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Abstract; Aiming at the multi-source heterogeneous data fusion problem of landslide monitoring, a multi-source
heterogeneous monitoring data fusion algorithm based on BP neural network is proposed in this paper. The
temperature, humidity, wind power, cloudiness, precipitation and accumulated precipitation which affect the
landslide deformation are taken as the input variables, and the landslide displacement changes data are taken as the
expected output data in this algorithm. And the prediction accuracy of this algorithm can be effectively improved by
filtering the environmental factor variables with calculating the correlation and significance of the environmental
factor variables and the landslide displacement changes. This algorithm is verified by the monitoring data of the
Dangchuan landslide in Heifangtai, Yongjing County, Gansu Province. The results show that the BP neural
network data fusion algorithm can be used in the landslide displacement prediction with multi-source heterogeneous
monitoring data. After the environmental factor variable filtering, the determination coefficient of the BP neural
network data fusion algorithm can achieve 0. 985 and the RMSE can achieve 0.4787 mm. Thus the accuracy of
deformation prediction can be effectively improved.
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Fig. 1  Location of the study area and distribution map of the

landslide monitoring points
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Table 1  Sample data of multiple environmental factor variables

and GNSS displacement

W W, W s TR RiE B

F5 e % % g PRI/ R, 2Lt/
mm mm  (mm/d)
1 -6 545 6 53 0.5 0.5 2.35
2 -7.5 725 6 89 17.7 18.2 3.15
3. -7 745 5 66  13.6 31.8 2.77
19 -2.5 835 5 71 3.9 54.3 4.13
200 -L5 795 5 55 3.6 57.9 3.80
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Table 2 Correlation coefficients of environmental factor variables
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K174 -0.764 -0.081 1 0.267 0.239 -0.466
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H REK R /mm-0. 625
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0.508 0.239 0.597 1 -0.171
0.521 -0.466 0.169 -0.171 1
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Table 3

Correlation and significance of various environmental

factor variables and landslide displacement changes
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Fig. 2 Standard deviation of prediction error for different hidden
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Table 4 Comparison of the predicted displacement change and

the actual displacement change of the fusion model under two

schemes
E PO A7 A 22 KA/ mm S2BR LR AR AL

LES IR mm

16 2.09 2.53 2.69

17 2.50 2.74 3.03

18 2.20 2.89 3.15

19 3.07 3.35 4.13

20 2.80 3.20 3.80

MAE 0. 8280 0.4180 /

RMSE 0.8564 0. 4787 /
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Fig. 3 Correlation diagram of the predicted displacement
change and the actual displacement change of the fusion model

under two schemes
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Table 5

The residual sum of squares and the determination

coefficient of the fusion model under two schemes

R? RSS
E S 0. 890 0.073
FE 0. 985 0. 006

3 #i

22 VR BUHE Rl 5 TR BB X 18 3 M TN 22 9 S 4 KR
PEHEATER A o A AL BRI AT, TH R Bodls 2 18 AT A
FEAE R TC AR R EL T P, A 2800 3 0 3 s 0 5 4l
AT SEE B e T ORI IR A AR L AR SO
HoR ko &R T7 G W RIS IX, B X
I AR AT 1 22 Bl PR B IR AR BRI 32 A% AR A
e ¢TI R E A B ARl € S TR
RTS8

(1) B3R T #0858 28 o 00 9 i A 7 P A 52
LTI 05 T R WA WA B 40 2 o B NN X 7 3
PRSI PRI m A A, R LB K & Ty,
WRMPRIE, i HEKEIEME, [HZbE
M 1 3 A 1

(2) 3BT —FIET BP #2245 1 1 3 2 5

S AU RS A R L T R R U A 6
IBE R 78 B AR B 1Y g A8 5, SR BP flT &
PR 2 B o T I 0 7 S AR Ak i R AT TR, ARk
e Z %A 3 0.890, RMSE ik %] 0. 8564 mm, T
235 5% 1) VR R 0

(3) FER & 30 55 B 7 48 o I 0 7% A8 b
I AH G M B R IR AR R R SR, R
FH BP 1 28 9 28 B33 6 W B i) 40 B8 A% Ak e 0E AT T
Wy, % 5k o & Ik # 0.985, RMSE ik #|
0.4787 mm, A CEEE TINS5 R AR BE

FEXT I W AR R e M EAT SR B et BR T
SO R B R T AR B AL, T R AT X
BYHL R KL A RN E R B g N AR AR
AENE R, A, —SRTENAES (A3
KMESGEE, WP, FEZERE RT %) H
AR W Y R TR R E, B, fEXS
T Ik A S R AT R Ak B, AT DU W B AR R
W5 B 5 H Al o] S S ] {5 B AT
ARRE, DTSSR BE A AT L SR RN

References

CHEN M J, OUYANG Z X, FAN G S, et al. , 2007. On information
extraction method based on data fusion for integrated landslide
monitoring [ J]. Journal of Geodesy and Geodynamics, 27 (6):
77-81. (in Chinese with English abstract)

CHENG J, ZHANG W J, 2018. Analysis on the changes and correlation
of precipitation and cloud in northwest china in the past 40 years
[J]. Journal of Qinghai Meteorology, (3): 1-5. (in Chinese)

DING J X, SHANG Y J, YANG Z F, et al. , 2004. New method of
predicting rainfall-induced landslides [J]. Chinese Journal of Rock
Mechanics and Engineering, 23 (21): 3738-3743. (in Chinese
with English abstract)

DONG W W, ZHU H H, SUN Y J, et al., 2016. Current status and
new progress on slope deformation monitoring technologies [ J].
Journal of Engineering Geology, 24 (6): 1088-1095. (in Chinese
with English abstract)

DU G L, ZHANG Y S, GAO J C, et al. , 2016. Landslide susceptibility
assessment based on GIS in Bailongjiang watershed, Gansu Province
[J]. Journal of Geomechanics, 22 (1): 1-11. (in Chinese with
English abstract)

FAN J Q, 2015. Research on multi-source heterogeneous sensor
information fusion for landslide monitoring [ D]. Wuhan: China
University of Geosciences. (in Chinese with English abstract)

FENG Z, LI B, ZHAO C Y, et al., 2016. Geological hazards
monitoring and application in mountainous town of Three Gorges
Reservoir [ J]. Journal of Geomechanics, 22 (3): 685-694. (in
Chinese with English abstract)

GAO Y, LI B, FENG Z, et al., 2017. Global climate change and
geological disaster response analysis [J]. Journal of Geomechanics,

23 (1): 65-77. (in Chinese with English abstract)



4 1

ER, % T BP 2 0 U 2 A SR S 581

GUMILAR I, FATTAH A, ABIDIN H Z, et al., 2017. Landslide
monitoring using terrestrial laser scanner and robotic total station in
Rancabali, West Java (Indonesia) [ C] //American Institute of
Physics Conference Series, 1857 060001.

GUO K, PENG J B, XU Q, 2005. Realization of the extraction of
comprehensive information of multi-station monitoring data of
landslide with the technique of multisensor target tracking [ J].
Progress in Geophysics, 20 (3 ). 808-813. (in Chinese with
English abstract)

GUO K, PENG J B, XU Q, et al., 2006. Application of multi-sensor
target tracking to multi-station monitoring data fusion in landslide
[J]. Rock and Soil Mechanics, 27 (3): 479-481. (in Chinese
with English abstract)

HIBERT C, GRANDJEAN G, BITRI A, et al. , 2012. Characterizing
landslides through geophysical data fusion: Example of the La
Valette landslide ( France ) [J]. Engineering Geology, 128.
23-29.

JIANG H Q, LIZ X, LIX S, et al. , 2006. Discussion on the prediction
theory and method of landslide disaster caused by meteorological
change [J]. Research of Soil and Water Conservation, 13 (5):
20-22. (in Chinese with English abstract)

LIAO M S, ZHANG L, SHI X G, et al., 2017. Remote sensing
monitoring method and practice of landslide deformation radar [ M].
Beijing: Science Press. (in Chinese)

LIU C Y, YIN X B, ZHANG B, 2015. Analysis and prediction of
landslide deformations based on data fusion technology of Kalman-
filter [J]. The Chinese Journal of Geological Hazard and Control,
26 (4): 30-35. (in Chinese with English abstract)

LIU X H, YAO X, ZHOU Z K, et al. , 2018. Study of the technique for
landslide rapid recognition by InSAR [ J ].
Geomechanics, 24 (2). 229-237. (in Chinese with English
abstract)

MO Y S, DONG X M, WEN R H, 2010. Analysis of the influence of
meteorological factors on the formation of landslide [ J]. West-
China Exploration Engineering, 22 (6): 51-52, 55. (in Chinese)

NI X J, 2005. Application of wavelet theory to the denoising and the

Chengdu

Journal  of

combinatorial predetermination for landslide [ D ].
Chengdu University of Technology. ( in Chinese with English
abstract)

PENG H, HUANG B Z, YANG Y, 2012. Study on technical methods of
landslide monitoring [ J]. Resources Environment & Engineering,
26 (1): 45-50. (in Chinese with English abstract)

PENG P, SHAN Z G, DONG Y F, et al. , 2011. Application of multi-
sensor valuation fusion theory to monitoring dynamic deformation of
landslides [ J]. Journal of Engineering Geology, 19 (6): 928-
934. (in Chinese with English abstract)

PRADHAN B, JEBUR M N, SHAFRIH Z M, et al. , 2016. Data fusion
technique using wavelet transform and Taguchi methods for automatic
landslide detection from airborne laser scanning data and QuickBird
satellite imagery [ J ]. IEEE Transactions on Geoscience and
Remote Sensing, 54 (3): 1610-1622.

QI X, HUANG B L, LIU G N, et al., 2017. Landslide susceptibility
assessment in the Three Gorges area, China, Zigui synclinal basin,
using GIS technology and frequency ratio model [ J]. Journal of
Geomechanics, 23 (1): 97-104. (in Chinese with English
abstract)

QI X, XU Q, ZHAO K Y, et al., 2018. Analysis on law of response

from irrigation to groundwater level at Heifangtai Tableland in Gansu

Province [J]. Water Resources and Hydropower Engineering, 49
(9): 205-209. (in Chinese with English abstract)

QIU D D, 2017. Landslide risk analysis based on multi-source data
fusion [ D]. Wuhan: China University of Geosciences. (in Chinese
with English abstract)

SUN B, 2012. Method research on comprehensive treatment and data
fusion of multiple monitoring data [ D]. Wuhan: China University
of Geosciences. (in Chinese)

SUN Y P, ZHANG S P, CHEN W K, et al. , 2018. Risk assessment of
landslides caused by Wenchuan Earthquakes: a case study in the
Wudu District and Wenxian County, Gansu Province [J]. China
Earthquake Engineering Journal, 40 (5): 1084-1091. (in Chinese
with English abstract)

VILLALPANDO F, TUXPAN J, RAMOS-LEAL J A, et al. , 2020. New
framework based on fusion information from multiple landslide data
sources and 3D visualization [ J]. Journal of Earth Science, 31
(1) 159-168.

WANG J, 2013. 3D geological modeling of landslide mass based on
QuantyView and multi-source data [ D]. Wuhan: China University
of Geosciences. (in Chinese with English abstract)

WANG L, ZHANG Q, ZHAO C Y, et al. , 2005. The application study
of GPS multi-antenna monitoring technique in the monitoring of road
slope disaster [J]. Journal of Highway and Transportation Research
and Development, 22 (6): 163-166. (in Chinese with English
abstract)

WANG L, ZHANG Q, LI X C, et al. , 2011. Dynamic and real time
deformation monitoring of landslide with GPS-RTK technology [J].
Journal of Engineering Geology, 19 (2): 193-198. (in Chinese
with English abstract)

WANG Y M, FENG Q, LI Z X, 2014. Analysis of low cloud amount
variations in the northwest China during 1960-2005 [J]. Scientia
Geographica Sinica, 34 (5): 635-640. (in Chinese with English
abstract)

WU W, WANG S G, DENG L T, et al. , 2010. Four-season distribution
of cloud and its correlation with precipitation in northern China
[J]. Journal of Lanzhou University ( Natural Sciences), 46 (3):
32-40. (in Chinese with English abstract)

XU Q, FENG D L, QI X, et al., 2016. Dangchuan 2# landslide of
April 29, 2015 in Heifangtai area of Gansu Province: characteristics
and failure mechanism [ J]. Journal of Engineering Geology, 24
(2): 167-180. (in Chinese with English abstract)

YINJ X, HEY Q, YAO Y S, et al. , 2019. Research on deformation of
plateau landslide based on meteorological conditions [ J]. Urban
Geotechnical Investigation & Surveying (1) : 184-188. (in Chinese
with English abstract)

ZHANG W Q, 2019. Research on high-precision deformation monitoring
and prediction methods for loess landslide [ D]. Xi’an: Chang’an
University. (in Chinese)

ZHANG X Y, ZHANG C S, MENG H J, et al., 2018. Landslide
susceptibility assessment of new Jing-Zhang high-speed railway based
on GIS and information value model [J]. Journal of Geomechanics,
24 (1):96-105. (in Chinese with English abstract)

ZHANG Y J, 2006. Research on detection and recognition of underwater
target based on network and data fusion [ D]. Xi’an: Northwestern
Polytechnical University. (in Chinese with English abstract)

ZHANG Y Z, 2007. Study on the theory of structural damage
identification based on neural network and data fusion [ D ].

Chengdu: Southwest Jiaotong University. (in Chinese)



582 W FFR https ; //journal. geomech. ac. c¢n 2020

ZHAO C Y, LIU X J, ZHANG Q, et al., 2019. Research on loess
landslide identification, monitoring and failure mode with InSAR
technique in Heifangtai, Gansu [ J]. Geomatics and Information
Science of Wuhan University, 44 (7): 996-1007. (in Chinese with
English abstract)

ZHAO S Q, ZHU S J, 2013. On forecasting typical landslides in the
Three-Gorge Reservoir [J]. Journal of Safety and Environment, 13
(6): 259-264. (in Chinese with English abstract)

ZHOU F, 2015. Study on the deformation characteristics of loess slope
and mechanism of landslide in Heifangtai, Gansu Province [ D].
Chengdu: Chengdu University of Technology. (in Chinese with
English abstract)

ZHU Z M, ZHOU K R, TAN C H, et al. , 2013. Study on technology of
slope/landslide stability analysis and early warning under heavy
rainfall [J]. Journal of Geomechanics, 19 (4): 423-430. (in
Chinese with English abstract)

Bt 32 B % STk

WRUA 4, BRPHALES , JUEME, 2007, 3% F B8 @l & 0 0 0 2 4 1
FEAREO W [1]. RibIWE 5 Bk8h J1%, 27 (6): 77-81.

AR, TRICE, 2018, PHALHIX I 40 4F R K B A = B A9 28 1k K A
HXZMN [1]. HBRE (3): 1-5.

THkE, MER, AT, 4, 2004, FEEEE W HURE T (1],
AR 5 TR, 23 (21) : 3738-3743.

HEOCSC, ARWSES PN, A, 2016, 13 AR T W 4 AR BR Ko E
J& [J]. TR, 24 (6): 1088-1095

FEEZE, KW, A, %, 2016, FETF GIS By e I 8 H A B
W o KA [J]. M2 # 4, 22 (1) 1-11.

R, 2015, THT ) 3 3¢ 0 7 22 R S 4 A SRR 2R AR B RS T ik AR
[D]. 2B, v = H BTk %=

TR, 2 REYE, & 2016, =k X L X 3R AR T K b B O W
WITE 7R JEATFSE [J]. W 125244, 22 (3): 685-694.

mk, ZEuE, AR, 4, 2017, ABRA R AL S R R % i R4 B
[J]. #Bi 274, 23 (1): 65-77.

SR, BARIE, VFIR, 2005, B 2L AR H bR R Al A R S
WY 2 AT B 5 5 AR BB [T, Hh R B AR 20
(3): 808-813.

SR, WA, VF0R, 4, 2006. W Z SRR T2 LR H
PRERERERBLA [J]. A 1%, 27 (3) . 479-481.

SLUFIR, BAHLNE, ZEAN/E, 25, 2006, i8R IICE 1Y TR R
Mk (1], KEREIIS, 13 (5): 20-22.

B, R, g S 2017, IR R 1K R R I 07 vk S 5t
B [M]. dbmt: Bl et

Xz, FNBE, skM, 2015, T Kalman 38 3 5085 fb & 4 R 64 35
WA BT S ()], b E TR F G R R, 26 (4) @ 30-
35.

XURBE, Wk, FIRYL, 4, 2018, WP E InSAR R A H AR
B [J]. MBI, 24 (2): 229-237

LA, EEME, SCHW, 2010, S5 6 38 6 52 0 43
[J]. U™ TAE, 22 (6): 51-52, 55.

{6275 #r, 2005. /NU% RIS ZE N B RE R AN AL S O A A [ D). AR

FHRlE (HERS) #RIREE (0SID) .
W T AT T, AT B MR 0 A
76 ) SC B R 2 AL ) e T 2 S AR O I

B . RCHBEL TR 2

WA, WY, Mok, 2012, WEMEIE AR ITIETEE (1], WA
5T/, 26 (1) 45-50.

B, IR, EE W, S, 2011, AR RN Ml A FIE 7R T i Bl
SR E Wb HUFR ()] TR R, 19 (6):
928-934.

FeAE, Bk, X079, &, 2017, HET GIS FEAR MR AR A 1) =
e 3, DX B U ) AR 3 B ABORR MR DR AR (D] MLRR Ty AR, 23
(1): 97-104.

TTA, VESR, RSO, %, 2018, HH 5 & WIS T K A7 e R R
AT [J]. AKRIKHEEAR, 49 (9): 205-209.

B FHPE, 2017, B 2 U5 BOHE @A 00 T XU A AT AF ST (DL R
DL v K2

N, 2012, Z 15 R A% Al A A T B0k 1 BIF 5T B A W B b iy v
[D]. @B o R

N, SKIRF, BESCHL, 45, 2018, SO HIRE WG I VR RE A . LA
WASX AN SC BN [J]. MR TRE2ER, 40 (5): 1084-1091.

T#r, 2013, 3T QuantyView 122 U5 BUHE Y ¥ I 1A = 24k b o 2 485 4%
AWFE [D]. BB P E R K.

FH, B, BB, 4 2005. GPS —HLE K& ARTEL BBk Kk
T AR B S (], ABsCEBHE, 22 (6): 163-166.
FEH, Wk, FFE, %, 2011, GPS RTK £ A& FH T 18 3% 30 & S ik 28

T Ao [J]. TR R4, 19 (2): 193-198.

FEWA, i, A, 2014, 1960-2005 4F 74 1t 1 X A% = it 1 i 25
AL R R R A [T]. HuBERLAE ) 34 (5) . 635-640.

S, BRI, P, 4 2010, g E AL U ZE 41 5 K
[J]. MRS (HARI) , 46 (3): 32-40

Vi, R, TR, 45, 2016. 2015 4F 4.29 Hil By &5l 27 i
WHEAREAE S B AL [J]. LRMBFEHR, 24 (2):
167-180.

Frok g, TR, Wk, 2 2019, R BOEIE 5S4 K R %
PEBFZE [J]. IR (1) . 184-188.

SRARHEL, 2019, 5 M b v R AR W T R BN O ik ESE (D). Ve
i KRR

der s, AL, AR, 4, 2018, KT GIS FIUE B AR g 5K
TR S R VR ()], MU 122, 24 (1) 96-105

TREAL, 2006, Tl W 25 R @A R KR B AR R IR 5
[D]. Vi, b Tolk K.

TRER, 2007, 3L 4% 5 EUE Al A S5 R R 05 1 0 38 BT oY
[D]. B#. 74 R 388 K

BT, XUBEAS, KB, %, 2019. H R B & # 1 W3 InSAR iR
gL WIS kRIS [J]. RIUR¥EIM (FEEREMm),
44 (7): 996-1007.

AN SR RIEA ) 2013, =ik IR X B O 0 TN AR AFOE ()] &
LEHHE A, 13 (6) : 259-264.

JATK, 2015, HH A R & 5 R AR KR AE 5 0 B AL 5T
[D]. H#h. MAERH T K%

JeaEsn, UL, AN % 2013 BIEWEN TN (1) ¥
SEMES BT B T R R B ()] MR D ¥, 19 (4):
423-430.




