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Introduction: The Big Picture 

European Seismic Hazard Model (ESHM13) 

https://maps.eu-risk.eucentre.it/map/european-exposure-level-1/ Prémio Teixeira Duarte, 2014

https://maps.eu-risk.eucentre.it/map/european-exposure-level-1/
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Introduction: Fragility curves

Fragility 
curves

Empirical 
Expert 

opinion
Analytical Experimental

Mixed 
methods

Analytical and 
Shaking table 

tests

Analytical and 
Hybrid 

simulation tests

Challenges and Opportunities of a mixed method from analytical & shake table tests:

✓ Representativeness of a test structure 

✓ Representativeness of hazard adopted for testing

✓ Optimum number of tests for a reliable update

✓ Maximal utilization of experimental test outputs

✓ Robust and reliable approaches for updating
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𝑃𝑓′𝑑𝑠 = Φ

ln ൗ
𝑎
𝐴′𝑚

𝑜𝑟 ln ൗ𝑑 𝐷′𝑚
𝛽𝑑𝑠
′

Bayesian updating of RC fragility curves: Methods

Bayesian updating: 

𝑃𝑓′′𝑑𝑠 = 𝑃 𝑃𝑓′𝑑𝑠 𝐸𝑥𝑝 =
𝑃 𝐸𝑥𝑝 𝑃𝑓′𝑑𝑠 × 𝑃𝑓′𝑑𝑠

σ𝑑𝑠𝑃 𝐸𝑥𝑝 𝑃𝑓′𝑑𝑠 × 𝑃𝑓′𝑑𝑠

➢ Likelihood= 𝑃 𝐸𝑥𝑝 𝑃𝑓𝑑𝑠 and Total probability = σ𝑑𝑠𝑃 𝐸𝑥𝑝 𝑃𝑓𝑑𝑠

𝐴′𝑚~𝐿𝑁(𝜇 = 𝐴′𝑚, 𝜎 = 𝛼1𝛽𝑑𝑠
′ )

𝛽𝑑𝑠
′ ~𝑁(𝜇 = 𝛽𝑑𝑠

′ , 𝜎 = 𝛼2𝛽𝑑𝑠
′ )

Likelihood 

(Nonlinear 

transformation)
𝑃𝑓′′𝑑𝑠 = Φ

ln ൗ
𝑎
𝐴′′𝑚

𝑜𝑟 ln ൗ𝑑 𝐷′′𝑚
𝛽𝑑𝑠
′′

Posterior:Prior:

Unscented transformation (UT)/ATC-58:

𝐴′′𝑚~𝐿𝑁(𝜇 = 𝐴′′𝑚, 𝜎 = 𝛽𝑑𝑠
′′ )
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UT method continued… 

• Approximates a PDF by few discrete 
points & assigns coordinates, 𝑠, and 
weights, 𝑤′, for each point (Porter K. et 
al, 2007, ATC-58)

• Weights are updated via the 
Bayesian framework, using a 
likelihood 𝐿𝑗

• Suppose M samples are tested:
• P samples don’t fail at maximum EDP

• K samples fail at maximum EDP

𝑤′′𝑗 =
𝑤𝑗
′×𝐿𝑗

σ𝑗=5𝑤𝑗
′× 𝐿𝑗

𝐿𝑗 = ς𝑖=1
𝑀 𝐿(𝑠𝑗 , 𝐸𝑥𝑝𝑖) = ς𝑖=1

𝑃 1 − Φ 𝑑𝑗,𝑖 ×ς𝑖=1
𝐾 (Φ(𝑑𝑗,𝑖))

𝐴′′𝑚 = 𝑒σ𝑗=1
5 𝑤′𝑗×𝑙𝑛(𝐴′𝑚)

𝛽′′𝑑𝑠 =

𝑗=1

5

𝑤′𝑗 × 𝛽′𝑑𝑠,𝑗

update
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MCMC method

Markov Chain Monte Carlo (MCMC) method: 

𝑃𝑓′′𝑑𝑠(𝜃1, 𝜃2) ∝ 𝐿(𝐷𝑎𝑡𝑎|𝜃1, 𝜃2) × 𝑃𝑓′𝑑𝑠(𝜃1, 𝜃2)

where 𝜃1= 𝐴𝑚 and 𝜃2 = 𝛽𝑑𝑠

𝑃𝑓′𝑑𝑠(𝜃1, 𝜃2) = 𝑃(𝜃1|𝜇𝜃1 , 𝜎𝜃1
2 ) × 𝑃(𝜃2|𝑐, 𝜆) ;   𝜃1~𝐿𝑁(𝜇𝜃1 , 𝜎𝜃1

2 ) and   𝜃2~𝐺𝑎𝑚𝑚𝑎(𝑐, 𝜆)

Metropolis-Hasting algorithm

Exceedance indicator, ЄDS

Inter-story drift for HAZUS 2000 

Damage states

11.5 mm 18.4 mm

Stages
𝑆𝑎(𝑇1)𝑒𝑞

[g]

ISDmax 

[mm]
Slight Moderate

I 0.2911 7.886 0 0

2 0.5822 15.475 1 0

Precautions: 

➢ Choice of Proposal PDF

➢ Ensuring proper mixing of samples 

(acceptance ratio, AR, need to be 10-50%)
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MCMC method continued…

Post-processing samples from MCMC:

➢ Bias due to Initial condition;  Burning 

➢ High correlation of samples; Thinning

➢ Fitting a PDF to treated samples can be done through kernel fitting or using known PDFs
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Maximal utilization of shaking table test output

Index for RC damage:

𝑙𝑛 𝐷𝐼 = 𝑏 𝑙𝑛(𝑆𝑎 𝑇1 ) + 𝑙𝑛(𝑎)

𝐷𝐼𝑠𝑒𝑞
𝑠𝑡𝑔𝑗 =

𝑢𝑚𝑎𝑥

𝑠𝑡𝑔𝑗

𝑢𝑢𝑙𝑡
+ 𝛽 ×

σ𝑘=1
𝑗 𝐸ℎ

𝑠𝑡𝑔𝑘

𝐹𝑦𝑑𝑢𝑙𝑡

𝐷𝐼𝑁𝑜𝑛−𝑠𝑒𝑞
𝑠𝑡𝑔𝑗

=
𝑢𝑚𝑎𝑥

𝑠𝑡𝑔𝑗

𝑢𝑢𝑙𝑡
+ 𝛽 ×

𝐸ℎ
𝑠𝑡𝑔𝑘

𝐹𝑦𝑑𝑢𝑙𝑡

𝑆𝑎(𝑇1)𝑒𝑞 =
𝐷𝐼𝑠𝑒𝑞

𝑠𝑡𝑔𝑗

𝐷𝐼𝑁𝑜𝑛−𝑠𝑒𝑞
𝑠𝑡𝑔𝑗

ൗ1 𝑏

× 𝑆𝑎(𝑇1) ∶ 𝑆𝑎(𝑇1)𝑒𝑞 ≥ 𝑆𝑎(𝑇1)
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Maximal utilization continued…

Parametric Numerical study on 𝑺𝒂(𝑻𝟏)𝒆𝒒 :

Considers:

➢ Structure type

➢ Frequency of a structure 

➢ Column cross-section

Scaling: 0.5𝑎𝑦, 𝑎𝑦, 2𝑎𝑦, 3𝑎𝑦 and 4𝑎𝑦

Cantilever: Nonsequential

Cantilever: Sequential

EN 1998–5:2019 

Mw=6-6.5 
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Maximal utilization continued…
Parametric Numerical study on 𝑺𝒂(𝑻𝟏)𝒆𝒒 :

Step-1: Evaluate  
𝐷𝐼𝑠𝑒𝑞

𝑠𝑡𝑔𝑗

𝐷𝐼𝑁𝑜𝑛−𝑠𝑒𝑞, 𝑆𝑎(𝑇1)
𝑠𝑡𝑔𝑗

Step-2 : Fit for Power coefficient, b, from 𝑙𝑛 𝐷𝐼𝑁𝑜𝑛−𝑠𝑒𝑞
𝑠𝑡𝑔𝑗

= 𝑏 𝑙𝑛(𝑆𝑎 𝑇1 ) + 𝑙𝑛(𝑎)

Step-3:  Redo Non-sequential analysis with 𝑆𝑎(𝑇1)𝑒𝑞

Step-4:  Compute
𝐷𝐼𝑠𝑒𝑞

𝑠𝑡𝑔𝑗

𝐷𝐼𝑁𝑜𝑛−𝑠𝑒𝑞, 𝑆𝑎(𝑇1)𝑒𝑞

𝑠𝑡𝑔𝑗
(validation)

Cantilever column results:

Step-1 Step-2 Step-3/4
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Optimal shaking table data for Bayesian updating

Parametric study:

➢ Conducted by interpolating and extrapolating of a case study output, presented subsequently

➢ Employs ATC-58 procedure since a large number of analyses needs to performed

Effect of exceeding a particular DS in Bayesian updating

Optimal number/stages of shaking table tests for Bayesian updating
   

(a) (b) (c) 

 

   

(a) (b) (c) 
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Case study

Case study: 2D RC frame (Prémio Teixeira Duarte, 2014) 

TIM
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Case study: Numerical derivation of fragility curves 

Seismostruct model:
IDA results: 1st floor ISDmax

IDA results: Strain monitoring at columns

EN 1998–5:2019 

Mw=6-6.5 
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Application to case study

HAZUS Damage State (HAZUS, 2000):

Acceptance ratio (AR) = 30-35%

   Inter-story drift for HAZUS 2000 Damage states 

   11.5 mm 18.4 mm 46 mm 118 mm 

Stages 𝑆𝑎(𝑇1) [g] 𝑆𝑎(𝑇1)𝑒𝑞  [g] ISDmax [mm] Slight Moderate Extensive Complete* 

I 0.2911 0.2911 7.886 0 0 0 0 

2 0.5822 0.5822 15.475 1 0 0 0 

3 0.9316 0.9316 27.321 1 1 0 0 

4 1.5138 1.5138 42.453 1 1 0 0 

5 2.0960 2.0960 48.323 1 1 1 0 

 

Slight DS

Complete DS

Pre & Post processing: Moderate DS

Summary:  In all cases, the ATC-58 approach results in a lower fragility compared to the MCMC method

Moderate DS

Extensive DS
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Application to case study continued… 

Strain-based (or physical) Damage States: 

Crushing of Concrete

Note: MCMC is more robust to diffuse priors, important when an unreliable prior is present

  Visual inspection 

Test stages ISDmax [mm] Cracking Spalling Yielding Crushing 

1 7.886 0 0 0 0 

2 15.475 1 0 0 0 

3 27.321 1 0 0 0 

4 42.453 1 1 0 0 

5 48.323 1 1 1 1 

 

Spalling of Concrete
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Application to case study continued… 

Homogenized reinforced concrete (HRC)  Damage States (Elnashai and Rossetto, 2003) : 

    Exceedance, ε, for HRC Damage states (DS) 

  7.36 

mm 

9.89 

mm  

23.46 

mm 

55.43 

mm 

98.21 

mm 

130.64 

mm 

Stages 𝑆𝑎(𝑇1) 

[g] 

𝑆𝑎(𝑇1)𝑒𝑞  

[g] 

ISDmax 

[mm] 

Slight Light Moderate 

 

Extensive Partial 

collapse 

Collapse 

1 0.2911 0.2911 7.886 1 0 0 0 0 0 

2 0.5822 0.5822 15.475 1 1 0 0 0 0 

3 0.9316 0.9316 27.321 1 1 1 0 0 0 

4 1.5138 1.5138 42.453 1 1 1 0 0 0 

5 2.0960 2.0960 48.323 1 1 1 0 0 0 

 

ATC-58 MCMC 
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Conclusion

➢ This work shows that the output of shaking table tests can be used for 
improving the fidelity of seismic risk assessment if used carefully

➢ The scheme proposed for obtaining the modified intensity measure for 
sequential shake table tests resulted in negligible modification factors for 
damage indices below 0.75. Besides, larger dispersion of this modification 
factor was observed in more complex structures

➢ Bayesian updating of fragilities is more reliable when the damage states are 
exceeded during the experimental tests

➢ MCMC based Bayesian updating was found more reliable and robust 
compared to the ATC-58 procedure. However, it is noteworthy that it needs 
proper mixing of samples

➢ MCMC based Bayesian updating may result in erroneous values if prior 
PDFs are poorly chosen and a small number of experimental tests is used
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