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EXECUTIVE SUMMARY

This report demonstrates the suitability of Random Vibration Theory (RVT) for application to soil-
structure interaction (SSI) analysis, in lieu of traditional time history (TH) analysis. While RVT has
been utilized in recent years to develop site-specific ground motion, the use of RVT

I
Recent SSI studies have shown that time history-based seismic responses are sensitive to the
selection of seed time histories. In response, the industry plans to utilize multiple sets of time histories
in an SSI analysis. The examples presented in this report show I

Since RVT only requires a response spectrum as input (rather than multiple time histories),

SSI models inherently include a wide range of damping values to represent soil and structural
damping properties. Ground motion models used in a probabilistic seismic hazard analysis (PSHA) to
develop design spectra are typically based on 5% spectral damping. However, development of target
spectra at different damping values is not a well-established process and requires approximation in
estimating target spectra at lower and higher damping levels. In addition,

I
Given the need to obtain a stable mean response that is not sensitive to selection of time histories
and the wide scatter of the time history ISRS results at damping levels other than 5%,[

1

ii [CCI per Affidavit 4(a)-(d)]

© 2013 Babcock & Wilcox mPower, Inc. and Bechtel Power Corporation. All rights reserved.



Implementation of Random Vibration Theory 11111-000-30R-KO1G-00002
for Seismic Soil-Structure Interaction

TABLE OF CONTENTS

EXECUTIVE SUM M ARY ........................................................................................................................ II
LIST O F FIG URES ................................................................................................................................ IV
LIST O F TABLES ................................................................................................................................ XIII
ACRO NYM S ....................................................................................................................................... XIV
1.0 PURPO SE/ABSTRACT ............................................................................................................... 1
2.0 INTRO DUCTIO N .......................................................................................................................... 1
3.0 BACKGROUND ON RANDOM VIBRATION THEORY (RVT) .................................................... 1

3.1 Current Time History Approach and the Regulatory Basis .......................................... 1
3.2 Previous Form ulations and Application of RVT ........................................................ 2

4.0 RVT FO R SSI ANALYSIS ..................................................................................................... 3
4.1 Approach ........................................................................................................................... 3

4.1.1 Basic Com putational Steps .............................................................................. 3
4.1.2 Theoretical Form ulation ..................................................................................... 3

4.2 Im plem entation in SASSI ............................................................................................. 5
5.0 VERIFICATIO N ............................................................................................................................. 7

5.1 [ ............................ 7
5.2 .1 .14

5.2.1 [............................................................ 14

5.2.2 ............................................................ 17

5.2.3 ............................................................ 20

5.2.4 ............................................................ 35
5.2.5 ............................................................ 99

5.2.6 ............................................................ 99

5.2.7 ............................................................ 99
5.2.8 . .............................. ** ......... 118

5.3 [ ..].129
5.3.1 [....................................................... 129

5.3.2 ....................................................... 131
5.3.3 ....................................................... 134

5.3.4 ..].. . .............................. .................. 134
6.0 SUM M ARY AND CO NCLUSIO N ............................................................................................. 198
7.0 REFERENCES ......................................................................................................................... 200

iii [CCI per Affidavit 4(a)-(d)]

© 2013 Babcock & Wilcox mPower, Inc. and Bechtel Power Corporation. All rights reserved.



Implementation of Random Vibration Theory
for Seismic Soil-Structure Interaction

1111 1-000-30R-KO0G-00002

LIST OF FIGURES

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

igure 4-1 ........ 6

igure 5.1-1 (a) ........ 7

igure 5.1-1(b) ........ 7

igure 5.1-2(a)

S9

igure 5.1-2(b) ........ 9

igure 5.1-3
...... 10

igure 5.1-4 ...... 11

igure 5.1-5 ...... 11

igure 5.1-6 ...... 12

igure 5.2-1 .. 15

igure 5.2-2

...... 16

igure 5.2-3 ...... 18
-igure 5.2-4 ...... 19

-igure 5.2-5 ...... 21

-igure 5.2-6(a)

...... 23

igure 5.2-6(b)

...... 24

igure 5.2-6(c)

...... 25

igure 5.2-6(d)

...... 26
-igure 5.2-7(a)

...... 27
:igure 5.2-7(b)

...... 28
-igure 5.2-7(c)

...... 29

igure 5.2-7(d)
... j..30

iv [(CI per Affidavit 4(a)-(d)]

© 2013 Babcock & Wilcox mPower, Inc. and Bechtel Power Corporation. All rights reserved.



Implementation of Random Vibration Theory
for Seismic Soil-Structure Interaction

1111 1-000-30R-K01G-00002

Figure 5.2-8(a)
.31

Figure 5.2-8(b)
.32

Figure 5.2-8(c)
.33

Figure 5.2-8(d)
.34

Figure 5.2-9(a)
.36

Figure 5.2-9(b)
.37

Figure 5.2-9(c)
.38

Figure 5.2-10(a)
.39

Figure 5.2-10(b)
.40

Figure 5.2-10(c)
.41

Figure 5.2-11 (a)
.42

Figure 5.2-11 (b)
.43

Figure 5.2-11 (c)
44

Figure 5.2-12(a)
.45

Figure 5.2-12(b)
.46

Figure 5.2-12(c)
.47

Figure 5.2-13(a)
.48

Figure 5.2-13(b)
.49

Figure 5.2-13(c)
] .50

v [CCI per Affidavit 4(a)-(d)]

© 2013 Babcock & Wilcox mPower, Inc. and Bechtel Power Corporation. All rights reserved.



Implementation of Random Vibration Theory
for Seismic Soil-Structure Interaction

1111 1-000-30R-KO1G-00002

Figure 5.2-14(a)
.. 51

Figure 5.2-14(b)
..52

Figure 5.2-14(c)
..53

Figure 5.2-15(a)

..54

Figure 5.2-15(b)
.55

Figure 5.2-15(c)
.56

Figure 5.2-16(a)
.57

Figure 5.2-16(b)

.58

Figure 5.2-16(c)
.59

Figure 5.2-17(a)
.60

Figure 5.2-17(b)
.61

Figure 5.2-17(c)
.62

Figure 5.2-18(a)
.63

Figure 5.2-18(b)
.64

Figure 5.2-18(c)

.65

Figure 5.2-19(a)
.66

Figure 5.2-19(b)
.67

Figure 5.2-19(c)

.68

Figure 5.2-20(a)
] .69

[CCM per Affidavit 4(a)-(d)]

© 2013 Babcock & Wilcox mPower, Inc. and Bechtel Power Corporation. All rights reserved.



Implementation of Random Vibration Theory
for Seismic Soil-Structure Interaction

1111 1-000-30R-KO0G-00002

Figure 5.2-20(b)

... 70

Figure 5.2-20(c)

... 71

Figure 5.2-21 (a)
... 72

Figure 5.2-21(b)

... 73

Figure 5.2-21 (c)

... 74

Figure 5.2-22(a)

... 75

Figure 5.2-22(b)

... 76

Figure 5.2-22(c)

... 77

Figure 5.2-23(a)

... 78

Figure 5.2-23(b)

... 79

Figure 5.2-23(c)

.80

Figure 5.2-24(a)

81

Figure 5.2-24(b)

... 82

Figure 5.2-24(c)

... 83

Figure 5.2-25(a)

... 84

Figure 5.2-25(b)

... 85

Figure 5.2-25(c)

... 86

Figure 5.2-26(a)

... 87

Figure 5.2-26(b)
]..88

vii
[CCI per Affidavit 4(a)-(d)]

© 2013 Babcock & Wilcox mPower, Inc. and Bechtel Power Corporation. All rights reserved.

-s



Implementation of Random Vibration Theory 11111-000-30R-K01G-00002
for Seismic Soil-Structure Interaction

Figure 5.2-26(c)
.. 89

Figure 5.2-27(a)
..90

Figure 5.2-27(b)
..91

Figure 5.2-27(c)
.. 92

Figure 5.2-28(a)
..93

Figure 5.2-28(b)

..94

Figure 5.2-28(c)

..95

Figure 5.2-29(a)
..96

Figure 5.2-29(b)
.. 97

Figure 5.2-29(c)
..98

Figure 5.2-30
100

Figure 5.2-31 (a)
101

Figure 5.2-31 (b)
102

Figure 5.2-31(c)
103

Figure 5.2-31(d)
104

Figure 5.2-32(a)

105

Figure 5.2-32(b)

106

Figure 5.2-32(c)

1107
viii

[CCI per Affidavit 4(a)-(d)]

© 2013 Babcock & Wilcox mPower, Inc. and Bechtel Power Corporation. All rights reserved.



Implementation of Random Vibration Theory
for Seismic Soil-Structure Interaction

1111 1-000-30R-KO1G-00002

Figure 5.2-33(a)

Figure 5.2-33(b)

Figure 5.2-33(c)

Figure 5.2-34(a)

Figure 5.2-34(b)

Figure 5.2-34(c)

Figure 5.2-35(a)

Figure 5.2-35(b)

Figure 5.2-35(c)

Figure 5.2-36

Figure 5.2-37

Figure 5.2-38

Figure 5.3-1

Figure 5.3-2

Figure 5.3-3

Figure 5.3-4(a)

108

109

110

111

112

113

114

115

116

117

119

120

130

132

133

] 135

ix
[CCI per Affidavit 4(a)-(d)]

© 2013 Babcock & Wilcox mPower, Inc. and Bechtel Power Corporation. All rights reserved.



Implementation of Random Vibration Theory
for Seismic Soil-Structure Interaction

1111 1-000-30R-KO1G-00002

Figure 5.3-4(b)
... 136

Figure 5.3-4(c)
... 137

Figure 5.3-5(a)
... 138

Figure 5.3-5(b)
... 139

Figure 5.3-5(c)
... 140

Figure 5.3-6(a)
... 141

Figure 5.3-6(b)
... 142

Figure 5.3-6(c)
... 143

Figure 5.3-7(a)
... 144

Figure 5.3-7(b)
... 145

Figure 5.3-7(c)
... 146

Figure 5.3-8(a)
... 147

Figure 5.3-8(b)
... 148

Figure 5.3-8(c)
... 149

Figure 5.3-9(a)

... 150

Figure 5.3-9(b)

... 151

Figure 5.3-9(c)

... 152

Figure 5.3-10(a)

... 153

Figure 5.3-10(b)

.J. 154

x [CCI per Affidavit 4(a)-(d)]

© 2013 Babcock & Wilcox mPower, Inc. and Bechtel Power Corporation. All rights reserved.



Implementation of Random Vibration Theory
for Seismic Soil-Structure Interaction

1111 1-000-30R-KO1G-00002

F

F

TF

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

igure 5.3-10(c) [
..155

igure 5.3-1 1(a)
.. 156

-igure 5.3-11 (b)

.. 157

igure 5.3-11(c)
.. 158

-igure 5.3-12(a)

.. 159

igure 5.3-12(b)

.. 160
-igure 5.3-12(c)

.. 161
-igure 5.3-13(a)

.. 162

igure 5.3-13(b)
.. 163

-igure 5.3-13(c)

.. 164
-igure 5.3-14(a)

.. 165

-igure 5.3-14(b)

.. 166

igure 5.3-14(c)

.. 167
:igure 5.3-15(a)

.. 168

igure 5.3-15(b)

.. 169
:igure 5.3-15(c)

.. 170
:igure 5.3-16(a)

.. 171
:igure 5.3-16(b)

.. 172

:igure 5.3-16(c)

].173

Ai [CCI per Affidavit 4(a)-(d)]

© 2013 Babcock & Wilcox mPower, Inc. and Bechtel Power Corporation. All rights reserved.



Implementation of Random Vibration Theory
for Seismic Soil-Structure Interaction

11111-000-30R-K01 G-00002

Figure 5.3-17(a) [
... 174

Figure 5.3-17(b)

... 175

Figure 5.3-17(c)

... 176

Figure 5.3-18(a)

... 177

Figure 5.3-18(b)

... 178

Figure 5.3-18(c)

... 179

Figure 5.3-19(a)

... 180

Figure 5.3-19(b)

... 181

Figure 5.3-19(c)

... 182

Figure 5.3-20(a)

... 183

Figure 5.3-20(b)

... 184

Figure 5.3-20(c)

... 185

Figure 5.3-21 (a)

... 186

Figure 5.3-21(b)

... 187

Figure 5.3-21 (c)

... 188

Figure 5.3-22(a)

... 189

Figure 5.3-22(b)

... 190

Figure 5.3-22(c)

... 191

Figure 5.3-23(a)

.]. 192

xii
[CMI per Affidavit 4(a)-(d)]

© 2013 Babcock & Wilcox mPower, Inc. and Bechtel Power Corporation. All rights reserved.



Implementation of Random Vibration Theory 1111 1-000-30R-KO1G-00002

for Seismic Soil-Structure Interaction

Figure 5.3-23(b) [
.... 193

Figure 5.3-23(c)

.... 194

Figure 5.3-24(a)

.... 195

Figure 5.3-24(b)

.... 196

Figure 5.3-24(c)

... 197

LIST OF TABLES

Table 5.1-1 .... 12

Table 5.1-2 .... 13

Table 5.2-1 .... 22

Table 5.2-2 .. 121

Table 5.2-3 .. 122

Table 5.2-4 .. 123

Table 5.2-5 .. 124

Table 5.2-6 .. 125

Table 5.2-7 .. 126

Table 5.2-8

.. 127

Table 5.2-9

.1128

xiii [CCI per Affidavit 4(a)-(d)]

© 2013 Babcock & Wilcox mPower, Inc. and Bechtel Power Corporation. All rights reserved.



Implementation of Random Vibration Theory 11111-000-30R-KO1G-00002
for Seismic Soil-Structure Interaction

ACRONYMS

ARS Acceleration Response Spectra

ASCE American Society of Civil Engineers

CEUS Central and Eastern United States

CSDRS Certified Seismic Design Response Spectra

ISRS In-Structure Response Spectra

NRC Nuclear Regulatory Commission

PSD Power Spectral Density

PSHA Probabilistic Seismic Hazard Analysis

RG Regulatory Guide

RVT Random Vibration Theory

SASSI System for Analysis of Soil Structure Interaction (computer code)
SRP Standard Review Plan (Nuclear Regulatory Commission NUREG-0800)

SSI Soil-Structure Interaction

TH Time History

WUS Western United States

ZPA Zero-Period Acceleration

xiv

© 2013 Babcock & Wilcox mPower, Inc. and Bechtel Power Corporation. All rights reserved.



Implementation of Random Vibration Theory 11111-000-30R-K01G-00002
for Seismic Soil-Structure Interaction

1.0 PURPOSE/ABSTRACT

This report provides the background, methodology, and implementation of Random Vibration Theory
(RVT) used for seismic soil-structure interaction (SSI) analysis. The use of RVT for SSI analysis
represents

2.0 INTRODUCTION

RVT has been used extensively in recent years for seismic site response analysis and development
of design ground motion for nuclear power plants. Since RVT methodology remains essentially the
same when applied to SSI, technical publications and regulatory review of RVT for site response
analysis has been used in review of the background for SSI application. Following the background
discussion in Section 3, Section 4 presents the approach and theoretical formulation of RVT
methodology. Section 4 also discusses the implementation of RVT in the computer program
SASS12010 (2012). Section 5 provides a summary of the examples modeled and I

] Section 6 provides a summary and conclusion. References are cited in
Section 7. Note the mPower project has [

3.0 BACKGROUND ON RANDOM VIBRATION THEORY (RVT)

3.1 Current Time History Approach and the Regulatory Basis

The current approach for SSI analysis of nuclear safety-related structures is to use acceleration time
history as input. For design purposes, the acceleration design response spectra are developed
(typically at 5% critical damping) following NRC Regulatory Guide (RG) 1.208 and the soil column
analysis methods described in NUREG/CR-6728. Once the design spectra are available, time
histories are generated by matching/enveloping the design spectra and subsequently used in the
seismic analysis. There are a number of guidelines available for generation of time histories. These
guidelines are outlined in NRC Standard Review Plan (SRP) 3.7.1, ASCE 4-98 and NUREG/CR-
6728. In SRP 3.7.1 (2007), several options are provided to generate time histories. The most widely
adopted option is to match the seed time histories to target design spectra at only one damping and
maintain the requirements for matching and statistical independence (Option 1, Approach 2 from SRP
3.7.1).

Other options require matching the seed time histories to the target design spectra at multiple
damping ratios, and checking the power spectra of the time histories. This latter approach is seldom
used since the methods for generation of site-specific target design spectra at multiple damping ratios
and associated power spectra are not fully developed and accepted by any specific standard. In
addition, there is little regulatory guidance for such methods.

1
[CCI per Affidavit 4(a)-(d)]
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Generation of time histories to match the target design spectra requires seed time histories that must
be appropriate for the design spectra and site geotechnical and seismological settings. The choices
for appropriate seed time histories are very limited for regions such as the Central and Eastern United
States (CEUS) where few recorded strong motion data are available. The seed time histories are
often selected by modifying available strong motion records, often from Western United States (WUS)
or other applicable globally recorded data. The lack of choices for appropriate seed time histories is
compounded by the observation that linear structural seismic analysis results can be sensitive to the
choice of seed time histories. Over the years, many studies have shown that when multiple seed
time histories are matched to the same design spectra and used for structural analysis, the results
can vary significantly (Ostadan et al., 1996; Mertz et al., 2011).

3.2 Previous Formulations and Application of RVT

While the use of RVT has been explored and evaluated for the last 20-30 years, the use of RVT for
characterization of site ground motion was only included in RG 1.208 in 2007. The computer
program PLUSH (Romo et al., 1977) uses the RVT formulation developed by Vanmarcke (1975) and
others. PLUSH requires input motion to be specified in terms of design acceleration response
spectra. Using the RVT formulation, PLUSH calculates the peak factors and seismic responses at
any confidence level specified by the user, including the mean maximum responses. The formulation
for the peak factor is one of the original formulations and is not able to accurately represent design
spectra with very high frequency content typical of CEUS sites.

In recent applications for seismic site response analysis, RVT has been applied to soil column
analysis. A description of the formulation and its application can be found in papers by Silva et al.
(1997), Rathje et al. (2008, 2010), Deng and Ostadan (2008, 2011). RVT is ideal for implementation
in frequency domain analysis because it can capture the maximum values that allow iteration on soil
properties in a typical soil column analysis using the equivalent linear method.

The validity of RVT
methodologies for site response analysis has been demonstrated by verification examples in the
literature (e.g., the examples provided in the above cited papers). RG 1.208 identifies RVT methods
as an acceptable alternative to time history analysis.

Site motion characterization using RVT has been utilized for Combined License Applications currently
under review by the NRC. Site motion characterization using RVT was reviewed by the NRC as part
of the draft SER for the South Texas Project and the NRC concluded that use of RVT was
acceptable.

2
[CCI per Affidavit 4(a)-(d)]
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4.0 RVT FOR SSI ANALYSIS

4.1 Approach

4.1.1 Basic Computational Steps

This section describes the details of the formulation of RVT used in SASSI201 0 (most recent
version of Bechtel's proprietary program). In this formulation, the following main computational
steps are followed:

] Theoretical
formulations of the steps described above are discussed next.

4.1.2 Theoretical Formulation

The formulation adopted for RVT and peak factors herein was first developed by Der Kiureghian
(1983). In this formulation the relation between the displacement response and acceleration input for
single degree of freedom system has been defined by:

Sd ()) = H2 (CO)ISa (0 (1)

where Sd(co) is the relative displacement PSD, Sa((o) is the acceleration PSD, and H(O) is the
transfer function between displacement response and absolute acceleration input of a single
degree-of-freedom oscillator with frequency co, and damping ý expressed in Equation 2.

1
1H=2 (CO) =(to2 _c°2)2 +4 2c(02C (2)

The mean of the maximum relative displacement response of the oscillator (definition of a mean
relative displacement response spectrum) is given by:

D= p- (3)

3
[CCI per Affidavit 4(a)-(d)]
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Where p is a peak factor defined in Equation (4), and k0 is the zero moment of the response
defined in Equation (6). This approach follows Davenport (1964) and Der Kiureghian (1980).

0.5772
p= 21nv(O)r + 2 (4)

where v(0) is the mean zero crossing rate of the response between 0 and T and is equal to:

n* (5)

and where - is the strong motion duration of the earthquake.

The moments of the response are defined as follows:

0 nJSdoSd ()dco (6)

where n = 0, 1, 2 for the zero (ko), first (kX), and second (N 2) moments of the response.

Following Vanmarcke (1975) and Igusa and Der Kiureghian (1983), v(0) is adjusted with the
parameter 5, where

3z 1 (7)

The steps to calculate the

4
[CCI per Affidavit 4(a)-(d)]
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[

I

4.2 Implementation in SASSI

I

I
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I

I
Figure 4-1 [ I
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Figure 5.3-21(b)
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Figure 5.3-21(c)
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Figure 5.3-22(a)
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6.0 SUMMARY AND CONCLUSION

Random Vibration Theory has been utilized in recent years for site response analysis to develop site-
specific design motion. An earlier formulation of RVT has been applied to a probabilistic method for
two-dimensional SSI analysis (Romo, et al, 1977). [

] Use of RVT for development of design input motion is a common
industry practice today and its use has been accepted by the United States NRC.

Current guidance is to develop acceleration time histories that match a design response spectrum.
These time histories are then used as the input motions for SSI analysis. Several options are
available to generate and modify time histories. The most commonly used method modifies time
histories to match/envelop the design target spectra at one spectral damping level, typically at 5%
damping. This damping level is used for most ground motion attenuation models in probabilistic
seismic hazard analysis.

Recent SSI studies have shown that seismic responses of interest can be sensitive to the selection of
seed time histories. This observation has been replicated herein using the verification examples
presented in this report.

Uncertainties in obtaining appropriate mean responses from a single time history have resulted in
recommendations to use multiple sets of time histories, matched to the design response spectrum, for
linear SSI analysis. The SSI analysis results from these multiple sets of time histories can then be
averaged for design. However, detailed criteria or an application guide on selection of seed time
histories has not been provided.
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Since the SSI models include a wide range of damping values to represent the soil and structural
damping properties, including the high damping associated with the foundation radiation damping, the
SSI responses are naturally sensitive to the input motion and its spectral values at a wide range of
damping levels. Currently matching time histories to a set of target spectra with a wide range of
damping is very challenging and involves approximation in its process with unknown accuracy of the
resulting solution. Development of the target spectra at other damping values is not a well-
established process and requires approximation in estimating the target spectra at low and high
damping levels, mainly due to the fact that the ground motion models used in the probabilistic hazard
analysis to develop design spectra are based on 5% spectral damping only. In addition, modifying
time histories to match multiple spectra often results in excessively conservative time histories in
order to envelop all target spectra. Given these difficulties,

I

In this report, I

I
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