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CerneBble MOTOKHU: KaTacTpO(bl, PUCK, MPOTHO3, 3aIlUTa Debris Flows: Disasters, Risk, Forecast, Protection

FnupaBnnquKne YPaBHCHHUSI CBA3HBIX CCJCBLIX ITOTOKOB H X
HEKOTOPLIC YaCTHLBIC PECIICHUA

O.I'. HatumBuiu, B.U. TeB3aa3ze

HUnemumym 6oonozo xozaucmea, Tounucu, I pysus

Hydraulic equations for cohesive debris flows and their particular
solutions

0.G. Natishvili, V.I. Tevzadze

Institute of Water Management, Tbhilisi, Georgia

[Tpennararorcsi TuApaBIMYECKHE ypaBHEHHsS HEPAaBHOMEPHOTO M BOJHOBOTO DPEXHMOB
JIBIDKCHUS CBS3HBIX CEJIEBBIX MOTOKOB, OCHOBAaHHBIC HA 3HEpreTHdeckoM npuHnumne. OHn
JIAf0T BO3MOJKHOCTB OIMCATh OJTHOMEPHOE IBIKEHHE ITOTOKA C NMEPEMEHHBIM PacXo1I0M
BIOJb IyTH AJSI MPU3MATHYECKUX PYCI C YYETOM HEHBIOTOHOBCKUX (PEOJIOTHUYECKHX)
CBOMCTB cenieBod cMmecH. [lonmydeHHble ypaBHEHUS NO3BOJISIOT 3allpOEKTUPOBATh CENEC-
OpOCHBII KaHaN ¢ 3aJaHHBIMH ITAPAMETPAMH CEJIEBOTO ITIOTOKA CEJIETIPOIyCKHOTO COOpY-
JKeHUA ¥ (PUKCHPOBAHHOTO yTiIa CBOOOJHOTO pacTeKaHus MOToka, pasHoro 11-13°. Pac-
cMaTrpuBas HEYCTAHOBHBIIECECA ANBUKCHHUE B @opMe BOJIHOBOT'O IIOTOKA, KOTr'Ja BOJIHBI
MMEIOT HENPEPBIBHBIN XapakTep, MoJy4aeTcs, YTO CKOPOCTh Vg B TPH pa3a MPEBbIILIACT
CPEIHIOI0 [0 CEYEHMIO CKOPOCTh MOTOKAa. Tak Kak celeBas cMech IPH IIIyOMHE MeHee
4yeM hy He mepeaBUTaeTCS HAa HAKJIOHHOHM MOBEPXHOCTH OOIIEU3BECTHOE ypaBHEHHE, Xa-
pakTepusyoliee CKOPOCTh JMHAMHYECKOW BOJIHBI BBIPAXKACTCS CIEAYIOIIMM 00pa3oM:

C=./gHcos0, , rne cosO, npenenphoe 3HaueHNE HAKIOHA ILIOCKOCTH JHA BOJIO-

TOKa IIPU KOTOPOM CejeBas CMeCh ONpPEENeHHON INIyOWHBI HauMHAET IepeMeIaThesl.
IIpennaraemble ruApaBINYeCKUE YpaBHEHHS HEPABHOMEPHOIO M BOJHOBOIO PEXUMOB
JIBIDKCHUS! CBSI3HBIX CEJIEBBIX IOTOKOB MOTYT IIOCIYKHUTb 0a30 JUIsl peIIeHHs psija He-
pEIIEHHBIX 3a7ad, OTHOCUTEIBHO UX MEPEMEIICHUs, KaK B MPU3MAaTUYECKUX, TaK U He-
MPU3MAaTHYECKUX PyCIIax.

This article concerns the hydraulic equations for non-uniform and wave motions of a co-
hesive debris flow, depending on energy principles. They provide descriptions of one-
dimensional motion for flows with variable discharge along the travel path for prismatic
channels, allowing for non-Newtonian (rheological) properties of debris flows. These de-
rived equations allow the design of a discharge levee for defined properties of a debris
flow, a debris flow escape structure and a fixed angle of free flow equal to 11-13°. Con-
sidering the non-uniform wave motion with continuous waves, we determine that wave
velocity Vp exceeds the average flow velocity in a cross-section by three times. Taking
into account that the debris flow at a depth less than hy does not move on the inclined
surface, the well-known equation, which defines the velocity of dynamic waves, will be

defined as follows: C = ,/gH cos @, , where cos @, is the limiting value for the gradi-

ent of channel bed, which allows motion of debris flow at a defined depth.

C 1enbi0 BEIBOAA OJHOMEPHOTO JUHAMHYECKOTO YPaBHEHHS CBSI3HOTO CEJIEBOTO MOTO-
Ka HMCIOJb3YETCsl ypaBHEHUE THAPABIMKHA B OCHOBE KOTOPOTO JIEKHUT DHEPreTUYeCKOH MpUH-
nun (Hoy, 1969):
2 2
e
H=z+h+—=z+h+ Q
2g 2gw
rae H - monmHast sHEprus B paccMaTpUBaeMOM CEUCHHU pycIia;

(M
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Z - PacCTOSIHUE OT JHA pycia B KAKOM JINOO pacCCMOTPEHHOM CEYEHHHU 10 TOPH30H-
TaJILHOHN TJIOCKOCTH CPaBHEHMUS,
h - monHas riryOMHA MOTOKA B pacCMaTpUBAEMOM CTBOPE;
@,V ,Q - COOTBETCTBEHHO IUIOMLIA/b KHBOTO CEUCHUSI, CPEIHSSI [0 KHBOMY Ceve-
HUIO CKOPOCTB M pacxoj MOTOKa,
Huddepennupys ypasaenuu (1) mo [uimHe X i1l IPU3MATHYECKHUX PYCeI JaeT:
dH  dz N dh N 1 (20d0 20° dow

= = 2
dc dx dx 2g\ 0’dx @ dx @)

[Nocne HecnoxHBIX Tpeodpa3zoBanuii U3 (2) momyyaem:

_Ya,

i—i

dn " g’ 3
dx ’h
1- 0 3
gw
. A
rnectl=——m- yKJ'IOH JHa BOAOTOKA,
dx
] dH
l,,, =~ - YKIOH TPCHHUS
x
g, = —— - CPEJIHHUIi pacxo/l MOTOKA Ha €TMHUILY JJINHBI;
X

By - mumpuna pycia.

3aBucuMocth (3) mpezcraBusieT codoit nuddepeHnran HOe ypaBHEHHE OJHOMEPHOTO
JBHYKEHHSI CBSIZHOTO CEJICBOTO MTOTOKA C MIEPEMEHEHHBIM PacXo/I0M BJIOJb MYTH IS pU3Ma-
THYECKHX PYyCeL.

B Tom ciyuae, xorna g, =0 ypaBrenue (3) Belpaxkaer auddepeHunansHoe ypaBHe-

HUE THIPaBIMKH C MOCTOSHHBIM PacxoaoM mHoToka Broibs nmytu (Hartumsumm u Tes3anse,
2007).

[Ipu paBHOMEpHOM pEKUME IBHKEHHSI CEJIEBOTO TOTOKA (UTO MOXKHO MCIOJIB30BaTh B
KadecTBe «paboueil abcTpakuum») ¢ yyetoMm ero crneuuduku oyaem mmerb (Hatumsumm u
Tes3anze, 2003, 2007):

0="8""rip) @

14

re- /() = g(ﬂz —1)+§(1 -7 5)

B = hy [ h - oTHOCHTeNBHAS TTyGHHA TOTOKa;

ho - I‘J'Iy6I/IHa sapa (6e3l"paI[I/ICHTHOI‘O CJ'IO)I) IIOTOKA, IMOKa3aTcjib HCHBIOTOHOBCKOI'O
(peonornqecxoro) MOBCACHUA CPEIbI;

V =/ p - xiumatnueckuit ko>pOUIHEHT BAKOCTH;
M - TMHAMUYECKHH KO3()(QUIIHEHT BSI3KOCTH;
£ - IUIOTHOCTb CBSI3HOTO CeJlsl.

B tom ciyuae, korga pycio Hempu3MaTthdeckoe, B3aMmeH (3) MOKHO BOCIIOIB30BAThCA
ypaBHEHUEM:
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2
i—i - 0q, + Q" Ow
dh _ Y g’ g oOx ©
- 2
dx 1_Qlj
gm

3nechk B — mmprHa moToka Ha paccMaTpPUBaEMOM Y4acTKe.
O6ee perenue (3) u (6) 3arpyausercs. [loaromy paccmotpum ciyyaii koraa [ # 0,

dh/dx =0 u B= b= const. [l]puaumas Bo BHUMaHue, uT0 i = - dz/dx u dx =dQ/q, , no-

IycKas IIPU 3TOM ¢, = CONSt , IOCJe UHTErpupoBanus (3) Ui pycen ¢ IpsAMOYTOJIbHBIM I0-

MEePEYHBIM CEUYCHHEM, C YUETOM HadallbHBIX M TPAaHUYHBIX YCIOBHH Q = Q) U Z = 7y, TIONY-
YUM:
2 2
Zy—zZ= Q —0 V3 + Lz @)
g \2q00°f(p)
3aBucuMOCTh (7) TIO3BOJIAET 3alIPOCKTUPOBATH CEIECOPOCHBIN KaHAI C 3aIaHHBIMU T1a-
paMeTpamH CeJIeBOro MoTOoKa.
B Tom ciyuae korna dh/ dx =0, nocne HecIOXHBIX MPEOOPA3OBAHUI U MHTETPH-

poBaHus (6) C y4ETOM IPaHUYHBIX yCIIOBUHN TIpH X = 0, z = zy 1 B = by momyunm:

2y —z=kx—In| —20 )
b, +k,x
rae k, = % = const, k, =2tg0

3neck 6 - yron cBOGOJHOTO PACTEKaHWs CBA3ZHOIO CeJs B IUIAHE; MO JAHHBIM DKCIIe-
PUMEHTOB ¥ TOJIeBbIX HaOmroneHuit @ = 11° + 13° (Taromuaze, 1970).

3aBUCHMOCTH (8) MaeT BO3MOXHOCTh OMPEENHUTh Pa3HOCTh OTMETOK MEXY COCETHH-
MU CTBOpaMH IPH IBHKEHHUH CBSI3HOTO CEJISl B HEMIPU3MATHYECKOM PyCIie C MMOCTOSSHHON CKO-
pocthio V = V(= const ¥ MOCTOSAHHOU TTyOuHOM h.

He paccmaTtpuBasi paBHOMEPHBIN PEXKUM JIBUKCHUS CEIICBOTO IMMOTOKA MPU YKIOHE pycC-
Jla paBHBIN, MEHBIIIE WX OONbBIINE €ro HyJEBOTO 3HAYCHHsI, W3JIOKEHHOTO B padore (Hatm-
mBuan 1 Tes3anze, 2007), oOpaTiM BHUMaHHE Ha HEyCTAaHOBHUBIIEMCS PEXHME JABIDKEHUS B
(hopme BoTHOBOTO MOTOKA. Kor/a BOJHBI MIMEIOT HEMPEPHIBHBIA XapaKTep YpaBHEHUE Hepas-
PBIBHOCTH TSI COCETHUX CTBOPOB MIPHUHUMAET BH/I:

Q—a)Vb:Q+8Q—Vb(a)+8w) 9)
rae V, . ckopocTb HENpephIBHOW BOJIHBI.

U3 (9) cnenyer, uro

Vv, za_Q:_E}(a)V):V+w5_V (10)
ow ow ow

N3 (10) momyuaem, 9TO CKOPOCTh HEMPEPHIBHON BOJIHBI V) IPEBBIILIAET CPETHIOI CKO-

pOCTh TIOTOKA V' Ha BENMYUHY a)a— B kadecTBe mepBOro MPHOIMKEHUS, €CITH HCIIONH30-
(4

BaTh 3aBUCUMOCTH (4) 1 moacTaBuTh ee B (10), To momydanm:

3oih?
vy =22 1() (11)
Tak kak
.hz
p_Q_49_¢g £(B) (12)
o h v
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HETPYAHO 3aMCTUTH, YTO I/b =3 V, T.C. IOJIYYa€TCs, YTO CKOPOCTH HerCpLIBHOﬁ BOJIHEBI

B TPU pa3a MPEBBINIACT CPEIHIOI MO CEUSHHUIO CKOPOCTh ceieBoro motoka (Hartumieumu u
Ter3anze, 2003).
3a ¢uKcHpoBaHHOE BPeMs t BOJIHA MPOIET paccTosHue X = V) t.

[Ipu nMHAMHUYECKHUX BOJHAX, YYUTHIBASI, YTO CBSI3HBIN CEllb OTIUYACTCS OT HBIOTOHOB-
CKOI7[ KHUJIKOCTH TEM, UTO OH CHOCO6€H OCTaHABJIUBATHLCA HaA yKHOHaX OTJIUYHBIX OT HYJICBOFO
3HAUYCHUSI, TO JTUHAMHYCCKOE HATPSHKCHUsSI CJIBUTA MIOHATHE YCIOBHOE U BBIPAXKAET TOCTOSH-
HYI0 YacTh KacaTeJIbHOTO HAmpsDKEHHs (He 3aBHCSIIAas OT CKOPOCTH) BO BpeMsl JBHIKCHUS,
0003HagaeMoe uepes 7.

B cuity oTMEUeHHOTO CBsI3HAsI CelieBasi CMECh MPH ONpeACieHHON rinyoune hy He me-
peABHUTracTCsl Ha HAKJIOHHOW MOBEpXHOCTH. [loaTOMY 00IIEn3BECTHOE YpaBHEHHE, XapaKTepH-
3YIOIIEe CKOPOCTh THHAMHYECKOM BOJHBI MOXKHO BOOOPA3UTh CIEAYIOUUM 00pa3oM:

C =,/gH cosb, (13)

rae 0; — npenenbHOE 3HAYCHHE HAKJIOHA IJIOCKOCTH JHA BOJOTOKA, IIPH KOTOPOM CBSI3-
Has ceJieBas CMeCh ONPECICHHON IIyOWHBI M 3aJaHHOM KOHIIGHTPALMH HAYMHAET IepeMe-
marbes (Harumeunm u Terzanze, 2003).

HeycTolunBOCTh B CBSI3HOM CEIICBOM MOTOKE BO3HUKAET TOTA, KOTIa

V.>V+C (14)
YuuteBas (11), (12) u (13), mociae HEKOTOPHIX peodpazoBanmii u3 (14) morygaem:

1 cos 6,

_— 15
4 sin @ (15)

VH

—~1(B)>
1%

rne ;<60 u i=sinb.

Venosue (15) a1t BOAHOTO MOTOKA HECKOIBKO YIPOINAETCs], TaK Kak [ (ﬂ ) =0,333 un

cosf; = 0 u oHO oToOpaxkaeT sBJICHUE, HAOIIOIaeMOe BO BpeMsl MPOJIMBHOTO A0/ HA Ha-
KJIOHHBIX y4acTKax yJIUI] B BUAE PABHOMEPHO CTEKAIOIIMXCS BOJIH.
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