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Abstract

At present, there has been a wide range of studies on debris flow in Korea, more specifically, on
rainfall characteristics that trigger debris flow including rainfall intensity, rainfall duration, and
preceding rainfall. the prediction of landslide / debris flow relies on the criteria for landslide watch and
warning by the Korea Forest Service (KFS, 2012). Despite this, it has been found that most incidents
of debris flow were caused by rainfall above the level of landslide watch, maximum hourly rainfall,
extensive damage was caused even under the watch level. Under these circumstances, we calculated a
rainfall triggering index (RTI) using the main factors that trigger debris flow —rainfall, rainfall
intensity, and cumulative rainfall —to design a more sophisticated watch / warning criteria than those
by the KFS. The RTI was classified into attention, caution, alert, and evacuation, and was assessed
through the application of two debris flow incidents that occurred in Umyeon Mountain, Seoul, and
Cheongju, Inje, causing serious damage and casualties. Moreover, we reviewed the feasibility of the
RTI by comparing it with the KFS’s landslide watch / warning criteria (KFS, 2012).

Keywords: landslide watch/warning criteria, rainfall intensity, preceding rainfall, debris flow watch/
warning, rainfall triggering index (RTI)

a OPEN ACCESS = E
Selufere] AR Pat AT AR Y A9 U A A|SARY, A 5o EARES 43
*Corresponding author: Byung-Sik Kim 5= 710 o] EX B A2 aRAY T S} ceks =) Qo AR Y EX=
E-mail: hydrokbs@kangwon.ac.kr O]'x_ oT—/] = oJJ'E =270 ooﬂ EHI_]—E]- o J’ﬁ%ﬂ'—l‘ olq D% A AL ]'EH A EAT Oﬂ—ui
=4t A AATREARAFE] 7 E W S=0] K 7] (Korea forest service, 20122 ARSI Qlet. T2t
Received: 22 January, 2018 _ e -
P Ao dy)Zako 2 B o), tlire] wshs Folu )% ol4ke] 9olA] YR Ao R et
Accepted: 17 March, 2018 1, E:_@' ZJEHAVJ_?_%Q 73_&?~ —z,—glﬁ 013}4 _% ]}\15 oo _u.] H7]_ HPAHO]. E]'(Hwang etal. 2013)
(©2018 The Korea Sosey of Engineering Wb 2 Aol AR AN G AL A1 B B8 A o] - A 7S s
eology

This is an Open Access article ’?46]] E@l‘%’ ]ﬂa]%g%cx’, C\)_Z]'?_] 7&‘?‘%]:, 7(]-_?“7C}E ‘3‘1 ’]‘T‘;ﬂ 7(]-_?“%]:’5 01’9‘6]'0:] 7::}_0!"75] E;q“%\’(ralnfall
distributed under the terms of
MM the Creative Commons Attrib- triggering index, ©]5} RTI)E AP51%1.0 M, o5 5H35} 5fo] T4, 29|, A, du] 72 LEsto] B4
ution Non-Commercial License (http:/creative- _ _
commons.org/licenses/by-nc/4.0/) which permits 7 W|S7 YT ASA] A, A, AR wsiAE 2 85to] HFsl At Tt 7]Ee] AH
unrestricted non-commercial use, distribution, and
reproduction in any medium, provided the original ol A AAX|gH AR AE 9 FEolH 7| &3} v wste] A-_A-S AESHIT

work is properly cited.



48 - USE - 0|MZ - UBH - 2
FL0{: 1At ol B 7%, 7w, AP7Fe, BAR oK, A B A
ME

Aotz Qe o715 A A o2 E ShA7 HAL Qlok. =i o] 737 22 100E 529 7122 s
A e AeE S R N ]’ P35 tHKorea the meteorological administration, 2016). ©]= <15}
5 o] F71slaL 9lom, 53] A FE R 6-9Ho Wst= B E 2 A5 F=
Sl il—t—% o]thNam et al., 2016). EAR= 2o] Hetul A7} A3t o]
= ols]] HHisl=1] o] 2 ©l oH 4 =71, 15,_/&]-_'_’/‘5__], rﬂ‘F'rE orxo 4 ol

_lH:l e

-
N
re
=
ol
i
N
il
hioa)
o%x
o
!
L

= [e]
HHH 2006\ A QAR A *—%—Erlﬂ Sl 20118 AAl, S, A, 2012Lq *W/\] 2014% —.—’1‘_}/\1,2017

W A, B 5 1 Ao EARR QIgh wjslrh v At glom, olefg gelo i A EeR ol
A0 ZA
=

oo} Zo| EARE FIA7 = 73954 9] a2 7394l EAIR wofiofl it 2717 BAIA - o|ut EAR mof o
JA4A D -FRATRE ol w83 F2olH, AAHA] -5 o1t EAIRF of ol Tt
A otH Yune et al., 2010).
A] B A Lof| A= Jan C. D. and Lee M. H. (2006)7} 73 et RTI APJHPH-E 0]-85}0] 7392 Q15 i 71535t E
AFE o - A E5E] fl6te] 21 201213~2013A7E2] WAYHE AR 2 EAIR wjolj 2] 42714 0] 7392t =5 ARES
o] AP7FH24AIZHE 13 A L FA7Ee kS 0]- 851 rainfall triggering index (RTI)E AP4ott). Tk
APYE RTIE 533 5t #PER 10~30% Y o $415d, 30~50% %2 ™ F2151, 50~70% < o 34153, 70~90%
Vg df )55 02 T4t A ofstlom, EAIR wsly ISR AA] S, AFAL, 1A wsiikelE 2
Sto] EAIR A 2179 3AIRE, 6 AR, 12417 Aof| thiet msl 55 4P-& &0l t-S- 7Fast AlRFe AP stal o w, At
goll A AAIRH AP A H 9 o] 7S o] 8ste] 28435 HESIIT

]

UE 01:0

LEEE
Sl Al ATRA] AhATe ol 7]%o] Table 13} 0] sl QLo EARC] Tk el /)L nlulet Aol
o, BARAE 201 10 SR EAR 2 204 0P EAR oA o] 741

2

[e]
AFERFAS T AP BEL AR EAT WS WEe] AT AEA] e WhE
Aolth(Jeong, 2014).

Table 1. Landslide prediction standard (Korea Forest Service)

Maximum hourly rainfall (mm) Daily rainfall (mm) Continuous rainfall (mm)
Landslide warning 20~30 80~ 150 100 ~200
Landslide alarm 30 150 200
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Forecast of Debris Flow

Case studies on the Debris Flow
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l Caution 30 ~ 50%
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Fig. 1. Research flowchart for debris flow forecast.
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Fig. 2. Concept of research considering antecedent rainfall.



Ol=24{ Hid

E45

4| F(Debris flow) E410] 5.0 2 Ssjn], 702 £4 9 B2 So] Felo] of) AAwS uet s2¢)
A ot 17} HERs 5491 @Afolct,

£ 4R fofiz 9 AEalo}o] WS Stiny (19107 0] A & QFSIRH), 3527 GAE o
o gulsh= AA]0] FRERS AR Folsiert E8 ]3] Sharpe (1938)7H AR OL EAALENS THslo]
Aol EARS A e 42l B2 mohel E40] 55o0lat 4olsl A, EAAEIS Aok A
TR ARolA] e Apel wh E A7}t Seluels sAke 2 Holstolrt.

RTI (rainfall triggeing index) 2
Jan and Lee (2006)°f] ©J5f 7l RTI 22 7470l o5 'DAstke BEARISHE AAIEC R o Sshe B o2 7
AT AR (R, 2 oF8sto] AP RTI ARTARS o2t Aot

RTI= X R, (1)

PV [ 1AIZE 7974 (mim/hn), R BT A 2714 0] 79 2 mm), EF = HT) 79 5910] 94}
A

o v
H7F9(Yu, 2015)2 T2foPL}, 24 A7 A=) OF

A=
FE Hrom 53] Faeet g ol Qs 2 Fde Tet 712 A

o - FH= FAGF= Qe AR FPALEE o 87t o H, Q7S o185 A EE P, RTICS] A% #2139

100000

= — Debris flow occurred

) . .

ge) =1 High potential > 90%

C 10000 —

o N x* % RTlgo= 3600
£ ps - X

o _ X x X RTlzg= 1895
g 7__3’(‘_____________i___;___
= Medium potential 10% ~ 90% X X x

— 1000 — ﬁ( X X N y % X X

© 4 x> ¥ %X x RTlio= 190
c — X - X LT
‘d 100— X 5 X

asy . x

E -1 Low potential < 10%

b _

10 I I
0 10 20 30 40

Rainfall Events N

Fig. 3. Concept of rainfall triggering index.
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Table 2. Calculation of rainfall triggering index

. Duration of ~ Accumulative intensity .
. . RTI
Occurrence arca Occurrence time rainfall (hr)  rainfall (mm) ( ) index
438, Imgok-ri, Gangdong-myeon, 2012-09-17 11:05 30 149 4.98 745

Gangneung-si, Gangwon-do
143, Gyo-dong, Gangneung-si Gangwon-do  2012-09-17 17:24 36 235 6.52 1534

1-3, Sodolsaet-gil, Jumunjin-eup,

) 2012-09-17 10:00 26 88 3.38 297
Gangneung-si, Gangwon-do
39, Dochon-ri, Nam-myeon, Yanggu-gun, 5 7 1639 10 31 3 93
Gangwon-do ’
1-22, Sangmuryong-ri, Yanggu-cup, 2013-07-18 20:30 9 125 13.88 1736
Yanggu-gun, Gangwon-do
5, Eoron-ri, Nam-myeon, Inje-gun, 2013-07-14 08:00 96 79 9.87 1290
Gangwon-do
Gangwon Province, Sanam-ri, 2013-07-14 08:00 7 212 2.94 623

Sangnam-myeon, Yanggu-gun, Gangwon-do




(Continued)
. Duration of  Accumulative intensity .
. . RTI
Occurrence area Occurrence time rainfall (hr) rainfall (mm) ( ) index
97, Bacgyang-i, Namsan-myeon, 2013-07-15 00:00 75 281 3.74 1052
Chuncheon-si, Gangwon-do
26, Changchon-ri, Namsan-myeon, 2013-07-15 00:00 120 333 37 1092
Chuncheon-si, Gangwon-do
1-2, Goeun-ri, Dongnac-myeon, 2013-07-15 00:00 168 477 2.84 1354
Chuncheon-si, Gangwon-do
70, Goeun-ri, Dongnae-myeon, 2013-07-15 00:00 168 477 2.84 1354
Chuncheon-si, Gangwon-do
1, Saam-ri, Dongnac-myeon, 2013-07-15 00:00 168 477 2.84 1354
Chuncheon-si, Gangwon-do
32, Saam-ti, Dongnae-myeon, 2013-07-15 00:00 168 477 2.84 1354
Chuncheon-si, Gangwon-do
2, Sinchon-ri, Dongnac-myeon, 2013-07-15 00:00 168 477 2.84 1354
Chuncheon-si, Gangwon-do
84-3, Gamjeong:i, Dong-myeon, 2013-07-14 00:00 64 154 24 370
Chuncheon-si, Gangwon-do
38-1, Sanggeol-ri, Dong-myeon, 2013-07-14 09:08 74 343 463 1589
Chuncheon-si, Gangwon-do
82, Sanggeol-ri, Dong-myeon, 2013-07-14 09:08 74 343 463 1589
Chuncheon-si, Gangwon-do
53, Sanjeong-i, Sanggeol-myeon, 2013-07-14 09:08 74 343 463 1589
Chuncheon-si, Gangwon-do
353, Sanjeong-ri, Sanggeol-myeon, 2013-07-14 09:08 74 343 463 1589
Chuncheon-si, Gangwon-do
2-1, Sini-ri, Dong-myeon, 2013-07-14 09:08 74 343 463 1589
Chuncheon-si, Gangwon-do
I-1, Samgyeol-ri, Dong-myon, 2013-07-14 09:08 74 343 463 1589
Chuncheon-si, Gangwon-do
61-32, Ottan-ri, Sabuk-myeon, 2013-07-15 00:00 151 61 8.71 434
Chuncheon-si, Gangwon-do
115-1, Wonpyeong:i, Sabuk-myeon, 2013-07-14 09:08 104 222 2.96 591
Chuncheon-si, Gangwon-do
11, Samgyeol-ri, Dong-myeon, 2013-07-14 09:08 74 343 463 1589
Chuncheon-si, Gangwon-do
27, Bongmyeong-i, Dongsan-myeon, 2013-07-14 09:08 74 343 463 1589
Chuncheon-si, Gangwon-do
31, Bongmyeong-i, Dongsan-myeon, 2013-07-14 09:08 88 359 408 1464
Chuncheon-si, Gangwon-do
27-1, Bongmyeong-ri, Dongsan-myeon, -, 15 17 5.9 88 359 4.08 1464
Chuncheon-si, Gangwon-do
191, Wonchang-i, Dongsan-myeon, 2013-07-15 00:00 88 359 408 1464
Chuncheon-si, Gangwon-do
27-1, Joyang:ri, Dongsan-myeon, 2013-07-15 00:00 88 359 4.08 1464

Chuncheon-si, Gangwon-do




Table 2. (Continued)

Occurrence area Occurrence time Duration of  Accumulative intensity RTI index
rainfall (hr) rainfall (mm) (mm/hr)

5, Jiam-i, Sabuk-myeon, 2013-07-15 00:00 168 310 337 1226

Chuncheon-si, Gangwon-do

59, Dangnim-i, Seo-myeon, 2013-07-15 00:00 85 179 8.14 1145

Chuncheon-si, Gangwon-do

109, Deokduwon-ri, Deokduwon-myeon, 2013-07-15 00:00 76 289 18 1098

Chuncheon-si, Gangwon-do
63, Seoksa-dong, Chuncheon-si, Gangwon-do 2013-07-15 00:00 76 289 3.8 1098
94-17, Jeong-ri ,Sindong-myeon,

2013-07-15 00: 2 . 1
Chunchoon, Gangvonde 013-07-15 00:00 76 89 3.8 098
100-1, Jeong:ri Sindong-myeon, 2013-07-15 00:00 76 289 3.8 1098
Chuncheon-si, Gangwon-do
79-2, Palmi-ri, Sindong-myeon, 2013-07-15 00:00 76 289 3.8 1098

Chuncheon-si, Gangwon-do
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Fig. 5. Calculation of RTI index by fractions.
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Table 3. Calculation of rainfall triggering index (Seoul)

. Duration of Accumulative  intensity Landslide
. . RTI RTI fi
Occurrence area Occurrence time rainfall (hr) rainfall (mm)  ( ) orecast forecast
2011-07-27 08:30 50 308 6.16 1897 Evacuation Alarm
. 3 hour ago 47 234 4.98 1165 Caution Alarm
Umyeon mountain Seoul . .
6 hour ago 44 185 420 777 Attention Warning
12 hour ago 38 133 3.5 466 Attention Warning
Seoul
mmRainfall —RTI ® 12hrago @ Ghrago 3hrago 4 Occurrence of Debris flow

90

80

)
% 70
E 2000
: /
£ 50
£
[ .
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5 1000
30
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20
500
10
o -|. 0
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Time (hr)
Fig. 7. The prediction of debris flow using RTI (Seoul).
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Fig. 8. The prediction of debris flow using Landslide forecast criteria (Seoul).



Table 4. Calculation of Rainfall Triggering Index (Cheongju)

Duration of Accumulative  intensity Landslide
Occurrence area Occurrence time . . RTI RTI forecast
rainfall (hr)  rainfall (mm) (mm/hr) forecast
2017-07-16 15:12 42 313 7.45 2332 Evacuation Alarm
. 3 hour ago 39 133 3.41 453 Attention -
Cheongju .
6 hour ago 36 19 0.53 10 Attention -
12 hour ago 30 15 0.5 7.5 Attention -
Cheongju
B Rainfall =——RTI ® 12hrago e 6hrago ¢ 3hrago A Occurrence of Debris flow
3000 200
- 180
-E I- 140
£ 2000
w
.E 120
g
B8 ., | Evacuation / 100
=
E Alert -
;E’ 1000
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40
500
20
0 - - e o
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Fig. 9. The prediction of debris flow using RTI (Cheongju).
Cheongju
= Daily Rainfall ~===Accumulation Rainfall ~==Rainfall Intensity
350 50
500 / /‘ “
E’ 250 / / s E
= £
JE o E
A £
I i
E 150 » :=
E 100 15 E
50
# :
e P~

12 3 4 5 6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42

Time (hr)

Fig. 10. The prediction of debris flow using Landslide forecast criteria (Cheongju).



Table 5. Calculation of Rainfall Triggering Index (Inje)

. Duration of Accumulative intensi Landslide
Ccurrence area Occurrence time . . Y RTI RTI forecast
rainfall (hr)  rainfall (mm) (mm/hr) forecast
2017-07-15 10:00 24 211 8.8 1855 Evacuation Warning
. 3 hour ago 21 106 5 535 Attention -
Cheongju .
6 hour ago 18 84 4.6 392 Attention -
12 hour ago 12 69 5.8 396 Attention -
Inje
H Rainfall =——RTI B 12hrago e 6hrago * 3hrago 4 Occurrence of Debris flow
3000 200
180
E 140
£ 2000
"]
.E - 120
[}
8 . | Evacuation KA 100
=
E Alert / o
;E' 1000
E Attention -
L a0
500
e S -—— .
Time (hr)
Fig. 11. The prediction of debris flow using RT! (Inje).
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Fig. 12. The prediction of debris flow using Landslide forecast criteria (Inje).
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