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Property Value Description

. 2dzy3Qa Y2 Rdz 37.0GPa C40/50 concrete
Moment of Inertia, | p®PHny PR 22

Section Area, dder 0.25 n? Area of the Tsection girder

| 2y ONB G S | pyoh st 25kNm? Reinforced/Prestressed concre
Deck thicknessgéck 0.1m -

Deck/Bridge width, .k 4.5m -

Span length, L 150m Each span
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Regelquerschnitt Feld 1 und 2 Regelquerschnitt Feld 3
15m , 1.5m i , ;. 085m ,07m , 07m , 07 07m , 085m
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(a) Assembly of the PEs (2023-11-27 < 1 < 2024-02-01)

12.5 @ 12.5

'; EEii
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(b) In-situ concrete layer (2024-02-01 < ¢ < 2024-02-22)
A Fay
ET, EI,

(c) Removal temporary scaffolding (+ > 2024-02-22)

' L
EI EI

all dimensions in m
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Phase 1 - Self weights + Tendon Uplift Phase 2 - Self weights + Tendon Uplift + Track load

Mar 18 - Apr 21 i
Feb 22 - Mar 17 . P! Dead Load of Girder Deck (wy,)

Dead Load of Girder Deck (wg,)

Load

Fixed Support (A) Fixed Support (B) Roller Support (C) | Fixed Support (A) Fixed Support (B) Roller Support (C)

< 15m »e 15m » e 15m > 15m »|

Phase 3 - Self weights + Tendon Uplift + Phase 4 - Self weights + Tendon Uplift +
Track load + 4.1 ton vehicle load Track load + 9.0 ton vehicle load
Apr 22 - Jun 27 41ton Jun 28 - Oct 31 Dead Load of Girder Deck (w;

uu1uu”fi‘f”f'f’fel”f"f“flmuuu/I1 = (LTI

Fixed Support (B) Roller Support (C)| Fixed Support (A) Fixed Support (B) Roller Support (C)

Fixed Support (A)
15m »e 15m > « 15m »e 15m »
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Correlation Matrix — Measured Variables (Daily) 100

Tiltat 11m

0.75

Tiltat 19m -0.83 d - 050

Temperature - -0.40
<
=1
000 ¢
5
&
Longitudinal Wind Speed - 0.06 -0.02
--0.25
Transverse Wind Speed - 0.07 -0.05 - —0.50
-0.75
Time - -0.05 -0.02
' ' ' -1.00
@ v
E £ g 3
b 3 2 F
Z £ 2
F g £

Longitudinal Wind Speed -
Transverse Wind Speed -
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MI with tiltx at 11m MI with tiltx at 19m
t_norm 4 t_norm 4
sin_1_t cos_1 _t-
cos_1 t] sin_1 t
sin_2_t sin_2 t4
T_mean T_mean -
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dT_11m T_range_mean -
dT_19m sin_8 t4
T_range_mean cos_1_T-
sin_1_T dT_19m
cos_1 T dT_11m -
sin_16_t sin_1_TH
sin_8_t sin_16_t -
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MI (nats)

Lagged MI: Self vs Temperature
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D1'“E(T4tilt): negative = self-prediction dominates

Transfer Entropy (nats)
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A.

B.

AR: Prediction Model

Uses the past data of tilt and temperature at
measured positions with information on load
cases to predict future tilt at sensor
locations.

AR A ¥ s oA

I RRSIBGEKINRPUEI K F2dzNJ AYGSNDO2yySOGSR Y2RSfay
l'w t NBRAGGAFS rad@iRNBSINBaaABS Y2RSt (KI
FNRY KAAG2NROIE YSFadaNBYSyida FyR 6SIGKSN
t/ brb I HORYEAIONG Ay SR ySdNI f ySh&eR] af BLIS NJ
RSTfSOGA2Y FTNRBY YSIadiNBR GAfGE®

l'wt / bYb | KEBONAR | NOKAGSOGdzZNE O2dzLdnAy 3 (K8
GBYR LINBRAOGAZ2Y YR NBO2yadNHzOGAZ2Y @
C9a . IYaSt RSISN¥AYAAGAO FTAYAGS StSYSyid Y

GFNBSG 6Ay LI FOS 2F | OGdzZt YSI&ad2NBR NBalL

FEM.: Validation Model

1. Uses the response at the measured
positions to reverse the applied load.

2. Determines the nodal response at
discrete points of 0.5m

PCNN: Reconstruction Model

Uses the measured tilts, spatial coordinates,
+——— MODELS —— temporal coordinates, thermal inputs, and
physics constraints to reconstruct the full-
field slope and deflection of the girder.

AR-PCNN: Deployed Model

Combines the functionality of AR and
PCNN into a single deployable pipeline. It
takes the output of AR and feeds it into
PCNN.
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Feature Description Category
<qm < measured tilts at x=11m on Selfcoupling for Span AB, but
' day t1 Crosscoupling for Span BC
<qm < measured tilts at x=19m on Selfcoupling for Span BC, but
' day t1 Crosscoupling for Span AB
1 « mean surface temperature Thermal feature
on day t
A g the dayto-day temperature  Thermal feature
OKFy3aS AdSod (
B < mean frontback tempera-  Selfcoupling for Span AB, but
ture difference at x = 11 on Crosscoupling for Span BC
day t
B < mean frontback tempera-  Selfcoupling for Span BC, but

ture difference at x = 19 on Crosscoupling for Span AB
day t




— \ { one-hot encoded loading Loading phase features
— vand phases
— v
1 <i=m]5gY Multiple of T(t) andy@ Q  Thermal and Loading phase fez
tures
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Feature Description Models Count
X Position on the bridge ranging from3Dm SPTF, PPT 1
and PETF

t fourier Temporal Fourier features transformed wi SPTF, PPT 10
equation 6 using the five frequencies hig and PETF
lighted in Table 3.

T fourier Thermal Fourier features transformed wit SPTF, PPT 10
equation 6 using the five frequencies hig and PETF
lighted in Table 3.
Phase_oh One hot encoder for the loading phase SPTF, PPT 4
and PETF
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Structure Inputs per
observation |
qar Qe x Fourier Feature Encoding Neural Network (MLP) Trial Function '
§l l l l l/ 1 l l l l If)i?;i’:‘:) Time encoding q ﬂ ’p ﬂ /p (Hard BCs) [
§ ZI Q : sin(2nfut;). cos(2nfat) i x\O\TO\f' \ o) = |
i ’ : WA Ay
) o ) MBI Yo (X | Pa-15P0c-30) | | Predited
A(om) B(15m) C(30m) = — X W - o L
= : encoding w(x,i) = p(e)Ns()
TOl&' length L=30m sin(2nfyTy), cos(2nfyTy) Enforces:
(A-B=15m,B-C=15m) phase, N N _ w(0) = w'(0) =0
(one-hot) VadlaV 4 hidden layers w(15) =w/(15)=0
Measurements (x colocation ke (1,2,4,8,16) sisdassisatinicl w(30) =0
(253 observations) A l :
« Tilt (rotation) 8, measured R Loss Components
atx=11mandx=19m Data loss (Lgys) PDE 1055 (1pge) Donti::lkyl?;s(l.‘m) Romant s L
’ . Tiltatx=11m,19m Euler-Bernoulli beam Atx=lom
« Time series across 4 w'+d o (continuity of M and V) Zero moment at pin C

construction phases

« Inputs per observation: time
t, temperature T, phase
(one-hot)

%; (e -e2,)’ Fo
2
+x T (0000 -62 5| % z (w7 + £22)

Total loss
L= )‘deala ar '\prde itz )‘chont ar Alf:'LI:-momel'llz

3 (w"(14.7,1) - w*(15.3,9)*
+(w"(14.7,0) -w"(15.3,9)?
(2 m offset for numerical stability)

¥ w"@9.7,0)"
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Progressive Load Discovery: Breakdown by Phase
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Phase 4: Seasonal Effect (Summer vs Autumn)
Slope Profiles — Same Phase, Different Seasons
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Reconstruction Validation: All PCNN Models
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PCNN Trial Function Comparison — MAE
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AR(1) Cross-Sensor: Next-Day Tilt Prediction
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AR(1) Model Coefficients
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Prediction Error Distribution (Test Period)
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Comparing the AIRCNN against PETF reveals a t@ffleSpan AB benefits substantially:

X =5 m slope R2rises from 0.622 to 0.912, RMSE halves from 0.135 to 0.065 mm/m. At
E I' Hp YX a4f2LI wu FfALA FTNRBY bLndgaaded (2
at x = 20 m, slope Rz drops from 0.430 to 0.157, and at x = 25 m, deflection R2 falls from
0.768 to 0.436.
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AR-PCNN vs PETF: Accuracy and Physics Comparison
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Mean Profile: FEM vs PETF vs AR-PCNN

Mean Slope Profile

Mean Deflection Profile
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The mechanism for this is attributed to the AR's smoothing effect. The AR predictions
have lower dayto-day variance than the measured data. Training on 213-hagltance

days + 40 smoothed days biases the optimiser toward a spatial solution with less ex-
t 9¢CQa

rSYS Y2RdzE I A2y D

span BC's expense.

¢ KA a

x(m)

AaKAFTGa (KS

t9¢C wSadz i

a LJr



7 [/ 2yO0ftdzarzya yYyR wSO2YYSYRFIGAZ2Y
71 | 2y Of dzaaz2y &

¢KAE (KSaAa R&DAEDBLIBRI VS ERBIBRNAGRRING yISNERIRA Ol A 2
YSYGSR f20MBASYR ME®2 i NbzOG A2y 2F GAtd | yR
LI2aAldA2yay L2 yh WOKS o5 'wSaSENOK . NARIBPSRKNEBS
F2NJ GKS t/bb NBO2yaidNMzOGA2y GFaly | aiay3ats
LR2fey2YAlLf OGNRIFIE FdzyOlA2y oOtt¢COX YR I LINE

lY2y3a GKSYZ t9¢C gla GKS 2yte | LILINRIFOK @K
A0GNHZOGA2Y | ONR&& 02 i KR SIS YWRSY (12 OFS NUG 2dMNB/a3  2010K4S
YR tt¢Cd C2NJ F2NBOIFIAGAYIT || &RFB D AllvEo M2 NY
NEO&HAYISNF2NY¥SR Y2NB O02YLX SE RSSLI £t SFNYyAy3
YR nodpum G GKS (g2 aSyaz2zN t20FrGA2yad 2KS
lwt / bb FTNIYS62NRI SFREEBRRLNSRAOGAZ2Y 2F o6 NARI
Ay3d REFYSRBO2yaidNHzOGA2Y | OOdzNFy 08 2F dzLJ (2 w

711 {LISOATFAO /2y Of dzaArz2y a

¢CKS F2ff2gAy3 I NBE GKS &LISOAFTAO 02y Of dzairzy
A.C2dzZNASNJ / @0t A0 9y O2RAY3
1. ¢KS C2dzNASNJ G4SYLIR2NIYf SyO2RAY3 gl a SaaSy
aY220K aSl aaRIAOSYIRRY ILIKALANA | G A2y @A (K2 dzi
0KS bb ¢2dzZ R ySSR (G2 fSIFENYy LISNA2RAOAGER
YySUG62N] I YR2NBNBEY R2 N 0 22yt SEB LINSASY (S
B.¢CNAIFE Cdzy OliAzy
1. ¢KS t/bba dzaS GKS alyYS ySdzaNIf ySGég2N] a
RATTFSNIAY GNAKS OOdzND OB BAF/E dh VI BBS/NESSTT &2 € @S NJ
FASE R NBO2yaldNHzOama y3a ZFANENY SIRJF oNeR Sl KaSS yRNeANY
y20G GKS bbda GSYLERNIt OF LI OAGED

P



N

AIK aSyaz2N) FAU R2Sa ay 2G@KKSBANF A i SEK & LI (
aSyaz2NERDBRS WNRSENE 2T @rd @y ANIdIRESA A (IA 3/2a/ P
3.1 AAy3IES LRfey2YALf alrdgAraFeraya ff RAA&LX
SyO02RS (KS O2NNBOWA&ERBRLISHIRE WSR2 &RRY ©F A ES
4, ¢ KS LI fUeNAA YIA DR800 @aypabzt B (A F €8 & LISNF 2 NY
ALy ./ aSYyazNIKSNRER LIIAXA G A B QRIS AN RST
g2dz RQAS | G2ARSR (GKS AYLX SYSyidliAzy 2F
SELSyarodS 0S0ldzaS 2F (GKS FTRRAGAZ2YLFE LINB
C.t Kéaaroda /2yailiNy Ayl
1. ¢KS LKearoOa O2yaidaNrAyidia o./ax t593% FyR O
¢tKSe NBaAaUGUNAROG GKS &az2fdziAazy (2 LIl dzAaAof S
O2 NNB® (¢ 2 yIED OdAL @i 5 24 yNBINIZRNEIR
2.¢KS O2yiliAaydaAaide O2yRAGAZY Ad LFtaCEAESANI Iy
GKSHULB NI aKI LIS o6dzi Ayl NRRIZGKS RSND Gldi L& SN
D.! v tnw bb
1. ¢ KWA RIS 2 tzivhJR I A0 BARRSY YAAT S I oHXI dYmoZnn
DwpKARRSYwaal § I mcI doSoOh alzRISISMIK KSR (RENED
KFIgSeummmP  Y2NB LINNSNS & $ NFHE (1 &k YNE S35
2OSNFAGOAYT AYyS@OAGlIotS NB3IIFNREfSaa 2F NBI
2.¢KS 1wda aY2220KAWR STPSQA I gyO863M) RINBERAC
AYLIX AOAG MBI vb NKATENSy a2t dziaz2y 2y GKS
O2YLX ALYyl YFYyAF2EfR NIYGKSNI GKFY FAYRAYy3 |



72 wWSO2YYSYRIUA2Y &

1. wSLRaAlGA2yAy3d GKS aLIly ./ GATGYSGSNI G2
aSyaz2NJ) ¢g2dzZ R I RRNBaa GKS LINAYIFNEB OF dzas
NEO2YyadNHzOGA2Y Y2NB GKIFYy Fye FfI2NRIGKYAC

2. C2NJ®HE fAO0SEHEYa 6AGK YAESR ./ &3 LINBGNI AyS
I NE NBO2YYSYRSR 20SN) LRfey2YAlLftao ! asS a
I G2 AMRSNABI GADS ' YLEXATFAOFIGA2Y @

3.C2N) ol f FXQSR ¥Ta/AG2NAYy3IZ GKS &dGFIy¥RIf2YS
t/ bb RdzS (2 Ad&a Y2NB dzy A FaNM bl G&KeNEf GRe 61'S
RSLX 28SR 2yiled 4BENDRAYRIEARZY A& ALISOATAON £



wSTSNBYyOSa

It Rfe&X ' ® Ld CPI 3 YNRLIRAYNRZN¥ESROYSdzNHp O PYSE
GANI dzk £ aSyary3d Ay OBy YRy SENK K=o\ d NG i dz
KGGLAYKKR2ADP2NAKMAOdMAMcKSDPSY 3& 0 NHzOG dH A Hpd

'YENFES tdo DO [/ dX g albllTAfttftAZ /& 9d bd 0
AYLISNFSOGA2ya fSFRAY3I (2 YIEAYLFE ReéylYAO
ONARWNSHRAG! L.w!/hb RS DmoNizicdipedr S a

KOGLIAYKKR2A ©2nNHE o pun P Apm K @ My 10 N

. FST S 1o %KEYy3IS 203 al X %O DdaANI{ydS Sh §ae
| 2YASNBIFGA2Y [l 6a& oA T2ANMRSRSOO 58N Ay b S
KOGOGLIYKKI NEADJOP2NAKI 0&KkHAMADMT NI NP

. dzZRAZA Y Z +dY [/ dz2Y23 {dX g 5A [ 2fl 3 0 {d 0
0SOKYAIljdzSa 2y tLbb LISNF2NYIyOERdIdANY I 8 NRdY F
[ 2Y Lz GA2y I f al 0KSYFGAO0a = |yR 51 U
KOGLIBAYKKR2AD2NEBKMAOMAMCK2SP2OYRADPHAHN DMA NNV

/| KI NI Sax Wod ! o 3 {1AYYSNE |IWAS® odenfnRO W3
t NEOSSRAYy3a 2F (KS 1mmy&zidddi R gIsepseiy0 IR E S 19
CRTp® KOGULIAYKKR2AD2ZNAKkMAOMcy nkISYyIdunnnodm

| Kdzy 32 {® 23> [/ labd2y3Idza ez {dI w2zl NRPZ t Sy
O2YyAGNI AYyBRT2NKERA Ob S dzNJ f bSig2NJd& F2NJ
KGGLIYKkkl NEAGP2NBKlI 0dkHecnanndnynpo

[/ 2212 2d3X . FNNE td® Wb3E g | W2AdANYIF X 2dF 2t d5 NFF2n
2F /2y aiNIZDGPDR SCndiavininiyinspa Ki G LJA YKk kTR2 A 2 NH
ppnpd®nnnnpTM™

5FyASttS /2FTEMYHE Po YR Pl 26 (2 RSTFAYS NRf
aegawSya wSUNARSOSR al NOK HY H N
KOGLIAYKKGGoPE AY S| NIYR aih Pig(iR & THRBMOATNOFY 2 G A 2 Y
& | 7% 2 NU yaSa aNJ S Y & «



Tp

703 ¢ ap iadzyAI2 WOt BBOAMBOYW NBL yHaEzRFSRY t
al OKAYS m[ISa 3B/ Ay @NHzOG dzNBE | S| f 6 K a2 yLadi 2 NR Y
noagn dppv @ KO (G LIA YK k Rz br@a@ dd@E pam dmMn N T K PT Y

58y3s %d3 ldzZyadr adr 2l yI bodI g %KEYy3II W 6
| ST K a2yAG2NAYy 3 TFaANYX BNFEBSHMY ! bdSIERD ©
KOGLIAYKKR2ADP2NHKMNndoodpnkodzhi f RAyadadmoncMocn

SGAIFIT S 9 9 adr az2NBy23 Cd bdX g az2KIYYIl RAZ
2T ONARIS O2f ttHNIAGHI AXDS /t BINRRRMIOP £ 2y { (1
[ 2y &0 NoeQdinA02Yy ¢ mepmn d KOGLIAYKKR2ADP2NAKMA DM S
pptcdPnnnnnnec

CEFNNINE /@& wdE g 22NRSYZ YD SHAnNnTOD 'y AYi
t KAt 232LKAO0FE ¢NI¥yalOlilAazyad {SNASa !z al
{ OASy ¢y pm@o Mp@n K G LJAYKKR2AP2NAKMA PMA Py Kw

CldzZ {YSNE Y®I . NRgy22Ky>I Wd ad 263 2| yIaz |
0SKIF@BA2dzNI dzaAy 3 &S yWRNY F tiza RZFy / ADAK Yy A{lj 26k
a2y ARER Y p ppm® KOGGLAYKKR2 ine@nNBemMA OPMANT KAM

DSYS@lIs by g a2RENIEI DS omarylpvpOa m2F t 59
/| 2y a0GNF Ay SR 5SSuSIANS & aNA@E 2 ® bSig?2
KOGLIAYKKR2ADP2ZNBKMAdOMamMckSP20LIPHAMPPMAdnpc

X 50 20 tIFEN] = | @ {dX [/ K2AZI FPR2HPYOBAYAYS
aSyazNl y2RS T2NJ ai NUSGUadeNIEE  oEMGa: M GiUKS NIREyYRBIR N
McmMAn® KUGLAYKKR2ADP2NAKMAPOOPANKAMOMHMC NN

| SNDPSNARZ ad> . I NISEtas WO rikdeNR WATOK 1¢SINE /. KPASE f/
bl NYASOIAZ | & | FKYS hodX WS&aaSe AGAsE { Y I |
C2NBOKdzy 3a0NNO1S T dzNJ 9y gAO]tRMBRYRAYSa R
{GF Kf o 3vuivady 6 EMdpwrd®p KOG LIAYKKR2A P2NAKMA OPMANHK

| 2dzz - &> [ ly3dxz - dx g ldzZryaz vd SHnnAnpLud | aAy
Wh! wb! [ h C . WL 5DBM  KIAWIDIAbYKKWRIZDABD 2INH K M1 O™

ATAHHAANPpMAYppcH



WEYyaSys ! & | SNBSNARAZ ad> wAOKGSNE . & 2} f 1€
RFGF 2F GKS 2LISY[FNINBYS wSIDKSNBHMNDBREW 2.y RR & 7
c®» KIGLAYKKR2ADP2ZNHAKMNDOMAMCKSPRAODHAHDP DM M N

YFELR2NE ¢dX 2Fy3Is | & bdzy ST IL yIT@NNX SR 58 £ 6z801
bSGe2N]l & F2N) {2f GAy3d C2NBINR | YRLRYOHSNAES
¢NIFyal OiAaz2ya 2y bSdaNIf  bXolipop20Ng cp codpypyR [ St
KOGLAYKKR2AP2NAKMNOMMAPKEbb[ { PHAHOPOOMAPY

YN} dzas ad> g9 ¢HGECABBAYOWEAYHFEZERANSREGDBOAT f bS
GAUK bSdz2NI f LYLX AOAW DS2YSONE wSLINBaSydl

[FAFINRAREAZ L 9 [Allax ! & g C20AFRA&AI 5@
hNRAYFNE YR tFNIOAFTLODAT RSNV I N ICEL h DI dzihibA
bo9¢2hw¥2f d Pp>X bdzYOSNI po

[ SSZ Do / dX az2KlFys { &3 |3dadgRES 2/FP T {9 ONANFTDS .3
HaMH GFGS | YyAGSNBRAGE 2F bSg 2N 4 . dzF Tl

[dzZ [ P2 tSal2dzNAST wodI W2IKYE 2E> {24 yEHE OYHATH N
LYF2NYSR bSdaNIf bSiGé2Nla 6AGKLI B NR2HARY & @ N
2y {OASYGATAOZ: 1 @&ioXzi A y Ic.. wmimotHp d
KOGLIAYKKR2ADP2NHKMADPMMOTKHMAaMO T pny

al YYSNASZ { oI #IHNNESNRI. @3P3/ 29y RBA GSANR I . @ ¢
RFEYlIF3S RSGSOGAZ2YLYSANKERBR aROKKEAADSI NYyAY
NEOASGD QY ANYSSNAY I 0 £ & N#zOI daNHd) @ 9f aSOA
KOGLIAYKKR2ADP2ZNEHKMAdOMamMck PSSy 330G NHzZOG dPHnHpd

alylrgAs {@® CIFGOUIKAZ 9dX 3 . SOISNE ¢® OHAL
O2yRAUGAZ2Y & 2F LI NIOAIFE IRYFEIBMNBRG YV IStzNS{ dzy &

Oy IAYSSNAY3 I LILJX AOQlF GA2Yya >2FmMudr | NI ATA
KOGLIAYKKR2ADP2ZNEHKMAdOMAamMcK2PSYy AL LILI A PHAHO DV
aAftFNE . | FYAfTEYS DO ¢l &@ft2NE {dX 3 w20A

¢CN} O1lAYy3a 2F (GKS LYKSNByYydG [/ KFIy3aSa G2 { 4Nz
wSadzZ GAYy3 FTNRY myDNEY d@SRLISISR { DRJd2NE2 LI 2 Y
a2ZyAG2NRAY IZId IR Lda WHKIKHRIZ A P2 NBKMA PPy HY CKH@P



a2l dzZYRSNE wo {dX 5So0ylIiKZI wods wlKYlIYyS Cor |
+ fARFGOARE ATTILERSIR 2{0€ A 3 W ST 2aNIYWSIR2INA Y3 2F |
YR t KeaaroOlt . HSKHcOARWE 2NB/ | {itA21WE® / 2y FSNB
bSGg2N] Ay 3 YR [ 2YYdzy A Ol (doap i o)
KGGLAYKKR2ADP2NAKMAOPMMAPKL/ b/ cyMyodPHNHC DM N

bAZ t®dX [AZX o3 {dzyI 1A YWRdzBSR2 [oyNdASRIS P RaA A k.
NB O2y & i NUzO G A atyy Fd2aNOWSER |- O 2LyKZB24f AdAiAA22 Y1 dEl SyNSRdZNJ
' YR { ( Nibe@ni KZNB BIA YK K R2A P2NABKMaAPmMamMck 2PO2 Y LA

2LISY!LyaidAddziS 27F /12 ¢ ONBHENG a BB MlzO i deNSK G (0 LJa
RNBEARSY®RSKkoOodzk 6 dZA Yy ASYASdAZNB Sa Sy kA Yok T2 NAC
l y3dz 3ST Sy

wWEA&aAZ adX t SNRATFNR & X & edyXD 2INNYS RVYDAS d&NI A &bzS
I 5S8SSLIJ [ SENYAY3 CNIYSg2N] F2N {2f Ay C2
b2y f Ay SH NJ t I NI AL § SATFENBYGAL
KOGOGLIAYKKGISIDPEAOASYOSRANBOGPO2YKEAOASY OSKk | NI

WSTFSAS {®Z | I N YRRXDY d3T weS2SHASYYS\FEFSARYO S A! N SHIZED | o
F2 N IBKETRANNMAS R ySdzNIF € ySGeg2Nla Fa |+ LRGSYy(;
AY KSGSNR3ISYyS2dza R2Yl Ayay O2YLIMNRaAzZY
KOGLIAYKKR2ADP2ZNBKMADOPMAMCK2SPOY PHAHHPMMpPCMC

WAOKGSNE . ®X aSaaSNBNEX 50> | SNBSNAX adz { LIS
{® 6HNHNOD a2yAld2NAYy3I 2F | LINBFaidNBaaSR oN
2 LJGA O a § YNP2ONGERA | { GNID G dzR) f MmBYip I NR (&
KOGLIAYKKR2ADP2ZNBKMADOMAMCKSPLINRAGNIDHAHND PO DT

{IYfAZ ' ® YPT !'TIARSNE 9¢ ! o /| IfLe&lyZ ho
[ 3fleryX hao . &3 &SaniiAly|33 dzf A RAEdS & 6 RN 10 &)
aSlkadN®YSyi(a

{KSyli2yz | &3 CSNYylIyRST I ads wliWKYYKS50BdE &/
OHNMPApOBZOGdzNT € | SHf (K GA2BRI2ZNRRISYT ! AANIFO ¢
G2 5SGSNYAYS 9R®S DANRSNI 5STtSOiAz2ya



Ty

{aL¢l I 50 20 OomMPpt NRCDSSWRIAYER @IFL [(IKB9 {Edy a i A i dzi
cAoV0Eoywd KGILAYKKR2AP2ZNAKMA®McyYy NnKAAOSLIDM
{2y0dz XS hod {dX g wlAKARI ad® O6HAHOUOL®D® ! f 32NAK
a2YyAG2NRAY3 2F . NARISaY {{SyzPIl i AnCo 3 Abld3vNa: i
a5t L®d® KAGLAYKKR2ADP2NAHKMNPOODPNKAHONPNHOAN
{NIZ BADOYOROADNR a9@{wWBANKSHSRSHESDPAAATS?2
¢y3s o3 /Iy3adr Wor %KSy3as . o3y 3 ¢ky3Is 2d 6
{ dzLIL2 NISR DANRSNI . NAR3IS& ! aAy3Idzf iR& ¥Fa wS
MOMO® KOGGLIAYKKR2APZNHKMNPoodpnkodzAif RAyIamn
2y3as {dX ¢Sy3aAr oI yRSNENRYRAWAIEYROYDGAHI
LI G K2t 23ARF TR WY SRS ¥ BIOAK (f (i LyY&ikd 2\NNE|ASD P2 NB K | 6
2 NRKFYFY Y®Z 3 | FRALNR2Y 2T C® / ® OHAnoOd !
{01 Wy |- € 2T tSNF2NXIYyCGCMmoassdayad NdzOG S
KOGLAYKKR2AP2NAOYAPIACOMOOMINDO My D



T

l LILJISY RAOS &

't t 9bMEIK-S Fdzff O2RS 2F (KBS dfivanY S 628 NJ GiAtaH ulb D |
't t 9bHA ldzG 2 NBINBLaar@ES! f A2NRAGKY ¢

AR(1) CrosSensor with Ridge Regression

Input: SG@, s c@ N 4 (daily tilt, N=253
d E@,dT ¢ @, phase(t) N {1,2,3,4}, U = 0.1
Output: Eg (@t ) , ¢ (for test days t = [214..253], Coefficients
bgc ®uw sali, metrics on test set
Feature Engineering
For each target day t = 2..N:
Split : X_train = x(2..214), X test = x(215..253) and
y_train = s(2..214), y test =s(215..253)

Model Training (per sensor k N {11m, 19m})
b_k = argmin_b {-|XyttaianlBe| OL]| | B]| | |
Clos-éadrm solubikom: (X K+ X y train
Prediction
For test days t = 215..253:
E_k(t) =CHb_K, b_k, L x (t)
Evaluation
Fork N~ {11m, 19m}: A
R2=1 - Ey-R) IAy-O)]; RMSE = aRme¢3anMAEY
mean(ly -R| ) ; L 2aFy=R) | Ba



https://github.com/Ridwantician/Physics-Constrained-Neural-Network-for-Bridges-Tilt-and-Deflection-Reconstruction/tree/main
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Single Polynomial Trial Function PCNN

Input: sg@),s c@ N s (tilt at sensor s, N=2
phase(“t{1,24,8,16}, EI, L=30m.
Output: Neur al field u/( x,!txy[0,30]ch(Discoreded loads

g_AB(t), g_BC(t) Noq
Architecture
Trial function : Ya(x,t) = G(x) L NN(3(x,t))
a(x) = -A9xx-30) [/ G_max (hard
0,15,30)
Input 3 ( x, tN)Aaz2@
X, sin(2 fLt_norm), cos (2 f{L24,8M6}r m)
[x2 for T], one -hotphase N s
NN 4 hidden layers x 64 neurons, Tanh activation
Learnabl e: d NN (weights), q _ Adbgetvad- ,
tion loads)
Loss Function (Minibatch Size B=32)
L = 20LL _data + o _plLL_pde + & clL(L_cont
L data=MSE( -O%/ Ox L1000, s_measiia®n) at x
L _pde = @& Ep+Q/EI, 0) [/ evaluated at 20 collocation
pts per span
L_continuity = MS$EBE-Q))3s4/ OO + MSE ( Og 1%,
- Oj %l O 5)|
L_moment = MSER.WOR Ox ] | [ softpin
BC
Annealing: _p = min(0.1 + t/5000, 1.0) a
20t/5000, 20.0)
Training (Adam 5000 epochs + L - BFGS 80 steps)

For epoch t = 1..5000:
Sample minibatch via weighted sampling (inverse phase

frequency)
Compute L viaautomatic differentiation (4th - ordergra-
dients)
Clip gradients AV ® 5.0
Updat e d_ NN-3)d ABd BC (Ir=0.3)
Cosine annealing Ir Y 1e
L- BFGS finetuning  : 80 steps, strong Wolfe line search, Ir=0.3
Prediction
For any (x,t): -Q@%/xQxl)10=00, v {-20Q0t ) =
Validation (against FEM baseline at held - out positions)
Forx ~ {5, 10, 20, 25}m, for all t:
d_PCNN(x,-t0p ©x 11000, v_PGCBMNLEROD) d_FE

v_FEM(x,t)
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1. PROBLEM & DATA 2. MODEL ARCHITECTURE 3.L0SS COMPONENTS

CA JdMB HORA S

¢ N |

f

STRUCTURE AND BOUNDARY CONDITIONS INPUTS PER ODSERVATION ¢
qAB(t) ggc! t) zl & T, p’me‘ DIATA LOSS Lgata \
l l l l l l l l 1 l 1%;?) (time) (temperature) | (one-hot) N E [(@l (ll,t) . aﬂ’?i)
A 4 ! ! ! + (8 09,1) - ,,_‘)2]
a /,I é FOURIER FEATURE ENCODING
A(Om) B (15 m) c (30 m) Time encoding Temperature encoding
— sin(2mfat,), cos(2mfst,) sin(2nfgT;), cos(2nfsT;) PDE LOSS Lyge
Span AB [0,15] Span BC [1530] ‘ > E ( 5 q(:‘ t’))
Boundary conditions (all satisfied exacity by trial functions) ke{1,2,4,8,16} N
i = = i - | = 7L | PIECE-WISE POLYNOMIAL (
e it i NEURAL NETWORK (MLP) T ERNETIOH " CONTINUITY LOSS Loon
w=0,w'=0 || w=0,vw'=0 || w=0, w’'=0 " " 2
o ] VR (Hard BCs) (0 (147,0) " (153,1)
a"qﬁ@ef ,/;Qg{z, 9(z,t) = () No(2, ) + (w" (14.7,1) - w" (15.3,8))?
MEASUREMENTS “ 4 ,“5‘5,29 oo " SpanAB[015) (fxed-fied) | ‘ (2 moffest for numerical stability)
‘w‘ 2 (3 - 15)2
« TILT (otation) 6 at = 11 mand 2 = 19m x| busle)= SELE
« Time series across 4 construction phases a B;“Tw”m = ed) ; .’{ LOIA;EUSS‘F \ 5
Inputs per observation i 4 HIDDEN LAYERS o= L(%M ‘ ' = AdLdata + ApLpde nt
t;:time, T::temperature, phase; € {1,2,3,4} (64 neurons, Tanh) e !
4 —_— v | V:# observations N, : # collocation points
M wkoown UDL (udinsble) 7] Foed & Pined } DN § Plmenmadinily
I (Backpropagation of total loss) -[ S —

Cdzy Ol A2y
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Piecewise Polynomial Trial Function PCNN

Input: sg@, s c@ N 4 (tilt at sensor s, N
phase(t), EI =8KNm281 10
Output: Neur al di spl acement field (X, t),

q_AB(t), q_BC(t)
Piecewise Trial Functions (all 8 BCs enforced exactly)
Span AB [0, 15]: O_ABE/MMBAB= x| (X

Span BC [15,30]: 4_Bx)((x2323=b 3/] (SL5BC wib t
Di spl acement : %(x,t) = G_span(x) L NN(
l nput N :26 X, sin/fcos(2 fLt_norm), sin/

f~{1,2,4,8,16}, phase_OH Ngow
NN: 4 hidden layers x 64, Tanh
Loss Function (batch size B=32, collocation points per span C=10)

L = 20LL_data + o&_pdellL_pde + &_contlLL_
L data=MSE( -O%/ OxL1000, s_measured) at x=1.
L_pde = du$ K+ span/El, 0) // C collocation pts per

span

L _continuity = MSE{ O] %l Oxp| + MSE( Ojc¥/
O %/ Og) |

Annealing: & pde = min(0.1 + t/5000, 1.0) =«
20t/5000, 20.0)

Training (Adam 5000 + L - BFGS 80)

Learnabl e parameters: d_NN (network weni
A

Weighted sampling: p(t) % 1/|phase(t)| (inverse phase frequency)

For epoch t = 1..5000:

Sample batch; compute wa/ Qwia@uograd. . ., O
L Y 20LL _data + o _pdelLlL _pde + & _contLL_
Clip gradients A£d _NNO 5.0

Update: d_NN3JIlrglélr=0.3), cosine-@&nne
L- BFGS finetuning: 80 steps, strong Wolfe search

Prediction

for any x N [0,30]:

span Y AB if xO015 else BC

% = G_span(x) L NN¥)OxL 1D 00 -0-1080 =
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g :I.m:w::" Span AB g;gts) m) Spmacqg:(:]su m) :o%%%:.m:m
1 i i % ) ) (.)_: :g:Lg w(15) =0,
Om 15m 30m mugn(:;rl:n(mmnpin)
INPUTS FEATURE ENCODING  TRIALFUNCTION (Frozen) LOSS COMPONENTS
mmn(pml e
Spatial coordinate Fourier feature for x : - Imem.lﬂm) ;
MSE over all N observations 1
atx=11mand x= 19 m (253 total)

(low freq. £ = (1,2,3})

Total Loss

NSLJNBéSydl- A2

celam ||| 0 |l

—_——
Time / Phase Fouri for
Loading Phase p € [1,....4) temporal / environmental
time ¢ fe(t), fr(T) e
(freq. f =1, 16
freq. £ =(1,2,4,8,16)) B
Thermal
Temperature T

Loy D, [0+ 0102

L= A Loata

where 8 = measured tit, B, = predicted tilt

+ A Lpge

AB(0-15m): x*(L—%)" (fined-fixed)
BC (15-30m): £ (L~ £) (15L~£) (fixed-pinned)

2) Physics (PDE) Loss

+ AsLcont
+ A4Lmoment

CA JdMBNBENI A Yy SR 9y @St 2LISb S

during main training (provides spatial template)

N 2
1 28
o= [ty + S50

(separate qo(t) for x < 15m, goc(2) for x> 15m)

3) Continuity Loss (atx = 15 m)
Logm = Ay [W04T) - w(153)]
+h [uf"nu) w"(15. 3)]

H—/

4) Moment (Support) Loss (at z = 30 m)
Looment = [W*(29.9)]*

¢ NR |
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Pretrained EnvelopeNet Trial Function PCNN

Input: sg@, s c@ N 4 (tilt at sensor s, N
phase(t), EI =8KNm281 10

Output: Newural field %(x,t), d(x,t), |l oads
Stage 1: Pretrain Envelopenet (frozen during main training)

env(x): a4 Ysa, input = [x/L, sin/cos™@g28Lx/1

Architecture: 3 hidden layers x 64, Tanh
Target shape (piecewise analytical):

AB [0, 15]: env (-x)}/S&Bx ] (15
BC [15,30]: env(-®) (223pB(AL5S_BC
Loss = MSE(env(x), target) + 500LBC
V')
Train 10,000 epochs, Adam (Ir=3e - 3), freeze all parameters
Stage 2: Main PCNN Training
Trial function: G(x,t) = env(x) - NN(x, env(x), t_features,
T_features, phase)
NN: 4 hidden layers x 64, Tanh; input N q29
Learnable: d NN, g_AB(t), g_BC(t) Noq
Loss Function (batch B=32)
L = 20LL_data + & _pdelLlL_pde + & _cont
ment)
> pde = min(0.1 + t/5000, 1.0), & _CcC
20.0)
Training (Adam 5000 + L - BFGS 80)
Weighted sampling 8 1/|phase|, gradient clip Ev O 5.0
d NN: I-Bs1¢ AB, g_BC: I r=0.3; <cosi-f¢e
Validation (against FEM baseline at held - out positions)
Forx ~ {5, 10, 20, 25}m, for all t:
d_ PCNN(x,-O¥/ ©6xL1000, v _ P CINIOGX , t
d FEM(x,t), v_FEM(x, t)
Compute per - position and full - field metrics: r, R2, RMSE,
MAE, Relative L 2 Bias vs FEM
Load validation: g_PCNN(t) vs g_FEM(t) per span: r, RMSE, Rela-
tiveL ?

Physics Verification

BC compliance: RMS of w(0), w'(0), w(15), w'(15), w(30),
w"(30)

Continuity at x=14.7/15.3; PDE residual per span: RMS and
ma x od%/ Q@x+ g/El
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ARPCNN Hybrid Pipeline

Input: sG@E -1),s ¢ (y-1) (yesterday's tilt)
T(), dT ¢ (@), dT ¢ @), phase(t) (today's environmental

data)

Pre - trained AR model, Pre - trained PCNN (EnvelopeNet)
Output: Eg @Gt ) , ¢ (t(predicted tilt at sensors)

d(x, t), v{x[080]m (ful - field reconstruction)

Prediction (AR Model)

EcGt) .ot ) Y AREW s g@-1), T, dT, phase)
Reconstruction (PCNN EnvelopeNet)

d(x,t), v(x,t)g@t)PGCHNdhase)
Validation (test period days 214 - 253)
U sensor = <fhdaagdured(t)
O field = d_PCMHNNEEM({ X, t )" {%,10,28,25m
















