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ABSTRACT

Brookhaven National Laboratory undertook an effort to revise the CARES program under JCN N-6103.
The revised CARES program (which is referred to as P-CARES in this report) includes many
improvements over the existing CARES. A major improvement is the enhanced analysis capability in
which a probabilistic algorithm has been implemented to perform the probabilistic site response and soil-
structure interaction (SSI) analyses. This is accomplished using several sampling techniques such as the
Latin Hypercube sampling (LHC), engineering LHC, the Fekete Point Set method, and also the traditional
Monte Carlo simulation. This new feature enhances the site response and SSI analyses such that the effect
of uncertainty in local site soil properties can now be quantified. Another major addition to P-CARES is a
graphical user interface (GUI) which significantly improves the performance of P-CARES in terms of the
inter-relations among different functions of the program, and facilitates the input/output processing and
execution management. It also provides many user-friendly features that would allow an analyst to
quickly develop insights from the analysis results.

This report describes the theoretical basis, probabilistic and deterministic site response and SSI analysis
capabilities and many user-friendly features which have been implemented in P-CARES. Although the
execution of P-CARES is driven by on-screen commands powered by the GUI and is self-explanatory, a
user’s guide is included in this report to serve either as a quick start or as a reference material for
navigating through the program.



FOREWORD

During the late 1980's, Brookhaven National Laboratory (BNL) developed the Computer Analysis for
Rapid Evaluation of Structures (CARES) program under a Nuclear Regulatory Commission (NRC),
Office of Nuclear Regulatory Research (RES) sponsored program. CARES was developed to provide the
staff with a tool to evaluate the seismic response of relatively simple soil and structural models. BNL has
completed an update to CARES by enhancing the analysis capability of the code to perform both
deterministic and probabilistic site response and soil-structure interaction (SSI) analyses. In this report,
the CARES code is referred to as probabilistic CARES (P-CARES).

This report describes the theoretical basis and analysis features for P-CARES, and contains a user’s
manual. The report also discusses the implementation of: (1) probabilistic algorithms in the code, using
various sampling techniques such as Latin Hypercube (LHC) sampling, and traditional Monte-Carlo
simulation, to perform probabilistic site response and soil-structure interaction (SSI) analyses; (2) a
deterministic free-field response and S5I analyses; and (3) a post processing module, which provides
various statistics on the simulation results.

Seismic response analyses involve the estimation of the effect of ground motions on structures at a
particular site. The uncertainties inherent in ground motion and local site soil properties can be
qualitatively considered in P-CARES, which uses a conservative deterministic analysis approach or
probabilistic methods (in which uncertainties in earthquake size, location, and time of occurrence are
explicitly considerad).

The deterministic analysis approach of P-CARES has been validated/benchmarked by its application to a
number of problems investigated by the NRC staff: (1) NUREG/CR-6896, “Assessment of Seismic
Analysis Methodologies for Deeply Embedded NPP Structures,” (2) NUREG-1750, “Assessment of Soil
Amplification of Earthquake Ground Motion Using the CARES Code Version 1.2,” and (3) NUREG/CR-
6584, “Evaluation of the Hualien Quarter Scale Model Seismic Experiment.” The probabilistic analysis
approach used in P-CARES is based on the seismic probability risk assessment (PRA) method outlined in
Appendix B of the American Nuclear Society (ANS) standard, “ANS/ANSI-58.21: External Events in
Probabilistic Risk Assessment (PRA) Methodology.”

With the development and implementation of these new features, including the addition of a graphical
user interface (GUI) to improve the performance of the code, P-CARES provides a coherent approach to
effectively perform evaluations of the seismic response of relatively simplified soil and structural models.
It also gives the NRC staff the capability to perform a quick check and to carry out parameter variation
studies of the SSI models and associated seismic data received from an applicant.

Brian W. Sheron, Director
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
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EXECUTIVE SUMMARY

In the process of review and evaluation of nuclear power plant (NPP) structure designs, it is
essential to understand the behavior of seismic loading, soil condition, foundation, and structural
properties and their impact on the overall structural response. During the late 1980's, Brookhaven
National Laboratory (BNL) developed the CARES (Computer Analysis for Rapid Evaluation of
Structures) program for the United States Nuclear Regulatory Commission (NRC). CARES was
intended to provide the NRC staff with a coherent approach to effectively perform evaluations of
the seismic response of relatively simplified soil and structural models. Such an approach
provides the NRC staff with a capability to quickly check the validity and/or accuracy of the soil-
structure interaction (SSI) models and associated data received from various applicants. These
submittals are typically obtained from numerical studies performed with large state-of-the-art
structural computer packages which are difficult to assess without spending a significant amount
of time and effort in the review process. By performing simplified model studies, the sensitivity
of computed responses to variations in a host of controlling parameters can often be evaluated
and thereby assist the staff in gaining confidence in the results obtained from the larger computer
studies.

The initial version (Version 1.0, Xu et al. 1990) of the CARES program was developed by
combining two available computer programs which treat the free-field response calculation (the
SLAVE Code, Costantino and Miller, 1979) and the soil-structure interaction analysis of
simplified stick models (the SIM Code, Miller and Costantino, 1979) to perform simplified
deterministic site response and SSI analyses. Three later revisions had been made to CARES,
namely CARES v.l.1 (Costantino et al., 1992), CARES v.1.2 (Costantino et al., 1995), and
CARES v. 1.3 (Miller and Costantino, 2000).

The current revision, which is described in this report, was undertaken by BNL during FYs 2005
and 2006 in the NRC program under JCN N-6103. The NRC Project Manager was Mr. Vaughn
Thomas and the BNL Principal Investigator was Dr. Jim Xu. The program development was
performed by Drs. Jinsuo Nie, Jim Xu, and Carl Costantino. The primary objective of this
program was to enhance the analysis capability by implementing a probabilistic algorithm in
CARES (Probabilistic CARES, to be referred to hereafter in this report as P-CARES) to perform
the probabilistic site response and SSI analyses. This was accomplished using various sampling
techniques such as the Latin Hypercube sampling (LHC), engineering LHC, the Fekete Point Set
method, and also the traditional Monte Carlo simulation. The deterministic capability of P-
CARES was also improved with add-on features using the graphical user interface (GUI). The
resulting probabilistic P-CARES treats the low-strain soil properties as random variables and
applies any of the four sampling techniques to generate random soil columns. These random
columns are used for convolution analysis, which in turn provide input for the SSI response
analysis. By implementing the sampling process, the effect of the uncertainty inherent in the low-
strain soil properties is propagated through the site and SSI responses. The results of the
probabilistic SSI analysis are expressed in terms of the median, mean, and various percentiles in
the free field response and the in-structure response spectra.

The deterministic analysis approach of P-CARES has been validated/benchmarked by its
application to a number of problems investigated by the NRC staff: (1) NUREG/CR-6896,
“Assessment of Seismic Analysis Methodologies for Deeply Embedded NPP Structures,” (2)
NUREG-1750, “Assessment of Soil Amplification of Earthquake Ground Motion Using the
CARES Code Version 1.2,” and (3) NUREG/CR-6584, “Evaluation of the Hualien Quarter Scale
Model Seismic Experiment.” The probabilistic analysis approach used in P-CARES is based on
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the seismic probability risk assessment (PRA) method outlined in Appendix B of the American
Nuclear Society (ANS) standard, “ANS/ANSI-58.21: External Events in Probabilistic Risk
Assessment (PRA) Methodology.”

P-CARES is intended to be used by persons with practical experience in seismic design and
analysis of nuclear power plants and other structures, estimation of earthquake ground motion,
and seismic probabilistic risk assessment. The P-CARES code can perform a site response and
SSI analyses where the soil profile is limited to horizontal layers and the structure is reasonably
approximated by lumped mass beam systems. However, the site response analysis of P-CARES
can be extended to a site with the topographical features (inclined soil layers). In this case, several
base profiles need to be identified to represent the site in a bounding fashion, and for each base
profile, the probabilistic site response analysis is performed, and the results for all of base profiles
are then combined to obtain the site response.

In addition, the existing CARES, albeit user-friendly in a DOS world more than a decade ago,
lacks a GUI that can greatly improve usability and productivity. GUI programming is now
relatively easy to achieve due to the advances in computer technology. Therefore, as part of this
project, a GUI was added to P-CARES to facilitate the input/output processing and execution
management.

The existing CARES Version 1.3 has been upgraded to FORTRAN 90/95 to add clear interfaces
between subroutines that are necessitated by the probabilistic simulation, to remove many
input/output states that are not suitable for simulation, and to take advantage of the dynamic
memory allocation for problem size, to improve the logic and the code quality, among many other
improvements. The upgraded version of CARES becomes a few compiled modules that are
accessed in Python, and constitutes the computational core in the P-CARES. Building around this
computational core, probabilistic simulation and a GUI have been developed to form the
integrated software package. The software architecture of P-CARES follows the object-oriented
approach, the current state-of-the-art programming technique, which enables it to be very flexible
and, therefore, can be modified for future upgrades. A rapid application development aspect of P-
CARES utilizes the strategy of mixed programming in Python and FORTRAN, with Python
serving as a powerful glue language while FORTRAN is used for the computational core
involving heavy number crunching.

P-CARES provides the capabilities to perform deterministic and probabilistic site response and
soil-structure interaction (SSI) analyses based on relatively simplified soil and structural models.
It automatically manages data and calculations in the probabilistic simulation with any arbitrary
number of samples. The sample soil profiles and the response spectra of the simulated soil and
structural responses can be aggregated statistically in terms of mean, median, and different
percentiles curves. These statistical measures may provide more valuable insights and inferences
than those in deterministic soil and structural analysis, in the process of review and evaluation of
nuclear power plant (NPP) structure designs. The probabilistic analysis capability in P-CARES
becomes especially important as the nuclear industry is more widely accepting the probabilistic
approach to account for the uncertainties inherent in the natural and built environments.

P-CARES also provides a set of utility functions for seismic motion analysis, which include the
Arias Intensity calculation, accelerogram manipulation, Fast Fourier Transformation and its
inverse, baseline correction of accelerograms, Butterworth low pass / high pass / band pass
filtering, window smoothing, response spectrum generation, power spectrum density and
coherency generation, and time history synthesis. The utility functions can be used to preprocess
an accelerogram for the site response and SSI analysis, and can also be used for post processing
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for deterministic analysis. Another well-suitable application of these utilities is to simply examine
the characteristics of a given accelerogram.

The P-CARES GUI integrates all the above-mentioned functions in one package, instead of a few
stand-alone programs in the traditional CARES. It provides convenient on-screen model building
capability for soil and structural models, automatic analysis management, and intuitive feedback
of instant display of figures. The generated figures can be saved in various popular image formats
or in data files that can be readily imported into any spreadsheet programs such as Excel for
further processing. Also, it greatly improves the productivity and makes P-CARES a valuable
tool to assist the staff in evaluation of the site and structural analysis data submitted by the
applicants.
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1 INTRODUCTION

1.1 Background

In the process of review and evaluation of nuclear power plant (NPP) structure designs, it is
essential to understand the behavior of seismic loading, soil condition, foundation, and structural
properties and their impact on the overall structural response. During the late 1980's, Brookhaven
National Laboratory (BNL) developed the CARES (Computer Analysis for Rapid Evaluation of
Structures) program for the United States Nuclear Regulatory Commission (NRC). CARES was
intended to provide the NRC staff with a coherent approach to effectively perform evaluations of
the seismic response of relatively simplified soil and structural models. Such an approach
provides the NRC staff with a capability to quickly check the validity and/or accuracy of the soil-
structure interaction (SSI) models and associated data received from various applicants. These
submittals are typically obtained from numerical studies performed with large state-of-the-art
structural computer packages which are difficult to assess without spending a significant amount
of time and effort in the review process. By performing simplified model studies, the sensitivity
of computed responses to variations in a host of controlling parameters can often be evaluated
and thereby assist the Staff in gaining confidence in the results obtained from the larger computer
studies.

The initial version (Version 1.0, Xu et al. 1990) of the CARES program was developed by
combining two available computer programs which treat the free-field response calculation (the
SLAVE Code, Costantino and Miller, 1979) and the soil-structure interaction analysis of
simplified stick models (the SIM Code, Miller and Costantino, 1979) to perform simplified
deterministic site response and SSI analyses. Desirable ancillary pre- and post- processing
capabilities were added (developing models, plotting, spectra and PSD computation, etc.) to
enhance the usefulness of the program. The CARES program is designed to operate in a desktop
PC environment (either DOS or Macintosh systems). It is geared to provide user friendly
input/output features with rapid turnaround. The primary functions of CARES 1.0 included:

+ A free-field computational algorithm allows for analysis of the seismic response of a
layered soil column subjected to upwardly propagating horizontal shear waves developed
by a given input seismic motion. The input motion can be specified by means of a target
response spectrum appropriate for a given earthquake magnitude at a given range from
the source, or an actual accelerogram at a given location within the soil column. The
output from this computation is the motion at other locations within the soil column
which is compatible with this input motion as well as the final stress and strain conditions
developed in each soil layer.

+ A structural response calculation generates the seismic response of a structure embedded
within or on the soil resulting from the ground motions generated in the free-field module
above. This calculation includes the effects of depth of burial on the SSI impedance
functions used in the structural response calculation.

+ A variety of pre- and post- processing capabilities.

Since the original development, the usefulness of CARES has been validated by its application to
a number of problems investigated by the NRC Staff. Having the capability to easily perform
small analyses directly on a PC has been shown to be a valuable asset for the Staff, which also led
to the continued improvement of CARES over the years. To this end, three revisions have been



made to CARES, namely, CARES v.l.1 (Costantino et al., 1992), CARES v.1.2 (Costantino et al.,
1995), and CARES v. 1.3 (Miller and Costantino, 2000). The following is a brief description of
the modifications included within each of the revisions:

Version 1.1 - The main changes in Version 1.1 had the objective of increasing the size of
problems that could be treated with CARES. This required a rearrangement of the storage arrays
in the structural response portion of the code and the inclusion of an improved Fast Fourier
Transform to reduce the running times for large problems. Several changes were made to the soils
portion of CARES which extends the capability of the program. The first change allowed for the
inclusion of a rock outcrop model within the soil column formulation. Extended soil degradation
modules were also incorporated to keep pace with new developments.

Version 1.2 - The second enhancement to the Code was undertaken to enable it to run on the Sun
SPARC workstation, located at NRC, which operates in the UNIX environment. A number of
additions were also made to extend the capabilities of the analysis. In the structural module,
several aspects have been modified. The capability for treatment of rigid links within the
structural model, an improved algorithm for handling composite damping, and an in-plane shear
wall element, were added to the Code. The SSI portion of the Code was also modified to include
rectangular foundations.

Version 1.3 - The essential changes associated with this revision are the addition of kinematic
interaction effects, and the improvement of the damping models available for the structural
analysis.

With the computing power increasing at the exponential rate in recent years, the demand for
better and accurate characterization of the effect of earthquake ground motions on the site and
SSI structural responses also led to the development of many state-of-the-art analytical methods.
These advanced methods employ the random vibration theory or large-scale simulation
algorithms to treat the stochastic seismic response with probability theories. As a result, the effort
required for performing probabilistic analyses becomes far more complicated than that required
for a deterministic analysis. Furthermore, the interpretation of the results from a probabilistic
analysis becomes more subtle and less straightforward than the traditional deterministic analysis.

To meet the need for an efficient and effective tool to perform site response and SSI analyses in
the probabilistic space, a major revision to CARES is made under JCN N-6103 to incorporate the
probabilistic capability and a graphical user interface (GUI) into the program. The objective of
this report is to provide a description of the improved capabilities of CARES and a user’s guide.

1.2 Scope and Objectives

It is generally recognized that large uncertainty exists in seismic response analyses of structures.
The uncertainty arises mainly from the limited understanding of the seismic sources, attenuation
relations, local site soil effect, and structural properties. The current procedure for quantifying the
uncertainty in seismic response analyses is to use deterministic bounding approaches such as
those outlined in Standard Review Plan (SRP) 3.7 (NUREG-0800, 1989) and ASCE 4-98 (1998),
which are widely viewed as being conservative. Recent advances in the stochastic seismic
analysis have shown that a more accurate prediction of the seismic response considering
uncertainty can be obtained by resorting to the probabilistic procedure. The scope of the current
revision aims at implementing the probabilistic procedure in both site response and SSI analyses
of CARES, to be referred hereinafter as P-CARES (probabilistic CARES).



The probabilistic site response and SSI analysis is the state-of-the-art seismic analysis approach
which is gaining wider acceptance by the nuclear industry. Recently published ASCE 43-05
(2005) has opted for the probabilistic approach for determining the design factor for soil site,
given a rock input motion. ANS External Event PRA Methodology Standard (ANSI/ANS-58.21,
2003) went a step further to require a probabilistic SSI response analysis for a complete-scope
seismic probabilistic risk assessment (SPRA). Included in the scope for P-CARES is to provide
the NRC staff with an important tool for evaluating and verifying the probabilistic site response
and SSI analyses performed by licensees. However, the level of uncertainty to be addressed in P-
CARES will be limited to local site soil effects. The uncertainty in structural properties, e.g., the
lumped masses and the Young’s moduli, is relatively small compared to other sources of
uncertainty, and could be neglected without loss of much accuracy in SSI analyses. Uncertainty in
ground motions is probably the largest among all sources considered. The ground motion
uncertainty can be addressed using a similar approach to the way the soil uncertainty is addressed
in P-CARES. However, the implementation of a probabilistic procedure to capture the uncertainty
in ground motions requires the development of a ground motion database binned in terms of
magnitude and distance in a manner that allows for extending the probabilistic simulation to the
ground motion database. Since the development of a complete ground motion database could
require sizeable effort, it is, therefore, beyond the scope of the current P-CARES development;
however, it could be considered as a future improvement to the program.

The primary objective of this program under JCN N-6103 is to enhance the analysis capability by
implementing a probabilistic algorithm in P-CARES to perform the probabilistic site response
and SSI analyses. This is accomplished using various sampling technigues such as the Latin
Hypercube sampling (LHC), engineering LHC, the Fekete Point Set method, and also the
traditional Monte Carlo simulation. The deterministic capability of P-CARES will also be
improved with add-on features using GUI. The resulting probabilistic P-CARES will treat the
low-strain soil properties as random variables and applies any of the four sampling techniques to
generate random soil columns. These random columns will then be used for convolution analysis,
which in turn will provide input for the SSI response analysis. By implementing the sampling
process, the effect of the uncertainty inherent in the low-strain soil properties is propagated
through the site and SSI responses. The results of the probabilistic SSI analysis are expressed in
terms of the median, mean, and various percentiles in the free field response and the in-structure
response spectra.

In addition, the existing CARES, albeit user-friendly in a DOS world a decade ago, lacks a GUI
that can greatly improve usability and productivity. GUI programming is now relatively easy to
achieve due to the advances in computer technology. Therefore, the second goal of this project is
to add a GUI to P-CARES that facilitates the input/output processing and execution management.

P-CARES will provide the NRC staff with the capability to effectively evaluate the probabilistic
seismic response using simplified soil and structural models and to quickly check the validity
and/or accuracy of the SSI data received from applicants and licensees.

1.3 Report Organization

This report consists of six sections. Following this introduction section, Section 2 describes the
theoretical basis for various components in P-CARES, which include a number of seismic motion
processing utilities, free field convolution analysis, foundation kinematic interaction, structural
response analysis, and the probabilistic simulation algorithms. The emphasis in this section is on
providing a description of the underlying theories used in P-CARES rather than a complete
derivation of the theory for the sake of conciseness. Section 3 presents the P-CARES features for
seismic site response and SSI analyses and the associated seismic motion utilities. It also



discusses the software development tactics and the graphical user interfaces. This section serves
as an overview of the P-CARES program and its various application scenarios. Section 4 provides
a detailed user’s manual that describes aspects of P-CARES down to every button in the GUI. It
includes a short tutorial to help the user with a first view of the program, system requirements for
a complete list of software packages that P-CARES uses, a description of P-CARES design
architecture and the usage options, and a detailed description for each of the interfaces used in
various analysis scenarios. Section 5 concludes this report with a summary of the P-CARES
development and seismic analysis features. The last section provides a complete list of the
references. An appendix at the end of this report provides an example that demonstrates the use of
the time history synthesis tool, the deterministic and probabilistic site response analyses, and the
deterministic and probabilistic SSI and structural analyses.



2 THEORETICAL BASIS FOR P-CARES

This section provides the theoretical basis for P-CARES. The primary objective of the P-CARES
program is to perform both deterministic and probabilistic site response and soil-structural
interaction (SSI) analyses based on simplified models for soil columns and structures. Useful
features associated with processing ground motions are also included in P-CARES. Although the
implementation and outputs required for the deterministic and probabilistic analyses are different,
these two types of calculation are considered to be similar due to the fact that the deterministic
analysis simply corresponds to one sample calculation in the simulation performed in the
probabilistic analysis. Therefore, the theoretical bases common to both calculations are described
in this section, which include: 1) free-field convolution analysis; 2) kinematic interaction analysis,
and 3) structural response analysis including the SSI effect. The probabilistic simulation is
described in the context of the site response analysis with assumed variabilities in soil properties
and their effect on the structural response through SSI. The theoretical basis for the sampling
techniques implemented in P-CARES is also described.

For the deterministic analysis or one sample analysis in the simulation, the soil is idealized as a
horizontally stratified system and is modeled as a one-dimensional (1-D) shear beam while the
structure is modeled as 3-D lumped-mass elastic system. The free-field response calculation is
carried out using the frequency domain time history analysis. The structural response can be
calculated separately in each of the three directions or for all directions simultaneously to account
for torsional effects. The latter is only feasible in a deterministic SSI analysis of structures. The
response of the structure (time histories or spectral representations of the time histories at selected
locations) including the SSI effect is evaluated, given a seismic input motion or the free-field
response. Since the computations are performed in the frequency domain, Fast Fourier
Transforms (FFT) are utilized to obtain the time domain responses.

For the probabilistic simulation analysis, seismic input motion and structural properties are
considered deterministic, even though they can exhibit great variability especially for seismic
input motion. Variability in seismic input motion is largely attributed to the characteristics of
seismic sources and attenuation relations, and can be determined by a simulation analysis drawing
from a database of ground motions binned in terms of earthquake magnitude and distance. The
current version of P-CARES does not consider the variability in seismic input motion; however,
such variability can be incorporated into P-CARES by developing a ground motion database.
Since nuclear power plant (NPP) structures are generally constructed through controlled
processes, variability in structural properties is much smaller than respective variability in ground
motions and soil properties, and therefore, is neglected in P-CARES. The probabilistic analysis in
P-CARES emphasizes on the effect of variability in local soil properties. Soil layer thickness, soil
density and soil shear modulus are modeled by lognormal random variables with correlation
enabled. The fundamental scheme of the probabilistic analysis is: given a specified seismic input,
the site responses and structural responses are calculated with the uncertainties of the soil column
propagating to the structures.

The underlying theories of P-CARES can be grouped into five interconnected and distinguishable
modules. Each of these is briefly described below, and is followed by more detailed discussions
of the methods used in P-CARES.

Seismic Motion Analysis - This module is a collection of utility routines that process seismic
accelerograms and their Fourier components. It can be used to preprocess raw seismic records, to
generate synthetic time histories for given target response spectra, or to post-process the
responses from free-field analysis and structural analysis. The utilities include: 1) raw



accelerogram conversion, 2) Arias Intensity calculation, 3) accelerogram cropping, 4) baseline
correction to reduce residual velocity and displacement, 5) Fast Fourier Transformation (FFT)
and the inverse FFT, 6) Butterworth filter for Fourier Spectra, 7) window smoothing for Fourier
Spectra, 8) response spectra, 9) auto Power Spectrum Density (PSD) and coherency calculations,
and 10) time history synthesis. All these utilities allow for graphical displays of relevant
information for on-screen visual feedback, output in various image format, and data in text format.

Free-Field Convolution Analysis - This module performs the free-field response analysis, based
on a simplified 1-D horizontally stratified soil column model. For each layer of the soil column,
the user can specify the soil properties such as: the mass density, low-strain shear velocity, layer
thickness, and its degradation model which provides strain-compatible shear modulus and
damping value for each layer. The mass density, low-strain shear velocity and the layer thickness
also require the means and the standard deviations to define the random variable distributions if a
probabilistic analysis is to be performed. Correlations between these random variables can also be
specified. The input motion, which needs to be transformed into Fourier components for
convolution analysis, can be specified at the ground surface, rock outcrop, or the bottom of any
soil layer. In situations where only accelerograms or criterion response spectra are available, the
user can generate the Fourier components using the seismic motion analysis module described
above. The computational model of the 1-D layered soil column in P-CARES assumes vertical
propagation of horizontally polarized shear waves and uses standard convolution methods.
Degradation effects can be included in the soil by an iterative elastic solution method, in which
the iteration process stops until the degraded soil properties are compatible with the strain levels
for the given input motion. The user can request locations where free-field output motions are
needed. For kinematic SSI problems, the motions required at depths over the embedment are
automatically generated for a prescribed number of depths and these depths are evenly distributed
over the embedment depth. All output motions are represented by Fourier components.

Kinematic Interaction Analysis - This module computes the translational and rocking responses
of an embedded foundation to the free-field input motion. The foundation is assumed rigid and
massless for the purpose of kinematic interaction analysis. For surface foundations, since
kinematic interaction effect does not exist for 1-D layered soil column, this analysis is not
required. In contrast with the multilayered soil column model in previous module, the soil is
represented in this module as two layers: one to the side of the foundation and one beneath the
foundation. This restriction is required to obtain an efficient analytical solution because the
foundation impedance functions are only available for such simple soil system. This simplified
model has been adopted in P-CARES to avoid a coupled soil-structure interaction solution that
requires the use of a complex code such as SASSI. The user needs to select the type and the
dimension of the foundation, and specifies the soil properties on the side and under the base of the
foundation. However, the user can also simply provide a soil profile and let P-CARES to
calculate the side and base soil properties based on certain weighted averaging rules. The free-
field motions computed in the previous module at depths distributed over the embedment depth of
the foundation are used as input to compute the response of the foundation. The translational and
the rocking motions of the foundation are assumed as displacements at the basemat level. The
resulting motions are evaluated by first obtaining a best rigid body displacement fit to the input
free-field accelerograms and then applying additional displacements eliminating the free-field
stresses induced due to the imposed rigid body displacements at the foundation soil interface. The
resulting motions are saved as Fourier components and are used as the input motions to structural
analysis module.



The kinematic interaction analysis is integrated in the free-field analysis module. This integration
provides a convenient approach to automatically generate the output motions over the embedment
depth for the kinematic analysis.

Structural Analysis - This module evaluates the response of the structure to the input motions.
The structure model is a lumped mass system connected with elastic elements and constrained
with a SSI node. The elements can be elastic beam elements and shear wall elements, and the
special rigid links. The SSI node is the location where the input motions are applied and is
modeled by a two-layer soil system similar to that in the kinematic analysis module. The input
motions in the structural analysis module can be any combination of the three translational and
three rotational components; however only two are available if the motions are generated from
the previous free-field and kinematic analyses. If the structure sits on a surface foundation, the
input motions can only be translational and there is not kinematic interaction effect involved. The
outputs are the Fourier components of the accelerograms at selected nodal locations within the
structure.

Probabilistic Simulation — This module provides P-CARES the capability to generate correlated
random vectors, to carry out the deterministic analysis for each sample, and to manage various
simulation outputs. This module is placed on top of the free-field convolution analysis, kinematic
SSI analysis, and the structural analysis, and streamlines these analyses with the number of
samples specified by the user. The random vector includes the soil layer thickness, soil density,
and the low-strain soil shear modulus, and is expandable to include other properties. All random
variables are modeled as log-normal variables. The user can specify the number of random
variables (currently a function of the number of soil layers) and the number of samples in the
simulation. In this module, the uncertainties inherent in the soil column randomly filter the input
seismic motion and propagate though the site and SSI responses. The simulation results can then
be aggregated by statistical means of median, mean, and various percentiles in the post processing
module. The simulation schemes implemented in this module include the Monte Carlo simulation,
Latin HyperCube sampling (LHC), engineering LHC, and the experimental Fekete Point Set
method.

2.1 Tools for Seismic Motion Processing

This subsection presents a summary of the utility algorithms implemented in P-CARES to
process seismic or response motions, which are discrete series in time or frequency domains. The
implemented algorithms are Arias Intensity calculation, baseline correction, Fast Fourier
Transformation (FFT) and the inverse FFT, Butterworth filter for Fourier Spectra, Window
smoothing for Fourier Spectra, Power Spectrum Density, and Time History Synthesis. Most of
these algorithms operate in the frequency domain; therefore the FFT and its inverse are the
essential algorithms. The basic assumption for Discrete Fourier Transform (DFT) is that the
seismic and response motions are periodic functions in the time domain with the period equal to
the duration of the motions. This assumption can be expressed as:

a(t) = mi Ae (2-1)
j=0

where m is the total number of frequency components of the motion (including the zero or steady
state term) equally spaced at a constant frequency increment, w; is the circular frequency, and A;
is the complex Fourier coefficient of the sinusoidal motion.



2.1.1 Arias Intensity

As the peak ground acceleration (PGA) is not an ideal measure of the intensity of the earthquake,
Arias Intensity (Arias, 1970) has been introduced to measure the energy content of the earthquake.
It is defined as,

_ (T A)2
i =54 [REGR:: (2-2)

where g is the gravity acceleration, T is the duration of the ground acceleration record, and the
Arias Intensity larias IS in the unit of length/time. Figure 2-1 shows a typical acceleration record
with its cumulative Arias Intensity overlaid on it. This figure also shows several time locations,
e.g. TO5 and T75 in the figure, when the cumulative energies are at the related percentile. Arias
Intensity Arias Intensity has been often used to define the strong ground motion, the duration of
which covers from 5% to 75% of the total cumulative energy (ASCE/SEI 43-05). Although this
definition of the strong ground motion has been widely accepted, it does not necessarily capture
all the characteristics of the motion. The strong motion duration is defined by,

T, =T75-T05. (2-3)
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Figure 2-1 Cumulative Arias Intensity Overlaid on Acceleration Record

2.1.2 Lagrange Multiplier Based Accelerogram Correction

Measured and synthesized acceleration records usually have nonzero residual velocity and
displacement that appear unrealistic. Even though permanent displacements, due to nonlinear soil
deformation, are typically observed after a strong earthquake, a recorded accelerogram applied in
analysis very often do not reproduce this permanent displacement correctly, for reasons such that
the accelerogram may be cropped for efficiency in the application. In addition, these nonzero
residual velocity and displacement often do not impose a serious influence to analyses in which
the base shift does not affect the analytical responses, such as relative displacement and forces. In
this regard, the removal of these nonzero residual velocity and displacement from an



accelerogram appears of little importance; on the other hand, purposely keeping them in an
accelerogram is not necessary for many applications. However, in some other situations, such as
simultaneously applying multiple seismic inputs at different locations in a structure or
consecutively applying motions to a structure to simulate multiple earthquake events, the residual
velocity and displacement may have a significant impact on the solution and may need to be
removed. There are a number of methods in the literature to correct the accelerogram (e.g.
Jennings et al, 1968), this utility in P-CARES adopts a Lagrange multiplier based method that
was developed by Borsoi and Richard (1985).

This method requires an accelerogram be discretized evenly in time. The principle of this method
is to solve a minimization problem of a quadratic form with linear constraints by the Lagrange
multiplier method, where the quadratic form is the Euclidean norm between the corrected and
uncorrected accelerograms, and the linear constraints are for zeroing out the final velocity, the
final displacement, and the average displacement that are expressed in linear combinations of the
accelerogram. The minimization in the method ensures a minimal modification to the original
accelerogram. There are different ways to obtain the linear constraints as linear combinations of
the accelerogram, adopted in this utility is the simple and effective method in Borsoi and Richard
(1985), which assumes linearity between nearby data points in the accelerogram, velocity and
displacement records. These assumptions are not compatible because a linear assumption in
acceleration implies parabolic relation in velocity and cubic relation in displacement. However,
these assumptions do not affect much the effectiveness of the correction if the time increment is
sufficiently small, which is true for most accelerograms in practice.

Figure 2-2 shows an example of using this utility to correct a sample accelerogram, where the
dotted red curves are for the uncorrected accelerogram while the solid blue curves are after the
correction. It shows that the modification to the original accelerogram is indistinguishable, while
the corrections to the velocity and the displacement are significant. It also indicates that the
correction mainly affects the low frequency components.
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2.1.3 Fourier Transforms

In earthquake engineering, the acceleration a(t) is digitalized or recorded as a series of
acceleration values with constant time intervals. Let the acceleration sequence be designated as
{a,, 1=0,---,N =1}, where N is the number of the data points in the earthquake record, then the
time interval can be expressed in terms of the total duration T as:

At=T/N (2-4)
The forward DFT is defined by:
A :%iaj e 24N fork =0...N -1, (2-5)
and the inverse DFT is: :
a :%Ak e for j=0...N 1. (2-6)

k=0

The above definitions of forward and inverse Fourier transforms are different than the most
common ones that the denominator of N does not appear in the forward DFT but in the inverse
DFT. These two different approaches to the Fourier transform couple definition yield the same
accelerograms but different Fourier components. This particular implementation in P-CARES is
for efficiency considerations due to many inverse DFTs are involved in the convolution analysis.
Direct application of DFT in practice for large records can take considerable time, which is
proportional to N°. A much faster algorithm was developed by Cooley and Tukey (1965), and has
been denoted as Fast Fourier Transform (FFT). The FFT implemented in P-CARES is similar to
the original Cooley and Tukey algorithms, and has a time bound of Nlog, N . It is required in
this algorithm that the number of data in a record to be a power of 2, i.e.,

N=2", (2-7)
where M is a positive integer, and usually takes the smallest integer that makes 2" be equal to or
greater than the number of data points in the available record. The acceleration record is extended
by padding zeros at the end of the record to meet this requirement.

While the FFT algorithm used in P-CARES (Equation 2-5) requires the total number of Fourier
components is the same as the number of time points, the particular formulation used requires
only one-half the number of coefficients, with the remaining determined as the complex
conjugates. In another words, Fourier components 0...N/2 sufficiently represent the frequency
content of the whole acceleration record of N data points. The number of independent Fourier
coefficients is given by,

Ne=N/2+1. (2-8)
The corresponding frequency increment and the maximum frequency content of the acceleration,
i.e., the Nyquist frequency, can be determined from,

Af =1/T, (2-9)
f =1/2At (2-10)

For example, if the total acceleration duration is 20 seconds and the parameter M in Equation 2-7
is selected as 11, the characteristics of the acceleration record and its Fourier components by FFT
are determined in the following,
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T = 20 seconds N = 2048 data points
At =0.00977 seconds Nc = 1025 frequency records
Af =0.05 hz fmax =51.20 hz

2.1.4 Butterworth Filter

The low pass filter implemented in P-CARES is a Butterworth filter (Butterworth, 1930) of an
order 4. The general transfer function of a Butterworth filter is defined as (Proakis and Manolakis,
1988),

1

1+(olao )"’

where @ is the low pass cutoff frequency and N is the order of the filter. A higher order
Butterworth filter ramps the frequency response faster to zero.

H() = (2-11)

The high pass filter implemented in P-CARES is a modified version of the regular low pass
Butterworth filter:

1
1+(o, [0
where a is the high pass cutoff frequency and N = 4 in the particular implementation in P-
CARES. The above equation applies only for |H (a))| > 0.5; otherwise, a truncated linear format

H (o) = (2-12)

is used as follows,

H ()| =max(0, 0.5-C(wy —)) (2-13)
where @ o5 is the frequency such that |H (a))| =0.5in Equation 2-12, and C is a constant defined
as,

9 8 3/2
C- 4(“’“} 1+ (a’“] . (2-14)
W \ Wos Wos

The high pass and low pass Butterworth filters can be applied in series to form a band pass filter.
To obtain a filtered Fourier spectrum F (o), a selected filter H(w) is applied to the original
Fourier spectrum F(w) as follows,

F'(») =H(o)F (o). (2-15)

Figure 2-3 shows an application of the combined low pass and high pass Butterworth filters to a
Fourier spectrum, in which dotted red curve is the original Fourier spectrum while the solid blue
curve is the filtered one. The cutoff frequencies used are 0.2 Hz and 10 Hz in this example.
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Figure 2-3 Application of Band Pass Butterworth Filter to A Fourier Spectrum

2.1.5 Fourier Components Smoothing

The triangular window smoothing method is implemented in P-CARES to smooth the Fourier
components in order to eliminate the noises. It is very helpful in comparing two similar Fourier
spectra, for example, one from a recorded record and the other from a computed record. The
triangular window is defined by the width of the frequency window, i.e., the window frequency
wy. In P-CARES, either a fixed-width frequency window or a varying-width frequency window
can be specified by the user. The varying width frequency window, the width of which is defined
by a percentage of the central frequency f, under consideration (e.g., @, = 20% fo, see Appendix
A to SRP 3.7.1, NUREG-0800), can lead to a constant width in the log scale. This smoothing
method is basically a moving average algorithm with the weighting function shaped as a triangle,
which is defined as,

N +i+1 .
R ra— fori=—N,,,...0
(Np +1) (2-16)
=W, fori=1,...,N,
where Nyq is the integer half width of the frequency window, and is defined using the window
frequency w ., and the frequency increment &, as,

N = F|00r(2a)"" ) (2-17)

in which Floor() is the mathematical function to truncate a real number to a integer. It should be
noted that the sum of the weights of a full window is unity. The moving average algorithm can be
described by the following updating equation,
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Nhalf
F= > wF,,. (2-18)
J==Npa

Special considerations are given in the moving average algorithm when it approaches both ends
of a Fourier spectrum where the number of frequencies left is fewer than the half window. For a
fixed-width window approach, the few frequencies at the beginning are not smoothed and the few
frequencies at the end are smoothed using a smaller window width. For the varying-width
window approach, there is no such problem at the low frequency end, while smaller window is
used for the high frequency end.

Figure 2-4 shows a Fourier spectrum being smoothed by a triangular window with the window
frequency equal to 0.5 Hz, and Figure 2-5 shows the same Fourier spectrum being smoothed by a
varying-width window with @, = 20% f,. The varying-width window approach obviously yields
a smoother curve in the high frequency range than the fixed-window approach.

Fourier Spectrum
1ot .

109}

i B

Acceleration (in/sec™2)

102t

157 1P 10T 102
Frequency (cps)

Figure 2-4 Application of Triangular Window Smoothing (Fixed-Width)
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Figure 2-5 Application of Triangular Window Smoothing (Varying Width)

2.1.6 Response Spectrum

A response spectrum of a given motion is the maximum response of a linear oscillator of single
degree of freedom, as a function of the fundamental frequency of the oscillator, where the given
motion is the exciting motion to the oscillator. The governing equation of motion for the linear
oscillator (see Figure 2-6) is,

" +20( 1+ 0°1=-y", (2-19)
in which z is the relative motion between the mass and the base, y is the base motion, and wand ¢
are the fundamental and damping of the oscillator (Xu et al, 1990). Solution of Equation 2-19
must be obtained for each of the interested frequencies and damping values; the maximum of the
acceleration experienced by the oscillator is commonly plotted with respect to the frequency as
the response spectrum. The response spectra plot is often parameterized for multiple damping
values.

Suppose the motion is an accelerogram with the time increment 6t and a maximum duration T, P-
CARES limits the maximum frequency on its response spectra with the Nyquist frequency,

f=1/26t. (2-20)

max

The minimum spectra frequency is set equal to 0.1 Hz.

The algorithm in P-CARES to generate a response spectrum from an accelerogram utilizes a
closed form solution of Equation 2-19 rather than a numerical integration method (e.g. Wilson’s 6
method). Assuming linear relation between two consecutive acceleration data points, Equation
2-19 between the two time stations tj and tj,; can be solved analytically (Nigam and Jennings
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1968, Xu et al, 1990). Given the acceleration, velocity, and the displacement of the oscillator at t; ,
the acceleration, velocity, and displacement at t;.; can be analytically determined. Starting with a
rest condition at time 0, the absolute acceleration of the oscillator at all time stations can be
calculated in sequel, and the maximum value of these acceleration values becomes the spectral
value at the particular frequency and damping.

Py ’—>x
2 Z=X-Yy

% C

Figure 2-6 Illustration of a Linear Oscillator

2.1.7 Power Spectral Density and Coherency

Power Spectral Density (PSD) describes the distribution of power in an acceleration record with
respect to frequency. Beyond this general and simplistic description, PSD has several different
definitions in the literature (e.g., ASCE43-05, Bendat and Piersol, 1986, Proakis and Manolakis,
1988, and Press et al, 1990), depending on the purposes of the application. The one implemented
in P-CARES follows the definition by Bendat and Piersol (1986) for compatibility with the
coherency measures to be introduced later. For an acceleration function x(t) of duration T, which
is considered in terms of random process as a realization from its associated sample space €2,, its
Fourier transform X(f) and its one-sided power spectral density function ®(f) can be defined as,

X (f.T) =% [ x>t (2-21)

1
d)xx(f)=2Tlm?EﬁX(f,T)|2], (2-22)

where the expectation E[] operates over the sample space Q,, and the limiting operation T - «
cannot be performed in practice because the duration T can never be infinite. Note that the
expectation operator in Equation 2-22 is required to ensure the resulting PSD function pairs with
the corresponding correlation function by the Fourier transform. For a stationary process, the
expectation can be estimated by averaging several records of duration T, and the power spectral
density defined by Equation 2-22 gains its discrete format,

2 1 W2 2
q)XX(fk):N_Z?‘X(fk’T)‘ , (2-23)
Q, i=l

where N, is the number of records used in the estimation, and the hat embellishment signifies

the discrete version, and k indicates the k™ frequency in the spectra. However, in the context of
seismic motions that are nonstationary processes, the expectation cannot be carried out using
Equation 2-23, and the power spectral density must be approximated either by simply dropping
the averaging operation or by locally averaging over a window in a single series of Fourier
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components. The locally averaging technique, often named as window smoothing, is most
commonly used in the coherency study.

Similarly, the one-sided cross spectral density for given Fourier spectra X and Y and its
corresponding discrete version without taking the expectation are given by,

cDXY(f)=2T|Lr]lTlE[x*(f,T)Y(f,T)] (2-24)

N 2 A o
CDXY(fk)z?X (f. TY (. T), (2-25)
where X" is the complex conjugate of X.

For two seismic motions recorded at two locations, the coherency between them, a dimensionless
measure, is defined by the smoothed cross power spectrum that is normalized by the
corresponding auto power spectra of these two motions (Abrahamson, 2006, Zerva and Zervas,
2002), i.e.,

Dy (@) .
\/‘D wx (@) Pyy (@)
The coherency yyy (@) is a complex number and can be shown with a magnitude within the
range [0, 1]. If the spectra used in the above definition are not locally smoothed, the magnitude
of ¥y (@) is unity for all frequencies. The absolute value (magnitude) of coherency, |7/xv (a))| ,

7xy (@) = (2-26)

is designated as the lagged coherency, which measures the phase variation between the two
motions. The phase spectrum is defined by the phase angle in yy (@) as

tan ’1(real(yXY (w))/imag(y xy (a)))). The unlagged coherency is defined as the real(yyy (®)) .

Tanh‘l(jyXY (a))|) is approximately normally distributed, and is termed in P-CARES as “Arctanh
Coherency”.

In the context of computing the coherency measures, the accelerograms are first tapered by a split
cosine bell taper function to reduce the power leakage effect. This taper function is defined as,

0.5(1—cos(2zt/ pT), if t<05pT
X(t) =41.0, if 05pT <t<(1-05p)T (2-27)
0.5(1—cos(2z(T —t)/ pT), if 1-05p)T <t
where p is the percentage of the duration T that will be tapered at both ends. The Hamming’s
window, with the number of point being specified by the user, is applied to locally smooth the
cross and auto power spectra used in the various coherency measures. The Hamming’s window is
given by,
w(k) =0.53836+0.46164cos(kz/M), k=-M,---,-1,0,+1,---,M (2-28)
where 2M+1 is the window width (the number of frequencies used in the smoothing).

2.1.8 Time History Synthesis

In light of Equation 2-1, an acceleration record can be generated by properly computing the array
of Fourier coefficients A; such that the generated time history has the desired characteristics of
observed seismic motions. Given a target response spectrum, a synthetic time history matching
this response spectrum is generated by the following iterative procedure in P-CARES.
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The amplitudes of the Fourier components A; (see Equation 2-1) are first initiated with the values
determined from the input target response spectrum. The corresponding phase angles are then
generated as an array of random values uniformly distributed in the range [0, 2x]. From these trial
Fourier components (|Aj| and their phase angles), a trial acceleration time history is generated
using the inverse FFT algorithm. The acceleration record is then undergone three enhancing
modifications that are to be introduced later in this subsection. The Fourier components A; are
updated accordingly by the FFT algorithm using the modified acceleration record, and a trial
response spectrum of this record is calculated as well. By comparing this trial response spectrum
to the desired target response spectrum, the Fourier components are modified by the following
relation,

| Rtar et
A = A 2 (2-29)

trial
where the terms R refer to the values of the response spectra at the frequency «j, and the
calculation is in complex domain. The phase angles originally generated at the first trial are
maintained by the above updating relation (Equation 2-29) and will not be regenerated in later
iterations. The new Fourier components are then used to form a new trial acceleration time
history and the process is repeated. If the process does not reach a satisfactory convergence after
a number of trials, the whole process should be restarted with an array of newly generated phase

angles that will generally be different from the first set.

During each iteration cycle, three modifications to the trial acceleration record are involved to
improve the generated accelerogram so that it resembles the characteristics of realistic earthquake
records. The first of these modifications is to incorporate the nonstationarity characteristic
observed in measured earthquake records into the generated record. This is accomplished in P-
CARES by multiplying a deterministic enveloping function E(t) on the generated sinusoidal
motions (Equation 2-1), i.e.,

a(t) = E(t) mi Ae (2-30)
j=0

where the coefficients A; are complex. The enveloping function E(t) that has been selected in P-
CARES is a simple trilinear function consisting of a parabolic rise to unity at a rise time T,, a
plateau of value unity for the strong motion duration T, and an exponential ramp down to zero
for a decay time Tq4. The total duration of the enveloping function T is then the sum of the rise
time, the strong motion duration, and the decay time, which are functions of the earthquake
magnitude M, or

Te(M)=T,(M)+T,(M)+T,(M) (2-31)
These time parameters as functions relating to a specified earthquake magnitude estimate (M) are
determined by fitting empirical data obtained from Salmon et al (1992). The purpose of this
approach is to arrive at reasonable (or realistic) estimates of the synthetic accelerograms for use
in response studies. Given an estimate of the earthquake magnitude (usually the magnitude scale
My, defined based on the seismic moment), P-CARES can calculate the controlling parameters of
the enveloping function. In the P-CARES implementation, these calculated duration values can be
changed by user input and therefore only serve as guidelines. The total duration of the motion is
taken as the larger of Tg(M) from Equation 2-31 and the desired maximum duration input Tpa. If
Te(M) is less than the desired duration T from Equation 2-4, the generated acceleration record is
padded with zeros from Tg(M) to T. Please note that recent works using more extensive
recorded data may suggest better parameters for Equation 2-31 (e.g., McGuire et al, 2001), but
may require a sizeable effort to abstract them out of the data.
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The second modification included in the motion generation algorithm is a baseline correction
algorithm to make the ground velocity and displacement reach zero at the end of the motion. The
Lagrange multiplier based utility described in Section 2.1.2 is directly used for this purpose. The
generated accelerogram is baseline corrected during each trial iteration. The influence of the
correction is small in terms of accelerations (high frequency content) but may be significant in the
lower frequency range where velocity and displacement characteristics become important.

The last modification incorporated in the motion algorithm, termed "cutting and flipping", is to
ensure the target peak acceleration is not exceeded by the generated acceleration record. If any
acceleration value in the trial record exceeds the target peak acceleration, it is flipped around the
target peak acceleration, i.e. by subtracting the twice of the difference between this acceleration
value and the target peak. The purpose of this approach is (a) to limit the peak accelerations to the
desired target and (b) to allow the generated record maintain a realistic (randomized) shape,
instead of generating flat spots by simply cutting the peaks of the record.

2.2 Free-Field Analysis

As a simple and often adequate approximation, free-field analysis herein considers only the
vertical propagation of horizontal earthquake ground motions based on the assumption that one
dimensional horizontal shear wave propagates vertically from the bedrock through the soil
deposit to the ground surface. This type of analysis is typically performed by using either a
discrete method based on finite element procedures (e.g. the FLUSH Code approach) or by using
a continuous method based on the solution to the one dimensional wave equation (e.g., the
SHAKE Code approach). The objective of this analysis is to determine the horizontal motion-
time histories (accelerograms) developed at any depth of a horizontally stratified soil system,
when a specified accelerogram is input at any of the soil layer interfaces or at the rock outcrop.

The method employed in the P-CARES for free-field analysis is the continuous solution model.
A given soil column is assumed to be composed of a number of uniform soil layers of arbitrary
thickness; each layer is assumed to be linear elastic with soil properties that are constant
throughout its thickness. Such a typical configuration involving N layers is shown in Figure 2-7.

Vertical shear wave propagation through this layered system produces horizontal stresses and
accelerations which satisfy the shear wave equation for each soil layer. The stress-strain relation
for each layer is specified in the form:

t=Gy+ny (2-32)
where 1, v, G, and n are the shear stress, the shear strain, the shear modulus, and the viscosity
coefficient of a given soil layer respectively. The term y is the differentiation of the shear strain

with respect to time. The shear wave equation for each layer is:

—=6C—+n—|— 2-33
o™ " ox Tat| ox (2:33)
where u is the total horizontal displacement of any point in the layer, t represents time, p is the
mass density of the soil layer, and x is the coordinate of a point in the soil column, which
originates at the ground surface and is positive downward (see Figure 2-7).

o _ o a{azu}

As assumed above, each soil material in the column is treated as linear elastic, including both
shear stiffness and damping properties. This linear relation has often been used for seismic
applications (e. g., Seed and Idriss, 1970), provided that the damping parameter n is interpreted as
representing a mechanism to dissipate energy per strain cycle as found from tests for the actual
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nonlinear behavior of the soil under cyclic shear loadings, as for example in the resonant column
shear test. The energy lost per loading cycle due to the actual nonlinear behavior is measured by
the hysteretic damping ratio, D, which has been found experimentally to be reasonably
independent of frequency, particularly in the low frequency ranges of interest to structural
response. If this energy loss per cycle is equated to the energy loss per cycle due to the linear
viscosity term in Equation 2-32, the hysteretic damping ratio D is found to be related to the
viscosity coefficient n by,
_no
2G
where @ is the circular frequency of the motion component and G is the soil shear modulus.

(2-34)

Considering steady-state motions at a given forcing frequency ® and applying the Fourier
transform to Equation 2-33, the equation of motion becomes,

. \oU
G+iw
(G+ion)—5
where U is the Fourier transform of the horizontal displacement u at an arbitrary depth x. Using
the hysteretic damping ratio D, the complex shear modulus of the material in the above equation
becomes,

+po’U =0 (2-35)

G" =G(1+i2D) (2-36)
and Equation 2-35 can be simplified to :
o°U «\2
+k JU =0 2-37
oK) (2-31)
where the complex wave number k" is defined as,
2
* 2 pa)
k)] =—-. 2-38
f =7 (2-39)
Solving Equation 2-37 yields:
U, = A expl(+ik x)+ B, exp(-ik’x) (2-39)

where A; and B; represent the magnitudes of the incident and reflected waves respectively, at the
interface j (at the bottom of layer j). The boundary and interface conditions at the ground surface
and between soil layers are

T,(x=0) =0
U,(x=x%;) = U, (x=X%;) (2-40)
T, (x=%;) = T;,(x=X;)

in which T is the Fourier transform of the shear stress t. Applying the conditions of Equations

2-40 to Equations 2-39, the coefficients Aj.; and Bj.; at a given layer interface j +1 are
determined in terms of the coefficients A; and B; at the previous layer j by:

K'G* o k'G; e s
Ai+1:%{Aj[1+ k*JGi ]eXp[in(ki _kj+1)]+ Bj[l_ k*JGi ]exp[—ixj(kj +kj+1)

JH JHj+H }

k'G* .. k:G: . .
e e SRR R (el

JHY j+H JHLI j+H

(2-41)
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Calculations begin by assuming the coefficient A, at the top of the first layer (ground surface) to
be unity (i.e, the real and imaginary components are 1,0). Applying the known shear stress
condition at the ground surface yields the coefficient B1 equal to Al. All the remaining
coefficients can then be solved recursively from Equation 2-41. At the layer interface where the
input ground motion is specified, the acceleration magnitude from the calculation is compared
with the known acceleration magnitude, and a correction factor is determined as the ratio of the
known acceleration magnitude to the calculated acceleration magnitude. The coefficients Ai's and
Bi's, calculated above by assuming A, = By = 1, are then corrected by multiplying this correction
factor. If an outcrop is defined at the bottom of the soil column, the motion at the outcrop is
determined by considering that the shear stress at the outcrop is equal to zero and the incident
wave from the soil column solution is the same as the incident wave for the uniform half-space.
Because of the zero stress condition at the outcrop, the reflected wave solution can be written in
terms of the incident wave solution of the half-space.

P-CARES requires that the soil properties for each soil layer, low strain shear modulus (Gnax), the
soil unit weight (g), and the thickness (H), be specified including their probability distribution.
Half-space properties are also required if the half-space is to be considered in the analysis. The
nonlinear behavior of the actual soil is considered in the linear analysis in P-CARES by
employing strain-compatible soil degradation models for soil modulus and damping properties, as
listed below:

Seed-Idriss 1970 (Seed and Idriss, 1970),

Idriss 1990 (lIdriss, 1990),

GEI Original From SRS (GEI, 1983),

Stokoe SRS 1995 (Stokoe et al, 1995),

Geomatrix 1990 (Coppersmith, 1991),

EPRI-93 Cohesionless Soil (EPRI, 1993),

constant damping and no reduction in the shear modulus, or
a user specified degradation model.

S@hopoooe

The specific degradation curves for the first six models contained in P-CARES are listed in Table
2-1.

An iterative procedure similar to that of SHAKE (Schabel et al, 1972) is used to account for
nonlinear soil behavior within the context of this linear analysis. Calculations are performed by
initially assuming an initial trial value of effective shear strain within each soil layer. Given the
effective shear strain, the shear modulus and hysteretic damping for each soil layer are then
determined on the soil degradation curves specified for each layer. At the end of each
computational cycle, the calculated effective shear strain is computed and compared with the
assumed trial value. When the assumed and calculated shear strains differ by less than 5% for all
soil layers, the solution is considered to have converged. The strains are computed at the top and
bottom of each soil layer and averaged to determine the effective strain for the layer.

Two approaches can be chosen in P-CARES to calculate the maximum effective strain. In the
first approach, the maximum strain is computed in the time domain for each soil layer. The
Fourier components of shear strain are combined using the inverse FFT algorithm to obtain the
actual maximum shear strain developed in each soil layer during the course of the motion. The
effective cyclic shear strain developed in the layer is then estimated from the maximum strain by

J/effective = 0657/max ' (2_42)
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This effective cyclic shear strain is then used to obtain the effective shear modulus and damping
ratio on the specified soil degradation curves; the new effective shear modulus and damping ratio
are used for response computation in the next iteration.

In an alternative approach available in P-CARES to approximate the effective cyclic shear strain,
the maximum shear strain can be estimated from the RMS strain values, eliminating the need for
conversion to the time domain from the frequency domain. The relationship used for this
estimation is

am—“} (2-43)
RMS

where the term in parenthesis is the ratio of the peak to the RMS value of the input acceleration
record. The effective strain is then calculated from Equation 2-42 above. It should be noted that
although the maximum strain calculated directly in the time domain is more accurate, it is a
slower calculation and has been found to not differ significantly from the RMS strain calculated
in the frequency domain.

7max:7RMS{
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Figure 2-7 Soil Column and Rock Outcrop Motion
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Table 2-1 Soil Degradation Models

Shear Modulus Ratio - G/Gmax

SHEAR SEED-IDRISS 70 IDRISS 1990 GEI Original From SRS
STRAIN 0'- 50-  100-  250'- .
(%) SAND CLAY SAND CLAY 50" 100' 250" 500" 500'+
0.000100 | 1.000 1.000 1.000 1.000 | 1.000 1.000 1.000 1.000 1.000
0.000316 | 0.984 0.913 1.000 1.000 | 0.990 0.990 0.990 0.995 1.000
0.00100 0.934 0.761 0.990 1.000 | 0.980 0.980 0.980 0.990 1.000
0.00316 0.826 0.565 0.955 0.979 | 0910 0.935 0.947 0.965 0.985
0.0100 0.656 0.400 0.850 0.941 | 0.780 0.816 0.852 0.890 0.925
0.0316 0.443 0.261 0.628 0.839 | 0.560 0.610 0.670 0.725 0.775
0.100 0.246 0.152 0.370 0.656 | 0.330 0.360 0.425 0.495 0.565
0.316 0.115 0.076 0.176 0.429 |0.160 0.175 0.200 0.240 0.300
1.00 0.049 0.037 0.080 0.238 | 0.065 0.065 0.065 0.080 0.100
3.16 0.049 0.013 0.080 0.238 | 0.040 0.040 0.040 0.040 0.040
10.00 0.049 0.004 0.080 0.238 | 0.040 0.040 0.040 0.040 0.040
Shear Modulus Ratio - G/Gmax (Continued)
SHEAR STOKOE SRS 1995
STRAIN | UPLAND TOBACCO DRY  SHALLOW DEEP  DEEP
(%) SAND ROAD BRACH CLAYS SANDS CLAYS
0.000100 | 0.9953 0.9977 0.9987  0.9993 0.9991  0.9996
0.000316 | 0.9852 0.9929 0.9959  0.9979 0.9972  0.9986
0.00100 0.9545 0.9778 0.9872  0.9933 0.9911  0.9957
0.00316 0.8691 0.9329 0.9606  0.9791 0.9723  0.9864
0.0100 0.6774 0.8148 0.8851  0.9367 0.9174  0.9583
0.0316 0.3991 0.5818 0.7089  0.8239 0.7783  0.8791
0.100 0.1736 0.3056 0.4350  0.5968 0.5261 0.6970
0.316 0.0623 0.1221 0.1958  0.3188 0.2598 0.4211
1.00 0.0206 0.0421 0.0715  0.1289 0.0999 0.1870
3.16 0.0066 0.0137 0.0238  0.0447 0.0339 0.0678
10.00 0.0021 0.0044 0.0076  0.0146 0.0110  0.0225
Shear Modulus Ratio - G/Gmax (Continued)
SHEAR GEOMATRIX 1990 EPRI-93 COHENSIONLESS SOIL
STRAIN 0'- 50'- 150' + 0'- 20'- 50- 120 250- 500
(%) 50' 150’ 20' 50' 120’ 250' 500" 1000
0.000100 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.000316 | 0.991 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.00100 0.985 0.998 1.000 0979 0.992 0995 0.998 1.000 1.000
0.00316 0.943 0.975 0.999 0.903 0.940 0.951 0.972 0.980 0.992
0.0100 0.854 0.900 0.939 0.734 0.815 0.867 0.899 0.923 0.948
0.0316 0.688 0.767 0.826 0.488 0.589 0.665 0.726 0.774 0.834
0.100 0.454 0.536 0.620 0.266 0.355 0.427 0.492 0557 0.645
0.316 0.259 0.319 0.381 0.113 0.161 0.210 0.266 0.315 0.395
1.00 0.100 0.134 0.162 0.044 0.065 0.089 0.117 0.153 0.202
3.16 0.052 0.052 0.052 0.044 0.065 0.089 0.117 0.153 0.202
10.00 0.052 0.052 0.052 0.044 0.065 0.089 0.117 0.153 0.202
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Hysteretic Damping Ratio (%)

SHEAR | SEED-IDRISS 70 IDRISS 1990 GEI Original From SRS
STRAIN 0- 50  100-  250- .
%) SAND CLAY SAND  CLAY 50" 100' 250’ 500’ 500"+
0.000100 0.50 2.50 0.24 024 | 150 150 150 150 150
0.000316 0.80 2.50 0.44 044 | 150 150 150 150 150
0.00100 1.70 2.50 0.80 080 | 150 150 150 150 150
0.00316 3.20 3.50 1.46 1.46 1.75 1.60 1.50 1.50 1.50
0.0100 5.60 4.75 2.80 280 | 385 315 250 210 175
0.0316 10.00 6.50 531 531 | 775 650 500 375 250
0.100 15.50 9.25 9.80 9.80 |13.10 11.75 1000 825 6.25
0.316 21.00 13.80 15.74 1574 | 18.75 17.75 16,50 14.75 13.00
1.00 24.60 20.00 21.00 21.00 | 23.00 2250 22.00 20.50 19.00
3.16 24.60 26.00 21.00 21.00 | 26.00 25.60 25.40 2425 23.10
10.00 24.60 29.00 21.00 21.00 | 26.00 25.60 25.40 24.25 23.10
Hysteretic Damping Ratio (%) (Continued)
SHEAR STOKOE SRS 1995
STRAIN | UPLAND TOBACCO DRY  SHALLOW DEEP  DEEP
(%) SAND ROAD BRACH CLAYS SANDS CLAYS
0.000100 1.059 0.625 0.825 1.296 0.489 0.991
0.000316 1.151 0.670 0.846 1.296 0.505 0.991
0.00100 1.493 0.835 0.936 1.326 0.57 1.013
0.00316 2.434 1.300 1.205 1.456 0.759 1.097
0.0100 5.201 2.790 2.108 1.938 1.398 1.41
0.0316 10.407 6.139 4.336 3.233 3.039 2.276
0.100 15.000 12.799 9.605 6.82 7.289 4.856
0.316 15.000 15.000 15.000 12.884 13.799  9.833
1.00 15.000 15.000 15.000 15.000 15.000 12.995
3.16 15.000 15.000 15.000 15.000 15.000 12.995
10.00 15.000 15.000 15.000 15.000 15.000  12.995
Hysteretic Damping Ratio (%) (Continued)
SHEAR GEOMATRIX 1990 EPRI-93 COHENSIONLESS SOIL
STRAIN | 0- 50- 150 300'+ 0- 20'- 50'- 120'-  250'- 500'-
(%) 50' 150" 300 20’ 50' 120 250" 500 1000
0.000100 | 0.21 0.15 0.15 096 | 143 130 1.15 095 0.85 0.61
0.000316 | 0.21 015 015 098 | 143 1.30 1.15 095 0.85 0.61
0.00100 | 205 152 152 101 | 184 143 1.22 1.02 0.90 0.61
0.00316 | 250 195 1.68 101 | 276 2.04 1.63 133 1.02 0.71
0.0100 | 3.73 295 225 107 | 510 3.67 2.86 224 184 1.22
0.0316 | 656 473 322 156 | 939 7.14 5.51 449  3.57 2.55
0.100 |11.23 857 6.19 415 |1551 1255 1041 867 7.14 5.31
0.316 | 1598 13.07 10.27 7.84 {2225 1939 17.04 1510 13.27 10.61
1.00 21.09 1859 15.66 12.08 | 27.55 2490 2286 21.12 1939 16.73
3.16 2411 2411 2411 17.84 | 2755 2490 2286 21.12 1939 16.73
10.00 | 2411 2411 2411 17.84 | 2755 2490 2286 21.12 19.39 16.73
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2.3 Kinematic Interaction Algorithm

The presence of the foundation of a structure in the soil system changes the free-field motion
because of the kinematic interaction effect. The kinematic interaction refers to the case that the
free-field motion is modified when assuming the foundation be massless and rigid. This section
of the report discusses the methods used in P-CARES to treat the kinematic interaction effect. It
should be noted that kinematic effects do not exist for surface foundations and are small for those
problems where the maximum frequency of interest f” is less than:

f =V, /2R (2-44)
where V; is the shear wave velocity and R is the foundation radius.

This module in P-CARES begins with free-field accelerograms defined over the depth of the
foundation (determined in the free-field analysis module) and generates equivalent translational
and rotational motions of the foundation to be used as input to the structural analysis module. The
general formulation of the methods used to treat these effects is discussed first, and is followed
with a description of the procedure used to incorporate the effects into the P-CARES system.

2.3.1 General Formulation

The method proposed by Iguchi (1982) and further discussed by Pais and Kausel (1985) is used to
incorporate the kinematic interaction effect in P-CARES. The method is illustrated in Figure 2-8
(see Fig. 39 of Pais and Kausel, 1985) and consists of the following steps:

1. Evaluate the free-field motion and stresses at several depths covering the foundation
depth. The free-field motion is obtained from the free-field analysis module and the
evaluation of the stresses is discussed below in Section 2.3.2.

2. Obtain a best-fit rigid body deformation (basemat displacement and rotation) of the
foundation to the free-field motion.

3. Determine forces acting on the foundation by integrating the free-field stresses over the
surface of the foundation.

4. The forces found in step (3) must be eliminated because the foundation is assumed
massless in the kinematic interaction analysis. Deformations required to eliminate these
forces are determined using the soil-structure interaction coefficients.

5. The input motion to the structure is then the sum of the deformations determined in steps
(2) and (4). These deformations consist of displacement and rotation at the basemat and
are used as input to the structural analysis module.

These five steps are performed in the frequency domain, and will be discussed in detail in the
following subsections.

2.3.2 Free-field Solution and Shear Stress Evaluation

The free-field accelerations are determined in the free-field analysis module based on a model of
vertically propagating, horizontally polarized shear waves. P-CARES integrates the kinematic
interaction analysis module into the free-field analysis module to streamline the soil-structure
interaction process. By specifying a few parameters needed in the kinematic interation analysis,
P-CARES can automatically generate the required free-field motions over the whole depth of
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foundation and calculate the translational and rotational displacements at the basemat. The
variation of free-field motion with depth z is a function of cos(wz/V,), where V; is the shear
wave velocity. The number of output motions required to cover the foundation depth should be

sufficiently large so that at least three points are contained within a half cosine wave, i.e., the
difference between two nearby output depths should be

dz=2V,/60=V /12f (2-45)
where f is the maximum frequency of interest in the problem. P-CARES allows the user to select
the maximum frequency of interest, calculates dz using above equation, and then generates free-
field solutions at depths equally spaced over the foundation depths at an increment not exceeding
dz. Depths at the ground surface and the basemat are included in the output depths generated by
P-CARES.

The free-field stresses are then evaluated within kinematic interaction module based on the
specified displacements. The displacements uj; at depth z; and frequency «j are defined as:

u; =a; cosw;t+b;sinw;t (2-46)
where a;; and bj; are the Fourier Components of the output motion at depth z,. The displacement

at an arbitrary depth z and a given frequency «j; can be represented as a polynomial of order N -1
in z, where N is the number of depths used to define the free-field displacements so that:

u(z,a)j)=(cl+czz+...+cNzN‘l)cos(a)jt)+ (247
(sl + 8,2+ -+ S, zN’l)sin(a)jt)

The coefficients ¢’s and s’s can be determined by solving the system of equations that are
obtained by equating the previous two definitions of u (Equations 2-46 and 2-47)

The shear stresses are then found from:

du _

r=G—=GJ(c, +---+cyz" ) cos(w;t) +
dz (2-48)
(s, +---+5y2"?)sin(w;t)]

where, G is the soil shear modulus. This formula is then used to evaluate the shear stress at each
layer and at each frequency. These operations to evaluate the shear stresses are contained within
P-CARES and require no action by the user.

2.3.3 BestFit

The next step in the solution is to obtain a rigid-body displacement of the foundation that is a best
fit (in a least squared error sense) to the free-field motion. The motion of the rigid foundation can

be conveniently represented by a horizontal displacement A, at the center of gravity of the

foundation area and the rotation of the foundation @, about the centroidal axis. The subscript 2

indicates the displacements are the solution to the second step listed above in subsection 2.3.1.
These two displacements are complex so that there are four components to be determined.

The best fit displacements for the cylindrical foundation are found to be:
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A, :[jo” 270(2)Rdz + 2R2U(H)]/ A,
’ (2-49)
®, =[] 27(z)(z— 2,)Rdz+ R*u(H)(H - 2,)]/ 1,
where,
u(z) =free-field motion at depth z
A, =surface area of foundation = AR*(1+2H/R)

R = foundation radius

z, = depth of the center of gravity below the surface=H —R(H / R)?/(1+2H/R)

H = depth of embedment

I. =moment of inertia of foundation surface area about center of gravity

=R*[1+4H/R+8(H/R)®/3—4(H/R)*/(1+2H /R)]

The integrals over the depth of the foundation H are evaluated by numerical integration in P-
CARES.

The best fit displacements for the rectangular foundation, with plan dimensions 2B by 2L, the
deformations in the B direction, and embedment depth H, are found to be:

A, =[4Bj0H u(z)dz + 4u(H)BL]/ A,
H (2-50)
®, =—[4BjO u(z)(z-H +z,)dz+4(H —z, )u(H)BL]/1,

where,
A, =surface area of foundation =4H (B+L)+BL

z, = depth of center of gravity belowe the surface =[2H?*(B+ L)+ BLH]/ A,
I, =moment of inertia of foundation surface area about center of gravity

—[4B*/3][(H /B)*(L/B+1)+(H/B)(3L/B+1)+L/B]

2.3.4 Determine Forces Acting on Foundation Area

The free-field stresses acting on the foundation area result in a horizontal force F and moment M,
which can be obtained by integrating the free-field stresses over the foundation area. The
resultant forces for the cylindrical foundation are:

F=-7(H)R?
M = —4R2j0H 7(2)dz

The resultant forces for the rectangular foundation are, assuming the motion is in the B direction:

(2-51)

F =-4LB7(H)

M = —4|_Bj0H (2)dz (2-52)
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2.3.5 Eliminate Forces on Foundation

As indicated in step 4 in subsection 2.3.1, displacements A, and @, that eliminate the forces

found in the previous subsection are found as follows. The stiffness and damping SSI coefficients
are determined as discussed in the structural analysis module (see Section 2.4). These
displacements can be determined by equating the forces to the matrix of SSI coefficients times
the unknown displacements and solving the resultant system of equations for the unknown
displacements.

The final displacements are taken as the sum of displacements A,and @, and the displacements
A, and @, found in Section 2.3.3. These final displacements are then translated to the base of the
foundation from the center of gravity and saved for use as input to the structural analysis module.
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Sum of Forces (F) Acting on Foundation

I\
= Best Fit of Rigid Foundation
' Deformation to Free-field: Represented
by Displacement A, and Rotation @,
about Center of Gravity
\u

\

Deformed Shape of Free-field

Foundation Deformations Required to
Give —F Interaction Forces

Final Deformation of Foundation Is the Sum of the Above Two Solutions.

Figure 2-8 Illustration of Kinematic Interaction
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2.4 Modeling of Structures and SSI

This section of the report describes the response analysis of a structural system subjected to either
a seismic input at the base or time-dependent forcing functions applied to the structure. The
solution method is first discussed, and followed is a description of each of the matrices used to
represent the dynamic characteristics of the structure.

2.4.1 Description of the Model and Method of Solution
The structural model is based on the following basic assumptions:

(@) All structural elements are linearly elastic.

(b) The foundation of the structure may be assumed to be rigid (as compared to the
surrounding soil and superstructure elements). This allows the use of existing soil /
structure interaction (SSI) coefficients so that the soil does not need to be included in the
structural model.

(c) The soil properties may be modeled in two layers, one to the side of the structure and
one beneath the structure. This is a necessary assumption since SSI coefficients are not
generally available for more complex layering systems. The user may develop
"equivalent™ properties to approximately account for layering effects.

(d) The length units must be in feet (the gravitational constant 32.2 ft/sec? is used within the
code to convert weight to mass). Any consistent force units may be used.

The equations of motion representing the structural response are:

MU" +CU'+ KU =F(t) (2-53)
where M, C, K, and F represent the mass, damping, stiffness, and forcing matrices and are each

discussed below. The deformation vector and its first and second derivatives with respect to time
are U, U', and U". Bold variables are used in this discussion to represent matrices and vectors.

The deformation and force vectors can each be represented with their Fourier components as:

U(t) =S(U, coswt+ U, sinmt)
F(t) = S(F, coswt+ F, sin wt)

where w is the circular frequency and S is a scaling factor. The number of terms and frequency
increment in these expansions are determined by the characteristics of the input forcing function
F.

(2-54)

The deformation vector U; at each node i has 12 components that represent the combination of the
6 degrees of freedom and the two sine or cosine coefficients, i.e.,

U, =[ucx,,usx,, ucy;, usy;,ucz,,usz; ,ucxx, ,Usxx; ,ucyy,,usyy; ,uczz, ,uszz, | (2-55)

where the first subscript represent either the cosine or sine term, the next one or two subscripts
represent the deflection in the x, y, or z global directions or the rotations about the global axes,
and the final subscript represents the node number. The user can specify several constraints on
these deformation components:
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(@ Individual degree of freedom (DOF) can be constrained by specifying the node and
direction.

(b) All DOF can be constrained at selected nodes by specifying the node number.

(c) A particular DOF can be constrained at all nodes by specifying the DOF number.

(d) The same DOFs at two nodes can be coupled.

(e) Rigid links can be placed between two nodes. The user may define "slave™ nodes that

are tied to "master" nodes. The deformations U, of the slave nodes are then related to the
master node deformations Uy, by the transformation:

U, =T, Y, (2-56)
where, Tq, is a transformation matrix defined by:

1 0 0 0 Z.-Z. —Y.+Y,
0 1 0 -z,+z, 0 X, - X,
0 0 1 Y-, X +X. 0
To=l 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1|

(2-57)
where X, Y, and Z refer to the coordinates of either the master (m) or slave (s) nodes.

There are two restrictions when specifying the slave nodes. First, one node cannot be slave to a
slave node, but can share the same master node with other slave nodes. Secondly, an SSI node,
the node where SSI loads and coefficients are applied, cannot be a slave node.

The specified constraints are applied to the nodes and DOF numbers are assigned within the code
to each of the remaining unrestrained nodes. The DOF numbers are assigned based on the order
in which the node numbers are input; therefore, the user should select the node input order for
large problems so as to minimize the bandwidth of the stiffness matrix. The bandwidth at each
node is printed out during the deterministic analysis to assist in establishing a reasonable input
order. For example, if the bandwidth at one node is significantly larger than at other nodes one
may consider reordering the nodes so that this node will be located closer to its connecting nodes
in the input stream. These DOF numbers are printed out during the deterministic analsyis.

Substituting Equations 2-54 and 2-55 into Equation 2-53 vyields the following set of linear
equations that must be solved at each frequency:

~Mo’U_ +CaoU, +KU_ =F,

— Ma)ZUS +CoU, +KU, =F,
There are twice the number of DOF equations in this set. Since the equations are symmetric, only
the upper half is stored and all elements outside the maximum bandwidth are eliminated.

Solutions are obtained for each frequency using a Gaussian elimination procedure (Bathe and.
Wilson, 1976).

(2-58)
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Once the solutions are obtained the Fourier components of the deformations at user specified
nodes are written to a database that can be used in postprocessing to generate response spectra
and time history records. Member forces are not evaluated in P-CARES. The volume of output
required to assemble member forces is too large to be conveniently treated within a code where
simple and fast operation is the primary goal.

2.4.2 Mass Matrix

The mass matrix M in the structural analysis module is diagonal and can contain 6 components at
each node. A single weight lumped at each node is required as part of the nodal input data, and is
used for all 3 mass components Mx, My, and Mz. The input weight is divided by the gravitational
constant (32.2 ft/sec2) to obtain mass, and hence the length unit needs to be restricted to feet.
The weight can be in any units (e.g., kips or pounds) with the restriction that the material property
constants such as Young's moduli be in the same force units.

The user can specify rotational masses wherever desired and the rotational masses can be
different about the three axes. The rotational masses have the units of [force ft*/sec].

2.4.3 Damping Matrix

The damping matrix C in the SSI problem includes the structural component and the SSI
component. The structural component used in the structural analysis module is related to the
stiffness and/or mass matrices, while the SSI damping component is added directly to the
damping matrix C. The SSI damping is discussed in the following section when the SSI stiffness
is introduced.

There are four options in P-CARES for specifying structural damping. The first three options are
based on the fact that the modal equations are uncoupled when the damping matrix is a linear
combination of the mass and stiffness matrices:

C=aM+ pK (2-59)
where o and 3 are parameters to be determined using one of the following three options. For the
first option the user specifies the value of o and  directly as input. For the second option the
value of these parameters are computed within P-CARES based on the first two structural modal
frequencies w; and w, (with the base fixed) and a user-specified ratio of critical damping p
appropriate for the structure:

a=2pow,l(o+o,)

/B:2p/(a)1+w2)
The first two structural modes are determined by the Power method (Bathe and Wilson, 1976).
Both the frequency and mode shapes of these modes are included in the output if a deterministic
analysis is performed in P-CARES. The effective structural damping is then equal to the specified
damping p at the first two fundamental frequencies but varies from this value at other frequencies.
It can be shown that the effective structural damping p; at some other frequency o is:

(2-60)

P = p(a)i2 +oyw,)] o (o, + ,) (2-61)
The damping is less than p for w; between w; and w, and larger than p for w; outside this range.
In light of option 2, the user may choose two interested frequencies and their associated damping

ratio p, use Equation 2-60 to compute values of o and B, and specify these values as input in the
first damping option. This approach allows the user to customize the damping characteristics
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based on the particular problem under investigation. Equation 2-61 can be used to evaluate the
damping value at other frequencies.

Although damping for structural elements is specified during input, it is not used when either of
the first two damping types is specified. It is used to determine the C matrix when either the third
or fourth damping types is specified.

The third type of damping included in P-CARES is termed composite damping (Bathe and
Wilson, 1976). It is useful when damping in the various structural elements is different (such as
would occur in a structure with both concrete and steel elements). The damping matrix is still
defined as a linear combination of the mass and stiffness matrices, but the damping in each of the
first two modes is defined as a weighted average of the damping in each of the structural elements,
with th