMAET
BU/]I

U,=U. (1.1)
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3aMeHsII B JTOM BBIPAKCHHUHN BCJIMYNHBI Up u U YUCJIICHHO PpPaBHbBIMU HM

sHaueHUsIME Ay 1 -A, morydaem uHyio GopMyIHPOBKY 3TOr0 3aKOHA

A= -A (1.2)

U3 ypauenus (1.1) crmemyeT, 4ro moTeHUManbHas >Heprus aedopmanun U

YHCIICHHO paBHA paboTe BHEIIHMX cuil Ay, MPosenaHHOi HMH HpH 3Toil aedopmaruy,

T.C.

U=A, (1.3)

1.1.1 TloreHuMaJdbHas IHEPrusi AJs MPOCTHIX BUI0B HATPY:KEeHHS

[Ipy BbIYMCIEHMM TOTEHIMANIBHOW »HHEprud OyAemM mpeamnosiaraTh, 4YTO
nedopmalii He TOJIBKO MaTepuana, HO U BCel KOHCTPYKIMH, cienys 3akoHy ['yka,
MIPONOPLUUOHANIbHBI Harpy3kam. OnpeneneHnio NOTEHIUAIbHONW SHEPTUHU MIPEIIECTBYET
aHaIM3 BHYTPEHHUX CHJIOBBIX (DaKTOPOB, BO3HHKAIOUIMX B Opyce. OTOT aHaIu3
MIPOU3BOJUTCS, KAK U3BECTHO, MPU MOMOLIY METOJa CEUYECHUM.

st ompenenieHus MOTEHIMAIBHOW SHEpruu naedopmanuu BblIETUM U3 Opyca

3eMeHTapHbli yyacTok amuHoi dZ (puc.1.2). JleBoe ceueHue 3aKpenum KeCTKO.

y

/)
v Qx MX
\ z
——
N P,
1
=

dz
Pucynox 1.2

Y

HpI/I 9TOM pa60Ta BCCX CHIIOBBIX Q)aKTOpOB B 3TOM CCUCHUU 6YIICT paBHa HYJIIO.
Touxka NpUBCACHUA CHWJI B IIPAaBOM CCUCHHUHN BCJIICACTBHUC IIC(i)OpMaL[I/II/I QJICMCHTA



1.1.1 MoTeHUManbHasa 3HEpPrus Ansi NPOCTbiX BUOOB Harpy>XeHns 9

MOJTy4yaeT HEKOTOphIe Mallble TepeMElIeHUsl, Ha KOTOPBIX COBEpIIAETCS HCKOMas
paborTa.

OyeHb Ba)KHO, YTO COTJIACHO NPHUHIUITY CYNEPIO3UIUUA KaKIOMY M3 IIECTH
CUJIOBBIX (DAKTOPOB COOTBETCTBYIOT TaKWE€ IEPEMEICHUs, Ha KOTOPBIX HU OJUH M3
Ipyrux msatd (HaxkTopoB paboTel He coBepmraeT. CregoBaTeabHO, MOTCHIIMATBHAS
SHEPIHs AJIEMEHTa MOXKET pacCcMaTPUBAThCS KaK CyMMa HE3aBUCHMBIX PabOT KaKJIOTro
U3 IIECTH CHIIOBBIX (DaKTOPOB, T.€. KAK CYMMa dHEPTUU PACTSIKCHUS, CJIBUTa, KPYICHUS
U u3ruoa.

OmnpenenuM BeTUYHHY PaOO0THI BHEITHUX CHJI TIPH MPOCTEHINNX JTePOpMAITHSX.

Pacmsorcenue-corcamue

Paccmotpum crepxkens (puc.l.3), pactarusaemsrii cuaoin N .
Jlnst GoJibllie HATJISIAHOCTU YUIMHEHUE CTEPXKHS M300paXEHO B YBEIWYECHHOM

MaciTaoe. BHI/I3y ITI0Ka3aH I‘pa(l)I/IK U3MCHCHUA CHIIBI N B 3aBHCHUMOCTH OT

a6comorHoro yamnenus DI. Tlockonsky Ha ymmunenun Dl cuma N me ocraercs
MOCTOSIHHOM, TO paboTa, 3aTpadeHHas Ha pACTSHKCHUE CTEPXKHs, JOJKHA OBITh
omnpeAeIeHa HUHTErPUPOBAHUEM T10 SJIEMEHTAPHBIM Y4aCTKaM IyTH.

Ha snemenrtaprom nepemernennn d(DI) pa6ora texymeii cunst N 6yner pasna

dA=N>d(DlI). (1.4)
DI DI
< >«
——7 N
§ ............... g - . :
R
oN| [N B
— A
Nv C DI
O || d(o1)
Pucynox 1.3

O‘{CBI/IIIHO, qTo pa60Ta Ha TICPCMCIICHUU DI YUCJICHHO paBHA IUIOLIAAH
TPCYTOJIbHHUKA OBC, T.C. paBHA IIOJIOBHHC ITPOU3BCACHUS HauOOJIBIIIETO 3HAYCHUS

CUJIbI HAa IICPCMCIICHUN DI .
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A:U:%Nm. (15)

B cnyuae eciu 6wl cuna N ma myru Dl ocraBanace mocrosmmoii, eé pabora

onpenensnack 661 mpoussenennem N 3Dl .
Cornacho 3akony ['yka

DIl = N_I,
EF
Imojay4dacm
2
u=NT L6
2EF

Eciu nipomonbroe yermue N MeHsieTcst BIOJIb OCH CTEPXKHS, TO MOTCHI[HATbHAS
>Heprus AeGpopMaLy T0JKHA OIPENEATCS CyMMHPOBAaHUEM 10 yuacTkam (Z.
J1J1st aIeMEHTapHOro y4acTKa

2
_ N“dz
- ’
2EF
a Ji1 BCCTO CTCPIKHA IMOTCHIUAJIbHAA SHCPTUA PACTAKCHUA-CIKATHUA PaABHA
2
N“dz

u, .= . 1.7
pcIOE (1.7)

Yucmolil cosue

[lpu uymcTOM CABHre, KaKk W TPU PACTSDKEHUHM (Ia W BOOOINE MpPU BCAKOM
HANPSOKCHHOM ~COCTOSIHMH), B jAeGopMHpyeMOM Telie HAaKaIUIMBAeTCs yIpyras
MIOTEHIMAJIbHASL SHEPIrUs. DTy SHEPIrHUIO JIETKO MOACYUTATh, pacCMaTpUBas U3MEHEHHE
(bopMBbI TPSIMOYTOJILHOTO 3JIEMEHTA.

PaccmotpuM sneMeHT aimHoi OZ w nns ympomieHus paccykIeHHH 3akpenum
onHy u3 rpaneii (puc.l1.4).

t 5 DS
Q —_—l
i
|

t)): k|
: o ]

Pucynok 1.4




1.1.1 MoTeHUManbHasa 3HEpPrus Ansi NPOCTbiX BUOOB Harpy>XeHns 11

PaGora mocTemeHHo Bo3pacramomel nomepeunod cuinsl  Q, amamormumo

MPEABILIYIIEMY CITy4dal0, MOKHO HalWTH 1o opmyrie

dA= %Q xdDS. (1.8)
_ Qdz
Ioxncrasus B ypasHeHue (1.8) 3axon I'yka npu casure dDS = G—F :
2
HOJIYYHM dA = 1 X% .
2 GF
I[HH BCCI'oO CTep)KHH, HCIIBITBIBAKOIIICT O qI/ICTBIﬁ CIABUI,
\dez
U,=A= . 1.9
cd ,OZGiF (1.9)

Kpyuenue

PaccMOTpHM y4acTOK 3aKpydeHHoro 6pyca amuHoii Z (puc.1.5).

—\ dj
%4/ = "
Pucynox 1.5
Ynpyras sHeprus, HAaKOIJICHHAs! B 3TOM 3JIEMEHTE
du=1im g (1.10)
2 P

rae dj — B3auMHBIHA yron HOBOPOTA CEYEHHUIA.
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I[BOﬁKa, crodamas B 3HAMCHATCIIC, ABJISACTCA, OIIATH KC, CICACTBHCM TOI'O, 4YTO

kpyTammi Mmoment M xp MEHACTCA IPAMO IIPOIOPLHOHATEHO nedopMalyu.

. M,,dz
[oxcrasum B ypaHenue (1.10) 3akom I'yka g kpydsenns dj = Gl— u
r
MOJIYYHM
2
M. dz
au =—2_. (1.11)
2GI,
[loTenuuanbHast HEPrust BO BCEM Opyce NMpH KpydeHUH paBHA
U M ,‘é, dz 112)
=0 —- 1.12
w26l

Yucmolit uzeubd

OHeprusi ynpyrux aedopmanuii Opyca npu uszrude omnpeaessercs padoroi

momenta M Ha B3aumuoM yrnosom nepememennu 6 nyx ceuenuii (puc. 1.6).

A
Y

Pucynox 1.6

Yupyras sHeprusi, HaKOIJICHHAs B 3JIEMEHTE JITMHOM dZ,
1
du = E Mdq. (1.13)

BsaumHblii yron nosopoTa cedenuii AQ, Haiizem u3 3aBucUMocTH
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dz=r >dq,
T.C.
dg =D=M g7 (114
r El,

[Moncrapnsis ypaBHenue (1.14) B (1.13) u wuHTEerpupys Mo JUIMHE OAaJIKH,
MOJYYHM MOTEHIIMATBHYIO SHEPTHIO P U3TH0e
M 2dz

Uy, =0 1.15
CCPTN (1.15)

1.1.2 TloreHunanbHasi JHeprusi Opyca B 0011eM CiIydae HATPy:KeHHS

CornacHO NPUHIMITY CYIIEPIO3UIUH HMOTeHIuanbHas aeprus aedopmanuu U B
o011eM citydae Harpy»keHust OyJ1eT paBHa CyMMeE TTOTEHIIUATIbHBIX YHEPTUM paCTSHKEHUS,
CIBUTa, U3rHba U KPyUEHUS:

N2 2 M 2 2 2
dz dz sdz Mydz  Mg,dz
dz X QX + oKy % +0 o 2—+0 , (1.16)
I 2EF [ 2GF 2GF  [2El, [2El, | 2GI,
e Kx )51 Ky — kKod(punueHTsl (GopMbl, 3aBHUCAIIUE OT BHJIA CCUCHHS

(TaGiMuyHBIC JaHHBIC) W YYUTHIBAIOIIAC HEPABHOMEPHBIN XapakTep paclpeaesieHus

KacCaTCJIIbHBIX HaHpH)KeHI/Iﬁ { 1o ceuenuro.

Ecnam xoHCTpyKIMS CIOXKHAsi MU COCTOUT W3 HECKOJIBKUX 3JIEMEHTOB, MMEIOIINX
dbopmy Opyca, TO mociie MHTErPUPOBAHUS B MpeeNnax Kaxaoro Opyca JOJKHO OBbITh
MIPOU3BEICHO CYMMHUPOBAHUE SHEPTUU 10 YHCITY COCTABIISIONINX 3JIEMEHTOB.

B BBIPpAKCHUHN I U HC BCC CJIaracMbIC SBJIAKOTCA pPAaBHOIIPABHBIMU. I[JIH
110 AaBJIAOIICT O OOJBIINHCTBA BCTPCUAOIUXCA HA IPAKTUKEC CHCTCM TpHU ICPBBIX
CJIaraCMbIX OKa3bIBAIOTCA CYIICCTBCHHO MCHbBIIIMMHU TpCX IIOCIICAHUX.

HNuaue roBOp:d, OSHCPTUA pACTANKCHHUA U CABHUIA, KaK IIPAaBUJIO, OKA3bIBACTCA
CYIICCTBCHHO MCHBIIC YHCPTUU n3ruda u KPpYy4UCHU:I.

Jlns miockux Oanox u pam, rae M y :l\/le =0, NOTEeHIMATBLHYI0 DHEPIHIO

Oynem ornpenensiTh 1o Gopmye
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(1.17)

a JUIsl TUIOCKUX epM — 1o popmyrie

1.2 Teopema KacTuimano

PaccmoTtpum meTon omnpeneneHus: MepeMelleHusl, OCHOBAaHHBIA Ha BBIYMCIICHUU
MOTEHIMAJIBHON SHEPruu AedopMaliu U npeuioxkeHHblit Kacmuauano.

VYcnoBuMces 1o EpEMEIIEHUEM B 3aJaHHOM HAMPABICHUU MOHUMATh MPOEKIIUIO
IIOJIHOTO TEPEMEIECHUSI Ha 3aJaHHOe HampabiieHue. [loaTomy mnepeMelieHue TOYKH
MPUIOKEHHSI CHJIBI MO HAIMpaBICHUID CWIbl HAJO IOHMMATh KakK IPOECKLIHMH Ha
HaIlpaBJICHUE CUJIBI ITOJIHOTO NIEPEMEILIEHHS ITOU TOUKH.

PaccmoTpum  Ganky, HarpyKeHHyIO CHUCTEMOH  COCPEIOTOYEHHBIX  CHII

P1,P5 ,...P, (puc.1.7). Tlox neiicTBHeM 3TuUX Cui Oanka MPOTHETCs MO KpuBoii | u

ocraneTcs B pasrnosecuu (cm. puc 1.7, a).

dP,

Pucynox 1.7

HCO6XOIII/IMO OIpCACIINUTL IMCPCMCIICHUA yn. I[JISI 9TOro MnepeBCcIacM 6aJIKy us3

coctostHust | B cocrosinue |l myrem nmobGamieHus k Oajike 0ECKOHEUHO Mayiol J100aBKU

dP,.
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W3menenue paboThl mpu mepexojne u3 coctosuus | B cocrosuue |l paBHO
W3MEHEHHIO OTCHIINATBHON YHEPIHH
A” - A, =duU. (1.18)
PaGora B |-M cocTositHUM
1 1 1
=3 Py +§ Py, +.+ - P W Yn- (1.19)

N3meHnM Tenepb NOpsAIOK NPUITOKEHUS CHIL.
st onpenenenust pabotsl Bo |I-M cocTosiHUM MPUIOKKUM CHavajla K yopyromy

teny cuny d Py, npu 5Tom Ganka HEMHOTO MpoOrHETCs W 3aiimer cocrosuue |1 (oM.
puc. 1.7, 6). Tlocne »Toro Harpy3uM OalIky CTaTHUYECKHA MPHIOKCHHBIMH CHJIAMHU

Py ,P5 ,...P,. Ilpu 5ToM Kk neponavansueM nporubam dy; ,dys ,...dy, mobassrcs
nporudst Y1,Y2,...Yn-

1 1 1 1
Ay :EdPn >dyn+§P1y1+§P2y2+ A+ P WYn +dR, xy,. (1.20)
1

B Beipakenun (1.20) mociemusisi cocTaBisiomias B3sta 0e3 koddduimenrta E

MIOTOMY, YTO MPU COBEpIIEHUU padoTel cunamu Py, Py ,...P,, cuna d P,, maxomurcs
Ha Gallke M y)Ke HE MEHSETCS.

[MorennuaneHas >Heprus U 3aBucur ot Beex cum P1,P, ,...P,,. Ho nockomnbky

MCHACTCA TOJIBKO CHJIa Pn, TO U3MCHCHUC HOTCHHH&HBHOﬁ OHCPTUHN dU PaBHACTCA

1U

n

du = —dP,. (1.21)

Honcrasus A, Ay u dU B seipakenue (1.18), momyunm

1 U
4P el + Py Xy = 1111? dP.. 1.22)

n

OTtOpaceiBast B BeIpakeHuu (1.22) BenuunHy E dPn dyn KakK BEJIMYHMHY BTOPOTO

nopsaaka MaJIOCTH, ITOJIYYHUM

W,

n

dPn xyn =
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Coxpamas nanHoe Beipaxkenue Ha P, okonuarensno nmeem

_1u
P,

Takum o00pa3oM, B paccMaTpuBaeMOM CJIy4yae uYacmHas NPOU38OOHAS OmM

Yn (1.23)

NOMeHYUanbHol  dHepauu Oeopmayuu no cuile pasHa NepemMeuyenuio  MmouKu
NPUTLOJICEHUSL CULBL 6 €€ HANPABICHUL.

[Tosy4ueHHbIH pe3yIbTaT MOKHO 0000IIHUTE.

[Tycth Ha Oanky AeHCTBYIOT B pasHbix ceuenusx mapbl cui M, , M, ..M.
Bce mpeaplaymime paccykKIEHHs MOMKHO IOBTOPMTH W IIPH BBIYMCIEHUM DPabGOTHI

MOMEHTOB ciexyeT ymMHOkuTh M, He Ha mporuObl Vi, a Ha yrisl moBopora 0 Tex

CCqCHHﬁ, '€ OTU MAapPhI ITPHIIOKCHBI.

Torna popmyna (1.23) mpumert Bu

_ U

= : 1.24
™ (1.24)

Un
[lony4yeHHble pe3yiabTaTbl MOXHO TpPAKTOBAaTh Oojee IIMPOKO: HnepeMeujeHue
MOYKU NPUNOHCEHUSI 000OUEHHOU CUTbL NO HANPABIEHUIO €€ 0eliCmEUs pasHo 4acmHou

nPOU3BOOHOU OM NOMEHYUATLHOU dHepauu depopmayuy no 3moi cue:
=— (1.25)

Tac Dp — IIOJIHOC IICPEMCUICHUC (HHHCﬁHO@ MEPCMCIICHUEC HUIIN YI'OJ HOBOpOTa)

OT 0000IIEHHON CUJIEL;

P — 0606mennas cuna (COOCTBEHHO CHITa I MOMEHT Maphl CHJI).

W3nokeHHBI B J@HHOM pasjiefie  BBIBOJ HOCUT Ha3BaHHE meopembl
Kacmunuano, xotopas Obuta omyoiukoBada B 1875 ronuy.

CornacHo cniocoOy, nipeyioxkeHHoMy Kactunuano, 4ToObl OnpeAeuTh JUHEHHOE
WM YTJIOBOE MEepEMENIEHUE B TOUKE, T/I€ 10 YCIOBUIO 3aJ]a4M CHJIa OTCYTCTBYET, B 3TON
TOYKE CIEyeT MPWIOKUTh COOTBETCTBYIONIYIO (PUKTHUBHYIO 00001IeHHYI0 cuity. Jlaiee,
HAIlMCaB BBIPAKCHUE JUIA TOTCHIIMAIBHOW JHEPTrUU OT CHCTEMBI CHJI, BKIIFOYas

YKa3aHHYIO (1)I/IKTI/IBHYIO cuiy, CJICAYCT B34ATh €TI0 IIPOU3BOAHYTIO 110 (1)I/IKTI/IBHOI‘/JI CHJIIC "
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B TMOJIYYEHHOM BBIPQXEHUU IS TEPEMEIICHUs TMOJO0XKUTh (DUKTUBHYIO HArpy3Ky
paBHOl Hymo. HecmoTps Ha CI0XKHOCTh [aHHOTO CrHocoda M HaIMYMe JPYTrux
cnocoboB, Teopema KacTuinmaHo mnpuMeHsieTcsl IJisi ONpeaeieHus TNepeMelleHuid B
HECTEP)KHEBBIX CHUCTeMax (IJIaCTUHKAX, 00OJIOYKaxX W JICTAIAX, BCE TPU H3MEPCHHUS
KOTOPBIX UMEIOT OJIUH TIOPSIIOK).

Cnoco6 Kactunumano Ttakxke yIoOHO HCHOJIB30BaTh B  clydasX, Korja
HEOOXOIUMO OIpPEJEIUTh IMEepeMENIeHUe B TOYKE NPUIIOKEHHsS cuiibl. PaccMoTpum

HCIIOJIB30BAHHUC TCOPCMBI Kactunnano Ha npumepe ONpPCACIICHUA HpOI‘I/I6a KOHCOJIbHOM

6anku gunoit | u marpyxennoii cunoii P (puc. 1.8).

l,P
._—=._._._._.\_\_\_\§ i)ﬁo
Z

<

Pucynox 1.8

HOTCHLII/IaJIBHaSI OHCPTIUA Oanku Ipu n3ruoe paBHa

U = M?2dz
,: 2EI

rne M =- P>z,

T U = P2z%dz
oraa -0 -
| 2El

u

Bocnonszyemcsa teopemoii Kactunmano Yp = W Haifiem mporul Oanku

(mepemerenne GaaKky B TOUKE IPUIIOKEHHUS CHIIEI P)

y _12pPz2dz _ P81 _PI®
PTS 2Bl 3El|, B3El
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2  ONPEJEJEHUE NEPEMEIIEHUHA YIIPYTUX CUCTEM
C HOMOLIBIO UHTEI'PAJIA MOPA

Ornpenenenue nepeMenieHuid npyu NoMoIH TeopeMmbl KacThiinaHo, Kak MOYKHO
ObLIO YOeAUTHbCS M3 MpEebIAyIIel JIeKIuu, 00JaJaeT TeM OUYEBHIHBIM HEJOCTATKOM,
YTO AAET BO3MOXKHOCTBH OIPEIEIUTh NEPEMEIICHHUS TOJIBKO TOUYEK MPUIIOKEHUS CUI U
TOJIbKO B HalpaBieHuUu 3TUX cwil. Ha mpakThke 4yacTo BO3HUKAeT HEOOXOIUMOCTHb
OTpeJeNATh NepeMEeIeHUs JII0ObIX TOYEK CUCTEMBI B JIIOOOM HampaBiieHud. Boixon u3
YKa3aHHOT'O 3aTPyIHEHUS] OKa3bIBa€TCS JIOBOJIBHO MpocThiM. Ecin HeoOxoaumo
ONPENEINTh MEPEMEIICHUE B TOYKE, IJI€ HE NMPUIOKEHBI BHEIIHWE CHIIBI, Mbl CaMU
IPHUKIAIBIBAEM B OTOM TOYKE BHEIIHIOI (UKTUBHYIO cuiay @ B MHTEPECYIOMIEM HAC
HarpasJiecHUH. Jlanmee, COCTaBisieM BBIPAXKEHHE IMOTEHIHUAIbHON SHEPTrUU CHUCTEMBI C
yaétom cuiasl @D. Judpdepeniupys osHepruto nmo @, HaXOAUM IEepEMEICHUE
paccMaTpUBaEMOM TOYKM B HMHTEPECYIOLIEM HAMNPABICHUHU, T.€. IO HAMNPABICHUIO
nprioxeaHo# cuisl @. Tenepsb 0CTAETCS «BCIIOMHUTB», YTO HA CAMOM JIEJIE CHIIBI HET,
U TIOJIOXKUTH €€ paBHOM HYI0. TakuM 00pa3oM, onpeensieTcsi HKCKOMOE IepeMeleHue.

OmpenennuM, HaPUMED, NepeMenienre Touku A B Hanpasiaenun ocu X1 (puc.2.1).

A 7
C 7.2

D

X1
Pucynox 2.1

K Opycy, HarpyeHHOMY NPOU3BOJILHOM CUCTEMOM BHEIIHUX CUJI, TPUIIOKHUM B
touke A mo HampaBieHuro X1 cuny @. BHyTpeHHHE CHIOBBIE (DAKTOPHI B KaXIOM

IMOIICPCYHOM CCUCHUU 6pyca IIpu 3TOM, BOO6H_IC roBops, HU3MCHATCA Ha BCIIMYMUHBI,
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3aBHUCAIIIUC OT CHJIbI D. TaK, HalrpuMmcep, KPYTHH_II/Iﬁ MOMCHT B HCKOTOPOM IIOIICPCHYHOM

CCUCHHUU 6YIICT HUMCTDb BU],

My =M p+ M0,

rne M

kpP ~ KPYTSAIIMHA MOMEHT, KOTOPBbI BO3HUKAET IMOJI JCUCTBUEM 3aJaHHOM

CUCTEMbI BHCINHUX CHUIJI,

3M

xp@ — MOMONHHUTENBHBI MOMEHT, KOTOPBIH MOSBIACTCA B pE3yNbTare
HPHIOKEHHST GUKTUBHOMN critbl D,

[Moustitao, utro M xp P H M xkp @ ABIAOTCS GYyHKUMAMH Z, T.€. U3MEHSIOTCS 110
JHEe Opyca. AHAJIOTMYHO MOSBIIAIOTCS JTONMOJHUTENIbHBIE CllaraeMble U Y OCTalbHBIX
CUJIOBBIX (PAKTOPOB.

Torna BHYTPCHHHUC YCUIIHA C y‘{éTOM BaIIaHHOﬁ Harpy3kKkum Hu IIOHOJIHI/ITCHBHOﬁ

(pukTrBHOM) crbl @ GyayT HMETH CIIEAYIOIUE AHATUTUYECKAE BBIPAKEHHS
N:NP+Nch Mx:MXP+chDv
QX:QXP+QXCD’ IVlyzlvlyP'|'|V|ch>v
Qy=Qyp +Qyp. M, =M,,p+M,,q,
rie Np, Qup, QyP’ Myp, M yP M xkp P — QHAINTHYECKUE BbIPAKEHNS

BHYTPEHHHX YCHINH OT BHenIHelH Harpys3ku (P);

No . Qo Qy@, Mo, My@, M kp® — QHAIMTHYECKHE BBIPAXKEHHS

BHYTPEHHHMX YCHIINH OT GUKTUBHON cuitbl (D).

COBEpIIEHHO OYEBHIHO, YTO JOMOIHUTENbHBIE crnoBble GakTopsl Ny ... M Kp @

IMPOIMOPpIMUOHAJIbHBI CHUJIC D. Torz[a BBIPAKCHUA OJIA BHYTPCHHHX YCI/IJII/Iﬁ MOZKHO

3alMcCaTh CJICAYIOINUM 06pa30M:

N=Np+N;@, M,=Mp+M,®,

Qx = QxP +Qx1®s M y =M yP +M y1CD, (2.1
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Qy:QyP+Qy1CD’ MKp:MKpP-l-MKpl@'

e Np, Qy, le, My, M vl M xkpl — QHAINTHYECKHE BBIPRKEHUS

BHYTPEHHUX YCHJIMH, BO3HHMKAIOIIMX B IMOMEPECYHOM CEUCHHMH Opyca MOJ JACHCTBHEM
CMHUYHON CHIIbI, PHUIIOKCHHON B pacCMaTpUBaeMO# TOYKE B 3aJaHHOM HalpaBICHUU

BepHémcst Tenepb K BhIpaXKeHHIO MOTeHIHMaIbHOU 3Heprun (popmyna (1.16)) u
3aMEHUM B HEM BHYTPCHHHE CHUJIOBBIC ()aKTOPhI MX CHJIOBBIMU 3HAYCHUSIMHU.

Tornma

(Np + Nch)2d2+

2 2
U=9 OK y (QXP + Qxlcp) dz + oKy (QyP +Qy1(D) dz N
|

2EF : 2GF : 2GF

(2.2)

2 2
N M, p+M, @) dZ (M, p +M,,@)Ydz N G(M yp + My D) dz.

0 +0
| 2GJp | 2EJ, | 2EJ,

Juddepenuupys 310 Beipakenue no @ u nonaras nocie sroro @=0, naxogum

niepeMelleHne TOUKH A:

U O NpN,dz QupQudz | | QyPledZ
A Plp 1 EF ?KX GF ?KV GF
(2.3)
+ e M 192 | MypMiadz | c‘)M M y102

Kaxxaplii W3 TMONy4eHHBIX HWHTETPAJOB HOCUT Ha3BaHue unmezpaia Mopa, a
orpeaencHue nepemeienuii mo Gopmye (2.3) yacTo Ha3bIBAIOT Memodom Mopa.

OtmeTtuM, 9TO MeToA Mopa SBISETCS CaMbIM OOIIMM METOAOM ONpEICICHUS
MEPEMEIICHUI CTEP)KHEBBIX CHCTEM. Ero 3HaueHHE OCOOCHHO BEIMKO NP pacyeTe
CTaTHYECKHU HEOTPECITUMBIX CUCTEM.

B OoybImIMHCTBE ciydaeB MPHU OMPEACICHUH MEepeMEeIIeHN B OankaxX, pamax U
apKkaX MOJKHO TpeHeOpeYh BIHMSHUEM IPOJOJBHBIX jaedopManuii U aedopmaruit

CIIBUTA, T.€. OTOPOCHUTH TPH MEpBbIC HHTErpaja B hopmyie (2.3).
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s nnockux cmepowcnesvix cucmem unmezpan Mopa O0yneT coaepXaTb TOJNBKO

TpH CJlara€MbIX, YHHUTBIBAIOIINX TOJIbKO BHYTPCHHUC YCWIINA, PACIIOJIOKCHHBIC B OIIHOﬁ

IIJIOCKOCTHU.
_E _ ‘NPNle+(‘)K QyPQy]_dZ+ ‘M XPM deZ
@Poo O EF 2V GF O B,

HOCKOJIBKy 0151 NIOCKUX OAaloK U pam BIIUSAHUC N u Q HC3HAYUTCIIBHOC, TO

unmeepan Mopa Oynetr comepXaTh TOJBKO OJIHO CJIaraéMo€, YYHMTHIBAIOIIEE TOJIBKO

U3TrHOAFONUA MOMEHT:

Ap = MMy g, (2.4)

| EJy

T[TopsIoK ONpe/ieieH s TIepeMENIEHUH 10 MeToy Mopa ciie Iy roIuii:

1 PaccMmaTpuBaeM Harpy:KEHHYIO CUCTEMY M ONIPEIENseM OMIOPHbIE PEAKIIUH,

2 PaccmaTpuBaeM KaXIbli y4acTOK CHCTEMbl U JUISi HHX 3allMCHIBAEM
AHAIMTHYECKHUE BBIPAKEHHUS JUIsL W3rMOAIONIMX MOMEHTOB OT 3aJaHHOW HArpy3Ku
(M yp) nns KaskIOTO yUacTKa.

3 K HeHarpyKeHHOW cHCTEMEe TpPHUKIAIbIBAEM B TOM TOYKE, B KOTOPOM
ompenensieM IMepeMEIeHne, €IAUHUYHYI0 Ccily (Opu  ONpeleNeHHH JIMHEHHOrO
NepeMeNeHnst) WM €IAMHUYHBIA MOMEHT (IIpY ONpEJE]eHUH Yria T[OBOPOTA) IO
HAIIPABJICHUIO HCKOMOT'O TIEPEMEIIIEHHS.

4 Tlo KaXXA0OMY Y4YACTKY CHUCTCMBI COCTABIISICM AHAJIMTHUYCCKOC BBIPAKCHHUC I

u3rubaronero MoMenTa ot eaquanynoro daxropa (M y).

5 BolunciseM UHTErpaisl cooTBeTcTBYIOmUX Bhipakennii Myp u Myq 1o

KaXXA0OMY YUYACTKY. CYMMI/IpOBaHI/Ie BEIEM B npeaciax BCEU KOHCTPYKIIHUH.
Ecmu pe3yiibTart MMOJIYUUTCA HOHOX(HT@HBHBIﬁ, 3HA4YUT, HaIlpaBJICHUC

MEPeMCIICHUA COBIIAAACT C HAIIPABIICHUCM CIII/IHI/I‘IHOP'I CHIJIBI.
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PaCCMOTpI/IM HCIIOJIB30BaHUC MCTOAA Mopa Ha npumepe. OHpCIICJII/ITB

BepTUKaIbHOE nepemenienne Touku A OGamku (puc.2.2), ecnmu E = 2-10° M1la,

I« = 5000 cn™.

=10 xH/m
y J iyl ,
a
ic B A
OlF o s
2M 3Mm
P=1
y
o f
1C B A
Ol © s
2M 3Mm
Pucynox 2.2

‘‘PazoObeM’’ 3amaHHyIO OajKy Ha JBa ydacTka (cM. puc.2.2) W, IepeMeliasch Ha
KOKIOM YYacTKe CIpaBa HaJleBO, COCTaBUM AaHAJUTHYCCKHE BBIPAXKCHHS IS
M3ru0aoIero MOMEHTA OT 3a/IaHHOM HArpy3KH U OT €IUHUYHOMN CHJIBL.

3anumiem BBIPpAKCHUA JIJIA 143r1/16a10m14x MOMCHTOB OT BaIIaHHOﬁ Harpy3Ku

(cM. puc.2.2, a) s KaxXI0ro U3 y4acTKOB.

2 2
Vyactok AB: (0 <7 <3) Mplz-q%:- 0%:-5212.

Vuactok BC: (0<2,<2)  Mp, =-q>3(15+2,) =-10>3(15+2,).

Teneps cHUMaEM 3aJaHHYIO HATPY3KY M B TOUKe A, T1e HEOOXOAUMO ONPENETUTh
nporu6, NpUKIaAbIBaeM eaMHMuHyro cuny P=1 B nampapinenuu omnpemenseMoro

HepeMeIIeHHs, T.¢. BEpTUKAIbHO (CM. puc.2.2, 6).
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Yuactok AB: (0 <z K3) M, =-2.
Vuactok BC: (0 <z, <2) My =- (3 + 22).
Cremyer UMeTh B BHAY, YTO Zj Ui K&KIOTO W3 YYaCTKOB OT 3aJaHHOU W

CIIPIHPI‘IHOﬁ Harpy3o0K OOJDKHBI OTCYHUTBIBATHCA OT OJHOT'O M TOT'O K€ Ha4dalla.

Torna, cornacuo popmyie (2.4), HaXoaUM MEpEMEIIEHHE TOUKU A

( 521)( Z1 '30(15"'22)[ (3"'22)] _
YA=0 dz=
0 O E‘]x
A 2 2 3
_ 1 5213 30 24 322+1,522+22,2:
EJ, 4 O EJy 8 2 2 340
4 > 2 2 30_]
1 e5><3 + 3004550 + 32 +1,5>Q 2 0—72125
EJX@ 2 2 3@ EJ,
-3
= 72:;’25>40 5 =00721 m =721 mm.
2:10°>5000:10

3Hak “moc” yKa3plBaeT Ha TO, YTO BEPTUKAIbHOE MEepeMENIeHUEe TOUKU A Oaiku

COBIIAACT C HAIIPABJICHUCM CIIPIHPI‘IHOﬁ CHIJIBI.
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3SUYUCJIIEHHOE PEHIEHUE UHTEI'PAJIA MOPA

3.1 Boluucienne uaterpaia Mopa no cnocody Bepemaruna

OCHOBHBIM HEIOCTAaTKOM OMNpEeEIeHHUs] TEepeMEIIeHHs] MPU MOMOIIM WHTEerpaa
Mopa  sBisieTcsi HEOOXOIMMOCTb  COCTaBJICHUS  AHATUTUYECKOTO  BBIPAKECHUS
MOJBIHTErPAJbHBIX  (QYHKUUMHA. ITO OCOOEHHO HEyAOOHO TIpU  ONpeleNeHUU
nepeMernieHuit B opyce, umeromieM 00JbIlIoe KOJTUYeCTBO y4acTKoB. OIHaKO, eciu Opyc
COCTOMT U3 TMPSMBIX YYaCTKOB C TIOCTOSHHOM B TMpejenax KaxAoro ydacTka
KECTKOCTBIO, ONEpPalUI0 HHTETPUPOBAHUS MOXKHO YIPOCTUTHb. ITO YIPOUICHUE
OCHOBAHO Ha TOM, YTO D3IMIOPbl €IMHUYHBIX CHJIOBBIX (PAKTOPOB Ha MPSIMOJIMHEUHBIX

ydacTKax Opyca OKa3bIBaIOTCS TUHEUHBIMH.

Boruncnum unterpan OM pM;dzZ i cnywas, korma smopa ot 3amaHHOM
|

Harpy:’;KI/I HMECCT HpOI/ISBOHBHoe HaqepTaHI/Ie, a OT CHHHHqHOﬁ — HpHMOHHHeﬁHa
(puc.3.1).
.
% :
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0 yi ld24 |
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0 - |

Pucynox 3.1
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O6o3naunM yepe3 2 miomans smopsr M p» @ depes M . —opauHaTy 31IOpBI OT
eIMHUYHON HArpy3Kku noj nearpoM Tskectu C rpysosoit smops M p-

OueBuano, M de = dQ npencrasnser coboii uddepeHnan MIOMmAIM STIOPHI

M i—Z >thC
Hckombliit nuHTErpa

OM , M idz = tga O xdQ.
| |

HHTeraJI B npaBoﬁ HacTUu IpeACTABIICT coOOM CTaTUYECKHII MOMEHT IJIomaau
OIIHOPHBI M P OTHOCHUTCIIBHO OCH 0-0, OH paBCH
0z:dQ =0z,
|

rae Z, —abcuucca ueHTpa Tsokectd smopsl M D

Uuaterpan M pl\Wi dz =tga xz. X2 = QM ¢, 1.x. Z. Xgda =M,
|

CnenoBatenbHo, unmeepan Mopa pagen npouszgedeHuro niowaou 2py3060i
aniopvl (9nI0pvl 0M 3A0AHHOU HASPY3KU) HA OPOUHAMY RPSMOJUHEUHOU INIOPbl Om
eOUHUYHOU HA2PY3KU, PACNONONCEHHOU NOO YEHMPOM MAHCECMU 2PY30801 INIOPbL.

O6mas ¢opmyna MnepeMemeHud s CUCTEM M3 TMPSIMOJIUHEHHBIX Y4acTKOB

MMPUHUMACT BU

(3.1)

OnucaHHbIi rpaduyecKuil crioco0 ompeaecHs MepeMeeHn ObLI MPeI0KEH
A.H. Bepewacunvim B 1925 r. u HOCUT Ha3BaHME cnocoba Bepewazuna.
Boruncaenuss mo dopmyne (2.1) mpou3BOASATCS MO ydacTKaM, Ha KaKIOM U3

KOTOPBIX MPSMOJIMHEHHAS JMIOpa J0JDKHA ObITh 0e3 nepenomMos (puc. 3.2, a).
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Ecmu smoper M p H M, [poTHBOMONOXKHBI MO 3HAKY, TO pE3yJIbTaT

KYMHOXXEHHS» DJII0p HMEET 3HaKk MuUHyc. B Tex ciywasx, korma o0e 3Iopbl
MPSIMOJIMHEWHBI, MO’)KHO YMHOXUTh ITUIONIA/Ib JIFOOOH U3 HUX HA OPAMHATY APYTOH.
Cnoco6 Bepemarnna mnpumeHuM K JI00OMy W3 LIECTH HMHTErPaJIOB.
«[lepeMHOKEHUE» BIIOP NPOJOIBHBIX, MOMEPEUYHBIX CHJI WM KPYTIIIMX MOMEHTOB
NPOM3BOJUTCS TaK ke, KaK W SMIOP M3rubaromux MoMeHToB (o dopmyse (2.1)) u

JICIIATCSE Ha XKECTKOCTh cootBeTcTBYomeit nedopmammu (EF, GF, EJ, Gl)).
Eciu snropa M ) nMeer cioxublif Buj1, T0 OHa MOKeT GbITh pasbuTa Ha IPOCTBIE
Guryps! (IpAMOYTOJIBHHK, TPEYTONLHUK, ITIaPa00IMIECKHI TPEYTONIBHHUK), /IS KOTOPBIX

JICTKO MOXHO OIpCACINTb IUIOMAAb OSIOPBI W IIOJOKCHHC ee OCHTpA TAXKCCTH

(cM. puc.3.2, 6).

(")
/. //! N\ @
Mce, M Cs Mc,g
a 6

Pucynox 3.2

IIpu >TOM KaxAyro U3 IUIOIIAJEN YMHOXAIOT Ha OPAMHATY €IMHUYHOU SIIOpPHI

MOJT LIEHTPOM TSKECTH COOTBETCTBYIOMIEH Iniomaau (cM. puc.3.2, 6), o0o3HaYas HX

M cp M Cp M c3 4 T.4. Hpu stom dopmyrna (3.1) MokeT OBITH MpeICTaBlICHA B

CJICOYIOIICM BHUIC.
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o
o Wi >Mcy
Aip =a—. (3.2
k E XJX
[Ipy Kpy4yeHUM, pacTSHKEHUUM M CIBUTE OIIOPbl OKa3blBaloTca enié Oosiee
IPOCTBIMU. OHM, KaK I[pPaBWIO, JMHEHHBIE M COCTOSAT U3 IMPAMOYTIOJIbHUKOB U

TPCYTOJIbHUKOB B PA3JIMIHBIX KOM6I/IHaI_[I/I$IX.

Ha pucynkax 3.3 u 3.4 ganel mwiomamd {2 pasavyHbBIX NOPOCTHIX (GUIYp U

noy10)Kenue ux 1ueHTpos Tsxecty (Touku C).

Q=hi o=1h
2
|11
T -
, L g
JA 3 3
| |
Pucynok 3.3
}| §I
4 4
QZEhI
3 7 bt 2
C, /nghl
MEAMAAATHTREA(A
§| §|
8 8
|
Pucynox 3.4

ITpumep 1. Onpenenuts BepTHKanbHOE nepemenienne Touku K (puc. 3.5).



28 3 YACJIEHHOE PEWWEHWE NHTEIPAJIA MOPA
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Pucynok 3.5

Bocnonb3yemcs cnoco6om Bepearuna.

1 Omnpenenum peakiuu B Onopax OT BHEUIHEH HArpy3ku. B BBUAY cUMMeTpuUu
npunoxenus cun P, peakuuu onop 6ynyt ogunakossie: Ry = Rg = P. Crpoum smopy

U3rubaroIux MOMEHTOB (Ipy30Byo smopy) M D (cm. puc.3.5, a).

2 K nenarpyxxeHHoli Oanke npukinanasBaeM B Touke K enunnunyro cury X1=1,
OTIpe/ieTIsieM PEaKIMH ONop, KOTOphIE Takke OYAyT paBHBI MEXAy c000#l, U CTpoUM
equanunyto omopy M (em. puc.3.5, 6).

3 Jlasiee mpou3BOAUM 2TIEPEMHOMXKEHUE? 3TUX BII0p Mo crocol0y Bepemaruna.

JIsI 3TOr0 pa30MBacM DIIIO M Ha VY4YaCTKH, Ha KOTOPBIX OJ3IIOpa HE HMCCT
p
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nepenomoB. Takux yuactkoB Tpu: AD, DE u BE. Ho ywacrox DE ne moxer
paccMaTpHMBaThCs LETMKOM, T.K. HA OTOM y4acTKe €AMHUYHas dmopa M7 uMmeer usiom,
1103TOMYy pazobneM ero Ha asa yuactka: DK u KE.

B cWly CHMMMETPHH BIIOp PE3yJbTaThl 2MIEPEMHOKEHMSAZ CJIE€BA W CIIPaBa OT
toukn K Oynyr oquHakoBeIMH. [oTOMY 2IIEPEMHOKMM? SIIOPHI, HAPUMED, CIEBA OT
touku K ¥ yIBOMM pe3yIbTar.

Haiinem ruromaam 3j1eMEHTOB Ipy30BOM DITOPHI:

1 Pa?
TPEYroJbHUKA — W1 = E Pa>xa=——
2
a _ Pa
u npsimoyronshuka —  Wh = Pa X— = —

OpJII/IHaTBI CIIHHH‘IHOﬁ OIMIOPBI MOJA HOCHTPpAMHU TAXKCECCTU COOTBCTCTBYIOIIUX

wioraaei (cm. puc. 3.5), COOTBETCTBEHHO, PaBHbBI

Cornacto ¢opmyiie Beperiaruna (3.1):

Yy = —[2><(W1MC1 +W,Mo, )| =

_1eaaoa21 Pa® 5 & 23 pgd
_—92 X—a+—X—ai|=— X—
Elg 2 3 2 8 5 24 E

3nak (+) rOBOpPHT O TOM, YTO MepeMmelneHue Oaakd B T. K mpoOMCXOAUT 10O

HaIIPaBJICHUIO CHIIbI X]_: 1, T.C. HAIIPABJICHO BHHS3.

3.2 «I[lepeMHOKeHNE» IMIOP € MOMOIIBIO (POPMYJIbl KPAHHUX OPAMHAT

CymecTByeT eié OJuH CIoco0 YHCICHHOTO pelieHus: uHTerpana Mopa (2.4) —
«IIEPEMHOXKEHHUE» S0P ¢ MOMOIIBI0 (HOPMYJBI KpaliHUX OpJIMHAT, KOTOpas SIBJISICTCS
HUYEM HMHBIM KaK YCOBEPIICHCTBOBAHHOW (MM BHIOM3MEHEHHOM) (hopMyIoi crocoba

Bepemaruna.
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[lonb3oBaThCs 3THM crnocoOOM Tpolle, T.K. HE HYXHO pa30uBaTh IPy30BYIO
SOIOPY Ha MpocThbie (QUrypbl, 3alOMHHATH KOOPAMHATHI PACHOJIOKEHUS LIEHTPOB
TSOKECTH 3TUX (PUTYP U UX TUIOLIAH.

Kak u pans cnocoba Bepemaruna ¢opMylly KpallHUX OpAWHAT ClEAayeT
3aMMChIBATh ISl KaXJAOro MPSMOJMHEHHOro y4yacTKa SMIOphI, T.€. JJA ydacTka 0Oe3
M3JI0Ma DITIOPBL.

PaccmotrpuMm oaMH W3 yd4acTkoB Oanku wim pambl (puc. 3.6). OO6o3HauuM

OpAWHATHI HAa JICBOM H IIPABOM KOHIAX Y4dCTKd COOTBCTCTBCHHO M 7 51 an .

|t |- >/ 0= C:II_—Z
<\_i b \\\\
N xlé B \\\\
M la a ’ M,
‘
Z |
D |
| M
| — % np
i Mxi |
MJZ \ M 2T M np
2
Pucynox 3.6

[Mpencrasum opaunaty M, p (cMm. pruc.3.6) Tpy30BOii SMIOPHI B BHIE CYMMBI:
M., =a+bh,
M - M ql qzz

n J
rac a:Mﬂ+p—

Omnpenenum opauHaThl u3rudaromux momenToB M,pu M, (cm. puc. 3.6)
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M _-M _ - M,
Mp=M, +M+q—lz-£; My =M, +—2 Z. (32)
| 2 2
Beruncaum nepemerienne ¢ noMolIibio unmezpaia Mopa (cm. hopmyny (2.4)):
: M,; dz
A —oi‘MXPMX‘ dz—?MXP ’ (3.3)
" EJ, EJ, |

Onpenenum yucautesb Gopmynsl (3.3), moacTaBuB B Hero 3HadeHus (3.2):

' e M - M 20é_ M _-M_ 0
OM,pM,; dz= fz+np—2+q_lz' Eu’ﬂe'\/'ﬂ + o z4dz=
0 0é I 2 I a
e M, ,-M, _ g 2 _ M, -M
S 1787 A At IV v S LSV v S Gy G Y il et
) | 2 2 |
M,-M, M,-M, M,,- M 2 M,_-M
+__ P 1w P Z+q—l " 22- 9z X Z] dz.
| | 2 | 2 |
HpOI/IHTerpI/IpOBaB IMOCJICAHCC BBIPAXKCHUC, ITOJTYUIUM
_ M, -M 2 2 3 M. -M. 12
Mo, A gy S A A ey M M )T
| 2 22 6 | 2
A A 3 3 4
M- M, My - M, 1P gl M- M, 13 ql* My, - M, _
| | 3 2 | 3 8 |
M, -M 3 3 M, -M
=M M+ ﬂMﬂ|+£Mﬂ-%Mﬂ+Mﬂ "pz 1+
o Mt 1, )1+ i, - 1) (o, 1)
+ 3 np'Mﬂ +—an' JZ-? np -~ Ml
1. 1 2q1°
=M M I+§anMﬂI-—MM |+ 24 M, + =M M,V - S0 01+
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[locne mnpeoOpa3oBaHUIl MOJYYUM OKOHYATENbHBIA BHUI Qopmynbl KpauHux

opouHam

4 iP :a %(ZMJZ >4\/|Jl +2an an + M]l an +an >MJZ) +

(3.4)

rne M Py M np ~— COOTBETCTBEHHO, II€Bas M MpaBas  OPAMHATHI

paccMaTpPUBAEMOTO y4acTKa IPy30BOH SIIOPHI,

M o M pp — COOTBETCTBEHHO, JICBAs M NpaBas OPIMHATHI PacCMaTpUBACMOIO
y4acTKa €TMHUYHOM SITFOPHI.

Bropoe ciaraemoe B Gpopmyie (3.4) Ha3bIBACTCSA nNONPABKOU HA KPUBU3HY INIOPbL

n  HUCIHOJBb3YCTCA, CCTCCTBCHHO, TOJIBKO Ha TCX VYYACTKaAX, TAC IIPUITOKCHA

pacnpeiefieHHas Harpy3ka HHTEHCUBHOCTH (.
IIpasuno 3naxos 0ns nepeozo caazaemozo ¢opmynvt (3.4) takoe xe, Kak U B

criocobe Bepemiaruna, T.e. eciu coomsememsyrowue opounamel na sniopax M p u M;
HanpaeeHnvl 8 00HY CHOPOHY Om 0A3080U JUHUU, MO pe3yabmam “ nepemHoNceHus”
anwp umeem 3Hax “ naroc” .
13 ” N
Hanpumep, pesynsrar “mepemuoxkenus’ opauHar M, ma M, (cm. puc. 3.6)
13 ” N 13 ”
Oyaer uMeTh 3HaK “munyc”, a M np HA M pp — 3HAK “IUTIOC”.

[lonpaBka Ha KpPHUBHU3HY OIIOPHl MPEJCTaBIsSET COO0OM MPOU3BENECHUE YACTU

Iionraaun S1ropkbl, OFpaHI/I‘IeHHOﬁ Hapa6OHOﬁ u HpHMOﬁ u HMCIOH.I@ﬁ momanab, paBHYHO

13
Q= q—, (cM. puc. 3.6) Ha BeTUUMHY CpEIHEH JTMHUU TPATCIUH,
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M +M

neg np

KOTOPYIO MOXHO ONPEAETUTH 0 (hopMyIie

IIpasuno 3naxos 011 NONPABKU HA KPUBU3HY, M.e. 0714 6MOPO20 C1A2AEMO20
gopmynnr (3.4) cnenyromee: opounamel na edunuunou snope M;, cosnadaiowue ¢

HanpaeieHueM 8bINYKJI0Cmu napabovl Ha 2py306o0u sniope (nokasano “ cmpenxoi” Ha

puc. 3.6), umerom 3nak “ nuoc” .

CormacHo 9TOMY IPABUITY 3HAKOB 0N nonpasku Ha Kpueu3Hy OpaAUHATY M 1e8

(cM. puc. 3.6) cunexyer Gparh co 3HakoMm “MuHyc”, a opaumHary M pp — CO 3HAKOM

“ ”
IIJIFOC .

Ipumep 2. Onpenenuts BepTHKanbHOE nepemerienne Toukun K (cm. puc. 3.5),

UCTIONB3YS popmyny kpaiinux opounam (popmyna (3.4)).

Tak xe, kak u B npenpinymiemM npumepe (cMm. ctp. 25), Oynem “nepeMHOKATh”
smopbel Ha yuactkax AD u KE, a nockonbky smopa M cummerpuuna, 10

MTOJIYYEHHBIN PE3YyJIbTaT YIABOUM:

yA—izeaa%><)>o+2xPA>&>a+o>&+pA>09+
g 2 5 p

3
+%8%><Pax}+2>43ax§a+Pa£a+Pax1a9‘9_2_3xPa _
6 e 2 4 4 2" 24" EJ

PC?)y.IIBTaTBI BBIUMCIICHUN ) CCTCCTBCHHO, COBIIaAAarOT C pe3ylibTaTaMu

npeasiayiero npumepa 1 (cm. ctp. 25).
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4  PACYET CTATUYECKHU HEOIIPEJAEJINMbIX
CTEPKHEBBIX CUCTEM METOJ10OM CHUJI

4.1 CtaTH4YeCKH HeolpeaeTuMble CTeP:KHEBbIE CHCTEMBbI.

CreneHb CTATHCTHYECKOI HEONPeAeJTMMOCTH

Panee ObLH PacCMOTPCHBI CTATHYCCKH HCOIPCACIUMBIC CTCPIKHCBBIC CUCTCMBI,
pa6OTaIOH_II/IC Ha PaCTAXKCHUC-CIKATHC. HpI/ICMBI, KOTOPbIC OBLJIM HCITOJIB30BaHbI PIRIG |
PACKPBITHA HUX CTaTUYECKOM HCOMPCACTIUMOCTU JIA pPaCUCTa OOJIBIIMHCTBA 3ajay,
BCTPCHAIOIMUXCA Ha MPAKTHKC, OAJICKO HC OOCTATOYHEI. OcTtaHoBUMCS Ha O6H_II/IX
MCTOAAX PACKPBITUA CTaTUYECKOM HCONIPCACINMOCTH CTCPKHCBBIX CHUCTCM. BBCIICM

MTOHATHE CTEPYKHEBON CUCTEMBI.
Cmepoicnesas cucmema — BCAKASL KOHCMPYKYUSl, COCMOAWAS U3 D]IeMEeHmOo8,
umerowux gpopmy opyca.

Ecnu snemenmul cmepoicnesoll cucmemvl pabomarom Ha pacmsdiceHue-coicamue,
MO MAKAsi CMEPICHEBAs. CUCEMA HA3bI8AeMCsl (hepMOll.
depma COCTOMT M3 TMPSAMBIX CTEp)KHEH, oOpa3yloluux TPEeYrojbHUK U

COeIMHEHHBIX mapHupamu (puc.4.1, a). Harpy3ka npuioxeHa B y3iax.

!

Pucynok 4.1

Cm@p%H@@bl@ cucmemabsl, 31eMeEHNIbl KOMOpPblX pa60ma10m 6 OCHOBHOM Ha uUzeud

u Kpyuenue, Hazolearom pamoi (cm. puc. 4.1, 6).
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Bce CTCPIKHCBBIC CHUCTCMbI ACIIATCA Ha IINIOCKUC, IMOJYIPOCTPAHCTBCHHBIC H

MIPOCTPAHCTBEHHBIE.

IInockoti Ha3bIBaEeTCS paMa, y KOTOPOW CTEpPKHU M HArpy3KH pPACIOJIOKEHBI B

OJTHOM TI0CKOCTH (cM. puc. 4.1, 6).

HOleFZPOCmpCchmgeHHble pamsbl — ITO CTCPIKHCBBLIC CHUCTCMBI, Y KOTOPBIX BCC
QJICMCHTHI PACIIOJIOKCHBI B OIIHOﬁ IJIOCKOCTH, 4 BHCINHUC HAI'PY3KU PACIIOJIOKCHBI BO

B3aMMHO NEPIECHAUKYISIPHBIX IIOCKOCTAX (puc.4.2, a).

Pucynok 4.2

B npocmpancmeennotl pame W CTEP)KHH, W BHCUIHHE HArpy3Kd MOTYT OBITh
PacmosIokKeHbI B Pa3HbIX IIOCKOCTAX (puc. 4.2, 6).
Bce cTepkHEeBbIe CHCTEMBI JCIATCSA HA CTATHYCCKU ONMPEACIUMBIC U CTATHYSCKU

HCOIIPCACINMBIC.

Kunemamuuecku neusmensemas cucmema, Olsi KOMOPOU 6ce peakyuu Onop u
BHYMPEHHUE CUN08ble (HaKmopvl 6 JIH0O0M NONEPeyHOM CeYeHUu He MOo2ym Obimb
Hati0eHbl Npu NOMOWU YPABHEHULl PAGHOBECUll U Memood cedeHull, HA3bl8aemcs

cmamuuecku Heonpeoe.lmmoﬁ .
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M300pa3uM HECKOJIBKO CTATHUECKH HEOMpeAeIMMbIX cucteM (puc.4.3).

7777
. S S A
a

4] 8
Pucynox 4.3

Ha puc. 4.3, a pama umeeT JBe TONOJHUTENbHBIE BHeIIHUE cBsi3u. Ha puc. 4.3, 6
pama He UMeeT JIOMOJIHUTEIbHBIX BHEUTHUX CBSI3€d, HO BHYTPEHHUE CUIIOBBIE (PaKTOPHI
HEJb3s ONPEEIUTh METOJOM CEUEHHUHM, TaK KaK MX IIeCTh, a YPaBHEHUN paBHOBECHS
MO>KHO cocTaBuTh TpHU. Ha puc. 4.3, 6 pama uMeeT no Tpu AONOJIHUTEIbHbIE BHEUTHUE U
BHYTPEHHHE CBSI3U. 3aAMKHYTBIN KOHTYP 3/1€Ch TPHXK/bI CTATUYECKH HEOIPEIACIIUM.

KonuuectBo  cBsizedl, 1Opu  KOTOPOM  JIOCTHTaeTcs  KUHEMaTH4ecKas

HCU3MCHACMOCTD, HA3bIBACTCA HeoOX00UMbIM YUCIIOM CBSI3€EH.

Besxyo ¢653b, HanodCeHHYI0 céepx HeoOX0O0UMOl, HA3bI8AIOM OONOJIHUMENbHOLL
unu "nuwnen” .
Yucno  oononnumenvuvix  (“auwnux”) — ceszell  onpeodensem — CMeneHb

cmamuyeckotl Heonpedeﬂwwocmu cucmemsl.

CBsi3u JeNnaTCs Ha BHEIIHWE W BHYTPEHHHUE. BuewrHue cesa3u TPENSTCTBYIOT
a0COJIFOTHBIM TEPEMEIICHUSIM HEKOTOPBIX TOUYEK CHCTEMBbI KaK €IMHOrO IIeJIOro, a
8HYMpeHHUe — OTPAHUYUBAIOT B3aUMHbBIE CMEIICHUS AIIEMEHTOB CUCTEMBI.

CymectBytor  nBa  cmoco0a  OmNpeneNeHuss  CTeNeHM  CTaTUYeCKOu

HCOIPCACINMOCTH.

Ilepegoiit cnocod: cTeneHb CTATUYECKOW HEONIPEIETUMOCTHU JJIsl TPOU3BOJIBHBIX

CTCPIKHCBBIX CUCTEM MOKHO IMOACYUUTATD IO KOJIMYCCTBY “mumHuX" CBI3EH.

S=ng-n,, (4.1)
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rie Ng — KOJIMYECTBO HEU3BECTHBIX YCHIHNH (peakuuii),

N,, — Kom4ecTBo YpaBHEHU paBHOBECHS 33JaHHON CUCTEMBI.

ITo BTOpOoMy crtocoOy CTeNeHb CTaTHYECKON HEONPEeIeTUMOCTH MOYKHO HAWTH TI0

dbopmye
S=3K- 1, (4.2)

rne K — konndecTBo 3aMKHYTBIX KOHTYPOB;

LIl —4gucno mapHUpoB B IEpeYeTe Ha OJUHOYHBIE.

3emis (OCHOBaHME), T.€. TO, K YeMy KPEHHUTCS KOHCTPYKIIHS, pacCMaTpHUBaeTCs
KaK HEOTPaHUYCHHBIN CTEP)KEHb OCCKOHEUHOM )KECTKOCTH.

[TocTaHOBKa IIapHUpa Ha OCH CTEPKHS OOpaliaeT B HyJb U3rHOAIONINIl MOMEHT,
T.€. CHI)KACT CTCIICHb CTATUYCCKON HEOMPEICTUMOCTH Ha SIUHUILY.

Takotli mrapuup HaszpiBaeTcst odunounvim (puc.4.4, a):

a O oounounwiii waprup (II1=1)
o % obwuit wapnup (L11=2)
2
1 2 3
. obwuit wapnup (L11=3)
3
Pucynox 4.4

[Ilapuup, BKIIOYEHHBIN B y3el, Iae cxomsarcs (Wim pacxoasrcs) N cTepiKHEH,
CHIJKAET CTEIEHb CTaTHIECKON Heonpeaenumoctd Ha N - 1, T.k. 3amenser coboii N- 1
OJIMHOYHBIX IIAPHUPOB.

Takoti mrapuup HaszeiBaeTcst oowum (cMm. puc. 4.4, 6 u 6)

YcTraHOBUM  CTENEHb CTAaTUYECKOW HEOMPEACTMMOCTH  HEKOTOPBIX paM
(puc.4.5).

Pama, n3obpaxxénnas Ha puc.4.5, a, umeeT 4 BHEIIHUE CBSI3U U 3 BHYTPEHHUE
JOTIOJTHUTEIIbHBIE CBSI3H.

Taxum 00pa3oM cTeneHb CTATUYECKONW HEONPEAEINMOCTH paBHa

S=4+3=7.
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OO @

| K1

| K1 K2

|

|

| K3
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|
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ST Q @————77/7-
a 4]

Pucynok 4.5

Bocnonesyemest popmynoii (4.1): S=nNg - n,.

KoyinuecTBO HEM3BECTHBIX YCHIIHMNA (PEeaKIMii) MOACUUTHIBACTCS TaK: B KaXKIOH M3
3aen0k no 3 HeusBecTHRIX (2 3 =0), BO BHyTPEHHEM CTEPIKHE TaK XK€ TPH YCHIIUS

(3), a Bo BHemIHeM (OMIOPHOM) — O/IHA Hen3BecTHas peakius (1).

Taxum 0Opazom ng =2 3+3+1=10.

JIIst TUTOCKO# paMbl MOXKHO COCTaBHTB TPH ypaBHEHHs paBHoBecHs: Ny = 3.

Torna S=10-3=7.

JInsi HaXOXKICHHUS CTENEHH CTaTHYECKON HeomlpeneuMoctu mo ¢opmyse (4.2)
HaXOJUM, YTO B PaMe TPHU 3aMKHYTHIX KOHTypa (K = 3) ¥ JBa OJMHAPHBIX LIAPHKPA.

[onydaem: S=3k- 1l =33-(1+1)=7.

Takum oOpa3zom, Bce Tpu criocoba MOATBEPKIAOT, uTo pama, (cMm. puc. 4.5, a)

HMEET CTEICHb CTATUUYCCKOM HCOMMPCACINMOCTH, PABHYTIO 7

Jlns pambl, n300pakéHHOM Ha puc. 4.5, 6, Bocmonb3yeMmcs hopmyoii (4.2).
IMockomexy K =3,a Il =1+2+1+2 =6,
[Tonyuaem S=3K- 1l =3>3-6=3.

CnenoBatenbHo paMa (cM.puc.4.5, 6) TpHKIbI CTAaTHUECKU HEOMpeaeIuMa.
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4.2 OCHOBHBIE dTANBI pacuera CTAaTHICCKN HEONPECACIUMBIX CUCTEM

METOAOM CHJI

JUist  pacKpbITHSl CTAaTUYECKOM HEONpeneNuMOCTH Haubosee IIHPOKO B
MalIMHOCTPOCHUHU UCTIONB3YyeTCa Memood cui. OH 3aKITI0YAETCs B CIEAYIOIIEM

1 VcranaBnuBaem cTeleHb CTATUYECKONM HEONMPENETUMOCTH, T.€. OIpeAeisieM
yucio "nuirHuX" cBsizel win "nuiHuX" yemni (JIio0bIM CITOCOOOM):

2 Ilyrem ynanenuss "naumHuX" CBs3ed 3aMEHSIEM MCXOJHYIO CTaTHYECKHU
HEONpEeNEIUMYI0  CUCTEeMY  CTaTUYECKH  ONpEeAeIMMOM W KUHEMAaTHYeCKHU
HEU3MEHSEMOU.

Cucmema, 0c60002cOeHHAsi OM OONOTHUMENIbHBIX C853¢ell, HA3bl8AeMCs OCHOBHOI.

Bri6op ocnoBHol cuctembl (OC) M, COOTBETCTBEHHO, "JTHUINHUX" HEHU3BECTHBIX
3aBUCUT OT pacyerunka. OQHONW M TOW ke 3ajaHHOM cucteme (puc. 4.6, a) Moxer

COOTBETCTBOBATh HECKOJIBKO OCHOBHBIX CUCTEM (CcM. puc. 4.6, 6-2).

| ‘a H— *

N~ &TW & % Tg va

Pucynok 4.6

3 Harpyxaem ocroBHyw cuctemy (OC) 3amanHOl Harpyskoil, a B TOYKax
MIPUKPEIUICHHS yNaJICHHBIX CBSI3€M NPUKIIAAbIBaeM ' JUITHUE" HEU3BECTHBIC YCHIIUS,
3aMEHSAIOLINE IEUCTBUE YIAJICHHBIX CBA3EH.

OcHo6Has cucmema, HazpyHCeHHAs 3a0AHHbIMU BHEUWHUMY curamu u " auwnHumu"
neuszsecmuvimu cuiamu (uau " auwnumu” HeuzeeCmMHbLIMU MOMEHMAMI), 3AMEHSIOUUMU
VOaleHHble C853U, HA3bIBAEMCsl IKBUBAIEHMHOU CUCHEMO.

B Tex ceueHusAx, rAe 3amnpeuicHbl JUHEHMHBIE IEPEMEIICHUs, MNPUKIAABIBAEM

cuibl. B CCUCHMAX, T'AC 3aIIPCUICHBI YIJIOBBIC CMCIICHH:A, IIPUKIIAABIBACM MOMCHTHI.
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Jlns ocHOBHOM cucteMbl (cM. puc. 4.6, 6) SKBHBaJlcHTHAasI CHCTEMa HUMEET BHJI
(puc. 4.7).

A ' P
—
X3
B X5
7777 I X
1
Pucynox 4.7

4 PaboTa S5KBUBAJICHTHON CHCTEMBbI JIOJDKHA OBITh UICHTHYHA paboTe 3a1aHHON (B

HJaHHOM CJIydac TOYKa B (CM. pHuc. 47) HC HOOJDKHAa HWMCTb BCPTHUKAJIBHOTO H

TOPHM30HTAJIBHOIO MEPEMEILECHNUI, a TouKa A — TOPU30HTAIBHOIO mepeMelneHus). Js
ATOrO MPUPABHUBAEM HYJIO MEPEMELIEHUSI TOUEK MPUKPEIJICHUs "JTUIIHUX  CBS3EU 10
HaIpaBJICHUIO WX JAecTBus. W3 MOgydeHHBIX YpaBHEHUU OmpeaesissieM 3HAYCHUS
"mumHux" HeusBecTHbIX. OnpeneneHne nepeMeneHnii Mpou3BoauTcs MeTogoM Mopa
uu criocoboM Bepemaruna.

S5 [Ilocne ompeneneHuss KoJIWYecTBa JIMIIHUX W~ HEU3BECTHBIX  YCHUIIUHU
OTpeJIeICHHE PpPEeaKui, MOCTPOCHUE OHMHIOP BHYTPEHHUX YCHUJIUH U MPOYHOCTHBIE
pacdeTbl MPOM3BOJAT OOBIUHBIMU criocobamu. Pacder mo yka3aHHOM cxemMe HOCHUT
Ha3BaHUE Memooa cul, T.K. B KAUeCTBE HEM3BECTHBIX BHIOUPAIOT CUJIbI 10 HAIIPABJICHHUIO

YAAJICHHBIX CBS3EH.

4.3 KaHoHHYecKHe YPaBHEHHSI MeTO1a CUJI

Berpeuaromuecss B 3aadyax CONPOTHBIICHUS MAaTE€pUaliOB BHEIIHUE HArpy3Ku
BeCbMa pa3HOOOpa3Hbl U OOBIYHO MPEACTABISIIOT cO00M rpymmy cuil. Pabory rpymnmbl

IMOCTOSAHHBIX CUJI MOKHO IMPCACTABUTHb B BUJC IIPOU3BCACHUA ABYX BCIIMUNH
A=P>Dp,

B KOTOPOM MHOXKXHTCIIb P 3dBUCHUT TOJIBKO OT CHJI TPYIIIIbI U HA3bIBACTCA 06061/14€HH01/7

cunoi, a Dp 3aBucuT OT nepeMenieHni 1 Ha3bIBACTCA 000OUCHHBIM NEPEMEUYCHUEM.
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Takum oOpazom, moa o0b6odwenHol cunot OyaeM TOHMMATh J00VI0 HASPY3KY
(cocpedomouennvie cunvt, cocpe0omouenHvle MOMEHMbL, PACNPEOeNeHHble HASPY3KU U
m.0.), Komopasi cnocobuna cosepuiams pabomy HaA COOMEEMCMEyouem 0000ueHHOM
nepemeujeHuu.

[MpunsaTo 0003HA4YaTh OOOOIICHHBIC TMepeMenieHus (Kak JMHEHHBIC, TaK |
yriosble) Oykeamu Dy wm d;p ¢ cooTBeTCTBYHONMME JBOMHBIME HHIEKCAMH.
IlepBblii MHAEKC YKAa3bIBAET TOYKY M HAIIPABICHUE MEPEMEIIEHUS, BTOPOU — CHIIOBOU
daxrop, Be3BaBwHi 3T0 mnepememenne. Hanpumep, Dpp o3nauaer mepememerne

TOYKH IIPUITOKCHUA CUJIIBI P IO HAIIPABJICHUTIO ec IICﬁCTBHH, BBI3BAHHOE TOM K€ CHIIOM

P (puc.4.8, a).

P X P
AP RS

Y x \ ¥
\LDPP ‘_\;LDP

Pucynok 4.8

ANANANN

I[JISI 0003HaYEHHS ITOJTHOTO MNepeMCIICHUA, BBI3BAHHOT'O HCCKOJIBKUMU CUJIOBBIMHU

(baxTopamu, HanpuMep BHEMHUME cuioii P, momenrom M wu “nuiinein” HeW3BeCTHOM

cwion X 1 (CM. puc.4.8, 6), npu D COXPaHSIOT TOJIBKO MEPBBIA UHIEKC!
Dp =Dpp +Dpy, +DPX1. (4.3)

[TepemeriieHusi, BBI3BaHHBIC eIMHUYHOW cuiol (X3=1), mpuHATO 0003HAYATH

oyxsoit d u Ha3bIBaTh yoenvHbim nepemeujenuem. Ecan equnanunas cuna X1= 1 BbI3Bana

nepememienne 041, To monnoe nepementenne Dyq Moxer GBI pescTaBneHo B Buse

JlomoJTHUTENIbHBIE YpaBHEHUSI TMEPEMEIICHUMN, BBIPAKAIOIINE PABEHCTBO HYIIIO
MePEMEILICHUI 110 HANpPaBJICHUAM “JIMIIHUX HEU3BECTHBIX, YIO00OHO COCTABIATh B Tak
Ha3bIBAEMOM KaHOHUUecKou ¢hopme, T.€. TIO ONPeIeTEHHON 3aKOHOMEPHOCTH.

[TokaxkeM 5TO Ha MpUMepe PEIICHUs MPOCTEHUIIEeH CTaATUUYECKU HEONpeaeTuMOon

cuctemsl (puc.4.9, a).
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P P
j A \ B j A \ B
a ”;57 6 ‘X 1
Pucynok 4.9

BBI6CpCM B Ka4eCTBE OCHOBHOMN CHCTEMBbI KOHCOJIb, KOTOPYIO IJIAA HOJYYUYCHUS

9KBHBaJIEHTHON cucTeMbl (puc.4.9, 6) Harpy3um BHemHed cwiod P wu “numnHei”

HeU3BECTHOM  X;. /JlomoiaHuTenpHOe ypaBHEHHE MEPEMCIICHUH, BBIPAXKAIOLICE

pPaBEHCTBO HYIIIO epeMerienus Touku B ot cun P u X 1, Oyner
D, =D(P,X)=0. (4.5)
Ha ocHoBanum npuHOUIIa HE3aBUCUMOCTH IICfICTBI/IH CHIJI 3aITMiIEmM

rne Dyp —nepemernenne ot 3anannoii Harpysku P (puc.4.10, a);

Dll — INCPEMCIUICHUC OT CHIIbI Xl .

Pucynox 4.10

O0603HauMB TMEpeMelIeHue OT )_(1 =] no e€ HampaBICHUIO Yepe3 dll
(puc.4.10, 6), momyunm Dyq =dqq > X .
YpaBHeHue nepemertieHui (4.6) npumeT BHI

dy X1 +D;p =0, (4.7)
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YpaBuenue (4.7) npeactaBisieT COOOH KaHOHUUeCKoe ypasHeHue METOaa CUIT IS
OJIMH pa3 CTAaTUYCCKU HEOMPEICTUMON CHCTEMBI.
AHAJIOTHYHO MOTYT OBITh 3alUCAHBl KAHOHUYECKUe YPABHEeHUs Memooa Cui JJis

M000# N pa3 CTATHYECKH HEONPEAETUMOM CHCTEMBI:
dyy XX +dgp XX +dg3 XXz + K+dyy XXy +Dyp =0,
dyy XXp +dpp XX +dp3 XX3 + K+dpy XXy + Dyp =0, (4.8)
dnl xX1 +dn2 xX2 +dn3 xX3 +K+dnn *Xn * Dpp =0,

e A — edunuunsie kosghpuyuenmot KAHOHUYECKUX YPABHEHHUIA;

Dip —2pysossie koaghpuyuenmpr KaHOHUUECKUX ypPABHEHHUIA.

Enuananbe KO3 QUITMEHTHI ¢ OJJUHAKOBBIMU WHIECKCAMH HA3bIBAIOT 2/1d6HbIMUL, A
C Pa3HBIMU — HOOOUHBIMU.

Yucno  ypaBHenmii  cuctembl  (4.8)  paBHO  CTENEHHM  CTATHYCCKOM
HEOTIPEICTUMOCTH CTEP)KHEBOM CHCTEMBI.

Qusuueckuti cmbici  KaHoHuueckux ypasuenuu (4.8) — pasencmeo mymio
nepemeujenuti N0 HANPAasiIeHUu OMOPOULEHHBIX CE53€el.

st ompenenieHuss Ko3(PQUIMEHTOB KAHOHWYECKHX YpaBHEHUH HEOOXOIMMO

BBITIOJIHUTD CJEAYIOIINE JEeHCTBUSA

1 K ocuoBHoii cucteme (OC) moouepénuo npunoxute cuabl X; =1 wu
MOCTPOUTH €IMHUYHBIE SMIOPHI.

2 ‘“IlepemHOXXeHHEM”  COOTBETCTBYIOIIMX  €IMHUYHBIX  JMIOP  HaWTH
enuanunble Koddpurmentsr d;) .

3 K ocHOBHOW cuCTeMe MPUJIOKUTHh BHEIIHIO HArpy3ky M TOCTPOUTH

IPy30BYIO 3MIOPY.

4  TloouepénHo “mepeMHOXas” TPY30BYIO OIIOPY C KaXKJAOW €IUHUYHOM,
TOJTy4UTh TPYy30Bbie Kodduuurentsl Dp.

5 OnmnpenenuB k03P GUIMEHTH KAHOHUYCCKUX YPAaBHCHUH W PEIIMB CUCTEMY
(4.8), naiitu nenssectusie yeunust Xq,Xo KX, .

MOXHO TMOKa3aTh, YTO ONPEJACICHUE CIAMHHYHBIX TIEPEMEIICHUH MOYKHO

YHOPOCTUTD, CCJIN YCTAHOBUTH MCKIY IMCPCMCIICHUAMU dlk u d ki B3aUMOCBI3b.
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4.4 TeopeMbl 0 B3aMHOCTH pPadoT U nepeMelleHuil

Teopema o B3aumMHOCTH PAOOT OTHOCHUTCA K 4YMCIy OOLIUX TEOopeM
CONMPOTHUBICHUS MaTeprasioB. OHa BBITEKACT M3 MPHUHIMIA HE3aBUCUMOCTH JIEUCTBUS

CUII U IpUMCHUMA JI1 BCCX CUCTCM.

PaccmotpuM Ganky, kK KOTOpoit npuitoxens! cuisl P u Py (puc. 4.9).

Pucynox 4.9

BBITNIOIHEM HPsSIMOE HarpyKeHue, T.e. Harpy3um Oanky B Touke 4 cumoit P (cwm.

puc.4.9, a). Ona coBepuIuT padboTy

1
= — Py XDy,
5117

rne Djq—nepememenne 1. A B Hanpasienun cunsl Py, BezBannoe cuioii Py .
11 1 1

Janee B Touke B mpuxiagsiBaeM cuiry P,. Ona coBepumut paboTy, KOTOpas

1

OyJeT UMETh AaHAJIOTMYHOE BBIPAKEHHE! > Py XDy .

ORHOBPEMEHHO COBEpIINT paboTy u cuiaa P, MOCKOJBKY HPH MPHIOKECHHH
cunbl P Touka A Toke mepemecturcs. Cuiaa Pq Ha 3TOM IEPEMEILCHUH OCTACTCS

IOCTOSIHHO, ¥ ee pabora Oyzer papaa Pq>Dy5.

Htak, pabota npu npssMoM HarpyxeHun O6anku (cM. puc.4.9, a) Oynet paBHa

1 1
A = EP1>{)11+EP2 XDypy + P XDy, (4.9
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Beimosiaum o6patHoe Harpyxenue (cM. puc.4.9, a), T.e. cHavasia IPUI0KHUM CHITY
P, B touke B, a 3arem cuny P B Touke 4. Torma, cOOTBETCTBEHHO, pabota Oymer

HUMECTH BU/I

A4, = %Pz xD,, + %Pl XDyq + Py XD, . (4.10)

[pupasusis padotel Ay = Ao, HaxoxuMm
P;3Dyy = P, 3Dy (4.12)

DOT0 W ecTh TeopeMa O B3aUMHOCTH PaldoOT. paboma nepeol Ccuivl Ha
nepemewjeHuy MoyKu ee NPULONHCEeHUs Noo Oelicmeuem 8mopou CUlbl pasHa pabome

6m0p0ﬁ CUbl HA nepemewerHuu mouKku ee npuaosicerusl noo oetvicmeuem nepeoﬁ CUJlbl.

Eciu Py = Po=P, 10

Dy, = Dyy. (4.12)

TeopeMa 0 B3anMHOCTH NepeMellleHNI . nepemeujeHue nepeoll eOUHUYHOL CUTbL
8 ee HampasieHuu noo oelcmeuem mopou eOUHUYHOU CUIbl PABHO NepeMeujeHU0
8MOPOl eOUHUYHOU CUTbL 8 ee HaNpasieHuu noo Oelucmeuem nepeol eOUHUYHOU CUTIbL.

DTy TeopeMy MOXKHO mpousutocTpupoBath (puc. 4.10).

P, =P

Py =P D2 =Dxn

Pucynok 4.10



46 5 MPUMEP PACYETA CTATUYECKW HEOMNPEOENMMOW PAMbI

S5 IMMPUMEP PACYETA
CTATUYECKHA HEONPEJEJUMOM PAMBI

Jlnst 3amannoi (puc. 5.1) paMbl mog00paTh pa3Mepbl IPSIMOYTOJIBHOTO CEYCHUS

npu % =2 u [S ]: 120 Mlla, a Taxxe onpenenuTs yroi IoBopoTa ceuenus A.

4Am 7/
> 7
G2 CE [E e 2
W ;
3 3aoannas //'
cucmema
> ™r1
y
. A - ¢~
K2
Pucynor 5.1
Pewenue

1 VYcranaBauBaeM CTENEHb CTaTHYECKOM HCOIIPCACITINMOCTHU BaHaHHOﬁ CUCTCMBI.

- 1-u cnocoo:
S=nr-Nn,=5-3=2,

rae Ng =5 — KOJNMYECTBO HEM3BECTHBIX PEAKLIHIA,
n, =3 — KOJIMYECTBO yPaBHEHHI PABHOBECHS,
- 2-1 cnocoo.

S=3K- [II=332-4=2,
rnie K=2 — konmyecTtso KOHTYpOB,

yi :4 — KOJIMYCCTBO NIAPHHUPOB B IICPCCUCTC HA OJJHMHOYHBIC.
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2  BbiOupaeM OCHOBHYIO cHCTEMY, oTOpackiBas onopy A (puc. 5.2, a).

3 Ilepexomum Kk 3KBUBajeHTHOH cucrteMe (cMm. puc.5.2, 6), HmpHKIagbIBas K

OCHOBHOI1 3a1aHHYI0 HArpy3Ky (| W peakuuu oTOpOIIeHHbIX cBsizell Xq u Xo.

V. \ 7

kH
q=2""
M \\ > DxeUBANIEHMHASA
Ocnosnas
- > cucmema
cucmema
Xy
X
1
a 4]
Pucynox 5.2

4 CocraBnsieM CUCTCMY KAHOHHYCCKHX ypaBHCHI/II‘/'I COBMCCTHOCTH JIC(i)OpMaI_II/II/I

(Mx KonM4ecTBO paBHO S=2):

d21X1 +d22X2 +D2P =0.

5 CtpouM Ipy30BYyIO 3MIOpy H3ruOarommxcs MoMeHToB (puc. 5.3), mis dero k

OCHOBHOM CHUCTEME IPHUKJIaAbIBACM BHCIIHIOIO HArpy3KY.

, 4 m % _ 9
% /
9 F 9
H
9= 2%\ 3m
\ ' ,KHM
—

Pucynok 5.3
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6 IloodepeqHO K OCHOBHOM CHCTEME ITPUKIIAIBIBAEM €IMHUYHBIC HATPY3KU X1 H

X5 B HaNpaBlIcHUU JTHIOIHUX CBS3€d M CTPOMM DSIIOPHI HM3rHMOAIOIUX MOMEHTOB

(puc. 5.4):

@ | ®

A X5
X 1 a 9]
Pucynox 5.4
7 Ilyrem  "mepeMHOXEHHsI'  COOTBETCTBYIOIIMX  DJMIOP  OMNpEAesieM

KO3 PUIIMEHTHl KAHOHUYECKUX YPaBHEHUI:

u_ 64

511 B ’_(2 x4 x4)H 3E|

El &

1 &4
O1p =0y =

El 8
1 é3

0, =— o= (2533) + 4(6 x3X3), =

u_24
H Bl
u_ 45

~— (2x4 3+ 453) =

El 8 H B

1 ¢4 u 72

— 2 (-2x4x9- 4x9)=- =
1P E|86( )H El

_1¢€3 23° 4 U_ 128,25
2p_Egs( 259 3) + i (0+3)+ (6><3><9)H =
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7 Jlemaem  TIpOBEpPKY  MPAaBUJIBLHOCTH  oOmpenesieHus  Kod3(PUIIMEHTOB

KaHOHHNYCCKHUX ypaBHeHHﬁ. I[JISI 9TOTO0 IIOCTPOUM BCIIOMOTATCIBHYIHO CYMMAPHYIO

equanuHyo Smopy M 31, B kotopoii coorsercTByromume opaunatel smop M1 u M 2

alreOpanveckr CyMMHUPYEM B KakJIoM cedenuu (puc 5.5):
v
3
3
@-

Pucynok 5.5

a) CyMMa CIMHHYHBIX KOI)GUUUEHTOB 01 T 019 + 091 + 09y HOMKHA OBITH

paBHa "nepeMHoxeHHUI0" dmiopbl M 5 1 camoii Ha ce0s, T.K.

M1+M2) (M1+M2)=

:M]_ M]_‘FM]_XIWZ +M2 ><|W1 +M2 XIWZ :511 +512 +521 +522.

n n (v .
[epemuoxenne” smopsl M 41 camoii Ha ce6st 1aér

o1 :iéé(z’eﬁ)*g(beﬁwﬂﬂ+3><7+7><3)@:E

El 86 H 3Bl

C npyro# CTOpOHBI, CyMMa €IMHUYHBIX KOA(DPUIIUEHTOB paBHA

1 é64 u 343
A 1=0q1 +2010 + 090 =— ~— +2X24+45° = ——,
al 11 12 22 E|83 H 3E]

CrnenoBatenbHO, €IUHUYHBIE KOA(DPHUIIUECHTHI HAMIEHBI BEPHO;
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6) AHAJIOTHUYHO IMpOBCPACM IMpaBUJIbHOCTb HaXO0XIACHUA I'PYy30BBIX

k03 uIMeHTOB, 114 Yero "nepemuoxkaem” smopsl M 31 u M p:

(Ml +M2)' M, =Dsp-

163 233 4 U
Ay =—a(- 239 0+3)+—(- 2x359- 27 >9- 3x9- 7>9)=
=gy G 29 043+ i
_ 200,25

El

72 12825_ 200,25
El El El

['py30BbIie K0O3PIULMEHTHI TAKKE HAllIEHBI BEPHO.

AZp = DlP +D2P ="

9 IloacTaBuM HalijieHHBIC IepeMeleHuss B KaHoHH4Yeckue ypaBHenus (5.1) u

Haiinem X1 u X, :

G—;Xl +24X, - 720=0; X, =0422kH ;
24X, +45X, - 128.25=0; X, =2624kH .

10 HpOBCpSICM MNpaBUWJIBHOCTL PCIICHUA CHCTCMBI ypaBHCHI/Iﬁ HOHCTaHOBKOﬁ

HaWICHHBIX HEU3BECTHBIX B ypaBHeHUs (5.1)

2133°0422+24>2,629- 720=0;
24>0422+4552629- 128,25=0.

11 B 9KBHUBAJCHTHYIO CHCTEMY BMECTO HEM3BECTHBIX X1 U X, MOACTaBIsIeM

V.

HaiieHHble 3HaueHus (puc 5.6).

_;I 4 m V
:Zﬂ 3m
MO\
<~
Xo,=2624 KHq
X1=0422 xH

Pucynok 5.6
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Ecnu 6Bl ycuine moiny4yuia co 3HaKOM "MHUHYC", TO €ro UCXOJHOE HaIpaBiieHUE

CJICO0BaJIO ObI 3aMEHUTH HA IMPOTHUBOIIOJIOKHOC.

12 Crpoum oxonuarensbubie smopel N (puc. 5.7, a), Q (puc.5.7, 6) u M

(puc. 5.7, 6), COOTBETCTBYyIOIIKME 3aJaHHONM CTATHYECKH HEOIMPEACIUMON pamMe u

SKBUBAJICHTHOU cucTeme (cM. puc.5.5).

13 Jlenaem oegopmayuonnyto npogepxy MPaBUIBHOCTH PACKPBITHS CTaTUYECKOM

. n n Al

HeonpezeneHHocTH. OHA COCTOUT B cieayomeM: "nepemHoxaem” smopsl M g u M4
(M. puc. 5.4, a), mpu sToM monmydaem mepememienne Dig, T. e. mepemenienue B

HallpaBJICHUHU HeﬁCTBHH CHJIbI X 1 » BBI3BBAHHOC IICfICTBYIOH.IPIMPI YCUIIUSAMMU. HOCKOJIBKy

B 3aJIaHHOM paMe 3TO MepeMeIleHne OTCYTCTBYET (B 9TOM HANPaBICHHH €CTh CBS3b), TO

pe3yabTaT 'TEPEeMHOKEHHUS JOJDKEH ObITh PABEH HYJIIO.

s = - € (250,564 - 4x1,128)) = 2953 3008 _ 0,055

El & H El El
0,422 0,422 0,56
([ 1@ [ 1] 1,128
S 3,376 1.128
3,376
OF @ K] @
1,31 m
0.422 2,624
a O 8

Pucynox 5.7
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Haiinem norpemHsocTts pacuera

2,953 - 3008 _ 0,055

= x100 % = 2%.
2,953 2,953

AHanorn4Ho HaxoauM nepemernenue Aog, 2mepemuoxas? smopsl M g.u Mo,

(cM. puc. 5.4, 6):

33

3 ; (0+3)+g(-2><1,128><3+2>056><3-

1
Ao = Egg( 2>x3%1,128) +

-3,128+3:056) = =(10,11- 10,152) =- 22,
u

orpemnocTs pacyera Ayg! 10 ’1:;'-(-) ig 152 = (])-E())ii x100% = 0,4%.

14 VYcraHaBIMBaEeM ONACHOE CEYEHHME M, HCIOJNbL3Ys YCIOBHE NMPOYHOCTH IIPU
u3rube, no sBemmaune M ,, =M o =1,7 kH >m onpenensem pa3mepsl IOIEPEIHOrO

CCUCHUA PAMBbI

s Mgy 174073

W =
*[s] 160

x10% =106 cn®.

HOCKOJIBKy MOMCHT COIIPOTUBJICHUA IIPAMOYT'OJIBHOTO CCUCHUS PABCH

2
W _& ﬂb3 ~106c1°

nonydaem D= 31/ ,/3><L06 =25cm, orxyna h=5cm.
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15 Jlns onpeneneHus yriia moBopoTa T. A HaXOJUM MOMEHT MHEPIIUU CEUCHUSI

bh® 2553

=266cm”.
12

|« =

CtpouM efuHHYHYIO 31I0py OoT MomeHTa M 3, npunoxenHoro B T. A (puc 5.8),

1 "mepeMHOXaeM" TOJTydeHHYIO 3Mopy ¢ amopoit M g.

1

AN\\ W

Pucynox 5.7

Vrou noBopoTa B ceueHnn A 1moaydaercst paBHbIM

3
1 (- 2x1,128x1- 1,128%1) + 22

QA:EI

oOlw

(1+1)+ g(- 2X1128 X1+

(MDD> (D~

+25056 X1- 1,128X1+056 %1 ) |= 157

1,670°°
OxonvatensHo Q5 = c g
2X10” X26,6 X10°

=0,03 pao.
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6 PACYET HEPA3PE3HbBIX BAJIOK

6.1 IlonsiTue 0 Hepa3pe3HbIX DaJIKaX

[Ipy KOHCTPYUPOBAHHHM CTPOUTENIBHBIX M MOCTOBBIX COOPYKEHHH BO3HUKAET
HEOOXOIUMOCTh pacuéTa Ha NPOYHOCTH MHOTOOMOPHBIX HEPa3pe3HbIX CTATHUYECKU
HEONpeIeTUMBIX OaJOK.

Hepaspesnvimu nazviearomes oanku, onupaiowuecs ooiee uem Ha 06e Onopwvl U He
umerowjue NPOMedHCYmMoUHbIX WAPHUPOS.

K pacuétHoil cxeme “Hepaspe3Hass Oanka” CBOJATCS MHOTHE pealibHbIC
KOHCTPYKIIMM: BaJKHU MPOKATHBIX CTAaHOB, POJIMKK JIMCTONMPABUIIBHBIX MAIIUH,
MOJKPAHOBBIE OAJIKH, JJIMHHBIEC MIMUHJEIH, )KEIe3HOA0POKHbBIE MOCTHI U T.]I.

PacuétHas cxema TakoW Oanku mpejcTaBieHa Ha pucyHke 6.1, u3 Koroporo
BUJIHO, 4TO Oainka “nexut” Ha onopax. KpaiiHue onopbl MOryT ObITh KaK IIAPHUPHBIMH,

TaK 1 3alIEMJIEHHBIMH.

A
-~ N

N npomesicymounvix onop

qﬂ€6

Pucynox 6.1

[Ipu »ToM Ha n1OO00M MPOMEKYTOUHOM OINOpE B3aUMHBIM Yrojg MOBOPOTa

npoJIETOB, MPUMBIKAIOIIUX K oniope (cM. puc.6.1, 6) paBen Hymwo. Winu, ToBOps ApyruMu

CJI0BaMH, yIJIbl HAKJIOHA OalIKy clieBa M cipasa oT onopsl pasusl (( ., =0 np ).

PaccmoTpum cHauana ciaydail mapHupHOro onupanus. IIpu sTom ogHa u3 onop

BBITIOJIHACTCA mapHHpHO-HCHOHBHX(HOﬁ, a MMpo4Ynuc — MapHHUPHO-IIOABHUKHBIMHU. Jlerko



6.1 MoHATME O Hepa3pesHbIx bankax 55

yOenuThea, YTO YHCIO “JMIIHUX  peakuuid paBHO N, T.e. pPaBHO YHUCIY
MIPOMEKYTOUHBIX OTIOP.
[Ipy N NOpPOMEXKYTOUHBIX OMOpPaX KOJUYECTBO 3aMKHYTBIX KOHTYPOB Oyner

paao K =N+ 2, a ogunounsix mapuupos — [1] = 2N +6..
Torna S=3K- Il =3(n+2)-(2n+6)=3n+6- 2n- 6=n.

Ecnau Oanka mmeet xéctkoe 3amemienue (puc.6.2), To CTEneHb CTaTUYECKOU
HEONPEEIMMOCTH paBHA KOJUYECTBY IIAPHUPHBIX OMOp, T.K. TPEX CBA3EH >KECTKOTO
3alIEMJIEHUs] BIOJHE JOCTATOYHO JJIi TEeOMETPUYECKONM HEHU3MEHSIEMOCTH OalKu.

OcrasbHbIe CBs3M — “ MuInHUE” , T.¢. S=2 (ABE MIAPHUPHBIC OMOPHI).

_______________

N 1 I 7;7 S=3K-1=32-4=2

g R S=3K-1Il=32-2=4

[ i () [

Pucynox 6.2

6.2 Oco0eHHOCTH BBIOOPA OCHOBHOM CHCTEMbI

Hepa3pe3nas Oanka sIBISE€TCS YAaCTHBIM CIIy4aeM CTAaTHMUYECKH HEOINpeAeTuMOn
CTEP>)KHEBOM CHUCTEMBI, MO3TOMY K HEH NMPHUMEHUMBI BCE MOJIOKEHUS pacyéra TaKHX
cucteM. VX pacuér, Kak U3BECTHO, HAUUHAETCS C BbIOOpA ocHogHou cucmemul. lpu eé
BBIOOpE HEOOXOJUMO CTPEMUTHCS K TOMY, YTOObl KaHOHUYECKHUE YpaBHEHUS
MOJIYYMJIUCh BO3MOXKHO Oosiee mpocTbiMu. [Ipu Hanbolsiee yaauHOM BBIOOpE OCHOBHOM
CUCTEMBI I Hepa3pe3Hol Oanku MOXKHO JOOUTBCA TOrO, 4YTO HEKOTOphIE
KO3 (PUIIMEHThl KAHOHMYECKUX YypaBHEHUH 0OpaTATCcs B HYJIH, U MpU JTOO0M
KOJMYeCTBE NPpOJETOB HHU OJHO YypaBHEHHE He OyIeT couepxkarb Ooiee TpEx

HCHU3BCCTHBIX.
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JUiss  pacKpeITHS  CTaTHYECKOHW HEOMPEeIeTMMOCTH  Hepa3pe3Hol  Oalkw,
n300pakeHHOM Ha puc. 6.1, B KauecTBe 0cHOBHOU cucmembl YA0OHEE BCEro NPUMEHSITh
CUCTEMY C 8PE3AHHbIMU WAPHUPAMU, KOTOPbIE 3aMEHSIOT “JIUIITHUE" MPOMEKYTOUHBIC

oropsl (puc. 6.3).

N N N OcHnoenas
% ; A :; B ]7: C ; cucmema

Pucynok 6.3

B sToM cnywae Gasika pa3OuBaercs IIapHUpPaMU Ha OTIEIbHBIE, HE3aBHCHUMbIC

6aJIKI/I, KaxXaass U3 KOTOPBIX JIC(l)OpMI/IpyeTCH CaMOCTOATCIIBbHO. HpI/I 9TOM HX YIJIbI

Haks0Ha (puc. 6.4, a) cieBa u crpasa OT MAPHUPA, He PaBHBL (( ., 1 ] np).

~—
qﬂﬁ% qnp

a 4]

M=X, M=X,

Pucynox 6.4

HOCKOJIBKy MMOCTaHOBKOM HIapHupa JIMKBUIUPYCTCA H3I‘H6&IOH.IPII>1 MOMCHT B

JaHHOM CCUCHUH 6aJIKI/I, TO IJIs1 BOCCTAHOBJICHUA YTPAYCHHBIX CcBsI3eH MMPpUKJIaaAbIBACM K
KaX(HOﬁ OIIOpC ABAa PAaBHBIX W IIPOTHBOIIOJIIOKHO HAIIPABJICHHBIX MOMCHTA M = Xn

(cMm. puc. 6.4, 6), TpeACTaBISIOMUX COOOH JCWUCTBHE APYr HA Jpyra OTIAJIEHHBIX
HIAPHUPOM YacTel Oanku.

VYpaBHeHUE MepeMelleHU B 3TOM Clly4yae MpeCTaBisieT co00i paBEeHCTBO HYJIIO
B3aMMHOI0 yrja IMOBOPOTa CEUEHUW MpaBoOll M JieBOM Oalku, NPUMBIKAIOUIUX K
HIapHUPY:

Pn=q,, *+q,, =0. (6.1)
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I[Ipy TakoM BBIOOpE OCHOBHOM CHCTEMBI JEWCTBUE 3aJaHHOM HArpy3Ku
pacpoCTpaHsIeTCs TOJIBKO Ha MPOJIET, i€ OHA NpuiiokeHa. [loaToMy s HArsATHOCTH

MIPOMEXKYTOUHBIC OMOPHI YaCTO M300pakalT crapeHHbiMH (puc. 6.5):

OcHosnas
A B C cucmema

Pucynok 6.5

Takum o00pa3om, skeusarenmuas cucmema OYIET TPENCTABISTH COO0ON psif

IPOCTBIX MIAPHUPHO ONEPTBHIX OAalOK, HArPY)KEHHBIX 3aJaHHOM HArpy3KoW u
HeusBecTHbIMU m3rubarommmu Momentamu My =Xq; Mo =X, ... M, =X, (puc. 6.6),

3aMCHAIOIITMMHAU OT6pOH_ICHHy10 CBsA3b MCIKAY COCCOAHUMH HpOJIéTaMI/I.

Xp1=1

DKeusanreHmHuas
cucmema

%
/
:

|

|

|

| |

| |
4] i 1| i i

| | Xni =1

: m
¢ : | |

: : | Xnbr =1

| | | |
Z

OOO ©

Pucynok 6.6

PaccmoTpuM, Kak mpu Takodl cxeme mpeoOpasyercss N-e ypaBHEHUE CHCTEMbI

KaHOHHNYCCKHUX ypaBHeHHﬁ:

dnlxl +dn2X2 +K+dnnxn +dn,n+1xn+1 + DnP =0. (6-2)
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OnpenenuM k03P PUIMEHTHI 3TOTO ypaBHEHUs. [ 3TOro mocTpouM rpy3oBylO

smopy M p OT BHEIIHMX CHI M EIMHWYHBIC OIIOPBI, INOJAras MOMEHTEI
X1,.X> KX, ,X .1 moouepénHo paBHbIMU equnuIe (cM. puc. 6.6).
1:22 n»<*n+l

Tax kak Bce 6anku pa3zo0ILeHbl, TO Harpy3Ka Kakoro-1m0o nposiaéTra He OKa3bIBaeT
BIMSIHUS Ha COCEHUE MPoJeThl. TakuM o6pasoM, rpysosas smopa M p (cm.puc.6.6, a)

Ha KaXJ0M MPOJIETE CTPOUTCS OT HArpy30K, MPUHAICKAIIMNX TOJIBKO 3TOMY MPOJETY.
Tak ke CTpOSATCA € AUHUYHBIC MIOPHI OT OMOPHBIX €AMHUYHBIX MOMEHTOB.

ECTCCTBCHHO, 470 B N-M KaHOHHUYECKOM YpPaBHCHHUHA O6paT$ITC$I B HYJIb BCC

K03 PULIHEHTHI, KpoMe dn,n- 1 dn,n u d n+1, uypasuenue (6.2) mpumeT BU:
dnl,n-lxn-l +dnnxn +dn,n+1xn+1 +DnP =0. (6-3)

JIeMCTBUTEIIPHO, COWHHMYHBIA N-ii MOMEHT co37aéT M3rudaronmme MOMEHTEI
tonsko B mponérax AB u BC (cm. puc 6.5). B sTux ke mponérax BO3ZHHUKAIOT
nsrubaromue MoMeHTs oT N- 1 1 N+ 1 MmomenToB M OT 3aKanHEIX Harpys3ok. OTcona
CJIeyeT, YTO BCE MPOU3BEACHUS IIIOP 00pallaloTcsl B HyJb, KpOME T€X, NMPU MOMOIIU
KOTOPBIX HAXOASATCS dn,n- 1 dn,n1 dn,n+1 u DnP-

Kanonuueckoe ypasnenue (6.3) svipasicaem pasencmeo Hyno 63aumMHo20 yaid
noBOpOmMa ceyeHuli Ha NPOMeHCYmoyHou onope.

Bce IICﬁCTBPIH, CBsA3aHHBIC C PACKPBITUCM CTaTUYCCKOM HCOMMPCACINMOCTHU 6aJIOK,

BBIITOJIHAROTCS TAK K€, KaK U JIA paM.

6.3 Ilpumep pacuéTta Hepa3pe3HOi 0aJIKHU

Jnst 3anannoit 6anku (puc.6.8, a) mogoOpars IByTaBPOBOE MOMEPEYHOE CEUCHHE
¥ onpeneauTsb nporud B touke D .

1 VYcranaBnuBaeM CTENEHb CTATHYECKOM HCONIPEACIUNMOCTH

S=3K- Ul =32-4=2.
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2 Boibupaem ocHosHylo cucmemy, TyTEM Bpe3aHUsl MIAPHUPOB B KECTKOM

3alleMJICHHH U B MECTE MPOMEXKYTOYHOM oropsl (cM. puc. 6.8, 0).
3 IlepexoauM K sK6usaieHmHolU cucmeme, IPUKIAIbIBAs K OCHOBHON CHCTEME

BHCHIHIOIO HArpy3Ky MW HCU3BCCTHBIC MOMCHTBI Ha IPOMCKYTOYHBIX OIIOpax (CM.

puc. 6.8, ).

4 CocraBiasgeM KaHOHUYECKHUE YPABHCHHUA METO4A CUJI.

d21X1 +d22X2 + D2P =0.

S Jlns onpenenenus Ko3p(GUINEHTOB KAHOHUYECKUX YPaBHEHUN CTPOUM SITIOPHI:

rpy3oByto M p (cm. puc.6.8, 2) u enuHnUHBIC M 14 M 2 (cM. puc.6.8, 0 u e).

6 CoOOTBETCTBYIOLIUM “IEPEMHOKEHHEM™ 3IIOP HAXOAUM KO3(PPUIIUEHTHI:

El & i~ 3E
dyy =M, M, :é%(Zﬂﬂ)+§(2ﬂﬂ)a:;E;
dpp,=dy =M;" M :é%(lxl)azé
Dlp =M;" Mp :E1|§e1027>:13(1 0)§:38—0|;
Doy =M,  Mp :E—llzi'elozi’fs(uo)%((- 60)><1)§:- 31?0'.
(b1, +2,) (31, +1,) = 5 51 (6500)+ 2 (20)g =
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7  TIpoBepsieM TMPaBHIBHOCTh HAXOKIECHUS KOI()(PHUIMEHTOB KAaHOHUYECKOTO
ypaBHEHHs, U1 Yero CTPOUM CYMMApHYIO CIAWHHYHYIO SIOPY (M 1+ M 2) (cMm.

puc. 6.7, orc). JIns TPOBEpKH CIMHUYHBIX KOI(PQPUIMEHTOB “yMHOXKaeMm” DIIOpPY

(Ml +M2) Ha 30y (Ml +M2).

C npyroii croporst: 11 +2dq, +d, :ilg%+2xg+z9:i

3 3g ElI'

CnenoBatenbHO, €AMHUYHBIE KOA(D(UIIMEHTHI HAallCHbI IPABUIIBHO.

AHaANIOTrUYHO MPOBEPSIEM T'PY30Bbie KOI(PPULIUEHTHI:

M;+M,) Mp,=—a(0)+ 1+1)+—(- 60X)g=——-.
80 10 _ 70
C - Bt hop = _ T 3E
yMMa Ipy30BbIX KO3()PUIIMEHTOB DLP DZP 3El 3FE 3El

['py30Bble KO3 GULUEHTHI TAKXKE HANUACHBI IPABUIBHO.

8 TIloacraBnsiem HaiineHHbIe KOI()(UIMCHTHI B KaHOHUYECKHE ypaBHeHHs (6.4),

COKpATHB Ha BeIMUuHY *kecTkoct El :
‘|,4X1 +2X, +80=0;
12X, +7X, - 10=0.

HaXOIII/IM HCU3BCCTHBIC YCHIIMSA.

X1=-242kH>m; X, =83 kH >m.

9 HpOBCpHCM MMPaBHUIIBHOCTDb PCHICHUA CUCTCMbI KAHOHUYICCKUX ypaBHCHI/II‘/'I:

4(- 24,2)+2>83+80=0;
2(- 24,2)+7x83- 10=0.
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10 B okeusarenmnoi cucmeme 3amensieM Xq u X o Ha HaiilcHHbIC 3HAYCHHUS U
OIpeIeNIsieM peakiuu B Kaxaoi 0anke (cMm. puc.6.8, 3). [Ipu aTom crenyet ydectsb, 4TO

IMOCKOJIbKY  JIJIA Xl OTBCT IIOJIYUYCH OTpHHaTeHBHBIﬁ, TO C€ro HallpaBJICHUC B

SKBHUBAJICHTHOM CUCTEME MCHSEM Ha IMPOTHUBOIIOJIOKHOC.

11 Ctpomm smropsr Q (cm. puc.6.8, u) u M g (cm. puc.6.8, k) mitst kaxmoii Ganku

OT/EIIBHO C yuéToM HaiimeHHbIX cuil Xq u Xou 00beAHHSEeM HX.

12 BeimonssieM degpopmayuonmsie nposepKu.

Jliist aToro “mepeMHo)kaeM” CHadaya SMIIOPHI M 1 (cm. puc.6.8, 0) u Mg (cm.

puc.6.8, k). DTUM caMbIM MBI ONIPECISEM YroJl MOBOpOTa Oanku B 3a1enke. OH T0JKEeH

OBITH PaBEH HYJIO.

7

— 1 €4 1043 v
Dy =(M," Mg)= Eéé(ZX_LX( 24.2)+158,3)+ o (1+0)g=
e u

1

EI( 32,27+322)= 007,

ITorpemHocTs pacyera paBHa

(- 32,27+32,2)
32,2

= 0,22%.

3ateM “TnepeMHOKUM” SITIOPBI M o (cm. puc.6.8, ) u M g (cm. puc.6.8, «).

Ecnu B pe3ynpTaTe AAaHHOTO “MEPEMHOXKEHUS MOJIYYMTCS HOJb, TO 3TO Oynaer

O3Ha4daTsb, 4TO B3aMMHbIN YTOJI TIOBOPOTA banku B T. B OTCYTCTBYCT.

., 1
D,p =(M," Mg)= E

m(?)g\

3
(2x1>8,3+1X- 24,2))+102’:1 (0+1)+

3 u_1 0084
+—(2X1x8,3+14- 60)).=—(46,033- 46 ,117)=- ——.
& - s0)fi=1 )=- %2
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(46.033- 46,117) 100 /
46 033

= 0,18%.

[TorpemnocTs:

13 U3 YCIIOBUA MPOYHOCTU IO HOPMAJIbBHBIM HAIPSKCHUAM HAXOJAHUM MOMCHT

COIPOTHBIICHUS HONEPEYHOro ceueHust, B3siB M iy U3 dmmopsl M g

M rex _60x107°
s ] 160

W, 3 x10° = 375cm°.

[To copramenty ('OCT 8239-89) wnaxomumm Homep mnpoduist. [IpuHUMaem
neyrasp Ne 27, y xoroporo W, = 3710]1/13, 4TO MEHBIIE PACYETHOr0 MOMEHTA
COINPOTHBIICHHMSI, HO B Tipeenax gomycrumoi (+ 3%) norpemHocty pacyera.

14 Omnpenensem nporu6 Ganku B T.D. IlpuknagsiBaeM K OCHOBHOM cHCTEME B

1. D emunnunyro cuny (cm. puc.6.7, 1) u CTpouM B3IIOpY M 3 (cM. puc.6.7, m).
“IlepemuoxaeM” Mg ¢ M 3 unony4aem nporu6 B 1. D:
1x10"° é3

>~ 5,10555010:10°8 g 2 2)- 60)+83( 2)+

2 U n2 —
+6(2(_ 2)(- 60))EI><].O =119cwm.

Oto mepemenienne coctariasier Bcero 0,5% ot nnmuHbl mposiéra OanKu, YTO

HOJTBEPKAAET €€ TpeOyeMyIo KECTKOCTb.
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7 YCTOMYUBOCTH PABHOBECHSI JIE®GOPMUPYEMBIX
CUCTEM

7.1. SIBjenue npoaoabLHOro u3ruda. [lonsaTue 06 ycToitunBoOCTH.

Buabl paBHoBecuii ynpyrux cucrem. Kpurunueckas cuiia

Bo BceM mnpenpiAylmieM H3JI0KEHHM Mbl ONPEAEISUIM IONEPEYHBbIE pa3Mephl
CTEP)KHEN U3 yCIOBHS npoynocmu. OIHAKO pa3pylIEHHE CTEPIKHA MOXKET IPOU30UTHU
HE TOJIbKO MOTOMY, YTO OYJEeT HapylleHa MPOYHOCTb, HO U OTTOTO, YTO CTEPKEHb HE
COXPAaHUT TOU (HOPMBI, KOTOpas eMy MpHUAaHa KOHCTPYKTOPOM.

Ecnu ctepkeHb CkMMaTh MPOJOJIBHBIMU CHIIAMH JI0 TEX IOP, MOKA CKUMAIOIINE
CWIbl HE NPEB30MAYT HEKOTOPON MNPOJOJBHOW BENMYMHBI, 3aBUCAILIECH OT JJIMHBI
CTEp>KHSI M KECTKOCTH €ro MOINepeyHOro CEYeHHs, TO CTEP:KeHb OYJEeT HCIBITHIBATh
OObIYHOE CKaThe, M OCh €ro OyleT ocTaBaThcs MpsAMONMHEHHOW. OpHako, eciau
C)KMUMAIOUIME CUJIbl CTaHyT OOJbllle 3TOW MNpeaeabHOW BEIUYHUHBI, TO CTEPXKEHBb

6HE3aNHO BBITYUYUTCS, U OChb €TI0 U30THCTCA.

chpueﬂeﬂue ONUHHBIX CmeleCHelj, COICUMAEMDBIX I’lpOOOJZbelMT/l cuiamu,

HAaszvleaemcs I’lpOOOJZ bHBIM U32UOOM.

BenencrBue wu3ruba MOSBUTCA U3TUOAIONIUNA  MOMEHT, KOTOPBIA BBI3OBET
JIOTIOJTHUTEIIbHBIC HATIPSIKEHUS, U CTEPIKEHb MOXKET 6He3anHo pa3pymuTbes. [1ogoOHbIe
aBapuu, K COXAJIECHUIO, UMEJIM MECTO C OMOPAMHU HEKOTOPBIX MOCTOB JI0 TEX MOp, MOKa
yU€HbBIC HE BBISICHWJIU, YTO MMPUUYMHON ITUX aBapuii ObLTa MOTEPs YCTOWYUBOCTHU OIOP.

[ToaToMy nJiss Haie)KHOU PabOThl KOHCTPYKIIMK HEIOCTATOYHO, YTOOBI OHA ObLIa
MpoYHa, HEOOXOIUMO, YTOOBI BCE €€ DJIEMEHTBl ObLIU YCmouuu6sl, T.€. OHU JIOJKHBI
MpU JEUCTBUM HArpy3o0K Jae(opMHUpOBaThCS B TaKUX Ipejernax, 4ToObl xapakmep WX
paboThl OocTaBajCsi HEM3MEHHBIM. [lo3TOMYy B 1€JIOM psifie cliydaeB, B YaCTHOCTH, IS
CKAaThIX CTEpIKHEH, MOMUMO MpoGepKU HA NPOYHOCMb, HEOOXOJIUMA U NpoepKa Ha

YCMOU4YU80CMb.
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Yemoniuusocmuro nazwvieaemces cnocobornocmo KOHCmMpyKyuu uiu ee 3j1emMerHmos

COXPAHAMb 3A0AHHYI0 HAYANbHYI0O OPMYIY YNPY2020 PAGHOBECUSL.

IlonsTue YCTOﬁqHBOCTH HMCECT YHHBepcaHBHBIﬁ XapaKkTep U OTHOCUTCA B paBHOﬁ
CTCIICHHN KaK K YCTOﬁqHBOCTH XUMHUYECKNX U OHMOJIOTHYSCKUX HBJICHPIﬁ, TaK H K
YCTOﬁqHBOCTH MCXAHUYCCKUX, JICKTPUICCKUX U JPYTUX CUCTCM.

Y1005l BBISICHUTD, YCTOﬁqHBa CHUCTCMAa MJIKM HCT, HAAO0 OJAaTb eyl manoe omkioHeHue
n NpcaoCTaBUTH camor cebe. Ecnu cucrema BO3BpPATUTCA B UCXOOHOC COCTOSAHHUC, TO
roBOpAT, YTO OHA YCTOﬁqHBa.

Haubonee HariasaaHO ITOHATHUC YCTOﬁqHBOCTH MOXHO IMPOACMOHCTPUPOBATH Ha

npuMepe MIapruKa, JSKAIIero Ha pa3IMYHbIX TOBEPXHOCTAX (puc.7.1).

—
1N D N VRN
/\_‘I I~ . / \ /

a 0 8

Pucynox 7.1

Ecnu mrapuk, nexamuii Ha BOrHYTOH moBepxHOCTH (cM. puc 7.1, @) CMeCTUTh U3
IIOJIOXKCHUSI PABHOBECHS, TO CHJIBI BeCa BEPHYT €r0 B UCXOJHOE IOJIOKEHUE, KOTOPOE
Ha3bIBACTCA YCMOUYUBHIM.

[Mlapuk, nexammii Ha BbBINYKIOH moBepxHocTH (cM. puc.7.1l, 6), npm
HE3HAYUTEIBHOM OTKJIIOHEHHH CaMOCTOSITEIBHO HE MOXKET BEPHYTBHCS B HCXOJHOE
COCTOSIHHE PaBHOBECUS, KOTOPOE SIBIISIETCS HEYCMOUYUBHIM.

Ecnu mrapuk nexuT Ha rOpU30HTAIBHOM MoBepxHOCTH (cM. puc.7.1, 6), TO Takoe
paBHOBecUe Ha3bIBaeTCs Oezpaziuynbim (unu Kpumuyeckum), TTOCKOIBKY IIApUK OyaeT
OCTaBaThCs B MOJIO)KEHUHU PaBHOBECHS IPU JIIOOOM €0 OTKIIOHEHUHU.

[lonsiTHE YCTOMYMBOCTM HNPUMEHUMO M K YIPYTHUM CHCTEMaM. SIBIEHHE MOTEpU
YCTOMYMBOCTH JUIsl YNPYTHX TeJI MOXHO HaOMI0aTh HA IEJIOM psle pazIudHbIX
npumepoB. Hanbonee npocTeiM cilydaem SIBISETCS MOTEPS] YCTOMYMBOCTH LEHTPATBHO

CIKATOI'0 CTCPIKHA.
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PaccMoTpuM ITMHHBIN TOHKHE cTepkeHb (puc.7.2).

\\ 1 \\ P2/I, P3
\ \\ ’
\ \\ /I AN
\ N N Y
A\ K4 \ ]
W L
777777~ 77777 WZZZ
a o 8
Pucynox 7.2

Huxnauit KOHCH CTCPIKHA JKCCTKO 3aKpCIIMM, a K BCPXHCMY IIPHIIOKHUM

COKMMAIOIYIO CUJTy P, IEHCTBYIOLIYIO CTPOTO 110 OCH CTEPHKHS.

[Ipy HE3HAYUTEIHLHON COKUMAIOIIEN CHile P, CTEPKEHb BHaudajge OyHAeT TOIBKO
1

C)KMMAaThCS, U OCh €ro Oy/eT ocTaBaThCs MPAMOJINHEHON. Eciiu cTepeHb BBIBECTH U3
MPSMOJIMHEWHOTO COCTOSIHUSA, TO MOCJE YAAJIEHUS BHEIIHEN CUIIbI BHYTPEHHUE YIIPYTHE
CWIbl CHOBA BEpPHYT CTEPKEHb B IIEPBOHAYAIBHOE MPSMOJIUHEWHOE COCTOSIHUE
(cm.puc.7.2, a). Ha oroii cramuu mnpsMoivHEHHas QopMa pPaBHOBECHS CTCPXKHS

ycmouyusd.
IIpy yBennueHNH MPOJONBHON CHIIBI 10 HEKOTOPOH BEIMYHHBI P, YCTOHYHBOH

dbopmoit paBHOBecuss OyaeT wu3orHyras ocb (cMm.puc.7.2,6). B oartoit cramgun
MPOJOJIBLHOTO M3ruba jJaxe HeOONbIIOe YBEIUYEHUE CHJIBI MOXET IMPUBECTH K

HE3HAUUTEIbHOMY U3TU0Y CTEPHKHS.
Ecnu yBennuuTh NpOJOSIbHYIO CHITy 10 P3, TO BHYTPEHHHE CHIIBI YK€ HE CMOTYT

YPaBHOBECHUTh BHELIHIOI Harpy3ky. Ilpu sToM cTepxkeHb nuOO ciomMaercs, €clid OH
CIeJaH M3 XPYIKOro Mmarepuaia, JinOo u3orHercss (cMm.puc.7.2, ), eciu Marepua
MJIACTHYEH.

Takum 00pa3oM, CylIecTBYeT TP BUAa PAaBHOBECHS YIIPYTUX CUCTEM.

Yopyroe paBHOBecue OyIeT ycmouuugvlm, eciv aepopMUpyeMoe Telo IMpu

JIIOOOM MaJIOM OTKJIOHEHHMH OT COCTOSHHUS PaBHOBECHA CTPCMUTCA BO3BPATUTHCA B



7.1 MoHaTue 06 YCTOMYMBOCTU 67

NEPBOHAYAILHOEC COCTOSIHME W BO3BpAIIACTCS K HEMY IOCJIC YJAJICHUS BHEIIHETO
BO3JICHCTBUS, HAPYILIUBIIECTO NIEPBOHAYATBHOE PABHOBECHOE COCTOSIHUE.

Yrpyroe paBHOBecue OyIeT Heycmouuugsblm, eciii 1eopMUpOBaHHOE TEJIO,
Oyny4u BBIBEJICHO U3 HETO KAKMM-JINOO BO3/ICHCTBUEM, IPHOOPETACT CTPEMIICHHE
IPOIOJIKATH Je(OPMHUPOBATHCS B HAITPABICHUH JJAHHOTO €My OTKJIOHCHHUS U TOCJIe
yIaJIeHUs] BO3JICHCTBHS B UCXOTHOE COCTOSIHME He Bo3Bpainaetcs. [Ipu morepe
YCTOWYMBOCTHU YIPYTO# CUCTEMBI OJIMH BUA Aedopmaiiuu (crkaTue) mepexouT B
apyrou (u3ruo).

Mexay STUMH JBYMS COCTOSHUSIMH PaBHOBECHSI CYIICCTBYET MEPEXOIHOC
COCTOSIHUE,  Ha3blBaeMoe  Kpumuueckum. Ilpy  KpPUTHYECKOM  COCTOSIHUH
neopMUpOBaHHOE TEJNO HAXOAWTCS B O€3pa3IMYHOM pABHOBECHH: OHO MOJXKET
COXpPaHWTh MEPBOHAYAIBHO MPUAAHHYIO €My (GOpMy, HO MOXKET M MOTEpSITh €€ OT
CaMoro He3HAYUTEIHLHOTO BO3ICHCTBHSI.

Haepyska, npegviuienue KOmMopol  Gvl3vieaem  NOMep  YCmMou4ueoCcmu

Nep8oHAYANbHOU (YOpMbl mead, Ha3bl8Aem s KPUMUYECKol Hazpy3Kou U 0003Hauaemcs
uepes PKp.

MoXHO yTBEpKAaTh, YTO JOCTHKECHUE HAarpy3KamMu KPUTHYECKUX 3HAYCHUU
PAaBHOCUJIBHO pPa3pylICHUIO KOHCTPYKIMH, T.K. HeycToWumBas (opMa paBHOBECHUS
HEMHHYEeMO OyJeT yTpaueHa, UYTO CBSI3aHO C MPAKTUYECKH HEOTPAHUUYCHHBIM POCTOM

IIC(l)OpMaI_II/II/I u HaHpH)KeHPIﬁ. PaspymeHI/Ie Inpu 3TOM MPOUCXOAUT BHEC3AIMHO U IIPpU

HHU3KHUX 3HAYCHUAX HaHpHX(eHHﬁ, Korga InmpoO4YHOCTHh €UIC JAJICKO HC UCUCPIIaHA.

7.2 ®opmy.ia Jilsiepa AJs1 onpeeIeHusi KPUTHYECKOH CHJIbI

HIAPHUPHO-0NIEPTOr0 CTEPKHS

[Ipu Oe3pa3nMYHOM COCTOSSHUM pPaBHOBECHs JICUCTBYIOIas Harpys3ka paBHa
KpUTUYECKOU. B CBsI3U ¢ 3TUM HEOOXOAMMO YMETh ONPEICIISAThH €€ BETUUNHY.
[lepBble uccneqOBaHUS YCTOWYMBOCTHU CXKATHIX CTEP)KHEW OBUIM NMPOBEICHBI B

XVIIl cronetun pycckum akagemukoMm JI.Duwrepom (1707-1783). B nanbHeiiiem
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Oonbiras pabotra B 00JaCTH TEOPETHUECKOTO M IKCHEPUMEHTAIBHOTO HCCIEIOBAHUS
BOIIPOCOB ycToiunBOCTU OblIa npoBeaeHa yuéubiMu @D.C. Scunckum, H.H. Jlunaukowm,
C.II Tumomenko u aAp. M3 WHOCTpaHHBIX YYEHBIX CIEAYET Ha3BaTh leTMmaepa,
Onreccepa, Kapmana. brectsmmm 3aBepieHneM Bcex paboOT B o0iacTu yrnpyrou
YCTOMYHUBOCTHU SIBISIETCS TEOpHUsA, CO3/IaHHAs BBIJAIOIIMMCS COBETCKMM Y4€HBIM B.3.
BiacoBbIM.

N3 Bcero MHOrooOpas3ust pacu€ToB Ha YCTOMYMBOCTH YIPYTUX CUCTEM MOAPOOHO
pPacCMOTPUM JIMILbL ClIy4ald HOTEPU YCTOWYMBOCTU IPU CKATUU JIMHHOI'O TOHKOTO
CTEP>KHS UJIU TaK Ha3bIBAEMbIN MPOJIOIBbHBINA U3THO.

HpCIIHOJIO)KI/IM, YTO IIOA HCﬁCTBHeM CUJIbl P, BE€IMYHHA KOTOpOﬁ IMPCBLIIACT

KPUTHYCCKYIO CHUITY PKp’ CTCPIKCHb C IIApHUPHO BaKpCHHéHHBIMI/I KOHIIaMH CJICTKAa

usornyJics (puc.7.3).

Y
P=P, ¥ P=P,
|
< g
Pucynok 7.3

N3rub, ectecTBEHHO, NPOUCXOJUT B TIUIOCKOCTH HAaWMEHbIIEH >KECTKOCTH.
PaccmoTpuM ycnoBHsl, MpH KOTOPBIX BO3MOKHO PAaBHOBECUE CTEPIKHSA C H30THYTOU
OCBIO.

B ocHOoBy BbIBOJa (QOpMYINBl  TOJIOKEHBI  CIEAYIOIIME MPEANOCHUIKH,
UJeaNU3UPYIOLIKE pealbHbId 0OBEKT:

1 Crepxenp cuuTaeTcss aOCOMIOTHO NPSIMOJMHEWHBIM U  BBINOJHEH U3

OJIHOPOJHOTO YIIPYroro MaTepuara.
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2 Harpyska npuiio)xeHa cTporo BJIOJIb OCH CTEPIKHSI.

3 HepeMeH_ICHI/IH TOYCK CTCPIKHA ITOCJIC ITIOTCPHU YCTOﬁqHBOCTH OYCHb MAJIbI.
4 KpI/ITI/I‘IeCKaH cujia PKp HC BBI3BIBACT B CTCPIKHC HaHpHX(eHHﬁ, IMPCBLIITATOIIN X
rnpeaes NpornopHyuOHaIbHOCTH.
CooTHoI1IEHUE MCXKIY paanyCOM KPHUBHU3HbI I Oanku u I/ISFI/I6aIOH_II/IM MOMCHTOM
M OBLIO BBIBCICHO IMTPHU U3YUCHUN YUCTOTI'O n3ruda v UMeeT BHU.
1_M(z)
r El,

M3 matemaTHyecKoro aHajaimusa HU3BCCTHO, YTO KpHUBU3HA Oanku BbIPAKACTCA

bopmynoi

/

N w

D
&8
Q -I-O:N

aW> @ D~
+
()
|
O

Torna touHoe nuddepeHuaibHOe ypaBHEHHE H30THYTOM OCH OaJIKu MOXHO

3alluCaThb TakK

d2y
dz? _.M(2)
] , 3 T El
€  aslyg U2
él+ (:,dy— U
g edzgy
YuuthiBasgs jgomyiieHue O MalocTu jaedopmainuii Oaiku W mpeHeOperas
. dy .
KBaIIpaTOM HpOI/ISBOIIHOI/I d— 10 CpaBHCHI/IIO C CIII/IHI/II_[eI/I:
Z

gfi_ye o1
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3anumeM npubmkeHHoe quddepeHiranbHoe ypaBHEHHE U30THYTOM OCU Oaliku

B INIOCKOCTH HAaMMEHBIIEH KECTKOCTHU

2
El i d_zy =+M(2). (7.1)
dz

PaccmoTpum cedenue crTepkHs (cM. puc.7.3) Ha pPacCTOSHUU Z OT Hayaia

KOOpJAHHAT. B »Tom MecTe opAuHaTa HSOFHYTOﬁ OCH paBHA y y a 143r146a10m14ﬁ MOMCHT

M(2) = - Pgpy.
[lo cxeme, wuzoOpakeHHOW Ha puc./.3, HU3ruOAONIMI MOMEHT MOJydaercs

OTPHULATCIIbHBIM, OpJAHHATA XK€ TOYKH y > 0 Ecnu ObI CTCPIKCHb OBLT HNCKPUBJICH

BBIIIYKJIOCTBIO BHU3, TO MOMeHT M (Z) ObL1 GBI moNOXKUTENLHBIM, @ Y <0,

B nr060Mm ciyuae B quddepenipansaom ypasaenuu (7.1) OyaeT npucyTcTBOBaTh

3HAK KMUHYC»:
d? y
El min

e =-Pypy. (7.2)

0O003HaUYUM

P
KP -2, (7.3)
El min

Torna ypaBaenue (7.2) npuMeT BHT

2
%+k2y:0. (7.4)

Mp1 nonyunnu nuddepeHiuanbHoe JTMHEHHOE OJHOPOAHOE YpaBHEHHE BTOPOTO

mopsaka. Ono umeer TPUBHAJIBHOC PCIICHUC

y = Asinkz + Bcoskz. (7.5)

[Toctostunbie A U B nomkHbl OBITH BEHIOPAaHBI TaK, YTOOLI OBLIH YAOBIETBOPEHDI

I'PaHUYHBIC YCJIIOBHA.
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-Ipu 2 = 0 y= 0;

-npu 2=1 y=0.

U3 nepsoro ycnosus BeiTekaer, uto B = 0,a u3 BTOporo:

Asinkl =0.

DTO ypaBHEHUE MMEET JBA BO3MOKHBIX PEHICHUS.

Eciu A=0, To nepemenienus Y ToxkIECTBEHHO 0OPANIAIOTCS B HYIIb, H CTCPKEHD,
CJIE/IOBATENBHO, COXPAHSET MPAMOIMHENHYIO GOpMy. DTOT Cllydall HAC HE MHTEPECYET.

Bo BTOpoM city4ae: sinkl =0.

Dto Bosmoxuo ipu KI =pNn, rne N — npounssonbHoE nEn0E vmMCIIO.

YuutsiBas ypaBHenue (7.3), moyyuaem:

P = P 2n2E| min

(7.6)

310 popmyna inepa 1yt CTEPAKHS C MAPHUPHO-ONEPTHIMU KOHILIAMH.

OT1o 0003HAYaeT, YTo ISl TOro, YTOOBI CTEPKEHb COXPAHSII KPUBOJUHEHHYIO

(popmy, Heo6x0aMMO, uTOOEI cunta Py, npuanmana onpesenénoe 3sHaueHue.
Hanmensinast cuna PKp oyner nmpu N=1:

2
P _Pp Elmin_

Kp I 2 (7.7)

DTa cusa HOCUT Ha3BaHUE NepBol KPUMUYECKOU CUTIbL.

Ipu N=1 senuuuna KI =P u ypaBHenue ynpyroii TMHUM MPUHUMAET BUJL

y=As n%. (7.8)

B sToM ciyyae MakcUMalbHbIH Tporu® ocu crepkHs pasen A (puc.7.4), a

CTCPIKCHDb n3rudaeTcs Ha OIIHOﬁ IMOJTYBOJIHC CUHYCOHU/IBI.
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Pucynok 7.4

[Tpu 11060M LIENOYMCIEHHOM 3HaueHuu N

y=As n# = Asinkz, (7.9

U yrOpyras JUHHUS CTEP>KHsS M300pa’kaeTcsi KpUBOM B BHJI€ CUHYCOHMJbI C KOJUYECTBOM
MOJTYBOJIH, paBHBIM N (cM. puc. 7.4).

Mpbl  paccMOTpenu  AOCTATOYHO  YIHPOILICHHBIM IOAXOJ K  OIPEACIICHUIO

KpuTH4eckor cuibl. U3 ypaBHenus (7.9) octaercs HEsACHBIM, YeMY paBHA aMILTUTYIa

A. He sacuo, kakoi Bua (mepBBIi WM BTOPOi) OyJAeT HMETh MOTEPSBIINI

YCTOHYMBOCTS cTepiKeHs, et P >PF .

Ecim P > PKp xoTst 661 Ha 10%, To mporud OyAeT 3HaYUTENbHBIM, U YPAaBHEHUEM

DOlinepa Noab30BaTHCS HENB3S.
Huddepenumanproe ypaBuenue (7.2) sABIsCTCS NPHONIMKCHHBIM M TPUTOIHO

JIMIb B CJIy9ac MaJIbIX HpOI‘I/I6OB. Ecam aTo YPAaBHCHHC HAIIUCATh TOYHO, TO ITOJIYUUM

= dz® ___ Py. (7.10)

Ipu cune P, Gombueit kpuruaeckoii (P >PF, ), nepememenns pacryr crons

o 2
6BICTpO, qTo npeHe6peraTB BCJIMYUHOU ) B 3HAMCHATEJIC HEJIb3A.
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7.3 Bausinue ycyioBuii 3aKpernieHusi KOHIIOB CTEPKHS

Ha BeJIMYMHY KPUTHYECKON CHJIBI

B mpenenax maibix mepeMeIieHui ISl CTEPIKHS, HMIApHUPHO-3aKPEIUICHHOTO 10
KOHI[AM, M3TH0 MpU MOTEPE YCTOWYHUBOCTH MPOUCXOIUT IO IOJYBOJIHE CHHYCOHUIBI
(N=1), u kxpuTuyecKas cuiaa paBHa

2
P = p “El min

Hcnonas3yst 0COOCHHOCTH YINPYroW JIMHHUH, OKA3bIBACTCS BO3MOYKHBIM JTOBOJIBHO
IPOCTO PACHpPOCTPAHUThL IMOJYYCHHOE PEIICHWE W Ha JAPYrue Ciaydau 3aKperICHHs
crepxkHs. Jms 3TOrOo Hamo CpaBHHTH (OPMY IMOTEPH YCTOMYMBOCTH CTEp)KHEH ¢

pPasHbIMHU THUIIAMH BaerHJICHI/Iﬁ C HOTCpCﬁ YCTOﬁqHBOCTH HIAPpHUPHO-OMICPTOI O

crepxHs (puc.7.5).

P
| 1
: n==
| I 2
|
|
7/
n=1
m:}:]_ m=2
n
a o 8 2
Pucynok 1.5

PaccMoTtpuM crepxkenb anuHoil |, koTopelif 3ajenan oJHUM KOHIIOM M cKat
NPOJIOJIHOM CWIIOH, MPHUIIOKEHHON K cBOOOIHOMY KOHITY (cM. puc.7.5, 6). CpaBHuBas
puc.7.6, a u 6, BUAUM, YTO U3O0THYTasi OCb CTEP)KHs, 3a/IeTaHHOTO OJAHUM KOHIIOM,

HaXOIUTCA B TAKHUX JKC YCIIOBHAX, KdK W BCPXHASA ITOJIOBHHA CTCPIKHA, IUIHHOﬁ 2' C



74 7 YCTONYMBOCTb PABHOBECKA OE®POPMUNPYEMbLIX CUCTEM

IIApHUPHO 3aKPCINICHHBIMH KOHIIAMMU. Takum 06pa30M, KPpUTHUYCCKYIO CHITY IJIA
CTCPKHA C OAHUM 3daJCIIaHHBIM KOHIOOM MOXHO TIIOJIYYUTH, HCIIOJIb3Y:A (1)OpMy.]Iy

Ditnepa (7.7), HOACTAaBUB B 3HAMEHATeNb JIMHY cTep:kHs, pasHyio 21

2
El
P, = P_Elmin (7.11)
2
(21)
[lpu »TOM wu30rHYyTass och crepxkHs (cM. puc.7.5, 6) UMeeT BHI TOJOBHHBI
a% 106
IIOJTYBOJIHBI cUHycouasl CN = — =+
e 29

PaccmatpuBas gopmy moTrepu yCTOMUYMBOCTH CTEPKHS C 3aJICJIKOM Ha OJIHOM

KOHIIC W C MIAPHUPOM Ha JApyrom (cM. puc. 7.5, ), MOXKHO YBHUJETh, UYTO Ha JIJIMHE

30
CTep>KHsI 00pa3yeTcsi MOJTOPbl MOJYBOJHBI CHUHYCOMJIbI (?1 = E+, U, TOBOpS MO-
e 17}

IpyroMy, TIOJIyBOJIHA CHHYCOUIbI 0Opa3yeTcss Ha Yy4yacTKEe CTEepXKHSA JJIMHOU

2
3 1 =0671 » 0,71. Vcnonesysa Gpopmyny (7.7), HaiiieM KPUTHYECKYIO CHITY

2
P :p EImin

> = 0T (7.12)

Paccyxnast aHanmoruyHo, JUisl CTEpXHS, 3alIeMJIEHHOI0O Ha OOOMX KOHIIAaX
(cMm. puc. 7.5, 2), HaitmeM, YTO Ha JJIMHE CTCPXKHS YKIAIBIBAIOTCS BE ITOJYBOJIHBI
(N=2), a monHas MOJyBOIHA CHUHYCOMIbI oOpasyerca Ha ywactke anumuoit 0,51, n

dopmyna (7.7) npumer BU

2 .
p_ =P Elmn (7.13)

7 (051)%

Cootroruenus (7.7), (7.11)...(7.13) MoxHO 00BEAUHUTD B OJTHY (HOPMYITY:
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, (7.14)

rre | np =nl — [IPUBEACHHAS JJIMHA CTEPKHS;

I - @aKTquCKaH JJIMHA CTCPXKH,

M — ko3 puIMeHT NpUBEACHUS JTUHBI.
Koapdunment npuBeneHus IiIuHBI CTepkHS [T TIOKa3bIBaeT, KaKyl dYacTh

OJIMHBI CTCPIKHA H€O6XOIII/IMO B34ATH IIPHU OIPCACIICHUN KpI/ITI/I‘IeCKOﬁ CHJIbI PKp npu

UCIOJIb30BaHUM (GOpMYITbI Dilniepa.

[Ipaktuueckn BenuuuHy KoddduireHTa MNpuBeAeHUs IMHBI [T MOXHO

1

HAXOJUTh, YYUTHIBAS, YTO m=—, (7.15)
n

rie N — KOJMYECTBO TOJIYBOJIH CHHYCOHUIBI, OOpa3ymloIIMXCi MpU MOTepe
YCTOMYUBOCTHU CTEPHKHSI.

Jlis mpuMepa paccMOTPUM JiB€ KOHCTPYKIMH (puc.7.6), B KOTOPBIX C)KaTbIC

CTCPIKHHU UMCIOT PA3HBIC BUbI KpCHHCHHﬁ.

n - KOIU4ecmeo noJiy6oJH n - KOIU4ecmeo noJy6oJH
1_7
n=2 n=3=-"=_
2 2
_1_1 = } = E =028
n 2 n
Pucynok 7.6

[Ton cxemamu oKa3aHO KOJMYECTBO MOJIYBOJIH CUHYCOUBI, 00pa3yIOIMXCs IPU

JIC(l)OpMaI_II/II/I CTCp)I(Heﬁ, 1 MCTOA HAXOXIACHUA KOC—)(l)(l)I/II_II/IeHTOB n MPpUBCACHUA JJINHBI.
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8 IMMPAKTUYECKHUE PACUYETBI C)KATBIX CTEP)KHEHN
HA YCTOMYUBOCTD

8.1 Ilpenennbl npuMeHUMOCcTH GopMyJibl Jiliepa.

DopmyJia ScuHCcKoro

BreiBog ¢opmynbl Diinepa OCHOBaH Ha MCHOJB30BaHUM JU(PEpeHIINaTbHOTO
YpaBHEHHUs YIIPYroH JIMHUM, KOTOPOE CIPaBEIIMBO B IpeAenax 3aKkoHa I'yka, T.e. moka
KPUTHYECKOE HampsokeHHe (HampsoKeHUE CHKaTusl, COOTBETCTBYIOIIEE KPUTHUCCKOM

CI/IJIC) HC IPEBBIIACT Mpeacia NponOpHIHOHAIBHOCTH.

P

S, = ép £s,, - (8.1)

JlefiCTBUTENBHO, eCIH NpsAMOJIUHetHas GopMa CTEpKHS OCTAeTCsl YCTOMUMBOU U

IIpU  HANPSDKEHUAX, MPEBBIMIAIONIUX MPeaes MPONOPIUOHAIBHOCTH S TO

ny?
muddepenmanbaoe ypaBaenue (7.1), mpeanonararoiiee CripaBeIMBOCTh 3akoHa ['yKa,

YKE HCIIPUT'OHO.

Beisesiem  GopMyny JUisi  KPHTHYECKOTO  HANPSKCHHS S, NOACTABMB B
ypaBuenue (8.1) popmyny Ditnepa (7.14):
2
S _PKP _P EImin 8.2
Kp - 2 . ( . )
F o (m)°F

quTBIBaH, 4dTO KBaApaT paanyca HHCPUUHU IIIOIMIAAN CCUCHHA

Imin = =
2 2
_ P "EXpqin
IoJIy4yaeM S = (rri )2

Benem Oe3pazMepHyIO BEIUUUHY

Kosdpuuuent | npunsaro nassiBats cubkocmuio cmepaicus.
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OxonyatenbHO Gopmyina (8.2) npumer Bu

_P°E

SKp - |2 ’ (83)

OTKyZla BHJIHO, YTO KPUTHUECKOE HAMPSKCHHUE CTCPXKHS 3aBUCHT OT YIPYTUX CBOWCTB
matepuana (ot Moayns ynpyroctd E ) u rubkoctu crepsxns (| ).

dopmyna (8.3) mpencraBiasieT coOOl 6udousmenenue gopmyavt Jiinepa U B

CUCTCMC KOOpAWHAT S Kp = f (I ) 9Ta 3aBHCUMOCTH MOJXET OBITH OIIMCaHa

runepOoIMYecKoi KpUBOU, Ha3bIBAEMOM eunepboot Jiiiepa.

B xauecTBe npuMepa mpuBeneM Takoi rpaduk (puc. 8.1) mis crepikHs U3 cTanu
mapku C1.3, 118 KOTopoi Moayib ynpyroctu £ =21 X10° MITa, npeaesa TEKy4ecTH

S ,, =240 Mlla, a npenen nponopLHOHATILHOCTH S ny =200 Mlla.

s, =240

S, =200

100

50 150
Manasa CpeOH;z;z bonvuwas
| 2u6l<ocmb 2ubKoCmb

2ubKocmo

Pucynox 8.1
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I'paduk moOKa3pIBaeT, YTO IO Mepe BO3pacTaHUs THOKOCTH CTepkHS |
KPUTHUYCCKOE HAIPSHKCHUE CTPEMHUTCS K HYJII0, ¥ HA00OpOT, MO Mepe MPHUOIHNKCHUS
TMOKOCTH CTEPXKHSI K HYJIFO KPUTHYECKOE HAMPSHKEHUE CTPEMHUTCS K OCCKOHEYHOCTH.

Haiinem npedenvt npumenumocmu hopmyiisl Ditnepa.

U3 ycnosus (8.1) B coorBeTcTBHHM ¢ hopMmysioi (8.3) numeem

S ip :—I > ESW,
np

OTKYyJa IIOJIYYUM BBIPAKCHUC IJIA HpeHeHBHOﬁ THOKOCTH

2
E
|3 2—. (8.4)
ny

3HauuT, Gopmyna DWiiepa CTAHOBUTCS HEMPUTOJHON MpPU TUOKOCTH CTEPXKHS,

MEHBIICH MMpCaACIbHOIO 3HAYCHUA I 3aBHUCAIICTO TOJIBKO OT CBOICTB Marcpuaja, T.cC.

np?
B paccMaTpuBaeMoM ciyyae Gopmyia Ditjiepa CTaHOBUTCS HEMPUTOJHON MpU THOKOCTH

CTCPIKHA MEHBbILICH

2 3)
Lp = > 2><§(,)1><10 »100.

ONBITHBIM HYTéM YCTAHOBJICHO, YTO IICfICTBPIT@JIBHBIC SHAUYCHUA KPUTHUYCCKHX

HAIIPSOKEHWH 171 cTepxkHedl cpenmel m manoi rmokoctu (I < np) HWXKE

KPUTUYECKUX HANpsOKEHUM, HalieHHbIX 1o ¢opmyne Oitepa. Takum oOpazom,
dbopmyna Dilsiepa B 3TOM ciydae Aa€T 3aBbIIIEHHBIE 3HAUYEHUS KPUTUUYECKON CHUJIBI, T.€.
BCErJa TMEPEOLECHUBACT JIEUCTBUTEIBHYIO YCTOMYMBOCTh  CTepxkHA. lloatomy
ucnonvsoganue ¢opmynvl Jiinepa Ol CMEPHCHel, MepPAIWUX YCMOUUU8OCMsb 3d
npeoenamu ynpyeocmu, He molbKO NPUHYUNUATILHO HeNnpasuibHo, HO U KpauHe OnacHO
1O C80UM NOCIEOCMBUSIM.

Teopetnueckoe  pemieHue  3agayd 00  YCTOMYMBOCTH 332  MPEACIIOM
MPOMOPLMOHATBHOCTH  CJIOXKHO, T03TOMY OOBIYHO TMOJB3YIOTCS 3IMIUPUUYECKUMU

dbopmynaMu, MOJYYCHHBIMU TYTEM OOpPaOOTKM OOJIBIIOTO KOJHUYECTBA OIBITHBIX
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naHubeiX. @.C. Acunckuii, cobpaB u oTpabOTaB OOIIMUPHBIN OMBITHBIA MaTepuai 1o
IPOAOIBHOMY H3THOYy CTEp)KHEH, MPEASIOKUI MPOCTYI0 (OpMYIy JUIsl OIpEIeICHUS

KPUTHYCCKHX HaHpH)KeHI/Iﬁ 3a MpeaciaoM IpOIIOPIMOHATIBHOCTH

Sy =a- bl , (8.5)

rme & u D — skcnepumenransHble K0d(QGUIMEHTHI, 3aBUCALIME OT BUJA
matepuana. Hanpumep, a1 cramu Cm.3: a =310 MIla, b =114 MIla.

Hns uyryna Bmecto JuHedHOH ¢opmynsl  @D.C. SIcMHCKUN  TpeaioxKui

apaboJIMuecKyIo 3aBUCUMOCTh
_ 2
S,y =a- bl +cl “, (8.6)

rne ¢ =053 Mlla.

dopmyisl (8.5) u (8.6) HocsaT HazBanue hopmyn Acunckozo.

IIpu HEKOTOPBIX 3HAYEHUSX THOKOCTH (0603HaunM ero | o) Benmmuuna S -
CTaHOBHTCs paBHOU S ,,,. Crepkun, y kotopbix | <| ), HassBatotest cmepoicnsmu

manou cubkocmu. Ix PaCcCUHUTBIBAIOT TOJBKO HA ITPOYHOCTD.

Haitnem | ¢ 11t cTambHOTO CTEpIKHS, UCTIONB3Yys opmyny Scurckoro (8.5)

S,, =a-blg=s,,

a-s, _310- 240 _
b 114

61.

OTKyJa l o =

Paccmarpusas rpaduk S :f(l ) mis cramu Cr.3 (cm. puc. 8.1), MOXKHO

BBIJICNTUTH TPH €r0 YaCTH:
— runep6ony Diinepa mpu | >I = 100;

— HAKJIOHHYIO MPsAMYI0, OIIMCAHHYTIO @OpMYJIOfI SIcuHCKOrO U CIIPpaBCJINBYIO B
npeaciax

60=1o £l £1,, =100;

— [OYTH rOpU30HTATBHYIO mpsimyto ipu | < .
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B 3aBUCHMOCTH OT BEJIMYMHBI THOKOCTH | CTEp:KHM NPMHATO HA3BIBATH:
-mpu | >| np — cmepacHU OONbULOL 2UOKOCTU,
-mpu l g £1 £1 np — CMepoiCHU cpednell 2ubkocmu,

-ipu O£ E1§  —cmeporcnu manoii 2ubxocmu,

IIpumep 1. PaccmoTpuM mnpumeHeHue (opmMysl pacyeta KpUTHUECKOIO
HAMPSOKCHUS UL KPYIJIOro CTalibHOrO cTepkHsS d = 8 cM, 3alemMIIeHHOTO OJHUM

KOHIIOM U IIIAPHUPHO-OIIEPTOro Ha JpyroM Koniie (puc.8.2).

P

| )]

Pucynox 8.2

Jlns manHoro cmnocoba 3akpericHus ctepxHs (cMm. puc.8.2) koaddummeHT

npuseneHns umeEsl W =0,/ .

Bynem U3MEHATh JJIMHY CTEPKHS.

a) ITycTs nepBonavansHo jutnHa crepxkHs | = 4,6 u.

H 11 H =
alzeM paanyc MHEpUMH cedeHus. | = ,/ pa_ —

I'u6kocth crepxusa | = rr ; = 07 )2460 =161> | =100.

CJICJIOB&TCJIBHO, CTCPIKCHb OTHOCHUTCA K CTCPIKHAM bonvuol cubkocmu.

B atoMm cnydae npumensieM gpopmyny diinepa.
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_p2El 3142 x2x10° X103 x01x10° 8

P, = =382,2kH ,
T (mi)? (07 4p) )
4
e | = pGi4 = 201cm®

6) N3menum HJINHY CTCPIKHA. HYCTB NJINHA CTCPIKHA I = 2,3 M. Torna

~nl _0,7°230 _
i 2

re. | g=60£1 =80£1I,,=100.

I 80,

Crep>XeHb OTHOCUTCS K CTEPXKHSM cpeoHeli cubkocmu, s KOTOPBIX
crpaBeIuBa popmyna Acunckozo

| wp = as bl =310- 1,14°80= 2188 MIla.

Hatinem P, =s . xF =2188 X103 x50,24 X10° 4= 1099,2xH ,

Kp K

_pd? 314582

e F = 50,24 cn®.
4
B) U, naxonen, npu mmune crepxus | = 1,1 .m rubkocts
nl _0,/°110
| =— = =385.
I
Hockombky | =38,5< | j =60, To crepikens UMeET Manyio 2ubKoCmb.

B stom ciyuae S, =S, =240 Mlla.

Toraa P, =S ,, XF = 240x10%>60,24X10"* = 12058xH .

Takum 06pa30M, IIpu OAWMHAKOBBIX BHAAX KPCIUICHUA CTCPIKHH pasﬂoﬁ JJITMHBI

PAcCCUYMTHIBAIOTCS MO pa3HbIM (popmysam.
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8.2 Kos¢gpunueHT yMeHbIIEHUSI OCHOBHOT'O /IOy CKAeMOT0

HANIPSKEHUA. Y CII0BUA YCTOMYUBOCTH

MoxHO CUNUTATDL, YMO YEHMPATbHO Cocanvle CMEPIHCHU MEPAIONT C60I0 HECYULYIO
CNnocooHoOCmb om nomepu ycmoﬁqueocmu Ppa”vuie, 4em om nomepu npodvHocmu, n.K.
KpumudecKkoe Hanpsasicenue gce20a MeHbvlle npedeﬂa mexKkyvecmu  uiu npedeﬂa

npovHocmu, m.e.

(]
S, <S

O —
rieS =S, — I IJIACTUYHBIX MaTePHUAJIOB,

s %=s
_— 6p — JJIA Xpyr[KI/IX MaTepI/IaJIOB.

Heo6x0mumMo MOMHUTE, 4to st crepxkueil manoi rubkoctu (I £1 o) tpynno

TOBOPUThH O MOTEpPE YCTOMYMBOCTH MPSAMOJIUHEHHOU (HOPMBI CTEPXKHS, KaK 3TO UMEET
MECTO JJI cTepKHEeH 0oJbIloi u cpeaHeit ruokoct. Hecyias cnocoOHOCTh cTepKHEN

MaJjIol TMOKOCTH OoNIpCACIIACTCA IPOYHOCTHIO MAaTCpHalia.

KpI/ITI/I‘IeCKoe HaIllPSKCHUC I OCHTPAJIBbHO CXKATBIX CTCp)I(Heﬁ NpecaACTaBACT
TAKYIO K€ OIIACHOCTH, KaK MPCAC TCKYUCCTU AJIA IIACTHYCCKUX MATCPUATIOB UJIIN KaK
npeacia MIpoOYHOCTHU I XPYIKHUX MATCPHUATIOB. O‘{CBI/IIIHO, npu MpPaAKTHYICCKOM
PCUICHUHN BOIIpOCa 00 YCTOﬁqHBOCTH CTCPIKHA HCIIB3A JOIIYCTHTH BOBHUKHOBCHUA B HEM
KPUTHYCCKOTO HaIIPAXKCHUA, a CIcayCcT TIIPUHATH COOTBCTCTBYIOH_II/Iﬁ 3aliac

YCTOWYHBOCTH.

KoadhduruenT 3amaca mpu mpooIbHOM U3THOE N1 OOJIBIIMHCTBA MaTEpPHAIIOB
BbIOMpaeTcs 0ojiee BRICOKHM, YeM B pacuéTe Ha MPOYHOCTh IPH MPOCTOM C)KAaTHH. Tak,
HarpuMep, JJId cTaiu, Beioupaem B npenenax ot 1,8 no 3,0; nns yyryna — ot 5 70 5,5;
s gepeBa — ot 2,8 10 3,2. OT0 yBeIMYEHUE OOBSCHIETCS IMENBbIM PSAOM MPUYHH,
PE3KO CHIDKAIONIUX COMPOTUBIAEMOCTh CTEP)KHEH mpomonbHOMY M3THOy. K a3THM
MPUYUHAM OTHOCSTCS BO3MOYKHBIC HaYaJIbHBIC HCKPHUBIICHHS CTEP)KHSI, SKCIICHTPUCUTET
NPWIOKCHUS HArpy3kKd, HEOJHOPOAHOCTh MaTepwajia W T.J. TakuMm oOpasom,
JOIyCKaeMOe HaNpsHKEHWE Ha  YCTOMYMBOCTH OyJIEeT pPaBHO  KPUTHYECKOMY

HaINpsDKEHUIO, 1eIEHHOMY Ha KO3 (QHULIMEHT 3amaca Ny.



8.2 YcnoBue yCTONYMBOCTU 83

JlonmyckaeMoe HanpsiKeHUe Ha YCTOMUYHUBOCTh [S ]y =S Kp / ny A JOIYCKaeMoe

—_ o
HAIIPAKCHUC HA IIPOYHOCTD IIPU CKATUHN [S ] =S /n B3aNMOCBA3AaHBbI.

CocTaBUM UX OTHOIICHHUE

S S n S n
Bly 5w 0 ], =22 s ] &7
[S] Ny s S ny
S n .
O003Ha4MB Kg x— =], (8.8)
s~ Ny
MOJTyYUM
[s],=ils] (89)
rae | —koagguyuenm ymeHvuieHUs OCHOBHO20 OONYCKAEeMO20 HaNps’ceHus TPy

pacdeTre Ha yCTOUYHUBOCT.
KoaduiineHT yMeHbIIEHUSI OCHOBHOI'O JOMYCKAEMOI'0 HAMPSIKCHHUS | BCeraa

MCHBIIIC €AUHHULIBI.

0£j £1.

KoaddumuenT | 3aBucUT OT THOKOCTH cTepkHs | 1 MaTepuana.
3nauenus koddduimMeHTa | IS CTanM, YyryHa M JepeBa MpUBEICHbI B

npusokennn A.

CocTaBUM yCJIOBHE YCTOMUMBOCTU CHKATBIX CTEPHKHEU

s £[s],. (8.10)

N :
TaKk Kak S = F , a [S ]y =] [S ], TO yCJIOBUE YCTOWYHUBOCTU NPUHUMAET BUJL

(8.11)

PaCCMOTpI/IM ABa BHIaA pacqéTa Ha YCTOﬁqHBOCTB CXKAaThbIX CTCp)I(Heﬁ -

HpOBequHBIﬁ u HpO@KTI/IpOBO‘IHBIﬁ .
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8.3 IIpakTHYeckune pacyeTbl HA YCTOHYUBOCTH

IIposepounsiii pacuém cocamulx cmepicHeu

OH COCTOHT B TOM, YTO U3BECTHBI JICHCTBYIOIINE HATPY3KH, MaTePHAIl U pa3Mephl
MOTIEPEYHOT0 ceueHusi. HeoOXxoamMo poBepUTh YCIOBUE YCTOMYNBOCTH.

[Topsimok MpOBEpOYHOTO pacyéTa Ha YCTOMYMBOCTH TPH MCIIOIB30BAHUHN TaOIHUIIBI
KO3 (PUIIMEHTOB |  CIEeAYIOLIUH:

1 Hcxonas u3 U3BECTHBIX pa3MepoB U (HOPMBI TTOTIEPEIHOTO CEUCHHSI, OMPEIEIsIeM

HauMMEHBIIMNA OCEBOM MOMECHT HHCPIUN CCUCHUA Im'n n Cro miomanab F, BBIYUCIIACM

—mn H THOKOCTH CTCPIKHA

MUHHUMAJIBHBIA PaMyC WHEPIMU CeUeHUA |, =

2 Haxonum koddumuent | (cM. IpuiiokeHne A) W BBIYHCISIEM JOMyCKaeMOe

HaIIPpAKCHUC Ha YCTOﬁqHBOCTB

[sly =i [s].
3 CpaBHuBaeM [JEHCTBUTENBHOE HAIPSHKEHUE B CTEpKHE S =

N
F

C

JNOMYCKaeMbIM  HAaNpPs)KEHHEM Ha  YCTOMYUBOCTH [S ]y £] [S] U Jenaem

COOTBCTCTBYIOH_II/Iﬁ BBIBO.

IIpoexmuposounviii pacuém
OH cOCTOMT B TOM, YTO HM3BECTHBI JACHUCTBYIOIIME HArpy3Kd, MaT€pual U TUII

IMOIICPCYHOI'0 CCUCHUA. HCO6XOIII/IMO OIIPCACIINTD Pa3MCPhI MOIICPEUHOI'O CCUCHMUA.

B pacuétnoii popmyie Ha ycrodunBocth S = ——— £ [S ] ,

] F
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P
KOTOpYIHO MOJXHO IEpernucarb IO-Apyromy. F = ﬂ , HMCIOTCA  ABC
S

J

HCHU3BCCTHBIC BCIIMYHUHBI — KOC—)(i)(i)I/II_II/IeHT J 1 UCKOMasd 1jiomaab — F, 34aBUCAINNUC OPYT

OT JIpyTra.

[looatoMy mnpu mnonbope CcedeHUl MNPUXOAUTCA TMOJIL30BATHCA MeEmoooM
noc1e008amenbHblx NPUOIUNHCeHUl, BAPbUPYS BETUUNHON ko3P duineHTa | .
Tak kak KoO3(PUIMEHT yMEHBUIEHUS OCHOBHOI'O JOIYCKAeMOI'0 HaIpsiKEHUs

msmensiercs B npegenax O £] £ 1, o npu nepBoii nonbiTKe €ro 06LYHO IPUHUMAOT

pasaeiv | =05, 06.

1 Tlpumem, nanpumep, | 1=0,5.
P

2 OnpenenuM Tpebyemyro IUIOM@b MONepeyHoro cevyenus Fq 3 T, 3Has
11S

J

KOTOPYIO, HAlJIEM pa3Mephbl CEUEHUS.

i
3 Onpenennm THOKOCT cTepkHd | = ——
|

43uas | , ¢ momoripio TabmuIe! 8.1, HaX0IUM 3HAUYECHHE ] (1.
5 Haxomum S . Ecnum HaljcHHOE HaNpsHKEHUE HAXOAUTCS B Ipeaenax
0,9[8 ] £s £ 1,05[8 ], TO pacyeT 3aKkaHYMBacM. ECIM JaHHBIE YCJIOBHS HE

YAOBJICTBOPAKOTCA, TO pPaCUCT HCO6XOIII/IMO IIOBTOPUTH, IIPUHAB B KAUCCTBC

R .

] o = T B pe3ynbraTte BTOpOIi MONBITKH, IOBTOPUB MYHKTHI 2...4, onpenensiemM

j (,. Ecim j (, omsaTe Gyxer oTIUYATBCS OT j 2, TO TPeOyeTCsl TPEThs MONBITKA, I
) | »+] C

KOTOPO# MPUHUMAETCS | 3 = ]2%

OO6b1yHO MpHU TTOI00pE ceueHui TpedyeTcs 6osee ABYX-TPEX MOMBITOK.
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Ipumep 2. OnpenenuTh pazMepbl MPSMOYTOJBHOIO TIOMNEPEYHOIO CEUEHUs

crepxus  (puc. 8.3) mmmoit  1=1,3m, mnarpyxennoro cunoit P =200xH .
JoIyCKaeMO€e HaIpsHKEHUE [S ] =160 Mlla. P,,= 200 kH
1 Tlpuaumaem | 1=05. B
2 U3 yciioBUS yCTOMUUBOCTH HAXOIUM b
-3
Fa o 220007 50 m 05,2, , n
j.s] 05x160

MIOCKOJIbKY F=hx= 2b2 = 25CM2 y TO

b= \/E =3,25 cm. Pucynox 8.3
2

3 Panuyc unepuuu ceueHus

b3 *h 325 325
1/ min - | - =101
'min 12 X0 J_ 2( 2x173 316 -

4 Haxonum ruGKOCTh CTEpPKHS

| :rr-l :O,7>1BO:90
| 101

5o | maxomum u3 mpunoxenns 4 | (;=069, n tx. J 1 1] (4, To pacuér

CIIeyeT NMOBTOPUTH, IIPUHAB B KauecTBe KO3 (UIMEHTA | » cpelHEe apu(PMETHUECKOE

, , , +j (
or) 1u] (1, 1e.] 221 1 2] 1
i, = 05 4'20,69 _ 1,;.9 0595 »06.

6 [ToBTOpsiem pacuer, HAYMHAS C MYHKTA 2:
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-3
= 5 200X0
06 X160

b% =1035; b=32cwm.

= 20,80M2;

. 3,2

i = —— =0,925.
mh 346

Torga | = 0’7 130 = 98,3.
0,925

ITockonbKy AaHHOTO 3HaueHus ruokoctu | B Tabnuue(cM. nmpunoxkenne A) Her,
T0 mIs ompeneneHus kodadouumenta | (, creayer anmpoOKCHMHPOBATh UMEOLIHECS
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9 IE®OPMUPOBAHUE CTEP)KHEHN
nPU IMHAMHNYECKOM PEXXUME HAT'PY/KEHUSA

9.1 IlonsiTHE 0 AMHAMMYECKOM PeKMME HATPYKEHUS.

Ero ocooeHnoctu

JIo cux mop MBI peliayiv 3aJadyd B IMPEANOJOKEHUH, YTO CUJIbI MPUIOKEHBI K
KOHCTPYKIMHN cmamuyecku. [Ipu cTaTUYECKOM TNPWIOKEHUM HArpy3ku B JHOOOM
MOMEHT BpPEMEHM MEXKAY BHEIIHUMHU HArpy3kaMd M BHYTPEHHUMHU YCHIUSMU
CYLIECTBYET PAaBHOBECHUE, & CKOPOCMU PACCMATPUBAEMBIX NETAIICU He MEHAMC —
omcymcmeyem yCcKopeHue 4YaCTUL] DJIEMEHTOB KOHCTPYKIIHM.

Jlunamuueckum Hazvigaemcs maxkoe HazpyodiceHue, Komopoe COnpo8o*cOaemcs
CUNAMU UHEPYUU PACCMAMPUBAECMOU CUCTIEMDL.

JInHAMUYECKH PEXUM HACTyNaeT BCSIKUK pa3, KOrJa CUCTeMa MEPEMENAETCS C
HENIOCTOAHHOW CKOpPOCThbIO0. HapyiieHne paBHOBECHUS UM JIBHKEHHUE OTIEJbHBIX
MaTepUalibHBIX YacTHIl Je(OpMUPYIOIIErocs Tela BO3HUKAET TOT/a, KOT/la HapacTaHue
B HEW HArpy3Ku OIEpEKaeT HapacTaHWUE BHYTPEHHUX CHJI. YCKOPEHHE U
COOTBETCTBYIOLIUE MM CHJIbI (CHJIBI MHEPIMH) B 1e(HOPMHUPYIOIIEMCS TeJIe CBSA3aHBI C
MEPEMEILICHHEM €ro 4YacTHull, KOTOPhIMHU ompejaeisieTcss aedopManus Teja, €clu
MePEMEIIICHHS €ro TOYEK HEOJIMHAKOBHI. Takum o0pa3oMm, CyllecTBEHHAss OCOOEHHOCTh
CUJI MHEPIUH 1e(POPMUPYIOIIETOCS TeJla COCTOMT B TOM, UYTO MX OMpejeiceHue Tpedyer
BbIuMcieHus aedopmanuu Teiaa. C 3TUM CBsA3aHa, KaK U TMPU PEIICHUU CTAaTHYECKU
HEOMpEeACIUMBIX 3a/a4, HEO0OXOAWMOCTh COBMECTHOTO TIPUMEHEHHUS ypaBHEHUM
paBHOBECHS, COBMECTHOCTH JedopManu U (U3UYECKOrO0 3aKOHA, CBSI3BIBAIOIIETO
HanpspbkeHus U aedopmanuu. [[pyras ocoO€HHOCTh MHEPIMOHHBIX CHUJI COCTOUT B TOM,
YTO OHHU 3aBHUCAT OT MAacChl Tella, KOTOpas MOATOMY SIBISETCS OCOOBIM (hakTOpOM
JTUHAMHUYECKOT0 PEKMUMA HATPYKEHHUS.

Jlnst craTuueckoro HarpyXeHusi TpeOyeTcsi paBHOBECHE MEXKIY BHEIIHUMU M
BHYTPEHHUMM CUJIAMHM B KaXKJbli, KAaKOW YrogHO Maliblid 3Tanm HarpyxeHwus. Ctporoe
COOJIIOICHUE ATOTO YCJIOBUS HEBO3MOXKHO JIaKe B JJa0opaTopHBIX yciaoBusax. [loaTtomy B
PEATBHOCTH BHEIIHEE HArpy)KEHUE OIEPEkKAECT HAPACTAHUE BHYTPEHHUX CHJI, YTO

HapymacT paBHOBCCHUC U MPUBOAUT K JTUHAMHUYCCKOMY HAI'PYKCHUIO KOHCTPYKIIHUH. Ho
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B T€X ClIy4dasiX, KOrJa CWIbl HWHEPLUU HE3HAYWUTEIbHBI, PEKUM HATPYKEHUS IS
YIPOLIECHUS pacy€Ta CYUTAIOT CTATUYECKHUM.

[Ipu OGonpIIMX cWJIaX WHEPIUU, a TaKXKe MPU H3YYCHUH BOIPOCOB PE30HAHCA
TpeOyeTCsl MPOU3BOIUTH PACUET KOHCTPYKIIUU C YUETOM TUHAMUYECKOTO HATPYKEHUS.

JIlnHaMuYecKkre Harpy3ku Hapsaay C XapaKTepUCTUKAMHU, MPUCYLIUMHU BCAKOU
Ipyro, B TOM 4YHCJI€ M CTaTHYECKOW Harpy3ke, HMMEIOT eImé CBOU OCOOBIC
XapaKTEPUCTUKH, CBSI3aHHBIE C U3MEHEHUEM HArpy3KH BO BpeMEHU. B 3TOM OTHOIIEHUU
OHU PA3JEIISIFIOTCA HA JIBE OCHOBHBIC TPYIIIIBI:

1 Harpy3ku, u3BMEHSOIIHNECS TPOU3BOJIBHO BO BPEMEHHU.

2 Harpy3ku, uU3MeHSIOMUECs] MePUOANYECKH, B YaCTHOCTH, TAPMOHHYECKU BO
BpeMeHH, T.e. 1o 3akony SIN WL wim COS WL. 3mecs W — KO3 GHUIIMEHT B apryMeHTe

npu nepeMeHHoi {, HaszsIBaeMBblIil kpy2osol wacmomoi KoneOaHui HATPY3KH.

Cpenn npou3BOJBHO MEHSAIOUIUXCS HArpy30K CIEIYyeT pa3jindaTh Harpys3KH,
M3MEHEHHE KOTOPBIX BO BPEMEHU MNPOUCXOJUT Nepuoouyecky U He nepuooudecku.

K mocnenneit kateropuu, B 4YaCTHOCTH, OTHOCSTCSI UMITYJIbCUBHBIE U YJapHbIC

Harpy3kH.

Jlns auHaMuueckoro aeopMUpPOBaHMS CYIIIECTBEHHOE 3HAUEHNE UMEET Hapsy C
XapaKTepOM HArpy3Kd TaKKe conpomusneHue cpedbl, BOSHUKAIONIEEC MPHU JIBUKECHUU
tena. ConpoTuBeHUs OBIBAIOT JBYX THUIIOB!

a) eHewHue, BbI3BIBAEMBIC COMPOTHBICHHEM BO3ayxa (MM JKUAKOCTH) IPHU
JBIDKCHUM JeTajd, TaKUe COMPOTHBIICHUS MPOMOPIMOHATIBHBI KBaJIpaTy CKOPOCTH
JIBYDKEHUS TENA,

0) eénympennue, BO3HUKAIONIME HAa MOJCKYIIPHOM YPOBHE M IMPHOOpPETAIOIIUE
0co0o0e 3HA4YCHHUE B CBSI3M C SIBIICHHEM THCTEpE3Hca, MOSIBISIOMIMMCS MPU pasrpy3ke U

Harpy3ke Marcpuajia B IIpoueccce KoJ1€0aTeILHOTO JABHKCHMUS TCJIIA.

OcHoOBBI pelieHus 3agauv  Ae(OpPMHUPOBAHUS CIUIOUIHOTO TBEPAOrO Teia
COXPAHSIOTCA OAHUMHU U TEMH K€ MPHU JTIOO0M peXuMe HarpyKeHUs — JJIsl TOJydYeHHUs
pELICHNs] PacCMAaTPUBAIOTCA TPU CTOPOHBI 3aJAUU. CHIAMUYECKAs, 2eOMEeMmpUdecKas 1
@uszuueckas. Y CIOBHs peKUMa HArpy>KeHUS BIUSIOT B MEPBYIO OUYEPE/lb HA YPABHEHHUS,

BBITCKAIOIMUC W3 pPACCMATPUBAHHA CTaTUYECKOM U (1)I/IBI/I‘IeCKOI\/'I CTOPOHBI 3aadyvH.
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YpaBHEHHS COBMECTHOCTH Jedopmaliuu ocTaloTcs 0€3 HU3MEHEHUW TMpU JIFOOBIX
YCIIOBUSIX, €CJIM TOJBKO HE HAPYIIAETCS CIUIOIIHOCTb.

OCHOBHBIMH YCJIOBUSIMM JUHAMHUYECKOTO PEKUMa HArpyXK€HUsl, OTIMYAIOIINMU
€ro OT CTaTUYECKOTO, SIBJISTFOTCS

a) HapyUICHUE PAaBHOBECHS U TOSBJICHUEC CUII UHEPIIHH,

0) U3MEHCHHEe MEXaHMYCCKMX CBOMCTB, a OTCIO/a W (DU3MYCCKOrO 3aKOHA JIs
Marepuana.

[locnennee 0OCTOATENBCTBO 3HAYUTEIBHO YCIOXKHSET peUIeHUE AMHAMUYECKON
3amaun. B nensx ynpoleHus e€ pemaroT Tak, Kak ecid Obl MeXaHM4eCKUEe CBOMCTBa
Marepurala He U3MEHSIUCh OT IMHAMUYECKUX BO3JIEUCTBUN. [[elicTBUE CHII MHEPIIMU HA
nedopMHpYIOLIEeCcss TeJI0 COXpaHAeTCs TaKUM K€, Kak Ha HeaedOpMHUpYIOIIeecs.
Taxkum oOpa3om, CTaHOBUTCS BO3MOKHBIM OTHECTH CHJIbI MHEPIIUU K BHEIIHUM CUJIaM U
MpUMEHHUTH TpuHIUI [lanamOepa, T.€. COCTaBIISITh ypaBHEHUS PABHOBECHS.

[lockonbKy CuJIbl MHEPUUHU 3aBUCAT OT IMepeMelleHusl Tena, To Jitobas zadaua
OUHAMUYECKO20 DEedCUMA HASPYHCEHUS SBIAEMC CMAmMUiYecKy Heonpeoeiumou, a,
cienoBaTeNibHO,  TpeOyeT  paccMoTpeHHMs TpEX e€  CTOpPOH.  CTaTUYECKOM,
reOMETPUYECKON U (PU3UYECKOH.

[lpu paccMOTpEeHHH cmamu4eckou CmopoHbl 3a0ayu HEOOXOIUMO (COTJIACHO
npuHnuny JlagamOepa) K BHCIIHMM Harpy3kam J00aBHTh CHJIbI HHEPIIMH, W TOTJa
YpaBHEHUS IBUKECHUS MOKHO 3aMEHUTh YPABHEHUSIMU PAaBHOBECHSI.

l'eomempuueckass cmopona 3adauu HE 3aBUCUT OT pPEXHUMa HarpyKeHus,
MOCKOJIbKY TOJIOKEHUE CHCTEMbI Mociie JepopMaluy 3aBUCUT TOJBKO OT YCIOBUN €€
3aKpEIICHUS.

Quzuueckas cmopona 3a0ayu NP TUHAMUYECKOM PEKHUME HAarpyXEeHUs Tak ke,
KAaK IpH CTaTUYECKOM HArpyKEHUH, 3aKJII0YAeTCs B HCIIOJIb30BaHMU 3akoHa ['yka B
abcomoTHO popme. [IpakTUKON yCTaHOBIEHO, YTO MEXAaHWYECKHUE XAPaAKTEPUCTUKHU
MAaTEpPUAIOB 3aBHUCAT OT pPEXKHUMa HArpyX eHHs, T.€. NMPU JIHUHAMHYECKOM PEXKUME
HArpy>KeHHs MOJYJIb YIPYrocTd £ MeHsercs BO BpEMEHH, YTO OUYEHBb YCIIOKHSET
pemieHne 3agayd. Ho MOCKOJIBKY MOAYJb YNPYTOCTH MEHSAETCS HE CYIIECTBEHHO, TO
MOXKHO JTHM M3MECHEHHMEM NpeHeOpeubs W cuuraTh, yto E = CONSt, kak u mpm

CTaTHYCCKOM HArpy>KCHUU.



9.1 NoHATME 0 AMHAMNYECKOM PEXMME Harpy>XeHuns 91

He cMmotpsi Ha yka3aHHBIC YHPOILNCHHS, 3ajada MPH IUHAMHYCCKOM PEKHAME
HArpy>KEHUSI OCTACTCS CJOXKHOW, T.K. BHYTPEHHHC YCHIIMS H3MEHSIOTCS C TCUCHHEM
BpeMeHH. Takas 3aj1a4a perraercs, Kak MpaBuiio, B YaCTHBIX MPOM3BOIHBIX.

JIiss  ympolleHus peIIeHHs 3aJadyd BECOMYIO CHCTEMY, HalpuMmep, Oalky
(puc.9.1, @) ¢ HEOrpaHWYCHHBIM KOJMYECTBOM CTCICHEH CBOOOABI 3aMEHSIOT
HEBECOMOM KOHCTPYKIHEH ¢ OrpaHHYCHHBIM KoiuuecTBOM Macc (cM. puc.9.1, 6),
KOTOpOE Yallle BCEro YMEHbIIaT A0 ABYX (cMm. puc.9.1, ) wiu maxe no oaHoit (cwm.

puc.9.1, 2).

my mo
6 2 @ ; ;
m
= ’ 5
Pucynox 9.1

[lon cmenenvio c60600b1 TOHUMAETCS KOJIMYECTBO HE3aBUCHMBIX MapaMETpPOB,
OTIPECISIFONTNX TIOJIOKCHUE CHCTEMBl B TIPOM3BOJBHBIH MOMEHT BpeMeHH. Tak,
HampuMep, HeBecoMas Oajka, Hecymas ase mMacchl (cM. puc. 9.1, 6), obmagaetr ogyms
cmeneHsamu c60000bl, T.K. B KAUYECTBE HE3aBUCHUMBIX ITAPAMETPOB MOTYT OBITh MPUHSATHI
nepemernieHus Mmacc My u Mp MO OTHOIICHUIO K MOJIOKEHUIO PAaBHOBECHS.

B mpocTedmux ciydasx MOJ0KEHHE CHCTEMBI MOXKET OBITh OMPEIEICHO TOJIBKO
OJTHOM BEJIMYMHOM, Harmpumep mMaccoi M (cm. puc.9.1, 2). Takue cUCTeMbl Ha3bIBAIOTCS

cucCmemMamu ¢ OOHOU CMeneHb c60000bl.

0.2 KoJie0aHus. OCHOBHbIC MIOHSTHS

Teopust konebGanuii mpeacraBiseT co0ON OOWIMPHBIA pa3ziel COBPEMEHHOU
¢u3KMKM, OXBaThIBAIOUIMN BechbMa IIMPOKUN JMANa30OH BOMPOCOB MEXAHUKH,
ANEKTPOCTATUKH, PATUOTEXHUKH, ONTHKA M 1p. Ocoboe 3HAUECHHME HMEET TEeOopus

KoneOanuii IJIA MIPUKITAJHBIX 3a1a4, BCTPCUAIOIMINXCA B HHX(eHepHOﬁ IIPpaKTUKE, B
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YaCTHOCTH, B BONPOCAX MPOYHOCTH MAIIMH M COOPYXeHHH. M3BecTHBI cilydan, Koraa
CTPOHUTEIBFHOE COOPYXKECHHE, pPACCYUTAHHOE C OONBIIMM 3armacoM MPOYHOCTH Ha
CTaTUYECKYI0 Harpy3Ky, pa3pylmiajoch MOJA ACHCTBHEM CpPaBHUTEIHHO HEOOINBIINX
MEPUOAMYECKU ACHCTBYIONINX CHJI, B TO BpeMsI KaK Takas ke OoJiee JIErkast U Ha TIepBbIi
B3IJISII MEHEE TMpOYHAsh KOHCTPYKIHS BOCIPHUHUMAET O3TH YCHIHS COBEPIICHHO
6e300se3neHHo. [ToaToMy Bomnpock! kosiebaHuii U, BOOOIE, TOBEJACHHS YIIPYTUX CUCTEM
MOJT ICMICTBHEM MTEPEMEHHBIX HATPY30K TPEOYIOT OT KOHCTPYKTOpa 0COOOT0 BHUMAHHSI.

[lpy w3ydeHWM KoneOaHUU yNpyrue CUCTEMBI MPHUHATO pa3IUYaTh, MPEXKIES
BCETO, TI0 YUCTY cmeneHell c80000bl.

1100 uucnom cmeneneti c60000bl NOHUMAEMCA YUCTIO HE3ABUCUMBIX KOOPOUHAM,
OnpeoenAIUWUX NONOHCEHUE CUCTEMDbL.

Paccmotpum  Heckonmbko cucteM  (puc.9.2), KOTOphle MOTYT COBEpIIATh

KoyicOaTeIbHbIE JABHKCHMUA.

m
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DTH CUCTEMBI UMEIOT OJHY, JBe (cM. prc.92, 6) wiu Tpu cTereHn CBOOOIBI.
[Mepememenne rpyza M (cm. puc.9.2, a) MoxkeT OBITh ONUCAHO OJHOMU
KOOpJAuMHATOM X, clegoBaTelibHO, CUCTEMa HMEET OJHY CTelNeHb CBOOOABI —

TOPHU30OHTAJIBHOC ICPCMCIIICHHUC.

Bpamenne Bama (cMm. puc.9.2, 6) ¥ MOBOPOT OJHOTO INKHBA OTHOCHUTEIHHO
JIPYrOro MOTYT OBITh OMMCAHBI ABYMsI KOOP/MHATAME — YTJIAMH | { H | o, T.€. CHCTEMA
UMEET JIBE CTEIICHU CBOOO/IBI.

[Tonoxxenue koneOmromerocs rpysa M (cm. puc.9.2, 6) 3amaéress Tpems

KOOpAHMHATAMM. ICPEMCIICHUAMMA LICHTPA MACCHI X H Y 1 yrjioM moBopoTa ] MacCcCHhI

OTHOCHUTEJIBHO €€ ILIEHTpa TsHKECTU. B cimydae manoro mMomeHTa MHEpuuu maccy M
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MOXHO paccMaTpuBaTh KakK TOYEYHYIO, TOrJa CHCTEMa HMMEET BCEro JBE CTEIEHH
CBOOO/IBI.

Uucno crerneHel cBOOOIBI ompenensercss BbIOOPOM pacueTHOW CXEMBI, T.€.
3aBUCUT OT CTEMEeHM NPUOIIDKEHUS, C KOTOPOM MBI CUHWTAeM HEOOXOIUMBIM
HCCIIeIOBATh PeajibHbI OOBEKT.

[Tpu uccnegoBaHum ynpyrux Kojie0aTebHBIX CUCTEM PA3INYa0OT cCOOCMBeHHbIe U

6blHy9l(,‘a€HHbl€ KOJZ€6CZHM}Z, napavempudecKkue u aemoKoIeOanusl.

Cobcmesennvimu  (c60000HbIMU)  HA3BIBAIOMCS  KONEOAHUS, BO3HUKAIOWUE 8
U30IUPOBAHHOU  cucmeme  8ciedcmeue  6HeuHe2o  8030yxcoenuss  («monuxa»),
8bI3b18AIOW4E20 V MOYEK CUCTNEMbl HAUAIbHble OMKAOHEHUs OM NOJ0NCEHUS PABHOBECU
UTU HAYaIbHble CKOPOCMU, U Npodoxcawuecs 3amem 01a200aps HATUYUIO

6HYMPEHHUX YNPY2UX CUIL.

1100 6biHYIHCOCHHBIMU KOIEOAHUAMU NOHUMAEMCS O08UNCEHUE YAPY20LU CUCTEMbL,
npoucxoosiujee noo B030eUCMEUEM USMEHAIOWUXCS BHEUHUX CUT, HA3bI8AeMbIMU
sosmywarouumu. [IpuMmepoM BBIHYKICHHBIX KOJIEOAHUM SBIISIETCS JIBIXKCHHUE, KOTOPOE
COBEpIIAET YIPYro€ OCHOBaHWE, €CIM Ha HEM YCTAHOBIEH HE IOJHOCTBIO

cOaaHCUPOBAHHBIN JBUTATETb.

Cuita, nedicTByrOIIas Ha YNPyroe OCHOBAaHHE CO CTOPOHBI JABUTATENS, SBISCTCS
803MyUaIOUel CUIOU.

[Tpu aTOM uacmoma evinysCOeHHBIX KOMCOAHU OTIPEALISITCS 110 hopMyIie

W = m
30
rae N —4ucio o000pOTOB ABUTATEIIS.

IIpomesicymox  epemenu  mexncoy 08yMs  NOCACOYIOUWUMU — MAKCUMAIbHBIMU
OMKIOHEHUSAMU YIPY2OU CUCTIEMbL OM NOJONCEHUsL PABHOBECUs, HA3bLEAION NePUOOOM
(cobcmeennvix  unu  vinysicoennvix) koneoanui (puc.9.3). Ilepmon konebaHui

o6o3Havaetcs yepes 1.
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Benuuuna, obpammuas nepuody, Hazwvieaemcs 4acmomou KOaeOaHuu U pasHa

yucny Konebaunuii 8 eOUHUYY 8PeMeHU.

n= ?
B TexHuKe BMECTO 4acTOThl N MCHOJB3YeTCsl B OOJBIIMHCTBE CIy4aeB Kpyronas
gactora W, NPeCTaBISIONas coO00N 9ucio konebanuit B 2) CeKyHI:

W =2pn :2_p.

T

Haubonvwee omxnonenue cucmemvt om noJoNCEHUS PABHOBeCUsl HA3bl6AENICA

amnaumyoou @ (cMm. puc.9.3).

B oTinnune 0T cOOCTBEHHBIX KOJIeOaHUI BBIHYKICHHBIE KOJeOaHUs HE 3aTyXaloT,
a TpH YCIOBHHM COBIAJEHUS YacTOT MX YacTOT aMIUIMTyAa KOJeOaHHi MOXKeET
3HAYHUTEIHHO YBEIHYUTHCS W MPHUBECTH K Pa3pyIIEHHIO KOHCTPYKIUH. DTO SIBICHUE
HOCHT Ha3BaHUE Pe30HAHCA.

Ilapamempuueckumy Ha3BIBAIOT KOJECOAHUS YIPYrOMl CHCTEMBI, B MPOIECCE
KOTOPBIX IEPUOIUYECKA MEHSIOTCS €€ (H3MYecKue mapaMmerpbl (Macca, JKECTKOCTh,

JUIMHA U T.]T.).

Asmokonebanusmu (MM CaMOKOJEOAHHUSMH) YIPYTOM CHUCTEMBI Ha3bIBAIOTCS
He3aTyXalolle KojJeOaHusl, COBEPIIAEMBbIE MO IEHCTBUEM HOCMOAHHBIX CUIL. XapaKTep
KoJIeOaHMI ONpeIeNsieTcs] CKIIIOYUTEIBHO YCTPOWCTBOM CHUCTEMBI (IepeBO Ha BETpY,

TPOCTHHUK B PCKE, IJIAHT, U3 KOTOPOI'O IO HAITOPOM BBITCKACT BOA4, U T.JI.).
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B oTiimune oT cOOCTBEHHBIX KOJIeOaHUH aBTOKOJICOaHUS HE 3aTyXatoT. B aBuanuu
TaKue KoJeOaHus Ha3bIBAIOT (hiammepom.
[lo Buay ymnpyrux KoJeOaHUN pa3IuyaroT HpPoOObHble, NONepeyHvle W

KPpYTUIbHBIC KoJIeOaHus CUCTEM, a TAKKE UX COUCTAaHUI.
9.3 Csoboanble (rapMOHUYECKHE) KOJIEOAHUS YIIPYTOii CUCTEMBI
C O/IHOM CTEeNEeHbI0 CBO0OABI

PaccmoTpum cBOOOIHBIE KOJIEOAHUsSI YIPYTOMl CUCTEMBI, COCTOSIIIEH W3 MacChl U

npyxunsl (puc.9.4).
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Pucynox 9.4

[Ipu cocraBieHUHd ypaBHEHUN JBUXKEHUA OyIeM MCXOAWTh W3 MPUHIUIA
Hanam0Oepa, KOTOPBII 3aK/II04aeTCsl B TOM, UYTO K ABMXKYIIEHCS ¢ YCKOPEHHEM CUCTEME
MOTYT OBbITh IPUMEHEHbI YPaBHEHUSI CTATUKHU MPHU YCIOBUH, YTO B YKCIO BHEUIHUX CHUJI
BKJIIIOYEHA CWJIA HWHEPLUHMH, pPaBHAas MPOU3BEACHUIO MACChl Ha YCKOPEHHE H

HallpaBJICHHAA IIPOTHUB YCKOPCHUS, T.C.

P, =-mi.

u

Ecmu npeHe6peqL Maccou MPYKUHBI, TO OTKIOHCHHC TIpPy3a OT IIOJIOKCHHUA

PaBHOBCCHA MOXCT OBITH OITMCAHO YPaBHCHUCM

x =dygy(- ), (9.1)
OTKy/1a
8+ 1 =0
d{1m
501051

B+w2x =0, (9.2)
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roe W= — KpyroBasi 4acToTa cOOCTBEHHBIX KOJICOaHMUIA;
dyym
dll — HNCPEMCIICHHUC MACChl II0J IICﬁCTBI/IeM CTAaTHYCCKH HpI/IJIO)KeHHOI‘/’I

€AMHUYHON CHJIbI B HAIIPABJICHUH KOJIEOAHUH.
Taxum 06pasom, nepemenienue 0y onpenensercs ;KeCTKOCTBIO MPYKHUHBL.

VYpasuenue (9.2) umeeT pericHue
x = Asinwt + Bcoswt, (9.3)

rne A,B — nocrosunble, 3aBucsIIME OT HAYAILHBIX YCJIOBHHI JBMKEHMS, T.€. OT
OJI0KEeHHs Macchl U eé ckopoctu B Moment t =0,

Pemenne ypaBaenus (9.2) MoxkeT OBITh 3aIIMCAaHO TaKXkKe B hopme
x=asin(wt+j ), (9.4)

rne Wt +] — ¢asa xoneGanmuii;
] —caBur dassl.
Ammuntyna @ u caBur assl | , TakKe MOTYT OBITh OIpeeIeHbl U3 Ha4adbHBIX
YCJIOBUH
2
V,
a=VAZ+B% = [x)° +-2
W
. W
] =arktg X
Vo

KpyroByto yactoTy coOOCTBEHHBIX KOJI€OaHMI CUCTEMBI TaK>K€ MOKHO HAWTH U 11O

dbopmyie W= /i :
dCT

Torna nepuon konebanui

T:Z_p:Zp i:Zp\/z_
W \dcr m
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m o
U3 (i)OpMy.]IBI W = ./[— BHJHO, 4YTO 4YaCTOTa CBO6OJIHBIX KojaeOaHull CHCTEMBI
C

BO3pACTaeT C YBEIMYECHHEM JKECTKOCTH. JIeTKo yOenuTbes, 4To Ipy3, MOABEHICHHBIA K
yIpyromy CTEpKHIO, OyneT o0jasaTh 3HAYUTENBHO OO0Jee BBICOKOH COOCTBEHHOM
4acTOTOM KoJieOaHus, YEM TOT ke TPy3, MOIBEIICHHbIN K JETKOU MpYyKUHE.

Ipumep 1. OmpenenuTh COOCTBEHHYIO YacTOTY KOHCOJBHOM Oajku MJIMHON

| =3 m (moment unepiuu 6anku |, = 5000 CM4) c rpyzom M =2000x2 Ha koHue
X

(puc.9.5).
1=3wm T

)
\
E

Pucynok 9.5

Pewenue
[MpunoxuM K KOHIy Oalkk eAuHUYHYI0 cuiy (cMm. puc. 9.5, 6) u moctpoum
)110)0)% M 1-

Hainem nepemenienue rpysa

1 &3 u 9> -6
diy =—— 2 (2X33) = =09x10" °|H/ ).
1 EI86( )H 2310° 5108 55000310" 8 (44)

CoOcTBEeHHAas YyacToTa KOJIcOaHUIT CUCTEMBI

w= |1 :J i 3:23,6(c'1).
d{ym 09X10 ° X210
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9.4 KoJsebanusi ynpyroi cucreMbl ¢ OJHOM CTENEHbIO CBOOObI

¢ JTMHEHHbIM 3aTYXaHUEM

B n1edcTBUTENBHOCTH BCErja CYHIECTBYIOT CHJIbI, HaIlpaBJICHHbIC MPOTUB
JIBW)KEHUS MacC M NPUBOMASIIME K IIOCTENIEHHOMY YMEHBIICHUIO aMIUIATY/IbI
coOcTBeHHBIX KoneOanui. [lo wucTeUeHMM HEKOTOpPOro BpEeMEHH COOCTBEHHBIC
KoJ1e0aHMsI TOJTHOCTHIO IPEKPAIIAIOTCS.

[Tpupona cua conpoTHBIICHUs ObIBacT pazinyHa (BO3ayX, BOJA, MAaCSHBIN CJIOH,
BHYTpEHHEE TPCHHME B YacCTHUI[AX MeTalla U T.1.). J{ast GoJbIe# mpoCTOTH MPUHUMAIOT
OOBIYHO, YTO CHWJIa CONPOTHUBJICHUS MPOIMOPIMOHATIbHA TEPBOM CTENEHH CKOPOCTH
JBU>KEHUS.

JIns cucTteMbl «Macca-TpyKUHa» MPU COCTABICHUU YPABHEHUSI JBUKEHHS B
YUCJIO BHEIIHUX CHJI HEOOXOJUMO BKJIFOUUTH CHIIY CONPOTHBIICHHS, HANIPABICHHYIO B

CTOPOHY, IMIPOTUBOIIOJIOKHYIO IBUKCHUIO U PABHYIO

R=-a#%,
rie a — KOd(QQPUIMEHT MNPONMOPHHUOHAIHPHOCTH MEXAY CHIIOH M CKOPOCTHIO,
XapaKTEepU3YIOIIHUMN BIUSHUE CPEIBI.
I 0 X |
1 ~— P, =i
"/‘,/m,/"/ ’/ ‘//I m I

IH".— — s RC :a -&

(O O] " .-

4
Pucynox 9.6

YPaBHeHI/Ie JABHUXCHHUS UMCCT BHU
X :dll(_ m?&- aﬁ)
NN

B+ 2nk +w?x =0, (9.5)

a o .
rie  2n=—, N —ko3huimeHT 3aTyxanusi, 3aBUCSIIUNA OT BUJIa CPEIbI,

— KpyroBasi 4acToTa COOCTBEHHBIX KOJIEOaHHM.
dyym
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Pemenne ypaBuenus (9.5) umeet Bua
x=ae M sin(wgt +j )

rac Wl = ‘\/WZ - n2 — KpYToBad 4aCTOTA 3aTyXaromux KoeOaHuH.
U3 MMOJTYUYCHHOI'O BBIPAXKCHUS BUIHO, YTO IIPpHU JIMHEMHOM 34aTyYXaHUHU KoneOaHus

IPOHMCXOAT C yMEHbIIAoMmelcs aMIITUTYR0# npu yactote Wq (puc.9.7).

X
\ Tl

~ e nt

~
~\

ao -

\al/ \;f\;‘/ﬂ\ t

7
4

Pucynox 9.7

OOBIYHO BeIUYHMHA Wl Majo oTiauvyaercsa or W, T.€. OT 4aCTOThI COOCTBEHHBIX

o 2
KonecOanuii 0e3 34aTyXaHUs, ITIOCKOJIBKY BCJIWYHHA n MPAaKTUYCCKU HUYTOXKHA II0

2
cpaBHeHUIo ¢ W .

2p

Yepes UHTEpBa] BpEMEHH |1 = —— aMIUIMTY/a KoJeOaHui yMEHbIIAETCS.
W,
OTHOH_ICHI/Ie KaKOﬁ-HH6O aMHJII/ITYI[BI KOHC6aHHﬁ K HCHOCpeIICTBeHHO
CIenyronieil 3a HEW depe3 OIWH TMEPUOJ AMIUIUTYAC HA3bIBACTCA OeKpeMeHmoM

Konebanuii, KOTOPbIA paBeH

- knT
ag _ € — T
. € (k+1)nT
&ea, O
OTKy/a Ing—X ==1In e" =nT =d.
A+1 @

Bemmuuna O  HasweBaeTcss  ocapugmuueckum  OeKpemMeHmom  3amyXamusl

KoneOaHuti M OOBIYHO SIBJISIETCS OCHOBHOM XapaKTEPUCTUKOM 3aTyXaHus KoJeOaHUM.
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10 BBIHYKJIEHHBIE KOJIEBAHUSI CACTEMBI
C OJITHOM CTENEHBIO CBOBO/IbI

HOII GbZHny(,‘aeHHblMu Konebanusmuy TMOHUMAETCS JABHKCHUC ynpyroﬁ CUCTCMBI,
npoucxomiamice 11014 HCﬁCTBHeM U3MCHAIOIMUXCA BPCMCHHBIX CHJI, HA3BIBACMBIX
BO3MYIIIAIOITUMH.

PaCCMOTpI/IM cnyqaﬁ, Korga Ha CHCTCMY, MMCHOOIYIO OJHY CTCIICHbL CBO6OIIBI,
HCﬁCTByeT Cuiia COIIPOTHUBIJICHHA, a4 TAKIKC BO3MYyIIAaromasa Culia, KOTOpass U3MCHACTCA

I10 I‘apMOHI/I‘ICCKOMy 3aKOHy
P(t) = P, sin Wt,
rac PO — MAaKCHMAJIBHOC 3HAYCHUC BO3MYU.I&IOH.ICI>1 CHIJIBI,

() —xpyropas 4acToTa €& U3MEHEHHUS.

o r R(t) = Ry sinWt
oo mo L=
'z oreT Ro=ad

Pucynox 10.1

HpI/I COCTABJICHUM YpPAaBHCHUA JABWKCHHUA MACChI HCO6XOIII/IMO BBCCTH B

paccMoTpeHne He ToNbKo cuiny uHepuud P, =-NM& u cuny conporusnenus

Rc = -a X, HO TakXe M BHEITHIOI CUly R(t) = PO sn Wt.

Ilepemenienne X OyAeT 3aBUCETh OT TPEX CUIL:

x =dqy[P(t)- mi- ax]

WIH & + 2m&+w2x:P—osin Wt. (10.1)
m

O6o03Hauenus s N 1 W 0CTaloTCs MPEeXHUMMU:
a 1

w? = :
m dyym
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Taxkum oOpaszom, nosydeHo auddepeHImanrbHoe ypaBHEHHE C MPaBOM YacThIO.
[TotHOE perieHre ITOro ypaBHEHUS CKJIAJIbIBACTCS U3 PELICHUsI OJHOTO ypaBHEHUs 0e3
MpaBOM YaCTH M YACTHOTO PEIICHUs YPAaBHEHUS C NMPABOX YaCThIO.

Oomee perrenne ypapHenus (10.1), kak U3BECTHO, MOXKET OBITh MPEICTABICHO B

BUJIE CYMMBI PELIEHUN X =xq1t+ x5,

rae X1 — peuieHue OAHOPOJHOTO YPaBHEHUS

X, =ae” "Msn(wqt+j ), (10.2)

a—X2 — YaCTHOC pPCHICHHC HCOAHOPOAHOI'O YpPaBHCHHA, KOTOPOC 6YIICM
OTBICKHMBATh B BHU]JIC

X, =C;8NWt+C, cosWt, (10.3)

rne C1, Co —HeusBeCTHBIE IOCTOSIHHBIE.

[Mponuddhepenuupyem nBaxansl ypaBaenue (10.3):
¥, = C{WcosWt- Co,WsnWt;
€ =-C/WsnWt- C,WcosWt

Y TIOZICTAaBUM HalJICHHBIC BIpOKEHUS s X, f(, ® s ypaBuenue (10.1):

- C,W? sinWt - C,W? cosWt +2nC,;WcosWt - 2nC,WsinWt +

: Py .
+W?C, SinWt +w? cosWt = -2 sinWt.
m
[pupasusem xkodpduruments npu SINW1t u COSW1t npasoii u nepoii uacrei.
Ipu SINWt:
R

- CW - 2nC,W+w’C, =2
m

nim

P
Cy(W? - W?)- 2nC,W = EO (10.4)

ITpu COSW:

- C,W? +2nC,W+w?C, =0,



102 10 BbIHY>XAEHHbIE KONNEBAHNA CUCTEMBbI

nim

C,(W? - W?)+2nC;W=0. (10.5)

JomuoxuMm ypasrenue (10.4) ma 2NW, a ypasuenne (10.4) na (W2 - W2 ) u

BBIUTEM OJJHO M3 JAPYyroro.

‘ R|" 2nw
C(w?- W2)- 2nC2W:EO

| )
%Clan‘FCZ(WZ - Wz):O ’ (W2 - W2)

‘ P
1C,2nWW?2 - WR) - 4n?WAC, = -2 2nW
- m .

fc,2nWw? - W2) + (w2 - WA)2C, =0

Pemas coBMecTHO IMOJTYUYCHHYIO CHCTCMY JBYX ypaBHeHI/Iﬁ OTHOCHUTCIIBHO
HCHU3BCCTHBIX ITOCTOAHHBIX C]_ u CZ, TIOJIYUHM.

- R w2 - W2
Yom (w2 - W2)2 +4n2W
P
C2:-—O 2nW

Torna yacTHOe peleHre dTUX ypaBHeHu# (1) mpuMeT BHT

B P%n € (w?- W2)sinwt oriwcosmt U
Xo = é - il
JOW2 - W2 2 +4n?W2 §/(w? - WR)2 +4n2W2  J(w? - W2 )2 +4nPWA

Brenem 0003HaYECHHE:

w? - W2 ~ cosy 2nW
Jw? - W2)2 +an2w?2 | Jw? - W2)2 + 4n?wW?

=sny .
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Tornma
Po
mw 2 -
Xo = " WE sn (Wt-y ).
(1- 5 ) +4n°(—)
W W

Takum 06paszoM, noaHoe pemienue ypasHenus (10.1) umeet Bua

P
2
x=e "[asinj (wit+j )]+ W;“W — sin(Wt-y ).
(1- = )2+4n2W4
w w

M1 BHAUM, YTO B paCCMATPHUBACMOM CJIY4a€ CUCTECMA YIACTBYCT OAHOBPCMCHHO
B IBYX KoJieOaTeIbHBIX JABHMOKCHUAX.
HCpBOC NpCaACTaBJIACT coOo coOCTBEHHOE KoJieOaTeIbHOE JABHIKCHUC,

aMIUINTyJa a WU (ga3a | KOTOPOro OIpPEAENSAIOTCS HaydaJlbHBIMH YCIOBUSIMU. OTH

KoJIcOaHusl  SIBIISIOTCS 3aTyXaromuMu H 110 HCTCUYCHHU HCKOTOPOro BpPCMCHHU
MMPAaKTUYCCKU UCUYC3AIOT.
BTOpOC Koyie0aTeJIbHOE ABHIKCHUC IIPOUCXOOUT C 4acTOTOM BOSMYH_IaIOH_ICﬁ CHJIBI

W wu cusurom ¢daser Y . OHO He 3aryxaer, a NPOJOIDKAETCS, MOKAa AEHCTBYET

BO3MYyIlIaromias Culia.

AMIUTUTY1a BBIHYKJIEHHBIX KoJieOaHUIl paBHa

Pod 11
a,. _ . (10.6)
W2, 4an?w
(1- — )"+
W W

HpOI/I?)BeIIeHI/Ie POdll MNpCcaACTaBJIsACT coboit  TO MNepeMCcIICHUC, KOTOPOC

nosryuusia Ol Macca M, eciu Obl K HEel cTaTUYECKH ObLIa MPUIIOKEHA CUla PO-

CrnenoBatenbHO, KO3 puyuenm napacmanus KoieoaHutl
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b = ! (10.7)
2 2 2
W20 4 gp2 wWe
W

w? @

MOKa3bIBa€T, BO CKOJIBKO pa3 aMmIUIMTYyJa BbIHYXICHHBIX KoJeOaHuil Oomblie
CTaTUYECKOTO NMEPEMEILEHHUS], BBI3BAHHOIO MAaKCUMAJIbHBIM 3HAYE€HHEM BO3MYILAIOLIEH
CHJIBL.

Bo cTtonpko ke pa3 OONBIIMMH IO CPAaBHEHUIO CO CTAaTUYECKUMH OyAyT M

HAINPsHKCHUS, BOSHUKAOIIUE B YIIPYroM dieMeHTe (0ake, mpyXuHE U 1p.), T.C.
S 7 =Scrb.
HOCTpOI/IM Fpa(l)I/IK 3aBUCUMOCTHU KO3(1)(1)I/ILII/I€HT& 3aTyXaHUs b , HU3MCHIA

OTHOIICHHA 9aCTOT — H IIApaMCTP 3dTyXaHHA n.

1 N=0 (comporusieHue cpeapl OTCYTCTBYET).

1 1
U3 dpopmyael (10.7) b = > = 5
g w2g 1-7
8 w2 @ W
W
a) — =0, npusrom b =1;
W
W
6) — =1, mpustom b =¥ — pesonanc; sto o3Hauaer, uto Hpu TaKHX

YCIIOBUAX aMININTYld BBIHYKIACHHBIX KoJeOaHun HCOI'PaHUYCHHO BO3PACTACT.
Henenue yeeaudeHuA aMngumydbz npu COBNAOCHUU YACMOM COOCMEEHHbIX
Konebanuu u 603Jl/lyl/14a101/14€11 CUbl HOCUM HA36aAHUE pPE30HAHCA, a Ccamo coenaoenue

uacmont Hasovleaemcs ycjioeuem pe3oHanca.

B) W =2 npusrom b =0,33.
W

2n

2 W = 012 (COHpOTI/IBJICHI/Ie Cpcabl HeSHa‘II/ITeHBHoe).

[Tpeodpazyem dopmyiy (10.7):
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b = 1 B 1
.2
&g . 9 LN w2 || W (0,228 9
& wip &waw? V&€ wp 7 E&wag
a) w =0 mpuosrom b =1;
W
0) W =1 npusrom b =5;
W
B) W =2 npusrom b =0,31.
W
2n
3 — =02 (conporusnenue cpexst 3naunTeNBHOE).

w
[Tpeodpazyem dopmyiy (10.7):

b = 1 = 1

E
&IO

Lan
gﬁ_

Wng

O
E
>R
=
Z
N
o
>
N
¢
I-O

a)WZO npustom b =1;
W

0) W =1 npusrom b =25;
W

B) W =2 npusrom b €0,3.
W

ITo moy4YeHHBIM JAHHBIM TIOCTPOUM 3aBUCUMOCThL « ) - V%V » (puc.10.2).

B MNPAKTUKC HHXCHCPHBLIX PACUCTOB HAa AWMHAMHYCCKYIO IIPOYHOCTH BOIIPOCHI

PE30HAaHCa 110 CBOCH 3HAYMMOCTHU 3aHHUMAIOT OIHO U3 IICPBBLIX MCCT. I[eJIO B TOM, 4YTO B

OOJBIINHCTBE CIIy4dcCB 3aKOHbI U3MCHCHUA BO3IMYIIAOIUX CHUJI HOCAT HepI/IOIII/I‘IeCKI/Iﬁ

XapakTep, H€C6aHaHCI/IpOBaHHBIe IIOABUKHBIC YaCTHU pa60Ta10mer0 ABHUTATCIIA CO34Aar0T

NMCPUOONYCCKHA H3MCHAIOMMECS CHIIBI, IIOC31, I/IIIYHlHﬁ Imo MmytTu C MOCTOSIHHOM

CKOpPOCTBIO IOJYYacT ICPHUOJUYCCKH TOJYKHU HaA CTBIKAX PEJIbBCOB, JCTAIHU HpI/I60pOB

YCTaHOBJIEHHbIE HA BUOPUPYIOIIEM OCHOBAHUU — CAMOJIETE, aBTOMOOUIIE — MOTY4aloT B

mponecce pa6OTBI TOJYKH C YaCTOTOM KOJIC6JIIOI_HCFOCSI OCHOBaHU:I.
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b|

6 |

S i\

4 1\ W 0.2

[

3 ] ‘\ 2n

2 1) P :“-EN".‘\
03 | ... T Ny

I T T I I ) W
051 15 2 25 3 —
w

Pucynox 10.2

Bo Bcex »TuUX ciy4asx BO3HHMKaeT BOINPOC O TOM, HACKOIBKO OTACHBI
BO3MYIIAIOIIUE CHJIBI JJIi pabOThl YNPYyro CUCTEMbl W HE MPUBEAYT JU OHU K
Ype3MEpPHOM pacKauke U MPexkKJACBPEMEHHOMY Pa3pyIIECHUIO.

Takass 3amada pemiaercs, TMpeXAE BCEro, MYTeM COMOCTABICHUSI YacTOT
COOCTBEHHBIX KOJe€OaHWH | BO3MYyIIawomed cwibl. Eciu 3TH 4YacTOThl CHUIIBHO
OTJIMYAIOTCS IPYT OT JAPYyra, MOXKHO OBITh YBEPEHHBIM B TOM 4YTO, SIBIEHUE PE30HAHCA
HE BOBHUKHET M YCJIOBUSI pabOThI Ui YIIPYTHX SJIEMEHTOB SIBJISIFOTCSI 0J1arONPUSTHBIMHU.

[Ipu »TOM TIpeACTaBIACTCS BO3MOXKHBIM MOJACUUTATH AMIUTUTYAY BBIHYKJICHHBIX
KoJieOaHuii, He 3Has Hamepés BenuuuHy Kodddunuenta 3atyxanus N. Kak BumHO u3
puc 10.2., b -xpusble 3ameTHO OTNMUAlOTCA APYr OT Apyra NUIIL B 30HE PE30OHAHCA.
Ve B ciyyae, KOrja 4acToTa W Gonpme umu menbiie yactotel W B 1,5...2 pasa,
MOHO CUMTaTh, YTO MPHUBEJACHHBIC KPUBBIC MPAKTUYECKH COBMANAIOT U KOG PUITUEHT
3atyxaHus N 3Ha4YeHUs: He uMeeT. Ero MoKHO MPOCTO MPUHATH PaBHBIM HYJIO, UTO UET

B 3arac npovyHocTH. Toraa Beipaskenue (10.7) MOXKHO mepenucars:

bot L1 . (10.6)

2
1_W

W2

Eciu xoddpduiment D maiinen, nerko onpenensiorcs HanpskeHHs B YIPYTUX

pJIEMEHTAaX KO0JIEOATEIbHOM CUCTEMBI
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S 7 =Scrb, (10.7)
rac S CT — HAIIPAKCHUEC, KOTOPOC BO3HUKIIO 6BI B CHCTCMC IIpU CTATHYCCKOM

MMPUIO0KCHUN MAKCUMAJIBHOI'O 3HAYCHHA BO?)MYH_IaIOH_ICﬁ CHJIBI.
B ciIydac, Korga COIMOCTABJIICHHC YaCTOTbI W u w YKa3bIBACT HA OIIACHOCTDH
PE30HaHCAa, OOBIYHO IMyTEM KOHCTPYKTHUBHBIX U3MCHCHUU IIO6I/IBaIOTC$I, CMOTpA 110

O6CTOHTCJIBCTBaM, W3MCHCHMS TOM WJIM HHOM 4YacCTOThI. HpI/I 5TOM HauOoJiee

1eaecoo0pa3HpiM OyJeT U3MEHEHUE YacTOT B CTOPOHY YBENWYEHUS! OTHOIICHUS — C
W

TEM, YTOOBI IIO6I/ITBC$I HanboJiee 3aMETHOI'O CHIMYKECHUS b . HpOH_IC BCCTO 3TOIro A10CTN4Yb

CMSTYCHHEM TOJABECKH, T.€. YMEHBIIEHHEM IKECTKOCTH YIPYTrUX 3JIEMEHTOB
K0JIe0aTEIbHON CUCTEMBI.

Ecnu KOHCTpYKTOp JIMIIEH BO3MOXHOCTH BapbUPOBAaTh YacTOTaMH, TO MpHU
BO3HUKHOBEHUU OINACHOCTU pe30HaHCa MPAKTUKYETCS YCTAHOBKA CIHEIUATbHBIX
YCTPOMCTB, MOBBHIIIAOIIUX PACCCUBAHUE DHEPTUU TPU KOJICOAHUAX (meMrdupyomme
cuctembl). Koaddumuent 3atyxanus N mpu 3TOM BO3pacTaeT, U aMIUIUTyJa B 30HE
pe30HaHCa IPU HEU3MEHHOM OTHOIIEHUH YaCTOT CHUXKAETCS.

[Ipy npunoXkeHuu BO3MYIIAIOUIUX CUJI aMIUIUTY/AA BBIHY)KJICHHBIX KoJieOaHUM
(10.6) mocTturaer cBoero 3HadeHUs HE Cpasy, TPeOyeTCs TOBOJBHO MPOJOJIKHTEIHHOE
BpeMsi, 4ToObl "packayaTh' cUCTEMY. B CBA3M ¢ 3THMM KpaTKOBPEMEHHOE COCTOSTHUE
pEe30HaHCa ISl COOPYXKEHUN HE MPEACTABISET OMAaCHOCTH, MOCKOJBKY aMIUIUTyJa B

TCUCHUC KOPOTKOTO MPOMCIKYTKA BPCMCHHU HC YCIICBACT JOCTUYD OOJIBIINX 3HAYCHHUH.

IMpumep. Ha Ganke, cocrosimieit u3 nyx meemiepos 12 (puc.10.3), yctaHoBieH

JBUraTEb, B KOTOPOM HMEETCs HecGanaHcupoBaHHas Bpaljarolasics Macca M,
(m, =04 «H). Pammyc pucbamanca I'= 0,1 cm. Yucnmo oGoporoB maccel

n= 3000 o6/mun. Bec msuratens G =2 xH. Jinuna 6amxu | =1,5 m. Moment

_ 4
uHepuuu kaxaoro meemiepa |,=346,3 cm . TIpoBepuTh KOHCTPYKIMIO HA PE3OHAHC.
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1 ¢c ’
2 . Elx
s =150 7 I
1/2 l 1 1/2

Pucynox 10.3

1 Kpyrosasi yacToTa BO3MYIIAIONIEH CUJIBI paBHA YIiOBOM CKOPOCTH BpallleHUs

maccel My:

W=p 4 = 3000p =314 cex 1.

30
2 OHpCIICJISICM I{aCTOTy CO6CTBCHHBIX KOJIC63HPII>1 CUCTCMBI, npeHe6pera$1 MaCCOﬁ
0aJIoK:
1 G
w = (m=—)
dyym g

Haxonum dqq, "mepemuoxas” equuuunyto smropy (cm. puc.10.3) camy Ha cebs:

|3
dyy=———
U 48E R,
TOTr1a
E x| 5 -8
W:\/48 3 g _ 48210 >§><346,3>?<)10 >9,8:311 corl
13G 15° X0

YacToTsl MPaKTUYCCKH COBIIAAAIOT.

N3menum npodusp.
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[pumem msemnep 8 (1 ,=101,3 CM4),
Torna w =171 cex " 1.

DTa 4acToTa yKe CHUIbHO oTaudaercs or W,

3 Omnpenenum ko3 PUIIMEHT HapacTaHUs KoJieOaHU

b=t =04

2
1. 3142
171

4 OmnpenenuM MaKCUMaJIbHOE 3HAYE€HUE BO3MYIIAIOIIEH CHUITbI
Py = moW?r = 22x3142>0,1x10" % = 4,02 kH .
0 0 9.8

5 Hanpsbkenue, BO3HUKaroIIee B 6110Kax mof aeiicteuem cuibl Po, mpu yenosun

e€ CTaTMYeCKOro NMpUIOKEHUs, OyIeT paBHO

pp_ M _ Rl _402x10°°x5

= = = =298 Mla.
2W, 8Wy 8x253x10

S

7 HampsikeHue ipH BBIHYKICHHBIX KOJIEOaHUSIX OyJIeT paBHO
S ; =5 b =298X04=1192 M/la.

8 Dt MCPCMCHHBIC HAIIPSKCHUA HAKIIAABIBAIOTCSA HA IMOCTOAHHBIC HAIIPSIKCHUA

ot cobcTBennoro Beca apurarens G = mg = 2xH .

_M™g Gl _ 2x03X5

sS, = = = = =148 MIla.
W, AW, 4 x253X10

9 MakcumanbHOE CyMMapHOE HalpsHKeHUe

S =S +s ; =1192+148 =2672MITa.
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11 PACYET KOHCTPYKIIMM C YYETOM CHJI HHEPIIUU

11.1 Onpenesienne HanpsizkeHuii u xedopManmii NPU PABHOYCKOPEHHOM

JABHKEHUM CTEPHKHS C y4eTOM COOCTBEHHOI'0 Beca

PaccMoTpuM paBHOYCKOpeHHBIH moabéM rpysa Q (puc.11.1), noxsemenHoro Ha
crepxHe qauHol | u mnomansio nonepeunoro ceuenns F, 00BbEMHBINA Bec MaTepuana
CTEpIKHS paBeH (, TPy3 MOAHUMACTCS C YCKOpeHHeM a (cm/cex?).

HaiimeM HampsokeHHS B KaKOM-THOO CEYEHHMH Ha PAacCTOSSHUH Z OT HIDKHETO
KOHIIA CTEPXHs. Pa3pekeM CTEp)KEHb B OTOM CEUEHHM M PACCMOTPUM HILDKHIOO

OTCEYCHHYIO 4acTh, KOTOpas Oy/aeT ABUIaThCs BBEPX ¢ yckopeHnueM a (cm. puc.11.1, 6).

a Z
\

Q

*Pu = ma:w a
g
4]

Pucynox 11.1

3HAYUT, HA HWKHIOIO 4YacTh OT BEPXHEH YacTU CTEpxkHs OyAeT meperaBaThCs
IOMHMO CHIIBI, YypaBHOBemmBaromeil eé Bec, ewmé cuna wuHepuuu P,, paBHas

IMPOU3BCACHUTO €€ Macchl Ha YCKOPCHUC, TO CCTh

gz, (11.1)

Pu =ma= .

rae J — yCKOpEHHE CUIIbI TSKECTH.
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Takum  00pasoM, [MHAMHYECKOC HANPIKCHHE S, JIGHCTBYIONIEE IO

IIPOBEICHHOMY CEYEHHUIO, OyJeT YPaBHOBEIIMBATH HE TOIBKO CTATHYECKYIO HArpy3Ky
Q+gFz
Q+gFz, vou nobapounyro cuny nepuun —————— a
YroObl BBYHCIUTH OTO HANPSKEHHWE, HAJ0 PACCMOTPETh PABHOBECHE
BBIJIEJICHHON HYUKHEH yactu crepkHs (cM. puc.11.1, 6) moa aelicTBHEM AMHAMUYECKOTO
Q+gFz

Hanpsukernst Sy, cTatudeckoit Harpyskn Q +0FZ u cuer unepimn ———a.
+ 0]
Torna SZ=0; sﬂxF-(Q+g: g g::a 0. (11.2)
9 ¢

_Q+dFz, Q+dFz __ Q+oFzag, ao

= (11.3)
F g xF F Jg¢

Otkyna S i

TO €CTb OuHamuyeckoe Hanp:Ascenue pPaBHO cmamudeckomy, YMHOXCHHOMY Ha

= —, % .
ko> dumment K yii 1+—, koTOpBIii HAa3BIBAETCA KOIDPUYUEHMOM OUHAMUYHOCTIU

CnenoBaTeiabHO,
Sﬂ =S cr >Kﬂ. (11.4)

YcnoBue IMPOYHOCTH ITPUMCET BU

S Jmax =S CTng +g%:s crmax XK 7 £[s ]. (11.5)

[TockonbKy MBI paccMaTpuBaeM padOTy Marepuania M BCEH KOHCTPYKIUU 6
npedenax 3axona Iyka, T.e. MEXKIY HaNpaBICHUAMH H Je(OpMaIUsIMU CYIIECTBYET
npsMasi 3aBUCHMOCTh, TO M JAcPOpMAalMM TPH JHHAMHYECKOM HArpy>KCHHH MOYKHO
HalTu 1o popmye

Dy =Dcr 3K . (11.6)

11.2 PacueTt K0JIbIIA IPA PABHOMEPHOM BpallleHUH

PaccMoTpyM BbIUMCIIEHHWE HANpsSOKEHUH B OBICTPO BpAILAIOMIEMCS] KOJIbIIE
nocrosiHHoro ceueHust (puc. 11.2, a). C W3BECTHBIM NUPUOIUKCHUEM B TMOITOOHBIX
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YCIIOBHUAX HAXOOUTCA KOJCCO BCJIOCHUIICOAA WIIH O6OII MaxOBHKa, CCJIH HpeHe6pe%
BIUSHHUEM CIIHII.

Pucynox 11.2

KOJIBI_IO 6YIICM CUNUTATh TOHKHM, CCJIM TOJIOWHA €T0 HCBCIIMKA II0 CPABHCHUIO C
paanycomMm . B stom ClIy4dac MOKHO CHHUTAThb, YTO BCC TOYKH KOJbIA HAXOIATCA Ha

OJIMHAKOBOM PACCTOSHUM OT OCH BpallleHus, paBHoM D / 2.
O6Go3naunm uepe3 F momans nonepeunoro ceuenus Konbla, § — 00bEMHEIN BeC
’n

30

Marepuaia, N — 9UCIO0 00OPOTOB B CAMHUIYY BpeMeHH, W = (L/cex) — yriosas

CKOpPOCTb BpalllCHUA, D — ANaMCTP OCH KOJIbIIA.

BBIJICJII/IM QJICMCHT KOJIbLla IUIPIHOﬁ dS. HpI/I Bpall€HHUH 3TOT 3JICMCHT ABUKCTCA

M0 OKPY>KHOCTH C TMOCTOSIHHOM YTJ0BOW CKOpocThio W. YTioBoe yckopeHue € paBHO

HyI10. [I03TOMY TaHT€HIIMAIbHOE YCKOPEHHUE AJIEMEHTA PABHO HYJIIO!
a =ex—=0,

paaruajIbHOC KC (I_ICHTpOCTpeMI/ITCJIBHOC) YCKOPCHHUC 3JICMCHTA

W2><D 2
an:T:W r

M HAIIPpABJICHO K NCHTPY KOJIbLA.
Ha snement KOJIbLIa IIJIHHOﬁ, paBHOﬁ CAUHUIIC, HCﬁCTByeT Cujla MHCPIHUU B BUAC

HEHTPOOECIKHOM CHJIBI, BEJIMYMHA KOTOPO# (MHTEHCHBHOCTD) paBHA
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XN AT (11.7)

[leHTpoOEKHBIE CHIIBI HAMpaBjiCHBI MO paguycy. Mx aedcTBHE Ha KOJBIO
AHAJIOTMYHO JICHCTBHIO PaBHOMEPHOI'O BHYTPEHHETO NaBJICHUS MHTCHCHBHOCTBIO (.
BcaencrtBue rpynmoBoi CHMMETPUM CHCTEMBI M HAarpy3KH B IIOMEPCYHBIX CEUCHHUAX
U3ru0aIe MOMEHTHI M IIONMEPEYHbIC CHJIBI paBHBI HYyJ0. Jlas omnpenencHus
HopManbHBIX yemnuii N, neficTBylomux B momepedHbiXx (paaMalbHBIX) CEYECHHSIX
KOJIbLIa, PACCMOTPUM PaBHOBECHE €ro MOJOBHHBI (cM. prc.11.2, 6).

PaBHOzENCTBYIOIIAs pACHpPENEICHHOW Harpy3Kd HWHTEHCUBHOCTBIO (] paBHa
npou3BeneHU0 ( Ha AuameTrp, MEpPIECHIUKYJSIpHA K AUaMETpy U JAEHUCTBYET IO OCH,

IPOXOJSALINNA Yepe3 ero CEpeHy, TO €CTh M0 OCH ). Y CIIOBHE PaBHOBECHS MOJIYKOJIbIIA
OyJeT UMETh BUJT
SY=0; 2N-q2r=0. (11.8)
Ortkyna N=qgo>r.

HOpMaJIBHoe HAIIPAXKCHUC B MOIICPCYHOM CCUCHUUN KOJbIlA
S =—="— (11.9)

[Moacrapnss 3navenue ( u3 popmyisr (11.7), momydunm

s =22 (11.10)

g
_9gno’
gg 308

HaHpH)KeHl/Ie MOXHO BBIPA3UTH 4YCPC3 €TI0 OKPYKHYIO CKOPOCTH V . quTBIBaH,

(11.11)

WA S

uyro V =W, u3 ypasuenus (11.10) Oynem umetsb

s =9v2 (11.12)
g
Kak BugHo w3 Qopmynsr (11.12), HanpsbkeHHEe HE 3aBUCUT OT IUIOMIAIH
MOMEPEYHOr0 CEUECHHMSI KOJIbIIA.

Ycnosue MMPOYHOCTH BPAITAOIICTIOCA KOJbIAd

g,,2
==V°£E
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OmnpenenseM gonyckaeMyro (KpUTHYSCKYIO) BEIMYMHY OKPYKHON CKOPOCTH

S
Vip = 249 (11.13)
g
Kak Bugno u3 dpopmynsl (11.13), kpumuueckas ckopocms, Ipr KOTOPOH KOJIBIIO
MOKET Pa3pyIIUThCS, 3AaBUCUT MOJILKO O Mamepuand, Ho He OT pa3MepOB KOJIbIIA.

OTHOCHUTENILHOE YAJIIMHCHHUC KOJIbIId B OKPYKHOM HAIIPABJICHHUH PABHO

6 = = 9 22
E gxE
20°r-20°r rp-r u
W € = Pl Pt _h-t_u (11.14)
20 >r r r

rac u= rl — I —u3sMeHeHue pa3Mepa KOJIbIIa B paIII/IaJILHOM HaHpaBJIeHI/II/I.
TaKI/IM KE ABIICTCA OTHOCHUTCIIBHOC YIUH/IHCHI/IC KOJIblIa B paIII/IaJIBHOM
HaHpaBJIeHI/II/I i
r-r _u
r r

e = (11.15)

CrneoBaTebHO, eq =€, .

11.3 PacyeTsl HAa yapHOe /ieiicTBHE HATPY30K

Ilo0 yoapom nonumaemcsi 6csikoe 6He3aNHOe USMEHeHUue CKopocmu mend,
conposodicoaroweecs 6bICMpuIM USMEHEeHUeM CUL.

3amaya o0 pacyeTe KOHCTPYKLIMU Ha YAAPHYIO HArpY3Ky COAEPKUT B ce0e MHOTO
TPYAHOCTEH, KOTOPhIE HE BCErJa MOTYT OBITh MPEOI0JICHBI TPOCTEHIITUMU CPEJACTBAMM.
Croma oTHOCHUTCS, B TEpPBYIO O4Yepellb, aHAIU3 HAMNPSIKEHHOIO COCTOSIHUSI B 30HE
KOHTaKTa COYAApSIOMIUXCS TeJI U Mpollecca U3MEHEHHUs KOHTAKTHBIX CHJI BO BPEMEHH.
Bonpiue CII0KHOCTH  BBI3bIBAET HEOOXOAMMOCTh yueTa TNpPH PE3KUX yaapax
JOTIOJTHUTENIBHBIX CTEMEeHEW CBOOOJIbI YNPYTroro Teja, BIMSHUEM KOTOPBIX MPH JAPYTUX
BUJIaX HArpy>KeHHUS MOXHO ObuI0 Obl TpeHeOpedh. CyIIeCTBEHHYIO POJb B IMpoIecce
yJapa urpaet TpyAHO MOAUHHSIOMMNICS aHanu3y (PaKkTop paccessHUsl IHEPTUH.

OrpaHu4uMcs TPOCTEUIIMMU MpUEMaMU pacdeTa, KOTOphIe HE AT BBICOKOM
TOYHOCTH, HO B TO € BpeMs IMO3BOJISIIOT IIPABUIIBHO OLICHUTH MOPSI0K TEepPEMEIICHHH,

HanpspKeHU v neopmanuit mpu yaape.
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PaccmoTpuM, Kak BOCHPUHUMAETCS YyHapHas Harpy3ka B CHUCTEME C OJHOMN
CTeNeHbI0 cBOOOIbI. cnonb3yeM 3aKk0OH COXpaHEHUs! SHEPTUU.

[Ipu ynape mpoHCXOAUT OYEHb OBICTPOE MPEBpAIEHUE OJHOTO BUJIA SHEPTUU B
Apyroii: kuHeTHueckas oHeprus K yagapsiomero Tema  npeBpamiaercs B

noTeHIUaIbHyo sHepruo U J1 Aedopmarii yrapsemMoro Tea.
K=U - (11.16)
[IpeanonoxumM, 4ro odeHb xkectkoe Teno A Becom Q, mamas ¢ HexoTopoii

BeicoTel H |, ymapser mo npyromy teny B, ommparomemycs ma ynpyryroo cucremy,
KOoTOpast uMeeT kecTkocTh C (puc.11.3.). B yacTHOM ciydyae 3TO MOXKET OBITh MaJCHHE
rpy3a Ha KOHEI[ MPU3MATHUYECKOTO CTEpPXKHs, IPYrol KOHEI] KOTOPOTO 3aKperuieH
(mpoaoabHBIA yAap), MajcHUe Tpy3a Ha OajaKy WIM paMy Ha omopax (uM3rubaromuit
yaap) u T.nI.

B TedeHune oueHb KOPOTKOTO BPEMEHHU YIIpyrasi CACTEMAa UCTIBITHIBAET HEKOTOPYIO

nepopmanuo. O6o3naunm gepes D 7 TiepeMelienne Tena B (medopmanueii storo

Tella peHeOperaeM) B HaPaBJICHUH yaapa.

A

Pucynok 11.3

Tak kak k MOMCHTY OKOHYAaHUA IIC(i)OpMaI_II/II/I yAapAaromee TClIo HpOfIII@T IIyThb

H+D g, TO M3MEHCHHE €ro  KMHETHYECKOH SHEpPruM OyleT U3MepAThCs

MPOU3BEAECHHON UM paboTOl U OyJeT paBeH

K=Q[(H+Dy). (11.17)
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Boraucomm teneps U 7.

[Ipu cratuueckoii nedopmanuu

1 1
Uor ==QxXDp ==Xy, (11.18)

2 2

e DCT =— —3akoH ['yka B o01iem BuE;
¢ — JXKCCTKOCTb CHCTCMBbI, KOTOpad 3aBUCHUT OT CBOMCTB MaTcpuaja, BHUIAA

IIC(i)OpMaLII/II/I " ITOJIOKCHUA YAApsACMOIro CCUCHUS.

B ocroBy dopmyisr (11.18) monokeHsl ABE TPEAIOCHUIKH:
a) crpaBeNIMBOCTh 3akoHa ['yka;

0) IOCTENEHHBIA — OT HyJs 10 OKOHYATEIBHOIO 3HadeHHMs — pocT cuibsl Q)
HANPSDKCHUH M IPONIOPIHOHAIBHEIX UM fAedopmanuii Doy .
ITo anajoruu 3anumem U I

1
U,=-QxD >02_——><02
A 2Q 2 A 2Dy

Hcnonn3ys 3akoH coxpanenus sHeprun (11.16), momyanm

Q(H +Dﬂ) 55 ><D2

CcT
o DY - 2Dy XD, - 2H XDy =O0.
Otcrona Dy =Dcr i\/ D%T +2H XD,

WIn Dﬂ =Dcr 1+ /1+2—H
DCT@

Tak kak Hac HHTCPCCYCT HauOoJIbIIasl BEJIMYMHA JIC(i)OpMaI_II/II/I CUCTCMBI B

HaIlpaBJICHUHU yJdapa, TO 6CpCM KOPC€Hb TOJIBKO C IINIKOCOM.

Dy =Dey ol + 1+ 2H %p XK ., (11.19)

DCT %]

2H O
rie K = 1+ 1+ —— 7 — ko3 PUIUEHT TMHAMUYHOCTH.
DCT (4]
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Tak kak 1o 3akoHy Iyka yCcWwIMg ¥ HaNpsOHKECHUS TPOMOPIIHMOHATBHBI
nedopmanuu, To

S 1==S¢r xKﬂ =S cr 1+ 1+I§—H , (11.20)
CcT @
==QxK; =Q 1+ 1+2—H T (11.21)
Der g

N3 dopmyi (11.19)...(11.21) BuaHO, YTO BETUYHMHA JMHAMHYCSCKUX Jedopmarinii,
HANPSOKEHUH, YCUIMH 3aBUCHUT OT BEJIIMYMHBI CTATHYECKOW aedopMalud, TO €CTh OT
’KECTKOCTH U pa3MEpOB yIapseMOoro Tea.

Ecn H =0, To ects rpys Q npunosken mruosenro, ro K 7 =2, torna
Dy =2Dcr,S 7=25 cr, Py =2Q.

HaoGopor, eciau BbicoTa majgeHus rpy3a H  Benuka 1m0 CcpaBHEHHIO ¢

IIC(I)OpMaI_II/IeI‘/’I DCT’ TO B ITIOAKOPCHHOM BBIPAKCHUKN MOKHO HpeHe6peqL CIII/IHI/ILleﬁ 110

y 2H 0
CpaBHCHUIO C BCIIMYUHOU, T.C. Kﬂ zgl + [ — : .
DCT (%]
S ZH S 2H O
TOFI[a Dﬂ DCT él + | — T H S ﬂ =S CT él + | — :
Der & Der o

[Ipu oueHs Gompiioik Benmmunee H MoxHO npeneOpeus W eaMHMIEH, CTOSIIEH
repes KOpHeM, Toraa

2H 2H 2H
Kp=|— wu Dy=Der |— wm S ;=Scr. |—.
4\ Dgy A Der A Der

AHaJII/I?)I/IpyH IMOJIYUYCHHBIC (1)OpMy.IIBI, BHUIUM, 4YTO BCIMYHMHA JHUHAMHNYCCKHNX

HANPSDKEHUM 3aBUCUT HE TOJBKO OT T€OMETPUYECKUX XAPAKTEPUCTHUK IONEPEUHOTO
CCUYCHUS (F,l X’WX)’ KaKk 3TO HMMEET MECTO IIPpM CTAaTUYECKOM HArpyK€HUU B

CTaTHUYCCKU OIPCACIHUMBIX CUCTCMAX, HO U OT AJHHBI CTCPIKHA U MOAYJIA YIIPYI'OCTH

QI

marepuana (mpu npogoisHoM yaape Dop =——
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[Ipu sTOM, yem Oompiie 00BEM MaTepHalia YHOpyroro CTEpXHsS, TEM MEHbIIE
JUHAMUYECKUE HAIPSKEHUs, a 4eM OOJIbllle MOAYNb YINPYrOCTH, TEM JMHAMHYECKUE
HarpsHKeHUs O0JIbIIIe.

JInsi CHUKEHMSI HAIPSKEHWM HAZO0 CTPEMUTBHCSA K YBEIWYEHHUIO JUIMHBI U 3aMEHE
Martepuaia Ipyrum, ¢ 6oiee HU3KMM MOJYJIEM YIPYTOCTH.

VYcnoBue MpoYHOCTH NPU yAAPE UMEET BUJT

s 7 £ls] (11.22)

rae [S ] — JIOITyCKaeMoe HalpsKeHHe MpU yiape

Ipumep 1. I'pys Q mamaer ¢ Bbicothl H Ha croiiky mumHoi | (puc.11.4).
OnpenenuTh HaNpsDKEHKE U iedopMallid B MOMEHT yJiapa.

Pucynox 11.4

OnpenenuM cTaTU4ecKyo Aehopmariio

_ _Ql

et [ 2 1 2T
Der Ql
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119

IMpumep 2. Ha Ganky (puc.11.5)
¢ BbIcOTHI H manaet rpy3 Q.

OrnpeenuTh MaKCUMaJbHbBIN
nporud Gaaku U MaKCHUMalbHOE

HOPMAJIBHOC HAIIPAKCHHUC.

OHpCIICJII/IM CTAaTHYCCKOC

nepeMenieHne 6ajaku MEeTOI0M
2niepemuoxkerns? smop M p @

u Ml (cm. puc.11.5):

Pucynok 11.5

él .U 3
1 X 1 1o |
=2 L £22, 004, o
El, 866 & 4 4gi 48El,
& U
Ky = L4 2HX8E 1+96H>;EIX;
QI° Ql
QI® & 96 H *El ,
Torna Dy =Dcp XK 7 = 1+ |1+ T
A A 48Rl ok 7
25 El, O
Sp=Scr>XK :Q—I§1+\/1+%:
AW, Ql P
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12 IPOYHOCTHh KOHCTPYKIUH ITPU IMKJINYECKHU
NB3MEHAIOIUXCA HAITPAXKXEHUAX

12.1 ¥YcrajiocTHAsi IPOYHOCTH U €é 0COOEHHOCTH.

MexaHu3M yCTAJOCTHBIX Pa3pylIeHU

Heo0xonuMocTh pacyeToB Ha YCTaloCTh TPYAHO MEPEOLEHUTH, MOCKOIbKY 80%
pa3pylIeHUN MPOUCXOIUT OT NMEPEMEHHBIX HampsKeHui. MHorue nerand MailuH B
nporiecce padoThl UCTIBITHIBAIOT HAMPSHKCHUS, [IUKINYSCKU MEHSIOIIUECS BO BPEMEHH.
Tak, wHampuMmep, TOpIIEHh U BCE JeTald KPUBOIIUITHO-IIATYHHOTO MeEXaHHW3Ma
JIBUTATENIsl BHYTPEHHETO CropaHus (Bpalllaroliuecs Bajbl, 3y0UaThbie IIECTEPHH, OOITHI)
HaXOJISITCS MO/ ICHUCTBUEM MEPUOIUYECKH MEHSIIOITUXCS CHJL.

Ocpb Barona (puc.12.1), Bpararorascst BMECTe ¢ KOJeCaMH, TaK K€ HMCIBITHIBACT
LMKINYECKH M3MEHSIONIMEC HANPSLKEHUs, XOT BHEMHME cuibl P coxpansror ceoro

BEJIMYMHY. DIMIOpa N3ru0arommuxcsi MOMEHTOB JIJIs1 He€ rmoka3zana Ha puc.12.1, a.

VANV AV AV AN A A A G GV 4 4 4 4 4

a | a

7 @

R»>a a

Vs e

Pucynox 12.1



12.1 YctanocTtHas npo4YHOCTb U €€ 0COBEHHOCTU 121

B HpOHSBOHBHOﬁ TOYKEC A MMONICPCYHOro CCUYCHUA OCH BO3HHKAIOT HaHpH)KeHI/ISI:
—_ usze
s =12y (12.1)

Paccrosiuie ) OT HEWTpasbHOM MHUK 10 ToYknu A ocu BaroHa (cMm. puc.12.1, 6)

MCHACTCA BO BPpECMCHHU I10 3aKOHY
D .
y =—9Snwt,
2

rae W — yriioBasi CKOpOCTh BpaIleHUs OCH.
CrnenoBarenbHO, HOPMaJIbHBIE HAIPSIKEHUS B TIPOU3BOJIBLHON TOYKE OCHM BaroHa

TAKKC U3MCHAIOTCA 110 CHHYCOHUJAJIbHOMY 3aKOHY.

PaD .
s = " _sn wt.
I %2 (12.2)

CornpoTuBieHrEe pa3INYHBIX MAaTEPUAJIOB MPU ACHCTBUM HATPY30K, MEHSIOIINXCS
BO BPEMEHHU 110 BEIMYMHE WUJIM OJHOBPEMEHHO MO BEJIWYMHE M 3HAKY, CYIIECTBEHHO
OTJINYAETCSI OT COMPOTUBIICHUS JEUCTBUIO CTAaTHYECKON HArpy3ku. [Ipu 3ToM 31eMeHThI
KOHCTPYKIIMH TIOJ ICMCTBUEM MEPEMEHHBIX HArPy30K pa3pylIaloTCs MPU 3HAYUTEIIHHO
MEHBIIINX HAMPSIKCHUSIX, YEM B CIIydasiX CTaTHYECKUX HArPY30K.

[IpakThKOl yCTaHOBJIEHO, YTO €CJIU DBJEMEHT TOW WIM WHOW KOHCTPYKIIMH
MHOT'OKpPaTHO TOJIBEpraTh MEPEMEHHOMY HATPYKEHUIO PACTIKCHUS WM CXKATHS, TO
MocJie ONPEeNIETIEHHOr0 YKciia IEpeMEH MOSIBUTCS TPEIIMHA, KOTOpasi MOCTOSHHO OyJeT
pa3BUBATHCS M, B KOHIIE KOHIIOB, JI€Tallb Pa3pylIUTCs, HE JaB MPU ITOM 3aMETHBIX
OCTaTOYHBIX Je(pOopMalnii 1axke B TOM Cllyyae, KoTJla MaTepual Jietain oyaer o0naaaTh
BBICOKOH TIJIACTUYHOCTHIO.

Uucno HMKIOB 0 TOSBICHUSI MEPBOM TPEHIMHBI U 1O TOJIHOTO Pa3pyIICHUS
CTEp>kHS OyAeT TeM OOoJIbllle, YeM MEHbIIIEC HaIpsHKEHUE. XapaKTepHO, YTO pa3pylleHUe
Marepualia B cliydae JIEWCTBHUSI MOBTOPHO MEPEMEHHBIX HArpy30K MOXXET MPOU30UTH
MIPU HAIIPSDKEHUSIX HIDKE Mpejieia TeKyUeCTH.

Pazpymienne Marepuana mMojJ JEHUCTBUEM MOBTOPHO-TNIEPEMEHHBIX HArpy3o0K
BCJICAICTBUE PAa3BUTHUS TPEIIMH HA3BIBACTCS pa3pyuieHuemM om YCmaiocmu.

Boobmie xe ycmanocmero mamepuanog (B 4aCTHOCTH METAJUIOB) HA3bIEAIOM

sA6eHUe pa3pyuerusi Npyu MHO2OKPAMHOM NOBMOPEHUU HA2PYIHCEHUU.
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CnocobrHocmb  Memanios CONPOMUBAAMBCA  PA3PYUWEHUI0 Npu  Oeucmeuu
NOBMOPHO-NEPEMEHHBIX HA2PY30K HA3bI8AEMCsl BbIHOCIUBOCNbIO MAMepuald.

W3yyenue BONPOCOB yCTANOCTH B COMNPOTHBICHUM MaTepuUaIoB HUMEET
Yype3BbIUAiHO OO0JbIIOE 3HA4YeHHe. TaKue OTBETCTBEHHbIE JeTalH, KaK OCH
KEJIE3HOIOPOKHBIX BArOHOB, KOJIEHYAThIE€ BaJIbl, IIATYHBI MOTOPOB, BO31YIIIHbIE BUHTHI,
KJIallaHHbIE TPYXUHBI, MOPIIHEBbIC MaJblbl U MHOTHUE JpYyrue ACTalId BBIXOIAT W3
CTpOsI II1aBHBIM 00pa30M BCIIEJCTBUE pa3pyILIEHUs] YCTAIOCTHOIO XapaKTepa.

[lpu paspylieHnd Ha TOBEPXHOCTH u3loma jaetanu (puc. 12.2) 00buHO

O6Hap}7)KI/IBaIOTC$I ABC APKO BBIPAKCHHBIC 30HLI.

Pucynox 12.2

B 3o0ne | (cM. puc.12.2) kpucTayibl pa3inyarOTCs HEBOOPYKEHHBIM TJIa30M C
6ompmuM TpyaoM. [IoBepXHOCTh H3I0Ma UMEET CTIIaKEHHOE OUYepPTaHHUE.

B 3o0me Il (cM. puc.12.2) sIBHO BBICTYNAIOT NPHU3HAKUA CBEKETO XPYIKOrO
pazpyuienns. Kpuctamibsl UMEIOT OCTPYIO OTPaHKy M OJECTAIIYIO YUCTYHO ITOBEPXHOCTD.

JletanpHee 30HY | MOXKHO pa3feuTh Ha HECKOJIBKO 30H (cM. puc.12.2):

1) ¢oryc uznoma — manas JOKajdbHas 30HA, OJHM3Kas K TOYKE B KOTOPOWi
BO3HUKAET MUKPOTPEIINHA, OTKYa U HAUYMHAeTCs €€ pa3BUTHE;

2) ouae paspywlenuss — Mayias 30Ha, Hpuierawiomas K (QOoKycy H3JIiomMa |
COOTBETCTBYIOIAsI HAYaJIbHOW MUKPOCKOITMYECKOM TPEIINHE;

3) 30mHa uzbupamenbHO20 pa3zgUMUS MPEWUHDL,

4)  30Ha YCKOPEeHHO20 pa3eumusi mpewutsl, TPEANESCTBYIONIAs Pa3pyIICHHO.

3ona donoma (cm. puc.12.2, no3. 5) — yacTh ceueHwus, rae pa3pyniaeTcs MeTal.
Omna otHOcHUTCS K 30HE || 11 XapakTepusyeTcss MaKpOXpYIKAM Pa3pyIICHUEM.

YcioBusi BOSHUKHOBEHUS TPEIIMHBI 3aBUCAT OT KacaTeNIbHBIX HANpPsOKEHUH, a eé
pa3BUTHE — OT HOpPMaNbHBIX HampsokeHud. Co3maércsi mepBoe BIIEYATICHHE, YTO

N0JJOOHOTO poja pa3pylIeHHE CBSI3aHO C U3MEHEHMEM KPHUCTAUIMYECKOM CTPYKTYpHI
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Metama. VIMeHHO ASTUM B CBOE BpeMsi Y4Y€HbIE OOBSCHSUIM pa3pylIeHUE TMpH
UKIMYECKUX HanpsokeHusx. OnucaHHOe SBJICHHE TMOJYYWIO TOTJa Ha3BaHHE
yCmanocmu.

B nmanpHeiimeM ToYka 3peHUs HAa TPUYUHBI YCTAJIOCTHOTO Pa3pyIICHUS
M3MEHWIAach, HO CaM TEPMHH COXPAHUJICS.

B nHacrosdiiee Bpemsi yCTaHOBJIEHO, UTO CTPYKTypa MeTajula IMPU HUKIAYECKHUX
Harpy3kax He MeHseTcs. Hauano paspyiieHuss HOCUT YKMCTO MECTHBIM xapakrtep. B
30HE MOBBIIIEHHBIX HaIpsOKSHUH, 00yCIIOBJICHHBIX KOHCTPYKTHUBHBIMH,
TEXHOJIOTUYECKUMHU  WJU  CTPYKTYpHBIMH  (aKTOpaMH, MOXKET  00pa3oBaThCs
MUKpOTpenuHa. [lpy  MHOTOKpaTHOM  W3MEHEHHHM  HArpy>XeHWUsl  KPUCTAILIHI,
PACIIOIOKEHHBIC B 30HE TPEIIWHBI, HAYMHAIOT pa3pyliaThCs, U TPEIIMHA MPOHUKAET B
ryos Tena. Colpukacaromuecs: MOBEPXHOCTH B 30HE OOpa30BaBIICHCS TPEIIMHBI
HCIIBITBIBAIOT KOHTAKTHOE B3aUMOJCHCTBHE, B pPE3yjJbTaTe Yero KPHUCTAJUIBI
HUCTHUPAIOTCS, a TMOBEPXHOCTU MPUOOPETAIOT BUJ MEIKO3EPHUCTOM CTPYKTyphl. Tak
oOpasyeTcst 0JiHa U3 30H MOBEPXHOCTH Oyayiiero uzaoma (30Hsl 1— 4, cM. puc. 12.2).

B pesynbrare pazBuTHs TpeIIMHBI ceueHHe ocnadmsiercs. Ha mocinennem stame
MPOUCXOAUT BHE3AMHOE pa3pylieHue. M310M HMeeT XapaKTEepHYIO NOBEPXHOCTh C
YUCTHIMU HEIMOBPEKIECHHBIMU KpHUCTAIaMH. TpenipHa MoxeT oOpa3oBaThCi Yy Kpas
CEUYEHUS W BHYTPHU HETO.

Teopernueckn aHamW3 YCTAJIOCTHOM TMPOYHOCTH CBSI3aH C  OOJBIIUMH
TpyaHocTsamu. [Ipuposa yCTaHOBIEHHOTO pa3pylieHUsi 00ycCIOBJIeHAa OCOOCHHOCTSIMHU
MOJIEKYJISIPHOTO CTpOEHHMs BeliecTBa. Cxema CIUIONIHOM Cpejbl, KOTopas A0 CHX IOp
MIPUMEHSIETCS TP PACCMOTPEHUH Pa3IMUHBIX 3a]1a4, B JAHHOM ClTydae HE MOXKET OBbITh
MIPUHATA B KAYECTBE OCHOBBI JIJIsI UCCJICIOBAHUSI.

B nacrosiiee Bpemsi pu3nUeCKrue OCHOBBI TEOPUM TBEPAOTO Tella HE HAXOJSITCS
enié Ha TakoW CTaguy pa3BUTHsI, YTOOBI Ha WX 0a3e co3daaTh METOJbI pacyeTa Ha
YCTaJOCTHYIO TPOYHOCTh, YAOBJIETBOPAIOIIME 3ampocaM nOpakTUkH. [losTomy
MPUXOJIUTCS UATH MO IMYTH HAKOTUICHUS SKCIIEPUMEHTAIIbHBIX (DaKTOPOB.

OTcyTCcTBHE €IUHBIX OCHOBOIIOJATalOUIMX 3aKOHOB B ATOW TEOPUU JIMIIAET €€
CTpoitHOCTU. B pe3ynbTaTe moiaydeHbl SKCHEPUMEHTAIbHbIE 3aBUCUMOCTH, KOTOPBIE HE
SBJISIIOTCSL  YHUBEPCAJIbHBIMHU, a CaMU pacyeThl Jal0T CPAaBHUTEIBLHO HEBBICOKYIO

TOYHOCTB.
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12.2 OcHOBHBIE XapPAKTEPUCTUKHN HUKJIA HANPSKEHUIA.

IIpenen BBIHOCJIUBOCTH

HCpCMCHHBIC HaAIllPpsZKCHUA B YaCTAX MaAlllMH HM3MCHAIOTCA MCKAY ABYMA

KpallHMMH 3HA4CHUSAMH, MEXIy HauOOJBIIMM HANPSIKCHUEM S g U HaMMEHBIIUM
S min (puc. 12.3). Ilpu 3ToM HampsHKEHHS U3MEHSIOTCA 10 MEPHOANYECKOMY 3aKOHY

s = f(t) c nepuonom, pasueim T.

Pucynox 12.3

CogokynHocmb  6cex 3HAUeHUUl HANpAXCeHuu 3a 6pemMsi 00H020 nepuood
HA3b18aeMCs YUKILOM HANPAICEHUL.
Anrebpanueckasi oJIlyCyMMa HauOOJBIIIET0 U HAMMEHBIIIETO HAMPSIKCHUHN UK

Ha3bIBaACTCA cpeOHuM HanpAasiceHuem yukida.

S +S
S, = X . min_ (12.3)

Anrebpanueckasi TOJYpa3HOCTh HAMOOJBIIET0 M HAUMEHBIIEr0 HaNPsHKCHUI

IIMKJIa HA3bIBACTCS CpeoHell AMNAUMYO00U YUKIA.

S, = 5

OTHomIeHNEe HAUMEHBIIIETO HaAIlIPSKCHUA K HaI/I6OJIBH_IeMy, B3ATOC C y‘{éTOM

_Smax'smin (124)

3HAKa, Ha3bIBACTCS KOIPDUYUSHMOM aACUMMEMPUU YUKIA.
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S .
— ° min
R=——". (12.5)
S max
Kosdpuiment acummerpur R sBisercs 0cHOBHO# XapaKTepUCTUKOM IUKIIA.
Ecnu nambonbliee ¥ HaMMEHBUIEE HANpPSDHKEHUS OJIMHAKOBBI MO BEIMYMHE U
oOpaTHble 1O 3HaKy, T.e. R=-1, To nuMkn1 u3MeHeHMs HaUpsHKEHHI Ha3BIBAETCS

cummempuunvim (puc.12.4, a).

Pucynok 12.4

Ecim HauMeHblIICE HANPSIKEHUE LMKIA S j; PaBHO 0, te. R=0, to 1mkn

HaspIBaeTCs nyavcupytowum (OTHYIEBBIM). T1yIbCUPYIOIMM MOKET ObITh TAKKE LUK
¢S max =0, orna R=%¥ .

Ecnu HanOosblliee ¥ HAMMEHBIIIEE HAIIPSKEHUS HE OJUHAKOBHI 110 BEJTUYHHE, TO
IIUKJI Ha3bIBaeTCs Hecummempuunvim (cM. puc.12.3).

Luxknwl, umerowue oounaxogvle kod3gguyuenmor acummempuu R, nazvisaromces
NnOOOOHBIMU.

JI1060i#1 IIUKIT MOKET OBITh MPEACTABICH KaK PE3yJIbTaT HAJIOKEHUS HAIIPSKEHUS,

o — S max - S min
MEHSAIOIIETOCA 10 CUMMETPUYHOMY LUKy C aMIUIMTYJO0U S a=— , Ha

2

— S max +S min
IIOCTOSIHHOE CpEHEE HAIIPSDKEHUE S = .

cp 2

Cuynraercs O6H_ICHpI/I?>HaHHBIM, 4dTO YCTAJIOCTHAA IMPOYHOCTH ACTAJIN HC 3aBHUCUT

OT 3dKOHA U3MCHCHH:A HAIIPSAKCHUA BHYTPH MHTCPBAJIA S max ~ S min-: HOC—)TOMy MCIKIAY
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[MKJIaMHU, TIOKa3aHHBIMU Ha pucyHke 12.5, pasznuuue He naenaercs. Cuurtaercs

HCCYHICCTBCHHOﬁ 1 94aCTOTa U3MCHCHMU LIUKJIA.

L fomm

S min

Pucynok 12.5

12.3 HcnbiTaHue MATEPUAJIOB HA YCTAJIOCTh

Jlns m3ydeHus SBJICHUS YCTaJOCTH MPOBOAST YCTAJIOCTHBIE HCIBITAHHUS Ha
Pa3IMYHBIX UCIIBITATEIbHBIX MalnHaX. [10 BUly Harpy>KeHUs! pa3IMyaroT MAIIUHBI JJIs
WCTIBITAHUS Ha KpydeHHe, Ha u3rubd, Ha pacTsHKCHHE-CKaTHEe, Ha  CJIOXKHOE
COTPOTHUBIICHHE, a TAK)KE YHUBEPCAJIHHBIE.

Haubonee  pacnpocTpaHEHHBIMU  SIBISIOTCS ~ WCHBITAHUS B YCJIOBHSIX
CUMMETPUYHOTO IUKJa. [Ipr 3TOM OOBIYHO HCIOIB3YETCS MPUHIUII YUCTOTO M3ruda
Bpamaronierocs oopasua. Cxema oJHOM U3 Hambojee pacIpOCTPAHEHHBIX MAIIUH JJIs

HCIIBITAHUSA Ha YCTAJIOCTD IIPpHU n3ruode nokaszaHa Ha PUCYHKE 12.6

3~ 1 2 43
D ¢ / ]

6 5
%
77777

;% o %l

Pucynok 12.6
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Crangapraeiii oOpasenr 1 Bmecte ¢ KoHycHbIMM 3axkumamu (mandamu) 2
o0Opasyer 6ajKy, cBOOOJHO ONEPTYIO Ha moAamunHukax 3. K s1oii 6anke Ha cepbrax 4

noxsewen rpy3 P. Tlo smrope usrubaromux momentoB M .. (em. puc. 12.6) HerpyaHo

YBHJIETH, 4TO 00pasell 1 moaBepraercs 4McToMy H3ruoy.

OGpaser; 1 npuBoauTCs BO BpallleHHE 3JIEKTPOABUrATENEM D C YacTOTOM W,
KOJIMYECTBO 000POTOB KOTOPOI'O PETMCTPUPYET CUETUHK O.

JIN1sl MCTBITAaHUS UCTIONB3YIOT cTaHaapTHele obpasusl ¢ d=7...10 mm, rnaaxue,
NoJUpoBaHHbIe. VICTIBITAaHUS IPOBOMASAT MTPH KOMHATHOW TEMIIEpaType.

OOblyHO ucHbITaHUS TpoBOAAT Tak. Harpyxkaror 1-if oOpasen Tak, 4TOOBI
HAaNpSOKEHUs B HEM COCTABISIH S oy = (065, 0,/5)S 1. Hosoasar obpasen mo
pa3pyltieHust 1 GUKCHPYIOT KOJTUYECTBO IIUKIOB HATPY>KEHUS.

3aTeM HanpspKEHHUs YMEHBLIAIOT, pa3pylialoT oOpaszel] M OmATh (PUKCUPYIOT
KOJIMYECTBO IUKIOB. [lyTeM MHOTOKpATHBIX HCIBITAHUNA MOXKHO OMPEICIHTh YHCIIO
LUKJIOB, KOTOPOE BbIIEPKUBAET 00pa3ell A0 pa3pyLUICHUsI B 3aBUCUMOCTH OT BEJIUYHUHbI
S max LHKIA.

[To monydeHHBIM pe3yabTaTaM CTpOST auarpammbl  (puc.12.7), KoTopskie

HA3bIBAIOTCS KPUBbIMU 6bIHOCAUSOCmuU unu yemanocmu (kpuBas Bémnepa)

Smax

Ng N ; =10
Pucynox 12.7

—1n/
Kak moKa3sIBaloT ONBITH, eciau obpasen He paspymaercs npu N g =10

OUKJIOB, TO OH HC pPAa3pymIUTCA U B IIaJIBHeﬁH.IeM. OTO 4YHCIIO OHUKJIIOB Ha3bIBACTCsA

0A308bIM.
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Hanpsoicenue, npu xomopom mamepuan He paspyuiaemcs npu ao6om ducie

YUKII08, HA3bIBACTCSL NPEeOeioM YCMANI0CImU Ul npedenom geinocausocmu (S j).
IIpn cMMMETPHYHOM LUKJE HpPEeAe] BBIHOCIMBOCTH 00O3HAa4yaeTcs S _q1, a IpH

IyJIbCAIlHOHHOM S ) MIIK S 4y .

JIns LBETHBIX METAINIOB M [ 3aKaJIE€HHBIX [0 BBICOKOW TBEPIOCTH B
JIETUPOBAHHBIX CTAlSAX HE YAAETCA YCTAHOBUTH TAKOE KOIMYECTBO LIMKIIOB, BHIIEPIKAB
KOTOpOe oOpasel] He paspyinajics Obl B ganbHehmeM. [I09ToMy B MOJOOHBIX CIydasx
BBOJMTCS TIOHATHE YCIO6HO20 Npedend 6bIHOCAUOCMU. 3a YCIOBHBIM Mpene
BBLIHOCIIMBOCTH ~IIPUHUMAETCS HANpPsHKEHHME, IIPU KOTOpPOM obpaser CrocoOeH

8
seigepxath 10 © mukios.

Kpusyto Bénnepa MoXHO onucath ypaBHEHHUEM
s r™ XN =congt, (12.6)

rae IM—3aBucHUT OT MaTepuaa odpasia.

HOJIB3YHCB ITOM 3aBUCUMOCTBIO, MOXHO HaWTH OFpaHquHHBIﬁ npeacia

BBIHOCITHBOCTH (S Ry ), IPU KOTOPOM 00pa3er] MOXKET BBLICPKATh Hamepel 3adaHHOe

kosmyectBo tukioB (N g ). Yuntsisast, uto

SpTMN =s ™ Ng, (12.7)
Imojay4dacm
NS

Onpenenenue mpejaesia BBIHOCIMBOCTH — TPYIOEMKasl orepanusi, o3ToMy ObLI
CZIeJIaH PsiJ] MOIBITOK CBSA3aTh AMIUPUUYECKUMU (GOPMYIIaMH Mpeed BBIHOCIUBOCTH C
M3BECTHBIMH MEXaHUYECKUMH XapaKTepUCTUKAMH MaTepuara.

1 [Ipenen BEIHOCTUBOCTHU MPHU U3rHOE KOHCTPYKIMOHHOM CTaln

s.1»(04,05)s5
2 Jl7ist UBETHBIX METAJIOB

S.1»(025,05)5
3 [Ipu xpyueHnuu

t 4»(0,2,03)s5g

4 J[11s 4YepHBIX METAJIOB
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S.1=(04,065)s5

Vka3zaHHbIE COOTHOIICHUS CICAyCT IPUMCHAITH C 00bIIO OCTOPOKHOCTBIO.
12.4 ImarpaMmma npeaeibHbIX HANIPSIKEHUH U NPeAeJbHbIX AMILTATY/L

VKa3zaHHbIE COOTHONICHHUS  SBIISIOTCS HpI/I6JII/I)KeHHBIMI/I, IIOCKOJIBKY OHH

MOJTYYEHBI JJIsI OPEAECICHHBIX MATEPUAJIOB U B ONIPEJCIICHHBIX YCIOBUSIX UCIIBITAHUM.
ITpenen BBIHOCAMBOCTH S R HE ABIAECTCA XapaKTEPUCTUKOM TOJIBKO CBOWMCTB
marepuana (E ,G,S T »S B ), HO 3aBUCHT H OT croco0a uchbITaHus. [Ipy MUKIMYecKOM

pacTskeHun-cxatuu S g Ha 10...20% Hmke, yem npu n3rude. Ilpenen BeIHOCINBOCTH,

MOJIYYCHHBIA TMpPU KPYUYEHUH CIUIOMIHBIX 0OpaslioB, OTIMYAETCS OT Mpeaena
BBIHOCIIMBOCTH, MTOJIYYEHHOT'O JIJIsl TIOJIBIX 00pas3IoB, U T.1.

[lo pe3ynbTaTaM UcCHbITaHUI 00pa3lOB B YCIOBHIX JI00OT0 HE CUMMETPUYHOTO
LMKJIA MOYKHO IOCTPOUTH AUarpamMMmy IpeAeiabHbIX HANpsKEHUM. 3aaaBas MOCTOSHHOE

3HAYCHHUES ¢, HAXOAMM IIYTEM MOCNCOBATENbHBIX HCIBITAHUI 00pa3LoB TaKkoe
HauOoNbIIEE 3HAYEHHES 5, INPHU KOTOPOM MaTepHal CHOCOOEH eII€ BBIICPKHBATH

HEOTPAaHMYEHHOE YKMCIIO HUKJIOB (MM 110 yeiaoBHOMY GasoBomy uuciy N).

[lony4yeHHBIH pe3ylabTaT  MOXET ObITh TI'papUUecKd HU300paK€H TOUKOW B

CHCTEME KOOPIHHATS ¢ = S 5 (puc.12.8).

S .1t N

Pucynok 12.8

CYMMa KOOpAWHAT 9TOM TOYKU Ia€T MNpCcaAcibHOC MAKCUMAJIBHOC HAIIPSKCHHUC

LIMKJIA, T.€. IPeeN yCTalOCTHS R,
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R:Smin :SCP_Sa

e .
Smax ScptSa

S max = S min

S 1- R
Otkyna tgb = a = 2 = . (12.9)
S cp S max *S min 1+R
2
[Tomy4yaem SR=S¢p tSa- (12.10)

[Tpomoimkass Takue WCHBITAHUS, MOJTy4aeM MHOMXECTBO TOYEK, 4Yepe3 KOTOphIC
NPOBOAUTCSA mpejaenbHas kpuBas (cM. puc.12.8), xapakTepusyromiasi MPOYHOCTHBIC
CBOWMCTBAa Marepuana B YCIOBHSIX HECHMMETPHUYHBIX HHKIOB. OHa HOCUT Ha3BaHHE
ouazpammvl nPeoeibHbIX AMNIAUMYO.

JunarpaMma 1aéT BO3MOXKHOCTh CYJUTH O MPOYHOCTH KOHCTPYKITUH, paboTaroIIei
IIPY ITUKIMYCCKA U3MCHSIONIUXCS HanpshKeHusAx. Ecim pabodast Touka pacmojiaraeTcst
HUKE TIpEJeIbHOW KPHBOM, paccMaTpwBaeMas JeTajdb MOXET padoTaTh B YCIOBHSX
IMUKITMYCCKA W3MCHSIOMNXCS HANpsDKCHUH — HEOrpaHWYEHHO aoiro. Ecmm pabodas
TOYKA OKAXETCS BBINIC TMPEACIBbHON KpPUBOW, TO JeTalbh pa3pyIIMThCS IOCIIEC
HEKOTOPOT'O YKCIIa IIUKIIOB

Nmes TAaKyI0 auarpamMmy il AOdHHOTO MaTtcpualia, JCTKO BHIACTH, KaAKYIO

aMIUTUTYRy HampsbkeHud (S ;) MOXET NMEepeHOCUTh MaTepHuaj, He pas3pyllasch Ipu
JaHHOM CpEIIHEM HaIpsbKeHUH (S cp)-

IlocKONBKY TIOCTPOEHHME AWArpaMMbl  MPEAEIAbHBIX  AMIUIMTYHA  SIBJIAETCS
JOCTaTOYHO TPYJOEMKHAM W SKOHOMHYECKH HE IeNIeCOO0pa3HbIM (HEOOXOJMMO OUYCHb
OOJIBIIIOE YMCIIO OMBITOB, T.K. OYEHb MHOT'O PA3IMYHBIX KOIP(HUIHEHTOB aCUMMETPUU
uukina R u MHOro mMartepuasnos), a yIOBIETBOPUTENLHOIO AHAIUTHYECKOTO ONUCAHHMS
KpUBOM HE HaWJIEHO, TO OOBIYHO CTPOST CXEMATU3MPOBAHHYIO WU YIPOUIEHHYIO
auarpammy, npemioxkeHHyo Kunacomsuiu.

BYIICM cuuTrarb, 4YTO AJIA HaHHOﬁ CTaJln HaM HM3BCCTHBI CJIICAYIOIIHUC

XApaAKTCPUCTUKHU IIPOYHOCTHU. IIPECIACIT BEIHOCIUBOCTH IIPHU CUMMCTPHUYHOM ITUKIIC S . 1
npeacia BBIHOCIIMBOCTU IIPHU MMYJIbBCUPYIOHNICM IHUKIIC S 0 ¥ HIpeaci TCKy4CCTH S T-

PaccMmoTpuM noctpoeHue npudImkeHHON quarpaMmel pu S g <S 1 (puc. 12.9).
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Pucynok 12.9

Ha ocu opaunar HanocuM Touky A (cm. puc. 12.9) ¢ xoopaunaramu (S o, =0,
p y p p cp

S 4 =S . 1), IPEACTABISIONUIYI0 CHMMETPUYHbINA UK.
Hanocum Touky B, TpEACTaBISAIONIYIO IYJIbCHPYIOIUM 1uKiI. Ilpu

IIyJILCUPYIOIIEM LMKIIC S pin = 0, s max — S g CACI0BATEIIbHO, KOOPIAUHATHI TOYKU B
oynyT

S S

Sp="+ Sa=

Hanocum touky C ¢ koopauHatamu (S cp =S1, S5~ 0), npencrasnsronyo

IMOCTOAHHOC HAIIPSKCHUEC, PABHOC IPCACITY TCKYYCCTH. IIepes Touku A u B IMpOBOANM

npsMyto 70 nepeceueHusi B Touke D ¢ npsimoit, mpoBeaenHoit u3 Touku C MOJ yriioMm

45o K ocu abcuucc. Touku, nexammue Ha npsamod CD, mpencraBisitoT HUKIBL €
MaKCHUMAaJIbHbIMU HATIPSKEHUSIMU, PABHBIMU MIPEAETY TEKY4eCTU. DTO CIEAYET U3 TOrO,
4TO0 CyMMa OpJAMHAT 3TUX To4eK paBHa St . Takum oOpa3oMm, OpAHMHATHI JOMAaHOM
muanun  ABC  mpencrtaBisitoT mpefenbHble  aMIUIMTYAbl  HampspDkeHuil. Tak — kak
MaKCHUMAaJIbHbIE HANpsKEHUS HE JOJDKHBI OBITH BBHIINIE TIpejeia TEeKydecTH, TO
yCTaJOCTHAsl AuarpaMma OIPAHUYMBAECTCS MAaKCUMAaJIbHBIM HANpPSKEHUEM, PaBHBIM

Ipeseny TEKYyUECTH.
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13 BJIMSAHUE KOHCTPYKTUBHO-TEXHOJIOI'MYECKHUX
DAKTOPOB HA ITPEJAEJI BBIHOCJIMBOCTHU MATEPUAJIA

13.1 Bausinne KOHUEHTPAUMH HATIPAKEHUSA

Ha BenuuuHy mpezena BBIHOCIUBOCTH OOpa3IOB M JI€TAJICH, W3TOTaBIMBAEMbBIX
W3 TOTO WM WHOTO Marepuala, KpoMe XapaKTePUCTUKHU IUKIIA, BIUACT LEIbIH psif
pasnmuuHbix (aktopoB. K HuUM oTHOcsTca: ¢opma o0Opasiia, pa3Mepbl, COCTOSHHE
MMOBEPXHOCTH, Cpella, B KOTOPOH TPOUCXOIAT HCHBITAHMS, TeMIlepaTypa IpH
UCIBITAHUAX, PEKUM I[HKIMYECKOTO CHJIOBOIO BO3JACHCTBUS (TPEHHPOBKA, Iay3bl,
neperpy3ka, 4acTtoTta HArpyKeHhs ©  T.I1.), [peaBapuTelibHAs  BHYTPEHHsS
HaIpPsHKEHHOCTh MaTepuaia u Jip.

BnustHue Toro unv nHOro ¢akTopa MPUHITO OLIEHUBATH MO OTKJIIOHCHHIO Mpesena
BBIHOCJIMBOCTH MPU CUMMETPUYHOM IMKJIC HArpy>KEHUS 3aJaHHOTO 00pasiia oT mpejena
BBIHOCJIMBOCTH, TOJIy4a€MOI'0 HCIIBITAHMEM B BO3JyX€ CTaHJIApTHOro oOpasia, T.e.
[JIAJIKOTO TIOJIMPOBAHHOTO KPyTJioro oopasia auamerpom 7...10 mm.

ITpenen ycramoctu S _q IPUHUMAETCS B KAUECTBE DTAJIOHA.

OctanoBuMcs 6oliee JeTanbHO HA BIUSHUU HEKOTOPBIX (PaKTOpPOB.

HaubGonee BaxHbiM  (akTOpoM, BIMSIONIMM HAa CHIDKEHHUE TIpenena
BBIHOCIIMBOCTH,  SIBIIIETCSI  KOHYEHMpAyus  HANpsAjiCeHui, BbI3BaHHAsA  PE3KUM
M3MEHEHHUEM CEUYEHUS JIETaIIN.

KoHueHTpaTopaMy HampsKEHUH Ha TMPAKTUKE SBISIOTCS OTBEPCTHS B AETAIU
(puc.13.1, a), manbie paguychl 3aKpPYIJICHUS B MECTaX PE3KOTO M3MEHEHUS Pa3MepOB
ceueHus (cM. puc.13.1, 6), BBITOUKH, IIMOHOYHBIC KAHABKK W T.II.

Al Smax S =— o)

Pucynox 13.1
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Tak, HanpuMmep, npu pacTspkeHuu aetanu (cMm. puc.13.1, a) HanpsoKeHUs BIAIH

OT KOHIIEHTpaTopa (OTBEPCTHS) U MECT MPUIIOKEHUS CUIIbI P MOTYT ObITH OIpeIeIeHbI
no gopmyne: S = E rne F — momans npoussonsHoro ceuenns. Ha nepsbiii B3rus

KaXCTCA, 4YTO B CCUCHMHU, ocJ1abJICHHOM OTBCPCTUCM, HAIPIKCHUSA HOJIKHBI OBITH

P

HECKOJIBKO OOJIBIIMMHM U MOTYT OBITh TaK e ompejeieHsl mo Qopmyne S, . = F— :
AA
rne F, 4 — mnomans ceyenns B mecre xonumenTpatopa. OmHAKO B JEHCTBUTEILHOCTH

HauOOJIbIITHE HaIIPAKCHUA S max: BPI3BIBACMBIC KOHIICHTPATOPOM, MOI'YyT HPCBBIIIATH

pacyeTHbIC B HECKOJIBKO pas.

AHanorn4Hasi cuTyanus HaOJIOJaeTcss U B MECTaX PEe3KOro mepexoja OT OJHOTO
pa3mepa jaetaiu Kk apyromy (cm. puc.13.1, 6).

KoHileHTpalusi HANpsDKEHUE, Kak MpPaBHIO, COOTBETCTBYET 3apOKIACHUIO
YCTaJIOCTHO# TPEUIUHBI, KOTOpasi, pa3BUBAsICh, IPUBOJKT K Pa3pyIICHHUIO ICTAIIH.

BenuunHa MeCTHBIX HANpPsDKEHUH B 3aBHUCHMOCTH OT T'€OMETPUYECKON (HOpMBI
ACTald ONpPEACIACTCS OOBIYHO TEOPETUYECKH TMPH TIOMOIIM METOJO0B TCOPHUH
yrnpyroctd. YacTo HCHOJB3YIOT TaKXKe UCHBITaHUsA Mozeneil. OOBIYHO  37eCh
NPUMEHSIETCS TOJISPU3ALUOHHO-ONITUYCCKI I METO/T.

OCHOBHBIM TIOKA3aTEJIEM MECTHBIX HAMPSHKCHUN SIBISCTCS meopemuiecKuil

KO3Ghhuyuenm KoHyeHmpayuu HanpsiceHutl

S
— © max
ag =——, (13.1)
S HOM
rne S nax — HauOojbllee MECTHOE HampshDKeHWE;, S ,,,, — HOMHHAIIBHOE

HaIpspKeHUe, KOTOpoe ompenensiercs 1no GopMylaM COMPOTHUBICHHUS MaTepuanoB 0e3
ydeta dddekra koHneHrpauuu. OObIYHO mojcuer S ,,,, BelaeTcd Mo Hauboiee
ocnabiaeHHoMy ceueHunio aetanu (cm. puc.13.1, a, ceu. A-A).

Benuuuna Tteopernyeckoro kod(p@uiueHTa KOHLEHTpAlUu OmNpeleseHa s
OOJIBIITMHCTBA BCTPEYAIOMIMXCSA HA TMPAKTHUKE TUIIOBBIX KOHCTPYKTHUBHBIX AJIEMEHTOB.

I[aHHBIe O BCJIMYHMHC as MMPpUBOIATCSA B BHIC Ta6JII/II_I B cnpaBquOﬁ JIUTCpATypEC 110

MAalIMHOCTPOCHUIO.
Hanuuue MecTHBIX HaHpH)KeHI/Iﬁ OKa3bIBACT Ha IPOYHOCTHL JCTAIIM PA3JINYIHOC

BINUSHHUE B 3aBUCHUMOCTH OT CBOMCTB MaTcepuajla U OT XaPaAKTCPUCTUK HATI'PYIKCHUA. B
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CB3M C OTHM, B OTJIHYHE OT TEOPETUYCCKOTO, BBOJUTCSA IOHATHE IPDPDEeKmuenoco
KO3 uyuenma Konyenmpayuu Osi HOPMAJIbHbIX HANPANCCHUTL
S.1
Kg =——, (13.2)
S. 1x
rae S _q — Ipezen BBIHOCIUBOCTH IIaJKOro o0pasia,;
S 1, — Ipenen BEIHOCIMBOCTH 00pa3iia ¢ KOHIIEHTPAaTOPOM HaIlpsHKEHUI.

[Ipu 3TOM pa3Mepsl MONEPEUYHBIX CEUEHHUH y TNIaJIKUX 00pa3loB U y 00pa3IoB C
KOHIEHTpaTOpaMu JAOJKHBI ObITh OJJMHAKOBBIE.
O¢ddextruBHBIE KOIDPUIMEHTH KOHIEHTPALMU HAMPSIKEHUH HUMEIOT MEHbIIHE

3HA4YCHUA, (U1 TCOPCTUUICCKHUC KOC—)(i) (1)I/II_II/IeHTBI KOHICHTPpAIUHN HaHpH)KeHI/Iﬁ

(Ks <ag ), ompelenseMble TEOPETHYECKHM IIyT€M B TPEINOIOKCHUH <«yIPyroro»
pactipeneneHuss  HanpspkeHuid. KonaudecTBEeHHAass OLEHKAa YKa3aHHOM — pa3HMIIBI
koodunmenToB Kg u @g Moxer OBbITh MOJNyYeHa BBEACHHEM TaK HAa3bIBAEMOTO
K02 uyuenma uyscmeumenvHocmu mamepuaia K KOHIEHTPpAUU HallpsHKEHUH
K -1
a, -1

Os (13.3)

3Has (g IO CIIPaBOYHOM JIMTEPAType, MOXKHO IO @g OINPEIECIUTh 3HAYCHUE

3¢ PexTUBHBIX KOI(PPUIIMEHTOB KOHIEHTPAIIMN HATPSKEHUN :
Ks =1+0s (ag - 1). (13.4)

Jlnst MaTepuana, He 4yBCTBHTENBHOrO K KOHUEHTpauun Hanpsokenus, (s =0,

torna Kg =1. TIpu 05 =1, Kg =ag, Tt.e. wMarepuan ob6ragaer monHOM
4yBCTBUTENHFHOCTEIO K KOHIIEHTPAI[MH HAIIPSKCHUMA.

Jlst KOHCTPYKUMOHHBIX cTased 06braHo O =06, 0,8. A cepsiii uyryn ne

YYBCTBHUTCJICH K KOHICHTPAIIUN HAIIPAKCHUA, TO CCTh IJISI HCTO qS = O .

qYBCTBI/ITCJIBHOCTB MCTAJJIa K KOHIOCHTpAIUHU 3aBUCUT OT Cro CBOMCTB. HpI/I
9TOM YCM BBIIIC IIPOYHOCTH MCTAJIJIA, TCM BbLIIIC YYBCTBHUTCIBHOCTh K KOHICHTPAIIUU
HaIllpsAKCHUA, T.C. OHa BbIIC Y XPYIKHX MATCpHUaAJIOB, YCM Yy IINIACTUYCCKUX.

Kos(hduiuenTsl 4yBCTBUTENBHOCTH K KOHIEHTpAalUHM HampsbkeHuid (O , Kak

MTOKA3bIBAIOT HKCIEPUMEHTAIBHBIE [AHHBIE, 3aBUCAT HE TOJBKO OT MEXAHUYECKHUX
CBOICTB, HO M OT KOHCTPYKTUBHOM (DOPMBI caMOil 1eTalu, a TakKe OT paclpeiesieHus B

HEW HaIpsKCHUMU.
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HOCKOJIBKy HaJIMYUC KOHUCHTPAIUN CHUKACT YCTAJIOCTHYIO MMPOYHOCTb ACTAJIH,
TO IpHU ITPOCKTUPOBAHUNW MAIIUH CJICAYCT CTPCMHUTLCIA K TOMY, yTOOBI BIIMSHUE
MCCTHBIX HaHpH)KeHl/If/'I OBLI0 CBCACHO K MUHUMYMY. I[OCTI/II’aeTCH 9TO, IPECKAC BCCro,
KOHCTPYKTUBHBIMHU MCpaMM — BHCHIHHC O6BOIIBI CTPCMATCA CHACIATH Oonee I1IJIaBHBIMH,
paanyChl 3aKpYIJICHHUA BO BHYTPCHHUX YIJIdaX YBCIWYUBAIOT, HCO6XOIII/IMBIe OTBCPCTUA
pacmojararoT B 30HC ITIOHUKCHHBIX HaHpH)KCHI/If/'I

13.2 Buausinue pazmepoB (MacmITadOHbIii (pakTOp)

D} PeKTUBHOCTh KOHIICHTPAllUM HANPSOKEHWH CBsi3aHa ¢  a0CONFOTHBIMH
pa3MepaMH CEYCHHUS JIeTalld, a HMMCHHO. C YBEJIMYCHHEM pa3MepoB JICTaNIH IPHU
COXpAaHCHUHU €€ TC€OMETPUYCCKOTO IMOAO00US YBEIUYMBAIOTCS 3HAYCHUS 3(()EKTUBHBIX
KO2(pPUIIMEHTOB KOHIICHTPAIIUH.

AOCOJTIOTHBIE pa3Mephbl CEUCHHUI JCTalId HApsAy C BIUSHUEM Ha 3P(HEKTUBHOCTH
KOHIICHTpAIlMM HANPsOKEHUH OKa3bIBAIOT CYIIECTBCHHOE BIUSHHUC Ha MPEICIbI
BBIHOCITUBOCTH 00pa3ioB 0e3 KOHIEHTpanuu HanpsokeHus. CHIKEeHHWe mpesena
BBIHOCIMBOCTH C POCTOM aOCOJIOTHBIX pa3MepoB JETalu TMONXYYHJIO Ha3BaHUE
macumabno2o gaxmopa.

OTHoLIeHWE Npejela BBHIHOCAMBOCTU geTanum auamerpom O k  mpeneny
BBIHOCJIMBOCTH JITA00OpaTOPHOTO 00pasiia 1mogjo0HoM KOH(GUTypaIluy, UMEIOIIEro MaJible
pasmepsl  (Oo= 7...10 mm), wHaswBaOT KO3PPuUYUEHMOM BAUAHUAL AOCOTIOMHBIX

pasmepoes cedeHusd uil MacumaobHbim quZKmOPOM. HpI/IMCHI/ITeJIBHO K HOPpMaJIbHbBIM

_S-u1

HAITPSHKEHUSIM K s = — (13.5)
S.1

rae S.qg, S.q — TpeleNbl BBIHOCIMBOCTH MPH CHMMETPHYHOM IIKIE

Harpy»eHusi, COOTBETCTBEHHO, JETAJIM U CTAaHAAPTHOTO J1abopaTopHOro oopasua.

CHM>KeHUe MPEeesioB BHIHOCIMBOCTH C POCTOM a0COJIIOTHBIX Pa3MEpPOB CEUECHUM
JI€TaJIu BBI3BIBACTCS CIACAYIOIIMMU MPUYNHAMMU:

- YMCHBIICHUEM MEXaHWYECKOW MPOYHOCTH Marepuala, Jaxe IMPU YCIOBUU
cOOJIIOICHUS UX HaJIexkallel TepMuyeckor 00paboTKy;

- U3BMEHEHHEM CBOMCTB MOBEPXHOCTHOIO CJIOSI MOCJIE MEXaHUYECKOH 00paboTKH,
MTOCKOJIBKY 9TH U3MEHEHHS OKa3bIBAIOTCS PA3IUYHBIMU IIPH Pa3HbIX pa3Mepax JeTallu;

- HEOJHOPOJHOCTHIO MEXaHMYECKUX CBOMCTB Pa3IMUHBIX 3€PEH METajllla B CBS3U
C €ro NOJUKPUCTAUIMYECKON CTPYKTYpOH U BBITCKAIOIIUM OTCIOJa TMOBBIIMICHUEM
BEPOSITHOCTU 00Jiee paHHETO YCTaJOCTHOI'O Pa3pyIICHUs C POCTOM Pa3MepOB JAETalIU.
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13.3 Buusinue cOCTOSIHHMS OBEPXHOCTH

[TockonbKy TIpU HUKIUYECKUX HAMPSKEHUSIX HAYalo pa3pylIeHHs CBSI3aHO C
oOpa3oBaHMEM MECTHOM TpEIIMHBI, TO TMOHSITHA Ta POJIb, KOTOPYIO HIpaeTr B
YCTaJIOCTHOW MPOYHOCTH JIETAIU COCTOSHHUE €€ MOBEPXHOCTU. COBEPIICHHO OYEBHUIHO,
YTO B CJy4ya€ 4YHMCTOM M TOHKO OOpaOOTaHHOW MMOBEPXHOCTU TMpeaesl YCTaTIOCTH
Bo3pactaet. [Ipu rpyboii 0o0paboTke HATWYUME MEJIKUX IMOBEPXHOCTHBIX Ie(eKToB
MPUBOJUT K CHIXEHHUIO IIOKazaTeJeld yCTAJIOCTHOM mnpodHocTu. llpum »stoM 1ms
MaTepuagoB, 00JaJaMMX OOJIBIION YYBCTBUTEIBHOCTHIO K MECTHBIM HAMPSHKCHUSM,
BIIMSIHUE COCTOSIHUS TIOBEPXHOCTH OyJ1eT 00siee 3aMETHBIM.

[Ipu pacyeTax Ha YCTAJOCTHYIO MPOYHOCTH OCOOEHHOCTH, CBSI3aHHBIE C

OTpaOOTKOM MOBEPXHOCTH JETalM, YUHUTHIBAIOTCA KOIDDuyueHmom Kavecmea

noeerHocmu
S (
Ke =221, (13.6)
S.1
rac S _(1 nu S -1 HpCIICJIBI BBIHOCJIIMBOCTHU HpI/I CI/IMMeTpI/I‘IHOM IMUKIIC

HarpyXeHusi, TMOJy4YeHHble Ha o00pa3lax, COCTOSHHE TIOBEPXHOCTH KOTOPBIX
COOTBETCTBYET COCTOSIHUIO IOBEPXHOCTU pAaCCUMTHIBAEMOW JAeTanu U o0pasly co
CcTaHAapTHOM oOpaboTkoii. B kauecTBe craHmapTHOW 0OpaOOTKH NPUHUMAETCS
MTOJINPOBAHHUE.

BnusHue Ha mpenen BBIHOCIUBOCTH OJHOBPEMEHHO BCEX BBIIIE MEPEUYNCICHHBIX

(aKkTOpOB MOMKHO y4Y€CTb HEKOTOPBIM KOI(pduyuenmom CHUNMCEHUs npeoena

_Ke 1

8LIHOCIUBOCTIU K= + - 1. (13.7)
Krzs  Kg

C IMOMOIIBIO PA3JIMYHBIX TCXHOJIOTHYCCKUX MCTOJOB MOKHO YJIYUIIUTh Ka4CCTBO

Marepualia U TaKUM 00pa30oM MOBBICUTH €ro Mpejiesl BHIHOCIUBOCTH.

CyliecTBYIOT — pa3iH4YHbIE  MEXHOIo2UdecKue  Memoovl  NOBEPXHOCMHO2O
VNPOUHEeHUs Mamepuand.

- Mexauuyeckue Memoobl — HaKJEN IMOBEPXHOCTHOTO CJOSI MyTeM OOKaTKH
POJIMKAaMU WK 00AyBKOU poObIO, aJIMa3HOE BBITJIAXKMBAHUE U T.1.,

- XUMUKO-mepMuiecKue Memoosl — a30TUPOBAHKE, LIEMEHTALIMs, IMAHUPOBAHUE;

- mepmu4ecKkue — MOBEPXHOCTHAS 3aKaJika TOKaMHu BbICOKOH yacToThl (TBY) miu
ra30BbIM IIJIAMEHEM.
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Hcionp3yIoTcsl TakKe KOMOUHUPOBAHHbIE MemoObl, HAPUMEpP IIEMEHTAIUs C
001yBKOM ApOOKIO U JIp.

VYkazaHHbIE METOJAbI OOpaOOTKM TPHBOAIT K YBEIUYCHHIO IPOYHOCTH
MMOBEPXHOCTHOTO CJIOS JCTald M CO3JaHUI0O B HEM 3HAYUTCIBHBIX CHKUMAFOIIMX
HANPSOKCHUH, 3aTPYAHSIONIMX OOpa30BaHWE YCTAJOCTHOW TPEHIUHBI, a IO3TOMY

BJIMATONINX HA ITOBBINICHUC ITPCACIa BBIHOCINBOCTH.

Bnusiaue YHOPOUHCHUA YUUTBIBACTCA KOQd)qbuLﬂ/leHWZOM YNPOYHEHUA Kn .

ynp
_Shyg

K, = —*, (13.8)
S_1y

n
rae S 7. 12, S _qy —Tpenensl BHIHOCIMBOCTA MPH CHMMETPHYHOM  IHKIIE
HarpyXeHusi JeTajield, COOTBETCTBEHHO, C VYIPOYHEHHOM TMOBEPXHOCTHIO U IO
YIIPOYHEHHUS.
C yuetom koddduuuenta ynpounenus K, kodduumeHt cHuxenus npeziena
BeiHOCIMBOCTH (13.7) Oymer umMeTh BUJ

& 0
K:FKS b1 -1%1

K  Ke 7Kg

. (13.9)

13.4 BuausiHHe TeXHOJOTHYECKHUX M IKCIIYaTAIMOHHBIX (DAKTOPOB

Ha mnpenen BBIHOCIMBOCTH [ETAIM OKAa3bIBAIOT TAKKE BIMSHUE YCIOBUA €€
paboThI: HArpy3KH, May3sl (IEPEPHIBBI B HATPYKCHUSX), TEMIICPATYPHBINA PEIKUM, CpPelia,
B KOTOpOM paboTaeT aeTaib, U Apyrue.

IToBBICUTB MpeIeN BBIHOCIMBOCTHU JE€TAI MOXKHO, Harpy»as JeTajb CHadaja
HaIpsKEHUSIMA HEMHOTO HUKE MIPEZENa BBIHOCIMBOCTH, @ 3aTEM IOCTENEHHO NOBBILIAS
BEJIMYMHY MepeMeHHOM Harpy3ku. [Ipu 3TOM cOnpoTUBIEHUE YCTAIOCTH MOXKET OBITh
3HAQUYMTENILHO MOBBIIIECHO. Takoe ABIEHUE, HA3BIBAEMOE MPEHUPOBKOU Mamepuad,
HIMPOKO MCIOJIB3YETCS B TEXHHKE.

Ha mpeznen BBIHOCIAMBOCTH BIUSIET TaKXKe cpedd, B KOTOPOU IKCIUTYyaTUPYETCS
MarTepurall U KOTOpasi BBI3BIBAET KOPPO3UIO: IPECHAs U MOPCKAasi BOAA, KUCIIOTHI U T.II.

Koppo3uss mpuBOOWUT K yXYAUWIEHHWIO HPOYHOCTHBIX CBOWMCTB IHOBEPXHOCTHOTO
CJIOsl, CHOCOOCTBYET KOHIIGHTpAlMKM HaNpsHDKEHUHM Ha TOBEPXHOCTU JIeTalld U
00pa30BaHUIO KOPPO3UMHBIX TPEIINH, BIUSHUE KOPPO3UWU Ha Mpejaesl BBIHOCIMBOCTH
MaTtepHalia yauTbIBaeTcsa KOd()PUIMEHTOM KOPPO3UU
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S Ixo
— " LKop
Kmp =, (13.10)
S.1
TAE S _149ps S.1 — TPEICHBl BHIHOCIMBOCTH TNPH CHMMETPHYHOM LIHMKIIE

HarpyXeHusi J1abopaTopHOro oOpaslia, COOTBETCTBEHHO, B YCIOBUSAX KOPPO3UU U Ha
BO3JIyXE.
[TockonbKy KOppO3HWsi CBOJMT Ha HET KaK KayeCcTBO OOpaOOTKH AeTaiu, Tak U

YIPOYHEHHE €€ MOBEPXHOCTHOIO CJI0s, TO ¢ yueToM Kodddurmenta kopposun K xop B

dbopmyne (13.9) mia HaxoxaeHUs KOIPPHUIMCHTa CHUKCHUS Ipejieia BHIHOCIMBOCTH

MOKHO npeHebpeus Koadpuunentamu kauectsa nopepxuoctd K u ynpounenus K :

(oK o, 1
Kp K

- 1. (13.11)

KOp

C moBBIIIICHUEM memnepanmypsl IPCACII BBIHOCIIMBOCTH OOBIYHO najgacT, a ¢ €€
IMOHMKCHUCM — PACTCT, KaK Yy I''TaJIKUX 06pa3u013, TaK U 06pa3u03 C KOHLCHTpATOpaMH.

Jiis crand npu t>300°C maGmonaetcs monmKerue npejena yCTaloCTH
npumepHo Ha 15...20% Ha kaxble 100° robimenns TEMIIEPATYPHI.

[Ipy TOBBLINIEHHBIX TEMIIEPATYpax [aXKe IPH OYEHb OOJIBIIOM YHCIIE LUKIOB
KpUBasi YCTAIOCTH HE MMEET FOPU30HTAIBHOIO YYaCTKa.

BivsiHre KOHIEHTPAlMU HANPSOKEHHs C MOBBILIEHUEM TEMIIEPATyphl B 00IIEM
YMEHBIIAETCS.

IIpu GoJjiee BHICOKHX TEMIIEpATypax, HopsAaKa 500...600°C, y CTad HAYUHAIOTCS
TPOLIECCHI MOJI3YYECTH.

[Ipy TIOHMKEHUU TEMIEPATYPHI OT 200°C no 190°C npeea BEIHOCIMBOCTH Y
HEKOTOPHIX CTallell yBEIUYMBAETCSA 0OJIEe YEM BJBOE, XOTsS yAapHas BA3KOCTh JTUX
crajel B TOM e TEMIIEPATypPHOM MHTEPBAJIE MOHMKAETC.

D710 ele pa3 yKas3blBaeT Ha NMPUHIMUIUAIBHOE OTIMYME MEXKIY YCTATOCTHBIM U
XPYIKHMM Pa3pyLIEHUSAMH IIyTEM OTPBIBA IPH CTATHYECKHMX M YAAPHBIX HAIPy3Kax.

13.5 Mepbl 00pb0OBI ¢ H3JI0MAMHU YCTAJIOCTH

Ha npaxTtuke ocyiiectBisieTcs psj Mep 1o 60psde ¢ U3JioMaMu yCTaIOCTH. DTH
MepbI MOTYT OBITh pa3/ieICHbI Ha JIBE KaTETOPHH.

Ilepsan kamezopusa mep HanpaplieHa Ha M3rOTOBJIEHUE 3JIEMEHTOB MAIIUH U
KOHCTPYKIIMI M3 MaTepHAIOB, KOTOPbIC HAWJIY4YIIUM OOpa3oM CONPOTUBISIIUCH OB
JEUCTBHIO TIEPEMEHHBIX HAarpy>keHui. JJist 3Toro He0OX0AMMO:
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- NOPUMEHATH METAUI C BBICOKMM IMPEAEIOM IPOYHOCTH IPU JOCTATOUYHOU
IJIACTUYHOCTH, YTO 00ECMEYUT BBICOKOE 3HAUYECHUE TMPEeia BHIHOCIUBOCTH;

- Marepual J0JHKEeH ObITh CBOOOJIEH OT Pa3IWYHbIX BHYTPEHHUX KOHIICHTPALIUM
(omHOpOJCH, HMMETh  MEJKO3EPHHUCTYI0  CTPYKTYpPY, OTCYTCTBHE  OCTATOYHBIX
HalpsDKEHWM M HapyLIEHWH CIUIOIMIHOCTH B BHJE TPEIIMH, Ta30BbIX Iy3bIPHKOB,
HEMETAUTUYCCKUX BKIIFOUCHHIA).

Bmopaa kamezopusa mep obecniedeHusi MPOYHOCTH MaTepuaia Mpu MepeMeHHbIX
HaIpSKEHUSIX CBOJMTCS K I'PAMOTHOMY, KYJIBTYPHOMY HPOEKTUPOBAHUIO OUYEpPTAaHUM
JeTaJId ¥ TUIaTelbHOU 00paboTke ee moBepxHOoCcTU. OCHOBHAS 11€J1b, KOTOPYIO JTOJKHBI
CTaBUTh KOHCTPYKTOP M TEXHOJIOT MPU NPOEKTUPOBAHUU U U3TOTOBJICHUH JETaJIU — 3TO
CHIW)KEHHE KOA(DPUIIMEHTOB KOHIIEHTPAUU HANPSDKEHUM, BBI3bIBAEMBIX PE3KHUMU
M3MEHEHUSIMU OuYepTaHUs AeTalu U AedeKTaMu 00paboTKU MOBEPXHOCTH.

C KoHUEHTpaluell Hanps>KeHUH MOXKHO OOpPOTHCS HE TOJIBKO 3a CYET IUIABHBIX
MIEPEXO0JI0B, HO U MYTEM CHWKEHHS Pa3HHIbI B KECTKOCTH CMEKHBIX YaCTEH JETajau B
TeX MecTax, I'/ie Hen30exHa KOoHLeHTpanus. Hanpumep, npu riyxoit mocajike ¢ HaTsIrom
CTYNHIIBI KoJieca Ha OCh WM IKWBa Ha Ban (puc.13.2,a) BO3HUKAIOT OYCHB

3HAYMTENbHbIE MecTHbIe Hanpsikenus B Marepuane Bana (Kg =18, 2,0). Eciu B
CTYITUIIC OKOJIO MeCTa MOCaaKu ceaTh Haapes (puc.13.2, 6), cMArJaromui KecTKOCTh

ACTAlIN Yy €€ Kpasd, TO MCCTHBIC HAIPAKCHUA IAAaOT W PACIHPCACIIAIOTCA Oonee

PaBHOMCPHO.

'("_'\;;j'_'—\[ Q._.m._._\[ Fol—+=

Pucynox 13.2

MOXHO TakXe TOJICTYIOYHYIO 4YacTh Baja CJAeNaTh HECKOJBKO OOJBIIEro
auametpa (puc.13.2, 6), UTO Tak)Ke CHMIKACT HAMPSKCHHS.

OdeHb BaXHYI pOJIb HWIpacT MPU TMEPEMEHHBIX HANMPSKCHUAX M YHUCTOTA
00paboTku moBepxHOCTU. ['pydast 06paboTka crioCOOCTBYET 3apOKACHUIO TpenuH. Yem
JydIie MpUMEHseMas HaMH CTallb, TeM OoJjiee KyJIbTypHOW M TIIATEIBLHON 00pabOTKH
OHa TpeOyeT, YTOOBI BCE €€ MPEUMYIIIECTBA MOTJIN OBITh UCIIOJIB30BAHBI B IIOJTHOW Mepe.
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14 PACYHET HA ITPOYHOCTD IIPU IIEPEMEHHBIX
HAITPSKEHUAX

14.1 BeiBoa k03¢ puureHTa 3anaca NpoYHOCTH

Oco0OeHHOCTBIO pacyeTa MpH JCHUCTBUU MEPEMEHHBIX HAINpPSKEHUN SBISETCS
OIIPEJIEIICHNE 3a11aCOB IIPOYHOCTH.
[TocTporM yNPOIICHHYK JIUAarpaMMy MPEAeNbHBIX aMIUIUTYH (auarpammy

Cepencena-KunaconBsuin) 1 HaHeceM Ha Hell pabouyro Touky A (puc.14.1).

S, a

E

45°

2
Pucynok 14.1

JmarpamMma CTpoOWTCS, Kak 3TO OBUIO TMOKa3aHO B pasnene 12, Ha OCHOBe
3aJJaHHBIX MEXaHMYECKHUX XapaKTepuCTUK maTtepuana (S, S,y S -1, So ), a padoyas

TOYKa OIpCACIICTCA 110 HOMHHAJIBHBIM 3HAYCHUAM HaHpH}KeHI/If/'I OHUKJIIa Scp u Sa.
C YUCTOM IIOIIPABKHW Ha KOHUCHTPAIIUIO HaHpH)KeHPIfI, pasMEpbl ACTAJIM U KadCCTBO

00pabOTKH MOBEPXHOCTH, KOOPJUHATHI paboyeil MOBEPXHOCTU MPUMYT 3HAUCHHUS:

(Sa°K nsgp)

IIpu 3TOM CPCAHCC HAIIPAKCHHC Scp HC MCHJICTCA, OHO IIOCTOAHHO U IIOIIPpAaBKa K HCMY

HC HY)XHA.
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VYcnoBumces moja 3anacom ycmaﬂocmﬂoﬁ npodYHocmu TIOHUMATb OTHOIOCHHC

orpeska OB k OA:

DOTO OTHOIIEHHUE XapaKTepU3yeT CTEeNeHb OJM30CTH pPabouyux YCIOBUM K
MpeaeabHBIM ISl JAHHOTO MaTepuaia. B 4acTHOCTH, KOrja HamnpsoKeHUE HE MEHSETCs
Bo Bpemenn (S, =0), nannoe onpenenenue 3anaca NPOYHOCTH COBMAAAET C OOBLIYHBIM.
[Tpu moacueTe N MOXXKHO MPUOETHYTH K rpaueCKOMY PEIICHHUIO.

OHpeJIeJII/IM KOC—)(l)(l)I/ILII/IeHT 3araca MpOYHOCTHU IO HOPMAJbHBIM HAIIPAXKCHUAM,

ucnoab3ys auarpaMmmy Kunacomsuiu (cM. puc.14.1). VI3 nuarpaMMbl HaX0 UM

_OB_OE _ O©OE
OA OD OC+CD’

e OE=s . 0OC=s_ °K, CD=s.’tga =s,%s;

2’8 _1-Sy
= =tga - «kooppuyuenm acummempuu yuxia 1O
So

Ys

HOPMAJIbHBIM HAIIPAKCHUAM.

Torna KOC—)(l)(I)I/ILII/IeHT 3arraca MpoO4YHOCTH IO HOPMAJIbHBIM HAIIPAKCHUAM

ng = >-1 (14.1)

SaK+s ¥

Ilo awnamorum HaXoIumM KOC—)(l)(l)I/II_II/IeHT 3aliaca IIPOYHOCTH II0 KaCaTCIbHBIM

HaIPSHKCHUSAM
L
n = : (14.2)
ta K+t X
2t _1-tg
e Y = t— — K09 puyuenm acummempuu yuxkia 1Mo KacaTeIbHbIM
0

HaIIPAKCHUAM.
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IIpy 5TOM MPOYHOCTH OLEHHUBAETCA MO HAMMEHBIIEMY U3 3aI1aCOB IPOYHOCTH U
MO0 CTaTM4YeCKOoW cmocoOHOCTH. BennymHa 3amacoB MPOYHOCTH MpPH pacyeTre Ha
BBIHOCJIMBOCTh 3aBHCUT OT NPAaBUJIBHOCTH ONPENEICHUS YCWIHM, OT OJHOPOJHOCTH
Marepurala, KauecTBa TEXHOJOIMU U3TOTOBJIEHUS IETAIN U T.[.

JIns OUEHKM TMPOYHOCTH JAETadd B YCIOBHUSAX CJIOKHOTO HAINPSKEHHOTO
COCTOSIHUS, KOT/la IIUKJINYECKH MEHSAIOTCS HOPMAJbHBIE M KacaTelIbHbIE HANPSKEHUS,

OOLIENPUHATON B HAcTosIlee Bpems sBiseTcss smnupuyeckas dopmyna [aepa u

[Tomapan
11,1 w2
n- ng n
rie N — uckoMblil K03 PUIMEHT 3amaca yCTaloCTHOW MPOYHOCTH,
Ns — xodpdumment 3amaca yCTAJOCTHOH TMPOYHOCTH TIO HOPMATHHBIM
HaNPSDKEHUSM,
N — xodhduumeHT 3amaca yCTaJOCTHONW TNPOYHOCTH IO KacaTelbHBIM
HANPSOKESHUSM.

OxoHYaTEeILHO UMEEM KO3(1)(1)I/II_II/IeHT 3ariaca YCTaHOCTHOﬁ IMPOYHOCTHU

n=_5"% (14.3)

[Ipy  TOBBIIIEHMH TOYHOCTH pacdyera C  IIMPOKMM  HCIOIb30BAaHHEM
SKCIIEPUMEHTAIBHBIX JAHHBIX 110 ONPENEICHHUIO YCHIIMM, HANpsOUKEHMH W KadecTBa
TEXHOJIOTHYECKUX MPOLECCOB JOIyCKAeMbIi K03 PUIMEHT 3amaca IPOYHOCTH OOBIYHO
npunumaercs B npeaenax [N =1,3...1,4.

Jlns  OOBIMHOM  TOYHOCTM  pacueTa IPU  OTCYTCTBMM  HaUIEKAIIEH

AKCHEPUMEHTAIBHOM MTPOBEPKU U YMEPEHHOM OJJHOPOJTHOCTH MaTepraia
n]=1,4.17.
[Ipy NOHMKEHHON TOYHOCTH U OTCYTCTBUM SKCIEPUMEHTAIBHON TPOBEPKH

[n]= 1,7..3,0.
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Haubonee AOCTOBCPHBIC JTAHHBIC O HCO6XOIII/IMBIX 3aracax IMPOYHOCTU ACTAJIN
MOT'yT OBITH YCTAHOBJICHBI Ha OCHOBC CCPUHU HWCHBITAaHUN ACTAJIN B HATYpPC HIIN OIIbITa

OKCILTyaTalluv MAallIMH C ACTAJISIMA JAHHOTO THIIA.

14.2 Pacuer Bajia ¢ y4€TOM HUKJIHYECKUX HANPSKEHU I

PaccmoTpuM TipoMeKyTouHBI Bai peaykropa (puc.14.2), xoTophlii nepemact
kpyTsimii MomeHT Mo,= 1,2k HM, n3MeHSIONIHICS 10 My IbCAIHOHHOMY ILUKITY.

Marepuan — yriepoaucras CTalb:
Se = 800 Mla, st = 600 Mlla,s., = 360 Mlla.

Juametp Bana d = 60 mm. Pazmepsl Bana u mecTepeH npuBeneHsl Ha puc.14.2, a.
O6paboTka Bana — nuIM(poBaHUE.

Ha Bany mMeeTcsi KOHIIEHTPATOp HANPSHKEHUH — IMMOHOYHBIN ma3. OnpeaenuTsb
Kod(pUIIMEHT 3amaca yCTaJlOCTHON MTPOYHOCTH.

N300pa3um pacueTHyl0 CXeMy MPOMEXKYTOYHOTO Baja peayKTopa, MpUBEs
JCHCTBYIOIIYIO HATPY3KY K INIaBHBIM IU1ocKoCTsM (puc.14.2, 6).

B 3yOuaToM 3amerieHuu OT ACWCTBUS CKPYYMBAIOIIMX MOMEHTOB BO3HHKAIOT

OKPYKHBIC YCHUIINS.

2>M
p=— = 2’4’22 =75 kH ;
D;  32x0
2>M
p=—®= 2’4’22:15 kH .
D, 160

OKpy»KHBIE YCHINS JEHCTBYIOT B TOPU30HTaIbHOI miuockocTty (puc.14.2, 6).
Panuanbhble yeunus Oyaem onpeaenats no dpopmyne: 1; =0,36°P
T,=036>75=27 xkH ;
T,=036°15=54 xH .

Veunus 11 u T neiicTByroT B BepTUKaIbHOU 11ockoctH (puc.14.2, 0).



144

14 PACYHET HA NMPOYHOCTb MNMPWN NMEPEMEHHbBIX HAMNPAXEHWUAX

Kp

P2:15KH P1:7,5KH
11,7 kH A \ 10,8 kH

1,75

3,0xkH A A 40,3 kH

0,03
W/ @ , KH>m

1,8
1,08

, KH>m

1,2 1,2

, KH>m

® ©®

Pucynok 14.2
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IIpoMeXyTOUHBIN Ban pepyKTOpa mepenaet Kpyrsumii moment M,,=1,2xHm,
M3MEHSAIOIIUICS 10 MYJIbCAlHOHHOMY LUKILY.

Marepuan — yriepoaucras CTalb:
Se = 800 Mla, st = 600 Mlla,s., = 360 Mlla.

Juametp Bana d = 60 mm. Pazmepsl Bana u mecTepeH npuBeneHs! Ha puc.14.2, a.
O6paboTka Bana — nuIM(pOBaHUE.

Ha Bany mMeeTcsi KOHIIEHTPATOp HAMPSHKEHUH — IMMOHOYHBIN ma3. OnpeaenuTsb
Kod(pUIIMEHT 3amaca yCTaJOCTHON MIPOUYHOCTH.

N300pa3um pacueTHyl0 CXeMy MPOMEKYTOYHOTO Baja peayKTopa, MpUBEs
JCUCTBYIOIIYIO HATPY3KY K INIaBHBIM Iu1ocKocTsM (puc.14.2, 6).

B 3yOuaToM 3ameruieHHud OT JACWCTBUS CKPYUYMBAIONIMX MOMEHTOB BO3HHKAIOT

OKPY>KHBIC YCHUIINS.

2>M
p=— = 2’4’22 =75 «kH ;
D;  32x0
2>M
p=—®= 2’4’22:15 kH .
D, 160

OKpyXHBIC YCHIUS ACHCTBYIOT B TOPH30HTAIBHOMN TUIOocKOCTH (pric.14.2, ).

Panuanbhbie yeunus Oyaem onpeaenats no popmyne: 1; = 0,36°P
T,=036>75=27 xkH ;

T,=036515=54 xH .

Veumust T u T neficTBYIOT B BepTHKaIBHOU TI0CKOCTH (prc.14.2, 0).

CtpouM SmIOpbl M3rHOAIONIMX MOMEHTOB B BepTHKanbHOH (puc.14, 2) u
ropuzoHTanbHOU (puc.14.2, ) IIOCKOCTSX, a 3aTeM M CyMMapHYIO 3I0PY M3THOA0ONIUX
MoMeHTOB (puc.14.2, orc).

CTpouM TaK ke S0Py KpyTaux MoMeHToB (puc.14.2, 3).

HopManbHble HampspKeHHs TpH M3rMOe HM3MEHSIOTCS 10 CHUHYCOUAAIbHOMY

3akony (puc.14.3)
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/\ /\ [\ :\Sa t
U

Pucynox 14.3

Ny
-

OnpenensieM S yayx IPH CTATHYECKOM JeiicTBruy n3rubaromero MomenTa Mpay.

M 18%0°°
W, 016310 °

=833 MPa.

Smax

B namewm ciy4ae S ip = =S max-

I1o S max ¥ S pmiin OIIpeIeIIsieM aMIUITUTYTHOE U CPEAHEE HAIIPSIKCHUS:

sa:SmaXéSmi“ = S max * g Snr“"‘X):sm,ﬂx, T.e.5,=83,3M/la .

S :Smax"'smin :Smax+('smax):O
P 2 2 |

OmnpenensieM K03 HUITMEHT 3armaca TPOYHOCTH 110 HOPMATBHBIM HAIIPSKEHUSIM

n =
SaXK+s ¥
rie K:KS 1 -1
Kps  Ke

Io TaGnuuam umn rpaduxam (cm., Hanpumep, [9]) onpenemsiem Kg , K , Kg.
Jlns mmonounoro nazanpu S, = 800 MIla Ks = 2.

Jst d=60 mm npu S ;= 800 MIla macwrrabusiii paxrop Kzs = 0,67.

IIpu o6paboTke Bana nytem mudosanus npu S ,= 800Mna, Kg=0,9.

Torna K:i+i-1:3,l.
067 09
Haxomaum ng = ﬂ =13.
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KacaTenbHble HaIIpsDKEHUSI MEHSIFOTCS TI0 MYJIbCAllMOHHOMY 1KY (puc.14.4).

Pucynox 14.4

OHpCIICJISICM t max HpI/I CTATUYCCKOM IICﬁCTBHPI KPYTSIH_ICI‘O MOMCHTAa MKp:
Mo  12x10°3
W, 0263x0°

IIo t max u t min OHUPCACIHACM aMIIUTYTHOC M CPCIAHCC 3HAYCHUA HAIIPSAKCHUH.

=278 MPa.

U max

to=imex tiin _lmex _ 278 _ 139 pg

a 2 2

t 2 t
tep = max —Mh —-MX =139 MPa .
2 2
OmnpenensieM K03 GHUIHEHT 3aaca MPOYHOCTH 0 KacaTeIbHBIM HAMPSKEHUSIM
_ t 4
AT
a m ™Y t
K 1
e =—t + — -1
Kr Ke

Hunst onpenenenus Ky, K, Kp nenonesyem te ke tabnuupl uim rpadukn

(cM., Hampumep, [9]), UTO U I HOPMAIBHBIX HANPSHKCHUN MPU U3rHOe, U3 KOTOPBIX

HaXOIWM.
K, =19; K, =067; Kr=09; Y, =005
Torna K= 19 +i- 1=29.
067 09
~ 063360 _
[Tomyuaem n = =90,2.
139x%29+139>005

KoaddunmenT 3amaca yctanocTHON MPOYHOCTH
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n>°n _ 1352

n= =
¢+ 132 +52

=127 .

15 PACYETBI KOHCTPYKIIMH 11O NMPEJAEJbHBIM
COCTOAHUAM

15.1 OcHOBHBIE OHATHSA O NMPeIeIbHOM COCTOSTHUM.

CxemaTu3auus AUarpaMMbl PACTSKEHU S

Bce paccMOTpeHHBIE 10 CHUX IIOP BOIPOCHI OTHOCWIHCH K PAacyeTy 3JIEMEHTOB
KOHCTPYKIMI B mpejenax ynpyrux nepopmanmii. [Ipy 3ToM B 3aBUCHMOCTH OT BUJA
HAaMPSDKEHHOTO COCTOSIHMSL W IPUHATOM TEOPUM IPOYHOCTU IIPU TaKUX pacyerax
HanOoJIblIee HOPMAJbHOE, KacaTelbHOE WM NPHUBEACHHOE HAMPSIKEHHWE B OMACHOM
CEYCHMM M B ONACHOM TOYKE CpPAaBHUBACTCSA C JOIYCKAaeMbIM HampspkeHuem. Eciu
HauMOOJIbIINE pacUYEeTHbIC HANPSDKEHHs] HE MPEBBIIIAIOT JOMYCKAEMbIX, TO CUUTAETCH,
YTO HTUM OOECIEeYUBAETCA HAJJISKAIIUA 3amac MPOYHOCTH KOHCTpyKuuid. Takoi
croco0 pacueTa Ha IPOYHOCTh HA3BIBAETCS CIOCOOOM pacuema NO OONYCKAEMbIM
HanpAXCEeHUAM.

Opnako MHOrooOpasue BO3HMKAIOIIMX HA MPAKTHKE 3a7ad JAJeKO BBIXOAMT 3a
pPaMKH, OYEpUYECHHBbIE 3aKOHOM ['yKa, M CIUIOWIb U PSAAOM IPUXOAUTCS paccMaTpuBaTh
BOIMPOCHI CBSI3aHHBIC C IUIACTUYCCKUMU JedopMmarusiMu Tel (HaBUBKA MPYXKHUH,
LITAMIIOBKA Pa3JIMYHbIX U3JEJINN, CUWIBHO HAIIPSKEHHBIE 3JIEMEHTHI KOHCTPYKLIMM TUIIA
000JI0YEeK paKETHBIX JBUTATEIICH H MHOTOE JAPYTroe).

IIpakTka IIOKa3plBae€T, YTO MPU IOSABICHUM MECTHBIX IUIACTUYECKUX
nedopMalii KOHCTPYKLHUS €II€ MOXET YJOBIETBOPITh MPEIbABISIEMbIM K HEH
TpeOOBaHUAM U JUIsl €€ MEepeXo/a B IPEAEIbHOE COCTOSHHE TpedyeTcs NajibHellnee
BO3pacTaHUE Harpy3ku. B JelCTBUTENBHOCTH KOHCTPYKLUs o0O0Jajaer 3arnacom
OPOYHOCTH OOJIBLIUM, YEM 3TO OIpenensiercs U3 CpPaBHEHUS JOIMYyCKaeMbIX
HaNPsDKEHUU C KPUTUYECKUM.

B cBa3u ¢ yKazaHHBIM HEJOCTATKOM METOJa pacuera Ha IPOYHOCTH IIO
JIOIYCKaeMbIM HAIpPSKEHUSM BO3HHUKJIA HEOOXOIMMOCTh B HOBOM IOJXOJI€ K OILIEHKE
IIPOYHOCTU KOHCTPYKLUHN — pacuem no paspyuarowum Hazpy3kam, Ipu KOTOPOM 3ariac
IIPOYHOCTH IIOHUMAETCS KaK OTHOLLIEHUE Pa3pyILIAOLIEH HArPy3KU K JCHCTBUTEIILHOM.

PaznuyaroT Tpu BuAa NpenesbHbIX COCTOSIHUMN!
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1) no HecymeH CHOCOOHOCTM — KOHCTPYKIUS TEpSET CIIOCOOHOCTH
CONPOTUBIIATBCA BHEUIHUM BO3JACHCTBUSM WJIM MOJYy4YaeT TaKHE€ OCTaTOYHBIE
M3MEHEHHUsI, TIPU KOTOPBIX OHA NEpPECTaeT YIAOBJIETBOPATH MNPEIBABISEMBIM K HEH
AKCILTYyaTallMOHHBIM TPeOOBaHUSM;

2) 1O pPa3BUTHUIO YPE3MEPHBIX JedopManuii — B KOHCTPYKIIUH, COXPAHSOIIEH
MPOYHOCTh M YCTOMYUBOCTH, MOSABISIIOTCS Takue HeoOpaTuMmble aepopMaliud, Mpu
KOTOPBIX ~KOHCTPYKLUSI IEpPECTAET YAOBIETBOPATH MPEABSIBISEMBIM K  HEH
AKCILTYyaTallMOHHBIM TPeOOBaHUSM;

3) 1o 00pa3oBaHHWIO M PACKPBITHIO TPEIIUH — B KOHCTPYKIIMH, COXPAHSIOIICH
IIPOYHOCTh M YCTOMYMBOCTbH, MOSBISIOTCA M PACKPBIBAIOTCS KPYIHBIE TPEIIUHBI,
BCJIEJICTBHE YET0 AalbHENIIAS SKCIUTYyaTal[Msl KOHCTPYKIIMU CTAHOBUTCS HEBO3MOXKHO.

MeTtonsl pacuemog no npeoenvhHbiM COCMOAHUAM TIHPOKO NPUMEHSIIOTCS INpU
MPOEKTUPOBAHUM CTPOUTENIbHBIX KOHCTPYKIMI W Bce Ooliblliee pacnpocTpaHEeHUe
MOJIyYar0T B MAIIMHOCTPOEHUH. OHU MO3BOJISIIOT BCKPBITH PE3EPBBI MPOYHOCTH, HE
UCIIOJb3YEMBIE MIPU PACUYETE MO JONYCKAEMBbIM HANpsKEHUAM. PacdyeT mo mpenenbHbIM
COCTOSIHUSIM J1a€T BO3MOXKHOCTh YMEHBIINUTh BEC KOHCTPYKIIHIA.

Jlist Toro 4ytoObl BBECTM B pacyeTHble (GOpMYJbl 3aBUCUMOCTh S :f(e),

MOJyYECHHYI0 M3 HCHBITAHUH MaTepuaia, HEOOXOJAMMO JuarpaMMy pacTsDKEHHUS
cxematusupoBath (puc. 15.1).

o o t

trf-

Pucynox 15.1

C mesbio yIpoIIEHUs pacueToB AMarpamMma pactsukeHus marepuana (puc 15.1, a)
CXeMaTU3UpyeTcss TakuM oO0Opa3oM, UTO TpsiMas 3akoHa ['yka HeEmocpeiacTBEHHO
COIPSATaeTCs ¢ TOPU3OHTAIBHOM HpsIMOK 0e3 mi1aBHoro nepexoza (cMm. puc.15.1, 6 u 6).

JImHa TOPU3OHTANIBHOTO yYacTKa JUarpaMMbl HE OTpaHUYMBACTCS, T.€. MaTepra
CUMTACTCS HE YMPOYHSIONIUMCS, HJICAIbHO IUIACTUYHBIM. Takas auarpamMma HOCHUT

Ha3BAHHUC JHAT'PAMMBbI HpaHIITJISI.
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Hanpsokenust S ¢ u pedopmamun €7 (cm. puc. 15.1, 6) orBeuaror mpeneny

TeKy4ecTH npu pactsokenny, at r u gr — npu casure (cm. puc. 15.1, 6).

I[JIH CJIOKHOI'O HAIPAKCHHOTO COCTOAHUA IIPCIAJIOKCHBI PA3JINYHBIC TCOPUH
nepexoaa Marcpuajia B IJIaCTHYCCKOC COCTOSAHHC. Haubonee pacipoCTpaHCHa TCOPHA
IJIaCTHYHOCTHU CeH—BeHaHa, COIJIaCHO KOTOpOﬁ IIACTHYCCKOE COCTOSAHHNC MaTCpHalia
npu CJIOXKHOM HAIIPS)KECHHOM COCTOSHHUM HACTYIIACT TOTr'd4d, KOr'aa HauOOJIbIITHE

KaCaTCJIbHbIC HAIIPSKCHUSA NOCTUIANOT MPCACIBHOIO 3HAYUCHUA — IIPCACIIa TCKYUCCTHU

npu casure U o =1 7.

15.2 PacuyeTsl IPU PACTSIZKEHUH U CKATHH

HpI/I PACTAKECHUN W CKATHUU HAIIPSKCHUA PACIIPCACIIAIOTCA PABHOMCPHO Ha
momaau MmornepeuYHOro CCUCHUA CTCPIKHA. HOC)TOMY pacucT Ha NPOYHOCTh CTATUYCCKHU
ONIPCACITUMBIX CUCTCM II0 JOITYCKACMOMY HAIIPAKCHUIO U I10 IIPCACIBHOMY COCTOAHHUIO

AacT OAWH M TOT K€ PC3YyJbTAaT.

Ipumep 1. Onpenenuth 3amac MPOYHOCTH JIBYXCTEP>KHEBOW IOJBECKH,

Harpyxennoi cunoii P (puc. 15.2).

Pucynox 15.2

a) Pacuem no donyckaemomy Hanpsiicenuo

4 3 YPAaBHCHHA PAaBHOBCCHUS
SY=0; (N;y+N,)cosa - P=0,

cuntast, uto Ny = Ny =N, Haxomum
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N :L_
2cosa

N P
Tornma Ss=—=—\
F 2cosaF

3amac MMPOYHOCTH 110 JOIIYCKACMbBIM HAIIPAKCHUAM

N, _Sr _S,>2cosaF
S P

(15.1)

0) Pacuem no npedenvromy cocmosinuto (0yaeM npernonaratb, YTo HAMPsKCHUE

B CCUCHUHN JOCTUITIO O'T):

P,, =sr>2cosa,

_P,, s, xcosaF
Ny = = 5 .

(15.2)

CpaBuuBas ¢opmyasl (15.1) um (15.2), MOoXHO cjenaTh BBIBOJ, YTO 3amac

MPOYHOCTH IMPH pacueTe JBYXCTCPKHEBOW (CTATHYECKH OMPEACIMMOM) CHCTEMBI I10

HOITYCKACMBbIM  HAIIPSAKCHHUAM nT PaBCH 3allaCy IPOYHOCTH IIpU PaACUCTC II0

PE/IeTILHOMY COCTOAHUIO N, ),

Ny =n,,.

Ipumep 2. Ompexnenurh 3amac MPOYHOCTH TPEXCTEPHKHEBOM TOJBECKH,

HarpyxeHHoi cuioi P (puc.15.3).

Pucynok 15.3
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[lnowaay nonepeynbix ceyenuii crepxueii onunakosel (Fp =F), = F3 =F).
MarepHa IacTHYHbIA ¢ IPEIEIOM TEKYUECTH OT.
a) Pacuem no 0onyckaemomy HanpsiceHuro
1) S=1
2) & X=0; - N;sina + N, sina =0, orkyna Ny = Ny;
aY =0; N3- P+N,cosa + N;cosa =0.
3) DI, =DIl, =Dl ;cosa.
Nélll = N3|!3 cosa .
2

Hockoneky 13 =1,cosa, o Ny =Ngzcos“a .

Torna u3 ypaBuenus (15.1) Haxoaum

2
Ng=—= P, Ny=— 52 poy,
1+2cos”a 1+2cos”a

U3 nocnexunx Qopmyn BuaHo, uro Bcerna Nz >Nj; =N,, t.e. Gonbuee
YCHJIME BO3HUKAET B CPETHEM CTEPIKHE.
Cnie10BaTENLHO, B CPEHEM CTEPIKHE OYIeT M HAMOOIbIIEE HAPSIKEHHE.,

N, 1 =

= X
F  1+2cos’a F

53:

3anac NpOYHOCTH MO JI0MYCKAaEMOMY HaIpPSKEHUIO Oy/IeT paBeH

st _s,(1+2cos’a )F

= 15.3
Mr =3 P (15.3)

0) Pacuem no npedeibHomy cOCMOSHUIO

[IpenenbHOE COCTOSIHUE KOHCTPYKUUHU OYyAET XapaKTepH30BaTHCSA HCUYEPIAHHEM
HEeCylleld CIMOCOOHOCTH, KOTOpO€ HACTyNUT TOrja, KOIrjJa BO BCEX CTEPKHAX
HaIpsDKEHHUsT JOCTUTHYT Tpejaena TekydecTd. HalieM mnpenenbHyr0 Harpysky s

KOHCTPYKLIMH.
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HOCKOJIBKy HaIIPAKCHUA B CTCPIKHAX IIPH ynpyroﬁ nux pa60Te HCOANHAKOBbI, OHHU
OAOCTUTHYT IIpcacyia TCKYYCCTH HC OJHOBPCMCHHO BO BCCX CTCPIKHAX. Bnauane

HaCTan/IT TTJ1aCTHYCCKasl IIC(bOpMaHI/IH B CpeI[HeM CTep)KHe. YCI/IHI/Ie B HEM 6YIICT paBHOZ
N 3 =S T F.

[locne mosiBIEHMS MIACTUYECKOTO TEUEHUS B CPEIHEM CTEpPKHE KOHCTPYKIIMS
elle crnocoOHa BOCIPUHUMATh BO3pACTAIOLyl0 Harpys3ky. [Ipu aTom ycuiue B cpenHem
CTep>KHE OCTaeTcsd MNOCTOSHHBIM. KOHCTPYKIMS mpeBpamaercs B CTaTHUYECKU

onpenenumyto, u ycumiust Ni u N onpenensitoresi U3 ycioBHs paBHOBECHS y3I1a.
P-s;F
Ny =N, =—F~F—.
2cosa
Hcuepnianue Hecyiei crnocoOHOCTH KOHCTPYKIIMU HACTYIUT, KOT/1a U B KpaHUX

CTCPIKHAX HAIPIKCHUA HJOCTUTHYT IIPCACiIa TCKYYCCTH. COOTBCTCTBYIOH.I&H 9TOMY

MOMEHTY Harpyska OyeT paBHa
P, =sF+2s Fcosa =(1+2cosa)s ;F.
3amnac IMPOYHOCTH IIPHU PACUCTC 110 NPCACIbHOMY COCTOAHUTIO

_ P, _(1+2cosa )s +F
N,y = = .
P P

(15.4)

Cpasuuas ¢opmyisl (15.3) u (15.4) MOXKHO caenaTh BBIBOJ, U4TO N, > Nr.

n,,
Ny

Hanpumep, mpu  a=30°, =1,19, T. e. KOHCTPYKLUS UMEET CKPBITHIM 3amac

MPOYHOCTH paBHbIN outn ~20%.

15.3 PacuéTsl npu Kpy4eHUn

IIpy KpydyeHUM CTEpXKHEW KpYIJIOrO NONEPEYHOrO0 CEYEHUSI KacaTelIbHbIE

HANpsOKEHUST B YINPYrod o0JacTd B NPOM3BOJIBHONW Touke cedeHus (puc.15.4)
— MKP
omnpeaenstores mo popmyiae I =——r .
r
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Pucynok 15.4

MaxkcumanbHble HanpspkeHust (cMm. puc. 15.4) B HamOosee ymajaeHHBIX OT OCH

TOYKax paBHBbI.

t =M (15.5
mex =y .5)

[Ipu yBenum4eHUU KPyTALIEr0o MOMEHTA TUIaCTHYECKUE TeopMariiu MOSIBIASIOTCS
HE Cpa3y MO BceMy MonepeyHoMy ceueHuto. [lo Mepe pocTta KpyTAiero MOMEHTa OHU
pacupocTpaHsoTCa OT HauboJjee yaajJeHHbIX TOUeK K ocH cTepxHs. [loaToMy pacuer Ha
MPOYHOCTh 10 HANPSOKCHUSM B HamOOJIEe OIMACHBIX TOYKAX M TI0 TMPEICTIbHOMY
COCTOSIHUIO JIa€T Pa3IMYHbIC PE3yJbTaThl JaK€ B CTATUUYECKU OMPEICIUMBIX CUCTEMAX.
[Ipu paccMoTpeHUM KpyuyeHHUs B IUIACTHYECKOW 00sacTu OynaeMm mpennojaraTh, 4TO
3aBUCUMOCTh MEXY KacaTeJIbHBIMU HAIPSHKCHUSIMU U OTHOCHUTEJIBHBIM CIBUTOM JIJIsI
Marepuajia COOTBETCTBYET WJICAIM3UPOBAHHON JMarpaMMe C HEOTrpaHWUYEHHBIM
TOPHU30OHTAIBHBIM y4acTKOM (cM. puc. 15.1, ).

HpI/I HCKOTOpPOM  3HAYUYCHHUU KpPyTAICro MOMCHTA, KOraa HauOOJIbIITHE

KaCaTCJIbHbIC HAIIPSIKCHUA t max B HaubOolee YAAJICHHBIX TOYKaX CCUYCHHA JOCTHUIHYT

npejena TEKydecTd, KpyTsaiuii MoMeHT (oGo3mauum ero uepes M JOCTUTHET

cBoero mpeaenapbHoro 3Hadenus u oymer paeds M . =t W . IIpu 3TOM cTepkeHb
p Yy p np T p p P

COXpaHUT CHOCOOHOCTH BOCIIPUHUMATD BOSp&CT&IOH.IHﬁ KPYTSIH_II/Iﬁ MOMCHT BCJICACTBHUC
BO3MOKHOT'O pOCTa HaHpH)KeHl/If/'I BO BCCX TOYKAX, JICKAIIIUX OJIMKE K OCH.
C POCTOM KPYTAIICTO MOMCHTA INIACTHUYCCKUC IIC(i)OpMaI_II/II/I CHa4dalJila IIOABATCA

BOIM3HU IIOBCPXHOCTU B HaubOoee YAQAJICHHBIX TOYK4AX, a4 HJaJIcC C YBCIHMYCHHUCM
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BHEIIIHEH Harpy3kMu OHH IIOCTCIICHHO 6YIIYT nepeMemaTbCiad B HAIIPABJIICHHU OCH

crepxus (puc.15.5, a).

Pucynox 15.5

C panpHeWmuM yBenuueHueM M, pOCT HANPSKEHUH IPUOCTAHABIUBAETCS B TEX
TOYKaX, B KOTOPBIX OHHU JOCTUTIIM TMpeJena TeKy4eCTH, B OCTaIbHBIX TOYKAX CCUCHUS,
00pa3yoIInX TaK HAa3bIBAEMOE ynpyeoe s0po, HanpsbkeHus Bo3pactaroT (Ha puc. 15.5, a
YIPYroe sApo UMEET Paguyc I1).

Korna mmactuueckasi 3oHa oxBaTHUT Bce cedenue (cMm. puc 15.5, 6), Hecymias
CIIOCOOHOCTh CTEp)KHS OyJeT McYepIiaHa, T.K. OH Jaiblle OyAeT 3aKpyduBaTbes Oe3
YBEJIMUCHHUS KPYTSAIIETO MOMEHTA.

BbryucinM 3HaYeHHWE MPENETBbHOTO KPYTSIIEr0 MOMEHTa, COOTBETCTBYIOIIETO
UCYEPIaHHUIO HECYIICH CITOCOOHOCTH CTEPKHS.

BeiienuM B CEYCHUHW CTEP)KHS DJIEMCHTAPHYIO IUIOIIAAKY B BHIC KOJbIA

mumpuHoii dr (cm. puc. 15.5, ).
DJIeMEHTapHbIi MOMEHT OT HampspkeHuil U, B IUIOI[aJKe OTHOCHUTEIBHO OCH
crepxHs pasen M np =t 72prdroor .

KpyTsiunii MOMEHT BO BCEM CEUYEHHUH PABEH

d d

r32

3

2 2
M, =t;2p¢ “dr =2,
0

np
0
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[Tomyuaem

M, =t,—. (15.5)

Beipakenue (15.5) nmpuodpeTéT Bua

M np =t TWK(nﬂ)’

rae WK(n 1)~ IJJACTUYECKUI MOMEHT CONPOTHUBIIEHUS CEUEHUS ITPU KPYUECHUH.
Haiinem orHomenue M,, u MoMmeHTa M7, mpH KOTOPOM BIIEPBBIE BO3ZHMKHYT
HaIps)KEHUS TEKYUYECTHU

an :WK(nﬂ) _ pd3/12 4

My W, pd3/16 3

= gMT =133M.

CrnenoBaTesbHO, M np

U3 MMOCJICAHCTO PaBCHCTBA BHIHO, YTO IIOCJIC HAYAJIBHOI'O BO3HUKHOBCHUA
IIAaCTHYCCKUX IIC(i)OpMaI_II/II‘/II B CCUCHHUHN HCCYyIIasa CIIOCOOHOCTH Bajla MOXKET BO3pacTHu
enI€ Ha TPCTHb IIPU YBCIIMUCHUHN KPYTAIICTO MOMCHTA. TakoB CKpBITBIﬁ 3aIac IMpoOvYHOCTHU
CKPYUYHUBACMOI'O KPYIJIOr0 CTCPIKHA, KOTOpBIﬁ O6H&pY)I(I/IBaeTC$I Inpu 1nepexonac Ot

pacdcTa 1Mo A0IIyCKAaCMbIM HAIIPAKCHUAM K PaACUCTy IO MPEACIbHOMY COCTOSHHIO.

15.4 Pac4yéThbl NpU MJI0CKOM HU3rude

[Ipu u3rube, Kak ¥ NpU KPYYEHUU B YIPYrol cTajauu pabOThl B MOMEPEYHBIX
CEUYEHUSX HOPMAJbHBIE HAINPSIKEHUS PACHpEEsIOTCS HEPAaBHOMEPHO, M3MEHSSACH MO

BBICOTE CEUEHUs 110 JIHHeHHOMY 3akoHy (puc 15.6, a) u onpenenstorcs mo Gopmyse

M,
“y
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@ Omax St

In.
ol
Ynp.
Sr
8
Pucynok 15.6
HauGonwiee HanpsbxkeHue S max — VV—
ocC
[Ipu pacueTte Mo JOMyCKaeMbIM HAMpPSDKCHUSM 3arac MPOYHOCTU OTMPEACIIIeTCs
_Sr
no ¢opmyire Ny =———, T.e. 3a ONACHOE COCTOSHUE OalKH HPUHUMAETCS €€
S
max

COCTOSIHME,  COOTBETCTBYIOLIEE  JOCTHXKCHHMIO  HaWOOJIBIIMMH  HOPMaJIbHBIMU
HaMpsDKEHUSIMU B OTMACHBIX CEUEHHUAX Mpejesia TeKydyecTH. Takoe COCTOSHUE JUIIb
YCIOBHO MOXXHO CUMTaTh OMAcHbIM. banka coxpaHseT crnocoOHOCTh BOCHPUHUMATh
YBEJIMUYMBAIOIINICS U3rNOAONIUii MOMEHT.

PaccMoTpuMm cummeTpuuHOe cedeHue. Jlo TOMHOro wucueprnaHus Hecyuiel
CMOCOOHOCTH OaJIKM B €€ MOMEPEUHBIX CeUCHUsIX OyIyT aBe 30HBI (cM. puc 15.6, 6) —
ynpyras 1 miacTuyeckas.

[IpenenbHOE COCTOSIHUE HACTYMHUT TOT/A, KOTJA TEKy4eCTh PaCIpOCTPAHUTCS IO
BCEMY CEUEHMIO, T.K. TIOCIIE ATOro JajdbHelmas qedopmaius 6anku OyaeT NpOUCXOaUTh
0e3 yBenuMueHus U3ruodaroniero MoMeHTa. B paccmaTpuBaeMoM MONEPEYHOM CEYEHUU
oOpa3yeTcsl Tak Ha3bIBa€MbI MJIACTUYECKUN IIAPHUP, KOTOPBIM NepeiaeT MOCTOSHHBIN
MOMEHT, paBHbIN NIPeIeTbHOMY U3THOAIOIIEMY MOMEHTY '
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Ml’l

p = ® rYdF =2s ; oydF =5 125, (15.6)
F

F

2
rne Syex — CTATUYECKHI MOMEHT IUIOIIAJH ITOJIOBHHBI MONEPEYHOTO CCUCHHS
OTHOCUTEJIBHO HEUTPAJIBHOU OCH.
Bennunny 2Sp.x IPUHATO HA3BIBATH NIACMUYECKUM MOMEHMOM CONPOMUBTEHUS
(W,,). U torna popmyna (15.6) mpuobpereT BHI

M - =S TWnﬂ.
I[JIH HpHMOYI‘OJIBHOFO Honepequro CCUCHUA
bh?
Wnﬂ = 1
4

riae b u h— cooTBercTBEHHO, MIMpPUHA U BBICOTA MPSIMOYTOJIBHHKA.

Ecnu cedenue Oanku HMeEET OJIHY OCb CHMMETPUU B IUIOCKOCTH Harpy3Ku
(puc.15.7), To B mHpenerbHOM COCTOSHHMM HEHTpalbHas OCh HE OyAeT MpPOXOIUTh
yepe3 LEHTP TKECTH MOINepedyHoro ceudeHus. [lonokeHue HEUTpPAIBHOM OCH
oTpeJeNsieTCs] U3 PaBEHCTBA HYIIO0 CYMMBI MPOEKIMHA HAa OCh OAJIKU BCEX MPOIOJBbHBIX

cun S 7dF , pacnpeneneHHbIX MO €€ CEYEHHUIO:

N =¢p,dF = &g ,dF + §- s, )dF =0, (15.7)
F =1 Fy

Tac Fl u F2— miomaan, COOTBETCTBCHHO, paCTHHYTOﬁ U CXKaTOM 30H CCUCHUS.

M, O w % F
(O \T\\ F.

Sr

Pucynox 15.7

W3 ypaBHenus (15.7) Haxomum, 4To

Fi-F =0 WIN F=F.
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CJICI[OB&TCJIBHO, B MpCACIIbHOM COCTOAHHUH HeﬁTpaHBHaH JIMHUA N-N CCUYCHUA

JI0/DKHA JICNIUTH €T0 IUIomas momnojam (cM. puc.15.7).
[MpenenbHBI W3rHOAOMIMA MOMEHT HalJAeM WHTCTPUPOBAHUEM YypaBHCHUS

paBHOBeCUS

M, = 8 7YdF = ¢ 7 ydF + -5 7 )()IF =5 (S, +S,) =5 (S, +S.)
F = Fy
rac Sp u SC_ CTATUYCCKUEC MOMCHTBI COOTBECTCTBCHHO paCTHHYTOﬁ u C)K&TOﬁ 30H

CCUCHUA OTHOCHUTCIIBHO HCfITp&JIBHOfI OCH.
W, =S, +S,.
OmacHas BeJIMYMHA MOMEHTA IIpH pacyeTe 10 TOIIYCKACMbIM HAIIPSKCHUAM.

M T :STWOC’

TAac WOC — OCEBOM MOMEHT COIMIPOTHUBJICHUA CCUCHHA.

Torna OTHOIIICHHUC

M"P - Wnﬂ
M T Woc

XAPAKTCPUIYCT CTCIICHD YBCIIMYUCHUS 3al1aca IIPOYHOCTHU Oanku IIpu ICpCXoaAc K pacucTy

TI0 TIPEJICJIbHBIM HAarpy3KaM.
B cnyudae 6anku npsiMOYroJIbHOTO CEYEHUS

W, _bh?/4

ni —

W,. bh2/6

15.

I[JISI ABYTABPOBLIX ITPOKATHBIX OaJIoK B CpCaAHCM

War 118.
W

Takum o00pa3oM, CKpBITBIM 3amac MPOYHOCTH TIPU  U3rHOE, KOTOPBIi
OoOHapy»XUBAETCs MPU MEPEXOIe OT pacueTa Mo JAOMYCKAaEMbIM HAMPSHKEHUSM K pacueTy
Mo TpeJeIbHOMY COCTOSHHUIO, MOXeT nocturath 50%, a B pacuerax CTaTHYECKH

HCOMPCACITIUMBIX CUCTCM CIIC 0oJbIIIE.
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CIIMCOK PEKOMEHYEMO JIUTEPATYPBI

OcHOBHAs ¥ 10NOJIHUTEJIbHAA JIUTEpaTypa

1 benses H.M. Conpotusnenne matepuanoB. — M.: Hayka, 1976. — 608 c.

2 JlapkoB A.B. Comporusnenue matepuanos/ A.B.Jlapkos, I'.C.I1Inupo. — M.:
Bercur. mk., 1989. — 624 c.

3 MupomwoboB M.H. I[locobue K pemeHuo 3aaad MO COMNPOTUBICHUIO
martepuaiioB. — M.: Hayka, 1975. — 240 c.

4 O6onosckuii b.A. ComnpoTHBICHHE MaTepUaloB B MpUMepax M 3amadax/
b.A.O6onoBckuii, C.E.Xanun. — XapekoB: U3n. Xapek. yH-Ta, 1981. — 344 c.

5 Omip marepiajiiB 3 OCHOBaMHU TeOpii MPYKHOCTI ¥ MmiaacTUYHOCTL: Y 2 4., 5
ku./ B.I'.Ilickynos, B.[.Illepuenko, M.M.Py6an, HO.M.®enopenko, I.M.By3yH,
B.C.Cineros, B.K.I[Ipucsxnrok. — K.: Bumia mk., 1995. — 490 c.

6 Ilucapenko I'.C. Omip wmarepianis/ [I'.C.Ilucapenko, O.JI.KBitka,
€.C.Ymancekuii. — K.: Buma k., 1993. — 360 c.

7 CoopHuk 3anad o conporusieHuro marepuaios/ [lox pen. B.K.Kauypuna.
—M.: Hayka, 1970. — 431 c.

8 Comnporusnenue marepuanos/ [Tox pen. A.®.CmuproBa. — M.: Beicui. mik.,
1975. -480 c.

9 CnpaBounuk 1o  comnpotuBicHuto  matepuanos/  I'.C.Ilucapenko,
A.Il.AAxoBneB, B.B.MatBeeB. — Kuen: Hayk. nymka, 1988. — 736 c.

10 ®eonocweB B.U. Conporusnenne matepuaioB. — M.: Hayka, 1986. — 540 c.

MeTonnueckue ykazanus, pa3padoTanHble Ha Kadeape

1 Meroauueckue yka3aHusi K JaOOpaTOpHbIM paboTaM MO JAMCIMIUIUHE
«ConpOTHUBIICHHE MAaTEPUAIOB» (IS CTYJCHTOB BCEX MEXaHHUUECKUX CIEIUATbHOCTEH )/
Coct.: OBuapenko B.A., Hukudopo 3.A., 3unuenxo T.II.,, TI'amapuuk A.Il. —
Kpamaropck: II'MA, 1996. — 107 c.

2 CawmocriiiHa poboTa CTyIeHTiB 3 aucuumuiiad  “Omip MarepiamiB”:
Hapuaneuuii mocionuk/ VYxia.. Opuapenko B.A., Kyrosuit JI.B., Comomin M.O.,
HenbmukoB O.1O. — Kpamaropesk: JI/IMA, 2004. — 212 c.

3 Meroauuni BKa3ziBKM A0 pPO3paxyHKOBo-rpadiyHux 3aBaaHbp 1-3 3
aucuuiuting  “Omnip marepianiB” (st CTyACHTIB JeHHOI (OpMHM HaBYaHHS YCiX
MexaHIYHUX crierianbHoctei)/ Yki.: OBuapenko B.A. — Kpamaropesk: JIJIMA, 2002. —
48 c.



CMMNCOK PEKOMEHOYEMOW NIMTEPATYPHI 161

4 Metoauyeckue YyKazaHUsi K KOHTpOJbHbIM padoram Nel u Ne2 mo
aucnuiuinHe  «COMpPOTHUBICHUE MAaTepuayioB» (IS CTYIEHTOB 3a04HOW  (HOPMBI
oOydeHHss Bcex MexaHudeckux crenuanbHocteit)) Coct. OBuapenko B.A. —
Kpamaropck: II'MA, 2002. — 56 c.

S5 Meroanueckue ykKazaHus K KOHTpoibHbIM pabotam Ne3 u Ned nmo
aucuuiuinHe  «COMpPOTHUBICHUE MAaTepUuayioB» (IS CTYIEHTOB 3a04HOW  (HOPMBI
oOydeHHss BceXx MexaHmueckux crenuanbHocted)) Cocrt.. OBuapenko B.A.,
Conomun H.A. — Kpamatopck: II'MA, 2000. — 52 c.

6 Meroanueckue yKa3aHusi K KOHTPOJbHBIM paboTaM MO JUCHUIUIMHE
«ConpoTuBiIcHHEe MaTepuaioB» (IS CTYAGHTOB 3a04HOM  (opMbl  0OydeHHUs
cnenuanbHocTd  «MHpOpMalMOHHBIE — TEXHOJNOTUU  mpoektupoBaHus»)/  CocrT.
OBuapenko B.A. — Kpamaropck: II'MA, 2000. — 48 c.

7 MeroanuHi BKa3iBKH /10 PO3PaXyHKOBO-TpadiyHUX 3aBlIaHb 3 JUCIUILIIHU
“Onip MartepianiB” (maas  CTyIOeHTIB JeHHOI (GOpMH HaBYaHHS CIICMIaJbHOCTI
“Indopmartiiitai Texnosorii npoekryBanns”)/ Yii. OBuapenko B.A. — Kpamaropchk:
JNJIMA, 2000. —44 c.

8 Meroanueckue ykazaHus K KypCOBBIM pacueTHO-TpaduyeckuM paboTam Mo
muctuminde “ ConporusiieHue matepuanaoB”. 3amanus 4-6/ Coct.. Conomun H.A.,
HenbmnkoB A.JO. — Kpamatopck: II'MA, 2001. — 47 c.

9 MeroanyHi BKa3iBKM /10 pPO3paxyHKoOBO-rpadiyHuUX 3aBnaHb 4-6 3
auctuiuiing “Omip matepiamiB” (s cryaeHTiB aeHHOi (opmu HaByaHHS) VYKII.
Conomin M.O., ensmukoB O.FO. — Kpamatoperk: JJ/IMA, 2004. — 56 c.

10 MeroaunuHi BKa3iBKH MIOJA0 MIATOTOBKU /10 €K3aMEHIB 3 AMCHMIUTIHU “ Omip
matepianiB” (s crymeHTiB  geHHOT  (OpMU  HAaBUAHHS ~ YCIX  MEXaHIYHHX
crnenianbHOCcTer )/ Y. OBuapenko B.A. — Kpamaropcerk: JIJIMA, 2004. — 20 c.

11 Meronuueckue yKazaHusi K  pacyeTHo-rpaduueckum  paboram 1O
auctumnde “ CompoTuBiieHHe MaTepuanoB” (IS CTYJICHTOB YCKOPEHHOI'O Kypca
oOydyeHHuss Bcex MexaHudeckux cnenuaibHoctei) / Coct. 3unuenko T.I1.—
Kpamaropck: II'MA, 2001. — 104 c.

12 MeronuuHi BKa3iBKM /O CaMOCTIMHOI pOOOTHM CTYAEHTIB 3 AUCIUIUIIHU
“Omnip marepianis”. Posaun: ,[lobynoBa emop BHYTpIIIHIX CUJIOBUX (DakToOpiB s
0anok” (s cTyneHTIiB ycix cremianbHocTel i popm HaBuanHs)/ V.. Kyroswuii JI.B.,
Xonoausik 10.C. —Kpamatopeek: JJIMA, 2004. — 24 c.



162 MPUNOXEHUA
y IIpunoxenue A
d JBYTABPBI
X X CTAJIBHBIC TOPAYCKATAHbIC
= (mo 'OCT 8239-89)
b— Ipumep obo3nauenus.
Yo Jeymasp 30 I'OCT 8239-89
Tabmuna A.1
Homep Pasmepsl, MM F Jx Wy ix Sy Jy Wy iy
npogus h b d t em? em’ em® cM em® em’ em® cM
10 100 | 55 | 45 | 7,2 | 120 198 39,7 | 406 | 230 | 179 | 6,49 | 1,22
12 120 | 64 | 48 | 7,3 | 14,7 350 584 | 488 | 337 | 279 | 8,72 | 1,38
14 140 | 73 | 49 | 75 | 174 572 81,7 | 573 | 46,8 | 419 | 115 | 1,55
16 160 | 81 | 50 | 7,8 | 20,2 873 109 | 6,57 | 62,3 | 58,6 | 14,5 | 1,70
18 180 | 90 | 51 | 81 | 234 | 1290 143 | 742 | 81,4 | 826 | 184 | 1,88
18a 180 | 100 | 51 | 83 | 254 | 1430 159 | 751 | 898 | 114 | 228 | 2,12
20 200 | 100 | 52 | 84 | 26,8 | 1840 184 | 828 | 104 | 115 | 231 | 2,07
20a 200 | 110 | 52 | 86 | 28,9 | 2030 203 | 837 | 114 | 155 | 282 | 2,32
22 220 | 110 | 54 | 8,7 | 30,6 | 2550 232 | 913 | 131 | 157 | 28,6 | 2,27
22a 220 | 120 | 54 | 89 | 328 | 2790 254 | 922 | 143 | 206 | 34,3 | 2,50
24 240 | 115 | 56 | 95 | 348 | 3460 289 | 997 | 163 | 198 | 34,5 | 2,37
24a 240 | 125 | 56 | 98 | 37,5 | 3800 317 | 10,1 | 178 | 260 | 416 | 2,63
27 270 | 125 | 6,0 | 98 | 40,2 | 5010 371 | 11,2 | 210 | 260 | 415 | 2,54
27a 270 | 135 | 6,0 | 10,2 | 43,2 | 5500 407 | 11,3 | 229 | 337 | 50,0 | 2,80
30 300 | 135 | 6,5 | 10,2 | 46,5 | 7080 472 | 123 | 268 | 337 | 49,9 | 2,69
30a 300 | 145 | 6,5 | 10,7 | 499 | 7780 518 | 125 | 292 | 436 | 60,1 | 2,95
33 330 | 140 | 7,0 | 11,2 | 53,8 | 9840 597 | 135 | 339 | 419 | 59,9 | 2,79
36 360 | 145 | 75 | 123 | 61,9 | 13380 | 743 | 14,7 | 423 | 516 | 71,1 | 2,89
40 400 | 155 | 83 | 13,0 | 72,6 | 19062 | 953 | 16,2 | 545 | 667 | 86,1 | 3,03
45 450 | 160 | 9 | 14,2 | 84,7 | 27696 | 1231 | 181 | 708 | 808 | 101 | 3,09
50 500 | 170 | 10 | 152 | 100 | 39727 | 1589 | 19,9 | 919 | 1043 | 123 | 3,23
55 550 | 180 | 11 | 16,5 | 118 | 55962 | 2035 | 21,8 | 1181 | 1356 | 151 | 3,39
60 600 | 190 | 12 | 17,8 | 138 | 76806 | 2560 | 23,6 | 1491 | 1725 | 182 | 3,54
HopMmaJibHble tuHelinbie pa3mepbl, MM (o T'OCT 6636-69)

1,0 1,1 1,2 1,4 1,6 18 2,0 2,2 2,5 2,8 3,2 3,6
4,0 4,5 5,0 5,6 6,3 7,1 8,0 9,0 10 11 12 14
16 18 20 22 25 28 32 36 40 45 50 56
63 71 80 90 100 110 125 140 160 180 200 220
250 280 320 360 400 450 500 560 630 710 800 900




MPUNNOXEHWNA 163
y ! - IIpuioxenne b
g LIBEJIJIEPHI
: d CTAJIBHBIC TOPAYCKATAHDIC
: (no FOCT 8240-97 unu JICTY 3436-96)
X M-l __X%
- |
|
2
!
Wl
| Ilpumep obo3nauenus.
Yy |
b Hlgennep 30 I'OCT 8240-97
Tabmuma b.1
Pa3meps1, MM
Homepn F2 J X W>3( ix SX3 J M W\g Iy Zo
podus h b d t cM cM cCM cM cM cM cM CM cM
5 |50 |3 44| 70 | 616 | 228 | 91 | 1,92 | 559 | 561 | 275 | 0,954 | 1,16
65 | 65|36 | 44| 72 | 751 | 486 | 150 | 254 | 90 | 87 | 368 | 1,08 | 1,24
8 |8 |40 |45| 74 | 898 | 894 | 224|316 | 133 | 128 | 475 | 1,19 | 1,31
10 |100| 46 | 45| 76 | 109 | 174 | 348 | 399 | 204 | 204 | 6,46 | 1,37 | 1,44
12 |120| 52 | 48| 78 | 133 | 304 | 50,6 | 478 | 296 | 31,2 | 852 | 1,53 | 1,54
14 |140| 58 | 49| 81 | 156 | 491 | 70,2 | 560 | 40,8 | 454 | 11,0 | 1,70 | 1,67
14a |140| 62 | 49| 87 | 170 | 545 | 77,8 | 566 | 451 | 57,5 | 133 | 1,84 | 1,87
16 |160| 64 [ 50| 84 | 181 | 747 | 934 | 642 | 541 | 636 | 138 | 1,87 | 1,80
16a |160| 68 |50,| 90 | 195 | 823 | 103 | 649 | 59,4 | 788 | 164 | 2,01 | 2,00
18 |180| 70 [ 51| 87 | 20,7 | 1090 | 121 | 7,24 | 698 | 8 | 17,0 | 204 | 1,94
18a |180| 74 | 51| 93 | 222 | 1190 | 132 | 7,32 | 76,1 | 105 | 200 | 2,18 | 2,13
20 |200| 76 | 52| 90 | 234 | 1520 | 152 | 807 | 87,8 | 113 | 205 | 2,20 | 2,07
20a |200| 80 | 52| 97 | 252 | 1670 | 167 | 815 | 959 | 139 | 242 | 2,35 | 2,28
22 |220| 8 |54| 95 | 267 | 2110 | 192 | 889 | 110 | 151 | 251 | 2,37 | 221
22a | 220| 87 | 54| 102 | 288 | 2330 | 212 | 899 | 121 | 187 | 30,0 | 2,55 | 2,46
24 | 240| 90 | 56| 100 | 306 | 2900 | 242 | 973 | 139 | 208 | 31,6 | 2,60 | 2,42
24a | 240| 95 | 56| 107 | 329 | 3180 | 265 | 9,84 | 151 | 254 | 372 | 2,78 | 2,67
27 |270| 95 | 60| 105 | 352 | 4160 | 308 | 109 | 178 | 262 | 37,3 | 2,73 | 2,47
30 |300|100| 65| 11,0 | 405 | 5810 | 387 | 120 | 224 | 327 | 43,6 | 2,84 | 2,52
33 [330|105| 70| 11,7 | 465 | 7980 | 484 | 13,1 | 281 | 410 | 51,8 | 2,97 | 2,59
36 |360|110| 75| 126 | 534 | 10820 | 601 | 14,2 | 350 | 513 | 61,7 | 3,10 | 2,68
40 |400|115| 80 | 135 | 61,5 | 15220 | 761 | 157 | 444 | 642 | 734 | 3,23 | 2,75
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Hpuiaoxenue B

.. d
1 /X0
/.-»/ YT'OJIKA CTAJIBHBIE
g a TI'OPAYEKATAHBIE PABHOIIOJIOYHBIE
0 .
3 e (mo TOCT 8509-93 miu JICTY2251-93)
x N x
R N —— A
_ S e IIpumep oboznauenust.
)’(1 a N\ T» Xl
Xo Yo © Yeonox 50x50x3 I"'OCT 8509-93
Tabmuma B.1
Pasmepbi . I H H
| I |
Homep MM F | X I X ) X0 Yo Yo ZO
yroixka |\ d oM ? max max min min
v’ ™M cm cM cm cM ™M
5 20 3 1,13 0,40 0,59 0,6 0,75 0,17 0,39 0,60
4 1,46 0,50 0,58 08 0,73 0,22 0,38 0,64
3 1,43 0,81 0,75 13 0,95 0,34 0,49 0,73
25 25 4 1,86 1,03 0,74 16 0,93 0,44 0,48 0,76
5 2,27 1,22 0,73 1,9 0,92 0,53 0,48 0,80
28 28 3 1,62 1,16 0,85 18 1,07 0,48 0,55 0,80
3 1,74 1,45 0,91 23 1,15 0,60 0,59 0,85
3 30 4 2,27 1,84 0,90 2,9 1,13 0,77 0,58 0,89
5 2,78 2,20 0,89 35 1,12 0,94 0,58 0,93
39 - 3 1,86 1,77 0,97 2,8 1,23 0,74 0,63 0,89
’ 4 243 2,26 0,96 3,6 1,21 0,94 0,62 0,94
3 2,04 2,35 1,07 37 1,35 0,97 0,69 0,97
3,5 35 4 2,67 3,01 1,06 4,8 1,33 1,25 0,68 1,01
5 3,28 3,61 1,05 5,7 1,32 1,52 0,68 1,05
3 2,35 3,55 1,23 5,6 1,55 1,47 0,79 1,09
4 20 4 3,08 4,58 1,22 7.3 1,53 1,90 0,78 1,13
5 379 5,53 1,21 8,8 1,52 2,30 0,78 1,17
6 4,48 6,41 1,20 10,1 1,50 2,70 0,78 1,21
3 2,65 513 1,39 81 1,75 2,12 0,89 1,21
45 45 4 3,48 6,63 1,38 105 1,74 2,74 0,89 1,26
, 5 4,29 8,03 1,37 12,7 1,72 3,33 0,88 1,30
6 5,08 9,35 1,36 14,8 1,71 3,90 0,88 1,34
3 2,9 7,11 1,55 11,3 1,95 2,95 1,00 1,33
5 - 4 3,89 9,21 1,54 14,6 1,94 3,80 0,99 1,38
5 4,80 11,20 1,53 17,8 1,92 4,63 0,98 1,42
6 5,69 13,07 1,52 20,7 1,91 5,43 0,98 1,46
56 56 4 4,38 131 1,73 20,8 2,18 541 1,11 1,52
, 5 541 16,0 1,72 254 2,16 6,59 1,10 1,57
4 4,96 18,9 1,95 29,9 2,45 7,81 1,25 1,69
6,3 63 5 6,13 23,1 1,94 36,6 2,44 9,52 1,25 1,74
6 7,28 27,1 1,93 42,9 243 11,20 1,24 1,78
45 6,20 29,0 2,16 46,0 2,72 12,0 1,39 1,88
5 6,86 31,9 2,16 50,7 2,72 132 1,39 1,90
7 70 6 8,15 37,6 2,15 59,6 271 155 1,38 1,94
7 9,42 43,0 2,14 68,2 2,69 17,8 1,37 1,99
8 10,7 48,2 2,13 76,4 2,68 20,0 1,37 2,02
5 7,39 39,5 2,31 62,6 2,91 16,4 1,49 2,02
6 8,78 46,6 2,30 73,9 2,90 193 1,48 2,06
75 75 7 10,1 53,3 2,29 84,6 2,89 221 1,48 2,10
8 11,5 59,8 2,28 94,6 2,87 24,8 1,47 2,15
9 12,8 66,1 2,27 105,0 2,86 275 1,46 2,18
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[Tponomxenue Tabmuier B.1

Pa3zmepsl, . . .
Homep Mv F L i | o | Txo | Pyo | 'vo | 2
yroma d max max min min
cm 2 cm ? cM cm cM cm cM cM
55 8,63 52,7 2,47 83,6 311 21,8 1,59 2,17
8 g0 6 9,38 57,0 2,47 90,4 311 23,5 1,58 2,19
7 10,8 65,3 2,45 104,0 3,09 27,0 1,58 2,23
8 12,3 73,4 2,34 116,0 3,08 30,3 1,57 2,27
6 10,6 82,1 2,78 130 3,50 34,0 1,79 2,43
9 %0 7 12,3 94,3 2,77 150 3,49 38,9 1,78 2,47
8 13,9 106,0 2,76 168 3,48 43,8 1,77 2,51
9 15,6 118,0 2,75 186 3,46 48,6 1,77 2,55
6,5 12,8 122 3,09 193 3,88 50,7 1,99 2,68
7 13,8 131 3,08 207 3,88 54,2 1,98 2,71
8 15,6 147 3,07 233 3,87 60,9 1,98 2,75
10 100 10 19,2 179 2,05 284 3,84 74,1 1,96 2,83
12 22,8 209 3,03 331 381 86,9 1,95 2,01
14 26,3 237 3,00 375 3,78 99,3 1,94 2,99
16 29,7 264 2,98 416 3,74 112,0 1,94 3,06
11 110 7 15,2 176 3,40 279 4,29 72,7 2,19 2,96
8 17,2 198 3,39 315 4,28 81,8 2,18 3,00
8 19,7 294 3,37 467 4,87 122 2,49 3,36
9 22,0 327 3,86 520 4,86 135 2,48 3,40
125 | 125 10 24,3 360 3,85 571 4,84 149 2,47 3,45
' 12 28,9 422 3,82 670 4,82 174 2,46 3,53
14 33,4 482 3,80 764 4,78 200 2,45 3,61
16 37,8 539 3,78 853 4,75 224 2,44 3,68
9 24,7 466 4,34 739 5,47 192 2,79 3,78
14 140 10 27,3 512 4,33 814 5,46 211 2,78 3,82
12 325 602 431 957 5,43 248 2,76 3,90
10 314 774 4,96 1229 6,25 319 3,19 4,30
11 34.4 844 4,95 1341 6,24 348 3,18 4,35
12 374 913 4,94 1450 6,23 376 317 4,39
16 160 14 43,3 1046 4,92 1662 6,20 431 3,16 4,47
16 49,1 1175 4,89 1866 6,17 485 3,14 4,55
18 54,8 1299 4,87 2061 6,13 537 313 4,63
20 60,4 1419 4,85 2248 6,10 589 312 4,70
18 180 11 38,8 1216 5,60 1933 7,06 500 3,59 4,85
12 42,2 1317 5,59 2093 7,04 540 3,58 4,89
12 47,1 1823 6,22 2896 7,84 749 3,99 5,37
13 50,9 1961 6,21 3116 7,83 805 3,98 5,42
14 54,6 2097 6,20 3333 7,81 861 3,97 5,46
20 200 16 62,0 2363 6,17 3755 7,78 970 3,96 5,54
20 76,5 2871 6,12 4560 7,72 1182 3,93 5,70
25 94,3 3466 6,06 5494 7,63 1438 301 5,89
30 1115 4020 6,00 6351 7,55 1688 3,89 6,07
27 20 14 60,4 2814 6,83 4470 8,60 1159 4,38 5,93
16 68,6 3175 6,81 5045 8,58 1306 4,36 6,02
16 78,4 4717 7,76 7492 9,78 1942 4,98 6,75
18 87,7 5247 7,73 8337 9,75 2158 4,96 6,83
20 97,0 5765 7,71 9160 9,72 2370 4,94 6,91
25 250 22 106,1 6270 7,69 9961 9,69 2579 4,93 7,00
25 119,7 7006 7,65 11125 9,64 2887 4,91 711
28 133,1 7717 7,61 12244 9,59 3190 4,89 7,23
30 142,0 8117 7,59 12965 9,56 3389 4,89 7,31
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Hpuiaoxenue I'

oY
|
dl | YI'OJIKU CTAJIBHBIE
J ‘,\ | T'OPSAYEKATAHHBIE HEPABHOIIOJIOYHBIE
T | (mo TOCT 8510-93)
1
!
m \
Al
Xy —f—\ ——————————————— IIpumep o0bo3nauenus:
0 s
7 o | Yzonok 50x32x3 'OCT 8510-93
\
y;‘aj““
b
Tabmuma I'.1
B . VYron
Homep | PA3MEPBI, MM | I | Ix |y Iy |_u I!J Xo | Yo HaKJ‘l(l)ja
yronka min | min oc
B b oM 2 om ! cM com? cM cm 2 oM oM oM tg a
25/16| 25 16 1,16 | 0,70 | 0,78 | 0,22 | 0,44 | 0,13 | 0,34 | 0,42 | 0,86 | 0,392
3/2 30 20 1,43 | 1,27 094 | 045 | 056 | 0,26 | 0,43 | 0,51 | 1,00 | 0,427

186 | 161 | 093 | 056 | 055 | 0,34 | 043 | 054 | 1,04 | 0,421

149 | 152 | 101 | 046 | 05| 0,28 | 0,43 | 0,49 | 1,08 | 0.382

322 | 32 | 20 194 | 1.93 | 1.00 | 057 | 054 | 0.35 | 043 | 053 | 1.12 | 0374

189 | 306 | 1,27 | 093 | 0,70 | 056 | 0,54 | 0,59 | 1,32 | 0,385
247 | 393 | 1,26 | 1,18 | 0,69 | 0,71 | 0,54 | 0,63 | 1,37 | 0,381
303 | 473 | 1,25 | 1,41 | 068 | 0,86 | 053 | 0,66 | 1,41 | 0,374

4/25 | 40 | 25

267 | 418 | 1,25 | 201 | 087 | 1,09 | 0,64 | 0,78 | 1,28 | 0,544

4/3 | 40 | 39 328 | 504 | 124 | 241 | 086 | 1.33 | 0,64 | 082 | 1.32 | 0,539

214 | 441 | 143 | 132 |0,79| 0,79 | 0,61 | 0,64 | 1,47 | 0,382

45/2,8 | 45 | 28 280 | 568 | 142 | 169 | 078 | 102 | 0,60 | 0.68 | 151 | 0.379

242 | 618 | 160 | 1,99 | 094 | 1,18 | 0,70 | 0,72 | 1,60 | 0,403

532 | 50 | 32 317 | 798 | 159 | 256 | 090 | 152 | 0,69 | 0.76 | 165 | 0,401

358 | 114 | 1,78 | 3,7 |102| 2,19 | 0,78 | 0,84 | 1,82 | 0,406

56/36| 56 | 36 441 | 138 | 177 | 448 | 101 | 266 | 0,78 | 088 | 186 | 0,404

404 | 163 | 2,01 | 516 | 1,13 | 3,07 | 0,87 | 0,91 | 2,03 | 0,397
498 | 199 | 200 | 6,26 | 1,12 | 3,72 | 0,86 | 0,95 | 2,08 | 0,396
59 | 233 | 199 | 7,28 | 111 | 436 | 086 | 0,99 | 2,12 | 0,393
768 | 296 | 196 | 915 109 558 | 085 | 1,07 | 220 | 0,386

6,3/4 | 63 | 40

556 | 2341 | 2,05 | 12,08 | 1,47 | 6,41 | 1,07 | 1,26 | 2,00 | 0,576
6,60 | 27,46 | 2,04 | 1412|146 | 752 | 1,07 | 1,30 | 2,04 | 0,575
7,62 | 3,32 | 2,03 |16,05| 145 | 860 | 1,06 | 1,34 | 2,08 | 0,571
8,62 | 3500 | 2,02 1888|144 | 965 | 106 | 1,37 | 212 | 0,570

6,55 | 65 | 50

7145 | 70 | 45 559 | 27,76 | 2,23 | 9,05 | 1,27 | 534 | 0,98 | 1,05 | 2,28 | 0,406

6,11 | 3481 | 239 | 1247|143 | 724 | 1,09 | 1,17 | 239 | 0,436
7,25 | 4092 | 2,38 | 1460 | 1,42 | 848 | 1,08 | 1,21 | 2,44 | 0,435
8,37 | 46,77 | 2,36 | 16,61 | 1,41 | 9,69 | 1,08 | 1,25 | 2,48 | 0,435
947 5238 | 2,35 1852 1,40 1087 | 1,07 | 1,29 | 2,52 | 0,430

75/5 | 75 | 50

co~NoOogjao~No oo nhoabdbdwbhb,wobhobwbdhwbdbowwl A
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[Tpopomxenue Tabmuer 1.1

Pazmepsl, | i | i | i Vron

Howmep MM F X X y y -u U X 0 yO HaKJ‘l(l)ja
yrojika , min | min ocH L4
B b d cm? | oM cM em? | oM om oM oM oM tga

5 | 636 | 4164 | 256 | 1268 | 1,41 | 757 | 1,09 | 1,13 | 2,60 | 0,387

85 | 80 | 50\ & | 7555 | 4898 | 2,55 | 14:85| 140 | 8,88 | 1.08 | 117 | 2,65 | 0,386

6 | 815 | 5206 | 253 | 2518 | 1,76 | 13,61 | 1,29 | 1,49 | 2,47 | 0,547

8/6 80 | 60 7 | 942 | 5961 | 252 | 2874 | 1,75 | 1558 | 1,29 | 1,53 | 2,52 | 0,546
8 | 106 | 66,88 | 250 | 32,15| 1,74 | 17,49 | 1,28 | 1,57 | 2,56 | 0,544

55| 786 | 653 | 288 | 19,7 | 158 | 11,8 | 1,22 | 1,26 | 2,92 | 0,384

9/5,6 90 | 56 6 |85 | 706 | 288 | 21,2 | 158 | 12,7 | 1,22 | 1,28 | 2,95 | 0,384
8 | 11,2 | 909 | 28 | 27,1 | 156 | 163 | 1,21 | 1,36 | 3,04 | 0,380

6 | 959 | 983 32 | 306 |179|1820| 1,38 | 1,42 | 3,23 | 0,393

1063 | 100 | 63 7 11,1 | 1130 | 3,19 | 350 | 1,78 | 20,83 | 1,37 | 1,46 | 3,28 | 0,392
' 8 | 126 | 1270 | 3,18 | 39,2 | 1,77 | 23,38 | 1,36 | 1,50 | 3,32 | 0,391
10 | 155 | 1540 | 315 | 471 | 1,75 28,34 | 1,35 | 1,58 | 3,40 | 0,387

7 11,2 | 1140 | 3,19 | 383 | 1,85 | 22,77 | 1,41 | 1,52 | 3,24 | 0,415

10/6,5 | 100 | 65 8 | 12,7 | 1383 | 3,18 | 430 | 1,84 | 2524 | 141 | 156 | 3,28 | 0,414
10 | 15,7 | 15555 | 3,15 | 51,7 | 1,82 | 30,60 | 1,40 | 1,64 | 3,37 | 0,410

65 | 11,4 | 142 | 353 | 456 | 200 | 26,9 | 1,53 | 1,58 | 3,55 | 0,402

Wr (101 70| g | 139 | 172 | 351 | 54,6 | 198 | 32.3 | 1,52 | 164 | 361 | 0,400

7 141 | 227 | 401 | 73,7 | 229 | 434 | 1,76 | 1,80 | 4,01 | 0,407
8 16,0 | 256 | 400 | 830 | 228 | 488 | 1,75 | 1,84 | 4,05 | 0,406
10 | 19,7 | 312 | 398 | 100,0| 2,26 | 59,3 | 1,74 | 1,92 | 414 | 0,404
12 | 234 | 365 | 395 | 117,0| 224 | 695 | 1,72 | 2,00 | 422 | 0,400

12,5/8 | 125 | 80

8 | 180 | 364 | 449 | 120 | 258 | 70,3 | 1,98 | 2,03 | 449 | 0,411

1419 1140 | 90 | 15 | 220 | 444 | 447 | 146 | 256 | 855 | 196 | 212 | 458 | 0409

9 | 229 | 606 | 515 | 18 | 285 | 110 | 220 | 223 | 519 | 0,391
10 | 253 | 667 | 513 | 204 | 284 | 121 | 219 | 2,28 | 523 | 0,390
12 | 300 | 784 | 511 | 239 | 2,82 | 142 | 218 | 2,36 | 532 | 0,388
14 | 347 | 87 | 508 | 272 | 280 | 162 | 216 | 2,43 | 540 | 0,385

16/10 | 160 | 100

10 | 283 | 952 | 580 | 276 | 3,12 | 165 | 242 | 244 | 588 | 0,375

1811 | 180 | 110\ 15 | 337 | 1223 | 577 | 324 | 310 | 194 | 240 | 252 | 597 | 0374

11 | 349 | 1449 | 645 | 446 | 358 | 264 | 275 | 2,79 | 6,50 | 0,392
12 | 379 | 1568 | 643 | 482 | 357 | 285 | 2,74 | 283 | 6,54 | 0,392
14 | 439 | 1801 | 641 | 551 | 354 | 327 | 273|291 | 6,62 | 0,390
16 | 498 | 2026 | 6,38 | 617 | 352 | 367 | 2,72 | 299 | 6,71 | 0,388

20/12,5 | 200 | 125

12 | 483 | 3147 | 8,07 | 1032 | 4,62 | 604 | 354 | 353 | 7,97 | 0,410
16 | 63,6 | 4091 | 8,02 | 1333 | 458 | 781 | 350 | 3,69 | 8,14 | 0,408
18 | 71,1 | 4545 | 7,99 | 1475 | 456 | 896 | 3,49 | 3,77 | 8,23 | 0,407
20 | 785 | 4987 | 7,97 | 1613 | 453 | 949 | 3,48 | 3,85 | 8,31 | 0,405

25/16 | 250 | 160
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NPUITOXXEHNA

Hpuioxenue /I

KOS ®PUIINEHTHI ] IJIS PASJIMUHBIX MATEPUAJIOB
['mbxocTH Cmans Cmans Cmanb
_nl | cm4a32| cms CIIK dyayn | Aepeso
I

0 1,00 1,00 1,00 1,00 1,00
10 0,99 0,98 0,97 0,97 0,99
20 0,96 0,95 0,95 0,91 0,97
30 0,94 0,92 0,91 0,81 0,93
40 0,92 0,89 0,87 0,69 0,87
50 0,89 0,86 0,83 0,57 0,80
60 0,86 0,82 0,79 0,44 0,71
70 0,81 0,76 0,72 0,34 0,60
80 0,75 0,70 0,65 0,26 0,48
90 0,69 0,62 0,55 0,20 0,38
100 0,60 0,51 0,43 0,16 0,31
110 0,52 0,43 0,35 - 0,25
120 0,45 0,36 0,30 - 0,22
130 0,40 0,33 0,26 - 0,18
140 0,36 0,29 0,23 - 0,16
150 0,32 0,26 0,21 - 0,14
160 0,29 0,24 0,19 - 0,12
170 0,26 0,21 0,17 - 0,11
180 0,23 0,19 0,15 - 0,10
190 0,21 0,17 0,14 - 0,09
200 0,19 0,16 0,13 - 0,08
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Ipuiaoxenue E
CTPYKTYPA DK3AMEHALIMOHHBIX BUJIETOB
DK3aMEHallMOHHBIE OuieThl O AMCHUILUIMHE «COMPOTHBICHHE MaTEPHAIOB»
coJiepKat MsITh 3aJaHuil, KOTOPbIE OLEHUBAIOTCS CIEIYIOUUMHU OallslaMu:

TEOPETUUYECKHM Bompoc - 26 6aioB

3agaga Nel - 40 GauioB 3agaga No2 - 20 6amioB
MuKpoBomnpoc 1 - 7 6amioB  MHKpOBOIpOC 2 - 7 6amoB

Bceero: 100 6amtoB

Ipunoxenue K

1 THUIIbI DK3BAMEHAIIMOHHBIX 3AJIAY Ne 2

OHpCHCHHTB AUaMETP BaJia I10 4-i1 Ha CTaJbHYIO paMy MaJaceT TIpy3 Q C

TEOPUH NPOYHOCTH, eciu [S]= 80 MI1a; seicott H = 0,3 cm. Onpenenuts
D1:O,4M; D220,5M; T,= O,4Pi

MaKCHUMaJIbHBIC HAITPpsSOKCHU A B pame.
Ceuenue crep)kHel pambl — 1ByTaBp 27.

I IQZGKH
V4 H(D

HUcxons w3  ycnoBHS  yCTOMYHMBOCTH, Jist 3agaHHOM  Oajmkd  ONpPEAeNUTh
nono0parh MOIEPEYHOE CEYEHHE CTOMKHU | HauOOJIbIINE HOPMAIBHBIE HAMIPSIKEHUS S may -
(mByTaBp), eciu [S] = 150 MIlIa, marepuan — | Ceuenne 6anku — apyrasp 30.
cranb Ct3.

y

P=500 kH
&

| =3um
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Hpuioxenune U

OBPA3EIl DK3AMEHAIIMOHHOI'O BUIETA

JlorOacckasi TocyIapCTBEHHAS MAallTHHOCTPOUTEIbHAS aKaIeMUs
Kadenpa rexaudyeckoir MexaHUKH

Cneunanbaoctu Hanpasnenuii: UM, CII, TM, MCU Cemectp 4
VYyeOHas AUCUUILIMHA: ConpoTuBiieHne
MaTepuasoB

DK3aMeHAIIMOHHBIN OmJieT Ne

Teoperuueckuii Borpoc (26 6amios). PacyéTel Ha TPOYHOCTH MPU UKIMYECKHA H3MEHSIOINUXCSA
HaNpsHKEHUSX.

3anaua Ne 1 (40 Gamnos). Jlist 3amanaoi pambsl mocTpouts 3mopsl N, Q u M. Tlogo6paTts HOMep
naByTaBpa, ecau [S] = 160 MITa.
q

M M
C P
Viw .

3azmayga Ne 2 (20 6asnos). Micxons U3 yciaoBusi yCTOMUMBOCTH, TOA0OpATh NONEPEUHOE CEUECHUE
croiiku (mByrasp), eciu [S] = 150 MIla, marepuan — cranp Ct3.

P=500 kH
P

| =3m

77T

Muxposomnpoc Nel (7 6amnos). Kak onpenensrores npuBeAeHHbBIE MOMEHTBI 10 3-i 1 4-ii
TEOPHSIM IMPOYHOCTHU TIPH U3TUOE BaJla C KpydeHHUEM? YKaXKHUTE
(bMBUYECKU CMBICT U Pa3MEPHOCTH BXOAAIINUX B HOPMYITY
BEJIMYMH.

Muxkposorpoc Ne2 (7 6amioB). Y KaKHUTE TpaHUIBI IPUMEHUMOCTU (HOPMYITbl Ditnepa Jist
KPUTUYECKOTO HAMPSHKEHUS. 3aITUIITUTE U IPOKOMMEHTUPYUTE
3Ty hopMyiy.

Y TBepKAeHO Ha 3acejaHuH Kadeapbl
3aB. kadempoit DK3aMeHaTop
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IIpunoxenue K

BOITPOCBI
JJIA OATOTOBKHU K IK3aMeHy

[Torenumanbuas sueprus. [lorennuanbHas s3Heprus 1eopMaluy yIPYroi CUCTEMBI.
IToreHnnanbHast SHEprus A1 OIPOCTHIX BUJIOB HArPYKECHHUS.

[TorenumanbHas sHEprus AeopMaLuy YIPYTroi CUCTEMBI B 00IIEM BUJIE HATPYKEHUS.

Teopema Kactunuano. Ilpumenenue Tteopembl KacTtunmano [1si omlpezesneHHs] TepeMelleHus
CTEp KHEW YIIPYrol CUCTEMBL.

Omnpenenenue nepeMeIeHnii ¢ MoMoLbI0 HHTerpaia Mopa.

YucseHuble (MpUOITMKESHHBIC) METO/IBI OMIPEACIICHHS IEPEMEILICHU I CTEP)KHEBBIX CHCTEM.

Crioco6 Bepemaruna.

YucseHuble (MpUOIMKESHHBIC) METO/IBI OMIPEACIICHHS IEPEMEILICHU I CTEP)KHEBBIX CHCTEM.
dopmyna KpallHUX OpJAUHAT.

Pacyer cratmuecku HEONPENEIMMBIX CTEPKHEBBIX CHCTEM MeETOAOM Cuil. CTElneHb CTaTU4eCKON
HeonpenenuMocT. OCHOBHBIE 3Tallbl pacyeTa CTATUYECKH HEONPEHCIIMMBIX CTEPKHEBBIX CHUCTEM
METOJOM CHII.

Kanonnueckue ypaBHeHus: merona cui. OmnpeneneHue Ko3QpQUIUEHTOB KAaHOHUYECKUX YpaBHEHHH.
Teopembl 0 B3aUMHOCTH padoOT U MepeMeIeHHH.

OmnpeneneHne JINHENHBIX U YIJIOBBIX IEPEMELICHUN B CTATUYECKH HEOIIPENETUMBIX CHUCTEMAX.

Hepaspesnbie Oanku. CreneHb cTaTHUecKoW HeompeaeauMocTu. OcoOeHHOCTH BBIOOpAa OCHOBHOM
CHCTEMBI [Tl Hepa3pe3Hon O0anku. Ou3ndeckuii CMbICT KAHOHUYECKHX YPaBHEHUH.

Omnpenenenue yriaoBbIX W JIMHEMHBIX IepeMeIleHU B Hepaspe3Hbx Oankax. [ledopmanmoHHas
MPOBEPKa PACKPBITHS CTATUYECKON HeonpeaenumMocTu. Ee husnueckuii cMbICI.

ITonsitne 06 ycroitunBoctu. Buasl paBHOBecuil ympyrux cucteM. [IoHATHS O KPUTHYECKOW cuie U
KPUTHYECKOM HANpsuKeHHUH. 3aaa4da Diiiepa (orpeaencHne KpUTUIECKON CHITBI).

BiusiHue yciioBuil 3aKperuieHus ypyroro CTEpKHs Ha BEJIMYUHY KPUTHUECKOM CUJIBL.

[Tpenenst npumenumoct Gopmyisl Ditnepa. Gopmyina Scunckoro.

Jlonmyckaemble HalpspKeHHs Ha ycToiuuBocTh. KoadduuumeHT cHuKeHHs: OCHOBHOIO JOITYCKaeMOTro
HapspKeHUs. Y CII0OBUE YCTOMYNUBOCTH.

JluHamuueckuil pexxuM HarpyxeHus. OcoOeHHOCTH JMHAMHUYECKOr0 peXUMa HarpyKEeHUsI.

Konebanus ynpyrux cucrem. Co6cTBeHHBIE KOIeOaHHsI CUCTEMBI C OTHON CTETIEHbIO
cB00O/IbI 0€3 3aTyXaHusl.

CoOcTBeHHBIE KOJICOAHUS CUCTEMBI C OJJHOM CTENEHbIO CBOOOIBI C IMHEWHBIM 3aTyXaHUEM.

BeiHyxeHHbIe Kose0aHHs CHUCTEMBI C OJHOW cTeneHblo cBoOOAbl. Kosddumument napactanus
koneb6anuii. Pezonanc.

Omnpenenenue HanpspkeHUH M JedopManuii Ipd  PaBHOMEPHOM JIBUKEHUH CTEp C Y4ETOM
COOCTBEHHOI'O Beca.

Pacyer konbLa npu paBHOMEpHOM BpaleHn. Kputudeckast CKOpOCTh BPALIEHHS! KOJIbLIA.

Pacuer Ha ynapHoe geiictBue Harpy3ok. OmpezesieHle YCHINM, epeMeieH!il 1 HapsKeHUH.

[TpOYHOCTH MPU HUKINYECKUX HANPSDKEHUIX (YCTAIOCTHAS TIPOYHOCTB).

MexaHn3M yCTaa0CTHBIX pa3pyLIeHU.

OcHOBHbIE XapaKTepUCTHKHU HuKIa. [Ipenesn ycranoct (BHIHOCIUBOCTH).
MeTozp! onpeneneHus rpaHuLbl BBIHOCIUBOCTH.

Jlnarpamma npeesibHbIX HAPSDKEHUN U IPEAEIbHBIX AMILIUTY IPU LUKIHYECKU
W3MEHSIOIUXCS Harpy3Kax.

BiusiHue KOHLIEHTpalMK HAPSKEHUI U pa3Mepa AeTalel Ha Ipesell BBIHOCINBOCTH MaTepHaa.

Bnusiaue kayectBa 0OpaOOTKM MOBEPXHOCTH AETAIM U TEXHOJOTMUECKHX W SKCIUTyaTal[MOHHBIX
(baxTOpOB Ha Ipees BHIHOCINBOCTH MaTepUana.

Omnpenenenune ko3 dunmenTa 3anaca Ha yCTATOCTHYIO POYHOCTb.

29 PacueTsl M0 NpeenbHBIM COCTOSHUSAM
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DU WNBE

[(oJNe ol N|

14

15
16

17

18

19

20
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22
23

24

25

26

27
28
29

Hpuioxenne JI

MukpoBonpochl
JJIA IOATOTOBKHU K IK3aMeHy

Tema «Kpyuenue u cnoxicnulit uzzuo»
Yro Ha3BIBaeTCSA KPy4CHUEM ?
KakoBa CBs13p MEXIY MOITHOCTBIO M KPYTSIIIIUM MOMEHTOM ?
Kakoii Bu1 uMeeT ycioBue MpOYHOCTH MPH KPYyICHHUN ?
Yrto Takoe KECTKOCTh MPH KPYUCHHUN ?
Kak onpenenuts HanpsHKEHUE B IPOU3BOJIBHOM TOUKE TIPU KPYUIEHUH KPYTIIOro Bana?
Yro Takoe MOJSPHBI MOMEHT CONIPOTHUBIICHUS? Y KOKUTE (PU3UUECKUI CMBICI U Pa3MEpHOCTH
BXOJALIUX B (POPMYITy BEJIUYHUH.
B gem 3akimogaeTcs runoTe3a IIOCKUX CEYCHUH TIPU KPYISHUH ?
Kak onpenensroT HanpspKeHHsI IPH KPYYSHUH TIOJIOT0 Baia?
Kak ompenensercs yros 3akpyduBaHus Bayna? YKaxuTe (PU3NIECKUIl CMBICT U Pa3MEPHOCTH
BXOJIALIUX B (POPMYITy BEJIUYHUH.
Kak onpenensiroTcss HopMallbHbIEC HAPSHKEHUS TIPH U3TH0e?
Kak onpenensroTcst kKacaTenbHbIC HAPSHKSHUS TIPU U3THOe?
Kakoii mopsiiok moyHOM IpOBEPKH MPOYHOCTH OAJKH MPH U3rHode?
Kak onpenensorcs 35KBUBaJICHTHbIEC HANIPSKEHUSI 0 TPEThEl U YeTBEPTOIl TEOPUU MPOYHOCTU
Oanku npu u3rude?
Uro Ha3pIBaeTCS CIIOKHBIM COMpPOTHBICHHS? Kakue BUABI CIOXXHOTO COMPOTHBIICHHUS BB
3Haere?
Yo HA3BIBACTCS CIOKHBIM U KOCHIM U3rHOOM?
Kak ompenensroTcs HampspKEHUS TPU CIIOKHOM H3rMOe? YKakuTe (U3NYECKUN CMBICT U
pa3MepHOCTU BXOJAIMIMX B (GOPMYIy BETUUHH.
Kakoii Bua wuMeeT yclIOBHE NPOYHOCTH MPU CIOXKHOM H3rube aiasi OUCHUMMETPUYHOTO
MOTIEPEYHOTO CEUEHUS C BBICTYNAIOIIMMH yTIIaMH ?
[To xkakoMy 3aKOHY pacmpezemsieTcs HOpPMallbHble HANpsDKCHHS NPH CIIoKHOM u3rude? Ilo
Kako# (hopMyiie OHH ONPENEISIOTCS ?
Kak mpowucxoaut HeWTpaibHas OCh MPH CIOKHOM H3THOe? YKaxute Gopmyry, GU3NIECKAN
CMBICIT ¥ pa3MEPHOCTU BXOIAIIUX B (GOPMYITy BETUUHH.
Kakoii Bu1 uMeeT yciioBre MPOYHOCTH MPH CI0KHOM M3THOE ISl TIPOU3BOJIBHOTO CEUCHUS ?
Uto Ha3BIBACTCS CIIOKHBIM U3THOOM C pacTsDKEHHEM ?
Urto Ha3bIBAaETCS BHEIICHTPEHHBIM PACTSIKCHUEM ?
Kak ompenensroTcs HamnpsOKEHHWsT TPH  CIOKHOM HM3THOE € pacTsDKeHHueM? YKakuTe
(bu3nyecKuil CMBICI U pa3MEPHOCTHU BXOSAIINUX B POPMYITy BEIHUHUH.
Kak 3anuceiBaeTcss ycloOBHE€ NPOYHOCTH IIPH CIIOXKHOM M3rHO€ C pacTsKEHHEM Ui
OMCUMMETPUYHOTO CEYEHUS C BBICTYMAIOIIMMH YIIIaMU?
Kak 3anuceiBaeTcs ycinoBHe NPOYHOCTH IIPU CIOKHOM M3rMO€ C PACTSKEHUEM Ul CTEPIKHS C
MIPOU3BOJIGHBIM CEUCHHEM? YKaxuTe (U3NYECKUH CMBICI M Pa3MEPHOCTH BXOJSIIAX B
(bopMyIy BETUYHH.
Kakoit Buj mMmeer yciioBHE MPOYHOCTH U KPYIJIOTO Baja MpH u3rubde ¢ kpydernmeM? Kak
OTIPENIENSIOTCS. DKBUBAIICHTHBIE HAMIPSDKEHUS 10 3-i U 4-1 TEOpHsIM TPOYHOCTH ?

Tema «Pacuem cmamuuecku HeonpeOeJmetx cucmem memooom Cui»
Kak 3amuceiBaercs u hopmynupyercst Teopema Kactunmano?
UYto Takoe MOTEeHIIMAIbHAS SHEPTHS [eOpMAIiU YIPYTOi CHCTEMBI?
Kak onpeznensiercss noreHuuanbHas 3HEprus AeopManuy CTepKHS IPU PacTsHKEHUH, CABUTE
KPY4YCHHUHU U U3THOE?
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30 Kak ompenensiercss TOTEHIHMalNbHas SHeprus aeopManuu cTepKHS B 00meM ciydae
HArpy)KEHUs CTCPIKHS?

31 Kak 3anmceiBaercst mHTErpa Mopa Juist TNIOCKHX CTEPIKHEBBIX CHCTEM?

32 Kak 3anmceiBaercst mHTErpa Mopa Juist pOCTPaHCTBEHHBIX CTEPIKHEBBIX CHCTEM ?

33 Kak 3anmceiBaercst mHTerpast Mopa [uist Iiockux 0anok u pam?

34 Kakas mocneoBaTeIbHOCTD ONPEACICHUS IEPEMENISHHIH ¢ TIOMOIIBI0 HHTerpaia Mopa?

35 Kak 3ammcheiBaeTcs popmyia KpalHUX OPJAWHAT IS OTIPEACIICHUS IepeMEeIIeHIIH CTep)KHEH ?

36 Kakas mocienoBaTenbHOCTD OIMpENeSICHHH TEepEeMENIeHHI CTEp)KHEH C TOMOIIBI0 (OopMyI
KpafHUX KOOpIHMHAT?

37 Uto Takoe CTaTMYECKH HEOIpenenuMas cucreMa? YKaXHUTe CIOCOOBI OIpeNesieHus  ee
CTENEeHU CTaTUYECKOW HEONpPEeAeTUMOCTH.

38 Uto Takoe OCHOBHAas M HSKBUBAJCHTHAs CHCTEeMbl? Kakue ycinoBHs CTaBsATCS NPH BBIOOpE
OCHOBHOM CHUCTEMBI?

39 Kak 3ammcheiBaeTcss CcHCTeMa KaHOHWYECKHX YPaBHEHUH ISl  TPWXKIBI  CTAaTHYECKH
HEOTIPEICIIMMOI CHCTEMBI ?

40 Kakoii ¢pusnyeckuii cMbici kodddunuenta dix?

41 Kakoil (pu3nyecKuil CMbICI KAaHOHMYECKHUX YPAaBHEHHUH MJIsi CTAaTUYECKH HEONpeaeTuMoil
CHCTEMBI?

42 Kakast mociieIoBaTeIbHOCTh pacyeTa CTaTHUYECKH HEOTPEACTMMBIX CHCTEM ?

43 Kakoii (pusznyeckuii cMbIC pousBeaeHust dig* Xi?

44 Yto Ha3pIBAaCTCS HEpa3pe3HOH OamKoit?

45 Kak BrIOMpaeTcss OCHOBHAsI CHCTEMa JIIsl Hepa3pes3Hoit 6anku? [logemy?

46 Kaxoii (pm3ndeckuii CMBICI KAHOHWYECKUX YPaBHEHUH [T Hepa3pe3HOn Oanku?

47 Kak ompenesnstoTcs THHEHHBIX TIEPEeMEIICHHI B CTATHYECKH HEOTIPEICITMMON crcTemMe?

Tema «Ycmointuueocms corcamozo CMeEpPIIHCHA>
48 Yto Ha3pIBaeTCs yCTOMUMBOCTHIO? Kakue ObIBatOT BUIBI PABHOBECHS ?
49 Uro Ha3pIBaeTCs KPUTHUYECKOW cmiioi? KakoMmy ycCIOBHIO paBHOBECHS COOTBETCTBYET
KpUTHYECKast cuia?
50 Yro Ha3pIBaeTCsS KPUTUICCKUM HATPSHKCHUEM ?
51 Kak 3anmceiBaercst popmyiia Ditsiepa is CKaTol CTOWKA?
52 Yto Ha3bIBaeTCS THOKOCTHIO CTEPIKHS ?
53 Kak 3aBHCHT BelMYMHA KPUTUIECKOHN CHIIBI OT YCIIOBHUI 3aKPEIUICHUS CTEPKHS ?
54 Yto Takoe k03 (HUIIMEHT YMEHBIIIEHHUSI OCHOBHOTO JIOTTYCKAaEMOTO HANPSHKCHUS
55 Tlo kakoii opmylie U Kak onpenesieTcss KpUTHIecKast Crjla JIIs CTepIKHEH cpetHel THOKOCTH ?
56 Kak 3ammceiBarorcst hopmyna Diinepa?
57 TIlo kakoii (hopmyite ompeaesieTcsi THOKOCTh CTepkHs | ?
58 KakuMu KOHCTPYKTUBHBIMH ITapaMEeTPaMH MOYKHO MOBBICUTH YCTOMYMBOCT CTEPXKHS ?
59 Kak onpenensiercs mpuBeICHHAS JJTHHA CTEPKHS 7
60 Kak 3aBHCHT BeIMYMHA KPUTHICCKOH CHIIBI OT YCIIOBHH 3aKPEIUICHUS CTEPKHS ?
61 Kak 3ammcpIBaeTcs yCIOBHE YCTOMUYUBOCTH CHKATBIX CTEP)KHEH ?
62 Kak 3amuceiBarorcst opmysa SICHHCKOTO IS CKATOH CTOHKH?

63 Kak ompezaensercs Ko3QPUIMSHT IPUBEACHUS [UTMHBI M H OT Yero OH 3aBUCHT?
64 Kakue mapameTpsl BJIUSIOT Ha BEIUYUHY THOKOCTH CTepKHs | ?

Tema «/[lunamuueckuil pacuem KOHCMPYKUUIL»
65 Uto Takoe TUHAMHYECKHHA PEKHUM HarpyxeHus? Uem oTiaumdaercss pacdér Mpu JUHAMUYECKOM
Harpy)K€HUHU OT CTaTHIECKOTo?
66 Uemy paBHa yacToTa CBOOOJHBIX KOJICOAHHMH CHCTEMBI C OJHOW CTEICHBIO CBOOOIBI Oe3
3aTyXaHus?
67 Uemy paBeH KOd((HUIIMEHT HapacTaHUS KOJICOAHMIA?
68 Kak ompezensercs 9acToTa CBOOOTHBIX KOJICOAHUI CUCTEMBI C OJTHOW CTETICHBIO CBOOOIBI?
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UYrto Ha3BIBAETCS PE30HAHCOM?

Kakoii BUJT UMEIOT pe30HAHCHBIC KPUBBIC TSI CHCTEMBI C OJTHOM CTENEHBIO CBOOOIBI ?

Kak ompenensroTcss mepemenieHus, YCWIns U HarpyKeHUs MPU BBIHYXICHHBIX KOJICOaHUIX
CHCTEMBI C OJHOM CTEIIEHBIO CBOOOIBI?

Uro Takoe ynap? Kak onpenensrorcs mepeMeIieHus, yCUITHs B HAIIPsHKCHHS TP yaape?

Kak omnpenensirorcsi k03pHUIMEHT AMHAMAYHOCTH TPH TMOCTYMATEIbHOM PaBHOYCKOPEHHOM
IBUKEHUN?

Kak onpeniensercst KpuTHYECKas CHJIa TP BPAIICHUN ?

Tema «Hpounocmb npu UUKJin4eCKu USMEHAIOUWUXCA HANPAIHCECHUAX
UYrto Ha3bIBAETCS YCTATIOCTHIO U BBIHOCIHUBOCTHIO?
UYro Ha3bIBaeTCS MPEAETIOM BEIHOCIUBOCTH ?
OT KaKuX KOHCTPYKTHBHO-TEXHOJOTHYECKIX (PAKTOPOB 3aBUCHUT MPEENT BEIHOCIUBOCTH ?
UYro Takoe KOHIEHTpanus HanpspkeHni ? Kakumu kodppuimeHTaMu OHa yIUThIBACTCS ?
Yro Takoe XxapakTepucTHKa nukia? Uemy oHa paBHa NMPHU MYJIbCUPYIOIMIEM U CHMMETPUIHOM
UKJIax ?
UYro sIBIISIETCSI KOHIIEHTPATOPOM HAIPSDKEHHS ?
Kak BIusIOT pa3mepsl JeTaiy Ha BEIMYUHY MIPe/ieia BBIHOCIUBOCTH ?
Kak Bnusier kagyecTBO 00pabOTKH MOBEPXHOCTH HA BEJIMYHUHY TIpe/ieia BBIHOCIHUBOCTH ?
Kak onpenensiercst koadduumeHT 3amaca mpOYHOCTH P U3MEHSIOIINUXCS HATPSIKCHUSX ?
Kak yuutbiBaeTcsi nelcTBHE KOHCTPYKTHBHO-TEXHOJOTMYECKHX (PaKTOPOB IPHU OMPEIECIICHUN
peJiea BBIHOCIIMBOCTH ?
Kakoii Bux uMeer auarpamma mpeaesbHbIX aMIUTATY/T ?
Kak omnpepensercss ko3p@pUIMEHT 3amaca MPOYHOCTU O HOPMAJbHBIM HANPSOHKEHUSIM IpU
pacuérax Ha BEIHOCIUBOCTH?
Yro Takoe mpenenbHoe cocTosiHne? Kakue pacyeTsl 1o mpeebHbIM cOCTOsTHISIM BbI 3HaeTe?
Kakoii BUJI MMEIOT 3MIOpHI KacaTeIbHBIX HAMNPSHKEHUH MpU KPYYEHHH [0 JOIMYCKAEMbIM
HANPSHKSHHUSM U T10 TPEICIIbHBIM COCTOSIHUSM ?
Kakoii BuJ HMEIOT 3IIOpbl HOPMAlbHBIX HANpsHKEHUH NpU H3rude M0 JI0IMYCKaeMbIM
HANPSHKSHHUSM U T10 TPEICIIEHBIM COCTOSIHUSM ?
Kak omnpenenstorcss ko3QPUIIMEHTHI 3an1aca MPOYHOCTU O JOMYCKAaeMbIM HAIPSLKEHUSM U 110
MIPEICTbHBIM COCTOSTHHSIM ?
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