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AnHoTtanusi. Ha ocHOBaHHMH COBpPEMEHHOM (PU3MUECKOM MOJEIH, OMHCHIBAIOIICH COBO-
KyITHOCTh HAmNpsDKEHUH U Je(opMariii, BOZHUKAIOINX IIPH JSHCTBUH HA IUTABAIOINLYIO
IUTaCTHHY BHEITHEH Harpy3KH, HOJTydeHb! JaHHBIE JUTS BEIICHEHHS TOYHOTO 3HAUCHUS KPH-
Tepust, KOTOPBII IPUBOJIUT K MOIHOMY Pa3pyIIEHUIO JIbAa aM(pUONIHBIM CYJHOM, y KOTO-
poro Bcsl Macca MOAJEP)KUBACTCS HAJl BOXOW CHIIaMH M30BITOYHOTO IaBJIECHHS BO3TyXa,
MOCTOSIHHO HaTHETaeMOro IO JHUIIE, C yYETOM peibeda JIbAa U CIIOs CHeTa Ha JeTHOH
noBepxHocTH. PHu3nUecKas 3aBUCUMOCTh MEXIY HANPSDKSHUSIMH U 1eOopManusiMy OITH-
ceiBasiack MatepraiaoM Poiirra. CHEXXHBIN TOKPOB MOJACTUPOBAJICS BA3KHUM CIOEM.
KonrodeBrble ciioBa: amdubuitHOE CyHO, €M, CHET, IUIaBaloIas INIaCTHHA, pa3pyIIeHue,
riryOMHa BoJoeMa
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Abstract. This paper indicates the feasibility of using the resonance method of ice cover
destruction by amphibious air-cushion vehicles. The essence of flexural-gravity resonance
is explained, as well as the possibility of applying this method to solve a number of ice-
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engineering problems: breaking ice cover in shallow waters, where the water depth is
inaccessible to icebreakers due to their draft; breaking ice jams and ice gorges during
spring break-up to prevent destructive floods; breaking ice over large areas when servicing
hydroelectric power plants and opening the ice cover of reservoirs and river bays to enable
earlier navigation on inland waterways, etc.

Based on the theoretical dependencies developed for calculating the stress—strain state of
the ice cover under a moving load, the results are obtained for determining the ice-breaking
capacity of vessels with account for variations in water depth and the presence of a snow
cover on the ice under resonant conditions. When describing the relations between stresses
and strains in ice, the Voigt model of viscoelastic deformation is used. The snow cover is
modeled as a viscous layer.

It is found that such ice conditions as water depth and snow-covered ice significantly affect
the ice-breaking capability, i.e., the efficiency of ice cover destruction by the resonance
method. Dependencies are presented for determining the main vessel parameters that
ensure complete destruction of the ice cover with a given ice thickness and specified ice
conditions. It is concluded that, to increase efficiency, icebreaking operations should
be initiated in snow-free ice areas, near the shore, and in shallow waters.
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BBenenune

Lemecoobpa3HOCTh pean3aii METoIa pa3pymIeHNS JIba ¢ TOMOIIBIO0 pe3oHanca [ 1],
3aKJFOYAOIIErocs] B 00ECIEUEHNH COBMECTHBIX KOJIEOAHUH JIbJla M BOJIBI U NMPUBOAS-
IIEro K €ro pacTpecKUBAHMUIO ITpH JBIKeHHH amduouitHoro cyana (CBII) co ckopocTsio,
COOTBETCTBYIOIIECH 3HAUUTEIIFHOMY YBEIMUCHHIO BHICOTHI KOJIeOaHUit baa [2], BO3HH-
KaeT MpH 3aTPYAHUTEIHHOM NMPUMEHEHHH CaMOXOJHBIX CHEIHAIM3HUPOBAHHBIX CYJIOB,
NpeHa3HAYCHHBIX JUIS PA3JIMYHbIX JIEJJOKOIBHBIX onepannii. TakoBBIMU SBIISIOTCS: pa3-
pYIIEHHE JiesTHBIX 00pa30BaHUil B MECTaX BO3BBILICHUSI JIHA, T.€. IOJABOIHOTO peibeda,
IIPY KOTOPOM TITyOMHA BOJIBI MEHBIIIE, YEM B OKPY’KAIOIINX TOYKAX; JTMKBHUIALUS CKOII-
JICHUS! JIbIUH BO BpEMs JIE0X0/1a, a TAaKXKe IIYTH U JPYTUX BHIOB BHYTPEHHETO JIbJa
B IIEPHO/]] BECEHHETO JIEJIOCTABA C 110 YIPEXKICHUSI BOSHUKHOBEHHSI 3aTOIICHUS TEp-
putopuii; odecriedeHre B BECCHHNH TIepro] 6oyiee paHHEeTo IMepeIBIKEHHUS JIFOOBIX CY-
JIOB TIO BOJIHBIM ITyTSIM.

Jist peeHuns nepevrciIeHHbIX JIETOTEXHUUECKHX 3a/1a4 CYAHY CliefyeT 00eceunTh
HEOOXOMMYIO JIeIOPa3pPYIIAOITy0 CIOCOOHOCTE [3, 4]. Jlis ee OIEHKH HY>KHO TIOJy-
YHUThH 3aBUCUMOCTH TOJIIIMHBI Pa3pyIIaeMoro JIbJia OT Macchl CyJHa ¥ JAaBJICHUS B €TO
BO3YIIHOM TMOAYyIIKE MPH PE30HAHCHOW CKOPOCTH JABMXEHHA [1] ¢ ydeToM cooTBeT-
CTBYIOIIUX JIEZOBBIX YCIOBHH. DTa 3aBHCUMOCTD ISl YUCTOTO OT CHETa JIbJAa A (PHK-
CHPOBaHHOM TITyOMHBI BOABI NpHBeAcHA B padote [5]. OOBIYHO NIeNIHOM MOKpoB 0e3
CHera BCTpedaeTcs peAxo. B mporecce BblmonaHeHus paboT MO paspylICHUIO JbIa
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M3MEHsIETCS M TITyOMHA BOJBL. DTH JIEAOBBIE YCIOBHSI CYIIECTBEHHO BIIMSIOT Ha Iapa-
METpBI BO30YXKTaeMbIX H3rHOHO-TpaBuTaliMOHHEIX BosH (MI'B) [6, 7], T.e. ux negopas-
PYIIAIOIIYIO CIIOCOOHOCTB, YTO TPEOYET KOPPEKTHPOBKH ITOTyYEHHBIX 3aBHCUMOCTEH.

Lenpto paboOTHI SIBISETCS ONpe/eNeHHe 3aBUCHMOCTH TONIIMHBI JIbJA, pa3pyliac-
moro CBII npu aBmxeHun co ckopocthio pe3oHaHcHBIX MI'B [1], oT rimyOGuHb! BobI 1
HaJIMYHsI CHEXHOTO TIOKPOBA.

CraTbsl COCTOMT M3 BBEICHUS, JIBYX Pa3feioB W 3aKmodeHus. B mepBom paszene
IIPUBEICHBI OCHOBHBIE NCIIOJIb30BAHHbBIE TEOPETHIECKHIE 3aBICUMOCTH, BO BTOPOM — pe-
3yJBTAThl ONIPEAEIECHNS JIEOKOIBHBIX KaUeCTB Cy/I0B.

1. OcHoBHBIE TEOPEeTUHICCKHE 3aBUCUMOCTH

B OomnpmumHCTBE 3a0a4 [0 pa3pyIICHUIO JEASHOTO IOKPOBA UCIOIb3yeTcs MOJENb
Marepuaa, 00JaIaroIero CBOMCTBOM BO3BPAIATHCS B M3HAYAIBHYIO (DOPMY NIPH YIIpY-
roil neopmanuu, mpu 3TOM €ro (pU3NKO-MEXaHWYEeCKHE CBOWCTBA HE 3aBHUCST OT
HAalpaBJIeHUs TPHUIOKEHHsT Harpy3ku. J{JIsi ommcaHusl COBOKYITHOCTH HAIlpsHKEHUH W
nedopmannii, BOSHUKAIOMNX MPH BO3ACHCTBUM HAa IUIABAIOIIYIO IUIACTHHY BHEIIHEH
Harpy3KH, UCIIOJB3YIOTCS 3aBUCHMOCTH M3rnOa ynpyrux miacTuH. OmHaKko JeAsHOH
MIOKPOB SIBJISETCS MaTEepPUaJIOM C HEOJMHAKOBBIMI CBOHCTBAMH IO PA3JIMYHBIM HaIpaB-
JICHUSIM M3-32 [IepeTazia TEMIIEPATyPhI 110 TONIIHHE JIbAA, XUMHYECKOTO COCTaBa M HaJlU-
YyHsl TIPUMECEH, KPUCTAJUIMUECKON CTPYKTYpPbI, MUHEPAIU3ALUH, CTETIEHH MOKPBITHS
MIOBEPXHOCTH JIbIa CHETOM, (pa3bl JIENOBOTO peXUMa U Tp. B 3a7auax BOTHOBBIX KoOJle-
0aHM IbJa ATO YUUTHIBAETCS OJIarofaps UCIOIb30BAHUIO MOIEIM MHOTOCIOHHOTO Ma-
Tepuaia, y KOTOPOTO CBOMCTBAa OJMHAKOBHI BO BCEX HANpPABIEHUSX TOJNBKO B KaXKIOM
OTIEIBHOM CJIO€, C MOCIEAYIOIUM IIEPEX0I0M K H30TPOITHOMY MaTepHally ¢ MOIyJIeM
YIPYTrOCTH, IOJIy4aeMbIM U3 COOTHOIIEHHS MOyJIEH yIPyroCTH ClI0eB MaTepuaina. Takum
00pazoM, 3aBUCHMOCTb MEX/Ty HAIPSDKEHUSMH U IepopManvsIMU BO JIbTy HOCST BSI3KO-
YIPYTHH XapaKTep W 3aBUCST OT peKUMa Harpy>KeHHs. YUeT 3THX CBOIMCTB B YCIIOBHSIX
n3ruOHO-rpaBuTaonHoro pesoHanca (UI'P) mosBosier n30aBUTHCS OT HEOPEIeTICHHO-
CTH B TEOPETHUYECKHUX PEIICHUAX W MOJIYYUTh PeabHYI0 KapTHHY HalpsbKeHHO-aedop-
mupoBanHoro cocrostaus (H/IC) nexsHOT0 MOKpoBa BONM3H NPHUIIOKEHHON HATPY3KH.

Kak m3BectHO [8], 1151 onmcanust BOTHOBBIX Kojiebaumit ap1a mpu TP MoxxHO mipn-
HATH 3aKOH NIe(OPMHUPOBAHUS YIIPyTO-3amma3asiBaomnieit cpensl Kenssuna—@oiirra. To-
raa audQepeHaIbHoe ypaBHEHHE BA3KOYNPYTHX KoJeOaHuil JIeTHOro TIOKpOBa Mpu
YCTaHOBHUBILEMCS JIBHXKCHUH COCPEIOTOYCHHOM CHIIBI P C IIOCTOSIHHON CKOPOCTh V Oy-
JIeT UMeTh Bu [S]:

Gh® 0

o o*w oD

1+t, — |V'w+ - e vE e B
( p GJ (P.h+pch) = +mh —Viw+p,gwp, — W
=Pd(x—vt,y—0)
rae: G — MO,HyJ'H) caBura IJid JbpJa, h — TOJIIIHNHA HeﬂﬂHOﬁ IIJIACTHHBI; V — BeKTopHLIﬁ
nubdepeHInanbHbINA OIepaTop; Tp — BPEMs YMEHBIIEHHs HAIPSDKCHHUN B e pas (e — oc-
HOBaHHE HATypaJbHOTro Jorapudma); W — mporub Jbaa; ps, P, P — [UIOTHOCTH BOJBI,
CHETra M JipJa, g — yCKOpeHHe CBO60HHOFO naJgCHUA; T]C—KOZ)(I)(bI/IHI/IeHT BA3KOCTH CHEra,
(D — CKaﬂﬂpHaﬂ (byHKL[I/IH, OITKMCBIBArOmasA MOTCHIMAJIbHOC TCUCHNUC ) KUIKOCTH, 6 —(byHK-
nus I[I/IpaKa, OInucChIBarOIias CocpeILOToquH},Ie CHJIBI; X, y, Z — HEMMOJABU)KHAsI CUCTEMA
KOOp,Z[I/IHaT.
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Ero pemrenue aist Harpy3ku B BUJe aM(pUOMHHOTO CyTHa JJIMHOW 2a M IUPUHOIL 28
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JISITACH U3 3aBUCHMOCTEH:
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OnpeneseHue Je10KOJIBHBIX KauecTB aMGUONHHBIX Cy10B

Ha ocHOBaHMY BBINOJHEHHBIX 3KCIIEPHMEHTOB B ONBITOBBIX OacceiiHax, Ha MEJIKO-
U KPYITHOMACIITaOHBIX MOZENAX, a Tatke Ha HarypHBIX CBII [1] ¢ ucmons3oBanneM
KPUTEpHs IMOJHOTO paspylleHus JEISHOTO IMOKPOBa, pa3pabOTaHHOIO C HMOMOIIBIO
OLICHKH YPOBHS TEOPETUUESCKOW IUIOTHOCTH ITOTSHUMAIBEHON SHEpPrHd M3rnda IUIacTh-
uel U [9]

—” o +0 —2u0,0, + 2L+ )t [dxdy (4)
4G(1+p) 2,

paccunTaHa 3aBUCUMOCTH TOJIIIMHBI pa3pyLIaeMoro Jiba OT apamMeTpoB aM(pHOMIHBIX
CYZIOB — Macchl M ¥ JIaBJeHHs B BO3AYIIHOH noaymike Py, (puc. 1). Crnenyer 3aMeTHTS,
YTO O] TOJHBIM pa3pylleHneM OyaeM ITOHHMAaTh HE TOJIBKO OOpa3oBaHME BO JIbIY
CKBO3HBIX TPEIIMH, UX PACKpPBITHE M CMEIIEHHE KYCKOB JIEJSHOTO IIOKPOBa OTHOCH-
TEJIFHO APYT APYTa, HO M TaKylO CTAAUIO €T0 pa3pyIIeHHMs, KOTja ero HecyImas crocoo-
HOCTbH HE NPEBBIIIAET APXUMEAOBBIX CHJI IIIABY4ECTH OOJIOMKOB JIbJa, YTO MPOUCXOTIUT
IIPU TOCTHKCHNHU TEOPETHUECKOH IMIIOTHOCTH MOTCHIMAIBHON SHEPTHH IIPH €ro U3ruode
OTIpENIEIICHHOTO YPOBHA [5].

M, T\\ \\ \
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Puc. 1. 3aBrcHMOCTb TONIIMHEI Pa3pyNIIaeMoro JIb/a OT apaMeTpoB aM(pUONHHEIX CYJ0B
Fig. 1. Dependence of the thickness of breakable ice on the parameters of amphibious vessels

[Mony4eHHas 3aBUCHMOCTh paccudTaHa MpH TiyOuHe BOAbl H = SM U OTCYTCTBHH
cHe)XHOTo TokpoBa. ITpu npyrux rimy6uHax u Hanuuuu cHera napametrpsl VI'B, a 3Ha-
YHT, M UX JICAOPA3PyLIAOIIAs CIIOCOOHOCTh CYIIECTBCHHO M3MeHst0TCs [ 1, 6]. TloaTomy
MOJYYEHHYIO 3aBHCUMOCTh HEOOXOANMO KOPPEKTHPOBATh NMPHU W3MEHEHHU TIIyOMHBI
1 3aCHEKEHHOCTH JIESIHOTO TIOKPOBa ¢ moMotbio ko3 punuenta k = Ug/Uqy, te: Ug —
TUTOTHOCTH SHEPTUH TP OTCYTCTBHU CHEXHOTO IOKpoBa U riryoune H = 5 m; U, — miioT-
HOCTH SHEPTHH IPH HAJIMYUH CHETa ¥ JPYTHX IITyOHHaX.

B kxavecTBe mpuMepa Ha pHcC. 2 MPUBEACHBI PE3YJIbTATHl pacdeTa dTOro Kod(puim-
eHTa IS 32CHEXKCHHOTO JISISIHOTO MOKpoBa TonmmHoi h = 0.5 M ¢ Hanbosee BeposT-
HBIMH (PH3UKO-MEXaHMYECKUMH Xapaktepuctikamu Jpaa: G = 4 I'Tla, p = 0,34 [5];
cHera: 1 = 0.3-105 nyas; pc = 200 kr/m® [10, 11] 1 pasHbIX TTyOHH.
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Puc. 2. 3aBucumocts k03(durmenra K ot yciioBuii jie10Boi 00CTaHOBKH
npu toimuHe ibaa h = 0.5 M: 1 — 6e3 CHEe)KHOTO MOKPOBA; MPH €r0 HATUYHH:
2-h.=025m;3-hc=050m;4—-hc=0.75m;5-h.=1.00 m
Fig. 2. Coefficient k as a function of ice conditions at the ice thickness h =0.5 m:
(1) without snow cover; with snow cover at he = (2) 0.25, (3) 0.50, (4) 0.75,
and (5) 1.00 m

Torma macca CBII, goctarounas s pa3pynieHHs 3aCHEKEHHOTO JISASTHOTO IIOKPOBa
1 33IaHHOY TITyOWMHBI, OTIPENIEIATCS U3 BEIPAKCHUS

M™ = Mk. 5)
3akiaoueHue

BrImonHeHHBIE MCCIeI0BAHUS TO3BONISIOT CAETATh BBIBOJ O CYIIIECTBEHHOM BIIHS-
HHUHM Ha JIeI0pa3pyLIAONIyI0 CIIOCOOHOCTS, T.€. 3PEKTUBHOCTD Pa3pyIICHHS JEITHOTO
MOKPOBA PE30HAHCHBIM METOZIOM, TaKUX JIEJOBBIX YCIIOBHIL, KaK TIyOHHa BOJIbI U 3aCHE-
KEHHOCTB JIbJ1a. Mcrone3ys nmpuBeieHHBIE Ha puC. 1, 2 3aBUCUMOCTH | BbIpaxeHue (5),
MOJKHO OTIpefennTh oCHOBHBIE mapameTpsl CBII (Maccy u maBieHre B BO3IYIITHON ITO-
IyHIKe), TapaHTUPYIOLINE MOJHOE pa3pylICHUE JIEASHOrO MOKPOBa C 3aJaHHBIMU €r0
TOJIIIIMHON U JIEAOBBIMHU YCIOBUAMH. V3 MOTYYCHHBIX PE3yIbTaTOB TAKOKE CIEAYET, 9TO
JIeIOKOJIbHBIE PAOOTHI ISl TOBBIMIEHUS NX 3(P()EKTHBHOCTH ClleAyeT HaYMHATh HA YH-
CTBIX OT CHETa yJacTKax JIbJa ¥ BOJIU3M Oepera, Ha OTMEJSIX, T.€. Ha MaJIbIX ITyOHHaX.
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