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Deformation prediction of dangerous rock mass based on VMD-XGBoost-GRU model//XU Qiuhong, LIU Xiaoqing
(College of Water Conservancy and Hydropower Engineering, Hohai University, Nanjing 210098, China)

Abstract: Aiming at the problem of poor pre-processing of monitoring data of dangerous rock mass in the past, a VMD-
XGBoost-GRU combined model was proposed for predicting deformation of dangerous rock mass. The model firstly uses
variational mode decomposition (VMD) and sample entropy theory to decompose the deformation data of dangerous rock
mass into multiple sub-sequences, then uses extreme gradient lift (XGBoost) algorithm to extract important model factors to
achieve feature dimensionality reduction, and finally predicts the deformation of dangerous rock mass through gated
recurrent unit ( GRU) neural network. Taking the dangerous rock mass on the steep wall of the right abutment of a
hydropower station as an example, the VMD-XGBoost-GRU combined model was compared with three other models, namely
BP, GRU and VMD-XGBoost-BP. The results show that the VMD-XGBoost-GRU combined model has high precision in
predicting the deformation of dangerous rock mass, and can provide technical basis for the evaluation of the safe and stable
state of dangerous rock mass.
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IR Rl Jo LA e A S e AR R AR B, mT REXS K
FL O 22 A P BRI, O G A 2 R IR
PEFT T AN I A0 25T A 00 A BRI FH A O
Mo AR | 6 P 3 ARSI A T SR 234, B T
RE A A= BT I3 T B N e ) T | 488 i o MR T 33
JEE B AE

I D0 Sl T A AR B BIF 57 3k mT A 23 R R
R BTG ATk I GE T B0 U5 5 A2 T LA
A IR RETTIN T v . AR TR G T I SE T T
075 5 FA B T A TR I | T S R PR A A
AR R M Y B ASCR #5022 |, O HLICIEAR B
W MR 8] B0 58l (0 R S AR ARG I 5, 2

TALAR A > AR RE TN 7k T DS 4 s b PR 2R
R A I 1] 77 90 B8l | O ELRERG 3 i A 3o > &
PR I e LA RRRAE 2 RO B AT R 2R
UIR == W Rr s i L RUTR L ARTITE A €/ I (R P B A
AT IR RO A6 5 R R R 1] 4% B (back
propagation, BP) #fi £ [ 28 L1 AR 1 S A
A RLREAE, $U05 ROCR &, 90 45 2R 1 1 24 A0 X 15 22
N AR AR RN, T SR B T kR S i ik
BRI B R — R S TR A L
gl A0 (0 A SRV B 0L 1] 1 428 108 B 1) 205 o000 A6 281 3 i
248 PP T TS 5 B S A M IR T R
WUAZ TE 14 PN 72 52 e AL 3L, A5E BOR J8E 500y 5 ok A Vi

B2 . [HFE AN AR H (2022YFC3005403 ) ; [ B @42 AR 100 H ( DJ-ZDXM-2021-10)
YEB BT R (1999—) , Lo W-LAFSE A, ER N F AR 2 A5 . E-mail : xuqiuhong3156 @ 163. com
BISIEE X (1965—) , 20, 20% , W1, FENFK LA E-mail : Ixghhu@ 163. com

L9 AR AR 2024 ,44(2)

Tel:025 -83786335  E-mail ; jz@ hhu. edu. cn hitp ;//jour. hhu. edu. cn



S 38 T A R RO AL B A S AR A SRR
USRS R T HEIVR I 5 52 i Y7 6] 52 2% R
MR RTINS BE R 4T

IS 52 2 R ORI, i o3 i A T 2
— 2 PRIE , ZEEA T T A7 X0 B 1A T — i A B B
FHET BN AIRG B R ERMG°) J R I 28 4 A5
BITRE ST IR BE AR UK AL RS fR ik N T
WERERTR L A N T 22 X 285 R AU SR A7 T30, 3 Fofr 241
ARAIEBCRI IR B T R B s i A RUE B B
51 I TRUIMDORG B, SRR AN S 2o AR Ay MRS O A
(variational mode decompostion, VMD) 7 A ¥ J5i i
iy SR80 A B o3 ik, R e A 380 O A2 R BHE A T R
TESTHIT, P B TR B A5 A X 4% 4 J31) Skt S 7 i o 0 A5
R BETH IS B2 1Y) [] ) RE 6% o8 4 S 48 AT H
FEAA T R, R I 45 OR AR IR 56
BRSO R AL BRI R KA 7 51, JF AR 1 P 91 A
A AR E A s R B 132 42 (long short-
term memory, LSTM ) 4% 47 T, F00RS 22 45 v
HEABRERENE,

f& A AT B A R AR L R K i a] 7 571
Bt 5B AR B W AT A RN BT AL B, BEAE T
FE3 A7 AR R N TR OC R, AR SCHR T —Fh
VMD-XGBoost-GRU Z G, Ifiz FIZ AR A X K
HL it A U BERE b 1 A& S 1A AR EAdi A7 T [
AP 25 SR 5 BP [ 14596 35 5 JG ( gated recurrent
unit, GRU) Fl VMD-XGBoost-BP 3 {55 5 {1 75 i 45
RIEATRE G, LIS I Z AR RS B2 A m 74k

1 #&EEE

VMD-XGBoost-GRU 41 & 454 74 (1% 3= %L 512 9 A %
R . OR M VMD J7 16 16 4 1A 28 T8 B4 4 i Ry
ZANTFIPH  BEAREE 1 2 24 B ; @ H XGBoost 5.
BRI X 85 A 7 5 HL A 50K o B A s e [A]
5, SEERRE RO i B 4 ; @R GRU BRI HE AT 15
WAL B 47 P50 i BB A T A, 15 31 i
LTI AE R B BT AR G 1 s
1.1 BHEFS5

VMD J5 i 2 —Ff [ Sy JE 396 05 RS 4
i LN G Rt LT RN E B S B )
Ay SR VMD 5 ik X Bl R AT A e B
K BBUE SR S R ROoR . B K BUEEDN, 5L
iy — S E SE B B R A K BUEECR, [F—
W RS A i S o R B R F I 0 v Al
BT R AR S Bh AR AR A A A K
HEATHERE, FEA & — R ERIE , T LA 5 15 fR]
FIAE B — R T () ORI R i A R AT

YEmS Y31

VMD A

EEZ | Frrs | BN

[HERSEoH| (SR AL S

fE [
| R | R GRUT
| |
FIFHI A

| RS A U R |

1 VMD-XGBoost-GRU A& #E 2! & B4 TR TN iRt 12
JEA R T R RS AS [R] B REAE  BOAS [R5 4 1Y
FEA N AFAE — 2 X, #5 K AE T AR AR A A4~
FIFHIREAR o T 4230, W0 AT DA ok i KBk ok,
AEAE I By fiff BB S T B (]

1.2 WATZERFE

AR T ORI Z 4 W I 258, H AR T e
AR TEAE AL SR AR X D HA R AR IR LA 2,
T T TR PR TR H BARS T, S5 RIS
TS RIRFFT AR G5 A AR SO 93 10 16 2 1A o A
X R E A 2 55K KRR PR B0, 5 1 B A
OS5 LS N T S e i e S e A P
T, FNZ2 SRS ARV IBE AR Ay 5 v [ = T EF 288 PR - 3 4%
6 1 In6 P~ I eREAE 5 mm A, A fe R A2
WG EEARINT .

Y= ; a, T, + ; (bljsin% + szcos %) +
c,0 + ¢,Inf (1)

[P Y NEAWRIAH; T, T, - Ty 705 R 55
DAk rh i — B[] 5 24K (R 7 d AT 15 d AT 30 d L HIP
45 d Hi 60 d i 90 d R 120 d A9 HRF-HIME ;0 W
I H 2 H A R REG0=1/1005a, b, o, AR
M PRI -4 2R, AT 12 A5 PR 43 &,
Xyttt K BTN

TEHEAT F0M0 A o6 Rt A7 1 Ak 3 5E 0k
VMD J5 I BEAR T B0t 52 2 B 5 A S0 B A
AL SR (L NG = TN A PSR U TS 2
U 78 R et 21 ¥ o &5 A A 5y o 7 A D L RIS =
A 2 AL BE J1 AR DR I T A AR kAT
[fipriN

XGBoost J&— I 46 B $2 T+ B AR i pL#5 2 )
B, XGBoost 155U 35 8 A0 TR A 10 7 2C A 37
HRE ST A EE R ET R E 4 FH T 19 S A R

ARA AR A B R 2024 44 (2)  Tel ;025 -83786335  E-mail ;jz@ hhu. edu. cn hitp ; //jour. hhu. edu. cn - 93 .



B AT 25 36 25 (B RN RRAE AY - 25 78 35 R X 3 498
b PP RRAE R AR SR XGBoost
TR 1 G 4% P 9 B A R A P
(AR R VR Ry i AR B AT T
1.3 GRU &5

GRU J& LSTM 1) —Fp A8 {& , fiifb. T LSTM A5
RIZER . GRU B IFmsl TR AT — A H T,
TRl oy o5 B PR AR 88 T HE ], T
PSE A A5 A M R AS AT s 5 B0 GRU X
T ) P 270 v A A B 2 i LR A 7 T XK
TR GRREAS (155 DB, B8 8% 78 Yk /D> 4 0 EeF ] 174 [
A PR IE PN SR A 37 B i 5

AR SR T IR R JE 24 2] HEZR Tensorflow ™ | il
11 Python F4#E GRU VR 1 ¥ M 5 A A A5 245
(14356 45 2 2 M G SCHR I 465 A 13U T e, R 40 70 0
KRS 52 GRU 1 28 00 28 A e v J2 50
Z W) 25 2] BE Sl (HUR 2T 2 A
PICE I R AR S PR Z B2 SR, R
SEARHY ()2 Ak B kst B, AN GRU R Z )R
whn—1 Dropout J%',,ﬁ\:q:‘ Dropout SHChN0.1,
2 AR SR L 3 B b S 8O R B, U A
Y 1] 25 B A G, A A R X DA A O A R
{7, 2RI 2 72 22 2 %R 0..001 . 12K BRI
i MSE bR %%, 0% pR L ] ReLU pR %K, IR H
Adam PRALERUIZRAERD 36 B 5 0 18 S 1) 52 i R
TFVERB R | ks G e 44 B AN [R] s B O 52 0
g AR (R BRI A T — AR B S 2o P44 X iR
7 (MAE) I 7 1% 2% ( RMSE ) 2548 b5 X 7510 45 74
(RBP4 HEA TN .

2 IBEXHIHESHH

2.1 EEIKE

FAfG AR TRI Rk O 7 I B
I BEAUE B K BE B 140 m, 43 A7 i FE 880 ~
1080 m, JKARFRZ) 54.53 7 m?® . Wil £ 5 A AR
W fEfe AR LR E T 2HL 8B, N
5 TIE A SCHRE ) AL A A A R SO SR
M5Dr2-14 FRE T 2 S A1 3 S AN S AR R i3
SIBEXTA . PSS B TR R 2 ok 2009 4F
9 H25 HZE 2014 45 A 25 H, &40 A3t 483 4
AR, B X SRR A 8 1 2 I E ) 4 R
SRAEFNNRAE , R 3 Bt A B T IEAh AL 1) 2 AL g
1, RIS AE AU T A O RE T, B AL A
AIEEPE
2.2 HiRAME

It VMD 5 ik B AR R f A8 T B 1 52 2%

T BIREAS B XS VMD 5 3 0 il ) B8 25 80 K R AT 3k
B, Lh2 SR, 23T 2 500 8 5 IR A8 B 8L
PEBIREA I N 0. 515, AN[R] K {EDA R 5~ S R AR
iR 1 fros,

&1 AR KEXEHFRFIIFEARE

K TRI1 PRI FRIZ TRI4 TS TFRI6
2 0.256  1.086

3 0.247  1.038  1.004

4 0.147  0.238  0.731  1.229

5 0.187 0.235 0.670  0.972  1.100

6 0.089 0.232  0.616 0.679 0.721  0.797

K=4 B &M F P50 (55751 4) B 15 3 5
KA ; K>4 I, TS 4 F1 5 BEAR S TR, 7%
FIIREA R B KAE D B EE 2 i T o i
WL TS E SIS, I Hk s L A =
RIFAMEIEAS B, B, O o i 15 20 19 7
B T 4 RN LS A A R RSB K R 4,
HASBOEE N JETTNF a=2000, M S A2 1
=0.01, YSLHHE r=10", 3 S LR AR TR 5 v
YA A3 B R RS R K =4, 2 513 5
SSE ARSI B VMD 43 i 5 B 45 500 il dn e 2

FE 3 FiR,
= lor
é 0.5}
B 0
B s . ,
2009-09-25 2012-01-25 2014-05-25
F19
(a) JFUAEIR
= 08f
g 0.6+
= 04}
N OF
=M 0.2 . )
2009-09-25 2012-01-25 2014-05-25
F115
(b) FIF3i
g 0.4
E 02
@ 0 //\\
2 J
n 02
04 . .
2009-09-25 2012-01-25 2014-05-25
15
(c¢) TFH12
z 010
E 0.05 | | | ¥
@ O““““ \ “‘.i “‘\‘
2005 a3y ‘
= _0.10 : :
2009-09-25 2012-01-25 2014-05-25
15
(d) FIr313
= 010
£ 005
f\’f_il 0
3; -0.05
= -0.10 : ;
2009-09-25 2012-01-25 2014-05-25
115
(e) FFol4

B2 2 SMEATHEVMD SEER

+ 94 . KA R A 2024 ,44(2)  Tel:025 -83786335  E-mail :j2@ hhu. edu. cn hitp ://jour. hhu. edu. cn



E 0.8
@ 0.4
=)
= —04 . .
2009-09-25 2012-01-25 2014-05-25
H 19

(a) R

03
E o2
= 0.1
o 0.1}
™ 02 : )
2009-09-25 2012-01-25 2014-05-25
H 34
(b) FIF5I1
= 047
£ 02} /\ ~
Z op \
R 02 \/ \
= ~0. ) )
2009-09-25 2012-01-25 2014-05-25
EEY
(¢) FIFF2
= 02
£ o1
=0
R 01
= —0.2 L )
2009-09-25 2012-01-25 2014-05-25
H 3t
(d) FF513
£ 02
£ o1
Z 0
R 0.1
= ~0. \ )
2009-09-25 2012-01-25 2014-05-25
H 341
(e) FI¥H4

B3 3 SMaTHRE VMD LR

WELE 2 FIE 3 /9 2 5 A1 3 5 AR FEAE
VMD S a5, o F P8 1 RE R T fa A iRAR
TE A A 3 T RS A PR AR T 3R e 45 K HL AR
TEAFEE I, W s AR TEA A — W3l (HAS T (R 3
I ARSI BT RS, FIF5 2 EE BT fa s
ARSI I SRR, 2 2 MR AR A ) A A
S EIAME . AT 2 5,3 5 A i A
()4 7 VBRI Bl R Tl W &

Hi Il 2 FEL 3 0T LU AN A )3 51 52 S A
PRI 7~ a8 Z2 o PR 740 2 e AR 30 S (] A SRR A 8
i3t XGBoost Bk 43 BT 4 H X 4% 7 3 51 L L
FERE R R OG5, 1 5% 1) PR, X6 B3l A TR A e
4t Hrh FESHON WA R KRB 10, 27 2] %
}0.15, AR RECH 150, 45 F 731 5 I fY 5
BRI NE 2 Fron, HER2 ATUEWL 2 5
WA 850 1 i 2B R K s R 2R« , JE
N 2433 S 1 F 750 1 v E 23 e K 52
BT R e, , HOK a5 52 5 F13 SLS 7551 2
T RIS R TR x, , HOON xy , BN ) o
PN BT R8T T 2 A R i) o A A
TERCR ZE . e B H B 13 B I Ok HoAth PR - 1 5%
M PRl -4 SR i AR B, T A A 9 7R 8 3 T 4
TSR R S B A O SRR B IR R A
Z% RN TR 25 5 B, BRI R R T 0. 1 2
AR BRI B . &P 8 fe 15 e B 5
=3 Fis,
2.3 EROH

4 VMD J7ik 5 45 2 19 F 15 51 Il XGBoost 5.
0 e A2 I T A GRU TR T4 W 45 0k A7
Yk, a2 4 AT 7 31 0 1 SR As 2] 2 1 e
AR BE . R VMD-XGBoost-GRU £H 45 15
X e A RS T B AT w0, 25 R an &l 4 FroR . H
K4 LA I, 6T 2 5 F03 S 5, A SCHRE
VMD-XGBoost-GRU 41 & 45 7Y 75 & ANl i 45 1 34
BT T PERE |, A8 I 1 N AE -5 S AR 22 8] )%
ZR N, ik — 2 P A AR SCRT R R VMD-
XGBoost-GRU 41 & Fi A5 784 iy FH 115 5 1A AR T Tt
P RELE 45, ¥ H 5 BP GRU Fil VMD-XGBoost-BP
3 PRI UEATXT L, BEEL MAE 1 RMSE ™48 b
PEATPEREVEAL S50 L3R 4 4 Byt A 5 45 3] (1 52
DU 5 0 (A ) EE A L il 5 iR

®2 BETFIIZMEFEEETEER

L FIF5 1 FIFH 2 FIFH13 FITH 4

2 S A 3 S 2 S A 3 Sl 2 S 3 S 2 S 3 Sl
%) 1.0x107* 7.0x107* 1.0x1073 6.0x107* 5.7x1072 1.0x107! 1.1x107! 1.1x107!
%) 2.0x107* 1.0x1073 1.0x1073 2.0x107* 1.2x107! 8.0x1072 7.8x1072 1.2x107!
%3 1.0x107* 1.0x1073 1.0x1073 6.0x107 9.0x1072 1.4x107! 1.1x107! 9.9x1072
%y 6.0x107* 2.0x107* 4.0x1073 4.0x1073 1.1x107" 1.2x107" 1.1x107" 1.2x107"
s 6.0x107* 9.2x1072 2.0x1073 2.0x107* 1.3x107" 8.7x1072 8.2x1072 1.2x107!
%g 9.2x1072 2.0x1073 8.0x1073 1.0x1072 7.8x1072 1.3x107! 9.6x1072 9.9x1072
%7 4.0x107* 2.0x1073 6.4x107" 5.5x107" 7.5x1072 3.5x1072 1.1x107! 5.9x1072
xg 3.0x107* 3.0x1073 8.0x107? 4.0x1073 1.1x107" 4.4x1072 1.1x107" 8.0x1072
%o 4.0x107* 2.0x1073 2.0x107! 2.9x107! 7.7x1072 1.1x107" 6.7x1072 6.9x1072
%10 4.0x107* 2.0x1073 7.0x1073 1.0x1073 9.2x1072 9.4x1072 7.5x1072 6.0x1072
o 9.0x107! 8.9x10"! 1.2x107" 1.2x107" 5.3x1072 5.0x1072 4.6x1072 5.0x1072
X 1.9x1072 1.5x1072 5.0%x1073 9.0x1073 1.0x1072 1.1x1072 1.2x1072 1.0x1072

KA R A 2024 ,44(2)  Tel:025 -83786335  E-mail :j2@ hhu. edu. cn hitp ://jour. hhu. edu. cn - 95 .



®3 BTRFIIHERHZMETF

FF5 2 S 3 S
1 X X X5, %0
2 X7 5%9 5% X7 5%9 5%
3 X Xy 5 X5 Xy X443 ,Xy %6 ,Xg
4 Xy ,X3,Xy ,%7 , X8 Xy 4% 5%y %5

JAE — A — B

-0.5

1 J
2012-01-25 2014-05-25

2009-09-25
39
(a) 295
0.81

-0.4 . 1

2009-09-25 2012-01-25

H 1
(b) 3505

4  VMD-XGBoost-GRU A& 1B M 25 R
F4 4 MIERTNMEEERTLE

2014-05-25

e e MAE RMSE
T A5 7 = o0 = =
25 ME 3B 25 3B
BP 0.078 0.102 0.094 0.116
GRU 0.072 0.078 0.083 0.099
VMD-XGBoost-BP  0.073 0.082 0.088 0.113
VMD-XGBoost-GRU  0.067 0.073 0.083 0.093
—SCfE  —BP GRU
VMD-XGBoost-BP  ——VMD-XGBoost-GRU

1.0

-0.5 I
2009-09-25 2012-01-25

H 19
(a) 25

0.8
E 04
=
\t’\:\
=

-0.4

2009-09-25  2012-01-25  2014-05-25

H 15
(b) 35

5 4 PSR STE AT RME X L
M4 F1E 5 AT LLE 1, VMD-XGBoost-GRU 4H
AT REMS B I N G AR 2 SR 3 S s AR T A

- 96 - KA KA & 2024 ,44(2)  Tel:025 - 83786335

PRHEAT TN, 7E 4 FEIRY oRg B s, AT UE 1 45
R A APE, 5 2 Sl A 25 1A B, 3 500 s 40 M
13 B2 7 50V ECHE I Sl TR BE e, e 3 51
(TR0 52 25 AR K, R 3 AT H0,2 S A1 3 &
N 555 P T 45 SRR 2 B BP Fll GRU 1254 VMD
Ji A XGBoost F1k 2 Ja WM AR B4 Fre 7t .
REFRUAG 54 22 i A B 52 W PR, A [R) 52 i) PR 7 22 i)
REFEAE 2 BAHDCHE  TURTE I 2 | 3 11 52 e F0 A
&, VMD-XGBoost-GRU 152 84 7 T i %o £ 4 i2E 1 7
AEFEINT. , REAS BE A2 SR A Y N FE(R S 2E T4
TOIASS TR RS B

3 4 i

K VMD J5#: Fl XGBoost 813 1@ A IR AR T
R A TR AL AN T, BEAR T $5Hs i 2 44 5 52 )
DR P A B TR 2 =T X 45 ) B A F T BORS
A BT — 20 4R T B ARG 10K FE. VMD-
XGBoost-GRU ZH A A5 HEAE o 4425 4t HH < BsF 8] e 471)
A RS . B VMD-XGBoost-GRU 41 A B 7 5
BP .GRU #11 VMD-XGBoost-BP 3 R RIHEFT X} FL | 45
IR WA B B ARG B, ik 1 A A SCe
B BT AR T SO ) AT AT DA A A8 25 AR 1Y) &
VML T — R E TR,

S Xk

[ 1] XTIz e, B SO Sy B AR Gk I 18] ) 1 5%
PSR AU AR RE B S DT (0] A T
2 i, 2004, 26 (1) 57-61. ( LIU Kaiyun, QIAO
Chunsheng, TENG Wenyan. Research on non-linear time
sequence intelligent model construction and prediction of
slope displacement by using support vector machine
algorithm[ J].  Chinese  Journal of  Geotechnical
Engineering,2004 ,26(1) :57-61. (in Chinese) )

[ 2] LI Yanlong, YIN Qiaogang, ZHANG Ye, et al
Deformation prediction model of concrete face rockfill

dams based on an improved random forest model [ J ].
Water Science and Engineering, 2023,16(4) :390-398.

[ 3] BT, XILEH , Wit , 4. U1t BP #0445 1) (5%
AL [ J]. K FIJK G2 TR % 4z, 2014 (2) : 3842,
(WANG Xuehong, LIU Xiaoqing, TAO Hailong, et al. A
displacement prediction model based on improved particle
swarm-BP neural network algorithm [ J ]. Hydro-Science
and Engineering,2014(2) :38-42. (iin Chinese) )

[ 4] mEE, M, QUrm, 5. 22 TR E L R
22 2 YRSV TR R [ ) ] K K B B4 2 e,
2023,43(2) :96-101. ( XIANG Zhenyang, BAO Tengfei,
BAI Yanli,et al. Dam deformation prediction model based
on mixed attention mechanism and deep learning [ J].

Advances in Science and Technology of Water Resources,

E-mail ;jz@ hhu. edu. cn hitp ;//jour. hhu. edu. cn



2023,43(2) :96-101. (in Chinese) )

[ 5] dkA Y, %5, WO, 55, 25T APSO Fl TWSVM %
R EEIVSTE TR [ ] ] KK R 4 Ji2 2023 ,43
(4):46-51. (ZHANG Caiyi, FU Shuyan, OU Bin, et al.
Deformation prediction model of ultra-high arch dams
based on APSO and TWSVM [ J]. Advances in Science
and Technology of Water Resources,2023,43(4) .46-51.
(in Chinese) )

[ 6] RE%, SOHF, KA, 4F. 5T EEMD-GRU-MC F%

HIAI AR A 5 B J7 3k [ ] w7 i AR, 2023, 17

(2):66-73. (WU Huijun, GUO Chaoyu, SU Chengguo, et

al. Combined prediction method for short-term wind power

based on EEMD-GRU-MC [ J]. Southern Power System

Technology,2023,17(2) :66-73. (iin Chinese) )

g BT, 2 ACRH  4F. SRk VMD 5 GRU 9

TRBE+ WU TE TR [ )], K FK R i J 2023,

43(5) :38-44. (ZHANG Jianzhong, GU Chongshi, YUAN

Dongyang, et al. Deformation prediction model of

concrete dams based on optimized VMD and GRU[ J].

Advances in Science and Technology of Water Resources,

2023,43(5) :38-44. (in Chinese) )

IR AR, EELAF TR RS I AR B T4

48 AR TR [ 0], 7K 93 & W 2442, 2020,39 (3) :34-

44. (LI Wenwu, SHI Qiang, WANG Kai, et al. Runoff

prediction based on variational mode decomposition and

[7

[

[8

[

deep gated network [ J ]. Journal of Hydroelectric

Engineering,2020,39(3) :34-44. (in Chinese) )
[ 9] RERMS. 25T EMD 43-fi# Fl ABC-RBF #5254 i) {l2 5 1 F-
MIAETE WA TR [ ] ], =R A2 ( A ARBL ML)
2015,37(4) :29-33. (ZHAO Kunpeng. Monitoring model
of concrete slab dam deformation based on EMD and ABC-
RBF neural network model [ J ]. Journal of China Three
Gorges University ( Natural Sciences) ,2015,37 (4):29-
33. (in Chinese) )
o PNERR AR AL, GE. 5T VMD 5 PSO TRALTER
A I ) ) SR A O [0 ] e R 2018, 42
(2) :598-606. (LIANG Zhi,SUN Guogiang, LI Hucheng,
et al. Short-term load forecasting based on VMD and PSO

[10

[

optimized deep belief network [ J ]. Power System

Technology ,2018 ,42(2) :598-606. (in Chinese) )
CUL] BEIIL, R AR i, XKk ¥ , . 2T EEMD-SE-LSTM [
TRBE T VLI AR [ )] KRR R i 2022,
42(1):61-66. ( HOU Huiwei, ZHENG Dongjian, LIU
Yongtao, et al. Deformation monitoring model of concrete
dams based on EEMD-SE-LSTM[ J ]. Advances in Science
and Technology of Water Resources,2022,42(1) .61-66.
(in Chinese) )
X R BRI, BN 5L T8 40 B2 43 i PSR C
YIRS AIR S MR R IZ W ()], E R L TR 2
#2,2015, 35 (13) ; 3358-3365. ( LIU Changliang, WU
Yingjie ,ZHEN Chenggang. Rolling bearing fault diagnosis

[12

[

based on variational mode decomposition and fuzzy C

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

means clustering[ J ]. Proceedings of the CSEE,2015,35
(13) :3358-3365. (in Chinese) )

WA, W AR B, BORAE. TR T RS LI S U
VMD-GRU R3]t J G fif TS R [ ) ], AL H Ry
24 (A RBE M) ,2023,50 (1) :3847. (XU Yan,
XIANG Yifeng, MA Tianxiang. VMD-GRU short-term
power load forecasting model based on optimized
parameters of partical swarm algorithm [ J ]. Journal of
North China Electric Power University ( Natural Science
Edition) ,2023,50(1) :38-47. (in Chinese) )

FEECW], S i, £ AR, 1 LA AR JE Gt 1R R F 5
[J]. sPEAR A KRR HL, 2012 (1) : 151-154. ( CHENG
Liming, JIANG Min, WANG Dong. Research on statistical
model of appearance deformation of gravity dams [ J].
China Rural Water and Hydropower,2012 (1) :151-154.
(in Chinese) )

BORESE ] — 8 TERh, S5, LI o e e S A
ik 73k [J]. 7K Bl 2 )k, 2022, 53 (2) : 154-164.
(HUANG Yaoying, HE Yiyang, SHEN Zhenzhong, et al.
Optimization method of optimal statistical model of dam
monitoring data [ J ]. Journal of Hydraulic Engineering,
2022,53(2) :154-164. (in Chinese) )

WS IETS | SR . I 22 4 i PR D] 5 A O
B AW MEWRFE [ T]. /KR4, 2004 ,35 (12) :99-105.
(YANG Jie, HU Dexiu, WU Zhongru, et al. Multiple co-
linearity and uncertainty of factors in dam safety
monitoring model [ J ]. Journal of Hydraulic Engineering,
2004,35(12) :99-105. (in Chinese) )

XUPE, Z8 )11, B, 55, 2T XGBoost 45 Stacking 155 74 il
B RV EARRR U TN [ ], 07 A 2k 4 ,2020,40
(3) :147-153. (LIU Bo,QIN Chuan,JU Ping,et al. Short-
term bus load forecasting based on XGBoost and Stacking
model fusion[ J]. Electric Power Automation Equipment,
2020,40(3) :147-153. (in Chinese) )

XIHCC, B4, F 3, 4. FE T XGBoost 194 4R Hi 1 )
WBIESGE D[], K FIK RN i R ,2022,42(2) »
101-106. (LIU Jingwen, BAI Jinpeng, WANG Jian, et al.
A modified inversion method of initial geo-stress field
based on XGBoost algorithm[ J]. Advances in Science and
Technology of Water Resources,2022,42(2) :101-106.
(in Chinese) )

2= 10, XIJKBE. JET XGBoost FUAFAFE BEFFF [T ]. i
2 ), 2019, 40 (10) : 101-108. ( LI Zhanshan, LIU
Zhaogeng. Feature selection algorithm based on XGBoost
[J]. Journal on Communications,2019,40(10) :101-108.
(in Chinese) )

T2, PR, XN, 5. 5T LSTM 1 254 28 X 45 114l e
A T] P81 T [ 7] b 5 28 0 K K227 4k, 2018 , 44
(4):772-784. (WANG Xin, WU Ji, LIU Chao, et al.
Exploring LSTM based recurrent neural network for failure
time series prediction[ J]. Journal of Beijing University of
Aeronautics and Astronautics,2018,44 (4) .772-784. (in

ARA AR A B R 2024 44 (2)  Tel ;025 -83786335  E-mail ;jz@ hhu. edu. cn hitp ; //jour. hhu. edu. cn - 97 .



[21

[22

[23

[24

[25

Chinese) )

1 e, R, TR, % IR A MR R[],
THEEHLIY T, 2018, 38 (38 T 2) : 1-6. ( YANC Li, WU
Yuxi, WANG Junli, et al. Research on recurrent neural
network [ J ]. Journal of Computer Applications, 2018 ,38
(Sup2) :1-6. (in Chinese) )

] ERP BT 2, 45 5T GRU-NN BB K1 6y

R BINITIL[T]. RS A Bh4k,2019,43(5) :53-58.

(WANG Zengping, ZHAO Bing, JI Weijia, et al. Short-

term load forecasting method based on GRU-NN model

[J]. Automation of Electric Power Systems,2019,43(5) .

53-58. (iin Chinese) )

Ok, X BE T, Z2 8, 45 . HCM-PSO-GRU 4145 T 452

BRIV TE B g N FH LT ). K s RE IR R, 2021,

39(12).120-123. ( HUANG Yongtao, LIU Xiaoqing, JI

Wei, et al. HCM-PSO-GRU combined prediction model

and its application in dam deformation prediction [ J ].

Water Resources and Power,2021,39(12) ;120-123. (in

Chinese) )

1 SR, B . BT Tensorflow X 35 FH 4 28 ) 28 1) 11 k.

WEFEL 1] LT AR 5% A, 2020, 56 (1) : 158-164.

(GUO Mingang, GONG He. Optimization of convolutional

neural network based on Tensorflow [ J ].

Engineering and Applications,2020,56 (1) ;158-164. (in

Chinese) )

WFei b A, % %, TVGM-LSTM F & B i HA%

TR 73 [ )], K BEIR AR, 2023,39 (6) : 104-

110. (XU Jiayuan, ZOU Lei, XIA Jun, et al. TVGM-

LSTM coupling model and its runoff simulation effect

analysis[ J]. Water Resources Protection,2023,39(6) :

104-110. (in Chinese) )

(-

Computer

[

[26]

(27]

(28]

[29]

[30]

PO, BEHT. FE T KPCA Fl TCN-Attention ¥ gh/li&kiR
AT [T ]. I AR, 2022,45 (15) :28-34.
(YAN Shuai, XIONG Xin. Prediction of rolling bearing
degradation trend based on KPCA and TCN-Attention[ J ].
Electronic Measurement Technology, 2022, 45 (115) ; 28-
34. (in Chinese) )
WOt , S, A0, 45 6T LSTM MRk - 30VE JE 151
DAEALL ) ] KR K H B 8, 2022,42 (1) :21-26.
(OU Bin, WU Bangbin, YUAN Jie, et al. LSTM-based
deformation prediction model of concrete dams [ J].
Advances in Science and Technology of Water Resources,
2022,42(1):21-26. (in Chinese) )
BABUC, H5 W Am , VF 5, 55, B TR B 2] (T 3 (6 7% I
ZETNL ], M222E4R,2022,51(10) :2160-2170. (LUO
Huiyuan, JIANG Yanan, XU Qiang, et al. A spatio-
temporal network for landslide displacement prediction
based on deep learning [ J ]. Acta Geodaetica et
Cartographica Sinica, 2022, 51 (10 ) 2160-2170. ( in
Chinese) )
Widie s, 042, R, 45 BT LSTM 5 XGBoost 44
AR 4 e ) v, S T [ ] H AR 2020, 44
(2) :614-620. (CHEN Zhenyu, LIU Jinbo,LI Chen,et al.
Ultra short-term power load forecasting based on combined
LSTM-XGBoost model [ J |. Power System Technology,
2020,44(2) :614-620. (in Chinese) )
TR, EWE, £ JET VMD-TCN B - Bk i
TR J]. 7k 3C,2022,42(2) :13-18. (XU Dongmei,
WANG Yaqin, WANG Wenchuan. Monthly precipitation
prediction model based on VMD-TCN [ J]. Journal of
China Hydrology,2022,42(2) :13-18. (in Chinese) )
(ke F91:2023 -04 - 12 Gt AT ]

(L#% 65 W)

[11

[12

[13

[14

[15

.08 - AR A AR e A B 2024 44 (2)

] . DI PE T AT (IR ) BEL/K 2800, S 56 -5 B e
FELD]. Ly, LHFASE KA 2015

] AR OV T AR R R A 5 B B K TR) R F 5
[D]. b5 R, 1996.

1 Rl FRAEAR B R A B LU O 28 TR SRR T

TERW R B A3 BT [ )] K F K o B4 3 2, 2006, 26

(1):27-30. (WU Di,GUO Weidong, YIN Yunkang,et al.

Numerical analysis of influences of bridge group to be

constructed in Foshan City on river courses[ J]. Advances

in Science and Technology of Water Resources,2006,26

(1) :27-30. (in Chinese) )

AR L Vb I 5 AR AT AR R T AT it 51 R Ak A 5T

[J]. ANRKYL,2016,47(21) :4-8. ( WANG Hengshan.

Study on accumulated effect of high density bridges on

flood discharge of Shahe River[ J]. Yangtze River,2016,

47(21) :4-8. (in Chinese) )

1 BRER, T XBEE A S5 R AT A Sk TR
XTIk BARGZ wE [ )], KK R i R 2021, 41

[

[16]

[17]

[18]

(2):49-56. (CHEN Jun, YU Mingtian, DENG Lihua, et
al. Cumulative influence of bridge and wharf engineering
groups on flood propagation in tidal rivers[ J]. Advances
in Science and Technology of Water Resources,2021,41
(2) :49-56. (in Chinese) )
VL&, PR AN, 55 WSS B R AR 2 5] BE X IR
i Xt K gl T 8 R B R w5 [ ). KR K R R
2017,38 (11).:47-52. (JIANG Lei, LU Weihong, HU
Chunyan, et al. Study on the influence of wharf group
density and non-uniformity on the flood dynamic
characteristics in the nearshore area [ J]. Express Water
Resources & Hydropower Information,2017,38 (11) .47-
52. (in Chinese) )
IR AR TR R T IURE XA R 2 5t 19 R A0
PLEBTSEL D] HUM TR, 2018.
R, T IURE AR R BE B0 B SR BHAR N ML B A 5T
[D]. BT Wi R 2014,

(Uicks B 912023 -04 - 13 gk AT A))

Tel:025 -83786335  E-mail ; jz@ hhu. edu. cn hitp ;//jour. hhu. edu. cn



