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& “landslide” 9 =45 “debris flow” & |3t
FH a5t Y (Varnes, 1978; Pierson and Costa, 1987; Coussot and
Meunier, 1996; Hungr et al., 2001; Hungr et al., 2014).

2 AbHEol e AAZAQ] FF Varnes (1978) ¢ 2]
ALEEHSA, ol AR EARF U8 AMHEE dAs TEsks
71ZxAel 7|Fo 2 8% vk (Hungr et al.,, 2001; Hungr et al.,
2014)). g4, Varnes (1978) & #FolA+= % (Flow)olgh= %5 &
ol thafi FdAoz VegdozN EAFIE 7THAE 5 54 T
W35 REFE A etk oleld @dAE SEs7] 8 AR ATAES
EAFY %, 74 4AY A7), EAMEIE S (volumetric sediment
concentration) ©] W& FHEA 5SS deste] EAFY SAS B
t} ddetA 731715 &3tk (Pierson and Costa, 1987; Coussot and
Meunier, 1996; Hungr et al., 2001). B3t AFH &% 9 H7o ule}
EAF 28H= @4 Hee v AolskA R, o] AT A=
= Bl ¥R AHEE AMEE e 2

D 52 BEANFY R 2 Aol & A vlE: Uit oz EA
FE 22 BEAFIEEE /HAE ), g2 30% o] FI9E 7HA
o Hd 60~70% 7FFe EAMFIEsLEE 7FAItH(Varnes, 1978;
Iverson, 1997; =A%} (##E, 2002; Takahashi, 2014)). =3 5 9
EEY WS HolXu H 4 mo o2& B E HkEE= % ulw

A F AAES 7 AR v Eo] v (Hungr et al., 2001; Takahashi,

of. Mo

i

L

o

2014). B8, A% 9 wlAbe ghero] ol & HAS Bl £%
A4l o] (mud flow) E3 BAFE & FRol 2RAE A9E 9

t} (Takahashi, 2014).



o

2) W o]THE EAFIF AWMU WElE s s vt
e mE ol EEE, fEolth WA L] uhet Aolskx
2 °% F m/s? FEHEOE olsstH, 10 m/s °]’e]
(Hungr et al., 2001; Hungr et al., 2014). =ojlA] A3t

Au
-

Hrt
I

JP>
o
g U
D= T P s

Fi ek %Oﬂf’ﬂ’ﬂ o 28 m/s?] Fol FAHHZE ST
WAl 2014). BEAR w2 gEo o Fagw old AAks}
St 2o

_LL/A

Felix and Peakall, 2006), F3F gl U A7)
A 9 g EA 9xte] 18 EA(Takahashi, 2014) £2°
/ol Al 7]l Y,

1o
Ho
=
o 1o

3 AFE Wt s=m, At ‘?3'33}%% &Rk AREA ]l AP G-
b= e, EARE T2 AAPE 53 AAAARY e 58w 52
+ 545 At (Hungr et al., 2001). B3 AlFE fFststes 27g ol A
A D Abe dAFHCR s, AAE dAA R knkel A =
T s EAF fresede] HAHE 59 d3&§o] d&5xow

A3} (Pierson, 1980; {188, 1993a; Hungr and Evans, 2004). wz}A
HolrolA BS54 EATEY THEEAFS 1ok Fol EAs Ao
Z Q3] dRtdo® Hx Aol FdE EANE vl& HS Frtske
AeS Hdtt(Iverson, 2012; 0|53k 5, 2019).
4) e (surge) ol W& Y74 8 (grain—size segregation):
kmell ol2E ARE f3EHs EARE A%@ gHow s
A Aol & YA FE H
= At (head) ol =3 EAXo] =24 =
e FEE Holu, Aulz o7 Agioa] Hu §Ao] YehtE EA
S (Iverson et al., 2010). gHH EAF7} st Yol T3t
=7|7F ¢F 15" w|wto=m ¢hvtafA|H, ¥ A o]
aEA FEEHO W EA A Aol wEbA EelH e
1ol WAy S} (Takahashi et al.,, 1992). ojw], 270l & HFg 5o
A= Ak W SR HAade] v Xy, WieAs dxb=
gty o] BAtE s oS Hdt(Major, 1997; Johnson et al.,

~

[e] (e = [e) =] =
oSt e EAF HHS EAF ANE TRAYE Aq &
o = 5 50 2~ =
AEe TREAY 52 FAEY

Aoloh. webA] 91e A Q
Ayl AdAdS AESH] Y A= &FEE 1 Atk (Parsons et al.,



o
As v o s F554e F457] el 53 19 wE T4
A8 A5t ol st AN Aol s vwd EAFIE R
Al EAgskE FololA dF RUEYES S EATY eSS
3171 % St} (Hirlimann et al., 2003; Wendeler et al., 2007; Hu et al.,
2011; Suwa et al., 2011; Theule et al., 2018; Smith et al., 2019). &
d BUHP S AR Ak g £5%, 14 7%, 49 T4 A5
ARl F4o] 7hsste] vlwA Hgst ARnE At shANE A EIts
g AT tATE @A), BUEHE AIAES 5T FoolA EA
b Bk e Agols ARE FRS]VE o] J v (Hirlimann et
al., 2003; Hiibl et al., 2009).

olg gt sHAlE S5 A8, B2 Ad7AES FEADS i E
AR e Esiditt. A AMgske R AV Iy o
2 9 m 4ol A2¥FEE FE3ATH(Armanini, 1997; Felix and
Peakall, 2006; Moriguchi et al., 2009; Fairfield, 2011; Scheidl et al.,
2013; Vagnon and Segalini, 2016; Sanvitale and Bowman, 2017), "]
AAZA= (USGS) ol A A 2FeE febdo]l 95m 1 Ee ATzl e
a2 9y &85o] gri(DeNatale et al., 1999; Denlinger and
Iverson, 2001; Zanuttigh and Lamberti, 2007; Iverson et al., 2010;
George and Iverson, 2011; Iverson et al., 2011; Reid et al., 2011;
Johnson et al., 2012; George and Iverson, 2014; Iverson and George,
2014; Iverson, 2015). 13y HF2= AXAHHFEH A9
7HA 1A, =4 Aol AFA o R FYHolof sk, eSS 4
st7] e EAAT so iR B A7 B (Scheidl et
al.,, 2013). olell nlal] APA FfEoAAN 73 7test AFFZ AT HE
ol goleta AbgE BEA Aol A7) 9 HlEs ddetA AFste] A
dg V] dEel A Axe AAA Rl # st (Fairfield,
2011).

10 A ‘._, ‘_]l



ozt FH e nFo R tdt A7EAE K AFFEATC] F
FEAA, AFFAe wep 1) EARY 24 W #3572 (Davies,
1990; Felix and Peakall, 2006; Kaitna and Rickenmann, 2007;
Fairfield, 2011; Nakano et al., 2012; Sanvitale and Bowman, 2017),
2) EXAF HARS Hezd EA 4w ¥AV|Z 49 (D'Agostino et al.,
2010; De Haas et al,, 2015), 3) T4 54 4 X529 A% &
¥} < (Moriguchi et al., 2009; Armanini et al., 2011; Canelli et al.,
2012; Scheidl et al., 2013; Vagnon and Segalini, 2016; Eu et al., 2019)
TOoE TRYY, FE g4, SHEA, AIXNEE AT 5 BeF
T/d ko AA ST

ShH A2 Y-S f3F4dol7F 4 km oﬂ SEls BEAF JAS
m TFEZE F4ste] Bost7] wZo Hld 4 (scaling) ol W& A7}

WA ST} (Parsons et al., 2001; Iverson, 2015). Iverson (2015)2 Al
ES| AYFRAN oY EAFo| zEsh= sty 7)zlo] A
T AeS AAsY. AA EAFE BEY JA7F BAEAE 5
] i

559 /] tﬂﬂ(lverson et al., 2010) =2 ?JX} 2501]

= -1 [}
S 1 &te] 7)38ke 4 (geometric) @ %84 (kinematic) AAME
3t vkt E = A Ao (Scheidl et al., 2013). A S o] &3 1]
Ehv EARF $4EEs FAste A9el 98 adAeld], ol &A
W wag oAl o8t 2] Aolrth= AAIA ApdelA FxEel
gt == A AFeH7] oItk (Scheidl et al., 2013). At
RolA A S 8w, 7]eketE Ak Aol AkdelA g HAnE
A g3t} (Iverson, 2015). %84 AFALe] A F+= AAHI} 89| H)
&2l Froude ¥ (Fr, Fr =v/\[gh, vi 7% g TENEE B F)E
A5, FREAYS T3 EAF s Adst] feiAe EXFS &

AVel Frol W91E VA RE A E ook )k (Proske et al., 2011;
Scheidl et al., 2013). EAFY Fra Abdlol weba thefst 95 B
oli=d], Ut oF 0~29 WHE Kol ENF Atd7F th HarE 9l
A|9F(Hibl et al., 2009), AE5A 4 EA =} 74 wet 7 o]72
Te A= AMElE 2o vl ok (Proske et al., 2011).

11 .__erﬁ-: _'-.i_ -l_-li



EXF F4Y Agae dutr o g o SR E Ed3 5=
ol 71 ol A olA|uk, EXFo WAl AT} FA|E Al o351
o]=7] uwjiEol o]o] o3t A& T 8t} (Prochaska et al.,

_ll
o T
O
Lo
~
2

2008). wetA] EAF FAE AT o= AT v o] Hof
4 FEAYel FE2 &8¥i Yt (Armanini, 1997; Hibl and
Holzinger, 2003; Zanuttigh and Lamberti, 2006; Ishikawa et al., 2008;
Shieh et al., 2008; Scheidl et al., 2013; Eu et al., 2019; Scheidl et al.,
2019).

ftlo

N

oL

. ol
o,

~N

Ho
e

712 7R 7 AN E o
S 7}4et= Hertz Edo] 4 £33

74 71 ez AHgE I ok (Lo, 2000;
Sun et al., 2005; Kwan, 2012; NILIM, 2016a; Huebl et al., 2017).
ool thgt 7] A& A 2.1~49 Zh

F = K.nal® (2.1)

n = 41,%5/3n(ky + kg) (2.2)

a = (5myv,?/4n)* (2.3)

k=0 —u?)/mE,, kg=1—pug?)/mE, (2.4)

o, A= A8 &N), Ko stsdaAds, ne 5 W84S 1yst

Ao e S8 o= WdZol(m), nE 5 ¢

FTE YA AH(kg), we TREY FFHUFE A FE

E£5(m/s), wre TEYAY Xold M|, wai TERES FolF HI,

E % A BAAF(N/m?), EAs 75229 847
2= 6(:;‘

e A FelA sEHiATE 18 2 oduyA &48 318 Et]

12 A ‘._, ‘_]l



0.10] AA = Q3 (Hungr et al., 1984), dA Z-& xdox AA7|F=O
2 g x5 AHLsta kLo, 2000; Sun et al., 2005; NILIM,
2016a). ¥ Kwan (2012)& B o® AFREE o4 W ZggE
o B AL, FoleH|Z ALsti, QA FAS TE oz 7HA s
A8 07 e3lst Hertz R8-S AASATH(A 2.5).
F = 4000K,v, %, 5 (2$]: kN) (2.5)
AYLE BEXF 5ol QA FHkEE
A2 AEE FFATNIAY A B
b g9 (NILIM, 2016a). 18y BAF29 F4¢
FTAYES EARF FAES AXtsts
Ao = EXME
T sheh(NILIM, 2016a). 28y EAF] €72 A3l o7
g FEo] didE e Afele "R Mg S fs A EH
TEe 1987 = S (NILIM, 2016a).

r|

>

N
=

:10 £ 7
o?d
e A —1)1'

Zah=
ENF A= 9 g dnbdor FE st my
(Armanini, 1997) 3 815984 23 (Hungr et al., 1984; Armanini
et al.,, 2011; Canelli et al., 2012; Scheidl et al., 2013)°] g&] Al&F
2ok 1P detA 2¥ (Armanini, 1997)S EXRFO F48S A

el ez btk 2.6).

Pmax = kpmg/ (2.6)
oW, pmn= A EXAF FAFAY N/m?), k= Felddsts ngo
BEEE, owe BEAFY UE(ke/m?), g vﬁ'—%ﬂic(m/sz), e
A (m)olth. Armanini (1997)% kol thalA 459 #S 7IX= Ao
B 313k 91, Scheidl et al. (2013)& Fr 276 ek Ho 30 o4
o] gkol A2 & Q&S HIASHT.

)
o

Al

L

(})i

| A
Fegesty mge A 273 gol, MR 37

e Row wAdT Be APAES sy ®
ot Fe5A4 BEAT 499 #AlE #¥ sk (Watanabe, 1981;
Zhang, 1993; Hubl and Holzinger, 2003; Suda et al., 2009; Eu et al.,
2019), 4, TF 52 AYeA EAF AoE FHo® 3 APYHO
A 71 EAF TAY 4 W oRE o]gstal tk(Lo, 2000;

1 Jo
ottt b

o 1o

2

o]

13 A ‘._, ‘_]l



Kwan, 2012; NILIM, 2016b).

Pmax = Pmv? (2.7)
olml, ai= FElEASA P FPAS, v AR £ m/s)ola
tiA Wee pelgeetd By Bdsth Y%y 5yl A

T av ATl wet Bl

2.1). Watanabe (1981)+& €& AbFepA|nt AF FH oA DA st EA]
oAl disiA 2.0 AE3% B Atk Zhang (1993)+ Jiangjia
GullyelM 8] X7 49 54 A55 vEo® 3.0~5.09 ®9E Al
Sk}t kH Hungr et al. (1984) 2} VanDine (1996)2 7| & Al ¢+
1.00% AAEI o AAskES k&S dste] 1.58 A &3t
2 A3ttt Canelli et al. (2012)& F248S 58 F71e 49
AF7F 1.5~5.08 W H9E 7F 7 doka AlReith 3 olA =
Lo (2000)7F AEAFY F8X5 3.022 AAste] AAV|Eo= &
£t oy, Kwan (2012)2 YA = o3t &4 E%ﬂjﬂr A 1
& w2570 AdEsva Bag b ok dReld= 1k 5(1998)
o] 1.0& AAIE L, o= ©]$F NILIM (2016b)o-/] ’274]7]%01]/\15
IFd € vE QT o] o) o] Agrxte] wet §e AAE Hole APAT
| ti3l, Hiibl and Holzinger (2003) &= +2A43 92 AdF EXF AMg et
HwE 53 BAdT7F Frol EHOH gl #AE THA = AeE 9
alo], a=4.5Fr 122 #AAAE EEste] £ S EY S A
|3kt o] 9} #H3}e], Proske et al. (2011), Scheidl et al. (2013),
Eu et al. (2019), Scheidl et al. (2019) & XM % o9} FAMEE Fd
o A#7F yetwnh. ey ARl EAR @itkel i A7 =58t
of, AGA7F &&st 2zl wet 918 AAA G AlF W AFT) Adolsh
#2S H 3t (Scheidl et al., 2013; Eu et al., 2019).

)

2

22 1o

N
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E 21 BAF F499 selgd 29 2 4945
Hydraulic .. ..
Empirical coefficient Reference

model
Hydrostatic
model (k) 4.5 Armanini (1997)
(pmax = kpmg/?)

2.0 Watanabe (1981)

3-5 Zhang (1993)

L5 Hungr et al. (1984),

' VanDine (1996)

Hydrodynamic
model (a) 1.5-5.0 Canelli et al. (2012)
(Pmax = apmvz)

1.0 A 5. (1998)

3.0 Lo (2000)

2.5 Kwan (2012)
Modified Hibl and Holzinger
hydrodynamic a = 45Fr~12 (2003), Suda et al.
model (2009)

15



3. AP EE Al did EXRF F4Y AAXA

Aol A& AFATLE MF o R, dF A 52 UM = AFET
= AA A EARY F4YE RYete s A ARE A &sta 9l
(3 2.2). &2 Lo (2000) 9] AFAHE 7IRto = A X o] AA|
o] QA9 Sun et al. (2005), Kwan (2012) = o]ojA]+= AFE E3)
AT A AHFHORE Hes] Whes FAolth 4 A wENE
4 oAbt HEZISAAFTEA T NILIM) ol o] A = &9

2007d%e] olm EAF FTAY FAH A AT (NIRIM,
2007), 2016l ofe] thigk 7j7o] o] Fo] FhH(NILIM, 2016b, a). <
AEg] o} , 71¥-2 © 2 Hibl and Holzinger (2003) 2] 4 ¢
EREE EAF9 $49& FAT (Kwan, 2012),
AAlel A ]

R

oX off oM

A3l WA b5 EMF FFo) W UL,

gol tist 7% FHE AAE k98] A

1o o
2
k)
t

of
oo o to Jo

2
ol
o
2
)
ofo
off
=0

i 2.2 w7PE AAVIE mE BEAS 48 Y 1Y

Design ) _
. Dynamic pressure  Boulder impact force
practice
Pmax = apmv?, a=1.0 Hertz =3 (K.=0.1)
Japan
(NILIM, 2016b) (NILIM, 2016a)
Pmax = apmv?, a=3.0 Hertz 23 (K.=0.1)
Hong Kong
(Lo, 2000) (Lo, 2000)
British }
. Pmax = apmvz, a=1.5 Hertz 238 (K.=0.1)
Columbia,

(VanDine, 1996) (VanDine, 1996)
Canada

16 A kl_. 1_]|



A 4R ENTF 75 TR

7 el tist FXEALS T2 T)E s

(commercial) X213 (X 2.

& el AF Al E miEen Hg4o] AEH ]

A % gtk Aol 9ly] R ks A7l BeHel 9t
A

& rlo »
?;; x

<
&
i)

£

:
g AYstol EAR FARIE FPtE ATE O

g, 2002; Leonardi et al., 2016; Zhao, 2017; ©]

=
=
K

2 in

o F H X O KU oo
[
v
_L it

o 2
-
M
1o

. o,
o
N,
=
ok
oX,

= A~
o
4
o,
o

4y
e
N
=
Mo
2
[am
ofl
=

42 L
Mol o
e
=

lo 1%

ol
o)

e BN §52 49 R0 1FHY] i,

2l (shallow water equation) 0.2 ¥ 48 A S+

Ty ol
1
ox

1o

AU U

A do i I
\\]
o
—
-

1S
o
T
2

2l (depth—averaged open channel flow equation)
o] HeE AujA2 o7 ALt} o3 HAo 7 FHAHEE= A

Mz AFEay A o] Asdor AAZ AAFE7] wite H
Azx7A Aol B4 w<al X 2 (Iverson and George, 2014), A<
ZHE 3 <

ko sk &5 % o= AT 7 o Ao et
7t (Iverson and Ouyang, 2015). 53] o]} 2 @3brt 485 H
g HwA A4 EXF fE 2 HAY Hde AeHor HAEE A
o2 2d#A Q7] Wl (Iverson and George, 2014; Iverson et al.,
2015; Iverson and Ouyang, 2015), EAF %] 2] X|uul7g 2 9]
Z1ETEE AR Qv BEAR SRS fsh A Ao 7]E
FHE 123l taiA Tdshd 24 2.8~103% #

dar dUx
g (2.8)
ot T ox °
ocs  9CUE_ (2.9)
at dx
UL OBUUA)
= g/sinf + —— U)— (2.10)
T + o g/isin +,0m ax+sgn( )Pm
old, iz 4, U= Zol B F5, s& 4 F2 HAAA, G= 20|
it EAMRIE S, DE SHEASH EAF & e AT, g
TEFRAAT, o THINSEE, 0= AN AAL one EAFS Y
T EARY A4S 2 o4, r= A lFY A9ed, sgn(U) =
5o Wk gk Feshgoltt



ENFE e B FEH 9 ddgge] BE AHQ
EAFE 5o Ane wasl wgsts] due], 4 2.8 $ugw ol
52 ato] Alabsta, A 2.9% 3

o
. [¢)
7betel A&5AQ HEe WEE FAST(EE, 1998 {L#E, 2000;
Iverson and Ouyang, 2015). 53] I3 &8 EAR{F AT Adel
Q35 AxE A-gat7] witel (o] 5% 5, 2019), tiFEe EY A=
Tof & &= (Egashira et al.,, 2001; Takahashi, 2014) =& A<=

=
=
[e)
2 A H A3 E (Christen et al.,, 2010; 0|58 % 2019)2 =
e

IS
A 2102 BN 2EF BHEYS R BEHFE dwrde
Z H]57E Al (hon—Newtonian fluid) AsS Hols Aoz delA 9l
71 ol EAFO fEes sl flete] A 2,109 $HEH o)
EAsEY e ¥4 SAS 19T F Qv AdSEHREES A&
St AR HRE S EAFY FE713 siA 3 diskA AuE=d
3E 2480 o] thekst A H o] A EHo] EAF fEaiA el A

LA (LEE, 2000; Imran et al., 2001; Zanuttigh and Lamberti, 2004;
Naef et al., 2006; Nakatani et al., 2008; Christen et al., 2010; Iverson
et al., 2010; NILIM, 2016b). olwj, ASHEY S A st= iz
© AT diiel wep AFsiAl dEEojor shi=dl, Arattano et al
(2006) 0 =W AdsH-s FASE WiATe 24 Aol x 4
Al EATe Fx8 AA Aol
(2015) 9] AolME b5 T4 7%k Wt FE5A0 &4ds] et

171 f1sli = 2

ggel 4 AE

2006).
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#® 2.3 BEAF e zrafs &83 AL
. . Program Discretization .
Dimension Description Reference
name scheme
1D BING FDM ANEAF 149 f% 2 Imran et al. (2001), Jeong (2015)
5L © = O in
KANAKO 1D FDM 1}15 éi;;i - 7 5(2008), AEE F(2011)
EAF AHd Ald, 5% 4] Rickenmann et al. (2006), Cesca and
2D Flo—2D FDM 4 s 9] FAtE B D’ Agostino (2008),
e 5(2013), FHH(2018)
EAT AW BY AE, BEART AW A9 (2010),
DIEBRIS 2D P gas EH@ WAz #4 aH @éﬂgom
EXF AH, EAF % 2 Cescaand d Agostino (2008),
RAMMS FVM Ak 1o Christen et al. (2010),
Feoet A4 (2019)
DFEM 2D FEM ENF 5 2 Ak 29 Rickenmann et al. (2006)
A % (1D) 2 s+ Nakatani et al. (2008), Liu et al.
KANAKO 2D, EDM gxk(2D) A3 AT ERE 9 (2013) Uchida et al. (2013),
HyperKANAKO a3 F7t A9 5(2016), dFH(2017),
A 5(2018)

19



. . Program Discretization L.
Dimension b Description Reference
name scheme
D 3R] H¥A AL, E4F Hungr (1995), Hungr and Evans
r
_03D DAN3D SPH 4% Ad (2004), Evans et al. (2009), Salvatici
auast et al. (2017), |53 %(2019)
USGS 82 A3 74 George and Iverson (2014),
ClawPack FVM EAF 5 W A 29 Iverson and George (2014),
EXNF B ZA F4 Iverson et al. (2015)
UDM (Urb EAS W=z ZE° g2
(Urban o s t Fael 5(2017), A4 F(2018),
Debris flow FEM 7, EAFY A3 av 4

model)

Jeong (2019)

* FDM: £-¢+x}55] (Finite Differential Method)
* FEM: 32 49 (Finite Element Method)
* FVM: -3+4 2 (Finite Volume Method)
* SPH: Smoothed—particle hydrodynamics

20



% 24 ABATNA ALE EAF A 1Y

Shear Stress

Basic form Reference
model
nu-U
Manning— T="33

) ] NILIM (2016b)
Strickler equation

Bingham )
(simplified form) r=1, 47 U Zanuttigh and
simpliiie orm = -
P Y Lamberti (2004)

(used in BING)

Herschel—Bulkely U\
(HB) T=Ty,+1, <Z> , n <
(used in BING)

[UnN

Imran et al. (2001)

Coulomb—viscous T=Ts+Ty+n—
) Y Iverson et al.
(used in )
5 U (2010)
ClawPack) Ty = ppbtan¢ ;
Voellmy )
( di ; U? Christen et al.
used 1n T =pupgrcos + pg? (2010)
RAMMS)
Dilatant . i 5 (2008),
(used in T=f; <;> Nakatani et al.
KANAKO) (2008)
U 2
Dilatant with T=1,+ — .
sttz <é> VL8 (2000)

Coulomb friction
T, = C(o — p)g/cosBtan ¢

Aded, U Zol F+t 5, it F41, n: Manning A, 7,0 84
(vield stress), 77 Bingham &4, 72 HBEE H4, 74 3
o] Z43l= Coulomb v}2E, o, EARS Wr gzt txza A,
AdERA S Yindzt o FH7EE g AN 7]27], #: Coulomb m}Z
AwkZAA S, 10 Dilatant 23 2] F-Aw}
¢t Dilatant 232 fAlwpzAS, C: 2
EARS] A E, o PeAlY] 2

14"6‘.0?-“4:‘0

£ % do U

21 -":lx_i "'l::'lll.: o |



I8 ol2 354o]
(3219 5, 2010; A4
F371 AYE AR QHy

O:

AAAANCE = APERS] P 42 ¥ud A7t nxsh
Aotk 7§ Aol = AP 72 M=ol wE e ®HstE
A8t A Y (Conesa-Garcia et al., 2007), A&l o]go] Q= Aol &
ol FAEe Ao b BUHE A8 Al Vs AEete T
(Mazzorana et al., 2018) ¢ A7} o] Fo X3l UX|RE, thFE AP
of B E ST YAHEA B S Altete AR AU THAoRE 9

Fo] A 31 glt}(Carladous et al., 2016; Chahrour et al., 2019).
AP ROl w2 skE et QbEA A E HH Y 7]l dist A
= Aol A wlwA] et A o] FoiA ghrk(ilivk, 2011; /NTERSE T
5, 2015; FEE, 2018). Lo 1900 ] ZRkel Al F= o] A4
7V E AY= APl g fA el dAE 7lEelal A @il 5,
2007), 1980 th o]F 714 AFo R <l APgRS HEE A
3PS THEete ZINkAAe tiE A FAE A0 R o] FolA

=
AR T AsizE Wiws] dAsks A g ] 540w Qs Y& APY

2o BT de o8 B Ve AT SO #dE VEAdASH(HiE,

ek APY RS AP S R SE B
of Wrgst== Ak, 1979a), =
5

st H7bA] o]oA A= Elth o] =% AR QHgA T f-x
ol gt A= 2000 ol thA] FEul
T AP V1EAA de AEste], A3 w9sk®E Qg A3}
ZAANME AfTEaS Ad F AEE AAF o} = At A
ALl 71240 Mds AAsEATE o] g} @A FAA /‘}%‘f\]’%% .
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(@UJ =, 007) R /\}HOL%JE]

ole} 2 HIF 7] HHE T APYHE M-S Bkl 4
st A4 Axe GREGYAT, &, vt 5o JH4 EdoE Qg
APRR ] A AR Askrt ofr|ske /bS] Astel disiA= Bk
7F mlEFekith ol & =&k fd dF ATAES APEHE HEA
A FAA 7 s AEeke] fFtetsel et 72 Aws A
sttt Hx2 FAA VI 483 AMEE Pl 5(1993)9 A%
o] 4k 2 2 (Distinct Element Method, DEM) 0.2 Apgwie] 25 1 9]
sto] AX e FA wE APEHe &4 e S Bk up gl o] 9}

A A= HZ7FA = A< 5 o] Shima et al. (2015) & F3FQ 4
(Finite Element Method, FEM) & A g3lo] A4 FEo s 238 E

AP RSl A AFS AT v Qlok gk, il 5 (2007) & 9AHA
TEEE AGE APLHe bgAdS Brkshr] 918l FEM 71H& 283t
v Stk dld Aol ARshe obs, EHE AAte w8 Ak, &
& S AL, ¥ FdelA ZolE AF sk A ZAYE
=45 B7Fe § FEM 7IM& A&ste] g8 gd x589 e
Arete] AA S e AT HE(2015) = AREAQL AP
o] 7exdt W BAVIH AE Helx FEM 719 A 84S HES
R, BAE BASHE Aol Wik FxsiAs Foto] BAI el

g &35 A vk Qo
FElyEtel A= 1986 @R APERo] AAESL7] wiitel] APTHe]
=estE s M EAE AbEle o RS AA otk AP
of st B fA e 7l digh d+-e e 2000 SRt
23 MET
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A3 g FEUEE T® ENT
379 w34 A

A 1A AT w73

EAFE 2 BEAPL £3Ho AFE wet wEA s2s A E
At el dFow, mAT AEFEH A7 5 mel o2= HHOﬂ ol=

= wFe 719 JAE E4E e e (Hungr et al., 2001). -2
UrEH EARE T2 AFE Al A& 2Ase 545 nolx
(Kim et al., 2014), % 2HAEZ Q3] B3 E EALY] F53t= Q&)
EAF7F dASTH(Eu et al., 2019). $Elvets EAFE X3ste Ab
Abefe] Al RIwZE 1990dd] AEw ARARE I A o] A
349.7hafldl Hl&l, 20009t o] F 2019d7H4] AF 3t 460.4 hal®
7k FAE Bol EAF A 9ol TUlehe FAlolv(ibE A,
2020b). 53] 20114 $-HAtelAs g BEXF Az AFd A
2l Arkels7p sk tH (M &5 A, 2014).

ENFE PAsks delE HAagtehr] A e dubdes g
A o w24 gi#o] Qltk(Jakob et al, 2005). ¢-ElvehE EA

2]
7o AAAA FE5 At yallE Afdstax ApGs HdXx o
28 gQAE HIH072 Fste] gvh ENF= wEA f55HHA AL
W] s Ast 248 7Hehr] dimel], AP S o] 83t aypF o
EAR TsE Asr] falAe EARFE A8 HAS s FAHE &
w3l A9 AEE Ao o S} (Hibl et al., 2009).

EAF TAYS Aoz §% 74, ¥4% 59 fFe5dY E
A5 499 BAE o|g3slo] A3t} (Proske et al., 2011). o|& 9
M= A SHAARE F3 58t Aol 7P o] F oA, EAR
o] kAl Al QIAE ARl o|53El7] ofH7] wimell olel st A=
= &R37] gt (Prochaska et al., 2008). Wb Z& AFA=2
A2 JiEAdo] Hold FRAFS i ENF F49 AHEAES A

_4

Al &l ko (Armanini, 1997; Hibl and Holzinger, 2003; Zanuttigh and
Lamberti, 2006; Ishikawa et al., 2008; Shieh et al., 2008; Scheidl et
al., 2013; Eu et al., 2019; Scheidl et al., 2019). ARFH o2 ENF F
A8 A Ae e 9st4] 23 (Armanini, 1997) % 59y B
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kol AA ¥ = (Watanabe, 1981; Hungr et al.,

H

Eis

5

& (Hungr et al., 1984; Armanini et al., 2011; Canelli et al., 2012;
[e)

Scheidl et al.,, 2013)%.2 FEHH, 1 = FdF
1984; Zhang, 1993; VanDine, 1996; Lo, 2000; Kwan, 2012),

(Lo, 2000; Kwan, 2012; NILIM, 2016b).
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AR, AAAE, EFA =
3.1). dutdom FRAFNNE AA EAT @7 dAE IdE A
dato] Ast= Zo] 7P o)A otk ey AAl EARF Aol
a5 AYAA 2 A5 =
Sr= A7 AT ¢ Qv AR QlE EARF A AR At
25 JdE FEAFC A&ste dHeels o#wel Atk (Fairfield,
2011). webA AA EXF AR f4AF &S U2 AREShE Flo]
ofyel, =2 A7 EAF Ak 1o R Zpole] wet {1z =7] )
& zAdoF 3t} (Iverson et al., 2010). olef wpe}, AA AAFLS F=2
Aolo] 7|atetA vE&wE FA0HA Ha, olF HFEoE A4 YAk
TN E 24 Ade s (Scheidl et al., 2013).

shH, ¥lwA RV &L FEE o]g3 HAYdAe A HlES
Agsto] Mge iAo 44 B s HAe A BEAME #5367 o
o} (Fairfield, 2011). o] gt AR &) Fad EAF date A4
25 AE, uAl 2, A2 5o A HEE st 247
TZrel siFshs dAES FelA g5 F Este] AREete W
o7 AYS 33t} (Parsons et al., 2001; Fairfield, 2011).

=F AEE AT dole 7eeE dAe #EshA AAE B
a#Hstodof sh=dl, o] A AA EXF Ao A A7) vj&S
2 Agete A =2rFsstth vlwA AAo] & YAERMN =A
A Asel v A= ol AL JAE] A9+ 71ekeE AAE Eeko]
1 A71E 248 Jgsks Ao by ol (Fairfield, 2011). 184,
2o oste] A2 dAk=ol disliA 71eketd AALE A &Sk A, v
MU 53} (fluidization) 7} WAt (b 5, 2018; Sakai et al.,
2019) F=HA19) AAol =2 WA EA T (viscous debris flow) 22
ol 7 (mudflow) &] 545 HolA At IAEANF+= dubded EA /2
7ol gl A S EX 5 (stony debris flow) 2} F-A5 82 A
o] th2A YeR} 2R (Takahashi, 2014), 43 WFolA A4S &
A7l ot webs FEAY R 2d olske] mAl At
geix = s GALE A" 7 UARF V]EEE S A 8-S
Fal AA EAF AL vlE&S A &5k Zlo] ARk ot

=
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E 31 AYATY] FE FE D AN AR 2

Scale Sediment Size Volumetric
Slope : ; ;
Reference [L*W (*H) ] . Test. by Weight Sedlmen‘F Denm?’ Special
(m) @) material (%) Concentration (kg/m°) Property
(%)
14—-28 fine Field
Bugnion et al. 41+8 30 Mixing soil + particle ( <0.063mm) 49—79 1760— e>1< orime
(2012) bedrock 21-59 gravel (2— 2110 ntp
60mm)
Chen et al. . Clay, sand, 1-18 clay 1311—
(2010) 2.4x0.6+0.6 35 gravel gravel (~30mm) 1432
. ) 28.6 fine material
D'Acostin Debris matrix (<0.04mm)
£OSLINO 1.8%0.15 0-38  from Fiames ' . 45-65 2550
et al. (2010) course material
fan area
(~19mm)
Davies 5.0— Moving
(1990) 2.0 x 0.05 19 PVC pellet 4mm, 8mm 56 bed
Egashira et al. .
(2001) 6.0%0.1%0.2 12 Sand 2.18mm
Small ©.06%mm)
Fairfield 2*0.1f0.05 15-30 Clay, sand, 95-36 sand (2mm)  59.7—79.1 1641—
(2011) Large: gravel 2019
8.0%0.2%0.1 30—50gravel
) ) ) (£22mm)
29 ] -]} €



Volumetric

Reference ?Ef%e/. GH)] Sloope Test ‘ t?;dvlvné?gét&ze Sediment ‘ Densiaty Special
(") material Concentration (kg/m°) Property
(m) (%) (%)
(4
Felix and 3 0—100 Kaolinite
Peakall 4.5%0.2¢0.5 5 Silika, (0.001~0.035mm) 4,
(2006) kaolinite 0—100 silica flour
(0.002~0.027)
Sand—Gravel:
— 1 mud (£0.063),
— 33 sand (~2mm)
— 66 gravel
Iverson et al. 2.5— clay, silt, (~32mm) 2070—
(2010) 9or20xL.2 gy sand, gravel  Sand—Gravel-Mud 00 0% 2100
— 7 mud (£0.063),
— 37 sand (~2mm),
— 56 gravel
(2~32mm)
. . 1 mud (£0.0625), 1340—
%agjg;) 95%2.0%1.2 315 ;ﬂl;,vz?nd, sand and gravel 2210
(<32mm) (dry)
go;l_gl(lzcglog) 1.8+0.3¥0.5  45-65 Sand 0.102-0.425mm égég Dry sand

30



Volumetric

Scale Sediment Size ] ) )
Reference [L*W G:H)] Sloope Test ‘ by Weight Sediment ‘ Den513ty Special
(") material Concentration (kg/m°) Property
(m) (%)
(%)
Sample from 28—41 fine paticle
I(\Izaé‘fgf etal g 0401 4.0-8 Tsurugi River (<0.1mm), 10—40
debris flow sand (<2mm)
From the clay, silica
Parsons et al. 10.7—  Acquabona ' ’ _ 2100—
(2001) 10 15.2  Channel concrete sand 63-69 2300
X (<5mm)
debris flow
26 clay, 60 silt
Scheidl From debris (0.0002—0.1mm), B
et al. (2013) 4.5+0.45+0.5 16.7 flow events 14 sand and gravel 46-64 2000
(0.1-50mm)
Shieh et al. 6.0— 1113—
(2008) 8.0%0.2%0.5 10 Gravel 3.6mm 1121
Valentino et 8.0— 1390—
al. (2008) 4.0%0.5%0.35 37 Sand 0.6mm 1701 Dry sand
31 M 21 E



ol AT zHeoz <l
Arvhs AWl BN 7o 444
sharxk skoitt. ot A
=5HEA(2014) M B
Abell it 2=AF AdtE :
W A EAF FA] Hd 1.5~2.0m
5 A
=4

PFre) wuhelk BAR @

ol i o 1

g Zor wuHY. A BN fapdolst nlud o,

2 °F 1/3009 AVlE 7HAER, A= olF st
A

Smm 7] AZg ARESFGITE I 2011 $HEAF BEAF ©A] E
A 2ol AR AT e 3859 B o 50% 7HEol mAb

(silt) & AE (clay) & T4 5o vt
3 71etetA AAbE A &ete] FHaee

of W JFS VA R BT f

Holvk 2y 3l HEe o
_"

[e) =
4ol #E 54

o do b
o}ﬂﬂx
1

2

2 P WA
_]

7] o). webd waek AEE A4 @gd S4EH: A A
43 weel AES vEe 1112 As.

g9h gol EAMIES HAT F, o ATINE ENFY F53

e Wstel WA AdE = IARR]

Az F wush ARy A

=
s WStAIA, vkt AlmxdA e 54 WetE 248t
stalth. Aol A& By 2dd A 9 202 A4 I7HAE A
gatol F 97 F7FY AR 2FS ol &g Hg B U}

2w

LSk = /\]E A

23] v 21%(A), 14
A48ttt AR T v g5E
Fozad A g x2qde wE 9
1,676 kg/m’e 7 %A 79 {-9n)3k 2

32
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¥ 3.2 A¥8x wE AsEE 9 FAEA&HFEEFTHAD
Total
Total . Water
Volume Gravel Volume . Density Clay Sand Gravel 3
. . _;  Weight 3 1o
index index (10 (kg/m°) kg (kg (kg 3
s (kg) m°)
m°)
A 5.02 8.40 1672.38 1.80 1.80 1.80 300
£0.03 £0.03 *£0.03 £0.03 £0.03 £0.03 '
5.04 8.40 1667.67 2.10 2.10 1.20
S B 3.00
+£0.02 *£0.02 *£0.02 £0.02 =£0.02 £0.02
c 5.04 8.40 1668.35 2.40 2.40 0.60 3.00
+0.03 +£0.03 *£0.03 £0.03 £0.03 £0.03 '
A 6.74 11.20 1661.37 2.40 2.40 2.40 £.00
+0.03 +£0.03 +£0.03 £0.03 £0.03 £0.03 '
6.59 11.20 170143 2.80 2.80 1.60
M B 4.00
+0.07 +£0.07 *£0.07 £0.07 £0.07 £0.07
R 6.61 11.20 1694.24 3.20 3.20 0.80 400
+£0.04 £0.04 £ 0.04 £0.04 £0.04 £0.04 '
A 8.34 14.00 1679.52 3.00 3.00 3.00 = 00
+£0.02 *£0.02 *£0.02 £0.02 =£0.02 £0.02 '
8.37 14.00 1672.15 3.50 3.50 2.00
L B 5.00
+£0.02 *£0.02 *£0.02 £0.02 =£0.02 £0.02
8.36 1675.18 4.00 4.00 1.00
C 14£0.04 5.00
+£0.04 £ 0.04 £0.04 £0.04 £0.04
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ot FHRUe] 5, #4d, $48s SHsAH.
g, o] AgelA ARG FRE R odtgde] vhEs #8354
o ek =4 St At ow FrAY A= BY
W d 1 f4e] Wsts 2o

S
Scheidl et al., 2013). 281} 23S 53|
AR & AFel FTFE v A= AATL
5 2 A T8 #AE 245 A
Fol At} (Eu et al., 2017). wabA o] Ao A
S A8k & A AFS ST

5 A2 47 AWy Sde] AXE® 30fps BY evHEE
3 A BAste] FHEAT 45 B4R HAGR)
2T B2 FAG FE537] Al et AUe5S o835
o a2 TARCEZRE 0.1m AF APdA e HAdfaes 54353
=t

. Z=AgS 2 A (MN-100L, CAS)o] d4d= dolg =ZA(CI-
A, C
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i
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e}
kel
0

1. EARE A AR

FEAY 43 549 75, 4, F48% Fre £ 3.3% #rh
TEAYY AHE FAsld dA, FEAL] EAF A4 Ad A%
= FH7ketr] flete, A A9 Fre FEATSS T AdgAT
9 AR EAF AbE 7R Fra vlwekgltt Fre YRR CE F9 TF
of that AHdE vlastr] Qs AxE &89, kA EARF %
7 o]l EA Qiarel Eo] &3 E Afolle A @S ¢hds] oish
U B ofHoh 28y detAow EAFE B o] F8] AFF-FAL
2 B3 FEe5AHS FH5] "W 85 7hes AEE FE 57
el =etEn. 58] R EAF Asd AL Ase AdsiA &
Asto] Frtslr] oH7] wiiel, B ATRES Fre S EAF 4E
7}l A E HESHEY &85t ghth(Proske et al., 2011; Scheidl
et al., 2013; Scheidl et al., 2019).

o} 2011d A4 BEXFY F¢, —Eﬁ%ﬁ% ok 28 m/sE A A & UA
gk ol GAlel §4 S A AlAEY QA 7] wiitel A5 A L
2 Fre vushzls oHo BEAFEY Frd Aol whebA thekst W9
£ Hol=d, detro® 257 o]ste] HarAAtelA 0~29 WLE Ko
= BEAR AHZE 95 RaE AW (Hibl et al, 2009), APEA
EA QAR A wek 7 ol gk 7HAE AR ®Baw wk ok
(Proske et al.,, 2011). 3 EARF dAAS B8t Ao=w HrlyE &
PrazAy A5 A9, 1.2~129 §52 Fr HYE ¥l 2oz e
Wtk (Proske et al, 2011). 53] vlw3 AAzxHe 717k F35-40)
41m ©]Ae] Al ApHS &-8-3F Bugnion et al. (2012)2 2.20~6.059]
Fr A91E Hol o] AFex E&Fd Ayst A th=EA gt 53]
TEAGY ATeM A= Fre AA BEARS AR vl
2 e Holx= A7) H-#o]™ (Scheidl et al., 2013), A3 59
SHAZ 8] F2AY 43 =55 BEAR 5% A2 A7F 1Y
£ A} (supercritical flow) 2 7S HolA ®cvty Hue 8 Qltt
(Prochaska et al., 2008). o]= I’_Eﬂﬂ ul, o] AT AT

v}



% 3.3 % e FEAY 49
(Na: LFE AT A5A)

. Flow Flow Impact

Volume Gravel slope Replicate .
index  index ) number velocity depth Fr force
(m/s) (m) (kPa)
1 2.66 0.020 6.01 10.81
2 2.93 0.020 6.62  7.25
S A 25 3 2.51 0.023 5.29 4.61
4 2.47 0.022 5.32 4.87
5 2.83 0.022 6.10 3.65
1 2.97 0.022 6.40 10.15
S A 30 2 3.31 0.021 7.30 5.80
3 3.17 0.020 7.17  3.09
1 3.50 0.021 7.70 25.93
S A 35 2 3.57 0.022 7.68 15.44
3 4.26 0.022 9.16  5.80
1 1.71 0.029 3.21 7.29
S B 25 2 1.76 0.020 3.98 2.73
3 2.06 0.020 4.64 3.12
1 2.08 0.022 4.47 10.30
S B 30 2 3.37 0.021 7.42 5.15
3 3.14 0.019 7.28 5.80
1 3.13 0.018 7.45 7.72
S B 35 2 3.50 0.025 7.06 5.21
3 3.77 0.026 7.46  6.44
1 1.48 0.022 3.19 3.86
S C 25 2 1.97 0.021 4.35 1.29
3 Na Na Na Na
1 2.02 0.025 4.08 4.38
S C 30 2 2.64 0.028 5.04 2.84
3 2.64 0.024 5.44  4.38
1 3.26 0.026 6.46  6.25
S C 35 2 3.23 0.020 7.29 4.09
3 1.74 0.024 3.58 4.38
37 A =T



. Flow Flow Impact
Volume Gravel slope Replicate .

index  index ) number velocity depth Fr force
(m/s) (m) (kPa)
1 3.21 0.025 6.49 6.25
S C 35 2 3.31 0.026 6.55  8.08
3 3.42 0.023 7.20 5.77
1 2.97 0.024 6.13 8.08
M A 25 2 Na Na Na Na
3 3.42 0.023 7.20 4.61
1 3.71 0.023 7.81 11.54
M A 30 2 3.77 0.026 7.48  8.52
3 3.71 0.024 7.65 10.30

1 3.56 0.026 7.06  9.01

M A 35 2 4.16 0.026 8.24 7.31
3 4.41 0.025 8.91 11.45
1 2.63 0.025 5.31  6.25
M B 25 2 3.02 0.026 5.98 6.94
3 2.48 0.023 5.23 5.77
1 3.42 0.024 7.05 6.57
M B 30 2 2.49 0.025 5.04 8.33
3 3.05 0.024 6.29 6.92
1 3.70 0.022 7.96 13.65

M B 35 2 3.61 0.025 7.28  4.38
3 3.89 0.032 6.94  4.55

1 2.19 0.029 4.10 6.09
M C 25 2 2.24 0.024 4.62 4.16
3 2.79 0.027 5.43 2.84
1 2.85 0.029 5.34 6.90
M C 30 2 3.56 0.023 7.50 7.93
3 3.16 0.025 6.39 5.21
1 3.64 0.024 7.50 6.92
M C 35 2 3.80 0.026 7.52  4.96
3 3.71 0.026 7.35 7.67
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. Flow Flow Impact
Volume Gravel slope Replicate .
d d ¢) b velocity depth Fr force
index index number
(m/s) (m) (kPa)
1 2.95 0.025 5.96 6.59
2 3.09 0.023 6.50 5.82
L A 25
3 3.18 0.023 6.69 9.02
4 3.19 0.026 6.32 4.19
1 3.11 0.028 5.94 14.86
2 3.34 0.025 6.74 16.24
L A 30 3 3.63 0.031 6.59 15.00
4 3.50 0.029 6.57 9.02
5 4.20 0.025 8.48 10.73
1 3.89 0.024 8.03 12.57
2 3.55 0.024 7.31 9.85
L A 35 3 3.81 0.028 7.27 14.18
4 3.65 0.026 7.24 13.53
5 4.19 0.035 7.15 9.92
1 2.85 0.024 5.87 14.17
2 2.47 0.026 4.90 18.27
3 2.79 0.022 6.00 15.83
L B 25
4 3.15 0.022 6.78 15.95
5 2.71 0.024 558 12.18
6 3.28 0.024 6.76 18.03
1 3.20 0.024 6.59 9.86
2 3.14 0.025 6.35 8.33
L B 30
3 3.45 0.023 7.26 11.54
4 3.34 0.023 7.03 9.23
1 3.54 0.028 6.75 11.73
2 3.08 0.041 4.86 5.92
3 3.70 0.030 6.83 4.95
L B 35
4 3.81 0.030 7.03 9.08
5 3.19 0.032 5.70 8.34
6 3.93 0.034 6.81 13.44
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. Flow Flow Impact
Volume Gravel slope Replicate .
velocity depth Fr force

index index () number (m/s) (m) (kPa)

1 2.34 0.038 3.83 7.56
2 1.51 0.041 2.39 3.95
L C 25 3 2.57 0.033 4.51 6.55
4 2.35 0.028 4.48 541
5) 2.13 0.020 4.81 2.73
1 2.78 0.036 4.68 7.75
2 2.95 0.029 5.54 8.12
L C 30 3 3.18 0.025 6.43 8.08
4 3.02 0.029 5.66 4.51
5) 3.10 0.030 5.72  9.90
1 3.44 0.036 5.80 11.18
2 3.38 0.032 6.04 11.37
L C 35 3 3.18 0.029 5.96 12.29
4 3.45 0.028 6.58 13.53
5 3.38 0.032 6.03 10.61
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HAekggo]l Frhsto] duAEAo] Frkste] EARO f5o] =
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Fairfield, 2011 Euet al., 2019), F274Ae} H3

A zke)

(Parsons et al., 2001; %, 2016). o|= Ax] EAFAANE e =

Ao, @it MR(1993)2 0.06mm mIREe] YA} EA T

Uy &

AL FALF 50% THES AASe EA A AsA deelM e A

A Z7) AAS B33k vp Qi)

3, p—value < 0.01), AZ9] srgFol tjs|A =
1

[e)
o
AUTH(IH 3.4). EXFY FHY FREEANEC] WA
7

= 0.
A]

o]

T A 7E AgATeE FEHdor Rude 2 &

(Hungr et al., 1984; Rickenmann, 1999). A5¢ 54
Fairfield (2011)9} o] A4S Falste] 528 S #
7ol Skl met #&o] Aasta wiol Sk AE
vl ok EM RO fAlRAel Sorekd Al dwtel] &%t o
o T7tE ] &S s Ho ddo® falol Frhst
B ¥ v At (Parsons et al., 2001; Fairfield, 2011). ??_Hi, o]
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ANOVA #4431}
F value

Eis

p—value
<0.01

DF
2
2
2
4

42.30
113.01

Slope (S)

<0.01

Gravel contents (G)

Volume (V)

S:G
SHY
GV

<0.01

143.11
61.66

8.98

<0.01
0.35
0.04

20.80

4
38

<0.01

31.24
7.92

S:GV
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Residual
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TElEgsta] R = ENFY FA4EHE F52 Aol nlHd
Aoz xdstt ey ¥ 35004 & F Qlkol, ATl FaAE
AdAHRAN = F5 A7 1o 7k AL DA AP BAE
Helth ol FH &9y 2y BAAF “a” 7t Frol i s
233" 4 Y7 wEolt}. Proske et al. (2011), Scheidl et al. (2013),
Eu et al. (2019), Scheidl et al. (2019) 5 ©]A 9 AFoM L A A
‘a’ = Rt SUVESE Ao 7‘*0% AEFE *%@ o% ®HI
stQlth. ol & Farste] F2AE Ayl disl A BIAF “a” o #
Al sl sFAEAS S Ay, o] AFelA ?éﬂ% FEAY A7
£ F3 249 AYAse Flol wdsie AFgoR yeRgu (¥
3.6, 2 3.2)

a=2.64Fr%% (r?*=0.1948, p—value < 0.01) (3.2)

3 o] AFoA FyE Sz 4 AARNsS gt =& A

AAGe] et Y2 Fro] 268t & 97 titol 7] well, Fro]

S X3hee= TE ’\i’\‘ﬂ A3} (Hibl and Holzinger,

2003; Scheidl et al., 2013; Wang et al., 2018) % AA| EXF Al 9

=AY 574 A3 (Wendeler et al., 2007; Proske et al., 2011) & 37

At Frol dig BAAS “a’ o FAAS vERYE 29 3.7, 4
3.3%

a=4.62Fr~1%° (r*=0.8358, p—value < 0.01) (3.3)

AEAT “a’ 9 Fro #AE A% dF Ad3yYAT(Hibl and
Holzinger, 2003; Suda et al., 2009; Proske et al., 2011; Scheidl et al.,
2013)°llA AAEAA BA2S % 359 @l AaAFol AAw
e gAlw o AT AAsta Q= A v gt WS
AR 919 ARAF FAAS Mg ATAA BEAF 249 A
mae 4 349 gt

0.66 (3.4)

1“41 Prmax c‘é]EH EXF $4Y(Pa), o= BAFY Uk (kg/m?),
T4 (m/s), he BAFS 4 (m)olth,

! &)



=+ This study
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Wang et al. (2018)
* Wendeler etal. (2007)

This study(Red-dashed)

15-
‘. ® Scheidl et al. (2013)
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# 3.5 A¥ATolM AAE AT a FEEY

Coefficient estimation model Reference

Hubl and Holzinger (2003),
a = 4.5Fr—12

Suda et al. (2009)
a = 5.0Fr—12 Proske et al. (2011)
a = 5.44Fr—108 Scheidl et al. (2013)
a=4.62Fr—12° This study
o] AT AFwt &8st &5 FAY LS e fr HY
A= AAATE Etato] FA A Wa) B W AAASE
AAeE Aoz yelth a8y AdATe] dyel TEY = WY (Fr>
2.5 o] elX= AFAF Ayl F Ao]E Ho|XA Y= HOoF
Byttt o]lE nH T u, o] AT AdAI}= V|E EHF FAH
st Ay FREAIEY] Tt HFS Hola glov, W Fr ¥
Aol AR FFHow QIsk Awe o A7l YElwTH olE H¢EH)

9]sFe] Hiibl and Holzinger (2003), Scheidl et al. (2013), W
(2018) 9] =A% A A= HASIY =% 49 A4S 1
3.7°14 HQl A3} o] AA EXNF Aldd thsiAE FEst
=

7= Aoz dEhgt mEbA 4 34 AA AR Rl A £
EAR A s49s dHske vedR TE3] 282 5 e Jlow
H]lth v 4 3.29F 4 3.39 Aol = %, AdAs F4
A TSk g B AT olE EEs] & 28 AA B4
7 @G AR it 1 e mEbd 23] 2 g s o=

thowEbd 5 RE o AgeE fdiMe UM BEAR AtEE
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A 47 ENF wF TALD Y

A 12 95 w73

A o7 Adsty] e s A dAoA dAEE BEA
= %—?ﬁé}i— o] %?XJOM(Hﬁbl et al., 2009).

EE]O}(Huebl et a 2017) 4 10301]/\1&_ E"i% %7_1;_:1‘
13 3

= 71
= A Ry
et SR YeRyr] difel, AA FxRE

felolN

of

9 Mia g a5 otk o, FuE
BN F4YL R4l £
Agshs BEARY 50l A3 A wesy] AAE FA

79
=

]

7482 (Hungr et al., 1984; Rickenmann, 1999)% o]&3}+= "o
fxo] g a8y AP FEHE AARIAE 75 FATE &
] &

g AN S Y Aol A B FRAMNE A gt

2,

|, A5 #AS5Ael daiX= Jdase g ZRE 53 F+ 3
|72 2 AR elA el A& 752 ¥stE F4 5
t}(Scheidl et al.,, 2019). Est EAF] {3 27 A

PR o7 “L@OV] ol FAE F4sk7] ofHoh
BAA Y dtor BEAR fEol g 98 x5 g er ¢ A
AhrA A o] ARl el B stE EAR s R g &8
I AT GEAREE I, 19915 TLEE, 1993b; Iverson, 1997; Uchida et al.,
2013; Iverson and George, 2014). E@,Ter 5 23] &&= A
WAL d% A D FEATSS 733 oY d7AES T3 2
ojgkar, olef 7|zt HA7HA ‘jr%k??} 8 2273 (Christen et al.,
2010; JEA %, 2012; George and Iverson, 2014)°] 7|2E]o] &9
A EgEo] gt e ZEOHE AR AA EAF ARE 83
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T

+ sgn(U)
5 Pm

1 dp
Pm 0x

1T} (Iverson and Ouyang, 2015). ©]
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arefsko] 2 4.29] $-wo AW A 3 U 3|
2 458 2t
0z
g/4sinf =~ ghtan 6 = gh— (4.3)
0x
1p 1001 2 Y
— = gh— (4.4)
Pm 0x (6x2pmg/2> g/Zax
UL OBUA  OH w5
T + o g/Za +sgn(U) o .

ojmf, H(=z+h)&= EAF AHFrw e ol (5790)olth
o ]:H.:_

A, A 458 5 Fol WsA @ ds 7Pdstal glot, A
A AFY EXFe AFY FHo] dHHo o1t} u}
]

2 AR Z(w) 9 WskE 18t 4 4.
4.7 HFTAQA Aupgg Ao Z gt

2 oUx Ukdow

(4.6)
6t+ 0x T w ox
U oU(U%) U%how
ot x| w ox
(4.7)

=t 4 sy
=gh5- sgn( )pm



2. EXFO &A% A

21 4.89] $WE] mpAer g EARO fEATE YERU=
2, 71& A4 AAEHAH
R At 2l e] Zfol= 3
AA7HA ;A o2 &85 o
ol Feld nkel Ao o=
FrEAE A WS kol UAARE, Z7he] el A
= A3 9 HAA EXF AREE T3 BA
2 Adste] st

sHAINE A YL EAFE osr|zE Aretr]els @AI7F St
, Manning—Strickler equation (NILIM, 2016b) ¥} dilatant =& (
, 2008; Nakatani et al., 2008) 9] 4%, & Ed 4= 2 shd
o)A #g3t= Coulomb whzeo] 1 =%] o=t} 3HF ErlA
npEe a# A o AL dopde) wel EAFE]

b fEol AASHA S AEGHET. 1Yy dRbFoE BN

~157 o] AAlA = AAste] HAHE AEFE HolY
(Takahashi, 2014), vp&#o] 2G84 o E¥2 BEAF #
BAMY 7hssivt AZel AAE ®Aste] wE A 9 EZA 54
st71= ook olgt FAFSE AR Bingham 53 % Herschel—
Bulkely EgolM% vehtbed], sid 2o 288 &
stress) = Al AFAQ] Ao os
Tof AHH o7 Y Coulomb vhaES W BEAF &
7= o Hoh

sk %o Coulomb whEE S 183 82 Coulomb—viscous
53 (Iverson et al.,, 2010), Voellmy X3& (Christen et al., 2010),
Dilatant with Coulomb friction X3 (L8, 2000)°¢] 3FH}t. olF
Voellmy E&e v& F B vla] 284 B3 7p7kem, 4FA
24 Coulomb whzee] thst wpEAlF po} AA - i SRV
ol 5 o]g3ta Ut UHtH o7 ol AHAIASFE F43H7] SlEA
= AldEes Fa wiiMTE BAsoF shuh AR A4 (Sosio et
al., 2008; Scotto di Santolo and Evangelista, 2009) ol|4 & o]gg]o}2]
EAT AHE bR eR Y wiziwae] HelE A SR o,
T oAM= BEAF Atdel disk Ak5 gxo] shAIR <ld ujraSo] o
gk Fo] AlstEt

Coulomb—viscous 533} Dilatant with Coulomb friction E{‘%%
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tE 2ol H&l ‘ﬂﬂ@ EAF oo & Zdste 2584 o]Eq
7Irsle]l FEEAT T RE 25 dAtol A w8Ek= Coulomb whEE,
A=F G FA 99 AsAEs ndeta o, ENFY fee
FABE 7o ® dAke] FEel uE —E’tiljr(dllatlon)a A= kol
Atk 2y EAF W ERAS fsel mE ddEE 73—?—
Coulomb—viscous 53 Bingham Eg 3} FAFSE A4 i]Q] M

FlO :10

A 93t9ty, 3 Dilatant with Coulomb friction

(1984)9} Takahashi (2014)+ A8 4 3%+

1 WY B2
Eol ENF fEo) UF o 2y

2 Takahashi
(2014) 7} A3 AAE EX5F(stony debris flow) 2] % EAo 7]
F3oto] AAE BREew = FAVE R 7lee o Zle®E JHYe)

o] Prandtl® mixing length ©|&& F4 02 #8330t} Hungr et al.

= 23l A0 B 3] ﬁéﬂ%
hﬂl A3, A4 FAE 7Pk ¥l wlEl Dilatant X9 34
Ak HE RS FUANE EROR ENF WY FESYS we
% 4ot Ro® wad v grh 58] Fleld wAss $HA &
MRS LHS UFR ENR AYe ANY 247 §30 47
o, o] ATeME EARF FEA%s Ed] A RIom
Dilatant with Coulomb friction 28-& &85} t}
: SR



3. EAF & A AHd A

Dilatant with Coulomb friction %32 JL#H &(1989), A
(19939 A7E5 AA wH=H] JL#H (200005 F3l Fl€ v Sl
AT BN E EAFE J7|ze] tis O EAT WF- B4 Ak
o AtellA e miEy, @ EA JAREE FEE sk AdAE, O
TAL d7 Asel wE AdAY, @ FAGTH A 99 A5

fo] mE EAFEAE Fo VFo HARY oF O~02 4 4.8%
@ol ¥F F Sl

T=Ts+Tq+ 1 (4.8)

N

A
hinss
>
ofy
g

oW, = 3 EWe] &E§3k= Coulomb whzEe,
of o3t AAAY, raz FAY GiF Azl o3t AdAFS u|sh
TH (20005 oF AuAel ey B4R U =4 Asfel o)
3t FejE Zojuo] 4 4.9~113 & S8 1S AT

o

7, =C(0 — p)g/icosHtan ¢ (4.9

25 L (d)°
szpmzkd(l—ez)aﬁ(z) U|U| (4.10)

25 (1-0)53 [(d\*
v = Pmr"fo’(;)
olwl, C= Zlo] Fi EAFIETE, o, EAFY HUE, 08 EA
F Ul BEANY AR, o= = f
A, 0= A AL o AGEAL] UierE7) ew EA A wbd
AT, d= EAF Ul 9428 B394, e {4, U dolBd 7%
T AT E BE YA LAAF(0.0828), ki THEFAS] ER A
ol 93t A 2AAIS(0.16~0.25) o]t}
ok 2 4.9~115 A48t SFFHREN (Y 4.7)& v 2
Al 4.12~143 2},

6U/2+ 6U(Uﬁ)+U2ﬁ6w
Jt Ox w 0x

0H 1
= gh—+ sgn(U)— (C(o — p)g/cos O tan ¢) (4.12)
ox Pm

25 d\*
+Tmﬁﬁ%ﬁ ulu|
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fdzkd(l_ez)acé (4.13)

(1-C)%/3

old], fu= YA T =l ot FAAIALAS, = A9 G
Azl wE FA deA A o
S, @t FAT HA nhE Rt RARNE A §e}
71 feliM = AA fEFY Wskel 3 EAF Ul EAbsRY WsE
MEAHo R 13T F JYLF FEW3to thst AR E2]o] FrlE ook
At olE WRdte] EEY EAR EAbRel dg dguEde 4
4.15% o}
6C/2+6CU/2+CU/26_W=C*S (4.15)
ot Ox w Ox
olw, C.iz Aol A 7hsdt B2 59 EAN-9 50|t}
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EARO AR Fo FESY F U, 4 L HHe] o
EARSEL WY EAR f59 A% 8 £5Fo] MESUA &%
o Q%A ow Wi 53] AL pele @ A ENF §
%o S4o] AolaA EnEE /& 245 @4l tel 438w
@ % YrHCEISH 5, 2019). mebd g JFL weldts] 919
4 4.6 9 4159 £t FA 5 FAAF AgHo] Uk B

HAAE F2 AN o9 Al mE WstEe] Joz B

ZS]
AP AFHEE o2 FASY] AT AYRFS AASATHILHE,
1993a; McDougall and Hungr, 2005; Takahashi, 2014; Iverson and
Ouyang, 2015)

Iverson and Ouyang (2015) 8] o]&o] 7|utsle] TEH AP O
2 2 4169 2™ 4.2).

Z A
Layer 1

(shearing &
contracting)

P, \0 T, u w,< 0
increasing

»  values of
variables

P, 0, I, i,=0 w,=0

(]

Layer 2
(static)

O 4.2 EAFS S 2O 58 Lok whE A8 1Yy B %
(from Iverson and Ouyang, 2015)

0Z  Tipot — T2top [Uzmp — O1bot
—_— = — _— (4.16)
o puul) )

O]T’q]; Z% 7:"/5]_3] T—E, Z 1bot, [2t0po 7]-2‘1]- 75”% E% 7374191 Cj)jX]j
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H FAE 7INte R A LH7] “H—foﬂ ]
?ﬂ?oﬂﬁ & ?333 ol vlal HF E*}
AW 55 7}75} F A AR H Q%E}(Jeong 2019;
A EANFY FE2EANGS JEEA] 4 Sl
)}71 ol 71E EAT ddS Adste] Relet
FetARE, AA 5= st EAFO oSl A Est]

¢

Takahashi (2014) ¢} 715 (1993a)

T BT dEA Aoty my o
F B3 Bx E?HG]— 73/\} g\_zjoﬂ/q LT

b 7 Qe Hd EARsE,

3 8] EA}5 % (equilibrium sediment concentration) 2= 71d S =9

sto] so wE e FEHe By S ARtk th(A] 4.18~19).
Takahashi (2014) ®23:

=

~1-

<
o

=

JlN

C.—CU”% FC<C, ( om)
P) G i . (erosion
Zz_] G-Cd (4.18)
ot c.-CUr o
kaz —, if C=C, (deposition)
C. d
{Lga (1993a) 2%
0
o C,Utan(0 - 6,) (4.19)
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o, Cez HHEASE, 0.5 A EAbsZC did FY 7|71,
Cx= ARE HATE EARSE, a;, axve 22t J2 9 HAA o
St C.9F 0. 2 4.20~213 )

_ ptanf
Ce = (o0 — p)(tan ¢ — tan 6) (4.20)
_1(Cla—p) tan¢)>
= e 4.21
0, = tan (C(a—p)+p ( )

BYEAEEG AA EARSES] Aol2 Fa B4

IR = AaEy] W, A ddels vehts 3
4 714 5 B AuE AAA F@h e AgHE JE
b ARl 9

Hi o pasel AL AAF BN AL Wew

T 4 4.6 2 4159 AFske] A7) fs

£5) FYEAFEES A QWA E FHE Kanako AQ9] =
A

P4 90 RRAA HAMAE wy 43

T Bs TS 84S 7MY $9, Takahashi (2014)7F A
Qbsh 2ol x3te HA W EAAGFY A, AA BEAF @At st
Ao s Fall FA43s Hgo] Rt=Al FHbEojof st Srujof A
v EARY HA 9 HAATE FHT T e SRS AHE A6
71 og]7] wZel, o] AFelAE FAFS dotE EFShe {LH1(1993a)
7F AA S dArES B8
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c = ptan@
¢ (6 —p)(tan¢ — tan §)

. _4(Clc—p)tan¢
0 = tan 1(C(a—p)+p)

H EEFREY

2]
oU/ 6U(U/2)+U2/26w _ 0T
at A -9 0x  pm

Mo

0x w Ox

m

T e 225 dZUU

= sz + 5 Gt ) ) U0

T, = C(0 — p)g/cos@ tan ¢
fa=ks(1—- e?)oC3

_, (1-0®3
ff_kf C2/3 p
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(4.24)

(4.25)

(4.26)

(4.27)
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(4.29)

(4.30)
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A 3d BENF 5 FAHY 7]

of Aol EARF 5o Aol g s Ao R
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inite Difference Method) & =}-83}%t}.

etk (Fi EI R O
=3t 7Y T 7P 2badk FEe) AR, ARt St o
s gt Ao wEgA S ARLlete] wAbA o R ddteul=

Woltk, AA /324 (Finite Element Method), 3% ]@@(Finite
Volume Method) 59 13 7|W¥o] 7/Wxo] EAF &4
¢lth(Iverson and George, 2014; Jeong, 2019; ©]53% &, 201
QAN FekA A H5st Aol disiAe FEs] st d4o]
7hs st ANE Axt A 7F A7) wiEel] ZEIORe] V[EAQL A7)
o]

st ol W Aol A En 53] f-guel Ak Ao ox st
v EAFE dubo® it A3 fekdolrt g AAY e
A97F gl 7] wiEel, fetae 22 vwd et Ao R
T FRs 2 Adds grE F Sk ol Fow A, f3At
2 1Ak Kanako 28-S HIXsle] 2xkd EAR{ ajAo de| AE
Y A8 223 Flo-2D(H 52 et al, 2013; HAQE, 2018), 23}

€ Kanako 5 & (Nakatani et al., 2008; ¥R %, 2012; Uchida et al.,
2013) GolA &gt AR E BEAF e sastA ALsta
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F2HEH (upwind scheme)

FARER S M 7124 AR T stuE, Tor%
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of  of (4.32)

ot tu ox =0
n+1 _fn
b A0 (b (RN (1.33)
At Ax

webd 2 4.33% ol g3t the AZF BN A A9 Zel
= A 4347 Qo] AxE % 9tk

ult

= == = f) (4.30)

Time (t) Flow _d_,i_r_e_‘ft_i_(fl}__-, __________ R N
e i N i

Can N o s L
At : : :
Sl it ;

L @@ A
S

i-1 i Node (x)

SHA, FgAEA Y 22 A= AREske B, Al o] <h
4=7] $8l4+= Courant—Fridrichs—Lewy (CFL) ZZ7-& WHA]A ok
3} ]a -.45 1_5 J——7]‘Z]—-—,——J/]- A 7P FER w}% E )

)

e 4.359F o)
I (4.35)

o] AL WEA Kok A5, ?d 25 (truncation error) 7} 2
Asto] all7F dakstr] witel, HEEA] A A /E S2 S E
o] rEE 1ty AR 9 kS ApEsfoF gt
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Start

Input parameter
- Elevation
- stream width
- initial stream bed
- Supply hydrograph
- Model parameter

l
!

velocity (U)
calculation

|

Entrainment rate
calculation

|

Flow depth (h)
calculation

|

Sediment
concentration (C)
calculation

l

Stream bed
change
calculation

NO t = output
recording

interval

Moving time step
t = t+At

Output
- Flow velocity
- Flow depth
- Sediment concentration
- Changed Stream bed
(deposition/erosion)

NO t> YES
calculation END
time

I9 45 BEAR %5 SRS 203 A 55
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1. TEAES &3 AdY A&

o] Aol MIs EAF FAEIPS ANE ENF @] §4
= SaEl dE mEgolr] witel, HFel &8sk A= A3 ol A
FAE AP 20 T AEY vEo] wmof ANY EAFS /M fARe
AFL Hol= A §39 AZe tst AAANS HAESTH

ENF 5 FARFANA Q7FH= v sE Adxdd 43S
= wi7igel BE A3 diEia FEAoR AEEHE wpusE
T2 F otk ol FEHOE AL wWHS F, AL F
2429 dol7t 2 mYAS Aeste] 0.01 m AR A S
o AIZEA L R A3 =E2EHE A f50] 3~4 m/sUS et
sto] CFL =15 95A1Z4 4 %S 0.001 22 AAsglvh w2

Adxzel] S e MUiHFRE BEAREES IEAA0 de
7b i n. A or EAF uyo] g wAb olske] mAld <
A= @x18] -8t (fluidization) ko] k= A2k @7 AFshs Ao=

Z FFIE B = ,
APRIEEE B, Al oF sxwks wEsla, AeAAe W
= B3 AR 94ds) £dE ot spg ekl x4y meo BuE A
g Ao Fy7 =3 JE FAE o] AAdsklth ojw, EAL
FaEegl bERAe WEE 2 gk g EAo® AAbe L,
Azl gl oole] gk Byt W EEAEAE ® 4.2 JEhi =
EALS tiEAA L Ae, AZe] A 5 mmet EFA] Ht A
0.5 mm9 H#S FE3te] 2.75 mm2 #AS AL}

S FrAYA Fee AAA R FAHES A P07 A
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41 FRAY B9 A8 3F s

Paramaeter [unit] Reference
o TEAY 21E
Time interval (A4t) [sec] Teistel AA
) TEAY 21E
Space interval(4x) [m] Teistel AA
Friction coefficient (tang) AH 54
Energy dissipation coefficient JLEE(1993Db),,
due to particle collision (kq) {LEA (2000),
Energy dissipation coefficient s
8y Issip . . JL87(1993b),,
due to turbulence of interstitial _
_ IL96.(2000),
fluid (k)
AR} 71 AR
Particle density (¢) [kg/m?] = °
=z
. .. {LEA(1993Db),,
Restitution coefficient (e) .
{L.UE (2000),
Momentum correction JLIA(1993h),,
coefficient (8) JLEE (2000),

Minimum flow depth for
calculation [m]
Minimum flow velocity for

calculation [m/s]

0.000476

Gonda (2009)

Gonda (2009)

¥ 4.2 FEAY oo Hew

3 w7 e

Paramaeter [unit]

Value

Volumetric sediment concentration

(mean £ standard deviation)

Density of interstitial fluid

(mean * standard deviation) [kg/m?®]

Mean diameter of sediments [m]

0.2758+0.0038

1,320%0.0252

0.00275
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(b) 30°

(c) 35°

19 4.6 ZAA
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Height (m)

Height (m)

Y 4.7 SR e dHAFHF(a 257, b 257

0.5

1.5

Sediment mixture

——Flume bed

Force plate
with loadcell

A

0 0.5

1 1.5 2 2.5

Distance (m)

Sediment mixture

Flume bed

Force plate
with loadcell

/

0 0.5

1 1.5 2 2.5

Distance (m)

Sediment mixture

Flume bed

Force plate
with loadcell

0 05

1 1.5 2 2.5

Distance (m)

yC3:2530) 2
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1.6

1.4 - -=-25AL

12 | e 25AS

Height (m)

0.8

0 0.1 0.2 0.3 04 0.5

Distance (m)

1.6

14

1.2

Height (m)

0 0.1 0.2 0.3 0.4 0.5

Distance (m)

1.6

1.4

E
€ 12
o)
0]
I

0.8
0 0.1 0.2 03 04 0.5

Distance (m)

1% 4.8 FEAA e YA RAGEA (@ 257 , b 257, ¢ 257 )
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ENF SARFY F2AP ABHS B Sdstel, o oo
At EAFY 4 534 R SRORRE 0.2m 4R AW
2 AN A FUE WRAAH R 49). 2

v é d
2
rir
e
o,
gﬁ
o
e
>~
A
[¢]
-
X,
é
e

2o FAX} A AS5AE vlustr] &l P Ao HAEA
@ 2} (mean absolute percentage error, MAPE) S B 7}k th(2] 4.36).
MAPE= A5z (F)7F AAl 530 (A) ol disll 7<= 2ake] ddigte
Has A Ao, By o5 IS ndet=d 7= 89T

n
1 |4; — F;
MAPE=EZ|I ‘| (4.36)
i=1

4;

MAPEE AAEE A3}, o] dqtellr 7ide FARYES F2A4H9
A dial SEAIbE 8.07%, FEdole 7.90%° AE RSt
olg gt xRl 9ol i+ FA YR st A4 BP9 A Gk
Oﬂ whpa] Aol skAl Q1A ® e}, Hotta and Miyamoto (2008) 4 Sakai et

. (2019) 9F o] EAF ulF9 Ao Awel gk mjAiofste] gt
Oﬂ:lla FAeteE Afole FE ATRAAY AEE #S5A94E vE
ox 3 AN A=t A-97F gk a8y ARt ow e A
= EYstAY ”Zﬂ EAT d4s Adetaat sk Ag-oles xbel o
??} FARGE 5 W HAS A S 2 H7Fskt (Rickenmann et

, 2006; Zanuttlgh and Lamberti, 2007).

s B Y AT AgAbe]| wel 58 e s
obEolE FFEE AolatAl vebdth Jeong (2019) & USGS #2439
Theksh Q1zfell gt A S wAlske], AT 24 Ao wehA
Sz diEiAE 5% mINEY] exkE Hole FEEE H ST
g8y AR AEske Ae A= el webA
6.7%~23.6%2] 2AHLES HATE o3t wjrfH S J & Iverson
et al. (2016) X% LA Yel=H], USGSS] = Aol o
3 FARYS A HES T AT E 27 Y] wet

—
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= 70%° 2237 JElE 5% 988 H
N2 HANS AdsTa @ Abx QEwa AL A FEEe] 2o
Wu et al. (2013)+= EAF HEA A3

[}
Bl Zlo dhal mlad deydor did BEAF A4S Adald Be
F7EeE Bk Qo ol d He udd w W] mE oAt fES
HEFE FEsty 10% 71 eakel disidE 88 A8AdS e

2
X
ol
2
—H

rlr
©o =
,4;

=
H

& &¥xel gt EEAES 7.8%, HAF FAE 9.4~19%
o AR E Kol ZeR WISt o= o] AgelA 49 % -
2AYY o] o AR MUEAE 7= Addded s A

kA AES HAIPAFE st A EAF
QAWML= HA 5%olAFE FHd 20 S
R o] Aol e IR0l el @3t AR TS
o] Hol 93} 43 B]L3 59 QxS Kol

oo L o@o

t}.
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y = 1.687x - 0.5237 '
G oe -
g 08 R? = 0851  o§e®
) 53
£ 0.600
© 06 :':l
=
©
- 04
v
1]
=
£ 02
w
0
0 0.2 04 0.6 0.8 1
Observed arrival time (sec)
0.035
E
L
£ 003
L
o
z
o .
E 0025 o ° :' o .-";'; o
E °es o0
g P
o ot .... @
£ 002 e y = 0.6312x + 0.0072
35 ',."'.
£ ¢ o 8o R2 = 0.6231
=
0.015
0.015 0.02 0.025 0.03 0.035

Observed maximum flow depth (m)

19 4.9 FERAYR] A £AR %I A5He] v
(ar =221, b 14D
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2. FHA BEARF Aol Uik AdY HE

1) 2011d %94 BE4F Ak e

M SRR A Abglel v 8-S HESaA 20114
FRatel A AR AT A E A@sAT Me5EA MET ¢d
AP Aol = 20119 7€ 27l RFeeR Qs 3379 EARF
151718 AALR 7 At A o2 b Asklth (M58 A], 2014) (1™
4.10). T AFel= @4 AR Fd BT 2AA g el F -
G xARS F AREAE AL, EAXA 55 S EHE
AL 2014). o8 2
JR7F delA Q= Eﬂﬂl%o}ﬂré
= = g o9 WHL 75600 m*e]
,ARS] B 447, fret e FadAke 197, A fekd
o] 606.7 mo|tH(A&5E 2], 2014). o] 5% (2019)011 o2 EA
A ol AL dE E8stel ke B EARFS 3,580 molA
FEH EAFS 46,125 mPo 2 FUME Ao A3

%g‘} EHE’ 4 Nxﬂ 0/\10]1,} Oi_o‘ b

O{N X'E oﬁt

A RAZ ZHHA Ggrort, dulddelE folo] AL B
T RES BIW VY P AYARE BAS] oF 28 m/s
Hrhfrsol vhehd Ao® 259tk A, 2014)
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ol
bl

S 11788ke], 360 m AF7HA= 30 mY AZS A&
sold 400 m A7 o]F2E 40 mo] AFE 2 &ato]

4.11b).

2 RO
L
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il
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(@) 260
220 ——stream after DF
£ ——stream before DF
— 180
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@ =7 J4H9F=
A FF> AL e st gFS v x&= ARlo|r). AnREA o
2ZAAE S3A EAF FEFS FY5te Bole TAEANE] gt
AR7E g7 witel, F9elA BAstE STFES v oE EAFI
A2y THE9S 7493519 %34 (hydrograph) & 2%
SHAl oA, 2019). 28y dvjetolgtE §99 ¢ o553 &
(2019) 0l &l 7] FHEAZ] AAE AL, HEE5EEA(2012)F &
3l EAF fetre] ureEda A dxdr, BAF] ddduE
7t AAH AT (R 4.3).
% 4.3 dvideltE o EAR U oo EAYS
Variables [unit] Value Reference
Density of debris flow [kg/m®] 1886.41  A=5%WA(2012)

Dry density of colluvium
[kg/m®]

Internal friction angle [* | 26.9 A5 A(2012)

1551.95 A&5E A (2012)

AR5E ol &ato] Eﬁ% FEFe F9a7] SaAE
g Fetolok stttk o5 9

Fafok shth. EALY )
EHA(2012)F Fasle] 2,600 kg/m’= &tk 7+
© WA AES fstel wE U Wyl aelEofof
t}. frof o] Foll= wAdAZE 3 A AF S8 dH 7]
el ol & ASste] A &sh7= ofHuh webA o] dAgeM e AT
A Oﬂ?‘j 017) A FUECER, 2019) oA A SE
= 2O AATE Faste] dHbA o R ol &y &=

P

Hi
i
™
S
>
=
° gy = £

1,200 kg/m?

oSt B xS
olyl= Aoy ALFQ
1158.57 m’/s& 7}
NEARS e B EA}

m;ag

5 i

o, & JEFHE 17,378 m®o] 3 &
Y A% 152 AAHANA =0HUFEH
*

RS PSR- 42—10}0313]-(1‘:” 4.12). &3k

i
tl

oy

off
o
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o
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E 4.4 Hu|clolutE (o EAR wojo] AgH s

Paramaeter [unit] Value Reference
AEEHA (2014)
Time interval (Jt) [sec] 0.01 HAYHF&5S
st 4%
Space interval(4x) [m] 20 M=EHEA] (2014)
Friction coefficient (tan¢) 0.50 A&5¥A1(2012)
Energy dissipation coefficient due to 0.0828 JLEA(1993Db),,
particle collision (kq) ' 188 (2000),
Energy dissipation coefficient due to 0.16 JLEE(1993Db),,
turbulence of interstitial fluid (k¢) . 1L (2000),
Particle density (0) [kg/m®] 2,600 A=E5HA(2012)
. .. JLYE(1993Dh),,
Restitution coefficient (e) 0.8 .
{LEE (2000),
M ¢ . Hicient (8) 195 LA (1993Db),,
mentum correction coefficien )
omentum correctio T 58 (2000)
Minimum flow depth for calculation
0.000476 Gonda (2009)
[m]
Minimum flow velocity for
] 0.00001 Gonda (2009)
calculation [m/s]
Initial volumetric sediment o] 53t 5 (2019)
] 0.206 ) _
concentration Fastoe] A4
) A9H, (2017),
Density of interstitial fluid [kg/m’] 1,200 °
ensity of interstitial flui g/m 427 (2019)
AEEHEA], (2014)
Mean diameter of sediments [m] 0.2 =

;'d—jl—g].o:] @7@
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I

(a)

Elevateion (m)

Elevateion (m)

—
(@]
~

Elevateion (m)

2

™

260
0 sec —bedrock
210 ---debris flow
erodible
160
110
60
0 100 200 300 400 500 600
Distance from inlet (m)
260
—bedrock
5 sec )
210 ---debris flow
erodible
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¥ 4.5 Kanako 1Def] A g% wj7jHS

Paramaeter [unit] Value Reference
AE5HEA] (2014)
Time interval (Jt) [sec] 0.01 HUF5S
sk A4
Space interval(4x) [m] 20 AEEHA (2014)
Friction coefficient (tang) 0.50 A&5EA(2012)
Particle density (¢) [kg/m®] 2,600 AM<E5¥WA(2012)
Erosion rate coefficient (6 ¢) 0.0007 i 5 (2008)
Deposition rate coefficient (6 q) 0.05 iy 5 (2008)
Minimum flow depth for calculation
0.000476 Gonda (2009)
[m]
Minimum flow velocity for
] 0.00001 Gonda (2009)
calculation [m/s]

Initial volumetric sediment o] 53t 5 (2019)
] 0.206 -
concentration Fastoe] A4

Aq9d, (2017)
Density of interstitial fluid [kg/m’] 1,200 °
Y . 27, (2019)
AEEHEA], (2014)
Mean diameter of sediments [m] 0.2 T N
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EARY FEAAS FE5] fdiMe EATY AFRE BEA
Fojof sttt oju] WA EXF ASE A=
5% 55 B9 F49 HHEAFS o] &3}
Zlo] dulA o]t (Iverson et al., 2015; |53k 5 2019). 221} ©]
o} o] HA & HHOE HAEALFS s Aol A
R2EE &83te] FHEAES FHAYR FH, 2013 A
il ), TTHHOENEH ENF FEFS T8k Wi
(Nakatani et al., 2016; %1, 2019). °lF T HZFL
=3 = FAskE WS dA Aol Aol thsth FeA
g o 81 s WO 2 (NILIM, 2016b), &7|7F gxd
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C.v ES A 4% tdd A=of wet depx]xul, o] A
N APAFeNAe ALAtdE Faste] 0.6 ALFATHCFTH,
2019). Co= AEE F71=7]o st BHEASEZ 4] 5.11& 53l
AbE T, o]l2AQ sAS Fal EA iAo wAte] odt EAFO &
FEA #AE 4 = 9= 0.3~0.9C.2 AA =t} (Takahashi,
2014).
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Ca = (60 —p)(tan¢ — tan )

o, ¢ ANEAY AAUE (kg/m?), o= HE, HE F9 ulA¢g]
A2 E33 BEXF HEFA9 "WE(kg/m®), 0% A HAEAA
), gt EA AR YHupEZ( ol o] A= AyA

(Nakatani et al.,, 2016; &<%l, 2019)¢ X o] MA X 3 (NILIM,
2016b) & #Hu3dted ¢+ 2,600 kg/m®, o= 1,200 kg/m®, p= 35° =
A &35ttt
TEHEF Q2 Y F9o R FEVIHS %%—‘T% AR
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ol B4R

F 37

HHN'

Sitel Site2 Site3 Reference
A e
[e] o )
f=29% [km] 0.68 0.86 1.02 o
B F AN ST ApHFER EFRA]
8dA27127] 0.2013 0.2445 0.3145 °
[km/km] H 314
T2 A 7F [min] 40.89  43.40 44.24 A=A (2014)
10098l 2 A7 Y
[mm/hr] 98.2 91.9 87
FEE
(40A] &A1 7H)
: AP EF
O = <
I 0.75 0.8 0.85 o
AP EFA
© 03 1 7
0% [m?/s] 5.31 6.33 6.98 A& (2014)
Takahashi
BEEAREE 0.35 0.46 0.54
O O ]—O (2014)
ENZ Jroe
[ B/TT“’ 1257 2715 69.84 NILIM (2016b)
m/s

ENF FHFF [m’]

1256.73 2714.71 6984.17 NILIM (2016b)
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site3: 69.84 m3/s

60 —sitel
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40 . site3

site2: 27.15 m3/s

Debris flow discharge(m3/s)

20
\ sitel: 12.57 m3/s
0
0 100 200 300 400 500 600
Time (sec)
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© A= WA
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of &&= EA YA BaAAT AR & i 5104 AAE
ZF o Hgks AREste] A Esigitt. e AR A8 Tbest Wi
s E 5.3 o] A4, 950 wet fEbgor g
MW 3549k ol Agsigltt. o, AREAE CFL =A<
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¥ 5.3 FHEEH AMEH I F

il 7 4

Paramaeter [unit] Value

Reference

Time interval (A4t) [sec] 0.1
Friction coefficient (tang) 0.70
Energy dissipation coefficient due
) .. 0.0828
to particle collision (kq)
Energy dissipation coefficient due 0.16
to turbulence of interstitial fluid (ky) '
Particle density (¢) [kg/m?] 2,600
Density of interstitial fluid [kg/m®] 1,200
Restitution coefficient (e) 0.8
Momentum correction
.. 1.25
coefficient (8)
Minimum flow depth for calculation
0.000476

[m]

Minimum flow velocity for
) 0.00001
calculation [m/s]

CFL =71%&
aste] A4
AF 2 (2014)
JLUA(1993Db),,
{L84(2000),
JLUA(1993Db),,
L8R (2000),
ddE, (2017),
2+, (2019)

OTL_

‘/I»E(1993b),,
{L81(2000),
{8 (1993b),,
{1.86.(2000),

Gonda (2009)

Gonda (2009)

¥ 54 foEz A

SH vz

Paramaeter [unit] Sitel Site2 Site3 Reference
APl EFeRA]
Space interval (4x) [m] 3.44 4.35 5.19 ° °°
H 1A
Apabel EbeRA)
Stream width [m] 4.0 4.0 8.0 ° °°
H 1A
Initial volumetric sediment Takahashi
) 0.35 0.46 0.54
concentration (2014)

Mean diameter of sediments

A Ebgy

0.3 0.3 0.6

[m]

o O
H 1A
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Sitel (1¥ 5.132)+= EAHF F3o] w1 AA veEbsta, 1000%
h

zbe] Al AREE A SAAH EAFE wgeH Faha Al
N Ae A AHE mole How Ueh} d% ARddE B4R

o
F=2 d¥e] gl AeZE YRR
Site2(2¥ 5.13b) & APEH AX] QAo EAFIF =Ed AH
S 458% 91, A FEHS 522%A 0.91 m®/sE el EAR
TAY FAERFSE FEstel F4H9 HAd EXF 4% 525%9
87.13 kPa= AAtE 1AL, ojwfe] #<42 0.90 m/s, #4= 1.0l mZ 1}

W

=

=2 PN aT
381%°lA 2.41 m*/s® YeElt EAF F4Y FALIS &85
FAE A EAF =AY 384%¢] 178.43 kPa® AAE 1, ol w
o] 42 1.90 m/s, AL 1.26 m&E YERSTH

A F9eld bt BEXARF 5% 5o d3= vwd o, A7 A
APE ek 199 A7 45 EARY §5 2 ol FUkee

= %l

7 3
et al., 1984; Rickenmann, 1999). 338 SitelolA EXF F5°o] A
N A FAe Z ehvtst AGAAR Q] vEld &
Sitel®] FHFAAM= 20%% °F 11° 7F¥9 A&7 Helth
Takahashi (2014)0] W2 1% 59 EAMSEES 3H3 E479 A
A 9 g Aol wAEE 7] 7]E 10~15° ZHgold, g 99 A
71&71 oy st FA 77 ettt

metA] Y EAC wE EAR F2e wshel SitelolA et
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Flow depth(m)
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——100%(dam location)
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(a: Sitel, b: Site2, c: Site3)
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¥ 5.5 Site29] AA} =AY Ao =280 Yehd A He §EEA

Deposit Time Flow depth Flow velocity Impact force
condition [%] [sec] [m] [m/s] [kPa]
0 525 1.01 0.90 87.13
25 561 0.76 0.90 70.35
50 615 0.65 0.83 57.84
75 676 0.56 0.75 48.01
100 737 0.50 0.67 40.00

¥ 5.6 Site3 A A} 272 Hu =ZEo] e AJF9 ST EA

Deposit Time Flow depth Flow velocity Impact force
condition [%] [sec] [m] [m/s] [kPa]
0 384 1.26 1.90 178.43
25 393 1.25 1.79 170.37
50 408 1.18 1.66 155.24
75 422 1.11 1.52 139.55
100 439 1.04 1.39 124.79

3 ) 17
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(a) 280

~— Original bed

(b) 280

= Original bed

270 ——after debris flow 270 ———after debris flow
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D A%, 3%, ARAUE el g g
B g AzAA ANE RN JMe B

A A%, FF AwAAe] et AL

_]

S G AFZo FYEE g(9.807 m/sH) =
EoAG e AL A A (2014) ol A= Rankine?] Egto]2S A&
- O

sto] EgHASE FHAES ANSL Atk 53] AR AAL el
Bl do] WAst= A A 71e717F MEketr] wiitell, olE 1Le sk
EdATE MEHoE Frstd (3R 5.9)
o] 7S o] g3ste] AAF 2 APYHY] AR, FE, AHEA]
Hol| thst AFHUES Fst A= % 5.10~129 Tk 7=
YR AL JEshga, A PR Ao RSl PR
o},
¥ 5.8 et AFEE wiHS
Parameter [Unit] Value Reference

Unit specific weight of ECD
[N/m?]
Unit specific weight of Water
[N/m?]
Unit specific weight of

23046.45 AFEA (2014)
9807 A A (2014)

17652.6 A3 (2014)
deposited sediment [N/m®]

Internal friction angle [° ] 35 AFH A (2014)
friction coefficient of bedrock 0.7 A (2014)

Bearing capacity of bedrock

686490 AFHAH (2014)
[Pa]

3 5.9 WY e ArF 21l e EdAS (o) +4

0% 25% 50% 75% 100%
Watershed ) ) ) . .
deposit deposit deposit deposit deposit

Site2 0.4573 0.4175 0.4175 0.4175 0.4175
Site3 0.5002 0.4290 0.4255 0.4255 0.4255
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3 5.10 U 9 A 270l e Hde] digh oA
Deposit Stability
Case . My My
condition (My > Mp)
0% deposit 607984.25 44460.21 Stable
25% deposit 619614.47 74133.32 Stable
Site2 50% deposit 641135.55 105819.27 Stable
75% deposit 671923.83 150263.27 Stable
100% desposit  711785.32 143999.93 Stable
0% deposit 614986.30 141906.51 Stable
25% deposit 634525.68 299860.81 Stable
Site3 50% deposit 659437.11 414930.51 Stable
75% deposit 690426.73 349893.60 Stable
100% desposit 727593.35 142374.77 Stable
E5.11 " 9 AAF 236l e ZEel dig oy
Case Depf)?it ¢ £ (=H/V) Stability
condition t>f )
0% deposit 0.7 0.32 Stable
25% deposit 0.7 0.25 Stable
Site?2 50% deposit 0.7 0.27 Stable
75% deposit 0.7 0.33 Stable
100% desposit 0.7 0.36 Stable
0% deposit 0.7 0.86 Unstable
25% deposit 0.7 0.87 Unstable
Sited 50% deposit 0.7 0.84 Unstable
75% deposit 0.7 0.65 Stable
100% desposit 0.7 0.40 Stable
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3% 5.12 i w98 A 2l whE AP H o] gk b
Deposit Stability
Case condition Q [Pal P [Pal (Qa> Py)
0% deposit 686490.00 70768.13 Stable
25% deposit 686490.00 79423.00 Stable
Site?2 50% deposit 686490.00 87803.91 Stable
75% deposit 686490.00 99637.22 Stable
100% desposit  686490.00 93953.62 Stable
0% deposit 686490.00 93004.91 Stable
25% deposit 686490.00 138026.33 Stable
Site3 50% deposit 686490.00 169938.73 Stable
75% deposit 686490.00 148047.57 Stable
100% desposit 686490.00 83542.79 Stable

A4 /‘P%””ﬂ Arel ARbA g o] deir= Be AAE 24
of thaliA kst Zlo® yekth $HH FFol tidk 2 Site3ol A
E o fET0 50974 ANEE 2AAE B gaa 2ddel
Aoz vegth g 2deMe EARF 489S 150 kPa o9 &
7 ¢o] vhehbizdl, st A A9 (2015) 04 FAI Akl e
BAAME 150 kPa ol FA el taldE B5e tslA 2R

LEtY o] Aol Aol sdE A :
PN £HAME Bsol thet ko] =_bg sl vEbs T A
Ao F oA E At HFHOE 2 m 71 vty bk
T Zo] dwkAol ARt (A A, 2014), EARAEC wigl® FHE
HE AT vk e APTEY EA s HTo] o] &¥A ko
o} s A7) fleke] o5 Zo] AA el Al
= d5ol et AFdE st WA
ofof gtut, HAwAddA HA9 vEE AR Slst
Ca

g oG AT ARAT AS, 0PI A
7 -]

o 2
=
L)
=
o

o
m}&

ry
=2
1o
<
m‘ﬁi L

) C Row el duATEe Frleit Aw
iE}C)‘E Oa]‘ﬂ’zﬂfli 73'537_9/] iﬂg]lz_ H]’Q-‘TL_]’T/]‘ 701_;(]1%% A]-o]g]
Aol AFst7] 993 BAR E2udA7F(GFELSYS, 2016)]
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S AdAAA A ARETE ok 7] wiEel dF ¥ AFES U=
&7l ol 53] o] A7 A APgHlel thajA= AP
AAES} FRAAZE FAsEe] Al AW oA ] rAE

Tk webA A EA S Ao AAE ApYH L] AA (K5
2012) 5 #13td AE 13 mme Aro] do] wedkoZ 300 mm

(D13@300) o7 29 wxd= =7 =
7} 4.0 odolgt 7Hske] A
st e AddAdA 142 A

Y

oluf, Q2 AAAG Bl
(0.85), QHL %—%2%%7015(1\1), Aser= iEiE AadAddAe] &
1= =

- =
(MPa), Eg: ZAYES BAAIF(MPa)olth. ZAYE FFALEE Al
= =

il
i
o
£
W
Hﬂ
El
i |
E
\\]
(@)
5

o} T =

=] a=
Aol QgL s 7 % 5 AR i}
B gEg e Fosadee JEdsASE A8 6,19 MPag

Agekleh. B3 FAYES] dAFE Fra s AE3 gkl

. AE5EA(2012) 9wl

hE(Q)L 22,191 No& ey
| H—:LHO% A 2,662,944 N&

d 4 glen, o]l g F o HuAgor gAakstH 147,941.35
N/mz Axtdth T2 dA7|E(HZERLSS, 2016)°] w29, Ao
AAe] w7t oW (W FHEF) 0 F = 600 mm oJHE dFy A
7o) 6u] o] ArE FEF sta o, =2 Qg o] Fgeh=
AR AA = AE T J8 1H8s 24T & Ao =S F
F(AFAYE) OR = AHE A9 4] o]ifoloof st} o] & il

o] i x| 7| F&ete] FEldk Al g2 ofd Aow dtdy
st Site3olA EEAT7F 7 2A YERY A= 25% EAE
st Aol 2R Y A0 FHEEQ 233,448.44 N/meo|t}, ua}

& AGAZTE A3t FE+H2 85,507.09 N/mo]

At g 2A Y AZREHL 266,834.57 N/mUS 1#ste] %
S5 J2eH) 2 Aakstd 0.322 e} o]= Oj 04?01
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2,300 kg/m*& A &3kt g A}
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to 7+2b 25 GPa, 0.25 24
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g
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P (28 5.18~19).
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fite)
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ojiy
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olo

3

1=
Compressive
stress [Pal
149843
120199.3
98640.81
108724.5
104927.5
317649.4
290492.9
276284.7
238017.8
99561.65

Feb-olA H o Qlg-e-2 o]
A A oA

5|

531954.9
229094.9
288799.6
382583
445754.8
1165791
619817.5
627604.3
577148.2
454454.1

[Pa]

o

=
Tensile stress

Bl
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L=

7
Deposit condition
0% deposit
25% deposit
50% deposit
75% deposit
100% desposit
0% deposit
25% deposit
50% deposit
75% deposit
100% desposit

1% 5.20~23
3

Case
Site?2
Site3

o] TEAA, WAF 23A



—e—325 [pa]

% 0l(m)

0| (m)

—— 543 [Pa]
—— S A B2 [Pa]

—e—SpAE 0}

0 10000

22(pa)

(b): 25% X A}

—e— 3543 [Pa]
——EA 2 HH [Pa)

=o= &4} E 0}

0 10000 20000 30000

22(Pa)

(d): 75% KA}

——Z73 [Pa]
—a—E[AY+E 52 [Pa]

—a—E|A=0|

—o— S AU+ H 4 (Pa)
—o— =0l
0 20000 40000 60000 80000 100000
2A2(pa)
. o
(a)- I-i AI‘ 91 =
—e— 573 [Pa)
—o— E[AF =2 [Pa)
—a—E[AE0l
0 10000 20000 30000 40000 50000 60000 70000
&=(Pa)
. o]
(€): 50% KAt
[
5
4
E
S 3
K
2
1
0
0 10000 20000

30000

ei(Pa)

40000 50000 60000

(e): BEALE!

1% 5.18 Site20]A 9] AAF =14
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45 45

4 —a— 572 [Pa} 4 —a—3=74 [pPa)
35 —e— EIAPRE L E AT (pg) 35 —e— A5 [Pa)
3 —s—ElAE0] 3 ——ElAb=0]
E2s E 25
fn 2 J?n 2
15 s 15
1 1
05 05 \
0 0
0 50000 100000 150000 200000 0 50000 100000 150000 200000
2e(Pa) Ue(Pa)
(a): MAH 813 (b): 25% X At
2 . o —e— 22 [Pa)
N —e—SZ il ¢ —e— EINY A [Pal
25 —e— ST pa] a5 B
; —a— E| A} &0 3
€25 E 25 I
% 2 I k¢
15 15
1 1
05 05
0 0 >
0 50000 100000 150000 200000 0 20000 40000 60000 80000 100000 120000 140000 160000
&2|(Pa) 242(Pa)
(c): 50% AMAt (d): 75% KAt
45

—e—Z 2 [pa)
——E|A Y+ H4 Y [Pa]

—e— E[Ab£0]

& 0l(m)

Q 20000 40000 60000 80000 100000 120000 140000
2 =(pa)

(e): BHALE

a9 5.19 Site3ell A 8] A 27 AA ™ Fx
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as x10° 45
5
O|RXt=o 24
a I—I oT o= 4
4
35 3 35
3 2 3
25 A 25
o
2 2
3
1s 15
2
1 1
3
s 05
a
o ) o o
o 05 1 15 2 25 3 35 a 05 1 15 2 25 3 35 4 45
I A —°
a). AT
as
o Q =9 Eﬁ
! [P
s
3
25
2
18
1
05
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o 05 1 15 2 25 3
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as xa0° a5
O|Xt=2 &
4 AYFSH I
35 35
Y3
3 3
25 15 25
2 2
1
15 15
1 05 1]
0s 05
o
o 0
o 05 1 15 2 25 3 35 a 45 5 m o 0s & 15 2 25 3 3s 4 45

(c): 50% XA}

1% 5.20 Site20f| 4 8] AAF 2 e A3
(a: AAF 1S, b 25% AAF, c: 50% AAD
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n m
45 x10° 45|
O|Xt=2 2
s |_| oT o= 3P 4
3s 3 33,
3 25 3
253 25
2
2 2
15
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1
1 1
05
os 03|
o £
0 0| -
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< 75% XA
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3 3 El
25 25 25
2 2 2
15 - 13
1 1
1
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1% 5.21 Site2ollA o] AAF 21 FxEY Ao
(d: 75% A A}, e: TEARED
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35 - Y ARED

1. Site2, AA} &
- Ay
T A& H= EHFMVH A E
V [N/m] 2412 (a)[m Mv [N]
D1 42347.85 0.70 29643.50
D2 201656.44 2.30 463809.81
D3 28231.90 3.78 106810.69
W1 0.00 4.25 0.00
El 0.00 4.25 0.00
F1 1845.78 4.18 7720.25
F2 0.00 4.25 0.00
A 274081.97 23.72 607984.25
- FEEY
T TEEY HEH Ay ] of| A €] AgndE
H [N/m] 28 A2 (a) [m] Mh [N]
W2 0.00 0.00 0.00
W3 0.00 0.00 0.00
E2 0.00 0.00 0.00
E3 0.00 0.00 0.00
F3 88018.23 0.51 44460.21
A 88018.23 0.51 44460.21
g Aed | HAAE Hoj AN Py | HAA|NEE Py
[m] [m] [N/m?] [N/m?]
2.06 0.07 70768.13 58211.62
- AHHE
Axef tigt | bd& (Fs) = My/My = 13.67 01
At M, = 607984.25 > M, = 44460.21
o st | kA& (Fs) = f/ff =218 017
2+ = H/V (0.32) <£(0.7)
A= o A& (Fs) = Q/P1 = 9.70 017
o st <-4 Q. = 686490.00 > P;= 70768.13
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2. Site2, 25% A A}

- A+
T A A - e EHFMVH A E
V [N/m] 2848 (a) [m Mv [N]
D1 42347.85 0.70 29643.50
D2 201656.44 2.30 463809.81
D3 28231.90 3.78 106810.69
W1 750.85 4.19 3147.31
El 600.68 4.19 2517.85
F1 1028.43 4.02 4138.41
F2 2293.55 4.16 9546.91
7 276909.70 23.35 619614.47
- 73+
T T R EA] 2] oA 2 AGEAE
H [N/m] 2§ (a) [m] Mh [N]
W2 6562.57 0.44 2871.12
W3 3754.24 0.29 1094.99
E2 4912.70 0.44 2149.31
E3 1253.95 0.29 365.74
F3 53803.90 1.26 67652.17
7l 70287.37 2.72 74133.32
g9 28 AN A FHo) A REREE Py | HAAREREE Py
[m] m] [N/m?] [N/m?]
1.97 0.16 79423.00 50887.44
- MFAHE
Ame] gt | bd& (Fs) = My/My, = 8.36 01
At M, = 619614.47 > M, = 74133.32
gFo] e | & ([Fs) = f/f = 2.76 01
2+ ' =H/V (0.25) <£(0.7)
A= o A& (Fs) = Q/P1 = 8.64 017
o st <k Q. = 686490.00 > P1= 79423.00
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3. Site2, 50% AAk

- A+
T A& H= EHFMVH A E
V [N/m] 2848 (a) [m Mv [N]
D1 42347.85 0.70 29643.50
D2 201656.44 2.30 463809.81
D3 28231.90 3.78 106810.69
W1 3003.39 4.13 12414.03
El 2402.72 4.13 9931.22
F1 713.72 3.86 2752.78
F2 3870.80 4.08 15773.52
7 282226.82 22.98 641135.55
- 73+
T T R EA] 2] oA 2 AGEHE
H [N/m] 2§ (a) [m] Mh [N]
W2 11075.58 0.88 9691.13
W3 15016.97 0.58 8759.90
E2 8080.51 0.88 7070.45
E3 5015.80 0.58 2925.88
F3 37329.54 2.07 77371.91
7l 76518.39 4.99 105819.27
&g Ag4 AN A FHo) A REREE Py | HAAREREE Py
[m] m] [N/m?] [N/m?]
1.90 0.23 87803.91 45008.71
- MFAHE
Axe] gigt | bd&(Fs) = My/Mi = 6.06 01
At M, = 641135.55 > M, = 105819.27
Eol ust | & ([Fs) =/ =2.58 01
2+ ' =H/V (0.27) <£(0.7)
A= o A& (Fs) = Q/P1 = 7.82 017
o st <-4 Q. = 686490.00 > P;= 87803.91
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4. Site2, 75% A A}

- AREY
T AAEH el EHFMVH AT E
V [N/m] 2k A2 (a) [m Mv [N]
D1 42347.85 0.70 29643.50
D2 201656.44 2.30 463809.81
D3 28231.90 3.78 106810.69
W1 6757.64 4.08 27537.37
E1l 5406.11 4.08 22029.89
F1 527.02 3.69 1943.41
F2 5053.08 3.99 20149.16
Al 289980.04 22.61 671923.83
- TEEY
T TEEY HhE B 2] ol A 29 AFEHNE
H [N/m] 2849 (a) [m] Mh [N]
W2 14458.45 1.31 18976.71
W3 33788.18 0.88 29564.66
E2 10284.12 1.31 13497.91
E3 11285.55 0.88 9874.85
F3 26962.84 2.91 78349.14
Al 96779.14 7.28 150263.27
o e | wBAAL HejA R Py | ARk Py
[m] [m] [N/m?] [N/m?]
180 0.33 99637.22 36823.98
- HHE
Ao ojjst SFHd & (Fs) = My/My = 4.47 o1
QH My, = 671923.83 > My = 150263.27
5o tigt | & ([Fs) =1/ =210 o1
QH ' =H/V (0.33) <{(0.7)
Ao A& (Fs) = Q/P1 = 6.89 017
tf sk <k Qa = 686490.00 > P1=99637.22
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5. Site2, 100% AAF(HEAR

- A
T A& H= EHFAOHAH A E
V [N/m] 2848 (a) [m Mv [N]
D1 42347.85 0.70 29643.50
D2 201656.44 2.30 463809.81
D3 28231.90 3.78 106810.69
W1 12013.58 4.02 48254.53
El 9610.86 4.02 38603.62
F1 401.64 3.55 1425.81
F2 5958.30 3.90 23237.37
Al 300220.56 22.27 711785.32
Y
T T R EA] 2] oA 2 AGEAE
H [N/m] 2§ (a) [m] Mh [N]
w2 17048.56 1.75 29834.98
W3 60067.88 1.17 70079.19
E2 11816.40 1.75 20678.70
E3 20063.20 1.17 23407.06
F3 0.00 3.50 0.00
7 108996.03 9.33 143999.93
a9 2| HAAE FHo ARk Py | HAA N Py
[m] [m] [N/m?] [N/m?]
1.89 0.23 93953.62 47326.65
- MFAHE
Ame] gt | k& (Fs) = My/My = 4.94 o1
A7 M, = 711785.32 > My = 143999.93
Eol ust | & Fs) =/ =1.93 01
2+ f =H/V (0.36) <f(0.7)
A= o A& (Fs) = Q/P1 = 9.70 017
ol st ey Q. = 686490.00 > P1= 93953.62
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6. Site3, 0% A At

- AxEY
T AAEH el EHﬂﬂHJ A E
V [N/m] 2+-8-714 (a) [m Mv [N]
D1 31112.71 0.60 18667.62
D2 207418.05 2.40 497803.32
D3 20741.81 4.10 85041.40
W1 0.00 4.50 0.00
E1l 0.00 4.50 0.00
F1 3051.22 4.42 13473.95
F2 0.00 4.50 0.00
Al 262323.78 25.02 614986.30
- TEEY
T TEHEY Hhrm A gl el A 9 AFgnHE
H [N/m] 28712 (a) [ml] h [N]
W2 0.00 0.00 0.00
W3 0.00 0.00 0.00
E2 0.00 0.00 0.00
E3 0.00 0.00 0.00
F3 225033.88 0.63 141906.51
Al 225033.88 0.63 141906.51
FAe 454 waAe | AdAwRd b, | AzAwnd b,
[m] [m] [N/m?] [N/m?]
1.80 0.45 93004.91 23583.44
- M E
Az st | FHdE(Fs) = My/My, = 4.33 o1
QH M, = 614986.30 > My = 141906.51
5o tigt | A& ([Fs) =1/ =0.82 2op
2+ f =H/V (0.86) > {(0.7)
AdEel | FAE Fs) = /P = 7.38 o
f sk <k Q. = 686490.00 > P1= 93004.91
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7. Site3, 25% A A}

- AR
T A& H= EHFAOHAH AgrdE
V [N/m] 2848 (a) [m Mv [N]
D1 31112.71 0.60 18667.62
D2 207418.05 2.40 497803.32
D3 20741.81 4.10 85041.40
W1 551.64 4.45 2454.81
El 441.32 4.45 1963.85
F1 2990.66 4.27 12760.27
F2 3578.39 4.43 15834.40
A 266834.57 24.69 634525.68
- 73+
T T R EA] 2] oA 2 AGEHE
H [N/m] 2§ (a) [m] Mh [N]
W2 9189.18 0.38 3445.94
W3 2758.22 0.25 689.55
E2 7702.92 0.38 2888.60
E3 946.73 0.25 236.68
F3 212851.39 1.37 292600.04
A 233448.44 2.62 299860.81
g9 28 HAAE Hoj A9 Py | HAA R Py
[m] [m] [N/m?] [N/m?]
1.25 1.00 138026.33 —19433.18
- FYHE
Ame st | k& (Fs) = My/My = 2.12 o1
2+ M, = 634525.68 > My = 299860.81
Eol uist | & (Fs) =f/ff =0.80 2o
2+ f =H/V (0.87) > £(0.7)
A= o A& (Fs) = Q/P1 = 4.84 o1
o st <k Q. = 686490.00 > P;= 138026.33
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8. Site3, 50% AAk

- A
T A& H= EHFAOHAH A E
V [N/m] 2848 (a) [m Mv [N]
D1 31112.71 0.60 18667.62
D2 207418.05 2.40 497803.32
D3 20741.81 4.10 85041.40
W1 2206.58 4.40 9708.93
El 1765.26 4.40 7767.14
F1 2667.80 4.12 10994.55
F2 6771.07 4.35 29454.14
Al 272683.27 24.37 659437.11
- 73+
T i R EA] 2] oA 2 AGEAE
H [N/m] 2§ (a) [m] Mh [N]
W2 17387.84 0.75 13040.88
W3 11032.88 0.50 5516.44
E2 14406.41 0.75 10804.81
E3 3755.84 0.50 1877.92
F3 183496.08 2.09 383690.47
7 230079.04 4.59 414930.51
a9 2| HAAE FHo ARk Py | HAA N Py
[m] [m] [N/m?] [N/m?]
0.90 1.35 169938.73 —48746.16
- MFAHE
Aze st | k& (Fs) = My/My = 1.59 01
A7 M, = 659437.11 > My = 414930.51
gEol ust | FH&(Fs) =/ =0.83 2o
2+ ' =H/V (0.84) > £(0.7)
A= o A& (Fs) = Q/P1 = 3.39 o1
ol st ey Q. = 686490.00 > P;= 169938.73
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9. Site3, 75% A A}

- AR
T A& H= EHFAOHAH AgrdE
V [N/m] 2848 (a) [m Mv [N]
D1 31112.71 0.60 18667.62
D2 207418.05 2.40 497803.32
D3 20741.81 4.10 85041.40
W1 4964.79 4.35 21596.85
El 3971.84 4.35 17277.48
F1 2333.36 4.00 9333.42
F2 9522.02 4.28 40706.63
A 280064.57 24.08 690426.73
- 73+
T T R EA] 2] oA 2 AGEHE
H [N/m] 2§ (a) [m] Mh [N]
W2 24452.18 1.13 27508.70
W3 24823.97 0.75 18617.98
E2 20160.13 1.13 22680.15
E3 8450.65 0.75 6337.99
F3 104666.21 2.63 274748.79
A 182553.13 6.38 349893.60
g9 28 HAAE Hoj A9 Py | HAA R Py
[m] [m] [N/m?] [N/m?]
1.22 1.03 148047.57 —23574.43
- FYHE
Ame gt | k& (Fs) = My/My = 1.97 01
A7 M, = 690426.73 > My = 349893.60
Eol ust | k& (Fs) =/ =1.07 01
2+ f =H/V (0.65) > £(0.7)
A= o A& (Fs) = Q/P1 = 4.47 017
o st <-4 Q. = 686490.00 > P1= 148047.57
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10. Site3, 100% %Ak

- AR
T A& H= EHFAOHAH A E
V [N/m] 2Z-g A9 (a) [m Mv [N]
D1 31112.71 0.60 18667.62
D2 207418.05 2.40 497803.32
D3 20741.81 4.10 85041.40
W1 8826.30 4.30 37953.09
El 7061.04 4.30 30362.47
F1 2028.82 3.90 7912.39
F2 11869.77 4.20 49853.05
A 289058.49 23.80 727593.35
- FEEH
T T R EA] 2] oA 2 AGEHE
H [N/m] 2§ (a) [m] Mh [N]
W2 30481.13 1.50 45721.69
W3 44131.50 1.00 44131.50
E2 24998.81 1.50 37498.21
E3 15023.37 1.00 15023.37
F3 0.00 3.00 0.00
7 114634.81 8.00 142374.77
oo 284 HAAE Hoj A9 Py | HAA R Py
[m] [m] [N/m?] [N/m?]
2.02 0.23 83542.79 44927.65
- MFAHE
Axe] digt | kA& (Fs) = My/M, = 5.11 017
A7 M, = 727593.35 > My, = 142374.77
ol st | kA& Fs) =/ =177 01
2+ ' =H/V (0.40) < £(0.7)
A= o A& (Fs) = Q/P1 = 8.22 017
o st <-4 Q. = 686490.00 > P;= 83542.79
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Abstract

Long—term Stability Analysis of
Erosion Control Dam Considering
Debris—flow Entrainment and
Impact Force Simulation

Song Eu

Program in Forest Environmental Science
Department of Forest Sciences

The Graduate School

Seoul National University

As a kind of mass movement in forest watersheds, debris flow is
channelized flow of the water—soil mixture. In Korea, the risk of debris
flow has increased during the past few decades, and erosion control
dams (ECDs) have been implemented to reduce damages induced by
debris flow. Despite its function as a debris—flow barrier, ECDs have
been designed with stability analysis for only static hydraulic pressure.
Tis ECD's design criteria seems to be hard to ensure its stability under
the debris—flow impact condition. Moreover, because ECDs have been
installed since 1986, some ECDs are suffering from time—dependent
degradation. Therefore, to design and maintain ECDs effectively, the
engineering understandingon the long—term stability analysis of ECDs
has become urgent.

The overall objective of this study was to analyze the stlruc!:ural
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stability of aged ECD against debris—flow impact force. This study
consists of three parts: (1) determining debris—flow impact force
model from flume experiments, (2) developing a numerical simulation
model for debris—flow dynamics, and (3) suggesting a revised stability
analysis scheme in the current guideline with the application of a time—
dependent strength reduction model.

First, debris flow flume experiments were conducted to reveal the
relationship between flow characteristics, such as flow velocity or flow
depth, and debris—flow impact force. Measured data showed that the
impact force of debris flow follows the hydrodynamic model that
comprises flow velocity, density, and an empirical coefficient.
Moreover, the empirical coefficient of this model had a significant
correlation with the Froude number. Based on those findings, a debris—
flow impact force model consisting of flow velocity and depth has been
developed.

Second, the numerical model that simulates debris flow behaviour
was developed to determine flow characteristics at forested
watersheds, which embeded the debris—flow impact force model
proposed in the first part. Among various models suggested by
previous studies, the two—phase continuum concept was selected as a
governing equation. Dilatant with Coulomb friction model was used as
a stress structure, and the entrainment model based on equilibrium
sediment concentration was applied. The simulation results were well
matched with the flow characterisitcs of flume experiments and debris
flow in 2011, Seoul. Thus, it seems to be applied in the analysis of
debris flow movement in forested watersheds of Korea, with
acceptable accuracy.

Lastly, the current stability analysis scheme of ECD was revised

to consider debris—flow impact force, and structural analysis using

173 A ._, 1_]|



finite element method was performed to analyze distressed failure
mode elaborately. Three small forested watersheds in Kangwon
province (Sitel-3) were chosen for this purpose, and debris flow
behavior was simulated in each watershed. With debris flow
characteristics and corresponding impact force of each watershed,
stability analysis of ECD was conducted considering the time-
dependent strength reduction of dam and deposit scenarios. As a result,
debris—flow discharge and impact force were explicitly influenced by
their watershed characteristics, such as stream length and watershed
area, and sediment deposition at upstream of ECD. The result of
stability analysis showed that Site2 might be stable structurally for
long—term operation. At the same time, Site3 seemed to be unstable at
sliding failure mode in case of the less deposited condition. Moreover,
ECD at Site3 might be at risk for distress failure after 58 years, when
considers its strength reduction due to age-related degradation.
Overall, revised stability analysis of ECD considering debris—flow
impact force and age-related degradation in this study seems to be
used to design new ECD or establish an effective maintenance plan of

aged ECD in forested watersheds.

Keywords : debris flow, flume experiment, erosion control dam,
entrainment, stability analysis, computational fluid dynamics
Student Number : 2016—35862
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