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Seismic Fragility Evaluation of Nuclear Power Plants
| Based on Bayesian Inference

Akira Yamaguchi*
Abstract .

Seismic fragilities of equipment and systems.are evaluated in a seismic
probabilistic safety analysis (PSA). The seismic fragility is defined as the
failure probability and its uncertainty at various ground acceleration levels.
One evaluates the seismic fragility efficiently by making most use of available
information in the seismic PSA. This study is related to a Bayesian inference
method to reflect the information to the seismic fragility evaluation.

Information that can be used in the Bayesian inference is (1) seismic
experience data, (2) expert judgment on the seismic fragility, (3) seismic test
data. The generic fragility database was used as the prior fragility that was to
be updated. The acceleration level of the seismic experience and test data is
much lower than the median value of the seismic capacity level of equipment.
However, it is useful to cut down the lower tail of the fragility curves thus the
modeling uncertainty. As the results, it is has been found that the annual
frequency of failure that is calculated by the convolution of the fragility with
seismic hazard curves is reduced considerably. Furthermore, the author has
proposed the concept of entropy to quantify the value of the information used
in the Bayesian inference. The combined use of the Bayesian inference and
the entropy is a useful method to propose a cost-effective seismic test for the
fragility evaluation.

Findings obtained from the seismic PSA are taken into consideration in
achieving more reasonable safety design. It should be noted that the findings
are strongly affected by the uncertainty. Hence the reduction is necessary of
the uncertainty of the contributive equipment from the viewpoint of seismic
safety. Specific analysis and test of the contributive equipment is an effective
way of reducing the uncertainty.

Reactor Engineering Section, O-arai Engineering Center
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2 BRCRELLABEBEIOIL bOE—

(%)

Event | PGA(g) N ki H V (%)
1 020 | 2 0 | 43E5 | (<01) | 6.2E-6 | (<0.1)
2 0.20 5 0 9.4E-5 | (<0.1) | 1.6E-56 | (<0.1)
3 0.25 2 0 27E-4 { (0.3) | 54E-5 | (<0.1)
4 0.25 7 0 74E-4 | (07) | 1.9E-4 | (0.3)
5 0.30 1 0 S5.6E-4 | (08) | 1.2E-4 | (0.2)
6 0.30 2 0 9.6E-4 | (1.0) | 2.4E-4 | (0.3)
7 0.30 15 -0 40E-3 | (4.0) | 1.8E-3 | (2.5)
8 0.32 1 0 8.4E-4 | (0.8) 1.9E-4 { (0.3)
9 0.37 2 0 3.2E-3 ; (3.3) | 1.1E-3 | (1.5)

10 0.40 1 0 29E-3 | (29) |87E4 | (1.2
11 0.42 1 0 3.7E-3 { (3.7) | 11E-3 | (1.8)
12 0.42 3 0 8.2E-3 | (8.2) | 385E-3 | (4.9)
13 0.45 1 0 11E-2 | (11.3) [ 5.3E-3 | (7.3)
14 0.60 7 0 6.3E-2 | (63.1) | 5.8E-2 | (79.9)
R3 BAEACREU-HBEREHAVAEE ZOBERENS X -4
Posterior
Prior 2-point Method LS Method
All data | 3 data | Alldata | 3 data
An(g) | 2740 | 2.790 | 2.790 | 2.843 | 2.841
B 0.310 0.310 | 0.310 0.310 0.310
B, | 0530 | 0477 | 0.477 | 0.487 | 0.488
®4 SFECHES A EREGREEE
, Mean 95% CB Median
Prior
2.95E-5 5.89E-5 1.00E-8
Non-Parametric | 1.38E-5 | 3.19E-5 8.14E-9
Posterior | 2-point Method | 1.66E-5 | 3.19E-5 8.33E-9
LS Method 1.67E-5 3.06E-5 6.38E-9
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®E BEEXMYFXTOEMRUVERBERRNT X —4

MPGA (g) FEHiAH | RO E X S EiT]
2.23 3.85 . 2.36
Ba 0.32 0.30 0.32
Bu 0.43 0.35 0.36

®6 BEEXMvFX7ORBERRER

HBEEQ) | RS B
- 0.50 37 0
0.40 81 0
0.30 144 0
0.20 46 0

%7 BEEXS v FXTOBNRUEHBERENS X — 4

e

=24

BUAT | ~Nq THB MHIER I
oki] ZRE | RMEFEE
An (g) 1.64 1.84 1.78 1.85
Br 0.35 0.30 0.35 0.35
Bu 0.38 0.30 0.27 0.26
Be 0.517 0.424 0.436 0.436
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USER INPUT MANUAL FOR BAYES PROGRAM VER. 1.3

1. Title (A80)

Column Variable Description

1-80 TOITLE Title

‘2. Control Card (1015)

Column ' Variable Description
1-5 NITYPE Discretization method and prior distribution shape. INITYPEl=1 is
recommended.

=1:  Equal weight

=2 Constant increment of logarithmic PGA

>0:  Use lognormal prior distribution. In this case, the prior
information is AIMPGA and BIUNCR.
<0:  Use uniform prior distribution. In this case, the prior
information is VSMINI and VSMAXI.
6-10 N2EVDC . Number of evidences
11-15 N3SIML Number of discretization of PGA
16-20 N4CONF Number of confidence levels of median capacity
2125 N3DEBG Debug output option

-=0:  Standard output

=1:  Print sample MPGA and its prior weight for the posterior in
addition to the standard output

=2 Print hazard curves in addition to the standard output

=3 Print all the doublets of annual frequency. of failure and its
probability in addition to the standard output

=9: Print all the output

26-30 NIPLOT Line printer plotter control. Prior and posterior PDFs, CDFs, and the ratio of
posterior PDF to prior PDF are plotted.

=0 ; No plot. OUT.PLT is generated.

=1: BAYES execution and graph plot. OUT.PLT is generated.
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=2 Graph plot only. OUT.PLT is used.

3. COMPONENT DATA (A20,6F10.0)

Column Variable Description

1-20 CINAME Component name
21-30 AIMPGA Prior MPGA of the component. If NITYPE<O, this value is meaningless.
3140 BIRNDM Randomness BR of the component

41-50 BI1UNCR Uncertainty Byj of the component. If NITYPE<O, this value is meaningless,

4. EVIDENCE DATA (N2EVDC CARDS) (215,F10.0,2A30)

Column Variable Description

1-5 N2TOTL() Inventory of the component for evidence I

6-10 N2FAIL(T) Number of failure of the component for evidence I
11-20 A2PGAC() PGA of earthquake for evidence I
21-50 E2NAME(Q) Earthquake name for evidence I
51-80 F2NAME() Facility Name for evidence I

5. LOWER CONFIDENCE VALUE DATA (F10.0)
Column Variable ~___ Description
1-10 P3CUBD Confidence level for which Byy is evaluated

Default value is 0.05

6. CONFIDENCE LEVEL DATA (Include if N4CONF>0) (N4CONF DATA) (8F10.0)

Column Variable Description

1-10 PACONF() Confidence level for which MPGA is calculated

If N4ACONF=0, skip this data. In this case, N¢CONF=7 and 5%, 10%, 16%, 50%, 84%, 90% and
95% levels are assumed.

7. INTEGRATION DATA (2I5,3F10.0)
Column Variable _Description
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-5 NSMINP Minimum integration points
6-10 NSMAXP Maximum integration points
11-20 V5SMINI Lower bound of integration. If N1TYPE<0, VSMINI gives the minimum
MPGA.
21-30 VSMAXI Upper bound of i mtegrauon in terms of the standard deviation. If N 1TYPE<0
V5MAXI gives the maximum MPGA.
31-40 VSTORL Accuracy of integration

8. HAZARD CONVOLUTION DATA (3F10.0)

Column Variable Description

1-10 A4dMINM Minimum PGA for fragility and hazard convolution
11-20 A4DELT PGA Increment
21-30 A4MAXM Maximum PGA for fragility and hazard convolution

9. HAZARD CONTROL DATA (215)

Column Variable Description
1-5 NSHCRV Number of hazard curves
6-10 NSDPNT Number of points per hazard curve

NSHCRV=0 terminates execution and annual frequency of failure is not calculated. In this case,
skip the following data.

10. HAZARD CURVES DISCRETE PROBABILITIES (Include if NSHCRV>0) (NSHCRV
DATA) (8F10.0)

Column Variable Description

1-10 PSHCRV()  Probability level associated with each hazard curve.

11. HAZARD ACCELERATION LEVELS (Include if NSHCRV>0) (NSDPNT DATA) (8F10.0)

Column Variable Description

1-10 ASHCRV(®) PGA levels corresponding to each frequency of exceedence in hazard curves

12. HAZARD CURVES (Include if NSHCRV>0) (NSHCRV SETS of NSDPNT DATA)
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(8F10.0)
Column Variable  Description
1:10 FSEXED(I,J))  Frequency of exceedence associated with input load levels for each hazard curve

Each hazard curve starts on a new card

13. PLOT DATA (3 sets of data) (3F10.0')

Colump Variable __  Description

1-5 NOPT Plot axes options
=0: Automatic grid generation
=l: X-Linear vs Y-Linear axes
=2: X-log vs Y-Linear axes
=3 X-linear vs Y-log axes

=4 ; X-log vs Y-log axes

6-15 XMIN Minimum value on X-axis for the prior and posterior PDFs plot
16-25 XMAX Maximum value on X-axis for tﬁe prior and posterior PDFs plot
26-35 GRIDX X-axis tic mark interval.

36-45 YMIN Minimum value on X-axis for the prior and posterior PDFs plot
-46-55 YMAX Maximum value on X-axis for the prior and posterior PDFs plot
56-65 GRIDY Y-axis tic mark interval

Note:

(1) Maximum of 100 evidences are permitted (N2EVDC<=100)

(2) Maximum of 10 confidence bounds are permitted (N4CONF<=10)

(3) Maximum of 1000 MPGA points are permitted (N3SIML<=1000)

FILE INFORMATION

ile Unit Number Description
5 Input data file. The file name is user-input. Type "BAYES Jfile name" to execute the program.
6 Output file. The file name is "BAYES.QUT"
7 Plot file. The prior PDF, posterior PDF, and the ratio of the prior and posterior are plotted as
function of PGA.
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USER INPUT MANUAL FOR VALUE PROGRAM VER. 1.3

1. Title (A80)

Column Variable Description
1-80 TOITLE Title
2. Control Card (1615)
Column Variable Description
1-5 NITYPE Discretization method and prior distribution shape. INITYPE!=1 is
recommended.
=1: Equal weight
=2: Constant increment of logarithmic PGA
>0: Use lognormal prior distribution. In this case,
the prior information is AIMPGA and
B1UNCR.
<0: Use uniform prior distribution. In this case, the
prior information is VSMINT and V5MAXI.
6-10 N2EVDC Number of evidences
11-15 N3SIML Number of discretization of PGA
16-20 N4CONF Number of confidence levels of median capacity
21-25 N3DEBG Debug output option
=0: Standard output
=] Print sample MPGA and its prior weight for the
posterior in addition to the standard output
=2: Print hazard curves in addition to the standard
output
=3 Print all the doublets of annual frequency of
failure and its probability in addition to the
standard output
=9 Print all the output
26-30 NIPLOT Line printer. plotter control. Prior and posterior PDFs, CDFs, and

the ratio of posterior PDF to prior PDF are plotted.
=0: No plot. OUT.PLT is generated.

=] BAYES execution and graph plot. OUT.PLT is
generated,

=2:  Graph plot only. OUT.PLT is used.
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3. COMPONENT DATA (A20,6F10.0)

Column Variable Descripti

1-20 CINAME . Component name

21-30 AIMPGA Prior MPGA of the component. If NITYPE<O0, this value is
meaningless.

31-40 B1IRNDM Randomness B of the component

41-50 B1UNCR Uncertainty By of the component. "If NITYPE<O, this value is
meaningless.

4. EVIDENCE DATA (N2EVDC CARDS) (215,F10.0,2A30)

Column Variable Description
1-5 N2TOTL(D) Inventory of the component for evidence I
. 6-10 ' N2FAIL(I) Number of failure of the component for evidence I
11-20 A2PGACH) PGA of earthquake for evidence I
21-50 E2NAME(D) Earthquake name for evidence I
51-80 F2NAME(Q)  Facility Name for evidence I

5. LOWER CONFIDENCE VALUE DATA (F10.0)

Column Variable Description
1-10 P3CUBD Confidence level for which By is evaluated
Default value is 0.05

6. CONFIDENCE LEVEL DATA (Include if N4CONF>0) (NdCONF DATA)
(8F10.0) ' ,

Column Variable Description

1-10 PACONF() Confidence level for which MPGA is calculated

If N4CONF=0, skip this data. In this case, N4CONF=7 and 5%, 10%, 16%, 50%,
84%, 90% and 95% levels are assumed.

7. INTEGRATION DATA (215,3F10.0)
Column Variable Description

1-5 - NSMINP Minimum integration points
6-10 NSMAXP Maximum integration points
11-20 VSMINI Lower bound of integration. If NITYPE<0, VSMINI gives the

. minimum MPGA.
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21-30 V5MAXI Upper bound of integration in terms of the standard deviation, If
NITYPE<0, VSMAXI gives the maximum MPGA.

31-40 V5TORL Accuracy of integration

Note:

(1) The input file for BAYES program can be used without any change.

(2) Maximum of 100 evidences are permitted (N2EVDC<=100)

(3) Maximum of 10 confidence bounds are permitted (N4CONF<=10)

(4) Maximum of 1000 MPGA points are permitted (N3SIML<=1000)

FILE INFORMATION

File Unit Number Description
5 Input data file. The file name is user-input. Type "VALUE file name" to execute
the program.
6 Output file. The file name is "VALUE.QUT"




