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ZIZT, Ol bpe D bpsrt ~DOBENE, RiXg b ub72d
al bt OB{LDOKRE S, TIIHFEMITIITHS.
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B anERID
AR

AE
A E
FRUmPE R
B1RFIFED
i :
[
. : Ak
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55 8 X AR AR T HAE R

% 2 TN I 2 FRHBURL A & FRSHBURL AL

2.3 HWREZSETLIEEK F

M A O AL AR D VB VR I, W AWTEReE, AR
EHZFNT 5. ZBOMIBE Swm EOKSSICRL, B
FTIR b ERT 6, 0, ¢, wllEEDNT, MiF 1 5%
LNBHETH. KBS THIE 1 2 EDHEHE FLT5L
WD LI ICELETE S, 12171, S EOFKHSITSLTT-
721 oOMBICpHEND T 5.

F:(6,0,0,0) > L (6)
L="{iy,ip iy} @)

FHEREHIE 2 L L1 % & LD R b HIF I 4
AR EEHIZ A Z 0 5 B%k i3l (8) &%,

R
B AWk R
F(5,0,0,1) = A e e v

N

ZHUC &Y, HIEER O b EHE R ER ORI SFET
D LENEREICR B

3. EMIT& BRI EAR IR DRI
3.1 MHEAAZEHOMEF X OFHE 5k
HEEOECIZE SV TERINZF, ¢, ¢, « AWV
T, BHmAEM OB 21T 5 . BHEmAREES R E Lm0
FHREIZBNT S, ¢, ¢, pZHEL, ThZhIZLEWD
EEHRET LI & CRmEMAEMBICSET S, ST
Random Forest classifier Z V5. E L7ZFEEO L X
VMBS &0 SRR O & LR S IR TR, S AL, RunhE
B, RNEEOWTUNCHEIND.

F1R FHMRR
WEE EAWLRE RinMEEm A
Precision 0.80 0.83 0.90 0.86
Recall 0.82 0.81 0.88 0.88
Accuracy 0.85
Kappa 0.80

FBUAE 1T Accuracy, Precision, Recall 3 & T8 Cohen
D g 5RO TIHES iz (Wang et al, 2021).

8.2 xtBFEHLT—%

KT HAEEMIT 2014 4F 8 HICEERMEH CHEWNICLY
BALUZHRRBES ULz, HT— 213, £mpREmig o
LiDAR DEM & HEEOHFC L 0 1Bk S 7= fhmm g s sy
T b, 2 Wl DEM 6 6, 0, ¢, «ZEHL,
PEEE L L. I, B L BEED T O DT N
Sl LA SR, IR OESEEIZEBWT, 1,000 AT
DT URLY T T EITY, T2y EESELE.
F—HYy FE T3ICHEIL, T0%%F BT —4, 30%% K
AET—H L L.

3.3 #R

FERAH 3 MR T . ARFEIC K VA S 7o R An s
HOFHE AR TR S oMK & BiFIc—8 L TW
LT ENRDND. BIMHEEORIEREREZE 1 RITRT.
T RTOFEFEEIZ BT, 0.8 % EH-> TR Y EksERE
TIVERETE T,

4. BhHYIz

HOIE i D 22 FE DU CRb i AR EE HI I & 202 I R B L
7= Fiz, P mEm O & TS FiE 2 O CRbim R gE
FOMBABITT VAR Lz, Zhick v, #EEORBETRZ
AL B R A EER OIS 235 L, X 0 EwRE b
DA HR B AR X O A BN TR 7R B

Loth, ARFIEPMuHIR T TR RAEZ AT 5 LER D
%,

X M
Schuster R.L. and Krizek R.J. (1978)Landslides:
Analysis and Control, National Academy of Science,
234p.
Wang H., Zhang L., Yin K., Luo H., Li J. (2021) Landslide
Identification using machine learning, Geoscience
Frontiers, vol.12, no.1, pp.351-364.
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1. [FL®HIC

AR, TS E TS R RN I S e
A 27 T OEFENEEITHEITL, THITEINT A EHHEN
ZHERE STV 5. HiH L — B (Ground Penetrating
Radar: GPR) 1%, &EBHLTAEIE 2 5550 fFRE CIHEmEEM I
BCELFREL LTEALFIHEINTWD A, —EMICITK
S OB R ORI E DS S LEFROHEEIZE EFE D,
EHEDOTEIROm &, S bICIXE DO RN £ T
RIEFZAT 9 2 LIRS T, 8z, MigEo ke 72
HLHBERNOKGBEOEEZRZ DT-OITIE, FEEKEL
B BRI S B BLE O ILFEE R A IEAEICHEE 3 5 L EH
B BN, BAFOMFITEEN 2 HEICE EEoTRY, BK
FI72 LB AR DO RHITITZE - TWH 7R,

Z ZOAMIZETIE, &M TARE OHEE RS o720,
RET T FTERET T T ESML, BRI L EHEOR
W& FHI TR e i L — & > 2 7 A POGRA (POlarimetry
Ground penetration RAdar System) % M\ 7z Fikizo0
THGETZ1T 9. POGRA 132 E RO 7 F28H L,
AL & B IO REAF RO BGOIE ), RAFHITIMA T
TR OBP B FIRETH 5. AW TIEEEIC POGRA %
AW EBREZITV, HWEOMATIC L D WFHERO SBE
REMTFEORGE, 72O N ® (TE K - TM ) %
FIH U7 A THESEHEE OB MEIC OV TH BT Lz,

2. POGRA DHEE & BRI D FT

ARFgE CHW it L— &3 25 5 TPOGRAJ (55 1 X))
W, T T EZET T TAMNLTEBY, AREIC
EERBERZFFO TE I OKFERER) &, AFENICERZ
o TM 3% (EERR) 238 R ICFHITE 5. £9° POGRA
DI EZ IR T 5720, ExtSEEZET o7 T
DA 0.2~2.0m £ T0.2m B TELEE, miFkE
EL—FNH ER Y RHEOREEEZIT o 2. BRIV T
S N RRM R ZE I LG Al IS EERL L
727 TG & ERFORSRE S 2 IR

T 7OEEND, EHFEE w=1.98x108 m/s L£RD 5
N, HEEOICHITDUIAIE 726 ns THH7-. TNHDfE
T EREICRET 5 b0 TR, Y AT LNE ORI

=TV OEIEEEIC L b0 EEZ NS, LERST,
DB DEBRTIX, ThoOMEERMEME LTHA L.

3. EEREFRAWNLLEEEDHE

WMEAE ASBE T & 2 B E e IE 2 3t RIS E R O Tk &
WAL, ES L BERMNSHFEREMET L, 4 ER
FEUT-. KFEAZ W EBRTIL, KiEE 1lem 225 5em £
TEL S CHBEOBERHOELEZFHII L. KL
FHiEE OB ERFHOBBE»LEIFERZHE L, Kbdh
7o HER R ERIT BRI & LR TRAZE . T% L 72 D BV TH
o7, Fiz, EX 25 cm DR O a7 ) — MEED A 5t
GUTRHII L7245, HFERIZ 115 tRo o, L
Farv 7 U — o~ BRHURMEEY bEL o2, NERN
MR & & ATV AIREMESC, BRI 2S8R %3\ L TRk
LicBRRENWEB2zoN5. BiFkED= 27 ) —Fh
DEFBEBROFPENICITNE > TWDZ 0D, EEEYD
OFHME E L TRY 2R TH D L Hlr Lz,

WIS, EEah BRI RE ORI 5 AR A B (23
LT O FEOF M EBEET 5720, PEIIKY &1~
FERMREZR R D U L& 7 b — LB g & U CAVWE
BRE T 72, RS KENR 5%H 5 30%F T 5% 4 TH%
IR ZEFT, SARBEE KRICB W CHUE L 72E @ik o
e DAGTRREM 2 50, A BEREFEH L. MEE R
5&, RFEGKENENT 2 DItE-> CHRE SN HLFEE
RHEIML T HAAHER S, HEOREE KR L

[0—RZ7405— |[#v0R2—F |y —a=ut]

|RETLTS | RE7VTH [ HrT5—azuk
551K HipL—4 v 27 5 POGRA OHhk




EFEROBFRZ R~ T#ERATH 5 Topp D (Topp et al,
1980) &g 5 L, ERENNIVREBIZBWCIIEH
W& R L722S, BRI 52N TTEEN 7 5
NoEBREIRo7z GE3M), Ziuk, EICBEOEWICE
RTBEB2xLNE. ZOBEND, IMAKORAEYH 2 ED
ERFEMEDERICRBW T, ERE A AV TR T
DKy EOEAE EEMIZTHMEFRETHH L EX NS,

4. RESLUORFERENA LI TEEDHTE
11 REEHEZFAL-BREREORZOHE

TLE T A= APICEBREEHEL, T T T DR
[l & & B DE O 729 & 0°, 45°, 90° & 28k & B Tl
ROBLE TR ZITo 7. &BEN R VIREOM I % K1
WL L THAEOWRENSZE LI Z & TRIHAR KD
WAy 2 Lz (B4 X)), BRSNS MLRE LT
0°OFA I BIRES K& KGN B S, BT D
90° DB AT FRITIE L A EHER SN o T2, ZhiT
BRDNE & TFATRG AN O BNFERNHEBR I S
THRWEGELE LT 5720 TH Y (Balanis, 2016), POGRA
DR EEZFINT 5 2 & T, HICHEBEY OIS TR
<, BRROMEXDOHEEDWRETH D I ENEIEINT.

4.2 TE/TM KIZH 1T % REHFED ik & 22 iRt %n

TATZ 7 MNBENCCT T B LS5 U A
R7 v ZNARERFEM L=, TM I TIE, 7> 7 - REEES
BN T AB AR KX < 72 B2 T ETE ORI A AT
W L, OB REE L 7r o7, Zud T™M IS
RN r &R BT 2 — A —APNFEET B7-DThH
%. —J7, TE I Tid TM I Eb -~ CEEREASHER T b SO
VLS L2 AR 7= TN T 28, ZEROENIZIE TE %
HAwnwaszZ b b L.

WIZ, B FIZEHER SV, I 75 cm #2852 FIE
T BRI OBE CFHHAZ T 72, 125 H 0 | & T2/ L)
DOHET, 7T FMEEZ 04m, 08m, 12m EE(LE
BT TE WOWEEES LZ. 297 L) #Him ok s ik
YR E L CRERNH2Z LI 2 8T, 2RI X 5 Ui
WHRDOWIER S 2 Lz GB5K). 727 7 0.4m
T EM S TRIEOZ IR SN 72n, MiR% 0.8m
BXO12 m IZETFEHE1, 18~26 ns DR [WITfh & Hrig
L CTIRIE DK & WRHER 2 A HBL LTz, Z o Es
BLU7-MRIIE, R 75 cm OZERE TOEEER LA L
TW5. 2, 7o 7 FRIRE T2 & TARANRKE
<72V, ZEWOERE TERKEHIITWIRW R A E % 772
HEEZBND. ZOFERNG, TE HOKEEEE HWT
HMTFOERMERMTEDZ L a2MR L. EEOBRG~D
W T, R X BRI OREE B E Lk
T T FERORES, HEOIXLOX OFEEZIY bR
DRI N METH .

5. £&6H

AWFFECIE, IS @) 7200 e Mtk < 3%
HIZRIIR ) & BAICETM T 5 72, POGRA % A\ 7= 184k
OYWETEERF Lz, £9°, BB OBERMDEE S
NI E KRB O LB ERIL Topp DR & BAFIC—3K L, Hi
RIEED DL FELEOHEICEN THDL 2R L. K
I, EomimeE T T OBBRNT MR FATRIGEIC
IRIENR KL 282 L, Hi MR oGS
T, JBROMEOHEL AR THDL I EEERELL. S
B, HEEDSEEN TG KA A LA 2 TE 3% % 51 H
L, —EDRETZROBIIIEL L=, 5%1% FDTD i

WEHEY R 2L —va VEORFEMZA D Z LT, E
Bl DM RS I O DM 2 s 0 T <L

HEEB OV T AL TRT — A DERIZOWNWTE KT
HETBEEIBO E LTRSS o & MR L O
B IFAT R FO % DRI\ R<EALA L i 3

y = 5.0575x + 7.2644

1)
Time( % 10-%5)

n 0
Time( % 10°%s) Distance (m)

%2 M ZEREIRR LT 7 TRk & ERF OB

20

@ =Wl MTopp?s

Relative Permittivity

5 10 15 20 25
Volumetric Water Content 6(%)
%3 X (AFEE KR L LB EAR O %R

I | fh&w&a f,-w»'l,uﬂvx&fﬁ'vi\ {J\!\

%4 X R ORI 2 & O RE Y

—
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)
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H5X EERIEMREROET T FRIRTORE

X @k
Balanis, C. A. (2016) Antenna Theory: Analysis and Design (4th
Edition), Wiley, 1104p.
Topp, G. C., Davis, J. L. and Anna, A. P. (1980) Electromagnetic
determination of soil water content: Measurements in coaxial

transmission lines. Water Resources Research, vol.16, no.3,
pp. 574-582.
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1. [FLHIZ

i, =i O RERC KB ) TR HF A
RAKBEICEWEATET XL X —TH 5 MBE RO
XA L CRY, A% FETEITHMELRLABELTH
L. —HCTHBROBKEERIZELL 2D, MEEHEOE
EEREBVREMEEMIbE VA MRV ZET 2
WO ML BEEL L TWD ., ZD7DIRE S BIRA
Yz mEE TR VIAD D Y B— by ST R
BN —f@kdbohd. 22 TEZLOWEINL—FT
X, FEEGORF A7 MVIERE RV T - #iZ

HIRO L REME 25Tl T & DR ORFE LD TS 7.

ZFORTABTITIH R3O T7T Fa—F 2N, £
neoOERMEESHBOREBMEICOWNTHRFNTS.

2. AR ADRAMETY - thEAE TR A~ DE A

FALIZ X o> THR SIEH SN TSR0 REO -
BICRE, HOE5VITHBAUTEE»O O EFMEIZL 5T
TENBMHALE WO BB, EHOERNFEMESH
EXN, AR MLANELDZERUME VLN T
W3, £oT, AEAPMLVRAERRID L EREICHRMN
TEEEMAERER LYV E— VI L DL
Wy« HEVEIEYEE N RIS R D 2 E NI TE B,

TDOTATTOLE, ALV AICLDEOLA TR
Wkt DO EGIZ, 38 KD Ky 80 FHE L B AR
Fh8 (SWIR) TOSH RICEHEFZFICHN D Z L E2EE L T,
B3k O IEBUEAE A FEEND VI (AR & R4l T oo X
FER, NEDFET, Ly R v U TOMSKREMORRE
FT) T, 22OSWIRAA Y K (BBl EE) ToRH
RBENEOEEZIMA AR VIGSZRE L. BILHE

PRI T & 30 5 FK H R AR S #i st oo #5 %5 D Landsat ETM+3
— 2 ERAWT, HHEFETOVIGSD T Z EHEFZE TR L
TS MUY RBDERE, BRERDERDZ. 0O
FER, FRERAICESSHAER L AOE R DK E
AN U7 Bk 2R U, SRR R o 8l IR TR 41 K D
ZLMENICEENDORFL TR Y, VIGSOF M
ZHEFR T & 7~ (Hede et al., 2017).

VIGSIZIAN Y FEBBONTWND~/LTF AT ML
BHRTHDN, N REBBEIZEZ W A /=227 |
JVEHEICHEIE L= o kA D VIBS (Kubo efal., 2025) T
H5. RPCRIIEEXnm TOKI R, miltiZE B DOED
N2 RO T oildE OEERZE, ARJIx nmDfFi%
DRV FOEEER O —RMD 2 £RT.

Ry274 — Re71 AR797 — AR737
VIBS = (R ) o + (g ma) o

ZDORDOEITHIT A RZIT X D SWIRT O S RHEN
L, F2HEIZL Yy Ry VOEREN~DOBE),
bbb IN—v 7 NEWRFATH. VIBSE A > KR T O
HUBNH A Patuhal 23 H U 72 45 25,  & VIBSAE 13t 24 JK i Hi
WO EFFTH D Z RN LT (B
M), HAROHEME TH RO SHEEGS AH S k.

3. SRR DA A O EBEE RILKIE A~ DE A

BEE SRR T O FER MBI TH Y, RO EEH
WEEZRTEVWIRFERIH D, TV - ~UL—TOBR A
SR OBOKEERIZRROBEE S LR BIEOBERZ I &
M D=z, AR ASTER #EBEG T — X X— 2
GRIAS N, BUKEEGM & LCHER, 1AV T4
N, MRERE, FRA, A, R EEA O 6 fliz®EO, ASTER
EHgMhb I NbogmAEME T 272000 MER



(Ninomiya, 2003) {21 H L7=. Z# 5 % ALI, KLI, SRI,
CLI, CHI, EDI & &7 . L& & SMmiaE & O
RKolzb A, BITHRFRBIZOMATLHEL - A
U A b - BERIZE, ZCEEIESO oy T 1 b
BEEAT 5 HRA - kA - FeEA XA OB
ZoRLiz., 22T, EOMHBAOEMIELE»SADHEBD
StEH A B &, TN EBIAMRILKIEEL PCl L FR L7z,
PCI = (ALI + KLI + SRI)— (CLI + CHI + EDI)

PCIL X EEHINHE TEVWEE R T & & BT, &
NREVIFIEHARE KT 5 & W) BN D BT,
S BIZ PCIEDZEMBE LA A RD =, ZDO—fF &
L CRIBEGLE T D Escondida i (11JE31 Td PCI i &
AW DS EE 2 MTHEET S, PClES LD & AR
MOFBEDa Y FTARNRKREL 2D, BARDEY

IR FEEL OB RIS T D &0 ) FrEs R Sz,

4. WA F A D EEITR O 8 R &8k IR & O B E 15

FROXIICHAY F A MIRENRBOKEE Y T
LN, BULIc X 24Ty H D, VE— MRV
VI N LB TE DAY A N OAERE ¢ 2ok
EE N D, BOKEE T H VTR AR 9 1 H
NEFETENE, W - MBEFRER 2B cE 50
BEHELHD. ZOTAFT 7oL L, BRI, BkEE
EIR TZEXNGL L e EOBUKFLRIZE S, b 7o i
HTOOAAY A FERBIZIE L, FH~SWRI
TORE A7 FVHIE & XRD 9217 ->72. XRD %
NI MANGIE Y =T —RC X DRREE, BXOEYr
V' — 7 SR E I O R R MERRIE AGFI 2 H H L 7=,

fENT OFEF, Al—OH WINAA U % 2200 nm {1311 TD
SCE AR R 2 RSy & 3R TR TR Y,
EOK SRR IR B TIE M E O B — 7 & & & FE 5y TR E A
Wt a2 EmBN RS-, £, BUbIERE ok £
& AGFL IFEVKEIR L v b/ &<, EEMERTH.
INHORRICESE, ¥—rmE, PHERE, Eom
FERE R ALY MAERE LTHY, ZhZ A 3—2R
~ 7 k)L EnMAP E[f£ 23 A L7-. F32® Escondida %5 1L
FHED AT MR ZHE 3 KIZRT. 2 bk
KEPOICHESEEOR WD A Y A4 FRFEET B &N
HRTXL. BLEIED A A VU F A SRR T EnMAP
B Tl A7 MFREITEEAITIE <, BUKELE O

BNCH A Y FA MTES S AR OFIER R ST,

5. F&H

BET 28 BIROHBUT B ISR LIZmMAER L

AEERLY bEBE TR TE DMARK, HREY
WORHEOEREWEMET 53 FEEE Z M5 D
BB RSLRIE R, B L OBUKELEICHE Y B A Y F A
MEEAIL, TOMEEEFMET L7200 AT ML
BEREL, v~V TFBIOANA R—=2A7 R
WWHHAT 52 & T3 o0EEOAEHEERIETEZ., =
NHLOBAFFEZHELL, ELICKERLEZXD DRSS
HOBRETH 5.
HEEGRIAS v AT L% THREWEEWEFHFY AT A
BRI F HEME A O ST )13 5, SRR ERIC DWW TR A &
BORWTZ T2V IX & REEBH () 0 = &8 K, B X UL
OB AV F A4 Mk 2 TR 2D R EE K FE O
K AT RS R B IR AL L BT 7.

Northing (km)

0 2 6 8
----- Fault trace
Geothermal
manifestation

low

FIH AR+ FPatuhatth #ithH THVIBSHE D 5 % (Kubo et
al.,2025; BAIEMEAKIZM, WEEHEERT)

[T 69° .00 6 200

2K Escondidafilll (E{& &) BB TOPCHER i () &4
BEE () DL

e . s Suer wanm wam Swann st

%3 EscondidafilL /&L DEnMAP MRGBEE (E) EXARTK

VERASH (A EEILERIIHTTRAMNEKXRT D)
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1. [FL®HIC

7= 7 R AHIRERIZI T, BRIk, Frix EB
LLELDOTLM o7, L LIEETIE, EETF—2 0
EoicEBET =2 arTF L LTHAT 2 FEN L
LTW5. mifEfE 2 mgERsHvws 2 & T, RGBE%E
F—R L LTCRIAT D ENAlREE 720, ZDR—PEEH]
ETIRIDEA SN TN D,

HgoOF—4 a7 e LTCORBIMERT —ZICRS
7o B I PEEEANTR S AT M5 20 Hro 1 H
AR — N L AMER (FEEBAREWISEAT,  2025) TIX&H
HHETIC—EREE2E ) 4T, £EMIICBWTZEOE)N
O BHERE Y B9 FEEEA LT 5.

LL, IOV 277 I U ORPMEOZEIZL Y,
FEDOSRMETICRY, BfG SNz RGB N T — & fERRED
RGB i & —E L WEFINHER SN TN D, ZOESITE
THTITREER LI W—FHT, 7—% & LTI HBEITIT
EOHBMEICHEE 52 DA REERD 5.

ARERTHE, ZOROR-HENECLHERLZEHREL, FIH
FEC X > THBOFESLCEEEN ED L S ICRAR D0
ODWTRARS . BAHTIE, V2777 U COREBDOER
DIFNZHOWTERIR L TV AT, FFEEDOIREN W RY,
WIRCHET % APLIZY = 775 ¥ D API, BIRSEIX
JavaScript Z i H T HRHETH D.

2. MEDIEEIE

ARFROLEIT, BhET—2 a7 LTHATS
ERRICBWTC, RGBENTTT — X OfE & —F LW BZ (L
T, BALVEWVWI)ICHELEZZ ETHD. X LVIEIL,
F— DI TH > Th YN EDORE T LB T& T,
FiE FOMEST — X ORELS LU 3 RRETH -
2. 20, JFEORER & OB OB ] 2 52
L7

RIFEFIT, 9 LERENLEXVREEZ R EREEA
ORETITZ2 WS E LTIRZ, OB KRIICEER
THZEEEHNETS.

3. EHpRRE
BXVIEE, V=777 UFICBT 5 EEONEERE

WER L Z D 7= DEWEITENT D, D& T Canvas
APl %38 U CRGICEEFRETH D03, XL HEITH
TATHE LT REAETIERL, Vo THlE R TRREOE
LIzt~ CHAEL LIZBRThH 5.

2000 A5 2010 FARATIANT TIX, sRGBRY —
TR 5 EE EoEREAZER (ROFEEZR) & LTilbh,
T A AT VLA L EIUSEVREZFF O L ORERTH - 7.
Z D7, migO RGB EIXEE LIZIEE0FE EHbh,
Canvas R CH&G L7 RGBEbL LT —X & —&T52 L
N—fRETHY, Ta=E] & L THMATDRHENFEE R
37 L TV i= (WebKit, 2016) .

Dk, 2010 FRELICRD L, HH-REAZERTH D
Display-P3 &)AifiT 4 A7 LA REEL, 0S BLIUY
=TT IUVICBITDIN T —~ R T AL N ERHEICEH S
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1. Introduction
Landslide hazard assessment is crucial for managing and
mitigating landslide risks. Landslide Susceptibility
Mapping (LSM) provides a practical and cost-effective tool
for zoning areas prone to landslides. LSM expresses in the
form of a probability of landslide risk in each pixel. This
study implements Machine Learning (ML) models to
generate Susceptibility Maps in Van Yen (VY), making
them applicable to diverse topographic regions,
particularly in areas significantly affected by human
activities. The effectiveness of the method will be
evaluated on the same dataset before and after applying
Frequency Ratio (FR). ML models are trained in VY area,
then validated on the dataset in Mu Cang Chai (MCC).
The results indicate that Random Forest (RF) and
Extreme Gradient Boosting (XGBoost) achieved the
highest and most consistent performance, along with the
highest learning capacity.
2. Study Area and Methodology
2.1 Study area and data
Van Yen (VY) district is a mountainous district located in
the northern part of Yen Bai province, with geographical
coordinates ranging from 104°20'17" to 104°47'38" East
longitude and 21°39'57" to 22°12'12" North latitude. It is
one of the most affected areas indicating high and very
high landslide occurrences in the province. In the
northwest of the district, there are several moderately
high mountains with rugged terrain and high slopes
(Truong et al., 2023a).
2.2 Methodology

The Machine Learning tasks were performed Python
Geolnformatics Lab Environment-Plus (PyGILE-Plus)
environment (Awasthi et al., 2025). It is a comprehensive,
headless Docker environment for geospatial research with
algorithms across multiple GIS platforms plus a complete
Python geospatial stack. For this study, landslides are
mapped after landslide event occurred. To ensure all
factors have the same range of values, all factors are
standardized using Frequency Ratio (FR). The datasets
are created by combining balanced numbers of landslide
and non-landslide points with 17 contributing factors,
including topographic, geological, hydrological,
anthropogenic, and vegetation factors. Principal
Component Analysis (PCA) and Pearson correlation
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Figure 2: ROC curves for the three models in
MCC after standardization

assess the independence and correlation of these factors.
Feature importance evaluates the impact of each factor on
the ML models performance. The factor with high
correlation and least significant impact value was
removed. Subsequently, four machine learning models—
Random Forest, Support Vector Machine (SVM), Logistic
Regression (LR), and XGBoost—are used on the same
dataset before after standardization using FR. After



AUC so far

Best ROC

training with the VY dataset, external validation for the
ML models is conducted in the MCC district with its own
landslide inventory. Accuracy score, Kappa score,
Receiver Operating Characteristic Curve (ROC) and Area
under the ROC Curve (AUC) are utilized for models
performance evaluation, while Efficient Global
Optimization (EGO) is used to assess model learning
capability (Alibrahim & Ludwig, 2021).

3. Results and Discussion

In MCC, the average accuracy score of all models was
0.83. Among the models, XGBoost achieved the highest
accuracy score of 0.84, with RF slightly behind at 0.83
before and after standardization.

Before applying FR, SVM achieved highest AUC value
at 0.94, as seen in Figure 1. After the standardization, the
AUC value of SVM reduced to 0.92, the same as RF and
XGBoost, while LR slightly jumped down to 0.91 from 0.92
(Figure 2). This minor difference in accuracy before and
after standardization indicating stable model behavior
across all models under both conditions, with Random
Forest (RF) and Extreme Gradient Boosting (XGBoost)
performed comparably well.

EGO Convergence - RF (cross-validated ROC-AUC)

0.9345 4
- RF

0.9340

0.9335 -

09330+

0.9325

0.9320

0.9315 4

0 100 Z(I}D 360 400 500 600
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Figure 3: Convergence curves of all models during

Bayesian Optimization

Figure 3 shows the model convergence curves for RF
model. RF is the most stable ML model, hence, it was
selected for this test. Within 600 iterations, RF achieved
very high ROC-AUC (~0.934) early at under 100
iterations and stays flat since, suggesting it converges
quickly and doesn’t improve further after initial runs.
Random Forest proved to be the most stable model with
the highest learning capability.

The susceptibility maps represent the probability of
each pixel experiencing a landslide, with susceptibility
categorized into five risk levels: Very Low, Low, Medium,
High, and Very High. A color gradient (blue, green, yellow,
orange, and red) is used to illustrate these levels,
following expert judgment criteria established in previous
research). Each ML model generates a distinct LSM,
where color-coded pixels indicate varying susceptibility
levels. The resulting LSMs for RF and XGBoost in the
study area are shown in Figure 4.

The trained models were validated on the MCC area
to ensure their generalizability. The SVM and LR models
do not generalize well on the unseen data. However, FR
method shows some improvements across all metrics.

34

The study demonstrates that RF and XGBoost models
achieved the highest of the four models tested, though RF
1s only slightly behind. RF continues to be a reliable ML.

4. Summary

FR has proven to be a useful method to standardize
the dataset. From the results of the analysis, it can be
concluded that the landslide inventories still contain bias
from the method the landslide is collected. To cover a
wider range of influence, climate factors (e.g., rain
precipitations, wind and humidity...) will be included.
The scope of the study will be expanded to other regions,
including Japan, to assess the effectiveness of ML models
across diverse geological and topographic settings. Many
landslides happened on igneous, metamorphic rocks and
limestone. This indicates there are moderate - thick layers
of weathered soil on top of these rocks. Future research
will integrate the weathered soil layer to further increase
the impact value of geologic factors when using ML
evaluation.
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Figure 4: LSM of VY area generated by a) SVM and
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1. Introduction

Groundwater is an important global freshwater resource
that supports domestic, agricultural, and industrial water
needs, especially in developing countries. Groundwater
potential refers to the likelihood of groundwater occurrence
within a given hydrogeological setting. Increasing population
growth, large-scale agricultural activities, urbanisation and
industrialisation have intensified groundwater exploitation
beyond natural recharge rates, threatening its sustainability
(Sachdeva & Kumar, 2020). Groundwater occurrence is
controlled by several hydrogeological and environmental
factors, including lithology, slope, fractures, rainfall,
drainage characteristics and land use/land cover (Sankar et
al., 2023).

Conventional groundwater exploration techniques,
although reliable, are often expensive, labour-intensive and
unsuitable for large-scale applications in data-scarce regions
(Ajay Kumar et al., 2020). Consequently, GIS and Remote
Sensing (RS) techniques are increasingly applied in
groundwater potential zone (GWPZ) mapping due to their
efficiency in spatial analysis (Akter et al., 2020). Recent
advances in machine learning (ML), particularly Random
Forest (RF), XGBoost and Support Vector Machine (SVM),
have improved groundwater modelling accuracy and reduced
subjectivity compared to conventional multi-criteria decision-
making (MCDM) approaches (Prasad et al., 2020).

This study aims to integrate geophysical data, GIS, RS,
and ML techniques to delineate groundwater potential zones
(GWPZ) in Abuja, Nigeria. The research will also evaluate
the influence of groundwater conditioning factors and assess
model predictive performance to support sustainable
groundwater management.

2. Significance and Contribution

This research demonstrates the effectiveness of
integrating GIS, RS and ML techniques for groundwater
potential mapping in Abuja, Nigeria. The application of
Random Forest (RF), XGBoost, and Support Vector Machine
(SVM) models in this research improves mapping accuracy
and reduces the subjectivity often associated with
conventional methods. The generated GWPZ maps will
support sustainable groundwater exploration, water resource
management and long-term water security planning in the
study area.

3. Study area

Abuja is situated between latitudes 8°21' — 9°18' N and
longitudes 6°45' — 7°39' E and covers an area of
approximately 8,000 km? with an average elevation of 476 m
above sea level. The region is in a tropical climate with
distinct wet and dry seasons. Geologically, around 85% of
Abuja is underlain by the Precambrian basement complex
rocks, while the remaining 15% consists of Cretaceous
sedimentary rocks from the Bida Basin. Major lithological
units include Migmatite-Gneiss, Schist, Amphibolites, Older
Granites, and Sedimentary Deposits. Groundwater occurs
mainly within weathered regolith and fractured basement
aquifers, with its occurrence and movement controlled by
lithology, soil properties, overburden thickness and fracture
connectivity.

« Praductive Groundwater Point
+ Non Productive Groundwater Point

Figure 1: Location of the study area

4. Data and Methods

This study developed a groundwater database for Abuja,
Nigeria, using borehole data obtained from FCT-RUWASSA,
the FCTA's SDGs office, and private drilling companies.
Productive boreholes represented groundwater presence
points while abortive boreholes and rock outcrops
represented absence points. A total of 2410 georeferenced
points were divided into 80% training and 20% testing
datasets. Groundwater potential mapping was conducted
using nine conditioning factors: geology, depth to bedrock,
aquifer thickness, slope, lineament density, drainage density,
distance from rivers, rainfall, and land use/land cover
(LULO).



Depth to bedrock and aquifer thickness were derived
from Vertical Electrical Sounding (VES) data collected at 823
locations, while other thematic layers were generated from
DEM, Landsat-8 imagery, CHIRPS rainfall data, and
geological datasets within a GIS environment. RF, XGBoost
and SVM models were developed and validated using ROC-
AUC, confusion matrix metrics, stratified 10-fold cross-
validation, and hold-out validation to ensure predictive
accuracy and model reliability.
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Figure 2: Methodology Flow Diagram

5. Results

The GWPZ maps generated using XGBoost, RF and SVM
reflected the hydrogeological characteristics of Abuja. Very
high to high GWPZ were mainly concentrated in the
southwestern and western regions, where gentle slopes,
thicker aquifer layers and favourable drainage conditions
promote infiltration and groundwater storage. Conversely,
the southeastern and northeastern areas exhibited low
groundwater potential due to slopes, limited
weathering and high runoff.
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Figure 3: Groundwater Potential Zone Map

Feature importance analysis identified slope, land
use/land cover, drainage density and proximity to rivers as
the dominant groundwater controlling factors, while low
pairwise correlations (|r| < 0.5) indicated minimal
multicollinearity = among  predictors. The models
demonstrated strong predictive performance with ROC-AUC
values of 0.89 for XGBoost, 0.88 for RF, and 0.87 for SVM,
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indicating good stability, reliability and generalisation
capability for groundwater potential mapping.
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Figure 4: ROC-AUC curves of the ML models: (a) XGBoost model,
(b) RF model, (¢c) SVM model.
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BIRRERIS B W CEETH D, —J, FRT T 2y
DN —BLOTF VI REEOFAEEMIE TH Y, BE
SRSER Z PO R OSAAFER DR 40% % 58 5 BT fik
FEHLE T & % (Selman et al., 2023).
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ET 5L, SREEREON BN TARARTHS.

IHNET, BAROEEEHIRSCHLEH DA D A6
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ZITAK, 2002). Fiz, FRT UTFTRZBWTH, FFED
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%&b\ (Kay et al, 2013). LavL, k(b5 — 2 ~<—
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