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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT 

The OECD is a unique forum where the governments of 34 democracies work together to address the economic, 
social and environmental challenges of globalisation. The OECD is also at the forefront of efforts to understand and to help 
governments respond to new developments and concerns, such as corporate governance, the information economy and the 
challenges of an ageing population. The Organisation provides a setting where governments can compare policy 
experiences, seek answers to common problems, identify good practice and work to co-ordinate domestic and international 
policies. 

The OECD member countries are: Australia, Austria, Belgium, Canada, Chile, the Czech Republic, Denmark, 
Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Luxembourg, Mexico, the 
Netherlands, New Zealand, Norway, Poland, Portugal, the Republic of Korea, the Slovak Republic, Slovenia, Spain, 
Sweden, Switzerland, Turkey, the United Kingdom and the United States. The European Commission takes part in the 
work of the OECD. 

OECD Publishing disseminates widely the results of the Organisation’s statistics gathering and research on 
economic, social and environmental issues, as well as the conventions, guidelines and standards agreed by its members. 

This work is published on the responsibility of the OECD Secretary-General. 
The opinions expressed and arguments employed herein do not necessarily reflect the official 

views of the Organisation or of the governments of its member countries. 

NUCLEAR ENERGY AGENCY 

The OECD Nuclear Energy Agency (NEA) was established on 1 February 1958. Current NEA membership consists 
of 30 OECD member countries: Australia, Austria, Belgium, Canada, the Czech Republic, Denmark, Finland, France, 
Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the Netherlands, Norway, Poland, 
Portugal, the Republic of Korea, the Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the United Kingdom 
and the United States. The European Commission also takes part in the work of the Agency. 

The mission of the NEA is: 

– to assist its member countries in maintaining and further developing, through international co-operation, the 
scientific, technological and legal bases required for a safe, environmentally friendly and economical use of 
nuclear energy for peaceful purposes, as well as 

– to provide authoritative assessments and to forge common understandings on key issues, as input to government 
decisions on nuclear energy policy and to broader OECD policy analyses in areas such as energy and sustainable 
development. 

Specific areas of competence of the NEA include the safety and regulation of nuclear activities, radioactive waste 
management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear 
law and liability, and public information. 

The NEA Data Bank provides nuclear data and computer program services for participating countries. In these and 
related tasks, the NEA works in close collaboration with the International Atomic Energy Agency in Vienna, with which it 
has a Co-operation Agreement, as well as with other international organisations in the nuclear field. 

 
 

Corrigenda to OECD publications may be found online at: www.oecd.org/publishing/corrigenda. 
© OECD 2011 

You can copy, download or print OECD content for your own use, and you can include excerpts from OECD publications, databases and multimedia 
products in your own documents, presentations, blogs, websites and teaching materials, provided that suitable acknowledgment of the OECD as source 
and copyright owner is given. All requests for public or commercial use and translation rights should be submitted to rights@oecd.org. Requests for 
permission to photocopy portions of this material for public or commercial use shall be addressed directly to the Copyright Clearance Center (CCC) at 
info@copyright.com or the Centre français d'exploitation du droit de copie (CFC) contact@cfcopies.com. 
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS 

The Committee on the Safety of Nuclear Installations (CSNI) shall be responsible for the activities of the 
Agency that support maintaining and advancing the scientific and technical knowledge base of the safety 
of nuclear installations, with the aim of implementing the NEA Strategic Plan for 2011-2016 and the Joint 
CSNI/CNRA Strategic Plan and Mandates for 2011-2016 in its field of competence.  

The Committee shall constitute a forum for the exchange of technical information and for collaboration 
between organisations, which can contribute, from their respective backgrounds in research, development 
and engineering, to its activities. It shall have regard to the exchange of information between member 
countries and safety R&D programmes of various sizes in order to keep all member countries involved in 
and abreast of developments in technical safety matters. 

The Committee shall review the state of knowledge on important topics of nuclear safety science and 
techniques and of safety assessments, and ensure that operating experience is appropriately accounted for 
in its activities. It shall initiate and conduct programmes identified by these reviews and assessments in 
order to overcome discrepancies develop improvements and reach consensus on technical issues of 
common interest. It shall promote the co-ordination of work in different member countries that serve to 
maintain and enhance competence in nuclear safety matters, including the establishment of joint 
undertakings, and shall assist in the feedback of the results to participating organisations. The Committee 
shall ensure that valuable end-products of the technical reviews and analyses are produced and available 
to members in a timely manner.  

The Committee shall focus primarily on the safety aspects of existing power reactors, other nuclear 
installations and the construction of new power reactors; it shall also consider the safety implications of 
scientific and technical developments of future reactor designs.  

The Committee shall organise its own activities. Furthermore, it shall examine any other matters referred 
to it by the Steering Committee. It may sponsor specialist meetings and technical working groups to 
further its objectives. In implementing its programme the Committee shall establish co-operative 
mechanisms with the Committee on Nuclear Regulatory Activities in order to work with that Committee 
on matters of common interest, avoiding unnecessary duplications.  

The Committee shall also co-operate with the Committee on Radiation Protection and Public Health, the 
Radioactive Waste Management Committee, the Committee for Technical and Economic Studies on 
Nuclear Energy Development and the Fuel Cycle and the Nuclear Science Committee on matters of 
common interest.” 
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FOREWORD 

 
The Committee on the Safety of Nuclear Installations (CSNI) Working Group on Integrity and Ageing of 
Components and Structures (WGIAGE) constitutes a forum to exchange views, information and 
experience on generic technical aspects of integrity and ageing of components and structures as well as on 
the seismic behaviour of structures and components. The WGIAGE reviews, as necessary, national and 
international programmes concentrating on research, operational aspects and regulation.  
 
The Working Group has three subgroups dealing with (a) integrity and ageing of metal structures and 
components, (b) integrity and ageing of concrete structures, and (c) seismic behaviour of components and 
structures. 
 
The Seismic subgroup operates under a strategic plan that describes the midterm priorities including a list 
of potential seismic issues/topics. The group worked these topics through a logical manner and in the last 
years produced the following material. The complete list of WGIAGE reports could be found at 
http://www.oecd-nea.org/nsd/csni/iage.html 
- Proceedings of the workshop on Recent Findings and Developments in Probabilistic Seismic Hazards 
Analysis (PSHA) Methodologies and Applications held in 2008, 
- Report on three successive workshops on seismic input: the workshop on engineering characterization of 
ground motion, held in 1999, the workshop on the engineering characterization of seismic input held in 
2002 and the workshop on the seismic input motion incorporating recent geological study held in 2004, 
- Report on differences in approach between nuclear and conventional seismic standards with regard to 
hazard definition. 
 
As discussed at the WGIAGE workshop held in 2008, Probabilistic Seismic Hazards Analysis (PSHA) 
requires a better understanding of the uncertainties associated with the spectrum of the load on nuclear 
power plant (NPPs) buildings arising from a seismic event. Due to the intrinsic massive nature of such 
buildings and the consequent heavy loads, the Soil Structure Interaction (SSI) effects can have strong 
impact in simulating the reactor behaviour in case of earthquakes. Correct accounting of the SSI effects in 
the seismic assessment of the NPPs is of potentially high safety significance.  
 
In consequence the CSNI approved in 2009 a WGIAGE proposal to assess the current SSI knowledge and 
the effect on the seismic assessment of NPPs structures and components, which affects the dynamic 
response of the internal components and structures. The Seismic Subgroup organised in coordination with 
the International Atomic Energy Agency a meeting in Ottawa, Canada in October 2010 to review and 
disseminate recent findings and issues in SSI knowledge and effect on the seismic assessment of NPP 
structures and components. These proceedings document the results and conclusions of such meeting. 
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SUMMARY 

 
This report documents the proceedings from the "Workshop on Soil Structure Interaction (SSI) 
Knowledge and Effect on the Seismic Assessment of NPPS Structures and Components”, held in Ottawa, 
Canada on 6-8 October 2010. A total of 76 specialists from 12 countries and international organisations 
attended.  The Workshop was sponsored by the OECD Nuclear Energy Agency Committee on the Safety 
of Nuclear Installations and hosted by the Canadian Nuclear Safety Commission (CNSC). 
 
Coordinated by OECD/NEA/CSNI and with the IAEA, the objective of this workshop was to review and 
disseminate recent findings and issues in SSI knowledge and effect on the seismic assessment of NPP 
Structures and Component as follows:  
 

 A description of the state-of-the-art engineering practices, in different member states, regarding 
SSI analysis including consistent interface among various technical areas such as seismic 
hazard assessment, geotechnical engineering and foundation safety, and structural 
engineering.  
 

 A description of the issues associated with SSI analysis such as addressing non linear behaviour 
of soil/backfill material, performance of deterministic SSI analysis consistent with PSHA, 
cracking of concrete, embedment effect, partial separation of foundation and soil, SSI 
analysis of pile foundations, interaction of heavy adjacent structures on SSI analysis, 
challenges for standard design to encompass a variety of soil and rock sites and a wide range 
of earthquake spectra including high frequency content (> 33 Hz) and consideration of 
incoherency of earthquake motions in the SSI analysis.  
 

 A comparison of SSI analysis approaches: Frequency Domain versus Time Domain and SSI 
analysis software limitations. 
 

 Site effect: Simplified (1D) analysis versus 3D analysis and SSI analysis software limitations. 
 

 A discussion of SSI methodology used in different countries including the topic of base isolation 
and treatment of uncertainties related to SSI parameters. 
 

 A comparison of SSI results to available structural response records produced by real earthquakes, 
especially for shift in fundamental frequency, NPP basement response, in-structure response 
spectra where records are available, to get an objective comparison and to improve the 
confidence in the current SSI analysis results. 

 
The workshop was well attended and input was provided by professionals involved with all elements of 
the Nuclear Power Plant (NPP) seismic analysis and design chain: seismologists, soil-structure interaction 
specialists, civil, structural and mechanical engineers. The interactions and mutual understanding among 
these specialists represent one of the great achievements and a key point of this well organized and 
executed international workshop.  
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Earthquake-Soil-Structure interaction (ESSI) is a complex phenomenon and requires active interfaces 
among many disciplines including seismic hazard analysis and engineering for proper understanding and 
implementation of the ground motion in the seismic analysis and design. As the summary, major points 
that came out from numerous papers and lively discussions during this workshop, and that need further 
development, can be organized in the following way: 

 
- Seismic Input 

 
A distinction is made among the specifications of ground motion for design of standard plants, site 
specific design ground motion, and recorded ground motion for “forensic” engineering.  Generally, 
the ground motion for the design of standard plants is site independent and broad-banded in frequency 
content.  Site specific ground motion for site specific design considerations may be uniform hazard 
spectra or performance-based ground motion.  Recorded ground motions due to an actual earthquake 
serve many purposes, such as determining the seismic demand imposed on the structures, systems, 
and components (SSCs), exceedance of DBEs, etc.  Each of these specifications serves different 
purposes and this should be recognized in present and future discussions.   
 
The design spectra including their type, shape, and adequacy for different geographic (i.e. Eastern and 
Western North America) regions and soil conditions, as well as their use in the design process, were 
widely discussed. There is a need to develop/acquire related time-histories that appropriately reflect 
the earthquake wave characteristics to use in analysis, as well as increasing the content of the overall 
database.  
 
Several papers dealt with seismic wave propagation: body waves, P and S and surface waves, Love 
and Rayleigh, as well as incoherent ground motion specifications, and the analyses of their effects on 
NPPs as compared to the assumption of vertically propagating P and S waves. Theoretical, practical 
and numerical aspects of seismic wave propagation, their input into the numerical models, and their 
effects on NPP SSCs, including consequences on a (professional practice) design process need to be 
addressed in the future. 
 
For NPPs in stable continental regions such as eastern North America, the high-frequency content of 
ground motions relative to those in western North America needs to be addressed in the time history 
development; California records do not represent expected motions in the east, and hazard spectra for 
the east are not represented by traditional standard spectral shapes such as CSA N289.3 or US NRC 
Regulatory Guide 1.60. 

 
 
 

- Soil-Structure Modelling and Assumptions 
 

Linear or equivalent linear (frequency domain) versus non-linear (time-domain) modelling and 
treatment of non-linearities (energy dissipation mechanisms) within the NPP Soil-Structure System 
were discussed in detail.  Non-linear soil-structure interaction can have an important effect on 
structure response and consequently on SSC seismic design and qualification.  It is important to 
assess the conditions under which non-linear behaviour is important.  Non-linear geometric effects 
(sliding, separation, etc.) are one concern.  Non-linear material behaviour of soil is a second concern.  
Proper evaluations of linear vs. non-linear effects are needed.  Seismic input is three dimensional in 
nature.  Three components of ground motion are required to be treated in the seismic analysis and 
design of NPP SSCs.  The effect of wave fields different from those normally considered in seismic 
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analysis and design requires further investigation to identify conditions where inclined body waves 
and surface waves are an important consideration.    
 
One of the common SSI analysis assumptions is that the surface and soil layers are considered 
horizontal. However, discontinuities and non-horizontality can have important effects on the dynamic 
response.  

 
- Simplified Models versus Sophisticated Models  

 
Pros and Cons of Stick models versus 3D models, 1D versus 3D seismic wave propagation, elastic 
versus inelastic models, macro-element modelling, and consideration of modelling uncertainty were 
discussed. Simplified modelling (which does not mean simple modelling) is a convenient tool to carry 
out sensitivity studies and to identify where the ductile demand is concentrated: foundation or 
structure. However, these models have limitations that can affect our confidence in their results.  As 
such, these limitations have to be addressed and taken into account.  

 
- Uncertainties 

 
The effects of uncertainties (soil/rock/concrete material, spatial variability, loading) on simulation 
results and the influence of uncertainties on a risk of unacceptable performance, can be significant 
and need to be properly taken into account in the analyses.  To do so, an understanding of the purpose 
of the analyses is essential, i.e., design of SSCs where conservatism is introduced to account for a 
number of uncertainties or for analyses to understand realistic behaviour due to an actual earthquake 
or a beyond design basis ground motion.  Above mentioned uncertainties are in addition to modelling 
uncertainty mentioned before. Methods that accurately model and simulate propagation of 
uncertainties through governing equations (models) are encouraged as they allow accurate 
determination of risk of unacceptable performance. 

 
- Model Verification and Validation (V&V) 

 
Fidelity of numerical simulations is significantly influenced by proper V&V procedures. Proper V&V 
increase our confidence in simulated results and help answer two main questions: 
 
 How much can we trust model implementations (verification)?  
 How much can we trust numerical simulations (validation)?  
 

Within the V&V topical area, three papers pertain to the KARISMA benchmark of the Kashiwazaki 
NPP’s recorded ground motion data. The KARISMA benchmark represents an effort to assess current 
state of the art and validate models versus available measurement. A particular model provided a good 
agreement with the motions at a specific site; this represents a good step in the V&V process. 
 
Several novel design approaches (under consideration) were proposed to circumvent earthquake loading 
by engineering (a) special seismic isolation foundation systems, and/or (b) soil improvement/weakening 
(passive/soil seismic isolation, where most seismic energy is dissipated within the soil and does not reach 
the NPP SSCs. 
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CONCLUSIONS 

 
SSI practitioners need an evaluation of the current design application of linear and elastic foundation 
media properties with vertically propagating shear wave solutions of the SSI response of NPP structures 
to more complex and complete representations of behaviour of seismic wave propagation into the 
numerical models of NPP building foundations and structures.  This evaluation should include the 
uncertainty represented in the current analysis by assuming a lower bound, best estimate and an upper 
bound material and enveloping of a group of time history motion representing expected individual 
earthquake inputs.  It should be further noted that current NPP designs of structures, systems and 
components are standardized to the extent they can be applied to a broad range of foundation types and 
earthquake intensities, which require a further enveloping of a wide range of foundation conditions. 
 
All important mechanistic phenomena affecting seismic SSI of NPP Structures, Systems and Components 
need to be properly modelled, simulated, and validated against observed data when possible. This is 
particularly true for realistic modelling and simulation of seismic energy propagation and dissipation 
within NPP soil-structure systems and components. Such accurate modelling and simulation of energy 
propagation (mechanical waves) will allow development of high safety NPPs while improving economy 
as well. Modelling of realistic seismic motions (3D, inclined, with body waves, surface waves and 
incoherent motions), together with modelling of realistic energy dissipation mechanisms (in the soil/rock, 
at the interface of soil/rock with concrete foundation, within the concrete foundation (and seismic 
isolators if present) and within the concrete and steel structural components) will benefit making risk 
informed decisions by the designers and will help maintaining high safety of NPPs.   
 
In many regions of the world, current design practice is or will be performance-based for new nuclear 
power plants.  That is, risk-related end metrics of interest, such as core damage frequency, large early 
release frequency, or their surrogates will define the overall performance goal.  To bridge the gap between 
deterministic seismic analysis and design procedures and probabilistically defined performance criteria, 
benchmarking of the procedures is desirable.  Validated large scale simulation tools, which model the 
four elements of the seismic input/SSI problem (source model, transmission of waves from source to site, 
nonlinear behaviour of soil in the neighbourhood of the foundation/structure, and structure response) will 
play a role in this benchmarking and should be encouraged to be developed and validated.   
 
One participant interpreted the lively discussions as an indicator that practical, economical analytical 
techniques for SSI analysis do not yet exist for consideration of the complexities in current plant design.  
While this view captures a technology with issues that need to be examined/researched, facilities are 
being licensed and the discussion can be taken as a sign of an involved cadre of practitioners.  
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RECOMMENDATIONS 
 
The excellent discussion during the workshop made it apparent that there were several issues that need 
further attention, research, and discussion.  Further communication between the various practitioners of 
SSI analyses is essential for proper evaluation and consideration of SSI during the seismic design and re-
evaluation of NPP Structures, Systems, and Components. 
 
These issues include: 
 

1. Enhancing common understanding between seismic hazard practitioners and the end users of 
the output of seismic hazard studies.  The user community includes earth scientists, and 
engineers.  A common understanding of  concepts and nomenclature is needed, 
 

2. Identifying common goals for researchers and practitioners to ensure the development of 
practical approaches to SSI analysis that appropriately account for important aspects of SSI as 
a function of seismic input, site conditions, and structural characteristics. These goals should 
include the consideration of the capabilities and limitations of using simplified or complex 
models.  It should be recognized that the combination of simplified models and sensitivity 
studies are important to understanding SSI phenomena and behaviour of the soil-structure 
system. Researchers and practitioners include those with specialties in seismic hazard and SSI 
analyses (including equivalent linear and non-linear analyses), 
 

3. A strong emphasis on validation of seismic input and the SSI simulation models using 
recorded earthquake motions in the free-field and in-structures.  In Japan (Kashiwazaki) and 
Taiwan (Chi-Chi), and China (Wenchuan) the relatively common occurrence of significant 
earthquakes and the large number of free-field and in-structure instruments in NPPs presents 
the best situation to acquire data for validation of seismic input, SSI phenomena, and the SSI 
analysis of these phenomena.  Some important phenomena related to seismic input include 
high frequency, spatial variation, and incoherency of ground motion.  In addition, for SSI 
aspects, modelling of these seismic input phenomena are important along with modelling 
nonlinear geometric and material behaviour. In addition to that, validation of SSI modelling 
should be done using well-instrumented experimental array sites, such as Hualien, Lotung 
(Taiwan), Garner Valley (USA) and the planned new Niigata institute site (Japan), 
 

4. Enhancing SSI analysis guidance and industry codes as agreed upon by appropriate 
practitioners of the SSI analysis. 

 
While the SSI workshop did not directly address these issues, the workshop participants definitely 
discussed these and developed a basis for a particular position.  In some cases the practical solution is a 
workshop with a more detailed agenda; in others there is not a “solution” but recognition that one 
approach is best or adequately treats a problem in the current environment and further research is not 
needed now. 
 
One practical solution is that it is beneficial to continue to develop the synergy among the various 
engineers and earth scientists; recently three WGIAGE workshops have had this objective and have 
increased the level of synergy.  Another working group might draft a technical paper outlining the benefit 
and limitations of one approach with respect to another. 
 
Gap between the state of the art modelling and simulations and professional practice needs to be carefully 
analysed and understood.  Part of the understanding is to recognize differences between seismic design 
procedures and those applied in the context of attempting to calculate structure response for recorded 
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earthquake ground motion.  Two very different goals exist.  In the former, conservatism is added to the 
process to achieve conservatism in the design.  In the latter, best estimate analyses are to be performed to 
do the best possible analyses of the NPP.  In the latter case, measures may have to be taken to bring 
professional practice to state of the art so that the calculated responses match the recorded motions in the 
structure.  Recommendations 1 to 4 above go to resolution of this issue. 
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Seismological Considerations for the Analysis of Soil Structure Interaction 

Gail M. Atkinson, Dept. Earth Sciences, Univ. of Western Ontario, London, Ontario, Canada  
 
 

Abstract 

There are several significant seismological issues to consider in the analysis of soil structure interaction 
(SSI) effects of nuclear power plants (NPP). Typically, a seismic hazard analysis will be used to define 
free-field motions at the plant site; this paper therefore begins with an overview of seismic hazard 
analysis, with particular focus on stable continental regions such as eastern North America. The free-field 
motions from a seismic hazard analysis are used as the input to engineering analyses to infer the motions 
that will be input to the foundation mat (the SSI analysis). Thus the seismological input to the problem is 
most fundamentally the definition of appropriate free-field motions to input to the SSI problem. These 
motions are usually defined as three-component time histories that “match” or otherwise represent a target 
Uniform Hazard Spectrum (UHS) for the site, for the desired probability level. Several general issues 
arise in defining these time histories: Should they be “real” (previously-recorded) time histories, or are 
simulated records acceptable? What record characteristics are most important? How many records should 
be used? How should they be matched to the UHS: tight or loose matching? Matching of the entire UHS 
with a single broadband record or use of multiple scenarios? There are also specific issues that are crucial 
for nuclear power plants: How should we model the high-frequency motions expected for plants on rock 
sites in eastern North America (and similar environments)? How might high-frequency motions be 
filtered out by considering incoherence across the foundation mat? These are difficult questions for which 
there is no single “right answer”. Ground motion characteristics for sites in eastern North America are 
used to illustrate the issues under consideration, including in particular the high-frequency content of 
eastern motions. Typical UHS shapes and how they arise are described, and the means by which the UHS 
might be matched are discussed.  

1. An Overview of Earthquake Hazard Analysis 

Over 90% of the world’s seismicity occurs within relatively narrow bands where two or more of the 
tectonic plates that make up the earth’s lithosphere slide past or collide with each other. In plate-margin 
regions, seismotectonic processes are relatively well understood. Strain energy is accumulated by the 
relative motion of the plates, and released by seismic slip along plate boundary faults. For crustal 
earthquakes (e.g. such as those along the San Andreas fault system), the faulting often ruptures the ground 
surface during large earthquakes. The magnitudes of observed earthquakes, their rupture dimensions and 
frequency of occurrence can be directly related to rates of slip and strain energy accumulation. This 
provides a valuable physical basis for interpreting seismicity. 

In regions far removed from plate boundaries, including most continental regions, seismicity tends to be 
more diffuse and infrequent. Nevertheless, large and damaging earthquakes do occur in mid-plate regions, 
as for example the 1811-1812 New Madrid earthquakes of M>7.5, or the devastating 2001 M7.6 Bhuj, 
India earthquake (where M is moment magnitude). The causative mechanisms of mid-plate earthquakes 
are often ambiguous. In general, earthquakes within stable continental interiors relieve long-term internal 
plate stresses that are driven by distant plate interactions. The locations where stresses are relieved are 
usually zones of weakness of large crustal extent, typically pre-existing faults left behind by older 
episodes of tectonism. Previously rifted or extended crust is believed to be of particular importance in 
localizing seismicity (Johnston et al., 1994). Because the earthquake-generation process is indirect, and 
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potential zones of weakness are widespread, seismicity is often diffuse, occurring in broad regional zones 
rather than along narrow well-defined faults. The events may take place on a series of buried crustal 
faults, in locations that cannot be readily foreseen. Furthermore, mid-plate earthquakes do not often cause 
surface rupture. A global overview of large events in stable continental interiors (Johnston et al. 1994) 
revealed that of 452 earthquakes with M>5, including 17 events of M>7, there were only 7 cases of 
surface rupture. Even the M7.6 Bhuj, India earthquake did not cause surface rupture. In eastern North 
America, there is only one known case of surface rupture during an historic earthquake, that of the M6 
1989 Ungava, Quebec earthquake (Adams et al., 1991). The lack of surface rupture makes geological 
investigations of mid-plate earthquake hazards very challenging. A further complicating factor is that 
faults in mid-plate regions may exhibit time-varying behavior, with periods of activity that last thousands 
or tens of thousands of years, interspersed with periods of inactivity that are an order of magnitude longer 
in duration (Crone et al., 2003). To characterize the seismicity of mid-plate regions over time scales 
longer than the historic record, paleoseismic investigations are crucial. Such investigations can greatly 
improve our knowledge of the long-term behavior of seismicity and fault systems. For example, recent 
paleoseismic studies along the St. Lawrence River have demonstrated that, over the last 10,000 years, 
there have been repeated large earthquakes near Charlevoix, Quebec but few or no large events near 
Quebec City or Trois Rivieres (Tuttle and Atkinson, 2009). 

Because it is not generally possible to delineate and characterize the causative structures of seismicity in a 
deterministic fashion, probabilistic analyses form the basis for seismic hazard analysis in most continental 
interiors. A shortcoming of hazard analyses in mid-plate regions, be they probabilistic or deterministic, is 
that potentially hazardous faults that have been quiescent in the last few thousand years may be difficult 
or even impossible to identify and characterize. Paleoseismic studies are also important in this regard.  

How has seismic hazard been accommodated in engineering design/analysis of nuclear power plants 
(NPP)? Most NPPs have had one or more probabilistic seismic hazard analyses (PSHA) to assess the 
expected ground motions, with an acceptably low probability of being exceeded. The “accepted 
probability” under consideration has varied over the years, and may differ regionally, but a common 
current standard is to base the analyses of the NPP, and its soil structure interaction (SSI) problem, on 
ground motions with an annual exceedence probability of 1/10,000 or lower. The methodology of PSHA 
is well developed, dating back to landmark papers by Cornell (1968, 1971) and McGuire (1976). In the 
Cornell-McGuire method, the spatial distribution of earthquakes is described by seismic source zones, 
which may be either areas or faults. The source zones are defined based on seismotectonic information. 
An active fault is defined as a line source; geologic information may be used, in addition to historical 
seismicity, to constrain the sizes of events and their rates of occurrence on the fault. Areas of diffuse 
seismicity, where earthquakes are occurring on a poorly-understood network of buried faults, are 
represented as areal source zones (e.g. polygons in map view); historical seismicity is used to establish the 
rates of earthquake occurrence for earthquakes of different magnitudes. The exponential relation of 
Gutenberg and Richter (Richter, 1958), asymptotic to an upper-bound magnitude (Mx), is used to 
describe the magnitude recurrence statistics in most cases, although for specific faults a characteristic 
earthquake model (Schwartz and Coppersmith 1984) may be used. The upper magnitude bound for the 
recurrence relations, Mx, is a limit for integration in the hazard analysis, and represents the magnitude 
above which the probability of occurrence is 0. Mx values may be defined from geological information in 
the case of well-understood active faults. For areal source zones, Mx is usually based on the largest 
observed magnitudes in similar tectonic regions worldwide. The rationale for this approach is that the 
historical time period is too short to establish Mx empirically for any particular source zone; by using a 
global seismicity database for similar regions, we essentially substitute space for time in extending the 
seismicity database. Thus an Mx for unrifted mid-plate regions would be about M7, while Mx for rifted 
mid-plate regions such as the St. Lawrence Valley in eastern Canada or the New Madrid seismic zone in 
the Central U.S. would be about M7.5 (Johnston et al., 1994; Bakun and Hopper, 2004). For example, the 
Bhuj India event might suggest an upper limit of ~ M7.6 for rifted mid-plate tectonic regions (Bodin and 
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Horton, 2004). The spatial distribution of earthquakes within each source is often assumed to be random 
(i.e. uniformly distributed), although other treatments are possible.  

Ground-motion prediction equations (GMPEs) provide the link between earthquake occurrence within a 
zone and ground shaking at a site. GMPEs are equations specifying the median amplitude of a ground 
motion parameter, such as peak ground acceleration (PGA) or response spectra, as a function of 
earthquake magnitude and distance; these equations also specify the distribution of ground motion 
amplitudes about the median value (i.e., variability). To compute the probability of exceeding a specified 
ground motion amplitude at a site, hazard contributions are integrated over all magnitudes and distances, 
for all source zones, according to the total probability theorem (in practice, sensible limits are placed on 
the integration range for computational efficiency). Thus the mean annual rate of exceeding a specific 
shaking level, x, at a site is: 

     

where υi is the mean annual rate of the ith source, m is earthquake magnitude, R is the distance to the site, 
fi ( ) represents a probability density function, and P ( ) stands for the probability of the argument (Reiter, 
1990). Calculations are performed for a number of ground motion amplitudes, and interpolation is used to 
find the ground motions associated with the chosen probability levels. The basic procedures are described 
by EERI Committee on Seismic Risk (1989), the U.S. National Research Council Panel on Seismic 
Hazard Analysis (1988), Reiter (1990), SSHAC (1997), and McGuire (2004). Because of its ability to 
incorporate both seismicity and geologic information, the Cornell-McGuire method quickly became 
widely used and popular in applications throughout the world. Its application to seismic zoning in Canada 
has been described by Basham et al. (1982, 1985), Adams et al. (1999), Adams and Halchuk (2003, 2004) 
and Adams and Atkinson (2003). 

2. Defining Ground Motions for Stable Continental Regions 

A number of significant advances to seismic hazard analysis for continental interiors over the last 10 to 15 
years are worth noting. Advances which have led to improvements in our ability to specify the input 
motions to the SSI problem are described in the following. 

Resolution of some common misconceptions 

There are two common misconceptions that plagued probabilistic seismic hazard applications for decades. 
The first misconception hindered a well-reasoned trend to base NPP standards on ground motion values 
having low probabilities. In typical North American building codes, earthquake design provisions in the 
1970s were based on ground motions with a 100 year return period (0.01 per annum) – a relatively 
frequent occurrence. In the 1980s there was a shift to a 500 year return period (10% in 50 years). The 
latest code editions, such as the National Building Code of Canada and the NEHRP (National Earthquake 
Hazards Reduction Program) or UBC (Uniform Building Code) codes in the United States, are based on a 
2500 year return period (2% in 50 years). Ground motion probabilities for design of critical structures 
have likewise drifted downwards from about 5% in 50 years to values as low as 0.1% in 100 years. An 
argument often advanced against this trend is that low probability hazard estimates are an extrapolation of 
a short historical record: “100 years of data are extrapolated to return periods of thousands of years”. In 
fact, the low probability of the calculated ground motions results from breaking the problem into 
component parts, where the result is the product of the components (U.S. National Research Council 
Panel on Seismic Hazard Analysis, 1988). It is the ground motion at a site that has a very low probability, 
not the event itself. For example, suppose we have a region that has experienced 10 potentially damaging 
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(M>5) earthquakes in the last 100 years. Then the probability (per annum) of occurrence of an event of 
M>5 is 0.1. If a M>5 event occurs, we know from both regional and global recurrence models that the 
conditional probability of its magnitude being 6 or larger is about 0.1. Based on the total area of the 
subject region, the probability of the event being within 50 km of the site of interest is, say, 0.02. Finally, 
the probability of ground motions exceeding a certain target, given all of the above, is 0.5. The total 
probability of exceeding the ground motion target is thus the product (0.1)(0.1)(0.02)(0.5) = 10-4, or a 
'return period' of 10,000 years. The dominant factor that lowers the probability of damaging ground 
motions is the sparse spatial distribution of events; in this sense the low probability is more nearly an 
interpolation in space than an extrapolation in time. A growing recognition of this basic nature of low 
probability hazard analysis has improved our ability to utilize hazard analyses effectively to solve the 
engineering problems of interest – which necessarily involve design to rare earthquake ground motions 
rather than common occurrences. 

Another misconception has revolved around the role of uncertainty. The results of seismic hazard analysis 
are subject to large uncertainty due to our limited knowledge of the component processes and large 
uncertainties in their interpretation; these uncertainties may become particularly pronounced at low 
probabilities. Because probabilistic hazard analyses are known to be subject to large uncertainty, there 
was a significant tendency to rely on a ‘deterministic’ approach to hazard, in which a design earthquake 
of a specified magnitude and location is used to determine the resulting ground motions. It is now widely 
understood, however, that uncertainty is inherent to the physical processes involved, and not specific to 
probabilistic analysis. Even in situations where the magnitude and locations of future earthquakes is 
indeed relatively deterministic (such as near a well-documented active fault), the ground motions remain 
uncertain. Thus deterministic analyses are subject to the same fundamental uncertainties, be they aleatory 
or epistemic, as are probabilistic analyses. They also suffer from the additional problem that nobody 
knows the likelihood of the determined outcome.  

I do not mean to suggest that uncertainty is not an important limitation to seismic hazard analysis. 
However, uncertainty cannot be understood or mitigated by treating processes that are largely stochastic 
in nature as deterministic events. Uncertainty is a critical area of hazard analysis where major advances 
have been made, but which still requires much improvement in our understanding. 

Treatment of Uncertainty 

The proper treatment of uncertainty in hazard analysis is an area where significant advances have been 
made over the last two decades. It has been recognized that it is important to distinguish between 
randomness in process (aleatory uncertainty) and uncertainty in knowledge (epistemic uncertainty) 
(McGuire and Toro 1986). Randomness is physical variability that is inherent to the unpredictable nature 
of future events, an example being the scatter of ground motion values about a median regression line. 
Randomness cannot be reduced by collecting additional information. Epistemic uncertainty arises from 
our incomplete knowledge of the physical mechanisms that control the random phenomena; it can be 
reduced by collecting additional information. This separation is clear-cut in principle, but in practice the 
distinction is somewhat arbitrary. Anderson et al. (2000) provide arguments that the epistemic uncertainty 
is in fact the dominant component, but is often cast instead as aleatory uncertainty, thus skewing hazard 
results. They point out that mean hazard maps at low probabilities would be significantly altered if the 
uncertainties were redistributed between aleatory and epistemic. The re-casting of much of the aleatory 
uncertainty in ground-motion prediction equations into epistemic uncertainty has also been advocated by 
Atkinson (2010), as a means of better quantifying uncertainty in ground-motion processes. 

 
Uncertainty in PSHA for NPP studies has been treated since the 1990s using a “logic tree” approach 
(McGuire and Toro, 1986; Toro and McGuire, 1987; McGuire et al., 2001). Each input variable to the 
analysis is represented by a discrete distribution of values, with subjective probabilities being used to 
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describe the credibility of each possible assumption. Each possible combination of inputs produces a 
different output, so that a typical application of the process would produce thousands of possible results. 
The uncertainty in results can then be expressed by displaying a mean or median curve, and fractiles that 
show the confidence with which the estimates can be made (e.g. EPRI, 1986; Toro and McGuire, 1987; 
Bernreuter et al., 1985; McGuire, 1995, 2004). Considering all modeled combinations of input 
parameters, 50% of the results lie below the median curve, while 84% of results lie below the 84th 
percentile curve. Thus, for example, we can be 84% confident that the true hazard curve lies below the 
84th percentile. Note that the mean-hazard ground motion, obtained by weighting each result by its 
probability of being the “correct” model, is usually significantly higher than the median. The use of a 
logic tree approach to investigate and quantify uncertainty in seismic hazard estimates is now widely used 
in PSHA for NPPs (e.g. McGuire et al., 2001). 

Uniform Hazard Spectra 

For engineering design, the most widely-used description of ground motion is the response spectrum 
(typically PSA, the pseudo-acceleration spectrum), which defines the response of a damped single-
degree-of-freedom oscillator to an earthquake accelerogram, as a function of the oscillator’s natural 
period. The response spectrum contains information about both the amplitude and frequency content of 
the ground motion, as well as indirect information regarding its duration. In the past, the response 
spectrum used for engineering design of NPPs was constructed by scaling a standard spectral shape to the 
site-specific PGA (e.g. Newmark and Hall, 1982). In the last 15 to 20 years, it has become standard 
seismological practice to instead develop a uniform hazard spectrum (UHS). The underlying probabilistic 
seismic hazard calculation is the same. However, in the UHS methodology, the hazard analysis computes 
expected response spectral ordinates for a number of oscillator periods (McGuire, 1977, 1995). This 
eliminates the need to use standard spectral shapes scaled to an index parameter such as PGA, thus 
providing a more site-specific description of the earthquake spectrum; it also ensures a uniform hazard 
level for all spectral periods. This has been a natural evolution of seismic hazard methodology, made 
possible by improved GMPEs for spectral parameters.  

 
Uniform hazard spectra computations, coupled with abundant new ground-motion data, have revealed that 
the scaled-spectrum approach used in past codes overestimated response spectra for intermediate periods 
for some types of earthquakes by a very significant margin, while underestimating the high-frequency 
ground motions (Atkinson, 1991; Atkinson and Elgohary, 2007). This is because the standard spectral 
shape used (e.g. such as the CSA N289 shape and the U.S. NUREG or “Newmark and Hall” shape) was a 
description of ground motions for earthquakes in California, within a limited magnitude and distance 
range, and mostly on soil sites. It is now well known that the shape of earthquake spectra is actually a 
function of magnitude, distance, and site condition, and varies regionally (e.g. Atkinson and Boore, 
1997). Ground motions in eastern North America (ENA), particularly for rock sites, have higher 
frequency content, and attenuate more slowly with distance, in comparison to those in western North 
America (WNA). This is illustrated in Figure 1. In recent seismic hazard maps and other applications, a 
UHS approach is routinely used to overcome previous shortcomings of the scaled-spectrum approach and 
more accurately describe the site-specific frequency content of the expected ground motions. This concept 
has been taken even further in applications that develop uniform reliability spectra, considering also the 
slope of the hazard curves at the probability levels of interest and the structural reliability goals (McGuire 
et al., 2002).  

  
Figure 2 illustrates the spectral shape problem for sites in ENA. UHS obtained for a probability level of 
0.0001 per annum from various NPP studies (in Ontario, Ohio and South Carolina) are shown, with an 
average PGA level of ~300 cm/s2 (30%g). This is a typical PGA level for moderate-hazard ENA sites. 
The scaled CSAN289 shape, scaled to the same PGA (30%g) is also shown. It is clear that the UHS, and 
therefore the nature of the expected ground motions, is very different at ENA sites than that represented 
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by the scaled spectral shape. The problem arises because PGA is simply not a good index parameter by 
which to characterize the response spectrum, or the ground-motion characteristics as they vary with 
frequency. Consider the time histories shown in Figure 3, from earthquakes of various magnitudes and 
distances, in various regions. All of these time histories have the same PGA (0.18g) – but their response 
spectra, and therefore their implications for response of NPP structures, are very different, as seen in 
Figure 4. 

 
 

 

Figure 1 – Comparison of 
ENA GMPEs (adjusted 
version of Atkinson and 
Boore, 2006, described later) 
and WNA GMPEs (adjusted 
version of Boore and 
Atkinson, 2008) for 
earthquakes of M5.0, 6.0 and 
7.5, at periods of 0.1 s and 
1.0s. 

Figure 2 – Comparison of typical UHS shapes 
at 1/10,000 p.a. for ENA sites (colored lines 
with symbols), for PGA near 300 cm/s2, with 
scaled CSAN289 shape scaled to PGA=300 
cm/s2 (black line). (Redrawn from Atkinson and 
Elgohary, 2007) 
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Lower probability level for computations 

Another major trend in PSHA for NNPs is the lowering of the probability level for which the ground 
motion is being evaluated. Most modern building codes are based on motions with a probability of 
0.000404 per annum (2% in 50 years). This change was motivated by studies over the last 10 to 20 years 
that have shown that the best way to achieve uniform reliability across regions is by basing the seismic 

Figure 3 – Examples of earthquake 
records of different magnitudes, 
hypocentral distances (rhyp) and 
durations, all having PGA~0.18g. 
Figure provided by David Boore, 
personal communication. 
 

Figure 4 – Response 
spectra for the time 
histories shown in 
Figure 3, showing the 
different frequency 
content, in both linear 
(left) and log (right) 
scales. Figure 
provided by David 
Boore. 
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design on amplitudes that have a probability that is close to the target reliability level (Whitman, 1990). 
The reason is that the slope of the hazard curve - the rate at which ground motion amplitudes increase as 
probability decreases - varies regionally. In active regions like California, ground motion amplitudes may 
grow relatively slowly as probability is lowered from 1/100 to 1/1000; this is because the 1/100 motion 
may already represent nearby earthquakes close to the maximum magnitude. In inactive regions, 1/100 
motions are small, but grow steadily as the probability level is lowered. Thus there is no single “factor of 
safety” that could be applied to motions calculated at, say, 1/100 per annum, that would provide design 
motions for a desired reliability of, say, 1/1000 per annum in both regions. For uniform reliability across 
regions with differing seismic environments, the seismic hazard parameters on which the design is based 
should be calculated somewhere near the target reliability level. For NPPs, this has led to the requirement 
to produce UHS for probability levels of 1/10,000 p.a. or lower.  

Defining the “design earthquake” 

A useful exercise to understand the results of a PSHA for the selected probability level, in terms of the 
type of earthquake that might be expected at the NPP, is to  “deaggregate” the hazard. What the hazard 
analysis provides is an estimate of ground motion at each vibration period for a certain probability level. 
This ground motion represents a composite of contributions to hazard from earthquakes of all magnitudes 
at all distances (rather than a single design earthquake). By mathematically deaggregating the hazard, we 
evaluate the relative contributions of earthquakes of various magnitudes and distances to the calculated 
hazard. This allows the definition of one or more “design earthquakes” that contribute strongly to hazard, 
and that will reproduce the calculated ground motions (McGuire, 1995, 2004). Defining the design 
earthquake (or set of earthquakes) is an important pre-requisite to developing time histories to input to the 
SSI problem, as the input time histories must represent this event. 

Progress in understanding and evaluating “design earthquakes” has been an important and practical 
advance. It has improved our ability to utilize the results of a hazard analysis to help engineers design and 
analyze structures with appropriate input time histories – motions that are characteristic of the type of 
earthquakes that the structure might actually experience. No longer is every structure designed to a scaled 
version of the famous 1933 El Centro record. Instead, appropriate real records in the magnitude-distance 
range that contributes most to hazard may be selected from a large catalogue, if such records exist. If the 
records do not exist for the region of interest, as is the case for most continental interiors, they may be 
generated by a simulation methodology (e.g. Saikia and Somerville, 1997; Hartzell et al., 1999; 
Motazedian and Atkinson, 2005; Frankel, 2009). Alternatively, hybrid techniques may be used that 
combine the advantages of real recordings with the flexibility of simulation methodologies. For example, 
the amplitude spectrum for a desired magnitude, distance and site condition, as based on a seismological 
model, may be used in combination with the phase spectrum from a real recording (with some limits on 
the magnitude and distance to ensure a reasonable phase spectrum), in order to simulate a realistic time 
history (McGuire et al., 2001).  

 
The most popular hybrid technique, and perhaps the most useful for applications in ENA, is the “spectral 
matching” approach, in which real “seed” records are modified, in either the time or the frequency 
domain, to obtain records that match the target UHS from the PSHA. Al Atkik and Abrahamson (2010) 
and Hancock et al. (2006) have described the spectral matching approach, with emphasis on the time 
domain approach. They note that the main attraction of spectral matching is that it enables designers to 
evaluate the average response using fewer time histories (and is therefore cost-effective); a “rule of 
thumb” is that one spectrally-matched record is worth 3 linear-scaled records, in terms of capturing the 
response characteristics. Thus spectral matching is often used to enable the response to be evaluated with 
one to three records (depending on the tightness of spectral matching, and other factors). Whichever 
approach in spectral matching is used, an important step is to compare the initial and resulting time 
histories in acceleration, velocity and displacement, to make sure that they are reasonable representations 
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of the original time histories (i.e. show acceptable changes). Figure 5 provides an illustration of 
spectrally-matched records to a target UHS, with Figure 6 showing the time histories before and after 
spectral matching. 

 

 

Advances in the understanding of the design earthquake concept are linked with advances in the treatment 
of uncertainty and the implementation of the UHS concept, to provide a powerful means of specifying 
design earthquake motions for input to NPP analyses (e.g. McGuire et al., 2001, 2002). The development 
of seismic ground motions begins with a PSHA that draws from the current knowledge of earthquake 
sources, recurrence statistics and ground motion relations, including sources of epistemic uncertainty. The 
hazard analysis will result in a UHS over a broad range of frequencies (e.g. 0.2 to 100 Hz) and a wide 
probability range (e.g. 10-2 to 10-5 per annum). Deaggregation is then performed on the mean hazard for 

Figure 5 – Illustration of 
response spectra for original 3-
component time history for M6.8 
Nahanni, NWT earthquake 
record (light lines), and modified 
records after spectral matching 
(heavy lines) to the black UHS 
target spectrum (0.0002 p.a. for 
horizontal and vertical 
component, for a typical ENA 
site). Note increased smoothness 
in the matched PSA curves. 

Figure 6 – Nahanni record after 
spectral matching (left), in 
acceleration, velocity and 
displacement (from top to bottom), 
compared to original record (right). 
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the target probability level, by both magnitude and distance, to determine the relative hazard contributions 
at selected frequencies (e.g. 1 and 10 Hz in the McGuire et al. 2001, 2002 studies). McGuire et al. (2001) 
developed a catalogue of time histories categorized by magnitude, distance and site condition, to use in 
developing appropriate time histories to match the target spectra for the design events identified by the 
deaggregation. They also provided detailed procedures that can be used to ensure that the developed time 
histories match the target spectra in a rigorous way. An example application of these procedures for both 
typical eastern and western North American sites is given in McGuire et al. (2002). Such procedures can 
be used to define the design earthquakes, select, and scale the time histories, for input as free-field records 
to the SSI problem. This is just one example procedure, with others also being feasible (there is no single 
“right” answer). Some important problems remain after record selection and scaling, including how to 
mitigate the impact of high-frequency ground-motion content in engineering analyses. One attractive 
approach is to consider the coherency effects in ground motion records; this accounts for the fact that 
motions at high frequencies will not provide coherent input simultaneously over the foundation mat of a 
large structure such as a NPP. A popular model that has been applied in the nuclear industry is that of 
Abrahamson (2006), in which high-frequency ground-motion amplitudes are reduced to account for the 
decrease in coherency. 

Better understanding of earthquake ground motion processes 

Over the last 10 to 15 years, there has been a remarkable increase in recorded ground-motion data from 
earthquakes in all parts of North America, and from earthquakes in Japan and Taiwan. The ground-
motion database has improved due to a combination of developments in seismometry and increased 
deployments of instruments. In well-instrumented regions like Japan, Taiwan and California there are 
now thousands of available strong-motion recordings. From these, we can develop a much better 
empirical characterization of ground motion generation and propagation. We can determine the 
distribution of slip on faults, and characterize factors that profoundly influence ground motion, such as 
directivity, near-fault displacements, and basin effects (e.g. Graves et al., 1998; Somerville et al., 1997). 
We can develop more robust empirical relations that are based on thousands of recordings (e.g. the PEER-
NGA equations, see Power et al., 2010 and references therein). Even in regions where strong-motion and 
seismographic networks are relatively sparse, there are now thousands of useful recordings, although 
most of these are for small-to-moderate events at fairly large distances (e.g. see Assatourians and 
Atkinson, 2010, for a catalogue of ENA records from dozens of moderate events). These records, coupled 
with advancements in ground-motion modeling techniques (e.g. Pitarka et al., 2000; Motazedian and 
Atkinson, 2005; Atkinson et al., 2009; Boore, 2009; Frankel, 2009), are improving our ability to 
understand and model ground-motion processes, and will ultimately lead to refinements in future hazard 
evaluations. Finally, with more seismic instrumentation and analyses, and ongoing paleoseismic studies, 
our understanding of seismicity patterns and magnitude recurrence statistics has gradually evolved over 
time, improving our understanding of seismic hazard. 

3. Insights into Ground Motions from recent ENA earthquakes 

This overview of ground-motion issues for NPP design earthquakes and SSI interaction problems 
concludes with a summary of insights gained into ENA ground-motion processes from recent 
earthquakes, with an emphasis on the 2010 Val-des-Bois earthquake of M5.0 near Ottawa. The M 5.0 
Val-des-Bois, Quebec earthquake of June 23, 2010 (45.904, -75.497) was a northwest-striking thrust 
event located approximately 60 km north of Ottawa, at a depth of 22 km. It was felt over an area of 
approximately 3 million km2, throughout Quebec, Ontario, and U.S. states from Maine to Illinois to 
Kentucky, producing the strongest shaking ever felt in Canada’s capital city, and the largest-ever on-line 
DYFI (Did You Feel It?) response (>57,000 responses). The Val-des-Bois earthquake was the largest 
event to shake southeastern Canada and the northeastern U.S. since the 2002 M5.0 Au Sable Forks, N.Y. 
earthquake. With an epicentral intensity of VII, it caused minor damage to several structures in the 
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epicentral area, including reports of a badly-damaged church steeple, and cracked and fallen masonry 
(CBC News, June 23, 2010); windows were broken 60 km away in the Ottawa City Hall, and many 
buildings were evacuated (including the Parliament Buildings). There was also some road and bridge 
damage in the epicentral area, which was the result of embankment failure (Tinawi, pers. comm.., 2010).  

 
The Val-des-Bois earthquake has provided a rich dataset for analysis, with 120 instrumental recording 
stations within 1000 km (with 9 3-component records at <100 km; see Lin and Adams, 2010), in addition 
to the felt data. Figure 7 shows the locations of strong-motion and seismographic stations that recorded 
the earthquake, along with contours that provide a snapshot of the recorded motions. The contours are 
drawn by interpolating the inferred Modified Mercalli Intensity (MMI) across the region, as calculated 
from the recorded peak ground velocity (PGV) using the relationship between MMI and PGV from 
Atkinson and Kaka (2007); this is the same concept as employed in ShakeMap (Wald et al., 1999). In the 
following, the key characteristics of ground motions from the event are summarized, in the context of 
other recent ENA earthquakes; the reader is referred to Atkinson and Assatourians (2010) for more 
details. 

 

 

Instrumental Ground Motion Data in Comparison to GMPEs 
 

Figure 8 plots the response spectra amplitudes (5% damped horizontal-component pseudo-acceleration, 
PSA) for the 2010 Val-des-Bois event versus distance at two selected frequencies, in comparison to 
several ENA ground-motion prediction equations (GMPEs); the plotted relations are those of Atkinson 
and Boore (1995) (stochastic model relations, as used in the 2010 National Building Code of Canada), 
Campbell (2003) (hybrid empirical relations), Atkinson and Boore (2006) (which replaced AB05), and 
Atkinson (2008) (based on a referenced empirical method). All the GMPEs are plotted for hard-rock sites, 
whereas the observations include both rock and soil sites. (Note: an approximate conversion of the 
Atkinson, 2008 relations from B/C to hard rock was made, using factors deduced from Atkinson and 
Boore, 2006.) The amplifications on soil sites in parts of southeastern Canada and the northeastern U.S. 
can be very large, due to the prevalence of soft marine sediment deposits overlying hard glacially-scoured 
rock, setting up ideal conditions for strong amplification and resonant effects (Motazedian and Hunter, 
2008). Examination of the Fourier spectra of soil recordings in the region suggest that peak amplification 

Figure 7 – Overview of ground 
motions from the 2010 M5.0 Val-
des-Bois earthquake. Symbols 
show locations of recording 
stations. Contours show MMI as 
calculated from the recorded PGV 
values, using the relationship of 
Atkinson and Kaka (2007). (from 
Atkinson and Assatourians, 2010). 
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factors of 5 to 10 are not uncommon. Such amplification factors are not properly handled by the 
“standard” soil amplification factors in typical GMPEs (e.g. Boore and Atkinson, 2008 and other “NGA” 
site factors). The amplification factors in typical GMPEs describe broadband amplifications that result 
from moderate velocity gradient effects in typical western profiles; these factors would not accommodate 
the amplification peaks that result from resonance or very pronounced site effects. Thus in viewing the 
level of the recorded PSA values in comparison to the GMPEs, only the rock recordings should really be 
considered.  

 
 

It is clear from the rock recordings that all of the GMPEs under-predict the PSA observations at <200 km 
by a large factor; this is especially so for the observations in the 50 to 70 km distance range. The under-
prediction is most pronounced for the Atkinson and Boore (2006) relations. This is disturbing, as the 
motions from the 2005 M4.7 Riviere du Loup, Quebec earthquake were also significantly under-predicted 
by AB06 in this distance range, at high frequencies. Recent work by Atkinson and Morrison (2009) and 
Atkinson et al. (2010), based on comparisons of earthquake motions in ENA versus California, have 
suggested that the AB06 GMPEs likely under-predict M5 motions at <100 km, while over-predicting M6 
to M7 motions at close distances. These observations tend to support that inference (at least for M5).  

Intensity Data 
 

There were over 56,000 responses to the U.S. Geological Survey’s DYFI online intensity questionnaire 
for the Val-des-Bois earthquake, with several thousand more local responses to the same questionnaire on 
the Geological Survey of Canada site. The maximum reported intensity was VII. The difference between 
the two sites is that Canadian responses on the USGS site are coded by city location, whereas the 
responses on the GSC site are coded by postal code. Responses on the GSC site provide more local detail 
within towns and cities, but are sparse as the site was not immediately available and the GSC data are not 
available in real time, nor do they employ the same averaging approach. The two datasets were merged to 
produce a composite list of reported MMI at various localities; this may have resulted in some “double-
counting” of responses, as some people may have responded online to both the USGS and GSC. The 
MMI data were then binned in distance bins 0.1 log units in width, to characterize the average behavior of 
intensity versus distance, using the binning procedure described by Atkinson and Wald (2007). The MMI 
attenuation is shown in Figure 9, along with the intensity GMPE of Atkinson and Wald (2007) for ENA. 
Interestingly, the observed intensities in the distance range from 100 to 300 km are generally lower than 
predicted amplitudes for an event of this size, contrary to the behavior for the instrumental data (which 
were under-predicted in this distance range). At close distances (<40 km), observed intensities are higher 
than predicted by AW2007, though data are sparse and scatter widely.  

Figure 8 – PSA 
observations (1 Hz, 10 Hz, 
in cm/s2) from the Val-des-
Bois earthquake, in 
comparison to selected ENA 
GMPEs for hard rock sites 
(Atkinson and Boore (2006; 
1995); Atkinson, 2008; 
Campbell, 2003). Blue 
symbols are rock sites, red 
symbols are soil sites. 
Smaller symbol size denotes 
vertical component. 
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To see if the intensity data can shed light on the instrumental ground-motion observations (and vice 
versa), we wish to overlay the two types of information. This can be done by transforming the 
instrumental data into equivalent intensity values, using empirical relationships between PSA and MMI; 
the inferred “instrumental intensities” can then be binned and plotted against distance in the same way as 
the DYFI intensity data. We use the relationships of Atkinson and Kaka (2007), for the given magnitude 
and distance of each ground-motion observation (after correction to an average site class condition), to 
predict MMI from PSA at 0.5 Hz, 1 Hz and 3.3 Hz. Figure 9 shows this comparison (see Atkinson and 
Assatourians, 2010 for details). The intensity data and ground-motion data are in reasonable accord. 
Interestingly, though, the large observed amplitudes for instrumental ground motions at distances of 200 
to 300 km would suggest that elevated felt effects might have been reported in this distance range, but 
according to the MMI reports, they were not.  

Figure 9 – Intensity observations from 
the Val-des-Bois earthquake (as of 
July 21, 2010). Light blue dots are 
individual DYFI reports from USGS 
and GSC. Blue circles with error bars 
show binned mean MMI and standard 
deviation from these reports. Red 
symbols show mean binned MMI 
inferred from instrumental data, using 
the relationships of Atkinson and 
Kaka (2005). Line is prediction 
equation of Atkinson and Wald (2007). 
 



NEA/CSNI/R(2011)6 

34 

Implications for GMPEs 
 

Based on recent ground-motion data from small-to-moderate events in both ENA and California, some 
modest revisions are suggested to both ENA and WNA GMPEs; these revisions are proposed in Atkinson 
and Boore (2010). These are simple modifications to the existing GMPEs that bring them into 
significantly-better agreement with data; the revisions are intended as “interim equations”, until more 
detailed models are developed over the next several years. In WNA, the modifications consist of changing 
the distance-scaling (and near-source amplitudes) for moderate events, of M<5.75, by multiplying the 
GMPEs of Boore and Atkinson (2008) by an adjustment factor that depends on magnitude and distance 
(but has no effect for predictions for M≥5.75); the adjusted equations are referred to as BA08’. In ENA, 
the modification consists of using a magnitude-dependent stress factor in the Atkinson and Boore (2006) 
GMPEs, such that the stress drop decreases from 280 bars for events of M5, to 70 bars for events of M8; 
the adjusted equations are referred to as AB06’. An adjustment is also suggested for the Referenced 
Empirical ENA model of Atkinson (2008); the adjusted Referenced Empirical model references BA08’ 
(rather than the original BA08), and is referred to as AB10. Figures 10 and 11 compare ENA ground-
motion data at high frequencies (10Hz, or 0.1s period) and low frequencies (0.5Hz, or 2s period) to the 
adjusted equations. The data confirm the enrichment of ENA ground motions in high-frequency 
amplitudes relative to the average behavior for WNA (as given by the BA08’ curves); the differences in 
attenuation are also clearly seen. 

 
 

 

Figure 10 – ENA ground-
motion data on rock, for PSA 
at 0.1s (left) and 2s (right), 
for 4.5≤M≤5 (symbols), 
compared with adjusted 
GMPEs for ENA (AB06’ and 
AB10RefEmp), and for WNA 
(BA08’), for M4.5 and M5.0. 
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Figure 11 – ENA ground-
motion data on rock, for PSA 
at 0.1s (left) and 2s (right), 
for 5.0≤M≤5.5 (symbols), 
compared with adjusted 
GMPEs for ENA (AB06’ and 
AB10RefEmp), and for WNA 
(BA08’), for M5.0 and M5.5. 
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Seismic Soil-Structure Interaction Analysis: A Walk Through Time-Past, Present and Future 

James J. Johnson, James J. Johnson and Associates 
 
 
Abstract 
 
Seismic soil-structure interaction (SSI) analysis of nuclear power plant (NPP) structures has evolved 
significantly over the last 50 years.  Initially SSI was treated in the same manner as machine vibrations.  
This approach evolved into simple soil spring models applied in the late 1960s and early 1970s.  More 
sophisticated continuum mechanics approaches came on stage at the same time as finite element methods 
entered the field of SSI analysis.  Significant controversy was present in this time frame as practitioners 
attempted to benchmark analysis methods by purely analytical means.  This need for benchmarking of 
SSI analysis methods with experimental and actual earthquake data was readily apparent in the 1980s, 
which led to experiments, such as Lotung and Hualien in Taiwan.  These scale model experiments, in 
conjunction with others, and the recording of strong motion earthquakes in the free-field and in NPP 
structures led to increased confidence in analysis methodologies and advancement in the state-of-practice.  
These approaches evolved into three-dimensional sub-structuring approaches prevalent in the field today.  
Regulatory evolution followed technical evolution, sometimes very closely, in other cases somewhat 
behind in time.  This paper will present the time line and highlight one view of important events over the 
past 50 years.  
  
The elements of SSI (free-field ground motion definition, soil material modeling, structure modeling, and 
SSI analysis procedures and parameters) will be discussed with emphasis on their inter-relationship.  The 
definition of free-field ground motion (frequency content, spatial variation of motion) is intimately 
coupled with SSI analysis procedures.  The state-of-practice of soil material modeling continues to be 
equivalent linear, but significant effort may be devoted to nonlinear material behavior in the future.  
Structure model development has evolved to very detailed and sophisticated finite element models – how 
are these to be treated in the SSI analysis.  Other aspects of the SSI phenomena, such as linear-nonlinear 
representations, and structure-to-structure interaction, will be discussed.   
 
Future developments will be hypothesized, especially the inter-relationship between performance-based 
seismic design criteria and the calculation of seismic demand for NPP structures, systems, and 
components (SSCs).  
  
These topics will be discussed in light of the current trends in seismic hazard assessments; earthquake 
ground motion characteristics, such as, high frequency ground motion; standard designs of NPPs 
(designated Certified Designs in the US); observed seismic response of NPPs subjected to strong 
earthquake ground motions; and specialized needs for the definition of seismic demand of SSCs for 
applications such as probabilistic safety assessments (SPSAs), and risk informed decision-making.   
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The objective of this paper is to discuss recent lessons learned from the U.S. Nuclear Regulatory 
Commission’s (NRC’s) review of applications for new nuclear power plants from a regulatory and 
licensing perspective. The paper emphasizes the implementation of the general design criteria in 
Appendix A, “General Design Criteria for Nuclear Power Plants,” and Appendix S, “Earthquake 
Engineering Criteria for Nuclear Power Plants,” to Title 10 of the Code of Federal Regulations (10 CFR) 
Part 50, “Domestic Licensing of Production and Utilization Facilities,”2 as it applies to the consideration 
of the effects of soil-structure interaction (SSI) in evaluating seismic Category I structures, systems, and 
components (SSCs) for the safe-shutdown earthquake (SSE). The paper discusses applicable 
U.S. regulations and implementing guidance related to applications for design certifications (DCs) and 
combined operating licenses (COLs), the establishment of the SSE for the site, and the evaluation of the 
design of SSCs for an SSE-level earthquake. It also discusses some of the technical issues that the NRC 
staff has encountered in reviewing the applications and the staff’s need for additional information to make 
appropriate safety determinations. 

1. Introduction  
 
SSI analysis is used in nuclear power plant design to evaluate the effects of seismic ground motion on 
nuclear power plant SSCs important to safety to ensure that they are designed to withstand the effects of 
natural phenomena (such as earthquakes) without loss of capability to perform their safety functions. The 
NRC regulations provide the framework for this important design process. General design criteria in 
Appendix A to 10 CFR Part 50 establish the minimum requirements for the principal design criteria for 
water-cooled nuclear power plants. They require that nuclear power plants be designed to resist the effects 
of earthquakes without loss of safety function. The requirements for the establishment of the SSE appear 
in 10 CFR 100.23, “Geologic and Seismic Siting Criteria.”3 Appendix S to 10 CFR Part 50 provides, in 
part, requirements for implementing General Design Criterion 2, “Design Bases for Protection against 
Natural Phenomena,” with respect to withstanding the effects of earthquakes for SSCs important to safety.  
It specifically requires that the seismic analysis for SSE evaluation take SSI effects into account.  Staff 
guidance for reviewing SSI analysis appears in Section 3.7.1, “Seismic Design Parameters,” 

                                                      
1  This speech, paper, or journal article was prepared (in part) by an employee(s) of the United States Nuclear 

Regulatory Commission.  It presents information that does not currently represent an agreed-upon staff 
position.  NRC has neither approved nor disapproved its technical content. 

2  U.S. Code of Federal Regulations, Title 10, Energy, Part 50, “Domestic Licensing of Production and 
Utilization Facilities.” 

3  U.S. Code of Federal Regulations, Title 10, Energy, Part 100, “Reactor Site Criteria.” 
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Section 3.7.2, “Seismic System Analysis,” and Section 3.7.3, “Seismic Subsystem Analysis,” of NUREG-
0800, “Standard Review Plan for the Review of Safety Analysis Reports for Nuclear Power Plants: LWR 
Edition”4 (hereafter referred to as the SRP), as supplemented by the applicable regulatory guides (RGs) 
and interim staff guidance (ISG).  
 
While not new to the design of nuclear power plants, SSI analysis has evolved in the recent decade from 
employing lumped-mass beam models to using full three-dimensional finite element models with a high 
degree of fidelity. Further, the use of updated seismic source and ground motion models by applicants for 
new reactors has led to higher seismic hazard estimates, particularly in the high frequency (HF) range, in 
the Central and Eastern United States. The evaluation of this change in seismic hazard estimate in the HF 
range generally requires a more refined seismic SSI model. As a result, applicants for DCs and COLs are 
developing detailed finite element models to assess the effects of this HF ground motion on the design of 
SSCs. SSI computer programs such as SASSI and CLASSI have incorporated seismic wave coherency 
functions that account for spatial variation in seismic ground motion input. Regulatory requirements, 
review guidance, and examples of lessons learned are provided below.  

2. Regulatory requirements 

Under General Design Criterion 2, each applicant for a construction permit, operating license, DC, COL, 
or design approval is required to design nuclear power plant SSCs that are important to safety to 
withstand the effects of natural phenomena, such as earthquakes, without loss of capability to perform 
their safety functions. The design bases for these SSCs shall reflect appropriate consideration of the most 
severe of the natural phenomena that have been historically reported for the site and surrounding area, 
with sufficient margin to account for uncertainties. 

Under 10 CFR 100.23, COL applicants are required to investigate the geological, seismological, and 
engineering characteristics of a site and its environs to obtain sufficient information to support the 
evaluations performed to estimate the SSE. 

Appendix S to 10 CFR Part 50 describes the requirements for the development of an acceptable SSE, 
including that the SSE must be a smoothed free-field ground motion response spectrum (GMRS) at the 
free ground surface. It also stipulates that the horizontal component of the SSE ground motion at the 
foundation level must be an appropriate response spectrum with a peak ground acceleration (PGA) of at 
least 0.1g. Further, the nuclear power plant must be designed so that certain SSCs remain functional in the 
event of an SSE, considering applicable concurrent loads. The evaluation must take into account SSI 
effects and the expected duration of vibratory motion. 

3. Review guidance 
 
SRP Sections 3.7.1 and 3.7.2 provide NRC review guidance pertaining to the development of SSI models, 
including input parameters, structural modeling assumptions, structural damping, secondary systems, and 
model fidelity.  ISG-1, “Seismic Issues Associated with High Frequency Ground Motion in Design 
Certification and Combined License Applications,”5 and ISG-17, “Ensuring Hazard Consistent Seismic 
Input for Response and Soil Structure Interaction Analyses,”6 complement this guidance. SRP Section 
                                                      
4  NUREG-0800, “Standard Review Plan for the Review of Safety Analysis Reports for Nuclear Power 

Plants: LWR Edition,” U.S. Nuclear Regulatory Commission, Washington, DC. 
5  ISG-1, “Seismic Issues Associated with High Frequency Ground Motion in Design Certification and 

Combined License Applications,” U.S. Nuclear Regulatory Commission, Washington, DC. 
6  ISG-17, “Ensuring Hazard Consistent Seismic Input for Site Response and Soil Structure Interaction 

Analyses,” U.S. Nuclear Regulatory Commission, Washington, DC. 
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3.7.1 provides guidance for the review of design ground motion. For a DC application, the staff reviews 
the postulated seismic design response spectra and their input or control location. For a COL application 
referencing a certified design, the staff reviews the applicant’s demonstration that the site-specific ground 
motion is enveloped by the standard plant7 design response spectra. SRP Section 3.7.2 relates to the 
review of seismic analysis models and the incorporation of SSI effects. ISG-1 and ISG-17 relate to the 
review of HF effects on SSCs and to ensuring a consistent approach for developing foundation input 
response spectra (FIRS).   
 
4.  Lessons Learned 
 
The staff is currently reviewing several DC and COL applications and has encountered common issues 
that have posed challenges to the reviews, discussed briefly below. 
 
4.1  Defining the safe-shutdown earthquake for a site 
 
A COL applicant referencing a certified design must establish a site-specific SSE to determine if the 
standard design may be used for the site. ISG-17 provides detailed guidance for this purpose. For the 
design of nuclear power plants, the SSE is defined as the vibratory ground motion for which certain SSCs 
are designed to remain functional, pursuant to Appendix S to 10 CFR Part 50. The SSE for the site is 
characterized by both horizontal and vertical free-field GMRS at the free ground surface. For a COL 
applicant, the SSE may be defined corresponding to the site-specific GMRS provided that the horizontal 
component of the SSE ground motion in the free field meets the 0.1g requirement at the foundation level 
of the applicable structures. RG 1.208, “A Performance-Based Approach to Define the Site-Specific 
Earthquake Ground Motion,”8 provides guidance for the development of the site-specific earthquake 
ground motion. The standard plant design only establishes the design-basis loading; that is, from a 
structural point of view it establishes the pressure, temperature, seismic, tornado, hurricane, and other 
design-basis loads. Most standard plant designers have based the certified seismic design response 
spectra9 (CSDRS) on those given in RG 1.60, “Design Response Spectra for Seismic Design of Nuclear 
Power Plants,”10 anchored at 0.3g. It is incumbent on the COL applicant to demonstrate that these design-
basis loads are not exceeded for the specific site. Because COL sites have had amplified HF ground 
motion and site-specific seismic design parameters not bounded by the DC, COL applicants are 
performing site-specific confirmatory SSI evaluations. Few standard plant designers have modified their 
proposed CSDRS to account for the amplified HF motion. COL applicants are also required to perform 
site-specific SSI analysis for site-specific SSCs (i.e. those not designed at the DC stage, such as the 
ultimate heat sink structure) that are important to safety. The design of SSCs considers two levels of 
design ground motion: the operating-basis earthquake (OBE) and the SSE. The OBE is an earthquake that 
could be expected to affect the site of a nuclear reactor, but for which the plant’s SSCs remain functional 
without undue risk to public health and safety. If the OBE is set at one-third or less of the SSE, then 

                                                      
7  Standard plant (or design) is a design which is sufficiently detailed and complete to support certification   

or approval and which is usable for a multiple number of sites without reopening or repeating the design  
certification review. 

8  RG 1.208, “A Performance-Based Approach to Define the Site-Specific Earthquake Ground Motion,” 
U.S. Nuclear Regulatory Commission, Washington, DC. 

9  Certified Seismic Design Response Spectra (CSDRS) is the site-independent seismic design response  

spectra that have been approved under Subpart B, 10 CFR Part 52, as the seismic design response spectra 
for an approved certified standard design nuclear power plant.  

10  RG 1.60, “Design Response Spectra for Seismic Design of Nuclear Power Plants,” U.S. Nuclear 
Regulatory Commission, Washington, DC. 
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further analysis or design is not explicitly required. This provides conservatism in that the design 
performed using the SSE will be adequate to meet OBE design criteria. If the vibratory ground motion 
exceeds the OBE level, a plant shutdown is required.  
 
4.2  Developing the foundation input response spectra  
 
The COL applicant must compare the site-specific GMRS/FIRS to the standard plant design CSDRS at 
the appropriate elevation. These FIRS are developed as free-field outcrop spectra. A consistent site-
specific analysis should be used to develop the GMRS and FIRS in accordance with ISG-17. 
Deterministic SSI calculations typically use FIRS as free-field input motion to the site-response 
calculation. NRC regulations (Appendix S to 10 CFR Part 50) require that FIRS horizontal motion in the 
free field, at the foundation elevation of seismic Category I structures, be an appropriate response 
spectrum with PGA of at least 0.1g. The response spectrum associated with this minimum PGA should be 
a smooth broad-band response spectrum (i.e., that given in RG 1.60, or another appropriately shaped 
spectrum if justified) for comparison purposes. 
 
The COL applicant must also compare the site-specific soil/rock properties (shear wave velocity profiles) 
to those assumed for the standard plant SSI analysis. If the COL applicant’s site-specific GMRS exceed 
the standard design CSDRS, or the site soil/rock properties are not consistent with those for the standard 
plant, the COL applicant must perform a site-specific analysis to demonstrate that SSCs will remain 
functional.  

  
The engineering properties of soil are strain dependent and can be highly nonlinear.Therefore, it is 
essential to ensure that the characterization of soil layers and their associated properties used in the 
GMRS analysis are also those used for development of the site-specific FIRS (i.e., consistent response 
spectra).  ISG-17 provides relevant NRC guidance. 
 
4.3  Soil Modeling 
 
The factors to consider in modeling SSI are the extent of embedment, the layering of rock/soil strata, the 
soil element size capable of transmitting the frequencies of interest, and the boundary of the SSI model.  
Associated uncertainties are the random nature of the soil and rock configuration and material 
characteristics, soil constitutive modeling, nonlinear soil behavior, lack of uniformity in the soil profile, 
effects of basemat flexibility, the effect of pore water on structural responses, and effects of partial 
separation or loss of contact between the soil and the structure. To address these uncertainties, sensitivity 
studies should be conducted to identify important parameters for a given site condition. If HF ground 
motion response is to be evaluated, then the adequacy of the soil-structure model should be verified for 50 
hertz (Hz) using ISG-1. The properties used in SSI analysis should be consistent with the soil strains 
developed in the free-field site response analysis. The behavior of soil, while recognized to be nonlinear, 
can be approximated with linear analysis techniques. The characterization of soil properties used in SSI 
analysis is further described in SRP Section 3.7.2. Three soil/rock profiles should be considered in the 
site-specific SSI analysis: a best estimate, a lower bound, and an upper bound profile. The properties of 
each soil layer are defined in terms of strain-dependent modulus degradation and strain-dependent 
hysteretic damping relationships. These properties are typically developed from laboratory tests such as 
resonant column torsional shear tests. 
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4.4  Structural model 
 
In general, three-dimensional models (lumped mass or finite element models or both) should be used for 
seismic analysis. Improvements in computational efficiency have resulted in the increased use of finite 
element models that are capable of resolving high levels of structural detail. Further, these models can 
directly account for dynamic amplification caused by out-of-plane response of floors and walls. The 
structural model should be sufficiently detailed to capture the significant structural response modes. If 
analysis of HF ground motion is addressed, the SSI and structural models should be adequately refined to 
sufficiently capture the HF content of the horizontal and vertical GMRS/FIRS in the structural response.  
The frequency range of HF to be transmitted should cover a model refinement frequency of at least 50 
Hz.  ISG-1 provides further guidance on HF evaluation.  

 
Major equipment masses (e.g. reactor coolant system) should be represented in the structural model, and 
minor equipment, piping, and raceways can be represented by a 50-pound-per-square-foot uniform dead 
load.  
 
A complete SSI model should properly account for all effects related to kinematic and inertial interaction 
for surface or embedded structures. To account for uncertainties in SSI analysis, sensitivity studies should 
be performed to identify important parameters and to assist in judging the adequacy of the final results.  
Further guidance for accounting for SSI modeling uncertainties is described in SRP Section 3.7.2.   
 
The SSI model should consider water tanks internal to the reactor building. SRP Section 3.7.3, “Seismic 
Subsystem Analysis,” provides guidance for considering the convective (sloshing) and impulsive (rigid) 
response of the tank.  
 
4.5  Structural damping 
 
Damping in dynamic analyses accounts for energy dissipation from friction in connections, slight 
concrete cracking, and localized inelastic material behavior caused by seismic demands. This energy 
dissipation is represented by viscous damping where the damping force is proportional to velocity. The 
selection of damping is made at two steps: first, for defining the value of structural damping in the 
seismic analysis model, and second, for defining damping used for the generation of the in-structure 
response spectra. RG 1.61, “Damping Values for Seismic Design of Nuclear Power Plants,”11 provides 
guidance on damping values used in the analysis. Use of OBE-level damping for the generation of the in-
structure response spectra is conservative. However, the applicant must justify the use of other damping 
levels in excess of OBE-level damping values for generation of the in-structure response spectra.   
 
4.6  Structure-soil-structure interaction 
 
The effects of adjacent structures on the seismic response and the dynamic soil pressure caused by 
structure-soil-structure interaction (SSSI) should be considered. Of significance is the potential for the 
amplification of seismic demands on the lighter structure because of the response of the heavier structure. 
Staff review of several DC and COL applications has resulted in additional work in analyzing the effects 
of lateral pressures caused by SSSI on buried structures (tunnels, piping) and adjacent structures. 

                                                      
11  RG 1.61, “Damping Values for Seismic Design of Nuclear Power Plants,” U.S. Nuclear Regulatory 

Commission, Washington, DC. 
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4.7  Backfill considerations 
 
The SSI analysis should consider backfill beneath and adjacent to seismic Category I structures. The 
selection of lean concrete or granular backfill material beneath a seismic Category I structure can affect 
the dynamic response of a reactor building structure or any adjacent structures. Further, the selection of 
backfill may also affect the response of the adjacent structures. Backfill properties used in the analysis 
should be verified once the backfill is placed. The properties used for analysis should be consistent with 
the expected mean strain levels along with the expected lower and upper bound values.  
 
4.8  Soil separation and dynamic soil pressure 
 
SSE-level demands on a nuclear island or other seismic Category I structure may cause uplift or soil 
separation along the sides of the embedded foundation. The dynamic soil pressure for an embedded wall 
design should consider the inertial effect of massive buildings and should be evaluated based on the 
results of an SSI or SSSI analysis. 
 
COL applicants should ensure that the DC design bases for dynamic soil pressures are bounding and 
consistent with the specific site. The sliding stability of the nuclear island should be assessed using the 
site-specific friction coefficient, since this value is highly dependent on the site characteristics. 

4.9  Incoherency effects  
 
Many DC and COL applicants are developing SSI models that incorporate the effects of seismic ground 
motion incoherency functions. The incoherency of seismic waves has been recognized for several decades 
as having an effect on structures with large dimensions. The incoherency of seismic waves generally 
results in a reduction of structural translational responses when compared with coherent seismic motion, 
especially in the higher frequency ranges (e.g., frequencies greater than 10 Hz). For the structures of large 
dimensions typical of nuclear power plants designs, these translational modes can be reduced because of 
wave scattering, but torsion and rocking modes can be induced that can result in increased response at 
locations remote from their center of mass.  

 
ISG-1 specifies an acceptable approach to consider the effects of incoherency on the nuclear island 
foundation when there is HF seismic ground motion. The staff accepts the use of the proposed horizontal 
and vertical coherency functions as discussed in ISG-1. As mentioned in Section 3.4 of this paper, the SSI 
model refinement should be reasonably accurate up to 50 Hz. 
  
5.  Conclusion 
 
The NRC regulations provide the framework for the safety review of nuclear power plant designs to 
ensure that they will result in a plant that can withstand the effects of natural phenomena (such as 
earthquakes) without loss of capability to perform safety functions. The staff has access to comprehensive 
guidance in the form of publically available RGs and ISGs for use in reviewing applications and making 
safety determinations. In some special cases, such as those mentioned above, the staff has observed that 
additional information is needed to make the safety determination. While SRP guidance constitutes an 
acceptable approach, applicants can use alternative approaches if they provide adequate justification and 
information for the staff to perform its safety review. The staff will review these special situations on a 
case-by-case basis. 
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1.  Introduction 
 
In 16th July 2007, Niigataken Chuetsu-Oki (NCO) earthquake occurred and attacked Kashiwazaki- 
Kariwa NPP (KK-NPP) site of Tokyo Electric Power Company in Japan. In this earthquake, earthquake 
motions (acceleration records) were observed at every reactor buildings (7 units) in the site. These 
observed earthquake motions in the buildings were 2 ~ 3 times larger than the design earthquake motions, 
however KK-NPP were safely shutdown and the soundness and integrity of structures, systems and 
components that are important to safety were secured. These observed earthquake data were very valuable 
for evaluating the actual building behavior including SSI effect against the earthquake motion. Using 
these 
observed data, simulation analyses of typical reactor buildings were conducted based on 3-dimensional 
FEM models for the buildings and the surrounding soils. 
 
2.  Outline of the ear thquake, KK-NPP and observed events 
 
2.1  Outline of NCO earthquake 
 
The outline of NCO earthquake is shown in Fig.1. NCO earthquake occurred nearby KK-NPP. The JMA 
magnitude (JMA: Japan Meteorological Agency) of the earthquake was 6.8, and the distance from the 
seismic source to KK-NPP was about 23 km (the distance from the epicenter to KK-NPP was about 16 
km 
and the focal depth was about 17 km). It was first experience in the world such a large earthquake like 
NCO earthquake occurred nearby the NPP. 
 
2.2  Outline of KK-NPP 
 
The locations of each unit (from KK1 to KK7) in the KK-NPP site are shown in Fig.2. The units of 
KK1~KK4 are located at some distance from the units of KK5~KK7, and the distance from KK1 to KK5 
is about 2 km. The reactor type and the electrical output of each unit are shown in Table 1. KK1 is 
BWRMark2 type, KK2~KK5 are modified Mark2 type and KK6~KK7 are ABWR (Advanced BWR) 
type. The electrical output of KK1~KK5 is about 1,100 MWe and that of KK6~KK7 is about 1,400 MWe. 
Every reactor buildings are deeply embedded in the grounds (Yasuda layer (Vs = about 300 m/s) and 
backfilled sand soil) and they are supported by soft rock (Nishiyama layer: Vs = about 450 m/s]). Fig. 3 
shows a plan and a section of the reactor building, surrounding soil and seismometer arrangement of 
KK4. 
The surrounding soil is composed of the surface backfilled sand soil, the Yasuda layer, and the Nishiyama 
layer. Furthermore, the turbine building is located at the west side of the reactor building. And the 
seismometers were arranged on the base-mat and the intermediate floor of the reactor building as shown 
in 
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Fig.3.  

 
2.3  Outline of observed situations after earthquake 
 
The maximum recorded accelerations observed on the base-mats of each reactor building are shown in 
Table 2. The maximum accelerations of KK1~KK4 are larger than those of KK5~KK7, and the largest 
acceleration (680 Gal) was observed at KK1 in the EW-direction. The values in the parentheses of Table 
2 
are the maximum response accelerations of base-mat calculated by design basis earthquake motions, and 
the observed records exceeded the design values. For example the observed acceleration at KK1 in the 
EW-direction is about 2.5 times larger than the design value. 
 
Observed acceleration time histories on the base-mat and floor response spectrum on the base-mat and on 
the intermediate floor of KK4 reactor building are shown in Fig.4. It shows different tendency in the floor 
response spectrum of the NS direction and those of the EWdirection. 
 
Fig.5 shows the subsidence of the surface soil in the site after NCO earthquake (vertical displacement 
diagram). In this figure, the blue colored parts represent the zones where larger subsidence of the soil 
were 
occurred, and there is a tendency that the amount of subsidence at the vicinity of buildings KK1~KK4 
side 
is larger than that of KK5~KK7 side. The reason of this phenomenon is considered that the stiffness of 
surface and backfill sand soil might be more degraded under the strong motion, because the earthquake 
ground motion of KK1~KK4 side was relatively larger than the motion of KK5~KK7 side.  
3.  Simulation analyses of observation records 
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3.1  Outline of analyses 
 
For the purpose of identifying behaviors of the reactor building during the NCO earthquake, simulation 
analyses to the observation records in the reactor building were conducted based on 3-dimentional FEM 
model including the building and surrounding soil. In these analyses, input motions to the analysis model 
were the observed acceleration histories on the base-mat of the building, and response motions at the 
intermediate floor were calculated and compared with observed motions. The simulation analyses of 
KK1, 
KK4 and KK7 reactor building have been conducted. In this paper, the simulation analysis of the KK4 
reactor building is described below. 
 
3.2  Analytical models and conditions 
 
Conditions and a model of the simulation analysis for KK4 reactor building are shown in Table-3, Fig.6 
and Fig.7. In the analysis, the building and surrounding soil were modeled to 3-dimensional FEM-model, 
and linear earthquake response analysis method and stiffness proportional type damping were used in the 
analysis. The analyses were conducted for NS direction and EWdirection respectively. The simulation 
analysis in this condition is called “basic case” here after.  
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(1) Modeling of a reactor building 
 
The structure of the reactor building is made of reinforced concrete and steel truss roof, and main seismic 
elements of the building are shield (cylindrical) wall and inner/outer box walls that are symmetrically 
arranged on the fairly stiff base-mat, and these walls are connected at upper floor slabs. This reactor 
building was modeled by solid, shell, beam and truss elements. Young’s modulus (Ec) of concrete was 
assumed based on the compressive strength test results. And the damping factors for concrete (hc) and 
steel (hs) elements were set as 3 % and 2 % at the period of 0.1 sec. respectively. 
 
(2) Modeling of soils 
 
The surrounding soil was modeled by solid elements, and boundary conditions are shown in Fig.6. Shear 
stiffness (Gg) and damping factors (hg) of each soil layer were set as follows, taking into account the 
material nonlinearity. First, 1-dimensional wave propagation analysis against the earthquake was carried 
out using the layered soil model considering nonlinearity of Gg-�and hg-� curves (�: shear strain). And 
the resultant Gg’ and hg’ from 1-dimensional wave propagation analysis were used as the material 
properties (equivalent stiffness and damping factors) of corresponding soil layers in the 3-dimensional 
FEM soil model. 
 
(3) Modeling of interaction between reactor building and sur rounding soil 
 
Contact conditions between the embedded side faces of the reactor building and the surrounding soil or 
the turbine building are shown in Fig.7. 
Contact condition between the base-mat and Nishiyama layer is assumed to be perfectly connected 
because the Nishiyama layer is relatively-hard soil. Between the surrounding soil shallower than Yasuda 
layer and the embedded side faces of the building are assumed to be not connected to take into account 
the 
effect of an exfoliation or soil nonlinearity between the embedded building side and the surrounding soil. 
Between the west side of the reactor building and the turbine building is assumed to be connected in the 
normal (EW) direction, but the transverse (NS) direction is assumed to be free. In addition, the turbine 
building is simply modeled to equivalent soil elements that represent a weight and a rigidity of the turbine 
building as shown in Fig.7. 
 
3.3  Results of analysis and comparison to observed records 
 
The earthquake response analyses were conducted using above mentioned 3-dimensional FEM model of 
KK-4 reactor building. Inputting the observed motion at the base-mat of the reactor building, the response 
motion at the observed portion of the intermediate floor was calculated. Fig.8 shows the analyzed floor 
response spectrum compared with the observed floor response spectrum on the intermediate floor. From 
this figure, the analytical results show coincident well with the observed spectrum in both of the NS and 
EW directions. 
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4.  Study of some factors effect on floor response of building 
 
In this paper, for the purpose of studying the effects of some factors on the floor response of KK4 reactor 
building, the parametric analyses were conducted for the three following factors changing from the “basic 
case”: (1) damping factor for concrete (hc), (2) interaction between the embedded side faces of the 
reactor building and the surrounding soil, and (3) interaction between the reactor building and the turbine 
building. The analysis results of these “parametric case” are compared with the “basic case”. 
 
4.1  Effect of a damping factor of (building) concrete 
 
Fig-9 shows the effects of the damping factors of (building) concrete (hc) on floor response at the 
intermediate floor of the reactor building. In this figure, red lines show the basic case (hc=3%) and the 
blue lines show the parametric case whose damping factor of concrete (hc) is changed to 5%. The 
response spectra of the basic case and parametric case are almost the same. From this result, the effect of 
the concrete damping factors (3% or 5%) on the response of the building is very small. It is considered 
that a radiation damping (from building to soil) caused by the SSI effect is more dominant than 
theconcrete damping itself in this case.  
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4.2  Effect of interaction between reactor building and surrounding soil 
 
It was investigated the effects of interaction between the embedded side faces of the reactor building and 
the surrounding soil on floor response spectra of the intermediate floor. Parametric analyses for the NS 
direction were conducted by changing the stiffness of Yasuda layer. As shown in Fig.10, a stiffness 
degradation area was the Yasuda layer at the vicinity of the reactor building, and stiffness degradation 
ratios were assumed as 0.8, 0.25 and 0.05. The contact condition of backfilled soil layer was “no 
connection (free)” in all cases. Fig.10 also shows the floor response spectra comparing between the 
analytical results and observed results. From these results, the analytical result (spectrum) of the smaller 
stiffness case was better corresponding to the spectrum of the observed records. These results indicate the 
possibilities that an exfoliation between the surrounding soil and the embedded side faces of the reactor 
building might occur, or that the stiffness degradation (nearly almost to 0) of the adjacent soil might occur 
due to the material nonlinearity, under the cyclic loads by the strong earthquake motion. 
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4.3  Effect of interaction between a reactor building and a turbine building 
 
It was also investigated the effect of the turbine building adjoining to the west side of the reactor building 
on the floor response of the intermediate floor as shown in Fig.11. Red lines show the results of the basic 
case (considering the turbine building) and the blue lines, the parametric case which was not modeling the 
turbine building. In the NS direction (transverse direction of the reactor building and turbine building), 
the 
analyzed floor response spectrum are almost same to the basic case. On the other hand, in the EW 
direction (normal direction of reactor building and turbine building), the analyzed floor response spectrum 
are different from the basic case and observed record around the period of 0.1 sec. From these results, it is 
recognized that the turbine building affects to the reactor building response in the normal direction, but a 
little in the transverse direction. 
 
5.  Conclusion 
 
The simulation analyses of the KK4 reactor building deeply embedded in the ground were conducted for 
the observed earthquake records at the NCO earthquake in 2007. The simulation analyses were done by 
using the 3-dimennsional FEM model including the reactor building and the surrounding soil. As the 
result, the simulation analyses results were able to explain well the observed records of the building 
during 
the earthquake. 
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And in the viewpoint of SSI effect, some parametric analyses were conducted such as (1) effect of the 
damping factors of (building) concrete (hc), (2) effect of the interaction between the embedded side faces 
of building and the surrounding soil and (3) effect of the turbine building adjoined to the reactor building. 
The results of the parametric analyses are summarized as follows; 
 
(1) The effect of the concrete damping factors (3% or 5%) is small on the response of the reactor building. 
It is considered that a radiation damping caused by SSI effect is more dominant than the concrete 
damping itself in this case. 
 
(2) The analytical result using the fairly degraded stiffness (almost 0) from original of the soil (Yasuda 
layer) adjacent to the building was better coincident to the observed records. These results indicate the 
possibilities that an exfoliation might occur between the surrounding soil and the embedded side faces of 
the reactor building, or that the stiffness degradation of the adjacent soil might occur due to the material 
nonlinearity, under the cyclic loads by the strong earthquake motion. 
 
(3) The effect of the interaction between the reactor building and turbine building adjacent to the reactor 
building was investigated. As the result, it is recognized that the turbine building affects to the response of 
the reactor building in the normal direction, but a little in the transverse direction. 
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Abstract  
 
In this this paper the combined soil-structural analysis of the Kashiwazaki-Kariwa nuclear power plant 
unit 7 for the Niigata-ken-Chuetsu-oki earthquake of 2007. 
 
All input data considering the earthquake excitation, soil and structural properties and reactor building 
lay-out has been obtained from Tokio Electric Power Company in the framework of KARISMA 
benchmark, which is a part of IAEA extra-budgetary project "Seismic safety of existing nuclear power 
plants". In the analysis the reactor building structures have been modelled using stick, shell and solid 3D 
models the foundation impedances for the reactor building have been calculated with the of SASSI 
program. The structural response for the elevation  +23.5 in the reactor building has been carried out with 
the aid of both time domain analysis and frequency domain analysis using the ABAQUS/STANDARD, 
see Ref. [1] and NASTRAN, see Ref. [2] programs. 
 
1.  Introduction and background 
 
On 16 July 2007, a strong earthquake with moment magnitude of 6.6, the Niigataken-chuetsu-oki 
earthquake (NCOE) affected the Tokyo Electric Power Company Kashiwazaki-Kariwa Nuclear Power 
Station, the biggest nuclear power plant in the world, located at about 16 km away from the epicentre. 
Huge amount of observations and data collected on site and the significant instrumentation which 
measured acceleration at different locations in soil and in structures initiated the KARISMA benchmark 
on seismic behavior of nuclear power plant structures and components in the framework of the 
International Atomic Energy Agency program on Seismic Safety of Existing Nuclear Power Plants. 
General specification for the Benchmark Exercise is given in Ref. [3]. The first Organizing Committee 
meeting, held in Vienna on 19-20 January 2009, confirmed the objective and reviewed completeness of 
data package of drawings and input signals provided by Tokio Electric Power Company (Ref. [4]). The 
first phase of structure part of the KARISMA benchmark is a prediction of the structure behaviour of Unit 
7 - Reactor Building (R/B) under different static loading, modal analysis, soil column analyses and modal 
analyses of soil-structure model. This paper presents the simulation of combined soil-structural model of 
KK7 reactor building carried out by Fortum. 
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SHAKE91, (see Refs. [5] and [6] ) and SASSI  (see Ref. [7] ) programs were used in the soil column and 
foundation impedance analyses. The Shake91 programs capabilities are as follows. The Shake-program 
computes the response of a semi-infinite horizontally layered soil deposit overlying a uniform half-space 
subjected to vertically propagating shear waves. The analysis is done in the frequency domain, and, 
therefore, for any set of properties, it is a linear analysis. An iterative procedure is used to account for the 
nonlinear behavior of the soils. The object motion (i.e., the motion that is considered to be known) can be 
specified at the top of any sublayer within the soil profile or at the corresponding outcrop. The main 
modifications incorporated in SHAKE91 include the following: The number of sublayers was increased 
from 20 to 50; this should permit a more accurate representation of deeper and/or softer soil deposits. All 
built-in modulus reduction and damping relationships were removed. These relationships are now 
specified by the user. The maximum shear velocity or the maximum modulus are now specified for each 
sublayer; again these are part of the input and therefore the program no longer calculates modulus values 
as a function of either confining pressure or shear strength. The SASSI - programs capabilities are as 
follows. The computer program SASSI was developed in the University of California, Berkeley, by a 
research team consisting of 4 doctoral students under the direction of Prof. J. Lysmer. The theory and the 
analytical methods described in this study are extracted from the 4 doctoral dissertations in references [8], 
[9], [10] and [12]. A brief description of the theory and the program was first published in reference [11]. 
This description contains the basic features of the analytical methods and computational steps used in the 
program. Complete descriptions on various parts of the theory used by the program may be obtained from 
the 4 dissertation cited. Other programs that could have been used in soil column analysis and in 
developing of foundation matrices are LAYER [13], FLUSH [14], CARES [15],SLAVE [16] and 
DYNA3 [17]. 
 
2.  IAEA benchmark subtasks that constitute the content of this presentation (status of 

September 2010) 
 
The tasks connected with soil-structure interaction specified for the first phase of the Benchmark are titled 
as Task 1.1 “Construction and validation of the soil and structure models”. The required analyses for this 
Subtask are divided into 3 parts: Task 1.1.1 Modal analysis of the fixed base model, Task 1.1.2- Soil 
Column Analyses, Task 1.1.2.A. Soil Column Analyses under Aftershock I, Task 1.1.2.B. Soil Column 
Analyses under Aftershock II, Task 1.1.2.C. Soil Column Analyses under Mainshock, Task 1.1.3- 
Analysis of the combined soil-structural model, Task 1.1.3.A. Modal Analysis, Task 1.1.3.B. Frequency 
Domain Analysis. For each part, the expected outputs are in the form of curves and tables of results and 
pictures. The following sections of this paper describe the results that have obtained by the Fortum team 
in solving of the problems enumerated above. In order to save time and efforts some subtasks in the 
original definition of the bencmark were skipped and from the list given above the results for the Task 
1.1.2.B. Soil Column Analyses under Aftershock II are not given in this paper. 
 
3.  Description of the Kashiwasaki-Kariwa (K-K) unit 7 
 
The KK unit 7 reactor building is almost cube in shape with approximately 60meters side length. The 
reactor building is constructed using thick reinforced concrete walls. The reactor building is embedded 
deeply into soft granular soil. All relevant data are described in the plant coordinate system, including 
input signals. The axes of coordinate system for the description of structures and input signal are as 
follows;1) X axis is Plant North (PN), see Figure 1, 2) Y axis is perpendicular to X, 3) Z axis is vertical 
upwards, in the RPV centreline. All elevation are given in terms of T.M.S.L. (Tokyo Mean Sea Level). 
The origin of the system is at the centre and the bottom of the basemat (Tokyo Mean Sea Level, T.M.S.L. 
-13.7m). The bottom of the basemat is at T.M.S.L. -13.7m. The Plant North is different from the 
geographic North which is indicated in the Figure 2 in the upper right corner. The main structural parts of 
R/B are;• Basemat,• Exterior walls,• Reinforced Concrete Containment Vessel (RCCV),• Interior walls 
and auxiliary walls,• 8 main floors; composed of mainly reinforced concrete slabs and beams, locally few 
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steel beams at same elevations,• Intermediate reinforced concrete column,• Steel roof structure, Floor 
elevations are given in terms of T.M.S.L. The plant coordinate system and the location of the seismic 
observation building and the borehole No5 is idicated in the following Figures 1 and 2: 

 
 

Figure 1   UNIT 7 Reactor Building 
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Figure 2   Location of seismic observation house at unit 5 

The cross-section of unit 7 reactor building in plant east-west direction is given in Fig. 3. 

 

Figure 3   The cross-section of unit 7 reactor building in plant east-west direction 
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4.  Construction and validation of combined soil structural model 
 
Three structural models with increasing density of resolution were developed. 1) Stick model with 60 
degrees of freedom, 2) Shell model with 40 000 degrees of freedom and 3) Solid model with 140 000 
degrees of freedom. The free structural models are depicted in the following Figures 4,5 and 6: 

 

Figure 4   Stick model geometry 

 
 

Figure 5   Shell model geometry 
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Figure 6    Solid model geometry 

 

4.1  Fixed base lowest frequencies of Kashiwazaki-Kariwa unit 7 reactor building structural 
model 

 
The lowest frequencies of the three structural models were as follows: 1) Stick model f=5.9 Hz, 2) Shell 
model f=4.2 HZ, 3) Solid model f=4.7 Hz. These all are in relatively high frequencies and the 
corresponding lowest frequencies of the combined soil-structural models can expected to be in lower 
frequencies. 
 
4.2  Soil properties near reactor building unit 7 
 
JNES [18] has conducted extensive studies on the amplification characteristics of seimic waves at the 
kashiwazaki-Kariwa plant site. The most inportant results of JNES can be summarized as follows. 
Amplification of seismic wave from the seismic bedrock to free base stratum at Unit 1 site is estimated 
1.5 times as large as at Unit 5 site. The cause of this difference in amplification characteristics between 
different locations on the site might be the irregularity in deep under-ground structure, the difference in 
basic soil property parameters such as Vs and the different distance from the causative asperity No 3. For 
the purposes of the benchmark TEPCO has provided the soil charateristics in the vicinity of units 5 and 7. 
In the following Table the soil parameters are given in the vicinity of unit 7. 
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Table 1   The soil parameters are given in the vicinity of unit 7. 

4.3  Frequency independent foundation springs used in time domain analysis of combined soil-
structural model 

 
The frequency independent soil springs were using the average values of soil parameters given Table 1 

accross elevation from +12.3 until -155.0. The resulting values for six spring stiffnesses and three 
translational damper stiffnesses are given in Table 

 

Table 2   Values for six spring stiffnesses and three translational damper stiffnesses 
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4.4  Frequency dependent foundation springs (SASSI layered soil model) used in frequency 

resp. analysis of combined soil-structural model 
 
The real and imaginary parts of foundation damping impedances as a function of frequency tabulated 
from 1 Hz until 25 Hz and calculated by SASSI [Error! Bookmark not defined.] are given in Table 3: 
Freq Kx Dx Ky Dy Kz Dz Kxx Dxx Kyy Dyy Kzz Dzz

1.0 2.2E+12 7.5E+10 3.3E+13 6.3E+11 -1.6E+13 -3.1E+11 2.8E+13 4.5E+11 3.7E+13 8.8E+11 5.1E+12 8.5E+10

2.9 2.0E+12 5.0E+10 3.0E+13 2.5E+11 -1.3E+13 -1.9E+11 2.6E+13 1.6E+11 3.0E+13 6.1E+11 4.8E+12 3.3E+10

4.9 1.7E+12 4.7E+10 2.6E+13 2.2E+11 -1.1E+13 -1.8E+11 2.2E+13 1.2E+11 2.0E+13 5.4E+11 4.3E+12 2.8E+10

5.9 1.5E+12 4.5E+10 2.4E+13 2.2E+11 -9.4E+12 -1.8E+11 2.0E+13 1.1E+11 1.5E+13 4.9E+11 4.0E+12 2.8E+10

7.8 1.1E+12 4.1E+10 2.0E+13 2.2E+11 -6.4E+12 -1.7E+11 1.6E+13 1.2E+11 4.8E+12 3.9E+11 3.5E+12 3.0E+10

9.8 5.5E+11 3.7E+10 1.6E+13 2.2E+11 -3.5E+12 -1.5E+11 1.3E+13 1.2E+11 -3.3E+12 2.8E+11 2.9E+12 3.1E+10

11.7 -1.5E+09 3.3E+10 1.1E+13 2.1E+11 -6.0E+11 -1.3E+11 9.0E+12 1.1E+11 -9.2E+12 1.8E+11 2.4E+12 3.1E+10

13.7 -3.6E+11 3.1E+10 7.4E+12 2.0E+11 2.0E+12 -1.1E+11 5.8E+12 1.0E+11 -1.2E+13 9.8E+10 1.9E+12 3.1E+10

15.6 -1.5E+11 2.6E+10 5.7E+12 1.7E+11 4.3E+12 -8.2E+10 2.8E+12 9.0E+10 -1.3E+13 3.1E+10 1.5E+12 2.9E+10

17.6 -5.5E+11 1.4E+10 2.7E+12 1.1E+11 6.5E+12 -5.5E+10 1.5E+11 7.5E+10 -1.2E+13 -1.9E+10 9.1E+11 2.3E+10

20.5 -1.4E+12 5.9E+09 -4.2E+12 6.5E+10 9.6E+12 -1.8E+10 -3.0E+12 5.2E+10 -6.9E+12 -6.1E+10 -4.6E+11 1.8E+10

22.5 -1.6E+12 1.8E+09 -7.1E+12 3.8E+10 1.1E+13 6.8E+09 -4.5E+12 3.7E+10 -2.9E+12 -6.8E+10 -1.3E+12 1.4E+10

25.4 -1.8E+12 -3.8E+09 -9.1E+12 1.9E+09 1.5E+13 5.1E+10 -6.2E+12 1.8E+10 3.3E+12 -5.7E+10 -2.5E+12 7.5E+09  
 
Table 3   The real and imaginary parts of foundation damping impedances as a function of frequency. The 
units in Table 3 are newtons, meters, radians, seconds and cycles per second. 
 
4.5  Lowest frequencies and mode shape of combined soil-structural model 
 
The lowest frequencies of the three structural models as calculated from the combined soil-structural 
model with frequency independent springs for soil are as follows: 1) Stick model f=2.71 HZ, 2) Shell 
model f=2.90 HZ, 3) Solid model f=2.21 Hz.  
The lowest frequencies of the three structural models as calculated from the combined soil-structural 
model with frequency dependent springs for soil are as follows: 1) Stick model f=2.80 HZ, 2) Shell model 
f=2.80 HZ, 3) Solid model f=2.90 Hz.  
 
5.  Soil column analyses 
 
Soil-column analyses with the aid of the Shake91 [Error! Bookmark not defined.] were calculated only 
for Aftershock I in borehole 5 and for NCO main event for the free-field in the vicinity of unit 7. 
 
5.1  Soil column analysis, input values 
 
The accelerometer elevations depths as well as stratum nominations, elastic wave velocities inside the 
strata as well as the stratum thicknesses and elevations are given for KK5 free field vertical array in the 
following Figure:  



NEA/CSNI/R(2011)6 
 

67 

 

Figure 7   KK5 free field vertical array 
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5.2  Soil column analyses under Aftershock I at borehole 5 
 
The measured and calculated maximum acceleration values calculated for the Aftershock I in six different 
locations in the borehole 5, namely, 5G1 (free-field), G51, G52, G53, G54 and G55 and in the directions 
of NS, EW and UD in the plant coordinate system are given in the following Figure 8: 
 

 
 

Figure 8   The measured and calculated maximum acceleration values calculated for the Aftershock I in six 
different locations in the borehole 5 

 
5.3  Soil column analyses under free field NCOE signals, excitation at elevation +12.3, 

responses at elevations +12.3m and -13.7m  
 
The Shake91 deconvolution simulation results for the NCO main shock and for the free field in the 
vicinity of unit 7 are presented in Figure 9: 
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NCOE signal de-convolution by Shake91
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Figure 9   The Shake91 deconvolution simulation results for the NCO main shock and for the free field in the 
vicinity of unit 7 

 
6.  Structural response of the combined soil-structural model, excitation measured at 

elevation -8.2 (Third basement floor, B3F), response measured at elevation +23.5(Third 
floor, 3F)  

 
6.1  Modal transient response in time domain 
 
The in-structure response spectra for NCO main event signal are simulated with the aid of combined soil-
structural model using modal transient response method in time domain. The modal frequencies and the 
mode shapes were extracted up to the frequency of 25 HZ. The measured and simulated floor spectra in 
the plant coordinate direction NS are depicted in Figure 10 for stick, shell and solid models:  
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Figure 10   The measured and simulated floor spectra in the plant coordinate direction NS for elevation +23.5 
and for 5% damping calculated in modal transient response method and using stick, shell and solid models 

for the structural part of combined soil-structural model 

 
6.2  Frequency domain response 
 
The in-structure response spectra for NCO main event signal are simulated with the aid of combined soil-
structural model using frequency response method. The frequencies up to the frequency of 25 HZ were 
taken into account in calculating foundation impedances of reactor building of unit 7. The measured and 
simulated floor spectra in the plant coordinate direction EW and UD are depicted in Figures 11 and 12 for 
stick, shell and solid models:  
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Figure 11   The measured and simulated floor spectra in the plant coordinate direction EW  for elevation 
+23.5 and for 5% damping calculated frequency response method and using stick, shell and solid models for 

the structural part of combined soil-structural model 
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Figure 12   The measured and simulated floor spectra in the plant coordinate direction UD  for elevation 
+23.5 and for 5% damping calculated frequency response method and using stick, shell and solid models for 

the structural part of combined soil-structural model 
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7.  Conclusion 
 
The seismic structural response simulation in the framework of the KARISMA benchmark was presented 
in the paper. The soil column deconvolution analysis for Kashiwazaki - Kariwa unit 5 vertical array and 
for the measured signals NCO Aftershock at 13:47 on July 16, 2007 was presented as well as the 
deconvolution analysis for the NCO main event free field signal in the vicinity of unit 7. The structural 
response in the form of in-structu 
re spectra at the elevation -23.5m for the unit 7 reactor building was developed using three different 
structural modeling approaches for the structural part of the combined soil-structural model and two 
different modeling approaches for developing the foundation springs and dampers for the soil part of the 
combined soil-structural model.  
On the basis of obtained results it can be stated that the presented approaches for soil modeling seem not 
to be adequate for case under investigation. A more appropriate modeling method seems to be the method 
presented in FLUSH - program [Error! Bookmark not defined.] and further developed in 3D modeling 
of the soil base and the reactor building in the Reference [Error! Bookmark not defined.] of JNES. 
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Considerations on Model Uncertainty and Analyst Qualifications in Soil-Structure Interaction 
Studies 

Jorge D. Riera, Universidade Federal de Rio Grande do Sul, Brazil. 

 

Abstract 

The influence of model uncertainty was largely neglected in early stages of development of the Theory of 
Structural Reliability and as a direct consequence it remains virtually ignored in structural design codes 
and in engineering practice in general. Perhaps one of the first coordinated efforts to gather data on the 
subject was due to CIGRÉ (1992), which promoted studies on transmission line towers that preceded a 
renewed interest on the effect of model uncertainty on design and resulting reliability estimates of 
structural systems.  By model uncertainty it is herein understood the variability of the predictions of the 
static or dynamic response of a fully defined structural system subjected to an equally completely defined 
excitation, by the particular model, computer program and assumptions adopted by the designer.  
 
If model uncertainty is quantified by the coefficient of variation (CV) of the design estimate,  it has been 
repeatedly observed in Round Robin experiments and elsewhere that in linear systems subjected to static 
loads the CV  is rarely much lower than 5% and increases significantly for dynamic loading and in 
presence of system non-linearities, such as yielding or fracture, reaching in those cases values that may 
exceed 20%. Thus, in certain cases, model uncertainty may be more relevant in the decision making 
process than the uncertainties concerning the excitation or the system properties.  
 
Soil-structure interaction studies or, in general, the assessment of the influence of the upper soil layers on 
the seismic excitation of Nuclear Power Plant (NPP) structures, are expected to be characterized by large 
model uncertainty and hence are expected to be in the last group. Perhaps equally relevant is the 
proneness of human error in both areas, which may also affect the resulting reliability of the system under 
consideration. Within this context, the author presents one case study related to the determination of the 
seismic response spectra for a brazilian NPP and also an assessment of the estimation error associated to 
the widely accepted assumption of vertically propagating shear waves.  
 
On the basis of the available evidence, the author finally suggests tentative recommendations for the 
consideration of model uncertainty in soil-structure interaction studies.  
 
 
Key-Words: Soil-structure interaction, Surface spectra, Modelo Uncertainty, Relaiability, Vertical wave 
propagation.  
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1.  Introduction 

The influence of model uncertainty was largely neglected in early stages of development of the Theory of 
Structural Reliability and as a direct consequence it remains virtually ignored in structural design codes 
and in engineering practice in general. Perhaps one of the first coordinated efforts to gather data on the 
subject was due to CIGRÉ (1992), which promoted studies on transmission line towers that preceded a 
renewed interest on the effect of model uncertainty on design and resulting reliability estimates of 
structural systems.  By model uncertainty it is herein understood the variability of the predictions of the 
static or dynamic response of a fully defined structural system subjected to an equally completely defined 
excitation, by the particular model, computer program and assumptions adopted by the designer.  
 
If model uncertainty is quantified by the coefficient of variation (CV) of the design estimate, it has been 
repeatedly observed in Round Robin experiments and elsewhere that in linear systems subjected to static 
loads the CV is of the order or lower than 5% but increases significantly for dynamic loading and in 
presence of non-linearities, such as yielding or fracture, reaching in those cases values that may exceed 
20%. Thus, in certain cases, model uncertainty may be more relevant in the decision making process than 
the uncertainties concerning the excitation or the system properties.  

2.  Seismic response spectra considering local soil properties: a case study 

The specification of a smoothed, broad-band seismic spectrum at rock outcrop has been a standard 
procedure in seismic design of NPP structures. In situations in which soft soil deposits are found 
overlying unweathered rock, the seismic waves propagating to the site are filtered through the soil layers, 
resulting in a modified spectrum at the free surface or at intermediate depths. Studies conducted at Angra 
2 NPP in Brazil that illustrate rather dramatically the relevence of model uncertainty will be described in 
this section.   
 
Fig. 2.1 shows the future location of Angra 3 NPP at the left of the figure. The containment dome of 
Angra 2 may be seen close to the center of rhe figure, while the containment of Angra 1 is further right, 
along a 45º line.  Units 1 and 3 are located on rock outcrop, while Unit 2 is above roughly 50m of soft and 
intermediate soil layers. Due to these particular circumstances, the nuclear island of Angra 2 was founded 
on piles. Fig. 2.2 indicates the type and properties of the soil at the various layers above the unweathered 
rock surface at the site.  The plant designer provided the acceleration time-history presented in Fig. 2.3 as 
well as the acceleration response spectrum for the design 0.1g ZPGA. The actual response spectra at the 
soil-rock interface computed in the analyses are shown in Fig. 2.4.  

 
In order to verify results submitted by the NPP builder, the brazilian licensing authority CNEN (Comissão 
Nacional de Energia Nuclear) decided at the time to conduct independent sudies to determine the 
response spectra at the surface and at other depths of interest,  employing state-of-art procedures.  Brito 
and Riera employed program INFLUSOLO (Brito, 1979), based on the method of characteristics, to 
determine the nonlinear response of a uni-dimensional model of the soils strata. The method is similar to 
the approach implemented at the University of California in computer code CHARSOIL (Streeter et al , 
1973, 1974). Barros and Kakubo, on the other hand,  resorted to program SHAKE (Shnabel  et al , 1973) 
(Brito et al, 1989). Both teams working independently developed the input for the seismic analysis. The 
soil profile reported by the NPP builder is shown in Fig. 2.1. INFLUSOLO, as well as CHARSOIL, 
require the shear stress - shear deformation laws for the material at the various layers, which are 
approximated by Ramberg-Oswood equations, while SHAKE 
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Figure 2.1. Angra NPP site in Rio de Janeiro, Brazil, showing plan views of Angra 1 and 2 
NPPs and the future location of Angra 3. 

 
                                

Figure 2.2. Soil profile above unweathered rock at Angre 2 NPP site 
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Figure 2.3. Simulated acceleration time-history for unweathered rock outcrop surface 
 
 
 

    
 

Figure 2.4. Response acceleration spectrum at soil-unweathered rock interface . 
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demands relations between the effective shear modulae and the strain amplitude, shown for the soils at the 
site in Figures 2.5. Fig. 2.5a shows the decrease of the effective shear modulus G with the shear strain γ, 
as well as the three Ramberg-Oswood parameters for Residual 1 layer, while Fig. 2.5b shows similar 
information for the thin clay (argila) layer and Fig. 2.6 for sand  (areia) at layer Nº 8.  Plots of the 
increase of the damping ratio with the shear strain are presented for the same three soil types in Figure 
2.7, which also includes the corresponding Ramberg-Oswood parameters.  
 

 
   (a)             (b) 
Figure 2.5. Effective shear modulus vs. shear deformation (a) for soil at Residual 1 and (b) for clay 

 
 

 
Figure 2.6. Effective shear modulus vs. shear               Figure 2.7. Effective damping ratios vs. shear                   
strain for sand at layer 8                                            strain for Residual, sand at layer 8 and clay  

                                                                                         well as Ramberg- Oswood parameters                               
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The seismic spectra at the surface obtained by using computer programs SHAKE and INFLUSOLO are 
shown in Fig. 2.8. Note that in the present assessment only model uncertainty was considered, i.e. both 
the excitation and the system were assumed known, without measurement error or any other uncertainty. 
The large differences between both approaches were staggering, and led to a careful verification of the 
input data for both models, including resort to the 3-D model  implemented in FLUSH (Lysmer et al, 
1975), which led to predictions that differed little from SHAKE, illustrating the difference that may be 
expected between a 1-D and a 3-D model in this case. However, no explanation was initially found that 
might justify the large differences between INFLUSOLO and SHAKE/FLUSH predictions12. 

 

 
 

 Figure 2.8. Seismic response spectra determined with INFLUSOLO and SHAKE/FLUSH  
 
At a later stage it was decided to determine the surface spectra for a rock interface input equal to only 
10% of the design acceleration, that is, for a design PGA equal to only 0.01g. In the analysis of non-linear 
systems, such verifications are always advisable, but rarely perfoemed. For such low amplitudes, the 
response may be expected to correspond to the linear system. Comparisons of the results of both 
approaches may be seen in Figures 2.9 and 2.10.  

 
The differences between both predictions are small througout the range of frequencies of interest and 
perfectly compatible with the model uncertainty expected in linear systems.  The issue will be examined 
again in Section 4 below. Now, for a PGA at the rock interface equal to 0.1g, sliding should occur at the 
soft clay deposit (layers 9 to 11 in Fig. 2.2). This implies truly non-linear behavior, which is not captured 
by the multi-linear analysis implemenetd in both SHAKE and FLUSH - University of California - 
programs. Note that the example brings to focus three related but different issues: (a) the influenec of 
model uncertainty on theoretical or numerical engineering predictions, (b) the need to qualify the analyst 
and (c) the relevance of phenomenological uncertainty in the design under consideration (Riera and 
Rocha, 1993), as well as human error. 
 

                                                      
12  The functional relations between the effective shear modulus and the damping ratio with the strain for 

materials characterized by Ramberg-Oswood parameters was later theoretically and experimentally 
assessed by Bica, Riera and Nanni (1993).   
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Figure 2.9. Surface seismic response spectra determined with INFLUSOLO and  
SHAKE for 0.01g peak ground acceleration.  

 
 

 
 

Figure 2.10. Seismic response spectra determined with INFLUSOLO and  
SHAKE for 0.01g peak ground acceleration at containment foundation level.  
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3.  Model uncertainty in 1-D soil amplification studies 
 

In the applications in Section 2, a 1-D model was employed to account for the influence of the soil layers 
above the rock surface, which implies accepting the hypothesis of vertical wave propagation through the 
flexible layers and uni-directional motion of the base, as implicit in both SHAKE and CHARSOIL 
programs and quite often accepted in engineering design. Given the assumptions concerning the geometry 
of the model, i.e. a plane horizontal rock surface, as well as plane horizontal interfaces between soil 
layers, in case of linearly elastic material behavior and a 3-D excitation specified at the rock base, the 
response of the soil layers in each coordinate direction are clearly uncoupled. The influence of 
nonlinearities in material behavior constitutes a potentially important factor in the assessment of model 
uncertainty in soil amplification assessments, considered two decades ago by Capelli (1990). Some of 
these results will be reproduced next and then examined in Section 4 to quantify the resulting influence on 
model uncertainty.  

 
The behavior of the soil subjected to cyclic loading was modelled employing the hyperbolic relations 
proposed by Kodner (1963) to describe the non-linear stress difference (σ1 – σ3 )  vs. strain relation.  
Duncan & Chang (1970) and later Duncan (1981) presented the formulation adopted in the study, which 
neglects the influence of the intermediate principal stress σ2  and thus remained consistent with the triaxial 
testing machines available in geotechnical laboratories.  

 
 

 
 

Figure 3.1. Variation with depth of the shear modulus of sand at zero strain 
throughout the 22m thick layer above rock considered in the example. 

 
A 22m thick sand deposit above the rock interface is considered in the example. The variation of the shear 
modulus at zero strain with depth of sand is shown if Figure 3.1. The discretization for the numerical 
analysis and the parameters of Duncan-s model (1981) for the variouis layers may be found in Capelli 
(1990). The motion corresponding to the three components of the Port Hueneme earthquake of March 18, 
1957 was applied as input at the base rock interface. The PGA for the horizontal components was slighly 
larger than 0.2g, while the vertical component had a PGA equal to 0.06g. The response spectra at the 
surface for the 1-D analysis (one component acting at a time) differed from the spectra computed for the 
three components acting simultaneously by less than 2% of the mean value, thus confirming the premise 
that for linear or almost linear material behavior the acceleration time-histories in the three orthogonal 
directions are uncoupled.  
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On the other hand, when the base motion is amplified three times, reaching PGA values around 0.6g, the 
spectra shown in Figures 3.2 to 3.4 result (Capelli & Riera, 1993). Significant differences in the peak 
values of the response spectra at the surface predicted by the 1-D and the 3-D models can be seen. Also 
large differences were detected, in the reported case as well as in other examples, in the high frequency 
range, say above 5 Hz, although the latter have marginal importance for design or in reliability studies. 
The case illustrates again an important feature of all models used in engineering analysis and design: they 
have a range of validity, outside of which model uncertainty increases rapidly, requiring increased care 
and engineering judgement in applications. These difficulties will be addressed again later in the paper. 

 
 

 
 

Figure 3.2. Comparison of 1-D and 3-D pseudo-acceleration response spectra at the soil 
 surface in the NS direction due to amplified Port Hueneme motion at rock base. 
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Figure 3.3. Comparison of 1-D and 3-D pseudo-acceleration response spectra at the soil 

 surface in the EW direction due to amplified Port Hueneme motion at rock base. 

 
 
 

Figure 3.4. Comparison of 1-D and 3-D pseudo-acceleration response spectra at the soil 
 surface in the vertical direction due to amplified Port Hueneme motion at rock base. 
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4.  Preliminary assessment of model uncertainty in soil amplification studies 
 
Seismic response spectra constitute widely used tools in seismic engineering analysis and design and 
therefore attention will be initially paid to the assessment of model uncertainty in connection with the 
determination of site specific spectra considering local soil properties, in the manner described in Sections 
2 and 3.  Denoting by Sa i (T) the seismic acceleration spectrum determined employing model i, i = 1, N, in 
which T denotes the period and N the number of models available, the best estimate of the spectral 
acceleration would be the mean E [Sa  (T)] of the various models: 

 
  E [Sa  (T)] =   μSa  =  [ Σ Sa i (T) ] / N              (4.1) 

 
In which the summation is carried out from 1 to N. On the other hand, the variance σSa

2  and the 
coefficient of variation CV may be estimated by: 

 
  σSa

2   =   { Σ [Sa i (T) - μSa]
2 }  /  (N-1)              (4.2) 

 
  CV (T) = σSa / μSa                  (4.3) 
  

A global coefficient of variation μCV  due to model uncertainty of the seismic response spectrum under 
consideration may be computed as: 

 
   μCV = ∫ CV (T) dT / Tc                  (4.4) 
 

In which the integral is calculated between 0 and a cut-off frequency Tc . A simpler and perhaps more 
useful measure of the response variability due to model uncertainty would be the range, that is the 
difference between the largest and smallest amplitudes of the predicted spectra. In the following, a 
measure of the variability will be defined as the range divided by the mean (normalized range): 

 
  Y (T) = [Sa max (T) - Sa min(T)] / E [Sa  (T)]             (4.5) 
 

In which Sa max (T) and  Sa min(T) denote the highest and lowest spectral accelerations predicted by the 
various models at period T. The largest value of the normalized range is defined as: 

 
  Ymax = max | Y (T) | , 0 < T <  Tc              (4.6) 
 

For the case study described in Section 2, the following global coefficients of variation and largest value 
of the normalized range obtained with Tc= 1,5 s are the following: 

 
(a) Free surface, PGA= 0.01g,     μCV = 0.070,   Ymax = 0.19 
(b) Level –8.50m , PGA = 0.01g,   μCV = 0.068,   Ymax = 0.20 
(c) Free surface, PGA= 0.10g,        μCV = 0.193,   Ymax = 0.38 
 

It may be seen that the CV may be estimated as roughly half the normalized range. On the other hand, for 
the case study described in Section 3, the largest values of the normalized range obtained with Tc= 1.0 s 
are the following: 

   
(d) Free surface, PGA = .06g,   all cases,    Ymax < 0.04 
(e) Free surface, PGA = 0.2g,   NS orientation    Ymax = 0.38 
(f) Free surface, PGA = 0.2g,   EW orientation    Ymax = 0.60 
(g) Free surface, PGA = 0.2g,   VT orientation    Ymax = 0.40 
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For Gaussian random variables the coefficient of variation of the normalized range in case of just two 
observations differs marginally from one. Hence, the results above suggest that the normalized range 
appears to be non-Gaussian. Finally, the following simple relation for the expected value of the 
coefficient of variation of the spectral amplitudes at the surface of soft soil sites in terms of the PGA at the 
underlying rock interface was obtained by linear regression: 

 
  μCV = 0.05 +  (PGA/g)  (PGA/g) < 0.5             (4.7) 
 

Equation (4.7) provides an estimate of model error in the numerical determination of seismic response 
spectra for soft soil deposits overlying rock outcrops. It is ackowledged that it is based on an extremely 
small set of observations, but it is believed that it captures an important feature of the problem that has not 
received sufficient attention in codes nor in engineering practice in general: the influence of the degree of 
nonlinearity of the system, herein quantified by the PGA at the rock interface, on the resulting uncertainty 
of the analytical model.  

 
The previous considerations address just one component of model uncertainty. Another important 
question should however be answered: what is the likelihood that an unknown relevant failure mode 
exist? (Riera and Rocha, 1993). Neither the author nor other researchers (Melchers, 1987) previously 
included phenomenological uncertainty or human error within the rather broad field of model uncertainty, 
although both constitute fundamental factors in a global risk assessment.  

 
 

Conclusions 

With the objective of calling attention to the relevance of model error in engineering analysis and design, 
the author describes seismic soil amplification studies. In agreement with evidence already available in 
other areas of structural mechanics design,  if is shown that the uncertainty increases with the degree of 
nonlinearity of the structural model and a tentative empirical expression is proposed for the specific case 
of seismic acceleration response spectra on soil deposits. The potential effects or influence of 
phenomenological uncertainty and human error are also briefly mentioned, because both subjects deserve 
a more consistent treatment in reliability assessments as well as in design recommendations. 
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Seismic isolation is a civil/structural technology that enables engineered modification of the seismic 
response of a seismically isolated structure. Such response modification is accomplished by placing a 
seismic isolation system between the superstructure and its substructure, shown schematically in Figure 1. 
A seismic isolation system typically comprises seismic isolator units, structural elements that transfer 
forces to and from the isolator units, and their connections. Seismic isolator units are horizontally flexible 
structural elements designed to enable large lateral deformations of the isolation system under seismic 
loads. They may also be used as a part of the vertical load supporting system of the structure. Seismic 
isolation system may also include a wind load resisting system, a system of energy dissipation devices, 
and/or a displacement restraint system. Because the seismic isolator units are usually (but not necessarily) 
installed at the base of a structure, seismic isolation is often referred to as base isolation. 

 

 
Figure 1. Elevation of a typical seismically isolated structure (Huang et.al, 2009) 

 
 

Seismic isolation changes the dynamics of the structure such that the dynamic response of the isolated 
superstructures to seismic excitation is decoupled from that of its substructure (Naeim and Kelly, 1999). 
The decoupling is accomplished using one or a combination of the following two horizontal deformation 
mechanisms: shear deformation of a flexible device; and sliding on friction-controlled surfaces (Kelly, 
1993). The flexible device mechanism works by introducing an additional natural vibration mode shape 



NEA/CSNI/R(2011)6 

94 

of the isolated structural system: this mode shape is orthogonal to the vibration mode shapes of the 
superstructure and thus works as a filter that minimizes the vibration of the isolated superstructure. The 
sliding mechanism limits the force to the level of friction generated between the sliding surfaces: it allows 
the isolated structure to move when inertia of the isolated superstructure exceeds the friction. 
  
While the initiation of motion is different, both horizontal deformation mechanisms perform in a similar 
manner once the isolated superstructure is moving. They modify the dynamic response of the structure by 
making the fundamental horizontal-direction vibration period of the isolated structural system 
significantly longer than that of the original fixed-base (non-isolated) structure. This leads to significant 
reductions in the horizontal accelerations and inertial forces transmitted to the isolated superstructure 
during an earthquake compared to the traditional fixed-base structure. Making use of the design spectrum 
shown in Figure 2 and the fact that horizontal acceleration are roughly inversely proportional to the 
fundamental vibration period of the structure in the range of interest, it is evident that elongation of the 
fundamental vibration period achieved by seismic isolation is a very effective method of reducing inertial 
forces experienced by the isolated superstructure. Reduction of seismic loads in the superstructure offers 
another benefit: the superstructure can easily be engineered to be sufficiently strong and stiff to control its 
deformation and acceleration to acceptably small levels and thus protect its integrity and the integrity of 
the systems and components it contains. At the same time, the seismic isolation devices undergo large 
horizontal deformations (Figure 2): they are engineered to safely sustain such motions and thus protect 
the isolated superstructure. It is worth noting that damping of the isolation system plays and important 
role in reducing the deformation demand on the seismic isolators. However, damping plays only a 
secondary role in reducing the inertial forces transmitted to the isolated superstructure. In fact, it has been 
demonstrated (Naeim and Kelly, 1999) that excessive viscous damping induces large velocity-
proportional damping forces (out of phase with the base shear force) that lead to an increase in inter-story 
drifts and floor accelerations in the isolated superstructure, defeating the benefits of seismic isolation.  

 

 
 

Figure 2. Effects of fundamental vibration period increase on acceleration and displacement of the 
isolated superstructure (DIS, 2007) 
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1.  Development of seismic isolation systems 
 
Seismic isolation response modification technology has been first proposed for modern engineered 
structures a century ago (Naiem and Kelly, 1999). Advances in this technology (research on seismic 
behavior, development of new materials, development of new seismic isolator units and damping devices, 
advances in combating aging, and improved analysis methods) have, over time, supported deployment of 
seismic isolation systems for increasingly more complex structures and higher levels of seismic 
performance. To date, approximately 7,000 buildings worldwide have been constructed or retrofitted 
using seismic isolation (Martelli and Forni, 2009). Most of these structures have been designed and built 
within the last 15 years, after the efficacy of the modern seismic isolation systems was observed in 
response to the large ground motions during the 1994 Northridge and the 1995 Kobe earthquakes. In the 
US, seismic isolation is readily used for building structures whose function is essential after a major 
earthquake, such as hospital buildings and emergency response coordination centers. 
 
Seismic isolation has also found numerous non-building applications. Its use in transportation 
infrastructure, for response modification of bridges (Buckle, et.al, 2006), airport and port facilities, is well 
understood and relatively widespread. Industrial and defense-related facilities have also been seismically 
isolated (Tajirian, 1993). Some structures, such as LNG tanks, pose a significant risk to the public in case 
of structural failure and have been seismically isolated precisely to mitigate such risk.  
 
Given the high level of safety and reliability required of nuclear power plant structures, seismic isolation 
was considered since the late 1970’s (Renault et.al, 1976). As a result of intense research and engineering 
work in France, there are now six seismically isolated PWR units. Four of the units are at the Cruas-
Meysse site in France (Postollec, 1983) and two are at the Koeberg site in South Africa (Plichon, 1976). 
A number of research projects have been undertaken in the US and Japan to investigate the feasibility of 
seismic isolation for water-cooled and other advanced reactor concepts. The Advanced Liquid Metal 
Reactor studies (Tajirian and Kelly, 1989) resulted in a number of advances in seismic isolation 
technology and improvements in modeling capabilities (Kelly, 1993, Naeim and Kelly, 1999), albeit not 
in construction of a seismically isolated nuclear power facility in the US. In Japan, a number of industry 
and regulatory research and development programs (Kato, et.al, 2003) resulted not only in development 
and proof-testing of new seismic isolator units, but also in regulatory documents (JEAG 4614-2000 and 
JNES-SS-1001). Recent considerations of seismic isolation acceptance in nuclear industry and regulatory 
areas were presented by (Malushte and Whittaker, 2005).  
 
1.1.0. Seismic isolator units 
 
Numerous seismic isolator units have been developed over time. However, the practice of seismic 
isolation in the US is focused on two main types of passive seismic isolation units (those do not have any 
internal sources of energy or controllers and control systems to modify their behavior using feedback 
control). The first type of isolator unit is the laminated elastomeric bearing. The elastomeric material in 
the bearing is typically natural rubber, which has low horizontal stiffness and low vertical stiffness. The 
low horizontal stiffness and large deformation capacity of rubber provides the horizontal flexibility 
necessary for structural seismic isolation. Because of the restoring properties of natural rubber, 
elastomeric bearings re-center after earthquake shaking. The horizontal stiffness depends primarily on the 
shear modulus of the rubber, the bonded area of elastomer, the total thickness of rubber, and the lateral 
displacement of the bearing. To provide sufficient vertical stiffness, the rubber is bonded to thin 
horizontal steel plates (shims) resulting in a horizontally layered bearing. These steel shims do not affect 
the horizontal stiffness of the bearing, but prevent the elastomer from bulging when subjected to 
compressive forces. The shape of the bearing, its aspect ratio, and the amount of vertical load determine 
the stability properties of the bearing under vertical loads. There are three main types of elastomeric 
bearings: low damping bearings (LDB), lead rubber bearings (LRB), and high damping bearings (HDB). 
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The second type of isolator unit is the sliding and/or rolling bearing. Frictional sliding on contact surfaces 
or rolling provides the horizontal flexibility of such isolation systems, while direct contact of the bearing 
elements provides the vertical stiffness. Frictional sliding also dissipates energy. Control of motion in 
sliding and/or rolling bearings is achieved by designing the shape of the contact surfaces (flat or curved), 
by designing the friction coefficients between the contact surfaces, and by adding supplemental damping. 
The restoring force needed to re-center a sliding bearing is provided gravity acting through the curved 
shape of the sliding surface or by a separate device, such as an elastic spring. There are two main types of 
sliding bearings: flat surface bearings with sliding or rolling surfaces, such as FIP isolator and R.J. 
Watson Eradiquake system, and curved surface bearings, such as the Friction Pendulum™ bearings 
(FPB). 
An idealized horizontal force-displacement relationship for a typical seismic isolator unit is shown in 
Figure 3. The isolator has high initial stiffness (Ku) to limit horizontal displacements induced by low-level 
lateral loads, such as wind loads. If the displacement exceeds the yield capacity of the isolator (Fy, uy), its 
horizontal stiffness decreases substantially (Kd). This reduced stiffness provides the flexibility necessary 
to effect seismic isolation during an earthquake and is one of the principal design parameters of the 
isolation unit. It is important to note that seismic isolator units are designed to yield, i.e. they are expected 
to behave in a non-linear manner during design-basis earthquake ground motions.  
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dQ
dK

uK

yu

 
Figure 3. Typical horizontal force-deformation response for a seismic isolator unit (Huang, et.al, 

2009) 
 
 

2.  Seismic isolation of new nuclear power plant structures 
 

Building of new Generation III nuclear power plants in the US has already started. Simultaneously, 
commercial development of the next generation of nuclear power plants, based on Small Modular 
Reactors, in North America is imminent. There are strong indications that nuclear power plant vendors 
are considering seismic isolation options for their designs.  
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2.1.  Seismic isolation benefits 
 

The motivation for such choice is, first and foremost, to improve the safety and reliability of nuclear 
power plants. A properly engineered seismically isolated superstructure will, with high confidence, be 
decoupled from the earthquake-induced motion of its foundation and experience significantly smaller 
inertial forces than if that same structure was fixed to its base in the same earthquake shaking event. The 
reduced forces make it easier to design the superstructure to remain essentially elastic: this, in turn, 
ensures that the deformations of the structure will remain small and in the acceptable range, improving its 
seismic performance and protecting the internal systems and components. The mechanical properties of 
seismic isolator units vary among different units produced in a series and change with time, but to a 
significantly lesser extent than the mechanical properties of other structural elements. Taken together, 
reduction in inertial forces and deformations experienced by the superstructure achieved by the seismic 
isolation system, and the repeatable performance of seismic isolator units, can substantially reduce the 
contribution of seismic hazard to the total probability of large radiation does release. This directly 
increases the safety margins of seismically isolated nuclear facilities. Seismic isolation can be custom-
engineered to specific nuclear facility site characteristics, both with respect to site seismic hazard 
exposure and to local soil conditions and configurations. Engineering the substructure and the seismic 
isolation system provides an opportunity to engineer the isolated superstructure for essentially the same 
level of seismic demand regardless of the site characteristics. This, in turn, facilitates standardization of 
nuclear facility design and makes the seismic behavior of the isolated superstructure more predictable, 
leading to increased reliability of isolated nuclear facilities. Equally important, standardization facilitates 
regulatory review and design certification of seismically isolated nuclear facilities.  
 
While seismic isolation adds a structural system between the substructure and superstructure, the added 
cost and complexity is very likely to be compensated for by the savings realized through the increase of 
safety margins despite the smaller strength, size and complexity of the superstructure. However, a 
significantly larger economy can be derived from simplified, standardized designs made to suite modular 
construction methodology. Today, modular construction is being implemented at the level of components 
and systems: use of seismic isolation enables expansion of the modular concept to the entire isolated 
superstructure and provides the all-important cost driver for use of seismic isolation in new nuclear power 
plants. 

 
2.2.  Seismic isolation challenges 

 
Use of seismic isolation systems brings about a number of challenges. Seismic hazard analysis for 
seismically isolated structures must consider the long fundamental vibration period of such structures, 
typically 2 seconds or more. Thus, ground motion records must be filtered differently to provide reliable 
data in this long-period (low-frequency) range, ground motion attenuation relations must be developed 
accordingly, and design spectra and ground motion selection procedures must be modified. Maximum 
horizontal deformation of the isolator units occurs under combined effects of the horizontal components 
of ground motion and the relative eccentricity of the isolated superstructure with respect to the isolation 
system. Effect of the vertical motion of the isolated superstructure on the isolator units must be accounted 
for, regardless of the cause: overturning moment in the superstructure, ground motion in the vertical 
direction, or the rotational (rolling) components of the ground motions. Therefore, ground motion 
selection and scaling must account for all components of ground motion. Modeling of the response of 
seismically isolated structures must directly account for the three-dimensional non-linear behavior of 
seismic isolators under both design-basis and beyond-design-basis earthquake ground motions. This is 
particularly challenging for the traditional frequency-domain methods used to evaluate the effects of soil-
structure interaction on the structural demands and floor spectra. To overcome this challenge, it is 
imperative to develop effective time-domain non-linear modeling and analysis methods to account for 



NEA/CSNI/R(2011)6 

98 

soil-structure interaction between the foundation, the seismic isolation system, and the isolated 
superstructure, and to develop validated and verified models of the isolator units.  
 
The most important challenge, however, is the non-redundancy of the seismic isolation system. The 
seismic isolation system comprises a large number of essentially identical seismic isolation units that act 
in parallel. The performance of the seismic isolation system will not be significantly affected by failure of 
a one or even a few seismic isolation units or components. However, the seismic isolation layer connects 
the isolated superstructure to the substructure forming a series system (Figure 1). As such, the seismic 
isolation layer is not redundant. Therefore, engineering measures must be taken to prevent simultaneous 
or cascading failure of many seismic isolation units due to exceeding their deformation or force 
capacities. Such engineering measures include fail-safe system such as deformation limiters achieved by 
physical (bumpers, stoppers, walls) or mechanical (increasing isolator unit stiffness, slider breaks) means, 
and additional passive or semi-active dampers. These measures, when engaged, may result in impact 
and/or gradual increase in forces transmitted to the isolated superstructure. The engineering objective is to 
provide sufficient space for the isolation system to move without obstacles and for graceful degradation 
of the seismic isolation layer in extreme situations: a cliff-edge sudden seizure of its isolation function 
must be avoided.  
 
3.  Performance-based design and evaluation framework  
 
A framework, a consistent set of requirements and guidelines for design and regulatory approval, is 
needed to successfully design seismically isolated nuclear power plant structures. The framework 
proposed in this paper builds on the design framework for conventional seismically isolated structures 
defined in Chapter 17 of ASCE 7-10 (ASCE 2010), on the design objectives for nuclear facility structures 
contained in ASCE 43-05 (ASCE, 2006), and on design provisions proposed for the upcoming ASCE 4-
11 (ASCE 2011) standard.  
 
The proposed framework is performance-based. It comprises the following phases: 1) setting the 
performance objectives for the seismic isolation system; 2) preliminary design of the seismic isolation 
system; 3) design, manufacturing and prototype testing of the seismic isolation units; 4) detailed modeling 
of the seismically isolated structure; 5) evaluation of the design-basis and beyond-design-basis 
performance; 6) specification of quality acceptance and quality control for manufacturing and installation 
of seismic isolator units; and 7) specification of in-service monitoring of the seismic isolation system.  
 
3.1.  Performance objectives for a seismically isolated nuclear power plant structure 
 
ASCE 43-05 defines five Seismic Design Categories (SDC). Categories 3, 4 and 5 are associated with 
nuclear facility structures, systems and components through ANSI/ANS 2.26. ASCE 43-05 defines four 
Limit States based on structural deformations to describe levels of acceptable structural damage. These 
damage states range from significant damage with a structure close to collapse (state A) to no significant 
damage with a structure in operational condition (state D). The performance objective for a seismically 
isolated nuclear power plant structure is SDC5-D.  
 
ASCE 43-05 defines the Design Basis Earthquake (DBE) using a Probabilistic Seismic Hazard 
Assessment (PSHA) to derive a Uniform (or Equal) Hazard Response Spectrum (UHRS) for the site and 
modifies it further using a Design Factor. The Design Factor is calibrated to achieve a mean annual 
seismic core damage frequency of 10-6 considering the failure probabilities inherent to current design 
codes and the design goal proposed in ASCE 43-05 (Kennedy, 2007). The design goal for structural 
components not explicitly covered in ASCE 43-05 is to reasonably achieve both of the following design 
objectives (Section 2.0 of ASCE 43-05): 
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1. Less than 1% probability of unacceptable performance for the DBE ground motion (defined in). 
  

2. Less than 10% probability of unacceptable performance for 150% of the DBE ground motion 
(defined in Section 2.0 of ASCE 43-05). 
  

Acceptable performance for structural framing such as concrete shear walls and moment frames typically 
found in nuclear power plant structures is described as “essentially elastic behavior.” Acceptable 
performance of the seismically isolated structure is defined through acceptable behavior of its 
components.  The foundation and the seismically isolated superstructure are expected to remain in ASCE 
43-05 state D, i.e. “essentially elastic”. The structures, systems and components are expected to remain 
operational in case of impact generated by failure of the seismic isolation system. The seismic isolation 
system is expected to also develop no significant damage and remain in operational condition (state D). 
This means that the structural elements framing the seismic isolation system (the foundation and the 
isolation diaphragms) must remain “essentially elastic” and capable of distributing and transferring the 
gravity and ordinary lateral loads even if some of the seismic isolator units fail. Unacceptable 
performance of the seismic isolator units is defined as: 

 
1. Permanent damage to the seismic isolator unit, such as tearing, buckling or disassembly, that 

prevents it from functioning as intended; 
 

2. Excedance of the design displacement limit of the seismic isolator unit.  
 
It is important to note that ASCE 43-05 is calibrated to the mean annual frequency. US NRC requires a 
design to achieve high confidence of low probability of failure (HCLPF). 
 
3.2.  Preliminary design of the isolation system 
 
A preliminary assessment of seismically isolated nuclear structures for design and beyond-design basis 
ground motions at three different sites has recently been conducted by Huang, Whittaker, Kennedy and 
Mayes (Huang et.al, 2009). The main outcome of this study is a triplet of performance statements aimed 
at achieving the two ASCE 43-05 probability-based design goals. Namely:  

 
1. Individual isolators shall suffer no damage in DBE shaking. 

 
2. The probability of the isolated nuclear structure impacting the surrounding structure (moat) for 

100% (150%) DBE shaking is 1% (10%) or less. 
 

3. Individual isolators shall sustain gravity and earthquake-induced axial loads at 90th percentile 
lateral displacements consistent with 150% DBE shaking. 
 

Preliminary design of the seismic isolator units can be conducted using the following procedure. A target 
isolation system horizontal fundamental vibration period can be at least 4 times longer than the 
fundamental vibration period of the isolated superstructure, and outside any regions where UHRS has an 
unusual amplification. Typical values are between 2 and 4 seconds. A target characteristic horizontal 
strength of the isolation system may be between 3% and 9% of the weight of the isolated superstructure. 
These values are based on the ranges of parameters considered in (Huang et.al, 2009). A target effective 
damping may be between 15% and 20% of critical damping (Naeim and Kelly, 1999). 
  
Performance statements 1 and 2 can be utilized for preliminary assessment of the design displacement of 
the seismic isolator unit. To do this, a stick model representing the principal mass and stiffness 
characteristics of the isolated superstructure should be combined with a model of the seismic isolator unit 
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capable of representing the force-deformation response of the unit in two horizontal directions. Best-
estimate values for mechanical properties of the units should be used at this stage. Huang et.al (2009) find 
that the displacement with a 10% exceedance probability in 150% DBE shaking governs the design. 
Using their Approach I, select or generate 11 seed three-component ground motions to appropriately 
represent the site conditions and the controlling hazard, spectrally match these motions to the DBE 
spectra, perform 11 non-linear response history analyses, compute the vector-sum maximum 
displacement of the seismic isolator units in each analysis and then find the median value of these 
maxima. Multiply this median value by 3 to determine the design displacement of the isolator unit.  
 
A procedure suggested in (Naeim and Kelly, 1999) or in (Buckle, 2006) can be used to compute the 
remaining properties of the seismic isolator unit and to design the unit. Using a procedure suggested in 
(Naeim and Kelly, 1999), a manufacturer should be selected and a proof-test isolator unit should be 
manufactured. The proof-test should be conducted using a test procedure suggested in (Buckle, 2006).  
 
3.3.  Modeling and evaluation 
 
Design of the seismic isolation system may also include design of supplemental dampers intended to 
further reduce design displacements, vertical restraint or isolation devices, and fail-safe devices intended 
to reduce or eliminate adverse consequence of superstructure impact on the surrounding soil or structure. 
A detailed model of the seismically isolated nuclear power plant can then be made. This model should be 
used to evaluate the response of the nuclear power plant structure under design and beyond-design basis 
earthquake shaking. The limit states associated with the seismic isolation system include (but are not 
limited to): 1) failure of isolator units due to exceedance of design displacement; 2) failure due to tearing 
or instability such as buckling, rollout or disassembly; 3) impact of the isolated superstructure against the 
isolation mote; and 4) vertical motion and uplift due to ground motion, overturning or rocking. 
 
The challenge posed by seismic isolation response modification technology is that the seismic isolator 
units are expected, and relied upon in design, to behave in a non-linear manner during design-basis and 
beyond-design-basis earthquake shaking. Even though the isolated superstructure is expected to remain 
essentially elastic (and can be modeled assuming it remains within its elastic response range), and the soil 
and the foundation may behave in a manner such that they can be modeled using equivalent elastic 
properties, the seismic isolator units must be modeled as non-linear using at least a bi-linear model shown 
in Figure 3 capable of accurately computing the isolator force-deformation response under bi-directional 
horizontal excitation. Even such relatively simple non-linear models cannot be linearized with sufficient 
accuracy to represent the response of the seismically isolated structure over the range of excitations of 
interest. Yet, it is likely that more sophisticated models of seismic isolators and other devices, such as 
dampers and displacement restrainers if used in design, will be needed to demonstrate satisfactory 
performance of the seismically isolated structure with the high confidence required by licensing 
regulators.  
 
Development of verified and validated tools for time-domain non-linear analysis of seismically isolated 
structures and soil is on the critical path for successful design and licensing of new seismically isolated 
nuclear power plants. Such tools should include sophisticated 3-directional interaction models of seismic 
isolators, models of contact, uplift and impact, and non-linear models of soil. Ideally, such models should 
enable propagation of seismic wave excitation from the source (or rock layer), eliminating the need for 
additional software. Finally, these tools should enable non-linear modeling of the response of the isolated 
superstructure capable of capturing its response in higher vibration modes, propagation of horizontal and 
vertical excitation through the isolation system and into the structure, and the corresponding floor 
response spectra to enable coupling to equipment fragility evaluation. The time scales of the response 
quantities of interest span approximately three orders of magnitude (0.1Hz to 10 Hz). The dimensions of 
the model elements also span roughly four orders of magnitude (0.1m to 100m). Even without non-linear 
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behavior, the time and length scales present a significant challenge for development and implementation 
of efficient and accurate solution algorithms. Nevertheless, some of solid finite element software package 
used by industry today can handle such complex problems. But, then need to be verified and validate for 
use for seismically isolated structures, and sped-up, simplified and hardened for use in design practice.  
 
4.  Conclusions 
 
Seismic isolation response modification technology is mature and ready for application in safety critical 
nuclear power plants. The benefits of using seismic isolation (improved safety, reliability and economy) 
clearly outweigh the challenges of this technology. Three major issues are on the critical path for adoption 
of seismic isolation in nuclear engineering practice and regulation. The first is the development of the 
regulatory guidelines to define the way seismically isolated nuclear power plant license applications are 
going to be evaluated. Work in this direction is ongoing. The second is the development of practical non-
linear seismic soil-structure interaction response analysis of the seismically isolated nuclear power plants. 
Research in this direction is starting. Third is the work by vendors to develop seismically isolated nuclear 
power plant designs and the willingness of the utilities to support the licensing process of the first such 
license application. The risk for such first movers is significant, but taking this risk on is essential.  
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Abstract  
 
Seismic codes have universally adopted smooth design acceleration spectra, on the basis of averaging of a 
large number of elastic response spectra of actual recordings. Such spectra have, for each soil category, an 
essentially-constant acceleration plateau, S

a
, usually equal to 2.5A, followed by a de-scending 

acceleration branch. The period range of the constant acceleration plateau is larger for softer soils. 
However, such a flat shape of spectra has little resemblance to an actual soil-amplified spectrum. The 
unrealistic shape stems basically from the fact that the spectra of motions recorded on soft soils be-
longing to one soil category attain their maxima at different well-separated periods; thereby, averaging 
them eliminates their peaks and leads to a (spurious) flat spectrum. An extensive analytical parametric 
study is summarized here to demonstrate that by normalizing the period of the spectra with the predomi-
nant period of motion, and then averaging, results in a bi-normalized spectrum (S

a
/A : T/T

p
) which has a 

sharp peak at T/T
p 
= 1. It is found out that this spectrum has peak value S

a
/A ≈ 3.75 (rather than 2.5), for a 

narrow range of normalized periods. The effect of such a spectrum especially on SSI studies may be dras-
tically different from the beneficial effect of a (conventional) code spectrum.  
 
1.  Introduction  

 
The importance of soil – structure interaction (SSI) in seismic design has been seriously under-rated in the 
last 30 years, following publication of the ATC-3 guidelines. For most structures SSI meant primarily 
increased natural period and damping which led invariably to reduced inertia forces in the structure _ a 
direct consequence of the shape of the design response spectra. In this paper we argue that the basic shape 
of the design spectra is incorrect for all soil categories, but that the “error” is significant primarily for soft 
soils. The effects of SSI may thus prove detrimental rather than invariably-beneficial as the current 
“wisdom” as-serts.  

 
2.  The problem: the shape of code spectra contradicts reality for soft soils 
 
In earthquake engineering practice soil amplification effects on the intensity and frequency content of 
ground motions are often computed theoretically (wave propagation analysis assuming equivalent-linear 
or nonlinear soil behavior). The seismic codes by contrast have universally followed a purely empirical 
and (un-avoidably) oversimplified way:  

 
• The soil deposits were classified in a few broad categories, each of which encompasses a wide range 

of soil layer stiffness and thickness down to be-drock. 
  
• The response spectra from numerous accelerograms recorded on top of soils belonging to each 

category, were statistically processed. The shape of the design spectrum for the particular soil 
category was based on the aver-age of the normalized spectrum, S

a
(T)/A, for each period T, after 

some “conservative smoothening”.  
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The design spectra that have thus resulted share a crucial characteristic: the more “flexible” a soil deposit 
(i.e. the smaller its stiffness and/or the larger its thickness), the flatter the design spectrum. If this were the 
reality, ignoring SSI for a structure on soft ground would have led to conservative results. 

  
Reality has repeatedly shown the opposite trend ! Numerous records in “soft” soils have produced 
response spectra of a sharp rather than flat shape, with well defined peaks around the site fundamental 
period. Fig. 1 highlights the discrep-ancy between seismic codes and reality. The consequences of such a 
disparity, especially on SSI systems may be significantly detrimental. 

  
The culprit behind the discrepancy is the averaging of dissimilar response spec-tra, and the very broad 
range of stiffness and thickness of each soil category. A range of natural periods in the ratio of 1 to 4 is 
quite possible within one single category, say category D (according to NEHRP) ; or C (according to 
EC8). The actual seismic motions in a number of soft soil profiles belonging to this category D may have 
so vastly different fundamental periods that actual (of motions re-corded on them) may have sharp peaks 
at well-separated periods. Thus, at the pe-riod for which one spectrum has a peak the spectra on sites with 
different periods are likely to have very small values. Hence, by averaging all these different values we 
simply “annihilate” the real sharp peaks. In other words, spuriously and against safety, we disregard (or 
rather depress) the resonance between soil de-posit and excitation!  

 
The topic has already been brought to light by Mylonakis & Gazetas (2000) and Gazetas (2006), in an 
attempt to reevaluate the importance of soil-structure in-teraction (SSI). They showed that the effects of 
SSI have been incorrectly pre-dicted on the basis of the Code Spectra as being always beneficial ; and 
recalled many failures in Mexico (1985) and Kobe (2005) that have persuasively been shown to be to a 
large extent the (detrimental) effect of SSI (Gazetas et al 1986, 2004). More recently, Xu & Xie (2004) 
along similar lines developed a unique av-erage bi-normalized spectrum for 206 strong-motion records of 
the Chi-Chi (1999) earthquake. Each and every individual acceleration response spectrum was doubly 
normalized: the ordinate, S

a
, with respect to the peak ground acceleration, A; the abscissa, T, with respect 

to the predominant period T
p 

of the spectrum. The aver-age of the individual “S
a
/A : T/T

p
” spectra 

exhibited indeed a sharp peak, at T/T
p 

= 1, with a maximum value of the order of 4, rather than the 2.5 of 

the code spectra. The practical indirect conclusion from the above studies was that the increase of the 
period of a structure-soil system with decreasing soil stiffness would not nec-essarily lead to reduced 
intensity of shaking, as presently implied by the code spectra. 

  
3.  Summary of parametric analytical study 
  
In contrast with the purely empirical method with which the Code Spectra have been developed, we 
followed an analytical methodology which comprises the fol-lowing steps:  

 
• For a particular soil category (for example C according to EC8, or D accord-ing to NEHRP) we 

“construct” a number of idealized generic soil profiles having the following characteristic parameters:  
 
− velocity : V

S,30 
= 180 m/s, 260 m/s, 360 m/s. V

S,30 
: average shear wave velocity from the ground surface 

down to a depth of 30 m  
 
− distribution of V

s 
with depth : uniform, trapezoidal, with-crust.  

− depth to “rock” : H = 30 m and 60 m.  
 
− “rock” to soil wave velocity ratio : V

S, ROCK 
/ V 

S,30 
= 1.5 and 5  
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• Seven accelerograms recorded on “rock” are utilized as (“rock-outcrop”) ex-citation after being scaled 

(up or down) to achieve peak ground acceleration : A = 0.20 g, 0.40 g, 0.60 g. The names and 
earthquakes of these records are :  

 
Stone Canyon Reservoir, Northridge 1994  
Aegion-Rock, Aegion 1995  
Sakarya, Izmit 1999  
Dayhook, Tabas 1978  
Gilroy-1, Loma Prieta 1989  
Lucerne, Landers 1992  
Superstition Mountain, Imperial Valley 1979.  
 

• By exciting all the aforesaid soil profiles with each record in all possible combinations we obtain results 
in 1009 cases. The analysis is first done, with the well-known equivalent-linear method of Schnabel et 
al, 1972 (SHAKE) and, second, with the inelastic method introduced by Gerolymos & Gazetas, 2005 
(NL-DYAS).  

 

 
 
CODE Spectrum  
 
The response spectra of the ground surface motions resulting from each of the 2x1009 analyses are 
utilized in two different ways:  
 

(a) We normalize only the spectral accelerations by dividing with the corre-sponding peak ground 
acceleration, S

a
/A --- the established conventional normalization used for deriving the current 

design spectra (S
a
/A :T).  
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(b) We normalize both the spectral acceleration, S
a
/A, and the period, T, by dividing it with the 

predominant period T
p 

of the ground surface motion. We call the plot S
a
/A : T/T

p 
Bi-Normalized 

Spectrum (BNS).  
 

•  The average for each period T of the 1009 simply normalized spectral values (type (a)) give a mean 
response spectrum (S

a
/A : T) which is ex-pected to be quite similar with the current code spectrum 

for this soil cat-egory.  
 
•  The average for each period ratio T/T

p 
of the 1009 doubly normalized spectra (type (b)) give a 

mean response spectrum (S
a
/A : T/T

p
) which is expected to differ both in shape and in amplitude 

from the conventional spectrum.  
 
4.  Results: towards a more rational (“Bi-normalized”) spectrum 
 
All the 1009 response spectra obtained with the equivalent-linear soil response analyses and simply or 
doubly normalized as afore-explained, are portrayed in Fig. 3(a) and 3(b) respectively. Their average 
response spectra, after some “con-servative smoothening” could serve as the design spectra. The 
following conclu-sions emerge from the two figures:  

 
(a)  Regarding the conventionally derived spectrum  as anticipated, its shape is indeed quite similar with 

the smooth shape of the code spectrum for this soil category: a nearly constant ordinate, approaching 
(from below) S

a
/A ≈ 2.5, for the range of periods from 0.15 sec to 0.60 sec, approximately. (Of course, 

if more excitations had been employed, and additional and more realistic soil profiles had been 
considered, the period range of nearly constant S

a 
would have likely increased, and the spectrum 

would have been even smoother.)  
 
(b) Regarding the Bi-Normalized Spectrum  its shape is vastly different from the conventional spectrum: 

a sharp peak at T/T
p 
≈ 1 dominates. Its maximum value, max (S

a
/A), reaches 3.75, i.e. it is 50% greater 

than the peak value of the conventional spectrum.  
 
Evidently, the (true or pseudo) resonance between soil and excitation is well preserved only in the bi-
normalized spectrum. The conventional Spectrum does not reflect the physics of the problem, while being 
unsafe for many structures (with T ≈ T

p
) and leading to erroneous conclusions on the possible effects of 

soil-structure interaction.  
 

Several interesting attributes of the Bi-Normalized Spectrum (BNS) have been demonstrated analytically 
by Ziotopoulou and Gazetas (2009). Specifically:  

 
• The BNS is hardly influenced by soil category, i.e., it is practically the same for all soil categories! 

The same conclusion was drawn by Xu & Xie (2004) for the strong records of the Chi-Chi (1999) 
earthquake. (Of course, T

p 
may change significantly from soil to soil, decreasing with soil stiffness; 

and moreover, it is often affected by the nature of seismic excitation. Its estimation is a totally 
different ball game.)  

 
• The BNS is only marginally influenced by the nature of the performed wave propagation analysis: 

equivalent-linear and truly nonlinear analyses differ appreciably only in the low-period range (T/T
p 

< 

0.5), not in the ba-sic shape of the spectrum.  
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• The BNS is only marginally influenced by the nature of seismic excitation. (Of course, again, the 
above argument does not extend to T

p 
which is af-fected by the dominant excitation periods.)  
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5.  Conclusion 
 

One unique Bi-Normalized Spectrum (BNS), for all soil categories and most likely seismic excitations, 
emerged from the comprehensive set of wave-propagation analyses reported in this article. This unique 
spectrum is sketched in Fig. 4 and is approximated with the following algebraic expressions:  

 
S

a 
/A = exp (1.35 [T / T

p
] ) for T/T

p 
< 1  

S
a
/A = 3.75 ( T/T

p 
) 

–1.2 

for T/T
p 
≥ 1  

 
The potential benefits from adopting this simple spectrum have been high-lighted in the article. However, 
the imprecise definition of T

p 
and the profound difficulty in predicting T

p 
in reality remain serious 

obstacles in adopting it at pre-sent. And of course, empirical support from recorded motions must be 
(statisti-cally) significant, to arrive at a robust such design spectrum.  

 

 



NEA/CSNI/R(2011)6 

110 

Acknowledgement  
 

This work forms part of an EU 7
th 

Framework research project funded through the European Research 
Council (ERC) Programme “Ideas”, Support for Frontier Research – Advanced Grant, under Contract 
number ERC-2008-AdG 228254-DARE.  
 
References and related biography 
 
Anastasopoulos I. (2005): Fault Rupture Soil–Foundation–Structure–Interaction (FR-SFSI), Ph.D , 
Report, National Technical University.  
Afra H. and Pecker A. (2001), Calculation of free field response spectrum of a non-homogeneous soil 
deposit from bed rock response spectrum, Soil Dynam-ics and Earthquake Engineering, 22, 157-165.  
Bachman R and Bonneville D (2000), The seismic provisions of the 1997 Uniform Building Code, 
Earthquake Spectra, 16(1), pp. 85-100.  
Borcherdt RD (1994), Estimates of site-dependent response spectra for design (methodology and 
justification), Earthquake Spectra 10 (4): 617-53.  
Building Seismic Safety Council (BSSC), The 2003 NEHRP recommended provi-sions for new buildings 
and other structures. Part 1: Provisions, Federal Emer-gency Agency (FEMA 450), Washington D.C.  
Dobry R, Borcherdt RD, Crouse CB, Idriss IM, Joyner WB, Martin GR, Power MS, Rinne EE and Seed 
RB (2000), New site coefficients and site classification system used in recent building seismic code 
provisions, Earthquake Spectra , 16(1), 41-67.  
Drosos V, Gerolymos N and Gazetas G (2007), Calibration and verification of nonlinear wave 

propagation method, Proceedings of the 4
th 

Int. Conference on Earthquake Geotechnical Engineering, K. 
Pitilakis, editor, Paper No. 1594.  
EC-8 (2001), Part 1 – General Rules, seismic actions and rules for buildings, Eu-rocode 8, Draft 4 (prEN 
1998), European Committee for Standardization.  

Gazetas G (2006), Seismic design of foundations and soil-structure interaction, 1
st 

European Conference 
on Earthquake Engineering and Seismology, Geneva, Switzerland, 3-8 September.  
Gazetas G. Anastasopoulos I., Gerolymos N., Mylonakis G., Syngros L. (2004), The collapse of the 
Hansin Expressway Fukae Bridge, Kobe 1995 : Soil-Foundation-Structure Interaction, Reconstruction, 
Seismic Isolation, Entwick-lungen in der Bodenmechanik, Bodendynamic und Geotechnik, Festschrift 
zum 60. Geburtstag von Univ.-Prof. Dr.-Ing. Habil. Stavros Savidis, Berlin, 93-120.  
Gerolymos N and Gazetas G (2005), Constitutive model for 1-D cyclic soil behav-ior applied to seismic 
analysis of layered deposits, Soils and Foundations, 147-159..  
Hartzell S, Bonilla LF, and Williams RA (2004), Prediction of nonlinear soil ef-fects, Bull. Seism. Soc. 
Am. 94, 1609-1629.  
Holmes WT (2000), The 1997 NEHRP Provisions for seismic regulations for new buildings and other 
structures, Earthquake Spectra, 16 (1), pp. 101-114.  
Housner GW (1959), Behavior of structures during Earthquakes, Proceedings. ASCE, 85, October. Idriss 
IM (1990), Response of soft soils during earthquakes, Proceedings of H. Bolton Seed memorial 
symposium, Vol. 2, J. Michael Duncan (ed.), Bitech, Vancouver.  
Mylonakis G and Gazetas G (2000), Seismic soil-structure interaction: beneficial or detrimental?, Journal 
of Earthquake Engineering, 4 (3), 277-301.  
NEHRP (2000), Recommended provisions for seismic regulations for new build-ings and other 
structures: Part 1, provisions, FEMA 368, Building Seismic Safety Council (BSSC), Washington D.C.  
Pitilakis K. (2004), Site effects, recent advances in earthquake geotechnical engi-neering and 
microzonation, A. Ansal editor, Kluwer Academic Publishers, 139-193.  
Pitilakis K., Gazepis C., Anastasiadis A. (2006), Design response spectra and soil classification for 
seismic code provisions. Geotechnical Evaluation and Appli-cation of EC8, G. Bouckovalas editor, 37-
52.  



NEA/CSNI/R(2011)6 
 

111 

Rodriguez-Marek A, Bray JD and Abrahamson NA (1999), Task 3: Characteriza-tion of site response 
general site categories, Pacific Earthquake Engineering Research Center (PEER) Report 1999/03.  
Schnabel PB, Lysmer J and Seed HB (1972), SHAKE: A computer program for earthquake response 
analysis of horizontally layered sites, Rep. EERC 72-12, University of California, Berkeley.  
Schnabel PB, Seed HB and Lysmer J (1972), “Modification of seismological re-cords for effects of local 
soil conditions”, Bulletin of the Seismological Society of America, 62, 1649-1664.  
Seed HB, Ugas C and Lysmer J (1976), Site-dependent spectra for earthquake-resistant design, Bulletin of 
the Seismological Society of America, 66, 221–243.  
Somerville P (1998), Emerging Art: Earthquake ground motion, geotechnical spe-cial publication, 75 
Geotechnical Eng. & Soil Dynamics III, ASCE, Dakoulas P, Yegian M and Holtz RD editors.  
Kramer SL, Geotechnical Earthquake Engineering, Prentice Hall, 1996.  
Li S. and Xie L (2007), Effect of hanging wall and forward directivity in 1999 Chi-Chi earthquake on 
inelastic displacement response of structures, Earth-quake Engineering and Engineering Vibration, 6(1) , 
77-84.  
Stewart JP, Liu AH, Choi Y and Baturai MB (2001), Amplification factors for spectral acceleration in 
active regions, Pacific Earthquake Engineering Re-search Center (PEER) Report 2001/10.  
Vucetic M and Dobry R (1991), Effect of soil plasticity on cyclic response, J. Geotech. Eng. ASCE 117, 
89-107.  
Xu L and Xie L (2004), Bi-Normalized response spectral characteristics of the 1999 Chi-Chi Earthquake, 
Earthquake Engineering and Engineering Vibration , 3 (2), 47-155 
 



NEA/CSNI/R(2011)6 

112 



NEA/CSNI/R(2011)6 
 

113 

 
 

A Macro-Element for a Shallow Foundation to Simulate Soil-Structure Interaction 

Stéphane Grange, UJF/INPG/CNRS, France. 

Georges Nahas, Institut de Radioprotection et de Sûreté Nucléaire (IRSN), France 

Jean-Mathieu Rambach, Institut de Radioprotection et de Sûreté Nucléaire (IRSN), France 

 
 

Abstract 
 
In earthquake engineering, the quality of the soil is important for determining the seismic response of the 
structure. Nevertheless, in the current seismic design approach, plastic hinging into the soil and 
mobilization of bearing capacity are too often neglected. Several approaches exist to take into account 
Soil-Structure Interaction (SSI): the following work is based on the “macro-element” concept. The 
particularity of the macro-element lies in the fact that the movement of a foundation is entirely described 
by a system of generalized variables (forces and displacements) defined at the foundation centre. The 
nonlinear behavior of the soil is reproduced using the classical theory of plasticity. The uplift behavior of 
the foundation, which is a geometric non-linearity, is also taken into account according to the plasticity 
theory. The macro-element has been implemented into FedeasLAB, which is a Matlab toolbox developed 
at UC Berkeley [3] and in the finite element code CAST3M as a free user material. Comparisons with 
experimental results of a foundation submitted to static, cyclic and dynamic loadings show the 
performance of the approach. The aim of this implementation is to be able to use the capacity of 
CAST3M software to solve complex problems in this field. 
Keywords: Soil-structure interaction; plasticity; uplift; macro-element; foundation; dynamic 
 
1. Introduction 

 
In the field of earthquake engineering, Soil-Structure Interaction (SSI) is an important phenomenon that 
has to be allowed for in order to reproduce the nonlinear behavior of a structure correctly and thus to be 
able to predict its relative displacements at the top. 
 
Particularly for the heavy buildings encountered in the Nuclear Island of Nuclear Power Plants, the Civil 
engineers involved either in Civil design or in its assessment need to take into account the soil-structure 
interaction correctly but simply. This is the case when a best-estimate approach is required (in Seismic 
Margin Assessment studies or in Seismic Probabilistic Safety Assessment studies) and when strong 
nonlinearities may be found in soil response or when basemat uplift may occur. The use of a macro-
element is particularly convenient when the seismic modeling of the building is made by using some stick 
model: the macro-element is then located at the basis of the stick and concentrates all the interactions 
between the soil and the structure. However, it is recalled that the macro-element does not compute the 
impedance of the contact soil-structure, but is the expression of the impedance (at least in SSI elastic 
domain) and the impedance has to be determined by dedicated means. 
 
Moreover, analysis in terms of safety factor (i.e by checking FS > 1) is not suitable because of the 
kinematic nature of the dynamic solicitation and does not allow determining residual displacements due to 
plastic hinging into the soil. That’s why displacement based designs are required by Eurocode 8. Several 
methods exist for taking SSI into account: the macro-element approach consists in condensing all non 
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linearities into a finite domain and works with generalized variables (forces and displacements) at the 
centre of the foundation, allowing thus decreasing considerably the necessary degrees of freedom of the 
numerical model. 
 
Several macro-elements can be found in the literature [2], [11]. The macro-element presented in [6] 
reproduces the behavior of a shallow circular foundation considering the plasticity of the soil and the 
uplift of the foundation according to the plasticity theory. The macro-element is implemented into 
CAST3M, a finite element code developed at CEA. It requires 18 parameters to define the geometry of 
the foundation, the elastic initial stiffness of the soil, plastic parameters, and dynamic properties. 
 
After the mathematical description of the macro-element and how it is implemented into CAST3M as a 
free user material, numerical results, under static, cyclic, and dynamic loadings [1] compared with 
experimental tests are provided to show the good performance of this new numerical tool. 
 
The aim of this implementation is to be able to use the capacity of CAST3M software to solve complex 
problems in this field. The CAST3M software has several rheological laws to simulate the behavior of 
materials and in particular the concrete with a broad library of different formulation of finite elements. 
This implementation will give the possibility of making calculations with finite elements combined with 
the macro-element presented below. 

 
2. Associated generalized variables 

 
As usually in the case of a macro-element, the associated generalized variables (displacement and force 
vectors) are dimensionless [6]. They are defined below: vertical force V ′, horizontal forces Hx′ , Hy′ and 
moments Mx′ , My′ , but also the corresponding displacements, vertical settlement u′z, horizontal 
displacements u′x, u′y and rotations θx′ , θy′ . Torque moment (Mz′) is not taken into account (Figure 1). 

 
 

 
Figure 1: Generalized variables: (a) forces and (b) displacements for a circular foundation. 

 
 
3. Decomposition of three mechanisms: elasticity plasticity and uplift 

 
The new SSI macro-element takes into account three different mechanisms: elasticity, plasticity of the 
soil and uplift of the foundation. The total displacement must thus be decomposed as a sum of an elastic, 
plastic and uplift part (u = uel + upl + uup). 
 
Uplift is defined as the negative vertical displacement of the centre of the foundation. It is the result of 
rocking, i.e. the fact that the foundation rotates around θx or θy (part of the foundation looses contact with 
the soil). In order to compute uplift, the simple plasticity of the soil is not sufficient and a new nonlinear 
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mechanism must be introduced in the macro-element. The reason is that the actual plasticity mechanism 
of the macro- element can take into account only positive values of the vertical displacement (u′z > 0). 
Plasticity and uplift are strongly coupled [2]. 
 
4. Mathematical description of the macro-element  
 
4.1. Elastic behavior and plastic mechanism 

 
The elastic part of the constitutive law is defined as F = [Kel].uel, where the displacement uel and force 
vectors F are dimensionless. The elastic stiffness matrix [Kel] is calculated using the real part of the static 
impedances. It is considered diagonal, i.e. there is no coupling between the different directions of the 
loading. 
 
For the plastic mechanism, a failure criterion, a loading surface and a flow rule are needed. The failure 
criterion is defined for an overturning mechanism with uplift. It comes from [12]. The adaptation for a 3D 
loading is presented in [6]. It lays on the fact that failure criteria are similar for different shapes of 
foundation when described into the appropriate space of dimensionless variables. Thus, the extension to 
the case of a circular foundation is straightforward due to the axial symmetry of the problem. For a 
rectangular foundation however, we assume continuity of the behavior between the two principal axes of 
the foundation. This is of course a more questionable assumption that needs improvement in the future. 
However, due to the nature of the macro-element (being a simplified numerical tool), we consider that 
this hypothesis is acceptable. The loading surface follows the same philosophy and one obtains 5D 
surfaces. A flow rule is finally needed. It is associated in the (Hx′, My′, Hy′, Mx′) hyperplane and non 
associated in the (Hx′,V′), (My′, V′), (Hy′, V′), (Mx′,V′) planes [6]. 

 

   (1) 

The coefficients a, b define the size of the surface in the planes (H′ − M′), c, d, e and f define the 
parabolic shape of the surface in the planes (V ′ − M′) and (V ′ − H′). The failure criterion is given by 
equation 1 by substituting (α, β, δ, η, ρ, γ) = (0, 0, 0, 0, 1, 1) 
 
A representation of the loading surface and the failure criterion is given in Figure 2. 

 
Figure 2: Loading surfaces and failure criterion in the planes Hx′−My′, My′−V′ and in the space 

Hx′−My′−V′. 
4.2 Uplift behavior 
 



NEA/CSNI/R(2011)6 

116 

The mechanism presented below describes uplift in a phenomenological way using a unique state variable 
δ. This variable represents the percentage of the surface of the uplifted footing [2], as shown in Figure 3. 
Indeed, this is the only way to introduce the influence of the change of the geometry, the macro-element 
being just a point. We assume that horizontal forces do not influence uplift. 

 
 

 
Figure 3: Kinematics of a foundation for the uplift mechanism 

 
In the new release of the SSI macro-element implemented in CAST3M, the uplift behavior is treated as a 
nonlinear but reversible mechanism. It comes from the work of [2]. The non linearity of the uplift 
mechanism is taken into account but does not generate residual displacements which are principally 
developed by the plasticity mechanism of the soil itself. 
 
For the uplift mechanism, failure occurs when the foundation is completely detached from the soil, i.e. 
when δ = 1. A simple analytical analysis for a circular foundation lying on elastic soil allows finding the 
relation M′ = V′/2 between the overturning moment and the given vertical force. This equation can be 
actually considered as a failure criterion. On a plastic soil, the relationship between the overturning 
moment and the vertical force is more complicated [2]. The flow rule for the uplift mechanism is found 
through geometrical considerations, assuming that the centre of rotation of the foundation stays always at 
the middle of the non-uplifted segment [6]. 
 
The non-linear equations bringing the uplift behavior are given by equation [2].  

 

 (2) 
 

For a circular foundation q1 = 6, q2 = 2, for a rectangular foundation q1 = 4, q2 = 1, and A = 2.5 is a 
dimensionless parameter of the constitutive law. 
 
Solving this nonlinear system is straightforward by using a classical Newton algorithm. 
 
As for the plasticity mechanism, the adaptation of the uplift mechanism in 3D is done assuming 
continuity of the behavior between the two principal axes of the foundation (the two directions are 
coupled considering a projection of the moment in the principal base [6]). 
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4.2. Implementation of the macro-element into CAST3M. 
 

The SSI macro-element has been implemented as a free user material (UMAT) into CAST3M. This 
material is then called into the code by the Timoshenko beam element (TIMO) from the element library. 
The connections between the element and the material are completely transparent for the user. The 
orientation of the beam gives the orientation of the foundation. Then the user has to declare the 
parameters of the macro-element model. The parameters are summarized in Table 1. 

 
Table 1: Variables needed by the macro-element model 

 

 
 

Variables 1,2,3 and 4 are geometrical parameters (diameter or length according to x-axis and y-axis and 
height of the foundation...). Variables 5 to 9 are initial elastic stiffnesses of the soil according to [4]. 
Relationships giving the values of these variables are provided in [9]. Variables 10 to 15 are plastic 
parameters defining the failure criterion or the plasticity mechanism. They can be taken constant for 2 
kinds of soils: frictional and cohesive. Values for theses variables are also provided into [9]. Variable n◦16 
is the bearing capacity of the foundation. Variables n°17 and 18 are the dynamic parameters provided into 
[8]. 
 
5. Numerical simulations and comparisons with experimental results for cyclic and dynamic 

loading 
 
5.1. Swipe tests - 3D behavior 

 
From a numerical point of view, the macro-element is able to undergo Swipe tests, which are purely 
displacements imposed tests. The response in the space of forces (V, Hx, My, Hy, Mx) has theoretically 
the failure criterion for asymptote. Figure 4 plotted for a given sinusoidal imposed horizontal 
displacement and rotation shows that the force path in red has for asymptote the failure criterion of 
plasticity and uplift. This figure shows the 3D capabilities of the macro-element. 

 
5.2. Dynamic tests 

 
The simulation of the CAMUS IV experiment [1] performed on CEA Saclay’s shaking table is presented 
below in order to evaluate the efficiency of the macro-element to predict the behavior of a slender 
structure submitted to dynamic loading. 
 
The modal analysis gives similar values for the bending first fundamental frequency (see Table 2) of 
3.5Hz. 
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Figure 4: Swipe test for a given sinusoidal imposed displacement and rotation.  

 
Table 2: Experimental and numerical fundamental frequencies for Camus IV tests.  

 

 
 
Comparisons between experimental and numerical results are given in Figure 5. Forces and displacements 
are in phase with the experimental results and the peaks are correctly reproduced. 
 

 
Figure 5: Camus IV: Moment-vertical displacement, vertical displacement-time and rotation-time 

relationships for the test Nice 0.52g. 
 
In the framework of the Benchmark NEES performed at UC San Diego [10] to test a scale 1:7 story 
structure, a parametric study has been carried out to see the influence of soil-structure interaction on this 
structure. Figure 6 shows a comparison between the maximum moments and lateral displacements along 
the height of the building for 5 different soils going from a soft (soil 1) to a very stiff (soil 5) behavior of 
the soil (see [7]). 
 
Other dynamic simulations have been provided in [8], [9], like the simulations of a 3-pile viaduct tested at 
ELSA laboratory, Ispra, showing particularly the difference between a classical linear elastic engineering 
approach for the soil with the results provided with the macro-element. 
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Figure 6: NEES: Moment-Shear-Lateral displacement according for 5 different soils (soft: soil 1, 

stiff: soil 5). 
 
Finally, in the framework of a seismic margin assessment study for a reactor building, a study has been 
carried out considering a mass concentrated modeling associated to the macro-element into CAST3M. For 
this study, taking into account the softness of the soil has provided an evaluation of the floor spectrum. 
The NUREG 0.3g has been used as the input acceleration. Figure 7 shows the response in the space of 
forces as well as the uplift and plasticity criteria’s. This figure shows how the soil behaves far from the 
yield limits of the two failure criteria. Moment-rotation and Horizontal force-horizontal displacement 
curves (not presented in this paper) show also that the soil behaves quasi-elastically. 
 

 

Figure 7: Reactor building: Moment-Vertical force and Horizontal force-Vertical force responses with the 
macro-element uplift and plasticity criteria’s. 

 

Figure 8: Example of Floor Response Spectra and Moment-rotation considering the soil within plastic 
domain (dotted blue lines) and the soil still in elastic domain (continuous red lines), with radiation damping 

for both simulations 

Figure 8 shows some Floor Response Spectra into the Reactor building and the Moment-rotation history 
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of the basemat. A classical elastic study overestimates the spectral response compared to the plastic study 
with the macro-element and underestimates the displacements of the basemat. The computation takes only 
a couple of minutes in both cases. The low computational cost allows also running many calculations for 
parametrical studies and makes this macro-element very powerful for seismic margin studies.   
 
6. Conclusions 

 
The 3D macro-element developed within this work gives satisfactory results for simulating the nonlinear 
behavior of shallow rigid foundations lying on an infinite space submitted to static and dynamic loading. 
It takes into account the plasticity of the soil and the uplift of the foundation. Using global variables 
presents the advantage of inducing low computational costs (a couple of minutes for each simulation). It 
has been implemented into CAST3M, a finite element code developed at CEA. Such a computation tool 
allows the sensitivity studies needed when data are not well known (this is typically the case for the soil 
mechanical characteristics). 
 
The 3D behavior of the element has not been validated due to the difficulty to find experimental results 
with loadings in 2 horizontal directions. This point should constitute a future validation for the element. 
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Abstract 
 
Deterministic and probabilistic seismic soil structure interaction (SSI) analyses were performed for the 
Mühleberg Nuclear Power Plant SUSAN Building in support of the seismic probabilistic risk assessment 
of the plant. An efficient hybrid method, employing computer programs SASSI2000 and CLASSI was 
used in this analysis. This method takes advantage of the capability of SASSI2000 to analyze embedded 
structures with irregular geometry and the computational efficiency of CLASSI to rapidly perform the SSI 
response analysis of large structure models. The structure embedment was modeled using SASSI2000 in 
which the layered site was represented by the median-centered earthquake strain-compatible soil profile.  
Impedance functions and scattering vectors were calculated by imposing rigid body constraints to the 
embedded foundation. The fixed base structure dynamic properties, foundation impedances, and 
scattering functions were input to the SSI response analysis. Median-centered deterministic SSI analysis 
was first performed with CLASSI using a single set of acceleration time histories compatible with the site 
surface uniform hazard spectrum. In-structure response spectra (ISRS) were calculated at selected 
locations in the building. The subsequent probabilistic analysis was performed using computer program 
SMACS which implements the Latin Hypercube Simulation (LHS) approach documented in 
NUREG/CR-2015. Variables in the LHS included the earthquake ground acceleration time histories, 
structure stiffness and damping, and soil stiffness and damping. Thirty response simulations were 
performed using SMACS in which the variable values were randomly selected. The use of SMACS has 
the advantage that the response analysis simulations can be executed in a fraction of the time that would 
be required with SASSI2000 alone. For each simulation, ISRS were calculated. Probability distributions, 
described by the median and 84th percentile response spectra, were calculated from the thirty simulations. 
The deterministic median-centered ISRS and probabilistic ISRS were compared. The results demonstrated 
consistency between the two methods. Also, sharp spectral acceleration peaks in the deterministic ISRS 
were reduced in the probabilistic analysis. 

 
Introduction 
 
The seismic probabilistic safety assessment (PSA) of the Mühleberg Nuclear Power Plant (KKM) is 
currently being updated. The site conditions consist of soil overburden above rock.  KKM structures 
housing equipment essential to plant shutdown in the event of an earthquake are both embedded and 
surface-founded. Existing SSI analyses of these structures are generally of older vintage. Rather than 
estimate structure response variables for inclusion in seismic fragilities of KKM structures, systems, and 
components (SSCs) from these existing analyses, new structure seismic response analyses were 
performed using current, state-of-the-art methods. This paper focuses on the seismic response analysis of 
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the KKM SUSAN Building. Deterministic seismic response analysis was first performed using median-
centered structure and soil properties with computer program CLASSI [1]. Structure probabilistic seismic 
response analyses were performed using the system of computer programs denoted SMACS – Seismic 
Methodology Analysis Chain with Statistics [2], which was originally developed and applied extensively 
under the U.S. Nuclear Regulatory Commission’s Seismic Safety Margins Research Program.  SMACS 
was developed from CLASSI for performing probabilistic response analysis. Executing SMACS for one 
simulation with median structure and soil properties and a single set of acceleration time histories is 
equivalent to running CLASSI. The deterministic and probabilistic seismic response analysis 
methodology and application of this methodology to the KKM SUSAN Building are presented below. 
 
Methodology 
 
Seismic response analysis of the KKM structures was performed using computer program CLASSI [1], 
which implements the substructure approach to SSI as shown in Figure 1. The basic elements of the 
seismic response methodology include the following: 

 Free field earthquake ground motion input 

 Site soil properties 

 Structure fixed base model 

 SSI parameters, including foundation impedance and scattering matrices 

 SSI response analysis 

A single median-centered deterministic response analysis was first performed using CLASSI. The 
median-centered deterministic analysis results were reviewed to obtain an understanding of the soil-
structure system dynamic behavior and to confirm the reasonableness of the SSI model. Probabilistic 
response analysis was then performed using SMACS to obtain the probability distributions of the 
structure seismic response.   
 
Development of the Free Field Ground Motion 
 
Probabilistic seismic hazard analysis (PSHA) develops uniform hazard spectra (UHS) at various 
probabilities of exceedance. The KKM PSHA was performed as part of the PEGASOS Project [3]. The 
site control motion represents earthquakes that are the most significant to plant seismic risk. For the KKM 
SUSAN Building, the control motion was selected to be the mean 5% damped 1.0E-04 UHS. A 
deaggregation of the seismic hazard at 1.0E-04 into magnitude and distance ranges guided the 
development of the ground motion time histories used in the SSI analyses.   
 
For the deterministic response analyses, a single set of earthquake acceleration time histories consistent 
with the target UHS were generated. The set consisted of one time history in each of the two horizontal 
directions and one time history in the vertical direction. The time histories were generated in general 
compliance with the requirements of ASCE/SEI 43-05 [4].   
 
For the probabilistic response analysis, an ensemble of thirty sets of earthquake acceleration time histories 
were generated consistent with the 1.0E-04 mean UHS. Each set consisted of one time history in each of 
the two horizontal directions and one time history in the vertical direction. The time histories were 
conditioned so that the median spectral accelerations for the ensemble of time histories match the 1.0E-04 
mean UHS over the frequency ranges of interest. The time histories were also conditioned so that the 
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coefficients of variation (COVs) for the ensemble are on the order of 0.2 over the frequency ranges of 
interest. This COV represents peak and valley variability in the input motion response spectra. It was 
limited to approximately 0.2 to constrain the peak and valley variability about the target spectrum since it 
was already considered in the aleatory variability of the UHS. 
 
Development of the Median Soil/Rock Properties and Variabilities 

The KKM site consists of soil overburden above rock. The median low-strain soil/rock properties (shear 
modulus and damping), and their variation as a function of shear-strain level, were the starting point for 
development of the median soil/rock profile. For KKM, limited site-specific data (borings and 
geophysical measurements) contained in existing documentation were used to develop the low strain soil 
properties [5]. Site response analyses were performed to obtain median-centered soil properties and their 
variabilities for use in the SSI response analyses.   
 
Development of Structure Fixed Base Model 

A fixed base finite element model of the SUSAN Building was developed in general conformance with 
the requirements of ASCE 4-98 [6] and ASCE/SEI 43-05 [4]. Adequate detail was included in the model 
to permit the generation of in-structure response spectra (ISRS) for fragility evaluation of supported 
equipment and subsystems. The structure model was considered to be median-centered for the excitation 
of the UHS at 1.0E-04. Stiffness properties were adjusted to account for anticipated cracking in reinforced 
concrete elements, if any, and modal damping was selected compatible with this anticipated stress level.  
The input to the SSI analyses consisted of the model geometry, mass matrix, and fixed-base eigen-system.   
 
Development of SSI Parameters 

The SSI parameters required for the SSI analysis include the foundation input motion and the foundation 
impedances. These quantities are described below. 
 
The term “foundation input motion” refers to the result of kinematic interaction of the foundation with the 
free-field ground motion. The foundation input motion differs from the free-field ground motion in all 
cases, except for surface foundations subjected to vertically incident waves. The motions differ for two 
reasons. First, the free-field motion varies with soil depth. Second, the soil-foundation interface scatters 
waves because points on the foundation are constrained to move according to its geometry and stiffness.  
The foundation input motion is related to the free-field ground motion by means of a transformation 
defined by a scattering matrix.   
 
Foundation impedances describe the force-displacement characteristics of the soil/rock. They depend on 
the soil/rock configuration and material behavior, the frequency of the excitation, and the geometry of the 
foundation. In general, for a linear elastic or viscoelastic material and a uniform or horizontally stratified 
soil deposit, each element of the impedance matrix is complex-valued and frequency dependent. For a 
rigid foundation, the impedance matrix is 6 x 6, which relates a resultant set of forces and moments to the 
six rigid body degrees-of-freedom.  
 
For the KKM SUSAN Building, a hybrid approach was used to generate the SSI parameters [7]. The 
standard CLASSI methodology is based on continuum mechanics principles and is most applicable to 
structural systems supported by surface foundations assumed to behave rigidly. The hybrid approach 
combines the versatility of SASSI2000 [8] in treating embedded foundations with the computational 
efficiency of CLASSI. In the hybrid method, the unconstrained (flexible) impedance matrices from a 
discretized SASSI2000 foundation model are generated. The scattering functions and foundation 
impedances are generated by applying rigid body constraints within the embedded region in the same 
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manner as the standard version of CLASSI. Application of the hybrid method permits the development of 
scattering functions and foundation impedances for embedded foundations. Median-centered foundation 
impedances and scattering functions are calculated using the embedment geometry and the median soil 
profile. 

SSI Response Analysis 
 
The deterministic SSI response analysis was performed using computer program CLASSI. For the 
deterministic response analysis, median structure and soil properties were used and the input motion 
consisted of the single set of earthquake acceleration time histories consistent with the target UHS. 
 
The probabilistic response analysis was performed following the SMACS approach documented in 
NUREG/CR-2015 [2], which implements Latin Hypercube Simulation. Execution of the simulation 
required definition of the number of simulations, the variability of soil/rock stiffness and damping, and 
the variability of the structure’s dynamic behavior (structure frequencies and damping). Stratified 
sampling was used to sample each of the probability distributions for the defined parameters. The 
probability distributions of the soil stiffness, soil material damping, structure frequency, and structure 
damping were represented by scale factors with median values of 1.0 and associated coefficients of 
variation. Latin Hypercube experimental design was used to create the combinations of samples for the 
simulations. These sets of N=30 combinations of parameters when coupled with the ground motion time 
histories provided the complete probabilistic input to the SMACS analyses.   
 
Using the ensemble of free-field time histories, median-centered structural model, median-centered SSI 
parameters, and experimental design obtained above, thirty SSI response analyses were performed.  For 
each simulation, ISRS were calculated at selected locations. On completion of the N simulations, 50% 
(median) and 84% nonexceedance probability (NEP) spectral accelerations are determined. In-structure 
response locations and quantities were based on structure and equipment fragility needs. 
 
Mühleberg Earthquake Ground Motion and Site Soil Properties 
 
Ensemble of Ground Motion Time Histories 
 
Fragility evaluations of the KKM SSCs were based on responses associated with the KKM-specific mean 
1.0E-04 UHS. The mean horizontal and vertical 1.0E-04 UHS for 5% damping at the soil surface are 
shown in Figure 2.  
 
For the deterministic response analysis, a single set of spectrum compatible acceleration time histories 
were generated from seed motions corresponding to an event with magnitude 5.99 and an epicentral 
distance of 13.85 km. The seed time history data was obtained from the PEER Next Generation 
Attenuation database [9].   
 
For the probabilistic response analysis, an ensemble of thirty sets of earthquake acceleration time-
histories consistent with the mean 1.0E-04 soil surface UHS was generated. Each set consisted of one 
time-history in each of the two horizontal directions and one time-history in the vertical direction. The 
seed time histories were selected from the PEER NGA database [9] by the following criteria: a) the 
magnitude must be between 5.55 and 7.35, b) the epicentral distance must be less than 27 km, c) the site 
shear wave velocity limits Vs30, must be between 505 m/s and 1016 m/s, d) the peak ground acceleration 
must be greater than 0.045g, and e) recording stations should not be repeated. The time-histories were 
conditioned so that the median spectral accelerations for the ensemble of time-histories match the mean 
1.0E-04 UHS over the frequency ranges of interest. The time-histories were also conditioned so that the 
coefficients of variation (COVs) for the ensemble were on the order of 0.2 over the frequency ranges of 
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interest.  Additional variability associated with horizontal direction peak response variability and vertical 
component response variability was included in accordance with recommendations in EPRI TR-103959 
[10]. Figure 3 shows the 5% damped response spectra for the horizontal H1 components of the ensemble 
compared to the target surface motion UHS. The ensemble response spectra for the H2 horizontal and 
vertical component exhibit similar variability. 
 
Site Soil Properties 
 
The Mühleberg site consists of soil overburden above rock. The soil-rock interface is located at a depth of 
approximately 9 m below nominal plant grade (designated Elevation 0 m). Low strain soil and rock 
properties were developed from existing documentation [5]. The site low strain soil profile was defined as 
a series of horizontal layers over a half-space. Site response analyses were performed to obtain seismic 
strain-compatible soil properties. Figure 4 shows a comparison of the low strain and median-centered 
earthquake strain-compatible shear wave velocity profiles. Input to the site response analyses consisted of 
earthquake acceleration time histories applicable to the soil surface for the 1E-04 UHS. 
 
SUSAN Building Response Analysis  
 
SUSAN Building Configuration 
 
The SUSAN Building is rectangular with plan dimensions of 19 m by 27.25 m in the east-west and north-
south directions. The foundation consists of a 1.2 m thick concrete base slab which bears on the 
underlying rock at Elevation (-)12.25 m. The concrete floor slabs are typically 50 cm thick with a 5 cm 
thick non-structural concrete topping. The floors are located at nominal Elevation (-)7.3 m, (-)4 m, 0 m, 
and 3.5 m (partial). The concrete roof slab varies in thickness between 1.75 m and 2 m with the high point 
at Elevation 7.5 m. The building includes an interface structure which provides access to the adjacent 
Reactor Building. The interface structure and the Reactor Building are isolated from one another by a 
separation joint.   
 
The vertical load-resisting system for the SUSAN Building and interface structure consist of the floor and 
roof slabs supported by the exterior and interior walls, which in turn are supported by the base mat. The 
floor and roof slabs act as diaphragms, which transmit lateral loads to the exterior and interior walls. The 
walls act as shear walls transmitting these lateral loads to the base mat. 
 
SUSAN Building Fixed Base Model 
 
A median-centered fixed base structure model was developed using SAP2000. The model included the 
SUSAN Building and the segment of the interface structure up to the separation joints. The model 
included essentially all floors and roofs, and all significant load-resisting walls. Figure 5 shows an 
exterior view of the finite element model.   
 
The lateral load resisting system of the SUSAN Building and interface structure is robust. Cracking 
would likely occur only at relatively high ground motion levels. As a result, concrete walls and slabs were 
modeled with uncracked section properties. Four percent damping was judged to be an appropriate 
median value 
 
Modal analysis using the Ritz vector method of SAP2000 extracted a total of 200 modes. These modes 
capture essentially 100% of the total mass in all three directions. Frequencies and fractions of total mass 
participation for selected significant fixed base structure modes are listed in Table 1. The X and Y axes 
are oriented in the north-south and east-west directions, respectively.    
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The horizontal response of the structure is dominated by Modes 1 and 2, which represent the fundamental 
modes in the east-west and north-south directions, respectively. Mode 1 has a frequency of 9.40 Hz and 
captures 72% of the total mass in the east-west direction. Mode 2 has a frequency of 10.8 Hz and captures 
about 77% of the total mass in the north-south direction. Both modes are defined by the overall global 
deformation of the building in the respective coordinate axes directions. The global building deformation 
is controlled by the stiffness of the interior and exterior walls. These modes are essentially orthogonal and 
exhibit little torsional deformation. 
 
Foundation Impedance and Scattering Functions 
 
Foundation impedance and scattering matrices were calculated using the hybrid method previously 
described. Input included the foundation/partially embedded structure geometry. Input soil properties 
were represented by the median soil profile compatible with the 1.0E-04 UHS with minor adjustments to 
fit the elevation of the SUSAN Building foundation.   
 
The embedded portion of the SUSAN Building was modeled using a quarter symmetry model in 
SASSI2000, as shown in Figure 6. Four quarter symmetry models of the excavated soil volume were 
developed, one for each of the three global translation directions and one for torsion about the vertical 
axis.  Appropriate boundary conditions were applied at the planes of symmetry. SASSI2000 was executed 
to generate the unconstrained (flexible) impedance matrices from the discretized SASSI2000 foundation 
model. The impedance and scattering functions for the rigid foundation were calculated as previously 
described.   
 
Deterministic Response Analysis 
 
The deterministic seismic response analysis was performed using the approach described above. Input 
included median-centered structure and soil properties and the single set of earthquake acceleration time 
histories. ISRS (5% damping) were computed at selected locations.   
 
Figures 7 and 8 present the north-south and east-west ISRS at centers of the SUSAN Building floors from 
the foundation to the roof, respectively.  Structure zero period accelerations (ZPAs) at these locations are 
listed in Table 2. ZPAs at the foundation are substantially lower than the free field surface peak ground 
accelerations (PGAs) due to the reduction in motion with depth in the soil column. Foundation rocking is 
stronger in the east-west direction which is evidenced by the higher peak spectral accelerations in that 
direction.   
 
Figure 9 shows the vertical ISRS at the centers of the SUSAN Building floors. ZPAs at these locations are 
presented in Table 3. Excluding local floor responses, the vertical amplification through the height of the 
building is moderate due to the vertical stiffness of the structure. Substantially higher response at the roof 
is attributed to local floor response. 
 



NEA/CSNI/R(2011)6 
 

131 

Probabilistic Response Analysis 
 
The probabilistic seismic response analysis was performed using SMACS as previously described.  
Probability distributions associated with soil stiffness, soil material damping, structure frequency, and 
structure damping were represented by lognormal scale factors having median values of 1.0 and 
associated lognormal standard deviations. Values of 0.4 were selected for the lognormal standard 
deviations associated with the soil shear modulus and soil material damping. These values were based on 
the results from the site response analysis [5]. A lognormal standard deviation of 0.15 was selected for the 
structure frequency. EPRI TR-103959 [10] indicates that this is an appropriate value for nuclear power 
plant steel or concrete structures when detailed finite element models are used. A lognormal standard 
deviation of 0.35 was selected for structure damping based on uncertainties recommended in EPRI TR-
103959 [10]. 
 
The thirty LHS SSI simulations were executed and ISRS were calculated at selected locations in the 
SUSAN Building for each of the thirty simulations. At each ISRS frequency, the thirty spectral 
accelerations were sorted and the 50% (median) and 84% NEP spectral accelerations were determined.  
Figures 10 and 11 present example overlays of the 5% damped ISRS for the thirty simulations with 
comparison to the resultant median and 84% NEP ISRS at the center of the floor at Elevation 0 m. 
 
Figures 12 and 13 present the median ISRS for the north-south and east-west directions at the centers of 
the floors from the foundation to the roof.  Figure 14 shows the median vertical ISRS at the centers of the 
floors. Tables 4 and 5 present the median horizontal and vertical ZPAs, respectively.   
 
Figures 15, 16, and 17 present the median and 84% NEP ISRS for the north-south, east-west, and vertical 
directions at the center of the floor at Elevation 0 m. High variability in the horizontal response at the 
resonant frequencies is observed as the peak 84% NEP ISRS values are substantially higher than the 
median peak values. Ratios of the peak 84% NEP spectral accelerations to median values are 2.4 and 1.9 
in the east-west and north-south directions, respectively. High peak values of the horizontal 84% spectra 
are the result of resonance of the structure and soil rocking.   
 
Figures 18 through 21 compare the median east-west and vertical ISRS from the deterministic and 
probabilistic analysis at Elevation (-)11 m and 0 m. The ISRS correspond to locations at the centers of the 
floors.  As shown in Figures 18 and 19, the foundation ISRS are essentially identical. The deterministic 
and probabilistic foundation ISRS both illustrate the reduction in motion with depth in the soil column.  
Consistency between the deterministic and probabilistic methods is shown in Figures 20 and 21, the ISRS 
exhibit spectral acceleration peaks at approximately the same frequencies and have comparable ZPAs.  
Similar observations are noted by comparing Figures 12 and 13 with Figures 7 and 8, respectively, in 
which the median deterministic and probabilistic ISRS exhibit comparable resonant frequencies and ZPA 
values.   
 
In Figures 20 and 21, the sharp spectral acceleration peaks obtained in the deterministic analysis are 
reduced in the probabilistic analysis. This is similarly observed in the peak spectral amplitudes when 
comparing Figures 12 and 13 with Figures 7 and 8. In the deterministic response analysis, a single 
analysis was performed with the median structure and soil properties. Resonance of the structure with soil 
rocking produced high spectral peaks. However, in the probabilistic analysis, the structure properties, soil 
properties, and ground motion were treated as random variables in the simulations. Because these 
parameters are varied, resonance of the structure with soil rocking did not occur to same extent in each of 
the simulations. The peak spectral acceleration in any given simulation varied in amplitude and in 
resonant frequency when compared to the others in the ensemble. Since the median ISRS represent the 
50th percentile of the distribution, the peak values don’t exhibit the same sensitivity as any one single 
simulation. This effect is observed in the scatter of the ISRS shown in Figures 10 and 11. Therefore, as 
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expected, the probabilistic analysis produced peak median spectral accelerations that were lower than that 
from the deterministic analysis. 
 
Advantages of the SMACS Methodology 
 
Implementation of the SMACS approach offers several advantages and sources of efficiency.  
Development of the structure fixed base model and computation of the modal properties represents the 
most significant engineering effort in the SMACS approach. Since only the fixed base model geometry, 
mass matrix, and natural frequencies and mode shapes are input to CLASSI, a relatively refined structure 
model can be developed. Greater engineering effort can be dedicated to developing rigorous structure 
models. Calculation of the impedances and scattering functions for the embedded foundation represents 
the substantial computation time in the analysis chain. Run times on a quad-core workstation computer 
were on the order of hours to tens of hours to calculate the median impedance and scattering functions for 
the SUSAN Building. The advantage of the hybrid method was that the SSI parameters were evaluated 
only once for the median soil case, rather than recalculated for each LHS trial. By using SMACS to 
perform the SSI response analysis, the thirty LHS SSI simulations were completed in minutes. 
 
Summary and Conclusions  
 
Deterministic and probabilistic SSI analysis was performed for the KKM SUSAN Building. The 
probabilistic SSI analyses employed the SMACS SSI methodology which is based on the CLASSI family 
of programs. An efficient hybrid method was used to calculate impedances and scattering functions for 
the embedded foundations. Median-centered deterministic and probabilistic ISRS were developed for 
each structure and comparisons were made.   
 
Conclusions drawn from the analysis results include: 
 

 Structure embedment in the soil overburden significantly affects structure response. In both 
the deterministic and probabilistic results, foundation level accelerations were substantially 
lower than the surface PGA due to the reduction in motion with depth in the soil column.   

 The median centered deterministic SSI analysis produced ISRS consistent with the median 
probabilistic analysis. Sharp spectral acceleration peaks obtained in the deterministic 
analysis were reduced in the probabilistic analysis. 

 Substantial variability occurred at the horizontal resonant frequencies. This was due to 
resonance of the structure and soil rocking frequencies. 
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Table 1 – SUSAN Building Fixed Base Modal Properties 

Mode 
Frequency 

(Hz) 

Fractions of Total Mass Participation
Description X 

Direction 
Y 

Direction 
Z 

Direction 
1 9.40 0.000 0.720 0.006 Fundamental east-west mode 
2 10.83 0.775 0.000 0.000 Fundamental north-south mode 
3 15.33 0.002 0.000 0.000 Fundamental torsional mode 

4 17.09 0.001 0.026 0.071 
Vertical mode of the interface 
structure 

6 19.82 0.000 0.022 0.315 Fundamental vertical mode 
 

Table 2 – SUSAN Building Center of Floor Horizontal Zero Period Accelerations from the 
Deterministic Analysis 

Floor 
Zero Period Accelerations (g) 

North-South (X) East-West (Y) 
Roof 0.405 0.683 
EL 0 m 0.399 0.430 
EL (-) 4 m 0.367 0.396 
EL (-)7.3 m 0.342 0.338 
EL (-)11 m 0.304 0.272 

 

Table 3 – SUSAN Building Vertical Zero Period Accelerations from the Deterministic Analysis 

Floor Zero Period Accelerations (g) 
Center of Floor 

Roof 0.462 
EL 0 m 0.241 
EL (-) 4 m 0.214 
EL (-)7.3 m 0.213 
EL (-)11 m 0.189 

 

Table 4 – SUSAN Building Center of Floor Median Horizontal Zero Period Accelerations from 
the Probabilistic Analysis 

Floor 
Zero Period Accelerations (g) 

North-South (X) East-West (Y) 

Roof 0.432 0.605 
EL 0 m 0.376 0.495 
EL (-) 4 m 0.346 0.390 
EL (-)7.3 m 0.319 0.337 
EL (-)11 m 0.273 0.284 
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Table 5 – SUSAN Building Median Vertical Zero Period Accelerations from the 
Probabilistic Analysis 

Floor Zero Period Accelerations (g) 
Center of Floor 

Roof 0.507 
EL 0 m 0.299 
EL (-) 4 m 0.258 
EL (-)7.3 m 0.256 
EL (-)11 m 0.224 
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Figure 1 – Substructure Approach to SSI Implemented in CLASSI 
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Figure 2 – Mean 1.0E-04 Horizontal and Vertical Uniform Hazard Spectra, 5% Damping 

 

 

Figure 3 – Comparison of Response Spectra for Ensemble Time Histories H1 Component with 
1.0E-04 UHS, 5% Damping 
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Figure 4 – Comparison of Low Strain and Median Centered Shear Wave Velocity Profile 

 

 

Figure 5 – SUSAN Building Finite Element Model Looking Southwest 
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Figure 6 – SUSAN Building Excavated Soil Quarter Symmetry Model 

 

 

Figure 7 – SUSAN Building Deterministic In-Structure Response Spectra, Centers of Floors, 
North-South (X) Direction, 5% Damping 
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Figure 8 – SUSAN Building Deterministic In-Structure Response Spectra, Centers of Floors, 
East-West (Y) Direction, 5% Damping 
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Figure 9 – SUSAN Building Deterministic In-Structure Response Spectra, Centers of Floors, 
Vertical (Z) Direction, 5% Damping 

 

Figure 10 – SUSAN Building Probabilistic In-Structure Response Spectra, Center of Floor, 
Elevation 0 m, East-West (Y) Direction, 5% Damping 
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Figure 11 – SUSAN Building Probabilistic In-Structure Response Spectra, Center of Floor, 
Elevation 0 m, Vertical (Z) Direction, 5% Damping 

 

Figure 12 – SUSAN Building Median Probabilistic In-Structure Response Spectra, 
Centers of Floors, North-south (X) Direction, 5% Damping 
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Figure 13 – SUSAN Building Median Probabilistic In-Structure Response Spectra, 
Centers of Floors, East-west (Y) Direction, 5% Damping 

 

Figure 14 – SUSAN Building Median Probabilistic In-Structure Response Spectra, 
Centers of Floors, Vertical (Z) Direction, 5% Damping 
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Figure 15 – SUSAN Building Median and 84% Probabilistic In-Structure Response Spectra, 
Center of Floor, Elevation 0 m, North-South (X) Direction, 5% Damping 

 

Figure 16 – SUSAN Building Median and 84% Probabilistic In-Structure Response Spectra, 
Center of Floor, Elevation 0 m, East-west (Y) Direction, 5% Damping 
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Figure 17 – SUSAN Building Median and 84% Probabilistic In-Structure Response Spectra, 
Center of Floor, Elevation 0 m, Vertical (Z) Direction, 5% Damping 

 

Figure 18 – Comparison of SUSAN Building Deterministic and Probabilistic Median ISRS, 
Elevation (-)11 m, East-west (Y) Direction, 5% Damping 



NEA/CSNI/R(2011)6 
 

145 

 

Figure 19 – Comparison of SUSAN Building Deterministic and Probabilistic Median ISRS, 
Elevation (-)11 m, Vertical (Z) Direction, 5% Damping 

 

Figure 20 – Comparison of SUSAN Building Deterministic and Probabilistic Median ISRS, 
Elevation 0 m, East-West (Y) Direction, 5% Damping 
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Figure 21 – Comparison of SUSAN Building Deterministic and Probabilistic Median ISRS, 
Elevation 0 m, Vertical (Z) Direction, 5% Damping 
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Abstract 
 
The paper presents results obtained from a sequence of research case SSI studies. The paper focuses on 
the effects of incoherency on the seismic SSI response of nuclear complex islands and structures with 
surface and embedded foundations, for rock and soil sites. These case studies include the EPRI AP1000 
NI complex stick model [1] with and without embedment, a generic large-size shear wall structure with 
surface foundation, and a generic deeply embedded concrete pool structure. In addition to motion 
incoherency effects we also looked at wave passage effects for the large-size nuclear structure. The 
incoherent versus coherent SSI results are compared in terms of acceleration in-structure response spectra 
(ISRS) and structural forces and moments in the structural elements. 
 
Seismic motion incoherency 
 
Seismic motion incoherency is due to local spatial random variations of seismic ground motion in a 
horizontal plane across building foundations as a result of wave scattering and wave passage effects. 
Assuming that the ground motion stochastic spatial variations in horizontal plane can be idealized by a 
stationary Gaussian stochastic field, then, its spatial correlation structure is completely defined by its 
coherency spectrum, or coherence function. More generally, the coherence function is a complex 
quantity, often called in earthquake engineering literature the “unlagged” coherence function 
[2].However, in practice, the “lagged” coherence function, that is real and positive quantity defined by the 
amplitude of the complex coherence function is used. If the horizontal apparent wave velocity of the wave 
passge term is considered to be constant for all frequencies, then the “plane-wave” coherency model is 
defined. The plane-wave coherency models could be used in conjunction with the plane-wave propagation 
SSI codes, as is illustrated herein. 
 
It should be noted that the coherence function at any given frequency is identical with the statistical 
correlation coefficient or scaled covariance between two random variables that are defined by the 
amplitude of the motion at two different locations. This observation suggests that a series of efficient 
engineering numerical tools developed for digital simulation of stochastic spatial variation fields based on 
factorization of covariance kernels could be extended for simulation of seismic motion spatial variation 
fields using factorization of coherence kernels at each frequency. 
 
Currently, based on significant statistical database information, motion incoherency models were 
definedby a set of specific coherence functions for soil conditions [2]. The coherence function is unity 
forcoherent SSI analysis. The coherence function amplitude is near unity at low frequencies and 
reduceswith frequency and separation distance between the observation points in the free-field. 
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The methodology used for incoherent SSI analysis is based on the Stochastic Simulation approach. The 
incoherent SSI methodology used is based on the Stochastic Simulation approach implemented in the 
ACS SASSI code [3] that was validated by EPRI [1] and endorsed by US NRC [6]. The Stochastic 
Simulation approach (called SASSI-Simulation in the EPRI studies) is similar to the Monte Carlo 
simulation used for probabilistic analyses. The theoretical basis of the Stochastic Simulation approach is 
described elsewhere [1, 4]. The (mean) incoherent SSI response is computed as the average of the results 
computed from a set of statistical SSI analyses using random field realizations of the incoherent free-field 
motion input. Besides the mean incoherent SSI responses, the SSI the Stochastic Simulation approach 
could provide insightful information on the scatter of the SSI responses that can be useful for both design 
and probabilistic risk assessment studies. 
 
For incoherent SSI analyses, a set of 10 stochastic simulations were used to compute the mean incoherent 
ISRS. As shown in the EPRI validation studies [1] a reduced number of simulations, as low as 5 
simulations, are sufficient to get reasonably accurate mean incoherent ISRS estimates. It was considered 
that the use of a set of 10 simulations is consistent with the EPRI recommendations, and is sufficient for 
accurately predicting mean incoherent ISRS. 
 
Case studies 
 
Three case studies are considered herein: i) the EPRI AP1000 NI complex stick model [1] with and 
without embedment, ii) a generic large-size shear wall structure with surface foundation and iii) a generic 
deeply embedded concrete pool structure (UHS type). The SSI models for the three case studies areshown 
in Figure 1. 
 
AP1000 NI Stick Model  
 
Before starting the parametric SSI studies, the AP1000 stick model foundation size was modified from 
the 150ft x 150ft size used in the EPRI studies [1] to the 158ft x 254ft size that is closer to the actual sizes 
of the AP1000 NI complex (Figure 1a). The EPRI soil layering has a shear wave velocity, Vs varying 
from 3,500 fps at ground surface to 11,000 fps in the depth. An additional hard-rock (HR) site condition 
with uniform Vs of 8,000 fps was also considered. The 2007 Abrahamson hard-rock coherency function 
[2] was used for both site conditions. Seismic input was defined by a site-specific UHRS high-frequency 
input, the same used in EPRI benchmark studies [1]. 
 
Figure 2 compares the 5% damping ISRS at the AP1000 NI basemat center for the two site conditions and 
foundation sizes, EPRI soil [1] with a foundation of 150ft x 150ft and hard-rock site with a foundation of 
158ft x 254ft. It should be noted the incoherency effects are significantly larger for the hard-rock site and 
the larger foundation size. Also note that the soil stiffness plays a key role on the incoherency effects. The 
higher the frequency content of the basemat motion is, the larger incoherency effects are. For EPRI soil, 
the dominant ISRS are in 8-12 Hz range for the horizontal direction and about 15 Hz for the vertical 
direction, while for hard-rock site the dominant ISRS peak is 30-40 Hz in both the horizontal and vertical 
directions. For the modified AP1000 stick model with a larger foundation size, the seismic input and soil 
layering were changed to reflect two different soil site conditions and two different foundation 
embedment 
conditions. The modified AP1000 stick model was considered with no embedment, as in EPRI study, and 
with 40 ft embedment, respectively. The control motion was defined at the ground surface. 
 
For soil sites, seismic input was defined by the RG 1.60 input applied in conjunction with the 2007 
Abrahamson soil coherency function [2]. Soil layering was assumed to be a uniform deposit with Vs of 
1000 fps. For rock sites, seismic input was defined by a site-specific, hard-rock high-frequency (HRHF) 
input applied in conjunction with the 2007 Abrahamson hard-rock coherency function [2]. The HRHF 
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input was the same with the site-specific UHRS type input used in EPRI study [1]. Soil layering was 
assumed to be a uniform deposit with Vs of 8,000 fps. Figure 3 shows the 2007 Abrahamson plane-
wavecoherence functions that were used. 
 
Figures 4 through 7 show the coherent and incoherent ISRS computed for the surface and embedded 
AP1000 NI stick model on the rock and soil sites. The 5% damping ISRS are computed at basemat center 
and top of SCV in Y and Z directions. Figures 4 and 5 are for the rock site and Figure 6 and 7 for the soil 
site. 
 
Overall, it should be noted that ISRS computed for the rock site indicates much larger incoherency effects 
that manifest by reducing largely the ISRS amplitudes in high-frequency range. This is due to the fact that 
the ISRS computed for rock sites have much larger high-frequency content than ISRS computed for soil 
sites. Also, the incoherency effects appear to be larger for vertical ISRS, since vertical ISRS have usually 
higher frequency content than horizontal ISRS. 
 
Figures 4 through 7 show that the embedded sites have similar reductions in ISRS as surface founded 
sites. ISRS for embedded sites are lower than ISRS for surface founded sites for both coherent and 
incoherent motions. Embedment effects manifest more pronounced in the mid-frequency range rather 
than in the high-frequency range. 
 
Figure 8 shows the coherent and incoherent shear forces in the AP1000 NI structures, ASB, CIS and SCV 
(see [1] for model details) computed for the soil site condition. It should be noted that the effects of 
embedment and incoherency slightly decrease the structural shear forces by 10-30%. 
 
Before we discuss other investigated case studies, we would like to make some comments on a very 
important SSI analysis implementation aspect of the SASSI-based methodology. Figure 9 compares 
results obtained using the Flexible Volume (FV) and Subtraction/Flexible Interface (FI) methods [3, 5]. 
The Subtraction/FI method is applied as recommended in the technical literature by original implementers 
using the basement-soil interface nodes as SSI nodes. An alternative to the Subtraction/FI method is using 
all the excavation volume boundary nodes as SSI nodes, including the excavation volume top nodes at the 
ground surface. The application of Subtraction/FI with all boundary excavation volume including 
topnodes is marked in the legends of the ISRS plots by FIT. 
 
To check the robustness of FI method, a coarse horizontal excavation volume mesh of 20ft x 10 ft was 
used. Figure 9 left ISRS plots show that for this coarse mesh, the FI is unstable and produces a large ISRS 
peak at about 18 Hz for both the coherent and incoherent ISRS. However, if we include the ground 
surface excavation volume nodes as SSI nodes, then, the FI method denoted by FIT in legend becomes 
much more robust and provides ISRS accurate results close to the reference FV method, as shown in 
Figure 9 right ISRS plots. 
 
Large-Size Shear Wall Structure 
 
The large-size shear wall structure is a generic modular configuration building with a horizontal 
foundation size of 450ft x 350ft (Figure 1b). The shear wall structure was assumed to be founded on a 
rock site with Vs of 4,500 fps. The seismic input was defined by the HRHF input used also to the AP1000 
stick model. The 2007 Abrahamson hard-rock coherency model was used. For this large-size structure we 
also considered the wave passage effects. Since we assumed that the soil deposit has a soil layering 
inclination in a direction that makes about 30 degree with longitudinal axis of the foundation, we 
considered a horizontal apparent wave speed of 6,000 fps in a 30 degree oblique direction. The 6,000 fps 
is an extreme low apparent speed that was considered to produce an upper bound of the wave 
passageeffects. 
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Figure 10 shows the instantaneous SSI acceleration distributions in the basemat at arbitrary time by the 
deformed shape of the base slab. The base slab was isolated from the rest of the structure. The base slab 
deformed plots were computed for the coherent input (a), incoherent input (b, left) and incoherent plus 
wave passage input (b, right). It should be noted that for the large-size and flexible basemat, the effects of 
incoherency appear to be important. Based on the Figure 10 plots, it is expected that the base slab 
maximum bending moments increase due to incoherency and wave passage. It is clear from Figure 10 that 
traditional coherent analysis that assumes that the entire 450 ft x 350 ft soil area under the foundation 
moves as a “rigid body” is unrealistic and against recorded evidence in seismographic dense arrays. This 
“rigid body” assumption for soil motion could under significantly evaluate the bending of the base slab. 
We noticed that incoherency and wave passage effects could increase the base slab bending moments by 
50%, or even more (not shown herein). 
 
Table 1 shows the effects of incoherency and wave passage on the forces and moments in the external 
transverse shear wall. Table 1 shows that incoherency could increase the out-of plane bending moments in 
shear wall by 10% if no wave passage is considered (Va = infinity), and by 30% if passage is included 
(Va = 6,000). The axial and shear forces could increase by 10-15% if incoherency and wave passage are 
included. More research is needed to quantify for practice these qualitative aspects. 
 
Deeply Embedded Concrete Pool Structure 
 
The concrete pool structure is shown in Figure 1c. The foundation size in horizontal plane is 80ft x 50 ft. 
The embedment is 30 ft. The pool structure is a very flexible structure since is an open box structure. The 
perimeter wall thinckness is 3 ft. The soil deposit is a viscous elastic half-space with Vs of 1,000 fps. 
Seismic input was defined by a RG 1.60 input ar ground surface. The 2007 Abrahamson soil coherency 
function was used for incoherent SSI analyses. 
 
Figure 11 shows the coherent and incoherent structural acceleration deformed shapes at an arbitrary time. 
It should be noted the structural deformation patterns show that for incoherent inputs in addition to 
regular mode of vibration patterns there are present random patterns due to presence of short wave length 
random components. Thus, the differential soil motions due to incoherency create local differential soil 
pressures that affect the vibration shape of the concrete structure. 
 
Figure 12 shows the membrane stresses in the 30 ft embedded concrete pool structure. It is obvious that 
the incoherent stresses are much lower on the top of the pool structure due to reduced inertial forces at the 
top due to incoherency. However, at lower levels under the ground surface, the incoherent, random short 
wavelength components could produce locally larger stresses in the concrete structure due to differential 
soil motions. It is believed that the wave scattering phenomenon is largely affected by incoherency due to 
the presence of non in phase components. More research is needed to quantify for practice these 
qualitative aspects. 
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Conclusions 
 
The effects of motion incoherency: 
 

1)  Reduce the ISRS amplitudes in high–frequency range. For rock sites, large ISRS amplitude 
reductions of 2-3 times are possible. 
 

2)  Increase bending moments in basemats 
 
3)  For large foundation sizes, increase the shear wall forces in external walls 
 
4)  The inclusion of wave passage effects could be favorable for interior shear walls and 

detrimental for external walls located at the longitudinal edges. More in-depth research is 
needed. 

 
5)  Application of Subtraction/Flexible Interface method as recommended in the technical 

literature could provoke unstable SSI results, most often shown by unrealistically high ISRS 
peaks. The use of all excavation volume boundary nodes as SSI nodes, could provide a more 
stable and accurate SSI solution for Subtraction/Flexible Interface. However, the addition of 
the top, ground surface nodes, as SSI nodes impacts severely on the numerically efficiency of 
Subtraction/Flexible Interface. 

 
6)  For deeply embedded structures, the incoherency effects are to reduce the global resultant of 

the local soil pressures, but locally might produce “hot spot” pressures due to short 
wavelength soil motion components. Wave scattering effects around deeply embedded 
structures are sensitive to motion incoherency. More in-depth research is needed. 
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Abstract 
 
This paper presents a case study that illustrates the soil-structure interaction (SSI) effects on the seismic 
response of reactor building (RB) structures at a rock site in the Eastern US with input ground motion that 
is characterized with high frequency content and high peak ground acceleration (PGA). The study 
includes the site-specific SSI effects of 40 ft thick embedment backfill soil and the effects of seismic 
motion incoherency on the structural response at high frequencies. The responses obtained from these 
site-specific analyses are compared with results of a set of site-independent analyses that envelope the 
response of the R/B structures at a wide range of sites characterized with seismic ground motion with 
frequency content similar to the US NRC RG 1.60 and PGA of 0.3 g and serve as basis for standard 
design of these structures. The focus of the study is on the results of the SSI analyses that define the site 
specific demands for seismic design of the building structural members and in-structure response spectra 
(ISRS) used for seismic design of subsystems, components and equipment. The results of this case study 
indicate that the standard plant seismic design, which is based on a design ground motion which content 
is reach in the frequencies corresponding to the natural frequencies of vibration of the R/B structures, 
covers with a significant safety margin the site-specific seismic demands for the hard rock site with high 
frequency ground motion. Due to the high-frequency seismic input for the site-specific SSI analyses, the 
site-specific ISRS in the high-frequency range can be significantly larger than the ISRS used for generic 
design that can affect the operation of high frequency sensitive equipment. 
 
Introduction 
 
Figure 1 shows the seismic inputs used for the site-independent standard design SSI analyses and the SSI 
analyses specific to hard rock site with high frequency input motion. The site-specific soil profiles of 
lower bound (LB), best-estimate (BE) and upper bound (UB) shear wave (Vs) velocity of the rock 
subgrade used as input for the site-dependent analyses are shown in Figure 2. The values of the rock 
subgrade shear wave velocity vary between 3,800 fps and 11,200fps. 
 
Figure 3 presents the structural model of R/B structures and their common basemat foundation that is 
used for the SSI analyses presented in this case study. Finite element (FE) model represents the stiffness 
and mass inertia properties of the basemat and the below ground portion of the building. The dynamic 
properties of R/B structures above ground elevation are represented by lumped-mass stick models. Three 
lumped mass stick models that are decoupled from each other represent the stiffness and mass inertia 
properties of the following R/B structures: 
 

  Reactor Building (R/B) and Fuel Handling Area (FH/A) 
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  Prestressed Concrete Containment Vessel (PCCV), and 

  Containment Internal Structure (CIS) 

The CIS model is coupled with the Reactor Coolant Loop (RCL) lumped-mass stick model representing 
the stiffness and mass inertia properties of Reactor Vessel (RV), four Steam Generators (SG), Reactor 
Coolant Pumps (RCP) and major piping. 
 
The foundation size in horizontal plane is 309 ft x 210 ft. It should be noted that this foundation size is 
much larger than the foundation of the EPRI AP1000 3 stick model used by EPRI to benchmark different 
incoherent SSI methodologies that was only 150 ft x 150 ft [1]. Thus, the effects of incoherency are 
expected to be larger for the R/B model used in this case study than for the EPRI AP1000 NI stick model. 
To investigate the effects of the backfill soil on the site-specific SSI response of the R/B structures, the 
results obtained from the SSI analyses of surface and embedded models are compared. Final site-specific 
ISRS are developed that include the effects of both incoherency and embedment in the backfill. 
 
Incoherent SSI methodology 
 
The methodology used for incoherent SSI analysis is based on the Stochastic Simulation approach 
implemented in the ACS SASSI code [2] that was validated by EPRI [1] and endorsed by US NRC. The 
Stochastic Simulation approach (called SASSI-Simulation in the EPRI studies) is similar to the Monte 
Carlo simulation used for probabilistic analyses. The theoretical basis of the Stochastic Simulation 
approach is described elsewhere [1, 3]. The (mean) incoherent SSI response is computed as the average of 
the results computed from a set of statistical SSI analyses using random field realizations of the 
incoherent free-field motion input. Besides the mean incoherent SSI responses, the SSI the Stochastic 
Simulation approach could provide insightful information on the scatter of the SSI responses that can be 
useful for both design and probabilistic risk assessment studies. 
 
The Stochastic Simulation approach is applicable to both simple stick models with rigid mat foundations 
and complex FE models with flexible mat foundations. For flexible foundations, the incoherency-induced 
stochasticity of the basemat motion, especially for higher frequency ranges and in vertical direction for 
which the mat flexibility is much higher, is driven by the local spatial variations that include significant 
short wave length components of free-field motion. It should be noted that rigid mats (assumed to be 
infinitely rigid) have the tendency to over-filter the short wave components and by this underestimate the 
incoherency effects in high-frequency range. The Stochastic Simulation approach captures all the details 
of local spatial variation aspects of the free-field motion. For flexible foundations, the free-field motion 
local spatial variations are directly transmitted to the flexible basemat motions since the kinematic SSI is 
reduced, so that differential free-field motions are less constrained by the foundation. The structure 
behaves dynamically like a multiple-support excitation structure, especially for flexible mats and in 
vertical direction. 
 
It should be noted that by default the Stochastic Simulation approach includes all the extracted coherency 
matrix eigenvectors (called also incoherent spatial modes) for computing incoherent SSI response. This is 
very important for the high frequency range were the participation of higher-order incoherent spatial 
modes is large, especially in vertical direction and more flexible foundation mats. The inclusion of all 
incoherent spatial also produces an “exact” recovery of the free-field coherency matrix at the 
SSIinteraction nodes that is a key input quantity for the incoherent SSI analysis. The accuracy of 
coherency function recovery can be checked for each SSI frequency. 
A set of 10 stochastic simulations were used to compute the mean incoherent ISRS at different locations 
within R/B structures. As shown in the EPRI validation studies [1] a reduced number of simulations as 
low as 5 simulations are sufficient to get reasonable accurate mean incoherent ISRS estimates. It was 
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considered that the use of a set of 10 simulations is consistent with the EPRI recommendations, and it is 
sufficient for accurately predicting mean incoherent ISRS. Confirmatory analyses done for 25 simulations 
confirmed that 10 simulations were sufficient to accurately predict incoherent SSI responses as shown by 
the comparison of ISRS results presented in Figure 9. 
 
The site-specific incoherent SSI analyses were performed using the 2007 Abrahamson hard-rock 
planewave coherency functions provided by EPRI [4]. 
 
Seismic SSI analyses procedure 
 
Three sets of SSI analyses were performed to evaluate the effects of motion incoherency and soft backfill 
layer vibration on the site-specific ISRS: 
 

1) Surface foundation subjected to coherent input ground motion (SC), 
 
2) Surface foundation subjected to incoherent input ground motion (SI), and 
 
3) Embedded foundation subjected to coherent ground motion (EC). 
 

The above SSI analyses were performed for three site-specific soil properties including lower-bound 
(LB),  best-estimate (BE) and upper-bound (UB) which profiles are shown in Figure 1. Figure 2 presents 
the 5% damping ISRS of the site-specific design ground motion used as input for the surface and 
embedded foundation SSI analyses that are characterized by rich high frequency content. The control 
elevation of the input ground motion for all of the SSI analyses presented herein was at foundation bottom 
elevation.  
The baseline site-independent SSI analyses were limited to coherent input motions for the surface 
foundation SSI model. The standard design site-independent analyses included 8 soil profiles that 
represent the subgrade conditions that envelope the SSI response of the building at a vast variety of sites. 
Figure 1 presents the acceleration response spectra of the input ground motion used as input for the 
standard design site-independent SSI analyses. 
 
The co-directional SSI responses computed for each seismic input direction, NS, EW and Vertical, 
werecombined using the SRSS rule. 
 
A simplified approach was used to include the combined effects of embedment and incoherency in the 
ISRS results. The final site-specific ISRS were obtained by multiplying the surface model incoherent 
ISRS by the amplification factors that were computed using the ISRS results of SSI analyses with 
coherent input ground motion. The embedment amplification factors were computed as ratio of the 
coherent ISRS enveloping the response of the surface and embedded models to the coherent ISRS 
enveloping the response only of surface model SSI analyses for the three soil property sets, lower-bound 
(LB), best-estimate (BE) and upper-bound (UB). 
 
The fact that the effects of the embedment in the soft backfill soil are not coupled with the effects of 
incoherency justifies the approach taken to include the embedment effects into the final incoherent motion 
design ISRS by adjusting the ISRS obtained from incoherent simulations of the model with surface 
foundation. The 40 ft thick stratum of soft backfill soil rests above a stiff rock formation as shown in the 
soil profiles shown in Figure 2. Since the large foundation of R/B structures sits on the stiff 
rockformation, the soft backfill soil has only a minor impact on the foundation dynamic stiffness and the 
main effect of the soft backfill layer is produced by its resonant vibration at the natural frequency of the 
soil column that is below 10 Hz. Therefore, for the particular site-specific conditions investigated in this 
study embedment effects manifest in the low frequency range well below the high frequency range where 
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incoherency effects are manifested. The results of the site-specific SSI analyses shown in the next section 
confirm the engineering judgment applied in developing the final design ISRS. 
 
The main benefit of the above decoupled approach for incoherency and embedment effects is that it 
avoids running an incoherent embedded model with an extremely detailed mesh required for the 
excavated soil to transmit high frequency components up to the SSI cut-off frequency that should be at 
least 50 Hz. Such an incoherent embedded SSI model might need to include tens of thousands of 
interaction nodes that will make the SSI analysis run practically impossible, even if a large number of 
parallel processors or supercomputers are used. 
 
Results 
 
Effects of Incoherency 
 
For comparison purposes, in addition to Stochastic Simulation, two other sets of incoherent SSI analyses 
were also performed using two deterministic incoherent approaches : 
 

(1) SRSS ATF approach the uses the SRSS rule for combining the ATF amplitudes computed 
separately for each incoherent spatial mode assuming a zero-phase, and 
 

(2) SRSS FRS approach that uses the SRSS rule for combining the final SSI response quantities 
computed separately for each incoherent spatial mode (these final quantities can be either the 
ISRS or the structural forces). 
 

The SRSS ATF approach (1) was validated by the 2007 EPRI studies [1]. The SRSS FRS approach (2)  
was used in 1997 EPRI studies [3], but not included in the 2007 EPRI studies. 
 
Figures 4 and 5 show the 5% damping ISRS computed at the base of the PCCV structure and the CIS 
operating deck level for Y and Z directions using the Stochastic Simulation, SRSS ATF and SRSS FRS 
incoherent approaches. For the SRSS approaches 10 incoherent spatial modes were considered, as applied 
in the EPRI studies [1]. The soil profile was the BE profile. 
 
The comparison of the results shows a reasonable good agreement between the three approaches used for 
incoherent SSI analyses. For the PCCV base location, the agreement is almost perfect. For the CIS 
operating deck location, in the Y direction, the SRSS FRS produces an artificially large peak at 5 Hz and 
slightly departs from the other two methods in mid high-frequency range between 10 Hz and 20 Hz. For 
Z-direction the SRSS FRS produces an artificial spectral valley around the 20 Hz frequency. The 
matching between Stochastic Simulation and SRSS ATF is very good for both Y and Z directions. It 
should be noted that the incoherency effects are usually more significant in vertical direction than in 
horizontal direction. This is mainly due to the fact that the frequency content of the SSI response in 
vertical direction is usually larger than in horizontal direction, since the nuclear structures are stiffer in 
their axial direction than in lateral direction. 
 
Figures 6 and 7 show the 5% damping ISRS computed using Stochastic Simulation at the base the PCCV 
structure and at the top of the FH/B structure for the Y and Z directions for all the three soil profiles, LB, 
BE and UB. At the base of the PCCV, for frequencies higher than 10 Hz, the incoherent ISRS 
aresignificantly lower than the coherent ISRS for all three soil profiles. However, at the top of the FH/B 
stick that is located at the edge of the building in the longitudinal direction, the incoherent ISRS are larger 
in Y direction (transverse direction) than coherent ISRS in the 8-10 Hz frequency band. This increase in 
the ISRS amplitudes in the 8-10 Hz frequency band is due to the incoherency-induced torsional motion of 
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the building that amplifies the dynamic response of the FH/B structure in the Y direction (transverse 
direction) at around 9.0 Hz, where a significant structural vibration mode exists. 
 
SSI Effects of Backfill Embedment 
 
Since the building being analyzed has a large-size and stiff foundation that sits on a rigid rock formation,  
the effects of the soft backfill soil layer on the overall dynamics of the R/B structures is small, and it 
could be considered practically negligible. The effects of the backfill are shown in Figure 8 that compares 
the computed ISRS at the basement center for the BE soil profile for the surface and the embedded SSI 
models of R/B structures. 
 
The most significant embedment effect is the ISRS spectral peak that occurs at the backfill soil column 
frequency (at about 6.0 Hz in Figure 8). In the high frequency range the embedment effects are almost 
negligible and favorable, as shown in Figure 8. These results confirm the fact that embedment effects 
manifest in the low frequency range below 8-10 Hz where the backfill soil column frequency occur. 
Therefore, the embedment effects are decoupled from the incoherency effects that manifest in the high 
frequency range above 8-10 Hz. 
 
Final Results Including Incoherency and Embedment Effects 
 
Figure 9 shows the final, 15% broadened site-specific (incoherent) ISRS at the base of CIS structure. For 
comparison purposes, Figure 10 also includes the site-specific coherent ISRS and the baseline standard 
design ISRS. As expected, for the low and mid frequency range, the standard design ISRS envelope the 
site-specific ISRS with a large safety margin. However, in the high frequency range the site-specific  
(incoherent) ISRS could be, on a case-by-case basis, significantly larger than the standard design ISRS.   
Finally, Figure 11 shows a comparison between the site-specific and the standard design structural forces 
in the PCCV structure. As expected, the standard design forces envelope than site-specific forces with a 
large safety margin. 
 
Conclusions 
 
The paper show key aspects of the site-specific seismic SSI analysis of the R/B structures. The effects of 
the motion incoherency and foundation embedment were considered. It was shown that these effects are 
decoupled since the backfill embedment effects manifests in low frequency range below 8-10 Hz, while 
the incoherency effects manifest. 
 
The site-specific ISRS are lower than the standard design ISRS in the low and mid frequency ranges, but 
could be larger than standard design ISRS in the high frequency range. 
 
The site-specific structural forces are significantly lower than the standard design structural forces for all 
of the R/B structures. This is due to the fact that most of the structural vibration modes are in low and mid 
frequency range and because of this, they are less excited by the site-specific high-frequency seismic 
inputs in comparison with the standard design mid frequency seismic inputs. 
 
Since the foundation basemat of R/B structures has larger footprint dimensions, 309 ft x 210 ft, the 
incoherent ISRS are larger than coherent ISRS for the structures located close to the edges of the basemat 
in the longitudinal direction. These amplifications of the incoherent ISRS is due to the additional 
rotational motions induced by the incoherency effects, that are torsional motions due to the incoherent 
horizontal inputs, and rocking motion due to the incoherent vertical input. 
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The effects of basemat flexibility on the site-specific ISRS are larger for the vertical direction, for which 
the R/B structures behave as a multiple support excitation system. 
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Effects of Surface Geometry in SSI Analyses 

Dr. Alejandro P. Asfura, APA Consulting, USA 

 
 

 
1.  Introduction 
 
One of the limitations of the commonly used soil-structure interaction analysis codes is the assumption 
that the soil profile consists of infinite horizontal layers and that the soil surface consists of a perfectly 
horizontal plane. Reality is that neither, the soil profile nor the soil surface is infinitely horizontal.   

This paper studies a case where the soil surface has a discontinuity near the structure. For this case, the 
discontinuity was modelled as a vertical cut in the soil profile. The goal of this study is to determine the 
conditions under which the assumption of an infinite horizontal surface could be considered acceptable.    
 
Two series of two-dimensional soil-structure interaction analyses were performed: one in the frequency 
domain with the soil-structure interaction program SASSI13 considering that the soil surface is an infinite 
horizontal plane; and one in the time domain with the finite element two-dimensional wave propagation 
program QUAD4MU14 considering the actual geometry of the soil surface. In the QUAD4MU analyses, 
the distance from the structure to the discontinuity and the depth of the discontinuity were varied.   
 
The results from both series of analyses were compared to study the effects of the surface geometry in the 
dynamic response of the structure. 
 
2.  Analyses 
 
The soil-structure interaction model used for this study was the simple two-dimensional model shown in 
Figure 1. This model consisted of a uniform 100 foot-thick soil layer over a rock half space and a surface 
founded structure 50 feet long and 25 feet high. The structure was heavy enough to cause soil-structure 
interaction effects. As shown in Figure 1, a surface discontinuity was modelled as a vertical cut. Three 
different soil properties, four different distances from the structure to the vertical cut, and three different 
discontinuity depths were used. The first two natural frequencies of the structure were 3.2 Hz and 10.7 
Hz. The properties for the three soil cases are listed in Table 1; the distances of the edge of the 
discontinuity to the center of the structure are listed in Table 2; and the discontinuity depths are listed in 
Table 3. 

As a first step, the three soil profiles without the surface discontinuity were analyzed with SASSI and 
QUAD4MU to compare the results given by these two programs. A broadband input motion located at the 
surface was used for the analyses. The results selected for comparison were the acceleration response 
spectra at the base of the structure. Figures 2 to 4 show this comparison. It was concluded that, although 
QUAD4MU tends to give lower results, the two programs give results that are acceptable for this study 
and thus, these results from QUAD4MU were selected as the base results for comparison with the 
analyses which included the surface discontinuity.   
                                                      
13  Program SASSI – A System for Analysis of Soil-Structure Interaction: John Lysmer, Farhang Ostadan, Mansour 

Tabatabaie, Frederick Tajirian, and Shahriar Vahdani.  University of California at Berkeley. 
14  Program QUAD4MU - Martin Byrd Hudson , I.M. Idriss , and  Mohsen Beikae.  University of California at Davis. 
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As a second step, the finite element program QUAD4MU was used to perform the soil-structure 
interaction analyses of the system that included the discontinuity at the surface. Thirty-six analyses were 
performed (3 soils x 3 depths x 4 distances). The results from these 36 analyses were compared to the 
results calculate with QUAD4MU for the system without discontinuity. The results selected for 
comparison were the maximum accelerations and the acceleration response spectra at the base of the 
structure. 

3.  Results 
 
The maximum accelerations at the base of the structure were calculated for the 36 cases that included the 
discontinuity and compared to the values for the case with horizontal surface (defined as base cases). The 
ratio of the maximum accelerations for the cases with discontinuity and the base cases accelerations are 
plotted and shown in Figures 5 to 7. These ratios are plotted as function of the distance from the center of 
the structure to the edge of the discontinuity and for each discontinuity depth. In this study is has been 
arbitrarily assumed that the results of the model including discontinuity are acceptable if they are 10% 
from the results of the model with a horizontal surface. 

The results of this simple model suggest that if the depth of the discontinuity is less than the foundation 
radius, the maximum accelerations from the model including discontinuity are close to the maximum 
accelerations from the model with horizontal surface for ratios -distance from the center of the structure to 
the edge of the discontinuity- equal or greater than 3. These results also suggest that when the soil is 
stiffer in comparison to the structure, the maximum accelerations from the model including discontinuity 
are close to the maximum accelerations from the model with horizontal surface for any reasonable 
distance from the center of the structure to the edge of the discontinuity. 

A more meaningful comparison though is the comparison of the acceleration response spectra at the base 
of the structure. For clarity, this comparison was done only for ratios -distance from the center of the 
structure to the edge of the discontinuity- equal to 3 and 9.   

Figures 8 to 10 show the acceleration response spectra for a depth to structure ratio of 0.4 (depth = 10 ft).  
These three figures show that the acceleration response spectra calculated using a horizontal surface are 
acceptable to represent the actual acceleration response spectra at all frequencies for any soil case when 
the depth of the discontinuity is small, in this example less than half of the radius of the foundation. 

Figures 11 to 13 show the acceleration response spectra for a depth to structure ratio of 0.8 (depth = 20 
ft).  These three figures show that the main peak of the acceleration response spectra calculated using a 
horizontal surface is always accurately calculated. However, secondary peaks at higher frequencies tend 
to be less accurate and their accuracy depends of the distance of the structure to the discontinuity and the 
stiffness of the soil. 

Figures 14 to 16 show the acceleration response spectra for the depth to structure ratio of 1.2 (depth = 30 
ft). These three figures show that the main peak of the acceleration response spectra calculated using a 
horizontal surface is always accurately calculated. However, peaks at higher frequencies were always 
inaccurate for any distance of the structure to the discontinuity and for any soil stiffness. 
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4.  Conclusions 
 
A simple model was analyzed to study the effect of discontinuities in the surface of the soil and to 
identify the conditions under which a horizontal surface model is adequate to capture the soil-structure 
interaction responses of the model with the actual soil configuration. Although the simplicity of the 
analyses does not allow drawing definite conclusions to determine when a horizontal surface analysis can 
be used, some trends can be found.  

 

The results of the study show that when the depth of the discontinuity is less than half the radius of the 
foundation, the discontinuity has little affect on the dynamic behavior of the structure and then a typical 
soil-structure interaction analysis, assuming a horizontal surface, will be accurate enough.    

 

For other depths, the stiffness of the soil and the distance from the structure to the discontinuity have an 
important effect on the dynamic response of the structure and, according to the results of this simple 
model, the analyses with a horizontal surface tend to underestimate the secondary peaks of the 
acceleration response spectra.    

 

Table 1. Soil Properties 
 

Soil Case Vs (fps) Vp (fps) Fsoil (Hz) Fsoil/Fstructure 
1 1,000 2,500 2.5 0.78 
2 1,400 3,500 3.5 1.09 
3 2,000 5,000 5.0 1.56 

 
Table 2. Distance Center of Structure to Edge of Discontinuity 

 
Distance Case D (ft) D/R 

1 75 3 
2 125 5 
3 175 7 
4 225 9 

 
Table 3. Depth of Discontinuity 

 
Depth Case H (ft) H/R 

1 10 0.4 
2 20 0.8 
3 30 1.2 

 



NEA/CSNI/R(2011)6 

174 

Figure 1. Soil-Structure Interaction Model 

 
Figure 2. Comparison SASSI-QUAD4MU: Soil with Vs = 1,000 fps 
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Figure 3. Comparison SASSI-QUAD4MU: Soil with Vs = 1,400 fps 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Comparison SASSI-QUAD4MU: Soil with Vs = 2,000 fps 
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Figure 5. Comparison of Maximum Accelerations: Soil with Vs = 1,000 fps 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Comparison of Maximum Accelerations: Soil with Vs = 1,400 fps 
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Figure 7. Comparison of Maximum Accelerations: Soil with Vs = 2,000 fps 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8. Comparison of Acceleration Response Spectra for Discontinuity Depth = 10 ft and Soil Vs 

= 1,000 fps 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Variation of Maximum Acceleration for Soil with Vs = 2,000 fps
freq soil / freq structure = 1.56

0

0.5

1

1.5

0 1 2 3 4 5 6 7 8 9 10

Distance between Center Structure and Edge Discontinuity / Radius Foundation

R
a

ti
o

 R
es

p
o

n
se

Horizontal Surface

Depth Discontinuity/Radius Foundation = 0.4

Depth Discontinuity/Radius Foundation = 0.8

Depth Discontinuity/Radius Foundation = 1.2

+10% Limit

-10% Limit

Acceleration Response Spectra at Foundation: 5% Damping
Case Soil Vs = 1,000 fps: freq soil / freq structure = 0.78

Depth Discontinuity / Radius Foundation = 0.4

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.1 1 10 100

Frequency (hz)

A
b

so
lu

te
 A

cc
el

er
at

io
n

 (
g

)

Horizontal Surface

Distance / Radius = 3

Distance / Radius = 9



NEA/CSNI/R(2011)6 

178 

Figure 9. Comparison of Acceleration Response Spectra for Discontinuity Depth = 10 ft and Soil  
Vs = 1,400 fps 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 10. Comparison of Acceleration Response Spectra for Discontinuity Depth = 10 ft and Soil 

Vs = 2,000 fps 
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Figure 11. Comparison of Acceleration Response Spectra for Discontinuity Depth = 20 ft and Soil 
Vs = 1,000 fps 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 12. Comparison of Acceleration Response Spectra for Discontinuity Depth = 20 ft and Soil 

Vs = 1,400 fps 
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Figure 13. Comparison of Acceleration Response Spectra for Discontinuity Depth = 20 ft and Soil 

Vs = 2,000 fps 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 14. Comparison of Acceleration Response Spectra for Discontinuity Depth = 30 ft and Soil 

Vs = 1,000 fps 
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Figure 15. Comparison of Acceleration Response Spectra for Discontinuity Depth = 30 ft and Soil 
Vs = 1,400 fps 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 16. Comparison of Acceleration Response Spectra for Discontinuity Depth = 30 ft and Soil 

Vs = 2,000 fps 
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Soil Structure Interaction Analysis of the Kashiwazaki-Kariwa Unit 7 Reactor Building in the 
Context of the IAEA KARISMA Benchmark 

Jan Elizabeth Moore, Basler & Hofmann Consulting Engineers, Switzerland 

Urs Bumann, Swiss Federal Nuclear Safety Inspectorate (ENSI), Switzerland 

 
 

The International Atomic Energy Association (IAEA) launched a prediction contest benchmark entitled 
KARISMA in 2008. This benchmark was created in response to the Niigataken-Chuetsu-Oki Earthquake 
(NCOE), which occurred on July 16, 2007 off the coast of Japan. The earthquake affected the Tokyo 
Electric Power Company (TEPCO) Kashiwazaki-Kariwa Nuclear Power Station located just 16 km away 
from the epicenter. As participants within this benchmark, the team of ENSI (Swiss Federal Nuclear 
Safety Inspectorate) and Basler & Hofmann Consulting Engineers have constructed a soil structure 
interaction (SSI) analysis model to best predict the seismic response of the Unit 7 reactor building under 
NCOE excitation. This paper focuses on our team’s contribution to the first phase of the KARISMA 
structural benchmark with three primary objectives: 1) to best model the structural behavior of the Unit 7 
reactor building assuming a fixed-base boundary condition, 2) to best predict the soil behavior of a free-
field location near Unit 5, and 3) to best predict the soil-structure-interaction behavior of the Unit 7 
reactor building. 
 
1.  Introduction 
 
The magnitude 6.6 Niigataken-Chuetsu-Oki Earthquake (NCOE) occurred on July 16, 2007. It affected 
the largest nuclear power plant in the world, the Tokyo Electric Power Company (TEPCO) Kashiwazaki-
Kariwa Nuclear Power Station, located just 16 km away from the epicenter. A large amount of 
observations and data were collected on site, as there was a significant amount of existing instrumentation 
installed prior to the event. Accelerations at soil arrays and in structures were recorded during the main 
event and the proceeding aftershocks. The International Atomic Energy Agency – Extra Budgetary 
Program (IAEA-EBP) on Seismic Safety of Existing Nuclear Power Plant responded by launching a 
benchmark to model and predict the seismic behavior of both the Kashiwazaki-Kariwa structures and 
equipment. The IAEA-EBP entitled the benchmark project with the acronym KARISMA: KAshiwazaki-
Kariwa Research Initiative for Seismic Margin Assessment. This paper focuses on the first phase of the 
KARISMA structural benchmark with three primary objectives: 1) to best model the structural behavior 
of the Unit 7 reactor building assuming a fixed-base boundary condition, 2) to best predict the soil 
behavior of a free field location near Unit 5, and 3) to best predict the soil structure interaction (SSI) 
behavior of the Unit 7 reactor building. All input data of the benchmark were provided by the IAEA in 
cooperation with TEPCO, Japan15. 
 
 

                                                      
15  International Atomic Energy Agency, “Guidance Document Task 1: K-K Unit 7 R/B Structure Subtask 1.1: 

Construction and validation of soil and structure models”, IAEA-EBP-SS-WA2-KARISMA-MR-002, Rev 01 
11.12.2009. 



NEA/CSNI/R(2011)6 

184 

2.  Fixed-base reactor building model 
 
In order to define and validate the fundamental structural characteristics such as mass, stiffness, eigen 
frequencies and eigen modes, a 3-dimensional, fixed-base reactor building model was developed using 
the finite element program SAP200016. Figure 1 summarizes the model assumptions for the significant 
structural and non-structural reactor building components modeled. Due to the complexity of the building 
as well as limited information regarding some components, the reactor building was modeled with three 
levels of refinement. The structural components were defined in great detail while the NSSS, the complex 
interior structure, was modeled roughly with nodal masses and beam elements according to the 
benchmark. Modeling of the spent fuel pools consisted of nodal masses, rigid beam elements, and spring 
elements based on a simplified analytical sloshing model17. 
 

Figure 1. Fixed-base model figures and basic model assumptions 
 

 
 

Images on the right hand side of Figure 2 are the predominant X-, Y-, and Z-directional mode shapes with 
corresponding 4.7 Hz, 5.4 Hz, and 10.6 Hz modal frequencies. To alleviate high computational demands, 
a simplified, 3-dimentional model was constructed in SAP2000 (left hand side of Figure 2). Here, linear 
solid elements represent the basemat, linear thin-shell elements represent the exterior walls below the 
ground floor level, and linear beam elements and nodal masses represent the rest of the reactor building. 
The embedded exterior walls are connected to the stick-model structure with rigid massless beam 
elements. The stiffness’s of the stick-model beam elements were then calibrated to ensure that the 
simplified model had Eigen frequencies and Eigen modes comparable to the more complex and realistic 
model. Figure 2 shows that the models are in good agreement in the predominant global X-, Y-, and Z-

                                                      
16  SAP2000, Computers & Structures, Inc., Advanced Release v. 14.1.0. 

17  Meskouris Konstantin,  “Baudynamik Modelle Methoden Praxisbeispiele”, (in German) Ernst & Sohn, 1999. 
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directional modes. An identical structural model, with the exception of the fixed-based constraint, was 
created within the program ACS SASSI18 for the SSI analysis described in section 4. 
 

Figure 2. Modal comparison between simplified stick model and complex shell model  

 
 
 
3.  Free-field soil analysis 
 
Prior to conducting an SSI analysis, the free-field response of a nearby site was analyzed. The benchmark, 
in cooperation with TEPCO, provided the geological properties and strain-dependent soil properties for 
the site near the Unit 5 reactor building. At this site, a vertical array of accelerometers was installed which 
recorded accelerations during two aftershocks. These recorded signals, provided by the benchmark in 
cooperation with TEPCO, were used to validate the model. A 1-D layered soil column analysis was 
conducted using the program ACS SASSI to predict the site response to two NCOE aftershocks and also 
the main shock. The layered soil column consists of horizontal, parallel strata characterized by density, 
Poisson’s ratio, shear wave velocity, and soil type. Each layer of soil is assumed to be uniform and 
continuous. The soil type defines the modulus reduction and the damping as a function of strain. A 312 m 
deep soil column was created above an elastic half-space. Sub-layers were created to discretize the soil 
column at sensor locations and points of interest; there are 94 defined layers. The control point was 
selected at the base of the borehole, which is illustrated in Figure 3 as the G55 point. Figure 3 compares 
the measured (black) and predicted (blue) site response, at various borehole sensor locations, to an NCOE 
aftershock. The 5G-1 sensor denotes the sensor at the top of the borehole and is assumed to be at the soil 
surface. A sensitivity analysis was conducted to see if slight variations of the geological properties and 
strain-dependent soil properties could provide better match with the recorded signals. However, it was 
found that the soil-column model was insensitive to realistic variation of these provided values. 
 

Figure 3. NCOE Aftershock comparison of measured and predicted site response at various 
borehole locations 

                                                      
18  ACS SASSI, Ghiocel Predictive Technologies, Inc. v. 2.2 
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4.  Soil-structure interaction analysis 
 
After assessing the structural and soil behavior separately, a SSI analysis was conducted using the 
program ACS SASSI where the flexible-volume sub-structuring method was used. The control motions, 
which will be used for future analysis, were the X-, Y-, and Z-direction accelerograms recorded by 
TEPCO during the NCOE main shock. The control motions were applied to the model at the same 
location the signals were recorded in the actual reactor building, at the top of the embedded basemat. The 
simplified model, described in section 2, was recreated in ACS SASSI using the following six elements: 
1) the basemat was modeled as 8-node brick elements, 2) the exterior walls below the first floor were 
modeled with shell elements, 3) the stiffness and shear areas of the superstructure were modeled with 
beam elements, 4) the mass of the superstructure was modeled as nodes, 5) the connection between the 
superstructure and the embedded wall was modeled as rigid links, and 6) the embedded soil was modeled 
as 8-node brick elements. The model assumes a vertically-propagating S-wave through the soil. The 
vertical mesh is no larger than 1/5 of the shortest 25 Hz wavelength, and so only frequencies below 25 Hz 
are considered. Figure 4 shows the meshing and configuration of the model. The structural and embedded 
soil elements are shown separately for clarity. 
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Figure 4. Deconstructed ACS SASSI model showing the embedded structure and soil layers 

 

 
 
An additional 1-D layered soil column analysis was conducted to predict the free-field site response near 
the Unit 7 reactor building during the NCOE main shock. The benchmark, in cooperation with TEPCO, 
provided the geological properties and strain-dependent soil properties for the site near the Unit 7 reactor 
building. The control motion (X-direction TEPCO recorded accelerogram) was applied at the depth of the 
embedded basemat. From this analysis, the strain compatible free-field soil properties were determined. 
 
To better understand the dynamic effects of incorporating soil behavior, a static impedance matrix was 
calculated with the ACS SASSI model. The real part of this 6 x 6 impedance matrix at the initial 
frequency (0 Hz) represents the static stiffness of the embedded foundation, assuming it exhibits rigid 
body motion. The fixed-based simplified SAP2000 model, described in section 2, was altered to have this 
6 degree-of-freedom static-stiffness boundary condition at the center-bottom of the basemat. A modal 
analysis was then conducted using SAP2000. Figure 5 shows the resulting mode shapes and modal 
frequency comparison versus the fixed-base condition. As expected, stiff, horizontal-translational modes 
assumed in the fixed-base analysis are transformed into low-frequency rocking modes, and the vertical 
modal frequency is significantly reduced. 
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Figure 5. Mode shapes incorporating a static-stiffness spring boundary condition (left), modal 
frequency comparison between fixed-base and static-stiffness boundary conditions (right) 

 

 
 
 
5.  Conclusions 
 
As participants within the IAEA KARISMA benchmark, the team of ENSI and Basler & Hofmann have 
built several models using the numerical analysis programs SAP2000 and ASC SASSI to achieve the 
benchmark’s first phase objectives. The first objective was to model the structural behavior of the Unit 7 
reactor building assuming a fixed-base boundary condition, which was accomplished with a SAP2000 
finite element model. The modal analysis results, as well as static loading results, compared well against 
the results from other participants. The second objective was to predict the soil behavior of a free-field 
location near Unit 5, which was done using an ASC SASSI soil column model. Figure 3 shows the best 
prediction of the site response. The geological and strain-dependent soil properties were varied in order to 
provide better match with the recorded signals; however, it was found that the soil-column model was 
insensitive to realistic variations of these values. The third objective was to predict the soil-structure- 
interaction behavior of the Unit 7 reactor building, which was achieved using an ACS SASSI model. The 
modal response, shown in Figure 5, compared well amongst the results of the other participants. The 
transfer functions generated from this model are still being investigated and therefore are not included in 
this paper. It should be noted that due to the simplified nature, the stand alone SSI model is only able to 
capture the global behavior of the structure. 

 
The team of ENSI and Basler & Hofmann will be participating in future phases of the benchmark where 
the SSI model will be further developed and verified. The authors are grateful to the organizers of the 
KARISMA benchmark who, in cooperation with TEPCO, Japan, provided all necessary information. 
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EPRI AP1000 NI Model Studies on Seismic Structure-Soil-Structure-Interaction (SSSI) Effects for 
Hypothetical Site Condition That Includes 40 ft Backfill Soil Over A Hard Rock Foundation 

Dan M. Ghiocel, GP Technologies, Inc., USA 

Dali Li, Westinghouse, USA 

Nicholas T. Brown, Westinghouse, USA 

Jennifer Jie Zhang, Westinghouse, USA 

 
Disclaimer: The SSI models used herein are not the actual AP1000 SSI models used for seismic design.  
The NI model is a modified AP1000 stick model by EPRI that has significantly larger mass excentricities 
than actual AP1000 model, and the Annex Building model is a generic AB structure model and not the 
actual AB structure of the AP1000 NPP layout. 
 
Abstract 
 
The paper presents the results of a research study on seismic structure-soil-structure interaction (SSSI)  
including the effects of motion incoherency. Specifically, the seismic SSSI between the AP1000 NI 
complex (EPRI AP1000 stick model [1]) and a generic adjacent Annex Building (AB) structure are 
investigated. The AB structure is assumed to be a light and stiff structure with a mass of only fraction of 
the mass of the AP1000 NI structures (basemat mats not included). To investigate the SSSI effects three 
computational SSI models were employed: 1) NI stick model, 2) Isolated AB stick model and 3) Coupled 
NI-AB stick model. Each of these SSI models was run separately and the SSI results were compared. It 
should be noted that the EPRI AP1000 stick foundation size was modified from 150ft x 150ft to 160ft x 
255ft to better reflect the actual foundation size of the AP1000 NI complex. The seismic input is defined 
by a site specific UHRS input that is the same as that used in the EPRI studies [1] anchored to a ZPGA of 
0.30g. The site-specific UHRS input was defined at the top of the rock foundation. The NI is assumed to 
be founded on a rock foundation and the AB is at grade level with 40 ft of uniform backfill soil that sits 
on the rock foundation. Coherent vs. incoherent SSI analyses are performed for the isolated and coupled 
structures. Comparative results show the effects of motion incoherency on i) in-structure response spectra  
(ISRS), and ii) structural forces and moments in sticks. 
 
Case studies 
 
The paper investigates the effects of the seismic structure-soil-structure interaction (SSSI) for the EPRI 
AP1000 NI complex and Annex Building (AB). The AB structure is assumed to be a light and stiff 
structure with a mass of only fraction of the mass of the AP1000 NI structures (basemat mats not 
included). 
 
To investigate the SSSI effects three computational SSI models were employed: 1) NI stick model, 2)  
Isolated AB stick model and 3) Coupled NI-AB stick model. Each of these SSI models was run separately 
and the SSSI results were compared. It should be noted that the EPRI AP1000 stick foundation size was 
modified from 150ft x 150ft to 160ft x 255ft to better reflect the actual foundation size of the AP1000 NI 
complex. 
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The soil site condition was considered to be a two layer soil deposit, namely, a uniform top soil layer on a 
hard-rock foundation. The uniform top soil layer is a 40 ft backfill soil layer that has a shear wave 
velocity Vs = 1,000 fps. The hard-rock foundation below 40ft depth has a shear wave velocity Vs = 8,000 
fps. The AP1000 NI complex is fully embedded in the backfill layer and sits on the hard-rock foundation 
(at Elevation 60 ft). The AB structure has no embedment and sits on the backfill layer at the ground 
surface level nearby the NI complex (at Elevation 100 ft). Figure 1 shows the NI model and the coupled 
NI-AB model. 
 
The seismic input is defined by a site specific high-frequency UHRS input that is the same as that used in 
the EPRI studies [1] anchored to a ZPA of 0.30g. The site-specific UHS input was defined at the top of 
the rock foundation. 
 
Incoherent SSI analysis methodology 
 
Coherent and incoherent SSI analyses were performed using the ACS SASSI Version 2.3.0 software [2].  
The incoherent SSI analyses are performed using Stochastic Simulation approach that was validated by 
EPRI [1]. The Stochastic Simulation approach (called SASSI-Simulation in the EPRI studies) is similar to 
the Monte Carlo simulation used for probabilistic analyses. The theoretical basis of the Stochastic 
Simulation approach is described in References 1 and 3. The (mean) incoherent SSI response is computed 
as the average of the results computed from a set of statistical SSI analyses using random field 
realizations of the incoherent free-field motion input. Besides the mean incoherent SSI responses, the SSI 
Stochastic Simulation approach could provide insightful information on the scatter of the SSI responses 
that can be useful for both design and probabilistic risk assessment studies. The Stochastic Simulation 
approach is applicable to both simple stick models with rigid mat foundations and complex FE models 
with flexible mat foundations. 
 
It should be noted that by default the Stochastic Simulation approach includes all the extracted coherency 
matrix eigenvectors (also called incoherent spatial modes) for computing incoherent SSI response. This is 
very important for the high frequency range that the participation of higher-order incoherent spatial 
modes is large, especially in vertical direction and flexible foundation mats. The inclusion of all 
incoherent spatial also produces an “exact” recovery of the free-field coherency matrix at the SSI 
interaction nodes that is a key input quantity for the incoherent SSI analysis. The accuracy of coherency 
function recovery can be checked for each SSI frequency. 
 
The site-specific incoherent SSI analyses were performed using the 2007 Abrahamson hard-rock 
planewave coherency functions provided by EPRI [4]. For this research investigation we used only 8 
stochastic simulations to compute the mean incoherent ISRS and structural forces. As shown in the EPRI 
validation studies [1], a reduced number of simulations as low as 5 simulations are sufficient to get 
reasonably accurate mean incoherent ISRS and structural force estimates. Thus, it was considered that the 
use of a set of 8 simulations provides a reasonable accuracy for the purpose of the research study. 
 
Results 
 
The results include both coherent and incoherent analysis results for the three SSI models. 
 
Figures 2 and 3 show results based on the isolated AB SSI model. The two figures show plots of 
thecomputed and interpolated acceleration transfer functions (ATF) and the 5% damping ISRS in Y 
(transverse) direction at the AB basemat center (Elevation 100 ft) and at a higher elevation (Elevation154 
ft). Two site condition cases were considered for AB for comparison puposes: i) AB founded on thesoil 
layer and ii) AB founded directly on the hard-rock foundation considered going up to the groundsurface 
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(no soil layer). The result comparisons indicate significant SSI effects. These SSI effects also include the 
soil motion amplification from the baserock input motion to the ground surface. 
 
From Figure 2, it should be noted that for the hard-rock foundation, the coherent ATF have the value of 
unity at the basemat center location since there is no motion amplification through the hard-rock 
foundation. The motion incoherency effect reduces the ATF amplitudes above 8-10 Hz. As expected, for 
the backfill soil layer case, Figure 2 shows a significant amplification of the soil motion at the ground 
surface. 
 
Figure 3 shows ISRS results at the AB basemat corner computed for the two site condition cases. Since 
the UHS input is a high-frequency input, the high-frequency range ISRS amplitudes are significantly 
higher than the mid frequency range ISRS amplitudes. The higher-order vibration modes of the backfill 
soil are excited by the UHS input, as shown in Figure 3, which is especially visible for the basemat center 
location. 
 
Figures 4 through 7 show the acceleration transfer function (ATF) and the ISRS results for the three SSI 
models, isolated AB, NI and coupled NI-AB. Figures 4 shows computed and interpolated ATF for the 
isolated AB model and the coupled NI-AB model at the AB basemat structure. Figures 4 shows the SSSI 
effects are significant for the AB structure. The AB structure behaves differently due to the presence of 
the NI complex (stiff and founded on the hard-rock foundation) that constraints its vibration on the soil 
foundation and also changes the shear wave propagation pattern around the AB foundation. 
 
Figure 5 shows the main ISRS spectral peak at 5.0 Hz that corresponds to the global SSI mode of AB 
structure on the soil foundation is “vanished” due to the dynamic coupling with the NI complex. Instead, 
there are new ISRS peaks at higher frequencies. These peaks are produced by the dynamic coupling with 
the NI complex that excites higher frequency modes of the AB structure. At the higher elevations in 
theAB structure, the ISRS computed using couple NI-AB model could be larger due to the higher-order 
modes that are excited due to the nearby presence of the NI complex. It should be noted that the global 
SSI vibration mode of AB structure on the foundation soil that is dominant at 5.0 Hz for the isolated AB 
model is apparently not excited or only very minimally in the coupled NI-AB model. 
 
Figure 6 and 7 shows the computed 5% damping ISRS for the NI model and the coupled NI-AB model at 
the top of the SCV (steel containment vessel) stick at Elevation 282 ft and the ASB stick at Elevation 333 
ft. The ISRS computed in the X and Y directions are shown. It should be noted that the isolated NI model 
provides typically slightly larger ISRS than the coupled NI-AB model. 
 
Figure 8 shows the coherent and incoherent shear forces in the AB structure computed using the isolated 
AB model and the coupled NI-AB model. It should be noted that effects of the dynamic coupling between 
NI and AB are to reduce significantly the base shear forces in the AB structure. The shape of the AB 
structure shear force diagram indicates that the global translational SSI mode is practically not excited in 
the coupled NI-AB model. 
 
Figure 9 shows the shear forces in the three NI structures, ASB, CIS and SCV. It should be noted that the 
effects of dynamic coupling combined with incoherency effects slightly reduces the shear forces in 
thethree structures. Both the effects of SSSI and incoherency are very modest for the shear forces in the 
NI structures. 
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Conclusions 
 
For the investigated case study, the effects of SSSI are relatively minor for the NI complex structures, but 
significant for the AB structure. Specifically, for both coherent and incoherent inputs, the SSSI effects 
reduce largely the shear forces in the AB structure and almost negligibly in the NI complex structures.  
The current seismic structural design approach that assumes isolated SSI models used for the NI complex 
and the AB structure appears to be a conservative approach. 
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Abstract 
 
The paper presents results obtained from a sequence of SSI studies for the CANDU 6 Reactor Building  
(RB) founded on a stiff soil deposit and a hard-rock formation. The analysis were performed using the RB 
stick model and an enhanced high-frequency RB model for which the containment structure (CS) is 
modeled more realistically by shell elements. Seismic inputs were defined by site-specific UHS that have 
a higher frequency content than site-independent GRS such as CSA N289.3[5], RG 1.60 or Newmark- 
Hall NUREG-0098. The seismic motion incoherency effects were studied using SSI methodologies 
validated by EPRI [1]. The 2007 Abrahamson hard-rock plane-wave coherency model was considered.  
The effect of wave passage is also investigated. The coherent and incoherent SSI results were compared 
in terms of acceleration transfer function (ATF) and in-structure response spectra (ISRS) at different 
locations for the internal structure (IS) and within the RB structure. The ATF and ISRS results indicated 
significant reductions in high-frequency range due to incoherency effects. It was noted that the type of 
modeling of CS influences the CS-IS coupling at the frequency associated with the torsional behaviour of 
the IS. If shell elements are used instead of beams an additional spectral peak is noted for the ISRS 
computed for CS. 
 
SSI methodology accounting for incoherency 
 
For performing the incoherent SSI analysis we used the ACS SASSI code [2] that includes both rigorous 
stochastic and approximate deterministic approaches for performing incoherent SSI analyses. The 
theoretical basis of the implemented incoherent SSI approaches and the free-field motion incoherency 
models are provided by two EPRI studies [1, 3]. 
 
Stochastic simulation approach (similar to Monte Carlo simulation used for probabilistic analyses) 
isbased on performing statistical SSI analyses for a set of random field realizations of the incoherent 
freefield motion input. It respects in all details the SSI physics. It computes the mean of incoherent SSI 
responses, but also produces information on the scatter of these responses. It is recommended for both 
simple and complex SSI models with either rigid or flexible foundations. 
 
Deterministic approaches based on approximate simple rules for combining the incoherency modes (AS 
approaches) or modal SSI responses (SRSS approaches). These deterministic approaches approximate the 
mean of incoherent SSI responses, but offer no information on the SSI response variability. They are 
recommended for simple stick models with rigid basemats as applied in the EPRI incoherent SSI 
benchmark studies [1]. 
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For this investigation, we used mainly the AS deterministic approach. We used the stochastic simulation 
approach only for checking some sample results. For the simple stick models with rigid mats both 
approaches provided practically identical results, as also shown in EPRI studies [1]. In addition to 
incoherency effects, we investigated the wave passage effects by assuming an apparent wave speed in 
horizontal plane in the direction of X-axis. The effects of wave passage are similar to incoherency effects 
by reducing translational motions and amplifying rotational motions. 
 
Case studies 
 
The CANDU 6 RB structure isshown in Figure 1a. Two RB structural models were used: i) the RB Stick 
model and ii) an enhanced high-frequency RB model for which the containment wall and dome are 
modeled more realistically by shell elements. The two models are shown in Figures 1b and 1c 
respectively. It should be noted that the CANDU 6 RB has a foundation diameter size of about 140 ft.   
For site conditions we considered two soil profiles: i) a halfspace stiff soil profile with Vs = 3,000.0 fps 
and ii) a halfspace rock profile with Vs = 5,500 fps. For each site condition, the seismic control motion is 
different and the UHS are consistent with the site conditions. The seismic inputs were defined by two site-
specific UHS inputs that have higher frequency content than site-independent GRS such as CSA 
N289.3[5], RG 1.60 or Newmark-Hall NUREG-0098. Figure 2 shows the site-specific UHS used for the 
two different selected site conditions. For the stiff soil profile PGA is 0.41g and for the rock profile it is 
0.32g.The UHS plots correspond to an annual occurrence probability of 1.0 E-04. It should be noted that 
for the soil site the UHS curve has a spectral peak at 10 Hz, while for the rock site the UHS curve has a 
top spectral plateau between 20 Hz and 40 Hz. 
 
The two 2007 Abrahamson plane-wave coherency models developed for hard-rock sites and soil sites 
were considered [4]. The two rock and soil coherency models are described in Figure 3. The effect of 
wave passage was also investigated by assuming site-specific apparent horizontal velocities of seismic 
waves, namely, 7,000 fps for the soil site and 10,000 fps for the rock site. 
 
Results 
 
Figures 4 and 5 show the effects of motion incoherency on the 5% damping ISRS computed at the top of 
Internal Structure (IS) for the X and Z directions. For the soil site the horizontal ISRS has a much larger 
spectral peak than for the rock site since the two UHS inputs have a very different spectral content. The 
UHS for the soil site has much larger amplitude at the 6.5 Hz spectral peak. 
 
Figure 4 shows the ISRS results for the rock site and Figure 5 shows the ISRS results for the soil site. The 
effect of incoherency is significant in both cases. For the horizontal ISRS, the effect of incoherency 
manifests for the rosk site by reducing the spectral peak at 25 Hz, and for soil site by reducing the spectral 
peak at 6.5 Hz. For vertical ISRS, this is visible for frequencies higher than 10 Hz for the rock site and 
higher than 2-3 Hz for the soil site. 
 
Figures 5 and 6 also compares the ISRS computed using the RB Stick model (Figure 1b) vs. the RB Shell 
model (Figure 1c). For horizontal ISRS, the results obtained with the two models match very well for 
coherent inputs. For the incoherent input, the Shell model indicates a slightly larger incoherency effect for 
the soil site. For vertical ISRS the results obtained using the Stick and Shell models we noted some 
differences, especially for the soil site. 
 
Figures 6 and 7 show the ISRS computed for the Shell model at the top of Containment Shell (CS) for all 
24 node locations around the ring beam in the horizontal direction. It should be noted that the effect of 
incoherency appears to reduce the scatter among the 24 nodes. In order to compare with the Stick model 
results in Figures 4 and 5 we used the average of the 24 ISRS curves. 
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Figures 8 and 9 show the effects of wave passage in the X-direction. The acceleration transfer function 
(ATF) amplitude plots indicate that the wave passage effects are negligible. For the soil site, the wave 
passage effects are visible only in the high-frequency range above 15 Hz, as shown in Figure 9 (right 
plots). 
 
Finally, Figures 10 and 11 show the ISRS results at the Basemat Center for all case studies, including 
coherent, incoherent, incoherent with wave passage for the Stick and Shell models. It should be noted that 
at the basemat level the effects of incoherency are significantly larger for the rock site since they manifest 
more pronounced in the high-frequency range than in the middle frequency range. 
 
Conclusions 
 
The paper shows that the incoherency effects are significant for the case studies included in the paper, 
namely, a stiff soil site case and a rock site case. The effects of wave passage appear to be insignificant 
for the two cases studies. 
 
The effect of structural modeling the CS by shell elements rather than by a simple stick changes quite 
visibly the ISRS at the top of IS. This is due to an increase in the dynamic coupling between the CS and 
IS structures. This dynamic coupling is affected by the structural modeling of the CS, although the IS 
model is the same. The CS-IS dynamic coupling effects appear to be larger for the Shell model, and for 
incoherent motions. 
 
Not included in this paper is the effect of the CS structural modeling on the CS response. The results 
indicate a significant ISRS spectral peak due to the dynamic coupling with the IS. 
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Abstract 
 
The importance of soil-structure interaction (SSI) analysis has been well-recognized in nuclear design 
since the early 1970s. This type of analysis has evolved from its early days and has become an 
indispensable tool in producing realistic design and satisfying evolving regulatory requirements. In recent 
years there has been an increased interest in this type of analysis with respect to safety issues which 
continue to be of high importance in nuclear design. The most crucial of these issues are the significant 
increase of seismic input in high frequency range and seismic incoherency effects on structural behaviour.  
 
Previously, the effect of embedment on structural behaviour was to increase its resonant frequencies and 
usually decrease structural response when compared with the same structure founded on the surface of the 
soil. It is for this reason that recent standards (e.g., ASCE-4-98) allows the effect of embedment to be 
neglected in obtaining the impedance functions for shallow embedment since it was considered a 
conservative assumption to do this. However, current seismic hazard assessments express hazard in terms 
of a Uniform Hazard Spectrum (UHS) and it is found that high frequency content is present in the UHS 
for nuclear power plants (NPPs) in Central and Eastern North America. Therefore, it may not be 
conservative to neglect embedment in seismic analysis with high frequency motions since the potential 
increase of frequencies may lead to increase of seismic response. 
 
AECL has gained valuable experience in analyzing CANDU NPPs for different foundation and site 
conditions. SSI analyses for rock site, soil with underlying rock site have been performed for CANDU 
reactor building structures. Also SSI analysis for very deep alluvial site has been performed. In the course 
of this work studies for the following effects have been performed: incoherency effect, seismic wave 
passage effect, embedment effect, effect from variations of interaction boundary definition for embedded 
models. 
 
SSI analysis work has been verified and compared against fixed base and impedance method models 
developed in structural analysis software.  For site specific geotechnical conditions “soil” column 
analyses have been performed to determine input motion for use in SSI. The paper presents a summary of 
the most important results and findings from recent SSI work. 
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CANDU 6 background 
 
CANDU 6 reactor is a heavy water cooled-heavy water moderated reactor that uses natural uranium as 
fuel. It has been developed and designed by Atomic Energy of Canada Ltd. Currently there are 
operational plants on four continents around the world (Figure 1). A typical CANDU 6 plant is shown on 
Figure 2. Figure 3 shows the CANDU 6 reactor vault. Figure 4 and 5 show the key nuclear steam supply 
system (NSSS) components. The design process of nuclear power plants involves various soil conditions 
which require sophisticated SSI analysis. As several of the CANDU plants were commissioned in the 
early 1970s and 1980s, they are currently approaching the end of their original design lives. Due to their 
robust and good design several of these plants are going through life extension projects which will extend 
their operating life by another 25 to 30 years.  
 
Rescent SSI studies 
 
Recently there have been multiple SSI analyses performed for heavy water plants. Together with life 
extension projects, the need for SSI analysis was dictated by developments in the seismological field, 
where Uniform Hazard Spectra (UHS) was introduced. The most noticeable characteristic for UHS for 
Eastern North America (ENA) is elevated acceleration levels in high frequency range when compared to 
typical design spectra defined in Canadian codes [1]. Three case studies are presented in this paper and 
the major conclusions from them are summarized. For SSI analysis the computer codes ACS SASSI, 
STARDYNE and ANSYS were used [3,6,7]. 
 
Case Study # 1 – CANDU 6 Reactor Building on a rock site: 
 
The first study considered a CANDU 6 reactor building on a rock site (measured shear wave velocity of 
2100 m/s to a great depth). Based on the review of updated seismic hazard information and the state-of-art 
technology, up-to-date specific mean UHS, corresponding to a non-exceedance probability level of 
0.0001 per annum, has been developed as shown in Figure 6. This was used as a target response spectrum 
and synthetic acceleration time histories were generated within the required boundaries and with the 
required properties (duration, time increment, correlation coefficient) as per [1], [2]. The three 
components time-histories generated are shown in Figure 7. The time-histories had a total duration of 20 s 
with 15 s of strong motion. The Reactor Building (R/B) dynamic model used in the analysis is shown on 
Figure 8. The R/B consists of an internal structure (I/S) enclosed by a circular containment wall, both 
supported on a common base slab. The internal structure (I/S) houses the concrete vault, reactor, steam 
generators, pressurizer and various other equipment and systems. The containment wall supports the 
dome, dousing tank and various other equipments. The containment structure is capable of capturing high 
frequency input. The effects of incoherency and wave passage have been studied using the methodology 
described in References 4 and 5. Figure 9 shows a comparison between FRS generated from coherent 
analysis and FRS from analysis including the effects of incoherency and wave passage for the top of base 
slab in the horizontal direction. Figure 10 shows the same comparison for the steam generator location. 
Similar trends and results are also obtained for the other two directions. It has been found that 
incoherency leads to significant reductions in high frequency range due to translation, whereas wave 
passage effects are less significant for the structure and the rock conditions under consideration. 
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Case Study # 2 – CANDU 6 Reactor Building on soft rock site: 
 
The second study considers a model similar to the one from the first study, but the geological conditions 
(as well as seismic input) are different. The site geology is shown on Figure 11. The top layers consist of 
medium to stiff soil. For this study soil column analyses were performed using a methodology similar to 
that of SHAKE91 [8] to determine free field ground motion and apply it to SSI model. Effects from 
incoherency and wave passage were investigated. The findings about incoherency effects are similar, but 
smaller in magnitude, to the first case study. 
 
SSI results were compared to the model used at the time of original design [6]. A sample plot comparing 
FRS between the two codes ([3] and [6]) is shown in Figure 12 for the horizontal X-direction. 
 
Case Study # 3 – Heavy water Reactor Building on soft site: 
 
The third study looks at the performance of a non-CANDU heavy water reactor building as shown in 
Figure 13. For this structure a generalized stick model for SSI analysis was developed (Figure 15). This 
model was validated against experimental full scale measurements of the building’s natural frequencies, 
using ambient vibrations where transfer functions between locations and subsequently natural frequencies 
of the structure have been calculated. The calculated natural frequencies for the main modes from the 
stick model are in very good agreement with the experimentally determined ones (Table 1). Ground 
motion in terms of three dimensional acceleration time histories were generated. A sample of the x- 
component ground motion along with spectrum compatibility is shown in Figure 14. A detailed 3D model 
(Figure 16) is developed using the ANSYS program to verify the structural performance and through this 
model it is possible to confirm the ability of the structure to resist prescribed seismic and operational 
loads. The structural assessment was based on a 3 dimensional FEA model and the selected verification 
sections are shown in Figure 17. 
 
Conclusions 
 
In light of increased seismic demands, it has been demonstrated that consideration of incoherency effects 
is important and if taken into account should lead to reduction of translational response in high frequency 
range. Torsional effects arising from incoherency at some locations can be generated. Wave passage 
effect has not shown to be a major factor in the seismic response for the reactor building structures 
considered. All CANDU designs that have been studied have shown robust seismic behavior consistent 
with their original design assumptions in spite of the escalating new seismic demands associated with the 
life extension projects.  
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Figure 1 Operating CANDU 6 plants 
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Figure 2 Typical CANDU 6 Plant 
 
 

 

 
 

Figure 3 CANDU 6 Typical Reactor Vault 
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Figure 4 CANDU 6 Refuelling System 

 
 

 

 
  

Figure 5 CANDU 6 NSSS Key Components 
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Figure 6 UHS Mean Ground Motion (5% damping) 
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Figure 7 Acceleration time histories in three directions – Duration 20 s. 
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Figure 8 CANDU 6 typical reactor containment model 

 

  
Figure 9 Incoherency and Travelling wave Effects at Top of RB Mat in horizontal direction  

(5% damping) 
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Figure 10 Incoherency and Travelling wave Effects at Boiler Box in horizontal direction  

(5% damping) 
 

 
Figure 11 CANDU 6 Reactor Building on a Soil Site 
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Figure 12 FRS comparison between STARDYNE and SASSI for top of containment structure in 

horizontal direction 
 

 
 

Figure 13 Reactor building cross section (heavy water type reactor) 
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Figure 14 Ground Motion in the horizontal X direction – Duration 20 s 
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Figure 15 SSI analysis model 
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Figure 16 Detailed models for design checks 
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Figure 19 Selected Critical Locations 

 
Table 1 Natural frequency comparison for the first modes in each horizontal direction 

 

Analytical Experimental

Hz Hz

Mode 1 6.53 6.2

Mode 2 7.02 7.3

Natural frequency
Natural 

Mode
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Abstract 
 
LS-DYNA is a versatile non-linear dynamic analysis platform with a large library of material models and 
element formulations suitable for computationally intensive time-domain multi-physics simulation.  
Powerful graphical interfaces are available for visualization. The owner and developer of LS-DYNA is 
Livermore Software Technology Corporation (LSTC). The authors have been involved in the 
development of new features in LS-DYNA for non-linear static and dynamic soil-structure interaction 
analysis, and have used the software for the design of complex infrastructure projects internationally for 
over 20 years.   
 
The paper describes features available in the software, including those developed recently, for simulation 
of soil-structure interaction and illustrates uses of the software in the design of major construction 
projects. 
 
The paper concludes with an overview of the advantages of the non-linear time domain technique to soil-
structure interaction problems in the Nuclear Power industry. 
 
1. Introduction to LS-DYNA 
 
LS-DYNA®19 is a versatile three-dimensional non-linear finite element analysis program, owned and 
developed by Livermore Software Technology Corporation (LSTC), capable of computationally intensive 
time-domain multi-physics simulation. Although initially conceived for modeling short-duration events 
such as impact and blast in the military and mechanical engineering arenas, the program has been 
extensively developed to cover a very wide range of applications that today include civil engineering 
structures, soils and soil-structure interaction, and loading by earthquake or long-duration events such as 
movements due to construction.   
 
Arup has used LS-DYNA for many years, and has collaborated with LSTC in the development of the 
software.  Many of LS-DYNA’s capabilities for civil engineering were developed by the authors. These 

                                                      
19  Hallquist, J., (2007). “LS-DYNA Keyword User’s Manual”, Livermore Software Technology Corporation, ISBN 0-

9778540-2-7 
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include material models for reinforced concrete and soil, capabilities for modeling pore water effects such 
as time-dependent consolidation, and pore pressure generation and liquefaction during earthquakes, and 
capabilities for introducing structures and removing soil during staged construction analysis. These were 
developed for use in civil engineering design projects undertaken by Arup over a period of 20 years, and 
have been made generally available in LSTC’s recent releases. The authors gratefully acknowledge the 
assistance and access to the source code granted by LSTC. 
 
A particular advantage of LS-DYNA is its speed of computation (using the explicit integration technique) 
for very large and complex models, which might contain elements numbered in the millions. Typically, 
LS-DYNA is run on multiple processor clusters, using the distributed memory method coupled with a 
Message Passing Interface communications protocol (MPI). This allows efficient use of large numbers of 
processors working in parallel.  
 
2. Rationale for non-linear SSI 
 
Numerical soil-structure interaction analysis in the Nuclear Industry has traditionally relied upon 
linearization so that frequency domain solutions (which can incorporate theoretically exact transmitting 
boundaries) can be used. Stiffness parameters are often determined iteratively for strain levels of about 
65% of the maximum predicted values. However, linearization has significant limitations. The method is 
not suitable when any of the following behaviors are expected to be important: 
 

 Structural non-linearity (including progressive degradation) 

 Uplift (e.g., in rocking) or sliding of a foundation 

 Permanent soil deformation as a result of the earthquake (e.g., retaining walls, permanent 
foundation displacement) 

 Local soil failure (e.g., at a pile-soil interface) 

 Where gross failure or liquefaction of a soil region is expected 
 
Time domain analysis has the advantage that non-linearity of the structure and soil can be represented 
explicitly. However, modeling of soil-structure interaction is affected by issues associated with the soil 
being an infinite medium with no physical edges. Any conventional edge or boundary introduced into an 
analysis model will lead to spurious reflections of stress waves traveling though the soil medium, 
resulting in inaccurate simulation. Soil structure interaction models therefore have to account for, as best 
they can, the transmission of waves through the boundaries of the soil model. Various forms of perfect 
transmitting boundaries have been devised for linear analysis in the frequency domain; no exact 
boundaries exist for non-linear time domain analysis. 
 
3. Soil models in LS-DYNA 
 
The granular nature of soil materials, containing voids (usually filled with water) and allowing material 
particles to move relative to one another provides the basis for the observation that soils behave as a two 
phase material (soil skeleton and water) and exhibit nonlinear volumetric response, pressure-sensitive and 
rate-sensitive shear behavior. A variety of material models for clay, slit, sand, and rock are available in 
the material library in LS-DYNA to simulate the nonlinear behavior with a varying degree of complexity. 
 
LS-DYNA uses Terzaghi’s concept of Effective Stress to simulate materials with pore pressure. The pore 
fluid and soil skeleton are assumed to occupy the same volume and to carry loads in parallel. Thus, the 
total stress in an element is the sum of the “effective stress” in the soil skeleton, plus the hydrostatic stress 
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in the pore fluid. The “effective stress” is determined by the LS-DYNA material model in the normal 
way. The pore pressure is calculated at nodes, and interpolated onto the elements. 
 
The hysteretic soil model 
 
The “effective stress” material model highlighted in this section is the non-linear hysteretic soil model 
(MAT_HYSTERETIC_SOIL) that Arup originally developed about 20 years ago. A number of enhancements 
have been made in the intervening period. This model provides great flexibility for users to specify, in a 
tabular or parametric manner, the stress-strain curves, pressure-sensitivity of strength and modulus, rate-
sensitivity of strength and shear-induced compaction or dilatancy.  
 

 

 
Figure 1 - Schematic of hysteretic loops by the “superimposed layers” analogy 

 
The primary feature of the hysteretic soil model is the user-defined shear stress versus shear strain 
relationship. The principle of this model is that several elastic-perfectly-plastic “layers” superpose to 
update the macroscopic stress. As each “layer” yields, the stiffness of the layer vanishes. Hence, the 
associated macroscopic shear stiffness degrades. By this method, hysteretic stress-strain curves are 
generated in response to any strain cycle of amplitude greater than the lowest yield strain of any layer, 
effectively implementing the Masing’s hysteretic rule (Masing, 192620). Figure 1 shows the response to 
small and large shear strain cycles superposed on the user-input monotonic curve. The shear initial 
stiffness is recovered when a stress reversal occurs. 
 
Three yield coefficients are available to define the pressure-sensitive yield criterion in the meridional 
plane. With different combination of these coefficients, yield criteria for cohesive and cohesionless, 
linear, elliptical, parabolic and hyperbolic forms may be reproduced. The pressure sensitivity of elastic 
and plastic hardening modulus is controlled by a user-defined power law. 
 

                                                      
20  Masing, G., (1926). “Eigenspannungen und Verfertigung beim Messing.” Proceedings, 2nd International Congress on 

Applied Mechanics, Zurich, Switzerland, 332–335. 
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It has been observed that the strength and stiffness of many soil materials increase as the rate of the 
loading increases. The hysteretic soil material model accounts the strain rate effect by scaling the yield 
stress of each layer as a user-specified function of plastic strain rate with a visco-plasticity formulation, 
providing excellent stability. 
 
The hysteretic soil material model allows the user to select either a Drucker-Prager or a Mohr-Coulomb 
yield surface. For some soil types, a Mohr-Coulomb approach may be more realistic, in which the 
relationship between minimum and maximum principal stresses is given via a friction angle and the 
intermediate principal stress plays no part in the calculation.   
 
This hysteretic soil model serves as a generic soil model with a spectrum of user-defined capabilities for 
wide range of engineering applications, particularly for seismic response. 
 
The liquefiable soil models  
 
To simulate saturated cohesionless sandy soils under cyclic loading, such as occurs during earthquakes, 
several material models have been developed in LS-DYNA. These material models capture phenomena 
such as pore pressure generation and loss of effective confining pressure, liquefaction, cyclic mobility, 
large but finite shear strains occurring with each loading cycle, etc. (Elgamal et al., 200321; Yang et al., 
200322) 
Dobry et al. (1995)23 conducted a series of centrifuge model tests to simulate one-dimensional dynamic 
response of level and mildly sloping sand sites. The prototype soil layer is 10 meters depth, has infinite 
lateral extent and is sloping at 2 degrees. Figure 2 shows the comparison of numerical and experimental 
excess pore water pressure histories against the simulation. The presentence of static driving shear stress 
due to gravity led to strong dilative response of the sand. Excellent agreement was observed for both pore 
pressure built-up and dissipation after shaking stops. 
 

                                                      
21  Elgamal, A., Yang, Z., Parra, E., and Ragheb, A. (2003). “Modeling of Cyclic Mobility in Saturated Cohesionless 

Soils.” International Journal of Plasticity, 19, 883-905. 
22  Yang, Z., Elgamal, A., and Parra, E. (2003). “Computational Model for Cyclic Mobility and Associated Shear 

Deformation.” Journal of Geotechnical and Geoenvironmental Engineering, ASCE, 129(12), 1119-1127. 

23  Dobry, R., Taboada, V., and Liu, L. (1995). “Centrifuge modeling of liquefaction effects during earthquakes.” Keynote 
Lecture, Proc., 1st Int. Conf. on Earthquake Geotechnical Engineering, Ishihara, ed., Balkema, Rotterdam, the 
Netherlands, 3, 1291-1324. 
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Other soil models  
 
Some other soil material models have been developed by Arup for special purposes. For example, the 
“Brick” model (MAT_SOIL_BRICK, Simpson, 1992 a24, b25) is used to simulate the behavior of over-
consolidated clay based upon its previous geological loading history. The jointed rock model 
(MAT_JOINTED_ROCK) simulates sedimentary rock that contains a high density of parallel joint surfaces 
that are assumed to behave as if ubiquitous. The joints have opening capability when the stress normal to 
any joint attempts to become tensile. Up to three sets of joint planes may be defined, where each set of 
joints is at a different orientation. 
 

 

 
Figure 2 – Numerical and experimental excess pore water histories for mildly sloping sand site centifugure experiment. 

                                                      
24  Simpson, B., (1992a). “Development and application of a new soil model for prediction of ground movements.” Proc. 

Wroth Mem. Symp. Oxford. 
25  Simpson, B., (1992b). “Retaining structures: displacement and design.” 32nd Rankine Lecture. Géotechnique, 42, No.4. 
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4. Structural and other simulation capabilities 
 
LS-DYNA has numerous material models and features that permit non-linear dynamic analysis of 
structures and other components. These will not be described in detail, but they include: 
 

 Beam, shell and brick elements 

 Mass and highly versatile spring elements 

 Sophisticated non-linear reinforced concrete materials 

 Seismic isolators and damping components 

 Contact surfaces permitting sliding, uplift  

 Fluids  
 
The characteristics of cyclic response of reinforced concrete structures are strongly influenced by the 
loading histories. Studies by Takemura and Kawashima (1997)26 tested nominally identical reinforced 
concrete bridge piers using six different loading protocols, yielding significantly different hysteretic 
behaviors. Lateral force versus drift hysteresis plots for two of the loading protocols are shown in Figure 
3. These different characteristics of strength and stiffness degradation can be simulated in LS-DYNA 
using its sophisticated material models for concrete and reinforcing steel for seismic engineering analyses 
(e.g. MAT_CONCRETE_EC2 and MAT_HYSTERETIC_REINFORCEMENT),. 
 

 

 

 
Figure 3 Simulation of reinforced concrete tested under different cyclic loading protocols 

                                                      
26  Takemura, H., and Kawashima, K. (1997). “Effect of loading hysteresis on ductility capacity of reinforced concrete 

bridge pier.” Journal of Structural Engineering, 43A, 849-858, (in Japanese). 
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5. Seismic soil structure interaction analysis 
 
There are two generic approaches to practical seismic soil structure interaction analysis: 
 

1. The direct approach, in which a volume of soil is modeled explicitly with the structure and a 
“total” solution is obtained in a single analysis 
 

2. The indirect approach in which the analysis is performed in two stages 
 

  The effective input motions seen by the structure are derived by consideration of the 
incoming seismic waves and the geometry of the foundation (kinematic interaction) 
 

  The dynamic response of the structure is calculated by applying the effective motions to 
the structural model via a simplified representation of the foundation (inertial interaction) 

 
Both approaches may be adopted using LS-DYNA, but the paper focuses on the direct approach because 
this is more versatile and is where LS-DYNA’s capabilities are most advantageous. 
 
The soil is discretized using solid (brick) elements, the structure and the structural foundation system, 
which may be flexible and non-linear, are modeled explicitly. The ground motions are applied at the 
boundaries at the base and sides of the model, and the kinematic interaction is done directly. The location 
of the bottom artificial boundary should be sufficiently deep, placed at bedrock level or at a relatively stiff 
soil. The medium beneath the lower boundary is modeled as grounded linear viscous dampers. Treating 
the horizontal excitation as vertically propagating shear waves and vertical excitation (if considered) as 
vertically propagating compression waves the horizontal dampers have ch=AρVs and vertical dampers 
cv=AρVp where A is the plan area tributary to each damper and ρ,Vs and Vp are the mass density, shear 
and compression wave velocities of the bedrock medium. The horizontal excitation is applied as a force 
time history Fh= ch vh (t) and Fv=cvvv (t) where vh (t) and vv (t) are the horizontal and vertical velocity time 
histories of the bedrock outcrop motion. The soil element mesh should be fine enough to transmit 
adequately the highest frequency stress waves of interest.  
 
In a nonlinear analysis, it is necessary to apply constraints to the vertical cut boundaries of the soil to 
prevent the soil edge failing under gravity. The applied constraint should be the free field velocity history 
at each node, which can be determined by a nonlinear pre-analysis of a single free field soil column. The 
horizontal dimension of the soil block should be sufficiently large such that the motion at the nodes of the 
lateral boundaries can be considered as that of the free field. At this point, particularly if the soil is soft 
relative to the bedrock and if there is substantial non-linearity (hysteretic energy dissipation) in the soil 
response, the absence of a transmitting boundary will have little impact on the simulation. In some cases, 
boundaries can be closer, but is it advisable to test the sensitivity of the output to the modeled extent. It is 
possible to represent the “traveling wave” effect by specifying the appropriate time delay between the 
motion histories applied at successive node sets. 
 
With the many advanced modeling features available in LS-DYNA it is possible to incorporate:  
 

  non-linear behaviour of concrete, both in foundation elements and the structure, whether 
modelled with beam, shell or solid (brick) elements 

  non-linear behavior of soil –pile interfaces, including local non-linear p-y and t-z interactions 
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  partial separation of foundation and soil (uplift/rocking), and sliding at soil-structure interfaces 
 

  explicit incorporation of seismic isolation systems such as high damping rubber, lead-rubber 
friction pendulum and triple pendulum systems 

 
6. Example 1 - Liquefied Natural Gas tank foundations  
 
Liquefied natural gas (LNG) is a highly flammable substance stored in large double containment 
cryogenic tanks at offloading terminals onshore prior to re-gasification and distribution by pipeline. The 
terminals are necessarily at coastal sites, often on poor (including liquefiable) soils. In view of the 
hazardous nature of the product, the storage facilities are designed with similar philosophy to nuclear 
power plant using the concepts of Operating Basis and Safe Shutdown Earthquake scenarios with no 
leakage permitted at SSE. 
 
A conventional approach to the design of foundations for such tanks on estuarine soils is to undertake 
ground improvement or replacement in order to provide a stiff and strong base to support the tanks 
(typically 100,000 tonnes). In regions of high seismicity, seismic isolators may be incorporated to 
improve the overall economy and safety of the design.  
 
The first author was involved in the design of foundations in the 1990s for two such tanks on a site in 
Trinidad with a liquefiable near-surface layer. A cross section of the system is shown in Figure 4. Figure 
5 is a photograph of the concrete outer tanks under construction. On-site trials had shown that ground 
improvement was not viable (due to soil particle grading) and a number of alternative design options were 
examined. The most economical design was to support the gravity load of the tanks on a large number of 
driven steel pipe piles, and to use non-linear dynamic soil structure interaction analysis to confirm 
satisfactory performance in the design earthquakes. Simulation of the non-linear aspect of foundation 
behavior (using MAT_HYSTERETIC_SOIL) was essential to the success of this assessment, since the soft 
soil provided a degree of “free” seismic isolation to the massive tank system, reducing the lateral forces 
that the piles had to withstand. This analysis was performed with a simple model in 1-D, permitted by the 
shallowness of the “disk” of soft soil beneath the tank. It should be noted that the “free field” site 
response of the piled site is very different to that of the virgin free field, since the piles substantially 
stiffen and strengthen the site locally. The piles are modeled as vertical beam elements connected to the 
soil elements via local non-linear p-y springs.   
 
A similar approach has been taken with other tank foundations; where necessary the analysis is performed 
in 3-D to reflect deeper soft soil deposits. Figure 6 shows a typical 3-D model. In this case it was possible 
to demonstrate satisfactory seismic performance without site improvement and without the seismic 
isolators that would have been required had site improvement been implemented. In current projects, the 
interaction between the fluid and the steel inner tank wall is also modeled explicitly. This enables the 
local uplift of the tank wall that occurs in unanchored tanks to be quantified. 
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Figure 4 –Section through LNG tank foundation 

 

 
Figure 5 –LNG tanks under construction 

 
 

Figure 6 – 3D SSI model for piled LNG tank foundation 
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7. Example 2 – Large basement construction analysis 
 
Soil behavior and soil-structure interaction must be considered during excavation for the construction of 
tunnels, basements and other sub-terrain structures for a number of reasons. For example, excavation may 
result in risk of collapse of unsupported soil (or soil supported by temporary works); displacement of the 
soil surface around the excavation may affect surrounding existing buildings and facilities; heave of the 
surrounding and underlying soil may possibly lead to unacceptable displacements or loading effects. 
These risks have to be managed. Initial design and assessment is generally carried out using traditional 
methods and two-dimensional analysis, but in cases where this is inappropriate or over-conservative, 
three-dimensional analysis may be carried out to confirm or further refine the design using LS-DYNA. 
 
The example shown in figure 7 models the excavation and construction of a basement and superstructure 
in London. The over-consolidated clay layers are modeled with the MAT_SOIL_BRICK material described 
above, while the gravel and fill layers are modeled with the Mohr Coulomb material model. The total 
number of elements is about 500,000.  
 

 
Figure 7 – Cross-section through large 3D model for construction analysis 

 
The analysis models over 30 construction stages, including pre-history of clay giving over-consolidation, 
under-drainage to current pore pressure profile, application of existing surcharges, installation of sheet 
pile walls, excavation to each basement level, installation of slabs, consolidation, installation of 
superstructure etc.  
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8. Example 3 - Deep cut and cover tunnel construction with adjacent tall building and 

earthquake 
 
This example examines the effect of a large excavation on the stability and movement of an adjacent 60-
story building due to the construction itself and for an earthquake occurring in the temporary condition.  
The excavation is 185ft wide, 65 ft deep and over 1000 ft long. It is constructed between parallel shoring 
walls propped with 36” steel braces inserted sequentially as the excavation is progressed downwards. The 
3-D analysis model is illustrated in figure 8 and includes detailed representation of the sand and clay soil 
layers down to bedrock (240ft below surface), the shoring walls, the basement and piled raft foundation of 
the existing 60-story building. In order to control construction induced movements a massive “buttress” 
composed of intersecting 7ft diameter concrete shafts to bedrock is installed in the excavation zone 
adjacent to the building prior to commencement of the excavation itself. 
 
The analysis is run in 13 stages to simulate: 
 

 Initialization of at-rest ground soil pressures and porewater pressures  
 

 The construction of the building (foundation, basement and superstructure) assuming un-drained 
behavior in the clays to simulate the short term ground movements and soil pressure changes 
 

 Drainage to replicate consolidation settlement under building and associated change in effective 
stresses 
 

 Installation of shoring walls and concrete buttress elements, including interfaces between the 
individual concrete shafts 
 

 Un-drained staged excavation including installation of props 
 

 Drainage (which reduces strength and stiffness of ‘unloaded’ soils beneath excavation) 
 

 Excitation by 100 year return period (M 7.5) earthquake to check stability and permanent 
movements induced 
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Figure 8 - Analysis model for assessment of excavation and earthquake on tall building foundation 

 

The predicted settlement profile history of the building basemat prior to construction of the new tunnel 
compares very well with measurements ongoing since the beginning of construction. This comparison 
gives confidence that the soil properties and overall approach to the modeling are reasonable. A number 
of sophisticated features were required in this large simulation in order to utilize the same soil parameters 
for both the quasi-static and seismic analyses. Conventionally, soil properties are modified to account for 
enhanced dynamic stiffness and strength using a constant amplification factor. This would require that the 
analysis is halted after the excavation analysis and before the seismic analysis so that the soil properties 
are modified, causing inconsistent stresses and strains to develop in the soils. Instead, strain rate 
dependence was included in the soil stress/strain response so that the higher stiffness and strength of clays 
under dynamic (seismic) response could be incorporated explicitly in the construction movement analysis.   
 
9. Conclusions 
 
This paper is intended to outline some of the advanced simulation features currently available for soil-
structure interaction problems in LS-DYNA. The authors and others continue to develop new features and 
enhancements to existing features; the motivation for this is to provide numerical simulation capabilities 
of the highest possible fidelity for application to highly demanding engineering problems. The examples 
presented are intended to illustrate the range of capabilities and the large and sophisticated multi-physics 
problems that can be simulated in practice.   
 
The adoption of non-linear soil-structure analysis has significant advantages for the nuclear power 
industry. Taking account of certain non-linear effects that are not necessarily damaging can significantly 
reduce potentially damaging demands. For example, modest uplift due to rocking, a small degree of 
sliding, the isolation afforded by the limited strength of softer soil layers will all reduce damaging 
demands on structures and components. If a small amount of transient or permanent non-damaging 
deformation in the soil or soil-structure interface can protect safety-critical features within a plant, it must 
be a factor worth consideration in design or re-assessment. 
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Development of an Evaluation Response Spectrum for the Seismic Risk Assessment of a Nuclear 
Waste Repository in Korea 

Kim Min Kyu, Korea Atomic Energy Research Institute 
 

Choi In-Kil, Korea Atomic Energy Research Institute 
 

 
1.  Introduction 
 
An evaluation response spectrum for seismic risk assessment of nuclear waste repository in Korea was 
developed in this study. For the development of evaluation response spectrum, a seismic hazard analysis, 
evaluation of uniform hazard spectrum, generation of artificial time history acceleration and site response 
analysis were performed. For the performing a seismic hazard analysis, a seismic source model and input 
parameters were selected. The Gutenberg Richter a-value and b-value, moment magnitude and focal 
depth were decided. Attenuation equation was decided as midcontinent of Toro. Using the seismic source, 
input parameters and attenuation equation, a seismic hazard curve for base rock site was developed 
through the seismic hazard analysis. The seismic hazard curve should be transformed for underground 
structure. A uniform hazard spectrum was generated by using the seismic hazard curve for generation of 
artificial acceleration time history. The 30 artificial seismic acceleration time histories were generated 
based on the uniform hazard spectrum by using P-CARES program. A seismic response analysis was 
performed of 30 artificial acceleration time histories for target nuclear waste repository site for the 
development of evaluation response spectrum. Finally, an evaluation response spectrum for seismic risk 
assessment of nuclear waste repository was proposed. 
 
 
2.  Development of Seismic Hazard Curve 
 
For the development of seismic hazard curve, a probabilistic seismic hazard analysis (PSHA) was 
performed. At first as shown in Figure 1, area seismic source was selected for the performing a PSHA in 
Korea. A relation of magnitude of seismic event and return period can be represented by Gutenberg-
Richter relation as shown in equation (1). 
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Figure 1. Area source of PSHA for nuclear waste repository in Korea 

 
          (1) 

 
Where, a and b are a constant value at the same seismic source. Various methods can be used for 
determination of maximum earthquake magnitude, otherwise generally previous maximum earthquake 
magnitude plus 0.5 can be used as maximum earthquake magnitude. In this study, maximum earthquake 
magnitude was determined as 6.7±0.5 according to a suggestion of expert panel. An epicentral distance 
was considered as 10±5km. All the input parameters which considered in this study are summarized as 
Table 1.  
 

Table 1. Input parameters for PSHA 
 

Parameter Value 
a-value 5.5 ± 0.5 
b-value 0.8 ± 0.1 
MMax 6.7 ± 0.5 

Focal depth (km) 10 ± 5 
 
An attenuation relation is one of very important factor which performing a PSHA. In Korea there is no 
strong earthquake record it is very difficult to determine a reasonable attenuation equation, therefore the 
attenuation equation which developed based on central eastern area of United States was generally used in 
Korea. In this study, an attenuation equation which developed by Toro et al. (1997) was selected for 
PSHA of Wolsung nuclear waste repository system in Korea as shown in equation (2). Input parameters 
for the attenuation equation are summarized as Table 2 and attenuation characteristics are shown in 
Figure 2. 

 

  (2) 
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Where,  
 Y  : spectral acceleration or peak ground acceleration 
 M : Moment magnitude,  
  : epicentral distance 
 R : hypocentral distance 
 

Table 2. Input parameters for the attenuation equation 
 

Freq.(Hz) C1 C2 C3 C4 C5 C6 C7 

0.5 -0.74 1.86 -0.31 0.92 0.46 0.0017 6.9 

1.0 0.09 1.42 -0.20 0.90 0.49 0.0023 6.8 

2.5 1.07 1.05 -0.10 0.93 0.56 0.0033 7.1 

5.0 1.73 0.84 0.00 0.98 0.66 0.0042 7.5 

10. 2.37 0.81 0.00 1.10 1.02 0.0040 8.3 

25.0 3.68 0.80 0.00 1.46 1.77 0.0013 10.5 

35.0 4.00 0.79 0.00 1.57 1.83 0.0008 11.1 

PGA 2.20 0.81 0.00 1.27 1.16 0.0021 9.3 
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Figure 2. Attenuation characteristic of attenuation equation of Toro et al. (1997) 
 

Through the PSHA, seismic hazard curves were evaluated as shown in Figure 3 and Table 3. As shown in 
Figure 3 and Table 3, seismic hazard curves present annual exceedance probability versus peak ground 
acceleration. Seismic hazard curves represented as mean hazard also 15, 50 and 85 percentile hazard for 
indication of uncertainty range. In this study, example spectral hazard curves are developed using the 
available results of probabilistic seismic hazard analysis for a Korean nuclear waste repository site. Using 
the spectral hazard curves, the uniform hazard curve is generated (Fig. 4). The uniform hazard spectrum 
with a return period of 10-4 was used for the generation of evaluation response spectrum ()Shin et al., 
1998). 
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Figure 3. Seismic hazard curves for nuclear waste repository site in Korea 
 

 
Table 3. Annual exceedance probability of nuclear waste repository in Korea 

 
PGA (g) Average 15 Percentile Median 85 Percentile 

0.01 3.258E-03 6.520E-04 1.904E-03 5.558E-03 

0.05 3.660E-03 7.153E-05 2.113E-04 6.242E-04 

0.10 1.213E-04 2.321E-05 6.928E-05 2.068E-05 

0.20 3.479E-05 6.237E-06 1.923E-05 5.926E-05 

0.30 1.535E-05 2.542E-06 8.140E-06 2.607E-05 

0.40 8.198E-06 1.253E-06 4.168E-06 1.387E-05 

0.50 4.893E-06 6.931E-07 2.389E-06 8.235E-06 

0.60 3.145E-06 4.151E-07 1.478E-06 5.263E-06 

0.75 1.782E-06 2.139E-07 7.952E-07 2.956E-06 

1.00 8.178E-08 8.591E-08 3.388E-07 1.336E-06 
 



NEA/CSNI/R(2011)6 
 

257 

 
 

Figure 4. Uniform hazard curve for nuclear waste repository site in Korea 
 

Artificial acceleration time histories which cover a uniform hazard spectrum were developed. For a 
development of artificial acceleration time history which satisfied uniform hazard spectrum, commercial 
computer program P-CARES which developed in Brookhaven National Laboratory (BNL) was used (us 
NRC, 2007). Acceleration response spectrums of developed 30 artificial acceleration time histories are 
shown in Figure 5(a) and also comparison between average of 30 artificial acceleration time histories and 
target uniform hazard spectrums are shown in Figure 5(b). As shown in Figure 5, developed artificial 
acceleration time histories are well matches to target uniform hazard spectrum. 

 

  

(a)                                                                                 (b) 
Figure 5. Artificial earthquake time history for uniform hazard spectrum; (a) acceleration response 

spectrum of 30 artificial earthquake time history (b) comparison between average acceleration 
response spectrum of 30 artificial acceleration time histories and uniform hazard spectrum 
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3.  Site Response Analysis for Development of Evaluation Response Spectrum 
 
For the development of evaluation response spectrum, site response analysis performed for the target 
nuclear waste repository site in Korea. At first, target geologic site was divided as soil, soft rock, rock and 
hard rock according to a boring data of target site. A geological material property was decided as boring 
data and the result of experimental work and a shear wave velocity of ground were determined as elastic 
wave propagation test result. Seismic control point was decided as base rock and base rock was 
determined as shear wave velocity of 1500m/sec. The cross section of target ground condition is shown in 
Figure 6, and ground material property of target nuclear waste repository site was summarized in Table 4. 

 

 

Figure 6. A cross section of target nuclear waste repository site 

 
Table 4. Ground material property of target site 

 
Soil layer Soft rock Rock 

Hard rock 

0.5 (EL.m) -80 (EL.m) -130 (EL.m)

Density (g/cm3) 1.65 1.90 2.70 2.90 2.90 2.90 

Vs(m/s) 628.0 745 1500 2897 2580 3074 

Layer thickness(m) 4.3 5.2 23.5 80.5 50.0 70.0 

Poisson's ratio 0.33 0.3 0.27 0.20 0.23 0.12 

 

For the performing a seismic response analysis, a well known commercial computer program Pro-
SHAKE was used Schnabel et al., 1972). In the case of SHAKE analysis, basically frequency domain 
analysis was performed. In the case of frequency domain analysis, ground nonlinearity should be 
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considered as equivalent linear method. In the case of equivalent linear method, soil nonlinearity can be 
considered as iterative calculation of shear strain dependent shear modulus and damping ratio. The 
characteristic of strain dependent shear modulus and damping ratio are shown in Figure 7. But in this 
study, most of ground condition is rock site, so soil nonlinearity is not much affected to a seismic 
response analysis results. 
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Figure 7. Strain dependent material property of ground (Krammer, 1996); (a) shear modulus (b) 

damping ratio 
 
 
4.  Development of Evaluation Response Spectrum 
 
Seismic response analyses were performed using SHAKE program about the 30 artificial earthquake time 
histories. Acceleration responses through the seismic response analyses are shown in Figure 8 according 
to a depth. As shown in Figure 8, acceleration response at a surface is not much amplified before 5 Hz, 
but little amplify after 5 Hz region. A zero period acceleration is almost twice amplified compare to an 
input acceleration time history. Otherwise at the top and bottom position of cavern which location are -
80m and -150m level, respectively,  acceleration response spectra are little different according to a 
frequency range. The differences of acceleration response are almost disappeared after 20Hz region. The 
reason why the acceleration responses are little different before 20Hz region, it might be the shear wave 
velocity of hard rock location is little different according to the depth as shown in Table 4. A relatively 
soft region is located between -80 to -130m depth. The zero period acceleration were decreased as 0.097g. 
Finally an evaluation response spectrum for underground cavern system in low and intermediate level 
nuclear waste repository was proposed in Figure 9 and Table 5. 
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Figure 8. Acceleration response spectrum according to a depth of the nuclear waste repository 
system in Korea 

 

 

 

Figure 9. An evaluation response spectrum for seismic risk assessment for low and intermediate 

level nuclear waste repository system 
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Table 5. An evaluation response spectrum for seismic risk assessment for low and intermediate 

level nuclear waste repository system 

 

Frequency (Hz) Surface Input motion Underground 

100 0.334  0.184  0.097  

50 0.328  0.182  0.099  

25 0.844  0.408  0.187  

16.67 0.877  0.365  0.231  

10 0.439  0.315  0.195  

8.33 0.367  0.296  0.184  

5 0.258  0.237  0.130  

1 0.047  0.047  0.045  

0.5 0.025  0.025  0.025  
 
 
5.  Results 
 
An evaluation response spectrum for seismic risk assessment of nuclear waste repository in Korea was 
developed in this study. For the development of evaluation response spectrum, a seismic hazard analysis, 
evaluation of uniform hazard spectrum, generation of artificial time history acceleration and site response 
analysis were performed. Through this study, an evaluation response spectrum for seismic risk assessment 
of nuclear waste repository was proposed. The maximum acceleration of developed evaluation response 
spectrum for underground cavern system decreases as 53% compare to input bedrock seismic motion. 
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Recent Advances in Seismic Soil-Structure Interaction Analysis of Nuclear Power Plants 

 
Mansour Tabatabaie, SC Solutions, Inc. 

 
Abstract 
 
Three-dimensional seismic soil-structure interaction (SSI) analysis of nuclear power plants (NPPs) is 
often performed in the frequency domain using programs such as SASSI.  This enables the analyst to 
properly a) address the effects of wave propagation in an unbounded soil media, b) incorporate strain-
compatible soil shear moduli and damping properties, and c) specify input motion in the free field using 
the de-convolution method and/or spatially variable incoherent ground motions. However, the size of the 
SSI system that can be analyzed by SASSI has been limited to coarse finite element models of the 
structures. Furthermore, because the frequency-domain procedure is limited to linear systems, SASSI is 
not directly applicable to structures exhibiting nonlinearities at the soil/structure interface (such as base 
sliding and/or uplift and sidewall/back soil separation) or within the structure (such as component 
isolation). While these problems require using time-domain methods, the available software is limited in 
its ability to model dynamic SSI effects. 
 
This paper presents three new modeling methodologies implemented in SASSI to solve large-scale SSI 
problems and address foundation and in-structure nonlinearities. They include large core solution (LCS), 
component mode synthesis (CMS), and distributed parameter foundation (DPF) models. 
 
The application of the LCS model in SASSI to the SSI analysis of the US EPRTM nuclear island is also 
discussed in this paper, the results of which are used to address several SSI analysis and design issues, 
such as stick versus detailed structural modeling, basemat flexibility, floor, wall and roof slab flexibility, 
backfill soil and cracked concrete modeling, foundation mesh refinement, dynamic soil pressures, and 
effects of structure-soil-structure interaction (SSSI) and incoherent ground motions.   
 
Introduction 
 
Three-dimensional seismic soil-structure interaction (SSI) analysis of nuclear power plants (NPPs) in the 
United States is often performed in the frequency domain using SASSI [1, 2]. This enables the analyst to 
properly a) address the effects of wave propagation in an unbounded soil media, b) incorporate strain-
compatible soil shear moduli and damping properties, and c) specify input motion in the free field using 
the de-convolution method and/or spatially variable ground motions. For large-scale structural systems 
with several hundred thousand degrees-of-freedom (DOFs) and large foundation impedance matrices 
associated with deeply embedded structures, the conventional sub-structuring solution methodology 
employed in SASSI often results in a coefficient matrix that is too large to solve with currently available 
computer resources.  Furthermore, for structures that exhibit nonlinearities at the soil/structure interface 
(such as potential base sliding and/or uplift and sidewall/back soil separation) as well as within the 
structure (such as component isolation), the frequency-domain methodology is not directly applicable as it 
is limited to linear systems. To address these problems, the analytical method in SASSI has been 
advanced to include three new models: the large core solution (LCS), the component mode synthesis 
(CMS), and the distributed parameter foundation (DPF) model. These new models, now incorporated in 
MTR/SASSI [3], are briefly discussed in this paper, followed by a description of the SSI analysis of US 
EPRTM nuclear island (NI) using MTR/SASSI, the results of which are used to address several key aspects 
of the SSI analysis of NPPs. 
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Large core solution (LCS) model 
 
Seismic response analysis of NPPs in the United States is often required for frequencies up to 33 Hz [4]. 
In addition, NPPs founded on hard rock in the Eastern United States are now required to be analyzed to 
frequencies up to 50 Hz [5]. Because the foundation soil media for typical NPPs and the sidewall backfill 
for NPPs founded on hard rock generally have relatively low shear wave velocities (Vs = 200 – 500 m/s), 
the above frequency passing requirements often result in large-scale finite element soil and structural 
models that are too big to handle using the conventional SASSI modeling methodologies. 
 
Utilizing recent advances in computer software and hardware technology, the SASSI code has been 
modernized to incorporate a large core solution (LCS) model. This feature now makes it possible to 
efficiently analyze large-scale, deeply-embedded nuclear plants. SSI models with up to 400,000 degrees-
of-freedom (DOFs) have been analyzed in SASSI using LCS model. In addition, because the structural 
nodes and elements can be numbered arbitrarily, the SASSI model can serve as a duplicate copy of the 
corresponding detailed FE model of the structure used for structural design. This greatly facilitates model 
development, translation, calibration, and maintenance.  The application of the LCS model to seismic SSI 
analysis of a detailed NI model is discussed later in this paper. 

 
Component mode synthesis (CMS) model 
 
For large-scale structural models, the component mode synthesis (CMS) model is another alternative 
method of SSI analysis in SASSI. The primary function of this method is to represent a large, complex 
structural system as an assemblage of various components represented by their modal properties. These 
modal properties include fixed-interface natural vibration modes, rigid-body modes, and interface 
constrained modes, which fully describe the displacement behavior of a component. CMS involves three 
basic steps: 1) division of the structure into components, 2) definition of sets of component modes, and 3) 
coupling of the component modes to form a reduced order system model. Detailed formulation of the 
CMS procedure to solve a large-scale finite element SSI model in SASSI is presented in Ref. [6].  Figure 
1 shows a flow diagram of CMS-based SSI analysis by SASSI. 

 

 
Figure 1: Flow Diagram of CMS-Based SSI Analysis in MTR/SASSI 

 
To validate the CMS model, the dynamic response of a simple-lumped parameter model with mass 
eccentricity supported on a square mat foundation on uniform halfspace and subjected to vertical and 
horizontal excitation is obtained using the CMS procedure in MTR/SASSI and the results are compared 
against those of baseline solution also calculated by SASSI. This model is shown in Figure 2. Further 
details of the model are presented in Ref. [6]. 
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Figure 2: Example SSI Model 
 
The total SSI system was first analyzed in the frequency domain using SASSI to obtain the baseline 
solution. The same model was then analyzed using the CMS procedure implemented in SASSI, as shown 
in Figure 3. 
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Figure 3: CMS-Based SSI Analysis Steps 
 
Two cases corresponding to rigid and flexible basemats were analyzed. The computed x and y transfer 
functions at Node 84 (upper mass node), due to the x-input obtained with the CMS procedure, are 
compared with those of the baseline solution in Figure 4. Similar comparisons for the x and z transfer 
functions due to the z-input are shown in Figure 5. Both figures show excellent agreement between the 
two results. This methodology is currently being developed further. 
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Figure 4: Comparison of Transfer Functions at Node 84 due to X-Input  
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Figure 5: Comparison of Transfer Functions at Node 84 due to Z-Input 
 
Distributed parameter foundation (DPF) model 

 
Because the frequency-domain procedure is limited to linear systems, SASSI is not directly applicable to 
structures exhibiting nonlinearities at the base (such as base sliding and/or uplift) or within the structure 
(such as component isolation).  The author has introduced a hybrid frequency/time domain procedure 
called the distributed parameter foundation (DPF) model that allows the structure to be partitioned from 
the total SSI system and analyzed in the time domain while the foundation media is modeled using the 
frequency-domain procedures [7].  The DPF method involves four steps: 1) calculating the foundation 
dynamic impedance at each foundation interaction node from soil reaction forces and interaction 
displacements in the frequency domain using SASSI, 2) developing equivalent simple-damped oscillators 
with constant parameters (spring, mass and dashpot) representing the frequency-dependent dynamic 
impedance functions obtained in Step 1, 3) calculating the foundation scattering motions at the same 
interaction nodes from SASSI, and 4) implementing the results as boundary conditions in the time-
domain dynamic response analysis of the structure. To model base sliding and/or uplift, inelastic springs 
are provided between the linear foundation KMC and the structure at each interaction node [8]. 
 
An example of the application of the DPF method to seismic SSI analysis of NPPs is shown in Figure 6. 
The model represents a typical PWR containment structure consisting of a primary concrete containment, 
a secondary steel containment, and concrete internal structures housing the reactor. The cylindrical 
reactor cavity is deeply embedded below the ground surface.  This model is an idealization of a typical 

X-response due to X-input Y-response due to X-input 

X-response due to Z-input 

Z-response due to Z-input 
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pressurized water reactor and does not represent an actual or existing structure.  For simplification, the 
steel containment and parts of the internal structure such as the steam generator and pressurizer 
compartments are not included.  The basemat and exterior walls below grade are assumed rigid; the floor 
slabs are simplified and included mainly for their effect on the structural response. Further model details 
and the SSI analysis are presented in Ref. [9]. 
 

 
Figure 6: SASSI/ANSYS Finite Element Structural Models 
 
Figure 7 shows a comparison of the typical SSI results in terms of the computed response spectra at 
several key locations in the reactor building due to x-input obtained from the frequency- and time-domain 
solutions using SASSI and ANSYS [10], respectively. 
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Figure 7: Comparison of SSI In-Structure Response Spectra due to Input Motion in X-Dir 
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SSI analysis of US EPRTM nuclear island (NI) 
 
The following is description of the application of the LCS model in MTR/SASSI to a large-scale NPP 
model. The layout of the US EPRTM plant is shown in Figure 8.  The plant consists primarily of a nuclear 
island (NI) and several other significant structures outside of and in close proximity to the NI.  The NI 
structures consist of the Reactor Building Containment (RBC), Reactor Building Shield (RBS), Reactor 
Building Internal Structures (RBI), Fuel Building (FB), Safeguard Building 1 (SB1), Safeguard Building 
2/3 (SB2/3), and Safeguard Building 4 (SB4) - all of which share a common foundation basemat. The NI 
is embedded approximately 11.6 meters below ground surface.   

 

 
Figure 8: Layout of EPRTM Plant 
 
The plant is analyzed for 8 generic soil profiles as part of the standard design certification. The generic 
soil profiles used for the SSI analysis are shown in Figure 9. The input motions consist of three-
component, spectra–compatible EUR Soft, EUR Medium and EUR Hard motions specified as free-field 
outcrop motions at the base of the NI basemat. The response spectra of the input motions are shown in 
Figure 10. 
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Figure 9: Generic Soil Profiles and Properties 
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Figure 10: Acceleration Response Spectra of Reference Outcrop Motions 

 
Two structural models are used for the SSI analysis: a stick model and a detailed finite element model, as 
shown in Figure 11 and Figure 12, respectively.  
 

 

Figure 11: SASSI Stick Model of NI Structures 

 
Figure 12: SASSI Detailed FE Model of NI Structures 

 
The stick model consists of multiple interconnected sticks representing the walls and columns between 
the principal floor elevations of the structures. To model embedment effects, horizontal rigid beams are 
added along the excavation face at soil layer interfaces where the NI walls bear against soil (these beams 

EUR-Soft EUR-Medium EUR-Hard 
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share common nodes with the soil interaction nodes). The beams are then connected to the FB shield 
stick, the SB2/3 shield stick, and the SB1 and SB4 sticks with rigid links to provide lateral support from 
side soils and to transfer forces from the side soils to the sticks. The detailed FE model incorporates all 
the major details of the NI structures. The FE model consists mainly of shell elements representing the 
concrete floors, walls, and basemat - all of which are modeled as flexible members. The NSSS, major 
equipment supports, and polar crane are modeled by beam elements. The fixed-base modes of the stick 
model have been aligned against the global modes of the detailed FE model. 
 
The FE model of NI foundation is shown in Figure 13. This model is the same for both the stick and 
detailed FE models, except that in the stick model the basemat is rigid. All the basement walls are 
connected to side soils, with the exception of the walls adjacent to the Nuclear Auxiliary Building (NAB) 
and Access Building (AB). 
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Figure 13: NI Foundation Model 
 
Using a combination of the soil profiles and input motions, a total of 12 SSI analysis cases of the surface-
supported NI model and 13 SSI analysis cases of the embedded NI model were evaluated. Each analysis 
case consisted of three separate SASSI runs with three components of the input motion applied separately 
in the x-, y- and z-directions. The results of the three analyses (i.e. responses due to x-input, y-input and 
z-input) in terms of acceleration time history responses at any output node were then algebraically 
summed, and the results were used to calculate the maximum accelerations and acceleration response 
spectra.  The results of the SSI analyses of the US EPRTM NI structures are used to address several aspects 
of the SSI modeling and analysis of NPP structures. 
 
Stick Versus Detailed FE Model 

 

The SASSI program was used to calculate the SSI response of the US EPRTM NI using both stick and 
detailed FE models [11]. The analysis was performed for Soil Case 2sn4u and EUR Medium motion. The 
maximum average element size in the soil model is about 2.3 meters, which corresponds to a passing 
frequency of 500/5/2.3 = 44 Hz. Because the input motion does not contain significant energy beyond 40 
Hz, the frequency cutoff for the SSI model was set at 50 Hz. The analysis was performed for 42 and 66 
computed frequencies of the stick and detailed finite element models, respectively, with the intermediate 
frequency response values of the transfer functions obtained by interpolation. The computed transfer 
functions at key structural locations were plotted and visually examined to ensure that adequate frequency 
responses were computed for later interpolation of transfer functions.  
 

NAB 

AB 
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Typical results of the SSI analysis of the detailed FE model of NI in terms of the computed maximum 
accelerations in the x-, y- and z-directions are shown in Figure 14, Figure 15 and Figure 16. 
 

 

 
Figure 14: Maximum Acceleration Contours in X-Dir. 
 
 

 

 
Figure 15: Maximum Acceleration Contours in Y-Dir. 
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Figure 16: Maximum Acceleration Contours in Z-Dir. 
 
The maximum accelerations at several key locations in the major floor elevations of the NI structures are 
calculated from the stick and detailed FE model analyses and listed in Table 1 and Table 2, respectively. 
Although the results could not be compared at exactly the same locations, in general they indicate similar 
results from the stick and detailed FE models. The typical acceleration response spectra calculated at the 
top of the reactor containment building from the stick and detailed FE models are compared in Figure 17. 
A typical global response in terms of the interstory forces and moments is shown in Figure 18. 

Table 1: Maximum Accelerations of Stick Model (g’s) 

Location Elev. (m) X Y Z 

Center of NI Basemat -11.85 0.277 0.210 0.318 

Reactor Building IS +5.15 0.347 0.258 0.341 

Reactor Building IS 19.50 0.421 0.391 0.366 

Safeguard Building 1 29.30 0.564 0.502 0.501 

Safeguard Building 2/3 12.00 0.411 0.409 0.446 

Safeguard Building 4 29.30 0.580 0.621 0.556 

Fuel Building 3.70 0.350 0.294 0.357 

Reactor Containment Bldg 58.00 0.738 0.620 0.893 

Reactor Shield Bldg 61.40 0.843 0.854 0.578 
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Table 2: Maximum Accelerations of Detailed FE Model (g’s) 

Location Elev. (m) X Y Z 

Center of NI Basemat -11.85 0.262 0.224 0.319 

Reactor Building IS +5.15 0.379 0.320 0.374 

Reactor Building IS +19.50 0.513 0.419 0.388 

Safeguard Building 1 +21.00 0.478 0.356 0.399 

Safeguard Building 2/3 +16.30 0.400 0.433 0.413 

Safeguard Building 4 +21.00 0.340 0.335 0.394 

Fuel Building +4.20 0.300 0.364 0.298 

Reactor Containment Bldg 58.00 0.869 0.734 0.516 

Reactor Shield Bldg 61.40 0.598 0.679 0.490 

 

0.0

1.0

2.0

3.0

4.0

5.0

0.1 1 10 100

Frequency (Hz)

X
-S

p
e

c
tr

a
l A

c
c

e
le

ra
ti

o
n

 (
g

's
)

Stick Model
Detailed Model
 Reference Outcrop Motion

Damping = 5%

0.0

1.0

2.0

3.0

4.0

5.0

0.1 1 10 100

Frequency (Hz)

Y
-S

p
e

c
tr

a
l A

c
c

e
le

ra
ti

o
n

 (
g

's
)

Stick Model
Detailed Model
 Reference Outcrop Motion

Damping = 5%

0.0

1.0

2.0

3.0

4.0

5.0

0.1 1 10 100

Frequency (Hz)

Z
-S

p
e

c
tr

a
l A

c
c

e
le

ra
ti

o
n

 (
g

's
)

Stick Model
Detailed Model
 Reference Outcrop Motion

Damping = 5%

 
Figure 17: Comparison of Response Spectra at Top of Reactor Containment Bldg (Elev. 58.0 m) 
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Figure 18: Maximum Absolute Total Interstory Forces and Moments 
 
Based on the results of this study, the following conclusions can be drawn: 
 

 Stick models are capable of determining global seismic responses, but they can lead 
to excessively conservative results in the vertical direction due to the limited number of modes 
that can be modeled. 
 

 The detailed FE models capture local responses, thus eliminating the need for modeling single 
DOF oscillators. 
 

 Effects of the basemat flexibilities can be considered in the detailed FE models. 
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 Meshing can be made sufficiently small in detailed FE models to capture the response due to high 

frequency input motions. 
 

Effects of Basemat Flexibility 

 

The results of the stick versus detailed FE model discussed above indicate the importance of the basemat 
flexibility in calculating the spectral response of NI structures at higher frequencies (see Figure 17). In 
addition, the basemat flexibility will most likely affect the local uplift behavior of large basemats. 
 
Effects of Foundation Embedment and Side Soil De-Bonding 

 

To assess the effects of the foundation embedment and de-bonding (or separation) of the side soils from 
the exterior walls below grade, sensitivity studies were performed using the stick model of US EPRTM NI. 
The analysis was performed for Soil Case 2sn4u and EUR Medium motion, in which four NI foundation 
cases were analyzed: fixed-base, surface-supported, embedded with fully bonded side soil, and embedded 
with partially bonded side soil. For the case of surface-supported NI, the 11.85 meter-thick side soil layer 
extending from the ground surface to the bottom of the NI basemat was ignored. For the case of partially 
bonded side soil, the lateral soil confinement in the upper 1.5 meters below ground surface was removed. 
This was achieved by introducing double nodes at the wall/soil interface, with one node attached to the 
wall and the other to the soil but with no connectivity (force transfer) between the two nodes. Further 
details may be found in Ref. [12].  
 
Table 3 summarizes the typical reductions in the computed maximum accelerations at key structure 
locations due to embedment effects.  Figure 19 shows the typical results of response spectra calculated in 
the reactor building internal structures (RBIS) at Elev. 13.8 meters.  

Table 3: Comparison of Maximum Accelerations for Embedded vs. Surface-Supported NI 

Location 
% Reduction in Maximum Accelerations due to Embedment 

Fully Bonded Side Soil Partially De-Bonded Side Soil 

Bldg Elev. (m) X-Dir Y-Dir Z-Dir X-Dir Y-Dir Z-Dir 

Center of NI basemat -11.85 10.2 39.1 21.2 12.2 39.6 21.3 

Reactor Building IS 1.50 12.0 40.9 19.2 12.6 40.9 19.0 

Reactor Building IS 5.15 10.2 36.2 18.7 11.4 37.5 19.0 

Reactor Building IS 9.40 11.5 30.4 18.3 12.7 32.2 18.5 

Reactor Building IS 13.80 14.7 23.1 18.2 15.7 24.9 18.3 

Reactor Building IS 19.50 18.0 15.5 18.5 19.0 17.5 18.5 

MS Valve Room 22.50 19.8 24.5 17.8 19.9 23.9 18.2 

MS Valve Room 21.00 17.9 28.6 25.7 18.4 30.5 25.5 

Safeguard  Building 1 29.30 20.8 29.3 25.4 21.4 31.6 25.2 

Safeguard  Building 2/3 12.00 18.8 27.7 23.1 20.2 28.9 23.2 

Safeguard  Building 4 29.30 22.7 12.9 0.0 22.4 14.5 0.10 

Fuel Building 3.70 26.8 27.9 25.9 26.3 29.4 25.6 
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Figure 19: Comparison of In-Structure Response Spectra for RBIS at Elev. 13.8 m 
 
Based on a comprehensive review of the results, the following conclusions can be drawn: 

 These results, in general, indicate significant reduction in global maximum accelerations as well 
as spectral acceleration response at structural frequencies occurring above 3 Hz, with increase in 
the spectral acceleration response as a result of rigid-body rocking due to SSI at frequencies 
below 3 Hz.  This is consistent with the behavior of stiff and massive NPP structures analyzed on 
flexible foundation soil media as compared to infinitely rigid base rock (fixed-base). 

 Comparison of the surface-supported versus embedded SSI results indicates 10-30%, 10-40% and 
15-25% reductions in maximum acceleration responses in the x-, y- and z-directions, 
respectively, due to embedment effects.  Similarly, significant reduction in the overall shape and 
peak of the spectral acceleration response is also observed due to embedment effects. For 
example, the peak spectral acceleration response is reduced by 30-40%, 25-30% and 20-30% for 
the responses in the x-, y- and z-directions due to consideration of foundation embedment. 

 Comparison of the embedded EPR results assuming fully bonded versus 1.5-meter de-bonded 
side soil indicates no significant differences in the results due to partial de-bonding effects. 
Therefore, the gains achieved by considering the embedment effects remain unchanged due to 
partial de-bonding of NI walls from side soils near ground surface. 

 Analysis of maximum dynamic soil pressures occurring along the centerline of the FB shield 
wall, SB1 wall, SB2/3 shield wall and SB4 shield wall indicates a possible concentration of high 
soil strains adjacent to NI walls within depths of 6 meters below ground surface. These strains, in 
general, can cause some reduction in lateral soil stiffness and redistribution of dynamic earth 
pressures due to secondary effects.  Because it is difficult to capture these secondary effects in a 
linear analysis, the effect of a possible concentration of high soil strains near the ground surface 
may be accounted for by allowing the de-bonding of side soil from basement walls. 

 
Effects of foundation mesh refinement 
 
To assess the effects of foundation mesh refinement, two sets of SSI analyses of the US EPRTM NI 
structures were performed using the stick model. The first set considered the surface-supported EPRTM 
model with coarse and refined foundation mesh (Figure 20); the second set consisted of the embedded 
EPRTM model with coarse and refined foundation mesh (Figure 21). The analysis was performed for Soil 
Case 1n2u and EUR Soft motion. Based on the minimum shear wave velocities and average excavated 
soil element size, the passing frequencies for the coarse and refined foundation models are approximately 
10.4 Hz and 18.4 Hz, respectively.  
 
Comparisons of maximum accelerations calculated at several key locations in the NI structures for the 
coarse and refined foundation mesh are shown in Table 4 for the surface-supported model and in Table 5 
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for the embedded NI model.  Comparisons of typical response spectra calculated in the Fuel Building for 
the surface-supported and embedded NI models are shown in Figure 22 and Figure 23, respectively.  

 

 
Figure 20: Surface-Supported Stick NI Model with Coarse and Refined Foundation Mesh 
 

 
Figure 21: Embedded NI Stick Model with Coarse and Refined Foundation Mesh 
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Table 4: Comparison of Maximum Accelerations, Coarse vs. Refined Surface-Supported NI 

Location 
Maximum Accelerations (g’s) 

Ratio (2)/(1) 
Coarse Model (1) Refined Model (2) 

Bldg. Elev. (m) X Y Z X Y Z X Y Z 

Center of NI Basemat -11.85 0.22 0.24 0.28 0.22 0.24 0.28 0.99 0.98 0.99 

Reactor Building IS 1.50 0.23 0.23 0.28 0.22 0.23 0.28 0.99 1.00 0.99 

Reactor Building IS 5.15 0.24 0.23 0.29 0.23 0.23 0.28 0.98 1.00 0.98 

Reactor Building IS 9.40 0.25 0.25 0.29 0.23 0.25 0.29 0.95 1.01 0.98 

Reactor Building IS 13.80 0.25 0.27 0.29 0.24 0.28 0.29 0.97 1.01 0.98 

Reactor Building IS 19.50 0.26 0.30 0.30 0.26 0.30 0.29 1.00 1.00 0.98 

MS Valve Room 22.50 0.29 0.29 0.30 0.29 0.29 0.31 1.00 0.98 1.01 

MS Valve Room 21.00 0.29 0.32 0.39 0.29 0.32 0.40 0.99 0.99 1.02 

Safeguard  Building 1 29.30 0.32 0.36 0.40 0.32 0.36 0.40 1.01 1.00 1.02 

Safeguard  Building 2/3 12.00 0.28 0.31 0.37 0.30 0.31 0.37 1.09 1.00 1.01 

Safeguard  Building 4 29.30 0.32 0.35 0.40 0.33 0.34 0.41 1.01 0.95 1.01 

Fuel Building 3.70 0.23 0.26 0.44 0.24 0.26 0.44 1.04 1.00 1.00 

 

Table 5: Comparison of Maximum Accelerations, Coarse vs. Refined Embedded NI 

Location 
Maximum Accelerations (g’s) 

Ratio (2)/(1) 
Coarse Model (1) Refined Model (2) 

Bldg. 
Elev. 
(m) 

X Y Z X Y Z X Y Z 

Center of NI Basemat 
-

11.85 
0.17 0.18 0.24 0.16 0.18 0.24 0.96 0.96 1.02 

Reactor Building IS 1.50 0.16 0.18 0.25 0.16 0.17 0.24 0.97 0.95 0.98 

Reactor Building IS 5.15 0.16 0.18 0.25 0.16 0.18 0.25 0.99 0.97 0.99 

Reactor Building IS 9.40 0.17 0.19 0.25 0.17 0.19 0.25 1.00 1.00 1.01 

Reactor Building IS 13.80 0.18 0.21 0.26 0.17 0.21 0.26 0.97 1.01 1.02 

Reactor Building IS 19.50 0.18 0.24 0.26 0.18 0.24 0.27 1.00 0.99 1.03 

MS Valve Room 22.50 0.21 0.22 0.26 0.21 0.22 0.26 0.96 1.00 0.99 

MS Valve Room 21.00 0.21 0.24 0.33 0.20 0.24 0.33 0.97 0.98 1.01 

Safeguard  Building 1 29.30 0.23 0.29 0.34 0.22 0.26 0.33 0.98 0.92 1.00 

Safeguard  Building 2/3 12.00 0.20 0.24 0.30 0.19 0.24 0.31 0.96 1.00 1.00 

Safeguard  Building 4 29.30 0.23 0.30 0.32 0.23 0.28 0.31 1.01 0.94 0.97 

Fuel Building 3.70 0.19 0.20 0.37 0.18 0.20 0.35 0.96 0.98 0.95 
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Figure 22: Comparison of Response Spectra of Fuel Bldg, Coarse vs. Refined Surface-Supported NI 
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Figure 23: Comparison of Response Spectra of Fuel Bldg, Coarse vs. Refined Embedded NI 

 
Comparisons of the analysis results for the surface-supported NI model with coarse and refined 
foundation mesh show no significant differences in the computed spectral responses for frequencies up to 
25 Hz in the x-, y- and z-directions. In addition, the difference in the computed maximum acceleration 
response is found to be less than 5% (see Table 4). For the soft soil profiles with minimum Vs = 250 m/s 
and Soft EUR motion, therefore, the use of the coarse foundation mesh for the surface-supported EPRTM 
SASSI analyses is appropriate. 
 
Similarly, close agreement between the results of the computed spectral acceleration responses in the 
structure are observed for the embedded EPRTM model with coarse and refined foundation mesh, except 
for a few locations in the NI where significant increase in the spectral acceleration response is observed at 
frequencies above 10 Hz. This is consistent with the passing frequency calculated for the coarse 
foundation model of 10.4 Hz. The maximum difference in the computed ZPA, however, is less than 5% at 
all key locations in the structure (see Table 5).   
 
Effects of Floor, Wall and Roof Slab Flexibility 

 

To assess the floor, wall, and roof slab flexibility, the SSI response of the EPRTM NI structures was 
evaluated using stick and detailed FE models.  The results and findings of this study in relation to the 
effects of floor, wall, and roof slab flexibility were discussed previously. 
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Effects of Soil Stiffness 

 

To assess the effects of foundation and side soil stiffness, dynamic SSI responses of the US EPRTM NI 
structures were evaluated for the 13 soil analysis cases discussed previously. The summary of the results 
for 6 uniform soil cases (1u through 5u and 5a) and 3 input motions EUR (Soft, Medium and Stiff) are 
presented below. Figure 24 shows comparisons of the acceleration response spectra calculated in the Fuel 
Building at Elev. 3.7 meters for several combinations of soil stiffness properties and input motions.  
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Figure 24: Comparison of Response Spectra at Top of Reactor Containment Bldg (Elev. 58.0 m) 
 
Based on the above results, the following conclusions can be drawn: 
 

 Reducing the foundation and side soil stiffness causes the spectral peaks corresponding to the 
natural frequencies of the structure to shift slightly to lower frequencies and drop significantly in 
amplitude. On the other hand, softening the foundation and side soils introduces a rigid-body 
rocking component in the response that increases the horizontal amplitude of the spectral 
response at low frequencies. 

 
 The spectral responses at higher frequencies (about 10-12 Hz) are generally controlled by the 

foundation and side soils which have stiffer properties. Because NPPs are large, stiff, and massive 
structures founded in relatively softer foundation soil media, this aspect of the SSI response is 
significant. 
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Effects of Concrete Cracking 

 

The effects of concrete cracking are often modeled by reducing the flexural stiffness of the beam and 
shell elements by 50%. In stick models, this can result in excessively conservative results and, in some 
cases, incorrect results because the stiffness reduction is taken across the board in the structural members. 
Significantly improved results can be obtained by applying this procedure to a detailed FE model of the 
NI structures modeled using shell elements. To assess the effect of concrete cracking, the seismic 
response of the EPRTM NI structures with and without concrete cracking were calculated for all generic 
soil cases using the MTR/SASSI program.  Figure 25 shows typical results for acceleration response spectra 
obtained in Safeguard Building 4 (SB4) at Elev. +21 meters for Soil Case 1n5a and EUR Hard motion. 
This soil analysis case consists of NI founded on hard rock (Vs = 4000 m/s) at a depth of 11.85 meters 
below ground surface and surrounded by backfill material (Vs = 233 m/s). Table 6 shows the ratio of 
cracked to uncracked maximum acceleration response at several key locations in the structure.  

 
Based on the above results, the following conclusions can be drawn: 

 
 Concrete cracking can increase the maximum acceleration response in the structure. 

 
 Concrete cracking shifts the spectral peaks to lower frequencies and increases the out-of-plane 

spectral amplitudes of floor, wall and roof slabs. 
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Figure 25: Comparison of Response Spectra in Safeguard Bldg. 4 (Elev. 21.0 m) 
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Table 6: Comparison of Maximum Acceleration Response, Cracked vs. Uncracked Concrete EPRTM 

Location 
Elev. 
(m) 

Ratio of Cracked to Uncracked 

X Y Z 

Center of NI Basemat -11.85 0.994 0.985 0.934 

Reactor Building IS +5.15 0.900 1.156 0.975 

Reactor Building IS +19.50 1.000 1.109 1.108 

Safeguard Building 1 +21.00 0.865 0.933 0.924 

Safeguard Building 2/3 +16.30 0.958 0.996 0.978 

Safeguard Building 4 +21.00 1.023 1.016 1.706 

Fuel Building +4.20 0.945 0.927 1.018 

Reactor Containment Bldg 58.00 1.049 1.129 1.009 

 
An improved method for modeling concrete cracking in SASSI all-shell FE models is being developed. It 
is an iterative procedure whereby the shear and flexural stiffness of the shell elements are updated based 
on the calculated strain levels at each solution cycle until convergence is obtained. This procedure is 
briefly described below. 
 

Step 1: Generate deformation envelopes from the time history responses.  

Step 2: Assess the maximum curvature in order to determine whether there is cracking in the 
concrete plate/shell elements due to bending and to calculate the bending stiffness 
reduction factor, as shown in Figure 26. 

Step 3: Assess the maximum shear strain in order to determine whether there is cracking in the 
concrete plate/shell element due to shear stress and to calculate the shear stiffness reduction 
factor, as shown in Figure 27. 

Step 4: Update the bending and shear stiffness of all concrete plate/shell elements to be used in the 
next iteration. 

Step 5 Repeat Steps 1 through 4 until convergence is achieved. 
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Figure 26: Bending Stiffness Reduction Factor 

 
 

Figure 27: Shear Stiffness Reduction Factor 
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Effects of Structure-Soil-Structure Interaction (SSSI) 

  

In general, the response of light structures, tunnels and conduits are affected by the nearby heavy 
buildings due to structure-soil-structure interaction (SSSI) effects. The SSSI effects generally increase 
lateral dynamic soil pressures on the basement walls of adjacent structures. Recent studies of the dynamic 
soil pressures on below grade walls using SASSI indicate that normal wall pressures can be significantly 
affected due to the inertial mass of the structures as well as SSSI effects during seismic shaking. In these 
studies it is assume that the soil strains near the wall are caused primarily by soil nonlinearities in the 
free-field. The additional soil strains caused by the soil nonlinearities due to the inertia of the structures 
are ignored. 
 
To assess the accuracy of MTR/SASSI in predicting the dynamic soil pressures on below grade walls, the 
incremental dynamic soil pressures on the US EPRTM exterior walls below grade, calculated using 
MTR/SASSI, are compared with those obtained by ADINA [13]. The SSI analysis was performed for soil 
case 1n5a and EUR Hard motion. In this study, the foundation basemat and walls were considered 
without the buildings.  Four cases corresponding to rigid-bonded, rigid-smooth, flexible-bonded, and 
flexible-smooth walls were analyzed; the results are shown in Figure 28 and Figure 29 for the rigid-
bonded and rigid-smooth wall cases and in Figure 30 and Figure 31 for the flexible-bonded and flexible-
rigid wall cases. The results for the rigid wall are also compared with Wood’s solution [14] in Figure 28 
and Figure 29. There is good agreement between the results of all three methods. 
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Figure 28: Incremental Dynamic Soil Pressures on Rigid-Bonded Wall 
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Figure 29: Incremental Dynamic Soil Pressures on Rigid-Smooth Wall 
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Figure 30: Incremental Dynamic Soil Pressures on Flexible-Bonded Wall 
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Figure 31: Incremental Dynamic Soil Pressures on Flexible-Smooth Wall 
 
SSI ANALYSIS INCORPORATING SPATIAL INCOHERENCE OF GROUND MOTIONS 
 
The coherence model describes the relationship between ground motions at different locations as a 
function of the separation distance and the frequency of the ground motions. It is derived from statistical 
analysis of recorded ground motions at dense array sites, as characterized below: 
 
  γij (ω) = Sij (ω) / SQRT [Sii(ω) . Sjj(ω)]  
 
  0 ≤ | γij (ω) | ≤ 1 
 
Where γij is the coherence function, Sij is the spectral density function, and i and j are two recording 
stations.  Figure 32 shows typical coherence functions in the horizontal and vertical directions. Incoherent 
ground motions may be characterized as follows: 
 

{UIg(ω)} = [φ(ω)] [λ(ω)] {ηθ(ω)} Uo(ω) 
 
Where: 

{UIg(ω)} = Incoherent ground motion vector 

[λ(ω)] = Eigenvalues of coherence matrix 

[φ(ω)] = Eigenvectors of coherence matrix 

{ηθ(ω)} = Random phase angle (uniformly distributed from 0 to 2π) 

Uo(ω) = Control motion 
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Figure 32: Typical Coherence Functions (Source: EPRI 2007) 

 
The SSI analysis using incoherent ground motions incorporated in MTR/SASSI consists of the following 
four steps. 

Step 1: Compute coherence matrix [γ(ω,d)] of incoherent ground motion from prescribed coherency 
function γ(ω,d) 

Step 2: Determine a few significant eigenmodes of coherence matrix (i=1,2, .. m) 

Step 3: Solve SSI response for eigenmodes of Step 2 

Step 4: Combine the results using SRSS method (ηθ(ω)=1) 
 

To evaluate the effects of incoherent ground motion input for seismic response of NPPs founded in hard 
rock, a test problem obtained from Ref. [15] was analyzed using MTR/SASSI. The results in terms of the 
computed acceleration response spectra at the tops of the NI basemat, Steel Containment Vessel (SCV), 
Auxiliary Shield Building (ASB) and Containment Internal Structure (CIS) are shown for the x-response 
in Figure 33, for the y-response in Figure 34 for the z-response in Figure 35. 
 
Based on an analysis of the results, the following conclusions can be drawn: 

 
 In general, consideration of the effects of incoherent ground motions on structures with large 

footprints can result in significant reductions in high frequency components of the response. 
 

 However, incoherent ground motions introduce additional rocking and torsional components in 
the foundation response that can increase the response of the structure at certain locations. 
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Figure 33: Comparison of Coherent vs. Incoherent In-Structure Response, X-Dir. 

 

Figure 34: Comparison of Coherent vs. Incoherent In-Structure Response, Y-Dir. 

 

5% Damped ARS at Top of SCV - X Direction

0

1

2

3

4

5

6

7

0.1 1 10 100
Frequency (Hz)

S
pe

ct
ra

l A
cc

el
er

at
io

n 
(g

)

Incoherent
Coherent

5% Damped ARS at Top of ASB - X Direction

0

1

2

3

4

5

6

0.1 1 10 100
Frequency (Hz)

S
pe

ct
ra

l A
cc

el
er

at
io

n 
(g

)

Incoherent

Coherent

5% Damped ARS at Top of CIS - X Direction

0

2

4

6

8

10

12

14

16

18

0.1 1 10 100
Frequency (Hz)

S
pe

ct
ra

l A
cc

el
er

at
io

n 
(g

)

Incoherent

Coherent

5% Damped ARS at Top of Basemat - X Direction

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0.1 1 10 100
Frequency (Hz)

S
pe

ct
ra

l A
cc

el
er

at
io

n 
(g

)

Incoherent

Coherent

5% Damped ARS at Top of SCV - Y Direction

0

2

4

6

8

10

12

0.1 1 10 100
Frequency (Hz)

S
pe

ct
ra

l A
cc

el
er

at
io

n 
(g

)

Incoherent

Coherent

5% Damped ARS at Top of ASB - Y Direction

0

1

2

3

4

5

6

0.1 1 10 100
Frequency (Hz)

S
pe

ct
ra

l A
cc

el
er

at
io

n 
(g

)

Incoherent

Coherent

5% Damped ARS at Top of CIS - Y Direction

0

5

10

15

20

25

0.1 1 10 100
Frequency (Hz)

S
pe

ct
ra

l A
cc

el
er

at
io

n 
(g

)

Incoherent

Coherent

5% Damped ARS at Top of Basemat - Y Direction

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0.1 1 10 100
Frequency (Hz)

S
pe

ct
ra

l A
cc

el
er

at
io

n 
(g

)

Incoherent

Coherent



NEA/CSNI/R(2011)6 

288 

 

Figure 35: Comparison of Coherent vs. Incoherent In-Structure Response, Z-Dir. 
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Non-Linear Soil Structure Interaction: Impact on the Seismic Response of Structures 

Alain Pecker, Géodynamique et Structure 
 
 

Abstract 
 
The paper presents results of incremental dynamic analyses (IDA) of a simple structural system with 
consideration of non linear soil structure interaction. The analyses are facilitated using a non linear 
dynamic macroelement for the soil foundation system. Three base conditions are examined, namely fixed 
base, linear foundation and non-linear foundation including uplift and soil plasticity. IDA curves are 
produced for a variety of intensity and damage parameters describing both the maximum and the residual 
response of the system. The results highlight the beneficial role of foundation non linearities in decreasing 
the ductility demand in the superstructure but point out the need to carefully assess the variability of the 
response when non linearity is allowed at the foundation design.  
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1. Introduction 
 
The topic of soil structure interaction (SSI) has long been recognized as a major factor controlling the 
design of the structure. During an earthquake, the soil deforms under the influence of incident seismic 
waves and imposes its motions to the foundation and to the supported structure. In turn, the induced 
motion of the foundation creates inertial forces in the superstructure that are transmitted back to the 
foundation and to the underlying soil. Therefore, the induced deformations create additional waves that 
emanate from the soil-foundation interface. Both phenomena occur simultaneously and therefore are 
closely linked and dependent on one another. SSI increases in significance as the supporting soil becomes 
softer. Although recognized by recent building codes, like Eurocode 8, [1], which requires to take into 
consideration SSI for massive structures founded on soft deposits, most building codes ignore the effect 
of SSI : “For the majority of usual building structures, the effects of SSI tend to be beneficial, since they 
reduce the bending moments and shear forces acting in the various members of the superstructure”, [1]. 
As pointed in [2] this statement may hold for a large class of structures but may be misleading for others 
and mainly relies on the smooth shape of normalized code spectra. To the best, SSI is considered in the 
dynamic analysis assuming a linear behavior of the soil foundation interface. Even though, the results 
obtained by various authors on the beneficial or detrimental effect of SSI are controversial. Within the 
framework of performance based design, the question becomes essential to know how non linear soil 
structure interaction may affect the seismic demand in the superstructure. With the advance of efficient 
numerical tools to model the non linear behavior of foundations, it becomes possible to investigate this 
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effect through the concept of incremental dynamic analysis (IDA) as defined by Vamvatsikos & 
Cornell, [3]. The paper presents preliminary results obtained with this technique which may help to 
clarify this issue and provide guidelines for the seismic design of foundations. For that purpose, the 
studied structure is a reinforced concrete bridge pylon founded on the surface of a homogeneous 
cohesive soil by means of a circular footing. 
 
2. Linear soil structure interaction 
 
Despite the fact that SSI is not very often considered in building codes, it has a long history which 
started back in 1936 with the work of Reissner. Since then, several improvements have been achieved 
and the present state of the art is well developed and understood. For the interested readers a 
comprehensive review of the early history of SSI is presented in [4]. 
 
Several modeling techniques are available to account for SSI in the dynamic analysis. The most 
sophisticated ones are based on finite element analyses in which the supporting medium is explicitly 
modeled as a continuum. This technique is very demanding, both in computer time and manpower, 
and is not very efficient at early design stages of a project. Therefore, a substructure approach is often 
preferred in which all the degrees of freedom of the supporting medium are lumped at the soil-
foundation interface. With the assumption of a rigid surface foundation subjected to the vertical 
propagation of body waves in a horizontally layered profile, the method breaks down to the 
calculation of the dynamic response of the structure subjected to the free field motion and connected 
to the so-called dynamic foundation impedances, [5]. The dynamic impedances can be viewed as 
frequency-dependent springs and dashpots; if those impedances are assumed frequency-independent 
or if simple rheological models are used, [6], the analysis is rendered very attractive and efficient. 
Such simple models can therefore be implemented to analyze the impact of linear soil structure 
interaction on the seismic response of structures.  
 
A recent very comprehensive study, [7], has investigated the effects of soil-shallow foundation-
structure interaction on the seismic response of structures using Monte Carlo simulations. The 
structure was modeled as a non linear one degree of freedom system and SSI was taken into account 
with conventional springs and dashpots; in other words, SSI was treated as a linear phenomenon even 
though soil non linearities were accounted for through a reduction of the soil secant shear modulus. 
Forty time histories recorded in recent earthquakes were used as input motions; the magnitudes ranged 
from 6.5 to 7.5 and the distances from 15km to 40km; the original records were scaled to produce 
peak ground accelerations between 0.3g and 0.8g.  In addition the impact of the following parameters 
was investigated: fundamental period of the fixed-base structure, soil shear wave velocity, mass 
density and Poisson’s ratio, constitutive non linear model for the superstructure. To summarize the 
findings, it appears that SSI effects on the median response of a structure exhibiting a non linear 
behavior is relatively small; however there is a 30-50% probability for an increase in the total 
structural displacement of more than 10% due to SSI. Therefore, based on these results, SSI does not 
seem to be a major issue, at least in terms of median response. However, one may wonder how much 
these conclusions are influenced by the initial modeling assumptions regarding SSI.  
 
3. Non linear soil structure interaction 
 
More than 30 years ago the earthquake engineering community realized that the increase of strength of 
a structural system does not necessarily enhance its safety. This recognition has lead to the 
development of new design principles, aiming at rationally controlling seismic damage and rendering 
the structure “fail-safe”. This concept is embedded in the capacity design philosophy which is widely 
implemented in structural design, but is given less attention in geotechnical engineering. Even when 
foundation compliance is taken into account, little care is given to the nonlinearity of soil and 
foundation. Such an approach may lead to non conservative oversimplifications, especially in the case 
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of strong geometric nonlinearities, such as foundation uplifting and sliding. Most importantly, 
neglecting such phenomena prohibits the exploitation of strongly non-linear energy dissipating 
mechanisms in case of occurrence of ground motions larger than design. Today, a growing body of 
evidence suggests that soil-foundation plastic yielding under seismic excitation is not only 
unavoidable, but may even be beneficial, [8] to [14]. Such evidences has even led some authors to 
make the proposal of totally reversing the foundation design philosophy by allowing significant 
yielding in the foundation to protect the structure, [8].  
 
However, implementation of a design philosophy in which, even partial, yielding is allowed at the 
foundation level requires that efficient and reliable tools be available for design. Non linear structural 
analyses are very sensitive to small changes in the structural properties and in the input motion. 
Obviously, the situation is even worse in foundation engineering where the properties of the soil are 
never known with a great accuracy. A safe design will therefore require a large amount of analyses to 
be run and this can hardly be efficiently achieved with heavy, although rigorous, numerical models 
such as finite element models. The concept of dynamic macroelements, developed over the last 
decade, offers a unique opportunity to evaluate the effect of non linear soil structure interaction on the 
response of a yielding structure.  
 
Advantage of macroelement modelling is used in this paper, to examine the effect of non linear soil 
structure interaction on the response of a yielding structure. This is performed with a series of 
Incremental Dynamic Analyses (IDA). The results are further compared to analyses with linear SSI 
and without SSI (fixed-base structure) to highlight the changes in behaviour of the structure when SSI 
is accounted for either with a linear assumption or with a non linear one. 
 
4. Problem description 
 
The studied structure is depicted in Figure 1; it represents a typical highway bridge pier under seismic 
excitation. The deck of mass md is monolithically connected to the reinforced concrete circular column 
of diameter d and height h. The pier is founded on a relatively stiff homogeneous clay stratum by 
means of a shallow circular foundation of height hf and diameter D. Separation (uplift) and no sliding 
are allowed along the soil-footing interface. The system is subjected to seismic loading only along the 
transverse (with respect to the bridge axis) horizontal direction. 
 

 
 

Fig. 1 Soil-foundation-structure system (a) physical, (b) model 
 
 
A direct displacement-based design procedure (DDBD), [15], appropriately modified to take into 
account soil-structure interaction effects, has been implemented for the pier design. The procedure is 
detailed in [16]. The design of the bridge pylon has been performed considering a seismic input 
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represented by the Eurocode 8 design spectrum, Type 1, with firm soil conditions and a peak ground 
acceleration ag = 0.5g. The following design performance criteria have been defined: 

System drift limit Δd = 0.03h. 
Maximum foundation rotation θlim = 0.01. 
Maximum structure ductility demand μlim = 3.2.   

 
The bridge pier is modeled with non-linear beam elements. The foundation and the soil are replaced 
by one unique 2-node link element, which is the non-linear dynamic macroelement for shallow 
foundations as developed in [17] and [18]. The first node of the macroelement is attached to the 
superstructure. The mass of the foundation is lumped at this node; the input motion is applied at the 
second node. The constitutive behavior of the macroelement reproduces the non-linear phenomena 
arising at the soil-footing interface: elastoplastic soil behavior leading to irreversible foundation 
displacements, possibility for the footing to get detached from the soil (foundation uplift). 
Additionally, the macroelement is coupled with a viscous dashpot reproducing radiation damping. 
    
The numerical parameters defining the problem are given in Table 1. 
 

Table 1 Properties of the soil-structure system 
 

Physical quantity Symbol Unit Value

Mass of deck md kt 0.973 

Column height h m 20. 

Column diameter d m 2.5 

Column mass mc kt 0.245 

Concrete compression strength fc MPa 30. 

Steel yield strength fy MPa 400. 

Number of longitudinal rebar n - 100 

Diameter of longitudinal rebar dlong mm 26 

Diameter of transverse rebar dtrans mm 12 

Spacing of transverse rebar s mm 70 

Foundation diameter D m 7.5 

Foundation height hf m 2.0 

Foundation mass mf kt 0.221 

Total weight of structure Wtot MN 14.12 

Soil undrained shear strength cu MPa 0.15 

Soil shear modulus Gs MPa 104. 

Soil shear wave velocity Vs m/s 255. 

Static bearing capacity factor FS - 2.84 

Fixed base period of structure T0 s 1.379 

Period fo structure with SSI TSSI s 1.650 

 
5. Description of the macroelement 
 
Several macroelement models have been developed during the last decade to account for non linear 
soil structure interaction. A comprehensive review of the existing models is presented in [19]. For the 
sake of completeness the model used in the present study is briefly presented. More details are 
provided in [17] and [18]. 
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5.1. Generalized variables 
 
The macroelement model implemented in this study is formulated with respect to the resultant forces 
and moments acting at the centre of the footing. Although the footing geometry is circular (implying 
3D kinematics), the system is subjected to planar loading; therefore, the in-plane dimensionless force 
parameters are assembled in the following vector: 
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where T denotes the transpose, N is the resultant vertical force on the footing centre, Vx is the resultant 
horizontal force, My the resultant rocking moment, D the footing diameter and Nmax the maximum 
centred vertical force supported by the foundation. 
 
The kinematics of the problem is simplified by considering that the footing is perfectly rigid and will, 
in all cases, undergo a planar rigid body motion. Its kinematics is thus described by three displacement 
parameters, identified with the in plane translations and rotation of the footing centre. The 
displacement parameters are normalized and assembled in a displacement vector as follows: 
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5.2.  Elastic range 
 
In the linear elastic range the force and displacement vectors are linked through a complex frequency 
dependent symmetric matrix K . The tilde (~) over K is used to denote the linear case. For shallow 
foundations off-diagonal terms are negligible and K  is diagonal. In the context of non-linear time 
domain analyses it is common practice to use constant stiffness terms that correspond to quasi-static 
loading or to some characteristic frequency of the soil-structure system. Similarly, radiation damping 
effects are accounted for with an equivalent viscous damping matrix with constant (frequency-
independent) damping coefficients. The linear (visco-elastic) part of the response in the macroelement 
model is thus defined by 6 numerical parameters: , , , , ,NN MM NN MMVV VVK K K C C C     . 

 
The possibility of the footing to get partially detached from the soil surface is introduced within the 
macroelement through a phenomenological non-linear elastic model. The adopted uplift model 
consists in writing the stiffness matrix K as a function of the displacement parameters as follows: 
 
  K K q  (3) 

 
In [17] and [18], the following explicit relationships have been introduced: 
 
 , NN NN VV VVK K K K   (4) 
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In equations (4)-(7), the quantity θy,0 represents the foundation rotation angle that corresponds to uplift 
initiation. The equations indicate that uplift introduces a non-zero coupling term between the vertical 
force and the rocking moment and an appropriate modification of the rocking stiffness KMM. The 
moment of uplift initiation is defined as follows: 
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   (8) 

 
Parameters α, γ and δ are numerical constants that solely depend on the footing shape. The numerical 
parameter ε controls the coupling between the rocking and the vertical degree of freedom during 
uplift. Values of these parameters have been proposed in [18] for strip and circular footings.  
 
5.3.  Plasticity model 
 
The second non-linear mechanism introduced in the macroelement constitutive relationship is related 
to the irreversible soil behaviour. A bounding surface hypoplasticity model, [20], is developed 
independently from the uplift model presented in the previous paragraph. The yield surface of 
classical plasticity is replaced by a bounding surface denoted fBS: in the interior of this surface a 
continuous plastic response is obtained as a function of the distance between the actual force state Q 
and an image point I(Q) on the bounding surface, defined through an appropriately chosen mapping 
rule. As the force state Q approaches the bounding surface, the plastic response becomes more and 
more pronounced with eventual plastic flow occurring when the force state reaches the bounding 
surface: this situation actually corresponds to a bearing capacity failure of the foundation. The 
bounding surface fBS can therefore be identified with the ultimate surface of a footing resting on a 
cohesive soil with a perfectly bonded interface (neither uplift nor sliding allowed). A sufficient, for the 
scope of macroelement modelling, and extremely simple approximation is obtained by considering 
that the ultimate surface fBS is an ellipsoid centred at the origin: 
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The bounding surface is thus defined by three numerical parameters: the ultimate vertical force 
supported by the footing Nmax and the parameters ψ, ξ which are used for the definition of the 
maximum horizontal force and the maximum moment supported by the footing.   
In the present formulation a simple radial mapping rule is selected; such a mapping rule actually 
corresponds to the case of proportional loading of the footing up to bearing capacity failure. The 
image point I(Q) is thus defined by the following expression: 
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In (10), ∂fBS represents the boundary of the bounding surface fBS. The image point I(Q) is used to 
define the direction of plastic displacements, the magnitude of the plastic modulus and the situations 
of plastic loading, neutral loading and unloading for a given force increment Q&, as in classical 
plasticity. For unloading and neutral loading the response is elastic, for plastic loading the plastic 
modulus is given by: 
 

 pl Q H q& &  (11) 
 
where plq&  is the increment of plastic displacements. The inverse plastic modulus 1H  can in turn be 
written as: 
 

 1 1
gh

  H n n  (12) 

 
n being the unit normal on I(Q), ng defines the direction of the plastic incremental displacements 
which is in general different from n and h a scalar quantity, which expresses the extent of plastic 
response; in the context of bounding surface hypoplasticity h is a function of the distance between the 
force state Q and its image point I(Q). A convenient measure of this distance is the scalar parameter λ 
defined in (10). For cyclic loading the functional dependence between h and λ is given by the 
following simple relationship: 
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In (13), h0 and p are numerical constants and λmin is the minimum value attained by the parameter λ 
during loading. The meaning of (13) is the following: in virgin loading λ = λmin; in reloading λ > λmin 
and the response is less plastic since the ratio λ/λmin is always greater than 1.  
 
Finally, the unit vector ng defining the direction of plastic displacements is typically defined as the 
normal vector to a plastic potential surface. In the context, of the proposed model we adopt a much 
simpler definition for ng by simply relating its components to the unit normal vector to the bounding 
surface as follows: 
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In other words, ng is identical to n with the exception of the component parallel to the vertical force N 
on the footing, which is modified by the factor pg. This parameter expresses the extent of vertical 
settlement of the foundation when subjected to load cycles under horizontal force or moment.  
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5.4. Uplift – Plasticity coupling 
 
The non-linear uplift and soil plasticity mechanisms presented in the previous paragraphs are defined 
independently from one another; they become coupled when they are assembled within the 
macroelement. For example, the moment of uplift initiation is no longer proportional to the applied 
vertical force but is approximated by the following relationship: 
 

 0
NN
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   (15) 

 
The numerical parameter ζ generally varies between 1.5 and 2.5.  
 
The uplift-plasticity coupling that occurs under dynamic loading leads in general to an effect of 
rounding of the soil-footing contact area and consequently to a reduction of the effective size of the 
footing and of the ultimate vertical force Nmax. In the present formulation this progressive “damage” 
effect has not been incorporated. This phenomenon has proven to be more pronounced in the case of 
dry cohesionless soils with very limited rebound capacity and less important in the case of cohesive 
soils examined in this paper.  
 
5.5. Model parameters 
 
The model parameters are listed in table 2. Derivation of those parameters is briefly commented 
below. 
 
5.5.1 Viscoelastic parameters 
 
They are determined using the classical impedance functions for a circular footing on a halfspace, 
[21]. 
 
5.5.2  Bounding surface parameters 
 
The ultimate vertical force for a centred load is given by the ultimate bearing capacity of a circular 
footing on a cohesive soil Nmax = 6.05cuA where cu is the soil undrained shear strength and A the 
footing area. The parameters ψ and ξ are given by ψ = Vmax/Nmax and ξ = Mmax/DNmax. The ultimate 
shear force and overturning moment for a perfectly bonded footing are given by Vmax = cuA and Mmax 
= 0.67cuAD, [22]. 
 
5.5.3  Plasticity model parameters 
 
These are the only parameters (h0, p, pg) that require a calibration from a 3D static finite element 
model. The soil is modelled using the multi-yield elastoplastic model developed in [23] and 
numerically implemented in the finite element code DYNAFLOW [24]. To this end, a quasi-static test 
analysis is performed in two stages: 
 
A vertical force, representing approximately the weight of the structure, is imposed to the foundation; 
The vertical force is kept fixed, while a cycle of loading under a horizontal force is applied. The 
imposed horizontal force can typically be selected to vary between 0.5Vmax and 0.8Vmax.  
 
The numerical parameters h0, p are chosen to reproduce the soil hardening behavior in the diagrams of 
vertical force versus vertical displacement and the diagram of horizontal force versus horizontal 
displacement. The numerical parameter pg is calibrated to fit the accumulated vertical settlement 
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during the phase of loading under the horizontal force. This calibration procedure has been 
implemented for the bridge pylon under consideration. The results of the calibration procedure are 
presented in figures 2 and 3, which compare the vertical force versus vertical displacement and 
horizontal force versus horizontal displacement curves obtained with the finite element model and 
with the macroelement. The fit is satisfactory for the vertical force diagram for both loading phases 
and for the first-half cycle in the horizontal force diagram. The difficulty to fit both the vertical and 
the horizontal force versus displacement curves stems from the fact that an ‘isotropic’ formulation has 
been selected for the bounding surface hypoplastic model, in the sense that the hardening relationship 
(13) applies equally to all degrees of freedom. Possibilities of improving the model performance have 
been discussed in [18] but they are counter-balanced by the complexity they would add to the adopted 
plasticity model. In general, the implemented bounding surface hypoplasticity model is deemed to 
provide a satisfactory compromise between model accuracy and calibration simplicity. 
 

 

Fig. 2 Load-displacement curve for vertical loading 

 
 

Fig. 3 Load-displacement curve for cyclic horizontal loading 
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Table 2 Macroelement model parameters 

 
Parameter description Symbol Unit Value 

Footing diameter D m 7.50 

Ultimate vertical force Nmax MN 40.09 

Ultimate horizontal force Vmax MN 6.63 

Ultimate moment Mmax MN.m 33.30 

Bounding surface parameter � - 0.17 

Bounding surface parameter � - 0.11 

Vertical elastic stiffness KNN MN/m 2225 

Horizontal elastic stiffness KVV MN/m 1833 

Rocking elastic stiffness KMM MN.m 20862 

Vertical dashpot coefficient CNN MN.s/m 27.8 

Horizontal dashpot coefficient CVV MN.s/m 18.0 

Rocking dashpot coefficient CNN MN.m.s 4.8 

Plastic parameter (initial loading) h0/KNN - 4.0 

Plastic parameter (reloading) p - 0.5 

Non-associative parameter pg - 5.0 

Uplift initiation parameter � - 6.0 

Uplift parameter � - 2.0 

Uplift parameter � - 0.5 

Uplift parameter � - 0.2 

Uplift plasticity coupling parameter � - 1.5 

 
 
6. Superstructure model 
 
The bridge pier is modeled using small-displacement/small-rotation Timoshenko beam elements with 
an elastoplastic constitutive law. For simplicity, an elastoplastic bilinear model is adopted in the 
analyses. The moment-curvature diagram for the examined concrete column has been calculated in 
[16]. The parameters used for the definition of the bilinear moment-curvature diagram are the yield 
moment My and the post yield stiffness of the beam in pure tension. The elastic stiffness of the beam 
elements is calculated from the geometric characteristics of the cross section and the elastic properties 
of reinforced concrete. The numerical parameters used for the definition of the bilinear model for the 
beam elements are presented in Table 3. 
 

Table 3 Numerical parameters for structural model 

 
Parameter Symbol Unit Value 

Yield moment for elastoplastic beam element My MN.m 37.5 

Yield curvature �y - 6.52 10-4 

Post-yield stiffness for beam elements under traction �post MPa 5.0 
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7. Incremental Dynamic Analyses 
 
An incremental dynamic analysis (IDA) consists in performing a series of non-linear time-history 
analyses, using as input motion the same acceleration record scaled to increasing amplitudes, and 
keeping track of some characteristic quantities of the response of the structure. Using the terminology 
introduced in [3], we refer to intensity measures (IMs), characterizing the severity of the input motion 
and to damage measures (DMs), characterizing the response of the structure. 
 
The output of an IDA is an IDA curve, i.e. a plot of a selected IM versus a selected DM. Similarly, an 
IDA curve set is a collection of IDA curves of the same structural model under different records that 
have been parameterized on the same IM and DM. 
 
7.1. Intensity measures 
 
Different options are available for the IM to be used in the IDA curves. In the following, we use three 
IMs and in particular: 

The PGA of the input motion. 
The cumulative absolute velocity (CAV) of the input motion. 
The spectral acceleration of the input motion at the natural period of vibration of the bridge pylon 
with consideration of soil flexibility, denoted as SA(TSSI). 
 

The choice of the cumulative absolute velocity is guided by its cumulative character which may be a 
better proxy for the residual response parameters of the structure. Similarly, the spectral accelerations 
at characteristic periods of vibration reflect the intensity of the input motion but also the dynamic 
characteristics of the structure. 
 

7.2. Damage measures 
 
For the DMs, the following quantities may be considered: 

The residual settlement of the foundation 
The maximum foundation rotation 
The maximum total horizontal drift of the bridge deck 
The residual horizontal drift of the bridge deck 
The maximum horizontal deck displacement due to structural drift 
The maximum structural ductility demand in the concrete column: max{μd} defined in terms of 
curvature as: 

 

 
 max

d
y





  (16) 

 
In (16), max{κ} is the maximum curvature developed at the base of the column during the seismic 
excitation and κy is the yield curvature of the column given in Table 3. 
 
7.3. Time histories 
 
A set of 30 acceleration records has been chosen for the incremental dynamic analyses. The 
compilation of the suite of records has been given in [3]. The selected acceleration records are from 
relatively large-magnitude earthquakes (M = 6.5-6.9) with moderate distances and exhibiting no 
marks of directivity. Additionally, they have all been recorded on firm soil conditions. They represent 
a realistic earthquake scenario for the examined soil-structure system. 
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Table 4 summarizes the suite of thirty ground motion records used in the analyses and Table 5 gives a 
list of characteristic quantities of the selected records: maximum recorded acceleration, cumulative 
absolute velocity and spectral acceleration at the fixed-base natural period of the structure (SA(T0)) and 
with consideration of soil flexibility (SA(TSSI)). Note that the quantities presented in Table 5 refer to the 
unscaled records. 
 
In addition to Table 4, Figure 4 presents the acceleration time histories of the selected unscaled 
records and Figure 5 the corresponding acceleration response spectra. 

Table 4 Selected records for incremental dynamic analyses 

 
Record Event Year Station � Soil2 M3 R4 

1 Loma Prieta 1989 Agnews State Hospital 090 C,D 6.9 28.20 

2 Northridge 1994 LA, Baldwin Hills 090 B,B 6.7 31.30 

3 Imperial Valley 1979 Compuertas 285 C,D 6.5 32.60 

4 Imperial Valley 1979 Plaster City 135 C,D 6.5 31.70 

5 Loma Prieta 1989 Hollister Diff Array 255 C,D 6.9 25.80 

6 San Fernando 1971 LA, Hollywood Stor. Lot 180 -,D 6.6 21.20 

7 Loma Prieta 1989 Anderson Dam Downstrm 270 C,D 6.9 21.40 

8 Loma Prieta 1989 Coyote Lake Dam Downstrm 285 B,D 6.9 22.30 

9 Imperial Valley 1979 El Centro Array #12 140 B,D 6.5 18.20 

10 Imperial Valley 1979 Cucapah 085 C,D 6.5 23.60 

11 Northridge 1994 LA, Hollywood Storage FF 360 C,D 6.7 25.50 

12 Loma Prieta 1989 Sunnyvale Colton Ave 270 C,D 6.9 28.80 

13 Loma Prieta 1989 Anderson Dam Downstrm 360 C,D 6.9 21.40 

14 Imperial Valley 1979 Chihuahua 012 B,D 6.5 28.70 

15 Imperial Valley 1979 El Centro Array #13 140 C,D 6.5 21.90 

16 Imperial Valley 1979 Westmoreland Fire Station 090 C,D 6.5 15.10 

17 Loma Prieta 1989 Hollister South & Pine 000 C,D 6.9 28.80 

18 Loma Prieta 1989 Sunnyvale Colton Ave 360 -,D 6.9 28.80 

19 Superstition Hills 1987 Wildlife Liquefaction Array 090 C,D 6.7 24.40 

20 Imperial Valley 1979 Chihuahua 282 C,D 6.5 28.70 

21 Imperial Valley 1979 El Centro Array #13 230 C,D 6.5 21.90 

22 Imperial Valley 1979 Westmoreland Fire Station 180 C,D 6.5 15.10 

23 Loma Prieta 1989 Halls Valley 090 C,D 6.9 31.60 

24 Loma Prieta 1989 WAHO 000 -,D 6.9 16.90 

25 Superstition Hills 1987 Wildlife Liquefaction Array 360 C,D 6.7 24.40 

26 Imperial Valley 1979 Compuertas 015 C,D 6.5 32.60 

27 Imperial Valley 1979 Plaster City 045 C,D 6.5 31.70 

28 Loma Prieta 1989 Hollister Diff Array 165 -,D 6.9 25.80 

29 San Fernando 1971 LA, Hollywood Stor. Lot 090 C,D 6.6 21.20 

30 Loma Prieta 1989 WAHO 090 -,D 6.9 16.90 
1: Component,   
2: USGS, Geomatrix soil classification 
3: Moment magnitude 
4: Closest distance to fault rupture (km) 
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Table 5 Characteristics of selected unscaled records 

 
Record PGA CAV SA(T0) SA(TSSI) 

 (g) (m/s) (g) (g) 

1 0.159 4.94 0.133 0.127 

2 0.239 6.03 0.151 0.114 

3 0.147 2.67 0.034 0.022 

4 0.056 1.54 0.043 0.032 

5 0.279 6.77 0.189 0.189 

6 0.173 3.66 0.046 0.046 

7 0.244 5.97 0.144 0.181 

8 0.179 4.38 0.198 0.160 

9 0.144 4.47 0.162 0.115 

10 0.308 6.81 0.296 0.199 

11 0.358 10.42 0.178 0.117 

12 0.207 6.70 0.267 0.157 

13 0.240 6.10 0.170 0.113 

14 0.270 9.03 0.205 0.138 

15 0.117 3.73 0.097 0.100 

16 0.074 2.46 0.069 0.076 

17 0.370 9.66 0.533 0.484 

18 0.208 5.95 0.272 0.182 

19 0.181 5.11 0.059 0.070 

20 0.254 8.94 0.266 0.182 

21 0.139 3.63 0.106 0.085 

22 0.110 2.43 0.090 0.083 

23 0.102 3.42 0.151 0.092 

24 0.398 15.17 0.229 0.104 

25 0.208 8.26 0.407 0.305 

26 0.186 4.18 0.060 0.050 

27 0.042 1.07 0.017 0.021 

28 0.269 6.05 0.331 0.302 

29 0.210 4.53 0.266 0.125 

30 0.672 20.25 0.352 0.169 
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Fig. 4 Acceleration time histories of the 30 unscaled records 
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Fig. 5 Acceleration response spectra of the 30 unscaled records 

 
8. Structural behavior in the light of Incremental Dynamic Analyses 
 
The incremental dynamic analyses have been performed for every possible combination of the IMs 
and DMs. Each IDA analysis is made of 30 curves corresponding to the 30 time histories. One such 
example is depicted in Figure 6 showing the ductility demand versus CAV for the fixed-base 
structure. Each curve on the diagram corresponds to one of the 30 records scaled downward and 
upward to produce 11 IMs with CAVs spanning the range 0 to 35m/s. A common feature to all IDA 
analyses is that some curves exhibit instabilities, possibly followed by regain at higher levels, while 
other do not show any sign of instability, at least up to the highest tested IM. These kinds of curves are 
instructive because they clearly evidence the variability of the response as a function of the individual 
records, although all records are deemed to represent an almost unique earthquake scenario (see Table 
4). These results can be used to derive statistical results (or probability distributions) of the response, 
which can be further incorporated in a PBEE framework, [3]. 
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Fig. 6 IDA curves for a fixed-base structure 

 
The content of an IDA set is more compact and meaningful if, instead of individual curves, the median 
and some fractiles, for instance 16% and 84% fractiles, are presented, [3]. IDA curves have been 
constructed for the three cases involving (or not) soil-structure interaction, namely: 

Non linear fixed-base structure 
Non linear structure with linear soil-structure interaction 
Non linear structure with non linear soil-structure interaction 
 

As mentioned previously, it is anticipated that IMs that reflect the cumulative damaging effect of the 
earthquake are good proxies for correlation with a DM related to residual states (permanent 
settlement, permanent foundation rotation). Therefore ductility demand and permanent settlements 
have been related to CAV. On the other hand, DMs related to peak responses, like the maximum deck 
displacement, should be better correlated to the spectral acceleration at the fundamental period of the 
system. 

 

8.1. Typical result of a dynamic analysis 

A typical dynamic response produced with the macroelement is depicted in Figure 7 showing the 
variation during excitation of typical quantities: pier curvature versus bending moment, horizontal 
displacement and deck drift versus time, foundation rotation versus rocking moment and foundation 
settlement versus rotation. 
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Fig. 7 Example of a dynamic analysis with the macroelement; non-linear foundation, record 1, 
PGA=0.5g 

This figure illustrates the capability of the macroelement to produce permanent settlement under 
horizontal excitation and uplift of the foundation, evidenced by the S-shaped of the moment-rotation 
diagram. The deck develops significant horizontal displacements (of the order of 0.8m) almost entirely 
due to foundation rotation. However, the structure remains elastic as revealed by the moment-
structural curvature diagram: it is clear that uplift acts as an isolation mechanism for the 
superstructure. In this example, both the residual foundation settlement and the residual foundation 
rotation seem to remain at acceptable levels (less than 0.03m and 0.01rad respectively). 

 

8.2. Statistical results 
 
For each of the IDA set of curves, similar to those of Figure 6, statistical values corresponding to the 
median and to the 16% and 84% fractiles are computed. Comparisons are made in terms of structural 
behavior for the three possible assumptions for the foundation behavior: fixed-base structure, elastic 
linear foundation (linear SSI) and non linear behavior. All results are obtained with the macroelement 
model, with the proper options activated, and the non linear structural model for the structure. Due to 
space limitations, only few significant results are presented. They correspond to the ductility demand 
in the bridge pier, the permanent foundation settlement (for the non linear foundation), and the 
maximum deck displacement. As mentioned previously the ductility demand and the residual 
settlements are related to the CAV, while the maximum deck displacement is related to the SSI period 
of vibration.  
 
Figures 8 to 10 present the statistical curves for the ductility demand for the three cases of foundation 
behavior. The overall behavior is not so different between the fixed-base structure and the linear 
elastic foundation: beyond a CAV of the order of 20, the ductility demand increases at a very rapid 
rate, denoting the onset of instability. It is interesting to note that up to a CAV of 10m/s, both systems 
produce the same median curve; for larger CAV, the ductility demand is slightly larger, for a given IM 
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value, for the linear elastic SSI system indicating that SSI may not be favorable. This result is in line 
with the more extensive study of [7]. For the non linear foundation system, the behavior is strikingly 
totally different: up to a CAV of 35m/s, the ductility demand remains limited, of the order of 1.0, with 
no evidence so far of instability in the bridge pier. The explanation for such a different behavior lies in 
the yielding of the foundation that protects the structure, as pointed out in [8]; the structure is 
prevented from yielding but permanent settlement and rotation are developed at the foundation. This is 
evidenced in Figure 11 showing the residual foundation displacement; obviously for the fixed-base 
structure and the linear SSI system no such values exist. The median maximum displacement remains 
limited but the variability increases drastically as the CAV increases; at the maximum CAV value the 
84% fractile is 2.5 times the median. Therefore, foundation settlement may become highly 
unpredictable and can easily go from an acceptable quantity to an unacceptable one depending on the 
probability of exceedance the designer is ready to accept. This factor requires in depth consideration 
before accepting significant foundation yielding. 

 

 
 

Fig. 8 IDA curves for ductility demand versus CAV for the fixed-base structure. Thick curve: median, 
dotted curves: 16% and 84% fractiles 

 

Fig. 9 IDA curves for ductility demand versus CAV for the linear elastic foundation. Thick curve: 
median, dotted curves: 16% and 84% fractiles 
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Fig. 10 IDA curves for ductility demand versus CAV for non-linear foundation. Thick curve: median, 
dotted curves: 16% and 84% fractiles 

 

 
 

Fig. 11 IDA curves for residual foundation settlement versus CAV for non-linear foundation. Thick 
curve: median, dotted curves: 16% and 84% fractiles 

 
Residual displacements are not the only issue in the seismic response of the structure. For instance, 
total displacement at the deck level may also be important for the design of connections. Figure 12 
presents for the three examined systems the median maximum horizontal displacement at the deck 
level. Once again, the same salient features are evidenced: beyond a SA(TSSI) of 0.50-0.70g, both the 
fixed-base structure and the linear SSI system fail. In contrast, the non linear SSI system does not 
show lack of stability (only beyond SA(TSSI)  1.1g, not represented in the figure); the displacement 
increases steadily to large values. However, the displacement is always larger than for the two others 
systems and the differences become significant close to the IM level corresponding to failure of the 
linear or fixed-base systems. Stability of the structure, defined here with respect to the maximum 
horizontal deck displacement, is ensured provided large displacements, mainly caused by foundation 
rotation, are acceptable. How large can the displacement be is beyond the scope of this paper. 
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Fig. 12 IDA curves for maximum deck displacement versus spectral acceleration at the SSI period of 
vibration for three cases of base conditions 

 
Other results not shown herein exhibit the same trend: yielding of the foundation “protects” the 
structure but the price to pay is an increase of the maximum or permanent displacements and rotations 
of the foundation; more importantly, the variability in the computed response becomes large for the 
non linear SSI system when the IM is approaching the value for which the fixed-base structure or the 
linear SSI system show instabilities. 

 
9. Conclusions 
 
The development of a dynamic macroelement renders possible the use of extensive time history 
analyses to analyze the effect of foundation compliance and non linearity on the structural response of 
a non linear structure. The approach followed in this paper is based on the concept of incremental 
dynamic analyses which allows the derivation of statistical properties of the response. A simple bridge 
pier modeled either as a fixed-base structure, or founded on a foundation, for which linear or non 
linear soil structure interaction is considered, has served to illustrate the most salient features of the 
response. On a whole, consideration of non linear soil structure interaction appears beneficial to 
drastically reduce the ductility demand in the structure; however, this positive effect is 
counterbalanced by larger displacements and rotations at the foundation which may become 
unacceptable. Furthermore, it has been noticed that the variability in the response becomes large as 
more demand is placed on the foundation. Therefore, care must be exercised before accepting to 
transfer the ductility demand from the structure to the foundation. This implies a careful definition of 
acceptable criteria for the foundation displacement and rotation, and a thorough investigation of the 
variability of the response. As demonstrated in the paper the variability is conveniently handled with 
incremental dynamic analyses, which can be further incorporated in a performance based design 
approach. Nevertheless, this concept of allowing non linearities to develop in the foundation shows 
some promise as already pointed out in [2]. A final interesting finding of this study is that, as already 
shown in [7], consideration of linear soil structure interaction may not be always as beneficial as 
considered in practice.  
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Abstract 
 
Elementary consequences of the wave-passage effects are described for out-of-plane response of long 
structures, excited by SH wave earthquake ground motion pulses propagating along their longitudinal 
axis. For the passage times in the range from 0.005 to 0.10 s, the maximum column drifts can increase 
several fold due to the combined action of out-of-plane and torsional excitation. Because most of the 
seismic wave energy does not arrive at a site vertically, the common engineering assumption that it 
does leads to nonconservative response estimates. 
 
Key words: Wave-passage effects, earthquake response, differential strong ground motion. 
 
Introduction 
 
The traditional response spectrum describing the structural response to strong earthquake ground 
shaking is based on one-dimensional vibrational formulation of the linear response of a single-degree-
of-freedom (SDOF) system (Freeman 2007; Trifunac 2007; 2008a; Zembaty 2007), in which the 
ground and the SDOF are interconnected at a point, and only the horizontal component of ground 
motion is considered. By the nature of this model, the contributions to the response resulting from 
wave passage along the finite dimensions of the foundation, and from the three-dimensional nature of 
strong motion (three translations and three rotations), are all ignored. This simplification can lead to 
reasonably realistic estimates of response when the earthquake excitation consists of long waves—
long relative to the plan dimensions of the structure (Todorovska and Trifunac 1990)—but when 
excitation involves short waves, vibrational formulation ceases to provide realistic description of the 
response, and wave-propagation methods of solution must be used. Extensions and generalizations of 
the response-spectrum method have been proposed to account approximately for the wave passage and 
differential motions along the base of long structures, but these approximations, which are based on 
the Taylor series extrapolations of long-wave motions, cease to be valid for short-wave excitations. 
Examples of such extensions are described in several studies involving differential strong motion 
(Jalali and Trifunac 2009; Trifunac and Todorovska 1997a; Trifunac and Gičev 2006) and the 
strength-reduction factors (Jalali and Trifunac 2007, 2008; Jalali et al. 2007). This paper also 
examines how the classical response-spectrum method can be extended to apply for physical 
conditions that are well beyond its original formulation.  
 
The role of simultaneous action of all six components of ground motion (three translations and three 
rotations; Gupta and Trifunac 1989; Lee and Trifunac 1985; 1987; Trifunac and Todorovska 2001; 
Trifunac 1971a; Wong and Trifunac 1977) is still rarely considered in engineering design (Trifunac 
2006; 2008b; 2009a), even though it has been 75 years since the response-spectrum method was 
formulated and about 40 years since it became the principal tool in engineering design (Trifunac 
2003a). Simultaneous action of all those six components of motion will not be considered in this 
paper. We will consider only the out-of-plane horizontal displacements associated with passage of SH 
and Love waves and ground rotation (torsion) about the vertical axis. Nevertheless, it is hoped that the 
present work will help in further understanding of wave-passage effects. 
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Fig. 1. (a) Model with four mass-less columns, and ground motion pulse propagating in positive x-
direction with phase velocity c. (b) Ground motion displacement pulse. 
 
 
We consider the response of a long, rigid mass supported by multiple columns and excited by a 
ground motion pulse in an out-of-plane horizontal direction (Fig. 1). This model has two degrees of 
freedom (translation in the y direction and torsion about the z axis), and it is analogous to the one 
studied by Trifunac and Gičev (2006), excited by SH and Love waves propagating along the 
longitudinal axis of the rigid mass (Fig. 2). Trifunac and Gičev (2006) neglected the torsional 
excitation of the base of the columns, but in this paper this excitation will be considered. To avoid 
complications of coupled and geometrically nonlinear analysis, we will only solve the problem for the 
case when this model is not allowed to move in the x direction, and we will show how its response 
depends on the number of columns supporting the rigid mass. We will use the results to interpret the 
relative significance of the wave-passage effect. To simplify the overall complexity of the response, in 
this analysis we will neglect all effects of soil structure interaction (SSI) and will assume that the base 
of the columns follows the free-field ground motion. It will become clear from the results that it is not 
conservative to design structures using the traditional assumption that the wave motion arrives 
simultaneously at all support points of the structural system. The results will show that the common 
engineering assumption that seismic waves arrive vertically to the site of a structure will lead to 
under-estimates of the maximum relative response. 
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Fig. 2. Plan view of the Trifunac and Gičev (2006) model with n columns responding in out-of-plane 
direction to excitation by SH or Love waves. The columns have massless springs, pinned connections 
to both ground and the mass, and have stiffness ik . 
 
 
Model and solution of nonlinear equation of motion 
 
The system of nonlinear equations of motion of the model in Fig. 1, which is described in the 
Appendix (by equations (A.1-11), (A.2-10), (A.3-10), and (A.4-10)) can be solved by numerical 
methods. We chose the fourth-order Runge-Kutta method because of its self-starting feature and the 
long-range stability. In this method, the time domain is divided into n equally spaced intervals, where 
n is chosen based on the requirement to have at least 20 points per period of excitation or per 
fundamental period of the structure, whichever is smaller. Each of these equally spaced intervals is 

further subdivided into 2r  intervals, where r varies from 1 to 9, to reach the desired accuracy. The 
parameter r is chosen so that the relative percent error between the solutions for the neighboring two 
values of n is less than one percent, and then the larger n of the two is adopted for the calculations.  
 
Example 
 
The example we consider is a one-story model with length L = 40 m and height h = 7 m (Fig. 1). It 
consists of a rigid mass supported by mass-less columns. This model is subjected to an out-of-plane, 
half-sine displacement pulse, which travels with constant phase velocity c from left toward the right 
support and beyond. We will compare the maximum drift of the response of this discrete linear system 
to a related finite-difference solution of the Trifunac and Gičev (2006) continuous model with period 

0.286 s.nT   We will examine the response of models with 2, 4, 6, and 8 columns to study the 

discretization effects of modeling relative to the continuous representation. We will assume that all 
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columns have the same stiffness. This will result in a progressively stiffer system for both translation 
and torsion, with the model with 8 columns considered in this paper being the stiffest.  
 
For the ground motion, we assume that A = 10 cm (see Fig. 1). For the model with only two columns, 
the motions at their base are then 
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where dt  is the duration of the pulse and   is the travel time of the wave in the soil over a distance of 

one-half the length of the structure. The ratio of the length of the structure (L) to the wavelength (LW) 
is then 
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where maxv  is the peak ground velocity associated with the propagating displacement pulse. For 
comparison of the results of this study with the continuous model of Trifunac and Gičev (2006), we 
considered different values of L  and   as follows: 

 

.005,.01,.02,.05,.07,.10

.01,.015,.02,.025,.03,.035,.04,.045,.05,.07,.09,.11,.13,.15,.17,.19,.2,.225,.25,.275,

.3,.325,.35,.4,.45,.5,.625,.75,.875,1.0,1.125,1.25,1.375,1.5,1.625,1.75,1.875,2.0,2.5,
L






3.0,

3.5,4.0,6.0,8.0

 

 
The out-of-plane and torsional periods, frequencies, and damping of the considered models are as 
follows: 
 

For 2-column model:  
2

0.286sec; ; 3 ; 0.05n n T n T
n

T
T

          

For 4-columns model: 
2 2

0.286sec; ; 3 ; 0.05n n T n T
n

T
T
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For 6-columns model:  
2 3

0.286sec; ; 3 ; 0.05n n T n T
n

T
T

          

For 8-columns model:  
4

0.286sec; ; 3 ; 0.05n n T n T
n

T
T

          

 
Results  
 
The above system was analyzed with the assumption of linear material behavior, and the maximum 
relative displacements of the model are shown in Figs. 3 and 4. It is seen that  
 
 

 

 

Fig. 3. Maximum displacement responses for model shown in Fig. 1a, for   0.005, 0.01, 0.02, 0.05, 
0.07, and 0.10, and for configurations with 2, 4, 6, and 8 columns. Analogous results computed by 
Trifunac and Gičev (2006) using a finite-difference continuous model are shown for    0.05 and 
0.10. 
 
when max 0v    the relative displacements approach those of a two-degree-of-freedom system 

excited by synchronous ground motion at all supports. In this case, the maximum relative response of 
the model for small values of maxv   can be approximated using the long-wave approximation in terms 

of max1.41 v   (see Trifunac and Gičev 2006). When maxv   , the maximum drift of the 
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continuous model and of our model with multiple columns asymptotically tends toward “dmax,” which 
is the peak amplitude of the ground displacement pulse (in this example equal to 10 cm).  
 

 

 

 

Fig. 4. Same as Fig. 3, but showing variations in the maximum relative response as functions of  , for 
the models with 2, 4, 6, and 8 columns separately. 
 
 
When maxv   is intermediate, the discretization in terms of a different number of columns and the 

coupling to translational and torsional excitation and response lead to the fluctuations shown in Figs. 3 
and 4. In this condition, and for large time delay when the contribution of pseudo-static response 
becomes predominant, it is seen that by increasing the number of columns the response of our model 
gradually approaches the response of the continuous model.    
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Fig. 5. Amplification of relative displacement amplitudes due to wave-passage effects, relative to the 
classical spectral maxima of SDOF when   0.0. 
 
 
In Fig. 5, we illustrate the amplification of the maximum relative displacement of the model in Fig. 1 
with respect to the one-dimensional response of the corresponding SDOF when 0  , and when 
torsional ground excitation is neglected—that is, when the effects of the wave passage are ignored. It 
is seen that for most values of maxv   this amplification is less than 2.0, but for small maxv   and 

systems with a larger number of columns (i.e., higher overall torsional stiffness), it can be higher. 
Relative amplification factors plotted in Fig. 5 are also shown in tabular form in Tables 1 and 2. 
        
Discussion and conclusions 
 
To simplify the overall complexity of the response and to focus only on the coupled translational (out 
of plane) and torsional response of a long and rigid structure, in this analysis we neglected all effects 
of soil structure interaction (SSI) and assumed that the base of each column follows the free-field 
ground motion. This does not mean that we are suggesting that SSI is not important, only that we 
chose to focus our analysis on the wave-passage aspects in the response of the structure only. Soil-
structure interaction will contribute to the total response, through the nonlinear response of the soil 
both near the ground surface and adjacent to the foundation (Trifunac et al 2001a,b), and it will act to 
prolong the system periods, the travel-time parameter  , and to further amplify the rocking and 
torsional ground motions, which drive the column foundations (Trifunac 2006; 2008b; 2009b). We 
also ignored any asymmetries in the response, which may occur due to inhomogeneous distribution of 
soil stiffness, or the changes in the soil resulting from the permanent strains caused by previous 
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strong-motion excitation (Todorovska and Trifunac 1989; Trifunac et al. 1996; 1999; Trifunac and 
Todorovska 1997b; 1998; Trifunac 2003b). 
 
The results have been presented for a simple pulse, which qualitatively approximates the pulses 
observed in the near field of shallow faulting (Haskell 1969; Housner and Trifunac 1967). Because 
such pulses are key contributors to the main part of the response spectral amplitudes, and because the 
strong motion can be thought as being represented by a relatively small number of such pulses 
(Todorovska et al. 2009; Udwadia and Trifunac 1974), the main results found in this paper are useful 
indicators of what can be expected in the near field for the complete recordings of strong motion as 
well. 
 
The results of our example study show that the wave passage and torsional excitation coupled with 
translational out-of-plane excitation by SH and Love waves lead to an approximate doubling of the 
relative displacement response (drifts) (Figs. 3, 4, and 5). This amplification can occur in the entire 
range of the maxv   scaling parameter we considered, and it is determined by the ratio of the transit 

time to the duration of the pulse. When max 0v   , this amplification can be even larger, and it 

depends on the ratio / dt  (it is about 3 for   = 0.1 in Fig. 5 for the model with 8 columns). As 

max 0v    ( max 10 / dv t  ), but when   is not zero and dt  , the first half of the pulse 

qualitatively becomes analogous to the fault parallel motion, which is characterized by large initial 
velocity and large torsional strong-motion pulse, as the wave reaches the structure (Trifunac 2009a). 
This results in large torsional excitation of the equivalent 2DOF system in Fig. 1 and in large 
amplification relative to the classical response-spectrum amplitudes. 
 
A common and ubiquitous engineering simplification is that the seismic wave energy arrives vertically 
to the site. This simplification applies to plane body waves only and is justified by noting that the 
incident rays bend toward vertical for progressively softer alluvium and soil deposits as the wave 
progresses toward the ground surface (Trifunac 1990). Since the phase velocity along the ground 
surface, c , of a plane body wave, arriving with angle   relative to the vertical, is / sinc   , where 

 is the wave velocity along the ray, it is seen that as 0  the phase velocity c  and that in the 

limit all points on the ground surface move synchronously. However, in reality   is only small but not 

zero, due to inhomogeneities in the soil (Wong et al. 1977), and thus c  can be large but not infinite. 
This will result in short transit times   and in small values of maxv  . As Fig. 5 and Tables 1 and 2 

show, this will result in large amplification of drift angles for stiff structures. 
 
Analyses of the composition of the strong-motion waves show that most of the strong-motion energy 
is carried by surface waves (Trifunac 1971b). This is to be expected, since in the near field of shallow 
and surface faults, where the geometry of the source and typical distribution of wave velocities with 
depth leads to horizontal wave-guides, the strong-motion energy propagates mainly in the horizontal 
direction (Todorovska and Trifunac 1997a,b). Consequently, the approximate calculations based on 
the vertically incident seismic waves can and will lead to nonconservative estimates of the effects of 
strong motion on the structural response. 
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Table.1 Amplification Factors ( ) / ( 0)SD SD    vs. maxv   for 2- and 4-column Models. 

 

maxv   

(cm) 

Progressively Stiffer System 
Amplification Factor = ( ) / ( 0)SD SD    

2-column Model 4-column Model 
  .005 .01 .02 .05 .07 .1   .005 .01 .02 .05 .07 .1 

0.157 1.09 1.16 1.28 .97 .70 .70 1.05 1.12 1.15 1.17 1.36 1.81 
0.236 1.03 1.16 1.27 .95 .70 .70 1.03 1.03 1.15 1.13 1.40 1.86 
0.314 1.05 1.18 1.24 .96 .68 .69 1.02 1.09 1.16 1.17 1.34 1.81 
0.393 1.02 1.17 1.27 .94 .72 .71 1.03 1.10 1.15 1.15 1.32 1.79 
0.471 1.05 1.06 1.27 .97 .70 .70 1.01 1.06 1.10 1.17 1.34 1.77 
0.550 1.03 1.06 1.21 .95 .68 .69 1.02 1.12 1.10 1.14 1.32 1.77 
0.628 1.01 1.05 1.27 .98 .68 .72 1.04 1.04 1.11 1.17 1.34 1.76 
0.707 1.00 1.05 1.14 .97 .69 .70 1.03 1.03 1.11 1.12 1.33 1.80 
0.785 1.01 1.04 1.25 .93 .69 .68 1.02 1.04 1.12 1.12 1.34 1.79 
1.100 1.16 1.05 1.07 .86 .62 .70 1.00 1.04 1.15 1.04 1.28 1.75 
1.414 1.21 0.99 1.07 .86 .72 .72 1.06 1.05 1.02 1.17 1.33 1.72 
1.728 1.23 1.10 1.10 .77 .69 .70 1.13 1.00 1.14 1.17 1.35 1.66 
2.042 1.25 1.21 1.11 .91 .65 .70 1.16 0.98 1.05 1.03 1.35 1.81 
2.356 1.20 1.33 1.00 1.01 .63 .74 1.17 1.02 1.08 1.15 1.33 1.74 
2.670 1.10 1.38 0.96 .67 .52 .63 1.18 1.02 1.07 0.84 1.03 1.66 
2.985 1.10 1.42 0.98 .88 .68 .74 1.18 1.11 1.02 1.10 1.29 1.53 
3.142 1.09 1.43 1.03 .99 .75 .75 1.18 1.16 0.99 1.08 1.36 1.46 
3.534 1.09 1.46 1.16 .83 .48 .60 1.07 1.25 0.94 0.89 .91 1.62 
3.927 1.09 1.48 1.24 .81 .42 .84 1.04 1.29 0.93 0.74 1.11 1.34 
4.320 1.08 1.49 1.35 .85 .61 .76 1.04 1.31 0.95 0.86 1.19 1.69 
4.712 1.08 1.43 1.49 .87 .52 .75 1.03 1.32 1.00 0.90 1.22 1.48 
5.105 1.08 1.32 1.61 .78 .50 .65 1.03 1.34 1.00 .86 .86 1.19 
5.498 1.07 1.22 1.69 .69 .53 .58 1.03 1.35 .98 .91 .73 1.34 
6.283 1.07 1.18 1.76 .64 .51 .83 1.03 1.36 1.08 .95 .94 1.38 
7.069 1.06 1.18 1.81 .72 .34 .62 1.02 1.23 1.24 .76 .91 1.04 
7.854 1.06 1.16 1.84 .81 .33 .59 1.02 1.10 1.38 .68 .86 .94 
9.817 1.05 1.14 1.73 .91 .38 .67 1.01 1.04 1.53 .52 .61 1.21 
11.781 1.04 1.12 1.44 1.03 .50 .65 1.00 1.03 1.57 .55 .55 .93 
13.744 1.04 1.11 1.23 1.13 .58 .60 1.00 1.02 1.48 .57 .53 .62 
15.708 1.03 1.09 1.18 1.26 .70 .72 .99 1.02 1.29 .60 .58 .54 
17.671 1.03 1.08 1.16 1.46 .85 .79 .98 1.01 1.14 .64 .62 .50 
19.635 1.03 1.08 1.14 1.62 .97 .82 .98 1.01 1.02 .66 .62 .52 
21.598 1.02 1.07 1.13 1.73 1.06 .92 .97 1.00 .99 .68 .61 .54 
23.562 1.02 1.07 1.12 1.73 1.11 1.01 .97 1.00 .99 .72 .61 .57 
25.525 1.02 1.06 1.11 1.61 1.15 1.12 .97 1.00 .99 .79 .61 .57 
27.489 1.02 1.06 1.10 1.50 1.17 1.20 .96 .99 .99 .85 .62 .57 
29.452 1.02 1.05 1.10 1.41 1.19 1.29 .96 .99 .99 .92 .63 .59 
31.416 1.02 1.05 1.09 1.33 1.20 1.37 .96 .99 .99 1.00 .68 .61 
39.270 1.01 1.04 1.08 1.06 .97 1.65 .94 .98 .98 1.00 .88 .74 
47.124 1.01 1.03 1.06 .96 .93 1.82 .93 .97 .98 1.00 1.03 .87 
54.978 1.01 1.03 1.05 .96 .94 1.70 .92 .96 .98 1.00 1.03 1.00 
62.832 1.01 1.02 1.05 .97 .95 1.62 .91 .96 .97 1.00 1.03 1.14 
94.248 1.00 1.02 1.03 .99 .97 1.42 .86 .93 .96 1.00 1.02 1.10 
125.664 1.00 1.01 1.02 .99 .98 1.32 .83 .91 .95 1.00 1.01 1.07 
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Table.2 Amplification Factors ( ) / ( 0)SD SD    vs. maxv   for 6- and 8-column Models 
 

maxv   

(cm) 

Progressively Stiffer System 
Amplification Factor = ( ) / ( 0)SD SD    

6-column Model 8-column Model 
  .005 .01 .02 .05 .07 .1   .005 .01 .02 .05 .07 .1 

0.157 1.05 1.13 1.20 1.43 1.76 2.47 1.07 1.13 1.27 1.67 2.13 3.03 
0.236 1.06 1.11 1.18 1.30 1.71 2.46 1.04 1.11 1.29 1.62 2.11 2.80 
0.314 1.05 1.10 1.18 1.44 1.74 2.34 1.06 1.11 1.25 1.62 2.11 2.88 
0.393 1.03 1.10 1.19 1.41 1.75 2.40 1.07 1.10 1.26 1.59 2.12 2.89 
0.471 1.02 1.09 1.11 1.39 1.77 2.43 1.05 1.11 1.25 1.60 2.11 2.89 
0.550 1.00 1.11 1.11 1.42 1.78 2.39 1.03 1.09 1.18 1.61 2.05 2.87 
0.628 1.02 1.08 1.09 1.39 1.74 2.42 1.03 1.15 1.15 1.59 2.06 2.92 
0.707 1.03 1.10 1.21 1.42 1.75 2.38 1.02 1.06 1.21 1.61 2.07 2.87 
0.785 1.04 1.08 1.09 1.38 1.75 2.41 1.03 1.11 1.30 1.58 2.04 2.83 
1.100 1.00 1.03 1.25 1.40 1.71 2.39 1.02 1.03 1.05 1.53 2.03 2.83 
1.414 1.01 1.06 1.04 1.41 1.75 2.35 .99 1.03 1.00 1.58 2.00 2.85 
1.728 1.04 1.05 1.00 1.41 1.75 2.30 1.00 1.08 1.24 1.60 1.96 2.83 
2.042 1.12 1.01 1.06 1.40 1.75 2.33 1.05 1.04 .95 1.59 2.05 2.81 
2.356 1.15 .98 1.03 1.07 1.74 2.18 1.13 1.00 1.03 1.58 2.05 2.80 
2.670 1.16 .99 1.08 1.39 1.40 2.12 1.16 .98 1.05 1.26 2.03 2.69 
2.985 1.17 1.01 1.12 1.16 1.73 2.26 1.18 .98 1.08 1.56 1.73 2.74 
3.142 1.18 .98 1.05 .97 1.55 2.00 1.18 .99 1.10 1.56 1.73 2.46 
3.534 1.18 1.03 1.01 1.30 1.58 2.22 1.19 .99 1.15 1.16 1.96 2.55 
3.927 1.19 1.14 .95 1.25 1.72 2.01 1.20 .99 1.00 1.27 1.57 2.64 
4.320 1.07 1.23 .92 1.08 1.17 2.12 1.21 1.06 .95 1.41 2.01 2.25 
4.712 1.02 1.27 .90 .87 1.33 1.71 1.16 1.16 .91 1.45 1.70 2.61 
5.105 1.02 1.30 .90 .86 1.54 2.23 1.06 1.23 .89 1.10 1.35 2.60 
5.498 1.02 1.31 .94 1.01 1.51 2.05 1.02 1.28 .87 .93 1.63 2.06 
6.283 1.01 1.33 .96 .92 1.03 1.53 1.02 1.33 .91 1.13 1.71 2.49 
7.069 1.01 1.35 .95 1.02 .98 2.06 1.02 1.35 .95 1.03 1.28 1.90 
7.854 1.01 1.35 1.02 .98 1.23 1.78 1.02 1.37 .93 1.07 1.08 2.14 
9.817 1.00 1.07 1.26 .69 1.05 1.34 1.01 1.27 1.03 .86 1.44 1.89 
11.781 1.00 1.00 1.45 .59 .75 1.41 1.01 1.05 1.21 .67 1.11 1.54 
13.744 .99 1.00 1.51 .59 .65 1.14 1.04 1.02 1.23 .62 .80 1.50 
15.708 .98 1.00 1.53 .59 .59 .89 1.01 1.02 1.47 .60 .67 1.21 
17.671 .98 .99 1.36 .57 .59 .66 1.01 1.02 1.51 .62 .60 1.01 
19.635 .97 .99 1.22 .57 .58 .58 1.01 1.02 1.40 .62 .55 .73 
21.598 .97 .99 1.10 .63 .55 .55 1.01 1.02 1.27 .64 .52 .64 
23.562 .97 .99 1.02 .68 .51 .56 1.01 1.01 1.16 .66 .54 .61 
25.525 .96 .98 1.01 .71 .51 .57 1.01 1.01 1.07 .67 .53 .60 
27.489 .96 .98 1.01 .74 .53 .58 1.00 1.01 1.04 .68 .53 .60 
29.452 .96 .98 .99 .78 .57 .60 1.01 1.01 1.03 .71 .54 .60 
31.416 .95 .98 1.00 .83 .60 .59 1.00 1.01 1.03 .75 .56 .61 
39.270 .94 .97 1.00 1.05 .74 .62 1.01 1.01 1.02 .94 .68 .61 
47.124 .93 .96 .99 1.03 .89 .71 1.00 1.01 1.02 1.08 .81 .65 
54.978 .91 .96 .99 1.02 1.05 .81 1.00 1.01 1.02 1.06 .94 .73 
62.832 .90 .95 .98 1.02 1.04 .91 1.00 1.00 1.01 1.05 1.08 .82 
94.248 .86 .93 .96 1.00 1.01 1.09 1.00 1.00 1.01 1.03 1.04 1.13 
125.664 .83 .90 .95 .99 1.00 1.05 1.00 1.00 1.00 1.02 1.03 1.08 
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APPENDIX A - The dynamic models 
 
1- Nonlinear equation of motion for one-story structure with two columns, subjected to 
differential base excitation 
 
As shown in Fig. A.1, we consider a one-story structure consisting of a rigid mass m with polar 
moment of inertia J and length L supported by two rigid mass-less columns connected at the top to the 
mass by circular rotational and torsional springs and at the bottom also by circular rotational and 
torsional springs to the ground. The stiffness of the springs can be nonlinear in general, as shown in 
Fig. A.2, but in this paper we assume that the stiffnesses remain linear and consider only the 
geometric nonlinearities. The mass-less columns are connected to the ground and to the rigid mass by 
linear circular rotational and torsional dashpots that provide a chosen fraction of critical damping.  
 

 

 

Fig. A1, Free-body diagrams for model with two columns. (a) Positive directions of motion. (b) Side 
view of two columns. (c) Plan view of the rigid mass. (d) Plan view of the free-body diagram of the 
rigid mass. (e) Side view of the free-body diagrams of two columns. 
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Fig. A2. (a,b) Bilinear rotational and torsional stiffness models. (c) Elasto-plastic system and the 
corresponding linear system. 
 

Rotation of the columns is assumed to be sufficiently small so that the interaction between in-plane (x 
direction) and out-of-plane (y direction) motions of the rigid mass may be neglected. The mass is 
acted upon by the acceleration of gravity, g, and is excited by differential out-of-plane and rotational 
(about the z axis) ground motions. The deformed shape and all forces that act on the structural model, 
including the D’Alembert’s forces, the bending moments, and torsional moments, are shown in Fig. 
A.1. We define the parameters of the model as follows: 
 
k  Initial rotational stiffness of the top and bottom column springs  

c Linear rotational damping coefficient of the columns 

cTk  Initial torsional stiffness of the top and bottom column springs  

cTc  Linear torsional damping coefficient of the columns 

m Rigid mass 
L = Length of rigid mass 

21

12
J mL  Polar moment of inertia of rigid mass 

h  = The height of the columns 
 

i = Relative rotational angle of i th  column 

i = Relative torsional angle of i th  column 

,
i ig gv  = The free-field out-of-plane and torsional motions of ground surface at the base of i th  

column ( 1,2)i    

,G GV  = Absolute out-of-plane and torsional motions of the center of gravity of the rigid mass. 
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According to Fig. A.1 and because of rigidity of columns and of mass, we can write the following 
relations between the displacement of the rigid mass and the columns.  
Absolute out-of-plane displacement of the rigid mass ends: 

1 2sin , sin
2 2G G G G

L L
V V V V      .                                                                 (A.1-1) 

Absolute out-of-plane displacement of the top of the columns: 

1 21 1 2 2sin , sing gV v h V v h     .                                                                    (A.1-2) 

By combining equations (A.1-1) and (A.1-2), we find the absolute out-of-plane and torsional motions 
of the rigid mass as follows: 

1 2

1 2

1 2
1 2

1 11 2
1 2

1
( sin sin )

2 2

sin sin {[ (sin sin )] / }

G g g

G g g

V V
V v v h h

V V
v v h L

L

 

   


    

      
 

 .                                  (A.1-3) 

The derivatives of equation (A.1-3) with respect to time are 

1 2

1 2

1 2

1 2

1 1 2 2

2 2
1 1 1 1 2 2 2 2

1 1 2 2

2 2
1 1 1 1 2 2

1
( cos cos )

2
1

( cos sin cos sin )
2

( cos cos ) /( cos )

[( sin cos sin co

G g g

G g g

G g g G

G g g

V v v h h

V v v h h h h

v v h h L

v v h h h h

  

     

    

    

   

     

   

     

   

     

   

     2
2 2s ) / sin ] / cosG G GL     

 . (A.1-4) 

Next, we write the equilibrium equations. According to Fig. A.1, these equations are 

1 20 0Y GF mV F F       ,                                                                       (A.1-5a) 

( ) 1 2 1 20 cos ( ) / 2 0G G GM T T J L F F            (in X-Y plane) .                  (A.1-5b) 

The moment equilibrium equations of the columns (Fig. 1A.e) are 

(1) 1 1 1 1 10 2 cos sin 0VM M F h F h        ,                                                         (A.1-5c) 

(2) 2 2 2 2 20 2 cos sin 0VM M F h F h        .                                                       (A.1-5d) 

 The internal moments and torsions, 1 2 1 2, , ,M M T T  are determined from 
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1
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  ,                                                                                      (A.1-6) 

where ( )F   and ( )T   are nonlinear functions of the type described in Fig. A.2. If we approximately 

assume 3 4 2

mg
F F  , then from equations (A.1-5c) and (A.1-5d) we have 
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We define the natural frequency and ratio of damping for two degrees of freedom of the system as 
follows 
 
For out of plane vibration: 

2
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   .                                                                                (A.1-8) 

For torsional vibration: 
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      .                                                      (A.1-9) 

We suppose that the length of the rigid mass is larger than its width, so that 21

12
J mL , and Eq. (A.1-

9) will change to the following equation: 
 

                   2 21
( 3 ) , 3

2
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T T T

k c

J J
          .                                     (A.1-10) 

By substitution of the equations (A.1-6), (A.1-7), (A.1-8), (A.1-9), and (A.1-10) into equations (A.1-
5a) and (A.1-5b), we obtain the equations of motion as follows: 
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2- Nonlinear equation of motion for one-story structure with four columns subjected to 
differential base excitation 
 
The model is a one-story structure consisting of a rigid mass supported by four equally spaced, rigid, 
mass-less columns as shown in Figs. 1 and A.3.  
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Fig. A3. Free-body diagrams for model with four columns. (a) Side view of i-th column. (b) Plan view 
of the rigid mass. (c) Plan view of the free-body diagram of the rigid mass. (d) Side view of free-body 
diagram of i-th column. 
 
 
According to Fig. A.3, we can write the following relations between the displacement of the rigid 
mass and columns:  

3 41 2
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2 2
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V v h

V VV V
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 ,                                                                                              (A.2-1) 
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  .                                                                                     (A.2-2) 

From equations (A.2-1) and (A.2-2), we have 
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Next, we write the equilibrium equations. According to Fig. A.1, these equations are 
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The moment equilibrium equation of i-th column (Fig.A.3e) is 

( ) 0 2 cos sin 0
ii i i i V iM M F h F h        .                                                                  (A.2-5)                              

If we approximately assume 
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then from equation (A.2-5) we have 
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We can define the natural frequency and ratio of damping for two degrees of freedom of the system as 
follows. 
 

For out of plane vibration: 
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For torsional vibration: 
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By substitution of the equations (A.2-3), (A.2-7), (A.2-8), and (A.2-9) into equations (A.2-4a and b), 
we obtain the equations of motion as follows: 
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3- Nonlinear equation of motion for one-story structure with six columns subjected to 
differential base excitation 
 
The model is a one-story structure consisting of a rigid mass supported by six equally spaced, rigid, 
mass-less columns.  
With the same method discussed in the previous section, we would have 
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The equilibrium equations of the system are 
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( ) 0 2 cos sin 0
ii i i i V iM M F h F h         .                                                                 (A.3-5)                              

If we approximately assume 
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The natural frequencies and ratios of damping for two degrees of freedom of the system are as 
follows. 
 
For out of plane vibration: 
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For torsional vibration: 
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By substitution of the above equations into equations (A.3-4a and b), we obtain the equations of 
motion as follows: 
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4- Nonlinear equation of motion for one-story structure with eight columns subjected to 
differential base excitation 
 
The model is a one-story structure consisting of a rigid mass supported by eight equally spaced, rigid, 
mass-less columns.  
With the same method discussed in the above section we would have 
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The equilibrium equations of the system are 
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If we approximately assume 
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The natural frequencies and ratios of damping for two degrees of freedom of the system are as 
follows. 
 
For out of plane vibration: 
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For torsional vibration: 
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By substitution of the above equations into equations (4-4a and b), we obtain the equations of motion 
as follows: 
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A Symmetry of Non-Linear Soil Strains during Soil-Structure Interaction Excited by SH Pulse 

Vlado Gičev Univ. Goce Delčev, Dept. of Computer Science R. Macedonia 
 

Mihailo D. Trifunac, Univ. Southern California, USA 
 
Abstract 
 
A two-dimensional (2-D) model of a building supported by a rectangular, flexible foundation 
embedded in nonlinear soil is analyzed. The building, the foundation, and the soil have different 
physical properties. The model is excited by a half-sine SH wave pulse, which travels towards the 
foundation. The results show that the spatial distribution of permanent, nonlinear strain in the soil 
depends upon the incident angle, the amplitude, and the duration of the pulse. If the wave has large 
amplitude and short duration, the nonlinear zone in the soil appears immediately or after the reflection 
from the half-space, in which case it is located close to the free surface. This results from interference 
of the reflected pulse from the free surface and the incoming part of the pulse that still has not reached 
the free surface. When the wave energy reaches the foundation, it is divided into two parts—one part 
is reflected, and the other enters the foundation. There is separation of this second part of the energy at 
the foundation-building interface. One part is reflected back, and one part enters the building. The 
reflected part of the wave energy is eventually radiated back into the soil. This process continues until 
all of the energy in the building is transmitted back into the soil. The work spent for the development 
of nonlinear strains in the soil can consume a significant part of the input wave energy, and thus less 
energy is available for excitation of the building. 
 
Keywords: soil-structure interaction; nonlinear waves in the soil; energy distribution 
 
 
Introduction 
 
There is ample observational evidence that soil response can become highly nonlinear in the near-field 
of strong earthquakes. This is manifested by the visible effects on the ground surface, by the damage 
to water and gas pipes (Trifunac & Todorovska 1997a), by the characteristic changes in the recorded 
time series of strong ground motion (Trifunac & Todorovska 1996; Trifunac & Ivanović 2003a,b; 
Trifunac et al. 1999a), and by the changes in the structural response (Luco et al. 1987; Trifunac et al. 
1999b; 2001a,b). Field reconnaissance of the effects of many earthquakes has provided numerous 
examples of different types of soil failure and permanent deformations caused by strong shaking. 
Examples include settlement of cohesionless soils, liquefaction of saturated sands, flow slides due to 
liquefaction of cohesionless soils, bulkhead failures due to backfill liquefaction, slides caused by 
liquefaction of thin sand layers, failures of piles on weak foundations, and lateral movement of bridge 
abutments. Many structures settle, tilt, or overturn on liquefied soil. Some of the best-known examples 
of this occurred during the 1964 Alaska and 1964 Niigata earthquakes (Seed, 1970).  
 
Nonlinear soil response adds numerous complexities to the soil and structural response above and 
under the ground surface (Lee and Trifunac 1979; 1996; Trifunac et al. 1996). It alters and 
redistributes the spectral amplitudes relative to what is recorded at intermediate and large distances 
from the source (Trifunac 1971; 1994) and alters the distributions of the peaks of structural response 
(Udwadia and Trifunac 1974). Spatial variations in the permanent post-earthquake soil deformations 
can lead to significant increases in pseudo static loads, especially for long and extended structures 
(Trifunac 1997; Trifunac and Todorovska 1997b; 1989; Trifunac and Gičev 2006), and must be added 
to the estimates of the permanent movement of the foundations cause by faulting (Todorovska et al. 



NEA/CSNI/R(2011)6 

344 

2007). While for structures with small plan dimensions the energy absorbed by the nonlinear site 
response can lead to a significant reduction of the energy radiated by the earthquake source (Trifunac 
2008), thus reducing the damaging characteristics of strong motion (Trifunac and Todorovska 1999), 
for large and extended structures the transient and permanent displacements and rotations can lead to 
significantly larger overall forces in the structures (Trifunac 2009a,b) 
 
The sequence of the soil-structure interaction (SSI) phenomena, like the one that led to the overturning 
of apartment buildings in Kawagishi-cho during the Niigata earthquake (Seed 1970), is complicated, 
and its modelling and analysis still present a major challenge for any nonlinear numerical simulation. 
It probably started with development of nonlinear strain zones in the soil close to the foundation, 
associated with large power carried by the incident seismic waves, which initiated liquefaction 
(Trifunac 1995), which then spread all around the foundation, causing the buildings to tilt and 
overturn. Analysis of this entire sequence is well beyond the scope of this paper, but we can explore 
the early stages, which involve creation of the nonlinear zones in the soil. 
 
Trifunac (1972) presented the analytical solution for interaction of the wall sitting on an embedded, 
semi-circular, rigid foundation. Wong and Trifunac (1975) studied the wall-soil-wall interaction with 
the presence of two or more shear walls, and Abdel-Ghaffar and Trifunac (1977) studied soil-bridge 
interaction with semi-cylindrical, rigid foundations and an input plane-SH wave. Other analytical 
studies have been conducted to analyse the influence of the shape of a rigid foundation on the 
interaction. Wong and Trifunac (1974) solved the interaction of the shear wall on an elliptical, rigid 
foundation for shallow and deep embedment, and Westermo and Wong (1977) studied different 
boundary models for the soil-structure interaction of an embedded, semi-circular, rigid foundation. 
They concluded that without a transmitting boundary all of the models develop resonant behaviour 
and that the introduced damping in the soil cannot adequately model the radiation damping. Luco and 
Wong (1977) studied a rectangular foundation welded to an elastic half-space and excited by a 
horizontally propagating Rayleigh wave. Lee (1979) solved a 3-D interaction problem consisting of a 
single mass supported by an embedded, hemispherical, rigid foundation for incident plane P, SV, and 
SH waves in spherical coordinates. In recent publications, which deal with a flexible foundation, 
Todorovska et al. (2001a) analysed interaction of a dike on a flexible, embedded foundation, and 
Hayir et al. (2001) described the same dike, but in the absence of a foundation. Aviles et al. (2002) 
analysed the in-plane motion of a 4-degrees-of-freedom model, and Gičev (2005; 2008) studied the 
soil-flexible foundation-structure interaction for incident-plane SH waves with a numerical model 
using finite differences. The current paper is an extension of the work of Gicev (2008) to the case of 
rectangular embedded foundation.  
 
The purpose of this paper is to show how the nonlinear strain localization occurs in asymmetric 
fashion around the foundation when incident seismic waves arrive with non-vertical incidence. This 
asymmetry will contribute to more prominent wave-passage effects, which in turn will lead to more 
powerful rocking excitation of the embedded foundation, and for the case of in-plane excitation it may 
subsequently lead to overturning of the structure. 
 
The linear soil-structure interaction phenomenon includes several features, among them wave 
scattering, radiation damping, damping in the structure, and the presence of different frequencies 
(system frequency, apparent frequency, rocking frequency, horizontal frequency, and fixed-base 
frequency; Todorovska 2009). In this paper, in the presence of the interaction, the development of the 
nonlinear zones in the soil is studied for incident pulses representing the near-field destructive strong 
ground motion. The problems that must be addressed in the numerical study of the nonlinear soil-
structure interaction include heterogeneities and discontinuities in the medium, the modelling of the 
free surface, transmitting boundaries, and keeping track of the nonlinear constitutive law at each point 
in the soil. The lessons learned from such nonlinear analysis are important not only for understanding 
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the nonlinear SSI but also for characterization of permanent deformations imposed on various 
underground pipes that are connected to the foundations, as in nuclear power plants, for example. 
 
According to Moczo (1989) and Zahradnik et al. (1993), the computational FD schemes that are used 
in applications of wave propagation can be divided into homogenous and heterogeneous. Alterman 
and Karal (1968) used the homogeneous formulation to solve elastic wave propagation in layered 
media, and Boore (1972) proposed the heterogeneous scheme. Tsynkov (1998) reviewed the existing 
global and local artificial boundaries. The global boundaries are perfect absorbers, but they cannot be 
readily applied in “marching-in-time” procedures because of their non-locality, both in time and 
space. The main advantage of the local (imperfect) artificial boundaries is that they are local in space 
and time and are not frequency dependent.  
 
Model 
 
During the wave passage, the soil, the foundation, and the superstructure undergo nonlinear 
deformations, and after the motion is over they can be left with permanent strains. Because the aim of 
this paper is to study the nonlinear zones in the soil only—for simplicity—only the soil will be 
modelled as nonlinear, while the foundation and the building will be assumed to remain linear. The 
model is shown in Fig. 1. The incoming wave is a half-sine pulse of a plane SH wave, which is 
intended 
 

 
 
 

Fig. 1. Soil-flexible foundation-structure system. 
 
to represent strong motion pulses observed in the strong motion near faults (Housner and Trifunac 
1967; Todorovska et al. 2009). A dimensionless frequency 02 / /( )s da a t      is introduced as a 

measure of the pulse duration (wavelength), where a is half the width of the foundation,   is the 
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wavelength of the incident wave, s  is the shear-wave velocity in the soil, and 0dt  is the duration of 

the pulse. 
 
To set up the grid spacing, the pulse is analysed in space domain (s), and the displacement in the 
points occupied by the pulse is 
 

0( ) sin[( /( )]s dw s A s t    ,                   (1) 
 
where A is the amplitude of the pulse and s is the distance of the considered point to the wave front in 
initial time, in the direction of propagation. Using the fast Fourier transform, the half-sine pulse (Eq. 
1) is transformed into wave number domain (k) as follows: 
 
w(k) = F (w(s)).                      (2) 
 
The maximum response occurs for k = 0 (rigid-body motion). As k increases, the response decreases 
and goes asymptotically towards zero as k approaches infinity. We selected the largest wave number, 

maxkk  , for which the k-response is at least 0.03 of the maximum response (Gičev 2008). Then, for 

this value of maxk , the corresponding frequencies and the corresponding wavelengths are computed: 

 

min max max2 / 2 /k     .                   (3) 
 
Using the above criteria, it can be found, for example, that for 5.0 , srad /245max  , while for 

2 , srad /980max  . 

 
A measure of the numerical accuracy of the finite difference (FD) grid is related to the ratio between 
the numerical and physical velocities of propagation, /c  , which ideally should be 1. The parameters 
that influence this accuracy are:  
 

 The density of the grid xm  /  (m is the number of points per wavelength  , and x is 
the spacing between the grid points)  

 The Courant number, /s t x     

 The angle of the wave incidence,  .  
 
It has been shown by Alford et al. (1974), Dablain (1986), and  Fah (1992) that the error increases 
when m decreases,   decreases, and   is close to 0 or 2/ . For second-order approximation, the 
above authors recommend m = 12.  
 
For relative comparisons of hysteretic energies and the nonlinear zones in the soil, the soil box should 
have adequate dimensions for any dimensionless frequency of the pulse,  . We chose a rectangular 

soil box with dimensions a10Lm   and / 2 5m mH L a    (Fig. 1). Also, for practical reasons, the 
maximum number of space intervals in the grid in the horizontal (x) direction is set at 250, and in the 
vertical (y) direction at 400 (125 in the soil box and 275 in the building). The minimum spatial 
interval for this setup is min / 250 95.5 / 250 0.382mx L m    . For a finer grid, the computational time 

increases rapidly. Having this limitation in mind, from Eq. 3 and for 2  ( srad /980max  ), the 

shortest wavelength is m603.1min  , and the finest grid density is 

min min min min/ 1.603/ 0.382 4 points / m x m       for this wavelength.  Our numerical scheme is 

 22 , xtO  , so from the above considerations we need at least m = 12 points/ min  to resolve the 
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shortest wavelength, min . As we saw above, for 2  our grid cannot resolve the shortest 
wavelength when we have only 4 spatial grid points. This implies that the pulse should be low-pass 
filtered. A cut-off frequency sradc /200  was chosen, and the pulse was low-pass filtered. This 

implies that m854.7min  and then the grid density is 
 
 min min min min/ 7.854 / 0.382 20 points / m x m      .                                                       (4) 
 
It can be shown that for 5.0  only a negligible amount of the total power is filtered out, while for 

2  a considerable amount is filtered out. Also, it can be shown that for 2  the amplitude of the 
filtered pulse is smaller than the amplitude of the non-filtered pulse, which we chose to be A = 0.05 m, 
while for 5.0  the amplitude is almost equal with the amplitude of the non-filtered pulse (Gičev 
2008). Our numerical tests have shown that the viscous absorbing boundary rotated towards the 
middle of the foundation-building interface reflects only a negligible amount of energy back into the 
model (Gičev 2005). For 2-D problems, the numerical scheme is stable if the time increment (Mitchell 
1969) is: 
 

2 2 1/ 2 1min[(1/ 1/ ) ]t x y       .                  (5) 
 
Further, we assume that the shear stress in the x direction depends only upon the shear strain in the 
same direction and is independent of the shear strain in the y direction (and vice versa for shear stress 
in the y direction). The motivation for this assumption comes from our simplified representation of 
layered soil, which is created by deposition (floods and wind) into more or less horizontal layers. The 
soil is assumed to be ideally elastoplastic, and the constitutive    relationship is shown in Fig. 2. 
Further, it is assumed that the contact points between the soil and foundation remain bonded during 
the analysis and that the contact cells remain linear, as does the zone next to the artificial boundary 
(the bottom four rows and the left-most and right-most four columns in the soil box in Fig. 1).  
  
 

 
Fig. 2. The constitutive law,   , for the soil. 

 
For our problem, the system of three partial differential equations (for u , v , and w ) describing the 

dynamic equilibrium of an elastic body is reduced to one equation only (because u v 0




z

). 

Neglecting the body forces in the z direction (Fz = 0), this equation is: 
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 , and dividing (6) with  , the order 

(of 6) is reduced to the system of three first-order partial differential equations  
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The first equation in (7) represents the dynamic equilibrium of forces in the z direction with neglected 
body force Fz, while the second and third equations give the relations between the strains and the 
velocity. The abbreviations xzx   , xzx   , yzy   , and yzy    will be used in the text. The 

Lax-Wendroff computational scheme (Lax and Wendroff 1964) is used for solving Eq. (7) (Gičev 
2005).  
 
 
Energy and permanent strain distribution 
 
 
For a test example, we follow Gičev (2008) and use the properties of the Holiday Inn hotel in Van 
Nuys, California (Blume and Assoc. 1973), and consider the response in east-west (longitudinal) 
direction. This building was studied extensively using different models and representations (Gičev and 
Trifunac 2007; 2009; Ivanović et al. 2000; Todorovska and Trifunac 2008; Todorovska et al. 2001b,c; 
Trifunac and Ivanović 2003c; Trifunac et al. 2003), and the body of those results can be used to 
complement future comparisons and interpretations of its response.  
 
A question arises as to how to choose the yielding strain m  (Fig. 2) to study permanent strain 

distribution. The displacement, the velocity, and the linear strain in the soil ( s = 250 m/s) during the 

passage of a plane wave in the form of a half-sine pulse are:  

 0sin / dw A t t                                                                                       (9) 

0 0( / ) cos( / )d dv w t A t t   ,                  (10) 
 

max 0/ /( )s s dv A t     .                    (11) 

 
If, for a given input plane wave, we choose the yielding strain m  given by (11) multiplied by some 

constant between 1 and 2, the strains in both directions will remain linear before the wave reaches the 
free surface or the foundation for any incident angle. This case can be called “intermediate 
nonlinearity”. If we want to analyse only the nonlinearity due to scattering and radiating from the 
foundation, we should avoid the occurrence of the nonlinear strains caused by reflection from the half-
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space boundary. Then we may choose 
0 0

2 sin 2 cos
max ;m

s d s d

A A

t t

   
 

 
  

 
. We call this case “small 

nonlinearity”. 
 
If the soil is allowed to undergo permanent strains due to wave passage of incident waves in the full 

space, then we may choose the maximum strain 









00

cos
;

sin
max

dsds
m t

A

t

A





 . This condition 

guarantees that in either the x or y direction the soil will undergo permanent strains during the passage 
of the plane wave.  
 
Generally, the yielding strain can be written as 
 

max 0/ /( )m s s dCv C A t     ,                  (12) 
  
where C is a constant that controls the yielding stress (strain) in the soil. We then consider the 
following cases of nonlinearity, depending upon C (see Appendix):  
  

 2C  : Small nonlinearity. Permanent strain does not occur until the wave hits the 
foundation. 

 2C1  : Intermediate nonlinearity. Permanent strain does not occur until the wave is 
reflected from the free surface or is scattered from the foundation. Permanent strain will or 
will not occur after the reflection of the incident wave from the free surface, depending upon 
the angle of incidence. 

 1C : Large nonlinearity. Permanent strain occurs after reflection from the free surface. 
Permanent strain may or may not occur before the wave reflects from the foundation surface.
  

 
   
Energy distribution in the system 
 
The energy flow through a given area can be defined, in terms of a plane-wave approximation (Aki & 
Richards, 1980), as:  
 

0

2

0

dt
a
in s s snE A v dt     ,                  (13) 

where s  and s  are the density and shear-wave velocity in the soil and v  is a particle velocity, 

which for the excitation considered in this paper is given by Eq. (10). snA  is the area (normal to the 

direction of the ray) through which the wave is passing. For our geometrical setting (Fig. 1), the area 
normal to the wave passage is: 
 

 2 sin cos sin cossn m m mA H L L           .              (14) 

 
Inserting Eqs. (10) and (14) into (13) and integrating, the analytical solution for the input wave energy 
into the model is 
 

  2
0 0sin cos ( / ) / 2a

in s s m d dE L A t t           .                                (15) 
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As can be seen from Eq. (15), for the defined size of the soil island, Lm, and the defined angle of 
incidence,  , the input energy is reciprocal with the duration of the pulse, which means it is a linear 
function of the dimensionless frequency  . Because the short pulses in our example calculations are 

low-pass filtered up to sradc /200 , the analytical and the numerical solutions (13) for input 

wave energy will not coincide.  
 
Since our system is conservative, the input energy is balanced by: 
 

 Cumulative energy going out from the model, outE , computed using Eq. (13) 

 
 Cumulative hysteretic energy (energy spent for creation and development of permanent strains 

in the soil), computed from: 

                 



N

1i
yeiypiyixeixpixi

T

0t
hys )5.0()5.0(tE

end

 ,       (16) 

where  endT  is the time at the end of the analysis; N is the total number of points; yixi  ,  are 

the stresses at the point i in the x and y directions, respectively; t
xpi

tt
xpixpi     is the 

increment of the permanent strain in the x direction at point i; and t
ypi

tt
ypiypi     is the 

increment of the permanent strain in the y direction at point i. 
 

 Instantaneous energy in the building, consisting of kinetic and potential energies, which can 
be computed from: 

 

                   2 2 2

1

0.5 ( )
N

b k p b i x y
i

E E E x y v   


          .       (17) 

 
This balance is described in Gičev (2008) for a semi-cylindrical foundation, a pulse with 5.1 , for 

incident angle 030 , and a yielding strain defined by C = 1.5 (Eq. 12), and it will be assumed to 
hold here as well for the rectangular foundation. 
 
To study only the effect of scattering from the foundation, following Gičev (2008) the building will be 
considered to be high enough so that the reflected wave from the top of the building cannot reach the 
building-foundation contact during the time of analysis. The analysis is terminated when the wave 
completely exits the soil island. In this paper, the hysteretic energy in the soil and the energy in the 
building are the subjects of interest. Gičev (2008) studied these two types of energy as functions of the 
dimensionless frequency  . For a semi-circular foundation, he showed that as the foundation 
becomes stiffer, a larger part of the input energy is scattered, and less energy enters the building. 
 
Figure 3 shows the reduction of the energy entering the building relative to the case of linear soil. The 
results are shown for four different foundation stiffnesses expressed via f  = 250, 300, 500, and 1000 

m/s. If the soil is linear, the reduction multiplier would be 1. In this figure, we illustrate the energy 
reduction of six values of C = 0.8, 0.9, 1.1, 1.3, 1.5, and 1.73, as follows. (1) For small nonlinearity 
(e.g., C = 1.73), the ratios building

CE (C = 1.73) / building
linear soilE  (C =  ) are close to one for every  , showing 

that the small nonlinearity in the soil does not reduce the energy entering the building significantly.  
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Fig. 3. Reduction of wave energy entering the linear building and linear foundation for different levels 
of soil nonlinearity (C = 0.8, 0.9, 1.1, 1.3, 1.5, and 1.73) and for different foundation rigidities 
expressed via f  = 250, 300, 500, and 1000 m/s. 

 
(2) For intermediate nonlinearity (e.g., C = 1.5), the ratios building

CE (C=1.5) / building
linear soilE  (C =  ) show that 

there is a small reduction of the energy entering the building with the smallest ratio r ~ 0.94 near   = 

0.2 to 0.3 and for f  = 250 m/s. The values of   = 0.2 to 0.3 correspond to the excitation with 

wavelengths 3 to 5 times longer than the width of the foundation, and this corresponds to the cases in 
which all points along the contact of soil and foundation are forced to move in phase and with similar 
amplitudes. With increasing   (larger than ~0.7), the reduction decreases and the ratio r tends towards 

1. (3) For big nonlinearity (e.g., C = 0.8), the ratios building
CE (C = 0.8) / building

linear soilE (C =  ) show that the 

reduction of energy entering the building is significant for all considered values of foundation 
stiffness. The ratio r is the smallest for the stiffest considered foundation ( f  = 1000 m/s).  
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Fig. 4. Reduction of wave energy entering the linear building and linear foundation by scattering, for 
different levels of soil nonlinearity (C = 0.8, 0.9, 1.1, 1.3, 1.5, and  ) for different foundation 
rigidities, expressed via f  = 300, 500, and 1000 m/s. 

 

The results computed for case (3) above are dependent upon the size of the model box. Before the 
wave reaches the foundation, it loses energy due to work spent for creation of permanent strains. But 
for our examples, this dependence turns out to be small. For example, for f  = 250 m/s and   = 0.3, 

the case of linear soil gives building
CE (C = 0.8) = 164540 J. For soil box mL = 10a  wide and mH = 5a  

deep, the energy entering the building is 90769 J, and the ratio r = 0.55. For a soil box 20mL a  wide 
and 10mH a  deep, the energy entering the building is 88884 J, and r = 0.54, which is about a 2% 
difference for an approximately 2 x 2 smaller soil box. From this, one can conclude that if this 
extreme case gives only a 2% difference, at other values of   we will obtain even smaller differences 
due to different sizes of the model. However, if C becomes smaller (for larger nonlinearities) the 
dependence on the model size will become more pronounced. 
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Fig. 5. Permanent displacements (left) and strains (right) in the soil for small (C = 1.73), intermediate 
(C = 1.5), and large nonlinearity (C = 0.8). The angle of incidence is / 6  , the amplitude of the 
pulse is A = 0.05m, and the dimensionless frequency is /( )f s dh t  = 1.5. The properties of the three 

media (SH wave velocity, density, width, height) are:  nonlinear soil (250 m/s, 2000 kg/m³, 95.5 m, 
47.75 m), yielding strain y = max / sCv  ; linear rectangular foundation (500 m/s, 2000 kg/m³, 19.1 m, 

9.55 m), where fh is foundation height; linear building (100 m/s, 270 kg/m³, 19.1 m, 20.03 m). 

 
Next, we illustrate how the level of the nonlinearity affects the level of scattering. This is shown in 
Fig. 4. It is seen that the scattering does not depend much on the level of nonlinearity in the soil for 
small and intermediate nonlinearities and is essentially the same as in the case of linear soil. For large 
nonlinearity, the effect becomes more significant. The examples in Fig. 4 show that the stiffness of the 
foundation is the key factor, which determines how much energy is scattered from the foundation. 

 

Figure 5 illustrates the permanent displacements (left) and strains (right) in the soil for nonlinear soil, 
linear foundation, and linear building SSI. It shows permanent displacements and strains in soils with: 
small (C = 1.73), intermediate (C = 1.5) and large nonlinearity (C = 0.8). The angle of incidence 
is / 6  , the amplitude of the pulse is A = 0.05m, and the dimensionless frequency is /( )f s dh t  = 

1.5. The properties for the three media (SH wave velocity, density, width, height) are: in nonlinear soil 
(250 m/s, 2000 kg/m³,  ,  ), yielding strain y = max / sCv  ; in a linear rectangular foundation (500 

m/s, 2000 kg/m³, 19.1 m, 9.55 m), where fh is foundation height; and in a linear building (100 m/s, 

270 kg/m³, 19.1 m, 20.03 m). For small and intermediate nonlinearities, both displacements and 
strains are asymmetric relative to the foundation. Along the model boundaries (four columns and four 
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rows in the FD mesh), both displacements and strains decrease due to gradual transition from 
nonlinear to linear material properties in the model.       
 

 
 

Fig. 6. Orthogonal and principal shear stresses on differential pentahedron. 
 
 
Distribution of the permanent strain in the soil 
 
From dynamic equilibrium of the differential pentahedron (Fig. 6), we can find the principal stress at a 
point and its direction as cos sinzp zx zy       and 1tan ( / )zy zx   , respectively. In Figs. 7a,b,c, the 

principal permanent strain in the soil is illustrated for the case of small nonlinearity (C = 3 ) for two 

angles of incidence,   = 30° and 60°, and for three shear-wave velocities in the foundation, f  = 250 

m/s, 500 m/s, and 1000 m/s. This value of C guarantees that for angles of incidence 00 6030    
there is no occurrence of permanent strain until the wave hits the foundation. For the wave arrival 
from the left, upon reflection from the foundation, the nonlinear zones form in the soil along its left 
wall. The amplitudes of permanent strains increase for reflections from stiffer foundations. With 
increasing   (shorter wavelengths) the pockets of nonlinear permanent strains become more 
concentrated and also start to appear in the shadow zone behind the foundation. 
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Fig. 7a. Principal permanent strain in the soil for  two angles of incidence, three foundation 
stiffnesses, and small nonlinearity C = 1.73. 
 
In Figs. 8a,b,c, the principal permanent strain is illustrated for the case of intermediate nonlinearity (C 
= 5.1 ) for the same angles of incidence,   = 30° and 60°, and for three values of foundation stiffness, 

f  = 250, 500, and 1000 m/s. In this case, permanent strain occurs before the wave hits the 
foundation, but after it reflects from the free surface.  
 

For long pulses 1.0 , it can be seen from Fig. 7a that for an angle of incidence 030  there is a 

small, permanent strain for the stiffest foundation ( smf /1000 ) only, while for softer 

foundations the soil remains linear after the pulse has left the model. For intermediate nonlinearity, 

shown in Fig. 8a, for an angle of incidence 030  it can be seen that after the creation of nonlinear 
zones the contribution of the SSI to creation of permanent displacements and strains is negligible 
relative to the effects of interference of the incoming wave and the reflected wave from the free 

surface. This is not the case for 060 . From Figs. 7a and 8a, it can be concluded that for stiffer 
foundations the effect of interaction is more dominant than the effect of the interference. For the 
softest considered foundation, the effect of the interaction on creation of nonlinear strains is small. 
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Fig. 7b. Principal permanent strain in the soil for  two angles of incidence, three foundation 
stiffnesses, and small nonlinearity C = 1.73. 
 
The observations are similar for a five-times-shorter pulse, 5.0 . It can be seen from Figs. 7b and 
8b that for the softest foundation the effect of the interaction is negligible and that as the foundation 
becomes stiffer the nonlinear zones are created and developed in the soil next to the front of the 
foundation. 
 
As the pulse becomes shorter, 1 , the nonlinear zones are also formed behind the foundation. This 
can be explained by the interference of waves reflected from the free surface and diffracted around the 
foundation, and by the stronger excitation of the soil behind the foundation resulting from more 
“rigid” forced motion of the foundation by the waves moving its left side. Again, the permanent strain 
in front of the foundation increases as the stiffness of the foundation increases. 
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Fig. 7c. Principal permanent strain in the soil for  two angles of incidence, three foundation 
stiffnesses, and small nonlinearity C = 1.73. 
 
 
Conclusions 
 
Numerical methods are powerful tools for studying nonlinear soil-structure interaction problems. 
Because of grid dispersion, the selection of the grid spacing must be done carefully. Short waves 
cannot be reconstructed even with very fine grids, and the incident wave (pulse) should be low-pass 
filtered to utilize numerical methods effectively. 
 
In the presence of a foundation and small angles of incidence (close to vertical incidence), the 
permanent strains in the y direction are dominant, while for large angles of incidence (close to 
horizontal incidence) the permanent strains in the x direction are dominant. 
 
For long waves and small angles of incidence (Figs. 7a and 8a for   = 30), the effect of the interaction 
on the nonlinear response in the soil is small. For soft foundations, smf /250 , and small 

incident angles (the top left plots in Figs. 7a,b,c  and 8a,b,c), the effect of the interaction on the 
nonlinear response of the soil is also small. As the foundation becomes stiffer, zones of large 
permanent strains develop around the foundation. For stiff foundations, short waves and large 
incidence angles, a zone of permanent strains develops behind the foundation, which appears to be due 
to the concentration of rays associated with diffraction of the waves from the foundation. The zones of 
large permanent strains illustrated in Figs. 7a,b,c and 8a,b,c are responsible for the damage and 
failures in the shallow infrastructure (water and gas pipes, underground cables, etc.) that accompany 
large earthquakes and cause interruptions of gas and water supplies (Trifunac and Todorovska 1997a, 
1998a,b). 
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Fig. 8a.  Principal permanent strain in the soil for  two angles of incidence, three foundation 
stiffnesses, and intermediate nonlinearity  C = 1.5. 
 
As the large and permanent strains develop along the foundation-soil interface, the effective 
foundation compliances are reduced, which in turn decreases the equivalent rocking stiffness of the 
foundation-structure system. With simultaneous action of in-plane wave motions, which are always 
present in 3-D settings during earthquake excitation and which will excite the in-plane rocking of the 
model, it is easy to see how the nonlinear zones in the soil (as illustrated in Figs. 7 and 8) will take the 
structure one step closer to overturning and eventual collapse, as in the examples mentioned in the 
introduction. 
 
 
Appendix 
 
The motion of the plane SH wave pulse in the full space can be written as: 

 

sin d
d

l l l
w A t H t H t t

t


  

        
               

        
                  (A.1) 

where l  is the coordinate along the direction of propagation,   is the shear wave velocity, and H 

is the Heaviside (step) function.  
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Fig. 8b.  Principal permanent strain in the soil for  two angles of incidence, three foundation 
stiffnesses, and intermediate nonlinearity  C = 1.5. 

 

Considering the motion in the x and y directions (phase motions), and dividing l  and   in (A.1) 

by sin  (where   is the angle of incidence), we get the phase motion in the x direction:  

sin d
d x x x

x x x
w A t H t H t t

t c c c

        
               

        
. 

 
If we omit the second multiplier (= 1 corresponding with the interval when the pulse occupies the 
considered point) and take the derivative with respect to space coordinate x, we get the strain in the x 
direction:  
 

sin
x

d

A

t

 

 




.                    (A.2a) 
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Fig. 8c. Principal permanent strain in the soil for  two angles of incidence, three foundation 
stiffnesses, and intermediate nonlinearity  C = 1.5. 
 
 
In the same way we get the strain in the y direction: 
 

cos
y

d

A

t

 

 




.                    (A.2b) 

 
The strains (A.2a) and (A.2b) are strain components for full space. To get the peak strains from half-
sine pulse motion in half space, we add the contributions from the incoming and reflected pulse from 
the half space. The peak strain in the x direction occurs at the free surface. The reflected strain does 
not change the sign, and the resultant peak strain is just double the strain in (A.2a):  
 

2 sin
x

d

A

t

 


  



.                   (A.3a) 

 
The peak strain in the y direction occurs at some distance below the free surface. The reflected strain 
changes the sign, and its maximum amplitude occurs when the front of the reflected (max positive) 
and the tail of the incoming (max positive) strain meet. The resultant peak strain is again double the 
strain in (A.2b): 
 

2 cos
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.                   (A.3b) 
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If we write the yielding strain as:  
 

yield
d

A
C

t








,                      (A.4) 

 
it can be seen from (A.3a) and (A.3b) that if 2C  , for any angle of incidence  , neither x  nor 

y will reach yield  in the half space. The yielding strain yield  may be reached only due to scattering 

from foundation and soil-structure interaction (SSI) effects. This case, when the x and y components 
of the strain in the half space are smaller than the yielding strain, we call small nonlinearity. 
 

From (A.3a) and (A.3b), it is seen that for 
6 3

    neither x  nor y will reach yield  for 

2cos 2sin 3
6 3

C
 

   . Because in this paper we consider angles of incidence 
6

   and 

3

  , we take 3C   as an example of small nonlinearity. We choose this C to point out the 

permanent strains created and developed due to SSI. For this C, there is no permanent strain due to 
interference of reflected and incoming waves.  
 
For 1 2C  , we have the case of intermediate nonlinearity, when either x  or y  or both exceed 

yield  after reflecting from the half space for any angle of incidence. In the interval of incident angles, 

6 3

   , the interval of C for intermediate nonlinearity is 3 / 2 3C  . 

 

For 3 / 2C  , we have the case of large nonlinearity, when either x  or y  or both exceed yield  

even before the wave is reflected from the free surface. 
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Abstract 

 
The raft uplift is a difficult phenomenon to observe and to quantify. However an objective of 
calculations or computations is to obtain orders of magnitude of the uplifted area of the raft. Both 
transitory linear and non-linear computations are available and each of them presents advantages and 
drawbacks depending on what is privileged for the calculations (time of computation, orders of 
magnitude of the phenomenon, tools available...). Three methods used at EDF, are presented and 
compared in this paper. 
 
 
1. Introduction 

 
In the last years, projects taking into account the SSI have increased in the nuclear engineering 
department of EDF. This paper will focus on uplifting calculations, using different available methods. 
The raft uplift is not a straightforward phenomenon to observe as it occurs promptly and the 
displacements and as rotation values involved are usually small. However, this phenomenon needs to 
be accounted for nuclear power plants design2728. This is why studies and researches are undergone on 
this topic.  
 
The study of the dynamic uplifting phenomenon needs to take into account both uplifting phenomenon 
and the soil-structure interaction. Before taking an interest in some uplift calculations that have been 
done at EDF, a synthesis of the methods used in EDF has been made. Both linear and non-linear 
uplifting calculations methods exist. Calculations presented along this paper deal with a rigid raft 
hypothesis.  
The goal of the uplifting calculations is to obtain orders of magnitude of the phenomenon, using 
simplified or more complex methods.  
 
This paper will review calculation methods starting from non-linear methodologies to linear 
methodologies  

                                                      
27  Nakamura N. et al. (2006). An estimation method for basemat uplift behavior of nuclear power plant buildings. 

Nuclear Engineering and Design 237, pp. 1275-1287.  
28  Nakamura N. et al. (2007). Analysis of reactor building by 3D nonlinear FEM models considering basemat uplift 

for simultaneous horizontal and vertical ground motions. Nuclear Engineering and Design 238, pp. 3551-3560. 
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2. Synthesis of basemat uplift methods 

 
2.1.  Direct non-linear transitory method 
 
The non-linear transitory method described in this paragraph is the method currently used in EDF. In 
order to achieve these non-linear calculations, Code_Aster®29 and ProMISS3D30 (linked with 
Code_Aster®) softwares are used by EDF. 
 
The uplift behavior is globally a non-linear phenomenon as displacements are not proportional to the 
applied loads anymore. 
 
Two sorts of springs are added to the model: as in a usual SSI analysis, the linear springs representing 
the soil (6 stiffnesses values derived from impedance functions calculated with ProMISS3D in EDF) 
and a second layer of small non-linear springs under the raft representing the raft/soil contact allowing 
the uplift to occur. Figure 1 shows both spring systems.  
 
The uplifted area calculation comes in a two-step analysis:  
 

- imposing gravity to the structure (for EDF, through the operator of Code_Aster® 
STAT_NON_LINE), 

- while maintaining gravity, imposing to the structure the various sets of accelerograms (through 
the operator of Code_Aster® DYNA_NON_LINE). 

 
Figure 1. SSI model showing contact springs and soil springs. 

 
The contact with the soil is broken as soon as the non-linear springs are not compressed anymore (the 
characteristics of the springs are high for compression and null for traction). All the raft area is 
potentially submitted to uplift and it is tested for every node of the raft at each instant of the 
computation. 
 
This method tends to give more accurate results of uplifted area than linear methodologies but the 
calculations take a great computation time. This factor is not a negligible one to consider before 
starting a computation. 

 

                                                      
29  Lefebvre J.P., Mialon P., Proix J.M. (1998). Code_Aster : Manuel d’administration. EDF R&D Report HI-75/98-

002A, www.code-aster.org  
30  Clouteau D. (2001). ProMISS3D version 6.4. 
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2.2.  A method treating local non-linearities 
 

This method is also a direct method because displacements of the nodes are directly calculated. The 
case of local non-linearities is treated here through the resolution of the linear operators of the 
structure K and M. The problem is solved using a modal synthesis method. However, local non-
linearity coming from a M- θ relation is accounted for by applying a re-evaluated force to each node 
where the relation is imposed, at each step of the calculation.  
 
The method does a modal dynamic transitory analysis (for example, the operator 
DYNA_TRAN_MODAL for EDF if Code_Aster® is used). On the physical base, the contact force is 
calculated at each step if necessary and added to the second member of the algorithm, before moving 
on the following calculation step. The relative displacement of the structure is decomposed on an 
eigenmodes base. The calculation is then considered as an explicit and linear one. 
 
In opposition to the non-linear methodology presented in §2.1, no real uplifted area can be directly 
determined without first setting a criteria stating the moment where the uplifting occurs. The uplifted 
area is determined in a post-processing step. 
 
2.3.  An equivalent non-linear post-processing based on a linear method 

 
This method is also considered as a direct method because displacements of the nodes are directly 
calculated. The difference with the previous method (linear calculation) is that in this case, the M- θ 
relation is integrated in the post-processing stage of the calculation. 
 
The method is founded on the principle that the response of a non-linear system can be estimated by 
stating that the energy communicated to the non-linear system is equal to the energy that would be 
calculated with a linear model (Figure 4). It is a simplified method that determines the uplifted area 
from few parameters: maximal moments, vertical accelerations, simplified geometry... A 3D problem 
is therefore considered as a plane problem.  
 
In the 1980s, EDF (through J. Betbeder-Matibet) developed a method based on these energy 
principles. It was implemented in a software called CADRAGE. 
 
Soil is modelled by a Winkler vertical springs mat where springs are independent from each other31. 
The raft of the building is considered as rigid. The uplift occurs when the soil springs no longer work 
in compression.  
 
 
Figure 2 and Figure 3 show respectively, the non-uplifted state and the uplifted state of a raft. 

                                                      
31  Betbeder-Matibet J. et al. (2003). Une approche pour l’étude du décollement d’un bâtiment sous l’action du séisme. 

Application industrielle. 6e Colloque National AFPS. 
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Figure 2. Raft state before uplift (State 1 as referred hereafter). 

 
 

 
Figure 3. Raft state during uplift (State 2 as referred hereafter). 

 
A non-linear response is approximated stating that the energy transmitted to the system is the same as 
the one calculated in a linear calculation. The maximum moment at the centre of the raft is then 
determined. 
 
A first rotation value θ1

* and moment M1
* are deduced using a linear behaviour law (the slope of this 

law is equivalent to the rotation spring stiffness of the soil) using the equations in Table 1. The energy 
equivalence principle states that W1 = W2 (i.e. the energy deduced using a linear behaviour law is 
equal to the energy of a non-linear system) so θ2 can be deduced from Figure 4 and Table 1.  
 
The Table 1 gives the formulas for the calculation of the area of uplift. 
 

Table 1. Formulas for moment, energy, rotation and uplifted area 
 

 Linear (no uplift) Non-linear (uplift) 
Reduced moment   
Reduced energy 

Reduced rotation  
Uplifted area --  
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Figure 4. Equivalence of energy between linear and non-linear behavior on the M – θ curve32 

 
Some correction terms can be introduced in the calculations: vertical seismic loading (modification of 
the total mass of the model), water table, eccentricity from the raft centre (modification of the 
moment)... They will influence the results in terms of uplifted area. 
 
When the slope of the M- θ curve decreases, the stiffness of the global spring decreases too. Thus the 
contact between the raft and a few local uplift springs is cancelled.  
 
The main advantage of this method is the small computation time required for the calculations. 
However, the main drawback is the over-estimation of the percentage of the uplifted area. This can be 
explained by the Winkler springs mat for the soil modelling, which does not take into account 
rotational stiffness, i.e. no pull-back forces. One way to have more accurate values would be to add to 
the model theses rotational stiffness. Formulas in Table 1 would then change as shown in Table 2.  
 

Table 2. Formulas for moment, energy, rotation and uplifted area (adding rotational stiffness) 
 

 Linear (no uplift) Non-linear (uplift) 
Reduced moment  

Reduced energy 

Reduced rotation  
Uplifted area -- 

 
 

3. Comparisons 
 

It is interesting to compare some parameters, methods, hypotheses and/or results from the methods 
described above. However methods can be compared to each other only if calculations and hypotheses 
are similar.  
 
A first comparison can be made between the four following: 

                                                      
32 Tseng W.S. & Liou D.D. (1981). Simplified methods for predicting seismic, basemat uplift of NPP structures. 

Proceedings of SMiRT conference. 
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- A linear calculation, 
- A non-linear calculation, 
- The energy equivalence method (referred as CADRAGE in Figure 5), 
- A modified energy equivalence method (taking into account rotational springs, referred as 

CADRAGE modified in Figure 5). 
 
These calculations are plotted in Figure 5 and show the uplift percentage according to the Zero Period 
Acceleration (g) for one type of nuclear building. 
This Figure 5 shows that the uplift calculated with the energy equivalence method is always greater 
than with other methods and the linear method gives the smallest results: 
 

- At 0.25g: from 0 to 50% of uplift, 
- At 0.5g: 25 to 70% of uplift.  

 
This difference observed with the energy equivalence method can be attributed to the soil modeling. 
In fact, the energy equivalence method models the soil using a Winkler springs mat, which is known 
not to be representative of the phenomenon. 
 
The modified method shows that incorporating rotational springs into the system allows the uplift 
percentage to be closer to non-linear uplift calculations, which are supposed to be closer to reality.  
 

 
Figure 5. Median values of 6 sets of accelerograms: Uplift area (%) vs. ZPA (g). 

 
Another comparison can be made using as input motion, several accelerogram sets as shown in Figure 
6 (i.e. using the same 6 accelerograms and applying to them a circular permutation in order to create 6 
sets).  
 
The energy equivalence method seems to over-estimate the uplift percentage compared to other 
methods: more than 50% with this method compared to less than 20% for others methods. It can also 
be exhibited from Figure 6 that sets of accelerograms have a great influence on the calculations results 
especially for linear and non-linear methods (between 0 and 10%).  
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Figure 6. Influence on the uplifted area of the sets of accelerograms and methods. 

 
 
4. Conclusions 
 
Several methodologies for raft uplifting analysis have been developed in the last decades. Those 
methods can take more or less into account the specificities of the phenomenon, depending on the type 
of calculations: linear or non-linear ones. Different types of non-linearities can be modeled, and at 
different steps of the calculation: during the post-processing step, or directly during the SSI analysis. 
In a design approach, the first step consists in using simple methods such as static and linear ones, in 
order to help understanding and checking several modeling hypothesis. Then, depending on the 
specificities of the structure, the soil, and the raft, advanced methodologies should be employed. 
 
It is admitted that direct (transitory) methodologies, linear or non-linear ones, estimate more 
realistically the uplifting phenomenon. However, some drawbacks are inevitably associated to those 
methods: great calculation time, difficulties to adjust the non-linear parameters, establishment of a 
criterion to estimate the area of uplift… 
 
The energy equivalence method is not a time consuming methodology. Nevertheless, it overestimates 
the values of uplifted area, as showed in this study. An option to improve the energy equivalence 
method and to take advantage of its small calculation time was to take into account the rotation 
stiffness of the soil by introducing springs reproducing that phenomenon (i.e. back-pulling forces).The 
uplift predictions were more accurate and calculation times remain acceptable. Some improvements 
could still be considered: the soil could also be modeled differently, using a Pasternak model instead 
of a Winkler spring mat. Horizontal springs would allow for example modeling the horizontal stiffness 
of the soil, as discussed in [Betbeder-Matibet et al., 2003].  
 
Finally, each methodology proposed in this study is characterized by its own scope and drawbacks. 
Today, the most advanced methods are probably non-linear transient ones, able to take into account 
the local contact/uplift between raft and soil (through the use of “choc” elements). Those methods can 
as well model the “attaching forces” that occur before the instant of uplift, at the raft/soil interface. 
This tends to lower the values of uplifted area, as explained in [Nakamura et al, 2006]. However, those 
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“best-estimate” methodologies require an important knowledge of the structure and soil 
characteristics: they should be used carefully. 
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Abstract  
 
For processing radioactive waste of its dismantled nuclear installations, EDF is building an interim 
storage facility. A feature of the selected site is a 35 to 50 m deep clay layer with a high silt content. In 
order to control settlement an innovative soil reinforcement technique is implemented, consisting of a 
series of reinforced concrete inclusions surmounted by a granular platform made of natural alluvium. 
A 3D-finite element model including boundary elements, 3D elements for soil and 2D beam elements 
for inclusions was developed with Code_Aster®  in order to represent the phenomenon for forced 
vibration test analysis and impedance calculation. Code_Aster®  outputs are successfully compared 
with experimental data and outputs from other SSI codes (SASSI, Miss3D, CONAN). The same kind 
of model has been applied for all building impedance calculations, with appropriate basic design 
margins in order to account for uncertainties and variability relating to soil characteristics and model 
hypothesis. 
 
Keywords: Reinforced soil, impedance, concrete inclusions, SSI code validation, experimental tests 
 
 
1.  Introduction 
 
EDF is currently dismantling 9 nuclear sites in France. Dismantling will produce 300 tons of long-life 
radioactive waste intended for deep underground repository. In the meantime EDF has decided to 
construct an interim storage facility.  
 
An issue of the situation encountered is that the soil profile under the location of this facility revealed 
a thick layer of silty clay – 35m to 50m deep – as shown on Fig. 1. 
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Figure 13. Cut-View of the facility buildings on reinforced soil 

 
Preliminary analysis predicted large settlements. In order to reduce them significantly, the decision 
was made to undertake an innovative soil reinforcement described hereunder. As usual in a context of 
nuclear safety, seismic response of the storage facility had to be addressed. Consequently evaluating 
consequences of the soil reinforcement on Soil Structure Interaction (SSI) phenomenon was 
necessary. This article deals with the methodology used for computing impedance functions and 
substantiating them against experimental data and comparison with other SSI approaches. 
 
There are only a few studies of building behaviour built on concrete inclusions in the world (one main 
example is the Rion Antirion bridge in Greece) and there was no design rules available for such SSI 
configurations.  
 
 
2.  Site presentation 
 
2.1.  Soil data 
 
Many investigations have been carried out in order to determine characteristics of the 
different layers. The low-strain characteristics of the soil site are given in Table 2.1.1. 
Another soil profile has been considered for high strain characteristics, representative for the 
0.25g Basic Design Earthquake and a 44m average height of the clay layer, see Table 2.1.2 
 
          Table 2.1.1 – Low strain characteristics used for FVT analysis  

Layer H (m)  (kg/m3)  G (MPa) E (MPa) Vs (m/s) Damp.

Alluvium 3.4 2100 0.40 325 910 393 5% 

Clay IP20 35 2000 0.49 122 363 247 5% 

Altered molasses 10 2150 0.45 621 1800 537 5% 

Molasses  2200 0.45 1207 3500 741 5% 

 

  

3 to 5 m of gravel 

35 to 50 m of silty clay 

40 to 60 m of molasse  

Concrete Inclusions 1m 

Buildings 

75m 

120m 
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          Table 2.1.2 – High strain characteristics used for multi-code comparison  

Layer H (m)  (kg/m3)  G (MPa) E (MPa) Vs (m/s) Damp.

Alluvium 3.4 2100 0.40 111 311 230 7% 

Clay IP20 44 2000 0.49 85 253 206 7% 

Altered molasses 10 2150 0.45 516 1500 490 7% 

Molasses  2200 0.45 1020 2960 681 7% 

 
 
2.2.  Soil Reinforcement 
 
For natural soil, initial calculations predicted up to 25 cm settlements for the facility buildings 
(vertical load applied on soil between 150 and 250 kPa). In order to reduce them below to 5 cm, a soil 
improvement technique was implemented, consisting of a combination of  
- a series of about 300 1m-diameter concrete inclusions, at a path of 3 to 5m, driven trough the 

compressible clay layer (35 to 50m height) until the molasses stratum, surmounted by  
- a 1.5 m thick granular platform made of natural alluvium of the site.  

 
2.3.  Forced Vibration Tests (FVT) 
 
In order to characterise the influence of the reinforced inclusion on the dynamical behaviour of the 
buildings, 2 experimental reinforced concrete slabs have been built on the site. The dimensions of the 
slabs are 11m x 11m x 1.25m. Slab 1 was directly built on the soil site and Slab 2 was built on the soil 
reinforced with 9 inclusions (length 36m). 
 
FVT have been carried out in the range 2-20Hz for horizontal and vertical directions. Experimental 
Transfer Function have been defined, for instance in the vertical direction, as the frequency dependant 
ratio between the effective value of the maximum recorded vertical displacement at the slab surface 
and the vertical force applied by the FVT machine, as illustrated by Fig. 2. 
 

 
Figure 2. Slab1 and Slab 2 configuration for FVT (left) – FVT Excitator (centre) – Experimental Transfer 

Function recorded at the centre of both Slabs (right) 
 
The Experimental Transfer Functions recorded on both slabs showed that (i) the reinforced 
inclusion have no influence on horizontal direction and (ii) the reinforced inclusions have an 
influence on vertical displacement of the middle of the slab for frequencies over 5  Hz. 
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3.  Code_aster®  Modelling and validation 
 
The first approach was based on the definition of an “homogeneous” material that would have 
represented the dynamical behaviour of the “clay + inclusions” layer. The investigations for 
such a material were not successful and concluded the necessity of modelling the rigid 
inclusions in the clay layer.  
 
3.1.  Absorbing Boundaries Elements 
 
A 3D-Finite Element model including Absorbing Boundaries Elements, 3D Elements for soil 
and 2D Beam Elements for inclusions was developed with Code_Aster®  in order to represent 
the phenomenon for FVT analysis and impedance calculation. Those absorbing elements 
enable to satisfy the Sommerfeld’s condition verifying the hypothesis of anechoicity: no non-
physical plane waves reflecting and diffracting on the interfaces. This hypothesis allows to 
reduce the mesh size and to perform complex calculations using computer capacities available 
nowadays.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3. ¼ model of the reinforced slab showing the absorbing boundaries and 2D inclusions 

 
The 2.5m mesh size allows a setting of 2 soil elements between each inclusion and leads to 
acceptable size meshes for industrial buildings with 40x60m raft dimensions. The plans of 
symmetry have also been used to reduce the mesh sizes.  
 
3.2.  Experimental Slabs  
 
Experimental slabs have been modelled with Code_Aster® , using the absorbing boundaries elements 
model. Numerical vertical transfer functions have been calculated as the frequency dependant ratio 
between the modulus of the complex displacement at the slab surface and the 1MN harmonic vertical 
force applied at the centre of the slab (considered flexible), computed with the 3D model described on 
Fig. 2. Those transfer functions can be defined at several points for both configurations: Slab 1 built 
on natural soil and Slab 2 built on the soil reinforced with 9 concrete inclusions. 
 
The results of the experimental slabs Forced Vibration Tests have been used to define the soil 

Absorbing boundaries 

Symmetry conditions 
1- Alluvium 
2- Clay 
3- Molasses 
4- Slab (1/4) 
5- Inclusions 

1 

2 

3 

4 

5 
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Young’s Modulus variability to be used for the different layers :  
- For Slab 1, the results plotted on Fig. 4 (left) show that the [1-1.3] variability range around mean 

values defined in Table 2.1.1 for Alluvium and Clay Modulus bound the experimental results at 
the centre of the slab. 

- For Slab 2, the results plotted on Fig. 4 (right) show that the [1-1.3] variability range around 
mean values defined in Table 2.1.1 for Clay Modulus bound the experimental results at the centre 
of the slab. For Alluvium, a [0.33 – 1.3] variability range has been set to account for the loss of 
rigidity due to a non-ideal backfilling of the alluvium after the inclusions drilling. 

  

0,0E+00

5,0E-11

1,0E-10

1,5E-10

2,0E-10

2,5E-10

3,0E-10

0 5 10 15 20

Fréquence (Hz)

S
la

b
 1

 V
e

rt
ic

al
 T

ra
n

s
fe

r 
F

u
n

c
tio

n
 (

m
/N

)

Table 2.1.1 soil profile

Experimental Data
Table 2.1.1 soil profile w 1.3xE

 

0,0E+00

5,0E-11

1,0E-10

1,5E-10

2,0E-10

2,5E-10

3,0E-10

0 5 10 15 20

Fréquence (Hz)

S
la

b
 2

 V
e

rt
ic

al
 T

ra
n

s
fe

r 
F

u
n

c
ti

o
n

 (
m

/N
)

Table 2.1.1 soil profile w Eall/3
Experimental Data
Table 2.1.1 soil profile w 1.3xE

 
Figure 4. Comparison between Experimental and computed Vertical Transfer Function for Slab 1 (left) and Slab 

2 (right) 

The comparisons outlined in Fig.4 show that the Code_Aster®  model associated with a variability 
range for the Young’s Modulus of the soil layers can represent the dynamical behaviour of a raft 
laying on a soil reinforced with concrete inclusions. 
 
3.3.  Other SSI codes 
 
Impedance calculations for both slabs (considered rigid) have been carried out with other SSI codes 
which use different methods for solving dynamic wave propagation equations: 
- CONAN can compute the impedance of a circular foundation on a layered soil, using a cone 

model for wave propagation, developed by JP WOLF. (Slab1 only) 
- Miss3D includes a Boundary Element Module (BEM) which deals with homogeneous or 

stratified visco-elastic or acoustic domains that can be either bounded or unbounded. Small 
surface meshes are required while radiation conditions are accounted for automatically. Several 
integration and regularisation techniques are provided to ensure accuracy. Coupled with the 
substructuring approach, this module can deal with a broad range of wave propagation problems. 
It can be used with either soil-structure or soil-soil interfaces.  

- SASSI can be used with sub-structuration solver in which only the inclusions and the slab need to 
be meshed.  
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Figure 5. Views of different meshes used for multi-codes comparison 

 
 
Vertical Impedances can be estimated from complex displacement resulting from a 1MN Harmonic 
Force Excitation for Slab2 with the Eqn. 3.1 for the range 1Hz – 15Hz. 
 

Z

Z
Z U

F
K    and 

²

)Re(.
)Re(

Z

ZZ
Z U

UF
K                          (3.1) 

 
The soil characteristics for those computations are taken from Table 2.1.2. 
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Figure 6. Vertical Stiffness comparison between different SSI codes 

 

Code_Aster complete model 
with 2D-beams inclusions 

Miss3D soil-soil interface 
showing 3D inclusions into 
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SASSI model for Slab 2 with 3D 
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The Vertical Stiffness defined as Re(KZ) calculated with the different SSI codes for both 
configurations (with or without concrete inclusions) are plotted on Fig. 6. 
 
The influence of the reinforced soil can be illustrated by an increase of the vertical stiffness for the 
whole range of frequencies. The differences between the results given by the different codes is 
acceptable regarding the variability range considered for the Young’s Modulus of the soil layers in the 
Design Methodology. These differences could be reduced by refining the meshes. 
 
 
4.  Modelling sensitivity 
 
Several parametric studies have been performed in order to quantify the impact of the 
variability of the chosen hypotheses.  
 
4.1.  Sensitivity to absorbing boundaries 
 
Boundaries using absorbing elements were positioned at least 1.5 times the size of the 
foundation, away from the edge of the foundation. Tests were performed in order to set the 
best estimate value of 1.5. Considering the small size of the foundation of the slabs (11 x 11 
m), the model could be represented by a 60 x 60 m soil column. The inclusions were 
anchored on a rigid substratum at a depth of 35 to 50 m and the total depth of the model was 
about 90 m.  
For the building calculations, the criteria set to a minimum of 1.5 times the size of the 
foundation has been respected.  
 
 

 
Figure 7. 3D-model with symmetry condition for impedance calculations of a 60m x 60m building 

 
4.2.  Sensitivity to concrete inclusions modelling 
 
Contrary to the 3D modelling chosen for the soil column, the rigid inclusions are represented 
with linear elements (beam elements) because of the number of inclusions. This is done to 
represent and time calculation issues. Sensibility to this parameter has been studied and 

60 m 

240 m 

90 m 

120 m 
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coefficients were applied to the 1D model in order to correctly take into account this 
hypothesis.  
 
Two main phenomenon were taken into account in the 1D model: 
- Stress transmission between the inclusions and the granular platform  a coefficient of 

0.9 is applied to the alluvium Young's Modulus, 
- Lateral contact between the inclusions and the alluvium  a [0.5-1] setting on the 

alluvium modulus.  
 
Inclusions Beam Elements have also been replaced by 3D modeling of inclusions in a refined 
Code_Aster®  model. The results showed non significant differences between the models. 
 
5.  Design method 
 
The Design Methods used for Nuclear Buildings in France generally set 3 different soil 
profiles (Maximum, Median and Minimum) in relation with Young’s Modulus range of 
variability for the design SSI calculation. 
 
First of all, the classic [2/3-3/2] parametric study was performed. Results were not accurate 
when compared with experimental FVT on both Slabs 1 and 2.(response was flanked but 
curves aspects were not coherent) so further research was undertaken. The final settings were 
defined as [1-1.3] for the Clays and Alluvium modulus. It is enough to take into account the 
soil characteristics variability under small strain levels.  
 
Secondly, dynamic characteristics were injected in the soil characteristics in order to 
represent the Basic Design Earthquake level of the site (0.25g). Shear modulus – strain curves 
were used and depending on the strain in each soil layer, the modulus was degraded.  
 
Then, the presence of buildings brings strain excess that must be taken into account. A [1.4-
1.8] setting due to the buildings weight was established and applied on the Alluvium 
modulus.  
 
All the sensitivity studies described before lead to the soil characteristics, shown in Table 5.1. 
The variability for Young’s Modulus is about 4 for the Alluvium layers, 3 for the Clay layer 
and 1.1 for the Molasses. 
The different heigth of the Clay layer (between 35 and 50m) have been associated with those 
3 soil profiles. 
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Table 5.1 Final Young’s Modulus and soil characteristics used for impedance calculations of the buildings (Unit 
: MPa) 

 Ρ (kg/m3) υ ξ  (%) E ini E Max E Med E Min 
Platform 2300 0.33 5 635 602 329 140 

Alluvium 2100 0.40 5 910 862 472 201 

Clay IP20 2000 0.49 5 363 327 254 145 

Altered molasses 2150 0.45 5 1800 1620 1530 1440 

Molasses 2200 0.45 5 3500 3150 2975 2800 

 
6.  Conclusion 
 
Impedance functions of storage buildings built on a soil reinforced with concrete inclusions 
have been calculated with a Code_Aster®  3D-finite element model including boundary 
elements, 3D elements for soil and 2D beam elements for inclusions. Vertical stiffnesses 
obtained with these models for a 11m x 11m slab are consistent with the experimental forced 
vibration test outputs and with the outputs given by other SSI codes like CONAN, SASSI and 
Miss3D. A design method has also been proposed to specify the range of Young modulus 
consistent with the variability of soil characteristics and modelling hypothesis. 
 
References 
 
 
Lefebvre, J.P., Mialon P. & Proix, J.M. (1998) « Code_Aster : Manuel d’administration ». EDF R&D 

report HI-75/98/002/A. www.code-aster.org 
Devesa G., Guyonvarh V., Clouteau D. (2005) “Use of coupling and regulatory methods in Soil-

Structure Interaction for nuclear plants”, Eurodyn 2005, C. Soize & G.I. Schuëller (eds), 
Millpress, Rotterdam 

Clouteau D. (2001). ProMiss3D version 6.4 
Lysmer J., Ostadan F., TabatabaieE M., Vahdani S., Tajirian F. (2000). - SASSI - A System for 

analysis of soil-structure interaction. Geotechnical Engineering Division, Civil Engineering 
Department. University of California, Berkeley and Bechtel Power Corporation, San Francisco, 
2000.  

Wolf J.P., Deeks A.J. (2004)- Foundation vibration analysis: a strength-of-materials approach, Eds. 
Elsevier,.  

G. Gazetas, K. Fan & A. Kaynia (1993). Dynamic response of pile groups with different 
configurations – Auteurs : - Soil Dynamics and Earthquake Engineering 12, pp 239-257 –1993 

R. Dorby & G Gazetas (1988). Simple method for dynamic stiffness and damping of floating pile 
groups –– Géotechnique 38, n° 4, pp 557-574   

R. Dorby, A. Pecker, G. Mavroeidis, M. Zeghal, B. Gohl et D. Yang (2003). Damping/global energy 
balance in FE model of bridge foundation lateral response.Soil Dynamics and Earthquake 
Engineering 23, pp 483-495 - 2003 

G. Gazetas (1984). Seismic response of end bearing single piles. Soil Dynamics and Earthquake 
Engineering 3, n°2, pp 82-93 – 1984 

P.J. Meymand (1998) Shaking table scale model tests of nonlinear soi-pile-superstructure interaction 
in soft clay. Berkeley university Thesis  

R. Rajapakse & A. Shah (1989). Impedance curves for an elastic pile – Soil Dynamics and Earthquake 
Engineering 8, n°3, pp 145-152 

J.H. Wang, X.-L. Zhou & J. F. Lu (2003) Dynamic response of pile groups embedded in a proloelastic 
medium. Soil Dynamics and Earthquake Engineering 23, pp 235-242 



NEA/CSNI/R(2011)6 

384 

 
 
 



NEA/CSNI/R(2011)6 

385 

 

Influence of the Soil Non-Linearities on Dynamic Soil-Structure Interaction 

 
A. Gandomzadeh, Université Paris-Est, Laboratoire Central des Ponts et Chaussées (LCPC), Institut 

de Radioprotection et Sûreté Nucléaire (IRSN), France 
 

J.F. Semblat, Université Paris-Est, Laboratoire Central des Ponts et Chaussées (LCPC), France 
 

L. Lenti, Université Paris-Est, Laboratoire Central des Ponts et Chaussées (LCPC), France 
 

M.P. Santisi d’Avila, Université Paris-Est, Laboratoire Central des Ponts et Chaussées (LCPC), 
France 

 
F. Bonilla, Institut de Radioprotection et Sûreté Nucléaire (IRSN), France 

 
 
Abstract 

For moderate or strong seismic events, the behavior of the soil (e.g., maximum shear strain) can easily 
reach its inelastic range. Considering soil-structure interaction, the nonlinear effects may thus change 
the soil stiffness at the base of the structure and the energy dissipation into the soil. 

In this work, a 3D hysteretic model (Masing-Prandtl-Ishlinskii-Iwan model) accounts for the 
nonlinearity of the soil in order to investigate dynamic soil-structure interaction (DSSI) for significant 
seismic events. The formulation is made in the framework of the Finite Element Method in the time 
domain. The constitutive model is fully characterized by the shear modulus degradation curve. This is 
a key-point since complex constitutive models generally involve numerous mechanical parameters, 
which are often difficult to determine experimentally. 

A parametric study is carried out for different types of structures and various soil profiles to 
investigate the nonlinear effects. Due to the soil nonlinearity, and depending on the strain level, our 
numerical results show that part of the incident energy dissipates into the soil before reaching the 
surface. Consequently, the structural response in terms of acceleration, velocity and displacement at 
its top decreases. Furthermore, when compared to a structure based on a linear soil, the fundamental 
frequency of the soil-structure system decreases. The total mass of the structure is also a very 
important factor strongly influencing the reduction of the fundamental frequency of soil-structure 
interaction (it is thus very important for large structures such as NPPs structures). The analysis of the 
energy dissipation process in the soil also illustrates this feature. Finally, the response of the structure 
is more influenced by the soil nonlinearity when the structure’s fundamental frequency is close to the 
soil natural frequency, the latter depending on the excitation level. 
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Abstract 
 

The two flagship products of Atomic Energy of Canada Limited
®

, the Advanced CANDU Reactor
®

 
and the Enhanced CANDU-6 ReactorTM, are designed to comply with Canadian and International 
Atomic Energy Agency safety design standards and to meet customer requirements worldwide.  Both 

the ACR
®

 and EC6TM are a light water cooled, heavy water moderated pressure-tube reactor.  Seismic 
soil-structure interaction analyses of the ACR nuclear island have recently been completed.  This 
paper gives a brief overview of the analyses performed, and takes an in-depth look at various 
challenges encountered and experience gained.    
 
1. Introduction 
 
The conceptual arrangement of the ACR plant is that of a two-unit plant including the nuclear steam 
plant and balance of plant.  The nuclear island of the nuclear power plant consists of the reactor 
building (RB) and the reactor auxiliary building (RAB) that are both founded on a common basemat.  
Based on the size of the nuclear island, it can be considered to be a large-dimensioned structure.   
 
The RB is comprised of a prestressed concrete containment structure (CS), and a reinforced concrete 
and steel internal structure (IS), which are structurally separated from each other.  The RB houses the 
reactor, the fuelling machine vault, steam generators, heat transport pumps, safety and process 
systems, and a reserve water supply tank.  The RAB is a single multi-story reinforced concrete 
structure surrounding the reactor building and houses safety-related electrical and mechanical systems, 
new and spent fuel storage, and associated fuel-handling facilities.  The RAB is made up of two parts: 
a square portion that is common to the RB, and a rectangular part.  The rectangular portion is 
supported on the common basemat at a lower elevation.  A schematic of the ACR standard plant is 
shown in Figure 1. 
 
Seismic soil-structure interaction (SSI) analyses of the ACR standard plant was performed primarily 
in accordance with the Canadian N289.3 Standard33, but takes into account recommendations from 
other international standards such as the US Nuclear Regulatory Commission (US NRC) Standard 
Review Plan 3.7.234, and the American Society of Civil Engineers Standard ASCE 435.    
 
In the following sections, a brief overview of the SSI analyses conducted for the nuclear island is 
presented; this is followed by a discussion on a wide range of issues including challenges faced, 
                                                      
33  CSA N289.3-10, Design Procedures for Seismic Qualification of Nuclear Power Plants, Canadian Standards 

Association, 2010. 
34  NUREG-0800, Standard Review Plan, Section 3.7.2, Seismic Design Parameters, US Nuclear Regulatory 

Commission, 2007. 
35  ASCE 4-98, Seismic Analysis of Safety-Related Nuclear Structures and Commentary, American Society of Civil 

Engineering, 2000. 
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experience gained, and issues that remain open-ended.  The aim of the paper is not to examine the 
theoretical basis of different clauses in various codes and standards, but to present the point of view of 
the ACR SSI analysis team on the current state-of-the-art.  
 

 

RB

NI

RAB

 
 

Figure 1:  Schematic view of ACR nuclear island 
 
2. Design Basis Parameters 
 
The seismic design of the ACR standard plant is based on three defined Design Ground Response 
Spectra (DGRS) (Figure 2).  Two of these are based on the Canadian N289.31 Standard.  These are the 
CSA-based Rock and Soil DGRS for rock and soil sites, with the rock spectrum richer in high 
frequency content.  The third is based on a typical Eastern North America (ENA) spectrum proposed 
by Atkinson and Elgohary36.  The three DGRS were used to develop three sets of spectrum-compatible 
time-histories, Allotey et al.37 
 
The ACR standard plant is also designed to envelope a wide range of potential rock and soil site 
conditions.  The design is thus based on a set of seven design soil/rock profiles that represent 
foundation conditions ranging from shallow rock sites to deep soil sites, Table 1.  

                                                      
36  Atkinson, G, and Elgohary, M.  Typical uniform hazard spectra for Eastern North American sites at low probability 

levels.  Canadian Journal of Civil Engineering, Vol. 34, pp. 12-18, 2007. 
37  Allotey, N, Saudy, A, Elgohary, M and Atkinson, G.  Spectrum-compatible time-histories for ACR Nuclear Power 

Plant in Eastern North America.  Proceedings of 20th International Conference on Structural Mechanics in Reactor 
Technology, Paper No. 2471, Espoo, Finland, August 2009. 
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Figure 2:  Design basis ground response spectra for ACR 

 
Table 1:  Design soil/rock profiles for ACR 

Profile Depth to bedrock from grade level  
(m) 

Shear wave velocity (m/sec) 
Top Bottom Half-space 

HR - - - 2500 
A1 14 533 637 1500 
B1 42 533 845 1500 
B2 42 457 724 1500 
B3 42 305 506 1500 
C1 70 205 370 1500 
D1 114 152 300 1500 

 
3. Analysis overview 
 
Seismic SSI analysis of the standard plant was conducted with the computer program, ACS SASSI38, 
one of the commercial variants of Lysmer et al.’s original SASSI program.  ACS SASSI has many 
advanced features and is one of the programs verified by the nuclear industry for advanced SSI 
analysis including wave incoherency effects39.   

 

                                                      
38  ACS SASSI Version 2.3.0, An Advanced Computational Software for 3D Dynamic Analysis Including Soil-

Structure Interaction, User Manual, Revision 1.0, Ghiocel Predictive Technologies, June 2009. 
39  Short, SA, Hardy, GS, Merz, KL and Johnson, JJ.  Program on Technology Innovation:  Validation of CLASSI and 

SASSI to Treat Seismic Wave Incoherence in SSI Analysis of Nuclear Power Plant Structures. Report No. TR-
1015110, Electric Power Research Institute, Palo Alto, California, 2007. 
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3.1 Model development  
 
A 3D finite element “coarse” model of the nuclear island was developed for the study.  This model 
replaced an earlier lumped mass stick model of the nuclear island developed for SSI analysis40.  Due 
to better pre-processing capabilities of the ANSYS finite element program, the model was initially 
developed in ANSYS41 and later exported to ACS SASSI.  The design of the nuclear island is based 
on the assumption of it being a surface foundation, and the foundation level was chosen as the 
underside of the square portion of the common basemat.  As a result, the lower section of the 
rectangular portion of the RAB that sits on the common basemat at a lower elevation was modeled as 
embedded. 
 
Finite element models of the RB and RAB were developed and verified separately.  The models were 
verified by comparing the fixed-base results of modal, lateral static and dynamic time-history analyses 
with finer mesh models developed for stress analyses.  As required by the SASSI solution approach, 
an excavated volume finite element model was also developed for the embedded portion.  The three 
models, i.e., RB model, RAB model and excavated volume model, were later integrated together to 
form the nuclear island SSI model.  The ANSYS nuclear island model was exported to ACS SASSI, 
and verified by comparing ANSYS fixed-base modal analysis results, with ACS SASSI transfer 
function peaks for the hard rock condition.   
 
Figure 3 shows a picture of the finite element model.  It is made up of solid, shell, beam and lumped 
mass elements, with a maximum solid and shell element side-dimension of 6.8 m, and in particular, 
2 m in the embedded zone.  This allows for the propagation of wave frequencies in excess of 50 Hz 
for hard rock sites, which is a requirement for the effective consideration of high frequency effects42.  
The size of the model without the excavated volume is about 10,000 nodes, and with the excavated 
volume, the model is in excess of 11,000 nodes. 
 
3.2 Analysis procedure 
 
In line with current industry consensus43, the standard plant design ground response spectra were 
defined at the foundation level, i.e., the elevation of the underside of the section of the basemat 
common to the RB and RAB. 
 
Table 2 presents the design ground motion - design soil/rock profile combinations used in the study; 
each DGRS was used with its corresponding design soil/rock profiles.  SSI analysis with coherent 
motion was carried out for each of these combinations; for the hard rock profile, SSI analyses with 
incoherent motion were also carried out.  The soil/rock profiles were modeled assuming the shear 
wave velocities shown in Table 1 to be strain-compatible.  These shear wave velocities were used in 
combination with soil/rock material damping ratios obtained from multiple free-field de-convolution 
analyses.   
 

                                                      
40  Allotey, N, Gonzalez, R, Sabrah, T, Saudy, A and Elgohary, M.  Seismic analysis of ACR nuclear island for rock 

sites in Eastern North America.  Proceedings of 20th International Conference on Structural Mechanics in Reactor 
Technology, Paper No. 2472, Espoo, Finland, August 2009. 

41  ANSYS Finite Element Analysis Program, Release 10.0, SAS IP Inc. 
42  COL/DC-ISG-1, Interim Staff Guidance on Seismic Issues Associated with High Frequency Ground Motion in 

Design Certification and Combined Licence Applications, US Nuclear Regulatory Commission, 2008. 
43  Chokshi, NC, US experience in development of seismic ground motion for new reactors and lessons learned, Panel 

Workshop 1, 20th International Conference on Structural Mechanics in Reactor Technology, Espoo, Finland, 
August 2009. 
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Figure 3:  Nuclear island SSI model 
 

Table 2:  Combinations of Design ground motion and Design soil/rock profile  

 

 
The cut-off frequency of the different analyses ranged from 25 Hz for the soft soil profile to 50 Hz for 
the hard rock profile.  A large number of frequency points were used for transfer function 
determination.  This was necessary in order to ensure that transfer functions were well-defined at 
different locations of the nuclear island. 
 
ACS SASSI’s stochastic simulation approach6 with Abrahamson’s hard rock coherency model44 was 
used for the wave incoherency study.  In accordance with recommendations from the EPRI report7, 
smoothing of incoherent transfer functions and phase adjustment were carried out.   
 
3.3 Results summary 
 
The main response parameters of interest from the SSI analysis were the acceleration and 
displacement response, and in-structure response spectra (ISRS) at various locations of the nuclear 
island. Stresses were also reviewed, but were not primary results of the analysis.  
 

                                                      
44  Abrahamson, N.  Hard Rock Coherency Functions Based on Pinyon Flat Data, April 2007. 

Design Ground Motion Design Soil/Rock Profile 
CSA-based Rock Motion HR, A1, B1, B2 
CSA-based Soil Motion B3, C1, D1 
Eastern North America (ENA)  HR, A1, B1, B2 
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Sample results obtained from coherent motion analyses are presented in Table 3. The response in each 
of the three principal directions was obtained as the square-root sum of the squares (SRSS) response 
of the co-linear responses from the directional ground motions. Figure 4 shows sample ISRS at the top 
of the containment structure and internal structure.   
 

Table 3:  Sample analysis results at characteristic locations 

Location Symbol* 
Floor acceleration (g) 

H1 H2 V 
Basemat: square part a 0.64 B3-S# 0.52 B3-S 0.58 B3-S 
Basemat: rectangular part b 0.50 B3-S 0.47 B3-S 0.40 B3-S 
CS top c 2.53 B2-R 2.36 B2-R 0.98 HR-E 
IS top d 1.6 HR-R 1.6 B2-R 0.84 B2-R 
RAB square part top e 1.55 HR-R 0.84 B2-R 0.57 HR-E 
RAB rectangular part top f 0.98 HR-R 1.15 HR-R 0.76 HR-R 
  Maximum peak of 5% damped ISRS (g) 

Basemat square part a 2.53 B3-S 2.45 B3-S 2.36 B3-S 
Basemat rectangular part b 1.74 B3-S 1.74 B3-S 1.44 B2-R 
CS top c 14.85 B2-R 12.45 B2-R 5.86 HR-R 
IS top d 8.71 B2-R 8.76 B2-R 3.01 B2-R 
RAB square part top e 8.0 HR-R 3.78 B2-R 2.17 B2-R 
RAB rectangular part top f 4.54 HR-R 5.72 HR-R 3.12 HR-R 
* Letter code used in this column relates to locations shown in Figure 3  
# Combinations of soil/rock profile and ground motion; e.g., “B3-S” refers to B3 profile with CSA-based Soil motion. 

 
In general, it is observed from the analyses that the B3-CSA-based Soil motion combination gave 
larger responses at lower elevations, whereas the B2-CSA-based Rock motion and HR-CSA-based 
Rock motion combinations, gave larger responses at higher elevations. Also, the HR-ENA motion 
combination was noted to generally envelope the ISRS response in the high frequency range. 

 
For the HR profile, accounting for wave incoherency effects, resulted on the average, in a 20% 
reduction in ISRS peaks at high frequencies for the RB. The reduction was generally larger in the 
vertical direction. The corresponding results for the RAB were, however, mixed. That is, sections of 
the RAB located on the square portion of the basemat, experienced similar reductions as the RB, 
whereas, locations within the rectangular portion of the RAB experienced some increases.   
 
4. Issues and challenges  
 
This section presents a discussion on challenges faced, lessons learnt, and open-ended issues 
considered to be of interest to the technical community. These are presented within the context of 
using ACS SASSI for the SSI analysis of the nuclear island.     
 
4.1 Lumped mass stick model versus finite element model  
 
There is a recent trend in the industry to move towards the use of refined 3D models for SSI analysis, 
as opposed to the past practice of using lumped mass stick models. This push is driven by a number of 
factors including regulatory requirements for models that are suitable for high frequency content 
motion, and the availability of increased computer power.   
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a) Top of CS: H1, H2, and V 
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b) Top of IS: H1, H2, and V 

   
Figure 4:  Sample 5%-damping ISRS at: (a) Top of CS; (b) Top of IS 

 

N
E

A
/C

S
N

I/R
(2011)6 

 

393 



NEA/CSNI/R(2011)6 

394 

The advantages of the refined model over the stick model include: more precise estimation of the 
structural response, reduced time spent on verifying the adequacy of the developed model, and the 
ability of the refined model to capture in-plane and out-of-plane flexibilities not possible with a stick 
model45,46. 

 
The ability of the refined model to capture in-plane and out-of-plane behavior is very important.  In 
regard to out-of-plane action, a significant benefit is the need for no further flexibility analysis, or the 
need for the introduction of “lollipops”.  With regard to in-plane flexibility, due to the large opening 
in the slab as a result of the RB, this effect was clearly noted in the response of the RAB.  That is, 
sections of the RAB surrounding the RB were noted to deform in a deep beam manner that is 
characteristic of semi-rigid and flexible diaphragms.  The result of this is a significant increase in the 
horizontal ISRS at the mid-section of building under hard rock conditions, compared with that at the 
corner; this is shown in Figure 5 with the respective locations given in Figure 3.  Recent research in 
Japan47 comparing ISRS computed with a stick model and a refined 3D model, with that developed 
from instrument recordings in the recent Niigata-Chuetsu-Oki earthquake confirms the effectiveness 
of refined models.   
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Figure 5:  Horizontal ISRS at Top of RAB - Hard Rock Condition 
 
Despite the important benefits of the refined model, the problem it presents is the volume of data it 
produces, and the need for an effective way to communicate results to end-users.  In other words, to 
maximize the benefit of having a refined 3D SSI model, it is important that procedures be in place that 
enable end-users to access such information in a controlled, seamless and auditable manner.   
 

                                                      
45  Coronado, C, Malushte, SR, Munshi, J, Verma, N.  A rational seismic design approach for reinforced concrete 

walls for nuclear power plants, Proceedings of 20th International Conference on Structural Mechanics in Reactor 
Technology, Paper No. 1943, Espoo, Finland, August 2009. 

46  Sanjur, LT, Orr, RS, Tinic, S and Ruiz, DP.  Finite element modelling of the AP1000 nuclear island for seismic 
analyses at generic soil and rock sites, Nuclear Engineering and Design, Vol. 237, pp. 4174-1485. 

47  Takada, T.  Action plan for JNES Kashiwazaki seismic safety centre, International Workshop on Seismic Safety 
for Nuclear Installations, Niigata, Japan, March 2010.   
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4.2 Model size, run times and exportability 
 
In developing the 3D SSI finite element model, consideration was given to ensuring that the 
developed model was capable of transmitting all frequencies of interest. Due to part of the model 
being embedded, it was important to ensure that the level of model discretization was sufficient 
enough for effective wave propagation in softer soil profiles. This led to an element size decrease in 
the embedded zone, resulting in a further increase in the overall model size, which would not have 
been warranted, if only harder soil/rock profiles were being considered.   
 
This issue directly leads to the question of the required model size increase necessary to account for 
embedment from the grade level, i.e., a depth of 14 m. A somehow acceptable answer is the fact that 
such analyses are only required at the detailed design stage, where site-specific reconciliation analyses 
are needed. In this case, only three profiles, i.e., upper bound, best estimate and lower bound, are 
required to be analyzed, as against seven, that is used in the standard design.   
 
As a point of interest, the initial SASSI model developed inherited a node numbering pattern from 
ANSYS that was not optimized. Run-times on a 32-bit PC for one frequency were thus an outrageous 
time of 8.5 hours for this model. This decreased drastically to approximately 55 minutes when the 
node numbering pattern was optimized. The need for optimization of node numbering is therefore an 
imperative if the solution of large-sized models is to be practically possible.   
 
Another area of prime concern is the exportability of SSI results to software such as ANSYS for stress 
analysis, when using the so-called multi-step analysis approach48. It is generally known that the use of 
peak accelerations from SSI analysis as equivalent static seismic loads in more refined stress analysis 
models leads to conservative designs. As a result, new developments13,49 have proposed that either SSI 
peak element forces, or element force time-histories, be directly combined with other loads. This 
requires the use of the same finite element model for both SSI and stress analyses. Taking into 
account the size of the nuclear island stress analysis model, that is in excess of 27,000 nodes, the 
proposed approach was not feasible. The former approach was therefore followed. Nonetheless, based 
on the significant cost-savings that the proposed approach offers13, exploring this issue in further 
detail is worthwhile. A development in this direction that has recently been brought to the attention of 
the authors is the ACS SASSI-ANSYS Integration module, which allows for the export of SSI results 
at critical time steps (accelerations and displacements) from a coarser SSI model, to a more refined 
stress analysis model. The use of such a procedure would reduce the conservativeness associated with 
the use of peak accelerations, and would be explored in future work here at AECL.   
 
4.3 Interaction nodes  
 
In the sub-structure SSI method, interaction between the structure and the foundation medium occurs 
by way of the interaction nodes located on the soil-structure interface. An important consideration that 
does not seem to be clearly spelt out in the literature is the need to have the distribution of interaction 
nodes over the interactions surface as uniform as possible. A highly non-uniform distribution of 
interaction nodes could introduce unrealistic torsional effects, which for a large-dimensioned structure 
such as the nuclear island, could lead to inconsistent SSI results. Thankfully, in a peer-review of the 
initial nuclear island SSI model, this was noted, and could thus be rectified at this early stage.   

 
 
4.4 Effect of foundation fixity  
                                                      
48  Short, S, Gürbüz, O, Salmon, M and Ostadan, F.  Update of ASCE Standard 4 “Seismic analysis of safety-related 

nuclear structures and commentary, Proceedings of 20th International Conference on Structural Mechanics in 
Reactor Technology, Paper No. 1947, Espoo, Finland, August 2009. 

49  Kohli, TD, Gürbüz and Ostadan, F.  Integrated seismic analysis and design of shear wall structures, Bechtel 
Technology Journal, Vol. 1, pp. 1-9, December 2008. 
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Figure 6 shows the vertical ISRS at the top of the CS for all the different ground motion – soil/rock 
profile combinations. This graph reveals an interesting observation, i.e., the peak of the ISRS for the 
hard rock case, is considerably larger than that for the rest of the profiles, which all have peaks that 
are relatively close together.  In other words, the peak of the vertical ISRS is fairly constant over a 
wide range of shear wave velocities, and then increases remarkably towards that of full fixity. This 
phenomenon was observed to be significant in the CS, which has a fixed-based fundamental vertical 
mode of vibration with a larger mass participation factor than that of the IS and RAB. This behavior 
can be attributed to increasing fixity resulting in increased structural deformations. Although 
expected, the manner in which the vertical ISRS peak shoots up after a threshold shear wave velocity 
is interesting, and points to the need for the inclusion of hard rock profiles in standard plant designs.   
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Figure 6:  Vertical ISRS at the Top of CS 
 
4.5 ISRS development: Is SRSS that important?  
 
In computing ISRS, all major nuclear codes require ISRS to be computed as the SRSS of response 
due to the individual components of ground motion. For a large-dimensioned structures such as the 
ACR nuclear island, it is of interest to assess how under coherent input motion, cross-directional 
responses influence the computed ISRS. This comparison is presented for the case of the HR profile 
in Figure 7 for the CS top, CS spring line, and two corners of the top of RAB.   

 
The effect of SRSS combination seems to be significant only in the case of the vertical ISRS. This 
highlights the critical influence horizontal deformation has on the response in the vertical direction.  
Interestingly, SRSS has no effect on the vertical response at the top of the CS; this is due to that point 
being located on the line of symmetry, thereby resulting in no horizontal deformation contribution to 
the response at this location. In line with this, it can be noted that refined models better represent this 
important cross-coupling effect, as opposed to stick models that are characteristically placed at the 
center of mass.   

 
Although, the above observations have been noted from the analysis of ACR standard plant, these 
could probably be the case for most nuclear power plants, since most of these structures are 
characterized by thick reinforced concrete side shear walls that make them torsionally stiff.   
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a) With SRSS: H1, H2, and V 
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b) Without SRSS: H1, H2, and V 

   
Figure 7:  Comparison of 5%-damping ISRS at Selected Locations: (a) With SRSS; (b) Without SRSS 
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4.6 The unending damping debate  
 
The appropriate modeling of damping is an issue that rears its head up in many technical discussions, 
not only in the nuclear industry. All nuclear codes and standards make recommendations on 
appropriate damping values for linear analysis. In addition, it has been recognized that damping is 
linked to stress level, codes and standards such as the Canadian N289.3 Standard1 and US NRC 
Regulatory Guide (RG) 1.6150 therefore recommend different damping values for the different design 
level earthquakes.  For example, RG 1.61 recommends 7% damping at the Safe Shutdown Earthquake 
(SSE) level and 4% damping at the Operating Basis Earthquake (OBE) for reinforced concrete 
structures. RG 1.61 goes on to further state that in computing ISRS, the damping ratio at the OBE 
should be used, with the exception being the case where analyses are being conducted for standard 
plant designs that use a wide range of site conditions. These guidelines are the result of extensive 
deliberations, and consultations51.   

 
Nonetheless, regulatory guidelines also recommend that soil/rock material damping used in SSI 
analysis be estimated from free-field analyses, which in most cases is performed with SHAKE-like 
programs. For sites approaching rock-like conditions, this normally results in material damping 
estimates that can be quite low.  For example, in the ACR nuclear island SSI analysis, material 
damping for the HR to B3 profiles were below 3%, and even in some cases as low as 1%. From the 
analyst’s point of view, using such levels of soil/rock material damping in combination with SSE 
levels of structural damping just seems counter-intuitive and mis-matched. That is, under an SSE level 
earthquake, would there be more damping in the structure than in the supporting soil/rock medium? 
The issue is not the appropriateness of the approaches used in estimating damping for the foundation 
medium or structure, but rather the fact that a code-based approach is used to estimate structural 
damping, whereas, a computational approach is used to estimate damping for the foundation medium. 
In line with this, it is interesting to note that 3% structural damping for concrete was used in the 
Japanese back-analysis study15 referred to in Section 4.1.   
 
4.7 Transfer function acceptability  
 
The frequency domain analysis method relies on the computation of transfer functions that relate the 
input motion to the SSI system response. In SASSI-based codes, the ANALYS module evaluates the 
transfer function at discrete frequency points, and a complex-functioned interpolation algorithm is 
then used to develop a continuous transfer function curve. The accurate representation of the 
interpolated transfer function curve, over the desired frequency range, is critical to obtaining accurate 
results. This is turn relies on the number of frequency points that are used for its development; very 
few points lead to a poorly representative interpolated curve, and too many points can be very 
expensive in terms of the computer time (particularly so for a large-dimensioned structure such as the 
nuclear island).   

 
Experience gained showed that the number of frequency points required in the case of refined models 
can be substantially far more than that required for the case of lumped mass stick models. The need 
for more frequency points is a generally known fact, however, to be able to accurately capture 
localized high frequency out-of-plane and in-plane behavior at different locations of a large-
dimensioned structure, there is a need for quite a large number of frequency points. For the ACR 
nuclear island this resulted in the use of over 200 frequency points for coherent analysis, and over 300 
frequency points for incoherent analysis.  In comparison, the number of frequency points used for the 
corresponding lumped mass stick model was around 50. It is important to emphasize that one of the 
reasons refined models are being promoted is the ability to better capture high frequency behavior. 

                                                      
50  Regulatory Guide 1.61, Damping Values for Seismic Design of Nuclear Power Plants, Revision 1, US Nuclear 

Regulatory Commission, March 2007. 
51  NUREG/CR-6919, Recommendations for Revision of Damping Values in Regulatory Guide 1.61, US Nuclear 

Regulatory Commission, 2006. 
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Therefore, if the number of frequency points used does not enhance more accurate prediction of this 
behavior, then this calls the need for such models into question.   
 
Assessing the adequacy of interpolated transfer functions is an important and labour-intensive task in 
a SASSI-based SSI analysis work plan. ACS SASSI offers features such as viewing computed and 
interpolated transfer functions for selected nodes, and also a frequency-search function. For the ACR 
nuclear island analysis, it was found convenient to export the computed and interpolated transfer 
functions to text files, and then use a developed in-house macro worksheet for the assessment. 
Although this tool helped reduce considerably the time spent on checking and cross-checking transfer 
functions, this task still required a considerable amount of man-hours. This was particularly so in the 
case of incoherent motion analysis where different interpolation functions and smoothing parameters 
had to be examined. In fact, without a Restart option that uses stored impedance values from an earlier 
initiation run, as input for subsequent runs, so as to reduce analysis run-times, the time taken to 
conduct incoherent analysis would just not have been practical. An initiation run took approximately 
55 minutes, whereas, a restart took about 4 minutes.  
 
4.8 Wave incoherency effects: other matters  
 
Accounting for wave incoherency effects is noted in a number of reports (including the EPRI7 report) 
to reduce spectral ordinates of ISRS, especially in the high frequency range (i.e., generally greater 
than 10 Hz). The ISG10 of the US NRC provides guidelines on conducting such analysis. In particular, 
the ISG notes that rotational and other torsional responses can, in some cases, increase under 
incoherent motion, and recommends that structural models that are able to capture such phenomena be 
used.  Interestingly, for the ACR nuclear island, both reductions and increases were observed. The 
increases were noted on the D-side of the RAB, for which the lower portions were modeled as an 
embedded foundation, and for which there is a considerable amount of height-wise stiffness and mass 
irregularity.   
 
Two issues, for which no clear industry guideline was found, arose while carrying out the wave 
incoherence study. These are:   

 
 In accounting for wave incoherency, support motions are assumed to be stochastic, and are taken 

as random variables. With the stochastic simulation approach of ACS SASSI, this results in an 
ISRS for each assigned random variable, which are later averaged to obtain the final mean ISRS 
curve. The issue here is that if the support motions are assumed to be stochastic, should not the 
time-histories be also assumed to be stochastic? In other words, in accounting for wave 
incoherency should not it be a requirement that multiple time-history sets be used, rather than a 
single set? This would certainly require more work, however, the increase in work is considerably 
less than that required to ensure that transfer functions are well-defined and representative.   

 
 The EPRI report focuses its attention on the effect wave incoherency has on ISRS. This elicits the 

question whether wave incoherency effects should be considered in evaluating stresses and stress 
resultants. Certainly, there will be areas in the structure where significant deviations from the 
results obtained from coherent analysis occur.   
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4.9 Limits of SASSI-based frequency domain methods  
 
The sub-structure complex frequency response method used in SASSI-based codes is based on visco-
elastic theory. As such, only linear forms of analysis are possible, and all forms of nonlinearity may 
be accounted for only in an equivalent-linear fashion, with the possible requirement for an iterative 
solution.  For linear analysis, this approach is very attractive because once transfer functions are 
generated; response estimates can be easily obtained for different loading functions. Having said that, 
soil/rock media are nonlinear materials, and all nuclear codes recommend that primary nonlinearity 
due to wave propagation effects be accounted for in SSI analysis. This is accounted for by using 
strain-compatible modulus and damping estimates, which are generally obtained from a SHAKE-
based analysis. In addition, accounting for secondary nonlinearity due to structure-foundation medium 
interaction is required to be assessed for cases such as embedded foundations.  

 
To ascertain if the foundation modulus and material damping used in an analysis are satisfactory, 
strain estimates in the foundation medium must be reviewed. This has, as a requirement, the need to 
model parts of the foundation medium as structural elements, which inadvertently increases the 
number of nodes for the solver. Assessing the impact of secondary nonlinearity effects, including 
wave-trapping issues in relatively weak backfill media, can thus be quite challenging for large-
dimensioned structures such as the ACR nuclear island, since it requires performing a number of 
initiation runs. Based on this, one wonders whether time-domain solution approaches would not be a 
better alternative in such cases. Noting the list of articles to be presented at this workshop, and others 
presented at recent nuclear industry gatherings52,53, one hopes this topic would generate the required 
level of discussion it needs. 
 
5.  Summary 
 
In aid of the seismic design of the ACR nuclear power plant, SSI analyses for its nuclear island have 
recently been completed. A brief overview of the SSI analyses is given in this paper including 
discussions on the development of the model, analysis procedures and sample results. The paper also 
discusses various issues such as lessons learnt, challenges faced and experience gained in carrying out 
the analysis. In addition, issues that the authors believe remain open-ended in the literature and 
require clearer industry guidance were touched upon.  
 
Hopefully, the contents of the paper would contribute to the wealth of knowledge existing in the 
industry, and generate the needed discussion on issues that require much needed attention.   
 

                                                      
52  Tabatabie, M, Sumodobila, B, Ballard, T.  Time-domain SSI analysis of typical reactor building using frequency-

dependent foundation impedance derived from SASSI, Proceedings of 19th International Conference on Structural 
Mechanics in Reactor Technology, Paper No. K05/2, Toronto, Canada, August 2007. 

53  Tyapin, A.  Frequency-dependent impedances in the time-domain SSI analysis: modification of seismic input, , 
Proceedings of 20th International Conference on Structural Mechanics in Reactor Technology, Paper No. 1592, 
Espoo, Finland, August 2009. 
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Abstract 
 
An earthquake (Mw=6.6), the Niigataken-chuetsu-oki earthquake (NCOE) occurred on 16 July 2007 
and affected the TEPCO Kashiwazaki-Kariwa (KK) Nuclear Power Plant (NPP), the biggest nuclear 
power plant in the world, located at about 16 km away from the epicenter. The large amount of 
observations and data collected on site and the significant instrumentation which measured 
acceleration at different locations in soil (boreholes) and in structures, raised the idea of organizing a 
benchmark on seismic behaviour in the framework of the IAEA-Extra Budgetary Project (EBP) on 
seismic safety of existing NPPs. Name of the benchmark is KARISMA (KAshiwazaki-Kariwa 
Research Initiative for Seismic Margin Assessment). General objective of the KARISMA benchmark 
are; to understand behaviour of the soil and structures during the NCOE, to capture the main 
characteristic of the response of structure and equipment, to calibrate different simulation 
methodologies and identify main parameters influencing the analytical response, by collecting and 
analysing the results from different teams, and to understand margins quantifying what will happen 
both in soil and in structure, when the input is increased and how a major event such as NCOE one 
helps reducing epistemic uncertainties. There are two main tasks of the KARISMA benchmark; Part 1 
Structure (KK Unit 7-Reactor Building (RB)) and Part 2 Equipments (RHR Piping system, spent fuel 
pool and atmospheric pure water tank). 17 organizations from 10 countries are participating to Part 1- 
Structure. Main feature of the RB (main geometry, some local details, structural details (e.g. 
reinforcement), and loadings) distributed to participants to capture the linear and non-linear 
behaviour. 
 
Phase I of the Part 1 Structure includes analysis of KK Unit 7-RB; static and modal analyses of the 
fixed base model, soil column analyses and analysis of the complete model. Objective of Phase I of 
the Part 1 Structure is to construct the model, to validate the model using existing data and to compare 
the participant’s results. Phase II and III of Part 1 structure will be NCOE simulation and margin 
assessment respectively. 
This paper presents synthesis of the benchmark results for Phase I of the Part 1 Structure. 
 
Introduction 
 
An earthquake (Mw=6.6), the Niigataken-chuetsu-oki earthquake (NCOE) occurred on 16 July 2007 
and affected the TEPCO Kashiwazaki-Kariwa (KK) Nuclear Power Plant (NPP), the biggest nuclear 
power plant in the world, located at about 16 km away from the epicentre (Ref.1). The large amount 
of observations and data collected on site and the significant instrumentation which measured 
acceleration at different locations in soil (boreholes) and in structures, together with high measured 
accelerations (up to 1.2 g in soil and up to 2g in structure) raised the idea of organizing a benchmark 
on seismic behaviour in the framework of the Working Area 2 (WA2) of the IAEA-Extra Budgetary 
Project (EBP) on seismic safety of existing NPPs. Name of the benchmark is KARISMA 
(KAshiwazaki-Kariwa Research Initiative for Seismic Margin Assessment). 
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General objective of the KARISMA benchmark are; to understand behaviour of the soil and structures 
during the NCOE, to capture the main characteristic of the response of structure and equipment, to 
calibrate different simulation methodologies and identify main parameters influencing the analytical 
response, by collecting and analysing the results from different teams, and to understand margins 
quantifying what will happen both in soil and in structure, when the input is increased and how a 
major event such as NCOE one helps reducing epistemic uncertainties (Ref 2). 

Guidance document which presents the information necessary to construct structural and soil model, 
input signals and requested analyses to be performed by the participants to the KARISMA 
Benchmark, was prepared. Content of guidance document is derived from data and information 
provided by TEPCO. Some assumptions have been made for some missing detailed data (Ref 3). 

Data packages including guidance documents, results templates, input signals and other 
complementary data files were provided to the participants at the beginning of the August 2009.  

There are two main parts of the KARISMA benchmark; Part 1 Structure (KK Unit 7-Reactor Building 
(RB)) and Part 2 Equipments (RHR (Residual Heat Removal) piping system analysis, sloshing of the 
spent fuel pool and pure water tank buckling).  

Phase I of the Part 1 Structure includes analysis of KK Unit 7-RB; static and modal analyses of the 
fixed base model, soil column analyses and analysis of the complete model. Objective of Phase I of 
the Part 1 Structure is to construct the model, to validate the model using existing data and to compare 
the participant’s results. Phase II and III of the Part 1 Structure will be NCOE simulation and margin 
assessment respectively. 

17 organizations from 10 countries are participating to Part 1 Structure. Participants uploaded their 
results template to ISSC Information System starting end of January 2010. 

First Review Meeting (RM) of the KARISMA Benchmark was held in Vienna on 17 to 19 May 2010. 
KARISMA Benchmark Phase I results were discussed among participants during first RM. The results 
obtained by different participants during Phase I of the benchmark exercise were shared and reviewed 
(Ref 5). 

This paper presents a preliminary synthesis of Phase I of the Part 1 Structure results of the participants. 
 
Tasks and requested analyses for phase I of part 1 structure 
 
Main feature of the RB (main geometry, some local details, structural details (e.g. reinforcement), and 
loadings) provided by TEPCO (Japan) were collected in guidance document and distributed to the 
participants to capture the linear and non-linear behaviour (Ref 3). Phase I of the Part 1 Structure 
(Task 1.1) was construction and validation of the soil and structure models. The required analyses for 
Part 1 Structure Task 1.1 were as follows: 
 
Subtask 1.1.1- Static and modal analysis of the fixed base model 

A. Static analysis of the fixed base under vertical loads (weight) 
B. Static analysis of the fixed base model under horizontal forces (inform distribution of 1 g 
acceleration, applied in X and Y, separately.) 
C. Modal analysis of the fixed base model 

Subtask 1.1.2- Soil Column Analyses (Phase II) 
A. Soil Column Analyses under Aftershock I 
B. Soil Column Analyses under Aftershock II 
C. Soil Column Analyses under Mainshock 

Subtask 1.1.3- Analysis of the complete model (Phase III) 
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A. Modal Analysis 
B. Frequency Domain Analyses 

 
In Phase I of the Part 1 Structure (Task 1.1), each participant was free to choose the control point. 
Both, real and imaginary parts of transfer function were requested in order to determine transfer 
function independently from the control point by calculating ratios.  

For each subtask, the expected outputs were in the form of figures, tables of results and pictures. 
Requested output points and walls for global parameters (displacements, accelerations, forces and 
moments) were given in guidance document (Ref 3). The participants are required to strictly follow 
the output format presented in Result Templates. Result Templates (Ref 4) were uploaded to the ISSC 
Information System. 

Soil properties and input signals 

Borehole called “Unit 5 free field” is located near Unit 7 (see Figure 1). Signal recorded in the 
borehole during aftershocks of NCO earthquake will be used for validation of soil properties. Soil 
properties of Unit 5 free field vertical array (stratigraphy, S-wave velocity, P-wave velocity) are given 
in Figure 2.In the borehole, the main shock records were lost, but records during aftershocks are 
available; they may be used for calibration of the soil model. 

Recorded signals at the free field, in the Unit 7 R/B structure and in the borehole during NCOE and 
two aftershocks were used in analyses. Two aftershocks correspond respectively to the “largest one” 
(Aftershock I, 16th July, 15:37) and to “low level one” (Aftershock II, 16th July, 17:42), for which, 
soil behaviour may be expected to be linear. Maximum acceleration values of the NCOE signals are 
given in Figure 1. 
 

 
 

Figure 1. Layout of main buildings and seismometer positions 
 
 

Cross-sectional view showing the location map of seismometers in Unit 7 and recorded maximum acceleration in N-S, E-W and U-D 
directions respectively (in gal)
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Figure 2. Outline of Unit 5 free field vertical array 

 

Main Results 

Static and modal analysis of the fixed base model 

Analyses were performed with various computer codes based on the finite element method (FEM). 
Reactor Building has been described with a variety of numbers of elements; examples are shown on 
Figure 3. 
 

 
 

Figure 3 Example of reactor building FEM 
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Results requested for this phase are mainly “sanity checks’ in order to be sure that data was 
clearly understood by the teams. As an example, the total weight of the structure was 
estimated with a mean value of 1940 MN and a COV equal to 0.09. 

Roof displacement of the fixed based model under vertical loads and uniform distribution of 
1g acceleration applied in X and Y directions are presented in Table 1. Mean value of roof 
displacement for vertical loads and uniform distribution of 1g acceleration applied in X and Y 
directions are 2.26 cm, 17.50 cm and 15.86 cm, respectively, and the corresponding COV 
values are 0.23, 0.15 and 0.17, respectively. 

 
Table 1 Roof displacement 

 
 

First natural frequency in X, Y and Z direction of the fixed base model are presented in Table 
2. The minimum and maximum values obtained in X direction by the participants are 3.50 
and 5.31 Hz, respectively, with a 4.48 Hz mean value and a COV of 0.10. This value can be 
compared to the equivalent one obtained in the IAEA concerted research programme (CRP) 
on damaging effect of some near-field earthquakes (Ref. 6). In this programme different 
teams analysed a simplified structure CAMUS which was tested to high seismic excitation on 
the CEA Saclay shaking table. The COV of first frequencies derived by participants was 
0.10, similar to the present case, but for a very simple structure compared to a” real” reactor 
building. 

under Vertical loads (weight)
Uniform distribution of 1 g 
acceleration, applied in X

Uniform distribution of 1 g 
acceleration, applied in Y

Δz (mm) Δx (mm) Δy (mm)

1 TEAM SA 1.84 19.73 19.37

2 TEAM SB 3.61 21.96 18.69

3 TEAM SC 2.30 17.97 16.31

4 TEAM SD

5 TEAM SE 2.57 19.43 17.72

6 TEAM SF 2.44 17.92 16.77

7 TEAM SG 2.07 15.61 13.84

8 TEAM SH 2.40 18.60 17.00

9 TEAM SI

10 TEAM SJ 2.91 19.51 18.12

11 TEAM SK 1.61 14.97 13.56

12 TEAM SL 2.36 16.56 15.95

13 TEAM SM 2.10 18.50 16.73

14 TEAM SN 2.20 14.90 11.90

15 TEAM SO 2.02 20.40 18.93

16 TEAM SP 1.74 13.93 12.03

17 TEAM SR 1.71 12.59 10.90

2.26 17.50 15.86

0.51 2.65 2.75

0.23 0.15 0.17

Mean

Standard deviation

Coefficient of variation

1. STRUCTURE
TASK 1.1- Construction and validation of the soil and structure models

Subtask 1.1.1. Static and modal analysis of the fixed base model

No Participant Organization Roof Displacement (T.M.S.L. +49.7m) at WP1



NEA/CSNI/R(2011)6 

 406

Table 2 Modal analysis of the fixed base model 

 

Main results for soil column analyses 

Soil column analyses have been carried out for two after shocks and main shock. For aftershocks, 
each participant was free to choose the control point: some of them selected free field motion (5G-1), 
others selected the bottom of the borehole (-300 m, G55). Since signal in the borehole are available, 
there was possibility to compare analyses results with recorded ones and to adapt the soil model 
accordingly. For main shock, the only available input signal is the free field motion. 

Soil column analyses results for maximum acceleration and response spectra at observation 
levels in Y direction for main shock are given in Table 3 and Figure 4, respectively. Results of strain 
compatible G/G0 and soil damping and strain are presented in Figure 4. 

When two control points have been used (5G-1 at the free surface and G55 at -00 m.) for 
aftershocks, COVs are significantly lower (< 16%) for 5G-1 than forG55 (< 55%). This unusual result 
needs more investigations. 

Table 3 Maximum acceleration at observation levels in Y direction: main shock 
 

 

in X in Y in Z

1 TEAM SA 4.43 4.45 14.21

2 TEAM SB 4.58 5.08 8.00

3 TEAM SC 4.24 4.63 8.86

4 TEAM SD 4.88 4.85 8.35

5 TEAM SE 4.04 4.43 8.31

6 TEAM SF 4.08 4.54 9.41

7 TEAM SG 4.40 5.10 11.00

8 TEAM SH 3.93 4.33

9 TEAM SI 4.84 5.24 13.85

10 TEAM SJ 4.29 4.59 9.01

11 TEAM SK 5.21 5.62 7.70

12 TEAM SL 4.48 4.77 8.55

13 TEAM SM 4.42 4.87 11.05

14 TEAM SN 5.31 5.63 12.73

15 TEAM SO 3.50 4.07 5.10

16 TEAM SP 4.70 5.42 10.59

17 TEAM SR 4.85 5.64 7.48

4.48 4.90 9.64

0.46 0.49 2.45

0.10 0.10 0.25

Mean

Standard deviation

Coefficient of variation

1. STRUCTURE
TASK 1.1- Construction and validation of the soil and structure models -

Subtask 1.1.1. Static and modal analysis of the fixed base model
C. Modal analysis of the fixed base model

No Participant Organization
Natural Frequency

(Hz) 
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Figure 4 Response spectra at observation levels, G/G0, damping ration and maximum strain in Y 
   direction for main shock and 
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Results for modal analysis of the complete model 

The main result is the frequency of the complete coupled (soil and structure) model, 
presented in Table 4.  

 

Table 4 Comparison of frequency results of the fixed base model and the complete model 
 

 
 

Conclusion 

Some of Phase I results are presented and some preliminary conclusions can be drawn by comparing 
different participant results. Follow-up phase of the benchmark will consider comparison between 
analyses results and recorded signals. 

Fixed base model analyses 

Available data is enough for structural model construction and fixed base behaviour is coherently 
represented by the different participants. Total masses calculated are very coherent among 
participants, such as the overall mass distribution. 

COV of fixed base frequencies determined by teams is low (0.10) and it is comparable to that of the 
simple test structure CAMUS (IAEA CRP). There is no significant difference between different 
modelling approaches (stick or 3D FEM models), except for vertical frequencies, which are globally 
higher for beam models where local modes are absent. 

Soil behaviour and modelling 

The top soft layers (about 30m thickness) have a non-linear behaviour. The remaining part of the soil 
has a linear behaviour under aftershocks and NCOE. 

Two control points have been used (5G-1 at the free surface and G55 at 300 m.) for the aftershocks. 
COVs are significantly lower (< 16%) for 5G-1 than G55 (< 55%). 

For the main shock, COVs of maximum accelerations in the borehole are less than 50%. On the other 
hand, calculated values are slightly different than measured one  

Soil structure interaction 

in X in Y in Z in X in Y in Z

1 TEAM SA 4.43 4.45 14.21

2 TEAM SB 4.58 5.08 8.00

3 TEAM SC 4.24 4.63 8.86

4 TEAM SD 4.88 4.85 8.35

5 TEAM SE 4.04 4.43 8.31

6 TEAM SF 4.08 4.54 9.41

7 TEAM SG 4.40 5.10 11.00 2.55 2.60 3.77

8 TEAM SH 3.93 4.33 2.11 2.08 3.46

9 TEAM SI 4.84 5.24 13.85 2.27 2.33 3.03

10 TEAM SJ 4.29 4.59 9.01 1.97 3.55 2.46

11 TEAM SK 5.21 5.62 7.70

12 TEAM SL 4.48 4.77 8.55 1.91 1.96 2.80

13 TEAM SM 4.42 4.87 11.05 1.74 1.79 2.93

14 TEAM SN 5.31 5.63 12.73

15 TEAM SO 3.50 4.07 5.10

16 TEAM SP 4.70 5.42 10.59 2.35 2.96 3.64

17 TEAM SR 4.85 5.64 7.48

4.48 4.90 9.64 2.13 2.47 3.16

0.46 0.49 2.45 0.28 0.62 0.48

0.10 0.10 0.25 0.13 0.25 0.15

Standard deviation

Coefficient of variation

Complete Model 
Natural Frequency

(Hz) 
No Participant Organization

Fixed base Model
Natural Frequency

(Hz) 

Mean
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This effect is significant for the reactor building. Mean fundamental frequency of SSI is about half of 
the fixed base one (from 4.48Hz to 2.13Hz in X direction and from 4.9Hz. to 2.5Hz. in Y direction). 

COV of the coupled frequencies is reasonably low (0.13 in X direction and 0.25 in Y direction). 

As a general result of Phase I of the benchmark, models developed by teams are suitable for further 
phases. It is expected that with Phase II devoted to the simulation of NCO earthquake, many 
important results will be obtained on SSI, for instance on embedment effect. Phase III on margin 
assessment will be a unique opportunity to get insight in the simulation of high amplitude input with 
non linear behaviour of soil and structure. 
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