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Outline

« Robert Kennedy framework

Performance-goal based (risk informed) approach for establishing the SSE site
specific response spectrum for future nuclear power plants™

« Design to achieve target performance goal (TPG) Robert P, Kennedy
RPK Strecrural Mechamics Conswlting, 28625 Mountein Meadow Eoad, Escondide, CA 92026, United Stares (Kennedy (20] ])
«  DRS = SF * UHRS p

« Closed-form risk solution (Kennedy, 2011) —

43419

® H OZO rd S | O pe : A R . Se::mic Design Criteria for

«  Fragility slope: B
« DRS scale factors in ASCE 43-05 and 43-19

—

+  Function of Ag >

«  Empirical fitting independent of _
ILS-B (9.= 0.6%)

« Technical basis for RIPB framework: ASCE/SEl 92-** e T £
« Characterize Ag across continental U.S. E]S? ; % o5l
« Characterize B for different structural limit states : :zj ‘\\ % |
. Risk performance of RPK solution and ASCE 43-19 scale factors ° 555 5 —
« Revised DRS scale factors proposed for ASCE/SEl 92-** peeaceseien 0 OISD”“ fa1“° (%)1-5
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Characterize A, across continental U.S

24 representative nuclear sites

12 Western US sites
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# Location # Location
1 | Diablo Canyon Nuclear Station 7 | Los Alamos National Lab
2 | Fort Greely Nuclear Station 8 | Nevada Test Site
3 | Hanford Site 9 | Palo Verde Nuclear Station
4 | Idaho National Lab 10 | Rocky Flats Plant
5 | Kitsap Naval Base 11 | Sacramento
6 | Lawrence Berkeley Lab 12 | Skull Valley Band
12 Central & Eastern US sites
# Location # Location
13 | Cooper Nuclear Station 19 | Point Beach Nuclear Station
14 | Montficello Nuclear Station 20 | Seabrook Station
15 | Nine Mile Nuclear Station 21 | Seadrift
16 | North Anna Nuclear Station 22 | Shoreham Nuclear Station
17 | Oak Ridge National Laboratory | 23 | Turkey Point Nuclear Station
18 | Paducah Nuclear Station 24 | Vogtle Nuclear Station
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Hazard-curve slope factors, A, 12 WUS sites

Slope rafio AR

Slope rafio AR

. « A largely constant across periods 0.05 sec (20 Hz) to 1 sec (1 Hz
792 data points R lArgely P 0.05 (20 Hz) ( )
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Slope factor, Ay, 24 sites: SDC-3, SDC-4, SDC-5

250

200

Key takeaways

Min = 1.6
10%-ile = 2.0
50%-ile = 2.8
90%-ile = 4.0
Max =7.7

All 24 sites

Ranges between 1.6 and 7.7

85% between 2 and 4

WUS sites: left-skewed distribution, 1.75 to 2.75
CEUS sites: broad distribution with a longer right tail
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Characterize B for structural limit states

Legacy basis for B 5
. e TR R
« EPRI (2018) = 0.35 (conservatively low) EE%HIL T
+ ASCE/SEI7 > 0.6 (LS-A] o
s H!\ .. I A
. ASCE/SEI 43-19 > 0.3 10 0.6 S
iR
ASCE 43-19 DRS scale factors: agnostic to p i Eﬁigiﬁ!”"
N «5525‘

Comprehensive technical study

Linear and nonlinear response-history analysis
« Three archetype reactor building models
* Fourrepresentative spectral shapes

« A few thousand Monte Carlo simulations

Technical basis for p and limit-state performance

Best estimate values:

(Parsi et al., 2022)

(Parsi et al.,

. 0.3 (LS-D), 0.4 (LS-C and LS-B), and 0.5 (LS-A)

e
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DRS scale factors: ASCE 43-19 and proposed ASCE 92-**

ASCE 43-19 scale factors
« Three-term expression
« Iterm: A< 1.9
« 2ndterm: 1.9 <Ag<4.2
« 39ferm: Ag > 4.2

 Unconservative for p <0.4

Proposed scale factors
« Two-term expression
¢ Is'term: A< 1.9

« 2dterm:Ag>1.9

« Conservative: 0.3<p<0.5

o

LS-D LS-A

1 0.6
SF =max| —, —, 0.45
ASCE 43-19 (AR A’g.z j

SF,

1 { 0.045 ]
—max| —, 0.45x g%
AR

Proposed

= = =Kennedy solution, min[C]%, 2/3 x C]O%], 6=0.3
- = =Kennedy solution, min[C]%, 2/3 x C]O%], 6=0.4
Kennedy solution, min[C]%, 2/3 x C]O%], B3=0.5

® Scale factorsin ASCE 43-19

= = =Kennedy solution, min[C]%, 2/3 x C

10%]' 6=0.3

- = =Kennedy solution, min[C ;. 2/3 x C, ], 8=0.4

Kennedy solution, min[C]%, 2/3 x C el B=0.5

® Proposed scale factors for ASCE 92-**
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Achieved risk/Target risk

¢ 1.6<A. <77
Risk-based performance: 4,752 points . oz<p<os
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Proposed updates to forthcoming ASCE 92-**

0.045
. . ) .. ) 1 ( ]
Simplified two-term empirical scale-factor SF.., 1.0y = MaxX = 0.45 x e\ %%0(4)
« Is'term governs steeper hazard curves Ap < 1.9 R
« Typical of WUS sites and SDC 5 - - —Kennedy solution, min[C ., 2/3 x C, 1, =03

~ = —Kennedy solution, min[C ., 2/3 x C, 1. 8=0.4

. nd
2"< term governs for Ag> 1.9 Kennedy solution, min[C ;. 2/3 x C, 1. #=0.5

e Covers most CEUS sites ® Proposed scale factors for ASCE 92-**
. 0.7
Better fit for low values of 3
* Reduced potential unconservative bias 0.6
Robust technical basis v .
O Uor
 Benchmarked against 4,752 risk calculations 2
« 24 representative nuclear sites across U.S. :,")’ 0.4
(2’4
- 2site classes (BC and CD) -
3 seismic design categories (SDC 3, 4, and 5 B oo
seismic design categories ( , 4, and 5) A, 0.45 x @29
« 11 spectral periods (0.05 sec to 1 sec) 0.9 :

1 2 3 4 5 6 7
Hazard-curve slope factor, AR

« 3 valuesof p (0.3 to 0.5)
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Robert Kennedy RIPB framework

Linearized (log-log) hazard curve

Contents lists available at ScienceDirect . “'m
___________ _K
N : Hazard(a) = K, xa "
Nuclear Engineering and Design P I
. . 1 A [, aA ‘\
I journal heamepage: www.elsevier.com/locate/nucengdes — T KH =—, Kl = —K’ anq AR = — )
“H
log(Ag) a, \ I
\____f’
Perfqrmance-goa] based (risk informed) approach for establﬂlshlng the SSE site Lognormal fragility function
specific response spectrum for future nuclear power plants”
Robert P. Kennedy F ili
ragility (a
RPK Strusctural Mechanics Consulting, 28625 Mountzin Meadow Road, Escondida, CA 92026, United Stares g y ’ IJ’ B
° ° 0
Closed-form solution to risk integral Rigorous seismic risk equation
Article history: This paper provides the technical basis for the performance-goal based approach presented in the Amer-
Received 2 june 2010 ican Society of Civil Engineering Standard ASCE|SEI43-05 for establishing the safe shutdown earthquake 0
Received in revised form 30 july 2010 (SSE) site specific design response spectrum (S5RS) for future nuclear power plants. This approach has dHazard (a)
Accepted 1 August 2010 been adopted by the US. Nuclear Regulatory Commission (MRC) in their Regulatory Guide 1.208. This ¢ > A — | X Fl’aglllt (a u B) a
approach has now been followed at more than 20 sites. y Il ’
In addition to more thoroughly documenting the basis for the ASCE 43-05 performance-goal based 0 da
approach, the paper also summarizes the minimum seismic core damage frequency [SCDF) achieved
at 28 Central and Eastern U.S. sites when the SSRS is defined by this approach coupled with other NRC
irements. ini ies in the range of less 5 10-6) 6 5 105 [yr wi . are . .
;:ﬂz]ﬁr:;a‘:;t::lr‘;ng;;:?mSCDFIH.sm the range of less than & = 10-8{yr to 0.6 = 10-5{yr with a median S | m p | lfl ed , C | Osed _form “S k eq U Q TIO n

HE,

-K

A:le(e“) "xe

C1.5 ALTERNATIVE METHODS TO MEET THE
INTENT OF THIS STANDARD (%BZKH+B¢,;1)

The DBE ground motion is defined in Equation (2-1) in terms of Cp =a,e
Seismic Design Criteria for a design response spectrum (DRS). Structures whose elements
(S:g’l:‘c':::v‘ ‘Ssyﬁ,tems' and are designed for DRS demands using design capacities derived in
Nud:a, Facilities accordance with referenced materials standards, as modified in
this standard, are expected to achieve the target performance goal
listed in Table 1-1. The DRS is formulated to achieve both of the

following:

1‘631\—2.326[3)

Design and performance assessment

1
| [
] <
1. Less than about a 1% probability of unacceptable perfor—q—p: C . = a,e 2 Iog(‘ffl) - /
mance for the DBE ground motion, and 1%ile A
2. Less than about a 10% probability of unacceptable perfor- 7N
mance for a ground motion equal to 150% of the DBE —» | C — C % el.OSB H
10%ile 1%ile ’

\
ground motion. 1 s

=N
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DRS =SF x UHRS,, (2-1)

where UHRS,,, is the UHRS determined for the exceedance
frequency Hp, and SF is the scale factor, which is defined in
Equation (2-3), at each spectral frequency.

For each spectral frequency at which the UHRS is defined, a
slope factor, Ag, shall be determined from

SAy,
~ SAy,

Ag (2-2)

where SA, is the spectral acceleration (SA) at the exceedance
frequency Hp, and SAy is the spectral acceleration at the
exceedance frequency Hp. The SF at this spectral frequency is
given by

SF =Maximum [SF,, SF,, SF;] (2-3a)
SF, =A;'0 (2-3b)
Independent _
SF, =0.6A3°2 (2-3¢)
of B
SF; =0.45 (2-3d)

Measure of hazard curve slopel

Measure of structural fragility slope!
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Hazard curves: 12 WUS sites (USGS 2023 toolbox
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Characterize 8 tor structural limit states

SDC-4 DBE shaking @East Tennessee Technology Park (ETTP), site BC
SDC-5 DBE shaking @ldaho National Laboratory (INL), site BC

—— SDC-4 DBE shaking @Diablo Canyon Nuclear Station (DCNS), site BC
5197 ——— SDC-4 DBE shaking @Los Alamos National Laboratory (LANL), site CD
c
o o o
i @ETTP site @INL site
[} L
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© 05 o 9o 9o o
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Characterize B for structural limit states

Limit State D - elastic Limit States C, B, and A - inelastic
Six variables (5 demand and 1 capacity) “ Eight variables (7 demand and 1 capacity) “
Time series (record-to-record variability) Brir Time series (record-to-record variability) Brir
Horizontal directionality (max-min scaling) Brm=0.18 Horizontal directionality (max-min scaling) Brm=0.18
characterized .
explicitly Structural damping By=0.25 _ Structural damping By=0.25
characterized
Structural frequency (stiffness) B =0.30 explicitly Initial stiffness B, = 0.30
o Model fidelity B =0.10 Peak strength Byn=0.10
engineering
judgement Capacity B =0.15 Hardening stiffness Bips = 0.10
. . Model fidelity B =0.10
. . engineering
Approaches for computing B: judgement Capacity B. =0.15

1. Decomposition-Based Sensitivity Analysis

» Computes the effect of each random input individually v | sl (;_ic
= Uses SRSS to aggregate individual confributions cosv | Ls-C y N 5=01
= Are input variables truly independent? g n /: ?::5
2. Monte Carlo-Based Sensitivity Analysis é 0.8V, ) 1
= Assumes random sampling of all inputs simultaneously — 300 combinations ’ -0
= Computes composite B reflecting overall sensitivity
%0005 02 0.6 1
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V-HTGR building @ETTP site, Limit State D

Earthquake (year) RSN
Mammoth Lakes-03 (1980) 236
Chi-Chi, Taiwan-02 (1999) 2391
Chi-Chi, Taiwan-02 (1999) 2399
Chi-Chi, Tarwan-03 (1999) 2632
Chi-Chi, Taiwan-03 (1999) 2635
Chi-Chi, Tatwan-03 (1999) 2638

Parkfield (1966) 31
Coalinga-05 (1983) 405
Parkfield-02 (2004) 4069
Parkfield-02 (2004) 4085
Parkfield-02 (2004) 4129
Parkfield-02 (2004) 4136
Parkfield-02 (2004) 4138
Parkfield-02 (2004) 4139
Coalinga-05 (1983) 413
Parkfield-02 (2004) 4140
Parkfield-02 (2004) 4141
Parkfield-02 (2004) 4143
Parkfield-02 (2004) 4144
Parkfield-02 (2004) 4145
Parkfield-02 (2004) 4146
Parkfield-02 (2004) 4148
Parkfield-02 (2004) 4149

L Aquila, Italy (2009) 4478

L’ Aquila, Italy (2009) 4513
Morgan Hill (1984) 460

N. Palm Springs (1986) 527
Christchurch, New Zealand (2011) | 8118
Christchurch, New Zealand (2011) | 8124
Christchurch, New Zealand (2011) | 8134
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V-HTGR building @LANL site, Limit State A

Distribution of input variables Force-displacement responses, 18 of 300 simulations
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Dispersions in structural fragility functions

——— SDC-4 DBE shaking @East Tennessee Technology Park (ETTP), site BC
——— SDC-5 DBE shaking @ldaho National Laboratory (INL), site BC

— SDC-4 DBE shaking @Diablo Canyon Nuclear Station (DCNS), site BC
— SDC-4 DBE shaking @Los Alamos National Laboratory (LANL), site CD

B Characterization of Composite B
—~ 15} ~eauf R A Eeee -
2 ] T Combinations LS-D LS-A
-2 -“.‘-.EHW‘IEii-E“-»
gl _ik___';azgg!,!:.ﬂi‘_g V-HTGR building @ETTP site — 300 simulations 0.31 0.44
T <e§ III <= ll T
® 4,5-5.{:!55@_,;!”’5%;5.. V-HTGR building @INL site — 300 simulations 0.31 0.47
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505 ﬁ:i;ii“lig;ii;ﬂ V-HTGR building @DCNS site — 300 simulations 0.32 0.48
& Ny geses
s!EHHEEEEg%:’ V-HTGR building @LANL site — 300 simulations 0.30 0.50
0 : “Wagss””
10° 10" RS
Frequency (Hz) 3 for S_A — O 5
3 for LS-B = .. 0.4
3 for LS-C = ..
3 for LS-D =0.3
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