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INFLUENCE OF PARAMETERS AND CONTACT CONDITIONS
ON TWO-LAYER TUNNEL LINING OF A SMALL EMBEDDING
AT CRITICAL VELOCITY OF TRANSPORT LOAD

V. N. Ukrainets', Zh. O. Otarbayevz, S. R. Girnis'

'Pavlodar state university of S. Torajgyrova, Kazakhstan,
?Kazakh National Technical University after K. I. Satpayev, Almaty, Kazakhstan.
E-mail: vitnikukr@mail.ru

Keywords: tunnel, layered shell, transport load, critical velocity of transport load.

Abstract. On base of task solution on effect of moving load on two-layer lining in elastic half-space is re-
searched influence of geometric and physical-mechanical parameters of two-layer tunnel lining of a small embedding
and its contact conditions at critical velocity of transport loadings (loadings from moving intra tunnel transport).

In constructing a mathematical model of the dynamics of the tunnel under the influence of the traffic load to
describe the motion of the outer thick layer of the lining and surrounding massif uses dynamic equations of the
theory of elasticity in the moving coordinate system associated with the load. Displacement vector points from the
layer and the massif expressed in terms of Lame potentials. Fluctuations in the inner thin layer of the lining described
in the moving coordinate system adopted by the approximate equations of the classical theory of thin shells, which
greatly simplifies the solution of the problem, the authors obtained for the case of subsonic motion of the load (when
the velocity of load is less than the velocity of shear wave in a thick layer of the lining and the surrounding massif).

When using the obtained solution of the problem and the numerical experiment in the paper we investigate the
effect of conjugation conditions (rigid and sliding contacts) two-layer tunnel lining with a rockmass at critical
velocity of transport loadings. The results of calculations are presented in tables and graphs, which are analyzed in
detail. It was found that with increasing rigidity the outer layer lining the critical velocity is increased.

VJIK 539.3 + 65.035(076.2)

BJIUSAHUE IAPAMETPOB U KOHTAKTHBIX YCJOBUM
ABYXCJIONHOMU OBJAEJKHN TOHHEJIA MEJIKOT'O 3AJIOKEHUSA
HA KPUTHUYECKHUE CKOPOCTHU TPAHCIIOPTHOM HAT'PY3KH

B. H. Ykpaunen', K. O. Orap6aes’, C. P. Fnpuuc’'

1l'Iauaﬂozlap01<1/1171 rocyaapcTBeHHbIN yHUBepcuTeT uM. C. Topaiireiposa, Kazaxcras,
?Ka3aXxCKOro HAlMOHATBLHOTO TEXHUIECKOTO yuuBepcurera uM. K. 1. Carnaesa, Anmatsl, Kazaxcran

Ki1ioueBble cj10Ba: TOHHEIb, CIIOUCTast 000JIOUKA, TPAHCIIOPTHAS HArpy3Ka, KpUTHUECKHE CKOPOCTH JBHXKCHUS
Harpy3Ku.

Annoranus. Ha ocHOBe pemreHust 3a1a4n 0 AeWCTBUH OeryIeii Harpy3kd Ha ABYXCIOHHYIO 000JIOYKY B yIIPY-
TOM MOJYIPOCTPAHCTBE HMCCIIEIYETCS BIMSHUE TEOMETPHUYECKUX M (PH3NKO-MEXaHWYECKHX MapaMeTpoB JIBYXCIIOH-
HON OOMEeNKM TOHHENS MEJKOTO 3aJI0KEHHSI M €€ KOHTAKTHBIX YCJIOBUII Ha KPUTHYECKHE CKOPOCTH TPaHCIOPTHOU
Harpy3ky (Harpy3KH OT JBMDKYILIETOCs] BHYTPUTOHHEIBHOTO TPAHCIIOPTA).

M3ydeHne TMHAMUKU TOHHEJIEH MPU JIEHCTBUU TPAHCIOPTHBIX HAIPY30K METOJOM MaTEMaTUYECKOTO
MOJETUPOBaHUSI TIPUBOJAUT K KPaeBBIM 3aJauaM MEXaHuKu AedopMmupyeMoro TBepaoro tena. Kak mo-
Ka3bIBalOT pacyeTsl [1] M SKCIepUMEHTaJIbHbIC HCCICAOBAHUS, C YBEIMUCHHEM TIIyOMHBI 3aJ0)KECHUS
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Becmuux Hayuonanvrot akademuu nayk Pecnybnuku Kazaxcman

ToHHENS 3((EeKT IUHAMHYECKOTO BO3ICHCTBUS TPAHCIOPTHOM HArpy3Kd Ha 3€MHYIO ITOBEPXHOCTh
CHIDKAeTCS, U TPU TIyOMHE OKOJO HYETHIPEX €ro XapaKTEePHBIX IMOMEPEYHBIX pa3MepoB CTAHOBUTCS
HECYIIECTBCHHBIM. B 3TOM cilydae mpu pelieHur TPaHCTIOPTHOM 3aa4r 3eMHYIO TTIOBEPXHOCTh MOKHO HE
YYHTHIBATh U PAacCMATPUBATh COOPYKEHUE KaK TOHHENb TIIyOokoro 3amoxenus. C OuOmuorpaduwmii,
Kacaroleiics MaTeMaTHYecKOro MOJENMPOBaHUSl TOHHENEH TIIyOOKOTO 3alloKEHHUS TPH Pa3ImdHBIX
Harpy3kax W BO3ICHCTBHUSAX, MOXXHO O3HAKOMHUTHCS B MoHorpaduu [1]. Jms ToHHENEeH HEryOoKoro
(MEITKOT0) 3aJI0’KEHUS IOCTAHOBKA TPAHCIOPTHOMN 3aJaYdl 3HAYUTEIIBHO YCIOXKHSICTCS B CHITY OIIyTHMOM
nedopMalii 3eMHOW TOBEPXHOCTH W €€ BIHMSHUS Ha KOHICHTPAIMIO HAMpPSOKEHHH B OKPECTHOCTH
COOpYXEHHA TpH TUGPAKINHA OTPAKEHHBIX U TepeoTpakEHHBIX BONH. Pemenne Takoil 3agaum B ciydae
MOJIKPEIUICHUST TOHHESI TOHKOCTCHHOHM 00zenKkoil mpuBenaeHo B [2]. B Hacrosielr padoTe moctpocHa
aHaJIOTWYHAas [2] MareMaTHYecKas MOJCIbh JMHAMUKUA TOHHEIS MEJIKOTO 3aJI0KEHUS, MOAKPEIICHHOTO
JIBYXCIIOMHOM KPYTOBOW 0OIEITKOM ¢ TOJICTHIM HAPY KHBIM M TOHKUM BHYTPECHHUM CJIOSIMH.

1. ITocTaHoBKa W aHAJMTHYECKOe pellleHMe 3aJa4H. B xadecTBe pacueTHON cxeMbl TOHHENs pac-
CMOTPUM OSCKOHEYHO JTMHHYIO KPYTOBYIO IIMIIMHAPUYECKYIO TIOJIOCTh PAJANYCOM R|, PaCIONIOKCHHYIO B
JTUHEHHO-YIIPYTOM, OJHOPOJHOM M HM30TPOIHOM MOJYyHPOCTpaHcTBe X < /i (h > R;) mapajjielbHO €ro
HEHArpy>XeHHON TOPH30HTANBHON TpaHuie x = /i, MOIKPEIUIEHHYIO JBYXCIOWHON 000JI0YKO#, BHYTPEH-
HUM CJIOEM KOTOPOH SIBJSIETCS TOHKOCTEHHAs ympyras o0O0JI0YKa TONIIMHON /iy U PamgnycoM CPEeTUHHOMN
MOBEPXHOCTH R,, a HapyXHBIM — TOJICTas ympyras o0oyiouka (B CHIy MajOCTH /iy IPUHUMAEM, YTO
TOHKOCTEHHAasI 000JI0YKa KOHTAKTHPYET C TOJCTONH OOOJIOYKOW BIOJb CBOCH CPEAMHHOMN MOBEPXHOCTH).
YcinoBuMCs BHYTPEHHHHA CIIOW JBYXCIOWHOW OOOJOYKM HAa3bIBaTh HECYIIMM CIIOEM, a HapyXHBIH —
orpaxiaromuM cioeM. KOHTakT MeXAy cilossMu OOOJIOYKH, a TaKke KOHTAKT MEXIY OTPayKTaroIIuM
CIOEM W MAacCHUBOM OyJeM TMojiaraTh JHUOO MKECTKHM, JIMOO CKOJB3SIIMM NpPU JBYCTOPOHHEH CBS3H B
paauajipbHOM HampaBieHHd. llycTh Ha BHYTPEHHIOIO ITOBEPXHOCTh OOOJOYKH JEHCTBYEeT Harpyska
WHTEHCHBHOCTBIO P, ABIKYINAsCA C TOCTOSHHOW CKOPOCTBIO ¢ B HANPaBICHWU OCH z (COBIAAAIOIIEH C
OCBbI0 000JIOUKH) JCKApPTOBOM CHCTEMBbI KoOpauHaT xyz. CKOpOCTh JBMIKEHHS HArpy3Kd MPHUHAMAEM
JTIO3BYKOBOM, T.€. MEHBIIIE CKOPOCTEH PacIpOCTpaHEHUs BOJIH CIBUTA B OTPAXKIAOIIEM CJIOE U MACCHUBE, —
XapaKTepHOH ISl COBPEMEHHBIX TPAHCIOPTHHIX cpeacTB. (DH3MKO-MeXaHWYEeCKHe CBOWCTBA MOIYIIPO-
CTpaHCTBa (MacCHBa) U OTPAXKAAOIIETO CIIOSI XapaKTePU3YIOTCS CIEIYIOIIUMHU TOCTOSHHBIMHE: Vi, Ly, P1;
Va, W2, P2, TAC Vi — Ko3(umuent [lyaccona, [, — MOIylb ciBUTa, Py — IWIOTHOCTH (k= 1, 2). 3nech u B
nMagbHEHIIeM HHIEKC kK = 1 OTHOCHTCS K MACCUBY, a k = 2 — K OTpa)KAAIOIIEMy CJIOT0.

ITockonbKy paccMaTpUBaeTCsl yCTaHOBUBILMICS MPOLIECC, MOKHO MEPEUTH K TOABUKHOM JEKApTOBOU
(x, y N =z — cf) wm numuHAPUYIECKoH (r, 6, =z — cf) cucteme KoopauHaT. [[Jisi omuMcaHus IBYIKEHUS
MacCHBa U OTPAXKIAOIIETO CIIOS HCIIOIh3YEeM JUHAMHYCCKIE YPAaBHEHUS TEOPUHU YIIPYTOCTH

(M;,% —M_kz)graddivuk + MV u, =02uk/6‘n2 , k=12, (1)

N

tne My = cley, My=cley — uncna Maxa; C i =\/(7»k + 21, )/pk ,» Cy =1/uk/pk — CKOPOCTH

PaclpoCTpaHeHUs BOJH PACUIMPEHUS-CXKATHA M C/BATA B MACCUBE M OTPAKIAIOIIEM  CIIOE,
. 2

Ap =21, v, /(1=2Vv,); U, — BEKTOpHI CMEIICHHH TOYCK MACCHBA U OTPaXAafomero cuos, V- —

onepatop Jlamnaca.
Jtst ommicaHUS IBMIKEHUS HECYIIETO CIOSI BOCIOJB3YEeMCS KIACCHYCCKUMHU YPaBHEHUSMH TCOPUHU
TOHKHUX 000JIOUEK, KOTOPBIC B MTOABMKHON CHCTEME KOOPAMHAT UMEIOT MO00HKIH [2] BUA

2

1_(l—v0)p0c 82u0n+1—v082u0n 1+v082u06+ﬁ8u0,=1—vo( _q)
21, oM 2R* 00* 2R amo® R on 2uh, "M

1+v, azuon +(1_V0) l_poc2 0’y +L52u06 A duy, _1=v,

= Fy =4, ), 2
2R 0nood 2 I, anz R 002 RZ 00 2u0h0( 0 %2) )
V_Oauoﬂ +Lau06 _i_ﬁvzvzu _I_(l—VO)pOCZ 62u0r +ul:_1_vo (P y )
R an RZ ae 12 or 2u0 anz R2 Zuoho r r2
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3neck R= Ry; oy, Uoe, Uor — TIEPEMELICHUS TOYEK CPEJAMHHONW IMOBEPXHOCTH HECYLIETO CIOS; Vo, Mo, Po —
kodG¢uuuent IlyaccoHa, Monynabp caBHTa M IUIOTHOCTH €ro marepuana; Pi(0,m) — cocraBisromue

— COCTABJIAIOIIHNE PCAKIUU OrpaxXaaromiero CJios,

MHTEHCUBHOCTH Harpysku P(0,m); ¢ 2 =0,
,

G ,j — KOMIIOHCHTbI TCH30POB HAPSKCHHUIT B OrPaXIAIOIIEM CIIoe, j =1, 0, r.
Bripazum BeKTOpHI U, uepe3 noTeHuans! Jlame

u, =grado, + rot((pzken )+ rot rot((p3ken ), k=12, 3)

KOTOpEIE, Kak cieayeT u3 (1) u (3), yIoBIETBOPSIOT ypaBHCHHSIM
Vi =My, /o', =123, k=12, @)
rae e —oprocu N, M= My, Moy = My = M.
IﬂIepe3 3TH K€ MOTCHIIMAIbl MOXKHO BBIPa3HTh KOMIIOHEHTHI TCH30POB HAINpPSHKCHUH B MAacCHBE H

orpaxKaaromieM cCJaoc Glmk , CBA3aHHBIC C KOMIIOHCHTAMU BCKTOPOB HepeMeH_IeHI/II‘/'I ulk 3aKOHOM FYKa

(m=rOnk=1,2;Lm=xyn, k=1).
PaccMoTpuM BHauasie MOABMYKHYIO HATPY3Ky C MPOM3BOJBHOW 3aBUCHMOCTBIO OT YIJIOBOM KOOP-
JMHATEI ¥ H3MEHSIOILYIOCS BIOJb OCH 1) CHHYCOMIATBHO

P(O.n)=p(®)™, p(06)=> Pe™, P(0.n)=p,(0), p,0)= > Pe™, j=rbm ©

n=—ow n=—o
r7ie KoHCcTaHTa & onpeaenset nepuoa 7 = 21/E nelcTByIOmEl Harpy3KH.

IMotenumansl Jlame npencrtaBuM B aHAIOTMYHOM BHIE: @u(r, 0, M) = Qulr, 0)e™". TloacraBmss
nocjeiHee BelpakeHue B (4), moayuyum

V0, —my &0, =0, /=123, k=1,2, (6)
e m =1-M?

B nosBykoBoM ciyuae My <1 (my >0, k=1, 2), u pemnrenns ypaBHeHHH (6) MOXHO MPEACTaBUTH B
BUJIC

ko My S My My =My =My, Vg — IBYMEPHBIH onepatop Jlamnaca.

1 2) .
D, =00+, =123 k=12, (7)
rie:
- JUI MaccuBa
1 0 2 2
o) = ZamK (kr)e™ . &2 = jg (£,)exp (zyg+(x N +kﬂ)
n=—wo
- JUISL OTPaXKIAKOIIETO CIIOST
o0
(1) ind 2) _ ind
- Zan]+3 ( er)em ? (DjZ - Zanj+61n (kal") em
n=-0 n=—o
3nece [, (k jr), K, (kjr) — COOTBETCTBCHHO MojubwuipoBanubie (GyHKiMU beccens u yHKIMH

MaknoHanbaa, kjl = ‘mﬂfg‘ , kj2 = ‘mjzﬁ .J=1,2,3;g(8,0), a,,,..., A,y — HEU3BECTHBIE PYHKIMH U

K03 () (pUIMEHTHI, TIOICIKAIITHE ONIPEACIICHHUIO.
Kax mokazano B [2], mpeacTaBieHre NOTEHINATIOB I TOIYIIPOCTPAaHCTBa B ¢opme (7) MPUBOIUT K
UX CJICIYIOIIUM BBIPKEHHSIM B JIEKAPTOBOM CHCTEME KOOPIMHAT:

© *xfj 0
e X xX— . i
Na,®, +g,E0e" " v, ®)

’ —00 2fj n=—x0

me f, =00 +k3, ©, =|c+r )k, L j=1.2.3.
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Bocmone3yemcest ¢ yuétom (8) TpaHHYHBIMU YCIOBHSMH Ha CBOOOIHOM OT HArpy30K MOBEPXHOCTH
MOy IPOCTPAHCTBA!
npux=h ., =G

=0.
iC

xyl = csxnl
Bergenss Koa(bq)HuHeHTH IIpH e”> W NPUPABHUBAsA, B CHIy NPOU3BOIBHOCTH ), UX HYIIO, MOIy4YNM
cucteMy TpéX ypaBHEHMH, U3 KOTOpoi BhIpaxkaeM GyHKkuuu g,(&,0) yepes Hem3BECTHBIE KOI(DDUIIMEHTHI

anl H an2 > an3 :

g,(&60=" ZA,ze’hf’ Sa,®, . ©)

* /=1 n=—0o0
Bun onpeaenurens A u anreOpandecKnx TOTOTHEHUIH A jI COBMANAET C aHAJOTHYHBIMH

ONpEeAETUTENAMH AJI HEMOJKPEINIEHHON MOJIOCTH B YIPYTOM HOIYIIPOCTPAaHCTBE U onpenenéH B [1]. Tam
e nokasano, 4to A, (&, () ue obpauiaercs B HOMB MpH MHOOBIX C, €CITM CKOPOCT ¢ OETyIIEN HArpy3KH
MEHBIIIE CKOPOCTH Cg PIJEEBCKON BOJIHBI B MOJYIIPOCTPAHCTBE.

CKopocTh ¢ = cg sIBISETCA mouxoll ougypxayuu pemenus 3amaun. Ilpu ¢ >cp Hapymarcs eauH-
CTBEHHOCTh peleHus. Eciu 0TKa3aTbCsl OT YCNOBHS 3aTyXaHUS pelleHHs Ha OCCKOHEYHOCTH IO3aIu
TPAHCTIOPTHOW HAarpy3KH, TO MOXHO BBIACTUTH €AMHCTBEHHOE pPEIIeHHE, 3aTyXarolee Ha 0ECKOHEYHOCTH
BIIEpeAN TPAaHCIIOPTHON HAarpy3KH, YTO COOTBETCTBYET (PU3MUYECKHM MpEACTaBICHUsIM. B 3TOM ciiyuae B
TOHHEJIE BO3HUKAIOT CBOOOJHBIE MOBEPXHOCTHBIC BOJIHBI, ONMHUCHIBAIOIIUE HE3aTyXalolKe KojaeOaHus ero
o0menku. Cinenyer OTMETHUTh, YTO B PEANbHBIX Cpelax PIJIeeBCKas CKOPOCTh Cp HECKOJIBKO HIXKE (Ha
5+10%) ckopocTH BOJIH C/IBHTA.

[ycre ¢ < cg. B aTroM ciydae Bce monpIHTErpanbHbie (YyHKIMH B (8) HENMpPEpBIBHBI M JKCIO-
HEHIUAIbHO CTPEMSTCS K Hymo Ha 6eckoHeuHOCTH. C yuerom (9), hopmynsl (8) UMEIOT BUL

%

A ° .
h e
Za D, +e" M ZA—]e Wi > a,, e"tde .
Hcnonb3ys u3BecTHOE MPH X < /I COOTHOIICHUE

exp(iy(; R 4R )= S0, (ke & JE+i2 )k, el

n=—00

npeactasum O jl (7) ¢ yuerom (9) B IMIMHAPHUYECKOM CHCTEME KOOPIMHAT U1l C < Cp
o0

D = Z(aann(kjl’”)Jfan n(k,ﬂ”))

n=-w

*
o0

3 © A . .
_ ml ml __ Jjl _h(fl"'fj)
e b, =Y Ya,An. Ay = | @, e dc.
=1 m=—o0 —0 *
[MoncTaBUB HalICHHBIC S TOTEHIIMATIOB COOTHOIIICHUS B BRIPAKCHUS IS KOMIIOHSHT HANPSKESHHO-
nedopmupoBanHoro coctosHus (HJIC) MaccuBa M Orpa)Iaroiiero Ciosi, MOKHO TOJTYYUTh BBIPAKEHUS
* *
IJI HepeMelleHuil U, ¥ HanpskeHud G, (* 03Hayaer, YTO JaHHbIE KOMIOHEHTBI COOTBETCTBYIOT
clydaro JeiCcTBUS Ha 00OJOYKY CHHYCOMTAIBHOW MOJBHXKHOM HArpy3KH), IJIe HEU3BECTHBIMU OyayT
TONBKO KOOGGUUMEHTBI A | ,...y A, (Lm =r,0m, k=1,2;1,m =xym, k=1).
Tak kak mpu nedcTBUM Ha 000JOYKY Oeryiiell CHHYCOMAAIbHOW HArpy3KH B YCTAHOBHBIIEMCS
COCTOSIHUM 3aBUCHMOCTD BCEX BEJTUUMH OT 1] UMEET BUJL (5) TO

MOJ e n Zu()n] me 9 j:raean‘ (10)

n=—oo
[Moxacrasmstst (10) B (2), Anst #n-TO YieHA PA3IIOKEHUS TTOTYIHM
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812”0nn +Vn&olg,g — 2ivoEolg,, =Gy (Pnn 42 )>

V&gl + €31, — 2inuty,, = G, (Pn9 ~ 4,02 ), (11)
2iv &g gy + 2inug,g + 8§u0nr =G, (Pnr ) )’

e £ =0l — €0, & =By —€5, €3 =Yo — 80> Gy = &R,

2 2 2 2 2 2 2 22 2\ 2 24,2
oy =28y +vgn, By =vy&e +2n°, vo =1 (@o"‘” ) +2, g5 =vy &My,

h2
Vo =1=vy, vy, =1+vy, M =clcy, ¢ :(Ho/po)l/zo X2 :ﬁs G, :_(V01R2)/(“0h0)5
* .
npu r = Ry: anz = (GUZ)n »J =M, 0, r.
Paszpemas (11) OTHOCUTENBHO Uy, Uono, Uonr, HAXOIAUM
G, G, G, <
Uoum :5_025nj (Pﬂ.i 92 )’ Uono :5_0289./' (Pnj “ )’ Uopy =—°25rj (Pn/ _qnjz)'
n j=1 n j=1 n j=1

3nees 8, =8, = (8,8,85)" —(6,&,)" —(6,8,)" —(:85)" +26,8,8,,
81 =(e28:)" —E1, 8,0 =81 —Eaed. 8 =i{e3E, ~£,E)
oy :5nza Opy = (8183)2 _ﬁga Ops = i(812§1 _gzgs)s
0, =03, 06,,=-04, 0, :(8182)2 —&3, & =2n, &, =2v&, & =vu&n;

JUISL 1 M G MHACKC j = 1 COOTBETCTBYET MHAEKCY M,/ =2 —0,7=3 —7.
Jist onpenenenust KOOGPUUUEHTOB @, ,...,d, o BOCHOIL3YEMCS CIEAYIOIMMA TPAHUYHBIMU YCIIO-

BUAMU.
Hpu CKOMb3AAWEeM KOHmaKkme c10é6 06010UKU:
- JUIsL CKOJIB3A1ICTO KOHTAaKTa 000JIOUKHY ¢ MAaCCUBOM

* * * * * * * *
HpHr:Rl url :urZ’ c l:GrrZ’ Gml =O’ C$r91 =O’ GmZ :O’ Gr92 =0’

rr

* * * .
npu 7 =Ry u,, =uy,, G,., =0, 6,,=0, j=r,0,n, (12)
- JUIS )KECTKOT'0 KOHTaKTa 000JIOYKH ¢ MaCCUBOM

* * * *
Npu 7 =Ry U, =U;, G =0,

* * * .
HpHr:Rzur2:u0r’Gm2:0’Gr92:0’]:rﬁe’n' (13)

Ipu sicecmrom conpscenuu c10ég 06010UKU:
- JUIS CKOJIB3SIILIETO KOHTAKTa 000I0YKH C MAaCCUBOM

* *

% * * ® * *
npu r =Ry U, =U,y, G, =0,,, O,y =0,6,=0,0,,=0,0,=0,

npu r = R, u;z =Uy;, j=T, 0,n, (14)

- JUIs1 )KECTKOT'O KOHTaKTa 000JIOUYKH C MACCHBOM
npu r = R, u; :uj.z, Giﬂ :ijz, (15)
.

Mpu 7 =Ry Uy =Uy;, j=T, 0,n.

[oacrasmss B (12)-(15) cooTBeTCTBYOMINE BHIPAKEHUS W TTPUPaBHUBas KOA(D(OUIIUEHTHI PSIOB MPH
€™, JUIs OmpeseNeHHBIX IPAHMYHBIX YCIOBHIl MONydHM GeckoHeuHyko cuctemy (n=0,+1,+2,...) mu-
HEWHBIX anreOpanvecKuX ypaBHEHHU OJIOYHO-AMATOHAJIBHOTO THIA ¢ MaTpuliaMu (9x9) BIOIb TIaBHOM
JIUaroHally, AJIsl PELICHUs] KOTOPO peKOMEHAYETCS HCIOIb30BaTh METO/l MTOCIIEI0BATENBHBIX OTPaKEHUH
(mpubmmxenwnii) [1].
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3Has pelieHue 3aJauu AJsl CHHYCOMIANbHON HarpyskH (5), peakiuio 0O00JI0UKH M OKpYyKarolel ee
Cpelbl Ha JIBHXKYIIYIOCS C IOCTOSIHHOM CKOPOCTBIO alepHUOIAMYECKYIO (JIOKaJIbHYI0) HAarpy3ky Xapak-
TEPHOTO JUIS TPAHCIIOPTHHIX cpencTB Buaa P(0,m) = p(0)p(n) MOXHO HAWTH MPU TOMOIIU CYNEPIIO3UIIHH,
UCTIONIB3YSl IpeicTaBieHue Harpy3ku v kommnoHeHT HJIC maccuBa M Orpakgaromiero ciiosi B BHIE
uHrerpainoB Oypbe

L [P (0.)de = p(O)p(n)= pl0) - [ 1" (Ee"de.
[ 27‘C g
P (0.1) = [ P2(6.8)"dE = p, (0)p(1)= p, 0) [ (€)™ de., m=r,0.n:
T =, o0 A
ulk(r,e,n):i J.u;{(r,e,g)p*(&)dé‘; G, (7,0 T])—LJ. s (r,0,8)p (F,) £, (16)

l=r,0,m, m=r,0,n,k=1,2

3recs p*(8)= [ p(n)edn.

Jns BRIUWCICHUH TepeMeleHnii U HampsbkeHuid (16) MOXKHO HCITONIB30BaTh JIFOOOW YHMCIICHHBIN
METOJI MHTETPUPOBaHUs, eciiu ompeaenutrenu A,(E, ¢) paspemiaromieil CUCTEMBI JIMHEHHBIX anreOpan-
YECKUX ypaBHEHWH OTJIIMYHBI OT HYJS, T.€. KOTJa CKOPOCTh JBIIKEHHS HAarpy3KH ¢ MEHBIIE €€ KPUTH-
+49eCKHUX CKOPOCTEH C(;)+, KOTOPBIE MOI'YT OKa3aThCsl MEHBIIIE, YeM CKOPOCTb BOIHEI Panes B okpyxkaromem
YIPYTOM MaccHBe. 3HAYEHHUS C(yy+ 3aBUCAT OT YKMCIA 7 U ONPENENAIOTCA U3 IUCIEPCHOHHBIX ypaBHEHUI
A€, ¢c)=0 Kak MHUHHUMYMBI COOTBETCTBYIOIIMX OSTHM YpPaBHEHHSM IHCIEPCHOHHBIX KpPHUBBIX ¢ ~ &.
[Mpruém, MUHUMAaNBbHAs KPUTHYECKas CKOPOCThb, KaK TOKa3bIBAlOT Pacy€Thl, mMeeT MecTo npu n =0
(min Cnmy* = C(O)*) [2]

2. YucjeHHbIe JKCIIEPUMEHThI. PaccCMOTpUM MOAKpEIUIEHHBIH ABYXCIIOHHOMN 06/:[em<0171 TOHHEIIb
Menkoro 3amoxeHus (h=2R,) B MacCHBe CO CICAYIOIMMH XapaKTePUCTUKAMU: =0,25,
w =4,0-10°MITa, p; =2,6-10°kr/™’ [3]; ¢ = 1240,35 m/c, cg=1140,42 m/c. TlapameTpsr BHyTpeHHero
(Hecymero) cuost: R,=R=1m, hyR=0,02; vo=03, po=8,08: 10¢ MIla, po=7,8-10°kr/M> (crams).
TlapaMeTpbl HapyHOTO (OrpaXKIAIOLIEr0) COs TOMUMHON A, =R, — Ryt v, =0,25, p,=2,8-10° MIla,
P2 =2,65-103 Kr/M> [3]; ¢ =1028 m/c. DTOT cioil sABASIETCS MEHEE KECTKHM, YeM OKPY KAIOIIU ero
MmaccuB (U < ;). KoHTakT Mexny ciosMu 00AeKH U TIOCIEAHEH ¢ MacCUBOM I0JIaraeM >KECTKHM.

B Tabmuupel 1, 2 momemnieHsl 3Ha4E€HHs KPUTHYECKHX CKOPOCTEH HAarpys3KH C(,)+ A1 PacCMaTpH-
BaeMOT0 TOHHEJIS, U JJISL ATOTO JK€ TOHHENS 0e3 Orpa)K/IatoIero CIosl.

Tabnuua 1 — Kpurnueckne cKopocTH Harpy3Ku I TOHHEIS, TIOJKPEIUICHHOTO JIBYXCIIOHHON 001eIKOH, M/c

hJ/R Coy Cay Cy* C3)* Clay* Csy
0,1 1001 1002 1005 - - —
0,2 964 965 968 983 1012 —
0,3 955 956 959 974 1000 -
0,4 953 954 957 972 997 —
0,5 952 953 956 971 996 -
0,6 952 953 956 971 996 —
0,7 952 953 956 971 996 —
0,8 952 953 956 971 996 -
0,9 952 953 956 971 996 —
1,0 952 953 956 971 996 —

Tabmmna 2 — Kputrdeckue cKopoCTH Harpy3KH U TOHHEIISI 6e3 Orpa)JaroIiero clos, M/c

h()z/R C(0y* Cay* C)* Ci3)* Cay* C(5y*
0,02 1109 1110 1113 1127 1157 1177
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U3 Tabnun cienyer, 4To B cily4yae OrPaKICHUS CTAIbHOW OOONOYKH CIIOEM, KECTKOCTH KOTOPOIO
MEHBIIIE JKECTKOCTH OKPY>KaIOIIEeH Cpebl, IPOUCXOJUT CHIDKEHHE 3HAUCHUI KPUTHUECKUX CKOPOCTEH Ha-
rpy3ku. Ilpu h/R = 0,1 KpUTHYECKHE CKOPOCTH C(y+ MOHMXKaIOTCA HA 10%. C yBenMueHHUEM TOJIIUHEI
clos h, MPOUCXOJUT JaJbHENIee YMEHBIIEHUE C(yy+, KOTOPOE Mmpekpalaercs npu /R = 0,5. Kak moka-
3a]M pacy€Thbl, 3HAYCHUSI KPUTUUECKUX CKOpOCTEH Harpy3ku npu A/R > 0,5 coBmagaioT co 3HaAYCHUSMH
KPUTUYECKUX CKOPOCTEH, HAMIEHHBIX Ui CTAIbHOW OO0OJIOUKH, OKPYKEHHOM MacCHBOM € (PHU3HKO-
MEXaHMUYECKUMHU XapaKTEPUCTUKAMU OIPaskAAOLIETO CIIOSL.

BnusiHMe KOHTAKTHBIX YCIOBMH Ha HM3IIYyI0O KPUTHYECKYIO CKOPOCTb HArPy3KH C(gy+, M/C IPOHILIIO-
CTPUPOBAHO Ha PUCYHKE, T1Ie IPUBEACHBI TUCTIEPCUOHHBIE KpuBBIe Npu 7 = 0. O003HAaYCHUST KPUBBIX IS
TOHHEJIS 0€3 Orpakaarouiero cios: 1 — )KeCTKUH KOHTAKT O0AEIKH C MACCHBOM, 2 — CKOJIB3SIINN KOHTaKT
obnenkn ¢ maccuBoM. OOO3HAYCHWS! KPUBBIX UISI TOHHEINS C OTPaXAAIOMKM ciioeM npu AJ/R =0,1:
3 — ’eCTKOe CONpsDKEHHE CIO0EB OOACIKH M MOCIeAHEH ¢ MacCUBOM; 4 — CKOJIB3ALIMNA KOHTAKT MEXKIY
CIIOSIMH OOJIENKH, JKECTKO CLEIUIEHHOH ¢ MAacCHBOM; 5 — KECTKUH KOHTAKT MEXIY CIOSAMHU OOIENKU MPH
€€ CKOJIB3AIIEM KOHTaKTe ¢ MACCHUBOM; 6 — CKOJIB3SIINN KOHTAKT MEKIY CJIOSAMHU OOJENIKU M OTpa)kaaro-
HIETO CJI0S C MACCUBOM.

1200
\

N — L
\\\\” 5
1000 —N\ = 43
\\ ™ — 5
\\’___// 6

800
600 1
5 10 15 20 25

I[I/ICHepCI/IOHHBIe KPUBBIC IS TOHHETIEH

MuHAMYMBI KPHUBBIX ONPENEIAIOT 3HAYCHHS HU3MIMX KPUTHYECKHUX CKOPOCTEH C()+ HArpysku. Jlms
KpHBOfI 1 Coyr = 1109 M/C, 2 - Coyx = 1023 M/C, 3-— Coyx = 1001 M/C, 4 — Cooyx = 933 M/C, 5-— Coy* = 855 M/C,
6 — co = 825 M/c. I3 aTOrO CiexyeT, 4To IpHU 3aMeHe >KECTKOrO0 KOHTAKTa OOJEIKH C MacCHBOM Ha
CKOJIB3SIIIUN KPUTHYIECKHE CKOPOCTH CHUKAIOTCA.

Jlis MOBBIIEHUST KPUTHUECKUX CKOPOCTEH Harpy3Kd MOXKHO HCIIOJIb30BaTh Oosee KECTKUH, 4eM
MAacCHB, OrpakIaroniuii cioi (U, > W;). Hanmpumep, npuMeHUB B KadecTBe Takoro ciosi 0eToH (v, = 0,2,
My = 1,21'104MHa, p2= 2,5-103KF/M3 , Cs2 = 2200 M/c). Kak mokazanu mpoBeneHHbIC YHCIICHHBIE HCCIIENO-
BaHUs, COOTBETCTBYIOIINE 3TOMY CIIy4ar0 JUCIIEPCUOHHBIC YPaBHEHNS KOPHEH HE HMEIOT.
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TASA3 OPHAJTACKAH TOHHEJIBJAIH KOCKABAT KAIITAMACBIHBIH KOHTAKT IHAPTTAPBI
MEH ITAPAMETPJIEPIHEH KOJIIK )KYKTEMECIHIH KAYIITI ) KbIJITAM/IBIFBIHA OPEKETI

B. H. Ykpaunen', K. O. Orap6aes’, C. P. Fupnuc'

'C. TopaiirbipoB atsiHaars! [1aBnomap MeMiIeKeTTiK yHuBepcHTeTi, KasakcTa,
2K. . CorbaeB ateinaarsl Kazak YITTBIK TEXHUKAIBIK YHUBEpCHTETI, AnMatsl, KazakcTan

Tipek ce3mep: ToHHENb, Ka0aTThl KaOBIKIIA, KOJIK JKYKTEMECI, )KYKTeMe KO3FaJIBICBIHBIH KayilTi KbUIIaM-
JIBIFBL

Annotanusi. CepriMai jkapThUIail KEHICTIKTETI eKi KabaTThl KaObIKIIara XYTipMei )KYKTeMe 9peKeTi Typaslbl
€CETIITIH IIENIiMi HEeTi31H e KOJIiK KYKTEMeIepl ocep eTKeHIE Tas3 OpHAIACKaH TOHHENbIIH KOCKa0aT KarnTaMachIHBIH
TEOMETPHUSUIBIK TIeH (PU3UKA-MEXaHHUKAIBIK [MapaMEeTPIICPIHCH JKOHE OHBIH KOHTAKT MIAPTTapbIHAH KOJIK KYyKTeMe-
CciHiH (IMIKITOHHEIBIIH KBUDKBIMAIBI KOJITiHIH )KYKTEMeci) KayilTi )KbUIIaMABIFbIHA 9Cepi 3epTTEICH]II.

Kemix xykTemeci opeKeTiHeH TOHHENb NUHAMHKACBIHBIH MaTEMAaTHKAIIBIK MOJAETIH Kypy Ke3iHIe KOopiiaraH
MacCHUBIICH KaOBIKLIAHBIH CHIPTKbI KaJblH Ka0AaThIHBIH KO3FAJbICHIH CHIIATTAY YIIIH JKYKTeMere OaiijlaHFaH KbLI-
KBIMaJIbl KOOpPJMHATANAp JKYHECIHIerl cepriM/i TEOPHUSCHIHBIH TUHAMHUKAIBIK TEHJEYJIep KOJIaHbULAbL. Bepiirexn
MacCHUB OHE KabaT HYKTENIepiH KbUDKY BekTopiapsl Jlame moreHumanaap apkpuibl kepceriireH. KaObIKIIaHbIH
IIIKI KYKa Ka0aTThIH TepOelici KOJNAAHBUIFAH KbUDKBIMAIBI KOOPIUHATANIAD JKYHECIHIe kKYKa KaOBIKIIAHBIH Kiac-
CHUKAJIBIK TEOPUSCHIHBIH JKYBIKTAIFaH TEHJCYJIEPMEH aHbIKTAIFaH. byl aBTOpiapMeH IIbIFapbUIFaH ecell LIeHIiMiH
JKYKTEME KO3FAIBICHIHBIH KBUIIMAIBIFBl JABIOBICKA JCHiH KaFjaiina (KOpIIaraH MAacCHUBIICH KAaOBIKIIAHBIH CBIPTKBI
KaJbIH Ka0aThIH/Ia KBUDKY TOJKBIHHBIH JKBUIIAMIBIFEl )KYKTEME KO3FalIBICHIHBIH JKbUIAMIBIFEIHAH KeM OOJFaH/a)
enoyip KECHIUIACTE .

CaHOBIK SKCIEPUMEHTTEp MEH IIbIFapbUIFaH €CeNTiH IICUIiMIH maifanaraHia Makaitaga TOHHENIh KanTaMa-
CBIHBIH Ka0aTTapbl )KOHE JKBIHBIC MACCHBIICH KANTAMaHbBIH TYHIHIECY IIapTapblHAH (KATTHI KOHE ChIPFBIPMAIIBI
KOHTAKTTap) KOIK XYKTEMEHiH KayilTi XbUIaMIBIFBIHA OopeKeTi 3epreninmi. Ecem HoTmxkenepi kectenep MeH
rpaduKTep TYpiH/AE TOJNBIK TajjaHraH. KanramaHblH CHIPTKbI KaOATThIH KATTBUIBIFBI OCKEHJE KOIIK JKYKTEMEHIH
KayiITl )KbUIAAMIBIFBI YJIKEEl AC aHbIKTAJFaH.
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Publication Ethics and Publication Malpractice
in the journals of the National Academy of Sciences of the Republic of Kazakhstan

For information on Ethics in publishing and Ethical guidelines for journal publication
see http://www.elsevier.com/publishingethics and http://www.elsevier.com/journal-authors/ethics.

Submission of an article to the National Academy of Sciences of the Republic of Kazakhstan implies
that the described work has not been published previously (except in the form of an abstract or as part of a
published lecture or academic thesis or as an electronic preprint,
see http://www.elsevier.com/postingpolicy), that it is not under consideration for publication
elsewhere, that its publication is approved by all authors and tacitly or explicitly by the responsible
authorities where the work was carried out, and that, if accepted, it will not be published elsewhere in the
same form, in English or in any other language, including electronically without the written consent of the
copyright-holder. In particular, translations into English of papers already published in another language
are not accepted.

No other forms of scientific misconduct are allowed, such as plagiarism, falsification, fraudulent data,
incorrect interpretation of other works, incorrect citations, etc. The National Academy of Sciences of the
Republic of Kazakhstan follows the Code of Conduct of the Committee on Publication Ethics (COPE),
and follows the COPE Flowcharts for Resolving Cases of Suspected Misconduct
(http://publicationethics.org/files/u2/New_Code.pdf). To verify originality, your article may be
checked by the Cross Check originality detection service http://www.elsevier.com/editors/plagdetect.

The authors are obliged to participate in peer review process and be ready to provide corrections,
clarifications, retractions and apologies when needed. All authors of a paper should have significantly
contributed to the research.

The reviewers should provide objective judgments and should point out relevant published works
which are not yet cited. Reviewed articles should be treated confidentially. The reviewers will be chosen
in such a way that there is no conflict of interests with respect to the research, the authors and/or the
research funders.

The editors have complete responsibility and authority to reject or accept a paper, and they will only
accept a paper when reasonably certain. They will preserve anonymity of reviewers and promote
publication of corrections, clarifications, retractions and apologies when needed. The acceptance of a
paper automatically implies the copyright transfer to the National Academy of Sciences of the Republic of
Kazakhstan.

The Editorial Board of the National Academy of Sciences of the Republic of Kazakhstan will monitor
and safeguard publishing ethics.

[IpaBuna opopmiieHHUs cTaTbU I My OJIMKALUK B )KypHaJle CMOTPETh Ha CalTe:
www:nauka-nanrk . kz

http://www .bulletin-science.kz/index.php/ru/
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