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; DF] 8 Debris Flows: Disasters, Risk, Forecast, Protection

O 5-1 koHthepeHumMmn «CeneBble NOTOKMN: KaTacTPOhbl, PUCK,
MPOrHo3, 3aluTa

C.C. Yepnomopen'?, I'.B. I'apapaamsuiu®

"Mockoeckuii 2ocyoapcmeennuiii ynusepcumem umenu M.B. Jlomonocosa, Mockea,
Poccus, devdorak@gmail.com

2Cenesas accoyuayus

SUncmumym 6001020 xo3zsaiicmsea um. Llomne Mupyxynaea 2py3uncko2o mexuuueckozo
yuusepcumema, Tounucu, I pysus, givi_gava@yahoo.com

About the 5t conference on “Debris Flows: Disasters, Risk,
Forecast, Protection”

S.S. Chernomorets!?, G.V. Gavardashvili®

IM.V. Lomonosov Moscow State University, Moscow, Russia, devdorak@gmail.com
2Debris Flow Association

3Tsotne Mirtskhulava Water Management Institute of Georgian Technical University,
Thilisi, Georgia, givi_gava@yahoo.com

B Hacrosmmem cOopHHKE ITyONMKYIOTCS TPYIObl YYaCTHHUKOB S-U KOH(EpeHIHH
«CeneBble OTOKU: KaTacTpodbl, PUCK, NPOrHO3, 3amuTa» (1-5 okrsadps 2018 r., Tounmcy,
I'py3us).

CeneBble TIOTOKM B TOPHBIX PETMOHAX HAHOCAT 3HAYUTENBHBIN yliepO XO3SCTBY H
HEpEJKO NPUBOAAT K KEpTBaAM cpenu HacesneHusa. M3ydenue ceneil B ['py3uu Havanoch B
cepenune XIX Beka. Co3gaBauCh KapThl CEJIEBOM OMACHOCTH U CEJIEBOrO pailOHUpOBaHUS,
MIPOBOJIMIINCH CTAIIMOHAPHBIC MCCIIEIOBaHMs Ha KOHTPOJBHBIX BOAOCOOPAX, OCYIIECTBIISIIACH
OKCIIEPUMEHTHI TT0 BOCIPOU3BEIEHHUIO Celiell B CHelHaIbHOM JIOTKE, pa3pabaThBAIUCh U
CTPOWIINCH CEeIe3alllUTHhIE COOpYXeHus. [ pemreHus ceneBoil mpoOieMbl TpedyeTcs
COTPYAHUYECTBO SKCHEPTOB W3 pa3nuyHbIX cTpaH. OgHOW u3 QopM Takoil Koomepauuu
SBISIeTCSl TIpOBeZicHWEe KoH(epeHnni «CeleBble TOTOKU: KaTacTpo(bl, PHCK, IMPOTHO3,
3amuray. Kondepennus B ['py3un siBisieTcs MATOW U MPOJOIDKACT CEPUI0 KOHPEPEHIIUH O]
yKa3aHHBIM Ha3BaHueM, npoBoauBiimxcs B [Laturopcke (2008), Mockse (2012), FOxHo-
Caxamuncke (2014), Upkyrcke u Apmane (2016).

CeneBas accounanus ocHoBaHa B 2005 rony B Ilaruropceke. IlpomomkaeT Tpagunmy,
HauaTble Komuccusimu o m3ydenuto Kaz0ekckoro 3aBana B XIX Beke u CeneBoil komuccuu
Axagemun Hayk CCCP, pabotasmieii c 1948 r. no 1980-x ronoB. B Hactosimee Bpemst CeneBas
accoLMalusl SBIAETCS CaMbIM KPYIHBIM B MHPE OObEAMHEHHEM CIEIMAIKCTOB MO CEJSIM U
3alUTe OT HUX, B KOTOPOM cocTosT Oosee 160 sxcneproB u3 23 crpan. CenieBas acComuarus
MpHUCYXXKJAaeT TpodecCHOHANbHbIE Harpaasl — Menaaun uMmeHn @nedmMaHa, KOTOpBIE
BpPYYaroOTCsl BBIIAIOIIMMCS YY9€HbIM B oOmactu ceneBeneHus. [lo pemenuto CeneBoit
accormaruy, ¢ 2018 roma yupexmeH eKeromHbld MpodecCHOHANBHBIA Tpa3gHuKk — JleHb
CeleBHKa, KOTOpBIM oTMedaeTcs 19 nrons.

Koudepennuss B ['py3unm opranuzoBanHa CeneBoii accorumanmeid u HMHCTUTYTOM
BOJHOTO X03siicTBa UMeHU lloTHe MupuxynaBa I'py3MHCKOTO TEXHHYECKOTO YHUBEPCHUTETA



——

=3

CeneBble NOTOKM: KaTacTpoddbl, PUCK, MPOrHO3, 3aLunTa DF] 8 Debris Flows: Disasters, Risk, Forecast, Protection

NpU YYaCTHH TOCYAapCTBEHHBIX BeAoMcTB ['pysuu (MUHHCTEPCTBO 00pa3oBaHUs U HAYKH U
MuHUCTEpCTBO OXpaHbl OKpyXkarolled cpeapl M cenbckoro xossicrtsa), FOHECKO,
reorpaduyeckoro Qakynbrera MOCKOBCKOrO roCyIapCTBEHHOTO YHHBEpcUTeTa nMeHH M.B.
JlomoHocoBa, ArentcTBa Ara Xana XaOutaT, BICOKOTOpHOTO T€O(PU3NIECKOTO HHCTUTYTA
Pocrunpomera, UyHIMHCKOTO HHCTHTYTa 3€JIEHBIX W HMHTEUICKTYyalIbHBIX TEXHOJOTHH M
MHcTuTyTa TOpPHBIX ONACHOCTEH M OKpyXaromed cpensl Kuralickoll akazeMuu Hayk,
Jlaboparopun ¢uznyeckoit reorpadun HarmonanpHOTO HAyYHO-MCCIEA0BATENHCKOTO IEHTPA
Opanuun, WmxeHepHoil akagemun ['py3uu, DKOLEHTpa OXpaHbl OKPYXKAaIOMIEH Cpembl.
CrioHCcOpaMH ¥ YYaCTHUKaMH BBICTaBKU, OPraHU30BaHHOW B paMKaxX KOH(EPEeHINH, SIBISIOTCS
xommanuu IBTP Koschuch e.U., Geo-Barrier, Caucasus Road Project, Geobrugg AG.

MectoM mpoBefeHUs 3acelaHuii KOH(PEpeHIHMH SBISICTCS [ py3HMHCKHIMA
TEXHUYECKUN YHUBEPCUTET.

Puc. 1. Bux Ha ropon TOwiucu ¢ KpemocTu Puc. 2. AJIMUHHCTPAaTUBHBIH  KOPIIYC
Hapukana I'py3UHCKOTO TEXHUYECKOTO YHHUBEPCUTETA

Kondepenunss mnocssimeHa oOCYXAEHHIO TaKUX BONPOCOB, KaK IJIOOANbHBIA U
PETHOHAIBHBIA aHAJIN3 CEJIEBBIX IIOTOKOB, CeNieBbIe KaTacTpo(bl MOCIETHHUX JIET, PUCK U
NPOTHO3 CeJiei, MOAENUPOBaHME, CEJIeBasi OMACHOCTb JIGAHWKOBBIX 03€p, JI€J0BO-BOJHO-
KaMEHHBIE TIOTOKH, CeJ€3alllUTHbIE MEpOIPHUATHSA, HOPMATHBHBIE JIOKYMEHTHI IO
MIPOTHO3UPOBAHHUIO CEJIEBBIX NMOTOKOB M MPOEKTUPOBAHUIO MIPOTHBOCEIEBBIX KOHCTPYKIUI U
COOPY’KEHHH, IIKOJIBI ¥ TPAIUIUH CEJIeBEeICHUS.

B xoudepennum mnpuHMMaroT ywactie okosno 200 »skcnepToB u3  ABCTpHH,
AzepbOaifmkana, Apmenun, bonrapum, bpaswmmun, BemukoOpurtanmn, ['epmanum, ['pysunm,
Nununu, Wcnanmm, Wramuu, Kazaxcrana, Kwuras, Mapokko, Poccum, Tamxukucrana,
V30ekucrana,  Ykpaunel, @panmun u  llBelinapun. CaiiT  KOH(epeHLUH:
www.debrisflow.ru/df18.

B Hactosimiem cOopHuke mnyOnukyroTcs 75 crarei. Haspanus crarei, damuauu
aBTOpPOB, pe3lOME M KIFOYEBHIE CJIOBA NPUBEJEHBHI HA PYCCKOM M AaHTJIMHCKOM fA3BIKaX,
OCHOBHO# TEKCT — Ha OJTHOM M3 YKa3aHHBIX S3bIKOB. [ TaBHBIM HH(OPMAIIMOHHBIM ITAPTHEPOM
koHepennuu sBisietcs OO0  «['eomapkeTHHTr», KOTOpoe IyOJMKYyeT 4YacTh CTarei,
otoOpaHHbIX OprroMuTeToM, B )xypHaje «I'eopuck» (Ne3 u 4 3a 2018 ron).

Ba)kHBIM 371€EMEHTOM MEXIYHAPOJHOTO MEPONPUATHUS SBISETCS MOJEBOW CEMHHAp
nocse KoH(pepeHIMH, BKIIOYAIOLIHIA 1BE TOE3/IKH C TIOCEIICHHEM celIeBIX OacceitnoB I py3un.
[lepBass moe3aka BKIIOYAET OOCIEIOBaHME BOCTOYHBIX PaiiOHOB ['py3um — HCTOpHUUYECKON
obmactu Kaxerust. 31ech, B ceneBoM Oacceitne Jlypyku, B TeUeHHE HECKOIBKUX JIECATHICTHI
MPOBOJIVITNCH CTAIIMOHAPHBIC UCCIIEIOBAHUS ceJlel M SKCIIEPUMEHTBI ISl CO3/IaHus TIPHOOPOB
M0 M3YYEHUIO Celell M TPOTHUBOCENIEBBIX COOpPYKEHUH. Takke B PErMoHE pPacioIOKEeHbI
3aLIUTHBIE 1aMObl CKBO3HOM KOHCTPYKIMH, IIOCTPOCHHBIE B OKPECTHOCTAX ropona TenaBu.
Bropas moesnka mocsiieHa u3ydeHHIo pailoHa Boenno-I'pysmHckoil qoporum — ogHOro u3
JPEBHENUIINX TOPrOBBIX IyTEH 4EIOBEUECTBA, COEANHSIONIETO TEPPUTOPHH K CEBEPY U K IOTY
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ot I'maBHoro KaBkasckoro xpebrta. C 3Toii Tepputopun B cepeanHe XIX Beka Hawajoch
n3zyyenue ceneid Ha Kaskasze. 3nech, Ha ckiloHax ropel Ka3Oek, 3apokaanuich 3HAMEHHUTHIC
karactpoduueckue «Kazdoekckue 3aBaibly, MOCIEIHUI U3 KOTOPBIX mpou3ornien B 2014 roxy.

www.venividi ru.

Kaxerns. Kadenpamsusriit cobop Cs. I'eoprus (XI  PaspymmenHas cene3amuTHas IUIOTHHA Ha peKe
B.) B MOHAacThIpe AnaBepau, ocHoBaHHOM B VI B.  Jlypymku Beiie ropona Keapemu.

BoenHo-I'py3unckas gopora. 'opa Kazoek. CeneBble OacceliHbl B JonuMHEe peku benas
Aparsu.

[TyOnukanuy y4acTHIKOB KOH(GEPEHIINH JAIOT CPEe3 COBPEMEHHOTO COCTOSHHSI TEOPHH
Y METOJIOB, UCTIONb3YEMBIX B CENIEBEICHUN — HAYKE O CEJIEBBIX MOTOKax. MOXKHO HalesAThCs,
YTO CTaThH OYIYT MOJIC3HBI JJIs JIUILI, IPUHUMAFOIIUX PEIICHUS 110 3aIl[UTe OT CeJIeH, HayUHBIX
COTPYIHHUKOB, CICLUAIMCTOB-NIPAKTUKOB. Tarke OnyOJIMKOBaHHbBIE MaTepHalibl MOT'YT OBITh
MCIOJIb30BaHbl PEMOJABaTSIIIMU M CTYJCHTAMH YHHUBEPCHUTETOB IPH H3YUYECHHH CEJICBBIX
SIBIICHHIA.

[Ipu moaroroBke cOopHuka TpymoB kKoHdpepeHimu k nedatn K.C. Bucxamxuera
BEITIOJTHHJIA YacTh PabOTHI IO BEPCTKE M co3aHuto au3aiiHa. E.A. CaBepHIOK OCyIIeCTBIsIIa
cOOp PYKOIHCEH U TIEPETIUCKY C aBTOPaMHU.

OUHAHCOBYIO TMOMOIIL MO H3JIAHUIO COOpPHUKA TPYJAOB KOH(EPEHIMH OKa3ajio
ArentcTBo Ara Xana no Xaourar.
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Organizing committee of the Conference

Co-Chairmen of the Organizing Committee
Archil Prangishvili (Georgian Technical University, Georgia)

Givi Gavardashvili (Tsotne Mirtskhulava Water Management Institute of the Georgian Technical
University, Georgia)

Sergey Chernomorets (Debris Flow Association and Lomonosov Moscow State University, Russia)

Vincent Jomelli (Laboratory of Physical Geography, CNRS and Pantheon-Sorbonne University Paris 1,
France)

Fanggiang Wei (Institute of Mountain Hazards and Environment, Chinese Academy of Sciences, China,
and Chongging Institute of Green and Intelligent Technology, Chinese Academy of Sciences, China)

Members of the Organizing Committee
Tamazi Batsikadze (Georgian Technical University, Georgia)
Mukhtar Bekkiev (High-Mountain Geophysical Institute, Russia)
Ruslan Bobov (Aga Khan Agency for Habitat, Tajikistan)

Igor Bondyrev (Vakhushti Bagrationi Institute of Geography of the lvane Javakhishvili Thilisi State
University, Georgia)

Goga Chakhaia (Tsotne Mirtskhulava Water Management Institute of the Georgian Technical
University, Georgia)

Robert Diakonidze (Tsotne Mirtskhulava Water Management Institute of the Georgian Technical
University, Georgia)

Yuri Efremov (Kuban State University, Russia)

Sven Fuchs (BOKU University, Austria)

Zurabi Gasitashvili (Georgian Technical University, Georgia)

Rinaldo Genevois, Department of Geosciences, University of Padova, Italy
Daviti Gurgenidze (Georgian Technical University, Georgia)

Christian Huggel (Zurich University, Switzerland)

Inga lIremashvili (Tsotne Mirtskhulava Water Management Institute of the Georgian Technical
University, Georgia)

Irina lordanishvili (Tsotne Mirtskhulava Water Management Institute of the Georgian Technical
University, Georgia)

Nikolay Kazakov (Sakhalin Department of Far East Geological Institute, Far East Branch, Russian
Academy of Sciences, Russia)

Georgiy Kherkheulidze (Institute of Hydrometeorology of the Georgian Technical University, Georgia)
Levani Klimashvili (Georgian Technical University, Georgia)
Elena Kozireva (Institute of Earth Crust, Siberian Branch, Russian Academy of Sciences, Russia)

Shorena Kupreishvili (Tsotne Mirtskhulava Water Management Institute of the Georgian Technical
University, Georgia)

Merab Makarashvili (Georgian Water Project, Georgia)

Stanislav Makarov (V.B. Sochava Institute of Geography, Siberian Branch of Russian Academy of
Sciences, Russia)
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Akhmetkal Medeu (Institute of Geography of Kazakhstan, Almaty, Kazakhstan)

Otar Natishvili (National Academy of Sciences, Georgia)

Dzhumberi Panchulidze (Georgian Technical University, Georgia)

Irina Pavlova (UNESCO — United Nations Educational, Scientific and Cultural Organization)

Maxim Petrov (Institute of Geology and Geophysics of the National Academy of Sciences of
Uzbekistan, Uzbekistan)

Alexandr Shnyparkov (Lomonosov Moscow State University, Russia)

Vladimir Shurgaia (Tsotne Mirtskhulava Water Management Institute of the Georgian Technical
University, Georgia)

Boris Stepanov (Kazhydromet, Kazakhstan)
Evgeniy Talanov (Al-Farabi Kazakh National University, Kazakhstan)
Daviti Tavkhelidze (Georgian Technical University, Georgia)

Emil Tsereteli (Department of Natural Hazards Research, Centre of Monitoring and Forecasts, Ministry
of Environment Protection and Natural Resources of Georgia, Georgia)

Alexey Vinogradov (Gidrotechproject, Russia)
Eduard Zaporozhchenko (Debris Flow Association, Russia)

Secretariat of the Organizing Committee
Elena Savernyuk (Lomonosov Moscow State University, Russia)
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OprkoMuteT KOH(hepeHLUUn

Comnpencenarenn Oprkomurera
MpaurnmBuian Apuni UsepueBny (I'py3nHCckuil TeXHUUECKHI YHHBEpCUTET, [ py3us)

I'aBapnamsuau I'meu BanepuanoBuu (MucTuTyT BomHoro xo3siictBa mmeHu llotHe Mupixynasa
I'py3uHCKOTO TEXHHYECKOTO YHUBEpCHUTETA, [ py3us)

Yepuomopeny, Cepreii CemenoBuu (CemeBas accommanmuss W MOCKOBCKHI TOCyHapCTBEHHBIH
yauBepcuteT nMeHn M.B.JlomoHOCOBa, Poccust)

Baii ®anuaH (UyHIMHCKUI HHCTUTYT 3€JICHBIX ¥ HHTEIUICKTYaJIbHbBIX TEXHOJIOTUH U IHCTUTYT TOPHBIX
oracHocTe! u okpyxaromieil cpensl Kuraiickoit akanemun Hayk, Kutaif)

Jxomesuin  Buncent  (JlabGopatopust  ¢msmueckoir reorpadum  HamumoHamsHOTO — Hay4dHO-
uccreoBarenbekoro neHtpa u Yuusepcutet [lapmxk-1 [Tanteon-Copbonna, Opaniis)

Ynensl Me:xkayHaApoaHOro Oprromurera
Banukanse Tama3 Baxranrosuy (I'py3uHCKHN TEXHIYSCKUH YHUBEPCHTET, [ py3us)
BexkueB Myxrtap FOcy6oBuu (Bricokoropsslii reousnueckuii HHCTUTYT, Poccus)
Bo6oB Pycian AdnypanmoBu4 (AreHTcTBO Ara XaHa o Xaburtar, TaaKukucTaH)

Bouasipee Urops BceBosomoBuu (MHCTHTYT Teorpadmm Baxymru bBarpatmonm ToOmmmcckoro
rOCYAapCTBEHHOTO YHUBepcUTeTa nMenu VBans JxaBaxumsmm, ['py3ust)

Bunorpanos Anekceii FOpbeBuu (HI1O «'maporexmpoekty, Poccns)
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Tpaguuum ceneBefeHNUs B UHCTUTYTe TMAPOMETEOPOSIONMU
PY3MHCKOro TeXHNYECKOro YHUBEPCUTETA: OLIEHKHU W
nepcneKkTUBbI

I'.. Xepxeyaunze

HUnemumym euopomemeoponocuu I pysunckoeo mexnuyeckoeo ynusepcumema, Tounucu,
I'pysus, georgex@rambler.ru

B cratbe comepxutcs nadopmarusi 00 OCHOBHBIX HANPaBJICHUAX U pe3ybTaTaX HAyIHOH
U TIpaKkTU4YecKoW nesrenbHOCTH MHcTUTyTa ruapomereoponoruu I'pysuHCKOro
TEXHUYECKOTO YHHBEpPCHUTETa B OOJIACTH CENEBEACHWS 3a 75-JIETHHH MEpHUOI OT ero
ocHoBaHus B 1953 rony. JlaroTcsi oLeHKa pe3ylbTaToOB M BBIBOJABI O BO3MOXKHOCTSIX HUX
YITydIICHUSI.

cejlesble NOmMoKu, mpaduuuu, MOHUMOPUHe, napamempbsl, NPOCHO3, 3aujumad, OYeHKa

Traditions of mudflow studies in the institute of hydrometeorology
of georgian technical university: evaluations, prospects

G.l. Kherkheulidze

Hydrometeorological Institute of Georgian Technical University, Thilisi, Georgia,
georgex@rambler.ru

The article contains information on the main directions and results of the scientific and
practical activities of the Institute of Hydrometeorology of the Georgian Technical
University in the field of debris flow science for a 75-year period from its foundation in
1953. The evaluation of the results and conclusions on the possibilities for their
improvement are given.

mudflows, traditions, monitoring, parameters, forecast, protection, assessment

Beenenue

WuctutyT ruapomereoposiorun I'pysunckoro texandeckoro yausepceureta (U I'TY
wm ['mppomerunctutyt ['TY) ocHoBan B 1953 roay Ha 6aze TOummcckoit reodusnveckoit
obcepBaropun. [Ipu ocnHoBanum oH — « TOumUCCKwHiA ...», ¢ 1963 rona - 3akaBKa3cKuil HAyIHO-
UCCIIeIOBATENbCKUN ruapoMereopoiorndeckuii uHcTuTyT (3akHUI'MMU), ¢ 1992 roma -
Wuctutyr  tHapomereopoiormu  AH  I'pysum, wemHe [mmpomermactutyr [TV
CdopmupoBaBimrecss TpagulMM HAYYHBIX W HAayYHO-TIPUKJIANHBIX pa3pabOTOK WHCTUTYTa
BHOCWJIM M BHOCSIT OTIPENENEHHBIM BKIa] B PELICHHE CIOKHEUIINX OOMIMX M YaCTHBIX 3a/1a4
ceneBeneHus. B émxom o030pe [Yepromopey, 2006] oTMeueHO ydacTHEe WHCTUTYTa U €ro
CHENHUAIUCTOB B (OPMUPOBAHUH «COBETCKOM MIKOJIBD) CEJICBECHUS B «30JI0THIE JECATHIICTHSD
(c 1950-ro mo 1990 roxn). Llenb craThu - HA OCHOBE KPATKOTO aHATUTHYECKOTO 0030pa 75-
JIeTHEH NesTeIbHOCTH HHCTUTYTA B 00JIACTU CeNeBeAeHUs (M CMEKHBIX 00IacTsIX) OCBETUTh
HOJIy4€HHBIE Pe3yJIbTaThl U CAEIATh BBIBOJBI O CIIOCO0AaX U BO3MOXKHOCTAX UX YIIyUIICHHUS.
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HakomieHue u cucreMaTu3anusa HHPopMaLuu

Baxnspiii stan paboTtel mo cOOpy W CHCTEMaTH3alui WHQPOPMAIH O CEeJIEeBBIX
BOJIOTOKaX U CeJIeBBIX siBNeHMsIX Ha KaBkaze Obun 3aBepiueH 1969 rony mznanuem “Karamora
ceneonacHbix pek CeBepHoro KaBkaza u 3akaBkaszws” [Kamanoe, 1969], pazpaboTaHHOTO B
COOTBETCTBUU ¢ MeTojuueckumMu pexkomeraanusimu KasHUI'MU u Britovaroniero Katajioru:
CeBepnoro Kaskaza 6e3 J[larecrana, ['pysunckoit CCP, (Aszepbaitmxanckoiri CCP u
Harectranckoit ACCP, Apmsuckoit CCP, moarotoBieHHbIE MO PYKOBOJICTBOM CIIEIIUATHCTOB
cooTBeTCTByromMX Ympasnenuil ['mapomereoponorndeckoii Ciry:x6s1 (YI'MC). Kaxnprit u3
NEPEYNCIICHHBIX KaTaJoOroB COAEP)KUT: KpaTKyH XapaKTEepUCTHKY Ieorpaduieckoro
MOJIOKEHUSI paccMaTpUBAaeMOM TEpPUTOPHM; OO30pHBIE KapTOCXeMBl ruaporpadpuu c
BBIJICJICHEM MPOHYMEPOBAaHHBIX IO CIIMCKY CEJIEBBIX BOJOTOKOB; TaONUIBI C MEpEevYHEM
CEJIEBBIX BOAOTOKOB, HX TUAPOrpadMUECKUMM XapaKTEPUCTHKaMH, C IEpedyHeM BCeX
3a()UKCUPOBAHHBIX CIY4aeB U JIaT MPOXOXKJICHHUS CElei; ¢ JAaHHBIMU 00 OCHOBHBIX JIEMEHTaX
00CIIeZIOBaHHBIX CEJIEBBIX IOTOKOB, C YKa3aHHWEM WCTOYHHUKOB wuH(popMmarmu. Karanor
WTIOCTpHpoBaH (ororpadusmMu (GparMEeHTOB CEJIEBBIX pycel. B 3ToM KamutaibHOM Tpyne
OBUIM COCPENOTOUYCHBI CBEACHUS O CEJIEBBIX OacceHax M MPOLISIIINX CEJIEBBIX IMOTOKAaX 3a
MEPUO/ C TI03aMPOLLIOro Beka 1o 1965 rof, coaep:kapuiuecs B TpyJaX MHOTHUX OpraHu3aluit
Y CTIELHAaINCTOB.

Co6op u obpaboTka ceneBoil WHGOPMAIMK TIO HCIOIH30BAHHOW B KaTalloTe CXEeMe
MPOOJDKATIMCH BCEMH €ro pa3padoryrikamu J0 Havaja 1990-x romos, mpuuéM 3HAYMTEIHHOS
normonHeHne e€ o00béMa  JOCTHrajJoch 3a CYET  CIUIOMIHOIO  JACHIM(PUPOBAHUS
a3po()OTOCHUMKOB TEPPUTOPUI M MOCTYIJICHUS MHPOPMALMH OT THAPOMETEOPOIOTHUECKOI
cetu. IHCTHTYTOM OBUTH pa3paboTaHbl PEKOMEHIALNH 110 CO3/AaHUI0 OAHKOB IaHHBIX CEJIEBOI
nHQOpMaIuK (1 BBISBJICHBI €€ MOTCHIMAIbHBIE TOTPEOUTEIN ), [TO OPTraHU3alUH U TPOBEICHHIO
ceneBoro MoHuTOpuHTra. Hakoruiennas k Hadany 1990-x romoB mH(OpMANWs MO3BOJIIA, IO
pa3paboTaHHBIM B MHCTHUTYTE JIETEHIEC M METOJaM pacyéra cesieo0pasyrollero BOJHOIO U
CEJIEBOTO CTOKA C y4YacTHEM CIeUANCTOB cooTBeTcTBYrOmMX YI'MC, m3mate 0030pHEIC
KapThl celieBOi omacHocTH 3akaBkaszbs W Jlarectana, 'py3un, AsepOaiimkana u ApMeHUH
macmTaba 1:1 MJH., B KOTOpPBIX B KauecTBE KPUTEPHEB ONACHOCTH OBLIM HCIIOIb30BAHBI
KOJINUECTBCHHBIC ~XAPAKTEPHCTUKU CEJICBBIX 0acCeiiHOB, OYaroB W MaKCHMaJbHOTO
(IporHo3HOr0) ceneBoro croka. Ha kaprax takke JaHa WHQOpMAIUS O celaeoOpa3yronmx
ocankax 1% obecrieueHHOCTH, HEOOXOANMAS IS PACUETOB CEJIEBOrO CTOKA (pa3paboTaHHas
M.C. XBuuns — st ['py3un u E.A. TananoBbIM — ISl OCTJIBHBIX TEPPUTOPHIA).

Io pa3paborannoit KasHUI'MU, ¢ yuactrem nactutyTa, nokymentam (“PJ1 52.30.238
89” u [Memoouueckue..., 1989 u Op.]) Hamedanuch: OpraHU3aIUs U MPOBeJeHHE padboT Mo
M3Y4YEeHHUIO celel u pa3paboTKa paclIMpeHHOro u3aHus karanora. OJIHaKoO KM3-3a2 BO3HHUKIIEH
B 1991 roay pa300IIEHHOCTH UCIOJHUTEICH Ha TOCYIapCTBEHHOM, BEJJOMCTBEHHOM M JIaXKe
BHYTPUBEJIOMCTBEHHOM YPOBHSX, @ TaKK€ BO3HUKIIMX TMpoOiIeM ¢ (UHAHCHPOBAHHUEM U
KaJpaMH, MepcreKTUBHbIe padoTbl Obtn cBEPHYTHL. C 1992 roma cOop M cucTeMaTH3AIMIO
ceneBoi MH(pOpPMaUK HHCTUTYT OCYIIECTBIISIET CAMOCTOSITENIFHO: OIIEHKH XapaKTepa CeleBOi
OITACHOCTH, YCTaHOBIICHHE 30H €€ pacrpoCTpaHeHHsl B reorpaiueckux U aJMAHUCTPATHBHBIX
paiioHax TeppuTOpHH [py3uH, B TOM YHCIIE B COCTaBE PazIMYHBIX TEMaTHYECKHUX aTIAacoB.
CymecTBeHHBIN BKJIaZ B 3TH Pa3pabOTKM MO-TIPEKHEMY BHOCHT OOIIMPHAS M XOPOLIO
CHUCTEeMaTH3upOBaHHAs WH(POpPMAITUS “30JI0THIX AecsaTuieTuii. [IpumepoM Takux pa3paboToOK
SIBJISIETCSI KapTa CeJIeomacHbIX paitoHoB Hwkuelt CBanetnn (puc. 1).
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Puc. 1. O030pHas kaprta ceneBoil omacHoctn Hmxueit CBaHeTHH (M NpPWIIETAIOIIMX PAaHOHOB) M
JUarpaMma pacrpe/esicHus e€ TepPUTOPUH 10 KaTeropusM: 1 - BeICOKast; 2 - cpeHsist; 3 - cinabas; 4 -
MOTEHIMAJbHAS; 5 - CelM He 0KUar0TCA (paBHIHA WM JIGAHUKH).

[Ipeobnamaromuii THIT TOTOKA: E - TPSI3EBBIiL; [DDD] - BOJIOKAMEHHEII; - CMCIIaHHbIH; THPPE
100, 120... HaHECEHBI Ha U3OIUHHUUA CYTOYHOTO CJIOS 0cankoB 1% obecredeHHOCTH, MM: - TpaHUIIA
pernoHa — 6emast IMHUS.

Tpagnuuu B 06;1acTH H3yYeHHUs YCI0BHI (OPMUPOBAHUS ceslell U HHKEeHEPHBIX
npoodJieM cesieBeAeHUs

PaboTsl Mo M3y4yeHHI0 yCIOBHHA (OPMUPOBAHHS CEJICBBIX MOTOKOB, MX CTOKOBBIX U
PYCIIOBBIX XapaKTEpUCTUK HIOPOBOASATCS B HMHCTUTYTE ¢ 1958 roma moa pyKOBOACTBOM
N.N. Xepxeynuaze, HCIONB30BABIIEIO paHEe HAKOIUICHHBIM OMBIT pPa0OThI B CHUCTEME
Coroznoprpoekta [Xepxeynuoze H.H., 1947]. B uHCTHTYTE pPa3spabaTBIBAIOTCS OCHOBBI
WH)XEHEPHON TEOPUH CEJIEBBIX MOTOKOB, BKIIOYAIOLICH: &) MOHATUS - O Mpeaelie TeKy4ecTH
CeJIeBOW Macchl (B 3aBUCUMOCTH OT (PU3NKO-MEXAHMUECKUX XapaKTEePUCTUK M KOHLEHTPALUH
e€ TBEPHOIN COCTaBIAIONIEH); O IUIOTHOCTH YMAKOBKH TBEPIBIX YAaCTUIl MU BO3MOXHOCTH
TpaHchOopMaLui BOTHOTO ITIOTOKA B CEJIEBOM (KOTOpast OTpULaach psAOM CEJIEBUKOB, HO ObUIa
JIOKa3aHa yHUKaJIbHbIMU dKcriepuMenTamu KasHUT'MUW na YemosaraHckoM MoJHrose); 0)
CTaTUCTHYCCKUH W (DEHOMEHOJIOTUYECKUH aHaln3 U3BECTHHIX (DAKTHUECKHX MaTEepPHajoB IO
napamMeTpaM CeJIeBbIX MOTOKOB M, HA MX OCHOBE, W3BECTHBHIX (B TOM YHUCIIE COOCTBEHHBIX)
METOOB pacuéra C BBIOOPOM OINTHMAaJbHBIX pelleHuil. BakHeimme pesynbTaThl 3THX
WCCIICIOBAHNH HAaITM OTpakeHHe B pa3paboTaHHOM (HBIHE JEHCTBYIOIIEM) JOKYMEHTE
(«MHCTpYKIHMS TI0 OTIPECICHUIO PACUYETHBIX XapaKTepUCTUK N0k aeBbIx ceneil. BCH 03-76»),
KOTOPBIH 1aET BO3MOXKHOCTH OIpeeNieHHs (OLIEHKH ) TIOJIHOTO COCTABA JAHHBIX, HEOOXOAUMBIX
Ul TIPOEKTHBIX OOOCHOBaHMH. 3a MCTEKIIMH IepuoJl OHa MNPUMEHSIACh Kak IpHU
MPOEKTHPOBAHIH MHOTHX JIECSTKOB COOPYKEHUIT Ha CeJIeBhIX pPeKax, TaK U JJIsl ONPEJIeIICHUS
apeasoB pHCKA, CBSI3aHHOTO C CEJEBBIM BO3JCHCTBHEM (B TOM 4YHCIE CIIEHUATUCTAMH
MHCTUTYTa). Pe3ynmpTaThl NpPOBENEHHBIX HCCIECAOBAaHMH, a TaKkXKe pPEKOMEHIAUU 10
OTIPEJICIICHUI0 TTapaMeTPOB TPOPBIBHBIX BOJH CEIIEBOI0 T'eHe3Kca IOAPOOHO OTPaKEHBI B
CrHenuaNbHBIX cOOpHUKaX [ uopomexuuueckue..., 1972, 1984; Bonpoceui..., 1990].

Pabota no n3pickaHuio BO3MOXKHOCTEH ycoBepieHcTBoBanus nHcTpyKiuu BCH 03-76
MIPOBOIMIIACH CO BpeMeHu e€ m3nanus. Tak, aBropoM (M.U. Xepxeynuasze) B cTaThIX COOpHUKA
[Tuopomexnuueckue..., 1984, c. 27-47 u 47-60] OBUIO TPEMIOKEHO TNPH ONPEICTICHUN
CEJICaKTUBHOCTU B CEJEBBIX Ovarax, CJIOKEHHBIX PBIXJIO000JIOMOYHBIM TI'PYHTOM, BBOJUTD
MOIIPaBKy Ha YCTOWYMBOCTH MX JIOKA, 3aBUCSIIYIO OT uMcia JIOXTHHA M BO3MOKHOCTH (H
1eNnecoo0pa3sHOCTH)  OTpEeNieHHs] BOJHOIO pacxojia, Hapsay C PEKOMEHJOBaHHBIM B
uHctpykimn BCH 03-76, npyrumu — HanOonee momxoasiuMu (anpoOUpOBaHHBIMU) IS
JaHHBIX YCIIOBUH METOJaMu (HampuMep, TakKe pa3padOTaHHBIMU B MHCTUTYTE TEXHHUYECKHUMHU
ykazaausmu [.JI. PoctomoBa [Texnuueckue..., 1980]. Bbuio TpemyioKeHO METATH3UPOBATH
CJIMIIKOM IIMPOKMH JAMANa30H 3HA4YCHUH YIENbHOW CEJICaKTHBHOCTH Ul KaKIOI0 H3
XapakTepHBIX ydacTkoB OacceiiHa (Tabimua | BCH 03-76) mytem yuéra: mpuHaIJIeKHOCTH
CIIaralolIfX CeJieBble O4Yard OCHOBHBIX mMopod K oxHomy m3 mectu (D.J. Leperenu, B
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[[uoponocuueckue..., 1984, c. 10-27]) nuromoro-crparurpapuueckux KOMIUIEKCOB,
BBICOTHOTO TIOJIOKEHUS 0Yara M ero yAaJ€HHOCTH OT OCHOBHOTO pycia. DT peKOMEHIAIUU
BKIIFOUCHBI B COOTBETCTBYIOIIUE Pa3/Ieiibl OMyOIMKOBAHHOTO (HO HE YTBEPKICHHOT0) ITOCOOUS
(TIMIT-91) [[1ocobue..., 1982], 3aTem, C psAIOM OIICHOK OITyOJIMKOBAaHBI aBTOPOM [Xepxeynudse
A, 2011, 2013].

OTMeTHUM, YTO B COCTAB TPAJAMIIUHN CIICITUATUCTOB HHCTUTYTA BXOJAUT CUCTEMATHYECKOS
COTPYIHUYECTBO C TIPOCKTHBIMH OPraHM3alUsSIMH C HENOCPEJCTBEHHBIM YYacTHEM B
COCTABIICHMH TPOCKTHBIX OOOCHOBAaHMW W TPHHATHEM OKOHYATEIHHOIO OOBEKTHBHOTO
pElIeHUsT Ha OCHOBE CPAaBHUTEIBHOIO aHalIHW3a C JPYTMMH HW3BECTHBIMHU (TIPEKIEC BCETO
HOPMHUPOBAaHHBIMU) PEIICHUSIMU M COIMOCTaBJICHHS C PENPE3CHTATHBHBIMH (DaKTHUCCKUMU
JIAHHBIMU.

Bonpocel npoTHBOCe/IeBOH 3aLIUTHI

OCHOBBI 3TOr0 HaNpaBJICHHS HUCCIICJOBaHUN ObLTH 3ayiokeHbl B 1940-¢ Tombl H
0000meHs! B mybnukanun [Xepxeyiuoze U.U..., 1947], rne paccCMOTPEHBI MEPOIIPHUITHS 10
NPEIOTBPAILIECHHUIO PA3BUTHUS SPO3UOHHBIX IPOLIECCOB B TOPHO-TIPEATOPHOM 30HE, B YACTHOCTH,
COKpAIICHUIO 00BEéMa OBpPaXHBIX (CENeo0pa3ymrIInX) BBIHOCOB — IIyTEM BO3BEICHUS
Oappaxeii. B 3akHUI'MU 3T0 HampaBieHHE MOMYYHJIO IaJbHEHIICe pa3BUTHEC. bbLin
MIPOaHAIU3UPOBAHBI CYIIECTBYIOIINE METOABI CEIE3aLIUThI U PETYIMPOBAHUS CEIEBBIX PyCed,
MIPEJIOKEHbl HOBBIE THIIBI «CKBO3HBIX WHAYCTPUANBHBIX CEJNE3allUTHBIX COOpPYKEHUH u3
coopHoro xene3oderonay («cucremsl 3akHUI' MI») 1 pa3paboTan KOMIUIEKC pEeKOMEHIAIHi
[0 MX MPOCKTUPOBAHHUIO B PA3IMYHBIX MPUPOIHBIX YCIOBUSX [Xepxeyauoze UU..., 1967],
WHCTUTYT oOpraHuM3yeT UCCIEAOBaHMSA C LENbl0  OOecredeHus: MX  HaAeKHOCTH:
CHUCTEMATH3UPYIOTCSd BO3MOXKHBIE CXEMbI BO3JEWCTBUS celed Ha Tmperpansl (cxema
Xepxeymuaze I.11. B CH 518.79) u pa3pabaTbIBaroTcs METOABI pacuéTa CeJIeBbIX Harpy30K Ha
HUX. [[udponoeuueckue..., 1984, c. 67-77, 77-112], B mabopaTtopusix THIPOTEXHHKH,
THAPOJUHAMUKE W a’pOJWHAMHUKH TPOBOJATCS  OKCIEPUMEHTAJbHBIE HCCIEIOBAHUS
THIpaBIdYecKod paboThl KOHCTpPYyKIMiA. Pa3pabaThIBaroTcsi TEOpPETHYECKHE OCHOBBI U
porpaMMHoOe 00ecreuyeHHe CTaTUKO-IUHAMUYECKUX PACueTOB CKBO3HBIX KOHCTPYKLIMH U UX
anemeHToB. B 1975 u 1976 rr. Ha npumepe SKCIEepUMEHTAIBHOTO CKBO3HOTO COOpPYKEHHUS Ha
p. Aypymku, ycHemHo BBIAEpXaBIIEr0 HATHCK JBYX MOIIHBIX CeJel, MOATBEepIKIaeTCs
3¢ GeKTUBHOCTE PabOTHI 3TUX KOHCTPYKLUH. M3yueHne onbiTa paboThl CKBO3HBIX COOPY>KEHHUH
no3BoJsieT K KoHIy 1970-x ronoB pa3paboTaTh peKOMEHIALUH M0 YCOBEPILICHCTBOBAHUIO UX
KOHCTPYKTHUBHBIX DJJIEMEHTOB W KOMIoHOBOWHBIX cxem (I"U. Xepxeymmmsze). Otu
PEKOMEHIAIMH, B YACTHOCTH, OBUTH Peann30BaHbl B OCYILECTBICHHOM IPOEKTE 3aLIUTHI OT
ceneil r. TenaBu KOMIUIEKCOM U3 TPEX CKBO3HBIX KOHCTpYKUMH BeicoTOM 12,5 M. KoHcTpykuuu
cuctembl 3akHUI'MMU 6p111 mocTpoens! Takke B FOTocnaBuu U B psijie JPyrux CTpaH.

K coxanenuro, ombIT 3KCIITyaTaIli CKBO3HBIX KOHCTPYKINH He 0600mancs. [Tpu sTom
W3BECTHO, YTO JKCIEPUMEHTAJIBHOE COOpYXeHHEe Ha p. JypylxkH, a Takke HECKOJBKO
coopyxxeanii Ha CeBepHom KaBkaze m B Kazaxcrane ObutM pa3pymieHBI CeJeM, HYTO
UCITIONIB3YeTCST KaK TMPEJUIOT YCOMHHUTHCS B AI(PQPEKTUBHOCTH KOHCTPYKIUH (OCOOEHHO
KOHKypeHTaMm). OpHako, 0e3 crneuuanbHOH (M OOBEKTHBHOM) OKCIEPTHU3bl MPOEKTHBIX
000CHOBaHUI M YCTaHOBJICHNSI KOHKPETHBIX IPUYHMH Pa3pyLICHUS] COOPYKEHUH CYXKIEHHs 00
ux 3QPEeKTHBHOCTH HEe KOPPEeKTHBI. Tak, B cTathe U3 cOopHuka [[umponorudeckue...,1976, c.
112-124] HarigaHO MOKa3aHO, YTO NMPHYUHBI pa3pylieHHs — 3TO: pa3MbIB HIDKHEro Obeda
KOHCTPYKIMHM U3-3a TpyOeHIINX OTKJIOHEHHWH OT NpOeKTa INPH MOCTPOWKE; HHUYEM He
o0ocHOBaHHBIA OTKa3 (MUWHBOAXO03a) OT MPOJOIDKEHHS DSKCIEPUMEHTa W MpeKpalleHne
9KCIUTyaTallMOHHOTO  Hajm3opa. OTMeTHM, 4dTo TIOWMEHHas CeKIHWs, 3aloJIHEHHas
KPYITHOOOJIOMOYHOM CeNeBON Maccoi, emé AOJIro BBIIOIHSAIA POJIb MOTYy3alpyabl, OT)KUMAs
MOTOKH (B TOM YHCJE CEJieBbIe) K MpaBoMy Oepery, MpemsTCTBYs J1000BOMY HaOery ux Ha
3amuaronyto ropox Kesapenu namoy.

[IprunHOii pa3pylmwieHUS COOPYKEHUsI, TOMUMO Ie(EKTOB, IOCTPOUKH, MOXKET OBITh
TaKXe HECOOTBETCTBHE €TI0 Pa3MEpOB WX (M) €€ SIEMEHTOB PacuETHBIM THITYy M TapaMeTpam
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cemst. Hampuwmep, ecnm dakTuueckue mapameTpsl celisl MPEeBBICHIN PACUETHBIE, WA €CITH
NPUHSATAs CKBO3HOCTh KOHCTPYKLMH HE AOCTaTOYHA JJIsl CMSITYEeHUs JJ0OOBOW HArpy3KH (TIpH
KpPYTTHOBJIYHHBIX CEJSX).

3aaum NPOrHO3MPOBAHUS CeJIEBOI OMACHOCTH U NMP00JieMbl CeJ1€eBOr0 MOHUTOPHHIA

Ilon ceneBoil OmMacHOCTHIO MOAPA3yMEBAECTCS BO3MOXKHOCTH IOJIy4EHHs yiiepba B
pe3yibTaTe MpPOXOXKACHUS Celis, a IOJA PUCKOM - MpeHeOpe)KeHHe 3HaHWEM O TaKon
BO3MOKHOCTH C OIIEHKOW BEpPOSATHOCTH M MaciTaba ymepda mim 6e3 He€. Kpurepuem Takoro
pUCKa MOXET OBITh ymepO, KOTOPHIH OyJaeT MOJydeH B 30HE CEeIeBOTO BO3JAECHCTBHS TPH
napamMeTpax CeJleBOro CTOKa € 3aJaHHOM oOecredeHHOCThI0. OTMETHM, YTO CeJIeBHKaM
MHCTUTYTAa MPEANOYTUTEIBHO OMPECIISTh Cellb, KaK “TOTOK TBEPIAOKHUIKON (cereBoil) Macchl
(cmecn)” wmm (U1 TIpeoOIAMAONIEro TUMA celeld) - “MOTOK BOJHO-TPYHTOBOW cMech,
KOTOPBIH, KCTaTH, MOXKET TIepeMeIaThCsl Kak ObICTPO, TaK U MEJUICHHO M Ha JIIOOBIX YKIOHAX,
HampuMep, NMpu HalOere Ha TIperpagy M mnepenuBe depe3 He€). CrenuanucThl WHCTUTYTa
[I0JIararoT, YTO 3K30I'€HHBIE IPOLIECChI (BBIBETPUBAHHUE, SPO3HS, CENIU U Ip.), B IPWIOKEHUH K
CEJIEBE/ICHUIO, 3TO — KOMIUIEKCHBIE METEOPOJIOIMYECKHE, THAPOJIOTMYECKHE U T'€0JIOTHUECKHIE
MPOIIECCHI (10 MPUHIIMITY OOIIIETO OMPEIEICHHUS: POLIECCHI MEXAY aTMochepoi, ruapochepoit
1 JIUTOC(Epoii).

Co Bropoii mooBuHb! 1980-x romos B unctutyTe (3.11. borycnasckas, O.M. @punman,
W.T. TInotkuna, I'' . Xepxeynmunze, 1.B. Yorosaaze) pa3padaThiBalOTCS PEKOMEHIAIMH 10
aNbTEPHATUBHBIM KPaTKOCPOYHBIM IIPOTHO3aM CEJICOTIACHOCTH U CeJIe00pa3yIoInX OCaIKOB C
WCIIOJIb30BaHUEM METOZOB IUCKPUMHHAHTHOTO aHajM3a C NPOCEHBAHUEM NPEAUKTOPOB H
METOJUKH pacrio3HaBaHUs 00pa3oB. Cozmaercss O0aHK JaHHBIX MO 6 MyHKTaM HaOMIOIEHUS
METEOPOJIOTHUSCKUX JIaHHBIX, PACIOJIOXKCHHBIX B OacceiiHe p. Aja3aHH, 10 13 OCHOBHBIM
NPEIUKTOpaM, BIUSIOIINM Ha CEeJIEBbIE TPOLECCHI (€XXeAHEBHbIC JaHHbBIE HA0IOACHUI) 3a BECh
NepUOJ] U3BECTHBIX CITy4yaeB MPOXOKIeHHUS cesiell. Ha ocHoBe pe3yIbTaToB 3THX UCCIIeI0BaHUI
pa3paboTaHbL: psi IPOTHOCTHYECKUX 3aBUCUMOCTEH, a TAK)Ke KOMIUIEKCHAs METOJTUKA BbIJIa41
ANbTEPHATHBHOTO TMPOTHO3a CEJIEBOW OMacHOCTH. [IpoBepka peKOMEHIYyEeMbIX METOAOB IO
JTAHHBIM 56-JIeTHEro NWKIa HAONIOJCHWI C €XEJHEeBHOW BbIJauell IMPOrHO3a, OIEHKON
KayecTBa MPOTHO3a TI0 BCEM KPUTEPUSM MAaTpPHUIBl  CONPSDKEHHOCTH — IoKaszala
YIIOBIETBOPHUTENLHYIO HAJC)KHOCTh PEKOMEHIYEMBIX METOJIOB, MOJATBEPKIEHHYIO TaKKe
KPaTKOBPEMEHHBIM MIEPUOJIOM HCIIBITaHus Tuaporpadudeckoil naptuet I'py3 VI MC, koTopoe
3aKOHYMJIOCH B CBSI3U C OTCYTCTBHEM HEOOXOIUMBIX (prHAHCOB M KaapoB. OCHOBHBIE
pe3yJbTaThl OMMCAHHBIX UCCIICIOBAHUN OMYOJIMKOBAHBI B CTaThsX [Bonpocul..., 1990 c. 29-46
u c. 88-100; Xepxeynuose, 2001].

OnueHKH BIMSHUS U3MEHEHUS KIIMMaTa Ha XapakTep U MaciuTal ceJeBbIX IPOLECCOB B
HACTOsIIIee BpeMsl HaXOJISITCS B CTaIUK Pa3pabOTKH U JJAIOTCS Ha OCHOBE TTAPaMETPUIECKOTO U
(EHOMEHOIIOTHYECKOTO aHaIH3a MapaMeTpPOB, MPHHATHIX JUIS ANbTEPHATHBHOTO MPOTHO32
ceneil M pacu€ra MX CTOKOBBIX XapaKTEPUCTHK B JWANa30HE MX BO3MOXHBIX W3MEHEHHUH (c
y4IETOM BO3MOXHOCTH MOX0J104anus ). OIEeHNBAIOCh TAKKE BO3MOXKHOE BIUSHUE JTUTEITHLHOM
3aCyXH Ha MapaMeTphl ceneBoro croka. OCHOBHOE coiep)KaHNe ITHX pa3pabOTOK OCBEIICHO B
nyonmukanusx [Xepxeyauose, 2012; 2014, 2015], roe Takke OCBEUIAIOTCS pPa3pabOTKH
MHCTUTYTa B O0JIaCTU CEJIEBOTO MOHUTOpHHIA. IIpuHMMaeTrcs, YTO ceneBOd MOHUTOPUHT —
COCTaBHOM 53JIEMEHT MOHHTOPUHIa OKpYXAmollel cpelnbl (s CTpaHbl - CHUCTEMEI
NPUPOIOXO03SHCTBEHHOTO MOHUTOPHHTA, & TIOATOMY €r0 IUIAHWPOBAaHHWE W OCYIICCTBICHUE B
COOTBETCTBHH C 33JaHHBIMH KPUTEPUSMHU U KOHTPOJIb 32 HUM Ha BCEX YPOBHSX (OT JIOKAIBHBIX
JI0 TOCYZapCTBEHHBIX MEPOIPHATHI) - 3aja4ua CIIEIMaIbHOTO TOCYJapCTBEHHOTO opraHa (1o
3aMKHYTOH cxeme: HHPOpPMAIHs - OIIEHKA — IPOTHO3 — MEPOTIPUSITHSL — HHPOPMAITHsI CHOBA —
OLICHKA ... U T.A. (B TOM urcie 3 (HeKTUBHOCTH OCYIIECTBIEHHBIX MeponpusTHii). [logpoGHbIe
PEKOMEHAAIUK, BKIIOYasl CTPYKTYPHYIO CXEMY €ro OpraHu3alud u (yHKIHOHHUPOBAHUS
MOHUTOPHWHTA, TAIOTCS B MyOymKarusax [Bonpocul..., 1990 c. 29-46 u c. 88-100; Xepxeyauose,
2001]. Ha ocHOBe 3THX peKOMEHAALMi, 10 TIOCTYNHBLICH 3asiBKe, HHCTUTYTOM pa3padoTaH
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IepefaH 3aKa3dyuKy IIPOSKT OpPraHM3alMd CEJeBOr0 MOHHMTOPHHIA B 30HE OOBEKTOB
THIIPORJICKTPOCTAHIINHU B BEPXOBbAX p.Anazanu (Xazopu ['3C).

3a mpomreAmuii 75-1eTHUH TEpHOA CEIeBUKM WHCTUTYTa MPAaKTUYECKH MOCTOSHHO
y4acTBOB&JIM B KOMHCCHSX BCEX YPOBHEH IO OLEHKaM IIOCJIEACTBUI INPOXOXKICHUS
paspyLIUTEIbHBIX CENeH, a TakKe B TMIPOJIOTHYECKIX 000CHOBAHUIX IPOEKTOB COOPYKEHUI
Ha CeJIeBBIX BOJOTOKaX M B 30HE WX BIHMSHHUS Ha pyCiloBbIe mpolecchl. Ha puc.2 mokasaH
aBTOJIOPOKHBIN MOCT, paspymiernsiii B 2001 romy cexem mpasoro nputoka p. L[xeHucukamu
(babmnm) 1 morpeOEHHAS B CEIEBYIO MacCy yIaBIlias ¢ MOCTa MallliHa.

Puc. 3. CocTosiHre aBTOMOOMIIEHON JOPOTH Ha IpaBoM Oepery p. L{xenncixanm.

BoiBoABI M peKOMeH AU

1. Pa3paboTanHble B MHCTUTYTE, TAKXKe KaK JIIOOBIC APyrue CYIICCTBYIONINE H HOBBIC,
TEOPEeTHYECKHe W TIPAKTUYEeCKHe pa3paboTKH, METOAbl, PEKOMEHIAINH, OMpeesIeHUs
(TepMUHOTIOTHS ), KOHCTPYKIIMK MOTYT U TOJKHBI TIOCTOSTHHO COBEPIIEHCTBOBATHCS HA OCHOBE
UX OOBEKTUBHOTO W KOHCTPYKTUBHOTO CPAaBHHUTEIBHOTO aHalM3a U OOBEKTHBHON OIICHKHU
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pe3ybTaTOB MPHUMEHEHHs (€CIM 3TO BO3MOXKHO - Ha OCHOBE JIOCTOBEPHBIX (DAKTUUECKUX
JTAHHBIX, TTOJYYCHHBIX COBPEMEHHBIMU METOJAMH, C IOKA3aHHOW UX PEMPE3CHTATHBHOCTHIO).

2. Co3paHHast 32 IPOIIEIIINI IEPHOJ TeOpeTHYeCKast U HayYHO-MeToJruuecKas 6aza u
CEroNHsS MO3BOJISIET pelllaTh MHOTHE 3aJIa4d, OJHAKO - JIMIIhL B 00bEME BBIIEISIEMBIX Ha
ucclenoBannsl (UHAHCOB W TPH HAIMYMH COBPEMEHHOTO TEXHHUYECKOT'O OCHAIICHUS |
KBaJTM(DUITUPOBAHHBIX KaJIPOB.

3. Cenb — 9TO, BCE-TaKH, MOTOK U, TPEKIE BCErO, THAPOMETEOPOIOTO-TEOIOrHUECKOe
(6e3 mperensun Ha (opMynHpoBKy) siBiueHHE. [loATOMy B OCYIIECTBICHHH CEJIEBOTO
MOHHMTOpUHTA (0OCIICZIOBaHUSAX, OIEHKAX W PEKOMCHIAIUAX) HEOOXOIUMO YyYacThe W
THIPOJIOTOB, ¥ TEOJIOTOB, a B HA3HAUYCHUH U pa3pabOTKe 3aIUTHBIX MEPOIIPHUATHH, pa3yMeeTcs
— TUIPOTEXHHUKOB.
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Analysis of debris flows by application of GIS and remote
sensing: case study of western foothills of Pirin Mountains
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Debris flows occur in many areas in Bulgaria, but the studies of these cases are mainly for
their structure and insensitivity and less attention is given to the susceptibility and risk
assessment. Although the development of computer technology, geoinformation approach
in debris flows investigation in Bulgaria is still not wide applied. The current study focuses
on the geological-geomorphological features of the debris flows areas and their role in
mass movement. Morphometric characteristics of the basins and rivers/streams channels
are analyzed in relation of slope hydrologic properties and mass movement. Lithological
substrate and land cover are also considered. Normalized difference vegetation index is
used for assessment of land cover and outlining the debris flows areas. The research is held
on the foothills of Pirin Mountains (Bulgaria). In the area steep slopes, deep weathering
and many faults are highly presented, which, combined with sparsely vegetation and
intensive rainfall determine the frequent occurrence of debris flows. GIS analyses are done
on the base of SRTM digital elevation model, Sentinel 2 images (ESA), geological map in
scale 1:100 000 and field investigations. Application of GIS technology provides an
opportunity for easy performing of spatial analyses and investigating the functional and
spatial relations between different aspects of debris flow environment. The results of the
research can be used in debris flows susceptibility assessment and mapping which is a first
step in disaster risk reduction and management.

debris flows, Pirin Mountains (Bulgaria), GIS

MpumeHeHne M'NC 1 AaHHbIX AUCTAHLUMOHHOIO 30HAMPOBAHUA ANA
aHanu3a ceneBbIX MOTOKOB Ha MpMMepe M3y4yeHus BOCTOYHbIX
npearopuit Mupuxa (bonrapus)

A. Baaraxosal, B. Hukosnosa?, P. Kenneposa', H. Xpucrosa®

YCogpuiickuii ynusepcumem umenu cesmozo Knumenma Oxpuockozo, Cogus, Borzapus,
abaltakova@gea.uni-sofia.bg, rosica@gea.uni-sofia.bg, hristovaneli@abv.bg

2IopHo-eeonozuueckuil ynusepcumem umenuy ceésmozo Msana Punvckozo, Coghus,
Boneapus, v.nikolova@mgu.bg

Cenu CXOJAT BO MHOI'MX paﬁOHaX BOJ'IFapI/II/I, OJTHAKO OoJIblIas 4acTh I/ICCJ'[C,HOBaHI/Iﬁ
MOCBAIICHA U3YUCHUIO CTPYKTYPBI CCJICBBIX MOTOKOB WM UX MHTCHCUBHOCTHU, U TOpas3ao
MCHbBIIC BHUMAHUA YACIIACTCS aHAJIU3Y CEIICBOI OIACHOCTHU U OLICHKE CCJICBOI'0 pUCKaA.
KOMHLIOTepHLIC TCXHOJIOTHU U FCOI/IH(I)OpMaHI/IOHHI)IG MCETOAbI B UCCIICAOBAHUHN CCIICBBIX
IIOTOKOB B Bonrapnn NO-IpeKHEMY HCAOCTATOYHO MIMPOKO MPUMCEHIIOTCA. B JaHHOM
HCCJIICAOBAHNHN OCHOBHOC BHHUMAaHUC YACTACTCA FCOJ'IOFO-FeOMOp(i)OHOFI/I‘IGCKI/IM
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OCOOCHHOCTSIM TEPPUTOPHIA, MOABEPKEHHBIX CXOJY CEJei, W HX POJIM B MacCOBOM
JIBKeHUH. [IpoaHannu3upoBaHbl MOP(HOMETPHYCCKHE XAPAaKTCPUCTHUKU 0acCceiHOB H
pycen BOIOTOKOB, a TaKXKe B3aUMOCBS3b 3TUX XaPAKTEPUCTUK C THAPOTEOJOTUIECKUMHU
OCOOCHHOCTSIMM  CKJIOHOB ¥ CKIIOHOBBIMH  TIpollecCamMH. Takke y4YUTHIBAKOTCS
JIUTOJIOTUYECKAC OCOOCHHOCTH W PACTUTEIbHBIN TOKpoB. HopManu3oBaHHBIH
PA3HOCTHBIN MHJEKC PACTUTENILHOCTH UCTIONIB3YETCS Il OLIEHKH PAaCTUTEIHHOIO TOKPOBa
W OLIEHKH IUIOIIaJeil pa3BUTHs CENEeBbIX MpoleccoB. MccnenoBanue MpOBOAMIOCH B
npenropbsix rop [upun (boxrapus). ToT pailoH XxapakTepus3yeTcsi KpyTbIMU CKIIOHAMH,
BBICOKOW CTETICHBIO BBIBETPEIOCTH MOPOJ] U HATMYHEM OOJIBIIOr0 KOJIUYECTBA PA3IOMOB,
YTO B YCJIOBHSIX Pa3peiKCHHON PACTHTEIEHOCTH M HHTCHCUBHBIX OCAJIKOB 00YCIOBIMBACT
CXOJ] ceneBbIX MNOTOKOB. B kauectBe ocHOBbl it ['MC-ananu3a HCIONB30BaTUCH
mudposass moxens peiabedpa SRTM, cuumkm co cmoytauka Sentinel 2 (ESA),
reojornueckass kapra macmrtaba 1: 100 000 u naHHBIE TOJEBBIX MCCIEIOBAHUM.
IMpumenenue TexHomoruu ['MIC obneryaer mpoBenecHHE MPOCTPAHCTBCHHOTO aHAIN3a U
u3ydeHusl (PYHKIMOHAIBHBIX M TMPOCTPAHCTBEHHBIX OTHOMICHUH MEXAY pPa3IHYHBIMU
XapaKTepUCTHUKAMH  TEPPUTOPUN  pa3BUTHUSL  CEJEBBIX  MPOLIECCOB.  Pe3ynbTaThl
HCCIICIOBAaHKS MOT'YT OBITh HCIIOJIb30BAHbI MPH OIICHKE U KapTorpapUpOBaHUU CEICBOM
OIMAaCHOCTH, YTO SIBJISETCS MEPBBIM IIArOM K CHIDKCHHIO PHCKa OCACTBUHN U YIIPABICHUIO
HMH.

cenesvie nomoku, 2opel Iupun (Boneapus), TUC

Introduction

The complicated nature of debris flows as a result of interaction between many factors
require analysing a great volume of data, considering many cases at different conditions and
investigating the interconnection between debris flows triggering factors. A detailed study of
the relation between climate, surface properties and geomorphology is done by Melton [1957]
who gives a special attention to the quantitative indicators and statistical methods in
investigations and consider different morphometric parameters that have important role in basin
hydrology. Development of geomorphological and hydrological researches and collecting of
guantitative information about drainage basins lead to increasing the number of publications
about basins morphometry and particularly analyzing the morphometric parameters to identify
debris flows prone areas [Jackson et al., 1987; Bovis and Jakob, 1999; Wilford et al., 2004;
Bertrand et al., 2012; Zhou et al., 2015; Jun et al., 2017 etc.].

Different indices are used considering the topographic, geological, hydrological and
climate properties of catchments. The most often used ones are slopes angle, stream slope,
catchment area, catchment relief, curvature, physical-mechanical properties of rocks, rainfalls.
Having regard, the morphometric properties of catchments, the catchment relief and relief ratio
are determined as two important impact factors on the debris flow occurrence because the
catchment with larger catchment relief and the relief ratio can afford enough energy for debris
flow initiation and transportation [Zhou et al., 2015]. Land cover and the role of vegetation in
mass movement and debris flows development is investigated by Barlow et al., 2006;
Kuriakose, S. L., 2006.

The need of processing a great volume of information in investigating the debris flows
areas, some ones of which are difficult to be detailed investigated on the field, and development
of computer technology determine wider use of geographic information systems (GIS) and
remote sensing methods. The possibility of GIS and remote sensing in debris flows
investigation is considered by [Melelli and Taramelli, 2004; Elkadiri et al., 2014; Yin et al.,
2017].

Considering the complicated nature of the debris flows, the aim of the current research
is to analyze the geological-geomorphological features of debris flows prone areas in order to
assess their susceptibility by using GIS and remote sensing technology. For assessing the debris
flows susceptibility, the following morphometric parameters are considered: basin area, basin
relief, relief ratio, basin shape and slope of the topographic surface. Vegetation and lithology
are also considered.
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Study area

The research is done in the foothills of the Pirin Mountains, located in the Southwhest
Bulgaria (Fig. 1).

[ study areas
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Fig. 1. Study area — basins and subbasins: a) subbasins of river Potoka; b) subbasins of river Melnishka

The catastrophic character of debris flows in the region was first recognized by M.
Glovnja [1958] who described debris flows from the river Blagoevgradska Bisritsa catchment
(north from the studied area). Debris flows in the Middle Struma Valley were studied regarding
their type, climatic conditions and partly their mitigation by [Kenderova and Vassilev, 1997;
2002] and [Kenderova et al., 2013a; 2013b, 2014]. In some sources the studied catchments
were characterized as torrential [Marinov, 1984; Zakov, 2001; Bruchev et al., 2001], but in
recent 20 years there are no records about debris flows occurrence.

Potoka River (18.3 km?) heads from 1300 m a.s.l. and flows into the river Struma at 220
m. It has SW direction which follows the main slope orientation of this part of the Pirin
Mountains. Almost all the catchment area is located in Neogene sandstones and conglomerates
[Zagorchev, 1990].

River Melnishka (95.6 km?) catchment is spreading from 2500 to 80 m a.s.l. and also
mouths at the river Struma. The lowest part is covered by contemporary alluvial deposits.
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Neogene sandstones and conglomerates takes the lower slopes of the mountain in the periphery
of the Sandanski Depression [Kanev 1989]. The higher catchment parts are built by gneisses,
migmatites and granites, part of the Pirin southern pluton body [Zagorchev, 1990].

Climate in this part of Pirin is mountainous with strong Mediterranean influence in the
higher parts and Mediterranean with continental influence in the lower parts [Ratchev, Nikolova
2009]. Annual precipitation values are between nearly 690 mm in the higher parts and about
530 mm in the lower parts.

Data and Methods

The current research is done by applying basin approach in analysing debris flows prone
areas. Having regard, the complex character of this hazardous phenomenon this is the most
logical approach because in the frame of river/drainage basin the interaction between all
landscape forming factors is the strongest. For the purpose of the research 2 river basins are
considered (described above, section Study area, and presented on Figure 1). The both basins
are divided of several subbasins and morphometric parameters for each one of them are
calculated.

Morphometric parameters of the drainage basins are determined on the base of 30 meters
SRTM digital elevation model (DEM) [USGS, NGA, NASA]. The first step in DEM processing
is to convert the geographic coordinate system of the initial file into the projected coordinate
system (we used UTM projection) to be able to do the next calculations. Drainage network and
watersheds are delineated in ArcGIS environment by Hydrology Spatial Analyst Tool (ESRI
Inc.). The drainage network is generated from flow accumulation raster by Map Algebra.
Having regard, the complicated mountain relief of the study areas and the characteristics of the
investigated phenomena (debris flows) which are mostly related to gully erosions, and also
aiming to include all streams (both with a permanent and temporal flow) in the model we
accepted that the threshold area to create a stream is 0.1 km?2. In 30 m DEM the number of cells
corresponding to 0.1 km2 area is 111 and in this case the stream raster is generated from flow
accumulation raster where all cells with a value greater than 111 received a value 1 and present
streams, and all other were set to null.

Morphometric parameters, vegetation features and rocks properties used for
characterizing the basins are described in Table 1.

Field investigations and data about geological and geomorphological properties of the
study area are a basis of the current research. Geological map in a scale 1: 100 000 [Zagorchev,
1990] is used for presenting the role of lithology as a debris flow triggering factor. For this
purpose, rocks are grouped according their physical-mechanical properties in the following
groups: 1) intrusive rocks (manly granite); 2) gneiss and amphibolites; 3) conglomerates and
sandstones, and 4) alluvial - gravel, sands and clay. The different susceptibility to weathering
of the rocks influence to the ability to be detached and to be involved in the debris flow process.

Table 1. River basins parameters used in debris flow susceptibility assessment

Parameter Description and relation to debris flows

Basin area, km? Catchment area, determined on the base of 30 m DEM. Polygon attribute
table in GIS environment is used for calculating geometry.

The size of the catchment area influence on the variability of the hydro-
climatic and geomorphic conditions, and in this regard on the debris flows
occurrence. It affects the total amount of the surface runoff and its
distribution.

Basin relief, km The vertical distance between the highest point in the basin and the mouth of
the basin (Melton, 1957). It is an indicator for the geodynamics of the area
and development of the erosion processes.

Relief Ratio, km Basin relief divided by the basin length (Schumm, 1954; Strahler, 1958). It
is a measure of the general steepness of the basin.
Melton index Calculated by dividing the basin relief by the square root of the basin area. It

is considered as an indicator for the ruggedness. Watersheds prone to debris
flows has Melton ratios (indices) >0.3 (Jackson et al., 1987) and > 0.53
according to Bovis and Jakob (1999).
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Parameter

Description and relation to debris flows

Melton index should be considered and interpreted together with the other
morphometric parameters.

Basin length, km

Measured along the long axis of the basin, longest dimension measured
parallel to main stream channel. Calculated in GIS environment on the base
of stream direction raster as downstream distance along the flow path (Flow
length — ArcGIS Hydrology Tool).

Basin Shape Factor

A ratio between basin length and basin width. Basin shape directly impacts
the size of peak discharge and the time of its arrival at the basin outlet. The
peak discharge is higher and the time is shorter at circular basins.

Basin area with a
slope <12°

Topographic surface sloped < 12° in % of the total area of the basin.
Includes the transition between mountain relief and low land (sloped to
horizontal surface) which influence the transportation and accumulation of
colluvial material.

Basin area with a

Topographic surface sloped >25¢ in % of the total area of the basin. The

slope >25° areas with higher energy of mass movement.
Stream density, The total length of streams in the catchment area divided by the total area of
km/km? the catchment. It is an indicator for the development of erosional processes,

incl. gully erosion which is a prerequisite for debris flow occurrence.

NDVI - bare soils,
arable land, %

Bare soils and arable lands are considered as more prone to debris flows.
The area is determined by values of NDVI between 0 and 0.2

NDVI -forest, %

Forest areas are less prone to debris flows. They have retention role to the
flows. Forest areas are determined by the values of NDVI > 0.5

Rocks type

Physical — mechanical properties of the rocks influence on the water

permeability and runoff distribution as well as on the saturation and mass
movement, and in this regard impact on the debris flow occurrence.

Land cover and particularly vegetation influence on surface runoff of rainfall and
snowmelt and together with the topographic factors and climate impact on debris flows
occurrence. The effect of vegetation on debris flows development is considered through the
normalized difference vegetation index (NDVI). It is calculated on the base of Copernicus
Sentinel data [2017, European Space Agency] considering red (B04) and near infrared (B08)
bands. In the current research Sentinel 2 images are used, acquisition date 16 October 2017.
The following equation is applied in Map Algebra to the both bands images:

NDVI = (B08 — B04) / (B08 + B04). 1)

In the interpretation of NDVI values we accepted that negative values present areas of
water bodies, clouds, snow cover that reflect red band greater than infrared. Values close to 0
(0 —0.2) present bare soils and arable land, which are more prone to debris flows. These areas
reflect nearly in the same rate red and infrared bands. Rare vegetation has values of NDVI
between 0.2 and 0.5, and values greater than 0.5 present forest areas. The highest values are for
the densest vegetation (forest) cover. The time of image acquisition should be considered in the
analysis and interpretation of NDVI. The results of NDVI for the study areas in October are
lower than in June but considering that debris flows are more possible to happen on bare soils
or rare vegetation and following the precautionary principle in debris flow susceptibility
assessment we used images of autumn period. Using images of winter month is not applicable
in this case because of snow and clouds.

After entering the data about the relief, land cover and lithology in the GIS environment,
data processing and calculating the above described indices the next step is to determining and
assessing the debris flows prone basins/ subbasins using the morphometric parameters. For this
purpose, we used the following parameters: basin relief, relief ratio, Melton index, basin length,
basin shape factor and stream density and area with a slope greater than 25¢. Each one of these
parameters was rated in 3 classes (1, 2 and 3) presenting the debris flow susceptibility rates (1
— very low and low; 2 — moderate and 3 — high). The values are determined by expert views
and considering the physical-geographical properties of the study basins as well as the
publications in the field of debris flows investigations, cited in the Introduction section of this
paper. A complex assessment is done accepting that the considered morphometric parameters
have equal influence on debris flows occurrence. The second step is to add the information
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about the land cover and lithology to the complex morphometric assessment. Weighted sum
overlay (ArcGIS Spatial Analyst Tool) is used. The weights of importance of the considered
parameters are determined by expert evaluation as follow: for land cover (vegetation) — 50%;
lithology — 25% and morphometric indices — 25%.

Results

The river basin morphometry is calculated on the DEM basis and presented in Table 2.
The most important values are marked in bold.

The basin area influences on the total amount of the surface runoff which entered from
the rainfall and on the drainage time. In larger basins the total rainfall is bigger than in the small
ones and in this regard, it could be a prerequisite for intensive surface erosion. On the other
hand, the time for drainage is longer and the probability for flash floods and debris flows is
lower. Numerous investigations show that debris flows are more typical for small basins.
Because of the contradictory character of the basin area to the surface runoff and debris flows
occurrence this parameter is not directly considered in debris flow prone assessment, but it is
an important basin characteristic and is considered in calculating of other parameters (for
instance Melton index). Basin relief, basin ratio and basin length are indicators for steepness of
the study areas and should be considered together with the basin area. In the particular cases of
the investigated basins, the river Potoka catchment area is more susceptible to debris flows.
Although the values of basin relief for some parts of river Melnishka are higher, they are
received for larger areas. A complex parameter presenting the basin relief and area is Melton
index. According to this parameter the river Potoka subbasins show a higher susceptibility
again. Basin shape factor impacts on the discharge of the area and indirectly effect the hydro-
geomorphological processes in the basin. The discharge of circular basins is faster than in the
elongated basins of the same area because the tributary runoff flows into the main stream nearly
in the same time. Regarding the basin shape factor the investigated basins and subbasins are
rather low and moderately prone to debris flows than high. The stream density indicates the rate
of the development of erosion processes and the drainage network as a whole. On the other side
in the analysis of debris flows areas this indicator should be considered and interpreted in
relation to the number of streams (particularly 1st order streams — these that have not
tributaries), basin area, relief and other morphometric parameters. In the investigated cases the
values of stream density show more favorable conditions for debris flows in the river Potoka
subbasins than in the subbasins of the river Melnishka.

Analysing the role of the topographic surface in debris flows occurrence, we considered
2 slope intervals: < 120 and > 25¢. The limit of 12° is chosen because in many geomorphological
classifications and in Bulgarian Regulation about large scale topographic maps this value is
used as a limit for delineating mountain areas. Having regard that debris flows are mass
movement in wet, saturated environment they could arise even at small degree of the sloping
surface. Although that, the higher degrees of slopes are stronger presented as debris flows
triggering factors. Wilford et al. [2004] consider slopes greater than 30° and particularly
between 30° and 400. According Zhou et al. [2015] debris flow prone catchments have slopes
between 25¢ and 45e. In the current paper study areas have slopes until 50, but the areas steeper
than 40° take very small part of the investigated basins. In debris flow prone assessment we
accepted that the slopes greater than 25¢ have greater importance. Slope raster is generated in
GIS environment on the base of DEM and reclassified in the three rates. The values show that
basin/subbasins of river Melnishka are more prone to debris flow according to the slope
parameter.

The described morphometric parameters of the basins are rated according to their
importance for debris flow occurrence (Table 2) and the assessment of debris flow susceptibility
by morphometric parameters is calculated and presented on Figures 2a and 2b.
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Table 2. Values of river basins morphometric and landover parameters

Basins/
Subbasins

INDVI — bare soils, arable land (% of the basin
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River Potoka
Potoka basin 18.3272 | 1.2380 | 0.0825 | 15.0000 | 0.2892 | 12.2768 | 2.04 | 45.57 | 6.10 | 6.36 29.49
Potoka — 1 13.3360 | 1.1950 | 0.0906 | 13.1900 | 0.3272 | 13.0456 | 2.04 | 39.29 | 7.55 | 4.34 39.47
Potoka — 2 6.4588 |0.9610 | 0.1232 | 7.8000 |0.3781|9.4197 |1.86|26.96 | 12.51 | 0.17 70.53
Potoka 2a 1.1219 |0.4170 | 0.1709 | 2.4400 |0.3937 | 5.3066 |2.06|26.99 |9.85 |0 41.79
Potoka 2b 0.4831 |0.2230 | 0.1593 | 1.4000 |0.3208 | 4.0571 |1.84|35.02|3.79 |2.99 13.95
Potoka — 3 0.7746 |0.2700 | 0.1500 | 1.8000 | 0.3068 | 4.1830 |2.39|30.23|4.01 |0.71 21.47
Potoka - 3a 0.3038 |0.2300 | 0.2018 | 1.1400 | 0.4173 | 4.2778 |1.94|23.50|8.75 |1.45 17.17
Potoka - 3b 0.3371 |0.2140 | 0.1507 | 1.4200 |0.3686 | 5.9821 |2.35|26.68|1.35 |0.06 33.63
Potoka — 4 0.4847 |0.2370 | 0.1823 | 1.3000 | 0.3404 | 3.4869 |1.85|30.47 |8.75 |5.57 21.19
Potoka — 5 0.2119 |0.1410|0.1294 | 1.0900 |0.3063 | 5.6071 |2.38|59.07|2.49 [21.93 |0
Potoka — 6 4.3400 |0.4180 | 0.0760 | 5.5000 | 0.2006 | 6.9701 |1.88 |60.19 |2.55 |11.28 |3.00
Potoka-6_1 1.3684 |0.2910 | 0.1293 | 2.2500 |0.2488 | 3.6995 |1.95|49.25|4.33 [12.98 |6.83
Potoka - 6a 0.3260 |0.1160 | 0.0829 | 1.4000 |0.2032 | 6.0129 |2.04 | 98.61 2.18 0
Potoka - 6b 0.7343 | 0.2760 | 0.1415 | 1.9500 |0.3221|5.1783 |1.76 | 29.47 | 7.86 |11.73 |11.72
Potoka - 6¢ 0.3249 |0.1250 | 0.1136 | 1.1000 |0.2193 | 3.7242 |1.9865.27 1602 |0
Potoka - 6d 0.3008 |0.1140 | 0.1009 | 1.1300 | 0.2079 | 4.2457 |1.93|54.04|3.28 | 1355 |0
Potoka - 6e 0.3719 |0.1080 | 0.0915 | 1.1800 | 0.1771 | 3.7444 | 1.69 | 95.70 1.90 1.22

River Melnishka

Melnishka basin 95.6221 | 2.3740 | 0.0673 | 35.2700 | 0.2428 | 10.3735 | 1.99 | 43.35 | 20.76 | 7.68 52.75

Melnishka — 2 52.4606 | 2.1010 | 0.1161 | 18.1000 | 0.2901 | 6.2449 | 1.76 | 12.00 | 36.00 | 1.29 84.30
Melnishka — 3 2.3607 |0.3360 | 0.1087 | 3.0900 |0.2187 | 4.0446 |1.91 | 26.00 | 16.00 | 6.71 44.68
Melnishka — 4 0.1749 |0.1260 | 0.1575 | 0.8000 | 0.3013 | 3.6589 |1.84 | 20.00 | 21.00 | 24.06 | 7.25

Gornosushichka 6.2381 | 0.6060 | 0.0739 | 8.2000 | 0.2426 | 10.7790 | 1.94 | 34.00 | 10.00 | 1.08 32.90

Gornosushichka - 1 | 0.8455 |0.2700 | 0.1588 | 1.7000 | 0.2936 | 3.4180 |1.84 | 30.00 | 8.00 |2.19 37.53

Gornosushichka - 2 | 0.1518 | 0.1160 | 0.1450 | 0.8000 |0.2977 | 4.2154 |1.90 | 28.00 | 9.00 |0.13 22.39
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Besides basins morphometry physical-mechanical properties of the rocks also impact on
the possibility for debris flows. Granites, gneiss, amphibolites, marbles, shale, conglomerates
and sandstones build the study area. Because of the mountainous relief the alluvial gravel, sands
and clay are distributed in limited areas in the low parts of the river basins. Most susceptible to
debris flows are conglomerates, sandstones and heavily weathered granites. Non-consolidated
gravel and sands are also prone to movement but having regards their high-water permeability,
small areas and location on slightly sloping terrains they are not rated in high values (Table 3).
Intrusive rocks take the largest area of the investigated basins in Melnishka River catchment —
nearly 65%, and 30% are for conglomerates and sandstones, while conglomerates and
sandstones cover 92 % of the studied areas in Potoka River catchment.

Table 3. Rates of morphometric parameters according to their importance for debris follow occurrence

Parameter Value Rates of susceptibility*
Basin relief, km <0.2 1
02-1 2
>1 3
Relief Ratio, km 0.06 - 0.15 1
0.15-0.20 2
>0.20 3
Melton index 0.17-0.29 1
0.29-0.35 2
>0.35 3
Basin length, km 08-3 3
3-10 2
>10 1
Basin Shape Factor 3-5 2
>5 1
Stream density, km/km? 15-2 2
>2 3
Basin area with a slope >25¢, % of the total <5 1
basin area 5-20 2
>20 3

N

A

susceptibility susceptibility

low low
moderate
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not evaluated

moderate
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Fig. 2. Study area — basins and subbasins: a) subbasins of river Potoka; b) subbasins of river Melnishka
The lithology data is considered together with the results of NDVI interpretation and

morphometry in the complex debris flows susceptibility assessment. The determined classes of
land cover are rated according to their susceptibility to debris flows (Table 4).
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The ArcGIS layers about the susceptibility rates of morphometric parameters, rocks and
land cover / vegetation are converted in raster files and are used as input rasters in overlay
analysis. Weighted sum is applied. The results are presented on Fig. 3a and 3b.

Table 4. Debris flow susceptibility rates by lithology

Rocks Susceptibility*

Granites 2

gneiss and amphibolites

2
conglomerates and sandstones |3
2

alluvial - gravel, sands and clay

*1 -very low and low; 2 — moderate and 3 — high

Table 5. Debris flow susceptibility rates by land cover/vegetation

Land cover Susceptibility*
bare soils, arable lands 3
rare vegetation 2
forest 1

*1 -very low and low; 2 — moderate and 3 — high

a b
N
e
=7 susceptibility —
— h: 1bili
g s High 3
T Low: 1.5 B ow: 125
not evaluated e not evaluated
! -‘v\.
e Y "‘JQV‘
SO \} “’, VN
PRELEEN
012 4 6 8km
O — —

Fig. 3. Study area — basins and subbasins: a) subbasins of river Potoka; b) subbasins of river Melnishka

Conclusions

The debris flows susceptibility of two river basins located on the western slopes and
foothills of the Pirin Mountain (Bulgaria) is analysed. Three groups of factors are considered:
basin morphometry, physical-mechanical properties of rocks and land cover. Analysing river
basins morphometry require a complex approach and considering the morphometric indices in
interconnection. Reliable results are received by using Melton index which is not considered in
geomorphological publications in Bulgaria for the aim of debris flows investigation until now.
The results based on morphometric parameters show higher susceptibility to debris flows of the
subbasins in river Potoka catchment while it is mainly moderate in the river Melnishka
catchment. Due to the lithology and land cover variability the complex susceptibility shows that
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middle part of the river Melnishka basin is more prone to debris flows. The high susceptibility
of subbasins of river Potoka are slightly decreased in the complex assessment.

As aresult of the research a GIS data base for the river Potoka and river Melnishka basins
is built including DEM, drainage network, lithology and land cover. Application of GIS
technology allows processing of big volume of data and easily updating of the information.
Using remote sensing data facilitate research of wide areas and save time and resources for field
investigation and mapping. The generated model of debris flows susceptibility was validated
regarding the previous field and laboratory investigations of these areas [Kenderova et al.,
2014] and shows good results. However future researches will be in direction to the
development of the model, entering more debris flows triggering factors (for instance climate
and seismic data) and minimizing the data imperfection.

Acknowledgement. This study is part of research project No H14/22, contract No
JIH14/6 from 13.12.2017 in the National Science Fund of Bulgaria, named “Environment under
climate change in the Pirin Mountains”.
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Glaciers and debris flows in the Caucasus
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The territory of the Caucasian-Pontides region can be regarded as perhaps the most debris
flow prone and complex region of the world. Debris flows can be characterized, based on
the amount of debris flow basins, frequency of different characteristics of debris flow
flows, their power, volume of debris flow deposits and complex conditions of their
formation, as well as per the damage inflicted to dwellings and economic objects. This
chapter discusses these characteristics of debris flows.

debris flow, glacier, Caucasus

General characteristics

Debris flow phenomena are practically developed in all landscape geomorphologic areas,
from low mountain relief to the alpine area. Considering that nearly 60% of the population lives
in the valleys of small rivers, it may be concluded that more than one thousand inhabited points
are located in the sphere of influence of these debris flow processes.

Statistical analysis shows that one of the major slope forming factors is intensive
precipitation. The number of mud streams in different climatic areas varies from 65 to 85% of
the total number of all debris flows. Debris flows connected with spring snow thawing do not
exceed 3%, glacial debris flows form 12-13% of the total number of debris flows, and those
occurring as a result of jams after debris flow shifts from 10 to 30%.

Principal present day exodynamic processes, that lead to the formation of reserves of
loose material are formed, are: weathering, collapsed-talus phenomena, land sliding, snow
avalanches, washing out of indigenous and water-accumulative deposits, and gully erosion.

Consequences of mud streams are defined by their density, which varies from 1100 to
2500 kg/m?3. Depending on the composition and density of debris flow mass, three types of
debris flows are distinguished: stone aqueous, muddy, and muddy-stone. The important
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parameter of a debris flow is its nature and velocity of its motion. Very often the debris flow
does not move unceasingly, but in separate ramparts. The average velocity of a debris flow is
10-15 km/h, but at the breakout of obstacles it goes up to 20-35 km/h and sharply increases in
the volume.

Debris flow formation

On the territory of the Caucasian-Pontides region, based on the mechanism of debris flow
generation, the nature of displacement of potential debris flow arrays and initial dynamics of
debris flows, three types of debris flows are distinguished: erosive, landsliding, and glacial.
According to E. Tsereteli [2000], the danger of debris flow formation is possible, when heavy
rains falls with an intensity > 20 mm/day. Due to the fallout of 20-30 mm/day on high terraces
and in piedmont, low mountain zones, so called “gully debris”, are formed. In the area of humid
subtropics, at a gradient of 10-200, 200-300 thousand t/ha of mud, on average, is washed down
the slopes. In Eastern Georgia at a rainfall intensity of 30-50 mm/day, favorable circumstances
are created for the formation of mud streams with hard constituents. Such types of debris flows
are characteristic of declivities bordering the cities of Thilisi, Telavi, and Signaghi.

At the torrential precipitation of 50-80 mm/day, debris flows are formed in all channels
with loose accumulations. When precipitation reaches up to 80-120 mm/day, independent of
their geological construction, debris flows can be formed in all types of landscape-
geomorphological areas.

One of the most disastrous events of the last century certainly was the Karmadon debris
flow that occurred on September 20, 2002. The debris flow was of complex genesis in that the
pulsation of glacier was superimposed on tectonic and volcanic phenomena. Based on its
composition it was identified as a glacial debris flow. A huge amount of stone-glacial material
from a height of about 4000 m above the mean sea level came down from the Maili glacier
upon the Kolka glacier situated below, shifted it from its bed and the whole mass (about 130
million m®) rushed downward, stopped only besides the so-called "Karmadoni Gate" ravine.
The velocity of motion along the gorge reached 150-200 km/hour. As a result, the gorge, from
its upper part (11 km), was filled with ice but 5 km below, by debris flow glacial stone mass.
Several country cottages, restaurants, and bath complexes were destroyed, on a length of 3,5
km the motor road was completely demolished. The death toll reached 120 people, and about
100 people were unaccounted for.

A high activity of debris flow processes in the upper belt of mountainous regions is
recorded practically everywhere. Unfortunately, debris flows are common phenomena in
Georgia. For instance, the well-known Mleta mud flows have been known from olden times,
but they entered into final catastrophic phase only after disintegration of the USSR. Mountain
declivities at the headstream of the Aragvi River failed to feed enormous flocks of sheeps,
which, in previous years, were driven in winter from mountains to Kizlyar steppe on the
territory of Russian Federation. Closing of borders has brought about extreme over-grazing.
Mountain meadows could not recover their turf-grassy layer that triggered extremely active
erosion and as a result there began a destruction of the centuries old ecosystem. The whole
livestock of sheep was practically lost and what is even more important there began irreversible
processes of erosion. The Mleta village inhabitants are practically destined to migrate to safer
places.

Debris flows are broadly developed on the entire south declivity of the Greater Caucasus,
including Kakheti and Sheki-Zakatala regions of Azerbaijan. This region (over 1000 m high)
presents itself an extensive debris flow basin. The Duruji River basin itself presents an
enormous danger; in its middle course the town of Kvareli (Kakheti region, Georgia) is situated
before the river discharges on to the plain. This inhabited locality was repeatedly destroyed by
Duruji debris flows inflicting enormous losses accompanied by loss of life. Here the total
volume of potential debris flow forming masses were 500 million m3, but in specifically
dangerous hearths more than 150 million m*. From 1888 to 2000, 25 large and 5 disastrous (in
1949, 1963 and 1975) debris flows occurred. More than 200 people lost their lives, and
enormous damage was inflicted to the Kvareli region and the town of Kvareli.
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Records of debris flows

For the last 100 years more than 200 destructive debris flows have been registered in
Azerbaijan, and these have inflicted U.S. $1,5 billion damage to the economy of the country.
More than 100 inhabited localities, with a population of about 700 thousand people, are
constantly threatened by debris flows. Out of 3 thousand motor roads of the country, about 1,2
thousand roads pass through high risk debris flow areas, are constantly subjected to destruction.
In July 2004, in the Shekin region, the areas between debris fan and debris flow source areas
with an extent of 10-15 km which are transit parts of the rivers, debris flows washed out motor
roads and part of the railroad track Baku-Balaksen. In the same way debris flows destroyed
supports of power transmitting lines and communications.

Destruction by debris flows

Unlike usual freshets, debris flows possess an enormous destructive power, arising from
their hydrodynamic peculiarities. Moving like waves, they fell hydrotechnical erections,
destroy bridges and roads, and inhabited localities; inflict large economic damages; and are
quite often accompanied by human victims.

Modern and ancient glaciation

The main hotbed of glaciation in the catchment of Terek River is a Kazbegi-Djimara
array (Hoh Ridge). The average height of the array is 4500 m. On the walls of this array begin
powerful hanging-valley glaciers — Devdoraki, Ortsveri (Gergeti), Suatisi and others. Pockets
of glaciation are confined to the top of the main range, more 3800m. (Zilga-hoh, Kalasani and
Chaoukhi) and the Divide Ridge on basin of Kistinka river. The basin of the Terek River
accounts for 12,6% and 12,1% of all recorded glaciers of Georgia. According to
K.I. Podozersky [Podozersky, 1911], there were 63 glaciers with an area of 89,19 km?.
According to studies by R.G. Gobejishvili [1989], now in the Terek 99 glaciers with an area of
67,19 km? (Table 1).

In the basin of the Terek river, the greatest distribution has cirque glaciers, they
accounted for 53,5%. Next come the hanging glaciers-33,3% and slope glaciers (7,1%).

On the square are the glaciers of slope-valley type (48,2%). Almost the same area
occupied by hanging (17,9%) and cirque (17,1%) glaciers.

In the basin of the Terek river, meet the glaciers of varying exposure. Glaciers with
Northern exposure points accounted for 21.4%, and glaciers of the southern points -12,2% of
all the glaciers in the basin. On the leading position of the square is occupied by glaciers with
expositions of the southern points (55,8%).

Table 1. Distribution of glaciers in the basin of the Terek River [Gobejishvili, 1989]

Name of river basin |Number of Area, km?
glaciers

Amali 6 11,74
Khretis-khevi 1 0,04
Chkheri 7 9,86
Kesia 3 1,10
Mnaisi 7 9,55
Suatisi 9 17,32
Dzhimara-don 3 0,34
Tepi-don 10 2,52
Resi-don 6 1,29
Siveraut 5 0,70
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Name of river basin [Number of Area, km?
glaciers

Source of Terek 6 2,61
Tsotsola-don 2 1,28
Desidon 7 1,50
Djouta 6 1,81
Kistinka 21 5,53

Total 99 67,19

In the Terek River basin common to the small size of the glaciers, the area of which does
not exceed 0,5 km. In number, accounting for 71.8 per cent and 8.0 per cent only major recorded
glaciers. On the square leading place is occupied by large glaciers, they accounted for 58.5%
of total glaciation in the basin of the Terek river. Basin of Amali River is located on the
Northeast slope of Mount Djimara in Kazbegi array. It is the first right tributary of Terek r.,
where there are glaciers. In region are seven glaciers with an area of 11.71 km?2
Morphologically they are related to the glaciers of different types and have different
dimensions. The largest is the slope-valley Devdoraki Glacier, area of 7,55 km?. It starts at the
top of Mt. Kazbegi, and reaches in length 7,0 km.

Devdoraki, widely known for its glacial collapses that were noted in 1776, 1778, 1785,
1808 u 1817 years. A powerful landslide occurred in the year 1832. As a result, in the valley of
the Terek River, the dam height was shredding inserts, 100 m and a length of about 2 km. Terek
River was stopped during 8 hours [Statkowsky, 1879].

The most active glaciers in the Caucasus over the past 100 years - Devdoraki, Abano.
The first of them for 1881-1970 years, retreated 16 m, and the last (Abano) for 1882-1970 years
even stepped on 79 m.

Karmadon catastrophe

It should be noted that sometimes-catastrophic events are generated in one place, and the
result of their destruction is worst for many miles from home. The tragic event occurred on
September 20, 2002, when the catastrophic collapse of the Kolka glacier, located in combed the
area of the Greater Caucasus mountain range, on the border between Georgia and Russia has
led to the formation of a powerful glacial-stone debris flow, through the narrow V-shaped valley
of Genaldon river, destroying standing in a low-lying part of the structure of Karmadon village
and claimed the lives of more than 130 people. The reason for this was a whole group of factors.
The impetus was the pronounced thermal anomaly within the northern end of the Kazbegi
volcanic centre [Bogatikov, Gurbanov, 2003], and an unusually rainy summer of 2002, when
the glacier basin has accumulated a critical mass of water [Kotlyakov et al., 2014; Bondyrev,
Zaalishvili, 2005], etc. However, there is still a ot of unknown. For example, whether this event
is purely local in nature, or whether it has a broader scope, covering and surrounding area?
Whether it is a consequence of the above-mentioned reasons only or it is based on a whole
range of processes and phenomena, including seismic and tectonic nature?

Many other glaciers, although less active and had retreated to a few hundred meters, also
actively behave and over the past 100 years-80 attacked several times, leaving the clear traces
in the relief of valleys-the whole series of moraine. Another, for example, by Gobejishvili R.G
[1989], on the south slope of the Great Caucasus below the ends of the tongues of glaciers
(1970-1975 years) there were 5-7 course-moraine shafts formed in 1890-1975, then there are
glaciers every 15-20 years. Amid the retreat of glaciers in some periods they are opposite,
attacked, t. e. happened oscillation their terminal stations. V.M. Kotlyakov [1968] distinguishes
four kinds of fluctuations of glaciers: 1) forced oscillations due to changes of the external load,
on speed accumulation or ablation of ice; 2) high frequency oscillation of sliding velocity,
caused by changes in roughness lodge glacier under the influence of melting ice and sub-glacial
runoff; 3) low-frequency fluctuations associated with penetration of temperature fluctuations
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in the thickness of the glacier; 4) relaxation self-exciting oscillation, arising from no-stationary
of nonlinear kinematic relations in Glacier; they are expressed in the sudden developments
glaciers». Of these, the first and fourth species are fundamental, in connection with which the
glaciers are divided into normal (the first kind of hesitation) and pulsating (the fourth kind).

Fig. 1. Satellite’s images of North slope the Great Caucasus on different scale in part of Kolka glacier
advance, caused the derailment has debris flow (1) and education boost Lake

The main part of the glaciers of the Caucasus consists of a “normal” glaciers. Surging
glaciers in the Caucasus for a bit. Glaciers of conical peaks and the hanging Valley celebrated
only in the Greater Caucasus, on its northern slope, with the first of them are confined to two
volcanic arrays of Elbrus and Kazbek. The average value of the retreat of the glaciers of conical
peaks for 1881/1887-1965/1970 years. is 810 m, and the hanging valley-670 m.

Fluctuations of glaciers of conical peaks vary in a very wide range, much larger than that
of glaciers other morphological types. This is due to their specific terms of location on the high
volcanic peaks, open the carrying moisture atmospheric flows, particularly wind regime in the
areas of nutrition, the difference in altitudes and expositions end languages glaciers. The largest
of these glaciers retreat values exceed 1000 m (Table 2).

Table 2. The retreat of glaciers and conical peaks (Kazbegi) for the 1881/1887 - 1966/1970 [Gobejishvili,
1989]

The magnitude of
The name of glacier Period Number of the retreat, (m)
years Geral In yerat
Abano 1882—1970 88 +78* +0,9
Devdoraki 1881—1970 89 16 0.2
Gergeti 1882—1970 88 936 10.6

*+ sign indicates the strike of the glacier

The minimum value of the retreat from Devdoraki glacier -16 m, and glacier Abano (m.
Kazbek) for 1882-1970 years even stepped on a 78 m. All this suggests that the glaciers of this
type are the most different surface mode, with some of them balance mass is very close to zero
over the past 40 years - 20 (Devdoraki) or even a positive (Abano).

This is mainly due to the size and height of power regions languages end glaciers. For
example, all the glaciers, which have value less than 600 m retreat, with altitudes more than
2750 m, and the ice factor they have over 2.5. The exceptions are the glaciers Devdoraki and
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Abano. The first of them height end language equal to 2260 m, but the ice factor is 6.0. At
glacier Abano, on the contrary, when a small glacial ratio (1.2) very high ends the end of
language and while 75 percent of the ablation area closed with a solid cover moraines, which
drastically reduces the amount of melting and so the whole glacier in recent decades have noted
the positive balance [Gobejishvili, 1989].

For the period from 1882 to 1969 timeframe fixed the following values retreat hanging
valley glaciers: Mna —1022 m (ou 11,9 m/year), Suatisi Earth — 500m (on 5,8m/year), Suatisi
average —277 m (on 3,2 m/year) and Suatisi West — 1230 m (14,3m/year). For 1965/1969 years,
due to the significant reduction of ablation areas they have as a result of the retreat, the ice
factor in all glaciers has declined dramatically, particularly much at glaciers Mna (6,66) and
Suatisi (3,17). The greatest retreat (979-1230 m) highlights at glaciers located on Mount
Kazbegi, had taken in 1882 years, relatively gentle languages South-Eastern and South-Western
exposures. Small retreat (277-410 m) associated either with good nutrition glacier (Sofrudzhu),
or with closed the end of powerful language superficially moraine cover (Middle Suatisi)
[Gobejishvili, 1989].

Morphological traces of Quaternary glaciations in the Kazbegi array distributed widely,
but they are presented here are a few typical forms.

Fig. 2. Devdoraki glacier collapse (2014) and its consequences in Terek river valley.

Movement disastrous and other phenomena

Kazbegi glaciers Djimara’s array (Devdoraki and Kolka), identified a number of
manifestations of processes of a catastrophic nature. In order to study spatial changes Devdoraki
glacier, 1974-1990. G.S. Abuladze [Abuladze, 1999] was 20-times repeated large-scale photo-
theodolite survey (scale 1:2500). Found that the Devdoraki glacier has experienced the most
intense changes during 1974-1977: for 3 years, he stepped on 15 m.

According to the same author [Abuladze, 1999], perimeter Djimara’s ring structure (fig.
40) clearly controlled geometric form located within the glaciers and the overall pattern of their
radial placement. A large part of the array (in upper r. Terek) is occupied by the modern glacier.
Kolka glacier catchment with topographical accuracy is embedded in a zone passing here fault
sub-latitude aal-bb1, which width reaches approximately 3 km. It is bounded by three separate
faults; box form of depth throughout the basin is, on average, 700 m. The lower boundary of
the zone within the lineament KK1 good coincides with roots hanging glaciers good coincides
with roots hanging glaciers, located on the starboard side of the glacier Kolka. Inside the ring
structure, in the zone of the fault passes sub-latitudinal another diagonal structure MOP clearly
controlled the line of the left side of the glacier Kolka.

The most prominent and reliable source of information on the nature of the surface
changes Devdoraki glacier and their intensity is map elevation changes and the nature of the
surface of the glacier, which shows the total lifting-lowering of the surface. Found that the
surface of the glacier has increased over a specified period to 12 m., and its lateral experienced
local decrease (-12). Glaciological and cartometric analysis showed that during the period 1974-
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1977, in increasing heights Devdoraki surface of the glacier is glacier not dominated by climatic
conditions and internal processes in the body of the.

With a view to predicting changes in elevation of the Devdoraki glacier, has developed
a new method for determining the surface ice speeds to determine the speed of the escaping ice
cusps towards the end of the language. So, the most remote glacial Hill reaches the end of the
language through 31 year (i.e. 2008), and the closest-through 5 years.
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Fig. 3. Distribution of values of ice volume changes the final part of the glacier is equal Devdoraki
hypsometric belts (every 25 m). Determined based on materials re terrestrial stereophotogrammetrical
shooting 1974-1977.

On a space image obtained in 1988, well visible stain dark tones, striking against the
backdrop of freshly fallen snow. This spot corresponds to the footsteps of melting snow on the
surface of the glacier (photo, ring ). Application of the method of indication analysis suggested
the presence of thermal anomalies here. In the picture you can see that the configuration of
traces of snow melting on the surface of the glacier is the plot of the big ring structure array
Djimara (see fig. 4) where it is at the confluence of the glaciers Kolka and Miley, crosses the
area of linear structures.

In proof of this, the results of works of various authors, conducted independent research
here. Remarkable work on the definition of the electrical conductivity of ice and melt water of
the glacier [Fleetwood, 1973] who showed. That the highest heat conductivity coincides exactly
with this part of the surface of the glacier. This position was further enhanced by the fact. That
natural snow and ice melting on this site, great impact thermal erosion impact of sub-glacial
water-features of the spatial properties of temperature coefficients in the zone of ablation.

According to the analysis of spatial information, the Midagrabin glacier, during this
period, recorded the vanishing traces of snow avalanches (fig. 4, ring 1), as evidenced by: the
nature of photo-ton of these deposits, trajectory and dynamic peculiarities of their passage on
the glacier. Place of origin (hearth) avalanche on the left side of the glacier good matches node
crossing a small ring structure and the lineaments (Fig. 4, a).

It is assumed. the process of development of such forms within two ring structures
identified in the Djimara’s array (‘“physiographic” and “infra-physiographic”), associated with
thermal anomalies in the area.

Instrumental-sensitive observations conducted at the Mleta, solifluction processes often
destroy vegetation continuity, creating numerous horizontal micro bend slope and scar the
landscape of the cryogenic "scars" test site (the basin of the r.Aragvi), Depending on the slope
the slope and degree of coverage, speed sod offset is measured in a wide range (of 15 mm on
150 mm in years), and in some places solifluction processes are catastrophic, baring the bedrock
on their way. Solifluction processes often destroy continuity of vegetation, creating numerous
horizontal micro-dog leg slope and scar the landscape of the cryogenic “scars” [Tsereteli et al.,
2000].
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Our studies in the summer and autumn of 2003, intended to highlight features of the
development processes of modern tectonics, namely exogenous Geodynamics (landslides,
debris flows, deep and lateral erosion, etc.) in the valleys of the tributary Terek River
(interflovial r.r. Genaldon-Gizel'don), which allowed, in general terms, describe the following
picture.

Fig. 4. Satellite photograph Kazbegi-Djimara’s array (s) and expressed in the relief of tectonic structure
(b). 1 - (aal - bbl) - border break on sub latitudinal which exactly superimposed Kolka ice basin, 2 —
Ring structure Djimara (a) and her Ring structures small diameters, 3 - Arch structure Kazbegi array (b),
4 - fragments of a hexagonal structure (OP, Od, OT", OP1, 03) submitted by equal (1, 2, 3, 4) horizontal
angles [Bondyrev, 2003].

The region is located in the zone of debris-flow hazard and risk, threatening the
destruction of settlements, buildings and structures, and mortal danger to residents. Research
conducted with the 80-ies of the last century, it was found that in virtually all river basins are
large numbers of fragmented rock denudation processes. Today, however, it should be borne in
mind that as a result of the Spitak (1988), Racha (1991), Barisakho (1992), and other
earthquakes greatly complicated geodynamic state of the slopes of the Central Caucasus and
neighboring areas, the folded soft rocks (sandstones, shale’s, etc.). As a result, in the areas of
formation of debris flows have accumulated huge amount of solid material gravitation
demolition. In addition, combed the area of the Central Caucasus major suppliers of solid
materials are fresh moraine sediments represent an almost inexhaustible source of potential
debris flow mass.
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Fig. 5. Linear and non-linear structure of the Karmadon Gorge. 1 — line of disjunction violations, 2 —
route fluvial-glacial and alluvial fan of debris with backwater lakes Saniba, 3 — ring structures

Requirements: in rivers flat, at the mouths of tributaries of debris flow nature (including
Dargavs River). All of this requires a major review of the situation and, in case of impossibility
of evacuation of such objects, the mandatory establishment of permanent service to the
aerospace field and at best integrated monitoring volcanic, seismic and glaciological hazards.
Introduction of materials for Aerospace Survey and analysis of modern computer technology
has radically to revise a number of traditional terms and to re-evaluate the mechanisms of a
number of modern processes.

To date, the population living in that area, it would be protected from catastrophic debris
flows, as that old buildings and structures were built on high ground above the water and debris
flows of the processes and artificial protective structures. However, in recent decades,
residential and administrative buildings have been developed areas that do not meet safety
requirements: in rivers flat, at the mouths of tributaries of debris flow nature (including r.
Dargavs). All of this requires a major review of the situation and, in case of impossibility of
evacuation of such objects, the mandatory establishment of permanent service to the aerospace
field and at best integrated monitoring volcanic, seismic and glaciological hazards. Introduction
of materials for Aerospace Survey and analysis of modern computer technology has radically
to revise a number of traditional terms and to re-evaluate the mechanisms of a number of
modern exodynamic processes.

Qualitatively new objects of the natural environment, directly related to the geological
and geomorphological sites and play an important role in shaping and modifying their physic-
mechanical parameters is nonlinear (circular, oval, swirl, etc.) structure. It is believed that the
circular structure and non-linear morphological is one and the same. However, non-linear
morphological represent only a small, most clearly expressed in the relief and geological
structure of the isometric in terms of natural phenomena, the genesis of which are based on the
processes associated with the development of modular, nuclear, arched, volcanic, etc. Nonlinear
structures resulting from specific forms of differentiation of matter and energy in the
lithosphere. The new areas of concentration are interpreted nonlinear nature and imposed on
them disjunctive systems of neotectonic and modern stages-as hotbeds of active development
of dangerous geodynamic processes.

This is because the dynamic stresses in the Earth's crust, these sites affect changes
reducing their physical-mechanical and chemical parameters (strength, resistance to
weathering, etc.) than they are qualitatively different from those of a stable site. Rocks here
have less elasticity, and therefore a lower resistance to kinking. Anyone, even a slight change
of geodynamic regime in these nodes instantly evident in the dramatic increase of the whole
range of natural-catastrophic exogenous processes (landslides, debris flows, rock avalanches
and landslides, rock-falls, etc.). As you can see from Figure 2, land intensification of
geodynamic processes is well correlated with ring structures identified by photo-interpretation
of space images.
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Right-bank tributaries Karmadon (the left tributary of the Genaldon river), then to r.
Lako-don and further East along the slope to the road Dargavs-Tmenikau.

It should be noted that among other causes which determine the development of local
Fort terrain and landscapes, a role-play and active thermal processes of earth-crust. Not only
locals but also tourists use the fall-celeb properties of the thermal springs.

By area from Tmenikau to the valley of the Belaya River in the upper reaches of the river
Genaldon was. No more than 10 small (up to 80-100 m?) and 3 large (over 800 m?) debris flow-
transformed into vast debris fan, 10 small new and 2 large-up to 130-200 m multistage landslide
bodies.

Fig. 6. Shedding cones to starboard Genaldon river in the transit zone has lodging

On this site registered development: collapse-active landslides in all left tributaries (over
18); powerful cones of debris material on the right side, the top of which, for the most part,
have the kind of landslide bowls. The body of the cones of incised erosion to a depth of 2-3 m
(middle), and in the upper reaches are more widespread on both sides (without the formation of
sod-soil layer).

It is noteworthy that all the newly identified bodies of landslide and debris fires are
confined to the parts of the development interceding argillites thick, sandstone and siltstone,
Ksurtsk’ Zinuarsk, Mziur suit (rarely to the retinue of v. Bejno) and are confined to the lines of
the previous disjunction dislocation or are their markers (see diagram). This allows the entire
network reinvigorated the disjunctive tectonic activity in the area, with the exception of
Katadon Gorge.

However, it should be noted that this catastrophe only was one of those that were
recorded at the same time (at intervals of 4-9 days) almost the entire mountain and highland
areas of the Caucasus.
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Fig. 7. Map of intensifying current processes on a stretch of the northern slopes of the Kazbegi
(according to fieldwork in August-September 2003, conducted by Igor Bondyrev)

Thus, once again demonstrates that all these catastrophic events are not single
manifestations of natural events, and represent the overall picture of the changing nature of our
planet, which in no small part to blame the man himself.
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Discussion on the characteristics and calculation method of
material source for the debris flow in Tian Mo Gully

L. Chen, J. Wang, J. Jiu, Y. Li, S. Shi

Technical Center for Geological Hazard Prevention and Control, CGS, Chengdu, China,
gys@cgiet.com

Institute of Exploration Technology, CAGS, Chengdu, China

The glacier debris flow is widely developed in the southeastern of Tibet, especially in
recent years, which has been affected by global climate change, producing a large amount
of loose material in this area, resulting in the frequent occurrence of glacial debris flow,
which broke out three debris flows during the 2007 to 2010. The lives and property of the
local residents caused losses, and also caused damage to the Sichuan-Tibet highway.
Through investigation that the debris source was summarized into four types, which were
the source of glacial moraine, the source of landslides, the source of channel erosion and
the source of slope erosion. Among them, the glacial moraine source in valleys is
accompanied by severe advance and retreat of the glacier in the marine valley. From June
to September in 2017, the glaciers in the valley retreated to nearly 700m, the water in is
frozen in winter, and the whole glacier advances slowly, eroding the loose accumulation
of the bottom and the foot of the slopes on both sides of the gully. In summer, the glacier
slowly melts back and releases a large amount of loose material that is originally frozen in
the glacier, and which are easily started to participate in the debris flow. Referring to the
method of source statistics in Wenchuan earthquake area, four kinds of sources in the
whole basin are calculated respectively by using geometric graphic method. At present,
the static reserves in the Tian Mo Gully channel are 155.75x10* cubic meters and the
dynamic reserves are 49.57x10* cubic meters.

Southeast Tibet, glacial debris flow, source classification, source calculation

K Bonpocy o0 xapakTepucTukax U MeToaax BbluMcneHus 06emMoB
MCTOYHWUKOB TBEPAOro NUTaHma cenen B gonuHe TaHb Mo

JI. Ysns, I1. Ban, 1. [310, 1O. JIn, L. In

YTexnuueckuii yenmp no npedomspauyenuio u KOHMPOIO 2e0102UHECKUX OnAcHocmell,
Kumaiickoe 2eopusuueckoe obwecmso, Yondy, Kumai, gys@cgiet.com

2Uncmumym 2eonozopaseedounvix mexnono2uti Kumaiickoii Akademuu 2eono2uieckux
nayx, Yonoy, Kumaii, gys@cgiet.com

I'nsupmanbeHble ceneBble MOTOKM aKTUBHO CXOJST Ha IOro-BocToke Tudera, ocoOeHHO B
MOCJIC/IHME TOJbI, YTO B BBICOKOH CTENEHHW OOYCIOBJIEHO IIIOOANbHBIM KJIMMaToM, B
YCIOBUSIX KOTOPOTO TIPOMCXOAWT 0Opa3oBaHHE OOJIBIIOTO KOJIWYECTBA PBIXJIOTO
MaTepuana. OTO HPHUBOAUT K YYALICHHIO CIy4aeB CXO0Ja TIISIUAIbHBIX CEleH, Tak,
Hanpumep, B 2007-2010 rr. B JaHHOM PETHOHE COLLIO 3 CENEBBIX NOTOKA. DTO MPUBENO K
ruOen MECTHBIX JKUTeNel M HaHecio ymep0d nx umyniectBy W CerayaHb-Tuberckomy
mocce. IIpoBeeHHOE HCCIENOBaHKME MO3BOJWIO PA3AEIUTh HCTOYHMKH TBEPHOIO
NUTaHUS celel Ha 4 TUMA: MOPCHHBIN, ONOJN3HEBOM MaTepual M MaTepual,
oOpa3zyromuiics B pe3ysibTaTe ITyOuHHOW M OOKOBOHM 3po3un. OOpazoBaHHE MOPEHEI
CB3aHO CO 3HAYMTENBHBIMU OTCTYNAHUSAMHM M HACTYHNaHUSAMU JEJHHKAa B JOJMHE.
Hanpuwmep, B nonmne Tsub Mo ¢ utons 1o ceHTs16ps 2017 r. IeJHUKN OTCTYIINII IPUMEPHO
Ha 700 M. 3TO OOBSACHSETCS TEM, YTO 3UMOH OH HAXOJHUTCS MOJHOCTHIO B TBEPAOM
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COCTOSIHUH U HACTYTMACT MEJICHHO, IPOIUPYSI CBOEC JIOKE U HAKHUEC YACTH IPUIICTAFOIIUX
CKJIOHOB. JIeTOM JeHHK MENJICHHO TAaeT, 4YTO COIMPOBOXKIACTCS BBICBOOOXKICHUEM
0O0JBIIOr0 KOJMYECTBA PHIXJIOr0 MaTepualia, KOTOPBIA U3HAYATBHO OBLT B TEJIC JICAHUKA.
DTOT MaTepHai JIeTKO BOBJICKACTCS B JBIDKCHHE CEJIICBBIMU MOTOKaMU. MCons3yst MeTo
CTaTUCTHKH MCTOYHHUKOB, MPUMEHSBIIUICS B paiioHe B3HBbUyaHBCKOTO 3eMIICTPSICECHUS,
JUTSL 9YeThIPEX THIIOB UCTOYHUKOB TBEPJIOTO MaTepuana Bo BceM Oacceiine TssHp Mo Obutn
MPOU3BCICHBI BBIYKCIICHUS C HCIOJB30BaHHEM Tpad0o-reOMEeTPpUIecKoro merona. B
HACTOSIIEE BpPEMs CTAaTHYCCKUE 3amachkl TBEPAOro Marepuana B gonuHe TsHb Mo
cocTaBsioT 155,75%10% ky6. M, a muHaMudeckue 3anackl — 49,57x10% xy6. M.

FOz0-Bocmounwiii Tubem, enayuanvhsie cenu, KiacCUQurayus UCMo4HUKO8, NOOCUem
00veMa UCMoOYHUKOS

Introduction

Tian Mo Gully is located in the Gu country of Linzhi in southeast of Tibet (Fig. 1), the
gully coordinates are N29°5829. 6"/E95°18'19. 2", the East is about 48. 7km in the Bomi
County, and the West distance Tongmai bridge 29. 5km. At 19 September 4, 2007, at 19 days,
the debris flow of Tian Mo Gully, a total of about 134x104 cubic meters of solid material,
blocked the pun and Tibet for about 1 hours, resulting in 1 death, 7 missing, destruction of the
loose suspension bridge, G318 road traffic interruption for about 43 hours, and the direct
economic loss of 5 million 200 thousand yuan [Yu Zhongshui, et al., 2009]. In July 25, 2010,
50%104 cubic meters solid material was discharged from the TMG, resulting in damage to the
800m roadbed and collapse of 1 bridge. In September 4, 2010, 45x10* cubic meters solid
material was discharged from the Tian Mo Gully, resulting in damage to 900m highway
roadbed [GE Yong-gang, Cui Peng, et al., 2014].

Fig. 1. Geographic location of Tian Mo Gully

Through the field investigation, there are still a lot of loose material in the channel,
especially the modern glacial moraine type source, which may be started again, threatening the
Sichuan Tibet highway on the right bank of the Palong Zangbu. In this paper, the types and
characteristics of the provenance of Tian Mo gully are studied, and the accurate calculation of
the dynamic reserves of the source is provided to provide a reference for the understanding and
calculation of the source of the glacier debris flow in the basin.
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A survey of debris flow

Topographic features

Tian Mo Gou is located on the convex bank of the left bank of the park. It has three
typical geomorphic units, namely, alpine, glacial (debris flow) canyon and foothill alluvial fan
(Fig. 2). Specifically, the trench topography is southwestern high, and the North East is low.
The shape of the ditch in the Tian Mo Gou is a spoon shaped, and there are 1 larger tributary
trench. The drainage area is about 17.9 km?, the main ditch length is 7.10 km, and the average
groove bed ratio is 244%. The valley mouth is 2460m above sea level and the highest peak is
5560m, with a relative height difference of 3100m. The upper reaches of the valley are more
than 3800m above sea level, and the glacier area is about 9.1 km?. Steep topography and
glaciation provide favorable terrain conditions for the development of debris flow.
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Fig. 2 Geological map of debris flow in Tian Mo gully
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Fig. 3. Vertical profile of debris flow in Tian Mo gully
Geological structure

The Tian Mo Gou area belongs to the eastern side of the Yarlung Zangbo Suture Zone
and the western end of the Jiali - Jialong Temple arc collision belt in the Gangdese Lhasa block.
For a strong compression, collision, rotation, strike slip, rapid extension uplift geological
structure is extremely complex orogenic belt. The fault structure develops in the main part of
the basin, where the main axis is curved, and the secondary fold and fault axis are NW to NW.
The fault structures in the Tian Mo Gou basin are mainly developed with FO1 and FO2 two
faults (Fig. 2). The FO1 fault is a positive fault, and the bedrock steep ridge is formed in the
channel, the rock mass is broken and the rock mass is seriously weathered, and the F02 is a
reverse fault, and two landslides are formed in the channel.

Meteorology and hydrology

The Panglong Zangbo River Basin is affected by the warm and humid India ocean and
the Yarlung Zangbo Grand Canyon, which is rich in rainfall and forms an oceanic valley glacier.
The two main categories are the hanging glaciers and valley glaciers. The hanging glacier is
located at the top of the forming area, and the glacier is weathered strongly by freezing and
thawing. The loose material accumulated at the foot of the slope. Valley glaciers are located in
the channel of the formation area. With the global temperature rising, glaciers retreat in the
trench and form a lot of new moraine.

Source classification and calculation

Some scholars put forward the need to study the solid supply type of debris flow, classify
the main sources of glacial debris flow [Tie et al., 2012]. Some scholars pointed out that the
Quaternary glaciers prevailed, and widespread moraine deposits and ice water deposits were
found to be sources of debris flow [Hu Guisheng et al., 2011]. There are some new and old
moraine deposits of about 4x108 cubic meters in the ancient township gullies of the Palong
Zangbo basin, which are the main source of the gully [Cheng, Geng, Dang et al., 2007]. In
addition, [Qiao et al., 2012] researchers have established statistical models of debris flow
reserves in Wenchuan earthquake extremely earthquake area by using statistical method and
graphic method. So, it is very important to study the classification and accurate calculation
method of debris flow.

Glacial moraine source in valley glacier
The new glacial moraine produced by the modern valley glacier is located in the 2800m-

3900m elevation range of the Tianmo gully channel (Fig. 2, 3). The formation of this kind of
source is mainly due to a large number of active valley glaciers at the bottom of the main gully
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of the glacier debris flow area in the basin of the Palong Zangbo basin. These glaciers have
seasonal advance and regressive phenomena, and the measured back distance can reach about
700m in only 3 months. When the glaciers melt, the glacial moraine is deposited in the original
place. The new moraine is loose in structure and poor in cementation, so it is easy to start
(Fig. 4).

In this kind of source, the volume of the active glacier must be calculated first, and the
amount of the source is calculated with the sand content of the active glacier (Fig. 5), and the
sand content of the active glacier can be measured in the field.

S=%-(a+b)-h=h-b—cot9-h2 1)

Where S indicates valley glacier cross section area, h indicates glacier thickness, a
indicates bottom width, b indicates top width, 8 indicates natural angle of slope.

Vg =S @)

~ ) 3 - S

Fig. 4. Retreat of glacier. (1)perennial ice and snow, (2)valley glacier, (3)Channel Erosion Source

New glacier

Bottom of channel

Subglacial River
Fig. 5. Calculation model of moraine source.

Where Vg indicates valley glacier volume, | indicates valley glacier length.
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Voo = Vgy 3)

Where Vo indicates glacial moraine source in valley glacier, y indicates glacier sand
content.

Avalanche source

The source of avalanche is a common source of debris flow in various areas. The cause
of this kind of source is the collapse and landslide of the debris flow forming area or the slope
of the circulation area. The loose material formed by the collapse and landslide is accumulated
on the slope foot or into the main ditch and converted into debris flow source (Fig. 6).

After collapse and landslides, loose material accumulates at the foot of the slope. The
static reserves of debris flow can be calculated by measuring the geometric parameters of the
accumulation body by field or remote sensing. The dynamic reserves of debris flow should be
estimated with the natural rest angle beta of the new moraine on the basis of the static reserve
calculation, and the measured natural rest angle of the Tian Mo gully is 37 degrees.

. = > A R e .
At - SO % sl SN E =

Fig. 6. Avalanche source. (1)Back wall of landslide, (2)Avalanche Source.
Channel erosion source

Gully erosion source is a common source of debris flow. The source of Tian Mo gully is
a debris flow deposit or moraine accumulated at the bottom of the channel. Under the action of
rainfall, the flow of the channel inside the channel produces a strong downward erosion and
erosion effect on the loose accumulation body in the gully bed, and gradually forms the erosion
gully. With the continuous improvement of the hydrodynamic conditions, the loose material at
the bottom of the channel is started to form mud. Shi Liu (Fig. 8).
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Alcod:%co-cd=§h-h-tga=%h2-tg(90°—9) (4)
Where @ indicates Natural angle of slope, h indicates Original groove depth.
V03 = A1C0d . L3 (5)

Where Vo3 indicates Channel Erosion Source Dynamic reserve, Ls indicates Length of
accumulation body of trench bed [Qiao Jianping, 2012].

The volume of channel erosion source (formula 5, 6) can be calculated by measuring the
depth of gully erosion in several typical trench sections B, the top of the channel top and the
bottom width at the bottom of the channel and the channel length at the bottom of the channel
at the bottom of the channel at the bottom of the channel at the bottom of the channel B.

Fig. 7. Slope erosion and channel erosion source. (1)Slope Erosion, (2)Channel Erosion Source

b, g c ay  (
|
|
|
|

Fig. 8. Calculation model of channel erosion type source [Qiao Jianping, 2012]

~Na od

Fig. 9. Calculation model of slope erosion type source [Qiao Jianping, 2012]
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Slope erosion source

Slope erosion is also a common source of debris flow in various regions. The source of
this kind of material is under the effect of weathering, and the surface of the ramp on both sides
of the channel of the formation zone is transformed into the debris flow source (Fig. 9).

Aczodzgczo-czd:%l-l-tge :%lztg(a—e) (6)

Where 6 indicates the density of Natural angle of slope, o indicates Measured slope angle,
@ indicates Angle between an avalanche and a natural angle of rest, | indicates Measured slope
length [Qiao Jianping, 2012].

V04 = ACZ Od . L4 (7)

Where Vo. indicates Slope Erosion Source Dynamic reserve, L4 indicates Length of
accumulation body of trench bed.

Calculation of Debris Flow Source in Whole River Basin

Through the field investigation, the source of the Tian Mo Gou formation area is
investigated and calculated. According to the graphical method, the dynamic reserves and static
reserves of the different types of material sources are calculated first, and then the total dynamic
reserves and static reserves of the whole basin debris flow are obtained.

Vo = 2it1(Vori + Vozi + Vozi + Voai) (8)

Where V, indicates Debris flow reserves in the whole basin.

Through the summary of the previous article, the source types of the Tian Mo grove are
combed, and the static reserves and dynamic reserves of various types of material sources are
calculated according to the relevant formulas (Table 1, Table 2).

Table 1. Calculation of the source amount of debris flow in Tian Mo Gully

Number | Type Location Static Dynami
reserve | C
(10*m?®) | reserve
(10*md)
HO1 Avalanche Source | The slope of the left bank of the main 5.40 1.62

ditch at the elevation of 3000m

H02 Avalanche Source | The slope of the left bank of the main 11.89 3.57
ditch at the elevation of 900m

HO03 Avalanche Source | The slope of the left bank of the main 17.02 511
ditch at the elevation of 800m

P01 Slope Erosion 3000-3500m upstream of main channel | 54.79 16.44
Source

P02 Slope Erosion 900-3000m upstream of main channel 3.81 1.14
Source

P03 Slope Erosion 800-2900m upstream of main channel 8.45 2.53
Source

P04 Slope Erosion 2500-2800m in the middle and lower 6.67 2.00
Source reaches of the main ditch

GO01 Channel Erosion 2500-2800m in the middle and lower 21.21 6.36
Source reaches of the main ditch
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BQO1 Glacial Moraine upstream of main channel 30.70 9.21
Source in Valley
Glacier

BQO2 Glacial Moraine The 4000m left bank gully in the upper | 2.59 0.78
Source in Valley reaches of the main ditch
Glacier

BQO3 Glacial Moraine The 4000m right bank gully in the 0.55 0.17
Source in Valley upper reaches of the main ditch
Glacier

BQO4 Glacial Moraine The 3100m right bank gully in the 2.16 0.65
Source in Valley upper reaches of the main ditch
Glacier

Total 155.75 49.57

Table 2. Accumulation of debris flow in Tian Mo Gully

Glacial Moraine Avalanche Source | Channel Slope Erosion | Total (10*md)
Source in Valley (10*m?) Erosion Source (10*m?)
Glacier (10*m?®) Source

(10°m?®)

L L L L L
gz | B2 g2 | E2 g2 | 52 g2 |82 |e2 |E2
36.00 10.80 34.31 10.29 2121 | 6.36 | 67.05 | 20.11 | 155.75 | 49.57

Conclusions

According to the calculation of the debris flow in the Tian Mo Gou, there are still 155.
75%104 cubic meters of static reserves and 49. 57x104 cubic meters of dynamic reserves. There
are 36x104 cubic meters of glacial deposits in modern valley and 10. 80x104 cubic meters of
dynamic reserves in the valley formation area, which are very active, and are easy to start in
summer temperature rise and rainfall conditions. The geometric model method can accurately
calculate the debris flow source, but the debris flow channel failure is not considered in this
aspect. So in future research, we need further improvement. In addition, with global warming,
this part of the source will become more active. Debris flows with such source characteristics
are very common in the valley of the valley, and the next step will be further investigation and
verification in the area. The static and dynamic reserves of glacial moraine source calculation
models proposed in this paper can provide reference for the calculation of the source of debris
flow in the area.
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System geoinformation approach to the study of mudflow
processes
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The article is devoted to the issue of the developing of system geoinformation approach to
the study of mudflow processes development. Proposed methodology divided into next
stages: setting a task, conceptualization, specification, observation, identification,
experiments, implementation of the model, verification of the model, model research,
optimization. A brief description of each stage is provided and an example of the
application of this methodology is given on the example of Teresva River basin territory.
Based on the complex influence of main factors of mudflow development, existing
representations and actual data of mudflow phenomena, mudflow hazard areas are
identified. The proposed system geoinformation approach to the study of mudflow
processes allows to systematize research and analysis of the processes of mudflow
formation with the use of the latest geoinformation technologies. Each stage of such a
system makes it possible to comprehensively consider the spatial and temporal patterns of
the distribution of mudflow phenomena and their activation.

mudflows, mudflow hazard, temporal factors, spatial factors, geoinformation approach

CucTemMHbIN reoMHOPMaLMOHHBLIN NOAXOA K M3YHEHUIO CeneBbIX
npoLeccos

T.b. Yenypuas

Heano-®Ppankosckuil HAYUOHATbHBIL MEXHUYECKUll YyHugepcumem Heghmu u 2asa, Meano-
@pankosck, Yrpauna, tetti.chepurna@gmail.com

Cratbs nocBsIleHa podieMe pa3paboTKH CUCTEMHOTO T€OMH(POPMAITMOHHOTO MTOIX0/1a K
W3YyYCHHUIO DPAa3BUTUS CeNEBBIX MpolieccoB. Ilpemmaraemas METOAMKAa HCCIEIOBAHUSL
BKJIFOYAET CJIAYOIIHME ATAIlbl: IOCTAHOBKA 3aJ[auy, KOHIENTyaJlu3anus, criennpuKanms,
Ha6J'lIO)IeHI/Ie, I/I)IeHTI/ICpI/IKaLU/IH, OKCIICPUMEHTHI, pCajin3anusd MOACIH, IIPOBEPKA MOIECIIH,
HCCIIeIOBaHUE MOJIENN, ONTHUMHU3AIMs. [IpHBOANTCS KpaTKOe ONMUCAHNE KaXKOT0 dTara U
prMep TPUMEHEHHsI 3TOW METOJOJOTHH Uil M3ydeHus Oacceitna pexu Tepecma. Ha
OCHOBE aHaMM3a (AKTOPOB PAa3BUTHSA  CENEBBIX MPOIECCOB,  CYIIECTBYIOIIMX
HpC}ICTaBHeHHﬁ )54 q)aKTI/I‘IGCKI/IX JAaHHBIX O CCJICBBIX SABJICHUSX BBIIACIISIIOTCA 30HBI ceneBou
omacHOCTH. IlpeanmaraempIii CHCTEMHBIH Te€OWH(GOPMAIMOHHBIA TOIXOJ K H3YYECHHUIO
CEJICBBIX MPOIIECCOB ITO3BOJISIET CHCTEMATH3UPOBATh UCCIIEIOBAHNS U TPOBOIUTH aHAJIH3
MPOIIECCOB Cene(GOPMHUPOBAHUS C HCIOJIB30BAHWEM HOBEHIINX TeOWH(OPMAIMOHHBIX
TexHojoruil. Kaxaplii 3Tam Takoro CUCTEMHOIO MOAXOAA IIO3BOJISIET BCECTOPOHHE
pPacCMOTPETh MPOCTPAHCTBEHHBIE W BPEMCHHBIC 3aKOHOMCPHOCTH CCICHPOABICHUA W
aKTHUBH3AIINM CEJICH.

cenu, cenegast ONACHOCMb, 8peMeHHbLe (DaKMOopbl, NPOCMPAHCMEEHHbLE (PaKmMopbi,
2COUHDOPMAYUOHHBII NOOXO0O

54



CeneBble NOTOKM: KaTacTpoddbl, PUCK, MPOTHO3, 3aLunTa ; DF] 8 Debris Flows: Disasters, Risk, Forecast, Protection

Introduction

Ukrainian Carpathians are divided into three mudflow hazardous areas: northeast,
northwest, and southwest. The east area belongs to the basin of the Dniester River. The
southeast mudflow area is located in the district of the Prut and Seret River basins. The
southwest mudflow area covers the basin of the Tysa River. Within these basins, 390 mudflow
streams were marked, which cover an area of 3 917.4 km? [Kuzmenko, 2014].

Mudflow basins of the Carpathians belong to the third and fourth categories of the present
hazard of mudflow: medium and slightly hazardous. The amount of the material, removed by
mudflows annually in the Carpathian region, reaches 500-2400 m%km?.

Brief review of the problem

Last big mudflows were observed in 1998, 2001, 2008, and 2010. New researches prove
that climate change will affect all ecosystems of the Carpathians, which in turn will lead to
changes in the conditions of the development of mudflow processes [Chepurna, 2017;
Didovets, 2017; Shvidenko, 2017]. Considering the climatic changes of recent decades, gradual
displacement of climatic zones, and formation of the so-called “hybrid zones” [Taylor, 2015],
activity of mudflow processes in the Carpathians may increase, that is the reason that the study
of mudflow processes is a pressing issue at present.

The fundamental researches of mudflows include the works, written by the following
authors: M. Aizenberg, |. Bogolyubova, B. Velichko, B. Vinohradov, M. Gogoshidze,
B. Goldin, B. lvanov, V. Perov, S. Chernomorets, |. Kherkheulidze, S. Fleishman, A. Sheko,
P. Conssot, D. Wrachien, E. Gabet, R. Iverson, M. Cora, M. Jakob, T. Takahashi., E. Zic.

An important contribution to the study of mudflows have been made by following
Ukrainian scientists; O. Adamenko, E. Kuzmenko, A. Oliferov, H. Rudko, Ye. Yakovlev.
Further development of these studies is authored by O. Ivanik, O. Lukianets, |. Kovalchuk,
M. Susidko, T. Chepurna and V. Shevchuk and they give a large attention to the use of modern
geoinformation technologies when studying the mudflow processes.

In investigations dedicated towards mudflow issues, many authors refer to modern
statistic and geoinformational methods [Jakob and Hungr, 2005; Xu, 2008; Zic et al., 2015].
Some methods and ideas from these researches were developed in current investigation.

The purpose of these studies is to establish the system geoinformation approach to the
study of mudflow processes which should involves modern geoinformation technologies.
Geoinformation technology should be used for acquisition, analysis, storage, visualisation and
utilization of geospatial data of development of mudflows and connected processes.

Methods

Proposed system of geoinformation approach to the mudflow processes study involves
the integration of research methods (observation, experimentation, simulation) with the use of
geoinformation technologies.

The study process is proposed to be divided into eleven stages that are consistently
changing or coinciding in time:

1. Setting a task - to solve certain problems associated with the development of mudflow
processes, it is necessary to allocate in the system a finite number of properties or actions that
are most important for the solution of the problem. The purpose of the stage is specification of
the number of possible directions and aspects of the study of the mudflow phenomena
development.

2. Conceptualization. The formulation of information and ideas about the investigated
mudflow site or hazard area in the form of conceptual schemes is formulated, which
subsequently form the basis of the database for the collection and systematization of attributive
information for the creation of a geoinformation model. In the first place, the place of the
mudflow site in the space and possible factors of influence on the formation of mudflows should
be determined. Within the framework of the conceptual model, the characteristics of the
functioning of the mudflow formation system are given in the form of a verbal description of
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the spatial position and time dynamics of the components and their interactions, as well as in
the form of charts, tables reflecting changes in quantitative indicators.

3. Specification - the purpose of the stage is to determine the composition of the required
input variables of the future geographic information model, to determine the methods and units
of measurement.

4. Observation - based on the results of the specification, field observations of the
development of mudflow processes are planned and carried out, or existing data are used.

5. ldentification is the establishment of functional relationships between the input
variables: data on the mudflow manifestations and factors that determine them.

6. Experiments - if necessary, carry out for testing various hypotheses about the nature
of the relationship between the processes of mudflow formation and factors.

7. Implementation of the model - is the calculation of spatial or temporal dynamics of the
development of mudflow processes.

8. Verification of the model - to establish the adequacy of the model: compare the
calculated curves of the dynamics of the state variables with the data of observation and overlay
analysis of actual and empirically constructed maps (verification).

9. Model research - construction of models of dynamics and cartographic mapping,
application of the developed geographic information model in solving adjacent issues and
consideration of the possibility of application in other territories.

10. Optimization - among the external factors influencing the formation of mudflows,
there are such, the introduction of new information on which can greatly optimize the built
model.

11. Final synthesis - at this stage, a report is prepared, which evaluates the results and
gives recommendations for full-scale optimization or predictive calculations.

Analysis

Next it will be shown the practical realization of the proposed system. Main stages are
marked here, but it is not necessary to show them in such kind investigation.

Setting a task. The task of determining the risks from mudflows in Teresva River basin
is given. The scale is regional. Result of the investigations should become a part of regional
geoinformational model of risk assessment.

Conceptualization. Teresva is a river in Ukraine, within Tyachiv district of the
Transcarpathian region. Right tributary of Tysa (Danube Basin). Length 56 km, area of the
basin 1225 km?. The valley to the village of Dubovy is predominantly V-shaped (width 100-
400 m), in some sections gorges (width 30-40 m), below - a drawer, in width from 0,5 km to
2 km. The floodplain is often asymmetric, intermittent (the width varies from 50-200 m to
1.5 km), at the bottom it merges with the floodplain of Tysa. Generous winding, very branched
out, rapidshare, there are waterfalls (in the upper reaches). The width of the river is 10-20 m to
90 m. The slope of the river is 6.1 m / km. Power mixed with predominance of rain; typical
floods and mudflows during the year, sometimes very devastating. Shore on separate plots
fortified. Teresva is formed by the merging of Mokryanka and Brusturyanka near the village of
Ust-Chorna. The upper part of the Teresva basin lies among the southern slopes of Gorgan and
the western part of Svydovets. Below the river crosses the Poloninsky Range, in the lower
reaches the Upper Tysa Cavern. The main tributaries are Mokryanka, Krasnyi, Tereshkilka,
Luzhanka, Vil'vchivka (right); Brusturyanka, Tychovets, Dubovets (left) [Chis, 2011].

The area of 85 mudflow basins is 173,01 km, 7,2% of the basin of Teresva. The length
of 129 mudflow water streams is 142,248 km, 15% from total length.

3. Specification. To analyze data using geoinformation analysis methods, the information
should be in the form of quantitative data and transferred to a database that is related to GIS, or
indeed to the GIS attribution tables. In our example, we used Maplinfo. Statistical processing
was performed in Statistica.

4. Observation. These studies were conducted on the basis of the data previously entered
in the cadastre. The date of the cadastre-catalog of mudflows of SE “Zahidukrgeologiya” (in a
number of 117 marked mudflow phenomena, over a period of 1998 — 2018 years) were used
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for the realization of analysis. The main statistics of mudflow phenomena in Teresva are shown
in Table 1. Full-scale study of mudflow sites, profiles of mudflow watercourses can be
conducted through Google Earth by laying the required layers (Fig.1). Some graphics can make
better imagine about interaction of some factors (Fig. 2).

Table 1. Basic statistics of mudflows phenomena of Teresva river

Statistics IAbsolute Length of Width, m |Area, m? [Power of 'Volume of
altitude, m the cone, m proluvium, m |material, m*
Medium 653,3 56,8 52,0 16958 2,2 5,9
Median 628,6 50,0 40,0 10000 (1,6 0,8
25th percentile  [564,3 30,0 25,0 343,8 1,0 0,2
75th percentile  [718,4 75,0 70,0 22750 3,0 4,2
Minimum value [380,0 10,0 3,0 15,0 0,5 0,0
Maximum value [1187,2 200,0 180,0 9000,0 8,0 200,0
Standard deviation|[138,6 36,8 37,6 19232 1,7 20,9
Dispersion 19199,4 1350,4 1414,2 3698801,572,9 435,7
Asymmetry 1,2 1,4 1,2 1,7 1,5 8,2
Kurtosis 2,1 2,3 1,1 3,0 1,8 74,9
Number of Values(117,0 103,0 105,0 100,0 106,0 103,0

p*

'.;fGobgle

Fig. 1. Observation of mudflow basins in Google Earth

As for the time information, we graphically present the actual data for tracing the general
dynamics of climatic factors in the region (Fig. 3).
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Fig. 2. 3D surface of factor characteristics “altitude” (Z), “slope angle” (Y), slope aspect (X) for Teresva
river basin
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Fig. 3 The factual data of a) average annual temperature (°C) and b) total annual precipitation (mm) (for
weather stations Ivano-Frankivsk (1), Kolomyya (2), Rakhiv (3), Khust (4), Beregovo (5), Uzhgorod (6))

5. Identification. A cartographic database was constructed and contained a cartographic
layers of mudflows sites and factors which can affects the development of mudflows within the
area, such as geological, geomorphological, technogenic, and landscape etc. The choice of
factors should be made relative to the scale of the study area. The area under investigation is a
regional scale, therefore some local factors are generalized.

6. Experiments. Here we use a large list of methods and types of analysis: as usual
histogram correlation, cluster, factor, dispersion. The initial data can be factual data and
secondary data, derived empirically or through overlay analysis in GIS.

A spatial analysis conducted with application of metrical overlay operations with the
purpose to verify the existence of patterns between mudflow sites distribution and factors,
which in cartographic relation are mapping points, linear and planar objects. As a result, values
of the following factor characteristics can be calculated: altitude, angle of slope of surface,
altitude of watershed, distances to the base of erosion, to the nearest landslide, to the tectonic
fault, to the watershed or other. Searching of appropriate connection between the spatial
distribution of mudflow sites and each of factors can be executed by the verification of
accordance of distribution of factor characteristics values by the theoretical distributions using
of different statistical criterions (Shapiro-Francia, Kolmogorov-Smirnov, Mann-Whitney tests,
etc.) Widen descriptive analysis for mudflows study has been presented in article [Chepurna,
2017].

Here is an example of the use of factor analysis to prove the existence of an influence on
the process of mudflow formation. For example, we will take three basic morphometric
parameters: the altitude and angle of the slope where the mudflow was fixed, the altitude of the
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applicable watershed. The value of each potential predictor X; is provided in the form of linear
combinations of factors F;j and factor loadings ajj, where j=1,2, ..., m, m <<k.

Xj =Xt aijF;. 1)

m - number of factors. The mathematical model of the method is based on the logical
assumption that the value of the set of interrelated characteristics produces a general result, in
our case - the process of mudflow formation. As a result, we see that all factors are significant
(Table 2). In the case of a large number of factors we use the Cattell criterion with the aim to
select significant factor features.

Table 2. Results of factor analysis

Factor Loadings

Factor - 1
The altitude 0,960339
The angle of the slope 0,593659
The altitude of the applicable watershed 0,962475
Expl.Var 2,003577
Prp.Totl 0,667859

7. Implementation of the model. This stage involves analyzing the dynamics of mudflow
processes, tracing existing rhythms and periodicity. In a part of the temporal analysis, the time
series of the following factors can be selected: amount of precipitation, temperature,
groundwater level, energy of earthquakes and Sunspot numbers. The source of all data was the
Cadastre catalog of SE “Zahidukrgeologiya”, besides the Sunspot numbers, compiled by the
US National Oceanic and Atmospheric Administration (monthly average daily sunspot number
posted on WDC-SILSO, Royal Observatory of Belgium, Brussels). The presence of the trend
and its character are studied; the presence of seasonal and cyclic components. The analysis of
autocorrelation functions and periodograms allowed to define the basic rhythmic constituents
in time series. Cross-correlation can identify an appropriate displacement between time series.

As an example, we present the results of the correlation analysis for periods of solar
activity (Fig. 4). This research provided searching patterns between parameters relating to a
specific time period of the solar cycle. The significance of the correlations is checked by the hit
values in the confidence interval.

8. Verification of the model. At each stage of the above analysis, there are own validations
and test criteria for tracking the correctness and verifying the results. At this stage, an integrated
result is checked.

9. Model research.

On the basis of the revealed regularities and periodicities it is possible to create time and
spatial models of the development of mudflow phenomena, to simulate the development of the
situation when changing the magnitude of the influence of factors, to build a variety of thematic
maps, etc.

In many articles, scientists assume that the assessment of natural hazards should include
information about the place and time of the phenomenon development, taking into account
many factors of influence [Bychenok, 2008; Cui, 2012; Fuchs, 2012; Kasianchuk, 2016;
Kidyaeva, 2017] In order to determine a generalized risk, it is proposed to calculate adjusted
collective mudflow risk for the administrative-territorial units. Under the adjusted collective
mudflow risk for an mudflow hazard area (region), one should understand the risk from
mudflows, which takes into account: the average temporal probability of development of
mudflows; the proportion of area of mudflow basin and total; the density of the population; and
availability of the protective systems within the territory.
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Fig. 4. Cross-correlogram for a series of a) average annual temperature of air and solar activity, b) The
average annual air temperature and mudslide activity, c) the total annual rainfall and the activity of the
mudflows for the period 1996-2005 (Rakhiv meteorological station)

The formula of the adjusted collective mudflow risk (persons per square km) for i area
inttime) is

_ Elfi: S;
Rprie = Py~ Ny - =25—="Z; ),

4

where: Fi, - a mean value of mudflow hazard for the region i in t time; Z,’szls - a total area of
mudflow basins, km?; S; - an area of i region, km?; N - an amount of population in i region,
persons; Z; - a coefficient that takes into account the presence of mudflow protective
constructions [Chepurna, 2017].

The resulting map of adjusted collective mudflow risk is shown on Fig. 5.

As we see from the map, there is no significant threat to the territory from the
development of mudflow processes. The maximum risk scores only 0,0115 persons for
maximum peak activity of mudflows.

10. Optimization. Analyzing the new information and adding the new levels to time
dynamics you can build current dynamics models and corresponding cartographic images.

11. Final synthesis. Secondary information obtained from the resulting models can be
used in the comprehensive study of exogenous geological processes, control of the situation of
the development of hazard.
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Fig. 5. Cartogram of adjusted collective mudflow risk assessment within the limits of administrative-

territorial units (settlement and municipal advices) for river Teresva basin

Conclusions

The proposed system geoinformation approach to the study of mudflow processes allows
to systematize research and analysis of the processes of mudflow formation with the use of the
latest geoinformation technologies. Each stage of such a system makes it possible to
comprehensively consider the spatial and temporal patterns of the distribution of mudflow
phenomena and their activation. The multifaceted geoinformation analysis is an instrument of
multilateral study of mudflows, the study of the complex influence of processes that affect
formation. The considered system approach can be used not only for regional study, but also
by applying new methods of analysis, in the study of local mudflow sites.
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Geomorphological and geological analysis of Akchour landslide
in Rif Mountain, Morocco
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Natural hazards in prone areas become increasingly intense as a result of climate change
and human impacts. In northern Morocco, Rif Mountains are characterized by the presence
of high altitudes reaching 2456 m and steep slopes. The geological terrains are mainly
represented by marls under humid climate. These conditions make this region vulnerable
to landslides which constitute a real threat to local population and socio-economic activity.
The present work deals with the case of an important landslide in Taourart-Akchour,
located 9 km far from Chefchaouen town (North of Morocco). This landslide occurred after
the heavy winter rainfall of 2010. The resulted damage was considerable without loss of
human life fortunately. The superposition of Triassic limestone on Neogene marls,
combined with a slope of 19%, favored the sliding. Indeed, the morphological structure
established from remote sensing analysis and field survey, shows that this landslide is a
complex rotational one in a geological thrust sheet context.

landslide, thrust sheet, Rif, Morocco
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OnacHble MPUPOIHBIE MPOIECCHI CTAHOBATCS Bce OOjee MHTEHCHBHBIMH B Pe3yJIbTaTe
M3MEHEHMsl KIMMaTa M BO3/eiicTBUs uelloBeka. B ceBepHoM Mapokko ropel Op-Pud
XapaKTePU3YIOTCSl OOJBIIMMH BBICOTAMH, JOCTUTAOIMUMHU 2456 M M HaTU4UEeM KPYTHIX
CKJIOHOB. [OpHBIE TOpPOABI TPEACTaBIEHBl IPEUMYIIECTBEHHO MEpresiIMA. OTH
0COOEHHOCTH TEPPUTOPHH B YCIOBHSX BIAKHOTO KIMMaTa OOYCIIOBIMBAIOT BBICOKYIO
YS3BUMOCTB PETHOHA JUIS OTIOJI3HEN, KOTOPBIE MPEICTABISAIOT PEATbHYIO YITPO3y MECTHOMY
HACEJICHWI0O M COIMAJbHO-DKOHOMHUYECKHM oOBekTaM. J[laHHas paboTa MOCBAIICHA
HCCIIEIOBAaHMIO CIy4as cxofa omoi3Hs B Tayap-Axdype, pacHoiOXeHHOM B 9 KM OT
ropona lledpmraysn (ceBep Mapokko). DTOT OIOJ3EHb COIIENT TOCIe WHTEHCHUBHBIX
3uMHEX ocankoB B 2010 roay. XKepTB cpean HaceneHust He ObLIO, OJJTHAKO MPUIMHEHHBIH
yuiep6 ObUT 3HAYUTEITFHBIM. 3aJieTaHle TPUACOBOTO U3BECTHSIKA HA HEOTEHOBBIX MEPTENISIX
B couyetaHMH C 19%-HBIM HaKIOHOM CKJIOHOB CIHOCOOCTBOBAjJO  OIOJ3AaHHIO.
JeiicTBuTensHO, MOpdOIOTHYECKas CTPYKTYPa, BBIABICHHAS HA OCHOBE aHAJIH3a TaHHBIX
JTUCTAHIIMOHHOTO 30HIMPOBAHUS M TIOJIEBBIX HCCIIEOBAHUM, ITOKAa3BIBAET, YTO 3TOT
OTOJI3EHb OTHOCHUTCS K THITy CIIOXHBIX OIOJ3HEH C BpPAaIICHHWEM, BO3HHKAIOIINX
BCJIEICTBUE OCEBOW Harpys3KH.

ONo3eHb, 0cesas HaspysKa, copvl Ip-Pug, Mapoxiko
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Introduction

The Rif Mountain is known as prone area for landslides which damage the infrastructures
and impact the sustainable development of the region. The studied Akchour landslide is located
near Chefchaouen Natural Park and due to its size, has caused significant damages: destruction
of houses, roads and agricultural land crops.

In the Rif mountains many studies dealt with mass movements inventories, and mapping
[Avenard, 1965; Millies-lacroix, 1968; Margaa, 1994; Fares, 1994 and Fonseca, 2014] with
geological study of particular cases [El Fellah et al., 1996; Faleh & Sadiki, 2002; Azzouz et al.,
2002; Mansour, 1998]. The first mapping and inventory study of mass movements had focused
on the Sebou basin [Avenard, 1965]. In the central part of the Rif, Maurer (1968) focused
mainly on mapping, particularly superficial ones. EI Khattabi and Carlier (2004) discussed the
relationship between rainfall and the mechanical parameters of materials and their influence on
the safety factor (F), in the northern limit of the central Rif. The multi-fractal analysis performed
on landslides in the central Rif [Rouai & Jaaidi, 2003] demonstrates that the spatial distribution
of landslides is not a homogeneous fractal structure and showed self-organized behavior.
Landslides were also studied and analyzed using the photogrammetry technique [Mastere,
2011].

This work is interested to the Akchour landslide, in thrust sheet context (Michard et al.,
2002). It consists of a geological characterization in order to understand the predisposition and
triggering parameters of the mass movement (lithology, faults, slope gradient, stream network,
rainfall and land use). These parameters have been mapped and classified in order to understand
their interactions and their respective effects in the instability of this landslide.

Environmental context
Description the landslide

The studied area is located about 9 km north of the Chefchaouen city (Fig. 1) between
the longitudes W 5.223983-W 5.205460 and the latitudes N 35.258807-N 35.240284 (WGS
1984). The landslide was occurred in 2010, causing significant material damages without deaths
fortunately. According to a field survey carried out with the local population, the mass
movement began in a progressive way ten (10) days before the rupture, which warned the
people who took the precaution to escape. With an area of approximately 36 ha (Fig. 1-1), this
slide has completely changed the local landscape. The agricultural lands were destroyed and
become unusable. The Taourart village consisting of about 75 houses was almost buried under
the landslide body, which pushed 500 people of this village to move out (Fig. 1- 2, 3 and 4).

The Akchour landslide is located in an important touristic area, which contain two routes
that connect several villages to the main road network. Apart from the material damage caused
by the landslide event (loss of houses and farmland), the destruction of these two routes
handicap the socio-economic activity of this area. However, the reactivation risk of this mass
movement is still persistent, especially since no security or stabilization measures have been
undertaken.
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Fig. 1. Akchour landslide: a — location on Google satellite image (from ESRI)); b — 1) general view of
the landslide, 2) blocks of stones, 3) partially destroyed mosque by the sliding surface, 4) totally
destroyed irrigation pipes

Climate

In the landslide area, the climate is Mediterranean, with high rainfall values are between
November and February. The driest months are July and August [Agence du Bassin
Hydraulique de Loukkos, 2012]. Between December 2009 and March 2010, the Chefchaouen
area received about 1100 mm (80% of annual rainfall) which give the highest cumulative values
recorded over the last decade. Thus, these high rainfall values seem to allow the trigging of
Akchour landslide during March 2010.

The local stream network consists of two small tributaries of the Talembote river. The
beds of these two tributaries are completely modified. Indeed, before the sliding, these two
tributaries intersect at a confluence point before joining the Talembote river. After the sliding,
they become separated and revealed a small spring that could be the continuity of the subsurface
flow of the western tributary.
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Topography

The study area is characterized by a rugged and varied topography. The maximum
altitude is about 2147 m at Jbel Tissouka. A slope analysis performed using the Jenks [Jenks,
1967] method show that the slopes below 15 ° cover 76% of the study area. The Akchour
landslide is located in the slope class ranging from 16 to 25°(Fig. 2).

BEL TISSOUKA

515000

Fig. 2. Location of Akchour landslide on digital elevation model and slope maps
Geological setting

The geology of Akchour is composed of the Beni Hozmar unit which is part of the
Gomarids, the predorsal unit (flysch) and the Tarhzoute unit (Fig. 3) [Kornprobst et Wildi.,
1975]. The Beni Hozmar unit consists of mainly of paleozoic formations consisting of siluro-
devonian schists, conglomerates, carboniferous flyschs, and permian marls. This sheet rests in
reverse fault on the the predorsal layer of sandstone, oligocene brown clay in the upper part and
marl at the base. The predorsalian unit is overlapped by the Tarhzoute unit (white massive
limestone of the upper triassic and conglomerate of unknown age) [Chalouan et al., 2008].

The Akchour landslide is located in a moderate seismical activity area [Cherkaoui and
El Hassani, 2012]. In 2005 the occurred earthquake close to Akchour landslide is about 2.7 km
to the north having a magnitude of 3.1 on the Richter scale [ISC, “International Seismological
Center”].
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Fig. 3: Structural map of the study area showing the thrust sheets unit [Kornprobst et Wildi., 1975].

Methodology

To study the Akchour landslide, a multidisciplinary methodological approach was
adopted:

* The landslide morphology was approached through the study of 1/20 000 aerial images
taken after the sliding. Pair of stereographic images was transformed into composite images
(Fig. 5) with red and cyan colors. Using the Arcgis software, this operation allows mapping and
highlighting the elements of the slide, through these available mapping tools.

* A comparative geological and hydrological studies were done using two Google Earth
images taken before and after landslide in order to understand how the movement occurs and
to evaluate damages of agricultural terrains and infrastructures.

Analysis and results
Morphology

The visual interpretation of the satellite images (Fig. 4) shows that the gravitational
movement of the sliding mass has two directions: a main SSW-NNE one (green arrow) and a
secondary (black arrow) SW-NE direction. The comparison between the two satellite images
shows that the ground motion is not homogeneous, a land block inside the landslide, has not
undergone a notable displacement, but it is quite visible that is tilted.

The figure 6 shows the structure of the slide extracted from the composite image of aerial
photos (Fig. 5). This structure shows, at first sight, that the slide is composed of several units,
with differential movements. Apart from the sliding surface to the south and west, the slipped
body contains several secondary sliding surfaces that relax the movement stress. These surfaces
are located in the middle part of the slide; this is due to the combined movement towards the
northeast that was guided by the orientation of the local slope (towards the NE). The movement
features recorded by stereoscopic analysis are: escarpments, crown and slump blocks.
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Fig. 4. Initial view (2005) (a) and post landslide view (2014) (b) of the landslide (source: Yandex and
Google).
517200 516800

517200 516800 516400 517200 516800 516400

S 65262)500 516400
m
I ©

516800

517200 517200 516800 516400
400 200 0(m)

400 200 0(m)
® ——

Fig. 5. A — red band of left aerial photo. B — cyan component (Blue and green bands) of the right aerial
photo. C — composite Image (Red and Cyan)

Geology of the Akchour site

The geometry of the geological layers in the vicinity of the landslide was approached
through a geological cross-section (Fig.7 C, D). This SSW-NNE cross-section shows the limit
between the predorsal and beni hozmar units. This limit is represented by a subvertical NW-SE
fault (geological map of Talembote cross-section KK ) located probably in the middle of the
landslide. In fact, the massive triassic dolomite and limestone formations (TICB formation in
Fig. 7A) overlap the micaceous sandstone and brown clay formations and the eocene marls
(egPD).
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Fig. 6. Morphology of the Akchour landslide extracted from the composite image data
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Fig. 7. A — location of the geological cross-sections on the topographic map 1 / 50,000. B — geological
cross-section at the NW of the slide (KK’). C — Longitudinal cross-section before sliding. D —
Longitudinal cross-section after sliding

Conclusion

In this case study, using anaglyph method, it was possible to map the landslide structure
and to understand the geometry and dynamics of its components, especially in the no access

69



CeneBble NOTOKM: KaTacTpoddbl, PUCK, MPOTHO3, 3aLunTa DF] 8 Debris Flows: Disasters, Risk, Forecast, Protection

zones. The mapped components have been geologically identified in the field; they consist of
triassic limestones overlapping eocene clays in the main direction of the mass movement.
Landslide dimensions’ features identify the movement as a rotational deep-seated mass
movement. The slope, geological characteristics and the location of the studied landslide in a
high rainfall area are considered as the main predisposition and triggering factors.

The irrigation by simple gravity system of affected lands must be considered. Indeed, the
continuous water infiltration during the dry period (irrigation period) would be probably one of
the causes of the triggering.
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Freeze-thaw erosion is one of the main types of soil erosion in Tibet. Large amounts of
loose material produced by freeze-thaw erosion provide material basis for debris flow
disasters in high mountains. Five indexes are chosen to assess freeze-thaw erosion
sensitivity. They are annual range of temperature, annual precipitation, slope gradient,
slope aspect and vegetation coverage. The spatial distribution of annual precipitation is
obtained using TRMM precipitation data, and vegetation coverage was calculated by
MODIS NDVI data. The intensity and spatial distribution characteristics of freeze-thaw
erosion in Tibet were analyzed through freeze-thaw erosion sensitivity evaluation. The
results show the distribution of freeze-thaw erosion is very extensive in Tibet, with the
freeze-thaw erosion area of 79.40x104 km?, accounting for 66.00% of the total area of the
Tibet. Freeze-thaw erosion sensitive area is 69.83%104 km?, among which moderate and
more sensitive area is 61.64x104 km?, accounting for 77.63% of the total freeze-thaw
erosion area in Tibet. The regional differentiation of freeze-thaw erosion sensitivity is
obvious. Different intensities of freeze-thaw erosion sensitivity appear in different regions.
Highly sensitive types are mainly distributed in humid and semi-humid high mountain
areas, and semi-arid alpine highland areas. Moderately sensitive types are distributed in
the alpine arid regions of the plateau.

freeze-thaw erosion, sensitivity assessment, geographic information system, remote
sensing, Tibet

OueHka 1 aHanu3 NoABepPXKEHHOCTU TEPPUTOPMKN BO3AENCTBUIO
TEePMOIPO3NOHHLIX npoueccoB B Tubdete, Kutan
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TepMo3po3ust SBISETCS OJHUM H3 OCHOBHBIX BHJIOB 3po3uu 1ouB B TubOere. bonbimoe
KOJIMYECTBO PHIXJIOTO MaTepHalia, CO34aBaeMOr0 TEPMOIPO3UEH MPHU 3aMOPAKUBAHUU U
OTTaMBaHWU, OOCCIIEYMBACT MATCPHUAIBHYI0 OCHOBY JUIS CTHXHHAHBIX O€JCTBHH,
CBSI3aHHBIX C CEJICBBIMH ITOTOKAMH B BBICOKOTOpBE. [l OICHKH YYBCTBUTEIHHOCTH K
TEPMO3PO3HMH BBIOPAHO MAThH IMOKA3aTelNeil: TOAOBOW JHMANa30H TEMIEPaTyphl, TOAOBbIC
OCaJIK¥, VKJIOH, aCIeKT CKJIOHA W 3aJeCeHHOCTh. [IpocTpaHCTBEHHOE pacmlpeneicHue
TOJIOBEIX OCaIKOB MOJYYaeTCs C HCIOJb30BaHHEM JMJaHHBIX O ocankax TRMM, a
3aJleCeHHOCTh  paccumThiBaeTcsi no ganHeiM  MODIS  NDVI.  Xapakrepuctukn
WHTEHCUBHOCTH M TPOCTPAHCTBEHHOTO pAacIpeleiicHus TepModpo3un B Tubere ObuH
MPOAHAIM3UPOBAHKI C TIOMOIIBIO OICHKH YyBCTBUTEIBHOCTH. Pe3ymbTaThl MOKa3bIBAIOT,
YTO pa3BHUTHE TepMO’po3uu B TubeTe ouYeHb OOMMPHO, IUIONIAh OXBaTa JAaHHBIM
npoueccom 79,40x10* kmM?, urto cocraBmger 66,00% oT obwmel nmomamu TuGera.
TeppuTopus, 4YyBCTBUTENbHAs K TEPMO3PO3UM, cocTaBiseT 69,83x10* kM2, cpemu
KOTOPBIX 00JIACTh YMEPEHHOM 1 60JIee CHIIBHOM YyBCTBUTEILHOCTH cocTaBseT 61,64x10%
kM2, uTO cocTaBiseT 77,63% oT obuiell mIomany pasBUTHS TEPMOSpo3uMH B Tubere.
PernonanpHas nuddepeHmuanys moaBepKEHHOCTA K TEPMOIPO3UH OueBUIHA. Pas3HbIC

71



CeneBble NOTOKM: KaTacTpoddbl, PUCK, MPOTHO3, 3aLunTa DF] 8 Debris Flows: Disasters, Risk, Forecast, Protection

UHTEHCUBHOCTH UYYBCTBUTEJIBHOCTH K IIPOMEP3aHUI0 U OTTAUBAaHMIO INPOSABISIOTCS B
pasHBIX perruoHax. BBICOKO UyBCTBUTENIBHBIE THUIIBI B OCHOBHOM paclpelesieHbl BO
BJI@YKHBIX U ITOJIYBJIaYKHBIX BBICOKOTOPHBIX PaiOHaX M B IOJy3aCyIIJIMBBIX BBICOKOTOPHBIX
paifoHax. VYMepeHHO UyBCTBUTEJIBHBIE THIBI PACIpPOCTPAHEHbl B  AlbNUHCKUX
3aCyNUIMBBIX paifoHaX Haropbs.

mepmospo3usi, oyenka yyecmeumenvhocmu, I UC, ducmanyuonnoe 30n0uposanue,
Tubem

Introduction

Freeze-thaw erosion is the soil erosion that occurs in slopes, trench walls, riverbeds,
canals, etc. in permafrost areas, under the action of freeze-thaw alternation due to the frequency
of temperature [Zhang, 2007]. It mostly occurs in high latitudes, high altitudes, and cold regions
in the late winter and early spring period [Zhang, 2005]. As one of the main ways of soil erosion,
freeze-thaw erosion has caused widespread attention with the deteriorating ecological
environment in 21st century. The evaluation of freeze-thaw erosion sensitivity is to evaluate
the sensitivity of ecosystems to human activities, identify regions that are prone to freeze-thaw
erosion, and provide scientific basis for people’s production and life [Wang, 2017]. Based on
the study about the sensitivity of freeze-thaw erosion both at home and abroad, and the natural
environment of the Tibet, the evaluation indicators and sensitivity grades of major factors
affecting freeze-thaw erosion were selected. Then the sensitivities of freeze-thaw erosion in
Tibet were evaluated, which can provide scientific basis for formulating soil freeze-thaw
erosion control measures.

Study area

Tibet is located in the southwest of China, belongs to an alpine sub-continent climate.
The annual average temperature in the Tibet is 4.2°C, and the average annual precipitation is
593.7 mm which mainly concentrated in summer. The complex and diverse soil and vegetation
types, and the alternating wet-dry and freeze-thaw cycles, created conditions for the
development of freeze-thaw erosion. The Tibet and its high mountainous regions are the most
concentrated and intense regions of freeze-thaw erosion in China [Hui-Xia, 2005]. Therefore,
the study of freeze-thaw erosion in the Tibet Autonomous Region has positive effects on the
improvement of freeze-thaw erosion theory.

Extraction of freezing and thawing region

Qiu, et al. believe that the lower boundary of the permafrost in Tibetan Plateau is
equivalent to the -2°C to -3°C isotherm of annual average temperature, the 2.5 °C isotherm of
annual average temperature is selected as the lower bound of the permafrost. The lower bound
of freeze-thaw erosion area in Tibet is 200 meters lower at altitude than the 2.5 °C isotherm of
annual average temperature. Therefore, we take the bound that the altitude of 2.5 °C isotherm
minus 200 meters as the lower bound of the freeze-thaw erosion zone in Tibet [Qiu, 2000]. The
altitude of freeze-thaw erosion lower bound is acquired according to the following formula (1):

_ 66.302—0.919X;—0.1438X,+2.5
- 0.005596

H

200, 1)

where H is the altitude of freeze-thaw erosion lower bound, X; is latitude (°) and X; is
longitude (°).

The freezing and thawing region are extracted as follows: (1) Extract the latitude (X1)
layer and longitude (X») layer using DEM; (2) Calculate the altitude (H) the lower bound of
freeze-thaw erosion zone, and get the potential freeze-thaw erosion zone; (3) Then remove the
glacier area, lake area, and desertification area from the potential freeze-thaw erosion area using
land-use type map and obtain the freeze-thaw erosion area.
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Evaluation indexes
Selection of evaluation indexes

There are many factors influencing freeze-thaw erosion, and according to previous
studies, freeze-thaw erosion is closely related to climate, topography, hydrology and vegetation
[Guo, 2015]. Therefore, annual range of temperature, annual precipitation, slope, slope aspect
and vegetation coverage are chosen as the evaluation indexes to assess freeze-thaw erosion
sensitivity.

Acquisition of evaluation indexes

(1) Annual range of temperature
Annual range of temperature is calculated by regression Equation (2) between latitude,
longitude, and altitude, which is established by Qiu et al. (2000).

A =3.1052 + 1.2418X, — 0.2275X, — 0.0004133X5, @)

where A is the annual range of temperature, X; is the latitude, X; is longitude, and Xs is the
altitude.

(2) Annual precipitation

Precipitation is an important driving force for the movement of freeze-thaw erosion
products, which increased the possibility of freeze-thaw erosion. We obtained the daily
precipitation data (year: 2014-2016) by summing the 3-hourly precipitation (unit: mm)
retrieved from the TRMM 3B42 product. Then average annual precipitation was calculated by
Equation (3)

Y =3V, 3)

where n is the length of the time series of one year.

(3) Slope and aspect

Slope affects the amount of freeze-thaw erosion and the magnitude of erosion
displacement. Aspect can lead to different types of freeze-thaw erosion. Slope and aspect are
extracted by DEM using the slope and aspect tools in ArcGIS. DEM data are obtained from the
SRTM (Shuttle Radar Topography Mission), which is 90 meters.

(4) Vegetation coverage

Vegetation can reduce the damage of freeze-thaw erosion on the surface and soil, and
decrease the temperature difference of the ground, thus reducing the degree of freeze-thaw
erosion. Based on the maximum value of MODIS NDVI in summer in the past three years,
combined with the vegetation type map, the vegetation coverages of different vegetation types
were obtained by using the pixel dichotomy model.

NDVI-NDVIsyy

fg = NDVIyeq—NDVigoy' )

where fy is the vegetation coverage, NDVlsi and NDVl.eg are NDVI values of full vegetation
pixels and full soil coverage pixels.
Evaluation System

The comprehensive evaluation of freeze-thaw erosion is a synthesis of multiple factors
affecting this complex process of freeze-thaw erosion, and is to make it a single index form
[Xie, 2017].
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Grading criteria of evaluation index

According to the specific distribution of each index value in the freeze-thaw erosion area
of Tibet, and to previous studies, the sensitivity levels of various factors affecting freeze-thaw

erosion are determined.

Table 1. Grading criteria of evaluation index

Evaluation index Sensitivity
Insensitive Mild Moderate High E.xtremely
/Annual range of temperature (°C) <18 18-20 20-22 22-24 2I294h
IAnnual precipitation (mm) <100 100-200 |200-300 300-400 >400
Slope (°) 0-3 3-8 8-15 15-25 >25
Aspect (°) 0-45, 45-90, 90-135 225-270 135-225
315-360 270-315
'Vegetation coverage (%) >80 60-80 40-60 20-40 <20
Grading assignment 1 3 5 7 9

Evaluation method

Evaluation indexes that affect freeze-thaw erosion are integrated to obtain a
comprehensive evaluation index for sensitivity assessment of freeze-thaw erosion [Wang, 2004
#3]. The comprehensive evaluation index can be calculated by using formula (5).

s = n\/ [li=: G, 5)

where S is the comprehensive evaluation index, C; is the grading assignment of index I, n is the
number of indexes.

Based on field surveys and previous studies, the sensitivity of freeze-thaw erosion in the
study area is divided into five grades (Table 2).
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Fig. 1. Spatial distributions of freeze-thaw erosion sensitivity indexes in Tibet: annual range of
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Table 2. Grades about sensitivity of freeze-thaw erosion

Sensitivity
Insensitive Mild Moderate [High Extremely high
Evaluation of estimate (S) <2 2-3.5 3.5-5.5 5.5-7.5 >7.5
Results

The distribution of freeze-thaw erosion is very extensive in Tibet (Table 1), with the
freeze-thaw erosion area of 79.4x104 km?, accounting for 66.00% of the total area, indicating
that freeze-thaw erosion is one of the main types of soil erosion. Freeze-thaw erosion sensitive
area is 69.83x104 km?, among which moderate and more sensitive area is 61.64x104 km?,
accounting for 77.63% of the total freeze-thaw erosion area in Tibet.

There is a significant difference in the spatial distribution of freeze-thaw erosion
sensitivity in the Tibet. The sensitivity map (Fig. 2) shows that the sensitivity of freeze-thaw
erosion in the high-altitude areas in the south is higher than that in the high latitudes in the
north. Highly sensitive areas and extremely highly sensitive areas are mainly distributed in the
southwest region. Some areas in the southeast are insensitive and mild sensitive as situated in
the mountain canyons.

Table 3. Statistics about sensitivity of freeze-thaw erosion.

Sensitivity Area (10°km?) | A (%) | B (%)
Insensive 9.56 12.05 | 7.95
Mild 8.19 10.32 | 6.81
Moderate 42.29 53.27 | 35.16
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High 18.74 23.60 | 1557
Extremely high 0.61 0.77 0.51
Total of freeze-thaw zone | 79.40 100.00 | 66.00
Non-freeze-thaw zone 40.90 34.00
Total 120.30 100.00
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Fig. 2. Sensitivity of freeze-thaw erosion

Conclusions

According to the analysis, the conclusions are as followed:

(1) Freeze-thaw erosion is one of the main type of soil erosion in Tibet, and the
distribution of freeze-thaw erosion is very extensive.

(2) The regional differentiation of freeze-thaw erosion sensitivity is obvious.
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Impact forces of torrential floods on exposed buildings
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Losses resulting from torrential processes are considerably high in mountain regions of
Europe, in particular with respect to settlements located on torrential fans. Channel
outbursts resulted in damage to exposed buildings repeatedly in the past which is
conventionally expressed by wvulnerability functions such as stage-damage functions.
These functions provide a link between process magnitude and degree of loss, but have
been so far established using empirical data from past events. Consequently, physical
forces triggering damage remained unveiled, and only little is known on damage-
generating flow velocities and pressures. To overcome this gap, we set up an experimental
design on a 1:30 scale, including three buildings equipped with measurement devices on
wall elements in order to detect triaxial impact forces, flow velocities and incidental flow
heights. Specific hazard scenarios under clear-water conditions and with continuous bed-
load supply were simulated, using variable grain size distributions. Results showed
additional shadowing effects of surrounding buildings and significant influences of
openings in the buildings envelope such as doors and windows. The study provides highly-
valuable and physics-based information on the impacts of torrential hazards in mountain
streams, and may be further used for calibration of conventional vulnerability functions
but also for further development of existing vulnerability indices.

torrential hazards, vulnerability, exposure, impact, laboratory experiments
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y6BITKI/I, BBI3BAHHBIC CEJIEBBIMU ITPOLECCaMH, BBICOKM B TOPHBIX PETHOHAX EBpOHBI.
Oco0eHHO 9TO KacaeTcsi IIOCEJICHHid, pPAaCIOJIOKEHHBIX HAa KOHyCax BBIHOCA CeJeH.
HpOpBIBBI KaHaJIOB B TIPOOIJIOM HEOAHOKPATHO MTPHUBOAWIN K TOBPCKIACHUIO
MOJBEPIIINXCSA BO3IACUCTBUIO 3JaHWH, KOTOPHIE YCIOBHO BBIPAXAIOTCS (YHKIMAMHU
YA3BUMOCTH, TAaKUMH KaK CTaJuH IMOBPECKICHUA. 9TI/I q)yHKHI/II/I O6GCHC‘II/IBa}OT CBS3b
MEX/Iy BEIUYUHOMN MpOoIecca U CTENEeHbIO MOTEPH, HO 0 CHX MOp ObUIM YCTAHOBIICHBI C
UCIIONIb30BAaHUEM OSMIHMPHYECKUX JAaHHBIX OpouuibiXx coObiTuid.  CliemoBaTtenbHO,
(usMyecKre CUITbI, BBI3BIBAMOIIHE TOBPEIKACHHIE, OCTABAIKICH C1a00 N3yYSHHBIMH, H MAJIO
M3BECTHO O CKOPOCTSX M JAaBJICHHSX, CO3Jaouiux yiepd. UToObl mpeomosers 3TOT
po0OeIT, MBI CO3JATH IKCTIEPUMEHTANBHBIN TPoekT B MacimTade 1:30. B wactHoCcTH, OBLIH
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IMOATOTOBJICHBI TpU 3JaHU, OGOpyZ[OBaHHLIe U3MEPUTCIIbHBIMU yCTpOﬁCTBaMPI Ha
3JICMCHTaX CTCH, AJIs1 06Hapy>1<eH1/m TPEXOCHBIX YAApPHBIX CUII, CKOpOCTeﬁ IIOTOKa U BBICOT
IIOTOKa. MO)IeHPIpOBaHI/Ie KOHKPETHBIX CIICHAPUEB OIMMACHOCTH B YCJIOBUAX YHCTOM BOJBI U
C HCIp epLIBHOﬁ MOAIUTKON nmpu  3arpy3ke C HCHOJB30BaHUEM  IMECPCMCHHBIX
pacnpe,ueneﬂnﬁ pa3MEpoB 3€pHa. Pe?)yJ'II:TaTLI IIoKasajiu JOIIOJTHUTCIbHBIC 3(1)(1)6KTLI
3aTCHCHHUA OKPYXKaromunx 3JaHUU M 3HAYUTEIHHOE BJIHSHHE OTBepCTI/Iﬁ B 000J0uYKE
3,HaHPII>lI, TaKUX KaK ABEPU M OKHa. HccnenoBanue obecreunBaeT BBICOKOLCHHYIO H
OCHOBAaHHYIO Ha (1)I/I3I/I'-IGCKI/IX napameTpax I/IH(l)OpMaIlI/IIO 0 BO3JICHCTBUH BUXPEBBIX YI'PO3
B CEIEBLIX IOTOKAaX M MOKET OBIThH JOIIOJTHUTCIIBHO HCIIOJIb30BaHa IJIA Kann6p031<1/1
OOBIYHBIX (byHKHI/Iﬁ YA3BUMOCTHU, a TAKKE IJIA JadbHEHIIETO pa3zBUTHA CyHICCTBYIOMINUX
HWHICKCOB YA3BUMOCTH.

ceneesas OonacHocmao, YA36UMOCMb, 603061107116146, fza60pamoprle IKCnepumeHmnbvl

Introduction

Even though considerable efforts undertaken for the protection of settlements exposed to
torrential hazards, significant losses have been recorded during the last decades in European
mountain regions [e.g., Fuchs et al., 2015; Fuchs et al., 2017a; Hilker et al., 2009]. Flood
discharge and sediment transport triggered by heavy rainfall and snow melt repeatedly leads to
channel outburst and, consequently, to substantial damage to buildings [Mazzorana et al., 2014]
and infrastructure [Eidsvig et al., 2017]. Due to climate change effects magnitude and frequency
of such hazards is expected to increase [Keiler et al., 2010]. These changes together with socio
economic changes will result in significant changes in the spatial pattern of exposure and risk
on alluvial fans and in the valley floors [Fuchs et al., 2017b, Rothlisberger et al., 2017]. Recent
research efforts on structural vulnerability of buildings were based on empirical relationships
linking the degree of loss of individual buildings to the impact forces of torrential hazards [e.g.,
Papathoma-Kohle et al., 2012a; Papathoma-Kohle et al., 2017; Totschnig and Fuchs, 2013;
Totschnig et al., 2011]. Resulting empirical vulnerability functions allow for the estimation of
expected direct loss as a result of the hazard impact, based on a spatially explicit representation
of process magnitudes and elements at risk. However, due to limitations of the available
empirical data, information on the structural characteristics of affected buildings (e.g., material,
design, etc.) are often not available [Fuchs et al., 2007], which reduces the predictive power of
such vulnerability functions [Papathoma-Kéhle et al., 2011]. To close this gap, process-
structure interactions in an experimental setup may be considered as an alternative approach
since real-scale data are so far hardly available.

Although the impact forces of torrential hazards are the relevant trigger for building
damage, their measurement and computation still remain challenging [Mazzorana et al., 2014].
Therefore, proxy data such as the approaching flow heights or flow velocities were mainly used
to assess the potential vulnerability of exposed buildings [Papathoma-Kéhle et al., 2017]. To
overcome these challenges, Quan Luna et al. [2011] were using numerical back-calculation for
flow heights and impact pressure. Fuchs et al. [2015] suggest that the impact forces of fluviatile
sediment transport with sediment concentrations less than 20% and, compared to debris flows,
longer durations are very much different than debris flow impacts although this has not been
statistically proven. In contrast, research on the impacts of clear water is more advanced, even
though the model set-up to determine the impact forces has been kept rather simple [Armanini
etal., 2011; Mignot and Riviere, 2010; Riviere et al., 2017]. Further studies report equations to
quantify the impact of sediment transport processes, and in particular debris flow hazards
[Scheidl et al., 2013]. However, such approaches fail to provide highly accurate and precise
results with respect to the complex three-dimensional flow behaviour of sediment transport
observed [Gems et al., 2016]. Hence, there is an apparent need to study process-structure
interactions for torrential hazards in an experimental setup using physical scale models since
real-scale data are not available. Our study contributes to close this gap, which will allow to
improve the design of buildings in hazard areas [Holub et al., 2012], to support efforts for the

78



CeneBble NOTOKW: KaTacTpodbl, PUCK, MPOrHO3, 3aLuTa DFI 8 Debris Flows: Disasters, Risk, Forecast, Protection

assessment of physical vulnerability, and to highlight the need of local adaptation measures
[Holub and Fuchs, 2008]. Furthermore, the results of our study may be used to validate and
improve existing empirical vulnerability functions for torrential hazards.

Methods

A physical scale model was set up, representing the Schnannerbach torrential fan located
in western Austria in the Eastern European Alps. The torrent channel is characterized by a
sequence of artificial steps and pools and a mean gradient of about 13 %. The fan includes
major part of the village of Schnann, and recent flood events in 1999, 2002 and 2005 relocated
large amounts of sediment from the headwaters (6.3 km?) to the confluence with the receiving
water [Rosanna river, Rudolf-Miklau et al., 2006]. Especially the well-documented flood event
from August 2005 led to substantial damages in the village, with a reported loss of € 403,000
[Totschnig et al., 2011]. This event was used as a model proxy since valuable data and
information on the process characteristics were available [Kammerlander et al., 2016].

Our study focused on the impacts on three specific buildings in the case study area
(Fig. 1). The scaled construction of the buildings was based on quasi-natural conditions
achieved using photogrammetry. They were equipped with 16 force sensors to record three-
axial pressure forces with a high temporal resolution of 200 Hz on every equipped wall element
and appropriate measurement amplifiers (both manufactured by ME-measuring systems) on the
torrent-facing wall elements (Fig. 2). Measuring voltages induced by the approaching loads
were converted to forces by means of a calibrated relation of the values. The impact force
devices were attached to a rigid framework inside the building and were insensitive to eccentric
load applications. The wall elements were freely movable in order to avoid mutual interaction
and the transmission of the impact forces to the bottom of the scale model. The gaps between
the wall elements themselves and the bottom were masked with thin plastic films to avoid
sediment getting stuck in these gaps and potentially distorting the measured impact forces. The
remaining buildings of the settlement were not equipped with measurement devices but were
considered as surrounding buildings, which potentially influence the process and impact
patterns at the three equipped buildings. Surrounding buildings were constructed as rigid blocks
without any openings.

uiseq uonisodap juswipas

uiseq uonisodap juswipes | !

Fig. 1. Overview on the components of the Schnannerbach scale model. Source: Sturm et al. [in press-a]
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Fig. 2. 3D-model of building #2 with main components (left) and picture of building #2 after an
experiment with deposited sediments (right); model dimensions. Source: Sturm et al. [in press-a]

For determining the impacts of sediment transport processes on the buildings the
sediment was supplied continuously with a conveyor belt to the channel at the upper model
boundary. Two grain size distributions were used for the supply of sediments. They consisted
of different grain classes of quartz gravel and sand each, and were strongly related to the field
samples at different locations in the Schnannerbach torrent. In order to avoid suspended load
transport behaviour and cohesion effects in the experiments, the minimum grain size in the
experiments was set to 0.5 mm (0.015 m in prototype dimensions). The bed of the model
channel was filled with bed-load, and to take the roughness of the stonewalled channel into
account, a structure was carved into the wall element surfaces according to the joints of the
stone layers. To represent the average roughness of the overland flow areas properly, the terrain
outside of the channel was uniformly covered with 0.5 mm diameter sands (0.015 m in
prototype dimensions).

Flow velocities of the water surface were measured with PIV methods [Thieleke and
Stamhuis, 2014]. Therefore, swimming tracers were added flatly to the water and flow paths
were detected using cameras from top view. Defining time steps between the individual video
frames and measuring distances on the water surface allowed us for an estimation of the surface
flow velocities. The impacting flow heights at the wall elements as well as the deposition
heights around the buildings were measured for all experiments by use of water gauges printed
on the wall elements. One camera was recording the experiments from top view and three
cameras, each focusing on one of the three equipped buildings, supported the documentation of
the experiments.

The experimental program included clear water experiments and experiments with
continuous sediment supply. While clear water discharges in the torrent channel did neither
exceed channel capacity, nor reach the volume of the 1-in-150-year design flood [30 m®s-1 in
nature according to Rudolf-Miklau et al. 2006], specific overtopping points in the channel were
defined and equipped with mobile closure devices. These different overtopping points lead to
a considerable variety of impacts on the buildings relating to spatial dispersal and variable
impact angles on the wall elements.

To analyse the system under sediment-laden conditions in accordance with the observed
flood events characterised by overtopping of the channel due to regressive deposition, different
scenarios were studied. For those experiments, the assumed initial condition was a blockage of
the channel cross section at the village bridge (Fig. 1). Through the regressive deposition, all
buildings were affected by the hazard process during each of the scenarios. A total of 120 clear
water experiments and 20 sediment experiments was conducted with different discharges,
different grain size distributions and sediment loads. Almost steady-state discharge was set for
all experiments. Minor changes in the transport capacity of the channel due to the observed
sediment depositions and corresponding dynamics in the flow behaviour led to necessary, small
adjustments of the discharge during the sediment experiments. Although clear water conditions
showed a steady-state condition at every spot within the model for each of the experiments,
sediment transport and deposition processes led to temporarily variable conditions in the torrent
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channel and on the torrential fan, despite the steady-state conditions at the upstream model
boundary [Gems et al., 2014].

To determine the influence of discharge passing through the interior of the buildings,
openings in the building envelopes were considered in specific experimental scenarios.
Comparison of hazard scenarios with and without the influence of surrounding buildings on the
impact forces enabled the quantification of the influences of the settlement structure on the
impact forces.

Results and Discussion

The results from the scaled model are presented in real-scale dimensions. In order to
provide comparable and transferable modelling results the measured forces on wall elements
with different widths are converted to a normal wall element with the width of 1 m. The
presented results in this paper focus on the specific normal forces, although three-dimensional
forces were measured. The measured shear forces on the wall elements were significantly lower
than the normal forces and were thus not relevant for possible damages.

Clear water experiments

Clear water modelling results for one specific experimental model layout are shown in
Fig. 3 in terms of mean values and standard deviations using boxplots [Sturm et al., in press-a;
b]. The spatial pattern of flow velocities on the approached walls was clearly demonstrated; and
the three shown velocity patterns prove increasing flow velocities with increasing discharges,
leading to increasing impact forces on the exposed wall elements. As a result of the directly
approaching discharge, walls #3 and 11 (building # 1 and 2, respectively, cf. Fig. 1) showed the
highest impacts. Despite walls #12 and 13, all other elements were only marginally affected
during this specific experiment. In general, our 120 experiments with clear water discharge
clearly showed that parameters such as flow velocities and flow heights, but also approaching
flow angles and shadowing effects between buildings (as shown in Fig. 3 for building #3) affect
the impact forces on the exposed buildings, and in particular flow heights were in good
accordance with the impact forces, as given in Fig. 4 for the entire set of experiments. The
resulting regression is given in Equation (1), where f is the specific normal force in kKN m?, and
h is the approaching flow height in m.

f =1.01145-h + 3.35613 - h? (1)
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Fig. 3. Specific normal forces and water surface velocities for one specific model layout (without
surrounding buildings; without openings in the wall elements); wall elements and channel bed steps
according Fig. 1; prototype dimensions. Source: Sturm et al. [in press-a].

Experiments with sediment transport

The 20 experiments with sediment supply to the flume showed no significantly different
deposition behavior on the fan if discharge, sediment concentration or grain sizes were varied.
Instead, the impact on the building envelope was mainly triggered by already existing sediment
depositions on the fan, leading to different flow paths on the floodplain and, consequently, to
different impact forces [Sturm et al., in press-a; b]. In particular because of the regressive
deposition observed in the channel, channel outburst was spatially highly variable and impacts
on the different wall elements showed a higher variation than during clear water experiments.
Moreover, the intrusion of material through the building openings led to an additional impact
on the wall elements, but from the inner side of the buildings. The experiments also revealed
that the highest impact forces were not necessarily during the timestep when a wall was first hit
by the sediment-water mixture, but during the subsequent timesteps when material was already
starting to be deposited at the building envelope. Moreover, when material deposits in the
channel or on the floodplain directed the flow towards a wall element, the measures forces
increased due to the resulting higher specific discharge. The results of the experiments with
sediment supply are summarized in Fig. 5.
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Fig. 4. Correlation of approaching flow heights and specific normal forces for all clear water experiments;
prototype dimensions. Source: Sturm et al. [in press-a]

Because of the higher variation in comparison to the clear water experiments, the overall
spread in the data is higher, resulting in a considerably spread confidence interval. The resulting
regression is given in Equation (2), where f is the specific normal force in kN m?, and h is the
approaching flow height in m.

f = 447492 h + 2.29447 - h? (2)

Discussion

In mountain hazard risk management, the assessment of the structural vulnerability of
buildings exposed to torrential flooding is an important and challenging task. While in recent
years, multiple approaches using empirical vulnerability functions [e.g., Papathoma-Kéhle et
al., 2012b; Totschnig and Fuchs, 2013; Totschnig et al., 2011], matrices [e.g., Hu et al., 2012;
Zanchetta et al., 2004] and indicators [e.g., Ettinger et al., 2016; Papathoma-Kohle, 2016] has
been published and discussed as appropriate method to increase the overall explanatory power
of risk assessments, the still missing information on the interaction between elements at risk
and the hazard process has been widely debated yet not sufficiently enough studied in order to
provide necessary information to be used in operational hazard and risk mitigation [Mazzorana
et al., 2014; Papathoma-Kdhle et al., 2017].

The conducted scaled experiments in the Schnannerbach model provided insights in
these interactions. The experiments clearly showed how impact forces during torrential flood
events develop, as well as the interaction between elements at risk located on the fan and the
impact forces on adjacent buildings. As shown in Fig. 5 by the blue line, impacting forces of
the water-sediment-mixture are higher than those of the clear water experiments, especially at
higher approaching flow heights. The fluctuation of the forces and the maximum impact forces
are much higher during sediment loaded discharges. Moreover, a clear relation between
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approaching flow heights and specific impact pressures was measured both, for clear water and
sediment discharge. This can be used to assess the accuracy of existing empirical equations
using flow height as one of the input parameters in vulnerability assessment.
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Fig. 5. Correlation of approaching flow heights and specific normal forces for all experiments with
sediment supply; prototype dimensions. Please note that approaching flow height is defined as the sum
of deposition height and the height of the overflowing liquid-solid mixture. Source: Sturm et al. [in press-
a]

Main limitations for a wider applicability of the results are related to the scaling of the
model and a corresponding limitation of possible gain size distributions, even if the model was
calibrated using the August 2005 flood event [Gems et al., 2014].

Nevertheless, the study is one of the few studies in the literature using laboratory
experiments and scale models to investigate the interaction between buildings and torrential
hazards, and is therefore of vital importance for vulnerability research. Apart from the
validation of empirical vulnerability models outlined above, the results may support the
ongoing efforts in the development of vulnerability indicators to be used in mountain hazard
risk management [Papathoma-Kdohle et al., 2017]. Moreover, the approach can be adopted in
building retrofitting and land use planning in order to arrive at more resilient mountain societies,
one of the goals specified in the Sendai Framework for Disaster Risk Reduction [Zimmermann
and Keiler, 2015].

The proposed model can be further developed in order to approach further gaps recently
identified in mountain hazard risk management [Papathoma-Kohle et al., 2017, Sturm et al., in
press-a], including the role of openings such as doors and windows, exploring the behavior of
the overall building under time-varying impact loads, and defining also other types of limit
states and the economic implications of structural flood damages [Milanesi et al., in press]. In
parallel, the method presented feeds into ongoing discussions in socio-hydrology, in particular

84



CeneBble NOTOKM: KaTacTpoddbl, PUCK, MPOTHO3, 3aLunTa DF] 8 Debris Flows: Disasters, Risk, Forecast, Protection

with respect to the socio-economic impacts of hydrological hazards and their consideration in
risk assessment [Di Baldassarre et al., 2015; Fuchs et al., 2017c].
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The mud/debris flow of the Stava (ltaly) tailings dams break
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The wastes resulting from the chemical and mechanical processes of mining extraction
(tailings) are mostly accumulated in basins retained by a dam that usually, after the
construction of the starter dam, are raised sequentially as the impoundment fills with an
upstream or downstream or centerline method. Tailing dams are particularly vulnerable to
failure mainly due to: (i) poor quality of local material used for the starter dam; (ii) dam
construction with solid material mixed with high quantity of water; (iii) lack of specific
design criteria; (iv) lack of extensive and continuous monitoring; (v) high cost of
remediation works, after the closure of mining activities. The assessment of tailings
facilities has mainly concentrated on the stability of tailings dams, while relatively few
studies have investigated the flow of tailings released from a dam failure due to the its
complex rheological behavior. Furthermore, as many changes in the rheological values
along the run-out path have been observed, different interpretations of the flow behavior
exist. On July 19, 1985, a fluorite tailings dam failed at Stava, Trento, Italy. About 180,000
m3 of tailings flowed 4.2 km downstream killing 268 people and destroying 62 buildings.
The tailings dams consisted of two partially overlapped basins built on a slope. The failure
started at 12.22:55 with the collapse of the up-slope basin that caused the overtopping and
subsequent collapse of the lower basin. The resulting slurry wave travelled along the Stava
Creek reaching a speed as high as 100 km/h, until it reached the Avisio River. Different
Authors [e.g.: R.J. Chandler and G. Tosatti, 1995; R. Genevois ant P.R. Tecca, 1993]
concluded that the dams were constructed with an unacceptably low factor of safety and
that the failure probably was triggered by a blocked decant pipe located within the tailings.
In particular, the main causes of instability were found to be: (i) the under-consolidation
state of the deposited material; (ii) the spreading of the upper dam on the lower basin; (iii)
the excessive height and slope of the dams; (iv) the use of the upstream method, which is
the cheapest, but also the most dangerous one; (v) the wrong installation of the drainage
pipes. This paper, after a short history of the dams, will present a geotechnical analysis of
the dam’s failure and an analysis of the flow along the Stava valley.

tailings ponds, dam failure, mud flow, finite element analysis
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Otxompl, oOpasyromuecss B XBOCTOXpPAHWIHMIIAX B pe3yiabTaTe XHUMHYCCKHX W
MEXaHHYECKUX MPOIECCOB JOOBIYH TOIE3HBIX HCKOMACMBIX, B OCHOBHOM HAKAITMBAIOTCS
B OacceiffHax, yIepKMBAaeMBIX IUIOTHHOH, KOTOpas OOBIYHO TIOCIE CTPOHMTEIHCTBA
CTapTepHOH IIOTHHBI MOCTEIIEHHO MTOJHIMAETCS, TI0 MEpe 3allOJIHEHMS BOIOXPAaHIIINIIA.

87



DF] 8 Debris Flows: Disasters, Risk, Forecast, Protection

CeneBble NOTOKM: kaTacTpodobl, PUCK, NPOTHO3, 3aLLuTa

XBOCTOXpaHUIHIIA OCOOCHHO YS3BUMBI K MPOPBIBY JaM0, TIaBHBIM oOpasom m3-3a: (i)
HHM3KOTO KavecTBa MECTHOTO MaTrepHalia, HUCIOJb3YeMOro Ajis riiaBHOW rutotuHa; (ii)
CTPOUTENBCTBA IIOTHHBI M3 TBEPIOTO MaTepHaa, CMELIAHHOTO C OOJIBIIUM KOJTHYECTBOM
Bozbl;, (iii) OTCYTCTBHS KOHKPETHBIX KPUTEpHEB MpOeKTUpoBaHus; (iV) OTCYTCTBHS
MacmTabHOrO W HENpephIBHOIO  MOHMTOpHMHTA; (V)  BBICOKOW  CTOMMOCTH
BOCCTaHOBUTEJBHBIX pabOT TMOC/Ie OKOHYAaHUS TOPHONOOBIBAIOLICH IEATEILHOCTH.
OreHKa XBOCTOXPaHWIMIIL B OCHOBHOM ObllIa COCPEI0OTOYEHA Ha UX YCTOWYHUBOCTH, B TO
BpeMsl Kak OTHOCHUTEIHHO HEOOJIBIOE KOJMYECTBO HCCICIOBAHMN OBIJIO MOCBSIIEHO
U3yUYCHHIO MTOTOKOB, 00Pa3yIOIINXCs BCIEACTBUE pa3pylieHus miotuH. [Ipuunna 3Toro B
CIIO)KHOCTH PEOJIOTUYECKUX CBONCTB JaHHBIX NOTOKOB. Kpome TOro, BcCieacTBue
3HAYUTEJIbHBIX M3MEHEHUI PEOJIOTMUECKHX XapaKTEPHCTHK IOTOKa, OOHAPY)XKEHHBIX B
pe3ysbTaTe HAOJIOCHMH, CYIIECTBYIOT pa3Hble BapUaHTHl MHTEPIPETAMH TOBEICHHUS
JaHHBIX MOTOKOB. 19 wmrons 1985 roma B Tpenro, Hramms, nposamuiach IIOTHHA
(bII00PUTOBOro XBOCTOXpaHUIUIa Banb-1u-Crase. Okono 180 000 Mm% marepuana GbL10
BbIHECEHO Ha 4.2 KM BHM3 IO TEUEHHUIO, YTO MpHUBENO K Tubenu 268 ueIoBeK H
YHUYTOXKEHUI0 62 3maHuil. [IMOTHHBI XBOCTOXpaHMIIMI COCTOSUIM M3 JABYX YaCTHYHO
MEePEKPBITHIX 0acCeHOB, MOCTPOEHHBIX Ha CKJIOHE. PaspylieHue namObl Hadanoch B
12.22:55 ¢ mpopsiBa BepxHEro OacceiliHa, YTO BBI3BAJIO MEPETOJHCHHUE U MMOCICTYOIINI
npopsIB HIbKHero. OOpazoBaBLIascs B pe3ysbTaTe BOJHA [IUIaMa MPOJIeTesa BIOJIb PEKU
Cragsl, gocturas ckopoct q0 100 KM/, moka He JOCTUrIA peku ABu3no. Pasznmunbie
asTopsl, Hanpumep, [Chandler and Tosatti, 1995; Genevois and Tecca, 1993] npunutu k
BBIBOJ1Y, Y4TO IUIOTUHBI OBIIIM CKOHCTPYHUPOBAHBI C HEMIPUEMIIEMO HU3KUM KO3 (PHIIMEHTOM
0e30MacCHOCTH U YTO MpPOPBIB, BEPOSATHO, OBLT BBI3BAaH OJIOKMPOBAHUEM TPYOBHI,
pacIooKeHHOW B XBOCTOXpaHWIMINAX. B uwacTHOCTH, ObUIM OOHApY)KEHBI OCHOBHBIC
OpUYHUHBI HecTaOMIBHOCTH: (i) COCTOSIHHE KOHCOMHIAINN JICTIOHUPOBAHHOTO MaTepHaa;
(ii) pacnpocTpanenue BepxHeil MIOTHHBI Ha HIKHEM Oacceiine; (iii) upe3mepHas BrIcOTa
U YKJIOH MIOTHH; (IV) MCIOIb30BaHHE METO/1a BOCXO/IAIIETO MOTOKA, KOTOPBIA SIBISETCS
CaMbIM JEUIEBBIM, HO TaKKe M CaMbIM oOHIAacHeIM; (V) HeNpaBWIbHAas YCTaHOBKa
JIPEHAXHBIX TPYO. DTa CTaThsl MOCIE KOPOTKOTO OMUCAHUS UCTOPUU JAHHOTO COOBITHS
COJICPXKHUT T'eOTEXHUYECKUI aHAIN3 Pa3pyLICHHs IUIOTHH U aHAJIU3 IIOTOKA BIOJIb TOJIHUHBI
CraBbl.

X60CmMoxXpanuiuwa, paspyuienue aaM6bl, 2pﬂ3€80ﬁ nomok, Memoo KOHEUHbIX DNeMEeHMO8

Introduction

Tailings are mixtures of crushed rock and processing fluids from mining operations that
remain after the extraction of metals, minerals, mineral fuels or coal from the mine resource
[Kossoff et al. 2014]. These wastes are commonly deposited as slurry behind earthen dams,
built with steep slopes using the coarse fraction of the tailings. Tailings dams are often raised
in upstream/downstream valleys, or in ring impoundments. These containment facilities are
vulnerable to failure because of the following reasons [Rico et al., 2008a]: (i) dam construction
with residual materials from the mining operations; (ii) sequential dam raise along with an
increase in effluents; (iii) lack of regulations on specific design criteria; and (iv) high
maintenance cost also after the closure of mining activities.

Tailings dams have a very long history of flow failures; in the last 50 years, major failures
causing fatalities and severe properties damages are known to have taken place in Buffalo Creek
(USA), 1972; Bafokeng (South Africa), 1974; Taoshi (China), 2008; Karamken (Russia), 2009
and Kolontar (Hungary), 2010, (WUP, 2018).

Although the major percentage of failures is related to natural hazards, in particular to
meteorological causes [Rico et al., 2008b], failures due to poor management accounted for 30%
[Azam S. and Li Q., 2010]. Many flow failures are associated with high water pools stored on
tailings, which might cause: (i) breaching of containment embankment, resulting in release of
water and tailings erosion; (ii) loss of containment embankment, resulting in rapid loss of lateral
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containment of tailings combined with excess pore pressures in tailings mass, liquefying the
tailings mass.

This paper presents a well-documented case of the failure of two tailings dams of a
fluorite mine, occurred in 1985, at Stava (North-Eastern Italy) (Fig. 1). The failure produced a
catastrophic flow slide and consequent mud flow, which wiped out or buried two villages and
claimed 268 lives, completely destroying 3 hotels, 53 homes, and six industrial buildings; 8
bridges were demolished and 9 buildings were seriously damaged.

Previous contributes dealing with the Stava debris flow include: description of the event
[Berti et al., 1988]; failure mechanism [Genevois and Tecca, 1993; Berti et al., 1997; Chandler
and Tosatti 1995] and flow kinematics [Takahashi, 1991; Pirulli et al., 2017].

This paper, after a short history of the dams, will show the two stages of the event, the
earlier flow slide and the consequent debris/mud flow, and the geotechnical analyses of both
the dams failure and the flow along the Stava valley.

Fig. 1. Aerial view of the area impacted by the mudflow and location of the tailing dams (Aerial photo:
Permit of the general staff of the Italian Air Force No. 01-120 and No. 01-121 of March 22, 1995)

Chronicle of the event

On July 19, 1985 at 12.22.55, the upper dam collapsed first, slumping in the subjacent
one and triggering the collapse of the lower dam. The resulting mudflow caused one of the
worst industrial catastrophes in the world, second in Italy only to the Vajont tragedy, producing
155 million Euros in damage. A volume of 185.000 cubic metres of silt, sand and water were
released toward the village of Stava and, from here into the Stava valley and at a speed up to
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37 m/s (estimated from the seismogram recorded at the nearby Cavalese station, 4.1 km from
the tailings dams), with an estimated volumetric solids concentration of 0.48 [Takahashi, 2007].
The flow reached the village after 100 seconds, crashing through the buildings, the flow then
continued for three minutes until it reached the Avisio River, 4.2 km away, engulfing and
destroying everything in its path. Eventually, a layer of mud, between 20 and 40 centimetres
thick, covered an overall 435,000 square meters over a 4.2 km route.

Characteristics and development of the tailing dams

The Prestavel mine had been in operation since the 16th century [Perna, 1964] for
exploiting argentiferous galena. In 1934 mining at Prestavel was redirected to the extraction of
fluorite. To isolate and to concentrate the fluorite, the Prestavel mine in 1961 shifted from the
simple gravimetric procedure to the more effective flotation-process, where a mixture of water,
rocks and foaming agents are used to extract the fluorite from the rock debris.

For this purpose, two basins were constructed on a small tributary of the Stava Creek, at
an elevation ranging from 1330 to 1380 m a.s.l.., on a slope between 12° and 16°. The lower
basin was located about 120 m above the Stava valley floor, in a distance of 800 m to the small
village of Stava. Fig. 2 shows the aerial view of the two basins photographed in September
1982.

Fig. 2. Aerial view of the two tailings dams in 1980 [Archivio multimediale Fondazione Stava 1985
Onlus. http://multimedia.staval985.it/search.html]

The impoundments were founded on fluvio-glacial deposits covering a marly-arenaceous
formation. The local geological features have an important significance because of the different
permeability of the formations and the consequent possible existence of confined aquifers. The
lower dam was raised on natural ground using the “upstream method”: centreline of the
embankment moved upstream, in relation to the starter dam, so that the upstream wall was built
on the tailings beach. The upper dam was initially raised using the “centreline method”
(embankment crest shifted upwards in the same position, in relation to the starter dam), so that,
as the dam grew higher, its sandy front rested partly on the lower pond silty sediments (Fig. 3);
from 1975 the upper dam was raised using the “upstream method”.

pond

sand S
sand and silt —Y
silt starter dam/ 0 g'om

Fig. 3. Schematic cross section of the tailings dams
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Two systems of tailings slurry disposal were employed: on-dam cycloning and central
cycloning [USEPA, 1994]. A pool of clarified water accumulates upstream from the tailings
sand beach and the dam crest was formed by cycloned sands.

Table 1 shows the development history of the two tailings dams and the sequence of the
most important events which led to the failure.

Table 1. History of the Prestavel tailings basins

Time Tailings basins

1961 First lower basin constructed; starter dam of gravelly natural soil, founded on
natural ground reinforced by concrete soil-nailing; 9 m high and gradient 40°

Late 60° Lower dam reached a height of 26 m [upstream method] and gradient 32°

1979 Second upper basin constructed; starter dam of gravelly compacted natural soil,
no reinforcement of foundation soil; 5 m high

Early 70’ Upper dam reached a height of 10 m [centerline method] and gradient 39°

1975 Turning to upstream method, upper dam reached a height of 19 m; construction
of a berm 4 m wide providing the dam a mean gradient 35°

1978 Upper dam reached a height of 26 m and gradient 39°; high water levels in the
basins

1980-1982 Basins not used for different enriching fluorite method

1982 Floatation processing resumes; upper basin used; Upper dam reached a height of
28m

Jan 1985 Small slump on the right side of the Upper dam [blockage by freezing of the
decant pipe and consequent leakage]

Early June 1985 | Sink hole 30 m wide and 4 m deep is formed in the lower basin (breakage of its
decant pipe)

July 15 1985 Decant pipes restored; lower basin refilled; Upper dam reached a height of 30 m

July 19 1985 Tailings dams fail

The geotechnical properties of the tailings and of the embankment soils were investigated
after the disaster by means of laboratory and field tests. Grain size distributions clearly
differentiated the embankments materials, defined as silty-sands (Pl between 4 and 7), from the
sediment of the impoundments, defined as clayey silts (Pl between 10 and 20).

In order to calculate the shear strength of soils, laboratory triaxial and shear box tests
(drained and undrained conditions) and field tests (SPT and CPT) were carried out both on
undisturbed and recompacted remoulded samples taken from the ponds and dams remnants.

The sandy tailings were found in a medium dense state, showing in situ resistances
slightly increasing with depth, and average relative densities decreasing from 50% to 40% at
depths greater than 6 m. The drained and effective angles of shear strength were estimated
ranging between 37°-51° on undisturbed samples, and between 29°-40° on the recompacted
ones, quite close to the gradient of the outer slope (34° and 39°).

The shear strength of the silty tailings showed values of the undrained cohesion ranging
from 3 to 60 kPa, with a ratio s./c’vo ranging from 0.15 to 0.22 (s, measured strength; ¢’vo
effective vertical stress).

Consolidation tests evaluated compression indexes from 0.15 -0.28 for undisturbed
samples and from 0.20-0.37 for remoulded samples, characterizing these sediments with an
average degree of consolidation of 50%, with minimum values of 20-22%. The coefficient of
consolidation, calculated for vertical stress of 200 kPa, showed values generally equal to 2x10-
2 cm?/s.

The dams failure analysis

While many Authors have analysed the dynamics of the flow all along the valley [e.g.,
Takahashi, 1991; Pirulli et al., 2017], not too much attention has been given to the initial failure
of the dams, probably as a consequence of the insufficient knowledge of the different material
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geotechnical characteristics and space distribution, besides the uncertainty and debatable of the
choice between total or effective stress analysis.

The causes of the Stava dams failure are generally attributed to the chronic instability of
the embankments, mainly consequence, inter alia of the incomplete consolidation of the silty
slime and the excessive height and slope of the embankments. Among the others, Genevois and
Tecca [1993].

Considering a range of possible piezometric surfaces within the sandy shell, Genevois
and Tecca [1993] carried out stability analyses using a two-dimensional non-linear finite
difference code [FLAC, Itasca Consulting Group 1992]; the Drucker-Prager plasticity model
was implemented on a simplified geometry of the tailings dam (Fig. 4), considering a range of
possible piezometric surfaces within the outer sandy shell. The input geotechnical parameters
are showed in Table 2.

Fig 4. Geotechnical model of the 1985 Upper dam. 1- natural soil; 2- sands; 3- very soft alternating soils;
4- soft to medium alternating soils; 5- unconsolidated slimes; 6- very soft slimes; 7- soft slimes; 8-
medium consolidated slimes

Table 2. Geotechnical parameters

Soil | T (kN/md) ¢’ ) | cu(kPa) E(MPa) |v

1 206 40 - 150 0.25
2 18.6 42 - 35 0.30
3 17.2 36 - 15 0.35
4 18.1 37 - 25 0.35
5 13.7 - 7 3 0.35
6 16.2 - 15 6 0.35
7 17.7 - 25 9 0.35
8 186 - 35 12 0.35

vy - specific weight; ¢’ - friction angle; ¢, undrained cohesion; E - Young modulus; v - Poisson coefficient.
Material numbers are referred to Fig. 4.

The results of the analyses showed that the stability of the upper dam is mainly influenced
by the dam height and by the position of the phreatic surface within the sandy shall and.

The safety factor displayed an initial increase due to the progressive consolidation of the
slimes and a significant decrease after 1982, when the instability condition was reached for high
piezometric levels.

The influence of the height increase of the upper dam was evaluated implementing the
Lade [1992] procedure, identifying a region of potential instability. A local zone of instability
already existed in 1975, and it extended more and more upwards and inwards as the dam height
increased, eventually engaging the silty sands alternating layers and part of the silty tailings

(Fig. 5).
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Fig. 5. Progressive extension of the instability zone during the upper dam building

The upper dam, however, was stable as long as drained conditions were secured: any
pore pressure build up would have resulted into the enlargement of the unstable region, the
engagement of progressively larger volumes of unstable tailings and finally into the dams
failure by static liquefaction.

Event analysis: the flow slide and the mud/debris flow

Aerial photo interpretation, eyewitness accounts, and field observations indicate the most
probable temporal sequence of the failure: (i) collapse of the sandy shell of the upper dam onto
the silty tailings of the lower basin; (ii) liquefaction of the silty tailings of both the lower basin
(undrained loading) and the upper basin (undrained unloading); (iii) flow of the sandy tailings
down to the valley.

The Stava event has been subdivided into two different processes (Fig. 6): a flow slide
from the tailing dams to the Stava village, where significant depositional processes took place,
and a mud/debris flow along the Stava valley, where only erosional phenomena occasionally
occurred [Berti et al. 1997]. The distinction in two processes is also confirmed by the
interpretation of the seismogram recorded at Cavalese, 4.1 km from the Prestavel basins.

- = flOw slide
mud/debris flow 0 100 200m

Fig. 6. The flow slide area with remnants of the dams and the upper part of the mud/debris flow a few
hours after the disaster [photo Aeron. Mil., conc. S.M.A. no. 623, 19 July 1985].

The main phases composing the whole Stava event are visible in the time domain of the
induced seismogram (Fig. 7). It lasted approximately 600 s, showing a magnitude between 2
and 3 in the Richter Scale. Amplitudes were rather low, showing peaks mostly lower than 1.5
um/s with peak values up to 2 um/s.

Different interpretations of the seismogram have been performed using different
approaches [e.g. Takahashi 1991; Pirulli et al., 2017].

Our analysis, on the basis of both amplitudes and frequencies, identifies 6 different
phases of the whole event, punctuated in time by a sequence of events, displayed in Table 2.

The phase (1), characterized by increasing amplitudes of the seismic wave, lasts about
60 seconds and corresponds to the upper dams failure and lower dam collapse. In phase (2),
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characterized by amplitudes roughly homogeneous for about 100 s, mean velocity is about 6.0
m/s. The peak amplitude registered at 12:24:50 is related to the impact with the buildings closest
to the lower dam.

Stava - 19/07/1985 - Station CAV - Channel Z - Distance 4 km

o

Amplitude (um/s)

»

-

12:22:30 12:32:30

12:30:30

12:24:30 12:26:30 12:28:30

Time (hh:mm:ss)

Fig. 7. Seismogram of the Stava event. Numbers are referred to the six distinct phases of the event
indicated in Table 3.

Table 3. Sequence of events composing the Stava disaster

Phase | Time interval Event Process Partial Mean
[hh:mm:ss] distance velocity
[m] [m/s]
1 12:22:55- Upper and lower basins Dams failure | — -
12:23:55 collapse
2 12:23:55 - Slide path to upper Stava Flow slide 600 6.0
12:25:35 houses
* 12:24:50 Impact to buildings closest | Flow slide
to the dams
3 12:25:35- Wrecking of Stava Village | Mud/debris | 270 10.8
12:26:00 flow
4 12:26:00- Propagation along Stava Mud/debris | 2950 22.7
12:28:10 valley to the Roman bridge | flow
in Tesero
5 12:28:10- Propagation from the Mud/debris | 480 4.8
12:29:50 Roman bridge to the Avisio | flow
River
6 12:29:50- Deposition in the Avisio Deposition - -
12:33:00 River valley

* - single event

In phase (3), lasting about 25 s, the emerging peaks at 12:25:35 correspond to the impact
and total wrecking to Stava village; flow velocity increased up to 10.8 m/s. The next phases (4)
and (5), characterized by greater amplitude roughly homogeneous, correspond to the
propagation of the mass along the Stava valley. In phase (4) mean velocity reached 22.7 m/s
for about 130 s until the impact to the Roman bridge of Tesero at 12:28:10; in phase (5), lasting
110 s, the flow reached the Avisio River and mean velocity falls to 4.8 m/s. In phase (6) the
amplitudes drop, indicating the deceleration of the mass and eventually the deposition of the
material in the Avisio valley.

The analysis displays a significant change of the velocities observed all along the flow
path.
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The strong and fast increase of the mean velocity in phases (2), (3) and (4) has been
interpreted as a variation of the flowing material characteristics. The collapsed material is
mostly made by slightly to medium plastic silts (the impoundments material) and by nonplastic
sands (the dam material).

Based on the Classification of Landslides of the Flow Type [Hungr et al., 2001], the
initial process, composed by phases (1) and (2), may be classified as a flow slide of liquefiable
silts and sands. The flow slide is characterized by medium to high mean velocity due to the
high pore pressures induced by the previous undrained loading and unloading: this material
accumulated at the end of the slope in a tongue-like form at the Stava village (see Fig. 6).

Downstream of the village, during the propagation phases (4) and (5), the mixture,
mainly composed by sands and secondarily by silts, was channelled into the Stava valley, and
the mass movement turned into an extremely rapid mud/debris flow (see Fig. 6).

Conclusions

The failure of the Stava basins has been here reconsidered as regards mainly the
dynamics of the flow. As matter of facts, different interpretations of the flow dynamics exist
[e.g. Takahashi 1991; Berti et al. 1997; Pirulli et al. 2017], mainly depending on the rheological
behavior attributed to the flowing mass, but only Berti et al in 1997 considered the event as
composed by two different processes: an initial flow slide and a following mud/debris flow.

The careful analysis of the seismic record indicates a sudden acceleration of the flowing
mass when it entered the Stava valley, differentiating the previous flow of mainly silty
materials, identified as a flow slide, from the following faster flow of mainly sandy material,
considered a mud/debris flow, as confirmed also by the field surveys after the disaster.

As regards the initial failure of the upper dam, the causes should be referred in general
to the poor engineering of the construction and, in particular, to the raising of the upper dam
with a steep downwards slope. As a conclusion, the dam was only marginal stable and it would
have in any case collapsed.
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Potential danger of dammed lakes induced by the 2017 Ms6.9
Milin earthquake in the Tsangpo gorge
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A Ms6.9 Milin Earthquake on November 18, 2017 triggered a great deal of new slope
failures along the Yarlung Tsangpo gorge. By compared the pre- and post-quake remote
sensing images, 529 landslides including rock slides, avalanches, rock falls were identified.
The total area of the landslides is 32.42 km?, and the sediment volume caused by the
landslides is estimated to be 0.1 km?. The landslides also yield 7 dammed lakes of which
three large-scale dammed lakes are also affected by nearby debris-flow events in future. A
methodology integrating remote sensing, GIS, numerical simulation and hydrological
calculation is developed to predict the potential danger of the dammed lakes once large-
scale debris flows increase the height of the dams. Preliminary analysis indicates that the
storage capacity of the dammed lakes will increase in two cases of debris-flow magnitudes,
but the outburst floods may not result in big impact on downstream human settlements.

dammed lake, Milin earthquake, potential danger, risk assessment, Tsangpo gorge,
debris flow

MoTeHuManbHasa onacHOCTb NOANPYAHLIX 03€p, 06pa3oBaBLIMXCS
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marHutygom 6.9
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1Kniouesas nabopamopus 20pnvix onacnocmet u 260MOPHON02ULECKUX NPOUECCOB
Kumaiickoii axkademuu nayx, Ysndy, Kumaii, khhu@imde.ac.cn

2Uncmumym 2opuvix onacrnocmeti u okpyscaroweii cpedvt Kumatickoti akademuu Hayx,
Y510y, Kumaii

3YHueepcumem Kumaiickoii akademuu nayx, Ilexun, Kumati

MumHBCKOE 3eMyeTpsiceHne MarHutynoi 6.9 18 nostops 2017 roga BBI3BaJO MHOTO
HOBBIX OOBaJOB M omoi3Hed Ha OopTax ymenbss peku Spayn [lanrmo. ITo wrtoram
CpaBHEHHS M300paXeHWH TUCTAHIIMOHHOTO 30HAMPOBAHUS IO W IIOCIE 3€MJICTPSICEHUS
ObUTH HACHTUGUIUPOBAHBI 529 COOBITHH, BKIIFOUAsi TOPHBIE 00BAJIB, TABUHBI, KAMHETIA IBI.
OO6mras miomaas 00BAIOB M OMON3HEH cocTaBisieT 32,42 KM?, a 00beM UX OTIOKEHUH
onenuBaercs B 0,1 km®. B pesynbrare 06BaioB Takke 00pa3oBaKch 7 MOAIPYIHBIX 03ED,
TP W3 KOTOPBIX WMEIOT 3HAYWTENBbHBIH O0OBEM BOABI M CIOCOOHBI BBI3BATH
pa3pyuIuTensHbie HABOJHEHHS B OymymieM. PaspaboTaHHass METO0JIOTHS UCCIIEeIOBaHUI
BKIIIOYAeT JAWCTaHOMOHHOE 3oHAmpoBanHme, ['VMC, uncieHHOE MOIENIMpOBaHHE U
THIPOJIOTHIECKUN pacueT Ui MPOTHO3MPOBAHMS MOTCHINANBHOW OMACHOCTH IPOPHIBA
03&ép. [IpenBapurenbHBI aHANINW3 TIOKAa3aJl, YTO OOBEM BOJBI B TOINPYAHBIX O3€pax
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YBCJIHUYUTCA B ABYX Cllydasix 00BbEMOB ceﬂeﬁ, HO MMPOPBIBHBIC MTABOAKHU BPA JIM IPUBEAYT
K 3HAUYUTEIbHBIM BO3JACHCTBHUSAM Ha HUXKEIICKAIIIME HACCIICHHbBIC ITYHKTBI.

noonpyoHoe o3epo, Mununbckoe semiempscerue, NOMeHYUAIbHASA ONACHOCHb, OYeHKA
pucka, ywenve Llaneno, cenv

Introduction

Strong earthquakes often trigger large-scale landslides and dammed lakes such as the
2008 Wenchuan earthquake, the 2013 Lushan, and the 2014 Ludian earthquakes [Cui et al.
2011; Huang and Li 2008; Xu et al. 2015; Hu et al. 2017]. The earthquake’s seismogenic fault,
intensity, and local geological and topographical settings control the distribution and location
of the dammed lakes. Some statistical relationships between the seismic parameters and the
landslide properties were proposed [Keefer 1984; Keefer and Wilson 1989; Keefer 2000;
Papadopoulos and Plessa 2000; Hancox et al. 2002].

A Ms6.9 catastrophic earthquake happened on November 18, 2017 at Milin County,
Tibet Autonomous Region in western China. As of Nov. 21, 2017, 1416 aftershocks were
recorded. The earthquake has induced hundreds of landslides in the Yarlung Tsangpo river. The
quake-induced landslides and dammed lakes are interpreted with pre- and post-quake satellite
images in this paper. The basic information of these hazards is obtained by GIS analysis on
DEM data. In order to evaluate the potential danger of the dammed lakes in near future,
numerical simulation and hydrological analysis are combined to estimate the peak discharge of
possible outburst floods.

Study area

The study area located in the great canyon of Yarlung Tsangpo river is of the strongest
tectonic stress, the highest uplift and exfoliation rate in the Himalaya orogenic belt. where no
human inhabits. The earthquake’s epicenter is in the extension line of the northeastern part of
the Daduka fault (Fig. 1). The elevation of the area ranges from ca. 1303 m to 7782 m. The
highest mountain is the Namche Barwa massif (ca.7782 m), and the second highest Gyala Peri
massif (ca. 7294 m) is in the northwestern of the area. The average relative relief is about 5,000
meters around the core section of the canyon, which is well known as the deepest gorge in the
world. In the deepest part of the Yarlung Tsangpo Gorge between Namche Barwa and Gyala
Peri peak, the relative relief reaches to 5,382 meters. The Tsangpo Gorge is the largest water
vapour channel on the edge of Tibetan Plateau. The warm and humid monsoon from Indian
Ocean makes it one of the highest rainfall areas in the world. The annual rainfall is as high as
4,000 mm in the southern part of the gorge, and between 1500 mm to 2000 mm in the northern
part.
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Fig. 1. The location map of the Milin earthquake and historical earthquakes near the Tsangpo gorge since
1950

Dammed lakes after the earthquake

A large number of coseismic landslides were triggered by the earthquake and yielded
several dammed lakes in the Tsangpo river. Pre- and post- high-resolution remote sensing
images were used to coseismic and post-seismic geo-hazards. The visual interpretation shows
that at least 529 landslides including rock slides, avalanches, rock falls etc. distribute along the
both sides of the Tsangpo gorge. The distribution of the coseismic geohazards and some
coseismic landslides are shown in Fig. 2. In total, the landslides cover approximately an area of
32.42 km?. Most of these landslides are shallow, and concentrated. The maximum area of the
landslides is about 3.62 km? and the minimum is 36.95 m?, while the mean area is about 0.06
km?. Although there no human inhabits near the epicentre, the dammed lakes may have
potential impact on upstream and downstream villages and infrastructures.
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Fig. 2. The distribution of the induced geo-hazards in the study area (a) the blue dot represents the
coseismic landslides, and the green diamond represents the dammed lakes, (b), (c), (d) three large-scale
landslides interpreted with SPOT 7 image on December 12, 2017.

The earthquake increased greatly the volume of loose materials in the study area. By the
area-volume empirical formula proposed by Larsen et al. (2010), the total volume of increased
sediment is estimated up to 0.1 km® (Eq.1). Three large dammed lakes formed after the
earthquake, respectively at 4 km (K4), 35 km (K35), and 42 km(K42) downstream of Jiala
Village respectively. Combined with Google Earth's pre-quake data and SRTM DEM data and
high-precision remote sensing data, the basic information of each of the lakes were obtained

(Fig. 3).
v =YradY, Q)
where a is landslide area - volume correction factor (log a = -0.836 + 0.015), A is landslide

area, y is landslide area-volume experience index (y = 1.332 £ 0.005), n is the number of
landslides.
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Fig. 3. The remote sensing images of three dammed lakes. (a) K4 from Sentinel with 9.4 m resolution;
(b) K42 from Spot 7 with 1.3 m resolution; (c) K35 from Spot with 1.3 m resolution.

Debris-flow hazards

Based on the interpretation of remote sensing images, several debris-flow events
occurred at a catchment that is located between the Gyala Peri peak (7294 m) and Namcha
Barwa peak (7782 m), and closed to the dam of K4 lake (Fig. 4). The drainage area of the
catchment is approximately 66.7 km?, the main stream is 8.75 km long, and the gradient is
around 13.9%. The volume was estimated by the approach proposed by Zhou et al. (1991), the
equations are:

‘/C — 19 TSQC’
72

)

where V. is the total debris volume (m3); Ts is the total process time of debris flow; Q. is the
maximum discharge (m?%/s).

Qc = {[0.526(ys — 1)/(¥s — ¥)1(0.58P — 14) + 0.5}F, ©)

where P is sum of rainfall in the first three days before the debris flow(mm); F is total area of
the drainage(km?); v is the debris flow bulk density; ys is the soil body bulk density.

According to multi-temporal satellite images from Google Earth, the total volume of the
debris flow between 2013 and 2014 was approximately 4.5 million cubic meters. Based on
Sentinel remote sensing image on December 10, 2017 and Spot7 remote sensing data on
December 12, 2017, another large-scale debris flow event occurred in 2017, with a total of
approximately 13 million cubic meters.
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Fig. 4. Comparison of multi-temporal remote sensing images near the K4 lake

Potential danger

The dammed lakes have overtopped and are not dangerous at present. But, the earthquake
yields massive loose materials in seven catchments in which debris flows occurred in recent
years. Large-scales debris-flow events in near future will dam the Tsangpo river again, and
increase greatly the danger of the present dammed lakes. To evaluate the potential danger of
the lakes on the condition of large-scale debris flow recurrence, we develop a methodology of
assessing the potential danger of the lakes. Firstly, interpretation of multi-temporal remote
sensing images is used to analyse the magnitude-frequency relationship of debris flows.
Secondly, the dynamic processes of debris flows on different scenarios are numerically
simulated on the basis of two-dimensional Saint-Venant equations and suitable resistance
model. Thirdly, GIS technique with the high-resolution DEM data is applied to predict the
possible capacity of the dammed lakes of which the dams rise by debris-flow deposits. Finally,
we use a hydrological empirical formula to calculate the peak discharge of outburst flood once
the risen dams broke instantaneously.

With the method above, we considered two cases: a 20-year and earthquake-affected
magnitude. Table 1 shows that the simulation results of the changes of lakes’ size if different
scale debris-flow events happen. Assuming that the dams instantaneously break when the water
level reaches the maximum height of the dams, the peak discharge of outburst floods can be
estimated as Table 1. The K4 dam lake formed shortly before the earthquake has the largest
storage capacity, but the peak discharge (15542 m®/s) aren’t the biggest. However, the K42 lake
with a smaller storage capacity has the biggest discharge (29968 m?/s) (table 1). In these cases,
Jiala village may partially be inundated by the K4 lake, and the confluence of Yarlung Tsangpo
with Parlung Tsangpo river is affected by backwater at the downstream of the dammed lakes.
If a cascade outburst happens for the three lakes, the peak discharge will be much larger than
single lake outburst. In the extreme case, some villages at low locations in Medog County could
be damaged by the propagating flood wave.
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Table 1. The calculated peak discharge of outbrust floods.

Lake Total capacity Water depth (Hw: m) | Average width of the | Peak discharge
no. (Vw: m®) breach (b: m) (Qmax: m%/s)
K4 5.5x10° 36 149.5 9917.7
9x10’ 46 183.4 15542
K35 5x107 58 158.8 17419
K42 5.2x107 89 174.4 29968
Conclusions

Dammed lakes are typical geological hazards, especially in the area of complex
geological structure, high seismicity and highly proned landslide. They often bring catastrophic
disasters to settlements and infrastructures at upstream and downstream of them. We use a
comprehensive methodology to evaluate the potential danger of the dammed lakes triggered by
the 2017 Milin earthquake in the Tsangpo gorge. Interpretation of high-resolution satellite
images shows there are 529 earthquake-induced landslides covering an area of 32.42 km? in the
gorge around the epicentre. The volume of the loose materials increases up to 0.1 km? in
catchments on the both sides of the gorge. These catchments with such massive loose materials
are very susceptible to large-scale debris-flow events if the melting of snow and strong rainfall
occur in spring and summer. Moreover, it is found that large-scale debris flows happened and
blocked the main river temporarily. Potential danger of three large dammed lakes are analysed
under different magnitude of debris-flow events. The risk of the dammed lakes will increase in
two different scenarios, but the outburst floods may have a little influence on downstream
human settlements.
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High rainfalls, climatological changes are the normal phenomenon at the Himalayan
region. Freshwater ecosystems contain water and sediment subsystems which support
several communities. The high runoff, debris flow and sediment deposition caused due to
flash floods at lower reaches is a natural phenomenon. Suspended and deposited sediments
impact the aquatic habitats directly through physical effects or indirectly through effects
on water clarity or the habitat that rely on for feeding, cover, or reproduction. Elevated
levels of suspended sediments can impact fish by physically damaging tissues and organs
or by decreasing light penetration and visual clarity in the water, which can cause a range
of effects from behavioral changes to mortality. Appearance and disappearance analysis of
major water bodies after the major flash flood event of 2013 was conducted for Uttrakhand
State of India. The analysis of remote sensing images shows the deposition and movements
of large amount of debris to the water bodies at the lower reaches. It has been observed
that high velocity of runoff caused during the event, changes the shape of water bodies
impacting the habitats life cycle. The severity of the impact may depend on several factors,
including sediment concentration, duration or frequency of exposure, particle size and
shape, associated pollutants, species, and life stage at time of exposure. It is essential to
take sufficient mitigation and protection measures for the fresh water bodies containing
habitat in hilly regions for sustainable ecosystem.
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Bblcokne ocagku W W3MEHEHHS KIMMara SBIAIOTCS HOPMAalbHBIM SIBICHHEM B
TI'mmanaiickom peruone. IIpecHOBOAHBIE SKOCUCTEMBI COAEPHKAT MOJICUCTEMBI BOIBI U
0CaIKOHAKOIIIICHUSI, KOTOPBIE MOJIEPKUBAIOT HEKOTOPBIE OOLIMHBI. BBICOKHE pacxoss
MIABOJIKOB, CEJEBBIE IOTOKM M OTJIOKCHHE DPBIXJIOTO MAaTepHaia, BHI3BIBAIOT MOIIHBIE
HAaBOJHCHNUS B HU30BbsIX. B3BEIIEHHBIC M OCa’KACHHBIE HAHOCHI BO3/ICHCTBYIOT Ha BOIHBIC
cpensl OOWTaHWS HETOCPEACTBEHHO uepe3 ¢u3mdeckre d((GeKTs WM KOCBEHHO depes
BO3JCHCTBIE HAa NPO3PavyHOCTh BOJBI WM Cpely OOHWTaHMS, B KOTOPOH INPOHCXOMASAT
NUTaHWE ¥ pPa3MHOXeHHe pbI0. [IOBEIIICHHBIE YPOBHHU B3BEUICHHBIX HAHOCOB MOTYT
BO3JICHCTBOBaTh Ha PBIOY (M3WUECKH, MOBPEXkKAAs TKAHH M OPTraHbl WIM YMEHBIIAs
MPOHUKHOBEHNE CBETAa M IIPO3PAYHOCTH BOJBI, YTO MOKET BBI3BATH Psil 3(P(PEKTOB OT
MOBE/ICHUCCKUX M3MECHEHHH 10 THOEm. AHANIN3 COCTOSHUS M UCUE3HOBEHHUSI OCHOBHBIX
BOJIHBIX OOBEKTOB TOCJIE KPYIMHOTO MpOopsIBHOTO MaBoaka 2013 roxa ObLT IpoBeIeH I
mrara Yr1rpakxaHa, WHaus. AHanu3 W300paXeHHH NUCTAaHIMOHHOTO 30HANPOBAHUS
MOKA3bIBACT OCAXKJICHNE U TIEPEMEIICHNE OOJBIIOr0 KOJINIECTBA 0OIOMKOB B BOJJOEMBI B
HIDKHEM Te4eHHH. Bputo 3aMKcHpoBaHO, YTO BBICOKAs CKOPOCTh ITOTOKA BO BpPEMs
cOOBITHS H3MEHSET (POPMY BOZOEMOB, BIUSIONINX Ha XXU3HEHHBIH UK CPEAbl OOMTaHMS.
TspKecTh Harpy3KH MOXKET 3aBUCETh OT HECKOJBKHUX (PAKTOPOB, BKIIOUasi KOHIIEHTPALIUIO
HAHOCOB, INPOAOJDKUTEIBHOCTh WIIM YaCTOTY BO3AEHCTBUS, pasMep M (OpMYy HacTHI,
CBSI3aHHBIC C HHMH 3arpsi3HUTENH, BUABI M a3y JKU3HH OPraHM3MOB BO BpPEMs
Bo3zeHcTBY. sl yCTOHYMBOCTH 3KOCHUCTEMBI KpaiiHE Ba)KHO NPHHATH JAOCTATOYHBIC
MEpBl 10 CMATYCHUIO W 3aIWTE JUIA NPECHOBOIHBIX OOBEKTOB, BKIIOUYAIOIIUX CPEIy
0OHNTaHMS B XOJIMHUCTHIX paiOHAaX.

600HAs1 DKON02USA, OMA0JCeHUA, cenv, I umanaickuil pecuoH

Introduction

The aquatic habitats situated in mountains are some of the most sensitive indicators of
environmental change [Williamson et al., 2008]. Their high elevation leads to increased
exposure to ultraviolet radiation as well as a shortened growing season that aggravates plankton
populations due to both temperature and light limitations [Sommaruga, 2001]. Plankton are
considered indicators of the different trophic status of a water body, their study provides basic
information about entire ecology of pond [Vollenweider, 1968] and they used for pollution
surveillance [Prescott, 1939; Lund, 1962; Brook, 1965]. Apart from primary production,
phytoplankton act as biological indicators of water quality in pollution studies while,
zooplankton occupy a vital role in the trophic structure of an aquatic ecosystem and play a key
role in the energy transfer. Freshwater ecosystems contain water and sediment subsystems
which support several communities. Sediment with but seasonal fluctuations and catastrophic
events markedly affect the physical, chemical and biological structure and integrity of aquatic
habitats.

High rainfalls, climatological changes are the normal phenomenon at the Himalayan
region. The high runoff, debris flow and, suspended and deposited sediment impacts the aquatic
habitats directly through physical effects or indirectly through effects on water clarity or the
habitat that rely on for feeding, cover, or reproduction. Elevated levels of suspended sediments
can impact fish by physically damaging tissues and organs or by decreasing light penetration
and visual clarity in the water, which can cause a range of effects from behavioral changes to
mortality.

Many studies have been done on the fish species diversity [Cowley, 2006; Cowley et al.,
2007; Hoeinghaus et al., 2007; Haxton and Findlay, 2007; Light and Marchetti, 2007]. The
freshwater ecosystem of Himalaya is highly diverse, that is important for the variation of
aquatic population. Various studies have been done on the ecology and fish faunal diversity of
the hill stream fishes [Kumar et al.,2006, Rautela et al.,2006, Sahu et al., 2006 Haxton and
Findlay, 2008].
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Life in the aquatic environment is largely governed by physico-chemical characteristics
and their stability. Limnological studies of water bodies also provide information about the
trophic status which may help in management and conservation [Marchetto et al., 1995]. The
ponds are infested with macrophytic vegetation. The ponds receive glacial melt water besides
runoff from the surrounding areas. These ponds are subject to high anthropogenic pressure by
both local and tourists.

Brief Review of Problem

Ponds are useful for monitoring long-term changes in freshwater ecosystems caused by
awarming climate. It is easier to measure the species richness in ponds than in other freshwater
ecosystems because they have clear boundaries, are relatively small in size and are sensitive to
environmental changes, such as those caused by climate change. Climate changes has
significant impact on high-mountain glacial environment. Rapid melting of snow/ice and heavy
rainfall have considerable effects on fresh water ecosystems by adding un precedent amounts
of sediment and debris causing danger to fish life. Appearance and disappearance analysis of
major water bodies after the major flash flood event of 2013 was conducted for Uttrakhand
State of India. The study considers the loss of biodiversity due to physical changes in high
elevation Ponds due to disaster from heavy rainfall on 16 to 17 June 2013. It caused burst of
moraine dammed Chorabari lake causing flooding of Saraswati and Mandakini Rivers in
Rudraprayag district of Uttarakhand. The WIHG meteorological observatory at Chorabari
Glacier camp (3820 m a.s.l.) recorded 210 mm rainfall in 12 hours between 15 June and 16
June 2013. The heavy rainfall together with melting of snow in the surrounding Chorabari Lake
washed off both the banks of the Mandakini River causing massive devastation to the Kedarnath
town.

Methods and Data Analysis

The study was conducted for the small ponds situated at Latitude 30°44'35.54"N
30°44'42.30"N, Longitude 79°29'39.19"E 79°29'43.25"E, and Altitude of 3,415 m and 3,422 m
at Badrinath, Uttrakhand India. Fig. 1, 2 and 3 shows the location of project site and ponds.
Both the selected ponds were situated at high altitude Himalayan region near Indo-Tibet boarder
in Chamoli district of Uttarakhand. The place is popularly known as Badrinath (an important
holly place of India). The Badrinath town is situated in the cold climatic condition of Garhwal
hills, on the banks of the Alaknanda River at an elevation of 415 meters. The town lies between
the Nar and Narayana mountain ranges and in the shadow of Nilkantha peak, most of the period
it was covered by snow. The location and important features of both the ponds have been
mentioned in Table 1.

=
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o

Fig. 1. Location of Uttrakhand in India.
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Fig. 2. Location of Ponds at Badrinath, GoogleEarth image (a) September 2011 and (b) March 2014

Table 1. Some important feature of the selected ponds at Badrinath

Pond -1 Pond - 2
Type Natural Natural
Latitude 30°44'35.54"N 30°44'42.30"N
Longitude 79°29'39.19"E 79°29'43.25"E
Altitude (m) 3,415 3,422
Maximum length (m) | 144 92
Minimum width (m) | 62 85
Maximum depth (m) | 1 15
Average depth (m) 0.5 0.5
Source of water Rain water, Ice melts

Remote sensing Imagery was used and analyzed in Arc view. Land Sat 5, 30m resolution
thematic map before flood event (May 2011) and Landsat 8 imagery after flood (May 2014)
was chosen for change Analysis of Classified image was done using NDSI classification.

Daily rainfall and Minimum and Maximum Temperature data from Jan 01, 2013 to
December 31, 2013 was used to for analysis. Worldwide literature was reviewed and cited to
analyse the possible impact determines the overall role of anthropogenic pressure on select
glacial fed ponds.

Results
Climatic Changes and Rainfall

Mean Annual Rainfall of Himalayan Region is 1175 mm. The Badrinath receives mean
annual rainfall from 2000 mm to 2700 mm. In the year of disaster, the annual rainfall was
2681 mm. The most of the rainfall occurs in June to September. Fig. 3. shows the annual
distribution of rainfall and Minimum and maximum temperatures. TRMM rainfall measured in
eight days from June 10-17, 2018 was observed 391.4 mm. The high rainfall has led to heavy
disaster at Badrinath due to bursting of The Chorabari Lake at 2 km upstream of Kedarnath.
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Fig. 3. Variation of climatic parameters in 2013
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Fig. 4. TRMM Rinfall measured at Badrinath on June 16-17,13 leading to disaster. Source: [Allen et al.,
2015].

Change in Ponds area

The present study focuses the change analysis study done for assessment of different land
use pattern in and around two major freshwater lakes for Uttrakhand state of India before and
after the devastating flash flood event of 2013 using the Landsat images of two different periods
before and after flash flood event (May 2011 and May 2014).

The findings from 22.05-hectare area of study including the two freshwater lakes shows
6.3% area increase in deposition of debris, 20.8% area increase in vegetation, 39.2% area
conversion in fragmented water patches (Table 2). Further, overall decrease in the lake area and
change in shape was also observed. The analysis shows that due to large amount of debris flow
in to the ponds the overall classified land shape has been changed. Since there has been
sufficient time passed after the flood event the vegetation has been established on the are having
large amount of debris. Since the estimated slope towards the pond 1 and Pond 2 was observed
to 36% and 45%, the flow velocity at the time of heavy rainfall may have positively supported
towards the movement of heavy debris. The remote sensing images shows the deposition and
movements of large amount of debris to the water bodies at the lower reaches. It has been
observed that high velocity of runoff caused during the event, changes the shape of water bodies
impacting the habitats life cycle. The severity of the impact may depend on several factors,
including sediment concentration, duration or frequency of exposure, particle size and shape,
associated pollutants, species, and life stage at time of exposure.
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Table 2. Classified changes in ponds area

Components Percentage change after flood

Vegetation 20.833

Rockey area 1.515

Debris 6.329

Water Patches -39.286

Debris and sediment Deposition and impact on water habitat

In the ecological studies the factors which affect the species richness are important. The
growth and survival of fish fauna depends on the food availability in the water resource.
Zooplankton and phytoplankton are the prime food stuffs for the fishes. Not only the food but
the physico-chemical conditions of the water, also play a major role in survival of fish faunal
diversity. Many ecologists mentioned that the richness and occurrence of fish faunal diversity
of any aquatic ecosystem conflicts with the environmental factors surrounding it [Jackson et
al., 2001]. Table 3. Shows the impact of suspended sediment on fish species. Elevated levels of
suspended sediments can impact fish by physically damaging tissues and organs or by
decreasing light penetration and visual clarity in the water, which can cause a range of effects
from behavioural changes to mortality. The severity of the impact may depend on several
factors, including sediment concentration, duration or frequency of exposure, particle size and
shape, associated pollutants, species, and life stage at time of exposure [Collins et al., 2011;
Kemp et al. 2011]. Most direct effects are caused by the scouring and abrasive action of
suspended particles, which damages gill tissues or reduces respiration by clogging gills, leading
to decreased resistance to infection or disease, reduced growth, or mortality [Ryan, 1991; Wood
& Armitage, 1997]. Small, angular sediment particles can be more damaging to gills than larger
or rounded ones (e.g. [Lake & Hinch, 1999]).

The physiological stress caused by exposure to elevated concentrations of suspended
sediments over time can make fish more susceptible to infection, parasitism and disease (e.g.
fin rot; Herbert & Merkens 1961]. Studies have shown consistent declines in growth rates
[Kumar et al., 2012], has indicate the significant role of anthropogenic activity for growth of
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planktonic diversity and their distribution. species recorded during investigation were the
classic indicators of a shift from oligotrophic (Low productivity) conditions to eutrophic (High
productivity) conditions of both the ponds.

Severe gill damage, gill thickening, and clogging tend to occur at relatively high levels
of suspended sediments (i.e. >500 mg/L), but this level can differ between species and life
stages, with minimal to no damage reported for some species at very high concentrations (e.g.
arctic grayling; [McLeay et al. 1987]). The effects of deposited sediments on fish have been
shown to be mostly related to habitat degradation and loss — mainly through declines in the
quantity and quality of spawning areas, and reduced food supply. High or continuous levels of
sedimentation on streambeds can lead to alterations in fish presence and community structure,
reduced reproductive success, and increased rates of mortality, particularly of eggs and larvae
[Wood & Armitage, 1997; Kemp et al., 2011]. As sedimentation increases, fish may relocate
temporarily causing short-term declines in population sizes or may lead to more permanent
changes in community composition over time (e.g. [Jowett & Boustead, 2001]).

Conclusions

Climatic factors and environmental degradation have sizable impact on aquatic life.
Observed ponds have shown sufficient decrease in size due to increased debris and vegetative
area. Literature shows that suspended and deposited sediment either reduces growth or affects
the survival of fish.

It is essential to take sufficient mitigation and protection measures for the fresh water
bodies containing habitat in hilly regions for sustainable ecosystem.

There is limited information to set robust guideline values for acceptable sediment
concentrations. Most of international guidelines indicated that effects on fish growth occur
between 5 and 15 NTU. It is required to setup a standard guideline for deposited and suspended
sediments which may be harmful for aquatic populations [Haxton and Findlay, 2007].

Table 3 Summary of the direct effects of suspended sediment (SS) on fish, reported in either turbidity or
suspended sediment concentration. The SS measure (concentration or NTU — Nephelometric Turbidity
Units) reflects the level at which significant effects were observed. Studies are ordered by increasing SS
measure within effect type (e.g. gill damage, growth). (Source: [Cavandagh et al., 2014]

Taxon SS measure | Duration | Method | Effect Country | Reference
Gill
damage
Whitetail 100-500 21d Lab tank | Thickening of | USA Sutherland &
shiner mg/L gill lamellae Meyer [2007]
Brown 810 mg/L 21d Lab tank | Gill England | Herbert &
trout thickening Merkens
[1961]
Rainbow 4887 mg/L | 64d Lab tank | Slight gill Canada | Goldes et al.
trout thickening [1988]
Redbreast | 35000 mg/L | 1-48 h Lab tank | Severely South Buermann et
tilapia clogged gills Africa al. [1997]
(juveniles)
Coho 40000 mg/L | 4d Lab tank | Damage to gill | Canada | Lake & Hinch
salmon filaments [1999]
Redbreast | 60000 mg/L | 1-48 h Lab tank | Severely South Buermann et
tilapia clogged gills Africa al. [1997]
(adults)
Various 104000 1d In-stream | Gill clogging | Bolivia | Swinkel et al.
species mg/L [2014]
Arctic 250000 4d Lab tank | No gill Canada | McLeay etal.
grayling mg/L damage [1987]
Growth
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Taxon SS measure | Duration | Method Effect Country | Reference
Brook 10-40 NTU | 12h Artificial | Reduced USA Sweka &
trout channel growth rate Hartman
[20013]
Long 25 NTU 14-21d Lab Reduced USA Sigler et al.
steelheads channel growth [1984]
Arctic 100 mg/L Lab tank | Reduced Canada | McLeay etal.
grayling growth [1984]
Spotfin 500 mg/L 21d Lab tank | Reduced USA Sutherland &
chub growth rate Meyer [2007]
Disease
Steelhead | 2500 mg/L | 11d Lab tank | Increased USA Redding et al.
susceptibility [1987]
to pathogen
Survival
Coho 100 mg/L 4d Lab tank | Increased Canada | Lake & Hinch
salmon mortality [1999]
Smelt 3000 mg/L | 24 h Lab tank | LC50 New Rowe et al.
Zealand | [2009]
Redbreast | 21 000-24 | 1-48h Lab tank | LC50 South Buermann et
tilapia 000 mg/L (juveniles) Africa al. [1997]
Redbreast | 42000-48 | 1-48h Lab tank | LC50 (adults) | South Buermann et
tilapia 000 mg/L Africa al. [1997]
Banded 43000 24 h Lab tank | Survival not New Rowe et al.
kokopu mg/L affected Zealand | [2009]
Inanga 43 000 24 h Lab tank | Survival not New Rowe et al.
mg/L affected Zealand | [2009]
Various 104 000 1d In-stream | High % Bolivia | Swinkel et al.
species mg/L mortality [2014]
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Flash floods are being commonly observed in many parts of world. Uttarakhand state of
India is highly vulnerable to climate mediated risks. The study analyses the last 35 years
climatological changes and historical flash flood events in the Uttarakhand state of India.
Change in land forms and loss of soil has been assessed for the years of major flash flood
events by using Remote sensing images. Study shows that the large amount of soil
displacement from higher slopes due to flash flood impacts. Sudden rise and rapid fall of
water levels, as well as the high flow velocities combined with large sediment, transports
large amount of debris at the lower reaches causing heavy amount of soil losses. Excess
rainfall events are the major cause of receding glaciers and upwardly moving snowline and
depleting natural resources. Erratic rainfall events leading to flash floods, induces changes
in water resources and causes landslides to glacial melt in the Himalayas. Increased flood
events are affecting water resources and are increasing the chances of deteriorating water
quality and quantity within the next few decades. Study shows that the debris flow control,
flood control and flood risk management demands area specific special procedures for
disaster mitigation and Management.

flash floods, climatological changes, debris flow, Himalayas
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CeneBble TaBOJKK HAOIIOJAIOTCA BO MHOTHX 4yacTax mupa. Iltat Yrrapakxana, Namus
OYCHb YA3BUM IJIsI PUCKOB, CBA3AaHHBIX C KIMMATOM. B HCCIICIOBAHUN AHAJIU3UPYIOTCA
TMOCTICAHUEC KIMMATUYECKUEC U3MCHCHNUA U UCTOPUICCKUEC COOBITHUS CEJIEBBIX IIaBOAKOB B
mrate YTrapakxasz 3a 35 ner. M3smenenue Mmopgonorun peiabeda U moTepu MoYBbI ObUITH
OLICHEHB! 32 HECKOJIBKO JIET KPYIHBIX CEJIEBBIX COOBITHH, HCIONB3YS H300paKECHUS
JUCTaHIMOHHOTO 30HAMpOBaHMsA. VccienoBaHue Mokaszano, 4yTo OOJIBIIOE KOIMYIECTBO
00BaJIOB 1 OMO3HEH M3-3a BHE3AITHOTO HABOJHEHUS BBI3BIBACT IOJBEM U IOCIEIYIOIIEE
ObIcTpoe MazeHWe YPOBHA BOJBL, a TaKXKe BBICOKHE CKOPOCTH Te4eHHs. bombiioe
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KOJINYECTBO PHIXJIOr0 MaTepuaa MepeHOCUTCS CENEeBBIMY TaBOJKaMU B HIDKHEE TEUCHHUE,
9TO MPUBOAUT K 3HAUUTEIBHOMY CHIDKEHUIO KauecTB MOYBBL. DKCTPEMaJIbHBIE OCAIKU
SIBJISIFOTCSI OCHOBHOM IPUYMHOMN OTCTYIAHUS JICJHUKOB, OBICTPOTO CMEIIEHHs CHErOBOU
JUHUN U MCTOLICHMSA IPUPOJHBIX pecypcoB. HeoxupaHHble ocaaku, BeAyllue K
BHE3aIHBIM HAaBOJHEHUSAM, BBI3BIBAIOT H3MEHEHHUS BOJHBIX PECYpCOB M INPUBOIAT K
OMOJI3HAM M TasHUIO JINHUKOB B I'mmanasx. Bospacraromiee KOIMUECTBO HABOJHEHUH
BIMSET Ha BOJHBIE PECYpPCHl M YCHJIMBAET yXyALIEHHE KauecTBa U KOJIMYECTBA BOABI B
TE€YEHHUE MOCIEeIYIONUX HECKONbKHUX JecsTuieTuil. VccienoBaHue MOKAa3bIBaeT, UTO
KOHTPOJIb CeJICHl M CEJEeBBIX MAaBOJKOB W YIPaBICHUE PUCKaMH HABOJHCHHH TPEOYIOT
0cOOBIX CHEUMANTbHBIX NPOUENYp JUIL CMSTYEHHs MOCIEACTBUHA OCACTBUA W s
yIpaBJICHUSL.

cenesvle I’lCZG'OaKM, U3MEeHeHRUuA Kiumama, céilv, Tumanau

Introduction

Flash floods are being commonly observed in many parts of world. Large-magnitude
debris flows in alpine basins are widely documented in the scientific and technical literature.
Past flash floods and debris flow events have often caused high numbers of casualties
[Alcoverro et al. 1999], A flash flood is defined as a flood which follows shortly (i.e. within a
few hours) after a heavy or excessive rainfall event [Georgakakos, 1986; Sweeney, 1992; Borga
et al., 2007] and consequently, the important hydrologic processes are occurring on the same
spatial and temporal scale as the intense precipitation. These kinds of events represent an
important problem in Europe, especially in many Mediterranean catchments, as well as in many
other temperate areas in the world, resulting from severe rain clouds, which can produce
thunderstorms or [Doswell 111 et al., 1996] mainly of convective origin that occur locally,
typical in these regions.

Flash floods causes serious damages and economic losses. [Huet et al., 2003],
Importantly, flash floods and debris flow also pose a serious risk to people, as water depths and
velocities can increase within a short time. Past flash floods and debris flow have often caused
high numbers of casualties; over 80 people, for example, lost their lives in the 1996 Biescas
flood in Spain [Alcoverro et al., 1999].

Hydrogeomorphologic processes are a key driver of sediment transfer in mountain
watersheds [Stoffel and Wilford, 2012]. In many parts of the world, flash floods are the most
destructive natural hazard often resulting in a large amount of damage and fatalities.
Approximately 40% of the flood-related deaths in Europe between 1950 and 2006 were linked
to flash floods [Barredo, 2007]. 2 people died in the flash flood and debris flow on Cable
Canyon in San Bernardino County in California in 2003 [Restrepo et al. 2009] and 19000
people were killed in the Cordillera de la Costa, VVargas (Venezuela) flash flood and debris flow
disaster in 1999 [Larsen et al. 2002].

Flash floods are caused by short duration, high intensity, localized rainfall events. They
differ from most other fluvial floods in that the lead time for warnings is generally very limited
(e.g. often much less than two hours). They usually occur on catchments draining less than
1,000 km? with response times of a few hours or less [Borga et al., 2008; Gaume and Borga,
2008].

Brief Review of Problem

Uttarakhand state of India is highly vulnerable to climate mediated risks. These events
represent an important problem in Uttrakhand hilly areas, consequently having sudden increase
in water depths and flow velocities, causing serious damages and economic losses and large
amount of debris is collected at the lower ends. Most of the slopes are poorly vegetated and,
consequently, rainfall that is normally absorbed by vegetation can run off almost instantly. All
these characteristics make those catchments prone to flash flood formation, as demonstrated by
events that occurred in the area flood prone areas. Putting together the available meteorological
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and hydrological data a better insight of temporal and spatial variability of the rain storm, the
soil moisture conditions and flash flood can be obtained. Further, GIS tools can be a used to
calculate debris in the lower catchments.

Methods and Data Analysis

Uttarakhand is one of the hilly states in the Indian Himalaya. It lies in the northern part
of India between the latitudes 28°43' N and 31°27’ N and longitudes 77°34’ E and 81°02' E,
Fig. 1. The elevation ranges from 210 to 7817 m. The state shares its border with China (Tibet)
in the north, Nepal in the east, inter-state boundaries with Himachal Pradesh in the west and
north-west and UP in the south. Precipitation is received mostly in the form of monsoon rainfall
from June to September. However higher reaches experience snowfall in the months of
December, January and February. The average rainfall of the region is between 1250mm and
2000mm and of this maximum is recorded in the elevation zone of 1000 to 2000 m. The average
annual temperature of region ranges from 25° celsius in the south to sub-zero in the north.
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Fig. 1. Map of Uttrakhand state, India

Forests covers 62.54 per cent of the total reported area of the state in Uttarakhand. A
significant proportion of land (5.55%) is agricultural wasteland, which together with fallow
lands can be brought under cultivation. The agricultural in the hill region has small and
fragmented land holdings, small-sized terraced fields. The state has very low availability of
irrigation, little use of modern technological inputs like power, fertilizer and high yielding
varieties of seeds.

The study was conducted for Upalda and Pauri areas of Garwal Hills. The past study
shows that Pauri has received three flash flood events in 2010. No major and minor flood event
has been reported from 2011 to 2014. The climatic parameters of 35 years 1979 to 2014 was
analysed. Runoff for the area was estimated by curve number method.

The remote sensing images of 2009 and 2014 of Upalda for resource satellite, LISS IlI
of spatial resolution 23.5 m, was analyzed and classified. Rainfall, temperature and humidity
data of Pauri, latitude 30° 08 49.62” N and longitude 78° 46° 28.34” E, 1688 m Elevation was
analysed and correlated with the debris collected Uphalda, latitude, 30° 12° 47.22” N and
longitude,78° 45’ 19.49” E, 587 m Elevation.

Results

The study analyses the last 35 years climatological changes and historical flash flood
events in the Uttarakhand state of India. The climate of this relatively small state varies from
tropical to alpine. This wide range of climatic conditions is present mainly due to altitudinal
variation but degree and direction of slope, the vegetal cover and presence of water bodies also
make substantial impact on rapid and unpredictable change in micro-climate and local weather.
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Climate Change in Himalayan Region

The temperature and rainfall, the two most prominent climatic factors, show large spatial
variation over the region as well as from valley bottom to hilltop within the same region. Fig 2
shows the total annual precipitation of Pauri for 35 years. A total increase of 06.7 % have been
reported in 35 years. Figure shows that total rainfall in 2010 was exceptionally high. The study
shows that configuration and altitudinal peculiarities of mountain ranges of the Himalaya are
responsible for the variation of climate within the mountain province itself. Fig 3. Shows the
analysis of daily maximum precipitation from 1979 to 2014 shows that there are three major
years of events in last 35 years 1994, 2000 and 2010 in the Pauri area of Uttrakhand. Three
major flood events of flash flood have been reported in 2010.
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Fig. 4. Variation in climatic parameters of 2010

Flash floods and Antecedent Moisture Conditions

Fig. 4. shows the Variation in all climatic parameters in 2010. It is evident that maximum
temperature for the duration have been reduced whereas the minimum temperature has been
increased. Nearly 95% of rainfall has been occurred from July 01 to September 30, causing
higher rate of soil saturation. Low wind velocity and high humidity were the normal features
for that duration. Figure5. Shows that the continuous precipitation during three months duration
in 2010 followed be higher 5 days antecedent moisture conditions for at least 5times and again
with high rainfall events has caused the 3 major flash flood events in the area. The elevation
difference of 1101 m has increased the flood velocity and very high rate of debris movement
from the higher reaches was seen.
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Fig. 5. Flash flood and runoff at varying antecedent moisture conditions
Debris collection and Change in Land forms

Change in land forms and loss of soil has been assessed for the years of major flash flood
events by using Remote sensing images. Study shows that the large amount of soil displacement
from higher slopes due to flash flood impacts. Sudden rise and rapid fall of water levels due to
very high antecedent moisture conditions, as well as the high flow velocities combined with
large sediment, transports large amount of debris at the lower reaches causing heavy amount of
soil losses in the area. It is evident from the Fig. 6. and Fig. 7. that remarkable change has been
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taken place at the lower reach after the flash flood events of 2010. Table 1. Shows the change
in land use at lower reaches. Study show that the 3 major flash flood events followed by high
runoff throughout the season has efficiently contributed to soil loss. Sediment loss has been

increased to 65% followed by increase in barren area to 402%.

Fig. 6. Remote sensing Image of Uphalda 2009.

Table 1. Land Use classification for Uphalda, Uttrakhand.

Fig. 7. Remote sensing Image of Uphalda 2014.

2009 2014
class Area (m?) Area (m?) % increase
River 45026 47370.5 05.207
Build-up area 207881 220900 06.2627
Forest 1123230 827505.5 -26.328
Sedimentation 85657.5 141564 65.2675
Barren land 55765.5 280220 402.4971
Total 1517560 1517560 0

Need for Ecological Sustainability

Experience with extreme floods during recent years has shown that structural measures
alone cannot guarantee sufficient protection, however, and new approaches are needed Manfred
Spreafico (2006). There is substantial increase in damage potential in the selected area as well
as other hill areas. due to intense land use and increase in economic value, in channelized rivers
runoff concentration time is affected, often causes higher flood peaks; a lack of space and
retention areas to manage large-scale events; poor maintenance of structures and river beds and
changes in runoff as a result of climate change and variations contributes more to potentials
impact.

A sustainable flood protection policy has therefore been suggested for land-use planning,
maintenance of the systems and to implement structural measures, Figure 6. It has been
suggested that environmental concerns, flood protection and soil conservation measures,
economic factors and participatory management must be included in the planning process for
early benefits.
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Vulnerability
and Risk

Fig. 6. Policy Action Plan for sustainable Development.

Conclusions

It was observed that excess rainfall events followed by high antecedent moisture
conditions for more than 5 days are the major cause of flash floods in the area. Receding glaciers
and upwardly moving snowline and depleting natural resources further contribute to the events.
Erratic rainfall events leading to loosening of soil, induces changes in water resources, causes
landslides and glacial melt in the Himalayas. Increased flood events are affecting water
resources and are increasing the chances of deteriorating water quality and quantity within the
next few decades. The debris flow control, flood control and flood risk management demand
area specific special procedures for disaster mitigation and Management.
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How to effectively monitor geomorphic changes in debris-flow
channels

K. Keilig!?, A. Dietrich!, M. Krautblatter!
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Debris flows are among the most hazardous landslides. It is hypothesized that climate
change leads to an increasing number of debris-flow events in alpine regions [e.g. Dietrich
et al., 2017]. In June 2015 a rainfall event of about 90 mm in 45 min triggered two debris
flows near Oberstdorf (Bavaria, Germany) in the Northern Alps. The debris flows resulted
in damage costs of several million Euros and over 300 citizens had to be evacuated. In
order to quantify the event magnitude and to monitor geomorphic changes after the event,
high resolution digital elevation models (DEMs) were derived from terrestrial laser
scanning (TLS) on several dates in the RoBbichelgraben. To avoid areas without data, the
800 m long channel was observed with over 70 laser scan positions on each date and DEMs
of difference (DoDs) were calculated with spatially variable uncertainty. Simultaneously,
DEMs were derived photogrammetrically from images taken with an unmanned aerial
vehicle (UAV). Therefore, the structure from motion — multi-view stereo workflow (SfM-
MVS) was used to create point clouds from images. The performed change detection
shows that both methods provide reliable and similar results and can be both used to
monitor geomorphic changes in debris-flow channels.

debris flow, unmanned aerial vehicle (UAV), structure from motion, terrestrial laser
scanning (TLS), geomorphic change detection

Kak npoBoanTb ahheKTMBHbLIA MOHUTOPUHT U3MEHEHUI penbeda
cenesblX pycen

K. Kaiiaur??, A. Tutpux', M. Kpayréaarrep®

Miouxencxuii mexnuueckuil ynusepcumem, Miouxen, epmanus, kp.keilig@tum.de

2Baugeologisches Buero Bauer GmbH, Mionxen, I'epmanus

CesieBble IOTOKM OTHOCSITCSI K YHCIIy HanOoJiee ONAacHBIX THUIIOB MPUPOJHBIX SBICHHUMH.
BrIckaspiBaeTcsl rHIIOTE3a O TOM, YTO M3MEHEHHWE KIIMMaTa NPHBOJIUT K YBEIHMUYECHHUIO
Yucia COOBITHH, CBA3aHHBIX C CEJISIMU B aJbIMUCKHX perrnoHax (Hampumep, [Dietrich et
al., 2017]). B urone 2015 rona KOIMYECTBO 0CaAKOB 0KOIo 90 MM 3a 45 MHHYT BBI3BAJIO
JiBa ceseBbIx noroka Boim3n Obepcrnopda (basapus, 'epmanns) B CeBepHbIX AJbrax.
Ceunu npuBeny K ymepOy B pazMepe HECKOJIBKMX MIJIIMOHOB €Bpo, u 6osee 300 rpaskaan
NPUIUIOCHE 3BaKyHpoBaTh. UTOOBI KOJIMYECTBEHHO OLIGHUTH BEIUYUHY COOBITHSA |
KOHTPOJIMPOBATh TeOMOP(OIIOTHYECKHE HU3MEHEHHS I0CIE COOBITHS, OBUIM ITOJY4EHBI
udpossie Mmojenu penbeda (DEM) myrem HazemHoro sazepuoro ckanupoBanus (TLS)
Ha HECKOJBKO naT B PoccOuxenrpabene. UToObl n3bekaTh o0nacTeit 0e3 NaHHBIX, PYCIIO
qurHOU 800 M Habmoaanock ¢ 6onee yeM 70 MOJIOXKEHHI JTa3epHOr0 CKaHepa Ha KaKIYIO
Jaty, W pasHuna Mexny DEM  Oema  paccumTaHa ¢ MpOCTpPaHCTBEHHOM
HeomnpenesieHHOCThI0. OnHOBpeMenHo DEM Obiim momyuensl gororpaMMmeTpudecKu ¢
N300paKeHNH, CHATBIX ¢ OecrmiioTHOro JietatensHoro anmapara (BITJIA). ITosromy mis
CO3JJaHUSl TOYEYHBIX OOJIAKOB M3 W300paKEHHWH HCIIOJIB30BANACh CTPYKTypa U3
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MHOTOII0JIb30BaTeNIbckoro crepeonporecca (STM-MVS). BrinmonHeHHoe 0OHapyx eHHE
M3MECHEHHH II0Ka3bIBaeT, 4YTO 00a MeToja O0eCHedYMBAIOT HaJEXKHBIE M CXOIHBIC
pe3ysibTaThl M MOTYT HCIONB30BAaThCS Ui MOHUTOPUHIa I'eOMOP(OIOrHYECKUX
M3MEHEHHH B CENIEBBIX pyCiIax.

cenv, becnunomuulii temamensvruiii annapam (BIIJIA), cmpykmypa 0sudicenus, HazemHoe
nazeproe ckanuposanue (1LS), monumopune usmenenuii pervepa

Introduction

Debris flows have caused nearly 80,000 fatalities worldwide between 1950 and 2011
[Dowling et al., 2014] and lead to costs of approx. 30 million € every year in Austria
[Oberndorfer et al., 2007]. Intense rainfall events are known to be a typical triggering
mechanism for debris flows [e.g. Zimmermann et al., 1997]. Investigations of Scherrer et al.
[2016] have shown that frequency and intensity of such events have generally increased in the
past 100 years, which applies particularly for the northern slopes of the Alps. Results of
different climatic models show that this development is expected to persist or even intensify
[Frei et al., 2006; Rajczak et al., 2013]. This leads to an increasing probability for the
occurrence of debris flows, which has already been observed by several authors [e.g. Stoffel et
al., 2006; Dietrich et al., 2017].

Knowing the magnitude of possible debris flows is very important for a variety of tasks,
like the efficient design of retaining structures or the calibration of numerical models [Jakob,
2005]. However, the volume of a debris flow is highly depending on the entrainment of material
during the event [Hungr et al., 2005]. Different methods have been developed for volume
estimations: empirical correlations with varying characteristics of the watershed [e.g.
Rickenmann et al., 2010], geometrical approximations of the volume of debris-flow cones [e.g.
Rickenmann et al., 2013] or geometrical mapping of the debris-flow channel [e.g. Gertsch,
2009]. While these conventional methods are relatively easy to use and can deliver a fast and
often good estimation of debris-flow volumes, their application can be subjective or limited to
a particular region.

With LiDAR and UAV technology and high-end technical infrastructure becoming
accessible to more people, studies that determine debris-flow volumes by topographic surveys
of torrents have increased in recent years. While investigations with LiDAR-derived data (i.e.
airborne and/or terrestrial laser scanning) have been carried out by several authors [e.g. Bremer
etal., 2012; Blasone et al., 2014; Theule et al., 2015], studies with photogrammetrically derived
data remain rare [e.g. Sotier et al., 2013; Adams et al., 2016]. This work focusses on the
difficulties and differences in data acquisition with TLS and UAV. It shows (i) what problems
can occur in TSL data acquisition, (ii) how they can be addressed and (iii) what new possibilities
are offered by UAV.

Study site

The study site is located near Oberstdorf in the Northern Calcareous Alps in southern
Germany (Fig. 1). The studied part of the channel is 800 m long, descends with an average
angel of 19° and lies between 1410 m and 1220 m a.s.l. A debris flow occurred on 14 July 2015,
which was triggered by an exceptionally intense inductive rainstorm event (90 mm in 45 min).

The main source for debris is the Late Triassic Hauptdolomit, which is known to have
formed large taluses in the Alps by weathering [Scholz, 2016] and forms the bedrock in the
upper parts of the channel [Zacher, 1990]. The rock formation can reach a thickness of up to
1,000 m [Scholz, 2016]. While the original bedding is widely spaced, closely spaced joints have
been formed during the deformation by the alpine orogenesis [Scholz, 2016]. A smaller part of
the debris consists of sandstones of the Rehbreingraben-Formation that forms the bedrock in
the lower parts of the channel [Zacher, 1990]. Alternating marly claystones and quartz-rich
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sandstones are characteristic for this flysch rock formation that was deposited in the Cretaceous
as a result of turbidites [Zacher, 1990; Scholz, 2016].
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Fig. 1. Location of the surveyed Rof3bichelgraben in southern Germany. Hillshade provided by Bavarian
Land Surveying Office; geological information after [Zacher, 1990].

Methods
Terrestrial Laser Scanning

Laser measurements were made with a VZ-400 by Riegl LMS. The device uses laser
pulses of near infrared wavelength with a measurement rate of 122,000 pts/s. The first survey
was carried out on 21 June 2015 with 26 scan positions, 7 days after the event to estimate the
magnitude of the event. Two surveys were carried out in 2016 and five in 2017 in order to
monitor geomorphic changes in the channel. To minimize occlusion in the resulting point
clouds the number of scan positions increased to nearly 80 at each survey date. The increment
during the scanning process was at least 0.06°, which corresponds to a point distance of 1 cm
at a distance of 10 m.

Point clouds were processed in RiSCAN Pro. Registration was performed in two steps.
Firstly, the point clouds were registered using a point-to-point registration with four identical
points in two corresponding point clouds. This resulted in a standard deviation of differences
between point clouds of 2-8 cm. Secondly, to refine the registration, a multi station adjustment
was carried out using plane patches. This method is a feature-based registration comparing
planes that can be identified with an algorithm and represent small areas of the point clouds
(Fig. 3). By comparing these planes, the standard deviation of differences between point clouds
dropped to 0.2-1 cm. Registration of consecutive point clouds was executed with reference to
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the previous point cloud following the approach of Schiirch et al. [2011]. The registered point
clouds were filtered to remove errors and vegetation and to reduce and homogenise point
density with a variety of automatic algorithms.

TLS
device

Fig. 2. Occlusions (red) in TLS point clouds can have different reasons. a) a tree blocking the field of
view causing occlusion; b) topography of a rock face or embankment causing occlusion. After [Abelldin
etal., 2014]

Fig. 3. Plane patches were used to register the point clouds. Left: Image of the channel embankment.
Right: Point cloud of area A (left) with plane patches of scan position 5 (green) and 16 (red). B: Area
without data points due to occlusion

Unmanned aerial vehicle

In 2017, an UAV was used to map the channel on four occasions simultaneously to the
TLS surveys. The used UAV was a DJI Phantom 4 Pro, a low-cost drone with a 20-megapixel
camera. Due to more dense vegetation and limitations in flight time in the lower parts, the UAV
mapping was exclusively carried out in the upper 550 m of the channel. Images were taken
every two seconds. The shutter speed, aperture and ISO were set manually. To fulfil the
requirements for optimal 3D reconstruction [e.g. Westoby et al., 2012], the images were taken
with four different camera orientations. Spatial information of the images was given by the
UAVs internal GNSS system.

We processed the images with Agisoft PhotoScan Pro. The software offers a complete
workflow of SfIM-MVS, from image filtering, keypoint matching to dense cloud generation.
However, the functioning of the single algorithms is mainly secret and unknown making the
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program a “black box”. Images were processed following the predefined workflow of
PhotoScan Pro. After aligning the images (structure-from-motion algorithm), we used the
gradual selection tool to filter the resulting sparse cloud in order to minimize errors before
calculating the dense cloud (multi-view stereo algorithm). Ground control points (GCPs) were
identified in the TLS point clouds and implemented in Photoscan Pro.

In a final step the dense cloud was filtered in RiISCAN Pro to remove erroneous points
and vegetation and to reduce and homogenize point density.

Geomorphic change detection

The point clouds derived with TLS and UAV were interpolated into DEMs in ArcGIS
(v. 10.4). Geomorphic changes were calculated with the plugin GCD (v. 6.1.14) developed by
Wheaton et al., [2010] resulting in DEMs of difference (DoD). As this method is a 2.5D based
calculation, it has disadvantages in very steep areas. However, it is possible to calculate volume
errors with a spatially variable error model, which is a major advantage over the 3D calculation
with the M3C2 algorithm developed by Lague et al. [2013]. Uncertainties were considered
using a fuzzy inference system (FIS) that considers, that DEM uncertainty is higher in areas
with low point density and steep slopes [e.g. Wheaton et al., 2010; Schiirch et al., 2011; Blasone
etal., 2014].

Results

During processing of the first survey it became clear, that although 26 scan positions
were used to map the channel (in average every 30 m) there still remain some occluded areas
(Fig. 4 A). By substantially increasing the number of scan positions to nearly 80 (in average
every 10 m), we managed to map all parts of the channel almost completely without occlusions
(Fig. 4 B).

in order to calculate geomorphic changes. A: TLS of June 2015; B: TLS of June 2017; C: UAV of July
2017. Black outline: Area of interest. Orthophoto provided by Bavarian Land Surveying Office

These time-consuming TLS surveys in field (8 h) result in an equally time-consuming
data processing and big data volumes. Therefore, UAV mapping emerges as a more time-
efficient method with survey times of 1.5-2 hours resulting in almost occlusion free point clouds
(Fig. 4 C). Large data lacks in Fig. 4 C (red areas) are mainly caused by manually filtered points
that represent vegetation.
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While field surveys are much more time-efficient using UAVs, the accuracy of TLS-data
remains unreached. However, geomorphic changes can be equally identified with both UAV
derived DoDs (left) and TLS derived DoDs (right) (Fig. 6).
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Fig. 5. DoDs derived with SfTM-MVS (left) and TLS (right) between May and July 2017. Orthophoto
provided by Bavarian Land Surveying Office

Discussion

Results of TLS data analysis have shown that a very high number of scan positions is
necessary to create an occlusion-free data set, resulting in time-consuming surveys and data
processing. Therefore, UAV mapping and photogrammetric reconstruction of the terrain have
emerged as a more cost- and time-efficient method for topographic surveys. In principle, it is
possible to identify geomorphic changes with DEMs derived from UAV mapping, but much
effort has to be put into identifying and implementing GCPs, filtering images and optimizing
the point cloud. An important factor influencing the quality of the photogrammetric point
clouds is image quality. By keeping shutter speed and 1SO low to avoid image blur and noise
and adjusting the aperture in order to equally expose images the best results were achieved.

Conclusions

UAV mapping has emerged as a new method for topographic surveys and has advantages
in terms of time and cost efficiency over TLS. While there are still issues regarding DEM
accuracy, it is an alternative to the conventional TLS surveys. In near future further
improvements in the SfIM-MV'S workflow will even enhance the advantages of this method.

We showed that (i) it can be very difficult to eliminate occlusion in TLS point clouds of
debris-flow channels, (ii) a large number of scan positions is needed to avoid data lacks and
(iii) how UAV can be used to obtain comprehensive data.
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Pulse-doppler RADAR-system for Alpine mass movement
monitoring

R. Koschuch

IBTP Koschuch e.U., Leutschach, Austria, office@ibtp-koschuch.com

Monitoring of alpine mass movement is a major challenge in dealing with natural hazards.
The presented device shows a new approach in monitoring and alarming technology by
using a Pulse-Doppler RADAR. The detection system was implemented (spring 2012) in
the integral monitoring system for the Lattenbach catchment (5.3 km?) of the Institute of
Mountain Risk Engineering (BOKU) in order to prove the applicability of the radar sensor
in monitoring torrential activities (e.g. debris-flows, mud flows, flash floods, etc.) and we
have data over 6 years at this station and more from other 15 test sides now. The RADAR
system emits short encoded pulses and detect the corresponding echo signals in particular
time steps, along segmented distance intervals (range gates). The operational detection
distance in Lattenbach is about 300 m, but it could be in principal up to two kilometers
with the same accuracy. Obtained insights were not only an idea about the magnitude of
certain events but also the changing of water levels and the flow velocity distribution. A
second antenna is observing heavy rainfalls 6 km up into the sky. The measurement is
based on a Doppler-frequency analysis of the echo signals, which gives information about
the mean front velocity and distance of several surges and the flow velocity of the river
itself.

Alpine mass movement, monitoring system, alarming system, RADAR-technology

WmnynbcHo-gonnepoBckas pagapHasa cucteMa Ans MOHUTOPUHIa
MacCOBbIX CMeLLeHuii B Anbnax

P. Komyx

IBTP Koschuch e.U., Jloituax, Ascmpus, office@ibtp-koschuch.com

MOHUTOPHHT IBMKEHUS MACCOBBIX CMEIICHUH TPYHTA SBIISIETCS CEphe3HON MPOOIeMOii B
6opbOe ¢ MPUPOIHBIMH OmMacHOCTsIMHU. [IpercTaBiieHHOE YCTPOWCTBO JEMOHCTPUPYET
HOBBIN IoAX0Ja B TEXHOJOTMM MOHHUTOPHHIAa W CHUTHaJIU3allMd C MCIOJIb30BAHHUEM
HUMITYJIbCHO-JIOTUIEPOBCKOTO pajapa. Cuctema AeTeKTHpOBaHMS Oblla BHeIpeHa (BecHa
2012 r.) B MHTErpaJIbHOW CHCTEME MOHHUTOpHWHTA It BogocObopa Jlarrenbax (5.3 xkm?)
WHctutyToM MHXUHHpHHTA TOpHBIX puckoB (Yuuepcurer BOKU), 4ro0bl nokaszats
MPUMEHUMOCTh PaJIMOJIOKAIIMOHHOTO CEHCOpa TMPH MOHHUTOPHWHIE (HAmpuMep, Cen,
TpsA3EBbIe MTOTOKH, BHE3AIMHbIE HABOAHEHUS U T. 11.). Y HAC MMEIOTCS JaHHBIE 3a Ooiee 6
JeT paboTHl ATOM CTAHIMK W MaTEepPHaJBl C OPYrux 15 TecTOBBIX ydacTkoB. Pamapnas
CHUCTeMa IIyCKaeT KOPOTKHE 3aKOJMPOBAaHHBIE HMIYJIbCHI M OOHAapyKUBaeT
COOTBETCTBYIOIIUE OXO-CHUTHAJIBI Ha OIPEACICHHBIX BPEMCHHBIX Iarax BAOJb
CETMEHTHPOBAaHHBIX HMHTEPBAJIOB pacCTOSHUA (Iuama3oHoB). Pabouee paccrosiHne
obHapyxeHnus B Jlarrenbaxe cocraBnseT okosio 300 M, HO OHO MOXeET OBITh B MPUHITHIIE
pacmmpeHo OO IBYX KHJIOMETPOB C TOH jk€ TOYHOCThIO. llosrydeHHBIE MaTepuaibl
MO3BOJISIFOT OLICHUTH HE TOJNBKO BEIMYUHY COOBITHH, HO M M3MEHEHUsS YPOBHS BOABI U
pacmpezeneHne CKopocTell moToka. Bropas aHTeHHa HampasieHa B HE00 U (QUKcHUpyeT
CHJIbHBIE JOKAW HA PAcCTOSHUM 110 6 KM. M3MepeHHe OCHOBaHO Ha JAOMJIEPOBCKOM
aHaJIM3€ 3BYKOBBIX CHTHAJIOB, KOTOPBIN 1aeT HH(OPMALIUIO O CpeIHEH CKOpocTH (poHTa,
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PacCTOAIHUUN OO HECKOJBKUX YUYACTKOB PE3KUX MNEPEIaJ0B CKOPOCTH, a TAKIKE O CKOPOCTU
IMOTOKAa caMoit PEKU.

maccogule cmewerus, Anbnol, cucmema MOHUMOPUH2d, CUCemMa 0NoGeweHUs,
paoapHuvle MexHoI02Uu

Introduction

For investigation and detection of rapid mass movements like Debris Flow, Mudslide,
Rockfall Avalanches etc. in alpine regions a reliable and easy to install monitoring system is
required. The system should be able to detect in all weather conditions every single hazardous
event and only the hazardous events as an alarming event. Furthermore, structural measures in
alpine regions are mostly very expensive and always imply a massive intervention in the
environment, so a practicable monitoring system should also need as low structural measures
as possible. A lot of different systems are in use, but all known monitoring systems do not meet
all these requirements at once. The main parameters for detecting mass movements are the
volume and the velocity. A well-known technology to measure velocities is the RADAR-
technology by measuring the Doppler shift of the used frequency. The RADAR cross-section
of an object for a given wavelength is a function of the size, the material, the incident and the
reflecting angle, etc. and it determines the measured scattered intensity. Therefore, the
measured reflected intensity is a parameter which belongs to the cross section of the moving
volume of the detected object. So, our innovative RADAR system fits all this requirement and
we have been able to demonstrate the ability and versatility as an automatic detection system
for different alpine mass movements by using the system over 8 years at different test sides
now. The Pulse Doppler RADAR usage was already successfully evaluated for snow
avalanches in Sedrun/Switzerland [Lussi et al., 2012] and in Ischgl/Austria [Kogelnig et al.,
2012] and for debris flow and mudslide in the project “OBB-ASFINAG-FFG Project VIF2011-
Naturgefahrenradar®.

Principles of the Radar device

The RADAR operates according to the principle of the Coherent Pulse Doppler RADAR.
A high-frequency generator produces a signal in the X-band (fo =10.425 GHz). This signal is
pulse-modulated in a high-frequency switch, amplified to an output power of about 1 W and
radiated from a parabolic Antenna to the detection area. The reflected beam from the area passes
the parabolic Antenna again and goes through the receiver. In the receiver the reflected signal
is sampled and goes to the analogue-digital converters. Afterwards, a digital signal processor
calculates the measured values from the signal, which then are edited and displayed on a user
interface or go through an automatic alarm generating software.

In Fig. 1 an illumination of a mountain slope with a pulse-shaped electromagnetic wave
packet limited to discrete points in time is shown. The discrete time points 1-8 are located
exactly at the distance of spatial pulse length corresponding to range gate length rRG. It is
assumed that an electromagnetic wave is emitted with durationt. The speed of the pulse in the
propagation medium air is the speed of electromagnetic waves c in the medium air.

Thus, one range gate length is

TRe =T C D

and the discrete time points become 7 - ¢ or in spacen - rz;. This means, after the time t, the
wave packet is at distance R from the antenna. From Figure 1 we get also the conclusions that
the beam direction of the antenna should be oriented almost parallel to the slope in order to
illuminate the maximum range of the slope and get as many range gates as possible.

The space-resolution is equal to the range gate length rRG and is therefore also a linear
function of the duration timez. The duration time itself influences the signal to noise ratio of
your data in the way the longer the duration time is the better the signal to noise ratio will be.
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If an object moves now in such a range gate with the velocity v, there is additionally a
frequency shift fD according the Doppler Effect.

Fig. 1. Scheme of typical detection situation with different range gates numbers n, range gate length rRG
and the range R.

The frequency of the reflected signal fDoppler becomes:

fDoppler = fo — /b 2
with fp:
fo = fo=. ®)

The result is a speed proportional frequency shift. The sign is positive or negative,
depending of the direction of the moving object in relation to the Radar. From frequency
analysis of the reflected beam a velocity spectrum of the moving objects is obtained. Compact
moving objects with a well-defined velocity (e.g. vehicles (Fig. 2)) will therefore be measured
with a very well-defined peak in the velocity spectrum, objects without a defined surface such
as avalanches, mud flows, water, etc. will have a wide range of different velocities (=velocity
distribution) (Fig. 3). The amplitudes of the spectrum depend on the surface reflectivity of each
moving object for each speed. The integral of the spectrum corresponds therefore to the
magnitude of the moving mass. The pulse repetition frequency of the RADAR device is up to
90 kHz, this means that every second data from 90000 pulses are processed, which gives about
3 frames per second for the analysis. The maximum range for detecting moving objects (even
snow) with a cross section of 1 m? in heavy weather condition (rain/snow) is 2 km for the used
RADAR setup. The range gate length could be chosen between 15 m and 250 m and it is
possible to measure velocities between 1 km/h and 300 km/h separately in each RG. Table 1
summarizes all main specifications of the overall system.

We developed for the different hazards (debris flow, water level rising, avalanches,
rockfalls and heavy rain showers) different alarming algorithm according to their characteristic
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RADAR signals, so that the system can trigger within the first second of occurrence any
alarming device like horn, traffic light etc. and it is able to send automatically emails or SMS.
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Fig. 2. Example spectrum of single moving object at channel 220. (Peak at channel 100 is the reflection
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Fig. 3. Example spectrum of the water of the Lattenbach creek in one RG. (Peak at channel 100 is the
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Table 1. Technical specification of the overall system

§ 7 '3

L]

Parameter Quantity Tolerance Unit
Mode Pulse/PCM

Frequency 10,0-10,5 GHz
Power C. 40 < W
Range 30-2500 m
Targetsize 1 min > at 2 km m?
0,25 min > at 1 km m?

Velocity 0,2-100 min/max m/s?

RG 128 max

RG-length

15-250

min/max
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Case Study Area

The catchment area of Lattenbach torrent (47°8°N, 10°31°0) is about 5.3 km? and
receiving stream is the river Sanna. The mainly south-east exposed catchment has its tectonic
borders between Silvretta nappe and the Northern Limestone Alps, whereby spacious mass
movements arise and viscous debris occur frequently. In case of debris the receiving stream can
be dammed up and overflow buildings on the banks upstream. Events were recorded over a
hundred years ago, which is why this specific torrent has been monitored intensively by the
Institute of Mountain Risk Engineering, University of Natural Resources and Life Sciences-
Vienna, over the last couple of years [Hiibl et al., 2004]. Together with the described RADAR
device three distance RADAR sensors are installed at this certain torrent cross section to
provide data of the water level. The obtained data is coupled with the hydrological computations
of runoff discharge, based on the recorded rainfall data by the precipitation gauge located within
the catchment area.

Experiences since 2012

After installing the RADAR in Lattenbach torrent in June 2012, we do have data for more
than 6 years now. At this station the Radar is nearby the creek and monitors just about 180 m
in length with 10 range gate and a range gate length about 15 m each. This means it measures
simultaneously 10 spectra every 1/3 of a second. Theoretically, the Radar is able to observe 2
km in length with the same accuracy with a maximum of 128 range gates. The summer seasons
in this region are characterized with heavy thunderstorms and massive rainfall events in Austria,
causing the occurrence of several debris flows. 1 small debris flow event in 2012, 2 debris flow
events and 1 mudslide in 2015, 1 big event with several waves 2016, 2 big events 2017 and a
snow avalanche 2018 so far. All these events triggered successful an alarming system of the
OBB, which is integrated in the RADAR housing. As our RADAR is always active we also
have relative water level data over this time and the RADAR triggered several water level rising
alarms during the period. 2017 we installed a second antenna looking into the sky to detect also
heavy rain showers in the catchment area and we have also several rain alarms triggered by the
RADAR-System. Fig. 4 shows a picture of the installed system. All triggered alarms have been
verified via different devices installed in this catchment and we have not missed one event since
the installation. There have been just 2 false alarms over the whole period of 6 years caused by
power supply failure.

The big advantages of the system are the low installation effort (only a mast and a power
supply of 40 Watts) and the possibility to monitor different hazards at once. Because we are
measuring the surface speed of the creek, we can also determine the mass flow, if we additional
know the flow area. Fig. 5 and 6 show some typical surface velocity spectra raw data of the
creek just before and during an event in Range Gate 6 (about 100 m away from the Radar). In
Figure 7 the mean velocity and the maximum velocity during the event in range gate 6 over 1
hour is plotted. There a several waves of different magnitude visible and the maximum velocity
is about 10 m/s.
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Fig. 4. Radar-System with 2 Radar-Antenna and 1 camera in Lattenbach.
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Fig. 5. Velocity spectrum just before the event on 30.07.2017 at Range Gates 6.
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Fig. 6. Velocity spectrum during the event on 30.07.2017 at Range Gate 6.
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Fig. 7. Mean velocity (black line) and maximum velocity (red line) during the event on 30.07.2017 at
Range Gate 6 versus time (y-Axis).

Conclusion

The experience since the installation 2012 shows in an impressive way the enormous
potential of the presented radar technology in use as an independent warning and monitoring
system in the natural hazard area. As our test results prove, both snow avalanches and fluviatile
natural hazard processes can be detected and interpreted with the natural hazard RADAR In
addition, it was found by using the radar technology it is also possible to determine water levels/
discharge volumes and flow rates of normal outflows and with a second antenna to detect heavy
rainfall events.
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Over the entire period there were no restrictions on the measurements due to
environmental influences and / or secondary processes. Even cold temperatures down to -20°C
or summer days above 35°C did not affect the monitoring. In October 2014, due to over voltage
in the grid, the measurement PC damaged which has already been replaced.

The great advantage of this system is the low installation effort (mast and power supply),
a reliable and direct measurement method of velocities and outlets and the low maintenance
and service costs. Due to the low installation effort, the system can be transferred within one
day from one danger point to the next.
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The meteorological warning method of China geological disasters
induced by precipitation

Y. Li%, W. Li?, J. Di%, G. Zhang?, H. Bao?

INational Meteorological Centre, Beijing, China, liyum@cma.gov.cn
2Public Meteorological Service Centre of CMA, Beijing, China, liwh@cma.gov.cn

Landslides, debris-flows and rockfalls are caused by precipitation frequently. Studies of
potential risk of geological disasters and national zonation were carried out, and by
considering topography, geology and climate precipitation characteristics, the whole
country can be divided into 9 big warning partitions. Based on the relationship between
rainfall and geological disasters from 1950 to 2010, 16 days effective rainfall of disaster
was chosen to be the key meteorological factor for modeling. Multiple mathematical fitting
equations were used for simulating the relation of effective rainfall to disasters, and the
piecewise Cubic fitting equation is the best simulation of probability of disasters in all
warning partitions. By combing the risk grades of geological disasters in business, forecast
indexes of geological disaster were established and can be called critical precipitations that
came from 16 days effective rainfall. The practical application had shown that the model
had a good effect and the discriminant method of 16 days effective rainfall indexes was
feasible and effective.

effective rainfall, geological disaster, potential risk, zonation, sample inspection

MeToa MeTeoponornyecKoro OnoBeLLeHNs O reonornYeckmx
Katactpodax B Kutae, Bbi3BaHHbIX 0CagKamMu

10. JIul, B. JIn?, 1. JInl, T'. Ysxkan?, X. Bao®

Hayuonanonotii memeoponozuueckuti yenmp, Iexun, Kumaii, liyum@cma.gov.cn

2[Jenmp obwecmsennoii memeoponozuueckoii cayucovt CMA, Iexun, Kumaii,
liwh@cma.gov.cn

OMnoJI3HY, Cen U OCBIIIM YacTo CBSI3aHbI ¢ aTMOC(EPHBIMHU OcalkaMH. beIy mpoBeieHb!
WCCIIEJIOBaHMS TTOTEHIMAIBHOTO PHCKA TeO0JIOTHYECKHX KaTacTpod M HalMOHAJIBLHOE
palioHMpOBaHHME. YUUTHIBas XapaKTEPUCTHKU peibeda, IeoJOTHYecKOro CTPOCHUS M
KJIMMaTa, BCIO CTPaHy MOXHO pa3JeNuTh Ha 9 OOJNBIIMX PErHOHOB B OTHOIICHHUH
npeynpexaeHus onacHocTed. OCHOBBIBasCh Ha B3aMMOCBSI3M MEXAy OCaJKaMU U
reostorndeckumu karacrpodamu ¢ 1950 o 2010 rox, Obi1 BeIOpaH nmapamerp 16-1HeBHOE
3¢ PeKTUBHOE KOJIMYECTBO OCAZKOB Mepell CTHUXMHHBIM OeJCTBHEM, KOTOPBIH cTal
KJIIOYEBBIM METEOPOJIOTMYECKUM (aKTOPOM ISl MOJAENUPOBaHUs. [yIs1 MOAENNpOBaHUs
CBs131 3 PEKTUBHBIX OCA/IKOB ¢ OEACTBUSIMU HCIOJIb30BAINCH HECKOIBKO AIMITMPHUUECKHUX
MaTeMaTHYEeCKUX ypaBHeHUH. YacTHOe KyOnieckoe ypaBHEHHE ObLIO IPU3HAHO JIyUIIUM
JUIL MOJICTIMPOBAHMSI BEPOSITHOCTH OEJCTBUH BO BCEX paioOHaX, BBIJEJICHHBIX JUIS
npexynpexaeHus. Coueras [IKajdbl pUCKa T'eOJIOTHYECKHX —KaracTtpod, ObuH
YCTaHOBJICHbI HMHJIEKCHI JUIA INPOTHO3a T'€OJIOTMYECKOM KaTtacTpodbl, ¥ MOXXET OBITh
Ha3BaHO KPUTUYECKOE UUCIIO OCAJKOB, KOTOpbIE JocTUTranuch 3a 16 aueil. [IpakTuueckoe
NPUMEHEHHE [I0Ka3ajo, 4YTO JTa MOAENb HMeNa Xopowui sddekr, a merox
JUCKPUMUHAHTOB C dS((EKTHBHBIMH IIOKa3aTelIsIMH OCaaKkoB 3a 16 gHell Obul
OCYLIECTBUMBIM 1 3P (PEKTUBHBIM.
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apexmugnvle 0cadku, 2eonocutecKas Kamacmpoga, nomeHyudaIbHblill PUCK,
patioHuposarue, KOHMpPOIb 0OPA3YOE

Introduction

China is one of the most serious geological disasters countries in the world, a lot of debris
flows, landslides and rockfalls are happened at wide range and to destroy buildings, public
facilities, fields and so on, even took away people’s lives, the number of casualties by geological
disasters is account about a quarter of the casualties’ number by all natural disasters. In the
regions there were prone and high frequency happened to geological disasters, the losses by
disasters came to be an important factor that could be hindered local economic and social
development and threaten people’s lives and property safety. According to statistics, the mean
occurrence number of debris flows, landslides and rockfalls is about 24,000 per year from 2001
to 2015, and mostly caused by natural factors, such as precipitation, earthquake and snowmelt,
and took away about 800 people’s lives and 4.5 billion yuan directly economic losses per year.

Precipitation is the most important key to induce debris flows, landslides and rockfalls
[Yao X X.etal., 2005; Zhang Y Y., 2007]. In the framework of global warming, extreme weather
events had showed the increase tendency [Du Y Q., 2013], short-time strong rainfall and
typhoon precipitation events were also showed the same tendency and induced more geological
disasters [Yun T., et al., 2013]. Only in 2013, geological disasters caused economic losses as
high as 10.1billion yuan.

In the general, at the area of high occurrence of geological disasters, when more
antecedent rainfall, the soil moisture significantly increased and even becomes saturated, and
if there is heavy rain again, the probability of geological disasters outbreak would be greatly
increase. In 2006, Jibson R.W. had researched twice landslides of the same landslide slope of
Cleveland Corral area in USA, he had found that continuous precipitation (monthly cumulative
precipitation) infiltrated and percolated, could be caused slow down deformation in deep of the
slope, and after rainfall, the landslide could be take place about few weeks or few months later,
and if there was obviously rainfall in two weeks, the shallow landslide could be take place at
later rainfall period. Italian scholar Del Ventisette C. et al. studied landslide in Ruinon area in
2012 and found the anural mean precipitation was 750mm, the downward acceleration of
landslide with low intensity (8-10 mm/d) and short time rainfall in few days wasn’t very
obvious, but it would be increase with 10-15mm/d rainfall during 2-3 days. South Korea scholar
Chae B G et al. analyzed a few extreme precipitations of typhoon s triggered intensive landslide
events in 2012, he found that typhoon Rusa in 2002 brought more than 895mm precipitation in
12 hours and triggered 1,500 landslides, and in 2003, typhoon Maemi brought maximum
410mm/d and 89.5mm/hrs. precipitation and triggered 1,200 landslides. Florence W.Y. Ko
[2016] accounted 27 landslides induced by storms between 1984 and 2008, and found daily
precipitation exceeded 300 mm will cause fatal landslide disasters. Due to the precipitation is
closely related to the occurrence of geological disaster, so usually simplify the geological
disaster forecast to the simple discriminant relations between rainfall and geological disaster,
scholars generally believe that the current precipitation, antecedent rainfall, rainfall intensity
and duration were mainly rainfall factors to set up geological disaster forecast method [Gao S.
et al., 2002; Zhou M.L. et al. 2014; Xue Q.W. et al., 2013].

Based on vast territory, regional difference in China and more complicated geological
conditions and huge terrain changes in western China rainfall values of triggering geological
disasters are large different in regions, so that needs to divide potential geological disasters area
and carry out the research of rainfall threshold triggered geological disasters in partition. The
study investigates potential risk zoning, rainfall factor selecting and to build national geological
disaster meteorological forecast method, establish early rating warning indicators of rainfall
threshold.
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Geological disaster distribution and potential risk zoning
Geological disaster distribution

The debris-flow distribution range is very wide, but also relatively concentrated (fig.1),
in addition to Jiangsu, Shanghai and Macao special administrative region, the rest of the
provinces (municipalities) all have the debris flows. The occurrence of debris flow is relative
to the terrain, fault, lithology and human activity factors and so on, so that debris flows are
centralized distribution in these areas.

CRETY
FE

Fig. 1. The distribution of debris flows in China.

The land descends from west to east in China and roughly presents three ladder-like
distributions, debris flows concentrate in two transition zones between three ladders. Among
them, the south of the Qinghai-Tibet Plateau, with an average altitude above 4,000 meters for
the first ladder. The second ladder includes the Inner Mongolia, Loess and Yunnan-Guizhou
plateaus, and the Tarim, Junggar and Sichuan basins, with an average elevation of between
1,000 m and 2,000 m. The third ladder, about 500 -1000m in elevation, begins at a line drawn
around the Greater Hinggan, Taihang, Wushan and Xuefeng mountain ranges and extends
eastward to the coast. In the transition zone between the first to second ladder, that is most
active region of debris flows, because of the remarkable differences of elevation and slope that
lead to abnormal development of debris flow and intensive distribution. In the transition zone
between the second to third ladder, debris flows less than the transition zone mentioned earlier,
because of less differences of elevation and slope. In the transition zone between the first to
second ladder, the climate presents obvious seasonal character that dry winter and wet summer,
and summer precipitation profusion and lot of local heavy rainfall, corresponding debris flows
are active.

China landslide and rockfall distributions have the characteristics of a large quantity and
a wide range, mainly distribute in the east of the first ladder mountain region with annual
precipitations are greater than 400 mm, and present two regional distributions roughly:
southwest China and southeast China (Fig. 2). Southwest China due to the steep topography,
active geological structure, dense fault zone with abundant precipitations lead to abnormal
development of geological disaster, so it’s the most active region of landslide and rockfall too,
contrasted to other place of China, landslide and rockfall in southwest China have highest
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occurrence frequency, largest scale and most heavy disaster. Compared with Southwest China,
landslide and rockfall scales and numbers are less due to less change in terrain in Southeast
China, mostly are small scale rockfall, shallow landslide and relatively small damage. But
occurrence frequency is relatively higher because the typhoon rainstorm, human activities more
closely. landslide and rockfall are more prone on the Loess plateau region because the complex
landform and diversified structure, but due to less rainfall, occurrence frequency is relatively
low. And as topography in Northeast and North China, geology and precipitation conditions are
unfavorable to geological disasters, thus less landslide and rockfall distribution.

N ( \\\
o : o {
W @» E . [ ™~ //{
:‘ A
S P My YN }
/ \ N —
S ) ) v,
] ) \
( - 3 \
)" g - r‘r(
o \_ > "y
¢ s /
(;i el jing b

o
]
|

& I —
W 250 $10 K Lot

Legend
@ Landslide and Rockfall

Fig. 2. The distribution of landslides and rock falls in China.
Potential risk zoning

Dynamic and material conditions are necessary for geological disaster occurrence, steep
terrain to provide dynamic conditions, weathered rock, clastic rock, vegetation clastic, loose
soil to provide solid material sources. The common geological disaster potential risk zoning
method is the underlying surface environment information model [Zhu L F. et al., 2004;
Zhang G.P., 2014] to extract elevation, altitude difference, slope, rock type, fault density and
vegetation types as evaluation factors, and to assess geological disaster potential risk
comprehensively. According to the evaluation results and climate characteristics, whole
country area is divided into several subdomains, supposed that subdomains geographic and
geological conditions, climate background are similar, so that ignored the environment
differences in subdomain when established geological disaster meteorological forecast model.
Dr. Zhang G.P. et al. had completed geological disaster potential risk zoning in 2009, and the
study applies this research achievements, the country is divided into 9 geological disaster
forecast areas (Fig.3), respectively, the Northwest region, Northeast region, Tibetan plateau,
Loess plateau, Qinling and Dabashan Mountains, North China, Yungui plateau, South-central
region, and Southeast region.

The Northwestern region contains most part of the Xinjiang province, the north-central
part of Qinghai province, Inner Mongolia, the north part of Gansu and Ningxia provinces. The
Northeast region contains Heilongjiang, Jilin provinces and the east-central part of Liaoning
provinces. Tibetan plateau region contains the south part of Xinjiang province, Tibet, the south
part of Qinghai province and the western Sichuan Plateau. Loess plateau region contains central
Gansu province, southern Ningxia province, northern Shaanxi province and west-central
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Shanxi province. Qinling and Dabashan Mountains region contains southern Gansu province,
southern Shaanxi province, western Henan province, east-central Sichuan province, Chongging
city, western Hubei province and northwestern Hunan province. The North China region
contains eastern Shanxi province, Hebei and Shandong provinces, Beijing and Tianjin cities,
western Liaoning province, eastern Henan province, northern Anhui province and northern
Jiangsu province. Yungui plateau region contains Yunnan province, western-central Guizhou
province and western Guangxi province. The South-central region contains eastern Guizhou
province, south-central Hunan province, northwest Jiangxi province, east-central Hubei
province, central Anhui and southwest Jiangsu province. The Southeast region contains
southeast Guangxi province, Guangdong, Hainan, Fujian and Zhejiang province, eastern
Jiangxi, southern Anhui and Taiwan.
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Fig. 3. The geological disaster potential risk distribution and nine warning areas in China.
Data source and induced factor
Data source

In study, historical geological disasters with significant casualties, economic losses,
weather-related were selected to analyze, and extracted total 18,069 disasters from January
1950 to October 2010, including 2,155 debris flows, 15,914 landslides and rockfalls, all
historical geological disasters data are coming from China Geo- Environmental Monitoring
Institute. As the principle, to select precipitation of the nearest weather station (Fig.4) from the
geological disaster point, extracted daily rainfall data set of them. In order to eliminate the
earthquake and man-made factors, rainfall data set need to rule out by considering situations
such as no rain but with earthquake induced geological disaster, or recently no rain in two days
but with debris flow. In the same county, it recorded several geological disasters on the same
day, corresponding to only one weather station in each country, just regarded as one geological
disaster point to extract daily rainfall. Finally, collected 12,777 rainfall datasets to be used in
analysis and modeling.
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Fig. 4. Meteorological observation stations in China (total 2,513 stations).

In model verification, the samples of geological disaster of 2015, which had collected
from the disaster website of China meteorological administration, were used for nine waring
areas model test, and in the case test of Jiang xi province, group-occurring geological disasters
with field survey were used in southeast waring area model test.

Geological disasters induced factors

The precipitation of the early day and the day when geological disasters occurred both
can lead to geological disasters, but how long of antecedent rainfall depend on the conditions
of geological and climate, the present study selected days for 3-30 days [Zhang G.C., 2014].
First, selected 16-day daily rainfall before geological disasters for factor analysis, the daily
average rainfall characteristics as show in Fig. 5: the rainfall of the disaster day and the day
before are significantly greater than the other days; the mean daily rainfall in 3-16 days before
geological disasters occurred have little difference. Considered daily rainfall of 16-day are
induced factors and to analysis. Further factors analysis found that factors correlation of the
daily rainfall of 16-day are poor, and principal component analysis found that 16-day daily
rainfall not suit for this simulation method and the rainfall of the disaster day and the day before
cannot have represented other daily rainfall. Cluster analysis also showed that all daily rainfall
of 16-day was fit to merger analysis as one class. Referent to debris flow study of Jiangjiagou
[Tian, 2008], selected effective rainfall to combine together as induces factor, and the
calculation formula is:

R = ¥10.8"r, 1)

where R is effective rainfall, r, is daily rainfall, 0.8 is decreasing coefficient, n is days of
effective rainfall. In modeling, let n = 15.
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Fig. 5. Daily average precipitation of geological disaster before 16 days

The determination of geological disaster warning critical rainfall
Factor probability fitting method

To calculate all 16 days effective rainfalls in geological disasters according to the formula
(1), and percentile in the 1% interval, and regard as effective rainfall induced geological disaster
probability samples (frequency), totally 100 sample points to carry on the Logarithmic,
Quadratic terms, Cubic, the Power function fitting. By the Table 1, four kinds of fitting methods
determination coefficient R? values were greater than 0.9 and Cubic fitting R? is the greatest
one with value 0.991, in principle, all fitting methods can be used for simulation, but by the
Fig. 6, only Cubic fitting curve is much more consistent as sample, except the curve at high
probability on 94%, corresponding 238.6mm effective rainfalls. So, try to take sectional curve
fitting and see if that can improve overall performance. According to the sample sequence,
divide into two sequences as 1%-94% and 95%-100%, fitting respectively.

Table 1. Evaluation of 3 kinds of fitting and parameter estimates

Equation The model summary Parameter estimates

R? F dfl [df2 [Sig. [constant |bl |b2 b3
Logarithmic -0.907 [955.404 |1 98  |-0.000 -0.351 0.217
Quadratic -0.915 [520.316 2 97  |0.000(0.162 0.005 -4.201E-6
Cubic -0.991 3637.581 3 96  |0.000(0.058 0.008-2.121E-5 [1.500E-8
Power -0.957 [2196.939 |1 98  |0.000(0.023 0.714
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Fig. 6. Four kinds of Probability fitting curve
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First to simulate 1%-94% sample sequence with Quadratic terms, Cubic, the Power
function fitting methods, and results shown as Table 2 and Fig. 7, the R? of Cubic fitting method
is up to 1 with perfect simulation, in contrast, fitting effects on the quadratic curve and power
function curve are slightly less perfect.

Table 2. Evaluation of 3 kinds of fitting and parameter estimates between 1% and 94%

] The model summary Parameter estimates
Equation -
R? F dfl | df2 | Sig. | constant | bl b2 b3
Quadratic | 0.994 | 7021.743 2 | 91 |0.000| 0.048 |0.008| -2.013E-5
Cubic 1.000 | 81858.624 | 3 | 90 |0.000| 0.012 |0.011| -4.806E-5 | 8.437E-8
Power 0.981 | 4636.790 1 |92 |0.000{ 0.020 |0.762
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Fig. 7. Three kinds of Probability fitting curve between 1% and 94%
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In the 95%-100% sample sequence, it’s only 5 sample points and value of effective
rainfall vast as 253.2mm to 899.6mm, so needed to divide into more samples by percentile with
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interval 0.5%, and simulate as same methods used in 1%-94% sample sequence, and results
shown in Table 3 and Fig.8, the R? of Cubic and quadratic fitting are both 0.985, same
simulative effect, but Power function simulation is general fitting effect.

Table 3. Evaluation of 3 kinds of fitting and parameter estimates between 95%and 100%

. The model summary Parameter estimates
Equation
R? F dfl | df2 | Sig. constant b1l b2 b3
Quadratic | 0.985 | 269.250 | 2 | 8 | 0.000 0.812 0.001 | -5.302E-7
Cubic 0.985 | 269.250 | 2 | 8 | 0.000 0.812 0.001 | -5.302E-7 | 0.000
Power 0.608 | 13.971 1] 9 | 0.005 0.781 0.038
~ o Ob
1.0000 7/ == Quadratic
7/ = Cubic
7 =  Power
7
S900
g soon]
g 97007
$6001
9500 T T T
200.0000 400.0000 €00.0000 8000000

Effective rainfall (mm)
Fig. 8. Three kinds of probability fitting curve between 95% and 100%

By the analysis, the subsection Cubic fitting method is the best method in the geological
disaster occurrence probability modeling, so in the next step, modeling in 9 waring areas with
the subsection Cubic fitting method. But sometimes subsection quadratic fitting method also
well enough in modeling.

Partition modeling

Assume in same warning area, other underlying conditions of geological disaster
occurrence are similar, but precipitation as the sole determinant, so only need to focus on
statistical relationship between precipitation factor and the geological disasters, and establish
the geological disaster probability forecast model.

In each warning area, due to less sample contrast to whole country, so need to carry out
the percentile ranking with 0.5% interval in 16-day effective rainfall, get total 200 samples to
simulate, follow the subsection fitting way, fitting by Quadratic terms, Cubic, the Power
function fitting methods. In all warning area, Cubic fitting is the best one in fitting, and second
is the Quadratic terms fitting, the value of subsection point is not same in each warning area.
The selection of subsection point is decided by subjective judgement, observing the overall
sample fitting curve form, and to choose the point in most different fitting curve part. In this
way, eventually have 18 built subsection fitting equations in 9 warning areas, basically Cubic
fitting equations, that can calculate geological disaster occurrence probability by given 16-day
effective rainfall.
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Then, for example, choose Yungui plateau and Southeastern region to simulate analysis.
Yungui plateau region were extracted 3148 effective rainfall samples, rainfall values range from
0.01 mm to 328.94 mm, at 0.5% intervals percentile sorting, sort out 200 sample points to
simulate by Quadratic terms, Cubic, the Power function fitting methods. In the results, the R?
in Cubic fitting is the greatest (R?=0.996) and simulation is best, but the fitting curve has more
difference in the point of 92.5% (corresponding effective rainfall 114.12 mm), so choose the
point to divide into 0.5%-92.5% and 93%-100% sequences to simulation again, at last, as Fig.
9 shown, in the previous sequence, Quadratic terms fitting effect is best and R?>=0.997; in the
second sequence, Cubic fitting effect is best and R?=0.999.

(@) 5

(92 Kmqeqoad

T T T T T T «Q0 T T T T
000 20000 40.000 €0.000 80.000 100000 120000 100,000 150.000 200.000 250,000 300.000 350,000
Effective rainfall (mm) Effective rainfall (mm)

Fig. 9. Three kinds of Probability piecewise fitting curve in Yungui plateau region (a) 0.5% - 92.5%, (b)
92% - 100%

Therefore, according to division value 114.12 mm of 16-day effective rainfall, constructs
two fitting equations in Yungui plateau region:

Py = —0.047 + 0.0156x — 6.131x% x 1075, x < 114.12, )
P,, = 0.531 4 0.0057x — 2.295x2 x 1075 + 3.033x3, x < 114.12, ©)

where P13 and P14 are geological disaster occurrence probability, x is 16-day effective rainfall.

Southeastern region was extracted 2202 effective rainfall samples, rainfall values range
from 0.03 mm to 899.58 mm, at 0.5% intervals percentile sorting, sort out 200 sample points to
simulate by Quadratic terms, Cubic fitting methods. In the results, the R? in Cubic fitting is the
greatest (R?=0.993) and simulation is best, but the fitting curve has more difference in the point
of 81.5% (corresponding effective rainfall 182.33mm), so choose the point to divide into 0.5%-
81.5% and 82%-100% sequences to simulation again, at last, as Fig. 10 shown, in both
sequences, Cubic fitting effect is best and first sequence, R?=1, in the second sequence,
R?=0.999.

Therefore, according to division value 182.33 mm of 16-day effective rainfall, constructs
two fitting equations in southeastern region:

P;; = 0.001457 + 0.00933x — 4.052x2 x 1075 4+ 7596x3 x 1078, x < 182.33, 4)
P;g = 0.34437 + 0.003716x — 6.807x% x 107 + 3.875x3 x 107%, x < 182.33, (5)

where P17 and P1g are geological disaster occurrence probability, x is 16-day effective rainfall.

147



CeneBble NOTOKM: KaTacTpoddbl, PUCK, MPOTHO3, 3aLunTa DF] 8 Debris Flows: Disasters, Risk, Forecast, Protection

o O
1.0001 — Quadnte 000
(a) — Cubic (b)
\.
200 \
9501 NG
A
5 600
Z %00
S
= o]
8501
200
. I
000 T T T T 20X T T T T T
000 50000 100 000 150000 200.000 000 200,000 400 000 600000 800.000 1000 000
Effective rainfall (mm) Effective rainfall (mm)

Fig.10 Three kinds of Probability piecewise fitting curve in Southeast China (a) 0.5% -81.5%, (b)
82% - 100%

Critical rainfall

Due to the geological disaster potential risk has very little temporal and spatial variation,
can be used as a static background in the warning business of geological disaster forecast, but
precipitation is the dynamic change of every day. So mainly consider dynamic precipitation
induced geological disaster, regard high probability effective rainfall is high risk critical
rainfall. In practice, when the geological disaster occurrence probability of 20%, 40%, 60%,
80%, it corresponds effective rainfall, and regarded as critical rainfall, and corresponding as
blue, yellow, orange, red alert critical rainfall (Table 4). Because effective rainfall is the sum
of the disaster day rainfall and antecedent rainfall, therefore critical rainfall criterion is a
dynamic change, for the same forecast station (warning), in the case of it will be rain in the 2
days, today and tomorrow the same warning level are needed different precipitation. In actual
situation, same warning area has different precipitation distribution in same period, so if
forecast same precipitation in all region, the forecast stations have different warning level
distribution. So, in business, forecaster may calculate for 1-100% probability of effective
rainfall in warning area, combined to business reference table, and then calculate 15 days
effective rainfall in forecast sites, then only need to focus on 24h precipitation forecast, look-
up table, and can quickly get the probability value of forecast site and judge the geological
disaster meteorological warning level, the judgement operation of warning level is simple and
quick, correction is relatively easy.

Table 4. Critical warning values of effective rainfall

Regions
g 2% |ss s e £l . [32]es|B
=3 z | 2 s Jds |&&a |20 2|88 |3
Blue 1.8 10.9 11.3 5.1 15.0 10.6 18.8 15.8 23.6
Yellow | 4.9 25.9 18.4 12.1 34.1 26.8 33.6 34.2 54.8
Orange | 11.3 | 474 26.2 20.4 61.5 57.6 514 65.5 99.7
Red 21.7 | 98.7 39.5 40.2 104.4 138.6 79.2 1229 | 175.7
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Model test

In the case test in all warning regions, selected totally 172 geological disasters as test
samples in April to October, 2015, those disasters both caused directly economic loss and
casualties. To extract daily precipitation of weather station nearby disaster, calculate 16 days
effective rainfall, according to table 4 discriminant warning level and analyze model forecast
performance (Table 5). Analysis results show that the model in blue and the above levels
forecast 152 times, accounting for 88.4% of the total samples, percentage of yellow, orange and
red warning prediction respectively is 17.4%,30.8% and 26.2%, and the yellow and above
levels successful prediction ratio over 74.4%, it’s proof that the effective rainfall probability
model has a good reference.

Table 5. Forecast times and proportions of different geological disaster warning level

Warnin No Blue and Yellow Orange
| g . Blue | Yellow | Orange | Red above and above above
evels warning

levels levels level
times 20 24 30 53 45 152 128 98
Ratio/% 11.6 14.0 17.4 30.8 26.2 88.4 74.4 57.0

The other case test is located in Jiangxi province of the Southeast region, there had heavy
rainfall in the south-central of Jiangxi province between May 18-20, 2015, the process
accumulation rainfall of Xingguo, Yudu and Shicheng counties are more than 100 mm, north
and central part of Xingguo county reached 200-497mm, the heaviest rainfall time mainly
among the night of 18 to the day time of 19.

Influenced by the heavy precipitation process, Xingguo, Yudu and Shicheng counties
was appeared a lot of geological disasters. Through disaster survey and field investigation, a
total of 1806 geological disasters with detail latitude and longitude and occurrence time
accurate to hours, are collected. By occurrence time, to extract hourly precipitation in 16 days
from automatic meteorological station nearby disaster, and finally get 645 effective rainfall test
samples.

According to the early warning critical rainfall of southeast region, combined with
effective rainfall of disasters, discriminant early warning level, and to analyze model prediction
performance (Table 6), found that the model in blue warning accounted for 11% of the total
number of forecast, percentage of yellow, orange and red warning prediction respectively is
18%,42% and 33.3%, the yellow and above levels successful prediction ratio over 87.3%, only
1.7% disasters did not identify. The model criterion effect is good and strong prediction ability.

Table 6 Forecast times and proportions of geological disaster risk

Warning levels No warning Blue Yellow Orange Red
times 11 72 78 275 218
Ratio/% 1.7 11.0 18.0 42.0 333

EC numerical model in the process of the precipitation forecast in Xingguo, Yudu and
Shicheng counties is generally medium to heavy rain, less one magnitude than real rainfall,
even less than two orders of magnitude, precipitation numerical model have modest forecast
effects. By the EC’s precipitation forecast and 15days effective rainfall, to judge the early
warning level of samples, and forecast level basically to blue level, a few to yellow level and
seldom to orange level.
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Summary

By the study of geological disaster potential risk zoning, induced factor analysis and
selection, modeling, and the critical rainfall, the article gets the following conclusion:

a) It can be divided into 9 early warning regions by geological disaster potential risk
zoning.

b) The factor of geological disaster induced by precipitation is effective rainfall.

c) In the simulation of effective rainfall probability, the subsection Cubic fitting method
is the best, and establish geological disaster occurrence probability model

d) The case tests verify critical rainfall which draw by geological disaster occurrence
probability model, determine early warning level method is simple, easy to operate,
and practical with high waring accuracy.

In addition, 9 warning regions isn’t enough in research, need further refinement of
partitions, to establish forecast equations, and next step, explore double factors forecast model
with the geological disaster potential risk degrees and effective rainfall factor, to judge the
geological disaster meteorological warning level more reasonable and comprehensive.

Acknowledgements

This research funded by the following the project: Meteorological industry standard
project of China (Grants QX/T-2018-19); the National key research and development program
of China (Grants N0.2016YFC0402702); the National Natural Science Foundation of China
(Grants N0.41775111 and 51509043).

Reference

Chae B.G., Kim M.I. (2012). Suggestion of a method for landslide early warning using the change in the
volumetric water content gradient due to rainfall infiltration. Environmental Earth Sciences, 66: 1973-
1986.

Cui P., Liu S.J., Tang W.P., et al. (2000). Progress of debris flow forecast in china. Journal Of Natural
Disasters, 9: 10-15.

Del Ventisette C., Casagli N., Fortuny-Guasch J., et al. (2012). Ruinon landslide (Valfurva, Italy) activity
in relation to rainfall by means of GBINSAR monitoring. Landslides, 9: 497-509.

Di J.Y., Wang Z., Tian H., et al. (2015). A risk forecast method for Southwest road damages based on
precipitation. Journal of Applied Meteorological Science. 26: 268-277.

Florence W.Y. Ko, Frankie L.C. Lo. (2016). Rainfall-based landslide susceptibility analysis for natural
terrain in Hong Kong - A direct stock-taking approach. Engineering Geology, 215: 95-107.

Gao S., Zhou P.G., Dong Y., et al. (2002). Study on techniques and methods for prediction and warning
of debris flow. Journal of Engineering Geology. 10: 279-283.

Jibson R.W. (2006). The 2005 La Conchita, California, landslide. Landslides, 3: 73-78.

Liu X.L., Yu C.J., Shang Z.H. (2011). Risk mapping and spatial pattern of debris flow and landslide
hazards in China. Journal of Basic Science and Engineering, 19: 721-730.

Shi P.J. (2002). Theory on disaster science and disaster dynamics. Journal of Natural Disasters, 11:1-9.

Tian B., Wang Y.Y. (2008). Weighted relation between antecedent rainfall and process precipitation in
debris flow prediction — A case study of Jiangjia Gully in Yunnan Province. Bulletin of Soil and
Water Conservation. 28: 71-75.

United Nations, Office for the Coordination of Humanitarian Affairs (1992). Internationally agreed
glossary of basic terms related to disaster management. DNA/93 /36, Geneva.

Xie Q.W., Liu Y.H., Tang C. (2013). Early warning statistical model of sudden geological hazards and
its application. Journal of Jilin University (Earth Science Edition), 43: 1614-1621.

Yang X.B., Chen L.Q., Liu Y.Y., et al. (2011). Spatial and temporal distributions of probability
classification of precipitation and temperature anomalies over China. Journal of Applied
Meteorological Science, 22: 513-523.

Yao X.X., XuJ., Xue J.J., Zhang F.F., Niu R.Y. (2005). A potential forecast model for geological-related
disasters based on precipitation. The Chinese Journal of Geological Hazard and Control, 16: 97-102.

Yu H.Y., Liu S.H., Zhao N. (2011). Characteristics of air temperature and precipitation in different
regions of China from 1951 to 2009. Journal of Meteorology and Environment, 27: 1-2.

Yun T., Chuan T. (2013). The influence of human activity and precipitation change on mid-long term
evolution of landslide and debris flow disasters. Sciences in Cold and Arid Regions, 5(6): 715-721.

Zhan G.P. (2014). Study on the relation between effective precipitation and landslide/debris-flow with
probabilistic model. Meteorological Monthly. 40: 886-889.

150



CeneBble NOTOKM: KaTacTpoddbl, PUCK, MPOTHO3, 3aLunTa DF] 8 Debris Flows: Disasters, Risk, Forecast, Protection

Zhang G.C. (2014). Natural disaster risk assessment and regionalization principles and methods.
Meteorological press (Beijing), 58-79.

Zhang G.P., Song J.Y., Shao X.L., et al. (2015). Case analysis of forecast and evacuation of recent large
geological disasters in China. Journal of Natural Disasters. 24: 20-26.

Zhang Y.Y., Hu X.W., Zhu H.Y. (2007). Prospect of research on relationship between landslide and
rainfall. Journal of Natural Disasters. 16: 104-107.

Zhou M.L., Shao X.M., Luo M.F. (2014). Method and application of landslide geological hazard early-
warning in Wenzhou city. The Chinese Journal of Geological Hazard and Control, 25: 90-96.

Zhu L.X., Wu X.C., et al. (2004). Risk zonation of landslide in China based on information content
model. Journal of Earth Science and Enivronmental, 26: 52-56.

151



CeneBble NOTOKM: KaTacTpoddbl, PUCK, MPOTHO3, 3aLunTa DF] 8 Debris Flows: Disasters, Risk, Forecast, Protection

A monitoring barrier for investigating debris flow/structure/ground
interactions
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Sciences, Vienna, Austria, georg.nagl@boku.ac.at

Alpine regions are exposed to different mass wasting processes, including debris flows,
landslides, and rock fall. Debris flows are highly mobile gravity driven mixtures of
sediment and water. The combination of high velocities and the capacity to carry large
boulders endangers human lives and infrastructures. For the design of mitigation measures
a realistic design value of the expected impact pressure is required, but not yet available.
Due to the destructive power of debris flows real scale data are rare. For this reason, a new
monitoring barrier was built in the Gadria creek in South Tyrol, Italy, to measure the
interaction between debris flows, the engineering structure and the ground. In total more
than 50 sensors were installed measuring flow properties like flow depth, normal stress,
shear stress, pore fluid pressure and the internal velocity profile, as well as the impact
pressure onto the barrier structure. In the first year of operation (2017) two small debris
flows were recorded with a maximum flow depth of around 1 to 1.5 m. Variations of flow
depth go in line with normal stress and fluid pressure. For the two events densities ranged
from 1,800 to 2,000 kg/m? and for some sections of the flow the material was close to
liquefaction. Though flow depth and velocities were rather small, impact pressures were
up to 40 kPa. The outcomes from our monitoring efforts will improve engineering design
criteria and may also provide a benchmark for debris flow model testing.

debris flow, monitoring, check dam

KoHTponbHO-U3MepuTenbHbIN bapbep Ana uccnenoBaHus
B3aMMOAEUCTBUSA CeNnsA C COOPYKEHNSAMMN U 3eMHON
MOBEPXHOCTLIO

I'. Haras, P. Kautna, M. X106.1n

Hnemunmym undicunupunea 20pHbx puckos, Yuusepcumem npupooHbix pecypcos u Hayk
o orcusnu, Bena, Ascmpus, georg.nagl@boku.ac.at

Anbnuiickue paiioHbl TOABEPrarOTCS PA3IUYHBIM IPOLECCAM MACCOBBIX CMEIEHHUH
Mmarepuana, TakMUM Kak CelH, OIOJN3HM W oOBambel. CenM INpeACTaBiIsIOT Cco00H
BBICOKOMOOWJIBHBIE CMECH HaHOCOB M Bojbl. CoueTaHHe BBICOKHX CKOpPOCTEH U
CIIOCOOHOCTH TIE€PEHOCHTh OOJIBIINE BAJTYHBI CTaBSAT IO Yrpo3y >XHM3Hb JIOJEH W
uHdpactpykrypy. s pa3paboTkm Mep IO CMsr4eHuro TpeOyeTcs peanrcTHIHOe
pacueTHOe 3HAYEHHE OXHJIAEMOIO YIapHOro AaBieHHs. M3-3a pa3pylIMTENbHOW CHIIBI
00JIOMKOB peaibHble JJaHHBIC PEaJbHON BEIMYMHBI AABJICHUS PEIKO YAAETCS IOJIyYHTh.
ITo asto0it mpuunne B pycne 'anpuu B Oxuom Tupone, Wranus, 6bU1 OCTpOSH HOBBIN
Gapbep AJIsl U3MEPEHUSI B3aUMOACHCTBUSL MEXKAY CEJICBHIMH MOTOKaMHU, WHKCHEPHBIMHU
KOHCTPYKLMAMH U 3emiield. Beero 6but0 ycraHoBiieHO Gosiee 50 1aT4nkoB, U3MEPSIFOLINX
TaKhe CBOMCTBA IIOTOKA, KaK INIyOMHA, HOPMAJIbHOE HAlpsDKEHUE, HANpsDKEHUE CIBHTA,
JIaBJICHUE TOPOBOM JKMIKOCTH M NpOQMiIb BHYTPEHHEH CKOPOCTH, a TaKXe yIapHOe
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JlaBJicHHe Ha OapbepHYyl0 KOHCTpyKuMio. B mepsblii rog paGorsr (2017 r1.) ObLIM
3apETUCTPUPOBAHBI JIBa HEOOJNBIINUX CEIsl ¢ MAKCUMAIILHOU TITyOMHOM MOTOKa OKOJO 1-
1,5 m. Bapuarnuu riyOuHBI TOTOKA HAYT B COOTBETCTBUU C HOPMAIILHBIM HAMPSHKCHUEM U
JTABJICHUEM SKUIKOCTH. J{JIsl ABYX COOBITHIA INIOTHOCTH cocTanisia ot 1800 go 2000 Kr/m°,
a Ha HEKOTOPBIX y4acTKax MOTOKa MaTepuall ObLT OJIU30K K CKMKCHHUIO. XOTs TIIyOrHA U
CKOPOCTh MOTOKA OBLIM OTHOCHUTEIHFHO HEOONBIIUMHU, YAAPHOE IaBICHHE COCTABISIIO 10
40 xITa. Pe3ynpTaThl HAIIUX MOHUTOPHHIOBBIX Pa0OT yJIydIIaT KPUTCPUU WHKEHEPHOTO
MPOEKTUPOBAHUS U MOTYT TaKXkKe CTaTh 3TAJOHOM JUIsl TECTUPOBAHUSI MOJEIH CEJIEBBIX
ITOTOKOB.

celtb, MOHUMOPUH2, KOHMPOTLHO-UIMEPUMENbHbIL bapbep

Introduction

Monitoring represents the backbone of investigations of the scientific community on
mass wasting processes like debris flows. The observation of real events provides high quality
information of essential parameters like rainfall thresholds or depth of discharge and gain
essential insights to general behavior. The information from monitoring stations helps to guide
the development of simulation models and to improve hazard assessment.

For the design of structural mitigation measures the knowledge of flow depth, density,
velocity, impact force and total discharge are needed [Arattano & Marchi, 2000]. Since debris
flows are mixtures of sediment and water the impact forces are expected to comprise the
dynamic fluid pressure as well as single impact forces by particles. The measurements of these
parameters pose a challenge for the scientific community. Only some efforts were done in the
past to quantify these parameters in real scale [e.g. Hu et al., 2011; Zhang, 1993; Suwa et al.,
1973; Bugnion et al., 2012].

Following a hydrodynamic approach, the main factors of the impact pressure (P in N/m?)
are density p in kg/m?®), velocity (v in m/s), and an empirical coefficient o which takes into
account the impacts of grains additionally to the fluid pressure. This coefficient typically varies
between 0.4 and 2 in real scale applications and up to 12 in small scale experiments.

P=a-p-v? 1)

Furthermore, several studies relate the impact forces of debris flows to the Froude
number [e.g. Hiibl et al., 2009, Armanini et al., 2011]. By determining the effect of the Froude
number (ratio of inertial forces to gravitational forces), Hiibl et al., [2009] illustrate by
analysing a scale free relationship of the normalized empirical value of the hydrodynamic
model and the normalized impact forces, that the hydrodynamic model does not perform well
by low Froude regimes. Overall, these studies highlight the need for data densification of real
scale debris flow impact in low Froude regimes, to investigate the complexity of impact forces.

Method

In 2016, a monitoring barrier was built to investigate the check dam/debris flow
interaction. The check dam is situated in the Gadria torrent in South Tyrol, Italy, which is prone
to frequent debris flow events due to a high sediment availability in the upper catchment [Comiti
et al., 2014]. More than 50 sensors were installed measuring flow properties like flow depth,
normal stress, shear stress, pore fluid pressure and the internal velocity profile, as well as the
impact pressure onto the barrier structure [Nagl! & Hiibl, 2017].
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Fig. 1. Monitoring Barrier with fourteen load cells on the front

The monitoring barrier consists of a single concrete element covered with steel plates in
the middle of the channel with fourteen load cells on the front of the barrier. The load cells can
measure impact pressures up to 2,000 kN, see Fig. 1. The sampling frequency of each load cell
is 19,200 Hz. To measure the normal force, one force plate was installed in front and one 2 m
aside of the barrier, both recording with a sampling frequency of 2,400Hz. Additionally,
ultrasonic sensors above the force plates are used to determine the flow height.

Two debris flows were successively recorded with a maximum flow depth of around 1
to 1.5 m in the year 2017.

Data

Herein, we present preliminary results of in-situ measurement of the first events in 2017.
The first debris flow was triggered on the 10th of July 2017 during an intense, short duration
rainfall of about 12 mm. The hydrograph of the debris flow was marked by one main surge
(Fig. 2a). The antecedent part was characterized by a steep boulder-rich front, followed by a
more dilute tail with fewer boulders visible on the surface. Video analysis showed that the
surface particles moved faster than the bulk velocity and were thus transported to the front. At
the front small boulders were overrun, and bigger particles pushed forward, similar as described
by Pierson [1986]. From the video recording and measurements of the basal pore fluid pressure
we assume that the interstices between the solids were filled with muddy slurry.

The density, which was calculated from the normal stress and flow depth measurements
decreased from more than 2,000 kg/m?® at the front to 1,500 kg/m?® at the tail of the flow,
illustrated in Figure 2b. This observation is in accordance with other monitoring results

[McArdell, 2016; McCoy et al., 2013], and is related to the focusing of large particles at the
front.
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Fig. 2. Flow depth (a) and density (b) of debris flow event on 10th of July 2017

Particle tracking based on the digital video material was carried out to determine a time
series of surface velocities. We find that the surface velocity first quickly increased to a value
of around 1.3 m/s, and then decreased to fluctuate around 1 m/s (Fig. 3).
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Fig. 3. Surface velocity during the impact

During the event, four load cells were exposed to the flow and measured impact pressures
at different heights. A moving average filter of 19,200 smoothed each time series to reduce the
high noise and the influence of particle impact (Fig. 4). The maximum impact force values and
corresponding stress values (by dividing impact force with the area of 0.031 m? of the load
plate) are shown in Tablel. The lowest load cell 1 shows the highest forces at the beginning up
to 1 kN. At increasing height of the load cells the impact forces decrease.

1,2 T T T T T T T T 1 ]
1F > Loadcell 4 -
z 08 [ ; + Loadcell3 ]
8 o6l ML AN O Loadcell2 ]
5 LR Load cell 1 1
S o4 J¥ ]
o %
8 02+ TN .
1S F Py \ ]
T 0 ety v
026 1 e e N 3
300 350 400 450 500 550 600
Time [s]
Fig. 4. Impact pressure.
Table 1. Measured impact force and impact pressure of four load cells.
Load cell 1 | Load cell 2 | Load cell 3 | Load cell 4
Max. impact force [N] 1,058 917 551 754
Max. impact pressure [N/m?] | 33,710 29,214 17,558 24,042

We also back-calculated the empirical coefficient o for the hydrodynamic impact model
for the four loads cells by rearranging equation 1. Taking the derived density and the velocity
during the impact into account, o ranged between 5.2 and 10.0, illustrated in Table 2. The
Froude number of this event was about 0.38.

Table 2. Empirical value a of the hydrodynamic impact model.

Load cell 1

Load cell 2

Load cell 3

Load cell 4

a | 100

8.6

5.2

7.1
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Discussion

Data from previous studies based on small-scale experiments [Scheidl et al., 2013; Cui
etal.,, 2015; Zanuttigh & Lamberti, 2006; Kim et al., 2013, Hiibl & Holzinger,2003; Watanabe
& lkeya, 1981] and real-scale measurements [Bugnion et al., 2012; Hu et al., 2011] suggest a
dependence of the empirical value on the Froude number. The data from this study show high
back-calculated empirical value for the hydrodynamic model in Fig. 5 in the low Froude regime
and indicate a problem of the hydrodynamic model in low Froude regimes.
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Fig. 5. Froude number vs empirical value

There is abundant room for progress in determining further investigations to illuminate
the connection of the Froude number on the dynamic behaviour of debris flows.

Conclusion

In this paper, we present the first preliminary results of in-situ measurement of the debris
flow impact pressures in the Gadria torrent. The small event showed densities from 2,000 to
1,500 g/m? and velocities up to 1.3 m/s at the front. Impact forces on the front were up to 1 kN.
The measured forces highlighted the problem of the empirical coefficient of the hydrodynamic
model in low Froude regimes. Further in-situ real time measurements also will help to densify
the database of real scale debris flows and improve hazard assessments.
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Geological and geotechnical findings of the catastrophic debris
flow near Tskneti, Georgia, June 2015
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In June 2015 a flash flood caused by a failure of a natural dam originated by a hazardous
debris flow in the Vere valley hit Thilisi. 23 persons lost their lives and property damages
were huge. The catchment area is a region of high landslide susceptibility with a range of
active and expectable processes with differing intensities/volumes. The event of 2015 must
be seen as mega-event with recurrence periods of several 1000s of years or more. However,
the landslide has created even more unstable conditions and weakened an already semi-
stable system. As conclusion, the likelihood for medium to large subsequent events has
risen significantly. Along with the planning of the reconstruction of the Tskneti-Samadlo-
road and the Tskneti-Akhaldaba road some detailed geological investigations, e.g. large-
scale engineering geological mapping, laser scanning, monitoring of groundwater level,
movement measurements etc. were carried out or are still in progress. These first results
brought some evidence of geological, hydrogeological and geotechnical setting in the
Tskneti region and the types of processes (weathering, changes of water level) and
landslides (rock slides, rockfalls, creeping etc.) that provided debris for the catastrophic
event in 2015. This paper tries to give an idea of the general geomorphological and
geological setting and the processes and shows which measures have been taken already
and what is planned in the future to protect both roads and Thilisi from further catastrophic
hazards.

debris flow, flash flood, geological mapping, geomorphology

eonoruyeckne U reoTexXHUYECKNE YPOKU KaTacTpodmyeckoro
cens okono LixHetu, py3us, B nioHe 2015 roga

I1. Hoiimann', M. Baysp!, M. Xaiian?, K. Kaitnur! 3, 3. Menaoae*, JI. lymo6anze’

1Baugeologisches Buero Bauer GmbH, Mionxen, I'epmanus, mail@baugeologie.de
2Trumer Schutzbauten GmbH, O6epmpym, Aecmpus
SMiouxenckuii mexnuueckuii ynusepcumem, Mionxen, I'epmanus

4Kasxazckuii doposicnbiii npoexm JImo., Tounucu, Ipy3us

B mrone 2015 roga B TOmIMCH Ipon30IIJI0 BHE3AMTHOE HABOJHEHHE, BEI3BAHHOE IPOPBIBOM
€CTECTBEHHO IUIOTHHBI, MOJIPYKEHHOH OMoyi3HeM B JloinHe peku Bepe. 23 yenoseka
MmoruoJId, a MaTepualbHBIA ymiepOd ObLT OTpoMHBIM. BomocOopHasi 30Ha SBISIETCS
00J1aCThIO TIOBBIIICHHON OIIOJI3HEBOI OIACHOCTHU C PSOM aKTUBHBIX M MOTEHIIMAIBHBIX
MIPOIIECCOB Pa3IMYHON HMHTEHCUBHOCTH W oObema. Karactpoda 2015 roma momkHa
paccMaTpuBaThCA KaK BBIIAIOIIEECS COOBITHE C MTOBTOPSEMOCTBIO B HECKOJBKO THICSY JIET
i Oonee. OMHAKO OIOJ3EHb CO3/al HEYCTOWYMBBIE YCIOBHA M OCIA0WI yiKe
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HEJIOCTaTOYHO CTaOWIIBHYIO CHCTeMY. B HTOre, BEpOSATHOCTH CPEAHUX M 3HAYNTEIBHBIX
MOCJIEYIONINX ~ COOBITMH  3HAUYMTENbHO BO3pocia. Hapspy ¢ mmaHHpoOBaHHEM
pekoHcTpykuuu  noporu  Lxmetn-Camamno u  goporm llxnern-Axannmaba Obuin
BBINOJIHEHBI U MPOAOJDKAIOTCA B HACTOAIIEe BpeMs MOAPOOHBIE TeO0JIOrMYecKHe
UCCIIEJIOBAaHUSl — KPYHHOMAacCIITaOHOE WH)KEHEPHO-T€OJIOTHYECKOEe KapTUPOBaHUE,
Jla3epHOe CKaHWPOBaHHE, MOHUTOPUHT YPOBHSI TPYHTOBBIX BOJ, U3MEPEHHUS BUKEHUS U
T. 4. IlonmydeHHble mnpeABapUTENbHbIE pe3ynbTaThl BbIABWINM B llxHeTu criens
Te0JOrMYEeCKUX, THAPOTre€0JIOTHUECKUX U T€OTEeXHHUUECKUX YCIOBUM U TUIBI MPOLIECCOB
(BbIBeTpHBaHME, M3MEHEHUE YPOBHS BOJIbI) U MACCOBBIX CMEILEHUI (0OBaJIbl, ONOJI3HH,
MeJUICHHbIE CMELIEHUSI 1 T.JI.), KOTOPBIE JJaJI MaTepHal Ui KaTacTpO(QUIECKOro COObITUS
2015 roma. B craree nmaercs mpexncrtaBieHue o0 oOmieid reomopdosormdeckoid u
Te0JIOTHYECKOH 00CTaHOBKE, O MpoLeccax U MOKa3bIBAeTCsl, KaKUe MEPHI YK€ IPUHSTHI U
YTO TUIAHUpYETCS B OyaylieM JUisi 3alliuThl AOpOr M ropoia TOWIHMCH OT AanbHEHIHMX
OIIACHOCTEM.

celly, cenesoi naeodok, ceojloeuvecKkoe kapmuposeaHnue, 260M0p¢0ﬂ02uﬂ

Introduction

On the night of 13-14 June 2015, a disastrous flash flood hit the Georgian capital Thilisi
directly affecting more than 700 people, causing 23 fatalities and over USD 24 million in
physical damage [UNDP, 2015]. The flash flood originated in the Vere river west of Thilisi
[UNDP, 2015; Gaprindashvili et al., 2016]. It was caused by exceptionally long and heavy
rainfalls in the previous ten days resulting in an already high discharge and a large landslide of
approx. 1 million m3 temporarily blocking the river and ultimately causing the flash flood after
failing of the dam [UNDP, 2015; Gaprindashvili et al., 2016]. Peak discharge during the event
has been estimated to be 468 m®/s almost doubling the discharge during the catastrophic flood
in 1960 (259 m?/s discharge) [UNDP, 2015]. Following a flood recorded on 4 June (155 m®/s
discharge) this were the highest consecutive floods ever recorded in the Vere river [UNDP,
2015]. Vere river flows into Mtkvari river in Thilisi.

The landslide leading to the blockage of the Vere river occurred between Tskneti and
Akhaldaba south of the Vere river and was a highly complex process of different types of
landslides, such as rock slides, debris slides, earth slides and debris flows [UNDP, 2015;
Gaprindashvili et al., 2016]. In the landslide area two important roads were completely
destroyed by rock slide (upper Samadlo road) and debris flow (lower Akhaldaba road), isolating
Akhaldaba from Tskneti, which is the villages main source for supplies and food [UNDP, 2015;
Gaprindashvili et al., 2016].

Caucasus Road Projects, Ltd. (CRP) is currently reconstructing the roads, while a group
of international experts including Trumer Schutzbauten from Austria and Baugeologisches
Buero Bauer (BBB) from Germany is consulting CRP in topics about landslide hazard
assessment, mitigation and development of an early warning system (EWS). This paper will
give an overview about the first geological and geotechnical findings regarding the landslide.

Study site

The landslide area is located about 10 km west of Thilisi between the villages of Tskneti
and Akhaldaba (Fig. 1). The upper scarp of the landslide is located at 1410 m amsl, almost at
the ridge of the mountain range west of Tskneti. From the scarp to Akhaldaba road (910 m
amsl) the average slope angle is very steep at about 29°. From Akhaldaba road to Vere river
(620 m amsl) the average slope angle is much lower at about 6.5°.
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Fig. 1. Location of the Landslide area between Tskneti and Akhaldaba. Orthophoto provided by
Municipial Development Fund

Rock basement consists of two sedimentary formations of Tertiary age [Gudjabidze,
2003]. One formation is of Oligocene age and consists of clay- and thin layers of sandstone
[Gaprindashvili et al., 2016]. In the lower horizon of this formation claystones are more
dominant, while in the upper horizon sandstones are predominant [Gaprindashvili et al., 2016].
Thickness of this formation can reach 2.000 m [Gaprindashvili et al., 2016]. The second
formation is of Upper Eocene age and is formed by thick-bedded sandstones with alternating
layers of claystone as result of flysch deposits [Gaprindashvili et al., 2016]. The rock
formations are strongly faulted and fractured [Gaprindashvili et al., 2016].

Methods
Geological-geomorphological mapping

In order to develop an early warning system for the reconstructed roads BBB was
assigned by CRP to carry out detailed geological mapping with focus on spatial distribution
and properties of rock formations, geomorphological landslide features and possible landslide
processes. The first stages of mapping were performed in November 2017 and March 2018.
About 80 ha were mapped on a scale of 1:1.000. Mapping is fundamental and builds the
essential basis for all further steps, like safety of construction works or development of EWS.

UAV mapping

Additionally, UAV mapping and photogrammetric reconstruction was carried out in
March 2018 to create an up to date digital elevation model (DEM) of the landslide area (Fig. 2
A). This can provide a DEM at very high resolution and give us valuable information about the
geomorphology of the landslide area. Future surveys are planned to quantify geomorphologic
changes following the approach of multi-temporal DEMs of Wheaton et al. [2010]. About 27 ha
were mapped with the UAV from the scarp of the landslide until 600 m below Akhaldaba road.
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Terrestrial laser scanning

Terrestrial laser scanning (TLS) was performed on two locations inside the landslide area
in March 2018 (Fig. 2 B). Above Samadlo road we scanned a suspected hazardous rock slide
in order to accurately determine the volume of the rock slide. With consecutive TLS surveys in
the future possible movement can be quantified, e.g. with the M3C2 algorithm developed by
Lague et al. [2014]. Furthermore, we surveyed the area above and below the Akhaldaba road
to quantify mobilizable volumes for debris flows and evaluate slope stability. Here we plan to
carry out additional surveys in the future as well to quantify geomorphic changes.

-*-—-*"*'q

o = - S L \
Fig. 2. UAV (A) and TLS (B) surveys were carried out in the landslide area in March 2018

Results

While data of the UAV and TLS surveys is still in extensive post processing, first results
of geological and geomorphological mapping can already be presented (Fig. 4). The Oligocence
formation (Fig. 3 A & B) is very thinly bedded and is predominantly composed of clay- and
siltstones. Bedding is spaced between 0.5 cm and 15 cm (average ~0.02 m). Interlayers of
sandstones are common. The formation crops out mostly below Samadlo road and dips north
with and average angle of 30-35°, it is folded and faulted.

The bedding of the Eocene formation (Fig. 3 C & D) is spaced closely to widely.
Sandstones are predominant in the formation with interlayers of clay- and siltstones.
Furthermore, conglomerates (Fig. 3 D), partly very coarsely grained, were found in this
formation. Conglomerates exist both as concordant interlayers and unconformable fillings of
erosive channels. Bedding is spaced between 1 cm and 2.5 m (average ~0.8 m). The formation
crops out mostly above Samadlo road and dips north with and average angle of 30-35°, it is
folded and faulted. Up to now it is not completely clear if the contact of the two rock formations
is concordant or unconformable or even faulted.

As mentioned above, the rock formations dip north with an average angle of 30-35° and
therefore bedding is more or less parallel to the slope itself. This geological setting makes the
whole mountain range west of Tskneti highly susceptible to landslides. During mapping
landslides were detected, that have not been active during the 2015 event, but have a much
older movement history of a suspected 60 to 150 years (grey detachments in Fig. 4). Although
there has been no full reactivation of theses landslides there are indicators for recent
movements, that could lead to a reactivation in the future.
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Fig. 3. Rock formations of the study site. A: Outcrop of thin-bedded rock formation at Samadlo road. B:
Close up of thin-bedded rock formation with predominant claystone. C: Sandstone of the thick-bedded
formation. D: Conglomerate of the thick-bedded formation. Photos: K. Keilig
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Fig. 4. Simplified geological-geomorphological sketch map of the landslide area (left), based on the high-
resolution mapping (A and B)
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Fig. 5. Map showing different types of movement types (colours) and probabilities (symbols)

Based on the geological-geomorphological findings we generated a map that
distinguishes the different types of occurring landslides as well as their activity or the
probability of failure (Fig. 5). This can help deciding which types of retaining structure,
monitoring system or immediate measure should be installed in the future.

As a result of mapping we developed a preliminary concept for the triggering mechanism
of the landslide (Fig. 6). We suspect groundwater and pore pressure to be the main trigger
during the 2015 event. The groundwater level must have risen significantly during the ten days
of heavy rain prior to the event. The stratification and jointing of the rock formations lead to
groundwater flow parallel to the slope and possible clay layers could prevent groundwater from
leaking on the surface. Therefore, in the lower parts of the slope pore pressures must have risen
immensely leading to explosion-like escapes of water and destabilising slopes until failure in
the area around Akhaldaba road (“groundwater explosions”). The landslide then prograded to
the upper parts of the slope.

Findings about the degree of jointing and block sizes during mapping were used to
quantify rock fall energies and dimension a rock fall barriers for Samadlo road (Fig. 7).
Construction of the rock fall barrier started in April 2018 and it will be installed along the whole
width of the landslide area of 2015 above the Samadlo road.

Simplified Hydro-/geological Section

N S

Samadlo Road

200

theoretic water y
Akhaldaba Road Bridge pressure 35 bar| <<
¥

Fig. 6. Preliminary model of triggering mechanism for the large landslide near Tskneti
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Fig. 7. Ongoing construction in April 2018 of posts for rock fall barrier by Trumer protecting the Samadlo
road. Photo: D. Dumbadze

Conclusions

Climatic conditions before the disastrous flash flood in 2015 were exceptional and were
caused by the unfavourable combination of very high water discharge in the Vere river and a
landslide that temporarily blocked the river and eventually failed. The mountain range on which
the landslide occurred is very susceptible due to the unfavourable dipping of the bedding and
the alternating sequence of ductile claystones and brittle sandstones.

Mapping is essential for creating a geotechnical model of the slope, determining the
factors for slope failure, guaranteeing safety of construction works and developing an EWS.
Since there are indicators for further movements, mapping should be continued on the
remaining parts of the slope in our opinion.

Outlook

Mapping of the uppermost part of the landslide scarp and its surroundings have proven
essential, but extension of the mapping area will be needed to qualify the danger for Akhaldaba
village or get more information about other potentially unstable parts of the mountain range.
Further surveys with UAV and TLS are already planned for this fall and are going to be
continued in the next years. Installation of several crackmeters is currently in process in order
to measure deformations in suspected rock slide locations. Deformation of shallow and deeper
landslides will be obtained with wire extensometers to find out if movements still continue in
new slides or old slides are being reactivated. Boreholes for both deformation and groundwater
measurements are already planned and drilling and installation works commence. Additionally,
it is planned to carry out geophysical measurements in 2018. This will be fundamental for
verifying the currently preliminary model of the triggering mechanisms for the landslide as well
as determining deformations, depth of sliding plains and other important aspects of the slope.
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Possible impact of climate and weather condition on debris flows
occurrence (on the example of Kresna gorge, Bulgaria)

N. Nikolova, G. Rachev, R. Kenderova

Sofia University “St. Kliment Ohridski”, Sofia, Bulgaria, nina@gea.uni-sofia.bg

Climate change and extreme weather events are important topics in the scientific
publication due to their impact on environment and various aspects of human activity.
Tendencies in air temperature and precipitation variability and occurrence of heavy rain or
warm and dry periods are among the main factors for debris flows initiation and
development. The purpose of the present paper is to analyse the relationship climate —
weather — debris flows occurrence. The study area is the region of Kresna gorge, situated
in the south-west part of Bulgaria where the debris flows are characteristic phenomenon.
The research work is done on the basis of monthly and extreme data for air temperature
and the information about synoptic situations during the days with debris flows. In order
to achieve the aim of the study the extreme air temperature and precipitation indices, such
as number of extreme hot and extreme cold months, number of extreme dry and extreme
wet months and number of days in relation to air temperature and precipitation thresholds
are analysed, and synoptic situations are examined. The results of the research are
important for better understanding the causes of occurrence of debris flows and in
particular the role of climate and extreme weather events is clarified. The knowledge on
factors triggering debris flows will help for effectively tackling environmental problems.

debris flows, synoptic situations, extreme precipitation, Kresna gorge, Bulgaria

Bo3moxHoe Bo3aenCTBME KNMMATUYECKUX U MOroAHbIX YCNOBUK
Ha hopmupoBaHUe ceneBbIX MOTOKOB (Ha NpuMepe yLenbs
KpecHa, bonrapus)

H. HukoJuioBa, I'. Paues, P. Kengeposa

Cogpuiickuii ynusepcumem Cs. Knumenma Oxpuodckozo, Cogus, Boneapus,
nina@gea.uni-sofia.bg

3MmeHeHune xnumara u OKCTPEMAJIBHBIC ITOTOAHBIC SABJICHUA SABJIAIOTCSA Ba)XHBIMU TEMaMU
HAy4YHBIX WCCIEJIOBAaHUN HM3-3a MX BO3JEHCTBUS HAa OKPYKAIOIIYIO CpEy U pa3jHdHbIe
aCIIEKTHI YeJIOBEYECKOM ACATCIbHOCTH. TeH}lCHHHI/I U3MCHCHUSA TEMIICPATYpPhl BO3AYyXa U
0CaJIKOB M BOSHUKHOBCHUE CHUJIIBHOTO JOXKIA WU TCIJIBIX U CYyXHUX IECPHUOJO0B ABJIAIOTCA
OAHUMHU U3 OCHOBHBIX (baKTopOB WHUIUHUPOBAHUA U PA3BUTUSA CCIICBBIX ITOTOKOB. Ilem)ro
HaCTOHHICﬁ CTaTbn SBJIICTCS AaHAJINW3 B3aUMMOCBSI3U KiIMMaTra - IIOTIOIOHBIX SIBJICHUM.
OO6ustacTh uccienoBaHUS — paioH ymenbs KpecHa, pacroyio)KeHHOTO B FOTO-3aMaJHON
qaCcTu Bonrappm, TAC XapaKTCpHBI CCICBBIC SABJICHUA. HCCJ’IG}]OB&HI/IG IMPpOBOAUTCA Ha
OCHOBE CXKEMECAYHBIX M OKCTPEMAJIBHBIX JaHHBIX II0 TEMIIEpATypE BO3AyXa H
I/IH(I)OpMaLH/H/I O CMHOINITUYECKUX CUTyalluAX B TCUCHHUC IIHeI‘/'I C CCJICBBIMHU ITOTOKAMHU. HHH
JMOCTIDKEHUSI IIeTH  HCCICIOBAHUS, AaHAJIM3HPYIOTCA OKCTPEMalbHBIC MOKa3aTelH
TEMIepaTypbl BO3AyXa W OCAIKOB, TaKHE KaK KOJIMYECTBO SKCTPEMAIBHO JKapKUX H
SKCTPEMAIIBHO XOJOTHBIX MECAIEB, KOMTUIECTBO IKCTPEMATBHO CYXHX M AKCTPEMAIBHO
BIQKHBIX MECSIEB, KOJIMYECTBO AHEH MO OTHOMICHWIO K TEeMIIepaTypaM BO3IyXa H
MOpOTraM OCaJKOB, a TAK)KE CHHONTHYCCKIE CUTYalllH. Pe3yIbTaThl MicCIeIOBAHNS BaXKHBI
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JAJIA JTydlIero nmoHuMaHug MPpUYUH BO3HHUKHOBCHUSA CCJICBBIX MMOTOKOB M, B YaCTHOCTH,
PO KJIMMaTa U SKCTPEMAJIbHBIX IMMOTOAHBIX SIBJICHUI. 3HAHUS O q)aKTOan, BBI3BIBAOIITHUX
CCJICBBIC ITOTOKH, TIOMOT'YT 3(1)(1)CKTI/IBHO peuiaTth 5KOJIOTrM4€CKUC l'IpOGJ'IeMLI.

cenegble NOMOKU, CUHONMUYeCKUe CUmyayuu, SKcmpemanshsle ocaoku, ywenve Kpecna,
boneapus

Introduction

Debris flows are one of most destructive and events with negative environmental, social
and economic impact because of their rapid occurrence without warning which make their
investigation and prediction quite difficult. Climate and weather together with the geological
and geomorphologic and hydrological characteristics are the main factors for debris flows
occurrence and development. The scientific literature shows many publications which state the
impact of climate change and extreme weather events on debris flows [Rebetez et al., 1997,
Winter et. al, 2010; Turkington et al., 2016; Chiarle et al., 2011 etc].

Debris flows are one of the characteristic phenomenons in the middle part of Struma river
valley and in Kresna gorge in particular. For the first time Glovnya [1958] point out the
catastrophic character of these events in the region of Struma valley. Recently the interest to
investigation of causes and consequences of debris flows in Bulgaria has been increased. The
previous studies are related mainly to geological and geomorphological features of the events
[Bruchev et al., 2001, Dobrev and Georgieva, 2010; Gerdjikov et al., 2012, Kenderova et al.,
2013a, 2013b]. The relation climate — synoptic situations — debris flows has been analysed in
[Kenderova and Vasilev, 1997, 2002; Kenderova et al., 2013b, 2014].

The aim of the present paper is to investigate the role of climate and weather for debris
flows occurrence on the background of the peculiarities of physical geographical conditions
and climate in the region of Kresna gorge. In order to achieve this aim monthly and daily
precipitation values and cumulative precipitation totals are analysed as well as the synoptic
situations in the case of most characteristic events are described.

Study area, data and methods

Kresna gorge is a part of the middle Struma River Valley and is situated in Southwest
part of Bulgaria between Pirin Mountain on the east and Malashevska Mountain on the west
(Fig. 1.) The gorge is long about 16 km and has average altitude 475 m a.s.l.
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Fig. 1. The investigated region (Struma River valley and Kresna gorge)

Steep and stepped slopes of the Kresna gorge are split from deep-cut river valleys, where
there are conditions for a strong denudation [Dobrev and Georgieva, 2010]. The modern river
valley is imposed on older structures. The rivers, which begin from a lower altitude, flow into
Neogene and Paleogene sediments, and those that come from higher altitude are developed in
gneisses and migmatites. The region of middle Struma River and Kresna gorge in particular is
characterized by actively flowing debris flows of disconnected type that transport a large
amount of bulk material [Kenderova et al., 2013a]. Some consequences from debris flows are
shown on Fig. 2.

Fig. 2. The consequences from debris flow at the region of Middle Struma Valley happened on 4
December 2010 (on the left) and 24 May, 2009 (on the right).

Due to debris flows the international highway E79 was closed for several times but the
catastrophic event had a negative impact on the settlements and agricultural areas also.

There is not a meteorological station either a rain-gauge station in the investigated region
and because of this in the present research we use the data from station Blagoevgrad which is
situated in the Struma river valley on a distance about 20 km north from the place where the
debris flows were registered. The daily data are taken from the information of automatic
weather station which is published on the specialized web site https://stringmeteo.com/, and the
monthly values are from meteorological yearbooks and bulletins.
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The present study answers the question to what extend recent climate trends may affect
debris flows. The peculiarities of climate in the investigated region are shown by the
investigation of the occurrence of extreme precipitation and air temperature months. The
extremely dry and wet months are determined. As extremely dry months we consider the
months with monthly precipitation totals less than or equal to 10-th percentile of the distribution
of initial values, and the extremely wet months are those one with the precipitation more than
or equal to 90-th percentile. This method has been applied also to monthly air temperature for
determination of extremely cold months [according to 10-th percentile threshold] and extremely
warm months [according to 90-th percentile]. The long-term analysis is made on the basis of
the data for the period 1961-2015.

In order to study the potential impact of precipitation on debris flows occurrence the daily
precipitation and synoptic situations are analysed. The links between debris flows and intense
rainfall is analysed by [Kenderova and Vasilev, 1997] and [Kenderova et al., 2014]. From other
side, the occurrence of debris flows depends not only of the intensity and duration of
precipitation in a single day but also of the long-term precipitation prior to storm events [Winter
et al., 2010]. In this paper, the impact of previous rainfall on the occurrence of debris flows is
investigated by the calculation of cumulative precipitation for 30 days period prior to the events.
The analysis of the relation daily rainfall — cumulative precipitation — debris flow could give
important information for the determination of the precipitation threshold for debris flow
occurrence. The present paper is a first step of our work towards such activity.

Climate features in the study area

The main initial conditions for debris flows are geological factors, topography, land use
and vegetation. Additionally, to these factors, climate trends and climatic and weather extremes
are important for debris lows occurrence [Turnerand and Schuster, 1996; Kenderova et al.,
2013]. Climate impact studies may be disadvantaged by the insufficient meteorological data for
the area under consideration, non-linear dependencies and the fact that geomorphological
processes may be delayed or non-linear over time [Viles and Goudie, 2003]. In order to
characterize the climate in the study area we have used monthly air temperature and
precipitation for the closest meteorological station — station Blagoevgrad.

The climate in the investigated region is transitional between moderate continental and
Mediterranean. The positive trend in annual and seasonal air temperature for the period 1961-
2015 has been established. The values of trend are highest for the summer [0.5 °C/10 years]
and they are statistically significant. The trend is also statistically significant for annual
temperatures. On the background of positive trend for air temperatures the changes of
precipitations are different for various seasons — positive sign for autumn and winter and
negative for spring and summer but the trend is not statistically significant.

The annual cycle of precipitation is characteristic with two maxima — in May - June and
in November - December. The main minimum is in August. The investigation of extreme dry
and extreme wet months shows decrease of extreme dry months and increase of extreme wet
months (Fig. 3).

The annual cycle of precipitation and increase of extreme wet months are among the
factors for initiation of debris flows. The hot summers and prolonged droughts lead to complete
drying of the weathering products from the surface layer, which facilitates their rapid
disintegration and disconnected their easy handling by the temporary waters and the faster
penetration of the weathering agents in deep layers [Dobrev and Georgieva, 2010].
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Fig. 3. Distribution of extreme dry and extreme wet months in station Blagoevgrad for the period 1961-
2015

Results and discussions

The climate of the region of Kresna gorge is transitional between moderate continental
and Mediterranean. The Mediterranean cyclones are typical feature of the climate in that part
of Bulgaria and they often cause intensive rainfall during the cold part of the year which could
initialize debris flows. The event is observed mainly in November — March, the period with
intensive rainfall or fast snow melting.

The intense rainfall has important role for debris flows initiation. For the days in which
the analysed debris flows occurred, the daily precipitation has quite different values and varies
between 10.7 and 40.7 mm (Table 1). In most of cases daily precipitation amounts are about
30% of monthly precipitation for the particular month in which the event has occurred and
above 50 % of average for the investigated period 1961-2015.

Table 1. Daily and cumulative precipitation at station Blagoevgrad for the days with debris flow
occurrence

Date of Daily precipitation, % of monthly % of average for 1961-
occurrence mm precipitation 2015

17 November 13.5 (16 Dec) 20 22

2007

24 May 2009 31.9 39 52

27 December 40.7 31 81

2009

3-5 December 26.5 (4 Dec) 30 53

2010

27 March 2018 10.7 (26 Mar) 13 27

With monthly precipitation total of 130 mm December 2009 is one of the wettest months
for the investigated period. Precipitation anomaly for this month is 260 % of the average
precipitation for the period 1961-1990. The highest daily precipitation for December 2009 was
41 mm and was registered on December, 27-th. This amount represents 30 % of monthly values
for December 2009 and 81% of the average for 1961-1990. The combination of geological,
geomorphological and meteorological conditions has caused debris flow in the region of Kresna
gorge on 24 December due to which the highway E79 was partly closed and the road traffic
was difficult.

The analysis of daily precipitation during 30 days prior to the event shows that debris
flow was occurred after fast increase of daily precipitation due to heavy rainfall. Similar daily
precipitation value (35 mm) was registered on December, 9-th, but the difference is that this
precipitation is after dry period (cumulative precipitation for the period 11 November — 8
December is 1.6 mm only) and probably the most part of precipitation has infiltrated into the
soil. The results of the analysis and Fig. 4 show that the debris floe on December 27-th was
occurred not only because of heavy rainfall (41mm) but also due to the precipitation during the
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previous days (30-days cumulative precipitation amount is 68 mm) which make favourable
condition for increase of surface runoff from the region.
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Fig. 4. Daily and cumulative precipitation at station Blagoevgrad 30 days prior to debris flow on 27
December 2009.

The debris flow which occurred in the investigated area in the beginning of December
2010 is connected to the typical synoptic situation for the studied area in this time of the year.
The rainfall during the period 3-4 December 2010 is related to the well-developed
Mediterranean cyclone which has passed through the territory of Bulgaria and has determined
the powerful cumulonimbus clouds (Fig. 5a) On December 4-th the Mediterranean cyclone is
blocked above the territory of Bulgaria for about 12 — 18 hours from the local areas with a high
air pressure situated on the west and east of the cyclonic center and this brings additionally to
the increasing of convective clouds and intensity of rainfall. The temperature distribution of the
AT 850 hPa shows the presence of two air streams - hot air from south-southeast and colder
from west-northwest (Fig. 5b). Thermal contrast creates conditions for convective clouds and
high intensity of rainfall. The local orographic features favour conditions for the development
of convective cells and powerful cumulonimbus clouds.

During this period the heavy precipitation has been observed in the area of northern
tributaries of the Struma River with the daily amount between 30 and 50 mm on different places.
The registered daily precipitation at closest to the investigated site meteorological station,
Blagoevgrad is 26.5 mm for December, 4-th. This amount is 30 % of monthly precipitation for
December, 2010 and 50% of the monthly average for the period 1961-1990. The analysis of
cumulative precipitation shows that the amount for the 30-days period reach 156.1 mm (Fig.6a)
and for the 12-days period prior to the event the cumulative precipitation amount is 86.4 mm
which is about 173% of the 30-years (1961-1990) monthly precipitation for December (Fig.
6b). We have to notice also a fast increase of the precipitation between 3-th and 4th of December
which have initiated the debris flows.
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Fig. 5. Distribution of air pressure and temperature on 4 December 2014: a) Land synoptic situation;
b) 850 hPa temperature °C.
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Fig. 6. Daily and cumulative precipitation at station Blagoevgrad: a) 30 days prior to debris flow on 4
December 2010; b) 12 days prior to debris flow on 4 December 2010

The consequences of debris flows on 3-4 December 2010 are observed in the valley of
one of the tributaries of the Struma River, the River Potoka where a large alluvial fan exists
with various features (oxbow, sand bars, levees etc.). According to the analysis made by
[Kenderova et al., 2013], the levees were mostly transverse to the flow direction and were left
by incoherent flows carrying coarse debris.

According to the information from Road Infrastructure Agency, Bulgaria, the traffic on
the highway E79 in the region of Kresna gorge was difficult on 5 March 2015 and 27 March
2018 due to sliding of earth materials and stones on the road. Monthly precipitation for March
2018 is about 190 % of the average for the period 1961-1990. The data from automatic weather
station in Blagoevgrad do not show high daily precipitation amount for the days of the landslide.
From other side the events happened after quite long rainfall period during which the
cumulative precipitation has reached high values (Fig. 7).
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Fig. 7. Daily and cumulative precipitation at station Blagoevgrad 30 days prior to debris flow on:
a) 5 March, 2015 and b) 27 March, 2018

The weather situation on March 27, 2018 is characterized by a well-formed
Mediterranean cyclone with a centre over Bulgaria and with the development of convective
clouds and precipitation on the front in the cyclone. The temperature distribution on 850 hPa
shows thermal contrast which brings additionally for formation of powerful cumulonimbus
clouds. The similar synoptic situation was observed in November 2007 when the debris flow
and landslides were registered also in the region of Kresna gorge (Fig. 8).

Source: www.wetter3.de

Fig. 8. Distribution of air pressure and temperature on 17 November 2007 a) Land synoptic situation;
b) 850 hPa temperature °C

The debris flows in Kresna region are characteristic not only for cold part of the year but
such events were observed also in September, 2008, April 2007 [Dobrev and Georgieva, 2010]
and May 2009 [Dobrev and Georgieva, 2010; Kenderova et al., 2013].

A catastrophic debris flow was observed in north part of Kresna gorge on 24 May 2009
when the international highway was closed for more than 24 hours by stones and sediments
with a volume about 6000 — 7000 m? [Dobrev and Georgieva, 2010]. Generally, May 2009 was
very wet month which monthly precipitation reaches 134% of the average for the period 1961-
1990. From other side the debris flow happened after a relatively dry period followed by heavy
precipitation. According to the data from meteorological station Blagoevgrad the precipitation
amount for 30 days period prior the event was 30 mm while daily precipitation on 24 May was
approximately the same value (32 mm), Fig. 9.
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Fig. 9. Daily and cumulative precipitation at station Blagoevgrad 30 days prior to debris flow on 24 May
2009

The synoptic situation initializing heavy rainfall and debris flow was characterized by
well-defined cold front which pass over the territory of Bulgaria from West - Northwest and
developing of powerful cumulonimbus clouds (Fig. 10).
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Fig. 8. Distribution of air pressure and temperature on 24 May 2009 a) Land synoptic situation;
b) 850 hPa temperature °C

The favourable conditions for the formation of cumulonimbus cells, which bring to the
intense rainfall, have been observed in some parts of cold front where the leading air flow and
orography are combined with the warm and humid air from the southwest. The synoptic
situations together with the orography and slope exposure are the main factors determining the
territorial distribution of heavy precipitation affecting the volume of debris flow.

Conclusion

The analysis of the weather situations in all of the examined cases shows that the
obligatory condition for the formation of precipitation that could leads to the formation of debris
flows is the transfer of warm and humid air in combination with cyclonic activity and
additionally created temperature contrast in height of active cold air. Undoubtedly, local
orographic characteristics create conditions for the development of convective cells, powerful
cumulonimbus clouds. The process is stochastic and entirely depends on the combination of
several favourable factors that determine it because of which it is difficult to predict.

Most of the observed events are during the cold part of the year which determine the role
of the Mediterranean cyclones for intense precipitation in the region/
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The present work gives the information about the relation climate — weather - debris
flows and points out the role of precipitation for the occurrence of catastrophic events. In the
future the investigations will be related to the creation of data base for determination of
precipitation threshold for debris flows occurrence as well as for development of measures to
reduce and possibly eliminate the risk of debris flows occurrence.
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Automatic detection and identification of debris flows based on
seismic and infrasound signals

A. Schimmel, J. Hiibl

Institute of Mountain Risk Engineering, University of Natural Resources and Life
Sciences, Vienna, Austria, andreas.schimmel@boku.ac.at

The automatic detection and identification of debris flows has been of increasing
importance for mitigation measures in densely populated and intensively used alpine
regions. Since these mass movements emit characteristic seismic and acoustic waves in the
low frequency range, several approaches for detection and warning systems based on these
signals have already been developed. Yet a combination of both methods, which can
increase detection probability and reduce false alarms, is still used rarely and no method
for an automatic identification of process type and magnitude based on these signals has
been developed. This work presents an approach for a detection and identification system
based on a combination of seismic and infrasound sensors, which can detect mass
movements in real time directly at the sensor site, identify the process type and estimate
the magnitude of the event. A first method to estimate the peak discharge and the total
volume of debris flows based on infrasound data is presented and will be compared with
discharge measurements made at the well-equipped test site Lattenbach (Tyrol, Austria).
This system setup is low cost and easy to install and can therefore be extended to an early
warning system for different applications.

infrasound, seismic signals, debris flow, detection system, process identification

ABTOMaTHUYeCKOe OOHapyxeHWe U naeHTUMKaLua cenen Ha
OCHOBE CeMCMMNYECKMX U UH(PPa3BYKOBLIX CUTHANOB

A. Iummens, H. Xi06.1b

Hnemumym unscunupunea 20pHulx puckos, Yuusepcumem npupooHsix pecypcos u HayK
o0 arcuznu, Bena, Ascmpus, andreas.schimmel@boku.ac.at

ABToMaTnueckoe oOHapyXeHHEe W WACHTHU(UKAIMS CENEeBBIX MOTOKOB MPHOOpETaeT Bce
Oomnpliee 3HAYEHWE I Pa3pabOTKM Mep 10 CMSITYCHHIO WX TOCHEACTBHA B
TYCTOHACCJIICHHBIX U HHTCHCUBHO UCIIOJIb3YEMBIX AJBITUUCKHUX peruoHax. HOCKOHBKy O9THU
MpPOLIECChl  U3JIYYalOT —XapakTepHble CeiiCMUYeCKHe U aKyCTHYECKHE BOJIHBI B
HU3KOYAaCTOTHOM JMalia3oHe, yXe pa3pabOoTaHbl HECKOJIbKO MOJXOJ0B K CHCTEMam
0OHapyKEHUS U MTPEeIyNPEKACHUS HA OCHOBE dTHUX CUTHAIOB. OJHAKO KOMOHMHAITHS 000UX
METOOO0B, KOTOPass MOXET YBEJINYNUTH BEPOATHOCTH 06Hapy>1<eHml 1 YMCHBIIUTH JIOXKHBIC
TPEBOTH, TO-TIPSKHEMY HCIIONB3YyeTCS peaKo, W He Obul  pa3paboTaH MeTon
aBTOMAaTHYECKOM I/UICHTI/Iq)I/IKaHI/II/I THUIIA U BEJIMYHUHBI ITPOIECCAa HA OCHOBE 3TUX CUT'HAJIOB.
B nmanHoOi#i paboTe mpencTaBieH MOAX0/ K CHcTeMe OOHApYKeHHS W MACHTU(UKAINKA Ha
OCHOBE KOMOWHAITMHM CEHCMHYECKHMX M HH(Pa3BYKOBBIX IATYMKOB, KOTOPHIE MOTYT
OOHapy)XMBaTh CelIW B pPEATbHOM BPEMEHH HEIOCPEICTBEHHO HAa MECTe YCTaHOBKH
JaTYMKa, OTPENeNATh THUI IIpollecca W OINEHHWBATh BEeIMUYMHY coObiTus. Ilpencrasien
MEPBBIA METO/ OLIEHKH MUKOBOTO PACXOAa M CyMMapHOTO 00BeMa CENIeBBIX ITOTOKOB Ha
OCHOBE MH(PPa3BYKOBHIX TaHHBIX. Pe3yIbTaThl COMOCTABISIOTCS C I3MEPEHUSIMH PAcX0Aa,
BBIITOJIHEHHBIMA Ha XOpOIIO OOOPYIOBAaHHOM HCIIBITATENIFHOM IOJIMTOHE JlaTTenbax
(Tuposb, ABctpusi). OO0OpymOBaHUS SBISETCS HEIOPOTMM M TPOCTHIM B YCTaHOBKE,
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MO3TOMY OHO MOXET OBITh HCIONB30BAHO JUISI CHCTEM pAHHEro MpeayNnpexIeHUs
Pa3IMYHBIX MO HUKALIIH.

UHDPA38YK, celicMUNecKUe CUSHATbL, CeNe60L NOMOK, CUCeMa 0OHAPYICEHUS,
udenmugpuxayus npoyecca

Introduction

The automatic detection and identification of sediment related disasters like landslides,
debris flows and debris floods, is an important task for hazard mitigation and early warning.
Although different warning systems like wire sensors, radar, ultrasonic sensors (flow depth)
etc. already exists, most of the present methods need sensors placed in or above the process
itself, which leads to expensive structures and continuous maintenance to ensure steadiness and
stability. Past studies showed that such processes induce characteristic seismic signals [Burtin
et al. 2014, Arattano 2003] and acoustic signals in the infrasonic spectrum [Chou et al. 2007,
Kogelnig et al. 2014] which can be used for event detection from a remote location unaffected
by the process. So already many works have been done on signal processing and detection
methods based on seismic [e.g. Coviello et al. 2015, Walter et. al. 2017] or infrasound sensors
[e.g. Zhang et al. 2004, Marchetti et al. 2015]. But the combination of seismic and infrasound
signals has been researched rarely [Kogelnig 2012, Hiibl et al. 2013] and up to date no system
has been developed which uses a combination of both technologies for an automatic detection
and identification of debris flows, debris floods or landslides.

So, this work presents an approach for a detection and identification system based on a
combination of seismic and infrasound sensors for sediment related mass movements. The
benefits of these methods include independence from weather conditions with regard to
visibility, no structural need for sustainability, same system for different kind of mass
movements [Schimmel et al. 2016, 2017] and monitoring from a remote location unaffected by
the process. This approach offers a first estimate of the peak discharge and the total volume of
the process based on the infrasound signal. The results of this method are presented in example
of two debris flows at the test site Lattenbach in Tyrol, Austria.

Detection and Identification System

The developed system is built up on a minimum of one seismic and one infrasound sensor
which are co-located and a microcontroller which runs a detection algorithm to detect debris
flows and debris floods with high accuracy in real time directly on-site [Schimmel et al. 2016,
2018]. Due to the use of a microcontroller for data processing, the system has a power
consumption below 1.5 W which makes this system very useful for stand-alone-stations with
solar power supply like it is commonly used in its field of operation. The use of low-cost sensors
like standard geophones and Electret microphones in combination with a microcontroller for
data processing and as datalogger and the easy installation of this system opens the possibility
for several applications. So future applications of this system could be the protection of traffic
lines by controlling a traffic light, the protection of mines and pipelines in remote locations, or
protecting construction sites inside torrents like cleaning up a retention basin after a debris flow.
Since the material cost of such a system is below 1000 € this setup may be used especially at
sites, where the necessary founding for expensive torrent and avalanche barriers are not
available.

177



CeneBble NOTOKM: KaTacTpoddbl, PUCK, MPOTHO3, 3aLunTa DF] 8 Debris Flows: Disasters, Risk, Forecast, Protection

—
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Natural frequency 4,5 Hz Alert

Fig. 1. Overview of the used system components, their technical specifications and functions

The developed detection algorithm analyses the evolution in time of the frequency
content from the infrasonic and seismic mass movement signals. Therefore, different frequency
bands are used to analyse the infrasound signal, whereby a 3 to 15 Hz band characterises debris
flows and a 15 to 45 Hz band is used for debris floods. For the seismic signals a frequency band
from 10 to 30 Hz is used for both event types.

Three different criteria have to be fulfilled for the Detection-Time Tdet (20 s) to identify
events:

e The average infrasound and seismic amplitudes of the debris flow/debris flood
frequency bands have to exceed a certain threshold (to distinguish between different event sizes,
two limits are used: Level 1 and Level 2).

e The average infrasound amplitudes of the debris flow or debris flood frequency band
has to be at least above a third (for debris flows) or a fourth (for debris floods) of the amplitudes
of the frequency band below (to avoid false alarms due to wind).

¢ The variance of the seismic and infrasound amplitudes has to be under a certain limit
(to avoid false alarms from artificial sources)

Analyses of different events on several test sites showed, that the infrasound and seismic
energy correlates passably with the discharge of an event and can therefore be used to estimate
the peak discharge and total volume of an event. The values for peak discharge and total volume
used for this analysis are from Level 2 events of three different test sites (Lattenbach (Austria),
Gadria (Italy) and lligraben (Switzerland)) and are estimated by flow height measurements and
velocity estimations. This analysis shows that for peak discharge, the infrasound amplitudes
with a power curve fitting offers a good approach to find a first relationship between the
recorded signals and this event parameter [Schimmel et al. 2018]. The approximation for peak
discharge Qpeax (in m?/s) can be calculated based on the maximum infrasound amplitudes Ais(max)
(in mPa) according to Equation (1):

Qpeak = 0,000732 Asman 5. N

For an estimation of the total volume we integrate the discharge calculated with the
relationship for peak discharge over the entire detection time of an event.

Test Site Lattenbach

The Lattenbach creek, is a very active torrent located in a geologic fault zone in the
western part of Austria (Landeck, Tyrol) with a catchment area of 5.3 km? The channel
separates the Northern Limestone Alps in the North from the Crystalline Alps in the South. The
highest elevation of the catchment is around 2900 m above sea level (asl), the confluence with
the river Sanna at 840 m asl. Due to the frequent debris flows and debris floods events the
torrent is monitored by the Institute of Mountain Risk Engineering since several years [Hiib! et
al. 2006]. The parameters that are currently measured during an event include meteorological
data (rainfall, temperature, etc.) in the upper part of the catchment (Station "Dawinalpe™) and
run-off data from the middle (Station hm 13.25 and hm 12.78; village Grins) and lower reach
(Station hm 1.5; villages Pians) of the torrent (Figure 2). In the last years the monitoring
equipment has been constantly improved. Additional to the standard sensors like several radar
gauges for water level measurements, the detection system consisting of a Chaparral infrasound
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sensor and a SM-4 geophone (changed in 2014 to a SG-5 geophone) has been installed at the
test site near the monitoring Station hm 12.78 closed to Grins in 2013. In 2015 the infrasound
sensor was changed to an Electret-microphone and a second system, also based on a Electret-
microphone and a SG-5 geophone, has been installed around 90 m upstream at Station hm
13.25, which can therefore be used to measure the surge velocity.

Further a high frequency Pulse Doppler Radar (IBTP-Koschuch; [Koschuch et al. 2015])
has been installed at Station hm 12.78, which provides the opportunity to measure the surface
velocity of a debris flow in different range gates. Together with a installed 2D-Laser scanner
this setup provides the possibility to determine a very precise approximation of the discharge
with a high temporal resolution by multiplying the scanned cross sectional wetted area with the
surface velocity of the related range gate [Hiibl et al. 2017].

Flow depth
(Radar).
Flow depth

":lnfrasoundlse'smz—/’/Radar)

“Detection System
etection ys e ID-Scanrier

Video Camera

Station hm 13.25

*
® Stafion hm12.78

... & Statiop hm 1.5
= -

Fig. 2. (a) Overview of the test site Lattenbach (red line: catchment area; source: Google Maps);
(b) Closer view of the monitoring Station hm 12.78 and sensor setup

Results - Magnitude Estimation

To evaluated this method for the magnitude estimation we analyzed two events which
occurred at the Tyrolese test site Lattenbach in the last years.

This first event is a small debris flow with a total volume of 5000 m* and a peak discharge
of 12 m*/s, which occurred on 16.08.2015. It had a maximum infrasound amplitude of 471 mPa
at 6 Hz and a maximum seismic amplitude of 55 um/s at 25 Hz. The detection algorithm could
identify this event 40 s (Level 1) and 14 s (Level 2) respectively, before passing of the main
surge at the sensor site. The diagram in Figure 3 compares the calculated discharge (Qis) and
calculated volume (Vis) based on infrasound data to the measured discharge (Qm) and measured
volume (Vm) which has been determined by the debris flow Puls-Doppler Radar and the 2D-
scanner. The peak discharge calculated on the infrasound signal based on the method presented
in Section 3 was 18 m*/s which overestimate the measured peak discharge, but the estimation
of the total volume with 4738 m? fits very well with the measured total volume.
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Fig. 3. Calculated discharge (Qis) and calculated volume (Vis) based on infrasound data compared to
measured discharge (Qm) and measured volume (Vi) of the debris flow on 16.08.2015.

The second event presented here occurred on 10.09.2016 at 18:54 CET. This event with
a duration of 4000 s consists of more than 40 surges and had a total volume of 46100 m*. The
event was detected by the warning system 16 s (Level 1) and 4 s (Level 2) before the first surge
arrived at the sensor site. The maximum infrasound amplitudes of 1776 mPa was recorded at
12 Hz and the maximum seismic amplitudes of 185 um/s occurred at 25 Hz. If the measured
discharge and its resulting total volume is compared to the calculated discharge and total
volume it shows a good correlation for the first turbulent part of the debris flow, but the
discharge calculation based on the infrasound signal overestimates the discharge for the second
smother part of the event (Figure 4). So the resulting overestimation of the total volume is about
8000 m* However, the peak discharge estimated based on the infrasound signal of 161 m%/s fits
very well with the measured peak discharge of 158 m?¥/s.
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Fig. 4. Calculated discharge (Qis) and calculated volume (Vis) based on infrasound data compared to
measured discharge (Qm) and measured volume (Vi) of the debris flow on 10.09.2016.

Conclusion

This work shows that the combination of infrasound and seismic sensors can offer a good
approach for an automatic detection system for different alpine mass movements. The
combination of both technologies can increase the detection probability and reduce false alarms.
So, the presented system could detect all larger debris flows and debris floods in the period
from 2013 to 2016 at nine different test sites, while only seven false alarms were registered in
this time period. The test on very different sites with diverse types of sensors shows that the
sensor equipment and installation location have to be chosen carefully. Also, the parameters of
the detection algorithm may have to be adapted to the particular application and the background
noise of the site. This work also presents a first approach for an identification of the process
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type and the magnitude of sediment related mass movements. So a method for the estimation
of the peak discharge and the total volume based on the infrasound data of an event is
introduced, which shows promising results. However, further research based on a large
databases of different well categorized events at various test sites will be necessary for a reliable
event identification.

In summary this work shows, that the combination of one infrasound and one seismic
sensor and the use of a microcontroller can offer a good basis for an easy to install, and
inexpensive warning system for different kind of alpine mass movements.
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Reconstruction of debris floods caused by breach of the
prehistoric rockslide dams in Central Asia and their parameters
assessment
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Debris and mud flows belong to the most rapid and, thus, hazardous mass wasting natural
phenomena. Most powerful and disastrous events are caused by lakes' breach, the glacial
lakes mainly (GLOFs). Even more adverse consequences might be caused by the breach
of rockslide-dammed lakes formed in large river valleys, when up to several cubic
kilometers of stored water can be released in a short time. Outburst floods transport
significant amount of debris eroded from the blockages and entrained from the valley
slopes and transform into debris floods. Such phenomena can be exemplified by several
case studies that occurred in the historical times in different mountainous regions. Traces
of the extremely powerful debris floods that occurred in the prehistoric times in different
parts of the Central Asia region, in the Kokomeren, Aksu, Sokh, Gunt, Pianj River valleys
were identified by analysis of high-resolution space images and during field observations.
Analysis of rivers' thalweg profiles, of the specific landforms left by debris floods on river
terraces and of the deposits accumulated downstream of the breached dams allow assessing
height of the surge wave and peak discharge at some distances from the breached
blockages. These events, along with historical outburst floods, can be considered as
analogues applicable for assessing possible effects of the outburst of both the existing
dammed lakes and those lakes that could originate in future.

debris flow, outburst flood, rock slide, Central Asia

PeKOHCTpPYKLMA ceneBbIX NaBOAKOB, BbI3BaHHbLIX NPOPbIBaMU
AoncTopuyeckux ooBanbHbIX aamob B LieHTpansHon Asum, 1
OLIeHKa UX napaMeTpoB

AJL Ctpom, A.H. 7KupkeBuu

OAO «Hnemumym I'uoponpoexmy, Mockea, Poccus, strom.alexandr@yandex.ru

I'psizekaMeHHBIC U TPsI3EBBIC MMOTOKH OTHOCATCS K HamOoJee ObICTPBIM H, CIEJOBATEIEHO,
OMMAaCHBIM  Pa3pyIMIUTEIbHBIM  TPUPOAHBIM  sBIeHHAM. CaMble  MOINHBIE U
KaTacTpo(hU4ecKrue COOBITHS BBI3BAHBI IIPOPBIBOM 03€p — MIIABHBIM 00pa30M, JISTHHKOBBIX
(GLOF). Ewe 6osnee HeOnaronpusTHbIC MOCIEACTBUS MOTYT OBITh BBI3BaHBI IIPOPBIBOM
03€p, 00pa30BaHHBIX B KPYITHBIX PEYHBIX JOJIHAX BCICICTBUE 0OBAJIOB, KOTJa B TCYCHUE
KOPOTKOTO BPEMEHH MOXET OBITh HAKOIUICHO M CITYHICHO IO HECKOJIBKHAX KYOMYECKHX
KHJIOMETPOB BOJABI. [IOTOKM 3aXBaThIBAIOT 3HAYUTENHLHOE KOJWYECTBO OOJIOMKOB U3
3aBAJIOB, BOBJIEKAIOT MaTepHaj CO CKIIOHOB JIOJIMHBI M MIPEBPAIIAIOTCS B CENIEBBIE TIOTOKH.
K Takum SBIEHUSM MOXXHO OTHECTH HECKOJBKO HCCIICIOBAHUA COOBITHH, KOTOpPHIE
MIPOM3OIIIN B UCTOPHUYECKHE BPEMEHA B Pa3HBIX TOPHBIX paioHaX. Cieapl ype3BbUaiiHO
CUJIBHBIX HABOJHEHWH, MPOM3OIIEIIINE B JOUCTOPUUCCKHE BPEMEHa B Pa3HBIX HaCTAX
LentpansHo-A3uatckoro peruona, B ponuHax KoxomepeHn, Akcy, Cox, ['yut, Ilanmx,
ObUTH HIICHTU(UITUPOBAHKI ITyTEM aHATN3a KOCMUYECKUX CHIMKOB BBICOKOTO Pa3pelicHuUs
U BO BpeMs TOJEBBIX HAONIOJCHUNA. AHAJIW3 MPOJOJIbHBIX Tpoduiei pek, penbeda
OTJIO)KEHUH, OCTaBJICHHBIX HABOJHEHUSIMM Ha PpEYHBIX Teppacax M OTJIOKEHHH,
HAKOIIJICHHBIX HUKE MPOOUTHIX TUIOTHH, TO3BOJISICT OLICHUTH BBICOTY MMPOPBIBHOM BOJIHBI U
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MUKOBBII PacXoA Ha HEKOTOPOM PAacCTOSHUHM OT pa3pyLICHHBIX 3aBajoB. DTH COOBITHA,
Hapsny ¢ uHdopMmanue 00 UCTOPUYECKUX CEIsiX, MOKHO PacCMaTpUBATh KaK aHaJOTH,
NPUMEHUMBIE JUI1 OLEHKH BO3MOXHBIX IOCIEACTBHH TNPOPHIBA KaK CYHIECTBYIOIINX
MOATIPYAHBIX 03€p, TAK U TeX 03€p, KOTOPHIE MOTYT BO3HUKHYTh B OyAyIIeM.

ceb, NPOPLIBHOL NABOOOK, 0bsa, Llenmpanvras A3us

Introduction

Debris and mud flows belong to the most rapid and, thus, hazardous mass wasting
phenomena. Most powerful and disastrous of them are caused by lakes' breach, mainly the
glacial lakes (GLOFs) [Vilimek et al., 2013], or lakes dammed by rockslides in relatively small
river valleys. Peak discharge of such floods, releasing up to hundred thousand, rarely few
million cubic meters of water, usually reach 500-1000 m?s. It can be exemplified by the
disastrous outburst flood with peak discharge up to ca. 1000 m¥/s that occurred in 1963 not far
from the Almaty City due to catastrophic breach of the Issyk Lake [Litovchenko, 1964; Strom,
2013]. However, the consequences that can be even more adverse, might be caused by the
outburst floods after breach of rockslide dams that block rather large river valleys, and store
tens of million up to several billions cubic meters of water that can be released in a short time.
Such outburst floods transport significant amount of debris eroded from the blockages and
entrained from the valley slopes and bottoms, but do not reach the flow density typical of the
“classical” debris flows (>1800 kg/m?®), and, thus, can be classified as debris floods [Stepanov,
Stepanova, 1991; Stepanov, Yafyazova, 2014]. Debris floods are included in landslide
classification system [Hungr et al., 2014] and are characterized by: “Very rapid flow of water,
heavily charged with debris, in a steep channel. Peak discharge comparable to that of a water
flood”. However, debris floods we are talking about might pass along normally inclined
channels of well-developed river valleys.

Their effects can be exemplified by several case studies that occurred in the historical
times in different mountainous regions. 1n 1786 earthquake-triggered Dadu rockslide in
Sichuan Province in China formed a dam, which subsequent failure caused the lake outburst
and flooding that killed about 100,000 people downstream, thus being the most disastrous
catastrophe ever reported, caused by the secondary (damming and inundation) and tertiary
(outburst) effects of large-scale slope failure [Dai et al., 2005; Lee & Dai, 2011].

Two catastrophic floods in Punjab in 1841 and 1858, caused by failure of rockslide dams
that had blocked the Indus River and its large tributary, the Hunza River, correspondingly,
resulted in 20-25 m rise of water in Indus River more than 400 km downstream from the
breached rockslide dams [Drew, 1875; Mason, 1929; Burbank, 1983; Delaney & Evans, 2011;
Ahmed et al., 2014].

The 1914 breach of the Rio Barrancos rockslide dam in Argentina resulted in the outburst
flood that devastated the entire 900 km-long Rio Colorado valley up to its fall into Atlantic
Ocean [Groeber, 1916; Gonzalez Diaz et al., 2001; Hermanns et al., 2011].

Breach of the ca. 200 m high Bairaman rockslide dam in Papua New Guinea about
180x106m3 in volume that released about 50 million cubic meters of water produced debris
flow with an estimated volume of 120x106m® and average velocity of 20 km/h [King et al.,
1989]. It was observed by eyewitness who reported that surge wave just downstream of the
breached dam was up to 100 m high. 39 km down the Bairaman River, at its mouth, this flood
was 8 m above normal river level.

One of the most recent events occurred in 2000 in the Yigong and Brahmaputra river
valleys [Shang et al., 2003; Evans & Delaney, 2011]. Catastrophic breach of the about 50 m
high dam and release of up to ca. 2.0 km?® of water in Tibet in China produced flood wave with
120,000 m®/s peak discharge recoded about 17 km downstream and 44,200 m®/s peak discharge
about 500 km downstream, in India [Evans & Delaney, 2011].

These examples demonstrate the level of hazard that can be associated with the breach
of rockslide blockages in large river valleys. Since such phenomena are rare, it complicates
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compilation of the empirical relationships between various parameters that can be used for
reliable assessment of characteristics of outburst floods that will occur in future inevitably, due
to breach of the existing and newly formed large rockslide dams. That is why identification of
the traces of similar prehistoric events and quantification of outburst floods is of high interest.
Several such events have been identified in Central Asia region.

Prehistoric debris floods in Central Asia region

Traces of the extremely powerful debris floods that occurred in the prehistoric times were
found in different parts of the Central Asia region, in the Kokomeren, Aksu, Sokh, Gunt, Piand]
River valleys [Strom, Abdrakhmatov, 2018]. They were identified on high-resolution space
images and, in some cases, as in the Kokomeren River valley in Central Tien Shan, during field
observations [Strom, Zhirkevich, 2013].

Geomorphic and sedimentological evidence allowing identification of the prehistoric debris
floods

Traces of the extremely powerful debris floods that occurred in the prehistoric times in
different parts of the Central Asia region could be identified on high-resolution space images.
The most informative evidence of such past phenomena is the amygdaliform ravines left on
river terraces by powerful and, most likely, debris enriched flows, which level exceeded these
terraces’ level. One of the best examples was found in the Aksu River valley in Xinjiang (Fig. 1
and 2) [Strom, Abdrakhmatov, in press]. In its upper reaches, in Kyrgyzstan, this river is named
Sarydjaz.

Fig. 1. The amygdaliform ravines left by powerful flow on the 50-m high river terrace of the Aksu River,
about 16 km downstream from the breached dam. Terrace was ruptured by a small fault (marked by red
arrows). Google Earth image.

Similar features were found in the Sokh River basin in Southern Tien Shan, Kyrgyzstan,
just downstream of the confluence of Ak-Terek and the Khodja-Achkan Rivers, where it had
been dammed by, likely, two-stage Korgon rock avalanche (Fig. 3).

Another geomorphic evidence of powerful, debris-enriched outburst floods that could be
identified far away from the breached blockage is the shape of the alluvial fans of large rivers
where they left rugged mountainous terrain (Fig. 4). Usually both floodplain and river terraces
of large rivers are flat, planar, dissected by active and abandoned channels. It can be exemplified
by cross-section C-D of the Pianj River valley, about 20 km off its outlet from the Darvaz
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Range, shown in Fig. 5. However, cross-section A-B at the head part of this alluvial fan is quite
different. Its axial portion is about 20 m higher than side parts recalling alluvial fans formed at
the mouths of small temporary creeks formed by individual or recurrent debris flows.

Detailed analysis of the microrelief and topography of this fan reveals some evidence of
its two-stage formation (see dashed envelopes on the profile A-B on Fig. 5). We anticipate that
at least the most recent one could be formed by the catastrophic debris flood caused by the
breach of Shidz rockslide dam that had blocked Pianj River valley about 350 km upstream
forming a lake that could store up to 31 km? of water [Strom, Abdrakhmatov, 2018].

Fig. 2. The dendritic amygdaliform micro relief of the alluvial fan formed by the catastrophic outburst
flood contrasting from the landforms of the older alluvial fan. The HPP dam in the upper part of the
image is about 27 km downstream from the breached rockslide dam. Boundary between two generations
of the alluvial fan landforms is marked by yellow arrows. Outlined area is shown in the inset. Google
Earth image

Fig. 3. Possible two generations of the Korgon rock avalanche body and evidence of the outburst flood
from upstream. 1 — older generation of debris with smooth surface composed of finer material; 2 —
younger generation with much coarser material; F — the specific landforms on the terrace surface left by
outburst flood; aQ — fluvial deposits. Google Earth image
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Fig. 4. Google Earth satellite image of the Pianj River alluvial fan near Moskovskyi town (M) and its
dendritic amygdaliform micro relief shown in the zoomed inset. Lines A-B and C-D mark position of the
profiles shown on fig. 5.

0 25 5.0 75 10.0 12.5 15.0 17.5 km

Fig. 5. Topographic profiles of the Pianj River floodplain (see their position in Fig. 4). It can be assumed
that giant alluvial fan with convex profile A-B could be formed by successive debris floods

Similar shape characterizes fresh alluvial fan of the Muzart River valley that drains
southern slopes of the Tien Shan east of the Victory Peak in Xinjiang (Fig. 6), most likely
formed by the breach of one of large blockages identified in the mountainous part of this river
valley 30-50 kilometers upstream.
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Fig. 6. Abnormally large fresh alluvial fan of the Muzart River. glQ — end moraine of the Muzart valley
glacier; fl-glQ — fluvial-glacial deposits. Google Earth image. Profile A-B across the alluvial fan is shown
in the inset

Identification of past debris floods caused by breach of voluminous rockslide-dammed
lakes can be based also on careful study of sediments downstream of large blockages. Excellent
example can be found in the Kokomeren River valley, Central Tien Shan, Kyrgyzstan,
downstream of the breached Lower Aral Rockslide dam [Strom, Zhirkevich, 2013]. Rock
avalanche that originated on top of the ridge composed of Paleozoic granites at 41.798° N,
74.288° E split into two parts upper of which (A on Fig. 7) had formed a 70-80 m high dam
with a lake that could impound about 250%106 m3 of water. The lower body (B on Fig. 7)
caused only partial blockage that was eroded by the outburst from the breached lake.

G e A it 7

Fig. 7. Lower Aral rockslide. A and B — the upstream and the downstream pats of the deposits; H-S — the
head scarp area. Bold black arrow marks the position of outcrop shown in Fig. 8. Outlined outcrop of the
terrace-like surface left by the outburst flood is shown on Fig. 9

About 2 km downstream of the dam there is a small 37 m high cliff on the right bank of
the river covered by an apron of angular granite clasts and with accumulation of large angular
boulders of granite up to 1 m in size at its downstream side (Fig. 8). First, most powerful surge
wave carrying meter-size boulders eroded from the dams’ carapace was so large that it could
not pass just through the existing stream and overrode this cliff. Those boulders that passed
along the stream were brought far away, but those that pass just above the cliff were deposited
in the ‘shadow’ behind it (see left inset in Fig. 8). The following portions of the outburst debris
flow left smaller fragments on top of the cliff with imbricated flattened fragments nearly 40 m
above the riverbed level (see upper inset in Fig. 8).
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Fig. 8. Debris left by outburst flood after breach of the Lower-Aral rock avalanche dam on the isolated
37 m high cliff. See explanations in the text.

Deposits left by the final stages of this catastrophic outburst form the terrace-like surface
about 10-14 m above the modern riverbed level on the right bank of the Kokomeren River
between two bodies of the Lower-Aral rock avalanche. While morphologically it looks similar
to the alluvial river terrace, it is composed of alternating layers of fines and of unrounded
angular clasts (Fig. 8). The latter correspond to the episodes of more powerful flow caused by
temporal blocking of the erosional canal in the blockage.

Fig. 9. Typical section of the outburst flood deposits about 14 m thick forming terrace-like surface just
downstream of the Lower-Aral breached dam.

Analyses of valleys cross-sections, rivers' thalweg profiles with due regard to the specific
landforms left by debris floods on river terraces and of the deposits accumulated downstream
of the breached dams allows assessing their parameters such as height of the surge wave and
peak discharge at some distances from the breached blockages.

Debris floods parameters assessment

Rough calculations have been performed to estimate peak discharge of the debris flow
that left deposits shown on Fig. 8 and 9. Presence of imbricated clasts on top of the ca. 37 m
high cliff shows that this flow had passed over it. One-meter size of largest angular boulders
carried by this flow and preserved “in the shadow” of this cliff allows estimating flow velocity
to be about 10 m/sec at least. Area of the Kokomeren valley section at the level reached by the
flood wave was calculated as ~3000 m? that gave peak discharge value of ca. 30,000 m?/sec
(Strom & Zhirkevich, 2013) — almost 50 times more than the maximum value ever recorded
here (~600 m*/sec according to the State Water Inventory (1987).
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Peak discharge estimate of the debris flood that formed the dendritic amygdaliform
ravines on the 30-40 m high river terrace of the Sokh River downstream from the confluence
of the Ak-Terek and the Khodja-Achkan Rivers shown on Fig. 3 is controversial. The most
reliable source of this outburst was the breach of the ~150 m high rock avalanche dam about
40 Mm?® in volume ~4.5 km upstream, in the Ak-Terek River valley. The area of the valley
section up to the level slightly exceeding that of the curved terrace is about 8000 m2.
Considering high velocity of the outburst flood wave, corresponding peak discharge should
reach several tens thousands cubic meters per second. However, unlike the Lower Aral and the
Aksu outburst floods that had emptied dammed lakes almost completely, the Ak-Terek dammed
lake had been silted practically up to the dam's crest level (see Fig. 10). Thus, this rockslide
dam breach could not release amount of water large enough to produce so high surge wave.

This discrepancy could be explained if we assume that flood occurred when the Sokh
River valley was blocked by the second generation of the Korgon rockslide (marked by ‘2° on
Fig. 3). This dam could fill the river canyon almost up to the terrace level so that outburst flood
had entered the inundated valley. Thus, the discharge of the surge wave that curved the
amygdaliform ravines could be much lower than if it had to pass through the empty valley.
Besides, this wave could trigger the breach of the blockage formed by the second Korgon
rockslide.

Fig. 10. Almost completely silted dammed lake in the Ak-Terek River valley. 3D Google Earth view

Much more powerful debris flood that curved terraces shown in Fig. 1 and 2 was
associated with the breach of the Sarydjaz-Aksu blockage formed by the ca. 300 m high
rockslide about 900 Mm? in volume at 41.764° N, 79.526° E. The 31 km long dammed lake
could store up to 2.2 — 2.5 km? of water. This slope failure occurred on a slope composed of the
dark grey Carboniferous metasediments, while area downstream is composed of pink and
reddish Paleozoic and Cenozoic sedimentary rocks (Fig. 11).
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Fig. 11. Evidence of the catastrophic outburst flood caused by the Sarydjaz-Aksu rockslide dam breach —
terraces up to 120 m high "painted"” by dark-grey debris eroded from the dam's body. 3D Google Earth
view

Immediately downstream from the dam the surge wave had painted river terraces by
black debris eroded from the dam's body up to 120 m above the riverbed and ~700 m wide.
About 2 km downstream outburst flood wave became wider — nearly up to 1000 m and affected
river banks up to 80 m high. Considering generally triangular cross-section of the river valley
and ~10 m3/sec velocity of the outburst flow (in fact it could be even higher), the peak discharge
could reach 400,000 — 500,000 m3/sec — about 4 times more than that of the 2000 Yigong
outburst flood [Wang, 2008; Xu et al., 2008; Evans, Delaney, 2011]. The dam was breached
almost completely and do not form any distinct knickpoint.

Cascade breach of rockslide dams

Interesting observations were made in the middle reaches of the Pianj and the Gunt River
valleys. Both valleys had been dammed by two large rockslide dams hundreds million cubic
meters in volume each at a distance of ~12 and ~6 km correspondingly [Strom, Abdrakhmatov,
2018] (Fig. 12, 13). Judging from thalweg profiles both upper dams have not been incised up
to its base, unlike completely breached dam in the Aksu River. Both thalweg profiles between
breached dams are much steeper than up- and downstream.
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Fig. 12. Thalweg profile of the Pianj River between the Bartang and Yazgulem River mouths. A —
sediments accumulated in the dammed lake; B — deposits eroded from the Shidz blockage; C — deposits
accumulated downstream of the VVoznavd rockslide dam. 2200 m a.s.l. — assumed level of inundation
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Fig. 13. The longitudinal profile along Gunt River between the Pathur River and VVuzhdara River mouths.
Blockages: Ch — the Chartym; V-T — the Vir-Tangiv; Zu — the Zuvor. Black line — the assumed original
thalweg

We hypothesize that in both cases both dams had originated simultaneously. Such
conclusion is based on following considerations. When the upper dams breached, large amount
of debris had been eroded from their bodies. This material accumulated in the trap between two
blockages (see unit B on Fig. 12) and protected the lowermost part of the upper blockage from
further erosion so that the siltation of the remaining part of the dammed lake could continue for
a rather long time. Further breach of the lower dam, whose outburst flood was not confined by
any obstacle, did not leave so thick accumulations. If the lower rockslides would block valleys
earlier or later than the upper ones, the valleys upstream them should be silted in the same way
upstream of the upper blockages with nearly horizontal thalweg, which is not observed. Such
conclusion provides additional argumentation in favor of seismic triggering of the rockslide
described in this section.

Conclusions

Case studies described above demonstrate possibility of qualitative and quantitative
reconstruction of debris floods caused by breach of large dammed lakes formed by rockslides
in major rivers. These data, along with observations made during historical outburst floods that
occurred in last 200 years, can be considered as analogues applicable for assessing possible
effects of the outburst of both the existing dammed lakes and those lakes that could originate
in future. They can be used to test numerical models and codes elaborated to simulate such
phenomena. Careful analysis of morphological and sedimentological evidence allows not only
reconstruction of hydrological effects of outburst floods, but also conclusions on nature of other
related phenomena such as on timing of the cascaded blockages. Further search of similar
evidence both in Central Asia and in other mountainous regions of the World will provide more
data about this hazardous natural phenomenon — breach of large rockslide-dammed lakes.
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The Duruji River considered as one of the most debris flow dangerous river of Georgia,
which no one create danger for town Kvareli. For Kvareli danger is debris flow formed in
river basin, that difficult is inert mass which is accumulated in the river bed. In article is
considered modern condition of river Duruji basin and is provided recommendation about
river bed cleaning necessity. The anthrophogenic impact on the environment often became
cause formation of the anomalies, particularly, debris flow, the result is dramatically
changing the existing situation and ecological balance. Currently the most effective
measure performed for debris flow prevention in Kvareli is a river embankment. After its
construction, debris flows have taken place for several times, but the town was not affected.

debris flow, Duruji, hazards, protection
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YVuueepcumem I'pysuu, Tounucu, I py3us
2Dxoyenmp oxpyaicaroweii cpedvl, Tounucu, Ipysus

ST Uncmumym 6oomozo xo3sticmea umenu Ljomne Mupyxynaea I pysunckozo
mexnuueckozo ynusepcumema, Tounucu, I py3us

Pexa Jlypymxku canutaeTcss OXHOW U3 caMBIX cesleonacHbIX pek ['py3un. CeneBble TOTOKH
no Jlypymku HEOJHOKpATHO co3jaBaju omacHocTh aiisi ropoaa Keapenu. s Ksapenu
OTTaCHBIMH SIBIISIOTCS CEJH, 3apoXkKaaromuecs B OacceifHe W MPUBOIAIINE K OTJIOKEHHUIO
CEJIeBOM MacCHl B pycie. B cratbe paccMarpuBaeTcst COBPEMEHHOE COCTOSTHHE OacceifHa
Jypymkxu M [aloTcs pPEeKOMEHJAIMH O HEOOXOIMMOCTH OYMCTKH pycia OT CEJeBBIX
OTJIOXKEHUH. AHTPOTIOTEHHOE BO3CHCTBHE HAa OKPYXKAIOIIYIO CPELy YacTO CTAHOBHIIOCH
HpH‘IHHOﬁ BO3HUKHOBEHHSI aHOMAJIUH. B YaCTHOCTH, TICEJIEBBIC IMOTOKH PE3KO MCHSIAIOT
CYIIECTBYIOIIYIO CHUTYAIlI0O W IKOJOTMYecKui Oanmanc. B Hactosmee Bpems Hanboiee
a¢hdexTuBHON Mepolt s 3amuThl Topoaa Keapenu siBisieTcst OeperoBasi cenezanuTHast
namoa. [Tocie ee cTponTenbCTBA CEeNEBBIE TOTOKHU MTPOUCXOIMIIA HECKOIBKO Pa3, HO TOPOL
HE T0CTpajal.

cenv, [lypyoarcu, onachocms, 3auuma
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Introduction

In Caucasus, particularly in Georgia, on the background of the global warming and high
energetic class tectonic processes importance disrupted gravitas stability of the high mountain
zones. From the natural disasters distributed on the Georgia territory one main is debris flow,
which has placed approximately every mountain region. Debris flows damages many fields of
industry, also decrease agricultural lands.

Recently, on our planet is not such mountain country, which had not had disasters caused
by debris flow. In the World annually lose 50-70 thousand cubic kilometers of the agricultural
lands. From these 14 thousand cubic kilometers loses caused by debris flow.

The Duruji River can be considered as one of the most active rivers with debris flow
processes among the mountain rivers comprising the catchment basin of the Southern
Caucasus.In the sources of the river Duruji intensively accumulated million cubic meter rock
clastic. In the basin periodically developing destructive force of debris flow processes, it
threatens Kvareli city and surrounding areas.

The catchment basin of the Duruji River is subdivided into two geographical parts: the
Main Caucasian Range and Alazani Valley [Gavardashvili, 2003]. In accordance with the
lithological section, the catchment basin of the Duruji River is subdivided into the following
parts: 1. shale stratum; 2. strata with inclusions of clay-shales and sand-stones, and: 3.
guaternary sediments.

It is well known that the bed of Shavi Duruji is eroded because of the Shavi Mountain
(2200 m above sea level), and the bed of Tetri Duruji is eroded because of the Southern range
of the Pokhalo. The total area of the catchment basin of the Duruji river including its debris
flow cone is equal to 116 km?, among which the area of debris flow cone by itself is equal to -
36 km? [Gavardashvili, Chakhaia, 2002].

According to the special engineering researches and stationary observations performed
by the “Sakgeologia” in the Duruji River basin, on the average, over 1 hectare area about 1000-
3500 tons of solid mass is moved out from the unstable slopes of the catchment basin annually.
The amount of solid mass accumulated in the source area reaches up to 1.0-1.5 million of cubic
meters. A total, anticipated reserve of solid mass exceeds 500 million of cubic meters.

Fig. 1. River Duruji basin

During last 100 years in the river Duruji basin fixed approximately 40 disaster by debris
flow, which caused 200 human victims. First in 1832 river Duruji destroyed town Kvareli. Next
tragedy was 1904. In 1906 was built protectable walls, but in 1949 again was terrible tragedy
by debris flow, which took ca. 250 victims.

According to assessment of specialist, stone-mud flows in the river Duruji basin forms
by 12-14 years period. These flows move with high speed and with 20-25 m height, due to high
Specific weight (2,0-2,3 tone/mq) easily destroyed any resistance.
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Fig. 2. The embankement of river Duruiji.

Recently, scales of disaster debris flow phenomena activate on the Katheti territory. The
indicators of disasters processes activation from the 2004 is high, with extreme explosion in
some years. Such was 2009 and 2010. The one from the main factors of activation of natural
disasters is excess atmospheric precipitates, among them heavy rains. By the observations has
been istablished, that in the East Georgia start traspormation of the debris flow up to 30 mm
precipiates in the 24 hours [Gavardashvili, Bilal Ayub, 2011].

Fig. 3. River Duruji basin at the rain.

After 1990 the basin of the river Duruji has not cleaned. During last 20 years sediments
accumulated and completely covered protectable walls. For these moment river Duruji is up to
town Kvereli territory. In case of small flood is possible river overcome damaged embankment
and threatens the town Kvareli.

The main part

For forecast colloidal fractions transported by floods formed in the river Duruji basin has
been implemented field-monitoring works [Supatashvili, 2014a,b], when has been taken water
sample when implemented chemical analysis and received data is given in the Table 1.
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Table 1. The relative volume values of the sediment transported by floods formed in the river Duruji

basin
# | Year | Debris flow The volume of | The relative [(Si/Smax— | [(Si/Smax —
discharge, Q max | sediment, Si value of Saver.)] Saver.)]?
(md/sec) (k) sediment,
(Si/Smax)
1 | 1899 | 434.8 1826.16 0.21 0.03 0.0009
2 | 1906 | 2000 8400 1 0.82 0.67
3 | 1947 | 1666.6 6999.72 0.83 0.65 0.42
4 11949 | 3704 1555.68 0.18 1 1
5 | 1956 | 253.2 1063.44 0.13 0.05 0.0025
6 | 1957 | 199.2 836.6 0.09 0.09 0.0081
7 | 1961 | 159.6 670.3 0.079 -0.101 0.01
8 | 1961 | 210 882 0.105 -0.075 0.005
9 | 1961 | 740 3108 0.369 0.129 0.035
10 | 1961 | 250 1050 0.125 -0.055 0.003
11 | 1963 | 172 722.4 0.086 -0.094 0.0088
12 | 1963 | 132 554.4 0.066 -0.114 0.0129
13 | 1963 | 703 2950.5 0.35 0.17 0.0289
14 | 1963 | 144 604.8 0.072 -0.108 0.011
15| 1963 | 73 306.6 0.0365 -0.14 0.0196
16 | 1963 | 470 1974 0.235 0.055 0.003
17 | 1963 | 103 432.6 0.05 -0.13 0.0169
18 | 1963 | 1244 5224.8 0.622 0.442 0.195
19 | 1963 | 443 1860.6 0.22 0.04 0.0016
20 | 1963 | 288 1209.6 0.144 -0.036 0.00129
21 | 1963 | 150 630 0.075 -0.105 0.011
22 | 1963 | 262 1100.4 0.13 -0.05 0.0025
23 | 1963 | 446 1873.2 0.222 0.042 0.0017
24 | 1963 | 205 848.4 0.101 -0.079 0.006
25 | 1963 | 82 344.4 0.041 -0.139 0.019
26 | 1963 | 62 260.4 0.031 -0.149 0.022
27 | 1973 | 200.6 842.52 0.1 -0.08 0.064
28 | 1976 | 240.2 1008.84 0.12 -0.06 0.036
29 | 1977 | 167.6 703.92 0.08 -0.1 0.01
30 | 1981 | 264 1108.8 0.132 -0.048 0.0023
31| 1982 | 458 1923.6 0.229 0.049 0.0024
32| 1983 | 229 961.8 0.114 -0.066 0.004
33| 1984 | 162 680.4 0.081 -0.099 0.0098
34| 1986 | 282 1184.4 0.141 -0.039 0.0015
35| 1986 | 160 672 0.08 -0.1 0.01
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# | Year | Debris flow The volume of | The relative [(Si/Smax— | [(Si/Smax —
discharge, Q max | sediment, Si value of Saver.)] Saver.)]?
(md/sec) (k) sediment,

(Si/Smax)

36 | 1986 | 321 1348.2 0.16 -0.02 0.0004

37 | 1990 | 114 478.8 0.05 -0.13 0.0169

38 | 1992 | 330.2 1386.84 0.16 -0.02 0.0004

39 | 1997 | 221.1 928.62 0.11 -0.07 0.0049

40 | 1999 | 333.3 1399.86 0.16 -0.02 0.0004

The average relative values of the colloidal sediment is equal:

) ;(S‘/S) "

The squared derivation of relative values of colloidal fractions is equal:

ax
N

~ |5 -15.75)
c=\/‘ ém 1SS =0.258; )

The relative values of colloidal volume as a result of flood in the suitable interval is given
in the table 2.

Table 2. The frequencies of the relative volume of the colloid al fraction volume in the suitable interval

Interval 0-0.25 | 0.25-0.5 | 0.5-0.75 | 0.75-1.0
Friquency mi | 35 2 1 2
f(Si/Smax) 0.7 0.175 0.1 0.025

For draw histogram we use table 2 data and draw its graph (Fig. 4.)
The mathematic waiting of relative values of colloidal fraction volume is equal:

40
M. =D (S; /Sy ) F(S; /S )=0.125-0.875+0.25-0.05+0.625-0.025+0.875-005 = 0.18(3)
i=1
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Fig. 4. The histogram of relative values of colloidal fraction volume (1) and suitable distribution curve

Q).

The Fig. 4 is suitable the law of Veibull, which is follow:
f (Si IS e ) = 0’232(Si IS, ) e)(pl_ 0,258(Si S, )0.18J 4

The reliability of received values calculated by formula (4):

[
o

P(SI /Srmx): f(SI /Smax h(sl /Srrax): 0'78 (5)

O ey

The risk of this independence (5) is equal:

R=1-P(S,/S,..) ©
R=1-0.78=0.22 (7)

The reliability calculated according to our theoretical researches is equal 0.78, which is
allowable value [Morgan, Hann, 2001].

Conclusion

So, we consider theoretical data about ecological problems of river Duruji and also
implemented field-experimental researches and calculated forecast value of colloidal fractions
of sediment transported by floods of river Duruji, and also calculated reliability and risk of
these received data and finally can say that river Durui basin need suitable debris flow against
measures.

For the effective protection of the population of the town of Kvareli in Georgia from
debris flow formed on the Duruji River together of river embankment building is necessary to
restore of river bed cleaning. Using of debris flow sediment for ceramic industry, building and
agriculture increase demand of debris flow sediment and will be restore cleaning of river Duruji
bed.
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Multi-level flexible debris flow barriers: case study in Peru

C. Wendeler, H. Salzmann, N. Feiger, H. Hofmann

Geobrugg AG, Romanshorn, Switzerland, hannes.salzmann@geobrugg.com

Geobrugg possesses over 10 years’ experience in developing, dimensioning and installing
flexible ring net barriers against debris flows. Flexible ring net system have proven to be
an equivalent to classic large concrete protection measures. At same safety level they have
many advantages in terms of fast and easy installation, environmental impact as well as
landscape protection considerations. A back analysis of the efficiency of some of the first
reference projects was made. This presented the basis for a load design developed together
with the Swiss Federal Institute of Forest, Snow and Landscape (WSL). Simulations
calibrated and verified in 1:1 field tests have been used to develop standard systems for
different load cases. These systems have been tested and certified for CE-Marking in 1:1
field tests. Debris flow barriers can be installed as a single barrier or in a row, to increase
total retention volume. This contribution relates the dimensioning and installation of a
multi-level debris flow barrier in Peru and its successful retention of a large event,
protecting efficiently the urban area of Chosica. The project consisted of 22 barriers
installed in 9 valleys, in the winter months of 2016. The barriers were dimensioned with
the software DEBFLOWL. A year later, large debris flows occurred and we will focus on
two barriers which retained approximately 10°000 m® of material and were filled to 95%.
The barriers downstream presented enough retention capacity to cope with a potential
following event. Maintenance was undertaken in January 2018, and the barriers are fully
functional for the next debris flow season.

debris flow mitigation, flexible ring-nets, Peru

MHoroypoBHeBble rMOKue NpoTMBOCeneBble bapbepbl Ha
npumepe pabort B epy

K. Benaeaep, X. 3anbumann, H. @aiirep, X. Xopmanu

Teobpyez AT, Pomancxopwn, Hlsetiyapus, hannes.salzmann@geobrugg.com

Geobrugg obmnamaer 6osee yem 10-IeTHUM OMBITOM pa3spabOTKH, OMPEIEIICHHUS Pa3MepPOB
1 YCTaAaHOBKHU THOKHUX KOJIBLIEBBIX CETYATHIX 6apbep03 JUIA 3alIUTHI OT CCJIEBBIX IIOTOKOB.
I'mbkas cucremMa KOJBLEBHIX CeTell OKa3ajaach IKBUBAICHTHOHN KIIACCHYECKHM KPYITHBIM
MepaMm 3amuThl U3 Oerona. Ha Tom e ypoBHe 0€30MacHOCTH OHU HMEIOT MHOTO
MIPEUMYIIECTB B IJIaHE OBICTPON M MPOCTOH yCTAaHOBKH, BO3JICHCTBUS HAa OKPY’KAIOIIYIO
cpely, a TakkKe M3 cooOpakeHHil coxpaHeHus saHamadTHOW cpensl. bbul caenaH
o0OpatHBIil aHaIM3 3(P(GEKTUBHOCTH HEKOTOPHIX M3 MEPBBIX ATAJIOHHBIX MPOEKTOB. DTO
MOCITY>KHII0 OCHOBOM T pa3paboTKH CHUCTEMBI, CO3TaHHON coBMecTHO co IlIBelnapckum
(denepanbHpIM MHCTHTYTOM Jieca, cHera u Jsangmadra (WSL). MonenupoBanue,
KaJTnOpOBaHHOE W TPOBEPEHHOE B IMOJIEBBIX HCIBITAHUAX B HATYpalIbHOM pa3Mepe,
MCIIOJIb30BAJIOCH JIJIsl Pa3pabOTKU CTAaHJAPTHBIX CUCTEM JUIS PAa3IMYHBIX HArpy30K. JTH
CHCTeMBbI OBLIM IPOTECTUPOBaHbBI U cepTHduUIpoBaHbl st MapkupoBku CE B moneBbix
UCTIBITaHUAX B MaciuTade 1:1. bapseps! uis 3aMTEI OT ceiei MOTYT OBITh YCTAHOBIICHBI
MOOJMHOYKE MM KacKaZoM, YTOOBI YBETHUUTh 00N 00BEM aKKyMYIIALUHA MaTepHaa.
B nmanHO# myOnmKamuy paccMaTpPHBAIOTCS M3MEPEHHE M YCTAaHOBKA MHOTOYPOBHEBBIX
cene3almmTHBIX OapsepoB B llepy M uX ycmemHas poib B 3a[CpiKAaHHU CEJICBOTO
MaTepuana B epuo 60JbIIoro coObTrs. bapbepbl 3(h(HEeKTHBHO 3aIMTHITN YaCTh TOPOJIa
Yocwuxka. [TpoekT coctosut u3 22 6aphepoB, YCTAHOBICHHBIX B 9 TOJTMHAX B 3SMIMHHE MECSIIBI
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2016 roma. Bapbepbl ObuTH paccuuTaHbl Ha nporpammuoe obecneuenne DEBFLOWL.
Yepe3 rox npowmsonutd Oojplive ceneBble NMOTOKH. PaccmarpuBatotcsi aBa Oapbepa,
KOTOpbIE COXpanuu npubmmsutensHo 10 000 M3 MaTepuana u ObUIH 3aM0JHEHBI 10 95%.
Bapbepbl, pacroyioXeHHBIE HIDKE [0 TEYEHHIO, O0O0ECleunBaloT JI0CTaTOYHYIO
CIOCOOHOCTh ~ YZAEP)KMBAaThb MarTepual, 4YTOObl CIPaBUTHCS C  IOTEHIHAIbHBIM
nocyenyroumM coosiTieM. TexHnueckoe o0ciTy)KiBaHHe ObIIO MpoBeaeHO B stHBape 2018
roza, 1 6apbepbl MOIHOCTHIO (DYHKIIMOHAIBHBI JJISI CJICIYIOLIETO CEJIE0NacHOTO CE30Ha.

3awuma om ceneil, 2ubkue Konvyegvie cemu, Ilepy

Introduction

The effect of “El Nino” combined with regular precipitation during the rainy season,
from January to end of April, leads to recurring debris flow disasters, in Peru. Debris flows
occasion great damage to infrastructure and endanger lives and livestock. In 2015 alone, eight
people lost their lives in a debris flow event and led to infrastructure loss and destruction costs
of over 58 million USD. Other examples are the debris flows, in 1987, coming from the San
Antonio de Pedregal stream, which killed 100 people. Eleven years later, 320 got injured, two
died and 200 houses were destroyed.

To prevent vulnerable areas from being affected by further debris flow disasters, different
type of mitigation measures can be installed. The municipality of Chosica, in the Lugarincho-
Chosica district of the province of Lima, is particularly affected by debris flow due to its
geographic location. Enclosed by steep valleys incised by torrents, the municipality opted in
2016 for 22 flexible ring net barriers, distributed in nine of these surrounding valleys, installed
during winter 2016. The used flexible ring net barriers are standardized flexible debris flow
barriers from Geobrugg. The barriers’ dimensions were determined by the dimensioning tool
DEBFLOWI, freely accessible on Geobrugg’s website.

A year after completing the flexible ring net barriers, large debris flows occurred again
and the barriers successfully retained the debris material. As an example, two barriers retained
approximately 10°000 m3 debris material and were filled up to 95%. Further downstream,
additional barriers, installed as a multi-level system, presented enough retention capacity for a
potential following event. This paper presents acquired knowledge of Geobrugg’s 10 years’
experience in developing, dimensioning and installing flexible ring net barriers against debris
flows through the example of the mentioned case study in Peru. Another example of
Geobrugg’s experience, particularly in the multi-level installation, is an example in the Spanish
Pyrenees, in Port-Ainé. Nine VX-barriers were installed in 2009, combined with extensive
monitoring of the catchment basin and were successfully filled in a large debris flow event in
Summer 2010, with a total volume of approx. 25’000 m3 (Luis-Fonseca et al., 2010).

Method
Debris flow standardization and created systems

While using flexible ring nets for rockfall protection it was observed that some slides got
retained. However, no dimensioning concept existed proving that flexible ring net barriers can
retain large debris flows. Therefore, real-scale experiments with flexible ring nets were
performed at Illgraben test site in Switzerland between 2005 and 2008 [Wendeler, 2008]. At
least once a year, a middle to large debris flow naturally occurs at Iligraben which proved to be
an ideal test site location. The tests showed that a single barrier can retain 1000 m® depending
on the channel geometry (see Fig. 1) and that over 10°000 m® of material can overflow the
barrier without damage (Fig. 2). Thus, a debris flow retention system with several flexible ring
nets in a row, so-called multi-level system, can be planned and constructed. Another test site in
Switzerland, in Merdenson, confirmed this theory and allowed the extension of the
dimensioning concept to multi-level systems (see Fig. 2). An extensive measuring concept on
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and around the system led to the final dimensioning concept [Wendeler, 2008]. Based on the
field test data, the flexible ring net dimensioning concept, the loading distributions, and
simulations with the finite element software FARO [Volkwein, 2004] led to the development of
standardized flexible ring net barriers. These barriers are defined according to the load their
surface can cope with, in KN/m?, as well as the system height.

Two types of standardized barriers were designed: VVX-barrier and UX-barrier (Fig. 3).
The VX barrier takes loads up to 160 kN/m? and is used for narrow channels (V-shaped valleys),
with a width up to 15m, and a barrier height of up to 6m. UX-barrier are used for larger channels
(U-shaped valleys), with additional posts as required, with expected loads up to 180 kN/m? and
a barrier height up to 6m [Geobrugg, 2016].

(@) (b)
Fig. 1. Testing of debris flow retention system with ring net in the Iligraben channel, 2006. Retention
volume approx. 1000 m3. (a): barrier after installation, (b): filled barrier after debris flow event

(@ (b

Fig. 2. (a): flexible ring net barrier withstanding overflow in the Iligraben; (b): 1:1 field testing of multi-
level barriers in Merdenson, Valais, Switzerland
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Fig. 3. Schematic diagram of standardized VX-barrier and UX-barrier. The main components are the
flexible ring net, top, middle and bottom support ropes with corresponding ring brakes, abrasion
protection, winglet components, anchoring and posts for the UX-barrier

CE marking

Flexible standardized debris flow barriers certification was achieved in 2017 (EAD
document Nr. 340020-00-1062). The real-scale testing served for certifying the flexible
standardized debris flow barriers. The CE marking is based on a “European Assessment
Document” which defines precisely the suitability, the type classification and yearly quality
controls necessary to correspond to a certain standard. This states that the products with CE
marking fulfil the European guidelines for product quality and field appropriateness and allows
an unrestricted trade within the European Union. For further information please see:
https://ec.europa.eu/growth/single-market/ce-marking_de. There are two main benefits CE
marking brings to businesses and consumers within the European Economic Area (EEA).
Firstly, businesses know that products bearing CE marking can be traded in the EEA without
restrictions. Secondly, consumers enjoy the same level of health, safety, and environmental
protection throughout the entire EEA. Concerning debris flow barriers, CE marking guarantees
for user and client a declared performance of the net systems according to EAD Document NO
340020-00-106. The performance is declared in kN/m? impact pressure of first debris impact.

Case Study Peru
Background and fieldwork

Peru is located in the western part of South America adjoining the Pacific and the Andes
mountain range. Due to the tropical location and the large altitude range, Peru has drastically
varying climatic conditions and weather phenomena such as El Nifio.

Between 2003 and 2015, according to Peru’s national civil defence, 4484 flood events
and 1388 debris flows occurred affecting directly population, crop areas, road and productive
infrastructure [ANA, 2017]. However, not all of these events are related to solely the El Nifio
phenomenon, short and intense precipitation combined with the presence of loose material
simply leads to debris flows, with severe consequences in urbanized areas.

Since these recurring events have been recognized, several studies were realized in the
last 30 years such as geological and geomorphological studies, geological hazard risk analysis,
and evaluation and consequences of debris flows. Based on the knowledge obtained from these
studies, the importance of mitigation measures was recognized in Peru. As already mentioned,
the municipality of Chosica, was hit several times by severe debris flow events. The particular
geographical setting leads to this vulnerability, Chosica being surrounded by steep dewatering
slopes, covered by unconsolidated material, product of the cordillera’s erosion (Fig. 4). These
slopes present each a sufficient large catchment area with one main dewatering direction, i.e
towards the valley, where the urban area is settled. A comprehensive field analysis was
conducted to stake out the barriers’ best locations and to estimate the volume of potential flows.
Finally, the National Water Agency (ANA) generated a tender for the installation of 22 flexible
ring net barriers in nine streams to protect life and properties of more than 60’000 inhabitants
(Fig. 5). TDM S.A. got the work awarded and started the installation in January 2016. The
dimensioning of the barriers is explained in the next section (cf. Section 3.2). One special
application was installed in quebrada Carossio. The barrier has a width of 60 m with 6 posts
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and a barrier height of 6m. Hence, it is the second largest barrier in the world and the largest in
South America.

Fig. 4. Steep, incised slopes (a) overlooking Chosica’s urban area and the unconsolidated material
covering these slopes (b)

Flexible debyis flow barrigy,

Fig. 5. Case study overview in Cuenca del Rio Rimac Distrito de Lurigancho, Chosica, Peru with 22
installed flexible debris flow barriers (red dots)

Dimensioning with DEBFLOW

Flexible standardized barriers, up to a barrier height of 6m, were dimensioned with
DEBFLOW, Geobrugg’s official dimensioning tool for debris flow. It is freely accessible for
anyone on the websitel. The software is based on FARO [Volkwein, 2004] and analyses the
stability of the chosen barrier system (VX/UX-barrier), calculates appearing dynamic and
hydrostatic forces during the filling process and overtopping [Geobrugg, 2017]. The software
is a one-page format and built up of debris flow parameters, barrier specific parameters for each
selected barrier, choice of standard barrier system, proofs of maximum dynamic loading and
static loading as well as of the chosen standard system. Overall retention volume of all selected
barriers gets calculated, based on three load cases taking into account the type of flow, granular
or muddy. Special design was undertaken for the barrier in quebrada Carrosio, the largest
flexible ring net barrier in South America, since the dimensions required from the channel
geometry exceeded the standard dimensions of flexible ring net barriers.
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Installation

Installation work took 2.5 months to complete and was accomplished between January
and March 2016. During this time, potential debris flow streams were not activated because of
no precipitation in the area. Details of installation are presented below such as scour protection
of posts foundation for the UX-barriers and the special designed abrasion protection for the top
support rope (see Fig. 5 and 6). Depending on the hydraulic conditions and the geometry of the
different streams, UX or VX barriers were installed (Fig. 7), as single barrier or in a multi-level
combination. The largest barrier was set up in a multi-level setting (Fig. 8).

-

@ | O
Fig. 6. (a) Scour protection around the posts for UX-barriers; (b) abrasion protection for the top support
rope

(@ “(b)

Fig. 7. UX- barriers with two posts in the channel bed (a) and VX barrier in a narrower channel (b)
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(@) (b)

Fig. 8. Multi-level installation of flexible ring net barriers (left). The highest barrier is the largest in South
America (right)

Debris flow events

The first debris flows after installation happened a year later, in January 2017. Up to
then, all barriers have retained debris in variable amounts. On average, their retention level has
been around 4’600 m®. Subsequently, in February 2017, Peru was hit by great storms which
caused even further, large, debris flow events. The flexible debris flow barriers kept fulfilling
their function of retaining debris. The multi-level system was efficient since the barriers further
downstream were not completely filled and still offer good retention capacity, for potential
following debris flows. During the debris flow events post supports and cable supports got
partially eroded. Hence, maintenance work on these elements was done. Eroded parts were
rebuilt with new foundations, brakes and cables were replaced. Further, the barriers need
emptying when the material is dry and stable. It can be cleaned with an excavator from behind
or in certain conditions, when all safety requirements are met, from the front. Fig. 9 illustrates
the overall process for the barriers, from installation to filling to maintenance, ready for the next
debris flow events.

Conclusion

Since the 1:1 field experiments and the publication of the design concept for flexible
debris flow barriers, many projects have been successfully installed in the last ten years, the
Peru case study being one of several examples worldwide. The protection system with multiple
flexible ring net barriers fulfilled successfully the prevention purpose of the vulnerable area
situated further downstream. After geological and hydrological studies, some fieldwork and
thanks to the standardization and dimensioning with DEBFLOW, a flexible ring net barrier
system composed of a total of 22 nets lead to an impressive protection concept. The CE marked
barriers were rapidly installed within 2.5 months. Compared to classical protection structures,
such as large concrete check dams, the flexible ring net barriers are much easier to install in the
ravines, with evidently less material to be handled on the slope. Furthermore, they integrate
themselves very well into the landscape (see Fig. 10), can even be installed in landscape
protection zones and finally the carbon footprint is more advantageous in comparison to
concrete solutions (IBU report, 2008). As observed after the first debris flow events,
maintenance of the structure can be done easily and presents an overall cost-effective and
elegant solution.
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Fig. 9. Before (2016) and after the debris flow event (2017) and subsequent maintenance (2018) for the
stream San Pedregal (above) and Carrosio (below)

(b)
Fig. 10: two examples to illustrates the blending in oft he the flexible ring net barriers into the landscape
making them almost invisible (blue arrow indicates barrier on the left)
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Engineering control of debris flow in New Luding county,
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Luding County is located in the transitional zone between the Tibetan Plateau and the
Sichuan Basin, Sichuan Province, Southwestern China. Here is in the Hengduan
Mountains in the eastern part of the Tibet Plateau and is an area prone to mountain hazards
such as debris flows and landslides. Luding County New Town is located on the debris
flow fan of Mohe Gully, a tributary of the right bank of the Dadu River. This is the deep
valley of the Dadu River between Gongga Mountain and Erlang Mountain. The debris flow
often occurs in the Mohe Gully and is located on the east slope of Gongga. The highest
point of the basin is 5100 m, and the lowest point is only 1276.1 m. Within the horizontal
distance of 22.7 km, the relative height is 3828.9 m. In order to prevent the damage of the
Mohe Gully debris flow to the New Town, a debris flow project was implemented on the
Mohe Gully. The main project included 7 gravity dams, 3 check dam and 2617.56 m long
drainage canals.

debris flow, engineering control, China

WUHXxeHepHasn 3awmTa OT ceneBbIX NOTOKOB B ye3ae HoBbIn JlyauH,
ropbl XaHAayaHb, Kutan

X. Cel?, 1O. JIu'?, I1I. Ban'?, 1. Yxan'?, B. I0ii®

YUncmumym 2opuwix onacnocmeti u okpyscaroweii cpedvt Kumaiickoti akademuu nayk,
Ysndy, Kumaii, xhong@imde.ac.cn

2Kmioueeas 1ab60pamopust no 20pHbiM ORACHOCHIAM U 2e0MOPHOI02ULECKUM NPOYeccam
Kumaiickoii akademuu nayx, Ysnoy, Kumati

3Vuueepcumem mexnonoauii 6 Ysnoy, Kumaii

Vesn Jlyaun HaxoauTcs B IEPEXOIHON 30HE Mexay Tuberckum miaato u ChlayaHbCKON
KOTJIOBMHOW B mpoBuHIMHK Chrayans, FOro-3amamusiit Kurail. OH pacmonokeH B ropax
XSHIIyaHB N SABIICTCA paﬁOHOM, MOJABEPKCHHBIM TaKUM OIIACHOCTAM, KaK CEJICBBIC
NOTOKU U onosi3HU. HoBelii ropoa JIynnH pacosnokeH Ha CEJIeBOM KOHYCE BBIHOCA PEKU
Mox», mpaBobepexxnoro nputoka pexu Jlany. Peka Jlany Ha ygactke Mexay ropoi I'yara
U TOopaMu JpiiaH IpoTeKaeT B rryOokoi nonmae. CeneBble TOTOKH 9acTo (OPMHUPYIOTCS
B JoJHE p. MOX> Ha BOCTOYHBIX CKJIOHax I. I'yHra. Camast BeIcOKast TouKa OacceifHa
HaxoauTcst Ha BeicoTe 5100 M, a camast HU3Kas TOYKa — Ha BeIcOTe Juiib 1276,1 m. Tlpu
TOPU30HTAIFHOM TIPOJIOKCHHWH IUIMHBI PEeKH 22,7 KM, OTHOCHTEIBHOE IPEBEHIIICHUE
HCTOKA HaJ ycTheM cocTaBisieT 3828,9 M. UTOOBI peoTBpaTUTh MOBPEKICHIE HOBOTO
ropona JIyauH cessiMu, B ToinHe M0X? OBUT pealTn30BaH MPOEKT cele3auThl. OCHOBHOM
MPOEKT BKJIIOYaN 7 TPaBHTAIIMOHHBIX IUIOTHH, 3 CeNe3aJep)KUBAIOMINX IUIOTHHBI H
2617,56 M npeHaKHBIX KaHAJIOB.
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cenb, undicenepnas 3awuma, Kumaii

Formation conditions and characters of debris flows in the Mohe Gully

Luding County, Ganzi Tibetan Autonomous Prefecture, Sichuan Province, China, is
located in the east slope of the Gongga Mountain in the Hengduan Mountainous Area, which
is in the eastern part of the Tibet Plateau. The local environment is characterized by high
mountains and deep valleys, complicated geological conditions, frequent earthquakes and
concentrated rainfalls. It is a place with frequent debris flows and landslides. Development of
the Luding new county is experiencing threats from debris flows of the Mohe Gully, where
preventing structures have been constructed.

Formation conditions of the debris flow

The Mohe Gully is frequently active in debris flows. It originates from the east slope of
the Gongga Mountain and joins the Dadu River at the right bank, with elevation between 5100.0
m and 1276.1 m within 22.7 km, and streambed gradient of 107.8%. (10.1°) (Fig. 1).

The Luding County lies in the subtropical zone and is climatically governed by the
southeast and southwest monsoon, with altitude characteristics of subtropical zone, warm
temperate zone, cold temperate zone, subfrigid zone and frigid zone successively from bottom
to top of the valley. In particular, the Foehn effect has made a dry-hot valley in the Dadu River.

Just in the dry-hot valley lies the downstream Mohe Gully, where mean annual rainfall
is 645.9 mm, with 545.2 mm concentrated between May and September. The mean and extreme
maximum daily rainfalls are 40.1 mm and 72.3 mm. Every year sees two days on average
having rainfall of more than 50.0 mm. Rainfall increases with altitude and reaches more than 1
900 mm around 3 000 m. The annual rainfall between 2 800 m and 3 500 m is about 2.5~2.6
times of that in the valley. Rainstorms in rainy season are the very triggering water of debris
flows.

Exposure rocks in the Mohe Gully are mainly hard rocks such as granite and diorite.
Collapse and landslide are small and less developed. Only 8 landslides and 9 collapses are found
in the gully, which, together with deposits over the gully, supplie 262x104 m* loose materials
to debris flows.
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Fig. 1. The location map of the Luding new town.

Characteristics of the debris flow

Several debris flows occurred in the Mohe Gully in the last 100 years, among which the
events in 1936, 1948, 1958, 1962, 1982, 2005, and 2009 caused huge disasters (Fig. 2).

Fig. 2. () Debris flow destroys road; (b) debris flow destroys bridges.

Debris flows in the Mohe Gully have the following characters:

(1) The frequency of large-scale debris flows in the mainstream is low, nearly once every
50 to 60 years. Though the geographical conditions in favor of debris flows, storm floods with
moderate scale cannot move massive gravels and rocks on river-bed. Only when rare
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downpours and extraordinary rainstorms occur are flood able to activate sediments and to form
debris flows.

(2) Debris flows are mainly formed in the middle of the gully and the upstream is the
water concentration area. Thus, preventing engineerings should be conducted in the middle or
lower reaches.

(3) Controlled by the water level of the Dadu River and the landform of the outlet, the
downstream Mohe is full of debris flow deposits. The depositional fan is as wide as 100~200
m, whereas its longitudinal slope is relatively small (6%~7%) . When debris flows occur, the
major part can only reach to the middle and downstream of the river, with large amounts of
gravel deposited in wide channels and low-density debris flows with fine grains or hyper-
concentrated floods flow into the downstream. Thus, densities of mainstream debris flows
change dramatically, with 1.9~2.2 t/m? in the middle and only 1.3~1.5 t/m?® in the depositional
fan at the outlet.

(4) According to grain composition (Table 1), density of the debris flow in the Mohe
Gully is about 1.9~2.2 t/m*.That is, the density is 2.0~2.2 t/m3 when debris flows are of 1%
frequency and is 1.9~2.0 t/m® when debris flows are of 2% frequency.

Table 1. Grain composition of debris flow sediments in the Mohe Gully

Content | Grain diameter(mm) Note
(%) 0.005< | 0.005~ | 0.074~ | 0.25~ | 0.50~ | 2.0~ | >20
Number 0.074 0.25 0.50 2.0 20
Mohel 0 0 5.7 8.2 5.1 12.3 68.7 Small sample
Mohe 2 0 0 0.2 2.8 4.5 15.7 76.8 Small sample
Mohe 3 2.2 10.4 5.9 3.8 11.7 62.7 |33 Small sample
Mohe 4 0 0.6 8.3 9.4 22.4 35.3 24.0 Big sample

Calculation of the debris flow discharge

There are no hydrologies or rainfall observational data in the Mohe Gully, design
discharge of debris flow is derived from the corresponding peak discharge of flood plus the
sediment yield rate with a certain coefficient. Calculating results are listed in the Table 2.

Table 2. Flux calculated value of debris flows in the Mohe Gully.

Calculating debris flows of 1% debris flows of 2% | debris flows of 5%
frequency P frequency (P=1%) frequency (P=2%) | frequency (P=5%)
Flux (m?%s) 774 584 406

Prevention engineering structures
From April 2012 to June 2014, we have completed several preventing structures in the
mainstream and tributaries, including gravity dams, check dams, and drainage canals.
Preventing goals and standards

The major preventing engineerings in the Mohe Gully contain gravity dams and drainage
dams in the mainstream and tributaries.

Goals: preventing engineerings defend flash floods and debris flows from middle to large
scales and can guarantee the safety of the Luding new town in downstream area; When debris
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flows with super design standard occur, these preventing engineerings alleviate hazards,
reduce property losses and casualties to the lowest degree.

Preventing standards: main preventing engineerings in the mainstream are arranged to
defend debris flows of 2% frequency (P=2%), and the check standard is setted due to debris
flows of 1% frequency (P=1%); According to local geological conditions, projects are setted
up to prevent earthquakes of intensity VIII.

Preventing engineerings in the mainstream

Preventing engineerings in the mainstream include one drainage canal and three gravity
dams.

Drainage canals. The design standard of drainage canals is to drain debris flows of 2%
frequency. The upside of the canal connects to the No.l gravity dam retention basin
dischargecanal, its downside connects to the Dadu River flood bank. Its overall length is 2
128.06 m, the upside and downside longitudinal slope are 6.24% and 6.29% respectively. The
width of the upper and bottom part of the canal are 10.01 m and 9.5 whereas its depth is 4.6 m.
The drainage canal is composed of walls on both sides and scour protecting boards in the middle
of it (Fig. 3).

To build a new town G
in the county Debris flow
Drainage c:cglals

Fig. 3. Debris flow depositional fans and drainage canals in the Mohe Gully.

Gravity dam. Three dams from No.1 to No. 3 are all gravity dams.

(1) The axis of the No. 1 gravity dam is 204.7 m as long and the top of the dam is 3.0 m
as wide; The cross section of the overflow outlets is in compound trapezoid form with top and
bottom width 20.0 m and 15.0 m respectively and with depth 4.0 m. The highest gravity dam
reaches 20.2 m and the effective dam height is 16.2 five overflow canals are arranged in the
middle of the gravity dam, they are setted in horizontal direction and are parallel to each other,
centers of these canals are 3.0 m far away from each other; Drain canals are setted in the body
of non-overflow dam with 2 m and 5 m longitudinally and horizontally far away from each
other, the top hole is at the same height with the bottom of overflow canals. To prevent
downstream erosion base being hollowed out, retention basins and discharge canals are
constructed in downstreams. Drainage blind canals are setted every 5 meters from each other
in the bottom of the retention basin to decrease uplift pressures the dam is experiencing. The
downstream of the dam connects to drainage canals (Fig. 4).
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Fig. 4. The No. 1 gravity dam in the Mohe Gully.

(2) The axis of the No. 2 gravity dam is 106.5 m as long and the top of the dam is 3.0 m
as wide; The cross section of overflow outlets is in compound trapezoid form with top and
bottom width 20.0 m and 15.0 m respectively and with depth 4.0 m. The highest gravity dam
reaches 19.00 m and the effective dam height is 15.0 m; Five overflow canals are arranged in
the middle of the gravity dam, they are setted in horizontal direction and are parallel to each
other, centers of canals are 3.0 m far away from each other; the ¢20 drain holes are setted in
the body of the non-overflow dam with 2 m and 5 m longitudinally and horizontally far away
from each other. To prevent downstream erosion base being hollowed out, apron is employed
in downstream. The overflow outlets connect to the apron. To decrease uplift pressures the dam
is experiencing, vertical drain holes are setted in the apron. ¢50 drain-pipes are used and
arranged in plum blossom form, gaps are both 1.5 m long in vertical and horizontal directions.
The end of the apron connects to the scour prevention vertical wall, the wall is of gravity type
and the vertical height is 5.5 m. The height and width of the wall toe are all 1 m. The width of
the top and bottom of the preventing walls are 0.6 m and 2.23 m, whereas their height are 6.5
m. Drain-pipes are setted in a row and are arranged in plum blossom form in the wall with 1.5
m far away from each other (Fig. 5).

e Pece o =

i PP <
Fig. 5. The No. 2 gravity dam in the Mohe Gully.

(3) The axis of the No. 3 gravity dam is 99.50 m as long and the top of dam is 3.0 m as
wide; The cross section of the overflow outlets is in compound trapezoid form with top and
bottom width 20.0 m and 15.0 m respectively and with depth 4.0 m. The highest gravity dam
reaches 16.00 m and the effective dam height is 12.0 m; Five overflow canals are arranged in
the middle of the gravity dam, they are setted in horizontal direction and are parallel to each
other, centers of outlets are 3.4 m far away from each other and are 3 m higher than the bottom
of the overflow outlets. 20 drain holes are arranged in the body of the non-overflow dam with
2 m and 5 m longitudinally and horizontally far away from each other, the top-hole lays 2.5 m
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lower than the overflow bottom. To prevent downstream erosion base being hollowed out,
apron is employed in downstream. The overflow outlets connect to the apron, the apron is 25 m
long and 1m deep and the gradient is i=5%. To decrease uplift pressures the dam is
experiencing, vertical drain holes are setted in the apron project. Drain-pipes are arranged in
the plum blossom form, the gap is 1.5 m long in vertical and horizontal directions. The end of
the apron connects to scour prevention vertical wall, which is 5.5 m as high and 1 m as wide
and is in gravity mode. The side walls of the apron are in uniform gravity mode, the width and
height of the barricade top is 0.5 m and 4.05 m respectively. The width and height of the
unloading plat is 2.15 m and 1.2 m respectively. The barricade bottom is as wide as 1.63 m.
Drain-pipes are setted in a row and are arranged in plum blossom form in the wall with 1.5m
far away from each other (Fig. 6).

Preventing engineerings against tributary debris flows

The tributaries of the Mohe Gully watershed mainly develop on the left side of the
mainstream. We have conducted preventing engineerings in tributaries, such as the Erping
Gully, the Chejia Gully and the Xiao Gully, they are all on the left side of the main ditch. Those
engineerings covering gravity dams, check dams and drainage canals. Among which, the design
standard of the gravity dam is setted to defend debris flows of 5% frequency. The main purpose
is to alleviate the risk of debris flows being blocked in tributaries.

Check dam project in the Chejia Gully. The main function of the check dam project is
to stabilize gullies and slopes. The Chejia Gully is frequently active in debris flows. Three
check dams are constructed in the middle and dowmstream of the Chejia Gully and all are in
gravity structure. The axes length are as follows: No.1 13.6 m (Fig. 7), No.2 12 m and No.3
17.5 mother check dam is 6.5 m as high and thes effective height is 3.5~4.5 m, the basis burial
depth is 2 m; The dam top is 1.5 m as wide.

Fig. 7. Check dam in the Chejia Gully.
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Blocking and drainage engineerings of debris flows in the Erping Gully. Catchment of
the Erping Gully area 2.9 km2 and gully length 2.7 km. The bottom of the gully is narrow, and
it’s mean streambed gradient is 449%o. Preventing engineerings include one gravity dam and
one drainage canal.

The gravity dam has slits, with height and effective height 11.0 m and 6.0 m respectively,
the dam axis is 26.4 m as long, the thickness of the top and bottom of the damis2 mand 6.1 m
respectively. The gravity dam is setted in the middle and the downstream of the gully, thus
gravel and grain materials are prevented to flow into downstreams and mainstreams. The
drainage canal is 489.5 m as long and it’s starting point connect the slit dam, whereas it’s
terminus is in the left part of the Mohe River. The side wall of the drainage canal is 0.5 m as
wide and 3.0 m as high. Plus, its gradient is 116%o.

Projects focused on prevention in the Xiao Gully. The Xiao Gully is frequently active
in debris flows, with longitudinal length and mean width of 6.2 km and 2.4 km respectively;
The highest points in this drainage basin are 3 860 mother lowest points with elevation of 1 229
m and relative height difference of 2 631 m flow into the Mohe Gully.

Engineerings mainly focused on prevention and single-sided fending groyne is setted in
the existence of the gully. Three gravity dams are arranged and among which the No.1 (Photo
8) and No.3 dam are grilled dams, the length of the dams’ axes are 42.0 m and 29.5 m and their
height are 10.5 m and 9.5 m respectivey.The effective dam height are 8 m and 7 m respectively,
the thickness of the dam top are all 2 m while the thickness of dam bottom are 8.85 m and 8.15
m respectively (Fig. 8); The No.2 dam is entity dam of gravity type, the axis is 31.5 m as long
and the dam is 12.5 m as high. The effective dam height is of 10.0 m and thickness of the top
and bottom of the dam are 2 m and 10.25 m respectively; the basic buried depth of all those
dams mentioned above are 3.0 m.

Fig. 8. The No.1 Gravity dam in the Xiao Gully.

Analysis of effectiveness of debris flow preventing engineerings

Debris flow preventing engineerings in the Mohe Gully was completed in the year June
2014 and has operated four Hydrological years. These well-protected engineerings guarantee
the safety construction of the Luding new town. Their preventing effectivenesses are mainly in
three following aspects.

Block to tributary debris flows

Debris flows in three tributaries, the Xiao Gully, the Erpingzi Gully and the Chejia Gully,
are being managed. The area of the former three gullys’ drainage basin is 10.4 km?, 1.6 km?
and 2.88 km? respectively and 14.88 in total, which accounted for 12.20% of the total. All
gravity dams are designed as 5% debris flow standard and checked as 2% debris flow standard.
These keep coarse particles within the tributaries and only high-sediment floods flow into the
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mainstream when debris flows occur. Thus, pressures of preventing engineerings in the
mainstream can be reduced.

Block to mainstream debris flows

Through former investigation, the overall amount of solids in debris flows of 1%
frequency in the Mohe Gully is 144x104 m®among which, gravel diameters over 20 mm
account for 78% and their overall volume are about 112x104 m3.Seven gravity dams and three
check dams are constructed in the mainstream and tributaries in order to prevent debris flows
of volume as high as 140x104 m3which hold up coarse particles in debris flow of 1% frequency
to the upstream of the dam and gurantee the safety of the Luding new town. Gravity dams are
all designed in the comb shape and with large discharging holes. This certain kind of shape let
sediment laden flows enter into drainage canals and refuse coarse particles in huge debris flows.
When common debris flows occur, large amounts of deposits are unlikely occur. Reservoirs are
advised to keep empty to fight against debris flows characterized by low frequency and large
scale.

According to practical measurement in December in the year 2014, the reservoir capacity
of three gravity dams in the mainstream are as follows: No.1, 247 874 m3; No.2, 78 748 m?;
No.3, 69 695 m?® 396 281 m? in total. That is the gravity dam which can prevent volume of
coarse particals as high as 40x104 m® each time, which limits debris flows within the Mohe
Gully. In this way, threats to the Luding new town from debris flows of 2% frequency can been
eliminated.

Drainage of mainstream debris flows

Drainage canals in the Mohe Gully are designed and checked according to debris flows
of 2% and 1% frequency respectively. After blocks from three gravity dams in mainstream,
large particles in the debris flow are being held up in the upstream. The flow evolves into dilute
debris flows or hyper-sediment concentrated floods with density lower than 1.3 t/md.
Correspondingly, the designed flux and checked flux are Qz%=223 m®/s and Q1%=257 m%/s
respectively. The upside of the drainage canal connects to the retention basin discharge chute
of the No.1 gravity dam and its downside connects to the bank of the Dadu River. The width of
the top and bottom of the dam are 10.01 m and 9.5m, its depth is 4.6m. After the
accomplishment of the drainage canal construction, we reexamined it’s drainage capacity. We
found out that when the debris flow reached it’s checked flux Q1%,=257 m3/s, the drainage canal
can be as deep as 3.3 m. When drainage canal is full of water, the depth of water reaches 4.6m
and the flux is of 411 m®s which is 1.6 times the amount of debris flows of 1% frequency. (Fig.
9, 10).
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Fig. 9. Houses located on the edge of the debris flow drainage canal in the new town.
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Fig. 10. Drainage canals and rib ridges.

Therefore, when debris flows of 1% frequency or lower occurs, preventing engineerings
can guarantee the safety of the Luding new town. This has positive meanings to the
development of the Luding County where the available land resources in the deep valley are
relatively limited.

Conclusions

(1) The Hengduan Mountains Area is located in the east part of the Tibet Plateau and is
characterized by high mountains and deep valleys. Effective preventing measures are able to
prevent frequent debris flows and to guarantee the safety of new projects. The new town of
Luding County is a perfect example.

(2) In areas like the Luding new town characterized with high mountains ,deep valleys
and large scale debris flows, main preventing engineerings (such as gravity dams and drainage
canals in the mainstream) must be strong enough to block and drain debris flows effectively in
order to control mountain hazards;Meanwhile,corresponding blocking engineerings must be
setted in main tributaries in order to prevent their flowing into the mainstream and to decrease
pressures that main engineerings are experiencing.

(3) In area like the Luding new town where huge debris flows occur, engineerings are
not enough to gurantee absolute safety in this area, warning and monitoring of debris flows
should also be conducted. When debris flows over the designed standard occur, people in
dangerous area should be arranged in safety area to avoid dangers.
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Conditions and mechanism for formation of glacial debris flows in
Parlung Zangbo, SE Tibetan Plateau

J.J. Zhang, J.K. Liu, Y.L. Li, J.C. Wang, L. Chen, B. Gao
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Alpine glaciers are vulnerable to climate changes, and their recession due to warming has
already induced large number of geohazards closely related to glacial motion, such as
debris flow. Strong coupling of the geology, geomorphology, climate and glacial action
controls the type, size, development and frequency of debris flow in the Parlung River.
The field investigation indicate that the northern bank is much bigger sizes and higher
frequency of debris flows than the southern bank, the sharp contrast between the two banks
is determined by their different formation conditions of debris flows, especially glaciers
and geomorphology. The present paper examines the differences in the conditions for
glacial debris flows to occur, through a combination of field investigation, interviews with
local residents, and interpretation of remote sensing images. The mechanisms due to
different formation conditions are analyzed. Based on the results, effective measures are
proposed for mitigating the harm to roads and railways within this area done by this
geohazard.

sharp contrast between two banks; formation mechanism; glacier recession; Sichuan-
Tibet highway/railway

YcnoBusa u mexaHn3am popmupoBaHuA rnALManbHbIX cenen B
ponuHe MapnyH LlaHrno, toro-Boctok TubeTckoro Haropbs

.M. Ykan, IL.K. JIio, FO.JL. JIu, I1.Y. Ban, JI. Ysns, b. I'ao

Hucmumym eeonocopaszsedounvix mexuonoaul, Kumaiickas axademust 2e0102UYeCKux
nayk, Yonoy, Kumaii

Texnuueckutl yenmp no npeoomepaueHuIo i KORMpOoIo 2e0102U4ecKoll ONACHOCMIL,
CGS, Ysnoy, Kumaii

BricokoropHsle JIEAHUKH YS3BUMBI Uil U3MEHEHHUs KJIUMaTa, U UX COKpallleHHEe u3-3a
MOTEIUICHHSI YK€ BBI3BaJ OOJBIIOE KOJUYECTBO T'€OJIOTUYECKUX OIMACHOCTEH, TECHO
CBSI3aHHBIX C JIBIDKEHHEM JICIHHMKOB, TaKMX Kak celeBble MOoToku. CodeTaHue
TEOJOTHIECKOTO M TeoMOP(OIOTHYSCKOTO CTPOCHUS, KIMMAaTa W JWHAMHKH JICTHUKOB
BIMSET Ha THI, Macmrad W dYacTtory cened B gomumHe peku I[lapiyn. [lomeBoe
HCCIICIOBAaHHUE TTOKA3hIBACT, YTO HA CEBEPHOM OOPTY JOJIMHBI CEICIPOSBICHHUS NMEIOT
ropaszuo Ooublire MacmTadbl U 00JIee BRICOKYIO YacTOTY, YeM Ha FOKHOM Oopty. Peskuii
KOHTpacT MEXKIy JBYMs OOpPTaMH  OINpPENENSACTCS  Pa3IMYHBIMH  YCIOBUSMH
cene()opMUPOBaHUS, OCOOCHHO B OTHOIICHHUHU OJICICHEHUS M 0COOCHHOCTEH penbeda. B
HAcTOsIIEH paboTe pacCMaTPUBAIOTCS pa3iH4Ms B YCJIOBHSAX  (DOPMHUpPOBAHHS
IISIUAIIBHBIX CeJIel Ha OCHOBE COYETAHUS PE3YJIbTATOB MOJIEBBIX MCCIIeI0BaHUH, Ompoca
MECTHBIX JKUTEJEH W HUHTEepIpeTalud MaTepuanoB IUCTAHLIMOHHOIO 30HAUPOBAHUS.
AHAIU3UPYIOTCS MEXaHU3MBI, 00YCIIOBJICHHBIC Pa3IMYHBIMK YCIOBHUAMU (POPMUPOBAHHUSL.
Hcxons u3 pe3ynbTaToB, npeanaranTcs 3G QeKTHBHbIC MEphI I CMATYCHUS yIepoa oT
3TOr0 BUJIa TEOJIOTUYECKUX OIACHOCTEH M aBTOMOOWJIBHBIX W JKEJIE3HBIX IOPOT B
JIAaHHOM paiioHe.
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Pe3KULL KOHMPACm MeHCOY 08YMsL 60pmamu OONIUHbBL; MEXAHUSM POPMUPOSAHUSL;
cokpaujenue onedenenust; Coruyansb-Tubemckoe uiocce u diceesnas 0opoaa

Introduction

Glacial debris flow is a natural geological phenomenon closely related to glacial motion,
usually triggered by glacial meltwater or intense rainfall. Large glacial debris flows could also
be caused by icefalls, avalanches or failure of dams across gullies [Cruden and Hu, 1993; Kourp
and Clague, 2009; McColl, 2012; Stoffel and Huggel, 2012; Fischer et al., 2012]. Glacial debris
flows are sudden, violent, and difficult to forecast, and tend to travel long distance at high speed.
This kind of geo-hazard, which typically occurs in alpine regions, can cause severe damage to
the villages, factories and mines, roads, railways, and towns along gullies or at their mouths,
and thereby terrible loss of life and property [Korup and Clague, 2009; Takahashi, 2014; Cui
et al., 2015].

Running across the substantially uplifted Tibetan Plateau, the Parlung Zangbo River
(hereafter called “the Parlung River”) is among the world’s rivers with the highest elevation
drops and greatest erosive forces. Due to this as well as the frequent earthquakes and abundant
precipitation there, this river is one of the regions subjected to the largest-scale, most violent,
and most hazardous debris flows in the world [Shang et al., 2003; Ge et al., 2014]. The Parlung
River is home to the largest temperate glaciers of China [Shi et al., 1964; Liu et al., 2013]. The
river basin has undergone active endogenic and exogenic geological processes, and has an
extremely complex tectonic setting and high neotectonic activity [IMHE and ITS, 1999]. This,
combined with the alpine-gorge terrain, high precipitation, and modern glacial activity,
contributes to collapse, landslide, debris flow and other major geohazards in this region, among
which glacial debris flow is the most destructive [IMHE and ITS, 1999; Shang et al., 2005].

Many large debris flows have taken place in the Parlung River in the history. The
Sichuan-Tibet Highway, a section of China National Highway 318 [G318] on the northern bank
of the Parlung River, has been blocked by many debris flows since it was built in the 1950s.
For this reason, researchers have conducted a systematic series of research in this area since
then. Glacial debris flows in this area were intensively studied during the comprehensive
scientific investigation of the Tibetan Plateau in the 1970s [IMHE and ITS, 1999; Du et al.,
1985]. Recent studies have looked at the deglaciation resulting from global warming in detail.
Existing research has provided plenty of valuable data and insights into the characteristics of
geohazards along the Sichuan-Tibet Highway and the conditions and mechanisms for their
occurrence, and also proposed preventive measures [Shang et al., 2005; Zeng et al., 2007;
Zhang et al., 2017].

Large glacial debris flows are considered a serious obstacle to regional economic
development and a threat to major construction projects, such as the Sichuan-Tibet Railway
[from Chengdu to Lhasa, Fig.1] which is planned to span the Parlung River. In order to ensure
normal traffic on Sichuan-Tibet Highway and successful implementation of China’s Western
Development Program, there is currently an urgent need to address glacial debris flows and
ensuing environmental problems in the study area. The present paper examined the differences
in the conditions for glacial debris flows to occur between the southern and northern banks of
Parlung River, through a combination of field investigation, interviews with local residents, and
interpretation of remote sensing images. The mechanisms for formation of glacial debris flows
were analyzed. Based on the results, effective measures were proposed for mitigating the harm
to roads and railways within this area done by this geohazard.

General settings

Geological conditions

The Parlung River is located in the northeastern part of the Eastern Himalayan Syntaxis,
eastern end of Gangdise-Nyenchen Tanglha fault-fold belt. The area is mainly composed of
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gneiss of the Nyaingentanglha group and the Gangdise granite and Metamorphic rocks of
Paleozoic system [Fig.1; Ding et al., 1995; Xu et al., 2008; Zeitler et al., 2014; Zhang et al.,
2016], the neotectonics is characterized by fast regional crustal uplift with multiple faulting
activities. The Tongmai-Zhongkang fault [TZF] and the Tongmai-Jingzhula [TJF] are two
important active faults with an average dextral strike-slip rate of 4mm/a [Fig.1; Ren et al., 2000;
Tang et al., 2010]. The syntaxis region is highly seismic with 124 earthquakes of ML 4.0 or
greater from 1950 to 1996, including the Ms 8.5 Motuo Earthquake in 1950 [Fig.1; GRGST,
1995; IMHE and ITS, 1999; Ren et al., 2000; Zeng, 2007].

94° 00 95" 00 96" 00

Sichuan- t
Tibet Highway

Y bdsd Block

Eastern Himalayan

Syntaxis >
9500

Fig. 1. Geological sketch map of the Eastern Himalayan Syntaxis [after Xu et al., 2008; Wei et al., 2017]
(Abbreviations: Towns, BM-Bomi, ST-Suotong, TM-Tongmai, LY -Layue, LZ-Linzhi, ML-Milin, MT-
Motuo. Faults, TZF-Tongmai Zhongkang fault; TIF-Tongmai Jinzhula fault; DMF-Dongjiu Milin fault;
MTF-Motuo fault. Numbers: 1-Bitong debris flow; 2-Dada rock avalanche-debris flow; 3-Jiaolong debris
flow; 4-Cangguo debris flow; 5-Zhataduo debris flow; 6-Naha debris flow; 7-Guxiang rock avalanche-
debris flow; 8-Suotong debris flow; 9-Qiuzhu debris flow; 10-Chidan debris flow; 11-Songrao debris
flow; 12-Michong debris flow; 13-Danka debris flow).

Climate and precipitation

Located in the southeastern Tibetan Plateau, the Parlung River is more sensitive to
climate change than other parts of West China. It has a subtropical alpine climate affected by
the Indian Monsoon. The Indian Monsoon carries moisture to the Tibetan Plateau, primarily
along the valley of the Yarlung Zangbo River [hereafter called Yarlung River] on the west of
the Parlung River and the Danlong and Chayu Rivers on the south, which are all open to the
south [Fig. 1]. This leads to high precipitation in the plateau. For example, the average annual
precipitation is as high as 1100-1400 mm/a in Tongmai and Bomi [Fig.1]. Due to the humid air
and high elevations, the Parlung River has the largest expanses of temperate glaciers in China.
A total of 1320 modern temperate glaciers are distributed in the Kangri Karpo Mountains on
the river’s southern bank, covering an area of 2655 km? [Li et al., 1986; Mi et al., 2002; Yang
et al., 2008]. The high precipitation and temperature attributed to the warm moist air from the
Bay of Bengal, plus global warming, keep the surface temperatures of the temperate glaciers in
this area at around 0 °C. Therefore, the glaciers undergo faster ablation than accumulation of
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ice and move actively. As a result, deglaciation occurs extensively and provides a lot of
materials and water needed for formation of debris flows.

Geomorphology

The Parlung River extends on the northeast of the Eastern Himalayan Syntaxis. It is
characterized by alpine gorges and deep-incised river valleys with extremely high erosion rates
of > 5mml/a [Zeitler et al., 2014], and its elevation tends to decrease from east to west overall.
The river flows through wide valleys in its upper reaches and narrow gorges in the lower
reaches. It is bounded on the north by the southeastern branch of the Nyenchen Tanglha
Mountains and on the south by the Kangri Karpo Mountains. The extensive development of
glaciers and intense tectonic processes has created a wide variety of geomorphic features, such
as glacial landforms, alpine gorges, and fluvial depositional landforms.

Geo-hazard history

Strong coupling of the above geology, geomorphology, climate and glacial action
controls the type, size, development and frequency of debris flow in the Parlung River, Since
1950, the study area has been frequently hit by debris flows of different sizes, suffering huge
loss of life and property [e.g. 1-13 in Fig.1; IMHE and ITS, 1999]. In particular, some debris
flows were extremely tremendous and disastrous, such as the debris flow occurring in Guxiang
area on September 29, 1953 [Shi et al., 1964].

According to the size classification, which is based on the total volume, peak discharge
and inundated area, the size classes of the debris flows are given in Tabel 1, coinciding with
the debris flow frequency based on the interview and previous study,

The debris flows in the study area were classified in terms of size using a size
classification method based on total volume, peak discharge and inundated area (Table 1). The
results are consistent with the data on debris flow frequency obtained from the interviews and
previous study. In the region between Bomi and Suotong [Fig. 1], the southern and northern
banks of the Parlung River differ greatly in occurrence of debris flows. Compared to the
northern bank, the southern bank shows much smaller sizes and lower frequency of debris flows
(Table 1). The sharp contrast between the two banks is determined by their different formation
conditions of debris flows.

Analysis of the formation conditions of debris flow

Due to its unique geographic location and climate, debris flows in the Parlung River are
closely associated with moisture distribution and glacial movement. The study found that they
are a direct consequence of glaciers recession [Zheng et al., 2014].

Comparison of hydrology and glacier distribution between the two banks

The data from the field investigation and remote sensing images, together with the
Second Glacier Inventory Dataset of China [Liu et al., 2013], suggest significant differences in
glacier distribution between the northern and southern banks of the Parlung River. In terms of
glacier type, valley glaciers are distributed only on the southern bank, while the northern bank
is covered primarily by cirque glaciers and hanging glaciers. The snow line is generally higher
in the east than in the west (Table 2).

In the region between Bomi and Suotong, northern bank of the river has 28 glaciers,
which account for 32.56% of the region’s total number of glaciers, 35.62% of glacier coverage,
and 35.62% of ice reserves. The southern bank has 58 glaciers, which make up 67.44% of the
region’s total number of glaciers, 65.44% of glacier coverage, and 64.39% of ice reserves
(Table 2). It is clear that the southern bank has more glaciers than the northern bank.
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Table 1. Typical debris flows in the Palung River from Bomi to Suotong [e.g. 1-13 in Fig.1; IMHE and

ITS, 1999]
No. Name Date Size class Location
1 Bitong gully 5 Sep. 2007 Middle North bank
5 Sep. 2016 Large
2 Dada gully 4 Aug. 2013 Small
20 Jul. 2017 Middle
3 Jiaolong gully Sep. 1988 Middle
15 Aug. 1989 Large
5 Sep. 2016 Middle
4 Cangguo gully 1975 Large
1996 Large
5 Zhataduo gully Jul. 1987 Large
6 Naha gully 1968 Super-large
1978 Large
7 Guxiang gully 29 Sep. 1953 Super-large
1954 Large
1963 Large
30 Jul. 2005 Large
8 Suotong gully 26 Jul. 1991 Middle
9 Qiuzhu gully 2014 Middle South bank
28 Aug. 2016 Middle
10 Chidan gully 5 Sep. 2016 Middle
11 Songrao gully 4 Sep. 2007 Large
25 Jul. 2010 Large
12 Michong gully Aug. 2015 Small
13 Danka gully Aug. 2015 Small

Obviously, glaciers are more developed on the southern bank of the Parlung River than
on the northern bank. Glaciers that fill gullies are called valley glaciers. The northern bank
shows a snow line higher than that on the southern bank and basically has no valley glacier,
indicating that the snow and ice on the northern bank are more active. Numerous large glaciers
have formed on the Kangri Karpo Mountains because the mountains just stand in the way of
the warm moist air brought by the southwest monsoon blowing from the great bend of the
Yarlung River [Fig. 1], and thus become the wettest part of the Tibetan Plateau. After the moist
air climbs over the Kangri Karpo Mountains and passes the Parlung River, it decreases in
moisture content and thus supplies less moisture to the river’s northern bank [the Nyenchen
Tanglha Mountains]. Therefore, the northern bank is dominated by cirque and hanging glaciers.
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Table 2. Glaciers in Palung River from Bomi to Suotong.

Location | Types of Number of Area of glaciers | Volume of Average

glacier glaciers and [km?] and glaciers [x10°m?] | snow line

percentage percentage and percentage [m]

Northern Hanging 18 20.93% | 41.12 | 30.84% | 2867.45 | 33.93 4040
bank glacial

Cirque 10 11.63% | 4.96 3.72% | 14257 | 1.69%

glacial

Valley 0 0% 0 0% 0 0%

glacial
Southern Hanging 23 26.74% | 31.18 | 23.38% | 2058.01 | 24.35% | 3429
bank glacial

Cirque 15 17.44% | 5.82 4.36% | 194.73 | 2.30%

glacial

Valley 20 23.26% | 50.27 | 37.70% | 3188.54 | 37.73%

glacial
Sumtotal |/ 86 100% | 133.35 | 100% | 8451.3 | 100% |/

Moreover, the glaciers on the southern bank [the shady slope] melt at slow rates as they
have lower surface temperatures due to low solar irradiation received. After a certain amount
of snow has accumulated on a glacier, the glacier tends to move downward to valleys under
gravity or pressure. This contributes to the higher probability of formation of valley glaciers 