$43% 5 "= L T #M o #k Vol. 43 No.5
2021 4F 5H Chinese Journal of Geotechnical Engineering May 2021

DOI: 10.11779/CJGE202105004

(LI B 1 T B TR 5%

Fha, RE®
(RACRZEVEI 5 1A TRSBE, L5 JH 110819)

& E. MRVIFENE R Z 4 AR sh R RAE, DA F AR TIN5 4706 5 52 177 sk M B30 -4 LA
R NBUE S SR B R 1) R, 25Tk, 32t — il 1 B RGO s A8 TN 77 R 3 KB 5% BRI 8 72
B LR SRR, JRgE A SRS S BES R (VMDD |, Kt R I/ oA IR BEN LI s i R
FBRIAALES: (GWO) SEL BFFRIR 2SI HURR (OSELM) HIBUE KB E#ATI0L, 57T GWO-OSELM 7
TRIAERL, A3 BSOS 4> B AT T AR PR T 4R R TR D BN, RSB AT 0, I 5L SR B gk 473t Lk,
SR JE AR T UGN R B3 K A 2R TN 14 B P 0 S BEATL IOV RS (R 2y U R 3 o 45 SRR A AR SRR I 54 T Ak 2
Jei» AT RGNS RO AL A AT TR, TRRE R R R/, HL Sigmoid W ER U IE A AL, MR DT E R
FETT T U5E G B ALIRF A BB EERE M o ] g 10 B V) 1 B R T R P S O 2 A4 — ol 1) S RN 95
KHEIR: LIRRKIE: HhRDIE: ARSERERF TS AR SR FEZ BT ARBR 2 2Bl

FESHES: U459.2 XHRFRIRAD: A XEHRS: 1000 - 4548(2021)05 - 0813 - 09

TEB RN FIRL(1969—), 55, #d%, WLA 20, FTAFA T TREMERIBEAEHR LA . E-mail: shwangneu@126.com.

Time series prediction for ground settlement in portal section of mountain tunnels

WANG Shu-hong, ZHU Bao-qiang
(School of Resource and Civil Engineering, Northeastern University, Shenyang 110819, China)

Abstract: The monitoring value of ground settlement is characterized by complexity and nonlinear dynamic change. Aiming at
the problems that the previous static models are easily disturbed by historical monitoring data and the model input weights and
thresholds are more difficult to choose, a dynamic prediction method for ground settlement of the portal section of tunnels is
proposed. The ground settlement is equidistant by the cubic-spline function interpolation method and decomposed into the trend
and random term displacement by the time series analysis theory and the variational mode decomposition (VMD). By using the
grey wolf optimizer (GWO) to optimize the weights and thresholds of the online sequential extreme learning machine
(OSELM), the GWO-OSELM dynamic prediction model is established to predict the displacement components separately.
Taking the portal section of Xinglong tunnel in Chongqing as an example, the proposed model is compared with the traditional
model. Finally, the influences of the choice of activation function on the prediction performance of the model and some factors
influencing the random term displacement are analyzed. The results show that the model can effectively predict the
displacement components after the preprocessing of non-equidistant time series data, and it has high prediction accuracy and
small prediction error. Moreover, the Sigmoid activation function is more suitable for the model, and the rates of the ground
settlement and the vault subsidence have important influences on the random term displacement. The model provides a new
way of thinking and a method for the long-term prediction of ground settlement in the portal section of mountain tunnels.
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Table 1 Measurement frequencies of ground settlement
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Table 2 Prediction accuracies and errors of trend term displacement of ZK38+020

R

Rvse/ mm Mar/ mm

D1-4 D1-5

D1-4 D1-5

D1-4 D1-5

i g Wk Ui Wk U

% % % % %

met gk Wel gk el digk I
% % % % % % %

GWO-OSELM  0.9999 0.9994 0.9999 0.9998 0.0089 0.0106 0.0127 0.0051 0.0077 0.0088 0.0105 0.0044
OSELM 0.9998 0.9996 0.9998 0.9998 0.0484 0.1889 0.0566 0.2349 0.0401 0.1803 0.0506 0.2282
ELM 0.9998  0.9989  0.9996 0.9997 0.0668 0.3581 0.0881 0.4870 0.0553 0.3392 0.0725 0.4724
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Table 3 Prediction accuracies and errors of trend term displacement of ZK38+015
R Rmse/ mm Mar/ mm
e D1-4 D1-5 D1-4 D1-5 D1-4 D1-5
wge Wmel digk el dige ek dige ik dige Wk dige ik
% % % % % % % % % % % %

GWO-OSELM  0.9999 0.9991 0.9999 0.9998 0.0123 0.0540 0.0261 0.0166 0.0109 0.0405 0.0217 0.0155
OSELM 0.9994  0.9990 0.9993 0.9998 0.0825 0.2426 0.0711 0.2696 0.0732 0.2363 0.0618 0.2547

ELM 0.9994 0.9992  0.9995

0.9996  0.0945

0.5241 0.0754 0.6082 0.0790 0.5060 0.0475 0.5733
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Fig. 8 Predicted results of random term displacement
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Table 4 Prediction accuracies and errors of random term displacement of ZK38+020

R

Rvse/ mm Mar/ mm

D1-4 D1-5

D1-4

D1-5 D1-4 D1-5

ey
g Wl gk el gk

% % % % %

met gk dl gk Al dIgk T
% % % % % % %

GWO-OSELM  0.9995 0.9839 0.9994 0.9731

0.0205

0.0162 0.0258 0.0114 0.0168 0.0137 0.0222 0.0093

OSELM 0.9938 0.9887 0.9961 0.9774 0.0748 0.1202 0.0717 0.0868 0.0523 0.1189 0.0570 0.0865
ELM 0.9982 0.9913 0.9989 0.9792 0.0440 0.1317 0.0553 0.1245 0.0369 0.1309 0.0438 0.1243
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Table 5 Prediction accuracies and errors of random term displacement of ZK38+015
R Rmse/ mm Mar/ mm
" D1-4 D1-5 D1-4 D1-5 D1-4 D1-5
g Wel digx el digk el digk Il gk Il digk T

% % % % %

% % % % % % %

GWO-OSELM  0.9994 0.9673  0.9995
OSELM 0.9974 0.9721 0.9953
ELM 0.9901 0.9881 0.9991 0.9802 0.0931

0.9912 0.0206 0.0124 0.0163
0.9862 0.0449 0.1272 0.0515
0.2190 0.0994 0.1837 0.0666 0.2186 0.0769 0.1822

0.0259 0.0118 0.0104 0.0115 0.0241
0.1444 0.0331 0.1268 0.0328 0.1439
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Fig. 9 Predicted results of cumulative displacement
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Table 6 Prediction accuracies and errors of cumulative displacement of ZK38+020
R Rmse/ mm Mag/ mm
e Dl1-4 D1-5 Dl1-4 D1-5 Dl1-4 D1-5
- g sk dngs ek gk sk gngR sk dngs ik digs Bk
5% 5% 5% 5 5% 5% 5% 5% 5% 5 5% 5%
GWO-OSELM  0.9999 0.9994 0.9999 0.9997 0.0230 0.0167 0.0340 0.0093 0.0203 0.0136 0.0281 0.0071
OSELM 0.9989 0.9998 0.9991 0.9997 0.0976 0.3085 0.1125 0.3201 0.0762 0.3000 0.0919 0.3143
ELM 0.9991 0.9986 0.9990 0.9993 0.0976 0.4865 0.1255 0.6100 0.0697 0.4700 0.0962 0.5979
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Table 7 Prediction accuracies and errors of cumulative displacement of ZK38+015
R Rmse/ mm Mag/ mm
o Dl1-4 D1-5 Dl1-4 D1-5 Dl1-4 D1-5
- g Wk digk sk Unge ik dngg Wk digk ek gk ik
% % % % % % % % % % % %
GWO-OSELM  0.9999 0.9975 0.9998 0.9996 0.0274 0.0567 0.0302 0.0246 0.0200 0.0443 0.0241 0.0207
OSELM 0.9989 0.9984 0.9983 0.9986 0.0895 0.3679 0.0989 0.4063 0.0766 0.3643 0.0806 0.3971
ELM 0.9962 0.9951 0.9960 0.9980 0.1736 0.7358 0.1629 0.7763 0.1338 0.7250 0.1125 0.7550
TR TR I R 2 . T OSELM . 78 7E i i ] %= 8 AT E RIRE
D1-5 Wi 5 pe Fmu et B TR, HRREEE R Table 8 Prediction accuracies and errors of model
P SRR O s, 5 R Redam M/
“ . -~ - N , % I 25 W 2k W 2k W
ﬁjl}ﬁfﬁ T Eﬁmlﬁfi%ﬂ%*ﬂﬁ%ﬁ‘()ﬂﬁ%gﬁﬁi%”ﬁ ° # # # # # #
MeiaR 6, 73—, [FFELL ZK38+020 RBF 09996 009813 0.0746 05205 0.0625 0.4852
D1-5 Wil SOt G TR g fe), R k% ] , R Sigmoid 0.9999 0.9997 0.0340 0.0093 0.0281 0.0071
i D1-5 IR TI . RILE T 09997, Ruse Sine  0.9999 0.9991 0.0314 0.2221 0.0266 0.2077
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Fig.10 Predicted results of different activation functions
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Fig. 11 Impact factors of random term displacement
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Fig.12 Calculation flowchart of correlation with GRaMM
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Table 9 Comparitive results of correlation

ik HHRE XH P& BIRYL HeRDIE
GRaMM 0.4968 0.4519 0.7114 0.7664
MIC 0.4716 0.4584 0.8642 0.9600
:l: ~
4 21: 1@

(1) R = URHF 2% R B (20 Hh 2 I 4 S E
HATEIEAEE, G F o T ERS I VMD 2351k
XPIHAT oA, BT DA RO GG 5 S 1, $emTi
W, FEE AT DU A7 8% 7 H 5 R HFIE

(2) ¥ GWO-OSELM A5 o F F 5 P e b ]
B¢ ZK38+020 Al ZK38+015 Wrifii D1-4, D1-5 Wil
SRR TR, X6 P b2k SRR T iR e
B, BENLIL REIRE TN A T OSELM A5
JefE4s ELM B8, BTG B s HaR 2/, BAR
Uz AGRE DT, SR T )G R e TRE S T

(3) TRNIRVT 1 S0l R 1) G B A5 2R Tt 44
IFENR, AN Sigmoid WURHEREFEE A A SO, GRS
PRI R e e, HELA IR Iz AR

(4) EIT5IN GRaMM AHFME TV, ST
FUTRERENLITES 7 52 R 3R AT b, AT
A 33 R AN T Y 26 56 e W LIS s e e 2 v T
FERN R, PN e SRR I T BEN LA R SE i 4

BUO: SR SR JR E PRI H £ BN [ X R
P G-E K LGB ORI S R B S !

SEH

(1] FiuE, M, MM, S BRIE I R 15 77
FMBIE]. AL TRER, 2010, 32(12): 1868 - 1874
(WANG Ying-chao, SHANG Yue-quan, XU Xing-hua, et al.
Time and space prediction of collapse of loose wall rock at

tunnel exit[J]. Chinese Journal of Geotechnical Engineering,



5

FIRLL, S LW R 1 Bt AT BRI TR 5T 821

2010, 32(12): 1868 - 1874. (in Chinese))

(21 WA, #7577, AR, S5, FaBOERVARSE FBlE AR TR
INANVUAFERF T [T]. & 715, 2019, 40(12): 4925 - 4934,
(XIE Yi-peng, YANG Xiu-zhu, YANG Jun-sheng, et al.
Mesoscopic characteristics of deformation and failure on
surrounding rocks of tunnel through loose deposits[J]. Rock
and Soil Mechanics, 2019, 40(12): 4925 - 4934. (in Chinese))

[3] ZHENG D, HUANG J, LI D Q, et al. Embankment prediction
using testing data and monitored behaviour: a Bayesian
updating approach[J]. Computers and Geotechnics, 2017, 93:
150 - 162.

[4] BB, E o OBH, EJTIR, S OIRAHEREEI N Rk g A K
WIUTRETRMITET]. & L TR, 2019, 41(4): 625 - 630.
(YAO Yang-ping, WANG Shen, WANG Nai-dong, et al.
Prediction method for long-term settlements of high-speed
railway subgrade under influences of nearby loads[J].
Chinese Journal of Geotechnical Engineering, 2019, 41(4):
625 - 630. (in Chinese))

[5S] WANG S H, ZHANG Z S, REN Y P, et al. UAV
photogrammetry and AFSA-Elman neural network in slopes
displacement monitoring and forecasting[J]. KSCE Journal of
Civil Engineering, 2020, 24(8): 19 - 29.

(6] ZFMEES, RIGF, BIAHE, . HERTLIRESNA TG
RV S A% DX B RN TR D). 6 0 2 5 AR 2R, 2019,
38(11): 2272 -2287. (LI Lin-wei, WU Yi-ping, MIAO
Fa-sheng, et al. Displacement interval prediction method for
step-like landslides considering deformation state dynamic
switching[J]. Chinese Journal of Rock Mechanics and
Engineering, 2019, 38(11): 2272 - 2287. (in Chinese))

[71 MOGHADDASI M R, NOORIAN-BIDGOLI M. ICA-ANN,
ANN and multiple regression models for prediction of
surface settlement caused by tunneling[J]. Tunnelling and
Underground Space Technology, 2018, 79: 197 - 2009.

[8] CHEN R P, ZHANG P, KANG X, et al. Prediction of
maximum surface settlement caused by earth pressure
balance (EPB) shield tunneling with ANN methods[J]. Soils
and Foundations, 2019, 59(2): 284 - 295.

[9] TOMAS J, SEJNOHA M, SEINOHA J. Applying bayesian
approach to predict deformations during tunnel construction[J].
International Journal for Numerical and Analytical Methods in
Geomechanics, 2018, 42(15): 1765 - 1784.

[10] ZHANG P, WU H N, CHEN R P, et al. Hybrid meta-heuristic
and machine learning algorithms for tunneling-induced

settlement prediction: A comparative study[J]. Tunnelling and

Underground Space Technology, 2020, 99.

[11] DRAGOMIRETSKIY K, ZOSSO D. Variational mode
decomposition[J]. IEEE Transactions on Signal Processing,
2014, 62(3): 531 - 544.

[12] LIANG N Y, HUANG G B, SARATCHANDRAN P, et al. A
fast and accurate online sequential learning algorithm for
feedforward networks[J]. IEEE Transactions on Neural
Networks, 2006, 17(6): 1411 - 1423.

[13] MIRJALILI S, MIRJALILI S M, LEWIS A. Grey wolf
optimizer[J]. Advances in Engineering Software, 2014, 69(3):
46 - 61.

[14] 2 B P B T8 A MG : JTG F60—2009[S]. 2009.
(Technical Specification for Highway Tunnel Construction:
JTG F60—2009[S]. 2009. (in Chinese))

[15] WANG Z, YAO W J, CAI Y Q, et al. Analysis of ground
surface settlement induced by the construction of a
large-diameter shallow-buried twin-tunnel in soft ground[J].
Tunnelling and Underground Space Technology, 2019, 83:
520 - 532.

[16] ZHANG A B, CHEN TY, LIU X X, et al. Monitoring data
filter and deformation information extraction based on
wavelet filter and empirical mode decomposition[J]. Applied
Mechanics and Materials, 2015, 742: 261 - 271.

[17] DU H, SONG D Q, CHEN Z, et al. Prediction model oriented
for landslide displacement with step-like curve by applying
ensemble empirical mode decomposition and the PSO-ELM
method[J]. Journal of Cleaner Production, 2020, 270.

[18] ZBEBh, 2267, WORM, % HTBHMENMS
GWO-MIC-SVR HER [ pr R TN BT T2 (9], 5 A e
TREER, 2018, 37(6): 1395 - 1406. (LI Lin-wei, WU Yi-ping,
MIAO Fa-sheng, et al. Displacement prediction of landslides
based on variational mode decomposition and GWO-MIC-SVR
model[J]. Chinese Journal of Rock Mechanics and Engineering,
2018, 37(6): 1395 - 1406. (in Chinese))

(191 EMGT, ERLL VUSKH WL A 30 W5 Ak 5t v
WERTTED]. A+ TR, 2019, 41(8): 1505 - 1512.
(WANG Peng-yu, WANG Shu-hong. Method for identifying
four common rock types of slopes and determining boundary
range[J]. Chinese Journal of Geotechnical Engineering, 2019,
41(8): 1505 - 1512. (in Chinese))

[20] LIANG D D, LI M C, WEI R M, et al. Strategy for
intercorrelation identification between metabolome and
microbiomel[J]. 2019, 91(22):

14424 - 14432.

Analytical ~ Chemistry,



