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1. Background

> Time Varying Service Condition of Costal Bridges

Thermal oxidative aging and
replacement of rubber bearings

Corrosion-induced deterioration in RC columns
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1. Background

> Limitations of Current Time Varying Fragility Analysis

Probabilistic demand and capacity modeling Time varying seismic fragility surface

|

In(EDP)- In(LS) L

_|P =D — ] Tlme-lnvarlanli
& B+ B2 J !
|

:.g In(EDP) =a + bIn(IM )Engineering Demand Pararleinear
o) |
© b I
= [In(EDP) - [a +bIn(IM)]]’ i
= B = Z:; Homoscedastic!
o N-2 i
BNl )

T |

w |

> E |
© = 1
2 = l
) 5 )
- ) I
= § e )
o E LT Nonlinear !
% Timtyvarying :

B In(Intensity Measure or Service Time) i

Challenge: massive
nonlinear analyses

Solution: machine learning-
based surrogate model



2. Time Varying Seismic Fragility and Risk Analysis Method

» Time Varying Seismic Fragility and Risk Analysis Framework

Probabilistic numerical analysis

Uncertainty modelling
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2. Time Varying Seismic Fragility and Risk Analysis Method

» Surrogate Modeling Approach: Gaussian Process Regression (GPR)

Gaussian process regression (GPR)
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2. Time Varying Seismic Fragility and Risk Analysis Method

» GPR-Driven Seismic Demand and Capacity Modeling

GPR-driven time varying seismic demand

and capacity model L )
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2. Time Varying Seismic Fragility and Risk Analysis Method

» Time Varying Seismic Fragility and Risk Modeling

GPR-driven time varying seismic demand N GPR-based time varying seismic
and capacity model fragility model
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3. Uncertainty-Included Time Varying Bridge Modeling

» Uncertainties Included Rubber Bearing Supported Bridge Analysis Modeling
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3. Uncertainty-Included Time Varying Bridge Modeling

» Uncertainties Included Rubber Bearing Supported Bridge Analysis Modeling

Uncertainty modelling

____________________________________________

F
|
|
- i
| | I
| i 1 : —~ o :
: D dsl0 dst0 : i | % ;1 2 of @§ Y e i
! I &2 °f §%e o o | PEER strong
1 | 1 : 15 LO 9 , @9 : .
i Lo 6 62 64 66 68 7 172 74 716 7.8: motion database
| I 11 80— S S T g A |
l |1 g 00 83 c Spectrum
I Iy 1 5001 @ o 3% ° : matchin
I Fopd % 400t ' 9
I s I 8 g 8 o I
1 Gapad Gapsd fc0 1 300 S Q Ch ' ' : I
! 1o @ 0 6264 6668 7 7274 76 78, 50 far-field ground
l 1 Magnitude @] " motion records
| | 1 1 I
| Ly 10 ' ~— Individual 7 |
I I : - m=m \can I Amplltude
: : 11 8 . = *Mean £ SD] | Scali
| R N =
max u S I : E - s :
i - - = i1 B | 3,000 ground
i 1 1B | motions
I I : -3 i
| | | & i
| 1 : | 107 : : l i
: : I 107 10" 10° 10"
: : : l\ (b) Period (s) ,:
L



3. Uncertainty-Included Time Varying Bridge Modelling

» Uncertainties Included Rubber Bearing Supported Bridge Analysis Modeling
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3. Uncertainty-Included Time Varying Bridge Modeling

» Uncertainties included rubber bearing supported bridge analysis modeling
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4. Results and Conclusions
> Seismic Fragility Analysis

GPR-driven probabilistic capacity model of RC columns

Limit state definition 3,000 samples used

Time varying ' Mean capacity: nonlinear time-dependent decrease
' Uncertainty band: time-dependent reduction
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4. Results and Conclusions

> Seismic Fragility Analysis

GPR-driven probabilistic capacity model of rubber bearings

Fluctuations induced by aging

and periodic replacements
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4. Results and Conclusions

> Seismic Fragility Analysis

GPR-driven probabilistic seismic demand model

RC columns

Rubber bearings

Longitudinal bridge direction

Transverse bridge direction

----------- T e o oo m o ——m——— === —=—==13,000 samples used

In(EDP) (In(mm))

In(PGA) (In(g))

r
i 10 .

: — MHc

:Q gL = = HcE2Bc

: E/ 61 Test set

1 =

18 41

: % 4 R

- ' | - Longitudinal
l@25 2 15 -1 05 0 In(l)
: In(PGA) (In(g))

r=10 .

I — HUc

=8~ - ucE2pc

: g © Training set

: E 6r Test set

: g 4 “-c.n'nnnfft?l:h

1Y L

R

! ' | - Longitudinal

| 2.5 -2 -1.5 -1 -0.5 0 In(1.5)
o

=

In(EDP) (In(mm))

o

S

Approximately linear and
homoscedastic

Transverse direction: nonlinear

and heteroscedastic due to
shear key restraint

10 - ;
— Uc

8 [ = luC:I:2ﬂc :
o Training set R I
V58 1
6L © Testset poA ok I
I
4: -
. |
O"'" . . . ~ Transverse :
-2.5 -2 -1.5 -1 -0.5 0 In(1.5n
In(PGA) (In(g)) :
10 - b
— Uc I
gL = - ucE2he I
© Training set - :
6F © Testset e B
|
|
4t 1
I
2 I
0 . . . . Transverse :
25 20 <15 -1 <05 0 In(L5)

In(PGA) (In(g))



4. Results and Conclusions
> Seismic Fragility Analysis

Time varying seismic fragility surface
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4. Results and Conclusions

> Seismic Fragility Analysis

Efficiency analysis

*Analysis conducted: 3,000 NLTHA + 3,000 pushover + 20 GPR —time-dependent seismic fragility surface.

*Traditional approach: 50 ground motions x 6 scaling factors x 100 years — 30,000 NLTHA + 30,000
pushover + 200 regression analyses.
*Efficiency gain: GPR requires only ~10% of the computations of traditional time-discrete methods,

significantly reducing computational cost.
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4. Results and Conclusions

> Life-Cycle Based Seismic Risk Analysis

Seismic hazard analysis Life-cycle based total seismic risk curve
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[1] Cornell CA, Jalayer F, Hamburger RO, Foutch DA. Probabilistic basis for 2000 SAC federal emergency management agency steel moment frame guidelines. Journal of structural engineering. 2002;128:526-33.



4. Results and Conclusions

> Life-Cycle Based Seismic Risk Analysis

Life-cycle based total seismic risk: time-varying vs constant
Significantly underestimated
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Ilgnoring deterioration leads to significant underestimation of total seismic risk, particularly for RC

columns and system.



4. Results and Conclusions

> Conclusions

GPR enables efficient time-dependent seismic fragility analysis, capturing nonlinear and
heteroscedastic behavior of probabilistic demand and capacity models, and is estimated to reduce
computational cost by ~90% compared to traditional methods.

Component-level fragility evolves differently: RC columns steadily deteriorate due to corrosion;
rubber bearings fluctuate due to aging and replacement; system-level control may shift between
components, highlighting the need to consider multi-component deterioration.

Total seismic risk decreases with remaining service life, but neglecting deterioration—especially RC
column corrosion—can significantly underestimate risk (up to >60%), emphasizing the importance of
including deterioration, replacement, and time-dependent hazard in life-cycle analysis.
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