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Abstract

Floor Response Spectra (FRS) are commonly used as seismic input in the safety assess-
ment for secondary systems in the nuclear power industry. Efficient and accurate determi-
nation of FRS is crucial in the design of nuclear power facilities. It has been demonstrated
that time history analysis can lead to large variabilities in the generation of FRS, especially
at FRS peaks. Therefore, FRS from only a single or a small set of time history analyses is
not reliable, while a large number of time history analyses are needed to achieve sufficiently
accurate FRS. However, this procedure is time-consuming and computational expensive in
practice. Although some direct methods have been developed for the accurate generation
of FRS, such as the method proposed by Jiang et al. (2015), they do not focus on structures
under earthquake excitations from multiple supports.

The purpose of this study is to develop a method of generating FRS for multiply sup-
ported structures which can overcome the deficiencies of the time history method. A direct
spectra-to-spectra method is analytically developed for generating FRS of structures with
earthquake excitations from multiple supports without performing any time history anal-
yses. Only ground response spectra (GRS), “t-response spectra (tRS)”, and basic modal
information of primary and secondary structures, including natural frequencies, modal
damping ratios, modal participation factors, and mode shapes, which can be readily ob-
tained from modal analyses, are needed. A new combination rule for generating FRS of
multi-supported structures, called FRSMS-CQC, is developed based on random vibra-
tion theory. FRSMS-CQC fully accounts for the correlations between various components
affecting FRS: the correlation between the responses of oscillators excited by any two vi-
bration modes, the correlation between the response of an oscillator excited by a vibration
mode and the response of an oscillator mounted directly on a support, and the correlation
between the responses of oscillators mounted on different supports.

Practical methods are developed for determining the seismic response of multiply-
supported secondary structures as well as Tertiary Response Spectra (TRS) using FRS
as input. The formulations in two special cases, i.e., the seismic input are fully correlated or

independent, which have wide applications in practice are derived explicitly. Two assump-



tions on the correlation of FRS in the seismic evaluation of secondary systems, i.e., FRS
in the same direction at different nodes of the same primary structure can be considered
as fully-correlated, while they can be treated as independent if the nodes are located at
different primary structures, are proposed for the practical evaluation of multi-supported
secondary systems. It is demonstrated that the proposed methods can generate accurate
seismic responses of secondary systems as well as TRS efficiently.

The proposed direct spectra-to-spectra method for multi-supported structures is fur-
ther extended to generate FRS considering the effect of soil-structure interaction (SSI)
in incorporation with the substructure method, which allows the superstructure and the
surrounding soil can be analyzed individually. Based on the soil stiffness and structural
modal information, FLIRS transfer matrix and modification factor are derived to convert
Foundation Input Response Spectra (FIRS) into Foundation Level Input Response Spectra
(FLIRS), which is then used as the seismic input to the decoupled model to generate FRS
using the proposed direct spectra-to-spectra method.

The methods developed in this thesis are efficient and accurate for the generation of
seismic responses, FRS, and TRS comparing to the benchmarks obtained from time history

analyses using a large number of spectrum-compatible time histories.



Acknowledgement

I would like to express my great gratitude to my supervisors, Professor Wei-Chau Xie and
Professor Mahesh D. Pandey, who have been tremendous mentors for me. I would like to
thank them for supporting, encouraging my research and the great help in completing this
thesis.

I would like to extend my gratitude to Professors Giovanni Cascante, Shunde Yin, and
Jun Liu for the serving as my thesis committee members and their insightful comments on
my research.

Thanks also go to my friends and colleagues, Dr. Wei Jiang, Dr. Yang Zhou, Dr. Bo Li,
Dr. Lanlan Yang, Dr. Mengcheng Sun, Dr. Linbo Zhang, Muzi Li, Dr. Min Xiang, Dr. Yue
Li, Peng Dai, Hongjuan Shi, and other graduate students in the Department of Civil and
Environmental Engineering. I am extremely grateful to Dr. Wei Jiang, Dr. Yang Zhou, Dr.
Bo Li, Dr. Lanlan Yang for generously providing their insightful suggestions and the sharing
Matlab codes that have had a significant impact on the outcome of this research.

The financial support by the Natural Sciences and Engineering Research Council of
Canada (NSERC) and the University Network of Excellence in Nuclear Engineering (UN-
ENE) in the form of a Research Assistantship is greatly acknowledged.

I would like to express my deepest appreciation to Professor Wei-Chau Xie again and his
wife Mrs. Cong-Rong Xie for their great impact on the development of my personalties and
suggestions on career. With their great supports, I always feel surrounded by a sense of
belonging and connection at Waterloo, as if I have found a second family here.

Last but not least, without the unflagging love, support, and encouragement from my
parents, my fiancée, Xia Wu, and her parents throughout these years, this thesis would not

have been possible.

vi



Dedication

TO

Ty Ty

vii






Contents

Listof Figures . . . . . . . . . . . . . ... ...
Listof Tables . . . . . . . . ... .. ... ...

Nomenclature . . . . . . . . . . . .,

Introduction . . . . . . ...

1.1 Seismic Analysis of Secondary Systems
1.1.1  Combined Primary-Secondary System Method
1.1.2  Floor Response Spectrum Method
1.2 Previous Research on Floor Response Spectra
1.2.1  Time History Method
1.2.2  Direct Spectra-to-Spectra Method
1.3  Soil-Structure Interactions (SSI)
1.4 Objectives of This Study

1.5 Organization of This Thesis

Generating FRS of Structures under Multiple Earthquake Excitations . . . .

2.1 Responses of Multi-Supported Structures

2.2 Floor Response Spectra

2.3 Direct Method for Generating FRS for Structures under Excitations at Multiple Supports
2.3.1 FRSMS-CQC Combination Rule

.. mm, i m, i mm, i
2.3.2  Determinationof p,q ", Py, »and P,
2.3.3 FRSMS-SRSS Combination Rule
2.4 Numerical Examples

2.4.1 Case 1: Identical Seismic Excitations

15
20

21

23

23

31

32

32

34

40

41

42



2.5

3.1

3.2

3.3

2.4.2 Case 2: Independent Seismic Excitations

Summary

Generating Responses and TRS for Secondary Structures with Multiple Supports
A Practical Direct Method for the Generation of Responses of Multi-Supported Structures
3.1.1  Combination between Modal Response and Ground Motion
3.1.2 Determination of ,O,Zl)m’ : , p,:r,lcm’ : , and ,Ogmh’i
3.1.3 Responses for Multi-Supported Secondary Structures
Tertiary Response Spectra (TRS)
3.2.1 tRS for the Generation of Floor Response Spectra
3.2.2 ttRS and F-tRS for the Generation of Tertiary Response Spectra
Numerical Examples
3.3.1 Description of Model and Numerical Procedure

3.3.2 Results of Response

3.3.3 Results of TRS

3.4 Summary

4.1

Generating Floor Response Spectra for Structures under Excitations

from Multiple Supports Considering Soil-Structure Interaction . . . . . . . . ..
General Formulation
4.1.1  Substructure Method
4.1.2  Foundation Level Input Response Spectra (FLIRS)

4.1.3 Generating FRS of Multiply Supported Structures under Earthquake Excitations

Considering SSI

4.2 Numerical Example 1 : Excitations at Single Support

4.2.1 Theoretical Validation of Generating FLIRS
4.2.1.1  Coupled 3-DOF System

4.2.1.2  Decoupled 2-DOF System

49

49

51
52
52
55

60
62
63
69
72
72
78
85

90

92
93
93

97

102
105
108
109

112



4.2.2 Numerical Verification 114

4.2.3 Influence of Soil Conditions on FRS: A Parametric Study 123

4.3 Numerical Example 2: Earthquake Excitations at Multiple Supports 132
4.3.1 Case 1: Identical Seismic Excitations 136
4.3.2 Case 2: Independent Seismic Excitations 138
4.3.3 Influence of Soil Conditions on FRS: A Parametric Study 141

4.4 Summary 148
Conclusions and Future Research . . . . . . .. ... ... ... .. ..., ... 150

5.1 Direct Spectra-to-Spectra Method for Generating Floor Response Spectra 150
5.2 Generating Response of Secondary Structures and Tertiary Response Spectra 151
5.3 Generating FRS Considering Soil-Structure Interaction 152
5.4 Future Research 153
Bibliography . . . . . . . .. 154

Appendix A Evaluation of Soil Stiffness for Distinct Site Classes . . . . . . .. .. .. 160

xi






List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

Damage of secondary system in earthquake events.

General procedure of seismic risk analysis of nuclear power plants.
Two methods of generating floor response spectrum.

Criteria for coupling and decoupling analysis.

Schematic diagram of small modular reactor.

Effect of SSI on FRS.

Soil-structure interaction.

Finite element model for SSI complete method.

Multiple DOF primary structure under excitations at multiple supports.
Diagram of numerical example.

Response spectra of compatible time histories.

Sample of tri-directional time histories.

Case 1: FRS in direction 1 (Horizontal).

Case 1: FRS in direction 2 (Horizontal).

Case 1: FRS in direction 3 (Vertical).

Case 2: FRS in direction 1 (Horizontal).

Case 2: FRS in direction 2 (Horizontal).

2.10 Case 2: FRS in direction 3 (Vertical).

xiii

12

14

18

18

19

24

41

43

44

46

46

47

47

48

48



3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

4.1

4.2

4.3

4.4

4.5

4.6

Multiple DOF secondary structure under excitations at multiple supports.
Ratio of tRS to GRS for the 49 horizontal ground motions at B sites.

Ratio of tRS to GRS for the 49 vertical ground motions at B sites.

Illustration of tRS, ttRS, and F-tRS.

Diagram of the numerical example.

Procedure of the numerical example: generating response.

Procedure of the numerical example: generating TRS.
FRS at Support 1.

FRS at Support 4.

Relative errors by time history method of nodes 7 and 10.

Comparison between the results by DM and TH analysis.

TRS at Node 2.

TRS at Node 7.

TRS at Node 10.

Comparison of TRS from different cases.
Comparison between tRS and F-tRS benchmark.
Substructural model for flexible foundation.

SSI using FLIRS for flexible foundation.
Procedure for generating FRS considering SSI.
Diagram of numerical example 1.
Free-body-diagram of the coupled system.

Free-body-diagram of the decoupled model.

Xiv

61

65

65

70

72

77

77

80

80

82

83

85

86

86

88

90

95

97

106

107

109

112



4.7

4.8

4.9

4.10

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26

4.27

4.28

Numerical procedure for example 1.

Modulus of the dynamic influence matrix for Nodes 1 and 2.
Modulus of FLIRS transfer matrix.

FLIRS modification factor.

Comparison of FLIRS by direct method and time history method.
Comparison of FRS by direct method and time history method.
Effect of soil-structure interaction on FRS.

Modulus of FLIRS transfer matrix under different soil conditions.
FLIRS modification factor under different soil conditions.
FLIRS under different soil conditions.

FRS at Node 1 in Case 1 (ks=1x 10* kN/m).

FRS at Node 1 in Case 3 (ks=1x 10° kN/m).

FRS at Node 1 in Case 4 (kg=5 X 10° kN/m).

FRS at Node 1 in Case 5 (kg=1X 106 kN/m).

Amplification ratios in different soil cases.

FRS using average tRS for Case 1.

Diagram of the numerical example: FRS considering SSI.
FLIRS Modification factors (correlated case).

FLIRS in different directions (correlated case).

Comparison of FRS in directions 1 and 2 (correlated case).
FLIRS in different directions (independent case).

Comparison of FLIRS in different cases.

116

117

119

119

120

121

122

125

127

127

128

128

129

129

131

131

133

137

137

138

139

139



4.29

4.30

4.31

4.32

4.33

4.34

4.35

FRS in directions 1 and 2 (independent case).

FRS in direction 2 by direct method in different cases.

FRS in direction 2 by time history method in different cases.

Amplification ratios of FLIRS-1 in different cases.
Amplification ratios of FLIRS-4 indifferent cases.
FRS of varied soil stiffness (Case 7).

FRS of varied soil stiffness (Case 8).

141

143

143

146

146

147

147



List of Tables

2.1 Modal information of node C in direction 2 43
2.2 Modal information of node C in direction 3 43
3.1 Coefficients of simplified horizontal statistical relationship for various damping ratios 66
3.2 Equations for coefficients and standard deviations of horizontal statistical relationship 66
3.3 Coefficients of simplified vertical statistical relationships for hard sites 67
3.4  Coefficients of simplified vertical statistical relationships for soft sites 67

3.5 Equations for coefficients and standard deviations of vertical statistical relationships for

hard sites 68

3.6  Equations for coefficients and standard deviations of vertical statistical relationships for soft

sites 68
3.7 Number of elements in the finite element model 73
3.8  Modal information of the reactor building 75
3.9 Modal information of the service building 75
3.10 Modal information at Support 3 in direction X 76
3.11 Modal information at Support 4 in direction Y 76
3.12 Responses of piping using time history method 81
3.13 Responses of piping using using direct method 84
4.1 Basic structural information in example 1 115
42  Modal information of the coupled soil-structure system 115



4.3

4.4

4.5

4.6

4.7

4.8

Al

A2

A3

Modal information of the decoupled structure

Soil stiffness in different cases

Natural frequencies of the coupled system under different soil cases
Structural information of the numerical model

Power spectral density function of FLIRS (X 107> dBm/ Hz)

Soil stiffness in different cases (X 10% kN/m)

Formula for evaluating stiffness at surface for circular base
Evaluation of soil stiffness for different site classes

Approximate range of soil stiffness for different sites

xviii

115

123

123

135

140

142

160

162

162



Nomenclature

AR

CPSD

CQC

DAF

FEM

FIRS

FLIRS

FRS
FRS-CQC
FRSMS-CQC

FRSMS-SRSS

F-tRS
GRS
HCLPF
LB
MDOF
NEP
NPP
PGA
PSSI

Amplification Ratio

Cross-Power Spectral Density

Complete Quadratic Combination

Dynamic Amplification Factor

Finite Element Method

Foundation Input Response Spectrum

Foundation Level Input Response Spectrum

Floor Response Spectrum

Complete Quadratic Combination for Floor Response Spectrum

Complete Quadratic Combination for Floor Response Spectrum

of Multiple Supports

Square Root of Sum of Squares for Floor Response Spectrum

of Multiple Supports

t-response spectrum of floor response spectrum
Ground Response Spectrum

High Confidence and Low Probability of Failure
Lower Bound

Multiple Degrees-of-Freedom

Non-Exceedance Probability

Nuclear Power Plant

Peak Ground Acceleration

Primary-Secondary Structure Interaction

Xix



PSDF Power Spectral Density Function

SDOF Single Degree-of-Freedom

SMR Small Modular Reactor

SPRA Seismic Probability Risk Assessment

SRSS Square Root of Sum of Squares

SSCs Structures, Systems and Components

SSI Soil-Structure Interaction

tRS t-response spectrum

TRS Tertiary Response Spectrum

ttRS t-response spectrum for tertiary response spectrum
UB Upper Bound



Introduction

Secondary systems are structures, systems and components (SSCs) that are not part of the
primary load-bearing structure such as building, dam, nuclear power stations. Secondary
systems can be further classified into two broad categories: (1) non-structural secondary
systems, such as control systems, mechanical systems, storage tanks; and (2) structural
secondary systems, for example, stairways, steam generator tubes, steam turbine, piping
systems and ducts. In spite the name, secondary systems are far from being secondary in
importance. During the past decades, it was demonstrated that secondary systems were
vulnerable in earthquake events as shown in Figure 1.1. Furthermore, the experience from
earthquakes has shown that of the failure of secondary systems, such as the failure of
equipment, the collapsed furniture as well as the debris caused by falling objects, may have
critical influence on the performance of vital facilities, including fire stations, hospitals and
nuclear power plants. For example, a number of hospitals were obliged to be evacuated
during the Northridge earthquake in Los Angeles in the year of 1994. The main reason was
not the failure of the primary buildings but the water damage caused by the break of water
supply system and the breakdown of emergency power system (Hall et al., 1994; Villaverde,
2009).

Over the past decades, considerable progress with some well developed methods has
been made in the seismic assessment of primary systems, leading to notable improvement

in the design of those structures. Contrary to main structures, which are designed to
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Figure 1.1 Damage of secondary system in earthquake events.

bear external forces, such as the forces due to earthquake excitation, only the capacity
of regular operational load and accidental load might be investigated in this procedure.
Because secondary systems are usually anchored or attached to the walls or floors of primary
structure, they will be subjected to earthquake induced vibration of the supported floor
rather than the ground motions acting at the foundation of primary structure. Thus, the
seismic analysis of secondary systems not only depends on ground motions, but also the
dynamic characteristics of the primary structure.

Nuclear industry pays more attention to the design and analysis of secondary systems

due to the specific requirement of safety of nuclear power plants (ASCE, 1998). Since



1.1 SEISMIC ANALYSIS OF SECONDARY SYSTEMS

the information from seismic analysis of secondary structure is necessary to the seismic
safety evaluation and the design of new-built plants, accurate and practical methods for the

evaluation of seismic performance of secondary systems are required.

1.1 Seismic Analysis of Secondary Systems

Seismic risk analysis is a broad and complex process, involving a number of science and
engineering disciplines. This complex procedure is illustrated schematically in Figure 1.2,
which is divided into five areas: seismic hazard analysis, seismic demand analysis, seismic
fragility analysis, system analysis, and seismic risk quantification.

The objective of seismic hazard analysis is to determine the seismic hazard curves and
seismic input at the site of interest that can be used for seismic analysis and design. Seismic
demand analysis aims to determine the seismic demands or inputs to important SSCs in the
Nuclear Power Plant (NPP). Dynamic finite element models of the structures in the NPP
are established first, and responses of the structures at desired locations are determined
through structural dynamic analysis. The outcome of seismic demand analysis provides
the input to the later seismic fragility analysis to determine the seismic fragility curves
or the high confidence and low probability of failure (HCLPF) values of important SSCs.
System analysis determines the seismic fragility curves or HCLPF values of the system. The
objective of seismic risk analysis of a nuclear power facility is to determine the probability
distribution or the frequency of occurrence of adverse consequences, such as core damage
frequency or large early release frequency, due to the potential effects of earthquakes.

This research focuses on the determination of seismic inputs to secondary systems for
their analysis, design, and assessment; thus, the seismic analysis in this thesis refers
to seismic demand analysis. In general, seismic responses of secondary systems can be
evaluated by two approaches: combined primary-secondary system approach and floor

response spectrum approach.

1.1.1 Combined Primary-Secondary System Method

The primary and secondary structure are considered as an integral part in the combined

primary-secondary system approach. In this method, both response spectrum methods
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1.1 SEISMIC ANALYSIS OF SECONDARY SYSTEMS

based on modal analysis and time history method can be utilized to obtain the seismic
response of secondary systems. In principle, the combined primary-secondary system ap-
proach can improve the accuracy of seismic evaluation as the effect of Primary-Secondary
Structure Interaction (PSSI) is included. The consideration of PSSI effect causes the whole
system to function as a coupled system, and exhibits specific characteristics that are con-
ventionally not included if the primary and secondary structures are analyzed separately.
In addition, since the method is based on the analysis in frequency domain, it also permits
the exact solutions for the dynamic problems to be obtained (Lim and Chouw, 2015).

However, the combined primary-secondary structure method is not favored in practice
because a large number of rigorous numerical integrations need to be solved. It is generally
found that secondary systems are difficult to be evaluated accurately and sufficiently because
a combined primary-secondary system may lead to serious numerical problems due to the
large difference between two systems as well as the excessive number of degrees of freedom.
For example, a secondary system may be built with materials which are different from those
used by primary structure, because secondary systems are usually designed to perform
specific functions rather than to bear loads. This gap between the properties of materials
generally causes complex modal frequency and non-classical damping.

For example, the equation of motion for a two degrees-of-freedom coupled inelastic

system may be written as (Adam and Furtmiiller, 2008)

1 0f|x 20, wn+2Cwsm —2Cswsm | | % a)z—i—a)szr_n —wszrh X 2 | 1
P P=p P P p Pl P
+ — Xp =— ug,
0 m| |X 2¢swsm 2¢swsm X —a)gih a)szrh X 0 m

in which m is the mass ratio of secondary system to primary structure, x, w, { are

«__»

displacement, natural frequency and damping coefficient, respectively. The subscripts “p

« »
S

and “s” stand for primary and secondary structures, respectively, and the superscript “pl”
represents the plastic part of deformation. It can be seen that the combined system involves
non-classically damped problem in which specific methods are required to diagonalize the
equation of motion (Igusa et al.,1987; Suarez and Singh, 1987; Singh and Suarez,1987).
Furthermore, since the coupled equation includes the structural information of both pri-

mary and secondary systems, the whole coupled system needs to be reanalyzed every time
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during the initial design of secondary system when one of the parameters of the secondary
system is changed. Therefore, the iteration process required to complete the analysis is
costly and time-consuming. Consequently, the combined primary-secondary system ap-
proach is only used in certain situations, for example, when the natural frequencies of
secondary system coincidences with those of main structure or the mass of the attached

components cannot be neglected comparing with primary structure.

1.1.2  Floor Response Spectrum Method

Unlike the combined primary-secondary system approach that treats the whole system
as an integer part, the floor response spectrum approach is based on decoupled analysis
in which the primary and secondary systems are analyzed separately. In this method, a
dynamic analysis is performed for the primary structure first by neglecting the effect of
the secondary system. The input for the primary structure can be a set of time histories
compatible with prescribed ground motion spectra. The obtained responses of the primary
structure at the support points of the secondary systems are then input to a set of single
degree-of-freedom oscillators with different frequencies. Plotting the maximum responses
of the oscillator versus the frequency of the oscillator yields FRS. The obtained FRS are
further used to estimate response of secondary systems using certain modal combination
rules.

Although problems associated with the assumption of decoupled analysis may result in
some errors in special situations, it is still traditionally adopted due to many practical
difficulties in the implementation of a coupled dynamic analysis (Saudy, 1992). Among
the decoupled methods, the floor response spectrum method is one of the most widely

accepted methods in practice due to its great simplicity in the application.

1.2 Previous Research on Floor Response Spectra

To obtain a reliable response of secondary system based on the decoupled method, an
accurate FRS at the support points of secondary system is required. ASCE (1998) suggests
that floor response spectra shall be generated by time history analyses or a direct spectra-

to-spectra method (Figure 1.3).
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Figure 1.3 Two methods of generating floor response spectrum.

1.2.1 Time History Method

In time history method, a dynamic analysis for primary structure is performed by using
modal superposition or direct time integration method. The obtained response time histo-
ries at the support point to which secondary systems are attached are then used to generate
FRS.

Time history method can theoretically give exact responses for a recorded earthquake
excitation. In practice, artificial time histories compatible with a target ground response
spectrum are usually used in time history analysis because recorded ground motion time
histories are normally not available. However, it has been demonstrated two artificial time

histories can be significantly different even they are both generated from the same response
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spectrum. This uncertainty in the input time histories further leads to large variabilities
in FRS generated by the time history method (Singh, 1988; Villaverde, 1997; Jiang et al.,
2015; Xie et al., 2019). Thus, if a single or a small number of time history analyses are
performed, the result is not reliable, in which “not reliable” refers to the fact that the FRS
obtained from two different time history analyses exhibit significant differences. As a result,
a large number of earthquake time histories are required to obtain an reliable probabilistic
description of FRS. However, it has been mentioned that time history method involves
lengthy step-by-step numerical integrations; thus, a large number of time history analyses
are very computationally costly and time consuming, which has been recognized to be

impractical.

1.2.2 Direct Spectra-to-Spectra Method

To overcome the deficiencies of the time history method, some direct spectra-to-spectra
methods have been developed. The “direct” means that ground response spectrum is used
as input directly without generating any intermediate input such as spectrum-compatible
time histories or spectrum-compatible power spectral density functions. Unlike time his-
tory method that solves the dynamic problem in time domain, floor response spectra are
analytically expressed in terms of ground motion spectra and some basic modal information
of the primary structure, such as modal frequencies, mode shapes, modal participation
factors, and modal damping ratios, which can be readily obtained from a modal analysis.
The direct spectra-to-spectra method was first proposed by Biggs and Roesset (1970)
for the direct generation of FRS without conducting any time history analysis. In this
method, the maximum response of equipment is considered as the combination of GRS
and the peak response of the primary structure at the location where the secondary system
is attached. Two types of amplification factor for ground motion and structural response,
which depends on the ratio between structure period and equipment period, were de-
termined empirically based on four typical recorded strong ground motions. The total
response of equipment is then determined using the square root of the sum of the squares

(SRSS) rule.



1.2 PREVIOUS RESEARCH ON FLOOR RESPONSE SPECTRA

Singh (1980) developed a method for generating FRS efficiently based on random vi-
bration theory. Resonance case is considered to compute FRS more accurately when the
natural frequency of the secondary system is close to one of the dominant frequency of the
main building. This method is further extended by Singh and Sharma (1985) by employ-
ing the mode acceleration formulation in the analysis, which can eliminate the error from
the neglect of missing mass effect. Unlike most of conventional direct methods that use
pseudo-acceleration ground spectra as input, the seismic inputs in the approach developed
by Singh and Sharma (1985) are required to be relative acceleration and relative velocity
spectra, however, may usually not be prescribed in practice.

Yasui et al. (1993) derived a direct method for the generation of FRS, which does not need
any additional modal exciting function or empirical amplification factors. This method can
be applied without the distinction between non-resonant case and resonant case, which
is of great simplicity comparing with the methods proposed by Singh (1980) and Singh
and Sharma (1985). However, the generated FRS using this method could lead to 50%
overestimation at FRS peaks. The errors were stated to be caused by the error in fitting the
target spectra for the artificial seismic time histories. However, Jiang et al. (2015) found that
the method proposed by Yasui et al. (1993) neglects the phase difference between responses,
which is only applicable when the phase differences are = or 7/2. Consequently, FRS
obtained from this method could result in large errors.

Sullivan et al. (2013) developed a spectrum method for determining FRS of SDOF struc-
tures based on the concept of Dynamic Amplification Factor (DAF), which is the ratio of
the maximum acceleration of the secondary system to the maximum acceleration of the
floor where the secondary system is mounted. This method was further extended by Calvi
and Sullivan (2014) to MDOF structures. Although it has been illustrated that these two
methods yield acceptable FRS in the research, the expression of DAF is empirical which
may lead to inaccurate FRS for some cases. More research on generating FRS based on am-
plification factor can also be found in Wieser et al. (2013), Surana et al. (2018A) and Surana
et al. (20188). However, these amplification factor functions are also obtained empirically,

thus restrictions exist in the application of these methods.
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Effects of Nonlinear Behavior in Primary Structure

Some direct methods of the generation of FRS involving the effect of nonlinear behavior
in primary structure were developed. Lin and Mahin (1985) performed the FRS method
to investigate the influence of structural nonlinearity on FRS. An amplification factor,
which is the ratio of the FRS for an inelastic structure over the corresponding spectra for
an elastic one, was defined to quantify the effects of inelastic deformations of primary
structure on secondary structure response. It is observed that the consideration of inelastic
characteristic of primary structure can decrease the spectral value of FRS, while the peak
tends to be shifted toward higher frequencies.

Taghavi and Miranda (2018) and Aragaw and Calvi (2018) also conducted research on
structural inelasticity and FRS using empirical modal reduction factors, which are deter-
mined by the ductility of the primary structure. The results demonstrate that the seismic
demands will generally be reduced when the effect of nonlinearity in included.

Taghavi and Miranda (2012) studied the effect of nonlinearity of supporting structure
on the seismic response of secondary acceleration sensitive components using time history
method. The primary structure is a two-dimensional multi-story frame modelled by linear
beams and nonlinear columns, which are connected through nonlinear rotational springs.
They found that while floor acceleration tends to amplify ground motion in linear structure,
the acceleration of secondary system might be smaller than ground acceleration, indicating
that the consideration of nonlinearity of main structure could decrease the seismic demand
of secondary components.

However, some research found that nonlinearity in main structure may lead to increased
FRS values sometimes. For example, Chaudhuri and Villaverde (2008) performed a com-
prehensive parametric study on the effect of nonlinear behavior on both structural building
and nonstructural components using time history analysis. It is found that spectral value
of FRS may increase when the main structure varies from linear to localized nonlinear
rather than to widespread nonlinear. They also concluded that the nonlinear properties in
supporting structure and secondary components affects favorably the seismic performance
of secondary system. As a result, secondary system can be designed following the same

procedure of linear response analysis for the most of cases whereas nonlinearity should be
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1.2 PREVIOUS RESEARCH ON FLOOR RESPONSE SPECTRA

considered when the nonstructural component is mounted on the lower floors of a main
building or when the primary and secondary systems are in resonance.

Although it has been demonstrated that structural nonlinearity of primary structures
may have influence on FRS, safety-related structures in the nuclear industry are required to
behave linear elastically during an earthquake. For example, Clause 6.1.2 of CSA N289.3-
10 (CSA, 2010) states that “Structures that support safety-related systems shall undergo
dynamic analysis to predict the responses of a system when subjected to the design basis
ground motion. The responses are determined assuming that the SSCs respond within
elastic stress limits”. Hence, this research follows the requirement and practice of nuclear
industry in conducting floor response analysis and assume that the safety-related primary
structures are linear elastic with viscous damping. Structural nonlinearity is not considered

in the proposed methods.

Dynamic Interaction between Primary and Secondary System

While it has been demonstrated by several studies that the interaction between the primary
structure and secondary system may have some influences on the FRS, the secondary system
and its supporting structure are decoupled and analyzed separately in many cases due to the
limitations of the coupled analysis as mentioned before. For secondary system with mass
ratio less than 1%, the dynamic interaction effect is relatively small (less than 10%) and can
be ignored as a result.

However, neglecting the interaction between primary and secondary structure may pro-
vide conservative results for certain situations (Lim and Chouw, 2014; Vela et al., 2008). This
effect is more significant when the natural period of a secondary component is close to that
of the supporting structure (Chen and Soong, 1988). A criterion of decoupling analysis was
proposed by Hadjian and Ellison (1986) based on the parametric study for two types of
models with 2 DOFE, shown as Figure 1.4. It can be seen that the dynamic interaction effect
depends on the mass ratio as well as ratio of natural frequencies between the secondary
system and the primary structure. In the nuclear power industry, the mass of secondary

system is generally very small comparing with primary structure, such as reactor building.
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Therefore, the dynamic interaction between primary and secondary systems is supposed to

relatively small and can be neglected.

4.0
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Figure 1.4 Criteria for coupling and decoupling analysis.

Although many direct spectra-to-spectra methods have been developed for the gener-
ation of FRS over the last decades, they have not been widely used in the nuclear power
industry. The main reason is that those methods cannot generate accurate FRS over the
entire frequency range. Some approaches provide conservative results in certain frequency
ranges but unconservative results in the other frequency ranges due to various approxi-
mations or empirical amplification factors used (Yasui et al., 1993; An et al., 2013). Most
importantly, it is unknown that when or by how much the obtained FRS is conservative
or unconcervative, making it difficult to scale FRS. As a result, the process of generating
FRS is separated into non-resonance and resonance cases and analyzed individually (Singh,
1980; Singh and Sharma, 1985), which is cumbersome and not user-friendly.

Recently, a new direct spectra-to-spectra method for the accurate and efficient generation

of FRS was proposed by Jiang et al. (2015), which can give accurate FRS conveniently for
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1.2 PREVIOUS RESEARCH ON FLOOR RESPONSE SPECTRA

complex structures with closely-spaced modes. In this method, t-response spectrum (tRS)
(Li et al., 2015) was introduced to obtain FRS for the tuning or resonant case. A new
modal combination method, i.e., FRS-CQC, was derived to account for various correlations
between the responses of the secondary structure and the primary structure. It has been
proved that this method is able to generate FRS accurately over the entire frequency range
and is of much convenience and efficiency to be applied to complex structures.

It is noted that the method proposed by Jiang et al. (2015) focus on primary structures
with single support. However, the majority of engineering structures may undergoes
different seismic excitations at different supports during an earthquake event due to the

following reasons:

U the wave passage effect, i.e., seismic waves may arrive at different stations at different
times. This effect becomes significant for structures with large horizontal size, such

as long-span bridges (Novak et al., 2019).

0 the loss of coherency of the ground motion due to reflections and refractions of the
waves in the heterogeneous medium of the ground. Furthermore, the superposition
of waves arriving from different sources at different locations may also contributes to

the incoherence effect.

0 the local conditions, such as local soil conditions at different stations, can also vary

significantly, which can apparently affect the amplitude and phase of ground motions.

One of the typical examples of multiple excitation problem in the nuclear industry is
the Small Modular Reactor (SMR). As a new trend of future nuclear power plant, SMR
has its unique advantages on the relative small size and the pre-fabricated modules, which
is of much convenience to be installed. Although there is no SMR has been built yet, it is
generally agreed that the future SMR would be installed partially or even fully underground,
as shown in Figure 1.5. As aresult, in the seismic design of SMR, the earthquake excitations
should not only come from the bottom foundation, but also from the side walls, leading to
a multiple excitation problem.

Due the significant difference between analyzing structures with single and multiple

supports, the seismic evaluation of structures with excitation from multiple supports has
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Figure 1.5 Schematic diagram of small modular reactor.

been an area of research that has received considerable attention. For example, Asfura
and Der Kiureghian (1986) proposed a response spectrum method which can evaluate the
total displacement spectra by introducing the concept of “cross-oscillator, cross-floor re-

sponse spectrum (CCFES)”. However, this method cannot be used to determine the forces
in the members of the secondary system, which depends on the relative movements of the
supports (Burdisso and Singh, 1987). To solve this problem, Burdisso and Singh (1987)
proposed a concept of pseudo-static response that divides the response of structure into
pseudo-static part and dynamic part, which were combined later based on the theory of
random vibration. However, the response spectrum method proposed by Burdisso and
Singh (1987) is difficult to be applied in practice, because complicated procedures to eval-
uate the auto-floor and cross-floor response spectra are required (Yun et al., 1993). Saudy
(1992) found that the method proposed by Asfura and Der Kiureghian (1986) overestimates
the response of secondary systems in cases of tuned combined primary-secondary systems

and an alternative modal combination rule was proposed to improve the performance.
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However, the existing works on the seismic analysis of multi-supported structures mainly
focus on the response of structure rather than FRS. Therefore, a direct method for generat-
ing FRS accurately and efficiently of structures under earthquake excitations from multiple
supports is required. In this research, the direct method proposed by Jiang et al. (2015) will

be extended to deal with the case of multiple seismic excitations.

1.3 Soil-Structure Interactions (SSI)

In seismic analysis, the input ground motion at the base level is commonly assumed to be
the same as the free field ground motion, which is the motion of the site in the absence
of the structure and of any excavation. This assumption has been justified for structures
sitting on rigid rock or very stiff soil because the large stiffness of the surrounding medium
can constrain the motion of foundation to be approximately the free-field motion (Zhou,
2019). However, it has been demonstrated that the soil-structure interaction (SSI) cannot
be neglected when the supporting soil is relatively soft or the superstructure is massive due
to (Wolf, 1985;1987):

[J Seismic responses at the foundation of the structure are different from the free-field

responses at the site due to the influence of superstructure.

O The interaction between structure and its surrounding soil leads to a further change

of the seismic input at the base.

It is conventionally believed that taking SSI effect into account will reduce the overall
seismic responses of structure because the fundamental period of the building is elongated
whereas the spectral value of ground response spectrum at lower frequencies is relatively
low. Furthermore, the effective damping of a combined soil-structure system, which
depends on not only structural damping but also soil material damping and soil radiation
damping, is significantly higher than that of the structure itself. This larger damping causes
more energy dissipation and further reduction of the responses of primary structure. For
example, Kennedy et al. (1981) found that the soil-structure interaction tends to cause lower
shear forces and moments and to higher compressive axial forces in the concrete walls,

which increases the stability of the structure under strong earthquakes.
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Although numerous effort has been made in studying the influence of SSI effect on the
seismic performance of primary structure, only a few research investigated the effect of
SSI on the floor acceleration demands. Chaudhuri and Gupta (2003) proposed a mode
acceleration approach based on substructure method for generating FRS considering the
effect of SSI. A numerical study of a 15-story shear building was conducted and the results
indicate that soil-structure interaction should not be ignored when generating FRS unless
the soil is very stiff relative to the superstructure. The extent of SSI effect is found to be
highly dependent on the soil properties and the natural frequency, damping coefficient and
the location of the oscillator.

The seismic response and FRS of a 4-story steel frame supported by a relative stiff soil
were investigated by Raychowdhury and Ray-Chaudhuri (2015). It was found that the
consideration of SSI always reduces the response of secondary components around the
fundamental period of the building. It was also concluded that the maximum value of FRS
tend to decrease when SSI is taken into account; however, the second or the third peak of
FRS including SSI effect might be higher than that of fixed-base structure.

Zhang and Jiang (2017) studied the effect of SSI on the structural response as well as
equipment response by comparing the results from experiment and finite element anal-
ysis using ANSYS. In the experiment, the equipment was modelled as a SDOF oscillator
mounted on the top of the 4-story steel frame structure, which was placed on a shaking table
to simulate earthquake events. The soil was modelled as a three-layer half-space medium
using eight-node solid element in ANSYS. They concluded that the peak response of both
main structure and secondary equipment are reduced due to the presence of soil, while the
amount of reduction highly depends on the type of the ground motion and its intensity.

The typical myth about the effect of SSI on FRS is that considering SSI will benefit the
seismic design of secondary components as the maximum spectral value of FRS usually
decreases with the account of SSI effect. However, it is well investigated that FRS peaks
occur at the frequencies of the structure dominant modes. The presence of soil results
in the change of structural natural frequencies, and thus leads to shifting of FRS peaks,
which could possibly approach to the resonant frequencies of equipment and its supporting

building. Consequently, the seismic input to equipment could be significantly increased.
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It has been pointed out by Jiang (2016) that while the maximum spectral value of FRS
decreases when SSI effect is considered, the seismic input of secondary structure can be
increased by 40% at certain frequencies, as shown in Figure 1.6.

Therefore, seismic input and structural analysis should not be considered independently
when the structure is founded on relatively soft soil. The seismic analysis of structures

considering SSI effect can be conducted through two major steps (Jiang, 2016):

1. A site response analysis is performed first to determine the foundation input response
spectra (FIRS) from the GRS or response spectra prescribed at the bedrock base on
the theory of wave propagation. The free-field can be generally modelled as a series of
soil layers sitting on the bedrock, which is usually regarded as an elastic homogeneous
half-space as shown in Figure 1.7. This step is usually conducted by earthquake

professionals which is out of the scope of this study.

2. With aknown FIRS, a dynamic analysis is then implemented to the structure together
with the surrounding soil, considering the interaction between the structure and the

surrounding soil.

The rapid progress of SSI studies after 1970s has been stimulated by the needs of the
nuclear power industry. It is well understood that SSI effect should be included as one of
the essential dynamic properties of NPP reactor buildings (Lou et al., 2011). The methods
of the investigation of SSI effect can be mainly classified into the complete method and the

substructure method.

Complete Method

In the complete method or the coupled soil-structure method, the structure and a part of the
surrounding soil deposit, which is denoted as near field soil, are modelled as the combined
soil-structure system. Then the seismic analysis is performed to the integrated system as
shown in Figure 1.8 (Wol, ; Bielak and Christiano, 1984). This model is always based on the
Finite Element Method (FEM), and the system is discretized into finite elements. Since the
soil deposit is actually an unbounded continuous solid and cannot be modelled by finite
elements, an artificial boundary is required to model the near field soil. Furthermore,

to simulate the radiation damping of semi-infinite space, the scale of the soil deposit
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Figure 1.6 Effect of SSI on FRS.
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Figure 1.7 Soil-structure interaction.
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Figure 1.8 Finite element model for SSI complete method.

should be large enough (Lou et al., 2011). This requirement, however, causes a tremendous
consumption of time and computer resource. As a result, a number of artificial boundaries
have been proposed to reduce the scale of the FEM model (Lysmer et al., 1983; Higdon,
1991; Collino, 1993; Liao and Wong, 1984; Wang, 2005).

Although many transmitting boundaries were proposed to increase the efficiency of
the numerical simulation, the application of the complete method still requires relatively
significant time as well as computational memories because a large system of coupled
equations need to solved. In addition, the use of these artificial transmitting boundaries
and the necessity that the bedrock has to be located at relative shallow depth may also lead
to inaccuracy by FEM. Furthermore, the entire analysis procedure has to be repeated when
one of the properties of the superstructure or soil is changed, while only the responses
of the structure are of interest. Therefore, the complete method is not widely used in the

nuclear power industry due to the limitations above.

Substructure Method

The other method for SSI analysis is called the substructure method (Gutierrez and Chopra,
1978). This method, which is theoretically equivalent to the complete method, permits the
whole system to be divided into more manageable parts and to analyze these parts separately.
Some commercial finite element analysis software packages, such as sassi (Lysmer et al.,

1983), AcssAssl (Ghiocel, 2015), were developed on the basis of the substructure method,
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and are currently employed in practice to analyze the seismic response of a soil-structure
system. It should be noted that the entire analysis in Acs sAssi is performed in frequency
domain using the complex response method and finite element techniques. The transient
analysis is handled by Fast Fourier Transform techniques in which the dynamic response
at each frequency can be obtained. Lastly, the vibrational behavior in time domain can
be evaluated by inverse Fourier Transform. However, the dynamic analysis in frequency
domain requires the seismic inputs to be spectrum-compatible time histories, which means
that the deficiencies of time history analysis as discussed in Section 1.2.1, are inevitable.
Thus, itis desirable to develop an efficient and accurate method for generating FRS taking
into account the SSI effect. Several studies on the generation of FRS using the direct method
considering the effect of SSI have been carried out. Jiang (2016) performed a seismic analysis
for structures with rigid foundation. Rigid foundation means that there is no deformation
of the foundation so that the foundation can be simplified to a single point. The direct
method for generating FRS proposed by the author becomes applicable in this case once the
equivalent input, i.e., Foundation Level Input Response Spectra (FLIRS), is determined.
This method is modified by Zhou (2019) to include the flexibilities of foundations. Although
the method proposed by Zhou (2019) can deal with the situation of multiple excitations,
it condenses all the deformations to a single point, which might has theoretical defect for
structures undergo seismic excitation at different supports. The later part of this thesis
will extend the method developed by Jiang (2016) to structures with earthquake excitations
from multiple supports. In the proposed method, structural responses are not referred to a

single point but are divided into dynamic and quasi-static parts.

1.4 Obijectives of This Study

The objective of this study is to develop a direct spectra-to-spectra method for generat-
ing FRS for structures with earthquake excitations from multiple supports. The specific

objectives of this study include:

U Extend the method proposed by Jiang (2016) to multi-supported structures.
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U Develop practice-orientated methods for the seismic evaluation of secondary and ter-

tiary system using FRS.

U Develop a direct method to generate FRS for multi-supported structures considering SSI

effect.

1.5 Organization of This Thesis

In Chapter 2, a direct spectra-to-spectra method for generating FRS of structures with
earthquake excitations from multiple supports is developed. Starting with the fundamentals
of structural dynamics, seismic response of an MDOF primary structure is formulated by
applying the concept of “quasi-static” response, which allows to divide the response into
quasi-static and dynamic parts. The response of an SDOF oscillator attached to the primary
structure is then obtained. A new combination rule for generating FRS of multi-supported
structures, called FRSMS-CQC, is developed based on random vibration theory. FRSMS-
CQC fully accounts for the correlations between various components affecting FRS: the
correlation between the responses of oscillators excited by any two vibration modes, the
correlation between the response of an oscillator excited by a vibration mode and the
response of an oscillator mounted directly on a support, and the correlation between the
responses of oscillators mounted on different supports. FRS is formulated in terms of the
characteristic of input GRS and the basis modal information of primary structure, which
are necessary in conventional spectrum methods and no additional information is needed.
To illustrate the superiority of the proposed FRSMS-CQC combination rule, the result from
conventional SRSS combination rule, called FRSMS-SRSS in this case, is also developed
and the results from the two combination rules are compared.

In Chapter 3, practical methods are presented for determining the seismic responses
of multiply-supported secondary structures as well as tertiary response spectra using FRS
obtained by the direct method proposed in Chapter 2. Noting that the formulation of
getting response of the primary structure and the secondary system is generic, it should
be applicable to any structures with seismic input at multiple supports. Firstly, the im-

plicit formulation for combining the quasi-static response and the dynamic response are
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presented with the combination coefficients are given in terms of coherence function. The
responses under two special cases, i.e., the seismic input are fully correlated or indepen-
dent, which have wide applications in practice, are derived explicitly. Two assumptions
on the correlation of FRS, i.e., the FRS in the same direction at different nodes of the
same primary structure can be considered as fully-correlated, while they can be treated as
independent if the nodes are located at different primary structures, are proposed for the
practical generation of the seismic responses of multi-supported secondary systems. Simi-
lar to the procedure for evaluating the responses, the response spectra at the supports where
the tertiary system is attached, denoted as Tertiary Response Spectra (TRS), is derived
explicitly for the above two special cases.

In Chapter 4, a method is developed for generating FRS for multi-supported structures
considering the effect of SSI based on the proposed direct spectra-to-spectra method and
the substructure technique. Based on the soil stiffness and structural information, a transfer
function is derived to convert free-field motions FIRS into FLIRS, which is then used as the
seismic input to the decoupled model to generate FRS using the direct spectra-to-spectra
method. The expressions of FLIRS are given implicitly in terms of the information of
superstructure and soil as well as ground motions, and it can be directly and efficiently
evaluated as long as such information is given. Several numerical examples are presented
to verify the proposed method, and parametric studies are conducted to investigate the
influence of soil conditions on FRS.

In Chapter 5, some conclusions from this study are presented, and directions for further

research are proposed.
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Generating FRS of Structures under
Multiple Earthquake Excitations

For a deeply-embedded structure, such as Small Modular Reactors, the structure is sub-
jected to earthquake excitations not only at the foundation, but also at the side walls. Hence,
an SMR is subjected to seismic excitations at multiple points. Furthermore, the seismic
inputs could be different at different input points because the depth of structures can not
be neglected and soil properties could vary significantly with the depth. Therefore, it is
necessary to extend the direct method for generating FRS developed by Jiang et al. (2015),
which is applicable to a structure with fixed base, to structures under multiple seismic

excitation inputs.

2.1 Responses of Multi-Supported Structures

Equations of Motion of the Primary Structure

Consider a general three-dimensional multiple degrees-of-freedom (MDOF) structure un-
der multiple tridirectional seismic excitation inputs as shown in Figure 2.1. There are M
seismic input nodes or supports, which are directly subjected to seismic excitations. For a
typical input node m, it is subjected to tridirectional seismic excitations i/ (t), i=1,2,3,
in which i=1 and 2 represent the two orthogonal horizontal directions, and i=3 rep-

resents the vertical direction. The structure has N response nodes, or non-input nodes,
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Figure 2.1 Multiple DOF primary structure under excitations at multiple supports.

which are not directly subjected to earthquake excitations. For a typical response node n, it

has six DOE, including three translational DOF u,‘l" 15 ”rl:,p ”3,3’ and three rotational DOF

Uy 4> Uy 5, Uy . The superscript R stands for “REsPoNSE”. The displacement vector of the

structure consists of two parts:

1.

T . .
I__ I I I . eqql I I . . I I I
w'={uf o, ulss s Ul g Uy 5y UL 55t SN 1 Ul s Up3) > in which there are
3M components of the displacements of the input or support nodes. The superscript 1
stands for “INpUT”.
R R R R «1yR R R . « 4R R R T h
u = {ul)l, ul’z, BRI u1’6, cc e ,un)l, un’z, “ ey un,6, A ,uN)l, uN’Z, c ey uN’G} Py where

there are 6N components of the displacements of the response or non-input nodes.

The equation of dynamic equilibrium of the structure can be written in partitioned

matrix form as

M; Mz ' Cy Cr u' K Ky u' F' F'
+ + = = ,(2.1.1)
Mg Mgy ut Cri Cir u® Kri Kz u® F* 0
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2.1 RESPONSES OF MULTI-SUPPORTED STRUCTURES

where My, C;; and K|, are the mass, damping and stiffness matrices associated with the
input nodes (supports), respectively; Mg, Crr and Kgy, respectively, are the mass, damping
and stiffness matrices associated with the response nodes, while the other matrices in
equation (2.1.1) describe the coupling effect between the response nodes and supports.
These matrices can be determined from the properties of the structure using a finite element
method, while it is desirable to determine the displacement vector u® of the response nodes
by giving the support excitations F'. Note that there are no external loading directly applied
on the response nodes of the structure, i.e., F* =0.

Separate the displacements in two parts as

_ + : (2.1.2)

In equation (2.1.2), u®® is the vector of displacements of the response nodes due to static
load of the prescribed support displacements u' at each time instant, which is called the
quasi-static displacement vector. The vector x is called the dynamic displacement vector,
because a dynamic analysis is needed to evaluate it. This partitioning of the response was
firstly proposed by Burdisso and Singh (1987) and was also utilized by Chopra (2012).
u®® and u' are related through
K, Kg u' F*s
= , (2.1.3)
Ki: Kir u®s 0
where F® is the vector of forces at the input nodes necessary to statically impose dis-
placement u'. If the structure is statically determinate or if the support system undergoes
rigid-body motion, then F** =0.
The second block-row of equation (2.1.3) gives the relationship between quasi-static

displacements and the motions of supports, i.e., Kgu"+Kgzu®® =0, which leads to
u® = —Tu’, 1= Ken) ! Kup, (2.1.4)

in which 17 is called the influence vector because it describes the influence of support motions

on the displacements of structures.
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The second block-row of equation (2.1.1) can be written as
Mg it + Mgt + Cru ' 4 Crp 0" + Kiyu' + K = F* = 0.
Substituting equation (2.1.2) into the above equation yields
Mg & + CrnX + KX = p,(6), (2.1.5)
where p,(t) is the vector of effective earthquake forces given by
Pe(H) = —(Mgit' + Mg i®®) — (Cgrt' + Cpt™®) — (Kgyu' + K u™). (2.1.6)

The last term of equation (2.1.6) can be dropped due to the relationship given by equation
(2.1.3). Then using the simplification proposed by Burdisso and Singh (1987), i.e., the
damping terms can be neglected because their magnitudes are relatively small compared to
the other terms, while My, is a null matrix for structures with lumped masses, equation
(2.1.6) can be simplified to

Po(f) = —My ™. (2.1.7)

Substituting equation (2.1.4) into equation (2.1.7), the vector of effective earthquake forces
becomes

Pe(t) = M T (2.1.8)

The above procedure for setting up the equation of the motion of response nodes is similar
to Burdisso and Singh (1987) and Chopra (2012). Because the seismic excitations are
tridirectional earthquake ground motions at the M input nodes, equation (2.1.8) can be

written as

M 3 ) )
Pe(® = Muz D > T™idM(0). (2.1.9)

m=1 i=1

Hence, equation (2.1.5) becomes
M 3 ) _
MurX + Cre X + Kpe X = Mgx Zl X;Tm”ﬁg”(t). (2.1.10)
m=1 i=

In equation (2.1.10), 1™ represents the [3 (1 — 1) +i]-th column of the influence vector
1, which reflects the influence of seismic input in direction i at node m on the response

nodes of the structure. In equation (2.1.4), because Kgy is the stiffness matrix for the
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2.1 RESPONSES OF MULTI-SUPPORTED STRUCTURES

response nodes of the structure, its inverse is the flexibility matrix Fpg. The influence

vector can be written as 7= (Kgz) 'Kz, = FrxKz,. Therefore, 7™ is given by

i=1 j=1
; : N6 fi,j  m,i
g = ; L = YRk (2.1.11)
: i=1 j=1
N6 fi,j  m,i
Z X:/:N,lkﬁ,j~
n=1 7:1 6Nx1

6Nx1

in which the [6(n—1)+j]-th row of the vector is Z Z F, . ]f gz , which represents the

j
fi=1 j=1

influence of seismic excitation in direction i of input node m on the dynamic response

in direction j of response node n of the structure. Note that in equation (2.1.11) and

. . . . . . i, j

the remainder of this paper, for simplicity of notations, £,’;

flexibility matrix Fgy and K - refers to the element of the stiffness matrix Ky, by dropping

refers to the element of the

the subscripts “rRrR” and

The influence vector can also be expressed in terms of the number of DOF as

6N .

> R

k=1

6N ,
FY K™ 6N .

KX::I 2%\ = 1Y EFK™ , (2.1.12)

k=1

7™ =

6Nx1

Z sz

6Nx1

6N

where the kth row in the influence vector is Y Ff KKm’i, which reflects the influence
k=1

of seismic input in direction i of node m on the kth DOF of the structure. For ease

27



CHAPTER 2. GENERATING FRS OF STRUCTURES UNDER MULTIPLE EARTHQUAKE EXCITATIONS

of presentation, the two-subscript-notation n, j (node, direction) and the one-subscript-
notation k=6(n—1)+j are used interchangeably; the former is advantageous in describing
the quantity in terms of node and direction, while the latter gives the position of the quantity
in the corresponding vector.

Denoting M = Mgz, C=Cgg, and K=Kgy, equation (2.1.10) can be written as

Mi+Cx+Kx=M % i?m’iiigm’i(t), (2.1.13)
m=1 i=1
where
X X1
X = X.Z , X, = w2l p—1,2,...,N,
XN Xn,6

M, C, and K are, respectively, the mass, damping, and stiffness matrices of dimension

6N x 6N, and x,, is the vector of dynamic displacements of response node n.

Free Vibration

Consider undamped free vibration of the structure Mx(f) + Kx(t) =0. Let w,, w,, . . ., wgy

be the 6N natural frequencies, 2 =diag{a)1, Wys ... a)éN}T, and ® = [(pl, @os- e s <p6N]

be the modal matrix, where ¢, = {(plTk, gosz, ces ¢1€k}T is the kth mode shape, with
— T .

P= {gon’l;k, @ <pn’6;k} . In element ik the first subscript n refers to the node

number, the second subscript j indicates the direction of response, and the third subscript

k is the mode number.

The modal matrix ® has the following orthogonal properties

& 'M® = diag{in,, iy, ..., Mgy}’ =m,
(2.1.14)
T — 02 . — 2 = 2 — 2T
®'K® = mQ’ = diag{ m, 0}, m,w3, ..., Mgywey}'s
where m,, m,, ..., Mgy are the modal masses. Assume that the structure has classical

damping so that the modal matrix ® can also diagonalize the damping matrix, i.e.,
®'CP® = diag{c,, &y, ..., Gen}’s  Co= M2 (2.1.15)
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2.1 RESPONSES OF MULTI-SUPPORTED STRUCTURES

Forced Vibration

Let
M 3 _
x= Y Y x™ ). (2.1.16)
m=1 i=1
From equation (2.1.13), one has
Mi™! 4+ Cx™ + Kx"™' = M 1" iig" (f). (2.1.17)
Apply the transformation
x™i() = ®Q™i(r), m=1,2,...,M, i=1,2,3, (2.1.18)
where
m,i m,i m,i Ji Ji m,i m,i
Q, Iy e Cot'dn X X1
m,i myi_m,i , myi m,i , m,i . m, i
Qm,i:< Q2 g Fz 42 - QZLl:‘ Fn,Z qn,Z , xm,z:‘ X2 })erln,zz‘ xn’z "
. . m,i m,i ’. ).
Qv Cen den L6 n Xy Xng
i N6 m,i  m,i N m,i m,i
m,1 __ > b > >
Xnj = > Z(pn,j;6(v—1)—|—5 Lys 4y = Zgon j-ka 4 > (2.1.19)
v=18=1 k=1 7
L = ol MI™, or 1, = el M, (2.1.20)
. 1, mzi . l.zm’i Tqu,i
D= — 2 or T =R = <ka . (2.1.21)
Mem—1)+ my ¢ Mo,

’_L,Z’]fi is the earthquake excitation factor, quantifying the contribution of earthquake ex-
citation in the ith direction of node m to the modal response q:‘J’ r, " is the modal
participation factor; if T, " is small, then the contribution of mode @, to the structural
response due to excitation in the ith direction of node m is small.

Substituting equation (2.1.18) into (2.1.17) and multiplying ®7 from the left yields
(@TM®)Q™ (1) + (@TC®) Q™ (1) + (®TK®)Q™(t) = "M T™ iif (¥).
Using relations (2.1.14), (2.1.15), (2.1.20), and (2.1.21) gives
G0+ 26041 () + wR a0 = i (o), (2.1.22)
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where k=1,2,...,6N, m=1,2,..., M, i=1,2,3.
The absolute acceleration of the nth node in direction j due to earthquake excitation in

direction i at node m can be obtained using equation (2.1.2)

R m, l(t) — x (t) + uRS m, l(t) _ Z(pn’]) F qkm,i(t) _ qulugm,z(t)

- - zwn,j;kr;"’f<zzkwkq;’“ obal) = | S nky K =,
:_Z¢J i — g g, (2.1.23)

)

in which ii;"™" is the absolute acceleration response of the kth mode given by

emyi . 2 m,i
i = 200G, +wqu >
and
i SN k m,i m,i
m,1 __ > >
jn,j _I;(Fn,j Ky _(pn,j;krk )

represents the influence of ground input in direction i at node m to the acceleration
response of the structure in direction j at node n. The similar derivation of the absolute
response can also be seen in Asfura and Der Kiureghian (1986).

In earthquake engineering, negative sign has no real significance with regard to earth-

quake excitation and can be dropped; hence, equation (2.1.23) can be written as
ii o™ (1) = Zw gt (2.1.24)

The absolute acceleration of the structure due to excitation in direction i from all supports

can be obtained as
M 6N

(t)_Zule(t) )OI i +Zy"“'"“. (2.1.25)

m=1k=1
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Then the absolute acceleration of the nth node in direction j can be evaluated by
3 .
iy (1) = il (0). (2.1.26)
i=1

2.2 Floor Response Spectra

If the absolute response u,}:,’ji(t) of node n in direction j due to earthquake excitations
at multiple supports in direction i is input to an SDOF oscillator (w,, ¢,), the governing

equations of motion are

Rl + 280wg X0 (D) + g x{(8) = —ii 2} (D), (2.2.1)
ii ! (6) = %00 (0) 4 i [ (1) = =280 0] () — wf x 37 (8), (2.2.2)

where x ,f,’ji(t) = urf)’j"(t) —u ,‘f”ji(t) is the displacement of the oscillator relative to node # in
direction j, and u,f)’ji(t) is the absolute displacement of the oscillator. The superscript “r”
denotes that the oscillator is mounted on a floor. The maximum absolute acceleration of the

oscillator

Shimj (@0> C0) = i} (D) . (2.2.3)
is the floor (acceleration) response spectrum (FRS) of response node (floor) 7 in direction
j subjected to earthquake excitations at multiple supports in direction i.

It is specified in ASCE Standard 4-98 (ASCE, 1998) that, for direct spectra-to-spectra
methods, when the response spectrum of a given direction at a given location has contri-
butions from more than one spatial component of earthquakes, these contributions shall
be combined by the SRSS (Square Root of the Sum of the Squares) rule. Hence, combining
contributions from tridirectional earthquake excitations, FRS of node n in direction j is

given by

3 5
Sasn,j (@5 &) = ;[SA;n,j(wo,io)]- (2.2.4)
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2.3 Direct Method for Generating FRS for Structures under
Excitations at Multiple Supports
M 6N

In equation (2.1.25), the first term ) Z i, ]ik is the response due to the interaction
m=1k=

between the structure nodes and input nodes, which is regarded as dynamic part; whereas

the second term Z g ] ig" i is the response due to the ground motion, which can be
m=1

treated as quasi-static part. Corresponding to these two terms, the absolute acceleration
response of the oscillator (), ¢,) under the excitation i ,f)’ji(t) can be written as

M 6N

i =Y Yz 0+ Z Iz (), (2.3.1)

m=1k=1

in which z," s ¢ | (t) is the absolute response of the oscillator due to i,/ ik ' (1), and zg' (1)
is the absolute response of the oscillator due to ug’””(t). It should be emphasized that it is
important to separate the two terms in equation (2.3.1) so that the various correlations can
be properly accounted, which is one of the novel contributions of this research.

Because the maximum values of zfjfk (t) and zg" () donotoccur at the same time, they
have to be combined appropriately. In this section, a new combination rule for generating

FRS of multiply supported structures is developed based on the theory of random vibration.

2.3.1 FRSMS-CQC Combination Rule

In this section, a new combination rule, called FRSMS-CQC, which can account for the
correlation between FRS from any pairs of two different vibration modes, the correlation
between FRS from a vibration mode and FRS due to ground input at a support, and the
correlation between FRS due to ground inputs at two different supports, is developed.
FRSMS-CQC stands for a Complete Quadratic Combination (CQC) rule for obtaining FRS
of structures with earthquake excitations at multiple supports (MS).

Squaring both sides of equation (2.3.1) gives

) M 6N ) M 6N
ferio) =13 Ezn,k(t>+§ Iy zg" (0 %) Y zn]K(t)+§ I zg" (1)
k=
m=1 1 m=1k=1

o
Z

M M 6N 6N M M
=2 ZkZZZ A0z +2) Y Y gz (128 (1)
le=1

m=1 1 m=1m=1 1

»
I
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DI IRMAR AP ORI O}

Taking the expected value of both sides results in the mean-square response

E[{Z,f;ji(t)}q:ﬁlélkz;éﬁ[ o k(t)zn]K(t)] +2§1§1§j [ n],k(t)z (t)]
+ZZJ C e 2 2 )]
m=1m=1

=2 3 3 Yo e o] el o))
+2 % % _lﬂf}iﬁ)%m’i\/ [{ Zik (0} ] \/ [{Z?’i(f)}z]
T o0 o e | e NG [

(2.3.2)

in which p ,Z’Cm’l is the correlation coefficient between the contribution from the kth mode

due to the input at support m in direction i and the contribution from the «th mode due

m,i

to the input at support 7 in direction i; p,,  is the correlation coefficient between the

contribution from kth mode due to the input at support m in direction i and the contribution

m, i

of an oscillator (w,, ¢,) due to the input at support 7 in direction 7; ,o(’)11 is the correlation
coefficient between the contribution of an oscillator (w, ¢,) due to the input at support m
in direction i and the contribution of an oscillator (w,, ¢,) due to the input at support 7 in
direction i.

In the theory of random processes, the maximum values of z zg", ‘, and z ™! arere-

nj
lated to the corresponding mean-square values by peak factors. In earthquake engineering,

n]k’

it is reasonable to assume that the peak factors are the same, i.e.,

o] = rm = w femio)],
20| = s = ez 0]
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Z’i’]’i(t)‘max = ‘Szi;n,j (wgs o) = B E[{Z:,’ji(t)}z} (2.3.3)

in which R,™ lk is the maximum absolute value of z,"2, given by Jiang et al. (2015), the
maximum absolute value of zg ™1 is the corresponding GRS Sy (a)o, ¢,) of an oscillator
(wy> &y)> and SA n,j (@g> §) 18 the maximum absolute value of z ]
Substituting equations (2.3.3) into equation (2.3.2) gives

“SAn](wO’% } M M SN SN mm,{ n]k}{R;:njlx}
I PP 3p 9

B g B

M M 6N . (R™I Sﬁ"i(a),g)
+22 Z ﬂ,ﬁ',’}’pgm’l{ n,J; }{ A 0 0}

m=1sm=1k=1 B P
M M m,i m,i
1, i i 2 S (a) » €, ) S (a) » )
+ Z Z p(;nmzjr:;)q]zzjrzlj,_z{ A @0 0 }{ A (EO 0 . (2.3.4)
m=1m=1

Multiplying B to both sides of equation (2.3.4) yields

) 2 M M 6N 6N S .
1 — m,i m,i
[SA;n,j(wO’CO)] - Z Z Z,O R n,jsk Rn,j;K
m=1m=1k=1k=1
M

M 6N mm
+2212k2:1j l ’R ]kSA (woago)
m=1m=1

Z . éﬂfijnj SA (w0>§o)5A (600>C0) (2.3.5)

Finally, similar to equation (2.2.4), the total FRS of node n in direction j under tridirectional

earthquake excitations at multiple inputs can be determined by combining $ f(; n,j (@o> §o)

using the SRSS rule

3 5
‘SA;n,j (wO’ {0) = \/; [‘SA;H,J' (6()0, é‘o)] . (2.3.6)

2.3.2 Determination of p,:'(;';"i, p,:'l’cm’ , and pmm

el

The correlation coefficient between the contribution from kth mode due to the input
i, 7 " ' () and the contribution of an oscillator (wy> &) due to the input u (), Le., ,o::)m l

in equations (2.3.2) and (2.3.5), can be obtained as follows.
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The contribution from the kth mode to the response of the oscillator (w), ¢,) mounted
on the MDOF structure under earthquake excitation in direction i at support m, i.e., z™’,

is given by (see, e.g., Xie et al.,2019)
() = wf wp - CL(D) * g™ (D), Cp(D) = hg(t) % Ay(D), (2.3.7)

where “x” denotes the operation of convolution, while

sinw, 4t
() = e~ bt 54, = e/ 1-2, (2.3.8)

Wi d

and its Fourier transform is

o0
. 1
H = h 1T dr = . 2.3.9

K@) /_oo w(T)e ¢ (a),%—a)z) +i2f w0 ( )

The contribution to the oscillator (w,,¢,) under earthquake excitation in direction i at
support m is
zg"'(t) = Wiy ho(1) * dig "' (t). (2.3.10)

The covariance between z." {(f) and z () is given by
E[z (1) 28 (t4-1)]

= e[ {0f o} - et g0} - @R ho(t+o) it}
E[wgw,%foo CelTy) iig" (t—rl)dq/w hio(Ty) g™ (t47 —1,) d1:2]

= wi o} / / Co(Tp) (1) E[ i1 (1) i (14T — 1) | dry dry. (23.10)
Taking Fourier transform of both sides of equation (2.3.11) yields

o0
d’zﬁ,,-zg,ﬁ,,»(a)) = / E[z/"' (1) zg" (t+71)]- e “7dr

— 00

= wy a)k/ f / Ce(T)) hy(Ty) Rum g (41, —1,) e *dr, dr, dr.
(2.3.12)

Setting 7; =17 +71, — 7,, equation (2.3.12) can be written as

o o0 (0.¢)
(?5’21?1,,-2}5;1,,'((1)): a)ga),%f Ci(ty) e®n d‘L'I/ ho(T,) e 1% dt2/ Rﬁg’iﬁg’i(f3)e_lwr3 dr
— o0

— 0 — o0
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_ 4 2 > X >
= W 0« G (@) - Ho(®@) - Sy, i (@) (2.3.13)

where &, (w) = H,(w) H, () is the Fourier transform of the convolution C,(¢), & () is

the complex conjugate of ¢, (w). Taking the inverse Fourier transform of equation (2.3.13)

yields
m,i m, i gwl% o iot
E[Zk (t) Zg (t+T)] 7 8k (0)) . 5}{0(0)) . cfﬁén,iﬁg,ﬁ,,-(w)e do. (2314)
— o0
Setting T = 0 gives
myic i wp >,
Hz 0 25" (0] = — T @ H@) Sy i (©) doo. (2.3.15)
— 00

Sem,i i (@) 1s the cross-power spectral density function of ground accelerations iig" i(f)
Ug> ug

and iig’;l’i(t), which is usually expressed as

S (@) = ¥ ") S (@) Sy () (2.3.16)

where d’um g i(w) and S g i(w) are the power density functions of ground excitations

g "i(f) and i g rii(f), respectively, y miii( ) is the coherency function characterizing the
spatial variation of seismic ground motions. Various theoretical and empirical models of
the coherency function have been developed (Luco and Wong, 1986; Abrahamson et al.,
1991). Furthermore, for a site of interest, the spatial coherency function y miisi( ) may
also be available or postulated, such as those proposed by Der Kiureghian (1996) and
Zhang et al. (2012). For each support m, m=1,2,..., M, the power spectral density
function cfﬁg,iﬁgm,,-(a)) may be available or postulated, such as the Kanai-Tajimi power
spectral density function (Villaverde, 2009). Then equations (2.3.16) and (2.3.15) can be
evaluated easily.

In the following, two important special cases, which have applications in nuclear facilities,

are considered.

Case 1: Seismic Excitations iigm’"(t) and iig"A"i(t) Identical

This case is applicable to structures of small sizes, such as SMR, which is modelled as

deeply-embedded structures with flexible foundations. For these structures, earthquake
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excitations in a direction do not change much at different supports, which means that the
input in direction i at support m and the input in direction i at support 71, i.e., iiJ(f)
and iig';"i(t), are approximately the same. As a result, it can be reasonably assumed that

iigm’i(t) = ii?’i(t) = iigi(t), i=1,2,3. Equation (2.3.14) becomes

E[z (1) 28 (D] =

0% [* oL
— o0

Because ground motions can be generally modelled as wide-band noises, it is reasonable
to assume the seismic input iij(f) as a white noise by letting the power spectral density

function oy ;i (w) = . Therefore, equation (2.3.17) can be written as

4 2

4 2 00
Wy W . Wi .
0k i f Hy () Hy(@) Hi () do = % S - I, (2.3.18)
—00

E[z (1) 28 (D] = -

where
I, = / Hy () Hy(w) H (w) do

/OO 1 1
—oo (WE— 0?2+ (2w w)? (wf—w?) —i20 00

oo 2 2 o0
— 2
— / Wy —w dow + 1/ Mda} = (Re(Iok) + iqm(IOk))

A = [(@§ — ) + (2 0yw)*]- [(wf — ) + 25 )?],

Re(Iy,) and Tm(I, ) are the real and imaginary parts of I, respectively, and can be

evaluated by the method of residue to yield (see, e.g., Xie et al.,2019)

w2 —w? To 20 w0
Re(ly) = / Edo=—"%,  Ia(ly) = / 2P 4, — o,
A 28wy oo Dk
(2.3.19)
in which
(4¢8—1)? + 45,81, + 1} W,
aOk = 2 2 2N .2 2\2° rk = . (2.3.20)
4{0§k1’k(1’k +1) + 4@'0 + fk)rk + (1_7’}() 20
Substituting equations (2.3.19) and (2.3.20) into equation (2.3.18) gives
4 2 2 oi i
. A wn W . w; & wo &,
E[z™ () 2 ()] = =% - Re(Iy) = 2 0y, = —2 12 a,. 2.3.21
[k O] g ()] o A e(Iop) 42, o 0k 4¢, k Yok ( )
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The expected value of the mean-square response of zg Iode., E[ z (t)} ], can be

determined using the same approach. The autocorrelation function is given by

E[zéﬁ)i(t)z (t+1)] —a)O/ / ho(T)) ho(Ty) E[u (t—rl)u (t—{—‘f—‘[z):| dr, dr,.

(2.3.22)
Taking Fourier transform of both sides and setting 7; =7 +1, — 7, yields
4
(’fzg,;,,izé;,’i(a)) = .‘7‘[0*(0)) : .‘7{0(0)) . (fﬁéﬁ,,-ﬁgﬁ,i(a)). (2323)
Taking the inverse Fourier transform of equation (2.3.23) yields
P P a)4 o0 .
[ THI(t) zg”’(t—l—t)] = ﬁ/ H () - Hy(w) Syt i (@) e'“Tdw. (2.3.24)
—o0
Setting 7 =0 results in
4 o0 i
A . w . 1 wp S
Ezm”tzz—od"/ H; (@) Ho(w) dw = cs = A (2325
[ op] = 2ol | @ smido= 22655 = S0 2329
From equation (8.4.43) in Xie et al. (2019), one has
: 2 w, S
f (™) ] = ° A ﬂk rd, (2.3.26)
in which
Lo+485 L+ i+ 4 (2.327)

,3 =
¢ fk’lsc(l_zrif+r§+4§0§krk+4§k2 +4§0”k+4§0§kr?<)

Using equations (2.3.18), (2.3.25), and (2.3.26), ,omm’ in equation (2.3.2) is given by

“)o@’}\i.rz_a
mii E[2" () 28 (1)] 4g, K™ )
Pxo = : i:«/ﬁ_. (2.3.28)
Vo] e or] [osl, o oos VB
4¢, TR R 4g,

Note that ,ok i in equation (2.3.5) can be obtained from Jiang et al. (2015) by letting

i) = ug(t) from which pkK ™! can be written as

g
| il (2.3.29)

Pl B b Y ﬁkﬁk ’
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where oy, can be obtained using equation (2.3.30) derived by Jiang et al. (2015), and B

- m,i

is given by equation (2.3.27). Finally, by the assumption of Case 1, iig"' and iigﬁ”i are

identical, which means ,08" ™.

3 4
-1 l
o = l]:[1 D, 1;) Croe.1%00 (2.3.30)

in which Crc. and D, , areconstants in terms of &5 §p> C» =W, /@y, and 1. =, /@,
given by

Dy = 1= 25 1 + 44001 + 440813 + 4457 + 4577,

Dy, =1 =21 + g + 485y + 405 + 46515 + 45E T

D, = (=1 + 448 rr (ri+12) + 47 (G +¢0),

Ck,(,o =(1- I’i - rlzc + rzkrlzc + 4§k§/crkr/c) 'DkK,3’

Cpoe 1/4 = 20403 + 20,1 + 8GL1ir (G +8er) — 4G+ 8,10) + 860 + 8827,
— 218, (Gra +Cm0) + 858 i (G4 Lm) + Arre (G4
— 8 (P + L2 — 8Ll e (Gr +8ry) + 320882 (G &)
+ 1 G+ 4em) + e (G L) + 448 e (G + )
— 2R (G L 1) + AR (G L) 4 8LL s (Gt )
C,,. /4= 8LErE+ 8212 + 160kt + GALRLIETE — AL Loryr, (R + 12)
+ 328 i (GETE+ 5T + 61y — 120 (5 +67) — 3(r+1ip)
+ 8L L 1 (ra 1) — rere (e +12) + 8L7rE + 8L27E + Argre (G2 + D) (rp+17)
+ 16530 (k1) + 1656, mir (G +E0) + 1 + 1,
Cpoe 3/ 16 = BLL T (G Eer) + 263 + 25073 + 1ir (G + L))
+ 458 i (GG ) = 2 (G o r) A (i +E0r)
+ 8L L (G 1) + G+ el

Ckl<,4/16 = Dk/c,3'
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Case 2: Independent Seismic Excitations

This case also has important applications in nuclear power plants. For example, consider
the main steam line that has some supports on the reactor building and some supports
on the service building. The support excitations of the anchors on the reactor building
and those on the service building can be considered as approximately independent. The
coefficient of correlation is denoted as p for this case.

The expectation term in equation (2.3.11) becomes zero when m 7 m, which leads to

0 %m’l = 0. Therefore, the correlation coefficient p ,:gm’l can be written as
_mm,i mm, i
Pro = OmmPry > (2.3.31)

in which p,:grh’i in the right hand side is given by equation (2.3.28), and §,,; denotes the

Kronecker delta function, i.e., §,,;, =0 if m#m, and §,,; =1 if m=m. Similarly, ﬁ,:r,l(m’i

and ,58" "' can be written as
— M, i mm, i —mmn,i
P = Omm Py > Po = Smum- (2.3.32)

As can be seen from equations (2.3.31) and (2.3.32), the correlation coefficients are zero

when the earthquake excitations are from different supports.

2.3.3 FRSMS-SRSS Combination Rule

To verify the superiority of the proposed FRSMS-CQC combination rule, the SRSS (Square
Root of Sum of Squares) combination rule is also applied to combine the FRS and the results
are then compared with FRS by FRSMS-CQC combination. In FRSMS-SRSS combination
rule, the correlation between FRS due to vibrational mode and ground inputs, as well
as the correlation between the responses of oscillators due to ground inputs at different
supports are neglected, which means that the inputs at different supports are considered as
independent.

FRS in direction j at node n due to earthquake excitations in direction i can be written

as
i 2 U NN mimi pmi M mi o Myi 2
[Shinj @0 8| = ZMZI lekx R R 4 Zl[yn,; syt (2.3.33)
m=1lk=lk= m=

40



2.4 NUMERICAL EXAMPLES

Support 1

Support 2

Figure 2.2 Diagram of numerical example.

and total FRS in direction j at node n can be obtained by equation (2.3.6). Equation
(2.3.33) is expressed in the form of SRSS because no correlation term between FRS due to
vibrational mode and ground input is considered, and is herein referred as FRSMS-SRSS.
It should be mentioned that although FRSMS-SRSS neglects some correlation parts, the
correlation between the responses of oscillators excited by any two vibration modes is still
considered. Thus, the main advantages of the FRS-CQC method proposed by Jiang et al.
(2015) are still applicable. As a result, FRSMS-SRSS, although cannot provide result as
accurate as FRSMS-CQC, can still give much more reliable FRS than the conventional SRSS

combination rule.

2.4 Numerical Examples

Two numerical examples are presented to verify the proposed method. As shown in Figure
2.2, aframe ABC with rigid right-angle at C is clamped to ground at supports A and B. It
supports a lumped mass at C with three translational DOF u,, u,, u; and three rotational

DOF uy, us, ug.
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The length of both bars AC and BC is L=12 m and the cross-section of both bars is
rectangular with dimensions 0.3m x 0.4m. The mass at C has values 1500, 800, 2600 kg
in the translational DOF 1 to 3, and 300, 400, 500 kg-m2 in the rotational DOF 4 to 6,
respectively, while the mass of the frame is negligible. In principle, the proposed direct
method is applicable to all under-damped damping values; the modal damping value of 5%,
which has been widely used in earthquake engineering, is used for demonstration purpose.
The Young’s modulus for the frame is 3 x 108 N/m?, and Poisson’s ratio is taken as 0.425.
A model analysis is performed at first and some modal information of node C is given in
Tables 2.1 and 2.2.

S1,1 1,2

The frame is subjected to tridirectional earthquake excitations ii,>", il,*", iié’3 at support

A and ué 1 "é’z, iigz’3 at support B. The input GRS follows USNRC R.G. 1.60 (USNRC,
2014) with GRS in both horizontal directions being the same and anchored at PGA=0.3g
and the vertical GRS anchored at PGA =0.2 g based on the relationship between horizontal
and vertical GRS given in CSA N289.3-10 (CSA, 2010). Thirty sets of spectrum-compatible
tridirectional acceleration time histories are generated using the Hilbert-Huang Transform
method shown in Figure 2.3, from which the sets of ground inputs are selected (Ni et al.
2011; Ni et al. 2013). The sample of time histories in horizontal and vertical directions are
shown in Figure 2.4.

By using different combinations of the time histories, 30 (for Case 1) and 90 (for Case 2)

time history analyses are performed, respectively, and the average values are considered as

the “benchmark” FRS used to evaluate the accuracy of the direct method.

2.4.1 Case 1: Identical Seismic Excitations

In this case, seismic excitations in each direction at different supports are the same, i.e.,
ii;’l = iié’l, iié’z = iié’z, iié’3 = iig’3. FRS in the three translational directions at C obtained
from both time history analyses and the direct spectra-to-spectra method are shown in
Figures 2.5 to 2.7. These FRS are calculated at over 200 frequencies including the natural
frequencies of the structure. The mean FRS obtained from time history analyses, which are
considered as the benchmark FRS, are highlighted by red dashed lines, the FRS generated

by the proposed direct method with FRSMS-CQC combination rule are represented as black
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(3) uorye1a[ao0y [erdadg

10

Frequency (Hz)

0.2

Figure 2.3 Response spectra of compatible time histories.

Modal information of node C in direction 2

Table 2.1

Modal shape

—0.997

0.134

0.086

Participation factor

0.584

—0.169

—0.139

Frequency (Hz)

0.824

10.492

10.580

Mode

Table 2.2 Modal information of node C in direction 3

Modal shape

0.999

—0.105

0.016

Participation factor

—0.003

0.044

—0.003

Frequency (Hz)

5.411

9.723

10.104

Mode
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Figure 2.4 Sample of tri-directional time histories.

dashed lines, and the FRS generated by the proposed direct method using FRSMS-SRSS
combination rule are represented as pink solid lines.

It is seen that FRS generated by the direct method agree remarkably well with the bench-
mark FRS over the entire frequency range. The relative errors are less than 4% at the peaks
of FRS, whereas there are large variabilities in FRS from time history analyses, particularly
at the peaks. The result of single time history analysis could be over-conservative or non-

conservative, depending on which seismic input set is selected. This example demonstrates
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that time history analysis can lead to approximately 31% overestimate or 27% underestimate
at the FRS peaks, even though the time histories satisfy the compatibility requirements to
the target GRS specified by codes and standards. Furthermore, it is observed that FRS from
a single time history analysis may be over-conservative in some directions but significantly
nonconservative in other directions, or over-conservative in some frequency bands but
nonconservative in other frequency bands.

The results of direct method by FRSMS-CQC and FRSMS-SRSS are also compared to
illustrate the effectiveness of the proposed FRSMS-CQC combination rule. As shown in
Figure 2.5, although the FRS obtained by direct method with FRSMS-SRSS combination
rule agree well with the benchmark result at the peak, there is a significant underestimation
of FRS for frequencies between 1 Hz and 8 Hz, which is a very important frequency range in
the nuclear power industry. The reason of this underestimation is that FRSMS-SRSS combi-
nation rule ignores the correlation between dynamic modal response and response of oscil-
lator mounted directly on the ground. The maximum underestimation is 17% from Figure
2.5, indicating that FRS by the direct method with FRSMS-SRSS could be unconservative.
On the contrary, FRS generated by the direct method with FRSMS-CQC combination rule
agree remarkably well with the benchmark results over the entire frequency range with the
relative error at the peak being only 2%.

In direction 2, as shown in Figure 2.6, FRS generated by the direct method using FRSMS-
CQC match well with the benchmark results; however, FRS by FRSMS-SRSS are signifi-
cantly underestimated over the entire frequency range, especially at the peak, with the
relative error at the peak being —26%, leading to a very unconservative seismic input to
secondary systems. This is because FRSMS-SRSS combination rule does not consider the
correlation of FRS due to excitations at different supports. When tridirectional seismic
inputs are identical at all supports, the peaks of responses of oscillators due to directional
excitations from different supports will occur at the same time; the FRSMS-SRSS combina-

tion rule is no longer applicable because it assumes the responses are independent.
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Figure 2.6 Case 1: FRS in direction 2 (Horizontal).
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Figure 2.7 Case 1: FRS in direction 3 (Vertical).

““““

““““““““““““““““““““““

“““““““

e R e SRR . SRS R

9]

A frr e S - -

&

L@

S 1

2 =

<] <

R < T 1 e L |

=

=

A H

Il .

- _ ]
L | [ Y R AR
: T S S S S i R A ]
© I~ Ly <t o ~

! (8) uonjera[ddoe [exjdadg !

0.4

Frequency (Hz)

Figure 2.8 Case 2: FRS in direction 1 (Horizontal).

47



CHAPTER 2. GENERATING FRS OF STRUCTURES UNDER MULTIPLE EARTHQUAKE EXCITATIONS

Ll Ll LI

N I S N R R I I

3 | o /1\\ ------ DM-FRSMS-CQC | |
—————————————————————————— ~ 4| ——— DM-FRSMS-SRSS ||
L ‘ == == === TH Mean |

b |

| |
77777777777777777777777777777777777777777

7777777777777777777777

Spectral acceleration (g)

*****************************************************************

0 1 Frequency (Hz) 10

Figure 2.9 Case 2: FRS in direction 2 (Horizontal).
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2.4.2 Case 2: Independent Seismic Excitations

FRS in all three directions obtained from both time history analyses and the direct spectra-
to-spectra method are plotted in Figures 2.8 to 2.10. FRS generated by the proposed direct
method using FRSMS-CQC combination rule agree well with the benchmark results over
the entire frequency range. However, it is seen that there is significant underestimation for
FRS in direction 1 generated by FRSMS-SRSS for most frequencies, especially from 1 Hz to
8 Hz, as shown in Figure 2.8. In directions 2 and 3, FRS by FRSMS-CQC and FRSMS-SRSS
are close. However, the discrepancy may increase for more complex structures, in which
there could be many closely spaced vibrational modes.

Comparing the independent case with Case 1, it can be seen that the main change is
FRS in direction 2, which is only affected by the inputs in direction 2. For the independent
case, FRS obtained by the direct method using FRSMS-SRSS combination rule is very
close to those by FRSMS-CQC; however, for the identical case, there is a large discrepancy
between the results. It indicates that FRSMS-SRSS combination rule is not applicable when
the earthquake excitations at different supports are correlated since this correlation has

significant influence on FRS.

2.5 Summary

In this chapter, a direct spectra-to-spectra method for obtaining FRS of a structure under
earthquake excitations at multiple supports is developed. The total response of the structure
is divided into two parts and FRS of each part are evaluated separately. A new combination
method FRSMS-CQC is proposed to combine the FRS of these two parts. The FRSMS-CQC
combination rule fully accounts for the correlations between various components affecting
FRS: the correlation between the responses of oscillators excited by any two vibration modes,
the correlation between the response of an oscillator excited by a vibration mode and the
response of an oscillator mounted directly on a support, and the correlation between the
responses of oscillators mounted on different supports.

Numerical examples of a structure subjected to two tri-directional seismic inputs at

two supports are presented. Two special cases, i.e., seismic excitations are identical or
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independent, are conducted. It is shown that FRS determined by the proposed direct
method in both cases agree well with the benchmark FRS, which are obtained through
a large number of time history analyses. The superiority of the proposed FRSMS-CQC
combination rule has been demonstrated by comparing with the conventional FRSMS-
SRSS combination rule. On the other hand, FRS determined by time history analyses have
large variabilities, especially at FRS peaks. Therefore, FRS determined by time history
method using a single a small number of sets of time histories are not reliable. A large
number of time history analyses must be performed to obtain accurate FRS, which is very
time consuming,.

In summary, the proposed direct method avoids the deficiencies of time history analyses
and can generate FRS accurately and efficiently for structures under tri-directional seismic

inputs at multiple supports.
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Generating Responses and TRS
for Secondary Structures
with Multiple Supports

The generation of floor response spectrum (FRS) is essential in the seismic assessment of
secondary structures as it provides the seismic input to those systems. Conventional direct
methods are not widely applied in assessing the seismic performance of secondary systems
because the accurate and reliable FRS over entire frequency was not available. This problem
becomes more severe for multi-supported secondary structures because accurate FRS at
multiple points are required. To obtain reliable FRS at these points, horizontal and vertical
time histories at the supports when a secondary system is attached must be calculated based
on time domain analysis of the supporting structure. This procedure, however, is very
computationally expensive for structures with multiple degrees-of-freedom. Therefore,
inadequate research has been carried out on the generation of the response of secondary
structures. In this chapter, a practical method for the evaluation of seismic response for
secondary structures with multiple supports is presented.

Besides of the responses of multiply-supported secondary structures, the Tertiary Re-
sponse Spectrum (TRS) is also investigated. Tertiary systems are the systems that are

attached to secondary systems, such as valves anchored on stream line. Tertiary system,
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although the size is considerably smaller than secondary and primary structures, its failure
could still result in a large amount of economic loss. Similar to secondary systems, tertiary
systems are not intended to bear external loads. However, in case of earthquakes, they will
be subjected to earthquake induced vibrations in the primary and secondary structures.
However, because of their dynamic characteristics and lack of proper design in practice,
those systems may pose high risk of failures even the magnitude of earthquake is rela-
tive small (Lim and Chouw, 2015). Currently few research has been done in the seismic
assessment of tertiary system although it also plays an important role especially in the nu-
clear power industry. In this second part of this chapter, a method for generating tertiary

response spectra using FRS is proposed, which can be applied to analyze tertiary systems.

3.1 A Practical Direct Method for the Generation of Responses
of Multi-Supported Structures

The formulation of the total response ii,f”ji(t) has been obtained by equation (2.1.25) in

Chapter 2 in form of time history method based on modal responses, which is separated

M 6N .
. . . m,1 .. m,i . .
into two parts: the first part given by 21 kX:I ik Iy iy, 2, is the dynamic response due
m=1k=
M . .
to vibration, whereas the second part »_ 9 n; iig"' is the response due to the ground
m=1

motion. Note that the second part is slightly different from the quasi-static part defined in
equation (2.1.3) because dynamic parameters, i.e., mode shapes and modal participation
factor are included in this term. However, it can be regard as a new quasi-static term as it
does not involve vibration but a product of the constant influence coefficient g ,;“]1 and the
ground motion ™.

In order to avoid time history analysis, a direct method based on random vibration is

developed in this section.

3.1.1 Combination between Modal Response and Ground Motion

Noticing that the maximum values of the above two parts do not occur at the same time,

they need to be combined using proper combination rules.
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Squaring both sides of equation (2.1.24) gives

. 2
+ R, 1
[/ o]

M ON Myl o1, i M i i M SN Myi e 1,i M R N
_ sb e, m,1 s+ m,1 sb ool m,1 :+Mm,1
X 2, i o S S, v 2 o]

m=1k=1 m=1 m=1k=1 m=1
B M % % % rm’irm’iﬁm’iﬁm’i+2§: % % Fm’ij’;”"iim’iii’;“'
- CrjskePrjsic ko Fe W Uy Prjske k In,j Uk Ug

M M
+ Z jmzij'ﬁ’.iijm’iijm’i (3.1.1)
1 n,j n,j g g - .1.
m=1m=1

Taking expected value of both sides results in the mean-square response

. R, 2 M M SN SN m,i 1,i RPN N
i/ OF = X X 2% 0, 00, D0 T i 0 i o)
m=1m=1k=1k=1
M M 6N .

22 ) kzl O I E[{ﬁkm’iﬁgm’i}]

=3 TS ol e, T e o] el ]
+2 % > ,okrgm’igon,j;kr‘,:n’ij,f]’-i\/E[{iikm’i(t)}2] \/E[{ﬁg"i(t)}z]
£ 3 5 ot el o] e o)) 6.12)

m=1m=1

in which all earthquake excitations are in direction i, ,okn;m’i is the correlation coefficient
between the dynamic response ii;™(t) of the kth mode due to earthquake excitation at
support m and the dynamic response ii(t) of the kth mode due to earthquake excitation
at support 11, pyo "1 is the correlation coefficient between the dynamic response ;™ (t) of
the kth mode due to earthquake excitation at support m and ground motion ug’ " at support
i, and p,’ "1 is the correlation coefficient between ground motions iigm’i at support m
and iigA’i at support 1.

i

! are re-

In the theory of random processes, the maximum values of iikm”, iigm”, and ii, ;

lated to the corresponding mean-square values by peak factors. In earthquake engineering,
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it is reasonable to assume that the peak factors are the same, i.e.,
i i 12
‘u (t)‘maX 5:1 l(a)k, L) =% E[{ukm’l(t)} ], (3.1.3a)

‘ugm’l(t)‘max = ﬂm’l = 51:’1 l(a)RIGID) = ‘SKTRIIGID =¥ E[{ugm’l(t)} :I’ (3'1'3b)

[0 (O] —fPf,/E[{ ji(t)}z}, (3.1.3¢)

in which P is the peak factor, and & denotes the maximum (absolute value) acceleration.
‘u i) ! is the maximum absolute acceleration response of the kth vibration mode due
to seismic excitation of support m in direction i, which is equivalent to the maximum
absolute acceleration response of an SDOF oscillator (w,, {,) mounted on support m in
direction i. ‘iié“’i(t) ‘max is the maximum acceleration of support m in direction i, which is
equal to the acceleration response spectrum of support m in direction i at rigid frequency

) (usually taken as w

. R,i . . .
RIGID riain = 33 Hz). |un) ] (t)|maX is the maximum acceleration re-

sponse of node 7 in direction j due to seismic inputs in direction i.

Substituting equation (3.1.3) into equation (3.1.2) gives

ﬁi M M 6N 6N R - Sy (a) &) Sm’i(w &)
, A k> >k A ’
S } 135 3p 3 TN Gl I
K

m=1 1 = e
M M 6N S (w,, &,) S
+2> 3 mm’ . F jmz{ A k> Sk }{ A>RIGID}
m=1r?1=lk=1 "l Jik (E: (B:
M M . LA 5Am;i1c,m SArh;ziIGID
n mii,i mz’jm’.’{ > }{ > } (3.1.4)

Multiplying P to both sides of equation (3.1.4) yields

M M 6N 6N #

( ) Z Z Z Z 'OkK n j;k(pn,]‘;,{ Fl:n,ir’?q,i‘sgn,i(a)k’ Zk) ‘szq,i(wlc’ é_/c)

m=1m=1k=1k=1

M M 6N mi, z
+2 Z Z kzl Pro n s kr j LSA (wk’ Ck) ‘SA RIGID
M M .
m, m,
+ Z Z j lj LSA RIGID ‘SA RIGID * (3'1'5)
m=1m=1
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It is specified in ASCE 4-98 (ASCE, 1998) that, for direct methods, when the response of a
given direction at a given location has contributions from more than one spatial component
of earthquakes, these contributions shall be combined by the SRSS rule. Hence, combining
contributions from tridirectional earthquake excitations at multiple supports, the total

maximum absolute acceleration response of the nth node in direction j is given by

3 .
> (a0 (3.1.6)

i=1

i mm, i

3.1.2 Determination of p:(;'ﬁ’ , P, and pmm

el

Determination of plgm’l: The correlation coefficient ,oko ! between i 'i(f) and ug’“ i(f)

is defined as

i E iim’i(t)iim’i(t)
ppamt = [ 0] (3.1.7)

oy ago)]

in which each term can be determined using the theory of random vibration, as shown in

the following.

An approximation is made first for ii;"(¢) to simplify the procedure,

i) = 2801 + 0F gy = 280, hi(0) % i (D) + W] Ar(t) x (D)
~ op hi(t) * iig”' (), for small ¢. (3.1.8)
The covariance between i, () and u *i(t) is given by
ELii™ () iig (14 1) | ~ E[{a)k Ry () * iig ()] - {ﬁgﬁl,i(t_'_r)}:l

:E[w’% /00 ﬁk(‘[l)ﬁg (t—rl)dr1 u (t+t)]

— o0
oo
=} / i (T1) E[ g (t—1)) dig"" (t+ r)] dr,. (3.1.9)
— 00
Taking Fourier transform of both sides yields

o0
Cs)ﬁi"”’iig'h”‘(w):/ E[ii" () iig" (t+71)] e T dr (3.1.10)

— 0
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(0.9] (0.9]
= wﬁ/ / A(T) Ry i (T +71) e 1*%dr dr. (3.1.11)
—0J =0

Setting 7; =7 +1,, equation (3.1.11) can be written as

o0 o
S i (@) = wi/ ﬁk(ﬁ)elm‘dﬁf Rﬁg,iﬁga,i(T3)e_lm3dt3
ko Ug > =
2
= 0 - H{ (@) - Sy i (@), (3.1.12)

where H,'(w) is the complex conjugate of complex frequency response function H, (w)

given by
1
‘H = . 3.1.13
k(@) @) 12 e ( )

Syim, g i(w) is the cross-power spectral density function of ground accelerations iig mi(f)
g

and ug’” i(t) given by equation (2.3.16).

Taking the inverse Fourier transform of equation (3.1.12) yields
E[iikm’i(t) iig" (4 1') / HF (w) - d’um i (@) e dw. (3.1.14)
Setting 7 =0 results in
E[i (1) iig (0] = f H (@) Sy i (@) doo. (3.1.15)

Following the same procedure above, the mean square value of ;" i) and iig i(f) can

be obtained as

[{ (t)} / -‘]{k(a)) g{k (w)- dum zum 1(60) dw, (3116)

. 1 [
E[{iigm’l(t)}z] = /_ood7ag,;1,,~ﬁg1,i(w) dow. (3.1.17)

Determination of ,ok . s The covariance between i () and um i(t) is given by
i @ i 0] ~ [ {0F - hy @ i O] - {of A i o))

o0 o0
=E[w,3f ﬁk(tl)ﬁg”i(t—tl)drl-wﬁf f (Ty) g (t + T — 1)) dtz]

— o0 — o0
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:w,%wﬁf / R () h (0 E| i1 (1)) i1 (14 T — 1) | drydy.
(3.1.18)

Following the same procedure of obtaining equations (3.1.11) to (3.1.16) gives
W w
E[ﬁkm,z(t) ijI:”’i(t)] = 2k f H (w) H, (w) - o”um g (w)dow. (3.1.19)

Then the correlation coefficient pkK ! between i (t) and i, j 'I(£) can be evaluated by

i E[ii{™ () it (1)
plE [." : A]. —. (3.1.20)
Vet ] - {azio) ]
Determination of ,00 s The correlation coefficient /00 i between iigm’i(t) and iig’%”'(t)
is defined as
poi = el ig” (t) ig" (1) . (3.1.21)
\/E u’”’(t) E[ {igi(n)} ]
in which
1 o0
E[iig™ () g™ (p] = - f_oocvﬁg,n,,ﬁg,h,,-(w) dw, (3.1.22)

and the denominator can be determined using equation (3.1.17).

Equations (3.1.15) to (3.1.17), (3.1.19), and (3.1.22) can be evaluated if the spatial co-
herency function y miii(4)) is available or postulated, and then the correlation coefficients
pg;cm’i, p,:':h’i, and pénm’i given by equations (3.1.7), (3.1.20), and (3.1.21), respectively,
can be obtained. It should be mentioned that although the correlation coefficients are de-
rived in a theoretically rigorous way, the evaluation of the integrals could still be challenging
especially for a real design. In the following, two important special cases, which have wide

applications in nuclear facilities, are considered.

Case 1: Seismic Excitations iig mi(f) and iig 1L i (f) Fully-Correlated

In some special situations, the motions of supports may be very similiar because of their
proximity to each other (Burdisso and Singh, 1987). Therefore, it is reasonable to assume

the seismic excitations are approximately the same for structures of small sizes, such as
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Small Modular Reactors (SMRs), which are modelled as deeply-embedded structures with
flexible foundations. This approximation is also applicable to secondary structures that are
mounted on primary structures with multiple supports.

For these structures, the phase of earthquake excitations in a direction do not change
much at different supports, which means that the input g™ (r) in direction i at sup-
port m and the input iig™*(¢) in direction i at support 11 are approximately fully corre-
lated, i.e., ¥ ™™!(w) in equation (2.3.16) is approximately 1. Furthermore, since ground
motions can be generally modelled as wide-band noises, it is reasonable to assume the
seismic input iif™(f) and iiéﬁ’i(t) as white noises by letting the power spectral density
d)ﬁgm,iag,i(w) =dAm’i and chéﬁ,iﬁg,i(w) =dfl’i, respectively.

Therefore, in this case, the cross power spectral density of ground motions can be

S i (@) =\ Sy Sy g (3.1.23)
8 g

As a result, equations (3.1.15) and (3.1.16) can be written as

2 0
el i 0 g0 | = ;‘; N /_ H (@) do, (3.1.24)
f (i) ] =

To simplify the expression of p;,""', denote

simplified to

w4 i o0
kg f H(w) HF () do. (3.1.25)
T — 00

0
My ke = / o? H(0) H (0) do. (3.1.26)
— 00

Equations (3.1.24) and (3.1.25) can be then written as

2
el i ) g0 | = \/dA’"’ o (@0F o= P, t)> (3.1.27)
gl (i 0)] =

Substituting equations (3.1.27) and (3.1.28) into equation (3.1.7) gives

2
R N Ok | omsi prini
i E[ii" (1) iig" ()] 37 V& S (0 Ao e — Ao, k)

Pro = =

VtroP]-dlagor] [
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= ig.k 75”;"1'.;. ] _ Pk
T g )] 2

_ E[{iikrh’i(t)}z] _ (1 o a)gpp,k) _ qu’i(wp fk) . (1 _ wgpp,k)

\ H{agio)’] 2

Wy

‘SA,;{IGID
(3.1.29)

in which equations (3.1.3a) and (3.1.3b) have been used, w2, , =%, ji/Ag s Tepresents

app,k —
the square of the “apparent” frequency (the mean circular frequency of up-crossing the

zero level) of the response in mode k due to earthquake excitation. For a lightly damped

oscillator under a w1de band input, w2 ~ w,zc (Der Kiureghian and Nakamura, 1993),

app, k
resulting in py"" ~ 0.
Similarly, equation (3.1.19) can be written as

i e P w}%a)Z mz mz
el i 0 i ()] = oy K 1 (3.1.30)

Substituting equations (3.1.30) and (3.1.25) into equation (3.1.20) gives
i _ E[iiy™ (0 ii,™1(1)]
ke T i 12 12
Vet op]- o) ]
2 2
w e / ,;,
27-[ S;\ )\'0 kx _ A‘O, kic

- b
a)k o> i 0),3 m i )\'O,kk.)\'o,l(l(
)‘O kk * )‘0 KK

27'rA 2T

which is reduced to p,, given by Wilson et al. (1981) (see also Xie et al.,2019) as

/2
P = 8/ s (GHri )T i @ (3.1.31)
(1=r)2 4+ 45, L r(1+12) + 4L+ L2 )r2’ Wy

Finally, by the assumption of Case 1, iigm’i(t) and iig”%”'(t) are fully-correlated, which
mm, i
means p, = =1.
Case 2: Independent Seismic Excitations

This case also has important applications in nuclear power plants. For example, consider

the main steam line that has some supports on the reactor building and some supports
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on the service building. The support excitations of the anchors on the reactor building
and those on the service building can be considered as approximately independent. The

coefficient of correlation is denoted as p for this case.

Similar to Case 1, ;, ~ =0. When the earthquake excitations are from different sup-
ports, the other two correlation coefficients are zero, i.e., when m 1, ,5,:7("1’1 = ,55” ™=0.
When m=m,

—mm,i —mm,i
IOkK = /OkK) /O() = ]-) (3132)

in which p,, is given by equation (3.1.31).

3.1.3 Responses for Multi-Supported Secondary Structures

The assessment of secondary systems, such as emergency power systems and water supply
piping systems in nuclear power plants, are crucial because the failure of them can causes
tremendous loss (Villaverde, 2009). As illustrated in Figure 3.1, consider a secondary sys-
tem supported on a total of P primary structures; there are M, supports on the primary
structure p, for p=1,2,...,P, denoted as Fp-1, Fp-2, ..., Fp-M,, in which “Fp-” indi-
cates that the support is a “Floor” node of the pth primary structure. An example is the
main steam line in a nuclear power plant that has some supports on the reactor building

and some supports on the service building (see Section 3.3 for more details).

Input of Secondary Structures

The method derived in Section 3.1 or proposed by Asfura and Der Kiureghian (1986) is
rigorous, thus it can be used to evaluate the seismic response of multi-supported structures
in principle. For the analysis of secondary structures, the main difference is that instead of
having ground motions as the input, the floor response spectra at the anchors of secondary
systems are the input to secondary structures.

To obtain the FRS at these anchors, time history analysis for the primary supporting
structures has been traditionally applied. However, it has been demonstrated in Chapter
2 that the result of individual time history analysis has large variabilities. Hence, a large

number of time history analyses are necessary to obtain reliable FRS, which is very time
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Figure 3.1 Multiple DOF secondary structure under excitations at multiple supports.

consuming. This problem can be solved by applying the direct spectra-to-spectra method
developed by Jiang et al. (2015) or derived in Chapter 2 to generate accurate FRS.

Another problem is that similar to the coherency function of earthquake excitations,
which describes the correlation between ground motions at different supports, the correla-
tions between FRS at different anchors of secondary system are also needed. In principle,
this correlation, which is characterized by cross-power spectral density (CPSD) functions,
can be obtained by the theory of random vibration. For example, Singh and Burdisso
(1987) conducted a comprehensive study on calculating the correlation between FRS at
different supports. Asfura and Der Kiureghian (1986) also proposed a concept called
“cross-oscillator, cross-floor response spectrum (CCFS)" which can approximately and
implicitly consider the correlation between FRS.

However, although these methods are rigorously derived to consider the correlation
between FRS at different locations, they are be not widely applied in practice because large

computational effort is needed in the numerical evaluation of integrals involving CPSD
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functions, especially when the structure has a large number of modes. Thus it is required to
develop an approach from the practical standpoint, which can be directly applied as long as
the basic model information and ground motions are given. At the same time, it should also
give acceptable result with insignificant error comparing with benchmark. In this study,
the assumptions below are proposed to consider the correlation between FRS of different
supports. It will be verified that these assumptions, although not derived rigorously, yield

good results in the seismic assessment of multi-supported secondary structures.

Simplified Relationship of Correlation between FRS

Referring to Figure 3.1, for the M, supports of the secondary system on the pth primary
structure, the seismic inputs to the secondary system are the FRS SFP'm’i(wO, ¢,)> where
i=1,2,3 are the three orthogonal directions, and m=1,2,..., M, are nodes of the sup-
ports. Because they are related to the seismic responses of the pth primary structure, it
is a reasonable approximation to consider that S*? 'm’i(wo, ¢, and S "h’i(wo, ¢,) are fully
correlated, i.e., FRS in the same direction at different nodes of the same primary structure
can be considered as fully-correlated, as in Case 1 in Chapter 2.

Itis also a reasonable approximation to consider FRS in the same direction but at nodes of
different primary structures as uncorrelated because seismic responses of different primary
structures are uncorrelated, i.e., the coefficient of correlation between S¥717™i(q,, ¢,) and
SFP2 i ¢ ) is O when p, #p,, as in Case 2 in Chapter 2. The validity of these two special
cases of coefficient of correlation will be verified in Section 3.3 through numerical simula-
tion. It should be noted that FRS in different directions at different nodes (either of the same

primary structure or different primary structures) are always considered uncorrelated.

3.2 Tertiary Response Spectra (TRS)

In seismic analysis, design, and qualification of a nuclear power plant, a number of levels
of response spectra are required. The first level is Ground Response Spectrum (GRS), in
which the input motion to the SDOF oscillator (w,, ¢,) is a ground motion. GRS are used
for analysis and design of primary structures and as input for the generation of FRS. The

second level is Floor Response Spectrum (FRS), in which the input motion to the SDOF
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oscillator (w,, ¢,) is a floor motion of the primary structure, such as reactor building.
FRS are used for qualification of secondary systems, such as fueling machine and steam
generator, and for the generation of TRS. The third level is the Tertiary Response Spectra
(TRS), in which the input motion to the SDOF oscillator (e, £,) is the motion at location
on a secondary system where a tertiary system is supported. TRS are used for qualifying a
tertiary system, such as pumps and valves mounted on a piping.

Similar to the FRS method, the concept of TRS is also based on the decoupled analysis
due to its specific advantages as mentioned in Chapter 1. Note that the method developed
in Chapter 2 for the generation of FRS for multi-supported structures is generically derived,
thus it can be applied to any structures with multiple supports in principle, either for
primary structure or secondary structure. If the direct method is applied to secondary
structure, the obtained response spectra will be TRS.

There are two things deserve to be considered in the application of the direct method in
generating TRS. Firstly, instead of having ground motions as input, the seismic input to
the secondary system is changed to the response spectra at the supports where secondary
system is attached. These FRS may have certain correlation depending on the properties
of the primary structure whereas it is difficult to consider these correlations in practice.
Therefore, the same assumptions on the FRS that has been made in the generation of
response of secondary structures, are applied here. Although these assumptions are not
rigorously derived, it allows the explicit forms of the direct method to be exist and thus
conveniently to be implemented.

The other difference in the generation of FRS and TRS is the resonance case, which is
considered by using “t-Response-Spectrum (tRS)” in the direct method. Below, tRS in
the generation of FRS proposed by Li et al. (2015) is reviewed first, followed by the two

approaches of considering resonance case in evaluating TRS.

3.2.1 tRS for the Generation of Floor Response Spectra

In the direct method for generating FRS from GRS developed by Jiang et al. (2015), the fol-

lowing quantity is required when the equipment and supporting structure are in resonance
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(tuning)

Sh(w,0) = % —w*te 5 cos wt * iig(t) + we ! sin wt * iig(t) . (3.2.1)

max

This equation is defined as t-Response Spectrum (tRS), in which “t” indicates “tuning”

«we»
t

or the extra “t” variable in the first convolution term as compared to GRS. However, the
analytic expression of equation (3.2.1) is difficult to obtain due to the presence of “t”.

The concept of “t-response-spectrum (tRS)” proposed by Li et al. (2015) is employed to
deal with this tuning or resonant case. tRS S (w,, ) is the maximum acceleration response
of an SDOF oscillator (w,, £,) mounted on top of an SDOF structure (with the same w, and
¢,) that is mounted on ground, as shown in Figure 3.4 (a). The identical SDOF oscillator
and SDOF structure are uncoupled and are in resonance or tuning (see also Xie et al.,2019).

A comprehensive study on the statistical relationship between GRS and tRS is conducted
by Li et al. (2015). A large number of real horizontal and vertical ground motions, which are
selected from the Pacific Earthquake Engineering Research Center Strong Motion Database
(PEER, 2010) and the European Strong Motion Database, are employed to perform numer-
ical simulations. Statistical relationships between tRS and GRS are constructed based on

three different site conditions following the the site classification criteria (ASCE, 2010; IBC,

2012):
[J 49 horizontal and 49 vertical ground motions of B sites;
0 154 horizontal and 154 vertical ground motions of C sites; and
0 220 horizontal and 220 vertical ground motions of D sites.

Figures 3.2 and 3.3 show the statistical relationship between GRS and tRS for horizontal
and vertical ground motions at B sites, respectively. It is found through regression analyses
of the simulation results that site conditions affect the statistical relationship between tRS
and GRS in vertical direction only, and the statistical relationship could be categorized by
soil sites and rock sites. For a given GRS S, (f, ¢), the corresponding tRS S : P(f, £) with any

non-exceedance probability (NEP) can be estimated as

S (f ) =a(h O +alf - Sy(h O +o (F0-7p),  (22)
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Figure 3.3 Ratio of tRS to GRS for the 49 vertical ground motions at B sites.
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Table 3.1

Coefficients of simplified horizontal statistical relationship for various damping ratios

Damping Ratio ¢ (%)

(Hj;) 1.0 3.0 5.0 7.0 10.0 15.0 20.0
€ [ T 5 € [ T 5 € [ o 5 € [ T s € [ T s € [ o s € [ o s
0.1~5 | 3.00 1.12 030 | 211 1.07 024 | 1.70 1.07 021 | 1.44 1.07 020 | 1.18 1.09 0.19 | 0.93 1.14 0.18 | 0.80 1.21 0.19
8 3.00 1.33 027 | 214 145 025 | 1.76 151 024 | 154 155 023 | 1.34 1.61 021 | 120 1.69 0.16 | 1.09 1.69 0.14
10 299 145 029 | 219 1.65 028 | 1.88 1.77 028 | 1.70 1.84 026 | 1.52 1.89 022 | 1.30 1.85 0.18 | 1.16 1.80 0.13
16 331 221 043 | 272 257 040 | 239 258 033 | 215 252 027 | 1.86 238 021 | 1.48 2.14 0.15 | 1.30 2.01 0.11
25 6.42 5.67 0.62 | 507 502 035 | 3.66 395 022 | 280 327 016 | 220 280 0.10 | 1.72 242 0.06 | 1.52 225 0.04
33 735 6.68 0.49 | 377 4.02 021 | 232 2.8 0.11 | 1.67 236 0.07 | 130 2.06 0.04 | 1.20 1.98 0.03 | 1.18 1.97 0.02
50~100 | 0.0 1.00 0.0 0.0 1.00 0.0 0.0 1.00 0.0 0.0 1.00 0.0 0.0 1.00 0.0 0.0 1.00 0.0 0.0 1.00 0.0
Table 3.2 Equations for coefficients and standard deviations of horizontal statistical relationship
f Coefficient c, Coefficient c, Standard deviation o In s
(Hz) '
0.1~5 0.06(In¢)? —0.92In¢ + 3.03 0.02(In¢)? — 0.04(In¢)> — 0.02In¢ + 1.12 —0.01(In¢)% — 0.05In¢ + 0.30
8 0.10(In¢)%2 —0.93In¢ + 3.01 —0.01(In¢)? +0.07(In¢)> +0.03In¢ +1.35 | —0.01(In¢)> +0.02(In¢)? — 0.02In¢ + 0.27
10 0.06(In )% —0.801In¢ + 2.99 —0.06(In¢)> +0.21(In¢)? 4 1.45 —0.01(In¢)3 +0.01(In¢)? 4 0.28
16 —0.08(In¢)2 —0.45In¢ + 3.32 —0.22(In¢)? +0.581In¢ +2.24 0.02(In¢)? — 0.12(In¢)? 4+ 0.07 In¢ + 0.43
25 0.39(In¢)? —1.74(In¢)? +0.16Inz +6.33 | 0.35(In¢)3 —1.66(In¢)% +0.77In¢ + 5.58 0.02(In¢)3 — 0.04(In¢)?> — 0.21In¢ + 0.60
33 0.21(In¢)* = 0.22(In¢)?2 —3.16In¢ +7.23 | 0.20(In¢)* —0.38(In¢)? —2.15In¢ + 6.58 0.04(In¢)% — 0.311In¢ + 0.49
50~100 0 1 0
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Table 3.3 Coefficients of simplified vertical statistical relationships for hard sites

Damping Ratio ¢ (%)

(H};) 1.0 3.0 5.0 7.0 10.0 15.0 20.0
0 6 o s 0 6 o s 0 & o s 0 & o s 0 & o 5t 0 6 o st 0 6 o st
0.1~8 | 3.06 1.15 0.28 2.17 1.09 0.23 1.76 1.08 0.21 1.49 1.07 0.21 1.21 1.08 0.20 0.93 1.11 0.19 0.78 1.17 0.20
10 3.07 1.23 0.20 2.19 1.28 0.19 1.80 1.35 0.19 1.58 1.42 0.20 1.37 1.48 0.19 1.14 1.51 0.16 1.00 1.52 0.14
15 3.04 1.35 0.26 2.20 1.54 0.25 1.85 1.66 0.25 1.66 1.75 0.23 1.48 1.80 0.21 1.32 1.83 0.17 1.23 1.84 0.14
25 3.28 2.28 0.6 2.64 2.53 0.43 2.33 2.55 0.33 2.14 2.53 0.27 1.94 2.48 0.20 1.62 2.28 0.13 1.45 2.16 0.09
33 3.87 3.29 0.65 3.42 3.56 0.39 2.90 3.27 0.28 2.39 2.89 0.23 1.88 2.50 0.16 1.36 2.09 0.10 1.20 1.96 0.07
50~100| 0.0 1.00 0.0 0.0 1.00 0.0 0.0 1.00 0.0 0.0 1.00 0.0 0.0 1.00 0.0 0.0 1.00 0.0 0.0 1.00 0.0
Table 3.4 Coefficients of simplified vertical statistical relationships for soft sites
Damping Ratio ¢ (%)
(I-{Z) 1.0 3.0 5.0 7.0 10.0 15.0 20.0
a2 Tpa a9 9 T |9 2 g |9 9 Ty |9 2 g |9 9 g |90 2 g
0.1~8 | 3.1 1.17 0.32 2.22 1.11 0.28 1.8 1.10 0.27 1.53 1.10 0.26 1.26 1.11 0.26 0.98 1.14 0.25 0.84 1.20 0.24
10 3.06 1.24 0.22 2.18 1.32 0.18 1.78 1.35 0.18 1.53 1.38 0.18 1.28 1.39 0.18 1.06 1.42 0.16 0.88 1.37 0.14
15 3.02 1.40 0.24 2.15 1.47 0.27 1.75 1.51 0.28 1.53 1.55 0.25 1.31 1.57 0.23 1.11 1.60 0.18 1.01 1.64 0.15
25 3.20 2.62 0.73 2.70 2.84 0.48 2.51 2.88 0.34 2.34 2.82 0.27 2.12 2.68 0.22 1.81 2.45 0.17 1.59 2.28 0.12
33 3.17 2.62 0.58 3.05 3.19 0.39 2.79 3.15 0.28 2.45 2.93 0.22 2.15 2.73 0.15 1.80 2.46 0.11 1.58 2.29 0.08
50~100| 0.0 1.00 0.0 0.0 1.00 0.0 0.0 1.00 0.0 0.0 1.00 0.0 0.0 1.00 0.0 0.0 1.00 0.0 0.0 1.00 0.0

(S¥.L) VILOEdS HSNOJSHY XAVILYEL T'€



Table 3.5 Equations for coefficients and standard deviations of vertical statistical relationships for hard sites

f Coefficient ¢, Coefficient c, Standard deviationo |
(Hz) oA
0.5~8 0.04(In¢)? —0.891n¢ + 3.09 0.01(Inz)* —0.06(In¢)> +0.12(In¢)*> — 0.12In¢ + 1.15 0.01(In¢)? — 0.061n¢ + 0.28
10 0.07(In¢)% — 0.90In¢ + 3.08 —0.04(In¢)3 +0.19(In¢)? — 0.131n¢ + 1.24 —0.01(In¢)3+0.05(1n ¢)?>—0.05In £ +0.2
15 0.10(In¢)? — 0.901In ¢ + 3.06 —0.03(In¢)3 4+ 0.13(In¢)> +0.08 In¢ + 1.35 —0.01(Inz)3 4+ 0.01(In¢)% +0.25
25 —0.03(Inz)2 —0.521n¢ + 3.25 —0.03(In¢)3 —0.02(In¢)> +0.29In¢ +2.28 0.01(Inz)3 —0.05(In¢)%> —0.121n ¢ +0.60
33 0.17(In¢)3>—0.98(In¢)>+0.51In ¢ +3.83 0.17(In¢)? —1.10(Inz)% 4+ 1.281In¢ + 3.26 0.01(In¢)2 —0.26In¢ + 0.65
50~100 0 1 0
Table 3.6 Equations for coefficients and standard deviations of vertical statistical relationships for soft sites
f Coefficient ¢, Coefficient c, Standard deviationo |
(Hz) nst
0.5~8 0.04(In¢)?2 —0.901In¢ + 3.13 0.01(In¢)? —0.03(In¢)? — 0.04In¢ +1.17 —0.041n¢ +0.32
10 0.05(Inz)2 —0.90In¢ +3.08 | —0.02(In¢)* 4+ 0.09(In¢)? —0.14(In¢)> +0.14In¢ +1.24 | —0.01(In¢)> +0.06(Inz)? — 0.091n ¢ + 0.22
15 0.09(In¢)? — 0.95In¢ + 3.05 0.01(In¢)* — 0.07(In¢)? +0.15(In¢)> — 0.03In¢ +1.40 | —0.01(In¢)? —0.01(In¢)? +0.041n¢ + 0.24
25 —0.08(In¢)2 —0.27Inz +3.15 | 0.04(In¢)* —0.25(In¢)? +0.37(In¢)? 4+ 0.06 In ¢ + 2.63 0.01(Inz)3 —0.02(In¢)? — 0.24In¢ + 0.74
33 —0.19(In¢)% +3.21 0.07(In¢)* — 0.34(In )% +0.17(In¢)? 4+ 0.65In ¢ + 2.62 0.02(In¢)3 —0.07(In¢)? — 0.13In¢ + 0.58
50~100 0 1 0

CHAPTER 3. GENERATING RESPONSES AND TRS FOR SECONDARY STRUCTURES WITH MULTIPLE SUPPORTS

68



3.2 TERTIARY RESPONSE SPECTRA (TRS)

where the coefficients c,(f, ¢) and ¢,(f, ¢), and the standard deviation o ln%(f, ) are
determined through the regression analyses. Table 3.2 and Tables 3.5 and 3.6 provide the
values of the coefficients and the standard deviation for the horizontal and vertical tRS,
respectively. Values for other frequencies can be obtained by linear interpolation in the

logarithmic scale of frequency (Xie et al., 2019).

3.2.2 ttRS and F-tRS for the Generation of Tertiary Response Spectra

If the secondary system cannot be decoupled from the primary structure, the problem
becomes direct generation of FRS at the location of the tertiary system on the coupled
system of primary structure and secondary structure from the GRS. Suppose the secondary
structure not only can be, but also should be, decoupled from the primary structure (e.g.,
due to mass disparity). There are two approaches for generating TRS.

Approach 1. In a method for the generation of TRS directly from GRS, TRS is expressed as
a triple convolution integral, making use of three levels of unit impulse response functions.
The first level unit impulse response function is that of the primary structural system
without the secondary structure. The second level unit impulse response function is actually
a group of the secondary structure’s relevant support influence functions. The third level
unit impulse response function is those of a set of SDOF oscillators. Their maximum
responses are the TRS. That is to say, GRS produces the FRS on the primary structure,
which in turn produce the TRS on the secondary structure. The spectral responses from the
same mode of the primary structure are in phase and 100% correlated. This treatment is
valid even though some supports of the secondary structure may be anchored to the floors
or different pieces of equipment, as long as they are included in the model of the primary
structure.

The tuning situation arises when the SDOF oscillator, the secondary structure, and
the primary structure are in resonance. A similar ttRS S\'(®,,{,), which is the maxi-
mum acceleration response of an SDOF oscillator (tertiary system) mounted on top of an
SDOF oscillator (secondary system) mounted on top of another SDOF oscillator (primary

structure) that is mounted on ground as shown in Figure 3.4 (b), is required to deal with
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this tuning case. The three uncoupled SDOF oscillators (w,, ,) are identical and are in
resonance or tuning.

The inputs of this method are GRS directly, while FRS at the supports of secondary sys-
tems are not needed, which makes this approach more straightforward. However, challenge
exists because in addition to theoretical derivation of the approach, a comprehensive sta-
tistical analysis has to be conducted first to obtain the relationship between ttRS and GRS.
Currently, there is no such a direct method available and will be developed in a future study.

An alternative approach is applied in this study to obtain TRS.

Approach 2. The second approach uses the FRS, which may be obtained from a separate
analysis, as inputs. In this case, the direct method developed by Jiang et al. (2015) for
single support or the direct method presented in Section 2.3 for multiple supports can be
applied. Once these FRS are obtained, the method derived in Section 2.3, which is initially
aimed to obtain FRS, can be applied to generate TRS as well. One significant advantage of
Approach 2 is that it avoids the statistical analysis on the relationship between ttRS and GRS.
Furthermore, the direct method for generating FRS proposed in this study can be directly
applied to generate TRS, making the proposed method more widely applicable.

Instead of evaluating ttRS in Approach 1, a quantity called F-tRS as shown in Figure 3.4
(c), which is similar to tRS, is needed to deal with the tuning or resonant case when the
tertiary system and the secondary structure are in resonance. F-tRS S:_t(wo, gy) is the
maximum acceleration response of an SDOF oscillator (w,, ¢,) mounted on top of an SDOF
(secondary) structure under the excitations of floor responses of the primary structures.

Note that tRS developed in Li et al. (2015) relates FRS to GRS, which are generated from
wide-band ground motion time histories, in the tuning case; whereas F-tRS relates TRS
to FRS generated from floor responses, which are usually narrow-band processes, of the
primary structure. Although F-tRS are conceptually somewhat different from tRS, it is
expected that F-tRS and tRS are very close, and tRS can be used as an approximation of
F-tRS in generating TRS from FRS. The validity of this approximation will be checked by

numerical examples in Section 3.3.
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Figure 3.5 Diagram of the numerical example.

3.3 Numerical Examples

3.3.1 Description of Model and Numerical Procedure

A numerical example is presented in this section to demonstrate and verify the proposed
method in generating responses as well as TRS of multi-supported secondary structures.
A piping system representing the main steam line in the nuclear power industry, which
is mounted on a reactor building (RB) and a service building (SB), as shown in Figure
3.5, is considered. The service building is modelled as a three-dimensional multi-storey

building. The superstructure of the building consists of steel frames and concrete floor
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Table 3.7 Number of elements in the finite element model
Beam Shell
Structure Node Lumped Mass
Element Section Element Section
SB 1351 120 1740 31 830 8
RB 12 12 11 7 0 0
Piping 16 16 15 1 0 0

slabs, while the foundation is constructed using concrete. Detailed information of the
service building model can be found in Jiang et al. (2015). A stick model, which has been
widely used to determine global dynamic behaviour of simple and regular structures, such
as the containment, is applied to model the reactor building (Xie et al., 2019). The stick
model consists of beams and masses, in which masses are lumped at the floor nodes and the
beams are considered as massless. Details of the reactor building model are given in Li et al.
(2005). The foundations of SB and RB are treated as rigid. The piping system has 3 supports
on the service building and 2 supports on the reactor building, which are all considered as
rigid supports. Information of the numerical model is summarized in Table 3.7.

Modal analyses are performed first for the primary structures and secondary system,
respectively, to obtain the modal frequencies, modal participation factors, and modal
shapes of the structures. There are in total 66 DOF of the reactor building, resulting in 66
natural frequencies. Table 3.8 shows the modal information of the first 10 modes of the
reactor building. The earthquake excitation factor and the ratio between the effective mass
and the total mass are obtained from the results of modal analysis using ANSYS, which can
be used to identify the significant modes (ANSYS, 2018). That is, the larger magnitude of
the earthquake excitation factor (or the ratio) is, the more significant contribution of that
mode to the total response.

As the service building has much more DOF comparing with the reactor building and
the piping system in this numerical example, a mode truncation is performed. The cut-
off frequency is set to be 33 Hz, resulting in 145 modes in total for the service building.

This is because the mode with frequency higher than 33 Hz can be treated as rigid in the
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nuclear power industry; as a result, the influence of these modes on the structural dynamic
response can be neglected. The modal information of the first 10 modes of the service
building is given by Table 3.9.

Besides of the information of the overall systems, the modal information at the supports
of the piping system is also extracted. The results of Supports 3 and 4 are listed in Tables 3.10
and 3.11, respectively, as an example. The contribution factor is the product of the modal
shape and the participation factor, representing the contribution of the corresponding
mode to the total response of the node. The modes, which has absolute values of the
contribution factors greater than 0.05 for the service building and 0.02 for the reactor
building are listed. It can be seen that the summation of the mode contribution factors at
each node is close to 1, indicating that all of the significant modes at these supports have
been extracted. Moreover, there are closely-spaced modes with significant contributions to
the responses at Supports 3 and 4, such as modes 65 and 67, modes 72 and 73 for Support
3; modes 37 and 38 for Support 4.

The procedure of the numerical example for generating responses of secondary system is
shown in Figure 3.6. It has been mentioned in Section 3.1.3 that for secondary structures
(e.g., piping systems) mounted on primary structures (e.g., buildings), the seismic inputs
to the secondary structures are not the ground motions but the responses of the anchors
on the supporting primary structures. Therefore, FRS at anchors of the secondary system
have to be generated. In this example, the method proposed by Jiang et al. (2015) is applied
because the foundations of the two primary buildings are considered as rigid. The generated
FRS are treated as fully-correlated if the supports are located at the same building, whereas
they are regarded as independent if the supports are on different buildings. After the
calculation of these FRS, equation (3.1.5) is applied together with the simplified correlation
coefficients to obtain the response of the piping system.

To verity the results by the proposed method, the responses of the piping system by
the time history method are also generated. Firstly, 30 tri-directional acceleration time
histories are input to the service building and reactor building, respectively, to obtain the
response time histories at the locations when the piping system is attached. The response

time histories are then treated as the inputs of the piping system to evaluate the response
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Table 3.8 Modal information of the reactor building

Direction X Direction Y Direction Z
Mode Frequency Excitation | Eff. mass || Excitation | Eff. mass || Excitation | Eff. mass
(Hz) factor Total mass factor Total mass factor Total mass
1 4.44 34234 0.232 —2243.3 0.037 0.0 0.000
2 4.44 2243.3 0.037 3423.4 0.232 0.0 0.000
3 5.53 10.6 0.142 4057.5 0.123 0.0 0.000
4 5.53 4057.5 0.122 —10.6 0.142 0.0 0.000
5 9.43 0.0 0.000 0.0 0.000 0.0 0.000
6 12.79 —524.2 0.009 —1028.8 0.012 0.0 0.000
7 12.79 —1028.8 0.012 524.2 0.009 0.0 0.000
8 13.72 0.0 0.000 0.0 0.000 4487.1 0.324
9 14.57 1620.4 0.000 —1028.0 0.000 0.0 0.000
10 14.57 1028.0 0.020 1620.4 0.040 0.0 0.000
Table 3.9 Modal information of the service building
Direction X Direction Y Direction Z
Mode Frequency Excitation | Eff. mass || Excitation | Eff. mass || Excitation | Eff. mass
(Hz) factor Total mass factor Total mass factor Total mass
1 2.65 —219.0 0.006 1231.6 0.178 —4.3 0.000
2 2.78 1293.0 0.196 220.4 0.006 —6.8 0.000
3 4.82 —133.6 0.002 —209.9 0.005 15.4 0.000
4 5.39 —17.9 0.000 —10.5 0.0000 204.5 0.005
5 5.90 —240.3 0.007 618.0 0.050 37.5 0.000
6 6.00 62.1 0.001 —306.5 0.011 101.9 0.001
7 6.03 35.5 0.001 —196.9 0.005 191.0 0.004
8 6.13 276.4 0.009 179.4 0.004 —-0.2 0.000
9 6.43 —570.0 0.040 —217.0 0.18 —17.5 0.000
10 6.99 —105.4 0.001 438.2 0.023 133.3 0.002
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Table 3.10 Modal information at Support 3 in direction X

Mode Frequency Participation Modal shape Contribution
(Hz) factor factor
2 2.781 1.293 0.888 1.148
3 4.820 —0.134 —0.868 0.116
11 7.647 0.466 —0.627 —0.292
65 22.794 —0.230 —0.714 0.164
67 23.304 0.226 0.535 0.121
72 24.621 0.850 —0.461 —0.392
73 24.720 —0.535 —0.316 0.169
Table 3.11 Modal information at Support 4 in direction Y
Mode Frequency Participation Modal shape Contribution
(Hz) factor factor
1 4.44 3.423 0.051 0.173
2 4.44 —2.243 —0.033 0.074
9 14.57 1.620 0.180 0.291
10 14.57 —1.028 —0.114 0.117
14 24.78 0.509 0.182 0.093
18 30.72 0.936 0.327 0.306
24 43.29 0.519 0.225 0.117
25 43.29 —0.472 —0.205 0.097
31 52.36 0.292 0.096 0.028
32 52.36 0.288 0.095 0.027
37 64.46 2.130 —0.117 —0.249
38 64.46 1.745 —0.096 —0.167
45 88.65 —2.172 —0.034 0.073
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Figure 3.7 Procedure of the numerical example: generating TRS.

of the system. The average response of the piping system from 30 time history analyses is
regarded as the benchmark. It should be noted that both time history analysis and direct
method are based on the decoupled analysis, which the primary and secondary systems are
considered individually.

The procedures for the generation of TRS is almost the same with generating response of
secondary structures, shown as Figure 3.7. FRS at the supports of piping system and the
modal information of the piping, which have already been obtained in the generation of
responses, are utilized to generate TRS using the direct method developed in Chapter 2. In
time history analysis, the response time histories at the supports of the piping system are
input to a set of oscillators with different natural frequencies to obtain the corresponding
response spectra, i.e., TRS. The average TRS from 30 time history analyses is regarded as

the benchmark to validate the accuracy to the proposed method for generating TRS.
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As can be seen from Figures 3.6 and 3.7, only GRS, tRS, and the model information of
the supporting buildings and the piping system are needed in the proposed direct methods
for the generation of responses and TRS, which makes the methods convenient and widely

applicable in practical engineering designs.

3.3.2 Results of Response

Validation of the Input Response Spectra

Errors exists in the implementation of the most of the previous spectra methods on the
response of secondary structure because an accurate FRS was not available unless a large
number of time history analyses are performed. In this case, the direct method in seismic
analysis loses its superiority in efficiency comparing with the time history method. This
shortcoming in the previous application has been eliminated by using the direct method
proposed by Jiang et al. (2015) for structures with single support and the direct method
derived in Chapter 2 in this study for multi-supported structures.

FRS at Supports 1 and 4 of the piping, which are located on service building and reactor
building, respectively, are presented in Figures 3.8 and 3.9, respectively. It can be seen that
FRS obtained by the direct method agrees extremely well with the benchmark FRS which are
the mean FRS from 30 time history analyses. The relative errors at FRS peaks are less than 3%
except for the second peak of FRS at Support 4, which is 6.1%. However, it is still acceptable
when comparing with a single time history analysis. which can result in a maximum 36.2%
or a minimum —12.9% of error. It further proves that the direct method developed in
Chapter 2 can generate FRS accurately and efficiently for complex three-dimensional finite
element structural models with closely-spaced modes under seismic inputs.

It is found that large variabilities exist in FRS generated by time history analysis. For
example, the FRS in direction Y at Support 4 obtained from an individual time history
analysis can be over-estimated by up to 37.3%, while the FRS could also be underestimated
by 22.1% depending on the individual set of time histories used. Therefore, alarge number
of time history analyses have to be conducted in order to obtain reliable FRS in the previous

implementations of various direct methods, which is very time-consuming.
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With the reliable FRS available, the seismic analysis of secondary systems using the direct
spectra-to-spectra method can be approached. The generated FRS are treated as fully-
correlated for supports on the same building, whereas they are regarded as uncorrelated if

the supports are on different buildings.

Response of the Piping System by Time History Method

The acceleration response results of Nodes 2, 7, and 10 of the piping obtained by time
history method are listed in Table 3.12. As can been seen from Table 3.12, the maximum
mean response is 4.21g occurring in the X-direction of Node 7, while the minimum is
0.41g in the Z-direction of Node 10. To better illustrate the results, the relative errors
of Node 7 in the X-direction and that of Node 10 in the Z-direction are plotted against
the set of time history analysis in Figure 3.10. It can be seen from Figure 3.10 that the
selection of time histories has a significant influence on the resultant response, despite that
all of the time histories satisfy the code requirements and are compatible with the same
response spectrum. For example, the relative error of Node 7 in the X-direction by time
history set 19 is only —0.55% whereas the maximum and minimum error are 39.9% and
—23.3%, respectively. Therefore, for a single or a small number of time history analyses,
the result could be accurate (i.e., close to the benchmark), but it could also result in large
error depending on the set of time histories used.

Comparing the results of the three nodes, time history method performs better at Node
10 with smaller variabilities in the results of individual time history analysis. However,
there is still a 24% difference between the maximum and minimum relative errors. This
means that the variabilities existed in time history method is not only affected by the input
time histories, but is also influenced by the locations of structural nodes. Therefore, it is
not possible to determine whether the response obtained by single time history analysis is
either conservative or nonconservative, and/or by how much the gap is, making the result
unreliable to be used in practical design. In order to obtain a reliable response, a large

number of time history analyses must be performed.
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Table 3.12 Responses of piping using time history method

Mean Errors by different set of time history analysis (%)
Node | Direction
response (g) | | 2 3 4 5 6 7 8 9 10 11 12 13 14 15

x 2.09 4.50 | 11.06 | 20.05 | —4.13 4.61 10.38 | —13.49 | 15.61 1.74 1.85 | —4.51 2.71 | —13.56 | —5.62 3.43

2 y 0.98 4.68 | —9.95 5.09 1.04 —2.65 11.57 —7.59 0.83 | —12.60 | —6.37 9.83 0.48 4.71 | =3.75 0.46

0.81 —7.39 | 27.59 | 25.02 11.73 26.85 | —16.85 —-7.29 3.52 3.95 1.48 9.62 1.44 -1.73 | —0.81 | —8.97

x 4.21 10.20 6.32 | —2.68 4.14 | —17.59 —2.25 | —=17.70 | 12.11 | —18.33 | 34.44 | —9.52 | —7.86 19.29 7.99 | 28.54

7 y 0.59 1.25 | 15.48 | 19.39 1.21 —6.10 7.40 —1.25 | 30.55 6.33 1.08 | —9.97 | 25.04 18.70 4.58 | 29.27

0.81 4.50 | —6.45 | —5.55 8.96 -7.72 | —10.77 —7.60 8.35 —5.16 9.68 10.21 | —4.57 —-0.84 | —0.23 6.64

x 0.83 —0.77 1.75 4.02 1.72 —1.63 —4.11 —-0.36 | —3.58 4.90 | —4.05 2.77 | —2.39 —0.64 5.87 8.29

10 y 0.83 4.03 | —0.75 | —1.61 4.03 1.73 —3.56 —4.09 | —0.34 —4.03 2.79 4.92 | —0.63 5.89 | —2.38 | —0.63

0.41 —0.86 14.66 0.81 | —1.29 —2.46 3.50 3.50 | —=3.15 —4.89 4.13 | —4.89 | —6.88 1.19 2.37 4.48

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 Max Min

—-7.97 —3.88 —=3.25 | —17.50 5.74 —4.74 —7.90 15.82 —8.89 —4.76 0.40 0.00 —7.63 —0.93 10.86 | 20.05 | —17.50
5.72 —4.74 2.11 —9.92 —3.14 2.29 | —12.56 0.15 2.08 —1.64 5.17 7.74 1.84 5.56 3.55 | 11.57 | —12.60
1.30 —2.05 —2.22 | —=17.25 2.41 —8.46 —2.74 —9.62 0.11 —0.61 5.97 —0.50 | —11.32 | —10.63 | —12.58 | 27.59 | —17.25
—8.42 5.62 5.88 —0.55 | —18.65 39.94 3342 | —12.69 | —22.24 | —21.02 | —23.26 | —10.93 —5.88 | —15.31 7.00 | 39.94 | —23.26
0.42 | —26.08 | —13.64 —2.87 | —33.04 | —14.07 | —21.15 2.54 —9.81 13.65 | —23.63 14.69 17.95 | —17.95 | —30.00 | 30.55 | —33.04
3.50 | —20.67 34.14 | —33.06 0.26 2.96 20.83 8.28 | —20.22 —6.80 | —13.68 —2.72 6.48 13.53 7.69 | 34.14 | —33.06
—1.91 —0.87 —1.93 —5.06 —0.87 —4.11 —0.49 —2.33 0.21 4.65 —8.39 4.79 —3.01 —1.54 9.09 9.09 —8.39
1.71 1.71 —0.85 —1.91 —5.05 0.23 —4.10 —0.47 —2.32 4.81 4.66 —8.38 9.11 —2.99 —1.53 9.11 —8.38
—-0.17 —2.52 3.08 3.08 —2.52 —0.63 —9.35 —7.47 —0.63 —2.01 —2.01 —1.35 —0.99 5.60 7.65 | 14.66 —-9.35
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Response of the Piping System by the Direct Method

The responses obtained by the proposed direct method and the relative errors are listed
in Table 3.13. The errors in the horizontal directions X and Y are found to be less than
4.5% for all DOF, indicating that the responses by the proposed direct method are accurate.
The minimum error is 0.91% in direction Y of Node 10, while maximum error occurs at
Node 2 in the Z-direction with a overestimation of 9.2%. Although this error is relatively
large, it still acceptable when compare with the maximum error by a single time history
analysis, which is 27.6% in this DOF. Therefore, the overall accuracy of seismic evaluation
of the piping system by the proposed direct method is much better than that by single or
small number of time history method. With the application of the proposed method, the
deficiency and variability of time history analysis can be avoided.

To better illustrate the advantages of the proposed direct method, the relative errors by

the direct method and time history method are plotted in Figure 3.11. Comparing with
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Table 3.13 Responses of piping using using direct method

Node 2 Node 7 Node 10
Direction x y z x y z x y z
Response-TH mean (g) 2.09 0.98 0.81 4.21 0.59 0.81 0.83 0.83 0.41
Response-DM (g) 2.18 0.94 0.88 4.38 0.57 0.78 0.85 0.84 0.41
Relative Error (%) 4.29 —3.93 9.21 4.02 | —2.88 | —4.29 1.32 0.91 1.12
Error-DM-Case A (%) 4.29 —3.93 9.21 15.35 10.22 | 20.77 1.32 0.91 1.12
Error-DM-Case B (%) || —26.25 | —32.06 | —22.46 4.02 | —2.88 | —4.29 || —28.35 | —28.64 | —28.13

the maximum and minimum errors by time history method, the results by the proposed
method agree well with the benchmark. Therefore, the proposed direct method can give
maximum acceleration responses of structures under earthquake excitations from multiple

supports efficiently and accurately.

Validation of the Approximation on the Correlation between FRS

To verify the feasibility of the approximation on the correlation between FRS at different
locations, two additional cases are also conducted. In Case A, FRS at the supports of piping
are all treated as fully-correlated, while they are all regarded as independent in Case B.

The results of Case A and Case B are presented in Table 3.13. The supports adjacent to
Node 7, i.e., Supports 3 and 4, are on different buildings, and it is observed that the errors
at this node increases significantly in Case A. For example, the relative error in direction Y
increased from —2.88% to 10.22% if the FRS at the supports are treated as fully-correlated,
indicating that it is not appropriate to treat FRS at nodes on different buildings as fully-
correlated. By comparing with Case B, it is found that the independent approximation is
reasonable for such nodes. On the other hand, the supports adjacent to Nodes 2 and 10 are
on the same building. The errors at these nodes in Case B are about 28%, which is much
greater than the fully-correlated case. Thus, it demonstrates that it is appropriate to treat
the FRS of nodes on the same building as fully-correlated.

In principle, FRS at nodes on the same building should be correlated but not fully-
correlated. On the other hand, they could have certain correlations even the supports
are located on different buildings. Therefore, the proposed assumption on the correlation

of FRS could cause some errors such as the response of Node 2 in direction Z (9.1%).
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However, the proposed method allows the response of secondary system to be evaluated
efficiently because only structural information and the input response spectra are needed.
Furthermore, the generated response is of good accuracy especially when comparing with
the result by single time history analysis. Therefore, the proposed method has its superiority

in this aspect.

3.3.3 Results of TRS

The TRS of Nodes 2, 7, and 10 obtained from both time history analysis and the di-
rect spectra-to-spectra method are presented in Figures 3.12, 3.13, and 3.14, respectively.
These TRS are calculated at over 200 frequencies including the natural frequencies of the
structures. The mean TRS obtained from 30 sets of time history analyses, which are con-

sidered as the benchmark TRS, are highlighted by red solid lines, the TRS generated by the

proposed method are represented as black dashed lines.

(V]
—
X

e —

Frequency (Hz)
Figure 3.12 TRS at Node 2.

It is seen that TRS generated by the direct method agree extremely well with the bench-
mark TRS over the entire frequency range. The maximum relative error at main peaks by

direct method is only —3.6% occurring at Node 7. Although the error of —8.1% at the sec-
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Figure 3.14 TRS at Node 10.
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ond peak of Node 10 is relatively large, it does not have a significant influence on practical
seismic design, because TRS at this peak is small comparing with TRS at the main peak.

However, very large variabilities are observed in the TRS generated by time history
analysis, particularly at the peaks. This numerical example demonstrates that time history
analysis can lead to approximately 43 % overestimate or 30% underestimate at the TRS peaks,
even though the time histories satisfy the compatibility requirements to the target GRS
specified by codes and standards. Furthermore, it is observed that TRS from a single time
history analysis may be over-conservative at some TRS peaks but nonconservative at other
peaks. Therefore, the results of a single time history analysis could be over-conservative or
nonconservative, depending on which set of seismic inputs is used. If a single or a small
number of time history analyses are performed, the results are not reliable.

In summary, significant time and computational resources are needed to obtain reliable
FRS or TRS using time history method by performing a large number of time history
analyses; whereas the proposed direct method can avoid these problems and give accurate

FRS or TRS.

Validating the Approximation on the Correlation between FRS: Comparing TRS

Similar to Section 3.3.2, two additional cases, i.e., Case 3 (all FRS of supports are fully-
correlated) and Case 4 (all FRS of supports are uncorrelated), are also performed to further
verify the approximation on the correlation between FRS at the supports. The results of
TRS at Nodes 2, 7, and 10 are shown in Figure 3.15.

The supports adjacent to Node 7 are on different buildings and it is observed that the
errors at this node are almost doubled in Case 3 comparing with the proposed method.
It indicates that it is not appropriate to treat the FRS at nodes on different buildings as
fully-correlated. By comparing with Case 4, it is found that the uncorrelated approximation
is reasonable for such supports. On the other hand, the supports adjacent to Nodes 2 and
10 are on the same building. The results in Case 4 show that there are approximately 30%
underestimation of TRS at the main peaks, whereas the errors are much smaller in Case 3,
which are 0.1% and —3.6%, respectively. Hence, it means that it is appropriate to treat the

FRS of supports on the same building as fully-correlated.
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Figure 3.15 Comparison of TRS from different cases.
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Comparing with the result of all the cases, TRS by the proposed method (i.e., the black
dashed lines in Figure 3.15) agree extremely well with the benchmark results for all nodes
over the entire frequency range. Therefore, the approximations of the correlation between
FRS at supports are suitable for generating TRS for secondary structures, such as piping

systems, mounted on different buildings.

Comparison between tRS and F-tRS

To validate the accuracy of using tRS as an approximation of F-tRS in generating TRS, the
amplification ratio (AR) between tRS and GRS obtained by Li et al. (2015) is compared with
that of F-tRS benchmark obtained from 30 time history analyses, as shown in Figure 3.16.

It is shown that F-tRS follows similar statistical relationship as tRS, although there are
some discrepancies, especially for the frequency range from 8 Hz to 13 Hz. The discrep-
ancies are conceptually reasonable based on the theory of random vibration. In random
vibration, the response of an oscillator depends on the bandwidth of the seismic inputs.
The ground motions, which are generally regarded as wide-band processes, have wider
bandwidth than floor responses, which are usually narrow-band processes. This means
tRS (based on ground motions) should be larger than F-tRS (based on floor responses) in
the most of frequency ranges, as indicated by Figure 3.16. Therefore, the tertiary response
spectra TRS generated using tRS are expected to be more conservative than those using
F-tRS.

This study shows that the error caused by the use of tRS in generating TRS is acceptable
as the obtained TRS is of remarkable accuracy. Therefore, it is appropriate to use tRS as
an approximation of F-tRS for the generation of TRS. In some specific practical problems,
however, this error could be larger when the main frequencies of floor responses are located
within certain frequency ranges, for example, 8 Hz to 13 Hz. This error is expected to
be reduced significantly by avoiding the use of tRS as an approximation of F-tRS when a
more reliable F-tRS is available. It should be noted that the mean F-tRS obtained from 30
time history analyses in this study is not “exact”. It is used as a benchmark because more

statistical analyses on F-tRS are needed to obtain more accurate F-tRS in the future.
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The direct method in generating TRS using ttRS is currently not available, as mentioned in
Section 3.2. Therefore, statistical analyses between ttRS and tRS as well as a comprehensive
theoretical derivation should be conducted in future study to develop the direct method for
generating TRS using ttRS directly. Once the method has been developed, not only the use
of tRS can be avoided, but also the procedure for generating TRS can be further simplified.

10 100

Frequency (Hz)

Figure 3.16 Comparison between tRS and F-tRS benchmark.

3.4 Summary

In this chapter, direct spectra-to-spectra methods for the accurate and efficient genera-
tion of the responses and TRS of multiply supported secondary structures are developed.
Starting with the fundamentals in structural dynamics, the absolute response of system is
derived. The expression of the absolute response consists of two parts which are related
to the dynamic modal response and ground motions, respectively, which are further com-
bined using the combination coefficients derived by theory of random vibration. On the
other hand, the direct method proposed in Chapter 2 is validated to be applicable for the
generation of TRS for secondary structures with multiple supports. To obtain TRS, FRS
by direct method proposed by Jiang et al. (2015) or developed in Chapter 2 can be either
applied depending on the foundation property of primary structures. The obtained FRS
is then regarded as the input of secondary system and is applied together with the direct
method to evaluate TRS.
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3.4 SUMMARY

In the generation of response and TRS of secondary structure with multiple supports,
the correlation coefficients of FRS at different supports of a secondary structure can be

approximated as follows:
O FRS can be treated as fully correlated if the supports are on the same building;
[ FRS are considered as independent if the supports are on different buildings.

Moreover, the actual F-tRS in the generation of TRS is assumed to be close to tRS proposed
by Li et al. (2015) so that time history analysis can be totally avoided. These assumptions
are validated to be reasonable and can give acceptable results for the generation of both
response and TRS.

A numerical example of a piping system mounted on two structure at different supports,
which are subjected to tri-directional seismic inputs at foundation level, is presented. The
responses and TRS determined by the proposed direct spectra-to-spectra methods agree
well with the benchmarks, which are obtained through 30 time history analyses. It is
demonstrated that the response as well as TRS determined by time history analyses have
large variabilities. Hence, results by time history methods using a single set or a small
number of sets of spectrum-compatible tri-directional time histories are not reliable. The
proposed direct spectra-to-spectra methods are verified to be applicable for the seismic

evaluation of secondary structures with multiple supports.
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Generating Floor Response Spectra

for Structures under Excitations
from Multiple Supports

Considering Soil-Structure Interaction

The soil-structure interaction (SSI) must be considered when the supporting soil is relatively
soft or the superstructure is massive (Wolf, 1985;1987). Although high-level earthquake can
cause nonlinear behavior in soil, the soils presented in this research are assumed to behave
linearly. This is because the soil-structure interaction for earthquake excitations generally
assumes the law of superposition to be applicable (Wolf, 1985). In other words, the seismic
response is the sum of the free-field response and the response due to interaction where
the superstructure is inserted, while conventional site response analysis of free-field soil
typically assumes linear soil behavior. The main objective of this chapter is to develop a new
direct method that considers SSI effects. To study the effect of soil nonlinearity, a complete
understanding and verification of linear soil-structure interaction is necessary. Therefore,
this study assumes soil behavior to be linear. Soil nonlinearity may be considered in future

research.
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4.1 GENERAL FORMULATION
4.1 General Formulation

4.1.1 Substructure Method

Dynamic Stiffness Matrix

For an MDOF linear system, the equation of motion is of the form
Mx(t) + Cx(t) + Kx(t) = p(), (4.1.1)

where M, C, K are the mass, damping, and stiffness matrices, respectively, p(t) is the
load vector, and x(f) is the response vector. Under harmonic excitation p(t) = Pel® the

response x(f) can be expressed as x(f) = Xel®t and equation (4.1.1) becomes

SX =P, S= —w*M+iwC+K, (4.1.2)

where S is the frequency-dependent dynamic stiffness matrix. In terms of the dynamic
stiffness matrix, equation of motion (4.1.1) can be expressed as an equation of dynamic

equilibrium (4.1.2).

Substructure Model for Flexible Foundation

A coupled soil-structure model is shown in Figure 4.1. Let U, and U, be the amplitudes of
the absolute displacement vectors of the structure and the foundation, respectively, where
the subscript “R” stands for the “Response” DOF (nodes), which are not in contact with
the soil, the subscript “B” stands for the “Boundary” DOF (nodes), which are on the

«_»
S

boundary of soil-structure interface, and the superscript stands for “Structure”. The

equation of dynamic equilibrium of the structure is given by

Sor  Sis U P

R R

= , (4.1.3)
Spn Sis | (Us P,
where P, is the amplitude vector of the loads applied to the response nodes of the structure,
and P, is the amplitude vector of the interaction forces between the structure and soil. For
earthquake excitation, the nodes of the structure not in contact with the soil are not loaded,
ie, P, =0.
Let S5, be the dynamic stiffness matrix of the soil with excavation, and U} be the ampli-

tudes of the absolute displacement vector of the soil with excavation under the earthquake
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excitation. The superscript “G” stands for “Ground” or the soil with excavation. The
interaction forces of the soil depend on the relative motion between the foundation (base)

and the soil at the interface, i.e.,
P, =S; (US—-U,). (4.1.4)
Equation (4.1.3) becomes

S;R SISIB UR 0
= . (4.1.5)

Sie Ses TS5 | (U Sus Us

B

The earthquake excitation is characterized by Ug, which is the motion of the nodes on
the soil-structure interface of the soil with excavation. It is desirable to replace U5 by the

free-field motion U that does not depend on the excavation.

Free-Field Soil Model

The free-field soil can be divided into the excavated soil and the soil with excavation as
shown in Figure 4.1. Regarding the excavated soil as a “structure” and referring to equation
(4.1.5), one has U, =U", S$, =0, and hence S$, =SE,, which is the dynamic stiffness
matrix of the excavated soil. The superscript “e” stands for “Excavated soil”. The second

block-row of equation (4.1.5) gives

X

I:SISSR §1533+SEB] ur = {SgB Ug} B (SEB +S§B)U§ = SSB Ug. (4.1.6)
B

Adding the excavated soil to the soil with excavation leads to the free-field system, i.e.,

SE. +S% =8I, or SS =S’ —SE. (4.1.7)
Hence, equation (4.1.6) can be written as
S¥. UF = 8% US, (4.1.8)

in which Sf is the dynamic stiffness matrix of the free-field discretized at the nodes where
the structure is inserted, and Uj is the free-field motion at the nodes of the soil-structure

interface. Hence, Uy is the free-field response of the soil at the foundation level; the
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Figure 4.1 Substructural model for flexible foundation.

acceleration response spectra of i are the Foundation Input Response Spectra (FIRS),
which can be obtained from a site response analysis of the free-field.
Using equation (4.1.8), equation (4.1.5) becomes
Ste Ske U 0

R
- , (4.1.9)
Six Sie TS5 | (Us Sis Uz

This is the equation of motion of the structure supported on a generalized soil spring
characterized by the dynamic stiffness matrix S7,, and the other end of the spring is

subjected to earthquake excitation U}, which is free-field response at the foundation level.
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Using (4.1.7), equation (4.1.9) can also be written as

SlszR SIS{B U _ 0 (4.1.10)

S Uy

R

Sls3R (SEB - SII;B)+SII3:B U

B

|:| A generalized soil spring, characterized by the dynamic stiffness matrix SgB, is not an elastic

spring in the ordinary sense characterized by spring constant k.

Structure with Multiple Support Excitations

With P, =0, the first block-row of equation (4.1.3) becomes

8. U, +85,U, =0 — U, =s"U,, s"=—(S5,)'S;

RB?

(4.1.11)

where S is the dynamic influence matrix for analysis of the structure with multiple
support excitations, with the superscript “ms” standing for “Multiple Supports”.
In seismic analysis and design, only translational ground motions are considered, while
rotational ground motions are not considered. Reorganize vector U, and rewrite U, as
u ups
U, = , U. = , (4.1.12)
Y. 6Nx1 0 6Mx1
where the subscripts “T” and “R” stand for “Translational” and “Rotational” DOF,
respectively. UM is the vector of seismic excitations in the three orthogonal translational
directions at the multiple input nodes. Note that each “boundary” node “B” has six DOF;
when seismic excitations at the soil-structure interface are considered, they are referred as
“Input” nodes “1” with seismic excitations in the three orthogonal translational directions.
Rearranging and partitioning S™* accordingly, one has
s = S s , (4.1.13)
SMS MS
RT TRR A 6Nx6M

in which each submatrix is of dimension 3N x3M. Equation (4.1.11) can be written as

Uy, sus gus| [y ST
= = . (4.1.14)
o) Lszossllof [swur
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Figure 4.2  SSI using FLIRS for flexible foundation.
Multiplying the first block-row of equation (4.1.14) by (S¥%)7 yields
T T
(81) U, = [(825) T shsuys. (4.1.15)

The reason for performing this manipulation is to make [(Sﬁﬁs)TSI;“TS] a square matrix of
dimension 3M x3M, the purpose of which will be clear in Section 4.1.2.

The tridirectional (translational) acceleration response spectra UY® applied at multiple
supports (nodes) of the flexible foundation of a structure are called Foundation Level Input
Response Spectra (FLIRS), as shown in Figure 4.2. It is important to note that FLIRS are
different from the Foundation Input Response Spectra (FIRS), which are the acceleration
response spectra at the elevation of the foundation of the free-field, as illustrated in Figure
4.2.

4.1.2 Foundation Level Input Response Spectra (FLIRS)

It is desirable to determine the equivalent FLIRS for a structure with seismic excitations
at multiple supports in seismic design and assessment. In SSI analysis, a seismic analysis
of structures with multiple supports can be performed using the equivalent FLIRS as the
seismic input, instead of a coupled soil-structure analysis using FIRS as the seismic input.

From the first block-row of equation (4.1.10), one obtains

U, = —(85) 'S5, U, = s™U,. (4.1.16)

R

97



CHAPTER 4. GENERATING FRS FOR STRUCTURES UNDER EXCITATIONS FROM MULTIPLE SUPPORTS CONSIDERING SSI

From the second block-row of equation (4.1.10), one has
S5 Uy + (S5 — SE,) + S5, U, = S5, UF. (4.1.17)
Substituting equation (4.1.16) into (4.1.17) yields
$5,5™U, + [(S5, — SE) + SE,]U, = S5, UL,

which gives

—1 F F S MS S E F
U,=s S, Ur, S= S, S" + (S5, — Sis) + Sy - (4.1.18)
—— N—; —— —— — o ——
6Mx1 6Mx6M 6Mx6M 6Mx1 6Mx6N 6Nx6M 6Mx6M

Note that S™1S!_ is a square matrix of dimension 6Mx6M; partition it as follows:

sTISE =T= , (4.1.19)

T T
RT RRA6Mx6M

in which each submatrix is of dimension 3Mx3M.

In a site response analysis, the soil medium is modelled as a series of infinite layers
on a half-space, and the rotational responses of free-field should be very small under
the translational excitation at bedrock. Hence, the rotational input at foundation level is
negligible compared to the translational input; the rotational input is usually not given by a
site response analysis and is taken as 0.

From equations (4.1.16) and (4.1.18), one has

U, =s"TU,, (4.1.20)
ie.,
UR,T Sl‘lﬁ's SI‘IYIRS TTT TTR UII;,T F F
B MS MS ’ UB’T =Y
UR’R 6Nx1 —SRT S Jd6Nx6M Tor Ta 6Mx6M 0 6Mx1
sys sis | [T, uf SYST, UF + ST, U}
= = . (4.1.21)
_SIF:/ITS SIF:/[RS_ TRT UIF SIFZ{FS TTT Uf + SIF\Q/IRS TRT UIF
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Note that it is not possible to have a single set of tridirectional translational FLIRS in a
dynamic analysis of a structure under seismic excitations at multiple supports to give both

correct translational responses U, . and rotational responses U, .. In the generation of

;
FRS, only translational responses are needed; hence, from the first block-row of equation
(4.1.21), one has

Uy, =SPT Ul +S0°T UL (4.1.22)
Multiplying ($¥%)” from the left yields
T T T
(S)7 U, = ()T, + (27T, | U

= [(s2%) 5] {TTT + [(SIT“TS)Ts?TS]—I(siﬁs)Tsﬁf‘TRT} ur.

R,T

=[(s¥)"s)°] Ty, (4.1.23)
where T is called FLIRS transfer matrix in frequency domain given by
T = T, + [(SWTsM]T (s s T, . (4.1.24)
—— —— —_——— )
3Mx3M 3Mx3M (BMx3N)x(3Nx3M) 3Mx3N 3Nx3M 3Mx3M

The first and second terms of T denote the contributions from the translational and ro-
tational motions of the foundation in the soil-structure system, respectively. Because
[(SIT“TS)TSI;"TS] is a square matrix of dimension 3Mx3M,, it is relative easy to determine its
inverse because M is much smaller than N. Thus, the purpose of the transformation in
equation (4.1.15) becomes evident.

Comparing equations (4.1.23) and (4.1.15), one obtains the equivalent FLIRS as
Uy =Tu;. (4.1.25)

It is important to emphasize that, although the FLIRS U}Y® would not give correct rotational

of a structure, it gives exact translational responses U, . and hence exact

responses U, R,T

R
FRS because only translational responses are required to generate FRS. Therefore, a dynamic
analysis of the structure under the seismic excitations of FLIRS UY® at multiple supports
gives exactly the same FRS as a fully coupled soil-structure analysis under the seismic

excitations of FIRS U} .
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Based on the theory of random vibration, the relationship between the PSD functions of

U}"® and U; can be determined by (Lin, 1967)
S (@) = T(0) Sy (0) T(w), (4.1.26)

where d’ (a)) and d’ ;5 (w) are 3Mx3M matrices of the cross PSD functions of uM

and Uf, respectively. T(w) denotes the complex conjugate and transpose of the transfer
function T(w). The terms in the main diagonals of d’ (a)) and d’ i (w) represent the
auto-PSD functions of FLIRS and FIRS, respectively, while the other terms indicate the

Msmz

cross-PSD functions of FLIRS and FIRS, respectively. Let &.." " (») denotes the element
of the (m, i)-th row, (71, 1)-th column or [3(m — 1) +i]-th row, [3(m —1)+1i]-th column of

d’ﬁ (w). From equation (4.1.26), the elements in the cross-PSD functions can be written as

. » 3M 3M .
dfj‘;’n’jl’( )= T, (@) S (@) T (@) = Y Y Th (o) 85 (@) TP (@), (4.1.27)
p=1q=1

where T P ;(w) and T it l(a)) are the (m,i)-th row, p-th column of T(w) and g-th row,
(11, 1)-th column of T(w), respectively. When m=m and i=1i, the term cS’U;’Z;(w)

becomes cfi?g;;"’;(w), i.e., the auto-PSD of FLIRS at support m in direction i, denoted as

MS m, .
Sy (w) for convenience.

The mean-square response of an SDOF oscillator (wy, ¢,) under a base excitation U}, ;

can be obtained by
[{ T (t) = —f | H(w)|* 5" () do, (4.1.28)

where
1
ﬂ-[ w) = 4.1.29
(@) (wf—w?) +i2¢,wyo ( )

is the complex frequency response function of the SDOF oscillator (w,, ,) with respect to
base excitation. Similarly, the mean-square response of an SDOF oscillator (w,, ¢,) under

a base excitation U} can be obtained by

(=i = %f_m\wgﬂ(w)\zosﬁf;m’i(w)dw
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3M 3M
= _/ | —(H(a))‘ 1 (w)chU p(a)) T (w) do. (4.1.30)
p= q

The ratio between the mean square response of an SDOF oscillator under base excitation

Uy, ; and that under base excitation U} can be determined by

JiE ol
(e

1 3M 3M ‘
Py /_ |wd H@)* YY" Th (@) 553, (@) T () do

p=1gq=1

[R™ (wg, ¢p)]* =

_/ R H(w) [P 5™ (@) deo

o 3M 3M
/ | H(w) \ P (@) St (@) T () do
= . (4131

/ | H(w)|* $5" (@) dw

The maximum response of an SDOF oscillator, which is by the definition of the response

spectrum, is usually related to its root-mean-square response through a peak factor as

Sa(@r &) = |Ry@)| = B \JE[Ro(n)]. (4.1.32)

Combining equations (4.1.31) and (4.1.32) yields the tridirectional FLIRS in direction i of
input node m for a structure with multiple supports

MS

SAS M (@, §g) = (Rm’l(a)o’ 5o) S (@ &) (4.1.33)

For responses in earthquake engineering, the values of peak factors ®™* and " do not

differ significantly, i.e., B ~ PrF. Hence

SAS w4, £y) = R™ (w4, L) SK ™ (s £)s (4.1.34)

in which R™(w,, ¢,) can be interpreted as the response spectrum modification factor

from FIRS to FLIRS.

101



CHAPTER 4. GENERATING FRS FOR STRUCTURES UNDER EXCITATIONS FROM MULTIPLE SUPPORTS CONSIDERING SSI

If the structure is only excited by tri-directional seismic input at a single support while
the ground motions in different directions are generally regarded as independent, equation

(4.1.26) is reduced to
S5() = [|T@)]*] 85 @), (4.1.35)

: <« » . 2 . .
where the superscript “ss” stands for single support and HT (a))‘ } denotes a matrix in
which each element is equal to the squared modulus of the corresponding element in T. For
a complex number a+1ib, its modulus is defined as |a+ib| =+/a?+b2.

As aresult, the FLIRS modification factor can be written as

1 e F3i
H/ | ()| [| Ti(@)]* ]85 (@) do
— 00

[ R (w4, 50)] = : (4.1.36)

1 o 2 _F;i
E/ ‘a)(z) ﬂ-[(a))‘ Sy (0) dow
—00

in which T;(w) is the i-th row of T(w). For excitations with wide-band power spectral
densities, cfgi;-]m’l(w) can be approximated by constant cf;i;-]m’l. Therefore, equation (4.1.36)

can be simplified to

1 OO
E[_m\ﬂ(w)\zﬂmw)\zp dw
, (4.1.37)

[R(wps )]* = . o ;
E/ {5{((;))‘ dw

where 1 is the 3 x 1 vector with all elements being 1. Equation (4.1.37) is the same as
equation (4.3.14) in Jiang (2016).

Comparing equation (4.1.31) with equation (4.1.37), it is observed that for the situation
of multiple excitations, the modification factor in direction i at support m not only depends
on the ground motion at that support, but is also influenced by the ground motions at other

supports.

4.1.3 Generating FRS of Multiply Supported Structures under Earthquake
Excitations Considering SSI

As mentioned before, the decoupled model with FLIRS as input is equivalent to the com-

bined soil-structure model under the excitation FIRS. Therefore, the FLIRS obtained by the
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proposed method in Section 4.1.2 can be directly input to the decoupled model to generate
FRS in conjunction with the direct method developed in Chapter 2.

However, it should be noted that the explicit form of the combination coefficients in
FRSMS-CQC combination rule developed in Section 2.3.1 is not available when considering
SSI. As can be seen in equation (2.3.16), for the generation of FRS of structures with
excitations at multiple supports, the coherence function of the ground inputs (i.e., FIRS)
at different supports is involved. This is changed to the coherence function of FLIRS
with the presence of soil. From the view of practice, it is reasonable to simplify the
coherence function of ground motions, such as by assuming fully-correlated or independent
cases discussed in Chapter 2, so that the explicit form of the coefficients in FRSMS-CQC
combination rule can be obtained. However, it is not proper to deal with FLIRS in a similar
way, because the correlation between FLIRS is highly related to the properties of soil and
the superstructure, as can be seen from equation (4.1.26). For example, the motions of
supports may be correlated to some extent even if the corresponding FIRS are independent.

Therefore, the significant difference between the case of the excitations at multiple sup-
ports and at a single support is that the correlations of the generated FLIRS in the former
case need to be considered. Neglecting this correlation of FLIRS at different supports will
result in a significant error in the generation of FRS using FLIRS.

To consider the correlation of FLIRS at different supports, the cross-power density func-
tion of FLIRS specified by equation (4.1.26) must be considered. As a result, the integrals in
equations (2.3.15) need to be evaluated numerically for multi-supported structures with SSI
effect. This indicates that the direct method for the generation of FRS of multi-supported
structures considering SSI effect involves more computational cost than singly supported
structures. However, it is still much more efficient than a set of time history analyses.
Furthermore, significant variabilities in the time history method can be eliminated with the

implementation of the proposed method.
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Procedure — Generating FRS Considering SSI

For a structure in an NPP plant with its flexible foundation embedded in layered soil, a
procedure for generating FRS considering SSI is illustrated in Figure 4.3 and is summarized

as follows:

1. Consider the layered soil as a free-field. With seismic input applied at the bedrock, a site

response analysis is performed to obtain the FIRS U7, at the elevation of the foundation.

2. Establish a model of the layered soil. Determine the dynamic stiffness matrices of the
excavated soil SF, and the soil with excavation S§ . The dynamic stiffness matrix of the
free-field is S§, =SS, + Sk, .

3. Set up a finite element model of the structure. Determine the dynamic stiffness matrices

Str> Sn> Spro Shy-

4. Determine the FLIRS:

sMS sMS
L : MS s \—1gs i R

[0 Partition matrix SMS = —(SRR) S, =
SMS MS

RT RRI6Nx6M

O s=85,8" + (S5, —SE,) + S, dimension 6Mx6M
Determine the inverse S !

0 Partition matrix S™!SF, =

T T
RT RRA 6Mx6M

O Transfer matrix: T =T, + [(SﬁS)TSﬁS]_I(SﬁS)Tsﬁ’LS T,

[0 FLIRS modification factor:

00 , 3M 3M b o
/ ‘.‘H(a))} > T;Z,i(a)) Syt p (@) Ty (w)dw
— 00 p=1qg=1

[(Rm’i(wo’go)}z: S R
f | H(w)|" S (@) do

O FLIRS: SMS™i(w, &) = R™(wy, §y) SE™H (@, &)

[J Cross-power density function of FLIRS: d’(ﬁ,s (w) = T(w) d’;U (w) T(w)
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M

5. The FLIRS S Xls;m’i(a)o, ¢,) together with the cross-power density function d’UUS (w) are
input to the decoupled finite element model of the structure to generate the required
FRS, which are exactly the same as the FRS obtained from a fully coupled soil-structure

analysis under the excitation of FIRS.

Therefore, when the direct spectra-to-spectra method presented in Chapter 2 is applied to
structures with flexible foundation under the excitation of FLIRS S, m’i(a)O, ¢o)> FRS with
complete probabilistic descriptions of FRS peaks (FRS with any desired level of NEP p) can
be obtained. If the time history method is applied, such a result could only be obtained
from a large number of coupled soil-structure analyses using a commercial finite element
software, such as Acs sAssi, with a large number of generated time-histories compatible with
the FIRS.

In the following sections, two numerical examples of generating FRS considering SSI
effect are presented. Although the main scope of this research is focused on structures with
multiple supports, it is worthwhile to start with a singly supported structure to verify the
proposed method. After the method has been verified, it is then applied to a structure with
earthquake excitations from two supports to generate FRS with SSI effect. Each example
contains two parts: Part 1 focuses on the theoretical validation that can verify the derivation
of obtaining FLIRS from FIRS, while Part 2 presents numerical results. The theoretical
validation is important for these two numerical examples because it guarantees that the
procedure of generating FLIRS by the proposed method is correct. In other words, it
permits the theoretical expressions of the matrices in the generation of FLIRS, such as
dynamic stiffness matrix, that can be obtained. It also allows the results be verified step by

step.

4.2 Numerical Example 1 : Excitations at Single Support

One of the most important tasks of generating FLIRS is to obtain the dynamic stiffness
matrices of the superstructure and the supporting soil, i.e., S in equation (4.1.2) and S},
and S}, in equation (4.1.10). In this section, an example is presented to illustrate this

procedure and to validate the method for generating FLIRS proposed in Section 4.1.1.
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For the purpose of clear illustration, the system has only 3 nodes including two structure
nodes and one foundation node. This simple system allows the theoretical (or exact)
solution to be obtained so that the results by the proposed method can be validated. As
shown in Figure 4.4(a), a system with two structure nodes and one foundation node that
can only move in the vertical direction is supported by soil on the top of the bedrock. The
whole system undergoes earthquake excitation at the top surface of bedrock. As can be
seen from Figure 4.4(b), the soil is simplified to a spring-damper element with constant
stiffness and damping coefficient. The foundation input time histories FITH or foundation
input response spectra FIRS obtained by site response analysis is input at the bottom of soil-
damper element. As a result, the effect of soil on the response of the supported structure is
included.

It should be noted that the length of the soil spring-damper element is regarded as
zero when considering SSI. Therefore, FITH or FIRS is still applied at the foundation
level although it is actually acting on the bottom of the soil spring. This system is called
the coupled soil-structure system or the complete system and the seismic analysis of the
system is called the complete method. As mentioned in Chapter 1, although the complete
method theoretically allows the exact seismic response to be obtained, seismic analysis of
the entire system needs to be reanalyzed when the soil property changes, which is very
time-consuming for complex structures.

To overcome this disadvantage of the complete method, the coupled soil-structure system
is decoupled to a 2DOF structure, as shown in Figure 4.4(c). For the decoupled structure,
the inputs are the time histories at foundation level FLITH or foundation level input response
spectra FLIRS applied at the bottom surface of foundation rather than soil spring-damper

element.

4.2.1 Theoretical Validation of Generating FLIRS

In this section, the formulation of generating FLIRS for numerical example 1 is presented.
The general formulation in Section 4.1.1 is then verified comparing with the formulation

for this example.
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Figure 4.5 Free-body-diagram of the coupled system.

4.2.1.1 Coupled 3-DOF System

Denote u,(#), u,(f), and uy(f) as the absolute displacement of nodes 1, 2, and the base
node under earthquake excitations at the fixed end of the soil spring, respectively. The
equation of motion of each node can be established by applying Newton’s Second Law. For
example, the free-body diagram of Node 2 is shown in Figure 4.5. Summarizing all the

forces in the vertical direction gives the dynamic equilibrium equation of Node 2 as
m, iiz(t) = _kz (uz(t) - ul(t)) —Cy (ilz(t) - ﬁl(t)),
or
Similarly, the dynamic equilibrium equations for the other nodes can be writen as
for Node 1:
my iy (D) +(cq+¢y) iy (1) —cy tiy () + (ky+ky) uy () —ky uy(H) —cy g (D) —ky ug(t) =0,
(4.2.2)

for base node:
my iig(t) —cy iy () +(cy+cy) ug() —kyuy+(ky+ky) ug(t) = cstig+ksug().  (4.2.3)

Combining equations (4.2.1), (4.2.2), and (4.2.3) yields the equation of motion of the

system, given by

m 0 0 u, c+e, —¢, —q u, ki+k, —k, —k u,
0 m, 0 u,c+| —c c, 0 u,+| —k k, 0 u,
0 0 myf |l —q 0 ¢;+c | |us —k, 0  ki+kg | |us
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0
= 0 . (4.2.4)
Cs Utk g
Applying the transform x(f) = Xe“* yields
u, (?) U, u, (?) U, i, (1) U,
w@) =10, t e =1, =10, (o), {i,@ =10, (—oHe'®,
ug(?) Up ug (1) Uy tig (1) Ug

(4.2.5)

where U,, U,,and Ug are the amplitudes of u;(¢) , u,(f),and uy(t), respectively. Similarly,
u (f) = Uge'” = (1) = (iw)Uge'®”', ig(t) = (—o’)Uge'". (4.2.6)

Substituting equations (4.2.5) and (4.2.6) into equation (4.2.4) gives the equation of motion

in frequency domain, i.e.,

m 0 0 U, cte —¢  —q U,
0 m, 0 (—w?) U, elot 4 —c, c, 0 (iw) { U, el®t
0 0 my U; —C 0 ¢ +¢ U;
k+k —k —k |[U, 0
+| —k, Kk 0 U, (= 0 Uge'®!. (4.2.7)
k0 k+k| |Ug iwc, + k,

Eliminate e'®? on the both sides so that equation (4.2.7) can be written as

—w*m, +iw(c,+¢,)+ (k; +k,) —iwc, —k, —iwe, —k; U,
—iwc, —k, —w? my,+iwc, +k, 0 U,
—iwc, —k, 0 —w? my+iw(c,+c¢)+ (k; +kg)| |Ug

0

= 0 U, (4.2.8)
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Comparing with equation (4.1.4), one can partition equation (4.2.8) as

Sir Sis U, 0
= > (4.2.9)
SlsaR SIS;B + SgB UB SgB Ug
in which
T
UR - [Ul Uz] bl
o —w’m +io(c; +¢,) + (k; +ky) —iwc,—k,
RR = Y
—iwc, —k, —61)21112—|-ia)c2-i-k2
S —liwc, —k, ) T .
SRB = bJ SBR = (SRB) = I:_la)cl _kl 0] >
0
88, = —w’my+ioe,+ky, S& = iwc,tk,. (4.2.10)

From the first row of equation (4.2.9), the relationship between the dynamic responses of

the structure nodes and the base nodes can be determined as
S: .U, +8S5,U, =0, (4.2.11)

1.e.,

U, =s*™U,, (4.2.12)

where S™* is given by equation (4.1.11).

The second row of equation (4.2.9) can be written as
SorUp S, U, =85, Uy, S, =8S;, + Sgs- (4.2.13)
Substituting equation (4.2.13) into equation (4.2.11) gives
$S. U=85(S,, )—I[SSBR U, — S Ug] (4.2.14)

Note that S}, may not be a square matrix when the number of DOF of the base nodes is
different from the structure nodes. Therefore, without loss of generality, multiply S;, to

equation (4.2.14) yielding
S5 St Un = (S50 S3) (83) ™! 83, Uy — 85, U (4.2.15)

BR T RR BR T RB
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Figure 4.6 Free-body-diagram of the decoupled model.

Now the term S} S;, becomes a square matrix so that it can be moved to the left hand side

by multiplying the inverse of it to the both sides, i.e.,

(S5, 85 )18 s UR:(SBB)—I[ng U, - SS Ug] (4.2.16)

BR T RB BR T RR

From equation (4.2.16), a relationship between the responses of the structure nodes U,

and input at the bottom of supporting soil Ug can be further obtained as

(S0 (S5 57" 30 St — S3 | Uy = =85, Uy (4.2.17)

BR T RB BR T RR

4.2.1.2 Decoupled 2-DOF System

Now consider if the coupled 3-DOF system can be replaced by a decoupled 2-DOF system
with a modified input FLITH or FLIRS as shown in Figure 4.4(c). Based on the free-body
diagram shown in Figure 4.6, the dynamic equilibrium equations can be obtained.

For Node 1:

for Node 2:

myil, —uy + 6y, —kyuy +kyuy =0, (4.2.19)

where the superscript “eB” stands for fixed base.
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Combining equations (4.2.18) and (4.2.19) yields

- + =
0 m, i, —c, c, u, —k, k, u, 0

(4.2.20)
Following the procedure from equation (4.2.5) to equation (4.2.8), the system of equations
of motion in frequency domain can be obtained as
—iwc, —k, —w2m2+ia)c2+k2 U, 0

(4.2.21)

in which U™ is the amplitude of u*®.
Note that the matrix on the left side of equation (4.2.21) is just S}, given by equation
T
(4.2.10) and the vector {ia)c1 +kys 0} on the right side is S;,. Therefore, equation
(4.2.21) can be modified to

Up = =(83) 7' 83, U = ™ U™ (4222)

where S™° is given by equation (4.1.11).
Comparing equation (4.2.22) with equation (4.2.12), it can be found that

U, = U™. (4.2.23)

B

Equation (4.2.23) clearly states that the coupled 3-DOF system with earthquake excitation
i (t) is equivalent to the decoupled 2-DOF system with the modified seismic input a*® (¢).
In the other words, it is theoretically correct to replace the coupled soil-structure system
with input FIRS, by the decoupled system with FLIRS as input to obtain the same seismic
response.

In the previous studies conducted by Jiang (2016) and Zhou (2019) involving the direct
method and SSI effect, the FRS of superstructure has been verified to be accurate. However,
the input of the decoupled structure, i.e., FLIRS, was not explicitly verified. This is because
the verification is based on the comparison with time history analyses of the coupled soil-

structure system. However, one may find that there is no such concept as FLIRS or FLITH
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in the coupled system. In this study, it can be seen from equation (4.2.23) that FLIRS are
the same as the response spectra at the base nodes (i.e., the FRS at the corresponding nodes)
in the coupled soil-structure system. As a result, FLIRS generated by the proposed method
can be verified by comparing it with FRS at the base nodes using the time history method.
In this case, the input FLIRS and the resultant FRS can both be validated to better illustrate
the accuracy of the proposed method.

Before moving to the next section, it is worthwhile to investigate the relationship between
the amplitude of the input of the decoupled model U™ and the coupled model U,. Firstly,
substituting equation (4.2.22) into equation (4.2.17) gives

[SBB(SS s$3.)71ss 8 —s;R][—(ng)—lsgBUFﬂ]=—s§B U, (4.2.24)

BR T RB BR T RR

which can be written as

[ S (S5 S30) 7 3 S (S5 ™" S5y — S (S3) 783, [U =85, Uy . (4229)

BR T RR

Noting that (S5, S3.)7183. 83 (S3,)71S3_ is an identity matrix, equation (4.2.25) can be

simplified to
[SBB - SIS3R (SlszR)_l SIS{B]UFB = SgB Ug >

i.e.,

—1
U = [SBB — 88 (88,)7! s;B] S U, . (4.2.26)

It can be seen that equation (4.2.26) agrees with the relationship given by equations (4.1.18)
to (4.1.25). The main difference is that equations (4.1.18) to (4.1.25) consider a more general
situation, i.e., the rotational DOF and multiple supports. Although the case presented in
this section is relatively simple, it provides a deeper insight of how SSI effect affects the
response of structure. It also help to gain better understanding of the expression of the

dynamic stiffness matrices in equations (4.1.3) and (4.1.5).

4.2.2 Numerical Verification

To further validate the derivations in Sections 4.1 and 4.2.1, numerical verification is
presented. The parameters of model are given in Table 4.1 while the modal information

of the coupled and uncoupled structures, which are obtained from modal analysis, are
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given in Tables 4.2 and 4.3, respectively. The value of masses and stiffnesses are selected
to guarantee the dominant modal frequencies are around 5 Hz and 12 Hz as this frequency
range is very important in nuclear power plants. The damping coefficients are chosen to
make the modal damping ratios as 5%, which is also typical in the nuclear power industry.
The stiffness of soil spring is chosen to be 5 x 10* kN/m (D site) according to the soil site
classification in Appendix A.

As can be seen from Tables 4.2 and 4.3, the natural frequencies of structure decrease
when soil is included. For example, the dominant frequency shifts from 5.37 Hz to 5.04 Hz
due to the presence of soil, indicating that the structure becomes more flexible when soil is
taken into consideration. It will be shown later in a parametric study that the amount of the
shift of the natural frequencies depends on the stiffness of soil.

The numerical procedure is shown in Figure 4.7. 30 sets of R.G. 1.60 spectra-compatible

time histories are applied to the coupled soil-structure system. The average FLIRS (i.e.,

Table 4.1 Basic structural information in example 1
Mass (kg) Stiffness (x 10> kN/m) Damping coefficient (kN - s/m)

mi my my, ky k> ks a o Cs Cla C2a
3000 1500 3000 6 5 50 4 4.5 500 8.5 35
Table 4.2 Modal information of the coupled soil-structure system

Mode Frequency (Hz) Participation factor Modal shape
1 5.04 1.30 [ 0.699,1, 0.098]
2 11.96 —0.34 [—0.696, 1, —0.144]
3 19.93 0.82 [—0.173, 0.047, 1]

Table 4.3 Modal information of the decoupled structure

Mode Frequency (Hz) Participation factor Modal shape
1 5.37 1.241 [ 0.659, 1]
2 12.19 —0.241 [—0.759, 1]
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Figure 4.7 Numerical procedure for example 1.

the mean FRS at the foundation node) and FRS of the structure nodes obtained from 30
sets of time history analyses are regarded as benchmark for comparison. In the direct
spectra-to-spectra method considering SSI, the formulations in Section 4.1.1 are utilized to
generate FLIRS from FIRS (i.e., R.G. 1.60 response spectra) directly. The generated FLIRS
is then applied together with the direct method developed in Chapter 2 to obtain FRS of the
superstructure. The direct method for the generation of FRS for structures with multiple
supports is reduced to single support in this numerical example. Finally, FLIRS and FRS
generated by direct method are compared with the benchmarks obtained by 30 sets of time
history analyses to verify the proposed method.

It should be mentioned that the coupled soil-structure system does not need to be diago-
nalizable for generating FLIRS. However, the superstructure (i.e., the decoupled structure)
must be diagonalizable when applying a direct spectra-to-spectra method to generate FRS.
This is because a direct method, either proposed in this research or previous studies, is
based on modal spectral responses, which requires the structure be diagonalizable. There-
fore, in order to investigate the effect of SSI on FRS, two air damping coefficients c,, and

¢, are added, which represents the resistance from air when structure is vibrating.

Dynamic Influence Matrix

The dimensionless dynamic influence matrix S™° of decoupled model given by equation
(4.1.11) is determined for different values of w, varying from 0.2 to 2007 with an in-
crement of 0.1. Each elements in the matrix is complex and can be regarded as a transfer

function. The modulus of the elements corresponding to Node 1 and Node 2 are plotted

116



4.2 NUMERICAL EXAMPLE 1: EXCITATIONS AT SINGLE SUPPORT

14 T T — T T T T T T T — T T T T
i i R i i i R
I I Lo I I I Lo

fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff

—
[\S)
T

—_
(=]
T

o
T

6+l Decoupledmodel 1
oo | b natural frequencies

Dimensionless Complex Modulus

1 32 10 121 100
Frequency (Hz)

Figure 4.8 Modulus of the dynamic influence matrix for Nodes 1 and 2.

versus frequency in Figure 4.8. It can be seen that the modulus of the transfer functions

peaks at the natural frequencies of the structure.

FLIRS Transfer Matrix and Modification Factor

Similar to dynamic influence matrix $™°, FLIRS transfer matrix T and FLIRS modification
factor R are also evaluated for the circular frequency range from 0.2 to 2007, shown
in Figures 4.9 and 4.10, respectively. It is found that unlike $™°, which peaks at the
natural frequencies of the decoupled structure, the peaks of T and R are located near
the natural frequencies of the coupled 3DOF system, whereas two valleys located at the
natural frequencies of the superstructure are identified. This is because dynamic influence
matrix S™° reflects the influence of base motion on superstructure; or in other words, S™*
is only determined by the structural information of the decoupled structure as can be seen
in equation (4.1.11). On the other hand, superstructure as well as soil properties are both

considered in obtaining FLIRS transfer matrix T and FLIRS modification factor R.
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The valleys in T and R can be interpreted as a result of the absorption of vibration. It
means that the soil in a coupled soil-structure system may play the same role as vibration
absorber, in which the energy of excitation is absorbed at certain frequencies, i.e., natural
frequencies of the decoupled model.

Furthermore, the result of the modification factor given in Figure 4.10 shows that the
FIRS is mainly modified within the frequency range 1 Hz to 33 Hz. This is because
earthquake excitations with low frequency do not have much influence on seismic vibration
of this system, while a structure can be regarded as rigid when the natural frequencies
exceed 33 Hz. Therefore, the modification factor in these frequency ranges is approximately
1. One more observation made from Figure 4.10 is that earthquake excitations at the
dominant frequencies of either coupled or uncoupled system are changed more significantly
comparing with other frequencies when SSI effect is considered. Therefore, one has to pay
more attention to the dominant frequencies of both coupled and uncoupled systems in

engineering practice.

Comparison of FLIRS

Having obtained the FLIRS modification factor R, FLIRS is determined by multiplying
FIRS by the modification factor. To verify if the generated FLIRS is accurate, one has to
compare it with time history analysis. Although there is no concept of FLIRS in time history
analysis of the coupled soil-structure system, it has been shown in Section 4.2.1 that FLIRS
in the decoupled structure is equal to FRS at the corresponding base nodes in the coupled
soil-structure system. Therefore, FLIRS used in the direct method can be validated by
comparing it with mean FRS at Node 3 of the coupled system, shown in Figure 4.11. The
black solid line is the FLIRS generated by the proposed method, while the red dash line
represents the average FRS at the base node from 30 time history analyses. The blue solid
line is the target response spectrum of the input time histories, i.e., FIRS.

It can be seen from Figure 4.11 that FLIRS generated by the proposed method agrees
well with the corresponding mean FRS by 30 set of time history analyses. Comparing with
FIRS, the modified input FLIRS has a significant valley near the dominant frequency of

the superstructure (i.e., 5.3 Hz). This agrees with the conclusion that the soil in a coupled
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Figure 4.11 Comparison of FLIRS by direct method and time history method.

soil-structure system acts as a vibration absorber that the power of earthquake excitation
near the natural frequency of the superstructure is absorbed to some extent. On the other
hand, the peak located at 4.58 Hz of FLIRS indicates that the energy of seismic excitation
near the natural frequency of the decoupled model is shifted to lower frequency due to the
presence of soil, which could result in a larger FRS around this frequency.

While the proposed method has been proved to generate FLIRS accurately, large variabil-
ities are found in a single time history analysis, especially at the dominant frequencies. It is
observed that the peak of FLIRS can be overestimated by 11.5% whereas the valley of FLIRS
may be underestimated by —14.2% in a single time history analysis. As a result, the seismic
analysis considering SSI based on a single or a small number of time history analyses could

be insufficient.

Comparison of FRS

The obtained FLIRS is input to the decoupled model to generate FRS, which are calculated at
200 frequencies including the natural frequencies of the structure using the direct spectra-
to-spectra method. In this procedure, either the method developed in Chapter 2 or the
method by Jiang (2016) can be applied because the superstructure has only one input.
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FRS at Node 1 obtained by the direct method is plotted along with those generated by
the 30 sets of time history analyses in Figure 4.12. FRS obtained by the direct method and
the mean FRS of the time history analyses, which is regarded as the “benchmark” FRS, are
shown in black solid lines and red dash lines, respectively. It is seen that the FRS obtained by
the direct method agrees well with the “benchmark” FRS over the entire frequency range,
whereas the result from individual time history analysis exhibits large variability. Figure 4.12
shows that a single set of time history analysis can lead to a maximum 39.3% overestimation
or 16.0% underestimation of FRS peak depending on the input acceleration time history
used. However, the differences between the FRS peaks obtained by the direct method and
“benchmark” FRS are less than 4%, which are well within the range of acceptable errors.
Therefore, the proposed method is superior in accurately and efficiently generating FRS

considering SSI in practice.

Effect of Soil-Structure Interaction on FRS

The effect of SSI on FRS is firstly studied by comparing the mean FRS obtained from time
history analysis. 30 sets of R.G. 1.60 compatible time histories are input to the decoupled
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model and soil-structure model, respectively, and the resultant mean FRS at Node 1 are
plotted in Figure 4.13. The red dashed line and black solid line represent the FRS with and
without the presence of soil, respectively.

It is observed that the peak value of FRS is reduced by 8.1% when the SSI effect is
accounted, which indicates that the consideration of soil may decrease the seismic demand
of secondary equipments. However, the peak floor acceleration, which represents the
structural response and is equal to FRS at high frequencies, is decreased by only 4.5%.
It means that the SSI effect is more significant on the secondary system than the main
structure. Furthermore, similar to FLIRS, the main peak of FRS shifts slightly from the
dominant frequency of the structure (i.e.,5.3 Hz) to lower frequency (5.0 Hz), which is
between the first modal frequency of the coupled and the uncoupled systems. Although the
presence of soil is conventionally considered to pose beneficial effects on seismic responses
(Wolf, 1985), the shifting of FRS peaks due to SSI effect deserves more attention. For
example, the shifting of FRS peak causes larger FRS values from frequency 2 Hz to 5 Hz,

and neglecting this may lead to unconservative result at certain frequencies in the design of
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Figure 4.13 Effect of soil-structure interaction on FRS.
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secondary components. Thus, SSI effect should be taken into consideration when assessing

secondary system because of its significant influence on FRS.

4.2.3 Influence of Soil Conditions on FRS: A Parametric Study

In order to better investigate the effect of SSI on FRS, a parametric study in presented. There
are in total 5 cases with different soil stiffness determined using Table A.3 in Appendix A.
Soil ranges from soft soil to rock with the increase of soil stiffness, where Case 2 is the case
presented in Section 4.2.2. The properties of the soil in different cases are given in Table
4.4, and the natural frequencies of the coupled soil-structure system are given in Table
4.5. Several parameters, such as FLIRS transfer matrix, FLIRS modification factor, and
FRS, are computed for each soil case and are compared to investigate the influence of soil
conditions on the seismic behavior.

It has been mentioned that the dynamic influence matrix $™° depends on the structural
information only but not soil properties. Therefore, it is same as the results given in Figure
4.8 and will not be discussed here. On the other hand, it is worthwhile to compare FLIRS
transfer matrix T and FLIRS modification factor R under different soil conditions to

investigate the effect of SSI as they are influenced by soil.

Table 4.4 Soil stiffness in different cases

Site class E D C B
Case number 1 2 3 4 5
Soil type Soft soil Stiff soil Very dense soil Rock Rock
Stiffness ks (x10* kN/m) 1 5 10 50 100

Table 4.5 Natural frequencies of the coupled system under different soil cases

Soil Case 1 2 3 4 5
Natural Mode 1 4.20 5.11 5.24 5.34 5.35
Frequencies Mode 2 10.58 12.02 12.11 12.17 12.18
(Hz) Mode 3 13.52 21.90 29.97 65.37 92.17
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Influence of Soil Conditions on FLIRS Transfer Matrix

Figure 4.14 shows the result of the complex modulus of FLIRS transfer matrix T of different
soil cases. It is found that all of the FLIRS in Figure 4.14 have two significant valleys located
near frequencies 5.36 Hz and 12.11 Hz. Comparing with Table 4.3, it is seen that these two
valleys are located at the natural frequencies of the decoupled structure despite what the
value of soil stiffness is. It becomes clearer that the soil behaves like a vibration absorber
that absorbs the energy in earthquake excitation near the natural frequency of the structure.

Besides of valleys, 3 peaks of the FLIRS transfer matrix are found. However, unlike
the location of valleys, which are almost the same, the positions of these peaks change
significantly when the soil property changes. To be more specific, the peaks arelocated at the
natural frequencies of the combined soil-structure system, which depends on the properties
of both the superstructure and the soil. With soil becoming stiffer, the peaks move toward
higher frequencies along with the increase of natural frequencies of the coupled system. In
addition, the first two peaks decrease along with the increase of the third peak when the soil
is becoming more rigid, indicating that the power in the ground motion transfers to higher
frequencies.

It is known that SSI effect becomes less significant when soil is becoming more rigid. It
can also be demonstrated by Figure 4.14 that the modulus of FLIRS transfer matrix between
0.2 Hz and 33 Hz approaches to 1 when soil stiffness increases. Although the third peak of
FLIRS also increases significantly, it does not affect the seismic behavior of superstructure
very much, because the structure with frequency higher than 33 Hz can be regarded as
rigid. As a result, FLIRS becomes very close to FIRS when soil is stiff and SSI effect does

not affect structural response significantly.

Influence of Soil Conditions on FLIRS Modification Factor

The result of the FLIRS modification factor R is given in Figure 4.15. It is found that the
modification factor also varies with the change of soil stiffness. To be more specific, FLIRS
modification factor changes more significantly when soil condition is relatively soft. The
modification factor in Case 4 and Case 5 are close to 1 comparing with other cases because

the soil stiffness in these two cases are relative large.
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Figure 4.14 Modulus of FLIRS transfer matrix under different soil conditions.

Similar to the FLIRS transfer matrix T, the modification factor also has two significant
valleys at the natural frequencies of the superstructure under all soil conditions. In addition,
the peaks at the natural frequencies of the first and second modes of the coupled soil-
structure system are also presented. However, the third peak of FLIRS transfer matrix
in the high frequency range, does not appear in the modification factor. This is because
these peaks are located at the frequencies where the structure can be treated as rigid, and
the influence of these peaks can be neglected. Therefore, the third peak of FLIRS transfer
matrix does not reflect in the modification factor.

Furthermore, it is observed that the maximum value of FLIRS modification factor occurs
around 5.3 Hz in Case 2, which is not the most soft case or hardest case but something
in-between. This is because FLIRS will approach to FIRS when soil becomes very stiff; on
the other hand, the superstructure (including the foundation nodes) will remain stable if
soil is sufficiently flexible, leading to a very small modification factor. Therefore, SSI effect
should be most significant when the soil stiffness is at certain value between very soft and

stiff soil.
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Influence of Soil Conditions on FLIRS

Figure 4.16 shows the FLIRS generated using the modification factor for each case. As
FLIRS is the product of FIRS and FLIRS modification factor, it has some similar features
as the modification factor, such as the locations of the peaks and valleys, which will not
be discussed again. The only thing that the author wants to emphasize is the maximum
value of FLIRS among these cases. While it has been shown in Figure 4.15 that FIRS is
changed most significantly in Case 2, the maximum FLIRS peak appears in Case 1 at 2.6 Hz
instead. This is because the spectral value of FIRS (black dashed line in Figure 4.16) at this
frequency is the greatest. This highest FLIRS peak may result in higher seismic demands at

low frequencies.

Influence of Soil Conditions on FRS

Figures 4.17 to 4.20 show the FLIRS and resultant FRS under different soil conditions by the
direct method and the time history method, while FRS in Case 2 is given in Figure 4.12. It
is observed that FRS peaks decrease when soil becomes softer, i.e., the maximum seismic
response will be generally reduced when SSI effect is taken into account. For example, the
maximum spectral value of FRS is reduced from 3.81g in Case 5 to 3.68¢ in Case 2 and
further 2.34g in Case 1. On the other hand, the maximum value of FRS does not change
apparently when soil is relative stiff as the peak FRS in Cases 3, 4 and 5 are almost the
same. Moreover, the peaks of FRS, which are located at the natural frequencies of the
superstructure in the relative stiff soil conditions, are slightly shifted to lower frequencies
with the decrease of soil stiffness. This shifting of FRS peaks, however, can be more
significant when a complex structure is analyzed, which deserves more attention in practice
(Jiang, 2016).

Comparing the results by the direct method (black solid lines) and the benchmark from
the time history method (red dashed lines), it can be seen that FRS by the proposed method
agrees remarkably well with that by 30 sets of time history analyses for Cases 2 to 5. This
indicates that the proposed direct method is accurate for generating FRS considering SSI
effect for soil with classification in or higher than D sites. In nuclear industry, which has

restrict requirements on safety, nuclear facilities are usually located at relative stiff soil sites,
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Figure 4.15 FLIRS modification factor under different soil conditions.
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such as C sites or higher. In this cases, the proposed method can be widely applied in
nuclear industry.

Although it is unlikely that nuclear buildings would be sitting on E site, the result of
Case 1 is also presented in Figure 4.17. As can be seen in Figure 4.17, FRS by the proposed
method can lead to a 15.1% overestimation at the main peak and —7.0% underestimation
at the second peak, indicating that the proposed method has limitations in this type of soil.

The reason for this restriction is studied in the following.

Limitation of the Application of tRS by Li et al. (2015) to Very Soft Soil

It can be found in Figure 4.17 that FLIRS obtained by the direct method agrees remarkably
well with these by time history method despite of the errors in FRS. It further proved that the
coupled soil-structure system can be replaced by a decoupled model with modified input
FLIRS, and the proposed method for generating FLIRS is accurate for any soil conditions.
Therefore, the error should not come from the seismic input but the later application of the
direct method for the generation of FRS.

Noting the errors of FRS in Case 1 are mainly at the FRS peaks, it is reasonable to
assume that tRS might be responsible for the errors in FRS when soil is soft because tRS is
applied in the direct method to deal with the resonance case. As mentioned in Section 3.2.1,
tRS is obtained by a comprehensive statistical analysis using a large number of earthquake
excitations which are wide-banded (Li et al., 2015). However, it can be seen that FLIRS in
Case 1 is significantly different from the R.G. 1.60 response spectra. While the area under the
curve of response spectrum represents the total energy of excitation, the energy in FLIRS
is obviously reduced with the presence of soft soil. As a result, FLIRS in this case cannot
be treated as a wide-band input, and the statistical relationship of tRS based on wide-band
ground motions may be not applicable in this situation. Therefore, FRS obtained by the
direct method using tRS for the soft soil case has larger error than those .

The average tRS of FLIRS under different soil cases are obtained from 30 sets of time
history analyses (refer to Section 3.2.1 for details for computing tRS from time history
analysis). Figure 4.21 shows the ratios between the obtained average tRS and GRS. The
amplification ratios AR of Case 4 and Case 5 are found to be very close to the AR by Li
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et al. (2015) so that these two cases can be regarded as the rigid case as mentioned before.
However, a significant valley is found around 5.4 Hz of the AR in Case 1 (given by red solid
line in Figure 4.21), which has a 30% gap comparing with the amplification ratio by Li
et al. (2015). This valley is corresponding to the valley in FLIRS due to the absorbed energy
around the natural frequency of the superstructure. Although this gap also exists in the AR
of Cases 2 and 3, they are not as significant as Case 1. Therefore, FRS is overestimated
significantly in Case 1, while Cases 2 and 3 still give acceptable FRS. It can also be observed
that the amplification ratio increases between frequency 50 Hz and 70 Hz when soil is
becoming more stiff, which also indicates the energy in the earthquake excitation shifts to
higher frequencies with the increase of soil stiffness.

FRS of Case 1 is regenerated using the average tRS given by Figure 4.21 instead of the
tRS by Li et al. (2015) to better illustrate it. It is seen from Figure 4.22 that the generated
FRS using the average tRS agrees very well with the mean FRS by the time history method.
Comparing Figure 4.22 with Figure 4.17, the relative error at the dominant frequency
drops from 15.1% to —2.6% when the mean tRS from 30 time history analyses is used. It
demonstrates that the proposed method can also be applied to very flexible soil if proper
tRS is available. For hard soils, tRS obtained by Li et al. (2015) can be directly applied,
while a new relationship of tRS should be taken into consideration when soil is relative soft.
Currently the tRS for the soft soil is obtained by time history analysis. A comprehensive
study on the statistical relationship between tRS of soft soil and GRS needs to be conducted
in the future following the approach by Li et al. (2015), which is out of the scope of this
study.

4.3 Numerical Example 2:
Earthquake Excitations at Multiple Supports

A simple structure with two supports similar to the one in Chapter 2, is presented here to
illustrate the proposed method. As can be seen in Figure 4.23, a lumped mass A, which
has 2 DOF in horizontal and vertical directions, is supported by two beams AB and AC (in

horizontal and vertical directions respectively). The lateral stiffnesses of beams AB and AC

132



4.3 NUMERICAL EXAMPLE 2:EARTHQUAKE EXCITATIONS AT MULTIPLE SUPPORTS

DOF1 DOEF 3
DOF 2 DOF 4

A ki ky € [ il (f)

. (t) ks4  Csa
Ugy 1
_D:_
Support C kg, Cs3
‘ ug3 (t)

Figure 4.23 Diagram of the numerical example: FRS considering SSI.

are k; and k;, respectively, and the axial stiffnesses are k, and k,, respectively. Similarly,
€15 €5 €3, and ¢, represent the lateral and axial damping coefficients of beams AB and AC,
respectively. The supports B and C are sitting on soil layers, which are characterized by
a set of generalized soil springs with constant stiffnesses and damping coefficients. The
combined soil-structure system has in total 6 DOF as shown by the red arrows in the
diagram, and the masses are numbered from m; to mg according to the global DOE Two
set of two-directional earthquake excitations are applied to the coupled system at supports
B and C, respectively. As a result, the numerical model can simulate the vibration under
seismic excitations from multiple supports considering the SSI effect.

Before performing the numerical calculation, it is worthwhile to obtain the theoretical
expressions of the dynamic matrices in the direct method so that those matrices can be

clearer. The equations of motion can be written as
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(4.3.1)

Applying the transform x(f) = Xe'“! and partitioning the matrices following the same

procedure in Section 4.2.1.1, the dynamic equation of motion in frequency domain can be

obtained as
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—a)2m3+ia)c1—|-k1 iwcg +kg;
2 . .
—w mg+iwc, +k iwc, +k
S5, = diag ! 202, 88, =diag] % % (4.3.3)
—a)2m5+ia)c3—|-k3 iwcg+kg
—a)2m6+ia)c4—|-k4 iwcy +ky

Having obtained the dynamic stiffness matrices required in the proposed method, the
direct method can be implemented to generate FLIRS. The parameters of the structure and
the soil in this example are given in Table 4.6.

A modal analysis is performed for the superstructure as well as the combined soil-
structure system to obtain the basic modal information. The natural frequencies of the
superstructure are 4.2 Hz and 5.3 Hz, and the damping ratios are 5% for the both modes.
With the presence of soil, the natural frequencies are modified to 4.1, 5.0, 11.4, 11.9, 16.0,
and 16.4 Hz. It can be seen that the natural frequencies of the decoupled model decrease

slightly comparing with the natural frequencies of the first two modes of the coupled model.

Table 4.6 Structural information of the numerical model

Mass (kg) m m, ms my ms mg
1000 1000 2000 2000 1000 1000
Stiffness k, k, ks k, kg kg, kg ko
(x10* kN/m) 5 1 10 2 100 100 100 100
Damping coefficient o c, Io y €y o €3 Cos
(x kN-s/m) 2.3 1.2 1.3 1.3 50 50 50 50

The seismic input, i.e., foundation input response spectra FIRS are input at the end of the
soil springs. The FIRS follows USNRC (2014) with horizontal FIRS anchored at 0.3g PGA,
while the vertical PGA is taken as 2/3 of the horizontal direction. To validated the proposed
method, 30 sets of time history analyses are performed using the acceleration time histories
(i.e., FITH) compatible with the corresponding FIRS.

Although the study of coherence function is out of interest in this research, it should be
noted that the proposed method of generating FRS considering the SSI effect is applicable

for any ground motions as long as the coherence function is known. From the view of
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practical design, two special cases, i.e., ground motions at different supports are fully-
correlated or independent, are considered, respectively, to investigate the influence of the

correlation between ground motions on the seismic response.

4.3.1 Case 1: Identical Seismic Excitations

In this case, the seismic excitations in the same direction are set to be identical, i.e.,
llg) =ilg3, Uy, =ii,,. Note that the ground motions in different directions are usually

treated as independent.

Comparison of FLIRS

FLIRS modification factor R and the corresponding FLIRS are determined for the circular
frequency range from 0.2 to 2007z, shown in Figure 4.24 and Figure 4.25, respectively.
Similar to the numerical example 1, the peaks of FLIRS modification factor and FLIRS
are located around the natural frequencies of the coupled structure. For example, the
horizontal FLIRS at support 1, i.e., FLIRS-1, peaks at 4.9 Hz and 12.0 Hz, respectively,
which are corresponding to the natural frequencies of modes 2 and 4 of the coupled soil-
structure system. Additionally, it is observed from Figures 4.24 and 4.25 that FLIRS
are mainly modified within the frequency range from 2 Hz to 20 Hz, which covers the
natural frequencies of the coupled model. For other frequencies, however, the difference
between FIRS and FLIRS is negligible, indicating that the SSI effect is not significant for
the frequencies out of the natural frequency range of the coupled system. Furthermore,
it is found that FIRS-1 and FIRS-2 are modified more than FIRS-3 and FIRS-4. This is
because the beam AB is stiffer than beam AC, leading to greater values of the elements in
the corresponding FLIRS transfer matrix, which further causes larger FLIRS modification

factors.

Comparison of FRS

The generated FLIRS are then used as the input of the decoupled structure to generate FRS
using the direct method. Figure 4.26 shows the FRS in the two directions. The red and blue
solid lines represent the results by the proposed method in directions 1 and 2, respectively.

To verify the accuracy of the proposed method, FRS are also generated using 30 sets of time
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Figure 4.26 Comparison of FRS in directions 1 and 2 (correlated case).

history analyses, in which the average FRS are treated as the benchmarks given by the red
and blue dashed lines for directions 1 and 2, respectively.

It is seen that FRS obtained by a single time history analysis has large variabilities. For
example, the maximum relative error of FRS in direction 2 is 27.3%, while the minimum
relative error is —38.7% , which yields 66% of variability. On the other hand, the error
between the corresponding FRS obtained by the direct method and the benchmark is only
—1.7%, from which the accuracy of the proposed method is validated. Furthermore, the
large variability in time history analysis has been eliminated. Therefore, the proposed

method can generate FRS accurately and efficiently considering the SSI effect.
4.3.2 Case 2: Independent Seismic Excitations
In this case, seismic excitations at different supports are chosen to be independent, while

these ground motions are still compatible with R.G. 1.60 response spectra.

Result of FLIRS

FLIRS in the independent case is shown in Figure 4.27. It can be seen that FLIRS in the both
two cases are very similar. For example, the FLIRS-1 in the fully-correlated and independent

cases are plotted in Figure 4.28. This is because the structural information and the soil
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properties for the two cases are the same, while the soil is relative stiff comparing with
the structure. As a result, the non-diagonal terms in FLIRS transfer matrix T is relatively
small comparing with the terms on the main diagonal, indicating that the contributions
from FIRS in other directions to FLIRS are not significant. Therefore, FLIRS in the fully-
correlated case are just slightly higher than FLIRS in the independent case.

As mentioned in Section 4.1.3, FLIRS at different supports have certain correlations de-
pending on the properties of the superstructure and the soil, even when the corresponding
FIRS are independent. The cross-power density function of FLIRS at w=31 is given in
Table 4.7, in which the diagonal terms represent the auto-power density functions of FLIRS,
while the non-diagonal terms are the cross-power density functions. It is found that FLIRS
in the same directions at different supports are not independent although the corresponding
FIRS are independent. For example, the cross power density of FLIRS-1 and FLIRS-3 is 0.03
x 107>, which is 8.4% of the auto power density of FLIRS-1and 20% of the auto power den-
sity of FLIRS-3, respectively. Therefore, neglecting this correlation between FLIRS-1 and
FLIRS-3 may underestimate the FRS in the vertical direction. On the other hand, FLIRS-2
and FLIRS-4 are negatively correlated as the cross power density is less than 0. As a result,
the corresponding FRS will be overestimated if the correlation is not considered. Moreover,

similar to FIRS, it is observed that FLIRS in orthogonal directions are also independent.

Table 4.7 Power spectral density function of FLIRS (x10=> dBm/Hz)

FLIRS 1 FLIRS 2 FLIRS 3 FLIRS 4
FLIRS 1 0.355 0 0.030 0
FLIRS 2 0 0.388 0 —0.023
FLIRS 3 0.030 0 0.150 0
FLIRS 4 0 —0.023 0 0.255
Comparison of FRS

Figure 4.29 shows the results of FRS generated by the direct method and time history
analyses. As can be seen from Figure 4.29, FRS obtained by the proposed direct method

agrees very well with the average FRS by 30 time history analyses. The relative errors of
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the peaks of FRS are only —1.9% and 0.8% for directions 1 and 2, respectively, indicating
that the proposed method has great accuracy in generating FRS considering SSI. However,
a single time history analysis still results in large variabilities.

Comparing the results of the fully-correlated and the independent cases, it is found that
the magnitudes of FRS are significantly different although the FLIRS in the two cases are
almost the same. In Case 1, the peak value of FRS in direction 2 is 5.4g, which is reduced to
4.1g in the independent case. The peak of FRS in direction 1 also decreases by 10% when
the ground motions are independent. Therefore, the correlation of the ground motions
has considerable influence on FRS. In general, the fully-correlated ground motions and

independent ground motions provide the upper and lower bounds of FRS.

4.3.3 Influence of Soil Conditions on FRS: A Parametric Study

A parametric study is performed in this section to investigate the influence of soil stiffness
on FRS for multi-supported structures. The input FIRS are chosen to be fully-correlated
and the properties of the soils in each case are shown in Table 4.8. From Case 1 to Case

6, the stiffness of the soil springs at different supports in all directions are still assumed to
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be the same, while they are different in Case 7 and 8. Case 2 is the fully-correlated case

presented in Section 4.3.1.

Table 4.8 Soil stiffness in different cases (x10* kN/m)

ka1 ks ks3 ksa
Case 1 0.5 0.5 0.5 0.5
Case 2 1 1 1 1
Case 3 5 5 5 5
Case 4 10 10 10 10
Case 5 100 100 100 100
Case 6 1000 1000 100 100
Case 7 1 0.5 2 1
Case 8 1 1.5 1.5 2

Soil Springs are Consistent at Different Supports

While the change of soil stiffness does not affect the structural information, such as natural
frequencies of the superstructure, it has significant influence on FLIRS and the resultant
FRS. Figures 4.30 and 4.31 show the results of FRS of different cases by the direct method
and the average of 30 time history analyses. It is observed that the difference between FRS
in Case 5 and Case 6 by either the direct method or the time history method is very small,
thus they can be both regarded as the rigid case. Comparing these two figures, FRS by the
direct method of the most cases are very close to those by the time history method, except
for Case 1. The relative errors of FRS peaks are 3.6%, —1.9%, —1.5%, —0.6%, and —1.9%
from Case 2 to Case 6, respectively. Therefore, the proposed method can be applied to most
soil sites. The peak FRS in Case 1 by the direct method is 3.58¢, while it is 3.22¢ in time
history analysis, leading to 11.2% of overestimation of FRS peak. This error is due to the
application of the statistical relationship of tRS by Li et al. (2015) in this soil case.

Error in FRS caused by tRS. As mentioned before, the tRS relationship is based on the
wide-banded ground motions. However, it has been shown in Section 4.2.2 that this
assumption may cause errors when soil is soft, such as the soil in Case 1 in this parametric

study. The average tRS of FLIRS-1 and FLIRS-4 obtained by 30 time history analyses, which
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can be regarded as the “benchmark” tRS of the corresponding FLIRS, are shown in Figures
4.32 and 4.33, respectively. It can be seen that the average tRS in Case 5 and Case 6 are close
because the soils in these two cases are very stiff. Therefore, the difference between the FRS
in these two cases is negligible.

Although the significant gaps between tRS in Case 3 (pink line), Case 4 (green line), and
Case 6 are found in the frequency range from 13 Hz to 40 Hz, the resultant FRS are still
close. This is because the two natural frequencies of the superstructure are located between
4 Hz and 6 Hz, while the tRS in Case 3 and Case 4 are not modified obviously within this
frequency range. However, the average tRS of FLIRS-1 and FLIRS-4 are decreased by 27.7%
and 15.6%, respectively, at the natural frequencies of the superstructure, which further
results in the overestimation of FRS using the tRS by Li et al. (2015). On the other hand, the
average tRS in Case 2, although has certain difference with the rigid one, the obtained FRS
is still acceptable as the difference between tRS is relatively small comparing with Case 1.
Frequency shift of FRS peaks. FRS peaks are found to shift toward lower frequencies when
the soil becomes more flexible. For example, the peak of FRS by the time history method
in Case 6 is located at frequency 5.2 Hz and it is shifted to 4.7 Hz in Case 1. The shift of
the frequency of FRS peak is relatively small when FRS are generated by the direct method
in Case 1. However, as mentioned above, it is due to the problem in the application of
tRS for relative soft soil case. Since tRS by Li et al. (2015) is more conservative than the
benchmark tRS near the natural frequencies of the superstructure, the corresponding FRS
keeps increasing between 4.7 Hz and 5.1 Hz when the conservative tRS is applied. As a
result, the FRS peak in Case 1 by the direct method is located at the frequency 5.0 Hz,
which is slightly higher than that by the time history method (i.e., 4.7 Hz). It is reasonable
to assume that this peak by the direct method will be modified to 4.7 Hz with proper tRS
being used.

Influence of soil stiffness to the magnitude of FRS peaks. It is observed that unlike the
FRS peak increases with the increase of soil stiffness in the numerical example 1 (i.e., the
3-DOF system), greater soil stiffness can lead to either greater or smaller FRS for multi-

supported structures. For example, as can be seen from Figure 4.31, the peak FRS increases
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from 3.21g to 3.46¢ when the soil stiffness increases from Case 1 to Case 2; however, it is
reduced from 3.46¢ to 3.05¢ (by 19.5%) from Case 2 to Case 6.

This phenomenon can be explained by comparing the FLIRS of Case 2 given in Figure
4.25 with the corresponding GRS. First of all, it should be noted that the peak of FRS highly
depends on the modal spectral response of an oscillator and the tRS, in which the former
one can be obtained by the interpolation of the input response spectra, i.e., FLIRS in this
case. It is found in Figure 4.25 that although some valleys exist in the FLIRS near the natural
frequencies of the decoupled model, most of them are above the corresponding GRS except
for that of FLIRS-4, which is just slightly lower than the horizontal GRS. As a result, the
corresponding spectral responses of oscillators are greater than those in the rigid case. On
the other hand, the difference between the average tRS in Case 2 and the rigid case are not
very significant. Therefore, the spectral value of FRS peak in Case 2 is larger than the rigid
case, indicating that the consideration of soil may cause the increase of the seismic demand
of secondary systems.

Therefore, the influence of the soil properties on FRS is more complex for structures
with earthquake excitations from multiple supports because the FRS is affected by the
FLIRS from different resources. The proposed method is applicable to give accurate FRS

considering SSI effect for multi-supported structures.

Soil Springs are Different at Different Supports

The stiffness of soil springs at each support are set to be different for Cases 7 and 8 as shown
in Table 4.8, and the resultant FRS are given in Figures 4.34 and 4.35. It can be seen that
the proposed method gives accurate FRS when soil property varies at different supports.
The maximum relative errors at FRS peaks are only 3.6% and 4.0% for Cases 7 and 8,
respectively. For structures such as SMR, which might be deeply embedded in soil, the soil
conditions may be changed somewhat, especially in the direction of depth. Therefore, a
method for accurately generating FRS with varied soil parameters is required. The results in

Figures 4.34 and 4.35 demonstrate that the proposed method is applicable in this situation.
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4.4 Summary

In this chapter, a method for the generation of FRS for structures with earthquake ex-
citations at multiple supports considering the effect of SSI is developed. Based on the
fundamentals of structural dynamics, a transfer function, which gives the relationship be-
tween FLIRS and FIRS, is derived in frequency domain. The FLIRS modification factor,
which is the ratio between FLIRS and the corresponding FIRS, is derived based on the
transfer function. The modification factor is given implicitly because it depends on the
structural information and the soil properties, which can be easily evaluated numerically
once the information is given. Using FLIRS modification factor, FLIRS can be generated
directly, which are then input to the decoupled model to generate FRS using the method
proposed in Chapter 2. It has been proved that FRS of the decoupled structure using FLIRS
is theoretically equivalent to that generated by the combined soil-structure system using
FIRS.

Two numerical examples are presented to verify the proposed method, and to study the
influence of SSI effect on FRS. Although the structures in this chapter are not complex, they
allow the explicit expressions of the matrices in the formulation to be existed. A 3-DOF
structure with two structure nodes and one foundation node supported by a generalized
soil spring at a single support is studied. The theoretical formulation of FLIRS in this
example demonstrates the seismic responses of the coupled soil-structure system under the
excitations FIRS is equivalent to those of the decoupled structure under the modified inputs
FLIRS. As a result, the replacement of FIRS with soil by FLIRS is theoretically rigorous.
The numerical results of FRS indicate that the proposed method is of great accuracy in the
generation of FRS considering the effect of SSI. A lumped mass with two supports sitting
on soil is presented to illustrate the feasibility of the proposed method in the situation of
multiple supports. It is shown that the proposed method can give accurate FRS of structures
with multiple supports considering SSI, while the time history method still results in large
variabilities.

Parametric studies are also performed to investigate the influence of soil conditions on

FRS. It is found that the consideration of soil might either increase or decrease the seismic
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responses of secondary structures. The effect of SSI could result in the shifting of FRS
peaks. Hence, it is of great practical importance to consider SSI in the structural dynamic
analysis.

In summary, the proposed method is accurate and efficient for the generation of FRS
considering SSI for sites with soil classification of D or higher, which is generally the case in

the nuclear power industry.
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Conclusions and Future Research

Floor Response Spectrum (FRS) is critical in seismic analysis and design of secondary sys-
tems in nuclear power facilities. In practice, most of engineering structures are supported
at different points, which results in different inputs during earthquakes. This study aims at
developing an accurate and efficient method for the generation of FRS for structures with
seismic excitations from multiple supports. Some contributions for this purpose have been

accomplished in this study, and are summarized as follows.

5.1 Direct Spectra-to-Spectra Method for Generating Floor
Response Spectra

A direct spectra-to-spectra method is developed for generating FRS of multi-supported
structures. “Direct” means Ground Response Spectrum (GRS) is used as seismic input
directly without generating any intermediate input, such as artificial spectrum-compatible
time histories. Only the information used in conventional response spectrum analysis,
such as the input ground motions GRS and the basic modal information, is needed in
the proposed method. Some remarkable features and advantages of the proposed direct

spectra-to-spectra method are summarized as follows:

[ The direct method gives accurate FRS for structures with multiple supports; FRS

obtained by this method agree extremely well with the “benchmark” results obtained
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from a large number of time history analyses. Particularly, the direct method can deal
with the resonance cases, corresponding to FRS peaks, properly, which has not been
satisfactorily solved in previous direct spectrum-to-spectrum methods. It is shown
that FRS obtained by a single time history method has large variabilities. Therefore,
if a single or a small number of time history analyses are performed to generate FRS,
the result is not reliable, while it is very computationally expensive to perform a large
number of time history analyses. The proposed method can avoid the deficiencies of

the time history method.

0 By using the concept of tRS, the direct method can give full probabilistic descriptions
at FRS peaks, which can satisfy various seismic design and assessment requirements

for SSCs with different safety margins.

[ The direct method is analytically formulated and it is convenient to implement in any
programming software such as MatLAB. Furthermore, the direct method is highly
efficient that the computation takes only a few seconds. On the contrary, much more
computational efforts are required in the application of the time history method to

obtain a reliable result.

5.2 Generating Response of Secondary Structures and Tertiary
Response Spectra

While the direct method mentioned above gives accurate FRS, the direct methods for
generating responses and TRS of secondary structures, which are anchored on primary
structures at different locations, are proposed using the obtained FRS. Some remarkable

advantages of the proposed methods are summarized as follows:

[ The proposed method is capable of obtaining accurate responses efficiently. Only the
input GRS and the structural information of the primary and secondary systems are

required.

0 Two special cases, for which it is easy to obtain the explicit expressions of the proposed
methods, are considered. Assumptions on the correlation between FRS at different

locations are proposed and verified to be acceptable. With the two special cases
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investigated and assumptions made, the proposed method can be easily implemented

in practical design.

O The concept of F-tRS is proposed in the generation of TRS. F-tRS is found to follow
the similar statistical relationship of tRS, and it is demonstrated that the application

of tRS to the generation of TRS still yields very good result.

5.3 Generating FRS Considering Soil-Structure Interaction

The effect of soil-structure interaction (SSI) has great influence on the seismic behavior
of primary structures and supported secondary systems. A methodology is developed to
generate FRS for multi-supported structures considering SSI effect, using the substructure
method and the proposed direct spectra-to-spectra method. Some remarkable features and

advantages of the proposed method are summarized as follows:

[ A method of determining FLIRS modification factors for the Foundation Input Re-
sponse Spectra (FIRS), which is obtained from a free-field site response analysis, is
developed to integrate the SSI effect. The modified FIRS, called Foundation Level
Input Response Spectra (FLIRS), are input to the decoupled model to generate FRS

using the direct spectra-to-spectra method.

[ The proposed method considering SSI is demonstrated using two numerical exam-
ples. FRS obtained by the proposed method agree well with “benchmark” results

obtained from a large number of time history analyses.

O Performing a large number of time history analyses can be avoided in the whole
process, from which the computational cost has been considerably reduced. More
importantly, the variabilities in the time history method are eliminated by applying
the proposed method. A reanalysis of the entire soil-structure system can be avoided
when the properties of the superstructure or soil are changed; thus the efficiency of
the proposed method is further improved. Furthermore, instead of evaluating the
inverse of a 6N x 6N matrix, only the inverse of a 6M x 6M matrix is required, in

which N and M are the number of the nodes of the structure and the foundation,
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respectively. Because the number of supports is generally much less than the number

of structural nodes, the numerical difficulties of a large-scale system can be avoided.

O It is found that the consideration of SSI may either increase or reduce the seismic
responses depending on soil conditions. Besides of the modification of the magnitude
of FRS due to the presence of soil, the shifting of FRS peaks also deserves much
attention in engineering practice. Neglecting this effect could lead to unconservative

results around the frequencies of the combined soil-structure system.

5.4 Future Research

In future research, statistical expressions of ttRS, which represents the maximum response
of an oscillator mounted on an identical oscillator supported by another identical one, will
be investigated. Once ttRS has been obtained, a new direct method for generating TRS
will be developed for the direct generation of TRS from GRS. This will simplify the current
procedures for generating TRS using F-tRS or tRS as the intermediate outputs, such as FRS,
are not required. Furthermore, the minor error in TRS obtained using the approximation
on F-tRS can be further avoided.

The direct methods for generating FRS have been developed by Jiang (2016) for structures
with fixed-base, and by this research for structures subjected to seismic excitations at
multiple supports. More investigations on developing the criterion on determine whether
the foundation of a structure can be regarded as rigid or must be modelled as flexible should
be conducted, which can provide guidance in practical analysis and design.

Further studies on generating FRS considering SSI for realistic structures with multiple
supports, such as SMR, will be conducted. The analysis should be performed using the
proposed method and also in commercial finite element softwares to verify the results.
Furthermore, parametric studies on determining the locations of the seismic inputs to

SMR will be performed.
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Evaluation of Soil Stiffness for Distinct
Site Classes

The stiffness of foundation is the amount of force required to produce a unit deformation
at the foundation level. It is a measure of the resistance of the foundation to the unit deflec-
tion. ASCE 4-98 (1998) suggests that soil-structure interaction (SSI) should be considered
if the supporting soil is not rock or rock-like soil. The provision put forward that the
underlying soil can be represented by general soil spring, which stiftness can be evaluated

from the way exhibited in Table A.1 if the shape of the base is circular.

Table A.1  Formula for evaluating stiffness at surface for circular base

Horizontal Vertical
. . 32(1 — w)GR 4GR
Equivalent Spring Constant kyy = ——— kg, = ——
7—8u 1—u

where G is the shear modulus of the soil, u is the Poisson’s ratio of the soil, and R is the
radius of circular basemat.

To evaluate the stiffness range of underlying soil, a representative type of soil was selected
for each site class. These include different properties of clay in Classes E, D, and C to
represent soft soil, medium soil and dense or stiff soil; soft sandstone, medium basalt and

granite were used to represent soft rock, medium rock and hard rock, respectively. Two
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shear wave velocities were selected as the lower and upper bounds. To ensure a reasonable
estimate of the lower bound of stiffness, a minimum radius of 3 m is set. Furthermore,
a radius of 30 m, which is the typical size of the foundations of nuclear facilities, is used
to evaluate the upper bound of k. This allows for an approximation of the idealized soil
stiffness for this study. The parameters and results are listed in Table A.2 and the ranges of
stiffness for different site classes of the underlying soil are estimated as shown in Table A.3.

It should be noted that the estimation of the stiffness of soil spring presented in this
section is approximate. They are used as the illustration purpose in the implement of
the proposed direct method. More rigorous determination of soil stiffness needs to be
implemented when the structural information, the type and size of foundation as well as

the site condition are given.
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EVALUATION OF SOIL STIFFNESS FOR DISTINCT SITE CLASSES

APPENDIX A.

Table A.2 Evaluation of soil stiffness for different site classes

Vs E G R=3m R=30m
Site Class Soil Type Bound i
(m/s) (kN/m?) (kN/m?) | kg (kN/m) | ky (kN/m) | kg (kN/m) | ky (kN/m)
LB 30 | 0.49 | 4.00x10? 134.23 2.13%x103 3.16x10° 2.13x10* 3.16x10*
E Soft Clay soft soil
UB 120 | 0.42 | 5.00x10° | 1760.56 2.67x10% 3.64x10% 2.67x10° 3.64x10°
LB 150 | 0.46 | 6.00x10% | 2054.79 3.20x10* 4.57x10* 3.20x10° 4.57%x10°
D Medium Clay stiff soil
UB 300 | 0.38 | 1.80x10% | 6521.74 9.66x10% 1.26x10° 9.66x10° 1.26x10°
Dense Clay | verydensesoil| LB 350 | 0.39 | 2.00x10* | 7194.24 | 1.07x10° | 1.42x10° | 1.07x10% | 1.42x10°
C
Soft sandstone | andsoftrock | UB 700 | 0.33 | 9.00x10* | 33834.59 | 4.86x10° 6.06x10° 4.86x10° 6.06x10°
LB 800 | 0.34 | 1.00x10° | 37313.43 | 5.39x10° 6.78x10° 5.39%10° 6.78x10°
B Medium Basalt rock
UB 1500 | 0.29 | 2.00x10° | 77519.38 | 1.09x10° 1.31x10° 1.09x107 1.31x107
LB 1600 | 0.3 | 1.00x10° | 384615.38 | 5.43x10° 6.59%10° 5.43%107 6.59%107
A Granite hard rock
UB 3000 | 0.25 | 2.00x10% | 80000000 | 1.10x10° 1.28x10° | 1.10x10'° | 1.28x10'°
Table A.3 Approximate range of soil stiffness for different sites
Site class E D C B A
Bound LB UB LB UB LB UB LB UB LB UB
ks (KN/m) | 2x10% | 4x10° | 3x10* | 2x10° | 1x10° | 6x10° | 5x10° | 2x107 | 5x10° | 2x10'0
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