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Systematic, well-designed research provides the most effective 
approach to the solution of many problems facing highway administra-
tors and engineers. Often, highway problems are of local interest and 
can best be studied by highway departments individually or in coop-
eration with their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly complex 
problems of wide interest to highway authorities. These problems are 
best studied through a coordinated program of cooperative research.

In recognition of these needs, the highway administrators of the 
American Association of State Highway and Transportation Officials 
initiated in 1962 an objective national highway research program 
employing modern scientific techniques. This program is supported on a 
continuing basis by funds from participating member states of the Asso-
ciation and it receives the full cooperation and support of the Federal 
Highway Administration, United States Department of Transportation.

The Transportation Research Board of the National Research Coun-
cil was requested by the Association to administer the research pro-
gram because of the Board’s recognized objectivity and understanding 
of modern research practices. The Board is uniquely suited for this 
purpose as it maintains an extensive committee structure from which 
authorities on any highway transportation subject may be drawn; it 
possesses avenues of communication and cooperation with federal, 
state, and local governmental agencies, universities, and industry; its 
relationship to the National Research Council is an insurance of objec-
tivity; it maintains a full-time research correlation staff of specialists 
in highway transportation matters to bring the findings of research 
directly to those who are in a position to use them.

The program is developed on the basis of research needs identified 
by chief administrators of the highway and transportation departments 
and by committees of AASHTO. Each year, specific areas of research 
needs to be included in the program are proposed to the National 
Research Council and the Board by the American Association of State 
Highway and Transportation Officials. Research projects to fulfill 
these needs are defined by the Board, and qualified research agencies 
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and surveillance of research contracts are the responsibilities of the 
National Research Council and the Transportation Research Board.

The needs for highway research are many, and the National Coop-
erative Highway Research Program can make significant contributions 
to the solution of highway transportation problems of mutual concern 
to many responsible groups. The program, however, is intended to 
complement rather than to substitute for or duplicate other highway 
research programs.

NOTE: The Transportation Research Board of the National Acad-
emies, the National Research Council, the Federal Highway Adminis-
tration, the American Association of State Highway and Transporta-
tion Officials, and the individual states participating in the National 
Cooperative Highway Research Program do not endorse products or 
manufacturers. Trade or manufacturers’ names appear herein solely 
because they are considered essential to the object of this report.

NCHRP SYNTHESIS 428

Project 20-05 (Topic 42-03)
ISSN 0547-5570
ISBN 978-0-309-22355-3
Library of Congress Control No. 2012932145

© 2012 National Academy of Sciences. All rights reserved.

COPYRIGHT INFORMATION

Authors herein are responsible for the authenticity of their manuscripts 
and for obtaining written permissions from publishers or persons who 
own the copyright to any previously published or copyrighted material 
used herein. 

Cooperative Research Programs (CRP) grants permission to repro-
duce material in this publication for classroom and not-for-profit pur-
poses. Permission is given with the understanding that none of the 
material will be used to imply TRB, AASHTO, FAA, FHWA, FMSCA, 
FTA, or Transit development Corporation endorsement of a particular 
product, method, or practice. It is expected that those reproducing the 
material in this document for educational and not-for-profit uses will 
give appropriate acknowledgment of the source of any development or 
reproduced material. For other uses of the material, request permission 
from CRP. 

NOTICE

The project that is the subject of this report was a part of the National 
Cooperative Highway Research Program conducted by the Transpor-
tation Research Board with the approval of the Governing Board of 
the National Research Council. Such approval reflects the Governing 
Board’s judgment that the program concerned is of national importance 
and appropriate with respect to both the purposes and resources of the 
National Research Council.

The members of the technical committee selected to monitor this 
project and to review this report were chosen for recognized scholarly 
competence and with due consideration for the balance of disciplines 
appropriate to the project. The opinions and conclusions expressed or 
implied are those of the research agency that performed the research, 
and, while they have been accepted as appropriate by the technical com-
mittee, they are not necessarily those of the Transportation Research 
Board, the National Research Council, the American Association of 
State Highway and Transportation Officials, or the Federal Highway 
Administration of the U.S. Department of Transportation.

Each report is reviewed and accepted for publication by the technical 
committee according to procedures established and monitored by the 
Transportation Research Board Executive Committee and the Govern-
ing Board of the National Research Council.

Published reports of the 

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

are available from:

Transportation Research Board
Business Office
500 Fifth Street, NW
Washington, DC 20001

and can be ordered through the Internet at:
http://www.national-academies.org/trb/bookstore

Printed in the United States of America    

Practices and Procedures for Site-Specific Evaluations of Earthquake Ground Motions

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/14660


THE NATIONAL ACADEMIES
Advisers to the Nation on Science, Engineering, and Medicine

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distinguished scholars 
engaged in scientific and engineering research, dedicated to the furtherance of science and technology and 
to their use for the general welfare. On the authority of the charter granted to it by the Congress in 1863, the 
Academy has a mandate that requires it to advise the federal government on scientific and technical matters. 
Dr. Ralph J. Cicerone is president of the National Academy of Sciences. 

The National Academy of Engineering was established in 1964, under the charter of the National Academy 
of Sciences, as a parallel organization of outstanding engineers. It is autonomous in its administration and in 
the selection of its members, sharing with the National Academy of Sciences the responsibility for advising 
the federal government. The National Academy of Engineering also sponsors engineering programs aimed 
at meeting national needs, encourages education and research, and recognizes the superior achievements of 
engineers. Dr. Charles M. Vest is president of the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to secure the ser-
vices of eminent members of appropriate professions in the examination of policy matters pertaining to the 
health of the public. The Institute acts under the responsibility given to the National Academy of Sciences by 
its congressional charter to be an adviser to the federal government and, on its own initiative, to identify issues 
of medical care, research, and education. Dr. Harvey V. Fineberg is president of the Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in 1916 to associate 
the broad community of science and technology with the Academy’s purposes of furthering knowledge and 
advising the federal government. Functioning in accordance with general policies determined by the Acad-
emy, the Council has become the principal operating agency of both the National Academy of Sciences and 
the National Academy of Engineering in providing services to the government, the public, and the scientific 
and engineering communities. The Council is administered jointly by both Academies and the Institute of 
Medicine. Dr. Ralph J. Cicerone and Dr. Charles M. Vest are chair and vice chair, respectively, of the National 
Research Council.

The Transportation Research Board is one of six major divisions of the National Research Council. The 
mission of the Transportation Research Board is to provide leadership in transportation innovation and prog-
ress through research and information exchange, conducted within a setting that is objective, interdisciplinary, 
and multimodal. The Board’s varied activities annually engage about 7,000 engineers, scientists, and other 
transportation researchers and practitioners from the public and private sectors and academia, all of whom 
contribute their expertise in the public interest. The program is supported by state transportation departments, 
federal agencies including the component administrations of the U.S. Department of Transportation, and other 
organizations and individuals interested in the development of transportation. www.TRB.org

www.national-academies.org

Practices and Procedures for Site-Specific Evaluations of Earthquake Ground Motions

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/14660


NCHRP COMMITTEE FOR PROJECT 20-05

CHAIR
CATHERINE NELSON  
Oregon DOT

MEMBERS
KATHLEEN S. AMES  
Maker Baker Jr., Inc.
STUART D. ANDERSON  
Texas A&M University
CYNTHIA J. BURBANK  
PB Americas, Inc.
BRIAN A. BLANCHARD  
Florida DOT
LISA FREESE  
Scott County (MN) Public Works Division
MALCOLM T. KERLEY  
Virginia DOT
RICHARD D. LAND  
California DOT
JOHN M. MASON, JR.  
Auburn University
ROGER C. OLSON  
Minnesota DOT
ROBERT L. SACK  
New York State DOT
FRANCINE SHAW-WHITSON  
Federal Highway Administration
LARRY VELASQUEZ  
JAVEL Engineering, LLC.

FHWA LIAISONS
JACK JERNIGAN
MARY LYNN TISCHER

TRB LIAISON
STEPHEN F. MAHER

COOPERATIVE RESEARCH PROGRAMS STAFF
CHRISTOPHER W. JENKS, Director, Cooperative  

Research Programs
CRAWFORD F. JENCKS, Deputy Director, Cooperative 

Research Programs
NANDA SRINIVASAN, Senior Program Officer
EILEEN P. DELANEY, Director of Publications

SYNTHESIS STUDIES STAFF
STEPHEN R. GODWIN, Director for Studies and  

Special Programs
JON M. WILLIAMS, Program Director, IDEA and  

Synthesis Studies
JO ALLEN GAUSE, Senior Program Officer
GAIL R. STABA, Senior Program Officer
DONNA L. VLASAK, Senior Program Officer
TANYA M. ZWAHLEN, Consultant
DON TIPPMAN, Senior Editor
CHERYL KEITH, Senior Program Assistant
DEMISHA WILLIAMS, Senior Program Assistant
DEBBIE IRVIN, Program Associate

TOPIC PANEL
ABBAS ABGHARI, California Department of Transportation 
THOMAS COOLING, URS Corporation, St. Louis, MO
TIMOTHY E. HUFF, Tennessee Department of Transportation
G.P. JAYAPRAKASH, Transportation Research Board
STEVEN L. KRAMER, University of Washington
NICOLAS LUCO, US Geological Survey, Golden, CO
ELMER MARX, Alaska DOT and Public Facilities, Juneau
JAMES STRUTHERS, Washington State Department of  

Transportation
JUSTICE J.G. MASWOSWE, Federal Highway Administration, 

Baltimore, Maryland (Liaison)
PHILIP YEN, Federal Highway Administration (Liaison)

Cover figure: Damage to the Nimitz Freeway following the 1989 
Loma Prieta earthquake (courtesy of: Dr. Neven Matasovic).

ACKNOWLEDGMENTS
The authors would like to thank Mr. Byungmin Kim, graduate student 
at the University of Illinois at Urbana–Champaign, and Mr. Spencer 
Marcinek, Staff Engineer with Geosyntec Consultants, for their assis-
tance during development drafts of this study. The authors would also 
like to thank Dr. Edward Kavazanjian, Jr., of Arizona State University 
and Dr. Sharid Amiri of Caltrans for their continuous support of this 
work and to Dr. Rodolfo Sancio of Geosyntec Consultants who peer-
reviewed several drafts of this study.

Practices and Procedures for Site-Specific Evaluations of Earthquake Ground Motions

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/14660


Highway administrators, engineers, and researchers often face problems for which infor-
mation already exists, either in documented form or as undocumented experience and prac-
tice. This information may be fragmented, scattered, and unevaluated. As a consequence, 
full knowledge of what has been learned about a problem may not be brought to bear on its 
solution. Costly research findings may go unused, valuable experience may be overlooked, 
and due consideration may not be given to recommended practices for solving or alleviat-
ing the problem.

There is information on nearly every subject of concern to highway administrators and 
engineers. Much of it derives from research or from the work of practitioners faced with 
problems in their day-to-day work. To provide a systematic means for assembling and 
evaluating such useful information and to make it available to the entire highway commu-
nity, the American Association of State Highway and Transportation Officials—through 
the mechanism of the National Cooperative Highway Research Program—authorized the 
Transportation Research Board to undertake a continuing study. This study, NCHRP Proj-
ect 20-5, “Synthesis of Information Related to Highway Problems,” searches out and syn-
thesizes useful knowledge from all available sources and prepares concise, documented 
reports on specific topics. Reports from this endeavor constitute an NCHRP report series, 
Synthesis of Highway Practice. 

This synthesis series reports on current knowledge and practice, in a compact format, 
without the detailed directions usually found in handbooks or design manuals. Each report 
in the series provides a compendium of the best knowledge available on those measures 
found to be the most successful in resolving specific problems. 

 
This study identifies and describes current practice and available methods for evaluating 
the influence of local ground conditions on earthquake design ground motions on a site-
specific basis. Information includes criteria used to determine when a site-specific analysis 
is needed, how to develop input parameters required for a site-response analysis, the nature 
of the site-response analysis performed (equivalent-linear, total stress nonlinear, effective-
stress nonlinear), the process of model setup, and how uncertainties are dealt with in the 
analysis process. Information was gathered by a literature review and a survey of state 
departments of transportation and selected academics. 

Neven Matasovic, Geosyntec Consultants, Huntington Beach, California, and Youssef 
Hashash, University of Illinois at Urbana-Champaign, collected and synthesized the infor-
mation and wrote the report. The members of the topic panel are acknowledged on the pre-
ceding page. This synthesis is an immediately useful document that records the practices 
that were acceptable within the limitations of the knowledge available at the time of its 
preparation. As progress in research and practice continues, new knowledge will be added 
to that now at hand.

FOREWORD

PREFACE
  By Jon M. Williams  

Program Director
  Transportation 
Research Board
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SUMMARY

PRACTICES AND PROCEDURES FOR SITE-SPECIFIC 
EVALUATION OF EARTHQUAKE GROUND MOTIONS

The current AASHTO specifications for seismic design mandate site-specific evaluation of 
the earthquake design ground motion (i.e., the acceleration response spectrum) for ground 
conditions termed Site Class F. In the AASHTO specifications, Site Class F soils include 
soft clay sites. These AASHTO specifications also allow discretionary site-specific analy-
ses for other ground conditions and a reduction in mapped design ground motions of as 
much as 33% if justified by a site-specific ground motion analysis. Some state departments 
of transportation (DOTs) are taking advantage of this site response reduction provision, 
particularly in cases where pore pressure generation could lead to soil liquefaction.

For Site Classes C, D, and E, AASHTO’s tabulated site response adjustment factors 
(site factors) are typically used to adjust mapped values of ground motions. However, as 
stipulated in AASHTO’s recommendations, site-specific site response analyses have also 
been used in these circumstances as an alternative because the site factor approach may 
be inappropriate under some conditions. Of particular concern is the adequacy of the site 
factor approach in evaluating the response of short period structures (fundamental period 
of the site, To < 0.5 sec) on shallow bedrock sites (i.e., depth to bedrock less than 100 ft), 
and of longer period structures (To > 1.0 sec) at deep soil basin sites (e.g., depth to bedrock 
greater than 500 ft).

For years, the equivalent-linear total stress approach, as programmed in one-dimen-
sional (1-D) site response analysis codes (e.g., SHAKE) has been the primary method used 
to evaluate the influence of local ground conditions on earthquake design ground motions 
on a site-specific basis. However, this type of analysis has limitations: (1) for strong shak-
ing at some sites owing to nonlinear site response effects resulting in large shear strain 
response, which is not properly captured in the equivalent-linear soil models; (2) at sites 
where soils have the potential to develop significant seismically induced excess pore water 
pressures, including soil liquefaction; and (3) at soft clay sites subject to moderate inten-
sity/long-duration motions, because the analysis cannot take the effects of cyclic degrada-
tion into consideration.

This synthesis study identifies and describes current practice and available methods for 
evaluating the influence of local ground conditions on earthquake design ground motions 
on a site-specific basis. The study focuses on evaluating the response of soil deposits to 
strong ground shaking, and therefore does not address representation of structural response. 
In accordance with current practice, the study’s primary focus is on one-dimensional (1-D) 
site response analysis (both equivalent-linear and nonlinear). Two-dimensional (2-D) and 
three-dimensional (3-D) analyses are discussed, but at a more limited level. The synthesis 
study consists of a literature review and a survey of current practice.

The literature review revealed significant developments in the area of nonlinear site 
response over the past decade, including studies to define usage protocols of total stress 
nonlinear site response analyses. New generations of generic dynamic material property 
sets (e.g., modulus reduction and damping curves, and seismic pore water pressure gen-
eration model parameters) have also been developed and are now available for use in site 
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response analyses. The review also showed increasing availability of commercial 2-D analy-
sis software for site response analysis with pore water pressure generation. However, there is 
a lack of agreed-upon protocols for both 1-D and 2-D nonlinear site response analysis with 
soils that have potential for significant pore water pressure generation.

The survey identifies survey participants, survey questions, methods of processing sur-
vey responses, and relevant findings of the survey. Most of the survey participants were from 
state DOTs and their consultants. Selected academic researchers also participated in the sur-
vey. DOTs invited to participate in the survey included the AASHTO Highway Subcommit-
tee on Bridges and Structures, Technical Committee T-3 states (Seismic Design) (Alaska, 
Arkansas, California, Illinois, Indiana, Missouri, Montana, Nevada, Oregon, South Caro-
lina, Tennessee, Washington), plus DOTs of Georgia, Hawaii (T-3+), Massachusetts, New 
York, Rhode Island, and Utah, and their consultants. The respondents represented DOTs/
firms of various sizes; some described their own practices and others the practices of their 
DOTs or firms. The survey questions encompassed criteria used by the respondents to deter-
mine when a site response analysis (through computer software) is required; development 
of input parameters required for a site response analysis; nature of site response analysis 
(equivalent-linear, total stress nonlinear, effective-stress nonlinear) performed; and the pro-
cess of model setup and development of model input parameters. The survey also asked 
about how uncertainties are dealt with in the analysis process and the practice for evaluating 
the results of site response analyses, as well as the use of site response analyses in further 
engineering analyses. 

The survey reveals widespread use of both equivalent-linear and nonlinear site response 
analyses by DOTs and other participants. A significant portion of the DOTs’ analyses use 
nonlinear site response analyses, including analyses with pore water pressure generation for 
liquefaction evaluation. Use of 2-D numerical models in site response evaluation, although 
limited, appears to be increasing. The issues associated with the use of both nonlinear effec-
tive-stress and 2-D software include development of adequate input parameters and ground 
motions, verification and validation of the results, evaluation of uncertainty, and vertical 
site response. The survey respondents provided a wide range of answers on a number of 
key issues in site response analysis, including input motion, material properties, analysis 
procedures, and use of results. The responses illustrate the lack of consensus and the need to 
develop guidance on these important issues. 

The study concludes with a list of research topics suggested by the survey participants 
and identified from the literature review. The topics include benchmarking of site response 
models with pore water pressure generation, shear wave velocity correlation evaluation, 
benchmarking of 2-D and 3-D analysis codes, vertical site response, and calibration with 
recent (i.e., the 2011 Tohoku, Japan, earthquake) data. Research in these topics will facilitate 
future reliable use of advanced analysis techniques in highway engineering practice. 
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being used in practice, including methods that account for 
deep soil basin effects and for pore water pressure genera-
tion. Significant expertise is required to conduct and inter-
pret the results from these newer methods, often leading to 
questions about the validity of results. For instance, experi-
ence with the newer nonlinear analysis methods show that 
strains (and hence stiffness reduction) may become more 
localized than in an equivalent-linear total stress analysis. 
As a result, details of the soil profile, particularly soft lay-
ers and impedance contrasts, can have a larger effect on the 
results of a nonlinear analysis than they do on the results 
of an equivalent-linear analysis. Furthermore, all available 
methods of site response analysis (including equivalent-
linear total stress analysis) require significant expertise 
and numerous discretionary decisions.  For example, the 
analysis requires selection of an appropriate suite of time 
histories and a determination as to whether the small strain 
modulus and other soil properties should be measured in the 
field and/or laboratory or obtained using correlations. The 
analysis also requires decisions on the extent of sensitivity 
analyses and what modulus reduction and damping curves 
to use. More expertise and discretionary decision making is 
required with nonlinear methods than with equivalent-lin-
ear analysis and is greatest with analyses that consider pore 
pressure generation and dissipation. Commentary within 
the AASHTO specifications cautions the reader of potential 
issues when conducting site-specific ground motion studies, 
but the commentary does not provide guidance on the nature 
of these issues, and how or when to consider these potential 
issues. This lack of guidance raises concerns as to whether 
appropriate estimates of site-specific ground motions are 
being made for design, potentially resulting in either exces-
sive project construction costs when ground motion response 
is overestimated or unacceptable risk to the public when 
ground motion response is underestimated. 

This synthesis study identifies and describes current prac-
tice and available methods for site-specific analysis of earth-
quake ground motions. The study is primarily concerned 
with the response of soil deposits to strong ground shaking 
and, as such, does not address representation of structural 
response. The study’s primary focus is on one-dimensional 
(1-D) analyses as this represents both the majority of site 
response analysis work to date and current state of practice. 
Two-dimensional (2-D) and three-dimensional (3-D) analy-
ses are discussed, but at a limited level.

CHAPTER ONE 

INTRODUCTION 

AASHTO specifications for seismic design, including both 
the 2009 Interim AASHTO Load and Resistance Factor 
Design (LRFD) Bridge Design Specifications and the 2009 
Guide Specifications for LRFD Seismic Bridge Design, 
mandate site-specific evaluation of the earthquake design 
ground motions (i.e., the acceleration response spectrum) 
for ground conditions termed Site Class F. In the AASHTO 
specifications (AASHTO 2010a), Site Class F soils are soft 
clay sites. These AASHTO specifications also allow discre-
tionary site-specific analyses for other ground conditions 
and a reduction in mapped ground motions by as much as 
33% if justified by a site-specific ground motion analysis. 
Some state departments of transportation (DOTs) are tak-
ing advantage of this site response reduction provision, 
particularly in cases where pore pressure generation could 
lead to liquefaction. Furthermore, there is some evidence, 
part of which is based on the authors’ experiences, that 
the AASHTO site factors, used to adjust mapped values of 
design ground motions for local ground conditions, may be 
inappropriate under some conditions. For example, they may 
not be appropriate for short period structures (fundamental 
period of the structure, To < 0.5 sec) at shallow bedrock sites 
(that is, depth to bedrock less than 100 ft), and for structures 
with a relatively long predominant period (To > 1.0 sec) at 
deep soil basin sites [e.g., depth to bedrock greater than 500 
ft (Park and Hashash 2005a, 2005b)]. Site-specific analyses 
are also being used in these circumstances as an alternative 
to the use of AASHTO site factors.

For years, the equivalent-linear total stress approach, as 
programmed in one-dimensional (1-D) site response analy-
sis codes, has been the primary method used to evaluate 
the influence of local ground conditions on earthquake 
design ground motions on a site-specific basis. However, 
this type of analysis has limitations: (1) for strong shak-
ing at some sites owing to nonlinear site response effects 
resulting in large shear strain response; (2) at sites where 
there is a potential for significant seismically induced 
pore water pressure buildup, including soil liquefaction, 
because it cannot consider the effects of pore pressure gen-
eration; and (3) at soft clay sites subject to moderate inten-
sity/long-duration motions as it cannot consider the effects 
of cyclic degradation.

A number of nonlinear site response analysis methods 
have become available over the past decade and are now 
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pated in the survey. DOT’s invited to participate in the survey 
included T-3 states (Alaska, Arkansas, California, Illinois, 
Indiana, Missouri, Montana, Nevada, Oregon, South Caro-
lina, Tennessee, Washington), plus DOTs of Georgia, Hawaii 
(T-3+), Massachusetts, New York, Rhode Island, and Utah, 
and their consultants. The respondents represented DOTs/
firms of various sizes; some were describing their own prac-
tices and others the practices of their DOTs or firms. 

As appropriate, the synthesized survey results are related 
to findings from a review of current knowledge. The research 
and development needs identified through the work and sur-
vey responses documented here are provided at the end of 
this study. 

This study starts with a discussion of current knowledge 
based on a review of technical literature and contacts with 
select publishers and software authors (researchers) for clar-
ification. As a part of the documentation of this literature 
search, an attempt was made to identify and explain key 
concepts involved in current site response analysis practice. 
The study also summarizes experience gained in developing 
and employing these methods, including challenges in their 
application and perceived advantages and disadvantages of 
the different methods. 

The literature search is followed by a survey of current 
practice. Most of the survey participants were from state 
DOTs and their consultants. Selected researchers also partici-
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CHAPTER TWO

CURRENT STATE OF EVALUATION OF SITE EFFECTS ON  
GROUND MOTIONS

SITE RESPONSE EVALUATION APPROACHES

Three general approaches can be used to evaluate soil (i.e., 
site) effects on ground motions: (1) the attenuation relation-
ship approach, (2) the code-factor approach, and (3) the site 
response analysis approach.

The attenuation relationship approach uses attenua-
tion relationships or ground motion prediction equations 
(GMPE) that consider local site effects, including soil con-
ditions. While older attenuation equations distinguish only 
between soil and rock, recently published Next Generation 
Attenuation (NGA) relationships (e.g., Abrahamson et al. 
2008) can provide ground motion prediction as a function of 
shear wave velocity (Vs), including velocities based on ASCE 
7-type site classes that are also adopted by IBC 2006 (Inter-
national Code Council 2006). In this approach, a response 
spectrum is developed and can be used directly in a spectral 
analysis. If needed, ground motions would have to be sepa-
rately generated through some form of spectral matching, 
which will be discussed later. 

The second approach for assessing soil effects on 
ground motions computes rock outcrop (surface rock) 
response spectrum using a rock attenuation equation and 
then modifies the rock spectrum by generic soil amplifica-
tion factors such as the FPGA (used in AASHTO); Fa, and 
Fv factors in Tables 11.4-1 and 11.4-2 of ASCE 7; or other 
published sources such as EPRI (Electric Power Research 
Institute 1993), Rodriguez-Marek et al. (2001), or Stewart 
et al. (2003). As in the first approach, a response spectrum 
is developed and can be used directly in a spectral analy-
sis. If needed, ground motions can be generated separately 
through some form of spectral matching, which will be 
discussed later. 

The third approach calls for evaluation of local site 
effects by conducting a detailed site response analysis using 
computer software. The site response analysis approach for 
evaluation of site effects on ground motions is widely used 
(see also the survey synthesis section, chapter four). This 
approach is favored by Geotechnical Earthquake Engineers 
as it takes into account the unique geotechnical character-
istic (i.e., “seismic signature”) of a site. The approach uses 
back analysis of numerous case histories and works well 
when the profile has significant impedance contrast and 

INTRODUCTION

Site-specific evaluation of earthquake ground motions 
includes a number of contributors such as soil stratigraphy, 
basin effects, regional geology, topographic relief, and soil-
foundation-structure interaction (SFSI). The study of basin 
effects, regional geology, and topographic relief impacts on 
ground motions are primarily in the domain of engineering 
seismology and remains primarily in the realm of research. 
Code-based factors (e.g., Eurocode 8; EC8 2000) have been 
introduced to account for these effects, but site-specific evalu-
ation of these effects for highway facilities is rare and will 
not be discussed in this study. Attempts have been made to 
capture some of these effects on a more limited basis through 
the use of 2-D and 3-D analyses and will be briefly addressed 
in that context only. The study of SFSI effects is an area under 
rapid development, mostly by structural engineers. An over-
view of these effects relevant to geotechnical engineers can 
be found in Kramer (1996) and more recently in Kramer and 
Stewart (2004) and is beyond the scope of this study. 

This study focuses on evaluation of local soil deposit-
related site effects as illustrated in Figure 1. The presentation 
is primarily focused on horizontally layered soil deposits, 
including other soil deposits and earthen structures that can 
be approximated as the horizontally layered soil deposits. 
Both total and effective stress conditions are addressed. The 
focus of this study is on practical applications relevant to 
design and analysis of highway facilities. 

FIGURE 1 Framework of site response analysis.
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when material (model) parameters are established through 
a reasonable site characterization effort (e.g., Kwok et al. 
2006, 2008). 

A site response analysis is commonly performed under 
many conditions: (1) when soil conditions cannot be rea-
sonably categorized into one of the standard site conditions; 
(2) when empirical site factors for the site are not avail-
able (e.g., such as site class F); (3) when special ground 
conditions govern the design (e.g., soil liquefaction, seis-
mic settlement, lateral spreading, and slope stability); (4) 
for any case where the objective is to obtain ground motions 
considered to be more representative of the local geologic 
and seismic site conditions than motions obtained from the 
first two approaches; or (5) where (nonlinear) SFSI analysis 
is undertaken.

The attenuation relationship approach outlined above is 
addressed in greater detail elsewhere (e.g., Kramer 1996; 
Kramer and Stewart 2004; Abrahamson et al. 2008). The 
code-factor approach is also addressed in these references 
and in relevant codes (e.g., AASHTO 2010a; IBC 2006). 
The third approach for evaluation of soil effects on ground 
motions, commonly referred to as site response analysis, is 
discussed in detail in this study. 

The report presumes that the reader has basic familiarity 
with earthquake engineering, geotechnical earthquake engi-
neering, and soil behavior. The reader is referred to a book 
such as Geotechnical Earthquake Engineering by Kramer 
(1996) and Dynamics of Structures by Chopra (2006) for this 
background information.

SITE RESPONSE ANALYSIS METHODS

Site response analysis methods can be classified by the 
domain in which calculations are performed (frequency 
domain or time domain), the sophistication of the constitu-
tive model employed (linear, equivalent-linear, and/or non-
linear), whether effects of pore water pressure generation are 
neglected or not (total-stress and effective-stress analyses, 
respectively), and the dimensionality of the space in which 
analysis is performed (1-D, quasi 2-D, 2-D, and 3-D). Other 
considerations in classifying site response analysis methods 
include modeling of cyclic reduction and degradation in a 
total-stress mode.

The following section describes the input required for site 
response analysis, followed by a discussion of the various 
methods available for site response analysis with increasing 
complexity: (1) frequency domain equivalent-linear analy-
sis; (2) nonlinear time domain total stress analysis; and (3) 
nonlinear time domain effective-stress analysis. 

INFORMATION REQUIRED FOR SITE RESPONSE 
ANALYSIS

A number of numerical techniques are available for site 
response analysis, including 1-, 2-, and 3-D equivalent-linear 
(frequency domain) and nonlinear (time domain) analysis 
approaches. All these techniques require a common set of 
information and input.

The input to site response analysis requires (1) input 
ground motion time histories; (2) identification of subsur-
face conditions, including geometry, stratification, and 
depth to bedrock and groundwater; and (3) specification 
of basic and advanced material properties for each layer 
of subsurface soil and of bedrock, such as unit weight and 
shear wave velocity (or low-strain shear modulus) and shear 
modulus and damping as a function of shear strain. More 
advanced analyses require additional soil properties (e.g., 
saturated hydraulic conductivity and wet and saturated unit 
weight), model (i.e., curve-fitting) parameters, and hysteretic 
and viscous damping model parameters (Rayleigh damping 
parameters for frequency dependent formulations). 

Not all of the above-listed input information has the same 
influence on the results of the site response analysis. In most 
cases, input ground motions have the most influence on the 
results of site response analysis. The near-surface shear 
wave velocity profile and material nonlinearity (e.g., the 
modulus reduction and damping ratio curves) are, as noted 
by Roblee et al. (1996), the parameters that predominantly 
control ground motion response expressed by the accelera-
tion response spectrum. Detailed information on the “uncer-
tainty” related to soil property evaluation and assessment of 
spatial variability of ground motions can be found in Jones 
et al. (2002) and in Kwok et al. (2007). 

Input Ground Motion Time Histories

It is generally recognized that the selection of input ground 
motion is one of the primary contributors, if not the primary 
contributor, to uncertainty in site response analysis. Various 
codes and design guidance documents outline procedures 
for selection of design ground motions. For example, ASCE 
(2006) (ASCE 7-05, Chapter 21, Section 21.1.1) requires that 
“at least five recorded or simulated rock outcrop horizontal 
ground motion acceleration time histories be selected from 
events having magnitudes and fault distances that are con-
sistent with those that control the MCE [Maximum Con-
sidered Earthquake].” To further minimize the uncertainty 
related to selection of design ground motions, ASCE 7-05 
also requires that the time histories be scaled such that the 
average acceleration response spectrum of each time history 
is approximately at the level of the MCE rock acceleration 
response spectrum over the period range of significance to 
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structural response. The AASHTO Guide Specification for 
Seismic Isolation Design, 3rd Edition (AASHTO 2010b) 
requires the use of three sets of time histories (a single set 
consists of two horizontal components and a vertical com-
ponent). If three time-history analyses are performed, then 
the maximum response is used for design. If seven or more 
time-history analyses are performed, then the average of the 
response parameter of interest may be used for design, per 
the same code.

In general, regardless of the source cited, the approach 
for the development of site-specific design ground motions 
(acceleration time histories and/or acceleration response 
spectra) considers two steps: initial selection of time histo-
ries, and modification of time histories.

The initial selection of time histories includes records 
that closely match the site tectonic environment, controlling 
earthquake magnitudes and distances, local site conditions, 
response spectral characteristics, and, for geotechnical eval-
uations, duration of strong ground shaking. Both recorded 
time histories from past earthquakes and carefully gener-
ated synthetic time histories may be used. Multiple time 
histories are considered; the number of records depends on 
the type of analysis and the modification method used (dis-
cussed below). 

The most popular sources of this information on the 
Internet are the PEER Strong Motion Database (www.
peer.berkeley.edu), COSMOS Virtual Data Center (http://
db.cosmos-eq.org), and the KiK-net Digital Strong-Motion 
Seismograph Network (www.kik.bosai.go.jp). PEER pro-
vides records mostly for crustal seismic events and offers a 
search tool that facilitates the selection of records based on 
a number of site and seismogenic parameters. For subduc-
tion events, the COSMOS website provides records from a 
number of subduction zones around the world. Records for 
Japan are available from the KiK-net network. For areas in 
the Central and Eastern United States that lack an adequate 
number of recorded events, synthetic accelerograms are 
generated from the hazard deaggregation at the site, per-
formed through the U.S. Geological Survey national seis-
mic hazard mapping project website (http://eqint.cr.usgs.
gov/deaggint/2002/index.php). 

Modification of time histories is required because the 
initially selected time histories often differ from the design 
motions in terms of shaking peak amplitude and response 
spectral ordinates; they would need to be modified for use 
in analysis. Two modification methods are commonly used 
in practice: simple scaling approach and spectrum matching 
approach.

In the simple scaling approach, the entire time history 
is scaled up or down so that its spectrum approximately 
matches that selected for design (target spectrum) over the 

period of interest. Bommer and Acevedo (2004) present a 
series of recommendations applicable to the selection of real 
records for engineering analysis. Kottke and Rathje (2007) 
developed a semi-automatic procedure that facilitates the 
selection of a suite of motions from a user-provided library of 
records, and the scaling of the selected motions so that their 
average fits a target response spectrum. Baker et al. (2011) 
(http://stanford.edu/~bakerjw/gmselection.html) developed 
a similar procedure, with time histories scaled up or down 
to match the target spectrum at a predominant period of the 
facility of concern. 

For the spectrum matching approach, a carefully 
selected time history (seed motion) is adjusted either in the 
frequency domain by varying the amplitudes of the Fou-
rier amplitude spectrum, or in the time domain by adding 
wavelets in iterations until a satisfactory match to the target 
spectrum is obtained. Spectral matching is considered to be 
an “art” (Abrahamson 2008) as it requires certain skills to 
produce a single time history that typically replaces three to 
four natural records. At a minimum, magnitude, distance, 
spectral content, and rupture directivity need to be con-
sidered when selecting a seed motion. An example of time 
history successfully matched to design (target) spectrum is 
shown in Figure 2. 

FIGURE 2 Spectrum matching approach for selection of 
design time histories.

The spectrum matching approach is gaining acceptance 
as the structural design is steadily moving away from a code-
based response spectrum approach to a response spectrum 
developed as a part of site response analysis. This approach 
is especially convenient for engineers because it calls for 
analysis based on matching of suites of ground motions to a 
single spectrum, hence no “enveloping” of shear forces and 
moments generated by multiple time histories is required. It 
is also adopted for geotechnical applications (e.g., Greater 
Vancouver Liquefaction Task Force 2007). “User friendly” 
software for modifying the seed record in the time domain is 
available, either in stand-alone form (e.g., the original Rsp-
Match by Abrahamson 1992; RspMatch 2005 by Hancock et 
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al. 2006; RspMatch 2010 by Al Atik and Abrahamson 2010) 
or as part of software suites (SHAKE2000/D-MOD2000, 
Ordonez 2000; Matasovic and Ordonez 2007). 

For sites near faults, the ground motion time history needs 
to include additional characteristics beyond spectral match-
ing. These include directivity, velocity pulses, and fling 
effects (e.g., Somerville 1998; Munfagh et al. 1999; Bray et al. 
2009). Significant specialized expertise is required to prop-
erly represent these effects in ground motion time histories; 
discussion of these issues is beyond the scope of this report. 

Typically, the input time histories for site response anal-
ysis are specified as rock outcrop acceleration time histo-
ries that are then modified within the program to represent 
time histories in bedrock underlying the site. For nonlinear 
analysis, an “outcropping” motion is used in a simulation by 
introducing a layer representing an elastic half space (trans-
mitting boundary) at the base of the soil column. Similarly, 
an “in-hole” (i.e., “within”) motion, commonly obtained 
from a downhole array, is used in a simulation by using a 
rigid half-space. Some site response analysis programs, 
such as PLAXIS, OpenSees, and ABAQUS, allow the input 
motion to be entered as acceleration, velocity, or displace-
ment time history. On the other hand, FLAC allows the input 
motion to be entered only as a velocity time history. 

In areas where “competent rock” is too deep (e.g., Mis-
sissippi embayment where competent rock is at depths of 1 
km or more south of Memphis), significant debate remains 
as to what depth could be used in site response analysis, what 
material/shear wave velocity needs should represent “com-
petent rock,” and what type of design motion can be used at 
such depth (e.g., simulated motion, bedrock outcrop motion, 
or deconvoluted motion). 

Recent research at the Pacific Earthquake Engineering 
Research Center (PEER) by Haselton (2009) and Baker et 
al. (2011) provides a detailed review on the topic of ground 
motions selection and scaling with a focus on structural appli-
cations. Baker et al. (2011) introduce a new ground motions 
selection procedure whose response spectra match a target 
mean and variance. The procedure avoids the use of spec-
tral matching approaches by taking advantage of availability 
of the large PEER ground motion data base. The literature 
review and experience clearly indicate that ground motion 
selection, scaling, and matching for site response analysis 
remain unsettled issues and more studies are needed in this 
area to provide better guidance to practicing engineers.

Definition of Subsurface Stratigraphy

A site response analysis requires detailed information on 
subsurface stratigraphy. A thorough field investigation is 
required to understand the geologic history of the soil depos-
its and define the soil and rock units and water level at a 

site. The shear wave velocity profile and its variability across 
the site is another key parameter. Direct measurement of the 
shear wave velocity is now commonplace using techniques 
such as the seismic cone penetration test (sCPT), down-
hole logging, suspension logging, Refraction Microtremor 
(ReMi), and spectral analysis of surface waves (SASW) 
techniques. The details of field investigations to character-
ize the soil profile is beyond the scope of this report and can 
be found in other sources (e.g., Kavazanjian et al. 1997a,b; 
Sabatini et al. 2002).

Development of Soil Properties

Site response analysis also requires index properties such 
as density, Atterberg limits, and relative density of the vari-
ous layers. Strength properties such as friction angle and 
undrained shear strength are important input properties, 
especially for soft soils and areas with high levels of shak-
ing. In addition to these properties, dynamic soil properties 
of the soil layers need to be defined. Laboratory tests using 
cyclic triaxial, cyclic direct simple shear (DSS), and reso-
nant column devices are by far the most common devices for 
defining the dynamic behavior of soils at a given site. These 
tests hinge on the availability of high-quality undisturbed 
samples, which might be available for cohesive soils, but are 
difficult to obtain for cohesionless soils. 

Cyclic laboratory tests are therefore not as commonly 
available, and engineers often rely on standardized dynamic 
soil response curves in the form of normalized modulus 
reduction and damping curves as a function of shear strain 
that approximate the nonlinear hysteretic soil behavior. 
Figure 3 shows the hysteretic stress strain behavior of soils 
under symmetrical cyclic loading by (1) an equivalent shear 
modulus (G) that corresponds to the secant modulus through 
the endpoints of a hysteresis loop; and (2) equivalent viscous 
damping ratio (), which is proportional to the energy loss 
from a single cycle of shear deformation. Both G and  are 
functions of shear strain amplitude (), as can be inferred 
from Figure 3a. Plots of shear modulus normalized by the 
maximum shear modulus and damping as a function of shear 
strain are then developed, as shown in Figure 3b. 

Over the years, a number of standardized families of 
curves have been developed and used in the practice. These 
include Seed and Idriss (1970), Vucetic and Dobry (1991), 
EPRI (1993), and more recently, Darendeli (2001) and Menq 
(2003). These curves are used in both equivalent-linear and 
nonlinear site response analysis.

EQUIVALENT-LINEAR SITE RESPONSE ANALYSIS

The equivalent-linear analysis approach was first introduced 
by Seed and Idriss (1970) and has remained substantially the 
same since. The wave propagation through the soil deposit is 
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solved in the frequency domain, and any given soil layer is 
assumed to have a constant modulus and damping through-
out shaking. Equivalent-linear site response analysis uses an 
iterative procedure in which initial estimates of G and  are 
provided for each soil layer. Using those linear, time-inde-
pendent properties, linear-elastic analyses are performed 
and the response of the soil deposit is evaluated. Shear 
strain histories are obtained from the results, and peak shear 
strains are evaluated for each layer. Effective shear strains 
are calculated as a fraction of the peak shear strains. The 
effective shear strain is then used to evaluate an appropriate 
G and  using shear strain–dependent normalized modulus 
reduction and damping curves described earlier. The pro-
cess is repeated until the strain-compatible properties are 
consistent with the properties used to perform the dynamic 
response analyses and the analysis converges.

Equivalent-linear modeling of site response is based on a 
total-stress representation of soil behavior. The soil proper-
ties needed for equivalent-linear site response analysis are 
shear wave velocity Vs, used to compute Gmax =  Vs

2, mass 

density of soil , and strain-dependent normalized modulus 
reduction and damping curves.

As indicated in the survey responses, the equivalent-lin-
ear site response analysis method is, by far, the most widely 
used method for evaluation of site-specific ground motions. 
Advantages of the equivalent-linear method include its 
requirement for few, well-understood, input parameters, 
broad experience with its application, a large publicly avail-
able database of input parameters, and minimal computa-
tional effort. 

The most commonly used equivalent-linear computer 
code is SHAKE (Schnabel et al. 1972). Modified versions of 
this program include SHAKE91 (Idriss and Sun 1992) and 
SHAKE2000 (Ordonez 2000). DEEPSOIL (Hashash and 
Park, 2001, 2002; Hashash et al. 2011), ProShake (EduPro 
Civil Systems 1999), CyberQuake (Modaressi and Foer-
ster 2000). These programs use the same computational 
procedure as that applied in SHAKE, but they were devel-
oped independently. The equivalent-linear model has also 
been incorporated in 2-D site response programs such as 
QUAD-4 (Idriss et al. 1973), derivatives of QUAD-4 (e.g., 
QUAD4M, Hudson et al. 1994), and in advanced 2-D and 
3-D site response models such as FLAC (Itasca 2005; latest 
iteration is Version 6.0).

Modified frequency-domain methods have also been 
developed (e.g., Assimaki and Kausel 2002; Kausel and 
Assimaki 2002) in which soil properties in individual layers 
are adjusted on a frequency-to-frequency basis to account 
for the strong variation of shear strain amplitude with fre-
quency. This approach is used as a proxy for representation 
of nonlinear site response analysis in time domain. Another, 
although rarely used, improvement includes the introduction 
of a vertical component of ground shaking into the analysis 
(Idriss et al. 1973). Vertical site response analysis remains a 
research topic. 

Another, less used method for equivalent-linear site 
response analysis is the random vibration theory (RVT, e.g., 
Rathje and Ozbey 2006), based on the equivalent-linear 
method. The advantage of this approach is that the user does 
not need to develop input ground motion time histories, and 
the analysis will directly provide a surface spectrum. Recent 
work (E.M. Rathje, personal communication, 2011) shows 
that the use of RVT with a single set of soil profile properties 
results in amplifications of the peaks of the transfer function 
that is not observed in conventional equivalent-linear analy-
sis approaches. These peaks can be reduced if the soil profile 
properties are randomized (e.g., Monte Carlo simulation of 
material properties). 

The equivalent-linear analysis approach has been in use 
since the advent of SHAKE in 1972. Hence, it is supported 
by a number of verification studies, including back-analy-

FIGURE 3 Approximation of soil nonlinear behavior (a) 
Hysteresis loop of soil element loaded by a single cycle of shear 
strain; (b) Variation of normalized modulus (G/Gmax) and  with 
shear strain () (modulus reduction and damping curves).

(a)

(b)

Practices and Procedures for Site-Specific Evaluations of Earthquake Ground Motions

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/14660


10 

ses and comparison with other analysis models (e.g., Seed 
et al. 1988; Idriss 1990; Dickenson et al. 1991; Idriss and 
Hudson 1993; Kavazanjian and Matasovic 1995; Darragh 
and Idriss 1997; Rathje and Bray 2001; Baturay and Stewart 
2003). Based on the findings of these studies and authors’ 
experience, the following critique applies to the equivalent-
linear analysis:

•	 Equivalent-linear analysis is a total-stress analysis; 
hence, it does not account for pore pressure generation 
and its effect on material properties during shaking;

•	 This method is not recommended when the levels of 
shaking-induced shear strains are “high.” There is no 
consensus on the limiting (“high”) shear strain level. 
Studies by the authors have shown that results of equiv-
alent-linear and nonlinear analyses start to diverge at 
strains as a low as 0.1%–0.2%. At strains greater than 
0.5%–1% at any depth (layer) within the soil profile, 
the equivalent-linear analysis results are not neces-
sarily reliable. Recently, Assimaki et al. (2008) pro-
posed the use of a frequency index that measures the 
frequency content of incident ground motion relative 
to the resonant frequencies of the soil profile. This 
index is then used in conjunction with the rock-outcrop 
peak ground acceleration (PGA) to identify conditions 
where incremental nonlinear analyses, including the 
equivalent-linear approach, should be used instead of 
approximate methodologies.

Despite its apparent shortcomings, the total-stress equiv-
alent-linear analysis is likely to remain a tool of choice for 
many practicing engineers and may have a slightly differ-
ent and expanded role. In particular, this approach is now 
used not only as the “first approximation” of site response, 
but also for calibration of more advanced models, including 
nonlinear and effective-stress analyses. 

Many of the modulus reduction and damping curves were 
based on small strain data (testing shear strain typically 
reaching 0.5% to 1.0%). These curves are then extrapolated 
at strain levels exceeding 0.5%–1%. However, the results 
of site response analyses increasingly show calculated 
strains increasing to 1.0%, especially in soft soils. CalTrans 
(Jackura 1992) recognized that the implied strength associ-
ated with the extended curves might either underestimate 
or overestimate the actual strength of soils, so the agency 
developed an-in house simplified procedure for “extension” 
of modulus reduction and damping curves. Recently, Chiu 
et al. (2008) and Hashash et al. (2010) proposed advanced 
procedures to remedy this arbitrary extrapolation of sub-
ject curves in both equivalent-linear and nonlinear analysis. 
Most recently, Stokoe (K.H. Stokoe, personal communica-
tion 2011) pointed out this problem and urged that a remedy 
approach be developed.

NONLINEAR TOTAL STRESS SITE RESPONSE 
ANALYSIS 

In nonlinear site response analysis, the nonlinear behavior 
of the soil during cyclic loading can be represented, which 
makes it possible to move away from the inherent linear 
approximation of the equivalent-linear analysis approach. 
Cyclic hysteretic soil behavior during unloading and reload-
ing is also represented in the nonlinear site response anal-
ysis. Furthermore, nonlinear analysis makes it possible to 
explicitly include soil strength and the effects of seismic 
pore water pressure generation on soil strength and stiff-
ness. These options have significant effects on site response 
in areas of very high seismicity (e.g., PGA  0.4 g) and/or 
when soft and/or potentially liquefiable soils are present in 
local soil deposits. 

In total stress site response analysis, the explicit inter-
action of pore fluid with the soil matrix is neglected. This 
is an acceptable simplification under many conditions and 
is numerically efficient. Kwok et al. (2007) conducted a 
detailed study of the total stress nonlinear site response anal-
ysis software. The study provides an excellent review of the 
various issues associated with this type of analysis. Kwok et 
al. (2007) noted the following nonlinear software that were 
evaluated as a part of the PEER 2G02 Project (2005–2007; 
J. Stewart Project Director): DEEPSOIL (Hashash and Park, 
2001, 2002; Hashash et al. 2011); D-MOD_2 (Matasovic 
2006; later upgraded to D-MOD2000); OpenSees (Ragheb 
1994, Parra 1996, Yang 2000); SUMDES (Wang 1990, Li 
et al. 1992); and TESS (Pyke 2000). The study was able 
to identify key controlling parameters that are common to 
all software. The study found that when input is properly 
controlled, most of the software provided similar results. 
Hashash et al. (2010) provide a description of recent develop-
ments in nonlinear site response analysis and highlight key 
steps and issues required for conducting such analyses.

In nonlinear site response analysis the dynamic equation 
of motion is solved in the time domain. The equation is com-
monly written as:

[M] {ü} + [C] {ů} + [K] {u} = − [M] {üg} (1)

where [M], [C], and [K] are the mass matrix, viscous 
damping matrix, and nonlinear stiffness matrix, respec-
tively; {u}, {ů}, and {ü} are, respectively, the displacements, 
velocities, and accelerations of the mass [M] relative to the 
base, and {üg} is the acceleration of the base. 

The stiffness matrix [K] is derived from the nonlinear soil 
constitutive model selected to represent cyclic soil response. 
In principle, all damping in the soil can be captured through 
the hysteretic loops in the soil constitutive model. However, 
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gration to solve the same dynamic equation. Program PSNL, 
currently under development (S.L. Kramer personal com-
munication, 2011; see description in Anderson et al. 2011) 
models soil profile as a continuum and can simulate dilation.

Most nonlinear codes are formulated to calculate site 
response in one horizontal direction of shaking, although 
some such as SUMDES (Wang 1990) and OpenSees 
(Ragheb 1994; Parra 1996; Yang 2000) allow for multidi-
rectional shaking.

A sample 2-D finite element model (OpenSees) is shown 
in Figure 5. Such a model allows for simultaneous applica-
tion of excitation in both horizontal and vertical directions. 

FIGURE 5 Mesh representation of 2-D Nonlinear Site 
Response Analysis of Embankment (Nikolaou 2011).

Regardless of the discretization method used in nonlinear 
site response analysis, the thickness of sublayers in a model 
has important consequences. The layer thickness determines 
the maximum frequency that can be propagated through a 
soil column. If the layer is too thick, the discretized domain 
may filter important components of the ground motion and 
thus underestimate the ground response. If layer thickness is 
too small, the computational cost can be too high. Therefore, 
as a practical matter, 1-D nonlinear site response models will 
usually have greater (i.e., finer) discretization than their 2-D 
and 3-D model counterparts, and thus will propagate higher 
frequencies and filter less of the input ground motion. The 
survey results in this study indicate that users of 2-D and 
3-D software are not always aware of this important limita-
tion. The graphical user interfaces can help alert the user 
to the maximum frequency that can be propagated. Several 
1-D software (e.g., DEEPSOIL and D MOD2000) have such 
alerts incorporated in graphical users interfaces.

Nonlinear Constitutive Models with Hysteretic Damping

Nonlinear total stress site response analysis is generally 
done with relatively simplified soil constitutive models. 
These models evolved from the early stress-strain rela-
tionships of Ramberg and Osgood (1943) and Kondner 
and Zelasko (1963). The hyperbolic model introduced by 
Duncan and Chang (1970) for axial soil behavior, which 
was based on the above-cited shear stress and strain behav-
ior models, was accompanied by sets of generic material 
properties and hence allowed for an elegant and simple 
way to capture soil nonlinearity at small axial strains. All 
three models provided the basis for constitutive models 

as a practical matter, most available soil constitutive mod-
els cannot properly represent measured soil damping at low 
strains and significantly underestimate damping at these low 
strains. Therefore, it is necessary to add damping through 
the use of velocity proportional viscous damping [C].

The dynamic equation of motion can be solved by 
numerical integration. The numerical integration calls for 
temporal discretization (i.e., system of coupled equations 
is discretized temporally) and solution by one of the avail-
able time-stepping schemes. Examples of time-stepping 
schemes include Wilson’s  algorithm (Clough and Penzien 
1993) and numerous variations of Newmark’s  algorithms 
(Newmark 1959). 

To solve the equation of motion, it is necessary to dis-
cretize the domain of interest, which in this case is the soil 
column. Two different approaches for discretization of the 
soil domain are available: (1) lumped mass discretization 
and (2) finite element discretization.

Figure 4 shows a lumped mass model that depicts a hori-
zontally layered soil deposit (i.e., a soil deposit that can be 
represented by a 1-D model). Soil mass is lumped at the layer 
interfaces, and soil stiffness is represented by (nonlinear) 
springs. The figure shows the hysteretic damping inherent 
with nonlinear springs and viscous damping, which is also 
part of the model. This model is used in nonlinear analy-
sis software such as DESRA-2/DESRA-2C, DESRAMOD, 
DESRAMUSC, SUMDES, TESS, D MOD_2/D-MOD2000, 
and DEEPSOIL, and in many Japanese programs that are not 
reviewed here. 

FIGURE 4 Lumped mass discretization for 1-D Nonlinear 
Hysteretic Site Response Model (Matasovic 1993).

A number of other programs discretize the soil domain 
by means of finite elements; the details of this approach are 
not discussed here. For dynamic problems, the equations of 
motions are solved using an explicit time marching integra-
tion algorithm. For example, TESS (Pyke 2000) and FLAC 
(Itasca 2005) use an explicit finite difference to solve the 
wave propagation problem. Programs such as OpenSees 
(Ragheb 1994; Parra 1996; Yang 2000), ABAQUS, and 
PLAXIS use a finite element method with explicit time inte-
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Note:MR =  modulus re-matching only with extended Masing 
rules, MRD =  approximate match of both modulus and 
damping with extended Masing rules, MRDF =  modulus 
reduction and damping matching with non-Masing rules (after 
Hashash et al. 2010).

FIGURE 7 Evaluation of proposed damping reduction 
factor (a) modulus reduction and (b) damping curve using 
Darendeli’s curves for cohesionless soils as target. 

Assimaki and co-workers (e.g., Assimaki et al. 2009) have 
also made important contributions to a number of the above-
cited issues related to site response. Their work includes the 
incorporation of uncertainty in site response analysis and 
addresses the issues related to unloading-reloading rules and 
damping at larger strains.

Borja et al. (1999, 2002) developed a software called 
SPECTRA, a 1-D nonlinear total stress site response analy-
sis program that uses a bounding surface plasticity model 
to simulate stress-strain behavior. SIREN (Oasys 2006) and 
LS Dyna (LSTC 1988) can be used to perform total stress 
site response analysis.

Viscous Damping Models

Most available constitutive models show very small hysteretic 
damping at small strains, which is inconsistent with measured 
soil behavior. Viscous damping is introduced to compensate 
for this deficiency. The amount of viscous damping is typi-
cally selected such that the sum of hysteretic and viscous 

that are presently in use. These models (Pyke 1979: Mata-
sovic 1993; Matasovic and Vucetic 1993; Darendeli 2001) 
provide for better simulation of nonlinear stress-strain 
behavior and also allow for simulation of cyclic loading 
and reloading in accordance with certain rules. The stress-
strain relationship in these models is generally established 
by: an initial loading curve; a series of rules that describe 
the backbone curve (see Figure 6 for definition of backbone 
curve); and unloading-reloading behavior rules required 
to establish cyclic loops. The most widely used rules are 
the Masing rules (Masing 1926) and extended Masing 
rules (Pyke 1979; Wang et al. 1980; Vucetic 1990). The 
extended Masing rules, including unloading-reloading 
rules, are used in several 1-D site response analysis soft-
ware (DESRA 2C, TESS, D-MOD_2, DESRAMOD, D 
MOD2000, and DEEPSOIL).

FIGURE 6 Backbone curve as stress-shear strain relationship 
for monotonic loading.

It has been long noted that the use of Masing rules, and 
to some extent extended Masing rules, leads to an overes-
timation of soil damping at large strains. This, in turn, may 
result in an underestimation of calculated ground motion 
intensity. To compensate for this phenomenon, Darendeli 
(2001) proposed the introduction of reduction factors in 
the development of his family of standard curves. Phillips 
and Hashash (2009) used a similar approach to introduce 
a modification to the Masing rules (MRDF) and employed 
that in the MRDF model used in DEEPSOIL. Figure 7 from 
Hashash et al. (2010) illustrates the limitations of the Mas-
ing rules (MR) and extended Masing rules (MRD) in terms 
of overestimation of damping at large strain levels (MR at 
strains > 0.1%; MRD at strains > 1%) and improve-
ment in matching of both damping and modulus reduction 
curves with MRD and MRDF. Matasovic (1993) showed 
that using MR rather than MRD may result in a higher 
computed surface acceleration response and/or a shift in 
the response spectrum when relatively high shear strains 
are induced in the profile. Philips and Hashash (2009) 
further showed that MRD, as compared with MRDF, may 
result in a higher computed surface acceleration response 
and/or a shift in the response spectrum at strain levels 
exceeding approximately 1%. 
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damping is equal to the total damping measured for the given 
soil type. Historically, the important role of viscous damp-
ing in site response analysis was not well understood; it was 
thought that this was mostly needed for numerical stability. 
This assumption led to significant confusion in the way it 
was employed and, in some cases, led to unrealistic results in 
nonlinear site response analysis resulting from either over or 
under damping. Viscous damping represents soil damping at 
a very small strain, so its value is generally small, typically in 
the range of 0.5% to 5%. It can be directly obtained from the 
intercept of the damping curve with the vertical axis in the 
damping versus shear strain curve.

The most commonly used formulation for evaluation of 
viscous damping is Rayleigh damping. The Rayleigh damp-
ing is frequency dependent and can be evaluated as:

c = R m + R k (2)

where R and R are the Rayleigh damping coefficients 
(Rayleigh and Lindsay 1945) and m and k are elements of 
the mass and stiffness matrices, respectively.

Figure 8 illustrates how Rayleigh damping, expressed 
through c, changes with frequency. The viscous damp-
ing ratio can be brought closer to a constant value of the 
target damping ratio (tar) by specifying c at only one 
frequency (e.g., at f2 in Figure 8), which is termed the 
simplified Rayleigh damping formulation; at two frequen-
cies (at f1 and f2), which is termed the full Rayleigh damp-
ing formulation (Hudson 1994); and at four frequencies 
(at f1 through f4), which is termed the extended Rayleigh 
damping formulation (Clough and Penzein 1993; Park and 
Hashash 2004). Park and Hashash (2004) have shown that 
the use of simplified Rayleigh damping results in signifi-
cant errors and the extended Rayleigh is computationally 
expensive; hence, they suggest the use of full Rayleigh 
damping formulation. Kwok et al. (2007) recommended 
use of the full Rayleigh damping formulation in nonlinear 
(total stress) site response analysis whereby the first fre-
quency is equal to the fundamental frequency of the soil 
column, and the second frequency is equal to 5 times the 
fundamental frequency. Full Rayleigh damping is avail-
able in a number of software, including ABAQUS, Cyber-
Quake (Modaressi and Foerster 2000), D-MOD2000, 
DEEPSOIL, FLAC, OpenSees, SIREN (Oasys 2006), LS-
DYNA (LSTC 1988).

Philips and Hashash (2009) introduced a new viscous 
damping formulation that is independent for frequencies, 
which is more consistent with the current understanding of 
soil response within the seismic frequency range of inter-
est (Park and Hashash 2008). This formulation, used in 
DEEPSOIL, does not require the user to select frequencies. 
Many users of site response analysis are not fully aware 
of the implications associated with the selection of Ray-

leigh damping frequencies, so this frequency-independent 
approach eliminates a potentially confusing step in input 
development.

FIGURE 8 Schematic illustration of viscous damping change 
with frequency (after Park and Hashash 2004).

NONLINEAR SITE RESPONSE ANALYSIS WITH PORE 
WATER PRESSURE CHANGE

The cyclic loading of saturated soils is accompanied by pore 
water pressure (pwp) generation and dissipation. If the gen-
erated pore water pressures are sufficiently large, the soil 
stiffness and strength are significantly reduced and ulti-
mately, in some soils, liquefaction can occur. In nonlinear 
site response analysis with pwp generation, the response 
of the soil to cyclic loading accounts for the generation of 
excess pwp during cyclic shearing of the soil as well as dis-
sipation of these excess pore water pressures during and 
after the cyclic loading. The representation of dissipation/
redistribution of pwp influences soil stiffness (modulus) 
and strength (shear stress) during shaking, which results in 
a more realistic simulation of site response. The pwp dis-
sipation/redistribution is discussed in a later section. This 
section discusses pwp generation.

The influence of pwp changes during cyclic loading is 
incorporated in soil constitutive modeling in two ways: (1) 
semi-empirical pwp generation models used in combination 
with total stress soil models; and (2) effective-stress models 
whereby the pwp change is computed as the change between 
total stresses (or loads) and effective stresses, computed 
through the soil constitutive model. 

Semi-Empirical Pore Water Pressure Generation Models

In this class of models, pwp generation is calculated using 
semi-empirical models. At the beginning of shaking (i.e., at 
time t = 0), stress-strain relationships of the soil are identi-
cal to that of the total stress models because pwp is zero. As 
shaking progresses, pwp is generated and cyclic degradation 
(of clay microstructure) starts. Subsequently, the effects of 
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clay is of much lower intensity than in sand; and that in over-
consolidated clay, both positive and negative (suction) pwp 
may develop (e.g., Matasovic and Vucetic 1992). Generic 
sets of material parameters for this model are provided in 
the D-MOD2000 package.

FIGURE 9 Stress-strain behavior modeling illustrating 
stiffness degradation with the MKZ Constitutive Model 
(Matasovic 1993; Matasovic and Vucetic 1993). 

Advanced Effective-Stress-Based Models

Another class of soil constitutive models used in site 
response analysis is effective-stress models. In these 
models, the formulation of the constitutive law is devel-
oped in effective-stress space, and pwp is computed as the 
difference between effective-stresses and total stresses 
in the domain of interest. Examples of plasticity-based 
constitutive laws include Roscoe and Schofield (1963), 
Mroz (1967), Roscoe and Burland (1968), Prevost (1977), 
Dafalias and Popov (1979), Pestana (1994), Whittle and 
Kavvadas (1994), Byrne et al. (1995), Manzari and Nour 
(1997), Beaty and Byrne (1998), and Elgamal et al. (2001). 
These advanced constitutive models are capable of simu-
lating complex soil behavior under a variety of loading 
conditions. Key elements of these models include yield 
surfaces, flow rules, and hardening (or softening) laws. 
A review of advanced constitutive models with appli-
cation in site response analysis is provided in Potts and 
Zdravković (1999). 

Generic material parameters for advanced constitu-
tive models are often not available. Evaluation of material 
parameters for these models requires significant expertise 
and detailed site-specific soil properties. Examples of site 
response programs that incorporate advanced constitutive 
models are DYNA1D (Prevost 1989), SUMDES (Li et al. 
1992), SPECTRA (Borja and Wu 1994), AMPLE (Pestana 
and Nadim 2000), CYCLIC 1-D (Elgamal et al. 2004), 
CyberQuake (Modaressi and Foerster 2000; Foerster and 
Modaressi 2007; Lopez-Caballero et al. 2007) and the 
ground response module in the OpenSees simulation plat-

pwp generation and, in some models, of cyclic degradation 
are included by degradation of soil strength and stiffness. 
Some models use different factors for degradation of soil 
strength and stiffness. For example, Matasovic (1993) and 
Matasovic and Vucetic (1995b) proposed degradation index 
functions that degrade strength and stiffness of sands at dif-
ferent rates, whereas the concept of the degradation index 
(Idriss et al. 1978) is used to degrade strength and stiffness 
of soft clays. 

A number of pwp generation models have been devel-
oped, starting with Martin and Seed (1978) and Martin et 
al. (1975). The Martin and Seed (1978) model was imple-
mented in early iterations of FLAC by Dr. Wolfgang Roth 
(Roth and Inel 1993; W. Roth, personal communication, 
2011). The Martin et al. (1975) pwp generation model was 
used in DESRA-2 (Lee and Finn 1978). A more recent 
example of the semi-empirical pwp model for saturated 
sand is the Dobry et al. (1985) model. This model was based 
on strain–controlled cyclic direct simple shear and cyclic 
triaxial testing. The model was later modified by Vucetic 
(1986) to allow for quasi-2-D shaking and further by Mata-
sovic (1993) to more accurately model pwp-induced deg-
radation of shear modulus and shear stress. The Vucetic 
(1986) modification of this pwp model has been success-
fully incorporated in DESRAMOD (Vucetic 1986), and the 
Matasovic (1993) modification has been incorporated in 
D-MOD (Matasovic 1993; Matasovic and Vucetic 1995b), 
D MOD_2 (Matasovic 2006) and D-MOD2000 (Matasovic 
and Ordonez 2007), and DEEPSOIL (Hashash et al. 2011). 
The pwp generation models described require the use of an 
equivalent number of cycles to represent earthquake shak-
ing. Polito et al. (2008) introduced an energy-based model 
(GMP model) for the generation of pwp based on a large 
number of laboratory tests, which does not require the devel-
opment of an equivalent number of cycles. This model has 
been implemented in DEEPSOIL (Hashash et al. 2011) com-
bined with the degradation index framework introduced by 
Matasovic (1993). With the exception of the modified Dobry 
et al. (1985) model, as implemented in D-MOD2000, there is 
limited information to guide the user in selecting the appro-
priate pwp model parameters.

The effect of cyclic degradation on soil stiffness and 
strength is illustrated in Figure 9 for the MKZ constitutive 
model (Matasovic 1993; Matasovic and Vucetic 1995b). The 
initial hysteretic loop shown in the figure refers to the first 
cycle of cyclic loading (i.e., at time t = 0). The subsequent 
degraded hysteretic loop refers to any subsequent cycle (i.e., 
at time t) for which enough pwp has built up to degrade both 
initial shear modulus Gmo and initial shear stress τco at cor-
responding shear strain co.

An example of a pwp model for clay is the Matasovic and 
Vucetic (1995a) model. This model was based on the results 
of cyclic simple shear testing. It can be noted that pwp in 
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stress site response analyses (Kwok et al. 2007; Stewart et 
al. 2008). Another interesting benchmarking exercise, the 
evaluation of site response at Turkey Flat (Real et al. 2006; 
Kramer 2009), highlighted the challenges in computing 
the response at a well-constrained relatively stiff soil site. 
Hashash et al. (2010) provide a recent review of many of the 
issues associated with 1-D nonlinear site response analysis.

GUIDANCE DOCUMENTS FOR SITE RESPONSE ANALYSIS

The FHWA guidance document for seismic design of highway 
facilities (FHWA-NHI-11-032: LRFD Seismic Analysis and 
Design of Transportation Geotechnical Features and Struc-
tural Foundations, 2011) is posted at http://www.fhwa.dot.gov/
engineering/engineering/geotech/pubs/nhi11032/nhi11032.
pdf. In the meantime, an older document (Kavazanjian et al. 
1997a, b) that focuses on geotechnical analysis and design of 
highway facilities, including dynamic site characterization for 
site response analysis, is still available for download. Several 
other guidance documents are used in transportation engineer-
ing and other seismic design practices. These documents and 
their websites are listed in Table 1. Many of these documents 
were referred to by survey respondents (see chapter four).

Most of the DOTs documents follow, in some way, the 
general guidelines for conducting a site response analysis 
outlined in AASHTO documents. Some documents discuss 
the use of equivalent-linear analysis while others discuss the 
use of nonlinear site response analyses with and without pwp 
generation. However, with the exception of NRC RG 1.208: 
A Performance–Based Approach to Define the Site-Specific 
Earthquake Ground Motion, these documents do not provide 
sufficient guidance on the mechanics and steps required for 
developing design ground motions, characterizing the site, 
or performing appropriate site response analysis.

SOFTWARE USED IN PRACTICE

Table 2 lists and classifies currently available site response 
analysis software. However, any listing of such programs is 
likely to be incomplete and subject to interpretation. 

Table 2 shows that geotechnical engineers have a variety 
of equivalent-linear and nonlinear software to choose from 
for 1-D and multidimensional site response analyses. Some 
of the software is widely used, for example SHAKE and 
its numerous DOS- and Windows-based derivatives. Some 
of the Windows-based equivalent-linear software operates 
as pre-processors and post-processors for SHAKE91 (e.g., 
ProShake and SHAKE2000), whereas others were written 
from scratch (e.g., EERA and equivalent-linear mode of 
DEEPSOIL). The Windows-based software generally offers 
convenient plotting of input data (soil profile and ground 
motions) and resulting output. More important, they guide 

form (Ragheb 1994; Parra 1996; Yang 2000; McKenna and 
Fenves 2001). Other programs that have been used include 
ABAQUS, ADINA, PLAXIS, and FLAC. The UBC sand 
model (Byrne et al. 1995; Beaty and Byrne 1998) has 
gained acceptance in the geotechnical earthquake engi-
neering community and is available in FLAC and more 
recently in PLAXIS. 

Pore Water Pressure Dissipation and Redistribution 
Models

The layers in a soil column have finite, saturated hydraulic 
conductivities. Even though loading is relatively rapid dur-
ing ground shaking, pore water redistribution may occur at 
that time as a result of differences in hydraulic gradients and 
hydraulic conductivities between layers, following the prin-
ciples of Terzaghi’s theory of consolidation.

Martin and Seed (1978) introduced an early model for 
pwp dissipation and redistribution. Input parameters include 
constrained rebound modulus and (saturated) hydraulic con-
ductivity. The incorporation of such a model in nonlinear 
codes, such as CyberQuake, DESRA-2C, D-MOD_2, D 
MOD2000, DEEPSOIL, ABAQUS, PLAXIS, FLAC, and 
OpenSees, allows for calculation of simultaneous genera-
tion, dissipation, and redistribution of pwp during and after 
shaking. A pwp dissipation model for composite soil depos-
its (alternating sand and clay layers), developed by Mataso-
vic and Vucetic (1995a), is incorporated in D-MOD_2 and 
D-MOD2000. 

CALIBRATION AND BENCHMARKING STUDIES

A number of individuals and groups have conducted eval-
uations of site response analysis procedures versus mea-
sured response from earthquake recordings and downhole 
vertical arrays.

Researchers have used a range of inverse analysis tech-
niques to calibrate soil constitutive models in site response 
analysis procedures to discover soil behavior. These include 
ad hoc, system identification (e.g., Zeghal and Elgamal 1993; 
Glaser and Baise 2000; Assimaki and Steidl 2007), and evo-
lutionary soil models (e.g., Tsai and Hashash 2007).

Kramer and Paulsen (2004) conducted an informal sur-
vey on the practical use of site response analysis models. 
They found that 1-D equivalent-linear site response analysis 
is by far the most commonly used approach and that there is 
a lack of guidance on use of nonlinear site response analysis, 
so it is not used often.

A number of benchmarking exercises have also been 
conducted to evaluate site response analysis tools. A key 
recent exercise is the PEER benchmarking exercise for total 
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the user through the key elements of the input and reduce 
the number of errors. The importance of a user interface to 
enhancing the quality of analysis cannot be overemphasized. 
FLUSH, SASSI, and QUAD4M are well established and 
widely used 2-D, DOS-based, equivalent-linear programs. 
(Windows-based graphical user interfaces are available for 
QUAD4M and SASSI, but they are proprietary to the United 
States Army Corps of Engineers and Stevenson & Associ-

ates Inc., respectively). QUAKE/W is similar to QUAD4M, 
but it does not calculate the average acceleration of sliding 
mass as QUAD4M does and it has a Windows GUI. Nonlin-
ear software for 1-D analyses with GUI are gaining popu-
larity (e.g., as D-MOD2000 and DEEPSOIL in the United 
States practice; Cyberquake in European practice). Nonlin-
ear 2-D site response software with GUI, such as FLAC and 
PLAXIS, is also gaining acceptance. 

TABLE 2

SITE RESPONSE SOFTWARE USED IN ENGINEERING PRACTICE

Dimensions OI Equivalent-Linear Nonlinear

1-D

DOS SHAKE/SHAKE91 AMPLE, DESRA-2C, DESRAMOD, 
D-MOD_2, DESRAMUSC, LS-Dyna, 

SUMDES, TESS, SIREN,

Graphical User Interface ShakeEdit, ProShake, SHAKE2000, EERA, 
DEEPSOIL, WinMOC

CyberQuake, D-MOD2000, DEEPSOIL, 
FLAC, NERA, VERSAT 1-D

2-D / 3-D

DOS FLUSH, SASSI, QUAD4/QUAD4M, 
FLUSH

DYNAFLOW, DYSAC2, TARA-2, 
TARA-3

Graphical User Interface QUAKE/W, SUPER SASSI, SASSI2000 FLAC, PLAXIS, PLAXIS 3D, ABAQUS, 
OpenSees, VERSAT 2-D

Notes: 

1. Only the latest versions of a particular software are listed in Table 2.  Full software reference is provided in Appendix C.

2. Several of the listed software have options to use more than one constitutive model, including equivalent-linear, bi-linear, and nonlinear models (e.g., FLAC, 
PLAXIS, ABAQUS, and D-MOD2000).

3. Several of the listed software have a pore water pressure generation option (e.g., D-MOD2000, DEEPSOIL, CyberQuake, DESRA-2C, DESRAMUSC, 
OpenSees, PLAXIS, TESS, SUMDES, DYSAC2, and FLAC). 

TABLE 1

GUIDANCE DOCUMENTS FOR SEISMIC DESIGN

Document Website (if available)

1 Caltrans Seismic Design Criteria http://www.dot.ca.gov/hq/esc/earthquake_engineering/SDC_site/

2 Washington State Department of Transportation, Geotechnical 
Design Manual (2011)

http://www.wsdot.wa.gov/Publications/Manuals/M46-03.htm

3 Illinois Department of Transportation http://www.dot.il.gov/bridges/brmanuals.html

4 AASHTO Guide Specifications for LRFD Seismic Bridge 
Design (1st Edition) (2010a) Revision to AASHTO Guide  
Specifications for LRFD Seismic Bridge Design

https://bookstore.transportation.org

5 NCHRP Report 611 http://onlinepubs.trb.org/onlinepubs/nchrp/nchrp_rpt_611.pdf

6 ASCE 7-05, ASCE 7-10 (pending) ASCE 4, ASCE 43-05

7 NRC RG 1.208: A Performance-Based Approach to Define  
the Site-Specific Earthquake Ground Motion

http://www.nrc.gov/reading-rm/doc-collections/reg-guides/power-reactors/rg/ 
01-208/01-208.pdf

8 U.S. Army Corps of Engineers EM110-2-6050: Response Spec-
tra and Seismic Analysis for Concrete Hydraulic Structures

http://140.194.76.129/publications/eng-manuals/em1110-2-6050/toc.htm

9 Oregon Department of Transportation, Geotechnical Design 
Manual 

ftp://ftp.odot.state.or.us/techserv/Geo-Environmental/Geotech/GeoManual/ 
FinalGDM12-1009/Volume1GeotechDesignManualFinal_Dec2009.pdf

10 South Carolina Department of Transportation, Seismic Design 
Specifications for Highway Bridges

http://www.scdot.org/doing/bridge/bridgeseismic.shtml

11 South Carolina Department of Transportation, Geotechnical Manual http://www.scdot.org/doing/bridge/geodesignmanual.shtml

12 Georgia Department of Transportation, Bridge and Structures 
Policy Manual

http://www.dot.state.ga.us/doingbusiness/PoliciesManuals/roads/ 
BridgeandStructure/GDOT_Bridge_and_Structures_Policy_Manual.pdf

13 Rhode Island LRFD Bridge Design Manual http://www.dot.ri.gov/documents/engineering/br/RILRFDBridgeManual.pdf

Practices and Procedures for Site-Specific Evaluations of Earthquake Ground Motions

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/14660


 17

CHAPTER THREE

APPROACH TO SURVEY OF CURRENT PRACTICE

characterization of properties of the soil column. The survey 
then presents a series of questions about the nature of site 
response analysis (equivalent-linear, total stress nonlinear 
analysis, effective-stress nonlinear analysis) and the process 
of model setup and development of model input parameters. 
Respondents are asked about their approach to dealing with 
uncertainties in the analysis process. Finally, the survey 
asks respondents about how they evaluate the results of site 
response analyses and how they use the output from site 
response analyses in further engineering analyses. 

TABLE 3

MAIN SURVEY TOPICS

Topic No. Topic Description

1 General Practice

2 Criteria and Programs Used in Site Response Analysis

3 Dimensions, Analysis, and Model Type

4 Seismic Hazard Motion Input Required for Site Response 
Analysis

5 Soil Profile Input Required for Site Response Analysis

6 Site Response Analysis (Procedures, Models, Programs, 
etc.)

7 Consideration of Uncertainties in Site Response Analysis

8 Evaluation and Use of Results

Although most of the survey’s 37 questions were multiple 
choice, many required that respondents assign percentages 
to various choices and others requested that users indicate 
multiple selections where appropriate. Several questions 
asked respondents to provide additional information within 
the multiple choices. The respondents were also asked to 
provide other information if the listed choices were not rep-
resentative of their practice. Finally, the respondents were 
encouraged to comment on the general subject matter and 
on issues that they believed were important to advancing the 
practice of seismic site response analysis. (See Appendix A 
for a copy of the survey.)

SURVEY RESPONDENTS

Thirty-seven of the 70 people who were invited to partici-
pate in the survey responded. An additional two respondents 
provided incomplete yet useful responses that were included 

BACKGROUND

To obtain a better understanding of which practices, pro-
cedures, and site response models are used in engineering 
practice, a formal survey was developed and posted on a 
website specializing in this type of application. The draft 
version of the survey was pretested by a select group of DOT 
representatives. The formal invitations to participate were 
sent through TRB to a number of individuals that practice in 
the areas of geotechnical earthquake engineering and struc-
tural engineering (structural dynamics). In particular, the 
invitations were sent to the DOT representatives and consul-
tants identified by DOTs. In the second solicitation for par-
ticipation in the survey, invitations were sent to consultants 
identified in the first round by survey participants and the 
principal investigators (PIs), and also to select domestic and 
international researchers and software developers identified 
by PIs.

It should be noted that the list of participants was not 
developed with any explicit consideration of strict statisti-
cal concepts. The results of the survey, therefore, may be 
biased and unrepresentative of the distributions of site 
response models and practices that are in use. Nevertheless, 
the survey fulfilled its original goal of identifying practices, 
procedures, and site response models used in practice and 
provided additional insights into the manner in which engi-
neers use those models.

OVERVIEW OF THE SURVEY

The survey covered eight main topics (see Table 3). The top-
ics and their sequence were designed to reflect the steps that 
a practicing engineering would take in addressing the topic 
of site-specific evaluation of earthquake ground motions. A 
number of the questions and topics are similar to those in the 
survey of Kramer and Paulsen (2004), but the current sur-
vey goes into greater detail. The survey starts by asking the 
respondents questions about their general practice and about 
the guidelines and manuals they use for site-specific evalu-
ations. The survey then asks respondents about the criteria 
they use to determine when a site response analysis using 
computer software is required. The next questions are about 
the development of input required for a site response analy-
sis, including (1) ground motions and seismic hazard and (2) 
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in the analysis, increasing the statistical database to 39. The 
abbreviated responses provided by e-mail, received from 
four state DOTs, were not included in statistical processing 
but were considered as well where appropriate. 

We received responses from 16 states, including all T-3 
states and 5 of the 6 T-3+ states. The balance of respondents 
who completed the study were consultants identified by 
DOTs of T-3+ states, including states that do not perform 
site response analyses in-house and researchers that were 
contacted primarily to obtain relevant information about the 
programs and/or models they developed. This study does 
not further identify the respondents to preserve the prom-
ised anonymity. 

The respondents represented DOTs/firms with a wide 
variety of sizes; some were describing their own practices 
and others the practices of their DOTs or firms. Some indi-
cated that their responses represented their own views and 
practices, and others indicated that their responses repre-
sented the practice of DOTs and/or firms with many engi-
neers. Figure 10, generated by the survey program, shows 
the geographic distribution of the survey respondents.

FIGURE 10 Geographic distribution of survey respondents as 
generated by the survey program.

SURVEY RESPONSES

The full details of the survey responses appear in Appendix 
B. The authors have examined the responses for regional dif-
ferences or differences between DOTs of T-3 states and their 
consultants. The survey responses did not show trends that 
warrant the separation of the survey into subcategories by 
respondent type. The following chapter presents a synthesis 
of the survey findings and are used to evaluate the current 
state of practice.
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CHAPTER FOUR

SURVEY RESPONSES AND RELEVANT LITERATURE

site response analysis is relied upon extensively in engi-
neering practice. Most respondents said that they use site 
response analysis when they anticipate F and E site classes, 
soft ground conditions, and liquefaction. Site response anal-
yses are required where a hazard level is high, with varying 
definitions of what is considered high. Analyses were also 
required when important or critical structures were being 
considered, again with a range of definitions as to how a 
structure is classified.

DIMENSIONS, ANALYSIS, AND MODEL TYPE

The responses showed that 1-D equivalent-linear analyses 
are by far the most commonly used method in contemporary 
geotechnical earthquake engineering practice. When T-3+ 
respondents and consulting firms were asked to estimate 
the percentages of different types of analyses (relative to the 
total number of site response analyses performed), both said 
that they used 1-D equivalent-linear analyses much more fre-
quently than other types of analyses (Table B13). 

Some respondents pointed out that site response efforts 
are usually controlled by budget and time constraints. Oth-
ers expressed concern that equivalent-linear analyses were 
often used for soft clay and liquefiable sites and for very 
strong levels of shaking where their inherent assumptions 
about material behavior are least valid. What is revealing in 
the responses is that half of respondents perform nonlinear 
site response analyses, indicating the significant rise in pop-
ularity of this type of analyses. This is a marked difference 
from the findings of Kramer and Paulsen (2004), where few 
used nonlinear site response analyses.

The computer software used to perform these analyses 
are listed in Table B14. For equivalent-linear analyses, the 
most commonly used program is one of the many avail-
able flavors of the program SHAKE. A few respondents 
indicated they used the program DEEPSOIL. For nonlin-
ear analyses, D-MOD (i.e., D-MOD2000) was the most 
commonly used software followed by DEEPSOIL and 
then FLAC. Several respondents also listed multipurpose 
analysis software such as ABAQUS, PLAXIS, and DYNA-
FLOW. It is worth noting that this reflects U.S. practice. 
CyberQuake (Modaressi and Foerster 2000) is widely used 
in a number of European countries.

GENERAL PRACTICE

The first set of questions asked the respondents about the 
nature of their practice, the number of projects they are 
involved with, and the design guidance documents they use 
in site response analysis. Most of the respondents provided 
responses based on their agency or firm practice, with size 
varying from a single person practice to large firms with up 
to 500 engineers. Many of the respondents participated in 
more than seven projects a year involving site response anal-
ysis while a significant number of respondents were involved 
with only one to two projects a year. 

A number of respondents use guidelines for their seismic 
practice. Information from these documents are shown in 
Appendix B, Table B4. The most commonly used document 
is the AASHTO guideline itself or state DOT adaptations 
of the guideline. However, these guidelines do not provide 
detailed procedures for conducting a site response analysis. 

CRITERIA AND PROGRAMS USED IN SITE RESPONSE 
ANALYSIS

A number of approaches are available to engineers for con-
ducting a site-specific evaluation of ground motions. These 
include (1) empirically derived site factors and (2) computer 
software for site response analysis. 

The survey respondents were asked what factors trig-
gered the use of site response analysis versus the use of stan-
dard code-based factors. The respondents were also asked to 
identify conditions in which the use of code-based factors 
was acceptable (Tables B5 and B6). All respondents indi-
cated that they use code-based factors, especially in prelimi-
nary design. Code-based factors are used for class sites other 
than F, including sites suspected to have high soil liquefac-
tion potential. 

The respondents were asked to provide detailed descrip-
tions of conditions whereby the use of site response analysis 
is required. The respondents provided detailed input on the 
various options provided in the survey, and this feedback 
in provided in Table B7 through Table B12. A total of 10 
of 32 respondents indicated that they perform site response 
all the time, which is a significant number indicating that 
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The survey also asked the respondents about the software 
verification and validation procedures (see Table B15). Their 
answers ranged from none to extensive evaluation to com-
parisons between software. A number of users conducted 
equivalent-linear analyses and compared them with non-
linear analyses. Others performed analyses using multiple 
programs and looked for consistency. Verification and vali-
dation are complex and challenging tasks. Although exten-
sive studies are available for 1-D, there is a dearth of 2-D and 
3-D verification studies.

SEISMIC HAZARD AND MOTION INPUT REQUIRED FOR 
SITE RESPONSE ANALYSIS

The seismic ground motion at a site is commonly defined 
as a target response spectrum corresponding to a given 
desired hazard level. Such a spectrum can be derived using 
deterministic or probabilistic seismic hazard analysis. 
More recently, conditional mean spectrum (CMS) has also 
been used (Baker and Cornell 2006; Baker 2011). The tar-
get response spectrum is developed at an equivalent rock 
outcrop and then site factors are used to include the effect 
of local conditions on the ground motions. More recently, 
with the use of NGA attenuation relationships, the site 
factors are embedded in the equations through the use of 
Vs30 (average shear wave velocity of top 30 meters) as an 
input parameter (Abrahamson and Silva 2008; Boore and 
Atkinson 2008; Campbell and Bozorgnia 2008; Chiou and 
Youngs 2008; Idriss 2008; and USGS 2008). However, the 
user needs to be familiar with important limitations when 
using these equations. 

A series of questions were posed related to the seismic 
hazard input used by respondents in the site response analy-
sis. Many respondents rely on U.S. Geologic Survey maps 
and web tools or their adaptations in various code provisions 
(AASHTO, ASCE7-05, IBC). However, a significant num-
ber of respondents use computer software (EZ-Frisk, RISK-
Engineering 2009, Haz-38) or spreadsheets to program 
ground motion prediction equations (GMPE). 

Selection of spectrally compatible ground motion time 
histories is the next important step in developing input for 
site response analysis. Many of the respondents selected nat-
ural time histories; significantly fewer used synthetic ground 
motions. Many of the respondents used rigorous spectral 
matching procedures. RspMatch is by far the most widely 
used program for development of these motions. 

Although a number of respondents indicated that they 
used up to three ground motions in the spectral matching 
process, many said that they use seven pairs (two horizontal 
directions) for site response analyses. A few indicated that 
they use more. For some projects, respondents said that they 
needed to use a greater number of motions (say, 15 to 20) 

to achieve statistically significant results. Many respondents 
were also aware of the need for special considerations for 
ground motions, including directivity, and velocity pulses to 
capture near-fault effects.

The respondents had varying responses to the question of 
how they handle uncertainty in the selected ground motions, 
but one common theme was that the motions were allowed 
to vary to some degree about the target response spectrum. 
Some said that the degree of deviation was within 50% for 
the spectrum, whereas others stated that it was within 84 
percentile of the ground motion. Clearly, the responses do 
not reflect a consensus by the respondents. 

The respondents generally agreed that the topic of input 
ground motions needs more work and guidance is needed in 
this area. A few of the respondents were aware of the signifi-
cance of using Conditional Mean Spectrum (CMS) in gen-
erating input ground motion. Respondents also indicated the 
need for guidance on generation of ground motions for deep 
basins where rock depth is great. A respondent indicated that 
the development of the PEER ground motion toolbox (http://
peer.berkeley.edu/peer_ground_motion_database/) is an 
important step forward.

SOIL PROFILE INPUT INFORMATION REQUIRED FOR 
SITE RESPONSE ANALYSIS

Site response analyses require information on the soil pro-
file, including stratigraphy, shear wave velocity, location of 
the water table, and dynamic soil properties. 

Most of the survey respondents indicated that they directly 
measure shear wave velocity—an important parameter. This 
reflects an important positive development in the profession. 
Nevertheless, a substantial number of respondents reported 
that they obtain the shear wave velocity (Vs) profile from cor-
relations of penetration resistance. Significant uncertainty is 
associated with these correlations, and studies are needed 
on their validity and alternatives for direct measurement of 
shear wave velocity. 

A number of respondents said that they performed labora-
tory tests on soil samples to develop dynamic soil properties; 
however, more respondents indicated that they used modulus 
reduction and damping curves available in the literature. In 
addition to the Darendeli, Vucetic-Dobry, and Seed-Idriss 
curves, the respondents also used EPRI curves. A number of 
respondents use specialized custom-developed curves.

The respondents were very much aware of the need to 
account for uncertainty in soil properties, but there was no 
consensus on the best approach. Several use upper, lower 
bound soil profile approaches, and a few use systematic 
randomization approaches (Toro and Silva 2001; Romero 
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this is not the case among their consultants and research-
ers. The most commonly used program for equivalent-linear 
analysis is SHAKE2000, followed by DEEPSOIL.

Nonlinear Total Stress Analysis

The survey responses reflect a broad range of opinions as 
to when a nonlinear (NL) site response analysis is needed. 
Most respondents concur that a site response analysis is 
needed when dealing with softer soil sites (i.e., with classes 
E and F), though, as with equivalent-linear analyses, others 
reported that they use them for site classes C and D classes as 
well. There were no clear criteria regarding what PGA input 
would trigger a site response analysis. Some respondents 
indicated that they use it only for high PGA levels (PGA > 
1.0 g) whereas others indicated a lower PGA threshold (0.4–
0.5g). Most respondents recognized that for more important 
structures (e.g., base isolated and long structures), an NL 
site response analysis is warranted. There was a consensus 
amongst respondents that an NL site response analysis could 
be used when computed shear strains exceed 1%. A num-
ber of respondents said that NL analyses are used to reduce 
demand on a structure.

The responses reflect the occasional confusion about the 
use and role of site response analysis and the need for greater 
understanding and guidelines. The use of strain-based crite-
ria for switching to nonlinear analysis is reasonable as this 
reflects when nonlinear soil behavior becomes important. 
However, a 1% shear strain threshold is likely too high, as 
many soils would be at or near failure at this level. Studies 
by the authors have shown that nonlinearity in soil behavior 
can affect site response at strains as small as 0.1% or lower. 
A PGA or ground intensity measure on its own probably will 
not be sufficient because strain levels in soft soils can be 
quite high even for what appears to be a low level of shaking. 
Better guidance is clearly needed on when a nonlinear site 
response analysis is necessary.

Nonlinear site response analyses use constitutive models 
that represent nonlinear soil behavior. Models are param-
eterized in different ways, so comparison is much more 
difficult than for equivalent-linear site response analyses. 
The survey responses indicate that the choice of nonlinear 
soil model was closely tied to the choice of nonlinear site 
response software, because some nonlinear software does 
not offer multiple soil models. Modified hyperbolic models 
with Masing rules were the most widely reported nonlin-
ear soil models. The respondents indicated that they tried to 
calibrate their models to match both modulus reduction and 
damping curves.

Nonlinear Effective-Stress Analysis

The survey responses reflect a broad range of opinions as to 
when an NL effective-stress site response analysis is needed. 

and Rix 2005). Cost was often cited as a reason for not 
conducting parametric studies, but a number of the survey 
respondents indicated that they subcontract this work to 
specialists/experts.

SITE RESPONSE ANALYSIS

Equivalent-Linear Models

The survey responses reflect a broad range of opinions as 
to when an equivalent-linear (EL) site response analysis is 
needed. Most respondents concurred that a site response 
analysis is needed when dealing with softer soil sites (classes 
E and F); some indicated that they use them for C and D 
classes as well. There were no clear criteria on the input PGA 
that would trigger a site response analysis. Some respon-
dents said that they used it for low levels of seismic hazard, 
while others reported that they used it when the hazard is 
high. Most recognized that a nonlinear (NL) site response 
analysis is warranted for more important structures (e.g., 
base isolated or long structures).

Equivalent-linear analysis is a robust approach that has 
been used in the profession for the past 40 years. The lit-
erature (e.g., Hashash et al. 2010) indicates that 1-D EL 
site response analysis can always be performed regardless 
of whether the higher dimension or nonlinear site response 
analyses are included. One-dimensional EL site response 
analyses provide the key characteristics of a site and the 
propagated ground motion. They can be used to flush out 
errors that might inadvertently be introduced in more 
advanced site response analyses. 

Equivalent-linear analyses require characterization of 
dynamic soil properties by modulus reduction and damping 
curves. A number of relationships for such curves are avail-
able in the literature. In the 1970s, separate curves were pre-
sented for sands and clays before the effects of soil plasticity 
and effective confining pressure on soil behavior were well 
understood. The responses showed, however, that the origi-
nal sand and clay curves are still widely used in contempo-
rary practice. Other widely used curves include Vucetic and 
Dobry (1991), EPRI (1993), and Darendeli (2001).

The available literature does not provide a systematic evalu-
ation of the various modulus reduction and damping curves and 
their applicability. Indeed, the rigorously documented curves of 
Darendeli (2001) and Menq (2003) have not been yet published 
in the refereed literature. All these curves are generic in nature 
and can be selected based on soil index properties and stress 
history. Only one respondent indicated that they directly mea-
sure soil dynamic properties in the laboratory.

The survey indicates that 1-D, equivalent-linear analyses 
are by far the most commonly used by DOTs surveyed, but 
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Most respondents concurred that a site response analysis is 
needed for softer soil sites (classes E and F). There were no 
clear criteria regarding the input PGA; however, most of the 
respondents used a lower PGA threshold for NL effective-
stress analysis than the threshold used in the NL total stress 
analysis. For more important structures, an NL site effec-
tive-stress response is warranted. There was no consensus 
among respondents on the pwp ratio threshold for which NL 
effective-stress analysis results might be considered.

The choice of nonlinear effectives stress soil model was 
closely tied to the choice of nonlinear site response software. 
For 1-D site response, Matasovic’s (1993) pwp model is 
used (D-MOD2000, DEEPSOIL), OpenSees users apply the 
Elgamal model,  and FLAC users employ UBC. 

EVALUATION AND USE OF RESULTS

Consideration of Uncertainties in Site Response Analysis

The results of site response analyses, like those of all other 
analyses, are influenced by uncertainties in input parame-
ters. The survey attempted to determine the users’ percep-
tions of where uncertainties influenced the results of site 
response analyses most strongly and how these uncertainties 
were accounted for in the design process.

The survey listed a series of input parameters to typical 
site response analyses and asked which were considered most 
important. Respondents could (and did) indicate more than 
one parameter. Many of the respondents consistently indi-
cated that uncertainties in input motions were most impor-
tant. Several users expressed particular concern in eastern 
North America where few strong-motion records are avail-
able. Uncertainties in material properties (e.g., soil stiffness 
and damping at high strain levels) were also considered to be 
important. Few respondents were concerned with damping 
at small strains even though the literature review highlighted 
its importance in an analysis. About one-third of respondents 
considered geometry and bedrock properties to be among the 
most important uncertainties. A similar number of respon-
dents  emphasized material properties and input motions.

A number of different methods for accounting for uncer-
tainties in design were reported. The most common method 
was the use of sensitivity analysis; details on how the results 
of sensitivity analyses were interpreted were not requested. 
About one-third of the total number of respondents based 
their analyses on best-estimate values of input parameters 
and then applied some degree of conservatism to the results. 

Evaluation of Validity of Site Response Analysis Results

Survey participants were concerned about evaluating the 
validity of their results and used a number of approaches in 

this evaluation. They looked for reasonableness of the results 
and compared the results with empirical correlations such as 
existing code factors for similar site classes. They also used 
multiple software and analysis approaches.

Use of Results

Site response analyses provide a range of information that 
can be used for engineering analyses. Most respondents use 
the resulting computed surface response spectrum and com-
puted surface time histories. The ground motion is presum-
ably used in the dynamic analysis of the bridge structure. The 
respondents also said that they use profiles of PGA, shear 
strains, and shear stresses in their engineering analyses. One 
respondent reported that the type of output used depends on 
the type of engineering analysis (structure response versus 
soil liquefaction evaluation).

A number of respondents indicated that they use the 
shear strain profile as an input for pile analysis or for tunnel 
analysis. A few respondents reported that they did perform 
base line corrections on the output motion. However, many 
respondents indicated that they either did not perform site 
response analyses or had specialists/consultants perform 
these analyses for them.

For the simplified method of soil liquefaction assessment, 
most respondents reported that they use surface PGA from 
equivalent-linear analysis. Few respondents, though, indi-
cated that they use computed surface PGA from nonlinear 
total stress analysis. A number of respondents said that they 
did not use cyclic stress ratio from site response analysis. 
Some respondents indicated that they performed effective-
stress nonlinear site response analyses. These responses 
reflect significant confusion and lack of guidance as to the 
use of site response analysis for soil liquefaction evaluation. 

Many respondents indicated that they use PGA, or a per-
centage of it, in a pseudo-static-type slope stability analysis 
and for the simplified Newmark-type sliding block analy-
sis. One respondent indicated a preference for a 2-D site 
response analysis.

Most respondents said that they use pwp generation to 
evaluate the occurrence of liquefaction in a soil profile. One 
respondent indicated that the analyses may mask liquefac-
tion potential in the top layers owing to soil softening in the 
lower layers. Another respondent said that it was difficult to 
determine pwp parameters required in an analysis. Another 
indicated the need for further guidance on this issue.

GENERAL COMMENTS ON THE SURVEY

Among the wide range of comments were areas requir-
ing additional guidance. These included (1) vertical site 
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response, (2) SFSI analysis, (3) 3-D effects, and (4) 2011 
Tohoku, Japan Earthquake data analysis. Most of those sur-
veyed recognize the need for significant project oversight by 

independent review panels composed of both highly quali-
fied practitioners and academics. Many were also interested 
in receiving the results of this survey and synthesis.
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CHAPTER FIVE

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

CONCLUSIONS

Since their introduction in the 1970s, tools and techniques 
for performing site response analysis have continued to 
evolve. Advances in both computer hardware and software 
have played a role in improving analyses. Software devel-
opments have resulted in wide and almost exclusive use of 
site response analysis in practice, as revealed by the survey 
performed as a part of this study. Moreover, it appears that 
practitioners can now afford and do perform sensitivity 
analyses and use larger suites of input ground motions. Nev-
ertheless, significant confusion remains about how to select 
appropriate input ground motions and the number of ground 
motion sets needed. Automated graphics capabilities allow 
error-checking of input data and evaluation of the reason-
ableness of analytical results. Ground response animation, 
available in some software, can provide useful insight into 
site response.

Other improvements to site response analysis practice 
have resulted from the development of more advanced ana-
lytical models, particularly for nonlinear, effective-stress 
modeling of site response. Multidimensional nonlinear anal-
ysis software employing advanced, plasticity-based consti-
tutive models are now available. The survey indicates that 
one-dimensional (1-D), equivalent-linear analyses are by far 
the most commonly used by departments of transportation 
DOTs surveyed, but this is not the case among their consul-
tants and researchers. The most commonly used program 
for equivalent-linear analysis is SHAKE2000, followed by 
SHAKE and DEEPSOIL. The survey further reveals that a 
variety of modulus reduction and damping curves are used 
to represent equivalent-linear and nonlinear dynamic prop-
erties of soil.

It appears that nonlinear models for 1-D analyses are 
becoming more common in DOT practice, especially among 
their consultants. The most commonly used program for 
both nonlinear and nonlinear effective-stress analysis is 
D-MOD2000, followed by DEEPSOIL and FLAC. Multidi-
mensional nonlinear analyses and multidimensional effec-
tive-stress analyses are not used often. Survey participants 
cite the engineering time required to develop multidimen-
sional models as the main reason for their sparse use. The 
most commonly used program for two-dimensional (2-D) 
equivalent-linear site response analysis is QUAD4M, fol-

lowed by FLAC. FLAC and ABAQUS are the most widely 
used for nonlinear (i.e., bi-linear) 2-D and three-dimensional 
(3-D) site response analyses.

The survey respondents recognize that analytical proce-
dures have developed much more quickly than the practical 
procedures for developing the input parameters those ana-
lytical procedures require. The literature search performed 
as a part of this study reveals a lack of practical guidance 
documents for multidimensional 2-D and especially 3-D site 
response analysis. 

Dynamic soil properties appear to be most commonly 
determined by field testing and empirical correlation. 
Respondents cited uncertainties in input motions as the great-
est influence on site response analyses. Finally, sensitivity 
analyses appeared to be the most common tool for evaluating 
the effects of uncertainties on computed site response.

It appears that 1-D equivalent-linear analyses have 
become the de facto standard for site response analysis of 
highway facilities. It also appears that users have concerns 
about the applicability of equivalent-linear analyses in cases 
where site-specific response analyses are most useful: soft 
sites, liquefiable sites, and sites subjected to very strong 
shaking. The DOT adoption of nonlinear analyses, however, 
appears to be restrained by uncertainty in how to develop 
the input parameters required for available nonlinear mod-
els, and by the lack of well-documented validation studies 
for those models. Despite these limitations, more than half of 
the respondents use nonlinear site response analyses. Never-
theless, consistent with findings by Kwok et al. (2007), these 
limitations of nonlinear codes must be overcome for non-
linear site response analysis to become more widespread in 
geotechnical earthquake engineering practice. 

SUGGESTIONS FOR FURTHER RESEARCH

The results documented here reveal a mismatch between 
current practice, as applied for highway facilities in T-3+ 
states, and the state-of-the-art, as implied from the literature 
search. This mismatch between state-of-the-practice (SOP) 
and state-of-the-art (SOA) is common in all engineering 
disciplines. This gap might be narrowed by comparing the 
survey results to findings of the literature search to iden-
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tify needs and opportunities. Those that appeared the most 
urgent and the most valuable to survey respondents are out-
lined below in a relative order of importance. 

Benchmarking of One-Dimensional Site Response 
Analysis with Pore Water Pressure Generation

A landmark benchmarking project was performed in 
2006/2007 by PEER (Kwok et al. 2007). The project 
involved benchmarking available total stress nonlinear 
site response analysis computer software against theoreti-
cal problems, but also included conducting back analysis of 
relevant case histories. The results of that study, described 
in a series of presentations and technical papers, speeded 
up practical application of nonlinear analysis to the lev-
els identified in this survey. (The respondents used non-
linear methods to conduct approximately half of 1-D site 
response analyses.) 

Given the importance of use on nonlinear effective-
stress analysis for site class E (soft soils) and site class F 
(liquefiable soils and very soft clays in the profile), and its 
gradual increase in use, a rigorous benchmarking study 
of 1-D nonlinear software with pwp generation should 
be conducted.

Threshold for Equivalent-Linear Versus Nonlinear Site 
Response Analysis

Nonlinear site response analyses generally demand more 
resources and technical expertise than their equivalent-
linear counterparts. Therefore, practicing engineers have 
a keen interest in the development of criteria for deciding 
when an equivalent-linear site response analysis is accept-
able and when nonlinear site response is necessary. The 
available guidance is not sufficient and a systematic study is 
needed to develop such guidance.

Input Ground Motion Selection

The selection of input ground motion time histories for site 
response analysis remains a challenging task. A detailed 
study should develop guidelines for the selection of seed 
ground motions, scaling, and spectral matching specific to 
site response analysis. Such a study should consider issues, 
including the appropriateness of the input and propagated 
motions for a number of engineering applications, including 
liquefaction assessment, bridge design, slop stability, and 
soil-structure interaction analysis. This research can ben-
efit from a number of recent studies on the ground motions 
selection for structural applications.

Implied Strength in Modulus Reduction Curves

In site response analyses that mobilize large strains, widely 
used modulus reduction curves need to be improved so that 

they can represent the soil constitutive behavior such that the 
implied strength is reasonable and corresponds to that of the 
soil profile during shaking.

Benchmarking of Multidimensional Total and Effective-
Stress Site Response Software

The survey and literature review show increasing reliance 
on 2-D analysis software such as FLAC, OpenSees, and 
PLAXIS to evaluate site response and liquefaction. There 
is a pressing need for a rigorous benchmarking study of the 
software being used and usage protocols. This research topic 
could be considered after  1-D effective-stress site response 
analysis has been benchmarked.

Benchmarking of Vs Correlations and Evaluation

This survey revealed that most respondents use correlations 
between standard penetration test (SPT) blow counts and Vs 
to develop the Vs profile for site response analysis. Although 
this is generally poor practice, it cannot be entirely avoided 
given the large legacy SPT data sets available to many DOTs 
and their (erroneous) belief that direct Vs measurements are 
cost prohibitive. 

Given the importance of the Vs profile in site response 
analyses, a systematic study of Vs – SPT and other correla-
tions (e.g., Vs – qc and Vs – Su) could be undertaken. The 
work would involve a comparison of shear wave velocity 
profiles established by correlative expressions to the results 
of actual measurements. It is important that the findings 
of such a study clearly identify which correlations may 
be recommended for given site conditions (e.g., should an 
SPT-based correlation be used when site-specific results of 
Su measurements are available?) and the possible range of 
error. The study would also identify available Vs measure-
ment tools and the relative merits of various Vs measure-
ments, including downhole, sCPT, OYO suspension logging, 
ReMi, SASW, and MASW.

Evaluation of Liquefaction from Site Response Analysis

The survey revealed significant confusion on the part of 
the users with regard to the use of site response analysis 
for liquefaction evaluation either directly from models that 
generate pwp or indirectly through the use of the simplified 
method for liquefaction analysis. Guidance on this issue 
would be greatly welcomed by the profession.

Site Response in Deep Deposits

A challenging issue in site response analysis in deep soil 
deposits is how to select the depth of the soil column to be 
considered because the significant impedance contrast can 
be several kilometers deep. Guidance is needed on conduct-
ing site response analysis of deep deposits. 
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aftershocks. This data set provides a unique opportunity to 
validate and improve site response analysis models. A study 
that focuses on the use of this data set will be very useful for 
increasing the reliability of site response analysis procedures, 
especially for long duration earthquakes, and the proper rep-
resentation of cyclic soil behavior under repeated cycles of 
loading, which has been studied only in the laboratory. 

Verification and Validation of Software

As DOTs and/or their consultants adopt specific software, 
or new and improved software becomes available, a need 
emerges for software use guidance and for software verifi-
cation and validation procedures. The experience from the 
recent PEER-sponsored 2G02 Project (Stewart et al. 2008) 
indicates that these procedures should be developed by a 
team of software developers under the guidance of indepen-
dent third parties. The survey and literature review reveal 
the absence of such software use guidance and software ver-
ification and validation procedures, which causes significant 
confusion on the part of users.

Vertical Site Response Evaluation

In dynamic analysis of structures and soil structure inter-
action, 3-D motions are required as input. This survey 
found that the overwhelming majority of work done on site 
response analysis is related to horizontal motion. The lit-
erature is insufficient on how to handle local site effects on 
vertical ground motion propagation. Currently, PEER has an 
effort focused on vertical site response as part of an update 
of NGA-West. A detailed study on vertical site response 
would be timely and fill a major gap in the body of knowl-
edge in site response.

Calibration of Nonlinear Site Response Analysis from 
Recent Japan Earthquake

The March 2011 earthquake in Japan has provided the 
research community with an extensive data set from mul-
tiple large events. This data set includes a significant num-
ber of downhole arrays (KiK-net) that have been excited by 
the main shock as well as by several large foreshocks and 
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GLOSSARY 

Aloop: Area of hysteresis loop

[C]: velocity proportional damping matrix

f1 and f2, f3, f4: Frequencies for Rayleigh viscous damping 

G: Shear modulus

Gmax: Maximum shear modulus (usually obtained from 
shear wave velocity)

h, hi: thickness of layer

[K]: stiffness matrix

k, ki: element of stiffness matrix

[M]: Mass matrix

m: element of mass matrix

qc: uncorrected tip resistance from CPT sounding

Su: undrained shear strength of soil

To: Fundamental period of a soil column or structure

{u}: displacement vector

Vs: Shear wave velocity

Vs30: (average) shear wave velocity of the top 30 meters

αR: Rayleigh damping coefficient

β: damping or coefficient in Newmark-type numerical inte-
gration of equation of motion 

βR: Rayleigh damping coefficient

γ: shear strain

γc: cyclic shear strain

τc: cyclic shear stress

ξtar: Target damping ratio

Θ: Wilson time stepping coefficient

: mass density of soil

1-D: One dimensional

2-D: Two dimensional

3-D: Three dimensional

CMS: Conditional Mean Spectrum

COSMOS: The Consortium of Organizations for Strong-
Motion Observation Systems

CPT: Cone Penetration Test

CSR: Cyclic Stress Ratio

DOT: Department of transportation

DSHA: Deterministic Seismic Hazard Analysis

DSS: (cyclic) Direct Simple Shear (test) 

EL: Equivalent-Linear

EPRI: Electric Power Research Institute

GMPE: Ground Motion Prediction Equation

IBC: International Building Code

LRFD: Load and Resistance Factor Design

MCE: Maximum Considered Earthquake

MR: Modulus Re-matching only with extended Masing rule 

MRD: approximate match of both modulus and damping 
with extended Masing rule 

MRDF: Modulus reduction and damping matching with 
non-Masing rule

NGA: Next Generation Attenuation (relationship)

NL: Nonlinear

PEER: Pacific Earthquake Engineering Research Center

PI: Principal Investigator

PSHA: Probabilistic Seismic Hazard Analysis

pwp: pore water pressure

ReMI: Refraction Microtremor

RVT: Random Vibration Theory

SASW: Spectral Analysis of Surface Waves 

sCPT: seismic Cone Penetration Test

SFSI: Soil-Foundation-Structure Interaction (the same as 
SSI: Soil-Structure-Interaction)

SPT: Standard Penetration Test

SSI: Soil-Structure Interaction 

UHRS: Uniform Hazard Response Spectrum

USAEC: United States Corps of Engineers

USGS: United States Geologic Survey
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APPENDIX A

Survey Questionnaire 

Page One—General questions

1.) 

Dear Colleague: 

The Transportation Research Board (TRB) is preparing a synthesis on Practice and Procedures for Site-Specific Evaluation 
of Earthquake Ground Motions, NCHRP Synthesis 20-05/Topic 42-03, State DOT’s Survey. This is being done for NCHRP, 
under the sponsorship of the American Association of State Highway and Transportation Officials, in cooperation with the 
Federal Highway Administration.  

The synthesis study intends to identify and describe current practice and available methods for site specific analysis of earthquake 
ground motions. The study will include a summary of experience gained in developing and employing these methods, including 
challenges in their application and perceived advantages and disadvantages of the different methods. This study will help establish 
and improve the state of practice, providing a summary of best design practices, as well as identifying research and development 
needs on this important topic. This questionnaire will help us understand the current practice in site specific analysis of ground 
motions at selected state departments of transportation and will help us identify some of the challenges encountered when con-
ducting the analyses. We appreciate you taking the time to complete this survey. Please do not hesitate to contact us should you 
have any questions.  As a token of our appreciation we will provide you electronically with a copy of the completed study.

The results of this study will be reported only in aggregate form (no individual names will be reported).

This survey is being sent to state departments of transportation and their consultants.  Your cooperation in completing the 
questionnaire will ensure the success of this effort.  If you are not the appropriate person at your agency to complete this 
survey, please forward it to the correct person.  

Please compete and submit this survey by COB Friday, February 25, 2011.  We estimate that it should take no more than 60 
minutes to complete. If you have any questions, please contact our principal investigator Dr. Neven Matasovic (NMatasovic@
Geosyntec.com, 714-465-1244) or Prof. Youssef Hashash (hashash@illinois.edu, 217-333-6986).  Any supporting materials 
can be sent directly to by e-mail or at the postal address shown at the end of the survey.

QUESTIONNAIRE INSTRUCTIONS  

1. To view and print the entire questionnaire, Click on the following link and print using “control p”. 

2. To save your partial answers, or to forward a partially completed questionnaire to another party, click on the 
“Save and Continue Later” link in the upper center of your screen on page 2 and onwards.  A link to the partial 
survey will be e-mailed to you or a colleague.

3. To view and print your answers before submitting the survey, click forward to page 8. Print using “control p”.

4. To submit the survey, click on “Submit” on the last page.   

Name of Respondent:  ___________________________________________

Title of Respondent:  ____________________________________________

Name of State Agency and office:  _________________________________

Address:  _____________________________________________________

E-mail: _______________________________________________________

Telephone number:  _____________________________________________
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2.) Do your following responses apply to (check all that applies)?

[  ] Your own individual practice

[  ] The practice of your office/number of engineers

[  ] The practice of your agency/number of engineers

3.) Approximately how many of your projects involve site response analyses in a given year?

(  ) 1–2

(  ) 3–6

(  ) 7–12

(  ) 13–25

(  ) 26–50

(  ) >50

4.) Guidelines and manuals for seismic site response

[  ] Your agency has a manual for seismic design; please provide title and web link

[  ] Your manual has provisions for seismic site response analysis/provide title and web link

Page Two—Criteria and programs used

5.) When is the use of code-based site factors acceptable for characterizing site effects?

[  ] Preliminary design

[  ] Small structures

[  ] Seismic hazard is low

[  ] Always

[  ] Never

[  ] Other—please provide a brief narrative

6.) When is the use of computer analysis required for site response analysis?

[  ] Site class dependent—please list site class

[  ] Seismic hazard level—please specify

[  ]  Ground conditions (e.g., liquefiable soils, or organic soils, or very soft soils subjected to strong shaking, please 
specify)

[  ] Structure type—please specify

[  ] Other—please describe

7.) Of the total number of site response analyses you perform, indicate the approximate percentages that fall within each 
of the following categories:

One-dimensional equivalent-linear:  ________________________________

One-dimensional nonlinear total stress (no pore water pressure):  _________

One-dimensional nonlinear effective-stress (with pore water pressure):  ___

Two- or three-dimensional equivalent-linear:  ________________________

Two- or three-dimensional nonlinear Total Stress Analysis:  _____________

Two- or three-dimensional nonlinear Effective-Stress Analysis:  _________
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8.) What computer program(s) do you use for each of the following types of analyses (list more than one if appropriate; 
leave blank if you do not perform one of these types of analyses)?

One-dimensional equivalent-linear:  ____________________________________________

One-dimensional nonlinear—Total stress (no pore water pressure):  ___________________

One-dimensional nonlinear—Effective-stress (with pore water pressure):  _____________

Two- or three-dimensional equivalent-linear:  ____________________________________

Two- or three-dimensional nonlinear:  __________________________________________

9.) Please describe validation/verification requirements you have for computer code usage.

Page Three—Seismic hazard motion input required for site response analysis

Note for the following questions: Input ground motions are required for performing site response analysis based on specific 
hazard levels. The questions below will help us understand how you develop these ground motions. 

10.) How do you define the seismic hazard at your site and the target rock response spectra?

[  ] USGS Maps

[  ] Code Provision—List code

[  ] Site specific deterministic—describe program

[  ] Site specific probabilistic—describe program

[  ] Other, please specify:

11.) How do you develop hazard compatible ground motion time histories at rock?

[  ] Simple scaling of motions from widely available libraries

[  ] rigorous spectral matching (specify method if known)

[  ] Synthetic ground motions

[  ] Other, please specify:

12.) How many motion time histories do you generate or require for a given hazard level

(  ) 1 motion

(  ) 3 motions

(  ) 7 motions

(  ) Other, please specify:

13.) For sites where near faults effects are significant, what special requirements do you impose on the suite of input ground 
motions?

[  ] None

[  ] incorporate directivity

[  ] include velocity pulse

[  ] use two component motions (e.g., Fault normal/parallel)

[  ] check cross-correlation of the input ground motion time histories

[  ] Other, please specify:
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14.) How do you handle uncertainty in the input ground motion?

15.) Please include other comments you may have related to the topic of input motions.

Page Four—Soil profile input information required for site response analysis

16.) What special geotechnical field and laboratory investigations do you require/perform to obtain information suitable for 
site response analysis?

[  ] None

[  ] Direct measurement of shear wave velocity

[  ] Cyclic triaxial, direct simple shear or resonant column tests

[  ] Other, please specify:

17.) How do you obtain the shear wave velocity profile for the soil column?

[  ] SPT correlations

[  ] CPT correlations

[  ] Seismic cone

[  ] downhole

[  ] crosshole

[  ] suspension logger

[  ] surface wave/SASW/MASW

[  ] Other, please specify:

18.) How do you define the dynamic soil properties (modulus reduction and damping curves) for site response analysis? (lab 
testing, published correlations based soil index properties such as Darandelli, Vucetic and Dobry, Seed and Idriss...)

[  ] laboratory testing

[  ] Darendeli

[  ] Vucetic-Dobry

[  ] Seed-Idriss

[  ] Other, please specify:

19.) Do you account for uncertainty in the soil profile properties? If yes, how? If not, why not?

20.) Please include other comments you may have related to the topic of soil profile input

Page Five—Site response analysis

21.) When is an equivalent-linear analysis (e.g., SHAKE or similar program) used or required?

[  ] Site class dependent—please list site class

[  ] Seismic hazard level—please specify

[  ] Structure type—please specify

[  ] Other, please describe:

22.) What soil models do you usually use for equivalent-linear site response analyses (mark all that applies)?

[  ] EPRI

[  ] Ishibashi-Zhang
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[  ] Iwasaki

[  ] Seed-Idriss Sand

[  ] Seed-Idriss Clay

[  ] Vucetic-Dobry

[  ] Darendeli

[  ] Other:

23.) When is a nonlinear total stress (no pore water pressure generation) analysis used or required?

[  ] Site class dependent—please list site class

[  ] Seismic hazard level—please specify

[  ] Structure type—please specify

[  ] Strain amplitude—please specify

[  ] Other, please describe:

24.) What soil models do you usually use for nonlinear total stress site response analyses (mark all that applies)?

[  ] Hyperbolic with Masing criteria

[  ] Modified Hyperbolic with Masing criteria (e.g., M-K-Z)

[  ]  Modified Hyperbolic with non Masing criteria (e.g., MRDF to match both modulus reduction and damping 
curves)

[  ] Cundall-Pyke model

[  ] Mohr-Coulomb

[  ] Other—whatever model is included in my software—please specify:

[ ] It is important for the model to match both modulus reduction and damping curves

[ ] It is only important that the model matches modulus reduction regardless of the damping curve.

25.) When is a nonlinear effective-stress (with pore water pressure generation) analysis used or required?

[  ] Site class dependent—please list site class

[  ] Seismic hazard level—please specify

[  ] Structure type—please specify

[  ] When porewater pressure ratio exceeds a given value—please specify

[  ] Other, please describe:

26.) What soil models and porewater pressure generation models do you use in nonlinear effective-stress site response 
analyses (mark all that applies)?

[  ] Dobry

[  ] Elgamal

[  ] GMP (Green)

[  ] Martin-Finn-Seed

[  ] Matasovic (Modified Dobry et al. porewater pressure model)

[  ] UBC Sand

[  ] Other
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Page Six—Evaluation and use of results

27.) What do you consider to be the top three uncertainties in the input to a typical seismic site response analysis?

[  ] Low-strain stiffness (represented by Gmax or Vs)

[  ] Higher strain stiffness (represented by modulus reduction or backbone curve)

[  ] Small strain damping behavior represented by viscous damping

[  ] Large strain damping behavior (represented by damping curve or unloading-reloading model)

[  ] Soil layer thickness

[  ] Depth to bedrock

[  ] Character of bedrock (Vs, modulus reduction and damping behavior)

[  ] Input motions

[  ] Other:

28.) How do you typically account for such uncertainties in design?

[  ] Select reasonably conservative values of input parameters

[  ] Use “best estimate” input parameters, then apply conservatism to results

[  ] Perform sensitivity analyses

[  ] Perform probabilistic analyses (e.g. FOSM, Monte Carlo)

[  ] We don’t address uncertainties explicitly 

[  ] Other, please specify:

29.) How do you evaluate the validity of the overall site response model at your site?

[  ] Compare with empirical correlations

[  ] Perform sanity checks

[  ] Other, please specify:

30.) What output do you use from site response analysis?

[  ] Surface response spectra

[  ] Surface velocities

[  ] Surface displacements

[  ] Surface time histories

[  ] Profiles of PGA

[  ] Profiles of strains

[  ] Profiles of displacements

[  ] Profiles of shear stress

[  ] Other, please specify:
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31.) Do you use output of profiles of strains and lateral deformations in a structural analysis? (e.g., pile lateral loading…), 
please explain, do you perform any baseline correction of the output motions?

32.) Do you use profile of peak ground acceleration for liquefaction analysis? Please explain. When you evaluate cyclic 
stress ratio (CSR) for liquefaction analyses, how often do you do so by means of site response analyses (as opposed to 
using the simplified method)? What criteria do you use for deciding when to do so? 

33.) Do you use profile of peak ground acceleration for slope stability analysis? Please explain.

34.) For analyses where pore water pressure generation is evaluated, how do you use the analysis output?

35.) Please include other comments you may have related to the topic on evaluation and use.

Page 7—Helpful contacts

36.) As part of this synthesis study we will also survey private consulting firms and engineers who conduct site specific 
response analysis. Can you please provide us with contact information of key firms and engineers that provide site 
response analysis services to your DOT?

 

Firm Name Contact Person Contact information

Contact 1 ___ ___ ___ 

Contact 2 ___ ___ ___ 

Contact 3 ___ ___ ___ 

Contact 4 ___ ___ ___ 

Contact 5 ___ ___ ___ 

Contact 6 ___ ___ ___ 

Contact 7 ___ ___ ___ 

Contact 8 ___ ___ ___ 

Contact 9 ___ ___ ___ 

Contact 10 ___ ___ ___ 

37.) Please feel free to include any thoughts or comments you would like to share with us.

 

Thank You!

Thank you for taking our survey. Your response is very important to us.

Postal address:

Dr. Neven Matasovic

Geosyntec

2100 Main St, Suite 150

Huntington Beach, CA 92648
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APPENDIX B

Compiled Survey Responses

2.) Do your following responses apply to (check all that applies)?

[  ] Your own individual practice

[  ] The practice of your office/number of engineers

[  ] The practice of your agency/number of engineers

TABLE B1 

APPLICABILITY OF RESPONSE TO ENGINEERING PRACTICE

Respondents Count # of Engineers  
Ave/Total

Range of # of Engineers

Your own individual practice 10

The practice of your office 17 93/1298 3–500

The practice of your agency 14 49/246 1–100

3.) Approximately how many of your projects involve site response analyses in a given year?

(  ) 1–2

(  ) 3–6

(  ) 7–12

(  ) 13–25

(  ) 26–50

(  ) >50

TABLE B2

NUMBER OF PROJECTS INVOLVING SITE 
RESPONSE ANALYSES IN A GIVEN YEAR

No. of Projects Count

1–2 12

3–6 3

7–12 8

13–25 3

26–50 1

4.) Guidelines and manuals for seismic site response

[  ] Your agency has a manual for seismic design; please provide title and web link

[  ] Your manual has provisions for site response analysis/provide title and web link

TABLE B3

RESPONDENTS WHO USE GUIDELINES AND MANUALS FOR 
SEISMIC SITE RESPONSE

Count

Your agency has a manual for seismic design 12

Your manual has provisions for seismic site 
response analysis

10
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TABLE B4

GUIDELINES AND MANUALS FOR SEISMIC SITE RESPONSE

1 Caltrans Seismic Design Criteria http://www.dot.ca.gov/hq/esc/earthquake_engineering/SDC_site/

2 http://www.wsdot.wa.gov/Publications/Manuals/M46-03.htm

3 Internal draft guidelines that are not for public release.

4 http://www.dot.il.gov/bridges/brmanuals.html

5 2009 LRFD Seismic Design Provisions; NCHRP Report 611

6 2009 LRFD Seismic Design Provisions; NCHRP Report 611

7 ASCE 7, ASCE 4, ASCE43-05, 

NRC RG 1.208; U.S. Army Corps of Engineers EM110-2-6050

8 AASHTO LRFD Specifications

9 http://www.dot.ca.gov/hq/esc/earthquake_engineering/SDC_site/

10 Geomotions

11 ODOT Geotechnical Design Manual  ftp://ftp.odot.state.or.us/techserv/Geo-Environmental/Geotech/ 
GeoManual/FinalGDM12-10-09/Volume1GeotechDesignManualFinal_Dec2009.pdf

12 http://www.wsdot.wa.gov/Publications/Manuals/M46-03.htm

13 http://www.scdot.org/doing/bridge/bridgeseismic.shtml, http://www.scdot.org/doing/bridge/ 
geodesignmanual.shtml

14 GA DOT website

15 http://www.dot.ri.gov/documents/engineering/br/RILRFDBridgeManual.pdf

Page Two—Criteria and programs used

5.) When is the use of code-based site factors acceptable for characterizing site effects?

[  ] Preliminary design

[  ] Small structures

[  ] Seismic hazard is low

[  ] Always

[  ] Never

[  ] Other, please provide a brief narrative:

TABLE B5

CIRCUMSTANCES WHEN THE USE 
OF CODE-BASED SITE FACTORS IS 
ACCEPTABLE FOR CHARACTERIZING 
SITE EFFECTS

Count

Preliminary design 16

Small structures 12

Seismic hazard is low 14

Always 11

Never 0

Other – See next table 17
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TABLE B6

ADDITIONAL CIRCUMSTANCE WHEN THE USE OF CODE-BASED SITE FACTORS IS 
ACCEPTABLE FOR CHARACTERIZING SITE EFFECTS

1 Site Classes A through E

2 All cases except for Site Class “F” locations, which are typically susceptible to liquefaction.

3 Exceptions: Non-ordinary structures as defined in SDC, Soil type F

4 For buildings it is acceptable for sites other than Site Class F, for bridges it is acceptable for site class other 
than F and when the bridge is not critical, for other structures it depends on the code standards and the criti-
cality of the project.

5 More conservative site is assumed.

6 As per AASHTO recommendations, site class F and also as per ODOT GDM Section 6.5.1.4

7 Most structures except when the conditions stated in Q6 below apply.

8 We will generally use the code-based site factors either at the start of a project or to compare/check results 
from site response analyses

9 Although it is important to understand the general site response behavior in your environment (i.e., if you 
work in Boston—you should have done at least one site response computation with a typical profile—to 
understand the local issues.

10 Always, except very large expensive/critical structures

11 For soils other than soft/liquefiable soils

12 We only use for small to mid-size CBC projects.  Almost everything else uses some form of NGA.

13 structures of low importance

14 For most of the bridges in New York State being in low seismic zone.

15 When the site is not site class F

16 Code-based site factors are used where seismic hazard is simple (no long duration, directivity, basis) and 
site conditions are not anticipated to result in a code exceedance, and where the cost impact of conservative 
design is not significant

17 A. Typically SCDOT uses the site factors for the vast majority of our bridges; however, depending on the 
bridge a Site-Specific Response Analysis may be required.  The SCDOT 2008 Seismic Design Specifica-
tions for Highway Bridges and the 2010 Geotechnical Design Manual delineate when a Site-Specific 
Response Analysis is required.  In addition, SCDOT may require a Site-Specific Response Analysis for 
bridges that are considered major.  Currently SCDOT has a research project reviewing and developing new 
site factors for South Carolina.

6.) When is the use of computer analysis required for site response analysis?

[  ] Site class dependent—please list site class

[  ] Seismic hazard level—please specify

[  ]  Ground conditions (e.g., liquefiable soils, or organic soils, or very soft soils subjected to strong shaking, please 
specify)

[  ] Structure type—please specify

[  ] Other, please describe:

TABLE B7

CIRCUMSTANCES WHEN SITE RESPONSE ANALYSIS IS 
REQUIRED

Count

Site class dependent 27

Seismic hazard 14

Ground conditions (e.g., liquefiable soils, or organic 
soils, or very soft soils subjected to strong shaking)

28

Structure Type 19

Always 12

Practices and Procedures for Site-Specific Evaluations of Earthquake Ground Motions

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/14660


50 

TABLE B8

SITE CLASS REQUIRED FOR SITE RESPONSE ANALYSIS (NUMBER IN PARENTHESIS IS 
RESPONDENTS COUNT)

F(20), F (for all bridges, T > 0.5 sec), E(10) E (deep sites, high motion, critical bridges), D(3), C(2). When required 
by code, when unique soil conditions exist, when there appears to be advantage to the client, or when the client 
requires.  Often we will look to the site analysis for higher PGA values and for deeper soil profiles. B. A Site-Specific 
Response Analysis is required for Site Class F as defined in the 2010 Geotechnical Design Manual.  Certain bridge 
types (i.e., spans greater than 300 feet, etc.) or as determined by SCDOT personnel. See p. 12-22, GDM (2010)

TABLE B9 

SEISMIC HAZARD LEVEL REQUIRED FOR SITE RESPONSE ANALYSIS

1 We do site specific analysis to determine input parameters for simplified liquefaction analysis.

2 hazard level not covered by codes

3 PBA > 0.2 g

4 PGA > 0.6 g and the site is near major fault(s) capable of generating large earthquakes

5 PGA values that could result in soil nonlinearity or liquefaction 

6 High

7 high ground motions

8 PGA > 0.15g

9 For certain conditions specified by CBC 2010

10 When the design is required for higher hazard level than the 2500 year return earthquake

11 high hazard

TABLE B10 

GROUND CONDITIONS WHEN SITE RESPONSE ANALYSIS IS REQUIRED

1 Liquefaction

2 Liquefiable soils, or organic soils

3 Site class F sites

4 F sites, deep E sites

5 Liquefiable site

6 Section 6.5.1.4 in ODOT GDM

7 Sites with soft soils that display significant degradation of strength and stiffness under strong ground shaking. Sites with surficial soil lay-
ers that have drastically different strength and stiffness (e.g., soft clay over rock).  

8 Deep soils, liquefiable soils, very soft soils

9 Liquefiable soils, deep soft clay profiles, or when the soil profile makes the simplified site factors suspect

10 Any unusual soil conditions—very deep, liquefiable, organic soils—or other soils with unusual behavior, sharp impedance contrasts...

11 liquefiable soils

12 liquefiable soils

13 soft soils such as Bay Mud and liquefiable soils in strong shaking areas

14 large impedance contrast

14 brittle quarry slopes subject to strong shaking

16 Most codes require site response for liquefiable sites

17 liquefiable soils or significant amounts of soft soils

18 liquefiable soils, expected significant site effect, soft soils

19 all conditions that will classify the site as site class F

20 Liquefiable soils

21 liquefiable soils, soft soils

22 same as site class F

23 liquefiable or soft soils, high impedance contrasts
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TABLE B11

STRUCTURE TYPE WHERE SITE RESPONSE ANALYSIS IS REQUIRED

1 lifeline, “mega-bridge” structures such as the Knik Arm Crossing

2 Non-ordinary structures as defined in SDC (life line bridges, large toll bridges, etc.)

3 Occ IV, critical facilities

4 high-rise tower >>50 story

5 Base isolation

6 High rises/highly irregular structures that requires dynamic time history analysis to be completed for design, and essential buildings/
structures/bridges. 

7 Essential Bridges

8 Critical or essential bridges—or where there is a significant cost associated with use of simplified site factors

9 high risk

10 Critical structures

11 Critical structure or base-isolated structure

12 high importance

13 Nuclear Structure in Safety Category I and II 

14 critical structures

15 irregular, special structures

16 For larger projects; e.g., bridges and dams will be required regardless of site class

17 Significant or complicated structure requiring more in-depth analysis for economical design

TABLE B12

OTHER CONDITIONS WHERE SITE RESPONSE ANALYSIS IS REQUIRED

1 offshore structures 

2 For projects where earthquake time histories at depths are needed for design analysis of the structures.  

3 performance-based structural analysis

4 http://www.dot.il.gov/bridges/AGMU%20091.pdf

5 We rely on site class definition based on Method B (N values) and use USGS maps to calculate the 5% damped design response spectrum

6 client request

7 To be considered in the future

8 Liquefiable Soils

9 Sometimes done when SE is doing sophisticated time history analyses, so more sophisticated ground motion development is warranted.

10 Research

11 We do a computer analysis for bridges in Seismic Performance Category B zones.  Georgia does not have and SPC C or D bridges

7.) Of the total number of site response analyses you perform, indicate the approximate percentages that fall within each 
of the following categories:

One-dimensional equivalent-linear:  ____________________________________________

One-dimensional nonlinear—Total stress (no pore water pressure):  ___________________

One-dimensional nonlinear—Effective-stress (with pore water pressure):  _____________

Two- or three-dimensional equivalent-linear:  ____________________________________

Two- or three-dimensional non-linear—Total Stress Analysis:  _______________________

Two- or three-dimensional non-linear—Effective-Stress Analysis:  ___________________
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TABLE B13

APPROXIMATE PERCENTAGES OF SITE RESPONSE ANALYSES THAT FALL WITHIN EACH OF THE FOLLOWING 
CATEGORIES, NUMBER IN PARENTHESES IS NUMBER OF RESPONDENTS

One-dimensional equivalent-linear  
[28, respondents]

0% (2), 30% (2), 35% (1) 40% (1), 50% (2), 60% (1), 65% (1), 70% (2), 75% (2), 80% 
(2), 90% (1), 100% (13)

One-dimensional nonlinear—Total stress (no pore 
water pressure) [17]

0% (3), 3% (1), 5% (1), 10% (3), 100% (1), 15% (1), 20% (3), 25% (1), 30% (1), 50% 
(2), 70% (1), 85% (1) 

One-dimensional nonlinear—Effective-stress (with 
pore water pressure) [18]

0% (2), 3% (1) 10% (3), 15% (2), 20% (2), 25% (2), 30% (2), 40% (2), 100% (1), always 
in parallel with equivalent linear

Two- or three-dimensional equivalent-linear [7] 0% (4), 10% (1), 15% (2)

Two- or three-dimensional non-linear—Total Stress 
Analysis [8]

0% (4), 5% (1), 10% (1), 15% (1), 100% (1). usually we run FLAC analysis and use one 
dimensional analysis to get the input motion at the base of the model

Two- or three-dimensional non-linear—Effective-
Stress Analysis [10]

0% (1), 5% (4), 15% (1), 20% (1), 25% (1), 40% (1)

8.) What computer program(s) do you use for each of the following types of analyses (list more than one if appropriate; 
leave blank if you do not perform one of these types of analyses)?

One-dimensional equivalent-linear:  ____________________________________________

One-dimensional nonlinear—Total stress (no pore water pressure):  ___________________

One-dimensional nonlinear—Effective-stress (with pore water pressure):  _____________

Two- or three-dimensional equivalent-linear:  ____________________________________

Two- or three-dimensional nonlinear:  __________________________________________

TABLE B14

SOFTWARE PROGRAMS USED FOR SITE RESPONSE ANALYSIS, NUMBER IN PARENTHESES IS NUMBER OF 
RESPONDENTS

One-dimensional equivalent-linear SHAKE2000 (12), SHAKE (10), DEEPSOIL (4), SHAKE 91 (4), PROSHAKE (3), 
Shake-Edit (1), SCDOT SHAKE, in-house, No limits in the past - any program, Assi-
maki and Kausel.

One-dimensional nonlinear—Total stress (no pore 
water pressure)

D-MOD2000 (12), DEEPSOIL (7), FLAC (3), OpenSees (1), SIREN (1), Finite differ-
ence code developed @ GATech (1)

One-dimensional nonlinear—Effective-stress (with 
pore water pressure)

D-MOD2000 (13), DEEPSOIL (3), FLAC (4), OpenSees (1), DYNAFLOW (1), various 

Two- or three-dimensional equivalent-linear QUAD4M (6), FLAC (3), SIGMA/W (1), Quake/W (2), SUMDES (1), SASSI (1), 
ABAQUS (1), Seisab (1)

Two- or three-dimensional non-linear FLAC (8), ABAQUS (2), PLAXIS (2), Dynaflow (1), 
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9.) Please describe validation/verification requirements you have for computer code usage.

TABLE B15

VALIDATION/VERIFICATION REQUIREMENTS FOR COMPUTER CODE USAGE

Count Response

1 Compare with code spectra

1 Comparison between different codes; comparison to known solutions

1 Comparison between different computer codes.

1 Downhole array data, centrifuge experimental studies

1 None used

1 Peer review

1 SHAKE—verified according to nuclear standards Deepsoil—used verification from literature

1 Site Response Analysis has been done by the Consultants.

1 We have been using FLAC and SHAKE for a long time and have developed a feel for it.

1 Described in Kwok et al. paper in JGGE

1 in-house procedure

1 None

1 Verify total stress between DMOD and SHAKE under small PBA where nonlinearity is minimal.

1 Peer review of non-linear Comparison of equivalent-linear, non-linear, and predicted ground motions of code and attenuation models.

1 Compare with previous studies—Check strain levels to see if 1-D equiv. lin. is applicable—Check stress levels to see if 1-D equiv. lin. 
is applicable—Check 2-D equiv. lin. results with 1-D equiv. lin.—Check 1-D total stress and effective-stress results with 1-D equiv. 
lin.—Do parametric runs to check model sensitivity (input motions, G-gamma curves, depth to bedrock, Vs).

1 All of the site response work I do is for research purposes. We use vertical array data to validate the code and make recommendations 
on site response methodology.

1 Typically, validation requirements involve an alternate calculation showing similar/identical results. However, critical and nuclear 
projects have required NQA-1 software V&V standards, which are much more stringent.

1 Prior to completing a 1-D nonlinear total stress analysis, a equivalent-linear must be completed. Prior to completing a 1-D nonlinear 
effective-stress analysis, the soil liquefaction analysis using the simplified method and the 1-D nonlinear total stress analysis must be 
completed. Prior to completing a 2-D analysis, a compatible 1-D analysis must be completed along with simplified analysis that will 
help calibrate the soil models used. I would not consider a 3-D analysis for design unless the earthquake loading can be modeled in 
3-D and that research has shown the soil models available are adequate for 3-D analysis. 3-D modeling may be used to augment the 
2-D modeling for design.

1 Varies highly by project. Some projects have no requirements. Some DOTs require only software from “pre-approved lists” be used. 
NRC and DOE require highest levels of V&V.

1 We are now using CSI Bridge (SAP) and we are in the process of working out our differences with our geotechnical engineers regard-
ing liquefaction.

1 Check output (shear stress, strain levels, etc.) to see how they compare with reasonable ranges for the modeled soils, compare spectra 
to results from other previous analysis of sites with similar conditions.

1 Compare several programs of similar capabilities and against case studies with documented field data of performance. Some centri-
fuge tests as well.

1 During our extensive seismic retrofit program (1990 to 2000) we validated SHAKE with recordings from downhole arrays.

1 First let me explain that if we are using an effective-stress analyses, we are always conducting total stress analyses with the same pro-
gram. So I made the numbers for these methods the same. We rarely would conduct a nonlinear total stress analysis by itself, because 
we don’t find many sites that would warrant only this type of analysis. This is a little different for PLAXIS and FLAC where we have 
conducted seismic slope stability analyses for clay slopes. Now regarding calibration, we try to validate use of the code when we 
receive it by comparing to problems in the user’s manual. If a person is running the code for the first time, we make sure he/she can 
validate the code against the user’s manual. For equivalent-linear SHAKE analyses, we validate by checking input/output during our 
QA/QC process. We will also run suites of EQ records to define a range of motions, and we will vary the soil model to evaluate typical 
response. We will also compare against code-based site class factors (though usually these differ). We follow much the same process 
for the nonlinear codes. We will also compare total stress from SHAKE versus DMOD. We will also calibrate the soil model against 
lab and field data. For FLAC and PLAXIS we would calibrate a column versus SHAKE for the free field.

1 Validation checked by running results in Bridge Pier Program and looking at changes in footings and column sizes.

1 C. According to Chapter 26 of the GDM (2010) commercially available software packages are typically produced by either a univer-
sity or software development firm and sold for profit. Software developed in this manner normally goes through extensive QA/QC 
prior to being sold. Therefore, the only documentation SCDOT requires for these software packages is the contact information for the 
developer. Software obtained from the FHWA website requires no additional information.

1 For NQA1 projects, we do have a V&V process. For all other projects, we rely on the V&V done by the vendor of the commercial 
software.
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Page Three—Seismic hazard motion input required for site response analysis

Note for the following questions: Input ground motions are required for performing site response analysis based on specific 
hazard levels. The questions below will help us understand how you develop these ground motions. 

10.) How do you define the seismic hazard at your site and the target rock response spectra?

[  ] USGS maps

[  ] Code Provision—List code

[  ] Site specific deterministic—describe program

[  ] Site specific probabilistic—describe program

[  ] Other, please specify:

TABLE B16

METHODS TO DEFINE THE SEISMIC HAZARD AND THE TARGET ROCK RESPONSE SPECTRA—
SEE DETAILED RESPONSES UNDER EACH ITEM ON THE NEXT TWO PAGES

Value Count

USGS Maps 22

Code Provision—List code 19

Site specific deterministic—describe program 13

Site specific probabilistic—describe program 21

Other, please specify: 9

Code Provision 

AASHTO LRFD (USGS 1000 year hazard maps)

AASHTO LRFD Bridge Design

Ibc

ASCE 7

ASCE 7-05 and AASHTO

AASHTO

AASHTO CD for DOT projects

IBC

AASHTO LRFD

International/California Building Code

AASHTO, USEPA guidance

CBC, IBC

NEHRP

NYCDOT Seismic Guidelines

IBC, NEHRP, AASHTO

NBCC (national building code of Canada)

USGS deagg

AASHTO 17th Edition

AASHTO

Site specific deterministic 

New Generation Attenuation Equations (NGA)

EZ-FRISK

gis-hazard

SISMIC, Open SHA

GMPE available in SHAKE-2000 for Subduction 
Zone Earthquake and the NGA GMPE spreadsheets 
available from PEER web site

MathCAD with NGA models for crustal motions.  
Our California offices use Tom Blake’s programs

EZ-FRISK/PEER NGA spreadsheet

Spreadsheets (NGA-based)

NGA

EZ-FRISK or deterministic attenuation model 
spreadsheet

EZ-Frisk, Spreadsheet Template

in-house

Site specific probabilistic

PSHA

Deaggregated data from USGS website

An internal tool (ARS online) based on USGS 1,000 
yr RP

Other, please specify:

Deaggregate PSHA maps for fault data to use with 
liquefaction analysis

Most of the time we are using the USGS Maps

Seismologist

Table continued on p.55
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Site specific probabilistic

EZ-FRISK

gis-hazard, EZ-FRISK

HAZ38  & USGS software

SISMIC, Open SHA

Site specific PSHA completed by others that uses the 
computer program HAZ-38 or later

We subcontract this to a specialist

Rarely do these analyses, but we have our own 
PSHA model and we have leased the PSHA code 
from Risk Engineering.  We have also used Tom 
Blakes program in the past for locations in 
California.

EZ-FRISK

openSHA

EZ-FRISK

EZ-FRISK

EZ-FRISK or HAZ42 compared with USGS maps

Developed by Geophysical Institute of Israel

EZ-Frisk

in-house

in house

Other, please specify:

USGS deaggregation

USGS Interactive Deaggregation website

USGS NSHMP Java program

Source-specific attentuation for predominant 
sources, CMS utilized for target

D. SCDOT uses software exclusively developed for 
SCDOT called SCENARIO_PC to determine 
ground motions for both geologically realistic and 
hard rock.  The software was developed by a part-
nership of USC (University of South Carolina) and 
Virginia Tech.  The program accounts for the 
extremely thick (in excess of 2,900 feet) soil thick-
ness adjacent to Coastal South Carolina.

11.) How do you develop hazard compatible ground motion time histories at rock?

[  ] Simple scaling of motions from widely available libraries

[  ] rigorous spectral matching (specify method if known)

[  ] Synthetic ground motions

[  ] Other, please specify:

TABLE B17

METHODS TO DEVELOP HAZARD COMPATIBLE GROUND MOTION 
TIME HISTORIES AT ROCK (FIRST ONE IS SIMPLE SCALING)—SEE 
DETAILED COMMENTS ON THE NEXT PAGE

Value Count

Simple scaling of motions from widely available libraries 18

Rigorous spectral matching (specify method if known) 19

Synthetic ground motions 12

Other, please specify 8

Rigorous spectral matching methods

RASCAL

RSPMATCH

Inhouse

RspMatch (rarely used)

RSPMatch 2005

RSPMatch

We typically subcontract this

We use RSMatch in SHAKE2000.  We also have a version 
of the Abrahamson code that we have used on projects.  

Other, please specify:

Synthetic and Scaled Real

we don’t do this

No

Risk Engineering Time Histories for NYCDOT

It usually comes from owner’s engineers—the majority 
are based on spectral matching—some agencies prefer 
linear scaling for a specific period of interest

SigmaSpec used for predominant periods of interest

Don’t use.
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Rigorous spectral matching methods

RSPMatch

Rspmatch

done by others

Typically we use RSPMatch.  Have also used 
Tinker.

RSPMatch software

RspMatch

Jack Baker

Abrahamson

RSPMATCH

Shahbazian, A. and S. Pezeshk. (2010). “Improved 
Velocity and Displacement Time Histories in Fre-
quency-Domain Spectral-Matching Procedures.” 
Bulletin of the Seismological Society of America, 
100(6), pp. 3213–3223, Dec. 2010, doi: 
10.1785/0120090163

RSPmatch

12.) How many motion time histories do you generate or require for a given hazard level

(  ) 1 motion

(  ) 3 motions

(  ) 7 motions

(  ) Other, please specify:

TABLE B18

NUMBER OF MOTIONS TIME HISTORIES GENERATED OR 
REQUIRED FOR A GIVEN HAZARD LEVEL

Value Count

3 motions 4

7 motions 10

Other, please specify 20

Other, please specify:

3 real + 1 synthetic

This is so seldom done, that we have no standard or requirements. We generally look at perhaps 3.

1 for Resp. Spect. Analyses and 3 for Time Histories

Use 3 if matched to design bedrock spectra, use 7 if simple scaling is used

7 pairs or 14 time histories

We will use 3 to 7, depending on the project.  Most of the time we would like to have at least 3 motions represent-
ing the 3 seismic sources in the PNW (crustal, subduction interface and subduction intraface).  For geotechnical 
modeling, we will usually use a minimum of 7.  We will use three if we are doing spectra matching for 
structural purposes.  

we don’t use 

0

NA

5 or 7

varies by project, usually selected by SE

multimodal not considered

Table continued from p.55
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Other, please specify:

3 to 7.  But we typically try to use at least 7.  

If using spectral matching, typically only 3 motions. If using scaling, 7 or more.

Monte Carlo convergence

Nuclear 1, hydro facility 3, other facility 7

We generate thousands to develop a probabilistic approach

For the recent large projects the trend has been 6 motions per level of earthquake (say 6 for 475 yr EQ)- some agen-
cies (for school retrofit) require 10 motions

Typically 3 if matched, 7 or more if not, depending on the problem

Not used.

13.) For sites where near faults effects are significant, what special requirements do you impose on the suite of input ground 
motions?

[  ] None

[  ] incorporate directivity

[  ] include velocity pulse

[  ] use two component motions (e.g., Fault normal/parallel)

[  ] check cross-correlation of the input ground motion time histories

[  ] Other, please specify:

TABLE B19

SPECIAL REQUIREMENTS IMPOSED ON THE SUITE OF INPUT 
GROUND MOTIONS FOR SITES WHERE NEAR FAULTS EFFECTS ARE 
SIGNIFICANT

Value Count

None 7

Incorporate directivity 15

Include velocity pulse 14

Use two component motions (e.g., Fault normal/parallel) 16

Check cross-correlation of the input ground motion time 
histories?

6

Other, please specify: 10

Other, please specify:

never encountered

Work in progress; near faults reviewed for significance, depending on importance of bridge detailed analysis may 
be performed considering directivity and pulse effects.

We use the Caltrans approach for adjusting the spectra.  

not applicable

Presently considering different approaches

Select the existing motions near the faults that have velocity pulse

No experience or any structures near faults

This is beyond my expertise. 

No faults are visible in South Carolina due to the thickness of the Coastal Plain deposits.

Table continued from p.56
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14.) How do you handle uncertainty in the input ground motion?

TABLE B20

HANDLING OF UNCERTAINTY IN THE INPUT GROUND MOTION

By including phase spectra from real intraplate earthquakes in the analysis

Depending on the EQ, we sometimes use plus one sigma motions.

I am mostly using input/output pairs—so the input motion is not uncertain.

Input of a number of records from different earthquakes and different sites

Monte Carlo simulations on amplitude, duration & frequency content

NA

Not handled

Nothing specific other than number of time histories

Rock motion input motions are selected considering different fault rupture propagation scenarios

Should consider more time histories

Use more time histories if within 40 km of causative fault

When synthetics are generated a Monte Carlo simulation can be developed.

by selecting a representative suite

follow AASHTO, we are not seismic experts

mainly be running a minimum number of motions (say 6 to 10)

probabilistic evaluation parametric sensitivity studies

Select no more than two motions from any event use 7 ground motions.

We will evaluate a range of ground motions representing different possible earthquakes. When selecting the input motions, we try to select 
records that are characteristic of the likely sources, relative to distance, magnitude, and style of faulting. Our rock is usually very deep, and so 
we often look at the effects of varying input level. Once we have results, we will make a judgment based on the spectral amplification factor to 
determine whether we use the mean or envelope the SAF.

Typically handled by incorporating sigma from the attenuation relationships into the PSHA. For DSHA, I sometimes use the 84th-percentile 
ground motions for critical structures.

Compare the computed spectrum using random vibration theory approach where time histories are not required and target rock spectrum is the 
only input.

Perform the spectra matching to make sure the spectra ordinates not less than 90% of the target. Check strong motion duration. Check power 
spectra density.

Conservatism in analysis; e.g., using envelope spectra, when peak motions occur at different times, and at different directions/orientations.

If the objective of the site response analysis is to develop a mean response spectrum for design, then I will use 7 pairs of time histories that are 
scaled within ±50% of the target spectrum and computed site specific soil amplification factors. If the objective is to evaluate the site response 
for a given force level specified by the target spectrum, then a suite of 7 spectrally matched time histories that has the seismic characteristics 
(e.g., near-fault, duration) of the various sources will be used in the analysis.

I’m not sure if I understand what this question is getting at. Do you mean uncertainty that the spectrally matched ground motion is representative 
of the design ground motion? If so, this is mitigated through use of multiple input motions.

The uncertainty is handled using 7 motions that either match the target spectrum on average or are spectrally matched. We try to pick the 
motions from different earthquakes, similar earthquake magnitudes, significant durations, similar tectonic regimes and soil/rock conditions.

How much historical data do we have? Even are developed models are a composite of other EQ. So we have a great deal of uncertainty.

Use PSHA maps Use multiple time-histories for each source for input Perform sensitivity analysis of soil properties Use mean + 1SD for design 
response spectrum.

Through the use of 7 appropriate (mechanism, distance, magnitude, near-fault etc.) time histories; results are averaged, however, decreasing 
variability.

A parametric study is required, which involves changing soil properties and moving the B-C boundary vertically in the soil column. Use of mul-
tiple motions.

Typically handled through enveloping of results from analysis. Also assisted through use of ground motions with some consistency in the peri-
ods of interest. Spectral matching used in cases of time-series input to structural analysis.

In generating artificial earthquake, there are uncertainties in all seismological parameters such as stress drop, kappa, geometric attenuation, etc. 
We consider uncertainties in all these parameters and develop a set of logic trees to handle them.
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15.) Please include other comments you may have related to the topic of input motions.

TABLE B21

GENERAL COMMENTS ON THE TOPIC OF INPUT MOTIONS

Georgia is a low seismic risk state. Most of this is not required.

I generally shy away from synthetic motions and spectral averaging (too black boxy).

I support use of CMS

No consensus on proper use so we don’t play expert at this time.

We typically subcontract development of site specific input motions to a specialist.

I have done some work on looking at the variability of input motions for Boston Massachusetts—where we choose input motions that fall within 
a bounded spectral range.

Ground motion scaling and selection is a topic of research. We are working on several aspect of this problem.

Many site characteristic factors, such as magnitude, type of earthquake, epicenter distance, impact the input motion selection. It is lack of spe-
cific guideline for how to select the input motions in most of code or provision.

It is important to understand the objectives of the site response analysis and the predominant periods of the structures to be constructed at the 
site. Also, the analysis should be completed using a suite of time histories that are representative of the seismic hazard at the site.

In Utah where bedrock can be very deep, there appears to be a disproportionate number of professionals that de-convolve ground motions to 
bedrock. I was always taught that such practices can be risky, especially when little is known about the true depth of bedrock and the overlying 
soils are soft and subject to large strains. I have always developed target response spectra and ground motions for Site Class C soils and applied 
them in my model as input at depths where I know Site Class C soils exist. This is a topic that has come under heavy debate here in Utah, and 
some guidance would be welcomed.

Need consensus among researches how to develop motions that meet the target spectrum either UHS or CMS.

Using the CSI Bridge and the USGS maps for our higher level analysis using the guide spec appears to be our best option.

Note that new PEER ground motion selection website is a very promising tool. http://peer.berkeley.edu/peer_ground_motion_database/

More guidance is needed in this area—particularly for spectral matching versus scaling. We usually scale if we are interested in pore pressure 
response, but we will spectrally match if there is no liquefaction and the results will be used by the bridge engineer.

We typically like to spectrally match the time histories instead of scaling. However, selection of appropriate time histories is an art and should 
be done carefully.

Page Four—Soil profile input information required for site response analysis

16.) What special geotechnical field and laboratory investigations do you require/perform to obtain information suitable for 
site response analysis?

[  ] None

[  ] Direct measurement of shear wave velocity

[  ] Cyclic triaxial, direct simple shear or resonant column tests

[  ] Other, please specify:

TABLE B22

SPECIAL GEOTECHNICAL FIELD AND LABORATORY 
INVESTIGATIONS DO YOU REQUIRE/PERFORM TO OBTAIN 
INFORMATION SUITABLE FOR SITE RESPONSE ANALYSIS

Value Count

None 4

Direct measurement of shear wave velocity 30

Cyclic triaxial, direct simple shear or resonant column 
tests

12

Other, please specify: 6

Table continued on p.60
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Other—please specify:

As a minimum, we would like Vs measurements in the field, but this does not always 
happen.  On some projects we are able to justify cyclic testing—particularly if stability 
issues are a problem.  Most of the testing is on silts for pore pressure response and 
post-cyclic behavior (residual strength and volumetric strain).

dependent on location/structure

sampling to detail stratigraphy

Most projects use correlations for G/Gmax and damping curves.  However, we do use 
in-house RCTS testing when needed.  

Cyclic hollow-cylinder tests

Usually shear wave velocity along with G/Gmax and damping curves out of literature.

17.) How do you obtain the shear wave velocity profile for the soil column?

[  ] SPT correlations

[  ] CPT correleations

[  ] Seismic cone

[  ] downhole

[  ] crosshole

[  ] suspension logger

[  ] surface wave/SASW/MASW

[  ] Other, please specify:

TABLE B23

METHODS TO OBTAIN THE SHEAR WAVE VELOCITY PROFILE FOR 
THE SOIL COLUMN

Count

SPT correlations 21

CPT correlations 16

Seismic cone 23

Downhole 19

Crosshole 12

Suspension logger 19

Surface wave/SASW/MASW 19

Other, please specify: 9

Other—please specify: How do you obtain the shear wave velocity profile for the soil column>

Re-Mi

Occasionally we will have resonant column/torsional shear tests conducted.  

We use SPT blow counts, not shear wave velocity.

Refraction Microtremor (ReMi)

downhole array seismogram inversion

ReMi

On occasions when cost does not allow measurements, we use SPT to correlate to Vs based on 
this article: “Empirical Relationships To Estimate Shear-Wave Velocity Profiles From SPT 
Information in the New Madrid Seismic Zone,” M.S. Thesis, 2009, Andy Kizzee

Mainly SCPT sometimes other geophysical tests (downhole crosshole.).

Table continued from p.59
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18.) How do you define the dynamic soil properties (modulus reduction and damping curves) for site response analysis? (lab 
testing, published correlations based soil index properties such as Darandelli, Vucetic and Dobry, Seed and Idriss...)

[  ] laboratory testing

[  ] Darendeli

[  ] Vucetic-Dobry

[  ] Seed-Idriss

[  ] Other, please specify

TABLE B24

DEFINITION OF DYNAMIC SOIL PROPERTIES (MODULUS REDUCTION 
AND DAMPING CURVES) FOR SITE RESPONSE ANALYSIS

Count

Laboratory testing 11

Darendeli 15

Vucetic-Dobry 20

Seed-Idriss 18

Other, please specify 20

Other, please specify:

Honestly not sure

EPRI

For Peat we may use no G-gamma reduction or Rollins et al.

In-house for east coast soils

EPRI (1993)

EPRI

We will also use lab tests, as above

USGS Seismic Design Parameters (Version 2.10)

Menq from UT in sands

Hardin and Drnevich

Not considered at this time

EPRI (1993), Matasovic and Kavazanjian (1998), Rollins (1998), Schnabel (1973)

Roblee and Chiou Geoindex curves

Constitutive modeling “experiments,” analytical expressions using constitutive models 
(e.g., Assimaki et al. 2000).

EPRI, Stoke

published data

mainly above

EPRI

G.SCDOT uses the correlations developed by Andrus.  These correlations were 
developed specifically for soils in South Carolina.

correlated from SPT information
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19.) Do you account for uncertainty in the soil profile properties? If yes, how? If not, why not?

TABLE B25

UNCERTAINTY IN THE SOIL PROFILE PROPERTIES

Response

1 Multiple profiles—upper bound and lower-bound analyses

1 Consider a range of properties

1 Depends on size/area of project... Use parametric variation feature of SHAKE2000 in some cases

2 No

1 Not at this time.

1 Sometimes use ±20% or so for soil properties, depending upon the application.

1 Vary the Vs profile by plus/minus 15 to 20% of the measured Vs

1 We have only had this done by outside consultants (university work)

1 We typically subcontract this to a specialist

1 We use ±20% of the measured shear wave velocities.

1 Yes, but only develop a range of properties and then use engineering judgment.

1 Consider Upper Bound and Lower Bound ground models

1 No consensus on how to account for “uncertainty”

1 Use a range of properties and try different modulus and damping curves

1 Yes, parametric sensitivity studies

1 Some of my research looks at the effect of spatial variability of soils on site response. In this case—we use three dimensional varying soil 
properties. We specify the spatial variability with geostatistical methods. We have also looked at the effects of small changes in 1-D profiles 
on ground motions.

1 When SASW and ReMi are used, there is uncertainty and non-uniqueness that has to be dealt with. For example, we use multi-mode consid-
erations for inversion process and we use a hybrid dispersion curve using both MASW and ReMi to reduce uncertainties.

1 Uncertainty in soil column is primarily considered for Vs. This is typically varied by 10 to 15% about measured or target values.

1 Use site data on Vs if available. If not available, Toro et al. (1997) model. Use sigma terms on MRD from Darendeli/Menq.

1 Sensitivity analyses for Vs estimates, depth to half space (very hard rock) and Vs contrast at soil–rock interface (impedance effects).

1 Sometimes use various damping and modulus relationships, conduct limited sensitivity analysis on Gmax; this depends on the amount and 
quality of exploration and soils data and confidence in the input soil parameters.

1 Yes, by RVT and/or ranging the N-SPT across site and determine the Vs based on Vs-N correlation.

1 Yes. The site response analysis will be completed with three Vs profiles: the lower, upper, and best estimate profile based on the soil data and 
test results obtained at the site. Using the best estimate profile, the different material curves will be used to complete the analysis using one 
or two earthquake histories.

1 Generally not. The complexity of the many permutations of possible soil property combinations would render the analyses cost prohibitive.

1 Depending on the nature of the project, we may include the lower and upper bounds of the soil properties in our analyses. However, often we 
only use the best estimate values. For DOE/NRc projects we also do the randomization of the properties and layers.

1 Yes. Monte Carlo realizations using non-Gaussian stochastic fields. Low and large strain properties, depth dependent standard deviation.

1 We will evaluate the upper bound, lower bound and mean in the Vs profile. The variation on Vs is at least ±10% or more if data seem to 
require. We may also vary the modulus reduction and damping strain relationships.

1 Rarely....only if the budget will allow. If I do, I typically will consider the soil profile as epistemic uncertainty and use a logic tree approach.

1 Yes. Consider the uncertainty by using three soil profiles at best estimate, lower, and upper bounds.

20.) Please include other comments you may have related to the topic of soil profile input

TABLE B26

OTHER COMMENTS RELATED TO THE TOPIC OF SOIL PROFILE INPUT

Response

1 Georgia is a low risk seismic state and most of this is not required.

1 We typically subcontract this to a specialist.

Table B26 continued on p. 63
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TABLE B26

OTHER COMMENTS RELATED TO THE TOPIC OF SOIL PROFILE INPUT

Response

1 When site response studies are done for nuclear projects, multiple realizations (30 or more) are used to evaluate the uncertainty in Vs, layer 
location, modulus reduction, and damping curves. We have not done this ourselves. For this work we used Bob Youngs at Geomatrix 
because of his long involvement in this area. As I note later, you may want to contact Bob and Walt Silva to obtain their views on your ques-
tions. An interesting aspect of nuclear projects is that they use equivalent- linear codes, and sometimes they set up soil models that are sev-
eral thousand feet in thickness. For these analyses they give a lot of attention to proper definition of damping (kappa) to avoid overdamping 
the response. This approach has been troublesome to me. We have been reluctant to use models greater than 300 to 400 ft in thickness in our 
analyses because of uncertainties in damping characteristics. 

1 It is important to consider the uncertainties associated to the soil input parameters used in the site response analysis. 

1 We rarely have structures that require the level of investigation needed to develop finely tuned soil models. Conservative approximations are 
satisfactory in most cases.

1 In addition to Vs profile, depth to bedrock, impedance contrast between rock-soil are critical and hard to measure accurately esp. for deep 
soil such as Jakarta. 

1 Use inversion of ground/downhole records to refine layering at field test beds when description available is coarse.

1 It is important to perform either non-invasive or invasive procedures to obtain shear wave velocity of soils. I prefer downhole as you get a 
better estimate of shear wave velocity as well as SPT. By doing downhole, you can get soil samples and also do laboratory testing of the soil.

1 We have found that small differences in a 1-D soil profile do not have a significant impact—but that 3-D variability can have a significant 
impact.

1 To the best of my knowledge, the only result taken from the soil profile is the risk of liquefaction.

Page Five—Site response analysis

21.) When is an equivalent-linear analysis (e.g., SHAKE or similar program) used or required?

[  ] Site class dependent—please list site class

[  ] Seismic hazard level—please specify

[  ] Structure type—please specify

[  ] Other, please describe:

TABLE B27

CONDITIONS WHERE EQUIVALENT-LINEAR ANALYSIS (E.G., 
SHAKE OR SIMILAR PROGRAM) IS USED OR REQUIRED—DETAILED 
DESCRIPTION IS PROVIDED NEXT

Count

Site class 22

Seismic Hazard 13

Structure Type 19

Other 16

Site class dependent—please list site class:

Site F

Site Class F, or sometimes even for E to lower the seismic design category

deep E, F, shallow sites

Sd or Se or Sf

Site Class F

C, D, E, & F.  Used together with the nonlinear analysis for E and F with ground shak-
ing larger than 0.6 g.

Site Class E and sometimes D when soil conditions seem to warrant

F

Site Class E consisting of soft soils

Table continued on p. 64
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Site class dependent—please list site class:

E or F

Typically E, F

Site Class F and sometimes Site Class E for soft and critical structures

F

C-D or better

> class C

E, liquefiable

F

Seismic hazard level—please specify:

500 and 2,500 years

All hazard levels.  Used together with the nonlinear analysis when PGA > 0.6 at soft 
soil sites 

When PGA is between 0.1 and 0.5, and depending on project requirements

PGA greater than 0.4g

PGA > 0.15G

See CBC 2010

<0.5 g

low hazard

<0.4g

Seismic Performance Category B

Structure type—please specify:

“Non-ordinary” structures based on Caltrans SDC guidelines

critical facilities

high-rise structure (>30 story)

All, used together with the nonlinear analysis for structures supported on piles penetrat-
ing through soil layers with drastically different strength and stiffness.

non-essential bridges

Critical or essential bridges or when the cost of mitigation is high

Major

tall structures over soft soils

Critical structures-hospitals, lifeline highway bridges, power plants, waste containment 
facilities

Often used when structural analysis requires time histories

Critical or base-isolated structures

medium to high importance

important structures

important structures

important structures

Other—please describe:

That is all we have used so far.

We rarely use SHAKE, but if the soils are very susceptible to liquefaction, we have 
been known to do the analysis, but this is not always the case.

liquefiable soils on Jetty 
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Other—please describe:

See ODOT GDM Section 6.5.1.4

Return period of shaking or required performance

NA

Used when nonlinear or effective-stress not required

Rarely

NA

Structures with fundamental period > 0.5 second over liquefiable soils.

ok when strains modest

client driven

When no water table in profile

validation exercises

Site Class F (see above); structures that meet the criteria of 2008 Seismic Design Speci-
fications for Highway Bridges; and as required by SCDOT personnel.

22.) What soil models do you usually use for equivalent-linear site response analyses (mark all that applies)?

[  ] EPRI

[  ] Ishibashi-Zhang

[  ] Iwasaki

[  ] Seed-Idriss Sand

[  ] Seed-Idriss Clay

[  ] Vucetic-Dobry

[  ] Darendeli

[  ] Other:

TABLE B28

DISTRIBUTION OF EQUIVALENT-LINEAR DYNAMIC SOIL MODEL 
PROPERTIES USED IN PRACTICE

Value Count

EPRI 17

Ishibashi-Zhang 6

Iwasaki 3

Seed-Idriss Sand 18

Seed-Idriss Clay 9

Vucetic-Dobry 21

Darendeli 15

Other 10

Other soil models

Not sure

Others may be considered depending on soil types, or based on lab testing

up to the design consultant

NA

Menq

Hardin and Drnevich
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Other soil models

measured, usually with RCTS

locally developed

correlated from SPT information

23.) When is a nonlinear total stress (no pore water pressure generation) analysis used or required?

[  ] Site class dependent—please list site class

[  ] Seismic hazard level—please specify

[  ] Structure type—please specify

[  ] Strain amplitude—please specify

[  ] Other, please describe:

TABLE B29

CRITERIA WHERE NONLINEAR TOTAL STRESS (NO PORE WATER 
PRESSURE GENERATION) ANALYSIS IS USED OR REQUIRED – SEE 
NEXT PAGES FOR DETAILS

Count

Site Class 15

Seismic Hazard 11

Structure type 10

Strain amplitude—please specify 14

Other 18

Site class dependent—please list site class:

Site Class F, or sometimes even for E to lower the seismic design category

Sd or Se

E & F

Site Class E deep clay sites or when unusual soil profiles occur—maybe 
when shallow rock occurs.  

F

E, F

F

D, E

> D

E or liquefiable
Strain amplitude—please specify:

greater than 1 percent

Strain > 1% and used for design of the deep foundation or 
below grade structures

>1 to 2%

strain >1%

Preferred where shear strain is greater than about 1%

>1 percent

High  > 1%

large anticipated strain

>1%

Seismic hazard level—please specify:

PGA > 0.6 g at soft sites, PGA > 1 g for stiff sites

PGA > 0.5 to 0.7

See CBC 2010

> 0.5 g

high hazard

> 0.4g

>0.5g

Structure type—please specify:

critical facilities

Very tall structure w period > 5 s (> 40–50 story)

Essential bridges in liquefiable soils

Essential or critical bridges—or where lateral spreading could 
be an issue

often used when structural analysis requires time histories

important structures

important
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Other—please describe:

Haven’t used it yet

Nonlinear analyses were used by some of our consultants 

Deep basins

typically not performed

When we believe that it will reduce the design spectra

NA

up to the design consultant

Rarely

NA

when large strains occur

not typically used

None

Never is nonlinear analysis required, and rarely is it used. Only 
for very critical projects have I ever been able to justify its use.

Sometimes the motivation is to reduce the seismic demand

Do not use non-linear analysis.

Not used.

24.) What soil models do you usually use for nonlinear total stress site response analyses (mark all that applies)?

[  ] Hyperbolic with Masing criteria

[  ] Modified Hyperbolic with Masing criteria (e.g., M-K-Z)

[  ]  Modified Hyperbolic with non Masing criteria (e.g., MRDF to match both modulus reduction and damping 
curves)

[  ] Cundall-Pyke model

[  ] Mohr-Coulomb

[  ] Other—whatever model is included in my software—please specify

[  ] It is important for the model to match both modulus reduction and damping curves

[  ] It is only important that the model matches modulus reduction regardless of the damping curve.

TABLE B30

SOIL MODELS FOR NONLINEAR TOTAL STRESS SITE RESPONSE 
ANALYSES

Count

Hyperbolic with Masing criteria 4

Modified Hyperbolic with Masing criteria (e.g., M-K-Z) 12

Modified Hyperbolic with non Masing criteria (e.g., 
MRDF to match both modulus reduction and damping 
curves)

4

Cundall-Pyke model 2

Mohr-Coulomb 2

Other—whatever model is included in my software—
please specify

9

It is important for the model to match both modulus reduc-
tion and damping curves

13

It is only important that the model matches modulus 
reduction regardless of the damping curve.

0
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Other— 

Don’t know

We work with the models in DMOD, FLAC, and PLAXIS—trying out different 
options to see the effects of these changes.

up to the design consultant

insufficient experience

None

Strongly prefer to match both modulus and damping curves, but not all software/mod-
els do this currently.  

multiyield plasticity pressure independent

We usually use UBCHYST a nonliner total stress model developed at the U of British 
Columbia- it is important to consider shear failure.

Not used.

25.) When is a nonlinear effective-stress (with pore water pressure generation) analysis used or required?

[  ] Site class dependent—please list site class

[  ] Seismic hazard level—please specify

[  ] Structure type—please specify

[  ] When porewater pressure ratio exceeds a given value—please specify

[  ] Other, please describe:

TABLE B31

CONDITIONS FOR NONLINEAT EFFECTIVE-STRESS (WITH 
POREWATER PRESSURE GENERATION) ANALYSIS – SEE NEXT PAGES 
FOR DETAILS

Count

Site class 12

Seismic hazard level 6

Structure type 10

When porewater pressure ratio exceeds a given value—
please specify

10

Other 16

Site class dependent—please list site class:

Site Class F, or sometimes even for E to lower the seismic design category

F

Sf

F

Site Class F for IBC projects and when liquefaction is predicted for DOT projects

F, T > 0.5 sec

F

E,F

F

F, Liquefiable
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When porewater pressure ratio exceeds a given value—please specify:

close to 90 eff. overburden

0.8

0.5

around 0.9 or so

0.2

(limited experience on this)

Ru > 0.3

Other—please describe:

Haven’t used it yet

Nonlinear analyses were used by some of our 
consultants

When liquefaction is an issue or very soft depos-
its, or deep basins

Used when soil strain levels of equivalent—lin-
ear methods exceed limits, for pore pressure 
generation and liquefaction analysis, to develop 
response spectra considering liquefied 
soil effects

when interested in pore pressure generation

for liquefiable site

up to the design consultant

rarely

NA

insufficient experience to say

none

Typically only when potentially liquefiable soils 
are present.  

Never. I have encountered few professionals that 
would dare use such analysis on a design project.

For larger project we do FLAC analysis with 
coupled effective-stress analysis and may use the 
results for near surface response spectrum. 

Do not use nonlinear analysis.

Not required.

Seismic hazard level—please specify:

high

Whenever porewater pressure buildup is expect—might be as low as 0.15 
to 0.2 g

PGA > 0.3 g

>0.4 g

Structure type—please specify:

Critical facilities

critical, essential

Near-shore structures 

essential bridges in liquefiable soils

Critical and essential bridges and where lateral spreading is expected.  

High importance, sensitive

important

26.) What soil models and porewater pressure generation models do you use in nonlinear effective-stress site response 
analyses (mark all that applies)?

[  ] Dobry

[  ] Elgamal

[  ] GMP (Green)

[  ] Martin-Finn-Seed

[  ] Matasovic (Modified Dobry et al. porewater pressure model)

[  ] UBC Sand

[  ] Other

TABLE B32

SOIL MODELS AND POREWATER PRESSURE GENERATION MODELS IN 
NONLINEAR EFFECTIVE-STRESS SITE RESPONSE ANALYSES

Value Count

Dobry 3

Elgamal 3

Martin-Finn-Seed 5

Matasovic (modified Dobry et al. porewater pressure 
model)

16

UBC Sand 8

Other 7
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Other:

Haven’t done it yet

up to the design consultant

insufficient experience to say

None

Locally developed

Multi-yield plasticity pressure dependent, Dafalias-Manzari

Not required.

Page Six—Evaluation and use of results

27.) What do you consider to be the top three uncertainties in the input to a typical seismic site response analysis?

[  ] Low-strain stiffness (represented by Gmax or Vs)

[  ] Higher strain stiffness (represented by modulus reduction or backbone curve)

[  ] Small strain damping behavior represented by viscous damping

[  ] Large strain damping behavior (represented by damping curve or unloading–reloading model)

[  ] Soil layer thickness

[  ] Depth to bedrock

[  ] Character of bedrock (Vs, modulus reduction and damping behavior)

[  ] Input motions

[  ] Other

TABLE B33

THE TOP THREE UNCERTAINTIES IN THE INPUT TO A TYPICAL 
SEISMIC SITE RESPONSE ANALYSIS

Value Count

Low-strain stiffness (represented by Gmax or Vs) 11

Higher strain stiffness (represented by modulus reduction 
or backbone curve)

15

Small strain damping behavior represented by viscous 
damping

5

Large strain damping behavior (represented by damping 
curve or unloading-reloading model)

17

Soil layer thickness 1

Depth to bedrock 13

Character of bedrock (Vs, modulus reduction and damping 
behavior)

6

Input motions 19

Other 7

Other:

uncertainty in pore pressure models

This assumes that Vs profiles are either available or can be estimated with confidence.  
If the Vs Information is not available, then Vs would move to the top of the list.  

All

liquefaction resistance properties, permeability

all of them

depth to B-C boundary

Table continued from p.69
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28.) How do you typically account for such uncertainties in design?

[  ] Select reasonably conservative values of input parameters

[  ] Use “best estimate” input parameters, then apply conservatism to results

[  ] Perform sensitivity analyses

[  ] Perform probabilistic analyses (e.g., FOSM, Monte Carlo)

[  ] We don’t address uncertainties explicitly 

[  ] Other, please specify:

TABLE B34

ACCOUNTING FOR UNCERTAINTIES IN DESIGN

Value Count

Select reasonably conservative values of input parameters 5

Use “best estimate” input parameters, then apply conservatism to results 11

Perform sensitivity analyses 19

Perform probabilistic analyses (e.g., FOSM, Monte Carlo) 6

We don't address uncertainties explicitly 6

Other—please specify 6

Other—please specify: How do you typically account for such uncertainties in design?

See answers to 14 and 19

We subcontract this to specialists

NA

Follow ASSHTO and avoid site class f classification

We usually come up with a range for results (a practical upper and lower range and a best estimate)

29.) How do you evaluate the validity of the overall site response model at your site?

[  ] Compare with empirical correlations

[  ] Perform sanity checks

[  ] Other, please specify:

TABLE B35

EVALUATION OF THE VALIDITY OF THE OVERALL SITE RESPONSE MODEL AT 
A SITE

Count

Compare with empirical correlations 21

Perform sanity checks 18

Other—please specify 13

Other—please specify:

Not sure.

Comparison with recorded motions at similar sites

compare with IBC spectra

check soil response output to lab test results

We will compare to site class factors, published data, or alternate methods.  For example, we check 
DMOD total stress versus SHAKE analyses.  

with vertical arrays

Compare with code-based spectra and nearby recorded motions

Table B35 continued on p. 72
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TABLE B35

EVALUATION OF THE VALIDITY OF THE OVERALL SITE RESPONSE 
MODEL AT A SITE

Count

We do not

Use judgment informed by previous analyses and recorded ground motions for similar 
sites.

field recordings at similar sites

Compare with response spectra from building codes

Compare results of two programs if applicable

Compare the results of the Site-Specific Response Analysis to the results of the 3-point 
method.

30.) What output do you use from site response analysis?

[  ] Surface response spectra

[  ] Surface velocities

[  ] Surface Displacements

[  ] Surface time histories

[  ] Profiles of PGA

[  ] Profiles of strains

[  ] Profiles of displacements

[  ] Profiles of shear stress

[  ] Other, please specify:

TABLE B36

OUTPUT USED FROM SITE RESPONSE ANALYSIS

Count

Surface response spectra 29

Surface velocities 7

Surface Displacements 8

Surface time histories 21

Profiles of PGA 17

Profiles of strains 17

Profiles of displacements 10

Profiles of shear stress 14

Other—please specify 6

Other—please specify: What output do you use from site response analysis?

amplification factor at surface

The output that will be used really depends upon the purpose of the analysis; i.e., 
ground motions for building response analysis versus CSR for a liquefaction triggering 
analysis.  

profiles of PPR, peak acceleration

pore pressures

Deeper response spectra are also used (Depth-to-Motion concept).

seismic reactions

Table B35 continued from p. 71
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31.) Do you use output of profiles of strains and lateral deformations in a structural analysis? (e.g., pile lateral loading...), 
please explain, do you perform any baseline correction of the output motions?

TABLE B37

USE OF OUTPUT OF PROFILES OF STRAINS AND LATERAL DEFORMATIONS IN A STRUCTURAL ANALYSIS (E.G., PILE 
LATERAL LOADING, AND BASEELINE CORRECTION OF THE OUTPUT MOTIONS)

Count Response

1 No

5 No

1 No

1 No. No.

1 No. Yes.

1 No.

1 Rarely

1 Yes, sometimes we can use this as input to the response of the structural elements.

1 Yes, we use soil profile curvature to estimate kinematic bending moments

1 Yes. Yes.

1 No

1 no and no

1 None

1 not explicitly

1 Pile lateral loading, base line correction if necessary usually using long period filter

1 Yes, in some cases

1 We perform baseline corrections of displacement time histories at different soil layers to drive p-y soil springs attached to piles (soil-
structure interaction).

1 I haven’t personally, but my colleagues have to estimate kinematic loading on piles. Baseline correction is typically performed prior to 
using any of the ground motions.

1 The relative strain within the structure (e.g., piles or tunnel) is provided for use in the structural analysis. The force based method will 
also be used to check if the strain method is reasonable. I typically do not use the output ground motions for the design analysis.

1 Yes, we have used peak displacement profiles from site response analysis to as input to Winkler beam on nonlinear foundation analysis 
of kinematic pile bending.

1 Bridge Designer Response: typically AKDOT does not use the lateral deformation profile from the Site-Specific analysis.

1 We usually use baseline corrected input motions. But anyways what is important for us are the relative movements (movement at each 
point minus movement of the excited base).

1 A sub-consultant is currently running DESRA for us and using the displacements in a lateral pile response program to estimate con-
densed stiffness matrix for the pile group and kinematic motions. This is a fairly specialized area, and so we prefer to have a specialist 
do this type of analysis.

1 Sometimes the output strains are used in the structural analysis of piles and also of racking of underground structures. Input motions are 
baseline corrected and then output motions are checked for baseline corrections

32.) Do you use profile of peak ground acceleration for liquefaction analysis? Please explain. When you evaluate cyclic 
stress ratio (CSR) for liquefaction analyses, how often do you do so by means of site response analyses (as opposed to 
using the simplified method)? What criteria do you use for deciding when to do so? 

TABLE B38

USE OF PROFILE OF PEAK GROUND ACCELERATION FOR LIQUEFACTION ANALYSIS

Count Response

1 No

1 No, we don’t have liquefaction. We don’t evaluate CSR.

1 Not typical

1 Not very often unless the simplified method gives marginal safety factors for liquefaction.

Table B38 continued on p. 74
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TABLE B38

USE OF PROFILE OF PEAK GROUND ACCELERATION FOR LIQUEFACTION ANALYSIS

Count Response

1 We always use the simplified method.

1 When the project and importance of the structure demands the site response, both are performed.

1 Yes, use the PGA for the site. Rarely done.

1 Yes, importance of structure.

1 http://www.dot.il.gov/bridges/AGMU%20101.pdf 

1 No

1 No, perform effective-stress analyses when liquefaction is to be predicted.

1 Yes, when a site response analysis is performed. They are compared. No criteria are used.

1 We don’t do this very often. Perhaps only for critical projects where 2-D effects are important. 

1 Two approaches used in parallel: 1. PGA from SHAKE used as input for simplified analysis 2. Effective-stress analysis using D-MOD.

1 Almost never. For liquefaction analysis of level grounds, we almost always use the simplified method and don't rely on CSR from the 
site response. For cases with static shear stresses, we need to get CSR from numerical modeling such as QUAD4M-U.

1 I have not used the profile of PGA for a liquefaction analysis. I have used CSR computed from site response in a liquefaction evalua-
tion before, but only when strain levels were reasonable (i.e., less than 1%) and when I was performing the site response analysis for 
another reason. I have never performed site response solely for obtaining estimates of the CSR. 

1 No. Rarely. I typically use the simplified liquefaction method based on PGA from site response or code-based procedure at ground 
surface.

1 We sometimes use site-specific CSR, but we first check it with the Cetin et al. (2004) CSR to see if it makes sense to use it with the 
simplified method.

1 I prefer to use CSR from site response for liquefaction analysis, as long at the triggering method isn't based on biased CSR estimates. 

1 Yes. For most projects, use a simplified method. For critical structures, use the site response output directly.

1 Use CSR from analysis for determining liquefaction potential when FOS (liquefaction) is close to 1.0 by using the simplified methods 
(and expensive mitigation may be required). Also to evaluate liquefaction effects below depths for about 50 feet. 

1 We will use the CSR from the site response analyses for liquefaction analyses. This probably represents less than 10% of our liquefac-
tion analyses. Most of the time, we use the simplified liquefaction method. 

1 Yes, PGA is used for liquefaction analysis. I don’t understand the second part of this question. By simplified method you mean the 
code procedure. If I perform site specific analysis, I use site response analysis results for liquefaction analysis.

1 In some cases CSR from site response is chosen on the basis of reflecting better the “rd” reduction.

1 Yes, use peak ground acceleration for liquefaction analysis. Usually do not use site response analysis in CSR evaluation. If an active 
fault is within 10 km of the bridge site, then we use site response analysis.

1 Yes, to check the induced stress using simplified method; then compare to direct CSR from site response analyses. 

1 The liquefaction will be completed using the simplified method with the PGA computed from equivalent-linear or total stress site 
response analysis. The PGA profile calculated by the site response analysis will also be compared to the simplified method. The site 
response analysis method is used for sites with soil deeper than 70 feet that are suspected to be liquefiable.

1 For screening purpose of for very small projects we may use simplified method. For final design and for larger projects, we may use 
CSR directly out of site response analysis. I know Idriss does not like this and recommends using PGA from site response analysis in 
conjunction with rd from simplified method which in way does not make a lot of sense. Needs to be clarified. For larger projects dis-
placements are important and not liquefaction assessment. We generally calibrate UBCSAND to liquefaction charts and lab test results 
and then estimate the displacements. There is a great need for lab test results with shear stress bias.

1 Whenever we run SHAKE for ground motions we use shear stress profiles to estimate CSR for liquefaction analyses.

33.) Do you use profile of peak ground acceleration for slope stability analysis? Please explain.

TABLE B39

USE OF PROFILE OF PEAK GROUND ACCELERATION FOR SLOPE STABILITY ANALYSIS

Count Response

1 Hardly working on this subject. 

1 No

1 No, but I could see doing that sometime.

1 No.

Table B38 continued from p. 73
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TABLE B39

USE OF PROFILE OF PEAK GROUND ACCELERATION FOR SLOPE STABILITY ANALYSIS

Count Response

1 No. 

1 No. Sometimes PGA at slope base obtained from 1-D analysis for rock input at depth.

1 Not sure.

1 Not very often, only on dams and embankment slope stability.

1 We use half of the PGA by seismic coefficient.

1 Will use percentage of PGA for pseudostatic slope stability analysis.

1 Yes—as input for Newmark analyses.

1 Yes, to evaluate horizontal equivalent accelerations within slide mass. 

1 Yes.

1 I have not been using it.

1 No

1 No, developing new method based on shear stress distribution.

1 We use 500 yr. PGA for most slopes.

1 Yes; peak at ground surface and distribution with depth to evaluate effective value for design.

1 The PGA at various depths are used to compute the equivalent maximum horizontal acceleration for the critical failure surface identi-
fied, which will then be used in the Newmark analysis to estimate deformation.

1 We have, but not very often. If you are going to all the trouble of developing time histories and dynamic properties for response analy-
sis of a slope, you might as well go ahead and do a 2-D analysis instead of 1-D plus Newmark. 

1 Typically no... In a limit equilibrium method, we will consider the most critical failure surface and use the shear stress profile from site 
response analyses to calculate the acceleration for the mass above the critical surface.

1 SCDOT slope stability begins at PGA to determine if the slope is stable. If a slope instability is encountered then a displacement analy-
sis (Newmark) is performed after determining the yield acceleration.

1 Use 50% of PGA for slope stability analysis. For determination of permanent displacement we use yield acceleration/peak acceleration.

34.) For analyses where pore water pressure generation is evaluated, how do you use the analysis output?

TABLE B40

USE OF COMPUTED PORE WATER PRESSURE

1 Check ru vs. time for the various layers. 

1 Consider effect of decreased effective-stress on soil/foundation behavior.

1 Develop a profile where ru generated is > 0.7

1 Don’t use.

1 Evaluate surface spectrum and displacement profile.

1 Examine ru vs. time

1 I compare it to the equivalent-linear output and nonlinear output.

1 I have never performed such an analysis in engineering practice.

1 Just to verify if liquefaction does occur due to increase in pore pressure. 

1 Not sure

1 Not used

1 Considered for total stress only.

1 Do not consider

1 Examine level of pore pressures

1 input for effective-stress SSI problems

1 insufficient experience with this

1 To check whether liquefaction expected. Don't trust results post-liquefaction
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TABLE B40

USE OF COMPUTED PORE WATER PRESSURE

1 To evaluate potential for liquefaction

1 To understand soil behavior 

1 For important project we usually use effective-stress FLAC analysis in which the above is automatically considered.

1 For layers which have high excess pore water pressure, we reduce the strength of that layer for stability analysis.

1 We used the porewater pressure to determine whether liquefaction is occurring. We will use the porewater pressure information to 
decide whether to modify P-y curves and to select residual strength values. 

1 To determine liquefaction potential in soil column, however, these programs may mask the actual pore pressure generation and lique-
faction potential in the upper layers in some conditions due to soil softening in lower layers. FE analysis methods may be required.

1 Evaluate liquefaction potential using the excess pore pressure ratio, checked with the results of simplified methods for the top 40 to 70 
feet and cyclic lab test results if available.

35.) Please include other comments you may have related to the topic on evaluation and use.

TABLE B41

OTHER COMMENTS RELATED TO THE TOPIC ON EVALUATION AND USE

Count Response

1 Georgia is a low risk seismic state and most of this doesn’t apply.

1 We rarely perform these analyses internally as they are needed infrequently.

1 None

1 Based on CPT or SPT, the site will liquefy. But site response indicated the pore pressure did not increase to induce liquefaction. Pore 
pressure parameter in effective-stress site response is difficult to determine, such the computed pore pressure is less reliable. 

1 I have lots of not sure answers, I know. Perhaps this is a reflection on the need to involve Geotechnical and Structural simultaneously 
when this type of work is done.

1 I have learned that the interpretation of results from effective-stress analyses is very complex. Issues such as shielding of upper layers, 
dilation, model calibration become critical. Further guidance is needed in these areas. 

37.) Please feel free to include any thoughts or comments you would like to share with us.

TABLE B42

GENERAL COMMENTS ON THE OVERALL SURVEY

Count Response

1 Not using site specific analysis in the state of Indiana.

1 Thanks for including me on this. Please send me the results when they are available.

1 Use Japan 2011 data for validation exercises of existing site response methodologies.

1 I think you have the names for others in Kleinfelder already. Thanks for doing this study. I look forward to seeing the results. 

1 My responses come from the perspective of a researcher who is interested in site response—and does research in the evaluation and 
validation of different methods. I primarily use vertical array data where both the down hole and surface ground motions are known. 
We use this to investigate the effect of soil variability on site response—and are currently doing a project that tries to identify sites 
where 3-D nonlinear (effective-stress) is required versus 1-D equivalent-linear.

1 This survey is overly addressed for a state that has low seismic risk. Our peak accelerations in Georgia are around 0.1 g. Most of the 
state is even less.

1 In real world, we must correct the 1-D site response with various correction factors i.e. basin, basin edge effect, directivity, sloping 
bedrock. I hope few empirical factors can be developed to include to account for those factors. Software and study on SSI must be 
enhanced, to allow complete modeling of structure. Need to research on combined kinematic and inertial lateral load acting on pile. 

1 This is a good survey. I am looking forward to the report. Current practice for the site response analyses mainly focus on the horizontal 
motions, and seldom on the vertical motions. More and more important facilities need the time history analysis for either design or 
safety evaluation. It would be greatly helpful if some guideline can be provided for generating the site specific vertical motion. 

1 I wish I could have been more help. But the fact is, we rarely do site specific analysis, other than USGS Deaggregation then attenuation 
relationships plus site factors to get motions for the simplified liquefaction analysis.

1 I suggest contacting Wall Silva and Bob Youngs to get their perspective. Their applications have been mainly for nuclear projects. 
Though they are using equivalent-linear analyses, they are also conventionally looking at the sensitivity to material property variations 
and they use pretty deep soil columns. Their experience might prove to be interesting. Carl Costantino is another person working in the 
same area, who is very knowledgeable in site response analyses using equivalent-linear and nonlinear methods. I suggest Ernie Naes-
gaard because of his work with Peter Byrne at UBC and his use of the program FLAC and the UBC sand model. If you do not have or 
cannot find contact information for these people, let me know. I can provide e-mails and telephone numbers.
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APPENDIX C

Site Response Analysis Software—Software URLs, References, and Use in 
Highway Engineering Practice as Identified by Survey Respondents 

SITE RESPONSE ANALySIS SOFTWARE (SOFTWARE uSED By SuRvEy RESPONDENTS IS IDENTIFIED WITh “BOLD” 
TyPEFACE) 

Software Web/ftp Site Reference

1. SHAKE2000 http://www.geomotions.com Ordonez (2000)

2. PROSHAKE http://www.proshake.com EduPro Civil Systems (1999)

3. D-MOD2000 http://www.geomotions.com Matasovic (2006) (D-MOD_2); Matasovic and Ordonez 
(2008)

4. DEEPSOIL http://deepsoil.cee.illinois.edu Hashash and Park (2001; 2002), Hashash et al. (2011)

5. CyberQuake http://www.brgm.fr Modaressi and Foerster (2000)

6. OpenSees http://opensees.berkeley.edu Ragheb (1994); Parra (1996); Yang (2000)

7. SIREN http://www.oasys-software.com/products/seismic/siren/ Oasys (2006); Heidebrecht et al. (1990, 1991)

8. FLAC www.itascacg.com Itasca (2005)

9. PLAXIS http://www.plaxis.nl PLAXIS-B.V. (2002)

10. ABAQUS http://www.abaqus.com ABAQUS (2005)

11. TNO Diana http://www.midas-diana.com/gts/ MIDAS (2008)

12. VERSAT 1-D http://www.wutecgeo.com/v-2d.htm Wu (2010)

13. VERSAT 2-D http://www.wutecgeo.com/v-2d.htm Wu (2010)

14. QUAKE/W www.geo-slope.com GSI (2006)

15. EERA http://gees.usc.edu/GEES/Software/EERA2000/Default.htm Bardet et al. (2000)

16. NERA http://gees.usc.edu/GEES/Software/NERA/2001/Default.htm Bardet and Tobita (2001)

17. QUAD4M http://nisee.berkeley.edu/elibrary/getpkg?id=QUAD4 Idriss et al. (1973); Hudson et al. (1994)

18. Cyclic 1-D http://cyclic.ucsd.edu/ Elgamal et al. (2004)

19. DESRAMUSC Qiu (1997)

20. SHAKE91 Idriss and Sun (1992)

21. LS Dyna LSTC (1988)

22. Dyna 1-D Prevost (1989)

23. DESRAMOD Vucetic (1986)

24. TESS Pyke (2000)

25. D-MOD Matasovic (1993)

26. PSNL Kramer (2010)

27. SPECTRA Borja and Wu (1994)

28. AMPLE Pestana and Nadim (2000)

29. SUMDES Li et al. (1992)

30. DYSAC 2 Muraleetharan et al. (1991)

31. FLUSH Lysmer et al. (1975)

32. MASH Martin and Seed (1978a)

33. SUPER SASSI SAI (1995)

34. SASSI2000 http://nisee.berkeley.edu/elibrary/Text/200703021 NISEE—Univ. of California, Berkeley

35. PLAXIS 3D http://www.plaxis.nl PLAXIS-B.V. (2002)

36. TARA-2 Finn and Yogendrakumar (1987)

37. WinMOC Ray (2008)

38. MARDESRA Martin (1990), Personal Communication

39. WAVES Hart and Wilson (1989)
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SITE RESPONSE ANALySIS SOFTWARE (SOFTWARE uSED By SuRvEy RESPONDENTS IS IDENTIFIED WITh “BOLD” 
TyPEFACE) 

Software Web/ftp Site Reference

40. CHARSOIL Liou et al. (1977) 

41. UFSHAKE Urzua (1995), Personal Communication

42. SAF-DYNA Urzua (1995), Personal Communication

43. DYNAFLOW Prevost (1998),  Personal Communication

44. LIQCA No Information

45. Dyneq No Information

46. FLIP No Information

47. ShearBeam No Information

 Software cited in this appendix does not imply an endorsement of any product or supplier. Trade names and web addresses 
appear herein solely because they are considered essential to the object of this report.

Notes:

1. Only the latest and/or currently available version of the program is listed.

2. Only key references related to the programs are listed.  These references are included in the “References.”   

3. Many of the programs are available from multiple sources and in multiple versions.

4. Only year of the initial “Personal Communication” is listed.
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