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Seismic reliability analysis in complex systems

❖ Complex systems such as nuclear power plants (NPPs), lifeline networks, and building inventories are 

subject to various types of uncertainties.

❖ Due to these uncertainties, components in the complex system such as equipment of NPPs, network 

components, buildings in a region are dependent on each other, thus the seismic reliability analysis

needs to be performed at system-level.
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Uncertainties in seismic system reliability analysis

❖ Uncertainties of intensity measures (IMs)

❖ Uncertainties of residuals of engineering demand parameters

(EDP residuals)

Seismic system reliability analysis
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Spatially distributed buildings
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Proposed framework

❖ The mean EDP of a structure is predicted by a regression function of the selected intensity measure (IM),

while its uncertainty can expressed by the residual term, “EDP residual”.

▪ EDP𝑖|IM𝑖 = 𝑆𝑖 IM𝑖 Ψ𝑖 IM𝑖

▪ ln EDP𝑖 | ln IM𝑖 = 𝑠𝑖 ln IM𝑖 + 𝜓𝑖 ln IM𝑖

▪ 𝐷𝑖 = 𝑠𝑖 IM𝑖 + 𝜓𝑖
IM𝑖

❖ By using the power-law, 𝐷𝑖 = 𝑎 ∙ IM𝑏, the relationship can be defined as 𝑠𝑖 IM𝑖 = ln𝑎𝑖 + 𝑏𝑖IM𝑖.

▪ 𝐷𝑖 = ln 𝑎𝑖 + 𝑏𝑖IM𝑖 + 𝜓𝑖
IM𝑖

Theoretical Framework
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Seismic fragility

❖ Fragility is defined as the conditional probability that the selected EDP (𝐷𝑖) exceeds a specified

limit state ( 𝑑𝑖) given a value of IM.

❖ Assuming that 𝐷𝑖 follows a Lognormal distribution, the safety factor 𝐹𝑖 follows a Gaussian distribution.

▪ Safety factor 𝐹𝑖 = 𝑑𝑖 −𝐷𝑖

= ln𝑑𝑖 − ln 𝑎𝑖 − 𝑏𝑖IM𝑖 − 𝜓𝑖
IM𝑖 < 0 (Failure)

Mean Variability

EDP residual



Correlation between EDPs

❖ Safety factor correlation

▪ 𝐹𝑖 = ln𝑑𝑖 − ln 𝑎𝑖 − 𝑏𝑖IM𝑖 − 𝜓𝑖
IM𝑖

▪ 𝐹𝑗 = ln 𝑑𝑗 − ln 𝑎𝑗 − 𝑏𝑖IM𝑗 − 𝜓𝑖
IM𝑗

Theoretical framework
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: EDP residual correlation𝝆𝝍𝒊𝝍𝒋: IM correlation𝝆𝐈𝐌𝒊𝐈𝐌𝒋
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𝝆𝝍𝒊𝝍𝒋

Ground motions

Earthquake

Earthquake Scenario

- 𝑀: Magnitude

- 𝑅: Source to site distance

- 𝜆: 𝑉𝑆30, fault types

Structure 𝒋

Structure 𝒊

𝝆𝐈𝐌𝒊𝐈𝐌𝒋
IM𝑖~N 𝑓 𝑀,𝑅𝑖 , 𝜆𝑖 , 𝜎IM𝑖
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IM𝑗~N 𝑓 𝑀,𝑅𝑗, 𝜆𝑗 , 𝜎IM𝑗

2



Failure probability of structure 𝒊

❖ The fragility, the conditional failure probability given IM value, IM𝑖 = 𝑥, is derived as

▪ 𝑃 𝐹𝑖 ≤ 0 IM𝑖 = 𝑥 = 𝑃 𝜓𝑖 𝑥 ≥ መ𝑑𝑖 − 𝑠𝑖 𝑥

= 1 − Φ
𝑑𝑖−𝑠𝑖 𝑥

𝝈𝝍𝒊 𝒙

❖ The failure probability for a given earthquake scenario can be represented as

▪ 𝑝𝑓𝑖 = 𝑃 𝐹𝑖 ≤ 0 = ∞−
∞
𝑃 𝐹𝑖 ≤ 0 IM𝑖 = 𝑥 𝒇𝐈𝐌𝒊

𝑥 𝑑𝑥

❖ The joint failure probability of structure 𝑖 and 𝑗

▪ 𝑝𝑓𝑖𝑗 = 𝑃 𝐹𝑖 ≤ 0 ∩ 𝐹𝑗 ≤ 0 = ∞−
∞
∞−
∞
𝑃 ห𝐹𝑖 ≤ 0 ∩ 𝐹𝑗 ≤ 0 IM𝑖 = 𝑥𝑖 , 𝑆𝑎𝑗 = 𝑥𝑗 𝑓IM𝑖

IM𝑗
𝑥𝑖 , 𝑥𝑗 𝑑𝑥𝑖𝑑𝑥𝑗

= 𝒑𝒇𝒊 ⋅ 𝒑𝒇𝒋 + 
0

𝝆𝑭𝒊𝑭𝒋
𝜑2 −𝛽𝑖 , −𝛽𝑗 , 𝜌 𝑑𝜌

By using single-fold integration, 𝑝𝑓𝑖𝑗 can be calculated by 𝒑𝒇𝒊, 𝒑𝒇𝒋, and 𝝆𝑭𝒊𝑭𝒋.

Theoretical framework
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𝟎

𝑭𝒊~𝑵 𝝁𝑭𝒊 , 𝝈𝑭𝒊
𝟐

Probability

of failure
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Equation for incorporating both IM and EDP residual correlation

❖ Derived the correlation coefficient between safety factors 𝜎IM𝑗

▪ 𝜌𝐹𝑖𝐹𝑗 =
𝑏𝑖𝑏𝑗𝜎IM𝑖

𝜎IM𝑗

𝑏𝑖
2𝜎IM𝑖

2 +𝝈𝝍𝒊
𝟐 ∙ 𝑏𝑖

2𝜎IM𝑗

2 +𝝈𝝍𝒋
𝟐
𝜌IM𝑖IM𝑗

+
𝝈𝝍𝒊𝝈𝝍𝒋

𝑏𝑖
2𝜎IM𝑖

2 +𝝈𝝍𝒊
𝟐 ∙ 𝑏𝑖

2𝜎IM𝑗

2 +𝝈𝝍𝒋
𝟐
𝝆𝝍𝒊𝝍𝒋

= 𝐴𝑆𝜌IM𝑖IM𝑗
+ 𝐴𝜓𝜌𝜓𝑖𝜓𝑗

Theoretical framework
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Equation for incorporating both IM and EDP residual correlation

❖ When 𝑏𝑖 = 𝑏𝑗 = 𝑏, 𝜎IM𝑖
= 𝜎IM𝑗

= 𝜎IM, and 𝜎𝜓𝑖
= 𝜎𝜓𝑗

= 𝜎𝜓

▪ 𝜌𝐹𝑖𝐹𝑗 =
𝑏𝑖𝑏𝑗𝜎IM𝑖

𝜎IM𝑗

𝑏𝑖
2𝜎IM𝑖

2 +𝝈𝝍𝒊
𝟐 ∙ 𝑏𝑖

2𝜎IM𝑗

2 +𝝈𝝍𝒋
𝟐
𝜌IM𝑖IM𝑗

+
𝝈𝝍𝒊𝝈𝝍𝒋

𝑏𝑖
2𝜎IM𝑖

2 +𝝈𝝍𝒊
𝟐 ∙ 𝑏𝑖

2𝜎IM𝑗

2 +𝝈𝝍𝒋
𝟐
𝝆𝝍𝒊𝝍𝒋

= 𝐴𝑆𝜌IM𝑖IM𝑗
+ 𝐴𝜓𝜌𝜓𝑖𝜓𝑗

=
𝑟2

𝑟2+1
𝜌IM𝑖IM𝑗

+
1

𝑟2+1
𝜌𝜓𝑖𝜓𝑗

where 𝑟 =
𝑏∙𝜎IM

𝜎𝜓

Theoretical framework
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▪ 𝜌IM𝑖IM𝑗
= 𝜌𝜓𝑖𝜓𝑗

= 0.5 ▪ 𝜌IM𝑖IM𝑗
= 0.6, 𝜌𝜓𝑖𝜓𝑗

= 0.4 ▪ 𝜌IM𝑖IM𝑗
= 0.4, 𝜌𝜓𝑖𝜓𝑗

= 0.6

𝐴𝑆𝜌IM𝑖IM𝑗
+ 𝐴𝜓𝜌𝜓𝑖𝜓𝑗

𝐴𝜓𝜌𝜓𝑖𝜓𝑗

𝐴𝑆𝜌IM𝑖IM𝑗

𝐴𝑆𝜌IM𝑖IM𝑗
+ 𝐴𝜓𝜌𝜓𝑖𝜓𝑗

𝐴𝜓𝜌𝜓𝑖𝜓𝑗

𝐴𝑆𝜌IM𝑖IM𝑗

𝐴𝑆𝜌IM𝑖IM𝑗
+ 𝐴𝜓𝜌𝜓𝑖𝜓𝑗

𝐴𝜓𝜌𝜓𝑖𝜓𝑗

𝐴𝑆𝜌IM𝑖IM𝑗



Incremental Dynamic Analysis (IDA)-based method

Method for estimating the EDP residual

Kang et al. (2021). Evaluation of Correlation between Engineering Demand Parameters of Structures for Seismic System Reliability Analysis. Structural Safety, 93, 102133.
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Probabilistic regional loss estimation considering EDP correlation

❖ Loss of the building

▪ 𝜇𝐿𝑖 = σ𝑘=1
𝑚 𝑙𝑖

𝐷𝑆𝑘𝑝𝑓𝑖
𝐷𝑆𝑘

▪ 𝜎𝐿𝑖
2 = 𝐸 𝐿𝑖

2 − 𝜇𝐿𝑖
2 = σ𝑘=1

𝑚 𝑙𝑖
𝐷𝑆𝑘

2
𝑝𝑓𝑖
𝐷𝑆𝑘 − 𝜇𝐿𝑖

2

▪ 𝜌𝐿𝑖𝐿𝑗 =
𝐸 𝐿𝑖𝐿𝑗 −𝜇𝐿𝑖𝜇𝐿𝑗

𝜎𝐿𝑖𝜎𝐿𝑗
=

σ𝑘=1
𝑚 σ𝑙=1

𝑚 𝑙
𝑖

𝐷𝑆𝑘𝑙
𝑗

𝐷𝑆𝑙 𝑷 𝑳𝒊=𝒍𝒊
𝑫𝑺𝒌∩𝑳𝒋=𝒍𝒋

𝑫𝑺𝒍 −𝜇𝐿𝑖𝜇𝐿𝑗

𝜎𝐿𝑖𝜎𝐿𝑗

Application to seismic system reliability analysis
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❖ Total loss of 𝑁 buildings in a region

▪ 𝜇𝐿 = σ𝑖=1
𝑁 𝜇𝐿𝑖

▪ 𝜎𝐿
2 = σ𝑖=1

𝑁 𝛼𝑖
2 ∙ 𝜎𝐿𝑖

2 + 2σ𝑖=1
𝑁−1σ𝑗=𝑖+1

𝑁 𝛼𝑖 ∙ 𝛼𝑗 ∙ 𝜎𝐿𝑖𝜎𝐿𝑗𝝆𝑳𝒊𝑳𝒋

▪ Total loss exceedance probability

𝑃 𝐿 > 𝑙0 = 1 − Φ
ln 𝑙0−𝜆𝐿

𝜁𝐿

𝑝𝑓𝑖𝑗 = 𝒑𝒇𝒊 ⋅ 𝒑𝒇𝒋 +න
0

𝝆𝑭𝒊𝑭𝒋
𝜑2 −𝛽𝑖 , −𝛽𝑗 , 𝜌 𝑑𝜌

Joint failure probability of 

structure 𝒊 and 𝒋

Effect of safety factor correlation 

on total loss of a region

𝝁𝑳

Total loss exceedance

probabilities

𝒍𝟎

Highly correlated

Slightly correlated



Regional seismic loss assessment

❖ Building types: (2, 4, 8, 12, 20) story buildings × 3 SCWB ratio = 15 types

❖ Number of buildings: 40 × 25 = 1,000

❖ Area: 4.0 km × 2.5 km

❖ Randomly generated following uniform distribution

❖ Region: Virtual city in California

Numerical example
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Given an earthquake scenario

❖ GMPE: Boore & Atkinson (2008)

❖ Spatial correlation models: Goda & Hong (2008), Baker & Cornell (2006)

❖ Earthquake scenario

▪ 𝑀 = 5~8 →   𝑴 = 𝟕. 𝟎

▪ 𝑅𝑗𝑏 < 200 km →   𝑹𝒋𝒃 ≈ 𝟔𝟔. 𝟐 𝐤𝐦

▪ 𝑉𝑆30 = 180~1300 m/s →   𝑽𝑺𝟑𝟎 = 𝟕𝟔𝟎 𝐦/𝐬

1,000 hypothetical buildings



Total loss exceedance probabilities

❖ Linear-Linear scale

Regional seismic loss assessment
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❖ Linear-Log scale

Probability of total loss Both correlated IM correlated EDP residual correlated Uncorrelated

0.0690 0.0600 0.0406 0

0.0194 0.0124 0.0042 0

0.0080 0.0040 0.0008 0

0.0040 0.0017 0.0002 0



Numerical example
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Building types
Number of archetype buildings

City A City B City C City D

S1L 46 - - 56

S1M 92 - - 111

S1H 294 - 250 -

C1L - 46 - 55

C1M - 91 - 111

C1H - 295 250 -

URML - 23 - 28

URMM - 45 - 56

W1 22 - - 27

W2 46 - - 56

500 hypothetical buildings

Regional seismic loss assessment

❖ Building types: 44 archetype buildings

❖ Number of buildings: 500

❖ Area: 2.5 km × 2.5 km

❖ Randomly generated following uniform distribution

❖ Region: Four virtual cities in California

❖ Four virtual cities

▪ City A: Steel and wood buildings

▪ City B: Concrete and masonry buildings

▪ City C: High-rise buildings (≥ 8 stories)

▪ City D: Low-rise buildings (< 8 stories)

❖ Given an earthquake scenario

▪ 𝑀 = 7.5

▪ 𝑅𝑗𝑏 ≈ 35.4 km

▪ 𝑉𝑆30 = 760 m/s



Total loss exceedance probabilities

❖ City A

(Steel & Wood)

Regional seismic loss assessment
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❖ City B

(Concrete & Masonry)

❖ City C

(High-rise)

❖ City D

(Low-rise)
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Summary

▪ New seismic reliability analysis framework is developed for considering both the IM correlation and

EDP residual correlation in a complex system.

▪ This research was proposed to estimate the variance and correlation of EDP residual correlation

by using the analysis results.

▪ To verify the developed method, probabilistic seismic loss was estimated for a virtual region.

It was shown that negligence of the EDP residual correlation underestimated the probability of total loss.

Concluding remarks
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Further research topics

▪ Apply the proposed framework to other system reliability analysis with various disasters and risks.

▪ Extend the developed methods for estimating EDP residuals to other types of IMs and EDPs depending 

on the structural failure of interest.




