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Time Series Analysis for Predicting Deformation of Earth Retaining Walls

A 5 3 Seo, Seunghwan

3 B # Chung, Moonkyung

Abstract

This study employs traditional statistical auto-regressive integrated moving average (ARIMA) and deep learning-based
long short-term memory (LSTM) models to predict the deformation of earth retaining walls using inclinometer data
from excavation sites. It compares the predictive capabilities of both models. The ARIMA model excels in analyzing
linear patterns as time progresses, while the LSTM model is adept at handling complex nonlinear patterns and long-term
dependencies in the data. This research includes preprocessing of inclinometer measurement data, performance evaluation
across various data lengths and input conditions, and demonstrates that the LSTM model provides statistically significant
improvements in prediction accuracy over the ARIMA model. The findings suggest that LSTM models can effectively
assess the stability of retaining walls at excavation sites. Additionally, this study is expected to contribute to the development

of safety monitoring systems at excavation sites and the advancement of time series prediction models.
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A5t B2 A W2 FARYS BAHo B F
o] WAlol MFS WAAIITE F2 ToIA HA| W
° FAN W QPLRR A2 GFE uA 5
Qleh. 2AAo] 9 ol v A ke Haste)
7] SlalAlE Euro] wA|e] Wy Haksh o= s
Aol Fastet

o] o3t Fujo] HA|Y WFS eefaE P
Sl5bAl slo] ek @ A WA WS olsst

= 7P 1Rt WRgolm, Peck o] lH(Peck, 1969)7F
3 1969 7B A7 AS AuE B 3 =
2H% HlolE 7t W ez wAskE o] It Hsiung,
2020; Lim et al., 2018; Long, 2001; Meng et al., 2020;
Moormann, 2004). 95 & @4 A= HlolgE 7]t
o= E9F 3ol wet Fdfo] BA| SA¢ sidE 2
skal ol E3k7] 913 AE A e skt Clough
and O’Rourke, 1990). FUjo A= A= Ho|gE &-&
sto] =2k 3 HA e 9 FAX]Eke] gk AsE
Al A REskeL QI FF2Eo] wA o ¥t A7t
U =3 ] 2 TSeo et al., 2006; Lee et al., 2007; Son
and Cording, 2005; Son and Cording, 2007, Lee and
Kim, 2008).

A AIS Qlofl pAJsA W TS Z2ko R QI
3 BEAE Fr131r] sl @) AM8-E kL et al., 2019;
Hou et al., 2009, Hsieh and Ou, 1998). =Z}gA}o]| 2)3t
ARHASS B7Fsh] sl &9 T 2284, #HAY
T AA Al2"]L ARSI ol whe A sA At
(Wong and Poh, 2000; Zhang et al., 2015)7} 53 =] 3]
Ok EE HA|9] Ao, A=, ARFY A=, AR 7
4 SOl wet A Ao dd= E43FATHGoh et al,
2020; Seo et al., 2023). A4 AL 2E] AT
2182 qefsle] olgH 0w ¥ A3 53 4 9l
Ak, Agel tiet BE 9l dsh] ofal sjAA
W7E A% AS Aaet EYAShs ZAI7E A= ARt
tHGoh et al., 2017).

<2 AHESEol A= HlolE Z|ke] wAaled 7ol
Tk 28501 Qlok Fafo] Ao My oSS ffsf ¥
Aled 719 283 ot 45 &3l ML(Machine
Learning)¥HH(ANN(Artificial Neural Network), RF(Random
Forest), GRNN(General Regression Neural Network), SVM
(Support Vector Machine), MARS(Multivariate Adaptive

O
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Regression Splines), XGB(eXtreme Gradient Boosting))
9] AL 754 o] YSHATHKIm et al., 2000; Kung et
al., 2007; Goh et al., 1995; Zhang et al., 2020a; Zhang et
al,, 2021). 29| A= A At B i
S SRR St ASA LS 533U Seo
and Chung(2023)2 4= ASZAIE ASHFE 5t
of Al Autel AA| ASA} Atole] BAIE <5
gt e BES S5t d 484 AR
B9k ofy el Held(Deep Learning) 7|
W Rt FER Qlek o] EXIgE HlolHE Aed 4~
Q= thobe Hed W % wEHAZWRNN, Recurrent
Neural Network)2 X8t HE 1} 7o A AE EA41E A
glsh= d AE o2 AlYal QUtk(Yang et al, 2019;
Mahmoodzadeh et al., 2020; Zhang et al., 2020b). &
e B89 Fujol wAle) W oo Bk 2 oAy
cheat ek B2E% 9 Sl wAle B 5
& Wsb7] 918 Zhao et al2021)2 Alwof w2
H& o 20]] CNN(Convolutional Neural Network)S
B3, CNNo| A|AE dlSofA dutaes AMRE]
LSTM(Long Short Term Memory) ! ARIMA(Auto-
Regressive Integrated Moving Average)HH B ol <=5t
o HoFe Zom Hisigith o] k= 7Y o]
o] @]l &t Sate] HA 9] F7h4 wsle] 24
3L At} Seo and Chung(2022)2> o] B4 Mo
o3t 1D CNN-LSTM 28 A|otsl4 o, 1D CNN}
LSTMS Adsto] Futo] wale] 27t 9 AI7Hd 54
& B2 e oj20] ZP5FHE iRl 1D CNN
T LSTMS Astsh 49 wale] shebuel v} Z7}st
Al Hof ASnd o] Fe=E Eo|7] Y8 AlZte] 228
&= T30l Stk Shan et al(2024)= 57+ S2|2HY
I} LSTM7]%+e] EMD(Empirical Mode Decomposition)
WS o] 8ste] =2HaAe] viwlsl, = e W |
A HEPZE oS3tk o] e Bdl k5o AME=
TEE FeulE R Q) oIS Hlgo] EiL, 7Y oW
@7le S 284S 7L e 540l
=22A%0] HlolH = ZEAEujrt glo]Ed] i Yl
S/0] th27] dlizel =3 dlole o] MA ] W 5
e} 24 o6& o] eItk B3 ARHAISS AS
Foll weh SA4F717F 23 B O odoln, =4
SAE 717te] wEk AAE dlole 9] Aozt theksiA &
At weka] =2 AIAID HolE = B> Al
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S|+ 2] 0] FBIHARIMA) T o 7o M S 29
3 4= Ql== HEH3 ARIMAX(Autoregressive Integrated

Moving Average Exogenous)”} SA|7|5F Rdl 2 &-2-%]
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2.1 ARIMA 24!

ARIMA 92 BoxQ} Jenkinso] 2J3] A< Aot =
Qom, SEEHORE AAE folgE d537] flal

2171 3] H(Autoregressive, AR) R} 05 HHMoving
Average, MA)2d-& A3lSE 54 Hdo|ti(Box et al.,
2015). 2, ARIMAL 2pA19] THA] AR S 28aks AR
"o A e /RAEE SEshe MARES ZA9st
ARMAO] F=A|7HA] alggt ®do]t}, o] ®uElg 7|
W A 2 Aol 2H A HAE AEsto] njHE
o &2tch
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MAR YL o|E=H e 2 A white noise?] 7} F

AR eIt o7} oIS HFREL 4] ) 2]
MA()= Lbehdick

C_/Blet—l_ﬂQGf,—‘Z_'“_qut—q_q 2

ARZ I} MAR SIS ZAgls}
mdlo]

r_EL
@
o
my
3

Yy =ctogy, g togy, o +"'+O‘pyt—p+€t — P61
B B (3)

ARIMAZ & ARMAR Y-S ARE-35lo] Hlo]EE d
W 2pEElo] A4S BElE ARIMA(p.d.g)2 EH )
ARIMA o= B9e wale 1557 A Holg] 4
‘$/3(stationary)2- F7tsh= Zlo] A4Ao|th & A+
o4 lolelo) BAE 24571 919 Sl ol7)-
=2 #=(Augmented Dickey-Fuller test, ADF)o] A&
= 3lek dlolE7F A e ekl wi7hA] B4 dlol
Hof| 2HE-& A-gskaL, dlole7) ¢S Uetll= 4
- p-valuegto] 0.05m]vkel X Sl dgk2 283tk
F7H oz AAE HolE 2 27|/ AS(ACF, Auto-
18217 A4 2S(PACF, Partial
Autocorrelation Function)E £3] d|o]g| Q] HAA]S &

ek 1 9] gheu|e] p&f gi= thE 230 mdS
=3 7} @2 AIC(Akaike Information Criterion) 2
BIC(Bayesian Information Criterion)3Fs AJ4sH= 24l
o] pS} ¢ AHEBILE o] A
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FHsh= AAe myolH,
ARIMAX R E1.8- =714 9] QA1 S~(explanatory variable)
2 sghroes che AA Y dolg Helrt ket

2.2 LSTM

LSTMLE &3FAIATHRNN, Recurrent Neural Network)
o] 7| oj&d BAIE N8k flgh A mdolct
(Hochreiter and Schmidhouber, 1997). LSTM cell 2] U}
otz Fig 13 2o, A7t o 48] 2452 U
Wk o, AR tollAle] QleulElS olulatek. h,
3} h = 247t SUFolA AR 13} o] ey
AV ¥ e (hidden state vector)o]™, ©7]7]9(short term
memory) W5 AT ¢ 3 G= A7 23
A AZERA| t—13} tof| A 2] AATERE|(cell state vector)
o]a1 A7]7]9(long term memory) A X5 FE3Ich LSTM
A ol Qe nput vecton)S} 24 el el hidden
state vector) S *] 2|5k THFSH 7]50] 9o, 4] (4)~
(9)° Zo] A efgtet.
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G =(£®G)®(i,C) @®)
h, = 0,&tanh(C}) 9)

AZFEA t—1o A SHAEEE h, 2 HOlHE
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a5 gt Uy o7} 7 AolER AdE o
2L W, W W, W A EEE AP o714

i By B D D b, = EV R ] G gHbias)
ot} 09} tanh = ZHZf A|Z1Ro|= W tanh A3} 3
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Fig. 1. LSTM cell structure
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Table 1. Time series dataset for cross section—1
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Time Depth | 2 3 4 5 6 7 8 9 10 1 12 13 14 15
2021-06-24 | 0.00 | 0.00 | 0,00 | 0.00 | 0,00 | 0.00 | 0,00 | 0.00 | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
2021-06-28 | 023 | 056 | 071 | 062 | 051 | 021 | 023 | 022 | 020 | 015 | 010 | 0.05 | 0.02 | -0.01 | —0.03
2021-07-01 | 022 | 050 | 072 | 0.83 | 089 | 098 | 091 | 076 | 060 | 040 | 047 | 024 | 015 | 0.09 | 0.04
2021-07-05 | 038 | 089 | 122 | 126 | 125 | 112 | 107 | 092 | 074 | 050 | 054 | 027 | 016 | 0.08 | 0.02
2021-07-08 | 046 | 1.07 | 148 | 159 | 163 | 158 | 149 | 127 | 101 | 068 | 075 | 038 | 023 | 013 | 0.05
2021-07-12 | 052 | 121 | 170 | 185 | 193 | 195 | 183 | 155 | 123 | 083 | 093 | 047 | 029 | 016 | 007
2021-07-15 | 053 | 135 | 191 | 212 | 223 | 230 | 216 | 182 | 144 | 097 | 110 | 056 | 034 | 020 | 0.09
2021-07-19 | 071 | 175 | 244 | 264 | 273 | 270 | 254 | 215 | 171 | 115 | 129 | 065 | 040 | 022 | 0.09
2021-07-22 | 075 | 185 | 261 | 288 | 301 | 309 | 290 | 244 | 194 | 130 | 147 | 075 | 046 | 026 | 0.12
2021-07-26 | 084 | 202 | 285 | 313 | 328 | 335 | 314 | 265 | 210 | 167 | 160 | 081 | 050 | 029 | 0.13
2021-07-29 | 096 | 235 | 331 | 362 | 377 | 38 | 358 | 302 | 240 | 203 | 18 | 092 | 057 | 032 | 0.4
2021-08-02 | 103 | 253 | 355 | 387 | 402 | 405 | 381 | 321 | 255 | 205 | 193 | 098 | 060 | 034 | 0.14
2021-08-05 | 111 | 270 | 380 | 416 | 434 | 440 | 414 | 349 | 277 | 229 | 210 | 107 | 066 | 037 | 016
2021-08-09 | 116 | 285 | 401 | 438 | 457 | 462 | 434 | 366 | 291 | 239 | 221 | 112 | 069 | 039 | 017
2021-08-12 | 122 | 298 | 419 | 458 | 478 | 484 | 454 | 384 | 305 | 251 | 231 | 117 | 072 | 041 | 018
2021-08-19 | 126 | 308 | 433 | 474 | 494 | 500 | 470 | 396 | 315 | 250 | 239 | 121 | 074 | 042 | 018
2021-08-26 | 131 | 320 | 449 | 492 | 513 | 519 | 488 | 41 | 327 | 269 | 248 | 126 | 077 | 044 | 019
2021-09-02 | 135 | 331 | 466 | 509 | 531 | 538 | 505 | 426 | 339 | 278 | 257 | 130 | 0.80 | 045 | 020
2021-09-09 | 140 | 344 | 483 | 528 | 551 | 558 | 524 | 442 | 351 | 289 | 266 | 135 | 083 | 047 | 020
2021-09-16 | 146 | 356 | 501 | 548 | 571 | 578 | 543 | 458 | 364 | 299 | 276 | 140 | 086 | 049 | 021
2021-09-23 | 151 | 369 | 519 | 568 | 592 | 600 | 563 | 475 | 377 | 310 | 286 | 145 | 089 | 05 | 022
2021-09-30 | 156 | 383 | 539 | 589 | 614 | 622 | 584 | 493 | 391 | 322 | 297 | 15 | 093 | 052 | 023
2021-10-07 | 158 | 386 | 542 | 593 | 618 | 626 | 588 | 496 | 394 | 324 | 299 | 152 | 093 | 053 | 023
2021-10-14 | 150 | 388 | 546 | 597 | 622 | 630 | 592 | 500 | 397 | 326 | 301 | 153 | 094 | 053 | 023
2021-10-21 | 160 | 391 | 550 | 601 | 627 | 635 | 596 | 503 | 400 | 328 | 303 | 154 | 095 | 054 | 023
2021-10-28 | 162 | 396 | 557 | 6.09 | 635 | 643 | 604 | 509 | 405 | 333 | 307 | 156 | 096 | 054 | 0.24
2021-11-04 | 163 | 400 | 562 | 615 | 641 | 649 | 610 | 515 | 409 | 336 | 310 | 157 | 097 | 055 | 024

2021-11—11 | 165 | 403 | 566 | 619 | 646 | 654 | 614 | 519 | 412 | 338 | 312 | 158 | 097 | 055 | 024
2021-11-18 | 167 | 410 | 576 | 630 | 657 | 665 | 625 | 528 | 419 | 344 | 318 | 161 | 099 | 056 | 0.24
2021-11-25 | 170 | 416 | 584 | 639 | 666 | 674 | 634 | 535 | 425 | 349 | 322 | 163 | 1.00 | 057 | 0.25
2021-12-02 | 172 | 421 | 592 | 647 | 675 | 683 | 642 | 542 | 430 | 354 | 326 | 165 | 102 | 058 | 025
2021-12-16 | 171 | 418 | 588 | 643 | 670 | 679 | 638 | 538 | 427 | 351 | 324 | 164 | 101 | 057 | 025
2021-12-22 | 165 | 403 | 567 | 620 | 646 | 655 | 615 | 519 | 412 | 339 | 312 | 171 | 105 | 060 | 026
20211229 | 162 | 398 | 559 | 611 | 637 | 645 | 606 | 512 | 406 | 334 | 308 | 164 | 101 | 057 | 025
2022-01-05 | 162 | 396 | 557 | 6.09 | 635 | 643 | 604 | 510 | 405 | 333 | 307 | 165 | 1.02 | 058 | 025
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Table 2. Time series dataset for cross section—2

Depth
Time

10

14

19

20

21

22

2021-06—24 |0.00|0.00|0.00{0.00|0.00|0.00{0.00{0.00|0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

2021-06-28 | 0.89|0.86|0.84|0.79|0.73 | 0.66 | 0.61 | 0.60 | 0.59

0.52

0.46

0.39

0.31

0.25

0.19

0.18

0.17

0.14

0.10

0.08

0.05

0.04

2021-07-01 | 1.46 | 1.42 | 1.37 | 1.29 | 1.20 [ 1.09 | 1.00 | 0.98 | 0.96

0.86

0.75

0.64

0.52

0.41

0.31

0.29

0.28

0.22

0.17

0.12

0.08

0.06

2021-07-05 |2.26 | 2.19 | 213 |2.00 | 1.85 | 1.68 | 1.54 | 1.52 | 1.49

1.33

117

0.98

0.80

0.64

0.49

0.46

0.43

0.34

0.26

0.19

0.12

0.10

2021—-07—-08 | 2.54|2.46|2.39 | 2.24 |2.08 | 1.89 | 1.73 | 1.70 | 1.67

1.49

1.31

1.10

0.90

0.72

0.55

0.51

0.48

0.39

0.29

0.22

0.14

0.1

2021-07-12 | 2.76 | 2.68 | 2.60 | 2.44 | 2.26 | 2.06 | 1.88 | 1.85 | 1.82

1.62

1.43

1.20

0.98

0.78

0.59

0.56

0.52

0.42

0.32

0.23

0.15

0.12

2021-07-15 | 312 1 3.03|294|2.76|2.56 | 2.33 | 2.13 | 2.09 | 2.06

1.84

1.62

1.36

110

0.89

0.67

0.63

0.59

0.47

0.36

0.27

0.17

0.13

2021-07—19 |3.34 324|314 | 295|274 | 249 | 2.28 | 2.24 | 2.20

1.96

1.73

1.45

118

0.95

0.72

0.67

0.63

0.51

0.39

0.28

0.18

0.14

2021-07-22 | 3.48 | 3.38| 3.28 | 3.08 | 2.86 | 2.59 | 2.38 | 2.34 | 2.30

2.05

1.80

1.52

1.23

0.99

0.75

0.70

0.66

0.53

0.40

0.30

0.19

0.15

2021-07-26 |3.55|3.45|3.34 | 3.14 1292 |265|242|238|2.34

2.09

1.84

1.55

1.26

1.01

0.77

0.72

0.67

0.54

0.41

0.30

0.19

0.15

2021-07-29 | 3.84 | 3.73| 3.61 | 3.39| 3.15 | 2.86 | 2.62 | 2.58 | 2.53

2.26

1.99

1.67

1.36

1.09

0.83

0.78

0.72

0.58

0.44

0.33

0.21

0.17

2021-08-02 | 3.91|3.80(3.68|3.46 | 3.21 | 291 | 2.67 | 2.62 | 2.58

2.30

2.02

1.70

1.38

1

0.84

0.79

0.74

0.59

0.45

0.33

0.21

0.17

2021-08-05 | 4.07 | 4.06|3.93 | 3.69|3.43 | 3.11 | 2.85|2.80 | 2.76

2.46

2.16

1.82

1.48

119

0.90

0.84

0.79

0.64

0.48

0.36
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1.00
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0.93
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0.57

0.42
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0.57
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0.58
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4.02
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147
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0.30
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3.02
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1.05
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0.59

0.38

0.30
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410
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1.41
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1.06
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0.59
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248
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1.42

1.32

1.07

0.81

0.60

0.38
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1.42

1.33

1.07

0.81

0.60

0.39

0.30
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1.33

1.07

0.82

0.60

0.39

0.30
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3.59
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0.80
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0.38
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1.42
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1.07
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Fig. 4. Description of input variables for univariate and multivariate models
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Fig. 5. Training and testing dataset for time series data
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Fig. 6. Correlation analysis using ACF and PACF
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Table 3. Depth—specific performance indicators for ARIMA and LSTM prediction models

ARIMA LST™M
Layer
RMSE MAE MAPE RMSE MAE MAPE
Surface (hN=0) 0.1243 0.0968 5.8943 0.0220 0.0202 1.2011
Middle (hN=0.4) 0.4943 0.3860 59172 0.0874 0.0800 1.2011
Bottom (hN=1) 0.0155 0.0124 5.0011 0.0037 0.0034 1.3437
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Table 4. Depth—specific performance indicators for ARIMAX and multivariate LSTM prediction models
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