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Summary

The heterogeneity of the strength of the ice field of the dynamic type of formation with an area of 800 m?
was investigated in time and space. It is shown that stationary periodic wave structures are formed in a
closed volume of an ice field lying on the surface of a liquid in a rectangular basin. In a case of absence of
any external influences, the dominant source of elastic waves in the ice is the coherent radiation of them
on freezing of water, i.e. the ice field itself. Another wave structures, i.e. standing waves, form secondary
ice textures in the ice field with diminished strength. Local hardness of ice was chosen as the criterion of
strength. The recurrence of local hardness values as a function of coordinates of the measurement points in
the longitudinal and transverse profiles of the ice field was determined. The hardness values vary from 40 to
60% with an axial force measurement error of 5%. The experimental relations are approximated by periodic
curves, in which the maxima and minima of local hardness correlate with the nodes and antinodes of stand-
ing waves, respectively. The decrease in local ice hardness in the secondary textures is explained by high-fre-
quency dynamic metamorphism. The wavelengths corresponding to bending-gravitational and longitudinal
waves are identified, with the interference of which stationary periodic wave structures are formed. A simi-
lar regularity of changes in local hardness was revealed also in a river ice. The results obtained allow us to
consider nonlinear wave phenomena as one of the factors controlling the spatial-temporal variability of the
ice strength characteristics.
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UsmMeH4yueocme.

YcTaHOBNEHO, YTO B JIeAAHOM MoJie AMHAMUYECKOrO TUNa GOpMUPOBaHNS Noj AeNCTBUEM CTOAYMX BOJTH
06pa3syloTCA CTauMOHapHble MepuofMyeckre BOJHOBble CTPYKTYpbl. OnpefeneHbl MacluTabbl TakuMx
CTPYKTYp. M3meHeHre nokanbHOM TBEPAOCTU OOBACHAETCA BbICOKOYACTOTHbIM AMHAMUYECKUM MeTa-
MOPOU3MOM fbAa B 30HAX MyYHOCTEN CTOAYUX BOJH. [TOKa3aHO, YTO MCTOUHUKOM YNpyrux KonebaHui
MOXET ObITb KOrepeHTHOE U3TyuyeHre YNPpyrux BOJIH NPy 3aMopaxrBaHuy Bogbl. DopMmpoBaHme aHaso-
FMYHbIX BOMIHOBbIX CTPYKTYP B NMPUPOAHOM Nbie MOATBEPXKAEHO MOeBbIMU M3MEePEHUAMM TBEPAOCTU B
peYHOM fleisitHOM MoKpoBe. HesnHeHble BOJTHOBbIE ABMIEHUS PACCMATPUBAIOTCA KaK OAUH 13 $pakToOpoB
NPOCTPaHCTBEHHO-BPEMEHHO NU3MEHUMBOCTM MPOYHOCTHBIX XapaKTePUCTYK Sibaa.

BBenenne

B TeyeHme mIMTEIBHOIO BPpEMEHU BOJHOBOII
MeTaMop(du3M Jibla Kak COBOKYIMHOCTh jJedopma-
LIMOHHBIX CTPYKTYPHO-TEKCTYPHBIX €I0 U3BMEHEHU I
B JIEISTHOM TTIOKPOBE OCTAETCSI OOBEKTOM HAYYHBIX
ncciegoBaHuii, Hanpumep [1—4]. B mabopartop-

HbBIX YCJIIOBUSIX TaKXXe MbITAJUCh aHAJIU3UPOBATH
¢opmMupoBaHUe TEKCTYp JbAa C MaJIOW TUHAMMU-
YEeCKOM BSA3KOCTBHIO MOA JeHCTBMEM BOJH KOHEY-
HOW aMIUIUTYIbI, BKJIo4ass pU3nNIecKoe MOJIe-
JIMpOBaHUE NBUXEHUS JibJa B MPUAOHHBIX CJIOSIX
JIeTHUKOB [5]. OmHAaKO 10 CUX MOp HEJOCTATOUHO
M3YUYEHBI BOIIPOCHI, CBSI3aHHbIE C BIIMSIHUEM peE-
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30HAHCHBIX SIBJICHUI Ha IPOCTPAHCTBEHHYIO M3-
MEHUYMBOCTh IIPOYHOCTHBIX CBOMCTB JIbIa, a TAKXKe
CIICHApUM BIWSHUS UMITYJILCOB HAIIPSDKEHUI WA
BOJIH Ha IIPOLIECC pa3pyIIeHNs JIeAsTHOTO os. JIo-
rIYecKoe IPOodoJKeHe NCCIeIO0BaHUIT BOJTHOBO-
ro Mmetamopdus3Ma Jipaa — GU3NIECCKOe MOIEINPO-
BaHUe (OPMUPOBAHUS JICASHBIX IIOJIEH U IIpsIMOe
HCCIIeIOBaHNE UX IIPOCTPAHCTBEHHO-BPEMEHHBIX
IIPOYHOCTHBIX XapaKTePUCTHUK.

ITocTanoBKa 3a7a4M McCJIeI0BAHUIA

Llens HacToOsIIEH paOOTH — M3YYCHNE BIUSHUS
BOJIHOBBIX IIPOIIECCOB Ha MPOYHOCThH IIPHUPOTHOTO
JIbla B YaCTUYHO 3aMKHYThIX 00béMax. Heobxonu-
MO OBLIO YCTAaHOBUTH IMPHU3HAKM, XapaKTepU3yIO-
IIMe TIOBTOPSIEMOCTh BOJTHOBBIX IBVKEHUI, M OIIpe-
IeJINTh pe3yJIbTaThl 3TUX ABMKeHMi. KoHuenmus
HCCIeIOBaHUS COCTOUT B TOM, UTO M3-3a HEU3-
OEXXHBIX CITyJalHBIX TOJTYKOB B JICISTHOM I10JI€ TIPH-
CYTCTBYIOT MaJlble COOCTBEHHBIE KOJieOaHUSI, KO-
TOpBI€ BBHI3BIBAIOT ITapaMETPUUCCKUIN pe30HaHC,
NEeMCTBHE KOTOPOTO IIPOSIBIIICTCS B JIOKAJIBHOM I10-
BHIIICHUHN IUIACTUYHOCTH JibAa. MHIMKatopaMu
BOJIHOBBIX ITPOLIECCOB IIPM 3TOM CTaHOBSITCSI BTO-
pUYHBIE TEKCTYpHI Jbaa. st 3aMKHYTOro o0bEMa
MIPOCTOI (hOPMBI, HAIIpUMEP JISAOBOTO OacceliHa B
BUE IIPSIMOYTOJILHOTO ITapajuiejienunena, IoBTO-
PsSIEMOCTDb BOJTHOBBIX OBVKCHUI OYIET MPOSIBISATh-
Csl B IEPUMOAUIHOCTH BTOPUYHBIX TEKCTYpP, COOT-
BETCTBYIOIIMX YePEIOBAHUIO IIYYHOCTEH U Y3JIOB
CTOSTYMX BOJH. B KauecTBe 00BeKTa mcciaemoBa-
HUS BBIOpaH COJIEHBIN JEN — MaTepuai, UMeIoLui
MPaKTUIECKYI0 3HAYMMOCTh 1 3aBEIOMO 00eCITeun-
BaloIInil 00JbIIO0M 3¢ (hEKT BBUAY HU3KOTO MOLIY-
ns1. CHavasra OblIa MCClieqoBaHa IIPOCTPAHCTBEHHO-
BpeMEHHASI M3MEHYUBOCTh IIPOYHOCTHHBIX CBOMCTB
JIEISTHOTO TOJIs B JIemoBoM OacceliHe. B xauecTBe
KpuUTepus IIPOYHOCTH BBIOpaHa JIOKaJbHAasI TBEP-
IOCTb, KOTOpasi MHOTOKPAaTHO OIIpPeIesIsIeTCs B
MPOIOJbHBIX M IIOIIEPEUHBIX IIPOPUIIX JEeITHO-
ro mojist. IIpuMeHsICa KOMITIEKCHBIN ITOAXO0H, OC-
HOBAHHBIN Ha aKyCTHMKO-MEXaHMYECKOM METOIE.
DTa 4acTh UCCICAOBAHUI BHIIIOIHSIIACh B KpbLI1oB-
CKOM ToCygapCTBeHHOM HaydHOM 1HeHTpe (CaHKT-
ITetepOypr) [6]. 3aTeM JOCTOBEPHOCTH POPMUPO-
BaHMSI BOJTHOBBIX TEKCTYP IIPOBEPSUIACH B YCIOBUSIX
€CTECTBEHHOI'O 3aJIeTaHUs Ha pedHoOM Jbae (peka
HecHa mog, MOCKBOIA).

IIpeameT uccaenoBaHus, METOIUKH M aNnapaTypa

B xauectBe npeacTaBUTEIbHOTO 00BEKTA UC-
cJieoBaHUI BBIOPAHO JIEASHOE I10JIe MOAEAUPO-
BaHHOTO JIbJa B JIeMOBOM OacceliHe KpnlioBckoro
rocyapCTBEHHOTO Hay4dHOTO LieHTpa [6] ruroiia-
abi0 800 M2 (muHa easgHoro noss 80 M, WupUHa
10 Mm). C n1ByX CTOPOH TI0 MEPUMETPY OHO MTPUMO-
POXEHO K TBEPAbIM BepTUKAJIbHBIM CTEHKaM U K
OIHOM TOpPLIEBOM (HAKJIOHHOI) CTeHKe OacceiiHa.
Bacceiin nipsimoyroyibHoOM ¢opMbl Ha 80% (64 M)
JUTAHBI 3aI10JTHSUICSI BOIOM 10 YPOBHS 2 M, a OCTaB-
masicst yacthb (16 M) 3amosHsjiach 10 YpOBHS 4 M.
MopenupoBaHHBIN JIEA TOTOBUJICS MYTEM «3ace-
Ba» JIEASSHBIMU TpaHyJlaMUd BOOHONM MOBEPXHOCTH
Bonbl. JIJ1s1 3TOTO X0M0mMHasT COI€HAsI BOAA PacCIIbI-
JIsTach B atMocepe JIedoBOro dacceitHa Ipyu TeM-
nepatype Bo3ayxa —20 + —25 °C [6]. OcesBiune Ha
MOBEPXHOCTDH BOJbI JIEASIHbIE YACTUIIEI CO CPEIHUM
auameTpoM 0,5 MM «CIieKaJlucb» U (hOPMUPOBAIHU
JIeMSIHOM Kapkac, Moao0OHbIi cHery. Takoil néa, o
kinaccuukanusa H.B. Uepenmanona [7], cooTBeT-
ctByeT Jbay Tuna B9. ConéHocTh BOIbl COCTABISIET
13,2 %o, nbaa — 6,7 %o. [1po4HOCTb MOAETUPOBAH -
Horo Jibaa Ha u3ru6 — 18 kIla, Ha cxkatue — 38 kI1a,
Monyib neopmaruu £ = 22 MIla, cpenHss mioT-
HOCTb — 930 Kr/m? (IIpUBENEHBI CPENHUE 3HAUE-
HUs); ToammHa apaa — ot 40 no 53 mm. C metoau-
YeCKO#l TOYKM 3peHUs TaKMe CBOMCTBA JIbIa, KaKk
HU3KUI MOAYJIb YIIPYTOCTU Y BBICOKAsI TOMOJIOTHAYE-
ckag ero temreparypa (0,95), a Takxke ocTaTOUHbIe
HaIIpSDKEHUS, BO3HUKAIOIINME TTpU (pOPMUPOBAHUM
JIEASTHOTO TOJist, Hanbosiee COOTBETCTBYIOT BBIOJI -
HEHUIO MOCTABJIEHHOM 3aa4y UCCIIeIOBAaHMSI.

TBEpaocTb MOIEIUPOBAHHOIO JIbIAa U3MEPSIIU
C TTIOMOIIbIO TOPTATUBHOTIO MEHETPOMETpa, CHAO0-
KEHHOI'0 KpecToOOpa3HbIM HAaKOHEYHUKOM [8].
HaxoHeyHUK Takoii (hopMbl UMEET BBICOKYIO UYB-
CTBUTEIBHOCTBIO K CTPYKTYPE, MOCKOJIbKY IIPY MUJIE-
JIEBOM CEUEHUHM 2,5 CM? nMeeT pabouyio MOBEPXHOCTh
72,8 ¢cM? 1 1IpU U3MEPEHUAX KOHTAKTUPYET € OOJb-
IIAM KOJIMYECTBOM JICASTHBIX KpUCTA/UI0B. CUHXPOH-
HO C U3MEPEHUSIMU TBEPIOCTU PErUCTPUPOBAIIU T1a-
paMeTpbl aKyCTUUECKOI aMUCCHU. Yucao nsmepeHui
JIOKQJIbHOM TBEPIOCTU B IIPOIAOJIbHBIX 1 ITOIEPEUHBIX
NpoGWISX JISASTHOTO 101 ObLIO JOCTaTOYHBIM IS
MOCTPOEHMSI allIPOKCUMUPYIOIIEH (DYHKIIMU, XapaK-
TEepU3YIOIIE ITPOCTPAHCTBEHHYIO HEOTHOPOIHOCTD
MPOYHOCTHU JIeASTHOTO TT0Jg (o 125 Touek Ha Kpu-
By10). CTpyKTypa Jibaa oTpenensuiach Mo mindam
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B MOJISIPU30BaHHOM CBeTe. B ycrmoBusx 3ajmeraHust
KOJIMYECTBEHHOE MCCIEIOBaHNE MUKPOCTPYKTYPBI
JIbIa BBITIOJIHSIIN C TIOMOIIBIO aKyCTUYECKUX METO-
JIOB: aKyCTUYECKOM IMUCCUN U UMITYTbCHO-()a30BO-
ro. KoMIieKcHbIi TToaXo/ MO3BOJISIET CBA3aTh MUK-
POCTPYKTYPY JIblIa U aKYCTUYECKUE XapaKTePUCTUKU
C MaKpOMEXaHMKOM Jibla. AKyCTUYECKHE TTapaMeTphl
OTpaXKaloT UBMEHEHUE CTPYKTYPHI Jibla B MHTETPasib-
HOM BUIIE, TOATOMY UX CBSI3b C MUKPOCTPYKTYPOIi 1a-
€TCS B BUE MPOCTHIX YpaBHEHUI 6€3 ITOTepu TOCTO-
BepHOCTU. METOIUKM M3MEPEHUI U UCTIOIb3yeMast
armnapaTypa npuBeaeHbI B padote [8].

P €3yJIbTAThl UCCJICIOBAHUIM

TunuuHasg 3aBUCUMOCTD JOKaJIbHOW TBEPIO-
CTH JibJla OT KOOPAMHATHI TOYEK U3MEPEHUI 6 no-
nepeurnom Tipoduie NegoBOro dGacceliHa Tpen-
CTaBJIieHa Tepuoandyeckoit kpuBoil / Ha puc. 1.
Bapuaunu tBépaocTtu coctaBisior 43+2% B uHTEp-
Basie oT 26 1o 60 xIla mpu onMbKe U3MepeHuit oce-
Boit cuiibl 5%. JlokanbHasi TBEPAOCTb O ONpPeaeIsi-
Jlach TIyTéM M3MEpEeHUsl 0CeBOI CUJIBI P, KoTopas
BO3JENCTBYeT HA HAKOHEUHUK C MUIEJIEBbIM ceue-
HueM S = 2,5 cM2, U pacCUUTBIBAIACh 110 GopMyJIe
oy = P/S. Ilepuonnueckoe yeperoBaHNEe MUHUMY-
MOB M MaKCUMyMOB Ha KpuBoit / (cM. puc. 1) yka-
3bIBa€T Ha BOJTHOBYIO IIPUPOAY M3MEHEHUSI IIPOY-
HOCTHBIX CBOMCTB Jbaa. [1ocKonbKy B IonepeuHom
npoduiie JeassHoe o€ OrpaHUYeHO ITOCKUMU T1a-
paJlIeIbHBIMU CTEHKaMM OacceitHa, Ipyu HOpMallb-
HOM ITaficHNH OeTyIleil BOJIHBI Ha TpaHUILY pa3aesa
COIIPMKACAIOIINXCS cpel (JIbaa 1 OeTOHAa) BO3HMKA-
€T CTOsI4asl BOJIHA. Y CIIOBUSI (POPMHUPOBAHUS CTOSI-
Yeil BOJHBI OIIPEACISIIOTCS OTHOIIIEHIEM BOJTHOBBIX
COIPOTUBJIEHUI 6eTOHA P V) 1 iba pyV):

moy. = (OVi)/ (0o V) = (1800-3770)/(980-3800) = 1,8. (1)

CorjacHO pacCYMTaHHOMY IO COOTHOIIE-
HUIO (1) 3HaYEHUIO BEJIMUUHBI My, TPAHULLY pa3zie-
Jla 1€1—0eTOH HeJb3sl CUMTATh HU aOCOIIOTHO XKECT-
KO, HU abCOIOTHO MoaaTiauBoii. Yactes ynpyroi
9HEPTUU OTPa3UTCS OT CTEHKM OacceifHa U B BUIE
OTPak€HHOM BOJIHBI HaJIOXUTCS Ha Malalollyio
BOJIHY. B pe3ynbraTte B neasHoM mose chopMUpy-
eTCS CTOsYast BOJIHA, a BO JIbIY OYAEeT HaOII0JaThCs
coyeTaHMe CTosTuelt U Oeryieit BOJIH.

ITockonbKy, COTJIacCHO 3KCIePUMEHTaJIbHBIM
JaHHBIM (KpuBas [/ Ha puc. 1), BOIM3M CTEHOK Ha0-

TB&paocTb, kla
8
|

24 I N I
0 2 4 6 8 10
KoopauHaTa TOUKN N3MepeHni, M

Puc. 1. 3aBucUMOCTb TBEPAOCTH JIbAA OT KOOPAMHATHI TOU-
K1 U3MEPEeHUH B poduie 1o IIMpYHE JeI0BOro dacceiiHa:
11— OKCINEpUMEHTAJIbHasd KpuUBasi; 2— aIlIIpoKCuMalus

Fig. 1. Dependence of ice hardness on the coordinate of
the measurement point in the profile along the width of
the ice pool:

1 — experimental curve; 2 — approximation

JIIOAAETCS MAKCUMYM JIOKAJbHOU TBEPIOCTU U ITU
MaKCUMYMbl Ha KPMBOI COOTBETCTBYIOT y3JIaM CKO-
pocTeli cTosTueil BOMHBI (JIED TPUMOPOXKEH K CTEH-
Ke), MaKCUMaJIbHOE YMEHbIIEHUE IIPOYHOCTHBIX
XapaKTePUCTUK JibAa CIEAYET OXKUIATh B IyYHOCTIX
CKOpocTel cTosiueit BOMHbI. OTMETUM, YTO SHEPTUS
KojebaHUl CTOsIuel BOJIHBI JIOKAJIM30BaHA MEXIY
COCEAHUMU MYYHOCTSIMU AABJIEHUS U CKOPOCTH.
HMMeHHO B 00BbE€Max ¢ XxapaKTepHBIM pa3MepoM A/2
TMIPOMCXOIUT TIEPEX0 M3 YIIPYTroi (MOTeHIINATbLHO)
B KMHETUYECKYIO 9HEePruwo u ooparHo. M3-3a noka-
JIM3alUU HUKJIMYECKUX nedopManuii IpOUCXOIUT
HaKOIUJIEHUE TUCIOKALMA U YMEHbLICHUE JIOKATb-
HOM TBEPHOCTH (YCTAaJIOCTHOE pa3yIpOUYHEHNUE).
CpaBHEHHE 3KCIIEPUMEHTAIbHBIX 3aBUCUMO-
CTEM JIOKaIbHOI TBEPAOCTU OT TOUEK U3MEPEHUN,
MOJIYYEHHBIX IS TIOTIePEeYHBIX TTpoduiIeii Ha pa3-
HBIX JJIMHAX 0acceilHa, MO3BOJISIET cleaaTh BbIBO/,
YTO MJIOCKOCTU Y3J0BbIX TUHUI MapaJlJIeIbHbI CTCH-
KaM OacceitHa. [JlaHHBIN 9KCITepUMEHTaNbHBIN (PaKT
MOATBEpXKIaeT Takxke (opMUpPOBaHUE CTOSUEH
BOJIHBI MeXX1y cTeHKaMu OacceiiHa. [IpoBenéHHbIe
9KCMEPUMEHTBI TOBOPSIT O BOJIHOBOW MPUPONE U3-
MEHEHU MPOYHOCTHBIX CBOMCTB JIbJla U KOHKpE-
TU3UPYIOT €€ (PYHKIIMOHAIbHYIO CTPYKTYpPY, Xa-
pakTepHYIO [Jisl cTosiueit BoiaHbl. Takum oOpas3om,
SKCIIEPUMEHTAIbHASI KpUBas JIOKATbHON TBEPAOCTU
(kpuBag [ Ha puc. 1) mpencTaBisieT COOO 3epKab-
HOE€ OTPaXKEHUE Y3JI0B 1 ITyYHOCTEUN CTOSTYEI BOJTHBI.
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Crostuast BoJHA, KaK KOJeOaHUs C IIepruognde-
CKY U3MEHSIOIIEHCS aMIUIMTYIOI M C XapaKTepHBIM
MPOCTPAHCTBEHHBIM YepeaOBaHUEM Y3JI0B U MyYHO-
cTeii, obpasyeTcs B pe3yJibTare ClIoXeHuUs (MHTepde-
peHLuKn) BoJH. B paccMaTrpruBaeMoM ciydae riockast
cTostyasl BojiHa (hOPMUPYETCSI BHYTPU JICASTHOTO OIS
MEXKIy TBEPABIMU OOKOBBIMU CTEHKaMU OacceifHa.
Ecnu nensiHoe moJte pruMOpOXeHO K MAeATbHO TBEP-
JTIO CTeHKe, TO Ha Hell 00pa3yroTcs y3esl CKOPOCTH 1
MY4YHOCTb Mnepenana aapiaeHus. [Ipu cioxeHuun naga-
IoLIei U OTPaXXEHHOM BOJIH, UMEIOIIMX OAMHAKOBbIE
aMILIUTYABI A, 4aCTOTBI U IJIMHBI BOJH A, CMelle-
HUE B pe3yJbTUPYIOIIEH (CTOsIuei) BOJIHE 3aIUChI-
BaeTCs B BUE CIEIYIOIIEro ypaBHEHMUS:

X = (2A4ylsin(27x/))|)coswt, (2)

IIe o — IUKJINYecKasl 9acToTa; X, [ — IIepeMeHHEIE
3HAYCHUSI COOTBETCTBEHHO JIMHBI X BDEMEHH.

ITockobKy pacCTOSTHUE MEXIY COCETHUMMU Y3-
JIAMU WJIH TIYYHOCTSIMU PaBHO A/2, IO BKCTpeMyMaM
Ha KpuBoil / puc. 1 onpeaenseTcs AJIMHA BOJHBI A,
a ypaBHeHUe (2) MOXeT ObITh MCITOJb30BAHO IS
armpoKCUMAIIUU TTOJTYYEHHON 9KCITepUMEHTATbHOMN
3aBUCUMOCTH. [Ipu KECTKOM KPETUIEHUU JIEATHOTO
MoJIsl K CTEHKaM OacceifHa cMellleHrne U CKOPOCTh
Ha rpaHUIIe paBHBI HYJIO, (ha3bl CMEIEHUS U CKO-
poctu MeHsitoTcsd Ha 180°, a KoadhuLMeHT oTpaxe-
HUS ONpenessieTCss U3 COOTHOLICHUS

Rig= (mog— 1)/(my + 1) =0,8/2,8=029.  (3)

st ycJIoBU AKCEpUMEHTAa, COIVIACHO YpaB-
HeHuio (3), B 1€a Bo3Bpalaetcs okono 30% sHep-
ruy nagaroueid BoJaHbl. [ToCKOAbKY NpU oTpaxe-
HUU BOJIH OT TPaHMI] KOHTAKTa Jblla CO CTEHKOM
OacceiiHa HeM30eXXHBI ITOTePU SHEPTUU, aMITIUTYAA
OTpa>k€HHOM BOJIHBI OKA3bIBAETCS MEHbIIIE aMILIM-
Tynbl nagawleid BoaHbl. COOTBETCTBEHHO B y3J1axX
aMIUIMTYyJa CTOSIYE BOJHBI YMEHbIIAETCS HE 10
HYJISI, a 10 HEKOTOPOro MUHUMAaJIbHOIO 3HAYEHUS,
NpUYEM He3zaTyXalolIue CTOSTYMe BOJIHBI MOTYT CY-
1LIECTBOBATh B JIEASIHOM I10JI€ TOJILKO MPU HAIUYUU
MCTOYHUKOB YIIPYTUX BOJH, KOTOPbIE€ JOJKHBI KOM-
MEHCUPOBATh MOTEPU SHEPTUU.

YcnoBHO BbIAEJEHBI ABA TUIA UCTOYHUKOB
YIIPYTUX BOJIH — BHEIIIHUE U BHyTpeHHUe. K BHel-
HHUM OTHOCSTCS KojebaHMs, co3laBaeMble TBU-
KYILIENC TEJNIEXKOW, U MEPUOIUYECKUE HATPY3-
KM, CBSI3aHHbBIE C OCAXIECHUEM 3aMEP3IINX KaIlesb
BO/Ibl, BKJIIOUYAsl UCTOYHMUKM BHELIHUX LIYMOB. [Toa
BHYTPEHHUMHU MCTOYHUKAMU MMOHUMAETCS KOIe-

PEHTHOE M3JIyYeHUE YIPYTUX BOJH MPU MNOCION-
HOM HaMOpaXXMBaHUM JIbJa, a TAKXKE MPU KOHTAKT-
HOM B3aMMOJIEHICTBUM JibJIa CO CTEHKaMM OacceiiHa
B Mpollecce 3aMOpaKuBaHUsI BOAbI (BKJIIOYas Tep-
MUYECKHE HAMPSDKEHUS ).

TexcTtypa MOIeJIUpPOBAHHOIO JbAa (GOPMU-
pyeTcs B pe3yJibTaTe COBMECTHOIO BIMSHMS KBa-
3UCTAaTUYECKUX U TMHAMUUYECKUX HANPSXKEHUM.
JduHaMunyeckue HampskKeHUs BO3HUMKAIOT TIpU pac-
OpPOCTPaHEHMHU BO JIbAY YOPYTUX BOJH. B cTosueit
BOJIHE OHM JIOKAJIM30BaHbl B OTPAaHUYEHHBIX 00bEMaX
Jibaa (MeXIy COCETHUMU IyYHOCTSIMU JaBJACHUS U
CKOPOCTH), B KOTOPBIX 1 TIPOUCXOIT Ae(opMaliMOH-
HbIC UBMEHEHUS CTPYKTYpbl. IMEHHO yC/IOBMSI, BO3-
HUKAIOILIME TIPU TIepexoae MOTeHINATbHOU SHEpTUmn
KoJieOaHMIt CTOsSTuEe BOJHBI B KUHETUYECKYIO, OKa-
3bIBAIOTCS OMNPENCISIOIINMU IS peaiu3alu TUc-
JIOKallMOHHOTO MeTamopduiMa Jibaa. Bo3Hukiive B
ATUX 00BbEMAX JibIa U3MEHEHMSI CTPYKTYPhI «3aMO-
PaxXMBAIOTCSI» U PaCCMaTPUBAIOTCSI KaK HOBBIN 2J1e-
MEHT TEKCTYpHhI JIeAsdHoro nojisgd. KBasucratuueckue
HampsKEHUsST BO3HUKAIOT BO JIbY YK€ mpu (as3o-
BOM II€PEeX0/Ie BOIbI, HAPUMED, TIPU €€ MOCIONHOM
3amMopaxuBaHuu. KpoMe HampsKeHUId, KOTOpbIe
pPa3BUBAIOTCSI BHYTPY OOpa3yIOLIErocs CJIOs Jbla,
YCWJIMBAIOIIIeEe BIMSIHUE Ha MEXaHU3M BO3ACHCTBUS
YIPYTUX BOJH U HA CTPYKTYPY MOAEIAUPOBAHHOTO
JIbJIa OKA3bIBAIOT TAKXKE TEPMUUECKUE HAMIPSKEHUS,
OCOOEHHO B YCJIOBUSIX OOKOBOIO cTecHeHus. Bausi-
HUE OCTAaTOYHbIX HAMPSIKEHUI HAa HAKOIUICHUE Je-
¢dopMaLIMOHHBIX 1e(HEKTOB U MEXaHU3M PEKPUCTAII-
JIM3allUU — TIPEAMET NAJIbHEUIIMX UCCIeIOBAaHUIA.

Takum ob6pa3zoM, Kaxaoe 3HaUEHUE U3MEPEH-
HOM TBEPIOCTU MPEACTABISICT COOOM pEeIUIuMKY JIo-
KaJIbHOW MPOYHOCTH JbAa, CTPYKTypa KOTOPOH
chopMupoBanach mom OOIBIIUM MIN MEHBIIUM
BO3IEMCTBUEM CTOsueit BOJIHbI. Munumasrvras
meépdocmsb 1b0a COOTBETCTBYET ITyIHOCTSIM CTOSTICT
BOJIHbI. UMEHHO 31eCh fTMHaAMU4ecKas BSI3KOCTb
JIbJa YMEHbIIAETCS, a CICA0BATEIbHO, CHUXKXACTCS
M €ro TBEPIOCTDb (MEXaHU3M IMHAMMWYECKOUN peKpu-
craimm3auun) |5]. HampoTtus, makcumanvroe 3na-
yeHue meépdocmu OTBEYAET 00IACTU Y3TIOBON TOUKU
CTOSIYE BOJIHBI, B KOTOPOI CKOPOCTh AehopMaliuu
MUHMMabHA. YepenoBaHue MAaKCUMYMOB U MUHU-
MYMOB Ha 3KCIIEpUMEHTAIbHOI KpUBOi [ puc. 1 —
pe3yabTaT HaKOIUICHUS nedopMallMOHHBIX AedeK-
TOB B XapaKTepHbIX 00bEMax abaa. MeajleHHOE
U3MEHEeHUEe aMIIMTYAbl KpuBoii / Ha puc. 1 obyc-
JIOBJICHO MOAYJISILIMEH, T.€. HaJTOXXEeHUEeM, T10 Kpaii-
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Hel Mepe, ABYX KoJjiebaHUIl — Hecyllell U MOIYJIM-
pytoueii 9acToThl. I1o paccTOSIHUIO MeXIy OBYMSI
COCEIHUMM MaKCUMyMaMM Ha 3KCIEePpUMEHTAIb-
HOM KpuBoli / onpeneneHa AJAWHA BOJHBI A = 2 M
(mponoabHas BojHA). B pe3ynbTraTe aHAJIOTUYHOU
npoLeaypbl ¢ MOAYJIUPYIOLIEH BOJHOU (KpuBas 2)
YCTaHOBJIEHA JAJIMHA BOJHBI A = 5 M (M3rubOHO-Tpa-
BUTaALIMOHHAs BoJiHA). M3rubHo-rpaBUTalMOHHAS
BOJIHA JUTMHOM A = 5 M (KpuBas 2) MOIYIUPYET Mpo-
TOJIbHYIO BOJIHY IJIMHOM A = 2 M (KpuBas [) c Iiy-
OuHoi Momyasuuu okoso 0,2. OObIYHO 7151 Ucciie-
JNOBaHUS BOJHOBBIX IIPOIIECCOB C TAKOU JTIMHOM
BOJIHBI B KaU€CTBE JaTYMKOB ITPUMEHSIIOT re0(OHBI.
B paccmaTpuBaemMoM ciiydyae MCIOJIb30BaHO CBOM-
CTBO JIbJla COXPAHSITh B «3aMOPOXEHHOM» BUJI€ BTO-
PMYHYIO TEKCTYpY Jibaa, KoTopas cchopMHpOBajIach
B y3JlaX U IIyYHOCTSIX CTOSTYEI BOJHBI U IIPOSIBIISI-
€TCd B NMEPUOANYECKOU 3aBUCUMOCTH JIOKAJIBbHOU
TBEPIOCTHU JIbAa OT KOOPAWHATHI TOUEK U3MEPEHUIA.

HeszaBucumoe nmoaTrBepKueHue TaKOl MHTEP-
MpeTaluy BhIICJICHHBIX IJIMH BOJIH — OlLIeHKa (ha-
30BOM CKOPOCTHU MPOIOJbHONM BOJHBI. COTrj1acHO
H.E. Xeticuny [9], mpu ToNIIMHE IIaBAIOIIETO JIbIa
MHOTO MEHBIIIE IJINHBI BOIHEL £ << A (pa3oBast CKO-
POCTb 3aIICHIBACTCSI B BUIC

V= b{pg(keh)*(3(0, + Pokom)~'[1 = (a/b) 132, (4)

rae h = 0,041 m; a = (22 MIIa/930 xr/m3)!/2 =
153,8 Mm/cu b =0,65a = 100 Mm/c — cOOTBETCT-
BEHHO CKOPOCTH IIPOIOJBHBIX 1 CABUTOBEIX BOJIH;
09> P, — COOTBETCTBEHHO TUIOTHOCTH JIbJIa U BOJIBI;
ko= 27/\ — BOJTHOBOE YMCIIO.

IToacrasnasist B popmyiny (4) 3HaueHUS BETUYUH,
COOTBETCTBYIOIIME 0003HAYEHUSIM, HAXOAUM a-
30BYI0 CKOPOCTb pacripocTpaHenus V = 12,8 m/c
U 4acToTy Kojiebanuit f= V/A = 6,4 T'u. Paccuu-
TaHHbIE 3HaYeHUS (Pa30BOI CKOPOCTU HE IIPOTHU-
BOopevyaT onyoJMKOBaHHBLIM B pabdote [4]. baus-
Kasl yactoTa KoJyiebaHuit 5 I'ly 3apeructpupoBaHa B
CMEKTPe KOHTAaKTHOIO pa3pylleHus MpU MeHeTpa-
MM abaa. B paccmaTpruBaeMoM cityyae HeoOpaTu-
Mbl€ U3MEHEHUS CTPYKTYPHI JbJa IO NeCTBUEM
9HEPIUU aKyCTUYECKOI BOJHBI IIPOUCXOMIST B OC-
HOBHOM B pe3yJibTaTe KOMOMHMPOBAHHOI'O BO3EH -
CTBUSI KOHEUHOI aMILIUTYIbl KOJIeOaHUI U CTaTU-
YeCKUX HampsikeHuit. OTMETUM, YTO OCTaTOYHBIE
JIOKaJIbHbIE HaIPsKEHUsI IPUCYTCTBYIOT BO JIBIY C
MOMEHTa 3aMOpaxkKuBaHusl Boabl. [loaTBepxaeHmne
3TOMY — BHM3yaJbHO HaOJIfogaeMble TPEIIUHBI Ha
OOJIBIIMX TOJIIIMHAX IPUPOTHOTIO JICASTHOTO IIOKPO-

Ba, HampuMep, Ha 03. bafikan. JlonoJHUTeIbHBII
JIOKaJIbHbIIA HArpeB B MYyYHOCTSIX CTOSIYEil BOJHBI
CMOCOOCTBYET YMEHBILIEHUIO 36PHOTPAHUYHOTO Tpe-
HUS, CHUXKEHUIO TIpeiesia TEKYYeCTH U YBeIUYEeHUIO
MIACTUYHOCTU. MOXHO 0XWIATh, UTO MaKCUMaJlb-
Has 2PHEKTUBHOCTb 3TUX (PAKTOPOB MPOSIBUTCS Ha
CTaausIX KPUCTAJIU3ALMU BOJABI U (POPMUPOBAHUSI
Kapkaca JIeASTHOTO TTOJISI.

st BBISIBJIEHMSI OCHOBHBIX 3aKOHOMEPHOCTe
(opMUpPOBaHUS BOJHOBBIX CTPYKTYP U UX BIUSTHUS
Ha MPOYHOCTbD JIeASTHOTO MOoJisl Oblja BhIMOJHEHA
cepusl IKCIEPUMEHTOB. B oTiimune oT npeablayimux
SKCTIEPUMEHTOB U3MepeHus JTOKAJIbHOW TBEPIO-
CTU 8bINOAHAAUCH 8 NPOOOAbHBIX NPOPUASLX N1€0IHO-
20 n0s Ha pa3HOM yIaJIeHUU OT CTEHOK OacceliHa
W 8 pa3Hble NPOMENCYMKU 8peMeHlU TIOCTIE «3aceBay.
Taxast mocTaHOBKA MPOLETYp U3MEPEHUI JIOKATb-
HOM TBEPAOCTU TIpearioyiarajaa MojaydyuTh OTBET Ha
BOIIPOCHI, KaK BO BPEMEHU MPOUCXOAUT HAKOILIe-
HUe aehopMaLlMOHHBIX 1e(MEKTOB U KaKoit (aKkTop
MOXHO CUMTATh JOMUHUPYIOIIMM B 3BOJIIOLIMU Je-
dopmaumoHHbIX AedekToB. [lepBoHaYalIbHO Tpe-
noJjlarajaoch, YTO K OCHOBHBIM MCTOYHMKAM BOJIH
OTHOCSTCS TEXHOJOTMYECKUe BUOpALIMU U TBUXKY-
1asics Harpyska, co3jaaBaeMasi Maccoii ocaxaaro-
LIUXCS JISASTHBIX TpaHy1. DKCIEePUMEHTHI TToKa3aIun
(puc. 2), uTo JNensiHOIt Kapkac obpa3yeTcsl MocTe-
MeHHO, HO mpolecc ero ¢opMUpoOBaHUS HAaUMHA-
eTcs cpa3y, KaK TOJbKO I'paHyJbl JibJa KacamTcs
CBOOOMHOM MOBEepXHOCTU BoIbl. [To JaHHBIM U3Me-
peHMUSs JTOKAJIbHOUN TBEPAOCTU U (DOTOCHEMKU MUK-
poluin¢OB YCIOBHO BbIASACHBI 1Ba 3Tarna (popMmu-
pOBaHUs JIEASTHOTO KapKaca.

Ilepeuiit s3man. BeimomHeHHBIE Yepe3 1 4 mocie
MPUTOTOBJEHMS MOJIsI MOASIAUPOBAHHOTO JbJa U3-
MEpEeHMSI JIOKaJIbHOI TBEPIOCTU (KprBasi 2 Ha puc. 2)
nokxasajau, 4YTO TBEPAOCTb JbJa JOCTUIIA CBOEIrO
«IMOJIOBUHHOTO» 3HaueHUs1. OMHAaKO aKyCTUYeCKue
CBOICTBA JibJia 1 YCJIOBUS HA TPAHULIE ero KOHTaKTa
CO CTeHKaMM OacceiiHa MpoaoKalOT HeMpPepbIBHO
MEHSTbCS, COOTBETCTBEHHO CMEIIAIOTCS TOJIOXKe-
HUSI MAKCUMYMOB U MUHUMYMOB CTOSTUEiA BOJHHBI.
IToaTOMY 4€TKME KOHTYPbHI BTOPUYHBIX TEKCTYP
JIbJIa He ycreBaloT ccopMupoBaThesi. OTMETUM, UTO
JajbHeiee oopa3oBaHue JeITHOTO Mo (TIpoliece
CclieKaHUs 3aMEp3IINX KamejJb BOAbl 1 METaMOP-
(u3M J1baa) NporcxXoauo 6e3 BO3AEUCTBUS «BHEII-
HUX» (PAKTOPOB, HANIPUMEP, TEXHOJOTMUYECKOMN
BUOpauuu 1 ABUXKYylIelcsa Harpy3ku. ITockoabKy
Mpoliecc BTOPUMYHOTIO MeTaMopdu3Ma MpoaosKai-
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Puc. 2. 3aBUCUMOCTb CUJIbI COITPOTUBJICHUA COJIEHOTO Jibla BHEAPECHUIO erCTOO6pa3HOFO HaKOHE€YHHUKaA OT KOOp-

JMHaTbI H3MCpeHHﬁI

[ — 110 TaHHBIM I/ISMCpCHI/Ifl, BBIITOJIHEHHBIX YEPE3 20 q; 2—T10 JaHHBbIM I/I3Mep€HI/IfI, BbIITOJIHEHHbIX B TCYECHHNE Yaca I1OCJIE «3aceBa»
Fig. 2. The dependence of the resistance force of salt ice to the introduction of a cruciform tip on the coordinate of

measurements:

1 — according to measurements taken after 20 hours and 2 — within an hour after «seeding»

CsI IpY OTCYTCTBUU BHEIIHUX BUOpaLMii, UCTOYHUK
KoJIe0aHUI TOJKEeH ObLI HAXOMUTHCS BHYTPU JISIsI-
Horo 10J1s1. Takoil UCTOYHUK, ITO-BUAMMOMY, KOIe-
PEHTHOE U3JIydyeHUe YIIPYTUX BOJH MPU 3aMOpaKu-
BaHUM BOABI, T.€. camo JiensiHoe 1oje [10].

Bmopoit sman. Yepe3 20 1 nocie «3aceBa» (KpU-
Bas [ Ha puc. 2) BIUSIHUE «BHYTPEHHUX» (haKTOPOB
MPOSIBUJIOCH B TIOJIHOI Mepe, a BpeMsI 0Ka3aja0Ch 10-
CTaTOYHBIM JUISI 3aBeplIeHUsT (DOPMUPOBAHUS BOJI-
HOBOM KapTUHBI IIPOYHOCTHBIX CBOMCTB JIEISTHOTO
moJisi. 3To, OJHAKO, HE O3HAYaeT, YTO Ha IIePBOM
aTane (OpMUPOBAHMS JIEISIHOTO KapKaca BIUSHUE
BOJIHOBBIX CTPYKTYp HE€ MposiBsiIoch. HampoTus,
MOJIOBMHHASI TPOYHOCTH JIEASTHOTO Kapkaca Oblia
NIOCTUTHYTA YK€ K IIepBOMY Yacy U MPOMCXOauiia
MO/ BOJTHOBBIM BO3JI€HAICTBUEM, HO aKyCTUUYECKUE
CBOICTBa JIEASTHOTO KapKaca U yCJIOBUsI Ha TpaHUIIE
KOHTaKTa HEeMpPepPbIBHO MEHSIINUCH. Takas 1abuib-
HOCTBH YCIIOBUM U CBOWCTB HE TM03BOJIMJIA JTOKAIU-
3o0BaThcs Aedexkram. Heobxonumas s 3Toro cra-
OMIBHOCTH CBOMCTB U YCJIOBUI ObIJIa JOCTUTHYTA
TOJIbKO Ha BTOPOM 3Tare (popMUpPOBaAHUS JISASTHOIO
Kapkaca, 1 KapTuHa TaKoro BIUSTHUS IIPOSIBUIACH B
MnoJtHOM Mepe (KpuBasi [ Ha puc. 2).

AHanu3 puc. 2 oKa3bIBaeT, UTO HEOOXOIMMOe
ycJoBUE IS 3aBeplieHUusT (GopMUpPOBaAHUS BOJI-
HOBOM CTPYKTYpPHI B JI€ASIHOM I10Jieé — MpUMOpa-

KWBaHUE JbJa K 0opraM Oacceiina. Kpome Toro,
HEOoOXOIMMBI ABa TOCTaTOYHBIX YCIOBUS: MIEPBOE —
MPUCYTCTBHE MUCTOYHMKA TAapMOHUYECKUX KOJIe-
0aHUl1; BTOpoe — HamNpsKEHHOE COCTOSIHUE JIibIa.
Kaxk moxa3zait 3KkcnepuMeHT, 3TU YCIOBUS B3aUMO-
cBa3aHbl. [lon 3aBepIIEHHOCTHIO 31€Ch TOHUMAETCS
(opMuUpoBaHUEe HEe TOJBKO KECTKOTO JISASTHOTO Kap-
Kaca, ero criocoOHOCTb COXPaHSITh BTOPUYHYIO TeK-
CTYpY, HO U YCTaHOBJIEHUE aJre3MOHHOr0 KOHTaKTa
co cTeHKaMu OacceitHa. OTMETUM, YTO KECTKOCTh
JISASTHOTO KapKaca U CTEIEeHb €ro IIpUMep3aHus K
CTeHKaM OacceliHa OIpenessiioT BOJHOBYIO CTPYK-
Typy 1 3PPEKTUBHOCTD €€ BIUSHUS Ha JIOKAJIbHYIO
TBEPIOCTD U IMIPOYHOCTD JIbJA.

WUccnemosanus MUKpOULTU(OB MOACIUPOBAH-
HOTO JibJa HEeIOCPEACTBEHHO 10 MECTY 3ajieraHus
Ha pa3HbIX 3Talax IMOJArOTOBKM JIEASHOTO MOJIS 1Mo~
KazaJii, 4To oOpa3oBaHue JIeISTHOIO KapKaca CoIpo-
BOXIAETCS 3aMOPaKMBAHUEM BOJbI MEXKITY JISASTHBI-
MM T'paHyJIaMu. 3aMOpaXKuBaHUEe U3MEHSIET YCIOBUS
He TOJIbKO Ha I'paHMIIe KOHTaKTa Jibla CO CTeHKa-
MU OacceliHa, HO U B JIEASTHOM MoJie (pacllupeHue
JIbJla, HOpMaJibHbIEe HAMPSLKeHUS U U3TyYeHUe KO-
TePEeHTHBIX KoJiebaHuit). JlanbpHel1e MUKPOCKO-
MUYeCKUe UCCIeN0BaHUs TEKCTYp (hopMUpPYIOIIe-
rocs JibAa IJIaHUPYEeTCs TIPOBOAUTD B HAaIIpaBICHUU
COBEPIIIEHCTBOBAHMSI METOAMKM UX BU3YyaJU3allUMU.
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Puc. 3. 3aBrcUMOCTb TBEPAOCTU OT KOOPAMHATHI TOUKU U3MEPEHUI BIOIb JIEAOBOTO OacceifHa:
1 — sKkcnepuMeHTabHasl KpyBasi; 2 — armnpokcumauust (MoayIMpylolias BoJHa)
Fig. 3. The dependence of hardness on the coordinate of the measurement point along the ice pool:

1 — experimental curve; 2 — approximation (modulating wave)

Merton neHeTpaly oKasajcs 00yiee «dyBCTBUTEIb-
HBIM» K (pOPMUPOBAHUIO BTOPUYHBIX TEKCTYP, YeM
pabota co mrdamMu B MOJISIPU30BAHHOM CBETE.
HanpsikeHust, BO3HUKaIOIIME TIPU 3aMOpaKu-
BaHUM BOMbI, BHI3BIBAIOT JIOKaJIbHbIE NehopMalir-
OHHBbIE U3MEHEHUSI CTPYKTYPHI JbAa, COIIPOBOXIA-
IolIMecs] U3IyYeHUEM YIIPYTUX BOJIH. B pesynbpTaTe
BO3HUMKAIOT BOJIHOBBIE CTPYKTYPhI, KOTOPKIE, B CBOIO
ouepeib, GOPMUPYIOT «3aMEP3IINE BOJHbBI» B s~
HoM nojie. KoMryiekcHoe Bo3neiicTBre 3TUX (hak-
TOPOB U3MEHSET TEKCTYpPY JIEASTHOTO KapKaca 1o
BCEW €0 TOJIIMHE U OTPAXKAETCS B JIOKAJIbHOM HE-
OIIHOPOJIHOCTH, TIPOSIBJISIIOIIEHCS B TPOGUIISIX MaK-
POCKOITMYECKUX XapaKTEPUCTUK MPOYHOCTH JIbja,
olieHMBaeMoii 1o ero TBEpaoctu. Ha aToii cramun
(opmMupoBaHUs JIEASHOTO I10JISI BHYTPEHHUN HC-
TOYHUK U3Jy4YeHHUSI OKa3bIBaeT TOMUHUpPYIOIIEe
BIMSIHUE, UTO MTOATBEPKAAET KpuBas 2 Ha puc. 2.
WnTepBan 3Ha4eHM IOKAJILHOM TBEPIOCTU MO-
JeJIMPOBAHHOTO JIbJa 3aBUCUT, IIPU MPOUYUX PABHBIX
YCJIOBUSIX, OT peXuMa 3aMOpakKMBaHUsI, TOJIIUHBI
JISASTHOTO TIOJII U TeMIIepaTyphl Bo3ayxa. DTH (ak-
TOPHI B IIPOIIECCE IKCIEPUMEHTOB U3MEHSIIUCH B
HeOOJIBIIIOM MHTEPBaJIe CBOMX IITaTHBIX 3HAYEHUIA,
MMO3TOMY B HACTOSIIIEI CTaThe HE paccMaTprBalOT-
cs. BHuumanue Ob110 cocpeoTOYeHO Ha 3aKOHO-
MEpPHOCTIX (pOPMUPOBAHMS CTAllMOHAPHBIX ITEPHO-
JMMYECKUX BOJTHOBBIX CTPYKTYP. BBIBOIBI O BAUSIHUM

3TUX CTPYKTYP Ha JJOKAJIbHYIO TBEPAOCTh MOIAEIUPO-
BaHHOTIO JibJa MOATBEPAWINCH MHOTOUUCIEHHBIMU
M3MEpPEHUSIMU JOKaJIbHON TBEPAOCTU B IIPOIOJIb-
HBIX TPODUJISIX JIEASTHOTO TOJIS.

Ha puc. 3 npencraBieHa TUIIMYHAS SKCIIEPU-
MEHTaJIbHasl 3aBUCUMOCTb JIOKAJIbHOI TBEPAOCTHU
OT TOUKM U3MEPEHUN IJIsI TPOAOJIbHOIO IMPOduIs
JneasHoro monis (KpuBas /). AHaJIOTUUHBIE Kadye-
CTBEHHBIE 3aBUCUMOCTH IOJIYYEHBI JJIsI TPOIOIb-
HBIX TPOUJIEH ¢ pa3HBIM yaaJleHUEM OT OOPTOB
bacceiiHa. OCIMIISILIUA JOKaJIbHOM TBEPIOCTHU, TTO-
JIydeHHBIE 71 IPOIoJbHOTrO Tipodws (Kpusas / Ha
puc. 3), KaKk U B NPEIbIAYIINX CEPUSIX U3MEPEHU
(cM. puc. 1 1 2), cBUAETENBLCTBYIOT 00 MHTEp(dEpeH-
1uu BosH. KapTuHa HaGmogaeMoro SIBJI€HUS CBSI-
3aHa IJTaBHBIM 00pa3oM ¢ MeXaHU3MOM HaKOIUICHMS
JMUCJIOKAIMI 1 YBEIMYEHUEM MX TTOABMXKHOCTHU 1101
JNIEVCTBUEM TIEPEMEHHBIX HAIIPSPKEHUMN U CKOPOCTEN
B cTOsTueil BotHe. MepHas 6a3a B IMpoJ0IbHOM ITPO-
dune cocrasisiyia 65 M 1 cogepxaiia 125 Touek us-
MepeHuii. OCUMIISILIAY JIOKAJTbHOM TBEPAOCTH TIPO-
ncxomdat B uHTepBaiie ot 36 no 104 xIla. Taxoii ke
MHTEPBaJl OCHWIISILIMI HAaOI0naICs B IPeIbLIyIIei
cepuu u3MepeHuit (kpunas I Ha puc. 2).

IIpu cpaBHEeHUM SKCIIEPUMEHTAIbHbBIX 3aBUCH-
MOCTeH JJOKaTbHOM TBEPIOCTU B MPODUIISIX BIOIb
M MOIepeEK JienoBOro d6acceiiHa yCTaHOBACHO, YTO
B 000HMX CJIydyasiX OHU MUMEIOT BUI MEPUOINYECKUX
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(yHKLMI, XapaKTEepHbIX 11 BOJHOBOTO MpOLEeC-
ca. YCI0BHO BbIAEIEHbBI MACIITAObI TEPUOANYECKUX
MOBTOPEHUMN 3KCTPEMYMOB JIOKAJIbHOW TBEPIOCTU
(2, 5 u 40 m). IIpenenbl NPOYHOCTHU JbJa, OLICHU-
BaeMOIi IO €T0 TBEPAOCTU, U3MEHSIOTCS B OJIM3KUX
npeaeaax 3Ha4eHUId 3TOM BEJIMUMHBI U 3aBUCST OT
TOJILIMHBI JIEASHOTO TIOJISI U TEMIIEpaTypbl BO3IY-
Xa. DTUM OOBSICHSIIOTCSI HEOOJIbIINUE PACXOXIECHUS
a0COJIIOTHBIX 3HAYEHUI JTOKAJbHOUN TBEPAOCTU IS
JIbJIa pa3HbIX cepuil U3MepeHuit (1o cepueii n3me-
peHUll MOHUMAIOTCSI BCE M3MEPEHUSI, BHIMOTHEH-
HbI€ [UIS JIEOSTHOTO T0JISI KOHKPETHOM NaThl MPU-
roToBjieHus1). JInrHa BOJHBI A = 2 M COOTBETCTBYET
Oeryieil mpoaoJbHOM BOJIHE, MEXaHU3M IeHepaluu
KOTOpPO¥ 00YCJIOBJIEH, IO-BUIMMOMY, PE30HAHCHbI-
MU KOJIEOAHUSIMU BTOPUYHOM TEKCTYPhI JIEIASTHOTO
10JisI, 00pa3oBaBIIIeiics B pe3yabTaTe MeTaMophu3-
Ma sbaa. Konedanus ¢ nmuHamu BoJiH 5 1 40 M oT-
BeYaloT U3rMOHO-TPaBUTALIMOHHBIM BOJIHAM. 3Ha-
YEeHUS 3TUX IJIMH BOJH OOYCJOBJIEHBI TeOMETpUeH
JIeIOBOTO bacceiiHa.

TakuMm 00pa3zoM, OCUUJIISILIMU JIOKAJIbHOM TBEP-
IOCTH JIbIa €CTh 3epKaJIbHOE OTpaxkeHue (ha30BOM
MOBEPXHOCTU aMIUIUTYAbl (ITPOEKLIUUA CKOPOCTHU)
cTosiued BOJIHBI. {J1s1 MJIOCKOM CTOSIYEl BOJHBI aM-
MAUTyAa KojaebaHU MOXeT ObITh BhIUMCIEHA MO
ypaBHeHMIO [11]

X = Aycos(mum/a)xcos(nn/b)y, (&)

e M, n — YUCIIO KOJeOaHUil, KOTOPOe YKJIaablBaeT-
CSl COOTBETCTBEHHO IO JJIMHE JICASHOTO IMOJIs
a =80 M u mmpuHe 6accetinab=10m (m,n=1, 2,
3..00;m=n#0).

Hng paccMaTpuBaeMoOTo ciydas ypaBHeHue (5)
3aIIMChIBACTCS B CCAYIOIIEM BUIE:

(6)

rae A; u A, — aMIUIATYIbl CKJIAABbIBAOLIMXCS BOJIH,
OIpeneISIIOTCS U3 AKcnepuMeHTa (cM. puc. 1 u 3).
MogpaenbHoOe npeacTaBieHue BOJTHOBBIX CTPYK-
TYp B JICASTHOM IT0JIe — ypaBHEHHUE (6) — KaueCTBEH -
HO COOTBETCTBYET 3KCIIEPUMEHTAIbHBIM 3aBUCH -
MOCTSIM €T0 JIOKaJIbHOW TBEPAOCTU OT KOOPAMHATHI
TOYKU uU3MepeHuit (cMm. puc. 1—3). M3 Hero cie-
NYeT, UTO ¢haz08as no8epxXHOCHb AMNAUMYObl CHOS-
Yyx 804H 6 Ne0IHOM noae He MOHOXpomHa. Taxkxke He
MOHOXPOMHa, MO JaHHBIM 3KCIIEPUMEHTOB, U I0-
BEPXHOCTD JIOKAJIbHOI TBEPAOCTU JICASIHOTO I10JIs.
CrencTBue TaKoii HEMOHOXPOMHOCTH — MPUCYT-
CTBUE JIMHUI Y3JIOBBIX TOUEK Ha (pa3oBOIi TTOBEpX-

x = A, cos(zum/a)xcos(nin/b)y + A,cosmxcosay,

HOCTH aMIUIUTY[ cTOSTYMX BoJiH. I1o ompeneneHuro,
3TU JUHUU JOJIXKHBI OBITH PACIIOIOXEHBI ITapaji-
JIEJIbHO OOKOBBIM CTeHKaM OacceifHa M X KOOPIU-
HATBI JOKHBI OBITH (PUKCUPOBAHBI. DTO OBIJIO OBI
BO3MOXHO, €C/Ii OBl TpaHUIIA KOHTaKTa ObLIa MIe-
anbHas (CK€CTKas BepTUKaJIbHasI TIagkasi CTeHKA
bacceiiHa ¢ KoadpduureHToMm orpaxenus 100%),
a yCJIOBUSI Ha I'paHUlle JIEI—CTeHKa ObLIN OBl He-
W3MEHHBIE (aAre3MOHHBII KOHTAKT CTaOMIeH, Ipa-
IMEHT TeMIIepaTyphsl paBeH Hymo). IIpaktnyecku
BCerma IMPUCYTCTBYET IpadueHT TeMIIepaTyphl, KaK
¥ OTKJIOHEHUS OT MICaIbHBIX YCIOBUIA.

Tak, nnsg nonepeuHoro npoduis (€D MPUMO-
pOKeH K OOKOBBIM CTEHKaM OacceiiHa) OTHOILLe-
HME BOJHOBBIX CONIPOTUBJIEHUN Jbla P,V 1 6eTo-
Ha p, V) paBHO 1,8 ipu Ko3d@uLKMEHTE OTpaKEHU
Ryx = 0,29. Ina npononbHoro npodunsd (0AuH
TOpel, NPUMOPOKEH K CTEHKE, IPYroii KOHTaKTU-
pPYET C BOJOI) 3TU BEJIUYMHBI TaKXKe OYIyT paBHbI
cooTBeTCcTBeHHO 1,8 1 0,29, a oTHOIlIEHWE BOJIHO-
BBIX CONTPOTUBIIEHMI Jb11a PV, 1 Boawl p,V, cocTa-
BUT 2,5 nipu KoahduureHte orpaxeHus Ry, = 0,43.
IToaTOoMy OT CBOOOAHOTO Kpast AEASTHOTO MOJIS B IET
OyaeT oTpaxartbcs Ha 14% Gosblile YIIPYroi 3Hep-
TMU BOJH. B CBSI3M ¢ 3TUM BIMSTHUE BOJHOBBIX
CTPYKTYp M3HAYAJIBHO OYIET APYroe, 4YeM B TIoMe-
peuHoM npoduiie. Kpome Toro, ToIIIMHA JeASTHBIX
MoJieil, B KOTOPBIX BHITTOJIHSUIMCH CEPUU U3Mepe-
Huii, u3aMmeHsack ot 40 o 53 mMm. Eciiu paccmatpu-
BaTh 3Ty CBI3b JIMHEIHOM, TO Pa3IMIMs COCTAaBSIT
26%. Bce aTU MOrpeIiHoCTH, Ka3anaoch Obl, HE TaK
BEJIUKM, HO CYMMapHOE UX BIIMSHUE MOXET CTaTh
cymecTBeHHBIM. OTMETHUM TaKKe, YTO JISASTHOM I10-
KpOB B bacceliHe He haeajeH HU IO TOJIIMHE JIbaa,
HU 110 TpagueHTy TeMIlepatyp. He nckimoueHno u
BJIIMSTHHE TIOTJIOIIECHUS KOJieOaTeIbHOI SHEPTUH, U
e€ M3IydYeHHe JIeATHBIM T1oJieM. 1o 3Toii mprnumnHe
KoJiebaTenbHasi CKOPOCTb B y3JaxX CTOSYMX BOJIH HE
OyJeT JOCTUTaTh HYJIS.

Tem He MeHee, HabIrOgaeMblil 3PHEKT HEMOHO-
XPOMHOCTH 3aCy>KMBaeT 0CO00TO BHUMAaHUS KakK
ofHa U3 0COOEHHOCTEN (hOpMUPOBAHUS BOJTHOBBIX
CTPYKTYpP U UX BIMSHUSI Ha IPOYHOCTHBIE CBOMCTBA
cojiéHoro apaa. Ha mpakTuke BHIOOP TOYKU «HYJIe-
BOTO OTCUETa» — KOOPIMHATHI Y3JIOBBIX JJUHUIM, KaK
MPaBUJIO, CONEPXKUT CUCTEMATUICCKYIO TTOTPEIII-
HOCTb (cBoOIO AJ1s1 Kaxkaoro npodunis). [ToHSITHO,
YTO CpaBHUBATH OOHOPOIHBIE BKCIIEPpUMEHTAb-
HbIE BEJIUYMHBI MOKHO TOJBKO IIPU YCIOBUM TIOJI-
HOI MAEHTUYHOCTHU yciaoBuit. [TosaToMy puxoauT-
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Csl OYeHb BHUMATEIbHO OLIEHMBATh BO3MOXHOCTD
TPaIUIIMOHHBIX COIOCTABICHUN TaK HAa3bIBA€MBIX
«CPEIHUX» 3HAUYESHU IIPOYHOCTHBIX XapaKTePUCTUK
JIEASTHOTO TIOJIS.

Hrak, B 1emoBoM OacceliHe IIPSIMOYTOJbHOM
(opMBbI IO BO3AEHCTBIEM KOMOMHNUPOBAHHBIX HC-
TOYHHUKOB U3JIYYEeHUST BOJH CO3HAETCSI KBa3HUCTa-
LIOHApHAas IIepruoandYecKasl BOJHOBAsI CTPYKTypa.
Ilox coBMeCTHBIM IefiCTBMEM BOJHOBBIX IOJIEH U
OCTAaTOYHBIX HAIPSIKeHU (POPMUPYETCS BTOPUYI-
Hasl TeKCTypa MOACIMPOBAHHOIO JIbIa, a CIeaoBa-
TEJIbHO, M3MEHSIOTCSI €TO IIPOYHOCTHAsI XapaKTe-
pUCTHUKa U AUHaAMWJYecKas TBEPIOCTh. DPPeKT oT
BO3ICHMCTBUI CTOSYMX BOJH YCHJIMBAETCSI OCTATOU-
HBIMU HaIPSDKEHUSIMM, BO3HUKIIMMHU B IIPOLIEC-
ce (hOpMUPOBAHMS JICHSTHOTO TOJISI, BKIIIOYAsT CXKU-
Malolye (TepMUYECKIe) HAIIPSLKEHUST CO CTOPOHBI
OOKOBBIX CTeHOK OacceifHa. COOCTBEHHBIE pe30-
HAHCHBIE YaCTOTHI JIEASHOTO II0JISI OIIPEIeIISIFOTCS
VIIPYTOCTBIO JIbAA, €r0 TeOMEeTpueil, BTOPUUYHBIMU
TeKCTypaMHU U YCIOBUSIMM Ha IpaHulle (o0xXaTue Ha
OOKOBBIX CTEHKaX OacceifHa).

D¢ heKT n3MeHeHUSI IPOYHOCTH MOAEIUPO-
BaHHOTO JIbAA IIOJ OIeCTBMEM BOJHOBBIX CTPYKTYP
3aCIyKUBaeT MHaJbHEUIIero UCCIea0BaHUs, Ipe-
JKIIe BCETO B IIJIaHE BO3MOXKHOTIO «IIEpeHOCa» pe-
3yJbTATOB, ITOJIYICHHBIX B OacceiiHe, Ha MPUPOI-
HBII €0 B YCIOBUSX 3aiieranus. OgHaKO pa3aindus
MIPOYHOCTHBIX M CTPYKTYPHBIX XapaKTePUCTUK MO-
IeJIMPOBAaHHOTO U IIPUPOTHOTO JIbAa IeJaloT BO3-
MOXHOCTb TaKOI'o IIepeHOoca He BIIOJIHE OUYCBUII-
Holi. KoHTponupyeMmble yCI0BUS (pOPMUPOBAHUSI
MOIIEJIMPOBAHHOTO JIbIa B OacceiiHe, a TakKe IMpaK-
TUYECKN HEOTpaHMUYEHHAsI BO3MOXHOCTh IIPUMeE-
HEHMSI U3MEPUTEIbHO amapaTyphl O3BOJIIN JO-
CTUYb OOJIBIIEH OIpeaeIEHHOCTH B MHTEPIIPEeTAlluN
3KCIIEpUMEHTAJIbHBIX PE3yJIbTATOB, Y€M 3TO OBLIO
OBl BOBMOXXHO M3HAYaJIbHO B IIPUPOIHOM JIbAE IO
MECTY 3aJIeTaHMsI.

C y4€TOM HaKOILJICHHOI'O OMBITAa pa3paboTaH-
HBII MOAX0M OBbLI MPUMEHEH IJIS MCCIeAOBaHUS
JIOKAJIbHO# TBEPAOCTH MPUPOTHOTO JICASTHOIO I10-
KpoBa Ha TToIMOcKoBHOI peke JlecHe (55°30' c.im.
un 37°26' B.1.). Peunoii 1€ B BUIE TUIACTUHBI TOJI-
muHoi 0,48 M ¢ IByMS CITOSIMUM Pa3sHOM CTPYKTY-
pBI UMEJI TUIIMYHOE CTPOSHHUE JIEMASTHOTO ITOKPOBa
TIPEeCHBIX BOTOEMOB [12]. BepxHuii cl1oit MeTKOKpH-
CTaJUIMIECKOTO JIbAa TOMIINHON 9 CM U IUNIOTHOCTHIO
o = 887=+5 kr/m3 nipu —10 °C 06pa3oBaH KpHUCTa-
Jlamu co cpenHuM arameTpom 0,1-+0,2 cM ¢ HeOoIb-

MM KOJIMYECTBOM BO3MYIITHBIX BKIIOUeHMI. Hik-
HUH TTpO3pavyHbIi CI0 Tbaa TOJMIIWHON 39 cM nMmen
IIOTHOCTB P = 909+£5 Kr/M3 1 GBUT 06pa30BaH KPU-
CTajulaMM CO CPeOIHUM AUAaMeTpoM 1—2 cM IIMHOM
1o 12 cm. Temriepatypa Bo3myxa BO BpeMsl U3Mepe-
Huii cocrasnsia —10 °C.

JlokanbHas TBEpAOCTH IPUPOTHOTO JIbIA OIpE-
JIeJISUIach C IIOMOIIBIO IIOPTATUBHOTO IIEHETPOMET-
pa [8], HO B METOIWKY M3MepeHN# OLUTM BHECECHBI
n3MeHeHUs1. Tak, KpecTooOpa3HbIil HAKOHEYHUK
ObL1 3aMeHEH Ha HAKOHEYHUK C 11apoBOil pabo-
yeil moBepxHOCThIo (pagnyc 40 MMm). MakcuMaib-
Hasl oceBasl CUJjia coydapeHus yBeaudeHa qo 650 H
3a CYET MOBBIIIEHUSI HaYaJIbHOM CKOPOCTHU COyIa-
pexus ¢ 0,8 mo 2,3 M/c. DTO IMO3BOJMIIO CO3IaTh
cpemHee KOHTaKTHOE AaBJeHUe, TP KOTOPOM ILjia-
cTrdeckue aeopMaly Jbaa CTAHOBITCS JOMUHU-
PYIOIIMMH, a JIOKaJIbHAsI TBEPAOCTh — JOCTATOUYHO
YyBCTBUTEIBHOI K €ro cTpoeHuIo. PacuérHasa To-
IIWHA JIbJa, KOTopasi GOPMUPYET «OTKJIUK» B BUJIE
nedopMalIMOHHON 3aBUCUMOCTH «HAIIPSKeHME—
BpeMsI», COCTaBiIsIeT okojio 0,3 M, a BpeMsI coyna-
peHUs — OO MIWIIACEKYHIBL. BpeMst o4ncTKu OT
CHeTra JIOKAJbHOM IIOIIAAKK, Ha KOTOPOIl BHIIIOJI-
HSUTMCH M3MepeHus, He mpeBbimano 10—15 c.

W3MmepeHus Beln Ha ILIOMIAgKaX, pacIioio-
JKeHHBIX Uyepe3 KaxIble 2 M IIONePEK 1 BIOJIb pyciia
peku. Pe3ynbraThl n3MepeHUil MpuBeAeHBI Ha puc. 4
B BUIE 3aBUCHUMOCTEHM MPHUBEAEHHON TBEPIOCTHU
0;/ 0oy OT KOOPAMHATBI U3MEPEHUI. 3a TOUKY IpU-
BEeJAEHUS BhIOpaHa TBEPAOCTD Jiblla Ha IUIOIIAIKE,
ynaJIEHHOH oT mpaBoro 6epera Ha 10 M (TIpsiMosu-
HEWHBINA yJyacToK pyciia peku). SIBHO BbIpaxkeHHast
MEPUOIUYHOCTh KPUBOI / U OTCYTCTBUE TaKOM XKe
MEPUOINYHOCTU Ha KPUBOW 2 puc. 4 CBUIETEb-
CTBYIOT O BO3MOXHOM BO3J€HCTBUU Ha CTPYKTY-
Py PEYHOrO JibjJa CTOSYMX BOJH, BO3HUKAIOIINX
Mexny oeperamu peku. HaGiiomaeMmbie OTKIIOHE-
Hus (KpuBasi /) OT TOYKW NPUBEIECHUS MTPEBBIIIAIOT
30%, Torma Kak OTHOCHTEJIbHAs OIINOKa M3Mepe-
HUU TBEPAOCTH OMHOPOJHOTO MaTepuraja COCTaBIsI-
eT He Oosee 1%.

W3 puc. 4 BUIHO, 4TO HaMOOJbIIAs TIPOCTPaH-
CTBEHHAasi U3MEHUYMBOCTh TBEPIOCTH JbJa HAOII0-
naeTcs MOMepeEK pycia pexku (Kpusas /), ocobeH-
HO BOJIM3M Mpunas, a MeHbIllass — BIOJb €€ pycia
(kpuBas 2). DTO He MPOTUBOPEUYUT YCIOBUIO 00-
pa3oBaHUs CTOSYMUX BOJH B pEYHOM Jible. B pac-
cMaTpUBaeMOM cliyyae Oepera peku ciyxxaT He
TOJIbKO OTpaxkaTejieM BOJIH, HO U MPENSITCTBUEM,
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Puc. 4. 3aBUCHMOCTb JIOKAJIbHOM TBEPAOCTH PEUYHOTO MTOKPOBA OT KOOPAMHATHI TOUKU U3MEPEHUIA:

1 — nonepéx pycia peku; 2 — BIOJb pyciia peKu

Fig. 4. The dependence of the local hardness of the river cover on the coordinate of the measurement point:

1 — across the river bed; 2 — along the river bed

CIMOCOOCTBYIOIIUM BO3HUKHOBEHUIO TEPMUUECKUX
HanpsikeHuit. Tak, Ipu CYTOUHBIX KOJIeOaHUSIX
TeMIlepaTypbl, 0COOEHHO IIpU PE3KOM HOYHOM I10-
XOJOJaHUM, PEUYHOU MOKPOB MPOTrubaeTcss BHU3,
a TIpu pe3KoM IoTeIUIeHUU — BBepX. bepera npu
3TOM MUIPaAlOT poOJib OOKOBOro orpaHuuuTens. Tep-
MUYECKHUEe HaIlpSKEHUSI U pa3Hble YCIOBUS KOH-
TakTa JIEASTHOTO I10JIs C JIEBBIM U IpaBbIM Oeperamu
PEKM HECKOJIBKO YCIOXHSIOT KapTUHY, HO 3 HeKT
MEPUOINIECKOTO U3MEHEHMUS JTOKaJIbHOI TBEPIO-
CTU BCE el OCTaéTcsl JOCTATOYHO YETKO BBIPAXKEH-
HBIM. OTMETUM, UTO 3aKOHOMEPHOCTU (DOPMUPOBA-
HUS TIEPUOINYECKUX BOJTHOBBIX CTPYKTYP B p€UHOM
JIENSTHOM TOKPOBe (IJMHBI BOJIH METPOBOIro 1ua-
Mma3oHa) Te e caMble, YTO U B MOJIEIMPOBAaHHOM
nbae. B o6oux ciayyasix ux obpazoBaHue 00yCI0B-
JieHo (popMoit 1 TabapuTamMu JEATHOTO TOJIsI, OTHO-
ILIEHHEeM BOJTHOBBIX COMIPOTUBJICHU JibAa U TPYHTA,
reoMeTpueii JIASTHOrO T10JI1 U HEPOBHOCThIO Oepe-
roB peku (pa3Mep U HaKJIOH IMOBEPXHOCTU KOHTaK-
Ta JIbIa C ITpyHTOM). Takum oOGpa3om, IOJIeBble U3-
MEpEeHUs TUHAMUYECKON JIOKaIbHOW TBEPAOCTU B
MOTNEePEYHOM TPoduiIe pEYHOro JIATHOIO ITOKpPOBa
(TIpUpOAHBIN J€N) KaueCTBEHHO TOATBEPIUIN pe-
3yJIbTaThl, IOJyYEHHBIE B JIEAOBOM OacceliHe Ha MO-
NeJMPOBAaHHOM JIBbJIE.

OOpa3zoBaHue B JIEASTHOM IMOKPOBE BTOPUYHBIX
TEKCTYp Jibjla C YMEHbIIEHHO! MPOYHOCThIO 00b-
SICHsIeTCSl HaKOoIIeHueM AeOopMallMOHHBIX Ae-
(exToB. /119 KOTUYECTBEHHON OLIEHKN pa3MepoB
MOABUKHBIX 2JIEMEHTOB JIEISIHOIO KapKaca ObLIU
HUCMOJb30BaHbl aKyCTUYECKUE CHEKTPhI, TeHePH-
pyeMble TIpU €ro KOHTaKTHOM paspyliueHun. CBs3b
MEXIy MUKPO- 1 MAaKpOCBOMCTBAaMMU JibJa yCTaHaB-
JIMBaJIaCh C TTOMOIIBIO JUHEMHON MOIEIN, COCTOS -

mei u3 n (IByX Uim 0oJyiee) UIEHTUUYHBIX MaTepu-
aJIbHBIX TOUEK, UMEIOIIMX OAMHAKOBYIO Maccy m
U COCAVMHEHHBIX YIPYTUMU CBSI3SIMU OAMHAaKOBOM
XKecTtkocTH k [5]. dnsg onpeneneHus 3(PpPeKTUBHBIX
pa3MepoB MOABMXKHBIX 3JIEMEHTOB CTPOCHUSI MO-
NeJIMPOBAHHOTO JIbJia UCII0JIb30BaH aMILIUTYIHO-
YACTOTHBIW aHaJIN3, OCHOBAHHBIX Ha TOYHOM pe-
meHuun nuddepeHINaTbHOr0 ypaBHeHUS (MOIeb
TapMOHMYECKOTO OocUMIIsITOpa). DPPEeKTUBHBIS
pa3Mepbl R NOIBUKHBIX 3JIEMEHTOB JIbJIa OIIpeesis-
JMch o popmyie [5]

R= (k/(160° f20,)) /. (™)

IToacTtaBasigs B ypaBHeHMue (7) 3HAUYEHUS
MJIOTHOCTU KPUCTAJIMUECKON pelEéTKU Jbaa
0o = 916,8 kr/M3, )xéctkocTu cBsI3u k = 56 H/M u
4acToThl [JIg nepsoro f; = 2,7 'l u nocnenymoue-
ro Makcumyma f, = 2616 I'u, monyyaem cienyio-
II1e 3HAaYCHUS XapaKTepPHbIX pa3MepoOB TEKCTYPhI
aeastHoro nosist: R, = 26 mm u R, = 0,25 mMm. Pac-
CUMTAHHbIE TAKMM 00pa30M pa3Mephbl COBIAIAIOT C
TOJIIIIMHOM JIEASHOTO ToJIs (52 MM) U AUaMEeTPOM
(~0,5 MM) JlensiHBIX TpaHyJl, KOTOpble 00pa3yoTcs
MpY 3aMOpPaKUBAHUM PACITBIISIEMOIl BOIBI B IIepe-
oxJIaXXAEHHOM aTMocdepe JIefoBoro dacceliHa.

WccnenyeMblii TUIT IbAa Ha3bIBA€TCSI MEJIKO3€EP-
HucteiM (FG) MmoaenupoBaHHbBIM JibaoM [13], KoTo-
pBIil HapacTaeT JaMUHUPYIOLIUMU CIOSIMU Haf Mo-
BEPXHOCTBIO BOJBI B JiIeAoBoM OacceiiHe. CTpyKTypa
3TOTIO JibJa OTIpeaesIsiiach Mo nuirdam 1o MpoBee-
HUSI UBMEPEHUI U B IIPOLIECCe KOHTAKTHOTO pa3py-
mIeHust (Ipy IIeHeTpalnn) 110 aKyCTUISCKUM CITEK-
TpaMm. Bepudukauus moaenu B pabouyeM auamna3oHe
ot 2 I't 1o 20 xI'l ycTaHaBIMBaach COMOCTaBIe-
HUEM 3HaUYeHUI pacCUMTaHHBIX 3(P(PEKTUBHBIX pa3-
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MEPOB OCUMJUISITOPOB C 9KCIEPUMEHTAILHO OIIpe-
IeJIEHHBIMM pa3MepaMy KpUCTAJUIOB JIbaa. JlaHHbBIe
aHa/IM3a aKyCTUIEeCKUX CIIEKTPOB KOHTAKTHOTO pa3-
PYILIEHUS JIbIA UCIIOIb30BAINCh IJIsI KOHTPOJIS IIPO-
1meccoB (popMUPOBAHUS JICASTHOTO II0JISI B JIEIOBOM
OacceiiHe 1 TMHAMUKY IBUKCHUSI KOPIIYCOB CYIOB
B MOAECIUPOBAHHOM Jibae [14]. Pe3ymbTaTel nccie-
MOBaHUI MOXHO MCIIOJIb30BaTh IJIsl OIIpeaeIeHUS
MIPOCTPAaHCTBEHHO-BPEeMEHHON HEOMHOPOTHOCTH
JIIOOBIX APYTUX JICASIHBIX MOJIEH, a TakxKe IJIsl TUC-
TAaHIIMOHHOIO U3yYeHHsI KOHTAKTHOTO Pa3pylIeHMS
JIbJa, BKJIIOUYAsl B3aMMOICHCTBIE IIPUIOHHOIO JIbIa
C JIOXKEM JICTHUKOB.

O0cyxkIeHue pe3yJbTaToB

HccrnenoBaHa mpocTpaHCTBEHHO-BpeMeHHAS
M3MEHYMBOCTD JIOKAJIBbHON TBEPIOCTU COJIEHOTO
JIbAA B JICISTHOM IT0JIe JMHAMUYECKOTO TUIIA (hOPMU-
poBaHMsA. YCTaHOBJIEHA ITOBTOPSIEMOCTh 3HAYEHUIT
JIOKAJIbHOI TBEPAOCTHU KaK (PYHKLUUU KOOPIMHAT
TOYEK M3MEPEHUSI B IIPOIOJbHBIX W ITOIIePEUYHBIX
MpOoPUIISIX JISASIHOTO MOJIsI. DKCIIEpUMEHTAIbHBIE
3aBUCHMOCTH TBEPAOCTU KaK (PYHKIIMKA KOOPIMHAT
MMEIOT BUI CTAallMOHAPHBIX ITEPUOINIESCKUX BOJI-
HOBBIX CTPYKTYp. DTOT (paKT ITOCIYKMIJI OCHOBA-
HUEM pacCMaTPpUBATh OCLWUISILUUA 3HAYEHUH J10-
KaJIbHOI TBEPOOCTU KaK pe3ysabTaT (DOPpMUPOBAHUS
BTOPMYHBIX TEKCTYp JbAa (IMHAMUISCKUIT MeTa-
MOpGhH3M) B y371aX U MyYHOCTSIX CTOSTYMX BOJIH B JIe-
IsTHOM I1oJie. MHaIuKaTopaMuy BOJTHOBBIX IIPOLIECCOB
CTaJIi BTOPMYHBIC TEKCTYPHI JIbIa, KOTOPHIEe KOJIM-
YECTBEHHO OIPEAeIISIIM 110 3HAUCHUSIM JIOKAJIbHOMI
tBEpHocTu. [lonydyeHHBIe 3aKOHOMEPHOCTH B BHUIIE
MePUOANIECCKIX 3aBUCUMOCTEM JIOKAJIbHOI TBEPIO-
CTHU JICASTHOTO TIOJIST OTPAXKAIOT BIMSHIE BOJTHOBBIX
MIPOIIECCOB Ha IIPOYHOCTH CONEHOTO Jibaa. PakTu-
YeCcKM pa3padoTaH METOM UCCIeIOBAaHNS BOTHOBBIX
CTPYKTYP B JICISIHOM IIOJIe, JieXKallleM Ha TUAPaBI-
YeCKOM OCHOBaHUM.

B uHTepmpeTanuy 3KCHepuUMeHTaIbHBIX pe-
3yJIbTATOB MCIIOIb30BaHbI U3BECTHBIC (DAKTHI: U3ITy-
YyeHHe aKyCTUYECKUX BOJIH IIpU (a30BOM MEPEX0-
e (3aMopaxxuBaHuM Boabl) [10]; BOSHUKHOBEHME
OCTaTOYHBIX HAPSDKEHUI IPU ITOCIOMHOM 3aMO-
paxuBaHuu Jbna [15]; popmupoBaHue BTOpUY-
HBIX TEKCTYp JbJa C MOHMKCHHON TMHAMUYECKOM
BSI3KOCTBIO M, CIeI0BaTEIbHO, IPOYHOCTHIO IO
JelicTBUeM UMITYJbcOoB HanpsikeHUi [5]. ITo akc-

IMepUMEHTAJbHBIM JaHHBIM OIpeac/ieHbl AJIUHBI
OeryliMx BOJIH, ITocTpoeHa (a30Basi MOBEPXHOCTh
BOJIHOBBIX CTPYKTYpP, a TaKXKe OLIEHEHBI pa3Mephl
MOABVKHBIX DJIIEMEHTOB CTPYKTYpPHI Jibaa. Ilomy-
YeHHbIC TaHHBIE COIMOCTABJICHBI C TEOPETUUECKH
paccuMTaHHBIMM MX 3HaYeHUsIMKU. HerpoTusope-
YUBOCTh ITOJIYUEHHBIX PE3yJIbTaTOB JaHHBIM U BbI-
BOJIaM IPYTUX McCaeaoBaTeieil mo3BoseT pac-
cMaTpuBaTh BIMUsSHME BOJH Ha GOpMHUpOBaHUE
BTOPMYHBIX CTPYKTYp Jiblla KaK OIMH 13 (HaKTOpOB
MIPOCTPAHCTBEHHO-BpeMEeHHOI HEOOIHOPOIHOCTH
IMPOYHOCTHBIX CBOMCTB JIEASTHBIX ITOJIEI.

Ha BoHOBOII XapakTep IutacTUuecKux aedop-
MauMii BriepBble oopaTusl BHUMMaHue A.B. MaxkPeii-
HOJIbAC [16], KOTOPBIN UCCaen0Bal MPEPLIBUCTYIO
HEOJHOPOMHYIO IIACTUYECKYIO Ae(DOpMAIIUIO O~
KPUCTAJIJIOB C TTOMOILIbLIO MeToAa TU(PpaKIIMOHHOMN
pemétku. Ix.®@. Besr [17] mpooo/Ku 3TH UCcie-
JIOBAHUSI, UCTIOJIB3YsI METOJI aKyCTUUECKOI SMUCCHUU.
I'eHepaLyss UMITYJICOB HAITPSKEHUI IIPU IUIACTAYE-
CKoOll neopMaliui OCTa€TCsl 00BEKTOM HCCAea0Ba-
HUS U B HAaCToOsIIIee BpeMsI KaK (paKTop BO3IEUCTBUS
Ha mnjacTuyeckoe TeueHue Jbaa [18]. OaHako neit-
CTBUE aKyCTMYECKMX BOJIH Ha IJIACTUYHOCTD JIbIa
BCE ellIé uccaeaoBaHO HelocTaTouyHo. [TepcnekTuB-
HOCTb TaKMX MCCJICIOBAaHUI ITOKa3aHa Ha IIpUMepe
BIIMSIHUSL PACXOMSIIIIUXCS M CXOOSIIMXCS (GPOHTOB
HMMITYJIBCOB HAIIPSDKEHUI Ha CTPYKTYPY JibAa B Orpa-
HU4YeHHOM o00béMe (coruto Jlasans) [5, 14].

B Hacrosiieit padote (popMupoBaHUE BOJTHOBBIX
CTPYKTYpP U UX BIIMSTHAE Ha IIPOYHOCTH JIbJa MCClIe-
JIOBAJIMCH B JIEISTHOM II0JIE COJIEHOTO JIbJIa TIIOLIA-
nbio 800 M2, M3MepeHus JTOKaIbHOM TBEPAOCTH B
pa3IUYHbIC TPOMEXYTKI (DOPMUPOBAHUS JISISTHO-
TO TI0JIsI TOATBEPAUIIA, YTO OCHOBHBIM MCTOYHUKOM
VIIPYTUX KOJIEOAHUI MOXET ObITh KOTEPEHTHOE U3-
JIydeHUe YIIPYTUX BOJIH ITPU 3aMOpPaxKMUBAaHUU BOJIHI,
T.€. CaMO JIEJSTHOE TT0JIe. DHEPTUHU 3TOTO U3JIydeHUS
0Ka3aJioCh JOCTATOYHO JJIsT 00pa30BaHUs BTOPUY-
HBIX TEKCTYp JIbJa NIPY HAJIMYUU OCTATOUHBIX Ha-
NpsSCKEHUH, BO3HUKAIOIINX B clydae ITOCIOMHOTO
HaMopaxXKWBaHUs JICASHOTO T10Js. JJOCTOBEpHOCTh
(GopMUpOBaHUSI BOJHOBBEIX TEKCTYP B YCIOBUSIX
€CTECTBEHHOTI'O 3aJIeTaHus IIpoBepeHa Ha PeYHOM
Jbae ToamunHol 0,49 M (mommockoBHas p. JlecHa).

BnusiHMe BOJIHOBBIX CTPYKTYP Ha IIPOYHOCTHBIE
W PEOJIOTMYCCKIE CBOMCTBA JIbIAa MOXET OBITH IIPO-
CJIEXKEHO TIPY PeIleHUH 3a1a4 KOHTAKTHOM MeXaH!-
KM pa3pylIeHus ibaa. KirroueBoii MOMEHT 31ech —
MOHMMAaHWE BOJIHOBBIX ITPOIIECCOB, MPOUCXOASIIINX
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B JICISIHBIX ITOJISIX, ¥ YCJIOBUIA, OTIpenesIsIonx Gpop-
MHUPOBaHNE BOJTHOBBIX CTPYKTYP M IMPOUYHOCTHBIC
XapaKTEepUCTUKM MPOMEKYTOUHBIX CI0EB. Pa3zpabo-
TaHHAasI METOAMKA MOJIEBBIX UCIIBITAHUNA W peain-
3yIoIasi 3TOT MOAXOI M3MEPUTENIbHAS aIlIiaparypa
MMO3BOJISTIOT BBHIIIOJIHSTH MCCIIEIOBAHUS JICASIHBIX 1
CHEXXHBIX TTOJIeH KaK ISl HayYHBIX LIeJIei, TaK 1 It
MIPAKTUIECKUX IIPYIOXKCHUIA.

3aKioueHne

Hacrosmasa nyoaukaunusg — 3aBepluaroinas
YacTh LUKJIA padoT, MOCBIIIEHHBIX PEIICHUIO (PYH-
JaMEHTaJIbHOI MpPOOJEMBbI TJISILMOJIOTUN O KOJIU-
YECTBEHHOM CBSI3M MUKPOCTPYKTYPHI Jiblla C €T0
MaKpOCKOIMMYECKMMHU CBOMCTBAMM, & UMEHHO: He-
JIMHEMHBIM BOJIHOBBIM IIPOLECCaM BO JIbAY U UX
BIAMSHUIO HAa (pOpMUPOBAaHME BTOPUYHBIX TEK-
CTYyp B IpUPOIHOM Jbae. Mcciaenyemble Mexa-
HM3MBI TTO3BOJISIOT MOHSTh, KAK U MOYEMY IIPO-
UCXOASIT MOABVXKKHU JIEAHUKOB, YeM OOBSICHSIETCS
MIPOCTPAaHCTBEHHO-BPEMEHHASI HEOOAHOPOTHOCTD
JIEISIHBIX U CHEXKHBIX MOKPOBOB, a TAKXKE HAMETUTD
NYTU K U3YYEHUIO MEXaHUKU KOHTAKTHOIO pa3py-
LIEHUS JIbAa B MPUAOHHBIX CJIOSIX JeAHUKOB. Kak
BCSIKasl 3aMKHYTasl 3aadya, OHa UMEET peaJibHble
MNpaKTUYECKKE MPUIIOKEHMS YK€ Ha JaHHOM 3Tare
pelreHus, HampuMep, COBEPLIEHCTBOBAHME METO-
IUK, CBSI3aHHBIX C UCIIBITAHUEM MOAEJe CynoB U
JIEJOCTOMKUX COOPYKEHUI B JIEHOBOM OacceliHe B
3aBUCUMOCTHU OT YCJIOBMI HAa (PPUKIIMOHHOM KOH-
TaKTe, TapaMETPOB IBVKEHMSI MOJEN, a TaKKe (Pr-
3UKO-MEXaHUYECKMX U MPOYHOCTHBIX CBOMCTB JIbA.

JHoJroe BpeMsl B SKCIEpUMEHTaIbHOI MEXaHUKE
JBUXKEHUST OOJIbIIUX M MajbIX OOBEMOB Jiba UTHO-
PUPOBAJIOCH BIUSIHUE HEJIMHEHHBIX BOJTHOBBIX MPO-
eccoB. PaccMaTpuBanuch B OCHOBHOM JIMHEMHbBIE
MPOLIECCH U COOTBETCTBYIOIIME UM U depeHLI-
aJbHbIC YPaBHEHMSI, KOTOPHIE He OTpaxkann (pyHma-
MEHTaJIbHBIX CBOMCTB peajibHOTO Jibaa (MexaHuKa
JenHukoB IlayHaepa 1 MHOTOUYMCIIEHHbBIE COBpe-
MEHHBIe Mozaean). HakoHel HacTymusI KpuTtude-
CKMIi MOMEHT, KOrja He B 3apyOeXHBIX, a B OTeUYe-
CTBEHHBIX >KypHajax ObUl OMyO0JIMKOBAH psij CTaTei,
OTKPBIBAIOIIMX HOBOE HalpaBJIeHUE UCCIeTOBAaHUMN
B COBPEMEHHON TJISLMOJ0rMU. B0 uccienoBaHo
TaK>Ke BJIMSIHME BOJTHOBBIX TPOLIECCOB HA TPOYHOCTD
MNPUPOIAHOrO JibAa B YACTUYHO 3aMKHYTBIX OOBEMAX.
BomHoBoit MeTaMopdu3M IbIa paccMaTpUBaeTCs

B KayecTBe OJHOM M3 MPUYUH MPOCTPAHCTBEHHO-
BPEMEHHON U3MEHUYMBOCTU TEKCTYpPHI, a CIeA0Ba-
TeJIbHO, U TIPOYHOCTHBIX CBOMCTB JIEASIHBIX TOJICH.
C 270i1 LIenbIo Obl1a U3MepeHa JIoKaabHasl TBEPAOCTh
JIEASTHOTO TTOJIs1 AMHAMUYECKOro Tumna (opMupoBa-
Hus tomaabio 800 M2, jiexalero Ha OBEPXHOCTU
KUIKOCTU B OacceilHe MPpSIMOYTOJIbHON (DOPMBI 1
MIPUMOPOKEHHOTO C TPEX CTOPOH K ero 0opram. DKc-
MepUMEHTAJIbHbIC 3aBUCUMOCTH JIOKAJIbHOM TBEPIO-
CTU KaK (PYHKLMK KOOPAMHAT TOUCK U3MEPEHUS B
MPOIOJIBHBIX W MOMNEPEUYHBIX IMIPOMUIISIX UMEIOT BUI
CTallMOHAPHBIX TICPUOANIECKIX BOJTHOBEIX CTPYKTYP.
Ocumisinuy TBEpAOCTU cocTaBistioT ot 40 no 60%
MPU TOTPELIHOCTY U3MepeHuii 5—7%.

YcTaHOBJIEHO, YTO CTallMOHAPHBIEC IEPUO-
INYeCKUE BOJHOBBIC CTPYKTYPHI B JICHSTHOM IIOJIE
(GopMupyloTCS B pe3ynbTrare MHTep(pepeHIIUN 13-
TMOHO-TPAaBUTALIMOHHBIX U IPOIOJbHBIX BOJIH.
IToaTBepXAEH BOJHOBOI MeXaHU3M MeTaMOopGhu3-
Ma coJyiéHoro abpaa. Paccuutanbl hazoBbie CKOPO-
ctu. IlolydeHO COOTBETCTBHE TEOPUU U SKCIIEPU-
MeHTa. BoaHoBo# muHaMu4YecKUit MeTaMOp(pU3M
peanu3yeTcst IIpY CMEIIAHHOM TUIIEe BO30YXKICHUSI.
JOMUHUPYIOIINI UCTOYHUK YIIPYTUX BOJH B JISIs-
HOM I10JI€ IPU OTCYTCTBMU BHEIIHUX BO3ICHCTBUIA
(TMpOMBILJIEHHbIE WX CeicMUYeCKre BUOpalu) —
KOT'epEeHTHOE M3TyYeHUEe B CAMOM JIBIE.

JomoJIHUTEIbHBIE UCCICAOBAHMS TUHAMMUYE-
CKOI JIOKAJIbHOU TBEPAOCTHU B PEUHOM JICASTHOM I10-
KpoOBe ITOATBEepAMId (DOPMUPOBAHNE aHAJIOTUIHBIX
CTallMOHAPHBIX TIEPUOINIYECKIX BOJTHOBBIX CTPYK-
TYp B IpUPOTHOM Jibae. KonmmuecTBeHHO oIpenene-
HO BIIMSTHHE BOJIHOBBIX CTPYKTYP Ha IIPOYHOCTHEIC
CBOICTBA JIEASIHOTO II0JISI KaK OJHOTO M3 BO3MOXK-
HBIX (DAaKTOPOB IIPOCTPAHCTBEHHO-BPEMEHHOMN M3-
MEHYMBOCTH JIbJa B yCIOBUSIX 3ajleranus. I[lomydeH-
HBIE Pe3yJIbTAaThl MOTYT OBITh MCIOJIb30BaHBI IIPU
OIlpeae/IeHUN JeJOBbIX Harpy30K Ha IJIaBydyue U
cTallOHapHBIe MOPCKUE I1aT(hOPMBI, IIPHU pa3pa-
00TKe 3(P(PeKTUBHBIX TEXHOJIOTUN MPOESKTUPOBAHUSI
KOPITyCOB JIEAOKOJIOB 1 CYIOB JICIOBOTO IIaBaHUS,
a TakoKe IIJ1s1 IOHMMAaHMWS IBUXKEHMS JIbIa B IIPUIOH-
HBIX CJIOSIX JIETHUKOB.
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