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BU3HAYEHHSA EOEKTUBHOI'O MOAYJIA 3CYBY
OJHOCIHPAMOBAHOI'O KOMIIO3UTY TP HOPMAJIBHOMY
PO3ITOALII PAATIYCA BOJIOKHA

Kimmenko M. L., k. ¢.-m. H., noreHT, ['pedbenrok C. M., K. T. H., JIOIIEHT,
CwmonsinkoBa T. M., aciipant

3anopizvkuil HayioHaneHUll YHigepcumem,
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tanya-smolyankova@yandex.ru

VY poboTi MpomnoHyeTbCS METOJMKA BU3HAYEHHS! €()EKTUBHOTO MOMYJIS 3CYBY IS OJHOCHPSMOBAHOTO
KOMIMO3HILiifHOTO MaTepiany. Kommo3ut, 1o ckiagaeTbesi 3 TpaHCBEPCAIBHO-I30TPOMHOI MaTpHIli Ta
TPaHCBEPCAIbHO-I30TPOITHOTO  BOJIOKHA, MOJIENIOETHCS  CYILIJIbHAM OJHOPITHUM TpaHCBepCalbHO-
i3oTponHUM MaTepianom. IIpu bOMY BOJIOKHO PO3MIISAAETHCS K LMIIHIP, Pajiyc SKOTO € BUMAIKOBOKO
BEJINYMHOIO, PO3MOMIJICHOI0 32 HOPMaJbHUM 33aKOHOM. 3alpONOHOBAHO METOIWKY Ui BU3HAUYEHHS
MaTeMaTUIHOTO CTIOJiBaHHS MOIYJIS 3CYBY.

Kniouosi cnoga: xomnosuyitinuii mamepian, mampuys, 6010KHO, eQeKmuUGHUN MOOYIb 3CY8Y, HOPMATbHUU

3aKOH PO3NOOINY, YMOBU Y32004CEHOCMI.

ONPEJAEJIEHUE 5®PEKTUBHOI'O MOAYJIAA CABUT'A OJHOHAIIPABJIEHHOT'O
KOMIIO3UTA ITPU HOPMAJIBHOM PACIIPEAEJIEHUU PA/INY CA BOJIOKHA

Kmamenko M. U, k. ¢.-Mm. H., gonenHT, ['pedenrok C. H., k. T. H., IOIEHT,
CmomnsakoBa T. H., actimpant

3anopooicckuil HayUoHANLHBLI YHUBEPCUMEM,
ya. Kykoeckoeo, 66, 2. 3anopoaicve, 69600, Ykpauna

tanya-smolyankova@yandex.ru

B pabore nmpeanaraetcs MeToawka —onpeneneHHs  O(QQGEKTHBHOrO  MOIYJs  cIOBHTa s
OJIHOHAMPABJIECHHOI0 KOMMNO3MLIMOHHOrO MaTepuana. Kommoswt, cocrosmiuii W3 TpaHCBEpPCANbHO-
W30TPOITHON MATpHIBI W TPAaHCBEPCATBHO-W30TPOMHOTO BOJIOKHA, MOJIEIHUPYETCS  CIUIOIIHBIM
OJHOPOJHBIM TPaHCBEPCATbHO-U30TPOMHBIM MaTepuasoM. [Ipu 3TOM BOJIOKHO paccMaTpUBAETCS Kak
LWIMHAP, PaguyC KOTOPOTO SABISIETCS CIy4alWHON BEJNMYHMHON, pPacTpeleseHHON MO HOPMAallbHOMY
3akoHy. [IpuBeieHa MeTOAMKA [T OMPENeIeHUs] MaTEMAaTUIECKOTO 0XKUIAHNS MOIYJISl CABUTA.

Kniouegvie cnosa: komMnosuyuonnulii mamepuan, Mampuyd, 60JO0KHO, S(gexmughvlil MoOYIb co8ued,

HOPMAlbHbIU 3aKOH pacnpedeneHus, YCao8us co2naco8aHHOCmi.
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DETERMINATION OF EFFECTIVE SHEAR MODULUS OF UNIDIRECTIONAL
COMPOSITE UNDER THE NORMAL DISTRIBUTION OF FIBER RADIUS

Klymenko M. L., Hrebeniuk S. M., Smolyankova T. N.

Zaporizhzhya National University,
Zhykovsky str., 66, Zaporizhzhya, 69600, Ukraine

tanya-smolyankova@yandex.ru

This paper proposes a method of determining the effective longitudinal shear modulus for the composite
material in the problem of longitudinal tensile composite. Object of study is unidirectional composite
material with a hexagonal arrangement of fibers. The composite’s fiber is represented as a solid
cylinder, and the matrix corresponds a hollow cylinder. In the composite matrix and fiber are assumed to
be transversely isotropic. The radius of the fiber is considered as a continuous random quantity,
normally distributed, respectively, the volume content of the fiber in the composite is also a random
quantity. Its mathematical expectation is expressed through the mathematical expectation and variance
of the fiber radius.
To determine the effective shear modulus of the composite is supposed to use the kinematic matching
conditions. First, to solve the boundary value problem for joint deformation of an transversely isotropic
matrix and transversely isotropic fiber. For this, previously founding a general solution of the problem
on axisymmetric deformation of isotropic cylinder under longitudinal tension, herewith uses the basic
equations of elasticity theory in a cylindrical coordinate system. The obtained solution is used for
determining the constituent elements of the tension and deformation of the fiber and the matrix. It is
assumed, that at the contact surface of the matrix and the fiber is the normal displacement and tension of
the fiber and the matrix are the same, axial movement of the fiber and the matrix are also equal for all
values of the axial coordinate. The normal tension on the outer surface of the cylinder modeling the
matrix are equal to zero. Found using these conditions, axial and radial displacements and tensions are
functions of the fiber volume content in the cell matrix, as well as technical elastic constants of the
matrix and the fiber.
Next, obtained a solution corresponding to the boundary value problem for the composite. Here is a
model of composite solid homogeneous transversely isotropic cylinder. This solution depends on the
effective elastic constants of transversely isotropic material. For both tasks, axial tension is assumed to
be constant. The ratio between the axial tension of the matrix and the fiber, and the axial tension in the
transversely isotropic material model of the composite is determined by the equilibrium conditions. As
the matching conditions for considering the problem of longitudinal tensile homogeneous transversely
isotropic composite and joint longitudinal tensile of transversely isotropic matrix and transversely
isotropic fiber are selected conditions of the axial displacement at arbitrary axial coordinate and equality
of radial displacements on an outer surface of the cylinder, modeling composite. The use of such
matching conditions allowed to determine the effective longitudinal shear modulus as a function of the
determined values — the elastic constants of the matrix and the fiber, as well as random argument — the
volumetric fiber content in the composite cell. Found mathematical expectation of this indicator.
Methodology proposed in the paper also allows to determine the effective elastic constants for
composites, having random characteristics with different distribution laws.

Keywords: composite material, matrix, fiber, effective shear modulus, normal distribution, matching

conditions.

BCTYII

OpHMM 3 HaWOIBII MOMMUPEHUX METOIB MOJICITIOBAaHHS B MEXaHIIll KOMITO3UIIITHIX MaTepiaiB €
no0y/10Ba MOJieNli KOMIIO3UTA y BHUIJISII CYHIJIBHOTO OJHOPIAHOTO cepeloBHINA 3 e(peKTHBHHUMU
CTaJIMMH, SIKi HaWTOYHIIIIe BiOOpaXkaroTh HAWOLIBIN CYTTEBI MEXaHIYHI BIACTHBOCTI Marepiaimy. L1i
CTalli BHM3HAYAIOThCS SK KOEQIIiEHTH, IO TOB’SI3YIOTh YCepeAHEHI 3a 00’€MOM 3Ha4YeHHS
KOMITOHEHTIB TEH30pIiB HAINpPYXKeHb Ta JedopMalliii 3a IMEeBHHX KPaWOBHX YMOB. 3HAXOJ/DKEHHIO
e(EKTUBHUX XapPAKTEPUCTHUK JIJISI KOMITO3UIIIHAX MaTepialliB 3 TPAHCTPOITHMMHU BIACTUBOCTSIMHU
MPUCBSYCHA 3HAYHA KUIBKICTh HAYKOBHX JOCTiKeHb. 30kpeMa, y poboti [1] po3rimsHyTO
PO3B’s3aHHS i€l 3a1aui A BUMAAKY TPaHCBEPCATBbHO-I30TPOITHAX BIACTUBOCTEW BOJIOKHA, Y [2]
oTpuMaHi e()eKTUBHI MPYKHI CTaN JIJI KOMIIO3HIIIHHOTO MaTepialy 3 TpaHCBEPCATbLHO-130TPOITHIM
BOJIOKHOM Ta i30TPOITHOIO MaTpHIICI0. Y JOCTIDKeHHX [3, 4] BU3HAYeHi e()eKTUBHI MPYXKHI cTami
JUISL TPAHCBEPCAIBHO-130TPOITHUX MATPHINl Ta BOJIOKHA, IPU IIbOMY 3a YMOBY Y3TOJDKCHHsI OYJIO
OPUMHITO PIBHICTH BIANOBITHUX KOMIIOHEHT BeKTOpa IepeMilieHb. Y MoHorpadii [5]
BUCBITJIIOIOTBCS OCHOBH Teopil JeopMyBaHHS Ta €(QEKTHBHHX BJIACTUBOCTEH KOMITO3HIIIHHIX
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MaTepiaiB CTOXaCTHYHOI CTPYKTYPH, 30KpeMa, PO3IJISTHYTO Psijl 33/1a4, OB’ I3aHUX 3 BU3HAUYCHHSIM
e(PeKTHUBHUX XapaKTePUCTHK KOMIIO3HTIB PI3HHX THIIB 31 CTOXaCTHYHHMHU IapaMeTpamH. 3ajaadi
BU3HAYCHHS €(PEKTHBHUX MPYKHUX CTATUX JJISI OJHOCIPIMOBAHUX KOMITO3UTIB 31 CTOXaCTUYHUMHU
T€OMETPUYHUMHU XapaKTEPUCTUKAMHK PO3IIISHYTO B [6, 7].

JlocmiJKeHHsT Cy4yacHHX TEXHOJIOTH BHPOOHMIITBA KOMIIO3UI[IHMX MaTepiajiB CBIAYUTH IIPO
aKTYaJIbHICTh MAaTEeMaTHYHOTO MOJICJIIOBAHHS iX BJIACTMBOCTEH 3 ypaXyBaHHSIM CTOXAaCTHYHOCTI
JeSIKUX XapaKTepUCTUK KOMIIO3UTIB. MeTroro JaHoi poOOTH € 3HAaxODKEHHS 3aJIe)KHOCTI
e()eKTHBHOT'O MOJIYJISI 3CYBY KOMITO3UTY BiJl 00’ €MHOTO BMICTY BOJIOKOH 3 Pa/IiyCOM, PO3IOIiIJICHAM
32 HOPMAJIbHUM 3aKOHOM.

MOCTAHOBKA 3AJIAYI TA 3ATAJIBHA CXEMA Ii PO3B’SI3AHHSI

OO’€KTOM JIOCII/DKEHHSI € OJIHOCIPSIMOBAaHUM KOMIIO3MTHHUIM MaTepiall 3 TIeKcaroHaJbHUM
po3TalyBaHHSIM BOJIOKOH. PO3IIisiaeThcs BUMAOK, KOJIM TPAHCBEPCATbHO-130TPOITHI BJIACTUBOCTI
MPOSIBJISIFOTh  MaTepiajii MaTpUIll 1 BOJOKHA. Pajiyc BOJIOKHA pPO3IISIAETHCS SK BUIAJKOBA
BEJIMYMHA, PO3MOJIICHA 32 HOPMAaJIbHHM 3aKOHOM. 3ajada IOoJIAraE y BU3HAYCHHI e()EKTHBHOTO
MOJIyJIi 3CYBY KOMIIO3UTa NMPH WOTO MPEJICTABICHHI y BHUIVIAII OJHOPITHOTO TPaHCBEPCAIBHO-
130TPOITHOTO MaTepiaiy.

[IpencraBuMo  eJIeMEHT BOJIOKHHCTOTO  KOMITO3HUIIIMHOTO —MaTepially 3 TpaHCBEepCabHO-
130TPOITHUMH  BJIACTUBOCTSIMH Y BHIVISIII  KOMOIHAIi JBOX HECKIHUCHHUX [WIIHAPIB —
TPaHCBEPCAIBHO-130TPOITHOTO TIOPOXKHUCTOTO, SIKAM MOJICIIOE MATPHUII0 1 TpaHCBepCAIbHO-

130TPOITHOTO CYIJILHOTO, IO BIIMTOBIA€ BOJIOKHY (puc. 1).

T\
()
7

N

Puc. 1. EneMeHT BOJIOKHUCTOTO KOMITO3UTA

Jlnsg mporo o0’eM TrekcaroHaabHOI KOMIPKH ampOKCHMYEThCS 00’€MOM IHUIIHIpA Tak, 00
CHIBBIJTHOIIEHHSI 00’ €My BOJIOKOH y T'€KCaroHalbHIA KoMipii 1 00’eMy BOJIOKOH Y IMIIIHIAPUYHIN
KoMmipii Oyiau pIBHUMHU. BOJIOKHO po3risgaeTbes SIK CYUUIBHMM IMIIHAP 3 pajaiycoM a,
eJIeMEHTapHY IeKcaroHaJbHy KOMIPKY MaTpHIll alfpOKCUMYE IMOPOXKHUCTHH IMITIHIP, paiyc sIKOTO
nopiBHIOE b (puc.2).

Puc. 2. I'ekcaroHanbHa KoMipka
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SIkno 00’eMHMIA BMICT BOJIOKOH Y KOMIIO3UTI JIOPIBHIOE [, TO BPaxOBYIOUH, IO OOJIACTb, SIKY

3aiiMae MaTpullsl B €JIEMEHTapHIM KoMipIi, 1 o0sacTh, SKy 3aiiMae BOJIOKHO B elleMEeHTapHid
KOMIpIIi, MAaIOTh OJJHAKOBY BHUCOTY, MA€MO CITiBBiTHOIICHHS:

ra® a’

f=—3=7- (1)

zb* b’
TexHonorii BHPOOHHWIITBA KOMIIO3MUTHUX MAaTepialliB IIEPEBaKHO 3YMOBIIIOIOTH BHITAIKOBHI
XapakTep IX mapaMerpiB. 30KpeMa, 3a BiJICYTHOCTI CHCTEMHHX BiJIXHJICHbB, IIi MapaMeTpyd MOXHa
pO3TIIAIaTH SIK HOPMAaJIbHO pO3MOJIIJICHI BUIAJAKOBI BelMWunHW. Hexaill paaiyc @ BOJIOKHa €
BUMA/IKOBOIO BEJIIMYMHOIO, PO3IOIICHOI0 32 HOPMAJIGHUM 3aKOHOM 3 BIJJOMHUMH IapaMeTpamu

pOSHOI[iJIy: MaT€MaTUYHHUM CHOI[iBaHHﬁM a, Ta CCpCI[HiM KBaZIpaTUIHUM Bi,[[XI/IJ'IeHHﬂM S, SIK1

MOXYTb OYTH BHM3HAQu€Hi 31 CTAaTUCTUYHUX JIAHUX KOHTPOJIO SIKOCTI BUPOOHHUIITBA KOMIIO3UTHHX
MmatepianiB. Toxali o6’emMHuil BMICT f BOJIOKHAa B KOMIpIi T€X € BHUIAJKOBOIO BEIHYHHOIO,

MaTeMaTU4He CIIOJIBaHHS f, SIKOI JOPIBHIOE:

fy=m(f)=— @

() _a+s
b’ b
[IpyxHI XapaKTEpHCTUKU 3HAXOISAThCS 13 PO3B’s3aHHS JBOX KpaiioBux 3amad. CrouaTky
PO3B’SDKEMO KpalloBy 3a7ady CYMICHOTO JedOopMyBaHHS TPaHCBEPCAIBHO-130TPOITHUX MATPHIl Ta
BOJIOKHA, 3BIJIKM 3HAWIEMO KOMIOHEHTH HAaIPYXEHO-IePOPMOBAHOIO CTaHy KOMIIO3HTY SIK
(GYHKIIT TPYyXHAX CTAIMX IX MaTrepialiB Ta 00’€MHOI YacTKH BOJIOKHA B KoMITO3uTi. [loTim
3HaNZIEMO PO3B’SA30K aHAIOTIYHOI KpaioBOI 3ajadi JUis KOMITO3UTY, IPEACTABICHOTO Yy BHIJISII
OJIHOPITHOTO TPaHCBEPCATBHO-TIPYKHOTO Marepialy 3 IOKH IO HEBIJIOMHUMH HPYKHAMHA
KOHCTaHTaMH. [Ipu bOMy OTPUMAaEMO KOMIIOHEHTH HAIPY)KeHO-/1e()OPMOBAHOTO CTaHY Yy BHIJISLII
GYHKIIH  epeKTHBHHX TPYXHHX CTaIMX Marepialy, IO MOJIEIIOE KOMITO3UT. 3 YMOB
y3TODKEHOCTI, 30KpeMa, YMOBU PIBHOCTI KOMIIOHEHT BEKTOpA MEePEMIIlleHb JJIsl BKa3aHUX MEPIIol
Ta APYroi KpaoBHUX 3a/1a4, BU3HAYAIOTHCS HEB1IOMI BETHUUHU [2].

BU3HAYEHHSA EOEKTUBHOI'O MOAYJIA 3CYBY KOMIIO3UTY

3HaifIeMo 3araJdbHHIA pPO3B’S30K 3a1adi IMpo BiceCHMETpUYHE JeopMyBaHHS HECKIHYCHHOTO
muwtiHapa. Jlms 1bOro HaBeneMO OCHOBHI CIIBBIAHOIIECHHS, IO XapaKTEepPHU3yIOTh YHCTUN
MTO37I0BXKHIN 3CYB B IIUTIHApHUHIN 0o0acTi (puc. 3).

Puc. 3. Kpaitoi yMmoBM (JUT HarpykeHb O, (b, 0) ) IpH TIO310B)KHBOMY 3CYBi B KiJIbLIi
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Hanpy:xeHo-znedopMoBanuii cran BU3HAYAETHCS TaKMMHU XapaKTePUCTHKAMMU:
0.=0,=0,4=0,=0, 0,=0,(r0), 0,,=0,.(r,0); 6.=¢€,=8,=7,=0, y,=7r,(r.0),
7/6’2 :7/92 (7",9) :

Jis  MOJeIOBaHHsS — HANpYXXeHO-1e()OPMOBAHOTO CTaHy YHCTOTO TIO3JIOBXXHBOTO 3CYBY B
MWTHAPUIHIN 00J1acTi, HeoOXi HO, 00 BUKOHYBAIACS KpalioBa yMOBa:

o, (b,0)=0,cos0. (3)
[Ipr IbOMy BHKOHYIOTBCS CITIBBITHOIIICHHS:
oo, 0. Ou, 0. %=O.
oz oz oz

Y 11bOMY BUIIAJKY PIBHSHHS PIBHOBAar MaTUMYTh BUTIIS:
oo, 10o, o

9
g 20 T o)

or r 00 r

a00 B TIepeMIIeHHSX

V4

ot ror 1 oo>

P03B’s13k0M 1BOTO PIBHSHHS € QYHKITIS:

azu +l%+iazu2

uz(r,9)=(C1r+&jcos6’, 4)

r

TOJIi, 3BaXKarOYM Ha (popMyITH

V4 r

Vo=, Y0 T e

MOKHA OTPHUMATH CITIBBITHOIIECHHS JIIs Aedopmarriii:

ow Low o _ou ou

2

1 Ou, G .
7/82(7,9):;- = Z_(C1+r_22j81n9; (5)
ou C
,0)=—==| C,——% |cosf. 6
7/2}’ (r ) ar ( 1 r2 ) ( )
BpaxoBytoun popmynu
O-zr = G127/zr 2 O-ZH = 12729 2

3HaXOMMO CITiBBiTHOIIIEHHS Il HATIPYKCHb y HACTYITHOMY BHTIISIII:

o, (r.0)=G, (Cl —%)cos@ ; (7)
r
c) .
0.,(r.0)=-G,| C,+—= |sinf. (8)
r

Po3rnsiHemMo 3amady mpo CyMICHHMM TO3JOBXKHIM 3CYB CYIIBHOTO IHIIIHIpA (OSrSa), SKUHI

MOJIEITIO€ BOJIOKHO, 1 TOPOKHUCTOTO IUIIIHpA (a <r< b) , SIKHI MOJIEJIOE€ MaTPHIIIO.

v IogaJIbIIuX ITO3HAYCHHAX 6y,z[eMo BUKOPHCTOBYBAaTU CHMBOIJI ° JUI1 ITIO3HAYCHH BEJINYUH, K1
XapaKTCpU3yrOTh BOJIOKHO, CUMBOII F - BCJINYHH, SIK1 Bi,[[HOCHTBCH 10 ManI/II_[i.
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OCHOBHI CIiBBiJHOLICHHS JJIsl MATPUII MaTUMyTh BUr/si (nepeno3naunmo C, va 4,a C, Ha B):

u. (r,0)= (Ar +£) cosé, 9)
r
. B .
Yo (r,«9)=—(A+—2)s1n6’, (10)
r
. B
7. (r,@)z(A——z)cose, (11)
r
* * B
o, (r.0)=G, (A——zjcosé?, (12)
r
* * B .
0., (7/,6’)=—G12 (A+—2)sm(9. (13)
r

OCHOBHI CITIBBIIHOIIEHHS JUTsI BOJIOKHA 3 ypaXyBaHHSM CKIHYEHHOCTI mepeMmimeHb npu 7 =0
HaOyayTh Burisiny (neperno3naunmo C, Ha C):

. (r.0) = Crcos0), (14)
7. (0)=—Csin®, (15)
7, (0)=Ccos0, (16)
o, ((9) =G,,Ccos0, (17)
o, (@) =-G,,Csind. (18)

[ITo6 3HaiTH HEBiIOMI CTaJli Y BKa3aHUX BHINE CHiBBiTHOMEHHIX (9)-(18) s 3amadi mpo cymicHHIMA
MOTIEPEYHMI 3CYB MATpPHINl 1 BOJIOKHA, CKOPHCTAEMOCS KpaioBuMM yMoBamu (3) 1 ymoBamu
HETNIEPEePBHOCTI HANIPYXKEHB Ta MEPEMIllleHb Ha MEXI PO3IOILTY MaTepiaiB:

O-:r (6) = G:r (a’ 0)’ (19)
u. (a,0)=u.(a,0). (20)
I3 (3) onepxumo:
. B
o,=G, (A_b2j’
abo
4=2, 5 1)
G, b
OTtxe, i3 (20) 3HAXOUMO
C=A4+ £2 ,
3 ypaxyBaHHsM (21)
2 2
c=Toyp[ 9 F0 (22)
G, ab
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Hacamkinens, i3 (19) otpumaemo

abo, 3Baxatoun Ha (21), (22), maTumMeMO

o,a’ (Gloz -Gy, )

B=——— : (23)
Glz (Glz (f _1) _Gloz (f +1))
Toni
—20,
C=r= - ; 24)
(GIZ (f—l)—sz (f+1))
—0, (Glz + sz) 25)

A=— .
G, (Glz (f_l)_Gloz (f+1))

BpaxoByroun (24), (25) octaTouHo 3amuiineMo CIIiBBIIHOIIEHHS JJIs HAMpyXeHO-1e(OpMOBAHOTO
CTaHy MaTpPHIIi PH CYMICHOMY IT03JI0BXKHBOMY 3CYBI:

. & (G,-G
() e — — —(G1*2+Gf2)r+M cosf, (26)
G12(G12 (f_l)_Glz (f+1)) r
2 ° *
. o} . a (GIZ_GIZ) .
Voo (7,0)=——— S G,+G,—————= |sin0, 27)
6 ( ) G12(G12(f_1)_G12(f+1))( 12 12 2 ]
(G, -G
0 () P — G, +G; +M cosd, (28)
GIZ(GIZ (f_l)_Glz (f"‘l)) r
2(G, -G
o (r,0)=—— % G;;+G;2+M cos 6, (29)
G, (f—l)—sz (f"'l) r
2 Go _G*
0o, (r,0)=— %0 G;;+G;2—L2”) sin . (30)
Gy, (f_l)_Glz(f"‘l) r

BpaxoByroun (24), ocraroyHo MOYKHAa OTPHUMATH OCHOBHI CITIBBIJHOIICHHS, IO OIHUCYIOThH
HampyXeHo-1e(popMOBaHUIi CTaH BOJOKHA MPU CYMiCHOMY TI03/I0BXKHROMY 3CYBIi:

R v ieAyan) o
o
O GG >
o (0) 201G 050 4

B G1*2 (f—l)—sz (f+1) ’
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. 20,G, sind
o, (6’)= — 012 - . (35)
G, (f _1) -G, (f + 1)
AHAJIOTIYHO MOYKHA OTPHMATH PO3B’ 30K 3a1adi VTS KOMIIO3HTY, SIKAM MOJIETFOETHCS

TPAHCTPOITHUM OJHOPIMHUM MarepiasioM. Y mil 3ajadi KOMIIO3UT MaTHME BHIJISA CYIUIBHOTO
HECKiHUeHHOro Iuinapa paaiycy b . KpaitoBi ymoBu 3amani cniBBigHouieHHsM (3). HanpyskeHo-
nedopMOBaHUH CTaH Oy/ie ONUCYBATHCH CITIBBIHOIIICHHSIMHE, aHAJOTIYHAMH JI0 CITIBBITHOIIICHD IS
BoJokHA. KoMmImoHeHTH mepeMilieHb, aedopmariii i HampyXeHb B OJHOPIAHOMY TPaHCTPOITHOMY
Marepialii 3HaxX0IuMO 3a (popMysIamMu:

u,(r,0) = Arcos0,

Vo, (r,0)=—Asin@,

7. (r,0)=Acos0,
o, (r,0)= AG, cos@,
., (r,0)=-AG,sin0.

~

3 kpaiioBoi ymoBH (3) 3Haiigemo crany A :

-9
GIZ
OcTaro4Ho OTpUMaeMo:
u, (r,0) =22 rcos0, (36)
G12
V. (r,6) = —%sin@ , (37)
12
v (r0) =20 cos0, (38)
12
o, (r.0)=2LG,, cost, (39)
G12
o, (r,0)= —%Gm sin 6. (40)

12

OTxe, OTpUMaAHO PO3B’SI30K 3aJladi HA YUCTHHA IMO3JOBXKHIM 3CYB JUIA CIIIBHOTO JehOpMyBaHHS
HECKIHUEHHOTO TMOPOKHHUCTOTO 1 CYIUIPHOTO HWJIIHAPIB, IO MOJENTIOIOTh MATPHUIIO 1 BOJOKHO
BiIMOBiHO. Takok OyJ0 OTpPHMAaHO PO3B’S30K I HECKIHYCHHOTO CYIUIBHOTO ITWJIIHJpa, IO
MOJICITIOE KOMITO3UITIfHUN Matepiai. Sk yMOBH Y3rO/DKEHHS MOXXHA BHKOPHCTATH, HAIPHKIIAI,
PIBHICTH OCHOBHX IEPEMIIIICHh Ha 30BHIITHIN MeXi:

u_(b,0)=u_(b,6). (41)
BukopucToByroun oTpuMany piBHICTH (41), MaTuMemo:

GG (1- 1)+ G (£ +1))
B GL(1- )+ G (f+1)

(42)
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OCKITBbKH pajiiyc BOJIOKHA @ € BHITAJIKOBOIO BEIIMYMHOIO, PO3IOIIICHOIO 32 HOPMAJIBHAM 3aKOHOM
3 MaTeMaTUYHUM CIHOJIBAHHSM @, Ta CEpeIHIM KBAaAPAaTUIHUM BiIXUJIEHHIM S , TO 00’ €MHUH BMICT

2
f =—2 BOJIOKHA y KOMIpPI1 TCXK € BUIIAAKOBOIO BCIWYHUHONO, HIUIBHICTH PO3IMOALLY (0( f ) SIKO1
b

BU3HAYAETHCS 3 YpaXyBaHHIM TOTO, IO QYHKITIS f (a) HE € MOHOTOHHOIO:

(b \/7+a0 )2 (b \/.7_“0 )2

252 +e 2s

b
¢(f) - 2S\/272'f ¢

upu f >0.

Toxi maTemaTHuHe cHO/IBaHHS BUNAAKOBOI BeIMUMHU G, BU3HAYATUMETHCS 301KHUM HEBIACHUM
IHTerpajoM:

M(Glz)=+fGlz(f)-<0(f)df, (43)

Je QyHKIis BUIIAKOBOIO apryMenty G, ( f ) BH3HAYAETHCS PIBHICTIO (42).

Takum ynHOM, BU3HAUYECHO MAaTEMAaTUYHE CHOJIBAHHS €(PEKTUBHOTO MOJIYJISl 3CYBY KOMITO3HUIITHOTO
Marepiairy, IO Ja€ 3MOTYy BHUKOPHCTOBYBAaTH Ilell IOKa3HWUK MPH JOCTDKEHHI MeXaHIYHUX
BJIACTUBOCTEH KOMITO3UTIB 3 TPAHCBEPCATBHO-130TPOITHUMHE MATPHUIICIO Ta BOJIOKHOM.

BUCHOBKHA

VY po0GoTti 3anmponoHoBaHu# crocid BU3HAUEHHS €(h)eKTUBHOTO MOJYJISL 3CYBY JUISI KOMIO3HUIIIHHOTO
MaTepiaiy, sIKHi CKIIaTaeThCs 3 TPaHCBEPCATbHO-130TPOITHUX MATPHIIi Ta BOJIOKHA. Pajiyc BookHa
PO3IISIIAEThCS SIK HEMepepBHA BUIAJKOBA BEIHMYMHA 3 HOPMAJIbHHUM 3aKOHOM PO3MOJILLY, TOMY
00’eMHHI BMICT BOJIOKHA B KOMITO3HUTI TaKOX € BHITQJIKOBOIO BEIIMYUHOIO. J[7Is1 pO3B’si3aHHS IMi€l
3ajadi  CIOYaTKy 3Hai/IeHO po3B’S30K KpailoBoi 3amadi JUIsl CyMiICHOrO Jie(hopMyBaHHS
TPAHCBEPCAITBHO-130TPOITHUX MATpPHIlI Ta BOJIOKHA. KOMIIOHEHTH HamNpyXeHHsS Ta jaedopmariii
BUpaXeHI y BHUINIAA (QYHKHIH IX MeXaHIYHMX XapakTepucTuk. Hamami opgepikaHo po3B’s30K
aHAJIOTIYHOT KpaioBOi 3ajadi JIS OJHOPITHOTO TPaHCBEPCATBHO-130TPOITHOTO IFIIIHIPY, IO €
MOJICJUTIO KOMIO3UTy. BHKOpHCTaHHS YMOB Y3TOJUKEHHS MEpeMilleHb J03BOJIMIO BH3HAYUTU
MaTeMaTU4He CHOJiBaHHS €()EeKTHBHOTO MOJYJS 3CYyBY KOMIIO3HUTY SK (PYHKIIO BiJ MPYXHUX
CTaMX MaTpulli 1 BojokHa. HacamkiHenb, HaBeJeHO YMOBY Ul BH3HAUCHHsSI MaTeMaTUYHOTO
CTIOJTIBAaHHSI MOJTYJIS 3CYBY.

Bkazani MeToM MOKYTh OYTH 3aCTOCOBaHi NMpH BU3HAUCHHI €(DEKTUBHUX MPYKHUX CTAUX IS
KOMITO3HTIB 3 XapaKTepHUCTUKAMH, 10 BHCTYNAIOTh BUITAJKOBHUMHU BEJIMYMHAMHE 3 Pi3HOMAaHITHUMH
PO3MOTiTaMH.
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Hccnenyercs npobnema reHepauuu rpadoB A1 co3jaHus 0a3  JaHHBIX TECTOBBIX 3ajad.
PaccmaTpuBaloTCs aidrOpUTMBI TEHEpaUWH ciIydaiiHbiXx TpadoB ¢ pasnuuHbBIME cBoWicTBamu. Jliis
Ppa3IMYHBIX BUIOB rpadoB MPUBOIATCS anropuTMBbI reHepanun (rpad-reneparops). [Tpemmoxens! rpad-
TeHepaTopsl IS AePEBbEB PON3BOJIBHOTO BHMA, JJISI IEPEBHEB C OTPAHIMUYCHUSIMH Ha CTETIEHW BEpIINH,
1utst Tpad)oB MPOM3BOJILHOTO BWIA, AN CBSI3HBIX rpadoB, st rpadoB ¢ OrpaHMueHHUSMH Ha CTETIeHH
BEPILUUH, 1JIs PeryJsipHbIX TpadoB, 17t rpa)oB ¢ 3aJaHHBIM YUCIOM pebep.

Kniouesvie cnosa: cayuaiinvie epaghel, aneopummel eenepayuu 2pagos, mooeiv Ipoewa-Penvu, cessublil
epagh, peeynsipneiii epagp.
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