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Thermo-mechanical separation of optical fiber strain in pile-supported wharves

LI Senlin, SUN Kewei, FENG Longhai, WU Ye, LIU Yuqing

(Nanjing Hydraulic Research Institute, Nanjing 210029, China)
Abstract: To address the reduced accuracy of structural condition identification caused by the coupled interference
of temperature and mechanical loading in pile-supported wharves, an automatic thermo-mechanical separation
approach is developed. The method combines complete ensemble empirical mode decomposition with adaptive noise
(CEEMDAN) and K-means clustering, and constructs a multi-feature vector integrating spectral kurtosis, modal
energy, and sample entropy to automatically classify and reconstruct intrinsic mode functions (IMFs). Field data
from a representative pile foundation at the Ningbo-Zhoushan Port are used for validation. The results indicate
that the separated temperature component correlates highly with the measured temperature (PCC=>0. 89), and the
mechanical component achieves a signal-to-noise ratio improvement of over 12 dB. Compared with the EEMD-K-
means and VMD-K-means models, the proposed method reduces the root mean square error by approximately 12%
and improves the accuracy of temperature-trend extraction by 4%. Without relying on reference fibers or finite
element simulations, the method stably separates thermal and mechanical responses and accurately identifies berthing
events under complex marine conditions. The findings clarify the thermo-mechanical coupling behavior of pile
foundations and provide an efficient and scalable signal-processing technique for health monitoring of port structures.
Keywords: pile-supported wharf; optical fiber strain; thermo-mechanical separation; signal decoupling; CEEMDAN;

K-means clustering

Wi AH: 2025-09-12  RAHBH: 2025-11-03
«EHEHE: BREELEHATR A B (2024YFC3214902,2024YFC3214903) ; L4 A &A4+3 £ 25 B (BK20241743) ;
i B KA FHHEOR B (XSKJI2024064-50 , XSKI2022068-07) ; 7 s 3k A dk 4% 3R B ( Y424013)
EBE M. FAMW1972—), B, ME, EZB I, AR H G H B4R sk 2 2 M5 51k



%54 EhAk, £, BEBARFBER- NS BERL .37 -

WEAE T L R BME A R RK AEE R R PR, w55
BERS KSR SZ 9% ol RERLZE | SRR bl
SFZ VRS IRAT A, - SRAA 2R 2 ey JRE A
ThEAE . RIS E BRI EAR . SCEF ARk Gk
(fiber bragg grating, FBG) R B &HTHL#ETHE . &
Pt ABUNIRA SIS, T O i 1 L T
FESSHAERE NI 19 2 B, Fujihashi 52"V FBG
IO JH T REE AR TE 5 Glisie %™ 52T 2 IH 34
PUNEIE I SR Min %P 9601 T FBG 7E40%
SR T AFREEE N 1, Gowshikan 25!
RGLER 1 oA G s OG22 AR A 454
iy K ka4

SRTIT, FBG I T o I o il I8, X
AR FIRLE ¥ A R AR AU, S BN S
k= lR AR RS LY SR S S e S G e
PR XSS5 =2 SRS FI e, E A FFSE 32 20
BT M . — 2 AL SR B AR 454
W5 ¥ BHSE R EE XS FBG ZE 1A% 8 19 A% Al00 1 37
I AERIEAGERY - HM AR AT HL K O B K
R YL ILUR L - IR Ay s IR I S AL B 5 ik
HATIER Y B, VAR S TR S RS
fi# ( ensemble empirical mode decomposition, EEMD )
IR A AR SRRy, IR FH AR 2B
/7 (variational mode decomposition, VMD ) $&HX{
HAGAEFRE T PR S, EEgami
57 ( empirical mode decomposition, EMD ) 28}
BRI SRS SR AT E SR, ik,
Torres 55 2 1 58 B 45 & S B0 B 73 f# ( complete
ensemble empirical mode decomposition with adaptive
noise, CEEMDAN) , B F T+ 7155 HAG M 58 %
G RST L vA SE E B 2  E E  S T
S SRR U N T = 455 5 UM e
LW, Bk T R AR S RERRE T

J3E CEEMDAN 7ef5 5 7t L B A L,
{ELIT 75 PN ZLAR S PR 2K (intrinsic mode function , IMF)

N

ATy MR N T 2 6 ) T G B 1, L R
SEPEZE, RGN T AR TR i )
JEHCAE i A Sk 3 A AR A T R . H R
25 5 EE I ol S E A AR N IR S
Hi, FBG OGETF R4 M NS {5 5 HA B 4B T 5
PE, BN THGrEED R E R IRE F 25
TS, i, ARSI A RS S A TE M
BERISEIE AT IMF B3R5, G051 o g
T CEEMDAN-K-means 84 55 1 KU 2y 38 A
MIE M KS B, T &% 454 VMD 5 SVMS
('support vector machines, 3 Ff [ AL ) SEEL T 7K
WA R A SR, RN TR SRS RIAER
ZR G A AT

BEXE IR, AR SCTH ] = HE RS Sk FBG L AR
W B 8, $ Hy — Fh B T CEEMDAN 41 fift 5
K-means % JE (¥ [ 38 I -7 43 i E 3h R RS Ok
TIERE IR . B RRE REAR N 3 S ARAE,
Fa) 3 2 AL SRR AE ) i, SCHE IMF 20 i 1 H 3h
L eGSR I DN L ) 7 S (R VR
2o DU L ot I 5 o Sk Ak 5 S0 45 4
BIHEAT B AIE B A A AR Sk B oAt K T4
R 1 O £F W DU A5 5 i Bt 55 3 2 men o 3R ) 4 1t
2%,

1 MRAE

AT SETHD ) 95 11 v AL Sk A 25 114 D £F i A%
W 755k, & F ik ) CEEMDAN 43 fif 550k 5
K-means BRFE AR, WE T —ERH-T 0 B,
IR EK KA (5 5 Wikb B, CEEMDAN #4543
fift . IMF S F42HL . K-means B2 Jrr iy
DA BREBEVTAS 6 BB, T8 U s IR 15 5 20 i
SrEESHU A B0 B SRR AR . BOR R W
B, LRI 25 T 25 B B 2 I A 0 0G 2 AL
PR, T U2 T B AE TR I 37 55 v g 52
PRt gR



.38 - K iz L A2

2026

BolER 4 S AL

ZRIERESME

IMFERAESRIL

IMF K-means
BRI

BORBUES PRAY

) ) ¥ I3 ) ¥
Pearson | (HJ77iR| |k | |HWiDEE | |SEH—| |[fERIL
HXRY] | =2 WIREE | | RSB | SR (TR

E1 AR
Fig.1 Technical roadmap

1.1 CEEMDAN /it J5 3

CEEMDAN /& EMD ZZ 5 H 85 Sl Sfe itk (1) —Fp Az
NS TEURIREREE A/ G IPN-T ST 32aPi e oD
WSS TR B RN, IRy MFERAES x (1)
ARSI T RS n, (1), MR x, (1) =
x(t) +en,(1) 5 XA x, (1) #AT EMD S0, 3RAF
IMF £ ; XA 1 A4 IMF SRFEE), 1R RS —2
oo (1) WRERZE r(0)=x(1)-c (1), HEDRE
OYFRERZE, ELRVERZE W A L HEN

RZPE T RN

x(r)=§ck(t> +rg(1) (1)
LA o (1) N kA IMF 3t r (1) MR
B 7%

CEEMDAN (%4t 55 6, 45 5538 M7 09 43047 43 25
SN BN R R SRR T Y D e
73, 35T OGER S AR 4 - TR S AR
I3t
1.2 IMF fHE IS RAEFbr it

RSBy A BRI, xS IMF $#
BRI 2 | g R AR S W R R bR . AR
SCHEHANS 3 EAERTERHE

1) i fE & b (modal energy ratio, MEB)
WS IMF X EAR(E 5 e & oTak, (430 IMF 3@
HRER A,

BME,I‘ = k=1 t=1 (2)

2) Bk B (spectral kurtosis, SK) o 4 i Ui
JE R IMF HAT B B 728 1, 6w 16 35 AL
L& R R UL T35
1 & —
NZ:] (P -pP)*
Ki=rra 7 (3)
W]
s K, K SK; PO IMF H9Si g
3) FEAE (sample entropy, SampEn) ; fif &
IMF 9 )5 91 S 2R B, W 7 20 18 1 R A sy 119
SampEn {H,

E(m,r,N) =—1n(%) (4)

A EH SampEn {H; A NAEHEE m+1 F, I
BN r BRI EG B RTEAER L m T, BEE/N
T r AR EL

S aE SON K 25 (Chebyshev ) .

d(X;,X;) =max [x,, = x| (5)

WHSHERE I m=2, r=0.20, HTo HF
GIRIEZE .

FEARSE R, RoRFHBE R, B R
TR B, Iz, BN E (B E XN
FRMRAE S, 1 G AEAIR B BB

A~ IMF 838 — A = ek ) 62

fi = [Byg.i,Ks. i, E] (6)
1.3 K-means &t HZHN

T LRFRIE, XTFTA IMF #17 K-means %
K, AXAERBERELR K=3, ok, 05
AR (TN ) 5w sh s (3L
BREAR ) 5 HOBAE U A3 dad i S M 1

SdgaRASETE, SR 10 W FEYLY] 1A 1L X
ALRKLIR . mAHRR—HKM IMF /r 5
R, XFRAT 2



%54 EhAk, £, BEBARFBER- NS BERL 239 -

er()= 2 ¢(1)
i€ Ciemp (7>
eu(t) = X (1)

Kb o AP o APURNE; 438 C,,, .
C e, NN E IR B S AU 1719 IMF T4
1.4 KRR

J4 A CEEMDAN-K-means Ji- 1143 857
TERITERE, A SCANIRBE 3 s DRIk . AILB 3 2 o
PORERE | BEURBARAE J1 3 ARV T R 4R
N
1.4.1 RESEIGHER

BOLEF 73 B BINREE S 8N e (1), LB
ESHHAEN T (1), WA IE LU 645,

1) Pearson FHCHREL R, .

Zl (e1(1) =&1) (T(1) ~Ty)

2 (en(0) —er)” + [ X (To(0) ~T)’?

(8)
2) ¥JiMiR%E RMSE,
ERMSE,T = %g (8T(t> _aTref(t>>2 (9)

Ky Epyser NBTRIRZE; o HUEHEI IR
FEBURZR B
1.4.2  AUBST e W AR

1) =& N H (event response ratio, ERR)
XPEETAFAT | it A B A5 2 0 S0 R i fin 28K A o B
1, [t,,1.], TRFAFATE PN S EE(E A2 L .

max &y, (t) — min &,(t)
te[ts,te] te[tx,te]

RERR = baseline ( 10)
g

KA Rpge WHFFRA RN o)™y fiff K
AT T h (B A AT ) BN AR BRI ZE . AR hR IR
W B HH A BILAR 23 B A5 o B P sh
Ml 1z

2) HLIK 43 2 B 1K I #% 48 %X ( diurnal drift
index ,DDI) , i3 3K 3 () 1 A — fie 52 A= 7% S 49
PEARAE, AL 3h 2 o 3R A A s S AR T, A
FHIX g X

Iy = — 11
DDI N (11)

K, Lop WU i RS AR o™ R
k RKHE KSR BB AL s> 2 H B AE ) pe;
Nuwys WG REG o, BR800 A8 B 7E 22
EIME, e, AR BU AL S 1 0 B 5 AL R
B2, EB/NRR B RS, RUZr e SR
JEAL AR DCPERNAR, AT G JERIRME ik
3) i H — 20 i % (peak isolation index,
PIL) . 43 &8 Ja B MU o0 1 77 2 80 204 i et 32 8 ¢
T, HARAE N HA P BB M, anh .

PO — N

b Ly i A —S0EER; ¢ hEihld
{6 0=20s, WIBERTIE(E AR, N VB SR
FEA 22 W BB 43 £k 5% 300 v 000 L ) 00 O R AL, A°F
wHE TN,

(12)

1.4.3 Sy EfARAE 15 b5

{E W e TR
Var(x(t)))
R o =101g| ———F—7FT+
SNR,orig 0 g( Var(n)
Var(ey(1)) (13)
ar( &y (? )
R = 10lg| ——M~~—
SNR, mech g( Var( r)
ARSNR :RSNR,mech _RSNR,orig (14)

R Ry JEHE AR TR (1) o S5 LT A
SRR o, (0) 9 4F B AR50 10 HLIK
SRS GBI ) B A AL 91 Var (+) i 2
FEET: n WAMRATHIRA RIS r M5B AR
B Romons s Row e BRSO (50
W, dB; ARy {5 HHRTHE, F1F 220 R A
SRR, HOT R A U S IMF i
B2 (35 5 R WU B 8
AR B, = S (), BUBAY

=

RARERA Ey = Y en(e) , WIREHEL & HAEIR R .

EM

v = (15)

total



. 40 - K iz L A2

2026

{P: E,. WEIRTE S B6EE; E, AL 2 6E
iy oy AU R RE R G HOREAR IR R R
oA RS S BE R P A TTRR, R U]
Or AR AP AL B 1 5 HOBOR | W B SO
B,

DA AR T A R B B B Pk RE I, IF
BEA TRES ) A SC B Iy B (A0 SR SR ) E
FriS PPl AL AT, AT S IEAS J5 1 A 2 2R T4
PRBE T A P 5 R e

2 IEEHA
2.1 TREMEN

AR SCHEICT WA LS B A IR A Al L5 —
SRS 17, 2 B TR . xdid sk
HT 2001 4, RATMAIR E AR RS, BK
J¥ 666.6 m, LKy MR BUER . BRI
HlTAR 20 %, T PR B @1 200 mm B4 LS
600 mmx600 mm J5 IR 8&E 3 [ 7 2k

SERRIAL T 52 2 i IR S D, A2 Bk
% . IERAEEIR . BOR e | U 8 S H IR S A
NRFMLEEAER, PES 5 hIR- T A AR
PER AL IS, R SR i R B B Eh
AIREROE R 22 M . I BE R e M S e
BRI, G AR RASME LU R %KL 2
BRI m RO R RO TR

Sitl, TAR DT AR R Ay MR AR T 4 A 2K
HEFALIR R GE, WA B W AR A IR A7 1 1 2 i
W, USRS BT A L 38 - R A DL 5 5 3 i
FHIE,
2.2 WS SR A T K

Shy AR B AR A I AE 2205 oy 2R 4 T 9 8 7% i)
PR, WUETEJL 58 AL 17 2" A
B T FBG LA Se, F T 3% 22 W Ak B O it
AV P il g 7 AR AR Ak, FBG L I LA RS B 5
M AR T HLRE TR TR AR A, 1S TR
N RIS R W, A% R4S R F B3 7 FBG
R, 38 S RS 45 G AN R 2 e R e 1 O =X S
REEE R, IOy @ E 5| 2 R A

RAERE, LA B R W T 5. b 1 T
SO, CLF 2 L TARIIIESEC, JeeF 3 TR
X, JGEF 4 7 FRERGON, 55 b S e, R
BRI EE 3 408h 1 Ik, WIS Bl 2024 4 10 H
19 H—2024 4 10 7 26 H .
2.3 hEAi B R E M

ARUESGET AR W 25 2 i AR Pk S e M
ARWFFEAEACC S RSk 17 25 B Bl
WERLATIE T FBG &), BT wa el i 5
X, 28X 5EERM 4 28 T A0 KR, 2053k K
T EEI . BOR, KmES H R 2% 2
PNFFAET, RSN ARFS R 5
MR- IR G AR, X M 2R e Y PR I IV e ) S
BnieE v th B s R,

SIVE AR AR B A IR AR i, B 4%
D LR AR {55 B SRR e W R AR, BB 2024 4F
10 H 19 H—2024 4 10 H 26 H L1 W it B
XF 4 ZOCERIME bR AR A S MR Bl
EHEATEETE, AT S WA [R] A1 1A 1 A 555 e o7 2
o BRI B WK 1, it ai R R, N
OBZF 1) LRI R 3, i gl ia 5 i 22 34 55K
AEARASEE DX OGET 2) 25T e 5 5 TR R [R5
RN T HRARERGR,; 2T X (6L 3) A
KA P BhdR/ N (R UERE 2.15 pe), AI/EN
TRARTT S BRI s SR (OGET 4) SR LISz
WA, BRSNS R B AR AR I s 3 e 10, A B
N AR A3 A RRAE DL 2, b as [ A S By
TOUMAT, Bk 7 AT X ARl 52 ) XA 2 5
B PPE 5 IR EEIE B E

®1 FBG AARBRMETHIETESITER

Tab.1 Main statistical indicators of raw FBG optical

fiber strain data 173
-z 2 2 L R
pe Eg S QE; s Aﬁgﬁ
1 FEE -68.90 34.43 16.60 -133.30 77.36
2 MAESEX 9.10 11.44 5412 -8.72  62.58
3 REKX .26 2.15 16.85 -6.81 19.01
4 SRS 24.04 20.74 63.33 -38.93 72.21




FHRM, F. BHBIAABEER- NS BT <41 -

%5 M
Wi
°
. 68{G B I
°
- ANFABE o A

a) BE S AL

p i

. SRR
b) BIEEIERS

B2 fEREREME
Fig.2 Sensor layout

2.4 FrINAERE I 32 ) S EE I X

=AU BR R AN TR 67 L 14 1 A 5 T
MR 225, SR PR A A By 2 S 25 A 0 11
RBIHE- AR R AR ) 7 2k H 5 L AR5 4 M
YERITR, A B IR 1) BT AT SRR A

o(n = 2t (16)

K, NORRITy; A SHEE EA 1O IR K
sy A ERI E2F4E S B R BE R, I 7 R
il i 0 5 il ) 1 AE AT e = o /E TR

RAERIT, BB N Ty T R
T T2 VAR iy NP R [ E A VAN R G X
B3 7 ) 422 30 Bl g 00 (T R O BRME AT R/
SEANE B 2 JIHRAE, T EIORLE 1 TR X,
FEEF 2 A FHiR X (MR, 6 3 Hzik
JEET 4 RLF AP X,

4 ZICET BN ARG R S AT B BE 22 T 43 A
WA, ST 1 A TZEERIX, F
JERN A -68.90 pe, U NIRE (R ifE2E 34.43 pe)

SRR SR (77. 36 we) B, PEHHZ I A
BRI 4 ) 5 OR thit . MEAIE SR XA
2 i oA E, BI(EH 9.10 we, M BhIE
62.58 pe, RIMHFEIAMEN TR A 235 AR5 AE
TR HCLE 3 AT AR T, 1 126 pe,
PRifEZE 2. 15 pe, N4 S, RSP R R
MR A, FERG AL 4 4 Famm b X, ¥
{8 24. 04 pe, SR ZNIRAE 72. 21 pe, SBRZEHY
ARSI R R S JLER N ) 4 A KOG AR
SRR LA 3, SVASKRE , RN B2 |
MIFLRZE PRI T R AR e 0, SElZE R 5
WEE NIA=My/T 261k 25 i 53 A7 REAE B He /4r X 3l
P—F, RIS 5 0E L ) 2 e v B R A
SOE7/BL b PR

1.0 -
j@ﬂm
et 4

@ 05F 2R Ot

= Obar3)

B 00 REAFREX

= L)

£ 05

= )

-10 -
0.0 02 0.4 0.6 0.8 1.0

BESER AR

B3 SMNERTARBESNANHSMNAMEXR
Fig.3 Typical stress distribution of pile section and

sensor positions under external loading

3 HBR51TR
3.1 MR EE AR S A

DXt EAS RN 5 B B A R R R AL, RPYEET 1~4
A e I ZR HEA T AR B 5 0, S5 SR ILIE 4, DA
HERE, e 1A T im0, KRBILURN
F, HIESMREE R, SGEF 2 5oLt 4 2RI N
WS, ysinnfeie Sl I FE T, e 3 4k
THETGIA , RPN K FRRAE, W R

50

. 0
2
& 50
e
2 s
1 1 1 L 1 1 1

a9 an 20 D N fo)e W
AD A A A A A AD
B S AR Sl

H

) LF 1



2026

I,

.42 . K iz L A2
60 SRR, 4 A T 56 AT I B R R
40
2 EDAIVANIEE RS Y QU ) A <RI U = B S N T A s =t
w20
3 S N
= o ST IR FebE A R
=20 1 1 1 1 1 L ] s
(W\QH,Q q,b(\@\ q,b«\@} aw\@:ﬁ %—\Qﬁ} ')A‘\Q:f) q,b.—\“n’b 3.2 CEEMDAN S35 5 REBUIIE RS B
A ST IR B B A 5 U1 A8 4 B
3672 i, FEBOGLE 1~ 4 I G S1E A, R0
% CEEMDAN J7ikit 17 22 ROE 43, 15| A K-means
10 BRI T oy i, SR 0 1 A R
N
B W MR RILIE S, HLrp R A 5 SR
-10 1 1 1 1 1 1 ! %’r‘a‘% N ?Egﬁiﬁyﬁ%jj %ﬁj\ﬁ: E"J HTJ‘ I‘Eﬂ}j?*% o
O WP WP 0P o o \“mb
W T T @ T @ Y 50
H i . 0
) A3 f; -50
B 00
100 _150 1 1 1 L 1 1 1
0 N v e b 20 Wl
.g% 50 5 ”},\Q 1@5‘,@ ,L@“"\Q ,L@“"\Q 1@»(—@ 1@5‘,@ m@ﬁ‘\g
B oo H it
=50 1 1 1 1 1 1 1 xtg l,\éfﬁ.\‘f‘
&P @ P P @ P o o) ARG
LAY A U O O
:
d) J£F4 g o
B4 FBG SELF{5 R84 M I T 4L i 2 ig v
Fig. 4 Net strain variation curves of FBG sensors N\Q,p ‘\Qn} ‘ o ‘\Qﬁ;g ‘\Q_@m w\@s w\@b
Q’Q’l HQ’LD‘ nQ’lb‘ ’)Q’)’b‘ qpq‘b‘ ﬂ_@‘ qpq'
JEEF 1, 2 435l 1 A 005 V5 5 A A X H
o G A IR S
B, VAR R (4 - 68.90 A 9. 10 e, Frifi O LIRSy 52
25300k 34. 43 Fl 11. 44 e, Y8 FH & T HEAMW 30
20
M Horp JRgF 1 KRR GE-133.30 pe, £ 5 10
®
AR R FEE B IK, B R i) E A & o
HLT 2 F IR g 54.12 pe, STIBILH 5 %4 T T
b(,\“‘q‘ p N A b‘,@n’ S\ b(,\“‘q‘ u,\“‘m
5 L 1 3 B I
- . Hl
JGEF 3 AR TAETNAZ 25 X, N ARSI 0 P ——
C) JLZ WAR H
(1.26 pe), PRUEZEAUHN 2. 15 pe, YEBHIRIEINAH
XTN(19. 01 pe ), B R LLF B 3 ik 46 ZZ
F, B RE Y, JELT 4 Tk TR, &
‘ i
SLERH KR X ST B B S (31 24. 04 pe) °
=20 1 1 1 1 1 L ]
WAV BRI B IRAE IS 72. 21 pe, UEBIZ XL E N q’b(\Q:LQ W\Qﬁf\ W\Qp:l‘ w@ﬂ:’ W\Qﬁb‘ mb(_\wf’ D(\Q—Wb
[ 2 N o\ \d o\ N4 N IN\IZ
L, HA7S W] R 7 45 A 22 1 m hy rh = 5 ik i
d) JCEF2 R aR AR



%54 EhA, F. BHEAKRAEER-N0BHL +43 -
40 20
10
g 20 g 0
B B -10
5 9 & 20
-30
20 1 1 1 1 1 1 1 -40 1 1 1 1 L L} I6
a0 s 2 2 Ak a5 W Wy A A fo) o b )
@w\a 1@}—\“ 1@&\6 @W\Q 1@},\@ 1@‘_@ m@,\s 1@(\6 @ﬁ},@ @@“’\Q 1@(@ 1@},@ 1@%\6 qpﬁ},\“
H i H i
e) Y2 P B B Ay it k) JGEF AR AR 4y
20 0
10 50
§ 0 g 40
< B30
= 10 & 20
=20 1 1 1 1 1 1 |6 ]g | | . . . . ,
P 0P WP 0P W 0P o B NI S G, 5 I o) o
o o g ™ o 1@(\6 © X 1&}.@ @%‘\Q @q}—\Q 1@5‘—@ qpqy\“
HfH HfH
) SeEF 2R AN RS B 1) JCEF AR AS D LR 53
2 B5 (AESHRER
s 10 Fig.5 Decomposition results of optical fiber signal
®os
EE
-5 N AN N
~10 1 1 1 1 1 1 | M%'ﬁiﬁ%%, jﬁé% 1 ,fl[‘ﬂ:llﬁ#'ﬂj!“, JE
,\Qﬁp g » ,\Qﬁ:L ,\“’fJ oY 3 ,\Qﬁ“J ,\036 Ly 1 1 452 + A
7‘%’1}( @Q’lb‘ Q’Q’)}( 1@’1& Q’Q’)}( 7‘%’1}( qpq‘b‘ izl:l @ /1\ % 1$ -+ ,Zé‘ IE —F Iz% /:% %“ ) /E;'H IEﬂ /f:i: Fﬁ g &l\ E' l3
H i N
LYK . 45 CEEMDAN Zr it 5, WL 23 B 78
g) LA 3R AR B L e
BRI B B h R B B i B, 5 S AR R
15
L0 A% I B A, 32 e T 2 A S ) 1Y [ R
’E*- 5 . SN
A Z U RS N R G 2 SRR LAY
-5
-10 ' : ' ' ' ' : JRGG AR BRI - BREET RRAE, B R ERAR
0 N o3 » b 5 ab
T AT T T T T Y I\ B = E N =
AT AR T @ T @Y P P, HEEREE S BAER, S5EHHEE
H
T EE AR A — B0 PUA o 5 W AE 241 [a) Bt
s WL (B BLB S B 24
\ o IR A Bk o B, o 20 T 00 S v 4R
. 2 Bl SR A R B AR B 5T A 2
3 0
&l \ 2
& 2 HUIEETT
-4
T o KT 3 R TR ZE K, XTI 2 f
e m‘*‘@ ’LD"\Q ’LD"\Q mb*‘\Q m‘*‘@ q},\“
®R P ?%%ﬂ R B BIGESREERN AR AT ERE R,
S TS 22 VA 0 5 BN BB 4 2
B RS AL R ELR T, HLR
50 v R S 57, AT
s TR B VR R B, W2 2
R
N S A 14 08 SRR, 7 R 9 B B A
-50 ! 1 1 1 1 1 ! N A =% D) v ./, v
RS TS RS, R - BN - . JCET 4 L TREREO, 2 M AA vh i 2N, R
7&@( ok 4 1@)« 79'1‘*’ 1@)« 7&@( O
HfH

J) JLET AR R AR

(RS BIRF GARAFAE R R AR . 70 ik il
SRRV, 52 H IRGR 22 K8 2 HL



2026

CEEMDAN-K-means

23
£

% 14

K

.44 .

Bl BN LR/, AT 2 BRI Jmy i Bl 5% A8 R

z 2z PR RRIRIIARIIARIILRLY
R g S g s
o0 ML4_|, mem wo: IR, ML4_|, mm ) 4,A|..; §§ M
® 283 R = 325 EL Al 7
5% gxE
2o¢ EF
- FE o EE o % g
‘ % = Vi & S R
PN Re ow M "o M R o E o
52 ¥ 2 & 7 g =z 5 5
=1 « ™ B @ S Rl £y g
23 % 5 & “5E B
B £ R £ ZEE
iz g 1x
& 22
s ] B2 -
— RSKIEILILD] s 5
o g|r ’ lv.i N|% G
; 7 : e 5 W A :
_ N
< o T L N~ & N N N— O M m m m m = = m W
W S S 8 S S S o o o
SAPRINSY .
s XK @ k& 2 E T 48 @ S R BE o EH
R e X = o= ST EgE228 2 pue 2= !
g - T ® T = S 2 &R E Hm > & e 5 B X = =B R
. B 2R X & mﬁ&ﬂi%((ﬂﬁ@ﬁ%?% . U7
K& HARKE 20  §xsETTaxERIZELE : S
Em - L HE A S o2 2E oxgHe L EEgs
gr RBEE S LK HFREFIRRERTERE X 232
= ‘ = ) Y
2% I%AﬁﬁW%%mDﬁ?mﬁ?M%m%Mﬁa EF
5 ER o - B FE ST HGAER H g B E B S 52
w E Kk D E#H o BEEQHd - o2 H R oo B OE O N7
; T2ssz B osr  REEIm S Vi
W HEE &5 X R - = ® o - ° o o ok B O M :
R O oaE EE xS eek | F IR0 0 sy e ®EE
B T2 = 4 oy IH iz E ;o ¥ o~ N = o N
p @ r 5 =2 B = o R OH 50 oo R - zZ = X o o o2 X E o
= g X K 2 x & B D g XS R 2R C 8§ R o®m B
L 0 A = T 5 ¢ 4 i H oA = 7 a4 - R = o .=
\_NvA m o T_L = _VT Y T .Wmumn i D . ,Zb - nWA Em > = m Ruks) t Iu_M_.M
S - E s R s rpaEERFHEORXSE & FE S
oox fm oF #H M O I R w > B K il R = ® e X RO I7
.ILM m % \Il_ Mm I_WIA @ %Eﬁ ﬁ ﬁ wﬂm/. .HJJ ﬁ ﬁ ﬂ” \#VA \D”L MEA ” m \ﬁ_/ mnﬂi ﬁ L 1 1 | |
B E o2as 258 E 8 BEREE IR EH s 3 8 3 3 3
iy > R B mmm. .ﬂmm/, m-.& M“nfﬁ R S = S 8 .,VM, % = +/E % o fal > % = psy 00d
gHE hFeESPr. EEEEipx=®e oy dzErFs
TER RaBEa v xeEEExXxsg®E RS

E6 ZEEITILER
Fig. 6 Comparison results of multiple models

Jeer4

FEEF3

SR
a) PCC

FEr2

Jt£F1



%54 FHRM, F. BHBIAABEER- NS BT <45 -

CEEMDAN-K-means 8 75 4 250047l 16 |
HYRIOE T HAWBIRY , Jr s vEfeta € B, A
TR, IR AT B 7R b AH 56 R (PCC) 5 b5
it 0.89, H@ik# 0.93, WRILT EEMD-K-
means A VMD-K-means, 3¢ 0] i #5# # 3L B
JUERG ; (E¥ 7 iR 22 (RMSE) 4645 |, CEEM-
DAN-K-means SCH0 T FefiGinzs, FHMEMKT 5.1 pe,
FH L AR AN R ZZ AR 12% , RUIHAETHLIE
BROTH R A B R B 7R {5 M Lb 52 T (ASNR) |
BN (ERR ) 55 W KT 45 45 (PID) 48 PF Ak
iR Sl 6E 1 8 45 ', CEEMDAN-K-means 8,
FMmdE:, FEHEMEEHETE 13,4 dB, BRG]
R W AT 18 B 2 2 0 T HA v, iR
TAAITESE S A ARG I v ELAG S 5 1 e oy R A
FIEEAR 58 1 fiE

LG B 32 W], CEEMDAN-K-means 1k
BT Z WPERE R b5 41T EEMD-K-means
F1 VMD-K-means, HL4& 58 /5 07 - 1 fEA0oRS B e B
SR 9 52 PR TR S HIANMEL

SR, ASCEE 7 R TE 2 WUAL R AR
48 F EEMD-K-means £l VMD-K-means, J&¥f
T HAE RS A S IR A T L RaE I, B
AR TR G E 54 B R A AR T T .

4 i
1) CEEMDAN %978 k-1 53 Bk FE K 5
VU RE 1 ¥4 T4 48 EEMD 5 VMD #J%1&

o WA A R AR ORI =FHERS /Y
IMF A3l K000, SCHORE £ 55 =
W AER ], ORI S E LT 54 RoT
PRI - ) A SR IR, TG BCE 1 R AERD Sk A2
ZRINET ;. RS SRR U FEIEAG A AR, il EE AL
B WA (RS R0 3 4 B ST o

R
Y

2) JyEEAEREJ T . CEEMDAN %4 kA &5 i
AR S S5 AR, K-means 45 G515 05 |
BSRER SREAS 3 2EHHIE, SCBL IMF Zp i) A
SN S B, RN TR BRE, BERTHE
Sy B RRE P Sk B

3) WA . 4 FOLE B R

f

B 4yt 5 S0 BE A G R B (PCC) B T
0.89, fxiik 0.93, HIJ7 MR (RMSE) £ il 78
5.5 pe AN, RUZITE RSB A R4 G 42
BHEFUEEET .

4) MM Eh$ IO . 4> B A B AL
(EZE R Ci R RS L Y S A N ) T
fEM L4 TH(ASNR) H{E I 12 dB, HEshiFUisk
#(ERR) S5UEAEAZFEE (P RIS, TEHETH
W B RETE M7 SR IO e i, P e i R A 1 45 4 =R
e 7 R AU

5) CARNHIMMET T %05 To T W 2
ESH N SA RO, URSESEE FBG H
5 B AY SE e ) S RE AR - o0 B S s, i
FHTWE IR RE | /K 454 45 5 % IR A A 5 ) 4 31
fat BRI

6) BADS L 5 PEREILH: . 5 EEMD-K-means
1 VMD-K-means 1% % 4 [, CEEMDAN-K-means
FEAUAE R A 5P (PCC) |, LMK (RMSE) |
5 LB T (ASNR) K # 3R 51 fE 71 (ERR \PID) 45
Fets EIFRMEN, Wik 7 HAER- 1B ST
MR B SRR e

7) WIS . Y ETATST 32 B AT S
R S AR W B, Rk T 4SS Z R G IR
M S5 ABRITH USSR, D iR R E R 52
N EEAGH R T E P, IR RR AR H A K T
SUFEG A e N

SEH:

[1] FUIIHASHI K, KURIHARA K, HIRAYAMA K, et al.
Monitoring system based on optical fiber sensing technology
for tunnel structures and other infrastructure [ C ]//Sensing
Issues in Civil Structural Health Monitoring. Dordrecht:
Springer, 2005: 185-195.

[2] GLISIC B, POSENATO D, INAUDI D. Integrity monitoring
of old steel bridge using fiber optic distributed sensors based
on Brillouin scattering [ C]//Nondestructive Characterization
for Composite Materials, Aerospace Engineering, Civil
Infrastructure, and Homeland Security 2007. San Diego:
The International Society for Optical Engineering,
2007: 65311U.

[3] MINR, LIU Z Y, PEREIRA L, et al. Optical fiber



<46 -

K E I A2

2026

(4]

(5]

(6]

(7]

(8]

(9]

[10]

sensing for marine environment and marine structural
health monitoring: a review[J]. Optics & laser technology,
2021, 140: 107082.

GOWSHIKAN A, KARIYAWASAM K, XU X, et al. A
review on the advances in distributed fibre optic sensing
technology for structural health monitoring [ C ]//12th
International Conference on Structural Engineering and
Construction Management. Singapore: Springer, 2023:
145-159.

FFB, EE, A, 45 MR R FBG AL AR
S R B LA R 22 3 A 7] 0 7 o 4, 2020,

49(10): 37-45.

GE Z Y, WANG Y, QIN N, et al. Analysis of strain error
of FBG flexible sensor with relative slip under vertical
pressure[J]. Acta photonica sinica, 2020, 49(10): 37-45.

PIVHEAR. JE T A HL UK F50 5 F) st 17 728 [] P A2 Je b A I
FLID]. Kb MPRAE AR R, 2012,

SUN S L. Study on the simultaneous temperature and
strain sensing based on the Brillouin scattering [D].
Changsha: National University of Defense Technology,

2012.

VEAE, DL, SR, 3£ T EEMD kiR &
BN []. ZESEEFROR, 2011, 32(2): 27-32.
XU D, SHEN G Q, QIAN Z P. Research on separation

(ERewin

for mixed signals based on ensemble empirical mode
decomposition [J]. Journal of military communications
technology, 2011, 32(2): 27-32.
R, B TR 3 BEAS S5 A 1) R AL EH A% 3 2R 8 s
ST [D]. Jbat: 4k IR, 2016.
WU Y J. Research on fault diagnosis of wind turbine
transmission system based on variational mode
decomposition [D]. Beijing: North China Electric Power
University, 2016.
TORRES M E, COLOMINAS M A, SCHLOTTHAUER G,
et al. A complete ensemble empirical mode decomposition
with adaptive noise [C]//2011 IEEE International Conference
on Acoustics, Speech and Signal Processing (ICASSP).
New York: IEEE Press, 2011: 4144-4147.
SRR, BRI B, SN, 4%, 2 T° CEEMDAN Ail/)hifg
IS R A AL IR 7S R s (). R )
5 ER3h 71°%, 2022, 42(11): 1202-1206, 1210.
GUOX F,OU T G, MA W G, et al. A new random

noise attenuation method of seismic signal based on

CEEMDAN and wavelet transform[J]. Journal of geodesy

[11]

[12]

[13]

[14]

[15]

[16]

[17]

and geodynamics, 2022, 42(11): 1202-1206, 1210.

FIRE I, #54% 7, £ % %2. CEEMDAN-PE-TFPF [ I

TETE VT E RS W7 T i o T (3], AR BE 3T 5 i

2020(1): 80-83, 88.

BAI L L, HAN Z N, REN J J. Application of

CEEMDAN-PE-TFPF de-noising method in gear fault

diagnosis[J]. Machinery design & manufacture, 2020 (1):

80-83, 88.

%W’E BETGRBE 7 > 1) WU DA< T 5 P AF5E [ D],
BRI, 2023.

WU P X. Research on wind-power prediction method

based on deep learning[D]. Guiyang: Guizhou University,

2023.

7, X E e, ¥ %%, 5. 3T CEEMDAN-VMD fili &
FEEAN SO-SVM 1y XUBIL fh 7 e e a2 W (3. T rL AL,
2024, 57(2):56-62, 72.

WANG L, LIU G L, YANG L, et al. Fault diagnosis of
fan bearing based on CEEMDAN-VMD fusion feature
and SO-SVM[J]. Micromotors, 2024, 57(2): 56-62, 72.
BOUZENAD A E, EL MOUNTASSIR M, YAACOUBI
S, et al. A semi-supervised based K-means algorithm for
optimal guided waves structural health monitoring: a
case study[J]. Inventions, 2019, 4(1): 17.
PRAEAR, T, AR, 55, W DXORESE DT N ) 52 22 8L
RO (7], K8 TAE, 2025(10): 203-208.
ZHONG W L, YU Y, YUE L, et al. Calculation method
for stress influence coefficient of pile foundation
settlement in port areas[J]. Port & waterway engineering,
2025(10):203-208.
S, Jie, A, A R mAERS k-1 R
458l J N R E B 5T [J]. K iE TR, 2025 (2):
27-35.
XIE L B, SU L, WANG 1J F, et al. Dynamic response
characteristics of pile-supported wharf-seabed system
under wave action [J]. Port & waterway engineering,
2025(2):27-35.
FESL AR, UG, Bh 4%, 45, [0 e At Sk Ak i il 7 7
IO FH R 6 5 BB BT 52 7], 7Kz TR, 2025(2):
184-190, 210.
CHENG L X, GU Y, LIANG X, et al. Experimental and
numerical simulation research on application of solidified
soil in scour protection of dock pile foundation[J]. Port &
waterway engineering, 2025(2): 184-190, 210.

(KL miE EAEH)



