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ABSTRACT: During the past 15 years there have been over 30 Seismic Probabilistic Risk

Assessments (SPRAs) and Seismic Probabilistic Safety Assessments (SPSAs) conducted of

Western Nuclear Power Plants, principally of US design. In this paper PRA and PSA are used

interchangeably as the overall process is essentially the same. Some similar assessments have been

done for reactors in Taiwan, Korea, Japan, Switzerland and Slovenia. These plants were also

principally US supplied or built under US license. Since the restructuring of the governments in

former Soviet Bloc countries, there has been grave concern regarding the safety of the reactors in

these countries. To date there has been considerable activity in conducting partial seismic upgrades

but the overall quantification of risk has not been pursued to the depth that it has in Western

countries. This paper summarizes the methodology for Seismic PRA/PSA and compares results of

two partially completed and two completed PRAs of soviet designed reactors to results from earlier

PRAs on US Reactors. A WWER 440 and a WWER 1000 located in low seismic activity regions

have completed PRAs and results show the seismic risk to be very low for both designs. For more

active regions, partially completed PRAs of a WWER 440 and WWER 1000 located at the same

site show the WWER 440 to have much greater seismic risk than the WWER 1000 plant. The

seismic risk from the 1 OOOmw plant compares with the high end of seismic risk for earlier seismic

PRAs in the US. Just as for most US plants, the seismic risk appears to be less than the risk from

internal events if risk is measured is terms of mean core damage frequency. However, due to the

lack of containment for the earlier WWER 440s, the risk to the public may be significantly greater

due to the more probable scenario of an early release. The studies reported have not taken the

accident sequences beyond the stage of core damage hence the public heath risk ratios are

speculative.

1. INTRODUCTION

Internal event PRAs have been conducted in the US for a period of about 20 years. The

addition of seismic and other external events to these studies followed shortly. In the early 1980's

the USNRC sponsored a Seismic Safety Margins Research Program (SSMRP) to study

methodology and results for PRAs. Reference 1 is a summary of the overall program and results.

Concurrently, several utility sponsored PRAs, including seismic and other external events were

conducted. These earlier studies were driven primarily by the regulators to address seismic risk at

perceived high risk sites due either to the population density or due to technical issues related to the

P:\950000\100\TECHPAPR.DOC/irv

167



2-20

design bases. A PRA Procedures Guide, (Ref. 2) was developed in 1983 to provide guidance on the

conduct of PRAs. The guide was focused primarily on internal event analysis with some general

guidance on seismic and other external events.

In 1988 a Severe Accident Policy (Ref 3) initiated by the US regulators required all operating

Nuclear Power Plants (NPPs) to conduct PRAs for internal events. Supplement 4 to the Severe

Accident Policy (Ref. 4) required that external events, with emphasis on seismic and internal fire,

be included. For seismic events, the regulators allowed the utility to choose between a

deterministic seismic margins approach and PRA. For the highest seismic activity sites, PRA was

mandatory.

Throughout the evolution of PRAs in the US, several Western Countries also commissioned

PRAs including seismic events. The methodology for seismic PRAs has stayed basically the same,

however, several technical enhancements have evolved.

Since the restructuring of the governments in the former Easter Bloc countries, there has been

significant concern expressed by people in these countries and in neighboring counties regarding

the safety of the Russian designed reactors. To date there have been a few PRAs completed or

partially completed to address these safety concerns.

This paper will present a summary of the overall methodology for seismic PRA, then

summarize seismic PRA activities for Water Cooled Water Moderated Energy Reactors (WWERs)

at three sites and compare the results to earlier published PRAs of US Plants.

2. OVERVIEW OF METHODOLOGY

The key elements of a seismic PRA are:

1. Seismic hazard analysis - estimation of the frequency of various levels of

seismic ground motion (acceleration) occurring at the site

2. Seismic fragility evaluation - estimation of the conditional probabilities of

structural or equipment failure for given levels of ground acceleration

3. Systems/accident sequence analysis - modeling of the various combinations

of structural and equipment failures that could initiate and propagate a

seismic core damage accident sequence

4. Evaluation of core damage frequency and public risk - assembly of the

results of the seismic hazard, fragility and systems analyses to estimate the

frequencies of core damage and plant damage states; assessment of the

impact of seismic events on the containment integrity; and integration of
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these results with the core damage analysis to obtain estimates of seismic risk

in terms of effects on public health

The process is shown schematically in Figure 2-1.

Following is a brief description of the four steps utilized in the PRA process.

nt sequences
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Figure 2-1: Schmatic Overview of a Seismic PSA

Seismic Hazard Analysis

Seismic hazard is usually expressed in terms of the frequency distribution of the peak value of

a ground motion parameter (e.g., peak ground acceleration) during a specified time interval. The

different steps of this analysis are as follows:

1.

2.

3.

Identification of the sources of earthquakes, such as faults and seismotectonic

provinces.

Evaluation of the earthquake history of the region to assess the frequencies of

occurrence of earthquakes of different magnitudes or epicentral intensities.

Development of attenuation relationships to estimate the intensity of

earthquake-induced ground motion (e.g., peak ground acceleration) at the

site.

4. Integration of the above information to estimate the frequency of exceedance

for selected ground motion parameters.

The hazard estimate depends on uncertain estimates of attenuation, upperbound magnitudes,

and the geometry of the postulated sources. Such uncertainties are included in the hazard analysis

by assigning probabilities to alternative hypotheses about these parameters. A probability
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distribution for the frequency of occurrence is thereby developed. The annual frequencies for

exceeding specified values of the ground motion parameter are displayed as a family of curves with

different probabilities (Figure 2-2).

10

0.01

Peak Ground Acceleration (g)

Figure 2-2: Typical Seismic Hazard Curves for a Nuclear Power Plant Site

Seismic Fragility Evaluation

The methodology for evaluating seismic fragilities of structures and equipment is summarized in

References 2 and 5. Seismic fragility of a structure or equipment item is defined as the conditional

probability of its failure at a given value of the seismic input or response parameter (e.g., peak

ground acceleration, stress, moment, or spectral acceleration). Seismic fragilties are most

commonly referenced to peak ground acceleration and this definition will be used in this paper. The

best estimate of seismic capacity is developed and is defined as the peak ground motion

acceleration value at which the seismic response of a given component located at a specified point

in the structure exceeds the component's resistance capacity, resulting in its failure. The ground

acceleration capacity of the component is estimated using information on plant design bases,

responses calculated at the design analysis stage, as-built dimensions and material properties.

There are many variables in the estimation of this ground acceleration capacity, thus, the

distribution on the capacity is also quantified. Component fragility is described by a family of

fragility curves; a probability value is assigned to each curve to reflect the uncertainty in the

fragility estimation (Figure 2-3).
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Figure 2-3: Typical Family of Fragility Curves for a Component

Analysis of Plant Systems and Accident Sequences

Frequencies of severe core damage and radioactive release to the environment are calculated by

combining plant logic with component fragilities and seismic hazard estimates. Event and fault

trees are constructed to identify the accident sequences that may lead to severe core damage and

radioactive release.

The plant systems and sequence analyses used in seismic PRAs are based on the PRA

Procedures Guide (Reference 2) and can generally be summarized as follows:

1. The analyst constructs fault trees reflecting (a) failures of key system

components or structures that could initiate an accident sequence and (b)

failures of key system components or structures that would be called on to

stop the accident sequence.

2. The fragility of each such component (initiators and mitigators) is estimated.
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3. Fault trees are used to develop Boolean expressions for severe core damage

that lead to each distinct plant damage state sequences.

4. Considering possible severe core damage sequences and containment

mitigation systems, Boolean expressions are developed for each release

category.

As an example, the Boolean expression for severe core damage in a prior Probabilistic Safety

Study is:

MS = 4 + 8 + 10 + 14 + 17 + 21 + (12 + 22 + 26) * 9 (2-1)

The numbers represent components for which seismic fragilities have been developed. The

symbols "+" and "*" indicate "OR" and "AND" operations, respectively. Plant level fragility

curves are obtained by aggregating the fragilities of individual components according to Equation

2-1, using either Monte Carlo simulation or numerical integration. The plant level fragility is

defined as the conditional probability of severe core damage as a function of the peak ground

acceleration at the site. The uncertainty in plant level fragility is displayed by developing a family

of fragility curves; the weight (probability) assigned to each curve is derived from the fragility

curves of components appearing in the specific plant damage state accident sequence.

Evaluation of Core Damage Frequency and Public Risk

Plant level fragilities are convolved with the seismic hazard curves to obtain a set of doublets

for the plant damage state frequency,

fij> } (2-2)

where fjj is the seismically-induced plant damage state frequency and py is the discrete

probability of this frequency.

Pij = qipj (2-3)

fij = If, (a)—-1 da (2-4)
da

Here, Hj represents the j t n hazard curve, fj the i tn plant damage fragility curve; q\ is the

probability associated with the i*h fragility curve and p; is the probability associated with the j m

hazard curve.

The above equations state that the convolution between the seismic hazard and plant level
fragility is carried out by selecting hazard curve j and fragility curve i; the probability assigned to
the plant damage frequency resulting from the convolution is the product of the probabilities p; and
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qj assigned to these two curves. The convolution operation given by Equation 2-4 consists of

multiplying the occurrence frequency of an earthquake peak ground acceleration between a and a +
da (obtained as the derivative of Hj with respect to a) with the conditional probability of the plant

damage state, and integrating such products over the entire range of peak ground accelerations 0 to

oo. In this manner, a probabilistic distribution on the frequency of a plant damage state can be

obtained.

Severe core damage occurs if any one of the plant damage states occurs. By probabilistically

combining the plant damage states, the plant level fragility curves for severe core damage are

obtained. Integration of the family of fragility curves over the family of seismic hazard curves

yields the probability distribution function of the occurrence frequency of severe core damage

(Figure 2-4). By extending this procedure, probability distribution functions of the occurrence of

different release categories are obtained.
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Figure 2-4: Probability Distribution of Seismically-Induced Severe Core Damage Frequency

Public risks in terms of early fatalities, long term adverse health effects, and property damage

are evaluated by developing a site-consequence model and inputting the release frequencies

calculated above. This analysis would produce seismic risk curves showing frequencies of

exceedance at different levels of consequences.

Fragility Cutoff Methodology

It is not practical to calculate fragilities for all components which are included in the risk

modeling. Most components and distributive systems are inherently rugged and can be screened

out on the basis that their seismic induced failure rate is low in comparison to the items which will

ultimately dominate seismic risk. It is desirable to establish a fragility target above which

components exceeding this target may be screened out.
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In developing the target, three variables must be considered; seismic hazard, uncertainty in the

median fragility and frequency of failure (potential core damage) relative to that for other events. A

fourth variable, consequence of failure is important, but for purposes of establishing a fragility cut

off it is assumed that all failures have equal consequence. Parametric studies are usually conducted

using the hazard and candidate fragility curves as input variables and examining the resulting

failure frequency.

Seismic Hazard: NUREG-1407, Ref 6 provides guidance for the US IPEEE program. It states

that the seismic hazard must be carried out to 1.5g unless sensitivity studies can show that a lower

cutoff is justified. Previous fragility cutoff studies with cut offs at 1.0 and 1.5g have shown that for

low capacity components, the extension of the hazard does not make a significant difference but at

the fragility level that was ultimately determined to be an acceptable cutoff, there was enough

difference between the 1.0 and 1.5g cutoff results that the cutoff decision was based on a 1.5g

cutoff.

Uncertainty in the Median Fragility: The uncertainty range for fragilities varies with the

failure mode. For ductile modes of failure, such as for structures or piping, the margin to failure

relative to code allowables is larger than for brittle or functional failure modes but the uncertainty is

also larger so that dual criteria must be implemented to establish a minimum value of the median

capacity and of the HCLPF.

HCLPF is an acronym for high-confidence-of-low-probability-of-failure. It is defined

mathematically as 95% confidence of less than 5% probability of failure. The fragility curve is
usually described by the median, Am, the randomness, BR, and uncertainty, BTJ, where the Bs are

logarithmic standard deviations. For an assumed lognormal distribution the HCLPF may be

computed from:

HCLPF = Am exp (1.65) (BR + By)

For ductile failure modes of flexible systems, such as for structures, the ratio of median to

HCLPF is typically about three or greater. For brittle failure modes of rigid equipment or

functional failure modes such as relay chatter, the ratio of median to HCLPF can be as low as two.

Thus, for the same seismic failure rate, the flexible, ductile items must have a higher median but

may have a lower HCLPF than for a non-ductile failure mode.

Numerous case studies conducted to determine the fragility level for screening reveal that the

seismic failure rate is more sensitive to HCLPF than median. Often it is more convenient to

estimate or compute a deterministic HCLPF for making decisions on screening. The final cutoff

value for fragility may then be targeted to a HCLPF value, wherein the median value is implied,

depending upon the failure mode. Establishment of a HCLPF above the cutoff target is the

approach usually used for screening of structures and equipment.
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Failure Rate Relative to Other Event Failure Rates: Core damage from internal events usually

governs the plant risk. Internal event core damage frequencies typically are on the order of 1E-5 or

greater. Seismic failures that could contribute more than 10% of this should not be screened out so

an approximate target for screening is a seismic failure rate of 1E-6 or less. Surrogate fragilities

representing the screening level are then used for the top event in any fault tree where all basic

events have been screened out.

The screening level is dependent upon the severity of the seismic hazard and the core damage

frequency of internal events. All significant parameters must be assessed to arrive at a rational and

defendable screening level.

3. CASE STUDIES, WESTERN VS. EASTERN EUROPEAN REACTORS

Over the past 15 years, there have been over 30 seismic PRA's conducted of Western nuclear

power plants, principally of U.S. design. Reference 7 summarized the author's insights from

participation in most of these studies. Since the political restructuring of the former Easter Block

countries, there has been much involvement of Western contractors in safety assessments and safety

upgrades of Russian designed NPPs. Seismic assessments of these plants has become of particular

importance in several countries. In conjunction with seismic upgrades being implemented on

several plants, some partial and some complete seismic probabilistic risk assessments have been

conducted. In this paper, the seismic risk from four WWER reactors has been summarized and is

compared to that for a sampling of U.S. reactors.

There are three generations of WWER-the 440-230, 440-213, and the 1000. The 440-230's

are the oldest design and the 1000's are the latest. The plants studied and summarized are a 440-

230 and a 1000 design at the same site in Bulgaria for which the seismic hazard is moderately

severe, a highly modified version of a 440-230 in Finland, and a new 1000 mw plant under

construction in the Czech Republic. The seismic hazard for the latter two sites is very low. The

WWER 440s studied had no special seismic design provision, but a number of seismic backfits

have been made. The WWER 1000's were designed for seismic loading. For the plant in Bulgaria,

the design level was less than current seismic hazard studies would suggest, but as will be shown,

there is a large seismic margin in most of the 1000 mw structures and equipment.

The first generation of WWER's produced 440 megawatts (WWER-440). The earlier model

230's are of greatest concern due to their lack of containment. Later model 213's incorporated a

bubble tower to condense steam released from a loss of coolant accident. This second generation

WWER-440 has improved safety features and can mitigate a large LOCA. The WWER-1000 has a

post-tensioned concrete containment and is very similar in system design to current generation

Western PWRs.

P:\9S0000\l00\TECHPAPR.DOOirv

175



10-20

The primary focus is on six reactors located at Kozloduy in Bulgaria, four WWER 440-230's

and two WWER-1000's, henceforth are subject to identical seismic hazards. The Loviisa 440 plant

in Finland and the Temlin 1000 mw plant in the Czech Republic are in low seismicity regions and

only the results are provided for comparison.

Probabilistic risk assessment methodology (PRA) was used to assess the risk due to internal

events and due to earthquakes. Because of the urgency in assessing the relative risk from various

aspects of the design and the external hazards, the initial study of the Kozloduy WWER 440's was

abbreviated to a "Top Level Risk Assessment" (TLRA), Reference 8, as opposed to a full PRA.

The Top Level Risk Assessment utilizes event tree methodology, but does not include the

development of detailed fault trees. The PRA for the WWER 1000's was a full PRA conducted in

much greater depth.

The Top Level Risk Assessment focused on internal event initiated accident sequences. A very

brief supplemental study was conducted to include seismic initiating events. At the time of the Top

Level Risk Assessment, the seismic hazards for the Kozloduy site had not been finalized; therefore,

an existing seismic hazards study of the Belene site (Reference 9) was used. Both sites are on the

Danube River and the hazard is dominated by seismic sources near Vrancea in Romania. The

recently completed PRA of the WWER 1000's utilized a site-specific hazard. The two seismic

hazards curves are compared in Figure 3-1. Although the hazard used for the earlier Top Level

Risk Assessment was greater, the results of the two studies show more than an order of magnitude

greater core damage frequency (CDF) for the older WWER 440's, whereas, there is only about a

factor of two difference in the hazards, i.e., the probability of exceedance of a given peak ground

acceleration is about a factor of two greater. Thus, comparison between the results for the two

designs are meaningful.

Hazard Curves for NPP KOZLODUY and BELENE
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Figure 3-1: Hazard Curves, Free Field Maximum Acceleration
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Description of Reactors

The WWER 440's are designed as dual reactor complexes connected to a gallery complex

which is connected to the turbine building. Each structure is, however, on a separate foundation.

The reactor primary system and six steam generators are contained within a reinforced concrete

confinement which is designed for a one bar internal pressure. Upon exceedance of one bar

pressure, relief valves open and vent to the atmosphere. The confinement is sized to contain the

release from a 100 mm diameter pipe break, but with an orifice to choke flow. Neither the system

design nor the containment can mitigate or confine a larger break. The two later WWER 440's

have low pressure safety injection systems (LPSI), but the design basis loss of coolant accident

remains a 100 mm line break choked by an orifice.

The WWER 1000 has a post-tensioned concrete containment which, unlike western

containments, sits on top of the auxiliary building structure. Its safety systems are similar to

Western PWRs and can mitigate and confine a large loss of coolant accident.

The safety systems differ considerably between the two generations of reactors. In general, the

Russian reactors have three train safety systems, as compared to a two-train system in Western

PWRs. However, in the two earliest WWER 440's at Kozloduy, the service water system and DC

power system consist of three trains shared by two units. The service water system is also shared by

non-essential heat loads, thus increasing the vulnerability of the service water system.

The WWER 440's do not have a closed loop decay heat removal system. Long-term decay

heat removal is by means of heat exchangers on the secondary side that cool water circulated

through the steam generators. None of the WWER's have procedures for "feed and bleed" for

controlled depressurization of the primary system in the event of a loss of main and emergency

feedwater to the steam generators. Most Western PWRs have this capability.

The WWER 440's at Kozloduy do not have fast closing main steam isolation valves, thus there

is a risk of overcooling the embrittled reactor vessel in the event of a main steam line break.

The WWER 440's at Kozloduy do not have power-operated isolation valves for the primary

coolant letdown and filtration system, thus increasing the system boundary which could initiate a

loss of coolant accident. Table 3-1 compares the above features for the three Russian designs at

Kozloduy and modern Western designs.

Seismic Design Basis

The two earlier WWER 440's at Kozloduy did not have a seismic design basis. Soon after

operation, the two reactors experienced an earthquake in 1977 which was centered in Vrancea,

Romania. There was no seismic instrumentation at the site, but post-earthquake investigations

estimated about O.lg peak ground acceleration. One unit was manually scrammed and the other
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continued to operate. Post-earthquake damage investigation and analysis revealed that the steam

generators had moved about 11 cm and that the primary coolant piping was close to yielding. Some

minor structural damage was noted and repaired. The structural design of the WWER 440's outside

of the reinforced concrete confinement consists of primarily precast concrete columns, beams and

shear panels. The connection details are very weak and brittle, thus most of the essential structures

are vulnerable to large earthquakes. There is extensive use of unreinforced masonry walls for

interior walls. Some of these walls cracked during the 1977 earthquake.

Table 3-1

COMPARISON OF DESIGN FEATURES OF KOZLODUY AND WESTERN REACTORS

Function

Containment

Large LOCA
Mitigation

Closed Loop
Primary System
DHR

Safety System
Redundancy

Feed and Bleed

Fast Closing MSIVs

Letdown Isolation

Steam Driven
Emergency Feed
Pumps

Kozloduy
1 & 2 WWER-440

1 bar confinement

No

No

3 train AC Power,
3 train DC and

service water, shared
by two units

No

No

No

No

Kozloduy
3 & 4 WWER-

440

1 bar
confinement

No

No

3 train

No

No

No

No

Kozloduy
5 & 6 WWER-

1000

Yes

Yes

Yes

3 train

No

Yes

Yes

No

Western PWRs

Yes

Yes

Yes

2 train

Yes (most)

Yes

Yes

Yes

Subsequent to the 1977 earthquake, selected upgrades were made to the primary system,

including the letdown filtration system to prevent a loss of coolant accident. These upgrades were

designed for a O.lg PGA and were incorporated into units 3 and 4 which were under construction at

the time. Some upgrades were made to the secondary system steam generators and DHR heat

exchanges, but as was discovered in a walkdown of the 4 units (Reference 10), many of the
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upgrades were either not completed or were improperly constructed. Upgrades were not carried to

other essential equipment or to structures. At the time of the Top Level Risk Assessment there

were many unanchored essential equipments.

The two WWER 1000's were designed for O.lg PGA but, in many instances, the design is

standards for up to 0.3g PGA, thus there is a large margin in the main structure and in many

components.

The essential structures are cast-in-place reinforced concrete. A previous assessment of the

Belene reactor which was under construction in Bulgaria revealed that they could, for the most part,

meet design requirements for greater than 0.2g PGA (Reference 9). Most essential equipment is

properly anchored and supported, although a few exceptions were noted during a walkdown in

review of Reference 11. Much of the electrical and control cabinets are top braced so that they are

not as vulnerable to seismic input motions, as were many earlier U.S. plant installations.

Unreinforced masonry walls are not used in areas near essential equipment.

Although the current hazard study for the Kozloduy site suggest that the design basis should

have been for 0.2g PGA rather than O.lg, in general there is good detail and margin in this 1000

mw design.

Risk Models

WWER 440

The Top Level Risk Assessment for the WWER 440s focused primarily on internal events risk

to identify design vulnerabilities and develop concepts for cost-effective back fitting, including

construction of a "bunker system" for safe shutdown. The initial seismic activity was focused on

determining the magnitude of seismic backfit required to structures and equipment with and

without the bunker system. However, a previous study conducted for the International Atomic

Energy Agency (Reference 10) resulted in the development of some seismic fragility curves for

selected weak link components in the plant. These fragilities, along with some estimated structural

fragilities, were utilized in a simple Boolean expression to approximately quantify the seismic risk

in order to have a comparison with the risk from internal events. The simple Boolean utilized was

representative of units 3 and 4, but approximately represents all four of the WWER 440 units.

The weak links of essential systems were assumed to be the top event in the fault trees

representing AC power supply, AC power distribution, emergency feed water and safety injection.

The Boolean took credit for a "feed and bleed" capability in the event of loss of emergency feed

water, but no procedure for this was in place at the time of the study nor was it certain that the

power operated relief valves had the capability of performing this operation. Since failure of major

structures lead directly to core damage, the weakest structures were also represented.
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The DC power system, control systems, and systems interactions, primarily block walls, were

not modeled. DC power appeared to be reasonably rugged except for numerous unreinforced

masonry walls. The control system was most vulnerable from lack of anchorage of relay cabinets.

Since the service water pump structures and diesel building were not any better than unreinforced

masonry walls, the walls were not included in the simple model. Also, it was recognized that a

major program for anchorage of equipment would be necessary, hence control cabinet anchorage

was not included in this first approximate quantification.

The convolvement of the hazard and fragility curves in the Boolean expression resulted in a

predicted core damage frequency (CDF) of 1.6 x 10" per year, more than an order of magnitude

greater than what would be acceptable in the Western world. This was, however, comparable to the

calculated CDF for internal events and the CDF estimated for fire. Using the later site-specific

hazard shown in Figure 3-1, the CDF was about 7.5 x 10 , still very high relative to Western

reactors. If a complete systems model were used, increasing the number of basic events, the CDF

would increase and likely be in the neighborhood of 1 x 10" .

Some subsequent studies utilizing detailed fault trees representing the AC power system,

service water system, emergency feed water system, low pressure injection system and high

pressure injection system were conducted to determine the sensitivity of the reactor to the various

sources of failures and to aid in setting priorities for upgrades. The major structures were also

included as in the initial quantifications. The service water and diesel building failures were

incorporated into the service water and AC power systems fault trees and the turbine building was

incorporated into the emergency feed water system fault tree. The fault trees contained the logic for

quantifying the top event taking into consideration multiple failure sources for the system such as

unreinforced masonry walls and electrical cable systems, as well as essential component failures.

Again, the DC system and instrumentation and control systems were not modeled for the reasons

previously given. Six accident sequences were modeled which included:

• Loss of core cooling

Small LOCA

• Very small LOCA (normal system leakage)

• Large LOCA

• Loss of reactor protection systems

• Failure of auxiliary building

Cases were run assuming no "feed and bleed" capability and "feed and bleed" capability. The

Belene seismic hazard, Figure 3-1, was used as was the case for the earlier TLRA model.
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The overall results were not much different than the results using the simple Boolean

representing top events. The predicted core damage frequency for the case of no feed and bleed

was 1.46 x 10"3 per year, whereas the frequency considering feed and bleed was 1.39 x 10"6 per

year. The main difference between the earlier results without detailed fault tree modeling and the

more detailed fault tree model was that the earlier model assumed loss of offsite power as a given,

whereas in the fault tree model analysis, loss of offsite power was quantified.

Fussel-Vessely importance functions indicate the major contributors shown in Table 3-2.

Using the order of importance in Table 3-2, one can quickly assess cost-benefit of backfits.

Numerous cases were run assuming upgrades to the various systems. Cases were also run to

represent system design changes that would resolve the seismic issue without seismic upgrading.

In many cases, system changes were more effective than seismic backfits. It was, however, evident

that because of the numerous vulnerabilities, major backfits were required to result in a significant

reduction in seismic risk. Significant equipment anchorage and block wall reinforcement backfits

have been performed in the four units. Much of this backfitting, though, has only brought the plant

to a level to validate the assumptions in the simplified SPRA. Without backfitting the major

structures or building a dedicated safe shutdown system to replace systems in vulnerable buildings,

the risk reduction to date relative to the assumed base case in the simplified SPRA is less than a

factor of two.

WWER 1000

A seismic PRA for the 1000 mw plant is being conducted by Risk Engineering Ltd. in

Bulgaria, Reference 11, with assistance in the development of seismic fragilities by the Bulgarian

Academy of Science. A site-specific hazard curve is being used for this study (Figure 3-1). The

seismic and internal event PRAs are being conducted simultaneously. Guidance in performing the

seismic PRA is obtained from the PRA Procedures Guide, Reference 2, and IAEA Technical Guide,

Reference 5. The initiating events considered are:

• Reactor Vessel Rupture

• Large LOCA

• Medium LOCA

• Small LOCA

• Class 1 Transient, secondary cooling available

• Class 2 Transient, secondary cooling not available
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Table 3-2

PERCENT CONTRIBUTION TO CORE DAMAGE AS DEFINED BY FUSSEL-VESSELY

IMPORTANCE FUNCTIONS

Failure

Loss of offsite power

400V vital bus

6.0 kv/400v transformer

Manual Operation of MOV

Service water gravity feed tank

Turbine building

Service water building

Deaerator

Chemical treatment plant

Brick wall, 6.0 kv bus

Brick wall, cables in SWPB

Pressurizer (large LOCA)

Cable path

6 kv vital bus

Auxiiiary building

Danube water pump building

Regenerative HX

Ion Filters

Diesel generator building

Pipeline, Confinement EWST

Contribution Without
Feed and Bleed %

14.2

13.2

8.77

6.12

6.08

5.83

4.47

3.96

3.37

3.12

2.98

2.39

2.39

2.39

2.39

1.49

1.44

1.44

1.18

1.02

Contributions with
Feed and Bleed %

13.2

14.6

9.76

6.47

7.40

3.87

5.47

3.42

<1

3.31

3.61

2.56

2.56

2.56

2.56

1.84

1.53

1.53

1.25

2.21

For each initiating event, the plant is assumed to be at full power and offsite power is assumed

to be unavailable. The internal event fault trees were modified to reflect the seismic induced failure

modes.

Fragilities of the main structure, primary coolant system, and major equipment in the ECCS

system were developed from 3D finite element analysis . The main structure response analysis

included the effects of soil-structure interaction. Probabilistic response analysis to develop

probabilistic floor spectra and structural loads was conducted using the Latin-Hypercube
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experimental design methodology developed in the Seismic Safety Margins Research Program

(SSMRP), Reference 12.

Fragilities for other equipment were developed for 38 generic categories of equipment.

Generic fragilities were obtained from Reference 13, provided that the walkdowns did not identify

any obvious seismic vulnerabilities. For cases where components appeared vulnerable, either

specific fragilities were developed or fixes were recommended to correct the potential problem.

Preliminary computation of core damage frequency results in a mean value of 1 x 10"5 per year

as compared to an internal event value of 3.7 x 10"4. The seismic risk is, however, underestimated

due to several factors. First, because of software limitations, the entire earthquake hazard range

was not utilized in the computation. The computed value represents the core damage frequency for

a single 10"5 nonexceedance probability earthquake which is about 0.26g pga. Second, the risk

model, derived from the internal events risk model, considers component failures in redundant

trains as being uncorrelated where, in fact, for seismic failures, the redundant trains are mostly

correlated. Third, in a few instances, either some backfitting is necessary in order for the generic

fragilities to be applicable or in a few instances, the generic fragilities derived for standard

equipment in the U.S. plants are not applicable to some unique construction features of the 1000

mw WWER equipment.

The author's opinion is that the final results will show a severalfold increase in core damage

frequency, but will still be an order of magnitude less than the current status of the adjacent WWER

440s. It is also anticipated that the seismic core damage frequency will be considerably less than

the currently computed internal event frequency of 3.7 x 10"4.

Reference 14 reports the results of the seismic PRA for Loviisa in Finland. Although the plant

has virtually no seismic design and has many seismic vulnerabilities relative to minimum seismic

design standards set by the IAEA, the hazard is very low and the computed mean CDF due to

seismic events is on the order of 10'7/year. Thus, there is not an incentive to do seismic upgrades

just because there are perceived weaknesses in equipment anchorage, etc.

A PSA for Temlin in the Czech Republic was just completed. The plant was originally

designed for 0.05g, but is being reassessed and upgraded to 0. lg prior to licensing. There are

existing components that do not currently meet the O.lg new design basis, however, the seismic

hazard is very low and the computed seismic induced CDF for the existing conditions is negligible,

as was the case for Loviisa.

4. CONCLUSIONS

The seismic risk of two generations of Russian designed reactors located at a moderately

seismically active site and at two low hazard sites has been compared and it is shown that for the

more seismically active region the seismic induced CDF from the earlier 440 mw units is about an
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order of magnitude greater without conducting significant backfits to the 440 mw units. There have

been many backfits conducted to date to increase the seismic capacity of the primary system and

supporting equipment, but none to date to essential structures which would now govern the risk.

Table 4-1 from Reference 15 compares internal and external event risk ol several U.S. reactors.

The highest contribution from seismic events to mean core damage frequency in the U.S. plants in

Table 4-1 is about 25% of the total CDF. In this case the mean annual seismic induced CDF is

about 6.25 x 10" /year, which is comparable to the estimated CDF for the 1000 mw plant. The

internal event CDF for the Kozloduy 1000 mw plant was computed to be about 3.7 x 10"4, thus

seismic induced CDF is estimated to be on the order of 20% of internal event CDF.

For the Kozloduy 440 mw plant, the initial internal event CDF from the TLRA was on the

order of 3 x 10" , or about twice the initial seismic risk. With current upgrades in the 440's, both

the internal event and seismic CDF are reduced. No quantification of the current status is available,

but the estimated risk from both internal and external events is anticipated to be up to an order of

magnitude greater than for the adjacent 1000 mw plants.

It can be concluded that simplified studies such as the seismic and internal event TLRA can be

a useful cost-benefit tool to set priorities for upgrades. It was in fact extremely useful to reach the

conclusion that beyond the initial activities to overcome some system design deficiencies and to

strengthen equipment and surrounding masonry walls, it is evident that major reconstruction is

necessary to bring the safety of the 440 mw units close to that of current Western designs. The

more detailed PRA of the 1000 mw units indicates that, with minor upgrades, the seismic safety of

Western plants can be approached.
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Table 4-1

CONTRIBUTION OF INITIATING EVENTS TO MEAN ANNUAL CORE MELT

FREQUENCY FOR PUBLISHED PRAs WITH COMPLETE SEISMIC ANALYSIS

Contribution %

Plant Date Seismic Internal Fire Win Externa
d 1

Mean annual core
melt frequency

Zion

IP2

IP3

Seabrook

Limerick

Millstone 3

Oconee 3

1981

1983

1983

1983

1983

1984

1984

8

6

2

13

13

15

25

85

58

88

75

34

77

56

7

10

9

11

53

8

4

-

26

1

-

-

-

5

6.7x10

1.4 x 10"

1.4 x 10"

2.3 x 10"

4.4x10

"5

"5

10

5.9 x 10

2.5 xlO"

'5

Notes:

Contributions to core melt is not necessarily indicative of public health risk contribution.

Seismic events that initiate core melt accident sequences are generally more likely to also
cause damage to containment than other initiating event.

Comparison of median (rather than mean) seismic risk to median core melt frequency
would indicate in most (but not all) cases lower seismic contribution.
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