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COBEPHIEHCTBOBAHUME METOJAUKHA ITIPOEKTUPOBAHMS ITIOYBO3AIIUTHBIX
TEXHOJIOI'NU HA CKJIOHOBBIX ATPOJTAHAITA®TAX
C. U. YyukaJjos, B. B. AnekceeB, . I. Makcumos, 0. @. Ka3zakos, K. A. Xaduzos

Pedepar. OcHOBHas LieNlb UCCIENOBAHUI — YyTOYHEHHE 3HAUEHUN DPO3HOHHOU CTOMKOCTU IMOYB.
CymiecTByIOUIMEe METOJbI OLEHKH SPO3UOHHON CTOMKOCTH MOYB MPEAYCMATPUBAIOT MU3yUYE€HUE KUHETH-
YECKOM M MOTEHUUAIBHON 3HEPIUU BOJHOIO MOTOKA. YMEHbBIIEHUE MOJIHON 3HEPTUU B MpOIECCE Teue-
HUS TI0 PYCITy CBSI3aHO C pabOTOi BOJHOTO MOTOKA TI0 Pa3pyIICHUIO U CMBIBY MOYBEL. OHAKO TPH 3TOM
HE YYWTBIBAETCSI YHEPIUs KallWUIAPHBIX BOJIH, CYILECTBYIOUIMX Ha MOBEPXHOCTH BOJBI IpU JIaMUHAap-
HOM TedeHHH. VX gacToTa OOBIYHO TAaKOBa, YTO BOJIHBI HE Pa3NWYUMBI HEBOOPYKEHHBIM TJIA30M U TI0-
9TOMY HE YYHMTBHIBAIOTCS, XOTS SHEPTUs TaKUX BOJH IO BEIUYMHE CpaBHUMA C dHeprueil mortoka. Heoo-
XOJIUMOCTb YTOYHEHHSI SPO3HMOHHOM CTOMKOCTH CBSI3aHA C BO3MOXKHOCTBIO OLEHUTh M Y4ECTh UX DHEP-
ruro. Iyt 3Toro papaboTaHa METOIMKA YUETa M OIICHKH BKJIAJa SHEPTHH KAWUIPHBIX BOJH B OOIIYIO
SHEPTUI0 MUKPOIIOTOKA BOJbI, OKA3bIBAIOIIETO pa3pyllaollee U pa3MbIBAIOIIEEe BO3ICHCTBUE HA TTOUBY
CKJIOHOBOTO arpojaHamadTa. MeToanka OCHOBaHa Ha pa3paboTaHHON MaTeMaTHUECKOW MOJETH, KOTO-
pasi TO3BOJIJIA MTOMYYUTh BEIPKECHHUE /TS OTIPEIEICHUS] OTHOIICHHS YHEPTUN KaIMUIIPHBIX BOJH, 00-
Ppa3yIoLMXcsl Ha IOBEPXHOCTH BOAHOIO IMOTOKA, K KWHETUYECKON SHEPTUU BOAHOIO MOTOKa JlJist 3KcIe-
PUMEHTAILHOTO MCCIIEIOBaHUs Tpollecca Pa3BUTHUS KANWUISPHBIX BOJH Ha TJIaJIKUX U IIEPOXOBATHIX
MTOBEPXHOCTAX M OMPEICIICHHS PEKUMHBIX MAapaMETPOB ObllIa CO3/IaHa YCTAHOBKA B BUJIE JIOTKA MPSIMO-
VTOJILHOTO CEUYEHHUS C PEryJHPYyEeMbIM YIJIOM HAaKJIOHA W WHTEHCHUBHOCTH TOJA4M BOJbI, a TaKkKe CO
CMEHHBIMH Pa0OYMMHU MOBEPXHOCTIMHU. ['€OMETPHI0O MHKPOIIOTOKA M (HOPMY €ro MOBEPXHOCTH OTpe/ie-
JISLIM 110 pe3yJibTaTaM BUAECOCHEMKHU M IIOKAa3aHUAM JIa3EpHOTO AajJbHOMEpa. B uccienyeMoM auamnasoHe
ckopocreit BomHbI 0T 0,28 1o 0,46 M/c, IUHBI BONHEL — OT 2,8 10 9,7 MM, TiyOuHEI IoToKa — oT 0,7 1Mo
3,1 MM yuClIeHHas OLEHKA 3aBUCHUMOCTH SHEPTUU KAaOWUIIPHBIX BOJIH OT KUHETUYECKOM SHEPruu BOI-
HOTO TIOTOKA BIIEPBBIC BBIABMIIA 3HAUNTENBHBINH (10 40...60%) BKIaJ KamMUIAPHBIX BOJH, 00pasylo-
LIUXCS HA TIOBEPXHOCTH MUKPOIIOTOKOB, K TIOJTHON YHEPTHH BOJHOTO MOTOKA.

KiloueBble cjoBa: dSpO3MOHHAs YCTOWYHMBOCTH MOYB, KaNMWJIJISAPHBIE BOJHBI, CKIOHOBHIE
arposianqmadTsl.

Beenenune. CxiioHOBBEIC arponanamadTsl — Uil pa3pyIleHHs] U BBIHOCA €MHUIIBI MAcChl 110Y-
00BEKTHI TIO/IBEPKEHBIC IMOBBINIEHHONW 3PO3HMOH- BBl B €CTECTBEHHBIX ycioBusx. Ceituac Ooinee
HOH onacHoctH [1, 2, 3]. 115 3a1IUTEl U coXpaHe- 3(h(HEeKTUBHBIM CYUTAIOT UCIIOJIE30BAHIE BEINIH-
HUSI CBOMCTB arpoiaHamadTa, KacaloIluXcs IUI0-  HbI yJEIbHOM MOIIHOCTH IIOTOKA, ONPENeNIieMOH
JOPOIUsI ITOYBHI HY)KCH HE TOJBKO KOHTPOJIb, HO  KaK JHEPrHI0O HEOOXOIMMYIO Ha paspylIeHHE H
U TOYHOE NMPOTHO3HMPOBAHHUE IPOLECCOB 3PO3HUH. BBIHOC M3 MECTa €CTECTBEHHOT'O 3aJICTAHMS CIH-
HeoGxonnmo 3HaTh, Kakue BEIUYMHBI MOHHUTO-  HHIIBI MacChl IOYBHI 32 €AMHUILY BPEMECHH:

PHTB, TIOCKOJIBKY pa3iuyHble (aKTOpbl OKa3bIBa-

10T pa3HOoe BIMSHHME Ha CIIOCOOHOCTH MOYBHI CO- y=E(@tm)", (1)
MIPOTHUBIIATECS BOAHOM 3po3uu. Ilockonbky oHa

MIPEMMYIIECTBEHHO 3aBUCHT OT XapaKTEePUCTHK rne £ — sHeprus ([x), uaymas Ha paspyuie-
CHCTEeMbl MHKPOIIOTOKOB BOJIbI, BO3HMKAIOIIMX  HHE M BBIHOC MAcChl IIOYBHI m (KT) 3a BpeMs ¢ (C).
IIPY TassHUM CHETa WM BBHIMAJACHHH OCAJKOB, TO, Cpennss riyOuHa /2 (MM IIUPUHA) MUKPOTIO-
€CTECTBEHHO, HEOOXOANMO BBISBISATH M M3y4aTh  TOKa CBs3aHA C TPeMsl XapaKTePUCTHKAMHM:
HUX TUAPOJAMHAMUYECKHE CBoiicTBa. Takoi moj- pacxomoM Boabl O, M/C, TPABUTAI[HOHHBIM KOM-
XOJ/i MO3BOJIIET CO3/1aBaTh aJleKBaTHble (HU3M4Ye-  MOHEHTOM gi (g — ycKopeHHe CBOOOJHOTO
CKHe MOJIeNTd BOJIHOU 3po3uu [4]. Bo3Hukaromas najgenus, M/c>, i — yKIOH), M/C> M SPO3HOHHOI
HA CKJIOHE CHCTEMa MHKDO IIOTOKOB BOJIBI HEIIPe-  yCTOHYHBOCTBIO V, JUk/(kr-c)=m*/c’. Kak sposu-
PBIBHO MEHSIETCS, HO PSi/l €€ MTapaMeTpoOB OCTAlOT-  OHHBIM CMBIB, TaK M OTJIOXXEHHS, HPUHOCHMBIE
csl KpaifHe CTAaOWIBHBIMH W XapakTepH3YIOT 1MO-  TOTOKOM, Ha MOJCTHJIAMOUIEH HMOBEPXHOCTH, MO-
BEPXHOCTb CKJIOHA, a TAK)KE €€ OTKJIMK Ha MOAB-  TyT OBITh ONMHCAHBI O6€3pa3MepHOH BETHIHHON 3,
JICHHE Pa3MbIBAOIUX NOTOKOB. Ilpu onpenenen-  a takxke 6e3pa3MepHON BEIWYHMHOM A, UTparoLIeH
HBIX YCJIOBUSX MHUKPOIMOTOK 00JanaeT CBONCTBa- pons kputepust JloxtuHa [7] B dHEpPreTHUYECKOi

MH, pa3pyllalOUIMMM U TPAHCIOPTHPYIOIIMMHU UHTEepIpeTaluH [8]:
MOYBY, YTO OCOOCHHO Ba)KHO HA CTaJUM MEJJICH-

HOW paBHOMEPHO#1 3po3uH [5]. 3p=h(gi)3 v? A =0g"i v, (2)
Hounroe Bpems Hanbonee 3 (HEeKTHUBHBIM CUH-

Talcs JHEPreTHYecKUi MOAXOJ K KOJIMYECTBEH- DpO3UOHHAs CTOMKOCTh \, OmNpeaensieMas

HOMY OTIMCaHHIO SPO3MOHHOM CTOMKOCTH 1T04B. B pripaxkennem (D), Heo0XxoauMa JUIs

YaCTHOCTH, IJId XapaAKTCPUCTUKU CONPOTHUBJIICHUA U3Y4YCHMUS CBsI3el KPpUTCPUCB 3p u 7\., COrjiaCHO
€€ TOBCPXHOCTH DPO3MOHHOMY PaA3PYHICHUIO BBIpAXKCHUAM (2), MMPAKTUYECKOEC HCIIOJIb30BaHUEC

HaOerauM MHUKPOTIOTOKOM Oblia TpeIoxKeHa KOTOPBIX OBLIO MPOWJLTIOCTPUPOBAHO
BEIIMYMHA DJPO3WOHHON  cToWKocTH y  [6], B pabore [9].
ompejenseMas Kak  JHEPrus, HeoOXoaumas B nocnennue roapl Bce OoJblliee BHUMAaHUE
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YIEISeTCs BIUSHHIO Ha SPO3UI0 CKIIOHOBBIX T10YB
BOJIHOOOpa30BaHMs B MOBEPXHOCTHOM
croke [10, 11]. Pa3BuTHe TEXHOJOTHH aenact
JOCTaTOYHO MTOCTYITHBIM OOHapykeHHe u (ukca-
IUIO TIporiecca pa3BUTHS M (GOPMHUPOBAHUS BOIH
Pa3IMYHBIX TUIOJOTHH U IIApaMeTPOB Ha ITOBEPX-
HocTH *kuakoctu [12, 13]. B kauecTBe AOMUHU-
pyromux (akToOpoB, BIUSIONIMX Ha Pa3IMYHbIC
rapaMeTpbl BOJIHGHUS, BBIICJICHBl IIEPOXOBa-
TOCTh TMOBEPXHOCTH MOYBHI W HAaKJIOH CKIIOHA.
Bruto mokaszaHo, 9TO B3BEIICHHBIE HAHOCH MOTYT
YMCHBIINTh BIIMSHHUE YCKOPEHHS KATSIUXCS
BOJIH Ha 3PO3HIO0 MOYBHI, W 3TO CIEAYeT YUUTHI-

BaTh B €c MOJCIAX. B OTHOIICHUH
OHCPICTUKU TIpoLEecca 06pa30BaHI/IH Karnujjidap-
HBIX BOJIH Ha MOBEPXHOCTU KHUIKOCTHU

pe3yabTaThl UCCIEJOBAHUII B OCHOBHOM KacaroT-
Cs  OHEPreTHYEcKOro CHEKTpa KalWUISPHBIX
BouH [ 14, 15], uX mpOCTpaHCTBEHHOTO 3aTyXaHUI
u guccunauuu [16, 17]. C sHepreTuueckoi TOUKH
3peHUs] BIMSHHE BOJHOOOPa30BaHMS B BOJHOM
MIOTOKE Ha 3PO3HI0 CKJIOHOB HE pacCMaTPHUBAIIOCh.

HCHB HCCJICAOBAHNA — YTOUYHCHHEC BCJIMYMUHBI
9PO3MOHHONW CTOMKOCTH IyTeM OIICHKHM BKJIaja
SHEPIruy KalWULIPHBIX BOJH, 00pa3yromuxcs Ha
MOBEPXHOCTH MHUKPOIIOTOKOB, B OOIIYIO 3HEPTHIO
BOJIHOTO MOTOKAa, KOTOPBIA OKa3bIBAaCT pa3pylIa-
I0IIee W Pa3MBIBAIOIEE BO3/CHCTBIE Ha MOBEPX-
HOCTb CKJIOHA.

Jdnst ee OOCTWKEHHSA pellaid CIEAYIOIHe
3aJaqyu: MOJYYUTb AaHAJIUTUYCCKUC 3aBUCUMOCTU
JJIs1 OTHOILICHUS KHHETHYECKOMN OHECPIruu BOAHOTO
MOTOKa U HEPTHU KalWULIPHBIX BOJH, 00pa3yo-
IUXCsA Ha MOBEPXHOCTU BOJHOI'O MOTOKA,; IKCIIC-
PUMEHTAIFHO H3MEPUTh W YHCICHHO OICHUTH
TpebyeMble IapaMeTphl KalWUIAPHBIX BOJH H
TEYEHHs BOJBI; INPOBECTH UYHCICHHYIO OIICHKY
BKJIaJla DHEPruu KalWuJIJIAPHBIX BOJH B 06Hly}0
SHEPTHI0 BOJHOTO MOTOKA.

YciaoBusa, mMarepuanasl U Meroibl. Cpean
MHOKECTBa BAPHAHTOB PEATBHOTO MPOTEKAHUS
MIPOLIECCOB Pa3pyIICHUS] TOYBBI MUKPOIIOTOKOM
JUISL TIPOBE/ICHMS MCCIIEAOBaHNI OBbUIN BBHIOpAHBI
HanOoee XapaKTepHbIE CIIydau: JUIMHA BOJHBI —

ot 2 10 15 mm, rirybuna motoka — ot 1 1o 20 MM,
CKOpOCTh BoJIHBI — OT 280 mo 460 mm/c. B mep-
BOM TPHONMKEHUN MOXXHO OTPAHUYHUTHCS OTHO-
CUTEJTILHO CJTa0BIM TCUCHHEM BOJABI B HETITYOOKOM
(< 2 cm) mukpomoToke (puc. 1) U mpeIoNoXuTh,
YTO HSHEPTUs KANWUIAPHONH BOJHBI IPOIIOPIIHO-
HaJlbHA TOJILKO €€ MOBEPXHOCTHOW 3HEPTrUu. ITO
MO3BOJISICT OLCHUTh JHEPreTHUYCCKUI BKIAA Ka-
MUWDUBIPHBIX BOJIH, OMPENCIHB IUIONMAAb OBEPX-
HOCTH:

E=c/ldxdy ((1+(dz/dx)’+(dz/dy))"*-1),  (3)
rne o — KkodpduUIHEeHT TOBEPXHOCTHOTO
HATSDKCHUS.

PaccMoTpuM MOTOK BOJHOBOHM SHEPruM Kak
SHEPTUI0, MEPEHOCUMYIO BOJIHOM uepe3 MOBEepX-
HOCTh TIOMEPEYHOTO0 CEUYEHUsI MHKPOIOTOKa B
eauHUIly BpemeHu. Torma o0beM BOIAHOTO TOTO-
Ka, TePEHOCAIINA YHESPTHI0, MOXKHO OIIPENEIUTh
CIeyoIIM 00pa3oM:

V=S8vt 4)
IJIe V — CKOPOCTh BOJIHBI (M/C), S — BEIMYMHA TLJI0-
1A/ TIOTIEPEYHOTO CCUSHHs MUKPOMOTOKA (M%) 1
t — Bpems (c), 32 KOTOpPOE 3aJaHHBIH 00BbEM BOBI
MPOTEKAET Yepe3 CeUCHHE.

IInoTHOCTH 3HEPTHH MTOTOKA [ MOXKHO OTIpesie-
JUTH KaK OTHOIICHHE DHEPTUU IOTOKA, KOTOPYIO
HEeCeT BOJHA K BPEMEHH ¢ 4yepe3 Iuionanp S nep-
MEHANKYJISPHYIO HaIMpaBIICHUIO paclpocTpaHe-
HUSL BOJIHBI M TPEACTaBISET COOOM BEKTOPHYIO
BEJIMYMHY:

I=E(St)! =<w>v=r 0’4*v/2 (5)
rie E — psHeprus KamwuIIpHBIX BoiH (/[x),
ompenensemas BelpakeHueM (3), I — cpenHss
o0beMHasi IUIOTHOCTb  JHEPTUM  BOJIHOBOT'O
memkernst  (JDx/(Mxc)), —  IUIOTHOCTH
xuakoctn (kr/m’), o (paaxc’) u 4 (M) — HUKIH-
Yeckash ~ YacToTa W aMIUIUTyJa  BOJHBI
COOTBETCTBEHHO.

Puc. 1 — Pa3Butne kanuuisipHOH BOJIHBI HAa TIOBEPXHOCTH MHKPOIIOTOKA (cXema U (hortorpadust)
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[MTockonbky 00BEM paccMaTpUBaeMON JKHIKO-
CTH May, OyAeM CYUTaTh, YTO OOBEMHas IIOT-
HOCTB DHEPruu noctosHHa. [lostomy, ncxomst w3
BEIpakeHus (5), UL cpeqHel SHepTUr KarmuIsIp-
HOW BOJHBEI B 00BeMe V, ompenensemoit ¢popmy-
JI0¥ (4), MOYKHO 3aIucaTh:

E=ra’4A’Stv/2 (6)
3Has IUIOTHOCTh MOTOKA ODHEPIHH, MOXKHO
HANTH MTOTOK SHEPTHH 4Yepe3 IPOU3BOJIBHYIO TO-
BepxHOCTh. KuneTnueckas sHeprust £* nBmxeHns
Macchl BOIBI /M, CONEpIKameiics B TOM ke pac-
CMaTpUBacMOM 00beMe ) MUKPOTIOTOKA, TEKYIIIe-
TO CO CpPelHEN CKOPOCTBIO V;, MOKET OBITH MpeEN-
CTaBJICHA B CJICAYIOLIEM BUJIE:
E*=mOf)/2= (v)’pStv/2 (7)

CooTHOIIICHNE 3HAYCHUU BBIpaXCHUH (6) H
(7) no3BOJISIET OLIGHUTD, BO CKOJILKO pa3 dHEPTUs
BOJIHBI OTJIHMYAeTCS OT KHUHETHYECKOH AHEpruu
BOJTHOT'O [TOTOKA!

E/E* = (ra” 4°Stv/2) / () pStv/2) = o* 20 (8)

ITpouecc BoMHOOOpa3oBaHUS B SKCHEPUMEH-
TaJbHOU SYEHKE PETUCTPUPOBAIIU C COOTBETCTBY-
IOIIMM MacIITa0MpOBaHHUEM ITyTEM BHACOCHEMKH
mudposoit Bupeokamepoir GoPro HERO9. T'eo-
METPHIO MHKPOIIOTOKAa M (pOpMy ero MoBEpXHO-
CTH OTIPENEISUTH IO Pe3yibTaTaM BHACOCHEMKH U
MOKa3aHHSAM JIA3€pHOTO JaJbHOMEpA.

-8

8
Sl2n 12

OrneHKka dHEPreTU4ecKoro BKIaga KamMUIp-
HBIX BOJIH C HCHOJb30BaHUEM BbIpaxeHus (8)
MO3BOJISIET CKOPPEKTHUPOBATH BEIIMYHHY APO3UOH-
HOM CTOMKOCTH HOYBBL, TO €CTh PACCUUTATH IHEP-
THIO, HEOOXOMUMYIO ISl pa3pyIIeHHs W BBHIHOCA
€IMHUIIBI MACCHI TTOYBBI B €CTECTBCHHBIX yCIOBHU-
X e€ TONOXKEHHS B  EIUHUIYy BpEMEHHU
C Y4YeToM IIpolecca BOJHOOOpa30BaHUS Ha II0-
BEPXHOCTH MUKPOIOTOKA.

JIis  SKCIepUMEHTAIbHOTO  UCCICAOBaHUA
mpoliecca pa3BUTHS KaWUILIPHBIX BOJIH HA Tiafl-
KAX W MIEPOXOBATHIX MOBEPXHOCTSAX W OIpeselre-
HUS BEIWYWH w, A, h, a TakKe IIMHBI BOJIHBEI A
B  71a0OpaTOpHBIX  YCIOBUAX  HCIOIBH30BAIHN
YCTaHOBKY B BHJE JIOTKa HPSMOYTOJbHOTIO
ceueHus (puc. 2) ¢ peryJiMpyeMbIM yriioM HaKJIO-
Ha, UHTCHCUBHOCTU MOJA4Yd BOJABI U CMEHHBIMU
paboYMMH OBEPXHOCTSIMH.

CKOpOCTh BOJIHBI V PAaCCUHUTHIBAIM IO BBIpa-
sxeruto [18]:

v=((g/k+sk/r) tanh kh)"?, (9

rae k = 2n/A — BOIHOBO# BEKTOP.

6)

Puc. 2 — DkcrniepuMeHTalIbHAsL YCTAHOBKA C «IIIAKOI» (2) U «IIEpOX0BaToii» (0) MOBEPXHOCTIMU

PesyabTaTrel u o0cy:xaenue. Ilo utoram
YUCJIIEHHOTO MOJIEJIMPOBAaHUSA W BUJIEOCHEMKU
rporiecca (hopMupoBaHus 51 pa3BUTHA

KalWUIIPHBIX BOJIH (puc. 3) ObLT BBIABICH P
MapaMeTpoB, PEATN3yeMbIX B HAIIMX YCIOBHSIX
(w, 4, S, v U3MepeHuss KOTOPHIX PEaTn30BAHBI
B JAHHOM HCCJICJIOBAHHH).

P BE 2k 122

Puc. 3 - MOZ[CJ'II/II)OBaHI/Ie MOBCPXHOCTHBIX BOJIH HCKYCCTBECHHO co3z[aBaeM0171 IMMOBEPXHOCTHU
MUKPOIIOTOKA
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CkopocTb BOJIHBI ISl HaOJIIOJaeMoro auarna-
30Ha mapameTpoB A= 2,8...9.7 mm, £ = 1,1 MM,
2ph/A = 0,58...6,2 MM, paccunTaHHas 1O BBIpa-
xeHuto (9), Haxogumack B mpenenax ot 0,28

h,m  0.010-
0.009 4
0.008 -
0.007 1
0.006 -
0.005 -
0.004 1

0.003 1

o365 |

0.002 l

mo 0,46 m/c, nmuama3oH HM3MEHCHHS aMILTUTYIBI
BoaHbl — or 0 mo 1,1 MM, 4YacroTra BOJHBI —
ot 22 no 47 I'u, aAnuHA BOJHBI HE NpEBBIIIANa
7,4 MM (puc. 4).

A"
0301

T T
0.004 0.005

T 7
0.006 0.007
A, m

Puc. 4 — 3aBUCHUMOCTB CKOPOCTH V (M/C) KaIMUIAPHOH BOJHEI OT €€ JIJIMHEI A (M) U TITyOHHEI /i (M)

B HCCIICAOBAHHOM JUAIla30HC IapaMETpOB
PEKNUMOB YHUCJICHHBIC OLICHKH OHECPrun
KarnmuJuJIApHBIX BOJIH B 3aBUCHUMOCTHU
OT KHHETHUYECKOI OHEPIrunu BOJHOI'0 IIOTOKa

(hOpPMHUPYIOMIMXCSA Ha MOBEPXHOCTH MHKPOTIOTO-
KOB, B TIOJHYIO SHEPIHH BOJHOTO IMOTOKa — IO
47...63% (cMm. Tabm.).

TakuM 00pa3oM, KMHETHYECKAsE SHEPTHUS I10-

E/E* 110 BbIPa’K CHUIO ®) BBIIBIJIM ~ TOKa 0e3 ydeTa BKJaJa SHEPTUM KaNMUIAPHBIX
CYIIECBEHHBIH  BKJIAJ  KaNWUIAPHBIX  BOJH,  BOJIH IPUMEPHO B 1,5 paza MeHblIe.
Tabnuua - Pe3ynpTaTsl H3MepeHUit U pacyeToB
Yacrora, ' AwMiumaTyia, MM I'my6una, MM CKOpOCTh MHKPOTIOTOKA, MM/C E/E*
23 0,307 2,119 269,05 0,051
23 0,614 2,119 269,05 0,174
23 1,125 2,119 269,05 0,471
27 0,409 2,119 262,91 0,082
27 0,614 2,119 262,91 0,256
27 0,921 2,119 262,91 0,634

BeiBoabl. [IpuHuMas BO BHUMaHHUE BBISIB-
JIECHHYI0 «MHOT'OKOMIIOHEHTHOCTb» MOJIHOM 3HEp-
TMU BOJHOTO TMOTOKAa U CJEJaHHbIE IOIMpPaBKH,
MOYKHO TIEPECMOTPETh 'PaHUYHbIE 3HAUECHMUS], 103~
BOJISIFOIIME OLIEHUTh YCTOWYMBOCTH CKJIOHOBBIX
MOBEPXHOCTEH MOUBHI K BbIMbIBaHUIO. [lepeornieH-
K€ TOJUIeKaT WHTEPBaJbl, NMPU KOTOPBIX HIET
o0pa3oBaHUe OTIOXKEHHHA U aedopMarus pycia,
HAOIIOMAaeTCsl PaBHOBECHE CHCTEMBI «PYCIO —
MHUKPOIIOTOK BOJIBI», & TAK)KE HAOJFOMAETCSI CMBIB
MMOYBHI M JehopMainrs pycia BOJHBIM MOTOKOM.
PesynbTarsl uccienoBaHus TUHAMUKK TTOBEPXHO-
CTU MUKPOTIOTOKOB TTO3BOJIMJIM OLIEHUTh YHEPTUIO
KaMWUTSIPHBIX BOJIH M JIOJI0 MX BKJaaa B OOIIYIO
SHEPTUI0 BOJHOIO MOTOKA. [[1s1 paccCMOTpEHHBIX

CJIy4aeB J10JI1 SHEPTUH focTurana 46...62%.

PacyeTHBIe BeNWYMHBI, TONYyYEHHBIE C WC-
MOJIb30BAHUEM TEOPETUYECKUX 3aBHUCHUMOCTEH,
CBUJIETENLCTBYIOT O TOM, YTO BKJaJ JHEPIHH
KaMWJUIIPHBIX BOJH B OOIIYI0 DHEPTHIO MOTOKA
BOABl HENb3sl CUUTATh MPEHEOPEIKUMO MalbIM
MIPH SHEPTeTUIECKOM aHAJIHM3e HAYaJIbHOU CTaIuu
BOJIHOW 3pO3UH Ha CKIIOHaX. To ecTh ee HE0OXo-
TIUMO 00s3aTeIFHO MPUHIMATh BO BHIMAaHUE TIPH
MPOEKTUPOBAHUH MPOTHUBOIPO3UOHHBIX MEPOIIPU-
atuit [19, 20]. B 3aBUCHMOCTH OT YKJIOHA M OCO-
OeHHOCTEN MUKpopenbeda MOYBBI JONS BKIAaA
SHEPTUHN KaMWUIAPHBIX BOJH MOXET MEHSThCS,
MpUYeM MO0 Mepe YMEHBIIIEHUS TITyOUHBI M CKOPO-
CTH MHUKpPOpYYeilka OHa BO3pacTaer.
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IMPROVING METHODS FOR DESIGNING SOIL PROTECTION TECHNOLOGIES ON SLOP AGRICUL-
TURAL LANDSCAPE
S. I. Chuchkalov, V. V. Alekseev, 1. 1. Maksimov, Yu. F. Kazakov, K. A. Khafizov

Abstract. The main goal of the research is to clarify the values of soil erosion resistance. Existing methods for
assessing the erosion resistance of soils involve studying the kinetic and potential energy of water flow. The decrease in
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total energy during the flow along the channel is associated with the work of the water flow to destroy and wash away the
soil. However, this does not take into account the energy of capillary waves existing on the surface of water during laminar
flow. Their frequency is usually such that the waves are not visible to the naked eye and are therefore not taken into
account, although the energy of such waves is comparable in magnitude to the energy of the flow. The need to clarify
erosion resistance is associated with the ability to evaluate and take into account their energy. For this purpose, a method-
ology has been developed to take into account and evaluate the contribution of the energy of capillary waves to the total
energy of the microflow of water, which has a destructive and erosive effect on the soil of a slope agricultural landscape.
The technique is based on the developed mathematical model, which made it possible to obtain an expression for deter-
mining the ratio of the energy of capillary waves formed on the surface of a water flow to the kinetic energy of the water
flow. To experimentally study the process of development of capillary waves on smooth and rough surfaces and determine
the operating parameters, an installation was created in the form a rectangular tray with an adjustable angle of inclination
and intensity of water supply, as well as with replaceable working surfaces. The geometry of the microflow and the shape
of its surface were determined from the results of video recording and laser rangefinder readings. In the studied range of
wave speeds from 0.28 to 0.46 m/s, wavelengths from 2.8 to 9.7 mm, flow depths from 0.7 to 3.1 mm, a numerical
assessment of the dependence of the energy of capillary waves on the kinetic water flow energy revealed for the first time
a significant (up to 40...60%) contribution of capillary waves formed on the surface of microflows to the total energy
of the water flow.

Key words: erosion resistance of soils, capillary waves, slope agricultural landscapes.
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