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Seismic system reliability analysis

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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Seismic system reliability analysis

Uncertainties in seismic system reliability analysis
% Uncertainties of intensity measures (IMs)
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Theoretical Framework

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”.

= EDF|IM; = S;(IM)¥; (IM;)

= InEDP; |InIM; = s5;(InIM;) 4+ | ¢¥;(InIM;)

Mean Variability

= D; = s5;(IM;) + v;(IM;) EDP residual
< By using the power-law, D; = a - IM?, the relationship can be defined as s;(IM;) = Ina; + b;IM;.
= D\l = In a; + bimi + l/)l(ﬁ\\/[l)

Seismic fragility
< Fragility is defined as the conditional probability that the selected EDP (D;) exceeds a specified
limit state (d;) given a value of IM.

% Assuming that D; follows a Lognormal distribution, the safety factor F; follows a Gaussian distribution.
= Safety factor F; = d; — D;
= In di —In a; — biﬁ\\/li - lpl(ﬁ\\/ll) <0 (Failure)




Theoretical framework

Correlation between EDPs
% Safety factor correlation
= Fi = |n di — In a; — bimi — l/)l(ﬁ\\/[l)

Pmim,: IM correlation C > Pt/m/}j: EDP residual correlation
= F} = |n d] — In aj — blﬁ\\/[] — l/)l(ﬁ\\/[])
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Theoretical framework

Failure probability of structure i
< The fragility, the conditional failure probability given IM value, IM; = x, is derived as

. P(Fl < 0|IM\1 = X) =P (I;bl(x) > Czi - Si(X))

| FiNN(”Fi’o-lz”i)

s Probability
= 1—CD<M) of failure
Opi(x)
% The failure probability for a given earthquake scenario can be represented as 0

“pr, =P(F;<0)= fjoooP(Fi < 0|1T/1i = x)fmi(x)dx

% The joint failure probability of structure i and j
= pfij = P(Fl <0nN P} < 0) = f_oooo f_ooooP (Fl <0nN P} < Olml = Xl',S:;j = xj)fmimj(xi,xj)dxidxj

Fj

PF;
= pfl ) pf] + fo (pZ(_,Bi; _ﬁ]; ,O)d,D

By using single-fold integration, Pr,; can be calculated by py,, Py and PF;F;-




Theoretical framework

Equation for incorporating both IM and EDP residual correlation
* Derived the correlation coefficient between safety factors

* PrF; = P1M;IM ; P
v blzam[ +0'¢ ’ +0'¢ J bzzo'ﬁ\?[ +a¢ ’ Vi 1/)1

= ASpmimj + Alﬁplpllllj
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Theoretical framework

Equation for incorporating both IM and EDP residual correlation

“Whenb; =b; =b, oy, = Om; = O and oy, = oy, = oy

bibjO'I’MiO'I’Mj
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Method for estimating the EDP residual

Incremental Dynamic Analysis (IDA)-based method

Step 1

Perform the IDAs on each
structure to determine the
relationship between EDP

IDA

and IM. 777 777 777 777 777
Structurei Ground motion set Structurej
Sa A Sa A
Step 2 _
Plot the IDA curves and Sa|-----—2 - - —-- GITTTTTT T2 T

estimate the variance of

7 Eiin:EDPJ- NN(sj,aﬁ,j_)

the natural logarithm of EDP e EDP;~N(s;03)
given IM for each structure. I ' I
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Application to seismic system reliability analysis

Probabilistic regional loss estimation considering EDP correlation
** Loss of the building

PF;F;
. _m DSy DSy irj
o = k=1l Py Pf,; = Pr. Py +f @2 (=Bi,—Bj,p)dp
0
. A2 21 _ ,,2 —_ ym DSkZDSk_Z
oL = E[Li] Hi; = Zk:l(li ) Pr, KL, Joint failure probability of
D structure i and j
. _ E[LiLj]_#LiﬂLj _ Yhe1 X124 l?Skl?Sl P(Li=l?skﬂllj=l]l-)sl) ~HL ML
pLiLj a O'Ll.O'Lj a O'Ll.O'Lj

== Highly correlated

Effect of safety factor correlation == Slightly correlated L
on total loss of a region

Total loss exceedance

|
|
 Total loss of N buildings in a region :
: probabilities

UL = 2?’:1 ML,

2 _ VN 2. 2 N-1vyN o
T 0L = Li=1 @ ULi+22i=1 j=i+1 & " @t 0L, 0L P11,

= Total loss exceedance probability

P(L>lo)=1—q>(%)
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Numerical example

Regional seismic loss assessment
 Building types: (2, 4, 8, 12, 20) story buildings x 3 SCWB ratio = 15 types
“* Number of buildings: 40 x 25 = 1,000 WL
“ Area: 4.0 km x 2.5 km i il S
< Randomly generated following uniform distribution g R
% Region: Virtual city in California

Given an earthquake scenario
“* GMPE: Boore & Atkinson (2008)
“* Spatial correlation models: Goda & Hong (2008), Baker & Cornell (2006)

* Earthquake scenario
“"M=5~8 — M=17.0
“ Rj, <200km — Rj, ~ 66.2km
= V30 = 180~1300m/s — Vg39 =760 m/s

1,000 hypothetical buildings
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Regional seismic loss assessment

Total loss exceedance probabilities

N . . o .
% Linear-Linear scale +* Linear-Log scale
1 10°
m—— Statistically Independent e Statistically Independent
= EDP Residual Correlated === EDP Residual Correlated
0.8 = [M Correlated 1 0-1 L = [M Correlated
s Both Correlated === Both Correlated
=
N 2
107 ¢
=
Q.
10-3 L
- 107 ‘
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2

lo (Normalized by maximum possible loss) ly (Normalized by maximum possible loss)

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

P (5% total loss) 0.0690 0.0600 0.0406

P(10% total loss) 0.0194 0.0124 0.0042 0
P(15% total loss) 0.0080 0.0040 0.0008 0
P(20% total loss) 0.0040 0.0017 0.0002 0
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Numerical example

Regional seismic loss assessment
 Building types: 44 archetype buildings
“* Number of buildings: 500
“ Area: 2.5 km X 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=175
* Rj, = 354 km
" Vs30 = 760 m/s

500 hypothetical buildings

(km)

Building types

Number of archetype buildings

City A City B City C City D
S1L 46 - - 56
SIM 92 - 111
S1H 294 - 250 -
CilL - 46 - 55
CiM - 91 - 111
C1H - 295 250 -
URML - 23 - 28
URMM - 45 - 56
W1 22 - 27
W2 46 - 56
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Regional seismic loss assessment

Total loss exceedance probabilities

% (i 10° % (i 10°
.0 .0
¢ C Ity A = Statistically Independent ¢ C Ity B = Statistically Independent
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Concluding remarks

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.

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.
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