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Purpose &
Contents

Develop dispersive and nonlinear numerical model to analyze debris flow
Survey previous research works and suggest target capacity of developed model
Derive Boussinesq equations to analyze debris flow
Write source code and develop numerical model

Compare numerical results to physical experimental data in one- and
two-dimensional cases and verify accuracy of developed models
Simulate previous landslide events using developed numerical models
Conduct physical experiments to analyze debris flow and open data publicly

Use movable sloping flume (30 m(L) X 1.0 m(B) X 1.5 m(H)) of the Grand
Hydraulic Experiment Facilities by the support of KAIA

Measure surface elevations, transport velocity, impact force, runoff shape by
varying bottom slope, debris characteristics (density, composition, water
content, etc.)

Make experimental facilities for debris flow and design experimental
conditions
Conduct physical experiments to analyze debris flow
Analyze and verify experimental data and upload system
Write guideline for debris flow experiment

Results

Develop dispersive and nonlinear numerical model to analyze debris flow
(purpose) Develop numerical model to accurately predict debris movement and
damaged locations
Boussinesq equations to analyze debris flow
Source code to analyze debris flow
Verification of numerical model by comparing with physical experimental data
Reproduction of previous landslide events using numerical models
Raw data of physical experiment of debris flow

(purpose) collect and share trustable experimental data by conducting
detailed indoor experiments in various conditions

(exper imental condition) vary bottom slopes, debris characteristics (density,
composition, water content, etc.) and bottom frictions

(measurement) measure surface elevations, transport velocity, impact force,
runoff shape etc. using supersonic waves, high-speed camera, pressure gauge
(open publicly) open data to researchers and engineers by uploading final
data in the KAIA grid system
Experiment Guideline for debris flow

(purpose) Gain trust for physical experimental data by standardize
exper imental methods

Describe gate type and operation method for starting debris flow, list of
measurement items, measurement method, and notes in measurement

Expected
Contribution

Develop dispersive and nonlinear numerical model to analyze debris flow

The model can be used in accurately predicting debris transport and map

The developed governing equations can be used to help others develop advanced
model for the debris flow prediction

The developed model can be used for engineering companies to expand projects
oversea in the area of disaster prevention

(O Conduct physical experiments to analyze debris flow and open data publicly

Open experimental data to researchers and engineers by uploading data in KAIA
experimental facility sharing system

Exper imental data can be used in comparing with numerical results to verify
numerical model's accuracy and also in debris flow engineering works

The experimental guide after standardization can help other experiments'
quality

Keywords

) Boussinesqg numerical physical
debris flow . i . data share
equations analysis experiment
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AL (7)2 vtEZAZAA (2)of sk, n=0,1,2,---0 H2|5tH CI2 HAAMS S 5+ AUCh

(= o) - <s—b>[ ( @) ( i)}

8t+<v V)v+ng +av +gf+ 5 VI Vb ot VbV ot (11)

(s —b)>? ( 35) ( ov )_

VIV (s=bVis—=b|Vv o |0

Al (1)l A 2AEE FAISHHE CFS A2 28 = Ut
Z—j+(a. V)o+gVs +av+gf =0 (12)
Al (9),(12)7F EMRE 2o|5te MapA Aol Saint-Venant A1z Slsh Al (9),(12)0] EMFE
B 9o|5l= Peregrine(1967) &2 Boussinesg &&Alel o] A2 HM3ldMe= 24 o7
w(=ho/ly)7t 22 HMafjollM d|mA H&six|gh, T grol 1ol 7H24H 2 AsiolA FEMol Eolx|=
SHAIZE Aot MGl ME MeM S &tE517| 26 e 2fES HE. M8 -2 2sadA2 o
=3 &t

0 _

54—(1 =—gVs+ O(e p*) (13)
Al (12)E 0| 85tH cts &AAE ¢2 £+ AUt
—y{V [Vb- (%ﬂz); +VI[Veb- (gVS)]J: O(e, pt) (14)
—7{Vb[V . (%4—&)5 + Vo[V (gVS)]J: Ole, 1) (15)

J _

—7{v{v -(nga v|+ VIV (ng)]] O(e, 1) (16)

4 (14),(15),(16)2 224l (11)ol HUsHH Cl=ot 22 &y 2S4S €2 & Ut

v - (1 9
o +av+gVs+tgf+o- Vv+(2+7>(s b)[V[Vb(atJra v

2l AlolM y(=1/15)= Boussinesg wHAlS| MEME MS|7IX|] 2H&517| fla AFZE ofzHE#H 40|t
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(Madsen and Sorensen, 1992). &l (9),(17)0] EMFRE ZolstHM A7IX|] HEMo| EHEE=

(b,s) ZtEe| =H&8 Boussinesqg A Alo|ct o] Alg S4MHQl (n,¢) ZHEe| =& Boussinesg gt
MAaloz ¥HSIH ch=2nb 2ot
3—§+v [+ 0)v]=0 (18)
£+a5+ Vet f+5-v7)+h—2v{v (a+a) } (19)
ot g g 6 ot
1 d
— 5erhv v - h§+a v yghV [V - (hVE]=0
07| ne= Hosaoll, ¢£ BadsHE 78222 st s=He ol

Hybrid REHHE RERtEMS AL8SIl Xuiwm Aol Alzio|2ae ALslgct REHMHoRE
1

=
O|F&2 AtEst7| fIstod ZAMEQl Riemann solverg AFSsIct ™Al (9),(12)8 4%

7 Y = H(U) (20)
2 Aol A
—b
v {(ss—b)u} 21)
(s—b)u
Fo) = (s—b)u2+;g(s—b)2] (22)
0
2
oo -2

Al (20)8| AlZto|R2&EtE E2|® (splitting method)& AFE5t0] AESIFCE & HmM chAO|A A (20)
7

ol H(D)E M st ch5ot &o| A5t Ct.
. At
Uz‘p: U _A—x[Fz‘Jrl/z_E‘fl/z] (24)

9l AloIM n2 sEe AlZH SHE 2ojstn, pe ol (n+1) HH AlZF SHES ojEh A wiy
Eflol A olsurMAlo=HEl £A EMo £% E o7l TE. E wE chHolM Al (20)°]

oF(U)/oxE M 25t ct3nt Zo| RX25I% .

A (20)9] 2sLEAMOM P=(s—buE T2I5tH 4 (25) CtS2t 20| T 5 UCh




St cH(Nickovic et al., 2010; Paik, 2015).

n+tl__ pp
r — PY_ pr_prpnti (27)
2 Aol A
E?=g(s" —b)(S,— pcosb) (28)
2| pb
p_ _gn |P|
R o

r

S tm chAolAM el A (25)-(29)ollM p= TRl 5 HM A|ZF CHAE 2fo|Shot
Al (20)e] Zto|g2st2 XHEs5H7| s TVD(S, Total Variation Diminishing) SENS] WAF(F,
Weighted Average Flux) 2¥S A5t Al (20)0 U= o|F&el F of ¢ XD ;+1 X&E A}

dH=
ole| #t2 CtZ=t Zof AlLstAct.
Foitp= (F+F —li ign(c*) AL, |, AF " (30)
i+1/2 = 2( i z'+l> 9 Stgni\c J Ay /2 4L 4 1/2

o47|M W(=5Wat/a2)E o sWap BAE Courant 011, 4F%,, € i XA i+1 XE At
oloffA 2] flux jumpZ ChSot &0 FstACE

AE‘ﬁ /2 = F;‘k++11/2 - Eﬁ 1/2 (31)

£5k Al = WAF limiter 52 Cf

0jo
=
my
=)
kEl
e
_°,£
2
in}

Alcrp =1-(1=le)) BG) (32)

iy

of7|M W HAP zhel ol iu| EA|Y ALR Al HXFE zhe| ®fole| H|EAM Ch2D} ZHo| EE

Skt

n n C/e>0
qi+1 4;
L) (33)
q q
H};Z H;Ll e <0
di+174;

9l AlM g(=s—b)= EAM9 =ololct =t B(M)= limiter B5=2A CHS3F Z0| van Leer

limiter &5 AFEZs5I¥CHToro, 2001).
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EESE flux & Fy gtHo = chg3b 20| HLL approximate Riemann solverg AFE SR

7

_12_



Fy, ifo<s;

Spbp— SpFpt SRFL<UR - UL)

HEL, = S.—s, , ifS, <0< S, (35)
Fp, ifS, <0
O{7|M S, Sp2 22 AF, 2LEZ AXE ML ot F=HX|(wave speed estimate) 2 CHS 2} 20|

Sp =uptagqp (37)

—

oA7IM a; ape 22 {1, RLEZS AAEHOIM S| mt(wave celerity) 22 22t 20 EFHSICE

ax=J9(sx—bg), (K=L,R) (38)

S, g, g2 S 20|

FH
o
_O'L
¥
n

I + ) e
%, if b >y
5 = 0 (K=L.R) (39)

1, if he < hy

04 7| A

(hL+aK)+ (ML_MK)

I
=
=

/N

Q

EMo| e Tzt EAMo| g2 FZtel ZA, = wet/dry bed =M S, 5,2 ct2a Zol EH

St

MR—ZaR, lf(hL:Oth>0)
S, = (41)
up—ay, if (hy >0, hp=0)

ML—’_ZaL’ lf (hL>0’hR:0>
Sp = (42)
ugtag, if (hy; =0, hgp>0)

2 Aol AIRSHE XA 7|Ho| AsiH oz EdET| I20 XAl ot ME &HFHY|
Courant 2| Atstgte & eIt Act Courant =& HMsl= O UM EMTJo| &£E 4 fot of
L2t opEholl ot &9 OHEERE o, & zZetet HeIt Arnt w2tM, Courant & Cf32t Z0| EF

st cH(Paik, 2015).
CFL= [max(lul,u,)+c] —— (43)

0{7|M up cof OHEHEE 4, = CHS2 20|

kI
ol
_o'ﬂ
¥
o

c=+g(s—b) (44)

_13_



2 2

nu
uf—\/g(sb) (_b>4/3+/zc050 (45)
w2t , x5S st 2 dol =x™H2l ot Mo| &E == Courant =(F, CFL)2 Mt & &
At E crk33b 2ol Hstct

Az
At = CFL (46)

max (Jul, u;)+ ¢
o =4 1X12 &28 Boussinesq HE4A £Xx|2E gt

Hybrid #stdld ®SHAIEHES ALSSH0] X[t Ale| AZID|2&2 AESIRC RSBz =
o|F&2 RI25H7| 215t ZAFE2l Riemann solver® AF235IQICE 228 Boussinesqg 2HA 4|

oU = oF(U)
ot dx =H) “
2 Aol A
e
(s—d)u
Fo) = (s—b)u2+—g(s—b)2] (49)
0
_ 2
H(U)= g(s—b)(SO—pcosﬁ—m)-i-y/ (50)
U=(—bu+ (%Jr 7)(s—b)2bmu+2(%+ 7)(s—b)2bxux — (%+ 7)(3-[7)3%“ (51)
1 1

l//:—Z(f—l-y)b”(s—b)u[(s—b)u]x—4(§+7)bx(s—b)ux[(S—b)u]x (52)

+3( +v (s—b)zum[(s—b)u]x—(%+y)a(s—b)2(b”u-}—2bxux)

+ (%4— Y a(s—b)?’u” —yg(s— b)2<bxxsx + besxx)+ yg(s—b)gsmx

Al (47)9] AlZto|2&2 3Ate| Runge—Kutta &S ALEsSH0] CtSot Z0| Xt2st cHDutykh et al.,

2011).

1A gt= (53)
2I:|_|-7:” U;n U"LZ (F‘Z+1/2 F‘Z'nfyll/z)_'—dt]{l'nYl (54)
BetAl U= - [ (Fhye = Fhy) + %(5”421/2 E”fl/z)hl’l‘( " LIIH" 2) (55)

. At . .
ZBchA: Ut l= U - Ax[ (e — Fhs)+ (E+1/2 F721/2)+ (F‘z+l/2 F*l/Z)} (56)

4 = _n,l_'_i 71,2_’_7 _11,3)
At(GHZ g T g

_14_



Al (47)e S7to|2&gs AHESH| fIshA MseHAlo|M ALZSH W (S, Al (30)FE 4l (46)2 1}
H)2 A23SHECE &, TVD(E, Total Variation Diminishing) ®Ei2] WAF(Z, weighted average flux)
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- HiE FAo] 2K U= R £H 1A X2 HAF 3 Y Mg = o dMu AEH(Do
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- Hieto] AAlo| 2yt AP £H 11X FAEH ZHFT 20 USGSS LHAtEl mE EMFR AEH
(Iverson et al., 2010)0lA] £4 Z0| A|AHE H[
o|= USGS(lverson et al., 2010) AATFE 2 31°2 ZAAIHAIAM RI|J} 6m°2 EAM B ZIXPY|
O AALEHE 2HMA[Z] EAMO| ofgf 2 Z2{i2l2, 6m~53m ZEOo{&l X|Hd U= EM(FHA: 12cm,
ghed|r 0.25)0] FAIET, 2.4°2] AAAHM EMHE = s ZEHMHSZ M s sk
=) EHollAl 32m, 66m Ol 27 X|H(F, Gauge 1,2)0 EAM zolo A|AES EHFIY
). dAtEel Zol= 95mo|1, ZALHS| Z0| 31° AAIHO|A 2mo|1l 2.4° 2

[=] o
M 4mol|l, ZAtHo| z9 H =0[7} 1.2mo|Ct. & ATl ML HAZ ALESto] ol2et EM
=

L.I
ou

2 A Zostct EAMo| Y
X 1, EMo| YROIEZ2 ¢=15°0|1
6=0.250|11, E4d|= 1=0.650
22 ¢, =40°0|11, HIEH =22 &M
4t & Hot7| flsf CFL=0.52 FIrCt.
ol 32met 66m HO{Zl X[H(F, Gauge 1, 2)o EM =
Aol e st XA ATt Ouyang et al.(2015)e] %

I, HiEe] =EASE czzzoml/zs*om HIER| 29| Lf £ OpEr
=3
o

= AZutel SYEMHXEE B H
W3 CE Gauge 1 XA EAM F=o|7} 7|0 12cmO|f X2t EMFIL TEtst & HiE FAlo| g
M35t0 12cm O|st2 Ztotxl ZdE 2 F= Uch 2 FX&iA 2z ozt FAls Z HsstUct
Gauge 20iAM EA Z=o|7} Z7|o OcmolUX|Tt EMFIL TESH & 2353 E[Zo| gHM3sto] <of
5cmZ &7Iet A2 & = Uch & AT F=XAHHZAII} Ouyang et al.o| Fx|AAHZEC EN
=0|& O H&s| Meistct S5 & AT Aot EAM ol |Chgfo] LMst= AlZtS HEts|

A 24 5k o

g
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O3 27. USUSS| ARALE] A EMF Al ME (HE EA 2R) (lverson et al., 2010)
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(&, Casel1~16)2 FE35t¥Ct. ok HIE EALS| =02 0.1mE & ZA(5, Case09)2} 0.05m
2 & 49(5, Casel0~16)2 TESIFCHIE 29 &t=x). £5H ZF Aol EAL| shpH|Q} HIE E
Atel &d|2 ch27 FAuCt

2 o 7oA Casel2~142 A0 MLLWHAIS AL25l0] 0|35t EAM| Mul, Z Al EXM HAMS
x| Dolsigict EAMol = ps:2350kg/m3§ F1, Manning® HIEZEZAHFE ,=0.018
m V352 FI, AXNLZHES 4:=0.01m= Fch oA 1.93m, 4.21m, 7.21m, 10.20m =izl
470 X|™(ZF, Gauge 1,2,3,4)0 EA =0l AAHLEE EHsto] RIMHADR} HAMHXIZE O
g 30~330f H|W3IFCE ZE FRol| STl 5*4 =0[o| =thx|7} UMst= AlZES XA FO|
Z MEstch A2 EARe| Aol AbFol O %ol 2hysIict EAS| EAlo| wlst= B2 &
Alo| 2SR ebe Aol Ha) $xl2yel MeTIt WojXct ols SHRo|l Mulsts EANRF HIE

EAL 2he| dEtH ol b0l ofF =S| 2ol et sz EohECt

(c)

02 20, SO{EATLONN FHE EMF MM BIT EAL X (B1E A4 LH):

(a) Case09, (b) Casel0, (c) Casel1~16.

_42_



E 5 SHEATH EMF AE A £XAE =7 (HE FA dhd)
7 & Case09 Casel0 Casel1 Casel?2
EA} el 2l 2l 2
EAL AHA 1.6845 m 1.6845 m 1.6845 m 1.6845 w
EAL =2
2.2741 tonf 2.2741 tonf 2.2741 tonf 2.2741 tonf
(A =AER)
EAb Y
2o = 0.9548 tonf 0.9133 tonf 0.9346 tonf 0.8245 tonf
=2 ZTeted| 41.99% 40.16% 41.10% 36.26%
HIEF E A} oaj =kl =kl Daj
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= S o
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(d)

Google X £):

(a) t =0s, (b) t = 100s, (c) t = 200s, (d) t = 300s (Google earth, 2012).
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e

4. &9 4FHF A A4 THeA
P EHF 94 fEAAE Add Jids 343 siste] A2=H008

919k 2ol A - A5
2019%¢ 129 23Y

HHE A%A ,j:J 2B
Az Bela} afg 4 A

HAE A4A Ay g A

2 45, 4 MY EOA
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Z0% 7t 2t

Dolod - DSC-RX100M5A o M Z=A} : Sony
TM 4= 0 of 20.1H 7HEHA

Bl =7% : ZEISS Vario-Sonnar T* &l = Ztst & 2.9X
CXE & @0 2F 11X

HFR ==t : =tf 1000 fps

ZDL7i2 Fof A kol s ZhA

A oo & 7 A

1. L ESnE— S
2.7 3 2 £ % Ay DSC-RXI00M5A L <Az
3.4 ¢ 8 4 2 d9IegdAEW 1,078,000
4, A % 8 F T F 708 M AW 98,000)
5% £ 7 @ 2019, 11.19. | AARAZSE | 2019. 11. 22.
6.9 £ % 2 a7d 4334 '
7.0 A % 8 & A1) st AKBiDEAL] 1,00089 1.5
g8 7] g :
o Acfuze A4S GAREsR Aol B EA W ASOZBHIE o]

LA

s AdodaN A A A0EUA e At G

A zhal g WM ghrato] 44

o g Faly fEE Al 27 ’.\JH
e BELS Sl ol A FAlg) Bl Addnizdl, ¥ S,
FEALEA W le] Mg AfA, uRA 5 e Eo] doke] Ay

A8 QABIHAE FAAR B Aokl vt WEAHY A 512
ARG A A AGRFIL Fo WU ASE sopsti ojd4AlE

A # gt ek

2019. 11. 15.

% £ 1 AEENA $4T IR U, XU 33
A-48Z (@A =37}, AZA=)

A & ¢ A o] q o] =) & 586—46— 00346 P>

W B Az d = (e)HoMoNg  Ey2 @

Al AEHHE : 586-46- msad‘ 1'§Jt!=-=a’oe Mg
TR HH
AF W E:Fwey Olwflolnm-EOZrl%:Mﬁ

a3 46. =% Fi0|2H(Sony DSC-RX100M5A)

Ral
=]
A

2
N

Dood - | PS36 o M| Z=A} : Leuze electronics
UX[HE] : x—= 600 mm / z—& 800 mm
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o 2@ 2olX : MM

= 20| 2 : 2M, IEC/EN 60825-1:20007
o SFAIZE : 10ms

o S| 0 200 ~ 800 mm

o QlE{H|O[A @ oY

o x—-&F Eafls : 0.2-0.6 mm

o -5 Ealls 0 0.1-0.9 mm

T8 47. LPS36(AMHZ=AT|)

- 3D XA

o poigy o M Z=A} : Leica

o 58 £5& : z0f 1,000,0000]4 / =&

o EH 72| © Z[CH 40m (Z|AHA HEALE 35%)

o EYYEE © 100mAHz[ol A 6mmol st

o EYZE (Angle) EE : /5% =25 8°0|5t
o 58 7ts @l : Field-of-view, 360°(H) x 270°(V)
o 3%t EE(X, Y, Z2) gAl ZE(Intensity) 5 Jts
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4) dg =2
S EME U M 7| £4 HA
s Z :15m o =0 :1.0m
a Z0| : 2.246 m o HEERZAL @ 20°
o EMol & XA 1 1.6845 m*
| 2.246 m |
I kI/
1.0m
20°
/
J8 49. ENM =7] gt
- AdAl(sand)el E=EE2M(MIIE AlIE) 2t
= 1A AIE 27 AlE
HedF(mm EAMNSZ(g) HE2Z(%) EASE(9) HEE(%)
0.075 12 1.3 5 0.5
0.106 9 1.0 5 0.5
0.250 60 6.5 49 4.8
0.425 219 23.7 205 19.9
0.850 300 32.4 416 40.4
2.000 197 21.3 221 21.5
4.750 107 11.6 108 10.5
9.500 21 2.3 21 2.0
1.200
1.000 T
"'le' AIE’-:'E /—“_'
0.800 2
3
Ol
BH o0
x|
o 74
=
o
0.400
0.200
0.000 .;':':"-1—_./:-/-:-::

0.05

0.4

&d (mm)
50. A& Al(sand)el &&H

3.2

6.4
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o D,(Hd) : 0.669 mm

o M3 AH(sand)e| AZCIIE © 1.35 tonf/m’
o A& AHsand)el LHSFOFEZE @ 34°

o Aol AXCHRIEE 0 1.404 tonf/m

o Aol 335 1 49%

M =A
¥ 6. SHEATH EMF AEH =A

T = Case01 Case02 Case03 Case04

EA} =kl 2l e+ XRp2 el +Xp2H
EAL S A 1.6845 m 1.6845 m 1.6845 m 1.6845 m

_ 2.346 tonf 2.346 tonf
EAl & B
2.274 tonf 2.274 tonf 2all : 2.205 tonf | 22 : 2.205 tonf
(A= 2El)

A2 0 0.140 tonf | Ak : 0.140 tonf
=9 & Y 0.684 tonf 0.852 tonf 0.729 tonf 0.788 tonf
et 30.08% 37.45% 31.07% 33.60%
T & Case05 Case06 Case07 Case08
EA} D+ X2 D+ X2+ Daj+ Xz el
EAL S A 1.6845 m 1.6845 m 1.6845 m 1.6845 m

. 2.435 tonf 2.435 tonf 2.435 tonf
EAL & B
(24 Abef) 2ef : 2.014 tonf | 22 : 2.014 tonf | 22 : 2.014 tonf 2.274 tonf
- AbZH : 0.421 tonf | AFZ : 0.421 tonf | RFZE : 0.421 tonf
=9 & T 0.552 tonf 0.687 tonf 0.730 tonf 1.072tonf
ZEetd| 22.7% 28.2% 30.0% 47 1%
T & Case09 Casel0 Casel1 Casel?2
EAf oaj oaj oaj 2el
EAF XA 1.6845 m 1.6845 m 1.6845 m 1.6845 w
EAl B
2.2741 tonf 2.2741 tonf 2.2741 tonf 2.2741 tonf
(A =AEl)
EAL L}
ool 0.9548 tonf 0.9133 tonf 0.9346 tonf 0.8245 tonf
=29 &
=g ZEeted| 41.99% 40.16% 41.10% 36.26%
HIEE EA} Dej Daj Daj ey

IEENEE

ZAIR 3H% 5 m

ZAIR 5t 5 m

dAZE SY 5 m

AAIZ 52 5 m

HIE EAL Y

1.0125 tonf 0.5063 tonf 0.5063 tonf 0.5063 tonf
(A= ALEH)
HF= EAL LY
0.2625 tonf 0.062 tonf 0.108 tonf 0.095 tonf
2o 53
HEE EA}
_ 25.9% 17.58% 21.33% 18.8%
Bl
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T & Casel3 Casel4 Casel5 Casel16
EA} el 2ef+Xpzt Def+Xpz 2
EAL MA 1.6845 m 1.6845 m 1.6845 w’ 0.421 w
2.5603 tonf 2.5085 tonf
EAL B
e 2.2741 tonf 22f : 1.999 tonf | 224 : 2.049 tonf 0.568 tonf
- c AFZ : 0.562 tonf | X2+ : 0.459 tonf
EAL oY
oot 0.8639 tonf 0.8043 tonf 0.6065 tonf 0.206 tonf
29 =&
EAl Sketed 38.0% 31.4% 24.2% 48.9%
HISH EA} ol ol [=ETES =L -
HIZH EAF X AAZ ZL 5m | BAIZ EY 5m | AR B/ 5m -
0.5063 tonf
HISH EAl =2
0.5063 tonf 0.5063 tonf 2 : 0.456 tonf -
(A= 2tEl)
XHZ : 0.103 tonf
HEE EA} I-H
0.092 tonf 0.0705 tonf 0.1566 tonf -
2o &
HIE EA F
_ 18.17% 13.92% 28.02% -
=i sl
5) EMF Mul 1 AAE
- X1 EXAX| Calibration Test
o EOA AZ SHA - EOA #1, #4 1 800 cm, EIOA #2, #3 : 500 cm
(a) TOAH #1
v =0.858Fx+ 59625 ,
800
I R*=0:9999 "* :
700 ' /

200

300

a0 700

S00
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EER|

200

100

F00

200

100

(b) A #2

v = 00004+ 08072 +21 1&3}
o — noooo
m g g g /_.r'
f.r’
prg
s
f“;
[~
100 200 300 400 500
AEH
(c) EH #3
= Sar-1 5’655_,
R =09 P
P
-
=
Il
1
P
rd
i
P
"
E 4
&
100 200 300 400 500 800 700 800

Ilﬁ
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(d) DA #4

o000
- ] ¥ =[0.0002:2 5 087624 F 15974 | |
R:=09958
400
=
¥r 300
U
200
100
L8]
(4] 100 200 300 400 500
H=H
a2 51, 4/'E EIA Calibration test Z I}

- EAMRF MO 0 AAYE AF 20
S

=
o Case012 MEAL Refzot TM=0f YT, Fule 30.08%2 29
s AR UNXFEO JBHE £7| EAR BT 20 ASE
° EAR YMX|HO| J1E It gage#1olA HOf EDE 260 mmE ASE

o Case02= AEHAZ} Zef20F £MHE0 AT, SFH|E= 37.45%2!
o St4=H|7} CaseO1ECt =of EAF diM OI§_ EAM

o Case03= AEAPZL Zafot A2 M=o U1
[e]

=
o Aol 5 gREO0 A7 SHX|EE XAp2O| AK|SHE

42

e
= EIOJ HEH ZAst

st 31.01%2 el

H|Z0| 6% =2 ot Case022t FAIEH 5§

o Case04= AeAPZL Zefot Atz FH =0 AL, 2pH[E 33.6%¢2 29

o MHM oz S5 EME Casedlzt RAE

o Case05= A eAZL Zefot AtZz FH =0 1, ghpH[= 22.65%2 47

o Aol MA A AtolM XX|stE HIS0| 17.3%

ol
(ol |
o 2H7F ©71 mZol adHe S48 2ol EMF AU EAIF LIEH o| R0l

Al

o OlE S

o Case062 AeAPL Zefot Atz FHE AL, 2pH[E 28.2%¢ 29
X

o &H|7} CaseO5ECH ot EAT FJF = 1Fo0| CiclE o5
o AR AR BrleE XE 2Rl /XIS gage#4dl M=

287 71 2ol Aol EA0| E|M=[0] of2f 2 MulstX| &F7|

600
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o

o

bl

at8|7h 28.2%2 AT fM3 AMAQl MAES JIXDE Al FAD Wk TZHHAIR

oot

(=]

steholl E|&Mol LS 7| miZoll ofet &2 Zuprt LtEHE

[}

Case072 AMEAIZ} et X222 FAMEof U1, 4H|= 30.0%9 A<

Sh=H|7} 30% 2 gtd|7} H| =8 Case01, Case042} FAle 522 £l

E0|8t M2 gage#4ollM = E107} gage#3ECt =7 HE=E

Case082 AMYAPL 22 FAE0 UL, SheH|= 47.1%2 29

2 AMEoM Gage#l2 EAMT &M EHX|(Gate)oll HF Jbrtol fx|si Data #HIZE0| Moz o|F

OXIX| &3
S+80| 47.1%2 ¥ =20, Al
b Hlm™ A AEE

Case01 %! Case022} HuFES mf, EMF FH= &80 sz Z2&2 Holod, ol ¢

A7 2eff 20 2MEl Case01 2 Case02ECH EAT Ty

]]OII

o
1o
HN
o
J
E
_|3*_
moe
3
oot

M 5|

o

rir
PN

s =3
g0l £24% s4Ro R S4o| 2ol LEi 5
Bl

Case09= EAMF ZdAl viEA|He HAMASS HAESH| ?lol ZAts= Stetol =4 0.1 m,

2ol 6.0 mel 2alz 7AE XY HMHAS
Case09°| EIWEl Al JgolA FHMS %7| sjctxgiol x|y % rErLH
NEZ Case0ss] MHEAGME HARCIE 2 Hxo| WHsE Hoz HED

ez Asieiol xS0l EHF SEU HHE 3

[== R |
HISHX|gdo| 7t 0.1 mZ H|uXN =1,

= 20222 2E5t0] EHo| Hdst= W22 LB

Case102 Case092 Ho| &5ttt Ze2 FME HEX| &l S 7t 0.056 mg

Gage#32 AEEE UME EMFO POz HFO0| O|FHX|X| £Z

Casel10X Case09%t OIEIIX|2 HAIFZ Z|sttho| Zef 2 o|FofZl HIEX|&o| EXfsof, F=2
E[Mo| 2sts Ao Z LIEY

Casel102 Gage#1, 20lM2e| E|M 11+ Case090 H|&| H|IZA SoL} Gage#4olM EXHFHE
°F 100 mmZ H|W™ =7 HZFEH

Casel2= =z TME HIEX|HO| Az SYFo ?Ix|gt Z290l0, MFHel x| H o

Ale o qaE|n} e

Alsl ZAD} Gage#2 2 #3 Ax|olA 2F 20-30 mmel &Alo| eMElE Heoz HERSH, A
AlE2et ™27 ohle XE 22X Gage#4olAd= 2F 70 mme| E|Mo| HMSE ez
LIEFE

Gage#12 EMF LMZEX|(Gate)oll Zh7to] @[x|5t0 ®elo|st dataZl ASEX £S

EMRO 0 55 F7= Gage#20l| HlsH Gage#3 I #42| Aoz I X LA LIEFGH2
0, ol= EAE EMo| M EME EMFo| ZTEEQJI HEQ HWSZ HCHE
Casel132 Casel22 &2 Xg=ZHoM ASHS sais

Casel139| &+E82 38.0% 2 Casel?229| 36.26%=2 27t ==

Casel122} FAISHA Gage#2 % #3 x[olM 2F 30~40 mme| EAlo| eMst= Ho=Z LIEHH
EMFol zof FH= Gage#l, #3 & #40AM 2F 250 mm=E H|XsHA LIEHG2LE, Gage#20i A
= 2t 130 mmZ H| W™ DA LEHS

Ol EAF ZdAl 2t Al Jek(rgatae 5§ gaholl ost ez ek




Casel4= Casel2 2 13z} &2 X|gd=ZAHo|
ool EHAlZ HAESI=E AAEZ9 X|Hi2
X

Casel15= Casel4l} &2 X|g=x=70|, EMFE &Y
8 25 Zej+xizas Mgg

EMZO| StpH|7} 24 2% 2 HWA oLl X|HES
Lo

ir [

AMAAT Gage#3 XA 2F 20 mm<e| FAlo| LIEIL

depth (mm)

depth (mm)

-
o
o

w
o
o

N
o
o

200

-
a
o

-
o
o

o
o

o

w
o
o

N
o
o

200

-
o
o

o
o

o

time (sec)

DeEjlz

(a) Case 01
r 300
I gage #1
I gage #2 250
3 gage #3
L gage #4
L 200
r S
[ E
B = 150
=)
i Q.
r [
- T 100
- 50
h A R R 0
0 5 10 15 20 25 30
time (sec)
(c) Case 03
r 300
N gage #1
I gage #2 250
3 gage #3
L gage #4
= 200
r £
g E
- = 150
it
i Q.
r [
- T 100
- 50
I A M
Ly Al b 't \
b I 22 3 o ) 0
0 5 10 15 20 25 30

o

SMRE YHATIE WEE DeRILE PYE
T4
r

EMFO g480| 31.4%=2 v|my Sol FA FH7

(13
=

°F 10 mmEZE = LIEtL

Al Al
=1 =

AZlE M=e

ook

2 9let uictx|

ikl

THSHE EARS| S E2 28.02% 2 H| WA

(b) Case 02

gage #1
gage #2
gage #3
gage #4

o\\\\I\\\\I\\\\I\\\\I\\\\I\\\\

. 15 20 25 30
time (sec)

(d) Case 04

C\\\\I\\\\I\\\\I\\\\I\\\\I\\\\

gage #1
gage #2
gage #3
gage #4

. ‘15‘ 20 25 30
time (sec)
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depth (mm)

depth (mm)

depth (mm)

(e) Case 05

(f) Case 06

300 300
[ gage #1 [
i gage #2 i
250 (- 250 [
3 gage #3 3
L gage #4 i
200 200
N 1S N
i E I
150; = 150j
=)
[ 5 |
N [} N
100 - T 100 -
sof 50
0 o s 0 1 L o
0 5 10 15 20 25 30 0 5 10 15 20 25 30
time (sec) time (sec)
(g) Case 07 (h) Case 08
300 200
I gage #1 I gage #2
250 gage #2 I gage #3
3 gage #3 3 gage #4
i gage #4 150 [~
200 | — |
i £
g E
150 - = 100
=)
r Q
r [
100; o
I 50
sof
i e o oL 4
o b 'A‘%ﬁ%."!ﬁﬂ( [V 4] 0 h X 1
0 5 0 15 20 25 30 0 5 0 15 20 25 30
time (sec) time (sec)
(i) Case 09 (j) Case 10
300 300
L gage #1 L gage #1
250 |- gage #2 250 | gage #2
i gage #3 - gage #4
200 | gage #4 200 | initial ground level
F initial ground level ,g F
150 | \8’150:‘
g s |
100 |- Q. 100 |-
[ (] [
[ °T [
sof s0f-
0f 0 ey
Lo Lo
505 25 30 505 25 30

5
time (sec)

5
time (sec)
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(k) Case 12 (I) Case 13
400 - 400
350 f— gage #2 350 f— gage #1
o gage #3 [ gage #2
300 - gage #4 300 | gage #3
s initial ground level s gage #4
—~250- —~250~ initial ground level
E T E T
ézoo:— ézoo:—
= =
‘6_1507 '5_1507
o o
100 T iof
sof sof
of Of
7\\\\l\\\\l\\\\l\\\\l\\\\l\\\\ 7\\\\1\\\\1 Mt
505 5 10 15 20 25 30 505 5 10 15 20 25 30
time (sec) time (sec)
(m) Case 14 (n) Case 15
300 400
) 0? gage #1 350?— gage #1
S0 gage #2 B gage #2
L gage #3 300 | gage #3
200 |- gage #4 F gage #4
— initial ground level —~250 - initial ground level
€ N 1S I
Enor £ 200
£ £ ook
B 100f B 150
o I o
° N T 100 -
50;— r
r s
ok VSR o i ey o F L" >
5 e VAW L Wy g vLY, e 0 ; [P Btton A
.o by 7\\\\1\\\\l\\\\l\\\\l\\\\l\\\\
505 5 10 15 20 25 30 505 5 10 15 20 25 30
time (sec) time (sec)
O8 52, EMF BIOHSE A|AH.
6) EMF Mo &
- EMF MO E 0% JHH2tE o835t ASE
- T2 HiEo| 2dH Aoz =38 7|12, =1L JiH2tE &85t0d Yt EMFRIL =53 X
L7k A7 Solgtozi MUSEZE SH
— Case040i et =072 Y AH(100 fps)E Chat &3
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i —

4

>

Ol

J8 53. AlZboll w2 EMF M} &4 (Case04)

0
0.
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flow speed (m/s)

flow speed (m/s)

flow speed (m/s)

10

©

12

10

©

(=}

IN

12

10

©

o

&

| =Y Zt= o3 32
(a) Case 01 (b) Case 03
12
| measured data | | ] measured data
- approximation (V=2.5885t) approximation (V=3.2184t)
- 10_
. |
é i
= |
Qs
Q
7]
2 .
=
2
]

2.0 4.0 1.0 2.0 3.0
time (sec) time (sec)
(c) Case 04 (d) Case 05
12
measured data : ] measured data
- approximation (V=3.5405t) - approximation (V=2.5469t)
- 10_
. 2 L
| £ | u
| = |
L g 6
] u % EEE
2 .
(=
2
] 0 P .
1.0 2.0 3.0 X 2.0 3.0 4.0
time (sec) time (sec)
(e) Case 06 (f) Case 07
12
L measured data | ] measured data
3 approximation (V=2.9275t) 3 approximation (V=2.9564t)
. g ol
L - |
= [ | 3 6
| a |
- w -
X 2 L
[ = [ "
L [ L1 L1 L L1 L1 L1 ‘
1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0
time (sec) time (sec)
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(g) Case 08

] measured data
approximation (V=3.8854t)

flow speed (m/s)

o
L B S S S B S B B N I

3.0
time (sec)

a8 54, EMFR MR AE Z20

o EMRE2 MuEEot AlZho| Xgol w2t WalX|= JIERESS St A2 E LEHE
o EMRO Mul JtEE(a)= dV/dE AbtSto] T £+ US
o 2|7 228 EARS Mo JiEEs 3A e
o MAYEE Soll EAF pdet Mut JhEEote| HAAS ST Zo| =&F
a=0.0858w,,,;, +0.5399 (77)

0{7|M, o= dut IHEE, v, EMFE &HIE X

10

- [ | measured data
T ~——— approximation (V=0.0436t+3.2222)

average flow speed (m/s)

L L l L L l L L l L L l L L
%.0 10.0 20.0 30.0 40.0 50.0
soil-water content (%)

O 55 EMF Mul Al efpH[of JHEE ol A

7) EMR BN g
- EMRo| EMYME ZEZOIX], 3D XYAJH X oM AFHESHT|E o830 HASE
- 3D XA E 2mm

— Case01 ~ 089 x7| X|&g2

>
Hu
=
nx
Rl
Mo
o
0
mr
oX
o
Hu
b
N g
o
ne
oo

— Case 020] tist EMF E[MYEAS ot OB 2 &5




Case 022 A% &+80| 37.45% 2 H|WH Zof =2 AAII Erls= XEM =of EX 20|
7 140mmE HZE

Case 042 2% &8 33.6%0|0, z[tf E|M D= 111mmEZ ASEHAJA20M, Case022t OEIITIX]|
2 FRo| AAMI ELte F2ol T2 EHo| Zdst

Case 05 | AP &8 22.7%=2 HluwH Stol EMFIL SHF 2F 3.6m XE™yIX|2F Mustg oo,
AAL 2ol X = A A (y=0)ollM Z i E|MT 117.69mmE HZE
Case 059 Ao AAIREI} L= X|FHolM EXo| =2 gAsh

Case 06 ef& 28.2%2 EAMFII StRE 47 Musiien], zof EX 1= 284.88m=E A SE

dALFOl= el EAZE Hotb AKX @

Case 072 &8 30.0%Z Case 07HC} &g0| 27t zoL} MEIMOZ Case 062} FAFS
ElMdygas 22
Case 07 YAl BALRoll= EAE Hel Yol UX| &S

Case 072 z=2.6mECt &7 FHolM A F0| Y&35HH O FOX|X| ZHZ

Case 082 &8 41.7%0/0, EMRI} 2efjz2ot FHE =722 SR 5m X|FHHXA| © utst
Aon, AR &RFE 2=4m o[l XHME Hel EM=X| s

ol 0.05m FAel 22 Kol SO Ss BT B Brie
A& (2=-0.80m) sStttoll 2k 250mm Zlol2| E[Z 0| 2hdat
m FZbel AR (y=1.1)0A 2 50mmel A4 TZho| Yw ExfE

Case109] ZO0|E z=2.0m 4At7 X|™olAM A S0| |ESHH O|FOHX|X| LS

Casel12 AAIE # SIFZ0M 2.0m AF2 oA XHEEEH 6.0 m T2t T4 0.05me| 2
gl X|&o| Exste HFE EAMTFO| ghpH|E= 41.1%0|0{, X|Hte| &H|E 21.33%% A<

z=4.0mECt 270l A | Zd3tod, z=4.0mECt stROIME E&O0| T2 Ll

0
Ztf E[M 0= QAL ELs XM 2F 1.6m &FF0AM 2 220mm FH 7t LIEHR

Casel122| X|g2 Casell1z} =gt
EMRFO| &H|= 36.26%0|0, X|Hte| &H|= 18.8% &

et=d|7} Casel1&ct MutMozZ Stop FAl 2 E[& AE2 Casellzt fFAlstLt EAI2 Casell
Hol & gHMSHL E| M D (2[c E[ ™0 2F 280mm)= CasellECH ==

Case130lAM EA{F2ol gtpd|E= 38.0%0/0, X|Hte| gtH[= 18.17%

Case132 Casel2ECt &=H|7} H|WX =of EMFI} Hct 4AH Mutst
Casel42| EMFRE Zl+XIZLZ O|F0HH US

EMZ0o| ghH|= 31.4%0|04, X|Hto| &HH|= 13.92%¢!

A =)
MU oz Atzo| =Zot=lof EMFIF HAl dosigent, g=d|7E 2ot EA2 A 25K

Case152| EMFRE Z+AtZEZ O|F0H 20, X[gh Al Haj+XtZ 2 0| F0{H
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ol gHlE 24.2%0(0{, X|gte| ghH[E 28.02%
o ghH|7t H|A Zol ZAHOIAM FAlo] I LMsSIAS
xlgte] @AM 2o T2 sHE (y<0.75m)ollA EAlo] A LHSIAS
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