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Recently, especially after the 2011 off the Pacific coast of Tohoku earthquake and the Fukushima Daiichi nuclear power plant accident, the need for treating residual risks and cliff-edge effects in safety-critical facilities has been widely recognized as an extremely important issue. In this article, the sophistication of seismic designs in safety-critical facilities is discussed from the viewpoint of mitigating the consequences of accidents, such as the avoidance of cliff-edge effects. For this purpose, the implementation of a risk-informed defense-in-depth-based framework is proposed in this study. A basic framework that utilizes diversity in the dynamic characteristics of items and also provides additional seismic margin to items important for safety when needed is proposed to prevent common cause failure and to avoid cliff-edge effects as far as practicable. The proposed method is demonstrated to be effective using an example calculation.
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INTRODUCTION

Natural hazards, including earthquakes, are considered to be one of several possible causes of major accidents in safety-critical facilities such as nuclear power plants. Conventionally, it had been required, when designing safety-critical facilities against earthquakes, that design ground motion must be determined so that risks, e.g., to public health, associated with ground motion hazards are negligible compared with those associated with accidents of internal origins (International Atomic Energy Agency, 1988). It has been occasionally misunderstood that seismic safety of safety-critical facilities can be achieved if design ground motion is set large enough so that seismic risks can be sufficiently reduced. Recently, however, especially after the 2011 off the Pacific coast of Tohoku earthquake and the Fukushima Daiichi nuclear power plant accident, the need for serious consideration and treatment of residual risks has been widely recognized as an extremely important issue. Although the accident was caused due to tsunami, it was also recognized that there exists a room for discussion also for a framework of earthquake engineering.

A framework of performance-based seismic design (Structural Engineers Association of California, 1995) is considered to be one of several reasonable approaches in the practice of seismic design of engineering facilities. Within this framework, as shown in Figure 1, the levels of design ground motion are specified so that several performance objectives are met, and these levels are specified based on the potential severity of consequences when facilities suffer from damage. For safety-critical facilities, it is required to be operational even in the case of very rare earthquakes, i.e., severe earthquakes, and a near collapse state is not acceptable for any level of earthquake. On the other hand, a near collapse state is acceptable for basic facilities in the event of very rare earthquakes. What should be emphasized here is that this framework does not imply that safety-critical facilities do not require a mitigation strategy in dealing with the consequences of failure to the extent where these facilities are severely damaged to the point of collapse. Such a strategy, nonetheless, is considered to be more important for safety-critical facilities than for basic facilities.
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FIGURE 1 | Typical framework for performance-based seismic design (Structural Engineers Association of California, 1995).



In the field of nuclear safety, the “defense-in-depth” concept is considered to be important when dealing with residual risks, i.e., remaining risks after safety measures are introduced, and it is the primary means to prevent and mitigate the consequences of accidents (International Atomic Energy Agency, 1996, 2006). For safety-critical facilities, the defense-in-depth concept is implemented through a combination of consecutive and independent levels of protection (International Atomic Energy Agency, 1996, 2006). The central feature of the defense in depth is the idea of multiple levels of protection of public and workers (International Atomic Energy Agency, 1996). Under seismic excitations, however, it is impossible and unrealistic to assume that each level of protection for defense in depth is completely independent of each other. This is because items corresponding to each level of defense are simultaneously excited by earthquake ground motion in space and time, and this could lead to simultaneous malfunction and/or damage that results in a common cause failure. If items that are important in preventing accidents and mitigating the consequences of accidents simultaneously malfunction and/or suffer from damage, accidents with serious consequences could occur. These kinds of effects in the event of accidents are also known as cliff-edge effects (International Atomic Energy Agency, 2003, 2016a,b). The term “cliff-edge effects” implies a sudden large variation in condition of the facilities in response to a small variation in an input. It is triggered by simultaneous malfunction of these items.

There appears to be, however, no widely accepted approach in implementing the defense-in-depth concept over a wide range of seismic excitations, because the concept of the defense in depth was originally developed for accidents of internal origins. Therefore, this article proposes a basic theoretical framework with respect to seismic design of items important to safety based on a risk-informed concept (United States Nuclear Regulatory Commission, 2012), so that the defense-in-depth concept can be appropriately implemented for the seismic safety of safety-critical facilities.

As mentioned earlier, multiple items in a facility are excited and some of them are damaged by earthquake ground motions simultaneously. Moreover, spatially distributed multiple facilities suffer from damage simultaneously. These characteristics should be taken into consideration when conducting seismic risk assessment (Bazzurro and Cornell, 2002; Wang et al., 2009). Ground motion modeling, which can be applied to such seismic probabilistic risk assessment, has also been developed (Wang and Takada, 2005; Baker and Jayaram, 2008). In this study, a basic implementation method to deal with such characteristics of ground motions, called “risk-informed defense-in-depth-based framework” (Miyano et al., 2015), is developed by using this risk-based framework. The proposed method combines the concepts of diversity and seismic margin for the framework to give a basic insight on how multiple items closely located to each other can be designed to cope with earthquakes by combining multiple barriers.

PROPOSED FRAMEWORK OF SEISMIC DESIGN OF ITEMS IMPORTANT TO SAFETY

Background and Assumption

Items important to safety can be simply categorized into items that are important in preventing accidents and items that are important in mitigating the consequences of accidents. Items important to mitigating the consequences of accidents are required to function only after the occurrence of an accident, which essentially means that items important in preventing accident, in the first place, are damaged and/or have malfunctioned. Conventional seismic design procedures, however, do not usually distinguish between the roles of these two items explicitly.

The strategy for items important for safety is considered to be developed by combining diversity, physical separation, and functional independence (International Atomic Energy Agency, 2016a). Implementation of physical separation and functional independence is considered to be straightforward, while implementation of diversity to seismic excitation needs to be discussed further. Therefore, implementation of diversity to seismic excitation is discussed in this article. Diversity is provided by different mechanisms to function. In the seismic design of facilities, diversity is considered to be provided through differences in location of items (such as a plan layout or elevation) and by different dynamic characteristics between items (such as structural type, natural period, and damping characteristics). Providing an additional seismic margin, such as differentiation in classes of required seismic margins to each item based on its role, is another means in avoiding cliff-edge effects (International Atomic Energy Agency, 2016a). Typically, conservative parameters are introduced in the analysis of seismic design to deal with uncertainty, which are based on engineering judgment, the results of structural analysis, etc. These conservative parameters result in conservative designs. Quantification of such conservativeness is important to discuss the performance of facility to ground motions greater than the design ground motion (Budnitz et al., 1985; Haselton et al., 2011). In this study, an appropriate combination of seismic margin and diversity is discussed to implement the defense-in-depth concept to seismic design for safety-critical facility based on the risk-informed approach. A method to assign required additional seismic margins to each item is proposed depending on the characteristics of diversity introduced. As mentioned earlier, diversity is important to implement the defense-in-depth concept under seismic excitations. It is, however, not always possible to introduce it, because of the limitation due to the characteristics of item. Additional seismic margin is considered to be effective as a means of supplementing for such cases. Here, additional seismic margin means that seismic margin is required in addition to the seismic margin that is already introduced in the conventional seismic design.

A Method to Identify the Most Probable Source Characteristics and Associated Ground Motion Parameters That May Cause Accidents at Safety-Critical Facilities

Probabilistic Seismic Hazard Analysis and Ground Motion Prediction Equation

Probabilistic seismic hazard analysis is used to determine design ground motion and to analyze seismic risk of facilities. An example of the annual exceedance probability of design ground motion required for safety-critical facilities is usually ∼10−4 or smaller (Nuclear Regulatory Commission, 1997, 2007). Statistical equations, called ground motion prediction equations, are conventionally used to predict ground motions. In all, 5% damped acceleration response spectra are conveniently used to characterize a variety of frequency contents in different ground motions. A ground motion prediction equation for 5% damped spectral acceleration that is used in this study was initially developed for crustal earthquakes in Japan (Itoi et al., 2015). The functional form of the equation is as follows (Itoi et al., 2015):
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where Sa(T) is the 5% damped spectral acceleration at period T. MW, X (km), VS30 (m/s), and Z1500 (m) are the moment magnitude, the shortest distance from fault to site, the 30 m average shear wave velocity, and the depth to shear wave velocity, which is equal to 1,500 m/s, respectively. EINTER(T) and EINTRA(T) are standard normal variables for inter-event and intra-event residuals, respectively, while σINTER(T) and σINTRA(T) are their corresponding standard deviations. a(T) to k(T) are the coefficients obtained by the least-square regression. The coefficients a(T) to k(T), σINTER(T), and σINTRA(T) obtained based on the least-square regression are summarized in Table 1. Period-to-period correlations for inter-event residuals ρINTER(TA, TB) and intra-event residuals ρINTRA(TA, TB) are summarized in Table 2. Correlation of EINTER(T) and EINTRA(T) between different periods T is important when the possibility of simultaneous damage of multiple items, i.e., a common cause failure, is discussed. The applicable range of the equation is 5.1 ≤ MW ≤ 6.9, X ≤ 100 km, 110 m/s ≤ VS30 ≤ 700 m/s, and Z1500 ≤ 3,000 m (Itoi et al., 2015).

TABLE 1 | The coefficients for the ground motion prediction equation (Itoi et al., 2015).
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TABLE 2 | Period-to-period correlation for inter-event and intra-event residuals (Itoi et al., 2015).
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A Method to Identify the Most Probable Source Characteristics

In this section, a framework is proposed to identify the most probable source characteristics and ground motion parameters that may result in accidents. The most probable source characteristics and ground motion parameters are defined here as the design point that can be obtained by the first-order reliability method (FORM) (Rackwitz and Fiessler, 1978). The design point is defined as the point with the highest probability density in the domain of accident. The FORM (Rackwitz and Fiessler, 1978), probabilistic seismic hazard deaggregation (McGuire, 1995; Takada et al., 2003), and the conditional mean spectrum (Baker, 2011) are used in the proposed framework.

A system that is considered for a simplified case is assumed to contain two items (items A and B) that are located at the same place. It is assumed that an accidental condition occurs if item A fails. Item B is then used to mitigate the consequences of the resulting accident. A fault tree representation of system failure defined by an occurrence of an accident with serious consequences is shown in Figure 2 using the priority-AND gate. Item A is assumed to be a single-degree-of-freedom system that has a natural period TA. The limit state function for failure of item A, GA, is defined as follows:

[image: image1]

where RA(TA) is the capacity of item A as a function of the 5% damped spectral acceleration at T = TA and is assumed to have a log-normal distribution. SA(TA) is the maximum seismic action on item A, i.e., 5% damped spectral acceleration at T = TA. The probability distribution of SA(TA) for a certain period of time, which is 1 year in this case, is obtained using the probabilistic seismic hazard analysis. Item A fails if GA is negative, while item A survives if GA is positive. The most probable level of spectral acceleration sA* for SA(TA) is obtained using FORM.
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FIGURE 2 | Fault tree representation of the system considered.



Then, the most probable earthquake source parameters and ground motion parameters that may result in accidents are identified. Similar to Eq. 2, a limit state function GHA is defined as follows:
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where SCA(TA) is the ground motion given the earthquake occurrence. Based on Eq. 1, SCA(TA) is described as follows:

[image: image1]

where MW, X, EINTER(TA), and EINTRA(TA) are random variables representing the moment magnitude, the shortest distance from fault to site, the standard normal variable for inter-event residual, and the standard normal variable for intra-event residual, respectively. νS30S and z1500S are VS30 and Z1500 at the location of the system, respectively.

The most probable values for MW, X, EINTER(TA) and EINTRA(TA), MW*, x*, εINTER* (TA), and εINTRA* (TA) are obtained given that SA (TA) = sA* using FORM. The methodology used is almost identical to that proposed by Takada et al. (2003) and similar to that proposed by McGuire (1995).

Item B is also assumed to be a single-degree-of-freedom system with a natural period TB, which can be different from TA. The most probable earthquake source characteristics under which item B is required to function is an earthquake of magnitude MW*, whose shortest distance from fault to site is x*. The most probable spectral acceleration at period TA is sA*, which is obtained from Eq. 3 using the abovementioned procedure. The most probable spectral acceleration at period TB, [image: image1], given this condition, is calculated as follows:
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where [image: image1] and [image: image1] are the conditional means of the bivariate normal distribution given εINTER* (TA) and εINTRA* (TA), respectively, as follows:
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This concept is identical to that of the conditional mean spectrum proposed by Baker (2011). As can be understood from Eqs 6 and 7, [image: image1] and [image: image1] respectively, approach asymptotically to 0 as the difference between TA and TB increases. This is because ρINTER(TA, TB) and ρINTRA(TA, TB) approach 0 as the difference between TA and TB increases as shown in Table 2.

Proposed Framework to Provide Additional Seismic Margins to Items Important in Mitigating the Consequences of Accidents

Item B should be designed based on a different concept from that of item A. It is because a role of item B is different from that of item A. Therefore, it has been proposed in this study that the seismic margin mB(TB|TA), which is additionally required for item B, is a function of the obtained spectral acceleration [image: image1] and is given as follows:

[image: image1]

where SBD(TB) is the spectral acceleration at period TB for the original seismic design obtained using the same concept as that for item A. From Eq. 5, it can be found that the additional seismic margin mB(TB|TA) is almost unity if the difference between TA and TB is large enough. This is justified because diversity with respect to dynamic characteristics, such as the natural period, is expected to work effectively. (This will be discussed in the next chapter.). On the other hand, a larger additional margin mB(TB|TA) is required if TA and TB are close to each other, i.e., if the diversity in the characteristics of items is not introduced in the seismic design. The proposed method combines the information on regional seismicity, the characteristics of ground motions, and the vulnerability of the facility to determine the additional seismic margin required for items that are important in mitigating the consequences of accidents.

SEISMIC MARGIN REQUIRED FOR ITEMS THAT ARE IMPORTANT IN MITIGATING THE CONSEQUENCES OF ACCIDENTS FOR AREA SOURCES

Simulation Conditions

An area source as shown in Figure 3 is used as an example. Point sources are uniformly distributed within a radius of 100 km, whereby their focal depth is 10 km. The facility is assumed to be located on the ground surface above the center of the area source. The probability distribution of the earthquake magnitude is assumed to be in agreement with the Gutenberg–Richter law. The cumulative distribution function for the magnitude FM(m) is as follows:

[image: image1]

where mmax (6.95) and mmin (5.05) are the maximum and minimum magnitudes, respectively. b is assumed to be 0.9. These values are typical for those used for earthquakes without specified source faults in Japan. νS30S and z1500S of Eq. 5 are assumed to be 700 m/s and 100 m, respectively. νS30S and z1500S are the 30 m average shear wave velocity and the depth to shear wave velocity, which is equal to 1,500 m/s at the site, respectively. Seismic hazard curves and uniform hazard response spectra calculated at the facility are shown in Figure 4. The design ground motion for a system is assumed to correspond to the exceedance probability of 10−4/year.
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FIGURE 3 | Location of facility and the assumed area source. Size of source: point source; depth of source: 10 km; range of magnitude (Mw): 5.05–6.95.
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FIGURE 4 | Seismic hazard at the location of the facility. (A) T = 0.02 s and T = 0.97 s and (B) uniform hazard spectra.



The facility is modeled as a system that contains two items, items A and B, as is the case in Section “A Method to Identify the Most Probable Source Characteristics.” The natural period of item A, TA, is assumed to be 0.02 s. As for item B, three alternative options (items B0, BS, and BT) are assumed as listed in Table 3. It is assumed as an example that the logarithmic standard deviation of the capacity of each item is 0.3, while the conditional probability of failure at the level of design ground motion is 0.01. The most probable spectral acceleration and additional seismic margin required for items that are important in mitigating the consequences of accidents (items BS and BT) are obtained based on the proposed method as shown in Figure 5. Seismic fragility curves that show the cumulative distribution function of the capacity as a function of 5% spectral acceleration at the natural period, assumed for items B0, BS, and BT, are shown in Figures 6A,B. The most probable source characteristics and the most probable ground motion parameters that may cause accidents are shown in Table 4. An additional seismic margin of 1.49 for item BS, as compared to item B0, is obtained using Eq. 8 for this example, whereas an additional seismic margin is not required for item BT. If two items have the similar mechanism to resist seismic forces, it is reasonable to assume that the capacities between them are correlated. Therefore, for cases 0 and S, the correlation coefficient ρ between the capacities of A and B is assumed to be 0, 0.3, and 0.6, i.e., for items B0 and BS, where ρ = 0 for reference. Independence between items A and BT is assumed for case T.

TABLE 3 | Three alternative options for item B.
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FIGURE 5 | Most probable acceleration response spectrum and the required additional seismic margin required for items important in mitigating the consequences of accidents. (A) Comparison between the most probable acceleration response spectrum and uniform hazard spectra and (B) required additional seismic margin.
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FIGURE 6 | Seismic fragility curves for items B0, BS, and BT. As a function of 5% damped spectral acceleration at (A) 0.02 s (items B0, BS, and BT) and (B) 0.97 s (item BT).



TABLE 4 | Most probable source characteristics and the most probable ground motion parameters that may cause accidents.

[image: image1]

Monte Carlo simulations are conducted where the number of samples for the simulation is 108. Samples of hypocenter and magnitude of earthquakes, 5% damped acceleration response spectra, and capacity of items are generated to calculate the fragility curve for failure of the system, i.e., simultaneous malfunction of both items.

Results and Discussions

Seismic fragility curves for item BT as a function of 5% damped spectral acceleration at 0.02 s are estimated based on the simulated samples using the maximum likelihood estimation (Shinozuka et al., 2000), as shown in Figure 6A. The logarithmic standard deviation obtained is 0.93, which includes the effects of uncertainties in the shape of acceleration response spectra and the capacity of the item.

Seismic fragility curves of the system representing the cumulative distribution as a function of 5% damped spectral acceleration at 0.02 s, for the occurrence of a simultaneous malfunction of two items, are also obtained using the maximum likelihood estimation (Shinozuka et al., 2000). These are shown in Figure 7. As for case 0, i.e., item B0, the median capacity of the system is 1.2 times larger than that of item A when ρ = 0, while it is 1.1 times larger when ρ = 0.6. The median capacity decreases as the correlation coefficient ρ increases because of simultaneous damage of two items. As for case S where an additional seismic margin is provided to item B, the median capacity of the system is 1.5 times larger than that of item A when ρ = 0, 0.3, and 0.6. The difference between ρ can be observed for ground motion <2,000 cm/s2. As for case T, the case that the natural period of item B is elongated, the median capacity of the system is 2.1 times larger than that of item A, while the logarithmic standard deviation is 0.47, and this is larger than those in case 0 (0.24–0.28) and case S (0.26–0.30). Case T is more effective for larger ground motion levels as compared to cases 0 and S.
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FIGURE 7 | Seismic fragility curves for occurrence of accident with serious consequences. (A) Case 0, (B) Case S, and (C) Case T.



The annual failure probability of the system is numerically calculated to discuss the effectiveness of diversity in the natural period of items and additional seismic margins. The annual failure probability of the system, Pfsys, is calculated as follows:

[image: image1]

where fs(s) is the probability density function of the annual maximum 5% damped spectral acceleration at 0.02 s, while FSys(s) is the cumulative distribution function of the capacity of the system.

The results are tabulated in Table 5. For case 0, item B0 is not so much effective to mitigate the consequences of accidents, because the failure probability of the system does not decrease <0.449–0.640 times as compared to that of item A. The failure probability of the system decreases 0.165–0.213 times as compared to that of item A for case S, and it decreases 0.14 times as compared to that of item A for case T. Both cases T and S are effective in mitigating the consequences of accidents, while case 0 is not because of the effects of common cause failure.

TABLE 5 | Calculated failure probabilities for the system.
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It still remains a room for discussion how this framework can be applied to the design of actual safety-critical facility. One of typical examples where the framework can be applied is the case when an emergency operations facility is additionally constructed in the vicinity of the facility. Whether a base-isolated structure is better than an earthquake-resistant structure for the emergency operations facility should be discussed not only by the performance of a single facility but also based on the performance of a group of facilities. The proposed framework can be used to discuss the latter case.

CONCLUSION

In this article, the sophistication of seismic design of safety-critical facilities was discussed from the viewpoint of seismic design of items that are important in mitigating the consequences of accidents to avoid cliff-edge effects. The proposed approach is considered to be related to an implementation of risk-informed and performance-based defense in depth.

First, it was pointed out that a strategy in mitigating the consequences of severe accidents to the point of near collapse is more important for safety-critical facilities than for basic facilities. Therefore, a basic framework for ensuring diversity in dynamic characteristics of items and providing additional seismic margin, such as a differentiation in classes of required seismic margins to each item based on its role, was proposed. This framework is meant to prevent a common cause failure and to avoid cliff-edge effects based on a risk-informed systems approach. The framework is proposed by utilizing the concepts of the FORM, probabilistic seismic hazard deaggregation, and the conditional mean spectrum. An appropriate combination of seismic margin and diversity was discussed to implement the defense-in-depth concept to seismic design based on the risk-informed approach. An example was demonstrated to prove that the proposed method was effective. The proposed method is considered to be useful because a defense-in-depth concept can be appropriately implemented under a wide range of seismic excitations.

Further applicability of the proposed method should be discussed using a more realistic system in future study. An actual safety-critical facility is composed of a large number of items and is much more complicated, although cases with two items are investigated in this article as a simplified example. Increasing the redundancy ensures higher level of safety, while total cost increases, including initial and maintenance costs. A framework of cost–benefit analysis should be developed to discuss how safe is safe enough. The effects of diversity in location of items in addition to diversity in dynamic characteristics are also needed to be discussed in the future study.
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