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CO CIOXHOI (OpMOIi IMIaHa NPH yAAPHOM HarpyXeHuH. MeTOJ OCHOBAaH Ha PAa3joKEHHH HCKOMBIX (YHKUIHUHA B
TPHTOHOMETPHYECKHE Psbl. JMHAMHYECKOE MOBEACHHE 060JI0YEK HCCIEAYeTCsl B paMKaX TEOPUH IIEPBOrO MOpPSAKA.
TeopeTnuecKre pe3ysIbTaThl XOPOLIO COINACYIOTCS € IKCIIEPUMEHTAIBHBIME JAHHBIMH.

Knrouesvle cnosa: croucmas 060104KA, CIONCHAS d)op,ua, HecmayuoHapHvle Konebanus, y()ﬂ[l

MODELLING OF VIBRATIONS OF LAMINATED CYLNDRICAL SHELLS OF A
COMPLEX SHAPE AT IMPACT LOADING
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Laminated structures are advantageous as compared with homogeneous ones. Hence, they are used widely in
mechanical engineering. Calculating dynamic response parameters for impact loading is a key effort in analysing
vibrations of composite structures.
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A review of recent studies shows that numerical methods are used widely to analyse nonstationary vibrations of
laminated structures subjected to impact loads. The finite element method is used most often. The analytical solution of
these problems is given only for laminated plates and shells with a canonical plan-view shape. The paper suggests an
analytical approach to investigating vibrations of a laminated shellwith a complex shape in plan view under impact
loading.

A constant-thickness non-closed cylindrical laminated shell is considered. It comprises isotropic layers with constant
thickness and various physical and mechanical properties. The number of layers and their layout is arbitrary. In the
coordinate surface, it occupies the complex domain limited by boundary T'. An indenter with a semispherical end of
impacts the outer surface of the shell's first layer. The indenter is dropped onto the shell from some height. Contact
approach is found by solving Hertzian problem on ball indentation into an elastic semispace.

The behaviour of a laminated shell is described by the first-order theory accounting for transverse shear strain, thickness
reduction and normal element rotation inertia in each layer. The equations of motion of a laminated shell affected by
impact load, well as the respective boundary conditions on boundary T are derived by Hamilton's variational principle.
The problem of investigating nonstationary vibrations of a laminated shell subjected to an impact load is reduced to
integrating a system of motion equations for a shell with account of boundary conditions jointly with the indenter
equation of motion and the condition of joint displacement of the indenter and shell.

The analytical solution of the problem is obtained by the immersion method. According to this method, a non-closed
cylindrical laminated shell is immersed into an auxiliary enveloping cylindrical shell with the same composition of
layers. It is loaded within domain Q similar to that for the primary shell. An auxiliary shell is one whose contour shape
and boundary conditions yield a simple analytical solution. In this case, the auxiliary shell is a simply supported non-
closed cylindrical laminated with rectangular plan-view shape, allowing to find the problem solution as trigonometric
series.

To satisfy actual boundary conditions, additional distributed compensating loads, the intensity of which are to be found,
are applied to the auxiliary shell over the boundary I'. The compensating loads appear in the motion equations as
curvilinear distributions. Based on the condition of satisfying boundary conditions on the boundary I', we form a system
of integral equations for determining the intensities of compensating loads. Displacements and loads are expanded in
the auxiliary shell domain in trigonometric series for functions satisfying simply supported conditions. The
compensating loads are expanded into a series along the boundary I'. Hence, the system of integral equations is
transformed to a system of algebraic equations with respect to the expansion coefficients of the compensating loads.
The system of motion equations jointly with the equation of motion of the indenter is integrated by a method of
expanding the solution into Taylor’s series.

The method potentialities are demonstrated by calculating the strains and stresses in non-closed cylindrical five-layer
shells. Experiments are based on the dynamic wide-range strain measurement technique. A good match of theoretical
and experimental results confirms the feasibility and effectiveness of the method offered. The developed approach can
be easily extended to impulse loading and impact applied to shells of complex shape in plan view with arbitrary
boundary conditions.

Key words: laminated shell, complex shape, non-stationary vibrations, impact.

1. 3ATAJIbBHA IIOCTAHOBKA INPOBJIEMH

[lapyBaTi OOOJOHKM € OJHMMH 3 OCHOBHHMX KOHCTPYKTHBHHMX €JIEMEHTIB PI3HOMaHITHUX
KOHCTPYKIiH Ta MPUJIaAiB, sIKi MOXKYTh MiJIaBATUCA IHTCHCHUBHUM JTMHAMIYHUM HABAHTAXXEHHSM [ 1,
c. 3;2,¢.290].

HaiimommpeHimmMMil  METOAaMHU  JOCTIKCHHS JMHAMIYHOI TOBEIIHKA MIAPYBaTHX OOOJOHOK
cKIagHoi GOPMHU € YUCENbHI METOAW, HAIpPHUKIIAJA, METOAN CKIHUYCHHHX Ta TPAHUYHHUX CJICMEHTIB.
TeopeTnuHi METOAM MEHII po3pOOJICHi, 110 TIOB’SI3aHO 31 CKJIQJAHICTIO MaTEeMAaTUYHUX MOJIENICH, SKi
OITUCYIOTH TIPOIeC NeOpPMYBaHHS TaKUX OOOJOHOK IPH IHTEHCHBHHX KOPOTKOYACHHX BIUIMBAX.
Jlns po3paxyHKy HamnpyXeHO-Ie(OpMOBAHOTO CTaHy OOOJIOHOK CKJIaAHOI (popMHU B IUIaHI TaKOX
3aCTOCOBYIOTBCSI METO/IM, 3aCHOBaHI Ha PUIOMi BUKOPUCTAHHS BiIOMUX aHANTITHYHHUX PO3B’S3KIB y
MPOCTUX OOJIACTSX JUIS OJCp>KaHHS PO3B’S3KIB B 00JACTAX CKJIAIHUX KOHQITyparlii, Hampukiai,
METO/] KOHTYpHHX psiB [3, c. 219]. Aune HaifuacTilue 3a JOMOMOIO0 LIHX METOJIB PO3B’SI3YHOTHCS
3aga4yi Mpo cTaTHYHE NedopMyBaHHS Ta BUIBHI KOJNHMBAaHHSA ONHOPITHUX 00070HOK. IlmranHs
HECTallioOHapHO JUHAMIKM MIApyBaTHUX OOOJOHOK 3alUIIAIOTHCS HENOCTATHHO BHBUCHHUMH, IO
noTpedye MoAANBIIOro PO3BUTKY Ta YOCKOHAICHHS METO/IIB PO3PaxXyHKY TAKUX 0OOIIOHOK.

2. AHAJII3 OCTAHHIX JOCJIJKEHD 1 ITYBJIKAIIA

Po3paxyHOK mapameTpiB AWHAMIYHOTO BIATYKY IPH YIAPHOMY HABAHTAXXCHHI € BaXIMBUM
HaIpsIMKOM JIOCJi/PKEHHSI KOJIMBaHb IIapyBaTHX KOHCTPYKLiK. Y crarti [4, c. 218] 3a nonmomororo
METOIy CKIHYEHHHX EJIEMEHTIB PO3IVITHYTI IIapyBaTi KPYTroBi IUTACTHHH HPH yIAapHOMY BIUIHBI.
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BcTaHoBEHO, 0 Taki IJIACTMHU MAaroTh OUIBII BHCOKUH OHip yxapy, HiK MOHOJITHI NJIaCTHHH
piBHOI Macu. Pe3ynbTaTHm CKiHYEHHO-EIEMEHTHOTO MOJENIOBAHHA J0Ope IOTOKYIOTECS 3
EKCIIEPUMEHTAIbHUMHU TaHUMH.

VY poborti [5,c. 1673] 3ampomoHOBaHO aHATITHYHY MOIEIb YAApHOI B3a€EMOJIi ymapHHKa Ta
[MIAPYBaTHX M[IAPHIPHO ONEPTUX IPSIMOKYTHHUX maHenei. I[lepeMillleHHsi, HampyXeHHs Ta
nedopmaltii B mapax 00UHCITIOBATUCS METOOM CKIHYCHHUX €JIEMEHTIB.

VY crarti [6, c. 395] mOCHiIKEHO TMEpexiiHi MpolecH B MIAPHIPHO ONEPTHX IIAPyBATHX
KOMIIO3UTHUX LWIIHIPHYHUX Ta CHEpPUYHHX OOOJOHKOBHMX IAHENSX HPH HHU3BKOIIBHIKICHOMY
ymapi B TiZpOTEIUIOBHX cepenoBuinax. CKIHYCHHO-EIEMEHTHHH aHalli3 TPOBENCHO B paMKax
reOMEeTPUYHO HeNiHiiHOI Teopii. Mozens 3iTKHEHHs 3aCHOBaHa Ha MOJU(IKOBAHOMY KOHTaKTHOMY
3aKkoHi ['epra.

3. HEBUPIIINEHI ITPOBJIEMH TA IIJI CTATTI

Amnani3z HaBeZeHHX pPOOIT J03BOJISIE 3pOOMTH BHUCHOBOK, IO JUIS JOCIIJDKEHHS HECTalliOHApPHUX
KOJIMBAaHb MIAPYBATHX KOHCTPYKLIM NpH yIapHOMY HaBaHTa)KEHHI HaifyacTilie BUKOPHUCTOBYIOTHCS
YHCENbHI METOAM, a caMe, METOJ CKIHYCHHHMX eJEMEHTiB. B aHamiTHYHOMY BUIIISAI PO3B’SI30K
TaKMX 3a/1a4 OJICP)KAHO TUILKU IS MIapyBaTHX TUIACTHUH 1 00OJIOHOK KaHOHIYHOI ()OPMH B ILIaHI.
Otxe, po3poOka METONIB pO3B’sI3aHHS 3a[ad HECTAI[IOHAPHO! JTUHAMIKHM LIapyBaTUX OOOJOHOK 3i
CKIIaZHOI0 (OPMOIO IIIaHy, IO T03BOJITIOTH OATH PO3B 30K B AaHANITHYHIA (OPMI, € aKTyaJIbHIM
MHUTaHHSM.

V crarri [7, c. P. 051004-5] posrisHyTOo 3agady NpO HECTAlliOHapHiI KOJIMBAHHS IIapyBaTol
IUIACTHHH CKJIQJIHOI ()OPMU B IUIAHI MPH YAapHOMY HaBaHTaXEHHi. Y Wil poOOTi 3amponoHOBaHO
METO[] pO3B’sI3aHHA 3a[adi [P0 HeCTalliOHApHI KOJIMBAHHS IIAPYBaTUX HE3aMKHEHHX LIMIIHAPUYHUX
000JI0HOK CKJIaqHOI (OpPMU B IUTaHI, SIKMH A€ MOXKJIMBICTh OAEPKATH PO3B’SA30K 3a1adi y BHIIISIL
PO3BHHEHB y TPUTOHOMETPHYHI PSIIH.

4. IOCTAHOBKA 3AJTAYI ITPO YIAPHE HABAHTAKEHHSA IIIAPYBATOI
OBOJIOHKH

PosrisnaeTses mapyBara He3aMKHEHa IMITIHAPUYHA 000I0HKa pajiyca R . OO0JIOHKA CKIagaeThes
3 | i30TponHUX MmapiB mocTifiHOI ToBIMMHK ), Ta 3aiiMae Ha KOOpIMHATHIH MOBEPXHi (30BHIMIHA

TOBEPXHS IEPUIOro mapy) obmacte Q, mo obmexeHa KOHTypoMm I': Xp = X(S), Yr = y(s) (s -
MOTOYHA JOBXWHA ayru). KoopauHata X 3MiHIOETbCS B3/IOBXK TBIPHOI, KOOpAMHATA Y — B3JIOBXK

IOyTH TIOomepeyHoro mepepidy obomoHku. JlomatHuit Hampsm oci Oz 30iraetbes 3 HampsMoM
30BHIIIHBOI HOPMaJIi I0 KOOPJHHATHOI HOBEPXHi.

Ynap HaHOCUTBCS 1HAEHTOPOM Maco M 3 HamiBCepHYHOK KIiHIIEBOK YaCTHHOIO paniyca I,
SIKUM CKUAA€ThCS 3 BUCOTH H Ha 30BHILIHIO MMOBEPXHIO MEpHIOro miapy o6osoHku. IIBHAKICTH
HOT0 3ITKHEHHS 3 000JIOHKOIO BU3HAYAETHCS 32 (POPMYIIOIO:

V, =,/2gH ,

Je g — NpPUCKOPEHHS BIUNBHOrO MajiHHS. PO3IJIANAETHCS HU3bKOIIBHMAKICHUN yaap, KOJIU
nedopmartii 000JI0OHKH 3aJIUIIAIOTHCS MIPYKHUMH.

[ependavaeTrncs, mo 001acTb B3aEMOI1 IHACHTOpPA Ta OOOIOHKHU € KPYT paaiyca a(t) i3 LIGHTPOM y
TOYL 3 KOOPMHATAMU (Xo, yo). Paniyc 061acTi KOHTaKTy 0OUUCIIOETHCS 32 (HPOPMYIIOLO:

3 v
a(t) = [E F ()0, + 9)] ,

Je
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4-vE) 4-v?).
el = E ’ e: E ’
1

F(t) — cuna koHTakTHOI B3aeMoii iHAeHTOpa it o6onoHkH, t —vac, E; Ta v; — MOAysIb IPYKHOCTI

Ta koediumient Ilyaccona wmarepiany mnepmoro Imapy oOonoHku, E Ta Vv — BigmoBigHi
XapaKTePUCTHKH MaTepiany iHIeHTOpA.

PiBHsIHHS pyXy iHIEHTOpa Ma€ BUTIISI:
Mz, =Mg-F(), 2(0)=0, z,(0)=V,, (6]

ne z = z(t) — nepemimenns ingenTopa.
YMoOBa cyMiCHOCTI IepeMilIeHHs iHACHTOpa i 000JIOHKHU 3aIUCYETHCS B BUTIISL:

W, +o,—220. (2)
TyT o, — KOHTaKTHe 30MVKeHHS iHISHTOpa i OOOTOHKH B TOYII JOTHKY (XO, yo), W(Xo, yo,t) -
IIPOTHH 30BHIIIHBOI TOBEPXHI MEPLIOro Mapy 000JIOHKU B TOYII (XO, yo).
KoHTaxkT iHgeHTOpa i 000JIO0HKH BiiOyBa€ThCS NIPU NMEPETBOPSHHI HEPIiBHOCTI (2) Ha PIBHICTH

W, +o,—2z=0. 3)
KoHTtakTHE 30MKEHHS 0, BU3HAYAETHCS 3 po3B’si3Ky 3amadi ['epua [8, c. 365] mpo BraBineHHs Kyii
B IIPY>KHUH MiBIPOCTIp

a=,F%?,

ne
90, +0f [
256r

K =
5.METOJ PO3B’SI3AHHS

JlunamiuHa moBeniHKa OOOJIOHKH OIMMCYETHCSI HA OCHOBI KIHEMAaTHMYHHX TillOTE3, SKi BPaXOBYIOTh
nedopmarii OMepeyHoro 3cyBy, OOTHCHEHHs MO TOBHIMHI Ta iHEpIl 0OepTaHHS HOPMAIBLHOTO
€JIEMEHTa B MEXaX KOXXHOTO IIapy:

) i-1
Uy =Uy +Zhju3+l(k—1)+j +(Z_6i—1)ua+l(k—1)+ir k=123 i=11I, (4)
=

i
e ;= Zhj' 8, <2<8;; u =u.(x, v, t) (k :1,2,3) — TepeMillleHHs] TOYKH KOOPAHHATHOI
=L

IOBEPXHI B HANPAMKY KOOPAMHATHUX OCeH; Ugy(c_1)i = Ussi(k-1)qi (x, y,t) (k:l, 2) — KyTH
[I0BOPOTY HOPMAJIbHOTO €leMEeHTa B | -My Iuapi HaBKOJIO KoopiauHatHux oceii OX i Oy;
Ugio)4i =Us o) 4i (X, y,t) — OOTHCHEHHSI HOPMAJIBHOTO €JIEMEHTA B | -My I1api.

3 BapiamiiiHoro nmpuHnumy Octporpancekoro-I'aminerona [9, c. 109] omepxuMo piBHAHHA PyXy
00O0JIOHKH MiJ BIINBOM HaBaHTa)XKEHHS P

[or] u,-[A]lU=P, (xy)eQ, U=U, =0, t=0, ®)
1 cHUCTeMY TPaHHYHUX YMOB Ha KOHTYpi I’

Brlu=pP" (xy)er, ©)
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ae [Qp] Ta [A] — cuMerpuyHi MaTpuni; U = {uj(x, y,t)}, PT :{ _r(x Y, t)} P :{p-(x, y,t)},
p;=0,j#3, p3= pZ(X, y,t); P, — KOHTAaKTHUH THCK, Bil]-_ :XilBilj‘ +%°B i j=1,31+3.

Burmsag €JICMEHTIB ManI/IL[i [Br] Ta BCEKTOpa TrpaHUYHUX HABAHTAXKCHb Pr 3aJIC)KUTH Bi,I[

. . . 1 2
rpaHUYHHX YMOB Ha KOHTYpi oGosoHku. Hamaroum pisHuX 3Ha4eHb koediuieHram y; ta ¥ (6),
MOKHA MOJIETIFOBATH HEOOX1THI TPaHUYHI YMOBH Ha KOHTYPi OOOJIOHKH.

Meron po3s’s3anns 3anadi (5), (6) 6azyerbes Ha MeTOMI 3aHYPEHHs 3a[aHOi CKIaIHOI 00nacti B
obnacTp kKaHOHIYHOI Gopmu [9, c. 149]. BuxinHa 060IOHKA 3aHYPIOETHCS B JOTIOMIKHY ODOJIOHKY,
(dbopma i rpaHUYHI YMOBH SIKOT OOMPAIOTHCS Tak, MO0 PO3B’SI30K 3a1aui MOKHA OyIIO OJiepKaTh B
aHaniTHuHid Qopmi. Po3B’s130k Mae HaiOIIBII NMPOCTHH BUIIIAA, SIKIIO K JIOIOMDKHY oOpaTn
NPSMOKYTHY B IUIaHi MIapHIpHO omepTy o000moHKy. Tomi po3B’s30K BHXIOHOI 3amadi MOKHA
3allUCaTH y BUIVIAAI PO3BHHEHb y TPUTOHOMETPHYHI psau 1Mo (yHKIIAX, IO 33A0BOJIBHSIOTH
TPaHUYHI YMOBH IIAPHIPHOTO ONUPAHHSL.

[Ilo6 3a0e3meynTH BUKOHAHHS BHXIJIHHX TIpaHUYHHX YMOB (6), 10 JOHOMDKXHOI OGOJIOHKH
JIOAIOThCSA  JOJATKOBI KOMIIEHCYIOUi HABAHTAKEHHSI Qcompz{qcomp(x y,t )}, j=131+3, saxi

HETIepepBHO PO3MOJiNeHI B3IOBK KOHTYpy I'. Tak, 3amaua mpo KOJMBaHHS OOOJIOHKH CKIIaIHOI
(hopMH 3 TOBIIBHUMM IPAaHUYHUMM YMOBAMHU 3BOJUTHCS 10 3a/adi PO KOJIMBAaHHS MPIMOKYTHOI B
IUIaHi mapHipHO omeptoi 060iMoHKH. KOMITEHCYIOUi HaBaHTaKEHHsT BXOMATH Y PIBHSHHS PyXy
JIOTIOMI>KHOT 0OOJIOHKH y BUIIISI TAKUX 1HTETPATbHUX CITiBBiIHOIICHD:

31+3
PSx, Y, t) = D f <™ (s, (k= X,y —yp Jis, .k =131+3,
k=11

ne S(X —Xr, Y — yr) — IBOBUMIpHA O -()yHKIis.

Enementn matpuui C j , 10 HEe JOPiBHIOIOTh HYJII0, MAIOTh BUIJIS

C11=C2% =Carizri =Cavivigrisi = y'rf Ca3 =Caizisizei+i =1,

(;12 €3+i 3+1+i Xl'"v Cle C3+I+i 3+i XI"' i 1v|'
dx , d
e X dsr' Ir glsr

3 yMOBH 3aJI0BOJICHHS BHXIJIHHX I'DaHHYHUX yMOB Ha KoHTypi I' (6) dopmyerbcst cuctema
IHTErpaJbHUX PiBHSHB, 3 IKOI BU3HAYAIOTHCS HEB1OMI KOMIICHCYIOUi HABaHTa)KEHHS,

[B7] ule™™(x, y.t)]=P", (x.y)eT. )

Meron po3e’szaHHA cuctemu (7) moisirae B Tomy, mo (GyHKOIl mepeMimenb (4), 3amaHuX i
KOMITCHCYIOUHX HABaHTaKEHb PO3BHBAIOTHCS B IOJBiIHI TPUTOHOMETPHYHI PN MO QYHKLISAX, IO
3a0BOJIBHSIOTH T'PAHMYHI YMOBH JJOIIOMDKHOT OOOJIOHKH:

uj(X! ylt)zzzq)jmn(t)cjmn(xl y), p (X Y, t Zz pjmn jmn(X' y)v
m=1n=1 m=1n=1
P,y )= 33 PEETPU)C (6, y), =131 13,

m=1n=1
ne
mnX nry mnXx nry mmnX nmy

Cimn = cosTsm?, Comn _smTcos?, Camn _sstm?,
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Carimn =Cimn Cairvimn =Comns Caizivimn =Camns

4 AB
pjmn E'([! pj jmn (X’ y)dXdy '
4 +
p?r?]rnnp( Ai z §C.->Jk qcomp S, t)cjmn(xl‘r YF)
k=1

j=131+3, i=11, m=Lm*,n=1n";

A — nOBXHHA TBIpHOI JOMOMIXKHOI 000JIOHKH, B — moBXHMHA OyTH 1iel 000TOHKH.

Po3B’s130K piBHAHHA PyXy iHAeHTOpa (1) OJEPKMMO 32 JOMOMOTOI0 IHTETPATBbHOTO MEPETBOPEHHS
Jlamnaca. Jlani GpyHKIIT KOMIIEHCYIOUMX HaBAaHTaXKEHb PO3BUBAIOTHCS B PAA Y3I0BX KOHTYpY I

G5, = Y D0y, (00, (5), | =131 +3,

a=1,2u=0

Je
o =sin[uy(s)], by, = cos [uy(s)], y(s)=2nj-d§/§d§, 0<y(s)<2m, p=0,u".

I'pannuni (yHKOii, [0 BXOAATh y BHXigHI TpaHudHi ymoBH Ha kouTypi [ (6), Takox
PO3BHBAIOTLCS B P Y3A0BXK KOHTYpY ['. ¥V pesynbTari cuctema (7) Ha KOXKHOMY KPOIi 32 4acOM
HEePETBOPIOETECS. HA CUCTEMY JIIHIHHMX anreOpalyHuX piBHSHb LIOJ0 KOE(]Il[iEHTIB PO3BUHEHHS
KOMIICHCYIOUHX HAaBaHTaXCHb y psA  y3a0Bx KoHrypy I. Cucrema piBHsHE pyxy (5)
MEepPEeTBOPIOETECS Ha CHUCTEMY 3BHYAHHMX AWQEpEeHIaNbHUX pIBHSIHb JPYroro IOPSIKY, sKa
IHTETPYETHCS METOIOM PO3BHHEHHS pO3B’si3Ky B psin Teiinopa [9, c. 144]. Omxe, micist 069UCICHHS
KOMIICHCYIOUMX HaBaHTKEHb PO3B’SI30K 3a1aui HaOyBae BUIIIAMY:

© o 31+3 31+3 _
X yt ZZ z z Z zeklwauu jmn(t) ijn(x, y), j=131+3,
m=ln=1 k=1 1=1 0=1,2 p=0

1€ 7'y Okl €jmn — CTEMEHTH MATPHIIb, OTPHMAHHX Y PE3YNBTATi YHCETBHHX MIEPETBOPEHb.
ITicns oO4MCIICHHS KOMIIGHCYIOUMX HABaHTA)KEHb BU3HAUYAIOTHCS INepeMimeHHs (4), negopmanii i
HAIpPYXKEHH: y 1Iapax BUXiIHOI 000IOHKH.

6. YUCEJIbHI PE3YJIBTATH

3 MeTOor MiATBEp/KCHHSA BIPOTIIHOCTI YHUCEIbHUX pE3yJbTaTiB, IPOBEACHO IOPIBHIHHA
PO3PAaXyHKOBHX 1 €KCHEPHMEHTAIBHUX JaHHUX IS I’ SITHIIApOBOI BUTBHO ONEPTOi OOOJNIOHKH MPHU
ynapi iHAEHTOPOM 3 OpraHiyHOro ckjia. KoHTyp 00010HKN onrcanuii piBHAHHAME KpuBUX Jlame

(G-

ge a=03mM, =014 M, c=10. OGonoHka Mae Taki reoMmeTpuuHi napamerpu: R=5wm, h =5
MM, h, =3 MM, hy =15 MM, hy =2 MM, hy =20 mm.

Ilaps maroTh Taki Mexamiumi xapakrtepuctnku: E; =6,12-10* MITa, i=1,3,5, E; =280 MIla,
i=2,4 (momyni npyxHocti); v; =0,22, =135, v; =039, i=2,4 (xoediuientn Ilyaccona);
p; = 2500 kr/Md, i=1,3,5, p; =1200 xr/m3, i =2, 4 (TyctuHuN Martepiaiis mwapis).
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InpeHTOop Mae Taki MexaHIuHI Ta TEOMETPUYHI XapaKTCPUCTUKHU: E=57-10° MIla, v=0,38,

p=1200 xr/m® (ryctuHa Mmartepiany immeHtopa), M =0,215 kr, r=0,03 M. Bucora ckumaHHs
ingeHTopa H =1 m.

Viap 3aBHaeThcs MO 30BHINIHIA MOBEPXHI MEPIIOro miapy B TOYKY 3 KOOpAMHATaMH (Xg,Yq)-
Jedopmariiss 00YUCTIOEThCS Ta BUMIPIOETBCS B TOYI 3 TAKUMH K KOOPIMHATAMH Ha 30BHIIIHIN
noBepxHi  m'sroro mapy. EkcnepumeHTanbHi  JaHi  ofepKaHI  METOJOM  JIMHAMIYHOT
mmpokocMyroBoi Terzomerpii [7, ¢. 051004-6]. TeopeTnuHa Ta eKCIIEPUMEHTANbHA 3aJICKHOCTI
J00pe y3rofKyIThesl MK 0000, 10 MiATBEPAXKYE BipOTiIHICTD PE3yJIbTATIiB PO3PAXYHKY.

Ha puc. 1 mokasani TeopernuyHa (CyLUIbHA IIiHIS) 1 eKCIepHMEHTAIbHA (IITPHXOBA JIiHis)

. .. 5 .

3anexHocTi Aedopmanii €, 000M0HKM Bin uacy. Takok Ha PUCYHKY HaBEICHO PO3PAXyHKOBY
cxemy 00OJIOHKH.

¥y
£5-104 Al T
1,2
(go3p) &
08 —
04

.5, . . .
Puc. 1. Jlepopmanis &, y n’aTuinaposiii 060s10HMI py yaapi

SIK 9uCenbHUH MPUKITA, PO3TIIIHYTO KOJMMBAHHS 1T ATHIIAPOBOI BUTBHO onepToi o0omonku. dopma
wiaHy OOOJOHKM HaBeAeHa Ha puc.2. MexaHIuHI XapaKTePUCTUKHM IIapiB CIIBHAJAOTh 3
XapaKTepPUCTHKaMH MOMEepPeHb0 PO3MITHYTOi 00omoHKH. OOONOHKa Mae Taki TIeOMETpUYHI
napamerpu: R=2 ™, |, =0,62 m, I, =0,68 m, I;=0,64 M, |, =0,75 M, R, =0,05 M, R, =0,03 M,
R; =0,04 M, R, =0,045 M, hy =5 mm, h, =h, =4 MM, h; =15 MM, hy =6 Mm.

VYnap 3aBpaeTbesi iHASHTOPOM 3 OpraHigHoro ckia macoro M =0,123 kr ta pajiiycoM ToOJOBHOI
yactuHn I = 0,03 M 10 30BHIIIHIN MOBEPXHI MEpIIOro mapy, BUCOTa CKHAAHHS iHAeHTOpy H =1
M.

Ha puc. 3 HaBezneHi 3aJIeKHOCTI HAaNPyKeHb Gi (cyniibHa JIiHis) Ta G?, (wrTpuxoBa JiHis) Bix yacy

B rouni C (puc. 2) Ha 30BHIIIHIN TOBEPXHI I1’SITOTO MIApYy.

55, MIla
15

10

0 0,35 ‘vl 1,5\ f2 t,Mc
]

Puc. 2. Cxema m1any 060JI0HKH Puc. 3. 3miHeHHS B Yaci HaNpyXeHb
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7. BACHOBKM 3A PE3VJIBTATAMM 1 HAIPAMKH MMOJAJIBIINX TOCJIKEHD

Po3pobsieHo MeToJ  JOCHIZKEHHS HECTAlliOHApHUX KOJMBaHb IIAPYBATHX  HE3aMKHEHHX
THIPUYHIX OOOJIOHOK 31 CKIamHOK (OPMOK TUIAHy MPH yJapHOMY HaBaHTAXKCHHI, SKHI
JIO3BOJISIE TIOAATH PO3B'A30K 3a4a4i y BUIVISAAI TPUTOHOMETPHYHOTO PAIY.

MOXIHBOCTI METOAY MPOUTIOCTPOBAaHI Ha MPHUKIAAI PO3paxyHKy AedopMamii I’ sSITHIIAPOBHX
BUJIBHO ONEPTUX 0OOJIOHOK IIPH yAapi iHAEHTOPOM 3 HaIiBC(HEPUUHOI0 KiHIEBOIO YacTHHO0. JloOpe
Y3TODKEHHSI TEOPETUYHHX 1 €KCIIEPUMEHTAIbHUX JAHHUX IMIATBEPAWIO BIPOTiAHICTH PE3yJbTaTiB,
OJIepKaHMX 3a JOMOMOTIOI0 3aIPOIIOHOBAHOI'O METOAY.

Hanani MeTon MoXHa 3aCTOCYBaTH JI0 PO3PaxyHKY OOOJIOHOK 3 pi3HOIO (OPMOIO IIaHy Ta Pi3HUMHU
TPAaHNYHUMH YMOBAaMH MpH JOCII/UKCHHI KOJIMBaHb OOOJIOHKOBUX €JIEMEHTIB EHEpreTHYHHX,
TPAHCIIOPTHUX 1 OyAiBENTbHUX KOHCTPYKIIH i 1i€10 IHTEHCUBHUX LIBUAKOIUIMHHUX HAaBAHTaXKCHb.
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