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Abstract: Disaster monitoring and prediction are critical tasks in geotechnical engineering. However,
the inherent non-stationarity and non-linearity of engineering monitoring data have long posed challeng-
es for accurate forecasting. In response to this challenge, this study proposes an improved combination

prediction model for the deformation of deep foundation pits in subway stations. The model integrates
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data-driven algorithms, including Extreme Learning Machine (ELM) and Long Short-Term Memory
(LSTM) neural networks, along with Complete Ensemble Empirical Mode Decomposition with Adap-
tive Noise (CEEMDAN) and the Sparrow Search Algorithm (SSA). Initially, CEEMDAN was em-
ployed to decompose the horizontal displacement sequence of the retaining piles into trend and fluctua-
tion components, thereby reducing the data’s non-stationarity. Furthermore, to fully capture the non-
linear characteristics of the differences among each decomposed sequence, SSA-optimized ELLM and
LSTM models were employed to predict the low-frequency trend component and high-frequency fluc-
tuation component, respectively. The results were then combined to reconstruct the final prediction
values. Finally, the accuracy and practicality of the model were systematically evaluated through abla-
tion, comparative and generalization validation experiments using a deep foundation pit example in
Zhengzhou subway station. The results demonstrated that the proposed model exhibited superior per-
formance in terms of both accuracy and stability when compared to other models. The R* improve-
ments ranged from 2.88% to 23.62% , while the reductions in RMSE and MAPE were observed to be
between 6.63% and 41.13% and between 8.08% and 64.79%, respectively. The model’s efficacy in
addressing data’s non-stationarity and capturing nonlinear features is evident, offering high reliability
and broad application prospects. The model provides novel insights to and technical support for disas-
ter prevention in geotechnical engineering.

Keywords: foundation pit engineering; retaining pile; deformation monitoring; combination forecast;
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Table 2 Prediction results of trend term displacements
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Fig.7 Prediction results of fluctuation term displacements

LA . 25 A I h TR 3T A 48 AR RPRMSE .
MAPE 435 3 0.947 .0.045 mm . 56.30 % , #F — 4 1
WE T SSA-LSTM #E B 5 2% % 8 45 144 5 1Y e T
KR St
23.4 mATMER
i o B I A B IR ) T T 25 L A5
BT RIS KA Y fe A TRONE L 25 S an 181 8
JiER o AT LA B, DU 4R 1 40 0 B8 78 b 1 A, AR 7R

2.5
F —— B .
- i {7 R'=0.979
FATEZ  RMSE=0379mm s 20
= 17} MAPE=0.94% /' i
E 1.5 iﬂ
§ 16 - =
- 1.0 &
® 5} ®
105
14 4

0.0
53 54 55 56 57 58 39 60 61 62
BT/ d

B8 ZQT-16-01 ki 1 m ¥ JE A 7K - 157 5% di 2 T 0 25
Fig.8 Final forecast results of horizontal displacement at 1 m

depth for monitoring point ZQT-16-01

41



TR 5 B S o E — B0, R R AR R e
FE R AR IS 2 B A B8 20 1 TR B B, AR R AT i
A B AR M AR b, SR L AE B2 2% T F W AR TR T
T e 5L A 3 NP RO A X IR 22 TE I g
A A S AT A S B LA

AR R 5 35 0.979, RMSE Fl MAPE 43 3|
7 0.379 mm . 0.94% . X EEK AR AR R W, LAY
ANASCRE 8 A A5 T S B S AP AR K O 6 B8 1 AR
Pk B4 R R MR R] SR 1

2.4 HRRIRLE

SRR T 45 A S ) A 7R AP Rl 1Y) B B DA
LSTM fE Jy B A 353 F T L A BB 4 fige A5 B
PR T Rl SIS B o Ay kA 0 SR M R S U, DL B 4
SREI4A 10k S 50 25 R 0 B .

SRS — + 56 F S B AR AT LST M A5 A 15
I i A B SR AR . X R 2R AT 4k L 2R 4T PSO
1 AT GA AL UEAT SSA R Ak i Y Fofr A 58 51 00
iR BEAT XS o AR 5L 5 242k ] RMSE AE R 3 i
FERREL, LSTM . SSA S 8% 8 5 2.3.3 TR — 3
PSO Fl BRI 15 10, fe KB AR ECh 30, 24 ) A
T o=c,=0.5, B E R 0.8, GA Fh#F ML K
10, fe KaE AR BN 30, 58 HEH N 0.5, 78 M %
h 0.1 £ BERL TN PFA 48 b5 02 4

0.050 —
——PSO-LSM
e \r- ——GA-LST™M
) [ T —«—SSA-LSTM
E 0.040
¥ 0.035 [+t
b
# 0.030} s
:
a; 0-025 I et e e e e e e a e e
0.020 |
0.015 : : s : . :
0 5 10 15 20 25 30
AU

B9 Al e A5 vk B0 3 B JRE 28

Fig.9 Fitness curves for different optimization algorithms

SEH T B UE A AR B LS TV 28 T 44 fig
1 38 Ak O R HE AT RS A L 9E 4T EMD 4
fi " HEAT VMD 43 Y AT CEEMDAN 43 i 1
PO b ST M B Y 0 4 i X bl o LA b 4SS A8 34 R
SSAMALLSTM B4, S8k & 5 2.3.3 W+
— 8, VMD 43 i 22 1 7 B E A SR K AR SCR
o BB IA T 2 K=6 I b 0K i TR E
I VMD B85 7 i 50k 6. Tl 45 R 0L 3% 5.

x5 SBERERIEEZREEIFNIER
Table 5 Evaluation metrics for each model of the decom -

position module ablation experiment

F5E Y R’ RMSE/mm MAPE/%
F4 MUEHERB LR SERITNIER A5y it 0.870 0.543 2.48
Table 4 Evaluation metrics for each model of the optimi- EMD 4y f# 0.887 0.635 2.78
zation module ablation experiment VMD %3 fi# 0.900 0.639 2.74
LAY R RMSE/mm  MAPE/% CEEMDAN 43t 0.922 0.521 1.75
LSTM 0.831 0.645 2.73
PSOfifL  0.844 0.585 2.46 ] DL, AT 205 43 A 1 R TR ) A SR Bk
GAfLfE 0850 0504 274 P, 25l 4% Tl 43 i 4L v Ak L AU R O TR 4
SSA itk 0.870 0.542 2.48

IR AT LLE O R AR 5 6 B — LS TM
T P BE B AR TR B OAS [R], HH SSA A SR B
W, R4 5 T 4.70%, RMSE Fl MAPE [ & T
15.97% F19.16 % o & 9 2 4 I Ak B8 3 Y 3 1 32 iy
2, T LUE H PSO WSk B e e, {8 38 B B i
e, BT PSO A H s 4k | A J n) B 4 R
HEREIAR, G EARBEML. GA W LLE i
BLALL [ AR 18 8 il at A% 2 2 B o 3 v 4 R 4 R e
DRI ah e o 1 5 19 ] ol S5 B A X 4518 . AH L 2
T SSA TR B AR IR SRR B i, R SR 14 REE AR
B gl 28 B T B AIGGE B AR . 25 b, SSA SRR 4
LSTM AR JE S0 RS B $2 T LA i 2 R

42

Sitp R TR, 3 158 T X A JE A0 A o ik EE AR R LAROR
o TR BE o o ,CEEMDAN Gl i 51 A 1 e 75
A RO T EMD RS R &, B A S AT
AE ) b VMID B35, PR ot HC B0 S80CR e b o X R
Bl , CEEMDAN BE % & 20 o0 i A5 F A2 19 S 5T AL Fe
B, O e S SR L T R A R A SR

2.5 AREERILE S

SRy iE— 25 56 I T 4 A AR 7 3 B AR T FO e
DA, JAE L5 7 A B — TR AR TR = A 2 5 A R
HEATXE L o B — L 43 50 S BP T T 06 4 BT ) 4%
(GRU), A& 88415 CEEMDAN-ARIMA-LSTM,
CEEMDAN-SVR-LSTM.CEEMDAN-ELM-GRU.



Horp ) ARIMA Sz — B #7814 15 [] 7 5] 46 1 190 0 A5
A SVR HIBP Ry A L& 2% 2 A, GRU J& il
WU B 18] 7 1) e AR M IR B 2 S Rk 22— G B
)%l CEEMDAN F1 SSA 15 2 43 fit FAl AL 8 vk
X0 FE T 4% F 7 50 R ARG 1000 S R0 AS [ B 5% iE
ELM Fl LSTM #5 #4 5 32 47 bk K - 242 JE F#AE 1 1
P SRR 8 BR AN 10 I .

1.0 0T 3.0
0.9+ - st -
il . — 2.5
I 0.5}
= . 2.0t
L Eoaf M E W
T 0.5F & £ 15
0.4t =03 3
gl sl Lot
0.2} sl osh
0.1F :
0.0 n 0.0 0.0
(R (2) RMSE (3) MAPE

|BP GRU |CEEMDAN-ARIMA-LSTM
|CEEMDAN-SVR-LSTM [ |CEEMDAN-ELM-GRU AR

P10 AN TR A5 (o AR 48 A X L

Fig.10 Comparison of evaluation indicators of different models

AT FR R B — iR ASE A b b 2 G AE A A
FEI A7 e — B 221 . BP & —Fh il it 22 N 2%, He
B AV AR AR AR X AL . 5 LSTM A [, GRU
TE S5 3 AR5 06 2R B 8 A AT 55 v R B AL 55, (H )2
HAE TN B AT A A O FR S I R 4 1 G A
LSTM. LA RMSE } {5, BP b H: fib DU 351 21 45 455
Wi B MR T 18.86% . 24.74% . 36.95% . 41.13%,
GRU b FE Ath U 751 21 A 455 RS B2 FEAR T 11.20% .
17.64% .31.00% .35.58% o I UL, 21 £ #5 A1 1 ib #f
B 10 E e e B S, R DL R R R 1
PEAZ 1L RE

DL 20 A B R R CEEMDAN 43 i, 47 3¢
REAS T B0 HiE i B P Rtk o i X E DO A 2 A A A
B PEAL H5 R T LR B, ELM Fl LSTM (1) 2H & 45 54
CEo TRTIUG -  T = N G O T 7 - = s
ARIMA-LSTM.SVR-LSTM . ELM-GRU 1 4 &
B, AR B AR R4y $2 TF T 8.23% . 5.17% .
2.88% , RMSE 4r J| B& ik T 27.45% . 21.78% .
6.63%, MAPE 4 5l B A& T 46.26% . 37.55% .
8.08% .

X AR AE SR 15 25 T ELM K )7 b 3 26 1
Hods it i iRz AL RE T, BB 0 DU IE N T AR LA K
8 B W, LSTM B AU AT 1 o i i P i 12

RE 1, TR A 412 v 91 i 8l P 910 o 0 AL A AR e e
fik o 3 3 P 2 0 T TR A T, BB BE 8 0 ) 2R R T
ST R B T 14 A R R T 42 4 AR TR BdE g T
TE R , DT S0 25 1 T R T 4 i

2.6 ZALHEIIE

by ift— 20 B E AR 77 A RE ) AR SCHEIR T 5
— 3 5 ZQT-17-01 7€ 10 m ¥ JF 14 725 J& B #E 47 43
Mro N0 57 T 5 8 RS =l S B 2 ], 2 AR
FIZaR M K AR fb AR EE 2 H S
)M AR AFAE 0 22 5. BRI, Pl s 9 43
Br A Bl T DAk A R A R R ER B R 24 a2 T &0
3 FH 1

PEcE S AR Vg2 1 NN B 0 N 1 NP 1N
ZQT-17-01 I 4R 15 55 4> K dhs oo ASBE AL (1Y T I 45
RWME PR, B R T S2bR A8 5 WA A% 1
B L. BT LA AR 10 5 S5 s 08 0 £ v
JEW) G RABIPREAR A TE y = 2 BbiE S8 5 )
TOUI0EL Ws A  2 , A 3 AR 22 45 o 7 A B LN,
& W B A FE i HE S K- R ARk i A
R MERR M . BRI R AR B R'=0.957,
RMSE=0.428 mm,MAPE=1.67% ,%F T B B 1
ENGIE $7 %78 W IR € oA

13.0
o PEAg
125 — Rkl E s =
120
=
E st s
o
% 1.0} °
| ° R=0.957
£ RMSE=0.428 mm
10.0 MAPE=1.67%
0.5 ; ; i . . i
95 100 105 110 115 120 125 13.0
HE{E /mm

BI11 ZQT-17-014E 10 m B iK1 8% FLSE 5 U H

Fig.11 Comparison of actual and predicted horizontal dis-
placement at 10 m depth for monitoring point ZQT-
17-01

3 & it

e U AR JE 1 T R4 o) B DR TR K R ER
By A B OCH B AT 0 M Bk Gl IR AR O T o
A DR BE AL 51 728 T UK B AR RS M 22 1Y

43



) 1, A CH @ T CEEMDAN-SSA-ELM-LSTM
20 A TR Y | I K T b R R R B H e g
J R AR DL R 4598

(1) SSA fL Ak 531k 25 32 T+ 7 15 80 1 19000 A
BE R ME RIS B . 5 — LSTM A Lt , R* 4%
& T 4.70% , RMSE 1 MAPE %3 % &A% T 15.97%
M 9.16% , HAES 14 WAk AUt 56 )i 1 i dle, X3k
W] SSA ik H 5 oK i B A G AR A AL R EE %
AR F A Ry e A AR AR T TR R T AR TR SR Y
KB

(2) CEEMDAN 745 fiff 53 1% 76 Ak 38 58 51 S 40
WEIK ST B, J 7R 8 R3S A3 ff i . 2R
T HE 05 A5 R0 MBS TR B R MR 4 B, AR 1 55
J G A8 T B 1) 52 4 B AR AR TR T 1 R 2 T
FE 4. 43k CEEMDAN 43 fift J& , #5581 ) R® ¥ ik
0.922, RMSE fl MAPE 43} 0.521 mm #11.75%,
SR VR LTS T (RS o TIUI £ 4L T 0T S LA

(3) 38 3 X Hb AS [ 450 70 A F0 000 &5 SFL |, mT LA M
2 A5 TR 1 U0 A SR A T A — R AR S
14 20 A A TR A TN ORG B3 N AR v Oy e 38 A At
AR, AL T A AR R BIR A R & T
2.88%~23.62% , RMSE 1 MAPE 43 3l % ik T
6.63%~41.13% .8.08%~64.79% .

(4) 7€ ZQT-17-01 I 5 10 m ¥R J& (1) 7K F {1 B
T v, % A R ) A R B R A RS B i —
AR W] T LA R R R B B R 2k B B I b 13z Ak
i 1 R B

2 b B ik , CEEMDAN-SSA-ELM-LSTM 4{
A BRI SR Ay Rl AT A R AR R D A5 A B 1 p
B BB NS A RN X S A A AR TE T A1 i A S Fa
PEANAE LR 0], IR I, 22 404 R0 ] A Ol R L Bt
TR AR TE B A — P RS HER T H A T
0 T E By i B Ak B 2 1 BOR SCHF .

Ty A AR I A TR 5 3 TR | S O S
W B 0452 06 3 BT, AR I WF S AR — 2 5]
A IX S G S DA R T AR A R T
DA

S 3k

(1] FIEELL, X, L3R . PR T S 40 I 42 08 I 3 b
SRR AR R MR AN P S W SR e
2018, 38(5): 857-866.

Zhang R H, Liu H L, Zhang W G. Numerical investi-

44

[3]

[4]

[5]

[7]

gation on tunnel responses induced by adjacent deep
braced pit excavations [J]. Journal of Disaster Preven-
tion and Mitigation Engineering, 2018, 38 (5) : 857~
866. (in Chinese)

FREE, TR H K, Rk AR, 5 AUM RS 2 X 2 30.2m
WREEGIFIZ MR M A7 (T]. a4 1% 5 TR %
2, 2021, 40(4): 851-863.

Cheng K, XuR Q, Ying HW, et al. Performance anal-
ysis of a 30.2 m deep-large excavation in Hangzhou soft
clay[J]. Chinese Journal of Rock Mechanics and Engi-
neering, 2021, 40(4): 851-863. (in Chinese)

TR R, BRI, SRR . P IR AR AL TS R R DT
Wi 1) 17 P A T e [T 1. e £ T2, 2016, 37(8) : 2293~
2298.

Shen L Y, Qian J G, Zhang R Z. A simplified analyti-
cal solution for ground settlement induced by horizontal
movement of retailing wall[J]. Rock and Soil Mechan-
ics, 2016, 37(8): 2293-2298. (in Chinese)

WIZ B, BRfd, ORI, 45 RN OK P AR A i R L
W b [T]. & £ 02, 2018, 39(11) : 4165
4175.

HuZ F, ChenJ, Qiu Y F, et al. Analytical formula for
ground settlement induced by horizontal movement of
retaining wall[J]. Rock and Soil Mechanics, 2018, 39
(11): 4165-4175. (in Chinese)

Clough G W. Construction induced movements of insitu
walls[J]. Geotechnical Special Publication, 1990(25) :
439-470.

W E G, AR, B, AR AEYUITIE A5 AR Bk A
TE A 5GP # S0 43 A (). Bl 20 K TR 2 4, 2020,
40(1): 107-115.

Shang G W, Li S, Zhai C, et al. Monitoring data analy-
sis on deformation correlation between foundation pit
and adjacent metro structure[ J]. Journal of Disaster Pre-
vention and Mitigation Engineering, 2020, 40(1): 107-
115. (in Chinese)

WREL, EIBIRE, FhSrom, 55 . JFE iR A T B AR b s
JERFHERTSE(T]. 5 L J1%%, 2016, 37(4): 1075-1082.
Chen K, Yan S W, Sun L. Q, et al. Analysis of defor-
mation of deep foundation pit under excavation unload-
ing condition[J]. Rock and Soil Mechanics, 2016, 37
(4): 1075-1082. (in Chinese)

XIRF, A8, BN, & Wb T ELLN 2 AR T 6 4F
W0 5 B AR e [T B 8K LR 4, 2024,
44(1): 222-233.

Liu T X, Zhu H H, Cheng G, et al. Fiber optic moni-
toring and numerical simulation of stress and deforma-

tion of diaphragm wall[J]. Journal of Disaster Preven-



[9]

[10]

[12]

[13]

[14]

[15]

tion and Mitigation Engineering, 2024, 44 (1) : 222-
233. (in Chinese)

G Qe R 7 LA A= e o W W 87 2 TS S VA E S I
HE D%, 2005,26(9): 1508-1516.

Zhang G J, Xu W Y. Summary about risk analysis of
geotechnical engineering and its application [J]. Rock

and Soil Mechanics, 2005,26(9): 1508-1516. (in Chi-

nese)
HERAY, RN . BTN TR 2 W 4% (1) R SR b S i

F O RS UM (7). -9 5l K 22 4, 2024, 58(11) -
1735-1744.

Xu CJ, L1 X Y. Lateral deformation prediction of deep
foundation retaining structures based on artificial neural
network [ J]. Journal of Shanghai Jiaotong University,
2024, 58(11): 1735-1744. (in Chinese)

VP, TRATRE, A0, 4% BT SVM B RLAY B ST
TR [T]. TR RS BT, 2019(13) : 186-190.
Xu Z H, Zhang K N, Li B, et al. Data prediction of
foundation pit monitoring based on SVM model [J].
Construction & Design For Engineering, 2019 (13) :
186-190. (in Chinese)

MRAR L K SCHR L XU, A LT AL AR bRARE L i1 2 Tk
Uk XU T AR R B [T]. MR & R YRR A A,
2018, 14(3 1) : 357-362.

Lin N, Zhang W C, Liu Y, et al. Prediction of deep
foundation pit horizontal displacement based on random
forest model in seasonal frozen region[J]. Chinese Jour-
nal of Underground Space and Engineering, 2018, 14
(Supl): 357-362. (in Chinese)

ZEER, TR, K, % . T BO-XGBoost I J& 1 i
HE M R ARG WO [J]. AR @ A, 2022, 44(11):
102-107.

Li X J, Ding Z, Zhang X, et al. Surface deformation
prediction of shield tunneling based on Bayesian optimi~
zation XGBoost [J].
Technology, 2022, 44(11): 102-107. (in Chinese)
PR, BT, I, S MR R TR R TN S A A R
Tl g U K 2z 4 BUB A RIWEST[T ] B RO K AR 2
i, 2023, 43(3): 576-587.

Chen H, Zhang K, Jiang Y B, et al. Research on axial

Low Temperature Architecture

force prediction and safety warning model of steel brac-
ing system in deep foundation pit of subway station[J].
Journal of Disaster Prevention and Mitigation Engineer-
ing, 2023, 43(3): 576-587. (in Chinese)

ETWR, . Bk IR R Y R TR TR K AR e
PE BT 58 (7). VT RE 2% B B 4l . 2018, 35(10) : 77-
81, 87.

[17]

[18]

[19]

[21]

Wang X N, Han G F. Application of coupling predic-
tion model and cusp catastrophe theory to deformation
prediction of deep foundation pit of subway station[J].
Journal of Changjiang River Scientific Research Insti-
tute, 2018, 35(10): 77-81, 87. (in Chinese)

XUV, AT #E . 3T SSA-ELM B i A 56 b b 3% 1L %
BT, AR TR 22240, 2024, 44(3) : 471-475.
Liu Y T, Ren C. Prediction of foundation pit surface
settlement based on SSA-ELM algorithm [J]. Journal
of Guilin University of Technology, 2024, 44(3): 471-
475. (in Chinese)

Mahmoodzadeh A, Mohammadi M, Daraet A, et al.
Forecasting maximum surface settlement caused by ur-
ban tunneling [J]. Automation in Construction, 2020,
120: 103375.

SRR, WE T LSTM 8k iy S b A mim [J].
B IE % (th 3 S0), 2022, 42(1): 113-120.

Zhang S J, Tan Y. Deformation prediction of founda-
tion pit based on long short-term memory algorithm[J].
Tunnel Construction, 2022, 42(1): 113-120. (in Chi-
nese)

BARTE, TR A T, K, G5BT A I 4 B R
B Hh % RS AR S A T [T]. H R A A TR A
2021, 17(3% 1) : 321-327.

Zhao H J, Zhang M Y, Liu W, et al. Dynamic predic-
tion of diaphragm wall deflection caused by deep excava-
tion using neural network algorithm[J]. Chinese Journal
of Underground Space and Engineering, 2021, 17
(Supl): 321-327. (in Chinese)

i, TXm, BiEd, % . BT LSSVM-ARMA £
B HE T AR B (] 0 BN [J]. A £ 1%, 2014, 35
(¥ 2): 579-586.

Cao J, Ding W Y, Zhao D S, et al. Time series fore-
cast of foundation pit deformation based on LSSVM-
ARMA model[J]. Rock and Soil Mechanics, 2014, 35
(Sup2) : 579-586. (in Chinese)

AL, ZEREAR, XU, A SR TR B GAS-
VM-ARMA #5875 TR 5 5028 J 0 b g i LT ).+
ARGIE TREAR (T IE30), 2023, 45(3): 16-23.
NiuS X, LiS L, LiuY C, etal. Application of GAS-
VM-ARMA model based on wavelet transform in defor-
mation prediction of deep foundation pit[J]. Journal of
Civil and Environmental Engineering, 2023, 45(3) :
16-23. (in Chinese)

Wei X, Cheng S, Chen R, et al. ANN deformation pre-
diction model for deep foundation pit with considering
the influence of rainfall[ J]. Scientific Reports, 2023, 13
(1): 22664.

45



(23]

[24]

[26]

[27]

46

vk, ZEiE, W8 . BT CEEMDAN i) GNSS ZE
W LTk [T ] R 5 ek sl 0 5, 2021, 41
(4):408-412.

Tang J, L1 Y j, Gao X. GNSS deformation monitoring
denoising method based on CEEMDAN [J]. Journal of
Geodesy and Geodynamics, 2021, 41(4): 408-412. (in
Chinese)

Cao Y, Zhou X, Yan K. Deep Learning neural network
model for tunnel ground surface settlement prediction
based on sensor data[J]. Mathematical Problems in En-
gineering, 2021, 1(2021): 9488892.

Torres M E, Colominas M A, Schlotthauer G, et al. A
complete ensemble empirical mode decomposition with
adaptive noise [C] //Prague: 2011 IEEE International
Conference on Acoustics, Speech and Signal Process-
ing. IEEE, 2011: 4144-4147.

Xue J, Shen B. A novel swarm intelligence optimiza-
tion approach: sparrow search algorithm [J]. Systems
Science & Control Engineering, 2020, 8(1): 22-34.
Huang G B, Zhu Q Y, Siew C K. Extreme learning
machine: Theory and applications [J]. Neurocomput-
ing, 2006, 70(1-3): 489-501.

Hochreiter S, Schmidhuber J. Long short-term memory
[J]. Neural Computation, 1997, 9(8): 1735-1780.

[29] XUEM, X%,

[31]

XUMG 52, A . HEGTHUE b T B B 4
W ASTE W A [T, A0 D12 5 TR, 2007, 26 (3
2): 4386-4394.

Liu G B, Liu D P, Liu L. W, et al. Monitoring and
analysis of lateral deformation of retaining wall during
bottom excavation in deep pit [J]. Chinese Journal of
Rock Mechanics and Engineering, 2007, 26 (Sup2) :
4386-4394. (in Chinese)

FEFE, BIOG A, N B AR5k 2548 IE LSTM &1k 1y
R B WAL R O [T]. o [ 22 AR 2 2a i, 2023,
33(8): 109-116.

Tang Y F, Hu G Z, Zhou S. Displacement prediction
of sudden landslide based on dynamic residual correction
LSTM algorithm [J].
2023, 33(8):109-116. (in Chinese)

BRI, AR AU, WROCHE, A5 . AR o0 B 7y il 5 4
PRI IR AR TEALE B [T]. M2 #2024, 49(7) :
9-20.

Xue Y A ,ZouY F, Chen W T, et al. Combined pre-

China Safety Science Journal,

diction of residual deformation in old goaf by variational
modal decomposition and integrated enhancement [J].
Science of Surveying and Mapping, 2024, 49(7) : 9-
20. (in Chinese)

(A4 k2)



