043 B 2 W) K - P A 3 i Vol.43, No.2
2023 4F 4 H Bulletin of Soil and Water Conservation Apr., 2023

ETEANBRBEZHNE L BREESERIETFN

x| E', E &

QLB R B 2EBE . WAL =3 0652015 2. F [E 3 & Ry B S0 W) B SR AL B 5 B A B A 38 36 =, Wl =3 065201)
. [EM] AR R R /N E 3 TC LT B0 I A7 AR R, B 7RI R —Fh e s 2
2 2 M T 45 R TR B 0 X b TR 9 S R A RS T R k. [ k] DA P A AE 28 T A 5K R N B O 48 R
To NAUAHE S I B AR AR IR T 2 A e AR A BRI B AR AR BT BT R R A AL (DEMD BT
TE 51 515 B (DOMD F1SE 5t = HER AL, 3R A5 T 18 3l A 2 8] JUART 400808 L I 25 6 )2 k4 B A& 6 B 3 330 0 174
TR B R AR e [ AR ] Ol i i 1R B 40 BE SR 1Y DEML DOM £ 2 0K 1) 55 5t = 45 AL, AT L4 L
T 00 40K 200 b T R M R AL B TR T M R R A N R R R AR T AN T A A Y 9 3h B LA
) B AS FE D XU 5 X 52 52 T S AR A B8 FEE (I R S 0.635 ., g 58 1 15 6 P 4 90 7 5 T e %0 < ol o )
TAE. [Z518 ] RAIC A HUIERHE 52 I kb R Sy S A e 0 45 5 A5 8 e A0 1, 0 38 4 45 Bl B O vl 4%
TRY) B B 1 B8 - DX M A A L I R T Ry B X R B O S B M T A 4 AR — R i A 5

Tk,
K4EE: LAVBIREER; & LW =480, 200 GRE
X#EtFRIRAS: B XEHES: 1000-288X(2023)02-0139-09 FESZES: P642.22, P231

NEBE: NNE, EFEIETIEANRHEZ 0 LA Sam e )] K &R+ K. 2023,43
(2):139-147.D0OI1:10.13961/j.cnki. stheth.2023.02.017; Liu Jun, Wang Lei. Investigation and risk assessment
of a loess landslide based on UAV tilt photogrammetry [ J]. Bulletin of Soil and Water Conservation, 2023,
43(2):139-147.

Investigation and Risk Assessment of a Loess Landslide
Based on UAV Tilt Photogrammetry

Liu Jun', Wang Lei'*?
(1.Institute of Disaster Prevention, Sanhe, Hebei 065201, China; 2.Key Laboratory of Building

Collapse Mechanism and Disaster Prevention , China Earthquake Administration, Sanhe, Hebei 065201, China)

Abstract: [ Objective] The tilt photogrammetry of single landslide was carried out by a flexible light rotary-
wing UAV in order to explore a method that can meet the needs of geological disaster investigation and
assessment in loess region under complex terrain conditions. [ Methods] The study was conducted for the
Zhaojiaan landslide in Yan’ an City, Shaanxi Province. Multi-view, high-overlapping, and high-resolution
landslide images were obtained by using UAV tilt photogrammetry technology to generate a digital elevation
model (DEM) ., a digital orthophoto map (DOM), and a real-world 3D model. Spatial geometric information
of the landslide body was then acquired, and the Zhaojiaan landslide risk was evaluated by combining the
analytic hierarchy procedure (AHP) and the hazard calculation method. [ Results] O By interpreting the
high-resolution DEM, DOM, and multi-level real-world 3D model, the fine topographic and micro-geomorphic
features of the landslide were extracted, thereby improving the accuracy of geological hazard interpretation
and effectively reducing the labor intensity, time cost, and operational risk of manual geological hazard

investigation; @ The hazard value (R) of the Zhaojiaan landslide was 0.635, designating it as a high hazard
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slope. It is therefore necessary to strengthen professional monitoring work. [ Conclusion] The method of

landslide investigation and risk assessment based on UAV tilt photogrammetry technology is especially

suitable for landslide investigations in loess areas with steep valley slopes, deep river valleys, and sparse

vegetation. This technology appears to be a promising method for risk assessment of single landslide hazards

in loess areas.

Keywords: UAV tilt photography; loess landslide; 3D model; analytic hierarchy procedure; landslide risk

AN B ML 5T P B8 2% A 0 Ml R 3 Sk R L [
B X AR L R E T K ' L AERR T
T A My DX ORTH AR A1 o 20 N IR A 77 0 Bl A 28 O ke
R T T E AR O T TG 4 B DX K E
JAGHLI RURS: B e ) 990 3k AT BF 5 i T e b o
KERMAHAE, ELEX MR E R, mER
R I ERGARE XS T 3 B BE | I AR A R W b X
SR JUAS G 14 3 T80 ) A 8 AN 83 AR L AR iR B2 R L XU
R AN X IR Tk Bk,

To NAUGRHE 52 D 4 o — Fod i T A HLF 5 3
AL B B Ok 22 iy B A MR, T 3 JRR A R A
X, BA = TR CATIRE ) . RE 08t 3 3R U 43
PR TR I AL R ISR A Bk 1 TR R
A A RS (AN R G TR R TE AL B R
5 AN BE SR I 2 1 4y 1) ) TE 80 A R T TG v e e
= AE s i R BRI T Ml R R A
TR . ITAER  Jo AL R IR AR TE Ok B2 b v
T B b T e IS . AR AR R E A LRI T
R J5 L2 V) RE AN T 1 DX 1Y) R o0 BERAE S AR S A T
[o1) Xof G 5 ok PR i BB T 9 B RIS A L O b R T
P 5 G T S i T E B S . Ik AR
FERS PO 5 52 DX ST R 40 4 v, 567 o AHLiE
TR T 3 IR BRI T B EE I IX
PSR M A R SRR XA R A
JEL /N i 5 p T N AL R I B R N FH T T ke b T
G LR A S A B R g AR 18 IR S5 it
BT S L L AR R TS A HLRAR A L
R8I 458 2 W R B 208500 7 BRI Gkl
JUHE R W WOE S R Mk i B, Rossi
Godone 20 F) FH I6 AN Flliz sh R & 45 ¥ (Structure
from Motion, S{M) AR W) £ ] DEM %4 %
BEHEAT ARG WA 5 . A BT A A 4 OG0 S0KS 2
Al rp ol T AP T BFSE X 2.4 em 43 BER A T

AR IR S RE bR T YRR A T
T S A R W R P2 K AL BB 5 1 R Y R B HLBE . ko
SEUE o JE AL ARAT T 7 PG A M B0 v R
JE =2 T RS2 AR AR L A B Rl b 3 S R A
S3AT T RETAE DT W B0 AR I B IR RRAE . A BER
rh e AT I e A ) T 9 B U 5 02 L B

JoT K N 2 A 5 AR TR W | v S (A AR AL — A b
AR AT 7 T R FH S AEL2: TE LA} 4 52 DU i AR AE
B KBRS P DR DAY T T Y N P A A
I, PRI AR SRR BT A Hb DXOREBR 1 b P 5 A LA
B V4 A A <22 1T X 5K I T 3B AIE S0 42 A T T A AL
RHEREH ARI DEM,DOM J 392 5 = 4E 5 R, fi 7%
W25 (5 B 5 M S AR AR R GIS 25 8] 4 A 2 Bt
T DRI Y B R AR R 2 SRR B LA AT
A GOR o B s e i SRR e e RN R AR
FHZ W G B A fG B B2 T 58 J7 126 08 X 5K 52 T 38 1) 12
AT PR DU 8 A DRI R I8 AL R 52 DN 2
FE AR AT 1 3 A R A B R VT A B A — ok S AN
AR,
1 WFEds s ik
1.1 THARXER

X R i AN, T A 22 T S 0 DXOT] PR B K
FEAE, S —Ab v A — A T A W . W I
B Z A RS R A by 5 U R RS
TR g 4, BRI 1 A R T
UK E 2 8 AR, S5 &R 1 sh o T 8 )2 N, i
H I B A T b R B lw BT . 2003 4R
AT LA 8 T 3 1 21 K PEAE S 32 % OK I B
M) J2E AL 5 7 5 | JBS <08 DX 3 A4 PN I 28508 Uil 3 S LT 7K
PE7AE A B 5K I T 3 3 AR P M T KL L 7 A R B A
b RN iR LB S, m RS
AR ETE SR TF 2455 4, R WK B A AL T 15 30
I B B
1.2 ZTANBMMBERZNSHERINE L8
1.2.1 #BHRBIEHEFI T 2020410 A 11 A
AT 5 W 3 T AN MU AR 5 0 . 32 IX Bl i O
PREEK AEBE L 55 58 2, 76 LRSI B A A 3% fn 2
AhTE A . CATAE S K88 Phantom 4RTK /)
R Z e =TI JE A L. 28 GS RTK App 58 Wi &
Wit R 3D FIE AT &L IR H T F 50
FindCM M 4% RTK 4 {1 1% JE Ok 9 & 47 Mk 55, 52 B
HER WAL . Bl QAT AR & 100 m, A 10 5 &
R BOY,FMESHE 75% . » 5 MMM —60°, ©ITHH
JE 9.8 m/s, AHHLHR T EE R & R 1/1000 s, 47 BEAR



% 2

X ZE55 BT o MU 2 09 5 1 W 0OM A 5 fE I T A 141

R A B ] PR A0 £, LR HGE AR 1 014 5K, Phantom 4
RTK ##L (5 . DII-FC6310R) 5k 2 000 77 8 F 1)
13.2 mm < 8.8 mm CMOS £ /&%% . £ £ 2 8.8 mm,
B R SF o 2,41 um, WARHE 2 X (D) 5
X 100 mo B 19 52 1R M 4> B % (Ground
sampling distance, GSD)} 2.74 cm/pix, 1% POS
Bl i R AR PR R G20 CGCS 2000,

GSD=H ~a/f 1
A GSD 2 T 73 B A Cem) s H A it 48 A0 X5 it
E(m) ;s £ oNHILEE L EE (mm); « NEITTYHER
s (um)
1.2.2 HWREPRKFF AT ERBIEAILR
AR A POS 5udli 2 J5 . K ContextCapture $ 5
I 5t 3R A T R Ak B 5 7 R . AR A AR A
MARBUS UL, i fl =~ A, SO E LR B R
T A 2 (DSMD |, B v B AL (DEMD L 807 1E 5 2 14
EL(DOMD Z 505 77 i i LA B 552 550 = 2 480 70 A= 1 4
IR,

KA B

(1) FRAE AR I VEC 5 Wi il = A, PR AR
PRI DT JC R 52 AR 2 0 G HE D IR L 3l i 4R Ry
fiE 5 I AR 8 ASURFAE 19 A 0L BE 7E 2 W52 18 22 1) - 4% TR
2 S HEATVE S s £E 58 L R) 44 R AE VE L 5, 1 32 3h
PR 52 45 ¥4 (Structure from Motion, SIM)# AR, M 2D
ERIK S 1 3 5t 3D 454 15 12, A= UG i 1 &= 18
PAEA BT b 5 45 52 0 5 v i) 23 = 0 AR A
VT 38 H R FH R B B % F 22 (sparse bundler ad-
justment, SBA) B % kAR, AN Wi i /AN
i (predicted image points) F1 WM &l 1% &5 (observed
image points) Z [A] 1 8508 25, i 55 ) e AR AR AL AL

(2) ZHEEILH, Z LA (Muld view
stereo, MVS)J& — iR R AH ML 7 B LB S8 &
=g R E A MER, R T R A [
AR 2 K BRI =S A3 5 = 4605 B ik
5B JHE 2 Tea) 70U, 2 DG P 455 S 100 P S M R = e 1
SEREE . BRI PR R ILEC S = B 1R,

BB A EER

0 125 250m

Bl BREFEZEELESRZR

Fig.1 Dense matching point clouds of Zhaojiaan landslide

(3) B i AR 5 S 5 = R A i, R
AR VETC 7 A 1 %% 28 a5 5 38 4 AN LU = AR
(triangulated irregular network, TIN) , A fill /F f1 &
b A B A S A v B Y T R T AL (DSMD (]
2) o R Bl 5T KT AIE S bR T A R R R
FERIAY(DEMD , B i H]— 20 A )3 $00(8 B 41 38 7R b T
o AR P SO 4 L P DA B S b B e b AR S . TE AR
DEM Z i , b ZHEAT 51 2 DB 59 Bk A 9 S0 45
A T A AR B TE S . DEM A B BR IR . O A
JH terrasolid K £ H (% ¥ 3 A LW = ff K %

(progressive triangulated irregular network densifi-

cation, PTD)"" S b AT s m B P b3 . 7€ Terra-
solid 2T AR HEAF 5 IX P FRAE L % B B KW
RO e KIS B R IR AN AR T L e Rk AU
VLK e /NI A5 5 AN SC B S 550, 8 5 Y b T AR
(s QAN H g Huiw s, T AR5 4R DL
R ARG A = B B Ik # T /6E 7, )
FHUE I 5505 A 3R o BT 58 % Y DX I 2y 7 A A
TR an P 1 e B R BN = TR A XS 7
BENTRAEH T A 8 Tk 3 S 2 B 0 3 )
SRR R MO O T AR T T B A 2R A R O b i
R A ArcGIS BAF 4 i TIN; @ F) L 1 4



142 7K R E %43 6

BKE TIN 5 30 o0 A% £t . A2 i DEM,
B 2 AR DL b 25 BRI A b TG 5 2R R B DEML,
FHEFR 0.2 m, AT LA B YA A, K 3 o DSM

M DEM (i (B 2 HAs i O, @ 9 f7 8D X L, af
PAF i DEM oA s BR 1 AE 9l 504 25 9 b i
iR E T HUBAE R

F:1165
1%:975

w1157 0 75 150m
—_
%:975

RFRBHEE KF oA

2 ®EKEBIE DSM F1 DEM B &
Fig.2 DSM and DEM rendering of Zhaojiaan landslide

1100 #&\mQ@ 995 I psM [ | DEM @@
HE

990 | l

&

i

i
985
980 -

0 50 100 150 200 0 50 100 150 200
7K~ BE B /m 7K B B /m

Bl 3 KRB DSM F1 DEM | X bk &=
Fig.3 Comparison of DSM and DEM profiles of Zhaojiaan landslide

AR AR 1 5 2 BOME T o A A AL (DEMD L 7]

FIor A1 IE 200 e BB A5 20 B 2R R 5K T 3
PRI I7 A X v O 35 B0 B AL AR 2 18 T i

f 807 IE SR 18 (DOMD W08 5 e (ANTET 4 T 7R)

0 75 150m
— 1

IS H AR B AR BB mH

B4 BREBEBFEHZGE
Fig.4 Digital orthophoto map of Zhaojiaan landslide



% 2 3

X ZE55 BT T MU (04 5 1 W 0OM A 5 fE I T A 143

AR R ) R S A R T AR A B A 2 A
G2 IR e U o RIS A g
Mesh FERL, 52 H bR % G2 049 JLAT 3 1 2 5 S8 )5 8%
T YGOSR S = 4 Mesh AR EAT o B, AT
o ) LSRR T S S AR (8] 5)

P’ 1 SN
AMBIEEIX . W%

BS5 BREBEIS=HER
D

Fig.5 Real-world 3D model of Zhaojiaan landslide

1.3 BEERETNER
TE X X 52 7 T ke 5 ik ek e £ 5 0 42 B8 A A
(R b B e g A B R A 2 R E i A I
M S e A 5, 9K 5 R )2 o A B CAHP) 35
VAN R AU i PR G R B T 45 0 X 5K
U AT S B PEVEAN P AL
D.=3W, - I, (2)
KDy YRR W o A0 - 1 AL )
I 5 TV AR 4

2 giR5aPr

2.1 MBI RMEE

X 50 T M A B LR U B b SR R A L S
115 43 PR DOM (B 4) J £ 2 R 52 5t = 4R A (]
5) RE T BT b 23 BE 1 3T S BE I L IR L BE IR T 3
BE PR R T SO W HE BT & SO SRR . K
R T T ) 105°, BT TR RS 7 A g8,
WEPR . 3 g S = AR T, W AR S 2 BE SR T
R REZY 1 090 m TS = 2 ZY 980 m, R 229110 m,
T B DX 9 A S M R 24 32°, W i I 0 A U S BE
RVGI K2 200 m, mE b ) AT 2% B FE AL 2 330 m, W3
MALZ R 3.30X 10" m*,

N DSE S AR INAY. = W =E /N A U i B/
R A UIEV R 32 A= poVE T 52 i B0 sm A, ML A
SO S MM L T RAE, WK AT 53 A 3RS
kM B RTZHERLIX IS KR (B 5) . A XK 2 85 m,

H AR 35°~40°, MU AH XS 80 2% . HE # i i o8
JERREE YR Z R HER RN T B R
R UL B o o B4 B L T SR RBE TS M AT L. B
KAL) 110 m, HARBIE 40°~45", HEBUAF & L4l
WER . MAMARE, WHLESTARZRE.
2 3 A 5 T SR T % 0 R B
22 BRERBEZMEZRSH
2.2.1 B HIUAT I AE S ARG 5 H7

(D BB 581t . SO 250 #3871 45
A AT HE R R, — R R g S R B DR SR
MUE 3 3 Fifp S A 28 L2000 FH 1 3% ol 238 %o 3L
iR A AL, GIS b A TF 5 il R i 500k 2
ZWrZm Xy FEE — S 33 I AR R
Y A

Z=Ax*y'+Bx'y+Caxy*+Dzx*+
Ey’+Fxy+Ga+Hy+I1

. Z B im R,y BTN E; ZE
A—T AT 3X3 & 1 B8 m R 1 L AR T R
SRAHRL, AR X S R, AT DA A H ROt
f R, A DEM 18 ArcGIS 508 F $ BUB K &
Bewy b e i R AE (L6 bRl R >0, BB S B
s i A =0, 308 BB br i ith 2 <<0, BB y 1
T3 AR T T8 RS0 5  BOE 3R T B S AR
FE . R R R Rt R E G AR B K
S T8 S DX TR A T B 5 i Ee By 52,02 %, K
T B BT o5 B9 By 47.98 %0, IRt AR
EE BRI T AR ERE,

(3

Blo BIRXEBEEESLE

Fig.6 Classification of Zhaojiaan landslide slope shapes



144 7K R E

%43

(2) WP Hr 5 geit. Bl 505 i Btk A7
PO 50 0 9 ASFEG . o i et 25 DR G
TR B i o 7 43 be CIRT 7). 0 M 450 il 5 oK ) 1
WeUR A B et R BB DX X3 B AR 10°~50°
A 5y e HE i . et nl R 5 R i B X Ta) B o
Fefil g 57.05 040 . DR BRI JEE 1 0 BT+ X 5 3 K
AR TR BERBR (A 8)

0 25
3140 PR
-- HEL @ 41~50
WEE( ) B 51~60
1 0~10 B 61~70
1 11~20 I 71~80
C121~30 N 81~90

B7 BREBEHESHE
Fig.7 Slope distribution of Zhaojiaan landslide

12000 125
. Cm#
10000 - FTEENE |
5 20
8000 | . 1 8
o * »n =
£ LR S Tm 15 g
K 6000} g x|
‘m_ 10 2
4000 | 1 &
.~
2000 H H, 5
m
0 [] 0
N A

Q Q Q Q Q Q Q \] Q
[\'g > \\" v r),\’ E 3\’ x N 5 5\’ b\’ q\’ ® %\’ 9
W)

8 BRREBHEESHEFE
Fig.8 Histogram of slope distribution of Zhaojiaan landslide

(3) Y\ FE . DA bb R 2 0 B 4 R el 4B
Bl RE Y AR A o 5 T SRR M R R AR S 8 Bl B
PR R, e X 5% = 4 mdk (& 7).,
o Py N AT T I 30 O O kL P, A
Py 3 1) oA A8 U0 0 AR L 35 0 1 35 M RO o % A R
FITET 2R o FHF 43 Hr i 33 7 ¥ 2 R AE J8 )y 1) 1) M A8 b
1B DN B ) I kb P B B EE R 4 o0 fn &l 9—10

L NG 2k Py (B 9) AT LA L R R 18 0k
U AR X 25 22 9 112 m, ZEGN 10 LA 75 m Ab i
PR A, R R K AR B R AR Ak R 2B A I e
) Ve e RE K L 1O AT A5 O\ 1 B 1 R 2 377, Pk
FER 129%, MEITEZE P, A1 Py (& 10) AT 1, 3 4K K
[ A S TN 1 N E1 3 N e 1 3 = ]
Hu#

1100
1080 f
1060 f
£
o 1040}
pud
1020}

1000 -

980

0 40 80 120 160 200
7K 7 BE B /m

B9 BRREBEAEFNEE(P)
Fig.9 Longitudinal profile (P, ) of Zhaojiaan landslide

1040

---- I TP,
B
1030 F | TP,
1020 -
£
#1010
e
1000 -
990 L o
980 . . . . . . . .
0 50 100 150 200 250 300 350 400
7K F BE B/m
B 10 BRFBFEERDDEE

Fig.10 Transverse profile of Zhaojiaan landslide

2.2.2 WEIIEH AT oM

(D) A RS, 8 5 50 I A 45 & = e R Y
WL TR X 5 0 e DX i 1) 3 U= S 1k T O o
VUZ PR GER EE SE  JR AR B R AR P 4
2 LAY e, AR AR FU L ik 26 Wy Jot 5 9B R BT
O 5 JE B AR A 5y AT A R A

(2) MG b= . B A i o 3 B AR B A
IR A5 K R ARESBR A 1 A1 T 4 B 3353 8042 52 ) X
b IR )RR B A AR A . B SR AL T E AT
PR B DX PN B A 3 12 3l 32 b 58 () T 1 46 Tz
By 2 B HE AT K H S A i 2R U, A A R
AR o E BRI M T A P A B R R A . XN R
B RN R H B A AR LR M 5E HE AR E L R 1 B



5% 2 3

X ZE55 BT o MU 2 04 5 1 0 0M A 5 fE I T AN 145

TR . ML= B A N BE Sy 0.05 g, Hodit i &% B 51
J&E N VLS

(3) NETRIEZ, 456 5ORME B 5 3L
PEAE AT X 5K R T R — Kb i B W A T e
AR A o A J2 o BHAE B S 30 T 2485 4 & A 3R M ) &
AR TG . PRS0 3 By AR S S AR AE . S BT
GRAETEAS 22 . BRICLLAN X B R R A KA TR TR
BEKFEERAE . K SCHER R, 210 7 7K 5 4 DA
J5 e KA R SR E] 1 018 m, K A i T I Bk Bk
30 m, WRHEIR A — DK ST B K EAK A b T
TR AT REIA E 1.5 m/d R R, ik K A2 R R
HCORATREIR ] 2.5 m/dT,
23 BRREBEBRMESHW
2.3.1 AT AHP #E#HHE-FRE  SH
KR WP AERAPETT R, I BAR)2 K (A) K480 2
U (B) FIEER 38 # 2 UK (C) A8 A 16 M DF 35 4 )2 I
IR ZR . NSRRI Sh 0 W B 0 R e R A Y
M), A SRS X 52 5 T B 04 52 e L R 43 Sk R IR F
HMRIR T RURE AR T IR 7 3 26 A T i — 4
A A 5 AR b . 455 SCERLL7, 28—29 1 WF 58 1K
IR BB G T A TR BUIR A IS B KB AT AR
ETRE R ETMAELRGE D, RA—%
FE R F B — 2 45 A PR A 2 A L L
T DB B L R A B BN R OK R
BRI S I 52, I 2 58 DS TR R R 4R v LR
BRI 5 AE SRR R - v B8 T 2 K A6 T B A RN
BEFVE AN T 36 2—4 45 T B 5 10 g I A5 16
JE A VAN 8 AR 04 40 6 B FVRRAE ) 2, TH5 AR

T R 5 118 S5 KRR AR X e BORT N7 B8 R AE ) £, RS
A — S48 45 CLAF BB L — M 48 b7 RTF— 3%
PELL 3 CR A I0 50 BRI — B0tk . &0F5, 3 A H
BE Y CR B 4> 9 0.051,0.085 F1 0.052, /N T
0.1, U369 38 A5 I M DA 48 A 1R R BAT 880 1 — 3
PE I 2R,

F1 BREBHEBREFNIER

Table 1 Risk assessment indicators of Zhaojiaan landslide
HirE A — R 54 B ZRIT MR C
Co M
o C. T
= C. Y e
B C,  HEm3IE
W B, WNESH T C A
% Co  MfRRE
f& C:  Renras
% Cs  RI S5 Kot it
e Co WA
WB, AT Ci KB THBE A
f Co FEFIES

By BCBEIRET C.  RICEIBICR

K2 BREBE—RTNIERER
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