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Abstract: Susceptibility assessment of region landslides plays an important role in geological hazard risk management. In previous
studies, few of them applied the combination of multivariate statistic model and machine learning method to assess landslide
susceptibility. Taking Wanzhou District of Three Gorges reservoir as an example, nine index factors including slope angle, slope
direction, curvature, terrain surface texture, stratum lithology, slope structure, geological structure, water distribution and land
use, were selected as the evaluation indexes of landslide susceptibility. The state of each index was graded based on the contrast
values calculated by weights of evidence (WOE) model, landslide area ratio and grading area ratio firstly. Then the BP neural
network model optimized by particle swarm optimization (PSO-BP) was applied to obtain the weight of each index. The landslide
susceptibility index (L.SI) was calculated by the combining weight of states and weight of indexes determined by these two models
(WOE - BP) and landslide susceptibility mapping was obtained based on the GIS platform. The results indicate that water

distribution, stratum lithology and geological structure are the main index factors influencing the development of landslides in
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Wanzhou District. The accuracy of the WOE-BP model reaches 80.8% , better than 73.1% of WOE model and 71.6% of BP

neural network model. The proposed model provides an effective approach for calculating the weight of index quantificationally and

optimizing the landslide susceptibility evaluation.
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Fig.8 Statistical results of state classification of different geological structures
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Table 3 Classification of geological structure influenced region

) 3 S S (m)
S 19 2977 RE&iid 497 5 6 977
1 [0,500] (500, 900] (900, 1100] (1800, 2 000] (1100, 1800] >2000
2 (1800, 2 250] (1050, 1800] (2 250, 3 000] (450, 1050] [0, 450] >3000
3 (2800, 4 000] (1800, 2800] [0,800] (1400, 1800] (800, 1400] >4 000
4 (900, 2 400] [4800,6000] [0,900] [3300,4 800] >6 000 (2400, 3 300]
Xt C 0.409 —0.218 ~0.179 0.388 ~0.110 0.919

x4 BEFHEXMTE

Table 4 The calculation results of correlation between factors

bR WepE 1) o HimEdh R HhRgn KFR WA W RS SRR
e pE (o) 1.00
Wein) 0.09 1.00
i (m) 0.16 0.10 1.00
IS 0.09 -0.18 -0.06 1.00
Hi 2R B0 0.03 0.00 0.05 -0.02 1.00
7K % (m) 0.01 -0.01 -0.03 0.01 0.00 1.00
b2 A -0.18 -0.01 0.01 0.01 0.00 0.02 1.00
Hb 5 3 (m) -0.13 -0.03 -0.05 -0.07 -0.01 -0.01 -0.09 1.00
B A5 0.04 0.08 0.45 -0.03 0.02 -0.01 0.11 -0.11 1.00
R -0.09 0.01 0.04 -0.06 0.00 -0.01 -0.07 0.26 0.03 1.00

x5 EREBREFIHRBIEENE

Table 5 Weights of evidence of states of each index factor

HebR A T B UEHE AL Ny B ERACE | 48R T HUE TEHEAL T
0~15 0.161 1Ak 0.494 {3 0.363
15~25 0.050 KRG 290 -0.786 PRABIIE -0.232
W) 25~35 -0.308 1 2 (m) 3G -0.497 2Rk 0.488
35~45 -0.286 44 -1.631 RHE g% 35 0.194
45~71 -0.290 Ty -0.416 1 3 0.103
-1 0.289 I, -0.024 R -0.192
0~45 0.102 Js -0.841 T 1 3 -0.472
45~90 0.102 Ty -1.39 L b 0.652
90~135 ~0.087 Ty -2.314 H 3 1.428
i1 () 135~180 ~0.144 . ~0.153 3838 32 iy 0.179
180~225 -0.148 S A -0.295 Ol ~0.547
225~270 0.173 1, 0.733 IR Al 0.267
270~315 0.058 T, ~0.372 KR 1.517
315~360 -0.203 Jos 0.104 KT b 1.285
WEF3 -0.016 P, -0.102 Ha ~0.479
It 2 IEE: %3 0.185 T ~0.106
1 750 3% 0.020 190 0.409
0~0.327 1.135 29047 0.218
0.327~0.545 0.758 B 3G 0.179
b 3L B 0.545~0.763 1.049 SR 5 (m) 4 9 0.388
0.763~0.817 0.179 5 gy 0.11
6 0.919
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Table 6  The results of weights of index factors
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Table 7 The statistical results of grids
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&8 WOE-BP %2 T ifll IE 7 2 0 ¢4 4 &
Table 8 The correct rate and erroneous rate in WOE-BP model prediction
FeA Rl BEARL() T LE A 4 RE AR E () IR () T 8 5% F4 R AR B (> B ()
Il kA 10 000 8 409 84.1 880 8.8
T A A 61919 44 231 71.4 8 282 13.4
JEREN 71919 52 640 73.2 9162 12.7
4.3 EBENEE O Logistic Regression for Mineral Potential Mapping. Com~-

T TE W ARV S kAR N RE ) R
BLHEBR . ANER 8 BT, 43 A U R R AR AU A A
f1% 5000 IE 9 A (9 TR 8 o R DX R R o R X A
B/ BB RS R (T 1E AR 5 7 X B A B0 880
S LN GRS 14 TN 1E B R A T WU AR AR, 2
IR RE KT 70%.

5 inb

(1) Rh = e Jog X5 M XA Ry F 9 %o 42, 3ok B
JEAF O IR F S W Y o R MEITE M IR R LT GIS
M WOE-BP #8847 X Bl 3% 5 K e VEA | A 25
5 SR Y o A LA — B, AUCH A 3] T
80.8 %4 , A — A %I 11 Vi Ik 25 ) i ) F Bt

(2) FR 9 UE 4l AN b B (6] 18 3 4 A 7 2R AT
THCRERN G A IR T A RS X TN R A
A IS UNIUE SN 8/ 2 (TR & R ]|
W) GE 1T R . 70 43 8k G T RS S0 A B S 0 X
1 2 B AR i ELA AR U 1 3

(3)FI F PSO-BP #5811 574 — 948 b B T 4L

L, S5 SAR U M TR X RS R T M X
P& B 0 B R R X5 W0 SR AR A —
0, UL PSO-BP SR BEAT R T b 5 & 1
FUCE TH5R, L5 B R 42 4 07 vk RT LA 80k e LA
AR WM, T RIS 2 2T 1R A

References
Agterberg, F. P., Bonham-Carter, G. F., Cheng, Q. M., et
al., 1993. Weights of Evidence Modeling and Weighted

puters in Geology, 25 Years of Progress. Oxford Univer-
sity Press, Oxford, 13—32.

Bonham - Carter, G. F., Agterberg, F. P., Wright, D. F
1988. Integration of Geological Datasets for Cold Explo-
ration in Nova Scotia. American Society for Photogram-
metry and Remote Sensing, 54(11): 1585—1592.

Cheng, Q. M., Chen, Z. J., Ali, K., 2007. Application of
Fuzzy Weights of Evidence Method in Mineral Resource
Assessment for Gold in Zhenyuan District, Yunnan Prov-
ince, China. Earth Science, 32(2) : 175—184 (in Chi-
nese with English abstract).

Cheng, W. M., Peng, L., Niu, R., Q., 2013. Landslide
Susceptibility Assessment Based on Rough Set Theory:
Taking Zigui County Territory in Three Gorges Reser-
voir for Example. Journal of Central South University
(Science and Technology) , 44(3): 1083— 1090 (in Chi-
nese with English abstract).

Devkota, K. C., Regmi, A. D., Pourghasemi, H. R., et al.,
2013. Landslide Susceptibility Mapping Using Certainty
Factor, Index of Entropy and Logistic Regression Mod-
els in GIS and Their Comparison at Mugling-Narayang-
hat Road Section in Nepal Himalaya. Natural Hazards,
65(1): 135—165. https://doi.org/10.1007/s11069-012-
0347-6

Du, J., Yang, Q. H., Yan, J., et al., 2010. Hazard Evalua-
tion of Secondary Geological Disaster Based on GIS and
Information Value Method. Earth Science, 35 (2) :
324—330 (in Chinese with English abstract).

Eberhart, R., Kennedy,
Particle Swarm Theory. Proceeding of the Sixth Interna-

J., 1995. A New Optimizer Using

tional Symposium on Micro Machine and Human Sci-



5 12 3

BT IES T GIS 5 WOE-BP # B 1 3 3% &) & P3R4 4311

ence. IEEE, Nagoya, 39—43.

Fan, L. F., Hu, R. L., Zeng, F. C., et al., 2012. Applica-
tion of Weighted Information Value Model to Landslide
Susceptibility Assessment: A Case Study of Enshi City,
Hubei Province. Journal of Engineering Geology, 20
(4): 508—513 (in Chinese with English abstract).

Fan, Q., Ju, N. P., Xiang, X. Q., et al., 2014. Landslides
Hazards Assessment with Weights of Evidence: A Case
Study in Guizhou, China. Jowrnal of Engineering Geolo-
gy, 22 (3) : 474—481 (in Chinese with English ab-
stract).

Fan, Q., Ju, N. P., Xiang, X. Q., et al., 2015. Applica-
tion of Weights of Evidence Method in Landslide Sus-
ceptibility Zoning: A Case Study on Tongzi River Basin
in Guizhou. Journal of Catastrophology, 30(1) : 124—
129 (in Chinese with English abstract).

Feng, H.J., Zhou, A. G., Yu, J. J., et al., 2016. A Com~
parative Study on Plum-Rain-Triggered Landslide Sus-
ceptibility Assessment Models in West Zhejiang Prov-
ince. Earth Science, 41(3): 403—415 (in Chinese with
English abstract).

Ge, Y. F., Tang, H. M., Li, W., et al., 2016. Evaluation
for Deposit Areas of Rock Avalanche Based on Features
of Rock Mass Structure. Earth Science, 41(9): 1583 —
1592 (in Chinese with English abstract).

Hines, J. W., 2007. Fuzzy and Neural Approaches in Engi-
neering. Wiley Press, New York.

Huang, F. M., Yin, K. L., Huang, J. S., etal., 2017. Land-
slide Susceptibility Mapping Based on Self-Organizing -
Map Network and Extreme Learning Machine. Engineer-
ing Geology, 223: 11—22.

Huang, R. Q., 2007. Large-Scale Landslides and Their Slid-
ing Mechanisms in China since the 20th Century. Chinese
Journal of Rock Mechanics and Engineering, 26 (3) :
433—454 (in Chinese with English abstract).

Igbal, J., Dai, F. C., Hong, M., etal., 2018. Failure Mech-
anism and Stability Analysis of an Active Landslide in
the Xiangjiaba Reservoir Area, Southwest China. Jour-
nal of Earth Science, 29 (3) : 646—661. https://doi.
org/10.1007/s12583-017-0753-5

Lee, S., Pradhan, B., 2007. Landslide Hazard Mapping at
Selangor, Malaysia Using Frequency Ratio and Logistic
Regression Models. Landslides, 4(1): 33—41.

Liu, Y. L., Yin, K. L., Liu, B., 2010. Application of Logis-
tic Regression and Artificial Neural Networks in Spatial
Assessment of Landslide Hazards. Hydrogeology and
Engineering Geology, 37(5): 92—96 (in Chinese with
English abstract).

Mantovani, F., Gracia, F. J., de Cosmo, P. D., et al.,
2010. A New Approach to Landslide Geomorphological
Mapping Using the Open Source Software in the Olvera
Area (Cadiz, Spain). Landslides, 7(1): 69—74.

Migon, P., Jancewicz, K., Rozycka, M., et al., 2017. Large-
Scale Slope Remodelling by Landslides-Geomorphic Di-
versity and Geological Controls, Kamienne Mts., Cen-
tral Europe. Geomorphology, 289: 134—151.

Pradhan, B., 2013. A Comparative Study on the Predictive
Ability of the Decision Tree, Support Vector Machine
and Neuro - Fuzzy Models in Landslide Susceptibility
Mapping Using GIS. Computers & Geosciences, 51:
350—365.

Regmi, A. D., Devkota, K. C., Yoshida, K., et al., 2014.
Application of Frequency Ratio, Statistical Index, and
Weights - of - Evidence Models and Their Comparison in
Landslide Susceptibility Mapping in Central Nepal Hima-
laya. Arabian Journal of Geosciences, 7(2): 725—742.

Song, S., Y., Wang, Q., Pan, Y., Z., etal., 2014. Evalua-
tion of Landslide Susceptibility Degree Based on Catas-
trophe Theory. Rock and Soil Mechanics, 35(Suppl. 2) :
422—428 (in Chinese with English abstract).

Tang, Y., Yin, K. L., Wang, Y., et al., 2017. The Land-
slide Rain Infiltration Based on the Improved Mein-Lar-
son Model. Earth Science, 42 (4) : 634—640 (in Chi-
nese with English abstract).

Wang, J., Guo, J., Wang, W. D., et al., 2012. Application
and Comparison of Weighted Linear Combination Model
and Logistic Regression Model in Landslide Susceptibili-
ty Mapping. Journal of Central South University (Sci-
ence and Technology) , 43(5): 1932—1939 (in Chinese
with English abstract).

Wang, J. J., Yin, K. L., Xiao, L. L., 2014. Landslide Sus-
ceptibility Assessment Based on GIS and Weighted Infor-
mation Value: A Case Study of Wanzhou District,
Three Gorges Reservoir. Chinese Journal of Rock Me-
chanics and Engineering, 33(4): 797—808 (in Chinese
with English abstract).

Wang, Z. W., Li, D.Y., Wang, X. G., 2007. Zonation of
Landslide Hazards Based on Weights of Evidence Model.
Chinese Journal of Geotechnical of Engineering, 29(8) :
1268—1273 (in Chinese with English abstract).

Wu, X. L., Ren, F., Niu, R. Q., 2014. Landslide Suscepti-
bility Assessment Using Object Mapping Units, Deci-
sion Tree, and Support Vector Machine Models in the
Three Gorges of China. Environmental Earth Sciences,
71(11): 4725—4738.

Wu, Y. P., Tang, H. M., Ge, X. R., 2005. Application of



4312 IR F} A

http://www.earth-science.net

o544 3

BP Model to Landslide Hazard Risk Prediction. Rock
and Soil Mechanics, 26 (9) : 1409—1413 (in Chinese
with English abstract).

Wu, Y. P., Zhang, Q. X., Tang, H. M., etal., 2014. Land~-
slide Hazard Warning Based on Effective Rainfall Intensi-
ty. Earth Science, 39 (7) : 889—895 (in Chinese with
English abstract).

Xu, C., Dai, F. C., Xu, X. W., 2011. Earthquake Trig-
gered Landslides Susceptibility Evaluation Based on GIS
Platform and Weight-of-Evidence Modeling. Earth Sci-
ence, 36(6): 1155—1164 (in Chinese with English ab-
stract).

Yalcin, A., Reis, S., Aydinoglu, A. C., etal., 2011. A GIS-
Based Comparative Study of Frequency Ratio, Analyti-
cal Hierarchy Process, Bivariate Statistics and Logistics
Regression Methods for Landslide Susceptibility Map-
ping in Trabzon, NE Turkey. Catena, 85 (3)
274—287.

Zhang, J., 2016. Landslide Risk Assessment in Wanzhou
County, Three Gorges Reservoir (Dissertation). China
University of Geosciences, Wuhan (in Chinese with Eng-
lish abstract).

Zhang, J., Yin, K. L., Wang, J. J., et al., 2016. Evaluation
of Landslide Susceptibility for Wanzhou District of Three
Gorges Reservoir. Chinese Journal of Rock Mechanics and
Engineering, 35(2) : 284—296 (in Chinese with English
abstract) .

Zhang, T. L., Zhou A. G., Sun, Q., etal., 2017. Character-
istics of the Groundwater Seepage and Failure Mecha-
nisms of Landslide Induced by Typhoon Rainstorm.
Earth Science, 42 (12) : 2354—2362 (in Chinese with
English abstract).

Zhou, W. Y., 1999. Verification of the Nonparametric Char-
acteristics of Back Propagation Neural Networks for Im-
age Classification. IEEE Transactions on Geoscience and

Remote Sensing, 37(2): 771—779.

M =R 325 3 STk

R, BRAEZE, All, K., 2007 BOMIIE A 7 12 78 45 bE (&
2 ) M X A IR SR A b N L M ER B2 32(2)
175—184.

NS, 24, A E I, 2013, 3 T HURE 42 BOS W IB 5 &
PEPF M — DL = 0 i DX B UH B8 0 Sk 4] R R 2R 2 R
(HRBIZERRD , 44(3): 1083—1090.

I, BEE, T, %, 2010, T GIS 515 B
JI AR b R UCE fa B VR DT f . O ER B2, 35(2) -

324—330.

JLARUE , BE AR, RGeS, A, 2012, IAUE B R AR R R I B
Gy BAEVEAN A B B - DAY 4 UG T A . TR M
2242, 20(4): 508—513.

JE, EREEE, BB, 5, 2014, R AL TE X I B G K
PETE M g B - DL SN A S 4. R M T 2 A, 22
(3): 474—481.

S, EREHE, W EB, 5, 2015, WEIEA LT I 5 KA
DX e LA B A A T A ) S 2, 30(1)
124—129.

W, FEE, frelE, 45, 2016, Wiy A R I O 5 AR Tk bR
MrBERIXS TG . M IRRE S, 41(3): 403—415.

B, FEREN], 254, %, 2016, 3T AL A R AE 0 v
TE TR W B B MR RE 2, 41(9) : 1583—
1592.

HEERK, 2007, 20 20 DL v [ O 0 M i R L ke A LT
EAA IS TR, 26(3): 433—454.

XA, B e, Xk, 2010. 18 58 W] A1 TR 2 R 2%
FUTE Ve 3 ¢ 2 1) T v 4 R L 7K S b g TR
37(5): 92— 96.

KB, T, BES, 55, 2014, 5T %728 S 009 WG 16
PEVEMY . 55 4015, 353 T 2) : 422—428.

R, BRITOE, TEVE, 45, 2017, BHYL T A S 9k #E Mein-
Larsonf7 . HhBREL 2, 42(4) : 634—640.

EE, 5, E AR, &, 2012, AUELVEH G 5% 5 W)
RYTE W B B K e XA B N S R R R s R
(HSRPBIZERL) , 43(5): 1932—1939.

EAEAE, BB B, M AT, 2014, FE T GIS A5 B+ 0
RE G KT L= P O X ) A )25
TR, 33(4): 797—808.

FAEIE, 2w, EWEE, 2007, E 35 B0k 16 8 W16 1 X
RIFFFE B . 4 £ AR 2R, 29(8): 1268—1273.

S5, BEREW], BEIE , 2005, BP AR B 1 X I Bk 3K
I F50 g LA 5, 26(9) 0 1409—1413.

RV, SKEKE, FEMED, 45, 2014, FE T AT R0% R 9 1 A T
ege F fa B P . Mk FF =, 39(7): 889—895.

VFel, SRR, BRBAE, 2011, 25T GIS P & 5 IE4E ALY He
FEWT Y Gy K VEVEAN . b BRAL 2%, 36(6): 1155—1164.

kAR, 2016. =gk I IX T M XT3 ¢ B XU DAk F 98 (A - 2%
PEAS3C) BRI ;[ TR

TR, BRIOE, EAECE, 25, 2016, =W X T N X 3 Bk 7 5
KAEVENBIFGT . A 1205 TR, 35(2) : 284—296.

SRR, RZE, FhoR, 4, 2017, & KU A 0F N W
KB R R AE K R BL . MR B2, 42(12) ¢ 2354—
2362.



