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1 CXEMATU3ALUUA OUATPAMM PACTAXEHWUA
MATEPUAIOB

B pacuérax 3a mpegenamu ynpyrocTtu *ejlaTeabHO MCIOJIb30BaTh IKCIEPH-
MEHTAJBHO MOJYYEHHBIC TUArpaMMbl pacTsokeHus. [l ynporeHus: pacu€ToB 3Tu
JarpaMMbl OOBIYHO CXEMATH3HPYIOTCS, T.C. 3aMEHSIOTCS JIMHUSAMH (IPSIMBIMH
WIN KPUBBIMH), HIMEIOLUMH JJOCTATOYHO MPOCTOE MATEMATHUECKOE BBIPAKCHUE U
B TO € BPEMs XOPOULIO COBMAJAIOIIMMU C HKCTIEPUMEHTAIILHO MOJIYYeHHBIMU 1HA-
rpammamu. Tak, HampuMmep, AWarpaMMa pacTSOHKEHUS C TUIONIAJKOW TEKydeCTd
MOJKET OBITh CXE€MaTH3UPOBAaHA JIOMAHOMN JHMHHMEW, COCTOALICH M3 TPEX MPSMBIX
OA, AB u BC (pucynok 1.1),nnm iomaHoH, cocrosiiei u3 aByx npsmberx OA u AB
U yuyacTtka napaboissl BC (pucynok 1.2). [lepBasi cxemaTtusupoBaHHasi auarpaMma
HA3bIBAETCS IUArpaMMOM PaCTSHKEHHUS C IUIOIIAJIKOW TEKYYeCTH U JUHEHHBIM YII-
POYHEHHEM, a BTOpasi — IUarpaMMou pacTsDKeHHs ¢ TUIONIAJAKON TeKYYEeCTH U CTe-

INCHHBIM YIIPOYHCHHCM.
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Pucynok 1.1 —CxemaTuzanus Pucynok 1.2 —CxemaTtusanus
AMATPAMMOM C IUVIOMIAJAKON TEKY4YeCTH  AMArPaMMOM C IVIOMAJAKON TeKy4eCcTH
U JINHEHHBIM YIIPOYHEHHEM U CTeNEeHHBbIM YIIPOYHEHHEM

OTMeTHuM, YTO MPU CXEMATHU3ALMK JUarpaMM pazjindyhe MEXIy MpeaernamMu
MPOMOPUUOHAIBHOCTU U TEKYYECTH CTUPACTCSL.

[IpuBeném 3aBUCUMOCTH HaIpsDKEHUM OT JedopMariuii Ha pa3IMuHbIX yda-
CTKaxX CXEMAaTU3UPOBAHHBIX AuarpamM. Jljis nuarpaMmsl ¢ IJIOIIAIKON TEKYYECTH
Y JTUHEHWHBIM YIIPOUHEHUEM:

g
npu OSSSETZET - O=Eg¢;



npH £, SESE - O=0,; (1.1)

mpu £ - 0=0T+ET(£—£:)=0T 1—(1—/1)i +E¢€.
&

T

B stux ypaBHeHus &, — nedopmanis, COOTBETCTBYIOLIAs Mpeaeny TeKyue-

CTM Marepuana; & — aAedopmanus, COOTBETCTBYIOLIAs Hadaldy YINPOYHECHHS;

E, =tg 8 —monyns ynpouHeHus Matepuaia; A —mapamerp ynpoyHEHUS.

E
A=1-—. 1.2
= 12)

Bennunna Momymnsi ynmpoyHEHUs 3aBUCHUT OT TOTO, KaK MPOBECTH MPSIMYIO
BC. [ns monmyuenust Goyiee afeKBaTHBIX PE3YJIbTATOB B TEOPUU TUIACTUYHOCTH
OOBIYHO CTAparOTCS KaK MOXKHO TOYHEE CXEMATHU3MPOBATh TOT YYACTOK JKCIEPHU-
MEHTAJIBHO TOJyY€HHOW AMarpamMmbl, KOTOPBIM HCTOJB3yeTcs B pacuérax. Ilpu
CXEMAaTH3alluid C JTUHEHHBIM YIPOYHEHUEM OOBIYHO BEIMYMHA MOMIYJS YIPOYHE-
Hus okasbiBaeTcs B 10...50pa3 MeHbIlie MOYIIs YIIPYTOCTH.

JInst auarpaMmel € INIOLIAJKOM TEKYYECTH U CTENIEHHBIM YIIPOUYHEHUEM:

npu OsengzzT - 0o=Eg;
npu £, <ESE - O=0, (1.3)

pu 828: - O0=0

/i€ oKa3aTenb crenedn M u3mensercs ot 0 mo 1.

JmarpamMMa pacTspkeHHs 0€3 TJIOMAIKA TEKYYeCTH MOXET ObITh CXeMaTH-
3MPOBaHA JIOMAHOU JIMHUEH, cOCTOsIIeH U3 IBYX NpsMbIx (pucyHok 1.3), mim jo-
MaHOM, COCTOSAIICH M3 MPsIMOW M ydacTka mapabossl (pucyHok 1.4). [lepBas cxe-
MAaTU3MPOBAHHAS JyarpaMMa Ha3bIBa€TCs AUArpPaMMOUN PACTSKEHUS C JTMHEHWHBIM
YIPOYHEHHUEM, & BTOPAS] — AUArPaMMON PACTSKEHUS CO CTEIIEHHBIM YIIPOUYHEHUEM.

3aBUCHMOCTH HANPsDKEHUH OT AedopMarivil i dTUX CXEMaTU3UPOBAHHBIX

JrarpaMM MOTYT OBITh JIETKO Toiy4eHbl u3 ypaBaenuit (1.1)u (1.3) ¢ yuérom Tto-
r0, 9TO B pacCMaTpUBacMOM Cllydae &, =&, .

YacTHbIM CilyyaeM QuarpamMMbl C JIMHEWHBIM YIPOYHEHHUEM SBIIAECTCS IHa-
rpaMma HIEaNTbHOTO yhpyromiactuueckoro teia (pucyHok 1.5), mis xoroporo

MOIyib ynpouHeHuss E_ paBen Hymo. OHa yacTo HasbplBaeTcsi auarpammoi Oes
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ynpouHenust JI. Ilpanaris. Dta auarpaMMa MOXET ObITh KCIIOJb30BaHa, HaNpH-
Mep, JUIsl MaTepUajioB, UMEIOIIMX SPKO BBIPAKEHHYIO TUIOHIAJKY TEKY4YECTH MpHU

YCIIOBHH, YTO Je(OpMALIUHU IE€TAIN HE IPEBOCXOMAT &, .

g\ o\
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Pucynok 1.3 —CxemaTuzanus
AUATPAMMOM € JIMHEHHBIM
YIPOYHEHUEM

Pucynok 1.4 —CxemaTuszanus
AMATPAMMOM CO CTENEHHbIM
YIPOYHEHUEM

[Ipu OGonpmux aedopManusx BETUUYUHON ympyroil aedopManuu MOXKHO
npeHedpeyb, T.e. IPUHATh MOAYJb yOpyroctd E paBubiM O6eckoneuHoctu. Torna

P OTCYTCTBMH YIIPOYHEHHUS IMOJydaeM JAMarpaMMy >KECTKOIIACTHYECKOro Teja
(pucynok 1.6).

o\ ol
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P €
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Pucynok 1.5 —/Inarpamma uaeajbHOro

Pucynok 1.6 —/Inarpamma
YHPYromiacTu4ecKoro Tejia

JKECTKOIIACTHYECKOI0 TeJjia



2 PACYET NPEOENbHOWU HAIMPY3KU ONA CTEPXHEBOW
CUCTEMbl C ®EPMEHHbIMAN 3JIEMEHTAMU U3
MATEPUWAJIA BE3 YINPOYHEHUA

Ilpumep 1: AGcomoTHO XECTKass Oayika, Kpersimascs Ha MmapHupe u ¢ep-
MEHHOH NOJBECKe, HarpyxeHa cwioil P (pucyHok 2.1). OnpenenuTs npeaenbHyo

Harpy3Ky.

1

O 1
P
- 2 | l

Pucynok 2.1 —/Kécrkasi 6aika ¢ o1HUM (pepMEeHHBIM 3JIeMEHTOM

@depMeHHBIM 3JIEMEHTOM Ha3bIBA€TCS MPSMOJMHEWHBIM CTep>KeHb, pado-
TAOIIUH TOJIBKO HA PACTSAKEHHUE WIIA CIKATHE.

[Tockonbky MaTepuan 0e3 ynpoyHEHHMs, UIsl HETO MOXHO BOCIOJIb30BaThCS
auarpammoit pactspkenust [Ipanarist (cm. pucyHok 1.5).

N3 ycnosus paBHoBecust 2M 4 =0 Haxoaum

a
a+b’

N(a+b)=Pa wm N=P

Hamnpsikenue B hepMeHHOM diiemenTe onpeaensercst kak g = N/F . B mpe-
JEJIBHOM COCTOSIHUE HAIPSDKEHHE B ATOM JJIEMEHTE cocTaBisieT O, . CieqoBarens-
HO, BEJINYMHA NIPEAEIbHOr0 ycuius B cTepkHe paBHa N =0 F .

Haiiném npenenbHyro Harpy3Ky Uisl pacCMaTPpUBAEMON CUCTEMBI!

P =NTa+b=NT(1+E).
a a

PaccmoTpum wactaele caydan. [Ipu b=0: P =N_,mpu b=a: P =2N..

Ipumep 2: K xéctroit Oanke n06aBuM emi€ oauH (HEepMEHHBIN AIEMEHT, KaKk
MOKAa3aHO Ha PUCYHKE 2.2.

3anmmrem ypaBHenue pasHoBecus (M, =0):



N
Na+N,2a=P[Pa wumm N2=P—71.
PaccmarpuBaemas cuctema SBISETCS OJMH pa3 CTaTUYECKH HEONpPEIeiu-
Mou. Haiiném cHayana «ynpyroe» pemenue. /[ 3Toro BoCnosib3yemMcss Ha4aJloM
HauMeHblIeld padoThl KacTUbAHO: B YNPYroil CUCTEME yCTaHABIMBAETCS TaKOE
pacrpeneneHue BHYTPEHHUX YCHINW, IPU KOTOPOM NOTEHUMAJIbHAsL DHEPrus Je-

q)OpMaIII/II/I HMECT MUHHUMAJIBbHOC 3HAYCHUC.

a a ,

Pucynok 2.2 —/KécTkasi 6anka ¢ ABymMs (pepMeHHBIMH YJIeMeHTAMHU

banky 6yaem cuutats Heaepopmupyemoii. Toraa NOTEHIUANTBHYIO SHEPTUIO
nedopmari paccMaTpuBaeMON CHCTEMBI MOKHO HAalTH Kak

1 Nl 1. N, |
U=U +U, == N + N —2=—(N2+N?),
! 22 25225: 2 ’EF EF(l 2)

rae O, u O, —yIIuHeHus crepxHed (hepMeHHbBIX JIeMEHTOB).

Torna ¢ yuéTom ypaBHEHUS paBHOBECHS MOTYYUM

2
U= (NZ (P &jj=l—(§Nf—PNl+P2j.
2EF 2 2EF \ 4

W3 ycrnoBusi MUHUMYMa MOTEHLIMATIBLHON SHEPTUH 1edopmanuu

av g
dN,
Haxoaum
gNl—P=O,
OTKY/la
N=2P;  N,=P-2p=2p=2n,
5 5 5



OT0 penieHue ynpyroi 3agaud. PaccMoTpuM Tenepb npeeabHble Harpy3KH.

[Iycte mpu P =P, nanpsokeHue Bo BTOpoM (Hambosiee HAarpyXKEHHOM) CTEP)KHE

nocTuraet npenena tekydecru, .e. N, =N =0 F.

Torna
NT=iIrF’1 WIIN Fi=§NT.
) 4
[Ipu sTOoM
N1=E£NT:NT<NT.
5 4 2

ITycts manee P> B. IlockonbKy ¢ yBenuuenueM Harpysku ycunue N, = N

6y,Z[CT OCTaBaTbCs HCU3MCHHBIM, N3 YPABHCHUA PABHOBCCHA HAXOAUM
Na+N, 2a=P(Pa u N =2(P-N,).

OTMCTI/IM, 4YTO BHCIIHAA HArpys3ka MOXCT paCTH O TCX IIOpP, IMOKa YCHIIHMC

N, He craHer paBHbBIM N_. DTy npenaenbHyro Harpys3ky o0o3HauuMm uepe3 P.. Hc-

NOJIb3YsI MPEbIAYIIEe PABEHCTBO, MOTYYUM

N,=2(P-N,) wm P =§NT.

JlanpHENUIINA POCT BHEIIHEN HArpy3KHM HEBO3MOXKEH, IOCKOJIBKY YCHIIUS B
CTEepKHsX, paBHble N_, y’Ke HE CMOTYT €€ ypaBHOBECHUTD.
Onpenenum nepemenienus Touek 1 u 2. Ilpu P <P cucrema pabdoraer yn-

PYTO U, CIE0BATEIBHO,

£ =20 5 =20,

ITpu B <P <P, nockojibKy NepBblii CTEPKEHb MPOAOIIKAET paboTaTh YII-

pyro,

2(P—=N_)I
51:N1|: ( T) ) 52:251.
EF EF




U, nakonen, npu P=P =§ N,

2
2(3NT—NT)I N
51: 2 =—L: 52:251
EF EF

Ha pucynke 2.3 npencrasien rpaguk 3aBUcCHMOCTH O, oT P, rae obo3Ha-

T

9YeHO O, = . Ha pucynke 2.4 nokazaHo U3MEHEHHE YCHJIUN B CTEPIKHSIX C POC-

TOM BHEIIIHEN HArPY3KH.

A
% N A
2o ——————‘L o ___
i : N, N, 71 /i
I | I
| | :
o-———  ___ | NF———- -
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Pucynok 2.3 —M3MeHeHUe nepeMenieHnst Pucynok 2.4 —3meHeHue ycuaui

Ilpumep 3. PaccMoTpuM KECTKYIO OaiKy ¢ TpeMs (epMEHHBIMH dJIEMEHTA-

mu (pucyHok 2.5).

a a a

Pucynok 2.5 —/Kéctkas 6a1ka ¢ Tpemsi (pepMeHHBIMU 3J1eMEHTAMU

JlanHast cuctema SIBJII€TCS JBaXAbl CTATHUECKU HeonpeneauMoi. OueBu-
HO, YTO 3]IeCh TPETUH, Oojiee HarpyKeHHbIH, (EepMEHHBIN 3JIEMEHT paHee IPYrux

JOCTUTHET ycuius Tekydectd N, 3aTeM BTOpPOil U, HAKOHEL], IEPBBII CTEPIKEHb.

Takum ob6paszom, B mpenensHoM coctosHMM N, =N, =N,=N_ (pucy-
HOK 2.6).
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3anumem ypaBHeHue paBHoBecus (M, =0):
N.a+ N [2a+N [Ba=P B,

OTKyJ1a

-
1

2N, .

a a a T

Pucynok 2.6 —IIpene/ibHo€e COCTOSTHHE CHCTEMbI

W3 paccMOTpeHHBIX TPUMEPOB MOXKHO HAMETUTh CIEIYIOIINNA croco0 ompe-
JICJIeHUs TIPEeIbHON HAarpy3Ku JJisi CTEPXKHEBOM CHUCTEMBI ¢ ()EPMEHHBIMU 3Je-
MEHTaMH U3 Matepuaia 6e3 ynpouyHEeHHUs .

ITycth 3amaHa HEKOTOpasi CTEp)KHEBas CUCTEMa C (DEPMEHHBIMU 3JIEMEHTA-
mu. byznem monarate, 4To MaTepuain JIEMEHTOB CUCTEMbl HE 00JaaeT yIpodHe-
HUEM.

IlycTh crucrema sBIIIETCS CTaTUYECKU HeonpeneanMon. B Hauane Harpyxe-
HUSl OHa paboTaeT Kak ympyras. DTO MPOJOJDKACTCS A0 TE€X MOp, MOKa B OJHOM,
Haubosiee Harpy>KEHHOM, dJIEMEHTE HaNpsHKEHUE HE JIOCTHTHET Ipenena TeKyde-

ctu O, . [locne 3Toro npu najabHEHIIEM POCTE HArpy3KU B 3TOM 3JIEMEHTE OyJeT

HCHU3MCHHOC yCI/IJII/Ie, paBHoe
N =0 F,

T T

rae F —mnomans ceueHus CTepkHs.

OuyeBHIHO, YTO MPU 3TOM CTENEHb CTATUUECKON HEOMPEAETUMOCTH CUCTEMBI
OyZeT yMeHbIIaThCs Ha equHuIly. Eciii Harpy3ka Ha CUCTEMY MPOJIOJKAET PacTH,
TO YCWJIMS B OCTAJIbHBIX AJIEMEHTaX OyAyT Takxe Bo3pactarb. IIpu goctuxkeHuu
COCTOSIHMSI TEKYYECTH KaKHM-JIMOO CJEAYIOIIUM AJIEMEHTOM, a 3aTeéM M MOCJe-
OYIOIUMH 3JIEMEHTAMHU CTEIEHb CTATUYECKOW HEONMPEACITMMOCTH KAXKIBIA pa3
YMEHBITIAETCS Ha €IUHUIly. TakuMm 00pa3oM, ¢ MATbHEUIUM POCTOM HArpy3Kd
CHCTEMA MOXKET CTaTh CTATUYECKU ONPEACIMMOM, A 3aTEM MPEBPATUTHCA B MEXa-
Hu3M. [locnegnee Oyner o3HayaTh, YTO MPOU3OILIO MCUEpIIAHHWE HECYIIEH CIo-

CcOOHOCTH paCCManI/IBaCMOﬁ CHUCTEMBI. Takoe€ COCTOSHHE CHUCTEMbI HA3bIBACTCS
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npenesabHbIM. [Ipu 3TOM BHEIIHSS Harpys3ka emé HaXOAUTCs B PABHOBECUU C BHYT-
PEHHUMH yCUIUAMH. [lanpHeiiee yBeIMYeHHE Harpy3KH y»Ke HEBO3MOXHO. B co-
CTOSIHUM TIPEJEIbHOIO PAaBHOBECHUS IEPEMEILECHUST CUCTEMbBI CTaHOBSTCS HEONpe-
JEeNEHHBIMHU.

Ecnun e B cucrtemMe OKaXyTCsl CKATbIE DJIEMEHTBI, TO OHU MOTYT NOTEPSATH
ycTONYMBOCTh. OOBIUHO MPUHUMAETCS, YTO TMOTEPSBIIMIA yCTONYUBOCTh CTEPKEHD
COIIPOTHUBJIAETCA BHEIIHUM BO3ACHCTBUAM C ITIOCTOSIHHOM CWJIOW, PAaBHOM KpUTHYE-

CKOU cuJie NKp )

Ilpumep 4. Ha nockyro dhepmy, u3ro-
TOBJICHHYIO M3 CTAJIBHBIX CTEP)KHEH TpyOUa-

toro cedyenuss 40x34, neiictByer cunma P

(pucynok 2.7). Ilmomaas TMOMEpedHoOro Cce-

yeHus crepxHend F :3,4872CM2; €ro Mo-

Pucynox 2.7 —Ilnockas pepma

menT uHepimn | =6,006cm”. XapakrepHsiii

pasmep a=70cm. CoiictBa matepuana: E =2,05[1L0MIla; g, =800MIla. Haii-

THU NPEJEIbHYIO HATPY3KY.
Bynem Takske mosarath, 4To MaTepuai He 00J1a1aeT YIIPOUYHEHHEM.

OnpenenuM JUIMHBI CTEPIKHEN
|, =ay5=156,52«m; |,=a=70cm; |, =ay/2=98,99%wm.
Haiiném cuny TekyuecTu:
N, =o F =8001B48, 72 27xH.
[TpuBeném paccuntanHele o hopmyie

_ TTEl

Kp |2

KPUTHUYECKHE YCUIIUSA Ui CTEp>KHEN (hepMBbI:

Ny, =50kH; N, =250kH; N, =125kH.

«Yrpyroe» pemieHus Juisi JaHHOW OJMH pa3 CTaTUYECKH HEONpeneIMMOM
CTEP>KHEBOM CHCTEMBbI ObUIO MOJYYEHO B Kypce€ CTPOUTEIHLHOM MEXAHHKH C HC-

IMOJIb30BAHNCM MATPUIHOI'O MCTO/J1a nepeMemeHHﬁ. Ono nmeer BHUJ

N, =0,6146%; N,=0,1753%; N,=-0,63676".
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B naubonee TSxkENBIX YCIOBUAX 3/1€Ch paboTaeT cTepkeHb 3. OH TepseT yc-

TOMYUBOCTB Ipu cwiie P =F,, KoTOpyro MOKHO HAalUTH U3 CIEAYIOIIETO PABEHCTBA!

|-0,636763|= N, = 12H,
OTKyJa

125

R=—"2"_=196,31H.
0,63676

IIpn sTOM

N, =0,614631196,3% 120xH; N,=0,1/5381196,3% 34xH.

JlanpHeiiee yBenudeHue CUIbl P BBI3OBET NedOopMaIuio CTEPKHS 3 TPH
TIOCTOSTHHOM CXKMMAIOIIEM YCHiuH (prcyHOK 2.8).

Taxum obpasom, npu P> P, B y3ne 2 oc-
TaHeTCS JBa HEM3BECTHHIX ycuius. Kommuect-
BO ypaBHEHUU PaBHOBECHUS IJIsi WX OTMpesee-

HHS TAKIKC PABHO JIBYM, T.C. 3a/la4ad CTAHOBUTCA

CTaTUYECKU OMPEACTUMON. Y UUTHIBASI, UTO

Pucynok 2.8 —IlocJie norepu _ 1
CTOMYMBOCTH CTEPKHA 3 CoO¥ =—=, sSingy = —=,
Y P J5 J5

COCTaBUM ypaBHEHHS paBHOBECHS y3ia 2!

2 J2

MG N 5 7P
N1G£+N2=N3<pEI\/—§

5

Pemas naHHyro cucteMy ypaBHEHUN, HAXOIUM

Nl=§(P—QN3K ]—E(P—QEQSj: 1,118 - 98,8;
2 2 7 2 2
N, =£ N Ny =£ [125- 11180 — 98,82 132,58 0,49998.

2 ® 5 2 J5

AHanu3 TaHHBIX BBIPAKEHUH TOKA3bIBACT, YTO CTEpKeHb 1 paHbIle Hcuep-
MaeT HECYIIYIO CITOCOOHOCTh, HEXEII CTEPIKECHD 2.

[Tpumewm, uto npu P = P, Hanpskenne B ctepakHe 1 nocturaer npenena te-

kyudectd, T.e. N, = N_. Onpenenum P,:

13



N =1,118(, - 98,8,
OTKYy/la
p =N *98:82_ 27% 9882 50 g
1,1180 1,1180

IIpn sTOM

N, =132,58- 0,4999B,= 132,58 0,49998 33#9  3tH.

JlanpHeiee yBeTUYCHUE HATrPy3KH NI
HEBO3MOXKHO. TakuM 00pa3oM, NpeaerbHON
cuion s JaHHOM  epmbl  OyaeT
P =P, =337,%H.

oY

3aBUCHMOCTH YCHJIUHA B CTEPXKHSIX
(dbepMBbI OT BHEIIHEH HArpy3KH IPEJICTaBICHBI
Ha pucyHke 2.9. Pucynok 2.9 —M3meHeHue yCHimii

PaccmoTpum Temeps apyroi ciydait B CTEpKHSX (epmbl
Harpy>keHusi ¢pepmbl, Korjaa cwia P HampaBieHa B MPOTHUBOMOJIOXKHYIO CTOPOHY
(pucynok 2.10).

IIpn sTOM «ympyroe» pemeHue, oye-

BUJIHO, UMEET BUJ]

N, =-0,6146%; N,=-0,1753%;
N, =0,63676".

Crepxenb 1 cxxar u uMeeT HaMMEHb-

Pucynox 2.10 —Bropoii cyuaii
HATPYKeHHUH MJIOCKOH (pepMBbI IIyI0 KpHUTHYECKYIO Harpy3ky. Crenosa-

TEJIbHO, OH PaHbIIIE JPYTUX MOTEPSIET HECYILYIO CIIOCOOHOCTb.

ITycts P =B crepxens 1 tepser ycroiunBocTs. Torna

|-0,6146%| = N, = 5(H,

OTKyJ1a

R=—> =81 35H.
0,61463

U, caenoBaTeabHO,

N,=-0,17538181,35 - 14,zxH; N,=0,63676181,35 51,¢&H.

Ipu P>F crepxens 1 paboraer ¢ MOCTOSHHBIM yCHIIMEM, paBHBIM N, , 1

CUCTEeMa CTAHOBHUTCS CTATUYECKH orpeneanMoit (pucyHok 2.11).
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CocTraBuM ypaBHEHUsI paBHOBECHUS y37a 2:

N[—l—+N\/2§P

5

N2+N3EI\/—§=N]K oL
2 * 5

Pucynok 2.11 —Ilocse norepu
YCTOHYMBOCTH cTepskHsa 1

Pewass nannyro cucremy ypaBHEHWH, Ha-

XOIUM
2 2 2 2
N,=—| P-—=N,, |=—=| P-—=[50|=1,414P - 63,2
=Gl
N, = L N, —QN [50—&(1 414P - 63,26= 67,08P.

p 2 \/g

MoxHo 3ameTuTs, uto npu P > B crepxeHb 2 OyAeT cxaT, a CTepKEeHb 3 —

pacTsHyT. AHanu3 JaHHBIX BBIPAXKEHUH MOKA3bIBAET, UTO CTEPKEHb 3 paHbllIe UC-
YepriaeT HeCYIIYI0 CIIOCOOHOCTb, HEXKENHN CTEPKEHD 2.

ITpumewm, uto npu P = P, HanpskeHne B cTepakHe 3 TOCTUTAET Mpejiena Te-

kydectd, T.e. N; =N_. Onpenenum B, :

N, =1,414F, - 63,2,
OTKYy/la
, N +63.25_ 279 63,25 ),
1,4142 1,4142

IIpn sTOM
N,=67,08-P,= 67,08 242 - 174kH,

uTo 110 Moxyinto Menblie N, ~=250kH, 1.e. npu Takoil Harpyske crepiens 2 emg

HE TepSAET YCTOMYUBOCTH.
[TockoyibKy HalbHEWIIECE YBEIWYCHUE N |

Harpy3Kyd HEBO3MOXKHO, MPEAEIbHON CUJION B

|
|

3TOM ciryyae HarpyXeHus Oyzaer |

P =P, =242,0xH. Ona cymecTBeHHO OTJIH- :P

L

qaeTcsl OT MPEebIAYyLIero 3Ha4eHus, Korjaa Ha- P
|
|

rpy3ka ObUla HampaBji€Ha BIPaBO. 3aBUCHMO- \
2

CTH YCWIHH B CTEPXKHSIX (hepMbI OT BHENTHEH
Pucynox 2.12 -3menenune
YCWJIHN B CTEPKHAX GepMbl
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3 PACYET CTEPXXHEBOW CUCTEMbl C ®EPMEHHbLIMU
3NEMEHTAMU N3 MATEPUAJIIA C JIMHEMHbIM
YNPOYHEHUEM

bynem cuutaTh, yTO MaTepuan oOiagaeT

JMHEWHBIM YIPOYHEHHEM, T.€. €ro auarpamma

pacTsHKEHUS UMEET BHJI, TIOKa3aHHBIM HA PUCYH-
ke 3.1. bynem Taxxke mojaraTh, 4TO HampsxKe- o,
HUS B CUCTEME HE MOTYT IPEBHINIATh 3HAYCHUS
g,

max *

[IpuBeném 3aBUCMMOCTH O —& Ha pas-

|
O ¢ £ £

JUYHBIX YYaCTKaX JUarpaMMBl. max
IIpu O<e<e, Pucynok 3.1 —/Iluarpamma
PACTSIIKEHUSI € JIHHEIHHBIM
o=Ee¢, (3.1 YIPOYHEHHEM

rae E=tga —monyns ynpyrocru.
IIpu €=¢€,
o=Ac +Ez¢, (3.2)
rae E, =tg —monynb ynpounenusi; A =1- E /E —napamerp ynpouneHus.

O6suno E /E=0,05..0,1%

IIpumep 1. AbcomoTHo xEcTKas Oanka, Kperslascs Ha IIapHUpPE U JIBYX
(depMeHHBIX TOABECKaX, HarpyxeHa cuioil P (pucyHok 3.2). OnpenenuTs yCuus

B CTCPIKHAX B 3aBUCUMOCTHU OT HpHJIO)KeHHOﬁ CHIJIBI.

O
P P
a a a a

Pucynox 3.2 —/KécTkasi 6anka ¢ ABymMs (pepMeHHBIMH YJIeMeHTAMHU

PaCCManI/IBaCMa}I cucteMa ABJICTCA OAWMH pa3 CTATHUYCCKHU HCOIPCACIIN-

Moii. 3anmiieM ypaBHeHue paBHoBecus (M, =0):

Na+N,[Pa=PPa wm N, +2N,=2P. (3.3)

16



I[J'IH PACKPBITUA CTAaTUUYECKOU HCOHpCI[CJ'II/IMOCTI/I BOCHOHBBYCMCH YCJ'IOBI/ICM
8,=20, (3.4)

rae O, U O, — yATWHEHHs (epMEHHBIX SIEMEHTOB (CTep KHEH).
DTO yCa0BHE BBITEKAET M3 TOTO, YTO OajKa SBIAETCS aOCOTFOTHO JKECTKOM.

Haiiném crauyana «ynpyroe» peuenue. B atom ciaydae

51:N_1|, 52:N_2|’
EF EF

rae F —miomaas nonepeyHoro ce4eHus CTepIKHEH.

Otkyna

U B cuity ycnosus (3.4)

Torma u3 ypaBHeHus paBHoBecHs (3.3) moyunm

2 4
N. ==P; N, =—P. 3.5
‘5 5 (3-3)

Haiiném nanpsixkenus u nedopmaliui B CTEPIKHSIX:

N _2P. N,_4P
‘' F 5F’ ° F b5F
g _2P, _o,_4P
17 T e e
E 5EF E B5EF

Taxum o6pazom, mpu ynpyroit pabore CUCTEMbI
£, =26 <& N,>N,.
Ortcrona cinenyer, 4To HamnpsHKeHUEe BO BTOPOM CTEpKHE PAHBIIE JOCTUTHET

npeacia TCKy4CCTH.

ITycte P=P, ycmime N, =N =0 F . Torna

NngPl VITH H=%N. (3.6)

[Ipu sToM ycunue B ctepxkHe 1 Oyaer paBHO

N, = 2R =2EN, =2N,,
5 5 4 2

17



T.€. IaHHBIN CTEPKEHb OyIE€T HAXOAUTHCS B YIIPYTOM COCTOSIHUH.
[Ipu nanpHelIEM pocTe HArpy3Ku CTep:KeHb 2 paboTaeT 3a mpejenamu yi-

pPYTrOCTH, a HEPBbIA MPOAOIKACT OBITH YIPYIMM J0 TeX Hop, moka ycuwiue N, He
nocturet 3HaueHuss N_. Ilycts aTo npousoinér npu cune P =P,.
IIpn B, <P <P, cornacuo (3.1)u (3.2) umeem
o, =Eeg; o,=Ac, +E¢, =10, +E, [2¢.

31ech yYTEeHO, 9TO B COOTBETCTBUH ¢ ycioBueM (3.4) &, = 2€,.
Hedopmanuio & onpenenum U3 ypaBHEHHs paBHOBecHs. Pa3nenus neByro u

npaByto yacTu paBercta (3.3)Ha F , momyunm

01+202=2§.

C yu€ToM mpeablayluX BhIpaKEHUH nMeeM

Ee, +2(A0, + 2E.¢,) = 22;

51(E+4ET)=2§—2/10T;
ZE—ZAJT
E=——-——. 3.7
CETE 3.7)
IIpn P=F,
ZE—ZAJT
£1= T: F
E+4E,
OTKYy/la
2%—2/10T=£T(E+4ET):
ZizEgT(H 4E)+ 200, .
F E
Y4yuTeiBas, 4TO
o =E& wm ET=1—/1,
E

HNMCECM

z%zaT[1+ A1-2)+ 2];

18



P2=%0TF(5—2/1)=¥NT. (3.8)

Ompenenum ycunust B cTepkHsX, korna B, <P <P,. Cornacuo (3.7)

2P-2l0.F _2P-2i0.F

N, =EF¢, = =
1+ 45 1+4(1_/1)
E
NnJIn
2P -2AN
= 3.9
Y 5-4) (3.9)
Jlns yeuiusi B cTepikHe 2 UMeeM
N, =0,F;
ZE—ZAJT
o,=Ac +Ee,=Ac +E ¢ =Ac +2E ———— =
2 T T2 T ET 1 T T E+4ET
E E—)IJT E—/]O'T
o +4a—F =)o +4(1-))FEF——.
1+ 450 5-4)
E
Torna
4(1-2)(P-Ao,F
N, = Ao F + 2L AP -A0.F)
5-44
nimn
N, = 4P(1- 1) + AN, | (3.10)

5-4/
[Toxcranoeka (3.9) m (3.10) B ypaBHeHue paBHOBecus (3.3) MpUBOAWMT K
yIIOBJICTBOPEHUIO TIOCIICTHETO.

Hanee onpenenmum ycunmue N, npu P =P,. Ucnons3ys (3.10)u (3.8),3amu-

meM
_ _ 2

N, = AR EAN, N o5 py(4o 2y 4 4] =N 207140
5- 4 5- 41 > 4

PaccmoTpuM Teneps noBeeHue cucTeMsl B citydae, korga P> P, . Ilpu stom

00a cTepkHs pabOTaOT 3a TpenesiaMyd YIPyrocTH. 37eCh, OYEBUIHO, TAKKE BBI-
TIOJTHSIOTCST YPABHEHHSI PABHOBECHS M YCJIIOBHS COBMECTHOCTH Jedopmanuid. s
JAHHOTO CITyJasl HMeeM
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g,=Ac, +E.¢&; o,=Ao, +E.¢,=A0, +E, [2¢.

[ToncraBuM 3TH BBIpaKeHUS B ypaBHeHHE paBHoBecus (3.3), menéHHoe Ha

F . Ilonyuum
Ao +E¢g +2A0, +4E & = 2;,
OTKyJa
& =5%(§ —3/10Tj

1 COIVIaCHO YCJIOBHIO COBMECTHOCTHU Aeopmanuil &, = 2€,.

Hcenonb3yst 3TOT pe3yibTar, HauAEM HAIPSOKEHNs U YCHIINS B CTEPIXKHAX !

01=/10T+ET51=AJT+E(ZE—3/IJTJ=ZE+2AJT;
5\ F SF 5
2.2
N.=oF=—=P+—=AN_; 3.12
Jzz/laT+2ET51=/10T+E(ZE—3AJT)=£'E——1 g, ;
S5U F S5F 5
4 1
N,=0,F =—P-=-AN,. 3.13

Mo>xHO TTpoBepuTh, 4TO BhipaxeHus (3.12)u (3.13) Takke yIoBICTBOPSIOT
YPaBHCHHIO PAaBHOBECHS.

Ilpumem o, =Ko,, rne kK>1. Ilockomeky N, >N,, Oynem ompenensars

MaKCUMAaJIbHYIO Harpy3ky P, .. W3 ycioBus

I\|2max = ﬂ I:)max_l-/‘ NT !
5 5
rac
N, =0, F=koF=kN.. (3.14)
Taxkum o6pa30M, HNMEEM
PmaX=§NT(k+—1/lj. (3.15)
4 5
Ycunue B CTCp)KHC 1 Ipu MaKCHUMaJLHOHN HarpySKe 6yI[CT PaBHO
2 2
N, = Nlmangpma;ga N_. (3.16)
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Paccmorpum urcnoBoit ipumep. Ilyers E /E =0,1, Toraa ¢ yuérom (3.8)

A=1- E, =1-0,1= 0,5
E

p = 5-21 N, = 5- 2|]0,9|\IT :_SNT-
2 2 5
ITpu B <P <P, cormacuo (3.9)u (3.10)

_2P-2IN, _2P-200N, _ 19, 9 .

1 5-4) 5- 4010,9 7 7"
_4P(1-A)+ AN, _4P(1- 0,9+ O, _ 2,9
2~ - =—P+—N..

5- 4/ 5- 4(10,9 7 14

Hcnonb3ys nanHble BBIpAXKEHUS, HAUIEM YCHJINS B XapaKTEPHBIX TOYKAX.

Tpu P=F’1::51NT

[Tpumem k =1,2. Torna cornacuo (3.14)...(3.16)

P =§NT(k+}Aj=§NT(1,2+—1[O,9)=1,7251T;
4 5 ) 4 5

N, = KN, =1,2N_;

N —ém,ns\h +§D0,SNT = 1,08l

lmax —

3aBUCUMOCTH YCUJIMU B CTEPKHSIX OT BHEIIHEW HAarpy3Kd MOKa3aHbl HA PU-

cyHnke 3.3.
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Ilpumep 2. CrepxHeBasl cuc- N

TeMa W3 HPEIbIYIIEro mpuMepa Ha- 1N f————m =
rpykeHa cwioit P . Omnpenenutsb N =
N | I
OCTaTOYHbBIC YCHIIHS U JehOopMAaIiu B : AL
) O5NL_ Ll
CTEP)KHSIX TIOCTE CHSTHS OSTOM Ha- " | |
| I
IPY3KH. | I
|| -
CoriacHO TeopeMe O pasrpys- PP, P P

Ke, nokaszaHHod A.A.NbIOMUHBIM, Pucynok 3.3 —Msmenenmue

ocratounbie ycunust N;,N, u ocra- YCHJIHIA B CTEPIKHIX CHCTEMBI
TOYHbIE YIUIMHEHUS 0,0, CTEPKHEW ONPEeIIIOTCs COOTHOIICHUIMU
N;=N,-N5  N,=N,-N3;
51'=51_5§; 5’2:52_52’
rae N,N,,0,,0, —ycunust u yanuaeHus crepxueit 1 u 2, HaliieHHbIe ¢ YIE€TOM HX
paboTHI 3a MpeAeiaMHi yIPYTOCTH; Nl0 , NS ,510,510 — YCWIMS ¥ YUIMHCHHMS, TTOJTY-
YCHHBIC B MPEATOIOKECHUH, YTO BCS MPHIIOKEHHAs K CHCTEME Harpy3ka BOCIPH-

HUMAETCA €10 YIpyro.

ITpu P=P_,, =1,723\, u3 npeapl1ymero npumMmepa uMeeM

max

N, =1,05N_; N, =12, .
[Tpu ynipyroM BOCTIpHSITHY 33JaHHOM HArpy3KH coriacHo (3.5)

2 2 4

N, =P, =<[,72N,= 06N, ; N,=-P_ = 1,38,.
5 5 5

TCHCpI) MO>KHO HaliTH OCTaTOYHELIE YCUIINA B CTCp}KHHX:
N:=N,-N°=1,05N. - 0,6 = 0,36l
N, =N,-N°=12N -1,3N =~ 0,18l

[Tox mercTBHEM OCTAaTOYHBIX YCHIIMH

0,18N
0,36’\14 T CHCTEMA B 1I€JIOM HAXOMUTCS B PABHOBECHU

J/ ZI/ (pucynok 3.4).

OOpatumcst fanee K ONPEICIICHUIO

, a a yJutiHeHui crepxkueii. Harpyska P BbI-
Pucynok 3.4 —OcraTo4Hble 3pIBaeT JedopMaIuio B 000MX CTEPXKHSIX 3a
YCuiius B CTEPKHAX CUCTEMbI HpeﬂeHaMH pr}ITOCTI/I.

Jlis crepxHs 1 nmeem
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o,=Ao, +E.z¢&,

OTKYy/la
= 0,40, _N=AN, _ N,=AN, _LON, - 0N, _, N,

E EF EF(1-4) EF(1-0,9 EF’

OnpenensieM yIJIMHEHUS CTEPKHEM

51=£1I=1,5N—TI; 0,=20,= 3N—I
EF EF

Haviném Tenepp yaIMHEHUS CTEpP)KHEHW B MPEAIIONOKEHUHU YIPYroro BOC-

NpUATHS HAarpy3ku P,

O
=Nl _ggoNd. 5 _—_13é\'7
EF EF

Torna ocrarounble yATMHEHUS OyIyT paBHbBI
!

5=0,-8=(1.5- 2

NTI _

52252_5;):( -

OTMCTI/IM, 4TO OCTATOYHBIC HAIIPSKCHUSA U I[C(bOpMaHI/II/I HC CBA3aHBbI 3aKO-

HOM [ yka.

Ipumep 3: Ilnockas cratnyecku onpenenumas ¢pepma HarpykeHa cuiaoun P
(pucynok 3.5). OnpenenuTs OCTaTOYHBIE HAMPSDKEHUS U AeopMalum mocie CHs-

THUS 3TOW HArPY3KHU.

Pucynox 3.5 —Ilnockasi craTu4ecku onpeneanmas pepma

[TockonpKy paccMmarpuBaemasi epma SBISIETCS CTAaTUYECKH OMPEISTUMON,

YCUJIHSI B CTEPIKHSX JIETKO HAXOMSTCS U3 YpaBHEHUI paBHOBECHUS y3JIOB (CM. pHCY-

HOK 3.5):
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N,=P; N,=—V2P; N,=-2P; N,=-P; N_=/2P.

Torma 1y HaNpsHKEHUN MOJIyYuM

01=E; g, =—\/§E; 0'3=—ZE; 04=—E; 05=\/_ZE.
F F F F
bynem cuutaTh, yTO MaTepuan crepxkHer gpepmbl 00JanaeT JUHEHHBIM YII-
POYHCHUCM.
ITycTh
o,<0,; lo|<o,;

o,|>0.; |oy|>0,; o,>0,

T.e. crepkHU 1 1 4 paboTaroT ynpyro, a CTepkHU 2, 3u 5 —3a IpeiesiaMu ypyro-
ctu. [Tomaraem Taxxe, 4TO CKaThle CTEPIKHU HE TEPSAIOT YCTONIMBOCTH.

Ecnu cHATH Harpy3ky, TO BO BCEX CTEPXKHSIX YCUIIUS OYIyT HYJIEBBIMH, TaK
KaK CHCTeMa cTtathuecku ompenenuma. [lpm 3tom crepxuu 1 u 4 BOCCTAaHOBST

CBOIO JITMHY, a B CTepxkHAX 2, 3u 5 OynyT miactuiyeckue (ocraTouHble) nedopma-

105078
PaccmoTpum crepkens 5. Ero momnyro ne- gl
dbopmaiuio, KoTopas Onpeaensercs no guarpaMme  g®|l-———————
|

pactshxenus (prucyHOK 3.6), MOXKHO MPEICTaBHUTH B o] |
BUJE CYMMBl YNPYrOM W TIUIACTHYECKOW COCTAB- | :

' |
JISIIOINUX . : :

£B = g6 4 ) N la
e p ! | ! -

3 G g

riue T gés) gésw £
5
£6) = ag®
e T E Pucynok 3.6 —/Inarpamma
T JJISL CTEPKHA S
orua
(5)
o
fl(os) =g g0 = g6 - _
E

OcTaTouHOE YJIMHEHUE CTEPKHS D HAXOAUTCS KaK

5O = ®),

| (5)

rIe — IJTMHA CTEPXKHS O.

AHaIOrMYyHO MOYXHO PACCMOTPETh CTEPKHU 2 U 3.
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4 YUCTbIAN U3IUB BAINTKN N3 MATEPUAJIA BE3
YNPOYHEHUA 3A NMPEOENAMU YNPYIOCTU

PaccMoTpuM u3rnb 6anku npsMOyrojbHOTO MOMEPEYHOTO CEUEHUs O ACH-

CTBHEM OJIHOTO JIMIIb m3rudaromero momeHra M (pucynok 4.1).

mgzn
______________ _%_T_y._._..alvl_)(» h -

I b=

SONN N NN

Pucynok 4.1 —YucTslii u3rud 6aaku

Bynem cuuTath, 4TO W 3a MpeAcIaMH YIIPYTOCTH CIIPaBeIIuBa KHHEMaTHYe-
CKasl THIOTEe3a IUIOCKMX CEUCHHM, NMPUMEHsSeMas B CONPOTHBICHHH MaTEPHAJIOB
TS pacu€Ta O6aJoK.

Paccmotpum snemeHT Oanku mHONW OX 10 dx
nepopmanmun u mocie (pucyHok 4.2). CornacHo | —
OPUHATOW THUMOTe3e Tocie nedopmaruu 06a ero my— O

CCUYCHUSA OCTAIOTCA IIJIOCKHMMHU, U CIIpaBCAJIMBa (I)Op-

y
MyJia
mn' —mn
e=TT MY (4.1)
mn 0
rac ]/p — KpHUBH3HA HBOFHYTOﬁ ocH OaJIKH. PHCYHOK 4.2 _Ile(bopMaunﬂ

[Ipumem, uto MaTepuan Oanku He 0OIagaeT daemenTa

YOPOUYHEHUEM, U ISl HETO MOKHO BOCHOJIB30BAaThCS AUArPAMMOM PACTSKEHUS
[Mpauatns (pucynok 1.5).IIpu aToM pacnpenencHus aedopMannii ¥ HaPsHKCHHUH
10 CEUEHHUIO B 3aBUCUMOCTH OT MOMEHTa OyJIyT MMETh BHJI, KaK TIOKA3aHO Ha pHU-

cynke 4.3.

PaccMoTpuM ynpyroe nosejieHue 6aiku, korma M <M. B stom ciydae
MaKCUMaJIbHbIC HAMIPSKEHUSI MEHBIIE Mpefena TeKy4YeCTH MaTepuaia, U CIpaBe/-
7B 3aKoH ['yka:

o=Ee
i ¢ yuétom (4.1)

o=E (4.2)

Y
Yo,
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a) M <M

Pucynok 4.3 —Pacnpenesienue nedpopmManuii 1 HANPSIKEHUI M0 ceYeHH IO

HOI[C‘-II/ITaeM H3FH63IOH1HI>'I MOMCHT.

b2 h/2

M= [ oybdy= | —yzbdy—Edl -y,
2 2P p 12 p
rae | =bh3/12 — MOMEHT MHEpPIIMU TMONEPEYHOro CeYeHUs OaqKu OTHOCHUTEIHLHO
ocH Z.
Torna
E.M u 0=My. (4.3)
o | I
[Tpu 3TOM MakCUMaIbHOE HAMPSHKEHUU OYIET PaBHO
oo MM h_em
mAC ] 7™ ph312 2 bh?
Ipu M =M. umeem 0, =0,
* 2
o, = 6M2T wm M. = JTm. (4.4)
bh 6

Onpeneaum Harpsokenus tpy M > M. JIng 5Toro cHoBa MOJACYMTAEM H3-

rubaroIuii MOMEHT, YYUTHIBAas WHOW XapakTep pactpeiesieHHs] HAlpsOKEHUH (CM.

pucyHok 4.3p):

o8 (S f o 2 o)
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ba’ h?
=-0 — + O'Tb_
3 4
WJIN
bh*(, 4a’
M=cg —|1-——|. (4.5)
4 3h
3nech 2a — pa3mep ynpyroro sapa 6anku. B o
NpEeAEIbHOM COCTOSIHUM 3II0pa HANPSHKEHUN hMe-
~ _m_
€T BHJ, NOKa3aHHbIA Ha pucyHke 4.4. [lonaras B M M
(4.5) a=0, HaiigéM mnpeAeIbHbIH H3rHOAIOIIHIA ' = '
MOMEHT JJIsi OaJiku, KOTOpPBIM 0003HAYUM dYepes
M i Pucynok 4.4 —IlpenenbHblii
) MOMEHT
bh
M _— JT T . (46)

OTMCTI/IM, qTo HpC,HCHLHLIﬁ MOMCHT HC 3aBHCHUT OT HAI'Py3KH. DTO CBOICTBO
CCUCHHUA U MaTCpHraja.

C yuérowm (4.6)Beipakenue (4.5)npumer Buj

4a2j
M=M_|1-——|. 4.7
T( 3h2 ( )
[pu M. <M <M_ umeem
M . 4a&° 4a> . M
—=l-—— wm ——=1l-—
M, 3h 3h M,
OTKy/a
a=nf3f1-M | (4.8)
2 M,

Hrak, Mbl uMeeM JBa xapakTepHelx MomeHTa M_ u M _. Ilpu nelictBun
IIEPBOI0 MOMEHTA HAIPSKEHUS JOCTUTAIOT J, TOJIBKO B KPAMHUX BOJIOKHAX, a IIPU
JEHCTBUM BTOPOIO MOMEHTA BO BCEX BOJIOKHAX HAIPSLKEHUs paBHbI O, . CpaBHUM

otr 3HaueHus1. Cormnacuo (4.4)u (4.6)

2
M, b6 38 (4.9)
M. 4 b 2

SIS

27



Ecnu u3BectHO 3Hauenue M , to o dopmyiie (4.8) MoxkeT ObITH OnpeaeicéH

pasMep ynpyroro siipa ce4eHus Oaku.

[lycts a =% d; . Ucrionb3ys (4.7),HaiiiéM MOMEHT

2
= (-4l 6w, (1-L)- 2,
39 4 nh

27) 27 '
o CoOTBETCTBYIOIIAsl  JMIOpAa  HAMPSIKEHUH
npejcTaBiieHa Ha pucyHke 4.5.
© & Ly [g [Tocne cHATHA 3TOrO MOMEHTa B Oayke Oy-
______ A ;_,_,_, . YT OCTATOYHbIE HAMNpsuKeHUs O . OnpeneauM ux
1
3 j 10 TeOpeMeE O pasrpyske:
0
o=0c-0, (4.10)

Pucynok 4.5 -Oniwpa

0
HanmeeHnﬁ rope o HaIps’KCHUA B CCUHCHHUUA 6aJ'IKI/I, BO3HH

Karomuyc B IPCAIIOJI0KCHNH, YTO MOMCHT M Boc-

MPUHUMAETCS YIPYTO:

2
=y ol = M =2 oM, = S g =T
| h/122 bh®> bh® 27 bh®> 27 4 9"

Ha pucynke 4.6 mokasaHa >Imiopa HAOpsSKeHHH O, a Ha pUCYHKe 4.7 130~
OpakeHO pacrpe/esieHne OCTaTOYHBIX HaNpsHKEHUH, paCCUMTAHHBIX MO (Qopmyre

(4.10).HampsokeHust 0’ SIBISIOTCS CaMOypPaBHOBEIIEHHBIMH.

13, .
9 ! JT 9 T
I =~

? _______ _ @ [ ih

-, 2

Pucynox 4.6 —JIuneiinoe Pucynok 4.7 —Omniopa
peLieHne OCTATOYHBIX HANIPSIKEHUH

Omnpenenum nepemerieHuss V Touek ocu 0anku (pucyHok 4.8). [TockonbKy
npu Y =a nedopmauus € =€, =0, /E, to cornacuo popmyse (4.1)
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g a 1 o
I=— wm —=—". Ay
E p p Ea

4
[Ipy manbIX yriaax moBOpoTa KpUBU3HA w >M X

OaJIKu BBIpaXkaeTcs Kak
Pucynok 4.8 —/ledpopmanus 6anku
1 _d*
o o’
OTKYy/1a
d’v _ o,
dx* Ea

(4.11)

IIepBo€ MHTETpUPOBAHUE TAHHOTO YPABHEHHUS JAET

d_o X+C,.
dx Ea

B 3agenke mpu X =0 yros moBopora PV =0 u, cnegoBarensHo, C, =0. Un-
X

TErpupys jaaiee, NoJlydum

g

2
vV=— £+C2.
Ea 2

[Tockonbky npu X =0 nepememenue V=0, tou C, =0. Torna

v="Ir y2 (4.12)
2Ea

rae a Haxoautcs o ¢popmyite (4.8).
[Tpu 5TOM MakCHUMaIbHBIN IPOTUO paBeH

_¢_ 0O 2
v(I)—f—Z—EaI . (4.13)

B nuHenHOM ynpyrou nmocTaHOBKE UMEEM

d3v’° M av’ M . M,
—=—;  —=—X V=—Xx.
dx El dx El 2El

Taxoke onpenensieM MaKCUMaJIbHBIA TIPOrHO MpU yIPYroM BOCHPHUSITUU MO-

MCHTA.

0 — £0 _ M 2
V() =f —EI . (4.14)

U, nakoHeIr, HaXO UM OCTaTOYHBIN MPOTUO
29



frofofoz T2 M2
2Ea  2FI

Ilpumep:
26

(4.15)

M =2—7MT; h=10cm; b=5cwm; | =60cm; E =7,2[00MIla; o, = 270MIla.

Torna cornacuo (4.4)u (4.6)
2
M’ = JT% =270 O%OG = 22,5H-u;

2
M. ZJT% =270 0306 = 33, 75%H-m,

OTKyJ1a
M =£3MT =£6[33,75= 32,'xH-wm.
27 27

[Tockosbky

T0 1o opmyie (4.13)
T 270606 6 = 40, Ewim.

f= =
2Ea 27,2116 0100

Haxogum momeHT HHECPOHU ITOIICPCHYHOI0 CCUCHUSA Oanku

bh® _90 [10G
12

| = =4,166716Mmm*,

Cornacho (4.14)

M 12 = 32,5016 06006 ~19, 5y,

fO = =
2El 2[T77,2(16 04,1667 10

U, nakoner, o Gopmysie (4.15)onpezaenseM ocTaTOUHbIH MPOTUo:

f'=f-1°=40,5- 19,5 2mm.

[TonyuenHoe 3/1eCh pelieHre MOXHO 0000IIUTh U Ha ciydall 0osee ol1ero

Harpy>KeHus OayKu.
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5 YMPYTOMNACTUYECKUA N3IMB KOHCOJIbHOW BAJIKU
U3 HEYMPOYHAIOLWEIroCA MATEPUANA
CUnon HA KOHLE

PaccmoTtpuMm xoHCONBHYIO Oanky (pucyHok 5.1). bynem cuurarts, yTo mMare-

puai 6Ky Takke He 00J1afaeT yIPOUHEHUEM.

| R

Pucynok 5.1 —KoncosbHas 0ajika

Pemm cHauana 3aJlauyy B IPCAIIOJIOKCHUH, YTO CHUJIa BOCIIPUHHUMACTCA YII-

pyro. meem
M bh?
g=—Y, M =P(l -x); | =—;
I Y (=) 12
_12pP(l x)
BT (5.1)

MaxkcumanpHble HampspKeHus, o4eBHIHO, Oymyt B 3azenke (X=0) mpwu

y =+h/2. Tak, nanpumep, 1y1st TO4KU A OTyIUM

. =a(o,ﬁj 12 h_ 6P

e 2) bh® 2 bh®

ITo mepe pocTa Harpy3ku HamnpsKEHHWE B JAHHOM TOYKE B MEPBYIO OYEPENb
JIOCTUTHET TIpesiea TeKydecTH. Ilycts mpu P =P MakcuManbHOE HanmpsiKeHHUe

amax = UT . OHpCI[CJ'II/IM 9Ty CHUJ1Y, BOCIIOJIB30BaABIINCh IPEABIAYIITUM BbIPA)KCHUCM,

* 2
g = 6PT2| wim P —ﬁUT (5.2)
bh ol
BBeném 0003HaueHNE
2
M: = ﬁ L
6

TOorga
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ITpu nanpHeMIIEM pOCTE BHEIIHEH HArpy3KH HaNpsDKeHUE O, OyJeT IMpOHU-

KaTh BIIyOb ceueHus (pucyHOK 5.2),a Takke MATH BIIpaBO BIOJb ocu X. IlycTh
Y Yy Yy

npu P =P HanpskeHue Ha HEUTPaNbHON OCH B CEUEHHM Yy 3aJCJIKH JOCTHIacT

npeena TeKy4ecTH, T.e. BCE ceuyeHHe HauMHaeT padoTaTh 3a MpeaeaMu YIpyro-
ctu. [IpuHATO TOBOPUTH, UTO B JAHHOM CEYEHHHM BO3HUKAET IUIACTHMYECKHUI IIap-
HUp. DTO MpeAesIbHOEe COCTOSTHUE i OajKu, MOCKOJIbKY OHA MPEeBpPAIIACTCs B Me-
XaHU3M, U JAIbHENIIEE YBEIMUEHUE HArPY3KU HEBO3MOXKHO.

/ i
/]
a) P=P -
) T /é/?i/ ......................... | PT
> O |=
6) P <P<P, '
é ___________________________ 4lp
> O |=
B) P=P ’
) - ¥ . _._._._. _.|:>T
==

PucyHnok 5.2 —I3MeHeHHe HATIPSIPKEHUI B CeYEHUH Y 3a/1€JIKU

OmnpenenuM npezaenbHyto cuity. Umeem

I7ie B COOTBETCTBUU C PUCYHKOM 5.2 B MpeeIbHbIII MOMEHT paBeH

2
MT=—bh (o
4
Torma
bh?
=—0.. 53
D | (5-3)
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Ucnons3ys (5.2)u (5.3),conoctaBum cuitsl P u P

T

PT*=§ VITH F’T=§F’T (5.4)
P 2 2

T

Ipu P>P B Gaike MOXHO BBIIEIUTH JBE OONACTH: YHIPYTYIO U IIACTHYE-

ckyto (pucynok 5.3).

IIaCTudeckasa 30Ha

/

AR .

SUOUOUONIOUANNAAYN
!

X \ ympyras 30Ha

Pucynok 5.3 —Kondurypauus miacTudeckoii 00,1acTu

IIpu P =P B 3agenke umeer MecTo npenenabHoe coctosuue. [Ipu ynanenun

OT He€ paclpeielieHre HaNPshKeHUi OyeT nHbIM (PUCYHOK 5.4).

N

Pucynok 5.4 —M3MeHeHUe HATIPSAKEHUI M0 JJIUHE OAJTKH

Haiiném pasmep ynpyromiacTU4ecKoro y4acTka X U3 yCIOBUS, YTO B Kpau-
HHUX BOJIOKHAX COOTBETCTBYIOIIETO ceueHHs (X = X ) HapspKeHHS JOCTHUTArOT Ipe-
nena texydectd. Mcmonb3ys (5.1),3anumem
h 12P
a(xr = | dl g,
2 bh 2

OTKyJ1a

33



ITpu P <P st0 pa3zmep Oyzaer menblue. [leficTBUTENBHO,

o3 D)= EPlLoR)

2 bh? B
I— :thUT:M:_
““e P P
o=t 2 2R (120 (5.5)
P 3P 3P 3P

Otcroaa BuHO, uto ipu P < P, pasmep X, <I/3.

Haitném rpaHuiibl Mexay ynpyrou u rjactuueckoil oomactsamu. CoryiacHo
(4.8) umeem

a(x)=2 /3[1—%} =2\H1— P('PT'I X)} =%\H 1—%[ }I—Xﬂ (Gxsx).

(5.6)

N3 stoii hopmyIibl ciienyeT, 4TO TPAHUIIbl YIIPYTOM U TJIaCTUYECKOM obJiac-

TEH SIBJSIIOTCS KBaPATHBIMU MapadboIamMHu.
IlepeliiémM K OIpEneneHuro IepemMe-

Ay
« ‘P mieHui 6anku (pucyHok 5.5).
A Ha OPYroIIacTUYECKOM JacTKe
/ M_T( yupyr y
(0= x<Xx.) cormacHo (4.11)nmeem
Pucynok 5.5 —JlebopMmanus 0ajaku
y HNedopman d_zv_ o
dx* Ea
50051
d3v 20
= L =K. (5.7)

dx’® Eh\/B[l— P(l —x)}
MT

Jnst ynpyroro ydactka (X, < X<|)
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e L (5.8)

Takum 06pazom,

[IpounTerpupyeM JaHHOE BhIpAXKEHUE!

: g, 0<x<
dv:jkdx—ﬁ {]' X=%
0

dx g,, x <x<l’
rae
5= [k 8,=8,(x)+ [K,dx. (5.9)
0
UuTerpupys najee, MOIydrM BBIPAKEHUE JUTS TPOruoa;
¢ v,, 0sx<
v=[Sdx= { : .
) V,, X <X<I
e
wzjﬂpx p. 6.V
9 |
© (5100 K, 2 |
V2:V1(Xr)+_[’92dx- 1 | Vs !
3, | i
[IpumepHsblii  Bua TpaduKOB  ITHUX Vi & ! _
(yHKIMIi MoKa3an Ha puCyHKe 5.6. X I X

Ipumep: Pucynok 5.6 —I'paduxu ¢pynkuuii

h=10cm; b=5cm; | =80cm; E =7,2010 MIla; o, =270MlI]a.

Torma

3
El = E% =7.200 0?206 = I 6™

2
M. = Tbg 270@157 22,%xH-Mm;

M. =§ T =§QZ,5= 33, 7'xH-Mm;
2 2
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.M 22506

P=—t= =2812tH;
| 800
3.+ 3
P ZEPT :—2E28125: 4218H.

I[J'IH Ol'[pCI[CJ'IéHHOCTI/I IIPpUMEM, 4YTO PasMEpP IJNIACTHYCCKOIO sAApa B CCUCHUU

y 3ajenku cocrasisier h/3, T.e.

a(0) =5

[Tpu aTom cornacHo (4.7)u (5.5)
M) :&(1_5(61(0)) ]: M, (1

__4@:_1]:
3 36h?

| | 3 R |
_26M, _ 2633, 75]1@
271 27
XT=|(1-——) C( 2218 = 246, MM.
3 4062

[To popmynam (5.7) u (5.8) BeruucisieM 3Ha4YCHUS KPHUBH3HBI OCH OAJKH.
WuterpupoBanue Boipakenuii (5.9) u (5.10) BeImoIHIEM YHCICHHO IO METOIY

Tparneuuii. Pe3yiabTaThl pacu€ToB npeacTaBieHbl B Tabmumax 5.1u 5.2.

Ta6auna 5.1 —BpruuciaeHue 3HAYeHNH KPUBU3HBI 0CH 0aJIKH

X X—

Z X, MM K, 107, 1M l_:: X, MM k,[10°, 1M
0 0 22,5 0 246,2 7,500
0,2 49,23 13,95 0,2 356,9 6,000
0,4 98,46 10,98 0,4 467,7 4,500
0,6 1477 9,343 0,6 578,5 3,000
0,8 196,9 8,271 0,8 689,2 1,500

1,0 246,2 7,500 1,0 800,0 0
Taboauua 5.2 —BbluncjieHne 3Ha4eHu Nporuda oaaku

X X=X,

— X, MM V;, MM X, MM V,, MM

X, X,

0 0 0 0 246,2 3,98
0,2 49,23 0,225 0,2 356,9 7,47
0,4 98,46 0,797 0,4 467,7 11,7
0,6 1477 1,64 0,6 578,5 16,5
0,8 196,9 2,71 0,8 689,2 21,6
1,0 246,2 3,98 1,0 800,0 27,0
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I'paduk ¢pyHkmu nporuda rmoka3zaH Ha pucyHke 5.7.

3C
yd

e

|

I

25 |

I

20 |
| d

I

|

|

I

|

|

vV, 15
MM

10

5 /1'/
O Ixr
0 200 400 600 800

Pucynok 5.7 —3MeHeHHe Nporuda mno ajauHe 0aJKu

JUtst cpaBHEHMSI IPUBEAEM «yIIPYyroe» perieHue. MakcuMaabHblil porud B
3TOM CJly4ae paBeH

_ PI® _ 406257800 _

fO — =23,Imm
3El 3(B10

B 3akmouenue, ncnoins3ys Gopmyiny (5.6), moctpoum rpapuk 3aBUCUMOCTH
a(x), onuceBarommii TpaHmMITy MEXITy YIPYroil M ILIacTUYECKOi obnacTsamMu (pu-

CyHOK 5.8).

60

|
|
50 /i
40 / :
|
230 :
MM / |
20 :
|

10 |
a X,
0 200 400 600 800

X, MM

Pucynok 5.8 —I'panunna Mexay ynpyroi v mjiacTu4eckoi odjacTaMu
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6 MPEOENbHbIA MOMEHT ONA BANKW C CEYEHUEM,
UWMEOLWLMM OAHY OCb CUMMETPUU

Ceuenue B BUJIe MPSIMOYTOJIbHUKA HA MPAKTUKE BCTPEUAETCS JOBOJIBHO PEJi-
k0. OHO UMeeT Be ocu cuMMeTpuH. PaccMoTpum 6osee oOmuil cimydait, Koraa ce-
YeHHEe UMEET TOJBKO OJHY OCh CUMMETpHUU. byneMm Tak ke, Kak U paHee, CUUTaTh
MaTepuan HeynpouHstonmmcs. OCHOBHas CI0KHOCTh pacyéTa u3ruba 0ajok ¢ Ta-
KHM CEYEHHMEM COCTOMT B TOM, YTO IPU BO3HUKHOBEHUHM TEKY4YECTH HEHTpalbHas
JIMHUS YK€ HE OyIeT MPOXOAUTh Yepe3 LIEHTP TAKECTU CEUCHHUS, KaK MPU YIPYroM
n3ruoe (pucyHok 6.1).

M <M M=M M>M’ M=M,
Ientp AY Omax < 9 o, o, o,
TAXCCTHU > <
: =—]
A AU A = A—— —
Y. DY Y, A —
O-T

Helitpansnas nunus

HelitpanpHas nuHus
B IIPEEIIBHOM COCTOSIHUU

B YIIPYTOM COCTOSIHUH

Pucynok 6.1 —CMmenieHue HelTPaIbHOI ocH

[lonoxxenue HCI‘/’ITpaHBHOI\/JI OCH ¢ B IIPCACIBHOM COCTOSIHUM yCTAaHABJIIMBACT-

Cs U3 YyCJIOBUA PAaBCHCTBA HYJIIO HOpMaHBHOﬁ CHUJIBI.

jadF =0. (6.1)

O6o3Haunm vepe3 F | muomans pacTsHyToil yacty, a vepes F, momans
C)KAaTOM YacTU MOINEPEeYHOro CeueHHs. Torzaa, ydyuTblBas, 4TO B IPEIEIbHOM CO-
CTOSIHUM BO BCEX TOUKaX PAacTAHYTOH 4acTW HANpsDKEHUs paBHBI O, , a BO BCeX

TOYKAX C)KAaTOH 4acTH —MHHYC O, , U3 ypaBHeHHs (6.1)momydaem

_[JTdF - _[ o dF =0,
F o
OTKyJa clenyer
F =F

p oK "
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Taxkum oOpa3oMm, HeHTpanbHas JTUHUS ACIUT by
IUIOLIAb IIONEPEYHOr0 CEYEHHs Ha JBE PaBHbBIE 110
Iomaan gactu (pucyHok 6.2). O4eBuaHO, 4TO ec- de\ b
JU CE€YEHHE UMEET IBE OCU CUMMETpHUH, TO B IIpe- ,7‘ =" %
JEIbHOM COCTOSIHUU HEUTpPAJIbHAS JIMHUS IIPOXOIUT L J =N
qepes3 HEHTP TSDKECTU CCUCHUS. F
OnpenenuM mnpenesnbHbId U3rudaromuii Mo- PucyHok 6.2 —-T'padux

MEHT (CM. PHUCYHOK 6.2): M3MEHEeHHU s MJI0IIATH

M, =jm7dF =jaTndF + j g,
F F

p FC"K p

n|dF =0TjndF +0, J 7| dF
F

F

CK

NI

+|S

MTza(S )«

T p

), (6.2)

— aOCOIOTHRIC 3HAYCHHUS CTAaTHUYECKUX MOMEHTOB COOTBETCTBESHHO

S

CK

e S u
PaCTSIHYTOM M CKATOW YaCTEW CEUEHUS OTHOCUTEIbHO HEUTPAIbHOU JINHUU ( .

B gyactHOM CJIydac, Korga CCUHCHUC NMCCT ABC OCU CUMMCTPHH,

S

CK

S =

p

=S u M, =20S.

PaccmoTpum paznmdanbie GOpMBI TOTIEPEYHOTO CEUCHUS M3TH0aeMon OaKu.

Yi IIpumep 1. TlpssmoyroabHoe ceueHue (pu-
h / CYHOK 6.3).
Py Nmeem
2 / h/4
h 'z 2 2
— S= bh = m : 2S = ﬁ :
2 2 4 8 4
b 2
M =205=2"4

Pucynok 6.3 —IIpsiMoyrojibHUK

Ilpumep 2. CedyeHne TOHKOCTEHHOW TPYyObI YA

(pucyHok 6.4).
Brinenum Manelil 21€eMEHT ceUSHUS JUTMHOMN

ds=Rda,

rie R —panuyc cpegneit TUHUM CEUCHHUS.

Y4yuTeIBas, 4TO
Pucynok 6.4 —ToHkocTeHHast

y = Rcosa, 1py6a
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3anuIIeM
72 2

S=2| ydds=2[ SR comrda = BR® simly = @R® u 25= 4R
0 0

M. =20.S=40R0. .

dS=2p%dp.
Pucynok 6.5 —TosicrocTennast
TpyOa Torna

b
2 2 4
s=j2p2dp=§p3\2=§(b3—a3) u 28=§(b3—a3);
4 3 3
M, =2(7TS=§JT(b -a%).

4 s
Jns kpyriioro ceuenus, koraa a =0, nomyuaem M_= EUTb :

IIpumep 4: Cevenue ¢ 0THOM OCHIO CUMMETPHUH (PHCYHOK 6.6).

5b F
Y ZE

5 AN\ ¢ o
ST 7 Rt

4b %\ F

b

Pucynox 6.6 —TaBpoBblii npoduiib

[Imomane ceueHust paBHa

F =507 + 4p> = B?,

YA Ilpumep 3. CedyeHune TOJICTOCTEHHON TPYOBI
dp (pucynok 6.5).
% o Ucnionb3yss  pe3ynpTaThl  NPEIbIIYIIETO
b "z MpuUMepa, HAaUAEM CHAdala CTaTUYECKUA MOMEHT
K MOJTYKOJIbI[a OECKOHEYHO MaJION TOJIIIUHBI;
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TOT A

F =F, -F w2
2

Onpez[enﬂeM IMOJIOKCHHUC LICHTpPA TAKCECTH CCUCHHA OTHOCHUTCIIBHO IIPOU3-

BOJILHO BBIOPAHHOM OCH Z

S,_ 1

c=—2=

L= (5b% 0,5~ H?0d) =-0,611h.

[To rpaduky uzmenenwus miomaau (cM. pucyHok 6.6) Haxoau pasmep d, xa-

PAKTEPU3YIOIIHUN MOJ0KEHNE HEUTPATILHOU OCH ¢ B MPEACIBHOM COCTOSIHUU:

_ 4,5%° - szbz 0, B?

d
9* — 4b? B?

b=0,b.

I[anee onpeacirieM CTaTHYCCKHUC MOMCHTBI paCTﬂHYTOﬁ U CXKaToOM YacTeu

CCUCHUA OTHOCHUTCIIBHO OCHU C:
S, =50[0,%[0,4b= 2,025,
=4pbb[{2b+ 0,b) + HOO,000,08= 8,428,

SC}K

Takum obpazom,

S+ =2,02%° + 8,426° = 10,4%

SC)K

u coracHo (6.2)
M, =0, (S, +

SC}K

)=10,4%°0, .
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