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Abstract

ABSTRACT

The moving engineering plays a significant role in the protection of historical
and cultural heritage, urban beautification and redevelopment, as well as the
renovation and functional enhancement of buildings. Such projects involve either the
overall relocation or partial dismantling and reconstruction of structures, which
inherently entail uncertainties and risks to the buildings. Therefore, the establishment
of structural health monitoring systems and the processing and mining of monitoring
data are indispensable for identifying and mitigating potential risks associated with
moving engineering projects.

This paper delves into the establishment of moving engineering monitoring
systems and the processing and mining of data based on the fundamental theories and
principles of structural health monitoring and big data processing. It explores the
application of suitable machine learning algorithms to process and mine data from
different monitoring components of moving engineering monitoring systems, thereby
achieving risk control for relocation projects. The study is initially applied to two
practical relocation moving engineering projects. The specific research contents and
innovations are outlined as follows:

(1) Design of moving engineering monitoring systems based on moving
engineering risks, using two typical moving engineering projects as backgrounds.
Specific analysis and research are conducted on issues such as monitoring parameter
selection, optimization of monitoring point layout, selection of monitoring equipment,
principles of data processing, and suggestions for digitalization of relocation
construction. The actual monitoring process is detailed.

(2) In the process of overall attitude monitoring of structures, data loss may
occur due to construction impacts, which may hinder the acquisition of the overall
attitude of relocation structures. To address the issue of missing data generated by
relocation monitoring systems, the paper first discusses the practical situation of data
loss during the relocation process. Subsequently, missing data sets are constructed
based on different missing mechanisms for subsequent verification. Following this,
we propose two data imputation methods tailored to the practical engineering context:
a fully connected neural network based on correlation analysis and a CNN based on

positional correlation. Finally, through the validation of the effectiveness of these two
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Abstract

methods, risk control of the overall attitude monitoring process of relocation
structures is achieved.

(3) By using structural key component monitoring data to identify damage to
structural tray beams, risk control of key component monitoring of relocation
structures can be achieved. Regular damage identification and assessment can ensure
the safety and reliability of structures, prolong their service life, and save maintenance
costs. For the typical shifting structural tray beam, a deep learning network coupling
multiple sub-networks is constructed and subjected to network sensitivity tests. These
tests include identifying the basic displacement functions of the beam based on
deflection (angle) data under 3, 10, and 120 different conditions. Numerical
experiments demonstrate that the network performs excellently in identifying data
noise and basic displacement functions. By observing changes in the basic
displacement functions, we can qualitatively determine the location of the damage.

(4) Through in-depth information mining of pre-processed data, effective risk
control of relocation special components, dynamic levels, and environmental load
monitoring can be achieved. Considering that different construction states
significantly impact the attitude of special structural components and are ultimately
reflected in the monitoring data, we propose an intelligent construction state
recognition method based on unsupervised learning. By selecting descriptive
indicators and conducting principal component analysis, we achieve dimensionality
reduction and feature extraction of the data set. Subsequently, we classify the data
using the K-Means clustering method to further identify construction states. Finally,
the effectiveness of the method is validated using data sets obtained from actual

monitoring.

Key Words: moving engineering, structural health monitoring, data mining,

machine learning
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AN 75 AR, 9] G A 58 7 ) B A Jek
el AL, AT AT, &
SR AT DE WA AL B, DL
BRANL ZH T PO RO R BE

LKA T SHM KU (1 1 5 5 I
MR JTi%, W, RARZUER. FFT 478
PRI AR RO B N R

Y rELE

LU0 00 o T 2 L B A RO
T, A B SRVE AT e . B
B 3 2 2 45 30 T 26 1 Bl AR 2 1 ik S
K B A D ey 24 2 1] RS 38 I o 4 1)
MNTI R A5 v 24 B8 1) — AN R X
RAER TR IR

540 0 O A 7 A AR T
SRR T, AT T RGHA

— BRI Ve AR HE, AT
CAREAT RS ARSI, DLRAI AR AU 5
LR R AR R M RBERFIE . IX AT DL
TR (IR . IR ARk
7 TH R RFAE o

WEFCH B4 1 2T IR 3l N AR AL (145
PRI % o 2 JT A RS S B
PRBA R RS BIENAR . B R
FREEHRF P I AR AR S MR 25 4 W PR (1
AL, SRR, e R RRAE™

IR

e, 0 PAC L S B AT AT
WAL R ARH HEN, XA BT EMH
Hfpg R RESs, AR
P AR R LS H -

Lin %5 7F 35 {7 52 72 £ AR Y 1 453 453 11
il A -SNE #4111 ANZEFE R R 256
A G R B e AL bR I R R T R BAS
EEGY IS ITAIIE B S R P o)
A8 G I i R e 5 B AT 7 nT Ak %
Y,

ot KA AL B AT I A OR F B — 34, e R 1 A I R dRE
RICHER . TR R MG S, a2 A TPl AT SR S SR A T SR A

1.3.2 HMNBHRRKIEE A
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FEIRERAS B (R . AR IR 2% i E AL (packet loss) FIANFI f R85 K] 22 #ml
RE- 5 BB ot & i) L, G R A B 2R R SR i R M IO A R R LI B
) R, R B R V] R R EUR MR A R, PR ERR, BUA TR S
FREAIE R 2%, # F8ARE B E K 18. 3%, T4 EREIRLR] 10%, 15
B0 FE e 35%, K KIS R gtk fe . UHIT T MR LR, &4
KRB BR IR, 23 KK BRI R 5 R A4 = R s LA R AE R A it 13k #5254
RGOSR, St XU W DRk, SR AL AR M A ) s ik
v L E AT B 5T 5 4R R B S SR SR AS T VR IR Ao R M N 3 R v g ik 2R
Kl EE

FRCEHE (Missing Data, MD) AR AL I B AN R (A 2 A, X Leff m]
REE S HEXE R &A1, BRI W TGt F A i, 2R
TSR IR 22, SECNRSEEUR M 73 AT 5 HER T 22, AT KR B
THEIE SN BEE KBRS BRI RIR, DL R e a0 A
SNARER B L B 4 P B0 i ) A H 25 . B, 7R AR ST A
IR ALEE R MM, E TR A TR I W s A By A #s ok H 2 U R 20,
RS ALt T IR AN P, B R SR G AE B Dk o 7E SRS AL TR
BRI 2 KA =MIEOL T B8, BT 22 560 B IR AN 7 it L3RI 1) 5%
M, OGBS A BRI RE R AR R, BN, ESERR TREH, FZRAifeitiiad g
IR DL ok, B sk BT B R AR AL FE e, ln, MRS RE S S
FOEIR AL S R ORISR 0% E, EFEME R R el se R AR BdE Bk, i,
EREER RS R . — MM &, AR T BE p AN G A 78, e TR
ISk e pl T e T A TR A ] RS ) B R B g L

JIENEES

. )

(e )

b E G S RS — BB
Gt

e )

o)

SRR (e )

m%%%mﬁ:z{ KRR ALA
TR S

B 1,18 LA O A vk

AT, TFSON S EBR T 2 MR B MR e  ™  Se e 8 77 B B 4
J=2e MG ERERUE AN, S RN U G A AN L 2
STl
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FIARIA e T2 R G 07, TRV R A, RS
HRRAE B O R D T AT N TIHS  (Filling Manually) . S8R5 F 7 0
PRI, HERRTE S, EX AN RIESREGS, IF HAEH T RE 6 R EER 1S .

PEtE R (Mean Imputation) & — e F 32 42 B H5 R 1) ML 28 1R 45 o2 BE R b
T35 o RT3 S E R A B IO B B i A 70 AT B E S R ) B B s mT LA
fEHAEUE R (Mode Imputation) B{HHA7#HH 7 (Median Imputation)

— LB HFEREH, Dempster 25 A& H T —FIEARE L, EM HiE (&
KIIEE ) ', Ghahramani 28 AfE EM BRIERE X3 Sk T 78, 12
T MR T B g R AR R R R A b B U7 7% EM BH 78 ( Expectation
Maximization Imputation, EMD) , iXF &7 FH T+ 1R 2 70 A1 8l {BAE 25 73 A7 1 3k
P, SRR MU R S RN G S EAN TR . B EM BVE AT L
B, WRE SR T 2RI TG EM BE M EEIR TS kY. fill, Rahman %5
NIEH T — M 44 B ] 2 &% KAk 6 4 ( Fuzzy Expectation Maximization
Imputation, FEMD) FIFHEA, T8I FHIE WAL L™ ;s Ogbeide 25 N2 H
T—FhEF HIENK EM J51% (Mode-Related Expectation Adaptive Maximization,
MEAM) , HI T4b3 % oS Se P SR WIME ™ s Razavi-Far 55 A HH 7 —#f
% 97T KNN ) EM i £ (KNN and Expectation Maximization Imputation, KEMI)
(7%, o KNN SR b5, s R A e E ™.

Ernst &858 B IR R FHH0HE 17 3R 46E+#ME (Hot Deck Imputation) o # R4
HNE SR L e TR B B ) SR A ME SRR ) — B iR RN I LS B
FLIARAEAS 70 B FARIEANI R BT PR AD, AR SRBEEAMAE 7R A Rl A
FIFIX 5™ . Nordbotten Z524 3 ¥ IKIRR T ¥4 FHi#M% (Cold Deck Imputation)
B Tl B SR AT AN — P T . BRI AR Z AT,
RAfANE A AME T REYE B DA AL A b B EAME, 10 LA RS AN R IR
Brfbit iz " o ARG LA, A RIEFNETT DL A R B R AR
R

BEE Gt A EALR A R R, [HIE 7R 777 (Regression Imputation) 3
FHAHBRORIER 32 o[BS 7 8 — ol i M e B e AR ST R DT R, RS
(=] VA1 77 2 ) T UL >R SE R MR S B 1) T v o RNV SRV A A g — Mg i 2 A
%, BB EET RSt b 2810, LERNER R b el se < {6 H 2IPLE%
P S, B SR EALEDE . FEHLARAKRENAAE,  BRE A] DA A AL 38 5
STH =85 . — S M 7k 1w & B B A 46 £ 77 7% (Vector Auto Regressive
Model-Imputation , VAR-IM ) 1 34 & J& % [5] V9 4 #F ( Incremental Attribute
Regression Imputation, TARD) #iHi, (HARLFAE—E R RRME. & hrelssE A
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feth 7 — AR T = E S B RAE SR (SARIMA) H)777%, JFK e
RIVE Y HE AR, FRIG LT B S B i P, 2077528 18 1 e I ks 6 A
J7 IR 221 (0 00 DU S 3 5 B 20 PO S AT T b A o 5ok, H AT
T RN 7R 7 R B 9T S AR TR AR SR DT VE I SO AN b, B SRR A )
o

1980 4, fERE R N EMRE K5 2847 78— fmilés = S Esit &, Xbx
HENIRF I ARG E N IRE . IfE, &L % S BEA BRI,
REAE B0 AN [B] 1) i) @R (s FH () R 7 58 o WILER 257 21 7 iR A PR IR SR 25 40 1) A 5
A FEE )2 90, BB 22 AT F0IE B AS 7 2 SR T VR B G v 5 3R O
AR AR UER TS S T A A AR A T . TR R S B R 2,
AR MEFR 2 — M@ H 14 2877 ARei a5 I B . FEIX L, AR TR ) v
THLES 7 2] B R OB AN TR N A O, AT RAfaT B2 2 T BRI I A T
VA BT R B A R IE A T T I S e TR A DG 1 R AR T VR A
TIREE S S E R TT

FRIHER (Clustering Imputation) & H BTN &) 12 1 —Fhk R E Pz 1AM 77
%, IR AN FESE A, REERA SN BT A ME R . Bk, H
T PRI AR, KRB AR REL . — P 5 SRR R B 11 52 B8 47
SRIEARIEARAMECE R AT HHTE ™ s 5 — PR S AN SR S AT R, RJETE
PRI X R BRI AL TR AR, BRI E ek, Hhn
SRBHG L 2 R B S A RURA— 55 . I, 76 I I s S R s b f
SR 8 1 77 V5 B AR D

FH 37K 22 25086 1 i Je Jas 0 P 0040 S 2 ) P 0t R b o T DL I A5 8
FEANBRR RS FLRT S IR O ) O¢ R OR BN o 7R HOE R R TV AR AN 1
N, XA TV RS R I R B I ROR . SEBR b, PR AT SR, )
WIEIEANE A B IEANE, W R TP BRI E. KRTFEANARDHEIE T
SEER R HAEOCE, EAL T AT AR M SR % PR E (Radial Basis Function, RBF)
() S e 1a) B Al 9 429 (Support Vector Regression, SVR) ™o M ¥ 5 T
TINS5 R A W A, I fit 17— i 38 2 A — Ty A 1A 0 v R E 2 T
S EICR

R S5 I R el — el SHM RGirh, 8% &2 KE R REm K%
JRES, B9 A AR G5 IR B R AN OB I o [F]— DX A 2% 38 2 (R AE B
HIAE I, DR b 2 A JE s e AR M i, Bl A Jks ] DA 7 B AR L T R
B ORBEA I R B 1) 1R85 384T o A FH AN [0 38 2 T8] IR AR SRR EAT B B 2 —Fh
A A . Huang S8 N3 H 7 —Fh =% 8 [F) S8 BRS040 () 25040 [R] SRR FE
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B iR
X, FREESL TR T AR/ AR SCFEF M EAMNL (Least Squares Support Vector Machine,
LSSVM) kKRB = Tk .

TR 7SI I HLER 5 > B B A B o) AR AR 2 BN T 5 A
P G2 55 25 A 1) 1 U 5 40 5k A2 5 T 5 7« Bani-Hani A H A1 BA B UK #if £2 )
ZEEEGIN T v R AR REUSURD S IRBNE 5 T b o AdA TR FH #2454k
P I [R5 AN 2 R TRL A I B N, DA R — I TR I A S .
B f5, — L6 FH T A B S e A5 Y ) o 20 ) 28 B B T T ok, T /N AR AL B
Rk /N AR 2 X 2% (Wavelet Neural Network, WNN) . 22 f+FEAHT
J&, Elman 25 \NFEH T ER#Z M4 (Recurrent Neural Network, RNN) “, 2
Ja X AR %2 RNN W25 (A8 44, i Ja i i 12 #4226 (Long Short-Term
Memory, LSTM) . GRU. Attention Mechanism %5 .

Jiang R H 1 — M0 FH T 70N /5 2 @ SR A I AR 2R A% 30 0 S HOR R R B A
MR WNN B, [F] i X R vE B AT AT S5 M S 50R ™ . Jeong 25 AF A
BRNN [ 28 X6 i3k B 4 1R AT S AR B, 1A AT DL RE sk 25 B TR) 6 24 i 70 (4
SO, I R R I 8] A5 R B 0 =4 A s, R RT DA b FE AN R I 2
ZIABIMIME R R, B RS ™. Zhang A T HT LSTM ML —
o i 7 51 2 E A ALY (SSIMD ,  FFXT i A A% JikAs R Sk S B di k47 17 8
AN, Ni 25 F—4E CNN 4% Fl autoencoder W48 5%t H 46 SHM 35
HEAT He 4, 015 22 UOULIE A B % LMK = 1) S 28 R AT AR AN E R, 207 VAR
DA BE LI S 1 B AR A R4 bR SN B AR 22 Lei 25N
FIHAE TS (GAND X NAREHR AT R RABE, FENFALE T AN 261 E.
ZITEEFE— A E AR — DX TS0 &%, 18 I 2R A s 52 B s B Hh (R R AR
TS FH ) A2 A% SRS R i R B R R B 5 o hAh, FEACFHAE R4 ) 2t 5l ]
GRS A N4 (CNND » Oh Z53¢H T — it T 5 & N 4%
FR) S P 45 ) 1 2 S N F0UN 77 4 R — A 5 g e 2 528 D7 %, IR F A 488 FH £4) S
AR N AR W BCHEAL36: T FIT R O TR B3

1.3. 3 WMNEIREBIZR ARG A

B AS BA290 2 SHM R E 236, eIl o A ANF2 30 e 0 2 Hh s
JRAE DA, O TRE 2 APl SE (R B IR RSB 7 T8 XA
SCRRAIT FERIRE AL ZE A R A, B TR A7 W DK AT S5 MRS A5 B2 3 S5 dith
PRI, ] LI R RS 7 45 K XS o

B, B EEE Bz T D T A, Bl RO e iR e
IEH WS LA o 15 BAZIEOR AT LA B R A AR X 2 5, AT R &
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PP AE 1) ) 830 SR EDORH I PR O Tt B DR AR 2 A o B 2 M AR 345 2
F2HR ) S8 — 2, RN &5 AT DL IS SEA5 405 1R ) AN AR S SRR A B8 S . il
s A ge e S A AN FE R AAE S, @ E BZIEOR, AT RLR X S T
PRAR S JE I 3o

SE R R IAE TAR S F il 5 PEAL v B R S, B B ARl o Hr
BHEANGER N, TR IR S5 8 AT REAEAE A O B0 BORES . H T2 i 5%
F 25 N /AR R TT R A SR A AR 7 V2 o JR R B AR A I T AR
FAR s B AT IR, IXM T mT DA e 0 60 B, 70 G AR AT 2 45 400k
BRATZ N o AEX T RBE AR TARGE, IXFh R 38 Al 77 v 2 S8 /e 4
If 2% 0. DRI, FEAR R ORTY S 28 B SR A5 AL IR 5 IR I RS I, )T 5838 2%
PR RRNTTE . (IR, SN eSSBS H K
ARk, B R BRI S S B K A AR A, f 2% 5| R EEAS G510 3)) g AR A
A SRy AT VR ) D7 VR I 6 R i N AR A VR S5 K ) B S R A, B 2 W A
GRRAE™ . Bk, 4R IR 5 5 2 LA 5 MR 7 VE RIS 8 T R
%, TE4EW R

JR SRR 5 v

B F RO IE U O i

S AR LIRS RS

K T3 R BEEUN Ti 1k

e RN A
IET W05 5 U vk

KB IO i ik

AR IR 7T {

AN VR 3 ST MU A ST 1 U 7 72

{ HET AR GE T HEWT I U

HE T DX B RAE A (WU T 0

K119 % WSR3 IR TR 7398

Horb, BERE IR T BRI FR B 1R, (HIX PP iE AR K R A R g
BRBAR, I EABIE G NI R SRR 26 7 A MR ™. B, RS
Mgl 1 SR 2 A R B AUME IE VA ™ o VF 2R U3 7E IR B HEAT T itk
Fsest, FHEHERNH TR 25, Box SR T —MEF RIS
DRSS WA N o S AR B BN 5256 v A RAF I ROR, (HAE
SEBR AR R A

EN ARSI FEE S S BN TR QAR . R SR RS RERAL
A TR 38 R 5055 1) A Al SR W 5 R 05 1 B AN R R B HEAR
AT TC MR 45 R A T A A BEAT B R0 T o B 4R SO TE B IR T A AE
LSRR YE, AARIER R O BURE A AL L IRANEME LISRBGR B IR L RS
VRS T ARG . NS, B0 IR SO R ORI R B 4R
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- [99]
1=

BT S PBT $E 5  gE A E  R  E O R ) BB e AT A B v
F /) 7515845 Hilbert-Huang 284t (HHT) « /NE TR IR 2 9E3 777 . HHT
J7 1% Huang 5T 1998 SF4EH, EARMIEFRES " . NI E® H
Grossman 55T 1984 42, FIH £ R B I [A1ME 5 0 k2 REEIEAL, DURER
155 BRI AT 4T s RRZ I8 (KF) 2R 5k, HuEn)
Rf/MEY T %, | Kalman T 1960 $2H "™

20 R AR, A PhZ IS IR R Rh 20 I 28 AL 28 2 =) Bk ik
AT 5 RSG5 R ) B N R 3 185 22 1Y Venkatasubramanian Z5 42 H1 T 1 fh3ET BP
I X AR5 R A g 2%, I 25 B PR o £ I 4% R P - A 1R R s
BTG BRI N4 (PINND HEZRREWA R i e S i i oy 7 A, A
BEAERFF ST AT A 52 i o IR Bh O E T RSB, B E R R TR,
N AT TR s 2 —

2%, I IEIEE, RATREE AT TN, PEAS ISR I, FRIR AR TUE .
FET 7 S MR IR A L R K A5 B2 IR BR AT DU T Tl R R vT g AR R
ey, XA B THE T RIS AE R @, FERIUHPTE I, DO A RS R
AN T B B A, FRATRENE R R I A M PR B HOIRAS R AR
N FURIETEAZ D, DU SIS SR EUE 52 BN T e it ol T8 £ IR 1 R 285 A4 1) 22
SR

W A AS B2 B AR AL I IR AL 1 9 K 1) 20 A Al SR SR SCRF , B AT LAFRS
By i DL CE 1] RN KRG, « T R SR A IR NBRR LS MR AL RRAT A, FE iR
B i O AR 22 4

1.4 KEXFETE

AR SCAZ WERS A S5 AL W U BV AT 7T« S 54 W 7 vk L« % A i 040 Ak
BSP240 AR SR TT . A0 2 BESEEF N EENMTIAS 5L AL
TR T 73 TR TR XS RS AL I I R Gevieit, BARR RS AL 4544 15 TH
QEZ0AZY Ak 3u N SN F 2R 7y AP S5 LG SN E Z VAT AL 7 S (AL NI EA VA2 (AP DAY
T BRI MM D BT 53 E. 4 &, 5 EHETHISEY N
S B Ak PR A AR gl A N0 5 e 38 9 i) UL AR R, SEEIL TR A A
L% B0 0 U ) ARG A o A SCRARSR R R NR -
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o JEREE AR & S5 B SRR AR S, AT AL ORI R 2 4 nl
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FERTRE ST I TP 3. — NN TRSEE M B (E 2. D MTED
B (EER S DL B .

XU TAE D IR SOEE BRI AP B, DRGNS 0 . Hh B Ab 2 1 R i
U o1 10 (I W (Ed VK S 5% /) WA L2 | B 7 2 AN VA2 27 = 2 VO DY =R 1
el
(1) THEERI -5 0 E P B

T LR 5 B0 R A A AT . 1X— BB R T R AL RN T 2.
ML, X5 EETT RBAAEINA & B R NS BRI R A
MARFESEZN . BAETTUSR (# (B)D) SR LREEARMAE) IGHT
2392011 28 4 RGN 5L E M. (RS WA H AR b)Y GB/T
50344-2019"", (Tl EES AT SV % e ARiE) GB 501442019, (RS
SEVELSEARUE) GB 50292-2015" 508 v (VR4 5 B

XTI B S0 AR G5 R TE RS B B 75 B AT — R JUAN 7 TH = 5 MR R R~
Ries, A SRR R U IR FOER N ~F, B, kR LSS, AREMM
(132 IR TR ASHE AL, KRN PR 2. SR MR il . 5. Pty
TEAB G FEEAT SFNEER TARRSK S, MRGMINE 12 an 5, WEgE,
FE MESKSFIERRA R T I T2 BSERABh SR IE OLs AMM IR K& B ARG
7, BRI PR S OL, PEA R EEARSE M, MIEAMIEFT . Hid,
BIRMFRRE, VPN A Rem . Renilth, ATULS IR SR W4ET S5
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