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Abstract

Landslides are natural disasters that causes significant property damage worldwide every year. In
Korea, damage due to landslides is increasing owing to the effects of climate change, and it is impor-
tant to identify the factors that increase the prevalence of landslides in order to reduce the damage they
cause. Therefore, this study used a random forest model to analyze the importance of 14 factors in
influencing landslide damage in a specific area of Chungju, Chungcheongbuk-do province, Korea.
The random forest model performed accurately with an AUC of 0.87 and the most-important factors
were ranked in the order of aspect, slope, distance to valley, and elevation, suggesting that topographic
factors such as aspect and slope more greatly influence landslide damage than geological or soil
factors such as rock type and soil thickness. The results of this study are expected to provide a basis for
mapping and predicting landslide damage, and for research focused on reducing landslide damage.

Keywords: landslide damage area, variable importance, random forest, frequency ratio

PN
Jfu

a OPEN ACCESS

N

e 4

rr
[y

AlAE o= wijd 2 At wlsiE oprlshs 2k Alslz A=A ot sjol e 715 e}
AL a7t Z7151Hs AakS Kol 1 glon, o] 2 oIt ns|E Fo|7] olsii= ALAte]

*Corresponding author: Junghae Choi
E-mail: choi.jh@knu.ac.kr

mo o
of,
ool
i

0{)1

7N QS-S Tefshe Zlo] Fasttt utebd £ A SHRE FTANA TR AL

Received: 3 January, 2024

Revised: 7 March, 2024 o mafoll JE vl Al HEel FawE W] Qi) AHTeAE w2 F8ato] 14749] Q1%
Accepted: 11 March, 2024 = Aolo] Zg e Basteld ol 7551]_ BEO] A0 AUCT} 0872 0 ATrs EO]U:], 2
(© 2024 The Korean Society of Engineeri

Geology FRwE A, A AR A4 A2, i 0 2 e om, ok BARE A5

oz
distributed under the terms of e
the Creative Commons Attri- AFetc) o]l oL Ax .‘;A]—/\ 1 3] = 7] = O] AJZAF 2l ALA Sl 7FA0) 2 A8 k= of 712 A
bution Non-Commercial License (http://creative- ]—LE} ] iy J’]- ]—EH lq H Oﬂ - ]E—J ﬂ e ]—EH lq H —Loﬂ e A L:[Loﬂ L]_ ]—
commons.org/licenses/by-nc/4.0/) which permits 22 4] sk _g_g 2 0].0 _] oz
unrestricted non-commercial use, distribution, and 1882 5 9l 71eEe.
reproduction in any medium, provided the original

work is properly cited. Z90]: A oA, M= w AP X AE HITH|S

s sanOpen Accesaricle 2] 912} } 13 B A0} 24 ek E Gl ek AbApel sl ) 2 g2 vl AIeHs 242 A



AR = AAE 02 Afstalsiel I ulsiE oF7|ok= AFA A2 (Gaidzik and Ramirez-Herrera, 2021), < %]
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Fig. 1. Area of landslide damage in selected administrative areas (KFS, 2021).

Z o] Zofoll A A TS 2| ABkstr] A7t A ]2 4 (landslide risk analysis)¥t AHATE] 1187}
(landslide hazard assessment)°]] ¥+ G171 K18 =| o] Lok AbAFE] 2]l AT 242 ARt A 715 gt AFe] A 74 A4
IS E oS0k o2, AWt o 2 Abrte] F R4 37 H(landslide susceptibility assessment)7}-$412] 0 & 4=8)j]o]
OF HH(Lee, 2022). APAFE] F o H7 k= TA| 4A8A W v} AJ=k4 Wi © 2 L EEHTH Van Westen et al., 1999). 2]

7|8 24712 /32 I 5 shEM AR FHoMd-& 7ok AR7Ee] o7& drdsto] AR Aol RE 57
51| wfzofl @ HolE AR 27 o] S]] o] T FQotch wiebA o] 7[H-2 A% T|o]e] ZAFETE
OF A7 ko] S]] Jitho] o] a5k, 7 ko] @ AP EpAo]7| wiizol| 2]l Aol AelsiA] gtk
E4& ZH=TKVan Westen et al., 1999). Z1o]| §tof]l =4 241752 27| Hlo]E] 7 ]‘?l’ *(data-driven analysis)¥} &
AR 7|5Ee] 27| (physically based analysis) 0 & FHEEITE Tlo[e] 7] FATH-2 7kA O] ARAH] Y o]
JHE o] g5to] ARALE o] e F= O]X}Q}*PA}EH Y Apolo] S sAR = ﬁ@ﬂi q, mlefo] vl =
Zof| A AAFEZF Aol 7Hs d& ISt R olth Lee, 2022). 2 AT 712 T 0 2 Hige] 2 A H-E <]
o 4= = M4l 2d(machine learning) 4710 2851 Q) O H(Park and Lee, 2022), 1 9|2+ SJAFEAUSE
(decision tree)(Pradhan, 2013), 4] ZZE 8] HX(support vector machine)(Pradhan, 2013; Pham et al., 2019), 2-53 41
A 1 2] 28l Adaptive Neuro-Fuzzy Inference System)(Pradhan, 2013), 3]7] 228)(regression model)(Du et al.,
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2017; Lombardo and Mai, 2018), d5t3} 7P X &)(generalized additive models)(Goetz et al., 2015) HGHEHAE
(random forest)(Goetz et al., 2015; Hong et al., 2015; Pham et al., 2016) 5-°] 1Tk, FA7EA] = A -2 A
2| Ho]| th-0] G e} E-E 2-85to] FE o] 2lo| 5 EASk= Hl A stol B & mAle| o] ¥Rt Atolct & ¢
ToA = AT AR S0l thefet mAled HHlo] 45 Hlw g EQt A, AU e o= REo| e B
dlof] Hlaf| 450 9p_t A 0 & YEPTth(Merghadi et al., 2020). 55| HEZ|AE= FfAro]Eof| tigh 22 2A]
7} ol BRI S 50] Hojuth= A 7HA] 7] Wl2ol(Goetz et al., 2015; Hong et al., 2015) 210 Q2 2]
estsict.

7|1EAFoA = A= AR Aol 28-S T RIS -PEAIE 4 Sl W]l tisl S5t o, oot
(Yang et al., 2014)1} 15} 1 $](Song and Lee, 2023)]| thgt 7= QARG AR wafiE71o]] =
el = AHx A ‘:}-‘T"JZ]Z] ket mEpA] 2 AFtollA= 20201 d0f FHEL SFA A AR
AR mof] 710l YRS = BE 5 olwe W 7FE o ks A mix =
8ol M- 55 FAISHAT, o2 3t A2 oS- A 2 wof| 2| Astet wof IR =B A dsh=t] et AT

F

AR

ARALER 312t 212 (landslide inventory)

AR @} 2= (landslide inventory)+= 2HA AR ARAFE 0] 2| YA A, T HA] 5 A ARAFE O] SRR
of| thigt 7|2 HE WES|AL §lof AbATE el g7 1ol T8 ek St & dtolli= At oA Alghe 191719
AR @3 2Lm 0] A R1E ET 2 EX]| A H HoflA] €5310.25 m s o AR o x5t Hll = Hoh At
SHA| RASIYITE S5:4] AbALE 0] & n]o 212 3132 ha2 E5A] WA 0] 0.36%2 AA|5HH, o] & H4HE 2R HE
S Q104710 AR @A E S o-85HITHFig. 2). BAE A @A teE AHEH A4 *LWFJH 29%+= 1
haolge] ARAH melkE AR, 31%+= 0.5 haZ Sl 1 hal|THe] ARATE] HShE 1S1L0H, U 2] 51%-= 0.5 ha ©]5}
O] ZAH] TS AT
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Fig. 2. Spatial distribution of landslides in the landslide inventory.
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2 AFA G THELE 5o fIx]otH, &= 36°47'40" o)A 37°12'45"Ate] 2t ZJ I 127°39'40" 2} 128°08'10"f| £
Z[5lf ATH(Fig. 2). S A H-2 214 HAfo] ©F 984 kmeofl E51aL, A t=r=39 moflA] 982 mAte] & 4] FEHE oAl 3l
O, H A Y2100 m of5} X[l AR]7 [ Al o] ' w0 Qi A9 TS 7IEC & FEA 92 dEet 4
AIE Hol= Hidof|, AZ-2 Adta o= ekt 215 Kl

A dota] B4l A EH A6E 0 = SRRt HutlRE M, SFAIE 75 s BA S5l A=
Ao Me F2 B oo HuletRrl, FYolle S F2t7lol ¥ Ho] F4%9 FdR7E 223 (Kim
and Lee, 1965; Lee and Park, 1965; Kim et al., 1967a, 1967b; Park and Yeo, 1971; Lee and Kim, 1972; Yeo and Lee,
1975; Jeong et al., 1977; Ji et al., 1989)(Fig. 3).
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Fig. 3. Maps of the study area (WGS84 coordinate system): (a) location of Chungju-si in Korea, (b) geological map of
Chungju-si.

PAElE 219, S, A1, QU B0 TR AIAHS el o8 ke, g ofe]] whet msf A Aol v
4 FAEE B S B0, BY 245 B A

A ATt A8 ws GRS i (elevation),
%3 K(slope), AP aspect), 543 B profile curvature), -8 S (plan curvature), AZ7H4 2] 214 7 2(distance to
valley), JAF019} 7127 |(LS-factor), | B8] Topographic wetness index, TWI), -2 4(soil thickness), 4%
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EX(soil texture), LAEZ(soil material), U7 E (forest cover), HZ(lithology)°|tHGoetz et al., 2015; Lee and
Kim, 2020; Fadhillah et al., 2022).

Table 12] A|F21x= QGIS Z7 1313 o|-85}o] =EX| 2| B Y(https://www.ngii.go.kr) oA F5SHE5F412] 90
m x 90 m SIS 7 SR E U R DEM) A 514 &3S, TIN(Triangulated Irregular Network) 272 0]
85191 10 m x 10 m SPYEE 7H 228 w2 TS5 QIeh A& Q1= AbATE| o Thedsto] 142191 A HE 55}
= BAl S AF ) 715 JFe vl 4= Qe Q4R 7|2, 73, A -2 o8] e 2219] ’iskE Qlof] ARt
E7F 7| & gk APHERRRIANE AARAS] Wkl wt AbHe] W dxE, B, el EeAAl HH
(Cellek, 2021), O]Eio]' QA4 AP i 5 ol Y-S A AR Rl de S7HAZ 4 2UTh(Roth, 1983).
TATEL BAEE Sk 559 7S ol Gk nIA|7] dleel =0 M A - HE AlsetH, g

E2 AHT 559 #EM HhAto]| 3kS u|ZIT Wu et al., 2020). LS-factor-2 ZAAPH ] AL} AAFRC] Aol & Zo)
Jefste] LR gho 2 Eof Ao it 213 9] gaks oJn|etth(Lee and Kim, 2020).

TR I E XA B (https:/www.ngii.go.kr)o|A] @5QFDEMS 10 m x 10 mz 755 AH oS o]
Bt Z42e] FA| =5 2Hdstalnh. AR o] A AR = S 2= B0 555 B4t R IR 7EA]| o] A
S UeRd QRfoH, ZBAPH ] =] Bi-5ofl G2 wIA BAMHS] B9 el 4 Qlrk TWIE AP S8 A=
wAsh] wzoll &9] $XHAR1 B8-S BARE & Qlrh. 25 ERIARet A1 1A= 94453 TlolEH 9 FHIE 7117
wj2of|, o] gElA el YFSE ol 2719 42 & category)= 54HH .02 U & KT H]-E&(Frequency Ration,
FR)& ARgste] fARE RIS gk 71 55 Haoto] Aot thGuo et al., 2021).

EFI2= s Aot (https:/www.naas.go.kr) oA AlEoh= HHE Z-86ilth FREAS EYO 557737
HH 5= oFf IS v|7ItkShahabi and Hashim, 2015). 2FERAT AL EA]L EQFO] B TS 24
5P, ol EH 1E250] -Frell IS PRIt (Regmi et al., 2013). EFRIAL F50] EF= = s Aot A
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Table 1. Description of factors associated with landslides

Type Factor Source Number of categories Scale/Resolution
Elevation 6
Slope 8
T hical Aspect 7
opographical ; ;
pograp Profile curvature National .Geogra.phlc 6
Information Institute 10m = 10m
Plan curvature (NGII; https://map.forest.go.kr) 9
LS-factor 5
) Distance to valley 6
Hydrologic . .
Topographic wetness index (TWI) 5
Soil thickness Korea National Institute of 6
Soil Soil texture Agricultural Sciences 9 1:5,000
Soil material (NAS; https://www.nas.go.kr) 6
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Table 1. Continued
Type Factor Source Number of categories Scale/Resolution
Forest type Forest cover Korea Forest Service 4 1:5,000

(https://map.forest.go.kr)

Korea Institute of Geoscience and
Geological Lithology Mineral Resources 3 1:50,000
(KIGAM,; https://data.kigam.re.kr)
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Fig. 4. Maps of influencing factors used for analysis of the importance of variables to landslide damage: (a) elevation, (b)
slope, (c) aspect, (d) distance to valley, (e) plan curvature, (f) profile curvature, (g) TWI, (h) LS-factor, (i) lithology, and
(j) forest cover.
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Fig. 4. Continued.
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H1=H|Z(Frequency Ratio, FR)
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O|A= - Y&l - 2[HYaHh

S 2| A E (Random forest)

W ZYAEE A1} (decision tree) 7|HHO 2 Sl= OPAE RElR T2 A5-2 7HH o2 7)e] A4 URE 2
St Hdlo]thBreiman, 2001). WEHZ|AEX= Hl7)(bagging) F12]E52 AlgHH 0 2 A 85l ZA4H EANL 7 A
AUFE =0 o] HE= WHeloto] shte] 7t ok5AtE B4 4= YAtk Appiahene et al., 2020) EAo el
i AlRM vl darefgo] A-85%] ¢2 & HlolE %l Out-of-bag(OOB)= A&, 1 = @xg@ 2= qlck

]

15 gL
(Breiman, 2001). ©]2f3t 5748 /1A= AR e A E L 0] Znoise)o] chel e W ol /47
ol A7} W ] ) S A S8 SIeH 32 ek Breman, 2000, 2

Fo] Bilofl ggle] A8 4 L BF R thH] &2 o5 AdsS Hol7] HiEoll(Goetz et al., 2015; Hong et

Tdlisy uhy
A A o] 7} QI FA| =B =517 YA ZFEAZAHH Lo AFESH= 90 m x 90 m PP | E 1R E

Drata acquisition
and preprocessing

Landslide
inventory map

/\

Training dataset Validation dataset
(70%) (30%)

Topographieal
tactors

Hydrological
tactors

. Frequency ratio . .
Geological Reclassification
tactors

Forest cover
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Soil
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model

/ Random forest / N

Out Of Bag (OBB)
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importance

Fig. 5. Flow chart of the study.
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(DEM)= Q%?l’ 3, 1% gpol slldsh= 5214 #lo]oE &5 TIN(Triangulated Irregular Network) 1712 2885}
o 10 m x 10 m =2 2 E tAFe o] DEMO 2 215313t o8 7|9ho 2 |} 217t J—ﬁ@i —7?
Euipily Z] AL} RIS }IF=S} A|7]7] Ik Ble(FR)= AR5t gl 5hd o™, wjslfr 213} @12} £4
Ato]o] PAIE ZA5ITH(Fig. 4). & Aolli= T 0] o|RIEFA] HlolE o] xS Aeisto] msiH4 1}31«]
rHEe] 1 1 10] H=0.5 haE 7|5 2% 0.5 ha ©1F Y W 12 0.5 ha o[} W= 002 TSI AA =] QIxte]
LR E A A E O] YRtolE 2 ARRSIHAL Mg T8 = ERIH|o[H oA 00B -85to] o] Rdlo] A5
A O] 0] Blo]E S FAR] R 42 & o550 Aol & ol 8sto] M TR E ARISIGIH: & A-] AuhA
I dlofd 75 5 242 S5 (Fig. 5)°fl AAI= o 1

=437t
HEH ZHAE O] o= Aike] A4S 1etslr] 918l ROC(Receiver Operation Characteristics) 12125 Z-85H51T.
ROC I3 Z= S5 (confusion matrix)S 7122 AL W7 E(sensitivity) 2t 501 = (specificity) & ©|-85to] 1)
2 Lehie, 12 3419 SPR H2(Area Under Curve, AUC)E Alktsto] oS /350 A4S Al o= ot
(Frattini et al., 2010). ©}5 HIF O &2 1% ATt 7P7hep-5 o520 A4 oJulsh= AUC #49] A2717F AR, ol+=
do] o= gotAdo] =2 71 © & S| SH Frattini et al., 2010).

213

2EH 02 g 2 ko] ERAAlh 2t ZHE|aLE] o] HIEH]E2 Table 2] Lrebel o™, APATER xsfiof] wiet 14}
ollA o 7K category)©] APAHE msfiol] G2 mizle A FIE 4= At A IRl A = T2 200~400 m o]
ol A APATE w7 2.0, 400 m O] Aol APARE w7 A o2 A Qi AR A= AL
7hEobdas Rl n]go] HAHH 0 2 F715he e HolH, AP A2 EE el 7 AT vehd
TAIES-0.0110014 -0.008 2 wj Hlr=r]&-2] gro] 7P 27| Webd=d], ol #4580l L5d= AraEd o 7}
o] G2 A HaL 2aHA = AbaEE o] YAt B2 o] e T7IAIA AR wsfioll 52l dFe mid AL

[e} o= L
a4

ro

I
il ok
i)

Table 2. Frequency ratio (FR) of each category within the influencing factors (cellsin the total study area: 10,692,363; cells
in the total landslide damage area: 8,269)

Number of cells in the Number of cells in the Number of

Factor Category study area (m?) landslide damage area (m?) landslides FR
40~100 1,913,520 484 10 0.33
100~200 3,811,858 2,398 41 0.81

200~300 2,311,714 3,729 41 2.1

Elevation (m)

300~400 1,315,278 1,320 9 1.3

400~500 724,427 338 3 0.60
500~982 615,566 0 0 0

0~5 291,838,700 575 7 0.25

Slope (°)
5~10 172,372,300 1,089 21 0.82




Table 2. Continued

Factor Category Number of cells i2n the Nur.nber of cells in the . Numbc.ar of FR
study area (m") landslide damage area (m°) landslides
10~15 171,473,700 2,001 25 1.51
15~20 167,944,400 951 16 0.73
Slope (°) 20~25 137,212,700 1,869 19 1.76
25~30 83,076,300 13,200 11 2.05
30~35 25,321,400 464 5 2.37
35~51 199,968 0 0 0
N 1,133,165 174 4 0.20
NE 1,229,060 857 10 0.90
E 1,158,654 1,195 18 1.33
Aspect SE 1,117,052 1,520 12 1.76
S 1,073,407 823 13 0.99
SW 1,213,728 702 8 0.75
W 3,010,994 1,345 17 0.58
NW 1,240,257 1,653 22 1.72
-0.1 t0 -0.08 58,540 0 0 0
-0.08 to -0.06 35,679 45 1 1.63
-0.06 to -0.04 88,159 38 1 0.56
-0.04 to -0.02 247,536 261 3 1.36
Plan curvature -0.02 to 0.02 9,826,400 7,283 92 0.96
0.02 to 0.04 284,202 155 3 0.71
0.04 to 0.06 95,867 418 4 5.64
0.06 to 0.08 38,408 35 1 1.18
0.08t0 0.1 17,572 34 1 2.50
-0.011 to -0.008 87,750 222 4 3.27
-0.008 to -0.005 231,161 385 6 3.11
Profile curvature -0.005 to -0.002 744,602 485 7 0.84
-0.002 to 0.004 9,116,269 7,030 90 1.00
0.004 to 0.007 240,415 35 1 0.19
0.007 t0 0.01 95,815 112 1 1.51
0~100 3,677,639 1,632 17 0.57
100~300 4,904,205 4,444 67 1.17
Distance to 300~400 1,292,615 1,641 15 1.6
valley (m) 400~500 543,617 481 4 1.14
500~600 163,411 71 0.56
600~1,000 110,877 0 0 0
Deciduous 3,830,686 3,622 37 1.22
Forest cover Coni.ferous 1,648,382 2,316 30 1.82
Mixed 682,467 536 5 1.02
None 292,144 1,157 18 5.12
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Table 2. Continued

Factor Category Number of cells i2n the N@ber of cells in the . Numb(.:r of FR
study area (m") landslide damage area (m°) landslides
Forest cover Bamboo % 0 0 0
Plain 4,238,591 0 0 0
Granite 4,886,911 6,228 82 1.65
Lithology Schist 116,549 864 5 9.59
Gneiss 1,699,695 1,027 13 0.78
0~3 0 0 0 -
3~6 4,130,694 4,962 63 1.55
TWI 6~9 4,135,110 2,626 39 0.82
9~12 977,274 681 5 0.90
12~15 0 0 0 -
0~10 5,862,617 2,584 46 0.57
10~20 3,022,383 3,183 37 1.36
LS-factor 20~30 1,327,738 1,689 18 1.64
30~40 331,451 490 6 1.91
40~50 83,910 323 1 4.98

ATATE] mafol] B 2= GF 1AF2] F-Q k= Fig. 601141 &I 4= 9t 14709] Q1A+ 5 5709] QIR Ao 2 1=
2 71032 519l o, o]i= APHEFSKHIM = 0.17), AAKIM = 0.15), AlZ7FA] 2] 214 #2](IM = 0.12), T5(IM =0.11),
WHIM = 0.10) 0.2 R, SR 0] ARAE mjald a2 HRHA 0 2 X1z A1t E EQRIZtH B S8
Slthe Zl o 2 et B o] ARgH Relo] 450 AUC =0.872] AETEE Hof AgAo] 28 71 o 2 SjaHt
(Fig. 7).
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Fig. 6. Variable importance calculated by the random forest model.
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Fig. 7. ROC curve of the random forest model.
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