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SUMMARY

In order to evaluate the conservatisms in the seismic design of nuclear power plants, 
a probabilistic approach is employed by the Seismic Safety Margins Research Program 
(SSMRP). The system model of SSMRP consists of a series of functions representing the 
various stages in seismic analysis process, i.e., seismic input, soil structure 
interaction, major structural response, subsystem response, fragility of structures and 
components, and the event/fault tree chain leading to core melt. The subsystem denotes 
those components and systems whose behavior during a seismic event may be determined 
decoupled from the major structural response.

A review of the state-of-the-art of seismic qualification methods of subsystem has 
been completed. This task assesses the accuracy of seismic analysis techniques to predict 
dynamic response, and also identifies and quantifies sources of random and modeling 
uncertainty in subsystem response determination.

The subsystem has been classified as two categories according to the nature of 
support: multiply supported subsystems (e.g., piping systems) and singly supported 
subsystems (e.g., pumps, turbines, electrical control panels, etc.). The multiply 
supported piping systems are analyzed by multisupport input time history method. The 
input motions are the responses of major structures. The dynamic models of the subsystems 
identified by the event/fault tree are created. The responses calculated by multisupport 
input time history method are consistent with the fragility parameters. These responses 
are also coordinated with the event/fault tree description. The subsystem responses are 
then evaluated against the fragility curves of components and systems and incorporated in 
the event/fault tree analysis.

*This work was supported by the United States Nuclear Regulatory Commission under a 
Memorandum of Understanding with the United States Department of Energy.



1. Introduction
In order to evaluate the conservatisms in the current United States Nuclear Regulatory 

Commission’s (US NRC) seismic safety requirements for nuclear power plants, the Seismic 

Safety Margins Research Program (SSMRP) [1] has been initiated. SSMRP has been sponsored 

by US NRC and managed by the Lawrence Livermore National Laboratory (LLNL) of the 

University of California. The Phase I of the SSMRP has recently been completed. The main 

objectives of Phase I are to develop the probabilistic computational procedure for nuclear 

power plants and to demonstrate the computational procedure.

The system model of SSMRP consists of a series of functions representing the various 

stages in seismic analysis process, i.e., seismic input [2], soil structure interaction [3], 

major structural response [4] , subsystem response, fragility of structures and component 

[5, 6] and the event/fault tree chain [7, 8] leading to core melt. The subsystem denotes 

those components and systems whose behavior during a seismic event may be determined 

decoupled from the major structure response. The subsystem has been classified as two 

categories according to the nature of support, multiply supported subsystems (e.g., piping 

systems) and singly supported subsystems (e.g., pumps, turbines, electrical control 

panels, etc.). Only those systems and components identified in the event/fault trees are 

included in the subsystem response analysis. The computed response parameters are 

consistent with the fragility description of components.

A review of the state-of-the-art of seismic qualification methods of subsystem has 

been performed by two subcontractors - EDAC and NSC/Quadrex. This task assesses the 

accuracy of seismic analysis techniques to predict dynamic response, and also identifies 

and quantifies sources of random and modeling uncertainty in subsystem response 

determination. Reports from both subcontractors are listed in the references [9, 10].

Eight safety related systems are identified for the subsystem response analyses. For 

SSMRP Phase I, the dynamic models of the following systems are created: the auxiliary 

feedwater system (AFW), portion of service water system provided backup water supply for 

AFW system, residual heat removal (RHR) system, portion of safety injection system 

connected to RHR system and reactor coolant system.

Pseudostatic mode method with multisupport input time history motion [11] is used to 

determine the seismic response of piping systems for SSMRP. Because it is a better method 

than either absolute displacement method or datum acceleration and relative displacement 

method [12].

A SMACS sensitivity study has been initiated. Its objective is to determine which 

areas of the seismic methodology chain (SMC)(i.e., seismic input, soil structure 

interaction, major structural response and subsystem response) contribute most to the 

uncertainty in the subsystem response. Key parameters are identified in each area of 

SMC. Statistical experiments will be performed. Statistical results, i.e., mean, 

variance and coefficient of variation, will be used to rank the contributor to the 

subsystem response due to SMC.

Finally, three major tasks are identified for the SSMRP Phase II, i.e., construct 

dynamic models for the safety related systems not included in Phase I, perform sensitivity 

study of subsystem utilizing SEISIM [ 7, 8] and study the effect of piping systems due to 

support failure.
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2. Subsystem Response Review

A review of the state-of-the-art of seismic qualification methods of subsystem has 

been completed. This task has the following objectives:

• To review existing methods and methods under development for the seismic 

qualification of subsystem,

• To assess the accuracy of seismic analysis techniques to predict dynamic response,

• To identify and quantify sources of random and modeling uncertainty in subsystsem

response determination,

• To recommend appropriate techniques of predicting subsystem response for the 

SSMRP.

This task has been independently performed by both EDAC and NSC/Quadrex. Seismic 

qualification methods for subsystem are generally classified as analysis, test, and 

combined analysis and test. The sources of random and modeling uncertainty in subsystem 

are identified as: method of analysis, damping and test variability. For more details, 

the reference should be made to the reports by both EDAC[91 and NSC/Quadrex [10] . As a 

result of the review, the multisupport input time history technique is chosen for the 

piping response analysis in SSMRP Phase I. The detail will be discussed in the next 

section.

3. Modeling and Analysis

The methodology of the SSMRP Phase I is demonstrated on an existing nuclear power 

plant - the Zion Nuclear Power Plant Unit 1. Eight safety related systems are identified 

for the subsystem response analysis. However, for Phase I, the mathematical dynamic 

models are created only for five systems. They are auxiliary feedwater (AFW) system (two 

models), portion of service water system provided backup water supply for AFW system 

(three models), residual heat removal (RHR) system and portion of safety injection system 

connected to RHR system (six models), and reactor coolant system (two models). For 

illustration purposes, the model for AFW inside containment is presented. This AFW model 

consists of the piping connecting,the steam generator and containment pipe penerations. 

The size of the piping is a 3-in. auxiliary feedwater pipe connected to a 16-in. main 

feedwater pipe. This example piping configuration is shown in Figure 1.

All piping models are generated between anchor points. Piping supports including 

rigid hangers and hydraulic snubbers are assumed to be rigid except for the AFW piping 

model described above and the reactor coolant loop. These two models are used to conduct 

a series of sensitivity studies, the piping supports, therefore, are modeled in greater 

detail. Constant and variable spring hangers are not included in the model due to small 

stiffness compared to other types of support. Pipe elements of SAP IV are used to define 

straight and curved pipes; boundary, truss and beam element of SAP IV are used to simulate 

piping supports. The assembly of pipe element mass and stiffness matrices, pipe element - 

piping support coupling stiffness matrices is accomplished by using a modified version of 

SAP IV. This version is capable of assembling piping support into groups depending on 

support locations to the attached structure. This support grouping capability is 

essential for multisupport input motion approach. This modified SAP IV code also 
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generates stress recovery data in the process of modal extraction analysis. Pseudostatic 

modes are obtained by SAP IV static runs with no loads defined. This becomes obvious from 

Eq. (3) in the following.

A linear elastic analysis is employed in SAP IV and SAPPAC which is developed by SMACS 

project [14] . The internal pressure on bend flexibility is included in the stiffness 

formulation of the bend/curved elements in SAP IV code. The pseudostatic mode method with 

multisupport input motion [11] is used to determine the seismic responses of piping 

systems. This method is better than either absolute displacement method or datum 

acceleration and relative displacement method [12].

A description of the pseudostatic mode method is briefly presented as follows: 

partition of a subsystem’s absolute displacement into active values (x,) and controlled 

support values (x,) leads to the following equation of motion

M11X1 + C1*1 + K1*1 = -12 *2 - K12X2 C1)

where mass matrix, M,2 is assumed to be zero,

Mij = partitioned mass matrix of a subsystem

Cij = partitioned damping matrix of a subsystem

Kij = partitioned stiffness matrix of a subsystem.

Let x, = x® + x^ (2)

where K^x® = -K,2X2 (3)

defines pseudostatic responses x7(t) of active node, 

x. = dynamic displacements of active node.

Substituting Eqs. (2) and (3) into (1) with the assumption of negligible damping forces, 

it obtains

M11x1 + C*f + K11x1 = -M" ()

If one expands the dynamic displacements in terms of the fixed base modes

x = (y (5)

where 0 is eigenvectors of acting node, y is generalized coordinates of active node. 

One recognizes
T 2

d K11 d = w (diagonal)

0"M,# = 1 (identity maxtix) (6)

and $C,,*= 2(5)(w) (diagonal)
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Combining equations (3), (4), (5) and (6), the final expression is

y + 2(E()j + w2y = (2)-1 $TK,2*2 (7)

Where 6 is critical damping ratio matrix, w is eigenvalue matrix of active node. To solve 

Eq. (7) of the generalized coordinate responses, the linear acceleration technique is used 

with input motion of three orthogonal components of absolute acceleration and displacement 

time history for each support group. A nominal damping value of two percent of critical 

is used in the subsystem response analysis.

4. Results

For singly supported subsystems (such as pumps, turbines, electrical control panels, 

etc.), responses are obtained from major structure responses at the locations where the 

components are located. For multiply supported subsystems such as piping systems, 

responses are in terms of peak resultant accelerations for valves and peak resultant 

moments for pipe elements. Only the responses of the critical pipe components (such as 

tees, nozzles, curved/bend pipes, etc.) in the systems identified in the event/fault trees 

are computed. The subsystem responses are then evaluated against the fragility curves of 

components and systems and incorporated in the event/fault tree analysis.

Typical results are shown in Figures (2) and (3). This results represent the 

responses at the junction of 16” and 3" pipe of the auxiliary feedwater system between 

containment pipe penetrations and steam generator. This model has 945 equations with 45 

support input motions. Thirty-six modes are considered ranging from the fundamental 

frequency of 2.9 Hz up to the cut-off frequency of 33 Hz. Figure (2) shows peak resultant 

moments against the probability of non-exceedence with median of the peak ground 

acceleration of .187g. It also indicates the median of the peak resultant moment and the 

corresponding standard deviation of its logarithm. For better understanding, ASME pipe 

stresses are plotted against the median peak ground accelerations at median value and 90% 

of the probability of non-exceedence. This is shown in Figure (3). Figure (4) shows the 

response value of the check valve in terms of peak resultant accelerations versus the 

probability of non-exceedence. The results obtained herein are in such a way that 

coefficients of variation for piping frequency and piping damping are assigned to be 0.5 

and 0.7 [13], respectively, accounted for uncertainties in the subsystem.

5. Sensitivity Studies

The objective of sensitivity studies is to determine which areas of the seismic 

methodology chain (SMC), i.e., seismic input, soil structure interaction, major structural 
v 

rsponse and subsystem response, contribute most to the uncertainty in the subsystem 

response. Key parameters identified in each area of SMC are tabulated in Table I. 

Figures (5) and (6) show the results of subsystem response in terms of median and standard 

deviation (3) of the logarithm of responses. The solid line represents the calculated 

responses while the broken line represents the lognormal fit of the calculated responses. 

Figure 5 is obtained with all key parameters varied in all areas of SMC. Figure 6 is 

obtained with key parameters, varied in seismic input time history and fixed at median 

value in other areas of SMC. For more detail, reference should be made to another paper [13].
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6. Discussion

For Phase I of SSMRP, sources of uncertainties are transferred into the coefficient of 

variation for the subsystem. The coefficients of variation for piping damping and piping 

frequency are 0.7 and 0.5, respectively. This causes the wide variation of responses 

which can be read as a large value of standard deviation of the logarithm of responses. 

For example, 8 is 0.93, and the extreme response value is about 20 times of the median 

value as shown in Figure 5. The contribution of the large value is mainly from sources 

of uncertainties. If sources of uncertainties are reduced as described in Section 5, the 

B value is dramatically reduced to 0.3. Accordingly, reduction of the sources of 

uncertaities shall be considered in the future work. One of the sources can be identified 

is the stiffness and failure mode of piping supports. This can be done by incorporating 

material and/or geometry nonlinearity of piping supports.

Conclusion of the individual area of the seismic methodology chain contributing most 

to the uncertainty in the subsystem has not been established. Further sensitivity studies 

of subsystem utilizing SEISIM are underway to rank the contributor to the subsystem 

response in the SMC.
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TABLE I SMC KEY PARAMETERS

SEISMIC METHODOLOGY CHAIN (SMC) KEY PARAMETERS

Seismic Input Motion Seismic Time Histories

Soil Shear Modulus, Damping

Structure Frequency, Damping

Subsystem Piping Frequency, Piping Damping

CONTAINMENT
PENETRATION

Figure 1

CONTAINMENT PENETRATION

Mathematical model of the AFW piping 
configuration.

PEAK RESULTANT MOMENT (ft/lbs.)

Figure 2 Peak resultant moments of AFW
nozzie at me main rw line with 
•187g median peak ground 
acceleration.
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Figure 3 Seismic stress of AFW nozzle at 
main FW line.

Figure 4 Peak resultant accelerations of 
check valve at AFW line with 
.187g median ground acceleration
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.30

Figure 5 Peak resultant moments with all
parameters varied.

Figure 6 Peak resultant moments with only 
seismic input time histories 
varied.
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