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Adaptive elimination method for time-lag effects in thermal
displacement monitoring data of long-span bridges
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and Transportation Engineering, Hohai University, Nanjing 210098, P. R. China)

Abstract: The elimination of time-lag effects is a crucial step in enhancing the correlation between thermal
displacement and temperature of long-span bridges, and improving the reliability of displacement-based
structural operation damage identification. The fixed time translation method cannot capture the changes in time
lags over time and is difficult to completely eliminate time-lag effects. This article uses functional data analysis

methods to transform the elimination of time-lag effects into finding an optimal warping function to align thermal
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displacement and temperature, and proposes an adaptive elimination method for time-lag effects in thermal
displacement monitoring data. Firstly, the mechanism of time-lag effects was revealed through numerical
simulation. Secondly, an adaptive elimination method for time-lag effects based on phase-amplitude separation
of functional data was introduced. Thirdly, the effectiveness of this method was verified using long-term
monitoring data of expansion joint displacement and temperature of a large-span rail-cum-road bridge. Finally, a
strategy was presented to cope with the end effect of the adaptive elimination method. The research results
indicate that the thermal inertia effect formed by low thermal conductivity is the intrinsic reason for the
generation of time-lag effects. The adaptive elimination method of time-lag effects can automatically find the
optimal warping function for time-lag effects elimination according to the degree of time lags. The proposed
method is significantly better than the fixed time translation method. The strategy of data extension can

effectively remove the end effect and achieve complete elimination of time-lag effects.

Keywords: long-span bridge; displacement response; thermal effect; time-lag compensation; performance

evaluation
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Fig.1 Mesh and measurement points of a simply

supported beam
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Fig.2 Simulated time histories of temperature and

displacement

) T A B DX TR 4 R BT B G %, BV
T R () R KRR L PG TSR D R R B
Sy T R EAT A B, S 1T S b BT (0% 1543
T A 00 5L 032 i T ) 9 B [0, Q) 4k e e 5 3
037 DRI [0, 17, {18 158 Tl B 45 00 ik 8 70 3L 3802 5 4
1 H A SR B A () B A () 3o For e R ]
AR LR T REE F, 8 E F={r():
[0,1]> R}, R W2 B4

I 3 280 12 304 5 A 24 5 T A R B () A ()
X T, B BOUE S (9 A0 S22 3 ok B i 25l R 08 0
75 Ak, 55 ML 78 b 43 T, BV DC FE B A 068 R 45 18
T, BF 382000 107 04 % T LA 3 36 O 8 31— A 15 fF f if
] 25 bR B o (¢) S e /B £ (2) B L (2)og(2) Z 18]
e fi()og (2) R, () 2 ) (I HE L o 5 45 W 5t
Fo()og (D)o ()5F £ () AT RIS i £ (2) o (2)
Sy (£) X fi ()BT IS T 25 g b () o 16 35 00 AR X
Ko ¢()er, M EEA ALK [0, 1] #9441 i
S TR R e ST 48 FL TR B BT yu(0) = By 2
BE, DAL LLSE XD



4 +r K5 xE L

FOAR(OP & L) % XX %

r={g:L0,1]>[0,1]jp(0)=0,¢(1)=1} (1)
Lﬁge%%%xwwmxmgﬁu
infyer| Fi(2).S2 (o, (1) |7
infy eerl 1)e f)f H
KoL EE . A(e) m ) X 5E R £(~2) T
£ ()X SRR e TR ot LR A
Jo T AP A AL BN RSS2 B T R BT
TR g ()7 BRE ()T LA AL R

g(£):[0.1]>R. q()=sign(j (1)) [| (1)
(3)
g (0) T pRE S () 1S BRBOE AR f () BB
(Z)E’JTE'FIZI%I sign() MAF 5 KB . PRECS (¢) ] LA
R g (2) B3], A

()= J
HR 4l bR BT 7 AR R L S (2
TR
@¢xo:¢wm>¢u> (5)
U\ﬁﬁ_fbjﬁiﬂﬁn?ﬂ’]%ﬂﬁ%
la:(0) = g:(0) [=] (g10)() = (g0} ()] ¢
fttlﬂqu(z)%uqz( ) 4 3k 1 xﬂ‘? f( )ﬂlf
1T PR T .
MFALEMW f(2), L ()EF,q(t),q.(t)EL,, 1R
BN 55 0T LA 3k by A Ak ) f8E
Dxﬂnﬁu»:

—r

Rt D) B B M T IR

9i(1).()ET BA
D,v(ﬁ(f)°¢1<[)7ﬁ<f)°¢z(z)):

)‘q(s)‘ds (4)
Yoy (¢) T eR B

an‘f 1er

D,( fi(1).f(2))
(8)
Mﬁ%ﬁﬁmﬁ‘ﬁ¥ﬁﬁ%0ﬁw(ﬂﬁﬁ
SRR L B4R () Bt ¢ ()5 q.(0) %55 gu(1)
A AT LA i A 7] (1 %ﬂﬂﬁ% RALHE L f(2)
£, () A B 38 o A6 IR) @ (o) %8 5%, HE T 4 Ik I 9 28
B o (8) T, R R B B 7 AT 2 0 1) 25 g R K
AW TR RS L BRI, AT LA S R 3 25 B )
B A SR A 2 (7) R 0 R A ) SR
Bt ¢ ()0 g, (0) R gu( ) %55 88 05 38 5 28 (4) B
7R 1) 5 bR BT 7 AR B 2 A () B ()X L 2
O A3 2 o 10 25 i R g () £ 5 B 25 6T 1)
AR AT 7 A, DA T BE A8 1 303 O L 15 IR B B R
7] £ Bt

i 17 25l o s ) 1 G55 e R M, B
RAEM M, B 0.(0),0.(0)er, #15 ¢.(0)+
Go(2) € T I, A 2 B B o0 JUAT 7 3 17 45 ]
e/ S NG TR O AT e

y(1)=J¢(1) (9)
A sy (¢) o i 100 25 55 o (2 ) 3 BB BT 7 R
P e T B
o()= y(s)ds (10)
y (OB LS8R
l7(2) H2=JO¢(t)2dz=¢(1)— ¢(0)=1 (11)

KODERWFA By ()M T L.([0,1])25 1]
AR TE S B IE R R o A B R ek 2k
i () F (2 ) B0 I B AT LA PR B BR T 1 A J MK Ok
LR o

D,,.(gbl(zf),gﬁz(t)):cosI(J }/1<z)}/2<z)dz) (12)

BT BR R SRR AR MR T | ik — P e B
R ER I Y V) e 8] T, HoE O

T(s)z{g:[o,lj ZR\J g(t)dtzl} (13)
LR 25 (8] T 55 B R S (9 A B35 4 0C & o

cn(el) + 0D,

T*S:exp&g)z (14)

1
sin(9)
0=sin '((1.7)).g€T (16)
D, BT A 04 K080 0 i i LA B 2k s J] 3k
SSRZIEC-Seny LTS M CF = S N e L I B &

3 FEWIE

A — Ji R 15 78407 B il 52 5 16 4 4 37 8% 1) I 1)
M K A o), %k 7 i A AP AT IR IE . S
AR M 0 K A 2 A T A BRI 23 A I RO, T
X A B A S T B AT IR RN T BR O 5 P
o [ 5 I [ £ 4 B 573 X LU, i I R R0 22 i )

S—>T:exp71<y): (}/*0055') (15)

715 2K Ak BRI 7 BRS8N T R 1) 32 3 RV
3.1 HEWALE
HERHS 2 Bk DT AN AR R B B T,

FIUPT 45 00 5 43 590 Sk 410 m A1 175 mo T =35 3 04K
MR EE Y T3 BE LRl o T 2 kAR Ih R A B
DEARZ 1 )2 B M TR FH A D2 R0 E 228 S5 1 1T A
RGN A T T AR TR O - M AR JE 26 em. R ff
BRAZ KB AR AR 1 % 4238 8 TENF R &%



% XX # BAR,F RKEHRRERHAEHY

] R B RO 9 B R IR T ik

ol

T2 A T 5 AL (R M R A R LR R
T3 AR S AT R 3 4 I e AT AT R s
T 1 2 R b 00 09 AT 42 o 350 A 46 5 D\ 1) 52 B8 HE AT 40
B, B ECT B 22 10 d Y W K L 43 il 4% o T
B0 LRI 00 20 R RE R 45 2% 057 F% 19 SR A A8 43 5]
&1 Hz# 2 Hz,

TR0 2R i 4 A A7 B R R W & IR
WE 3F . 3T AR H, 46 5% 7 F bl 4 IR
JEE ) - o R ALK T 8 K DR/ | A 4 4 6 5 L
Z (8] 5L B Y A OC M o (Rt T N IR 8 e
165 55 W0 LA K 91 42 1 s RN, 57 % R 2 1 )
SR AR 2 0 B A U (E RN A Y L
SME LUKE HE 0 2 o 3 AN 30 2 5 AT Ao 2080 2 91 ok 19 2
T, I 23 SE A B A A5 T B A T SR ) 2 R
IR BT B8 A 18 A5 5 v OF B AR 007 A% R T B B0 K
JE A — Bt SR LAY 10 min S 34 5k 6 W i 45 S
PEAT FAL 38, B LA 10 min iy BEAS if FE 657 7% L &
W B ATy LA R B 4 TR o AL 4 W)
PLE 2658 10 min ~F- ¥ )5 , 4 40 4% 57 % F B WS
S0 v 1 248 TR o B AN S AEAE 91 4 5 T Al
THBR
3.2 HREHFAE

W51l 4 &% (37 % IR BE Ak R 42 o AE W) — & v gt

500
450
400

c 350

§ 300

E 250
200
150 W
100

50
01 2 3 4 5 6 7 8 910
NEVEN
(a) MPAR&E 75
35.0 ; %
325 Lok tl" b
CRFANS THE L
30.0 i I\g f Vo | j | |
@) : | “\I “
°\x 27.5 | \. Yl L
gg 25.0
225
20.0 1

17.5

01234586 7 8 910
LGV

(b) RE
3 MEEMBIEERNE
Fig.3 Monitored time histories of expansion joint

displacement and temperature
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Fig.5 Time lag between temperature and displacement
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Fig.6 Relationship between temperature and displacement
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Fig.11 Metric of time lag
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Fig.12 Results of time-lag elimination based on mean

temperature
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Fig.13 Results of time-lag elimination based on extended data
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Fig.14 Relationships between temperature and displacement after time-lag elimination based on ten-day data and extended data
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Fig.15 Linear correlation model between temperature and displacement before and after time-lag elimination

4 Zip

R i 2807 £ 8 IR O B85 A7 % K 10 A 00 e 3 B 6
% 55 B 2 (] AR e R v RE S BUE TR I 45 4
9o B R 4 S S TR S bR 5 Bh ek B8 B A
MR 43 BHE , B T K R R U SO0 RS B RN 1Y
FE N bR T ik . EEESIRIT .

1) K %5 B 5% 45 30 40 #4836 22 B0 R TR] Fn 4R A%
1Y G2 N8 S BOAS W] I A5 L A Akt B ] 22
HE T A 2 ) 0 R R A A 00 AU S AR R
A T 2807 1) T B0 % 22 ) 1 A8 AR ) 25, DT H
B I B AS B I 5

2)) HF ¥ ORI T R 3k 3 Ak e TR] A e
HOKs W B0 B R B B R 0 iR 0 A Ak 55 A A AR fk
Gy I T S B0 I SO0 B I R Y D R A
56X 5 A2 B K A BR . A S R BT
R BRLAS7 BR THTA)4 2 [] 0] DUBA £ bk [ 257 o 4007
SR M AT R B A T S8 B SR A B T S R
1o RR i

3) 4 H ) B AAONE 1 S I T B 1 ET LAAR g

IR i 9 K /0N Bl 1 i 8] 257 R K, 52 i BOfL A2
IR F R0 B4 1 3 BT B o IR T BR A AL S
55 3L JEE A A S v T R T I E RSP B8 O 3 3 BR
Jo A B AR S o SR A A ) SR T L g e
IR 28000 38 B 9 0 300 g A8, S5 BN i 2
JO7 B4 52 4 T BR o B S A Y N [R]R E AS BLN T —
AR B RS A

e 2 U B AR R EOAL A (9 4 B TR /N
O3 A B AE oA Uy s, B ORUE 4R IR R AT iR
HORLAS A8 AR REAE , B AT SR P IS 200 38 I T BR
7 18 AT IR AR T B o

S 2% 3k

(1] € 2 B A A 0) gt 3 . 60 i 8 TR 2 R A 9 25 -
2021[7]. HE A B4R, 2021, 34(2): 1-97.
Editorial Department of China Journal of Highway and
Transport. Review on China’ s bridge engineering
research: 2021 [J].
Transport, 2021, 34(2): 1-97. (in Chinese)

[2] M=, fakA, 28, % T InSAR HA 1 K5 4 22

China Journal of Highway and



AR5 xR F RO E L F XX &

[—

[a—

[a—

[a—

[a—

[a—

I B2 7 T8 W AT 28 (0], 0 R K 2 A 4R (A SR B2 WD,
2024, 51(3): 39-50.

ZHOU Y, WEIJJ, L1J, et al. Research on temperature
deformation monitoring of long-span bridges based on
InSAR technology [J]. Journal of Hunan University
(Natural Sciences), 2024, 51(3): 39-50. (in Chinese)

E R, SRR, A, S R AT SR R R
AR 400 M0 e A o BT 5 O Bk [J/OL ] vh A A 4R
2024: 1-15. (2024-09-05). https://kns. cnki. net/ KCMS/
detail/detail.  aspx? filename=Z7GGL20240903004&.
dbname=CJFD&.dbcode=CJFQ.WANG G X,

XU S Y, ZHU J, et al. Long-term monitoring and
standard value calculation of temperature gradients of
long-span steel truss bridges [J/OL]. China Journal of
Highway and Transport, 2024: 1-15. (2024-09-05).
https://kns. cnki.net/KCMS/detail/detail. aspx? filename
=7GG1.202409030048&.dbname=CJFD&.dbcode=
CJFQ.(in Chinese)

HAN Q H, MA Q, XU J, et al. Structural health moni-
toring research under varying temperature condition: A
review [J]. Journal of Civil Structural Health Monitor-
ing, 2021, 11(1): 149-173.

DE BATTISTA N, Brownjohn JM W, Tan H P, et al.
Measuring and modelling the thermal performance of the
Tamar Suspension Bridge using a wireless sensor net-
work [J]. Structure and Infrastructure Engineering,
2015, 11(2): 176-193.

(6] WM, INFKIE, DFEEAE, 25 . AT 25 pE il B0y & I i i)

R B 7 5 S 45 A BV BOR [T]. 7R F R o e (1 AR
FR), 2024, 54(2): 268-274.

YANG D H, SUNJ Z, YI T H, et al. Early warning
technology of long-span bridge bearing deterioration con-
sidering time lag effects of thermal-induced displacement
[J]. Journal of Southeast University (Natural Science Edi-
tion), 2024, 54(2): 268-274. (in Chinese)

GUO T, LIU J, ZHANG Y F, et al. Displacement
monitoring and analysis of expansion joints of long-span
steel bridges with viscous dampers [J]. Journal of Bridge
Engineering, 2015, 20(9): 04014099.

YANG D H, YITH, LI HN, et al. Correlation-based
estimation method for cable-stayed bridge girder deflec-
tion variability under thermal action [J]. Journal of Perfor-
mance of Constructed Facilities, 2018, 32(5): 04018070.
T ORSRME T S R M 194 SR O 16 57 A I i
BN SELT ] IR 2l A4, 2020(5): 52-55.

LI N, ZHU C H. Time-lagged response of bearing
displacement based on structural health monitoring [J].
Shandong Transportation Technology, 2020(5): 52-55.
(in Chinese)

(10] FBEKAR , JHT 23, X 3. 4k T S i g 12 Fh 22 I 2% 7Y

R B B AR Al T -0 B M OGBSy Oy WA (). TR
2021, 38(4): 68-79.
ZHENG Q Y, ZHOU G D, LIU D K. Method of

modeling temperature-displacement correlation for long-
span arch bridges based on long short-term memory
neural networks [J]. Engineering Mechanics, 2021, 38
(4): 68-79. (in Chinese)

[11] YUE Z X, DING Y L, ZHAO H W. Deep learning-based
minute-scale digital prediction model of temperature-in-
duced deflection of a cable-stayed bridge: Case study [J].
Journal of Bridge Engineering, 2021, 26(6): 05021004.

[12] WANG Z W, ZHANG W M, ZHANG Y F, et al.
Temperature prediction of flat steel box girders of long-
span bridges utilizing in situ environmental parameters
and machine learning [J]. Journal of Bridge Engineering,
2022, 27(3): 04022004.

[13] JU H W, ZHATI W Q, DENG Y, et al. Temperature
time-lag effect elimination method of structural deforma-
tion monitoring data for cable-stayed bridges [J]. Case
Studies in Thermal Engineering, 2023, 42: 102696.

(14] Slub XL, F30om, 8 E R . R S5 R A ] W0 A R

JIE R AN T BR O 3k [J/OL). AN B, 2024 1-12.
(2024-06-28). https://kns.cnki.net/kems/detail /43.1363.
1.20240626.1619.002.html.LIU H S,
ZHAIW Q, ZENG G L. Elimination method of temper-
ature lag effect in structural deformation monitoring data
of cable-stayed bridge [J/OL]. Journal of China &. For-
eign Highway, 2024: 1-12. (2024-06-28). https://kns.
cnki. net/kems/detail/43.1363. u. 20240626.1619.002. ht-
ml.(in Chinese)

[15] %55 0 . ok % 80 B4 20 B 4 1 O 36 00, AR 3L,
2021, 27(34): 77-80.

JIN X Q. Several methods of functional data analysis [J].
Modern Computer, 2021, 27(34): 77-80. (in Chinese)

[16] LU Y, KURTEK S. Bayesian registration of functions
with a Gaussian process prior [J]. Journal of Computa-
tional and Graphical Statistics, 2017, 26(4): 894-904.

[17] TUCKER J D, WU W, SRIVASTAVA A. Analysis
of proteomics data: Phase amplitude separation using an
extended Fisher-Rao metric [J]. Electronic Journal of
Statistics, 2014, 8(2): 1724-1733.

[18] SRIVASTAVA A, WU W, KURTEK S, et al.
Registration of functional data using Fisher-Rao metric
[J/OL]. arXiv. https://arxiv.org/abs/1103.3817

[19] 4ximise, s . AH IR 25 0y ok RO R 3 R SR Ty 1

WEELI]. THEHL WL, 2021, 38(8): 2354-2358.
JIN H B, MA H Q. Feature extraction for functional
data by combining phase and amplitude information [J].
Application Research of Computers, 2021, 38(8): 2354-
2358. (in Chinese)

[20] JIANG H C, WAN C F, YANG K, et al. Modeling
relationships for field strain data under thermal effects
using functional data analysis [J]. Measurement, 2021,
177:109279.

(B4 XXX)



