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Abstract

:

The main purpose of this study is to investigate the feasibility of the seismic fragility analysis (FA) with the strain-based failure modes for the nuclear metal components retaining pressure boundary. Through this study, it is expected that we can find analytical ways to enhance the high confidence of low probability of failure (HCLPF) capacity potentially contained in the conservative seismic design criteria required for the nuclear metal components. Another goal is to investigate the feasibility of the seismic FA to be used as an alternative seismic design rule for beyond-design-basis earthquakes. To do this, the general procedures of the seismic FA using the inelastic seismic analysis for the nuclear metal components are investigated. Their procedures are described in detail by the exampled calculations for the surge line nozzles connecting hot leg piping and the pressurizer, known as one of the seismic fragile components in NSSS (Nuclear Steam Supply System). To define the seismic failure modes for the seismic FA, the seismic strain-based design criteria, with two seismic acceptance criteria against the ductile fracture failure mode and fatigue-induced failure mode, are used in order to reduce the conservatism contained in the conventional stress-based seismic design criteria. In the exampled calculation of the inelastic seismic strain response beyond an elastic regime, precise inelastic seismic analyses with Chaboche’s kinematic and Voce isotropic hardening material models are used. From the results of the seismic FA by the probabilistic approach for the exampled target component, it is confirmed that the approach of the strain-based seismic FA can extract the maximum seismic capacity of the nuclear metal components with more accurate inelastic seismic analysis minimizing the number of variables for the components.
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1. Introduction


Recently, there have been many efforts to develop advanced seismic design rules that enable accommodating the increasing of the design-basis earthquake (i.e., SSE: Safe Shutdown Earthquake) for the nuclear facility components, especially for piping systems [1,2,3,4]. Furthermore, it is also true that there is a growing social demand that the beyond-design-basis earthquake must be considered in the design of the NPPs (Nuclear Power Plants) [5]. However, it is not easy to accomplish these needs under the current nuclear component design criteria based on the stress acceptance criteria [6], which have a conservative safety margin.



To assure the seismic integrity of the nuclear metal components, the seismic fragility analysis (FA) with a probabilistic method can be a candidate approach as an alternative seismic design rule for intentionally increased design-basis or beyond-design-basis earthquakes. Recently the seismic fragility analysis for the nuclear power plant structure and piping has been studied [7,8,9] and for various industrial structures [10,11], but the research for the nuclear metal components retaining high-pressure boundary is very scarce up to now. In actuality, the full seismic probabilistic risk assessment (SPRA) is required to prevent the potential risks of earthquakes in the NPPs [12,13,14,15]. This SPRA is composed of the four steps to be performed with (1) seismic hazard analysis, (2) component fragility analysis, (3) plant system and accident-sequence analysis, and (4) consequence analysis. Among them, only the component fragility analysis just for the seismic events is investigated in this paper in order to develop the benefit ways to estimate the maximum seismic capacity by the probabilistic approach.



In actuality, it is true that there are many general procedures and standards for a seismic FA but most detailed seismic FA procedures are different from case-by-case [15]. Currently, there are very few detailed specific procedures for the pressure retaining nuclear safety-related components.



The main purpose of this study is to establish the practical procedures of the seismic FA based on the previous study of the strain-based seismic design method applicable for the nuclear metal components retaining the pressure boundary, which have to be designed by the nuclear codes and standards. In actuality, there are some examples of the seismic FA developed for building shear wall, liquid storage tanks, heat exchanger, expansion anchor, and so on [15]. However, when we try to use the well-known standards, there are few studies to be able to refer practical procedures of the seismic FA for the nuclear pressure retaining components, which have to be complied with the rules of the nuclear codes and standards. Additionally, current failure modes considered in the nuclear codes and standards for the safety-related metal components are conservatively based on the stress limits. This paper is trying to establish more detailed practical procedures with the strain-based seismic failure modes for the seismic FA.



In performing a seismic FA, one of the important works is defining the failure modes. In general, the failure modes required for the seismic FA are defined to be the actual failure completely losing their load resistance or safety functions. However, in the case of the safety-related pressure-retaining nuclear metal components, the seismic failure modes should be compliance with the Level D Service Limits, such as the limits for general primary membrane stress against a failure by plastic instability or necking, and the limits for local primary membrane plus bending stress against a failure by collapse [16], which have a conservative safety margin. However, when the earthquake level is high enough to invoke near yield conditions or exceed the elastic limits on metal components, the failure modes will actually be controlled by the strain conditions rather than the stress conditions. To overcome the conservatism implemented in the current stress-based design criteria, the strain-based seismic design criteria are in development in many countries as an alternative rule for the nuclear metal components [3,4].



In this paper, the general procedures of seismic FA with the probabilistic approach are investigated with the previously developed strain-based seismic design criteria [17] for the nuclear metal components retaining high-pressure boundary, which inevitably require an inelastic seismic time history analysis. The procedures for performing fragility calculations of the high confidence of low probability of failure (HCLPF) capacity are based on the recommendations in the EPRI technical reports [15,18].



To validate the detailed procedures for HCLPF capacity calculations, example calculations for the surge line nozzles connecting hot leg piping and the pressurizer, known as one of the seismic fragile components in NSSS (Nuclear Steam Supply System), are performed. Such calculations follow the basic FA variables generically recommended in EPRI/TR-103959 [15].




2. Procedures of Seismic FA for Nuclear Metal Components


This paper presents the overall procedure of the inelastic analysis-based seismic FA for the safety-related nuclear components. The final goal of the seismic FA is scoped to calculate the seismic HCLPF capacity, which probabilistically represents the seismic margin of components.



Figure 1 presents the main procedures of the seismic FA investigated in this study. The detailed approach for each procedure is described step by step and discussed as follows;



2.1. Definitions of Failure Modes


First of all, it is essential to define the seismic failure modes of the nuclear metal components to perform the seismic FA. For the definition of the failure modes, it is necessary to consider the acceptance criteria used for the design of the metal components, especially in design and structural integrity evaluations of the nuclear safety-related components. In fact, the failure to meet the design criteria for the nuclear metal components does not mean that the metal component will be completely damaged enough to totally lose its pressure-retaining function. However, the design acceptance criteria provided in most nuclear design codes and standards such as the ASME, the RCC-MRx, etc., assure the design integrity against any possible failure modes induced by the loading conditions during the service lifetime.



In this paper, two types of failure modes are considered to prevent the seismically induced failure of a pressure-retaining safety-related nuclear component. The first one is the ductile fracture failure mode, and the other is the fatigue-induced failure mode. For these two failure modes, the strain-based acceptance criteria, which is specified for Level D Service Limits for nuclear component, are used as follows [17];



For ductile fracture failure:


     [  T F ( t )    ε  eq  p  ( t )  ]    max     ≤    [   ε u    +   0.25    (   ε f    −    ε u   )   ]   



(1)







For fatigue-induced failure:


      [  T F ( t )  ]  avg       [   ε  eq  t  ( t )  ]    max     ≤    ε a    



(2)




where TF(t) is a triaxiality factor at time t, and the εu and εf are a true uniform strain and a true strain at fracture in a uniaxial tensile test, respectively.    ε  eq  p  ( t )    ,    ε  eq  t  ( t )    , and εa indicate the accumulated equivalent plastic strain, the total equivalent strain including an elastic and accumulated plastic strain, and the allowable true strain amplitude, respectively. The design loads to be considered in calculating the strains in Equations (1) and (2) include the SSE load and the normal sustained loads. The detailed expressions on the above parameters are described in the previous study [17].




2.2. Load Definition at Component Supports


As one of the main procedures calculating the seismic HCLPF capacity of the target components, the median in-structure floor response time histories at the reference locations or subsystem support locations are required. Such median floor response time histories are obtained from the system seismic time history analysis with the median ground input motions. There are many scientific studies for the ground input motions [19,20,21,22], but the seismic input motions considered in the load definition are based on the required design spectrum by the regulatory bodies such as US NRC RG-1.60 [23].



The median input motions are ultimately used to calculate the median seismic capacity of the components. One of four available cases, as follows, can be used to generate the median in-structure floor response time histories corresponding to the median ground input motions.




	
Case 1: when the site-specific ground response spectrum (GRS) is available.



	
Case 2: when using the uniform response spectrum (URS) in NUREG/CR-0098 [24].



	
Case 3: when only design floor response spectrum is available.



	
Case 4: when floor response time histories are available.








2.2.1. For Case 1


When the site-specific GRS is available, the system seismic analyses shall be performed for at least more than five sets of the ground artificial time histories obtained from the site-specific GRS in order to determine the median floor response time histories at the reference locations or subsystem support locations.



The determined median time histories of in-structure motions may be used as excitations for subsystem seismic analysis. For the seismic time history analyses of subsystems using the median time histories of in-structure motions, an equivalent procedure to peak broadening and enveloping of design floor response spectra or peak shifting of raw response spectra should be used complied with the ASCE 4–16 C6.3.2 [25].




2.2.2. For Case 2


When the ground input motions of the NUREG/CR-0098 URS are used for the system seismic analysis, a single set of three directional ground artificial time histories to match URS as complying with the provisions of RG 1.122 [26] to account for uncertainty can be used for the system seismic analysis to generate the median in-structure seismic input motions at subsystem support locations.



Alternatively, multiple sets of three directional ground artificial time histories derived from URS can be used to determine the median floor responses obtained from the multiple system seismic analyses (each of which used one of the multiple sets of ground time histories).




2.2.3. For Case 3


In the case where only design floor response spectra obtained from the system seismic analysis using the RG 1.60 design spectrum [23] are available, the median floor response spectrum can be determined from the design floor response spectrum by multiplying the adjust factor, fm obtained as follows;


      f  m   = Ratio   of   Spectral   Peak = (     A  URS      A   RG 1.60       )    anchored   at   PGA    



(3)







This method is applicable only when the in-structure design floor response spectrum is obtained from the elastic system seismic analysis.



The synthetic median floor response time histories can be generated for use in time history analyses of singly supported subsystems or multiply supported subsystems analyzed by using a single excitation whose response spectrum envelops the spectra at all support locations. In general, the generation of synthetic in-structure floor response time histories consists of the following steps:




	
Develop or obtain the floor response spectra for the subsystem support locations at which time histories are required;



	
If a single time histories are to be generated for multiple support locations, develop spectra that envelope all spectra at these locations;



	
Modify the floor response spectra in accordance with ASCE 4–16 Section 6.2.3 [25] to account for uncertainties associated with supporting soil and structures and their analysis; and



	
Generate the synthetic floor response time histories in accordance with the requirements of ASCE 4–16 Chapter 2.









2.2.4. For Case 4


In the case where the floor response time histories at support locations obtained from the system seismic analysis by using the RG1.60 design spectrum [23] are available, the median floor response time histories can be determined by scaling the adjust factor, fm of Equation (3).



This method is applicable only when the floor response time histories are obtained from the elastic system seismic analysis.



The determined median time histories of in-structure motions may be used as excitations for subsystem seismic analysis. For the seismic time history analyses of subsystems using the median time histories of in-structure motions, an equivalent procedure to peak broadening and enveloping of the floor response spectra or peak shifting of raw response spectra should be used, complying with the ASCE 4–16 C6.3.2.





2.3. Median Seismic Demand Calculation


The first task in the seismic FA is to estimate the median seismic demand at the location occurring the maximum accumulated equivalent plastic strain based on the reference earthquake input level described in above Section 2.2. A general procedure for evaluating the median seismic demand is provided in Steps 1 through Step 4 below.



Step 1: Define the floor response time histories as the reference at the component support locations with one of the ways provided in the above Section 2.2. If there are the non-reversing dynamic loads to be combined with the reference earthquake input, the floor response time histories required as input motions should be generated synthetically from the response spectra enveloping the design floor response spectra and the non-reversing dynamic events spectra.



Step 2: Perform the component seismic time history response analysis for the floor response time histories with proper boundary conditions, initial conditions, and the inelastic material models. In the analysis, the median damping value should be used. The damping values specified in NRC RG 1.61 [27] might be applicable for the specific components.



Step 3: Determine the critical location from the point occurring the maximum accumulated equivalent plastic strain value.



Step 4: Calculate the median seismic demands for two failure modes as follows;


   For   ductile   fracture   failure   mode :   D   M 1      =      [  T F ( t )    ε  eq  p  ( t )  ]    max    



(4)






   For   fatigue-induced   failure   mode :   D   M 2      =     [  T F ( t )  ]  avg       [   ε  eq  t  ( t )  ]    max      



(5)







In the above equations, the strain responses are considered due to the seismic loads except normal sustained loads. The detailed method and example calculating DM1 and DM2 values are well described in the previous study [17].




2.4. Allowable Strain Capacity Calculation


A general procedure for calculating the allowable strain capacity for the metal component is described in Steps 1 and 2 below.



Step 1: Determine the total equivalent elastic strain for the sustained loads, which shall be simultaneously considered during the seismic events.



Step 2: As shown in the design acceptance criteria of Equations (1) and (2), determine the allowable strain capacities (CM1 and CM2) for two failure modes as follows;


   For   ductile   fracture   failure :   C  M 1   =  ε u  + 0.25  (   ε f  −  ε u   )   



(6)






   For   fatigue-induced   failure :   C  M 2   =  ε a  −    [  T F  ( t )   ]    avg      [   ε  eq  e   ]    sustained    



(7)







In the case of the fatigue-induced failure mode, the allowable strain capacity for the seismic load should be the value subtracted from the value of an averaged triaxiality factor multiplied with elastic strain due to the sustained loads such as dead weight and internal pressure from the total allowable strain as shown in Equation (7). The detailed procedure and example for calculating CM1 and CM2 values are well described in the previous study [17].




2.5. Median Seismic Capacity


The median seismic capacity of the target component is obtained using the median values for all basic variables in the deterministic analysis. This procedure follows the same steps that an engineer would typically perform in a conventional seismic design or analysis, except that different input motions and allowable capacities are used.



In a seismic FA, the goal is to obtain the median seismic capacity in terms of a defined ground motion variable (e.g., PGA or average spectral acceleration). The engineer starts with a reference earthquake input that is a site-specific response spectrum shape anchored to a reference PGA value. In one approach, the analyst may use the original design results as the basis for the seismic FA. Here, the conservatism is removed at each step, and the reference ground response spectrum is scaled to a median capacity.



The reference earthquake input is scaled until the component just reaches the failure level. The median seismic capacity is just the scaled reference ground response spectrum, where the scale factor is based on a deterministic analysis substituting median values for each of the basic variables. The reference earthquake parameter should be the same one as used in the hazard analysis.



Step 1: The factor of safety (i.e., earthquake scale factor), (FS)ref for the target component shall be determined as follows;


     (  F S  )    ref   = Min  [     C  M 1      D  M 1       ,      C  M 2        D  M 2      ]     



(8)







Step 2: The median seismic capacity, (SC)M for the base case is calculated from the results of the factor of safety (FS)ref obtained from above Step 1 as follows;


     (  S C  )   M  =  F μ       (  F S  )    ref      A  ref    



(9)







In equation (9), Fμ and Aref indicate a factor of inelastic energy absorption in the building structures and a referenced ground acceleration, respectively. In some cases, the Aref can be the value anchored to the median averaged spectral acceleration or the median peak ground acceleration used for the base case.



In the above calculation, the inelastic energy absorption factor, Fμ is introduced to account for the factor that an earthquake represents a limited energy source and the in-structure building supporting the target components are capable of absorbing substantial amounts of energy beyond yield without loss-of-function [28,29]. Related to the target metal components, the capacity of the inelastic energy absorption is already considered in the inelastic seismic analysis with the material constitutive models used in this study.




2.6. Variables of Logarithmic Standard Deviation


The procedures used to calculate the logarithmic standard deviations for randomness and uncertainty are based on the recommendation procedures in reference 1 using the approximate second-moment method. The basic variable logarithmic standard deviations are provided in Table 1. For each of the demand random variables, the corresponding parameter is increased by a factor corresponding to one standard deviation or appropriate values and the factor of safety recomputed.



To calculate the HCLPF by the seismic FA, the demand variables for the target component shall be clearly defined. Table 1 provides the list of typical basic variables to be defined with a median demand factor and one standard deviation value (1σ).




2.7. Calculation of HCLPF


The overall procedures calculating the HCLPF of the target metal component are described as following Step 1 to Step 6.



Step 1: Define the parameter evaluated at 1σ for each variable in Table 1. As an example, when the variables are related with the input seismic loads at the location of the component, the ith parameter corresponding to the logarithmic standard deviation 1σ in Table 1 will be the scaled floor response time histories,      [    S I M  ¯   ( t )   ]   i    as follows;


     [    S I M  ¯   ( t )   ]   i  = S I M  ( t )   e   β i     



(10)







In the above Equation (10), SIM(t) is the median seismic input time histories corresponding to the specific directions, which are used for the calculation of the seismic median capacity as the base case in the above Section 2.6.



Step 2: Perform the inelastic seismic analysis for the scaled input motion      [    S I M  ¯   ( t )   ]   i    or other parameters determined at 1σ according to the same procedures of the seismic demand calculation in the above Section 2.3 and calculate the adjusted factor of safety, (FS)1σ by the same procedure of Step 1 in the above Section 2.5.



Step 3: Repeat Step 1 and Step 2 by changing each of the variables one at a time and calculate (FS)1σ value for each variable.



Step 4: Calculate each of the individual βi by using the following equation:


   β i  =  1   | ∅ |      ln  [       (  F S  )    ref        (  F S  )    1 σ      ]   



(11)







The parameter (FS)ref is the factor of safety calculated for the reference earthquake input (i.e., for the median reference case) to reach failure. The (FS)1σ is the adjusted factor of safety calculated for the adjusted earthquake input for the ith variable set at the φ standard deviation (σ) level while all other basic variables are kept at their median levels. The parameter φ is usually set at 1 on the side of the median that leads to the lowest capacity.



Step 5: Calculate the combined logarithmic standard deviation, βR and βU as follows;


    β R  =    (    ∑  i   β  R i  2   )    1 / 2   ,      β U  =    (    ∑  i   β  U i  2   )    1 / 2     



(12)







Step 6: Calculate the HCLPF value by the following equation:


  H C L P F =   ( S C )  M   e  − 1.65  (   β R  +  β U   )     



(13)









3. Examples of Application


3.1. Description of Example Problem


An example problem investigated in this paper is the safety-related NPP component nozzles connecting the surge line piping to the pressurizer and the hot leg piping system. This component is known to be one of the seismic fragile parts in a nuclear steam supply system.



Figure 2 presents the coupled finite element model including the surge line piping, hot leg surge line nozzle, and pressurizer surge line nozzle. As shown in the figure, there are four support locations for three snubbers (S1NS, S2V, S3EW) and one sway–strut (RNS) in the surge line piping system. They are assumed to be rigid supports during the seismic events and to be the excitation points for the seismic analysis. It is assumed that the seismic inputs are also applied at the end of nozzle models with the same effects through the pressurizer skirt support and the hot leg piping. More details related to the seismic analysis model are described in the previous study [17].



The used inelastic material models are Chaboche’s three-decomposed kinematic hardening model combined with the Voce isotropic hardening model, which is available in the ANSYS program [30]. All parameters required for the constitutive equations are listed in the previous study [17].




3.2. Calculation of Median Seismic Demand as a Reference


Step 1: Median Seismic Loads at Component Supports



In this study, because the only design floor response spectra at component supports were available for the seismic FA, the method of Case 3 in Section 2.2 is used in order to define the median input motions at the component supports, which should be typically obtained from the system seismic analysis with the median seismic ground motion. Figure 3a presents the enveloped design floor response spectra at component supports used in this study, which were obtained from the elastic system seismic analysis with the design floor response spectrum anchored at SSE (0.3 g) in compliance with the US NRC RG 1.60 [23]. Figure 3b presents the artificial displacement seismic time histories corresponding to the design floor response spectrum of Figure 3a.



To obtain the adjust factor (fm) by the ratio of the spectral peak anchored at the PGA between the design response spectrum for seismic design of NPPs provided in NRC-RG 1.60 [23] and the median elastic response spectrum provided in NUREG/CR-0098 [24]. Figure 4 shows the comparison of these two spectra anchored at PGA, 0.3 g. From the figure, the adjust factor is determined to be 0.74 from the ratio of the spectral peak between two spectrum peaks with the assumption that the spectral peak for the design ground motion (RG 1.60) has an averaged value of 0.86 g in the frequency range of 2.5 Hz to 9 Hz specified as control points.



In this paper, in order to enhance the effects of the plastic strain responses in an inelastic seismic analysis approach for the metal components, the reference input motion is taken to be two times of SSE (0.3 g), i.e., anchored at PGA = 0.6 g. Figure 5 presents the used median seismic input motions for the seismic FA as a reference anchored at 0.6 g of PGA, adjusted with the factor of 0.74 from the design floor response spectrum and the artificial displacement seismic time histories of Figure 3.



Step 2: Inelastic Seismic Time History Response Analysis



The inelastic seismic time history response analysis is performed with the median input motion of Figure 5b. In this analysis, the used median damping value for the piping and nozzles is 4% [27]. This is used for the seismic response calculation in the elastic strain region. When the metal components are beyond the elastic strain, the effects of energy dissipations are hysterically applied through the inelastic material models. Figure 6 shows hysteretic response results representing the inelastic material behavior and energy dissipation at the critical location defining at next Step 3 procedure.



Step 3: Determination of the critical location for FA



From the inelastic seismic analysis results, the nodal point representing the maximum accumulative equivalent plastic strain (AEPS) is determined as the critical location. Figure 7 presents the contour plot of the maximum AEPS at the end time of the seismic loads and the critical location for the FA. As shown in the figure, the maximum value occurs at the interface region connecting the safe-end to the nozzle body of the hot leg surge line nozzle.



Step 4: Calculation of the median seismic demands for two failure modes



At the determined critical location, the TF and the AEPS time history responses are calculated as shown in Figure 8.



To determine the maximum total strain (elastic + accumulated plastic) in Equation (5), the maximum equivalent elastic strain should be the sum of the maximum equivalent elastic strain by the inertia seismic load and by the seismic anchor motion at supports. Figure 9 shows the equivalent elastic strain time history responses by the inertia seismic load at the critical location shown in Figure 7b and gives the maximum value of 0.075%. From the quasi-static analysis for the anchor motion for the two times SSE load, the calculated equivalent elastic strain was 0.037% [17] and there was no plastic strain response at the critical location. Considering the adjust factor of 0.74, the median elastic strain due to the seismic anchor motion is estimated to be 0.024%. Then, the maximum total elastic strain is 0.112%.



From the calculated TF and strain values, the median seismic demands for each failure mode are determined as follows;



For ductile fracture failure mode (DM1):


     D   M 1      =      [  T F ( t )    ε  eq  p  ( t )  ]    max     =     ( 8.25   ×   0.24 )   t = 14.275 s     =   1.98 %  











For fatigue-induced failure mode (DM2):


      D   M 2       =     [  T F ( t )  ]  avg      [   ε  eq  t  ( t )  ]   max          =     [  T F ( t )  ]  avg      [   ε  eq  e    +    ε  eq  p  ( t )  ]   max        =   1.421   ( 0.102   +   0.26 )      =   0.514 %    












3.3. Calculation of Allowable Strain Capacity


Step 1: Calculation of total equivalent elastic strain for the normal sustained loads



The normal sustained loads for Service Level A and Level B [31], which are considered in the nuclear component design, are typically the dead weight and the internal pressure. For these loads, plastic deformation is not basically allowed for the design of the nuclear metal components. Therefore, the seismic demand due to the elastic strain by the normal sustained loads should be considered in the determination of the allowable strain capacity for a fatigue-induced failure mode.



In this study, the constant spring hangers, which maintain a balance of an equal pipe weight during the seismic event, are used for the surge line, therefore the effect of the dead weight on the critical location of the nozzle is neglected and is assumed to be zero. The design internal pressure is 15.5 MPa and it results in an elastic strain of 0.033% at the critical location [17].



Step 2: Determined the allowable strain capacities



The allowable strain capacities are determined from the design limit criteria of Equations (1) and (2) for two failure modes as follows;



For ductile fracture failure mode (CM1):


   C  M 1   =      ε   u  + 0.25  (   ε f  −      ε   u   )  = 30 + 0.25  (  40 − 40  )  = 32.5 %  











For fatigue-induced failure (CM2):


      C   M  2     =     ε  a   −    [  T F  ( t )   ]     a v g       [   ε   e q    e    ]     s u s t a i n e d          =       [   S  a    (  20  )   ]  a  E   K  y   −    [  T F  ( t )   ]     a v g       [   ε   e q    e    ]     s u s t a i n e d            =       [  4300   e  6   ]    1.5   195   e  9       (  0.9  )  − 1.421   x   0.033         =    2.980 − 0.047         = 2.933 %        











For a calculation of the CM2, the allowable stress range, Sa, is determined to be corresponding to the number of cycles of 20 from the design fatigue curve of the ASME Section III Appendices, Mandatory Appendix I, Figure I-9.1 [32]. The factor of a is chosen to be 1.5 for a material of low alloy steel used in this study. The factor of Ky, which is the value in order to compensate for the effects of the elastic modulus between the design fatigue curve and the used value in actual seismic analysis, is 0.9.




3.4. Determination of the Median Seismic Capacity as Reference Case


Step 1: Calculation of the factor of safety: (FS)ref



From the calculation results of the seismic demands and the allowable strain capacities at the critical location, the factor of safety using as an earthquake scale factor is determined as follows;


     (  F S  )    r e f   = M i n  [     C  M 1      D  M 1       ,      C  M 2        D  M 2      ]  = M i n  [    32.5   1.98     ,     2.933     0.514    ]  = 5.703  











Step 2: Calculation of the median seismic capacity: (SC)M



Based on the calculated factor of safety in Step 1, the median seismic capacity, which will be the reference case for the HCLPF calculation through the seismic FA, is determined as follows;


     (  S C  )   M  =  F μ       (  F S  )    ref      A  ref   = 1.25 × 5.703    ×    0.6    g    = 4.277    g   











In the above calculation, the inelastic energy absorption factor, Fμ is conservatively considered to be 1.25 as long as the structure building supporting the target components is ductile as recommended in EPRI NP-6041 [33].




3.5. Definition of the Variables of Logarithmic Standard Deviation


To carry out the seismic FA by the commonly used probabilistic approach, individual variables are defined with some appropriate assumptions, affecting the target component’s seismic responses.



Table 1 presents the variables and the defined logarithmic standard deviations for randomness (βR) and uncertainty (βU) corresponding to 1σ in this study.



The variables for the ground motion and the structural response in Table 1 are derived from parameters determined for the design floor response spectrum at locations of the target components. The variables for the component response are derived from the parameters determined from the seismic strain responses at the location of a critical metal component.



3.5.1. Variables for Ground Motion


For the ground motion, the variable of the earthquake response spectrum shape (FERSS) is generically considered to take into account the fact that a real earthquake, in general, will be different from the smooth reference ground input motion used in the FA. In order to account for this variability, the values of the logarithmic standard deviation are specified to be 0.2 both for the peak valley randomness, βR, and the spectral shape uncertainty, βU, which are based on the typical ranges depending on the horizontal frequencies given in the EPRI/TR-103959 [15]. The dominant horizontal natural frequencies in this example are 20.3 Hz for EW direction and 48.0 Hz for NS direction. Therefore, the used value of 0.2 will be conservatively the upper bound value fully covered the typical ranges (0.12~0.19) given in the EPRI/TR-103959.



Since the horizontal ground response spectrum is assumed to be the average of the two horizontal directions, the smooth referenced response spectrum for one direction can be higher than the other perpendicular direction in a real earthquake. This can result in a randomness variability in seismic response. Therefore, the horizontal direction peak response (FHDPR) due to the different orthogonal two horizontal spectrum shapes is considered to be the basic variable in this example. Corresponding randomness, βR, value is recommended between 0.12 and 0.14 in the EPRI/TR-103959. Through the detailed modal analysis for an example in this study, it was found that the seismic responses at the critical location in the hot leg nozzle are dominantly affected by the vertical mode of 7.7 Hz of the surge line piping. Therefore, the value of the randomness, βR, for this variable is selected to be 0.12 as a lower bound in the EPRI/TR-103959.



When the vertical earthquake component is assumed to be equal to 2/3 times the horizontal component at the ground level, the ranges of the βR and βU are recommended to be 0.22~0.28 and 0.20~0.26, respectively [15]. However, recent seismic design in the NPPs requires the V(Vertical)/H(Horizontal) ratio to be 1.0 and the same frequency contents of the horizontal component. Therefore, the randomness and the uncertainty in the vertical ground response spectrum shape are already considered in the variables of FERSS and FHDPR and then the variable of the vertical component responses (FVCR) is assumed to be 0.1 for all randomness eliminating a separate uncertainty term for simplicity.




3.5.2. Variables for Structural Building Response


For the structural building response, the median damping value for the reinforced concrete, in general, is 5% and a corresponding logarithmic standard deviation based on −1σ is assumed to be 3.5%. From the system modal analysis, the horizontal frequencies of the in-structure building installing the target component were 9.7 Hz for EW direction and 6.3 Hz for NS direction. Then, from the spectrum amplification factors (Sa) for the horizontal elastic response of the median (50%) acceleration values given in the NUREG/CR-0098 [24], the values of the uncertainty, βU for the damping variable (FSD) are determined to be 0.11 as follows;


   For   horizontal   EW   direction :  β U  =  1   | Φ |     ln     [     S a   (  9.7   Hz ,   3.5 %  )     S a   (  9.7   Hz ,     5 %  )     ]  =  1 1  ln  [    2.36   2.12    ]  = 0.11    For   horizontal   NS   direction :  β U  =  1   | Φ |     ln     [     S a   (  6.3   Hz ,   3.5 %  )     S a   (  6.3   Hz ,     5 %  )     ]  =  1 1  ln  [    2.36   2.12    ]  = 0.11   











In the above, the symbol of Φ indicates the number of standard deviations.



The variable of the modeling in the seismic response is primarily related to the uncertainty in the mode shapes and the modal frequencies of the actual structural building. In general, it can be assumed that the finite element modeling of the nuclear reactor building, which is required to be modeled with a fully three-dimensional seismic analysis model accounting for the detailed stiffness and mass distributions of the actual structural building, is median-centered in the region of the elastic behavior without any conservative bias [15]. Therefore, for the variable of the modeling in the structural building response (FSM), the uncertainty, βU, is assumed to be 0.07 in this study.



In actuality, the uncertainty in the modal frequencies affects the structural seismic responses and depends on the mass and stiffness modeling. This is already considered in the variable of the modeling, FSM, and is not included in this study.




3.5.3. Variables for Component Response


Fundamentally, in this paper, the seismic FA method used for the nuclear metal components is based on the seismic strain calculations by the inelastic seismic time history analysis applying three independent directional input motions simultaneously at the supports of the target component. Therefore, the consideration of the uncertainties for the modal combination is not necessary. In this study, the same variables for the structural building response are considered for the component, as shown in Table 1.



For the variable of damping in component response, it is assumed that the standard deviation for −1σ is equivalent to the effect of 10% lowering the first modal frequency of the target component in the Rayleigh damping model. The uncertainty of the modal frequency can significantly affect the Rayleigh damping parameters and eventually influence in the calculation of the inelastic seismic strain responses [17].





3.6. Calculation of HCLPF


From the determined variables in Table 1, the HCLPF is calculated according to the procedures of Step 1 through Step 6 described in Section 2.7. To do this, the factors of safety (FS)1σ for the variability corresponding to one standard deviation (1σ) are calculated at first for individual βi in Table 1.



As an example calculation for the variable of FERSS in Table 1, the component inelastic seismic time history analysis is carried out for the input loads, (ATH)EW and (ATH)NS which are the scaled input displacement time histories of Figure 5b by the variability of one standard deviation(1σ) only for two horizontal directions. As the randomness and the uncertainty have the same variability for this variable, with the results of the seismic strain responses at the critical location, the factor of safety, (FS)1σ both for the randomness(βR) and the uncertainty (βU) are calculated to be 3.980 by the same procedures in Section 3.2 through Section 3.4: (DM2)1σ = 0.754%, (CM2)1σ = 2.932%. Then, the logarithmic standard deviation values for this variable are estimated as follows;


   β  R   =  β  U   =  1   | ∅ |       l n   [       (  F S  )     r e f         (  F S  )    1 σ      ]  =  1 1     l n   [    5.703   3.890    ]  = 0.382  











For all the other variables, the logarithmic standard deviation values for the randomness and uncertainty variability can be estimated by the same method used for the FERSS.



Table 2 reveals the calculation summaries required to calculate the logarithmic standard deviations for each variable. Table 3 presents the calculation results of the logarithmic standard deviation values for each variable.



From the results of Table 3, the combined logarithmic standard deviation, βR and βU are calculated as follows;


    β  R   =    (    ∑  i   β   R  i  2   )    1 / 2   =    (    0.382  2  +   0.232  2  +   0.235  2   )    1 / 2   = 0.330     β  U   =    (    ∑  i   β   U  i  2   )    1 / 2   =    (    0.382  2  +   0.419  2  +   0.286  2  +   124  2  +   0.286  2   )    1 / 2   = 0.707   











With the results of the median seismic capacity, (SC)M and the value of the logarithmic standard deviation(LSD), βR and βU, representing the variability, the HCLPF value is calculated as follows;


  H C L P F =   ( S C )   M    e  − 1.65  (   β  R   +  β  U    )    = 4.277    e  − 1.65  (  0.330 + 0.707  )    = 0.772    g   











As shown in the result, the HCLPF capacity of the target component studied in this paper is 0.772 g, which is the earthquake level anchored at PGA corresponding approximately to a 95 percent confidence that the probability of failure is less than 5 percent. Table 4 presents the summary results of the exampled FA in this study.



Graphically understanding the results of the exampled FA of Table 4, the fragility curves representing the conditional probability of failure (Pf) are presented in Figure 10, obtained from the equation as follows [34];


   P f  =  Φ [    ln  [  A /    (  S C  )   M  ] +  β U   Φ  − 1    ( Q )   ]     β R     ]   



(14)




where A, Φ[], Φ−1 and Q represent PGA value, the standardized normal distribution function, the inverse normal (Gaussian) distribution function, and the specific confidence level, respectively.



The mean fragility curve in Figure 10 is obtained from the equation as follows;


   P f  =  Φ [    ln  [  A /    (  S C  )   M   ]     β C     ]   



(15)




where


   β C  =    (   β R 2  +  β U 2   )    1 / 2   = 0.78  



(16)







The results of the fragility curves in Figure 10 can be used for the reliability analysis of the nuclear components [35].





4. Conclusions


In this study, the detailed probabilistic seismic FA procedures applicable for the pressure retaining nuclear metal components, which can evaluate the seismic HCLPF capacity value, are established with the strain-based failure modes such as ductile fracture failure and fatigue-induced failure.



Through step-by-step calculations for the exampled surge line nozzles, it is found that the inelastic strain-based seismic FA approach gives somewhat large variability of the logarithmic standard deviations in randomness and uncertainty due to the sensitive inelastic strain response at the plastic region, but the strain-based limit criteria adequately assure the HCLPF seismic capacity. In actuality, the design-basis earthquake is 0.3 g (SSE) in this example component, but the actual calculated seismic capacity corresponding approximately to a 95 percent-confidence probability of failure of less than 5 percent is 0.772 g, which is more than twice the design level. Therefore, it is expected that the seismic FA approach investigated in this paper can be used as one of the candidate alternative rules for the highly increased design-basis earthquake or beyond-design-basis earthquake.



Through this study, further studies are recommended for more practical application of these proposed procedures to the nuclear facility components as follows;




	
Determination of median input motions for component seismic fragility analysis



	
Material parameter identifications for inelastic material model



	
Sensitivity studies on inelastic seismic responses with finite element models



	
Detailed investigations for the variable definitions of ground motions, building structures, and components,



	
Determination of logarithmic standard deviation value corresponding to the variables.
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Figure 1. General procedures of seismic fragility analysis for NSSS metal component. 
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Figure 2. Seismic finite analysis model and piping support locations. 
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Figure 3. Used seismic input motions at component supports (PGA = 0.3 g): (a) enveloped design floor response spectrum; (b) corresponding artificial displacement time histories. 
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Figure 4. Comparison of spectrum shapes between NRC-RG 1.60 and NRC-NUREG-CR-0098. 
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Figure 5. Assumed reference median seismic input motions at component supports (PGA = 0.6 g): (a) enveloped design floor response spectrum; (b) corresponding artificial displacement time histories. 
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Figure 6. Hysterical stress-plastic strain response at critical location: (a) EW; (b) NS; (c) vertical. 
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Figure 7. Contour plots of an accumulated equivalent plastic strain at end of time: (a) at hot leg surge line nozzle; (b) sectional contour (A-A) and critical location for FA. 
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Figure 8. Seismic time history responses at a critical location: (a) TF; (b) Accumulative equivalent plastic strain. 
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Figure 9. Von-Mises elastic strain time history response for a reference. 
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Figure 10. Results of fragility curves presenting SSE (0.3 g) and HCLPF (0.772 g). 
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Table 1. Variables and corresponding logarithmic standard deviations.
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Variables

	
Logarithmic Standard Deviation




	
βR

	
βU






	
For Ground Motion:

	

	




	
Earthquake Response Spectrum Shape (FERSS)

	
0.20

	
0.20




	
Horizontal Direction Peak Response (FHDPR)

	
0.12

	
-




	
Vertical Component Response (FVCR)

	
0.10

	
-




	
For Structural Building Response:

	

	




	
Damping (FSD)

	
-

	
0.11




	
Modeling (FSM)

	
-

	
0.07




	
Frequency (FSF)

	
-

	
-




	
For Component Response:

	

	




	
Damping (FCD)

	
-

	
D0.9f1: −1σ




	
Modeling (FCM)

	
-

	
0.07




	
Modal Combination (FCMC)

	
-

	
-
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Table 2. Calculation summaries required for factor of safety and logarithmic standard deviation values.
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	Variables
	       [   ε   e q    t    ( t )   ]     max       
	       [   ε   e q    e    ]     s u s t a i n e d       
	       [   ε   e q    p    ( t )   ]     max       
	[TF(t)]avg
	DM2
	CM2





	For reference
	0.102
	0.033
	0.260
	1.421
	0.514
	2.933



	FERSS
	0.107
	0.033
	0.419
	1.433
	0.754
	2.932



	FHDPR
	0.104
	0.033
	0.337
	1.427
	0.630
	2.933



	FVCR
	0.105
	0.033
	0.365
	1.384
	0.651
	2.934



	FSD
	0.108
	0.033
	0.483
	1.325
	0.783
	2.936



	FSM
	0.106
	0.033
	0.393
	1.375
	0.685
	2.934



	FCD
	0.104
	0.033
	0.300
	1.440
	0.582
	2.932



	FCM
	0.106
	0.033
	0.393
	1.375
	0.685
	2.934
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Table 3. Calculated logarithmic standard deviation values for variables.
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Variables

	
Variable Evaluated at 1σ

	
Adjusted Factor of Safety (FS)1σ

	
Logarithmic Standard Deviation




	
βR

	
βU






	
For Reference Case

	

	
5.703

	

	




	
For Ground Motion:

	

	

	

	




	
Earthquake Response Spectrum Shape (FERSS)

	
(ATH)EW e0.2

(ATH)NS e0.2

	
3.890

	
0.382

	
0.382




	
Horizontal Direction Peak Response (FHDPR)

	
(ATH)EW e0.12

(ATH)NS e0.12

	
4.423

	
0.232

	
-




	
Vertical Component Response (FVCR)

	
(ATH)V e0.1

	
4.509

	
0.235

	
-




	
For Structural Building Response:

	

	

	

	




	
Damping (FSD)

	
(ATH)EW e0.11

(ATH)NS e0.11

(ATH)V e0.11

	
3.751

	
-

	
0.419




	
Modeling (FSM)

	
(ATH)EW e0.07

(ATH)NS e0.07

(ATH)V e0.07

	
4.283

	
-

	
0.286




	
Frequency (FSF)

	
-

	
-

	
-

	
-




	
For Component Response:

	

	

	

	




	
Damping (FCD)

	
D0.9f1:−1σ

	
5.040

	
-

	
0.124




	
Modeling (FCM)

	
(ATH)EW e0.07

(ATH)NS e0.07

(ATH)V e0.07

	
4.283

	
-

	
0.286




	
Modal Combination (FCMC)

	
-

	
-

	
-

	
-
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Table 4. Summary of the FA results.
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	Check Lists
	Results





	PGA for a reference
	0.6 g



	Factor of Safety, (FS)ref
	5.703



	Median Capacity, (SC)M
	4.277 g



	LSD for randomness, βR
	0.330



	LSD for uncertainty, βU
	0.707



	HCLPF = (SC)M e−1.65(βR + βU)
	0.772 g
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